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ʪʝʭʥʠʢʠ.  
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ʚʘʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʘ ʪʘʢʞʝ ʧʨʦʙʣʝʤʳ, ʧʦʩʚʷʱʝʥʥʝr ʤʝ-

ʪʦʜʠʢʝ ʧʨʝʧʦʜʘʚʘʥʠʷ ʬʠʟʠʢʠ ʚ ʰʢʦʣʝ ʠ ʚʫʟʝ, ʚ ʯʘʩʪʥʦʩʪʠ, ʦʩʦʙʦʝ 
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ʪʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʚ ʦʙʫʯʝʥʠʠ.  

ʉʪʘʪʴʠ ʫʯʘʩʪʥʠʢʦʚ ʢʦʥʬʝʨʝʥʮʠʠ ʨʘʟʤʝʱʝʥʳ ʚ ʘʣʬʘʚʠʪʥʦʤ ʧʦ-

ʨʷʜʢʝ ʧʦ ʦʪʜʝʣʴʥʳʤ ʩʝʢʮʠʷʤ. 
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ʇʈʆɻʈɸʄʄʅʓʁ ʂʆʄʀʊɽʊ 
  

ʇʈɽɼʉɽɼɸʊɽʃʔ 

ʈʦʛʘʯʝʚ ɸ. ɺ. ï ʨʝʢʪʦʨ ʋʆ çɻɻʋ ʠʤʝʥʠ ʌ. ʉʢʦʨʠʥʳè,                          

ʜʦʢʪʦʨ ʭʠʤʠʯʝʩʢʠ ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ, ʯʣʝʥ-

ʢʦʨʨʝʩʧʦʥʜʝʥʪ ʅɸʅ ɹʝʣʘʨʫʩʠ 

ʏʃɽʅʓ ʇʈʆɻʈɸʄʄʅʆɻʆ ʂʆʄʀʊɽʊɸ 

ʍʘʭʦʤʦʚ ʉ. ɸ. ï ʧʝʨʚʳʡ  ʧʨʦʨʝʢʪʦʨ ʋʆ çɻɻʋ    

ʠʤʝʥʠ ʌ. ʉʢʦʨʠʥʳè, ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʦ-

ʮʝʥʪ 

ɼʝʤʠʜʝʥʢʦ ʆ. ʄ. ï ʧʨʦʨʝʢʪʦʨ ʧʦ ʥʘʫʯʥʦʡ ʨʘʙʦʪʝ ʋʆ çɻɻʋ  

ʠʤʝʥʠ ʌ. ʉʢʦʨʠʥʳè, ʜ-ʨ ʪʝʭʥ. ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ 

ʉʝʤʯʝʥʢʦ ʀ. ɺ. ï ʧʨʦʨʝʢʪʦʨ ʧʦ ʫʯʝʙʥʦʡ ʨʘʙʦʪʝ ʋʆ çɻɻʋ  

ʠʤʝʥʠ ʌ. ʉʢʦʨʠʥʳè, ʜ-ʨ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʧʨʦʬʝʩ-

ʩʦʨ 

ʄʘʢʩʠʤʝʥʢʦ  ʅ. ɺ. ï ʧʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ  

ʋʆ çɻɻʋ ʠʤʝʥʠ ʌ. ʉʢʦʨʠʥʳè, ʜ-ʨ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, 

ʧʨʦʬʝʩʩʦʨ 

ʅʠʢʠʪʶʢ ʖ. ɺ. ï ʧʨʦʨʝʢʪʦʨ ʧʦ ʚʦʩʧʠʪʘʪʝʣʴʥʦʡ ʨʘʙʦʪʝ ʋʆ çɻɻʋ  

ʠʤʝʥʠ ʌ. ʉʢʦʨʠʥʳè, ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʦ-

ʮʝʥʪ 

ɹʦʡʢʦ ɸ. ɸ. ï ʧʨʦʨʝʢʪʦʨ ʧʦ ʥʘʫʯʥʦʡ ʨʘʙʦʪʝ ɻɻʊʋ   

ʠʤ. ʇ.ʆ. ʉʫʭʦʛʦ, ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʦʮʝʥʪ 
 

ʆʈɻɸʅʀɿɸʎʀʆʅʅʓʁ ʂʆʄʀʊɽʊ 
 

ʇʈɽɼʉɽɼɸʊɽʃʔ 

ʉʝʨʜʶʢʦʚ ɸ. ʅ. ï ʧʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ ʦʧʪʠʢʠ ʋʆ çɻɻʋ   

ʠʤʝʥʠ ʌ. ʉʢʦʨʠʥʳè, ʜ-ʨ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʧʨʦʬʝʩ-

ʩʦʨ,             ʯʣʝʥ-ʢʦʨʨʝʩʧʦʥʜʝʥʪ ʅɸʅ ɹʝʣʘʨʫʩʠ 

ɿɸʄ. ʇʈɽɼʉɽɼɸʊɽʃʗ 

ʂʦʚʘʣʝʥʢʦ ɼ. ʃ. ï ʜʝʢʘʥ ʬʠʟʠʯʝʩʢʦʛʦ ʬʘʢʫʣʴʪʝʪʘ ʋʆ çɻɻʋ  

ʠʤʝʥʠ ʌ. ʉʢʦʨʠʥʳè, ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʦʮʝʥʪ 

ʏʃɽʅʓ ʆʈɻʂʆʄʀʊɽʊɸ: 

ɼʝʨʶʞʢʦʚʘ ʆ. ʄ. ï ʟʘʤʝʩʪʠʪʝʣʴ ʜʝʢʘʥʘ ʬʠʟʠʯʝʩʢʦʛʦ ʬʘʢʫʣʴʪʝʪʘ  

ʋʆ çɻɻʋ ʠʤʝʥʠ ʌ. ʉʢʦʨʠʥʳè ʧʦ ʥʘʫʯʥʦʡ ʨʘʙʦ-

ʪʝ,  ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʦʮʝʥʪ 

ʉʘʤʦʬʘʣʦʚ ɸ. ʃ. ï ʟʘʤʝʩʪʠʪʝʣʴ ʜʝʢʘʥʘ ʬʠʟʠʯʝʩʢʦʛʦ ʬʘʢʫʣʴʪʝʪʘ  

ʋʆ çɻɻʋ ʠʤʝʥʠ ʌ. ʉʢʦʨʠʥʳè, ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. 

ʥʘʫʢ, ʜʦʮʝʥʪ 

ɸʣʝʰʢʝʚʠʯ  ʅ. ɸ. ï ʟʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ ʦʧʪʠʢʠ ʋʆ çɻɻʋ  

ʠʤʝʥʠ ʌ. ʉʢʦʨʠʥʳè, ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʦʮʝʥʪ 
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ɸʥʜʨʝʝʚ  ɺ. ɺ. ï ʟʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ 

ʋʆ çɻɻʋ ʠʤʝʥʠ ʌ. ʉʢʦʨʠʥʳè, ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. 

ʥʘʫʢ, ʜʦʮʝʥʪ 

ʃʝʚʯʫʢ  ɺ. ɼ. ï ʟʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ ɸʉʆʀ ʋʆ çɻɻʋ  

ʠʤʝʥʠ ʌ. ʉʢʦʨʠʥʳè, ʢʘʥʜ. ʪʝʭʥ. ʥʘʫʢ, ʜʦʮʝʥʪ 

ʄʳʰʢʦʚʝʮ ɺ. ʅ. ï ʟʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ ʨʘʜʠʦʬʠʟʠʢʠ ʠ                

ʵʣʝʢʪʨʦʥʠʢʠ ʋʆ çɻɻʋ ʠʤʝʥʠ ʌ. ʉʢʦʨʠʥʳè,                 

ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʦʮʝʥʪ 

ʐʝʨʰʥʝʚ ɽ. ɹ. 

 

ï ʟʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ ʦʙʱʝʡ ʬʠʟʠʢʠ ʋʆ 

çɻɻʋ ʠʤʝʥʠ ʌ. ʉʢʦʨʠʥʳè, ʢʘʥʜ. ʪʝʭʥ. ʥʘʫʢ, ʜʦ-

ʮʝʥʪ 

ɹʘʙʠʯ ɸ. ɸ. ï ʟʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ çɺʳʩʰʘʷ ʤʘʪʝʤʘʪʠʢʘè 

ɻɻʊʋ ʠʤ. ʇ.ʆ. ʉʫʭʦʛʦ, ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʦ-

ʮʝʥʪ 

  

ʆʊɺɽʊʉʊɺɽʅʅʓʁ ʉɽʂʈɽʊɸʈʔ 

ʂʫʧʦ ɸ.ʅ. ï ʟʘʤʝʩʪʠʪʝʣʴ ʜʝʢʘʥʘ ʬʠʟʠʯʝʩʢʦʛʦ ʬʘʢʫʣʴʪʝʪʘ  

ʋʆ çɻɻʋ ʠʤʝʥʠ ʌ. ʉʢʦʨʠʥʳè ʧʦ ʅʀʈʉ                      

 

ʉɽʂʎʀʀ ʂʆʅʌɽʈɽʅʎʀʀ 
 

1. çʅʦʚʳʝ ʤʘʪʝʨʠʘʣʳ ʠ ʪʝʭʥʦʣʦʛʠʠè 

ʇʨʝʜʩʝʜʘʪʝʣʠ: 

ʄʳʰʢʦʚʝʮ ɺʠʢʪʦʨ ʅʠʢʦʣʘʝʚʠʯ, ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʦʮʝʥʪ. 

ɸʣʝʰʢʝʚʠʯ ʅʠʢʦʣʘʡ ɸʣʝʢʩʘʥʜʨʦʚʠʯ, ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, 

ʜʦʮʝʥʪ. 

 

2. çʄʦʜʝʣʠʨʦʚʘʥʠʝ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚè 
ʇʨʝʜʩʝʜʘʪʝʣʠ: 

ɸʥʜʨʝʝʚ ɺʠʢʪʦʨ ɺʘʩʠʣʴʝʚʠʯ, ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʦʮʝʥʪ. 

ɼʝʡ ɽʚʛʝʥʠʡ ɸʣʝʢʩʘʥʜʨʦʚʠʯ, ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʦʮʝʥʪ. 

 

3. çɸʚʪʦʤʘʪʠʟʘʮʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡè 

ʇʨʝʜʩʝʜʘʪʝʣʠ: 

ʃʝʚʯʫʢ ɺʠʢʪʦʨ ɼʤʠʪʨʠʝʚʠʯ, ʢʘʥʜ. ʪʝʭʥ. ʥʘʫʢ, ʜʦʮʝʥʪ. 

ɺʦʨʫʝʚ ɸʥʜʨʝʡ ɺʘʣʝʨʴʝʚʠʯ, ʢʘʥʜ. ʪʝʭʥ. ʥʘʫʢ, ʜʦʮʝʥʪ. 

 

4.çʄʝʪʦʜʠʢʘ ʧʨʝʧʦʜʘʚʘʥʠʷ ʬʠʟʠʢʠè 

ʇʨʝʜʩʝʜʘʪʝʣʠ: 

ʐʝʨʰʥʝʚ ɽʚʛʝʥʠʡ  ɹʦʨʠʩʦʚʠʯ, ʢʘʥʜ. ʪʝʭʥ. ʥʘʫʢ, ʜʦʮʝʥʪ. 

ɾʝʣʦʥʢʠʥʘ ʊʘʤʘʨʘ ʇʝʪʨʦʚʥʘ, ʩʪʘʨʰʠʡ  ʧʨʝʧʦʜʘʚʘʪʝʣʴ. 
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SIMULATION OF CAVITY DUMPING BY THE SECOND 

HARMONIC GENERATION  
 

Abstract.This paper presents a method of cavity dumping by the second 

harmonic generation. A theoretical model of the process is proposed; the 

influence of the pump power and cavity losses on the output pulse shape is 

analyzed. 

Introduction. The proposed method of cavity dumping by the second 

harmonic generation enables one to produce highly coherent pulse-periodic 

radiation of the enhanced power.   

 
 

Figure 1 ï Setup scheme 

 

The setup (Fig. 1) has two working modes. In the first mode the second 

harmonic is not generated, and all radiation is confined in the cavity as reflec-

tivity of the mirrors is 1 for the first harmonic. When the intensity of radia-

tion in the cavity reaches its steady-state value, the voltage is applied to the 

electrooptic crystal and some part of energy transforms into the second har-

monic. One of the cavity mirrors is made almost transparent for the second 

harmonic radiation to form a collimated laser beam outside the cavity. 

Calculations. It is assumed that operation of the setup with a Nd:YAG la-

ser crystal is realized according to the standard 4-level scheme, the funda-

mental frequency corresponding to the wavelength 1.064ɛm. The calcula-

tions were performed using a point model of the laser [1], the calculation pa-

rameters were corresponding to those of a real DPSS laser.  
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The calculations were performed in two steps in line with the two sequen-

tial modes. At the first step we obtain values for the parameters after the con-

tinuous generation mode is attained, assuming the mirror reflectivity ɟ=1. 

The second step involves the second harmonic generation. It is assumed that 

the second harmonic intensity I2 has a quadratic dependence on the intensity 

I1 of the fundamental-mode radiation. A decrease of the fundamental fre-

quency intensity due to the transformation of the radiation into the second 

harmonic was included in the dependence of the exit mirror reflectivity on 

the I1.
 

Results. Using this model, we can define the output radiation intensity I2 

as a function of time (Fig. 2) and also the pulse length. The pump power P 

determines the pulse shape: the intensity profile becomes sharper as the pump 

power is growing, maximal value of the intensity increases considerably.  
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Figure 2 ï Intensity of second harmonic radiation for different values of 

pump power (ɔ = 0.003) 

 

Pulse duration corresponding to the half-width of the intensity curve de-

creases with P and reaches ~6ns at P = 10W. The coefficient of inactive loses 

of energy in the cavity ɔ also affects the parameters of the output laser beam. 

So, the pulse duration decreases almost linearly with ɔ, Tmin is ~4ns at                

ɔ = 0.001 (P = 6W). 

Conclusion. The method of cavity dumping by second harmonic genera-

tion enables one to obtain short pulses of collimated radiation outside the 

cavity. Under the best conditions the duration of pulses is about 5-10 ns. The 

described setup may be operated in both of the modes considered.  

 

References 

1. ʍʨʘʤʦʚ, ɺ. ʖ. ʈʘʩʯʝʪ ʵʣʝʤʝʥʪʦʚ ʣʘʟʝʨʥʳʭ ʩʠʩʪʝʤ ʜʣʷ ʠʥʬʦʨʤʘ-

ʮʠʦʥʥʳʭ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʢʦʤʧʣʝʢʩʦʚ ï ʉʇʙ: ʉʇʙɻʋ ʀʊʄʆ2008. 
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ʄ.ʍ. ɸʙʜʫʣʢʘʜʝʨ (ʋʆ çɹʝʣɻʋʊè, ɻʦʤʝʣʴ) 

ʅʘʫʯ. ʨʫʢ. ɸ.ʆ. ʐʠʤʘʥʦʚʩʢʠʡ, ʜ-ʨ ʪʝʭʥ. ʥʘʫʢ, ʜʦʮʝʥʪ 

 

ʈɽʐɽʅʀɽ ʂʆʅʊɸʂʊʅʆʁ ɿɸɼɸʏʀ ʊɽʆʈʀʀ ʋʇʈʋɻʆʉʊʀ 

ʉ ʇʈʀʄɽʅɽʅʀɽʄ ʇʈʆɻʈɸʄʄ ANSYS ʀ ABAQUS 
 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ ʨʝʰʝʥʠʷ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʠʥʞʝʥʝʨʥʳʭ ʟʘʜʘʯ 

ʥʘʭʦʜʠʪ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ [1]. ʉʫʪʴ ʝʛʦ ʩʦʩʪʦʠʪ ʚ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩʧʣʦʰʥʦʡ ʩʨʝʜʳ, ʠʤʝʶʱʝʡ ʙʝʩʢʦʥʝʯʥʦ ʙʦʣʴʰʦʝ ʯʠʩʣʦ 

ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ, ʩʦʚʦʢʫʧʥʦʩʪʴʶ ʵʣʝʤʝʥʪʦʚ (ʧʦʜʦʙʣʘʩʪʝʡ) ʩ ʢʦʥʝʯʥʳʤ 

ʯʠʩʣʦʤ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʨʝʘʣʠʟʘʮʠʷ ʤʝʪʦʜʘ ʦʩʫʱʝʩʪʚ-

ʣʝʥʘ ʚ ʪʘʢʠʭ ʧʨʦʛʨʘʤʤʥʳʭ ʧʨʦʜʫʢʪʘʭ, ʢʘʢ ANSYS, ABAQUS, NAS-

TRAN, DSMFEM ʠ ʜʨ. ɼʣʷ ʨʝʰʝʥʠʷ ʢʦʥʪʘʢʪʥʳʭ ʟʘʜʘʯ ʥʘʠʙʦʣʴʰʝʝ 

ʧʨʠʤʝʥʝʥʠʝ ʥʘʭʦʜʷʪ ʧʨʦʛʨʘʤʤʥʳʝ ʢʦʤʧʣʝʢʩʳ ANSYS ʠ ABAQUS.  

ʎʝʣʴʶ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʩʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩ-

ʯʝʪʦʚ ʚ ANSYS ʠ ABAQUS ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

(ʅɼʉ), ʥʘʙʣʶʜʘʶʱʝʛʦʩʷ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʫʧʨʫʛʦʛʦ ʩʬʝʨʠʯʝʩʢʦʛʦ 

ʠʥʜʝʥʪʦʨʘ ʩ ʫʧʨʫʛʠʤ ʦʩʥʦʚʘʥʠʝʤ. ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʪʘʢʦʛʦ ʘʥʘʣʠʟʘ ʩʚʷʟʘ-

ʥʘ ʩ ʫʩʪʘʥʦʚʣʝʥʠʝʤ ʧʨʠʯʠʥ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʨʘʟʣʠʯʠʷ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫ-

ʯʘʝʤʳʭ ʩ ʧʦʤʦʱʴʶ ʨʘʟʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ ʩʨʝʜʩʪʚ.  

ʅʘʤʠ ʨʘʩʩʤʘʪʨʠʚʘʣʦʩʴ ʚʜʘʚʣʠʚʘʥʠʝ ʩʬʝʨʠʯʝʩʢʦʛʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ 

ʠʥʜʝʥʪʦʨʘ ʜʠʘʤʝʪʨʦʤ 6 ʤʤ ʚ ʜʝʬʦʨʤʠʨʫʝʤʦʝ ʦʩʥʦʚʘʥʠʝ, ʠʤʝʶʱʝʝ ʬʦʨ-

ʤʫ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʧʘʨʘʣʣʝʣʝʧʠʧʝʜʘ. ʄʘʪʝʨʠʘʣ ʠʥʜʝʥʪʦʨʘ ʩʯʠʪʘʣʩʷ ʣʠ-

ʥʝʡʥʦ-ʫʧʨʫʛʠʤ, ʠʟʦʪʨʦʧʥʳʤ, ʩ ʤʦʜʫʣʝʤ ʫʧʨʫʛʦʩʪʠ Eʠ = 2Ŀ10
11

 ʇʘ ʠ ʢʦ-

ʵʬʬʠʮʠʝʥʪʦʤ ʇʫʘʩʩʦʥʘ ɜʠ = 0,3. ʄʘʪʝʨʠʘʣ ʦʩʥʦʚʘʥʠʷ ʠʤʝʣ ʤʦʜʫʣʴ 

ʫʧʨʫʛʦʩʪʠ Eʦ = 5Ŀ10
8
 ʇʘ ʠ ʢʦʵʬʬʠʮʠʝʥʪ ʇʫʘʩʩʦʥʘ ɜʦ = 0,3. ʉ ʫʯʝʪʦʤ ʪʦ-

ʛʦ, ʯʪʦ ʨʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʩʠʩʪʝʤʘ ʠʤʝʝʪ ʜʚʝ ʧʣʦʩʢʦʩʪʠ ʩʠʤʤʝʪʨʠʠ, ʨʝ-

ʰʝʥʠʝ ʢʦʥʪʘʢʪʥʦʡ ʟʘʜʘʯʠ ʚʳʧʦʣʥʝʥʦ ʜʣʷ ʦʜʥʦʡ ʯʝʪʚʝʨʪʠ ʢʦʥʩʪʨʫʢʮʠʠ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ ʨʠʩʫʥʢʝ 1. 

 

 
a) 

 
ʙ) 

ʘ ï ʚ ʩʨʝʜʝ ʧʨʦʛʨʘʤʤʳ ABAQUS; ʙ ï ʚ ʧʨʦʛʨʘʤʤʝ ANSYS 

 

ʈʠʩʫʥʦʢ 1 ï ʂʦʥʝʯʥʦʵʣʝʤʝʥʪʥʳʝ ʤʦʜʝʣʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʳ 
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ʇʨʠ ʩʦʟʜʘʥʠʠ ʢʦʥʝʯʥʦʵʣʝʤʝʥʪʥʦʡ ʤʦʜʝʣʠ ʚ ʩʨʝʜʝ ʧʨʦʛʨʘʤʤʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ ANSYS ʠʩʧʦʣʴʟʦʚʘʥ ʚʦʩʴʤʠʫʟʣʦʚʦʡ ʢʦʥʝʯʥʳʡ ʵʣʝʤʝʥʪ 

SOLID65. ʆʙʱʝʝ ʯʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʤʦʜʝʣʠ ʦʢʘʟʘʣʦʩʴ ʨʘʚʥʳʤ 22009, 

ʯʠʩʣʦ ʫʟʣʦʚ ï 27426. ʇʨʠ ʨʘʩʯʝʪʝ ʅɼʉ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ 

 ABAQUS ʧʨʠʤʝʥʝʥ ʚʦʩʴʤʠʫʟʣʦʚʦʡ ʢʦʥʝʯʥʳʡ ʵʣʝʤʝʥʪ C3D8, ʢʦʪʦʨʳʡ 

ʠʩʧʦʣʴʟʫʝʪ ʣʠʥʝʡʥʫʶ ʠʥʪʝʨʧʦʣʷʮʠʶ ʚ ʢʘʞʜʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʠ ʧʨʝʜʩʪʘʚ-

ʣʷʝʪ ʩʦʙʦʡ ʵʣʝʤʝʥʪ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ. ʆʙʱʝʝ ʯʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʤʦʜʝʣʠ 

ʦʢʘʟʘʣʦʩʴ ʨʘʚʥʳʤ 91336, ʯʠʩʣʦ ʫʟʣʦʚ ï 121145. 

ʇʨʠ ʩʦʟʜʘʥʠʠ ʢʦʥʪʘʢʪʥʦʡ ʧʘʨʳ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʠʩʧʦʣʴʟʦʚʘʥ ʢʦʥ-

ʪʘʢʪ ʪʠʧʘ çʧʦʚʝʨʭʥʦʩʪʴïʧʦʚʝʨʭʥʦʩʪʴè. ʇʦʣʫʯʝʥʥʳʝ ʤʦʜʝʣʠ ʢʦʥʪʘʢʪʥʳʭ 

ʧʘʨ ʧʨʝʜʩʪʘʚʣʝʥ  rʥʘ ʨʠʩʫʥʢʝ 2. 

 

 
a) 

 
ʙ) 

ʘ ï ʚ ʩʨʝʜʝ ʧʨʦʛʨʘʤʤʳ ABAQUS; ʙ ï ʚ ʧʨʦʛʨʘʤʤʝ ANSYS 
 

ʈʠʩʫʥʦʢ 2 ï ʄʦʜʝʣʠ ʢʦʥʪʘʢʪʥʦʡ ʧʘʨʳ 

 

ʅʘ ʨʠʩʫʥʢʝ 3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʭʝʤʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʢʚʠʚʘʣʝʥʪʥʳʭ 

ʥʘʧʨʷʞʝʥʠʡ ʚ ʵʣʝʤʝʥʪʘʭ ʩʠʩʪʝʤʳ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝ-

ʣʝʥʥʦʛʦ ʜʘʚʣʝʥʠʷ 5 Mʇʘ, ʧʨʠʣʦʞʝʥʥʦʛʦ ʢ ʚʝʨʭʥʝʡ ʛʨʘʥʠ ʤʦʜʝʣʠ ʠʥʜʝʥ-

ʪʦʨʘ. ɺ ʭʦʜʝ ʨʘʩʯʝʪʘ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʚ ʦʩ-

ʥʦʚʘʥʠʠ ʧʨʠ ʨʘʩʯʝʪʝ ʚ ANSYS ʩʦʩʪʘʚʣʷʶʪ 60 ʄʇʘ, ʘ ʚ ABAQUS ï ʦʢʦ-

ʣʦ 62 ʄʇʘ. 

 

 
a) 

 
ʙ) 

ʘ ï ʚ ʩʨʝʜʝ ʧʨʦʛʨʘʤʤʳ ABAQUS; ʙ ï ʚ ʧʨʦʛʨʘʤʤʝ ANSYS 
 

ʈʠʩʫʥʦʢ 3 ï ʕʢʚʠʚʘʣʝʥʪʥʳʝ ʥʘʧʨʷʞʝʥʠʷ: 



10 
 

ʊʘʢʞʝ ʚʝʩʴʤʘ ʧʦʭʦʞʠʤʠ ʦʢʘʟʘʣʠʩʴ ʠ ʩʦʩʪʘʚʣʷʶʱʠʝ ʧʦʣʥʦʛʦ ʥʘʧʨʷ-

ʞʝʥʠʷ. ʅʘʧʨʠʤʝʨ, ʨʝʟʫʣʴʪʘʪʳ ʥʘʭʦʞʜʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ 

ʧʦ ʦʩʠ X ʦʢʘʟʘʣʠʩʴ ʧʨʠ ʨʘʩʯʝʪʝ ʨʘʚʥʳʤʠ ʚ ABAQUS 12 ʄʇʘ, ʘ ʚ AN-

SYS ï 11,8 ʄʇʘ. ʅʘ ʨʠʩʫʥʢʝ 4 ʧʨʠʚʝʜʝʥʳ ʩʭʝʤʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʫʢʘʟʘʥ-

ʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʧʦ ʦʙʲʝʤʫ ʠʥʜʝʥʪʦʨʘ ʠ ʦʩʥʦʚʘʥʠʷ. 

 

 
a) 

 
ʙ) 

ʘ ï ʚ ʩʨʝʜʝ ʧʨʦʛʨʘʤʤʳ ABAQUS; ʙ ï ʚ ʧʨʦʛʨʘʤʤʝ ANSYS 

ʈʠʩʫʥʢʝ 4 ï ʅʦʨʤʘʣʴʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʧʦ ʦʩʠ X 

 

ɺʨʝʤʷ ʨʘʩʯʝʪʦʚ ʚ ABAQUS ʦʢʘʟʘʣʦʩʴ ʧʦʯʪʠ ʚ ʜʚʘ ʨʘʟʘ ʤʝʥʴʰʠʤ, 

ʯʝʤ ʧʨʠ ʨʘʩʯʝʪʝ ʚ ANSYS, ʥʝʩʤʦʪʨʷ ʥʘ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝ-

ʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʤʦʜʝʣʠ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʜʦʩʪʘʪʦʯʥʦ ʙʣʠʟʢʠʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʥʘʧʨʷʞʝʥʠʡ 

ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʪʦʣʴʢʦ ʧʦʩʣʝ ʪʦʛʦ, ʢʘʢ ʛʝʦʤʝʪʨʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʧʦ-

ʩʪʨʦʝʥʥʘʷ ʚ ANSYS, ʙʳʣʘ ʵʢʩʧʦʨʪʠʨʦʚʘʥʘ ʚ ABAQUS. ʇʨʠ ʨʘʩʯʝʪʘʭ ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʤʦʜʝʣʴʶ, ʧʦʩʪʨʦʝʥʥʦʡ ʩʨʝʜʩʪʚʘʤʠ 

ABAQUS, ʤʘʢʩʠʤʘʣʴʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʚ ʢʦʥʩʪʨʫʢʮʠʠ ʦʢʘʟʘʣʠʩʴ ʙʦʣʴ-

ʰʠʤʠ ʧʦʯʪʠ ʚ ʜʚʘ ʨʘʟʘ. ʂʘʢ ʦʢʘʟʘʣʦʩʴ, ʧʨʠʯʠʥʦʡ ʵʪʦʛʦ ʷʚʣʷʝʪʩʷ ʥʝʟʥʘ-

ʯʠʪʝʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʬʦʨʤʳ ʩʬʝʨʳ ʚ ʤʝʩʪʝ ʧʝʨʚʦʥʘʯʘʣʴʥʦʛʦ ʢʦʥʪʘʢʪʘ 

ʩ ʦʩʥʦʚʘʥʠʝʤ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʳʧʦʣʥʝʥʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʩ ʮʝʣʴʶ ʵʢʦʥʦʤʠʠ 

ʚʨʝʤʝʥʠ ʧʨʠ ʨʝʰʝʥʠʠ ʢʦʥʪʘʢʪʥʳʭ ʟʘʜʘʯ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ ABAQUS. ʆʜʥʘʢʦ, ʫʯʠʪʳʚʘʷ ʥʝʜʦʩʪʘʪʦʯʥʫʶ 

ʪʦʯʥʦʩʪʴ ʧʦʩʪʨʦʝʥʠʷ ʪʝʣ ʩ ʫʛʣʦʚʳʤʠ ʪʦʯʢʘʤʠ, ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʘʜʝʢ-

ʚʘʪʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʥʝʦʙʭʦʜʠʤʦ ʧʨʠ ʨʘʩʯʝʪʘʭ ʠʩʧʦʣʴʟʦʚʘʪʴ ʛʝʦʤʝʪʨʠʯʝ-

ʩʢʠʝ ʤʦʜʝʣʠ, ʚʳʧʦʣʥʝʥʥʳʝ ʚ ʠʥʳʭ ʧʨʦʛʨʘʤʤʘʭ. 

 

ʃʠʪʝʨʘʪʫʨʘ 

1. ʐʠʤʘʥʦʚʩʢʠʡ, ɸ.ʆ. ʇʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʘ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ               

ʚ ʨʝʰʝʥʠʠ ʟʘʜʘʯ ʧʨʠʢʣʘʜʥʦʡ ʤʝʭʘʥʠʢʠ / ɸ.ʆ. ʐʠʤʘʥʦʚʩʢʠʡ,                     

ɸ.ɺ. ʇʫʪʷʪʦ. ï ɻʦʤʝʣʴ: ɹʝʣɻʋʊ, 2008. ï 61 ʩ. 
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ɸ.ɺ. ɹʝʨʥʘʜʩʢʠʡ (ʋʆ çɻɻʋ ʠʤ. ʌ. ʉʢʦʨʠʥʳè, ɻʦʤʝʣʴ) 

ʅʘʫʯ. ʨʫʢ. ɺ.ɺ. ɸʥʜʨʝʝʚ, ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʦʮʝʥʪ  

 

ʈɽʐɽʅʀɽ ʋʈɸɺʅɽʅʀʗ ʐʈɪɼʀʅɻɽʈɸ ɺɸʈʀɸʎʀʆʅʅʓʄ 

ʄɽʊʆɼʆʄ 
 

ɺʚʝʜʝʥʠʝ. ʆʜʥʦʡ ʠʟ ʠʥʪʝʨʝʩʥʳʭ ʚ ʧʨʘʢʪʠʯʝʩʢʦʤ ʩʤʳʩʣʝ ʟʘʜʘʯ 

ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ ʷʚʣʷʝʪʩʷ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ  

 ()
2

= = ,
2

n n n n

k
H V E

m

è ø
é ùF + F F
é ùê ú

r  (1) 

ʩ ʧʦʪʝʥʮʠʘʣʦʤ ʚʠʜʘ  

 () r= r e , ( 1).pV pm- -r é  (2) 

ʈʝʰʘʪʴ ʪʦʯʥʦ ʫʨʘʚʥʝʥʠʝ (1) ʩ ʧʦʪʝʥʮʠʘʣʦʤ (2) ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ 

ʚʦʟʤʦʞʥʳʤ. 

ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʩʧʦʩʦʙʦʤ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ (1) 

ʷʚʣʷʝʪʩʷ ʚʘʨʠʘʮʠʦʥʥʳʡ ʤʝʪʦʜ. ɺ ʵʪʦʤ ʧʦʜʭʦʜʝ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ (1) 

ʩʚʦʜʠʪʩʷ ʢ ʟʘʜʘʯʝ ʥʘ ʩʦʙʩʪʚʝʥʥʳʝ ʟʥʘʯʝʥʠʷ  

 
,

=0

='k k ' 'k kk k
k

a H H E a
¤

Y Y ¹ä  (3) 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʦʞʝʥʠʷ ʠʩʭʦʜʥʦʡ ʚʦʣʥʦʚʦʡ ʬʫʥʢʮʠʠ (ɺʌ) F 

ʧʦ ʥʝʢʦʪʦʨʦʤʫ ʧʦʣʥʦʤʫ ʥʘʙʦʨʫ ʩʦʩʪʦʷʥʠʡ çʧʨʦʙʥʳʭè ɺʌ Y  

 
=0

= .k k

k

a
¤

F Yä  (4) 

ɼʣʷ ʧʨʠʙʣʠʞʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʨʷʜ (4) ʦʙʨʳʚʘʶʪ ʥʘ 

ʥʝʢʦʪʦʨʦʤ ʟʥʘʯʝʥʠʠ 1n-  ʠ ʧʦʣʫʯʘʶʪ ʟʘʜʘʯʫ ʥʘ ʩʦʙʩʪʚʝʥʥʳʝ ʟʥʘʯʝʥʠʷ  

 
1

=0

Ĕ Ĕ=
n

k k ' n 'k k
k

a H E a
-

Y Yä  (5) 

ʜʣʷ ʤʘʪʨʠʮʳ 'n n
H . ʇʨʠ ʵʪʦʤ, ʩʦʛʣʘʩʥʦ ʚʘʨʠʘʮʠʦʥʥʦʡ ʪʝʭʥʠʢʝ ʈʵʣʝʷ-

ʈʠʪʮʘ ʜʣʷ ʩʧʝʢʪʨʘ ʩ 0 1E E¢ ¢, ʚʳʧʦʣʥʷʝʪʩʷ ʫʩʣʦʚʠʝ 

Ĕ, = 0, 1k kE E k n¢ -. ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ ʨʝʰʝʥʠʝ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ (5) 

ʧʦʟʚʦʣʷʝʪ ʥʘʡʪʠ ʚʝʨʭʥʠʝ ʛʨʘʥʠʮʳ nE  ʜʣʷ (1). 

ʕʣʝʤʝʥʪʳ ʤʘʪʨʠʮʳ 
,

Ĕ = 'n ' n nn
H HY Y , ʧʦʩʣʝ ʚʳʯʠʩʣʝʥʠʷ 

ʫʛʣʦʚʦʡ ʯʘʩʪʠ ʩ ʧʦʤʦʱʴʶ ʧʨʦʙʥʳʭ ɺʌ  

 ,, ( ) = (r) ( ) , ( ) = (k) ( )n m nn m n m r m kr Y k Yy yY W Y W (6) 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʛʨʘʣʳ ʚʠʜʘ  
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() ()

()() ()

2

* 2

,

0

* 2

0

= k k k dk
2

r r r r dr , r = , k = .

'' n nn n

n 'n

k
H

V

y y
m

y y

¤

¤

+

+

ñ

ñ r k

 (7) 

ɿʜʝʩʴ ()
*

ny k  ʬʫʨʴʝ-ʦʙʨʘʟ ɺʌ ()* rny . ʆʯʝʚʠʜʥʦ, ʯʪʦ ʥʘʠʙʦʣʝʝ 

ʪʦʯʥʦʛʦ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ (1) ʥʝʦʙʭʦʜʠʤʳ ʤʘʪʨʠʯʥʳʝ ʵʣʝʤʝʥʪʳ ʩ 

ʙʦʣʴʰʠʤʠ n ʠ 'n  

ɺ ʢʘʯʝʩʪʚʝ ʧʨʦʙʥʦʡ ɺʌ ʦʯʝʥʴ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʶʪ ʬʫʥʢʮʠʶ 

ʧʩʝʚʜʦʢʫʣʦʥʦʚʩʢʦʛʦ ʪʠʧʘ  

 ( )
3/2C C r 2 2 C !

(r, ) = 2 (2 ) (2 r) , = .
( 2 2)!

n n n n

n
N r e L N

n

by b b b b- +

+ +
 (8) 

ɺ ʩʦʦʪʥʦʰʝʥʠʠ (8) ( )nL z -ʧʦʣʠʥʦʤʳ ʃʘʛʝʨʨʘ; ʯʠʩʣʘ , 0n ² . 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʦʟʥʠʢʘʝʪ ʟʘʜʘʯʘ ʚʳʯʠʩʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʤʘʪʨʠʮʳ 

, 'n n
H . ʕʣʝʤʝʥʪ ʤʘʪʨʠʮʳ 

, 'n n
H , ʢʘʢ ʩʣʝʜʫʝʪ ʠʟ (7), ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʫʤʤʫ ʜʚʫʭ ʠʥʪʝʛʨʘʣʦʚ. ɽʩʣʠ ʧʝʨʚʳʡ ʠʥʪʝʛʨʘʣ ʨʘʩʩʯʠʪʘʪʴ ʘʥʘʣʠʪʠʯʝʩʢʠ 

ʥʝʩʣʦʞʥʦ, ʪʦ ʚʳʯʠʩʣʝʥʠʝ ʚʪʦʨʦʛʦ ʠʥʪʝʛʨʘʣʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʥʝʪʨʠʚʠʘʣʴʥʫʶ ʟʘʜʘʯʫ. 

ɼʣʷ ʙʦʣʝʝ ʪʦʯʥʦʛʦ ʨʝʰʝʥʠʷ ʠ ʫʤʝʥʴʰʝʥʠʷ ʚʨʝʤʝʥʥʳʭ ʟʘʪʨʘʪ ʧʨʠ 

ʧʦʣʫʯʝʥʠʠ ʩʦʙʩʪʚʝʥʥʳʭ ʟʥʘʯʝʥʠʡ, ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʩʯʠʪʘʪʴ ʵʪʦʪ ʠʥʪʝʛʨʘʣ 

ʘʥʘʣʠʪʠʯʝʩʢʠ. ɸʥʘʣʠʪʠʯʝʩʢʠʡ ʨʘʩʯʝʪ ʠʥʪʝʛʨʘʣʘ  

 ()() ()* 2

0

r r r r dr , r = , k =n 'n
Vy y

¤

ñ r k  (9) 

ʩ ʧʨʦʙʥʳʤʠ ɺʌ (8) ʠ ʩ () rr = r epV m-
 ʷʚʣʷʝʪʩʷ ʮʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ. 

 

ʈʘʩʯʝʪ 
, 'n n

Và ð ɼʣʷ ʧʨʦʙʥʳʭ ɺʌ ʧʩʝʚʜʦʢʫʣʦʥʦʚʩʢʦʛʦ ʪʠʧʘ (8) 

ʧʦʪʝʥʮʠʘʣʴʥʘʷ ʯʘʩʪʴ ʫʨʘʚʥʝʥʠʷ (7) ʩ () rr = r epV m-
 ʟʘʧʠʰʝʪʩʷ ʚ ʚʠʜʝ  

 

( )

r C r 2

,
0

2 3C 2 2 2 r r 2 2

0

Cr e = (r, )r e (r, )r r =

C 2 2= 2 rr (2 r) (2 r)

p p

' n 'n n n

p

n ' n 'n n

d

N N d e e L L

m m

b m

y b y b

b b b

¤

- -

¤
+ + + - - +

à ð

+

ñ

ñ

 (10) 

ʇʦʩʣʝ ʟʘʤʝʥʳ ʧʝʨʝʤʝʥʥʳʭ = 2 rz b , = / 2m m b ʧʨʠʭʦʜʠʤ ʢ 

ʚʳʨʘʞʝʥʠʶ  
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( )

C

r 2 2 2 2

,
0

C
2 2r e = ( ) ( ) .

2

n 'p p z zn
' n 'pn n n

N N
dzz e e L z L zm m

b

¤

- + + - - + +à ð ñ  (11) 

ɼʘʣʝʝ ʠʩʧʦʣʴʟʫʷ ʩʦʦʪʥʦʰʝʥʠʝ ʏʫ-ɺʘʥʜʝʨʤʦʥʜʝ (Chu-Vandermonde) [1],  

 1 1

=1

( )
( ) =   ( ),

( )!

n
n j

n j

j

L z L z
n j

a b
a b-

- -

-

-
ä  (12) 

ʛʜʝ ( )Nz -ʩʠʤʚʦʣ ʇʦʭʛʘʤʤʝʨʘ ʩ ʧʘʨʘʤʝʪʨʘʤʠ  

 = 2 2 , = 2 2 pa b+ + + (13) 

ʠ ʠʥʪʝʛʨʘʣ ʚʠʜʘ (ʩʤ. [1])  
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( 1) ( ) ( )
( ) ( ) =

! !

( )
, ; ; ,

( )( )

n m
bz

n m m n

m n b b
dzz e L z L z

m n b

b b
F m n m n

b b

b b b

b

b l g
l g

l g
b

l g

¤

-

+ + +

G + + + - -
³

è ø- -
³ - - - - -é ù

- -ê ú

ñ
 (14) 

ʧʦʣʫʯʘʝʤ ʦʙʱʝʝ ʩʦʦʪʥʦʰʝʥʠʝ ʜʣʷ ʠʥʪʝʛʨʘʣʘ (10)  

 

( )

( ) ( )

( )( )
( )

( )( )

( ) ( )

r

,

1 1
1

1

1
=1 =1

2

1 ! !
r e =

( 2 2)!( 2 2)!2

1 1 11

1 ! 1 !1 ! 1 !

( 2)
1, 1; 2; ,  .

( 1)

'
p

' p 'n n

j i'n n 'n j n

i j'
j i

'

n n

n n

p p i j b bi

j i bn j n i

b b
F j i j i n n

b

m

b

b

b

b

-

- -
+

+ -

+ + -

à ð ³
+ + + +

+ - - G + + - -+ -
³ ³

- -+ - + -

è ø-
³ - + - + - - - + ¢é ù

-ê ú

ää  (15) 

 ʌʦʨʤʫʣʘ (15) ʦʙʦʙʱʘʝʪ ʩʦʦʪʥʦʰʝʥʠʷ ʨʘʙʦʪʳ [2], ʛʜʝ ʚʳʯʠʩʣʝʥʠʷ 

ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʜʣʷ ʯʘʩʪʥʳʭ ʩʣʫʯʘʝʚ ʩ = 1p - ʠ =1p . 

ʏʘʩʪʴ, ʩʚʷʟʘʥʥʘʷ ʩ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʝʡ, ʪʘʢʞʝ ʤʦʞʝʪ ʙʳʪʴ 

ʚʳʯʠʩʣʝʥʘ ʘʥʘʣʠʪʠʯʝʩʢʠ.  

 
2

2

, ,

! ( 2 2)! 4
k = 2 .

( 2 2)! 2 3!
' ''n n n n'

n n n

nn
b d

å õ+ + å õ
à ð + -æ öæ ö

+ + +ç ÷ç ÷

 (16) 

ɿʘʢʣʶʯʝʥʠʝ.  ɺ ʨʘʙʦʪʝ ʧʦʣʫʯʝʥʘ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʬʦʨʤʫʣʳ ʜʣʷ 

ʠʥʪʝʛʨʘʣʦʚ ʩ ʧʨʦʙʥʳʤʠ ʚʦʣʥʦʚʳʤʠ ʬʫʥʢʮʠʷʤʠ ʧʩʝʚʜʦʢʫʣʦʥʦʚʩʢʦʛʦ 

ʪʠʧʘ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʳ ʜʣʷ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ ʩ 

ʧʦʪʝʥʮʠʘʣʦʤ () mrr = r e ( 1)pV p- ²- ʚʘʨʠʘʮʠʦʥʥʳʤ ʤʝʪʦʜʦʤ. 

 

ʃʠʪʝʨʘʪʫʨʘ 
1. ɻʨʘʜʰʪʝʡʥ, ʀ.ʉ. ʊʘʙʣʠʮʳ ʠʥʪʝʛʨʘʣʦʚ, ʩʫʤʤ, ʨʷʜʦʚ ʠ 

ʧʨʦʠʟʚʝʜʝʥʠʡ / ʀ.ʉ. ɻʨʘʜʰʪʝʡʥ, ʀ.ʄ. ʈʳʞʠʢ. ï 4-ʝ ʧʝʨʝʨʘʙʦʪʘʥʥʦʝ . ï 

ʄʦʩʢʚʘ: ɻʦʩ.ʠʟʜ-ʚʦ ʬʠʟ.-ʤʘʪ. ʣʠʪʝʨʘʪʫʨʳ, 1963. ï 1110 ʩ.  
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2.  Fulcher, L.P. Energies of quark ï anti-quark systems, the Cornell 

potential, and the spinless Salpeter equation / L. P. Fulcher, Z. Chen,                    

K.C. Yeong // Phys. Rev. ï 1993. ï Vol. D47. ï P. 4122 ï 4132 s. 

 

 

ɸ.ɺ. ɹʫʞʘʥ (ʋʆ çɻɻʋ ʠʤ. ʌ. ʉʢʦʨʠʥʳè, ɻʦʤʝʣʴ)  

ʅʘʫʯ. ʨʫʢ. ɺ.ʅ. ʂʘʧʰʘʡ, ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʦʮʝʥʪ  

 

ʊɽʆʈɽʄɸ ɻɸʋʉʉɸ ʀ ɿɸʈʗɼʓ ʅɸ ʇʆɺɽʈʍʅʆʉʊʀ 

 

ʊʝʦʨʝʤʘ ɻʘʫʩʩʘ ʚ ʵʣʝʢʪʨʦʩʪʘʪʠʢʝ ʷʚʣʷʝʪʩʷ ʧʨʦʩʪʳʤ ʠ ʜʝʡʩʪʚʝʥʥʳʤ 

ʩʧʦʩʦʙʦʤ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ʥʘʧʨʷʞʸʥʥʦʩʪʠ ʧʦʣʷ, ʩʦʟʜʘʚʘʝʤʦʛʦ ʩʠʩʪʝʤʦʡ 

ʩʠʤʤʝʪʨʠʯʥʦ ʨʘʩʧʨʝʜʝʣʸʥʥʳʭ ʟʘʨʷʜʦʚ. ʆʜʥʘʢʦ, ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ʧʦʣʷ, 

ʩʦʟʜʘʚʘʝʤʦʛʦ ʪʘʢʠʤʠ ʟʘʨʷʜʘʤʠ, ʥʘʭʦʜʷʱʠʤʠʩʷ ʥʘ ʥʝʢʦʪʦʨʦʡ ʧʦʚʝʨʭʥʦ-

ʩʪʠ, ʚ ʪʦʯʢʝ, ʧʨʠʥʘʜʣʝʞʘʱʝʡ ʵʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʪʝʦʨʝʤʘ ɻʘʫʩʩʘ ʥʝʧʨʠ-

ʤʝʥʠʤʘ, ʪʘʢ ʢʘʢ ʥʝ ʷʩʥʳʤ ʦʩʪʘʸʪʩʷ ʚʦʧʨʦʩ: ʧʨʠʥʘʜʣʝʞʘʪ ʣʠ ʟʘʨʷʜʳ ʥʘ 

ʚʳʜʝʣʝʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢ ʦʙʲʸʤʫ, ʦʛʨʘʥʠʯʝʥʥʦʤʫ ʵʪʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ? 

ɼʣʷ ʧʦʠʩʢʘ ʧʨʘʚʠʣʴʥʦʛʦ ʚʘʨʠʘʥʪʘ ʦʪʚʝʪʘ ʧʨʦʚʝʜʸʤ ʧʨʷʤʦʡ (ʪʦ ʝʩʪʴ ʙʝʟ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʝʦʨʝʤʳ ɻʘʫʩʩʘ) ʨʘʩʯʝʪ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʦʣʷ, ʩʦʟʜʘʚʘʝ-

ʤʦʛʦ ʙʝʩʢʦʥʝʯʥʦ ʪʦʥʢʦʡ ʨʘʚʥʦʤʝʨʥʦ ʟʘʨʷʞʝʥʥʦʡ ʩ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʧʣʦʪ-

ʥʦʩʪʴʶ ů ʩʬʝʨʦʡ ʨʘʜʠʫʩʘ R, ʚ ʨʘʟʣʠʯʥʳʭ ʪʦʯʢʘʭ: (ʘ) ʚʥʝ ʩʬʝʨʳ; (ʙ) 

ʚʥʫʪʨʠ ʩʬʝʨʳ; (ʚ) ʥʘ ʩʘʤʦʡ ʩʬʝʨʝ. 

ʘ) ʇʫʩʪʴ ʪʦʯʢʘ ɸ ʥʘʭʦʜʠʪʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ Rr >  ʦʪ ʮʝʥʪʨʘ ʩʬʝʨʳ O 

(ʩʤ ʨʠʩʫʥʦʢ 1). ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ ʥʘʧʨʷʞʸʥʥʦʩʪʠ )(rE
C
, ʚʚʝʜʸʤ ʩʬʝʨʠʯʝ-

ʩʢʫʶ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ, ʩ ʮʝʥʪʨʦʤ ʚ ʪʦʯʢʝ ʆ ʠ ʦʩʴʶ Oz, ʧʨʦʭʦʜʷʱʝʡ 

ʯʝʨʝʟ ʪʦʯʢʫ ɸ. ʈʘʩʩʤʦʪʨʠʤ ʢʦʣʴʮʦ ʥʘ ʩʬʝʨʝ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʧʦʣʷʨʥʳʡ 

ʫʛʦʣ ʧʨʠʥʘʜʣʝʞʠʪ ʧʨʦʤʝʞʫʪʢʫ [ɗ;ɗ + dɗ].  

ɿʘʨʷʜ ʪʘʢʦʛʦ ʢʦʣʴʮʘ ʨʘʚʝʥ:  
22 sin .dQ dS R d= =s ps q q    (1) 

ʅʘʧʨʷʞʸʥʥʦʩʪʴ ʧʦʣʷ, ʩʦʟʜʘʚʘʝʤʦʛʦ ʪʘʢʠʤ ʢʦʣʴʮʦʤ, ʣʶʙʘʷ ʪʦʯʢʘ ʢʦ-

ʪʦʨʦʛʦ ʥʘʭʦʜʠʪʩʷ ʥʘ ʦʜʠʥʘʢʦʚʦʤ (ʨʘʚʥʦʤ l  ) ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʪʦʯʢʠ ɸ (ʨʠ-

ʩʫʥʦʢ 2), ʥʘʧʨʘʚʣʝʥʘ ʚʜʦʣʴ ʦʩʠ Oz ʠ ʧʦ ʚʝʣʠʯʠʥʝ ʨʘʚʥʘ: 

2

0

1
cos .

4

dQ
dE

l
= Ö a
pe

     (2) 

ɺʳʨʘʞʝʥʠʷ ʜʣʷ l ʠ cosŬ ʥʘʡʜʸʤ ʩ ʧʦʤʦʱʴʶ ʪʝʦʨʝʤʳ ʢʦʩʠʥʫʩʦʚ: 

2 2 2 2 2 22 cos , 2 cos .l r R Rr R r l rlq a= + - = + -     (3) 
 

ʇʦʜʩʪʘʚʠʚ ʚ (2) l ʠ cosŬ ʠʟ (3) ʠ dQ ʠʟ (1), ʧʦʣʫʯʠʤ: 
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( )

( )

22

33
2 20 2

0

cos1 sin
cos sin .

2
2 2 cos

R r RR d
dE l d

l
r R Rr

s qs q q
a q q

e
e q

-
= Ö =

+ -
    

(4)
 

 

  

ʈʠʩʫʥʦʢ 1 ï ʅʘʧʨʷʞʸʥʥʦʩʪʴ ʧʦʣʷ 

ʚʥʝ ʩʬʝʨʳ 

ʈʠʩʫʥʦʢ 2 ï ʅʘʧʨʷʞʸʥʥʦʩʪʴ  

ʧʦʣʷ ʚʳʜʝʣʝʥʥʦʛʦ ʢʦʣʴʮʘ 

 

ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ ʨʝʟʫʣʴʪʠʨʫʶʱʝʡ ʥʘʧʨʷʞʸʥʥʦʩʪʠ, ʧʨʦʠʥʪʝʛʨʠʨʫʝʤ 

ʚʳʨʘʞʝʥʠʝ (4) ʚ ʧʨʝʜʝʣʘʭ ʦʪ ɗ = 0 ʜʦ ɗ = ˊ ʠʣʠ ʧʦ  cos(q)  ʦʪ 1 ʜʦ -1: 

()
( )

( )

( )

( )

2 21

3 3
2 2 2 200 12 2

0

cos cos
sin cos .

2
2 2 cos 2 cos

R r R R R r
E r d d

r R Rr r R Rr

p -s - q q-s
= q q= q

e
e + - q + - q
ñ ñ

ʇʝʨʝʡʜʸʤ ʢ ʧʝʨʝʤʝʥʥʦʡ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ( )
1

1 2 2 22 cosl r R Rr
-

-= + - q, ʢʦ-

ʪʦʨʘʷ ʠʟʤʝʥʷʝʪʩʷ ʦʪ 
1

r R
-

-  ʜʦ  ( )
1

r R
-

+ : 

()
( )

( )( )

( )
2

2

2 2

3
2 20 2

cos
( 2 cos )

4
2 cos

r R

r R

R r R
E r d r R Rr

r R Rr r

+

-

- qs
= + - q =
e

+ - q
ñ

( )

( )

1

1

1

2 2 2

0

cos
( 2 cos ) .

2

r R

r R

R r R
d r R Rr

r

-

-

-
-

+

- qs
= + - q
e ñ

 

ɿʘʤʝʥʠʚ ( )
1

2 2 22 cosr R Rr
-

+ - q  ʥʘ 
1-l ʠ ʧʨʦʠʥʪʝʛʨʠʨʦʚʘʚ, ʧʦʣʫʯʠʤ 

() ( ) ( )
( )

( )
1

1

2
2

1 2 2 1

2 2

0 0

1 .
4 2

r R

r R

r RR R
E r l r R dl

r r r R

-

-

-
-

- -

+

å õ-s sè ø= + - = +æ öæ öé ùê úe e -ç ÷
ñ (5) 
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ʇʨʠ ʚʳʧʦʣʥʝʥʠʠ ʚ ʚʳʨʘʞʝʥʠʠ (5) ʫʩʣʦʚʠʷ           , ʠʤʝʝʤ 

.
1

)(
2

2

0 r

R
rE

s

e
Ö=     (6)

 
ɽʩʣʠ ʧʦʣʥʳʡ ʟʘʨʷʜ ʩʬʝʨʳ ʨʘʚʝʥ Q, ʪʦ ʩ ʫʯʸʪʦʤ ʪʦʛʦ, ʯʪʦ: 

24 R

Q

p
s=      (6ʘ)

 
ʧʦʣʫʯʠʤ ʧʨʠʚʳʯʥʫʶ ʬʦʨʤʫʣʫ ʜʣʷ ʨʘʩʯʝʪʘ ʥʘʧʨʷʞʸʥʥʦʩʪʠ ʥʘ ʨʘʩʩʪʦʷ-

ʥʠʠ r ʦʪ ʮʝʥʪʨʘ ʩʬʝʨʳ: 

.
4

1
)(

2

0 r

Q
rE Ö=

pe
 

ʙ) ʇʫʩʪʴ ʪʦʯʢʘ ɸ ʥʘʭʦʜʠʪʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ r < R  ʦʪ ʮʝʥʪʨʘ ʩʬʝʨʳ ʆ 

(ʈʠʩʫʥʦʢ 3). ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ ʥʘʧʨʷʞʸʥʥʦʩʪʠ )(rE
C

 ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

ʜʝʡʩʪʚʠʡ ʙʫʜʝʪ ʪʘʢʦʡ ʞʝ, ʢʘʢ ʠ ʚ ʧʫʥʢʪʝ ʘ), ʧʦʩʢʦʣʴʢʫ ʬʦʨʤʫʣʳ (1)ï(4) 

ʩʧʨʘʚʝʜʣʠʚʳ ʠ ʚ ʵʪʦʤ ʩʣʫʯʘʝ, ʟʥʘʯʠʪ, ʚʳʨʘʞʝʥʠʝ (5) ʪʘʢʞʝ ʙʫʜʝʪ ʩʧʨʘ-

ʚʝʜʣʠʚʦ. ʆʜʥʘʢʦ, ʧʨʠ ʠʤʝʝʤ: 

                                                              

( )
.0

-

-
1 =+

Rr

Rr
      (7) 

ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʧʨʠ r < R  ʥʘʧʨʷʞʸʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ  
0)( =rE , ʯʪʦ ʚʥʦʚʴ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʪʝʦʨʝʤʦʡ ɻʘʫʩʩʘ. 

 

  
ʈʠʩʫʥʦʢ 3 ï ʅʘʧʨʷʞʸʥʥʦʩʪʴ ʧʦʣʷ 

ʚʥʫʪʨʠ ʩʬʝʨʳ 

ʈʠʩʫʥʦʢ 4 ï ʅʘʧʘʨʷʞʸʥʥʦʩʪʴ  

ʧʦʣʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʬʝʨʳ 

ʚ) ʇʫʩʪʴ ʪʝʧʝʨʴ ʪʦʯʢʘ ɸ ʥʘʭʦʜʠʪʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ Rr = ʦʪ ʮʝʥʪʨʘ 

ʩʬʝʨʳ O (ʈʠʩʫʥʦʢ 4). ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ ʥʘʧʨʷʞʸʥʥʦʩʪʠ )(RE
C
, ʧʨʦʜʝʣʘʝʤ 

ʘʥʘʣʦʛʠʯʥʳʝ ʧʫʥʢʪʫ ʘ) ʜʝʡʩʪʚʠʷ. ɺʚʝʜʸʤ ʩʬʝʨʠʯʝʩʢʫʶ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠ-

ʥʘʪ, ʩ ʮʝʥʪʨʦʤ ʚ ʪʦʯʢʝ ʆ ʠ ʦʩʴʶ Oz, ʧʨʦʭʦʜʷʱʝʡ ʯʝʨʝʟ ʪʦʯʢʫ ɸ. ʆʧʷʪʴ, 

ʨʘʩʩʤʦʪʨʠʤ ʢʦʣʴʮʦ ʥʘ ʩʬʝʨʝ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʧʦʣʷʨʥʳʡ ʫʛʦʣ ʧʨʠʥʘʜʣʝʞʠʪ 

ʧʨʦʤʝʞʫʪʢʫ [ɗ;ɗ + dɗ].. 

Rr >



17 
 

ɺʳʨʘʞʝʥʠʷ (1) ʠ (2), ʨʘʟʫʤʝʝʪʩʷ, ʥʝ ʠʟʤʝʥʷʪʩʷ, ʯʪʦ ʞʝ ʢʘʩʘʝʪʩʷ ʬʦʨ-

ʤʫʣ (3), ʪʦ ʫʩʣʦʚʠʝ Rr =   ʧʦʟʚʦʣʷʝʪ ʟʘʧʠʩʘʪʴ ʦʯʝʚʠʜʥʳʝ ʠʟ ʨʠʩʫʥʢʘ               

4 ʚʳʨʘʞʝʥʠʷ ʜʣʷ l ʠ cosŬ:
 

2 sin , cos sin .
2 2 2

l
l R

R

q q
= a= =    (8) 

 

ʅʘ ʦʩʥʦʚʝ (1), (8) ʠ (2) ʧʦʣʫʯʠʤ 

0 0

1
sin d cos .

8 4 2
sin

2

dE d
s s q

= q q= q
qe e

  (9)
 

ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ ʨʝʟʫʣʴʪʠʨʫʶʱʝʡ ʥʘʧʨʷʞʸʥʥʦʩʪʠ, ʧʨʦʠʥʪʝʛʨʠʨʫʝʤ 

ʚʳʨʘʞʝʥʠʝ (9) ʚ ʧʨʝʜʝʣʘʭ ʦʪ ɗ=0 ʜʦ ɗ= :́ 

1

0 0 00 0

1
( ) sin sin .

8 2 2 2
sin

2

E R d d

p
s s q s

= q q= =
qe e eñ ñ   (10)

 

ʋʯʠʪʳʚʘʷ, (6ʘ) ʧʦʣʫʯʠʤ, ʯʪʦ ʤʦʜʫʣʴ ʥʘʧʨʷʞʸʥʥʦʩʪʠ ʧʦʣʷ ʥʘ ʧʦʚʝʨʭ-

ʥʦʩʪʠ ʩʬʝʨʳ ʨʘʚʝʥ ʧʦʣʦʚʠʥʝ ʤʦʜʫʣʷ ʥʘʧʨʷʞʸʥʥʦʩʪʠ ʧʦʣʷ ʚʙʣʠʟʠ ʚʥʝʰ-

ʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʬʝʨʳ: 

2

0

1
( ) .

8

Q
E R

R
= Ö
pe  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʧʨʷʞʸʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʨʘʚʥʦʤʝʨʥʦ ʟʘ-

ʨʷʞʝʥʥʦʡ ʩʬʝʨʳ ʨʘʚʥʘ: 

0

2

2

0

0, ;

1
( ) , ;

2

, .

r R

E r r R

R
r R

r

ë
<î

î
î sî
= Ö =ì

eî
îs
Ö >î

eîí

    (11)
 

ʆʪʤʝʪʠʤ, ʯʪʦ ʥʝʢʦʪʦʨʳʝ ʘʚʪʦʨʳ [1ï3] ʧʨʠʚʦʜʷʪ ʜʨʫʛʦʡ ʦʪʚʝʪ,          

ʦʪʣʠʯʘʶʱʠʡʩʷ ʦʪ (11) ʧʨʠ  r = R ʦʪʩʫʪʩʪʚʫʝʤ ʤʥʦʞʠʪʝʣʷ
 

1

2  
.
 

ɸʥʘʣʦʛʠʯʥʦ ʧʨʦʜʝʣʘʥʥʦʤʫ, ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ ʧʦʣʝ, ʩʦʟʜʘʚʘʝʤʦʝ 

ʨʘʚʥʦʤʝʨʥʦ ʟʘʨʷʞʝʥʥʦʡ ʙʝʩʢʦʥʝʯʥʦ ʜʣʠʥʥʦʡ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʧʦʚʝʨʭ-

ʥʦʩʪʴʶ, ʦʪʚʝʪ ʚ ʪʘʢʦʡ ʟʘʜʘʯʝ ʘʥʘʣʦʛʠʯʝʥ (11). ʕʪʠ ʧʨʠʤʝʨʳ ʩ ʦʯʝʚʠʜʥʦ-

ʩʪʴʶ ʩʪʘʚʷʪ ʟʘʜʘʯʫ ʫʪʦʯʥʝʥʠʷ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʪʝʦʨʝʤʳ ɻʘʫʩʩʘ, ʚʢʣʶʯʘ-

ʶʱʝʛʦ ʨʘʩʩʤʦʪʨʝʥʠʝ ʟʘʨʷʜʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ.  
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ʆ.ʅ. ɺʝʯʦʨʢʦ (ʋʆ çɹʨɻʋ ʠʤ. ɸ.ʉ. ʇʫʰʢʠʥʘè, ɹʨʝʩʪ) 

ʅʘʫʯ. ʨʫʢ. ɺ.ɸ. ʇʣʝʪʶʭʦʚ, ʜ-ʨ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ 

 

ʂ ʊɽʆʈʀʀ ʏɸʉʊʀʎʓ ʉʆ ʉʇʀʅʆʄ 3/2 

 

ʆʜʥʠʤ ʠʟ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʠ ʦʙʱʠʭ ʩʧʦʩʦʙʦʚ ʦʧʠʩʘʥʠʷ ʵʣʝʤʝʥ-

ʪʘʨʥʳʭ ʯʘʩʪʠʮ ʚ ʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʝ ʷʚʣʷʝʪʩʷ ʪʝʦʨʠʷ 

ʨʝʣʷʪʠʚʠʩʪʩʢʠʭ ʚʦʣʥʦʚʳʭ ʫʨʘʚʥʝʥʠʡ (ʈɺʋ) ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ. ɼʘʥʥʘʷ 

ʪʝʦʨʠʷ ʠʩʭʦʜʠʪ ʠʟ ʪʦʛʦ, ʯʪʦ ʦʧʠʩʘʥʠʝ ʩʚʦʙʦʜʥʦʛʦ ʤʠʢʨʦʦʙʲʝʢʪʘ ʩ ʥʝʥʫ-

ʣʝʚʦʡ ʤʘʩʩʦʡ ʠ ʟʘʜʘʥʥʳʤ ʟʥʘʯʝʥʠʝʤ ʩʧʠʥʘ ʤʦʞʝʪ ʙʳʪʴ ʦʩʫʱʝʩʪʚʣʝʥʦ 

ʧʦʩʨʝʜʩʪʚʦʤ ʤʘʪʨʠʯʥʦ-ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ 

 ( )( ) ( )0, 1, 2, 3, 4Ã m xm m mµ + y = m= ,    (1) 

ʛʜʝ y ï ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʘʷ ʚʦʣʥʦʚʘʷ ʬʫʥʢʮʠʷ, ʧʨʝʦʙʨʘʟʫʶʱʘʷʩʷ ʧʦ ʥʝ-

ʢʦʪʦʨʦʤʫ ʥʘʙʦʨʫ ʥʝʧʨʠʚʦʜʠʤʳʭ ʟʘʮʝʧʣʷʶʱʠʭʩʷ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʛʨʫʧʧʳ 

ʃʦʨʝʥʮʘ; ɻm ï ʢʚʘʜʨʘʪʥʳʝ ʤʘʪʨʠʮʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʨʘʟʤʝʨʥʦʩʪʠ. 

ɺ ʩʪʘʥʜʘʨʪʥʦʤ ʧʦʜʭʦʜʝ ʪʝʦʨʠʠ ʈɺʋ, ʦʩʥʦʚʳ ʢʦʪʦʨʦʡ ʙʳʣʠ ʟʘʣʦʞʝ-

ʥʳ ɼʠʨʘʢʦʤ, ʌʠʨʮʝʤ ʠ ʇʘʫʣʠ, ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʯʘʩʪʠʮʳ ʩ 

ʜʘʥʥʳʤ ʩʧʠʥʦʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʠʥʠʤʘʣʴʥʦ ʥʝʦʙʭʦʜʠʤʳʡ ʥʘʙʦʨ ʥʝʧʨʠ-

ʚʦʜʠʤʳʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ. ʊʘʢ, ʚ ʩʣʫʯʘʝ ʩʧʠʥʘ 3 2S= , ʙʝʨʝʪʩʷ ʥʘʙʦʨ 

( ) ( ) ( ) ( )0, 1 2 1 2, 0 1 2, 1 1, 1 2Ä Ä Ä , ʢʦʪʦʨʳʡ ʦʙʨʘʟʫʝʪ ʪʘʢ ʥʘʟʳʚʘʝʤʫʶ 

ʩʭʝʤʫ ʟʘʮʝʧʣʝʥʠʡ 

 
( ) ( )

( ) ( )

1 2, 0 1, 1 2

0, 1 2 1 2, 1  

½

¼ ¼
½

     (2) 

 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʘʝʪʩʷ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʦʝ ʫʨʘʚʥʝʥʠʝ ʌʠʨʮʘï

ʇʘʫʣʠ [1]. 

ʈɺʋ ʫʢʘʟʘʥʥʦʛʦ ʪʠʧʘ ʩʦʜʝʨʞʘʪ ʪʦʣʴʢʦ ʦʜʥʫ ʚʥʫʪʨʝʥʥʶʶ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢʫ ʤʠʢʨʦʯʘʩʪʠʮʳ ï ʝʸ ʩʧʠʥ. ɼʣʷ ʦʧʠʩʘʥʠʷ ʞʝ ʜʨʫʛʠʭ ʚʥʫʪʨʝʥʥʠʭ 
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ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ ʠ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʳ ʤʠʢʨʦʦʙʲʝʢʪʦʚ ʥʝʦʙʭʦʜʠʤʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʫʨʘʚʥʝʥʠʷ ʩ ʨʘʩʰʠʨʝʥʥʳʤ ʥʘʙʦʨʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʛʨʫʧʧʳ 

ʃʦʨʝʥʮʘ, ʚʢʣʶʯʘʷ ʢʨʘʪʥʳʝ [2]. ʉ ʫʯʝʪʦʤ ʩʢʘʟʘʥʥʦʛʦ ʨʘʩʩʤʦʪʨʠʤ ʩʭʝʤʫ 

ʟʘʮʝʧʣʝʥʠʡ 

 
( ) ( ) ( )

( ) ( ) ( )

1 2, 0 1, 1 2 1 2, 0 '

0, 1 2 1 2, 1   0, 1/ 2 '

½ ½

¼ ¼ ¼
½ ½

    (3) 

ɖɚɞɚɜɌɫ ɛɚɗɟɣɌɑɞɝɫ ɛɟɞɑɘ ɐɚɍɌɎɗɑəɔɫ ɖ (2) ɖɜɌɞəɚɏɚ ɍɔɝɛɔəɚɜ-

əɚɏɚ ɛɜɑɐɝɞɌɎɗɑəɔɫ ( ) ( )0, 1 2 ' 1 2, 0 '½ . ȴɝɝɗɑɐɚɎɌəɔɑ ɝɡɑɘɧ (3) 

əɌ ɛɜɑɐɘɑɞ Ɏɚɓɘɚɒəɚɝɞɔ ɛɚɝɞɜɚɑəɔɫ əɌ ɑɬ ɚɝəɚɎɑ ȼȮȿ ɐɗɫ ɝɛɔ-

əɌ 3 2S= , ʥʝʵʢʚʠʚʘʣʝʥʪʥʦʛʦ ʫʨʘʚʥʝʥʠʶ ʌʠʨʮʘïʇʘʫʣʠ, ʙʫʜʝʤ ʧʨʦʚʦ-

ʜʠʪʴ, ʠʩʧʦʣʴʟʫʷ ʧʦʜʭʦʜ ɻʝʣʴʬʘʥʜʘïʗʛʣʦʤʘ [3]. 

ʉʧʠʥʦʚʳʝ ʙʣʦʢʠ 1/2 3/2 ,C C  ʤʘʪʨʠʮʳ  

                ( ) ( )1/2 3/2

4 2 4Ã C I C I= Ä Ä Ä              (4) 

ʚ ʙʘʟʠʩʝ ɻʝʣʴʬʘʥʜʘïʗʛʣʦʤʘ ʠʤʝʶʪ ʚʠʜ 

 

1/2 1/2

14 16
1/2 1/2

25 26
1/2 1/2 1/2 3/2

1/2 3/234 35 36 36
1/2 1/2 3/2

41 43 63
1/2 1/2

52 53
1/2 1/2 1/2

61 62 63

0 0 0 0

0 0 0 0

0 0 0 0
, ,

0 0 0 0 0

0 0 0 0

0 0 0

c c

c c

c c c c
C C

c c c

c c

c c c

å õ
æ ö
æ ö å õ
æ ö= æ ö

ç ÷æ ö
æ ö
æ ö

÷

=

ç

  (5) 

ʛʜʝ ʠʩʧʦʣʴʟʦʚʘʥʘ ʥʫʤʝʨʘʮʠʷ ʥʝʧʨʠʚʦʜʠʤʳʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ  

( ) ( ) ( ) ( ) ( ) ( )0,1 2 ~1,  0,1 2 ' ~ 2,  1,1 2 ~ 3, 1 2,0 ~ 4,  1 2,0 ' ~ 5, 1 2,1 ~ 6. (6) 

ʊʨʝʙʦʚʘʥʠʝ ʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʠʥʚʘʨʠʘʥʪʥʦʩʪʠ ʈɺʋ (1) ʧʨʠʚʦʜʠʪ ʢ 

ʫʩʣʦʚʠʷʤ [3]  

 3/2 1/2 3/2 1/2

36 36 63 632 ,  2 .c c c c= =      (7) 

ʀʥʚʘʨʠʘʥʪʥʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʦʪʨʘʞʝʥʠʡ ʜʘʝʪ  

 
1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2

14 41 25 52 16 43 26 53
1/2 1/2 1/2 1/2 1/2 1/2 3/2 3/2

34 61 35 62 36 63 36 63

,   ,   , , 

,  ,  , .

c c c c c c c c

c c c c c c c c

= = = =

= = = =
   (8) 

ɺʦʟʤʦʞʥʦʩʪʴ ʣʘʛʨʘʥʞʝʚʦʡ ʬʦʨʤʫʣʠʨʦʚʢʠ ʪʝʦʨʠʠ ʧʨʠʚʦʜʠʪ ʢ ʦʛʨʘ-

ʥʠʯʝʥʠʷʤ 1/2 1/2 1/2

14 25 36,  , c c c  ï ʚʝʱʝʩʪʚʝʥʥʦʝ (9), 

 ( ) ( )
1/2 1/2

*
1/2 1/2 1/2 1/263 63
34 16 35 261/2 1/2

14 5

*

2

,   .c c c c
h h
= =
h h

   (10) 

ʇʦʩʢʦʣʴʢʫ ʥʘʩ ʠʥʪʝʨʝʩʫʝʪ ʩʧʠʥ 3/2, ʥʝ ʫʤʝʥʴʰʘʷ ʦʙʱʥʦʩʪʠ, ʧʦʣʦ-

ʞʠʤ 3/2 3/2

36 63 1.c c= = (11) 

ʇʨʠ ʪʘʢʦʤ ʚʳʙʦʨʝ ʩʦʙʩʪʚʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʙʣʦʢʘ 3/2C  ʧʦʣʫʯʘʶʪʩʷ 

ʨʘʚʥʳʤʠ 1°. ʋʩʣʦʚʠʷ (7)ï(11) ʧʨʠʚʦʜʷʪ ʢ ʙʣʦʢʘʤ 1/2 3/2, C C  ʚʠʜʘ 
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 ( ) ( )
1 3

1/2 3/2

2 4
* *

1 3 2 4

0
0 0 1

, 0 , ,
0 1 0

1/ 2

c c
C

C C c c C
C

f c f c

å õ
æ ö= = =
æ ö
ç ÷

 (12) 

ɼʣʷ ʠʩʢʣʶʯʝʥʠʷ ʩʦʩʪʦʷʥʠʡ ʯʘʩʪʠʮʳ ʩʦ ʩʧʠʥʦʤ 1/2 ʥʘʜʦ, ʯʪʦʙʳ ʚʩʝ 

ʩʦʙʩʪʚʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʙʣʦʢʘ 1/2C  ʙʳʣʠ ʨʘʚʥʳʤʠ ʥʫʣʶ. ʕʪʦ ʪʨʝʙʦʚʘʥʠʝ 

ʧʨʠʚʦʜʠʪ ʢ ʫʩʣʦʚʠʷʤ: 

 
2 2

1 2 1 2 1 2 1 3 2 4
4 2

1 2 1 2 3 2 1 4

1 2 0; 2 2 0;

2 0.

c c c c c c f c f c

c c f c c f c c

+ + = + + - - =

- + + =
  (13) 

ɿʜʝʩʴ ʯʠʩʣʘ 1 2, f f  ʥʝʟʘʚʠʩʠʤʦ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʤʦʛʫʪ ʧʨʠʥʠʤʘʪʴ ʟʥʘʯʝ-

ʥʠʷ 1°. 

ʈʘʩʩʤʦʪʨʠʤ ʩʣʫʯʘʡ, ʢʦʛʜʘ  

1 21,   1f f=- =-.      (14) 

ʀʟ ʫʨʘʚʥʝʥʠʷ (13) ʪʦʛʜʘ ʧʦʣʫʯʘʝʪʩʷ 

 ( ) ( ) ( )
2 23 3

2 1 3 1 1 4 1 1 1 11/ 2, 2 1/ 2 , 1/ 4 1/ 2 2 1/ 2 .c c c c c c c c c c=- - = + = + + - +

  

ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʥʘ ʩʚʦʙʦʜʥʳʡ ʚʝʱʝʩʪʚʝʥʥʳʡ ʧʘʨʘʤʝʪʨ 1c  

ʥʘʢʣʘʜʳʚʘʶʪʩʷ ʦʛʨʘʥʠʯʝʥʠʷ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʥʝʨʘʚʝʥʩʪʚʘʤʠ 

 ( ) ( )3

1 1 1 11 4 1/ 2 2 1/ 2 0.c c c c+ + > + >   (15) 

ʅʝʨʘʚʝʥʩʪʚʘʤ (15) ʤʦʞʥʦ ʫʜʦʚʣʝʪʚʦʨʠʪʴ ʤʥʦʞʝʩʪʚʦʤ ʩʧʦʩʦʙʦʚ. 

ɺʦʟʴʤʝʤ ʥʘʧʨʠʤʝʨ, 1 1 2c = . ʏʠʩʣʘ 2 3 4,   , c c c  ʧʨʠ ʵʪʦʤ ʧʨʠʥʠʤʘʶʪ ʟʥʘ-

ʯʝʥʠʷ  

 2 3 41,   1 2 3,  2 .3 c c c=- = =     (16) 

ɺʳʙʠʨʘʷ ʯʠʩʣʘ 3 4, c c  ʚʝʱʝʩʪʚʝʥʥʳʤʠ ʠ ʧʦʣʦʞʠʪʝʣʴʥʳʤʠ, ʧʦʣʫʯʘʝʤ 

ʩʣʝʜʫʶʱʠʡ ʷʚʥʳʡ ʚʠʜ ʩʧʠʥʦʚʦʛʦ ʙʣʦʢʘ 1/2C : 

 

 1/2

0 0 0 1/ 2 0 1/ 2 3
0 0 0 0 1 2 / 3
0 0 0 1/ 2 3 2 / 3 1/ 2

1/ 2 0 1/ 2 3 0 0 0
0 1 2 / 3 0 0 0

1/ 2 3 2 / 3 1/ 2 0 0 0

C

å õ
æ ö-
æ ö

- -=æ ö
æ ö

-æ ö
æ ö- -ç ÷

  (17) 

 

ʂʘʢ ʫʞʝ ʦʪʤʝʯʘʣʦʩʴ, ʟʘʜʘʥʠʝ ʙʣʦʢʘ 1/2C  ʚ ʚʠʜʝ (17) ʥʝ ʷʚʣʷʝʪʩʷ 

ʝʜʠʥʩʪʚʝʥʥʦ ʚʦʟʤʦʞʥʳʤ. ɿʜʝʩʴ, ʚʦ-ʧʝʨʚʳʭ, ʩʫʱʝʩʪʚʫʝʪ ʦʧʨʝʜʝʣʝʥʥʳʡ 

ʧʨʦʠʟʚʦʣ ʚ ʚʳʙʦʨʝ ʧʘʨʘʤʝʪʨʘ 1c, ʠ, ʚʦ-ʚʪʦʨʳʭ, ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ 1c  

ʦʩʪʘʝʪʩʷ ʥʝʦʜʥʦʟʥʘʯʥʦʩʪʴ ʚ ʚʳʙʦʨʝ ʯʠʩʝʣ 3 4, c c. ʆʜʥʘʢʦ, ʚʦ ʚʩʝʭ ʩʣʫʯʘʷʭ 

ʤʠʥʠʤʘʣʴʥʳʝ ʧʦʣʠʥʦʤʳ ʜʣʷ ʩʧʠʥʦʚʳʭ ʙʣʦʢʦʚ 1/2 3/2, C C  ʠ ʤʘʪʨʠʮʳ 4ɻ 

ʠʤʝʶʪ ʦʜʠʥ ʠ ʪʦʪ ʞʝ ʚʠʜ: 
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 ( ) ( ) ( )
3 2

1/2 3/2 3 2

4 4  0, 1 0, 1 0,C C ɻ ɻ= - = - =   (18) 

ʯʪʦ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʫʥʠʪʘʨʥʦʡ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ 

ʚʩʝʭ ʪʘʢʠʭ ʈɺʋ, ʘ ʩ ʜʨʫʛʦʡ, ʦʙ ʠʭ ʥʝʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʫʨʘʚʥʝʥʠʶ ʌʠʨ-

ʮʘïʇʘʫʣʠ.  

ʀʪʘʢ, ʤʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʘ ʦʩʥʦʚʝ ʩʭʝʤʳ ʟʘʮʝʧʣʝʥʠʡ (3) ʤʦʞʥʦ ʧʦ-

ʣʫʯʠʪʴ ʈɺʋ ʜʣʷ ʩʧʠʥʘ 3/2, ʦʪʣʠʯʘʶʱʝʝʩʷ ʦʪ ʦʙʱʝʠʟʚʝʩʪʥʦʛʦ ʫʨʘʚʥʝʥʠʷ 

ʌʠʨʮʘïʇʘʫʣʠ. ʄʘʪʨʠʮʘ 4ɻ ʠ ʩʧʠʥʦʚʳʝ ʙʣʦʢʠ ʵʪʦʛʦ ʈɺʋ ʠʤʝʶʪ ʚ ʙʘʟʠ-

ʩʝ ɻʝʣʴʬʘʥʜʘïʗʛʣʦʤʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʚʠʜ (4), (12), (17). 
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ɺɽʈʆʗʊʅʆʉʊʅɸʗ ʆʎɽʅʂɸ ʀʅʊɽʈɺɸʃʔʅʓʍ ɿʅɸʏɽʅʀʁ 

ʇʈʆʇʋʉʂʅʆʁ ʉʇʆʉʆɹʅʆʉʊʀ ʉʊʈʋʂʊʋʈʅʆ-ʉʃʆɾʅʓʍ 

ʇʆʊʆʂʆɺʓʍ ʉʀʉʊɽʄ ʆɻʈɸʅʀʏɽʅʅʆʁ ʈɸɿʄɽʈʅʆʉʊʀ 

 

ʉʫʱʝʩʪʚʫʝʪ ʨʷʜ ʟʘʜʘʯ, ʨʝʰʝʥʠʝ ʢʦʪʦʨʳʭ ʧʨʝʜʧʦʣʘʛʘʝʪ ʦʧʪʠʤʠʟʘʮʠʶ 

ʧʦʪʦʢʦʚʳʭ ʩʠʩʪʝʤ (ʇʉ) ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʟʘʜʘʥʥʳʤ ʢʨʠʪʝʨʠʝʤ. ʉʨʝʜʠ 

ʥʠʭ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʜʚʝ çʢʣʘʩʩʠʯʝʩʢʠʝè ʟʘʜʘʯʠ ï ʦʧʨʝʜʝʣʝʥʠʝ ʤʘʢʩʠ-

ʤʘʣʴʥʦʛʦ ʧʦʪʦʢʘ ʠ ʚʳʙʦʨ ʢʨʘʪʯʘʡʰʝʛʦ ʧʫʪʠ  ʜʣʷ ʟʘʜʘʥʥʳʭ ʠʩʪʦʢʘ ʠ ʩʪʦ-

ʢʘ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʨʝʰʝʥʠʝ ʫʢʘʟʘʥʥʳʭ ʟʘʜʘʯ ʩʪʘʥʦʚʠʪʩʷ ʚʦʟʤʦʞʥʳʤ ʧʨʠ 

ʦʧʨʝʜʝʣʝʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʷʭ ʇʉ ʠ ʠʭ ʫʯʘʩʪʢʦʚ. 

ɽʩʣʠ ʠʩʩʣʝʜʫʝʤʘʷ ʇʉ ʠ ʝʝ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʧʦʜʯʠʥʷʶʪʩʷ 

ʟʘʜʘʥʥʳʤ ʟʘʢʦʥʦʤʝʨʥʦʩʪʷʤ, ʥʝ ʤʝʥʷʶʱʠʤʩʷ ʩ ʪʝʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʠ ʥʝ 

ʟʘʚʠʩʷʱʠʤ ʦʪ ʩʣʫʯʘʡʥʳʭ ʬʘʢʪʦʨʦʚ, ʪʦ ʦʩʥʦʚʥʳʤ ʧʦʜʭʦʜʦʤ, ʠʩʧʦʣʴʟʫʝ-

ʤʳʤ ʧʨʠ ʦʮʝʥʢʝ ʚʝʨʦʷʪʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʘʥʥʦʡ ʩʠʩʪʝʤʳ ʠ ʝʝ ʧʦ-

ʪʦʢʦʚ, ʧʨʠʥʷʪʦ ʩʯʠʪʘʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ. 
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ʊʘʢ, ʧʨʠ ʥʘʭʦʞʜʝʥʠʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʧʦʪʦʢʘ ʜʣʷ ʇʉ ʧʨʠʤʝʥʷʝʪʩʷ ʘʣʛʦ-

ʨʠʪʤ ʌʦʨʜʘ-ʌʘʣʢʝʨʩʦʥʘ. ɼʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʠʤʝʝʪ ʩʫʱʝʩʪʚʝʥʥʳʡ ʥʝʜʦ-

ʩʪʘʪʦʢ ï ʝʛʦ ʧʨʠʤʝʥʝʥʠʝ ʧʨʝʜʧʦʣʘʛʘʝʪ ʫʯʸʪ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ 

ʫʯʘʩʪʢʦʚ ʩʠʩʪʝʤʳ ʢʘʢ ʧʦʩʪʦʷʥʥʳʭ ʚʝʣʠʯʠʥ, ʥʝ ʟʘʚʠʩʷʱʠʭ ʦʪ ʩʣʫʯʘʡʥʳʭ 

ʬʘʢʪʦʨʦʚ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ.  

ɺ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤʳ ʟʘʚʠʩʠʪ ʦʪ ʩʣʫʯʘʡʥʳʭ 

ʬʘʢʪʦʨʦʚ, ʚʦʟʤʦʞʥʦ ʧʨʠʤʝʥʝʥʠʝ ʨʘʩʯʸʪʥʦʛʦ ʤʝʪʦʜʘ, ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʩʦ-

ʯʝʪʘʥʠʠ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʘʣʛʦʨʠʪʤʦʚ ʨʝʰʝʥʠʷ ʢʣʘʩʩʠʯʝʩʢʠʭ ʟʘʜʘʯ ʠ ʤʝ-

ʪʦʜʘ ʄʦʥʪʝ-ʂʘʨʣʦ. ʉʫʪʴ ʝʛʦ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʦʜʠʬʠʮʠʨʦ-

ʚʘʥʥʳʭ ʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʧʨʠ ʫʯʝʪʝ ʚʝʨʦʷʪʥʦʩʪʥʳʭ ʭʘ-

ʨʘʢʪʝʨʠʩʪʠʢ ʫʯʘʩʪʢʦʚ ʩʠʩʪʝʤʳ, ʟʥʘʯʝʥʠʷ ʢʦʪʦʨʳʭ çʨʘʟʳʛʨʳʚʘʶʪʩʷè ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ [1]. ʆʜʥʘʢʦ ʤʝʪʦʜ 

ʧʦʜʦʙʥʦʛʦ ʨʦʜʘ ʧʨʝʜʧʦʣʘʛʘʝʪ ʨʘʩʩʤʦʪʨʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʪʨʘʝʢʪʦʨʠʡ 

ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʠʩʩʣʝʜʫʝʤʳʭ ʩʠʩʪʝʤ ʚʦ ʚʨʝʤʝʥʠ ʩ ʧʦʩʣʝʜʫʶʱʠʤ 

ʫʩʨʝʜʥʝʥʠʝʤ ʧʦʣʫʯʝʥʥʳʭ ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʯʪʦ ʷʚʣʷʝʪʩʷ 

ʚʝʩʴʤʘ ʨʝʩʫʨʩʦʸʤʢʠʤ ʢʘʢ ʧʦ ʤʘʪʝʨʠʘʣʴʥʳʤ, ʪʘʢ ʠ ʧʦ ʚʨʝʤʝʥʥʳʤ ʟʘʪʨʘ-

ʪʘʤ ʧʨʦʮʝʩʩʦʤ. 

ɸʣʴʪʝʨʥʘʪʠʚʥʳʤ ʩʧʦʩʦʙʦʤ ʦʮʝʥʢʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʧʦʪʦʢʘ ʇʉ ʷʚʣʷ-

ʝʪʩʷ ʚʝʨʦʷʪʥʦʩʪʥʳʡ ʧʦʜʭʦʜ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʇʉ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚ ʚʠʜʝ 

ʛʨʘʬʘ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʫʢʘʟʘʥ ʠʩʪʦʢ ʠ ʩʪʦʢ. ɺ ʨʘʩʯʝʪʘʭ ʚ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜ-

ʥʳʭ ʜʘʥʥʳʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚʝʢʪʦʨʳ ʚʝʨʦʷʪʥʦʩʪʝʡ, ʢʦʪʦʨʳʝ ʭʘʨʘʢʪʝʨʠ-

ʟʫʶʪ ʚʝʨʦʷʪʥʳʝ ʟʥʘʯʝʥʠʷ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʫʯʘʩʪʢʦʚ ʇʉ. ʉʪʘ-

ʚʠʪʩʷ ʟʘʜʘʯʘ ʧʦʠʩʢʘ ʚʝʨʦʷʪʥʦʩʪʥʦʡ ʦʮʝʥʢʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʧʦʪʦʢʘ ʇʉ, ʘ 

ʪʘʢʞʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʠʥʪʝʨʚʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦ-

ʩʪʠ ʇʉ ʩ ʫʯʸʪʦʤ ʠʤʝʶʱʠʭʩʷ ʜʘʥʥʳʭ. ɼʣʷ ʇʉ ʧʨʦʩʪʦʡ ʛʨʘʬʦʚʦʡ ʩʪʨʫʢ-

ʪʫʨʳ ʧʨʠʤʝʥʠʤ ʤʝʪʦʜ ʚʝʨʦʷʪʥʦʩʪʥʦ-ʘʣʛʝʙʨʘʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ʆʥ ʛʘʨʘʥʪʠʨʫʝʪ ʦʧʨʝʜʝʣʝʥʠʝ ʠʥʪʝʛʨʘʣʴʥʳʭ ʚʝʨʦʷʪʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢ ʇʉ, ʫʚʝʣʠʯʝʥʠʝ ʯʠʩʣʘ ʵʣʝʤʝʥʪʘʨʥʳʭ ʫʯʘʩʪʢʦʚ ʢʦʪʦʨʳʭ ʠ ʠʭ ʩʦʩʪʦ-

ʷʥʠʡ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʤʫ ʫʩʣʦʞʥʝʥʠʶ ʨʘʩʯʸʪʦʚ. 

ɼʣʷ ʇʉ ʩʪʨʫʢʪʫʨʥʦ-ʩʣʦʞʥʦʡ ʦʨʛʘʥʠʟʘʮʠʠ ʤʝʪʦʜ ʚʝʨʦʷʪʥʦʩʪʥʦ-

ʘʣʛʝʙʨʘʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʝʜʧʦʣʘʛʘʝʪ ʜʝʢʦʤʧʦʟʠʮʠʶ ʠʩʩʣʝʜʫʝ-

ʤʦʡ ʇʉ ʚ ʚʠʜʝ ʥʝʧʝʨʝʩʝʢʘʶʱʝʡʩʷ ʩʦʚʦʢʫʧʥʦʩʪʠ ʛʨʘʬʦʚʳʭ ʧʦʜʩʪʨʫʢʪʫʨ-

ʯʝʪʳʨʸʭʧʦʣʶʩʥʠʢʦʚ, ʷʚʣʷʶʱʠʭʩʷ ʦʙʨʘʟʘʤʠ ʧʦʜʩʠʩʪʝʤ ʠʩʩʣʝʜʫʝʤʦʡ ʩʠ-

ʩʪʝʤʳ ʠ ʧʦʩʣʝʜʫʶʱʝʝ ʚʝʨʦʷʪʥʦʩʪʥʦ-ʘʣʛʝʙʨʘʠʯʝʩʢʦʝ ʫʤʥʦʞʝʥʠʝ ʧʦʣʫ-

ʯʝʥʥʳʭ ʚʝʢʪʦʨʦʚ ʚʝʨʦʷʪʥʦʩʪʝʡ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʧʨʦʧʫʩʢʥʫʶ ʩʧʦʩʦʙ-

ʥʦʩʪʴ ʚʳʜʝʣʝʥʥʳʭ ʛʨʘʬʦʚʳʭ ʩʪʨʫʢʪʫʨ. 

ɸʣʛʦʨʠʪʤ ʦʮʝʥʢʠ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʇʉ ʨʝʘʣʠʟʫʝʪʩʷ ʥʝʩʢʦʣʴ-

ʢʠʤʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤʠ çʰʘʛʘʤʠè. ʅʘ ʰʘʛʝ 1 ʛʝʥʝʨʠʨʫʶʪʩʷ ʚʩʝ ʜʝ-

ʪʝʨʤʠʥʠʨʦʚʘʥʥʳʝ ʚʘʨʠʘʥʪʳ ʨʝʘʣʠʟʘʮʠʠ ʩʣʫʯʘʡʥʦʛʦ ʛʨʘʬʘ ),( KNG , ʨʸʙʨʘ 

ʢʦʪʦʨʦʛʦ ʠʤʝʶʪ ʚʝʨʦʷʪʥʦʩʪʥʳʝ ʚʝʩʘ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʚʝʨʦʷʪʥʦʩʪʠ ʚʦʟ-

ʤʦʞʥʳʭ ʟʥʘʯʝʥʠʡ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʫʯʘʩʪʢʦʚ. ʅʘ ʰʘʛʝ 2 ʜʣʷ  
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ʧʦʣʫʯʝʥʥʳʭ ʚʘʨʠʘʥʪʦʚ ʨʝʘʣʠʟʘʮʠʡ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʩʦʙʦʡ ʛʨʘʬʳ 

),( KNGi  ʩ ʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ 

ʫʯʘʩʪʢʦʚ, ʥʘ ʦʩʥʦʚʝ ʘʣʛʦʨʠʪʤʘ ʌʦʨʜʘ-ʌʘʣʢʝʨʩʦʥʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʝʣʠʯʠ-

ʥʘ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʧʦʪʦʢʘ ʠ ʝʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ ʩʝʪʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʢʘʞʜʦʡ ʨʝʘʣʠʟʘʮʠʠ ʩʣʫʯʘʡʥʦʛʦ ʛʨʘʬʘ ʩʪʘʚʠʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʝ ʟʥʘʯʝʥʠʝ 

ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʧʦʪʦʢʘ. ɿʘʪʝʤ ʚʳʯʠʩʣʷʶʪʩʷ ʚʝʨʦʷʪʥʦʩʪʠ ʚʦʟʤʦʞʥʳʭ 

ʟʥʘʯʝʥʠʡ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʧʦʪʦʢʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʚʘʨʠʘʥʪʘʤ ʨʝʘʣʠʟʘ-

ʮʠʠ ʩʣʫʯʘʡʥʦʛʦ ʛʨʘʬʘ (ʰʘʛ 3) ʠ ʬʦʨʤʠʨʫʶʪʩʷ ʠʥʪʝʨʚʘʣʴʥʳʝ ʦʮʝʥʢʠ 

ʟʥʘʯʝʥʠʡ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʇʉ, ʦʙʨʘʟʦʤ ʢʦʪʦʨʦʡ ʷʚʣʷʝʪʩʷ ʛʨʘʬ 

),( KNG (ʰʘʛ 4). ʉ ʵʪʦʡ ʮʝʣʴʶ ʩʨʝʜʠ ʚʩʝʭ ʚʘʨʠʘʥʪʦʚ ʟʥʘʯʝʥʠʡ ʤʘʢʩʠ-

ʤʘʣʴʥʦʛʦ ʧʦʪʦʢʘ ʦʧʨʝʜʝʣʷʶʪʩʷ ʤʠʥʠʤʘʣʴʥʦʝ ʠ ʤʘʢʩʠʤʘʣʴʥʦʝ, ʧʦʩʣʝ ʯʝ-

ʛʦ ʧʦʣʫʯʝʥʥʳʡ ʠʥʪʝʨʚʘʣ ʠʟʤʝʥʝʥʠʷ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʩʠʩʪʝʤʳ 

ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ n ʠʥʪʝʨʚʘʣʦʚ, ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ ʭʘʨʘʢʪʝʨʠʟʫʝʪ j-ʳʡ 

ʫʨʦʚʝʥʴ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ, ʦʧʨʝʜʝʣʷʶʱʠʡ ʚʝʨʦʷʪʥʦʩʪʥʦʝ ʩʦʩʪʦ-

ʷʥʠʝ ʩʠʩʪʝʤʳ. ɼʘʣʝʝ ʠʜʝʪ ʟʘʢʣʶʯʠʪʝʣʴʥʳʡ ʰʘʛ 5, ʧʨʠ ʢʦʪʦʨʦʤ ʚʳʯʠʩ-

ʣʷʶʪʩʷ ʚʝʨʦʷʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ, ʩʦʦʪʚʝʪʩʪʚʫ-

ʶʱʠʝ ʠʥʪʝʨʚʘʣʘʤ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʝʟʫʣʴʪʘ-

ʪʦʤ ʦʮʝʥʢʠ ʚʝʨʦʷʪʥʦʩʪʥʳʭ ʟʥʘʯʝʥʠʡ ʩʦʩʪʦʷʥʠʡ ʇʉ ʷʚʣʷʝʪʩʷ ʜʚʘ ʚʝʢʪʦ-

ʨʘ, ʘ ʠʤʝʥʥʦ, ʚʝʢʪʦʨ ʠʥʪʝʨʚʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʠ 

ʚʝʢʪʦʨ ʚʝʨʦʷʪʥʦʩʪʝʡ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʵʪʠ ʠʥʪʝʨʚʘʣʴʥʳʝ ʦʮʝʥʢʠ 

ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ. 

ʆʧʠʩʘʥʥʳʝ ʚʳʰʝ ʤʝʪʦʜʳ ʣʝʛʣʠ ʚ ʦʩʥʦʚʫ ʩʦʟʜʘʥʠʷ ʧʨʦʛʨʘʤʤʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ, ʦʧʪʠʤʠʟʠʨʫʶʱʝʛʦ ʦʨʛʘʥʠʟʘʮʠʶ ʇʉ ʩ ʫʯʸʪʦʤ ʩʣʫʯʘʡʥʳʭ ʧʘ-

ʨʘʤʝʪʨʦʚ ʠʭ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʟʘ ʩʯʸʪ ʨʝʰʝʥʠʷ ʪʠʧʦʚʳʭ ʟʘʜʘʯ ʤʦʜʝʣʠ-

ʨʦʚʘʥʠʷ ʧʫʪʝʤ ʵʢʩʧʣʫʘʪʘʮʠʠ ʥʘʙʦʨʘ ʧʘʨʘʤʝʪʨʠʟʦʚʘʥʥʳʭ ʠʤʠʪʘʮʠʦʥʥʳʭ 

ʤʦʜʝʣʝʡ [2]. 

ʉ ʮʝʣʴʶ ʚʝʨʦʷʪʥʦʩʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʭʝʤʘ ʦʨʛʘʥʠʟʘʮʠʠ ʇʉ ʧʨʝ-

ʦʙʨʘʟʫʝʪʩʷ ʚ ʛʨʘʬ ʩ ʚʳʜʝʣʝʥʠʝʤ ʵʣʝʤʝʥʪʦʚ ʛʨʘʬʦʚʳʭ ʤʦʜʝʣʝʡ. ɺ ʧʨʦ-

ʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ ʨʘʟʨʘʙʦʪʘʥ ʛʨʘʬʠʯʝʩʢʠʡ ʠʥʪʝʨʬʝʡʩ ʜʣʷ ʦʪʦʙʨʘʞʝ-

ʥʠʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʛʨʘʬʘ, ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʨʘʬʘ ʥʘʧʨʷʤʫʶ ʠʣʠ ʩ 

ʧʦʤʦʱʴʶ ʝʛʦ ʤʘʪʨʠʮʳ ʩʤʝʞʥʦʩʪʠ, ʨʝʘʣʠʟʦʚʘʥʳ ʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʳʡ ʠ 

ʚʝʨʦʷʪʥʦʩʪʥʳʡ ʧʦʜʭʦʜʳ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚʝʨʦʷʪʥʦʩʪʥʦʛʦ ʧʦʜʭʦʜʘ 

ʧʨʦʠʩʭʦʜʠʪ ʛʝʥʝʨʘʮʠʷ ʚʩʝʭ ʚʦʟʤʦʞʥʳʭ ʤʘʪʨʠʮ ʩʤʝʞʥʦʩʪʠ n
m
, ʛʜʝ n ï 

ʢʦʣʠʯʝʩʪʚʦ ʩʦʩʪʦʷʥʠʡ, m ï ʯʠʩʣʦ ʩʚʷʟʝʡ ʤʝʞʜʫ ʚʝʨʰʠʥʘʤʠ, ʜʣʷ ʢʘʞʜʦʡ 

ʢʦʤʙʠʥʘʮʠʠ ʧʨʦʛʨʘʤʤʘ ʥʘʭʦʜʠʪ ʤʘʢʩʠʤʘʣʴʥʳʡ ʧʦʪʦʢ/ʢʨʘʪʯʘʡʰʠʡ ʧʫʪʴ, 

ʩʪʨʦʠʪ ʚʝʢʪʦʨ ʚʝʨʦʷʪʥʦʩʪʝʡ ʠ ʛʨʘʬʠʯʝʩʢʠ ʚʳʜʝʣʷʝʪ ʦʧʪʠʤʘʣʴʥʳʡ 

ʧʫʪʴ/ʧʦʪʦʢ. 

ʇʨʠʤʝʨʦʤ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʤʘʪʨʠʮʘ ʩʤʝʞʥʦʩʪʠ ʛʨʘʬʘ ʩ ʜʚʫʤʷ ʚʦʟ-

ʤʦʞʥʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ. ɺ ʛʨʘʬʝ ʠʤʝʶʪʩʷ ʨʝʙʨʘ, ʩʦʝʜʠʥʷʶʱʠʝ ʚʝʨʰʠ-

ʥʳ. ɼʣʷ ʩʦʟʜʘʥʠʷ ʚʩʝʭ ʚʦʟʤʦʞʥʳʭ ʢʦʤʙʠʥʘʮʠʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʯʠʩʣʦ ʠʟ 

ʩʠʩʪʝʤʳ ʩʯʠʩʣʝʥʠʷ, ʨʘʚʥʦʡ ʯʠʩʣʫ ʚʦʟʤʦʞʥʳʭ ʩʦʩʪʦʷʥʠʡ. ɺ ʧʨʠʤʝʨʝ           
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ʫ ʨʝʙʝʨ ʤʦʞʝʪ ʙʳʪʴ ʜʚʘ ʩʦʩʪʦʷʥʠʷ 0101110011, ʟʥʘʯʝʥʠʝ 0 ï ʨʝʙʨʦ ʚ 

ʧʝʨʚʦʤ ʩʦʩʪʦʷʥʠʠ, 1 ï ʚʦ  ʚʪʦʨʦʤ. 

ʇʦʩʣʝ ʦʙʨʘʙʦʪʢʠ ʧʦʣʫʯʝʥʥʦʡ ʤʘʪʨʠʮʳ ʩʤʝʞʥʦʩʪʠ ʢ ʜʚʦʠʯʥʦʤʫ ʯʠʩ-

ʣʫ ʜʦʙʘʚʣʷʝʪʩʷ ʝʜʠʥʠʮʘ ʠ ʛʝʥʝʨʠʨʫʝʪʩʷ ʥʦʚʘʷ ʤʘʪʨʠʮʘ ʩʤʝʞʥʦʩʪʠ. ʊʘ-

ʢʠʤ ʦʙʨʘʟʦʤ, ʧʝʨʝʙʠʨʘʶʪʩʷ ʚʩʝ ʚʦʟʤʦʞʥʳʝ ʚʘʨʠʘʥʪʳ ʤʘʪʨʠʮ. ʄʘʪʨʠʮʳ 

ʦʙʨʘʙʘʪʳʚʘʶʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʣʛʦʨʠʪʤʦʚ ʌʦʨʜʘ-ʌʦʣʢʝʨʩʦʥʘ ʠ 

ɼʝʡʢʩʪʨʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʜʣʷ ʧʦʠʩʢʘ ʢʨʘʪʯʘʡʰʝʛʦ ʧʫʪʠ ʠ ʤʘʢʩʠʤʘʣʴʥʦ-

ʛʦ ʧʦʪʦʢʘ.  

ʇʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʦʛʥʦʟʘ ʚʝʨʦʷʪʥʦʩʪʥʳʭ ʦʮʝʥʦʢ ʠʥʪʝʨʚʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ 

ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʩʪʨʫʢʪʫʨʥʦ-ʩʣʦʞʥʳʭ ʇʉ ʩ ʫʯʸʪʦʤ, ʩʦ ʚʨʝʤʝ-

ʥʝʤ ʠʟʤʝʥʷʶʱʠʭʩʷ, ʚʝʨʦʷʪʥʦʩʪʥʳʭ ʟʥʘʯʝʥʠʡ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ 

ʠʭ ʫʯʘʩʪʢʦʚ. 
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ɼ.ɺ. ɼʝʨʝʚʷʥʢʦ // ʉʙʦʨʥʠʢ ʤʘʪʝʨʠʘʣʦʚ ʥʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ              

çʄʦʣʦʜʝʞʴ ʚ ʥʘʫʢʝ ï 2015è, ʛ. ʇʠʥʩʢ, ʥʦʷʙʨʴ 2015 ʛ. 

 

 

ɸ.ɹ. ɻʦʨʙʘʯ (ʋʆ çɻɻʋ ʠʤ. ʌ. ʉʢʦʨʠʥʳè, ɻʦʤʝʣʴ)  

ʅʘʫʯ. ʨʫʢ. ʉ.ʌ. ʄʘʩʣʦʚʠʯ, ʢʘʥʜ. ʪʝʭʥ. ʥʘʫʢ, ʜʦʮʝʥʪ  

 

ɸʅɸʃʀɿ ʅɸɼɽɾʅʆʉʊʀ ʉʃʆɾʅʆʁ ʕʃɽʂʊʈʀʏɽʉʂʆʁ  
ʉʀʉʊɽʄʓ ʕʅɽʈɻʆʉʅɸɹɾɽʅʀʗ ʉ ʇʆʄʆʑʔʖ  

ʀʄʀʊɸʎʀʆʅʅʆɻʆ ʄʆɼɽʃʀʈʆɺɸʅʀʗ 
 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʝʰʝʥʠʝ ʘʢʪʫʘʣʴʥʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ 

ʧʨʦʙʣʝʤʳ ʩʦʟʜʘʥʠʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʝʪʦʜʘ ʠ ʩʨʝʜʩʪʚ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʥʘʜʝʞʥʦʩʪʠ ʩʣʦʞʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʠʩʪʝʤ (ʉʕʉ) ʩʝʪʝʡ 0,4 ʢɺ. ɼʣʷ ʜʦ-

ʩʪʠʞʝʥʠʷ ʮʝʣʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʩʪʘʚʣʝʥʳ ʠ ʨʝʰʝʥʳ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

ʨʘʟʨʘʙʦʪʘʥ ʤʝʪʦʜ ʠʤʠʪʘʮʠʦʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘʜʝʞʥʦʩʪʠ ʉʕʉ ʩʝ-

ʪʝʡ 0,4 ʢɺ; ʨʘʟʨʘʙʦʪʘʥ ʧʨʦʛʨʘʤʤʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʢʦʤʧʣʝʢʩ ʠʤʠʪʘ-

ʮʠʦʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʨʝʘʣʠʟʘʮʠʶ ʤʝʪʦʜʘ; ʘʧʨʦ-

ʙʠʨʦʚʘʥ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʤʝʪʦʜ ʠʤʠʪʘʮʠʠ, ʩʨʝʜʩʪʚʘ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʠʤʠ-

ʪʘʮʠʦʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠ ʪʝʭʥʦʣʦʛʠʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʪʠʭ ʩʨʝʜʩʪʚ 
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ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʤʝʪʦʜʘ ʠ ʤʝʪʦʜʠʢ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʧʨʦʝʢʪʥʦʛʦ ʤʦʜʝʣʠʨʦ-

ʚʘʥʠʷ ʉʕʉ. 

ɺ ʠʤʠʪʘʮʠʦʥʥʦʡ ʤʦʜʝʣʠ ʤʦʛʫʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʳ ʧʨʦʠʟʚʦʣʴʥʳʝ ʚʝ-

ʨʦʷʪʥʦʩʪʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʥʘʜʝʞʥʦʩʪʥʳʭ ʩʚʦʡʩʪʚ ʵʣʝʤʝʥʪʦʚ ʠ ʚʦʟ-

ʜʝʡʩʪʚʠʡ ʥʘ ʩʠʩʪʝʤʫ. ʇʦʵʪʦʤʫ ʩʪʘʥʜʘʨʪʳ [1] ʦʧʨʝʜʝʣʷʶʪ ʠʤʠʪʘʮʠʦʥʥʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʥʘʠʙʦʣʝʝ ʫʥʠʚʝʨʩʘʣʴʥʦʛʦ ʤʝʪʦʜʘ ʠʩʩʣʝʜʦʚʘ-

ʥʠʷ ʥʘʜʝʞʥʦʩʪʠ ʩʠʩʪʝʤ.  

ʀʤʠʪʘʮʠʦʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ï ʤʝʪʦʜ ʥʘʫʯʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʠ-

ʩʪʝʤ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʭʘʨʘʢʪʝʨʥʦ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʝ (ʥʘ ʕɺʄ) ʧʨʦʮʝʩʩʦʚ 

ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʵʣʝʤʝʥʪʦʚ ʩʠʩʪʝʤʳ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʠʭ ʘʣʛʦʨʠʪʤʦʚ, 

ʧʨʠʯʠʥʥʦ-ʩʣʝʜʩʪʚʝʥʥʳʭ ʩʚʷʟʝʡ, ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʧʨʦʪʝʢʘʥʠʷ ʠ ʚʝʨʦ-

ʷʪʥʦʩʪʥʦʛʦ ʭʘʨʘʢʪʝʨʘ. ʊʘʢ, ʚ ʧʨʦʮʝʩʩʝ ʠʤʠʪʘʮʠʠ ʩ ʧʦʤʦʱʴʶ ʛʝʥʝʨʘʪʦʨʘ 

ʩʣʫʯʘʡʥʳʭ ʯʠʩʝʣ ʨʘʟʳʛʨʳʚʘʶʪʩʷ ʤʦʤʝʥʪʳ ʥʘʩʪʫʧʣʝʥʠʷ ʠ ʚʠʜʳ ʦʪʢʘʟʦʚ 

ʥʝʢʦʪʦʨʳʭ ʵʣʝʤʝʥʪʦʚ ʠ ʧʨʦʚʝʨʷʶʪʩʷ ʫʩʣʦʚʠʷ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʩʠʩʪʝ-

ʤʳ ʚ ʵʪʦʪ ʤʦʤʝʥʪ. ɽʩʣʠ ʩʫʱʝʩʪʚʫʶʱʠʝ ʦʪʢʘʟʳ ʵʣʝʤʝʥʪʦʚ ʥʝ ʥʘʨʫʰʘʶʪ 

ʫʩʣʦʚʠʡ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʩʠʩʪʝʤʳ, ʪʦ ʨʘʟʳʛʨʳʚʘʶʪʩʷ ʦʯʝʨʝʜʥʳʝ ʦʪ-

ʢʘʟʳ. ʅʘʨʷʜʫ ʩ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʦʪʢʘʟʦʚ ʠʤʠʪʠʨʫʶʪʩʷ ʧʨʦʮʝʩʩʳ ʚʦʩʩʪʘ-

ʥʦʚʣʝʥʠʷ ʦʪʢʘʟʘʚʰʠʭ ʵʣʝʤʝʥʪʦʚ. ɺ ʧʨʦʮʝʩʩʝ ʠʤʠʪʘʮʠʠ ʦʪʩʣʝʞʠʚʘʶʪʩʷ ʠ 

ʬʠʢʩʠʨʫʶʪʩʷ ʦʧʨʝʜʝʣʝʥʥʳʝ ʩʦʙʳʪʠʷ ʠ ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ, ʧʦ ʢʦʪʦʨʳʤ 

ʦʮʝʥʠʚʘʶʪʩʷ ʧʦʢʘʟʘʪʝʣʠ ʥʘʜʝʞʥʦʩʪʠ ʩʠʩʪʝʤʳ. 

ʆʛʨʘʥʠʯʝʥʠʷ ʠʤʠʪʘʮʠʦʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ: 

ï ʥʝ ʧʨʝʜʦʩʪʘʚʣʷʝʪʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ (ʢʘʢ ʧʨʠ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʠ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ). ʀʤʠʪʘʮʠʦʥʥʘʷ ʤʦʜʝʣʴ ʩʣʫʞʠʪ 

ʣʠʰʴ ʩʨʝʜʩʪʚʦʤ ʜʣʷ ʘʥʘʣʠʟʘ ʧʦʚʝʜʝʥʠʷ ʩʠʩʪʝʤʳ ʚ ʫʩʣʦʚʠʷʭ, ʦʧʨʝʜʝʣʷʝ-

ʤʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʪʦʨʦʤ; 

ï ʨʝʟʫʣʴʪʘʪʳ ʠʤʠʪʘʮʠʦʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʟʘʯʘʩʪʫʶ ʥʦʩʷʪ ʚʝʨʦʷʪ-

ʥʦʩʪʥʳʡ ʭʘʨʘʢʪʝʨ ʠ ʪʨʝʙʫʶʪ ʧʨʠʤʝʥʝʥʠʷ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʩʪʘ-

ʪʠʩʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ. 

ʆʩʥʦʚʫ ʠʤʠʪʘʮʠʦʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʦʩʪʘʚʣʷʝʪ ʤʝʪʦʜ ʩʪʘʪʠʩʪʠ-

ʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ (ʤʝʪʦʜ ʄʦʥʪʝ-ʂʘʨʣʦ). ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʠʤʠʪʘʮʠ-

ʦʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʣʷ ʨʘʩʯʸʪʘ ʥʘʜʸʞʥʦʩʪʠ ʩʣʦʞʥʳʭ ʪʝʭʥʠʯʝʩʢʠʭ 

ʩʠʩʪʝʤ ʦʩʥʦʚʘʥʦ ʥʘ ʪʦʤ, ʯʪʦ ʧʨʦʮʝʩʩ ʠʭ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʧʨʝʜʩʪʘʚʣʷ-

ʝʪʩʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʚʝʨʦʷʪʥʦʩʪʥʦʡ ʤʦʜʝʣʴʶ, ʦʪʨʘʞʘʶʱʝʡ ʚ ʨʝʘʣʴʥʦʤ 

ʤʘʩʰʪʘʙʝ ʚʨʝʤʝʥʠ ʚʩʝ ʩʦʙʳʪʠʷ (ʦʪʢʘʟʳ, ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ), ʧʨʦʠʩʭʦʜʷʱʠʝ 

ʚ ʩʠʩʪʝʤʝ. ʉ ʧʦʤʦʱʴʶ ʪʘʢʦʡ ʤʦʜʝʣʠ ʧʨʦʛʨʘʤʤʥʳʤʠ ʩʨʝʜʩʪʚʘʤʠ ʤʥʦʛʦ-

ʢʨʘʪʥʦ ʤʦʜʝʣʠʨʫʝʪʩʷ ʧʨʦʮʝʩʩ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤʳ, ʠ ʧʦ ʧʦʣʫ-

ʯʝʥʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʩʢʦʤʳʝ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢʠ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ, ʷʚʣʷʶʱʠʝʩʷ ʧʦʢʘʟʘʪʝʣʷʤʠ ʥʘʜʸʞʥʦʩʪʠ.  

ʇʨʦʛʨʘʤʤʥʳʡ ʠʥʩʪʨʫʤʝʥʪʘʨʠʡ ʠʤʠʪʘʮʠʦʥʥʦʡ ʤʦʜʝʣʠ ʧʨʠ ʘʥʘʣʠʟʝ 

ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʩʠʩʪʝʤʳ ʧʦʟʚʦʣʷʝʪ ʤʦʜʝʣʠʨʦʚʘʪʴ ʦʪʢʘʟ ʧʦʪʨʝʙʠʪʝʣʷ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ, ʠʩʭʦʜʷ ʠʟ ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʠ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ 

ʫʩʣʦʚʠʡ ʝʛʦ ʵʢʩʧʣʫʘʪʘʮʠʠ. ɺ ʢʘʯʝʩʪʚʝ ʥʘʠʙʦʣʝʝ ʟʥʘʯʠʤʳʭ ʧʦʢʘʟʘʪʝʣʝʡ 



26 
 

ʙʝʟʦʪʢʘʟʥʦʩʪʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʣʝʜʫʶʱʠʝ: ʚʝʨʦʷʪʥʦʩʪʴ ʙʝʟʦʪʢʘʟʥʦʡ ʨʘ-

ʙʦʪʳ, ʩʨʝʜʥʷʷ ʥʘʨʘʙʦʪʢʘ, ʛʘʤʤʘ-ʧʨʦʮʝʥʪʥʘʷ ʥʘʨʘʙʦʪʢʘ ʜʦ ʦʪʢʘʟʘ, ʩʨʝʜ-

ʥʷʷ ʦʩʪʘʪʦʯʥʘʷ ʥʘʨʘʙʦʪʢʘ ʜʦ ʦʪʢʘʟʘ. 

ʇʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʧʨʦʛʨʘʤʤʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘʨʠʷ ʟʘʢʣʶʯʘ-

ʝʪʩʷ ʚ ʦʧʪʠʤʠʟʘʮʠʠ ʪʝʭʥʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ ʧʦ ʦʙʝʩʧʝʯʝʥʠʶ ʥʘʜʝʞʥʦʩʪʠ 

ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʠ ʵʢʩʧʣʫʘʪʘʮʠʠ ʩʣʦʞʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʠʩʪʝʤ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʟʚʦʣʷʪ: ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʧʦʢʘʟʘʪʝʣʠ ʥʘʜʝʞ-

ʥʦʩʪʠ ʵʣʝʢʪʨʦʦʙʦʨʫʜʦʚʘʥʠʷ ʉʕʉ; ʫʩʪʘʥʦʚʠʪʴ çʫʟʢʠʝ ʤʝʩʪʘè ʚ ʦʙʝʩʧʝʯʝ-

ʥʠʠ ʥʘʜʝʞʥʦʩʪʠ; ʨʘʟʨʘʙʦʪʘʪʴ ʤʝʨʦʧʨʠʷʪʠʷ ʧʦ ʧʦʚʳʰʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦ-

ʩʪʠ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʦʦʙʦʨʫʜʦʚʘʥʠʷ. 
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ɸ.ʉ. ɻʨʠʙʦʚʩʢʠʡ (ʋʆ çɻɻʋ ʠʤ. ʌ. ʉʢʦʨʠʥʳè, ɻʦʤʝʣʴ) 

ʅʘʫʯ. ʨʫʢ. ɺ.ʅ. ʂʘʧʰʘʡ, ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʦʮʝʥʪ  

 

ʇʈʀʄɽʅɽʅʀɽ ʇʈɽʆɹʈɸɿʆɺɸʅʀʗ ʃɸʇʃɸʉɸ 

ɼʃʗ ʈɽʐɽʅʀʗ ʋʈɸɺʅɽʅʀʗ ʐʈɪɼʀʅɻɽʈɸ 

 

ʋʨʘʚʥʝʥʠʝ ʐʨʸʜʠʥʛʝʨʘ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʚʘʞʥʝʡʰʠʭ ʫʨʘʚʥʝʥʠʡ 

ʬʠʟʠʢʠ. ʅʘʭʦʞʜʝʥʠʝ ʝʛʦ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʨʝʰʝʥʠʷ ʚʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ 

ʷʚʣʷʝʪʩʷ ʩʣʦʞʥʦʡ ʟʘʜʘʯʝʡ. ʆʜʥʠʤ ʠʭ ʤʝʪʦʜʦʚ, ʩʧʦʩʦʙʥʳʭ ʫʧʨʦʩʪʠʪʴ 

ʨʝʰʝʥʠʝ, ʷʚʣʷʝʪʩʷ ʦʧʝʨʘʮʠʦʥʥʦʝ ʠʩʯʠʩʣʝʥʠʝ. 

ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʤʝʪʦʜ ʨʝʝhʥʠʷ ʫʨʘʚʥʝʥʠʷ ʐʨy -

ʜʠʥʛʝʨʘ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ ʃʘʧʣʘʩʘ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʫʜʦʙʝʥ 

ʪʝʤ, ʯʪʦ ʧʫʪʝʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʝ ʫʨʘʚʥʝʥʠʷ ʚʪʦʨʦʛʦ 

ʧʦʨʷʜʢʘ ʧʨʠʚʦʜʷʪʩʷ ʢ ʫʨʘʚʥʝʥʠʷʤ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ.  

 ʇʨʠʤʝʥʠʪʴ ʤʝʪʦʜ ʤʦʞʥʦ, ʥʘʧʨʠʤʝʨ, ʢ ʫʨʘʚʥʝʥʠʶ ʐʨʸʜʠʥʛʝʨʘ ʩ ʢʫ-

ʣʦʥʦʚʩʢʠʤ ʧʦʪʝʥʮʠʘʣʦʤ: 
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 .                         (1) 

ʈʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ (1) ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ ʠʥʪʝʛʨʘʣʘ 

, 

ʛʜʝ  ï ʥʦʚʘʷ ʠʩʢʦʤʘʷ ʬʫʥʢʮʠʷ-ʠʟʦʙʨʘʞʝʥʠʝ, ʘ l ï ʠʩʢʦʤʳʡ, ʥʝ 

ʟʘʚʠʩʷʱʠʡ ʦʪ x ʧʫʪʴ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ. 

ɺʳʧʦʣʥʠʚ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ, ʙʳʣʦ ʥʘʡʜʝʥʦ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʠʩʢʦʤʦʛʦ 

ʠʟʦʙʨʘʞʝʥʠʷ, ʢʦʪʦʨʦʝ ʩʧʨʘʚʝʜʣʠʚʦ ʪʦʣʴʢʦ ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʫʩʣʦʚʠʷ 

. 

ʇʦʩʣʝ ʨʝʰʝʥʠʷ ʵʪʦʛʦ ʫʨʘʚʥʝʥʠʷ ʚʦʣʥʦʚʘʷ ʬʫʥʢʮʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚ 

ʚʠʜʝ ʠʥʪʝʛʨʘʣʘ 

 ,  (2) 

ʛʜʝ C ï ʧʨʦʠʟʚʦʣʴʥʘʷ ʧʦʩʪʦʷʥʥʘʷ, ʘ ʢʦʥʪʫʨ l ʜʦʣʞʝʥ ʫʜʦʚʣʝʪʚʦʨʷʪʴ 

ʫʩʣʦʚʠʶ 

  (3) 

ɺ ʚʳʨʘʞʝʥʠʷʭ (2) ʠ (3) ʙʳʣʠ ʧʨʠʥʷʪʳ ʩʣʝʜʫʶʱʠʝ ʦʙʦʟʥʘʯʝʥʠʷ: 

,  , 

, . 

ʂʦʥʪʫʨ l ʚʳʙʠʨʘʝʪʩʷ ʪʘʢ, ʯʪʦʙʳ ʠʥʪʝʛʨʘʣ, ʚʭʦʜʷʱʠʡ ʚ ʬʦʨʤʫʣʫ (2), 

ʥʝ ʙʳʣ ʪʦʞʜʝʩʪʚʝʥʥʦ ʧʦ x ʨʘʚʝʥ ʥʫʣʶ. 

ʇʦʜʳʥʪʝʛʨʘʣʴʥʘʷ ʬʫʥʢʮʠʷ ʚ ʚʳʨʘʞʝʥʠʠ (2) ʠʤʝʝʪ ʦʩʦʙʳʝ ʪʦʯʢʠ  

 ʠ , ʢʦʪʦʨʳʝ ʙʫʜʫʪ ʪʦʯʢʘʤʠ ʨʘʟʚʝʪʚʣʝʥʠʷ, ʪʘʢ ʢʘʢ p ʠ q ï 

ʯʠʩʣʘ ʥʝ ʮʝʣʳʝ. ʇʨʠ ʦʙʭʦʜʝ ʚʦʢʨʫʛ ʪʦʯʢʠ  ʚ ʧʦʣʦʞʠʪʝʣʴʥʦʤ 

ʥʘʧʨʘʚʣʝʥʠʠ, ʧʦʜʳʥʪʝʛʨʘʣʴʥʘʷ ʬʫʥʢʮʠʷ ʧʦʣʫʯʠʪ ʤʥʦʞʠʪʝʣʴ , ʘ 

ʧʨʠ ʦʙʭʦʜʝ ʪʦʯʢʠ ʦʥʘ ʧʦʣʫʯʠʪ ʤʥʦʞʠʪʝʣʴ . 

ɹʳʣʘ ʚʟʷʪʘ ʥʝʢʦʪʦʨʘʷ ʪʦʯʢʘ  ʧʣʦʩʢʦʩʪʠ, ʣʝʞʘʱʘʷ ʥʘ ʢʦʥʝʯʥʦʤ ʨʘʩ-

ʩʪʦʷʥʠʠ ʠ ʦʪʣʠʯʥʘʷ ʦʪ  ʠ , ʠ ʦʙʦʟʥʘʯʝʥʳ ʯʝʨʝʟ  ʠ  ʟʘʤʢʥʫʪʳʝ 

ʢʦʥʪʫʨʳ, ʚʳʭʦʜʷʱʠʝ ʠʟ  ʠ ʦʙʭʦʜʷʱʠʝ ʚʦʢʨʫʛ ʪʦʯʝʢ  ʠ . ʏʝʨʝʟ 

 ʩʠʤʚʦʣʠʯʝʩʢʠ ʙʳʣ ʦʙʦʟʥʘʯʝʥ ʢʦʥʪʫʨ, ʢʦʪʦʨʳʡ ʩʦʩʪʦʠʪ ʠʟ ʩʣʝʜʫ-

ʶʱʠʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʦʙʭʦʜʦʚ: ʦʙʭʦʜʘ ʧʦ  ʚ ʧʦʣʦʞʠʪʝʣʴʥʦʤ 

ʥʘʧʨʘʚʣʝʥʠʠ, ʦʙʭʦʜʘ ʧʦ  ʚ ʧʦʣʦʞʠʪʝʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ, ʦʙʭʦʜʘ ʧʦ  ʚ 

ʦʪʨʠʮʘʪʝʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʠ ʦʙʭʦʜʘ ʧʦ  ʚ ʦʪʨʠʮʘʪʝʣʴʥʦʤ ʥʘʧʨʘʚʣʝ-

ʥʠʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʢʦʥʯʘʪʝʣʴʥʦ ʚʝʨʥʫʚʰʠʩʴ ʚ ʪʦʯʢʫ  ʠʤʝʝʪʩʷ ʜʣʷ 
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ʣʝʚʦʡ ʯʘʩʪʠ (3) ʪʘ ʞʝ ʩʘʤʘʷ ʚʝʪʚʴ, ʢʦʪʦʨʘʷ ʙʳʣʘ ʚʟʷʪʘ, ʦʪʧʨʘʚʣʷʷʩʴ ʠʟ 

, ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠʥʠʤʘʷ ʟʘ  ʢʦʥʪʫʨ , ʫʩʣʦʚʠʝ (3) ʫʜʦʚʣʝ-

ʪʚʦʨʷʝʪʩʷ, ʠ ʬʦʨʤʫʣʘ (2) ʜʘʝʪ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ. 

ʀʟ ʪʦʯʝʢ  ʠ  ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʨʘʟʨʝʟʳ  ʠ , ʧʘʨʘʣʣʝʣʴʥʳʝ ʦʩʠ 

 ʠ ʥʘʧʨʘʚʣʝʥʥʳʝ ʥʘ  (ʨʠʩʫʥʦʢ 1). ʅʘ ʧʣʦʩʢʦʩʪʠ  ʩ ʧʨʦʚʝʜʝʥ-

ʥʳʤʠ ʨʘʟʨʝʟʘʤʠ ʧʦʜʳʥʪʝʛʨʘʣʴʥʘʷ ʬʫʥʢʮʠʷ ʠʥʪʝʛʨʘʣʘ (2) ʦʜʥʦʟʥʘʯʥʘ. 

ɺʳʙʠʨʘʝʪʩʷ ʪʘ ʝʸ ʚʝʪʚʴ, ʜʣʷ ʢʦʪʦʨʦʡ  ʧʨʠ , 

ʪ. ʝ. ʥʘ ʧʨʦʜʦʣʞʝʥʠʠ ʧʝʨʚʦʛʦ ʨʘʟʨʝʟʘ, ʠ  ʧʨʠ 

 . 

ʋʢʘʟʘʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 1 ʢʦʥʪʫʨʳ ʚʳʙʠʨʘʶʪʩʷ ʟʘ ʢʦʥʪʫʨʳ ʠʥʪʝʛʨʠ-

ʨʦʚʘʥʠʷ. ʇʦʣʫʯʘʶʪʩʷ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʚʘ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ (2): 

 

 , (4) 

 . (5) 

 

 
ʈʠʩʫʥʦʢ 1 ï ʂʦʥʪʫʨʳ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ 

 

ɺ ʩʣʫʯʘʝ  ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʨʝʛʫʣʷʨʥʦʛʦ (ʚ ʥʘʯʘʣʝ ʢʦʦʨʜʠʥʘʪ) 

ʨʝʰʝʥʠʷ ʤʦʞʥʦ ʙʨʘʪʴ ʟʘ ʢʦʥʪʫʨ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʨʦʩʪʦʡ ʢʦʥʪʫʨ, ʚʳʭʦ-

ʜʷʱʠʡ ʠʟ ʥʝʢʦʪʦʨʦʡ ʪʦʯʢʠ  ʠ ʦʙʭʦʜʷʱʠʡ ʩʥʘʯʘʣʘ  ʚ ʧʦʣʦʞʠʪʝʣʴʥʦʤ 

ʥʘʧʨʘʚʣʝʥʠʠ, ʘ ʟʘʪʝʤ ʠ  ʚ ʧʦʣʦʞʠʪʝʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ʇʨʠ ʧʝʨʚʦʤ 

ʦʙʭʦʜʝ ʧʦʜʳʥʪʝʛʨʘʣʴʥʘʷ ʬʫʥʢʮʠʷ ʧʦʣʫʯʠʪ ʤʥʦʞʠʪʝʣʴ , ʘ ʧʨʠ ʚʪʦ-

ʨʦʤ ï ʤʥʦʞʠʪʝʣʴ , ʪʘʢ ʯʪʦ ʦʥʘ ʚʝʨʥʝʪʩʷ ʢ ʠʩʭʦʜʥʦʤʫ ʟʥʘ-

ʯʝʥʠʶ, ʠ ʫʩʣʦʚʠʝ (3) ʙʫʜʝʪ ʚʳʧʦʣʥʝʥʦ. ʇʦʩʪʨʦʝʥʥʦʝ ʨʝʰʝʥʠʝ ʥʝ ʟʘʚʠʩʠʪ 

ʦʪ ʚʳʙʦʨʘ ʪʦʯʢʠ . ʆʪʚʝʜʷ ʵʪʫ ʪʦʯʢʫ, ʥʝ ʟʘʪʨʘʛʠʚʘʷ ʪʦʯʝʢ  ʠ  ʥʘ 

, ʥʘʧʨʠʤʝʨ, ʧʦ ʥʠʞʥʝʤʫ ʙʝʨʝʛʫ ʨʘʟʨʝʟʘ, ʠʜʫʱʝʛʦ ʚ ʪʦʯʢʫ  (ʨʠʩʫ-

ʥʦʢ 2), ʦʙʭʦʜ ʪʦʯʢʠ  ʜʘʩʪ ʧʨʠ ʵʪʦʤ ʨʝʰʝʥʠʝ . 
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ʈʠʩʫʥʦʢ 2 ï ʇʫʪʴ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ 

 

ɿʘʪʝʤ ʥʝʦʙʭʦʜʠʤʦ ʦʙʦʡʪʠ ʪʦʯʢʫ  ʚ ʧʦʣʦʞʠʪʝʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. 

ɽʩʣʠ ʙʳ ʵʪʦʪ ʦʙʭʦʜ ʙʳʣ ʩʦʚʝʨʰʝʥ ʩ ʥʠʞʥʝʛʦ ʙʝʨʝʛʘ ʨʘʟʨʝʟʘ, ʠʜʫʱʝʛʦ ʚ 

ʪʦʯʢʫ , ʪʦ ʧʦʣʫʯʠʣʦʩʴ ʙʳ ʨʝʰʝʥʠʝ . ʅʦ ʧʨʠ ʧʝʨʝʭʦʜʝ ʥʘ ʚʝʨʭʥʠʡ 

ʙʝʨʝʛ ʨʘʟʨʝʟʘ, ʦʪʢʫʜʘ ʠ ʩʦʚʝʨʰʘʝʪʩʷ ʦʙʭʦʜ ʪʦʯʢʠ , ʧʦʜʳʥʪʝʛʨʘʣʴ-

ʥʘʷ ʬʫʥʢʮʠʷ ʧʨʠʦʙʨʝʣʘ ʤʥʦʞʠʪʝʣʴ , ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʦʙʭʦʜ ʚʦ-

ʢʨʫʛ  ʚ ʦʪʨʠʮʘʪʝʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʜʘʩʪ .ʆʢʦʥʯʘʪʝʣʴʥʦ 

ʧʦʣʫʯʘʝʪʩʷ ʩʣʝʜʫʶʱʝʝ: ʨʝʛʫʣʷʨʥʳʡ ʠʥʪʝʛʨʘʣ, ʧʦʣʫʯʘʝʤʳʡ ʠʥʪʝʛʨʠʨʦ-

ʚʘʥʠʝʤ ʧʦ ʢʦʥʪʫʨʫ, ʫʢʘʟʘʥʥʦʤʫ ʥʘ ʨʠʩʫʥʢʝ 2, ʚʳʨʘʞʘʝʪʩʷ ʯʝʨʝʟ ʨʝʰʝʥʠʷ 

(4) ʠ (5) ʚ ʚʠʜʝ 

. 

ʇʨʠʚʝʜʸʥʥʳʤ ʤʝʪʦʜʦʤ ʨʝʰʘʶʪʩʷ ʠ ʜʨʫʛʠʝ ʫʨʘʚʥʝʥʠʷ, ʥʘʧʨʠʤʝʨ, 

ʢʚʘʟʠʧʦʪʝʥʮʠʘʣʴʥʳʝ ʫʨʘʚʥʝʥʠʷ ʦʙʱʝʛʦ ʚʠʜʘ ʩ ʭʨʦʤʦʜʠʥʘʤʠʯʝʩʢʠʤ ʚʟʘ-

ʠʤʦʜʝʡʩʪʚʠʝʤ [1]. 

 

ʃʠʪʝʨʘʪʫʨʘ 
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ʚʠʜʘ ʩ ʭʨʦʤʦʜʠʥʘʤʠʯʝʩʢʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ / ɽ. ɼʝʡ, ɺ. ʂʘʧʰʘʡ, 

ʅ. ʉʢʘʯʢʦʚ.ï ɼʫʙʥʘ: ʆʀʗʀ, 1985. ï 19 c. 

 

 

ʃ.ɺ. ɻʨʫʟʜʦʚʘ (ʋʆ çʄɻʋ ʠʤ. ɸ. ɸ. ʂʫʣʝʰʦʚʘè, ʄʦʛʠʣʝʚ) 

ʅʘʫʯ. ʨʫʢ. ʀ.ɺ. ʀʚʘʰʢʝʚʠʯ, ʢʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʦʮʝʥʪ 

 

ʈɽʐɽʅʀɽ ʇʈʗʄʆʁ ɿɸɼɸʏʀ ʉʇɽʂʊʈɸʃʔʅʆʁ  

ʕʃʃʀʇʉʆʄɽʊʈʀʀ ɼʃʗ ʇʃɽʅʆʂ ʇɽʈʆɺʉʂʀʊɸ  

ʅɸ ʉʊɽʂʃʗʅʅʓʍ ʇʆɼʃʆɾʂɸʍ 

 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʶ ʤʘʪʝʨʠ-

ʘʣʦʚ ʩ ʥʘʧʝʨʝʜ ʟʘʜʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʥʝʤʘʣʦʚʘʞʥʦʝ 
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ʟʥʘʯʝʥʠʝ ʠʤʝʝʪ ʦʧʨʝʜʝʣʝʥʠʝ ʜʠʩʧʝʨʩʠʠ ʦʧʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ (ʧʦʢʘʟʘ-

ʪʝʣʝʡ ʧʨʝʣʦʤʣʝʥʠʷ n ʠ ʧʦʛʣʦʱʝʥʠʷ k) ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ. ʉʨʝʜʠ 

ʤʥʦʛʠʭ ʩʫʱʝʩʪʚʫʶʱʠʭ ʤʝʪʦʜʠʢ, ʧʦʟʚʦʣʷʶʱʠʭ ʫʩʪʘʥʦʚʠʪʴ ʵʪʠ ʜʠʩʧʝʨ-

ʩʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʩʧʝʢʪʨʘʣʴʥʫʶ ʵʣʣʠʧʩʦʤʝʪʨʠ.ʁ 

ʕʣʣʠʧʩʦʤʝʪʨʠʷ ð ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʠ ʪʦʯʥʳʡ ʧʦʣʷʨʠʟʘʮʠʦʥ-

ʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʤʝʪʦʜ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʝʡ ʠ ʛʨʘʥʠʮ ʨʘʟʜʝʣʘ ʨʘʟ-

ʣʠʯʥʳʭ ʩʨʝʜ (ʪʚʝʨʜʳʭ, ʞʠʜʢʠʭ, ʛʘʟʦʦʙʨʘʟʥʳʭ), ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʠʟʫʯʝʥʠʠ 

ʠʟʤʝʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ ʧʦʣʷʨʠʟʘʮʠʠ ʩʚʝʪʘ ʧʦʩʣʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʝʛʦ ʩ ʧʦ-

ʚʝʨʭʥʦʩʪʴʶ ʛʨʘʥʠʮ ʨʘʟʜʝʣʘ ʵʪʠʭ ʩʨʝʜ. ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ 

ʷʚʣʷʝʪʩʷ ʝʛʦ ʙʝʩʢʦʥʪʘʢʪʥʦʩʪʴ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʪʦ, ʯʪʦ ʦʥ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʥʝʨʘʟʨʫʰʘʶʱʠʡ ʤʝʪʦʜ ʢʦʥʪʨʦʣʷ [1]. 

ʆʩʥʦʚʥʦʝ ʫʨʘʚʥʝʥʠʝ ʵʣʣʠʧʩʦʤʝʪʨʠʠ ʠʤʝʝʪ ʚʠʜ [1] 

tgɊe
iȹ

 = Rp/Rs, 

ʛʜʝ Ɋ ʠ ȹ ï ʠʟʤʝʨʷʝʤʳʝ ʵʣʣʠʧʩʦʤʝʪʨʠʯʝʩʢʠʝ ʫʛʣʳ ʧʨʠ ʟʘʜʘʥʥʳʭ ʫʛʣʘʭ 

ʧʘʜʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ű ʚ ʟʘʜʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ ɚ, Rp, Rs ï ʘʤʧʣʠ-

ʪʫʜʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʪʨʘʞʝʥʠʷ p- ʠ s-ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʟʘ-

ʚʠʩʷʱʠʝ ʦʪ ʚʳʙʨʘʥʥʦʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ. 

ʎʝʣʴ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ï ʧʦʣʫʯʠʪʴ ʨʝʰʝʥʠʝ ʧʨʷʤʦʡ ʟʘʜʘʯʠ ʩʧʝʢʪʨʘʣʴ-

ʥʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ ʜʣʷ ʧʣʝʥʦʢ ʧʝʨʦʚʩʢʠʪʘ ʥʘ ʩʪʝʢʣʷʥʥʦʡ ʧʦʜʣʦʞʢʝ. 

ʇʝʨʦʚʩʢʠʪʳ ʠ ʩʠʩʪʝʤʳ ʥʘ ʠʭ ʦʩʥʦʚʝ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʪʘʥʦʚʷʪʩʷ 

ʨʝʘʣʴʥʳʤ ʢʦʥʢʫʨʝʥʪʦʤ ʢʨʝʤʥʠʶ ʚ ʦʙʣʘʩʪʠ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʝʪʠʢʠ. ʇʦ-

ʵʪʦʤʫ ʜʣʷ ʩʦʟʜʘʥʠʷ ʩʦʣʥʝʯʥʳʭ ʷʯʝʝʢ ʥʘ ʠʭ ʦʩʥʦʚʝ ʥʝʦʙʭʦʜʠʤʳ ʟʥʘʥʠʷ ʦ 

ʜʠʩʧʝʨʩʠʠ ʠʭ ʦʧʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ. 

ʈʝʰʝʥʠʝ ʧʨʷʤʦʡ ʟʘʜʘʯʠ ʩʧʝʢʪʨʘʣʴʥʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʚʳʯʠʩʣʝʥʠʠ ʩʧʝʢʪʨʦʚ tgɊ(ɚ) ʠ cosȹ(ɚ) ʧʦ ʧʘʨʘʤʝʪʨʘʤ ʠʟʚʝʩʪʥʦʡ ʤʘʪʝʤʘ-

ʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ, ʦʧʠʩʳʚʘʶʱʝʡ ʩʪʨʫʢʪʫʨʫ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʲʝʢʪʦʚ. ʇʦ-

ʣʫʯʝʥʥʦʝ ʨʝʰʝʥʠʝ ʧʨʷʤʦʡ ʟʘʜʘʯʠ ʧʦʟʚʦʣʠʪ ʫʩʪʘʥʦʚʠʪʴ ʦʧʪʠʤʘʣʴʥʳʝ 

ʫʩʣʦʚʠʷ ʠʟʤʝʨʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ tgɊʝ(ɚ) ʠ cosȹʝ(ɚ) ʧʣʝ-

ʥʦʢ ʧʝʨʦʚʩʢʠʪʘ ʥʘ ʩʪʝʢʣʷʥʥʦʡ ʧʦʜʣʦʞʢʝ. 

ɺ ʤʘʪʝʤʘʪʠʯʝʩʢʦʤ ʧʘʢʝʪʝ Mathcad 15 ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʨʝʰʝʥʠʝ ʧʨʷ-

ʤʦʡ ʟʘʜʘʯʠ ʩʧʝʢʪʨʘʣʴʥʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ ʜʣʷ ʦʜʥʦʩʣʦʡʥʦʡ ʤʦʜʝʣʠ 

ʧʣʝʥʢʘ ï ʧʦʜʣʦʞʢʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʛʣʘʭ ʧʘʜʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ 50Áï75Á. 

ʇʨʠ ɻʪʦʤ ʜʠʩʧʝʨʩʠʷ ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʝʣʦʤʣʝʥʠʷ ʧʣʝʥʢʠ ʧʝʨʦʚʩʢʠʪʘ             

N1(ɚ) = n1(ɚ) ï ik1(ɚ) ʠ ʩʪʝʢʣʷʥʥʦʡ ʧʦʜʣʦʞʢʠ N2(ɚ) = n2(ɚ) ï ik2(ɚ) ʚ ʩʧʝʢ-

ʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ 400 ï 1000 ʥʤ ʙʨʘʣʘʩʴ ʠʟ [2, 3], ʪʦʣʱʠʥʘ ʧʣʝʥʢʠ ʚʘʨʴ-

ʠʨʦʚʘʣʘʩʴ ʦʪ 100 ʜʦ 500 ʥʤ. 

ʅʘ ʨʠʩʫʥʢʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʩʩʯʠʪʘʥʥʳʝ ʩʧʝʢʪʨʳ tgɊ(ɚ) ʠ cosȹ(ɚ) 

ʜʣʷ ʚʳʰʝʫʢʘʟʘʥʥʦʡ ʤʦʜʝʣʠ ʧʨʠ ʫʛʣʘʭ ʧʘʜʝʥʠʷ ʠʟʣʫʯʝʥʠʷ 60Á ï ʢʨʠʚʳʝ 

ʘ, 65Á ï ʢʨʠʚʳʝ b, 70Á ï ʢʨʠʚʳʝ c, 75Á ï ʢʨʠʚʳʝ d. 

 

https://ru.wikipedia.org/wiki/%D0%9F%D0%BE%D0%BB%D1%8F%D1%80%D0%B8%D0%B7%D0%B0%D1%86%D0%B8%D1%8F_%D1%81%D0%B2%D0%B5%D1%82%D0%B0
https://ru.wikipedia.org/wiki/%D0%9F%D0%BE%D0%BB%D1%8F%D1%80%D0%B8%D0%B7%D0%B0%D1%86%D0%B8%D1%8F_%D1%81%D0%B2%D0%B5%D1%82%D0%B0
https://ru.wikipedia.org/wiki/%D0%9E%D0%BF%D1%82%D0%B8%D0%BA%D0%B0
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ʈʠʩʫʥʦʢ ï ʈʘʩʩʯʠʪʘʥʥʳʝ ʩʧʝʢʪʨʳ tgɊ(ɚ), cosȹ(ɚ)  

ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʛʣʘʭ ʧʘʜʝʥʠʷ 

 

ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʦʧʪʠʤʘʣʴʥʳʤ ʫʛʣʦʤ ʧʘʜʝʥʠʷ ʠʟʣʫʯʝʥʠʷ, ʧʨʠ 

ʢʦʪʦʨʦʤ ʩʣʝʜʫʝʪ ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʩʧʝʢʪʨʦʚ tgɊʝ(ɚ) ʠ cosȹʝ(ɚ) ʧʣʝ-

ʥʦʢ ʧʝʨʦʚʩʢʠʪʘ ʥʘ ʩʪʝʢʣʷʥʥʦʡ ʧʦʜʣʦʞʢʝ ʚ ʩʧʝʢʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ 400 ï 

1000 ʥʤ, ʷʚʣʷʝʪʩʷ ʫʛʦʣ ű = 70Á. ʇʨʠ ʵʪʦʤ ʫʛʣʝ ʧʘʜʝʥʠʷ ʜʠʩʧʝʨʩʠʷ ʧʦʢʘ-

ʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʧʣʝʥʢʠ N1(ɚ) ʦʢʘʟʳʚʘʝʪ ʥʘʠʙʦʣʴʰʝʝ ʚʣʠʷʥʠʝ ʥʘ 

ʩʧʝʢʪʨʳ tgɊ(ɚ) ʠ cosȹ(ɚ). 

 

ʃʠʪʝʨʘʪʫʨʘ 
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ʄ.ʃ. ɻʫʛʥʶʢ (ʋʆ çɹʨɻʋ ʠʤ. ɸ.ʉ. ʇʫʰʢʠʥʘè, ɹʨʝʩʪ) 

ʅʘʫʯ. ʨʫʢ. ɺ.ɸ. ʇʣʝʪʶʭʦʚ, ʜ-ʨ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ 

 

ʂ ʊɽʆʈʀʀ ʏɸʉʊʀʎʓ ʉʆ ʉʇʀʅʆʄ 2 

 

ɺ ʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʝ ʦʩʦʙʦʝ ʤʝʩʪʦ ʟʘʥʠʤʘʝʪ ʪʝʦʨʠʷ 

ʨʝʣʷʪʠʚʠʩʪʩʢʠʭ ʚʦʣʥʦʚʳʭ ʫʨʘʚʥʝʥʠʡ (ʈɺʋ). ʇʦʜʭʦʜ ʜʘʥʥʦʡ ʪʝʦʨʠʠ ʟʘ-

ʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʦʧʠʩʘʥʠʝ ʯʘʩʪʠʮ ʩ ʥʝʥʫʣʝʚʦʡ ʤʘʩʩʦʡ ʠ ʟʘʜʘʥʥʳʤ 
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ʟʥʘʯʝʥʠʝʤ ʩʧʠʥʘ ʤʦʞʝʪ ʙʳʪʴ ʩʚʝʜʝʥʦ ʢ ʩʠʩʪʝʤʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ 

ʫʨʘʚʥʝʥʠʡ, ʧʨʝʜʩʪʘʚʠʤʦʡ ʚ ʤʘʪʨʠʯʥʦʡ ʬʦʨʤʝ 

 ( ) ( )0, 1,2,3,4mm m y mG µ + = =     (1) 

ʛʜʝ mG  ï ʢʚʘʜʨʘʪʥʳʝ ʤʘʪʨʠʮʳ, m ï ʩʚʷʟʘʥʥʳʡ ʩ ʤʘʩʩʦʡ ʩʢʘʣʷʨʥʳʡ 

ʧʘʨʘʤʝʪʨ, y ï ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʘʷ ʚʦʣʥʦʚʘʷ ʬʫʥʢʮʠʷ. 

ɺ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʈɺʋ ʩʯʠʪʘʝʪʩʷ, ʯʪʦ ʵʣʝʤʝʥʪʘʨʥʘʷ ʯʘʩʪʠʮʘ ʢʘʢ ʝʜʠ-

ʥʳʡ ʦʙʲʝʢʪ ʜʦʣʞʥʘ ʦʧʠʩʳʚʘʪʴʩʷ ʥʝ ʨʘʩʧʘʜʘʶʱʠʤʠʩʷ ʧʦ ʧʦʣʥʦʡ ʛʨʫʧʧʝ 

ʃʦʨʝʥʮʘ ʫʨʘʚʥʝʥʠʷʤʠ. ʀʟ ʫʩʣʦʚʠʷ ʠʥʚʘʨʠʘʥʪʥʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʝ-

ʦʙʨʘʟʦʚʘʥʠʡ ʩʦʙʩʪʚʝʥʥʦʡ ʛʨʫʧʧʳ ʃʦʨʝʥʮʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʚʦʣʥʦʚʘʷ ʬʫʥʢ-

ʮʠʷ ʜʦʣʞʥʘ ʧʨʝʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʧʦ ʥʝʢʦʪʦʨʦʤʫ ʧʨʠʚʦʜʠʤʦʤʫ ʧʨʝʜʩʪʘʚ-

ʣʝʥʠʶ ʛʨʫʧʧʳ ʃʦʨʝʥʮʘ, ʩʦʩʪʦʷʱʝʤʫ ʠʟ ʟʘʮʝʧʣʷʶʱʠʭʩʷ ʥʝʧʨʠʚʦʜʠʤʳʭ 

ʧʨʝʜʩʪʘʚʣʝʥʠʡ. ɽʩʣʠ ʚ ʥʘʙʦʨʝ ʥʝʧʨʠʚʦʜʠʤʳʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʭʦʪʷ ʙʳ 

ʦʜʥʦ ʠʟ ʥʠʭ ʚʩʪʨʝʯʘʝʪʩʷ ʜʚʘ ʠʣʠ ʙʦʣʝʝ ʨʘʟ, ʪʦ ʛʦʚʦʨʷʪ ʦʙ ʈɺʋ ʩ ʢʨʘʪʥʳ-

ʤʠ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤʠ ʠʣʠ ʈɺʋ ʩ ʨʘʩʰʠʨʝʥʥʳʤ ʥʘʙʦʨʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʡ. 

ʊʘʢʠʝ ʈɺʋ ʠʤʝʶʪ ʨʷʜ ʦʪʣʠʯʠʪʝʣʴʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ, ʛʣʘʚʥʘʷ ʠʟ ʥʠʭ ʩʦ-

ʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʥʘ ʦʩʥʦʚʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʘʩʰʠʨʝʥʥʦʛʦ ʥʘʙʦʨʘ ʧʨʝʜ-

ʩʪʘʚʣʝʥʠʡ ʤʦʞʥʦ ʩʪʨʦʠʪʴ ʫʨʘʚʥʝʥʠʷ, ʦʧʠʩʳʚʘʶʱʠʝ ʥʝ ʪʦʣʴʢʦ ʩʧʠʥ ʯʘ-

ʩʪʠʮʳ, ʥʦ ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʚʥʫʪʨʝʥʥʠʝ ʩʪʝʧʝʥʠ ʩʚʦʙʦʜʳ, ʘ ʪʘʢʞʝ 

ʚʥʫʪʨʝʥʥʶʶ ʩʪʨʫʢʪʫʨʫ ʤʠʢʨʦʦʙʲʝʢʪʘ. 

ʇʨʦʩʪʝʡʰʝʝ ʈɺʋ ʜʣʷ ʯʘʩʪʠʮʳ ʩʦ ʩʧʠʥʦʤ 2 ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʥʘʙʦʨʝ ʥʝ-

ʧʨʠʚʦʜʠʤʳʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ [1] 

 ( ) ( ) ( ) ( ) ( ) ( )0,0 1 2,1 2 1,1 1 2,3 2 3 2,1 2 3 2,3 2Ä Ä Ä Ä Ä   (2) 

(ʫʨʘʚʥʝʥʠʝ ʌʝʜʦʨʦʚʘ). 

ʄʳ ʨʘʩʩʤʦʪʨʠʤ ʨʘʩʰʠʨʝʥʥʳʡ ʥʘʙʦʨ ʥʝʧʨʠʚʦʜʠʤʳʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ 

 ( ) ( ) ( ) ( ) ( ) ( )0,0 2 1 2,1 2 1,1 1 2,3 2 3 2,1 2 3 2,3 2 ,Ä Ä Ä Ä Ä  (3) 

 

ʚ ʢʦʪʦʨʦʤ ʚʝʢʪʦʨʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ (1 2,1 2) ʷʚʣʷʝʪʩʷ ʜʚʫʢʨʘʪʥʳʤ. 

ɹʫʜʝʤ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʦʜʭʦʜ ɻʝʣʴʬʘʥʜʘïʗʛʣʦʤʘ [2]. 

ʇʨʦʥʫʤʝʨʫʝʤ ʥʝʧʨʠʚʦʜʠʤʳʝ ʢʦʤʧʦʥʝʥʪʳ, ʢʦʪʦʨʳʝ ʩʦʜʝʨʞʘʪʩʷ ʚ (3): 

 
( ) ( ) ( ) ( )

( ) ( ) ( )

0,0 1, 1 2,1 2 2, 1 2,1 2 3, 1,1 4,

3 2,3 2 5, 3 2,1 2 6, 1 2,3 2 7.

¡
  (4) 

ʄʘʪʨʠʮʘ 4G  ʚ ʙʘʟʠʩʝ ɻʝʣʴʬʘʥʜʘïʗʛʣʦʤʘ ʙʫʜʝʪ ʩʦʩʪʦʷʪʴ ʠʟ ʯʝʪʳʨʝʭ 

ʩʧʠʥʦʚʳʭ ʙʣʦʢʦʚ sC  ( )0,1,2,3s= , ʠʟ ʢʦʪʦʨʳʭ ʙʣʦʢ 3C  ʪʨʠʚʠʘʣʴʥʦ ʨʘʚʝʥ 

ʥʫʣʶ, ʘ ʦʩʪʘʣʴʥʳʝ ʚ ʩʘʤʦʤ ʦʙʱʝʤ ʩʣʫʯʘʝ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʫʤʝʨʘʮʠʠ 

(4) ʟʘʧʠʰʫʪʩʷ ʪʘʢ: 
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12 13
0 0

21 24
0 0 0

31 34
0 0 0

42 43 45
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c c
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æ ö
æ ö
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1 1 1 1 1
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0 0 0 0 0

0 0 0 0 0

0
,

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

c

c

c c c c c
C

c

c

c

å õ
æ ö
æ ö
æ ö=
æ ö
æ ö
æ ö
ç ÷

2 2 2

45 46 47
2

2 54
2

64
2

74

0

0 0 0
.

0 0 0

0 0 0

c c c

c
C

c

c

å õ
æ ö
=æ ö
æ ö
æ ö
ç ÷

 (5) 

ʊʨʝʙʦʚʘʥʠʝ ʠʥʚʘʨʠʘʥʪʥʦʩʪʠ ʈɺʋ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ 

ʩʦʙʩʪʚʝʥʥʦʡ ʛʨʫʧʧʳ ʃʦʨʝʥʮʘ ʠ ʧʨʦʩʪʨʘʥʠʩʪʚʝʥʥʳʭ ʦʪʨʘʞʝʥʠʡ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʨʠʚʦʜʠʪ ʢ ʩʣʝʜʫʶʱʠʤ ʩʚʷʟʷʤ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ 

ʩʧʠʥʦʚʳʭ ʙʣʦʢʦʚ: 

 

1 0 1 0 1 0 1 0

24 24 42 42 34 34 43 43

1 0 1 0 2 0 2 0

45 45 54 54 45 45 54 54

2 1 2 1 2 1 2 1

46 46 64 64 47 47 74 74

2 3 , 2 3 , 2 3 , 2 3 ,

5 6 , 5 6 , 2 , 2 ,

3 , 3 , 3 , 3 ;

c c c c c c c c

c c c c c c c c

c c c c c c c c

= = = =

= = = =

= = = =

  (6) 

 1 1 1 1 2 2 2 2

47 46 74 64 47 46 74 76, , , .c c c c c c c c= = = =    (7) 

ʊʨʝʙʦʚʘʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʣʘʛʨʘʥʞʝʚʦʡ ʬʦʨʤʫʣʠʨʦʚʢʠ ʈɺʋ ʜʘʝʪ 

 
( ) ( ) ( )

( ) ( ) ( )

0 0 0 0 0 0

21 1 12 31 2 13 42 3 24

0 0 0 0 1 1

43 4 34 54 5 45 64 6 46

, , ,

, , ,

c f c c f c c f c

c f c c f c c f c

* * *

* * *

= = =

= = =

            (8) 

ʛʜʝ ʚʚʝʜʝʥʳ ʦʙʦʟʥʘʯʝʥʠʷ 

 
0 0 0 0 0 0

1 22 11 2 33 11 3 44 22

0 0 0 0 1 1

4 44 33 5 55 44 6 67 55

, , ,

, , .

f f f

f f f

h h h h h h

h h h h h h

= = =

= = =
   (9) 

ʇʦʩʢʦʣʴʢʫ ʵʣʝʤʝʥʪʳ ʤʘʪʨʠʮʳ ʙʠʣʠʥʝʡʥʦʡ ʬʦʨʤʳ 
s

tth  ʤʦʛʫʪ ʙʳʪʴ 

ʚʳʙʨʘʥʳ ʙʝʟ ʫʤʝʥʴʰʝʥʠʷ ʦʙʱʥʦʩʪʠ ʨʘʚʥʳʤʠ 1°, ʪʦ ʪʘʢʠʝ ʞʝ ʟʥʘʯʝʥʠʷ 

ʧʨʠʥʠʤʘʶʪ ʯʠʩʣʘ if  (9). 

ʉʦʦʪʥʦʰʝʥʠʷ (6)ï(8) ʦʟʥʘʯʘʶʪ, ʯʪʦ ʠʟ 26 ʥʝʥʫʣʝʚʳʭ ʵʣʝʤʝʥʪʦʚ 4G  

ʥʝʟʘʚʠʩʠʤʳʤʠ ʷʚʣʷʶʪʩʷ ʪʦʣʴʢʦ ʰʝʩʪʴ: 

 0 0 0 0 0 1

12 1 13 2 24 3 34 4 45 5 46 6, , , , , .c c c c c c c c c c c c= = = = = =  (10) 

ʉ ʫʯʝʪʦʤ (6)ï(8) ʠ ʦʙʦʟʥʘʯʝʥʠʡ (10) ʜʣʷ ʙʣʦʢʦʚ 0C , 1C , 2C  

ʧʦʣʫʯʘʶʪʩʷ ʚʳʨʘʞʝʥʠʷ 

 

1 2

1 1 3
0

2 2 4
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5 5

0 0 0

0 0 0

0 0 0 ,

0 0
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3

4

1 3 3 4 4 5 6 6

5 5

6 6

6 6

0 0 2 3 0 0 0

0 0 2 3 0 0 0

2 3 2 3 0 5 6
,

0 0 5 6 0 0 0

0 0 0 0 0

0 0 0 0 0

c

c

f c f c c c c
C

f c

f c

f c

* *

*

*

*

å õ
æ ö
æ ö
æ ö
=æ ö
æ ö
æ ö
æ ö
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   (11) 

 

5 6 6

2
5 5

6 6

6 6

1
0 3 3

2
1

0 0 0 .
2

3 0 0 0

3 0 0 0

c c c

f cC

f c

f c

*

*

*

å õ
æ ö
æ ö
æ ö=
æ ö
æ ö
æ ö
ç ÷

     

ʊʘʢ ʢʘʢ ʥʘʩ ʠʥʪʝʨʝʩʫʝʪ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʯʘʩʪʠʮʳ ʩʦ ʩʧʠʥʦʤ 2, ʚʩʝ 

ʩʦʙʩʪʚʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʙʣʦʢʦʚ 0C  ʠ 1C  ʜʦʣʞʥʳ ʙʳʪʴ ʥʫʣʝʚʳʤʠ. 

ʅʝʥʫʣʝʚʳʝ ʢʦʨʥʠ ʙʣʦʢʘ 2C  ʧʦʣʘʛʘʝʤ ʨʘʚʥʳʤʠ 1°. 

ʇʦʩʣʝ ʩʦʩʪʘʚʣʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ 

ʢʦʨʥʝʡ ʩʧʠʥʦʚʳʭ ʙʣʦʢʦʚ 0C , 1C , 2C  (11) ʥʘʤʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʣʝʜʫʶ-

ʱʠʝ ʨʘʚʝʥʩʪʚʘ: 

( ) ( ) ( )

( )

2 22 2 2

1 1 2 2 3 3 4 4 5 5

2 2 22 2 2 2 2

1 4 1 4 2 3 2 3 1 5 1 5 2 5 2 5 1 3 1 3 2 4 2 4 1 3 2 4

2 2 22

3 3 4 4 5 5 6 6

2 2

5 5 6 6

0,

0,

2 3 2 3 5 6 2 0,

1 2 6 1.

f c f c f c f c f c

f f c c f f c c f f c c f f c c f f c c c c f f c c c c

f c f c f c f c

f c f c

* * * *

+ + + + =

+ + + - - =

+ + + =

+ =

 (12) 

ʉ ʫʯʝʪʦʤ ʩʦʦʪʥʦʰʝʥʠʡ (12) ʥʝʪʨʫʜʥʦ ʫʙʝʜʠʪʴʩʷ, ʯʪʦ ʤʠʥʠʤʘʣʴʥʳʝ 

ʧʦʣʠʥʦʤʳ ʙʣʦʢʦʚ 0C , 1C , 2C  ʠ ʤʘʪʨʠʮʳ 4G  ʠʤʝʶʪ ʚʠʜ 

 ( ) ( ) ( )( ) ( )
2 2

0 5 1 4 2 2 5 2

4 40, 0, 1 0, 1 0.C C C C C Cè ø= = - = G G - =
é ùê ú

 (13) 

ʉʠʩʪʝʤʘ (12) ʠʤʝʝʪ ʤʥʦʞʝʩʪʚʦ ʨʝʰʝʥʠʡ: ʜʚʘ ʧʘʨʘʤʝʪʨʘ ʠʟ ʰʝʩʪʠ 

ʦʩʪʘʶʪʩʷ ʚ ʦʧʨʝʜʝʣʝʥʥʳʭ ʧʨʝʜʝʣʘʭ ʧʨʦʠʟʚʦʣʴʥʳʤʠ. ʇʦʩʢʦʣʴʢʫ ʚʳʙʦʨ 

ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ ʥʝ ʚʣʠʷʝʪ ʥʘ ʚʠʜ ʤʠʥʠʤʘʣʴʥʳʭ ʧʦʣʠʥʦʤʦʚ ʙʣʦʢʦʚ 0C , 
1C , 2C  ʠ ʤʘʪʨʠʮʳ 4G, ʪʦ ʚʩʝ ʚʘʨʠʘʥʪʳ ʧʦʣʫʯʘʶʱʠʭʩʷ ʈɺʋ ʧʨʠ 

ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʚʳʙʦʨʝ ʯʠʩʝʣ if  ʷʚʣʷʶʪʩʷ ʫʥʠʪʘʨʥʦ ʵʢʚʠʚʘʣʝʥʪʥʳʤʠ. 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʜʣʷ ʫʨʘʚʥʝʥʠʷ ʌʝʜʦʨʦʚʘ ʤʠʥʠʤʘʣʴʥʳʡ ʧʦʣʠʥʦʤ 

ʤʘʪʨʠʮʳ 4G  ʠʤʝʝʪ ʚʠʜ ( )3 2

4 4 1 0G G - =, ʦʪʣʠʯʘʶʱʠʡʩʷ ʦʪ (13). ʉʣʝʜʦʚʘ-

ʪʝʣʴʥʦ, ʝʩʪʴ ʦʩʥʦʚʘʥʠʷ ʧʦʣʘʛʘʪʴ, ʯʪʦ ʧʦʩʪʨʦʝʥʥʦʝ ʥʘʤʠ ʈɺʋ ʜʣʷ ʯʘʩʪʠ-

ʮʳ ʩʦ ʩʧʠʥʦʤ 2 ʫʥʠʪʘʨʥʦ (ʘ ʟʥʘʯʠʪ ʠ ʬʠʟʠʯʝʩʢʠ) ʥʝʵʢʚʠʚʘʣʝʥʪʥʦ ʫʨʘʚ-

ʥʝʥʠʶ ʌʝʜʦʨʦʚʘ. 
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ʇʈʀʄɽʅɽʅʀɽ ʉʈɽɼʓ ʄʆɼɽʃʀʈʆɺɸʅʀʗ COMSOL 

MULTIPHYSICS ɼʃʗ ʀʉʉʃɽɼʆɺɸʅʀʗ ʊɽʇʃʆɺʓʍ ʋʉʃʆɺʀʁ 

ʈɸɹʆʊʓ ʄɸʊʈʀʎʓ ʉɺɽʊʆɼʀʆɼʆɺ 

 

ʆʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʭ ʟʘʜʘʯ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʢʦʥʩʪʨʫʢʮʠʠ ʩʚʝ-

ʪʦʜʠʦʜʥʳʭ ʩʚʝʪʠʣʴʥʠʢʦʚ ʷʚʣʷʝʪʩʷ ʦʪʚʝʜʝʥʠʝ ʪʝʧʣʘ ʦʪ ʩʚʝʪʦʜʠʦʜʘ, ʚʦʟ-

ʥʠʢʘʶʱʝʛʦ ʚ ʧʨʦʮʝʩʩʝ ʨʘʙʦʪʳ. 

ɹʳʣʘ ʧʦʩʪʘʚʣʝʥʘ ʟʘʜʘʯʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʝʧʣʦʚʳʭ ʫʩʣʦʚʠʡ ʨʘʙʦʪʳ 

ʤʘʪʨʠʮʳ ʩʚʝʪʦʜʠʦʜʦʚ ʚ ʩʨʝʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ COMSOL Multiphysics 

3.5a ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʪʦʢʘ, ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʤʘʪʨʠʮʫ. 

ɺ ʩʨʝʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ COMSOL Multiphysics ʙʳʣʘ ʩʦʟʜʘʥʘ 

ʠʟʦʙʨʘʞʸʥʥʘʷ ʥʘ ʨʠʩʫʥʢʝ 1 ʤʦʜʝʣʴ ʤʘʪʨʠʮʳ, ʩʦʩʪʦʷʱʝʡ ʠʟ                              

33 ʩʚʝʪʦʜʠʦʜʦʚ Philips Lumileds LXZ1-PE01-0048.ʉʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ 

ʜʠʦʜʦʚ ʣʝʞʘʣ ʚ ʟʝʣʝʥʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ. 

ɺ ʩʦʟʜʘʥʥʦʡ ʤʦʜʝʣʠ ʤʘʪʨʠʮʳ ʩʚʝʪʦʜʠʦʜʦʚ ʫʯʠʪʳʚʘʣʠʩʴ ʚʩʝ ʩʣʦʠ: 

ʘʣʶʤʠʥʠʝʚʦʝ ʦʩʥʦʚʘʥʠʝ, ʤʝʜʥʘʷ ʬʦʣʴʛʘ, ʜʠʵʣʝʢʪʨʠʢ, ʧʨʠʧʦʡ ʠ ʢʨʠʩʪʘʣʣ 

ʠʟ ʥʠʪʨʠʜʘ ʛʘʣʣʠʷ.  

ɺ ʦʩʥʦʚʝ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ, ʦʧʠʩʳʚʘʶʱʝʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ 

ʪʝʧʣʘ ʧʦ ʩʠʩʪʝʤʝ, ʣʝʞʠʪ ʫʨʘʚʥʝʥʠʝ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ: 

,  

ʛʜʝ Cpī ʪʝʧʣʦʝʤʢʦʩʪʴ, ɟ ī ʧʣʦʪʥʦʩʪʴ, k ī ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦ-

ʩʪʠ,  ī ʛʘʤʠʣʴʪʦʥʠʘʥ,T ï ʪʝʤʧʝʨʘʪʫʨʘ. 

ɼʣʷ ʢʦʥʢʨʝʪʠʟʘʮʠʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʟʘʜʘʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ 

ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ: 

1. ʊʝʨʤʦʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʘʷ ʥʠʞʥʷʷ ʧʦʚʝʨʭʥʦʩʪʴ ʘʣʶʤʠʥʠʝʚʦʡ ʧʦʜ-

ʣʦʞʢʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 293,15 ʂ. 

2. ʅʘ ʚʥʝʰʥʝʡ ʛʨʘʥʠʮʝ ʩʚʝʪʦʜʠʦʜʥʦʛʦ ʢʨʠʩʪʘʣʣʘ GaN ʟʘʜʘʚʘʣʩʷ ʪʝʧ-

ʣʦʚʦʡ ʧʦʪʦʢ q ʚʥʫʪʨʴ ʧʦʜʣʦʞʢʠ. 
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3. ʅʘ ʚʩʝʭ ʦʩʪʘʣʴʥʳʭ ʚʥʝʰʥʠʭ ʧʦʚʝʨʭʥʦʩʪʷʭ ʟʘʜʘʚʘʣʦʩʴ ʫʩʣʦʚʠʝ 
ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʝʧʣʦʦʙʤʝʥʘ: 

. 

4. ʅʘ ʛʨʘʥʠʮʘʭ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ ʟʘʜʘʚʘʣʩʷ ʨʝʞʠʤ ʥʝʧʨʝʨʳʚʥʦʩʪʠ 

ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ. 
 

 
 

ʈʠʩʫʥʦʢ 1 ï ɺʠʜ ʩʝʪʢʠ ʚ ʩʨʝʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ  

COMSOL Multiphysics 3.5 a 
 

ɼʣʷ ʨʝʰʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ 

ʵʣʝʤʝʥʪʦʚ. ʇʦ ʫʤʦʣʯʘʥʠʶ, COMSOL ʩʪʨʦʠʪ ʚ ʪʨʝʭʤʝʨʥʦʤ ʨʝʞʠʤʝ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʫʶ ʩʝʪʢʫ, ʠʟʦʙʨʘʞʸʥʥʫʶ ʥʘ ʨʠʩʫʥʢʝ 1. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ 

ʩʝʪʢʘ ʩʦʩʪʦʠʪ ʠʟ 1Ĭ546Ĭ256 ʵʣʝʤʝʥʪʦʚ ʥʘ ʩʛʫʱʘʶʱʠʭʩʷ ʩʝʪʢʘʭ. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʧʣʦʚʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʨʦʚʦʜʠʣʦʩʴ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʚʝʣʠʯʠʥʘʭ ʪʦʢʘ ʠʥʞʝʢʮʠʠ ʩʚʝʪʦʜʠʦʜʦʚ. ʅʘ ʨʠʩʫʥʢʝ 3 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ T ʚ ʘʢʪʠʚʥʦʡ 

ʦʙʣʘʩʪʠ ʩʚʝʪʦʜʠʦʜʦʚ ʦʪ ʪʝʧʣʦʚʦʡ ʤʦʱʥʦʩʪʠ q, ʠʜʫʱʝʡ ʥʘ 

ʥʘʛʨʝʚʘʥʠʝʩʚʝʪʦʜʠʦʜʥʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʯʝʪʦʚ 

ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. 
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ʈʠʩʫʥʦʢ 2 ï ɿʘʚʠʩʠʤʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪ ʪʝʧʣʦʚʦʡ ʤʦʱʥʦʩʪʠ, 

ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʯʝʪʦʚ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 
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ʆʩʫʱʝʩʪʚʠʚ ʧʦʜʙʦʨ ʪʘʙʣʠʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʩʣʦʸʚ, ʧʦʣʫʯʠʣʠ 

ʨʝʟʫʣʴʪʘʪʳ, ʜʦʩʪʘʪʦʯʥʦ ʙʣʠʟʢʠʝ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ. ʀʟ ʩʨʘʚʥʝʥʠʷ 

ʛʨʘʬʠʢʦʚ, ʧʦʩʪʨʦʝʥʥʳʭ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ ʠ ʧʦ ʜʘʥʥʳʤ, 

ʧʦʣʫʯʝʥʥʳʤ ʩ ʧʦʤʦʱʴʶ ʇʆ COMSOL, ʚʠʜʥʦ, ʯʪʦ ʟʘʚʠʩʠʤʦʩʪʠ 

ʧʨʘʢʪʠʯʝʩʢʠ ʠʜʝʥʪʠʯʥʳ. 

 

 

ɸ.ɺ. ɼʨʦʙʦʚ, ɼ.ʅ. ʈʘʢʦʚ (ʋʆ çɹʝʣɻʋʊè, ɻʦʤʝʣʴ) 

ʅʘʫʯ. ʨʫʢ. ɺ.ʅ. ɻʘʣʫʰʢʦ ʢʘʥʜ. ʪʝʭʥ. ʥʘʫʢ, ʜʦʮʝʥʪ 

 

ʄɸʊɽʄɸʊʀʏɽʉʂʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ 

ʕʃɽʂʊʈʆʄɸɻʅʀʊʅʓʍ ʇʈʆʎɽʉʉʆɺ ʕʃɽʂʊʈʀʏɽʉʂʀʍ 

ʇʈʀɺʆɼʆɺ ʉ ɸʉʀʅʍʈʆʅʅʓʄʀ ɼɺʀɻɸʊɽʃʗʄʀ 

 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʩʧʦʩʦʙʳ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʯʘʩʪʦʪʳ ʠ 

ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʧʨʠʤʝʨʝ ʪʨʝʭʬʘʟʥʦʛʦ ʘʚʪʦʥʦʤʥʦʛʦ ʠʥʚʝʨʪʦʨʘ ʥʘʧʨʷʞʝ-

ʥʠʷ (ɸʀʅ) ʩ ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ ʰʠʨʦʪʥʦ-ʠʤʧʫʣʴʩʥʦʡ ʤʦʜʫʣʷʮʠʝʡ (ʐʀʄ) 

ʥʘ ʥʝʩʫʱʝʡ ʯʘʩʪʦʪʝ. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʜʥʦʬʘʟʥʳʤ ʠʥʚʝʨʪʦʨʦʤ, ʚ ʪʨʝʭ-

ʬʘʟʥʦʤ ɸʀʅ ʤʦʜʝʣʠʨʫʶʱʠʝ ʥʘʧʨʷʞʝʥʠʷ ʫʧʨʘʚʣʝʥʠʷ ʪʨʘʥʟʠʩʪʦʨʘʤʠ 

ʢʘʞʜʦʛʦ ʧʣʝʯʘ ʠʥʚʝʨʪʦʨʘ ʩʜʚʠʥʫʪʳ ʥʘ 120 ʛʨʘʜʫʩʦʚ. ʕʪʠ ʩʠʛʥʘʣʳ ʩʨʘʚ-

ʥʠʚʘʶʪʩʷ ʩ ʧʠʣʦʦʙʨʘʟʥʳʤ ʥʝʩʫʱʠʤ ʥʘʧʨʷʞʝʥʠʝʤ ʠ ʬʦʨʤʠʨʫʶʪ ʩʠʛʥʘ-

ʣʳ ʫʧʨʘʚʣʝʥʠʷ ʢʘʞʜʳʤ ʧʣʝʯʦʤ (ʧʨʠʤʝʨ ʩʠʛʥʘʣʦʚ ʫʧʨʘʚʣʝʥʠʷ ʧʣʝʯʦʤ 

ʬʘʟʳ ɸ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 1. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʩʠʛʥʘʣʘʤʠ ʫʧʨʘʚʣʝʥʠʷ 

ʪʨʘʥʟʠʩʪʦʨʘʤʠ ʬʦʨʤʠʨʫʝʪʩʷ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʢʘʞʜʦʡ ʬʘʟʝ ʥʘʛʨʫʟʢʠ. 

 

ʈʠʩʫʥʦʢ 1 ï ʊʨʝʭʬʘʟʥʳʡ ʠʥʚʝʨʪʦʨ ʩ ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ ʐʀʄ  

ʥʘ ʥʝʩʫʱʝʡ ʯʘʩʪʦʪʝ 
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ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʘʚʪʦʥʦʤʥʳʝ ʠʥʚʝʨʪʦʨʳ ʚʩʝ ʯʘʱʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ 

ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ ʵʣʝʢʪʨʦʧʠʪʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʘʢʪʠʚʥʳʭ 

ʚʳʧʨʷʤʠʪʝʣʝʡ, ʘʢʪʠʚʥʳʭ ʬʠʣʴʪʨʦʚ, ʢʦʤʧʝʥʩʘʪʦʨʦʚ ʨʝʘʢʪʠʚʥʦʡ ʤʦʱʥʦ-

ʩʪʠ ʠ ʪ.ʜ. ɺʦ ʚʩʝʭ ʵʪʠʭ ʫʩʪʨʦʡʩʪʚʘʭ ʠʥʚʝʨʪʦʨ ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʧʨʠʩʦ-

ʝʜʠʥʝʥ ʢ ʠʩʪʦʯʥʠʢʫ ʧʦʩʪʦʷʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʘ ʩ ʜʨʫʛʦʡ ï ʢ ʜʚʠʛʘʪʝʣʶ. 

ɺ ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʙʣʦʢ DC Voltage Source ʠʤʠʪʠʨʫʝʪ ʟʚʝʥʦ ʧʦʩʪʦʷʥʥʦʛʦ 

ʪʦʢʘ. ɹʣʦʢ Universal Bridge ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʨʝʭʬʘʟʥʳʡ ʘʚʪʦʥʦʤʥʳʡ 

ʠʥʚʝʨʪʦʨ ʥʘʧʨʷʞʝʥʠʷ, ʨʘʙʦʪʘʶʱʠʡ ʥʘ IGBT ʪʨʘʥʟʠʩʪʦʨʘʭ. ʀʥʚʝʨʪʦʨʳ 

ʧʦʜʦʙʥʦʛʦ ʪʠʧʘ ʦʪʣʠʯʘʶʪʩʷ ʧʨʦʩʪʦʪʦʡ ʩʙʦʨʢʠ ʠ ʧʨʠʤʝʥʝʥʠʝʤ ʥʘ ʥʠʭ 

ʙʦʣʝʝ ʩʦʚʝʨʰʝʥʥʳʭ ʠ ʧʨʦʩʪʳʭ ʩʧʦʩʦʙʦʚ ʫʧʨʘʚʣʝʥʠʷ, ʧʦʩʪʨʦʝʥʥʳʭ ʥʘ 

ʙʘʟʝ ʐʀʄ. ɹʣʦʢ Asynchronous Machine ï ʵʪʦ ʪʨʝʭʬʘʟʥʳʡ ʘʩʠʥʭʨʦʥʥʳʡ 

ʜʚʠʛʘʪʝʣʴ. ɹʣʦʢ Machine Measurement ʠʟʤʝʨʷʝʪ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʚʠʛʘʪʝʣʷ ʠ ʚʳʚʦʜʠʪ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʥʘ ʦʩʮʠʣ-

ʣʦʛʨʘʬʳ Scope 3 ʠ Scope (ʨʠʩʫʥʦʢ 2). 

ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 3, ʫʢʘʟʳʚʘ-

ʶʪ ʥʘ ʚʝʨʠʬʠʢʘʮʠʶ ʰʠʨʦʪʥʦ-ʠʤʧʫʣʴʩʥʦʡ ʤʦʜʫʣʷʮʠʠ ʩ ʧʦʤʦʱʴʶ ʬʦʨ-

ʤʳ ʢʨʠʚʦʡ ʥʘʧʨʷʞʝʥʠʷ ʠ ʪʦʢʘ. ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʬʦʨʤʘ ʢʨʠʚʦʡ 

ʥʘʧʨʷʞʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʩʠʥʫʩʦʠʜʘʣʴʥʘ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʤʦʞʥʦ ʩʜʝ-

ʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʐʀʄ ʚʳʧʦʣʥʷʝʪʩʷ. 

 

 
 

ʈʠʩʫʥʦʢ 2 ï ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʠʥʚʝʨʪʦʨ-ʜʚʠʛʘʪʝʣʴ 
 

ʇʨʠ ʘʥʘʣʠʟʝ ʨʘʙʦʪʳ ʪʨʝʭʬʘʟʥʦʛʦ ʘʩʠʥʭʨʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʠʟʤʝʨʷ-

ʣʠʩʴ ʟʥʘʯʝʥʠʷ ʪʦʢʦʚ ʨʦʪʦʨʘ ʠ ʩʪʘʪʦʨʘ, ʯʘʩʪʦʪʘ ʚʨʘʱʝʥʠʷ ʠ ʵʣʝʢʪʨʦʤʘʛ-

ʥʠʪʥʳʡ ʤʦʤʝʥʪ ʥʘ ʚʘʣʫ ʢʦʨʦʪʢʦʟʘʤʢʥʫʪʦʛʦ ʨʦʪʦʨʘ ʜʚʠʛʘʪʝʣʷ. ɼʣʷ ʧʨʦ-

ʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ ʚ ʙʣʦʢʝ Step ʫʩʪʘʥʦʚʣʝʥʦ ʢʦʥʝʯʥʦʝ ʟʥʘʯʝʥʠʝ ʥʘʛʨʫʟ-

ʢʠ ʥʘ ʚʘʣʫ ʚ 200 ʅ (ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ, ʩ ʫʯʝʪʦʤ ʰʘʛʘ ʜʠʩʢʨʝʪʠʟʘʮʠʠ, 
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ʧʨʦʛʨʘʤʤʘ ʧʣʘʚʥʦ ʫʚʝʣʠʯʠʚʘʝʪ ʥʘʛʨʫʟʢʫ ʥʘ ʚʘʣʫ ʜʦ ʵʪʦʛʦ ʟʥʘʯʝʥʠʷ). ʈʝ-

ʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4. 
 

 
 

ʈʠʩʫʥʦʢ 3 ï ʌʦʨʤʘ ʢʨʠʚʦʡ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʚʳʭʦʜʝ ʠʥʚʝʨʪʦʨʘ ʬʘʟʳ ɸ 

 

 
 

ʈʠʩʫʥʦʢ 4 ï ʆʩʮʠʣʣʦʛʨʘʤʤʳ ʪʦʢʦʚ ʨʦʪʦʨʘ (ʚʝʨʭʥʷʷ ʯʘʩʪʴ)  

ʠ ʩʪʘʪʦʨʘ(ʥʠʞʥʷʷ ʯʘʩʪʴ) 

 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʟʚʦʣʷʶʪ ʚʳʙʨʘʪʴ ʪʘʢʦʡ 

ʩʧʦʩʦʙ ʐʀʄ, ʧʨʠ ʢʦʪʦʨʦʤ ʚʣʠʷʥʠʝ ʛʘʨʤʦʥʠʯʝʩʢʠʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʥʘ 

ʚʨʘʱʘʶʱʠʡ ʤʦʤʝʥʪ ɸɼ ʤʠʥʠʤʘʣʴʥʳ. ʊʘʢʞʝ ʜʘʥʥʘʷ ʘʜʝʢʚʘʪʥʘʷ ʤʦʜʝʣʴ 

ʧʨʠʥʠʤʘʝʪʩʷ ʟʘ ʦʩʥʦʚʫ ʧʨʠ ʩʦʟʜʘʥʠʠ ʯʝʪʳʨʝʭʢʚʘʜʨʘʥʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦ-

ʚʘʪʝʣʷ ʜʣʷ ʵʣʝʢʪʨʦʚʦʟʘ ɹʂɻ-1 ʠ ɹʂɻ-2. 

 


