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Abstract 

Periodic-pulsed optical discharges (POD) sustained by near-IR laser radiation ( 0.96 1.07l= ·
mm) in high-pressure xenon have been obtained and studied. In the beginning of the laser pulse 

POD plasma has higher temperature and brightness than the continuous optical discharge (COD) 

plasma. At the end of a long enough pulse POD plasma reaches the conditions close to COD. By 

the termination of the laser pulse the charged particles recombine, but due to xenon atoms in ex-

cited states retained in the gas during ~ 200 ms plasma initiation in the next pulse is observed to 

occur without optical breakdown. 

In the combined optical discharge mode focused beams of CW or periodic-pulsed lasers intersect 

in the region optimal for sustaining optical discharge. Such a scheme provides more stabilized 

plasma with absorption and brightness several times higher compared to those of a single beam of 

the adequate power. In this paper combined optical discharges sustained by two CW or periodic-

pulsed diode lasers ( 0.97 0.98l= · mm) are studied.  

The periodic-pulsed and combined optical discharge modes can find an application in high-

brightness broadband radiation sources. 

Key words: laser plasma, COD, POD, combined optical discharge, spectral brightness. 

 

 

Spectral brightness of the combined optical discharges COD&POD in crossing double beam (two 

upper curves) compared to a single beam COD and POD, as well as DC arc discharge in Xe, 

20 25p= ·  bar and more under the arc discharge. Spectral characteristics show substantial drop 

under 250l¢ nm mainly due to the quartz bulb walls material characteristics.  
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ʀʤʧʫʣʴʩʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʠ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʝ 

ʨʝʞʠʤʳ ʧʦʜʜʝʨʞʘʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʨʘʟʨʷʜʦʚ  

ɺ.ʇ. ɿʠʤʘʢʦʚ, ɺ.ɸ. ʂʫʟʥʝʮʦʚ, ʀ.ɻ. ʈʫʜʦʡ, ʅ.ɻ. ʉʦʣʦʚʴʝʚ, ɸ.ʄ. ʉʦʨʦʢʘ,  

ɸ.ʅ. ʐʝʤʷʢʠʥ, ɸ.ʆ. ʐʠʣʦʚ, ʄ.ʖ. ʗʢʠʤʦʚ  

ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ 

ʀʥʩʪʠʪʫʪ ʧʨʦʙʣʝʤ ʤʝʭʘʥʠʢʠ ʠʤ. ɸ.ʖ. ʀʰʣʠʥʩʢʦʛʦ ʈɸʅ, ʄʦʩʢʚʘ 

yakimov@lantanlaser.ru  

ɸʥʥʦʪʘʮʠʷ 

ɺ ʢʩʝʥʦʥʝ ʧʨʠ ʚʳʩʦʢʦʤ ʜʘʚʣʝʥʠʠ ʧʦʣʫʯʝʥʳ ʠ ʠʩʩʣʝʜʦʚʘʥʳ ʠʤʧʫʣʴʩʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʦʧ-

ʪʠʯʝʩʢʠʝ ʨʘʟʨʷʜ  r(ʀʇʆʈ), ʧʦʜʜʝʨʞʠʚʘʝʤʳʝ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ 0.96 1.07l= · ʤʢʤ. ɺ 

ʥʘʯʘʣʝ ʠʤʧʫʣʴʩʘ ʧʦ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʷʨʢʦʩʪʠ ʧʣʘʟʤʘ ʀʇʆʈ ʧʨʝʚʦʩʭʦʜʠʪ ʧʣʘʟʤʫ ʥʝʧʨʝʨʳʚʥʦ-

ʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʨʘʟʨʷʜʘ (ʅʆʈ). ʂ ʢʦʥʮʫ ʜʦʩʪʘʪʦʯʥʦ ʜʣʠʥʥʦʛʦ ʠʤʧʫʣʴʩʘ ʧʣʘʟʤʘ ʜʦʩʪʠʛʘʝʪ 

ʩʦʩʪʦʷʥʠʷ, ʙʣʠʟʢʦʛʦ ʢ ʅʆʈ. ʇʦ ʦʢʦʥʯʘʥʠʠ ʠʤʧʫʣʴʩʘ ʟʘʨʷʞʝʥʥʳʝ ʯʘʩʪʠʮʳ ʨʝʢʦʤʙʠʥʠʨʫʶʪ, 

ʥʦ ʙʣʘʛʦʜʘʨʷ ʩʦʭʨʘʥʷʶʱʠʤʩ ̫ʥʘ ʧʨʦʪʷʞʝʥʠʠ ~ 200 ʤʢʩ ʚʦʟʙʫʞʜʝʥʥʳʤ ʩʦʩʪʦʷʥʠʷʤ ʘʪʦʤʘ 

ʢʩʝʥʦʥʘ ʥʘʙʣʶʜʘʝʪʩʷ ʠʥʠʮʠʠʨʦʚʘʥʠʝ ʧʣʘʟʤʳ ʚ ʦʯʝʨʝʜʥʦʤ ʠʤʧʫʣʴʩʝ ʙʝʟ ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦ-

ʙʦʷ.  

ʇʨʠ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʤ ʨʝʞʠʤʝ ʦʧʪʠʯʝʩʢʦʛʦ ʨʘʟʨʷʜʘ ʩʬʦʢʫʩʠʨʦʚʘʥʥʳʝ ʣʫʯʠ ʥʝʧʨʝʨʳʚʥʳʭ 

ʠʣʠ ʠʤʧʫʣʴʩʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʣʘʟʝʨʦʚ ʧʝʨʝʩʝʢʘʶʪʩʷ ʧʦʜ ʫʛʣʦʤ ʚ ʦʙʣʘʩʪʠ, ʦʧʪʠʤʘʣʴʥʦʡ 

ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʧʣʘʟʤʳ. ʊʘʢʘʷ ʩʭʝʤʘ ʜʘʝʪ ʙʦʣʝʝ ʫʩʪʦʡʯʠʚʫʶ ʧʣʘʟʤʫ ʩ ʧʦʚʳʰʝʥʥʳʤ ʚ ʥʝ-

ʩʢʦʣʴʢʦ ʨʘʟ ʧʦʛʣʦʱʝʥʠʝʤ ʠ ʷʨʢʦʩʪʴʶ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʜʠʥʦʯʥʳʤ ʣʫʯʦʤ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʠʩʩʣʝʜʫʶʪʩʷ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʨʘʟʨʷʜʳ, ʧʦʜʜʝʨʞʠʚʘʝʤʳʝ ʠʟʣʫʯʝʥʠʝʤ ʜʚʫʭ 

ʥʝʧʨʝʨʳʚʥʳʭ ʠʣʠ ʠʤʧʫʣʴʩʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʜʠʦʜʥʳʭ ʣʘʟʝʨʦʚ ʩ 0.97 0.98l= · ʤʢʤ. ʀʤ-

ʧʫʣʴʩʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʠ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʝ ʨʝʞʠʤʳ ʦʧʪʠʯʝʩʢʠʭ ʨʘʟʨʷʜʦʚ ʤʦʛʫʪ ʥʘʡʪʠ 

ʧʨʠʤʝʥʝʥʠʝ ʚ ʰʠʨʦʢʦʧʦʣʦʩʥʳʭ ʠʩʪʦʯʥʠʢʘʭ ʠʟʣʫʯʝʥʠʷ ʚʳʩʦʢʦʡ ʩʧʝʢʪʨʘʣʴʥʦʡ ʷʨʢʦʩʪʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʅʆʈ, ʀʇʆʈ, ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʡ ʨʘʟʨʷʜ, ʩʧʝʢʪʨʘʣʴʥʘʷ ʷʨʢʦʩʪʴ. 

1. ɺʚʝʜʝʥʠʝ 

ʅʝʧʨʝʨʳʚʥʳʡ ʦʧʪʠʯʝʩʢʠʡ ʨʘʟʨʷʜ (ʅʆʈ) [1], ʚʧʝʨʚʳʝ ʧʦʣʫʯʝʥʥʳʡ ʚ 1970 ʛʦʜʫ [2, 3], ʢ 

ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʥʘʰʝʣ ʧʨʠʤʝʥʝʥʠʝ ʢʘʢ ʠʩʪʦʯʥʠʢ ʠʟʣʫʯʝʥʠʷ ʨʘʚʥʦʤʝʨʥʦ ʚʳʩʦʢʦʡ ʩʧʝʢ-

ʪʨʘʣʴʥʦʡ ʷʨʢʦʩʪʠ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ ʦʪ ʚʘʢʫʫʤʥʦʛʦ ʫʣʴʪʨʘʬʠʦʣʝʪʘ ʜʦ ʠʥʬʨʘ-

ʢʨʘʩʥʦʛʦ [4]. ʕʪʦ ʧʨʠʤʝʥʝʥʠʝ ʩʪʘʣʦ ʚʦʟʤʦʞʥʳʤ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʙʣʘʛʦʜʘʨʷ ʧʦʷʚʣʝʥʠʶ 

ʤʦʱʥʳʭ ʣʘʟʝʨʦʚ ʙʣʠʞʥʝʛʦ ʀʂ-ʜʠʘʧʘʟʦʥʘ ʩ ʚʳʩʦʢʠʤʠ ʧʦʪʨʝʙʠʪʝʣʴʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, 

ʚ ʯʘʩʪʥʦʩʪʠ, ʜʠʦʜʥʳʭ (ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ) ʠ ʚʦʣʦʢʦʥʥʳʭ ʣʘʟʝʨʦʚ. ʊʘʢʞʝ ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ 

[4, 5] ʚʦʟʤʦʞʥʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʪʠʭ ʣʘʟʝʨʦʚ ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʅʆʈ ʚ ʢʩʝ-

ʥʦʥʝ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʩ ʧʦʨʦʛʦʚʦʡ ʤʦʱʥʦʩʪʴʶ ʥʘ ʫʨʦʚʥʝ ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʦʚ ʚʘʪʪ. ʉʣʝ-

ʜʫʝʪ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʨʝʟʢʦʝ ʩʥʠʞʝʥʠʝ ʧʦʨʦʛʘ ʧʦʜʜʝʨʞʘʥʠʷ ʅʆʈ ʚ ʙʣʠʞʥʝʤ ʀʂ-ʜʠʘʧʘʟʦʥʝ 

ʫʩʪʘʥʦʚʣʝʥʦ ʧʦʢʘ ʪʦʣʴʢʦ ʜʣʷ ʪʷʞʝʣʳʭ ʠʥʝʨʪʥʳʭ ʛʘʟʦʚ ʧʨʠ ʚʳʩʦʢʦʤ ʜʘʚʣʝʥʠʠ [6]. ɺ ʨʘʥʥʠʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʧʦʜʜʝʨʞʘʥʠʶ ʚʦʣʥ ʩʚʝʪʦʚʦʛʦ ʛʦʨʝʥʠʷ (ʥʝʩʪʘʮʠʦʥʘʨʥʳʡ ʘʥʘʣʦʛ ʅʆʈ), ʧʨʦ-

ʚʝʜʝʥʥʳʭ ʩ ʤʠʣʣʠʩʝʢʫʥʜʥʳʤʠ ʥʝʦʜʠʤʦʚʳʤʠ ʣʘʟʝʨʘʤʠ ʩ ʙʦʣʴʰʦʡ ʵʥʝʨʛʠʝʡ ʚ ʠʤʧʫʣʴʩʝ, ʙʳʣʦ 

ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʨʦʛʦʚʘʷ ʤʦʱʥʦʩʪʴ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 1.06l= ʤʢʤ ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ 

ʧʣʘʟʤʳ ʚ ʘʨʛʦʥʝ ʠ ʚʦʟʜʫʭʝ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ ʩʦʩʪʘʚʣʷʝʪ ʩʦʪʥʠ ʢʠʣʦʚʘʪʪ, ʯʪʦ ʧʨʠ-

ʤʝʨʥʦ ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ ʙʦʣʴʰʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʚʝʣʠʯʠʥ ʜʣʷ ʩʣʫʯʘʷ ʉʆ2-ʣʘʟʝʨʘ ʩ 1.06l=
ʤʢʤ [7, 8]. ʇʨʠʤʝʨʥʦ ʪʘʢʦʝ ʞʝ ʩʦʦʪʥʦʰʝʥʠʝ ʧʦʨʦʛʦʚʳʭ ʚʝʣʠʯʠʥ ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʅʆʈ ʠʟʣʫ-

ʯʝʥʠʝʤ 1 ʤʢʤ ʠ 10 ʤʢʤ ʚʳʪʝʢʘʝʪ ʠʟ ʨʘʩʩʤʦʪʨʝʥʠʷ ʤʝʭʘʥʠʟʤʦʚ ʧʦʛʣʦʱʝʥʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫ-

ʯʝʥʠʷ ʚ ʧʣʘʟʤʝ ʚ ʥʝʧʨʝʨʳʚʥʦʤ ʩʧʝʢʪʨʝ. ɺʢʣʘʜ ʤʝʭʘʥʠʟʤʘ ʬʦʪʦʠʦʥʠʟʘʮʠʠ, ʢʦʪʦʨʳʡ ʥʘ ʜʣʠʥʝ 
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ɺ.ʇ. ɿʠʤʘʢʦʚ, ɺ.ɸ. ʂʫʟʥʝʮʦʚ ʠ ʜʨ.    ʀʤʧʫʣʴʩʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʠ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʝ ʨʝʞʠʤʳ ʧʦʜʜʝʨʞʘʥʠʷ... 

  3 

ʚʦʣʥʳ 1 ʤʢʤ ʧʨʠʤʝʨʥʦ ʚʜʚʦʝ ʧʨʝʚʳʰʘʝʪ ʚʢʣʘʜ ʦʙʨʘʪʥʦʛʦ ʪʦʨʤʦʟʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ, ʧʨʠʥʮʠ-

ʧʠʘʣʴʥʦ ʥʝ ʤʝʥʷʝʪ ʩʠʪʫʘʮʠʶ. ʆʜʥʘʢʦ ʚ ʧʣʘʟʤʝ ʧʨʠ ʧʦʚʳʰʝʥʥʦʤ ʜʘʚʣʝʥʠʠ ʚ ʜʠʘʧʘʟʦʥʝ 

1 10p= ·ʄʇʘ ʫʰʠʨʝʥʠʝ ʪʝʩʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚʳʩʦʢʦʚʦʟʙʫʞʜʝʥʥʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚ-

ʥʝʡ ʘʪʦʤʦʚ ʪʠʧʘ ʢʩʝʥʦʥʘ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪɹ ʢ ʩʠʣʴʥʦʤʫ ʜʦʧʦʣʥʠʪʝʣʴʥʦʤʫ ʨʦʩʪʫ ʢʦʵʬʬʠʮʠʝʥ-

ʪʘ ʧʦʛʣʦʱʝʥʠʷ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1lºʤʢʤ ʟʘ ʩʯʝʪ ʚʥʫʪʨʠʘʪʦʤʥʳʭ ʩʚʷʟʘʥʥʦ-ʩʚʷʟʘʥʥʳʭ ʧʝʨʝʭʦ-

ʜʦʚ. ʐʠʨʠʥʘ ʩʠʣʴʥʳʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʡ ʘʪʦʤʘ ʢʩʝʥʦʥʘ ʚ ʧʣʘʟʤʝ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ 10T> ʢʂ 

ʧʨʠ ʜʘʚʣʝʥʠʠ 2pº ʄʇʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʥʘʥʦʤʝʪʨʦʚ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʰʠʨʠ-

ʥʝ ʧʦʣʦʩʳ ʛʝʥʝʨʘʮʠʠ ʤʦʱʥʳʭ ʜʠʦʜʥʳʭ ʠ ʚʦʣʦʢʦʥʥʳʭ ʣʘʟʝʨʦʚ. ʇʨʠ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʠʭ ʣʠ-

ʥʠʷʭ ʧʦʛʣʦʱʝʥʠʷ ʤʦʞʥʦ ʥʘʩʪʨʦʠʪʴ, ʥʘʧʨʠʤʝʨ, ʜʠʦʜʥʳʡ ʣʘʟʝʨ ʥʘ ʩʠʣʴʥʫʶ ʣʠʥʠʶ ʧʦʛʣʦʱʝ-

ʥʠʷ, ʯʪʦ ʜʘʩʪ ʩʥʠʞʝʥʠʝ ʧʦʨʦʛʦʚʦʡ ʤʦʱʥʦʩʪʠ ʧʦʜʜʝʨʞʘʥʠʷ ʅʆʈ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʚʘʪʪ, ʪʦ ʝʩʪʴ 

ʤʝʥʴʰʝ, ʯʝʤ ʦʙʝʩʧʝʯʠʚʘʝʪ ʉʆ2-ʣʘʟʝʨ ʚ ʪʝʭ ʞʝ ʫʩʣʦʚʠʷʭ ʟʘ ʩʯʝʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʦʙʨʘʪʥʦʛʦ 
ʪʦʨʤʦʟʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ. ɼʘʞʝ ʢʦʛʜʘ ʧʦʣʦʩʘ ʠʟʣʫʯʝʥʠʷ ʣʘʟʝʨʘ ʥʝ ʩʦʚʧʘʜʘʝʪ ʥʠ ʩ ʦʜʥʦʡ ʠʟ 

ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʡ, ʝʩʣʠ ʜʘʚʣʝʥʠʝ ʜʦʩʪʘʪʦʯʥʦ ʚʝʣʠʢʦ, ʘ ʩʧʝʢʪʨʘʣʴʥʳʝ ʣʠʥʠʠ ʨʘʩʧʦʣʦʞʝʥʳ 

ʜʦʩʪʘʪʦʯʥʦ ʯʘʩʪʦ, ʚ ʜʠʘʧʘʟʦʥʝ 1lºʤʢʤ ʦʧʨʝʜʝʣʷʶʱʠʡ ʚʢʣʘʜ ʚ ʧʦʛʣʦʱʝʥʠʝ ʙʫʜʫʪ ʚʥʦʩʠʪʴ 

ʧʝʨʝʢʨʳʚʘʶʱʠʝʩʷ ʢʨʳʣʴʷ ʙʣʠʞʘʡʰʠʭ ʫʰʠʨʝʥʥʳʭ ʣʠʥʠʡ [9].  

ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʜʘʞʝ ʚ ʫʩʣʦʚʠʷʭ ʧʨʝʦʙʣʘʜʘʥʠʷ ʧʦʛʣʦʱʝʥʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʟʘ ʩʯʝʪ 

ʤʝʭʘʥʠʟʤʦʚ ʚʥʫʪʨʠʘʪʦʤʥʳʭ ʧʝʨʝʭʦʜʦʚ, ʥʝ ʪʨʝʙʫʶʱʠʭ ʥʘʛʨʝʚʘ ʧʣʘʟʤʳ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʣ-

ʥʦʡ ʠʦʥʠʟʘʮʠʠ, ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʜʦʩʪʠʞʠʤʘʷ ʩʧʝʢʪʨʘʣʴʥʘʷ ʷʨʢʦʩʪʴ ʧʣʘʟʤʳ ʅʆʈ ʩ ʣʘʟʝʨʦʤ 

1lºʤʢʤ ʦʢʘʟʳʚʘʝʪʩʷ ʚʳʰʝ, ʯʝʤ ʚ ʩʣʫʯʘʝ ʅʆʈ ʥʘ 10.6l= ʤʢʤ, ʟʘ ʩʯʝʪ ʤʝʥʴʰʝʛʦ ʚʣʠʷʥʠʷ 

ʨʝʬʨʘʢʮʠʠ ʠ ʣʫʯʰʝʛʦ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʠʟʣʫʯʝʥʠʷ 1lºʤʢʤ ʚ ʧʣʘʟʤʫ ʧʨʠ ʚʳʩʦʢʦʤ ʜʘʚʣʝʥʠʠ. 

ʇʦʛʣʦʱʝʥʠʝ ʠ ʧʨʝʣʦʤʣʝʥʠʝ, ʠʣʠ ʨʝʬʨʘʢʮʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʢʘʟʳʚʘʶʪ ʥʘ ʩʚʦʡ-

ʩʪʚʘ ʧʣʘʟʤʳ ʅʆʈ ʦʧʨʝʜʝʣʷʶʱʝʝ ʚʣʠʷʥʠʝ. ʈʝʬʨʘʢʮʠʷ ʚʦʟʥʠʢʘʝʪ ʟʘ ʩʯʝʪ ʛʨʘʜʠʝʥʪʦʚ ʧʣʦʪʥʦ-

ʩʪʠ ʥʝʡʪʨʘʣʴʥʦʛʦ ʛʘʟʘ ʠ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ, ʧʨʠʯʝʤ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1lºʤʢʤ ʦʙʘ ʬʘʢʪʦ-

ʨʘ ʚʥʦʩʷʪ ʩʨʘʚʥʠʤʳʡ ʧʦ ʚʝʣʠʯʠʥʝ ʚʢʣʘʜ ʚ ʨʝʟʫʣʴʪʠʨʫʶʱʫʶ ʨʝʬʨʘʢʮʠʶ [6, 9]. ʊʘʢ ʧʨʠ ʩʣʘ-

ʙʦʡ ʬʦʢʫʩʠʨʦʚʢʝ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʧʘʨʘʤʝʪʨʦʤ / 8 10F f d= ² · ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 

Yb
3+
-ʣʘʟʝʨʘ 1.07l= ʤʢʤ ʚʣʠʷʥʠʝ ʨʝʬʨʘʢʮʠʠ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʩ ʨʦʩʪʦʤ ʤʦʱʥʦʩʪʠ ʣʘ-

ʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʨʘʟʤʝʨʳ ʅʆʈ, ʘ ʷʨʢʦʩʪʴ ʧʣʘʟʤʳ ʥʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʠʣʠ ʜʘ-

ʞʝ ʩʥʠʞʘʝʪʩʷ [9]. 

ʋʩʠʣʝʥʠʝ ʬʦʢʫʩʠʨʦʚʢʠ ʯʘʩʪʠʯʥʦ ʢʦʤʧʝʥʩʠʨʫʝʪ ʚʣʠʷʥʠʝ ʨʝʬʨʘʢʮʠʠ. ʂʘʢ ʧʦʢʘʟʳʚʘʶʪ 

ʵʢʩʧʝʨʠʤʝʥʪʳ, ʬʦʢʫʩʠʨʦʚʢʘ ʤʦʞʝʪ ʩʯʠʪʘʪʴʩʷ ʩʠʣʴʥʦʡ ʧʨʠ 3 4F¢ ·, ʘ ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ 
2F< , ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʘʚʣʝʥʠʷ ʛʘʟʘ ï 

ʪ.ʝ. ʧʘʨʘʤʝʪʨʦʚ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʨʝʬʨʘʢʮʠʶ. ʇʨʠ ʩʠʣʴʥʦʡ ʬʦʢʫʩʠʨʦʚʢʝ ʧʣʘʟʤʘ ʩʪʘʥʦʚʠʪʩʷ 

ʤʝʥʝʝ ʚʳʪʷʥʫʪʦʡ ʚʜʦʣʴ ʦʧʪʠʯʝʩʢʦʡ ʦʩʠ ʠ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʙʣʠʞʝ ʢ ʪʦʯʢʝ ʬʦʢʫʩʘ, ʛʜʝ ʠʥʪʝʥʩʠʚ-

ʥʦʩʪʴ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʘ. ɺ ʵʪʠʭ ʫʩʣʦʚʠʷʭ ʷʨʢʦʩʪʴ ʧʣʘʟʤʳ ʨʘʩʪʝʪ ʩ ʨʦʩʪʦʤ 

ʤʦʱʥʦʩʪʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʥʦ ʧʨʠ ʵʪʦʤ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʠ ʨʘʟʤʝʨ ʧʣʘʟʤʳ, ʧʣʘʟʤʘ ʩʤʝʱʘ-

ʝʪʩʷ ʚ ʦʙʣʘʩʪʴ ʤʝʥʴʰʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʨʦʩʪ ʷʨʢʦʩʪʠ 

ʧʣʘʟʤʳ ʟʘʤʝʜʣʷʝʪʩʷ. ʆʩʪʘʚʘʪʴʩʷ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʧʣʘʟʤʝ ʤʝʰʘʝʪ 

ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʨʝʬʨʘʢʮʠʷ, ʧʨʠʚʦʜʷʱʘʷ ʢ ʨʘʩʰʠʨʝʥʠʶ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ ʚʥʫʪʨʠ ʧʣʘʟʤʳ ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤʫ ʩʥʠʞʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʝʝ ʥʘʛʨʝʚʘ.  

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʧʦʜʜʝʨʞʘʥʠʶ ʅʆʈ [9] ʠʟʣʫʯʝʥʠʝʤ ʥʝʧʨʝʨʳʚʥʦʛʦ Yb
3+
-ʣʘʟʝʨʘ ʤʘʢ-

ʩʠʤʘʣʴʥʫʶ ʩʧʝʢʪʨʘʣʴʥʫʶ ʷʨʢʦʩʪʴ ʧʣʘʟʤʳ ʥʘ ʫʨʦʚʥʝ 3 4pI = · ɺʪĿʩʤ-2Öʥʤ-1Öʩʨ-1 ʚ ʩʧʝʢʪʨʘʣʴ-

ʥʦʤ ʜʠʘʧʘʟʦʥʝ 300 350· ʥʤ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʚ ʢʩʝʥʦʥʝ ʧʨʠ ʜʘʚʣʝʥʠʠ 22pº ʙʘʨ ʠ ʧʘʨʘʤʝʪʨʝ 

ʬʦʢʫʩʠʨʦʚʢʠ 3.3F= . ʈʘʩʯʝʪ ʧʦʢʘʟʘʣ, ʯʪʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʣʘʟʤʳ ʚ ʩʨʝʜʥʝʤ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʫʩʣʦʚʠʷʤ ʃʊʈ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 15Tº ʢK, ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʦʚ 
184 10eN º ³ ʩʤ

-3
 ʠ ʦʧʪʠʯʝ-

ʩʢʦʡ ʪʦʣʱʠʥʝ ʩʣʦʷ ʠʟʣʫʯʘʶʱʝʡ ʧʣʘʟʤ  r 0.2 0.4pS º · ʤʤ. 

ʅʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʢʦʥʪʨʦʣʷ ʠ ʧʦʚʳʰʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʣʘʟʤʳ ʦʧʪʠʯʝʩʢʦʛʦ ʨʘʟʨʷʜʘ 

ʘʚʪʦʨʳ ʜʘʥʥʦʡ ʩʪʘʪʴʠ ʩʚʷʟʳʚʘʶʪ ʩ ʦʙʥʘʨʫʞʝʥʥʦʡ ʠʤʠ ʚʦʟʤʦʞʥʦʩʪʴʶ ʠʤʧʫʣʴʩʥʦ-

ʧʝʨʠʦʜʠʯʝʩʢʦʛʦ ʧʦʜʜʝʨʞʘʥʠʷ ʧʣʘʟʤʳ ʦʧʪʠʯʝʩʢʦʛʦ ʨʘʟʨʷʜʘ (ʀʇʆʈ) ʧʨʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʘ-

ʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʅʆʈ [10, 11], ʘ ʪʘʢʞʝ ʩ ʪʝʭʥʦʣʦʛʠʝʡ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ 

ʨʝʞʠʤʦʚ ʧʦʜʜʝʨʞʘʥʠʷ ʅʆʈ/ʀʇʆʈ ʚ ʧʝʨʝʩʝʢʘʶʱʠʭʩʷ ʣʫʯʘʭ ʜʚʫʭ ʠʣʠ ʙʦʣʝʝ ʣʘʟʝʨʦʚ [12]. 
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2. ʀʤʧʫʣʴʩʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʠʡ ʨʝʞʠʤ ʦʧʪʠʯʝʩʢʦʛʦ ʨʘʟʨʷʜʘ (ʀʇʆʈ) 

2.1. ʋʩʣʦʚʠʷ ʧʦʜʜʝʨʞʘʥʠʷ ʀʇʆʈ 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʧʦʜʜʝʨʞʘʥʠʶ ʠʤʧʫʣʴʩʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʦʛʦ ʨʘʟʨʷʜʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʚʦʣʦʢʦʥʥʳʡ ʠʪʪʝʨʙʠʝʚʳʡ ʣʘʟʝʨ YLR-150/1500-QCW [13] (IPG Photonics Corp.) ʩ ʤʘʢʩʠ-

ʤʘʣʴʥʦʡ ʤʦʱʥʦʩʪʴʶ ʠʟʣʫʯʝʥʠʷ ʚ ʥʝʧʨʝʨʳʚʥʦʤ ʨʝʞʠʤʝ 260P= ɺʪ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1.07l=
ʤʢʤ. ʐʠʨʠʥʘ ʧʦʣʦʩʳ ʛʝʥʝʨʘʮʠʠ 2 5lD = ·ʥʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ. ɺ ʠʤ-

ʧʫʣʴʩʥʦʤ ʨʝʞʠʤʝ ʛʝʥʝʨʘʮʠʠ ʩʨʝʜʥʷʷ ʧʦ ʚʨʝʤʝʥʠ ʤʦʱʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʥʝ ʧʨʝʚʳʰʘʣʘ 

160pP = ɺʪ, ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ ʥʝ ʤʝʥʝʝ 200t= ʤʢʩ, ʯʘʩʪʦʪʘ ʩʣʝʜʦʚʘʥʠʷ ʠʤʧʫʣʴʩʦʚ ʥʝ 

ʙʦʣʝʝ 2.7rf = ʢɻʮ. ʈʝʞʠʤ ʀʇʆʈ ʥʘʙʣʶʜʘʣʩʷ ʧʨʠ ʯʘʩʪʦʪʘʭ ʧʦʚʪʦʨʝʥʠʷ ʠʤʧʫʣʴʩʦʚ ʚ ʜʠʘʧʘʟʦ-

ʥʝ 2 2.7rf = · ʢɻʮ, ʧʨʠ ʵʪʦʤ ʜʠʘʧʘʟʦʥ ʨʝʛʫʣʠʨʦʚʢʠ ʠʤʧʫʣʴʩʥʦʡ ʤʦʱʥʦʩʪʠ ʠ ʜʣʠʪʝʣʴʥʦʩʪʠ 

ʠʤʧʫʣʴʩʦʚ ʦʢʘʟʳʚʘʣʩʷ ʦʯʝʥʴ ʫʟʢʠʤ ï ʦʪ 200 ʜʦ 330 ɺʪ ʧʨʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʠʟʤʝʥʥʦʡ ʜʣʠʪʝʣʴ-

ʥʦʩʪʠ ʠʤʧʫʣʴʩʦʚ ʦʢʦʣʦ 200 ʤʢʩ. ʃʫʯ ʥʘ ʚʳʭʦʜʝ ʢʦʣʣʠʤʘʪʦʨʘ ʣʘʟʝʨʘ ʙʳʣ ʜʠʘʤʝʪʨʦʤ 9d= ʤʤ 

ʩ ʨʘʩʭʦʜʠʤʦʩʪʴʶ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡʩʷ ɺʈʈ = 1.2 ʤʤÖʤʨʘʜ, ʄ
2
 = 3.5. ʀʟʣʫʯʝʥʠʝ ʬʦʢʫʩʠʨʦʚʘ-

ʣʦʩʴ ʢʚʘʨʮʝʚʦʡ ʣʠʥʟʦʡ ʩ ʬʦʢʫʩʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ 50f =  ʤʤ ʩ ʧʘʨʘʤʝʪʨʦʤ 5.6F f d= = . ʇʨʠ 

ʪʘʢʦʡ ʬʦʢʫʩʠʨʦʚʢʝ ʜʠʘʤʝʪʨ ʣʫʯʘ ʚ ʧʝʨʝʪʷʞʢʝ ʩʦʩʪʘʚʣʷʣ 25 30· ʤʢʤ, ʘ ʧʣʦʪʥʦʩʪʴ ʤʦʱʥʦʩʪʠ ʚ 

ʬʦʢʫʩʝ ʧʨʠ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ 265P= ɺʪ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 75 10I º ³ ɺʪ/ʩʤ
2
.  

ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʦ ʚʟʘʠʤʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʢʦʣʙʳ ʩ ʢʩʝʥʦʥʦʤ, ʧʣʘʟʤʳ ʠ ʣʘʟʝʨʥʦʛʦ ʣʫ-

ʯʘ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʣʘʤʧʘʭ, ʥʘʧʦʣʥʝʥʥʳʭ ʢʩʝʥʦʥʦʤ ʜʦ ʜʘʚʣʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʝʥ-

ʥʦ 8 ʙʘʨ ʠ 14 ʙʘʨ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 20
0
ʉ.  ʇʣʘʟʤʘ ʚ ʣʘʟʝʨʥʦʤ ʣʫʯʝ ʠʥʠʮʠʠʨʦʚʘʣʘʩʴ ʢʨʘʪʢʦ-

ʚʨʝʤʝʥʥʳʤ ʜʫʛʦʚʳʤ ʨʘʟʨʷʜʦʤ ʤʝʞʜʫ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʤʠ ʵʣʝʢʪʨʦʜʘʤʠ. ɻʘʟ ʚ ʢʦʣʙʝ ʥʘʛʨʝʚʘʣ-

ʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ, ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʧʣʘʟʤʳ, ʧʨʠ ʵʪʦʤ ʜʘʚʣʝʥʠʝ ʛʘʟʘ 

ʤʦʛʣʦ ʚʦʟʨʘʩʪʠ ʜʦ 13 ʙʘʨ ʠ 20 ʙʘʨ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʜʘʚʣʝʥʠʶ ʥʘʧʦʣʥʝʥʠʷ. 

ʅʘ ʨʠʩ. 2 ʧʦʢʘʟʘʥʳ ʪʠʧʠʯʥʳʝ ʦʩʮʠʣʣʦʛʨʘʤʤʳ ʠʤʧʫʣʴʩʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʦʛʦ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʥʘ ʚʭʦʜʝ ʠ ʚʳʭʦʜʝ ʧʣʘʟʤʳ, ʘ ʪʘʢʞʝ ʦʩʮʠʣʣʦʛʨʘʤʤʘ ʠʥʪʝʛʨʘʣʴʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʧʣʘʟʤʳ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʘʷ ʚʨʝʤʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʣʘʟʤʳ ʧʦʩʣʝ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʚ ʢʘʞʜʦʤ ʠʤ-

ʧʫʣʴʩʝ, ʘ ʪʘʢʞʝ ʚʨʝʤʷ ʨʘʩʧʘʜʘ ʧʣʘʟʤʳ ʧʦʩʣʝ ʦʢʦʥʯʘʥʠʷ ʠʤʧʫʣʴʩʘ. ʇʨʦʮʝʩʩ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʧʣʘʟʤʳ, ʢʘʢ ʠ ʧʨʦʮʝʩʩ ʝʝ ʨʘʩʧʘʜʘ, ʚ ʦʩʥʦʚʥʦʤ ʟʘʚʝʨʰʘʣʩ ̫ʟʘ ʚʨʝʤʷ ʤʝʥʝʝ 100 ʤʢʩ.  

 

 

ʈʠʩ. 1. ʉʭʝʤʘ ʀʇʆʈ: ʚʟʘʠʤʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʧʣʘʟʤʳ, ʨʘʟʨʷʜʥʦʡ ʢʘʤʝʨʳ, ʠʥʠʮʠʠʨʫʶʱʠʭ ʵʣʝʢʪʨʦʜʦʚ 

ʠ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ. ʉʧʨʘʚʘ ï ʠʥʠʮʠʠʨʦʚʘʥʠʝ ʀʇʆʈ ʦʪ ʧʣʘʟʤʳ ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ. 

ʅʘ ʨʠʩ. 3 ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʫʩʨʝʜʥʝʥʥʳʭ ʧʦ ʚʨʝʤʝʥʠ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʷʨʢʦʩʪʠ ʠʟʦ-

ʙʨʘʞʝʥʠʷ ʧʣʘʟʤʳ ʅʆʈ ʠ ʀʇʆʈ ʚ ʩʭʦʜʥʳʭ ʫʩʣʦʚʠʷʭ ʧʦ ʩʨʝʜʥʝʡ ʠ ʠʤʧʫʣʴʩʥʦʡ ʤʦʱʥʦʩʪʠ. 

ʀʟʦʙʨʘʞʝʥʠʷ ʚʥʝʰʥʝ ʩʭʦʜʥʳ, ʨʘʟʣʠʯʠʷ ʩʚʦʜʷʪʩʷ ʢ ʪʦʤʫ, ʯʪʦ ʧʣʘʟʤʘ ʅʆʈ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʫʩʪʘʥʦʚʠʚʰʠʡʩʷ ʧʦ ʚʨʝʤʝʥʠ ʧʨʦʮʝʩʩ, ʘ ʀʇʆʈ ï ʫʩʨʝʜʥʝʥʥʳʡ ʧʦ ʚʨʝʤʝʥʠ ʧʨʦʮʝʩʩ ʨʘʩʧʨʦ-

ʩʪʨʘʥʝʥʠʷ ʧʣʘʟʤʳ ʚ ʢʘʥʘʣʝ ʣʫʯʘ, ʧʦʚʪʦʨʷʶʱʠʡʩʷ ʚ ʢʘʞʜʦʤ ʠʤʧʫʣʴʩʝ. ʇʨʷʤʳʤʠ ʣʠʥʠʷʤʠ ʧʦ-

ʢʘʟʘʥʘ ʫʩʣʦʚʥʘʷ ʛʨʘʥʠʮʘ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ ʚ ʦʙʣʘʩʪʠ ʬʦʢʫʩʘ ʚ ʦʪʩʫʪʩʪʚʠʝ ʧʣʘʟʤʳ. 



ɺ.ʇ. ɿʠʤʘʢʦʚ, ɺ.ɸ. ʂʫʟʥʝʮʦʚ ʠ ʜʨ.    ʀʤʧʫʣʴʩʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʠ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʝ ʨʝʞʠʤʳ ʧʦʜʜʝʨʞʘʥʠʷ... 
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ʈʠʩ. 2. ʊʠʧʠʯʥʳʡ ʚʠʜ ʦʩʮʠʣʣʦʛʨʘʤʤ ʧʘʜʘʶʱʝʛʦ Pin ʠ ʧʨʦʰʝʜʰʝʛʦ ʯʝʨʝʟ ʧʣʘʟʤʫ Pout ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ, ʘ ʪʘʢʞʝ ʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʣʘʟʤʳ Ip ʀʇʆʈ (ʩʠʛʥʘʣ ʌʕʋ - ʦʙʨʘʪʥʦʡ ʧʦʣʷʨʥʦʩʪʠ). 

  
ɸ) ɹ) 

ʈʠʩ. 3. ʉʨʝʜʥʠʝ ʧʦ ʚʨʝʤʝʥʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʷʨʢʦʩʪʠ ʧʣʘʟʤʳ ʅʆʈ (A) ʠ ʀʇʆʈ(ɹ). ʋʢʘʟʘʥʘ ʥʝʧʨʝ-

ʨʳʚʥʘʷ, ʠʤʧʫʣʴʩʥʘʷ ʠ ʩʨʝʜʥʷʷ ʧʦ ʚʨʝʤʝʥʠ (ʚ ʩʢʦʙʢʘʭ) ʧʘʜʘʶʱʘʷ ʥʘ ʧʣʘʟʤʫ ʤʦʱʥʦʩʪʴ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ Pin ʠ ʧʨʦʭʦʜʷʱʘʷ ʤʦʱʥʦʩʪʴ Pout, ʩʨʝʜʥʷʷ ʜʣʠʥʘ ʧʣʘʟʤʳ Lp ʠ ʜʠʘʤʝʪʨ Dp. ʂʩʝʥʦʥ, 

11 14p= ·ʙʘʨ, ʧʘʨʘʤʝʪʨ ʬʦʢʫʩʠʨʦʚʢʠ 5.6F = , ʯʘʩʪʦʪʘ ʧʦʚʪʦʨʝʥʠʷ2.7
r

f = ʢɻʮ, 70 268
in

P = · ɺʪ. 

ʅʘ ʨʠʩ. 4. ʚ ʫʩʣʦʚʥʳʭ ʮʚʝʪʘʭ ʧʦʢʘʟʘʥʦ ʠʟʤʝʥʝʥʠʝ ʷʨʢʦʩʪʠ ʧʣʘʟʤʳ ʚ ʧʨʦʮʝʩʩʝ ʦʜʥʦʛʦ 

ʧʦʣʥʦʛʦ ʮʠʢʣʘ ʀʇʆʈ. ʂʘʜʨʳ ʧʦʣʫʯʝʥʳ ʚ ʧʨʦʮʝʩʩʝ ʩʢʦʨʦʩʪʥʦʡ ʩʲʝʤʢʠ ʩ ʠʥʪʝʨʚʘʣʦʤ 25 ʤʢʩ. 

ʏʘʩʪʦʪʘ ʩʣʝʜʦʚʘʥʠʷ ʠʤʧʫʣʴʩʦʚ ʩʦʩʪʘʚʣʷʣʘ 2.7rf = ʢɻʮ, ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ ʠʟʣʫʯʝʥʠʷ 

200t= ʤʢʩ, ʤʦʱʥʦʩʪʴ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʧʘʜʘʶʱʝʛʦ ʥʘ ʧʣʘʟʤʫ, 265inP = ɺʪ ʚ ʠʤʧʫʣʴʩʝ. 
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ʈʘʟʤʝʨ ʢʘʜʨʘ 3.5³3.5 ʤʤ
2
, ʪʦʯʢʘ ʬʦʢʫʩʘ ʨʘʩʧʦʣʦʞʝʥʘ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 1.2 ʤʤ ʦʪ ʣʝʚʦʛʦ ʢʨʘʷ 

ʢʘʜʨʘ, ʠʟʣʫʯʝʥʠʝ ʧʘʜʘʝʪ ʩʧʨʘʚʘ ʥʘʣʝʚʦ, ʨʘʩʧʦʣʦʞʝʥʠʝ ʢʘʜʨʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʥʘ-

ʧʨʘʚʣʝʥʠʷ ʥʦʨʤʘʣʴʥʦʝ. ɺʠʜʥʦ, ʯʪʦ ʚ ʪʝʯʝʥʠʝ ~100 ʤʢʩ ʩ ʤʦʤʝʥʪʘ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʧʣʘʟʤʘ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚ ʨʘʟʤʝʨʘʭ ʠ ʷʨʢʦʩʪʠ, ʟʘʪʝʤ ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ ʠ ʥʘ ʦʪʤʝʪʢʝ 200 ʤʢʩ ʥʘʯʠʥʘʝʪ 

ʛʘʩʥʫʪʴ. ʇʨʠ ʵʪʦʤ ʟʘ ʚʨʝʤʷ 50 ʤʢʩ ʷʨʢʦʩʪʴ ʧʣʘʟʤʳ ʫʤʝʥʴʰʘʝʪʩʷ ʙʦʣʝʝ ʯʝʤ ʚ 20 ʨʘʟ, ʯʪʦ ʩʦʦʪ-

ʚʝʪʩʪʚʫʝʪ ʧʦʩʪʦʷʥʥʦʡ ʚʨʝʤʝʥʠ ʧʦʛʘʩʘʥʠʷ ʦʪ 10 ʜʦ 20 ʤʢʩ. 

 

ʈʠʩ. 4. ʇʦʢʘʜʨʦʚʘʷ ʩʲʝʤʢʘ ʦʜʥʦʛʦ ʮʠʢʣʘ ʀʇʆʈ ʩ ʰʘʛʦʤ 25 ʤʢʩ. ʆʪʥʦʩʠʪʝʣʴʥʘʷ ʷʨʢʦʩʪʴ ʠʟʣʫʯʝʥʠʷ 

ʧʣʘʟʤʳ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʫʩʣʦʚʥʳʭ ʮʚʝʪʘʭ. ʈʘʟʤʝʨ ʢʘʜʨʘ 3.5³3.5 ʤʤ
2
. ʃʘʟʝʨʥʦʝ ʠʟʣʫʯʝʥʠʝ ʚʢʣʶʯʝʥʦ ʦʪ 

10 ʜʦ 210 ʤʢʩ (200t= ʤʢʩ), ʚʳʢʣʶʯʝʥʦ ʦʪ 210 ʜʦ 370 ʤʢʩ. ɺʳʜʝʨʞʢʘ ʧʨʠ ʩʲʝʤʢʝ ʢʘʜʨʦʚ ʦʪ 250 ʤʢʩ 

ʜʦ 375 ʤʢʩ (ʦʙʚʝʜʝʥʳ ʫʪʦʣʱʝʥʥʦʡ ʣʠʥʠʝʡ) ʫʚʝʣʠʯʝʥʘ ʚ 8 ʨʘʟ. ʂʩʝʥʦʥ, 11 1p= °ʙʘʨ, ʧʘʨʘʤʝʪʨ ʬʦʢʫ-

ʩʠʨʦʚʢʠ 5.6F = , ʯʘʩʪʦʪʘ ʧʦʚʪʦʨʝʥʠʷ ʠʤʧʫʣʴʩʦʚ2.7
r

f = ʢɻʮ, ʤʦʱʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ 265
in

P = ɺʪ. 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʢ ʥʘʯʘʣʫ ʩʣʝʜʫʶʱʝʛʦ ʠʤʧʫʣʴʩʘ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʩʪʘʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ 

ʘʢʪʠʚʥʳʭ ʘʪʦʤʦʚ, ʯʪʦʙʳ ʠʥʠʮʠʠʨʦʚʘʪʴ ʧʣʘʟʤʫ ʧʨʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʥʘ ʫʨʦʚʥʝ 
75 10I º ³ ɺʪ/ʩʤ

2
, ʯʪʦ ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ ʤʝʥʴʰʝ ʧʨʦʙʦʡʥʦʛʦ. ʉʢʦʨʝʝ ʚʩʝʛʦ, ʩʠʣʴʥʦʝ ʥʝʣʠʥʝʡʥʦʝ 

ʧʦʛʣʦʱʝʥʠʝ ʨʘʟʚʠʚʘʝʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʙʳʩʪʨʦʛʦ ʥʘʛʨʝʚʘ ʛʘʟʘ ʟʘ ʩʯʝʪ ʧʦʛʣʦʱʝʥʠʷ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʩ ʢʚʘʥʪʦʤ 1.16hn= ʵɺ (1.07l= ʤʢʤ), ʦʩʪʘʚʰʠʤʠʩʷ ʦʪ ʧʨʝʜʳʜʫʱʝʛʦ ʠʤʧʫʣʴʩʘ 

ʚʦʟʙʫʞʜʝʥʥʳʤʠ ʘʪʦʤʘʤʠ ʢʩʝʥʦʥʘ ʚ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʩʦʩʪʦʷʥʠʷʭ 55 6p sʠ 55 6p s¡, ʘ ʪʘʢʞʝ ʚ 

ʨʝʟʦʥʘʥʩʥʳʭ ʩʦʩʪʦʷʥʠʷʭ, ʨʝʣʘʢʩʘʮʠʷ ʢʦʪʦʨʳʭ ʧʨʠ ʚʳʩʦʢʦʤ ʜʘʚʣʝʥʠʠ ʟʘʪʨʫʜʥʝʥʘ ʚʩʣʝʜʩʪʚʠʝ 

ʧʣʝʥʝʥʠʷ ʨʝʟʦʥʘʥʩʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʨʘʥʝʝ, ʟʘ ʧʦʛʣʦʱʝʥʠʝ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫ-

ʯʝʥʠʷ ʢʘʢ ʚ ʥʘʯʘʣʴʥʦʡ, ʪʘʢ ʠ ʚ ʨʘʟʚʠʪʦʡ ʬʘʟʝ ʨʘʟʨʷʜʘ ʚ ʦʩʥʦʚʥʦʤ ʦʪʚʝʯʘʶʪ ʵʣʝʢʪʨʦʥʥʳʝ ʧʝ-

ʨʝʭʦʜʳ ʤʝʞʜʫ ʩʚʷʟʘʥʥʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ ʘʪʦʤʘ ʢʩʝʥʦʥʘ 55 6p sʠ 55 6p p. ɹʳʩʪʨʦʤʫ ʨʘʟʦʛʨʝʚʫ 

ʛʘʟʘ ʩʧʦʩʦʙʩʪʚʫʝʪ ʪʘʢʞʝ ʚʳʩʦʢʘʷ ʩʢʦʨʦʩʪʴ ʨʝʣʘʢʩʘʮʠʠ 6p-ʩʦʩʪʦʷʥʠʡ ʚ 6s ʧʨʠ ʩʪʦʣʢʥʦʚʝʥʠʷʭ 

ʩ ʥʝʡʪʨʘʣʴʥʳʤʠ ʘʪʦʤʘʤʠ ʢʩʝʥʦʥʘ. ʕʪʦʪ ʧʨʦʮʝʩʩ, ʧʨʦʭʦʜʷʱʠʡ ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʘʪʦʤʦʚ 
1910aN > cʤ

-3
 ʟʘ 10t< ʥʩ, ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʳʩʪʨʳʡ ʧʝʨʝʚʦʜ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ 

ʚ ʪʝʧʣʦ ʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʧʨʝʧʷʪʩʪʚʫʝʪ ʥʘʩʳʱʝʥʠʶ ʧʦʛʣʦʱʝʥʠʷ, ʘ ʪʘʢʞʝ ʧʝʨʝʠʟʣʫʯʝʥʠʶ ʵʥʝʨ-

ʛʠʠ, ʠʜʫʱʝʡ ʥʘ ʥʘʛʨʝʚ. 

2.2. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʣʘʟʤʳ ʀʇʆʈ 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʠʤʧʫʣʴʩʥʦʡ ʷʨʢʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʦʧʪʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ, ʩʦʟʜʘʚʘʚʰʘʷ 

ʫʚʝʣʠʯʝʥʥʦʝ ʚ 40 ʨʘʟ ʠʟʦʙʨʘʞʝʥʠʝ ʧʣʘʟʤʳ ʀʇʆʈ. ʅʘ ʠʟʦʙʨʘʞʝʥʠʠ ʥʘʭʦʜʠʣʘʩʴ ʪʦʯʢʘ ʤʘʢʩʠ-

ʤʘʣʴʥʦʡ ʷʨʢʦʩʪʠ, ʚ ʢʦʪʦʨʫʶ ʧʦʤʝʱʘʣʘʩʴ ʚʭʦʜʥʘʷ ʘʧʝʨʪʫʨʘ ʩʚʝʪʦʚʦʜʘ ʜʠʘʤʝʪʨʦʤ 0.45 ʤʤ. 

ɼʣʷ ʩʥʷʪʠʷ ʦʩʮʠʣʣʦʛʨʘʤʤʳ ʠʥʪʝʛʨʘʣʴʥʦʡ ʦʩʚʝʱʝʥʥʦʩʪʠ ʚʳʭʦʜ ʦʧʪʦʚʦʣʦʢʥʘ ʧʦʜʢʣʶʯʘʣʩʷ ʢ 
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ʌʕʋ ʩ ʰʠʨʦʢʦʡ ʧʦʣʦʩʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʬʦʪʦʢʘʪʦʜʘ, ʘ ʜʣʷ ʩʥʷʪʠʷ ʠʥʪʝʛʨʘʣʴʥʦʛʦ ʧʦ ʚʨʝ-

ʤʝʥʠ ʩʧʝʢʪʨʘ ï ʢ ʦʙʟʦʨʥʦʤʫ ʇɿʉ-ʩʧʝʢʪʨʦʤʝʪʨʫ. 

ʉʧʝʢʪʨʦʤʝʪʨ ʠʤʝʣ ʜʠʘʧʘʟʦʥ 200 1100· ʥʤ, ʩʨʝʜʥʝʝ ʨʘʟʨʝʰʝʥʠʝ ʧʦ ʜʣʠʥʘʤ ʚʦʣʥ 0.25 ʥʤ 

ʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʢʘʣʠʙʨʦʚʘʣʩʷ ʧʦ ʘʙʩʦʣʶʪʥʦʡ ʚʝʣʠʯʠʥʝ ʷʨʢʦʩʪʠ ʠʩʪʦʯʥʠʢʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠ-

ʝʤ ʩʪʘʥʜʘʨʪʥʳʭ ʵʪʘʣʦʥʦʚ ʷʨʢʦʩʪʠ ï ʜʝʡʪʝʨʠʝʚʦʡ ʣʘʤʧʳ ʚ ʋʌ-ʜʠʘʧʘʟʦʥʝ ʠ ʣʝʥʪʦʯʥʦʡ ʚʦʣʴʬ-

ʨʘʤʦʚʦʡ ʣʘʤʧʳ ʚ ʚʠʜʠʤʦʤ ʠ ʀʂ-ʜʠʘʧʘʟʦʥʘʭ. ʇʦʣʫʯʝʥʥʳʡ ʫʩʨʝʜʥʝʥʥʳʡ ʧʦ ʚʨʝʤʝʥʠ ʩʧʝʢʪʨ 

ʫʤʥʦʞʘʣʩʷ ʥʘ ʩʢʚʘʞʥʦʩʪʴ, ʦʧʨʝʜʝʣʷʝʤʫʶ ʠʟ ʦʩʮʠʣʣʦʛʨʘʤʤʳ ʠʤʧʫʣʴʩʘ, ʯʪʦʙʳ ʧʦʣʫʯʠʪʴ ʠʤ-

ʧʫʣʴʩʥʫʶ ʩʧʝʢʪʨʘʣʴʥʫʶ ʷʨʢʦʩʪʴ ʀʇʆʈ. ʇʨʠ ʵʪʦʤ ʠʛʥʦʨʠʨʦʚʘʣʘʩʴ ʟʘʚʠʩʠʤʦʩʪʴ ʩʢʚʘʞʥʦʩʪʠ 

ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ. ɺ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʩʢʚʘʞʥʦʩʪʴ ʠʤʧʫʣʴʩʦʚ ʨʘʩʪʝʪ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʜʣʠʥʳ 

ʚʦʣʥʳ, ʧʦʩʢʦʣʴʢʫ ʠʟʣʫʯʝʥʠʝ ʙʦʣʝʝ ʵʥʝʨʛʠʯʥʳʭ ʢʚʘʥʪʦʚ ʩʧʘʜʘʝʪ ʙʳʩʪʨʝʝ, ʥʦ ʧʦʣʥʦʝ ʚʨʝʤʷ 

ʩʧʘʜʘ ʠʟʣʫʯʝʥʠʷ ʧʦ ʦʢʦʥʯʘʥʠʠ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʚʝʣʠʢʦ, ʠ ʚʦʟʤʦʞʥʦʝ ʠʟ-

ʤʝʥʝʥʠʝ ʩʢʚʘʞʥʦʩʪʠ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʩʦʩʪʘʚʣʷʝʪ ʧʦ ʦʮʝʥʢʘʤ ʥʝ ʙʦʣʝʝ 10 15· %. 

ʅʘ ʨʠʩ. 5. ʧʦʢʘʟʘʥʦ ʩʨʘʚʥʝʥʠʝ ʩʧʝʢʪʨʘʣʴʥʦʡ ʷʨʢʦʩʪʠ ʅʆʈ ʠ ʀʇʆʈ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ 

ʨʘʟʥʦʤ ʜʘʚʣʝʥʠʠ ʢʩʝʥʦʥʘ.  

  

 
 

a) 1 11 1p = °ʙʘʨ, 232inP = ɺʪ, 2.7rf = ʢɻʮ ʙ) 2 19 1p = °ʙʘʨ, 270inP = ɺʪ, 2rf = ʢɻʮ 

ʈʠʩ. 5. ʆʩʮʠʣʣʦʛʨʘʤʤʳ ʠʟʣʫʯʝʥʠʷ ʠ ʩʧʝʢʪʨʘʣʴʥʘʷ ʷʨʢʦʩʪʴ ʀʇʆʈ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʅʆʈ, ʧʦʣʫʯʝʥʥʳʝ ʚ 

ʢʩʝʥʦʥʝ ʧʨʠ ʜʘʚʣʝʥʠʠ 1 11 1p = °ʙʘʨ (ʘ) ʠ 2 19 1p = °ʙʘʨ (ʙ). ʇʘʨʘʤʝʪʨ ʬʦʢʫʩʠʨʦʚʢʠ 8F f d= = . 

ʋʢʘʟʘʥʘ ʠʤʧʫʣʴʩʥʘʷ ʤʦʱʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʠ ʯʘʩʪʦʪʘ ʧʦʚʪʦʨʝʥʠʷ. ɺ ʥʝʧʨʝʨʳʚʥʦʤ ʨʝʞʠʤʝ 232inP = ɺʪ. 

ʇʦʤʠʤʦ ʪʦʛʦ, ʯʪʦ ʥʘ ʨʘʟʚʠʪʠʝ ʧʣʘʟʤʳ ʚ ʀʇʆʈ ʧʨʠ p2 = 18-20 ʙʘʨ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷ-
ʥʠʝ ʦʢʘʟʳʚʘʝʪ ʨʝʬʨʘʢʮʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʯʪʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʬʦʨʤʝ ʠʤʧʫʣʴʩʘ ʩʚʝʪʘ ʚ 

ʧʨʦʮʝʩʩʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʣʘʟʤʳ ï ʧʨʦʮʝʩʩ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʩ ʚʳʨʘʞʝʥʥʳʤʠ ʢʦʣʝ-

ʙʘʥʠʷʤʠ ï ʠʤʧʫʣʴʩʥʘʷ ʷʨʢʦʩʪʴ ʧʣʘʟʤʳ ʀʇʆʈ ʧʨʠ ʜʘʚʣʝʥʠʠ p2 ʧʦʯʪʠ ʥʘ ʧʦʨʷʜʦʢ ʧʨʝʚʦʩʭʦʜʠʪ 

ʷʨʢʦʩʪʴ ʧʣʘʟʤʳ ʅʆʈ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʨʠ p1 = 10-12 ʙʘʨ ʷʨʢʦʩʪʴ ʧʣʘʟʤʳ ʀʇʆʈ ʧʨʝʚʦʩʭʦʜʠʪ 

ʷʨʢʦʩʪʴ ʅʆʈ ʥʝ ʥʘʤʥʦʛʦ. ʇʨʠʯʠʥʘ ʪʘʢʦʛʦ ʨʘʟʣʠʯʠʷ ʚ ʷʨʢʦʩʪʠ ʅʆʈ ʠ ʀʇʆʈ ʧʨʠ ʧʦʚʳʰʝʥʥʦʤ 

ʜʘʚʣʝʥʠʠ ʪʘʢʞʝ, ʦʯʝʚʠʜʥʦ, ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʨʦʣʠ ʨʝʬʨʘʢʮʠʠ, ʫʤʝʥʴʰʘʶʱʝʡ ʷʨʢʦʩʪʴ ʫʩʪʘʥʦ-

ʚʠʚʰʝʡʩʷ ʧʣʘʟʤʳ ʅʆʈ. ʅʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʣʘʟʤʳ ʀʇʆʈ ʦʥʘ ʥʘʭʦʜʠʪʩʷ ʚ 

ʦʙʣʘʩʪʠ ʚʳʩʦʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ, ʢʦʛʜʘ ʚʣʠʷʥʠʝ ʨʝʬʨʘʢʮʠʠ ʧʨʘʢʪʠʯʝʩʢʠ ʦʪ-

ʩʫʪʩʪʚʫʝʪ. ʅʘ ʚʳʩʦʢʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʜʚʠʞʫʱʝʡʩʷ ʧʣʘʟʤʳ ʀʇʆʈ ʫʢʘʟʳʚʘʶʪ ʨʝʟʢʦ ʫʩʠʣʠʚ-

ʰʠʝʩʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʅʆʈ ʩʧʝʢʪʨʘʣʴʥʳʝ ʣʠʥʠʠ ʠʦʥʦʚ ʢʩʝʥʦʥʘ ʚ ʦʙʣʘʩʪʠ 220-270 ʥʤ, 
480 ʥʤ ʠ 540 ʥʤ, ʢʘʢ ʤʦʞʥʦ ʚʠʜʝʪʴ ʥʘ ʨʠʩ. 5.  
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2.3. ɼʠʥʘʤʠʢʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʬʨʦʥʪʦʚ ʀʇʆʈ 

ʇʝʨʝʜʚʠʛʘʷ ʧʨʠʝʤʥʫʶ ʘʧʝʨʪʫʨʫ ʦʧʪʦʚʦʣʦʢʥʘ ʚʜʦʣʴ ʦʩʠ ʠʟʦʙʨʘʞʝʥʠʷ ʧʣʘʟʤʳ, ʩ ʧʦʤʦ-

ʱʴʶ ʌʕʋ ʠ ʦʩʮʠʣʣʦʛʨʘʬʘ, ʩʠʥʭʨʦʥʠʟʦʚʘʥʥʦʛʦ ʩ ʣʘʟʝʨʥʳʤʠ ʠʤʧʫʣʴʩʘʤʠ, ʠʟʫʯʘʣʠ ʨʘʩʧʨʦ-

ʩʪʨʘʥʝʥʠʝ ʧʣʘʟʤʝʥʥʳʭ ʬʨʦʥʪʦʚ ʧʦ ʣʘʟʝʨʥʦʤʫ ʣʫʯʫ. ʅʘ ʨʠʩ. 6 ʧʨʝʜʩʪʘʚʣʝʥ ʛʨʘʬʠʢ ʚʨʝʤʝʥʠ 

ʟʘʜʝʨʞʢʠ ʧʨʠʭʦʜʘ ʧʣʘʟʤʝʥʥʦʛʦ ʬʨʦʥʪʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʯʘʣʘ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʚ ʟʘʚʠʩʠʤʦ-

ʩʪʠ ʦʪ ʢʦʦʨʜʠʥʘʪʳ ʧʣʘʟʤʝʥʥʦʛʦ ʬʨʦʥʪʘ ʚʜʦʣʴ ʦʧʪʠʯʝʩʢʦʡ ʦʩʠ z ʚ ʚʠʜʝ ʧʘʨʘʤʝʪʨʘ ʧʦʜʦʙʠʷ 

Ft³ , ʛʜʝ t - ʚʨʝʤʷ, ʧʨʦʰʝʜʰʝʝ ʦʪ ʥʘʯʘʣʘ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ. ʊʦʯʢʘ ʥʘ ʦʧʪʠʯʝʩʢʦʡ ʦʩʠ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʤʠʥʠʤʘʣʴʥʦʡ ʟʘʜʝʨʞʢʝ, ʦʪʚʝʯʘʝʪ ʪʦʯʢʝ ʬʦʢʫʩʘ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʦʪ-

ʩʫʪʩʪʚʠʝ ʧʣʘʟʤʳ. 

  

ʈʠʩ. 6. ʈʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʣʘʟʤʝʥʥʳʭ ʬʨʦʥʪʦʚ ʚ ʀʇʆʈ ʚ ʢʩʝʥʦʥʝ ʧʨʠ 11 1p= °ʙʘʨ, 270P= ɺʪ ʠ 

ʨʘʟʣʠʯʥʳʭ 3.3 8F = ·. ʇʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʘ ʧʦʜʦʙʠʷ Ft³ , ʛʜʝ t - ʚʨʝʤʷ, ʧʨʦ-

ʰʝʜʰʝʝ ʦʪ ʥʘʯʘʣʘ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ, ʦʪ ʢʦʦʨʜʠʥʘʪʳ ʧʣʘʟʤʝʥʥʦʛʦ ʬʨʦʥʪʘ ʚʜʦʣʴ ʦʧʪʠʯʝʩʢʦʡ ʦʩʠ z. 

ʉʧʨʘʚʘ ï ʩʢʦʨʦʩʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʣʘʟʤʝʥʥʦʛʦ ʬʨʦʥʪʘ v ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʨʝʜʥʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ IL, ʧʦʣʫʯʝʥʥʘʷ ʠʟ ʧʨʠʚʝʜʝʥʥʳʭ ʜʘʥʥʳʭ. 

ʇʣʘʟʤʘ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʚ ʦʙʝ ʩʪʦʨʦʥʳ ʦʪ ʬʦʢʫʩʘ ʧʨʠʤʝʨʥʦ ʩ ʦʜʠʥʘʢʦʚʦʡ ʩʢʦʨʦʩʪʴʶ, 

ʧʦʢʘ ʧʣʘʟʤʝʥʥʳʡ ʬʨʦʥʪ ʩ ʟʘʪʝʥʝʥʥʦʡ ʩʪʦʨʦʥʳ ʥʝ ʦʩʪʘʥʘʚʣʠʚʘʝʪʩʷ. ʇʦ ʜʘʥʥʳʤ ʨʠʩ. 6 ʤʦʞʥʦ 

ʦʧʨʝʜʝʣʠʪʴ, ʯʪʦ ʟʘ ʚʨʝʤʷ ʦʪ 1 ʜʦ 100 ʤʢʩ ʩʢʦʨʦʩʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʣʘʟʤʝʥʥʦʛʦ ʬʨʦʥʪʘ 

ʫʙʳʚʘʝʪ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ LI  (IL ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʩʭʦʜʷʱʝʤʩʷ ʣʘ-

ʟʝʨʥʦʤ ʣʫʯʝ), ʫʤʝʥʴʰʘʷʩʴ ʦʪ ʧʝʨʚʦʥʘʯʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʦʢʦʣʦ 100 ʤ/ʩ ʜʦ 10 ʤ/ʩ. ʅʘʙʣʶʜʘʝ-

ʤʳʝ ʩʢʦʨʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʪʚʝʯʘʶʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʥʦʤʫ ʤʝʭʘʥʠʟʤʫ ʩ ʫʯʝʪʦʤ ʛʘʟʦʜʠ-

ʥʘʤʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʦʙʪʝʢʘʥʠʷ ʛʦʨʷʯʠʭ ʦʙʣʘʩʪʝʡ ʧʣʘʟʤʳ ʭʦʣʦʜʥʳʤ ʛʘʟʦʤ. 

ʈʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʣʘʟʤʳ ʧʨʠ ʧʦʚʳʰʝʥʥʦʤ ʜʘʚʣʝʥʠʠ ʥʦʩʠʪ ʙʦʣʝʝ ʩʣʦʞʥʳʡ ʭʘʨʘʢʪʝʨ 

(ʨʠʩ. 7). ʇʨʠ ʙʦʣʴʰʠʭ F ʚ ʙʦʣʝʝ ʧʣʦʪʥʦʡ ʧʣʘʟʤʝ ʧʨʦʷʚʣʷʶʪʩʷ ʵʬʬʝʢʪʳ ʨʝʬʨʘʢʮʠʠ, ʧʨʠʚʦʜʷ-

ʱʠʝ, ʚ ʯʘʩʪʥʦʩʪʠ, ʢ ʧʫʣʴʩʘʮʠʷʤ ʷʨʢʦʩʪʠ ʚ ʧʨʦʮʝʩʩʝ ʫʩʪʘʥʦʚʣʝʥʠʷ ʩʪʘʮʠʦʥʘʨʥʦʡ ʧʣʘʟʤʳ ʧʦ-

ʩʣʝ ʙʳʩʪʨʦʛʦ ʚʢʣʶʯʝʥʠʷ ʣʫʯʘ. ɺ ʠʤʧʫʣʴʩʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ 

ʚ ʣʘʟʝʨʥʦʤ ʣʫʯʝ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʜʨʫʛ ʟʘ ʜʨʫʛʦʤ ʜʚʘ ʧʣʘʟʤʝʥʥʳʭ ʬʨʦʥʪʘ, ʢʦʪʦʨʳʝ ʧʨʠ ʧʝ-

ʨʝʭʦʜʝ ʢ ʥʝʧʨʝʨʳʚʥʦʤʫ ʨʝʞʠʤʫ ʩʣʠʚʘʶʪʩʷ, ʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʟʫʝʪʩʷ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʘʷ 

ʧʣʘʟʤʘ ʩ ʜʚʫʤʷ ʠʣʠ ʙʦʣʝʝ ʤʘʢʩʠʤʫʤʘʤʠ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʷʨʢʦʩʪʠ. ʇʦ ʤʝʨʝ ʢʦʤʧʝʥʩʘʮʠʠ ʚʣʠʷ-

ʥʠʷ ʨʝʬʨʘʢʮʠʠ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ F ʧʣʘʟʤʝʥʥʳʝ ʬʨʦʥʪʳ ʩʣʠʚʘʶʪʩʷ. 

ʅʘʧʨʠʤʝʨ, ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ F ʜʦ 3.3 ʧʨʠ ʜʘʚʣʝʥʠʠ 2 18 20p = · ʙʘʨ ʥʘ ʨʠʩ. 7 ʤʦʞʥʦ 

ʚʠʜʝʪʴ, ʯʪʦ ʬʦʨʤʘ ʠʟʤʝʥʝʥʠʷ ʷʨʢʦʩʪʠ ʥʘ ʧʣʘʟʤʝʥʥʦʤ ʬʨʦʥʪʝ ʩʪʘʥʦʚʠʪʩʷ ʧʦʜʦʙʥʦʡ ʩʣʫʯʘʶ 

8F=  ʧʨʠ 1 10 12p = ·ʙʘʨ (ʨʠʩ. 5). ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʫʤʝʥʴʰʝʥʠʠ F ʜʦ 2.5 3·ʦʥʠ ʩʪʘʥʦʚʷʪʩʷ 

ʩʦʚʝʨʰʝʥʥʦ ʧʦʜʦʙʥʳ, ʥʝʩʤʦʪʨʷ ʥʘ ʩʫʱʝʩʪʚʝʥʥʳʝ ʨʘʟʣʠʯʠʷ ʜʘʚʣʝʥʠʷ ʠ ʧʘʨʘʤʝʪʨʘ ʬʦʢʫʩʠ-

ʨʦʚʢʠ. ʄʦʞʥʦ ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʨʝʬʨʘʢʮʠʠ ʜʚʫʢʨʘʪʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʜʘʚʣʝʥʠʷ 

ʤʦʞʝʪ ʙʳʪʴ ʢʦʤʧʝʥʩʠʨʦʚʘʥʦ ʯʝʪʳʨʝʭʢʨʘʪʥʳʤ ʫʤʝʥʴʰʝʥʠʝʤ ʧʘʨʘʤʝʪʨʘ ʬʦʢʫʩʠʨʦʚʢʠ, ʪ.ʝ. 

ʠʤʝʝʪ ʤʝʩʪʦ ʧʦʜʦʙʠʝ ʩ ʢʨʠʪʝʨʠʝʤ p F . 
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ʈʠʩ. 7. ɼʠʥʘʤʠʢʘ ʧʣʘʟʤʝʥʥʳʭ ʬʨʦʥʪʦʚ ʚ ʀʇʆʈ ʚ ʢʩʝʥʦʥʝ ʧʨʠ 19 1p= °ʙʘʨ ʠ ʨʘʟʣʠʯʥʳʭ ʧʘʨʘʤʝʪʨʘʭ 

ʬʦʢʫʩʠʨʦʚʢʠ 3.3 8F = ·. ʇʨʝʜʩʪʘʚʣʝʥʳ ʦʩʮʠʣʣʦʛʨʘʤʤʳ ʠʟʣʫʯʝʥʠʷ ʧʣʘʟʤʳ ʚ ʪʦʯʢʝ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʷʨʢʦʩʪʠ (ʩʣʝʚʘ), ʘ ʪʘʢʞʝ (ʩʧʨʘʚʘ) ʟʘʚʠʩʠʤʦʩʪʠ, ʘʥʘʣʦʛʠʯʥʳʝ ʨʠʩ. 6, ʧʨʠ 19 1p= °ʙʘʨ, 265
in

P = ɺʪ. 

ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʠ ʧʦʚʳʰʝʥʥʦʤ ʜʘʚʣʝʥʠʠ 2 18 20p = · ʙʘʨ ʨʘʟʣʠʯʠʝ ʩʧʝʢʪʨʘʣʴʥʦʡ 

ʷʨʢʦʩʪʠ ʤʝʞʜʫ ʅʆʈ ʠ ʀʇʆʈ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʤʝʥʴʰʝʥʠʝʤ F, ʪʦ ʝʩʪʴ ʧʦ ʤʝʨʝ ʢʦʤʧʝʥʩʘʮʠʠ 

ʵʬʬʝʢʪʦʚ ʨʝʬʨʘʢʮʠʠ (ʨʠʩ. 8). ɺ ʦʩʥʦʚʥʦʤ ʵʪʦ ʧʨʦʠʩʭʦʜʠʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʠʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʷʨʢʦʩʪʠ ʅʆʈ ʦʪ F. ʗʨʢʦʩʪʴ ʀʇʆʈ ʧʦ ʤʝʨʝ ʢʦʤʧʝʥʩʘʮʠʠ ʨʝʬʨʘʢʮʠʠ ʩ ʫʤʝʥʴʰʝʥʠʝʤ F ʧʦʯʪʠ 

ʥʝ ʨʘʩʪʝʪ, ʠ ʵʪʦ ʧʦʥʷʪʥʦ, ʧʦʩʢʦʣʴʢʫ ʚ ʠʤʧʫʣʴʩʥʦʤ ʨʝʞʠʤʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʣʠʷʥʠʝ ʨʝʬʨʘʢ-

ʮʠʠ ʥʘ ʷʨʢʦʩʪʴ ʧʝʨʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʬʨʦʥʪʘ ʥʝʩʫʱʝʩʪʚʝʥʥʦ. ʇʨʠ 3.3F =  ʠ 2 18 20p = · ʙʘʨ 

ʙʳʣʘ ʜʦʩʪʠʛʥʫʪʘ ʤʘʢʩʠʤʘʣʴʥʘʷ ʩʧʝʢʪʨʘʣʴʥʘʷ ʷʨʢʦʩʪʴ ʀʇʆʈ ʥʘ ʫʨʦʚʥʝ 7 8·ɺʪĿʩʤ-2Öʥʤ-1Öʩʨ-1
 

ʚ ʦʙʣʘʩʪʠ 450 500· ʥʤ, ʯʪʦ ʧʨʘʢʪʠʯʝʩʢʠ ʚʜʚʦʝ ʚʳʰʝ ʤʘʢʩʠʤʘʣʴʥʦʡ ʷʨʢʦʩʪʠ ʅʆʈ ʚ ʪʝʭ ʞʝ 

ʫʩʣʦʚʠʷʭ ʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʚʳʰʝ ʤʘʢʩʠʤʘʣʴʥʦʡ ʷʨʢʦʩʪʠ ʩʝʨʠʡʥʦ ʚʳʧʫʩʢʘʝʤʳʭ ʬʠʨʤʦʡ 

Energetiq Technologies [4, 5] ʠʩʪʦʯʥʠʢʦʚ ʩʚʝʪʘ ʥʘ ʦʩʥʦʚʝ ʅʆʈ. ɿʜʝʩʴ ʩʣʝʜʫʝʪ ʦʛʦʚʦʨʠʪʴʩʷ, ʯʪʦ 

ʩʝʨʠʡʥʳʝ ʠʩʪʦʯʥʠʢʠ ʩ ʜʘʥʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ ʩʨʘʚʥʠʚʘʪʴ ʥʫʞʥʦ ʩ ʦʛʦʚʦʨʢʘʤʠ, ʧʦʩʢʦʣʴʢʫ 

ʚ ʩʝʨʠʡʥʳʭ ʠʩʪʦʯʥʠʢʘʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʣʘʟʝʨʳ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 0.970 0.975· ʤʢʤ, ʘ ʪʘʢʞʝ ʜʨʫ-

ʛʠʝ ʩʠʩʪʝʤʳ ʬʦʢʫʩʠʨʦʚʢʠ, ʜʨʫʛʦʝ ʜʘʚʣʝʥʠʝ ʢʩʝʥʦʥʘ, ʪʘʢ ʯʪʦ ʪʘʤ ʜʨʫʛʠʝ ʫʩʣʦʚʠʷ ʧʦʛʣʦʱʝʥʠʷ 

ʠ ʨʝʬʨʘʢʮʠʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʚʦʟʤʦʞʝʥ ʜʨʫʛʦʡ ʨʝʟʫʣʴʪʘʪ. ʅʦ ʬʠʟʠʯʝ-

ʩʢʠʝ ʷʚʣʝʥʠʷ, ʩʦʧʨʦʚʦʞʜʘʶʱʠʝ ʧʦʜʜʝʨʞʘʥʠʝ ʧʣʘʟʤʳ ʠ ʦʧʨʝʜʝʣʷʶʱʠʝ ʝʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʚ 

ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʘʥʘʣʦʛʠʯʥʳ. 
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F = 8 

F =3,3 

ʈʠʩ. 8. ʉʨʘʚʥʝʥʠʝ ʩʧʝʢʪʨʘʣʴʥʦʡ ʷʨʢʦʩʪʠ ʅʆʈ ʠ ʀʇʆʈ, ʧʦʣʫʯʝʥʥʳʭ ʚ Xe ʧʨʠ 19 1p= °ʙʘʨ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʧʘʨʘʤʝʪʨʘʭ ʬʦʢʫʩʠʨʦʚʢʠ 3.3F =  ʠ 8F = . 

3. ʂʦʤʙʠʥʠʨʦʚʘʥʥʳʝ ʨʝʞʠʤʳ ʧʦʜʜʝʨʞʘʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʨʘʟʨʷʜʘ 

3.1.  ʇʦʜʜʝʨʞʘʥʠʝ ʅʆʈ ʜʠʦʜʥʳʤʠ ʣʘʟʝʨʘʤʠ ʚ ʜʠʘʧʘʟʦʥʝ 0.97· 0.98 ʤʢʤ 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʬʬʝʢʪʦʚ ʧʦʜʜʝʨʞʘʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʨʘʟʨʷʜʦʚ ʠʟʣʫʯʝʥʠʝʤ ʚ ʦʙʣʘʩʪʠ 

ʛʨʫʧʧʳ ʣʠʥʠʡ ʧʦʛʣʦʱʝʥʠʷ ʢʩʝʥʦʥʘ 980 ʥʤ ʭʦʨʦʰʦ ʧʦʜʭʦʜʷʪ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʝ ʜʠʦʜʥʳʝ ʣʘ-

ʟʝʨʥʳʝ ʤʦʜʫʣʠ ʥʘʢʘʯʢʠ ʠʪʪʝʨʙʠʝʚʳʭ ʣʘʟʝʨʦʚ, ʨʘʙʦʪʘʶʱʠʝ ʚ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ  

0.97 0.98· ʤʢʤ. ʊʠʧʠʯʥʳʝ ʜʠʦʜʥʳʝ ʣʘʟʝʨʥʳʝ ʤʦʜʫʣʠ ʩʝʨʠʠ PLD ʢʦʨʧʦʨʘʮʠʠ IPG Photonics 

[14] ʠʤʝʶʪ ʚʳʭʦʜʥʫʶ ʤʦʱʥʦʩʪʴ ʦʪ 30 ʜʦ 60 ɺʪ ʚ ʦʧʪʠʯʝʩʢʦʤ ʚʦʣʦʢʥʝ ʜʠʘʤʝʪʨʦʤ 100 ʤʢʤ ʩ 

ʯʠʩʣʦʚʦʡ ʘʧʝʨʪʫʨʦʡ NA < 0.15. ʇʦʩʣʝʜʥʝʝ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʧʨʠ ʬʦʢʫʩʠʨʦʚʢʝ ʠʟʣʫʯʝʥʠʷ ʦʧʪʠʯʝ-

ʩʢʦʡ ʩʠʩʪʝʤʦʡ ʩ NA > 0.15 ( 3F< ) ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʜʠʘʤʝʪʨ ʣʫʯʘ ʚ ʧʝʨʝʪʷʞʢʝ ʤʝʥʝʝ 100 

ʤʢʤ, ʯʪʦ ʥʝ ʥʘʤʥʦʛʦ ʭʫʞʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠʟʣʫʯʝʥʠʷ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ 

ʉʆ2-ʣʘʟʝʨʦʚ. ʉ ʫʯʝʪʦʤ ʚʳʩʦʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ ʢʩʝʥʦʥʦʚʦʡ ʧʣʘʟʤʳ ʚ ʦʙʣʘʩʪʠ 

980 ʥʤ ʵʪʦ ʥʝʦʙʭʦʜʠʤʦʝ ʠ ʜʦʩʪʘʪʦʯʥʦʝ ʫʩʣʦʚʠʝ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʦʜʜʝʨʞʘʥʠʷ ʅʆʈ. 

ʅʘ ʨʠʩ. 9 ʧʨʠʚʝʜʝʥʘ ʬʦʪʦʛʨʘʬʠʷ ʅʆʈ ʚ ʢʩʝʥʦʥʝ ʧʨʠ 20pº ʙʘʨ, ʧʦʜʜʝʨʞʠʚʘʝʤʦʛʦ ʠʟ-

ʣʫʯʝʥʠʝʤ ʜʠʦʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʤʦʜʫʣʷ PLD-33 ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʴʶ ʦʢʦʣʦ 

30 ɺʪ, ʠʟʣʫʯʘʶʱʝʛʦ ʚ ʩʧʝʢʪʨʘʣʴʥʦʡ ʧʦʣʦʩʝ ʰʠʨʠʥʦʡ ʦʢʦʣʦ 6 ʥʤ ʩ ʮʝʥʪʨʦʤ 978l= ʥʤ. ʇʣʘʟ-

ʤʘ ʅʆʈ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʧʦʯʪʠ ʦʪʜʝʣʴʥʳʭ ʯʘʩʪʝʡ ï ʵʪʦ ʵʬʬʝʢʪ ʨʝʬʨʘʢʮʠʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝ-

ʥʠʷ ʚ ʧʣʘʟʤʝ, ʠʩʩʣʝʜʦʚʘʥʥʳʡ ʚ [6] ʥʘ ʧʨʠʤʝʨʝ ʅʆʈ, ʧʦʜʜʝʨʞʠʚʘʝʤʦʛʦ ʠʟʣʫʯʝʥʠʝʤ ʚʦʣʦʢʦʥ-

ʥʦʛʦ ʠʪʪʝʨʙʠʝʚʦʛʦ ʣʘʟʝʨʘ. ɺ ʩʣʫʯʘʝ ʜʠʦʜʥʦʛʦ ʣʘʟʝʨʘ ʚʙʣʠʟʠ ʛʨʫʧʧʳ ʩʠʣʴʥʳʭ ʣʠʥʠʡ ʧʦʛʣʦ-

ʱʝʥʠʷ ʢʩʝʥʦʥʘ ʵʬʬʝʢʪʳ ʨʝʬʨʘʢʮʠʠ ʫʩʠʣʠʚʘʶʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʧʦʛʣʦʱʝʥʠʝʤ, ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʯʝʛʦ ʅʆʈ ʧʨʠʦʙʨʝʪʘʝʪ ʥʝʦʙʳʯʥʫʶ ʬʦʨʤʫ ʩ ʨʘʟʜʝʣʝʥʠʝʤ ʥʘ ʜʚʘ ʧʣʘʟʤʦʠʜʘ. ɺ ʪʝʭ ʞʝ ʫʩʣʦʚʠ-

ʷʭ ʙʳʣʦ ʚʦʟʤʦʞʥʦ ʧʦʜʜʝʨʞʠʚʘʪʴ ʅʆʈ ʪʘʢʞʝ ʚ ʚʠʜʝ ʦʜʥʦʛʦ ʧʣʘʟʤʦʠʜʘ ʩ ʤʝʥʴʰʠʤ ʧʦʛʣʦʱʝ-

ʥʠʝʤ, ʧʨʠʯʝʤ ʦʜʠʥʦʯʥʳʡ ʧʣʘʟʤʦʠʜ ʤʦʛ ʨʘʩʧʦʣʘʛʘʪʴʩʷ ʢʘʢ ʥʘ ʤʝʩʪʝ ʧʝʨʚʦʛʦ, ʪʘʢ ʠ ʥʘ ʤʝʩʪʝ 

ʚʪʦʨʦʛʦ ʧʣʘʟʤʦʠʜʘ ʥʘ ʨʠʩ. 9, ʧʝʨʝʤʝʱʘʷʩʴ ʧʨʠ ʥʝʙʦʣʴʰʦʤ ʠʟʤʝʥʝʥʠʠ ʤʦʱʥʦʩʪʠ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ.  


