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ʇʨʦʛʨʘʤʤʥʳʡ ʢʦʤʠʪʝʪ ʢʦʥʬʝʨʝʥʮʠʠ 

¶ ɻʘʨʘʥʠʥ ʉʝʨʛʝʡ ɻʨʠʛʦʨʴʝʚʠʯ ï ʘʢʘʜʝʤʠʢ ʈɸʅ, ʜʠʨʝʢʪʦʨ ʀʥʩʪʠʪʫʪʘ 

ʣʘʟʝʨʥʦ-ʬʠʟʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʈʌʗʎ-ɺʅʀʀʕʌ -- ʧʨʝʜʩʝʜʘʪʝʣʴ 

ʇʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʠʪʝʪʘ 

¶ ʂʫʟʥʝʮʦʚ ɸʥʜʨʝʡ ʇʝʪʨʦʚʠʯ ï ʜ.ʬ.-ʤ.ʥ.,  ʜʠʨʝʢʪʦʨ ʀʥʩʪʠʪʫʪʘ ʃʘʇʣʘʟ 

ʅʀʗʋ ʄʀʌʀ ï ʟʘʤ. ʧʨʝʜʩʝʜʘʪʝʣʷ ʇʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʠʪʝʪʘ 

¶ ɹʘʪʘʥʠ ɼʠʥʦ ɼʠʤʠʪʨʠ ï ʋʥʠʚʝʨʩʠʪʝʪ ɹʦʨʜʦ, ʌʨʘʥʮʠʷ 

¶ ɹʘʨʤʘʢʦʚ ʖʨʠʡ ʅʠʢʦʣʘʝʚʠʯ ï ʜ.ʪ.ʥ., ʧʝʨʚʳʡ ʟʘʤʝʩʪʠʪʝʣʴ ʥʘʫʯʥʦʛʦ 

ʨʫʢʦʚʦʜʠʪʝʣʷ ʌɻʋʇ ɺʅʀʀɸ ʠʤ. ʅ.ʃ. ɼʫʭʦʚʘ, ʠ.ʦ. ʜʠʨʝʢʪʦʨʘ 

ʀʥʩʪʠʪʫʪʘ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʭ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʭ ʩʠʩʪʝʤ ʅʀʗʋ 

ʄʀʌʀ 

¶ ɻʘʨʥʦʚ ʉʝʨʛʝʡ ɺʣʘʜʠʤʠʨʦʚʠʯ ï ʯʣʝʥ-ʢʦʨʨ. ʈɸʅ, ʜʠʨʝʢʪʦʨ ʀʥʩʪʠʪʫʪʘ 

ʦʙʱʝʡ ʬʠʟʠʢʠ ʠʤ. ɸ. ʄ. ʇʨʦʭʦʨʦʚʘ ʈɸʅ, ʥʘʫʯʥʳʡ ʨʫʢʦʚʦʜʠʪʝʣʴ 

ʀʥʩʪʠʪʫʪʘ ʃʘʇʣʘʟ ʅʀʗʋ ʄʀʌʀ 

¶ ɻʫʙʠʥ ʉʝʨʛʝʡ ɸʣʝʢʩʘʥʜʨʦʚʠʯ ï ʜ.ʬ-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʟʘʚʝʜʫʶʱʠʡ 

ʢʘʬʝʜʨʦʡ çʍʠʤʠʯʝʩʢʘʷ ʬʠʟʠʢʘè ʅʀʗʋ ʄʀʌʀ 

¶ ɽʚʪʠʭʠʝʚ ʅʠʢʦʣʘʡ ʅʠʢʦʣʘʝʚʠʯ ï ʟʘʤʝʩʪʠʪʝʣʴ ʛʝʥʝʨʘʣʴʥʦʛʦ 

ʜʠʨʝʢʪʦʨʘ ʆʆʆ çʅʊʆ çʀʈʕ-ʇʆʃʖʉè, ʟʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ 

çʃʘʟʝʨʥʘʷ ʬʠʟʠʢʘè ʅʀʗʋ ʄʀʌʀ 

¶ ʀʣʴʢʘʝʚ ʈʘʜʠʡ ʀʚʘʥʦʚʠʯ ï ʘʢʘʜʝʤʠʢ ʈɸʅ, ʧʦʯʝʪʥʳʡ ʥʘʫʯʥʳʡ 

ʨʫʢʦʚʦʜʠʪʝʣʴ ʈʌʗʎ-ɺʅʀʀʕʌ 

¶ ʂʦʣʘʯʝʚʩʢʠʡ ʅʠʢʦʣʘʡ ʅʠʢʦʣʘʝʚʠʯ ï ʯʣʝʥ-ʢʦʨʨ. ʈɸʅ, ʜʠʨʝʢʪʦʨ 

ʌʠʟʠʯʝʩʢʦʛʦ ʠʥʩʪʠʪʫʪʘ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ 

¶ ʂʫʜʨʷʰʦʚ ʅʠʢʦʣʘʡ ɸʣʝʢʩʝʝʚʠʯï  ʜ.ʬ-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʟʘʚʝʜʫʶʱʠʡ 

ʢʘʬʝʜʨʦʡ çʇʨʠʢʣʘʜʥʘʷ ʤʘʪʝʤʘʪʠʢʘè ʅʀʗʋ ʄʀʌʀ 

¶ ʄʝʥʫʰʝʥʢʦʚ ɸʣʝʢʩʝʡ ʇʘʚʣʦʚʠʯ ï ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʠ .ʦ. 

ʟʘʚʝʜʫʶʱʝʛʦ ʢʘʬʝʜʨʦʡ çʌʠʟʠʢʘ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʠ ʥʘʥʦʩʠʩʪʝʤè ʅʀʗʋ 

ʄʀʌʀ 

¶ ʇʦʧʨʫʞʝʥʢʦ ʉʝʨʛʝʡ ɺʘʩʠʣʴʝʚʠʯ ï ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʅʀʗʋ 

ʄʀʌʀ 

¶ ʇʫʨʘʥʩ ʖʨʠʩ ï ʜ.ʬ.-ʤ.ʥ, ʧʨʦʬʝʩʩʦʨ, ʯʣʝʥ ʃʘʪʚʠʡʩʢʦʡ ɸʢʘʜʝʤʠʠ 

ʅʘʫʢ, ʋʥʠʚʝʨʩʠʪʝʪ ʃʘʪʚʠʠ 

¶ ʉʤʠʨʥʦʚ ɺʘʣʝʥʪʠʥ ʇʘʥʪʝʣʝʡʤʦʥʦʚʠʯ ï ʘʢʘʜʝʤʠʢ ʈɸʅ, ɸʆ çʅʘʫʢʘ ʠ 

ʠʥʥʦʚʘʮʠʠè ɻʂ ʈʦʩʘʪʦʤ 

¶ ʉʦʥ ʕʜʫʘʨʜ ɽʚʛʝʥʴʝʚʠʯ ï ʘʢʘʜʝʤʠʢ ʈɸʅ, ʨʫʢʦʚʦʜʠʪʝʣʴ ʅʀʎ-4 

ʆʙʲʝʜʠʥʝʥʥʦʛʦ ʠʥʩʪʠʪʫʪʘ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʈɸʅ 

¶ ʌʝʨʪʤʘʥ ɸʣʝʢʩʘʥʜʨ ɼʘʚʠʜʦʚʠʯ ï ʢ.ʬ.-ʤ.ʥ, ʜʠʨʝʢʪʦʨ ʧʦ ʥʘʫʢʝ 

ʂʣʘʩʪʝʨʘ ʷʜʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʌʦʥʜʘ çʉʢʦʣʢʦʚʦè 
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¶ ʏʝʨʢʦʚʝʮ ɺʣʘʜʠʤʠʨ ɽʚʛʝʥʴʝʚʠʯ ï ʜ.ʬ-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʥʘʫʯʥʳʡ 

ʨʫʢʦʚʦʜʠʪʝʣʴ ɸʆ ɻʅʎ çʊʈʀʅʀʊʀè 

 

ʆʨʛʘʥʠʟʘʮʠʦʥʥʳʡ ʢʦʤʠʪʝʪ ʢʦʥʬʝʨʝʥʮʠʠ 

¶ ʂʫʟʥʝʮʦʚ ɸ.ʇ. ï ʜʠʨʝʢʪʦʨ ʀʥʩʪʠʪʫʪʘ ʃʘʇʣʘʟ, ʅʀʗʋ ʄʀʌʀ, 

ʧʨʝʜʩʝʜʘʪʝʣʴ ʆʨʛʘʥʠʟʘʮʠʦʥʥʦʛʦ ʢʦʤʠʪʝʪʘ 

¶ ɻʝʥʠʩʘʨʝʪʩʢʘʷ ʉ.ɺ. ï ʟʘʤʝʩʪʠʪʝʣʴ ʜʠʨʝʢʪʦʨʘ ʀʥʩʪʠʪʫʪʘ ʃʘʇʣʘʟ, 

ʅʀʗʋ ʄʀʌʀ, ʟʘʤʝʩʪʠʪʝʣʴ ʧʨʝʜʩʝʜʘʪʝʣʷ ʆʨʛʘʥʠʟʘʮʠʦʥʥʦʛʦ 

ʢʦʤʠʪʝʪʘ 

¶ ɹʦʨʠʩʶʢ ʇ.ɺ. ï ʜʦʮʝʥʪ ʦʪʜʝʣʝʥʠʷ ʣʘʟʝʨʥʳʭ ʠ ʧʣʘʟʤʝʥʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ ʦʬʠʩʘ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ ʧʨʦʛʨʘʤʤ, ʯʣʝʥ 

ʆʨʛʘʥʠʟʘʮʠʦʥʥʦʛʦ ʢʦʤʠʪʝʪʘ 

¶ ɻʘʩʧʘʨʷʥ ʖ.ʄ. ð ʜʦʮʝʥʪ ʦʪʜʝʣʝʥʠʷ ʣʘʟʝʨʥʳʭ ʠ ʧʣʘʟʤʝʥʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ ʦʬʠʩʘ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ ʧʨʦʛʨʘʤʤ ʅʀʗʋ ʄʀʌʀ, ʯʣʝʥ 

ʆʨʛʘʥʠʟʘʮʠʦʥʥʦʛʦ ʢʦʤʠʪʝʪʘ 

¶ ɻʦʨʦʜʥʠʯʝʚ ɽ.ɽ. ï ʧʨʦʬʝʩʩʦʨ ʦʪʜʝʣʝʥʠʷ ʣʘʟʝʨʥʳʭ ʠ ʧʣʘʟʤʝʥʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ ʦʬʠʩʘ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ ʧʨʦʛʨʘʤʤ ʅʀʗʋ ʄʀʌʀ, ʯʣʝʥ 

ʆʨʛʘʥʠʟʘʮʠʦʥʥʦʛʦ ʢʦʤʠʪʝʪʘ 

¶ ɻʫʙʩʢʠʡ ʂ.ʃ. ï ʜʦʮʝʥʪ ʦʪʜʝʣʝʥʠʷ ʣʘʟʝʨʥʳʭ ʠ ʧʣʘʟʤʝʥʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ ʦʬʠʩʘ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ ʧʨʦʛʨʘʤʤ ʅʀʗʋ ʄʀʌʀ, ʯʣʝʥ 

ʆʨʛʘʥʠʟʘʮʠʦʥʥʦʛʦ ʢʦʤʠʪʝʪʘ 

¶ ɻʫʩʘʨʦʚʘ ʄ.ɸ. ï ʜʦʮʝʥʪ ʦʪʜʝʣʝʥʠʷ ʣʘʟʝʨʥʳʭ ʠ ʧʣʘʟʤʝʥʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ ʦʬʠʩʘ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ ʧʨʦʛʨʘʤʤ ʅʀʗʋ ʄʀʌʀ, ʯʣʝʥ 

ʆʨʛʘʥʠʟʘʮʠʦʥʥʦʛʦ ʢʦʤʠʪʝʪʘ 
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ʄʀʌʀ, ʯʣʝʥ ʆʨʛʘʥʠʟʘʮʠʦʥʥʦʛʦ ʢʦʤʠʪʝʪʘ 

¶ ʄʘʩʣʝʥʥʠʢʦʚ ʉ.ʇ. ï ʧʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ ˉ24 ʅʀʗʋ ʄʀʌʀ, ʯʣʝʥ 

ʆʨʛʘʥʠʟʘʮʠʦʥʥʦʛʦ ʢʦʤʠʪʝʪʘ 
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ESTIMATION THE PARASITIC PARAMETERS OF POWER 

PULSED DEVICES BY IMAGE REC OGNITION AN D 

MACHINE LEARNING METHODS  

The article reviews the problem of detecting parasitic parameters based on the 

form classification of the output signals of based on machine learning methods and 

pattern recognition in powerful pulse devices with distributed parameters.  Considered 

the linear regression methods, the "Random Forest" model, the k-nearest neighborsô 

algorithm, a one-dimensional convolutional neural network model. Comparison of the 

performance of each approach is given, as well as options for sharing these methods.  

ʋʩʪʨʦʡʩʪʚʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʦʱʥʳʭ ʚʳʩʦʢʦʚʦʣʴʪʥʳʭ ʠʤʧʫʣʴʩʦʚ 

ʤʘʣʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ, ʠʤʝʶʪ ʰʠʨʦʢʠʡ ʢʨʫʛ ʧʨʠʤʝʥʝʥʠʷ ʚ ʫʩʢʦʨʠʪʝʣʷʭ ʠ 

ʫʩʪʘʥʦʚʢʘʭ ʤʝʛʘʩʘʡʝʥʩ ʢʣʘʩʩʘ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʵʪʠʭ ʫʩʪʨʦʡʩʪʚ 

ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʩʠʩʪʝʤʘʭ ʠʟ ʢʦʤʧʦʥʝʥʪʥʳʭ ʠ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ, 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʫʯʠʪʳʚʘʶʱʠʭ ʵʣʝʤʝʥʪʳ ʩ ʩʦʩʨʝʜʦʪʦʯʝʥʥʳʤʠ ʠ 
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ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. ʇʨʦʭʦʞʜʝʥʠʝ ʠʤʧʫʣʴʩʘ ʚ ʩʝʛʤʝʥʪʘʭ 

ʣʠʥʠʠ ʦʧʠʩʳʚʘʝʪʩʷ ʩ ʩʠʩʪʝʤʦʡ ʪʝʣʝʛʨʘʬʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʠ ʨʝʰʘʝʪʩʷ 

ʯʝʨʝʟ ʨʝʢʫʨʨʝʥʪʥʫʶ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʫʶ ʩʭʝʤʫ (1). 

 
ό ὸ Ὕ ”Ὥ ὸ Ὕ ρ ”Ὣ ό ὸ ” ὶὭὸ

ό ὸ Ὕ ”Ὥὸ Ὕ ρ ”Ὣ ό ὸ ” ὶὭ ὸ
   

(1) 

ʟʜʝʩʴ ʚʝʣʠʯʠʥʘ ʪʦʢʘ ï Ὥ  ʠ ʥʘʧʨʷʞʝʥʠʷ ï ό  ʚ ʩʝʢʮʠʠ ʩ ʥʦʤʝʨʦʤ Ὧ
ρ ʦʧʨʝʜʝʣʷʶʪʩʷ ʯʝʨʝʟ ʚʝʣʠʯʠʥʫ ʪʦʢʘ ï Ὥ ʠ ʥʘʧʨʷʞʝʥʠʷ ï ό, 

ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʜʣʠʥʫ ï Ὕ, ʩʦʧʨʦʪʠʚʣʝʥʠʝ ï ὶ ʠ ʧʨʦʚʦʜʠʤʦʩʪʴ ï Ὣ, 

ʚʳʯʠʩʣʝʥʥʳʝ ʜʣʷ ʧʨʝʜʳʜʫʱʝʛʦ ʩʝʛʤʝʥʪʘ ʣʠʥʠʠ (ʩ ʥʦʤʝʨʦʤ Ὧ) [1]. 

ʋʩʧʝʰʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʝʨʝʭʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʩʭʝʤʘʭ 

ʬʦʨʤʠʨʦʚʘʪʝʣʝʡ ʠʤʧʫʣʴʩʦʚ ʧʦʟʚʦʣʠʣʦ ʧʝʨʝʡʪʠ ʢ ʟʘʜʘʯʝ ʦʙʨʘʪʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʜʘʥʥʳʤʠ ʷʚʣʷʶʪʩʷ ʦʩʮʠʣʣʦʛʨʘʤʤʳ, 

ʧʦʢʘʟʳʚʘʶʱʠʝ ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʥʘʛʨʫʟʢʝ ʜʣʠʥʥʦʡ ʣʠʥʠʠ, ʠ ʤʦʛʫʪ ʙʳʪʴ 

ʧʦʣʫʯʝʥʳ ʩʥʘʯʘʣʘ ʥʘ ʩʠʤʫʣʷʪʦʨʘʭ, ʥʘ ʢʦʪʦʨʳʭ ʨʝʟʫʣʴʪʘʪ ʣʝʛʢʦ 

ʧʨʦʚʝʨʠʪʴ, ʘ ʟʘʪʝʤ ʠ ʥʘ ʨʝʘʣʴʥʳʭ ʫʩʪʘʥʦʚʢʘʭ. ɺ ʭʦʜʝ ʨʘʙʦʪʳ ʙʳʣʘ 

ʦʮʝʥʝʥʘ ʨʘʙʦʪʘ ʢʘʞʜʦʡ ʤʦʜʝʣʠ ʧʦ ʤʝʪʨʠʢʝ ʩʨʝʜʥʝʛʦ ʘʙʩʦʣʶʪʥʦʛʦ 

ʦʪʢʣʦʥʝʥʠʷ 

 
ʈʠʩ. 1. ʉʭʝʤʘ ʧʨʦʮʝʩʩʘ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʦʙʨʘʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʉʨʝʜʠ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʤʝʪʦʜʦʚ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʠ ʨʝʛʨʝʩʩʠʠ ʤʦʜʝʣʴ 

ʩʚʝʨʪʦʯʥʦʡ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʧʦʢʘʟʘʣʘ ʥʘʠʣʫʯʰʠʡ ʨʝʟʫʣʴʪʘʪ. [2] 
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ʕʌʌɽʂʊʀɺʅʆʉʊʔ ʀʉʇʆʃʔɿʆɺɸʅʀʗ ʉɺɽʊɸ ʇʈʀ 

ʌʆʊʆɼʀʅɸʄʀʏɽʉʂʆʄ ɺʆɿɼɽʁʉʊɺʀʀ ɺ ʊʆʅʂʀʍ 

ʉɽʅʉʀɹʀʃʀɿʀʈʆɺɸʅʅʓʍ ʉʃʆʗʍ  

 
ɺ ʨʘʙʦʪʝ ʦʮʝʥʝʥʘ ʜʦʣʷ ʵʥʝʨʛʠʠ ʩʚʝʪʘ, ʧʦʛʣʦʱʘʝʤʦʛʦ ʚ ʪʦʥʢʦʤ ʩʣʦʝ 

ʨʘʩʪʚʦʨʦʚ ʬʦʪʦʩʝʥʩʠʙʠʣʠʟʘʪʦʨʦʚ, ʢʦʪʦʨʘʷ ʟʘʚʠʩʠʪ ʦʪ ʵʢʩʪʠʥʢʮʠʠ 

ʬʦʪʦʩʝʥʩʠʙʠʣʠʟʘʪʦʨʘ, ʝʛʦ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʪʦʣʱʠʥʳ ʩʣʦʷ, ʜʣʠʥʳ ʚʦʣʥʳ ʠ ʬʦʨʤʳ 

ʩʧʝʢʪʨʘ ʠʟʣʫʯʝʥʠʷ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʠʧʘ ʠʩʪʦʯʥʠʢʘ ʦʙʣʫʯʝʥʠʷ ʠʟʤʝʥʷʝʪʩʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʬʦʪʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. 
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THE EFFICIENCY OF USING LIGHT IN PHOTODYNAMIC 

TREATMENT OF THIN SENSITIZED LAYERS  

In the work, we evaluate the fraction of light energy absorbed in a thin layer of 

photosensitizer solutions, which depends on the photosensitizer extinction, its 

concentration, layer thickness, the shape and wavelength of the light source emission 

spectrum. The efficiency of photodynamic action varies depending on the type of 

radiation source. 

ɼʣʷ ʨʝʰʝʥʠʷ ʤʥʦʛʠʭ ʟʘʜʘʯ ʬʦʪʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ (ʌɺ) 

ʥʝʦʙʭʦʜʠʤʦ ʚʦʟʙʫʞʜʘʪʴ ʬʦʪʦʩʝʥʩʠʙʠʣʠʟʘʪʦʨʳ (ʌʉ) ʚ ʪʦʥʢʠʭ (<5 ʤʤ) 

ʩʣʦʷʭ ʩʝʥʩʠʙʠʣʠʟʠʨʦʚʘʥʥʳʭ ʢʦʤʧʦʟʠʮʠʡ ʩ ʙʠʦʢʣʝʪʢʘʤʠ, ʥʘʧʨʠʤʝʨ, ʧʨʠ 

ʬʦʪʦʜʠʥʘʤʠʯʝʩʢʦʡ ʠʥʘʢʪʠʚʘʮʠʠ ʧʘʪʦʛʝʥʦʚ ʥʘ ʨʘʟʥʳʭ ʧʦʚʝʨʭʥʦʩʪʷʭ ʠ 

ʪ.ʜ. 
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ɼʦʣʷ ɖ ʵʥʝʨʛʠʠ ʩʚʝʪʘ, ʧʦʛʣʦʱʘʝʤʦʛʦ ʚ ʩʣʦʝ ʪʦʣʱʠʥʦʡ L, 

ʩʝʥʩʠʙʠʣʠʟʠʨʦʚʘʥʥʦʤ ʌʉ ʩ ʵʢʩʪʠʥʢʮʠʝʡ Ů ʠ ʤʦʣʷʨʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 

c, ʤʦʞʝʪ ʙʳʪʴ ʦʮʝʥʝʥʘ:  

– ρ
᷿ Ὅ‗ Ὡ Ȣ Ὠ‗ 

᷿ Ὅ‗ Ὠ‗
  

Ὀ‗ ‐ὃ‗ὅὒ  

ɿʜʝʩʴ, ɚ1 ʠ ɚ2 ð ʛʨʘʥʠʮʳ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʜʠʘʧʘʟʦʥʘ, ʚ ʢʦʪʦʨʦʤ ʣʝʞʠʪ 

ʩʧʝʢʪʨ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ, A(ɚ) ð ʥʦʨʤʠʨʦʚʘʥʥʳʡ ʩʧʝʢʪʨʘʣʴʥʳʡ 

ʢʦʥʪʫʨ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ ʌʉ, I(ɚ) ð ʥʦʨʤʠʨʦʚʘʥʥʳʡ ʩʧʝʢʪʨ 

ʠʟʣʫʯʝʥʠʷ ʠʩʪʦʯʥʠʢʘ (ʥʦʨʤʠʨʦʚʢʘ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʫʪʝʤ ʜʝʣʝʥʠʷ 

ʩʧʝʢʪʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʥʘ ʝʛʦ ʠʥʪʝʛʨʘʣʴʥʫʶ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ).  

ʆʮʝʥʢʠ ʧʦ ʵʪʦʡ ʬʦʨʤʫʣʝ ʜʣʷ ʌʉ ʥʘ ʦʩʥʦʚʝ: ʤʝʪʠʣʝʥʦʚʦʛʦ ʩʠʥʝʛʦ 

(C16H18ClN3S), ʭʦʣʦʩʝʥʩʘ (ZnPcChol8), ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʙʘʢʪʝʨʠʦʭʣʦʨʠʥʘ 

(3-PyBrE)4BCBr4) ð ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʨʘʩʪʚʦʨʦʚ ʌʉ 

ʢʦʥʮʝʥʪʨʘʮʠʡ 1-10 ʤʢʄ ʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʵʥʝʨʛʠʠ ʩʚʝʪʘ ʥʝ 

ʧʦʛʣʦʱʘʝʪʩʷ, ʘ ʚʳʭʦʜʠʪ ʟʘ ʧʨʝʜʝʣʳ ʩʝʥʩʠʙʠʣʠʟʠʨʦʚʘʥʥʦʛʦ ʩʣʦʷ. 

ʅʘʠʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ ɖ ʜʦʩʪʠʛʘʶʪʩʷ ʧʨʠ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʤ 

ʚʦʟʙʫʞʜʝʥʠʠ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʉʀɼ ʜʦʩʪʠʛʘʶʪʩʷ ʙʣʠʟʢʠʝ ʢ ʥʠʤ 

ʟʥʘʯʝʥʠʷ ɖ. 

   

ʘ ʚ ʩ 
ʈʠʩ.1. ɿʘʚʠʩʠʤʦʩʪʴ ʜʦʣʠ ʧʦʛʣʦʱʝʥʥʦʡ ʩʚʝʪʦʚʦʡ ʵʥʝʨʛʠʠ ʦʪ ʪʦʣʱʠʥʳ 

ʩʝʥʩʠʙʠʣʠʟʠʨʦʚʘʥʥʦʛʦ ʩʣʦʷ (ɸ- C16H18ClN3S, ɺ- ZnPcChol8; ʉ-(3-

PyBrE)4BCBr4): 1-ʣʘʟʝʨ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ, ʩʦʚʧʘʜʘʶʱʝʡ ʩ ʜʣʠʥʦʡ 

ʚʦʣʥʳ ʤʘʢʩʠʤʫʤʘ ʧʦʛʣʦʱʝʥʠʷ ʌʉ (c = 10 ʤʢʄ); 2 ï ʉʀɼ (c = 10 ʤʢʄ); 3-

ʰʠʨʦʢʦʧʦʣʦʩʥʳʡ ʠʩʪʦʯʥʠʢ ʠʟʣʫʯʝʥʠʷ ʩ ʰʠʨʠʥʦʡ ʧʦʣʦʩʳ 100 ʥʤ (c =  10 

ʤʢʄ); 4 - ʣʘʟʝʨ (c = 3 ʤʢʄ); 5 ï ʉʀɼ (c =  ʌʉ 3 ʤʢʄ) 

ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʰʠʨʦʢʦʧʦʣʦʩʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʩʚʝʪʘ ʩ 

ʧʨʦʧʫʩʢʘʶʱʠʤʠ ʧʦʣʦʩʦʚʳʤʠ ʬʠʣʴʪʨʘʤʠ ʧʦʪʝʨʠ ʠʟʣʫʯʝʥʠʷ 

ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝ. ɿʥʘʯʝʥʠʷ ɖ ʜʣʷ ʪʘʢʠʭ ʠʩʪʦʯʥʠʢʦʚ ʤʦʛʫʪ ʙʳʪʴ ʚ 

1,5ï2 ʨʘʟʘ ʥʠʞʝ ʟʥʘʯʝʥʠʡ ɖ ʜʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʣʘʟʝʨʦʤ ʠʣʠ ʉʀɼ, ʦʥʠ ʥʝ 

ʧʨʝʚʳʰʘʝʪ 43% ʜʘʞʝ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʌʉ ʩ ʚʳʩʦʢʦʡ Ů (ZnPcChol8) ʩ c=10 

ʤʢʄ, ʘ ʜʣʷ ʌʉ ʩ ʤʝʥʴʰʝʡ Ů (C16H18ClN3S, ʭʣʦʨʠʥʦʚ) ʩʦʩʪʘʚʣʷʝʪ ʪʦʣʴʢʦ 
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20-25% (ʧʨʠ 3 ʤʢʄ ʵʪʠ ʟʥʘʯʝʥʠʷ ʫʤʝʥʴʰʘʶʪʩʷ, ʜʦ 13 ʠ 7%, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ).  

ʈʘʙʦʪʘ ɽ.ɺ. ɸʭʣʶʩʪʠʥʦʡ, ɽ.ɸ. ʂʦʛʘʥ, ʉ.ɸ. ɻʦʥʯʫʢʦʚʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ 

ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ˉ 20-52-18008, ʈʘʙʦʪʘ ɻ.ɸ. ʄʝʝʨʦʚʠʯʘ, ʄ.ɻ. 
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ʇʆʃʋʇʈʆɺʆɼʅʀʂʆɺʓʁ ɼʀʉʂʆɺʓʁ ʃɸɿɽʈ ʉ 

ɼʃʀʅʆʁ ɺʆʃʅʓ ʀɿʃʋʏɽʅʀʗ 497 ʅʄ  

 
ʀʩʩʣʝʜʦʚʘʥ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʜʠʩʢʦʚʳʡ ʣʘʟʝʨ c ʦʧʪʠʯʝʩʢʦʡ ʥʘʢʘʯʢʦʡ ʥʘ 

ʦʩʥʦʚʝ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ, ʩʦʜʝʨʞʘʱʝʡ 10 ʩʜʚʦʝʥʥʳʭ ʢʚʘʥʪʦʚʳʭ ʷʤ (ʂʗ) 

CdS/ZnSe ʩ ʨʘʟʨʳʚʘʤʠ ʟʦʥ ʚʪʦʨʦʛʦ ʪʠʧʘ. 
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SEMICONDUCTOR DISK LASER WITH A RADIATION 

WAVELENGTH OF 497 NM 

An optically pumped semiconductor disk laser based on a heterostructure 

containing ten CdS/ZnSe coupled quantum wells with type-II band offsets is studied. 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʟʨʘʙʦʪʢʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʜʠʩʢʦʚʳʭ ʣʘʟʝʨʦʚ 

(ʇɼʃ) ʩʚʷʟʘʥʘ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʛʝʥʝʨʠʨʦʚʘʥʠʷ ʚ ʥʠʭ ʚʳʩʦʢʦʡ ʤʦʱʥʦʩʪʠ 

ʧʨʠ ʢʘʯʝʩʪʚʝ ʧʫʯʢʘ ʩ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʨʘʩʭʦʜʠʤʦʩʪʴʶ ʚ ʩʫʱʝʩʪʚʝʥʥʦ 

ʰʠʨʦʢʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ. ɼʘʥʥʳʡ ʪʠʧ ʣʘʟʝʨʦʚ ʠʥʪʝʥʩʠʚʥʦ 

ʨʘʟʚʠʚʘʶʪʩʷ ʚ ʧʦʩʣʝʜʥʠʝ 10 ʣʝʪ ʤʥʦʛʠʤʠ ʣʘʙʦʨʘʪʦʨʠʷʤʠ ʨʘʟʚʠʪʳʭ 

ʩʪʨʘʥ. ʅʘ ʠʭ ʦʩʥʦʚʝ ʨʝʘʣʠʟʫʶʪʩʷ ʢʦʛʝʨʝʥʪʥʳʝ ʠʩʪʦʯʥʠʢʠ 

ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ ʠ ʚʠʜʠʤʦʛʦ ʜʠʘʧʘʟʦʥʘ, ʦʧʪʠʯʝʩʢʠʝ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʛʝʥʝʨʘʪʦʨʳ ʩʨʝʜʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ, ʪʝʨʘʛʝʨʮʦʚʳʝ 

ʢʦʛʝʨʝʥʪʥʳʝ ʠʟʣʫʯʘʪʝʣʠ, ʘ ʪʘʢʞʝ ʛʝʥʝʨʘʪʦʨʳ ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ 

ʠʤʧʫʣʴʩʦʚ ʩ ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʦʡ ʧʦʚʪʦʨʝʥʠʷ [1]. ɹʣʘʛʦʜʘʨʷ ʵʪʦʤʫ ʜʘʥʥʳʡ 

ʪʠʧ ʣʘʟʝʨʦʚ ʧʝʨʩʧʝʢʪʠʚʝʥ ʜʣʷ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʧʨʠʤʝʥʝʥʠʡ ʚ ʨʘʟʥʳʭ 

ʦʙʣʘʩʪʷʭ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ, ʚ ʤʝʜʠʮʠʥʝ, ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʣʘʟʝʨʥʦʡ 

ʣʦʢʘʮʠʠ, ʚ ʧʨʦʝʢʮʠʦʥʥʦʤ ʪʝʣʝʚʠʜʝʥʠʠ ʠ ʜʠʩʧʣʝʡʥʳʭ ʪʝʭʥʦʣʦʛʠʷʭ, ʜʣʷ 

ʧʨʦʜʦʣʴʥʦʡ ʥʘʢʘʯʢʠ ʜʣʠʥʥʳʭ ʣʘʟʝʨʥʳʭ ʩʨʝʜ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʳ ʩʦʦʙʱʘʝʤ ʦ ʨʝʘʣʠʟʘʮʠʠ ʧʝʨʚʦʛʦ ʇɼʃ ʩ 

ʦʧʪʠʯʝʩʢʦʡ ʥʘʢʘʯʢʦʡ, ʠʟʣʫʯʘʶʱʝʛʦ ʥʘ ʦʩʥʦʚʥʦʡ ʯʘʩʪʦʪʝ ʚ ʩʠʥʝ-ʟʝʣʝʥʦʡ 

ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ. ʉ ʵʪʦʡ ʮʝʣʴʶ ʤʝʪʦʜʦʤ ʧʘʨʦʬʘʟʥʦʡ ʵʧʠʪʘʢʩʠʠ ʠʟ 

ʤʝʪʘʣʣʦʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʙʳʣʘ ʚʳʨʘʱʝʥʘ ʥʘʥʦʨʘʟʤʝʨʥʘʷ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘ, ʩʦʜʝʨʞʘʱʘʷ 10 ʩʜʚʦʝʥʥʳʭ ʢʚʘʥʪʦʚʳʭ ʷʤ CdS/ZnSe 

(ZnSe (4 ʥʤ)/CdS (2 ʥʤ)/ZnSe (2 ʥʤ)/CdS (2 ʥʤ)/ZnSe (4 ʥʤ)), 

ʨʘʟʜʝʣʝʥʥʳʭ ʙʘʨʴʝʨʥʳʤʠ ʩʣʦʷʤʠ ZnSSe (86 ʥʤ). ʀʟ ʜʘʥʥʦʡ 
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ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʙʳʣ ʠʟʛʦʪʦʚʣʝʥ ʘʢʪʠʚʥʳʡ ʵʣʝʤʝʥʪ ʇɼʃ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʧʨʦʜʦʣʴʥʦʡ ʥʘʢʘʯʢʝ ʠʟʣʫʯʝʥʠʝʤ 

ʠʤʧʫʣʴʩʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʦʛʦ N2-ʣʘʟʝʨʘ ʜʦʩʪʠʛʥʫʪʘ ʧʠʢʦʚʘʷ ʤʦʱʥʦʩʪʴ 

ʠʟʣʫʯʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʜʠʩʢʦʚʦʛʦ ʣʘʟʝʨʘ 0.75 ɺʪ ʥʘ ʜʣʠʥʝ 

ʚʦʣʥʳ 496.5 ʥʤ (ʨʠʩ.1) ʧʨʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʘ 3 ʥʩ ʠ ʯʘʩʪʦʪʝ 

ʩʣʝʜʦʚʘʥʠʷ 100 ɻʮ. ɼʠʬʬʝʨʝʥʮʠʘʣʴʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʣʝʟʥʦʛʦ 

ʜʝʡʩʪʚʠʷ (ʂʇɼ) ʩʦʩʪʘʚʠʣ 2.7%. ʇʨʠ ʜʣʠʥʝ ʨʝʟʦʥʘʪʦʨʘ 1.1 ʤʤ ʧʦʣʥʳʡ 

ʫʛʦʣ ʨʘʩʭʦʜʠʤʦʩʪʠ ʠʟʤʝʥʷʣʩʷ ʦʪ 5 ʤʨʘʜ ʚʙʣʠʟʠ ʧʦʨʦʛʘ ʛʝʥʝʨʘʮʠʠ ʜʦ 15 

ʤʨʘʜ ʧʨʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ. 

 

 
ʈʠʩ. 1. ʉʧʝʢʪʨ ʢʘʪʦʜʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠʩʭʦʜʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʵʥʝʨʛʠʠ 

ʵʣʝʢʪʨʦʥʦʚ 10 ʠ 30 ʢʵɺ ʠ ʪʦʢʝ 4 ʤʢɸ (ʘ) ʠ ʩʧʝʢʪʨ ʛʝʥʝʨʘʮʠʠ ʣʘʟʝʨʘ ʧʨʠ ʜʣʠʥʝ 

ʨʝʟʦʥʘʪʦʨʘ Lc = 1.1 ʤʤ (ʙ) 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʚ 

ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 20-32-90022. 

 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. O.G. Okhotnikov, Semiconductor Disk Lasers: Physics and Technology. (Weinheim: 

Wiley-VCH, 2010). 
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ʗ.ɺ. ɻʈʋɼʎʓʅ1, ʀ.ʆ. ʂʀʅʗɽɺʉʂʀʁ1, ɸ.ɺ. ʂʆʈʀɹʋʊ1, 

ʃ. ɺ. ʉɽʃɽɿʅɪɺ1, ʖ.ɸ. ɻɽʈɸʉʀʄʆɺɸ1,2, 

ɸ.ɸ. ʈʆɻɸʐɽɺʉʂʀʁ1 
1ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ 

2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè 

 

ɺʅʋʊʈʀʀʄʇʋʃʔʉʅɸʗ ʈɸɿʅʆʉʊʅɸʗ ɻɽʅɽʈɸʎʀʗ 

ʏɸʉʊʆʊʓ ɺ ʉʈɽɼʅɽʄ ʀʂ ɼʀɸʇɸɿʆʅɽ (8.5-13.5 ʤʢʤ) 

ʇʆʉʃɽ ʋʐʀʈɽʅʀʗ ʉʇɽʂʊʈɸ ʉʆ ʉʄɽʑɽʅʀɽʄ ɺ 

ʂʈɸʉʅʋʖ ʏɸʉʊʔ ɺ ʇʆʉʊʌʀʃɸʄɽʅʊɸʎʀʆʅʅʆʄ 

ʂɸʅɸʃɽ 

 
ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ 

(720-840 ʥʤ) ʩʧʝʢʪʨʘ, ʩʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʝʤ Ti:Sa ʣʘʟʝʨʘ ʚ 

ʧʦʩʪʬʠʣʘʤʝʥʪʘʮʠʦʥʥʦʤ ʢʘʥʘʣʝ, ʜʣʷ ʚʥʫʪʨʠʠʤʧʫʣʴʩʥʦʡ ʛʝʥʝʨʘʮʠʠ ʨʘʟʥʦʩʪʥʦʡ 

ʯʘʩʪʦʪʳ ʚ ʥʝʣʠʥʝʡʥʦʤ ʢʨʠʩʪʘʣʣʝ LiGaS2. ʇʦʣʫʯʝʥʘ ʛʝʥʝʨʘʮʠʷ ʢʦʛʝʨʝʥʪʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʩʦ ʩʧʝʢʪʨʦʤ ʚ ʩʨʝʜʥʝʤ ʠʥʬʨʘʢʨʘʩʥʦʤ ʜʠʘʧʘʟʦʥʝ (8.5-13.5 ʤʢʤ ʧʦ 

ʫʨʦʚʥʶ e-2 , ʦʪʚʝʯʘʝʪ ʩʧʝʢʪʨʘʣʴʥʦ-ʦʛʨʘʥʠʯʝʥʥʦʤʫ ʠʤʧʫʣʴʩʫ ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 47 

ʬʩ ʠʣʠ 1.3 ʧʝʨʠʦʜʫ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 10.9 ʤʢʤ). 

 

YA. V. GRUDTSYN1, I.O. KINYAEVSKIY 1, A. V. KORIBUT1, 

L. V. SELEZNEV1, YU. A. GERASIMOVA1,2, A. A. 

ROGASHEVSKII1 
1P.N.Lebedev Physical Institute of the RAS, Moscow 

2National research nuclear university MEPhI (Moscow engineering physics 

institute) 

 

BROADBAND (8.5-13.5 ɛm) INTRA-PULSE DIFFERENT 

FREQUENCY GENERATION AFTER RED SHIFT IN POST -

FILAMENT CHANNEL  

 
In the post-filament channel propagation regime of Ti:Sapphire laser pulse 

redshifted SPM-like spectrum in the range from 720 nm to 840 nm has been generated. 

Using this source for intrapulse different frequency generation in LiGaS2 we 

experimentally obtained mid-infrared coherent radiation with spectrum from 8.5 ɛm 

to 13.5 ɛm at the e-2 level (corresponds to 47 fs of transform limited pulse duration or 

1.3 period at 10.9 ɛm).  1132 x 849 

 

ʀʩʪʦʯʥʠʢʠ ʫʣʴʪʨʘʢʦʨʦʪʢʠʭ ʠʤʧʫʣʴʩʦʚ ʚ ʩʨʝʜʥʝʤ ʀʂ-ʜʠʘʧʘʟʦʥʝ 

ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʠʟʤʝʨʝʥʠʷʭ ʩ ʚʳʩʦʢʠʤ ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ 

[1], ʚ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʚ ʪ.ʯ. ʜʣʷ ʤʝʜʠʮʠʥʩʢʠʭ ʮʝʣʝʡ [2], ʚ ʠʟʫʯʝʥʠʠ 

ʙʳʩʪʨʳʭ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ [3].  
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ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʧʦʣʫʯʝʥʠʷ ʢʦʛʝʨʝʥʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʩʨʝʜʥʝʤ 

ʀʂ-ʜʠʘʧʘʟʦʥʝ ʷʚʣʷʝʪʩʷ ʚʥʫʪʨʠʠʤʧʫʣʴʩʥʘʷ ʛʝʥʝʨʘʮʠʷ ʨʘʟʥʦʩʪʥʦʡ 

ʯʘʩʪʦʪʳ (ɻʈʏ). ʇʨʠ ʵʪʦʤ ʥʝ ʪʨʝʙʫʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʚʫʭ ʦʪʜʝʣʴʥʳʭ 

ʧʫʯʢʦʚ ʥʘʢʘʯʢʠ, ʦʜʥʘʢʦ ʥʝʦʙʭʦʜʠʤ ʩʧʝʢʪʨ ʥʘʯʘʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ 

ʰʠʨʠʥʦʡ ʜʝʩʷʪʢʠ ʥʘʥʦʤʝʪʨʦʚ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʫʰʠʨʝʥʠʝ 

ʩʧʝʢʪʨʘ ʚ ʧʦʩʪʬʠʣʘʤʝʥʪʘʮʠʦʥʥʦʤ ʢʘʥʘʣʝ. ʉʧʝʢʪʨ ʧʨʠʦʙʨʝʪʘʝʪ 

ʜʚʫʭʧʠʢʦʚʫʶ ʩʪʨʫʢʪʫʨʫ, ʥʝʦʙʭʦʜʠʤʫʶ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʨʘʟʥʦʩʪʥʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ, ʧʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʝʛʦ ʩʤʝʱʝʥʠʝ ʚ ʢʨʘʩʥʫʶ ʯʘʩʪʴ. 

ʇʦʜʦʙʥʦʝ ʩʤʝʱʝʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʛʘʟʦʥʘʧʦʣʥʝʥʥʳʭ ʢʘʧʠʣʣʷʨʘʭ [4]. 

ɼʣʷ ʨʘʟʥʦʩʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʢʨʠʩʪʘʣʣ LiGaS2 ʩ 

ʰʠʨʦʢʦʡ ʧʦʣʦʩʦʡ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʚ ʦʙʣʘʩʪʠ ʜʣʠʥ ʚʦʣʥ ʚʳʰʝ 8 

ʤʢʤ. ʋʰʠʨʝʥʠʝ (ʨʠʩ. 1), ʦʪʚʝʯʘʶʱʝʝ ʛʝʥʝʨʘʮʠʠ 10 ʤʢʤ, ʥʘʙʣʶʜʘʣʦʩʴ 

ʜʣʷ ʠʟʣʫʯʝʥʠʷ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 744 ʥʤ ʧʨʠ ʥʘʯʘʣʴʥʦʡ ʵʥʝʨʛʠʠ 1.8 ʤɼʞ, 

ʜʣʠʪʝʣʴʥʦʩʪʠ 100 ʬʩ ʠ ʬʦʢʫʩʠʨʦʚʢʝ ʩʬʝʨʠʯʝʩʢʠʤ ʟʝʨʢʘʣʦʤ ʩ ʬʦʢʫʩʥʳʤ 

ʨʘʩʩʪʦʷʥʠʝʤ 2.5 ʤ.  

ʉʧʝʢʪʨ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠʟʤʝʨʷʣʩʷ ʩʢʘʥʠʨʫʶʱʠʤ 

ʩʧʝʢʪʨʦʤʝʪʨʦʤ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʦʣʫʯʝʥʘ ʛʝʥʝʨʘʮʠʷ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʦʢʦʣʦ 10-4, ʦʜʥʘʢʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʦʞʝʪ ʙʳʪʴ 

ʩʫʱʝʩʪʚʝʥʥʦ ʫʚʝʣʠʯʝʥʘ ʧʨʠ ʢʦʤʧʝʥʩʘʮʠʠ ʜʠʩʧʝʨʩʠʠ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʌʦʥʜʘ 

ʌʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʀʩʩʣʝʜʦʚʘʥʠʡ (ʈʌʌʀ) (20-32-70015). 

 

 

ʈʠʩ. 1. ʉʧʝʢʪʨ ʮʝʥʪʨʘʣʴʥʦʛʦ ʷʨʢʦʛʦ 

ʧʷʪʥʘ ʧʨʠ ʵʥʝʨʛʠʠ 1.8 ʤɼʞ 

ʈʠʩ. 2. ʉʧʝʢʪʨ ʨʘʟʥʦʩʪʥʦʡ ʯʘʩʪʦʪʳ 

 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Stepanov E. A., Lanin A. A., et. al. // Sci. Rep. 2015. V.4. P.6670. 

2. Seddon A. B. // 16th International Conference on Transparent Optical Networks (ICTON). 

2014. P.1. 

3. Bakker H. J., Skinner J.L. // Chem. Rev. 2010. V.110. P.1498. 

4. Carpeggiani P. A., Coccia G., et. al. // Optica 2020, V.7. P.1349.  
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ɺ.ɽ. ɻʈʀʐʂʆɺ1, ʉ.ɸ. ʋʈʖʇʀʅ1,2 
1ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ    

2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ɻɽʅɽʈɸʎʀʗ ʊɻʎ ʀɿʃʋʏɽʅʀʗ ɺ ʅɸʅʆʉʊʈʋʂʊʋʈɽ 

ʇʆʃʋʇʈʆɺʆɼʅʀʂ-ʄɽʊɸʃ, ʅɸ ʂʆʊʆʈʋʖ 

ɺʆɿɼɽʁʉʊɺʋɽʊ ʉʌʆʂʋʉʀʈʆɺɸʅʅʓʁ 

ʌɽʄʊʆʉɽʂʋʅɼʅʓʁ ʀʄʇʋʃʔʉ 
 

ʀʩʩʣʝʜʦʚʘʥʘ ʛʝʥʝʨʘʮʠʷ ʪʝʨʘʛʝʨʮʦʚʦʛʦ (ʊɻʮ) ʠʟʣʫʯʝʥʠʷ ʧʨʠ 

ʧʦʥʜʝʨʦʤʦʪʦʨʥʦʤ ʚʦʟʜʝʡʩʪʚʠʷ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʥʘ ʩʣʦʡ 

ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ, ʥʘʥʝʩʝʥʥʳʡ ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʫʶ ʧʦʚʝʨʭʥʦʩʪʴ. ɺ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ, ʧʨʦʟʨʘʯʥʳʭ ʜʣʷ ʊɻʮ ʠʟʣʫʯʝʥʠʷ, ʥʘʙʣʶʜʘʝʪʩʷ ʧʠʢ ʚ ʩʧʝʢʪʨʝ 

ʠʟʣʫʯʝʥʠʷ ʥʘ ʧʣʘʟʤʝʥʥʦʡ ʯʘʩʪʦʪʝ ʵʣʝʢʪʨʦʥʦʚ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʪʥʦʩʠʪʝʣʴʥʦʤʫ 

ʫʚʝʣʠʯʝʥʠʶ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ ʠ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʦʩʮʠʣʣʷʮʠʷʭ ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʧʦʣʷ 

ʧʦʩʣʝ ʚʳʢʣʶʯʝʥʠʷ ʠʤʧʫʣʴʩʘ. ʆʧʪʠʤʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʛʝʥʝʨʘʮʠʠ ʨʝʘʣʠʟʫʶʪʩʷ 

ʪʦʛʜʘ, ʢʦʛʜʘ ʨʘʟʤʝʨ ʬʦʢʫʩʥʦʛʦ ʧʷʪʥʘ ʩʨʘʚʥʠʤ ʩ ʜʣʠʥʦʡ ʠʤʧʫʣʴʩʘ ʠ ʛʣʫʙʠʥʦʡ 

ʩʢʠʥ-ʩʣʦʷ. ɽʩʣʠ ʥʘ ʫʜʚʦʝʥʥʦʡ ʪʦʣʱʠʥʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʫʢʣʘʜʳʚʘʝʪʩʷ ʥʝʯʝʪʥʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʧʦʣʫʚʦʣʥ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ 

ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʝʪ. ɺ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ GaAs ʠ GaSb ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʫʚʝʣʠʯʠʚʘʝʪʩʷ 

ʙʦʣʝʝ ʯʝʤ ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ. 
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GENERATION OF THZ RADIATION IN 

SEMICONDUCTOR -METAL NANOSTRUCTURE 

IRRADIATED BY FOCUSED FEMTOSECOND PULSE  

Generation of terahertz (THz) radiation under the ponderomotive action of a 

femtosecond laser pulse on a doped semiconductor layer deposited on a metal surface 

is investigated. In semiconductors transparent to THz radiation, there is a peak in the 

emission spectrum at the plasma electron frequency which leads to a relative increase 

in the total energy and manifests itself in oscillations of the magnetic field after the 

pulse is switched off. Optimal generation conditions are realized when the focal spot 

size is comparable to the pulse length and skin depth. If an odd number of half-waves 

of high-frequency radiation are stacked at doubled semiconductor thickness, the 

generation efficiency increases sharply. In particular, for GaAs and GaSb, the 

efficiency increases by more than two orders of magnitude. 
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ʀʥʪʝʨʝʩ ʢ ʠʟʫʯʝʥʠʶ ʛʝʥʝʨʘʮʠʠ ʪʝʨʘʛʝʨʮʝʚʦʛʦ (ʊɻʮ) ʠʟʣʫʯʝʥʠʷ ʚ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʩ ʬʝʤʪʦʩʝʢʫʥʜʥʳʤʠ 

ʠʤʧʫʣʴʩʘʤʠ, ʦʙʫʩʣʦʚʣʝʥ ʪʝʤ, ʯʪʦ ʚ ʥʠʭ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʊɻʮ ʚʳʰʝ, ʯʝʤ ʚ ʤʝʪʘʣʣʘʭ. ɺ ʫʩʣʦʚʠʷʭ ʩʠʣʴʥʦʛʦ 

ʣʝʛʠʨʦʚʘʥʠʷ ʦʪʢʣʠʢ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʥʘ ʚʦʟʜʝʡʩʪʚʠʝ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ 

ʠʤʧʫʣʴʩʘ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʪʘʢʞʝ ʢʘʢ ʦʪʢʣʠʢ ʤʝʪʘʣʣʘ [1].  ɺʤʝʩʪʝ ʩ 

ʪʝʤ, ʠʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʧʣʦʪʥʦʩʪʴ ʵʣʝʢʪʨʦʥʦʚ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ ʥʘ 

ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ ʤʝʥʴʰʝ, ʯʝʤ ʚ ʤʝʪʘʣʣʝ, ʚʦʟʥʠʢʘʶʪ ʙʦʣʝʝ ʚʳʛʦʜʥʳʝ 

ʫʩʣʦʚʠʷ ʜʣʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʊɻʮ. ɺʦ-ʧʝʨʚʳʭ, 

ʣʘʟʝʨʥʦʝ ʠʟʣʫʯʝʥʠʝ ʧʨʦʥʠʢʘʝʪ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢ ʥʘ ʨʘʩʩʪʦʷʥʠʷ ʤʥʦʛʦ 

ʙʦʣʴʰʠʝ, ʯʝʤ ʚ ʤʝʪʘʣʣ, ʘ, ʚʦ-ʚʪʦʨʳʭ, ʊɻʮ ʠʟʣʫʯʝʥʠʝ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦ 

ʚʳʚʦʜʠʪʩʷ ʠʟ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ, ʝʩʣʠ ʧʣʘʟʤʝʥʥʘʷ ʯʘʩʪʦʪʘ ʤʝʥʴʰʝ 

ʯʘʩʪʦʪʳ ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ ʵʪʠ ʦʙʱʠʝ ʧʦʣʦʞʝʥʠʷ, ʥʘʤʠ ʨʘʟʚʠʪʘ ʪʝʦʨʠʷ 

ʛʝʥʝʨʘʮʠʠ ʊɻʮ ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʠʤʧʫʣʴʩʘ 

ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʣʝʛʠʨʦʚʘʥʥʳʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢ ʩ 

ʟʘʜʘʥʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ʵʣʝʢʪʨʦʥʦʚ. ʈʘʩʩʤʦʪʨʝʥʳ ʫʩʣʦʚʠʷ, ʢʦʛʜʘ ʩʣʦʡ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʥʘʭʦʜʠʪʩʷ ʚ ʢʦʥʪʘʢʪʝ ʩ ʩʠʣʴʥʦ ʦʪʨʘʞʘʶʱʠʤ ʤʝʪʘʣʣʦʤ. 

ɺ ʵʪʠʭ ʫʩʣʦʚʠʷʭ ʤʦʞʥʦ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʛʝʥʝʨʘʮʠʠ ʠʟ-ʟʘ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʧʘʜʘʶʱʝʛʦ ʠ ʦʪʨʘʞʝʥʥʦʛʦ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ [2]. ɺ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ, ʧʨʦʟʨʘʯʥʳʭ ʜʣʷ 

ʊɻʮ ʠʟʣʫʯʝʥʠʷ, ʥʘ ʩʪʘʜʠʠ ʚʳʢʣʶʯʝʥʠʷ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʠʤʝʶʪʩʷ 

ʦʩʮʠʣʣʷʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʧʣʘʟʤʝʥʥʦʡ ʯʘʩʪʦʪʝ ʵʣʝʢʪʨʦʥʦʚ. 

ʀʟʫʯʝʥ ʩʧʝʢʪʨʘʣʴʥʳʡ ʩʦʩʪʘʚ ʠʟʣʫʯʝʥʠʷ. ɺ ʧʨʦʟʨʘʯʥʳʭ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ ʚ ʩʧʝʢʪʨʝ ʠʟʣʫʯʝʥʠʷ ʧʨʠʩʫʪʩʪʚʫʝʪ ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʡ 

ʧʠʢ ʥʘ ʧʣʘʟʤʝʥʥʦʡ ʯʘʩʪʦʪʝ ʵʣʝʢʪʨʦʥʦʚ. ʇʨʠ ʙʦʣʴʰʠʭ ʯʘʩʪʦʪʘʭ 

ʩʪʦʣʢʥʦʚʝʥʠʡ ʵʣʝʢʪʨʦʥʦʚ ʵʪʦʪ ʧʠʢ ʩʠʣʴʥʦ ʫʰʠʨʝʥ. ɺʢʣʘʜ ʚ ʵʥʝʨʛʠʶ 

ʊɻʮ ʠʟʣʫʯʝʥʠʷ ʦʪ ʯʘʩʪʦʪ ʙʣʠʟʢʠʭ ʢ ʧʣʘʟʤʝʥʥʦʡ ʯʘʩʪʦʪʝ ʥʘʠʙʦʣʝʝ ʷʨʢʦ 

ʧʨʦʷʚʣʷʝʪʩʷ ʪʦʛʜʘ, ʢʦʛʜʘ ʦʙʨʘʪʥʘʷ ʜʣʠʪʝʣʴʥʦʩʪʴ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʠ 

ʧʣʘʟʤʝʥʥʘʷ ʯʘʩʪʦʪʘ ʩʨʘʚʥʠʤʳ ʧʦ ʚʝʣʠʯʠʥʝ. ʊʦʛʜʘ, ʢʦʛʜʘ ʥʘ ʫʜʚʦʝʥʥʦʡ 

ʪʦʣʱʠʥʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʫʢʣʘʜʳʚʘʝʪʩʷ ʥʝʯʝʪʥʦʝ ʯʠʩʣʦ ʜʣʠʥ ʧʦʣʫʚʦʣʥ 

ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʛʝʥʝʨʘʮʠʷ ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʝʪ. ɼʣʷ GaAs ʠ GaSb 

ʧʨʦʠʩʭʦʜʠʪ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ ʙʦʣʝʝ ʯʝʤ ʥʘ ʜʚʘ 

ʧʦʨʷʜʢʘ.    
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Grishkov V.E., Uryupin S.A.// J. of Appl. Phys. 2020. Vol. 128, P. 203102. 

2. Ramakrishnan G., Ramanandan G.K.P., AdamA. J. L., Xu M., Kumar N.,R. Hendrikx 

W.A., Planken P.C.M. // Opt. Expr. 2013 Vol. 21, P. 16784. 
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2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ 

 

ɻɽʅɽʈɸʎʀʗ ʉʋʄʄɸʈʅʓʍ ʏɸʉʊʆʊ ʀɿʃʋʏɽʅʀʗ  

CO-ʃɸɿɽʈɸ ʇʈʀ ɺʅʋʊʈʀʈɽɿʆʅɸʊʆʈʅʆʄ 

ʇʈɽʆɹʈɸɿʆɺɸʅʀʀ ɺ ʅɽʃʀʅɽʁʅʆʄ ʂʈʀʉʊɸʃʃɽ 

ZnGeP2 
 

ʀʩʩʣʝʜʦʚʘʥʳ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʟʣʫʯʝʥʠʷ ʦʩʥʦʚʥʳʭ ʠ 

ʩʫʤʤʘʨʥʳʭ ʯʘʩʪʦʪ CO-ʣʘʟʝʨʘ ʩ ʤʦʜʫʣʷʮʠʝʡ ʜʦʙʨʦʪʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ ʧʨʠ 

ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʦʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ ʚ ʥʝʣʠʥʝʡʥʦʤ ʢʨʠʩʪʘʣʣʝ ZnGeP2. 
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SUM FREQUENCY GENERATION OF CO LASER 

RADIATION AT INTRACAVITY CONVERSION IN 

NONLINEAR CRYSTAL ZnGeP2 

 
Energetic characteristics of fundamental and sum frequencies radiation of Q-

switched CO-laser at intracavity conversion in a nonlinear crystal ZnGeP2 were 

investigated. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʣʘʩʴ 

ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʘʷ ʛʝʥʝʨʘʮʠʷ ʩʫʤʤʘʨʥʳʭ ʯʘʩʪʦʪ CO-ʣʘʟʝʨʘ c ɺʏ 

ʥʘʢʘʯʢʦʡ ʠ ʤʦʜʫʣʷʮʠʝʡ ʜʦʙʨʦʪʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ (ʄɼʈ) ʚ ʥʝʣʠʥʝʡʥʦʤ 

ʢʨʠʩʪʘʣʣʝ ZnGeP2.  

ʆʩʥʦʚʦʡ ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʩʪʝʥʜʘ ʷʚʣʷʣʩʷ ʤʥʦʛʦʯʘʩʪʦʪʥʳʡ 

ʱʝʣʝʚʦʡ CO-ʣʘʟʝʨ ʩ ɺʏ ʥʘʢʘʯʢʦʡ ʠ ʄɼʈ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʦʧʠʩʘʥʥʦʛʦ ʚ 

ʨʘʙʦʪʝ  [1], ʠʤʝʶʱʠʡ ʙʫʬʝʨʥʳʡ ʦʙʲʝʤ ʢʘʤʝʨʳ 30 ʣ ʠ ʨʘʟʤʝʨ ʧʫʩʪʦʪʝʣʳʭ 

ʤʝʜʥʳʭ ʵʣʝʢʪʨʦʜʦʚ 420ʭ25 ʤʤ2. ʄʝʞʵʣʝʢʪʨʦʜʥʳʡ ʧʨʦʤʝʞʫʪʦʢ 

ʩʦʩʪʘʚʣʷʣ 4 ʤʤ, ʘ ʚʥʫʪʨʝʥʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʦʚ ʠʤʝʣʠ ʟʦʣʦʪʦʝ 

ʥʘʧʳʣʝʥʠʝ. ɼʣʷ ʦʭʣʘʞʜʝʥʠʷ ʘʢʪʠʚʥʦʡ ʩʨʝʜʳ ʯʝʨʝʟ ʚʥʫʪʨʝʥʥʠʝ ʧʦʣʦʩʪʠ 

ʵʣʝʢʪʨʦʜʦʚ ʧʨʦʢʘʯʠʚʘʣʩʷ ʞʠʜʢʠʡ ʘʟʦʪ. ʅʘʢʘʯʢʘ ʘʢʪʠʚʥʦʡ ʩʨʝʜʳ 

ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ɺʏ ʛʝʥʝʨʘʪʦʨʦʤ Cesar 4020 (Advanced Energy Inc.), 

ʛʝʥʝʨʠʨʫʶʱʠʤ ʠʤʧʫʣʴʩʳ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʬʦʨʤʳ. ʄʦʱʥʦʩʪʴ ɺʏ 
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ʥʘʢʘʯʢʠ ~ 1 ʢɺʪ. ɼʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ ʥʘʢʘʯʢʠ 700 ʤʢʩ, ʚʨʝʤʷ 

ʟʘʜʝʨʞʢʠ ʚʢʣʶʯʝʥʠʷ ʜʦʙʨʦʪʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ ~ 100 ʤʢʩ ʧʦʩʣʝ 

ʦʢʦʥʯʘʥʠʷ ʠʤʧʫʣʴʩʘ ʥʘʢʘʯʢʠ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ 

ʜʘʚʣʝʥʠʠ 34 ʤɹʘʨ ʛʘʟʦʚʦʡ ʩʤʝʩʠ CO:O2:He=3:1:31.  

 
ʈʠʩ. 1. ʌʦʨʤʘ ʠʤʧʫʣʴʩʦʚ ʦʩʥʦʚʥʳʭ 

(PCO) ʠ ʩʫʤʤʘʨʥʳʭ (Pʉʏ) ʯʘʩʪʦʪ 

ɺ ʢʘʯʝʩʪʚʝ ʚʳʭʦʜʥʦʛʦ ʟʝʨʢʘʣʘ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʢʘʢ ʩʘʤ ʥʝʣʠʥʝʡʥʳʡ 

ʢʨʠʩʪʘʣʣ ZnGeP2, ʪʘʢ ʠ ʜʦʙʘʚʣʝʥʥʦʝ ʢ 

ʥʝʤʫ ʦʜʥʦ ʠʟ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʟʝʨʢʘʣ, c ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʧʨʦʧʫʩʢʘʥʠʷ 

ʜʣʷ ʦʩʥʦʚʥʦʡ ʯʘʩʪʦʪʳ T=50% (ʄ2), 

T=25% (ʄ3), ʣʠʙʦ T=10% (ʄ4). 

ʏʘʩʪʦʪʘ ʤʦʜʫʣʷʮʠʠ ʨʝʟʦʥʘʪʦʨʘ 

ʩʦʩʪʘʚʣʷʣʘ~135 ɻʮ. 

ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʬʦʨʤʳ 

ʠʤʧʫʣʴʩʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʝʤ ʚʳʭʦʜʥʦʛʦ ʟʝʨʢʘʣʘ M3. 

ʇʠʢʦʚʘʷ ʤʦʱʥʦʩʪʴ ʩʫʤʤʘʨʥʳʭ ʯʘʩʪʦʪ 

ʩʦʩʪʘʚʠʣʘ ~ 80 ɺʪ, ʦʩʥʦʚʥʦʡ ʯʘʩʪʦʪʳ ~ 

1400 ɺʪ. 

ɺʦ ʚʩʝʭ ʯʝʪʳʨʝʭ ʢʦʥʬʠʛʫʨʘʮʠʷʭ ʨʝʟʦʥʘʪʦʨʘ ʩʧʝʢʪʨ ʦʩʥʦʚʥʳʭ ʯʘʩʪʦʪ 

ʣʝʞʘʣ ʚ ʜʠʘʧʘʟʦʥʝ 4.9 - 7.0 ʤʢʤ, ʘ ʩʧʝʢʪʨ ʩʫʤʤʘʨʥʳʭ - 2.5 - 2.9 ʤʢʤ. ʅʘ 

ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ ʦʩʥʦʚʥʳʭ ʠ ʩʫʤʤʘʨʥʳʭ ʯʘʩʪʦʪ CO-ʣʘʟʝʨʘ, 

ʦʪʢʘʣʠʙʨʦʚʘʥʥʳʭ ʥʘ ʧʠʢʦʚʫʶ ʤʦʱʥʦʩʪʴ, ʚ ʢʦʥʬʠʛʫʨʘʮʠʠ ʨʝʟʦʥʘʪʦʨʘ ʩ 

ʟʝʨʢʘʣʦʤ M3. 

 

 

ʈʠʩ. 2. ʉʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ ʦʩʥʦʚʥʳʭ (ʘ) ʠ ʩʫʤʤʘʨʥʳʭ (ʙ) ʯʘʩʪʦʪ 

ʄʘʢʩʠʤʘʣʴʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ, ʦʧʨʝʜʝʣʷʝʤʳʡ ʢʘʢ 

ʦʪʥʦʰʝʥʠʝ ʩʨʝʜʥʠʭ ʤʦʱʥʦʩʪʝʡ ʠʟʣʫʯʝʥʠʷ ʩʫʤʤʘʨʥʳʭ ʠ ʦʩʥʦʚʥʳʭ 

ʯʘʩʪʦʪ CO-ʣʘʟʝʨʘ ʚʥʫʪʨʠ ʨʝʟʦʥʘʪʦʨʘ, ʙʳʣ ʧʦʣʫʯʝʥ ʚ ʩʭʝʤʝ ʩ ʟʝʨʢʘʣʦʤ 

M4 ʠ ʩʦʩʪʘʚʠʣ ~2.2%. ɼʦʣʷ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʩʫʤʤʘʨʥʳʭ ʯʘʩʪʦʪ ʥʘ 

ʚʳʭʦʜʝ ʠʟ ʨʝʟʦʥʘʪʦʨʘ ʜʦʩʪʠʛʘʣʘ ʧʨʠ ʵʪʦʤ 12.7 %.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (ʧʨʦʝʢʪ ˉ 16-19-10619). 
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1. Ionin A.A. et al. // Optics and Laser Technology. 2019. Vol. 115. P. 205-209.  
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THE EFFECT OF PULSED AND CONTINUOUS LOW - 

INTENSITY IR -RADIATION ON MORPHOLOGY OF CELL 

CULTURES HEK -293 

The effect of pulsed and continuous low-intensity IR-irradiation on cell cultures 

HEK-293 was compared. It is experimentally shown that the optical contrast between 

cell boundaries increases after pulsed irradiation. This is due to the stimulation of 

periodic microdeformations of cell membranes. 

ɺ ʨʘʙʦʪʘʭ [1, 2] ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʫʩʣʦʚʠʷʭ 

ʥʠʟʢʦʠʥʪʝʥʩʠʚʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʦʙʣʫʯʝʥʠʷ ʚ ʙʣʠʞʥʝʤ ʀʂ-

ʜʠʘʧʘʟʦʥʝ ʚ ʙʠʦʪʢʘʥʷʭ ʚʦʟʥʠʢʘʝʪ ʜʠʥʘʤʠʯʝʩʢʠ ʥʝʦʜʥʦʨʦʜʥʦʝ 

ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʧʦʣʝ ʩ ʘʤʧʣʠʪʫʜʦʡ ʜʦ 10-2-10-1 ʂ. ɺʦʟʥʠʢʘʶʱʠʝ ʧʨʠ ʵʪʦʤ 

ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʜʝʬʦʨʤʘʮʠʠ ʢʣʝʪʦʯʥʳʭ ʤʝʤʙʨʘʥ ʩʪʠʤʫʣʠʨʫʶʪ 

ʤʠʢʨʦʮʠʨʢʫʣʷʮʠʶ ʠ ʦʢʘʟʳʚʘʶʪ ʪʝʨʘʧʝʚʪʠʯʝʩʢʦʝ ʜʝʡʩʪʚʠʝ. 

ʆʧʪʠʤʘʣʴʥʘʷ ʯʘʩʪʦʪʘ ʠʤʧʫʣʴʩʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ 

ʩʦʦʪʥʦʰʝʥʠʷ: 

ʖÍÁØ
ρπτ

ÄʈÍᶻÄτʈÍτ ρπς
ρ
τ
, 

ʛʜʝ Ä ï ʭʘʨʘʢʪʝʨʥʳʡ ʨʘʟʤʝʨ ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ ʙʠʦʣʦʛʠʯʝʩʢʠʭ 
ʪʢʘʥʝʡ. ɺʘʨʴʠʨʫʷ ʯʘʩʪʦʪʫ ʧʦʩʳʣʢʠ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ, ʤʦʞʥʦ 
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ʦʢʘʟʳʚʘʪʴ ʩʝʣʝʢʪʠʚʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʙʠʦʪʢʘʥʠ ʩ ʨʘʟʣʠʯʥʦʡ 

ʤʦʨʬʦʣʦʛʠʝʡ [3]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʦ ʨʘʟʨʘʙʦʪʘʥʦ ʦʙʣʫʯʘʪʝʣʴʥʦʝ ʫʩʪʨʦʡʩʪʚʦ ʚ 

ʙʣʠʞʥʝʤ ʀʂ-ʜʠʘʧʘʟʦʥʝ (ʜʣʠʥʘ ʚʦʣʥʳ ï 0,89 ʤʢʤ) ʩ ʨʝʛʫʣʠʨʫʝʤʳʤʠ 

ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʠʤʧʫʣʴʩʘ ʠ ʩʢʚʘʞʥʦʩʪʴʶ. ɺʦʟʜʝʡʩʪʚʠʝ ʠʟʣʫʯʝʥʠʷ ʥʘ 

ʢʣʝʪʦʯʥʳʝ ʢʫʣʴʪʫʨʳ ʵʤʙʨʠʦʥʘʣʴʥʦʡ ʧʦʯʢʠ ʯʝʣʦʚʝʢʘ, 

ʪʨʘʥʩʬʦʨʤʠʨʦʚʘʥʥʳʝ ɼʅʂ ʘʜʝʥʦʚʠʨʫʩʘ ʪʠʧʘ (Ad5) (ʅɽʂ-293), 

ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʥʝʧʨʝʨʳʚʥʦʤ ʠ ʚ ʠʤʧʫʣʴʩʥʦʤ ʨʝʞʠʤʘʭ. ʏʘʩʪʦʪʘ 

ʠʤʧʫʣʴʩʥʦʛʦ ʦʙʣʫʯʝʥʠʷ ʚʳʙʠʨʘʣʘʩʴ ʩ ʫʯʝʪʦʤ ʤʦʨʬʦʣʦʛʠʠ ʢʣʝʪʦʯʥʦʡ 

ʢʫʣʴʪʫʨʳ, ʘ ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʘ ʭʘʨʘʢʪʝʨʥʦʤʫ 

ʚʨʝʤʝʥʠ ʫʩʪʘʥʦʚʣʝʥʠʷ ʦʩʤʦʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ ʥʘ ʣʠʧʠʜʥʳʝ ʤʝʤʙʨʘʥʳ 

(ʚʨʝʤʝʥʠ ʜʝʬʦʨʤʘʮʠʡ). 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʚ 

ʦʪʣʠʯʠʝ ʦʪ ʥʝʧʨʝʨʳʚʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʠʤʧʫʣʴʩʥʦʝ ʦʙʣʫʯʝʥʠʝ ʧʨʠʚʦʜʠʪ 

ʢ ʫʚʝʣʠʯʝʥʠʶ ʢʦʥʪʨʘʩʪʘ ʛʨʘʥʠʮ ʢʣʝʪʦʢ, ʢʘʢ ʠʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩ. 1. ʕʪʦ 

ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʠʤʧʫʣʴʩʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚʦʟʥʠʢʘʶʪ 

ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʤʠʢʨʦʜʝʬʦʨʤʘʮʠʠ ʢʣʝʪʦʯʥʳʭ ʤʝʤʙʨʘʥ, ʢʦʪʦʨʳʝ 

ʩʪʠʤʫʣʠʨʫʶʪ ʤʠʢʨʦʮʠʨʢʫʣʷʮʠʶ ʧʠʪʘʪʝʣʴʥʦʛʦ ʨʘʩʪʚʦʨʘ ʚʦʢʨʫʛ ʢʣʝʪʦʢ. 

ɺ ʢʣʝʪʦʯʥʳʭ ʢʦʣʦʥʠʷʭ ʵʪʦ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʫʚʝʣʠʯʝʥʠʠ ʚʠʜʠʤʦʡ ʪʦʣʱʠʥʳ 

ʦʢʦʣʦ ʠʣʠ ʤʝʞʢʣʝʪʦʯʥʦʛʦ ʟʘʧʦʣʥʝʥʥʦʛʦ ʞʠʜʢʦʩʪʴʶ ʧʨʦʩʪʨʘʥʩʪʚʘ. 

ʊʘʢʞʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʩʣʝ ʦʙʣʫʯʝʥʠʷ ʢʣʝʪʢʠ ʤʦʛʫʪ ʧʨʠʦʙʨʝʪʘʪʴ 

ʧʨʘʚʠʣʴʥʫʶ ʨʘʚʥʦʦʩʥʫʶ ʬʦʨʤʫ. 

 

 
ʈʠʩ. 1. ʆʧʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʢʣʝʪʦʯʥʦʡ ʢʫʣʴʪʫʨʳ ʅɽʂ-293: ʠʩʭʦʜʥʦʡ 
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ʇʆʃʀʄɽʈʅʓɽ ʄʀʂʈʆʏɸʉʊʀʎʓ ʉʆɼɽʈɾɸʑʀɽ 

ʅɸʅʆʏɸʉʊʀʎʓ ɻʀɼʈʆʂʉʀɸʇɸʊʀʊɸ ɼʃʗ 

ɹʀʆʄɽɼʀʎʀʅʓ 

 
ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʠʦʩʦʚʤʝʩʪʠʤʳʭ ʧʦʣʠʤʝʨʥʳʭ 

ʤʠʢʨʦʯʘʩʪʠʮ, ʩʦʜʝʨʞʘʱʠʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʚ ʦʙʲʝʤʝ ʥʘʥʦʯʘʩʪʠʮʳ 

ʛʠʜʨʦʢʩʠʘʧʘʪʠʪʘ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʤʝʥʠʤʳ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ - ʤʘʪʨʠʢʩʦʚ ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʢʦʩʪʥʦʡ ʪʢʘʥʠ ʚ 

ʪʢʘʥʝʚʦʡ ʠʥʞʝʥʝʨʠʠ. ɼʣʷ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʤʠʢʨʦʯʘʩʪʠʮ ʩ ʧʦʤʦʱʴʶ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʧʦʣʫʯʝʥʳ ʩʧʝʢʪʨʘʣʴʥʳʝ ʢʘʨʪʳ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʛʠʜʨʦʢʩʠʘʧʘʪʠʪʘ ʚ ʦʙʲʝʤʝ ʦʙʨʘʟʮʦʚ. ʀʩʩʣʝʜʦʚʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʩʦʩʪʘʚʝ ʯʘʩʪʠʮ ʦʪ ʫʩʣʦʚʠʡ ʠʭ ʬʦʨʤʠʨʦʚʘʥʠʷ.  

 

Yu.K. SEDOVA1,2, S.A. MINAEVA 2, E.V. IVANOVSKAYA 3, 

E.D. MINAEVA1,2, N.V. MINAEV2, T.S. DEMINA4 
1National research nuclear university MEPhI (Moscow engineering physics 

institute)  
2 Institute of Photon Technologies of FSRC ñCrystallography and Photonicsò RAS 

3Mendeleev University of Chemical Technology of Russia 
4Enikolopov Institute of Synthetic Polymeric Materials RAS 

 

POLYMERIC MICROPARTICLES FOR BIOMEDICINE 

CONTAINING HYDROXYAPAT ITE NANOPARTICLES   

 
Biocompatible polymer microparticles containing on the surface and in the 

volume hydroxyapatite nanoparticles were fabricated for future formation of artificial 

scaffolds for bone tissue engineering and studied. Various types of microparticles 

were investigated in terms of distribution of hydroxyapatite nanoparticles over sample 

volume using Raman spectroscopy. Distribution of components within the composite 

microparticles was evaluated as a function of particle fabrication conditions.  

 

ʈʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʙʠʦʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. 

ɹʠʦʤʘʪʝʨʠʘʣʳ ʚʦʩʪʨʝʙʦʚʘʥʳ ʚ ʪʢʘʥʝʚʦʡ ʠʥʞʝʥʝʨʠʠ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʤʘʪʨʠʢʩʦʚ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʧʦʚʨʝʞʜʝʥʥʳʭ ʠʣʠ 
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ʫʪʨʘʯʝʥʥʳʭ ʬʨʘʛʤʝʥʪʦʚ ʙʠʦʪʢʘʥʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʩʪʠʤʫʣʷʮʠʠ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʢʦʩʪʥʦʡ ʪʢʘʥʠ ʚʦʩʪʨʝʙʦʚʘʥʳ ʤʘʪʝʨʠʘʣʳ, ʩʦʜʝʨʞʘʱʠʝ 

ʥʘʥʦʯʘʩʪʠʮʳ ʛʠʜʨʦʢʩʠʘʧʘʪʠʪʘ (ʥɻɸ), ʪʘʢ ʢʘʢ ʦʥ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ 

ʥʝʦʨʛʘʥʠʯʝʩʢʠʤ ʢʦʤʧʦʥʝʥʪʦʤ ʢʦʩʪʥʦʡ ʪʢʘʥʠ. ʄʠʢʨʦʯʘʩʪʠʮʳ ʥʘ ʦʩʥʦʚʝ 

ʘʣʠʬʘʪʠʯʝʩʢʠʭ ʧʦʣʠʵʬʠʨʦʚ, ʩʦʜʝʨʞʘʱʠʝ ʥɻɸ ʤʦʛʫʪ ʩʪʘʪʴ ʦʩʥʦʚʦʡ ʜʣʷ 

ʜʘʣʴʥʝʡʰʝʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʟ ʥʠʭ ʪʨʝʭʤʝʨʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ, 

ʩʧʦʩʦʙʩʪʚʫʶʱʠʭ ʚʦʩʩʪʘʥʦʚʣʝʥʠʶ ʢʦʩʪʥʦʡ ʪʢʘʥʠ. 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʛʠʙʨʠʜʥʳʝ ʤʠʢʨʦʯʘʩʪʠʮʳ, ʩʦʜʝʨʞʘʱʠʝ 

ʥɻɸ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʠʩʧʘʨʝʥʠʷ ʨʘʩʪʚʦʨʠʪʝʣʷ ʠʟ ʵʤʫʣʴʩʠʠ 

ʤʘʩʣʦ/ʚʦʜʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʪʚʦʨʘ ʧʦʣʠʣʘʢʪʠʜʘ ʠʣʠ 

ʧʦʣʠʢʘʧʨʦʣʘʢʪʦʥʘ ʚ ʢʘʯʝʩʪʚʝ ʜʠʩʧʝʨʩʥʦʡ ʬʘʟʳ. ɺ ʜʠʩʧʝʨʩʥʫʶ ʬʘʟʫ ʠʣʠ 

ʜʠʩʧʝʨʩʠʦʥʥʫʶ ʩʨʝʜʫ ʚʚʦʜʠʣʠ ʥɻɸ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʤʠʢʨʦʯʘʩʪʠʮ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʤʘʪʨʠʮʘ / ʥʘʧʦʣʥʠʪʝʣʴ ʠʣʠ ʷʜʨʦ / ʦʙʦʣʦʯʢʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥɻɸ ʚ 

ʤʠʢʨʦʯʘʩʪʠʮʘʭ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʠʭ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʪʠʧʘ 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʧʦʣʠʤʝʨʘ. 

ʈʘʟʤʝʨ ʠ ʬʦʨʤʫ ʯʘʩʪʠʮ ʠʩʩʣʝʜʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ Phenom ProX (ʨʠʩ. 1ʘ). ʄʠʢʨʦʩʢʦʧ ʦʩʥʘʱʝʥ 

ʚʩʪʨʦʝʥʥʳʡ ʤʦʜʫʣʝʤ ʜʣʷ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʕɼʉ) 

ʜʣʷ ʵʣʝʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ. ʇʦʜʛʦʪʦʚʢʘ ʩʨʝʟʦʚ ʤʠʢʨʦʯʘʩʪʠʮ ʜʣʷ ʘʥʘʣʠʟʘ 

ʠʭ ʚʥʫʪʨʝʥʥʠʡ ʩʪʨʫʢʪʫʨʳ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʥʘ ʫʣʴʪʨʘʤʠʢʨʦʪʦʤʝ Leica 

EM UC7 (ʨʠʩ. 1ʙ). ʀʩʩʣʝʜʦʚʘʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʚʥʫʪʨʠ 

ʤʠʢʨʦʯʘʩʪʠʮ ʧʨʦʚʦʜʠʣʦʩʴ ʤʝʪʦʜʦʤ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʢʘʨʪʠʨʦʚʘʥʠʷ ʥʘ 

ʩʧʝʢʪʨʦʤʝʪʨʝ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ Thermo Nicolet Almega XR 

Raman (ʨʠʩ. 1ʚ). 

 

   

ʘ ʙ ʚ 

ʈʠʩ. 1. ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʷ ʧʦʣʠʤʝʨʥʳʭ ʤʠʢʨʦʯʘʩʪʠʮ (ʘ), ʠʭ ʩʨʝʟʘ (ʙ), 

ʧʨʠʤʝʨ ʩʧʝʢʪʨʘʣʴʥʦʡ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥɻɸ ʚ ʤʠʢʨʦʯʘʩʪʠʮʝ 

(ʯʝʤ ʙʦʣʴʰʝ ʥɻɸ ʪʝʤ ʪʝʤʥʝʝ ʦʙʣʘʩʪʴ) 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ 

ʦʙʨʘʟʦʚʘʥʠʷ ʚ ʨʘʤʢʘʭ ʚʳʧʦʣʥʝʥʠʷ ʨʘʙʦʪ ʧʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʤʫ ʟʘʜʘʥʠʶ 

ʌʅʀʎ ñʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘò ʈɸʅ ʚ ʯʘʩʪʠ ʨʘʟʚʠʪʠʷ ʣʘʟʝʨʥʳʭ 
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ʘʜʜʠʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʀʉʇʄ ʈɸʅ ʚ ʯʘʩʪʠ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʤʘʪʝʨʠʘʣʦʚ ʠʟ ʘʣʠʬʘʪʠʯʝʩʢʠʭ ʧʦʣʠʵʬʠʨʦʚ.  
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ʂʆʈʆʅɸɺʀʈʋʉɸ 

 
ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʚʦʟʜʝʡʩʪʚʠʷ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʙʳʯʠʡ ʢʦʨʦʥʘʚʠʨʫʩ. ʇʨʦʚʝʜʝʥʘ 

ʦʮʝʥʢʘ ʚʣʠʷʥʠʷ ʜʦʟʳ ʦʙʣʫʯʝʥʠʷ ʥʘ ʠʥʬʠʮʠʨʫʶʱʠʝ ʩʚʦʡʩʪʚʘ ʙʳʯʴʝʛʦ 

ʢʦʨʦʥʘʚʠʨʫʩʘ. 

ZAVESOVSKAYA I.N.1,2, GUSHCHIN V.A.3, NIKIFOROVA 

M.A.3, RUSSU L.I.3, CHESHEV E.A.1, KOROMYSLOV A.L.1, 

 TUPITSYN I.M.1, FRONYA A.A.1,2, GRIGORYEVA M.S.1,2 
1 P.N. Lebedev Physical Institute, Russian Academy of Sciences, Moscow, Russia 

2 National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

3 National Research Centre for Epidemiology and Microbiology named after the 
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Federation, Moscow, Russia 

INFLUENCE OF UV RADIATION AT 3 70 NM AND 405 NM 

ON INFECTING PROPERTIES OF CORONAVIRUS  

The experimental study results of the impact of ultraviolet radiation on bovine 

coronavirus had been presented in paper. An assessment of the effect of the radiation 

dose on the infecting properties of bovine coronavirus was carried out. 

ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʩʧʦʩʦʙʦʚ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʠʨʫʩʘ, ʥʘʨʷʜʫ ʩ 

ʧʝʨʝʜʘʯʝʡ ʚʠʨʫʩʘ ʚʦʟʜʫʰʥʦ-ʢʘʧʝʣʴʥʳʤ ʧʫʪʸʤ ʧʨʠ ʧʨʷʤʦʤ ʢʦʥʪʘʢʪʝ ʩ 

ʟʘʨʘʞʝʥʥʳʤ ʯʝʣʦʚʝʢʦʤ, ʷʚʣʷʝʪʩʷ ʧʝʨʝʜʘʯʘ ʝʛʦ ʦʪ ʯʝʣʦʚʝʢʘ ʢ ʯʝʣʦʚʝʢʫ 

ʯʝʨʝʟ ʢʦʥʪʘʢʪʥʳʝ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʟʘʥʝʩʝʥʠʝʤ ʚ ʛʣʘʟʘ, ʥʦʩ 

ʠʣʠ ʨʦʪ. ʅʘʣʠʯʠʝ ʩʨʝʜʩʪʚ ʙʝʟʦʧʘʩʥʦʡ ʦʙʨʘʙʦʪʢʠ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʩ 
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ʮʝʣʴʶ ʜʝʘʢʪʠʚʘʮʠʠ ʚʠʨʫʩʦʚ ʠ ʙʘʢʪʝʨʠʡ ʧʦʟʚʦʣʠʪ ʚ ʩʫʱʝʩʪʚʝʥʥʦʡ 

ʩʪʝʧʝʥʠ ʧʨʝʜʦʪʚʨʘʪʠʪʴ ʛʣʦʙʘʣʴʥʳʡ ʭʘʨʘʢʪʝʨ ʠʥʬʝʢʮʠʦʥʥʳʭ 

ʟʘʙʦʣʝʚʘʥʠʡ. 

ɿʘ ʧʦʩʣʝʜʥʠʝ ʧʷʪʴ ʣʝʪ ʛʨʫʧʧʘʤʠ ʫʯʝʥʳʭ ʨʘʟʥʳʭ ʩʪʨʘʥ ʙʳʣʘ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʥʘʢʪʠʚʘʮʠʠ ʨʷʜʘ ʧʘʪʦʛʝʥʥʳʭ 

ʘʛʝʥʪʦʚ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʨʘʟʣʠʯʥʳʭ 

ʜʠʘʧʘʟʦʥʘʭ ʜʣʠʥ ʚʦʣʥ ʦʪ 260 ʜʦ 480 ʥʤ [1-2]. 

ʇʨʦʜʦʣʞʘʶʱʘʷʩʷ ʙʦʣʴʰʝ ʛʦʜʘ ʧʘʥʜʝʤʠʷ, ʩʚʷʟʘʥʥʘʷ ʩ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʤ ʚʠʨʫʩʘ SARS-CoV-2 ʧʨʠʚʝʣʘ ʢ ʘʢʪʠʚʠʟʘʮʠʠ ʨʘʙʦʪ ʧʦ 

ʧʦʠʩʢʫ ʥʝ ʪʦʣʴʢʦ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʩʨʝʜʩʪʚ ʧʨʦʬʠʣʘʢʪʠʢʠ ʠ ʣʝʯʝʥʠʷ, ʥʦ ʠ 

ʵʬʬʝʢʪʠʚʥʳʭ ʩʨʝʜʩʪʚ ʥʝ ʩʧʝʮʠʬʠʯʝʩʢʦʡ ʧʨʦʬʠʣʘʢʪʠʢʠ ʥʘʢʦʧʣʝʥʠʷ ʠ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠʥʬʝʢʮʠʡ ʚ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʝ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʦʟʜʝʡʩʪʚʠʷ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ 

ʜʣʠʥ ʚʦʣʥ UVA, ʙʝʟʦʧʘʩʥʦʤ ʜʣʷ ʯʝʣʦʚʝʢʘ, ʥʘ ʠʥʬʠʮʠʨʫʶʱʠʝ ʩʚʦʡʩʪʚʘ 

ʙʳʯʴʝʛʦ ʢʦʨʦʥʘʚʠʨʫʩʘ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʢʣʝʪʢʘʤʠ. ɹʳʯʠʡ ʚʠʨʫʩ 

ʙʳʣ ʚʳʙʨʘʥ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʢʘʢ ʤʦʜʝʣʴʥʳʡ ʚʠʨʫʩ ʩ ʤʝʥʴʰʝʡ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ  

SARS-CoV-2 ʩʪʝʧʝʥʴʶ ʧʘʪʦʛʝʥʥʦʩʪʠ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ 

ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʚʝʪʦʜʠʦʜʳ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 370 ʥʤ ʠ 405 ʥʤ. ɼʦʟʘ 

ʦʙʣʫʯʝʥʠʷ ʙʳʯʴʝʛʦ ʢʦʨʦʥʘʚʠʨʫʩʘ ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ 

ʜʣʠʪʝʣʴʥʦʩʪʠ ʦʙʣʫʯʝʥʠʷ. 

ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ ʦʙʝʠʭ ʜʣʠʥ ʚʦʣʥ ʋʌ ʠʟʣʫʯʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ 

ʜʦʟʦʟʘʚʠʩʠʤʦʝ ʩʥʠʞʝʥʠʝ ʠʥʬʝʢʮʠʦʥʥʦʛʦ ʪʠʪʨʘ ʚʠʨʫʩʘ. 

çʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʚ 

ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 20-04-60292è 
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ʀ.ʅ. ɹʋʈɼʆʅʉʂʀʁ1, ɸ.ɻ. ʃɽʆʅʆɺ1, ɺ.ʅ.ʖʌɸ1, ɸ.ʄ. 

ʉɸɼʆɺʉʂʀʁ2, ɸ.ʖ. ɺʆʃʏɽʅʂʆ3, ɼ.ɸ. ʇɽʊʋʐʂʆɺ3.  
1ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ (ʥʘʮʠʦʥʘʣʴʥʳʡ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ) ʄʌʊʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʀʂʀ ʈɸʅ ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

3ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ʀʉʉʃɽɼʆɺɸʅʀɽ ɺʃʀʗʅʀʗ ʅʀɿʂʆʁ ʊɽʄʇɽʈɸʊʋʈʓ 

ʅɸ ʂʈʀʊɽʈʀʁ ʈɸɿʈʋʐɽʅʀʗ ʃɽɼʗʅʓʍ ʀ 

ʂɸʄɽʅʅʓʍ ʄʀʐɽʅɽʁ, ʄʆɼɽʃʀʈʋʖʑʀʍ 

ɸʉʊɽʈʆʀɼʅʆ-ʂʆʄɽʊʅʆɽ ɺɽʑɽʉʊɺʆ 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ 

ʦʧʨʝʜʝʣʝʥʠʶ ʢʨʠʪʝʨʠʷ ʨʘʟʨʫʰʝʥʠʷ ʢʘʤʝʥʥʳʭ ʠ ʣʝʜʷʥʳʭ ʤʠʰʝʥʝʡ, 

ʠʤʠʪʠʨʫʶʱʠʭ ʚʝʱʝʩʪʚʦ ʘʩʪʝʨʦʠʜʦʚ ʠ ʢʦʤʝʪ. ʇʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʚʣʠʷʥʠʷ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʤʠʰʝʥʠ ʥʘ ʚʝʣʠʯʠʥʫ ʢʨʠʪʝʨʠʷ ʨʘʟʨʫʰʝʥʠʷ 

ʣʝʜʷʥʳʭ, ʠ ʭʦʥʜʨʠʪʦʚʳʭ (ʢʘʤʝʥʥʳʭ) ʤʠʰʝʥʝʡ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʥʠʭ 

ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʦʪ 108  ʜʦ 1012 ɺʪ/ʩʤ2. ɼʣʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʣʘʟʝʨʥʳʡ ʢʦʤʧʣʝʢʩ 

çʉʘʪʫʨʥè [1]. ʄʠʰʝʥʠ ʦʙʣʫʯʘʣʠʩʴ ʚ ʜʚʫʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʜʠʘʧʘʟʦʥʘʭ:    

ʣʝʜʷʥʳʝ -  ʤʠʥʫʩ 26 ʉ̄ ʠ ʤʠʥʫʩ 155 ʉ̄; ʭʦʥʜʨʠʪʦʚʳʝ -  +22 ̄ ʉ ʠ ʤʠʥʫʩ 155 

ʉ̄.  

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ, ʯʪʦ ʧʨʠ ʢʘʯʝʩʪʚʝʥʥʦʤ ʠʟʤʝʥʝʥʠʠ 

ʭʘʨʘʢʪʝʨʘ ʨʘʟʨʫʰʝʥʠʷ ʦʭʣʘʞʜʝʥʥʳʭ ʜʦ ʤʠʥʫʩ 155 ʉ ̄ʤʠʰʝʥʝʡ, ʚʝʣʠʯʠʥʘ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʢʨʠʪʝʨʠʷ ʨʘʟʨʫʰʝʥʠʷ ɽL/ʄm (ɼʞ/ʛ) ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʤʝʣʘ 

ʢʨʠʪʠʯʝʩʢʦʛʦ ʠʟʤʝʥʝʥʠʷ. 
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The results of experimental studies on determination of criterion of destruction 

of stone and ice targets simulating substance of asteroids and comets are presented. 

The effect of low temperature of the target on the value of the criterion of destruction 

of ice, and chondrite (stone) targets when exposed to laser radiation with intensity 

from 108 to 1012 W/cm2 was investigated. For experimental studies, the Saturn laser 

complex was used [1]. The targets were irradiated in two temperature ranges: ice ï 

from minus 26̄ʉ to minus 155̄ ʉ; chondrite - from +22̄ʉ to minus 155̄ʉ. 
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Experiments demonstrated that with a qualitative change in the nature of 

destruction of cooled to minus 155̄ʉ targets, the value of the energy failure criterion 

ɽL/ʄm (J/g) practically did not have critical change. 

 

ɺ ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ ʧʨʝʜʣʘʛʘʣʠʩʴ ʨʘʟʣʠʯʥʳʝ ʧʦʜʭʦʜʳ ʢ 

ʧʨʝʜʦʪʚʨʘʱʝʥʠʶ ʩʪʦʣʢʥʦʚʝʥʠʷ ɿʝʤʣʠ ʩ ʘʩʪʝʨʦʠʜʘʤʠ, ʦʜʥʘʢʦ, ʥʘʠʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʳʤ ʩʧʦʩʦʙʦʤ ʟʘʱʠʪʳ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʷʚʣʷʝʪʩʷ ʨʘʟʨʫʰʝʥʠʝ 

ʘʩʪʝʨʦʠʜʦʚ ʠ ʢʦʤʝʪ. ʇʦʜ ʨʘʟʨʫʰʝʥʠʝʤ ʩʣʝʜʫʝʪ ʧʦʥʠʤʘʪʴ ʠʭ 

ʬʨʘʛʤʝʥʪʘʮʠʶ ʥʘ ʤʝʣʢʠʝ ʦʩʢʦʣʢʠ, ʢʦʪʦʨʳʝ ʣʠʙʦ ʩʛʦʨʘʶʪ ʚ ʘʪʤʦʩʬʝʨʝ, 

ʣʠʙʦ ʚʦʦʙʱʝ ʧʨʦʣʝʪʘʶʪ ʤʠʤʦ ɿʝʤʣʠ.  ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ [1, 2, 9-11], ʦʜʥʠʤ 

ʠʟ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ ʩʨʝʜʩʪʚ ʚʦʟʜʝʡʩʪʚʠʷ ʦʩʪʘʝʪʩʷ ʨʘʟʨʫʰʝʥʠʝ 

ʘʩʪʝʨʦʠʜʦʚ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʢʦʥʪʘʢʪʥʦʛʦ ʷʜʝʨʥʦʛʦ ʚʟʨʳʚʘ ʠʣʠ ʩ ʧʦʤʦʱʴʶ 

ʠʤʧʫʣʴʩʦʚ ʤʦʱʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʨʘʟʙʨʦʩ ñʜʥʝʚʥʦʡò ʠ ñʥʦʯʥʦʡò ʪʝʤʧʝʨʘʪʫʨ ʧʦʚʝʨʭʥʦʩʪʠ ʪʝʣʘ ʚ 

ʢʦʩʤʠʯʝʩʢʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʤʦʞʝʪ ʤʝʥʷʪʴʩʷ ʦʪ ʧʣʶʩ 150 ʉ̄ ʜʦ ʤʠʥʫʩ 

180 ʉ̄ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʝʛʦ ʦʨʙʠʪʳ. ʊʘʢ, ʢ ʧʨʠʤʝʨʫ, ñʜʥʝʚʥʘʷò 

ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ ʃʫʥʳ ʩʦʩʪʘʚʣʷʝʪ ʧʣʶʩ 123 ʉ̄, ʘ ñʥʦʯʥʘʷò 

ʤʠʥʫʩ 153 ʉ̄. ɺʩʝ ʵʪʦ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʠʟʤʝʥʝʥʠʶ 

ʧʨʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ  ʢʘʢ  ʢʘʤʝʥʥʳʭ, ʪʘʢ ʠ ʣʝʜʷʥʳʭ ʤʠʰʝʥʝʡ. 

ʇʦʥʷʪʥʦ, ʯʪʦ ʥʝʦʙʭʦʜʠʤʳʤ ʪʨʝʙʦʚʘʥʠʝʤ ʢ ʣʶʙʦʤʫ ʠʟ ʚʦʟʤʦʞʥʳʭ 

ʩʧʦʩʦʙʦʚ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʘʩʪʝʨʦʠʜʳ ʠ ʢʦʤʝʪʳ ʷʚʣʷʝʪʩʷ ʛʘʨʘʥʪʠʨʦʚʘʥʥʦʝ 

ʫʩʪʨʘʥʝʥʠʝ ʫʛʨʦʟʳ ʢʘʪʘʩʪʨʦʬʳ. 

ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ [12] ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʣʝʜʷʥʦʡ ʤʠʰʝʥʠ ʧʦʨʷʜʢʘ 

ʤʠʥʫʩ 20ʉ̄  ʢʨʠʪʝʨʠʡ ʝʝ ʨʘʟʨʫʰʝʥʠʷ ʣʝʞʠʪ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 15 ʜʦ 40 

ɼʞ/ʛ. ʂʨʠʪʝʨʠʡ ʨʘʟʨʫʰʝʥʠʷ ʢʘʤʝʥʥʳʭ (ʭʦʥʜʨʠʪʦʚʳʭ) ʤʠʰʝʥʝʡ ʧʨʠ 

ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʵʪʦʡ ʨʘʙʦʪʝ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʣʩʷ. 

ʇʨʦʚʝʜʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʜʠʥʘʤʠʢʠ ʨʘʟʨʫʰʝʥʠʷ ʦʭʣʘʞʜʝʥʥʳʭ 

ʣʝʜʷʥʳʭ ʠ ʭʦʥʜʨʠʪʦʚʳʭ ʤʠʰʝʥʝʡ ʧʨʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤ ʦʙʣʫʯʝʥʠʠ ʠʭ 

ʣʘʟʝʨʥʳʤʠ ʠʤʧʫʣʴʩʘʤʠ ʩ ʟʘʚʝʜʦʤʦ ʤʝʥʴʰʝʡ  ʵʥʝʨʛʠʝʡ, ʯʝʤ ɽ 

ʨʘʟʨʫʰʝʥʠʷ, ʚʳʷʚʠʣʦ ʫʚʝʣʠʯʝʥʠʝ ʩʢʦʨʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʫʜʘʨʥʦʡ 

ʚʦʣʥʳ ʚ ʤʠʰʝʥʷʭ ʠ ʦʙʨʘʟʦʚʘʥʠʝ ʦʪʢʦʣʴʥʦʛʦ ʵʬʬʝʢʪʘ ʚ ʣʝʜʷʥʦʡ ʤʠʰʝʥʠ. 
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ɺ.ʀ. ɾʋʈɸɺʃɽɺɸ1, ʄ.ʀ. ʄɸʈʂɽɺʀʏ2, ɸ.ɹ. ʂɸʄɸʃʆɺ3,  

ɼ.ɾ. ɸʉɸʅʆɺ3, ɸ.ʄ. ʏɸʇʃɸʅʆɺ2 
1ɺʦʝʥʥʘʷ ʘʢʘʜʝʤʠʷ ʈʝʩʧʫʙʣʠʢʠ ɹʝʣʘʨʫʩʴ, ʄʠʥʩʢ, ʈʝʩʧʫʙʣʠʢʘ ɹʝʣʘʨʫʩʴ 

2ʌʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʅʘʮʠʦʥʘʣʴʥʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ ɹʝʣʘʨʫʩʠ, 

ʄʠʥʩʢ, ʈʝʩʧʫʙʣʠʢʘ ɹʝʣʘʨʫʩʴ 
3 ʅʫʢʫʩʩʢʠʡ ɻʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʇʝʜʘʛʦʛʠʯʝʩʢʠʡ ʀʥʩʪʠʪʫʪ, ʈʝʩʧʫʙʣʠʢʘ 

ʋʟʙʝʢʠʩʪʘʥ 

ʇʆʃʋʏɽʅʀɽ ʅɸʅʆʏɸʉʊʀʎ ʅʀʂɽʃʗ ʄɽʊʆɼʆʄ 

ʃɸɿɽʈʅʆʁ ɸɹʃʗʎʀʀ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʧʦʣʫʯʝʥʠʝ ʥʘʥʦʯʘʩʪʠʮ ʥʠʢʝʣʷ ʤʝʪʦʜʦʤ 

ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ ʚ ʚʦʜʝ. ɼʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʳʭ ʠʤʧʫʣʴʩʦʚ 

ʚʦʟʜʝʡʩʪʚʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʤʠʰʝʥʴ Ni ʧʨʠʤʝʥʷʣʩʷ ʯʘʩʪʦʪʥʳʡ ʣʘʟʝʨ LS 

2137 ʥʘ YAG:Nd. ʄʝʪʦʜʘʤʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 

ʠʩʩʣʝʜʦʚʘʥʳ ʥʘʥʦʯʘʩʪʠʮʳ ʥʠʢʝʣʷ, ʦʙʨʘʟʦʚʘʚʰʠʭʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʣʘʟʝʨʥʦʡ 

ʘʙʣʷʮʠʠ ʚ ʞʠʜʢʦʩʪʠ. ʈʘʩʩʤʦʪʨʝʥʳ ʤʝʭʘʥʠʟʤʳ ʦʙʨʘʟʦʚʘʥʠʷ ʥʘʥʦʯʘʩʪʠʮ.  

V.I. ZHURAVLEVA 1, M.I. MARKEVICH 2, A.B. KAMALOV 3, 

D.J. ASANOV3, A.M. CHAPLANOV2 
1Military Academy of the Republic of Belarus, Minsk, Republic of Belarus 
2Physical and Technical Institute of the National Academy of Sciences of 

Belarus, Minsk, Republic of Belarus 
3Nukus State Pedagogical Institute, Republic of Uzbekistan 

OBTAINING NICKEL NANOPARTICLES BY LASER 

ABLATION  

This paper presents the preparation of nickel nanoparticles by laser ablation in 

water. To generate high-intensity pulses of irradiation on the Ni target, an LS 2137 

frequency laser based on YAG: Nd was used. Nickel nanoparticles formed as a result 

of laser ablation in a liquid have been studied by transmission electron microscopy. 

The mechanisms of nanoparticle formation are considered. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚʦ ʤʥʦʛʠʭ ʩʪʨʘʥʘʭ ʚ ʢʘʯʝʩʪʚʝ ʚʦʟʦʙʥʦʚʣʷʝʤʳʭ 

ʠʩʪʦʯʥʠʢʦʚ ʪʝʧʣʦʩʥʘʙʞʝʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣʠ ʩʠʩʪʝʤʳ 

ʧʨʠʤʝʥʝʥʠʷ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʠʠ. ʉʦʣʥʮʝ ʜʘʝʪ ʥʘʰʝʡ ʧʣʘʥʝʪʝ ʦʛʨʦʤʥʦʝ  

ʢʦʣʠʯʝʩʪʚʦ ʵʥʝʨʛʠʠ, ʩʫʤʤʘʨʥʦʝ ʠʟʣʫʯʝʥʠʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ɿʝʤʣʠ 

ʜʦʩʪʠʛʘʝʪ 152424ʭ1013 ʢɺʪ ʵʥʝʨʛʠʠ, ʵʪʦ ʚ 20 ʪʳʩ. ʨʘʟ ʧʨʝʚʳʰʘʝʪ 

ʧʦʪʨʝʙʣʷʝʤʫʶ ʵʥʝʨʛʠʶ, ʚʳʨʘʙʘʪʳʚʘʝʤʫʶ ʪʨʘʜʠʮʠʦʥʥʳʤʠ 

ʵʥʝʨʛʦʥʦʩʠʪʝʣʷʤʠ [1].  

ʃʠʜʝʨʘʤʠ ʚ ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʠ  ʷʚʣʷʶʪʩʷ ɻʝʨʤʘʥʠʷ ʠ ʗʧʦʥʠʷ. 

ʉʦʣʥʝʯʥʳʝ ʣʫʯʠ ʧʨʠʥʦʩʷʪ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʧʦ 1 ʢɺʪ ʵʥʝʨʛʠʠ ʥʘ ʢʘʞʜʳʡ 
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1 ʤ2 ʟʝʤʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʦʜʥʘʢʦ ʚ ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ 

ʎʝʥʪʨʘʣʴʥʦʡ ɽʚʨʦʧʳ ʠʩʧʦʣʴʟʫʝʪʩʷ  ʥʝʟʥʘʯʠʪʝʣʴʥʘʷ ʜʦʣʷ ʵʪʦʡ ʵʥʝʨʛʠʠ.  

ʉʦʣʥʝʯʥʘʷ ʪʝʧʣʦʚʘʷ ʵʥʝʨʛʝʪʠʢʘ ï ʵʪʦ ʥʘʛʨʝʚʘʥʠʝ ʨʘʙʦʯʝʛʦ ʪʝʣʘ, 

ʧʦʛʣʦʱʘʶʱʝʛʦ ʩʦʣʥʝʯʥʫʶ ʵʥʝʨʛʠʶ, ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʝʝ 

ʚ ʜʘʣʴʥʝʡʰʝʤ.  

ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʦʛʣʦʱʝʥʠʷ ʩʦʣʥʝʯʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʚʘʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʘʜʩʦʨʙʝʥʪʳ ʚ ʚʦʜʥʦʤ ʢʦʣʣʝʢʪʦʨʝ. ɼʣʷ ʫʢʘʟʘʥʥʳʭ 

ʮʝʣʝʡ ʥʘʤʠ ʧʨʝʜʣʘʛʘʶʪʩʷ ʥʘʥʦʯʘʩʪʠʮʳ ʥʠʢʝʣʷ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ 

ʦʩʫʱʝʩʪʚʠʪʴ ʧʣʘʟʤʦʥʥʳʡ ʨʝʟʦʥʘʥʩʘ, ʯʪʦ ʧʨʠʚʝʜʝʪ ʢ ʧʦʚʳʰʝʥʠʶ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʦʛʣʦʱʝʥʠʷ ʩʦʣʥʝʯʥʦʛʦ ʠʟʣʫʯʝʥʠʷ.  

ʉ ʫʤʝʥʴʰʝʥʠʝʤ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʠ ʧʝʨʝʭʦʜʫ ʢ ʯʘʩʪʠʮʘʤ, ʩʦʜʝʨʞʘʱʠʤ 

ʥʝʩʢʦʣʴʢʦ ʩʦʪ ʠʣʠ ʪʳʩʷʯ ʘʪʦʤʦʚ, ʧʣʦʪʥʦʩʪʴ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ 

ʠʟʤʝʥʷʝʪʩʷ, ʯʪʦ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʠʟʤʝʥʝʥʠʷ ʠʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ [1,2]. ʋʚʝʣʠʯʝʥʠʝ ʢʨʠʚʠʟʥʳ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʯʘʩʪʠʮ ʧʨʠʚʦʜʠʪ 

ʢ ʫʚʝʣʠʯʝʥʠʶ ʭʠʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ, ʠ ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʧʨʦʠʩʭʦʜʠʪ 

ʠʟʤʝʥʝʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʠ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ. ɹʦʣʴʰʘʷ 

ʫʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʥʘʥʦʯʘʩʪʠʮ ʫʚʝʣʠʯʠʚʘʝʪ ʘʜʩʦʨʙʮʠʦʥʥʫʶ 

ʩʧʦʩʦʙʥʦʩʪʴ. 

ʉʪʨʫʢʪʫʨʘ ʥʘʥʦʯʘʩʪʠʮ, ʧʨʝʞʜʝ ʚʩʝʛʦ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʤʝʪʦʜʦʤ ʠʭ 

ʧʦʣʫʯʝʥʠʷ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʤʝʪʦʜ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʘʪʴ ʥʘʥʦʯʘʩʪʠʮʳ ʩ ʫʟʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦ ʨʘʟʤʝʨʫ ʯʘʩʪʠʮ [2-6].  

ʃʘʟʝʨʥʘʷ ʘʙʣʷʮʠʷ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʰʝʥʠ ʧʨʠ ʧʦʤʝʱʝʥʠʠ ʝʝ ʚ 

ʞʠʜʢʦʩʪʴ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʢʦʣʣʦʠʜʥʳʝ ʨʘʩʪʚʦʨʳ. 

ɼʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʳʭ ʠʤʧʫʣʴʩʦʚ 

ʚʦʟʜʝʡʩʪʚʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʤʠʰʝʥʴ Ni ʧʨʠʤʝʥʷʣʩʷ ʯʘʩʪʦʪʥʳʡ ʣʘʟʝʨ 

LS 2137 ʥʘ YAG:Nd. ʇʘʨʘʤʝʪʨʳ ʠʟʣʫʯʝʥʠʷ: ɽʠʤ.=120 ʤɼʞ, tʠʤʧ.=20 ʥʩ, 

Vʩʣʝʜʦʚʘʥʠʷ =5 ɻʮ, Dʬʦʢʫʩʠʨʦʚʢʠ =1ʤʤ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʜʦʩʪʘʪʦʯʥʦʛʦ 

ʢʦʣʠʯʝʩʪʚʘ ʥʘʥʦʯʘʩʪʠʮ ʥʠʢʝʣʷ ʚʨʝʤʷ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʤʠʰʝʥʴ 

ʩʦʩʪʘʚʣʷʝʪ, ʢʘʢ ʧʨʘʚʠʣʦ, 10-15 ʤʠʥ. ʠ ʙʦʣʝʝ.  

ʀʩʩʣʝʜʦʚʘʥʠʷ, ʧʨʦʚʝʜʝʥʥʳʝ ʤʝʪʦʜʘʤʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʥʘʥʦʯʘʩʪʠʮ ʥʠʢʝʣʷ, ʦʙʨʘʟʦʚʘʚʰʠʭʩʷ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ ʚ ʞʠʜʢʦʩʪʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʦʥʠ ʤʦʛʫʪ ʙʳʪʴ 

ʢʘʢ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤʠ, ʪʘʢ ʠ ʘʤʦʨʬʥʳʤʠ.  ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʠʚʝʜʝʥʳ 

ʥʘʥʦʯʘʩʪʠʮʳ ʥʠʢʝʣʷ, ʧʦʣʫʯʝʥʥʳʝ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʝʡ ʚ ʚʦʜʝ ʤʠʰʝʥʠ ʠʟ 

ʥʠʢʝʣʷ. ʇʦʣʫʯʝʥʥʳʝ ʯʘʩʪʠʮʳ ʠʤʝʶʪ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʫʶ ʦʛʨʘʥʢʫ ʠ 

ʷʚʣʷʶʪʩʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤʠ. 
 ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʩʦʩʪʘʚʣʷʝʪ ʧʨʠʤʝʨʥʦ 30-50 ʥʤ. ʅʘ 

ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʝ ʧʦʣʫʯʝʥʥʦʡ ʦʪ ʥʘʥʦʯʘʩʪʠʮ ʧʨʠʩʫʪʩʪʚʫʶʪ ʢʦʣʴʮʘ 

ɼʝʙʘʷ -_ʐʝʨʨʝʥʘ, ʧʨʠʥʘʜʣʝʞʘʱʠʝ ʥʠʢʝʣʶ, ʧʨʠʯʝʤ ʢʦʣʴʮʘ ʷʚʣʷʶʪʩʷ 

ʩʠʣʴʥʦ ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʳʝ. 
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                      Ɇ)  

 
                                         ɇ) 

ʈʠʩ. 1. ʕʣʝʢʪʨʦʥʦʛʨʘʤʤʘ ʠ ʩʪʨʫʢʪʫʨʘ ʥʘʥʦʯʘʩʪʠʮ ʥʠʢʝʣʷ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ 

ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ. ʋʚʝʣʠʯʝʥʠʝ 100000 ʨʘʟ ʘ) ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘ; ʙ) ʩʪʨʫʢʪʫʨʘ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ,  ʧʦʣʫʯʝʥʳ ʢʦʣʣʦʠʜʥʳʝ ʨʘʩʪʚʦʨʳ ʥʘʥʦʯʘʩʪʠʮ 

ʥʠʢʝʣʷ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ  ʤʠʰʝʥʠ ʥʠʢʝʣʷ  ʚ ʚʦʜʫ.  

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚʦʟʤʦʞʥʦ ʧʦʣʫʯʝʥʠʝ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʯʘʩʪʠʮ ʥʠʢʝʣʷ ʩ 

ʵʬʬʝʢʪʠʚʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ~ 30-50 ʥʤ.  

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʦʩʪʘʚ ʥʘʥʦʯʘʩʪʠʮ ʧʦʣʥʦʩʪʴʶ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʩʦʩʪʘʚʫ ʤʠʰʝʥʝʡ. ʇʨʝʜʣʦʞʝʥʘ ʛʠʧʦʪʝʟʘ ʦ ʜʚʫʭ ʤʝʭʘʥʠʟʤʘʭ ʦʙʨʘʟʦʚʘʥʠʷ 

ʟʘʨʦʜʳʰʝʡ: ʧʘʨ - ʢʨʠʩʪʘʣʣ ʠ ʧʘʨ - ʞʠʜʢʦʩʪʴ ʢʨʠʩʪʘʣʣ, ʦʙʲʷʩʥʷʶʱʘʷ 

ʦʙʨʘʟʦʚʘʥʠʝ ʥʘʥʦʯʘʩʪʠʮ ʨʘʟʥʦʡ ʬʦʨʤʳ (ʢʚʘʜʨʘʪ, ʢʨʫʛ). 
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ɺ.ʇ. ɹʀʈʖʂʆɺ  
ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʀʥʩʪʠʪʫʪ ʤʘʰʠʥʦʚʝʜʝʥʠʷ 

ʠʤ. ɸ.ɸ. ɹʣʘʛʦʥʨʘʚʦʚʘ ʈɸʅ, ʄʦʩʢʚʘ 

ɺʃʀʗʅʀɽ ʃɸɿɽʈʅʆɻʆ ʋʇʈʆʏʅɽʅʀʗ ʉʊɸʃʀ 

34ʍʅ3ʄɸ ʅɸ ʇɸʈɸʄɽʊʈʓ ɿʆʅ ɿɸʂɸʃʂʀ ʀ 

ʊʈʀɹʆʊɽʍʅʀʏɽʉʂʀɽ ʍɸʈɸʂʊɽʈʀʉʊʀʂʀ 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʤʝʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʦʨʦʞʝʢ  ʟʘʢʘʣʢʠ ʣʫʯʦʤ 

ʣʘʟʝʨʘ ʦʙʨʘʟʮʦʚ ʩʪʘʣʠ 34ʍʅ3ʄɸ. ʉ ʧʦʤʦʱʴʶ ʧʦʣʥʦʛʦ ʬʘʢʪʦʨʥʦʛʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʫʩʪʘʥʦʚʣʝʥʦ ʚʣʠʷʥʠʝ ʨʝʞʠʤʦʚ ʦʙʨʘʙʦʪʢʠ ʥʘ ʛʣʫʙʠʥʫ ʠ ʰʠʨʠʥʫ 

ʟʦʥ ʟʘʢʘʣʢʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʤʠʢʨʦʪʚʝʨʜʦʩʪʴ ʠʟʤʝʥʷʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 6870-7680 

ʄʇʘ ʧʨʠ ʜʝʬʦʢʫʩʠʨʦʚʢʝ ʣʫʯʘ 135-155 ʤʤ, ʩʢʦʨʦʩʪʠ ʧʝʨʝʤʝʱʝʥʠʷ ʣʫʯʘ 7-9 ʤʤ/ʩ 

ʠ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ 700-1000 ɺʪ. ʀʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ ʪʨʝʥʠʷ ʩ 

ʣʘʟʝʨʥʦʡ ʟʘʢʘʣʢʦʡ ʩ ʰʘʛʦʤ 5 ʤʤ ʧʦʚʳʰʘʝʪʩʷ ʥʘ 130 ʠ 40% ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʠʩʭʦʜʥʦʡ ʠ ʦʙʲʝʤʥʦ ʟʘʢʘʣʝʥʥʦʡ ʩʪʘʣʴʶ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

 

V. P. BIRYUKOV  

Mechanical Engineering Research Institute of the Russian Academy of Sciences, 

 Moscow 
 

INFLUENCE OF LASER HARDENIN G OF 34KhNi3MoA 

STEEL ON THE PARAMETERS OF QUENCHING ZONES 

AND TRIBOTECHNICAL CHARACTERISTICS  
 
Metallographic studies of the laser-beam quenching paths of 34KhNi3MoA steel 

samples are presented. The influence of the treatment modes on the depth and width 

of the quenching zones was established using a full factorial experiment. It is shown 

that the microhardness varies in the range of 6870-7680 MPa with a beam defocus of 

135-155 mm, a beam travel speed of 7-9 mm/s, and a radiation power of 700-1000 W. 

The wear resistance of the friction surface with laser quenching in 5 mm increments 

is increased by 130 and 40% compared to the original and volumetrically quenched 

steel, respectively. 

 

ʇʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʩʦʚʨʝʤʝʥʥʳʭ ʘʪʦʤʥʳʭ ʵʣʝʢʪʨʦʩʪʘʥʮʠʡ (ɸʕʉ) 

ʧʨʠʤʝʥʷʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʭʨʦʤʦʥʠʢʝʣʴʤʦʣʠʙʜʝʥʦʚʳʝ ʠ ʞʘʨʦʧʨʦʯʥʳʝ 

ʩʪʘʣʠ. ʃʘʟʝʨʥʦʝ ʫʧʨʦʯʥʝʥʠʝ ʣʦʢʘʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʪʨʝʥʠʷ ʩʪʘʣʴʥʳʭ 

ʜʝʪʘʣʝʡ, ʰʝʝʢ ʚʘʣʦʚ, ʨʦʪʦʨʦʚ, ʜʠʩʢʦʚ ʧʘʨʦʚʳʭ ʪʫʨʙʠʥ, ʚʘʣʦʚ-ʰʝʩʪʝʨʝʥ, 

ʤʫʬʪ, ʟʫʙʯʘʪʳʭ ʢʦʣʝʩ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʘʝʪ ʠʭ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ [1,2]. 

ʎʝʣʷʤʠ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʶʪʩʷ ʦʧʨʝʜʝʣʝʥʠʷ ʚʣʠʷʥʠʷ ʨʝʞʠʤʦʚ 

ʣʘʟʝʨʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ ʥʘ ʧʘʨʘʤʝʪʨʳ ʟʦʥ ʟʘʢʘʣʢʠ ʩʪʘʣʠ 34ʍʅʄɸ ʠ ʝʝ 

ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 
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ʃʘʟʝʨʥʫʶ ʦʙʨʘʙʦʪʢʫ ʦʙʨʘʟʮʦʚ ʩʪʘʣʠ 34ʍʅ3ʄɸ ʩ ʨʘʟʤʝʨʘʤʠ 

12Ĭ20Ĭ70 ʤʤ ʚʳʧʦʣʥʷʣʠ ʥʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤ ʢʦʤʧʣʝʢʩʝ ʀʄɸʐ ʈɸʅ. 

ɺ ʢʘʯʝʩʪʚʝ ʚʘʨʴʠʨʫʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʙʳʣʠ ʚʳʙʨʘʥʳ ʤʦʱʥʦʩʪʴ 

ʠʟʣʫʯʝʥʠʷ P=700ï1000 ɺʪ, ʩʢʦʨʦʩʪʴ ʦʙʨʘʙʦʪʢʠ V=7ï9 ʤʤ/ʩ ʠ 

ʜʝʬʦʢʫʩʠʨʦʚʢʘ ʣʫʯʘ L =135-155 ʤʤ. ʊʨʠʙʦʣʦʛʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ 

ʧʨʦʚʦʜʠʣʠ ʧʦ ʩʭʝʤʝ ʧʣʦʩʢʦʩʪʴ (ʪʝʨʤʦʫʧʨʦʯʥʝʥʥʳʡ ʣʘʟʝʨʥʳʤ ʣʫʯʦʤ 

ʦʙʨʘʟʝʮ) ï ʚʪʫʣʢʘ, ʩʪʘʣʴ 40ʍʅʄɸ (49-53 HRC). ʉʢʦʨʦʩʪʴ ʩʢʦʣʴʞʝʥʠʷ ʠ 

ʜʘʚʣʝʥʠʝ ʥʘ ʦʙʨʘʟʝʮ ʠʟʤʝʥʷʣʠʩʴ ʜʠʩʢʨʝʪʥʦ ʚ ʠʥʪʝʨʚʘʣʝ 0,5ï3,5 ʤ/ʩ ʠ 1ï

5 ʄʇʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʠʢʨʦʰʣʠʬʳ ʟʦʥ 

ʟʘʢʘʣʢʠ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʨʘʩʬʦʢʫʩʠʨʦʚʘʥʥʳʤ ʠ ʢʦʣʝʙʣʶʱʠʤʩʷ ʩ ʯʘʩʪʦʪʦʡ 

226ɻʮ ʣʫʯʦʤ ʧʨʠ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ 1000 ɺʪ, ʩʢʦʨʦʩʪʠ ʧʝʨʝʤʝʱʝʥʠʷ 

ʦʙʨʘʟʮʘ 7 ʤʤ/ʩ ʠ ʜʝʬʦʢʫʩʠʨʦʚʢʝ ʣʫʯʘ 155 ʤʤ. ʇʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ 

ʣʘʟʝʨʥʦʡ ʟʘʢʘʣʢʠ ʢʦʣʝʙʣʶʱʠʤʩʷ ʣʫʯʦʤ ʧʦʚʳʰʘʝʪʩʷ ʚ 1,6-2,1 ʨʘʟʘ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʞʠʤʦʚ ʦʙʨʘʙʦʪʢʠ 

        

 
     ʘ                 ʙ 

ʈʠʩ. 1. ʄʠʢʨʦʰʣʠʬʳ ʟʦʥ ʟʘʢʘʣʢʠ ʩʪʘʣʠ 34ʍʅ3ʄɸ (ʘ) ʨʘʩʬʦʢʫʩʠʨʦʚʘʥʥʳʤ 

ʫʯʦʤ, (ʙ) ʩʢʘʥʠʨʫʶʱʠʤ ʣʫʯʦʤ: P=1000 ɺʪ, V=7 ʤʤ/ʩ, L =155 ʤʤ 

ʇʨʠ ʜʝʬʦʢʫʩʠʨʦʚʢʝ ʣʫʯʘ ʥʘ 135-155 ʤʤ ʫʚʝʣʠʯʝʥʠʝ ʤʦʱʥʦʩʪʠ 

ʠʟʣʫʯʝʥʠʷ ʠ ʩʢʦʨʦʩʪʠ ʦʙʨʘʙʦʪʢʠ ʧʨʠʚʦʜʠʪ ʢ ʣʠʥʝʡʥʦʤʫ ʠʟʤʝʥʝʥʠʶ 

ʛʣʫʙʠʥʳ ʠ ʰʠʨʠʥʳ ʟʦʥ ʟʘʢʘʣʢʠ. ʇʨʠʤʝʥʝʥʠʝ ʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ 

ʨʝʛʨʝʩʩʠʠ ʧʦʢʘʟʘʣʦ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʨʘʩʭʦʞʜʝʥʠʝ ʨʘʩʯʝʪʥʳʭ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʥʝ ʙʦʣʝʝ 2,9%. ʄʠʢʨʦʪʚʝʨʜʦʩʪʴ 

ʠʟʤʝʥʷʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 6870-7680 ʄʇʘ. ʀʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ 

ʪʨʝʥʠʷ ʩ ʣʘʟʝʨʥʦʡ ʟʘʢʘʣʢʦʡ ʩ ʰʘʛʦʤ 5 ʤʤ ʧʦʚʳʰʘʝʪʩʷ ʥʘ 130 ʠ 40% ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʦʡ ʠ ʦʙʲʝʤʥʦ ʟʘʢʘʣʝʥʥʦʡ ʩʪʘʣʴʶ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Li H., Zhou H., Zhang P. et al. Influence of Laser Energy Density on Acquisition and 

Wear Resistance of Bionic Semisolid Unit of 40Cr Steel. J. Materials Engineering and 

Performance. 2020. Vol.29. P. 2283ï2295.  DOI:10.1007/s11665-020-04735-8 
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2. ɹʠʨʶʢʦʚ ɺ.ʇ., ʌʠʰʢʦʚ ɸ.ɸ., ʊʘʪʘʨʢʠʥ ɼ.ʖ., ʍʨʠʧʪʦʚʠʯ ɽ.ɺ. ɺʣʠʷʥʠʝ ʣʘʟʝʨʥʦʛʦ 
ʫʧʨʦʯʥʝʥʠʷ ʢʨʫʛʣʳʤ, ʧʨʦʬʠʣʠʨʦʚʘʥʥʳʤ ʠ ʢʦʣʝʙʣʶʱʠʤʩʷ ʣʫʯʦʤ ʥʘ ʧʦʚʳʰʝʥʠʝ  ʨʝʩʫʨʩʘ 
ʨʘʙʦʪʳ ʜʝʪʘʣʝʡ ʤʘʰʠʥ //ʌʆʊʆʅʀʂɸ. 2017. ˉ3. ʉ.28-34. DOI: 10.22184/1993-

7296.2017.63.3.28.34. 
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ɺ.ʇ. ɹʀʈʖʂʆɺ 
ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʀʥʩʪʠʪʫʪ 

ʤʘʰʠʥʦʚʝʜʝʥʠʷ ʠʤ. ɸ.ɸ. ɹʣʘʛʦʥʨʘʚʦʚʘ ʈɸʅ, ʄʦʩʢʚʘ 

ʆʇʈɽɼɽʃɽʅʀɽ ɻɽʆʄɽʊʈʀʏɽʉʂʀʍ ʇɸʈɸʄɽʊʈʆɺ ʀ 

ʊʈʀɹʆʃʆɻʀʏɽʉʂʀʍ ʉɺʆʁʉʊɺ ʇʆʂʈʓʊʀʁ ʅɸ 

ʉʊɸʃʔ, ʇʆʃʋʏɽʅʅʓʍ ʃɸɿɽʈʅʆʁ ʅɸʇʃɸɺʂʆʁ  

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʤʝʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʠ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʧʦʢʨʳʪʠʡ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʚ ʩʦʩʪʘʚ ʰʠʭʪʳ 

ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʦʛʦ ʢʘʨʙʠʜʘ ʪʠʪʘʥʘ. ʉ ʧʦʤʦʱʴʶ ʧʦʣʥʦʛʦ ʬʘʢʪʦʨʥʦʛʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʦʧʨʝʜʝʣʝʥʳ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʥʘʧʣʘʚʣʝʥʥʳʭ ʧʦʢʨʳʪʠʡ 

ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʦʱʥʦʩʪʠ, ʩʢʦʨʦʩʪʠ ʦʙʨʘʙʦʪʢʠ ʠ ʜʠʘʤʝʪʨʘ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ. 

ʇʦʣʫʯʝʥʳ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʨʝʥʠʷ ʦʪ ʜʘʚʣʝʥʠʷ ʠ 

ʩʢʦʨʦʩʪʠ ʩʢʦʣʴʞʝʥʠʷ. ɿʘʜʠʨʦʩʪʦʡʢʦʩʪʴ ʠ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʧʦʢʨʳʪʠʡ ʚʳʰʝ 

ʩʪʘʣʴʥʦʡ ʦʩʥʦʚʳ. 

 

V. P. BIRYUKOV  

Mechanical Engineering Research Institute of the Russian Academy of Sciences, 

 Moscow 
 

DETERMINATION OF THE GEOMETRIC PARAMETERS 

AND TRIBOLOGICAL PROPERTIES OF CO ATINGS ON 

STEEL BY THE LASER CLADDING  
 

The paper presents the results of metallographic and tribological studies of 

multicomponent coatings with the addition of ultradiosperse titanium carbide to the 

composition of the charge. Using a full factorial experiment, the geometric parameters 

of the deposited coatings were determined depending on the power, processing speed, 

and diameter of the laser beam. The regularities of the change in the coefficients of 

friction from the pressure and the sliding speed are obtained. The corrosion resistance 

and wear resistance of the coatings are higher than the steel base. 

 

ʅʠʟʢʦʫʛʣʝʨʦʜʠʩʪʳʝ ʥʝʨʞʘʚʝʶʱʠʝ ʩʪʘʣʠ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ 

ʘʚʠʘʮʠʦʥʥʦʡ, ʭʠʤʠʯʝʩʢʦʡ ʠ ʷʜʝʨʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʙʣʘʛʦʜʘʨʷ 

ʭʦʨʦʰʝʡ ʢʦʨʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ. ʆʜʥʘʢʦ ʦʥʠ ʠʤʝʝʪ ʥʠʟʢʫʶ ʪʚʝʨʜʦʩʪʴ 

ʠ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʨʝʩʫʨʩʘ ʨʘʙʦʪʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʪʨʝʥʠʷ ʥʝʨʞʘʚʝʶʱʠʭ ʩʪʘʣʝʡ ʥʘʧʣʘʚʣʷʶʪ ʧʦʢʨʳʪʠʷ ʥʘ ʦʩʥʦʚʝ ʥʠʢʝʣʷ, 

ʢʦʙʘʣʴʪʘ [1] ʠʣʠ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʝ ʩʧʣʘʚʳ [2], ʢʦʪʦʨʳʝ ʠʤʝʶʪ 

ʚʳʩʦʢʫʶ ʩʪʦʠʤʦʩʪʴ ʠʟ-ʟʘ ʧʦʚʳʰʝʥʥʳʭ ʪʨʝʙʦʚʘʥʠʡ ʢ ʭʠʤʠʯʝʩʢʦʡ 

ʯʠʩʪʦʪʝ 99,5-99,9% ʚʭʦʜʷʱʠʭ ʵʣʝʤʝʥʪʦʚ. ʎʝʣʷʤʠ ʨʘʙʦʪʳ ʷʚʣʷʶʪʩʷ 

ʦʧʨʝʜʝʣʝʥʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʟʦʥ ʣʘʟʝʨʥʦʡ ʥʘʧʣʘʚʢʠ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʧʦʨʦʰʢʦʚ ʦʪ ʨʝʞʠʤʦʚ ʦʙʨʘʙʦʪʢʠ ʠ ʚʣʠʷʥʠʝ 
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ʚʚʝʜʝʥʠʷ ʚ ʩʦʩʪʘʚ ʰʠʭʪʳ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʳʭ ʯʘʩʪʠʮ ʢʘʨʙʠʜʘ ʪʠʪʘʥʘ 

(ʊiʉ) ʥʘ ʪʨʠʙʦʣʦʛʠʯʝʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʢʨʳʪʠʡ. 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʠʩʧʦʣʴʟʦʚʘʣʠ ʣʘʟʝʨʥʳʡ 

ʢʦʤʧʣʝʢʩ ʀʄɸʐ ʈɸʅ. ʆʙʨʘʟʮʳ ʠʟʛʦʪʘʚʣʠʚʘʣʠ ʠʟ ʩʪʘʣʠ 12ʍ13 

ʨʘʟʤʝʨʘʤʠ 15Ĭ20Ĭ70 ʤʤ. ɼʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʰʠʭʪʳ ʚʳʙʨʘʥʳ ʧʦʨʦʰʢʠ ʥʘ 

ʦʩʥʦʚʝ ʥʠʢʝʣʷ (Ni-Cr-B-Si) ʠ ʢʦʙʘʣʴʪʘ (Co-Cr-W-Ni-Si-B) ʚ 

ʩʦʦʪʥʦʰʝʥʠʠ 3:1 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʩ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ 40-150 ʤʢʤ. 

ʇʦʨʦʰʦʢ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʦʛʦ ʊiʉ ʩ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ 1-15 ʤʢʤ 

ʜʦʙʘʚʣʷʣʠ ʚ ʰʠʭʪʫ 5 ʠ 10 ʤʘʩʩ.%. ʐʣʠʢʝʨʥʳʝ ʧʦʢʨʳʪʠʷ ʥʘʥʦʩʠʣʠ 

ʪʦʣʱʠʥʦʡ 0,85-0,91 ʤʤ. ɺ ʢʘʯʝʩʪʚʝ ʩʚʷʟʫʶʱʝʛʦ ʤʘʪʝʨʠʘʣʘ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʚʦʜʥʳʡ ʨʘʩʪʚʦʨ  ʦʢʩʠʵʪʠʣʮʝʣʣʶʣʦʟʳ. ɺʘʨʴʠʨʫʝʤʳʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ʙʳʣʠ ʚʳʙʨʘʥʳ ʤʦʱʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ P=700ï1000 ɺʪ, 

ʩʢʦʨʦʩʪʴ ʦʙʨʘʙʦʪʢʠ V=7ï10 ʤʤ/ʩ ʠ ʜʠʘʤʝʪʨ ʧʫʯʢʘ d=2,5-3,5 ʤʤ. ɺ 

ʢʘʯʝʩʪʚʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʬʘʢʪʦʨʘ ʨʘʩʩʤʘʪʨʠʚʘʣʦʩʴ ʩʢʘʥʠʨʦʚʘʥʠʝ ʣʫʯʘ 

ʩ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʯʘʩʪʦʪʦʡ f=218 ɻʮ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʦʚʦʜʠʣʠ ʠʩʧʳʪʘʥʠʷ ʧʨʠ ʩʢʦʨʦʩʪʠ ʩʢʦʣʴʞʝʥʠʷ ʠ 

ʜʘʚʣʝʥʠʠ ʥʘ ʦʙʨʘʟʝʮ ʚ ʠʥʪʝʨʚʘʣʝ 0,25ï3,5 ʤ/ʩ ʠ 1ï6 ʄʇʘ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʢʘʯʝʩʪʚʝ ʩʤʘʟʦʯʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʘʩʣʦ 

ʊʇ22ʉ. 

      
ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʨʝʥʠʷ ʦʪ ʜʘʚʣʝʥʠʷ (ʘ) ʠ ʩʢʦʨʦʩʪʠ 

ʩʢʦʣʴʞʝʥʠʷ (ʙ): 1 ï ʩʪʘʣʴ  12ʍ13, 2 ï (Ni-Cr-B-Si, Co-Cr-W-Ni-Si-B) 3- (Ni-Cr-

B-Si, Co-Cr-W-Ni-Si-B) + 5 ʤʘʩʩ.% TiC, 4 - (Ni-Cr-B-Si, Co-Cr-W-Ni-Si-B) + 10 

ʤʘʩʩ.% TiC 

ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʜʘʚʣʝʥʠʷ ʩ 1,2 ʜʦ 4,0 ʄʇʘ  ʢʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ ʧʘʜʘʝʪ ʚ 

ʥʘʧʣʘʚʣʝʥʥʦʤ ʧʦʢʨʳʪʠʠ ʠ ʩʪʘʣʠ 12ʍ13. ʄʠʥʠʤʘʣʴʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʪʨʝʥʠʷ ʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʥʘʰʠʚʘʥʠʷ ʧʦʣʫʯʝʥʳ ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ ʚ ʰʠʭʪʝ 10 ʤʘʩʩ.% TiC. 

ɿʥʘʯʝʥʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʚ ʧʦʢʨʳʪʠʠ ʩ ʩʦʜʝʨʞʘʥʠʝʤ10 ʤʘʩʩ.% TiC ʩʦʩʪʘʚʠʣʠ 

8700-10800 ʄʇʘ.  
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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A.ɼ. ɺʆʈʆʅʎʆɺɸ1 ɸ.ɺ. ʐʋʊʆɺ2 
1ʄɻʊʋ ʠʤ. ʅ.ʕ. ɹʘʫʤʘʥʘ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

2ʌʠʟʠʯʝʩʢʠʠɛ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʌʀʃɸʄɸʅʊɸʎʀʗ ɺʓʉʆʂʆʀʅʊɽʅʉʀɺʅʆɻʆ 

ʃɸɿɽʈʅʆɻʆ ʀɿʃʋʏɽʅʀʗ C ɼʃʀʅʅʆʁ ɺʆʃʅʓ 248 ʅʄ 

ɺ ɺʆɿɼʋʍɽ ʈɸɿʃʀʏʅʆʁ ɺʃɸɾʅʆʉʊʀ ʀ ʆʉʅʆɺʅʓʍ 

ɺʍʆɼʗʑʀʍ ɺ ɽɻʆ ʉʆʉʊɸɺ ɻɸɿɸʍ 

ɺ ʨʘʙʦʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʣʦʩʴ ʚʣʠʷʥʠʝ ʚʣʘʞʥʦʩʪʠ ʚʦʟʜʫʭʘ ʥʘ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ  ʩ ʜʣʠʥʥʦʡ ʚʦʣʴʥʳ 

248 ʥʤ ʚ ʨʝʞʠʤʝ ʬʠʣʘʤʝʪʘʮʠʠ. ʀʩʩʣʝʜʦʚʘʥʘ ʬʠʣʘʤʝʥʪʘʮʠʷ ʚ ʚʦʟʜʫʭʝ ʨʘʟʣʠʯʥʦʡ 

ʚʣʘʞʥʦʩʪʠ, ʢʠʩʣʦʨʦʜʝ ʠ ʘʟʦʪʝ. 

A. D. VORONTSOVA, A. D. SHUTOV 
Bauman Moscow State Technical University, Russia 
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FILAMENTATION HIGH INTENSITY 248 NM 

ULTRAVIOLET LASER PULSE IN AIR WITH DIFERRENT 

HUMIDITY A ND ITS CONSTITUENT GASES 

 

In this work, we experimentally studied the influence of air humidity on high 

intensity ultraviolet laser pulse nonlinear propagation in filamentation mode. 

Filamentation was observed in air with deferent humidity, oxygen and nitrogen. 

 

ʌʠʣʘʤʝʥʪʘʮʠʷ ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʵʪʦ ʨʝʞʠʤ 

ʥʝʣʠʥʝʡʥʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʠʤʧʫʣʴʩʘ, ʤʦʱʥʦʩʪʴ 

ʢʦʪʦʨʦʛʦ ʧʨʝʚʳʰʘʝʪ ʢʨʠʪʠʯʝʩʢʫʶ ʤʦʱʥʦʩʪʴ ʩʘʤʦʬʦʢʫʩʠʨʦʬʢʠ 

ʠʟʣʫʯʝʥʠʷ.  

ʆʙʨʘʟʫʶʱʠʝʩʷ ʧʨʠ ʬʠʣʘʤʝʥʪʘʮʠʠ ʧʣʘʟʤʝʥʥʳʝ ʢʘʥʘʣʳ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩ ʜʣʷ ʫʜʘʣʝʥʥʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʟʘʛʨʷʟʥʝʥʠʷ 

ʘʪʤʦʩʬʝʨʳ, ʥʘʧʨʘʚʣʝʥʥʦʡ ʧʝʨʝʜʘʯʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, 

ʢʦʤʤʫʪʘʮʠʠ ʚʳʩʦʢʦʚʦʣʴʪʥʳʭ ʨʘʟʨʷʜʦʚ; ʜʣʷ ʩʦʟʜʘʥʠʷ ʘʢʪʠʚʥʳʭ ʩʠʩʪʝʤ 

ʤʦʣʥʠʝʟʘʱʠʪʳ [1]. 

ɹʦʣʴʰʠʥʩʪʚʦ ʠʩʩʣʝʜʦʚʘʥʠʡ ʬʠʣʘʤʝʥʪʘʮʠʠ ʩʜʝʣʘʥʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʥʬʨʘʢʨʘʩʥʦʛʦ (ʀʂ) ʠʟʣʫʯʝʥʠʷ , ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ, ʚ 

ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʰʠʨʦʢʠʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʤ ʤʦʱʥʳʭ Ti:ʩʘʧʬʠʨʦʚʳʭ ʠ 

Nd:YAG ʣʘʟʝʨʥʳʭ ʩʠʩʪʝʤ, ʨʘʙʦʪʘʶʱʠʭ ʥʘ ʜʣʠʥʘʭ ʚʦʣʥ 800 ʠ 1064 ʥʤ 
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ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʝ ʯʠʩʣʦ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʨʘʙʦʪ 

ʧʦ ʋʌ ʬʠʣʘʤʝʥʪʘʮʠʠ ʠʤʝʝʪ ʨʷʜ ʧʨʦʪʠʚʦʨʝʯʠʡ ʢʘʢ ʧʦ ʧʘʨʘʤʝʪʨʘʤ ʋʌ 

ʬʠʣʘʤʝʥʪʦʚ, ʪʘʢ ʠ ʧʦ ʤʝʭʘʥʠʟʤʫ ʋʌ ʬʠʣʘʤʝʥʪʘʮʠʠ.  

ʉʯʠʪʘʣʦʩʴ, ʯʪʦ ʋʌ ʠʟʣʫʯʝʥʠʝ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ 

ʠʦʥʠʟʠʨʫʝʪ ʚʦʟʜʫʭ ʟʘ ʩʯʝʪ ʧʨʷʤʦʡ 3-ʬʦʪʦʥʥʦʡ ʠʦʥʠʟʘʮʠʠ 

ʤʦʣʝʢʫʣ ʢʠʩʣʦʨʦʜʘ. ʅʦ ʚ ʥʝʜʘʚʥʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ 

ʙʳʣʦ ʚʳʷʚʣʝʥʦ, ʯʪʦ  ʤʥʦʛʦʬʦʪʦʥʥʘʷ ʠʦʥʠʟʘʮʠʷ 

ʘʪʤʦʩʬʝʨʥʦʛʦ ʚʦʟʜʫʭʘ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

248 ʥʤ ʚ ʦʙʣʘʩʪʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 108ï1013 ɺʪ/ʩʤ2 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʦʩʥʦʚʥʦʤ ʟʘ ʩʯʝʪ ʠʦʥʠʟʘʮʠʠ ʤʦʣʝʢʫʣ 

H2O, ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʩʦʜʝʨʞʘʱʠʭʩʷ ʚ 

ʚʦʟʜʫʭʝ [2]. 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʨʝʛʠʩʪʨʠʨʦʚʘʣʩʷ ʧʦʧʝʨʝʯʥʳʡ ʧʨʦʬʠʣʴ ʋʌ 

ʬʠʣʘʤʝʥʪʘ ʚʜʦʣʴ ʦʩʠ ʨʘʩʧʨʦʩʪʨʘʥʝʷ ʚ ʨʘʟʣʠʯʥʳʭ ʛʘʟʘʭ. ɿʥʘʷ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʯʝʨʝʟ ʩʝʯʝʥʠʷ ʄʌʀ, ʚʳʯʠʩʣʷʝʪʩʷ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ ʧʣʘʟʤʝ. ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ 

(ʪʘʙʣʠʮʘ 1), ʚʠʜʥʦ:  
¶ ʇʠʢʦʚʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚ ʠʤʧʫʣʴʩʝ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʤʦʣʝʢʫʣ ʚʦʜʳ ʚ ʚʦʟʜʫʭʝ ʧʦʥʠʞʘʝʪʩʷ. ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʧʦʪʝʨʷʤʠ 

ʵʥʝʨʛʠʠ,  ʩʚʷʟʘʥʥʳʤʠ ʩ ʚʳʩʦʢʦʡ ʩʧʦʩʦʙʥʦʩʪʴ ʤʦʣʝʢʫʣ ʚʦʜʳ ʢ 

ʧʦʛʣʦʱʝʥʠʶ (ʠ ʢʘʢ ʩʣʝʜʩʪʚʠʝ ʠ ʠʦʥʠʟʘʮʠʠ) ʋʌ ʠʟʣʫʯʝʥʠʷ.  

¶ ʇʣʦʪʥʦʩʪʴ ʵʣʝʢʪʨʦʥʦʚ ʚ ʬʦʪʦʠʦʥʠʟʠʨʦʚʘʥʥʦʡ ʋʌ ʠʟʣʫʯʝʥʠʝʤ 

ʧʣʘʟʤʝ ʩʫʱʝʩʪʚʝʥʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ (ʥʘ 2 ʧʦʨʷʜʢʘ) ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ 

ʚʳʩʦʢʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʚʣʘʞʥʦʩʪʠ ʚʦʟʜʫʭʘ. 

 
ʊʘʙʣʠʮʘ 1 ʇʘʨʘʤʝʪʨʳ ʬʠʣʘʤʝʥʪʦʚ ʚ ʚʦʟʜʫʭʝ ʨʘʟʣʠʯʥʦʡ ʚʣʘʞʥʦʩʪʠ  

 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ɹʘʟʝʣʷʥ ʕ.ʄ., ʈʘʠ↑ʟʝʨ ʖ.ʇ. ʌʠʟʠʢʘ ʤʦʣʥʠʠ ʠ ʤʦʣʥʠʝʟʘʱʠʪʘ. ʄ.: ʌʠʟʤʘʪʣʠʪ, 2001.  
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2. A. V. Shutov, N. N. Ustinovskii et. al  çMajor pathway for multiphoton air ionization at 248 

nm laser wavelengthè Applied Physics Letters 111, 224104 (2017).  
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ʈɽʅʊɻɽʅʆɺʉʂʀʁ ʆʊʂʃʀʂ ʇʈʀ ʂʆʅʊʈʆʃʀʈʋɽʄʆʄ 

ɺʆɿɼɽʁʉʊɺʀʀ ʌɽʄʊʆʉɽʂʋʅɼʅʆɻʆ ʃɸɿɽʈʅʆɻʆ 

ʇʋʏʂɸ ʅɸ ʄʀʐɽʅʔ ɺ ɻɸɿʆɺʆʁ ʉʈɽɼɽ 

ʀʩʩʣʝʜʦʚʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʚʳʭʦʜʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠʟ ʤʝʜʥʦʡ 

ʤʠʰʝʥʠ ʚ ʚʦʟʜʫʭʝ ʦʪ ʜʣʠʪʝʣʴʥʦʩʪʠ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ 

(ʵʥʝʨʛʠʷ 6ʤɼʞ)  ʠ ʫʩʣʦʚʠʡ ʬʦʢʫʩʠʨʦʚʢʠ. ʇʦʣʫʯʝʥʦ, ʯʪʦ ʚʳʭʦʜ ʦʢʘʟʳʚʘʝʪʩʷ 

ʤʘʢʩʠʤʘʣʴʥʳʤ ʧʨʠ ʬʦʢʫʩʠʨʦʚʢʝ ʚʥʝʦʩʝʚʦʡ ʧʘʨʘʙʦʣʦʡ 5 ʩʤ ʠ ʜʣʠʪʝʣʴʥʦʩʪʠ 

ʠʤʧʫʣʴʩʘ ʧʦʨʷʜʢʘ 700ʬʩ. ɺʳʭʦʜ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʬʦʪʦʥʦʚ ʩʦʩʪʘʚʣʷʝʪ ʧʦʨʷʜʢʘ 

2*10^5 ʬʦʪ/ʠʤʧʫʣʴʩ ʚ 2ˊ. ɻʝʣʠʝʚʳʡ ʧʦʜʜʫʚ ʚ ʟʦʥʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʟʚʦʣʷʝʪ 

ʫʚʝʣʠʯʠʪʴ ʚʳʭʦʜ ʈʀ ʙʦʣʝʝ ʯʝʤ ʥʘ ʧʦʨʷʜʦʢ ʠ ʜʦʩʪʠʛʥʫʪʴ ʚʳʭʦʜʘ ʈʀ ʧʦʨʷʜʢʘ 

10^7 ʬʦʪ/ʠʤʧʫʣʴʩ ʚ 2ˊ. 
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X-RAY RESPONSE UNDER CONTROLLED INTERACTION 

OF A FEMTOSECOND LASER BEAM TO A TARGET IN A 

GAS MEDIA  
 

The dependence of the X-ray output from a copper target placed in air on the 

duration of a femtosecond laser pulse (energy 6mJ) and the focusing conditions is 

studied. It is found that the output is maximal when focusing with an off-axis parabola 

of 5 cm and a pulse duration of about 700 fs. The output of X-ray photons is about 

2*105 phot/pulse in 2́. Helium blowing into the interaction zone makes it possible to 

increase the output of X-ray by more than an order of magnitude and achieve the value 

about 10^7 phot/ pulse in 2́ . 

ʌʝʤʪʦʩʝʢʫʥʜʥʘʷ ʣʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʘʷ ʛʝʥʝʨʘʮʠʷ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʚʳʟʳʚʘʝʪ ʠʥʪʝʨʝʩ ʚ ʩʚʷʟʠ ʩ ʟʘʜʘʯʘʤʠ ʚʨʝʤʷ 

ʨʘʟʨʝʰʝʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ. ʊʘʢ ʢʘʢ ʥʝ ʚʩʝʛʜʘ ʢʦʤʬʦʨʪʥʦ  

ʨʘʙʦʪʘʪʴ ʚ ʚʘʢʫʫʤʥʳʭ ʫʩʣʦʚʠʷʭ, ʚʦʩʪʨʝʙʦʚʘʥ ʢʦʤʧʘʢʪʥʳʡ ʣʘʟʝʨʥʦ-

ʧʣʘʟʤʝʥʥʳʡ ʠʩʪʦʯʥʠʢ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʢʦʪʦʨʳʡ 

ʬʫʥʢʮʠʦʥʠʨʫʝʪ ʚ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʠʦʥʠʟʘʮʠʷ 
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ʤʦʣʝʢʫʣ ʚʦʟʜʫʭʘ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʦʙʣʘʩʪʠ ʤʠʰʝʥʠ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 

ʠʩʪʦʱʝʥʠʝʤ ʣʘʟʝʨʥʦʡ ʵʥʝʨʛʠʠ, ʘ ʪʘʢʞʝ ʩʘʤʦʠʥʜʫʮʠʨʦʚʘʥʥʦʡ 

ʜʝʬʦʢʫʩʠʨʦʚʢʦʡ ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ. ʕʪʠ ʧʨʦʮʝʩʩʳ ʧʨʠʚʦʜʷʪ ʢ 

ʦʛʨʘʥʠʯʝʥʠʶ ʫʨʦʚʥʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠ ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʫʤʝʥʴʰʘʶʪ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʢʦʥʚʝʨʩʠʠ ʚ ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʝ. ʀʟʚʝʩʪʥʦ, ʯʪʦ 

ʫʚʝʣʠʯʝʥʠʝ ʦʩʪʨʦʪʳ ʬʦʢʫʩʠʨʦʚʢʠ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʨʦʩʪʫ 

ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʩʪʠʞʠʤʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʘ ʫʚʝʣʠʯʝʥʠʝ ʜʣʠʪʝʣʴʥʦʩʪʠ ( 

ʟʘ ʩʯʝʪ ʯʠʨʧʠʨʦʚʘʥʠʷ) ʠʤʧʫʣʴʩʘ ʩʦʚʤʝʩʪʥʦ ʩ ʧʦʜʲʝʤʦʤ ʣʘʟʝʨʥʦʡ 

ʥɻʝʨʛʠʠ ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ʚʳʭʦʜ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʚ 

ʨʝʞʠʤʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ  ʩ ʤʠʰʝʥʴʶ ʚ ʚʦʟʜʫʭʝ.  ɽʱʝ ʦʜʥʘ ʚʦʟʤʦʞʥʦʩʪʴ  

ʧʦʚʳʰʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʦʟʥʠʢʘʝʪ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʣʦʢʘʣʴʥʦʛʦ 

ʧʦʜʜʫʚʘ ʛʘʟʘ ʩ ʙʦʣʴʰʠʤ ʧʦʪʝʥʮʠʘʣʦʤ ʠʦʥʠʟʘʮʠʠ (ʛʝʣʠʷ) ʚ ʦʙʣʘʩʪʴ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ.  

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ ʫʩʣʦʚʠʡ,  ʧʨʠ 

ʢʦʪʦʨʳʭ ʜʦʩʪʠʛʘʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʳʡ ʚʳʭʦʜ ʂ-ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʤʠʰʝʥʴ, ʨʘʩʧʦʣʦʞʝʥʥʫʶ ʚ ʚʦʟʜʫʭʝ, 

ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ.  

ʇʨʦʚʝʜʝʥʥʦʝ ʥʘʤʠ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ ʧʦʢʘʟʘʣʦ 

ʚʦʟʤʦʞʥʦʩʪʴ ʫʚʝʣʠʯʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʠ ʧʣʦʪʥʦʩʪʠ  

ʣʘʟʝʨʥʦʡ ʵʥʝʨʛʠʠ ʚ  ʫʩʣʦʚʠʷʭ ʦʛʨʘʥʠʯʝʥʠʷ ʫʨʦʚʥʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ (ʢʘʢ 

ʨʝʟʫʣʴʪʘʪ ʣʘʟʝʨʥʦ-ʠʥʠʮʠʠʨʦʚʘʥʥʦʡ ʣʦʢʘʣʴʥʦʡ ʠʦʥʠʟʘʮʠʠ) ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʘ ʠ ʦʩʪʨʦʪʳ ʬʦʢʫʩʠʨʦʚʢʠ. ʕʪʦ 

ʜʦʣʞʥʦ ʧʨʠʚʦʜʠʪʴ ʢ ʫʚʝʣʠʯʝʥʠʶ  ʚʳʭʦʜʘ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʬʦʪʦʥʦʚ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʳʧʦʣʥʝʥʥʳʭ  ʥʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ  ʧʦʣʫʯʝʥʦ, ʯʪʦ 

ʧʨʠ ʬʦʢʫʩʠʨʦʚʢʝ ʚ ʚʦʟʜʫʭʝ Ti;Sa ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʩ ʵʥʝʨʛʠʝʡ 6 ʤɼʞ, 

ʫʚʝʣʠʯʝʥʠʝ ʦʩʪʨʦʪʳ ʬʦʢʫʩʠʨʦʚʢʠ ʚ ʪʨʠ ʨʘʟʘ (ʠʩʧʦʣʴʟʦʚʘʥʳ ʚʥʝʦʩʝʚʳʝ 

ʧʘʨʘʙʦʣʳ ʬʦʢʫʩʘʤʠ 15ʩʤ ʜʦ 5 ʩʤ) ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʧʦʪʝʨʴ ʥʘ 

ʠʦʥʠʟʘʮʠʶ ʚ ʚʦʟʜʫʭʝ ʧʨʠ ʩʧʝʢʪʨʘʣʴʥʦ-ʦʛʨʘʥʠʯʝʥʥʦʤ ʠʤʧʫʣʴʩʝ (30 ʬʩ) 

ʩ 46% ʜʦ 73% , ʘ ʫʚʝʣʠʯʝʥʠʝ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʘ ʜʦ 700 ʬʩ ʟʘ ʩʯʝʪ  

ʯʠʨʧʠʨʦʚʘʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʧʦʪʝʨʴ ʜʦ 37% ( ʚ ʩʣʫʯʘʝ 

ʬʦʢʫʩʠʨʦʚʢʠ 5 ʩʤ ʚʥʝʦʩʝʚʦʡ ʧʘʨʘʙʦʣʦʡ).  

ʀʩʩʣʝʜʦʚʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʚʳʭʦʜʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠʟ 

ʤʝʜʥʦʡ ʤʠʰʝʥʠ ʚ ʚʦʟʜʫʭʝ ʦʪ ʜʣʠʪʝʣʴʥʦʩʪʠ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ 

ʠʤʧʫʣʴʩʘ (ʵʥʝʨʛʠʷ 6ʤɼʞ)  ʠ ʫʩʣʦʚʠʡ ʬʦʢʫʩʠʨʦʚʢʠ. ʇʦʣʫʯʝʥʦ, ʯʪʦ 

ʚʳʭʦʜ ʦʢʘʟʳʚʘʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʳʤ ʧʨʠ ʬʦʢʫʩʠʨʦʚʢʝ ʚʥʝʦʩʝʚʦʡ 

ʧʘʨʘʙʦʣʦʡ 5 ʩʤ ʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʘ ʧʦʨʷʜʢʘ 700 ʬʩ.. ɺʳʭʦʜ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʬʦʪʦʥʦʚ ʩʦʩʪʘʚʣʷʝʪ ʧʦʨʷʜʢʘ 2*10^5 ʬʦʪ/ʠʤʧʫʣʴʩ ʚ 2ˊ. 

ɻʝʣʠʝʚʳʡ ʧʦʜʜʫʚ ʚ ʟʦʥʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ʚʳʭʦʜ ʈʀ 

ʙʦʣʝʝ ʯʝʤ ʥʘ ʧʦʨʷʜʦʢ ʠ ʜʦʩʪʠʛʥʫʪʴ ʚʳʭʦʜʘ ʈʀ ʧʦʨʷʜʢʘ 10^7 
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ʬʦʪ/ʠʤʧʫʣʴʩ ʚ 2ˊ ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʚ ʜʘʣʴʥʝʡʰʝʤ ʚʨʝʤʷ-

ʨʘʟʨʝʰʝʥʥʳʭ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ.  

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʧʨʦʝʢʪʘʤʠ ʈʌʌʀ N18-29-20074, N18-02-40032.  
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ʂ.ɸ. ɻʃʋʐʂʆɺ, ʀ.ɹ. ʄʋʍʀʅ 
ʀʇʌ ʈɸʅ, ʅʠʞʥʠʡ ʅʦʚʛʦʨʦʜ 

ɻɽʅɽʈɸʎʀʗ ʌɽʄʊʆʉɽʂʋʅɼʅʓʍ ʀʄʇʋʃʔʉʆɺ 

ɹʃʀɾʅɽɻʆ ʀ ʉʈɽɼʅɽɻʆ ʀʂ ɼʀɸʇɸɿʆʅʆɺ ʀɿ ʉʋɹ-ʇʉ 

ʃɸɿɽʈɸ ʇɸʈɸʄɽʊʈʀʏɽʉʂʆʁ ʅɸʂɸʏʂʀ 

ʌʝʤʪʦʩʝʢʫʥʜʥʳʝ ʠʤʧʫʣʴʩʳ ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʧʝʨʠʦʜʘʤʠ ʦʩʮʠʣʣʷʮʠʡ ʧʦʣʷ 

ʷʚʣʷʶʪʩʷ ʥʝʟʘʤʝʥʠʤʳʤʠ ʠʥʩʪʨʫʤʝʥʪʘʤʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʢʘʢ ʚ ʥʝʣʠʥʝʡʥʦʡ 

ʦʧʪʠʢʝ, ʪʘʢ ʠ ʚ ʬʠʟʠʢʝ ʩʠʣʴʥʦʛʦ ʧʦʣʷ. ʉ ʧʦʤʦʱʴʶ ʥʦʚʦʛʦ ʧʦʜʭʦʜʘ ʛʝʥʝʨʘʮʠʠ 

ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ ʠʤʧʫʣʴʩʦʚ ʥʘʧʨʷʤʫʶ ʠʟ ʠʟʣʫʯʝʥʠʷ ʣʘʟʝʨʘ ʥʘʢʘʯʢʠ 

ʨʘʟʨʘʙʦʪʘʥʘ ʠ ʠʟʛʦʪʦʚʣʝʥʘ ʧʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ, ʛʝʥʝʨʠʨʫʶʱʘʷ 

ʬʝʤʪʦʩʝʢʫʥʜʥʳʝ ʠʤʧʫʣʴʩʳ ʩ ʫʨʦʚʥʝʤ ʵʥʝʨʛʠʠ ʚ ʜʝʩʷʪʢʠ ʤʢɼʞ ʠ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 

ʠʤʧʫʣʴʩʦʚ ʚ ʥʝʩʢʦʣʴʢʦ ʦʩʮʠʣʣʷʮʠʡ ʧʦʣʷ ʚ ʙʣʠʞʥʝʤ ʠ ʩʨʝʜʥʝʤ ʠʥʬʨʘʢʨʘʩʥʦʤ 

ʜʠʘʧʘʟʦʥʘʭ. 

 

K.A. GLUSHKOV, I.B. MUKHIN  
IAP RAS, Nizhny Novgorod 

 

GENERATION OF FEMTOSECOND PULSES IN THE NEAR 

AND MID -IR RANGES FROM A SUB-PS LASER WITH 

PARAMETRIC PUMPING  

 
Femtosecond pulses with several periods of field oscillations are indispensable 

tools for research both in nonlinear optics and in high-field physics. Using a new 

approach to generating femtosecond pulses directly from the radiation of a pump laser, 

a parametric system was developed and manufactured that generates femtosecond 

pulses with an energy level of tens of ɛJ and a pulse duration of several field 

oscillations in the near and mid infrared ranges. 

 

ʉʦʯʝʪʘʥʠʝ ʥʦʚʳʭ ʧʦʜʭʦʜʦʚ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ OPCPA ʫʩʠʣʝʥʠʷ, 

ʩʦʚʨʝʤʝʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʥʘʢʘʯʢʠ ʩ ʚʳʩʦʢʦʡ ʩʨʝʜʥʝʡ ʤʦʱʥʦʩʪʴʶ (ʚ ʪʦʤ 

ʯʠʩʣʝ ʤʦʱʥʳʭ ʧʠʢʦʩʝʢʫʥʜʥʳʭ ʣʘʟʝʨʦʚ), ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʯʠʨʧʠʨʦʚʘʥʥʳʭ 

ʟʝʨʢʘʣ ʠ ʥʦʚʳʭ ʪʠʧʦʚ ʥʝʣʠʥʝʡʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯʰʘʝʪ 

ʚʳʭʦʜʥʳʝ ʧʘʨʘʤʝʪʨʳ ʩʦʚʨʝʤʝʥʥʳʭ ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʳʭ ʣʘʟʝʨʦʚ [1]. ɺ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʨʘʟʨʘʙʦʪʢʘ ʥʦʚʦʛʦ ʜʠʟʘʡʥʘ 

ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʘ ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʛʝʥʝʨʘʮʠʠ ʙʝʣʦʛʦ ʩʚʝʪʘ ʠ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ ʩʫʙ-ʧʩ ʠʤʧʫʣʴʩʦʚ ʣʘʟʝʨʘ, 

ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʠʪʪʝʨʙʠʝʤ. 

ʉʫʙ-ʧʩ ʠʤʧʫʣʴʩʳ ʩʫʙ-ʤɼʞ ʵʥʝʨʛʠʠ ʠʪʪʝʨʙʠʝʚʦʛʦ ʣʘʟʝʨʘ ʯʘʩʪʠʯʥʦ 

ʧʨʝʦʙʨʘʟʫʶʪʩʷ ʚʦ 2-ʶ ʛʘʨʤʦʥʠʢʫ ʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʛʝʥʝʨʘʮʠʠ 

ʠʟʣʫʯʝʥʠʷ ʩʫʧʝʨʢʦʥʪʠʥʫʫʤʘ. ɼʘʣʝʝ, ʵʪʦ ʰʠʨʦʢʦʧʦʣʦʩʥʦʝ ʠʟʣʫʯʝʥʠʝ 
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ʧʘʨʘʤʝʪʨʠʯʝʩʢʠ ʫʩʠʣʠʚʘʝʪʩʷ, ʠ ʜʣʷ ʫʩʠʣʝʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʠʟʣʫʯʝʥʠʝ 2-

ʡ ʛʘʨʤʦʥʠʢʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʛʝʥʝʨʠʨʫʝʪʩʷ çʭʦʣʦʩʪʦʝè ʠʟʣʫʯʝʥʠʝ ʥʘ 

ʨʘʟʥʦʩʪʥʦʡ ʜʣʠʥʝ ʚʦʣʥʳ (~ 2 ʤʢʤ), ʦʙʣʘʜʘʶʱʝʝ ʩʚʦʡʩʪʚʦʤ 

ʩʪʘʙʠʣʠʟʘʮʠʠ ʬʘʟʳ ʵ/ʤ ʧʦʣʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʛʠʙʘʶʱʝʡ (CEP) [2]. ʕʪʦ 

ʠʟʣʫʯʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠ ʫʩʠʣʝʥʦ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʩʭʦʜʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʥʘʢʘʯʢʠ. ɺ ʢʘʯʝʩʪʚʝ 

ʘʣʴʪʝʨʥʘʪʠʚʳ ʠʟʣʫʯʝʥʠʝ ʨʘʟʥʦʩʪʥʦʡ ʯʘʩʪʦʪʳ ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʝʦʙʨʘʟʦʚʘʥʦ ʚʦ 2-ʶ ʛʘʨʤʦʥʠʢʫ ʠ ʫʩʠʣʝʥʦ ʪʘʢʞʝ 2-ʡ ʛʘʨʤʦʥʠʢʦʡ 

ʠʩʭʦʜʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʕʪʦ ʩʛʝʥʝʨʠʨʦʚʘʥʥʦʝ ʰʠʨʦʢʦʧʦʣʦʩʥʦʝ ʠʟʣʫʯʝʥʠʝ 

ʤʦʞʝʪ ʙʳʪʴ ʢʦʤʧʨʝʩʩʠʨʦʚʘʥʦ ʜʦ ʩʧʝʢʪʨʘʣʴʥʦ ʦʛʨʘʥʠʯʝʥʥʦʡ 

ʜʣʠʪʝʣʴʥʦʩʪʠ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʧʝʢʪʨʘʣʴʥʳʭ ʠ ʚʨʝʤʝʥʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʳʧʦʣʥʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʩ 

ʧʦʤʦʱʴʶ ʧʨʠʙʦʨʘ, ʨʘʙʦʪʘʶʱʝʛʦ ʥʘ ʤʝʪʦʜʝ FROG-SH. [3]. 

ɺʘʞʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʜʠʟʘʡʥʘ ʛʝʥʝʨʘʮʠʠ ʬʩ 

ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʷʚʣʷʝʪʩʷ ʠʭ ʦʧʪʠʯʝʩʢʘʷ ʩʠʥʭʨʦʥʠʟʘʮʠʷ ʩ 

ʠʤʧʫʣʴʩʘʤʠ ʣʘʟʝʨʘ ʥʘʢʘʯʢʠ ʚʳʩʦʢʦʤʦʱʥʳʭ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʩʠʩʪʝʤ. 

ʅʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ 2 ʟʘʜʘʶʱʠʭ 

ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ ʩʠʩʪʝʤʳ ʩ ʮʝʥʪʨʘʣʴʥʦʡ ʜʣʠʥʦʡ ʚʦʣʥʳ 910 ʥʤ ʠ 2100 

ʥʤ ʩ ʢʠʣʦʛʝʨʮʦʚʦʡ ʯʘʩʪʦʪʦʡ ʧʦʚʪʦʨʝʥʠʷ ʠʤʧʫʣʴʩʦʚ. ɺ ʣʘʟʝʨʥʦʡ ʩʠʩʪʝʤʝ 

ʩʨʝʜʥʝʛʦ ʀʂ ʜʠʘʧʘʟʦʥʘ ʜʦʩʪʠʛʥʫʪʦ ʙʦʣʝʝ 20 ʤʢɼʞ ʵʥʝʨʛʠʠ ʚ ʠʤʧʫʣʴʩʝ 

ʧʨʠ ʜʣʠʪʝʣʴʥʦʩʪʠ 35 ʬʩ. ɼʘʣʝʝ, ʵʪʦʪ ʩʠʛʥʘʣ ʙʫʜʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʠ ʫʩʠʣʝʥ ʜʦ ʤʫʣʴʪʠ-ʊɺʪ ʫʨʦʚʥʷ ʧʠʢʦʚʦʡ ʤʦʱʥʦʩʪʠ. ɺ 

ʫʩʪʘʥʦʚʢʝ ʩ ʠʟʣʫʯʝʥʠʝʤ ʚ ʙʣʠʞʥʝʤ ʠʥʬʨʘʢʨʘʩʥʦʤ ʜʠʘʧʘʟʦʥʝ 

ʜʦʩʪʠʛʥʫʪʦ 15 ʤʢɼʞ ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 27 ʬʩ, ʦʥʘ ʙʫʜʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ 

ʚ ʢʘʯʝʩʪʚʝ ʩʪʘʨʪʦʚʦʡ ʜʣʷ ʇɺʪ ʣʘʟʝʨʥʦʛʦ ʢʦʤʧʣʝʢʩʘ PEARL. 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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Physical Society, 2002, p. 133901 
3. https://www.femtoeasy.eu/products/frog.php 

  

https://www.femtoeasy.eu/products/frog.php


67 

 

ɸ.ʀ. ɻʆʈʆʍʆɺ, ʀ.ɹ. ʄʋʍʀʅ 
ʀʥʩʪʠʪʫʪ ʧʨʠʢʣʘʜʥʦʡ ʬʠʟʠʢʠ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʅʠʞʥʠʡ ʅʦʚʛʦʨʦʜ 

ʉʀʉʊɽʄɸ ʉʊʈɽʊʏɽʈ-ʂʆʄʇʈɽʉʉʆʈ ʅɸ ʆʉʅʆɺɽ 

ʆɹʒɽʄʅʓʍ ʏʀʈʇʀʈʋʖʑʀʍ ɹʈɽɻɻʆɺʉʂʀʍ 

ʈɽʐɽʊʆʂ ɼʃʗ ɺʓʉʆʂʆʄʆʑʅʆɻʆ ɼʀʉʂʆɺʆɻʆ 

ʃɸɿɽʈɸ 

ɼʘʥʥʘʷ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʚʨʝʤʝʥʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʡ ʚ ʀʇʌ ʈɸʅ ʬʝʤʪʦʩʝʢʫʥʜʥʦʡ 

ʣʘʟʝʨʥʦʡ ʫʩʪʘʥʦʚʢʠ ʩʨʝʜʥʝʛʦ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʜʠʘʧʘʟʦʥʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʙʳʣʘ 

ʨʘʟʨʘʙʦʪʘʥʘ ʩʠʩʪʝʤʘ ʩʪʨʝʪʯʝʨ-ʢʦʤʧʨʝʩʩʦʨ ʜʣʷ ʫʩʠʣʝʥʠʷ ʧʩ ʠʤʧʫʣʴʩʦʚ ʚ ʜʠʩʢʦʚʦʤ 

ʨʝʛʝʥʝʨʘʪʠʚʥʦʤ ʫʩʠʣʠʪʝʣʝ, ʢʦʪʦʨʳʝ ʚ ʜʘʣʴʥʝʡʰʝʤ ʙʫʜʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʢʘʯʝʩʪʚʝ 

ʥʘʢʘʯʢʠ ʩʣʝʜʫʶʱʝʛʦ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʢʘʩʢʘʜʘ ʫʩʠʣʝʥʠʷ. ɺ ʪʦʤ ʯʠʩʣʝ, ʙʳʣʠ 

ʧʨʦʠʟʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʥʘʧʨʘʚʣʝʥʥʳʝ ʥʘ ʧʦʠʩʢ ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʝʰʝʥʠʷ, 

ʧʦʟʚʦʣʷʶʱʝʛʦ ʫʤʝʥʴʰʠʪʴ ʜʣʠʪʝʣʴʥʦʩʪʴ ʧʩ ʠʤʧʫʣʴʩʦʚ ʜʦ ʪʨʝʙʫʝʤʳʭ ʟʥʘʯʝʥʠʡ. 
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STRETCHER-COMPRESSOR SYSTEM BASED ON 

VOLUMETRIC CHIRPED BRAGG GRATINGS FOR A 

HIGH -POWER DISK LASER  

 
This research work is devoted to the study of the temporal characteristics of laser 

radiation of a femtosecond laser device in the mid-infrared range being developed at 

IAP RAS. In particular, a stretcher-compressor system has developed for amplifying 

ps pulses in a disk regenerative amplifier, which will later be used as a pump for the 

next parametric gain stage. Including, studies have conducted, aimed at finding the 

optimal solution that allows reducing the duration of the ps pulses to the required 

values. 

 

ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʧʨʠ ʫʩʠʣʝʥʠʠ 

ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʩ ʠ ʬʩ ʠʤʧʫʣʴʩʦʚ ʷʚʣʷʝʪʩʷ ʦʧʪʠʯʝʩʢʠʡ ʧʨʦʙʦʡ 

ʘʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʣʘʟʝʨʘ ʠʟ-ʟʘ ʫʣʴʪʨʘ-ʚʳʩʦʢʦʡ ʧʠʢʦʚʦʡ ʤʦʱʥʦʩʪʠ 

ʠʟʣʫʯʝʥʠʷ. ɼʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʵʪʦʛʦ ʦʛʨʘʥʠʯʝʥʠʷ ʧʨʠʤʝʥʷʝʪʩʷ ʧʦʜʭʦʜ 

ʫʩʠʣʝʥʠʷ ʯʠʨʧʠʨʦʚʘʥʥʳʭ ʠʤʧʫʣʴʩʦʚ (CPA). ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʘ 

ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʯʠʨʧʠʨʫʶʱʠʭ ʦʙʲʝʤʥʳʭ ʙʨʝʛʛʦʚʩʢʠʭ ʨʝʰʝʪʦʢ[1] 

ʜʣʷ ʩʪʨʝʪʯʠʨʦʚʘʥʠʷ ʠ ʢʦʤʧʨʝʩʩʠʠ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʩ ʦʜʥʦʚʨʝʤʝʥʥʦ 

ʚʳʩʦʢʦʡ ʩʨʝʜʥʝʡ ʠ ʧʠʢʦʚʦʡ ʤʦʱʥʦʩʪʴʶ.ɼʘʥʥʘʷ ʩʭʝʤʘ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ 

ʠʪʪʝʨʙʠʝʚʳʡ ʠʩʪʦʯʥʠʢ ʠʟʣʫʯʝʥʠʷ, ʜʚʝ ʙʨʵʛʛʦʚʩʢʠʝ ʨʝʰʝʪʢʠ ʠ ʜʠʩʢʦʚʳʡ 

ʨʝʛʝʥʝʨʘʪʠʚʥʳʡ ʫʩʠʣʠʪʝʣʴ. 
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ʇʝʨʚʳʤ ʵʪʘʧʦʤ ʨʘʙʦʪʳ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʧʝʢʪʨʘʣʴʥʳʭ ʠ 

ʚʨʝʤʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʳʩʦʢʦʤʦʱʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ, 

ʫʩʠʣʝʥʥʦʛʦ ʩ ʧʨʠʤʝʥʝʥʠʝʤ CPA ʧʦʜʭʦʜʘ. ʉ ʧʦʤʦʱʴʶ 

ʘʚʪʦʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʧʦʜʭʦʜʘ ʠʟʤʝʨʝʥʠʷ ʜʣʠʪʝʣʴʥʦʩʪʝʡ ʙʳʣʘ ʧʦʣʫʯʝʥʘ 

ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ ʥʘ ʚʭʦʜʝ ʨʘʚʥʘʷ 154 ʧʩ. 

ʐʠʨʠʥʘ ʩʧʝʢʪʨʘ ʠʟʣʫʯʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ ʧʨʠ ʵʪʦʤ 8 ʥʤ. ɼʘʣʝʝ ʵʪʦʪ ʩʠʛʥʘʣ 

ʙʳʣ ʥʘʧʨʘʚʣʝʥ ʚ ʯʠʨʧʠʨʫʶʱʫʶ ʦʙʲʝʤʥʫʶ ʙʨʵʛʛʦʚʩʢʫʶ ʨʝʰʝʪʢʫ, 

ʬʫʥʢʮʠʷ ʧʨʦʧʫʩʢʘʥʠʷ ʢʦʪʦʨʦʡ ʦʛʨʘʥʠʯʠʚʘʝʪ ʚʳʭʦʜʥʦʡ ʩʧʝʢʪʨ ʜʦ 2.82 

ʥʤ. ɺʘʞʥʦ, ʯʪʦ ʛʣʘʚʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʯʠʨʧʠʨʫʶʱʝʡ ʦʙʲʝʤʥʦʡ 

ʙʨʵʛʛʦʚʩʢʦʡ ʨʝʰʝʪʢʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʜʣʷ ʨʘʟʥʳʭ ʜʣʠʥ ʚʦʣʥ 

ʫʩʣʦʚʠʝ ɹʨʝʛʛʘ ʚʳʧʦʣʥʷʝʪʩʷ ʥʘ ʨʘʟʥʦʡ ʛʣʫʙʠʥʝ ʚʥʫʪʨʠ ʨʝʰʝʪʢʠ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʜʣʠʥʥʦʚʦʣʥʦʚʘʷ ʯʘʩʪʴ ʠʟʣʫʯʝʥʠʷ ʦʪʨʘʞʘʝʪʩʷ ʦʪ ʧʝʨʝʜʥʝʡ 

ʯʘʩʪʠ ʨʝʰʝʪʢʠ, ʘ ʢʦʨʦʪʢʦʚʦʣʥʦʚʘʷ ï ʦʪ ʟʘʜʥʝʡ. ʕʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʚʨʝʤʝʥʥʦʡ ʟʘʜʝʨʞʢʠ ʤʝʞʜʫ ʨʘʟʣʠʯʥʳʤʠ ʩʧʝʪʨʘʣʴʥʳʤʠ 

ʢʦʤʧʦʥʝʥʪʘʤʠ ʠʟʣʫʯʝʥʠʷ ï ʪʦ ʝʩʪʴ, ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʯʠʨʧʠʨʦʚʘʥʥʦʛʦ 

ʠʤʧʫʣʴʩʘ. ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʙʳʣʠ ʧʨʦʠʟʚʝʜʝʥʳ ʨʘʩʯʝʪʳ, ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ 

ʢʦʪʦʨʳʭ ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ ʧʦʩʣʝ ʧʝʨʚʦʡ ʨʝʰʝʪʢʠ ʨʘʚʥʘ 481 ʧʩ, 

ʯʪʦ ʙʣʠʟʢʦ ʢ ʟʥʘʯʝʥʠʷʤ ʧʦʣʫʯʝʥʥʳʤ ʩ ʧʦʤʦʱʴʶ ʙʳʩʪʨʦʛʦ 

ʬʦʪʦʜʠʦʜʥʦʛʦ ʦʩʮʠʣʣʦʛʨʘʬʘ(Ḑ550 ʧʩ). ɼʘʣʝʝ, ʵʪʦʪ ʩʠʛʥʘʣ ʙʳʣ ʫʩʠʣʝʥ ʚ 
ʨʝʛʝʥʝʨʘʪʠʚʥʦʤ ʜʠʩʢʦʚʦʤ ʫʩʠʣʠʪʝʣʝ ʜʦ ʵʥʝʨʛʠʠ ʚ 10 ʤɼʞ ʩ ʯʘʩʪʦʪʦʡ 

ʧʦʚʪʦʨʝʥʠʷ ʜʦ 10 ʢɻʮ. ʇʦʩʣʝ ʢʦʤʧʨʝʩʩʠʠ ʜʘʥʥʦʛʦ ʩʠʛʥʘʣʘ ʘʥʘʣʦʛʠʯʥʦʡ 

ʙʨʝʛʛʦʚʩʢʦʡ ʨʝʰʝʪʢʦʡ, ʫʩʪʘʥʦʚʣʝʥʥʦʡ ʦʙʨʘʪʥʦʡ ʩʪʦʨʦʥʦʡ, ʩʠʛʥʘʣ ʙʳʣ 

ʩʥʦʚʘ ʥʘʧʨʘʚʣʝʥ ʚ ʘʚʪʦʢʦʨʨʝʣʷʪʦʨ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʜʣʠʪʝʣʴʥʦʩʪʠ, 

ʟʥʘʯʝʥʠʝ ʢʦʪʦʨʦʡ ʧʦʣʫʯʠʣʦʩʴ ʨʘʚʥʳʤ 64 ʧʩ ʧʨʠ ʰʠʨʠʥʝ ʧʦʣʦʩʳ 

ʠʟʣʫʯʝʥʠʷ 2.8 ʥʤ. ʇʦʩʢʦʣʴʢʫ ʜʣʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʫʩʠʣʝʥʠʷ 

ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ ʧʦʩʣʝ ʨʝʛʝʥʝʨʘʪʠʚʥʦʛʦ ʫʩʠʣʠʪʝʣʷ ʜʦʣʞʥʘ 

ʩʦʩʪʘʚʣʷʪʴ ʤʝʥʝʝ 30 ʧʩ, ʚ ʩʠʩʪʝʤʫ ʩʪʨʝʪʯʝʨ-ʢʦʤʧʨʝʩʩʦʨ ʜʦʙʘʚʣʝʥʦ ʝʱʝ 

ʦʜʥʦ ʩʧʝʢʪʨʘʣʴʥʦʝ ʫʩʪʨʦʡʩʪʚʦ ï ʬʠʣʴʪʨ ɺʫʜʘ, ʢʦʪʦʨʳʡ ʙʳʣ ʫʩʪʘʥʦʚʣʝʥ 

ʧʝʨʝʜ ʧʝʨʚʦʡ ʙʨʝʛʛʦʚʩʢʦʡ ʨʝʰʝʪʢʦʡ ʠ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘ ʠʟʣʫʯʝʥʠʷ ʙʳʣʘ 

ʫʤʝʥʴʰʝʥʘ ʩ 2.8 ʜʦ 1.88 ʥʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʧʦʩʣʝ ʢʦʤʧʨʝʩʩʦʨʘ 

ʠʟʤʝʨʝʥʥʘʷ ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʫʤʝʥʴʰʠʣʘʩʴ ʠ 

ʩʦʩʪʘʚʠʣʘ 34 ʧʩ. ʀʤʝʥʥʦ ʪʘʢʘʷ ʜʣʠʪʝʣʴʥʦʩʪʴ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ 

ʪʨʝʙʫʝʪʩʷ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʧʠʢʦʩʝʢʫʥʜʥʦʡ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʥʘʢʘʯʢʠ ʧʨʠ ʫʩʠʣʝʥʠʠ ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ ʠʤʧʫʣʴʩʦʚ ʚ 

ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʡ ʤʫʣʴʪʠ-ʊɺʪ ʣʘʟʝʨʥʦʡ ʩʠʩʪʝʤʝ ʩʨʝʜʥʝʛʦ 

ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʜʠʘʧʘʟʦʥʘ [2]. 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ɽ.ɸ. ɼɸʅʀʃʆɺ, ʉ. ɸ. ʋʈʖʇʀʅ 
ʄʦʩʢʚʘ, ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ.ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ 

ɻɽʅɽʈɸʎʀʗ ʅʀɿʂʆʏɸʉʊʆʊʅʆɻʆ ʀɿʃʋʏɽʅʀʗ ʇʈʀ 

ɺʆɿɼɽʁʉʊɺʀʀ ʃɸɿɽʈʅʆɻʆ ʀʄʇʋʃʔʉɸ ʅɸ ʊʆʅʂʋʖ 

ʄɽʊɸʃʃʀʏɽʉʂʆʁ ʇʃɽʅʂʋ 

ʀʟʫʯʝʥʘ ʛʝʥʝʨʘʮʠʷ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʚʦʟʥʠʢʘʶʱʝʛʦ ʧʨʠ 

ʚʦʟʜʝʡʩʪʚʠʠ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʠʤʧʫʣʴʩʘ s-ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʥʘ ʧʣʝʥʢʫ ʤʝʪʘʣʣʘ. ʇʦʣʫʯʝʥʦ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʪʦʢʦʚ, 

ʚʦʟʥʠʢʘʶʱʠʭ ʟʘ ʩʯʝʪ ʩʠʣʳ ʫʚʣʝʯʝʥʠʷ, ʘ ʪʘʢʞʝ ʚʚʠʜʫ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʥʘʛʨʝʚʘ 

ʦʙʨʘʟʮʘ. ɺʳʯʠʩʣʝʥʳ ʬʫʨʴʝ-ʦʙʨʘʟʳ ʥʠʟʢʦʯʘʩʪʦʪʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, 

ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʥʝʣʠʥʝʡʥʳʤʠ ʪʦʢʘʤʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʢʦʛʜʘ ʪʦʣʱʠʥʘ ʧʣʝʥʢʠ 

ʤʝʥʴʰʝ ʤʘʩʰʪʘʙʘ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʥʠʟʢʦʯʘʩʪʦʪʥʦʛʦ ʧʦʣʷ ʘʤʧʣʠʪʫʜʘ 

ʪʝʨʘʛʝʨʮʝʚʦʛʦ ʩʠʛʥʘʣʘ ʚʦʟʨʘʩʪʘʝʪ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʪʦʣʱʠʥʝ ʧʣʝʥʢʠ. 

ɽʩʣʠ ʞʝ ʪʦʣʱʠʥʘ ʧʣʝʥʢʠ ʤʝʥʴʰʝ ʠ ʛʣʫʙʠʥʳ ʩʢʠʥ-ʩʣʦʷ ʥʘ ʯʘʩʪʦʪʝ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ, ʪʦ ʥʠʟʢʦʯʘʩʪʦʪʥʳʡ ʩʠʛʥʘʣ ʫʩʠʣʠʚʘʝʪʩʷ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ 

ʢʚʘʜʨʘʪʫ ʪʦʣʱʠʥʳ ʧʣʝʥʢʠ. 

 

E.A. DANILOV, S.A. URYUPIN 

Moscow, ʈ.N. Lebedev Physical Institute of the Russian Academy of Sciences 

 

GENERATION OF LOW -FREQUENCY RADIATION UNDER 

THE EFFECT OF A LASER PULSE ON A THIN METAL 

FILM  

 
The generation of terahertz radiation generated at the effect of a femtosecond 

pulse of s-polarized laser radiation on a metal film has been studied. Expressions are 

obtained for low-frequency currents arising due to the drag force, as well as due to 

inhomogeneous heating of the sample. The Fourier transforms of a low-frequency 

magnetic field generated by nonlinear currents are calculated. It is shown that when 

the film thickness is less than the scale of the inhomogeneity of the low-frequency 

field, the amplitude of the terahertz signal increases inversely with the film thickness. 

If the film thickness is less than the skin-layer depth at the laser frequency, then the 

low-frequency signal is amplified in inverse proportion to the square of the film 

thickness. 
 

ʈʘʙʦʪʘ [1] ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʛʝʥʝʨʘʮʠʠ ʥʠʟʢʦʯʘʩʪʦʪʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ s-ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ 

ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʫʶ ʧʣʝʥʢʫ. ʈʘʩʩʤʦʪʨʝʥʳ ʜʚʘ 

ʤʝʭʘʥʠʟʤʘ ʛʝʥʝʨʘʮʠʠ. ʇʝʨʚʳʡ ʠʟ ʥʠʭ ʩʚʷʟʘʥ ʩ ʵʬʬʝʢʪʠʚʥʳʤ ʥʘʛʨʝʚʦʤ 

ʵʣʝʢʪʨʦʥʦʚ [2], ʧʨʠʚʦʜʷʱʠʤ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʛʨʘʜʠʝʥʪʘ ʵʣʝʢʪʨʦʥʥʦʛʦ 
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ʜʘʚʣʝʥʠʷ, ʘ ʚʪʦʨʦʡ - ʩ ʜʝʡʩʪʚʠʝʤ ʩʠʣʳ ʫʚʣʝʯʝʥʠʷ, ʧʦʨʦʞʜʘʶʱʝʡ 

ʥʘʧʨʘʚʣʝʥʥʦʝ ʜʚʠʞʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʘʣʣʘ [3]. 

ʇʨʠʚʝʜʝʥʳ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʧʦʣʷ ʚ ʧʣʝʥʢʝ, 

ʩʦʟʜʘʚʘʝʤʦʛʦ s-ʧʦʣʷʨʠʟʦʚʘʥʥʳʤ ʬʝʤʪʦʩʝʢʫʥʜʥʳʤ ʣʘʟʝʨʥʳʤ 

ʠʤʧʫʣʴʩʦʤ. ɺ ʫʩʣʦʚʠʷʭ ʩʣʘʙʦʛʦ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʥʘʛʨʝʚʘ ʵʣʝʢʪʨʦʥʦʚ 

ʟʘʧʠʩʘʥʦ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʤʘʣʦʛʦ ʚʦʟʤʫʱʝʥʠʷ ʜʘʚʣʝʥʠʷ ʠ ʥʘʡʜʝʥ 

ʠʩʪʦʯʥʠʢ ʪʦʢʘ ʫʚʣʝʯʝʥʠʷ. ʊʘʢʞʝ ʙʳʣʠ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʫʨʘʚʥʝʥʠʷ ʜʣʷ 

ʬʫʨʴʝ-ʦʙʨʘʟʦʚ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ. 

ʀʩʧʦʣʴʟʫʷ ʦʙʱʝʝ ʨʝʰʝʥʠʝ ʵʪʠʭ ʫʨʘʚʥʝʥʠʡ ʠ ʫʩʣʦʚʠʷ ʥʝʨʘʟʨʳʚʥʦʩʪʠ 

ʪʘʥʛʝʥʮʠʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ ʧʦʣʷ ʥʘ ʛʨʘʥʠʮʘʭ ʧʣʝʥʢʠ, ʙʳʣʠ ʥʘʡʜʝʥʳ 

ʬʫʨʴʝ-ʦʙʨʘʟʳ ʥʠʟʢʦʯʘʩʪʦʪʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʩʦʟʜʘʚʘʝʤʦʛʦ 

ʛʨʘʜʠʝʥʪʦʤ ʜʘʚʣʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʠ ʩʠʣʦʡ ʫʚʣʝʯʝʥʠʷ. 

ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʬʫʨʴʝ-ʦʙʨʘʟʦʚ ʥʠʟʢʦʯʘʩʪʦʪʥʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʝ ʧʦʣʝ ʣʦʢʘʣʠʟʦʚʘʥʦ ʫ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ, ʘ 

ʥʠʟʢʦʯʘʩʪʦʪʥʦʝ ʧʦʣʝ ʩʣʘʙʦ ʥʝʦʜʥʦʨʦʜʥʦ ʧʦ ʪʦʣʱʠʥʝ ʧʣʝʥʢʠ, ʘʤʧʣʠʪʫʜʘ 

ʥʠʟʢʦʯʘʩʪʦʪʥʦʛʦ ʩʠʛʥʘʣʘ ʨʘʩʪʝʪ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʪʦʣʱʠʥʝ 

ʧʣʝʥʢʠ ʩ ʝʝ ʫʤʝʥʴʰʝʥʠʝʤ. ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʪʦʣʱʠʥʘ ʧʣʝʥʢʠ ʤʝʥʴʰʝ 

ʛʣʫʙʠʥʳ ʩʢʠʥ-ʩʣʦʷ ʥʘ ʯʘʩʪʦʪʝ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʨʝʘʣʠʟʫʝʪʩʷ ʝʱʝ 

ʙʦʣʴʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ, ʠ ʧʨʠ ʵʪʦʤ ʘʤʧʣʠʪʫʜʘ 

ʥʠʟʢʦʯʘʩʪʦʪʥʦʛʦ ʩʠʛʥʘʣʘ ʨʘʩʪʝʪ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʢʚʘʜʨʘʪʫ 

ʪʦʣʱʠʥʳ ʧʣʝʥʢʠ. 

 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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3. Bezhanov S.G., Uryupin S.A. Quantum Electron. (43), 1048 (2013). 

 

  



72 

 

ʆ.ɺ. ɼɽɺʀʎʂʀʁ 
ʌʝʜʝʨʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ ʖʞʥʳʡ ʥʘʫʯʥʳʡ ʮʝʥʪʨ ʈʦʩʩʠʡʩʢʦʡ 

ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʛ. ʈʦʩʪʦʚ-ʥʘ-ɼʦʥʫ, ʈʦʩʩʠʷ 

ʉʝʚʝʨʦ-ʢʘʚʢʘʟʩʢʠʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʛ. ʉʪʘʚʨʦʧʦʣʴ, ʈʦʩʩʠʷ 

ʌʃʋʂʊʋɸʎʀʀ ʉʆʉʊɸɺɸ ɺ ʊʆʅʂʀʍ ʇʃɽʅʂɸʍ  

InxGa1-xAs1-yPy, ʇʆʃʋʏɽʅʅʓʍ ʄɽʊʆɼʆʄ 

ʀʄʇʋʃʔʉʅʆɻʆ ʃɸɿɽʈʅʆɻʆ ʅɸʇʓʃɽʅʀʗ ʅɸ 

ʇʆɼʃʆɾʂɸʍ Si 

ʀʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʜʠʩʧʝʨʩʥʦʩʪʠ ʜʣʷ ʰʠʭʪʳ ʤʠʰʝʥʠ ʥʘ ʩʦʩʪʘʚ ʧʣʝʥʦʢ 

InxGa1-xAs1-yPy ʥʘ Si, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʠʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʥʘʧʳʣʝʥʠʷ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʜʠʩʧʝʨʩʥʦʩʪʠ ʰʠʭʪʳ ʜʣʷ ʤʠʰʝʥʠ 20 ʤʢʤ ʦʪʩʫʪʩʪʚʫʝʪ 

ʬʣʫʢʪʫʘʮʠʷ ʩʦʩʪʘʚʘ ʚ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ InxGa1-xAs1-yPy. 

 

O.V. DEVITSKY 
Federal Research Center Southern Scientific Center of the Russian Academy of 

Scienes, Moscow. Rostov-on-Don, Russia 

North Caucasus Federal University, Moscow. Stavropol, RussiaRussia 

COMPOSITION FLUCTUATIONS IN THIN FILMS  
In xGa1-xAs1-yPy OBTAINED BY PULSED LASER DEPOSITION 

ON Si SUBSTRATES 
The effect of dispersion for a target charge on the composition of InxGa1-xAs1-yPy 

fi lms on Si obtained by pulsed laser deposition is studied. It is shown that when the 

dispersion of the charge for the target is less than 20 ɛm, there is no fluctuation of the 

composition in thin InxGa1-xAs1-yPy films. 

ʀʤʧʫʣʴʩʥʦʝ ʣʘʟʝʨʥʦʝ ʥʘʧʳʣʝʥʠʝ (ʀʃʅ) ʜʦʩʪʘʪʦʯʥʦ ʧʝʨʩʧʝʢʪʠʚʥʳʡ 

ʠ ʙʳʩʪʨʦʨʘʟʚʠʚʘʶʱʠʡʩʷ ʤʝʪʦʜ ʧʦʣʫʯʝʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʠ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ [1]. ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʵʪʦʛʦ ʤʝʪʦʜʘ 

ʷʚʣʷʝʪʩʷ ʜʠʩʢʨʝʪʥʳʡ ʧʝʨʝʥʦʩ ʤʘʪʝʨʠʘʣʘ ʤʠʰʝʥʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʧʦʜʣʦʞʢʠ. 

ʀʤʧʫʣʴʩʥʦʝ ʣʘʟʝʨʥʦʝ ʥʘʧʳʣʝʥʠʝ ʪʦʥʢʠʭ ʧʣʝʥʦʢ InxGa1-xAs1-yPy ʥʘ 

Si(100) ʧʨʦʠʩʭʦʜʠʣʦ ʚ ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ ʯʠʩʪʦʪʦʡ 99.999% ʧʨʠ 

ʜʘʚʣʝʥʠʠ 2 ʇʘ. ʀʩʧʦʣʴʟʦʚʘʣʦʩʴ ʣʘʟʝʨʥʦʝ ʠʟʣʫʯʝʥʠʝ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ 

AYG:Nd3+-ʣʘʟʝʨʘ (532 ʥʤ). ʈʘʩʩʪʦʷʥʠʠ ʤʝʞʜʫ ʤʠʰʝʥʴʶ ʠ ʧʦʜʣʦʞʢʦʡ 

ʩʦʩʪʘʚʣʷʣʦ 50 ʤʤ, ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʜʣʦʞʢʠ 350 ÁC. ʇʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ 

ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʨʘʚʥʷʣʦʩʴ 3,2 ɼʞ/ʩʤ2. 

ʆʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʤʝʪʦʜjv 

ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (EDS) ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ (ʉʕʄ) MIRA 

3 LMH ʩ ʩʠʩʪʝʤʦʡ ʦʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ AZtecEnergy 

Standard/Xmax 20. ʌʦʨʤʠʨʦʚʘʥʠʝ ʤʠʰʝʥʠ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʤʝʪʦʜʦʤ 
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ʭʦʣʦʜʥʦʛʦ ʧʨʝʩʩʦʚʘʥʠʷ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʰʠʭʪʳ ʤʠʰʝʥʠ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ 

ʤʘʩʩʘ ʧʦʨʦʰʢʦʚ GaP, GaAs ʠ InAs. ʉʬʦʨʤʠʨʦʚʘʥʥʘʷ ʰʠʭʪʘ 

ʧʝʨʝʪʠʨʘʣʘʩʴ, ʘ ʟʘʪʝʤ ʧʨʦʩʝʠʚʘʣʘʩʴ ʥʘ ʩʠʪʘʭ ʨʘʟʤʝʨʦʤ ʷʯʝʡʢʠ ʦʪ 20; 56; 

78; 100 ʤʢʤ. ɿʘʪʝʤ ʧʨʠ ʧʦʤʦʱʠ ʠʟʦʩʪʘʪʠʯʝʩʢʦʛʦ ʧʨʝʩʩʘ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 

207 ʄʇʘ ʙʳʣʠ ʩʬʦʨʤʠʨʦʚʘʥʳ ʤʠʰʝʥʠ In0.48Ga0.52As0.66P0.34 ʩ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʜʠʩʧʝʨʩʥʦʩʪʴʶ ʰʠʭʪʳ ʜʣʷ ʤʠʰʝʥʠ. ʀʟʤʝʨʝʥʠʝ ʩʦʩʪʘʚʘ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʚ ʧʷʪʠ ʪʦʯʢʘʭ - ʧʦ ʫʛʣʘʤ ʠ ʚ ʮʝʥʪʝ ʧʣʝʥʢʠ. 

 
ʈʠʩ. 1. ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʠ EDS ʩʧʝʢʪʨ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ 

In0.48Ga0.52As0.66P0.34 ʥʘ Si 
ʆʪʤʝʯʝʥʦ, ʯʪʦ ʧʨʠ ʜʠʩʧʝʨʩʥʦʩʪʠ ʰʠʭʪʳ ʜʣʷ ʤʠʰʝʥʠ: 56, 78 ʠ 100 ʤʢʤ 

ʥʘʙʣʶʜʘʣʠʩʴ ʬʣʫʢʪʫʘʮʠʠ ʩʦʩʪʘʚʘ ʧʣʝʥʢʠ ʦʢʦʣʦ 1 - 1,5%. ʇʨʠ ʜʠʩʧʝʨʩʥʦʩʪʠ 

ʰʠʭʪʳ ʜʣʷ ʤʠʰʝʥʠ 20 ʤʢʤ ʦʪʩʫʪʩʪʚʫʝʪ ʬʣʫʢʪʫʘʮʠʷ ʩʦʩʪʘʚʘ ʚ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ 

In0.48Ga0.52As0.66P0.34 ʥʘ ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʝ. 

ʇʫʙʣʠʢʘʮʠʷ ʧʦʜʛʦʪʦʚʣʝʥʘ ʚ ʨʘʤʢʘʭ ʨʝʘʣʠʟʘʮʠʠ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ 

çʈʘʟʨʘʙʦʪʢʘ ʠ ʩʦʟʜʘʥʠʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʛʝʪʝʨʦʠʥʪʝʨʬʝʡʩʦʚ ʥʘ ʦʩʥʦʚʝ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʫʩʪʨʦʡʩʪʚ ʉɺʏ-ʵʣʝʢʪʨʦʥʠʢʠ ʠ ʬʦʪʦʥʠʢʠè 

ʥʘ 2021 ʛ. (ʥʦʤʝʨ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʨʝʛʠʩʪʨʘʮʠʠ ɸɸɸɸ-ɸ19-119040390081-2). 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. L.S. Lunin, M.L. Lunina, O.V. Devitsky and others // Semiconductors. 2017. Vol. 55, ̄  

3, P. 387ï391. 
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ɽ.ʆ. ɽʇʀʌɸʅʆɺ1, ɸ.ɻ. ʐʋɹʅʓʁ1, ʅ.ɺ. ʄʀʅɸɽɺ1,  

ɸ.ʆ. ʈʓɹɸʃʊʆɺʉʂʀʁ 1, ʆ.ʇ. ʇɸʈɽʅɸɻʆ 2 
1ʀʥʩʪʠʪʫʪ ʌʦʪʦʥʥʳʭ ʊʝʭʥʦʣʦʛʠʡ ʌʅʀʎ çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘè 

ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʀʥʩʪʠʪʫʪ ʥʝʬʪʝʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʌʆʈʄʀʈʆɺɸʅʀɽ ʅɸʅɽʉɽʅʅʓʍ ɻɽʊɽʈʆɻɽʅʅʓʍ 

ʂɸʊɸʃʀɿɸʊʆʈʆɺ ʉ ʇʆʄʆʑʔʖ ʄɽʊʆɼɸʃɸɿɽʈʅʆʁ 

ɸɹʃʗʎʀʀ ɺ ʉʈɽɼɽ ʉɺɽʈʍʂʈʀʊʀʏɽʉʂʆɻʆ CO2 

ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥ ʤʝʪʦʜ ʧʦ ʧʦʣʫʯʝʥʠʶ ʭʠʤʠʯʝʩʢʠ ʯʠʩʪʦʛʦ ʛʝʪʝʨʦʛʝʥʥʦʛʦ 

ʢʘʪʘʣʠʟʘʪʦʨʘ ʥʘ ʦʩʥʦʚʝ ʅʏ ʧʘʣʣʘʜʠʷ ʠ ʧʦʨʠʩʪʳʭ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʥʦʩʠʪʝʣʝʡ, 

ʪʘʢʠʭ ʢʘʢ ʦʢʩʠʜ ʘʣʶʤʠʥʠʷ ʠ ʩʠʙʫʥʠʪ. ʇʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʥʘʩʳʱʝʥʠʷ ʥʦʩʠʪʝʣʝʡ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ʧʘʣʣʘʜʠʷ ʚ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʦʤ ʜʠʦʢʩʠʜʝ 

ʫʛʣʝʨʦʜʘ ʦʪ ʚʨʝʤʝʥʠ ʘʙʣʷʮʠʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʤʠʰʝʥʠ ʧʘʣʣʘʜʠʷ. 

E.O. EPIFANOV 1, A.G. SHYBNII 1, N.V. MINAEV  1, 

A.O. RYBALTOVSKII  1, O.P. PARENAGO 2 

1Institute Photon Technologies, FSRC çCrystallography and photonicsè RAS, RF 
2A.V. Topchiev Institute of Petrochemical Synthesis RAS, RF 

 

FORMATION OF SUPPLIED HETEROGENEOUS  

CATALYSTS USING THE METHOD OF LASER 

ABLATION IN A SUPERCRITICAL  CO2 MEDIUM  

A method for obtaining a chemically pure heterogeneous catalyst based on 

palladium NP and porous inorganic carriers such as alumina and sibunite is 

demonstrated. The study of the dependence of the saturation of carriers with palladium 

nanoparticles in supercritical carbon dioxide on the time of ablation of a palladium 

metal target has been carried out. 

ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʜʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ ʧʦʜʭʦʜʘ [1] ʢ ʧʦʣʫʯʝʥʠʶ 

ʥʘʥʝʩʝʥʥʳʭ ʛʝʪʝʨʦʛʝʥʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʧʨʠ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ 

ʧʘʣʣʘʜʠʷ ʩ ʦʩʘʞʜʝʥʠʝʤ ʥʘ Al 2O3 ʚ ʩʨʝʜʝ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʦʛʦ ʜʠʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ. 

ʅʦʩʠʪʝʣʝʤ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʷʚʣʷʣʩʷ ʧʦʨʦʰʦʢ Al2O3 ʩ ʨʘʟʤʝʨʦʤ 

ʯʘʩʪʠʮ ʦʪ 160 ʜʦ 250 ʠ ʦʪ 250 ʜʦ 500 ʤʢʤ [2]. ʊʘʢʞʝ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʛʨʘʥʫʣʳ 

ʩʠʙʫʥʠʪʘ ʨʘʟʤʝʨʦʤ 1 ï 1,5 ʤʤ. ɺ ʢʘʯʝʩʪʚʝ ʠʟʣʫʯʘʪʝʣʷ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʡ ʠʤʧʫʣʴʩʥʳʡ ʚʦʣʦʢʦʥʥʳʡ ʣʘʟʝʨ (ɚ ï 1064 ʥʤ,  ̱ï 2 ʥʩ, Eʠ ï 0,5 

ʤɼʞ, ɜ ï 60 ʢɻʮ). ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʠ ʝʝ ʦʙʱʠʡ ʚʠʜ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1. 

ʉʠʩʪʝʤʘ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʦʜʥʦʩʪʘʜʠʡʥʳʡ ʧʨʦʮʝʩʩ ʩʦʟʜʘʥʠʷ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ. ʄʝʪʦʜʦʤ ʘʙʣʷʮʠʠ ʪʚʝʨʜʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʤʠʰʝʥʝʡ 

ʙʣʘʛʦʨʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʥʘʨʘʙʘʪʳʚʘʶʪʩʷ ʥʘʥʦʯʘʩʪʠʮʳ, ʟʘʪʝʤ ʦʥʠ ʦʩʘʞʜʘʶʪʩʷ ʠ 

ʚʥʝʜʨʷʶʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʠ ʚ ʩʚʦʙʦʜʥʳʡ ʦʙʲʝʤ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʥʦʩʠʪʝʣʝʡ. 



75 

 

ʀʟʣʫʯʝʥʠʝ ʚʦʣʦʢʦʥʥʦʛʦ ʣʘʟʝʨʘ (1) ʟʘʚʦʜʠʪʩʷ ʚ ʨʝʘʢʪʦʨ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ 

(3) ʯʝʨʝʟ ʩʢʘʥʠʨʫʶʱʫʶ ʩʠʩʪʝʤʫ (2). ɺʳʩʦʢʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʥʘʥʦʯʘʩʪʠʮ 

ʬʦʨʤʠʨʫʝʪʩʷ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʤʠʰʝʥʠ (5). ʊʨʝʢ 

ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ (4) ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʨʦʮʝʩʩ ʦʙʨʘʟʦʚʘʥʠʷ ʥʘʥʦʯʘʩʪʠʮ. 

ʅʝʦʨʛʘʥʠʯʝʩʢʠʡ ʥʦʩʠʪʝʣʴ ʥʘʭʦʜʠʪʩʷ ʥʘ ʜʥʝ ʨʝʘʢʪʦʨʘ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ. ɺ 

ʧʨʦʮʝʩʩʝ ʘʙʣʷʮʠʠ ʤʘʛʥʠʪʥʘʷ ʤʝʰʘʣʢʘ (6) ʚʢʣʶʯʘʝʪʩʷ, ʠ ʤʘʛʥʠʪʥʳʡ ʷʢʦʨʴ 

ʚʥʫʪʨʠ ʨʝʘʢʪʦʨʘ ʧʝʨʝʤʝʰʠʚʘʝʪ ʥʦʩʠʪʝʣʴ ʜʣʷ ʨʘʚʥʦʤʝʨʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʥʘ ʥʝʤ 

ʧʦʣʫʯʝʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ. ʉʨʝʜʘ ʩʢCO2 ʩʧʦʩʦʙʩʪʚʫʝʪ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʤʫ 

ʧʨʦʮʝʩʩʫ ʥʘʥʝʩʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʥʘ ʥʦʩʠʪʝʣʠ ʙʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʪʨʘʥʩʧʦʨʪʥʳʤ 

ʩʚʦʡʩʪʚʘʤ. 

 
ʈʠʩ. 1. ʉʣʝʚʘ ï ʧʨʠʥʮʠʧ ʠ ʩʭʝʤʘ ʤʝʪʦʜʘ, ʩʧʨʘʚʘ ï ʦʙʱʠʡ ʚʠʜ ʫʩʪʘʥʦʚʢʠ ʩ 

ʚʨʝʟʢʦʡ ʤʠʰʝʥʠ ʧʘʣʣʘʜʠʷ 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʛʨʘʥʪ ˉ 18-29-06032) 

ʠ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʚ ʨʘʤʢʘʭ ʚʳʧʦʣʥʝʥʠʷ ʨʘʙʦʪ ʧʦ 

ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʤʫ ʟʘʜʘʥʠʶ ʌʅʀʎ çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘè ʈɸʅ ʚ 

ʯʘʩʪʠ ʨʘʟʚʠʪʠʷ ʣʘʟʝʨʥʳʭ ʠ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʠʭ ʪʝʭʥʦʣʦʛʠʡ. 

 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Parenago O.P. et al. // Synthesis of Supported Heterogeneous Catalysts by Laser Ablation 
of Metallic Palladium in Supercritical Carbon Dioxide Medium // Molecules. 2020. Vol. 25, ˉ 

24. P. 5807. 

2.  ɽʧʠʬʘʥʦʚ ɽ.ʆ. ʠ ʜʨ. // ʉʠʥʪʝʟ ʥʘʥʝʩʝʥʥʳʭ ʛʝʪʝʨʦʛʝʥʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʧʨʠ 
ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʧʘʣʣʘʜʠʷ ʩ ʦʩʘʞʜʝʥʠʝʤ ʥʘ ʦʢʩʠʜ ʘʣʶʤʠʥʠʷ ʚ ʩʨʝʜʝ 

ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʦʛʦ ʜʠʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ // ʉʚʝʨʭʢʨʠʪʠʯʝʩʢʠʝ ʬʣʶʠʜʳ ʪʝʦʨʠʷ ʠ ʧʨʘʢʪʠʢʘ. 

2019. Vol. 14, ˉ 3. P. 64ï70. 
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ɺ.ʉ. ɾʀɻɸʈʔʂʆɺ, ʅ.ɺ. ʄʀʅɸɽɺ, ɺ.ʀ. ʖʉʋʇʆɺ 
ʀʥʩʪʠʪʫʪ ʬʦʪʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʌʅʀʎ çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘè 

ʈɸʅ 108840, ʄʦʩʢʚʘ, ʊʨʦʠʮʢ, ʇʠʦʥʝʨʩʢʘʷ, 2 

ʃɸɿɽʈʅɸʗ ʀʅɾɽʅɽʈʀʗ ʄʀʂʈʆɹʅʓʍ ʉʀʉʊɽʄ: 

ɺʆɿʄʆɾʅʆʉʊʀ ʀ ʇɽʈʉʇɽʂʊʀɺʓ 

ʃʘʟʝʨʥʘʷ ʧʝʯʘʪʴ ʛʝʣʝʚʳʤʠ ʤʠʢʨʦʢʘʧʣʷʤʠ (ʣʘʟʝʨʥʘʷ ʠʥʞʝʥʝʨʠʷ ʤʠʢʨʦʙʥʳʭ 

ʩʠʩʪʝʤ, ʃʀʄʉ), ʩʦʜʝʨʞʘʱʠʤʠ ʞʠʚʳʝ ʦʨʛʘʥʠʟʤʳ, ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʦʡ 

ʪʝʭʥʦʣʦʛʠʝʡ, ʧʨʠʤʝʥʠʤʦʡ ʚ ʤʠʢʨʦʙʠʦʣʦʛʠʠ, ʙʠʦʪʝʭʥʦʣʦʛʠʠ ʠ ʤʝʜʠʮʠʥʝ. 

ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʳ ʧʨʘʢʪʠʯʝʩʢʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʜʘʥʥʦʡ 

ʪʝʭʥʦʣʦʛʠʠ. ʇʨʝʜʩʪʘʚʣʝʥʳ ʚʦʟʤʦʞʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʪʝʭʥʦʣʦʛʠʠ ʧʨʠ ʨʘʙʦʪʝ ʩ 

ʞʠʚʳʤʠ ʢʫʣʴʪʫʨʘʤʠ ʤʠʢʨʦʦʨʛʘʥʠʟʤʦʚ. 

 

V.S. ZHIGARKOV, N.V. MINAEV , V.I. YUSUPOV 
IPT RAS, FSRC çCrystallography and Photonicsè RAS, 108840, Moscow,  

Troitsk, Pionerskaya 2 

 

LASER ENGINEERING OF MICROBIAL SYSTEMS:  

SCOPE AND PROSPECTS 
 

Laser printing with gel microdroplets (laser engineering of microbial systems, 

LEMS) containing living organisms is a promising method for microbiology, 

biotechnology, and medicine. The practical capabilities of this technology are 

demonstrated. Possible limitations of the technology when working with live 

microorganisms cultures are presented. 

 

ʊʝʭʥʦʣʦʛʠʷ ʣʘʟʝʨʥʦʡ ʙʠʦʧʝʯʘʪʠ ʛʝʣʝʚʳʤʠ ʤʠʢʨʦʢʘʧʣʷʤʠ ʢʨʘʡʥʝ 

ʘʢʪʫʘʣʴʥʘ ʜʣʷ ʙʠʦʤʝʜʠʮʠʥʩʢʦʛʦ ʠ ʙʠʦʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ 

[1]. ɺ ʯʘʩʪʥʦʩʪʠ, ʩ ʝʸ ʧʦʤʦʱʴʶ ʚʦʟʤʦʞʥʦ ʙʳʩʪʨʦ ʠ ʵʬʬʝʢʪʠʚʥʦ 

ʚʳʜʝʣʷʪʴ ʯʠʩʪʳʝ ʢʫʣʴʪʫʨʳ ʨʘʥʝʝ ʥʝʢʫʣʴʪʠʚʠʨʦʚʘʥʥʳʭ 

ʤʠʢʨʦʦʨʛʘʥʠʟʤʦʚ ʠʟ ʧʨʠʨʦʜʥʳʭ ʩʦʦʙʱʝʩʪʚ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ 

ʧʨʦʜʫʮʝʥʪʦʚ ʙʠʦʣʦʛʠʯʝʩʢʠ ʘʢʪʠʚʥʳʭ ʚʝʱʝʩʪʚ (ʘʥʪʠʙʠʦʪʠʢʠ, 

ʬʝʨʤʝʥʪʳ), ʩʦʟʜʘʥʠʷ ʤʠʢʨʦʙʥʳʭ ʪʦʧʣʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ (ʙʳʩʪʨʳʡ 

ʩʢʨʠʥʠʥʛ ʤʠʢʨʦʙʥʳʭ ʢʫʣʴʪʫʨ ʥʘ ʩʧʦʩʦʙʥʦʩʪʴ ʢ ʵʣʝʢʪʨʦʛʝʥʝʟʫ). ʆʜʥʠʤ 

ʠʟ ʫʩʧʝʰʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʣʘʟʝʨʥʦʡ ʙʠʦʧʝʯʘʪʠ ʷʚʣʷʝʪʩʷ ʣʘʟʝʨʥʘʷ 

ʠʥʞʝʥʝʨʠʷ ʤʠʢʨʦʙʥʳʭ ʩʠʩʪʝʤ [2]. 

ʇʨʠ ʦʩʫʱʝʩʪʚʣʝʥʠʠ ʣʘʟʝʨʥʦʡ ʧʝʯʘʪʠ (ʨʠʩ. 1) ʥʘ ʜʦʥʦʨʥʫʶ ʧʣʘʩʪʠʥʫ 

(ʩʪʝʢʣʷʥʥʘʷ ʧʣʘʩʪʠʥʘ ʩ ʪʦʥʢʠʤ ʧʦʛʣʦʱʘʶʱʠʤ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʩʣʦʝʤ 

ʟʦʣʦʪʘ, ʪʠʪʘʥʘ, ʭʨʦʤʘ ʠ ʪ.ʧ.) ʥʘʥʦʩʠʪʩʷ ʩʣʦʡ ʛʝʣʝʚʦʛʦ ʩʫʙʩʪʨʘʪʘ, 

ʩʦʜʝʨʞʘʱʠʡ ʞʠʚʳʝ ʢʣʝʪʢʠ ʠ/ʠʣʠ ʤʠʢʨʦʦʨʛʘʥʠʟʤʳ. ɺʦʟʜʝʡʩʪʚʠʝ 

ʩʬʦʢʫʩʠʨʦʚʘʥʥʳʤ ʠʤʧʫʣʴʩʥʳʤ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʧʨʠʚʦʜʠʪ ʢ 
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ʣʦʢʘʣʴʥʦʤʫ ʥʘʛʨʝʚʫ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʩʣʦʷ ʠ ʚʦʟʥʠʢʥʦʚʝʥʠʶ, ʙʳʩʪʨʦ 

ʨʘʩʰʠʨʷʶʱʝʛʦʩʷ ʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʧʫʟʳʨʷ ʠ ʬʦʨʤʠʨʦʚʘʥʠʶ ʩʪʨʫʠ [2]. ɺ 

ʨʝʟʫʣʴʪʘʪʝ, ʥʘ ʧʨʠʸʤʥʳʝ ʩʨʝʜʳ ʧʝʨʝʥʦʩʠʪʩʷ ʤʘʣʳʡ ʦʙʲʝʤ ʛʝʣʷ, 

ʩʦʜʝʨʞʘʱʠʡ ʚ ʩʝʙʝ ʤʘʣʦʝ ʯʠʩʣʦ ʞʠʚʳʭ ʢʣʝʪʦʢ ʠʣʠ ʤʠʢʨʦʦʨʛʘʥʠʟʤʦʚ.  
 

ʈʠʩ. 1. ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ. 1 ï ʠʪʪʝʨʙʠʝʚʳʡ ʚʦʣʦʢʦʥʥʳʡ ʣʘʟʝʨ, 2 ï 

ʬʦʨʤʠʨʦʚʘʪʝʣʴ ʦʧʪʠʯʝʩʢʦʛʦ ʣʫʯʘ, 3 ïʩʠʩʪʝʤʘ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ ʣʘʟʝʨʘ, 4 ï 

ʜʦʥʦʨʥʘʷ ʧʣʘʩʪʠʥʢʘ, 5 ï ʘʢʮʝʧʪʦʨʥʘʷ ʧʣʘʩʪʠʥʢʘ, 6 ï ʤʝʪʘʣʣʠʯʝʩʢʦʝ 

ʧʦʢʨʳʪʠʝ, 7 ï ʩʣʦʡ ʛʝʣʷ ʩ ʤʠʢʨʦʦʨʛʘʥʠʟʤʘʤʠ, 8 ï ʦʙʨʘʟʦʚʘʥʥʳʝ ʧʨʠ 

ʧʝʨʝʥʦʩʝ ʤʠʢʨʦʢʘʧʣʠ. ʉʧʨʘʚʘ ï ʠʟʦʙʨʘʞʝʥʠʷ ʤʘʪʨʠʮʳ 

ʢʨʠʩʪʘʣʣʠʟʦʚʘʚʰʝʛʦʩʷ ʚʝʱʝʩʪʚʘ ʤʠʢʨʦʢʘʧʝʣʴ ʥʘ ʘʢʮʝʧʪʦʨʥʦʡ ʧʣʘʩʪʠʥʢʝ, 

ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ ʧʦʤʦʱʠ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. 
 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʚʦʟʤʦʞʥʦʩʪʝʡ ʣʘʟʝʨʥʦʡ ʤʠʢʨʦʚʳʙʦʨʢʠ ʧʦʟʚʦʣʷʝʪ ʩ 

ʚʳʩʦʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʚʳʜʝʣʷʪʴ ʯʠʩʪʳʝ ʢʫʣʴʪʫʨʳ, ʨʘʟʜʝʣʷʪʴ 

ʩʠʥʪʨʦʬʥʳʝ ʤʠʢʨʦʙʥʳʝ ʩʦʦʙʱʝʩʪʚʘ [3], ʘ ʪʘʢʞʝ ʧʦʟʚʦʣʷʝʪ ʨʘʟʜʝʣʷʪʴ 

ʤʠʢʨʦʦʨʛʘʥʠʟʤʳ ʩʦ ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʶʱʠʤʠʩʷ ʪʝʤʧʘʤʠ ʨʦʩʪʘ.  

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʩʫʱʝʩʪʚʫʝʪ ʮʝʣʳʡ ʨʷʜ ʬʘʢʪʦʨʦʚ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ 

ʧʨʦʮʝʩʩʝ ʣʘʟʝʨʥʦʡ ʙʠʦʧʝʯʘʪʠ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ. ʆʮʝʥʢʘ 

ʚʦʟʤʦʞʥʳʭ ʥʝʛʘʪʠʚʥʳʭ ʚʦʟʜʝʡʩʪʚʠʡ ʧʦʟʚʦʣʠʪ ʫʣʫʯʰʠʪʴ 

ʩʫʱʝʩʪʚʫʶʱʫʶ ʪʝʭʥʦʣʦʛʠʶ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ 

ʦʙʨʘʟʦʚʘʥʠʷ ʚ ʨʘʤʢʘʭ ʠʩʧʦʣʥʝʥʠʷ ʨʘʙʦʪ ʧʦ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʤʫ ʟʘʜʘʥʠʶ 

ʌʅʀʎ ñʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘò ʈɸʅ ʚ ʯʘʩʪʠ ʣʘʟʝʨʥʳʭ 

ʚʦʟʜʝʡʩʪʚʠʡ, ʛʨʘʥʪʘ ʈʅʌ 20-14-00286 ʚ ʯʘʩʪʠ ʨʘʟʚʠʪʠʷ ʪʝʭʥʦʣʦʛʠʠ 

ʣʘʟʝʨʥʦʡ ʠʥʞʝʥʝʨʠʠ ʤʠʢʨʦʙʥʳʭ ʩʠʩʪʝʤ. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Arnold C. B., Serra P., Piqu® A.// Mrs Bull. 2007. Vol. 32, ˉ. 1, P. 23-31. 

2. Yusupov, V. I., Zhigarôkov, V. S., Churbanova and others// Quantum Electronics. 2017. 

Vol. 47, ˉ 12, P. 1158. 
3. Kochetkova T. V. and others// IJSEM. 2020. Vol. 70, ˉ. 2, P. 1192-1202. 

  



78 

 

ɸ.ɺ.ʀɺɸʑɽʅʂʆ, ɼ.ɸ. ʂʆʏʋɽɺ, ʅ.ʅ. ɼɸɺʓɼʆɺ 
ɺʣʘʜʠʤʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ɸ.ɻ. ʠ ʅ.ɻ. ʉʪʦʣʝʪʦʚʳʭ,  

ɺʣʘʜʠʤʠʨ, ʈʦʩʩʠʷ 

ʌɽʄʊʆʉɽʂʋʅɼʅʓʁ ʃɸɿɽʈʅʓʁ ʉʀʅʊɽɿ 

ʅɸʅʆʏɸʉʊʀʎ ʀɿ ʆʂʉʀɼɸ ɸʃʖʄʀʅʀʗ 

ɺ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ ʣʘʟʝʨʥʦʡ ʦʙʨʘʙʦʪʢʝ 

ʤʠʰʝʥʠ ʠʟ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ, ʣʝʛʠʨʦʚʘʥʥʦʡ ʪʝʨʙʠʝʤ ʠ ʠʪʪʝʨʙʠʝʤ. ɸʥʘʣʠʟ 

ʧʦʣʫʯʝʥʥʦʛʦ ʧʦʨʦʰʢʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʨʦʚʦʜʠʣʩʷ ʥʘ ʨʘʩʪʨʦʚʦʤ ʵʣʝʢʪʨʦʥʥʦʤ 

ʤʠʢʨʦʩʢʦʧʝ. ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣ ʩʠʥʪʝʟʠʨʦʚʘʥ ʧʦʨʦʰʢʦʚʳʡ ʤʘʪʝʨʠʘʣ ʠʟ 

ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ ʩ ʧʨʠʤʝʩʷʤʠ ʪʝʨʙʠʷ ʠ ʠʪʪʝʨʙʠʷ, ʠʤʝʶʱʠʡ ʥʘʥʦʨʘʟʤʝʨʳ, 

ʩʬʝʨʠʯʥʫʶ ʬʦʨʤʫ ʠ ʫʟʢʠʡ ʛʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʠʡ ʩʦʩʪʘʚ. ɼʘʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʦʙʣʘʩʪʠ ʩʠʥʪʝʟʘ ʚʳʩʦʢʦʯʠʩʪʦʡ ʣʘʟʝʨʥʦʡ ʢʝʨʘʤʠʢʠ. 

A.V. IVASHCHENKO, D.A. KOCHUEV, N.N. DAVIDOV  
Vladimir State University named after A.G. and N.G. Stoletovs, Vladimir, Russia 

 

FEMTOSECOND LASER SYNTHESIS OF NANOPARTICLES 

FROM ALUMINUM OXIDE  
 

This paper presents the results of an experiment on laser processing of an 

aluminum oxide target doped with terbium and ytterbium. The analysis of the obtained 

powder material was carried out using a scanning electron microscope. In the course 

of the study, a powder material was synthesized from aluminum oxide with impurities 

of terbium and ytterbium, which has nanosize, spherical shape and narrow particle 

size distribution. These results can be used in the synthesis of high-purity laser 

ceramics. 

 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʙʦʣʴʰʦʡ ʧʨʘʢʪʠʯʝʩʢʠʡ ʠ ʥʘʫʯʥʳʡ ʠʥʪʝʨʝʩ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʣʘʟʝʨʥʘʷ ʢʝʨʘʤʠʢʘ [1,2], ʚ ʦʩʥʦʚʝ ʢʦʪʦʨʦʡ ʤʦʛʫʪ 

ʣʝʞʘʪʴ ʪʘʢʠʝ ʤʘʪʝʨʠʘʣʳ, ʢʘʢ ʦʢʩʠʜ ʘʣʶʤʠʥʠʷ, ʜʠʦʢʩʠʜ ʮʠʨʢʦʥʠʷ 

(ZrO2), ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ (SiC) ʠ ʜʨʫʛʠʝ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ 

ʩʫʱʝʩʪʚʫʝʪ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʤʝʪʦʜʦʚ ʜʣʷ ʩʠʥʪʝʟʘ 

ʚʳʩʦʢʦʧʨʦʟʨʘʯʥʦʡ ʣʘʟʝʨʥʦʡ ʢʝʨʘʤʠʢʠ. ʆʜʥʘʢʦ ʩʪʦʠʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ 

ʨʘʟʨʘʙʦʪʢʝ ʙʦʣʝʝ ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʤʝʪʦʜʠʢʠ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʠʣʘ ʙʳ ʧʨʠ 

ʥʠʟʢʦʡ ʩʪʘʜʠʡʥʦʩʪʠ ʠ ʩʪʦʠʤʦʩʪʠ ʤʝʪʦʜʘ, ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʢʝʨʘʤʠʯʝʩʢʠʡ 

ʧʦʨʦʰʢʦʚʳʡ ʤʘʪʝʨʠʘʣ ʚʳʩʦʢʦʛʦ ʢʘʯʝʩʪʚʘ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣ ʧʨʦʚʝʜʝʥ ʵʢʩʧʝʨʠʤʝʥʪ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʣʘʟʝʨʥʦʡ ʫʩʪʘʥʦʚʢʠ ʩʦ ʩʣʝʜʫʶʱʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ: ʜʣʠʪʝʣʴʥʦʩʪʴ 

ʠʤʧʫʣʴʩʘ 280 ʬʩ, ʵʥʝʨʛʠʷ ʠʤʧʫʣʴʩʘ 100-150 ʤʢɼʞ, ʜʣʠʥʘ ʚʦʣʥʳ 1029 

ʥʤ, ʯʘʩʪʦʪʘ ʩʣʝʜʦʚʘʥʠʷ ʠʤʧʫʣʴʩʦʚ 10 ʢɻʮ, ʬʦʢʫʩʥʦʝ ʨʘʩʩʪʦʷʥʠʝ 

ʦʙʲʝʢʪʠʚʘ ï 200 ʤʤ. ɺ ʢʘʯʝʩʪʚʝ ʦʙʨʘʟʮʘ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʤʘʪʝʨʠʘʣ ʠʟ 
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ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ Al2O3, ʣʝʛʠʨʦʚʘʥʥʳʡ ʪʝʨʙʠʝʤ ʠ ʠʪʝʙʨʠʝʤ. ɺ ʢʘʯʝʩʪʚʝ 

ʵʣʝʢʪʨʦʜʘ ʜʣʷ ʦʩʘʞʜʝʥʠʷ ʯʘʩʪʠʮ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʤʝʜʥʘʷ ʧʣʘʩʪʠʥʘ. 

ʅʘʧʨʷʞʸʥʥʦʩʪʴ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʧʦʣʷ 15-25 ʢɺ. ʆʙʨʘʙʦʪʢʘ 

ʧʨʦʠʩʭʦʜʠʣʘ ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʚ ʩʨʝʜʝ ʘʪʤʦʩʬʝʨʥʦʛʦ ʚʦʟʜʫʭʘ. 

ʇʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ ʩʠʥʪʝʟʫ ʧʦʨʦʰʢʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ 

ʠʟ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ, ʣʝʛʠʨʦʚʘʥʥʳʡ ʪʝʨʙʠʝʤ ʠ ʠʪʪʝʨʙʠʝʤ, ʧʦʣʫʯʝʥʥʳʝ 

ʯʘʩʪʠʮʳ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʧʨʠ ʧʦʤʦʱʠ ʨʘʩʪʨʦʚʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ (ʨʠʩʫʥʦʢ 1). 

  
ʈʠʩ. 1. ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʨʦʰʢʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠʟ ʦʢʩʠʜʘ 

ʘʣʶʤʠʥʠʷ, ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʪʝʨʙʠʝʤ ʠ ʠʪʪʝʨʙʠʝʤ 

ʅʘ ʨʠʩʫʥʢʝ 1 ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ 

ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ, ʣʝʛʠʨʦʚʘʥʥʳʝ ʪʝʨʙʠʝʤ ʠ ʠʪʝʙʨʠʝʤ, ʢʦʪʦʨʳʝ 

ʥʘʭʦʜʷʪʩʷ ʚ ʫʟʢʦʤ ʨʘʟʤʝʨʥʦʤ ʜʠʘʧʘʟʦʥʝ ʠ ʠʤʝʶʪ ʬʦʨʤʫ ʩʬʝʨ. ʉʨʝʜʥʠʡ 

ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʩʦʩʪʘʚʣʷʣ ʝʜʠʥʠʮʳ ʥʘʥʦʤʝʪʨʦʚ. ʋʟʢʠʡ 

ʛʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʧʦʨʦʰʢʦʚʦʛʦ ʤʘʪʝʨʠʣʘ ʩʚʷʟʘʥ ʪʘʢʞʝ ʩ ʪʝʤ, 

ʯʪʦ ʦʙʨʘʙʦʪʢʘ ʦʙʨʘʟʮʘ ʧʨʦʠʩʭʦʜʠʣʘ ʧʨʠ ʨʝʞʠʤʝ ʩʢʘʥʠʨʦʚʘʥʠʷ 

ʣʘʟʝʨʥʳʤ ʣʫʯʦʤ, ʯʪʦ ʧʦʟʚʦʣʷʣʦ ʧʦʣʥʦʩʪʴʶ ʠʟʙʝʛʘʪʴ ʧʦʧʘʜʘʥʠʷ ʵʥʝʨʛʠʠ 

ʚ ʦʜʥʫ ʠ ʪʫ ʞʝ ʦʙʣʘʩʪʴ. ɺʦʟʜʝʡʩʪʚʫʷ ʥʘ ʦʙʨʘʟʝʮ ʬʝʤʪʦʩʝʢʫʥʜʥʳʤ 

ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʵʣʝʢʪʨʦʬʠʣʴʪʨʘ, ʚʦʟʤʦʞʥʦ ʥʝ 

ʪʦʣʴʢʦ ʦʙʝʩʧʝʯʠʪʴ ʵʬʬʝʢʪʠʚʥʦʝ ʫʜʘʣʝʥʠʝ ʤʘʪʝʨʠʘʣʘ ʟʘ ʩʯʝʪ ʫʚʝʣʠʯʝʥʠʷ 

ʚʢʣʘʜʘ ʵʥʝʨʛʠʠ ʚ ʟʦʥʫ ʦʙʨʘʙʦʪʢʠ, ʥʦ ʠ ʦʙʝʩʧʝʯʠʪʴ ʦʩʘʞʜʝʥʠʝ ʯʘʩʪʠʮ ʠ 

ʠʭ ʧʦʩʣʝʜʫʶʱʠʡ ʩʙʦʨ. 
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TEMPORAL DYNAMICS OF AN ELECTRON AVALANCHE 

IN THE PHOTOIONIZATION PLASMA OF A 25-

NANOSECOND 248 NM KRF LASER PULSE IN AIR 
 

In this work we investigate the mechanism of the time evolution of charged 

components of the photoionization air plasma formed under the action of laser pulses 

with a duration of 25 ns at a wavelength of 248 nm. 

 

ɺʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʚ ʚʦʟʜʫʭʝ ʧʣʘʟʤʝʥʥʳʭ ʢʘʥʘʣʦʚ ʩ ʧʦʤʦʱʴʶ 

ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ, 

ʪʘʢ ʢʘʢ ʩʦʜʝʨʞʘʱʠʝʩʷ ʚ ʬʦʪʦʠʦʥʠʟʘʮʠʦʥʥʦʡ ʧʣʘʟʤʝ ʩʚʦʙʦʜʥʳʝ 

ʵʣʝʢʪʨʦʥʳ ʠ ʠʦʥʳ ʚʣʠʷʶʪ ʥʘ ʦʧʪʠʯʝʩʢʠʝ ʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʝ ʩʚʦʡʩʪʚʘ 

ʚʦʟʜʫʭʘ, ʯʪʦ ʦʪʢʨʳʚʘʝʪ ʙʦʣʴʰʠʝ ʧʝʨʩʧʝʢʪʠʚʳ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʧʣʘʟʤʝʥʥʳʭ ʢʘʥʘʣʦʚ ʠ ʚʦʣʥʦʚʦʜʦʚ ʜʣʷ ʥʘʧʨʘʚʣʝʥʥʦʡ ʧʝʨʝʜʘʯʠ ʵʥʝʨʛʠʠ.  

ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʵʢʩʠʤʝʨʥʳʡ KrF ʣʘʟʝʨ EMG 150 MSC (Lambda 

Physik Gmbh) ʛʝʥʝʨʠʨʦʚʘʣ ʠʤʧʫʣʴʩʳ, ʜʣʠʪʝʣʴʥʦʩʪʴʶ 25 ʥʩ ʩ ʜʣʠʥʥʦʡ 

ʚʦʣʥʳ 248 ʥʤ ʩ ʵʥʝʨʛʠʝʡ 130 ʤɼʞ. ʀʟʣʫʯʝʥʠʝ ʬʦʢʫʩʠʨʦʚʘʣʦʩʴ ʩ 

ʧʦʤʦʱʴʶ ʣʠʥʟʳ ʩ ʬʦʢʫʩʥʳʤ ʨʘʩʩʪʦʷʥʠʝ 1 ʤ ʚ ʜʘʪʯʠʢ ʬʦʪʦʪʦʢʘ, 

ʧʨʝʜʩʪʘʚʣʷʚʰʝʛʦ ʠʟ ʩʝʙʷ ʜʚʘ ʪʨʫʙʯʘʪʳʭ ʵʣʝʢʪʨʦʜʘ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʯʪʦʙʳ ʬʦʢʫʩ ʣʠʥʟʳ ʥʘʭʦʜʠʣʩʷ ʧʦʩʝʨʝʜʠʥʝ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ. ʂ 

ʦʜʥʦʤʫ ʠʟ ʵʣʝʢʪʨʦʜʦʚ ʙʳʣ ʧʦʜʢʣʶʯʝʥ ʙʣʦʢ ʧʠʪʘʥʠʷ, ʩ ʧʦʤʦʱʴʶ 

ʢʦʪʦʨʦʛʦ ʚ ʤʝʞʵʣʝʢʪʨʦʜʥʦʤ ʧʨʦʤʝʞʫʪʢʝ ʩʦʟʜʘʚʘʣʦʩʴ ʵʣʝʢʪʨʠʯʝʩʢʦʝ 

ʧʦʣʝ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ ʦʪ 0.5 ʜʦ 10 ʢɺ/ʩʤ. ʇʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʣʘʟʝʨʥʦʛʦ 
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ʠʤʧʫʣʴʩʘ ʚ ʚʦʟʜʫʭʝ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ ʚʦʟʥʠʢʘʣ ʧʣʘʟʤʝʥʥʳʡ ʢʘʥʘʣ, ʧʦ 

ʢʦʪʦʨʦʤʫ ʧʨʦʪʝʢʘʣ ʪʦʢ, ʢʦʪʦʨʳʡ ʨʝʛʠʩʪʨʠʨʦʚʘʣʩʷ ʩ ʧʦʤʦʱʴʶ 

ʦʩʮʠʣʣʦʛʨʘʬʘ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʙʦʪʳ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʨʠ ʚʝʣʠʯʠʥʝ ʚʥʝʰʥʝʛʦ 

ʧʦʣʷ ʙʦʣʝʝ 3,6 ʢɺ/ʩʤ ʚʦ ʚʨʝʤʷ ʜʝʡʩʪʚʠʷ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʨʘʟʚʠʚʘʝʪʩʷ 

ʥʝʩʘʤʦʩʪʦʷʪʝʣʴʥʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʣʘʚʠʥʘ, ʢʦʪʦʨʘʷ ʟʘʢʘʥʯʠʚʘʣʘʩʴ ʩ 

ʧʘʜʝʥʠʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ. ʊʦʢ ʵʪʦʡ ʣʘʚʠʥʳ ʨʦʩ ʩ 

ʨʦʩʪʦʤ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʦʣʷ, ʦʜʥʘʢʦ ʜʘʞʝ ʧʨʠ ʩʘʤʳʭ ʙʦʣʴʰʠʭ ʧʦʣʷʭ 

~10 ʢɺ/ʩʤ ʵʪʘ ʣʘʚʠʥʘ ʥʝ ʧʨʠʚʦʜʠʣʘ ʢ ʦʧʪʠʯʝʩʢʦʤʫ ʧʨʦʙʦʶ ʚʦʟʜʫʭʘ. ʇʨʠ 

ʵʪʦʤ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʧʦʣʷ ʜʦ ʟʥʘʯʝʥʠʡ ʙʦʣʴʰʠʭ 8,4 ʢɺ/ʩʤ ʩ ʙʦʣʴʰʦʡ 

ʟʘʜʝʨʞʢʦʡ ʧʦʩʣʝ ʦʢʦʥʯʘʥʠʷ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ~1 ʤʢʩ, ʥʘʙʣʶʜʘʣʩʷ 

ʣʘʟʝʨʥʦ-ʫʧʨʘʚʣʷʝʤʳʡ ʧʨʦʙʦʡ ʚʦʟʜʫʭʘ, ʧʨʠ ʵʪʦʤ ʠʤʝʣ ʤʝʩʪʦ ʙʦʣʴʰʦʡ 
ʜʞʠʪʪʝʨ ʧʨʦʙʦʷ. ʂ ʧʨʠʤʝʨʫ, ʧʨʠ ʟʥʘʯʝʥʠʠ ʧʦʣʷ 9.3 ʢɺ/ʩʤ, ʟʘʜʝʨʞʢʘ 

ʤʝʞʜʫ ʧʨʦʭʦʜʦʤ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʠ ʧʦʩʣʝʜʫʶʱʠʤ ʵʣʝʢʪʨʠʯʝʩʢʠʤ 

ʧʨʦʙʦʝʤ ʩʦʩʪʘʚʣʷʣʘ ʦʪ 0.2 ʜʦ 2 ʤʢʩ (ʨʠʩ. 1). 

ʉʪʦʣʴ ʙʦʣʴʰʠʝ ʟʘʜʝʨʞʢʠ ʣʘʟʝʨʥʦ-ʫʧʨʘʚʣʷʝʤʦʛʦ ʧʨʦʙʦʷ ʤʦʛʫʪ 

ʦʙʲʷʩʥʷʪʴʩʷ ʪʝʤ, ʯʪʦ ʦʥ ʣʠʙʦ ʨʘʟʚʠʚʘʝʪʩʷ ʟʘ ʩʯʝʪ ʜʦʣʛʦʞʠʚʫʱʠʭ 

ʣʝʛʢʦʠʦʥʠʟʫʝʤʳʭ ʠʦʥʦʚ, ʥʘʧʨʠʤʝʨ ʠʦʥʦʚ ὕς, ʣʠʙʦ ʟʘ ʩʯʝʪ ʵʬʬʝʢʪʘ 

ʩʥʠʞʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʛʘʟʘ [1], ʧʨʠʚʦʜʷʱʝʛʦ ʢ ʨʦʩʪʫ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʧʨʠʚʝʜʝʥʥʦʛʦ ʧʦʣʷ E/N. 

 

 
ʈʠʩ. 1. ʆʩʮʠʣʣʦʛʨʘʤʤʳ ʪʦʢʘ ʧʨʠ ʨʘʟʚʠʪʠʠ ʣʘʟʝʨʥʦ-ʫʧʨʘʚʣʷʝʤʦʛʦ ʧʨʦʙʦʷ ʚʦʟʜʫʭʘ. 
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ʐʋʃɽʁʂʆ1,  

ʃ.ɸ. ɻʆʃʆɺɸʅʔ1, ɼ.ɽ. ʇʈɽʉʅʆɺ1, ʊ.ʇ. ʂɸʄʀʅʉʂɸʗ1,  

ʇ.ʀ. ʃɸɿɸʈɽʅʂʆ2, ʉ.ɸ. ʂʆɿʖʍʀʅ3, ʊ.ʉ. ʂʋʅʂɽʃʔ4,  

ʇ.ʂ. ʂɸʐʂɸʈʆɺ1 
1ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ 

2ʄʦʩʢʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʭʥʠʢʠ, ɿʝʣʝʥʦʛʨʘʜ, ʈʦʩʩʠʷ 
3ʀʥʩʪʠʪʫʪ ʦʙʱʝʡ ʠ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ ʠʤʝʥʠ ʅ.ʉ. ʂʫʨʥʘʢʦʚʘ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 
4ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ 

ʌɽʄʊʆʉɽʂʋʅɼʅɸʗ ʃɸɿɽʈʅɸʗ ʄʆɼʀʌʀʂɸʎʀʗ 

ɸʄʆʈʌʅʓʍ ʊʆʅʂʀʍ ʇʃɽʅʆʂ GE2SB2TE5 ʅɸ 

ɼʀʕʃɽʂʊʈʀʏɽʉʂʀʍ ʇʆɼʃʆɾʂɸʍ: ʊɽʆʈʀʗ ʀ 

ʕʂʉʇɽʈʀʄɽʅʊ 

ʇʨʦʚʝʜʝʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʦʙʣʫʯʝʥʠʷ ʘʤʦʨʬʥʳʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ Ge2Sb2Te5 ʥʘ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʜʣʦʞʢʘʭ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʚʨʝʤʝʥʘʭ ʵʢʩʧʦʟʠʮʠʠ. ʆʙʥʘʨʫʞʝʥʦ, 

ʯʪʦ ʩ ʝʝ ʫʚʝʣʠʯʝʥʠʝʤ ʧʨʦʠʩʭʦʜʷʪ ʢʘʢ ʦʙʨʘʪʠʤʳʝ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ, ʪʘʢ ʠ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʨʝʰʝʪʦʢ ʩ ʧʝʨʠʦʜʦʤ ʙʣʠʟʢʠʤ ʢ ʜʣʠʥʝ ʚʦʣʥʳ 

(1.25 ʤʢʤ) ʚʦʟʜʝʡʩʪʚʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ. ɼʘʥʥʘʷ ʪʝʥʜʝʥʮʠʷ ʩʦʛʣʘʩʫʝʪʩʷ ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʉʘʡʧʘ-ɼʨʫʜʝ. 
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FEMTOSECOND LASER MODIFICATION OF AMORPHOUS 

GE2SB2TE5 THIN FILMS ON DIELECTRIC SUBSTRATES: 

THEORY AND EXPERIMENT 

Femtosecond laser treatment of amorphous Ge2Sb2Te5 thin films at the different 

exposure times was performed and theoretically analyzed. Exposure time growth 

leads to both reversible phase transitions and fabrication of surface lattices with period 

which is close to incident radiation wavelength (1.25 ɛm). This feature is confirmed 

with Sipe-Drude theory simulations. 
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ʍʘʣʴʢʦʛʝʥʠʜʥʳʡ ʩʪʝʢʣʦʦʙʨʘʟʥʳʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢ Ge2Sb2Te5 

(GST225) ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʙʘʟʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʫʩʪʨʦʡʩʪʚ ʵʥʝʨʛʦʥʝʟʘʚʠʩʠʤʦʡ ʠ ʧʝʨʝʟʘʧʠʩʳʚʘʝʤʦʡ ʧʘʤʷʪʠ ʚʩʣʝʜʩʪʚʠʝ 

ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʨʘʟʣʠʯʠʷ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʠʣʠ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʘʤʦʨʬʥʦʡ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ [1]. ʌʝʤʪʦʩʝʢʫʥʜʥʦʝ ʣʘʟʝʨʥʦʝ 

ʦʙʣʫʯʝʥʠʝ ʜʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʨʠʚʦʜʠʪ ʥʝ ʪʦʣʴʢʦ ʢ ʦʙʨʘʪʠʤʳʤ 

ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʘʤ, ʥʦ ʠ ʬʦʨʤʠʨʦʚʘʥʠʶ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʨʝʣʴʝʬʘ ʩ 

ʚʦʣʥʦʚʳʤ ʠʣʠ ʩʫʙʚʦʣʥʦʚʳʤ ʧʝʨʠʦʜʦʤ [2], ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʦ 

ʚ ʨʘʤʢʘʭ ʪʘʢ ʥʘʟʳʚʘʝʤʦʡ ʪʝʦʨʠʠ ʉʘʡʧʘ-ɼʨʫʜʝ [3]. ʆʙʨʘʟʦʚʘʥʠʝ 

ʧʦʜʦʙʥʳʭ ʦʜʥʦʤʝʨʥʳʭ ʨʝʰʝʪʦʢ ʥʘʙʣʶʜʘʣʦʩʴ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʣʫʯʝʥʠʷ 

ʩʚʝʨʭʢʦʨʦʪʢʠʤʠ ʣʘʟʝʨʥʳʤʠ ʠʤʧʫʣʴʩʘʤʠ ʘʤʦʨʬʥʳʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ 

GST225 ʥʘ ʧʨʦʚʦʜʷʱʠʭ ʧʦʜʣʦʞʢʘʭ [2], ʯʪʦ ʩʪʠʤʫʣʠʨʫʝʪ ʧʨʦʚʝʜʝʥʠʝ 

ʜʘʣʴʥʝʡʰʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʦʙʨʘʟʮʘʤʠ ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʧʦʜʣʦʞʢʘʭ. 

ɸʤʦʨʬʥʳʝ ʪʦʥʢʠʝ ʧʣʝʥʢʠ GST225 ʪʦʣʱʠʥʦʡ 130 ʥʤ ʙʳʣʠ ʦʩʘʞʜʝʥʳ 

ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʤʠʰʝʥʠ ʥʘ 

ʦʢʠʩʣʝʥʥʫʶ ʧʦʜʣʦʞʢʫ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ. ʆʙʨʘʙʦʪʢʘ ʦʙʨʘʟʮʦʚ 

ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʬʝʤʪʦʩʝʢʫʥʜʥʦʡ ʣʘʟʝʨʥʦʡ ʩʠʩʪʝʤʳ ʥʘ ʦʩʥʦʚʝ 

ʢʨʠʩʪʘʣʣʘ ʭʨʦʤ-ʬʦʨʩʪʝʨʠʪʘ (1250 ʥʤ, 135 ʬʩ, 10 ɻʮ, 0.1 ɼʞ/ʩʤ2) ʚ 

ʩʢʘʥʠʨʫʶʱʝʤ ʨʝʞʠʤʝ. 

ʐʠʨʦʢʦʝ ʢʨʳʣʦ 110-170 ʩʤ-1 ʚ ʩʧʝʢʪʨʘʭ ʂʈʉ ʧʨʠ ʜʣʠʥʝ ʚʦʣʥʳ 

ʚʦʟʙʫʞʜʝʥʠʷ 633 ʥʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʘʤʦʨʬʥʦʡ ʩʪʨʫʢʪʫʨʝ ʠʩʭʦʜʥʳʭ 

ʦʙʨʘʟʮʦʚ [2]. ʇʨʠ ʢʦʣʠʯʝʩʪʚʝ ʧʘʜʘʶʱʠʭ ʥʘ ʤʦʜʠʬʠʮʠʨʫʝʤʫʶ ʦʙʣʘʩʪʴ 

ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʦʪ 3 ʜʦ 150 ʥʘʙʣʶʜʘʝʪʩʷ ʯʘʩʪʠʯʥʘʷ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʢʘʢ ʜʘʥʥʳʤʠ ʨʘʩʪʨʦʚʦʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʪʘʢ ʠ ʧʦʷʚʣʝʥʠʝʤ ʫʟʢʦʛʦ 

ʧʠʢʘ ʚ ʜʠʘʧʘʟʦʥʝ ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ 110-140 ʩʤ-1 ʚ ʩʧʝʢʪʨʘʭ ʂʈʉ. ɺ ʩʚʦʶ 

ʦʯʝʨʝʜʴ, ʚ ʨʝʞʠʤʝ ʦʙʣʫʯʝʥʠʷ ʦʪ 150 ʜʦ 750 ʠʤʧʫʣʴʩʦʚ ʧʨʦʠʩʭʦʜʠʪ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʨʝʣʴʝʬʘ ʩ ʚʦʣʥʦʚʳʤ ʧʝʨʠʦʜʦʤ, ʘ ʪʘʢʞʝ 

ʦʨʠʝʥʪʘʮʠʝʡ, ʦʨʪʦʛʦʥʘʣʴʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʚʦʟʜʝʡʩʪʚʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ. 

ɼʘʥʥʘʷ ʪʝʥʜʝʥʮʠʷ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʨʘʤʢʘʭ 

ʪʝʦʨʠʠ ʉʘʡʧʘ-ɼʨʫʜʝ ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʦʟʙʫʞʜʝʥʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ 

9.3Ā1021 ʩʤ-3. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʧʨʠ ʜʘʥʥʦʤ ʨʝʞʠʤʝ ʦʙʨʘʙʦʪʢʠ ʥʘʙʣʶʜʘʝʪʩʷ 

ʨʝʘʤʦʨʬʠʟʘʮʠʷ ʨʘʥʝʝ ʟʘʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʳʭ ʦʙʣʘʩʪʝʡ, ʢʦʪʦʨʘʷ, 

ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʙʨʘʪʠʤʳʭ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʘʭ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʛʨʘʥʪ ˉ 20-32-90111). 
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ʂʆʊʂʆɺ1, ɾ.ʌ.ʃɸʄʇʀʅ2, ʖ.ɸ.ʄʀʊʗɻʀʅ1, ʉ.ɸ. 

ʉɸɺʀʅʆɺ1, ɸ.ʄ.ʉɸɻʀʊʆɺɸ1, ɼ.ɺ.ʉʀʅʀʎʓʅ1, 

ʄ.ɺ.ʀʆʅʀʅ1 
1ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʄʦʩʢʚʘ 

2ʀʥʩʪʠʪʫʪ ʵʣʝʢʪʨʦʥʠʢʠ, ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʠ ʥʘʥʦʪʝʭʥʦʣʦʛʠʠ, ʃʠʣʴ, 

ʌʨʘʥʮʠʷ 

ɼʀʅɸʄʀʂɸ ɻɽʅɽʈɸʎʀʀ ʊɽʈɸɻɽʈʎʆɺʆɻʆ NH3-

ʃɸɿɽʈɸ ʉ ʆʇʊʀʏɽʉʂʆʁ ʅɸʂɸʏʂʆʁ ʀʄʇʋʃʔʉɸʄʀ 

ʉʆ2-ʃɸɿɽʈɸ ɼʃʀʊɽʃʔʅʆʉʊʔʖ ~ 100 ʄʂʉ 

ʆʜʥʦʚʨʝʤʝʥʥʦ ʠʟʤʝʨʝʥʳ ʩ ʥʘʥʦʩʝʢʫʥʜʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʠʤʧʫʣʴʩʳ 

ʪʝʨʘʛʝʨʮʦʚʦʛʦ NH3-ʣʘʟʝʨʘ ʠ ʵʣʝʢʪʨʦʠʦʥʠʟʘʮʠʦʥʥʦʛʦ ʉʆ2-ʣʘʟʝʨʘ. ʆʧʨʝʜʝʣʝʥʳ 

ʜʣʠʪʝʣʴʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ʠ ʟʘʜʝʨʞʢʠ ʥʘʯʘʣʘ ʛʝʥʝʨʘʮʠʠ NH3-ʣʘʟʝʨʘ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʘʯʘʣʘ ʠʤʧʫʣʴʩʘ ʉʆ2-ʣʘʟʝʨʘ. ʀʟʤʝʨʝʥʳ ʜʣʠʥʳ ʚʦʣʥ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ 

NH3-ʣʘʟʝʨʘ, ʩʦʩʪʘʚʠʚʰʠʝ 67.2, 83.8 ʠ 88.9 ʤʢʤ. 

D.A. ZAZYMKINA 1, A.A. IONIN1, I.O. KINYAEVSKY 1,  

YU.M. KLIMACHEV 1, A.YU. KOZLOV1, D.I. KORMASHOVA1,  

A.A. KOTKOV1, J.F. LAMPIN 2, YU.A. MITYAGIN 1, S.A. 

SAVINOV1, A.M. SAGITOVA1, D.V. SINITSYN1, M.V. IONIN1, 
1The P.N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow 

2Institute of Electronics, Microelectronics and Nanotechnology, Lille, France 

 

DINAMICS OF ʊERAHERTZ NH3 LASER GENERATION AT 

OPTICAL PUMPING BY ~ 100 ɛs CO2 LASER PULSES 
 

Pulses of a terahertz NH3 laser and electron-beam-surstained-discharge CO2 laser 

were measured semulteneasly with a nanosecond resolution. The lasing durations and 

the delay of the beginning of lasing of the NH3 laser relative to the beginning of the 

pumping pulse of the CO2 laser are determined. The wavelengths of terahertz NH3 

laser radiation were measured: 67.2, 83.8 and 88.9 ɛm. 

ʈʘʟʨʘʙʦʪʢʘ ʪʝʨʘʛʝʨʮʦʚʳʭ (ʊɻʮ) ʠʩʪʦʯʥʠʢʦʚ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʪʨʝʙʫʝʪʩʷ ʜʣʷ ʨʝʰʝʥʠʷ ʨʷʜʘ ʟʘʜʘʯ, ʥʘʧʨʠʤʝʨ, ʚ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, 

ʜʠʘʛʥʦʩʪʠʢʝ ʧʣʘʟʤʳ [1], ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʚʟʨʳʚʯʘʪʳʭ ʠ 

ʥʘʨʢʦʩʦʜʝʨʞʘʱʠʭ ʚʝʱʝʩʪʚ ʟʘ ʧʨʝʧʷʪʩʪʚʠʷʤʠ [2] ʠ ʜʨ. ʇʝʨʩʧʝʢʪʠʚʥʳʤ 

ʠʩʪʦʯʥʠʢʦʤ ʊɻʮ ʠʟʣʫʯʝʥʠʷ ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʡ NH3-ʣʘʟʝʨ ʩ 

ʦʧʪʠʯʝʩʢʦʡ ʥʘʢʘʯʢʦʡ ʠʤʧʫʣʴʩʥʳʤ ʉʆ2-ʣʘʟʝʨʦʤ, ʧʦʟʚʦʣʷʶʱʠʡ 

ʧʦʣʫʯʠʪʴ ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʣʠʥʠʡ ʩ ʚʳʩʦʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ. ʈʘʥʝʝ 

ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ ʥʘʢʘʯʢʠ ʥʝ ʧʨʝʚʳʰʘʣʘ 3 ʤʢʩ [3, 4].  
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ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʩ 

ʥʘʥʦʩʝʢʫʥʜʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʠʤʧʫʣʴʩʦʚ ʠʟʣʫʯʝʥʠʷ NH3-ʣʘʟʝʨʘ ʠ 

ʵʣʝʢʪʨʦʠʦʥʠʟʘʮʠʦʥʥʦʛʦ (ʕʀ) ʉʆ2-ʣʘʟʝʨʘ, ʠʩʧʦʣʴʟʦʚʘʥʥʦʛʦ ʜʣʷ 

ʦʧʪʠʯʝʩʢʦʡ ʥʘʢʘʯʢʠ. ʀʩʩʣʝʜʦʚʘʣʠʩʴ ʜʣʠʪʝʣʴʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ʠ 

ʟʘʜʝʨʞʢʠ ʥʘʯʘʣʘ ʛʝʥʝʨʘʮʠʠ NH3-ʣʘʟʝʨʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʯʘʣʘ ʠʤʧʫʣʴʩʘ 

ʉʆ2-ʣʘʟʝʨʘ. ʀʟʤʝʨʝʥʠʷ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʧʨʠ ʥʘʢʘʯʢʝ ʠʟʣʫʯʝʥʠʝʤ ʉʆ2-

ʣʘʟʝʨʘ ʥʘ ʣʠʥʠʷʭ 9R(30) (l º 9.22 ʤʢʤ) ʠ 9R(16) (l º 9.29 ʤʢʤ). 

ɼʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʦʚ ʥʘʢʘʯʢʠ ʜʦʩʪʠʛʘʣʘ ~100 ʤʢʩ, ʘ ʵʥʝʨʛʠʷ  

ʠʤʧʫʣʴʩʦʚ ï 1 ɼʞ.  

ʗʯʝʡʢʘ ʩ NH3 ʠʤʝʣʘ ʜʣʠʥʫ 20 ʩʤ ʩ ʦʢʥʦʤ ʠʟ NaCl ʜʣʷ ʚʚʦʜʘ 

ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʠ ʦʢʥʦʤ ʠʟ ʣʘʚʩʘʥʘ ʜʣʷ ʚʳʚʦʜʘ ʊɻʮ 

ʠʟʣʫʯʝʥʠʷ ʩ ʜʨʫʛʦʡ. ɺʥʫʪʨʠ ʨʘʩʧʦʣʘʛʘʣʠʩʴ ʜʚʘ ʧʣʦʩʢʠʭ ʣʘʪʫʥʥʳʭ 

ʟʝʨʢʘʣʘ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 12 ʩʤ ʩ ʦʪʚʝʨʩʪʠʷʤʠ 2 ʤʤ ʥʘ ʦʩʠ ʢʶʚʝʪʳ, ʯʝʨʝʟ 

ʢʦʪʦʨʳʝ ʦʩʫʱʝʩʪʚʣʷʣʠʩʴ ʚʚʦʜ ʠ ʚʳʚʦʜ ʠʟʣʫʯʝʥʠʷ. ʀʟʣʫʯʝʥʠʝ ʉʆ2-

ʣʘʟʝʨʘ ʠ ʀʂ ʠʟʣʫʯʝʥʠʝ NH3-ʣʘʟʝʨʘ ʦʪʩʝʢʘʣʠʩʴ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ 

ʢʚʘʨʮʝʤ. ʀʤʧʫʣʴʩ NH3-ʣʘʟʝʨʘ ʠʟʤʝʨʷʣʩʷ ʙʦʣʦʤʝʪʨʦʤ RS 0.4-4 T (ɿɸʆ 

ñʉʢʦʥʪʝʣò) ʩ ʨʘʟʨʝʰʝʥʠʝʤ ~1 ʥʩ, ʘ ʉʆ2-ʣʘʟʝʨʘ ï ʬʦʪʦʜʠʦʜʦʤ ʈɽʄ-L-3 

ʩ ʨʘʟʨʝʰʝʥʠʝʤ ~0.5 ʥʩ. ʆʧʪʠʤʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ ʚ ʢʶʚʝʪʝ ʩ ʘʤʤʠʘʢʦʤ ʜʣʷ 

ʣʠʥʠʡ 9R(16) ʠ 9R(30) ʩʦʩʪʘʚʠʣʦ 8 ʤʙʘʨ ʠ 2 ʤʙʘʨ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɼʣʠʪʝʣʴʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ NH3-ʣʘʟʝʨʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʵʥʝʨʛʠʠ 

ʠʤʧʫʣʴʩʘ ʥʘʢʘʯʢʠ ʣʝʞʘʣʘ ʚ ʜʠʘʧʘʟʦʥʝ 10õ25 ʤʢʩ ʠ 25õ40 ʤʢʩ ʜʣʷ ʣʠʥʠʡ 

9R(16) ʠ 9R(30), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɿʘʜʝʨʞʢʘ ʥʘʯʘʣʘ ʛʝʥʝʨʘʮʠʠ ʊɻʮ-

ʣʘʟʝʨʘ ʩʦʩʪʘʚʠʣʘ 0.3õ2.5 ʤʢʩ ʜʣʷ ʣʠʥʠʠ 9R(16) ʠ 0.2õ0.6 ʤʢʩ ʜʣʷ ʣʠʥʠʠ 

9R(30). 

ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʜʣʠʥʳ ʚʦʣʥʳ ʊɻʮ ʠʟʣʫʯʝʥʠʷ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ 

ʜʠʬʨʘʢʮʠʦʥʥʘʷ ʨʝʰʝʪʢʘ 6 ʰʪʨ./ʤʤ ʩ ʫʛʣʦʤ ʙʣʝʩʢʘ 12Á. ɼʣʷ ʠʟʤʝʨʝʥʠʡ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʧʨʠʝʤʥʠʢ ʩ 

ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ~1 ʤʩ. ɺ ʢʘʯʝʩʪʚʝ ʥʘʢʘʯʢʠ ʙʳʣʘ ʚʳʙʨʘʥʘ ʣʠʥʠʷ 

9R(30) ʉʆ2-ʣʘʟʝʨʘ. ɹʳʣʠ ʟʘʬʠʢʩʠʨʦʚʘʥʳ ʪʨʠ ʣʠʥʠʠ ʊɻʮ ʠʟʣʫʯʝʥʠʷ NH3 

ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 67.2Ñ1.7, 83.8Ñ1.7 ʠ 88.9Ñ1.7 ʤʢʤ, ʥʘʠʙʦʣʝʝ ʩʠʣʴʥʦʡ ʠʟ 

ʢʦʪʦʨʳʭ ʦʢʘʟʘʣʘʩʴ ʣʠʥʠʷ ʥʘ 83.8 ʤʢʤ. ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʦʣʫʯʝʥʥʳʤ 

ʜʣʠʥʘʤ ʚʦʣʥ ʧʝʨʝʭʦʜʳ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʙʦʪʳ [5]: 

n2:ʘ(6,0)-s(5,0); G:ʘ(6,0)-s(5,0); n2:ʘ(4,0)-s(3,0). 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʧʨʦʝʢʪ ˉ 18-52-

16019). 
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ʋʉʇɽʅʉʂɸʗ1 
1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʀʊʄʆ, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, 

ʈʦʩʩʠʷ 
2ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ. ʅ. ʃʝʙʝʜʝʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ʇʆʃʀʄɽʈʅʓɽ ʇʆʂʈʓʊʀʗ ʂɸʂ ʉʇʆʉʆɹ 

ʋɺɽʃʀʏɽʅʀʗ ɼʀɸʇɸɿʆʅɸ ʋɻʃʆɺ ʉʄɸʏʀɺɸʅʀʗ 

ʉʊɸʃʔʅʆʁ ʇʆɼʃʆɾʂʀ ʇʈʀ ʆɼʅʆʕʊɸʇʅʆʁ 

ʃɸɿɽʈʅʆʁ ʆɹʈɸɹʆʊʂɽ 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʝʪʩʷ ʣʘʟʝʨʥʦʝ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤ ʪʠʧʘ çʩʪʘʣʴ-

ʧʦʣʠʤʝʨè. ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʫʛʣʦʚ ʩʤʘʯʠʚʘʥʠʷ ʩʪʘʣʴʥʦʡ 

ʧʦʜʣʦʞʢʠ ʠ ʩʠʩʪʝʤ çʩʪʘʣʴ - ʧʦʣʠʤʝʪʠʣʤʝʪʘʢʨʠʣʘʪè ʠ çʩʪʘʣʴ - MicroCoatÈ 

ʧʦʢʨʳʪʠʝè ʦʪ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ 

ʦʜʠʥʘʢʦʚʳʭ ʧʘʨʘʤʝʪʨʘʭ ʣʘʟʝʨʥʦʡ ʦʙʨʘʙʦʪʢʠ, ʧʦʢʨʳʪʠʝ ʩʪʘʣʴʥʦʡ ʧʦʜʣʦʞʢʠ 

ʧʣʝʥʢʦʡ ʧʦʣʠʤʝʨʦʚ ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ʜʠʘʧʘʟʦʥ ʫʛʣʦʚ ʩʤʘʯʠʚʘʥʠʷ. 

ʈʝʘʣʠʟʦʚʘʥ ʧʨʦʮʝʩʩ ʘʚʪʦʥʦʤʥʦʛʦ ʛʨʘʜʠʝʥʪʥʦʛʦ ʪʝʯʝʥʠʷ ʢʘʧʝʣʴ ʚʦʜʳ ʠ ʧʣʘʟʤʳ 

ʢʨʦʚʠ ʥʘ ʧʨʦʩʪʝʡʰʠʭ ʤʠʢʨʦʬʣʶʠʜʥʳʭ ʤʦʜʫʣʷʭ. 
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POLYMER COATINGS AS A METHOD FOR INCREASING 

THE RANGE OF WETTING ANGLES OF A STEEL 

SUBSTRATE IN ONE-STAGE LASER PROCESSING 
 

The paper investigates the laser structuring of systems of the "steel-polymer" type. 

The dependence of the contact angles of the steel substrate and the systems "steel - 

polymethyl methacrylate" and "steel - MicroCoatÈ coating" on the fluence of laser 

radiation is analyzed. It is shown that, with the same parameters of laser treatment, 

coating a steel substrate with a polymer film makes it possible to increase the range 

of contact angles. The process of an autonomous gradient flow of water droplets and 

blood plasma on the simplest microfluidic modules has been implemented. 
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ʄʝʪʦʜ ʧʨʷʤʦʡ ʣʘʟʝʨʥʦʡ ʟʘʧʠʩʠ ʷʚʣʷʝʪʩʷ ʙʳʩʪʨʳʤ, ʵʢʦʣʦʛʠʯʥʳʤ ʠ 

ʵʢʦʥʦʤʠʯʥʳʤ ʩʧʦʩʦʙʦʤ ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʝʝ 

ʩʚʦʡʩʪʚʘʤʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʩʤʘʯʠʚʘʝʤʦʩʪʴʶ [1]. 

ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʪʘʣʴʥʳʝ ʧʣʘʩʪʠʥʳ ʤʘʨʢʠ AISI 304 

ʨʘʟʤʝʨʦʤ 5ʭ5 ʩʤ ʠ ʪʦʣʱʠʥʦʡ 1 ʤʤ. ɺ ʢʘʯʝʩʪʚʝ ʧʦʢʨʳʪʠʡ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʦʣʠʤʝʪʠʣʤʝʪʘʢʨʠʣʘʪ (ʇʄʄɸ), ʪʦʣʱʠʥʦʡ ʧʦʨʷʜʢʘ 4 

ʤʢʤ ʠ ʧʦʢʨʳʪʠʝ MicroCoatÈ ʩ ʪʦʣʱʠʥʦʡ ʧʦʢʨʳʪʠʷ ʧʦʨʷʜʢʘ 1 ʤʢʤ. 

ʉʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʦʪʢʨʳʪʦʤ ʚʦʟʜʫʭʝ ʩ 

ʧʦʤʦʱʴʶ ʠʪʪʝʨʙʠʝʚʦʛʦ ʚʦʣʦʢʦʥʥʦʛʦ ʣʘʟʝʨʘ MiniMarker2 ʩ ʜʣʠʥʦʡ 

ʚʦʣʥʳ ɚ = 1,064 ʤʢʤ. ʆʧʠʩʘʥʠʝ ʤʝʪʦʜʘ ʦʙʨʘʙʦʪʢʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʘʥʘʣʦʛʠʯʥʦ ʧʨʠʚʝʜʝʥʥʦʤʫ ʚ ʨʘʙʦʪʝ [1]. 

ʂʨʘʝʚʳʝ ʫʛʣʳ ʩʤʘʯʠʚʘʥʠʷ ʠʟʤʝʨʷʣʠʩʴ ʥʘ ʪʝʥʟʠʦʤʝʪʨʝ DSA 100 

KR±SS ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʣʝʞʘʱʝʡ ʢʘʧʣʠ [2]. 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʫʛʣʦʚ ʩʤʘʯʠʚʘʥʠʷ ʜʣʷ ʩʪʘʣʴʥʦʡ 

ʧʦʜʣʦʞʢʠ ʙʝʟ ʧʦʢʨʳʪʠʷ, ʧʦʢʨʳʪʦʡ ʧʣʝʥʢʦʡ ʇʄʄɸ, ʠ ʩ ʧʣʝʥʢʦʡ 

MicroCoatÈ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ 

ʜʠʘʧʘʟʦʥʝ ʦʪ 1,4 ɼʞ/ʩʤ2 ʜʦ 14 ɼʞ/ʩʤ2. ʆʧʪʠʤʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ʦʙʨʘʙʦʪʢʠ ʦʙʨʘʟʮʘ ʟʘʚʠʩʝʣʠ ʦʪ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʢʨʳʪʠʷ. 

ɺ ʨʘʙʦʪʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʣʠʤʝʨʥʦʛʦ ʧʦʢʨʳʪʠʷ 

ʧʦʟʚʦʣʷʝʪ ʨʘʩʰʠʨʠʪʴ ʜʠʘʧʘʟʦʥ ʫʛʣʦʚ ʩʤʘʯʠʚʘʥʠʷ ʠ ʩʦʟʜʘʪʴ ʩʪʨʫʢʪʫʨʳ 

ʜʣʷ ʘʚʪʦʥʦʤʥʦʛʦ ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʜʚʠʞʝʥʠʷ ʞʠʜʢʦʩʪʝʡ. ɺ ʢʘʯʝʩʪʚʝ 

ʞʠʜʢʦʩʪʝʡ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʘʷ ʚʦʜʘ ʠ ʧʣʘʟʤʘ ʢʨʦʚʠ. ɹʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʟʤʝʥʷʷ ʧʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʤʦʞʥʦ 

ʫʧʨʘʚʣʷʪʴ ʩʢʦʨʦʩʪʴʶ ʠ ʥʘʧʨʘʚʣʝʥʠʝʤ ʪʝʯʝʥʠʷ ʞʠʜʢʦʩʪʝʡ. 

ʄʘʢʩʠʤʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʪʝʯʝʥʠʷ ʢʘʧʣʠ ʚʦʜʳ ʥʘ ʩʠʩʪʝʤʝ çʩʪʘʣʴ ï 

ʧʦʣʠʤʝʪʠʣʤʝʪʘʢʨʠʣʘʪè ʩʦʩʪʘʚʠʣʘ å 25 ʤʤ/ʩ. ʅʘ ʩʠʩʪʝʤʝ çʩʪʘʣʴ - 

MicroCoatÈ ʧʦʢʨʳʪʠʝè ʤʘʢʩʠʤʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʜʦʩʪʠʛʘʣʘ å 90 ʤʤ/ʩ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʜʫʣʠ ʤʦʛʫʪ ʥʘʡʪʠ ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʘʟʣʠʯʥʳʭ 

ʦʪʨʘʩʣʷʭ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʢʘʢ ʜʣʷ ʩʙʦʨʘ ʚʦʜʳ, ʪʘʢ ʠ ʚ ʢʘʯʝʩʪʚʝ 

ʟʘʱʠʪʥʳʭ ʧʦʢʨʳʪʠʡ ʦʪ ʟʘʧʦʪʝʚʘʥʠʷ ʠ ʦʙʣʝʜʝʥʝʥʠʷ. ɺ ʤʝʜʠʮʠʥʝ ʤʦʜʫʣʴ 

ʤʦʞʝʪ ʠʥʪʝʛʨʠʨʦʚʘʪʴʩʷ ʚ ʩʦʩʪʘʚ ʦʜʥʦʨʘʟʦʚʦʛʦ ʢʘʨʪʨʠʜʞʘ ʵʢʩʧʨʝʩʩ 

ʪʝʩʪʦʚ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʞʠʜʢʦʩʪʝʡ. 

 

 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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Moskvin M. K., Shchedrina N. N., Gonchukov S. A., Odintsova G. V., Uspenskaya M. 
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ʀ.ʆ. ɿʆʃʆʊʆɺʉʂʀʁ, ɺ.ɸ. ʃɸʇʀʅ, ɼ.ʀ. ʉɽʄɽʅʎʆɺ 
ʋʣʴʷʥʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʅʘʫʯʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ 

ʠʥʩʪʠʪʫʪ ʠʤ. ʉ.ʇ. ʂʘʧʠʮʳ, ʋʣʴʷʥʦʚʩʢ, ʈʦʩʩʠʷ 

ʄʆɼʋʃʗʎʀʆʅʅɸʗ ʅɽʋʉʊʆʁʏʀɺʆʉʊʔ ɺʆʃʅʆɺʓʍ 

ʇɸʂɽʊʆɺ, ʈɸʉʇʈʆʉʊʈɸʅʗʖʑʀʍʉʗ ɺ 

ʅɽʆɼʅʆʈʆɼʅʓʍ ʉɺɽʊʆɺʆɼɸʍ 

ʀʩʩʣʝʜʦʚʘʣʘʩʴ ʛʝʥʝʨʘʮʠʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʫʣʴʪʨʘʢʦʨʦʪʢʠʭ ʠʤʧʫʣʴʩʦʚ 

ʠʟ ʢʚʘʟʠʥʝʧʨʝʨʳʚʥʦʡ ʤʦʜʫʣʠʨʦʚʘʥʥʦʡ ʚʦʣʥʳ, ʢʦʪʦʨʘʷ ʧʨʦʠʩʭʦʜʠʪ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʤʦʜʫʣʷʮʠʦʥʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚʦʣʥʦʚʳʭ ʧʘʢʝʪʦʚ, 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʚ ʥʝʣʠʥʝʡʥʳʭ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʘʭ ʩ ʨʘʟʣʠʯʥʳʤʠ 

ʧʨʦʬʠʣʷʤʠ ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʠʩʧʝʨʩʠʠ ʦʪ ʜʣʠʥʳ 

I. O. ZOLOTOVSKII, V. A. LAPIN, D. I. SEMENTSOV 
Ulyanovsk State University, S.P. Kapitsa Research Institute of Technology, 

Ulyanovsk, Russia 

 

MODULATION INSTABILITY OF WAVE PACKETS 

PROPAGATING IN INHOMOGENEOUS LIGHT GUIDES  

We investigated the generation of sequences of ultrashort pulses from a quasi-

continuous modulated wave, which occurs as a result of the induced modulation 

instability of wave packets propagating in nonlinear optical fibers with different 

profiles of dispersion on length. 

ʄʦʜʫʣʷʮʠʦʥʥʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ (ʄʅ) ï ʵʬʬʝʢʪ, ʭʘʨʘʢʪʝʨʥʳʡ ʜʣʷ 

ʤʥʦʛʠʭ ʥʝʣʠʥʝʡʥʳʭ ʩʠʩʪʝʤ, ʚʦʟʥʠʢʘʶʱʠʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʦʚʤʝʩʪʥʦʛʦ 

ʜʝʡʩʪʚʠʷ ʥʝʣʠʥʝʡʥʳʭ ʠ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʵʬʬʝʢʪʦʚ [1].  

ɼʠʥʘʤʠʢʘ ʚʨʝʤʝʥʥʦʡ ʦʛʠʙʘʶʱʝʡ ɺʇ ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ʜʣʷ 

ʘʤʧʣʠʪʫʜʳ ʦʛʠʙʘʶʱʝʡ ʚʠʜʘ ʅʋʐ [1, 3]: 

 
2 3

232

2 3
0

2 6

ddA A A
i i A A

z
g

t t

µ µ µ
- - + =

µ µ µ
  (1) 

ʛʜʝ / gt zt= - v  ï ʚʨʝʤʷ ʚ ʙʝʛʫʱʝʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ, ( )n n

nd d db w=  

ï ʧʘʨʘʤʝʪʨ ʜʠʩʧʝʨʩʠʠ ʛʨʫʧʧʦʚʳʭ ʩʢʦʨʦʩʪʝʡ, R  ï ʧʘʨʘʤʝʪʨ 

ʥʝʣʠʥʝʡʥʦʩʪʠ.  

ʅʘ ʨʠʩ. 1 ʧʨʠʚʦʜʷʪʩʷ ʟʘʚʠʩʠʤʦʩʪʠ ʤʘʢʩʠʤʫʤʘ ʤʦʜʫʣʠʨʦʚʘʥʥʦʡ 

ʚʦʣʥʳ ʚʠʜʘ: 

 [ ]0 mod(0, ) 1 0.01cos( )A Pt t= + W   (2) 

ʧʦʣʫʯʝʥʥʳʝ ʧʫʪʝʤ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ (1) ʤʝʪʦʜʦʤ SSF [1]. 

ʇʨʠ ʩʣʝʜʫʶʱʠʭ ʟʥʘʯʝʥʠʷʭ ʧʘʨʘʤʝʪʨʦʚ: ʥʘʯʘʣʴʥʦʡ ʤʦʱʥʦʩʪʠ 0 1P = ɺʪ, 
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ʜʣʠʥʝ ʩʚʝʪʦʚʦʜʘ 1000L= ʤ, ʥʘʯʘʣʴʥʦʡ ɼɻʉ 26

20 10d -=- ʩ2/ʤ, 

ʜʠʩʧʝʨʩʠʠ ʥʘ ʚʳʭʦʜʝ ʠʟ ʩʚʝʪʦʚʦʜʘ ()2 20/ 0.1d L d = , ʜʠʩʧʝʨʩʠʠ ʚʳʩʰʝʛʦ 

ʧʦʨʷʜʢʘ 4

3

313 10 ʩ /ʤd -=- Ö , ʧʘʨʘʤʝʪʨʝ ʥʝʣʠʥʝʡʥʦʩʪʠ 210R -= (ɺʪĀʤ)-1, 

ʯʘʩʪʦʪʝ ʤʦʜʫʣʷʮʠʠ 
mod 0 202 /P dgW =  ʠ ʧʨʠ 

() ( )( )( ) ( )( )
1 2 2

2 20/ exp ; 1 ; 1 ;exp ; 1e l h g pd z d b z b z b z b z b z
-

= - - + - - ï 

ʢʨʠʚʳʝ (1;2;3;4;5).  

ʀʟ ʟʘʚʠʩʠʤʦʩʪʝʡ ʥʘ ʨʠʩ. 1 ʚʠʜʥʦ, ʯʪʦ ʥʘʠʙʦʣʴʰʠʝ ʩʪʝʧʝʥʠ ʩʞʘʪʠʷ 

ʛʝʥʝʨʠʨʫʝʤʳʭ ʠʤʧʫʣʴʩʦʚ ʜʦʩʪʠʛʘʶʪʩʷ ʧʨʠ ʧʣʘʚʥʦ ʫʙʳʚʘʶʱʠʭ ʧʦ 

ʤʦʜʫʣʶ ʟʘʚʠʩʠʤʦʩʪʷʭ ʜʠʩʧʝʨʩʠʠ: ʣʠʥʝʡʥʦʡ, ʛʘʫʩʩʦʚʦʡ ʠ 

ʧʘʨʘʙʦʣʠʯʝʩʢʦʡ. ʇʨʠ ʵʪʦʤ ʧʦʯʪʠ ʥʘ ʚʩʝʡ ʜʣʠʥʝ ʩʚʝʪʦʚʦʜʘ ʤʘʢʩʠʤʘʣʴʥʘʷ 

ʩʪʝʧʝʥʴ ʩʞʘʪʠʷ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʛʘʫʩʩʦʚʦʤ ʧʨʦʬʠʣʝ ʜʠʩʧʝʨʩʠʠ, ʫʩʪʫʧʘʷ 

ʧʘʨʘʙʦʣʠʯʝʩʢʦʤʫ ʧʨʦʬʠʣʶ ʣʠʰʴ ʥʘ ʚʳʭʦʜʝ ʠʟ ʩʚʝʪʦʚʦʜʘ, ʢʦʛʜʘ ʧʨʠ 

ʪʘʢʦʤ ʧʨʦʬʠʣʝ ʧʨʦʠʩʭʦʜʠʪ ʨʝʟʢʠʡ ʨʦʩʪ ʧʠʢʦʚʦʡ ʤʦʱʥʦʩʪʠ. 

  
ʈʠʩ. 1. ʅʦʨʤʠʨʦʚʘʥʥʳʝ ʧʨʦʜʦʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʩʧʝʨʩʠʠ (ʚʝʨʭ. ʨʠʩ.) ʠ 

ʤʘʢʩʠʤʫʤʘ ʤʦʜʫʣʠʨʦʚʘʥʥʦʡ ʚʦʣʥʳ (ʥʠʞʥ. ʨʠʩ.), ʜʣʷ ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʠʩʧʝʨʩʠʠ: 

() ( )( )( ) ( )( )
1 2 2

2 20/ exp ; 1 ; 1 ;exp ; 1e l h g pd z d b z b z b z b z b z
-

= - - + - -ï ʢʨʠʚʳʝ 

(1;2;3;4;5). 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ 

ˉ19-42-730013. 
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DYNAMICS OF FREQUENCY -MODULATED WAVE 

PACKETS UNDER CONDITIONS OF SYNCHRONIZED 

INTERACTION WITH A RUNNING WAVE REFRACTIVE 

INDICATOR  

The formation of ultrashort laser pulses in a cylindrical fiber from a quasi-

continuous background tunneling wave of the type of a whispering gallery mode 

(WGM) is considered. 

ɽʩʣʠ ʩʚʝʪ ʚʚʦʜʠʪʩʷ ʚ ʚʦʣʥʦʚʦʜ ʧʦʜ ʥʝʢʦʪʦʨʳʤ ʫʛʣʦʤ ʢ ʦʙʨʘʟʫʶʱʝʡ 

ʮʠʣʠʥʜʨʘ, ʪʦ ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʚʦʣʥʘ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʧʦ ʩʧʠʨʘʣʴʥʦʡ 

ʪʨʘʝʢʪʦʨʠʠ [1]. ʉʭʝʤʘʪʠʯʝʩʢʠ ʧʨʠʟʤʝʥʥʳʡ ʚʚʦʜ ʠ ʚʳʚʦʜ ʠʟʣʫʯʝʥʠʷ 

ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 1.  

 
ʈʠʩ. 1. ʊʨʘʝʢʪʦʨʠʷ ʣʫʯʘ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʦʤ ʩʚʝʪʦʚʦʜʝ, ʚʚʦʜʠʤʦʛʦ ʯʝʨʝʟ 

ʧʨʠʟʤʫ ʠ ʧʨʝʜʩʪʘʚʣʷʶʱʝʛʦ ʚʦʣʥʫ ʪʠʧʘ ʄʐɻ [1, 2] 

ʇʫʩʪʴ ʚ ʩʚʝʪʦʚʦʜʝ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʝʱʝ ɹɺʇʇ, ʪʦʛʜʘ ʧʦʢʘʟʘʪʝʣʴ 

ʧʨʝʣʦʤʣʝʥʠʷ ʩʨʝʜʳ ʠʟʤʝʥʷʝʪʩʷ ʧʦ ʟʘʢʦʥʫ: 

 ( ) ( )0, 1 cosn t z n b t qz= - W -è øê ú  (3) 
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ʛʜʝ W  ï ʯʘʩʪʦʪʘ ʤʦʜʫʣʷʮʠʠ, 2 /q p= L ï ʚʦʣʥʦʚʦʝ ʯʠʩʣʦ ɹɺʇʇ, 

0/b n n=D  ï ʛʣʫʙʠʥʘ ʤʦʜʫʣʷʮʠʠ ʇʇ, nD  ï ʤʘʢʩʠʤʘʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ 

ʇʇ. 

ɼʠʥʘʤʠʢʘ ʚʨʝʤʝʥʥʦʡ ʦʛʠʙʘʶʱʝʡ ɺʇ ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ʜʣʷ 

ʘʤʧʣʠʪʫʜʳ ʦʛʠʙʘʶʱʝʡ ʚʠʜʘ ʅʋʐ [2, 3]: 

 ( )
2

21 12

2
cos ,

2

dA A
i iR A A ikb A

z
g g t dt

g t

- -µ µ
- + = W -è øê úµ µ

  (4) 

ʛʜʝ ( )2 2

2d d db w=  ï ʧʘʨʘʤʝʪʨ ʜʠʩʧʝʨʩʠʠ ʛʨʫʧʧʦʚʳʭ ʩʢʦʨʦʩʪʝʡ, R  

ï ʧʘʨʘʤʝʪʨ ʥʝʣʠʥʝʡʥʦʩʪʠ, ï ʧʘʨʘʤʝʪʨ ʧʨʦʜʦʣʴʥʦʛʦ ʟʘʤʝʜʣʝʥʠʷ ʚʦʣʥʳ.  

ʅʘ ʨʠʩ. 2 ʧʨʠʚʦʜʷʪʩʷ ʧʨʦʬʠʣʠ ʩʣʘʙʦʤʦʜʫʣʠʨʦʚʘʥʥʦʡ ʚʦʣʥʳ ʚʠʜʘ: 

 [ ]0 mod(0, ) 1 0.01cos( )A Pt t= + W   (5) 

ʧʦʣʫʯʝʥʥʳʝ ʧʫʪʝʤ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ (1) ʤʝʪʦʜʦʤ SSF 

[1]. ʇʨʠ ʟʥʘʯʝʥʠʷʭ ʧʘʨʘʤʝʪʨʦʚ: 910W= ʩ-1, 610q= ʤ-1, 54 10g= Ö , 

410b -= , ʥʘʯʘʣʴʥʦʡ ʤʦʱʥʦʩʪʠ 
0 0.1P = ɺʪ, ɼɻʉ 26

2 10d -=- ʩ2/ʤ, 

210R -= (ɺʪĀʤ)-1, ʯʘʩʪʦʪʝ ʤʦʜʫʣʷʮʠʠ 
mod 0 202 /RP dW = .  

ʀʟ ʨʠʩ. 2 ʚʠʜʥʦ, ʢʘʢ ʧʨʦʠʩʭʦʜʠʪ ʧʨʦʮʝʩʩ ʩʪʷʛʠʚʘʥʠʷ ʙʨʠʟʝʨʦʚ ʢ 

ʦʙʣʘʩʪʷʤ ʤʘʢʩʠʤʫʤʘ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ɹɺʇʇ ʠ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʠʤʧʫʣʴʩʘ, ʥʘ ʜʣʠʥʝ, ʦʧʨʝʜʝʣʷʝʤʦʡ 
1/2

1 2

24sz bk dp g
-

-º W [4]  

 
ʈʠʩ. 2. ʇʨʦʮʝʩʩ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʦʱʥʳʭ ʠʤʧʫʣʴʩʦʚ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʄʐɻ ʠ ɹɺʇʇ ʥʘ ʜʣʠʥʝ ʩʚʝʪʦʚʦʜʘ 6.3 ʩʤ: ʥʘʯʘʣʦ ʧʨʦʮʝʩʩʘ (ʘ), 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʠʤʧʫʣʴʩʘ (b) ʠ ʬʠʥʘʣʴʥʦʝ ʫʩʠʣʝʥʠʝ ʠʤʧʫʣʴʩʘ (c). 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 

19-42-730013. 
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Main properties of ytterbium doped lutetium-yttrium aluminum garnet ceramics 

with different ratios of lutetium to yttrium substitution (x=0-1) are investigated. 

ɼʣʷ ʤʦʱʥʦʛʦ ʣʘʟʝʨʘ ʥʝʦʙʭʦʜʠʤʳ ʤʘʪʝʨʠʘʣʳ ʩ ʚʳʩʦʢʠʤʠ 

ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. ʆʜʥʠʤ ʠʟ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ 

ʣʶʪʝʮʠʡ-ʘʣʶʤʠʥʠʝʚʳʡ ʛʨʘʥʘʪ (LuAG), ʣʝʛʠʨʦʚʘʥʥʳʡ ʠʪʪʝʨʙʠʝʤ. ʆʥ 

ʚʳʛʦʜʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʠʪʪʨʠʡ-ʘʣʶʤʠʥʠʝʚʦʛʦ ʛʨʘʥʘʪʘ (YAG) ʛʣʘʚʥʳʤ 

ʦʙʨʘʟʦʤ ʥʝʟʥʘʯʠʪʝʣʴʥʳʤ ʩʥʠʞʝʥʠʝʤ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʫʨʦʚʥʷ ʣʝʛʠʨʦʚʘʥʠʷ ʠʪʪʝʨʙʠʝʤ [1]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ 

ʦʩʥʦʚʥʳʝ ʩʚʦʡʩʪʚʘ ʢʝʨʘʤʠʢʠ (LuxY1-x)AG:Yb3+ ʩ ʨʘʟʣʠʯʥʳʤ 

ʩʦʦʪʥʦʰʝʥʠʝʤ ʣʶʪʝʮʠʷ ʢ ʠʪʪʨʠʶ (x=0-1) ʜʣʷ ʧʦʠʩʢʘ ʦʧʪʠʤʘʣʴʥʳʭ 

ʩʦʩʪʘʚʦʚ ʣʘʟʝʨʥʳʭ ʵʣʝʤʝʥʪʦʚ.  

ɼʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ ʚ ʢʘʯʝʩʪʚʝ ʘʛʣʦʤʝʨʘʮʠʦʥʥʳʭ ʜʦʙʘʚʦʢ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ SiO2, B2O3 ʠ MgO. ʂʝʨʘʤʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʪʚʝʨʜʦʪʝʣʴʥʳʤ ʨʝʘʢʪʠʚʥʳʤ ʩʧʝʢʘʥʠʝʤ ʚ ʚʘʢʫʫʤʝ. ɺ ʢʘʯʝʩʪʚʝ 

ʠʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʩʘʞʜʝʥʥʳʝ Y2O3 ʠ Yb2O3, ʘ ʪʘʢʞʝ 

ʢʦʤʤʝʨʯʝʩʢʠ ʜʦʩʪʫʧʥʳʝ Lu2O3, Al2O3 ʠ Mg(NO3)2. ʀʩʭʦʜʥʳʝ ʧʦʨʦʰʢʠ 

ʩʤʝʰʠʚʘʣʠ ʚ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʧʨʦʧʦʨʮʠʷʭ ʠ ʠʟʤʝʣʴʯʘʣʠ ʚ 

ʧʣʘʥʝʪʘʨʥʦʡ ʤʝʣʴʥʠʮʝ ʚ ʙʝʟʚʦʜʥʦʤ ʩʧʠʨʪʝ ʚ ʪʝʯʝʥʠʝ 15 ʯʘʩʦʚ. 

ʇʦʨʦʰʢʦʚʳʝ ʩʤʝʩʠ ʧʦʜʚʝʨʛʘʣʠ ʦʜʥʦʦʩʥʦʤʫ ʧʨʝʩʩʦʚʘʥʠʶ ʧʨʠ 100 ʄʇʘ, 

ʟʘʪʝʤ ʫʢʫʧʦʨʠʚʘʣʠ ʧʨʠ 250 ʄʇʘ ʠ ʧʨʦʢʘʣʠʚʘʣʠ ʧʨʠ 1000ʦʉ ʜʣʷ 

ʫʜʘʣʝʥʠʷ ʚʩʝʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. ʊʘʙʣʝʪʢʠ ʩʧʝʢʘʣʠ ʚ ʚʘʢʫʫʤʥʦʡ 

ʧʝʯʠ ʩ ʚʦʣʴʬʨʘʤʦʚʳʤʠ ʥʘʛʨʝʚʘʪʝʣʷʤʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1750-1800ʦʉ ʚ 

ʪʝʯʝʥʠʝ 8 ʯʘʩʦʚ. ʆʢʦʥʯʘʪʝʣʴʥʦ ʩʧʝʯʝʥʥʳʝ ʢʝʨʘʤʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ 

ʦʪʞʠʛʘʣʠ ʧʨʠ 1300ʦʉ ʚ ʪʝʯʝʥʠʝ 10 ʯʘʩʦʚ ʜʣʷ ʫʜʘʣʝʥʠʷ ʢʠʩʣʦʨʦʜʥʳʭ 

ʚʘʢʘʥʩʠʡ ʠ ʠʟʤʝʥʝʥʠʷ ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ ʠʦʥʦʚ ʠʪʪʝʨʙʠʷ ʩ +2 ʜʦ +3. 

ɺʩʝ ʦʙʨʘʟʮʳ Yb:LuYAG ʙʳʣʠ ʦʪʰʣʠʬʦʚʘʥʳ ʠ ʦʪʧʦʣʠʨʦʚʘʥʳ ʜʦ 

ʟʝʨʢʘʣʴʥʦʛʦ ʙʣʝʩʢʘ ʩ ʦʙʝʠʭ ʩʪʦʨʦʥ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʣʤʘʟʥʳʭ 

ʘʙʨʘʟʠʚʦʚ. ʊʦʣʱʠʥʘ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʩʦʩʪʘʚʠʣʘ 

1 ʤʤ. ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʛʝʥʝʨʘʮʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ 

ʜʠʩʢʦʚʳʝ ʵʣʝʤʝʥʪʳ. 

ʀʟʤʝʨʝʥʳ ʩʧʝʢʪʨʳ ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʧʫʩʢʘʥʠʷ ʦʪʦʞʞʝʥʥʳʭ ʠ ʥʝ 

ʦʪʦʞʞʝʥʥʳʭ ʦʙʨʘʟʮʦʚ, ʢʨʠʚʳʝ ʫʩʘʜʢʠ, ʨʘʟʤʝʨʳ ʟʝʨʝʥ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʠ ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʦʚ, ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʝʥʝʨʘʮʠʠ ʠ 

ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ. ʅʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʠ ʦʙʩʫʞʜʝʥ ʦʧʪʠʤʘʣʴʥʳʡ ʩʦʩʪʘʚ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʠ 

ɹʈʌʌʀ ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 20-52-00036. 

The reported study was funded by RFBR and BRFBR, project number 

20-52-00036. 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ɺ.ʂ. ʐɽʃɽɻ, ʅ.ʀ. ʃʋʎʂʆ, ɸ.ʉ. ʃɸʇʂʆɺʉʂʀʁ 
ɹʝʣʦʨʫʩʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʄʠʥʩʢ, ɹʝʣʘʨʫʩʴ 

ɺʃʀʗʅʀɽ ʕʃɽʄɽʅʊʅʆɻʆ ʉʆʉʊɸɺɸ 

ʅɸʇʃɸɺʃɽʅʅʓʍ ʃɸɿɽʈʆʄ ɺɸʃʀʂʆɺ ʀɿ 

ʅʀʂɽʃɽɺʆɻʆ ʉʇʃɸɺɸ ʀ ɹʈʆʅɿʓ ʅɸ 

ʄʀʂʈʆʊɺɽʈɼʆʉʊʔ 

ɺ ʩʪʘʪʴʝ ʠʩʩʣʝʜʫʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʠ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʧʦ 

ʛʣʫʙʠʥʝ ʥʘʧʣʘʚʣʝʥʥʳʭ ʣʘʟʝʨʦʤ ʚʘʣʠʢʦʚ ʠʟ ʩʧʣʘʚʘ ʥʘ ʦʩʥʦʚʝ ʥʠʢʝʣʷ ʠ ʙʨʦʥʟʳ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʥʠʢʝʣʷ ʠ ʞʝʣʝʟʘ ʧʦ ʛʣʫʙʠʥʝ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʚʘʣʠʢʦʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ ʠʟʤʝʥʝʥʠʝ ʚʝʣʠʯʠʥʳ 

ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ 

 

V.K. SHELEG, N.I. LUTSKO, A.S. LAPKOVSKIJ 
Belarusian National Technical University, Minsk, Belarus 

 

INFLUENCE OF ELEMENTAL COMPOSITION OF NICKEL 

AND BRONZE TRACKS CLADDED BY LASER ON 

MICROHARDNESS   
 

The article investigates the change in the elemental composition and 

microhardness along the depth of the deposited tracks made of an alloy based on 

nickel and bronze. It is shown that the change in the content of nickel and iron along 

the depth of the corresponding tracks directly affects the change in the value of 

microhardness.  

 

ʋʥʠʢʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʣʘʟʝʨʥʦʡ ʥʘʧʣʘʚʢʠ ʧʦʟʚʦʣʷʶʪ ʩʦʟʜʘʚʘʪʴ ʩ ʝʝ 

ʧʦʤʦʱʴʶ ʤʫʣʴʪʠʤʦʜʘʣʴʥʳʝ ʧʦʢʨʳʪʠʷ [1], ʤʦʜʘʤʠ ʢʦʪʦʨʳʭ ʷʚʣʷʶʪʩʷ 

ʨʘʟʥʦʨʦʜʥʳʝ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʚʦʡʩʪʚ ʚʘʣʠʢʦʚ 

ʠʟ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚʝʩʴʤʘ ʘʢʪʫʘʣʴʥʦ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʢʘʯʝʩʪʚʘ 

ʤʫʣʴʪʠʤʦʜʘʣʴʥʳʭ ʧʦʢʨʳʪʠʡ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʧʨʠʥʷʪʘ ʧʦʧʳʪʢʘ ʠʩʩʣʝʜʦʚʘʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʠ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʧʦ ʛʣʫʙʠʥʝ ʚʘʣʠʢʦʚ ʠʟ 

ʥʠʢʝʣʝʚʦʛʦ ʩʧʣʘʚʘ ʇɻ-12ʅ-01 ʠ ʙʨʦʥʟʳ ʇɻ-19ʄ-01. ɽʜʠʥʠʯʥʳʝ ʚʘʣʠʢʠ 

ʥʘʥʦʩʠʣʠʩʴ ʥʘ ʦʙʨʘʟʮʳ ʠʟ ʩʪʘʣʠ 45 ʥʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤ ʢʦʤʧʣʝʢʩʝ, 

ʦʩʥʘʱʝʥʥʦʤ CO2 ʣʘʟʝʨʦʤ ʥʝʧʨʝʨʳʚʥʦʛʦ ʜʝʡʩʪʚʠʷ. ʃʘʟʝʨʥʘʷ ʥʘʧʣʘʚʢʘ 

ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʧʨʠ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ 1000 ɺʪ,  ʩ ʨʘʟʣʠʯʥʳʤʠ 

ʩʢʦʨʦʩʪʷʤʠ ʥʘʧʣʘʚʢʠ.  

ʀʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʠ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʧʦ ʛʣʫʙʠʥʝ 

ʚʘʣʠʢʦʚ ʚʳʧʦʣʥʷʣʠʩʴ ʥʘ ʤʠʢʨʦʰʣʠʬʘʭ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ, 
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ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʘ ʤʠʢʨʦʩʢʦʧʝ çMiraè ʬʠʨʤʳ çOxford Instrumentsè 

(ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ) ʠ ʤʠʢʨʦʪʚʝʨʜʦʤʝʨʝ ʇʄʊ-3. 

ʀʟʤʝʥʝʥʠʝ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʧʦ ʛʣʫʙʠʥʝ ʚʘʣʠʢʘ ʠʟ ʩʧʣʘʚʘ ʇɻ-12ʅ-01 

ʩʚʷʟʘʥʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩ ʠʟʤʝʥʝʥʠʝʤ ʚ ʵʪʦʤ ʞʝ ʥʘʧʨʘʚʣʝʥʠʠ 

ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʤʘʪʝʨʠʘʣʘ ʚʘʣʠʢʘ. ʀʟ ʨʠʩ. 1 ʚʠʜʥʦ, ʯʪʦ ʵʣʝʤʝʥʪʥʳʡ 

ʩʦʩʪʘʚ ʥʘʧʣʘʚʣʝʥʥʦʛʦ ʚʘʣʠʢʘ ʩʠʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʩʦʩʪʘʚʘ ʠʩʭʦʜʥʦʛʦ 

ʧʦʨʦʰʢʘ ʥʠʢʝʣʝʚʦʛʦ ʩʧʣʘʚʘ ʇɻ-12ʅ-01. ʄʘʪʝʨʠʘʣ ʚʘʣʠʢʘ ʫʞʝ ʥʝ 

ʷʚʣʷʝʪʩʷ ʯʠʩʪʦ ʥʠʢʝʣʝʚʳʤ ʩʧʣʘʚʦʤ. ɼʠʬʬʫʟʠʷ ʞʝʣʝʟʘ ʠʟ ʦʩʥʦʚʳ 

ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʝʛʦ ʩʦʜʝʨʞʘʥʠʝ ʧʦ ʛʣʫʙʠʥʝ ʚʘʣʠʢʘ ʠʟʤʝʥʷʝʪʩʷ ʦʪ 

65 ʜʦ 52 % (ʚ ʠʩʭʦʜʥʦʤ ʧʦʨʦʰʢʝ ʦʢʦʣʦ 2 %). ɺʝʣʠʯʠʥʘ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ 

ʚ ʚʘʣʠʢʝ, ʧʦʵʪʦʤʫ ʥʝ ʧʨʝʚʳʰʘʝʪ 2700 ʄʇʘ. ʈʘʩʧʨʝʜʝʣʝʥʠʝ 

ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʧʦ ʛʣʫʙʠʥʝ ʚʘʣʠʢʘ ʦʧʨʝʜʝʣʷʝʪ ʩʦʜʝʨʞʘʥʠʝ ʥʠʢʝʣʷ ʚ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʪʦʯʢʘʭ. ʀʟ ʨʠʩ. 1 ʚʠʜʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ 

ʥʠʢʝʣʷ ʦʪ ʦʩʥʦʚʳ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʩ 27 ʜʦ 42 % ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ 

ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʩ 2102 ʜʦ 2680 ʄʇʘ. 

  

ʈʠʩ. 1. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʠ 

ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʧʦ ʛʣʫʙʠʥʝ ʚʘʣʠʢʘ ʠʟ 

ʩʧʣʘʚʘ ʇɻ-12ʅ-01 

ʈʠʩ. 2. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʠ 

ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʧʦ ʛʣʫʙʠʥʝ ʚʘʣʠʢʘ ʠʟ 

ʙʨʦʥʟʳ ʇɻ-19ʄ-01 

ʇʦʜʦʙʥʦʝ ʚʣʠʷʥʠʝ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʠ ʧʦ ʛʣʫʙʠʥʝ ʚʘʣʠʢʘ ʙʨʦʥʟʳ ʇɻ-

19ʄ-01 (ʨʠʩ. 2). ɼʠʬʬʫʟʠʷ ʞʝʣʝʟʘ ʠʟ ʦʩʥʦʚʳ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ 

ʩʦʜʝʨʞʘʥʠʝ ʞʝʣʝʟʘ ʠ ʤʝʜʠ ʚ ʚʘʣʠʢʝ ʙʨʦʥʟʳ ʩʠʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʠʭ 

ʩʦʜʝʨʞʘʥʠʷ ʚ ʠʩʭʦʜʥʦʤ ʧʦʨʦʰʢʝ ʙʨʦʥʟʳ ʇɻ-19ʄ-01. ʄʘʪʝʨʠʘʣ ʚʘʣʠʢʘ 

ʫʞʝ ʥʝ ʷʚʣʷʝʪʩʷ ʯʠʩʪʦʡ ʘʣʶʤʠʥʠʝʚʦʡ ʙʨʦʥʟʦʡ. ɺ ʩʚʷʟʠ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤ 

ʩʦʜʝʨʞʘʥʠʝʤ ʞʝʣʝʟʘ ʚʝʣʠʯʠʥʘ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʚ ʚʘʣʠʢʝ ʙʨʦʥʟʳ 

ʜʦʩʪʠʛʘʝʪ 3400 ʄʇʘ. ʉʦʜʝʨʞʘʥʠʝ ʞʝʣʝʟʘ ʚ ʨʘʟʣʠʯʥʳʭ ʪʦʯʢʘʭ ʧʦ 

ʛʣʫʙʠʥʝ ʚʘʣʠʢʘ ʠ ʦʧʨʝʜʝʣʷʝʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ ʚʝʣʠʯʠʥʫ 

ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ (ʨʠʩ. 2). ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʣʠʯʝʩʪʚʘ ʞʝʣʝʟʘ ʦʪ ʦʩʥʦʚʳ 

ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʩ 56 ʜʦ 69 %, ʤʠʢʨʦʪʚʝʨʜʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʚʘʣʠʢʘ 

ʚʦʟʨʘʩʪʘʝʪ ʩ 2980 ʜʦ 3400 ʄʇʘ. 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ʅ.ʇ. ɺɸɻʀʅ., ʉ.ɸ. ʃʓʉɽʅʂʆ, ʅ. ʅ. ʖʈʓʐɽɺ 
ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʃɸɿɽʈʅʆɽ ʉʇɽʂɸʅʀɽ ʉʃʆɽɺ ʀɿ ʂʆʄʇʆɿʀʊɸ SI-SIC 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʧʦʣʫʯʝʥʠʶ ʩ 

ʧʦʤʦʱʴʶ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʜʥʦʩʣʦʡʥʳʭ ʠ ʜʚʫʭʩʣʦʡʥʳʭ ʦʙʨʘʟʮʦʚ 

ʢʦʤʧʦʟʠʪʘ ʢʨʝʤʥʠʷ ʠ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ (Si-SiC) ʠʟ ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚʳʭ 

ʤʘʪʝʨʠʘʣʦʚ. 

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʩʧʝʢʘʥʠʷ ʦʧʨʝʜʝʣʷʣʘʩʴ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ, ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ 

ʥʘ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ. 

 

N.P. VAGIN., S. A. LYSENKO, N. N. YURYSHEV 
P.N. Lebedev Physical Institute RAS, Moscow, Russia 

LASER SINTERING OF SI -SIC COMPOSITE LAYERS  

 

Preliminary results of studies on the production of single-layer and double-layer 

samples of a Si-SiC composite from initial powder materials are presented. 

The efficiency of the sintering process was determined by the results of X-ray 

diffraction analysis, Raman scattering and electron microscopy studies. 

ʂʦʤʧʦʟʠʪ Si-SiC ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ 

ʧʨʠʤʝʥʝʥʠʷ ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ (ʙʨʦʥʝʧʣʘʩʪʠʥʳ, 

ʦʛʥʝʫʧʦʨʳ, ʪʨʫʙʳ ʜʣʷ ʘʛʨʝʩʩʠʚʥʳʭ ʩʨʝʜ, ʧʦʜʰʠʧʥʠʢʠ ʠ ʪ.ʜ.). ʅʦ 

ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʜʘʥʥʦʛʦ ʢʦʤʧʦʟʠʪʘ ʦʛʨʘʥʠʯʝʥʦ ʥʘʣʠʯʠʝʤ 

ʩʝʨʴʝʟʥʳʭ ʧʨʦʙʣʝʤ ʧʨʠ ʝʛʦ ʠʟʛʦʪʦʚʣʝʥʠʠ [1]. 

ɺ ʩʠʣʫ ʩʚʦʠʭ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ (SiC) ʧʨʠ 

ʥʘʛʨʝʚʘʥʠʠ ʥʝ ʧʣʘʚʠʪʩʷ, ʠ ʩʧʝʢʘʥʠʝ ʠʟ ʥʝʛʦ ʠʟʜʝʣʠʷ ʟʘʜʘʥʥʦʡ ʬʦʨʤʳ 

ʚʦʟʤʦʞʥʦ ʪʦʣʴʢʦ ʯʝʨʝʟ ʦʨʛʘʥʠʟʘʮʠʶ ʤʥʦʛʦʩʪʘʜʠʡʥʦʛʦ ʧʨʦʮʝʩʩʘ ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʪʝʤʧʝʨʘʪʫʨʥʳʤʠ ʨʝʞʠʤʘʤʠ, ʟʘʢʘʯʠʚʘʶʱʝʛʦʩʷ ʭʠʤʠʯʝʩʢʦʡ 

ʨʝʘʢʮʠʝʡ ʩʠʥʪʝʟʘ ʫʛʣʝʨʦʜʘ ʠ ʢʨʝʤʥʠʷ. 

ʇʨʠʤʝʥʝʥʠʝ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʣʷ ʩʧʝʢʘʥʠʷ Si-SiC ʧʦʟʚʦʣʷʝʪ 

ʦʪʢʘʟʘʪʴʩʷ ʦʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʝʯʝʡ ʠ 

ʦʨʛʘʥʠʟʦʚʘʪʴ ʧʨʦʮʝʩʩ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʘʢʠʭ ʢʦʤʧʦʟʠʪʥʳʭ ʠʟʜʝʣʠʡ 

ʙʣʘʛʦʜʘʨʷ ʫʧʨʘʚʣʝʥʠʶ ʪʝʧʣʦʚʳʤ ʥʘʛʨʝʚʦʤ ʚ ʢʘʞʜʦʡ ʪʦʯʢʝ ʚʦʟʜʝʡʩʪʚʠʷ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʦʙʨʘʟʮʦʚ ʠʟ Si-SiC, ʩʧʝʯʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʣʘʟʝʨʘ. ʇʨʠ ʵʪʦʤ ʚ ʨʘʟʣʠʯʥʳʭ 

ʩʨʝʜʘʭ (ʚʘʢʫʫʤ, ʘʨʛʦʥ, ʘʟʦʪ) ʚʘʨʴʠʨʦʚʘʣʠʩʴ ʩʦʩʪʘʚʳ ʠʩʭʦʜʥʦʡ 

ʧʦʨʦʰʢʦʚʦʡ ʩʤʝʩʠ ʠ ʨʝʞʠʤʳ ʠʟʣʫʯʝʥʠʷ. 
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ʇʨʠ ʦʩʤʦʪʨʝ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʥʘ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ 

ʧʦʜʪʚʝʨʜʠʣʦʩʴ ʥʘʣʠʯʠʝ ʤʦʩʪʠʢʦʚ ʠʟ ʚʪʦʨʠʯʥʦʛʦ SiC ʤʝʞʜʫ ʠʩʭʦʜʥʳʤʠ 

ʯʘʩʪʠʮʘʤʠ SiC ʠ ʦʙʨʘʟʫʶʱʠʭ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʚʤʝʩʪʝ ʩ ʥʠʤʠ ʧʨʦʯʥʳʡ 

ʢʘʨʢʘʩ (ʥʘ ʨʠʩ. 1 ʥʝʢʦʪʦʨʳʝ ʤʦʩʪʠʢʠ ʧʦʢʘʟʘʥʳ ʩʪʨʝʣʢʘʤʠ). 

ʇʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʬʦʨʤʠʨʦʚʘʥʠʶ ʤʥʦʛʦʩʣʦʡʥʦʛʦ 

ʦʙʨʘʟʮʘ. ʈʝʟʫʣʴʪʘʪ ʩʧʝʢʘʥʠʷ ʜʚʫʭ ʩʣʦʝʚ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ.1. 

ʆʙʥʘʨʫʞʝʥʳ ʦʙʣʘʩʪʠ (ʦʜʥʘ ʧʦʜ ʮʠʬʨʦʡ 2), ʚ ʢʦʪʦʨʳʭ ʥʝ ʚʠʜʥʘ ʛʨʘʥʠʮʘ 

ʤʝʞʜʫ ʩʣʦʷʤʠ. 

 
ʈʠʩ 1. ɺʠʜ ʠʟʣʦʤʘ ʜʚʫʭ ʩʣʦʝʚ SiC ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʚ 170 ʨʘʟ, (ʬʦʪʦ ʩ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ) ʧʦʩʣʝ ʪʨʘʚʣʝʥʠʷ ʚ ʢʠʩʣʦʪʝ ʜʣʷ ʫʜʘʣʝʥʠʷ Si 

ɼʘʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʪʴ ʣʘʟʝʨʥʦʝ 

ʠʟʣʫʯʝʥʠʝ ʜʣʷ ʧʦʩʣʦʡʥʦʛʦ ʩʧʝʢʘʥʠʷ ʠʟʜʝʣʠʡ ʠʟ ʢʦʤʧʦʟʠʪʘ Si-SiC ʠ 

ʧʨʦʚʝʜʝʥʠʷ ʪʘʢʠʭ ʨʘʙʦʪ, ʢʘʢ ʣʠʢʚʠʜʘʮʠʷ ʪʨʝʱʠʥ ʠʣʠ ʦʪʚʝʨʩʪʠʡ, ʩʚʘʨʢʘ 

ʙʝʟ ʥʘʛʨʝʚʘ ʚʩʝʛʦ ʦʩʪʘʣʴʥʦʛʦ ʠʟʜʝʣʠʷ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʯʨʝʟʚʳʯʘʡʥʦ 

ʚʘʞʥʦ ʧʨʠ ʨʘʙʦʪʝ ʩ ʝʤʢʦʩʪʷʤʠ ʜʣʷ ʦʧʘʩʥʳʭ ʠʣʠ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ. 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ʃʘʟʝʨʥʳʡ ʩʠʥʪʝʟ ʬʫʥʢʮʠʦʥʘʣʴʥʦ-ʛʨʘʜʠʝʥʪʥʳʭ ʤʝʟʦʩʪʨʫʢʪʫʨ ʠ ʦʙʲʝʤʥʳʭ 

ʠʟʜʝʣʠʡ. ʐʠʰʢʦʚʩʢʠʡ ʀ.ɺ. ʄ.: ʌʠʟʤʘʪʣʠʪ, 2009.- 424ʩ  



101 

 

ɸ.ʅ. ʄɸʈɽʉɽɺ, ʄ.ɸ. ʐɽɺʏɽʅʂʆ, ʅ.ɺ. ʏɽʈʅɽɻɸ, ʉ.ʌ. 

ʋʄɸʅʉʂɸʗ, ɸ.ɼ. ʂʋɼʈʗɺʎɽɺɸ 
ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤʝʥʠ ʇ. ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ɺɿɸʀʄʆɼɽʁʉʊɺʀɽ ʀʄʇʋʃʔʉʅʆɻʆ ʃɸɿɽʈʅʆɻʆ 

ʀɿʃʋʏɽʅʀʗ ʉ ʅɽʋʇʆʈʗɼʆʏɽʅʅʓʄʀ ʅɸʅʆ- ʀ 

ʉʋɹʄʀʂʈʆʅʅʓʄʀ ʉʀʉʊɽʄɸʄʀ 

ʈʘʩʩʤʦʪʨʝʥʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʣʘʟʝʨʥʦʛʦ ʥʘʥʦ ʠ ʧʠʢʦʩʝʢʫʥʜʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ 

ʩʠʩʪʝʤʘʭ ʩʣʫʯʘʡʥʦ ʨʘʩʧʨʝʜʝʣʸʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʩ ʜʚʫʤʷ ʨʘʟʣʠʯʥʳʤʠ 

ʤʝʭʘʥʠʟʤʘʤʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ ʥʘʯʘʣʴʥʦʡ ʵʥʝʨʛʠʠ: ʚʳʥʫʞʜʝʥʥʳʤ 

ʢʦʤʙʠʥʘʮʠʦʥʥʳʤ ʨʘʩʩʝʷʥʠʝʤ ʩʚʝʪʘ ʠ ʣʶʤʠʥʝʩʮʝʥʮʠʝʡ. ʀʟʤʝʨʝʥʳ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ, ʩʧʝʢʪʨʘʣʴʥʳʝ, ʚʨʝʤʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʝʦʙʨʘʟʦʚʘʥʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ ʢʦʤʥʘʪʥʦʡ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨʳ ʞʠʜʢʦʛʦ ʘʟʦʪʘ. 

 

A.N. MARESEV, M.A. SHEVCHENKO, N.V. TCHERNIEGA, S.F. 

UMANSKAYA , A.D. KUDRYAVTSEVA  
The P.N. Lebedev Physical Institute, Moscow, Russia 

 

NTERACTION OF PULSED LASE R RADIATION WITH 

DISORDERED NANO AND SUBMICRON SYSTEMS 

 
The conversion of laser nano and picosecond radiation in systems of randomly 

distributed nanoparticles with two different mechanisms of initial energy conversion: 

stimulated Raman scattering of light and luminescence is considered. The energy, 

spectral, and temporal characteristics of the converted radiation were measured as a 

function of temperature in the range from room temperature to the temperature of 

liquid nitrogen. 

 

ɺ ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ ʚʦʟʜʝʡʩʪʚʠʝ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ 

ʥʝʫʧʦʨʷʜʦʯʝʥʥʳʝ ʩʠʩʪʝʤʳ, ʪʘʢʠʝ ʢʘʢ ʧʦʨʦʰʢʠ, ʧʣʝʥʢʠ, ʢʦʣʣʦʠʜʥʳʝ 

ʨʘʩʪʚʦʨʳ, ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʪʢʘʥʠ, ʧʨʠʚʣʝʢʘʝʪ ʢ ʩʝʙʝ ʚʥʠʤʘʥʠʝ ʙʣʘʛʦʜʘʨʷ 

ʫʥʠʢʘʣʴʥʳʤ ʩʚʦʡʩʪʚʘʤ ʵʪʠʭ ʩʠʩʪʝʤ ʠ ʦʩʦʙʝʥʥʦʩʪʷʤ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʩ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ ʠʟʣʫʯʝʥʠʝʤ. ʉ ʤʦʤʝʥʪʘ ʧʝʨʚʦʡ ʪʝʦʨʝʪʠʯʝʩʢʦʡ 

ʨʘʙʦʪʳ ʃʝʪʦʭʦʚʘ, ʧʦʢʘʟʘʚʰʝʛʦ ʚʦʟʤʦʞʥʦʩʪʴ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʣʘʟʝʨʥʦʡ 

ʛʝʥʝʨʘʮʠʠ ʚ ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʡ ʩʠʩʪʝʤʝ ʥʘʥʦʯʘʩʪʠʮ ʚ ʥʘʯʘʣʝ ʚʪʦʨʦʡ 

ʧʦʣʦʚʠʥʳ ʜʚʘʜʮʘʪʦʛʦ ʚʝʢʘ, ʩʣʫʯʘʡʥʘʷ ʛʝʥʝʨʘʮʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʙʳʣʘ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʚ ʨʘʟʣʠʯʥʳʭ ʩʪʨʫʢʪʫʨʘʭ, ʚʢʣʶʯʘʷ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ ʠ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ 

ʧʦʨʦʰʢʦʚʦʡ ʬʦʨʤʝ, ʛʠʙʨʠʜʥʳʝ ʥʘʥʦʢʦʤʧʦʟʠʪʳ, ʦʨʛʘʥʠʯʝʩʢʠʝ 

ʢʨʘʩʠʪʝʣʠ, ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ ʠ ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʪʢʘʥʠ. ʉʣʫʯʘʡʥʳʡ ʣʘʟʝʨ 
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ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʨʦʰʦʢ ʘʢʪʠʚʥʦʡ ʩʨʝʜʳ ʩ ʜʠʘʤʝʪʨʦʤ ʯʘʩʪʠʮ ʦʪ 

ʩʦʪʝʥ ʥʘʥʦʤʝʪʨʦʚ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʤʠʢʨʦʥ. ɺ ʥʸʤ ʦʪʩʫʪʩʪʚʫʝʪ 

ʢʣʘʩʩʠʯʝʩʢʠʡ ʨʝʟʦʥʘʪʦʨ, ʝʛʦ ʨʦʣʴ ʚʳʧʦʣʥʷʶʪ ʯʘʩʪʠʮʳ, ʤʥʦʛʦʢʨʘʪʥʦ 

ʨʘʩʩʝʠʚʘʷ ʩʚʝʪ, ʘ ʩʚʦʡʩʪʚʘ ʛʝʥʝʨʘʮʠʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ 

ʤʝʞʜʫ ʫʩʠʣʝʥʠʝʤ ʠ ʨʘʩʩʝʷʥʠʝʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʩʠʩʪʝʤʘ ʯʘʩʪʠʮ 

ʚʳʧʦʣʥʷʝʪ ʬʫʥʢʮʠʠ ʠ ʘʢʪʠʚʥʦʡ ʩʨʝʜʳ, ʠ ʨʝʟʦʥʘʪʦʨʘ. ʅʘʢʘʯʢʘ ʞʝ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʣʘʟʝʨʥʳʤ ʠʩʪʦʯʥʠʢʦʤ. ʉʨʝʜʘ ʚʳʙʠʨʘʝʪʩʷ ʩ ʫʯʝʪʦʤ 

ʥʠʟʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ, ʢʘʢ ʣʠʥʝʡʥʦʛʦ, ʪʘʢ ʠ ʥʝʣʠʥʝʡʥʦʛʦ, ʠ ʚʳʩʦʢʦʛʦ 

ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʨʘʩʩʝʷʥʠʷ ʚʦ ʚʩʝʤ ʚʠʜʠʤʦʤ ʩʧʝʢʪʨʝ. 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʜʚʘ ʪʠʧʘ ʥʝʫʧʦʨʷʜʦʯʝʥʥʳʭ ʩʠʩʪʝʤ- ʧʦʨʦʰʦʢ 

ʥʠʪʨʘʪʘ ʙʘʨʠʷ, ʚ ʢʦʪʦʨʦʤ ʫʩʠʣʝʥʠʝ ʧʨʦʠʩʭʦʜʠʣʦ ʟʘ ʩʯʝʪ ʚʳʥʫʞʜʝʥʥʦʛʦ 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʠ ʩʫʩʧʝʥʟʠʷ ʨʫʙʠʥʦʚʳʭ ʯʘʩʪʠʮ ʩ 

ʪʨʘʜʠʮʠʦʥʥʳʤ ʩʣʫʯʘʡʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʛʝʥʝʨʘʮʠʠ ʟʘ ʩʯʝʪ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ. 

ʉʫʩʧʝʥʟʠʷ ʨʫʙʠʥʦʚʳʭ ʯʘʩʪʠʮ ʧʦʣʫʯʝʥʘ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ ʚ 

ʚʦʜʥʦʡ ʩʨʝʜʝ.  

ʅʘʢʘʯʢʘ ʠʟʫʯʘʝʤʳʭ ʩʠʩʪʝʤ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʠʤʧʫʣʴʩʦʚ 

ʥʘʥʦ ʠ ʧʠʢʦʩʝʢʫʥʜʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ. ʇʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ʦʪ ʵʥʝʨʛʠʠ ʠʤʧʫʣʴʩʦʚ ʥʘʢʘʯʢʠ ʜʣʷ ʦʙʦʠʭ 

ʚʨʝʤʝʥʥʳʭ ʨʝʞʠʤʦʚ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʇʦʢʘʟʘʥʦ 

ʥʝʣʠʥʝʡʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʨʝʦʙʨʘʟʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʵʥʝʨʛʠʠ ʠʤʧʫʣʴʩʘ ʥʘʢʘʯʢʠ, ʘ ʪʘʢʞʝ ʩʫʱʝʩʪʚʝʥʥʦʝ 

ʫʚʝʣʠʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʨʠ ʩʥʠʞʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ. ʀʩʩʣʝʜʦʚʘʥʳ ʩʧʝʢʪʨʘʣʴʥʳʝ, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʝʦʙʨʘʟʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʠʟʤʝʨʝʥʘ ʝʛʦ ʚʨʝʤʝʥʥʘʷ 

ʜʠʥʘʤʠʢʘ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʛʨʘʥʪʳ ˉ 19-02-00750-ʘ, 

ˉ 19-02-00440-ʘ, ˉ 20ï52ï00002-ɹʝʣ_ʘ) ʠ ɹʈʌʌʀ (ʛʨʘʥʪ ˉ 20ï52ï

00002) 
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ɸ.ɸ. ʄɸʊʈʆʍʀʅ, ʄ.ɸ. ʐɽɺʏɽʅʂʆ, ʅ.ɺ. ʏɽʈʅɽɻɸ, ɸ.ɼ. 

ʂʋɼʈʗɺʎɽɺɸ, ʉ.ʌ. ʋʄɸʅʉʂɸʗ 
ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʃʝʙʝʜʝʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ɻɽʅɽʈɸʎʀʗ ɺʊʆʈʆʁ ɻɸʈʄʆʅʀʂʀ ʅɸ ʅɸʅʆ ʀ 

ʉʋɹʄʀʂʈʆʅʅʓʍ ʉʊʈʋʂʊʋʈɸʍ 

ɺ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʙʦʪ ʧʦ ʠʟʫʯʝʥʠʶ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʟʣʫʯʝʥʠʷ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ ʥʘ ʩʠʩʪʝʤʘʭ ʥʘʥʦ ʠ ʩʫʙʤʠʢʨʦʥʥʳʭ 

ʯʘʩʪʠʮ ʥʠʦʙʘʪʘ ʣʠʪʠʷ.  ʀʩʩʣʝʜʦʚʘʥʳ ʩʧʝʢʪʨʘʣʴʥʳʝ, ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʠ 

ʚʨʝʤʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʟʣʫʯʝʥʠʷ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ 

ʠʤʧʫʣʴʩʘʤʠ ʥʘʥʦ ʠ ʧʠʢʦʩʝʢʫʥʜʥʦʛʦ ʜʠʘʧʘʟʦʥʦʚ ʜʣʠʪʝʣʴʥʦʩʪʠ. ʇʦʣʫʯʝʥʳ 

ʟʘʚʠʩʠʤʦʩʪʠ ʜʘʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʪ ʫʩʣʦʚʠʡ ʚʦʟʙʫʞʜʝʥʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʦʪ ʢʦʤʥʘʪʥʦʡ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʞʠʜʢʦʛʦ ʘʟʦʪʘ.  

A.A. MATROKHIN, M.A. SHEVCHENKO, N.V. TCHERNIEGA, 

A.D. KUDRYAVTSEVA, S.F. UMANSKAYA  
P.N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, 

Russia 

SECOND HARMONIC GENERATION IN NANO AND 

SUBMICRON STRUCTURES 

This paper presents the results of experimental studies on the characteristics of 

second harmonic radiation on systems of nano and submicron lithium niobate 

particles. The spectral, energy, and temporal characteristics of the second harmonic 

radiation upon excitation by pulses of the nano and picosecond ranges of duration 

have been investigated. The dependences of these characteristics on the excitation 

conditions at temperatures from room temperature to the temperature of liquid 

nitrogen are obtained. 

 

ʕʬʬʝʢʪ ʛʝʥʝʨʘʮʠʠ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʥʘ ʩʠʩʪʝʤʳ ʥʘʥʦʯʘʩʪʠʮ ʠʩʩʣʝʜʦʚʘʣʩʷ ʤʥʦʛʠʤʠ ʘʚʪʦʨʘʤʠ. ɺ 

ʨʘʙʦʪʝ [1] ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʛʝʥʝʨʘʮʠʷ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ ʚ 

ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʡ ʩʨʝʜʝ ʚ ʚʠʜʝ ʥʘʥʦʨʘʟʤʝʨʥʦʛʦ ʧʦʨʦʰʢʘ ʥʠʦʙʘʪʘ ʣʠʪʠʷ, 

ʛʜʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚʦʟʤʦʞʥʦʝ ʚʣʠʷʥʠʝ ɸʥʜʝʨʩʦʥʦʚʩʢʦʡ ʣʦʢʘʣʠʟʘʮʠʠ ʥʘ 

ʵʬʬʝʢʪʠʚʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʠʟʣʫʯʝʥʠʷ. ʀʟʫʯʝʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʥʝʣʠʥʝʡʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʧʦʜʦʙʥʳʭ ʥʝʫʧʦʨʷʜʦʯʝʥʥʳʭ ʩʠʩʪʝʤʘʭ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʢʘʢ ʩ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, 

ʪʘʢ ʠ ʜʣʷ ʚʦʟʤʦʞʥʳʭ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ.  

ɺ ʨʘʙʦʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʠʟʣʫʯʝʥʠʷ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ, ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʚ ʥʘʥʦ ʠ ʩʫʙʤʠʢʨʦʥʥʳʭ 

ʯʘʩʪʠʮʘʭ ʢʨʠʩʪʘʣʣʘ ʥʠʦʙʘʪʘ ʣʠʪʠʷ. ɼʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 
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ʣʘʟʝʨʥʳʝ ʠʤʧʫʣʴʩʳ ʥʘʥʦ ʠ ʧʠʢʦʩʝʢʫʥʜʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʩ ʜʣʠʥʦʡ 

ʚʦʣʥʳ 1064ʥʤ.  

ʅʘʥʦ ʠ ʩʫʙʤʠʢʨʦʥʥʳʝ ʯʘʩʪʠʮʳ ʥʠʦʙʘʪʘ ʣʠʪʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʤʝʪʦʜʘʤʠ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ ʠ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʧʦʤʦʣʘ. 

ʆʙʥʘʨʫʞʝʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʠʟʣʫʯʝʥʠʷ ʚʦ ʚʪʦʨʫʶ ʛʘʨʤʦʥʠʢʫ ʧʨʠ ʟʘʤʦʨʘʞʠʚʘʥʠʠ 

ʚʦʜʥʦʡ ʩʫʩʧʝʥʟʠʠ ʯʘʩʪʠʮ. 

ɿʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ ʦʪ ʵʥʝʨʛʠʠ ʥʘʢʘʯʢʠ 

ʥʦʩʠʪ ʥʝʣʠʥʝʡʥʳʡ ʭʘʨʘʢʪʝʨ.  

 
ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ ʦʪ ʵʥʝʨʛʠʠ 

ʚʦʟʙʫʞʜʘʶʱʠʭ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 11ʥʩ ʜʣʷ ʟʘʤʦʨʦʞʝʥʥʦʡ 

ʚʦʜʥʦʡ ʩʫʩʧʝʥʟʠʠ ʤʦʥʦʜʠʩʧʝʨʩʥʳʭ ʯʘʩʪʠʮ. n ï ʩʪʝʧʝʥʴ ʧʦʣʠʥʦʤʘ 

ʉ ʧʦʤʦʱʴʶ ʩʪʨʠʢ-ʢʘʤʝʨʳ ʠʟʤʝʨʝʥʘ ʚʨʝʤʝʥʥʘʷ ʜʠʥʘʤʠʢʘ ʛʝʥʝʨʘʮʠʠ 

ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ ʜʣʷ ʦʙʨʘʟʮʦʚ ʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʚʦʟʙʫʞʜʝʥʠʷ 

(ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ, ʪʝʤʧʝʨʘʪʫʨʘ). 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʛʨʘʥʪʳ ˉ 19-02-00750-ʘ, 

ˉ 19-02-00440-ʘ, ˉ 20ï52ï00002-ɹʝʣ_ʘ) ʠ ɹʈʌʌʀ (ʛʨʘʥʪ ˉ 20ï52ï

00002) 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

[1] Qiao, Y., Ye, F., Zheng, Y., & Chen, X. (2019). Cavity-enhanced second-harmonic 

generation in strongly scattering nonlinear media. Physical Review A, 99(4), 043844  
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ʅ.ɺ. ʄʀʅɸɽɺ1, ɽ.ʆ. ɽʇʀʌɸʅʆɺ1, ɸ.ɸ. ɸʅʊʆʐʀʅ1,2, ɽ.ɸ. 

ʄʀɻɸʃʔ3 
1ʀʥʩʪʠʪʫʪ ʬʦʪʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʌʅʀʎ "ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘ" 

ʈɸʅ, ʊʨʦʠʮʢ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʇʝʨʚʳʡ ʄɻʄʋ ʠʤ. ʀ.ʄ. ʉʝʯʝʥʦʚʘ ʄʠʥʟʜʨʘʚʘ ʈʦʩʩʠʠ (ʉʝʯʝʥʦʚʩʢʠʡ 

ʋʥʠʚʝʨʩʠʪʝʪ), ʄʦʩʢʚʘ, ʈʦʩʩʠʷ  
3ʄɻʋ ʠʤ. ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ, ʬʠʟʠʯʝʩʢʠʡ ʬʘʢʫʣʴʪʝʪ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʌɽʄʊʆʉɽʂʋʅɼʅɸʗ ɼɺʋʍʌʆʊʆʅʅɸʗ 

ʄʀʂʈʆʉʊɽʈɽʆʃʀʊʆɻʈɸʌʀʗ ʀ ɹʀʆʇɽʏɸʊʔ 

ʄɽʊʆɼʆʄ ʇʈʗʄʆɻʆ ʃɸɿɽʈʆʀʅɼʋʎʀʈʆɺɸʅʅʆɻʆ 

ʇɽʈɽʅʆʉɸ ɼʃʗ ɺʆʉʉʊɸʅʆɺʃɽʅʀʗ ʂʆʉʊʅʆʁ 

ʊʂɸʅʀ 

ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʨʘʟʨʘʙʦʪʢʠ ʣʘʟʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʪʢʘʥʝʠʥʞʝʥʝʨʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʜʣʷ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʢʦʩʪʥʦʡ ʪʢʘʥʠ. ɹʫʜʫʪ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʪʨʝʭʤʝʨʥʳʭ ʙʠʦʩʦʚʤʝʩʪʠʤʳʭ ʩʪʨʫʢʪʫʨ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʜʚʫʭʬʦʪʦʥʥʦʡ 

ʬʝʤʪʦʩʝʢʫʥʜʥʦʡ ʧʦʣʠʤʝʨʠʟʘʮʠʠ ʠʟ ʙʠʦʩʦʚʤʝʩʪʠʤʳʭ ʧʦʣʠʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʥʘ ʦʩʥʦʚʝ ʘʣʠʬʘʪʠʯʝʩʢʠʭ ʧʦʣʠʵʬʠʨʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʠʢʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʡ ʬʦʢʫʩʠʨʦʚʢʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɹʫʜʫʪ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʘʜʘʧʪʘʮʠʠ ʪʝʭʥʦʣʦʛʠʠ ʣʘʟʝʨʥʦʡ ʧʝʯʘʪʠ ʤʝʪʦʜʦʤ 

ʧʨʷʤʦʛʦ ʣʘʟʝʨʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʧʝʨʝʥʦʩʘ ʧʦʜ ʧʝʯʘʪʴ ʢʣʝʪʦʯʥʳʤʠ ʩʬʝʨʦʠʜʘʤʠ. 
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FEMTOSECOND TWO -PHOTON 

MICROSTEREOLITOGRAPHY AND BIOPROPRINTING BY 

LASER INDUCED FORWARD TRANSFER FOR BONE 

TISSUE REGENERATION  

 
The report presents the results of development laser additive technologies for the 

formation of functional tissue-engineered structures for the regeneration of bone 

tissue. The results of the formation of three-dimensional biocompatible structures 

using the method of two-photon femtosecond polymerization from biocompatible 

polymer materials based on aliphatic polyesters using the technique of simultaneous 

spatiotemporal focusing of laser radiation will be presented. The results of adaptation 
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of laser printing technology by the method of laser-induced forward transfer for 

printing with cellular spheroids will be presented. 

ʇʨʝʜʩʪʘʚʣʷʝʤʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʨʘʟʨʘʙʦʪʢʝ ʧʦʜʭʦʜʦʚ ʢ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʪʢʘʥʝʚʳʭ ʵʢʚʠʚʘʣʝʥʪʦʚ ʜʣʷ ʧʝʨʩʦʥʘʣʠʟʠʨʦʚʘʥʥʦʡ 

ʨʝʛʝʥʝʨʘʪʠʚʥʦʡ ʤʝʜʠʮʠʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʘʟʝʨʥʳʭ ʘʜʜʠʪʠʚʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ. 

ɺ ʧʨʦʮʝʩʩʝ ʚʳʧʦʣʥʝʥʠʷ ʨʘʙʦʪʳ, ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʦʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ 

ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʡ ʬʦʢʫʩʠʨʦʚʢʠ 

ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʘʥʛʣ. simultaneous spatiotemporal focusing (SSTF). 

ʀʩʭʦʜʥʦ, ʚ ʫʩʪʘʥʦʚʢʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʠʟʣʫʯʝʥʠʝ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ 

ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʘ ʊɽʄɸ-100 (ɸʚʝʩʪʘ ʧʨʦʝʢʪ, ʈʦʩʩʠʷ) ʩ ʜʣʠʥʦʡ 

ʚʦʣʥʳ ɚ = 525 ʥʤ, ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʠʤʧʫʣʴʩʘ ʦʢʦʣʦ 200 ʬʩ, ʯʘʩʪʦʪʦʡ 

ʛʝʥʝʨʘʮʠʠ 80 ʄɻʮ. ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-

ʚʨʝʤʝʥʥʦʡ ʬʦʢʫʩʠʨʦʚʢʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʧʫʩʪʠʪʴ 

ʠʟʣʫʯʝʥʠʝ ʯʝʨʝʟ ʜʚʝ ʦʧʪʠʯʝʩʢʠʝ ʩʭʝʤʳ ï ʩʪʨʝʪʯʝʨ (ʵʢʩʧʘʥʜʝʝʨ), ʟʘʜʘʯʝʡ 

ʢʦʪʦʨʦʛʦ ʷʚʣʷʝʪʩʷ ʚʨʝʤʝʥʥʦʝ ʨʘʩʪʷʛʠʚʘʥʠʝ ʠʤʧʫʣʴʩʘ ʧʦ ʩʧʝʢʪʨʫ 

(ʯʠʨʧʠʨʦʚʘʥʥʳʡ ʠʤʧʫʣʴʩ) ʠ ʢʦʤʧʨʝʩʩʦʨ, ʢʦʪʦʨʳʡ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʞʘʪʠʝ 

ʯʠʨʧʠʨʦʚʘʥʥʦʛʦ ʠʤʧʫʣʴʩʘ ʚ ʬʦʢʫʩʝ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʦʙʲʝʢʪʠʚʘ, 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʜʣʷ ʬʦʢʫʩʠʨʦʚʢʠ. ʇʦʣʫʯʝʥʥʦʝ ʥʘ ʚʳʭʦʜʝ ʠʟ ʦʧʪʠʯʝʩʢʦʡ 

ʩʠʩʪʝʤʳ ʣʘʟʝʨʥʦʝ ʠʟʣʫʯʝʥʠʝ ʟʘʚʦʜʠʣʦʩʴ ʚ ʦʧʪʠʯʝʩʢʠʡ ʪʨʘʢʪ ʫʩʪʘʥʦʚʢʠ 

ʣʘʟʝʨʥʦʛʦ ʤʠʢʨʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʧʨʦʮʝʩʩʘ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʨʝʭʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ ʠʟ ʙʠʦʩʦʚʤʝʩʪʠʤʳʭ ʤʘʪʝʨʠʘʣʦʚ 

[1]. ʇʘʨʘʤʝʪʨʳ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʦʧʪʠʯʝʩʢʦʡ ʩʭʝʤʳ ʜʦʧʫʩʢʘʶʪ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʦʙʲʝʢʪʠʚʦʚ ʩ ʤʘʣʦʡ ʯʠʩʣʦʚʦʡ ʘʧʝʨʪʫʨʦʡ NA 0.1 - 0.2, 

ʦʙʣʘʜʘʶʱʠʭ ʙʦʣʴʰʠʤ ʨʘʙʦʯʠʤ ʧʦʣʝʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʬʦʨʤʠʨʦʚʘʪʴ 

ʪʨʝʭʤʝʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩʘʥʪʠʤʝʪʨʦʚʦʛʦ ʤʘʩʰʪʘʙʘ. 

ʆʪʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʣʘʟʝʨʥʦʡ ʧʝʯʘʪʠ ʢʣʝʪʦʯʥʳʤʠ ʩʬʝʨʦʠʜʘʤʠ ʩ 

ʧʦʤʦʱʴʶ ʤʝʪʦʜʠʢʠ ʧʨʷʤʦʛʦ ʣʘʟʝʨʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʧʝʨʝʥʦʩʘ [2]. 

ʆʪʨʘʙʦʪʘʥʳ ʨʝʞʠʤʳ ʣʘʟʝʨʥʦʡ ʧʝʯʘʪʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʪʝʨʠʣʴʥʦʛʦ 

ʛʠʜʨʦʛʝʣʷ ʥʘ ʦʩʥʦʚʝ ʚʳʩʦʢʦʤʦʣʝʢʫʣʷʨʥʦʡ ʛʠʘʣʫʨʦʥʦʚʦʡ ʢʠʩʣʦʪʳ 

ʩʦʜʝʨʞʘʱʠʝ ʢʣʝʪʦʯʥʳʝ ʩʬʝʨʦʠʜʳ ʥʘ ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ ʤʝʪʦʜʦʤ 

ʜʚʫʭʬʦʪʦʥʥʦʡ ʧʦʣʠʤʝʨʠʟʘʮʠʠ ʪʨʝʭʤʝʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩ ʨʘʟʚʠʪʦʡ 

ʧʦʚʝʨʭʥʦʩʪʴʶ, ʢʦʪʦʨʳʝ ʧʦʢʘʟʘʣʠ ʧʨʠʥʮʠʧʠʘʣʴʥʫʶ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʨʦʮʝʩʩʘ ʫʩʧʝʰʥʦʛʦ ʧʝʨʝʥʦʩʘ ʩʬʝʨʦʠʜʦʚ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (ʛʨʘʥʪ ˉ 19-75-

00108). 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ɽ.ɺ. ʇʈʆʂʆʌʔɽɺ, ɼ.ɸ. ʉʀʅɽɺ, ɻ.ɺ. ʆɼʀʅʎʆɺɸ 
ʋʥʠʚʝʨʩʠʪʝʪ ʀʊʄʆ, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʈʦʩʩʠʷ 

ʌʆʈʄʀʈʆɺɸʅʀɽ ʃɸɿɽʈʅʆ-ʀʅɼʋʎʀʈʆɺɸʅʅʓʍ  

ʇʆɺɽʈʍʅʆʉʊʅʓʍ ʇɽʈʀʆɼʀʏɽʉʂʀʍ ʉʊʈʋʂʊʋʈ ɼʃʗ 

ʋʇʈɸɺʃɽʅʀʗ ʉʊʈʋʂʊʋʈʅʓʄ ʎɺɽʊʆʄ 

ɺ ʨʘʙʦʪʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥ ʩʧʦʩʦʙ ʩʪʨʫʢʪʫʨʥʦʡ ʦʢʨʘʩʢʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʝʪʘʣʣʦʚ ʟʘ ʩʯʝʪ ʬʦʨʤʠʨʦʚʘʥʠʷ ʣʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʧʝʨʠʦʜʠʯʝʩʢʠʭ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʪʨʫʢʪʫʨ (ʃʀʇʇʉ) ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʥʘʥʦʩʝʢʫʥʜʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 1,06 ʤʢʤ. ɹʳʣʠ ʧʦʣʫʯʝʥʳ 

ʦʜʥʦʤʝʨʥʳʝ ʠ ʜʚʫʤʝʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ʧʝʨʠʦʜʦʤ ʧʦʨʷʜʢʘ 1 ʤʢʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ ʠ ʧʣʝʥʦʢ ʪʠʪʘʥʘ, ʘ ʪʘʢ ʞʝ ʩʪʨʫʢʪʫʨʳ ʩ ʥʝʧʨʝʨʳʚʥʳʤ 

ʠʟʤʝʥʝʥʠʝʤ ʦʨʠʝʥʪʘʮʠʠ ʃʀʇʇʉ ʧʨʠ ʣʘʟʝʨʥʦʤ ʩʢʘʥʠʨʦʚʘʥʠʠ ʧʦ ʨʘʟʣʠʯʥʳʤ 

ʪʨʘʝʢʪʦʨʠʷʤ. 

M.K.MOSKVIN, D.S. YUZHAKOVA, N.A. AFANASEV, E.V. 

PROKOFEV, D.A. SINEV, G.V. ODINTSOVA 
ITMO University, Saint Petersburg, Russia 

FORMATION OF LASER -INDUCED PERIO DIC SURFACE 

STRUCTURES FOR STRUCTURAL COLORING 

This work demonstrates a method of structural coloring of the metal surface by 

formation of laser-induced periodic surface structures (LIPSS) under the exposure of 

nanosecond laser radiation with a wavelength of 1.06 ɛm. One-dimensional and two-

dimensional structures with a period of about 1 ɛm were obtained on the surface of 

stainless steel films and titanium, as well as structures with a continuous change in the 

orientation of the LIPPS during laser scanning along various trajectories. 

ʇʦʷʚʣʝʥʠʝ ʣʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʧʝʨʠʦʜʠʯʝʩʢʠʭ 

ʩʪʨʫʢʪʫʨ (ʃʀʇʇʉ) ʢʘʢ ʫʥʠʚʝʨʩʘʣʴʥʳʡ ʵʬʬʝʢʪ ʙʳʣʦ ʨʘʥʝʝ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʥʘ ʚʩʝʭ ʪʠʧʘʭ ʤʘʪʝʨʠʘʣʦʚ: ʤʝʪʘʣʣʘʭ, 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ ʠ ʜʠʵʣʝʢʪʨʠʢʘʭ [1]. ʌʦʨʤʠʨʦʚʘʥʠʝ ʜʘʥʥʳʭ ʩʪʨʫʢʪʫʨ 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʧʝʨʠʦʜʠʯʝʩʢʠ ʤʦʜʫʣʠʨʦʚʘʥʥʦʤ ʩʚʝʪʦʚʦʤ ʧʦʣʝ ʚ ʦʙʣʘʩʪʠ 

ʬʦʢʫʩʠʨʦʚʢʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɼʘʥʥʦʝ ʷʚʣʝʥʠʝ ʦʙʳʯʥʦ ʩʚʷʟʳʚʘʶʪ 

ʩ ʠʥʪʝʨʬʝʨʝʥʮʠʝʡ ʤʝʞʜʫ ʧʘʜʘʶʱʝʡ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʦʡ ʠ 

ʚʦʟʙʫʞʜʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʦʡ [2]. ʄʘʩʰʪʘʙʳ 

ʬʦʨʤʠʨʫʝʤʳʭ ʩʪʨʫʢʪʫʨ ʠʤʝʶʪ ʨʘʟʤʝʨʥʦʩʪʴ ʨʘʚʥʫʶ ʜʣʠʥʝ ʚʦʣʥʳ 

ʚʦʟʜʝʡʩʪʚʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ 

ʧʨʠʤʝʥʝʥʠʷ ʜʘʥʥʦʝ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ ʤʦʞʝʪ ʧʨʠʤʝʥʷʪʴʩʷ ʚ ʩʦʟʜʘʥʠʠ 

ʵʣʝʤʝʥʪʦʚ ʬʦʪʦʥʠʢʠ. ʊʘʢʞʝ ʚʦʟʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʃʀʇʇʉ ʢʘʢ 

ʵʣʝʤʝʥʪʦʚ ʟʘʱʠʪʥʳʭ ʟʥʘʢʦʚ ʠ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʦʧʪʠʢʠ ʠ ʚ 



109 

 

ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʪʨʫʢʪʫʨʥʦʛʦ ʮʚʝʪʘ ʚ ʪʝʭʥʦʣʦʛʠʠ ʮʚʝʪʥʦʡ ʤʘʨʢʠʨʦʚʢʠ. 

ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʠʟʚʝʩʪʥʳʭ ʨʘʙʦʪ ʃʀʇʇʉ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʨʠʤʝʥʝʥʠʡ 

ʧʦʣʫʯʘʶʪ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʫʣʴʪʨʘʢʦʨʦʪʢʠʭ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ, 

ʦʜʥʘʢʦ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʩʪʨʫʢʪʫʨʥʦʛʦ ʮʚʝʪʘ ʟʘ ʩʯʝʪ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʚʦʣʦʢʦʥʥʳʤ 

ʥʘʥʦʩʝʢʫʥʜʥʳʤ ʣʘʟʝʨʦʤ. 

ɼʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʥʦʛʦ ʮʚʝʪʘ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ 

ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʭʘʨʘʢʪʝʨʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʃʀʇʇʉ ʢʦʨʦʪʢʠʤʠ 

ʣʘʟʝʨʥʳʤʠ ʠʤʧʫʣʴʩʘʤʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ ʠ ʧʣʝʥʦʢ 

ʪʠʪʘʥʘ. ɻʝʥʝʨʘʮʠʷ ʃʀʇʉʉ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʧʨʠ ʧʦʤʦʱʠ ʚʦʣʦʢʦʥʥʦʛʦ 

ʠʪʪʝʨʙʠʝʚʦʛʦ ʣʘʟʝʨʘ IPG Photonics (Pc=20 ɺʪ, ɚ=1064 ʥʤ, f=1,6 ï 99 ʢɻʮ). 

ɺʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʥʘʧʨʘʚʣʝʥʠʝ ʩʪʨʫʢʪʫʨ ʙʳʣʦ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦ 

ʟʘʚʠʩʠʤʳʤ, ʧʨʠ ʧʦʚʪʦʨʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ ʚ ʩʣʫʯʘʝ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʩʪʨʫʢʪʫʨ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʣʘʚʣʝʥʠʷ ʥʘ ʧʣʝʥʢʘʭ ʪʠʪʘʥʘ ʧʨʦʠʩʭʦʜʠʣʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʚʫʭʤʝʨʥʳʭ 

ʨʝʰʝʪʦʢ. ɺ ʩʣʫʯʘʝ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ 

ʥʘ ʩʪʘʣʠ AISI 304 ʧʨʦʠʩʭʦʜʠʣʘ ʧʝʨʝʩʪʨʦʡʢʘ ʥʘʧʨʘʚʣʝʥʠʷ ʩʪʨʫʢʪʫʨ, ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʟʘʧʠʩʳʚʘʪʴ ʦʜʥʦʤʝʨʥʳʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ʧʣʘʚʥʦ 

ʠʟʤʝʥʷʶʱʠʝ ʩʚʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʩ ʭʦʜʦʤ ʣʠʥʝʡʥʦʛʦ ʩʢʘʥʠʨʦʚʘʥʠʷ ʧʦ 

ʧʦʚʝʨʭʥʦʩʪʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʟʘʚʠʩʠʤʦʩʪʴ ʦʨʠʝʥʪʘʮʠʠ ʃʀʇʉʉ ʦʪ 

ʧʦʣʷʨʠʟʘʮʠʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʬʦʨʤʠʨʦʚʘʪʴ 

ʵʣʝʤʝʥʪʳ ʩ ʨʘʟʣʠʯʥʳʤʠ ʪʠʧʘʤʠ ʩʪʨʫʢʪʫʨ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʟʥʳʝ ʪʠʧʳ ʠ 

ʦʨʠʝʥʪʘʮʠʠ ʃʀʇʇʉ ʦʪʦʙʨʘʞʘʶʪʩʷ ʦʧʨʝʜʝʣʝʥʥʳʤ ʩʪʨʫʢʪʫʨʥʳʤ ʮʚʝʪʦʤ 

ʧʨʠ ʠʭ ʦʩʚʝʱʝʥʠʠ ʥʝʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʠʤ ʩʚʝʪʦʤ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʘʙʦʪʝ ʧʨʠ ʧʦʤʦʱʠ ʥʘʥʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʘʣʠ ʠ ʧʣʝʥʦʢ ʪʠʪʘʥʘ ʙʳʣʠ ʩʦʟʜʘʥʳ 

ʨʘʟʣʠʯʥʳʝ  ʪʠʧʳ ʃʀʇʇʉ ʧʦʨʷʜʢʘ 1 ʤʢʤ.  ʇʨʠ ʦʩʚʝʱʝʥʠʠ ʩʪʨʫʢʪʫʨ 

ʥʝʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʠʤ ʩʚʝʪʦʤ ʥʘʙʣʶʜʘʣʠʩʴ ʷʨʢʠʝ ʩʪʨʫʢʪʫʨʥʳʝ ʮʚʝʪʘ, 

ʦʭʚʘʪʳʚʘʶʱʠʝ ʚʝʩʴ ʚʠʜʠʤʳʡ ʩʧʝʢʪʨ. ʇʨʠ ʥʘʩʪʨʦʡʢʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ 

ʦʨʠʝʥʪʘʮʠʠ ʃʀʇʇʉ ʟʘ ʩʯʝʪ ʧʦʣʷʨʠʟʘʮʠʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʙʳʣʠ 

ʟʘʧʠʩʘʥʳ ʥʝʩʢʦʣʴʢʦ ʠʟʦʙʨʘʞʝʥʠʡ ʚ ʦʜʥʦʡ ʦʙʣʘʩʪʠ, ʦʪʦʙʨʘʞʘʶʱʠʝʩʷ 

ʪʦʣʴʢʦ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʦʤ ʫʛʣʝ ʥʘʙʣʶʜʝʥʠʷ. ʅʘʩʪʦʷʱʠʝ ʨʝʟʫʣʴʪʘʪʳ 

ʦʪʢʨʳʚʘʶʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʢ ʵʬʬʝʢʪʠʚʥʦʤʫ ʩʦʟʜʘʥʠʶ ʵʣʝʤʝʥʪʦʚ 

ʩʪʨʫʢʪʫʨʥʦʡ ʦʢʨʘʩʢʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ. 

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʛʨʘʥʪʦʤ ʈʅʌ 17-19-01721-ʇ. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ. ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠ ̫

ʀʉʉʃɽɼʆɺɸʅʀɽ ɺʈɽʄɽʅʅʆʁ ɼʀʅɸʄʀʂʀ 

ʀʅʌʈɸʂʈɸʉʅʆʁ ʂʆʅʀʏɽʉʂʆʁ ʕʄʀʉʉʀʀ ʇʈʀ 

ʈɸʉʇʈʆʉʊʈɸʅɽʅʀʀ ʌʀʃɸʄɽʅʊʆɺ ɻʀɻɸɺɸʊʊʅʓʍ 

ʋʌ ʀʄʇʋʃʔʉʆɺ ɺ ʂʉɽʅʆʅɽ 

ʇʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʋʌ ʬʠʣʘʤʝʥʪʦʚ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 248 ʥʤ ʚ ʢʩʝʥʦʥʝ (Xe) 

ʛʝʥʝʨʠʨʫʝʪʩʷ ʫʟʢʦʧʦʣʦʩʥʘʷ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʘʷ ʀʂ ʢʦʥʠʯʝʩʢʘʷ ʵʤʠʩʩʠʷ (ʀʂ 

ʂʕ) . ʄʳ ʠʩʩʣʝʜʦʚʘʣʠ ʚʨʝʤʝʥʥʫʶ ʜʠʥʘʤʠʢʫ ʜʘʥʥʦʡ ʀʂ ʂʕ ʧʨʠ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʬʠʣʘʤʝʥʪʠʨʦʚʘʥʥʳʭ ʋʌ ʠʤʧʫʣʴʩʦʚ ʚ Xe. 
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INVESTIGATION OF THE TIME DYNAMICS OF 

INFRARED CONICAL EMISSION DURING THE 

PROPAGATION OF GIGAWATT UV PULSE FILAMENTS 

IN XENON  

 
When UV filaments with a wavelength of 248 nm propagate in Xe, narrow-band 

monochromatic IR conical emission (IR CE) is generated. We investigated the 

temporal dynamics of this IR CE during the propagation of filamented UV pulses in 

Xe.  

 

ɺ ʨʘʙʦʪʝ [1]  ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʦʩʥʦʚʥʳʤ ʚʦʟʤʦʞʥʳʤ 

ʤʝʭʘʥʠʟʤʦʤ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʀʂ ʂʕ ʷʚʣʷʝʪʩʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʠʟʣʫʯʝʥʠʷ  (ʯʝʪʳʨʝʭʚʦʣʥʦʚʦʝ ʩʤʝʰʝʥʠʝ ʠʣʠ ʏɺʉ), ʘ 

ʪʘʢʞʝ ʧʦʣʫʯʝʥ ʩʧʝʢʪʨ ʛʝʥʝʨʠʨʫʝʤʦʡ ʀʂ ʂʕ. ɺ ʩʧʝʢʪʨʝ ʥʘʙʣʶʜʘʶʪʩʷ 

ʜʚʝ ʫʟʢʠʝ ʣʠʥʠʠ ʥʘ 828 ʠ 823 ʥʤ, ʠʤʝʶʱʠʝ ʩʧʝʢʪʨʘʣʴʥʫʶ ʰʠʨʠʥʫ 0.25-

0.3 ʥʤ. ʇʦʜʦʙʥʘʷ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘ ʚ ʧʝʨʝʨʘʩʯʝʪʝ ʥʘ ʜʣʠʪʝʣʴʥʦʩʪʴ 

ʠʤʧʫʣʴʩʘ ʥʝ ʤʦʞʝʪ ʦʙʲʷʩʥʷʪʴʩʷ ʏɺʉ ʠ ʭʘʨʘʢʪʝʨʥʘ ʜʣʷ ʫʩʠʣʝʥʥʦʛʦ 

ʩʧʦʥʪʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʋʉʀ) ʚ ʍʝ, ʚ ʩʚʷʟʠ ʩ ʯʝʤ ʠ ʚʦʟʥʠʢʣʘ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʨʦʚʝʩʪʠ ʠʩʩʣʝʜʦʚʘʥʠʝ, ʦʧʠʩʘʥʥʦʝ ʥʠʞʝ. 

ʀʤʧʫʣʴʩ ʪʨʝʪʴʝʡ ʛʘʨʤʦʥʠʢʠ ʪʠʪʘʥ ʩʘʧʬʠʨʦʚʦʛʦ ʣʘʟʝʨʘ ʫʩʠʣʠʚʘʣʩʷ 

ʪʘʢ, ʯʪʦ ʥʘ ʚʳʭʦʜʝ ʠʟ ʫʩʠʣʠʪʝʣʷ ʧʦʣʫʯʘʣʠʩʴ ʠʤʧʫʣʴʩʳ ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 

200 ʬʩ ʠ ʤʦʱʥʦʩʪʴʁ ʦʢʦʣʦ 500 Pcr ʩʘʤʦʬʦʢʫʩʠʨʦʚʢʠ ʚ ʚʦʟʜʫʭʝ ʜʣʷ 
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248ʥʤ. ɺ ʪʘʢʦʤ ʠʤʧʫʣʴʩʝ ʨʘʟʚʠʚʘʣʘʩʴ ʤʥʦʞʝʩʪʚʝʥʥʘʷ ʬʠʣʘʤʝʥʪʘʮʠʷ 

ʠʟʣʫʯʝʥʠʷ. ʇʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʚ ʷʯʝʡʢʝ ʩ Xe ʧʨʠ ʜʘʚʣʝʥʠʠ ʛʘʟʘ P=1.1 

ʘʪʤ. ʬʠʣʘʤʝʥʪʳ ʛʝʥʝʨʠʨʦʚʘʣʠ ʀʂ ʠʟʣʫʯʝʥʠʝ, ʜʘʣʴʥʷʷ ʟʦʥʘ ʢʦʪʦʨʦʛʦ 

ʧʨʝʜʩʪʘʚʣʷʣʘ ʠʟ ʩʝʙʷ ʥʘʙʦʨ ʢʦʣʝʮ. ʀʟʦʙʨʘʞʝʥʠʝ ʵʤʠʩʩʠʠ ʦʪ ʦʜʥʦʛʦ-ʪʨʝʭ 

ʬʠʣʘʤʝʥʪʦʚ ʩʪʨʦʠʣʦʩʴ ʥʘ ʬʦʪʦʢʘʪʦʜ ʕʆʂ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ.1, ʠʤʝʝʪʩʷ 

ʥʝʩʢʦʣʴʢʦ ʚʨʝʤʝʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʀʂ ʠʟʣʫʯʝʥʠʷ: ʙʳʩʪʨʘʷ, ʩ ʬʨʦʥʪʦʤ 

ʥʘʨʘʩʪʘʥʠʷ ~2 ʧʩ, ʩʚʷʟʘʥʥʘʷ ʩ ʏɺʉ, ʟʘ ʢʦʪʦʨʦʡ ʩʣʝʜʫʝʪ ʩʧʘʜ ʟʘ ʚʨʝʤʷ 

~10 ʧʩ, ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʥʳʡ ʩ ʋʉʀ ʚ Xe. ʇʦʩʣʝ ʵʪʦʛʦ ʩ ʟʘʜʝʨʞʢʦʡ ~10 

ʧʩ ʚʦʟʥʠʢʘʝʪ ʚʪʦʨʦʡ ʠʤʧʫʣʴʩ ʠʟʣʫʯʝʥʠʷ ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʦʢʦʣʦ ~30 ʧʩ, 

ʦʜʥʦʡ ʠʟ ʚʦʟʤʦʞʥʳʭ ʧʨʠʯʠʥ ʧʦʷʚʣʝʥʠʷ ʢʦʪʦʨʦʛʦ ʷʚʣʷʝʪʩʷ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʵʢʩʠʤʝʨʦʚ Xe2 ʠ ʠʭ ʧʦʩʣʝʜʫʶʱʝʝ ʩʧʦʥʪʘʥʥʦʝ 

ʠʟʣʫʯʝʥʠʝ.  

 
ʈʠʩ. 1. ɺʨʝʤʝʥʥʘʷ ʜʠʥʘʤʠʢʘ ʀʂ ʂʕ ʚ Xe ʧʨʠ ʜʘʚʣʝʥʠʠ 1.1ʘʪʤ 

 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. I. V. Smetanin, A. V. Shutov, N. N. Ustinovsii, V. D. Zvorykin, A. V. Bogatskaya, 
A. M. Popov, çMonocromatic conical IR emission from decaying KrF laser filaments in xenon 

as coherent stimulated four-wave mixing processè, MDPI, 2020. 
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ʄ.ɺ. ɸʅʊʀʇʆɺ, ɼ.ɸ. ʇʆʃʐʂʆɺ  
ʉʘʨʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ï ʬʠʣʠʘʣ ʅʘʮʠʦʥʘʣʴʥʦʛʦ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʷʜʝʨʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʄʀʌʀ, ʉʘʨʦʚ, ʈʦʩʩʠʷ  

ʄɽʊʆɼ ʎʀʌʈʆɺʆʁ ɻʆʃʆɻʈɸʌʀʀ ɼʃʗ 

ʈɽɻʀʉʊʈɸʎʀʀ ʇʓʃɽɺʓʍ ʇʆʊʆʂʆɺ ʇʈʀ ʅɸʃʀʏʀʀ 

ʉʀʃʔʅʓʍ ʉɺɽʊʆɺʓʍ ʇʆʄɽʍ 

ʈʘʩʩʤʦʪʨʝʥʘ ʧʨʦʙʣʝʤʘ ʩʚʝʪʦʚʦʡ ʟʘʩʚʝʪʢʠ ʧʨʠ ʨʝʛʠʩʪʨʘʮʠʠ ʧʳʣʝʚʳʭ ʧʦʪʦʢʦʚ 

ʤʝʪʦʜʦʤ ʪʝʥʝʚʦʡ ʬʦʪʦ-ʨʝʛʠʩʪʨʘʮʠʠ, ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʚʟʨʳʚʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

ʇʨʝʜʣʦʞʝʥʳ ʧʫʪʠ ʨʝʰʝʥʠʷ ʧʦ ʫʩʪʨʘʥʝʥʠʶ ʜʘʥʥʦʡ ʧʨʦʙʣʝʤʳ. ʇʨʦʚʝʜʝʥ ʨʷʜ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʧʦʜʪʚʝʨʞʜʘʶʱʠʭ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʝʪʦʜʘ 

ʮʠʬʨʦʚʦʡ ʛʦʣʦʛʨʘʬʠʠ ʚ ʫʩʣʦʚʠʷʭ ʩʠʣʴʥʳʭ ʩʚʝʪʦʚʳʭ ʧʦʤʝʭ ʠ ʧʦʣʫʯʝʥʠʷ 

ʢʘʯʝʩʪʚʝʥʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʦʟʚʦʣʷʝʪ ʫʩʪʨʘʥʠʪʴ ʧʨʦʙʣʝʤʫ ʛʣʫʙʠʥʳ ʨʝʟʢʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ. 

 

M.V. ANTIPOV, D.A. POLSHKOV,  
Sarov Physical & Technical Institute - National Research Nuclear University 

MEPhI (Moscow Engineering Physics Institute), Sarov, Russia  

 

DIGITAL HOLOGRAPHY METHOD FOR RECORDING 

DUST FLOWS IN THE PRESENCE OF STRONG LIGHT 

INTERFERENCE  
 

The problem of light exposure during the registration of dust flows by the method 

of shadow photo-registration, during explosive experiments, is considered. The ways 

of solving this problem are suggested. A number of experiments confirming the 

possibility of using the digital holography method in conditions of strong light 

interference and obtaining high-quality images were carried out. The use of the 

holographic method additionally eliminates the problem of the depth of the sharp 

image. 

 

ɼʦʩʪʘʪʦʯʥʦ ʯʘʩʪʦ, ʧʨʠ ʨʝʛʠʩʪʨʘʮʠʠ, ʢʘʢʠʭ ʣʠʙʦ 

ʙʳʩʪʨʦʧʨʦʪʝʢʘʶʱʠʭ ʧʨʦʮʝʩʩʦʚ, c ʧʦʤʦʱʴʶ ʩʦʚʨʝʤʝʥʥʳʭ ʢʘʤʝʨ, ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʚʘʨʠʘʥʪʘʤʠ ʤʘʪʨʠʮ (ʇɿʉ ʠ ʂʄʆʇ) ʩʪʘʣʢʠʚʘʶʪʩʷ ʩ 

ʧʨʦʙʣʝʤʦʡ ʩʚʝʪʦʚʦʡ ʟʘʩʚʝʪʢʠ ʠʟʦʙʨʘʞʝʥʠʷ, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ 

ʥʝʚʦʟʤʦʞʥʳʤ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʠ ʧʦʣʫʯʝʥʠʷ ʥʫʞʥʳʭ ʜʘʥʥʳʭ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘ. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ, ʩʚʝʪʦʚʘʷ ʟʘʩʚʝʪʢʘ ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ 

ʘʢʪʫʘʣʴʥʦʡ ʠ ʯʘʩʪʦ ʚʩʪʨʝʯʘʶʱʝʡʩʷ ʧʨʦʙʣʝʤʦʡ, ʦʪ ʢʦʪʦʨʦʡ ʩʣʝʜʫʝʪ 

ʫʭʦʜʠʪʴ, ʧʦ ʧʨʠʯʠʥʝ ʥʝʚʦʟʤʦʞʥʦʩʪʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʝʭ ʠʣʠ ʠʥʳʭ 

ʚʟʨʳʚʥʳʭ ʧʨʦʮʝʩʩʦʚ ʠʣʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʠʢʨʦʯʘʩʪʠʮ.  

ʅʘʠʙʦʣʝʝ ʧʨʦʩʪʳʤ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʠ ʤʘʣʦʪʨʝʙʦʚʘʪʝʣʴʥʳʤ ʢ 

ʢʘʯʝʩʪʚʫ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʨʘʟʨʝʰʝʥʠʶ ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ ʩʨʝʜʳ 
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ʷʚʣ̫ʝʪʩʷ ʤʝʪʦʜ ʦʩʝʚʦʡ ʛʦʣʦʛʨʘʬʠʠ ʌʨʘʫʥʛʦʬʝʨʘ [1], ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ 

ʫʜʦʙʥʳʤ ʜʣʷ ʨʝ-ʛʠʩʪʨʘʮʠʠ ʙʳʩʪʨʦʜʚʠʞʫʱʠʭʩʷ ʤʠʢʨʦʦʙʲʝʢʪʦʚ 

(ʯʘʩʪʠʮ), ʚ ʪʦʤ ʯʠʩʣʝ ʚʦ ʚʟʨʳʚʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ. 

ʇʨʝʜʣʘʛʘʝʤʳʡ ʤʝʪʦʜ ʫʩʪʨʘʥʝʥʠʷ ʰʫʤʦʚʦʡ ʟʘʩʚʝʪʢʠ ʩʦʩʪʦʠʪ ʚ 

ʩʣʝʜʫʶʱʝʤ. ʇʫʯʦʢ ʩʚʝʪʘ, ʚʳʭʦʜʷʱʠʡ ʠʟ ʣʘʟʝʨʘ, ʧʨʦʡʜʷ ʯʝʨʝʟ 

ʨʘʩʰʠʨʠʪʝʣʴ ʧʫʯʢʘ, ʧʘʜʘʝʪ ʥʘ ʨʝʛʠʩʪʨʠʨʫʝʤʳʡ ʦʙʲʝʢʪ, ʠʤʝʶʱʠʡ 

ʧʨʦʟʨʘʯʥʦʩʪʴ ʥʝ ʤʝʥʝʝ 80%. ʇʨʦʰʝʜʰʝʝ ʠʟʣʫʯʝʥʠʝ ʧʦʧʘʜʘʝʪ ʚ 

ʦʙʲʝʢʪʠʚ, ʧʝʨʝʜʘʶʱʠʡ ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʲʝʢʪʘ ʩ ʪʨʝʙʫʝʤʳʤ ʫʚʝʣʠʯʝʥʠʝʤ 

ʥʘ ʮʠʬʨʦʚʫʶ ʤʘʪʨʠʮʫ ʩʢʦʨʦʩʪʥʦʡ ʬʦʪʦʢʘʤʝʨʳ. ʄʝʞʜʫ ʦʙʲʝʢʪʠʚʦʤ ʠ 

ʢʘʤʝʨʦʡ ʨʘʩʧʦʣʘʛʘʝʪʩʷ, ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ, ʦʜʠʥ ʧʦʣʦʩʦʚʦʡ ʬʠʣʴʪʨ, 

ʧʨʦʧʫʩʢʘʶʱʠʡ ʪʦʣʴʢʦ ʠʟʣʫʯʝʥʠʝ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ. 

ʉʚʝʪʦʚʳʝ ʰʫʤʳ ʩʦʟʜʘʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚʙʣʠʟʠ ʦʪ 

ʬʦʢʫʩʘ ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʣʘʤʧʳ ʥʘʢʘʣʠʚʘʥʠʷ, ʚʟʨʳʚʘʶʱʝʡʩʷ 

ʧʨʦʚʦʣʦʢʠ, ʣʘʤʧʳ-ʚʩʧʳʰʢʠ, ʘ ʪʘʢ ʞʝ ʷʨʢʦʛʦ ʩʚʝʪʘ ʦʪ ʚʟʨʳʚʘ ʘʨʛʦʥʘ.  

ʇʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʧʦʜʘʚʣʝʥʠʷ ʩʚʝʪʦʚʳʭ ʰʫʤʦʚ ʠʩʧʦʣʴʟʫʝʪ 

ʩʭʝʤʫ ʦʩʝʚʦʡ ʛʦʣʦʛʨʘʬʠʠ ʌʨʘʫʥʛʦʬʝʨʘ. ʇʦʵʪʦʤʫ ʧʦʣʫʯʘʝʤʳʝ 

ʠʟʦʙʨʘʞʝʥʠʷ ʷʚʣʷʶʪʩʷ ʛʦʣʦʛʨʘʤʤʘʤʠ, ʠ ʵʪʦ ʧʦʟʚʦʣʷʝʪ ʚʦʩʩʪʘʥʦʚʠʪʴ 

ʠʟʦʙʨʘʞʝʥʠʷ ʦʙʲʝʢʪʦʚ ʥʘʭʦʜʠʚʰʠʭʩʷ ʚ ʤʦʤʝʥʪ ʨʝʛʠʩʪʨʘʮʠʠ ʚʥʝ 

ʧʣʦʩʢʦʩʪʠ ʨʝʟʢʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ʇʦʜ.ʨʝʜ. ɻ. ʂʦʣʬʠʣʜʘ, -  ʆʧʪʠʯʝʩʢʘʷ ʛʦʣʦʛʦʨʘʬʠʷ: ʇʝʨ. ʩ ʘʥʛʣ./.- ʄ.:ʄʠʨ, 1982- 

1ʪ. 
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ɸ.ɻ. ʇʋʊʀʃʆɺ1,2, ɸ.ɸ. ɸʅʊʀʇʆɺ1,2, ɸ.ɽ. ʐɽʇɽʃɽɺ1, 

ɸ.ɺ. ʆʉʀʇʆɺ1,2 
 1 ʀʥʩʪʠʪʫʪ ʧʨʦʙʣʝʤ ʣʘʟʝʨʥʳʭ ʠ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʈɸʅ ï ʬʠʣʠʘʣ 

ʌʅʀʎ çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘè ʈɸʅ, ʐʘʪʫʨʘ, ʈʦʩʩʠʷ 
2 ɺʣʘʜʠʤʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ɸ. ɻ. ʠ ʅ. ɻ. 

ʉʪʦʣʝʪʦʚʳʭ, ʈʦʩʩʠ ̫

ʀʉʉʃɽɼʆɺɸʅʀɽ ʇʈʆʉʊʈɸʅʉʊɺɽʅʅʆ-ɺʈɽʄɽʅʅʓʍ, 

ʉʇɽʂʊʈɸʃʔʅʓʍ ʀ ʕʅɽʈɻɽʊʀʏɽʉʂʀʍ  

ʍɸʈɸʂʊɽʈʀʉʊʀʂ ʄʆʑʅʆɻʆ ʃɸɿɽʈɸ 

 ʅɸ ɸʃɽʂʉɸʅɼʈʀʊɽ 

ʈʘʩʩʤʦʪʨʝʥʦ ʚʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʘ ʘʣʝʢʩʘʥʜʨʠʪʘ ʥʘ ʝʛʦ 

ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʠ ʛʝʥʝʨʘʮʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ 

ʧʝʨʝʩʪʨʦʡʢʘ ʩʧʝʢʪʨʘ ʚʳʭʦʜʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʜʣʠʥʥʦʚʦʣʥʦʚʫʶ ʦʙʣʘʩʪʴ ʧʨʠ 

ʧʦʚrh ʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ ʢʨʠʩʪʘʣʣʘ 

ʘʣʝʢʩʘʥʜʨʠʪʘ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʙʘʟʳ ʨʝʟʦʥʘʪʦʨʘ ʠ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʚʳʭʦʜʥʦʛʦ ʟʝʨʢʘʣʘ ʥʘ ʵʥʝʨʛʠʶ ʠʟʣʫʯʝʥʠʷ ʣʘʟʝʨʘ. 

ʇʨʦʚʝʜʝʥʘ ʦʧʪʠʤʠʟʘʮʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʝʟʦʥʘʪʦʨʘ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʠʤʧʫʣʴʩʥʦʡ ʵʥʝʨʛʠʠ ʠ ʩʨʝʜʥʝʡ ʤʦʱʥʦʩʪʠ.  

 

A.G. PUTILOV1,2, A.A. ANTIPOV1,2, A.E. SHEPELEV1, 

 A.V. OSIPOV1,2 
1 Institute on Laser and Information Technologies RAS ð Branch of FSRC 

çCrystallography and Photonicsè RAS, Shatura, Russia 
2 Vladimir State University named after A. G. and N. G. Stoletovs, Russia 

 

INVESTIGATION OF SPATIAL -TEMPORAL, SPECTRAL  

 AND ENERGY CHARACTERISTICS OF A HIGH -POWER 

 ALEXANDRITE LASER  
 

The effect of the dependence of the Alexandrite crystal temperature on its 

luminescence and lasing characteristics is considered. The output radiation spectrum 

tuning to longer wavelengths with increasing temperature is demonstrated. An 

analysis of the energy levels of the alexandrite crystal has been carried out. The 

influence of the resonator base and the reflection coefficient of the output mirror on 

the output laser radiation energy are studied experimentally. Optimization of the 

resonator characteristics is realized to achieve the maximum pulse energy and average 

power. 

 

ɸʣʝʢʩʘʥʜʨʠʪ (Cr3+: BeAl2O4) ʷʚʣʷʝʪʩʷ ʣʘʟʝʨʥʳʤ ʢʨʠʩʪʘʣʣʦʤ ʩ 

ʧʨʝʚʦʩʭʦʜʥʳʤʠ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. ɺʨʝʤʷ ʞʠʟʥʠ 

ʚʝʨʭʥʝʛʦ ʣʘʟʝʨʥʦʛʦ ʫʨʦʚʥʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩʦʩʪʘʚʣʷʝʪ ~ 260 
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ʤʢʩ. ʃʘʟʝʨ ʥʘ ʘʣʝʢʩʘʥʜʨʠʪʝ ʨʘʙʦʪʘʝʪ ʥʘ ʚʠʙʨʦʥʥʦʤ ʧʝʨʝʭʦʜʝ ʩ ʰʠʨʦʢʦʡ 

ʧʦʣʦʩʦʡ ʫʩʠʣʝʥʠʷ ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʥʝʧʨʝʨʳʚʥʫʶ ʧʝʨʝʩʪʨʦʡʢʫ ʩʧʝʢʪʨʘ 

ʠʟʣʫʯʝʥʠʷ ʚ ʦʙʣʘʩʪʠ 700 ï 850 ʥʤ. ʐʠʨʦʢʘʷ ʧʦʣʦʩʘ ʧʦʛʣʦʱʝʥʠʷ 

ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʧʨʠʤʝʥʷʪʴ ʢʘʢ ʣʘʤʧʦʚʫʶ, ʪʘʢ ʠ ʜʠʦʜʥʫʶ ʥʘʢʘʯʢʫ 

[1].  

ʉ ʧʦʚʳʰʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʘ ʘʣʝʢʩʘʥʜʨʠʪʘ ʧʨʦʠʩʭʦʜʠʪ 

ʫʚʝʣʠʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʩʠʣʝʥʠʷ. ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʩʚʷʟʘʥ ʩ 

ʜʦʣʛʦʞʠʚʫʱʠʤ ʩʦʩʪʦʷʥʠʝʤ 2ɽ, ʨʘʩʧʦʣʦʞʝʥʥʳʤ ʥʠʞʝ ʫʨʦʚʥʷ 4ʊ2. 

ʕʥʝʨʛʝʪʠʯʝʩʢʠʡ ʟʘʟʦʨ ʤʝʞʜʫ ʵʪʠʤʠ ʫʨʦʚʥʷʤʠ ʩʦʩʪʘʚʣʷʝʪ ʚʩʝʛʦ 800 ʩʤ-

1. ʋʨʦʚʥʠ 2E ʠ 4T2 ʥʘʭʦʜʷʪʩʷ ʚ ʪʝʧʣʦʚʦʤ ʨʘʚʥʦʚʝʩʠʠ, ʥʦ ʧʨʠ 

ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʘ ʘʣʝʢʩʘʥʜʨʠʪʘ ʧʨʦʠʩʭʦʜʠʪ ʪʝʧʣʦʚʦʝ 

ʟʘʩʝʣʝʥʠʝ ʫʨʦʚʥʷ 4ʊ2 ʦʙʝʩʧʝʯʠʚʘʶʱʝʝ ʫʚʝʣʠʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʩʝʯʝʥʠʷ ʠʟʣʫʯʝʥʠʷ. ʊ.ʦ. ʵʥʝʨʛʠʷ ʚʳʭʦʜʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʣʘʟʝʨʘ ʩ ʨʦʩʪʦʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʘ ʦʪ 25 Áʉ ʜʦ 90 Áʉ ʚʦʟʨʘʩʪʘʝʪ ʚ ~1,3 ʨʘʟʘ (ʨʠʩ.1ʘ), 

ʘ ʩʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʩʤʝʱʘʝʪʩʷ ʚ ʜʣʠʥʥʦʚʦʣʥʦʚʫʶ ʦʙʣʘʩʪʴ ʥʘ 3 ʥʤ 

(ʨʠʩ.1ʙ). ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʨʝʭʩʪʫʧʝʥʯʘʪʦʛʦ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦ-

ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʛʦ ʬʠʣʴʪʨʘ ʃʠʦ ʫʜʘʣʦʩʴ ʜʦʙʠʪʴʩʷ ʧʝʨʝʩʪʨʦʡʢʠ ʩʧʝʢʪʨʘ 

ʠʟʣʫʯʝʥʠʷ ʦʪ 710 ʥʤ ʜʦ 790 ʥʤ [2]. 
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 ʘ ʙ 
ʈʠʩ.1. ɼʠʥʘʤʠʢʘ ʫʚʝʣʠʯʝʥʠʷ ʵʥʝʨʛʠʠ ʠ ʩʤʝʱʝʥʠʷ ʩʧʝʢʪʨʘ ʚʳʭʦʜʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʣʘʟʝʨʘ ʥʘ ʘʣʝʢʩʘʥʜʨʠʪʝ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʘ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʚ 

ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 20-32-90052, ʯʘʩʪʠʯʥʦ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ 

ʈʌʌʀ ˉ 19-29-10022. 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. A. G. Putilov et al 2019 J. Phys.: Conf. Ser. 1331 012016. 

2. ɸʥʪʠʧʦʚ ɸ.ɸ., ʇʫʪʠʣʦʚ ɸ.ɻ. ʠ ʜʨ. // ʀʟʚ. ʈɸʅ. ʉʝʨ. ʬʠʟ. 2020. ʊ. 84. ˉ 11. ʉ. 1593. 
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ɸ. ʈɸʄʆʉ ɺɽʃɸʉʂɽʉ, ʅ.ʆ. ɻʋɼɿ, ʈ.ɸ. ɿɸʂʆʃɼɸɽɺ,  

ɺ.ʇ. ɺɽʁʂʆ 
ʋʥʠʚʝʨʩʠʪʝʪ ʀʊʄʆ, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʈʦʩʩʠʷ 

ʃɸɿɽʈʅʆ-ʀʅɼʋʎʀʈʆɺɸʅʅʓʁ ʇɽʈɽʅʆʉ 

ʇʆʃʀʍʈʆʄʅʓʍ ʄɽʊʆʂ ʅɸ ʇʆɺɽʈʍʅʆʉʊʔ ʉʊɽʂʃɸ 

ʈʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʣʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʧʝʨʝʥʦʩʘ ʧʦʣʠʭʨʦʤʥʳʭ 

ʘʤʧʣʠʪʫʜʥʳʭ ʤʝʪʦʢ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʦʧʪʠʯʝʩʢʦʛʦ ʩʪʝʢʣʘ. ʇʝʨʝʥʦʩ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʧʨʦʮʝʩʩʝ ʘʙʣʷʮʠʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʤʠʰʝʥʠ, ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʚ 

ʧʣʦʪʥʦʤ ʢʦʥʪʘʢʪʝ ʩ ʦʧʪʠʯʝʩʢʠʤ ʩʪʝʢʣʦʤ. ʉʭʝʤʘ ʨʝʘʣʠʟʦʚʘʥʘ ʥʘ ʢʦʤʤʝʨʯʝʩʢʦʡ 

ʣʘʟʝʨʥʦʡ ʫʩʪʘʥʦʚʢʝ çʄʠʥʠʤʘʨʢʝʨ 2è (ɚ 1064, 20 ɺʪ., 2-100 ʢɻʮ, E 1ʤɼʞ, Ű 4-200 

ʥʩ). ʇʨʦʚʝʜʝʥʳ ʩʧʝʢʪʨʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʪʦʢ, ʢʦʪʦʨʳʝ ʧʦʜʪʚʝʨʜʠʣʠ 

ʬʦʨʤʠʨʦʚʘʥʠʝ 5 ʨʘʟʣʠʯʥʳʭ ʮʚʝʪʦʚ. ʆʧʨʝʜʝʣʝʥʘ ʨʘʟʨʝʰʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ 

ʤʝʪʦʜʘ ʠ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʤʝʪʦʢ. 

 

A. RAMOS VELAZQUEZ, N.O. GUDZ, R.A. ZAKOLDAEV,  

V.P. VEIKO 
ITMO University, Saint Petersburg, Russia  

 

POLYCHROME LABELS ON GLASS SURFACE BY LASER -

INDUCED TRANSFERING  

 
Currently glass materials are widely used in different scientific and industrial 

spheres. Moreover, its high optical transmission over a wide range of wavelengths 

make them highly valuable in photonics, optoelectronics, bio photonics, and 

biomedical applications [1,2]. Laser labeling of glass is currently considered as an 

important operation for many completely different industries, from tools production 

to pharmaceuticals and jewelry needs [3]. A label on the glass provides wealth 

information. Accordingly, a label presents two principal aspects, the pure decorative 

side and the trace ability or identification of products i.e., it makes possible to include 

in a permanent way macro-sized images such as logotypes, graphic symbols or matrix 

codes of data or any other important information on a product. 

 

Direct laser glass labeling is often characterized by low optical contrast 

between background and mark. Additionally, often the color of the mark is 

limited to black or gray shades, which offers a fairly high level of easy 

duplicity. This weakness is often presented when direct laser marking is 

employed, however, by adding some special features i.e., color shades, the 

level of protection against counterfeiting can be increased. In the literature 

laser assisted color marking of glass has been reported by adding chemical 

pigments and then burning it with CO2 laser radiation [4]. On the other hand, 
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color marking of glass has been reported by using laser-induced plasma 

assisted ablation (LIPAA) [5]. However most often only one color can be 

obtained depending on the target material. In this paper, it is proposed to 

expand the color palette of labels on glass made by laser-induced forward 

transfer LIFT using a single target material. In particular, the formation of a 

color palette consisting of 5 different colors with different shades is 

demonstrated. 

In our method polychrome marks are formed on borosilicate glass 

(Levenhuk G50, thickness, 1.0 mm), the target material is a commercial plate 

of brass (Cu65%,Fe0.2%,Zn34.8% thickness 1.5mm). Before the laser 

processing the glass plate was cleaned with ethanol. The substrate was 

irradiated by a fiber ytterbium laser pulsed with a wavelength of 1064 ns the 

time pulse was 100 ns and 20 kHz for the repetition rate. The laser apparatus 

is fitted with a galvanometer beam steering system and F-theta lens with flat-

field focus of 110 mm, to allow scanning the substrate within the XY plane.  

Different laser scanning speeds and power values were set at 200-1000 mm/s 

and 1.6-3.5 W, respectively, the substrate-target distance was defined by 

roughness of material. In this technique the laser beam is strongly focused on 

the surface of a metal target that is placed on the back of the borosilicate glass 

plate. 

 
Fig. 1. a) Experimental setup. b) Polychrome marks on glass back-side surface. 

c) High resolution polychrome shapes on the glass. 

During the process, the glass plate is located on the surface of the target 

material. The laser shots impact the surface of the brass and it is heated, 

followed by the creation of a plasma plume, the plasma encourages the 

interaction of the chemical components of the brass with the atmospheric 

glasses while transferring material onto the back surface of the glass plate 

mostly oxides. As a result, a thin color mark is formed on the surface of the 

optically transparent material, the minimal resolution of a polychrome mark 

is 35 Õm. The polychrome marks were studied by using optical microscopy 

(ZEISS AXIO Imager.A1m), and spectrophotometry (LOMO SF-56). The 

optical images were obtained with the digital camera AxioCam ICc 3. In 
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conjunction with we propose an application for designing the glass surface, 

applying amplitude labels for the automation tasks in the field of laser 

processing and positioning optically transparent objects in microscopy. 

Acknowledgment 

The study is funded by the grant of Russian Science Foundation (project 

ˉ 20-71-10103) 

 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
1. M. Seshadri, M. J. V. Bell, V. Anjos, and Y. Messaddeq, ñSpectroscopic 

investigations on Yb3+ doped and Pr3+/Yb3+ codoped tellurite glasses for photonic 
applications,ò J. Rare Earths, vol. 39, no. 1, pp. 33ï42, 2020, doi: 10.1016/j.jre.2019.12.006. 

2. C. Pan et al., ñFabrication of micro-texture channel on glass by laser-induced plasma-

assisted ablation and chemical corrosion for microfluidic devices,ò J. Mater. Process. Technol., 
vol. 240, pp. 314ï323, 2017, doi: 10.1016/j.jmatprotec.2016.10.011. 

3. V. Veiko et al., ñLaser coloration of titanium films: New development for jewelry 

and decoration,ò Opt. Laser Technol., vol. 93, pp. 9ï13, 2017, doi: 

10.1016/j.optlastec.2017.01.036. 

4. K. Wesang, P. von Witzendorff, O. Suttmann, and L. Overmeyer, ñLocal heat 

tempering with laser radiation for brilliant colors on glass surfaces,ò J. Laser Appl., vol. 30, no. 

3, p. 032508, Aug. 2018, doi: 10.2351/1.5040608. 

5. M. H. Hong et al., ñCrack-free laser processing of glass substrate and its 

mechanisms,ò in Photon Processing in Microelectronics and Photonics, 2002, vol. 4637, pp. 

270ï279. 

  



120 

 

ʈ.ʀ. ʈʆʄɸʅʆɺ, ɺ.ʖ. ʌʆʄʀʅʉʂʀʁ, ɺ.ʅ.ʅɽɺʆʃʀʅ,  

ɼ.ɺ. ʌʆʄʀʅʉʂʀʁ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ɺʃʀʗʅʀɽ ʄʆʈʌʆʃʆɻʀʀ ʅɸʅʆ-ʇʃɸʉʊʀʅʏɸʊʓʍ 

ʇʃɽʅʆʂ WSe2 ʅɸ ʕʌʌɽʂʊʀɺʅʆʉʊʔ 

ʌʆʊʆʕʃɽʂʊʈʆʂɸʊɸʃʀɿɸ ɺʆɼʆʈʆɼɸ ʅɸ 

ɻʀɹʈʀɼʅʆʁ ʉʊʈʋʂʊʋʈɽ a-MoS4/WSe2 

ʀʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʪʦʥʢʦʧʣʝʥʦʯʥʦʛʦ ʧʨʝʢʫʨʩʦʨʘ 

WOʫ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʦʨʬʦʣʦʛʠ ʥʘʥʦʧʣʝʥʦʢ WSe2 ʚ ʧʨʦʮʝʩʩʝ ʙʳʩʪʨʦʛʦ 

ʩʝʣʝʥʠʨʦʚʘʥʠʷ. ʅʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʝ ʚʳʜʝʣʝʥʠʝ ʚʦʜʦʨʦʜʘ ʦʙʥʘʨʫʞʝʥʦ ʜʣʷ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʘ-MoS4/WSe2, ʢʦʪʦʨʘʷ ʩʦʜʝʨʞʘʣʘ WSe2 ʚ ʬʦʨʤʝ ʢʨʠʩʪʘʣʣʦʚ-

ʣʝʧʝʩʪʢʦʚ ʪʦʣʱʠʥʦʡ ~ 50 ʥʤ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʜʣʦʞʢʠ. 
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EFFECT OF THE MORPHOLOGY OF WSe2 NANO-PLATE 

FILMS ON THE EFFICIENCY OF HYDROGEN 

PHOTOELECTROCATALYSIS ON THE HYBRID 

STRUCTURE a-MoS4/WSe2 

The influence of the chemical state of the thin-film precursor WOy on the 

formation of the morphology of WSe2 nanofilms during rapid selenation is studied. 

The most efficient hydrogen evolution was found for the a-MoS4/WSe2 photocathode 

that contained WSe2 in the form of petal crystals of ~ 50 nm thickness and these petals 

were oriented perpendicular to the substrate surface. 

ʇʦʣʫʯʝʥʠʝ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʦʚʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʜʣʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʛʠʙʨʠʜʥʳʭ ʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ 

ʵʬʬʝʢʪʠʚʥʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ʚʦʜʳ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʚʦʜʦʨʦʜʘ ʠ ʢʠʩʣʦʨʦʜʘ, 

ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʭ ʟʘʜʘʯ ʘʣʴʪʝʨʥʘʪʠʚʥʦʡ ʵʥʝʨʛʝʪʠʢʠ. 

ʉʪʨʫʢʪʫʨʘ ʘ-MoSx/WSe2 ʦʙʣʘʜʘʝʪ ʚʩʝʤʠ ʥʝʦʙʭʦʜʠʤʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʜʣʷ 

ʫʩʧʝʰʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʬʦʪʦʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʝ, ʪʘʢʠʤʠ 

ʢʘʢ ʚʳʩʦʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʩʧʝʢʪʨʘ, 

ʚʳʩʦʢʘʷ ʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ ʘ-MoSx, ʧʦʜʭʦʜʷʱʝʝ ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʵʣʝʢʪʨʦʥʥʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʟʦʥ, ʩʪʘʙʠʣʴʥʦʩʪʴ ʚ ʢʠʩʣʦʪʥʦʤ ʨʘʩʪʚʦʨʝ.  
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ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʤʦʨʬʦʣʦʛʠʠ ʥʘʥʦʩʣʦʝʚ WSe2 ʥʘ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʬʦʪʦ-ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʨʝʘʢʮʠʠ ʚʳʜʝʣʝʥʠʷ ʅ2 ʥʘ 

ʬʦʪʦʢʘʪʦʜʝ ʘ-MoS4/WSe2.  ɼʣʷ ʧʦʠʩʢʘ ʦʧʪʠʤʘʣʴʥʳʭ ʧʦ ʩʪʨʫʢʪʫʨʝ ʬʦʪʦ-

ʘʢʪʠʚʥʳʭ ʩʣʦʝʚ WSe2 ʧʨʦʚʦʜʠʣʘʩʴ ʪʝʨʤʦʭʠʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʚ ʧʘʨʘʭ 

ʩʝʣʝʥʘ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʧʨʝʢʫʨʩʦʨʦʚ WOy ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʣʫʯʝʥʥʳʭ 

ʤʝʪʦʜʦʤ ʠʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʦʩʘʞʜʝʥʠʷ (ʀʃʆ). ʅʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʧʣʝʥʦʢ WSe2 ʪʘʢʞʝ ʤʝʪʦʜʦʤ ʀʃʆ ʥʘʥʦʩʠʣʩʷ ʪʦʥʢʠʡ ʩʣʦʡ ʘʤʦʨʬʥʦʛʦ 

ʩʫʣʴʬʠʜʘ ʤʦʣʠʙʜʝʥʘ.  

ʇʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʩʝʣʝʥʠʨʦʚʘʥʠʷ ʙʳʣʘ ʧʦʢʨʳʪʘ ʥʘʥʦ-

ʢʨʠʩʪʘʣʣʘʤʠ ʯʝʰʫʡʯʘʪʦʡ ʬʦʨʤʳ, ʣʠʥʝʡʥʳʝ ʨʘʟʤʝʨʳ ʢʦʪʦʨʳʭ ʜʦʩʪʠʛʘʣʠ 

1 ʤʢʤ (ʨʠʩ. 1ʘ). ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʣʦʪʥʦʩʪʴ ʦʙʨʘʟʫʶʱʠʭʩʷ 

ʚʝʨʪʠʢʘʣʴʥʳʭ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ WSe2 ʟʘʚʠʩʠʪ ʦʪ ʦʪʥʦʰʝʥʠʷ ʘʪʦʤʥʳʭ 

ʢʦʥʮʝʥʪʨʘʮʠʡ O/W ʚ ʠʩʭʦʜʥʦʡ ʧʣʝʥʢʝ WOy ʅʘʠʣʫʯʰʠʝ ʬʦʪʦ-

ʵʜʝʢʪʨʦʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʢʘʟʘʣ ʦʙʨʘʟʝʮ, ʦʪʣʠʯʘʶʱʠʡʩʷ 

ʥʘʠʙʦʣʴʰʝʡ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ʣʝʧʝʩʪʢʦʚ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦʚʝʨʭʥʦʩʪʠ (ʨʠʩ. 1ʙ). 
ʈʠʩ. 1. ʘ - ʄʠʢʨʦ-ʠʟʦʙʨʘʞʝʥʠʝ ʧʣʝʥʢʠ WSe2, ʧʦʣʫʯʝʥʥʦʡ ʩʝʣʝʥʠʨʦʚʘʥʠʝʤ 

ʧʨʝʢʫʨʩʦʨʘ WO2,7, ʙ ï ʭʨʦʥʦʘʤʧʝʨʦʤʝʪʨʠʯʝʩʢʠʝ ʢʨʠʚʳʝ ʜʣʷ ʘ-MoS4/WSe2, ʚ 

ʢʦʪʦʨʳʭ ʧʣʝʥʢʠ WSe2 ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʝʣʝʥʠʨʦʚʘʥʠʝʤ ʧʨʝʢʫʨʩʦʨʦʚ WO2,1 (1), 

WO2,9 (2) ʠ WO2,7 (3). 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (ʧʨʦʝʢʪ 19-19-

00081). 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Bozheyev F., Xi F., Plate P, Dittrich T., Fiechter S., Ellmer K. // J. Mater. Chem. A 2019, 

Vol. 7, P. 10769-10780. 
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ɺ.ʉ. ʈʓʄʂɽɺʀʏ, ʄ.ʄ. ʉɽʈɻɽɽɺ 
ʋʥʠʚʝʨʩʠʪʝʪ ʀʊʄʆ, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʈʦʩʩʠʷ 

ɺʃʀʗʅʀɽ ʌʆʂʋʉʀʈʆɺʂʀ ʇʋʏʂɸ ʅɸ ʄʀʂʈʆ 

ʆɹʈɸɹʆʊʂʋ ʉʊɽʂʃɸ ʃɸɿɽʈʅʆ ʀʅɼʋʎʀʈʆɺɸʅʅʆʁ 

ʄʀʂʈʆʇʃɸɿʄʆʁ 

ɺ ʧʨʦʚʝʜʝʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʨʘʩʩʤʦʪʨʝʥʦ ʚʣʠʷʥʠʝ ʪʨʝʢʘ ʚ ʚʠʜʝ 

ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʤʠʢʨʦʣʠʥʟʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʝʢʣʘ, ʦʙʨʘʟʫʝʤʦʛʦ ʚ ʭʦʜʝ ʝʛʦ 

ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʣʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʤʠʢʨʦʧʣʘʟʤʦʡ, ʥʘ ʩʤʝʱʝʥʠʝ 

ʧʦʣʦʞʝʥʠʷ ʧʝʨʝʪʷʞʢʠ ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ. ʊʘʢʦʝ ʩʤʝʱʝʥʠʝ ʚʣʠʷʝʪ ʥʘ ʧʷʪʥʦ, 

ʠʥʜʫʮʠʨʫʶʱʝʝ ʧʣʘʟʤʝʥʥʳʡ ʬʘʢʝʣ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ 

ʪʦʯʥʦʩʪʠ ʦʙʨʘʙʦʪʢʠ ʩʪʝʢʣʘ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʧʦʩʦʙʩʪʚʫʝʪ ʨʘʟʚʠʪʠʶ 

ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ ʚʣʠʷʥʠʠ ʚʦʟʜʫʰʥʦʛʦ ʟʘʟʦʨʘ ʠ ʧʦʣʦʞʝʥʠʷ ʬʦʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ 

ʥʘ ʧʦʚʳʰʝʥʠʝ ʢʘʯʝʩʪʚʘ ʦʙʨʘʙʦʪʢʠ ʥʝʧʨʷʤʳʤ ʣʘʟʝʨʥʦ-ʧʣʘʟʤʝʥʥʳʤ ʤʝʪʦʜʦʤ. 

V.S. RYMKEVICH, M.M. SERGEEV 
ITMO University, Saint-Petersburg, Russia 

BEAM FOCUSING INFLUENCE ON MICRO -PROCESSING 

OF GLASS BY LASER-INDUCED MICROPLASMA  

In this study, we considered the effect of a micro-track on the glass surface, 

formed during a surface micro-structuring by a laser-induced microplasma, on the 

laser beam waist position displacement. This displacement affects the plasma plume 

inducing radiation spot and, as a result, reduces the efficiency and accuracy of glass 

processing. The study contributes to understanding the importance of experimental 

conditions - the air gap, the focal plane position, for improving the quality of 

processing by the indirect laser-plasma method. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʠ ʤʦʜʠʬʠʢʘʮʠʠ ʩʪʝʢʣʘ ʣʘʟʝʨʥʦ-

ʠʥʜʫʮʠʨʦʚʘʥʥʳʤʠ ʤʝʪʦʜʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ LIPAA [1], LIBDE [2] ʠ 

ʣʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʤʠʢʨʦʧʣʘʟʤʦʡ (ʃʀʄʇ) [3], ʠʥʠʮʠʠʨʫʶʱʝʝ 

ʠʟʣʫʯʝʥʠʝ ʬʦʢʫʩʠʨʫʝʪʩʷ ʥʘ ʤʠʰʝʥʠ, ʪʦ ʝʩʪʴ ʛʝʥʝʨʘʮʠʷ ʧʣʘʟʤʝʥʥʦʛʦ 

ʬʘʢʝʣʘ ʧʦʩʣʝ ʧʝʨʚʦʛʦ ʠʤʧʫʣʴʩʘ ʠ ʦʙʨʘʟʦʚʘʥʠʷ ʣʫʥʢʠ ʚ ʤʠʰʝʥʠ 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʨʘʩʭʦʜʷʱʝʤʩʷ ʧʫʯʢʝ. ɺ ʪʦʞʝ ʚʨʝʤʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʙʨʘʟʮʘ ʦʙʨʘʟʫʝʪʩʷ ʤʠʢʨʦʨʝʣʴʝʬ, ʩʧʦʩʦʙʥʳʡ ʚʥʦʩʠʪʴ ʠʩʢʘʞʝʥʠʷ ʚ ʭʦʜ 

ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʚʦʧʨʦʩ ʦ ʚʝʣʠʯʠʥʝ ʚʣʠʷʥʠʷ 

ʵʪʦʛʦ ʤʠʢʨʦʨʝʣʴʝʬʘ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʣʩʷ, ʦʜʥʘʢʦ, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʢʦʨʦʪʢʦʬʦʢʫʩʥʳʭ ʦʙʲʝʢʪʠʚʦʚ ʧʦʜʦʙʥʳʡ ʵʬʬʝʢʪ ʤʦʞʝʪ ʦʢʘʟʘʪʴ ʩʠʣʴʥʦʝ 

ʚʣʠʷʥʠʝ ʥʘ ʢʘʯʝʩʪʚʦ ʠ ʨʘʟʨʝʰʘʶʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʣʘʟʝʨʥʦ-

ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʚ ʦʙʨʘʙʦʪʢʠ ʧʣʘʟʤʝʥʥʳʤ ʬʘʢʝʣʦʤ. 

ɺ ʨʘʙʦʪʝ ʦʜʥʘ ʛʨʘʥʴ ʦʙʨʘʟʮʘ ʨʘʟʤʝʱʘʣʘʩʴ ʥʘ ʤʠʰʝʥʠ, ʘ ʚʪʦʨʘʷ ʙʳʣʘ 

ʧʨʠʧʦʜʥʷʪʘ, ʦʙʨʘʟʫʷ ʩ ʥʝʡ ʫʛʦʣ ʚ 1.37Á. ʉ ʧʦʤʦʱʴʶ ʃʀʄʇ ʥʘ ʦʙʨʘʟʮʝ 

ʙʳʣʦ ʟʘʧʠʩʘʥʦ 3 ʩʝʨʠʠ ʪʨʝʢʦʚ, ʦʪʣʠʯʘʶʱʠʭʩʷ ʵʥʝʨʛʠʝʡ ʚ ʠʤʧʫʣʴʩʝ (2.4 

ʤʢɼʞ, 3.75 ʤʢɼʞ ʠ 5.35 ʤʢɼʞ). ʂʘʞʜʘʷ ʩʝʨʠʷ ʩʦʩʪʦʷʣʘ ʠʟ 3 ʪʨʝʢʦʚ, 
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ʦʪʣʠʯʘʶʱʠʭʩʷ ʧʦʣʦʞʝʥʠʝʤ ʮʝʥʪʨʘ ʧʝʨʝʪʷʞʢʠ ʧʫʯʢʘ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʤ 

ʦʙ̡ʝʢʪʠʚʦʤ 10x NA=0.5, ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʰʝʥʠ: ʥʘʜ 

ʤʠʰʝʥʴʶ ʥʘ ʨʘʩʩʪʦʷʥʠʠ zR (D), ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʰʝʥʠ (F) ʠ ʚ ʤʠʰʝʥʠ 

ʥʘ ʛʣʫʙʠʥʝ zR (C). ʇʦʣʫʯʝʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʤʝʪʦʜʘʤʠ 

ʦʧʪʠʯʝʩʢʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ ʧʨʦʬʠʣʦʤʝʪʨʠʠ, ʘ ʪʘʢʞʝ ʢʦʥʪʘʢʪʥʦʡ 

ʧʨʦʬʠʣʦʤʝʪʨʠʠ.  

ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʠʚʦʜʠʪʩʷ ʛʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʰʠʨʠʥʳ ʪʨʝʢʦʚ ʚ 

ʩʪʝʢʣʝ, ʟʘʧʠʩʘʥʥʳʭ ʧʨʠ ʨʘʟʣʠʯʥʦʡ ʵʥʝʨʛʠʠ ʚ ʠʤʧʫʣʴʩʝ, ʦʪ ʟʘʟʦʨʘ ʤʝʞʜʫ 

ʤʠʰʝʥʴʶ ʠ ʦʙʨʘʟʮʦʤ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʧʦʣʦʞʝʥʠʷʭ ʧʝʨʝʪʷʞʢʠ. 

 
ʈʠʩ. 1. ʐʠʨʠʥʘ ʪʨʝʢʦʚ ʚ ʩʪʝʢʣʝ ʧʨʠ ʥʘʣʠʯʠʠ ʟʘʟʦʨʘ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʧʨʠ 

ʵʥʝʨʛʠʠ ʚ ʠʤʧʫʣʴʩʝ ʘ) 2.4 ʤʢɼʞ ʙ) 3.7 ʤʢɼʞ ʚ) 5.35 ʤʢɼʞ 

ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʚʣʠʷʥʠʝ ʪʨʝʢʘ ʥʘ ʩʪʝʢʣʝ ʥʘ ʧʨʦʮʝʩʩ ʦʙʨʘʙʦʪʢʠ 

ʦʪʩʫʪʩʪʚʫʝʪ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ, ʧʣʘʟʤʝʥʥʳʡ ʬʘʢʝʣ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʟʘʟʦʨʘ 

ʜʦʣʞʝʥ ʬʦʨʤʠʨʦʚʘʪʴ ʪʨʝʢ, ʰʠʨʠʥʘ ʢʦʪʦʨʦʛʦ ʫʤʝʥʴʰʘʝʪʩʷ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʟʘʟʦʨʘ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʦʩʣʘʙʣʝʥʠʝʤ ʝʛʦ ʵʥʝʨʛʠʠ ʧʦ ʢʨʘʷʤ 

ʬʘʢʝʣʘ. ʆʜʥʘʢʦ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʨʦʪʠʚʦʨʝʯʘʪ ʵʪʦʤʫ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʨʠʩʫʪʩʪʚʫʝʪ ʠʩʢʘʞʝʥʠʝ ʧʫʯʢʘ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, 

ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʢʨʠʚʦʣʠʥʝʡʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʚ ʚʠʜʝ ʪʨʝʢʘ ï ʘʥʘʣʦʛ 

ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʤʠʢʨʦʣʠʥʟʳ. 

ʆʙʥʘʨʫʞʝʥʥʳʡ ʵʬʬʝʢʪ ʧʦʣʝʟʝʥ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʨʘʟʨʝʰʘʶʱʝʡ 

ʩʧʦʩʦʙʥʦʩʪʠ ʤʝʪʦʜʘ, ʢʨʦʤʝ ʪʦʛʦ, ʥʘʣʠʯʠʝ ʟʘʟʦʨʘ ʧʦʟʚʦʣʷʝʪ ʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʦ ʦʪʚʦʜʠʪʴ ʯʘʩʪʠʮʳ ʨʘʟʨʫʰʝʥʥʦʡ ʤʠʰʝʥʠ ʠʟ ʦʙʣʘʩʪʠ 

ʦʙʨʘʙʦʪʢʠ, ʯʪʦ ʪʘʢ ʞʝ ʫʚʝʣʠʯʠʪ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʝʪʦʜʘ. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Sarma U., Joshi S. N. Machining of micro-channels on polycarbonate by using Laser-
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 2018.  T. 427.  C. 686-692. 
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ʜʠʘʧʘʟʦʥʘ ʥʘ ʙʘʟʝ CO- ʠ CO2-ʣʘʟʝʨʦʚ ʩ ʥʝʣʠʥʝʡʥʳʤʠ ʢʨʠʩʪʘʣʣʘʤʠ (ZnGeP2, 

GaSe, AgGaSe2, PbIn6Te10 ʠ BaGa2GeSe6), ʠʟʣʫʯʘʶʱʠʝ ʩʦʪʥʠ ʩʧʝʢʪʨʘʣʴʥʳʭ 

ʣʠʥʠʡ ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ 1.7 ʜʦ 19.3 ʤʢʤ. 
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BROADBAND MID-INFRARED LASER SOURCES 
Broadband mid-IR hybrid laser systems based on CO and CO2 lasers and 

nonlinear crystals (ZnGeP2, GaSe, AgGaSe2, PbIn6Te10 and BaGa2GeSe6) were 

developed that emitted hundreds of spectral lines in the wavelength range from 1.7 to 

19.3 ɛm. 
 

ɼʣʷ ʨʝʰʝʥʠʷ ʨʷʜʘ ʥʘʫʯʥʳʭ ʠ ʧʨʠʢʣʘʜʥʳʭ ʟʘʜʘʯ, ʪʘʢʠʭ ʢʘʢ ʛʘʟʦʚʳʡ 

ʘʥʘʣʠʟ, ʣʘʟʝʨʥʘʷ ʭʠʤʠʷ, ʤʝʜʠʮʠʥʘ, ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʨʘʟʨʘʙʦʪʢʘ ʠʩʪʦʯʥʠʢʦʚ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩʨʝʜʥʝʛʦ ʀʂ-ʜʠʘʧʘʟʦʥʘ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʠʩʪʦʯʥʠʢʘʤʠ ʪʘʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʷʚʣʷʶʪʩʷ ʰʠʨʦʢʦ ʠʟʚʝʩʪʥʳʝ 

CO- (l=4.8·7.7 ʤʢʤ [1]) ʠ CO2-ʣʘʟʝʨʳ (l=9.2·10.8 ʤʢʤ [2]). ɻʝʥʝʨʘʮʠʷ 

ʦʧʪʠʯʝʩʢʠʭ ʛʘʨʤʦʥʠʢ ʜʘʥʥʳʭ ʣʘʟʝʨʦʚ ʚ ʥʝʣʠʥʝʡʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʤʦʞʝʪ 

ʧʦʟʚʦʣʠʪʴ ʦʭʚʘʪʠʪʴ ʝʱʸ ʙʦʣʴʰʫʶ ʯʘʩʪʴ ʩʨʝʜʥʝʛʦ ʀʂ-ʜʠʘʧʘʟʦʥʘ, ʘ ʪʘʢʞʝ 

ʩʫʱʝʩʪʚʝʥʥʦ ʦʙʦʛʘʪʠʪʴ ʩʧʝʢʪʨ ʠʭ ʠʟʣʫʯʝʥʠʷ. 

ɺ ʧʝʨʚʦʡ ʯʘʩʪʠ ʨʘʙʦʪʳ ʥʘʤʠ ʙʳʣʘ ʩʦʟʜʘʥʘ ʣʘʟʝʨʥʘʷ ʩʠʩʪʝʤʘ, 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʨʘʙʦʪʘʶʱʘʷ ʚ ʜʚʫʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʜʠʘʧʘʟʦʥʘʭ: ʦʩʥʦʚʥʦʡ 

ʧʦʣʦʩʝ CO-ʣʘʟʝʨʘ (4.9ï6.0 ʤʢʤ) ʠ ʧʦʣʦʩʝ ʝʛʦ ʩʫʤʤʘʨʥʳʭ ʯʘʩʪʦʪ (2.5ï

3.0 ʤʢʤ). ʀʩʧʦʣʴʟʦʚʘʣʩʷ ʠʤʧʫʣʴʩʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʠʡ ʤʥʦʛʦʯʘʩʪʦʪʥʳʡ 

CO-ʣʘʟʝʨʘ ʩ ɺʏ ʥʘʢʘʯʢʦʡ, ʨʘʙʦʪʘʶʱʝʛʦ ʚ ʨʝʞʠʤʝ ʤʦʜʫʣʷʮʠʠ 

ʜʦʙʨʦʪʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʘ.  ʇʨʝʦʙʨʘʟʦʚʘʥʠʝ ʯʘʩʪʦʪʳ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ 

ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʦ ʚ ʥʦʚʦʤ ʥʝʣʠʥʝʡʥʦʤ ʢʨʠʩʪʘʣʣʝ BaGa2GeSe6 

(BGGSe). ʈʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʨʘʟʣʠʯʥʳʝ ʢʦʥʩʪʨʫʢʮʠʠ ʨʝʟʦʥʘʪʦʨʘ ʣʘʟʝʨʘ, 

ʧʨʠʯʸʤ ʚ ʦʜʥʦʡ ʠʟ ʥʠʭ ʥʝʣʠʥʝʡʥʳʡ ʢʨʠʩʪʘʣʣ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʠ ʢʘʢ 
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ʚʳʭʦʜʥʦʝ ʟʝʨʢʘʣʦ. ʇʠʢʦʚʘʷ ʤʦʱʥʦʩʪʴ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʦʩʥʦʚʥʦʡ ʠ 

ʩʫʤʤʘʨʥʦʡ ʯʘʩʪʦʪ ʜʦʩʪʠʛʘʣʘ 2 ʢɺʪ ʠ 10 ɺʪ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʚʳʭʦʜʥʳʭ ʟʝʨʢʘʣ ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ 

ʦʪʨʘʞʝʥʠʷ ʜʣʷ ʦʩʥʦʚʥʦʡ ʧʦʣʦʩʳ ʠʟʣʫʯʝʥʠʷ CO-ʣʘʟʝʨʘ (~90% ʜʣʷ ~4.9ï

5.9 ʤʢʤ) ʧʨʠʚʝʣʦ ʢ ʚʦʟʨʘʩʪʘʥʠʶ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʛʝʥʝʨʘʮʠʠ 

ʩʫʤʤʘʨʥʳʭ ʯʘʩʪʦʪ (ɻʉʏ), ʫʚʝʣʠʯʝʥʠʶ ʯʠʩʣʘ ʣʠʥʠʡ (ʜʦ 170) ʠ ʰʠʨʠʥʳ 

ʩʧʝʢʪʨʘ [3]. 

ɺ ʜʘʣʴʥʝʡʰʝʡ ʨʘʙʦʪʝ ʫʜʘʣʦʩʴ ʝʱʸ ʙʦʣʴʰʝ ʨʘʩʰʠʨʠʪʴ ʩʧʝʢʪʨ 

ʣʘʟʝʨʥʦʡ ʩʠʩʪʝʤʳ ʚ ʢʦʨʦʪʢʦʚʦʣʥʦʚʫʶ ʦʙʣʘʩʪʴ ʟʘ ʩʯʸʪ ʛʝʥʝʨʘʮʠʠ 

ʪʨʝʪʴʝʡ ʛʘʨʤʦʥʠʢʠ ï ɻʉʏ ʠʟʣʫʯʝʥʠʷ ʦʩʥʦʚʥʦʡ ʧʦʣʦʩʳ CO-ʣʘʟʝʨʘ ʠ 

ʩʫʤʤʘʨʥʳʭ ʯʘʩʪʦʪ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʢʨʠʩʪʘʣʣʝ BGGSe ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʦ. 

ɼʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚʪʦʨʦʡ ʥʝʣʠʥʝʡʥʳʡ ʢʨʠʩʪʘʣʣ BGGSe, 

ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʚʥʝ ʨʝʟʦʥʘʪʦʨʘ CO-ʣʘʟʝʨʘ. ʉʧʝʢʪʨ ʧʦʣʫʯʝʥʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʣʝʞʘʣ ʚ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ 1.7ï1.9 ʤʢʤ, ʝʛʦ ʤʦʱʥʦʩʪʴ 

ʜʦʩʪʠʛʘʣʘ 0.5 ɺʪ [4].  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥ ʩʧʝʢʪʨ ɻʉʏ ʠʟʣʫʯʝʥʠʷ 

ʥʝʩʝʣʝʢʪʠʚʥʦʛʦ (ʤʥʦʛʦʯʘʩʪʦʪʥʦʛʦ) CO-ʣʘʟʝʨʘ, ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʚ 

ʢʨʠʩʪʘʣʣʝ ZnGeP2 ʚ ʫʩʣʦʚʠʷʭ ʥʝʢʨʠʪʠʯʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ, ʩʦ 

ʩʧʝʢʪʨʘʣʴʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ 0.1 ʩʤī1. ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʢʦʣʠʯʝʩʪʚʦ 

ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʡ ʵʪʦʛʦ ʩʧʝʢʪʨʘ ʧʨʠʤʝʨʥʦ ʥʘ ʧʦʨʷʜʦʢ ʙʦʣʴʰʝ, ʯʝʤ ʫ 

ʦʧʠʩʘʥʥʦʛʦ ʨʘʥʝʝ. ɼʣʷ ʤʦʣʝʢʫʣ ʉʆ2 ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʧʨʦʬʠʣʷ ʣʠʥʠʠ 

ʧʦʛʣʦʱʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʛʨʝʙʝʥʢʠ ʩʫʤʤʘʨʥʳʭ ʯʘʩʪʦʪ ʉʆ-ʣʘʟʝʨʘ [5]. 

ʀʟʣʫʯʝʥʠʝ ʚ ʜʣʠʥʥʦʚʦʣʥʦʚʦʡ ʦʙʣʘʩʪʠ (~12ï19.3 ʤʢʤ) ʧʦʣʫʯʝʥʦ 

ʧʫʪʸʤ ʛʝʥʝʨʘʮʠʠ ʨʘʟʥʦʩʪʥʳʭ ʯʘʩʪʦʪ ʧʨʠ ʩʤʝʰʝʥʠʠ ʠʟʣʫʯʝʥʠʷ 

ʠʤʧʫʣʴʩʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʠʭ CO- ʠ CO2-ʣʘʟʝʨʦʚ ʚ ʥʝʣʠʥʝʡʥʳʭ 

ʢʨʠʩʪʘʣʣʘʭ AgGaSe2, BGGSe ʠʣʠ PbIn6Te10. ɼʣʷ ʫʢʘʟʘʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ 

ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʯʘʩʪʦʪʳ ʠʟʣʫʯʝʥʠʷ ʚ 

ʦʙʣʘʩʪʴ ~12ï19.3 ʤʢʤ ʩʨʝʜʥʝʛʦ ʀʂ-ʜʠʘʧʘʟʦʥʘ, ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 

ʜʦʩʪʠʛʘʣʦ 10-4 ʜʣʷ ʥʦʚʦʛʦ ʢʨʠʩʪʘʣʣʘ PbIn6Te10 [6]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʙʘʟʝ CO- ʠ CO2-ʣʘʟʝʨʦʚ ʩ ʥʝʣʠʥʝʡʥʳʤʠ 

ʢʨʠʩʪʘʣʣʘʤʠ ʙʳʣʘ ʩʦʟʜʘʥʘ ʰʠʨʦʢʦʧʦʣʦʩʥʘʷ ʛʠʙʨʠʜʥʘʷ ʣʘʟʝʨʥʘʷ 

ʩʠʩʪʝʤʘ, ʠʟʣʫʯʘʶʱʘʷ ʚ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ ʦʪ 1.7 ʜʦ 19.3 ʤʢʤ. 

ʈʘʙʦʪʘ ʧʨʦʚʝʜʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (ʛʨʘʥʪ ˉ 16-19-10619). 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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1ʌʠʟʠʯʝʩʢʠʡ ʠ ʍʠʤʠʯʝʩʢʠʡ ʬʘʢʫʣʴʪʝʪ ʄɻʋ ʠʤ. ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ 

2ʀʇʃʀʊ ʈɸʅ - ʬʠʣʠʘʣ ʌʅʀʎ çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʌʦʪʦʥʠʢʘè, ʐʘʪʫʨʘ  
3ʌʅʀʎ çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʌʦʪʦʥʠʢʘè ʈɸʅ, ʄʦʩʢʚʘ 

4ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ 

ʐʀʈʆʂʆʇʆʃʆʉʅɸʗ ɻɽʅɽʈɸʎʀʗ ʈɽʅʊɻɽʅʆɺʉʂʆɻʆ 

ʀɿʃʋʏɽʅʀʗ ɺ ʈɽʃʗʊʀɺʀʉʊʉʂʆʁ ʅɸʅʆʇʃɸɿʄɽ 

ʂʈʀʇʊʆʅɸ 

ɺʧʝʨʚʳʝ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥ ʰʠʨʦʢʦʧʦʣʦʩʥʳʡ ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʩʧʝʢʪʨ 

ʠʟʣʫʯʝʥʠʷ ʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʣʘʟʝʨʥʦʡ ʥʘʥʦʧʣʘʟʤʳ Kr ʚ ʜʠʘʧʘʟʦʥʝ 5-200 ʢʵɺ. 

ʉʪʨʫʷ ʥʘʥʦʯʘʩʪʠʮ ʬʦʨʤʠʨʦʚʘʣʘʩʴ ʧʨʠ ʩʚʝʨʭʟʚʫʢʦʚʦʤ ʨʘʩʰʠʨʝʥʠʠ Kr ʠʟ 

ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʦʛʦ ʨʝʘʢʪʦʨʘ. ʈʘʩʩʤʦʪʨʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʦʙʨʘʟʦʚʘʥʠʷ 

ʥʘʥʦʘʛʨʝʛʘʪʦʚ ʚ ʩʚʝʨʭʟʚʫʢʦʚʦʡ ʛʘʟʦʚʦʡ ʩʪʨʫʝ ʧʨʠ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʠʭ ʥʘʯʘʣʴʥʳʭ 

ʫʩʣʦʚʠʷʭ.  
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BROADBAND GENERATION OF X -RAY RADIATION 

FROM RELATIVISTIC CRYPTON NANOPLASM A 

For the first time the X-ray spectrum of relativistic laser nanoplasma Kr has been 

studied in a wide range of 5-200 keV. The nanoparticles jet was formed during the 

supersonic expansion of Kr from a supercritical reactor. The features of the formation 

of nanoaggregates in a supersonic gas jet under supercritical initial conditions are 

considered. 

ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʚʨʝʤʷ-ʨʘʟʨʝʰʝʥʥʳʝ ʤʝʪʦʜʳ ʠʟʫʯʝʥʠʷ ʚʝʱʝʩʪʚʘ ʚ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʩʪʨʫʢʪʫʨʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʚʝʱʝʩʪʚʘ ʠ ʤʘʪʝʨʠʘʣʦʚ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ 

ʫʣʴʪʨʘʢʦʨʦʪʢʠʭ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʠʤʧʫʣʴʩʦʚ ʤʦʛʫʪ ʩʣʫʞʠʪʴ 

ʬʝʤʪʦʩʝʢʫʥʜʥʳʝ ʣʘʟʝʨʥʦ-ʧʣʘʟʤʝʥʥʳʝ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʠʩʪʦʯʥʠʢʠ 

ʥʘʩʪʦʣʴʥʦʛʦ ʪʠʧʘ. ʉʫʱʝʩʪʚʫʝʪ ʰʠʨʦʢʠʡ ʚʳʙʦʨ ʤʠʰʝʥʝʡ ʜʣʷ ʣʘʟʝʨʥʦʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ ï ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʧʣʘʩʪʠʥʢʠ ʠ ʣʝʥʪʳ, ʧʦʪʦʢʠ ʞʠʜʢʦʩʪʠ ʠ 
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ʩʪʨʫʠ ʥʘʥʦʯʘʩʪʠʮ. ʇʦʩʣʝʜʥʠʝ ʩʦʯʝʪʘʶʪ ʪʘʢʠʝ ʧʨʝʠʤʫʱʝʩʪʚʘ, ʢʘʢ 

ʦʪʩʫʪʩʪʚʠʝ ʟʘʛʨʷʟʥʷʶʱʠʭ ʧʨʦʜʫʢʪʦʚ  ʘʙʣʷʮʠʠ ʠ ʧʝʨʤʘʥʝʥʪʥʦʝ 

ʦʙʥʦʚʣʝʥʠʝ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʝ ʨʘʙʦʪʫ ʩ ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʦʡ ʧʦʚʪʦʨʝʥʠʷ ʠ 

ʚʳʩʦʢʠʤ ʫʨʦʚʥʝʤ ʧʦʛʣʦʱʝʥʠʷ ʚ ʘʢʪʠʚʥʦʡ ʩʨʝʜʝ. ʇʨʝʜʤʝʪʦʤ ʜʘʥʥʦʡ 

ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʩʦʟʜʘʥʠʷ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʠʩʪʦʯʥʠʢʘ ʠʤʧʫʣʴʩʦʚ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ (5-200ʢʵɺ) ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʥʘʥʦʧʣʘʟʤʳ Kr, ʧʨʦʜʫʮʠʨʫʝʤʦʡ ʩ 

ʧʦʤʦʱʴʶ ʬʝʤʪʦʩʝʢʫʥʜʥʦʡ Ti:Sa ʣʘʟʝʨʥʦʡ ʩʠʩʪʝʤʳ ʩʫʙʪʝʨʘʚʘʪʪʥʦʛʦ 

ʢʣʘʩʩʘ ʤʦʱʥʦʩʪʠ. 

ʅʘʥʦʘʛʨʝʛʘʪʳ ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʤʝʪʦʜʦʤ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ 

ʛʘʟʘ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʚ ʚʘʢʫʫʤ ʯʝʨʝʟ ʢʦʥʠʯʝʩʢʦʝ ʩʦʧʣʦ (ʫʛʦʣ ʨʘʩʪʚʦʨʘ 

100, ʢʨʠʪʠʯʝʩʢʦʝ ʩʝʯʝʥʠʝ 0.5ʤʤ, ʚʳʭʦʜʥʦʡ ʜʠʘʤʝʪʨ 4.7ʤʤ). Kr ʙʳʣ 

ʚʳʙʨʘʥ ʠʟ-ʟʘ ʝʛʦ ʚʳʩʦʢʦʛʦ ʟʘʨʷʜʦʚʦʛʦ ʥʦʤʝʨʘ Z ʩ ʮʝʣʴʶ ʩʦʟʜʘʥʠʷ 

ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ ʧʣʘʟʤʳ. ɸʥʘʣʠʟ ʩʦʩʪʦʷʥʠʷ ʩʪʨʫʠ Kr ʧʨʠ 

ʘʜʠʘʙʘʪʠʯʝʩʢʦʤ ʨʘʩʰʠʨʝʥʠʠ ʥʘ (ʨ,ʊ)-ʜʠʘʛʨʘʤʤʝ (ʨʠʩ. 1) ʧʦʢʘʟʳʚʘʝʪ, 

ʯʪʦ ʠʟʵʥʪʨʦʧʳ ʧʨʠ ʚʳʩʦʢʠʭ ʥʘʯʘʣʴʥʳʭ ʜʘʚʣʝʥʠʷʭ (ʨ0>10ʘʪʤ, ʊ0=298ʂ) 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʧʨʦʭʦʜʷʪ ʛʘʟʦʚʫʶ (ʟʦʥʘ 3), ʞʠʜʢʫʶ (ʟʦʥʘ 2) ʠ ʪʚʝʨʜʫʶ 

(ʟʦʥʘ 1) ʬʘʟʳ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʚʦʟʤʦʞʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʩʫʙʤʠʢʨʦʥʥʳʭ 

ʘʛʨʝʛʘʪʦʚ, ʪʘʢʠʭ ʢʘʢ ʢʘʧʝʣʴ ʠ ʢʨʠʩʪʘʣʣʦʚ. ʆʮʝʥʢʘ ʥʘ ʦʩʥʦʚʝ 

ʢʚʘʟʠʦʜʥʦʤʝʨʥʦʡ ʤʦʜʝʣʠ ʨʘʩʰʠʨʝʥʠʷ ʩʪʨʫʠ ʨʝʘʣʴʥʦʛʦ ʛʘʟʘ (ʛʘʟ 

ʈʝʜʣʠʭʘ-ʂʚʦʥʛʘ) ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʤʠʥʠʤʘʣʴʥʦ ʫʜʘʣʝʥʥʘʷ ʪʦʯʢʘ ʥʘʯʘʣʘ 

ʟʦʥʳ ʢʦʥʜʝʥʩʘʮʠʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʠʤ ʥʘʯʘʣʴʥʳʤ 

ʫʩʣʦʚʠʷʤ ʚ ʨʝʘʢʪʦʨʝ (ʨ0=60ʘʪʤ, ʊ0=298ʂ) ʠ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 

ʤʝʥʝʝ 0.5ʤʤ ʦʪ ʢʨʠʪʠʯʝʩʢʦʛʦ ʩʝʯʝʥʠʷ ʢʦʥʠʯʝʩʢʦʛʦ ʩʦʧʣʘ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʥʘ ʚʳʭʦʜʝ ʠʟ ʩʦʧʣʘ ʙʫʜʫʪ ʥʘʙʣʶʜʘʪʴʩʷ ʥʘʥʦʘʛʨʝʛʘʪʳ ʢʨʠʧʪʦʥʘ 

(ʞʠʜʢʦʡ ʠʣʠ ʪʚʝʨʜʦʡ ʬʘʟʳ) ʩ ʨʘʟʤʝʨʘʤʠ, ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʝʚʳʰʘʶʱʠʤʠ 

ʨʘʟʤʝʨʳ ʢʣʘʩʪʝʨʦʚ, ʢʦʪʦʨʳʝ ʩʬʦʨʤʠʨʦʚʘʣʠʩʴ ʜʦ ʥʘʯʘʣʘ ʟʦʥʳ 

ʢʦʥʜʝʥʩʘʮʠʠ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʜʣʷ ʣʘʟʝʨʥʦ-ʧʣʘʟʤʝʥʥʦʡ ʛʝʥʝʨʘʮʠʠ 

ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʬʦʪʦʥʦʚ. 

ɺʦʟʜʝʡʩʪʚʠʝ ʥʘ ʩʪʨʫʠ ʥʘʥʦʘʛʨʝʛʘʪʦʚ Kr ʧʨʦʚʦʜʠʣʦʩʴ 

ʬʝʤʪʦʩʝʢʫʥʜʥʳʤʠ (50ʬʩ) ʣʘʟʝʨʥʳʤʠ ʠʤʧʫʣʴʩʘʤʠ (0.8ʤʢʤ, 45ʤɼʞ) 

ʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ~3x1018ɺʪ/ʩʤ2. ʃʘʟʝʨʥʳʡ ʬʦʢʫʩ 

ʥʘʭʦʜʠʣʩʷ ʚ ʦʙʣʘʩʪʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʥʘʥʦʯʘʩʪʠʮ ʥʘ ʧʝʨʝʜʥʝʡ 

ʛʨʘʥʠʮʝ ʩʪʨʫʠ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʣʦʩʴ ʠʟʤʝʨʝʥʠʷʤʠ ʧʨʦʬʠʣʷ ʨʵʣʝʝʚʩʢʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʥʘ ʇɿʉ-ʤʘʪʨʠʮʝ. ɺʩʣʝʜʩʪʚʠʝ ʥʝʣʠʥʝʡʥʳʭ ʩʚʦʡʩʪʚ ʩʪʨʫʠ 

ʥʘʥʦʯʘʩʪʠʮ, ʣʘʟʝʨʥʦʝ ʠʟʣʫʯʝʥʠʝ ʠʩʧʳʪʳʚʘʣʦ ʨʝʣʷʪʠʚʠʩʪʩʢʫʶ 

ʩʘʤʦʬʦʢʫʩʠʨʦʚʢʫ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʣʦʩʴ ʠʟʤʝʨʝʥʠʷʤʠ ʧʫʯʢʦʚ 

ʫʩʢʦʨʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʩ ʵʥʝʨʛʠʷʤʠ ʙʦʣʝʝ 500ʢʵɺ ʥʘ ʩʮʠʥʪʠʣʣʷʪʦʨʝ 

LANEX. ʈʝʛʠʩʪʨʘʮʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ ʥʘʥʦʧʣʘʟʤʳ ʧʨʦʚʦʜʠʣʦʩʴ 

ʩ ʧʦʤʦʱʴʶ ʜʝʪʝʢʪʦʨʦʚ ʩ ʧʨʷʤʦʡ ʨʝʛʠʩʪʨʘʮʠʝʡ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ: ʢʨʝʤʥʠʝʚʘʷ ʤʘʪʨʠʮʘ ʩ ʦʙʨʘʪʥʦʡ ʟʘʩʚʝʪʢʦʡ (5-25ʢʵɺ) ʠ 
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ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʜʝʪʝʢʪʦʨ ʥʘ ʯʠʧʝ CdTe (20-200ʢʵɺ), ʩ ʤʘʪʨʠʮʘʤʠ 

ʠʟ ʢʨʝʤʥʠʷ ʠ ʪʝʣʣʫʨʠʜʘ ʢʘʜʤʠʷ. ʉʰʠʚʢʘ ʜʘʥʥʳʭ ʜʚʫʭ ʜʝʪʝʢʪʦʨʦʚ 

ʧʦʟʚʦʣʠʣʘ ʚʧʝʨʚʳʝ ʦʩʫʱʝʩʪʚʣʷʪʴ ʠʟʤʝʨʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ ʚ 

ʜʠʘʧʘʟʦʥʝ 5-200ʢʵɺ.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʧʝʨʚʳʝ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥ 

ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʩʧʝʢʪʨ ʩʚʝʯʝʥʠʷ ʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʥʘʥʦʧʣʘʟʤʳ Kr ʚ 

ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʵʥʝʨʛʠʡ 5-200ʢʵɺ (ʨʠʩ. 2), ʧʨʠ ʵʪʦʤ ʠʟʤʝʨʝʥʥʘʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʢʦʥʚʝʨʩʠʠ ʣʘʟʝʨʥʦʡ ʵʥʝʨʛʠʠ ʚ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʢʚʘʥʪʳ 

ʩʦʩʪʘʚʠʣʘ ~2x10-3. ʀʟʤʝʨʝʥʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʂŬ(12.6ʢʵɺ) ʣʠʥʠʠ Kr ʩʦʩʪʘʚʠʣʘ ~4.4x10-7 ʩ 

ʢʦʥʪʨʘʩʪʦʤ ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʦʨʤʦʟʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 10. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʳ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʪʦʯʥʠʢʘ ʞʝʩʪʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʥʘʥʦʧʣʘʟʤʳ Kr ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʠʤʧʫʣʴʩʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʦʛʦ (10 ɻʮ) ʩʫʙʪʝʨʘʚʘʪʪʥʦʛʦ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ 

Ti:Sa ʣʘʟʝʨʘ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʪʘʢʞʝ ʠʥʪʝʨʝʩ ʠ ʜʣʷ 

ʠʟʫʯʝʥʠʷ ʧʦʚʝʜʝʥʠʷ ʙʠʦʦʙʲʝʢʪʦʚ ʧʨʠ ʵʢʩʪʨʝʤʘʣʴʥʦ ʚʳʩʦʢʠʭ ʜʦʟʘʭ ʠʭ 

ʦʙʣʫʯʝʥʠʷ.  

 

 

ʈʠʩ. 1. (p,T)-ʜʠʘʛʨʘʤʤʘ ʩʦʩʪʦʷʥʠʡ 

Kr: ʊʉ,ʊʄ,ʊS ï ʣʠʥʠʠ ʢʠʧʝʥʠʷ, 

ʧʣʘʚʣʝʥʠʷ, ʩʫʙʣʠʤʘʮʠʠ, ʉ ï 

ʢʨʠʪʠʯʝʩʢʘʷ ʪʦʯʢʘ. 

ʈʠʩ. 2. ʈʝʥʪʛʝʥʦʚʩʢʠʡ ʩʧʝʢʪʨ 

ʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʥʘʥʦʧʣʘʟʤʳ Kr.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʠ 

ɻʦʩʢʦʨʧʦʨʘʮʠʠ çʈʦʩʘʪʦʤè ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ20-21-00030 ʚ 

ʯʘʩʪʠ ʨʘʙʦʪ ʧʦ ʣʘʟʝʨʥʦʡ ʛʝʥʝʨʘʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʧʨʦʝʢʪʘ 

ʈʌʌʀ ˉ18-29-06035 ʚ ʯʘʩʪʠ ʠʟʫʯʝʥʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʨʫʡ 

ʥʘʥʦʘʛʨʝʛʘʪʦʚ ʠʟ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ. ʈʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʨʫʡ ʥʘʥʦʯʘʩʪʠʮ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʨʘʤʢʘʭ ɻʦʩʟʘʜʘʥʠʷ 

ʌʅʀʎ çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘè ʈɸʅ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ 

ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʌ. ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʚ ʜʠʘʧʘʟʦʥʝ 5-25ʢʵɺ 
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ʠʟʤʝʨʝʥʳ ʩ ʧʦʤʦʱʴʶ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʧʨʠʦʙʨʝʪʝʥʥʦʛʦ ʠʟ ʩʨʝʜʩʪʚ ʛʨʘʥʪʘ 

ʈʅʌ 18-79-10160.  
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ʊ.ɸ. ʉɽʄɽʅʆɺ1,2, ʂ.ɸ. ʀɺɸʅʆɺ1,4, ʀ.ʅ. ʎʓʄɹɸʃʆɺ1, ʈ.ɺ. 
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ʉɸɺɽʃʔɽɺ1 
1 - ʌʠʟʠʯʝʩʢʠʡ ʬʘʢʫʣʴʪʝʪ ʄɻʋ ʠʤ. ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ 

2 - ʀʇʃʀʊ ʈɸʅ - ʬʠʣʠʘʣ ʌʅʀʎ "ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘ", ʐʘʪʫʨʘ  

3 - ʌʅʀʎ çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʌʦʪʦʥʠʢʘè ʈɸʅ, ʄʦʩʢʚʘ 

4 -  ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ 

ʈɽʅʊɻɽʅʆɺʉʂʆɽ ʀɿʃʋʏɽʅʀɽ ʇʃɸɿʄʓ 

ʊɺɽʈɼʆʊɽʃʔʅʓʍ ʄʀʐɽʅɽʁ ʀ ʅɸʅʆɸɻʈɽɻɸʊʆɺ 

ʇʆɼ ɼɽʁʉʊɺʀɽʄ ʈɽʃʗʊʀɺʀʉʊʉʂʆɻʆ ʃɸɿɽʈʅʆɻʆ 

ʇʆʃʗ 

ɺʧʝʨʚʳʝ ʧʨʦʚʝʜʝʥʳ ʩʨʘʚʥʠʪʝʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘʥʦʧʣʘʟʤʳ Kr ʩ ʠʟʣʫʯʝʥʠʝʤ ʧʣʘʟʤʳ ʪʚʝʨʜʦʪʝʣʴʥʳʭ 

ʤʠʰʝʥʝʡ Mo, Ta ʚ ʜʠʘʧʘʟʦʥʝ 5-200ʢʵɺ, ʧʦʣʫʯʘʝʤʦʛʦ ʚ ʨʝʣʷʪʠʚʠʩʪʩʢʦʤ ʨʝʞʠʤʝ 

ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ Ti:Sa  ʣʘʟʝʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ (I~3ʭ1018ɺʪ/ʩʤ2).  

T.A. SEMENOV1,2, K.A. IVANOV 1,4, I.N. TSYMBALOV 1,  

R.V. VOLKOV 1, I.A. ZHVANIYA 1, M.S. DZHIDZHOEV1,  

A.B. SAVELôEV1, V.M. GORDIENKO1,3 

1 -  Faculty of Physics Lomonosov Moscow State University 

2 -  ILIT RAS ï Branch of the FSRC çCrystallography and Photonicsè RAS, 

Shatura 

3 - Federal Research Centre çCrystallography and Photonicsè, RAS, Moscow 

4 -  P.N. Lebedev Physical Institute, RAS, Moscow 

X-RAY PLASMA RADIATION OF SOLID -STATE 

TARGETS AND NANOPARTICLES UNDER IRRADIATION 

BY RELATIVISTIC LASER FIELD  

For the first time, comparative studies of broadband X-ray radiation from a Kr 

nanoplasma with the plasma radiation of solid-state Mo and Ta targets in the range of 

5-200keV, obtained in the relativistic regime of femtosecond Ti:Sa laser irradiation 

(I~3x1018W/cm2), have been carried out. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘʩʪʦʣʴʥʳʝ ʣʘʟʝʨʥʦ-ʧʣʘʟʤʝʥʥʳʝ ʨʝʥʪʛʝʥʦʚʩʢʠʝ 

ʠʩʪʦʯʥʠʢʠ ʚʳʩʪʫʧʘʶʪ ʚ ʢʘʯʝʩʪʚʝ ʙʶʜʞʝʪʥʦʡ ʘʣʴʪʝʨʥʘʪʠʚʳ 

ʩʠʥʭʨʦʪʨʦʥʥʳʤ ʢʦʤʧʣʝʢʩʘʤ. ɼʣʠʪʝʣʴʥʦʩʪʴ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʠʤʧʫʣʴʩʦʚ, 

ʠʟʣʫʯʘʝʤʳʭ ʪʘʢʠʤʠ ʠʩʪʦʯʥʠʢʘʤʠ, ʩʦʧʦʩʪʘʚʠʤʘ ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 

ʚʦʟʜʝʡʩʪʚʫʶʱʠʭ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ~10-13 c. ʕʬʬʝʢʪʠʚʥʦʩʪʴ 
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ʛʝʥʝʨʘʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚʦ ʤʥʦʛʦʤ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʙʦʨʦʤ 

ʣʘʟʝʨʥʳʭ ʤʠʰʝʥʝʡ, ʚ ʢʘʯʝʩʪʚʝ ʢʦʪʦʨʳʭ ʯʘʩʪʦ ʚʳʩʪʫʧʘʶʪ ʪʚʝʨʜʦʪʝʣʴʥʳʝ 

ʩʨʝʜʳ. ʉʪʨʫʠ ʩʫʙʤʠʢʨʦʥʥʳʭ ʘʛʨʝʛʘʪʦʚ, ʧʦʣʫʯʘʝʤʳʝ ʧʨʠ ʢʦʥʜʝʥʩʘʮʠʠ 

ʛʘʟʦʚ, ʨʘʩʰʠʨʷʶʱʠʭʩʷ ʩʦ ʩʚʝʨʭʟʚʫʢʦʚʳʤʠ ʩʢʦʨʦʩʪʷʤʠ, ʤʦʛʫʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʢʘʯʝʩʪʚʝ ʜʦʧʦʣʥʝʥʠʡ ʪʚʝʨʜʦʪʝʣʴʥʳʤ ʤʠʰʝʥʷʤ, 

ʩʦʯʝʪʘʷ ʧʨʘʢʪʠʯʝʩʢʠʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʛʘʟʦʚʦʡ ʩʪʨʫʠ ʩ ʚʳʩʦʢʠʤ ʫʨʦʚʥʝʤ 

ʧʦʛʣʦʱʝʥʠʷ ʚ ʩʨʝʜʝ.  ʇʨʝʜʤʝʪʦʤ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʩʨʘʚʥʠʪʝʣʴʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʛʝʥʝʨʘʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ ~5-

200ʢʵɺ ʥʘʥʦʧʣʘʟʤʳ Kr ʩ ʠʟʣʫʯʝʥʠʝʤ ʧʣʘʟʤʳ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʤʠʰʝʥʝʡ 

ʄʦ ʠ ʊʘ, ʧʨʦʜʫʮʠʨʫʝʤʦʛʦ ʬʝʤʪʦʩʝʢʫʥʜʥʳʤ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ 

ʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. 

ʅʘʥʦʘʛʨʝʛʘʪʳ Kr ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʤʝʪʦʜʦʤ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ 

ʨʘʩʰʠʨʝʥʠʷ ʠʟ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ (60ʘʪʤ, 298ʂ) ʚ ʚʘʢʫʫʤ 

ʯʝʨʝʟ ʢʦʥʠʯʝʩʢʦʝ ʩʦʧʣʦ (ʫʛʦʣ ʨʘʩʪʚʦʨʘ 100, ʢʨʠʪʠʯʝʩʢʦʝ ʩʝʯʝʥʠʝ 0.5ʤʤ, 

ʚʳʭʦʜʥʦʡ ʜʠʘʤʝʪʨ 4.7ʤʤ). ʊʚʝʨʜʦʪʝʣʴʥʳʝ ʤʠʰʝʥʠ ʧʨʝʜʩʪʘʚʣʷʣʠ ʩʦʙʦʡ 

ʬʦʣʴʛʠ Mo ʠ ʊʘ, ʪʦʣʱʠʥʦʡ 100ʤʢʤ. ɺʦʟʜʝʡʩʪʚʠʝ ʥʘ ʤʠʰʝʥʠ 

ʧʨʦʚʦʜʠʣʦʩʴ ʬʝʤʪʦʩʝʢʫʥʜʥʳʤʠ (Dt=50ʬʩ) ʣʘʟʝʨʥʳʤʠ ʠʤʧʫʣʴʩʘʤʠ 

(ɚ=0.8ʤʢʤ, E=45ʤɼʞ) ʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ I~3x1018ɺʪ/ʩʤ2. ɺ 

ʩʣʫʯʘʝ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʤʠʰʝʥʝʡ, ʣʘʟʝʨʥʳʡ ʧʫʯʦʢ ʧʘʜʘʣ ʥʘ 

ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʧʣʘʩʪʠʥʢʠ ʧʦʜ ʫʛʣʦʤ 450. ɺ ʩʣʫʯʘʝ ʩʪʨʫʡ ʥʘʥʦʘʛʨʝʛʘʪʦʚ 

ʧʦʣʦʞʝʥʠʝ ʣʘʟʝʨʥʦʛʦ ʬʦʢʫʩʘ ʟʘʜʘʚʘʣʦʩʴ ʧʦ ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʚʳʭʦʜʫ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʢʦʪʦʨʦʝ ʥʘʭʦʜʠʣʦʩʴ ʥʘ ʧʝʨʝʜʥʝʡ ʛʨʘʥʠʮʝ 

ʩʪʨʫʠ. ʈʝʛʠʩʪʨʘʮʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ 

ʜʝʪʝʢʪʦʨʦʚ ʩ ʧʨʷʤʦʡ ʨʝʛʠʩʪʨʘʮʠʝʡ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ: 

ʢʨʝʤʥʠʝʚʘʷ ʤʘʪʨʠʮʘ ʩ ʦʙʨʘʪʥʦʡ ʟʘʩʚʝʪʢʦʡ (5-25ʢʵɺ) ʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʜʝʪʝʢʪʦʨ ʥʘ ʯʠʧʝ CdTe (20-200ʢʵɺ), ʩ ʤʘʪʨʠʮʘʤʠ 

ʠʟ ʢʨʝʤʥʠʷ ʠ ʪʝʣʣʫʨʠʜʘ ʢʘʜʤʠʷ. ʉʰʠʚʢʘ ʜʘʥʥʳʭ ʜʚʫʭ ʜʝʪʝʢʪʦʨʦʚ 

ʧʦʟʚʦʣʠʣʘ ʦʩʫʱʝʩʪʚʣʷʪʴ ʠʟʤʝʨʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ ʚ ʜʠʘʧʘʟʦʥʝ 

5-200 ʢʵɺ.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʦʡ ʨʘʙʦʪʳ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʚʳʭʦʜ ʪʦʨʤʦʟʥʦʛʦ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʤʠʰʝʥʷʭ (Mo, Ta) ʚʳʰʝ, 

ʯʝʤ ʚ ʥʘʥʦʧʣʘʟʤʝ Kr ʧʨʠʤʝʨʥʦ 10-100 ʨʘʟ ʚ ʜʠʘʧʘʟʦʥʝ 5-200 ʢʵɺ (ʨʠʩ. 1 

ʠ 2). ɹʣʠʟʢʠʝ ʧʦ ʘʪʦʤʥʳʤ ʥʦʤʝʨʘʤ Kr ʠ ʄʦ ʠʤʝʣʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʛʝʥʝʨʘʮʠʠ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ KŬ ʣʠʥʠʡ 4ʭ10-7 (12.6 ʢʵɺ) ʠ 10-5 (17.3 

ʢʵɺ), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʧʝʨʚʳʝ ʫʩʪʘʥʦʚʣʝʥʦ 

ʧʨʝʠʤʫʱʝʩʪʚʦ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʤʠʰʝʥʝʡ ʧʦ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ 

ʢʘʢ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ, ʪʘʢ ʠ ʪʦʨʤʦʟʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ 

ʰʠʨʦʢʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʪʨʫʷʤʠ 

ʥʘʥʦʘʛʨʝʛʘʪʦʚ ʚ ʨʝʞʠʤʝ ʚʦʟʜʝʡʩʪʚʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ʉʦʟʜʘʥʥʳʝ ʣʘʟʝʨʥʦ-ʧʣʘʟʤʝʥʥʳʝ 

ʠʩʪʦʯʥʠʢʠ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʟʘʜʘʯ: 
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ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʚʨʝʤʷ-ʨʘʟʨʝʰʝʥʥʦʡ ʜʠʬʨʘʢʮʠʠ, ʧʦʣʫʯʝʥʠʷ 

ʠʟʦʙʨʘʞʝʥʠʡ, ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʦʛʣʦʱʝʥʠʷ,  ʚʦʟʜʝʡʩʪʚʠʷ 

ʥʘ ʙʠʦʦʙʲʝʢʪʳ, ʘ ʪʘʢʞʝ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʷ ʥʠʟʢʦʣʝʞʘʱʠʭ ʷʜʝʨʥʳʭ 

ʫʨʦʚʥʝʡ, ʥʘʧʨʠʤʝʨ, ʠʟʦʤʝʨʘ Kr83 ʩ ʵʥʝʨʛʠʝʡ ʚʦʟʙʫʞʜʝʥʠʷ 9.3 ʢʵɺ, 

ʩʦʚʧʘʜʘʶʱʝʡ ʩ Lɓ ʣʠʥʠʝʡ ʊʘ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʢʦʪʦʨʦʡ ʙʳʣʘ 

ʠʟʤʝʨʝʥʘ ʥʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘ ʫʨʦʚʥʝ 5ʭ10-6.  

 

  

ʈʠʩ. 1. ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ 

ʧʣʘʟʤʳ ʥʘʥʦʘʛʨʝʛʘʪʦʚ Kr ʠ ʤʠʰʝʥʠ 

ʄʦ  

ʈʠʩ. 2. ʈʝʥʪʛʝʥʦʚʩʢʠʡ ʩʧʝʢʪʨ 

ʧʣʘʟʤʳ ʤʠʰʝʥʠ ʊʘ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʠ 

ɻʦʩʢʦʨʧʦʨʘʮʠʠ çʈʦʩʘʪʦʤè ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ20-21-00030 ʚ 

ʯʘʩʪʠ ʨʘʙʦʪ ʧʦ ʣʘʟʝʨʥʦʡ ʛʝʥʝʨʘʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʧʨʦʝʢʪʘ 

ʈʌʌʀ ˉ18-29-06035 ʚ ʯʘʩʪʠ ʠʟʫʯʝʥʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʨʫʡ 

ʥʘʥʦʘʛʨʝʛʘʪʦʚ ʠʟ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ. ʈʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʨʫʡ ʥʘʥʦʯʘʩʪʠʮ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʨʘʤʢʘʭ ɻʦʩʟʘʜʘʥʠʷ 

ʌʅʀʎ çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘè ʈɸʅ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ 

ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʌ. ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʚ ʜʠʘʧʘʟʦʥʝ 5-25ʢʵɺ 

ʠʟʤʝʨʝʥʳ ʩ ʧʦʤʦʱʴʶ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʧʨʠʦʙʨʝʪʝʥʥʦʛʦ ʠʟ ʩʨʝʜʩʪʚ ʛʨʘʥʪʘ 

ʈʅʌ 18-79-10160. 
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ʇʈʀʄɽʅɽʅʀɽ ʇɸʂɽʊɸ GEANT4 ɼʃʗ 

ʄʆɼɽʃʀʈʆɺɸʅʀʗ ʕʂʉʇɽʈʀʄɽʅʊʆɺ ʇʆ ʃɸɿɽʈʅʆʁ 

ɻɽʅɽʈɸʎʀʀ ʅɽʁʊʈʆʅʆɺ ʀ ɻɸʄʄɸ-ʀɿʃʋʏɽʅʀʗ 

ʇʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ ʣʘʟʝʨʥʦʡ ʛʝʥʝʨʘʮʠʠ 

ʥʝʡʪʨʦʥʦʚ ʠ ʛʘʤʤʘ ʠʟʣʫʯʝʥʠʷ ʥʘ ʫʩʪʘʥʦʚʢʝ PHELIX (ɼʘʨʤʰʪʘʜʪ, ɻʝʨʤʘʥʠʷ). 
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ʙʫʜʫʱʝʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʡ ʤʦʞʥʦ ʜʦʩʪʠʯʴ 300 ʢʨʘʪʥʦʝ 
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APPLICATION OF GEANT4 TOOLKIT FOR MODELING 

OF EXPERIMENTS ON LASER -DRIVEN NEUTRON A ND 

GAMMA GENERATION  

 

Numerical simulation of an experiment on laser generation of neutrons and 

gamma radiation at the PHELIX facility (Darmstadt, Germany) has been carried out. 

Good agreement was obtained between the experimentally measured and simulated 

isotope yields. An optimized scheme of the future experiment has been determined, 
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which can be used to reach by 300 factor of higher photonuclear reaction yield and by 

140 factor of higher neutron flux. 

 

ʅʝʡʪʨʦʥʥʳʝ ʠ ʛʘʤʤʘ ʠʩʪʦʯʥʠʢʠ ʩ ʚʳʩʦʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʠʛʨʘʶʪ 

ʚʘʞʥʫʶ ʨʦʣʴ ʚʦ ʤʥʦʛʠʭ ʦʙʣʘʩʪʷʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʪʘʢʠʭ ʢʘʢ ʬʠʟʠʢʘ 

ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ, ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝ ʠ ʷʜʝʨʥʘʷ ʘʩʪʨʦʬʠʟʠʢʘ 

[1]. ʍʦʨʦʰʦ ʥʘʧʨʘʚʣʝʥʥʳʝ, ʩʠʣʴʥʦʪʦʯʥʳʝ, ʨʝʣʷʪʠʚʠʩʪʩʢʠʝ 

ʵʣʝʢʪʨʦʥʥʳʝ ʧʫʯʢʠ ʷʚʣʷʶʪʩʷ ʠʜʝʘʣʴʥʳʤʠ ʢʘʥʜʠʜʘʪʘʤʠ ʜʣʷ 

ʦʙʨʘʟʦʚʘʥʠʷ (y, xn) ʨʝʘʢʮʠʡ ʧʫʪʝʤ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʚ ʤʘʪʝʨʠʘʣʳ ʩ 

ʚʳʩʦʢʠʤ Z. ʕʪʦ ʦʩʥʦʚʥʘʷ ʢʦʥʮʝʧʮʠʷ ʧʨʦʛʨʘʤʤʳ ʷʜʝʨʥʦʡ ʬʠʟʠʢʠ ʥʘ 

ʣʘʟʝʨʝ ʚ ELI-NP [2]. ʇʦʨʦʛʠ ʪʘʢʠʭ ʨʝʘʢʮʠʡ ʣʝʞʘʪ ʚ ʄʵɺ ʵʥʝʨʛʝʪʠʯʝʩʢʦʤ 

ʜʠʘʧʘʟʦʥʝ, ʪʘʢ ʯʪʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ, ʥʝʦʙʭʦʜʠʤʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʝʣʷʪʠʚʠʩʪʩʢʠʭ 

ʵʣʝʢʪʨʦʥʦʚ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʥʘ ʣʘʟʝʨʥʦʡ ʫʩʪʘʥʦʚʢʝ PHELIX 

(ɻʝʨʤʘʥʠʷ, ʛ. ɼʘʨʤʰʪʘʜʪ) ʩʠʣʴʥʦʪʦʯʥʳʝ ʭʦʨʦʰʦ ʥʘʧʨʘʚʣʝʥʥʳʝ ʧʫʯʢʠ 

ʵʣʝʢʪʨʦʥʦʚ ʩ ʵʥʝʨʛʠʝʡ ʄʵɺ ʛʝʥʝʨʠʨʦʚʘʣʠʩʴ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ 

ʧʠʢʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʩ ʧʣʦʪʥʦʩʪʴʶ ʧʦʪʦʢʘ ʠʟʣʫʯʝʥʠʷ 1-

2Ĭ1019 ɺʪ/ʩʤ2 ʩ ʧʣʘʟʤʦʡ, ʜʣʠʥʘ ʢʦʪʦʨʦʡ ~102 ʤʢʤ ʩ ʧʣʦʪʥʦʩʪʴʶ 

ʵʣʝʢʪʨʦʥʦʚ, ʙʣʠʟʢʦʡ ʢ ʢʨʠʪʠʯʝʩʢʦʡ. ʊʘʢʘʷ ʧʣʘʟʤʘ ʩʦʟʜʘʚʘʣʘʩʴ ʩ 

ʧʦʤʦʱʴʶ ʤʝʭʘʥʠʟʤʘ ʩʚʝʨʭʟʚʫʢʦʚʦʡ ʠʦʥʠʟʘʮʠʠ, ʚ ʢʦʪʦʨʦʤ ʭʦʨʦʰʦ 

ʢʦʥʪʨʦʣʠʨʫʝʤʳʡ ʥʘʥʦʩʝʢʫʥʜʥʳʡ ʣʘʟʝʨʥʳʡ ʧʨʝʜʠʤʧʫʣʴʩ ʧʦʩʳʣʘʣʩʷ ʥʘ 

ʧʦʣʠʤʝʨʥʳʝ ʘʵʨʦʛʝʣʠ ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʠ ʜʦ ʧʨʠʭʦʜʘ ʦʩʥʦʚʥʦʛʦ 

ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ [3]. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʧʫʯʢʠ ʩʫʧʝʨʧʦʥʜʝʨʦʤʦʪʦʨʥʳʭ 

ʵʣʝʢʪʨʦʥʦʚ ʩ ʵʬʬʝʢʪʠʚʥʳʤʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʚʳʰʝ 10 ʄʵɺ ʠ 

ʤʘʢʩʠʤʫʤʦʤ ʠʟʤʝʨʷʝʤʦʡ ʵʥʝʨʛʠʠ ʜʦ 90 ʄʵɺ. ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʵʣʝʢʪʨʦʥʦʚ ʩ ʤʘʪʝʨʠʘʣʘʤʠ ʩ ʚʳʩʦʢʠʤ Z ʚʳʟʳʚʘʝʪ ʦʙʨʘʟʦʚʘʥʠʝ ʄʵɺ-

ʛʘʤʤʘ-ʠʟʣʫʯʝʥʠʷ ʠ ʬʦʪʦʷʜʝʨʥʳʝ ʨʝʘʢʮʠʠ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʙʳʣ ʠʟʤʝʨʝʥ 

ʚʳʩʦʢʠʡ ʚʳʭʦʜ ʠʟʦʪʦʧʦʚ Ta, Cr ʠ Au, ʘ ʪʘʢʞʝ ʚʳʭʦʜ ʥʝʡʪʨʦʥʦʚ ʠʟ ʧʨʦʙʳ 

In. 

ʕʢʩʧʝʨʠʤʝʥʪ ʤʦʜʝʣʠʨʦʚʘʣʩʷ ʩ ʧʦʤʦʱʴʶ ʢʦʜʘ Geant4, ʢʦʪʦʨʳʡ 

ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʬʠʟʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʠ ʙʘʟʳ ʜʘʥʥʳʭ ʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʭ ʯʘʩʪʠʮ ʩ ʚʝʱʝʩʪʚʦʤ [4, 5]. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʙʳʣʦ 

ʚʳʧʦʣʥʝʥʦ ʜʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ ʤʦʜʝʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʠ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʵʣʝʢʪʨʦʥʥʳʡ ʧʫʯʦʢ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ Au-ʢʦʥʚʝʨʪʦʨ ʪʦʣʱʠʥʦʡ 1 ʤʤ, 

ʩʦʟʜʘʚʘʷ ʪʦʨʤʦʟʥʦʝ ʠʟʣʫʯʝʥʠʝ. ɻʘʤʤʘ ʠ ʵʣʝʢʪʨʦʥʳ, ʚʳʣʝʪʝʚʰʠʝ ʠʟ 

ʢʦʥʚʝʨʪʦʨʘ, ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʣʠ ʩ ʥʘʙʦʨʦʤ ʤʘʪʝʨʠʘʣʦʚ ʩ ʚʳʩʦʢʠʤ Z, 

ʨʘʟʤʝʱʝʥʥʳʭ ʧʦʜ ʫʛʣʦʤ 5Á ʢ ʥʘʧʨʘʚʣʝʥʠʶ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʣʘʟʝʨʘ ʥʘ 

ʨʘʩʩʪʦʷʥʠʠ 18 ʩʤ ʦʪ ʪʦʯʢʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʣʘʟʝʨʘ ʩ ʘʵʨʦʛʝʣʝʤ-ʧʝʥʦʡ 

(ʈʠʩʫʥʦʢ 1).  



135 

 

 
ʈʠʩ. 1. ʉʭʝʤʘ ʤʦʜʝʣʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ (ɔ,xn) ʬʦʪʦʷʜʝʨʥʳʭ ʨʝʘʢʮʠʡ. 

ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʬʦʪʦʷʜʝʨʥʳʭ ʨʝʘʢʮʠʡ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʬʠʟʠʯʝʩʢʠʡ ʧʘʢʝʪ ShieldingLEND (Low Energy Nuclear Data) [5]. ʕʪʦʪ 

ʬʠʟʠʯʝʩʢʠʡ ʧʘʢʝʪ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ ʜʘʥʥʳʭ ʩʝʯʝʥʠʷ 

ʬʦʪʦʷʜʝʨʥʳʭ ʨʝʘʢʮʠʡ ʥʠʞʝ 20 ʄʵɺ, ʯʪʦ ʧʦʢʘʟʳʚʘʝʪ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ 

ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. ɼʣʷ ʵʥʝʨʛʠʡ ʚʳʰʝ 20 ʄʵɺ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʦʜʠʥ ʠʟ ʩʪʘʥʜʘʨʪʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʧʘʢʝʪʦʚ. ʍʦʨʦʰʝʝ 

ʩʦʛʣʘʩʠʝ ʤʝʞʜʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʤʝʨʝʥʥʳʤʠ ʠ ʩʤʦʜʝʣʠʨʦʚʘʥʥʳʤʠ 

ʚʳʭʦʜʘʤʠ ʠʟʦʪʦʧʦʚ ʧʦʟʚʦʣʷʝʪ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫʶ 

ʫʩʪʘʥʦʚʢʫ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʨʝʢʦʨʜʥʳʭ ʟʥʘʯʝʥʠʡ ʥʝʡʪʨʦʥʥʳʭ ʧʦʪʦʢʦʚ 

(ʈʠʩ. 2).  
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ʈʠʩ. 2. ʆʧʪʠʤʠʟʠʨʦʚʘʥʥʘʷ ʩʭʝʤʘ ʧʦ ʠʟʤʝʨʝʥʠʶ ʚʳʭʦʜʦʚ ʬʦʪʦʷʜʝʨʥʳʭ 

ʨʝʘʢʮʠʡ ʠ ʧʦʪʦʢʘ ʥʝʡʪʨʦʥʦʚ 

ɺ ʨʝʟʫʣʴʪʘʪʝ, ʠʩʧʦʣʴʟʫʷ ʜʘʥʥʫʶ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʫʶ ʩʭʝʤʫ ʧʨʠ 

ʘʥʘʣʦʛʠʯʥʳʭ ʧʘʨʘʤʝʪʨʘʭ ʣʫʯʘ ʣʘʟʝʨʘ, ʤʦʞʥʦ ʜʦʩʪʠʯʴ 300 ʢʨʘʪʥʦʝ 

ʫʚʝʣʠʯʝʥʠʝ ʚʳʭʦʜʦʚ ʠʟʦʪʦʧʦʚ ʠ 140 ʢʨʘʪʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʧʦʪʦʢʘ 

ʥʝʡʪʨʦʥʦʚ [1]. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Pomerantz I et al, Phys. Rev. Lett. 113 (2014)184801 
2. Negoita F et al, Romanian Reports in Physics, 68, Supplement, P., 37ï144 (2016).  
3. Rosmej O N et al, New J. Phys. 21 (2019) 043044 
4. Geant4 Toolkit  http://geant4 userdoc.web.cern.ch. userdoc.web.cern.ch/geant4-

userdoc/UsersGuides/ForApplicationDeveloper/fo/BookForApplicationDevelopers.pdf 
5. 

https://indico.cern.ch/event/781244/contributions/3251933/attachments/1782461/2902499/Had

ronicPhysics.pdf 
  

https://indico.cern.ch/event/781244/contributions/3251933/attachments/1782461/2902499/HadronicPhysics.pdf
https://indico.cern.ch/event/781244/contributions/3251933/attachments/1782461/2902499/HadronicPhysics.pdf
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ɸ.ʀ. ʉɸɺɽʃʔɽɺɸ, ɺ.ɺ. ʌʀʃɸʊʆɺ 
ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʕ. ɹʘʫʠʘʥʘ, 

ʈʦʩʩʠʷ 

ʈɸʉʏɽʊ ʕʌʌɽʂʊɸ ʉʋʇɽʈʃʀʅɿʀʈʆɺɸʅʀʗ 

ʃɸɿɽʈʅʆɻʆ ʀɿʃʋʏɽʅʀʗ ɺ ɻʃʆɹʋʃʗʈʅʆʄ 

ʌʆʊʆʅʅʆʄ ʂʈʀʉʊɸʃʃɽ ʅɸ ʆʉʅʆɺɽ 

ʀʉʂʋʉʉʊɺɽʅʅʆɻʆ ʆʇɸʃɸ 

ʈʘʩʩʯʠʪʘʥ ʵʬʬʝʢʪ ʩʫʧʝʨʣʠʥʟʠʨʦʚʘʥʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʢʨʘʷʭ ʩʪʦʧ-

ʟʦʥʳ ʛʣʦʙʫʣʷʨʥʦʛʦ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ. ʇʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʦʧʘʣʦʧʦʜʦʙʥʦʛʦ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚ ʢʘʯʝʩʪʚʝ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʭʦʣʦʜʥʦʛʦ 

(ʣʘʟʝʨʥʦʛʦ) ʩʠʥʪʝʟʘ. 

A.I. SAVELIEVA, V.V. FILATOV  
Bauman Moscow State Technical University, Moscow, Russia 

 

LASER SUPERLENSING IN THE OPAL -BASED GLOBULAR 

PHOTONIC CRYSTAL  

The paper deals with the laser superlensing at the photonic bandgap edges in the 

opal-like globular photonic crystal. The results are important for the cold (laser) 

fusion. 
 

ɻʣʦʙʫʣʷʨʥʳʡ ʬʦʪʦʥʥʳʡ ʢʨʠʩʪʘʣʣ ï ʢʦʤʧʦʟʠʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ ʩ 

ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʚʝʭʩʪʨʫʢʪʫʨʦʡ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ ʩʦʙʦʡ ʧʨʘʚʠʣʴʥʫʶ 

ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʫʶ ʢʫʙʠʯʝʩʢʫʶ (ɻʎʂ) ʨʝʰʝʪʢʫ, ʩʬʦʨʤʠʨʦʚʘʥʥʫʶ 

ʠʩʢʫʩʩʪʚʝʥʥʳʤ ʧʫʪʝʤ ʠʟ ʛʣʦʙʫʣ (ʰʘʨʦʚ) ʦʜʥʦʛʦ ʜʠʘʤʝʪʨʘ ʧʦʩʨʝʜʩʪʚʦʤ 

ʦʩʘʞʜʝʥʠʷ ʪʚʝʨʜʳʭ ʢʦʣʣʦʠʜʥʳʭ ʯʘʩʪʠʮ ʠʟ ʭʠʤʠʯʝʩʢʦʛʦ ʨʘʩʪʚʦʨʘ. ʂʘʢ 

ʧʦʢʘʟʳʚʘʶʪ ʨʘʩʯʝʪʳ [1], ʚ ʛʣʦʙʫʣʷʨʥʦʤ ʬʦʪʦʥʥʦʤ ʢʨʠʩʪʘʣʣʝ ʥʘ ʦʩʥʦʚʝ 

ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʦʧʘʣʘ ʩʣʝʜʫʝʪ ʦʞʠʜʘʪʴ ʵʬʬʝʢʪʘ ʩʫʧʝʨʣʠʥʟʠʨʦʚʘʥʠʷ 

ʚʥʝʰʥʝʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʯʘʩʪʦʪʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ 

ʟʘʧʨʝʱʝʥʥʦʡ ʬʦʪʦʥʥʦʡ ʟʦʥʝ (ʩʪʦʧ-ʟʦʥʝ) ʢʦʤʧʦʟʠʪʘ. ɺ ʩʚʷʟʠ ʩ 

ʠʟʣʦʞʝʥʥʳʤ ʮʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʜʘʣʴʥʝʡʰʠʡ 

ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʵʬʬʝʢʪʘ ʢʘʢ ʦʪʢʨʳʚʘʶʱʝʛʦ ʚʦʟʤʦʞʥʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʛʣʦʙʫʣʷʨʥʦʛʦ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚ ʢʘʯʝʩʪʚʝ 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʜʣʷ ʟʘʜʘʯʠ ʭʦʣʦʜʥʦʛʦ (ʣʘʟʝʨʥʦʛʦ) ʷʜʝʨʥʦʛʦ ʩʠʥʪʝʟʘ. 

ɺ ʨʘʙʦʪʝ [2] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʦʜʥʦʤʝʨʥʦʛʦ 

ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʤʦʛʫʪ ʙʳʪʴ ʫʩʧʝʰʥʦ ʦʧʠʩʘʥʳ ʩ ʧʦʤʦʱʴʶ 

ʦʩʮʠʣʣʷʪʦʨʥʦʡ ʤʦʜʝʣʠ, ʧʦʵʪʦʤʫ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʳ ʦʛʨʘʥʠʯʠʤʩʷ 

ʘʥʘʣʠʟʦʤ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʘ ʪʦʣʴʢʦ ʚ ʦʜʥʦʤ, ʥʘʠʙʦʣʝʝ 

ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʤ, ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʤ ʥʘʧʨʘʚʣʝʥʠʠ [111], ʚʜʦʣʴ 
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ʢʦʪʦʨʦʛʦ ʧʨʦʠʩʭʦʜʠʪ ʩʠʥʪʝʟ ʦʙʨʘʟʮʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ 

ʬʫʥʢʮʠʷ ʤʘʪʝʨʠʘʣʘ ʠʤʝʝʪ ʚʠʜ 

‐‫ ‐ Б , (1) 

ʛʜʝ ɤlj ʠ ɤ0j ï ʭʘʨʘʢʪʝʨʥʳʝ ʯʘʩʪʦʪʳ ʢʦʤʧʦʟʠʪʘ. ʇʨʠ ʵʪʦʤ ʧʦʢʘʟʘʪʝʣʴ 

ʧʨʝʣʦʤʣʝʥʠʷ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʨʘʚʝʥ 

ὲ‫ ‐‘‫ ‐ Б ‘, (2) 

ʘ ʟʘʢʦʥ ʜʠʩʧʝʨʩʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ ʚ ʤʘʪʝʨʠʘʣʝ ʧʨʠʦʙʨʝʪʘʝʪ 

ʚʠʜ 

Ὧ‫ ὲ‫ ‐ Б ‘. (3) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʛʨʫʧʧʦʚʘʷ ʩʢʦʨʦʩʪʴ ʩʚʝʪʘ ʚ ʬʦʪʦʥʥʦʤ ʢʨʠʩʪʘʣʣʝ ʝʩʪʴ 

ὺ‫ ‐ Б ‘ . (4ʘ) 

ʆʛʨʘʥʠʯʠʚʰʠʩʴ ʜʣʷ ʧʨʦʩʪʦʪʳ ʪʦʣʴʢʦ ʦʜʥʠʤ ʦʩʮʠʣʣʷʪʦʨʦʤ (ʯʪʦ 

ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʠʤ ʧʨʠʙʣʠʞʝʥʠʝʤ ʜʣʷ ʠʥʪʝʨʝʩʫʶʱʝʡ ʥʘʩ ʩʧʝʢʪʨʘʣʴʥʦʡ 

ʦʙʣʘʩʪʠ ʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʙʣʠʟʦʩʪʠ ʩʪʦʧ-ʟʦʥʳ), ʧʦʣʫʯʠʤ 

ὺ‫
Ѝ

ẗ . (4ʙ) 

ʂʘʢ ʚʠʜʥʦ ʠʟ (4ʙ), ʚ ʛʣʦʙʫʣʷʨʥʦʤ ʬʦʪʦʥʥʦʤ ʢʨʠʩʪʘʣʣʝ ʧʨʦʠʩʭʦʜʠʪ 

ʧʦʣʥʘʷ çʦʩʪʘʥʦʚʢʘè ʩʚʝʪʘ ʥʘ ʯʘʩʪʦʪʘʭ ɤ = ɤl ʠ ɤ = ɤ0, ʯʪʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʘʭʦʞʜʝʥʠʠ ʫʩʣʦʚʠʡ ʧʦʣʷʨʠʪʦʥʥʦʡ ʙʦʟʝ-

ʢʦʥʜʝʥʩʘʮʠʠ. ʇʨʠ ʵʪʦʤ ʚʩʷ ʩʚʝʪʦʚʘʷ ʵʥʝʨʛʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʯʘʩʪʦʪ, 

ʧʦʩʪʫʧʘʶʱʘʷ ʠʟʚʥʝ, çʟʘʧʠʨʘʝʪʩʷè ʚ ʪʦʥʢʦʤ (ʧʦʨʷʜʢʘ ʜʣʠʥʳ ʚʦʣʥʳ) 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʢʦʤʧʦʟʠʪʘ, ʪʦ ʝʩʪʴ, ʚ ʧʝʨʚʦʡ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ 

ʧʦʨʝ (ʤʠʢʨʦʧʦʣʦʩʪʠ) ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ. 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʫʢʘʟʘʥʥʦʡ ʤʠʢʨʦʧʦʣʦʩʪʠ ʬʦʨʤʠʨʫʝʪʩʷ ʩʪʦʷʯʘʷ 

ʩʚʝʪʦʚʘʷ ʚʦʣʥʘ, ʘʤʧʣʠʪʫʜʘ ʢʦʪʦʨʦʡ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ 

ʚʨʝʤʝʥʠ ʵʢʩʧʦʟʠʮʠʠ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʟʘʢʦʥʦʤ ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ: 

ὖ ᵼὡ ὖὸᵼ ὛὰὖὸᵼὉ , (5) 

ʛʜʝ P ï ʤʦʱʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʥʝʧʨʝʨʳʚʥʦʛʦ ʣʘʟʝʨʘ, ʦʩʚʝʱʘʶʱʝʛʦ 

ʬʦʪʦʥʥʳʡ ʢʨʠʩʪʘʣʣ ʥʘ ʯʘʩʪʦʪʝ ɤ = ɤl ʠʣʠ ɤ = ɤ0, S ï ʩʝʯʝʥʠʝ ʣʘʟʝʨʥʦʛʦ 

ʧʫʯʢʘ, l å ɚ ï ʨʘʟʤʝʨ ʤʠʢʨʦʧʦʣʦʩʪʠ, t ï ʚʨʝʤʷ ʵʢʩʧʦʟʠʮʠʠ. 
ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʧʦ ʬʦʨʤʫʣʝ (5) ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ, ʥʘʧʨʠʤʝʨ, 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʝʧʨʝʨʳʚʥʦʛʦ ʣʘʟʝʨʘ ʤʦʱʥʦʩʪʴʶ ʧʦʨʷʜʢʘ 1 ɺʪ/ʤʤ2, 

ʣʠʥʠʷ ʛʝʥʝʨʘʮʠʠ ʢʦʪʦʨʦʛʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʨʘʶ ʩʪʦʧ-ʟʦʥʳ ʬʦʪʦʥʥʦʛʦ 

ʢʨʠʩʪʘʣʣʘ, ʧʦʟʚʦʣʷʝʪ ʟʘ 1 ʩʝʢ ʵʢʩʧʦʟʠʮʠʠ ʧʦʣʫʯʠʪʴ ʚ ʮʝʥʪʨʝ ʧʝʨʚʦʡ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʤʠʢʨʦʧʦʣʦʩʪʠ ʧʦʣʝ  

Ὁ
ẗẗ

ẗ
ρπ ˏϳ̍ , (5) 

ʯʪʦ ʥʘ 8 ʧʦʨʷʜʢʦʚ ʧʨʝʚʳʰʘʝʪ ʠʩʭʦʜʥʦʝ ʧʦʣʝ ʣʘʟʝʨʥʦʛʦ ʠʩʪʦʯʥʠʢʘ. 
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʛʣʦʙʫʣʷʨʥʦʤ ʬʦʪʦʥʥʦʤ ʢʨʠʩʪʘʣʣʝ ʩʣʝʜʫʝʪ ʦʞʠʜʘʪʴ 

ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʵʬʬʝʢʪʘ ʩʫʧʝʨʣʠʥʟʠʨʦʚʘʥʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʧʨʠ 

ʫʩʣʦʚʠʠ ʧʦʜʜʝʨʞʘʥʠʷ ʨʝʟʦʥʘʥʩʥʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ʧʫʪʝʤ ʥʘʜʣʝʞʘʱʝʛʦ 

ʢʨʠʦʩʪʘʪʠʨʦʚʘʥʠʷ), ʯʪʦ ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʦʧʘʣʦʧʦʜʦʙʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʜʣʷ ʟʘʜʘʯʠ ʭʦʣʦʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʩʠʥʪʝʟʘ ʧʦ 

ʪʝʭʥʦʣʦʛʠʠ [3]. ʊʘʢ, ʧʦʜʙʦʨ ʨʘʟʤʝʨʘ ʛʣʦʙʫʣ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʩʫʧʝʨʣʠʥʟʠʨʦʚʘʥʠʝ ʧʨʦʠʩʭʦʜʠʣʦ ʥʘ ʩʦʙʩʪʚʝʥʥʦʡ 

ʯʘʩʪʦʪʝ ʢʦʣʝʙʘʥʠʷ ʤʦʣʝʢʫʣʳ D2O, ʧʦʟʚʦʣʠʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʵʬʬʝʢʪ ʜʣʷ 

ʦʪʱʝʧʣʝʥʠʷ ʠʦʥʘ ʜʝʡʪʝʨʠʷ ʦʪ ʤʦʣʝʢʫʣʳ, ʪʝʤ ʩʘʤʳʤ ʢʘʪʘʣʠʟʠʨʦʚʘʚ 

ʩʠʥʪʝʟ. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ʀʉʉʃɽɼʆɺɸʅʀɽ ʕʃɽʂʊʈʀʏɽʉʂʀʍ ʍɸʈɸʂʊɽʈʀʉʊʀʂ 

ʃɸɿɽʈʅʆɻʆ ʕʈʆɿʀʆʅʅʆɻʆ ʌɸʂɽʃɸ ʇʈʀ ʃɸɿɽʈʅʆʁ 

ɸɹʃʗʎʀʀ 

ʀʩʩʣʝʜʦʚʘʥ ʭʘʨʘʢʪʝʨ ʦʪʢʣʦʥʝʥʠʷ ʣʘʟʝʨʥʦʛʦ ʵʨʦʟʠʦʥʥʦʛʦ ʬʘʢʝʣʘ ʠ 

ʘʙʣʠʨʦʚʘʥʥʳʭ ʯʘʩʪʠʮ ʦʙʣʫʯʘʝʤʦʡ ʤʠʰʝʥʠ ʚ ʣʠʯʠʠ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʤ ʧʦʣʝ ʩ 

ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ 1.5*106 ɺ/ʤ. ʇʦʣʫʯʝʥʳ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʧʨʦʜʦʣʴʥʦʛʦ 

ʧʨʦʬʠʣʷ ʣʘʟʝʨʥʦʛʦ ʵʨʦʟʠʦʥʥʦʛʦ ʬʘʢʝʣʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʣʦʞʝʥʠʷ 

ʦʪʢʣʦʥʷʶʱʠʭ ʚʳʩʦʢʦʚʦʣʴʪʥʳʭ ʵʣʝʢʪʨʦʜʦʚ. ʇʦʣʫʯʝʥʳ ʜʘʥʥʳʝ ʦ ʚʣʠʷʥʠʠ 

ʧʦʣʦʞʝʥʠʷ ʵʣʝʢʪʨʦʜʦʚ ʥʘ ʦʪʢʣʦʥʝʥʠʝ ʪʨʘʝʢʪʦʨʠʡ ʨʘʟʣʝʪʘ ʘʙʣʠʨʦʚʘʥʥʳʭ ʯʘʩʪʠʮ 

ʦʙʣʫʯʘʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʧʨʦʬʠʣʶ ʩʠʣʦʚʳʭ ʣʠʥʠʡ 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʧʦʣʷ.  

I.V. FIRSOV, D.A. A. N. KOCHUEV ZOLOTOV, A.F. GALKIN ,  

A.S. CHERNIKOV. 
Vladimir State University, Vladimir, Russia 

 

RESEARCH OF ELECTRICAL CHARACTERISTICS OF 

LASER EROSION TORCH IN L ASER ABLATION  

The character of the deflection of the laser erosion plume and ablated particles of 

the irradiated target as a result of laser ablation in the presence of an electrostatic field 

with a strength of 1.5*106 V/m is investigated. Micrographs of the longitudinal profile 

of the laser erosion plume were obtained depending on the position of the tilting high-

voltage electrodes. Data are obtained on the influence of the position of the electrodes 

on the deviation of the scattering trajectories of ablated particles of the irradiated 

material in accordance with the profile of the lines of force of the electrostatic field. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʣʘʟʝʨʥʦʛʦ ʵʨʦʟʠʦʥʥʦʛʦ ʬʘʢʝʣʘ ʩ 

ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. ɼʘʥʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʪʢʨʳʚʘʶʪ ʨʝʰʝʥʠʝ ʧʨʦʙʣʝʤʳ ʦʯʠʩʪʢʠ ʦʙʣʘʩʪʠ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʪ ʚʟʚʝʰʝʥʥʳʭ ʯʘʩʪʠʮ 

(ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʨʠ ʣʘʟʝʨʥʦʡ ʦʙʨʘʙʦʪʢʝ, ʩʚʘʨʢʝ, ʩʢʨʘʡʙʠʨʦʚʘʥʠʠ) 

ʦʙʨʘʙʘʪʳʚʘʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʢʦʪʦʨʳʝ ʧʨʝʧʷʪʩʪʚʫʝʪ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʶ 

ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ [1, 2]. ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʜʦʩʪʠʛʘʝʪʩʷ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʝ 

ʚʦʟʜʝʡʩʪʚʠʝ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʙʘʪʳʚʘʝʤʦʛʦ 

ʤʘʪʝʨʠʘʣʘ. ʇʦʚʳʰʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʝʪ ʩʥʠʞʝʥʠʷ 

ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʴʶ ʣʘʟʝʨʥʦ-

ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʬʘʢʝʣʘ [3].  

ʎʝʣʴʶ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʦʮʝʥʢʘ ʚʣʠʷʥʠʷ 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʧʦʣʷ ʩ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ 156 ɺ/ʤ ʥʘ ʭʘʨʘʢʪʝʨ 

ʦʪʢʣʦʥʝʥʠʷ ʣʘʟʝʨʥʦʛʦ ʵʨʦʟʠʦʥʥʦʛʦ ʬʘʢʝʣʘ ʠ ʢʦʥʮʝʥʪʨʘʮʠʶ 

ʘʙʣʠʨʦʚʘʥʥʳʭ ʯʘʩʪʠʮ ʚ ʦʙʣʘʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ ʧʨʠ 
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ʨʘʟʣʠʯʥʳʭ ʧʘʨʘʤʝʪʨʘʭ ʘʙʣʷʮʠʦʥʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʚ ʘʪʤʦʩʬʝʨʥʳʭ 

ʫʩʣʦʚʠʷʭ.  

 

 
ʈʠʩʫʥʦʢ 1 ï ʉʭʝʤʘ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ: 1) ʣʘʟʝʨʥʦʝ ʠʟʣʫʯʝʥʠʝ 2) 

ʠʩʪʦʯʥʠʢ ʚʳʩʦʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʧʦʨʷʜʢʘ 3-30 ʢɺ, 3) ʦʪʢʣʦʥʷʶʱʠʝ ʵʣʝʢʪʨʦʜʳ, 

4) ʉʉD-ʢʘʤʝʨʘ, 5) ʧʝʨʩʦʥʘʣʴʥʳʡ ʢʦʤʧʴʶʪʝʨ, 6) ʦʙʣʫʯʘʝʤʘʷ ʤʠʰʝʥʴ, 7) 

ʩʢʘʥʠʨʫʶʱʠʡ ʜʝʨʞʘʪʝʣʴ ʵʣʝʢʪʨʦʜʦʚ 

ɺ ʧʨʦʮʝʩʩʝ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʦʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ 

Al 2O3 ʦʩʫʱʝʩʪʚʣʝʥʦ ʩʢʘʥʠʨʦʚʘʥʠʝ ʣʘʟʝʨʥʦʛʦ ʵʨʦʟʠʦʥʥʦʛʦ ʬʘʢʝʣʘ 

ʚʳʩʦʢʦʚʦʣʴʪʥʳʤʠ ʵʣʝʢʪʨʦʜʘʤʠ ʚʜʦʣʴ ʦʩʠ ʝʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ, 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʨʝʛʠʩʪʨʠʨʦʚʘʣʦʩʴ ʦʪʢʣʦʥʝʥʠʝ ʧʨʦʬʠʣʷ ʣʘʟʝʨʥʦʛʦ 

ʵʨʦʟʠʦʥʥʦʛʦ ʬʘʢʝʣʘ ʚ ʧʨʦʜʦʣʴʥʦʤ ʩʝʯʝʥʠʠ. ʉʢʘʥʠʨʦʚʘʥʠʝ ʧʨʦʬʠʣʷ 

ʬʘʢʝʣʘ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʧʨʝʮʠʟʠʦʥʥʦʛʦ ʪʨʝʭ-ʢʦʦʨʜʠʥʘʪʥʦʛʦ 

ʩʪʦʣʘ. ʈʝʛʠʩʪʨʘʮʠʷ ʧʨʦʬʠʣʷ ʣʘʟʝʨʥʦʛʦ ʵʨʦʟʠʦʥʥʦʛʦ ʬʘʢʝʣʘ 

ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʩ ʧʦʤʦʱʴʶ CCD-ʢʘʤʝʨʳ. ʀʩʪʦʯʥʠʢ ʚʳʩʦʢʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ ʩʦʟʜʘʚʘʣ ʩʪʘʙʠʣʴʥʳʡ ʧʦʪʝʥʮʠʘʣ ʥʘ ʦʙʦʠʭ ʵʣʝʢʪʨʦʜʘʭ 

ʧʦʨʷʜʢʘ 30 ʢɺ [4]. ʕʣʝʢʪʨʠʯʝʩʢʠʡ ʧʨʦʙʦʡ ʤʝʞʜʫ ʢʦʥʪʘʢʪʦʤ ʠʩʪʦʯʥʠʢʘ 

ʥʘʧʨʷʞʝʥʠʷ ʠ ʤʠʰʝʥʴʶ ʥʘʙʣʶʜʘʣʩʷ ʧʨʠ ʜʣʠʪʝʣʴʥʦʡ ʵʢʩʧʦʟʠʮʠʠ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʘʙʣʠʨʦʚʘʥʥʳʭ ʯʘʩʪʠʮ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʦʚ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ ʫʤʝʥʴʰʝʥʠʷ ʨʘʟʨʷʜʥʦʛʦ 

ʧʨʦʤʝʞʫʪʢʘ.  
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ɸ.ɸ. ʌʈʆʃʆɺ 
ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʊɽʈɸɻɽʈʎʆɺʆɽ ʀɿʃʋʏɽʅʀɽ ʇʈʀ ɺɿɸʀʄʆɼɽʁʉʊɺʀʀ 

S-ʇʆʃʗʈʀɿʆɺɸʅʅʆɻʆ ʃɸɿɽʈʅʆɻʆ ʀʄʇʋʃʔʉɸ ʉ 

ʈɸɿʈɽɾɽʅʅʆʁ ʇʃɸɿʄʆʁ 

ʇʦʩʪʨʦʝʥʘ ʪʝʦʨʠʷ ʛʝʥʝʨʘʮʠʠ ʪʝʨʘʛʝʨʮʦʚʦʛʦ (ʊɻʮ) ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʧʘʜʝʥʠʠ s-

ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʥʘ ʧʦʣʫʦʛʨʘʥʠʯʝʥʥʫʶ ʧʣʘʟʤʫ, ʧʣʦʪʥʦʩʪʴ 

ʢʦʪʦʨʦʡ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ ʢʨʠʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ. ʀʩʩʣʝʜʦʚʘʥʳ ʫʛʣʦʚʳʝ, 

ʩʧʝʢʪʨʘʣʴʥʳʝ ʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʊɻʮ ʠʤʧʫʣʴʩʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʫʛʣʘ ʧʘʜʝʥʠʷ ʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʵʥʝʨʛʠʷ ʊɻʮ 

ʩʠʛʥʘʣʘ ʤʘʢʩʠʤʘʣʴʥʘ ʧʨʠ ʧʘʜʝʥʠʠ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʧʦʜ ʩʢʦʣʴʟʷʱʠʤ ʫʛʣʦʤ, 

ʢʦʛʜʘ ʠʤʝʝʪ ʤʝʩʪʦ ʵʬʬʝʢʪ ʧʦʣʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʪ ʛʨʘʥʠʮʳ 

ʧʣʘʟʤʳ. 

A.A. FROLOV 
P.N. Lebedev Physical Institute RAS, Moscow, Russia 

 

TERAHERTZ RADIATION AT THE INTERACTION OF S -

POLARIZED LASER PULSE WITH RAREFIED PLASMA  

The terahertz wave packet emission theory is constructed when an s-polarized 

laser pulse is incident on a semi-infinite plasma whose density is much lower than the 

critical value. The angular, spectral and energy characteristics of a terahertz pulse are 

studied as the function of the plasma density, the angle of incidence and the duration 

of laser radiation. It is shown that the energy of the terahertz signal has the maximum 

value at the fall of the laser pulse at grazing angles, when the effect of total reflection 

of the laser radiation from the plasma boundary takes place. 

ʈʘʩʩʤʦʪʨʝʥʘ ʟʘʜʘʯʘ ʦ ʥʘʢʣʦʥʥʦʤ ʧʘʜʝʥʠʠ s-ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ 

ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʥʘ ʛʨʘʥʠʮʫ ʨʘʟʨʝʞʝʥʥʦʡ ʧʣʘʟʤʳ, ʟʘʥʠʤʘʶʱʝʡ 

ʧʦʣʫʧʨʦʩʪʨʘʥʩʪʚʦ [1]. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʜʘʞʝ ʧʨʠ ʧʣʦʪʥʦʩʪʷʭ ʧʣʘʟʤʳ 

ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ ʢʨʠʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ ʚʦʟʤʦʞʥʦ ʧʦʣʥʦʝ 

ʦʪʨʘʞʝʥʠʝ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʩʢʦʣʴʟʷʱʝʤ ʧʘʜʝʥʠʠ. ʋʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʧʨʠ ʧʘʜʝʥʠʠ ʧʦʜ ʫʛʣʦʤ ʧʦʣʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ 

ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʧʣʘʟʤʝ ʠʤʝʝʪ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ, ʘ ʧʝʨʝʥʦʩ 

ʵʥʝʨʛʠʠ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʦʠʩʭʦʜʠʪ ʪʦʣʴʢʦ ʚʜʦʣʴ ʛʨʘʥʠʮʳ. ʅʘ ʦʩʥʦʚʝ 

ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ, ʫʩʨʝʜʥʝʥʥʳʭ ʧʦ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʤ ʢʦʣʝʙʘʥʠʷʤ, 

ʠ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ ʜʣʷ ʵʣʝʢʪʨʦʥʦʚ ʧʣʘʟʤʳ ʩ ʫʯʝʪʦʤ 

ʧʦʥʜʝʨʦʤʦʪʦʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʨʘʩʩʤʦʪʨʝʥʦ 

ʚʦʟʙʫʞʜʝʥʠʝ ʪʝʨʘʛʝʨʮʦʚʳʭ (ʊɻʮ) ʧʦʣʝʡ ʚ ʧʣʘʟʤʝ ʠ ʚ ʚʘʢʫʫʤʝ. ʀʟʫʯʝʥʳ 

ʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʊɻʮ ʠʟʣʫʯʝʥʠʷ ʚ ʚʘʢʫʫʤʝ ʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ 
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ʦʥʦ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ, ʦʪʨʘʞʝʥʥʦʛʦ 

ʦʪ ʛʨʘʥʠʮʳ ʧʣʘʟʤʳ. ʀʩʩʣʝʜʦʚʘʥ ʩʧʝʢʪʨ ʊɻʮ ʠʟʣʫʯʝʥʠʷ ʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʦʥ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʠʪ ʦʪ ʫʛʣʘ ʧʘʜʝʥʠʷ, ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʦʚ ʧʣʘʟʤʳ 

ʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʇʨʠ ʤʘʣʳʭ ʫʛʣʘʭ ʧʘʜʝʥʠʷ ʚ 

ʩʧʝʢʪʨʝ ʠʟʣʫʯʝʥʠʷ ʧʨʠʩʫʪʩʪʚʫʝʪ ʩʧʝʢʪʨʘʣʴʥʘʷ ʣʠʥʠʷ ʚʙʣʠʟʠ 

ʧʣʘʟʤʝʥʥʦʡ ʯʘʩʪʦʪʳ, ʝʩʣʠ ʜʣʠʪʝʣʴʥʦʩʪʴ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ t ʩʨʘʚʥʠʤʘ 

ʩ ʦʙʨʘʪʥʦʡ ʧʣʘʟʤʝʥʥʦʡ ʯʘʩʪʦʪʦʡ. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʫʛʣʘ ʧʘʜʝʥʠʷ ʣʠʥʠʷ 

ʥʘ ʧʣʘʟʤʝʥʥʦʡ ʯʘʩʪʦʪʝ ʧʦʩʪʝʧʝʥʥʦ ʠʩʯʝʟʘʝʪ ʠ ʢʦʛʜʘ t ʟʘʤʝʪʥʦ 

ʧʨʝʚʳʰʘʝʪ ʧʝʨʠʦʜ ʧʣʘʟʤʝʥʥʳʭ ʢʦʣʝʙʘʥʠʡ, ʪʦ ʧʦʷʚʣʷʝʪʩʷ ʰʠʨʦʢʠʡ 

ʤʘʢʩʠʤʫʤ ʥʘ ʯʘʩʪʦʪʝ ʩʦʧʦʩʪʘʚʠʤʦʡ ʩ 1/t - ʦʙʨʘʪʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 

ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʳʩʦʪʘ ʵʪʦʛʦ ʩʧʝʢʪʨʘʣʴʥʦʛʦ 

ʤʘʢʩʠʤʫʤʘ ʠʤʝʝʪ ʥʘʠʙʦʣʴʰʫʶ ʚʝʣʠʯʠʥʫ, ʢʦʛʜʘ ʠʤʝʝʪ ʤʝʩʪʦ ʵʬʬʝʢʪ 

ʧʦʣʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʀʥʪʝʛʨʠʨʦʚʘʥʠʝʤ ʧʦ ʩʧʝʢʪʨʫ 

ʚʳʯʠʩʣʝʥʘ ʧʦʣʥʘʷ ʵʥʝʨʛʠʷ ʊɻʮ ʠʟʣʫʯʝʥʠʷ ʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʥʘ ʠʤʝʝʪ 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʧʨʠ ʧʘʜʝʥʠʠ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʥʘ ʧʣʘʟʤʫ ʧʦʜ 

ʫʛʣʦʤ ʧʦʣʥʦʛʦ ʦʪʨʘʞʝʥʠʷ (ʨʠʩ.1). 

 
ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʵʥʝʨʛʠʠ ʊɻʮ ʠʟʣʫʯʝʥʠʷ ʦʪ ʫʛʣʘ ʧʘʜʝʥʠʷ ʣʘʟʝʨʥʦʛʦ 

ʠʤʧʫʣʴʩʘ a. ʂʨʠʚʳʤ 1 - 4 ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʥʦʨʤʠʨʦʚʘʥʥʳʝ ʥʘ ʢʨʠʪʠʯʝʩʢʦʝ 

ʟʥʘʯʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʦʚ 0.005, 0.01, 0.02, 0.04. 

ʆʙʩʫʞʜʘʶʪʩʷ ʫʩʣʦʚʠʷ ʧʨʠʤʝʥʠʤʦʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʪʝʦʨʠʠ ʠ 

ʧʨʠʚʦʜʷʪʩʷ ʦʮʝʥʢʠ ʜʣʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʊɻʮ ʠʟʣʫʯʝʥʠʷ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ 

ʫʩʣʦʚʠʷʤ ʩʦʚʨʝʤʝʥʥʳʭ ʣʘʟʝʨʥʦ-ʧʣʘʟʤʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

ʇʦʣʫʯʝʥʥʳʝ ʦʮʝʥʢʠ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ 

ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʳʭ ʊɻʮ ʠʤʧʫʣʴʩʦʚ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʩʢʦʣʴʟʷʱʠʭ ʫʛʣʘʭ ʧʘʜʝʥʠʷ, ʢʦʛʜʘ ʠʤʝʝʪ ʤʝʩʪʦ ʵʬʬʝʢʪ 

ʧʦʣʥʦʛʦ ʦʪʨʘʞʝʥʠʷ. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Frolov A. A., Plasma Phys. Control. Fusion, 2020, V. 62, P. 0950020. 
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ʃ.ʌ. ʍɸɽʈʊɼʀʅʆɺɸ, ɸ.ɸ. ʅɸʉʊʋʃʗɺʀʏʋʉ, ʕ.ʈ. ʊʆʃʆʈɼɸɺɸ,  

ʉ.ʀ. ʂʋɼʈʗʐʆɺ, ɸ.ɸ. ʀʆʅʀʅ 
ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤʝʥʠ ʇ.ʅ ʃʝʙʝʜʝʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ ʌʀɸʅ, 

ʄʦʩʢʚʘ, ʈʦʩʩʠʷ, ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ ʵʧʠʜʝʤʠʦʣʦʛʠʠ ʠ 

ʤʠʢʨʦʙʠʦʣʦʛʠʠ ʠʤʝʥʠ ʅ.ʌ. ɻʘʤʘʣʝʠ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ  

ɸʇʇʃʀʂɸʎʀʆʅʅʓʁ ʃɸɿɽʈʅʆ-ɻɽʅɽʈʀʈʆɺɸʅʅʓʁ 

ʇɽʈɽʅʆʉ ɼʃʗ ɸʅʊʀɹɸʂʊɽʈʀɸʃʔʅʆɻʆ 

ʇʈʀʄɽʅɽʅʀʗ 

ʈʘʩʩʤʦʪʨʝʥ ʤʝʪʦʜ ʘʧʧʣʠʢʘʮʠʦʥʥʦʛʦ ʣʘʟʝʨʥʦ-ʛʝʥʝʨʠʨʦʚʘʥʥʦʛʦ ʧʝʨʝʥʦʩʘ 

ʥʘʥʦʯʘʩʪʠʮ ʜʣʷ ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ. ɹʳʣʠ ʧʨʦʚʝʜʝʥʳ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʪʦʣʱʠʥʳ ʧʣʝʥʦʢ ʠ ʧʘʨʘʤʝʪʨʦʚ ʠʟʣʫʯʝʥʠʷ ʣʘʟʝʨʘ, ʥʘ 

ʦʩʥʦʚʘʥʠʠ ʯʝʛʦ ʙʳʣ ʚʳʷʚʣʝʥ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʡ ʨʝʞʠʤ. 

L.F. KHAERTDINOVA, A.A. NASTULYAVICHUS,  

E. R. TOLORDAVA, S.I. KUDRYASHOV, A.A. IONIN 
P. N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, 

Russia, N.F. Gamaleya Federal Research Centre of Epidemiology and 

Microbiology, Moscow, Russia 

LASER-INDUCED FORWARD TRANSFER (LIFT) FOR 

ANTIBACTERIAL APPLICATION  

A method of laser-induced forward transfer of nanoparticles for antibacterial use 

is considered. Variable laser beam energy and thickness of metal coat study was 

carried out and the optimal regime is revealed. 

ʆʜʥʦʡ ʠʟ ʚʘʞʥʝʡʰʠʭ ʧʨʦʙʣʝʤ ʤʝʜʠʮʠʥʳ ʤʦʞʥʦ ʥʘʟʚʘʪʴ ʚʩʝ 

ʫʚʝʣʠʯʠʚʘʶʱʫʶʩʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʙʘʢʪʝʨʠʡ ʢ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʤ 

ʘʥʪʠʙʠʦʪʠʢʘʤ. ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʬʦʨʤʠʨʫʶʱʝʡʩʷ 

ʫʩʪʦʡʯʠʚʦʩʪʴʶ ʢ ʢʦʥʢʨʝʪʥʳʤ ʚʠʜʘʤ ʣʝʢʘʨʩʪʚ, ʥʦ ʠ ʩʧʦʩʦʙʥʦʩʪʴʶ 

ʙʘʢʪʝʨʠʡ ʬʦʨʤʠʨʦʚʘʪʴ ʙʠʦʧʣʝʥʢʠ. ʉʪʨʫʢʪʫʨʘ ʙʠʦʧʣʝʥʦʢ ʧʦʟʚʦʣʷʝʪ 

ʙʘʢʪʝʨʠʷʤ ʚʳʞʠʚʘʪʴ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʘʥʪʠʙʠʦʪʠʢʦʚ ʚ ʢʦʣʠʯʝʩʪʚʘʭ ʚ 500-

1000 ʨʘʟ ʙʦʣʴʰʠʭ, ʥʝʞʝʣʠ ʚ ʧʣʘʥʢʪʦʥʥʦʤ ʩʦʩʪʦʷʥʠʠ. 

ɺ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʠʟʫʯʘʶʪʩʷ ʥʝʩʢʦʣʴʢʦ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʤʝʪʦʜʦʚ 

ʙʦʨʴʙʳ ʩ ʙʠʦʧʣʝʥʢʘʤʠ.  ʇʨʝʜʣʘʛʘʝʤʳʡ ʤʝʪʦʜ ï ʘʧʧʣʠʢʘʮʠʦʥʥʳʡ 

ʣʘʟʝʨʥʦ-ʛʝʥʝʨʠʨʦʚʘʥʥʳʡ ʧʝʨʝʥʦʩ (LIFT) ï ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʥʘʢʪʠʚʘʮʠʶ 

ʙʘʢʪʝʨʠʡ ʩ ʧʦʤʦʱʴʶ ʥʘʥʦʯʘʩʪʠʮ ʩʝʨʝʙʨʘ ʠ ʤʝʜʠ. ʆʙʣʫʯʝʥʠʝ ʣʘʟʝʨʦʤ 

ʪʦʥʢʦʡ ʧʣʘʩʪʠʢʦʚʦʡ ʧʦʜʣʦʞʢʠ ʩ ʥʘʥʝʩʝʥʥʳʤ ʧʦʛʣʦʱʘʶʱʠʤ 

ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʩʣʦʝʤ ʚʳʟʳʚʘʝʪ ʛʝʥʝʨʘʮʠʶ ʥʘʥʦʯʘʩʪʠʮ ʟʘ ʩʯʝʪ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʟʣʫʯʝʥʠʷ ʩ ʚʝʱʝʩʪʚʦʤ. ʇʦʣʫʯʝʥʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ 
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ʧʦʧʘʜʘʶʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʩʪʝʢʣʷʥʥʫʶ ʧʦʜʣʦʞʢʫ ʩ ʚʳʨʘʱʝʥʥʦʡ 

ʙʠʦʧʣʝʥʢʦʡ. ʊʘʢʦʡ ʩʧʦʩʦʙ ʧʨʦʩʪ ʠ ʵʬʬʝʢʪʠʚʝʥ.  

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʝʪʦʜʘ ʠ 

ʚʳʷʚʣʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʙʘʢʪʝʨʠʮʠʜʥʦʛʦ ʜʝʡʩʪʚʠʷ ʦʪ ʪʦʣʱʠʥʳ 

ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʣʝʥʢʠ, ʘ ʪʘʢʞʝ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

ʊʘʢʞʝ ʙʳʣʘ ʧʨʦʜʝʣʘʥʘ ʨʘʙʦʪʘ ʧʦ ʘʥʘʣʠʟʫ ʧʦʣʫʯʘʝʤʳʭ ʥʘʥʦʯʘʩʪʠʮ 

ʤʝʪʦʜʘʤʠ ʉʕʄ, ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʠ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʠʠ. 

    . 

 
ʈʠʩ 1. ʉʕʄ ʚʠʟʫʘʣʠʟʘʮʠʷ ʧʦʢʨʳʪʠʷ ʠʟ ʧʝʨʝʥʝʩʝʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʩ 

ʧʦʣʠʤʝʨʥʦʡ ʧʦʜʣʦʞʢʠ ʥʘ ʢʨʝʤʥʠʠ (ʘ)- ʟʦʣʦʪʦ, (ʙ)-ʤʝʜʴ, (ʚ)-ʩʝʨʝʙʨʦ; ʚʩʪʘʚʢʠ: 

ʨʝʟʫʣʴʪʘʪʳ ʕɼʈʉ, ʨʘʩʧʨʝʜʝʣʝʥʠʝ Au, Cu, Ag ʚ ʚʳʜʝʣʝʥʥʦʡ ʦʙʣʘʩʪʠ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʥʘʥʦʩʝʢʫʥʜʥʳʡ ʚʦʣʦʢʦʥʥʳʡ ʣʘʟʝʨ 

HTF MARK (ɹʫʣʘʪ) ʥʘ ʠʦʥʘʭ Yb3+ ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʠʤʧʫʣʴʩʘ ʥʘ 

ʧʦʣʫʚʳʩʦʪʝ 120 ʥʩ, ʤʘʢʩʠʤʘʣʴʥʦʡ ʵʥʝʨʛʠʝʡ ʚ ʠʤʧʫʣʴʩʝ 1ʤɼʞ ʠ 

ʯʘʩʪʦʪʦʡ ʧʦʚʪʦʨʝʥʠʷ ʠʤʧʫʣʴʩʦʚ ʜʦ 80 ʢɻʮ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ 

ʥʘʥʦʯʘʩʪʠʮ ʥʘ ʙʘʢʪʝʨʠʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʤʠʢʨʦʙʠʦʣʦʛʠʯʝʩʢʠʝ ʠ 

ʩʦʚʨʝʤʝʥʥʳʝ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʘʢʪʝʨʠʘʣʴʥʳʭ 

ʙʠʦʧʣʝʥʦʢ. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. A. Nastulyavichus et all, Nanomaterials, 2020, 10(11), 2259  
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ɸ.ɸ. ʐɽʈʅʀɪɿʆɺ, ʐ.ɼ. ʇɸʁɿʀɽɺ, ʍ.ʌ. ɿʀʂʈʀʃʃɸɽɺ,  

ɸ.ɻ. ʂɸʍʍʆʈʆɺ, ʐ.ɸ. ɹɽɻʀʄʂʋʃʆɺ, ɸ.ɻ. ɸʃʀɹʆɽɺ,  

ʌ. ʂɸʄʆʃʀɼɼʀʅʆɺ, ʌ.ɸ. ʐɽʈʄɸʊʆɺɸ 
ʀʥʩʪʠʪʫʪ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʳʭ ʠ ʣʘʟʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʫʣ. ɼʫʨʤʦʥ ʡʫʣʠ 33, 

100125, ʊʘʰʢʝʥʪ, ʋʟʙʝʢʠʩʪʘʥ 

ʕʌʌɽʂʊʀɺʅʓʁ ʉʆʃʅɽʏʅʓʁ ʃɸɿɽʈ ʅɸ Ce:Nd:YAG ʉ 

ɹʆʂʆɺʆʁ ʅɸʂɸʏʂʆʁ ɺ ʄʅʆɻʆʇʈʆʍʆɼʅʆʁ ʉʍɽʄɽ 

ɸʥʥʦʪʘʮʠʷ. ɹʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʩʠʤʫʣʷʮʠʦʥʥʘʷ ʤʦʜʝʣʴ ʥʝʜʘʚʥʦ 

ʨʝʘʣʠʟʦʚʘʥʥʦʛʦ ʩʦʣʥʝʯʥʦʛʦ ʣʘʟʝʨʘ Ce:Nd:YAG ʩ ʙʦʢʦʚʦʡ ʥʘʢʘʯʢʦʡ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʨʘʩʩʠʨʦʚʢʠ ʬʦʪʦʥʦʚ ʤʝʪʦʜʦʤ ʄʦʥʪʝ-ʂʘʨʣʦ. ʅʘ ʦʩʥʦʚʝ 

ʩʠʤʫʣʷʮʠʦʥʥʦʡ ʤʦʜʝʣʠ ʙʳʣʳ ʠʟʫʯʝʥʳ ʚʦʟʤʦʞʥʳʝ ʤʝʪʦʜʳ ʧʦʚʳʰʝʥʠʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʤʦʱʥʦʩʪʠ ʚ ʤʦʱʥʦʩʪʴ ʩʦʣʥʝʯʥʦʛʦ ʣʘʟʝʨʘ 

Ce:Nd:YAG. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʥʦʛʦʧʨʦʭʦʜʥʦʡ ʩʭʝʤʳ 

ʥʘʢʘʯʢʠ ʜʣʷ ʩʦʣʥʝʯʥʳʭ ʣʘʟʝʨʦʚ Ce:Nd:YAG. ʂʨʦʤʝ ʪʦʛʦ, ʙʳʣ ʠʩʩʣʝʜʦʚʘʥ 

ʧʦʪʝʥʮʠʘʣ ʩʪʝʨʞʥʷ Cr:LiCAF ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʮʚʝʪʘ ʜʣʷ ʩʦʣʥʝʯʥʳʭ 

ʣʘʟʝʨʦʚ  Ce:Nd:YAG. ʇʦʢʘʟʘʥʦ, ʩʦʣʥʝʯʥʳʡ ʣʘʟʝʨ Ce:Nd:YAG ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 

5,3% ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʤʦʱʥʦʩʪʠ, ʧʨʠ ʵʪʦʤ ʫʣʫʯʰʘʷ ʥʝʜʘʚʥʦ 

ʧʦʣʫʯʝʥʥʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 2,6%. 
 

A.A. SHERNIYOZOV, SH.D. PAYZIYEV, KH.F. 

ZIKRILLAYEV , A.G. QAHHOROV, SH.A. BEGIMKULOV, 

A.G.ALIBOYEV , F.M. KAMOLIDDINOV , F. A. SHERMATOVA 
Institute of Ion-plasma and laser technologies, Durmon yuli Street 33, 100125, 

Tashkent, Uzbekistan 
 

SIDE-PUMPED EFFICIENT CE:Nd:YAG SOLAR LASER IN 

MULTI -PASS SCHEME 
 

Abstract. A simulation model for a recently realized side-pumped Ce:Nd:YAG 

solar laser is developed using Monte-Carlo photon tracing method. Based on the 

simulation model, we studied possible techniques for increasing power-to-power 

conversion efficiency of Ce:Nd:YAG solar laser. Effectiveness of multi-pass pumping 

scheme for Ce:Nd:YAG solar lasers is demonstrated. In addition, we studied the 

potential of Cr:LiCAF rod as a color converter for Ce:Nd:YAG solar lasers. It is 

shown that Ce:Nd:YAG solar laser can achieve 5.3 % power-to-power conversion 

efficiency improving recently obtained 2.6% efficiency. 
 

The main obstacle on the path forward in the field of solar lasers is low 

power-to-power conversion efficiency. Recent advances in solar lasers [1, 

2] showed that doubly doped laser mediums such as Cr:Nd:YAG or 

Ce:Nd:YAG can significantly improve power-to-power conversion 
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efficiency. Therefore, here we studied Ce:Nd:YAG solar lasers with the aim 

of further increase in conversion efficiency by applying two methods: multi-

pass pumping scheme and using a color converter. For adequate assessment 

of multi-pass pumping scheme efficiency, we initially modeled a simple 

pumping scheme used in the latest experimental study [2] on Ce:Nd:YAG, 

where secondary concentrator consists of the fused silica semispherical lens 

and 2D trapezoidal-shaped cavity. After validating the simulation model, we 

studied possible techniques for increasing power-to-power conversion 

efficiency of Ce:Nd:YAG solar lasers. Using parameters given in the study, 

we modeled Ce:Nd:YAG solar laser on multi-pass scheme. (Fig. 1). The 

retro-reflector is used to redirect photons toward the lasing medium. In the 

Fig. 1a trajectories of four sampled solar photons are presented. The multi-

pass pumping cavity significantly increases  

Fig. 1.  General view of secondary concentrator 
absorption probability of photons.  Then we introduced a Cr:LiCAF rod in 

close proximity to the laser medium, as in Fig. 1c.  Size of the converter was 

the same as the lasing medium: 5 mm diameter 

and 40 mm length. Under the similar conditions 

used in [2], using a simulation model, an 

absorption efficiency of 16.5% was determined 

achieving 32 W laser output doubling the 

experimentally obtained result with double pass 

pumping cavity. Graphic shows that applying 

multi-pass pumping  scheme can increase the 

power-to-power conversion efficiency from 

experimentally obtained 2.3% [2] to 4.4%. In 

addition, the use of Cr:LiCAF rod as color converter can further increase the 

efficiency  up to 5.3%.  
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ɺ.ɸ. ʐʂʋʈɸʊʆɺɸ, ɻ.ʂ. ʂʆʉʊʖʂ, ɸ.ɸ. ʇɽʊʈʆɺ,  

ɸ.ɸ. ʉɸʄʆʍɺɸʃʆɺ 
ʋʥʠʚʝʨʩʠʪʝʪ ʀʊʄʆ, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʈʦʩʩʠʷ 

ʌɸɿʆɺʓɽ ʄɸʉʂʀ ʀɿ ɼɺʋʃʋʏɽʇʈɽʃʆʄʃʗʖʑʀʍ 

ʂʈʀʉʊɸʃʃʀʏɽʉʂʀʍ ʇʃɸʉʊʀʅ ɼʃʗ ʆʏɽʈʊɸʅʀʗ 

ʃɸɿɽʈʅʓʍ ʇʋʏʂʆɺ ɺ ʇʃʆʉʂʆʉʊʀ ʀɿʆɹʈɸɾɽʅʀʗ 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʦ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ 

ʦʙʦʩʥʦʚʘʥʠʝ ʤʝʪʦʜʘ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ɻʘʫʩʩʦʚʳʭ 

ʣʠʥʝʡʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʳʭ ʧʫʯʢʦʚ ʢ ʦʯʝʨʪʘʥʠʷʤ ʨʘʟʣʠʯʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʚ 

ʧʣʦʩʢʦʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ. ʇʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʦʩʥʦʚʘʥ ʥʘ ʧʨʠʤʝʥʝʥʠʠ ʬʘʟʦʚʳʭ 

ʤʘʩʦʢ, ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʥʘ ʧʣʘʩʪʠʥʘʭ ʠʟ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʛʦ ʢʨʠʩʪʘʣʣʘ.  

V.A. SHKURATOVA, G.K. KOSTUYK, A.A. PETROV,  

A.A. SAMOKHVALOV 
ITMO University, Saint-Petersburg, Russia 

PHASE MASKS FROM BIREFRINGENT CRYSTAL PLATES 

FOR LASER BEAM SHAPING IN THE IMAGE PLANE  

In this work, a theoretical and experimental background of a method for shaping 

intensity distribution of Gaussian linearly polarized beams to various configurations 

in the image plane is presented. The proposed method is based on using phase masks 

made on plates from a birefringent crystal. 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʤʝʪʦʜʳ ʦʯʝʨʪʘʥʠʷ ʣʘʟʝʨʥʳʭ ʧʫʯʢʦʚ ʧʨʠʥʷʪʦ 

ʨʘʟʜʝʣʷʪʴ ʥʘ ʜʚʝ ʦʩʥʦʚʥʳʝ ʛʨʫʧʧʳ: ʬʦʨʤʠʨʦʚʘʥʠʝ ʦʯʝʨʪʘʥʠʡ ʚ (i) 

ʬʦʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ [1] ʠʣʠ (ii) ʧʣʦʩʢʦʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ [2], 

ʩʦʚʝʱʝʥʥʳʭ ʩ ʧʣʦʩʢʦʩʪʴʶ ʣʘʟʝʨʥʦʡ ʦʙʨʘʙʦʪʢʠ. ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʚʩʝ 

ʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷʤ, ʥʘʧʨʘʚʣʝʥʥʳʤ ʥʘ 

ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʦʚ ʚʪʦʨʦʡ ʛʨʫʧʧʳ. ʄʝʪʦʜʳ ʦʙʝʠʭ ʛʨʫʧʧ ʚ ʦʩʥʦʚʥʦʤ 

ʨʝʘʣʠʟʫʶʪʩʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʤʦʜʫʣʷʪʦʨʦʚ ʩʚʝʪʘ, ʚʦ 

ʠʟʙʝʞʘʥʠʝ ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʙʦʷ ʢʦʪʦʨʳʭ ʥʘʢʣʘʜʳʚʘʶʪʩʷ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ 

ʟʥʘʯʝʥʠʷʭ ʵʥʝʨʛʠʠ ʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʦʚ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ.  

ʄʳ ʧʨʝʜʣʘʛʘʝʤ ʙʦʣʝʝ ʧʨʦʩʪʦʡ ʚ ʨʝʘʣʠʟʘʮʠʠ ʤʝʪʦʜ ʦʯʝʨʪʘʥʠʷ 

ʣʘʟʝʨʥʳʭ ʧʫʯʢʦʚ, ʢʦʪʦʨʳʡ ʦʪʥʦʩʠʪʩʷ ʢ ʤʝʪʦʜʘʤ ʚʪʦʨʦʡ ʛʨʫʧʧʳ ʠ 

ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʧʨʠʤʝʥʝʥʠʠ ʬʘʟʦʚʳʭ ʤʘʩʦʢ (ʌʄ), ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʥʘ 

ʜʚʫʣʫʯʝʧʨʝʦʤʣʷʶʱʠʭ ʧʣʘʩʪʠʥʘʭ c ʛʣʘʚʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʦʩʴʶ, 

ʧʘʨʘʣʣʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥ (Y-ʩʨʝʟ). ʌʄ ʜʦʣʞʥʳ ʩʦʜʝʨʞʘʪʴ 

ʚʳʪʨʘʚʣʝʥʥʳʝ ʦʙʣʘʩʪʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʦ ʬʦʨʤʝ ʞʝʣʘʝʤʦʤʫ 

ʦʯʝʨʪʘʥʠʶ ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ. ɻʣʫʙʠʥʘ ʪʨʘʚʣʝʥʠʷ h ɻ ʪʠʭ ʦʙʣʘʩʪʝʡ ʜʦʣʞʥʘ 
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ʦʙʝʩʧʝʯʠʚʘʪʴ ʬʘʟʦʚʳʡ ʩʜʚʠʛ ˊ ʚ ʧʨʦʭʦʜʷʱʝʤ ʯʝʨʝʟ ʥʠʭ ʣʠʥʝʡʥʦ 

ʧʦʣʷʨʠʟʦʚʘʥʥʦʤ ʠʟʣʫʯʝʥʠʠ ʠ ʧʦʚʦʨʦʪ ʚʝʢʪʦʨʘ ʣʠʥʝʡʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ 

ʥʘ 90Á. ʇʨʠ ʫʩʪʘʥʦʚʢʝ ʌM ʤʝʞʜʫ ʣʠʥʝʡʥʳʤ ʧʦʣʷʨʠʟʘʪʦʨʦʤ (ʇ) ʩ 

ʘʟʠʤʫʪʦʤ ʧʨʦʧʫʩʢʘʥʠʷ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤ ʧʦʜ ʫʛʣʦʤ 45Á ʢ ʥʘʧʨʘʚʣʝʥʠʶ 

ʛʣʘʚʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʦʩʠ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʷʶʱʝʡ ʧʣʘʩʪʠʥʳ, ʠ 

ʘʥʘʣʠʟʘʪʦʨʦʤ (ɸ), ʘʟʠʤʫʪ ʧʨʦʧʫʩʢʘʥʠʷ ʢʦʪʦʨʦʛʦ ʤʦʞʝʪ ʙʳʪʴ 

ʦʨʠʝʥʪʠʨʦʚʘʥ ʢʘʢ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ, ʪʘʢ ʠ ʧʘʨʘʣʣʝʣʴʥʦ ʘʟʠʤʫʪʫ 

ʧʨʦʧʫʩʢʘʥʠʷ ʇ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʣʱʠʥʳ h0 ʠʩʭʦʜʥʦʡ ʧʣʘʩʪʠʥʳ, 

ʬʦʨʤʘ ʚʳʪʨʘʚʣʝʥʥʳʭ ʦʙʣʘʩʪʝʡ ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘ ʚʳʭʦʜʝ A. ɼʘʣʝʝ ʧʦʣʫʯʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʧʨʦʝʮʠʨʫʝʪʩʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʣʠʥʟʳ ʠʣʠ ʦʙʲʝʢʪʠʚʘ ʚ ʧʣʦʩʢʦʩʪʴ 

ʠʟʦʙʨʘʞʝʥʠʷ.  

ʄʳ ʠʟʛʦʪʦʚʠʣʠ ʠ ʠʩʩʣʝʜʦʚʘʣʠ ʌʄ ʪʨʝʭ ʦʧʪʠʯʝʩʢʠʭ ʢʦʥʬʠʛʫʨʘʮʠʡ 

(ʨʠʩ. 1). ɼʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʌʄ ʙʳʣʘ ʧʨʠʤʝʥʝʥʘ ʪʝʭʥʦʣʦʛʠʷ 

ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʦʧʪʠʯʝʩʢʠ ʧʨʦʟʨʘʯʥʳʭ ʜʠʵʣʝʢʪʨʠʢʦʚ ʣʘʟʝʨʥʦ-

ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʤʠʢʨʦʧʣʘʟʤʦʡ (ʃʀʄʇ) [3]. ɺ ʢʘʯʝʩʪʚʝ ʟʘʛʦʪʦʚʦʢ ʜʣʷ 

ʌʄ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʣʘʩʪʠʥʳ CaCO3. ʀʟʛʦʪʦʚʣʝʥʥʳʝ ʌʄ ʙʳʣʠ 

ʧʨʦʪʝʩʪʠʨʦʚʘʥʳ ʚ ʩʭʝʤʝ ʩ ʚʦʣʦʢʦʥʥʳʤ ʣʘʟʝʨʦʤ, ʠʟʣʫʯʘʶʱʠʤ ʥʘ ʜʣʠʥʝ 

ʚʦʣʥʳ ɚ = 1.064 ʤʢʤ. ʉ ʠʭ ʧʨʠʤʝʥʝʥʠʝʤ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʫʯʢʠ 

ʞʝʣʘʝʤʦʡ ʛʝʦʤʝʪʨʠʠ (ʨʠʩ. 1). 

 
ʈʠʩ. 1. ʆʧʪʠʯʝʩʢʠʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʌʄ ʠ ʨʝʟʫʣʴʪʘʪʳ ʠʭ ʪʝʩʪʠʨʦʚʘʥʠʷ 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Sanner N. et al. // Opt. Lett. 2005. Vol. 30, P. 1479ï1481. 

2. Allegre O.J. et al. // Opt. Express. 2013. Vol. 21, P. 21198ï21207.  

3. Shkuratova V.A. et al. // Opt. Mat. Express. 2020. Vol. 9, P. 2392ï2399.   
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A.ɻ. ʐʋɹʅʓʁ1, ɽ.ʆ. ɽʇʀʌɸʅʆɺ1, ʅ.ɺ. ʄʀʅɸɽɺ1, ɺ. ʀ. 

ʖʉʋʇʆɺ1, ɸ.ʆ. ʈʓɹɸʃʊʆɺʉʂʀʁ1,2 
1ʌʅʀʎ çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘè ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ  

2ʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ ʷʜʝʨʥʦʡ ʬʠʟʠʢʠ ʄɻʋ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʄɽʊʆɼ ʃɸɿɽʈʅʆʁ ɸɹʃʗʎʀʀ ɺ ʉʈɽɼɽ 

ʉɺɽʈʍʂʈʀʊʀʏɽʉʂʆɻʆ ɼʀʆʂʉʀɼɸ ʋɻʃɽʈʆɼɸ ɼʃʗ 

ʇʆʃʋʏɽʅʀʗ ɹʀʄɽʊɸʃʃʀʏɽʉʂʀʁ ʅɸʅʆʏɸʉʊʀʎ 

AU/AG  

ʈʘʩʩʤʦʪʨʝʥ ʤʝʪʦʜ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ ʩʦʩʪʘʚʥʦʡ ʟʦʣʦʪʦ-ʩʝʨʝʙʨʷʥʦʡ ʤʠʰʝʥʠ 

ʚ ʩʨʝʜʝ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʦʛʦ ʜʠʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʜʣʷ ʩʠʥʪʝʟʘ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʟʦʣʦʪʦ-ʩʝʨʝʙʨʷʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʨʘʟʣʠʯʥʦʛʦ ʪʠʧʘ. ʇʨʝʜʣʦʞʝʥʘ ʧʨʦʩʪʘʷ ʤʦʜʝʣʴ 

ʦʙʲʷʩʥʷʶʱʘʷ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ. 

A.G. SHUBNYY 1, E.O. EPIFANOV1, N.V. MINAEV 1, V. I. 

YUSUPOV1, A. O. RYBALTOVSKIY 1,2 

1FSRC çCrystallography and photonicsè RAS, Moscow, Russia   
2Research Institute of Nuclear Physics MSU, Moscow, Russia 

 

METHOD OF LASER ABLATION IN A MEDIUM OF 

SUPERCRITICAL CARBON DIOXIDE TO OBTAIN 

BIMETALLIC AU / AG NANOPARTICLES  

A method of laser ablation of a composite gold-silver target in a supercritical 

carbon dioxide medium for the synthesis of bimetallic gold-silver nanoparticles of 

various types is considered. A simple model is proposed to explain the results 

obtained. 

ʇʨʝʜʩʪʘʚʣʝʥ ʧʦʜʭʦʜ ʢ ʨʝʘʣʠʟʘʮʠʠ ʩʠʥʪʝʟʘ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʥʘʥʦʯʘʩʪʠʮ Au/Ag ʤʝʪʦʜʦʤ ʠʤʧʫʣʴʩʥʦʡ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ ʤʠʰʝʥʠ, 

ʩʦʩʪʦʷʱʝʡ ʠʟ ʜʚʫʭ ʧʣʘʩʪʠʥ ʟʦʣʦʪʘ ʠ ʩʝʨʝʙʨʘ, ʚ ʩʨʝʜʝ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʦʛʦ 

ʜʠʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ.  ʇʦʢʘʟʘʥʦ, ʯʪʦ ʜʘʥʥʳʝ ʯʘʩʪʠʮʳ ʤʦʛʫʪ ʦʙʣʘʜʘʪʴ 

ʨʷʜʦʤ ʧʦʣʝʟʥʳʭ ʧʣʘʟʤʦʥʥʳʭ ʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ [1-2]. 

ʇʨʝʜʣʦʞʝʥʥʳʡ ʢ ʩʠʥʪʝʟʫ ʪʘʢʠʭ ʯʘʩʪʠʮ ʧʦʜʭʦʜ ʦʪʥʦʩʪʠʩʷ ʢ ʦʙʣʘʩʪʠ 

çʟʝʣʝʥʦʡ ʭʠʤʠʠè, ʧʨʠ ʝʛʦ ʨʝʘʣʠʟʘʮʠʠ ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʚʝ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʢʦʥʬʠʛʫʨʘʮʠʠ ʨʘʩʧʦʣʦʞʝʛʠʷ ʤʠʰʝʥʠ ʠ ʜʚʘ ʨʘʟʣʠʯʥʳʭ 

ʠʩʪʦʯʥʠʢʘ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɺ ʧʝʨʚʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʤʠʰʝʥʴ ʙʳʣʘ 

ʨʘʩʧʦʣʦʞʝʥʘ ʚʝʨʪʠʢʘʣʴʥʦ ʥʘ ʙʦʢʦʚʦʡ ʩʪʝʥʢʝ ʨʝʘʢʪʦʨʘ ʚʳʩʦʢʦʛʦ 

ʜʘʚʣʝʥʠʷ ʠ ʘʙʣʷʮʠʷ ʝʝ ʢʦʤʧʦʥʝʥʪʦʚ ʧʨʦʠʩʭʦʜʠʪ ʧʦʦʯʝʨʝʜʥʦ 

ʥʝʧʦʜʚʠʞʥʳʤ ʛʦʨʠʟʦʥʪʘʣʴʥʳʤ ʧʫʯʢʦʤ ʩ ʥʠʟʢʦʡ ʯʘʩʪʦʪʦʡ ʩʣʝʜʦʚʘʥʠʷ 

ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ (50 ɻʮ). ɺʦ ʚʪʦʨʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʤʠʰʝʥʴ ʙʳʣʘ 
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ʨʘʩʧʦʣʦʞʝʥʘ ʛʦʨʠʟʦʥʪʘʣʴʥʦ ʥʘ ʜʥʝ ʨʝʘʢʪʦʨʘ, ʘ ʘʙʣʷʮʠʷ ʝʝ ʯʘʩʪʝʡ 

ʧʨʦʠʩʭʦʜʠʣʘ ʧʦʦʯʝʨʝʜʥʦ ʧʦʩʨʝʜʩʪʚʦʤ ʩʢʘʥʠʨʦʚʘʥʠʷ ʚʝʨʪʠʢʘʣʴʥʦʛʦ 

ʧʫʯʢʘ ʩ ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʦʡ ʩʣʝʜʦʚʘʥʠʷ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ (60 ʢɻʮ). 

ɹʳʣʘ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʨʘʟʣʠʯʥʦʛʦ ʪʠʧʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʢʦʥʬʠʛʫʨʘʮʠʠ: ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʢʦʥʬʠʛʫʨʘʮʠʠ ç1è ʧʦʣʫʯʘʣʠʩʴ 

ʥʘʥʦʯʘʩʪʠʮʳ Au/Ag ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʪʠʧʘ çalloyè, ʧʨʠ ʠʩʧʦʣʴʟʚʘʥʠʠ 

ʢʦʥʬʠʛʫʨʘʮʠʠ ç2è - ʪʠʧʘ  çcore-shellè ʩ ʟʦʣʦʪʳʤ ʷʜʨʦʤ ʠ ʩʝʨʝʙʨʷʥʦʡ 

ʦʙʦʣʦʯʢʦʡ. ɹʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʧʨʦʩʪʘʷ ʤʦʜʝʣʴ, ʦʙʲʷʩʥʷʶʱʘʷ 

ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ (ʈʠʩ.1). 

 
ʈʠʩ. 1. ʀʣʣʶʩʪʨʘʮʠʷ ʤʦʜʝʣʠ ʦʙʨʘʟʦʚʘʥʠʷ ʥʘʥʦʯʘʩʪʠʮ Ag/Au ʪʠʧʘ çalloyè ʠ 

ʪʠʧʘ çcore-shellè ʠ ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʯʘʩʪʠʮ ʜʘʥʥʳʭ ʪʠʧʦʚ 
ɹʣʘʛʦʜʘʨʥʦʩʪʠ: ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ, ʧʨʦʝʢʪ ˉ 18-29-
06056. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ  
1. Jellinek J. Nanoalloys: Tuning properties and characteristics through size and 

composition // Faraday Discuss. 2008. Vol. 138. P. 11ï35. 

2. Eng N.B. Article Nano Biomed Eng Synergetic Antibacterial Effects of Silver 

Nanoparticles @ Aloe Vera Prepared via a Green Method. P. 267ï274. 
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ɺ.ʄ. ʗʄʑʀʂʆɺ 
ʀʥʩʪʠʪʫʪ ʣʘʟʝʨʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʈʌʗʎ-ɺʅʀʀʕʌ, ʛ. ʉʘʨʦʚ, 

ʈʦʩʩʠʷ 

ɺʃʀʗʅʀɽ ʉʇʆʅʊɸʅʅʆɻʆ ʀɿʃʋʏɽʅʀʗ ɺ 

ʎʀʃʀʅɼʈʀʏɽʉʂʆʁ ɻɽʆʄɽʊʈʀʀ ʅɸ ʂʀʅɽʊʀʂʋ 

ʕʅɽʈɻɽʊʀʏɽʉʂʀʍ ʋʈʆɺʅɽʁ ʀ ʇɽʈɽʅʆʉ 

ʀɿʃʋʏɽʅʀʗ ʅɸʂɸʏʂʀ 

ʆʧʠʩʘʥ ʘʣʛʦʨʠʪʤ, ʧʦʟʚʦʣʷʶʱʠʡ ʠʩʩʣʝʜʦʚʘʪʴ ʟʘʜʘʯʠ, ʩʚʷʟʘʥʥʳʝ ʩ ʢʠʥʝʪʠʢʦʡ 

ʥʘʩʝʣʝʥʥʦʩʪʝʡ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ ʩ ʫʯʝʪʦʤ ʧʝʨʝʥʦʩʘ ʩʧʦʥʪʘʥʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ. ʅʘ ʧʨʠʤʝʨʝ ʩʨʝʜʳ, ʩʦʩʪʦʷʱʝʡ ʠʟ 

ʘʪʦʤʦʚ ʥʘʪʨʠʷ ʠ ʛʝʣʠʷ, ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʫʨʘʚʥʝʥʠʡ ʧʝʨʝʥʦʩʘ ʠʟʣʫʯʝʥʠʡ ʠ 

ʩʢʦʨʦʩʪʥʳʭ ʫʨʘʚʥʝʥʠʡ. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʚʣʠʷʥʠʝ ʩʧʦʥʪʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʥʘ ʢʠʥʝʪʠʢʫ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ ʠ ʥʘ ʧʝʨʝʥʦʩ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ. 

V.M. YAMSHCHIKOV 
Institute of lasers and physical investigations, RFNC-VNIIEF, Sarov, Russia 

 

INFLUENCE OF SPONTANEOUS RADIATION IN CYLINDRICAL 

GEOMETRY ON ENERGY LEVELS KINETICS AND TRANSFER 

OF PUMPING RADIATION  

The algorithm for investigation kinetics of energy levels population taking into 

account transfer of spontaneous radiation in cylindrical geometry is described. On the 

example of the environment consisting of sodium and helium atoms, the analysis of 

transfer radiations and high-speed equations is carried out. Influence of spontaneous 

radiation on energy levels kinetics and transfer of pumping radiation is shown. 

ɺ ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʟʘʜʘʯʠ ʢʠʥʝʪʠʢʠ, ʚ ʢʦʪʦʨʳʭ 

ʩʧʦʥʪʘʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ʩʚʦʙʦʜʥʦ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʯʝʨʝʟ ʩʨʝʜʫ, ʥʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʷ ʩ ʥʝʡ [1-5]. ɺ ʧʨʘʢʪʠʯʝʩʢʠʭ ʩʣʫʯʘʷʭ ʚʦʟʥʠʢʘʝʪ 

ʩʠʪʫʘʮʠʷ, ʢʦʛʜʘ ʩʨʝʜʥʷʷ ʜʣʠʥʘ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʬʦʪʦʥʘ ʚ ʨʝʟʦʥʘʥʩʥʦ 

ʧʦʛʣʦʱʘʶʱʝʡ ʩʨʝʜʝ ʤʘʣʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʭʘʨʘʢʪʝʨʥʳʤ ʨʘʟʤʝʨʦʤ ʩʨʝʜʳ. 

ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʨʦʞʜʝʥʥʳʡ ʚ ʛʣʫʙʠʥʝ ʩʨʝʜʳ ʩʧʦʥʪʘʥʥʳʡ 

ʬʦʪʦʥ ʙʫʜʝʪ ʠʤʝʪʴ ʚʳʩʦʢʫʶ ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʚʪʦʨʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ 

ʥʝʚʦʟʙʫʞʜʝʥʥʳʤ ʘʪʦʤʦʤ. ʆʥ ʙʫʜʝʪ çʙʣʫʞʜʘʪʴè ʦʪ ʘʪʦʤʘ ʢ ʘʪʦʤʫ ʜʦ ʪʝʭ 

ʧʦʨ, ʧʦʢʘ ʥʝ ʜʦʩʪʠʛʥʝʪ ʛʨʘʥʠʮʳ. ʇʨʦʠʩʭʦʜʠʪ ʥʘʢʦʧʣʝʥʠʝ ʩʧʦʥʪʘʥʥʳʭ 

ʬʦʪʦʥʦʚ ʚ ʩʨʝʜʝ. ʊʘʢʦʡ ʵʬʬʝʢʪ ʥʘʟʳʚʘʝʪʩʷ ʧʣʝʥʝʥʠʝʤ ʠʟʣʫʯʝʥʠʷ ʠ ʦʥ 

ʤʦʞʝʪ ʩʠʣʴʥʦ ʚʣʠʷʪʴ ʥʘ ʢʠʥʝʪʠʢʫ ʥʘʩʝʣʝʥʥʦʩʪʝʡ [6]. 

ɻʝʦʤʝʪʨʠʷ ʟʘʜʘʯʠ ï ʜʠʩʢ ʪʦʣʱʠʥʳ bz ʠ ʨʘʜʠʫʩʘ R, ʩʦʩʪʦʷʱʠʡ ʠʟ 

ʘʪʦʤʦʚ ʥʘʪʨʠʷ ʠ ʛʝʣʠʷ. ʇʫʯʦʢ ʠʟʣʫʯʝʥʠʷ, ʠʤʝʶʱʠʡ ʜʠʘʤʝʪʨ D, ʦʙʣʫʯʘʝʪ 
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ʧʦʚʝʨʭʥʦʩʪʴ ʜʠʩʢʘ. ɼʣʠʥʘ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʝʨʝʭʦʜʫ ʚ 

ʘʪʦʤʝ ʥʘʪʨʠʷ 3S1/2 Ÿ 3P3/2.  

ʀʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ ʥʘʯʥʝʪ ʟʘʧʦʣʥʷʪʴ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʫʨʦʚʝʥʴ 3P3/2. 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʠʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ ʙʫʜʝʪ ʦʙʨʘʪʥʦ ʧʝʨʝʚʦʜʠʪʴ ʘʪʦʤʳ ʠʟ 

ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 3P3/2 ʚ ʦʩʥʦʚʥʦʝ, ʥʦ ʵʪʠ ʜʚʘ 

ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʧʨʦʮʝʩʩʘ ʙʫʜʫʪ ʠʜʪʠ ʩ ʨʘʟʥʦʡ ʩʢʦʨʦʩʪʴʶ. ʀʟ ï ʟʘ 

ʥʘʣʠʯʠʷ ʚ ʩʨʝʜʝ ʛʝʣʠʷ ʧʝʨʝʭʦʜʳ ʪʫʜʘ ʠ ʦʙʨʘʪʥʦ ʧʨʦʠʩʭʦʜʷʪ ʤʝʞʜʫ 

ʜʚʫʤʷ ʩʦʩʪʦʷʥʠʷʤʠ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ 3P. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʫʨʦʚʝʥʴ 

3P1/2 ʥʘʯʥʝʪ ʟʘʧʦʣʥʷʪʴʩʷ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʘʪʦʤʳ ʥʝ ʤʦʛʫʪ ʜʦʣʛʦ 

ʥʘʭʦʜʠʪʴʩʷ ʚ ʚʦʟʙʫʞʜʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʠ ʩʧʫʩʪʷ ʚʨʝʤʷ, ʨʘʚʥʦʝ ʚʨʝʤʝʥʠ 

ʞʠʟʥʠ, ʘʪʦʤ ʚʝʨʥʝʪʩʷ ʚ ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ 3S1/2, ʠʩʧʫʩʢʘʷ ʬʦʪʦʥ ʚ 

ʧʨʦʠʟʚʦʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ɽʩʣʠ ʥʘ ʧʫʪʠ ʵʪʦʛʦ ʬʦʪʦʥʘ ʦʢʘʞʝʪʩʷ ʘʪʦʤ ʚ 

ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʪʦ ʬʦʪʦʥ ʧʦʛʣʦʪʠʪʩʷ ʠʤ.  

ʇʨʦʮʝʩʩʳ ʢʠʥʝʪʠʢʠ, ʦʧʠʩʘʥʥʳʝ ʚʳʰʝ, ʤʘʪʝʤʘʪʠʯʝʩʢʠ 

ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʚ ʚʠʜʝ ʩʢʦʨʦʩʪʥʳʭ ʫʨʘʚʥʝʥʠʡ [1]. ʇʝʨʝʥʦʩ ʩʧʦʥʪʘʥʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʫʯʠʪʳʚʘʝʪʩʷ ʚ ʨʘʤʢʘʭ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ [6-8]. 

ʇʦʣʫʯʝʥʥʘʷ ʟʘʜʘʯʘ ʷʚʣʷʝʪʩʷ ʢʚʘʟʠʪʨʝʭʤʝʨʥʦʡ, ʥʝ ʠʤʝʝʪ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ 

ʨʝʰʝʥʠʷ. ɹʳʣʘ ʨʝʰʝʥʘ ʯʠʩʣʝʥʥʦ ʤʝʪʦʜʦʤ ʧʨʦʜʦʣʴʥʦ ï ʧʦʧʝʨʝʯʥʦʡ 

ʧʨʦʛʦʥʢʠ [9-11]. 

ʀʟ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʘ ʩʜʝʣʘʥʳ ʩʣʝʜʫʶʱʠʝ ʚʳʚʦʜʳ: 

1) ʉʧʦʥʪʘʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ʩʫʱʝʩʪʚʝʥʥʦ ʚʳʭʦʜʠʪ ʟʘ ʧʨʝʜʝʣʳ 

ʥʘʢʘʯʠʚʘʝʤʦʡ ʦʙʣʘʩʪʠ.  

2) ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʩʧʦʥʪʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ 
ʟʘʜʘʯʝ ʩʦʧʦʩʪʘʚʠʤʘ ʩ ʠʟʣʫʯʝʥʠʝʤ ʥʘʢʘʯʢʠ. ɺ ʥʝʢʦʪʦʨʳʭ ʪʦʯʢʘʭ 

ʧʨʦʩʪʨʘʥʩʪʚʘ ʧʣʦʪʥʦʩʪʴ ʩʧʦʥʪʘʥʥʳʭ ʬʦʪʦʥʦʚ ʚʳʰʝ ʧʣʦʪʥʦʩʪʠ ʬʦʪʦʥʦʚ 

ʥʘʢʘʯʢʠ. 

3) ɿʘ ʩʯʝʪ ʵʬʬʝʢʪʘ ʦʧʨʦʟʨʘʯʠʚʘʥʠʷ, ʠʟʣʫʯʝʥʠʝ ʥʘʢʘʯʢʠ 

ʧʦʛʣʦʱʘʝʪʩʷ ʟʘʤʝʪʥʦ ʩʣʘʙʝʝ ʚ ʩʣʫʯʘʝ ʫʯʝʪʘ ʧʝʨʝʥʦʩʘ ʩʧʦʥʪʘʥʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ. 

ɺ ʩʣʫʯʘʝ ʦʪʨʘʞʘʶʱʠʭ ʛʨʘʥʠʮ ʠʥʬʦʨʤʘʮʠʷ ʦ ʨʘʩʧʨʝʜʝʣʝʥʠʠ 

ʩʧʦʥʪʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʦʟʚʦʣʠʪ ʚʳʯʠʩʣʷʪʴ ʪʝʧʣʦʚʳʝ ʧʦʪʦʢʠ ʜʣʷ 

ʟʘʜʘʯʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ. 
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DIAGNOSTICS OF PLASMA AND SHOCK -WAVE EFFECTS 

UNDER EXTREME IN -TERACTION OF FOCUSED 

FEMTOSECOND LASER RADIATION WITH THE BULK OF 

THE MEDIUM  
 

The experimental optoacoustic method aimed to measure the spatial distribution 

of the plasma electron density (cm-3) and energy deposition density (kJ/cm3) under 

local generation of the laser-induced plasma is developed. The impact of the laser-
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induced shock wave on the surface of the silicon (Si) sample is studied. The conditions 

required for the excitation of the phase transition on the silicon sample surface under 

shock wave impact is determined.  

 

ʌʝʤʪʦʩʝʢʫʥʜʥʳʡ ʣʘʟʝʨʥʳʡ ʤʠʢʨʦʤʘʰʠʥʠʥʛ ʦʙʲʸʤʘ ʧʨʦʟʨʘʯʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘʭʦʜʠʪʩʷ ʥʘ ʵʪʘʧʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʠʤʝʝʪ ʧʦʪʝʥʮʠʘʣ ʜʣʷ ʟʘʢʨʝʧʣʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ 

ʩʦʚʨʝʤʝʥʥʦʛʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ ʤʠʢʨʦ- ʠ ʥʘʥʦʦʙʨʘʙʦʪʢʠ 

ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʚ ʦʙʣʘʩʪʠ ʬʝʤʪʦʩʝʢʫʥʜʥʦʡ 

ʤʠʢʨʦʦʙʨʘʙʦʪʢʠ ʤʘʪʝʨʠʘʣʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ 

ʚʦʣʥʦʚʦʜʦʚ ʚ ʦʙʲʸʤʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ [1], ʧʨʠʤʝʥʝʥʠʝ 

ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ ʣʘʟʝʨʦʚ ʚ ʦʙʣʘʩʪʠ ʤʝʜʠʮʠʥʳ ʠ ʙʠʦʣʦʛʠʠ [2], ʘ ʪʘʢʞʝ 

ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʠ ʩʢʦʨʦʩʪʠ ʚʳʧʦʣʥʝʥʠʷ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʟʘʜʘʯ ʧʦ ʦʙʨʘʙʦʪʢʝ ʤʘʪʝʨʠʘʣʦʚ [3].  

ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤ ʥʘʥʦʩʝʢʫʥʜʥʳʤ ʣʘʟʝʨʥʳʤ ʤʠʢʨʦʤʘ-

ʰʠʥʠʥʛʦʤ, ʙʦʣʝʝ ʚʳʩʦʢʘʷ ʩʢʦʨʦʩʪʴ ʚʚʦʜʘ ʵʥʝʨʛʠʠ ʚ ʤʘʣʳʡ ʦʙʲʸʤ ʩʨʝʜʳ 

ʧʨʠ ʬʝʤʪʦʩʝʢʫʜʥʦʤ ʣʘʟʝʨʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ ʧʦʟʚʦʣʷʝʪ ʧʨʦʠʟʚʝʩʪʠ ʙʦʣʝʝ 

ʣʦʢʘʣʠʟʦʚʘʥʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʩʨʝʜʫ, ʩʚʦʙʦʜʥʦʝ ʦʪ ʵʬʬʝʢʪʦʚ 

ʜʠʬʬʫʟʠʠ ʪʝʧʣʘ (non-thermal melting [4]), ʘ ʪʘʢʞʝ ʜʦʙʠʪʴʩʷ ʥʦʚʳʭ 

ʨʝʞʠʤʦʚ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʚʝʱʝʩʪʚʦʤ (ʥʘʧʨʠʤʝʨ, 

ʬʝʤʪʦʩʝʢʫʥʜʥʦʡ ʬʠʣʘʤʝʥʪʘʮʠʠ [5]). ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʚ 

ʧʨʦʮʝʩʩʝ ʬʝʤʪʦʩʝʢʫʥʜʥʦʡ ʣʘʟʝʨʥʦʡ ʤʠʢʨʦʦʙʨʘʙʦʪʢʠ ʥʝʦʙʭʦʜʠʤʦ 

ʦʙʝʩʧʝʯʠʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʜʠʘʛʥʦʩʪʠʢʠ ʧʨʦʮʝʩʩʦʚ, ʦʢʘʟʳʚʘʶʱʠʭ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʩʨʝ-ʜʫ. ɺ ʢʘʯʝʩʪʚʝ ʪʘʢʠʭ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚʳʩʪʫʧʘʶʪ ʛʝʥʝʨʘʮʠʷ ʣʘʟʝʨʥʦ-

ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʧʣʘʟʤʳ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʫʜʘʨʥʦʡ ʚʦʣʥʳ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʚ ʩʚʷʟʠ ʩ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʦʙʝʩʧʝʯʝʥʠʷ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʚ 

ʧʨʦʮʝʩʩʝ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʤʠʢʨʦʤʘʰʠʥʠʥʛʘ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʜʠʘʛʥʦʩʪʠʢʝ ʜʘʥʥʳʭ ʧʨʦʮʝʩʩʦʚ.  

ɼʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʣʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʧʣʘʟʤʳ ʚ ʨʘʤʢʘʭ 

ʧʨʦʚʝʜʸʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʨʘʟʨʘʙʦʪʘʥ ʠ ʨʝʘʣʠʟʦʚʘʥ ʤʝʪʦʜ ʪʨʸʭʤʝʨʥʦʡ 

ʦʧʪʦʘʢʫʩʪʠʯʝʩʢʦʡ ʪʦʤʦʛʨʘʬʠʠ ʣʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʧʣʘʟʤʳ [6], 

ʧʦʟʚʦʣʷʶʱʠʡ ʧʦʣʫʯʠʪʴ ʪʨʸʭʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʵʣʝʢʪʨʦʥʦʚ ʧʣʘʟʤʳ (ʈʠʩ.1ɸ) ʠ ʵʥʝʨʛʦʚʢʣʘʜʘ [7] ʩ ʨʘʟʨʝʰʝʥʠʝʤ 2 ʤʢʤ. 

ʄʝʪʦʜʠʢʘ ʦʩʥʦʚʘʥʘ ʥʘ ʩʦʚʤʝʩʪʥʦʤ ʧʨʠʤʝʥʝʥʠʠ ʤʝʪʦʜʘ ʜʚʫʤʝʨʥʦʡ 

ʘʢʫʩʪʠʯʝʩʢʦʡ ʪʦʤʦʛʨʘʬʠʠ [8] ʠ ʪʝʭʥʠʢʠ ʪʝʥʝʚʦʡ ʬʦʪʦʛʨʘʬʠʠ [9]. 

ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʧʦʟʚʦʣʷʝʪ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ ʣʘʟʝʨʥʦʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʧʣʘʟʤʳ ʠ 

ʦʧʨʝʜʝʣʷʪʴ ʦʙʣʘʩʪʠ ʩ ʥʘʠʙʦʣʴʰʠʤ ʚʣʦʞʝʥʠʝʤ ʵʥʝʨʛʠʠ, ʯʪʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʘʥʥʦʡ ʤʝʪʦʜʠʢʠ ʚ 

ʢʘʯʝʩʪʚʝ ʩʨʝʜʩʪʚʘ ʜʠʘʛʥʦʩʪʠʢʠ ʧʣʘʟʤʝʥʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʩʨʝʜʫ.  
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ɼʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʫʜʘʨʥʦ-ʚʦʣʥʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʩʨʝʜʫ ʙʳʣ 

ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ ʪʝʥʝʚʦʡ ʬʦʪʦʛʨʘʬʠʠ (ʈʠʩ.1ɹ). ʅʘ ʝʛʦ ʦʩʥʦʚʝ ʙʳʣʘ 

ʠʩʩʣʝʜʦʚʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʜʘʚʣʝʥʠʷ ʬʨʦʥʪʘ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʦʪ ʚʨʝʤʝʥʠ, 

ʧʨʦʰʝʜʰʝʛʦ ʩ ʤʦʤʝʥʪʘ ʛʝʥʝʨʘʮʠʠ ʧʣʘʟʤʳ, ʠ ʵʥʝʨʛʠʠ ʚʦʟʙʫʞʜʘʶʱʝʛʦ 

ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ. ʅʘ ʦʩʥʦʚʝ ʜʘʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʠ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʜʭʦʜʦʚ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ 

ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʣʘ-ʟʝʨʥʦ-ʠʥʜʫʮʠʨʫʝʤʘʷ ʫʜʘʨʥʘʷ ʚʦʣʥʘ ʩʧʦʩʦʙʥʘ 

ʚʦʟʙʫʞʜʘʪʴ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ (ʢʫʙʠʯʝʩʢʘʷ ʬʘʟʘ ï ‍-Sn ʬʘʟʘ) ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʢʨʝʤʥʠʷ. ʊʘʢʞʝ ʧʦʩʪʨʦʝʥʘ ʜʠʘʛʨʘʤʤʘ ʵʥʝʨʛʠʷ ï 

ʨʘʩʩʪʦʷʥʠʝ, ʧʦʟʚʦʣʷʶʱʘʷ ʦʧʨʝʜʝʣʠʪʴ ʵʥʝʨʛʠʶ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʠ 

ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʧʣʘʟʤʳ ʜʦ ʦʙʨʘʟʮʘ ʢʨʝʤʥʠʷ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ 

ʚʦʟʙʫʞʜʝʥʠʷ ʜʘʥʥʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʥʘ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ [10].  

 
ʈʠʩ.1. ɸ) ʎʝʥʪʨʘʣʴʥʦʝ ʩʝʯʝʥʠʝ ʪʨʸʭʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʣʦʪʥʦʩʪʠ 

ʵʣʝʢʪʨʦʥʦʚ ʣʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʧʣʘʟʤʳ. ɹ) ɼʠʥʘʤʠʢʘ ʣʘʟʝʨʥʦ-

ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʫʜʘʨʥʦʡ ʚʦʣʥʳ 

ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʪʢʨʳʚʘʶʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ 

ʜʠʘʛʥʦʩʪʠʢʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʱʥʦʛʦ ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ 

ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʩʨʝʜʦʡ, ʘ 

ʪʘʢʞʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʫʜʘʨʥʦ-ʚʦʣʥʦʚʦʡ ʣʘʟʝʨʥʦʡ 

ʦʙʨʘʙʦʪʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ.  

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʜʜʝʨʞʘʥʳ ʛʨʘʥʪʦʤ ʈʅʌ ˉ 17ï72-20130 

(ʧʣʘʟʤʝʥʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ) ʠ ʛʨʘʥʪʘʤʠ ʈʌʌʀ ˉ 18-32-20016, 19-29-

12037 (ʫʜʘʨʥʦ-ʚʦʣʥʦʚʦʝ ʚʦʟʜʝʡʩʪʚʠʝ). ʈʫʤʷʥʮʝʚ ɹ.ɺ. ʷʚʣʷʝʪʩʷ 

ʩʪʠʧʝʥʜʠʘʪʦʤ ʬʦʥʜʘ ʨʘʟʚʠʪʠʷ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʠ ʤʘʪʝʤʘʪʠʢʠ 

"ɹɸɿʀʉ".  
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ʚ ɾʫʨʥʘʣ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ. ï 2020. ï ʊ. 112. ï ˉ. 11. ï ʉ. 780-

786.  
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ɼ.ʉ. ʃʋʊʆʐʀʅɸ, ɸ.ɸ. ʄʆʈʆɿʆɺɸ, ɺ.ɺ.ʈʆʄɸʅʆɺ,  

ɻ.ɺ. ʆɼʀʅʎʆɺɸ 
ʋʥʠʚʝʨʩʠʪʝʪ ʀʊʄʆ, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʈʦʩʩʠʷ 

ʉɺʆʁʉʊɺɸ ʅɸʅʆʏɸʉʊʀʎ ʉɽʈɽɹʈɸ, ʆɹʈɸɿʆɺɸʅʅʓʍ 

ʇʈʗʄʆʁ ʃɸɿɽʈʅʆʁ ɸɹʃʗʎʀɽʁ ʅɸʅʆʉɽʂʋʅɼʅʓʄʀ 

ʀʄʇʋʃʔʉɸʄʀ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʤʝʪʦʜ ʦʢʨʘʰʠʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʝʡ 

ʠʟʜʝʣʠʡ ʠʟ ʩʝʨʝʙʨʘ ʟʘ ʩʯʝʪ ʧʣʘʟʤʦʥʥʳʭ ʵʬʬʝʢʪʦʚ ʚ ʣʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ 

ʥʘʥʦʯʘʩʪʠʮʘʭ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʥʘʥʦʩʝʢʫʥʜʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʠʤʧʫʣʴʩʘ. 

ʇʦʢʘʟʘʥ ʤʝʪʦʜ ʫʧʨʘʚʣʝʥʠʷ ʢʦʣʦʨʠʤʝʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʫʪʝʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʧʝʢʪʨʦʚ ʦʪʨʘʞʝʥʠʷ ʩʝʨʝʙʨʷʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʟʚʦʣʷʝʪ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʧʣʘʟʤʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʥʘʥʦʯʘʩʪʠʮ, 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʟʤʝʨʘ 

ʥʘʥʦʯʘʩʪʠʮ, ʠʭ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʦʙʲʝʤʘ. 

 

D.S. LUTOSHINA, A.A. MOROZOVA, V.V. ROMANOV, 

G.V. ODINTSOVA 
ITMO University, Saint Petersburg, Russia 

 

PROPERTIES OF SILVER NANOPARTICLES FORMED BY 

DIRECT  

LASER ABLATION WITH NANOSECOND PULSES  
 

In this paper, we consider the method of coloring surfaces made of silver due to 

plasmon effects in laser-induced nanoparticles formed with nanosecond pulse 

duration. Methods for controlling the colorimetric properties of a surface by modeling 

the reflection spectra of a silver surface are also discussed. The simulation allows 

analyzing the plasmonic properties of nanoparticles synthesized by laser ablation, 

depending on the size of the nanoparticles, their concentration, and volume. 

 

ʀʟʫʯʝʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʅʏ ʜʨʘʛʦʮʝʥʥʳʭ ʤʝʪʘʣʣʦʚ 

ʜʦʩʪʫʧʥʦʡ ʜʣʷ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʫʩʪʘʥʦʚʢʦʡ ʩ ʥʘʥʦʩʝʢʫʥʜʥʦʡ 

ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʠʤʧʫʣʴʩʘ ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ. ɼʨʫʛʦʡ ʚʘʞʥʦʡ 

ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ ʩʚʦʡʩʪʚ ʧʦʣʫʯʘʝʤʳʭ ʅʏ, ʯʪʦʙʳ ʠʤʝʪʴ 

ʚʦʟʤʦʞʥʦʩʪʴ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩ ʮʚʝʪʦʦʙʨʘʟʦʚʘʥʠʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʦʜʫʢʪʘ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʘ ʚʳʙʨʘʥʘ ʧʣʘʩʪʠʥʘ 4ʭ4 

ʩʤ2, ʩʦʜʝʨʞʘʱʘʷ 92,5% ʩʝʨʝʙʨʘ ʠ 7,5% ʤʝʜʠ. ʕʢʩʧʝʨʠʤʝʥʪʳ 

ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʫʩʪʘʥʦʚʢʝ ʥʘ ʦʩʥʦʚʝ ʚʦʣʦʢʦʥʥʦʛʦ ʠʪʪʝʨʙʠʝʚʦʛʦ ʣʘʟʝʨʘ 

ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ɚ = 1064 ʥʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ ʩʝʨʝʙʨʘ ʧʨʠ 

ʧʦʩʪʦʷʥʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʘ (Ű = 14 ʥʩ) ʠ ʯʘʩʪʦʪʝ ʩʣʝʜʦʚʘʥʠʷ 
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ʠʤʧʫʣʴʩʦʚ (f = 75 ʢɻʮ) ʚ ʜʠʘʧʘʟʦʥʝ ʩʢʦʨʦʩʪʝʡ ʩʢʘʥʠʨʦʚʘʥʠʷ (V = 200-

400 ʤʤ/ʩ ʩ ʰʘʛʦʤ 50 ʤʤ/c) ʠ ʩʨʝʜʥʝʡ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʣʘʟʝʨʘ (P = 

7,2-8,0 ɺʪ ʩ ʰʘʛʦʤ 0,2 ɺʪ) ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʮʚʝʪʦʚʘʷ ʧʘʣʠʪʨʘ. 

ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʥʘʥʦʯʘʩʪʠʮʳ ʦʙʨʘʟʫʶʪʩʷ ʚ ʧʘʨʦʛʘʟʦʚʦʡ ʬʘʟʝ ʧʨʠ 

ʘʙʣʷʮʠʠ ʤʘʪʝʨʠʘʣʘ ʤʠʰʝʥʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʥʘʥʦʯʘʩʪʠʮʳ ʠʤʝʶʪ 

ʨʘʟʣʠʯʥʳʝ ʨʘʟʤʝʨʳ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ.  

 
ʈʠʩ. 1. ʌʦʪʦ ʧʦʚʝʨʭʥʦʩʪʠ ʩʝʨʝʙʨʘ ʧʦʩʣʝ ʣʘʟʝʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ (ɸ). 

ʇʘʨʘʤʝʪʨʳ ʣʘʟʝʨʥʦʛʦ ʦʙʣʫʯʝʥʠʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʮʚʝʪʦʚʦʡ ʧʘʣʠʪʨʳ (ɹ). 
ɿʘʪʝʤ ʙʳʣ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʟʦʙʨʘʞʝʥʠʡ SEM. ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ ʥʘʥʦʯʘʩʪʠʮ (d) 

ʨʘʚʝʥ 15 ɬ} 6 ʥʤ ʜʣʷ S11, 24 ɬ} 5 ʥʤ ʜʣʷ S51, 43 ɬ} 10 ʥʤ ʜʣʷ S55; 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʥʘʥʦʯʘʩʪʠʮ (N) ʩʦʩʪʘʚʠʣʘ 4252 ʰʪ / ʤʢʤ2 ʜʣʷ S11, 1560 

ʰʪ / ʤʢʤ2 ʜʣʷ S51 ʠ 969 ʰʪ / ʤʢʤ2 ʜʣʷ S55.  

 
ʈʠʩ. 2. ʉʕʄ ʩʥʠʤʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʩʝʨʝʙʨʘ ʧʦʩʣʝ ʣʘʟʝʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. 
ɺʠʜʥʦ, ʯʪʦ ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʣʘʟʝʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ 

(ʫʚʝʣʠʯʝʥʠʝ ʤʦʱʥʦʩʪʠ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʩʢʦʨʦʩʪʠ 

ʩʢʘʥʠʨʦʚʘʥʠʷ) ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʥʘʥʦʯʘʩʪʠʮ ʠ, 

ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʠʭ ʢʦʥʮʝʥʪʨʘʮʠʠ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʥʦʯʘʩʪʠʮʳ ʩʝʨʝʙʨʘ ʩ ʧʣʘʟʤʦʥʥʳʤ ʨʝʟʦʥʘʥʩʦʤ ʚ 

ʚʠʜʠʤʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʝʨʝʙʨʘ 

ʚ ʧʨʦʮʝʩʩʝ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʠʤʧʫʣʴʩʘ ʥʘʥʦʩʝʢʫʥʜʥʦʡ 

ʜʣʠʪʝʣʴʥʦʩʪʠ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʩʧʝʢʪʨʦʚ ʦʪʨʘʞʝʥʠʷ ʩʝʨʝʙʨʷʥʦʡ 

ʧʦʜʣʦʞʢʠ ʩʦ ʩʣʦʝʤ ʥʘʥʦʯʘʩʪʠʮ ʧʦʢʘʟʘʣʦ ʚʳʩʦʢʫʶ ʢʦʨʨʝʣʷʮʠʶ ʩ 
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ʜʘʥʥʳʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʚ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ 

ʚʳʚʦʜ ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʧʦʤʦʱʴʶ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʛʨʘʥʪʦʤ ʈʅʌ 19-79-10208. 
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ɸ.ʉ. ɹɽʃʆɺ, ʂ.ʃ. ɻʋɹʉʂʀʁ, ɸ.ʇ. ʂʋɿʅɽʎʆɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ʈɸɿʈɸɹʆʊʂɸ ɻɽʊɽʈʆɼʀʅʅʆɻʆ ʀʅʊɽʈʌɽʈʆʄɽʊʈɸ 

ɼʃʗ ʀɿʄɽʈɽʅʀʗ ʃʀʅɽʁʅʆʁ ʇʃʆʊʅʆʉʊʀ ʇʃɸɿʄʓ 

ʊʆʂɸʄɸʂɸ çʄʀʌʀʉʊè  

ʕʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, 

ʠʩʧʦʣʴʟʫʶʱʠʭʩʷ ʜʣʷ ʢʦʥʪʨʦʣʷ ʨʝʞʠʤʦʚ ʨʘʙʦʪʳ ʪʦʢʘʤʘʢʦʚ. ɺʥʝʩʝʥʠʝ ʟʦʥʜʦʚ ʚ 

ʜʦʣʛʦʞʠʚʫʱʫʶ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʫʶ ʧʣʘʟʤʫ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ, 

ʧʦʵʪʦʤʫ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʠʩʪʘʥʮʠʦʥʥʳʝ 

ʦʧʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ. ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʣʘʟʤʳ ʥʘ ʤʘʣʦʤ 

ʩʬʝʨʠʯʝʩʢʦʤ ʪʦʢʘʤʘʢʝ çʄʀʌʀʉʊè ʙʫʜʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʛʝʪʝʨʦʜʠʥʥʳʡ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 10,6 ʤʢʤ.  

A.S. BELOV, K.L. GUBSKIY, A.P. KUZNETSOV. 
National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

 

DESIGN OF HETERODYNE INTERFEROMETER TO 

LINEAR PLASMA DENSITY MEASUMENTS ON 

ñMEPHISTò TOKAMAK 

Electron density is one of the fundamental parameters used to control the 

operating of tokamaks. The  incorporation of probes into a long-lived high-

temperature plasma is impossible; therefore, remote optical methods are used to 

measure the electron density. A heterodyne interferometer at a wavelength of 10.6 Õm 

will be used to measure the electron density of the plasma at the small spherical 

tokamak " MEPhIST". 

 

ʇʦʩʣʝ ʟʘʧʫʩʢʘ ʚ ʨʘʙʦʯʝʤ ʨʝʞʠʤʝ, ʚ ʪʦʢʘʤʘʢʝ çʄʀʌʀʉʊè 

ʦʞʠʜʘʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ ʧʣʘʟʤʳ: ʵʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ 1012 

õ 1014 ʩʤ-3, ʩʢʦʨʦʩʪʴ ʥʘʨʘʩʪʘʥʠʷ ʧʣʦʪʥʦʩʪʠ 0 - 1012 ʟʘ 5 ʤʩ, ʚʨʝʤʷ ʞʠʟʥʠ 

ʧʣʘʟʤʳ ~ 30 ʤʩ [1], ʚʨʝʤʷ ʦʩʮʠʣʣʷʮʠʡ ʚ ʧʣʘʟʤʝ 1õ10 ʤʢʩ. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʘʥʥʦʡ ʧʣʘʟʤʳ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʠ ʩʦʟʜʘʥ 

ʛʝʪʝʨʦʜʠʥʥʳʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ 10,6 ʤʢʤ, ʯʪʦ 

ʧʨʠ ʜʣʠʥʝ ʜʠʘʛʥʦʩʪʠʯʝʩʢʦʡ ʭʦʨʜʳ, ʩʦʩʪʘʚʣʷʶʱʝʡ ʧʨʠʤʝʨʥʦ 70 ʩʤ, ʜʘʝʪ 

ʬʘʟʦʚʳʡ ʩʜʚʠʛ ~0,12 ʨʘʜʠʘʥ, ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʧʣʘʟʤʳ 1013 ʩʤ-3. ʏʘʩʪʦʪʥʦʝ 

ʩʤʝʱʝʥʠʝ ʚ ʠʥʪʝʨʬʝʨʦʤʝʪʨʝ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʤ 

ʤʦʜʫʣʷʪʦʨʦʤ, ʩʤʝʱʘʶʱʠʤ ʠʟʣʫʯʝʥʠʝ ʥʘ ʯʘʩʪʦʪʫ 40 ʄɻʮ. ʉʠʛʥʘʣ 

ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ CdHgTe ʬʦʪʦʜʠʦʜʦʤ, ʨʘʙʦʪʘʶʱʠʤ ʧʨʠ ʢʨʠʦʛʝʥʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ. 
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ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʛʝʪʝʨʦʜʠʥʥʳʭ ʩʠʛʥʘʣʦʚ ʙʫʜʝʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʩʭʝʤʘ ʧʨʷʤʦʡ ʦʮʠʬʨʦʚʢʠ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʮʠʬʨʦʚʦʡ 

ʦʙʨʘʙʦʪʢʦʡ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʠʝ ʪʦʯʥʦʩʪʴ ʠ ʚʨʝʤʝʥʥʦʝ 

ʨʘʟʨʝʰʝʥʠʝ, ʯʪʦ ʪʨʝʙʫʝʪʩʷ ʜʣʷ ʦʪʨʘʙʦʪʢʠ ʨʝʞʠʤʦʚ ʨʘʙʦʪʳ ʪʦʢʘʤʘʢʘ. ɺ 

ʜʘʣʴʥʝʡʰʝʤ, ʜʣʷ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʫʜʝʪ ʩʦʟʜʘʥ 

ʢʚʘʜʨʘʪʫʨʥʳʡ ʘʥʘʣʦʛʦʚʳʡ ʬʘʟʦʤʝʪʨ. ɽʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʟʚʦʣʠʪ 

ʧʦʣʫʯʘʪʴ ʜʘʥʥʳʝ ʦʙ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ 

ʚʨʝʤʝʥʠ ʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʭ ʚ ʧʝʪʣʝ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʠʥʜʫʢʪʦʨʘ ʪʦʢʘʤʘʢʘ, 

ʢʘʢ ʵʪʦ ʨʝʘʣʠʟʦʚʘʥʦ ʥʘ ʙʦʣʴʰʠʥʩʪʚʝ ʩʫʱʝʩʪʚʫʶʱʠʭ ʢʨʫʧʥʳʭ 

ʧʣʘʟʤʝʥʥʳʭ ʫʩʪʘʥʦʚʦʢ [2]. 

ʈʘʩʯʸʪʥʘʷ ʪʦʯʥʦʩʪʴ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʚ ʠʟʤʝʨʝʥʠʠ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ʧʣʘʟʤʳ ʚ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʩʭʝʤʝ ʩʦʩʪʘʚʣʷʝʪ 1010 ʩʤ-3 ʧʨʠ 

ʚʨʝʤʝʥʥʦʤ ʨʘʟʨʝʰʝʥʠʠ ʤʝʥʝʝ 10 ʥʩ. 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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1 ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ 

ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤʝʥʠ ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʇʈʆʊʆʅʅɸʗ ʈɸɼʀʆɻʈɸʌʀʗ ʆʇʊʀʏɽʉʂʀʍ 

ɻɽʅɽʈɸʊʆʈʆɺ ʄɸɻʅʀʊʅʆɻʆ ʇʆʃʗ: ʇʈɸʂʊʀʏɽʉʂɸʗ 

ʈɽɸʃʀɿɸʎʀʗ ʀ ʆʉʆɹɽʅʅʆʉʊʀ ʆɹʈɸɹʆʊʂʀ 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʓʍ ɼɸʅʅʓʍ 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʨʝʘʣʠʟʘʮʠʷ 

ʧʨʦʪʦʥʥʦʡ ʨʘʜʠʦʛʨʘʬʠʠ ʜʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, 

ʩʦʟʜʘʚʘʝʤʳʭ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʤʠʥʠʘʪʶʨʥʳʭ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ 

ʤʠʰʝʥʝʡ ʤʦʱʥʳʤʠ ʣʘʟʝʨʥʳʤʠ ʠʤʧʫʣʴʩʘʤʠ. ʆʙʩʫʞʜʘʶʪʩʷ ʦʩʥʦʚʥʳʝ 

ʦʩʦʙʝʥʥʦʩʪʠ ʘʥʘʣʠʟʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ ʚʦʟʤʦʞʥʳʝ 

ʧʦʜʭʦʜʳ ʢ ʠʭ ʦʙʨʘʙʦʪʢʝ. 
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PROTON RADIOGRAPHY OF OPTICAL MAGNETIC FIELD 

GENERATORS: PRACTICAL IMPLEMENTATION AND 

EXPERIMENTAL DATA PROCESSING SPECIFICS 

This work considers experimental implementation of proton 

radiography for diagnostics of electromagnetic fields, induced in miniature 

structured targets under the action of intense laser pulses. Main data 

processing specifics and prospective methods of analysis are discussed. 

ʉʦʟʜʘʥʠʝ ʠʩʪʦʯʥʠʢʦʚ ʩʠʣʴʥʳʭ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʳʭ 

ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʧʨʝʜʩʪʘʚʣʷʝʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʚ ʩʚʷʟʠ ʩ 

ʚʦʟʤʦʞʥʦʩʪʴʶ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʣʷ ʨʝʰʝʥʠʷ ʰʠʨʦʢʦʛʦ ʢʨʫʛʘ 

ʟʘʜʘʯ, ʥʘʧʨʠʤʝʨ ʫʧʨʘʚʣʝʥʠʷ ʧʦʪʦʢʘʤʠ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʥʳʭ 

ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ ʠʣʠ ʩʦʟʜʘʥʠʷ ʟʘʤʘʛʥʠʯʝʥʥʦʡ ʧʣʘʟʤʳ, 

ʧʦʟʚʦʣʷʶʱʝʡ ʤʦʜʝʣʠʨʦʚʘʪʴ ʨʘʟʣʠʯʥʳʝ ʘʩʪʨʦʬʠʟʠʯʝʩʢʠʝ 

ʧʨʦʮʝʩʩʳ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ. ʇʨʠ ʵʪʦʤ ʨʷʜ ʧʨʠʣʦʞʝʥʠʡ 

ʪʨʝʙʫʝʪ, ʯʪʦʙʳ ʠʩʪʦʯʥʠʢ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʙʳʣ ʜʦʩʪʘʪʦʯʥʦ 

ʢʦʤʧʘʢʪʥʳʤ ʠ ʦʙʝʩʧʝʯʠʚʘʣ ʛʝʥʝʨʘʮʠʶ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʚ 

ʥʝʩʢʦʣʴʢʦ ʩʦʪʝʥ ʊʣ. ʕʪʠʤ ʪʨʝʙʦʚʘʥʠʷʤ ʚʧʦʣʥʝ ʩʧʦʩʦʙʥʳ 

ʫʜʦʚʣʝʪʚʦʨʠʪʴ ʦʧʪʠʯʝʩʢʠʝ ʛʝʥʝʨʘʪʦʨʳ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ 
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ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʤʠʰʝʥʝʡ, ʥʘʧʨʠʤʝʨ ʤʠʰʝʥʝʡ ʪʠʧʘ 

çʫʣʠʪʢʘè [1, 2]. 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʘ ʩʭʝʤʘ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʪʦʥʥʦʡ 

ʨʘʜʠʦʛʨʘʬʠʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʪʠʭ ʠ ʜʨʫʛʠʭ ʪʠʧʦʚ ʤʠʰʝʥʝʡ 

ʚ ʧʠʢʦʩʝʢʫʥʜʥʦʤ ʨʝʞʠʤʝ ʚʦʟʜʝʡʩʪʚʠʷ. ʆʧʪʠʯʝʩʢʠʡ ʛʝʥʝʨʘʪʦʨ 

ʟʦʥʜʠʨʫʝʪʩʷ ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʤ ʧʨʦʪʦʥʥʳʤ ʧʫʯʢʦʤ. 

ʕʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʧʦʣʷ ʤʠʰʝʥʠ ʦʪʢʣʦʥʷʶʪ ʧʨʦʪʦʥʳ ʦʪ 

ʧʝʨʚʦʥʘʯʘʣʴʥʳʭ ʪʨʘʝʢʪʦʨʠʡ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʚ ʧʫʯʢʝ 

ʬʦʨʤʠʨʫʝʪʩʷ ʩʣʦʞʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʢʦʪʦʨʘʷ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʚ 

ʚʠʜʝ ʜʚʫʤʝʨʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʧʨʠ ʧʦʤʦʱʠ ʩʪʦʧʢʠ 

ʨʘʜʠʦʭʨʦʤʥʳʭ ʧʣʝʥʦʢ. ɼʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʠʪʴ ʪʨʝʭʤʝʨʥʫʶ ʦʙʨʘʪʥʫʶ ʟʘʜʘʯʫ, ʦʜʥʘʢʦ 

ʩʜʝʣʘʪʴ ʵʪʦ ʥʘʧʨʷʤʫʶ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ. 

ʕʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʧʦʣʷ ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʨʠ ʧʦʤʦʱʠ ʤʝʪʦʜʘ 

ʧʨʦʙʥʳʭ ʯʘʩʪʠʮ, ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʯʠʩʣʝʥʥʦʤ ʨʘʩʯʝʪʝ 

ʨʘʜʠʦʛʨʘʤʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʴʥʳʭ 

ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʤʘʛʥʠʪʥʦʛʦ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʩ 

ʠʪʝʨʘʪʠʚʥʦ ʧʦʜʙʠʨʘʝʤʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ.  

ɼʣʷ ʧʦʜʙʦʨʘ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʤʦʜʝʣʴʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ 

ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʥʝʩʢʦʣʴʢʦ ʤʝʪʦʜʦʚ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʦʙʩʫʞʜʘʝʪʩʷ ʜʚʘ ʚʦʟʤʦʞʥʳʭ ʧʦʜʭʦʜʘ - ʥʘ ʦʩʥʦʚʝ ʩʨʘʚʥʝʥʠʷ 

ʦʪʜʝʣʴʥʳʭ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʚ 

ʧʨʦʪʦʥʥʦʤ ʧʫʯʢʝ ʩʪʨʫʢʪʫʨʳ ʠ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ, ʠ ʥʘ 

ʦʩʥʦʚʝ ʥʝʡʨʦʩʝʪʝʚʳʭ ʘʣʛʦʨʠʪʤʦʚ [3]. ʈʘʩʩʤʦʪʨʝʥʳ ʦʩʥʦʚʥʳʝ 

ʦʩʦʙʝʥʥʦʩʪʠ ʵʪʠʭ ʤʝʪʦʜʦʚ ʠ ʚ ʢʘʯʝʩʪʚʝ ʩʨʘʚʥʝʥʠʷ ʧʨʠʚʝʜʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʦʙʨʘʙʦʪʢʠ ʢʘʞʜʳʤ ʠʟ ʥʠʭ ʨʘʜʠʦʛʨʘʤʤ, 

ʧʦʣʫʯʝʥʥʳʭ ʚ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʥʘ ʧʝʪʘʚʘʪʪʥʦʤ ʣʘʟʝʨʥʦʤ 

ʢʦʤʧʣʝʢʩʝ PHELIX ʚ GSI, ʛ. ɼʘʨʤʰʪʘʜʪ. 
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ɺ.ɼ. ɺʆʈʆʅʆɺ1, ʕ.ɼ. ʀʐʂʀʅʗɽɺ1,2, ɽ.ɺ. ʍʈʀʇʊʆɺʀʏ2,  

ɺ.ʅ. ʇɽʊʈʆɺʉʂʀʁ1 
1 ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 
2ʆʆʆ ʅʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʛʦ ʦʙʲʝʜʠʥʝʥʠʝ çʀʈʕ-ʇʦʣʶʩè, ʌʨʷʟʠʥʦ, ʈʦʩʩʠʷ 

ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʇʈʆʎɽʉʉɸ ʃɸɿɽʈʅʆɻʆ 

ʊɽʈʄʆʋʇʈʆʏʅɽʅʀʗ 

ɺ ʨʘʤʢʘʭ ʧʨʦʚʝʜʝʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʢʦʤʧʴʶʪʝʨʥʘʷ 

ʤʦʜʝʣʴ ʧʨʦʮʝʩʩʘ ʣʘʟʝʨʥʦʡ ʟʘʢʘʣʢʠ ʚʳʩʦʢʦʫʛʣʝʨʦʜʠʩʪʦʡ ʩʪʘʣʠ ʚ ʩʨʝʜʝ Comsol 

Multiphysics ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʞʠʤʦʚ ʦʙʨʘʙʦʪʢʠ. 

ʇʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʳ ʜʣʷ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʧʦʣʫʯʝʥʥʦʡ ʤʦʜʝʣʠ ʠ ʝʝ 

ʚʝʨʠʬʠʢʘʮʠʠ. ʀʪʦʛʦʚʘʷ ʤʦʜʝʣʴ ʙʳʣʘ ʧʨʦʚʝʨʝʥʘ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʨʝʞʠʤʦʚ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ. ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʤʦʜʝʣʴ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ 

ʦʧʠʩʳʚʘʝʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʥʘ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ 

ʨʝʞʠʤʘʭ ʦʙʨʘʙʦʪʢʠ ʙʝʟ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʦʧʣʘʚʣʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ. 
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MODELING OF LASER TH ERMAL HARDENING PROCESS  

In the current work a theoretical computer model of laser thermal hardening 

process of high-carbon steel under various processing modes was built in the Comsol 

Multiphysics environment. Experiments were carried out to correct the resulting 

model and verify it. The final model was tested over a wide range of processing 

modes. The results show that the model describes with high accuracy the 

experimentally obtained data for all investigated processing modes without significant 

surface melting. 

ɺʩʣʝʜʩʪʚʠʝ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʦʛʨʦʤʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʨʘʟʣʠʯʥʳʭ ʧʦ 

ʩʚʦʡʩʪʚʘʤ ʤʘʪʝʨʠʘʣʦʚ ʠ ʭʘʨʘʢʪʝʨʘ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʣʘʟʝʨʥʳʤ 

ʠʟʣʫʯʝʥʠʝʤ, ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʨʦʚʦʜʠʪʴ ʨʘʩʯʝʪ 

ʨʝʟʫʣʴʪʘʪʘ ʠʭ ʦʙʨʘʙʦʪʢʠ, ʠʩʧʦʣʴʟʫʷ ʚʝʨʠʬʠʮʠʨʦʚʘʥʥʫʶ ʤʦʜʝʣʴ. ʊʘʢʦʡ 

ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʧʦʜʦʙʨʘʪʴ ʧʦʜʭʦʜʷʱʠʡ ʜʠʘʧʘʟʦʥ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʧʘʨʘʤʝʪʨʦʚ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʪʨʝʙʫʝʤʳʭ ʩʚʦʡʩʪʚ, ʘ ʪʘʢʞʝ 

ʦʮʝʥʠʪʴ ʛʣʫʙʠʥʫ ɿʊɺ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʜʘʥʥʳʭ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚ ʩʨʝʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ Comsol Multiphysics ʧʫʪʸʤ 

ʨʝʝhʥʠʷ ʪʨʸʭʤʝʨʥʳʭ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʥʝʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ 
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ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʧʦʣʷ, 

ʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ. ɿʥʘʷ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʦʙʲʝʤʝ ʧʦʜʣʦʞʢʠ, ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ 

ʧʘʨʘʤʝʪʨʳ ʦʙʣʘʩʪʠ ʟʘʢʘʣʢʠ ʧʦ ʠʟʦʪʝʨʤʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʢʨʠʪʠʯʝʩʢʦʡ 

ʪʦʯʢʝ ɸʩ3, ʠ ʟʦʥʫ ʦʧʣʘʚʣʝʥʠʷ ʧʦ ʠʟʦʪʝʨʤʝ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʣʘʚʣʝʥʠʷ ʊʧʣ. 

ʉʯʠʪʘʝʪʩʷ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ ʧʨʠ ʣʘʟʝʨʥʦʡ ʦʙʨʘʙʦʪʢʝ ʚʩʝʛʜʘ 

ʧʨʝʚʳʰʘʝʪ ʟʥʘʯʝʥʠʷ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʧʨʝʚʨʘʱʝʥʠʷ ʘʫʩʪʝʥʠʪʘ ʚ 

ʤʘʨʪʝʥʩʠʪ. ɺ ʨʘʙʦʪʝ ʤʦʜʝʣʠʨʦʚʘʣʩʷ ʧʨʦʮʝʩʩ ʦʙʨʘʙʦʪʢʠ 

ʚʳʩʦʢʦʫʛʣʝʨʦʜʠʩʪʦʡ ʩʪʘʣʠ ʤʘʨʢʠ 9ʍʉ, ʯʘʩʪʦ ʚʩʪʨʝʯʘʶʱʝʡʩʷ ʚ 

ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʤʦʱʥʦʩʪʷʭ ʠ 

ʜʠʘʤʝʪʨʘʭ ʣʘʟʝʨʥʦʛʦ ʧʷʪʥʘ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʝʪʘ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ 

ʤʦʜʝʣʠ ʧʦʣʫʯʝʥʘ ʰʠʨʠʥʘ ʠ ʛʣʫʙʠʥʘ ʟʦʥʳ ʟʘʢʘʣʢʠ ʧʦʩʣʝ ʚʦʟʜʝʡʩʪʚʠʷ 

ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʦʙʨʘʙʘʪʳʚʘʝʤʫʶ ʧʦʜʣʦʞʢʫ, ʘ ʪʘʢʞʝ ʚʳʧʦʣʥʝʥʦ 

ʧʦʩʪʨʦʝʥʠʝ ʛʨʘʬʠʢʦʚ ʪʝʤʧʝʨʘʪʫʨ ʚ ʭʘʨʘʢʪʝʨʥʳʭ ʪʦʯʢʘʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʙʨʘʟʮʘ.  

 
ʈʠʩ. 1. ʊʝʤʧʝʨʘʪʫʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚ ʧʦʜʣʦʞʢʝ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʣʘʟʝʨʥʳʤ 

ʣʫʯʦʤ. 

ʅʘ ʫʩʪʘʥʦʚʢʝ, ʦʩʥʘʱʝʥʥʦʡ ʚʳʩʦʢʦʤʦʱʥʳʤ ʚʦʣʦʢʦʥʥʳʤ ʣʘʟʝʨʦʤ 

ʤʦʱʥʦʩʪʴʶ ʜʦ 10 ʢɺʪ, ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʳ ʜʣʷ ʚʝʨʠʬʠʢʘʮʠʠ 

ʧʦʩʪʨʦʝʥʥʦʡ ʢʦʤʧʴʶʪʝʨʥʦʡ ʤʦʜʝʣʠ. ʇʨʦʚʝʨʢʘ ʩʦʦʪʚʝʪʩʪʚʠʷ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʨʝʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʧʫʪʝʤ ʩʨʘʚʥʝʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʪʝʧʣʦʚʠʟʦʨʘ ʚ ʨʘʟʣʠʯʥʳʭ 

ʭʘʨʘʢʪʝʨʥʳʭ ʪʦʯʢʘʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ. ɺʪʦʨʳʤ ʧʘʨʘʤʝʪʨʦʤ 

ʩʨʘʚʥʝʥʠʷ ʙʳʣʠ ʨʘʟʤʝʨʳ ʦʙʣʘʩʪʠ ʟʘʢʘʣʢʠ, ʢʦʪʦʨʳʝ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʥʘ 

ʤʘʢʨʦʰʣʠʬʘʭ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʦʛʦ ʤʠʢʨʦʩʢʦʧʘ.  

ɼʣʷ ʪʦʯʥʦʛʦ ʨʘʩʯʝʪʘ ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʦʣʝʡ 

ʥʝʦʙʭʦʜʠʤʦ ʟʥʘʪʴ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʫʯʠʪʳʚʘʪʴ ʚʩʝ ʧʨʦʮʝʩʩʳ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ, 

ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʩʪʨʫʢʪʫʨʝ. ʊʘʢ ʢʘʢ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʥʝʚʦʟʤʦʞʥʦ 

ʫʯʝʩʪʴ ʚʩʝʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʨʦʮʝʩʩʘ ʦʙʨʘʙʦʪʢʠ ʩʫʱʝʩʪʚʫʝʪ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ. ʇʦʩʣʝ ʫʪʦʯʥʝʥʠʷ 

ʧʦʩʪʨʦʝʥʥʦʡ ʤʦʜʝʣʠ ʥʘ ʦʩʥʦʚʝ ʧʝʨʚʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʝʝ 
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ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʙʳʣʘ ʧʨʦʚʝʨʝʥʘ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʨʝʞʠʤʦʚ ʠ 

ʩʭʦʜʠʣʘʩʴ ʩ ʨʝʘʣʴʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ.  
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2ʆʆʆ çʅʊʆ ʀʈʕ-ʇʦʣʶʩè, ʌʨʷʟʠʥʦ, ʈʦʩʩʠʷ 

ʊɽʆʈɽʊʀʏɽʉʂɸʗ ʀ ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʆʎɽʅʂɸ 

ɿʆʅʓ ʊɽʈʄʀʏɽʉʂʆɻʆ ɺʃʀʗʅʀʗ ʇʈʀ ʈɽɿʂɽ 

ʉʊɽʂʃʆʇʃɸʉʊʀʂʆɺ ʅɽʇʈɽʈʓɺʅʓʄ ʀɿʃʋʏɽʅʀɽʄ 

ɺʆʃʆʂʆʅʅʆɻʆ ʃɸɿɽʈɸ 

ʇʨʦʠʟʚʝʜʝʥʘ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʦʮʝʥʢʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʪʝʧʣʘ, ʢʦʪʦʨʘʷ 

ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʨʘʟʤʝʨ ʟʦʥʳ ʪʝʨʤʠʯʝʩʢʦʛʦ ʚʣʠʷʥʠʷ (ɿʊɺ) ʠ ʛʣʫʙʠʥʫ 

ʠʩʧʘʨʝʥʠʷ ʤʘʪʝʨʠʣʘ ʚ ʢʦʤʧʦʟʠʪʥʦʤ ʧʦʣʠʤʝʨʥʦʤ ʤʘʪʝʨʠʘʣʝ (ʩʪʝʢʣʦʧʣʘʩʪʠʢ) ʧʨʠ 

ʚʦʟʜʝʡʩʪʚʠʠ ʥʝʧʨʝʨʳʚʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 1,06 ʤʢʤ. 

ʆʮʝʥʢʘ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʧʫʪʝʤ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʌʫʨʴʝ ʧʨʠ 

ʣʘʟʝʨʥʦʤ ʥʘʛʨʝʚʝ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʘʥʘʣʠʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʠ 

ʢʦʤʧʴʶʪʝʨʥʘʷ ʤʫʣʴʪʠʬʠʟʠʯʝʩʢʘʷ ʩʠʤʫʣʷʮʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʪʝʧʣʘ ʚ 

ʩʪʝʢʣʦʧʣʘʩʪʠʢʝ, ʘ ʪʘʢʞʝ ʧʨʦʚʝʜʝʥʘ ʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʧʨʦʚʝʨʢʘ.  
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THEORETICAL AND EXPERIMENTAL ESTIMATION OF 

THE HEAT AFFECTED ZONE IN CUTTING GLASS FIBER 

REINFORCED PLASTIC WITH CW FIBER LASER  

The heat propagation has been theoretically estimated, making it possible to 

determine the size of the heat affected zone (HAZ) and the depth of material 

evaporation in glass fiber reinforced plastic (GFRP) under the influence of cw-laser 

radiation with a wavelength of 1.06 Õm. The estimation was made by solving the 

Fourier's law of heat conduction under laser heating. As a result, the analytical model 

of heat propagation and multiphysics simulation obtained was proven by the 

experiment. 

ʉʪʝʢʣʦʧʣʘʩʪʠʢʠ ï ʚʠʜ ʧʦʣʠʤʝʨʥʦʛʦ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, 

ʛʜʝ ʘʨʤʠʨʫʶʱʠʤ ʚʝʱʝʩʪʚʦʤ ʷʚʣʷʝʪʩʷ ʩʪʝʢʣʷʥʥʦʝ ʚʦʣʦʢʥʦ. ɿʘ ʩʯʝʪ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʪʝʢʣʷʥʥʦʛʦ ʚʦʣʦʢʥʘ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʘʶʪʩʷ 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠʟʜʝʣʠʡ ʠʟ ʩʪʝʢʣʦʧʣʘʩʪʠʢʘ. ɿʘ ʩʯʝʪ ʫʥʠʢʘʣʴʥʳʭ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠʟʜʝʣʠʷ ʠʟ ʩʪʝʢʣʦʧʣʘʩʪʠʢʘ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ 

ʚ ʤʘʰʠʥʦʩʪʨʦʝʥʠʠ, ʩʪʨʦʠʪʝʣʴʩʪʚʝ ʠ ʚ ʩʦʟʜʘʥʠʠ ʦʛʥʝʩʪʦʡʢʠʭ ʧʘʥʝʣʝʡ.  
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ʀʟ-ʟʘ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʢʦʤʧʦʥʝʥʪʦʚ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʥʝ 

ʠʟʦʪʨʦʧʥʦʩʪʠ ʠʭ ʩʚʦʡʩʪʚ ʩʫʱʝʩʪʚʫʶʪ ʩʣʦʞʥʦʩʪʠ ʧʨʠ ʦʙʨʘʙʦʪʢʝ 

ʩʪʝʢʣʦʧʣʘʩʪʠʢʘ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʨʘʜʠʮʠʦʥʥʳʭ ʤʝʪʦʜʦʚ ʦʙʨʘʙʦʪʢʠ 

ʯʘʩʪʦ ʪʝʨʷʶʪʩʷ ʧʨʦʯʥʦʩʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʟ-ʟʘ ʨʘʟʣʠʯʥʳʭ 

ʧʦʚʨʝʞʜʝʥʠʡ (ʈʘʩʩʣʦʝʥʠʝ, ʨʘʩʪʨʝʩʢʠʚʘʥʠʝ, ʚʳʪʷʛʠʚʘʥʠʝ ʚʦʣʦʢʥʘ). 

ɸʣʴʪʝʨʥʘʪʠʚʥʳʤ ʩʧʦʩʦʙʦʤ ʦʙʨʘʙʦʪʢʠ ʤʦʞʝʪ ʷʚʣʷʪʴʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠʤʝʶʪ ʪʘʢʠʝ 

ʧʨʝʠʤʫʱʝʩʪʚʘ ʢʘʢ ʦʪʩʫʪʩʪʚʠʝ ʨʘʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʦʪʩʫʪʩʪʚʠʝ 

ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʘ ʩ ʟʘʛʦʪʦʚʢʦʡ, ʥʦ ʧʨʠ ʵʪʦʤ ʚʦ ʚʨʝʤʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʬʦʨʤʠʨʫʝʪʩʷ ʟʦʥʘ ʪʝʨʤʠʯʝʩʢʦʛʦ 

ʚʣʠʷʥʠʷ (ɿʊɺ), ʢʦʪʦʨʘʷ ʫʤʝʥʴʰʘʝʪ ʧʨʦʯʥʦʩʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʤʘʪʝʨʠʘʣʘ, ʧʦʵʪʦʤʫ ʚʘʞʥʳʤ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ ʬʘʢʪʦʨʦʚ, ʢʦʪʦʨʳʝ 

ʚʣʠʷʶʪ ʥʘ ʝʸ ʚʝʣʠʯʠʥʫ ʠ ʤʠʥʠʤʠʟʘʮʠʷ ʦʙʣʘʩʪʠ ɿʊɺ.  

ʆʩʦʙʝʥʥʦ ʭʦʨʦʰʦ ʩʝʙʷ ʧʦʢʘʟʳʚʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʪʨʘʪʝʛʠʠ 

ʤʥʦʛʦʧʨʦʭʦʜʥʦʡ ʣʘʟʝʨʥʦʡ ʨʝʟʢʠ ʩ ʫʰʠʨʝʥʠʝʤ ʢʘʥʘʣʘ ʨʝʟʘ [1], ʥʦ ʧʨʠ 

ʵʪʦʤ ʜʘʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʢʦʥʪʨʦʣʴ ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʤʝʞʜʫ 

ʩʦʙʦʡ ʤʥʦʞʝʩʪʚʘ ʧʘʨʘʤʝʪʨʦʚ ʦʙʨʘʙʦʪʢʠ ʠ ʥʫʞʜʘʝʪʩʷ ʚ ʦʧʪʠʤʠʟʘʮʠʠ, ʚ 

ʯʝʤ ʤʦʞʝʪ ʧʦʤʦʯʴ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʦʮʝʥʢʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʪʝʧʣʘ ʠ ʚʨʝʤʷ 

ʦʩʪʳʚʘʥʠʷ ʤʘʪʝʨʠʘʣʘ ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʘ ʧʨʦʠʟʚʝʜʝʥʘ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʦʮʝʥʢʘ ʨʘʟʤʝʨʘ 

ɿʊɺ ʧʨʠ ʧʦʤʦʱʠ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʌʫʨʴʝ ʚ ʩʣʫʯʘʝ 

ʣʘʟʝʨʥʦʛʦ ʥʘʛʨʝʚʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʫʧʨʦʱʝʥʥʦʝ 

ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʚʳʨʘʞʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ ʦʪ 

ʚʨʝʤʝʥʠ ʠ ʢʦʦʨʜʠʥʘʪʳ ʧʨʠ ʥʘʛʨʝʚʝ ʚ ʜʦ ʠʩʧʘʨʠʪʝʣʴʥʦʤ ʠ ʚ 

ʠʩʧʘʨʠʪʝʣʴʥʦʤ ʨʝʞʠʤʘʭ. ʊʘʢʞʝ ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʢʦʤʧʴʶʪʝʨʥʘʷ 

ʤʫʣʴʪʠʬʠʟʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʥʘʛʨʝʚʘ ʚ ʇʆ COMSOL ʠ ʧʨʦʚʝʜʝʥʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʧʨʦʚʝʨʢʘ ʨʝʟʫʣʴʪʘʪʦʚ. 

ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʧʨʦʚʝʨʢʠ ʚ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʫʩʪʘʥʦʚʢʘ ʥʘ ʙʘʟʝ ʥʝʧʨʝʨʳʚʥʦʛʦ ʚʦʣʦʢʦʥʥʦʛʦ ʠʪʪʝʨʙʠʝʚʦʛʦ ʣʘʟʝʨʘ ʩ 

ʜʣʠʥʦʡ ʚʦʣʥʳ 1,06 ʤʢʤ ʤʦʱʥʦʩʪʴʶ 300 ɺʪ ʩ ʜʚʫʭʦʩʝʚʳʤ 

ʛʘʣʴʚʘʥʦʩʢʘʥʝʨʦʤ.  

ɺ ʢʘʯʝʩʪʚʝ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʢʦʤʧʦʟʠʪʥʳʡ 

ʤʘʪʝʨʠʘʣ ʩ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʝʡ ʠʟ ʧʦʣʠʵʬʠʨʥʦʡ ʩʤʦʣʳ 

ʘʨʤʠʨʦʚʘʥʥʳʡ ʩʪʝʢʣʦʚʦʣʦʢʥʦʤ. ʆʮʝʥʢʘ ʢʘʯʝʩʪʚʘ ʧʨʦʚʦʜʠʣʘʩʴ ʧʦ 

ʠʟʤʝʨʝʥʠʶ ʟʦʥʳ ɿʊɺ ʠ ʥʘʣʠʯʠʶ ʨʘʩʪʨʝʩʢʠʚʘʥʠʷ ʠ ʨʘʩʩʣʦʝʥʠʷ ʚ ʦʙʣʘʩʪʠ 

ʦʙʨʘʙʦʪʢʠ.  

 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ʈ.ʈ. ʂʆʂʆɽɺ, ʖ.ɺ. ʂɸʈɻʀʅɸ, ɻ.ɺ. ʊʀʍʆʅʆɺʉʂʀʁ, ɸ.ʖ. 

ʍɸʈʀʅ, ɸ.ɸ. ʇʆʇʆɺ, ʄ.ɺ. ʐɽʉʊɸʂʆɺ, ɺ.ʖ. ʊʀʄʆʐɽʅʂʆ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ʉʀʅʊɽɿ ʅɸʅʆʏɸʉʊʀʎ ʂʈɽʄʅʀʗ, ʃɽɻʀʈʆɺɸʅʅʓʍ 

ɾɽʃɽɿʆʄ, ʄɽʊʆɼʆʄ ʃɸɿɽʈʅʆʁ ɸɹʃʗʎʀʀ ɺ 

ɾʀɼʂʆʉʊʀ 

ɺ ʨʘʙʦʪʝ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʥʘʥʦʯʘʩʪʠʮʳ ʢʨʝʤʥʠʷ, ʣʝʛʠʨʦʚʘʥʥʳʝ 

ʞʝʣʝʟʦʤ, ʧʨʠ ʧʦʤʦʱʠ ʤʝʪʦʜʘ ʬʝʤʪʦʩʝʢʫʥʜʥʦʡ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ ʚ ʚʦʜʝ ʠ 

ʘʮʝʪʦʥʝ. ʇʦʣʫʯʝʥʥʳʝ ʢʦʣʣʦʠʜʥʳʝ ʨʘʩʪʚʦʨʳ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʧʨʠ ʧʦʤʦʱʠ 

ʤʝʪʦʜʦʚ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ, ʨʘʤʘʥʦʚʩʢʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʩʢʘʥʠʨʫʶʱʝʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʘ ʪʘʢʞʝ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ 

ʚʝʣʠʯʠʥʳ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʚʝʣʠʯʠʥʳ ʧʨʠʣʦʞʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ʋʢʘʟʘʥʥʳʝ ʤʝʪʦʜʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʦʙʨʘʟʮʳ ʩʦʜʝʨʞʘʪ 

ʥʘʥʦʯʘʩʪʠʮʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ ʠ ʥʘʥʦʯʘʩʪʠʮʳ ʥʝʢʦʪʦʨʦʡ ʘʤʦʨʬʥʦʡ 

ʬʘʟʳ ʩ ʨʘʟʤʝʨʘʤʠ ʚ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʢʦʚ ʥʘʥʦʤʝʪʨʦʚ. ʄʘʛʥʠʪʥʳʝ ʠʟʤʝʨʝʥʠʷ 

ʧʦʜʪʚʝʨʜʠʣʠ ʧʨʠʩʫʪʩʪʚʠʝ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʬʘʟʳ ʚ ʦʙʨʘʟʮʘʭ. ʄʳ ʧʦʣʘʛʘʝʤ, ʯʪʦ 

ʧʦʣʫʯʝʥʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ ʧʝʨʩʧʝʢʪʠʚʥʳ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʙʠʦʤʝʜʠʮʠʥʝ. 
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METHODICAL ERRORS  CAUSED BY SUPERPOSITIONOF 

ELECTRICAL AND OPTICAL SIGNALS IN A 

HETERODYNE LASER INTERFEROMETER  

In this work, iron doped silicon nanoparticles were synthesized using the method 

of femtosecond laser ablation in water and acetone. The resultant colloidal solutions 

were investigated by means of the methods of X-ray Diffraction analysis, Raman 

microscopy, scanning electron microscopy and magnetic measurements. The 

indicated methods show the synthesized samples contain crystalline silicon 

nanoparticles and some nanoparticles of amorphous phase with sizes of several tens 

of nanometers. Magnetic measurements confirmed the presence of a ferromagnetic 

phase in the samples. We think the obtained nanoparticles are promising for use in 

biomedicine.  

 

ʂʦʣʣʦʠʜʥʳʝ ʢʨʝʤʥʠʝʚʳʝ ʥʘʥʦʯʘʩʪʠʮʳ ʘʢʪʠʚʥʦ ʧʨʠʚʣʝʢʘʶʪ 

ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʙʣʘʛʦʜʘʨʷ ʠʭ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʤ 
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ʩʚʦʡʩʪʚʘʤ ʠ ʧʝʨʩʧʝʢʪʠʚʥʦʤʫ ʧʨʠʤʝʥʝʥʠʶ ʚ ʙʠʦʤʝʜʠʮʠʥʝ [1]. ʊʘʢ ʚ 

ʨʘʙʦʪʘʭ [2, 3] ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʥʘʥʦʯʘʩʪʠʮʳ ʢʨʝʤʥʠʷ, 

ʣʝʛʠʨʦʚʘʥʥʳʝ ʠʦʥʘʤʠ ʞʝʣʝʟʘ, ʧʨʠ ʧʦʤʦʱʠ ʧʣʘʟʤʘ-ʘʙʣʷʮʠʦʥʥʳʭ 

ʤʝʪʦʜʦʚ. ʉʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ ʦʢʘʟʘʣʠʩʴ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ 

ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʢʦʥʪʨʘʩʪʥʳʭ ʘʛʝʥʪʦʚ ʜʣʷ ʤʘʛʥʠʪʥʦʡ 

ʨʝʟʦʥʘʥʩʥʦʡ ʪʦʤʦʛʨʘʬʠʠ (ʄʈʊ) ʠ ʧʨʦʪʠʚʦʦʧʫʭʦʣʝʚʦʡ ʪʝʨʘʧʠʠ. ɺ 

ʨʘʙʦʪʝ [4] ʥʘʥʦʯʘʩʪʠʮʳ ʢʨʝʤʥʠʷ, ʣʝʛʠʨʦʚʘʥʥʳʝ ʞʝʣʝʟʦʤ, ʙʳʣʠ 

ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʧʫʪʸʤ ʣʘʟʝʨʥʦ-ʘʙʣʷʮʠʦʥʥʦʛʦ ʩʠʥʪʝʟʘ ʚ ʞʠʜʢʦʩʪʠ. ɼʘʣʝʝ 

ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʮʠʪʦʪʦʢʩʠʯʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʥʝ 

ʧʨʝʚʳʰʘʝʪ 20%. ʅʘʩʪʦʷʱʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʷʚʣʷʝʪʩʷ ʧʨʦʜʦʣʞʝʥʠʝʤ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʟ ʨʘʙʦʪʳ [4] ʩ ʮʝʣʴʶ ʦʧʨʝʜʝʣʠʪʴ ʭʠʤʠʯʝʩʢʠʡ ʠ 

ʩʪʨʫʢʪʨʫʨʥʳʡ ʩʦʩʪʘʚ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ, ʘ ʪʘʢʞʝ ʠʭ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ 

ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʢʦʥʪʨʘʩʪʥʳʭ ʘʛʝʥʪʦʚ ʜʣʷ ʤʘʛʥʠʪʥʦʡ 

ʨʝʟʦʥʘʥʩʥʦʡ ʪʦʤʦʛʨʘʬʠʠ (ʄʈʊ). 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʥʘʥʦʯʘʩʪʠʮʳ ʢʨʝʤʥʠʷ, ʣʝʛʠʨʦʚʘʥʥʳʝ ʞʝʣʝʟʦʤ, ʧʨʠ 

ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʧʨʠ ʧʦʤʦʱʠ ʤʝʪʦʜʘ ʬʝʤʪʦʩʝʢʫʥʜʥʦʡ ʣʘʟʝʨʥʦʡ 

ʘʙʣʷʮʠʠ ʚ ʚʦʜʝ ʠ ʘʮʝʪʦʥʝ. ʉʦʩʪʘʚ ʠ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʝʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ 

ʙʳʣ ʠʩʩʣʝʜʦʚʘʥ ʧʫʪʸʤ ʧʨʠʤʝʥʝʥʠʷ ʨʷʜʘ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ 

ʠʩʩʣʝʜʦʚʘʥʠʷ. ʈʝʥʪʛʝʥʦ-ʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʠ ʨʘʤʘʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʩʦʩʪʘʚ ʦʙʨʘʟʮʦʚ ʚʭʦʜʷʪ ʥʘʥʦʯʘʩʪʠʮʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʢʨʝʤʥʠʷ ʠ ʥʘʥʦʯʘʩʪʠʮʳ ʥʝʠʟʚʝʩʪʥʦʡ ʘʤʦʨʬʥʦʡ ʬʘʟʳ. ʉʢʘʥʠʨʫʶʱʘʷ 

ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʚʳʷʚʠʣʘ, ʯʪʦ ʢʨʝʤʥʠʝʚʳʝ ʥʘʥʦʯʘʩʪʠʮʳ ʚ ʚʦʜʝ 

ʠʤʝʶʪ ʭʣʦʧʴʝʦʙʨʘʟʥʫʶ ʠ ʩʬʝʨʠʯʝʩʢʫʶ ʬʦʨʤʳ. ʂʨʝʤʥʠʝʚʳʝ 

ʥʘʥʦʯʘʩʪʠʮʳ ʚ ʘʮʝʪʦʥʝ ʠʤʝʶʪ ʩʬʝʨʠʯʝʩʢʫʶ ʬʦʨʤʫ. ʄʘʛʥʠʪʥʳʝ 

ʠʟʤʝʨʝʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʩʦʩʪʘʚʣʷʣʘ 6 

ʩʤ3/ʛ ʠ 0.06 ʩʤ3/ʛ ʧʨʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ~2000 ʕ ʜʣʷ 

ʥʘʥʦʯʘʩʪʠʮ ʚ ʚʦʜʝ ʠ ʘʮʝʪʦʥʝ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺʩʝ ʦʙʨʘʟʮʳ 

ʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʧʨʠʩʫʪʩʪʚʠʝ ʤʘʛʥʠʪʥʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ 

ʥʘ ʠʭ ʬʝʨʨʦʤʘʛʥʠʪʥʫʶ ʧʨʠʨʦʜʫ. ʄʳ ʧʦʣʘʛʘʝʤ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ 

ʥʘʥʦʯʘʩʪʠʮʳ ʧʝʨʩʧʝʢʪʠʚʥʳ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʙʠʦʤʝʜʠʮʠʥʝ. 
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ʆ.ɹ. ɸʅɸʅʔʀʅ, ʈ.ʐ. ʈɸʄɸʂʆʊʀ, ɸ.ʇ ʄɽʃɽʍʆɺ, 

ɺ.ɺ.ʂʈɸɺʏɽʅʂʆ, ʀ.ɸ. ɻɽʈɸʉʀʄʆɺ, ɻ.ʉ. ɹʆɻɼɸʅʆɺ  
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ʆ ɺʆɿʄʆɾʅʆʉʊʀ ʇʈʀʄɽʅɽʅʀʗ ʄʗɻʂʆɻʆ 

ʈɽʅʊɻɽʅʆɺʉʂʆɻʆ ʀɿʃʋʏɽʅʀʗ ʃɸɿɽʈʅʆʁ ʇʃɸɿʄʓ 

ɼʃʗ ʀɿʋʏɽʅʀʗ ʉʆʉʊɸɺɸ ʆʈɻɸʅʀʏɽʉʂʀʍ 

ʉʆɽɼʀʅɽʅʀʁ 

ʉ ʧʦʤʦʱʴʶ ʠʦʥʠʟʘʮʠʠ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʚʝʱʝʩʪʚʘ 

ʩʬʦʢʫʩʠʨʦʚʘʥʥʳʤ ʤʷʛʢʠʤ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʠʟʣʫʯʝʥʠʝʤ ʣʘʟʝʨʥʦʡ ʧʣʘʟʤʳ ʠ 

ʵʣʝʢʪʨʦʥʘʤʠ, ʧʨʠʰʝʜʰʠʤʠ ʠʟ ʛʣʫʙʦʢʠʭ ʩʣʦʝʚ, ʧʦʣʫʯʝʥʳ ʤʘʩʩ-ʩʧʝʢʪʨʳ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʨʘʟʣʠʯʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. 
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ON THE POSSIBILITY OF USING SOFT X -RAY LASER 

PLASMA RADIATION FOR STUDYING THE 

COMPOSITION OF  ORGANIC COMPOUNDS 

The mass spectra of the surface layer of various compounds were obtained by 

ionizing the near-surface layer of a substance by focused soft X-ray radiation from a 

laser plasma and electrons coming from deep layers. 

ʂʘʢ ʠʟʚʝʩʪʥʦ, ʄʈʀ ʣʘʟʝʨʥʦʡ ʧʣʘʟʤʳ ʧʦʛʣʦʱʘʝʪʩʷ ʚ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʛʣʫʙʠʥʦʡ ʧʦʨʷʜʢʘ 1õ2 ʤʢʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʚʪʦʨʠʯʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʠʦʥʠʟʘʮʠʠ, ʯʘʩʪʴ ʦʩʚʦʙʦʜʠʚʰʠʭʩʷ ʵʣʝʢʪʨʦʥʦʚ, 

ʦʙʣʘʜʘʶʱʠʝ ʦʧʨʝʜʝʣʝʥʥʳʤ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ ʩʧʝʢʪʨʦʤ, ʠʦʥʠʟʠʨʫʶʪ 

ʤʦʣʝʢʫʣʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ, ʨʘʟʨʫʰʘʷ ʭʠʤʠʯʝʩʢʠʝ ʩʚʷʟʠ. ɼʣʷ 

ʨʝʛʠʩʪʨʘʮʠʠ ʦʙʨʘʟʦʚʘʚʰʠʭʩʷ ʠʦʥʦʚ ʙʳʣʦ ʧʨʠʣʦʞʝʥʦ ʧʦʣʦʞʠʪʝʣʴʥʦʝ 

ʚʳʪʘʣʢʠʚʘʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʢ ʦʙʨʘʟʮʫ ʠ 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ ʠʦʥʠʟʠʨʦʚʘʥʥʳʝ ʬʨʘʛʤʝʥʪʳ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ 

ʥʘ ʚʨʝʤʷʧʨʦʣʝʪʥʦʤ ʤʘʩʩ-ʘʥʘʣʠʟʘʪʦʨʝ. 

ɺ ʭʦʜʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʦʙʨʘʟʝʮ ʦʙʣʫʯʘʣʩʷ 

ʩʬʦʢʫʩʠʨʦʚʘʥʥʳʤ ʠʥʪʝʥʩʠʚʥʳʤ ʄʈʀ ʦʪ ʣʘʟʝʨʥʦʡ ʧʣʘʟʤʳ. 

ʌʦʢʫʩʠʨʦʚʢʘ ʄʈʀ ʚ ʧʷʪʥʦ ʜʠʘʤʝʪʨʦʤ ʧʨʠʤʝʨʥʦ 2 ʤʤ ʠ ʟʘʱʠʪʘ ʦʙʨʘʟʮʘ 
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ʦʪ ʜʨʫʛʠʭ ʧʨʦʜʫʢʪʦʚ ʧʣʘʟʤʦʦʙʨʘʟʦʚʘʥʠʷ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʟʘ ʩʯʝʪ 

ʧʨʠʤʝʥʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʢʦʥʮʝʥʪʨʘʪʦʨʘ [1]. ɼʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ 

ʩʦʩʪʘʚʣʷʝʪ ~20ʥʩ ʩ ʵʥʝʨʛʠʝʡ ʚ ʠʤʧʫʣʴʩʝ ʄʈʀ ʧʦʨʷʜʢʘ  

1 ʤɼʞ ʧʨʠ ʩʧʝʢʪʨʝ ʄʈʀ ʦʪ 60 ʜʦ 1000 ʵɺ ʠ ʤʦʱʥʦʩʪʠ 5*104 ɺʪ [2]. 

ɺ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ ʦʙʨʘʟʝʮ ʧʦʤʝʱʘʣʩʷ ʥʘ ʤʝʜʥʫʶ ʧʨʦʚʦʜʷʱʫʶ 

ʧʣʘʩʪʠʥʢʫ, ʢ ʢʦʪʦʨʦʡ ʙʳʣʦ ʧʨʠʣʦʞʝʥʦ ʧʦʣʦʞʠʪʝʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ, ʩ 

ʧʦʩʣʝʜʫʶʱʝʡ ʬʠʢʩʘʮʠʝʡ ʧʦʩʨʝʜʩʪʚʦʤ ʢʣʝʷ ʣʠʙʦ ʟʘʞʠʤʦʚ. ʉʭʝʤʘ 

ʢʨʝʧʣʝʥʠʷ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1. ɺ ʭʦʜʝ ʨʘʙʦʪʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʜʣʷ ʥʝʩʢʦʣʴʢʠʭ ʚʝʱʝʩʪʚ ʪʘʢʠʭ ʢʘʢ: ʛʣʠʮʠʥ, ʢʦʬʝʠʥ ʠ ʪʝʬʣʦʥ 

ʠ ʜʨ.  

 
ʈʠʩ. 1. ʉʭʝʤʘ ʢʨʝʧʣʝʥʠʷ ʦʙʨʘʟʮʘ 

ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʤʘʩʩ-ʩʧʝʢʪʨʦʚ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʩʫʱʝʩʪʚʝʥʥʦʤ 

ʚʢʣʘʜʝ ʚ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʦʥʦʚ ʦʩʪʘʪʦʯʥʳʭ ʛʘʟʦʚ. ʅʦ, ʥʝʩʤʦʪʨʷ 

ʥʘ ʵʪʦ, ʥʘʤ ʫʜʘʣʦʩʴ ʚʳʜʝʣʠʪʴ ʭʘʨʘʢʪʝʨʥʳʝ ʫʯʘʩʪʢʠ ʥʘ ʤʘʩʩ-ʩʧʝʢʪʨʘʭ, 

ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʦʞʠʜʘʝʤʳʤ ʜʣʷ ʘʥʘʣʠʟʠʨʫʝʤʳʭ ʚʝʱʝʩʪʚ.  
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ʂ.ʉ. ʃʋʂʔʗʅʆɺ, ʂ.ʃ.ɻʋɹʉʂʀʁ, ʀ.ʖ. ʊʀʑɽʅʂʆ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ʈɸɿʈɸɹʆʊʂɸ ʉʀʉʊɽʄʓ ʀɿʄɽʈɽʅʀʗ ʕʃɽʂʊʈʆʅʅʆʁ 

ʇʃʆʊʅʆʉʊʀ ʇʃɸɿʄʓ ʅɸ ʋʉʊɸʅʆɺʂɽ ʂʉʇʋ-ʊ 

ʇʨʝʜʩʪʘʚʣʝʥʘ ʩʠʩʪʝʤʘ ʠʟʤʝʨʝʥʠʷ ʚʨʝʤʝʥʥʦʡ ʜʠʥʘʤʠʢʠ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ʧʣʘʟʤʝʥʥʦʛʦ ʧʦʪʦʢʘ ʥʘ ʫʩʪʘʥʦʚʢʝ ʂʉʇʋ-ʊ. ʉʠʩʪʝʤʘ ʩʦʟʜʘʥʘ ʥʘ 

ʦʩʥʦʚʝ ʚʦʣʦʢʦʥʥʦʛʦ ʛʝʪʝʨʦʜʠʥʥʦʛʦ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ. ʇʨʠʚʝʜʝʥʳ ʧʝʨʚʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ʀʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʚʠʙʨʘʮʠʡ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʥʘʚʦʜʦʢ ʥʘ ʨʝʟʫʣʴʪʘʪ ʠʟʤʝʨʝʥʠʡ. ʆʮʝʥʝʥ ʫʨʦʚʝʥʴ ʧʦʤʝʭ, ʩʦʟʜʘʚʘʝʤʳʡ 

ʠʤʧʫʣʴʩʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʚʳʩʦʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. 

K.S. LUKYANOV , K.L. GUBSKIY, I.Y. TISHCHENKO 
National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

 

DEVELOPMENT  OF THE PLASMA ELECTRON DENSITY 

MEASUREMENT SYSTEM ON QSPA-T 

A system for measuring the electron density of a plasma based on a fiber 

heterodyne interferometer is presented and the first results of experiments are 

presented. The influence of vibrations and electromagnetic field on the measurement 

result is investigated. The level of noise generated by high-voltage pulsed sources is 

estimated. 

ɺʦʟʨʘʩʪʘʶʱʠʡ ʠʥʪʝʨʝʩ ʢ ʠʩʩʣʝʜʦʚʘʥʠʶ ʜʘʣʴʥʝʛʦ ʢʦʩʤʦʩʘ [1][2] 

ʩʦʟʜʘʝʪ ʟʘʧʨʦʩ ʥʘ ʨʘʟʨʘʙʦʪʢʫ ʠ ʩʦʟʜʘʥʠʝ ʥʦʚʝʡʰʠʭ ʨʘʢʝʪʥʳʭ ʩʠʩʪʝʤ, 

ʩʧʦʩʦʙʥʳʭ ʙʳʩʪʨʦ ʜʦʩʪʘʚʣʷʪʴ ʙʦʣʴʰʠʝ ʛʨʫʟʳ ʠ ʵʢʠʧʘʞʠ ʢ ʠʩʩʣʝʜʫʝʤʳʤ 

ʢʦʩʤʠʯʝʩʢʠʤ ʪʝʣʘʤ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʢʣʘʩʩʠʯʝʩʢʠʭ ʪʝʨʤʦʭʠʤʠʯʝʩʢʠʭ ʨʘʢʝʪʥʳʭ 

ʜʚʠʛʘʪʝʣʝʡ ʜʣʷ ʤʝʞʧʣʘʥʝʪʥʳʭ ʧʝʨʝʣʝʪʦʚ ʥʝʮʝʣʝʩʦʦʙʨʘʟʥʦ ʚʚʠʜʫ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʛʦ ʦʛʨʘʥʠʯʝʥʠʷ ʫʜʝʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ ʜʘʥʥʳʭ ʪʠʧʦʚ 

ʫʩʪʘʥʦʚʦʢ [3]. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʤʠʨʝ ʚʝʜʫʪʩʷ ʨʘʙʦʪʳ ʧʦ ʩʦʟʜʘʥʠʶ 

ʵʣʝʢʪʨʦʨʝʘʢʪʠʚʥʳʭ ʨʘʢʝʪʥʳʭ ʜʚʠʛʘʪʝʣʝʡ (ʕʈɼ) ʩ ʙʦʣʴʰʦʡ ʪʷʛʦʡ [4][5].  

ʂ ʪʘʢʦʤʫ ʪʠʧʫ ʫʩʪʘʥʦʚʦʢ ʦʪʥʦʩʠʪʩʷ ʧʣʘʟʤʝʥʥʳʝ ʨʘʢʝʪʥʳʝ ʜʚʠʛʘʪʝʣʠ, ʚ 

ʢʦʪʦʨʳʭ ʨʘʙʦʯʠʤ ʪʝʣʦʤ, ʩʦʟʜʘʶʱʠʤ ʨʝʘʢʪʠʚʥʫʶ ʩʠʣʫ, ʷʚʣʷʝʪʩʷ ʧʦʪʦʢ 

ʛʦʨʷʯʝʡ ʧʣʘʟʤʳ, ʨʘʟʦʛʥʘʥʥʦʡ ʜʦ ʩʢʦʨʦʩʪʝʡ 10-100 ʢʤ/ʩʝʢ. ʀʟʫʯʝʥʠʝ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʛʦʨʝʥʠʷ ʧʣʘʟʤʳ ʥʘ ʨʘʟʥʳʭ ʨʝʞʠʤʘʭ ʨʘʙʦʪʳ ʠ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʘʩʩʦʚʦʛʦ ʨʘʩʭʦʜʘ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʷʚʣʷʶʪʩʷ 

ʥʝʦʙʭʦʜʠʤʳʤʠ ʵʪʘʧʘʤʠ ʚ ʨʘʟʨʘʙʦʪʢʝ ʧʣʘʟʤʝʥʥʦʛʦ ʨʘʢʝʪʥʦʛʦ ʜʚʠʛʘʪʝʣʷ 

ʩ ʚʳʩʦʢʦʡ ʪʷʛʦʡ. 
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ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʪʦʢʘ ʧʣʘʟʤʳ, ʩʦʟʜʘʚʘʝʤʦʛʦ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʳʤ 

ʩʠʣʴʥʦʪʦʯʥʳʤ ʧʣʘʟʤʝʥʥʳʤ ʫʩʢʦʨʠʪʝʣʝʤ, ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥ 

ʜʚʫʭʢʘʥʘʣʴʥʳʡ ʤʘʢʝʪ ʩʠʩʪʝʤʳ ʠʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʥʘ 

ʦʩʥʦʚʝ ʚʦʣʦʢʦʥʥʦʛʦ ʛʝʪʝʨʦʜʠʥʥʦʛʦ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʩ ʢʚʘʜʨʘʪʫʨʥʳʤ 

ʬʘʟʦʤʝʪʨʦʤ. ɹʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩʝʨʠʷ ʠʟʤʝʨʝʥʠʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ 

ʧʦʪʦʢʘ ʧʣʘʟʤʳ ʥʘ ʫʩʪʘʥʦʚʢʝ ʂʉʇʋ-ʊ. ʄʦʜʠʬʠʮʠʨʦʚʘʥʥʘʷ ʩʠʩʪʝʤʘ 

ʘʢʫʩʪʠʯʝʩʢʦʡ ʨʘʟʚʷʟʢʠ ʧʦʟʚʦʣʠʣʘ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʟʠʪʴ ʫʨʦʚʝʥʴ ʧʦʤʝʭ 

ʩʚʷʟʘʥʥʳʭ ʩ ʚʠʙʨʘʮʠʷʤʠ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ. ɼʘʣʴʥʝʡʰʠʝ ʨʘʙʦʪʳ 

ʙʫʜʫʪ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʫʩʪʨʘʥʝʥʠʝ ʠʤʧʫʣʴʩʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʥʘʚʦʜʦʢ ʠ 

ʫʚʝʣʠʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʢʘʥʘʣʦʚ ʜʦ ʚʦʩʴʤʠ. 
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ʀʄʇʋʃʔʉʅɸʗ ʃɸɿɽʈʅɸʗ ʄʆɼʀʌʀʂɸʎʀʗ 

ʂɽʈɸʄʀʂʀ AL2O3 ɼʃʗ ʋʇʈɸɺʃɽʅʀʗ 

ʉʄɸʏʀɺɸɽʄʆʉʊʔʖ ʇʆɺɽʈʍʅʆʉʊʀ 

ʇʨʦʠʟʚʝʜʝʥʘ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʦʮʝʥʢʘ ʨʘʟʣʠʯʥʳʭ ʩʪʨʘʪʝʛʠʡ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʝʨʘʤʠʢʠ Al 2O3 ʠʟʣʫʯʝʥʠʝʤ ʥʘʥʦʩʝʢʫʥʜʥʦʛʦ 

ʣʘʟʝʨʘ. ɿʘ ʦʩʥʦʚʫ ʙʳʣʠ ʚʳʙʨʘʥʳ ʤʦʜʝʣʠ ʩʤʘʯʠʚʘʝʤʦʩʪʠ ɺʝʥʮʝʣʷ ʠ ʂʘʩʩʠ-

ɹʘʢʩʪʝʨʘ. ʊʘʢʞʝ ʧʦʩʪʨʦʝʥʳ ʟʘʚʠʩʠʤʦʩʪʴ ʟʥʘʯʝʥʠʷ ʢʨʘʝʚʦʛʦ ʫʛʣʘ ʩʤʘʯʠʚʘʝʤʦʩʪʠ 

ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ.  

A.S. SHCHEKIN1,2, S.A. GLASYRINA1, A.A. GAVRIKOV 2, V.N. 

PETROVSKIJ1, A.A. ORESHKIN2 
1National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 
2NTO IRE-Polus, Fryazino, Russia 

 

PULSED LASER MODIFICATION OF AL2O3 CERAMICS 

TO CONTROLLING THE SURFACE WETTABILITY  

Different strategies for the fabrication of microstructures on the surface of Al2O3 

ceramics by nanosecond pulsed laser are theoretically evaluated. The basis wettability 

models were the Wenzel and Cassie-Baxter. The dependences of the value of the 

wettability angle on the laser radiation parameters were construction. 

ʂʦʥʪʨʦʣʠʨʦʚʘʥʠʝ ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠʤʝʝʪ ʰʠʨʦʢʦʝ 

ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʘʟʣʠʯʥʳʭ ʩʦʚʨʝʤʝʥʥʳʭ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʧʨʠʤʝʥʝʥʠʷ: ʩʘʤʦʦʯʠʱʘʶʱʠʝʩʷ ʧʦʚʝʨʭʥʦʩʪʠ, ʨʘʟʜʝʣʝʥʠʝ ʤʘʩʣʦʚʦʜʥʦʡ 

ʩʤʝʩʠ, ʠʤʧʣʘʥʪʦʣʦʛʠʷ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʢ ʪʨʘʜʠʮʠʦʥʥʳʤ ʩʧʦʩʦʙʘʤ 

ʧʦʣʫʯʝʥʠʷ ʛʠʜʨʦʬʦʙʥʳʭ ʠ ʛʠʜʨʦʬʠʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʦʪʥʦʩʷʪʩʷ: 

ʣʠʪʦʛʨʘʬʠʷ, ʦʙʨʘʙʦʪʢʘ ʧʣʘʟʤʦʡ, ʭʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ. ʀʟ ʤʠʥʫʩʦʚ 

ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʚʳʩʦʢʫʶ ʩʪʦʠʤʦʩʪʴ ʠ 

ʟʘʯʘʩʪʫʶ ʩʣʦʞʥʦʩʪʴ ʥʘʥʝʩʝʥʠʷ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʧʘʪʪʝʨʥʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʘʪʝʨʠʘʣʘ. ʈʝʰʝʥʠʝʤ ʜʘʥʥʳʭ ʧʨʦʙʣʝʤ ʤʦʞʝʪ ʷʚʣʷʪʴʩʷ ʣʘʟʝʨʥʦʝ 

ʠʟʣʫʯʝʥʠʝ. ʂ ʧʨʝʠʤʫʱʝʩʪʚʫ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʤʦʞʥʦ ʦʪʥʝʩʪʠ 

ʦʪʩʫʪʩʪʚʠʝ ʨʘʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʦʪʩʫʪʩʪʚʠʝ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʠ 
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ʭʠʤʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ, ʫʧʨʘʚʣʷʝʤʦʩʪʴ ʩʦʟʜʘʚʘʝʤʳʭ 

ʧʘʪʪʝʨʥʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʪʚʝʨʜʦʪʝʣʴʥʳʡ Nd:YVO4 ʣʘʟʝʨ ʩ ʛʝʥʝʨʘʮʠʝʡ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ, ʩʨʝʜʥʝʡ 

ʤʦʱʥʦʩʪʴʶ 10 ɺʪ ʠ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʠʤʧʫʣʴʩʘ 25 ʥʩ. ɼʠʘʤʝʪʨ ʧʫʯʢʘ 25 

ʤʢʤ. ʇʦʟʠʮʠʦʥʠʨʦʚʘʥʠʝ ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʧʨʠ ʧʦʤʦʱʠ 

ʛʘʣʴʚʘʥʦʩʢʘʥʠʨʫʶʱʠʭ ʟʝʨʢʘʣ.  

ɹʳʣʦ ʨʘʩʩʤʦʪʨʝʥʦ ʪʨʠ ʩʪʨʘʪʝʛʠʠ ʥʘʥʝʩʝʥʠʷ ʧʘʪʪʝʨʥʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʢʝʨʘʤʠʢʠ: ʩʪʦʣʙʯʘʪʘʷ ʩʝʪʢʘ, ʦʜʠʥʦʯʥʳʝ ʷʤʢʠ ʠ ʦʜʠʥʦʯʥʳʝ ʧʠʢʠ. ʉʭʝʤʳ 

ʦʙʨʘʙʦʪʢʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ 1. 

 

   

ʘ) ʙ) ʚ) 

ʈʠʩ. 1. ʅʘʥʦʩʠʤʳʝ ʧʘʪʪʝʨʥʳ, ʘ) ʩʪʦʣʙʯʘʪʘʷ ʩʝʪʢʘ, ʙ) ʦʜʠʥʦʯʥʳʝ ʷʤʢʠ, ʚ) 

ʦʜʠʥʦʯʥʳʝ ʧʠʢʠ. ʏʝʨʥʳʤ ʧʦʢʘʟʘʥʘ ʦʙʣʘʩʪʴ ʦʙʨʘʙʦʪʢʠ. ɼʣʷ ʩʣʫʯʘʷ ʙ) 

ʢʦʥʮʝʥʪʨʠʯʝʩʢʠʝ ʦʢʨʫʞʥʦʩʪʠ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʥʘ ʦʜʥʫ ʷʤʢʫ ʧʨʠʭʦʜʠʪʩʷ N 

ʠʤʧʫʣʴʩʦʚ. 

 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʨʘʝʚʦʛʦ ʫʛʣʘ ʩʤʘʯʠʚʘʥʠʷ ʢʘʧʣʷ ʦʙʲʸʤʦʤ 8 ʤʢʣ 

ʥʘʥʦʩʠʣʘʩʴ ʥʘ ʦʙʨʘʙʦʪʘʥʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ, ʧʦʩʣʝ ʯʝʛʦ ʧʨʦʠʟʚʦʜʠʣʘʩʴ 

ʬʦʪʦʩʲʝʤʢʘ ʚ ʤʠʢʨʦʩʢʦʧ ʠ ʠʟʤʝʨʝʥʠʝ ʪʘʥʛʝʥʮʠʘʣʴʥʳʤ ʤʝʪʦʜʦʤ. ʇʨʠ 

ʪʘʢʦʤ ʤʝʪʦʜʝ ʬʦʨʤʘ ʢʘʧʣʠ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʢʘʢ ʯʘʩʪʴ ʢʦʥʪʫʨʘ 

ʧʨʝʜʧʦʣʘʛʘʝʤʦʡ ʦʢʨʫʞʥʦʩʪʠ. ʆʧʨʝʜʝʣʷʝʪʩʷ ʮʝʥʪʨ ʧʨʝʜʧʦʣʘʛʘʝʤʦʡ 

ʦʢʨʫʞʥʦʩʪʠ, ʠ ʫʛʦʣ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʫʛʦʣ ʤʝʞʜʫ ʢʘʩʘʪʝʣʴʥʦʡ ʠ 

ʦʢʨʫʞʥʦʩʪʴʶ.  
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Ta D, Dunn A, Wasley T et al/ Nanosecond laser textured superhydrophobic 

metallic surfaces and their chemical sensing applications // Applied Surface Science. 

2015. Vol. 357 P. 248ï254. 
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ɸ.ʉ. ʑɽʂʀʅ1,2, ɼ.ʈ. ɻɸʐʀɻʋʃʃʀʅ1, ʉ.ɸ. ɻʃɸɿʓʈʀʅɸ1, 

ɸ.ɸ. ɻɸɺʈʀʂʆɺ2, ɺ.ʅ. ʇɽʊʈʆɺʉʂʀʁ1, ɸ.ɸ. ʆʈɽʐʂʀʅ2 
1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 
2ʆʆʆ çʅʊʆ ʀʈʕ-ʇʦʣʶʩè, ʌʨʷʟʠʥʦ, ʈʦʩʩʠʷ 

ʊɽʆʈɽʊʀʏɽʉʂɸʗ ʀ ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʆʎɽʅʂɸ 

ɿʆʅʓ ʊɽʈʄʀʏɽʉʂʆɻʆ ɺʃʀʗʅʀʗ ʇʈʀ ʈɽɿʂɽ 

ʉʊɽʂʃʆʇʃɸʉʊʀʂʆɺ ʅɽʇʈɽʈʓɺʅʓʄ ʀɿʃʋʏɽʅʀɽʄ 

ɺʆʃʆʂʆʅʅʆɻʆ ʃɸɿɽʈɸ 

ʇʨʦʠʟʚʝʜʝʥʘ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʦʮʝʥʢʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʪʝʧʣʘ, ʢʦʪʦʨʘʷ 

ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʨʘʟʤʝʨ ʟʦʥʳ ʪʝʨʤʠʯʝʩʢʦʛʦ ʚʣʠʷʥʠʷ (ɿʊɺ) ʠ ʛʣʫʙʠʥʫ 

ʠʩʧʘʨʝʥʠʷ ʤʘʪʝʨʠʣʘ ʚ ʢʦʤʧʦʟʠʪʥʦʤ ʧʦʣʠʤʝʨʥʦʤ ʤʘʪʝʨʠʘʣʝ (ʩʪʝʢʣʦʧʣʘʩʪʠʢ) ʧʨʠ 

ʚʦʟʜʝʡʩʪʚʠʠ ʥʝʧʨʝʨʳʚʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 1,06 ʤʢʤ. 

ʆʮʝʥʢʘ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʧʫʪʝʤ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʌʫʨʴʝ ʧʨʠ 

ʣʘʟʝʨʥʦʤ ʥʘʛʨʝʚʝ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʘʥʘʣʠʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʠ 

ʢʦʤʧʴʶʪʝʨʥʘʷ ʤʫʣʴʪʠʬʠʟʠʯʝʩʢʘʷ ʩʠʤʫʣʷʮʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʪʝʧʣʘ ʚ 

ʩʪʝʢʣʦʧʣʘʩʪʠʢʝ, ʘ ʪʘʢʞʝ ʧʨʦʚʝʜʝʥʘ ʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʧʨʦʚʝʨʢʘ.  
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THEORETICAL AND EXPERIMENTAL ESTIMATION OF 

THE HEAT AFFECTED ZONE IN CUTTING GLASS FIBER 

REINFORCED PLASTIC WITH CW FIBER LASER  

The heat propagation has been theoretically estimated, making it possible to 

determine the size of the heat affected zone (HAZ) and the depth of material 

evaporation in glass fiber reinforced plastic (GFRP) under the influence of cw-laser 

radiation with a wavelength of 1.06 Õm. The estimation was made by solving the 

Fourier's law of heat conduction under laser heating. As a result, the analytical model 

of heat propagation and multiphysics simulation obtained was proven by the 

experiment. 

ʉʪʝʢʣʦʧʣʘʩʪʠʢʠ ï ʚʠʜ ʧʦʣʠʤʝʨʥʦʛʦ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, 

ʛʜʝ ʘʨʤʠʨʫʶʱʠʤ ʚʝʱʝʩʪʚʦʤ ʷʚʣʷʝʪʩʷ ʩʪʝʢʣʷʥʥʦʝ ʚʦʣʦʢʥʦ. ɿʘ ʩʯʝʪ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʪʝʢʣʷʥʥʦʛʦ ʚʦʣʦʢʥʘ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʘʶʪʩʷ 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠʟʜʝʣʠʡ ʠʟ ʩʪʝʢʣʦʧʣʘʩʪʠʢʘ. ɿʘ ʩʯʝʪ ʫʥʠʢʘʣʴʥʳʭ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠʟʜʝʣʠʷ ʠʟ ʩʪʝʢʣʦʧʣʘʩʪʠʢʘ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ 

ʚ ʤʘʰʠʥʦʩʪʨʦʝʥʠʠ, ʩʪʨʦʠʪʝʣʴʩʪʚʝ ʠ ʚ ʩʦʟʜʘʥʠʠ ʦʛʥʝʩʪʦʡʢʠʭ ʧʘʥʝʣʝʡ.  
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ʀʟ-ʟʘ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʢʦʤʧʦʥʝʥʪʦʚ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʥʝ 

ʠʟʦʪʨʦʧʥʦʩʪʠ ʠʭ ʩʚʦʡʩʪʚ ʩʫʱʝʩʪʚʫʶʪ ʩʣʦʞʥʦʩʪʠ ʧʨʠ ʦʙʨʘʙʦʪʢʝ 

ʩʪʝʢʣʦʧʣʘʩʪʠʢʘ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʨʘʜʠʮʠʦʥʥʳʭ ʤʝʪʦʜʦʚ ʦʙʨʘʙʦʪʢʠ 

ʯʘʩʪʦ ʪʝʨʷʶʪʩʷ ʧʨʦʯʥʦʩʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʟ-ʟʘ ʨʘʟʣʠʯʥʳʭ 

ʧʦʚʨʝʞʜʝʥʠʡ (ʈʘʩʩʣʦʝʥʠʝ, ʨʘʩʪʨʝʩʢʠʚʘʥʠʝ, ʚʳʪʷʛʠʚʘʥʠʝ ʚʦʣʦʢʥʘ). 

ɸʣʴʪʝʨʥʘʪʠʚʥʳʤ ʩʧʦʩʦʙʦʤ ʦʙʨʘʙʦʪʢʠ ʤʦʞʝʪ ʷʚʣʷʪʴʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠʤʝʶʪ ʪʘʢʠʝ 

ʧʨʝʠʤʫʱʝʩʪʚʘ ʢʘʢ ʦʪʩʫʪʩʪʚʠʝ ʨʘʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʦʪʩʫʪʩʪʚʠʝ 

ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʘ ʩ ʟʘʛʦʪʦʚʢʦʡ, ʥʦ ʧʨʠ ʵʪʦʤ ʚʦ ʚʨʝʤʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʬʦʨʤʠʨʫʝʪʩʷ ʟʦʥʘ ʪʝʨʤʠʯʝʩʢʦʛʦ 

ʚʣʠʷʥʠʷ (ɿʊɺ), ʢʦʪʦʨʘʷ ʫʤʝʥʴʰʘʝʪ ʧʨʦʯʥʦʩʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʤʘʪʝʨʠʘʣʘ, ʧʦʵʪʦʤʫ ʚʘʞʥʳʤ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ ʬʘʢʪʦʨʦʚ, ʢʦʪʦʨʳʝ 

ʚʣʠʷʶʪ ʥʘ ʝʸ ʚʝʣʠʯʠʥʫ ʠ ʤʠʥʠʤʠʟʘʮʠʷ ʦʙʣʘʩʪʠ ɿʊɺ.  

ʆʩʦʙʝʥʥʦ ʭʦʨʦʰʦ ʩʝʙʷ ʧʦʢʘʟʳʚʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʪʨʘʪʝʛʠʠ 

ʤʥʦʛʦʧʨʦʭʦʜʥʦʡ ʣʘʟʝʨʥʦʡ ʨʝʟʢʠ ʩ ʫʰʠʨʝʥʠʝʤ ʢʘʥʘʣʘ ʨʝʟʘ [1], ʥʦ ʧʨʠ 

ʵʪʦʤ ʜʘʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʢʦʥʪʨʦʣʴ ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʤʝʞʜʫ 

ʩʦʙʦʡ ʤʥʦʞʝʩʪʚʘ ʧʘʨʘʤʝʪʨʦʚ ʦʙʨʘʙʦʪʢʠ ʠ ʥʫʞʜʘʝʪʩʷ ʚ ʦʧʪʠʤʠʟʘʮʠʠ, ʚ 

ʯʝʤ ʤʦʞʝʪ ʧʦʤʦʯʴ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʦʮʝʥʢʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʪʝʧʣʘ ʠ ʚʨʝʤʷ 

ʦʩʪʳʚʘʥʠʷ ʤʘʪʝʨʠʘʣʘ ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʘ ʧʨʦʠʟʚʝʜʝʥʘ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʦʮʝʥʢʘ ʨʘʟʤʝʨʘ 

ɿʊɺ ʧʨʠ ʧʦʤʦʱʠ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʌʫʨʴʝ ʚ ʩʣʫʯʘʝ 

ʣʘʟʝʨʥʦʛʦ ʥʘʛʨʝʚʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʫʧʨʦʱʝʥʥʦʝ 

ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʚʳʨʘʞʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ ʦʪ 

ʚʨʝʤʝʥʠ ʠ ʢʦʦʨʜʠʥʘʪʳ ʧʨʠ ʥʘʛʨʝʚʝ ʚ ʜʦ ʠʩʧʘʨʠʪʝʣʴʥʦʤ ʠ ʚ 

ʠʩʧʘʨʠʪʝʣʴʥʦʤ ʨʝʞʠʤʘʭ. ʊʘʢʞʝ ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʢʦʤʧʴʶʪʝʨʥʘʷ 

ʤʫʣʴʪʠʬʠʟʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʥʘʛʨʝʚʘ ʚ ʇʆ COMSOL ʠ ʧʨʦʚʝʜʝʥʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʧʨʦʚʝʨʢʘ ʨʝʟʫʣʴʪʘʪʦʚ. 

ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʧʨʦʚʝʨʢʠ ʚ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʫʩʪʘʥʦʚʢʘ ʥʘ ʙʘʟʝ ʥʝʧʨʝʨʳʚʥʦʛʦ ʚʦʣʦʢʦʥʥʦʛʦ ʠʪʪʝʨʙʠʝʚʦʛʦ ʣʘʟʝʨʘ ʩ 

ʜʣʠʥʦʡ ʚʦʣʥʳ 1,06 ʤʢʤ ʤʦʱʥʦʩʪʴʶ 300 ɺʪ ʩ ʜʚʫʭʦʩʝʚʳʤ 

ʛʘʣʴʚʘʥʦʩʢʘʥʝʨʦʤ.  

ɺ ʢʘʯʝʩʪʚʝ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʢʦʤʧʦʟʠʪʥʳʡ 

ʤʘʪʝʨʠʘʣ ʩ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʝʡ ʠʟ ʧʦʣʠʵʬʠʨʥʦʡ ʩʤʦʣʳ, 

ʘʨʤʠʨʦʚʘʥʥʳʡ ʩʪʝʢʣʦʚʦʣʦʢʥʦʤ. ʆʮʝʥʢʘ ʢʘʯʝʩʪʚʘ ʧʨʦʚʦʜʠʣʘʩʴ ʧʦ 

ʠʟʤʝʨʝʥʠʶ ʟʦʥʳ ɿʊɺ ʠ ʥʘʣʠʯʠʶ ʨʘʩʪʨʝʩʢʠʚʘʥʠʷ ʠ ʨʘʩʩʣʦʝʥʠʷ ʚ ʦʙʣʘʩʪʠ 

ʦʙʨʘʙʦʪʢʠ.  

. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ʕ. ʅ. ʎʆʁ, ʃ. ɸ. ʉʋʖʅʆɺ  
ʌʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ɸʅ ʈʋʟ, ʊʘʰʢʝʥʪ, ʋʟʙʝʢʠʩʪʘʥ 

ʆ ɺʆɿʄʆɾʅʆʉʊʀ ɻɽʅɽʈɸʎʀʀ ʀʄʇʋʃʔʉʆɺ ɺ 

ʂʆʃʔʎɽɺʓʍ ʆʇʊʀʏɽʉʂʀʍ ʈɽɿʆʅɸʊʆʈɸʍ  

ʀʟʫʯʝʥʳ ʫʩʣʦʚʠʷ ʛʝʥʝʨʘʮʠʠ ʦʧʪʠʯʝʩʢʠʭ ʩʦʣʠʪʦʥʦʚ ʚ ʢʦʣʴʮʝʚʳʭ 

ʨʝʟʦʥʘʪʦʨʘʭ ʩ ʢʝʨʨʦʚʩʢʦʡ ʥʝʣʠʥʝʡʥʦʩʪʴʶ. ʉ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ ʪʝʦʨʠʠ 

ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʩʪʘʮʠʦʥʘʨʥʳʭ ʨʝʰʝʥʠʡ 

ʫʨʘʚʥʝʥʠʷ ʃʫʜʞʠʘʪʦ-ʃʝʬʝʚʝʨʘ. ʅʘʡʜʝʥʳ ʧʨʦʬʠʣʠ ʠ ʧʘʨʘʤʝʪʨʳ ʩʪʘʮʠʦʥʘʨʥʳʭ 

ʩʦʣʠʪʦʥʦʚ. 

 

E. N. TSOY, L. A. SUYUNOV  
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ON A POSSIBILITY OF PULSE GENERATION  

IN RING OPTICAL CAVITIES   

Conditions for generation of optical solitons in ring cavities with Kerr nonlinearity 

are analyzed. By means of methods of the theory of dynamical system, an existence 

of stationary solutions of the Lugiato-Lefever equation is analyzed. Profiles and 

parameters of stationary solitons are found. 

ʂʦʣʴʮʝʚʦʡ ʨʝʟʦʥʘʪʦʨ ʩʦʩʪʦʠʪ ʠʟ ʟʘʤʢʥʫʪʦʛʦ ʚʦʣʥʦʚʦʜʘ, ʪʫʥʥʝʣʴʥʦ-

ʩʚʷʟʘʥʥʦʛʦ ʚ ʥʝʢʦʪʦʨʦʡ ʯʘʩʪʠ ʩ ʣʠʥʝʡʥʳʤ ʚʦʣʥʦʚʦʜʦʤ. ʊʘʢʠʝ 

ʨʝʟʦʥʘʪʦʨʳ ʤʦʞʥʦ ʨʝʘʣʠʟʦʚʘʪʴ, ʠʩʧʦʣʴʟʫʷ, ʥʘʧʨʠʤʝʨ, ʥʘʧʨʘʚʣʝʥʥʳʡ 

ʦʪʚʝʪʚʠʪʝʣʴ, ʫ ʢʦʪʦʨʦʛʦ ʢʦʥʮʳ ʦʜʥʦʛʦ ʠʟ ʩʚʝʪʦʚʦʜʦʚ ʩʦʝʜʠʥʝʥʳ ʤʝʞʜʫ 

ʩʦʙʦʡ ʚ ʢʦʣʴʮʦ. ʂʦʣʴʮʝʚʳʝ ʨʝʟʦʥʘʪʦʨʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ 

ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʨʠʣʦʞʝʥʠʡ ʬʦʪʦʥʠʢʠ [1].  

ʉʚʝʪ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʡʩʷ ʚ ʣʠʥʝʡʥʦʤ ʚʦʣʥʦʚʦʜʝ, ʯʘʩʪʠʯʥʦ 

ʪʫʥʥʝʣʠʨʫʝʪ ʚ ʢʦʣʴʮʝʚʦʡ ʚʦʣʥʦʚʦʜ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʘʢʘʯʢʫ ʚʦʣʥʳ ʚ 

ʢʦʣʴʮʝʚʦʤ ʚʦʣʥʦʚʦʜʝ. ɼʠʥʘʤʠʢʘ ʩʚʝʪʘ ʚ ʢʦʣʴʮʝʚʦʤ ʚʦʣʥʦʚʦʜʝ 

ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ʃʫʜʞʠʘʪʦ-ʃʝʬʝʚʝʨʘ [1, 2]:  

  Ὥό ό ‎ȿόȿό ‏ Ὥ‌ό ὭὛȟ       (1) 

ʛʜʝ u ï ʦʛʠʙʘʶʱʘʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, z ï ʢʦʦʨʜʠʥʘʪʘ ʚʜʦʣʴ 

ʚʦʣʦʢʥʘ, t ï ʙʝʛʫʱʝʝ ʚʨʝʤʷ, b, g > 0, d > 0, a  ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʜʠʩʧʝʨʩʠʶ, 

ʥʝʣʠʥʝʡʥʦʩʪʴ, ʬʘʟʦʚʳʡ ʩʜʚʠʛ ʠ ʟʘʪʫʭʘʥʠʝ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘ S = |S| 

exp(iq) ï ʚʥʝʰʥʷʷ ʥʘʢʘʯʢʘ. ʏʠʩʣʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʵʢʩʧʝʨʠʤʝʥʪʳ 
ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʜʘʞʝ ʝʩʣʠ ʥʘʢʘʯʢʘ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʚʨʝʤʝʥʠ, ʚ ʩʠʩʪʝʤʳ 

ʤʦʛʫʪ ʛʝʥʝʨʠʨʦʚʘʪʴʩʷ ʠʤʧʫʣʴʩʳ ï ʜʠʩʩʠʧʘʪʠʚʥʳʝ ʩʦʣʠʪʦʥʳ. ɺ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ ʠʟʫʯʘʶʪʩʷ ʫʩʣʦʚʠʷ ʛʝʥʝʨʘʮʠʠ ʫʩʪʦʡʯʠʚʳʭ ʠʤʧʫʣʴʩʦʚ, ʘ ʪʘʢʞʝ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʘʨʘʤʝʪʨʳ ʵʪʠʭ ʠʤʧʫʣʴʩʦʚ. 



186 

 

ʀʱʝʤ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ (1) ʚ ʚʠʜʝ u(t) = a(t) exp(ij(t)), ʛʜʝ 

ʚʝʱʝʩʪʚʝʥʥʳʝ a(t) ʠ j(t) ʦʧʨʝʜʝʣʷʶʪ ʧʨʦʬʠʣʴ ʠ ʬʘʟʫ ʚʦʣʥʳ. ʊʦʛʜʘ:  

  

ὥὸὸ ὥ ‰ὸ
ς ς

‍
‎ὥσ ὥ‏ ȿὛȿ ÓÉÎ‰ȟ

‰
ὸὸ

ςὥὸ‰ὸ

ὥ

ς

‍ὥ
‌ὥ ȿὛȿÃÏÓ‰ȟ

    

 (2) 

ʛʜʝ f = j(t) ï q. Cʠʩʪʝʤʘ (2) ʠʤʝʝʪ ʩʦʩʪʦʷʥʠʷ ʨʘʚʥʦʚʝʩʠʷ (as, fs) , 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʣʦʩʢʠʤ ʚʦʣʥʘʤ. ɸʤʧʣʠʪʫʜʘ ʠ ʬʘʟʘ ʵʪʠʭ ʚʦʣʥ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ ʩʣʝʜʫʶʱʠʭ ʫʩʣʦʚʠʡ ȿὛȿς ὥί
ς‌ς ‎ὥί

ς ς‏ , 

ÔÁÎ‰ ɾὥ ɿȾɻ . ɸʥʘʣʠʟ ʵʪʠʭ ʩʦʦʪʥʦʰʝʥʠʡ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʨʠ 
ʟʘʜʘʥʥʦʤ |S| ʠ d2 < 3a2 ʤʦʞʝʪ ʩʫʱʝʩʪʚʦʚʘʪʴ ʪʦʣʴʢʦ ʦʜʥʘ ʚʦʣʥʘ. ʇʨʠ d2 > 

3a2 ʤʦʛʫʪ ʩʫʱʝʩʪʚʦʚʘʪʴ ʣʠʙʦ ʪʨʠ ʚʦʣʥʳ ʩ ʨʘʟʥʳʤʠ ʘʤʧʣʠʪʫʜʘʤʠ, ʣʠʙʦ 

ʦʜʥʘ ʚʦʣʥʘ. 

 ʈʘʩʧʨʝʜʝʣʝʥʠʶ ʧʦʣʷ ʚ ʚʠʜʝ ʩʪʘʮʠʦʥʘʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʛʦʤʦʢʣʠʥʠʯʝʩʢʘʷ ʩʝʧʘʨʘʪʨʠʩʘ [3], ʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʦʚ ï  

ʧʨʝʜʝʣʴʥʳʡ ʮʠʢʣ ʩʠʩʪʝʤʳ (2). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʘʜʘʯʘ ʩʚʦʜʠʪʩʷ ʢ ʧʦʠʩʢʫ 

ʠʥʚʘʨʠʘʥʪʥʳʭ ʪʨʘʝʢʪʦʨʠʡ ʩʠʩʪʝʤʳ (2). ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʪʠʧʦʚ 

ʩʦʩʪʦʷʥʠʡ ʨʘʚʥʦʚʝʩʠʷ, ʥʘʡʜʝʥʳ ʧʘʨʘʤʝʪʨʳ ʩʠʩʪʝʤʳ, ʧʨʠ ʢʦʪʦʨʳʭ 

ʩʫʱʝʩʪʚʫʶʪ ʧʨʝʜʝʣʴʥʳʝ ʮʠʢʣʳ ʠ ʩʝʧʘʨʘʪʨʠʩʳ. ʆʪʤʝʪʠʤ, ʯʪʦ ʜʣʷ 

ʥʘʙʣʶʜʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʠʤʧʫʣʴʩʦʚ ʥʝʦʙʭʦʜʠʤʘ ʠʭ ʫʩʪʦʡʯʠʚʦʩʪʴ 

ʧʨʠ ʵʚʦʣʶʮʠʠ ʚʜʦʣʴ z.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʘʙʦʪʝ ʥʘʡʜʝʥʳ ʧʘʨʘʤʝʪʨʳ ʢʦʣʴʮʝʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ 

ʠ ʥʘʢʘʯʢʠ, ʧʨʠ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʠʪ ʛʝʥʝʨʘʮʠʷ ʠʤʧʫʣʴʩʦʚ. ʈʘʩʩʯʠʪʘʥʳ 

ʧʨʦʬʠʣʠ ʠ ʧʘʨʘʤʝʪʨʳ ʵʪʠʭ ʠʤʧʫʣʴʩʦʚ. ʈʝʟʫʣʴʪʘʪʳ ʪʝʦʨʠʠ ʠ 

ʫʩʪʦʡʯʠʚʦʩʪʴ ʠʤʧʫʣʴʩʦʚ ʧʨʦʚʝʨʝʥʳ ʩ ʧʦʤʦʱʴʶ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʭʦʜʥʦʛʦ ʫʨʘʚʥʝʥʠʷ (1).  
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ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ʀʉʉʃɽɼʆɺɸʅʀɽ ɺʃʀʗʅʀʗ ʊɽʇʃʆɺʆɻʆ 

ʈɸʉʐʀʈɽʅʀʗ ʅɸ ʊʆʏʅʆʉʊʔ ʉʊʈʋʂʊʋʈʀʈʆɺɸʅʀʗ 

ʄɽʊʆɼʆʄ ʃɸɿɽʈʅʆɻʆ ʇɽʈɽʇʃɸɺʃɽʅʀʗ 

 
ʀʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʥʘ ʧʦʣʦʞʝʥʠʝ 

ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʠʟ ʩʧʣʘʚʘ ɺʊ6 ʧʨʠ ʠʭ 

ʩʦʟʜʘʥʠʠ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʛʦ ʧʝʨʝʧʣʘʚʘ. ʇʦʢʘʟʘʥʦ ʚʣʠʷʥʠʝ ʪʝʧʣʦʚʦʛʦ 

ʨʘʩʰʠʨʝʥʠʷ ʥʘ ʢʘʯʝʩʪʚʦ ʦʙʨʘʙʦʪʢʠ ʧʨʠ ʣʘʟʝʨʥʳʭ ʧʨʦʮʝʩʩʘʭ. ʉʦʧʦʩʪʘʚʣʝʥʳ 

ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʦʮʝʥʢʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ. 
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INVESTIGATION OF THERMAL EXPANSION INFLUENCE 

ACCURACY OF THE STRUCTURING BY REMELTING 

PROCESS 
 

The influence of temperature expansion on the creation of periodic surface 

structures of the Ti6-Al -4V alloy by laser remelting has been studied. A significant 

influence of thermal expansion on the quality of processing in laser processes has been 

shown. Theoretical estimation and experimental results has been conducted. 

 

ɺ ʧʨʦʮʝʩʩʝ ʦʙʨʘʙʦʪʢʠ ʥʝʧʨʝʨʳʚʥʳʤ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ, 

ʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʵʥʝʨʛʠʠ ʧʝʨʝʭʦʜʠʪ ʚ ʪʝʧʣʦʚʫʶ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʧʨʦʮʝʩʩʳ ʣʘʟʝʨʥʦʡ ʦʙʨʘʙʦʪʢʠ ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ ʥʝʦʜʥʦʨʦʜʥʳʤ 

ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʚʥʫʪʨʠ ʦʙʨʘʟʮʘ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ 

ʥʝʦʜʥʦʨʦʜʥʳʤ ʪʝʧʣʦʚʳʤ ʨʘʩʰʠʨʝʥʠʝʤ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʝ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʥʘ ʧʦʣʦʞʝʥʠʝ 

ʩʪʨʫʢʪʫʨ, ʩʦʟʜʘʥʥʳʭ ʤʝʪʦʜʦʤ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʧʝʨʝʧʣʘʚʣʝʥʠʝʤ 

(WaveShape) [1, 2] ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʧʣʦʩʢʠʭ ʦʙʨʘʟʮʘʭ ʠʟ ʩʧʣʘʚʘ ɺʊ6 

ʜʠʘʤʝʪʨʦʤ 60 ʤʤ ʠ ʪʦʣʱʠʥʦʡ 10 ʤʤ. 

 ɼʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ, ʦʙʨʘʙʦʪʢʘ 

ʧʨʦʚʦʜʠʣʘʩʴ ʥʘ ʦʙʨʘʟʮʝ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʥʘ ʵʪʦʤ ʞʝ ʦʙʨʘʟʮʝ 

ʧʦʩʣʝ ʢʦʥʪʨʦʣʠʨʫʝʤʦʛʦ ʥʘʛʨʝʚʘ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ 

400 Áʉ.  
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ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʡ ʫʩʪʘʥʦʚʢʝ ɸɺɺ 

IRB 4600, ʦʩʥʘʱʝʥʥʦʡ ʣʘʟʝʨʦʤ ʃʉ-2 ʧʨʦʠʟʚʦʜʩʪʚʘ ʬʠʨʤʳ çʅʊʆ çʀʈʕ-

ʇʦʣʶʩè. ʆʙʨʘʙʦʪʢʘ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʚ ʩʨʝʜʝ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ ï ʘʨʛʦʥʘ. 

ʉʦʜʝʨʞʘʥʠʷ ʢʠʩʣʦʨʦʜʘ ʢʦʥʪʨʦʣʠʨʦʚʘʣʦʩʴ ʥʘ ʫʨʦʚʥʝ ʥʠʞʝ 0,01%.  

ɼʣʷ ʜʚʫʭ ʩʪʨʫʢʪʫʨ, ʩʦʟʜʘʥʥʳʭ ʥʘ ʦʙʨʘʟʮʝ ʩʧʣʘʚʘ ɺʊ6 ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʥʘ ʪʦʤ ʞʝ ʦʙʨʘʟʮʝ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʛʨʝʪʦʤ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨʳ 400 Áʉ, ʩʤʝʱʝʥʠʝ ʩʪʨʫʢʪʫʨ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ 

ʩʦʩʪʘʚʣʷʝʪ 242,5 ʤʢʤ (ʨʠʩ. 1). 

 

ʈʠʩ. 1. ʇʨʦʬʠʣʠ ʩʪʨʫʢʪʫʨ, ʩʦʟʜʘʥʥʳʭ ʥʘ ʦʙʨʘʟʮʝ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 

(ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ) ʠ ʥʘ ʪʦʤ ʞʝ ʦʙʨʘʟʮʝ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʛʨʝʪʦʤ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨʳ 400 Áʉ. 

 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʣʦʞʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʥʘ ʥʘʛʨʝʪʦʤ ʦʙʨʘʟʮʝ ʦʪʣʠʯʘʝʪʩʷ 

ʦʪ ʟʘʜʘʥʥʦʛʦ ʧʦʣʦʞʝʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʩʪʨʫʢʪʫʨʝ, ʧʦʣʫʯʝʥʥʦʡ ʥʘ 

ʭʦʣʦʜʥʦʤ ʦʙʨʘʟʮʝ. ʇʨʠ ʠʟʚʝʩʪʥʳʭ ʪʝʨʤʦʬʠʟʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ, 

ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ, ʢʘʢʘʷ ʩʪʨʫʢʪʫʨʘ ʦʙʨʘʟʫʝʪʩʷ ʧʦʩʣʝ ʥʘʛʨʝʚʘʥʠʷ. ʊʘʢʦʡ 

ʨʘʩʯʝʪ ʧʨʠʤʝʥʠʤ ʜʣʷ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʩʠʛʥʘʣʘ ʤʦʜʫʣʷʮʠʠ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʚ ʧʨʦʮʝʩʩʝ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ 

ʦʙʨʘʙʦʪʢʠ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʠ 

ʅʝʤʝʮʢʦʛʦ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʩʦʦʙʱʝʩʪʚʘ ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ 

ʧʨʦʝʢʪʘ ˉ19-58-12006. 
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ʬʦʪʦʥʦʚ ʙʦʣʝʝ 10^6 ʬʦʪ/ʩ ʚ ʪʝʣʝʩʥʳʡ ʫʛʦʣ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ. 
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GENERATIO N OF X-RAY UNDER INTERACTION OF 

FEMTOSECOND FIBER LASER WITH A TARGET IN AIR 

AND PROSPECTS OF LASER-PLASMA X -RAY 

MICROSCOPY 
The possible use of radiation from a femtosecond fiber laser interacting with a 

target in air as an X-ray source is considered. A promising scheme is proposed for 

creating a source of spectrally bright X-ray radiation with a number of photons more 

than 10 ̂ 6 phot / s per solid angle for solving problems of X-ray microscopy.  
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ʧʨʠʤʝʥʝʥʠʡ, ʩʚʷʟʘʥʥʳʭ ʩ ʣʘʟʝʨʥʦ-ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʦʡ ʤʘʪʝʨʠʘʣʦʚ. 

ʇʫʯʢʠ ʪʘʢʠʭ ʣʘʟʝʨʦʚ, ʦʩʪʨʦʩʬʦʢʫʩʠʨʦʚʘʥʥʳʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʤʠʰʝʥʠ, 

ʤʦʛʫʪ ʛʝʥʝʨʠʨʦʚʘʪʴ ʤʠʢʨʦʧʣʘʟʤʫ, ʩʣʫʞʘʱʫʶ ʠʩʪʦʯʥʠʢʦʤ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʈʀ).  ʇʨʠ ʜʦʩʪʠʞʝʥʠʠ ʣʘʟʝʨʥʦʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʦʨʷʜʢʘ 10^14 ɺʪ/ʩʤ2 ʬʦʪʦʥʳ ʈʀ ʥʘʭʦʜʷʪʩʷ ʚ ʦʙʣʘʩʪʠ 

ʵʥʝʨʛʠʡ ʚ ʥʝʩʢʦʣʴʢʦ ʢʵɺ. ʇʦʪʦʢʦʤ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʬʦʪʦʥʦʚ ʤʦʞʥʦ 

ʫʧʨʘʚʣʷʪʴ ʩ ʧʦʤʦʱʴʶ ʚʦʣʦʢʦʥʥʳʭ ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ ʣʘʟʝʨʦʚ, ʠʤʝʶʱʠʭ 

ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʦʡ ʵʥʝʨʛʠʠ ʠʤʧʫʣʴʩʘ (~10 ʤʢɼʞ) ʚʳʩʦʢʫʶ 

ʯʘʩʪʦʪʫ ʩʣʝʜʦʚʘʥʠʷ ʠʤʧʫʣʴʩʦʚ (100 ʢɻʮ ʠ ʙʦʣʝʝ). ʕʪʦ ʟʥʘʯʠʪ, ʯʪʦ ʜʘʞʝ 

ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ (ʚʥʝ ʚʘʢʫʫʤʘ) 

ʨʝʘʣʴʥʦ ʧʦʣʫʯʝʥʠʝ ʯʠʩʣʘ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʬʦʪʦʥʦʚ ʥʝ ʤʝʥʝʝ, ʯʝʤ 10^5 

ʬʦʪ/ʩ. ʈʝʥʪʛʝʥʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʚ ʢʘʯʝʩʪʚʝ ʠʥʩʪʨʫʤʝʥʪʘ 

ʜʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʚ ʬʠʟʠʢʝ ʥʘʥʦʯʘʩʪʠʮ, ʤʝʜʠʮʠʥʝ, ʭʠʤʠʯʝʩʢʠʭ ʠʣʠ 

ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ. ʆʙʳʯʥʦ ʜʣʷ ʵʪʠʭ ʮʝʣʝʡ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʤʠʢʨʦʬʦʢʫʩʥʳʝ 

ʠʩʪʦʯʥʠʢʠ. ʇʨʦʙʣʝʤʘ ʩ ʤʠʢʨʦʬʦʢʫʩʥʳʤʠ ʪʨʫʙʢʘʤʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʦʛʨʘʥʠʯʝʥʥʦʤ ʧʦʪʦʢʝ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʚ ʧʨʝʜʝʣʘʭ 10^6 ʬʦʪ/ʩ) 

ʠ ʨʘʟʤʝʨʝ ʠʩʪʦʯʥʠʢʘ. ʆʙʘ ʵʪʠʭ ʦʛʨʘʥʠʯʝʥʠʷ ʦʙʫʩʣʦʚʣʝʥʳ ʚʳʩʦʢʠʤ 

ʪʝʧʣʦʚʳʤʠ ʥʘʛʨʫʟʢʘʤʠ, ʧʨʠʭʦʜʷʱʠʤʠ ʥʘ ʚʝʩʴʤʘ ʤʘʣʫʶ ʧʣʦʱʘʜʴ ʘʥʦʜʘ 

ʤʠʢʨʦʬʦʢʫʩʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʪʨʫʙʢʠ. ʀʤʝʥʥʦ ʵʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ 

ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʡ ʩʨʦʢ ʩʣʫʞʙʳ ʪʘʢʠʭ ʠʟʜʝʣʠʡ. 

ʉʫʱʝʩʪʚʝʥʥʦʡ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʠ ʧʨʦʙʣʝʤʘ ʢʦʥʪʨʘʩʪʘ ʍʈʀ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʪʦʨʤʦʟʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʊʈʀ). 

ʇʨʝʜʤʝʪʦʤ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʟʣʦʞʝʥʠʝ ʧʝʨʚʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʮʝʣʴʶ ʢʦʪʦʨʳʭ 

ʷʚʣʷʝʪʩʷ ʜʝʤʦʥʩʪʨʘʮʠʷ ʚʦʟʤʦʞʥʦʩʪʠ ʩʦʟʜʘʥʠʷ ʤʠʢʨʦʧʣʘʟʤʝʥʥʦʛʦ 

ʠʩʪʦʯʥʠʢʘ ʍʈʀ ʢʵɺ-ʥʦʛʦ ʫʨʦʚʥʷ ʩ ʫʧʨʘʚʣʷʶʱʠʤ ʫʩʪʨʦʡʩʪʚʦʤ ʥʘ ʦʩʥʦʚʝ 

ʠʤʧʫʣʴʩʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʦʛʦ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʚʦʣʦʢʦʥʥʦʛʦ ʣʘʟʝʨʘ. ɺ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʬʝʤʪʦʩʝʢʫʥʜʥʳʡ ʠʪʪʝʨʙʠʝʚʳʡ 

ʚʦʣʦʢʦʥʥʳʡ ʣʘʟʝʨ YLPF-10-400-20-R (ʅʊʆ ʀʈʕ-ʇʦʣʶʩ) ʩ ʮʝʥʪʨʘʣʴʥʦʡ 

ʜʣʠʥʦʡ ʚʦʣʥʳ 1030 ʥʤ, ʯʘʩʪʦʪʘ ʩʣʝʜʦʚʘʥʠʷ ʠʤʧʫʣʴʩʦʚ ï 100 ʢɻʮ, 

ʵʥʝʨʛʠʷ ʚ ʠʤʧʫʣʴʩʝ ʜʦ 20 ʤʢɼʞ, ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʦʚ ï 400 ʬʩ, 

ʢʘʯʝʩʪʚʦ ʠʟʣʫʯʝʥʠʷ ʄ2 = 1.5 (ʨʠʩ1). ʀʟʣʫʯʝʥʠʝ ʬʦʢʫʩʠʨʦʚʘʣʦʩʴ 

ʦʙʲʝʢʪʠʚʦʤ f=2 ʩʤ ʥʘ ʤʠʰʝʥʴ. ɺ ʠʪʦʛʝ ʚʳʧʦʣʥʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʥʘʤʠ ʧʦʣʫʯʝʥʳ ʩʣʝʜʫʶʱʠʝ ʨʝʟʫʣʴʪʘʪʳ. ʅʘʙʣʶʜʘʣʘʩʴ ʣʦʢʘʣʴʥʘʷ 

ʠʦʥʠʟʘʮʠʷ ʚ ʦʙʣʘʩʪʠ ʬʦʢʫʩʘ ʠ ʧʦʣʫʯʝʥʘ ʤʠʢʨʦʧʣʘʟʤʘ ʚ ʚʦʟʜʫʭʝ, ʯʪʦ 

ʷʚʣʷʝʪʩʷ ʪʝʩʪʦʤ ʥʘ ʚʝʣʠʯʠʥʫ ʧʦʨʦʛʦʚʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ (ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʚʳʰʝ 10^13 ɺʪ/ʩʤ2). ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʤʠʢʨʦʦʙʨʘʙʦʪʢʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʪʚʝʨʜʦʪʝʣʴʥʦʡ ʤʠʰʝʥʠ, ʦʩʫʱʝʩʪʚʣʷʝʤʘʷ ʚ ʨʝʞʠʤʝ 

ʘʙʣʷʮʠʠ ʠ ʧʦʜʜʝʨʞʠʚʘʝʤʘʷ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʤ ʧʣʘʟʤʦʦʙʨʘʟʦʚʘʥʠʝʤ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʘʙʣʷʮʠʷ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʤʠʰʝʥʝʡ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 
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ʛʝʥʝʨʘʮʠʝʡ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʧʨʠʯʝʤ ʩʠʛʥʘʣ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʈʀ ʨʝʛʠʩʪʨʠʨʦʚʘʣʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʟ ʤʠʢʨʦʢʨʘʪʝʨʘ 

ʤʠʰʝʥʠ, ʚ ʢʦʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʣʦ ʚʦʟʨʘʩʪʘʥʠʝ ʣʘʟʝʨʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. 

ɿʘʨʝʛʠʩʪʨʠʨʦʚʘʥʦ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʝ (ʍʈʀ) 

ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʪʚʝʨʜʦʪʝʣʴʥʦʡ ʤʠʰʝʥʠ (Cu, Fe, Ti, Ag) 

ʦʩʪʨʦʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ ʧʨʠ ʩʨʝʜʥʝʡ ʤʦʱʥʦʩʪʠ ʦʢʦʣʦ 

5ɺʪ ʠ ʜʦʩʪʠʛʥʫʪ ʚʳʭʦʜ ʍʈʀ ʥʘ ʫʨʦʚʥʝ 10^5 ʬʦʪ/ʩʝʢ ʚ ʪʝʣʝʩʥʳʡ ʫʛʦʣ (ʂ-

ʣʠʥʠʷ ʪʠʪʘʥʘ 4.5 ʢʵɺ ʠ L-ʣʠʥʠʷ ʩʝʨʝʙʨʘ 2.8 ʢʵɺ) ʩ ʢʦʥʪʨʘʩʪʦʤ ʙʦʣʝʝ 10 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʦʨʤʦʟʥʦʛʦ ʬʦʥʘ (ʨʠʩ.2). ɿʘʨʝʛʠʩʪʨʠʨʦʚʘʥ ʩʠʛʥʘʣ ʚʪʦʨʦʡ 

ʛʘʨʤʦʥʠʢʠ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʘ, ʚʦʟʥʠʢʘʶʱʠʡ ʥʘ ʛʨʘʜʠʝʥʪʝ 

ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʤʠʢʨʦʧʣʘʟʤʝ ʚʦʟʜʫʭʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʤʠ ʧʦʣʫʯʝʥʳ ʧʠʦʥʝʨʩʢʠʝ ʨʝʟʫʣʴʪʘʪʳ, ʢʦʪʦʨʳʝ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʦʩʣʝʜʫʶʱʝʡ ʦʧʪʠʤʠʟʘʮʠʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʣʦʚʠʡ (ʫʚʝʣʠʯʝʥʠʝ ʤʦʱʥʦʩʪʠ ʜʦ 20 ɺʪ ʠ ʯʘʩʪʦʪʳ 

ʛʝʥʝʨʘʮʠʠ ʣʘʟʝʨʘ ʜʦ 1 ʄɻʮ, ʘ ʪʘʢʞʝ ʦʧʪʠʤʠʟʘʮʠʠ ʫʩʣʦʚʠʡ ʬʦʢʫʩʠʨʦʚʢʠ 

ʠ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʤʠʰʝʥʠ) ʙʫʜʝʪ ʩʦʟʜʘʥ ʠʩʪʦʯʥʠʢ 

ʩʧʝʢʪʨʘʣʴʥʦ ʷʨʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʯʠʩʣʦʤ ʬʦʪʦʥʦʚ ʙʦʣʝʝ 

10^6 ʬʦʪ/ʩ ʚ ʪʝʣʝʩʥʳʡ ʫʛʦʣ, ʧʨʠʛʦʜʥʳʡ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. 
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ʈʠʩ.1. ɹʣʦʢ-ʩʭʝʤʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ 

ʫʩʪʘʥʦʚʢʠ 

ʈʠʩ.2. ɺʳʭʦʜ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʠʟ ʤʠʢʨʦʧʣʘʟʤʳ ʪʠʪʘʥʘ 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ 

ʦʙʨʘʟʦʚʘʥʠʷ ʚ ʨʘʤʢʘʭ ʚʳʧʦʣʥʝʥʠʷ ʨʘʙʦʪ ʧʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʤʫ ʟʘʜʘʥʠʶ 

ʌʅʀʎ ñʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘò ʈɸʅ, ʛʨʘʥʪʘ ʈʌʌʀ ˉ18-29-

20090.  
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ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ  

ʉʀʉʊɽʄɸ ʉɺʏ ï ʇʈɽɼʓʆʅʀɿɸʎʀʀ ʄɸʃʆɻʆ 

ʉʌɽʈʀʏɽʉʂʆɻʆ ʊʆʂɸʄɸʂɸ ʄʀʌʀʉʊ 

 
ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʩʠʩʪʝʤʘ ʩʚʝʨʭʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʧʨʝʜʳʦʥʠʟʘʮʠʠ ʧʣʘʟʤʳ ʜʣʷ 

ʤʘʣʦʛʦ ʩʬʝʨʠʯʝʩʢʦʛʦ ʪʦʢʘʤʘʢʘ ʄʀʌʀʉʊ ʙʳʣʘ ʘʧʨʦʙʠʨʦʚʘʥʘ ʚ ʩʝʨʠʠ ʦʧʳʪʦʚ. 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ 

ʩʚʝʨʭʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʚʦʣʥ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʵʣʝʢʪʨʦʥʥʦ-ʮʠʢʣʦʪʨʦʥʥʦʛʦ 

ʨʝʟʦʥʘʥʩʘ ʩ ʛʘʟʦʤ ʥʘ ʩʪʘʜʠʠ ʧʨʦʙʦʷ. ʉʠʩʪʝʤʘ ʧʦʟʚʦʣʠʣʘ ʧʦʣʫʯʠʪʴ 

ʧʨʝʜʧʣʘʟʤʝʥʥʳʡ ʨʘʟʨʷʜ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʜʦ 20 ʤʩ ʥʘ ʟʘʜʘʥʥʦʤ ʨʘʩʩʪʦʷʥʠʠ ʦʪ 

ʚʥʫʪʨʝʥʥʝʡ ʩʪʝʥʢʠ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ ʪʦʢʘʤʘʢʘ.  
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MICROWAVE PREIONIZATION SYSTEM OF SMALL 

SPHERICAL TOKAMAK MEPHIST  

 
The developed microwave preionization system of small spherical tokamak 

MEPhIST has been tested in a series of experiments. The study presents obtained 

results of the interaction of electron-cyclotron resonance microwaves with gas at the 

breakdown. The system allowed to obtain pre-plasma with an up to 20 ms duration at 

a given distance from an inner wall of the tokamak vacuum vessel. 

 

ɺ ʨʘʤʢʘʭ ʫʯʝʙʥʦ-ʜʝʤʦʥʩʪʨʘʮʠʦʥʥʳʭ ʠ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʮʝʣʝʡ ʚ 

ʠʥʩʪʠʪʫʪʝ ʃʘʇʣʘʟ ʅʀʗʋ ʄʀʌʀ ʙʳʣ ʩʦʟʜʘʥ ʤʘʣʳʡ ʩʬʝʨʠʯʝʩʢʠʡ 

ʪʦʢʘʤʘʢ ʄʀʌʀʉʊ. ʂ ʦʩʥʦʚʥʳʤ ʧʘʨʘʤʝʪʨʘʤ ʫʩʪʘʥʦʚʢʠ ʦʪʥʦʩʷʪʩʷ 

ʙʦʣʴʰʦʡ ʨʘʜʠʫʩ R=25 ʩʤ; ʤʘʣʳʡ ʨʘʜʠʫʩ a = 13 ʩʤ; ʘʩʧʝʢʪʥʦʝ ʦʪʥʦʰʝʥʠʝ 

ɸ = R/a = 1.9; ʚʳʪʷʥʫʪʦʩʪʴ ʢʘʤʝʨʳ k ~ 2; ʪʦʨʦʠʜʘʣʴʥʦʝ ʧʦʣʝ ʥʘ ʦʩʠ  B◒ ~ 

0.5 ʊʣ; ʜʣʠʪʝʣʴʥʦʩʪʴ ʨʘʟʨʷʜʘ t ~ 10 ï 30 ʤʩ [1, 2]. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ 

ʚʝʜʫʪʩʷ ʨʘʙʦʪʳ ʧʦ ʦʪʣʘʜʢʝ ʝʛʦ ʨʘʙʦʪʳ. 

ʂ ʦʜʥʦʤʫ ʠʟ ʧʝʨʚʳʭ ʵʪʘʧʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʧʨʦʛʨʘʤʤʳ ʤʦʞʥʦ 

ʦʪʥʝʩʪʠ ʫʣʫʯʰʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʨʘʟʨʷʜʘ ʚ ʪʦʢʘʤʘʢʝ. 

ʋʜʦʙʥʦ ʧʨʠʤʝʥʷʪʴ ʤʝʪʦʜ ʩʦʟʜʘʥʠʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʧʣʘʟʤʳ ï 

ʧʨʝʜʳʦʥʠʟʘʮʠʶ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʠʩʪʝʤ ʧʨʝʜʳʦʥʠʟʘʮʠʠ ʧʦʟʚʦʣʷʝʪ 
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ʩʥʠʟʠʪʴ ʥʘʧʨʷʞʝʥʠʝ ʧʨʦʙʦʷ ʠ ʩʵʢʦʥʦʤʠʪʴ ʟʘʧʘʩ ʚʦʣʴʪ-ʩʝʢʫʥʜ 

ʧʦʣʦʠʜʘʣʴʥʦʡ ʩʠʩʪʝʤʳ, ʯʪʦ ʜʣʷ ʤʘʣʳʭ ʩʬʝʨʠʯʝʩʢʠʭ ʪʦʢʘʤʘʢʦʚ ʚ ʩʚʷʟʠ 

ʩ ʠʭ ʦʛʨʘʥʠʯʝʥʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʷʶʱʠʤ ʬʘʢʪʦʨʦʤ. 

ʉʠʩʪʝʤʘ ʩʚʝʨʭʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ (ʜʘʣʝʝ ʉɺʏ) ʧʨʝʜʳʦʥʠʟʘʮʠʠ ʜʦʣʞʥʘ 

ʦʙʝʩʧʝʯʠʚʘʪʴ ʠʦʥʠʟʘʮʠʶ ʠ ʥʘʜʸʞʥʳʡ ʧʨʦʙʦʡ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʛʘʟʘ ʚ 

ʟʘʜʘʥʥʦʡ ʦʙʣʘʩʪʠ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ ʪʦʢʘʤʘʢʘ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʧʦʜʦʙʥʦʡ ʩʠʩʪʝʤʳ ʧʦʟʚʦʣʷʝʪ ʛʝʥʝʨʠʨʦʚʘʪʴ ʪʦʥʢʠʡ ʮʠʣʠʥʜʨʠʯʝʩʢʠʡ 

ʧʣʘʟʤʝʥʥʳʡ ʩʣʦʡ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʚʠʪʠʶ ʪʦʢʘ ʥʘ ʦʧʨʝʜʝʣʝʥʥʦʤ 

ʨʘʜʠʫʩʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤʫ ʵʣʝʢʪʨʦʥʥʦ-ʮʠʢʣʦʪʨʦʥʥʦʤʫ ʨʝʟʦʥʘʥʩʫ. 

ʉ ʮʝʣʴʶ ʜʦʩʪʠʞʝʥʠʷ ʣʫʯʰʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʙʦʷ ʛʘʟʘ ʜʣʷ ʪʦʢʘʤʘʢʘ 

ʄʀʌʀʉʊ ʙʳʣʘ ʩʢʦʥʩʪʨʫʠʨʦʚʘʥʘ ʩʠʩʪʝʤʘ ʚʚʦʜʘ ʉɺʏ ʵʥʝʨʛʠʠ, 

ʧʦʟʚʦʣʷʶʱʘʷ ʜʦʙʠʪʴʩʷ ʵʬʬʝʢʪʘ ʧʨʝʜʳʦʥʠʟʘʮʠʠ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ 

ʉɺʏ ʤʦʱʥʦʩʪʠ ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʨʘʟʣʠʯʥʳʝ ʧʨʠʙʦʨʳ ï 

ʤʘʛʥʝʪʨʦʥʳ, ʢʣʠʩʪʨʦʥʳ, ʛʠʨʦʪʨʦʥʳ. ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʩʣʫʯʘʝ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʘʛʥʝʪʨʦʥ, ʨʘʙʦʯʘʷ ʯʘʩʪʦʪʘ ʢʦʪʦʨʦʛʦ ʩʦʩʪʘʚʣʷʝʪ 2,45 

ɻɻʮ.  

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʫʣʫʯʰʝʥʠʷ ʨʘʟʨʘʙʦʪʘʥʥʦʡ 

ʩʠʩʪʝʤʳ ʧʨʝʜʳʦʥʠʟʘʮʠʠ. ʀʩʧʦʣʴʟʦʚʘʣʠʩʴ ʠ ʩʨʘʚʥʠʚʘʣʠʩʴ ʜʚʝ 

ʨʘʟʣʠʯʥʳʝ ʩʭʝʤʳ ʧʠʪʘʥʠʷ ʤʘʛʥʝʪʨʦʥʘ, ʧʝʨʚʘʷ ʠʟ ʢʦʪʦʨʳʭ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʨʘʙʦʪʫ ʩʠʩʪʝʤʳ ʚ ʠʤʧʫʣʴʩʥʦʤ ʨʝʞʠʤʝ, ʚʪʦʨʘʷ ï ʚ ʥʝʧʨʝʨʳʚʥʦʤ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʚ ʢʘʯʝʩʪʚʝ ʧʠʪʘʥʠʷ ʤʘʛʥʝʪʨʦʥʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʢʘʢ ʠ 

ʩʪʘʥʜʘʨʪʥʘʷ ʩʭʝʤʘ ʫʜʚʦʝʥʠʷ, ʪʘʢ ʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʘʷ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʟʘʧʦʣʥʝʥʠʷ ʠʤʧʫʣʴʩʘ K = 1, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʨʷʜʫ 

ʧʨʝʠʤʫʱʝʩʪʚ. ʊʘʢʞʝ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʧʨʦʙʦʶ ʛʘʟʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʟʜʘʥʥʳʭ ʉɺʏ - ʙʣʦʢʦʚ. ʇʦʢʘʟʘʥʳ ʠʟʙʨʘʥʥʳʝ 

ʧʘʨʘʤʝʪʨʳ ʠʥʠʮʠʠʨʦʚʘʥʥʳʭ ʧʨʝʜʧʣʘʟʤʝʥʥʳʭ ʨʘʟʨʷʜʦʚ, 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʧʨʝʜʣʦʞʝʥʳ ʤʝʨʳ ʧʦ 

ʜʘʣʴʥʝʡʰʝʤʫ ʫʣʫʯʰʝʥʠʶ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʙʦʷ ʨʘʙʦʯʝʛʦ ʛʘʟʘ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʢʦʨʧʦʨʘʮʠʠ ʈʆʉɸʊʆʄ ʚ ʣʠʮʝ ɸʆ 

çʅʘʫʢʘ ʠ ʠʥʥʦʚʘʮʠʠè. 

 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ɸ.ʉ. ɸʉɽɽɺ1,2, ɺ.ʀ. ɿɸʁʎɽɺ2, ʀ.ɸ. ɹɸʈʓʂʆɺ3 

1ɸʆ ɻʅʎ ʈʌ ʊʨʦʠʮʢʠʡ ʠʥʩʪʠʪʫʪ ʠʥʥʦʚʘʮʠʦʥʥʳʭ ʠ ʪʝʨʤʦʷʜʝʨʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʊʨʦʠʮʢ 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʕʀè, ʄʦʩʢʚʘ 

ɼʀʕʃɽʂʊʈʀʏɽʉʂʀʁ ɼɽʊɽʂʊʆʈ ɺ ʂɸʏɽʉʊɺɽ 

ʏʋɺʉʊɺʀʊɽʃʔʅʆɻʆ ʕʃɽʄɽʅʊɸ ɼʃʗ ʈɽɻʀʉʊʈɸʎʀʀ 

ʀʅʊɽʅʉʀɺʅʓʍ ʇʆʊʆʂʆɺ ʈɽʅʊɻɽʅʆɺʉʂʆɻʆ 

ʀɿʃʋʏɽʅʀʗ 
ɺ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʠʥʝʨʮʠʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ, ʛʜʝ ʧʨʠ ʩʞʘʪʠʠ 

ʪʝʨʤʦʷʜʝʨʥʳʭ ʤʠʰʝʥʝʡ ʭʘʨʘʢʪʝʨʥʳʝ ʚʨʝʤʝʥʘ ʧʨʦʮʝʩʩʦʚ ʩʦʩʪʘʚʣʷʶʪ 10ï

8 ï 10ï9 c, ʘ ʠʤʧʫʣʴʩʥʘʷ ʤʦʱʥʦʩʪʴ ʚʦʟʥʠʢʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʧʣʘʟʤʳ 

ʜʦʩʪʠʛʘʝʪ 1013ï1014 ɺʪ. ʇʨʠʤʝʥʝʥʠʝ ʬʠʣʴʪʨʦʚ, ʦʩʣʘʙʣʷʶʱʠʭ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʦʪʦʢʘ ʠʟʣʫʯʝʥʠʷ, ʠʩʢʘʞʘʝʪ ʩʧʝʢʪʨʘʣʴʥʳʡ ʩʦʩʪʘʚ 

ʧʦʪʦʢʘ. ʆʧʠʩʳʚʘʝʪʩʷ ʜʝʪʝʢʪʦʨ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʚ ʢʦʪʦʨʦʤ ʚ 

ʢʘʯʝʩʪʚʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʠʵʣʝʢʪʨʠʢ ï 

ʦʧʪʠʯʝʩʢʦʝ ʩʪʝʢʣʦ ʂʋ1 (ʨʠʩ. 1). ʈʘʙʦʪʘ ʜʝʪʝʢʪʦʨʘ ʙʘʟʠʨʫʝʪʩʷ ʥʘ 

ʦʙʥʘʨʫʞʝʥʥʦʤ ʘʚʪʦʨʘʤʠ ʵʬʬʝʢʪʝ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ 

ʜʠʵʣʝʢʪʨʠʢʝ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʨʘʜʠʘʮʠʠ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ 

ʫʩʪʘʥʦʚʢʝ ñɸʥʛʘʨʘ-5-1ò, ʛʜʝ ʠʩʪʦʯʥʠʢʦʤ ʠʟʣʫʯʝʥʠʷ ʩʣʫʞʠʪ ʧʣʘʟʤʘ 

ʤʝʛʘʘʤʧʝʨʥʦʛʦ Z-ʧʠʥʯʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʧʘʜʘʶʱʝʡ ʥʘ ʜʝʪʝʢʪʦʨ 

ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ~1 ʄɺʪ/ʩʤ2 ʦʪʢʣʠʢ ʜʝʪʝʢʪʦʨʘ ʩʦʩʪʘʚʣʷʝʪ 

ʥʝʩʢʦʣʴʢʦ ʚʦʣʴʪ ʧʨʠ ʨʘʟʨʝʰʝʥʠʠ ʚʦ ʚʨʝʤʝʥʠ ~1ï2 ʥʩ (ʨʠʩ. 2)     

ʀʟʤʝʨʝʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʪʘʢʘʷ ʥʘʛʨʫʟʢʘ ʦʙʝʩʧʝʯʠʚʘʝʪ Z-ʧʠʥʯ, 

ʷʚʣʷʶʱʠʡʩʷ ʥʘ ʢʦʥʝʯʥʦʤ ʵʪʘʧʝ ʩʞʘʪʠʷ ʠʤʧʫʣʴʩʥʳʤ ʠʩʪʦʯʥʠʢʦʤ 

ʠʟʣʫʯʝʥʠʷ ʩ ʧʘʨʘʤʝʪʨʘʤʠ: ʜʣʠʪʝʣʴʥʦʩʪʴ ʥʘ ʧʦʣʫʚʳʩʦʪʝ 10 ʥʩ, ʧʠʢʦʚʘʷ 

ʤʦʱʥʦʩʪʴ ʚ ʤʝʩʪʝ ʨʘʩʧʦʣʦʞʝʥʠʷ ʜʝʪʝʢʪʦʨʦʚ 1ï5 ʄɺʪ/ʩʤ2 , 

ʩʧʝʢʪʨʘʣʴʥʳʡ ʩʦʩʪʘʚ ʠʟʣʫʯʝʥʠʷ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʵʥʝʨʛʠʡ ʢʚʘʥʪʦʚ 

25ï1000 ʵɺ. 
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ʃ.ɹ. ɹɽɻʈɸʄɹɽʂʆɺ, ʅ.ʉ. ʇʋʅʊɸʂʆɺ, ɸ.ʄ. ɿɸʍɸʈʆɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ  

ʈɸʉʇʓʃɽʅʀɽ ʀ ʄʆɼʀʌʀʂɸʎʀʗ ʄɸʊɽʈʀɸʃʆɺ ɺ 

ʇʈʆʎɽʉʉɽ ʀʆʅʅʆ-ʇʃɸɿʄɽʅʅʆɻʆ ʆɹʃʋʏɽʅʀʗ ʇʈʀ 

ʊɽʄʇɽʈɸʊʋʈɸʍ çɸʂʊʀɺʅʆʁ ɼʀʌʌʋɿʀʀè 
 

ʈʘʩʩʤʦʪʨʝʥʳ ʧʨʦʮʝʩʩʳ, ʩʦʧʨʦʚʦʞʜʘʶʱʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʠʦʥʦʚ ʠ ʧʣʘʟʤʳ ʩ 

ʤʘʪʝʨʠʘʣʘʤʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʘʢʪʠʚʘʮʠʠ ʜʠʬʬʫʟʠʦʥʥʳʭ 

ʧʨʦʮʝʩʩʘʭ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʦʩʥʦʚʥʳʤʠ ʬʘʢʪʦʨʘʤʠ, ʦʧʨʝʜʝʣʷʶʱʠʤʠ ʦʩʦʙʝʥʥʦʩʪʠ 

ʧʨʦʮʝʩʩʦʚ ʨʘʩʧʳʣʝʥʠʷ ʠ ʤʦʜʠʬʠʢʘʮʠʠ ʤʘʪʝʨʠʘʣʦʚ ʚ ʧʨʦʮʝʩʩʝ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʦʛʦ 

ʦʙʣʫʯʝʥʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ çʘʢʪʠʚʥʦʡ ʜʠʬʬʫʟʠʠè ʷʚʣʷʶʪʩʷ ʜʠʬʬʫʟʠʷ 

ʚʥʝʜʨʸʥʥʳʭ ʯʘʩʪʠʮ ʠ ʨʘʜʠʘʮʠʦʥʥʳʭ ʚʘʢʘʥʩʠʡ ʠ ʥʘʧʨʷʞʝʥʠʷ, ʚʦʟʥʠʢʘʶʱʠʝ ʚ 

ʧʨʠʧʦʚʝʨʭʥʦʩʥʳʭ ʩʣʦʷʭ. 

 

L.B. BEGRAMBEKOV, N.S. PUNTAKOV, A.M.ZAKHAROV 
National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

 

SPUTTERING AND MODIFICATION OF MATERIALS IN 

THE PROCESS OF ION-PLASMA IRRADIATION AT 

TEMPERATURES OF "ACTIVE DIFFUSION  

 
The processes accompanying the interaction of ions and plasma with materials at 

temperatures corresponding to the activation of diffusion processes are considered. It is 

shown that the main factors determining the features of the processes of sputtering and 

modification of materials in the process of ion-plasma irradiation at temperatures of 

"active diffusion" are the diffusion of embedded particles and radiation vacancies and 

stresses arising in the near-surface layers. 

 

ʇʨʦʮʝʩʩʳ, ʩʦʧʨʦʚʦʞʜʘʶʱʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʠʦʥʦʚ ʠ ʧʣʘʟʤʳ ʩ 

ʤʘʪʝʨʠʘʣʘʤʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʘʢʪʠʚʘʮʠʠ 

ʜʠʬʬʫʟʠʦʥʥʳʭ ʧʨʦʮʝʩʩʘʭ, ʚ ʪʦʡ ʠʣʠ ʠʥʦʡ ʩʪʝʧʝʥʠ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʚ 

ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ ʨʘʙʦʪ (ʨʝʟʫʣʴʪʘʪʳ ʥʝʢʦʪʦʨʳʭ ʠʟ ʪʘʢʠʭ ʨʘʙʦʪ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʜʘʥʥʦʤ ʜʦʢʣʘʜʝ). ɺʳʷʚʣʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʩʧʳʣʝʥʠʷ 

ʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʵʪʠʭ ʫʩʣʦʚʠʷʭ, ʠ ʩʦʦʙʱʘʝʪʩʷ ʦ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʠʟʤʝʥʝʥʠʷʭ 

ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʠ ʧʘʨʘʤʝʪʨʦʚ ʠʦʥʥʦʛʦ 

ʦʙʣʫʯʝʥʠʷ. 

   ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʧʨʠʥʷʪʘ ʧʦʧʳʪʢʘ ʩʠʩʪʝʤʘʪʠʟʠʨʦʚʘʪʴ 

ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʩʧʳʣʝʥʠʷ ʠ ʧʨʦʮʝʩʩʳ, ʚʦʟʙʫʞʜʘʝʤʳʝ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ 
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ʩʣʦʷʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʘʢʪʠʚʥʳʭ ʜʠʬʬʫʟʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʠʧʘ ʠ ʵʥʝʨʛʠʠ ʠʦʥʦʚ, ʩʦʩʪʘʚʘ, ʩʪʨʫʢʪʫʨʳ ʠ ʘʛʨʝʛʘʪʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʦʙʣʫʯʘʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ.  

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʙʨʘʥʳ ʪʚʸʨʜʳʡ ʠ ʞʠʜʢʠʡ ʤʝʪʘʣʣʳ, 

ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʩʧʣʘʚ, ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʳʡ ʜʠʵʣʝʢʪʨʠʢ, ʤʝʪʘʣʣ ʩ 

ʥʘʧʳʣʸʥʥʳʤ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʩʣʦʝʤ, ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʠ ʘʥʠʟʦʪʨʦʧʥʳʡ 

ʛʨʘʬʠʪʳ. ʈʘʩʩʤʦʪʨʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʠʭ ʨʘʩʧʳʣʝʥʠʷ ʠ ʤʦʜʠʬʠʢʘʮʠʠ ʚ 

ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʦʙʣʫʯʝʥʠʷ.  

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʚʦʣʴʬʨʘʤʘ ʠʥʪʝʥʩʠʚʥʳʤʠ ʧʦʪʦʢʘʤʠ 

ʠʦʥʦʚ ʚʦʜʦʨʦʜʥʦʡ ʧʣʘʟʤʳ ʩ ʵʥʝʨʛʠʝʡ, ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʜʣʷ ʩʤʝʱʝʥʠʷ ʘʪʦʤʦʚ 

ʚʦʣʴʬʨʘʤʘ, ʨʘʟʚʠʚʘʶʪʩʷ ʧʨʦʮʝʩʩʳ ï ʨʦʩʪ ʙʣʠʩʪʝʨʦʚ, ʫʚʝʣʠʯʝʥʠʝ 

ʧʣʘʩʪʠʯʥʦʩʪʠ ʠ ʪ.ʧ., ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʱʠʝ ʦʙ ʫʤʝʥʴʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʣʘʚʣʝʥʠʷ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʚ ʧʨʦʮʝʩʩʝ ʦʙʣʫʯʝʥʠʷ. 

ʆʙʣʫʯʝʥʠʝ ʧʦʪʦʢʘʤʠ ʠʦʥʦʚ ʚʦʜʦʨʦʜʘ ʠ ʛʝʣʠʷ ʫʤʝʨʝʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʩ 

ʵʥʝʨʛʠʷʤʠ, ʜʦʩʪʘʪʦʯʥʳʤʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʚʘʢʘʥʩʠʡ, ʚ ʤʝʪʘʣʣʦʚ ʠ 

ʜʠʵʣʝʢʪʨʠʢʦʚ ʪʘʢʞʝ ʧʨʠʚʦʜʠʪ ʢ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʩʪʨʫʢʪʫʨʳ, ʚʦʟʥʠʢʘʶʪ 

ʥʘʧʨʷʞʝʥʠʷ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʨʘʟʚʠʪʠʶ ʷʚʣʝʥʠʡ ʙʣʠʩʪʝʨʠʥʛʘ ʠ ʬʣʝʢʠʥʛʘ. 

ʀʥʪʝʥʩʠʚʥʦʝ ʦʙʣʫʯʝʥʠʷ ʤʝʪʘʣʣʦʚ - ʚʦʣʴʬʨʘʤʘ, ʤʦʣʠʙʜʝʥʘ - ʠʦʥʘʤʠ 

ʛʝʣʠʷ ʩ ʵʥʝʨʛʠʷʤʠ, ʜʦʩʪʘʪʦʯʥʳʤʠ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʠ ʚʘʢʘʥʩʠʡ, ʚ ʫʩʣʦʚʠʷʭ 

ʘʢʪʠʚʠʟʘʮʠʠ ʜʠʬʬʫʟʠʠ ʚʥʝʜʨʸʥʥʳʭ ʯʘʩʪʠʮ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ, ʥʘʙʣʶʜʘʝʪʩʷ ʨʘʟʚʠʪʠʝ ʩʪʨʫʢʪʫʨʳ çʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʧʫʭʘè.  

ɺ ʩʣʫʯʘʝ ʦʙʣʫʯʝʥʠʝ ʤʝʪʘʣʣʦʚ ʠʦʥʘʤʠ ʩ ʵʥʝʨʛʠʷʤʠ, ʜʦʩʪʘʪʦʯʥʳʤʠ ʜʣʷ 

ʩʤʝʱʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʘʪʦʤʦʚ, ʠ ʧʨʠ ʥʘʣʠʯʠʠ ʫʩʣʦʚʠʡ, 

ʧʨʝʧʷʪʩʪʚʫʶʱʠʭ ʩʢʦʣʴʞʝʥʠʶ ʜʠʩʣʦʢʘʮʠʡ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ, 

ʨʘʟʚʠʚʘʶʪʩʷ ʥʘʧʨʷʞʝʥʠʷ, ʠ ʥʘʜ ʦʙʣʫʯʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʨʘʩʪʫʪ 

ʢʨʠʩʪʘʣʣʳ (ʚʠʩʢʝʨʳ).  

ʇʨʠ ʦʙʣʫʯʝʥʠʝ ʤʝʪʘʣʣʦʚ ʠʦʥʘʤʠ, ʩ ʵʥʝʨʛʠʷʤʠ, ʜʦʩʪʘʪʦʯʥʳʤʠ ʜʣʷ 

ʨʘʩʧʳʣʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ, ʠ ʧʨʠ ʥʘʣʠʯʠʠ ʫʩʣʦʚʠʡ, ʧʨʝʧʷʪʩʪʚʫʶʱʠʭ 

ʩʢʦʣʴʞʝʥʠʶ ʜʠʩʣʦʢʘʮʠʡ, ʥʘʜ ʦʙʣʫʯʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʬʦʨʤʠʨʫʶʪʩʷ 

ʢʦʥʠʯʝʩʢʠʝ ʦʙʨʘʟʦʚʘʥʠʷ.  

ɺ ʞʠʜʢʦʤ ʤʝʪʘʣʣʝ ʦʙʨʘʟʫʶʪʩʷ ʙʣʠʩʪʝʨʳ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ, 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʷ ʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʚʥʝʜʨʸʥʥʳʭ ʘʪʦʤʦʚ ʛʝʣʠʷ, ʧʨʘʢʪʠʯʝʩʢʠ 

ʚʦ ʚʩʶ ʛʣʫʙʠʥʫ ʨʘʩʧʣʘʚʘ.  

ʆʙʣʫʯʝʥʠʝ ʠʟʦʪʨʦʧʥʦʛʦ ʛʨʘʬʠʪʘ ʠʥʪʝʥʩʠʚʥʳʤʠ ʠʦʥʥʳʤʠ ʧʦʪʦʢʘʤʠ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʤ ʨʘʜʠʘʮʠʦʥʥʳʭ ʚʘʢʘʥʩʠʡ ʥʘ 

ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʫʶ ʛʣʫʙʠʥʫ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʧʦʨʠʩʪʦʛʦ ʩʣʦʷ ʚ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʦʙʣʘʩʪʠ. 
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ʆʙʣʫʯʝʥʠʝ ʛʨʘʬʠʪʦʚʳʭ ʩʪʨʫʢʪʫʨ, ʩ ʛʨʘʬʝʥʦʚʳʤʠ ʩʣʦʷʤʠ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʤʠ ʦʙʣʫʯʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʨʠʚʦʜʠʪ ʢ ʠʭ ʘʤʦʨʬʠʟʘʮʠʠ 

ʠ ʦʙʨʘʟʦʚʘʥʠʶ ʧʠʨʦʣʠʪʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ (ʉʪʨʫʢʪʫʨʳ ʩ ʛʨʘʬʝʥʦʚʳʤʠ 

ʩʣʦʷʤʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʟʸʨʝʥ ʧʘʨʘʣʣʝʣʴʥʳʤʠ ʦʙʣʫʯʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ), 

ʧʨʠ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. 

ʈʘʜʠʘʮʠʦʥʥʳʝ ʚʘʢʘʥʩʠʠ, ʬʦʨʤʠʨʫʶʱʠʝʩʷ ʚ ʧʠʨʦʣʠʪʠʯʝʩʢʦʤ ʛʨʘʬʠʪʝ 

ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʠʦʥʘʤʠ ʥʝ ʜʠʬʬʫʥʜʠʨʫʶʪ ʚ ʛʣʫʙʠʥʫ. ɺ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ 

ʩʣʦʷʭ ʬʦʨʤʠʨʫʶʪʩʷ ʩʞʠʤʘʶʱʠʝ ʥʘʧʨʷʞʝʥʠʷ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʠʭ 

ʦʪʩʣʘʠʚʘʥʠʶ ʠ ʩʚʦʨʘʯʠʚʘʥʠʶ. ʇʨʠ ʩʚʦʨʘʯʠʚʘʥʠʶ ʥʘ ʫʛʣʳ, ʙʣʠʟʢʠʝ ʢ 90 

ʛʨʘʜʫʩʘʤ, ʧʨʦʠʩʭʦʜʠʪ ʠʥʪʝʥʩʠʚʥʦʝ ʨʘʟʨʫʰʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʩʣʦʸʚ ʠʦʥʥʳʤ 

ʦʙʣʫʯʝʥʠʝʤ ʠ ʨʘʟʚʠʪʠʝ ʢʨʠʩʪʘʣʣʦʚ ʩ ʛʨʘʬʝʥʦʚʳʤʠ ʩʣʦʷʤʠ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʤʠ ʦʙʣʫʯʝʥʠʶ. 

ʇʨʠ ʦʙʣʫʯʝʥʠʶ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʥʠʪʨʠʜʘ ʙʦʨʘ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 

ʨʘʩʧʳʣʷʶʪʩʷ ʘʪʦʤʳ ʘʟʦʪʘ. ʆʙʨʘʟʫʶʱʠʝʩʷ ʚʘʢʘʥʩʠʠ ʜʠʬʬʫʥʜʠʨʫʶʪ ʚʜʦʣʴ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʦʩʢʦʩʪʝʡ ʢ ʛʨʘʥʠʮʘʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʟʸʨʝʥ. ɺ 

ʫʩʣʦʚʠʷʭ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨ ʩʣʝʜʩʪʚʠʝʤ ʵʪʦʛʦ ʷʚʣʷʝʪʩʷ 

ʠʩʯʝʟʥʦʚʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʥʠʪʨʠʜʘ ʙʦʨʘ ʠ ʠʩʧʘʨʝʥʠʝ ʘʪʦʤʦʚ ʙʦʨʘ ʠʟ 

ʛʨʘʥʠʯʥʳʭ ʦʙʣʘʩʪʝʡ ʢʨʠʩʪʘʣʣʠʪʦʚ. 

ʇʨʦʚʝʜʸʥʥʦʝ ʚʳʰʝ ʨʘʩʩʤʦʪʨʝʥʠʝ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʜʠʬʬʫʟʠʷ 

ʚʥʝʜʨʸʥʥʳʭ ʯʘʩʪʠʮ ʠ ʨʘʜʠʘʮʠʦʥʥʳʭ ʚʘʢʘʥʩʠʡ ʠ ʚʦʟʥʠʢʘʶʱʠʝ ʚ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ ʥʘʧʨʷʞʝʥʠʷ ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʳʤʠ ʬʘʢʪʦʨʘʤʠ, 

ʦʧʨʝʜʝʣʷʶʱʠʤʠ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʮʝʩʩʦʚ ʨʘʩʧʳʣʝʥʠʷ ʠ ʤʦʜʠʬʠʢʘʮʠʠ 

ʤʘʪʝʨʠʘʣʦʚ ʚ ʧʨʦʮʝʩʩʝ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʦʛʦ ʦʙʣʫʯʝʥʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

çʘʢʪʠʚʥʦʡ ʜʠʬʬʫʟʠʠè. 
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ʆ.ʉ. ɹɽʃʆɿɽʈʆɺ, ʉ.ɸ. ʍʈʆʄʆɺ, ʉ.ɸ. ɼɸʅʔʂʆ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè, 

ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ɼɺɸ ʄɽʍɸʅʀɿʄɸ ʋʉʂʆʈɽʅʀʗ ʀʆʅʆɺ ɺ ʕʂʉʇɽʈʀʄɽʅʊɽ 

ʅɸ ɻɽʅɽʈɸʊʆʈɽ ʈʕʇ çʂɸʊʈɸʅè 
ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ ʛʝʥʝʨʘʪʦʨʝ 

çʂʘʪʨʘʥè (Iå120 ʢɸ, U0å250 ʢɺ, tå80 ʥʩ), ʛʜʝ ʘʥʦʜʦʤ ʩʣʫʞʠʪ ʪʦʥʢʘʷ ʬʦʣʴʛʘ, 

ʚʳʷʚʣʝʥʳ ʜʚʝ ʦʙʣʘʩʪʠ, ʚ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʠʪ ʫʩʢʦʨʝʥʠʝ ʠʦʥʦʚ ʚ ʦʜʥʦʤ ʠ ʪʦʤ 

ʞʝ ʥʘʧʨʘʚʣʝʥʠʠ. ʆʜʥʦ ʫʩʢʦʨʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʦʪ ʢʘʪʦʜʘ ʢ ʘʥʦʜʫ ʚ 

ʚʳʩʦʢʦʚʦʣʴʪʥʦʤ ʜʠʦʜʝ, ʘ ʜʨʫʛʦʝ ï ʟʘ ʘʥʦʜʥʦʡ ʬʦʣʴʛʦʡ ʚ ʩʪʦʨʦʥʫ ʚʠʨʪʫʘʣʴʥʦʛʦ 

ʢʘʪʦʜʘ. ʕʪʠ ʧʨʦʮʝʩʩʳ ʘʩʩʦʮʠʠʨʫʶʪʩʷ ʩ ʨʘʟʥʳʤʠ ʤʝʭʘʥʠʟʤʘʤʠ ʫʩʢʦʨʝʥʠʷ ʠʦʥʦʚ. 
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TWO MECHANISMS OF ION ACCELARATION IN THE  

EXPERIMENT ON THE  GENERATOR REP çKATRANè 

This paper presents the results of experiments on the Katran generator (Iå120 kA, 

U0å250 kV, tå80 ns), where a thin foil serves as the anode. Two regions in which 

acceleration occurs in the same direction are identified. One acceleration occurs in the 

high voltage diode from the cathode to the anode, and the other - behind the anode 

foil towards the virtual cathode These processes are associated with different 

acceleration mechanisms. 

ʅʘʯʠʥʘʷ ʩ 60-ʭ ʛʦʜʦʚ ʚʳʭʦʜʷʪ ʨʘʙʦʪʳ ʧʦ ʫʩʢʦʨʝʥʠʶ ʠʦʥʦʚ 

ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ, ʨʝʟʫʣʴʪʘʪʳ ʢʦʪʦʨʳʭ ʥʝʦʜʥʦʢʨʘʪʥʦ 

ʚʦʩʧʨʦʠʟʚʦʜʠʣʠʩʴ ʠ ʧʦʜʪʚʝʨʞʜʘʣʠʩʴ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʥʝʩʤʦʪʨʷ ʥʘ 

ʜʣʠʪʝʣʴʥʦʝ ʚʨʝʤʷ, ʧʨʦʰʝʜʰʝʝ ʩ ʪʝʭ ʧʦʨ, ʜʦ ʩʠʭ ʧʦʨ ʥʝʪ ʠʩʯʝʨʧʳʚʘʶʱʝʡ 

ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʫʩʢʦʨʝʥʠʷ ʠʦʥʦʚ ʚ ʵʣʝʢʪʨʦʥʥʦʤ ʧʫʯʢʝ 

ʠʥʞʝʢʪʠʨʫʝʤʳʤ ʚ ʚʘʢʫʫʤʥʫʶ ʢʘʤʝʨʫ. 

ɺ ʨʘʤʢʘʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʫʩʢʦʨʝʥʠʶ ʠʦʥʦʚ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ 

ʵʢʩʧʝʨʠʤʝʥʪʳ ʥʘ ʛʝʥʝʨʘʪʦʨʝ çʂʘʪʨʘʥè (Iå120 ʢɸ, U0å250 ʢɺ, tå80 ʥʩ). 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʭʘʥʠʟʤʘ ʫʩʢʦʨʝʥʠʷ ʠʦʥʥʳʭ ʧʫʯʢʦʚ ʤʝʛʘʵʣʝʢʪʨʦʥ-

ʚʦʣʴʪʥʳʭ ʵʥʝʨʛʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʤʝʪʦʜʳ ʜʠʘʛʥʦʩʪʠʢʠ, ʦʧʠʩʘʥʥʳʝ ʚ 

ʨʘʙʦʪʘʭ [1, 2].  
ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʢʦʪʦʨʳʡ ʧʨʦʚʦʜʠʣʩʷ 

ʧʨʠ ʟʘʟʦʨʝ ʤʝʞʜʫ ʢʘʪʦʜʦʤ ʠ ʘʥʦʜʦʤ ʚ ʚʳʩʦʢʦʚʦʣʴʪʥʦʤ ʜʠʦʜʝ ʨʘʚʥʦʤ 

~7.5 ʤʤ. ɺ ʢʘʯʝʩʪʚʝ ʘʥʦʜʘ ʩʪʦʷʣʘ ʘʣʶʤʠʥʠʝʚʘʷ ʬʦʣʴʛʘ ʪʦʣʱʠʥʦʡ 10 

ʤʢʤ, ʟʘ ʢʦʪʦʨʦʡ ʨʘʟʤʝʱʘʣʩʷ ʣʘʪʫʥʥʳʡ ʢʦʣʣʠʤʘʪʦʨ ʩ ʮʠʣʠʥʜʨʠʯʝʩʢʠʤʠ 
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ʦʪʚʝʨʩʪʠʷʤʠ. ʂʦʣʣʠʤʘʪʦʨ ʧʨʝʜʥʘʟʥʘʯʘʣʩʷ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʣʠʙʦ 

ʫʩʪʨʘʥʠʪʴ ʦʙʨʘʟʦʚʘʥʠʝ ʚʠʨʪʫʘʣʴʥʦʛʦ ʢʘʪʦʜʘ ʟʘ ʬʦʣʴʛʦʡ, ʣʠʙʦ 

ʦʛʨʘʥʠʯʠʪʴ ʜʠʩʪʘʥʮʠʶ, ʥʘ ʢʦʪʦʨʦʡ ʚʠʨʪʫʘʣʴʥʳʡ ʢʘʪʦʜ ʤʦʛ ʫʩʢʦʨʷʪʴ 

ʠʦʥʳ. 

 
ʈʠʩ. 1. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ: 1 ï ʢʘʪʦʜ; 2 ï ʘʥʦʜʥʘʷ ʬʦʣʴʛʘ; 3 ï 

ʚʠʨʪʫʘʣʴʥʳʡ ʢʘʪʦʜ; 4 ï ʢʦʣʣʠʤʘʪʦʨ 

 

ʇʨʦʚʝʜʸʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʫʩʢʦʨʝʥʠʝ ʠʦʥʦʚ 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʜʚʫʭ ʤʝʩʪʘʭ: ʚʥʫʪʨʠ ʚʳʩʦʢʦʚʦʣʴʪʥʦʛʦ ʜʠʦʜʘ ʛʝʥʝʨʘʪʦʨʘ ʠ 

ʩʥʘʨʫʞʠ ʟʘ ʪʦʥʢʦʡ ʘʥʦʜʥʦʡ ʬʦʣʴʛʦʡ. ʋʩʢʦʨʝʥʠʝ ʠʦʥʦʚ ʚʥʫʪʨʠ 

ʚʳʩʦʢʦʚʦʣʴʪʥʦʛʦ ʜʠʦʜʘ ʩʚʷʟʘʥʦ ʩ ʢʦʣʝʙʘʥʠʷʤʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʚ 

ʚʳʩʦʢʦʚʦʣʴʪʥʦʤ ʜʠʦʜʝ ʩ ʧʝʨʠʦʜʦʤ ʊ å 2 ʥʩ. ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʚ 

ʧʦʣʴʟʫ ʦʜʥʦʡ ʠʟ ʤʦʜʝʣʝʡ, ʥʘʧʨʠʤʝʨ [3], ʫʩʢʦʨʝʥʠʷ ʠʦʥʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ 

ʨʘʟʚʠʪʠʝʤ ʧʝʨʝʪʷʞʢʠ ʚ ʧʣʘʟʤʝ ʤʝʞʜʫ ʢʘʪʦʜʦʤ ʠ ʘʥʦʜʦʤ. ʆʮʝʥʢʘ ʩʚʝʨʭʫ 

ʭʘʨʘʢʪʝʨʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʧʨʠ ʧʝʨʝʪʷʞʢʝ ʧʨʦʚʦʜʷʱʝʛʦ ʢʘʥʘʣʘ ʩ 

ʧʨʝʜʧʦʣʦʞʝʥʠʝʤ ʧʦʣʥʦʛʦ ʚʳʪʝʩʥʝʥʠʷ ʧʣʘʟʤʳ ʠ ʦʙʨʳʚʘ ʪʦʢʘ ʦʢʘʟʘʣʘʩʴ 

ʨʘʚʥʦʡ U = 6 ʄɺ. ɺʦʟʥʠʢʘʶʱʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʜʦʩʪʘʪʦʯʥʦ, 

ʯʪʦʙʳ ʟʘ ʧʦʣʫʧʝʨʠʦʜ ʢʦʣʝʙʘʥʠʷ ʪʦʢʘ ʜʦʩʪʠʯʴ ʵʥʝʨʛʠʡ 850 ʢʵɺ/ʥʫʢʣʦʥ, 

ʥʘʙʣʶʜʘʝʤʳʭ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ.  

ʋʩʢʦʨʝʥʠʝ ʠʦʥʦʚ ʚ ʟʘʘʥʦʜʥʦʡ ʦʙʣʘʩʪʠ ʩʚʷʟʘʥʦ ʩ ʜʨʫʛʠʤ ʤʝʭʘʥʠʟʤʦʤ, 

ʚ ʢʦʪʦʨʦʤ ʫʩʢʦʨʝʥʠʝ ʦʙʫʩʣʘʚʣʠʚʘʝʪʩʷ ʜʚʠʞʝʥʠʝʤ ʚʠʨʪʫʘʣʴʥʦʛʦ ʢʘʪʦʜʘ, 

ʧʦʩʢʦʣʴʢʫ ʧʨʠ ʫʜʘʣʝʥʠʠ ʢʦʣʣʠʤʘʪʦʨʘ ʦʪ ʘʥʦʜʥʦʡ ʬʦʣʴʛʠ ʥʘ 3 ʩʤ 

ʵʥʝʨʛʠʷ ʠʦʥʥʳʭ ʩʛʫʩʪʢʦʚ ʚʦʟʨʘʩʪʘʣʘ ʜʦ 2,5 ʄʵɺ/ʥʫʢʣʦʥ. ʆʮʝʥʠʤ 

ʫʜʘʣʝʥʠʝ p ʚʠʨʪʫʘʣʴʥʦʛʦ ʢʘʪʦʜʘ ʦʪ ʘʥʦʜʘ ʧʨʝʜʧʦʣʘʛʘʷ, ʯʪʦ ʩʣʦʡ ʟʘʨʷʜʘ 

ʚʠʨʪʫʘʣʴʥʦʛʦ ʢʘʪʦʜʘ ʜʦʚʦʜʠʪ ʟʥʘʯʝʥʠʝ ʧʦʪʝʥʮʠʘʣʘ Uʚʢ ʜʦ ʟʥʘʯʝʥʠʷ, 

ʨʘʚʥʦʛʦ ʥʘʧʨʷʞʝʥʠʶ ʚ ʚʳʩʦʢʦʚʦʣʴʪʥʦʤ ʜʠʦʜʝ ʛʝʥʝʨʘʪʦʨʘ. ʇʦ 

ʠʟʤʝʨʝʥʝʥʥʦʡ ʥʘ ʘʥʦʜʝ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʈʕʇ ʠ ʥʘʧʨʷʞʝʥʠʶ ʥʘ 

ʛʝʥʝʨʘʪʦʨʝ ʧʦʣʫʯʠʤ Uʚʢ = ÚEdp = 188i[ɸ/ʤ2]p2[ʤ] ʠ p å 0,36 ʩʤ. ʕʥʝʨʛʠʷ, 

ʥʘʙʠʨʘʝʤʘʷ ʠʦʥʘʤʠ, ʚ 10 ʨʘʟ ʙʦʣʴʰʝ U0. ʇʦʣʫʯʘʝʪʩʷ, ʯʪʦ ʚʩʣʝʜʩʪʚʠʝ 

ʜʚʠʞʝʥʠʷ ʚʠʨʪʫʘʣʴʥʦʛʦ ʢʘʪʦʜʘ ʠʦʥʳ 10 ʨʘʟ ʫʩʢʦʨʷʶʪʩʷ ʚ ʚʠʨʪʫʘʣʴʥʦʤ 

ʜʠʦʜʝ, ʠʤʝʶʱʠʤ ʵʬʬʝʢʪʠʚʥʳʡ ʟʘʟʦʨ p åɻ0,3 ʩʤ. ʉʜʝʣʘʥʥʳʝ ʦʮʝʥʢʠ p 
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ʙʣʠʟʢʠ ʜʨʫʛ ʢ ʜʨʫʛʫ, ʯʪʦ ʛʦʚʦʨʠʪ ʚ ʧʦʣʴʟʫ ʤʦʜʝʣʠ ʫʩʢʦʨʝʥʠʷ ʠʦʥʦʚ 

ʜʚʠʞʫʱʠʤʩʷ ʚʠʨʪʫʘʣʴʥʳʤ ʢʘʪʦʜʦʤ [4].  
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ɹʝʣʦʟʝʨʦʚ ʆ. ʉ., ɼʘʥʴʢʦ ʉ. ɸ., ɸʥʘʥʴʝʚ ʉ. ʉ. // ɺɸʅʊ ʉʝʨʠʷ çʊʝʨʤʦʷʜʝʨʥʳʡ 
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ʈʦʩʩʠ ̫

ɺʃʀʗʅʀɽ ʇʈʆʅʀʎɸɽʄʆʉʊʀ ʆʉɸɾɼɽʅʅʓʍ ʀɿ 

ʇʃɸɿʄʓ ʄɸɻʅɽʊʈʆʅʅʆɻʆ ʈɸɿʈʗɼɸ W-ʉʃʆɽɺ ʅɸ 

ʎʀʂʃʀʏɽʉʂʋʖ ʋʉʊʆʁʏʀɺʆʉʊʔ ʊʆʅʂʆʇʃɽʅʆʏʅʓʍ 

ʕʃɽʂʊʈʆʍʈʆʄʅʓʍ ʄʆɼʋʃɽʁ 
ʈʘʩʩʤʦʪʨʝʥʳ ʧʨʦʮʝʩʩʳ ʜʝʛʨʘʜʘʮʠʠ  ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʵʣʝʢʪʨʦʭʨʦʤʥʳʭ 

ʤʦʜʫʣʝʡ ʚ ʭʦʜʝ ʠʭ ʮʠʢʣʠʨʦʚʘʥʠʷ, ʩʚʷʟʘʥʥʳʝ ʩ ʙʣʠʩʪʝʨʦʦʙʨʘʟʦʚʘʥʠʝʤ ʚ PVD-

ʦʩʘʞʜʘʝʤʳʭ ʦʢʩʠʜʥʳʭ ʩʣʦʷʭ ʚʦʣʴʬʨʘʤʦʚʳʭ ʵʣʝʢʪʨʦʜʦʚ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʙʣʠʩʪʝʨʦʦʙʨʘʟʦʚʘʥʠʝ ʩʚʷʟʘʥʦ ʩ ʥʘʢʦʧʣʝʥʠʝʤ ʚ ʚʦʣʴʬʨʘʤʦʚʳʭ ʧʣʝʥʢʘʭ 

ʨʘʜʠʢʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ ʠʟ ʥʠʞʝʣʝʞʘʱʠʭ ʩʣʦʝʚ ʪʦʥʢʦʧʣʝʥʦʯʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʤʦʜʫʣʝʡ. ʇʨʦʚʝʜʝʥʘ ʧʦ ʩʨʝʜʩʪʚʘʤ ʪʝʨʤʦʜʝʩʦʨʙʮʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʦʮʝʥʢʘ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʚʦʣʴʬʨʘʤ-ʦʢʩʠʜʥʳʭ ʩʣʦʝʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʭ 

ʩʪʝʭʠʦʤʝʪʨʠʠ ʠ ʧʨʝʜʣʦʞʝʥʳ ʧʫʪʠ ʫʣʫʯʰʝʥʠʷ ʮʠʢʣʠʯʝʩʢʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʚʦʣʴʬʨʘʤʦʚʳʭ ʩʣʦʝʚ ʯʝʨʝʟ ʠʭ ʨʝʘʢʮʠʦʥʥʦʝ ʦʩʘʞʜʝʥʠʝ ʠʟ ʧʣʘʟʤʳ ʤʘʛʥʝʪʨʦʥʥʦʛʦ 

ʨʘʟʨʷʜʘ ʚ ʫʩʣʦʚʠʷʭ ʜʝʬʠʮʠʪʘ ʨʝʘʢʮʠʦʥʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʩʤʝʩʠ ʨʘʙʦʯʠʭ ʛʘʟʦʚ. 
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MAGNETRON PLASMA SPUTTER DEPOSITED W -

LAYERSô PERMEABILITY INFLUENCE ON THE CYCLING 

STABILITY OF THIN FILM ELECTROCHROMIC 

MODULES 

The processes of thin film electrochromic modules degradation during their 

cycling through the formation of blisters within the PVD sputtered tungsten oxide 

electrode layers are considered. The formation of blisters is shown to be caused by the 

retention of radical components transported into the tungsten films from the 

underneath layers of the moduleôs layerstack. Permeability of the ceramic tungsten-

oxide layers of varying stoichiometry is studied by the means of thermodesorption 

spectroscopy and the ways for increasing the cycling sustainability of tungsten layers 

through their reactive magnetron PVD in deficiency of reactive component of working 

gas mixture are proposed. 
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ʕʣʝʢʪʨʦʭʨʦʤʥʳʝ ʤʦʜʫʣʠ (ʕʍʄ) ï ʫʩʪʨʦʡʩʪʚʘ, ʠʟʤʝʥʷʶʱʠʝ 

ʠʥʪʝʛʨʘʣʴʥʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ  ʧʨʦʧʫʩʢʘʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʜʣʠʥ ʚʦʣʥ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʧʨʠʢʣʘʜʳʚʘʝʤʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʈʘʩʧʨʦʩʪʨʘʥʝʥʥʦʡ ʢʦʥʩʪʨʫʢʮʠʝʡ ʕʍʄ 

ʷʚʣʷʝʪʩʷ ʤʥʦʛʦʩʣʦʡʥʘʷ ʪʦʥʢʦʧʣʝʥʦʯʥʘʷ ʩʠʩʪʝʤʘ, ʧʝʨʝʢʣʶʯʝʥʠʝ 

ʩʦʩʪʦʷʥʠʷ ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʠʥʪʝʨʢʘʣʷʮʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ 

ʤʝʞʜʫ ʜʚʫʤʷ ʵʣʝʢʪʨʦʜʥʳʤʠ ʩʣʦʷʤʠ ʯʝʨʝʟ ʵʣʝʢʪʨʦʣʠʪ, ʘ ʯʘʩʪʦ 

ʧʨʠʤʝʥʷʝʤʳʤ ʵʣʝʢʪʨʦʭʨʦʤʥʳʤ ʵʣʝʢʪʨʦʜʦʤ-ʘʢʮʝʧʪʦʨʦʤ ʷʚʣʷʝʪʩʷ ʩʣʦʡ 

ʦʢʩʠʜʘ ʚʦʣʴʬʨʘʤʘ, ʢʘʢ ʧʨʘʚʠʣʦ ʦʩʘʞʜʘʝʤʦʛʦ ʚ ʩʪʝʭʠʦʤʝʪʨʠʠ WO3 

ʨʝʘʢʮʠʦʥʥʳʤ ʨʘʩʧʳʣʝʥʠʝʤ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʤʠʰʝʥʠ ʚ Ar+O2 ʧʣʘʟʤʝ 

ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʟʨʷʜʘ [1].  

ɿʘʯʘʩʪʫʶ, ʕʍʄ ʜʝʛʨʘʜʠʨʫʶʪ ʧʨʠ ʠʭ ʮʠʢʣʠʯʝʩʢʦʤ ʧʝʨʝʢʣʶʯʝʥʠʠ 

ʤʝʞʜʫ ʦʧʪʠʯʝʩʢʠʤʠ ʩʦʩʪʦʷʥʠʷʤʠ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʣʘʩʪʝʨʦʚ ʙʝʣʝʩʳʭ 

ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ ʚ ʩʣʦʝʚʦʡ ʩʪʨʫʢʪʫʨʝ. ʎʠʢʣʠʨʦʚʘʥʠʝ 

ʵʣʝʢʪʨʦʭʨʦʤʥʦʡ ʷʯʝʡʢʠ ʚ ʩʨʝʜʝ ʞʠʜʢʦʛʦ ʵʣʝʢʪʨʦʣʠʪʘ ʧʦʟʚʦʣʠʣʦ 

ʣʦʢʘʣʠʟʦʚʘʪʴ ʜʝʬʝʢʪʳ ʚ W-ʵʣʝʢʪʨʦʜʝ, ʘ ʠʭ AFM/SEM/EDS ʘʥʘʣʠʟ 

ʧʦʢʘʟʘʣ, ʯʪʦ ʜʝʬʝʢʪʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʙʣʠʩʪʝʨʳ ʩ ʧʦʚʳʰʝʥʥʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʚ ʥʠʭ ʢʦʤʧʦʥʝʥʪ ʧʦʜʣʝʞʘʱʝʡ ʵʣʝʢʪʨʦʜʫ ʧʨʦʟʨʘʯʥʦʡ 

ʪʦʢʦʧʨʦʚʦʜʷʱʝʡ ʢʝʨʘʤʠʢʠ (ʊʉʆ-ʩʣʦʝʚ ʥʘ ʩʪʝʢʣʷʥʥʦʡ ʧʦʜʣʦʞʢʝ ʠ 

ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ ʠʤ ʪʦʥʢʠʭ ʙʘʨʴʝʨʥʳʭ ʜʠʵʣʝʢʪʨʠʢʦʚ) ï ʧʨʝʞʜʝ ʚʩʝʛʦ 

Sn, Al  ʠ N, ʘ ʪʘʢʞʝ, ʚ ʤʝʥʴʰʝʡ ʩʪʝʧʝʥʠ, Na ʠ Mg ʠʟ ʧʦʜʣʦʞʢʠ. 

ʊʝʨʤʦʜʝʩʦʨʙʮʠʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʯʘʩʪʠ ʵʣʝʢʪʨʦʭʨʦʤʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʚʧʣʦʪʴ ʜʦ W ʩʣʦʷ ʚʢʣʶʯʠʪʝʣʴʥʦ, ʦʩʘʞʜʝʥʥʦʡ ʧʦʚʝʨʭ 

ʧʦʜʣʦʞʢʠ ʠʟ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ, ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʘ ʚ 

ʮʝʣʦʤ ʭʫʜʰʫʶ ʧʨʦʥʠʮʠʘʝʤʦʩʪʴ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ WO3 ʧʣʝʥʦʢ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʦʢʩʠʜʦʤ ʚʦʣʴʬʨʘʤʘ, ʦʩʘʞʜʝʥʥʦʤ ʚ ʩʫʙʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ 

ʩʦʩʪʦʷʥʠʠ ʧʨʠ ʜʝʬʠʮʠʪʝ ʨʝʘʢʮʠʦʥʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʩʤʝʩʠ ʨʘʙʦʯʠʭ ʛʘʟʦʚ 

ʚ ʭʦʜʝ PVD. ɹʳʣʦ ʧʨʝʜʧʦʣʦʞʝʥʦ, ʯʪʦ ʭʫʜʰʘʷ ʜʠʬʬʫʟʠʦʥʥʘʷ 

ʧʨʦʥʠʮʠʘʝʤʦʩʪʴ WO3 ʧʣʝʥʦʢ ʧʨʠʚʦʜʠʪ ʢ ʥʘʢʦʧʣʝʥʠʶ ʧʦʜ ʥʠʤʠ 

ʨʘʜʠʢʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ ʧʦʜʣʝʞʘʱʠʭ ʩʣʦʝʚ, ʪʨʘʥʩʧʦʨʪ ʢʦʪʦʨʳʭ 

ʦʙʫʩʣʦʚʣʝʥ ʪʝʨʤʠʯʝʩʢʠʤʠ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤʠ ʧʨʦʮʝʩʩʘʤʠ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʚ ʭʦʜʝ ʵʢʩʧʣʫʘʪʘʮʠʠ ʕʍʄ. ɸʛʨʝʛʘʮʠʷ 

ʥʘʢʦʧʣʝʥʥʦʛʦ ʚʝʱʝʩʪʚʘ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʥʘʙʣʶʜʘʝʤʳʭ 

ʙʣʠʩʪʝʨʦʚ. ʆʩʘʞʜʝʥʠʝ W-O ʧʣʝʥʢʠ ʚ ʩʫʙʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ 

ʜʦʣʞʥʦ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʵʬʬʝʢʪ ʥʘʢʦʧʣʝʥʠʷ ʨʘʜʠʢʘʣʦʚ ʠ 

ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʣʫʯʰʝʡ ʮʠʢʣʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʕʍʄ. 

ɼʘʥʥʦʝ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʩʥʠʞʝʥʠʝʤ ʥʘ ʩʚʳʰʝ 

95% ʢʦʥʮʝʥʪʨʘʮʠʠ ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ ʧʦ ʠʪʦʛʘʤ 50 000 ʮʠʢʣʦʚ 
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ʧʝʨʝʢʣʶʯʝʥʠʷ ʕʍʄ ʩ W-O ʵʣʝʢʪʨʦʜʦʤ, ʦʩʘʞʜʝʥʥʳʤ ʧʨʠ ʚ 3 ʨʘʟʘ 

ʩʥʠʞʝʥʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʧʦʪʦʢʦʚ ʥʘʧʫʩʢʘ O2/Ar, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʪʨʝʙʫʶʱʠʤʩʷ ʜʣʷ ʨʘʙʦʪʳ ʚ ʨʝʞʠʤʝ ʧʦʣʥʦʛʦ ʦʪʨʘʚʣʝʥʠʷ ʤʠʰʝʥʠ.     
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Chuan L., Hsieh J.H., Su T.Y., Wu P.L. // Thin Solid Films 2018. Vol. 660, P. 373ï79. 
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ʂ.ʖ. ɺɸɻʀʅ, ʉ.ɸ. ʋʈʖʇʀʅ 
ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʉʊʆʃʂʅʆɺʀʊɽʃʔʅɸʗ ʇʆʊɽʅʎʀɸʃʔʅɸʗ 

ʅɽʋʉʊʆʁʏʀɺʆʉʊʔ ʉʃɸɹʆʀʆʅʀɿʆɺɸʅʅʆɻʆ 

ʂʆʈʆʊʂʀʄ ʃɸɿɽʈʅʓʄ ʀʄʇʋʃʔʉʆʄ ʀʅɽʈʊʅʆɻʆ ɻɸɿɸ 

ɼʣʷ ʧʣʘʟʤʳ, ʦʙʨʘʟʦʚʘʥʥʦʡ ʧʨʠ ʤʥʦʛʦʬʦʪʦʥʥʦʡ ʠʦʥʠʟʘʮʠʠ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ, ʚ 

ʜʣʠʥʥʦʚʦʣʥʦʚʦʡ ʦʙʣʘʩʪʠ ʧʨʝʜʩʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ 

ʥʝʫʩʪʦʡʯʠʚʦʡ ʧʨʦʜʦʣʴʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʦʜʳ. ʇʦʷʚʣʝʥʠʝ ʪʘʢʦʡ ʤʦʜʳ ʩʚʷʟʘʥʦ ʩ 

ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʫʧʨʫʛʦʛʦ ʨʘʩʩʝʷʥʠʷ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʥʘ ʥʝʡʪʨʘʣʴʥʳʭ ʘʪʦʤʘʭ 

ʛʘʟʘ, ʚʦʟʥʠʢʘʶʱʠʤʠ ʚʩʣʝʜʩʪʚʠʝ ʵʬʬʝʢʪʘ ʈʘʤʟʘʫʵʨʘ-ʊʘʫʥʩʝʥʜʘ. 

K.YU. VAGIN, S.A. URYUPIN 
P. N. Lebedev Physical institute of RAS, Moscow, Russia 

COLLISIONAL POTENTIAL INSTABILITY OF INERT GAS 

WEAKLY IONIZED BY SHORT LASER PULSE  

The possibility of the existence of unstable longitudinal electron mode in the long-

wavelength region is predicted for plasma formed by multiphoton ionization of inert 

gas. The appearance of such a mode is associated with the peculiarities of 

photoelectron elastic scattering of neutral gas atoms arising from the Ramsauer-

Townsend effect.  

ʈʘʩʩʤʦʪʨʝʥʘ ʧʣʘʟʤʘ, ʦʙʨʘʟʦʚʘʥʥʘʷ ʧʨʠ ʤʥʦʛʦʬʦʪʦʥʥʦʡ ʠʦʥʠʟʘʮʠʠ 

ʘʪʦʤʦʚ ʛʘʟʘ ʢʦʨʦʪʢʠʤ ʠʤʧʫʣʴʩʦʤ ʣʠʥʝʡʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ. ʆʙʨʘʟʫʶʱʝʝʩʷ ʧʦʩʣʝ ʚʳʢʣʶʯʝʥʠʷ ʠʤʧʫʣʴʩʘ ʥʘ ʚʨʝʤʝʥʘʭ 

ʧʦʨʷʜʢʘ ʦʙʨʘʪʥʦʡ ʯʘʩʪʦʪʳ ʩʪʦʣʢʥʦʚʝʥʠʡ ʵʣʝʢʪʨʦʥʦʚ ʩ ʘʪʦʤʘʤʠ 

ʠʟʦʪʨʦʧʥʦʝ ʥʝʨʘʚʥʦʚʝʩʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʧʦ 

ʩʢʦʨʦʩʪʷʤ ʠʤʝʝʪ ʬʦʨʤʫ ʯʝʪʢʦ ʚʳʨʘʞʝʥʥʦʛʦ ʫʟʢʦʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ 

ʧʠʢʘ, ʧʦʣʦʞʝʥʠʝ ʢʦʪʦʨʦʛʦ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʝʡ 

ʧʨʠʦʙʨʝʪʘʝʤʦʡ ʬʦʪʦʵʣʝʢʪʨʦʥʘʤʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʦʥʠʟʘʮʠʠ. ʉʪʝʧʝʥʴ 

ʠʦʥʠʟʘʮʠʠ ʬʦʨʤʠʨʫʶʱʝʛʦʩʷ ʧʣʘʟʤʝʥʥʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʥʝʚʝʣʠʢʘ ʠ 

ʬʦʪʦʵʣʝʢʪʨʦʥʳ ʚ ʦʩʥʦʚʥʦʤ ʩʪʘʣʢʠʚʘʶʪʩʷ ʫʧʨʫʛʦ ʩ ʥʝʡʪʨʘʣʴʥʳʤʠ 

ʘʪʦʤʘʤʠ. 

ʋʧʨʫʛʦʝ ʨʘʩʩʝʷʥʠʝ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʥʘ ʥʝʡʪʨʘʣʴʥʳʭ ʘʪʦʤʘʭ ʠʤʝʝʪ 

ʦʩʦʙʝʥʥʦʩʪʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʵʬʬʝʢʪʦʤ ʈʘʤʟʘʫʵʨʘ-ʊʘʫʥʩʝʥʜʘ, ʢʦʪʦʨʳʡ 

ʪʠʧʠʯʝʥ ʜʣʷ ʠʥʝʨʪʥʳʭ ʛʘʟʦʚ ʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʘʥʦʤʘʣʴʥʦʤ ʫʤʝʥʴʰʝʥʠʠ 

ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʝʯʝʥʠʷ ʨʘʩʩʝʷʥʠʷ ʚ ʦʙʣʘʩʪʠ ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ 

ʤʥʦʛʦʬʦʪʦʥʥʦʡ ʠʦʥʠʟʘʮʠʠ ʵʥʝʨʛʠʡ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʧʦʨʷʜʢʘ 1ʵɺ. ʉ 

ʫʯʝʪʦʤ ʵʪʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʦʣʫʯʝʥʦ ʦʙʱʝʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʧʨʦʜʦʣʴʥʦʡ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʬʦʪʦʠʦʥʠʟʦʚʘʥʥʦʡ ʧʣʘʟʤʳ, 

ʫʯʠʪʳʚʘʶʱʝʝ ʟʘʚʠʩʠʤʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʡ ʯʘʩʪʦʪʳ ʩʪʦʣʢʥʦʚʝʥʠʡ 

ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʦʪ ʩʢʦʨʦʩʪʠ. ʅʘʨʷʜʫ ʩ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʤ ʨʝʰʝʥʠʝʤ 



208 

 

ʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʧʨʦʜʦʣʴʥʳʭ ʤʦʜ, ʦʪʚʝʯʘʶʱʠʤ 

ʧʣʘʟʤʝʥʥʦʡ ʚʦʣʥʝ, ʥʘʡʜʝʥʦ ʥʦʚʦʝ ʨʝʰʝʥʠʝ ʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ, 

ʦʪʚʝʯʘʶʱʝʝ ʚʦʟʤʦʞʥʦʩʪʠ ʨʘʟʚʠʪʠʷ ʧʨʦʜʦʣʴʥʦʡ ʩʪʦʣʢʥʦʚʠʪʝʣʴʥʦʡ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʩ ʠʥʢʨʝʤʝʥʪʦʤ, ʥʝ ʧʨʝʚʳʰʘʶʱʠʤ ʧʦʣʦʚʠʥʳ 

ʵʣʝʢʪʨʦʥʥʦʡ ʣʝʥʛʤʶʨʦʚʩʢʦʡ ʯʘʩʪʦʪʳ. ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥ ʠʥʢʨʝʤʝʥʪ 

ʪʘʢʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʧʣʘʟʤʝʥʥʳʤ  

 
ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʠʥʢʨʝʤʝʥʪʘ ɔ ʘʧʝʨʠʦʜʠʯʝʩʢʠ ʥʝʫʩʪʦʡʯʠʚʦʡ ʤʦʜʳ ʦʪ 

ʯʘʩʪʦʪʳ ʩʪʦʣʢʥʦʚʝʥʠʡ ɜ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʩ ʘʪʦʤʘʤʠ Xe (ɤL ï ʣʝʥʛʤʶʨʦʚʩʢʘʷ 

ʯʘʩʪʦʪʘ)  

ʚʦʟʤʫʱʝʥʠʷʤ, ʘʧʝʨʠʦʜʠʯʝʩʢʠ ʥʘʨʘʩʪʘʶʱʠʤ ʚʦ ʚʨʝʤʝʥʠ ʚ ʧʣʘʟʤʝ Xe 

ʙʝʟ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʜʠʩʧʝʨʩʠʠ. ɸʧʝʨʠʦʜʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʩʦʭʨʘʥʷʝʪ ʠ ʧʨʠ ʢʦʥʝʯʥʳʭ ʚʦʣʥʦʚʳʭ ʯʠʩʣʘʭ, ʤʝʥʴʰʠʭ 

ʦʪʥʦʰʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʣʝʥʛʤʶʨʦʚʩʢʦʡ ʯʘʩʪʦʪʳ ʢ ʩʨʝʜʥʝʡ ʩʢʦʨʦʩʪʠ 

ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ. ʇʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʚʦʣʥʦʚʦʛʦ ʯʠʩʣʘ ʥʠʟʢʦʯʘʩʪʦʪʥʘʷ  

ʤʦʜʘ ʪʨʘʥʩʬʦʨʤʠʨʫʝʪʩʷ ʚ ʧʨʦʜʦʣʴʥʫʶ ʥʝʫʩʪʦʡʯʠʚʫʶ ʚʦʣʥʫ ʩ ʙʳʩʪʨʦ 

ʫʚʝʣʠʯʠʚʘʶʱʝʡʩʷ ʯʘʩʪʦʪʦʡ ʠ ʫʤʝʥʴʰʘʶʱʠʤʩʷ ʠʥʢʨʝʤʝʥʪʦʤ. ɺ 

ʢʦʨʦʪʢʦʚʦʣʥʦʚʦʡ ʦʙʣʘʩʪʠ ʵʪʘ ʚʦʣʥʘ ʩʠʣʴʥʦ ʟʘʪʫʭʘʝʪ ʠʟ-ʟʘ ʩʪʦʣʢʥʦʚʝʥʠʡ 

ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚʣʠʷʥʠʝ ʨʘʟʙʨʦʩʘ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʧʦ 

ʵʥʝʨʛʠʠ ʥʘ ʥʝʫʩʪʦʡʯʠʚʫʶ ʤʦʜʫ ʩʨʘʚʥʠʪʝʣʴʥʦ ʤʘʣʦ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʫʩʣʦʚʠʷʭ, ʢʦʛʜʘ ʯʘʩʪʦʪʘ ʩʪʦʣʢʥʦʚʝʥʠʡ ʥʝ ʘʥʦʤʘʣʴʥʦ 

ʤʘʣʘ, ʚ ʥʘʠʙʦʣʝʝ ʠʥʪʝʨʝʩʥʦʡ ʜʣʠʥʥʦʚʦʣʥʦʚʦʡ ʦʙʣʘʩʪʠ ʦʙʳʯʥʳʝ 

ʧʣʘʟʤʝʥʥʳʝ ʚʦʣʥʳ ʩʠʣʴʥʦ ʟʘʪʫʭʘʶʪ ʥʘ ʚʨʝʤʝʥʘʭ ʩʨʘʚʥʠʤʳʭ ʩ ʠʭ 

ʧʝʨʠʦʜʦʤ, ʠ ʧʣʘʟʤʘ ʩʪʘʥʦʚʠʪʩʷ ʥʝʫʩʪʦʡʯʠʚʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʘʟʚʠʪʠʷ 

ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʜʣʠʥʥʦʚʦʣʥʦʚʦʡ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ. 

ɼʣʷ ʪʠʧʠʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʩʤʦʪʨʝʥʥʦʛʦ ʦʙʲʝʢʪʘ ʠʥʢʨʝʤʝʥʪ 

ʦʧʠʩʘʥʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦʧʘʜʘʝʪ ʚ THz ʜʠʘʧʘʟʦʥ ʯʘʩʪʦʪ.    
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

Vagin K.Yu.,  Uryupin S.A. //  Physics of Plasmas vΦ нтΣ ЅммΣ p.112110-(1-12), 2020. 
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ʈʦʩʩʠʷ 

ʆʇʊʀʄʀɿɸʎʀʗ ɻɽʆʄɽʊʈʀʀ ʊʆʈʆʀɼɸʃʔʅʓʍ 

ʂɸʊʋʐɽʂ ʊʆʂɸʄɸʂɸ MEPHIST  
ʉʧʨʦʝʢʪʠʨʦʚʘʥʘ ʛʝʦʤʝʪʨʠʷ ʢʘʪʫʰʢʠ ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʣʷ 

ʪʦʢʘʤʘʢʘ MEPHIST ʩ ʫʯʸʪʦʤ ʦʛʨʘʥʠʯʝʥʠʡ, ʚʥʦʩʠʤʳʭ ʛʝʦʤʝʪʨʠʝʡ ʢʘʤʝʨʳ, 

ʠʩʭʦʜʷ ʠʟ ʟʘʜʘʯʠ ʤʠʥʠʤʠʟʘʮʠʠ ʨʘʩʩʝʷʥʥʦʛʦ ʧʦʣʷ. ʆʧʨʝʜʝʣʝʥʳ ʟʥʘʯʝʥʠʷ 

ʨʘʩʩʝʷʥʥʳʭ ʧʦʣʝʡ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʚʥʫʪʨʠ ʢʘʤʝʨʳ ʟʘ ʩʯʸʪ ʥʘʢʣʦʥʘ ʪʦʨʦʠʜʘʣʴʥʳʭ 

ʢʘʪʫʰʝʢ. ʇʫʪʝʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʧʘʢʝʪʝ COMSOL ʙʳʣʦ ʦʮʝʥʝʥʦ ʚʣʠʷʥʠʝ 

ʦʪʢʣʦʥʝʥʠʷ ʛʝʦʤʝʪʨʠʠ ʢʘʪʫʰʝʢ ʩ ʫʯʸʪʦʤ ʪʝʭʥʠʯʝʩʢʠʭ ʦʪʚʝʨʩʪʠʡ ʧʦʜ ʬʣʘʥʮʳ ʥʘ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʨʘʩʩʝʷʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ. 

E.A . VINITSKIY , D.G. BULGADATYAN , A.S. PRISHVITSYN, 

G.M. VOROBYOV, V.A. KURNAEV, N.E. EFIMOV, S.A. KRAT 
National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

 

THE OPTIMIZATION OF THE TOROIDAL COILS  

GEOMETRY OF THE TOKAMAK MEPHIST  

The geometry of the toroidal magnetic field coils for the MEPHIST tokamak is 

designed taking into account the limitations introduced by the chamber geometry, 

based on the problem of minimizing the scattered field. The values of the scattered 

fields formed inside the chamber due to the inclination of the toroidal coils are 

determined. By modeling in the COMSOL package, the influence of the deviation of 

the coil geometry, taking into account the technical holes for the flanges, on the 

distribution of scattered magnetic fields was estimated. 

 

ɼʣʷ ʪʦʢʘʤʘʢʘ MEPHIST ʧʨʝʜʣʦʞʝʥʘ ʚʠʥʪʦʚʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ 

ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʢʘʪʫʰʝʢ, ʚ ʢʦʪʦʨʦʡ ʦʜʠʥ ʚʠʪʦʢ ʧʣʘʚʥʦ 

ʧʝʨʝʭʦʜʠʪ ʚ ʜʨʫʛʦʡ[1]. ɿʘʷʚʣʝʥʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ 

ʨʘʩʩʝʷʥʥʳʝ ʧʦʣʷ ʪʦʢʦʧʦʜʚʦʜʦʚ ʟʘ ʩʯʸʪ ʫʤʝʥʴʰʝʥʠʷ ʠʭ ʢʦʣʠʯʝʩʪʚʘ, 

ʫʧʨʦʩʪʠʪʴ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʩʭʝʤʫ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʠʤʝʥʝʥʠʝ ʦʪʜʝʣʴʥʳʭ 

ʪʦʨʦʠʜʘʣʴʥʳʭ ʢʘʪʫʰʝʢ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʦʛʣʘʩʦʚʘʥʥʫʶ ʨʘʙʦʪʫ ʢʘʞʜʦʡ 

ʯʘʩʪʠ ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʩʠʩʪʝʤʳ.  

ɺ ʩʚʷʟʠ ʩ ʚʳʙʨʘʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʝʡ, ʚʦʟʥʠʢʘʝʪ ʟʘʜʘʯʘ ʚ 

ʦʙʝʩʧʝʯʝʥʠʠ ʢʦʤʧʝʥʩʘʮʠʠ ʧʦʣʦʠʜʘʣʴʥʳʭ ʨʘʩʩʝʷʥʥʳʭ ʧʦʣʝʡ ʚʥʫʪʨʠ 

ʢʘʤʝʨʳ, ʢʦʪʦʨʳʝ ʚʦʟʥʠʢʘʶʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʥʘʢʣʦʥʘ ʚʠʪʢʦʚ ʪʦʨʦʠʜʘʣʴʥʦʡ 
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ʦʙʤʦʪʢʠ. ʆʜʥʠʤ ʠʟ ʚʦʟʤʦʞʥʳʭ ʤʝʪʦʜʦʚ ʜʘʥʥʦʡ ʢʦʤʧʝʥʩʘʮʠʠ ʷʚʣʷʝʪʩʷ 

ʦʧʪʠʤʠʟʘʮʠʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʚʠʥʪʦʚʦʡ ʦʙʤʦʪʢʠ, ʘ ʠʤʝʥʥʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʫʛʣʘ ʥʘʢʣʦʥʘ ʚʠʪʢʦʚ ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʩʦʣʝʥʦʠʜʘ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʭ ʜʣʠʥʳ. ʇʦʤʠʤʦ ʵʪʦʛʦ ʚʳʙʦʨ ʜʨʫʛʦʛʦ 

ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ ʧʘʨʘʤʝʪʨʘ, ʧʦʣʦʠʜʘʣʴʥʦʛʦ ʩʝʯʝʥʠʷ ʚʠʪʢʘ ʩʦʣʝʥʦʠʜʘ, 

ʦʙʫʩʣʦʚʣʝʥ ʤʠʥʠʤʠʟʘʮʠʝʡ ʦʪʨʳʚʥʳʭ ʩʠʣ, ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ ʥʠʭ. 

ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʣʘʩʴ ʦʧʪʠʤʠʟʘʮʠʷ ʛʝʦʤʝʪʨʠʠ 

ʚʠʪʢʦʚ ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʩʦʣʝʥʦʠʜʘ ʪʦʢʘʤʘʢʘ MEPHIST. ʌʦʨʤʘ 

ʧʦʣʦʠʜʘʣʴʥʦʛʦ ʩʝʯʝʥʠʷ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ, ʠʩʭʦʜʷ ʠʟ ʢʣʘʩʩʠʯʝʩʢʦʛʦ 

ʨʝʰʝʥʠʷ ʜʣʷ ʛʝʦʤʝʪʨʠʠ ʢʘʪʫʰʝʢ ʚ ʫʩʣʦʚʠʠ ʢʦʤʧʝʥʩʘʮʠʠ ʩʠʣ 

ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ ʥʝʸ[2]. ʇʦʚʝʨʭʥʦʩʪʴ ʩʦʣʝʥʦʠʜʘ ʧʨʠ ʵʪʦʤ ʩʯʠʪʘʣʘʩʴ 

ʠʜʝʘʣʴʥʦ ʧʨʦʚʦʜʷʱʝʡ ʪʦʨʦʠʜʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʫʛʣʘ ʥʘʢʣʦʥʘ ʚʠʪʢʦʚ ʧʦ ʠʭ ʜʣʠʥʝ, ʚʚʦʜʠʣʘʩʴ 

ʪʦʨʦʠʜʘʣʴʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʪʦʢʘ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘʷ ʫʛʣʫ ʥʘʢʣʦʥʘ 

ʢʘʪʫʰʢʠ. ʅʘʭʦʜʠʣʦʩʴ ʪʘʢʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʪʦʢʘ ʧʦ 

ʧʦʣʦʠʜʘʣʴʥʦʤʫ ʩʝʯʝʥʠʶ, ʢʦʪʦʨʦʝ ʥʝ ʩʦʟʜʘʚʘʣʦ ʙʳ ʚʥʫʪʨʠ ʦʙʨʘʟʦʚʘʥʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʩʩʝʷʥʥʳʭ ʧʦʣʝʡ[3].  

ʅʘ ʦʩʥʦʚʝ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ, ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʛʝʦʤʝʪʨʠʷ ʚʠʥʪʦʚʦʛʦ 

ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʩʦʣʝʥʦʠʜʘ ʜʣʷ ʪʦʢʘʤʘʢʘ MEPHIST. 

ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʨʘʩʩʝʷʥʥʳʭ ʧʦʣʝʡ ʚ ʦʙʣʘʩʪʠ 

ʨʘʟʨʷʜʥʦʡ ʢʘʤʝʨʳ. ʉ ʧʦʤʦʱʴʶ ʧʘʢʝʪʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʉOMSOL 

ʦʮʝʥʝʥʦ ʚʣʠʷʥʠʝ ʦʪʢʣʦʥʝʥʠʝ ʛʝʦʤʝʪʨʠʠ ʩʦʣʝʥʦʠʜʘ ʦʪ ʠʜʝʘʣʴʥʦ 

ʧʨʦʚʦʜʷʱʝʡ ʪʦʨʦʠʜʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 
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ɸʅɸʃʀɿ ɺʆɿɼɽʁʉʊɺʀʗ ʅɸʅʆʉɽʂʋʅɼʅʆɻʆ ʃɸɿɽʈʅʆɻʆ 

ʀʄʇʋʃʔʉɸ ʅɸ ʇʆɺɽʈʍʅʆʉʊʔ ʅɸʉʓʑɽʅʅʓʍ 

ʀɿʆʊʆʇɸʄʀ ɺʆɼʆʈʆɼɸ ʄɸʊɽʈʀɸʃʆɺ  
 

ʈʘʩʩʤʦʪʨʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʳ, ʚʳʧʦʣʥʝʥʥʳʝ ʥʘ ʫʩʪʘʥʦʚʢʝ çɹʦʣʴʰʦʡ ʤʘʩʩ-

ʤʦʥʦʭʨʦʤʘʪʦʨ ʄʀʌʀè ʩ ʮʝʣʴʶ ʨʘʟʨʘʙʦʪʢʠ ʠ ʘʧʨʦʙʘʮʠʠ ʣʘʟʝʨʥʳʭ ʜʠʘʛʥʦʩʪʠʢ 

ʜʣʷ ʜʠʩʪʘʥʮʠʦʥʥʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ in-vacuo ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ, 

ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʪʦʢʘʤʘʢʘʭ. ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʪʝʩʪʠʨʦʚʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ 

ʤʝʪʦʜʘʤʠ ʣʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʜʝʩʦʨʙʮʠʠ ʠ LIBS. 

 

Yu.M. GASPARYAN, D.G. BULGADARYAN, 

D.N. SINELNIKOV, E.D. VOVCHENKO, N.E. EFIMOV, 

V.S. EFIMOV, S.A. KRAT, M.A. POPOVA 
National Research Nuclear University çMEPhIè, Moscow, Russia 

 

ANALYSIS FROM THE EFFECT OF A NANOSECOND 

LASER PULSE ON THE SURFACE OF MATERIALS  

SATURATED WITH HYDROGEN ISOTOPES 
 

The experiments carried out on the experimental facility çLarge Mass-

monochromator MEPhIè for the development and testing of laser diagnostics for 

remote monitoring in-vacuo of the materials surface used in tokamaks are considered. 

The results of testing materials by laser-induced desorption and LIBS methods are 

presented. 

 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʦ ʥʘʩʳʱʝʥʠʠ ʩʪʝʥʢʠ ʪʦʢʘʤʘʢʘ 

ʠʟʦʪʦʧʘʤʠ ʚʦʜʦʨʦʜʘ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʥʘʯʘʣʠ ʘʢʪʠʚʥʦ ʨʘʟʨʘʙʘʪʳʚʘʪʴʩʷ 

ʥʦʚʳʝ ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʝ ʤʝʪʦʜʠʢʠ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʜʠʩʪʘʥʮʠʦʥʥʦʤ 

ʚʦʟʜʝʡʩʪʚʠʠ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʥʘ ʦʙʨʘʱʝʥʥʳʝ ʢ ʧʣʘʟʤʝ 

ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ [1]. ʀʥʪʝʨʝʩ ʢ ʵʪʠʤ ʣʘʟʝʨʥʳʤ ʤʝʪʦʜʠʢʘʤ 

ʦʩʥʦʚʘʥ ʥʘ ʚʦʟʤʦʞʥʦʩʪʠ ʦʧʝʨʘʪʠʚʥʦ ʢʦʥʪʨʦʣʷ ʟʘ ʠʟʤʝʥʝʥʠʷʤʠ ʚ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʤʘʪʝʨʠʘʣʦʚ in-vacuo ʟʘʜʦʣʛʦ ʜʦ 

ʟʘʢʣʶʯʠʪʝʣʴʥʦʛʦ post mortem ʘʥʘʣʠʟʘ. 
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ʅʘ ʢʘʬʝʜʨʝ ʬʠʟʠʢʠ ʧʣʘʟʤʳ (ʅʀʗʋ ʄʀʌʀ) ʚ ʨʘʤʢʘʭ ʪʘʢʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ ʜʚʝ ʜʠʘʛʥʦʩʪʠʢʠ: ʣʘʟʝʨʥʦ-

ʠʥʜʫʮʠʨʦʚʘʥʥʘʷ ʜʝʩʦʨʙʮʠʷ (ʃʀɼ) ʠ ʣʘʟʝʨʥʘʷ ʠʩʢʨʦʚʘʷ ʵʤʠʩʩʠʦʥʥʘʷ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ (ʃʀʕʉ), ʙʦʣʝʝ ʠʟʚʝʩʪʥʘʷ ʢʘʢ LIBS. ʀʭ ʘʧʨʦʙʘʮʠʷ ʥʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʝ ʠ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʚʳʧʦʣʥʝʥʳ ʥʘ ʫʩʪʘʥʦʚʢʝ çɹʦʣʴʰʦʡ ʤʘʩʩ-

ʤʦʥʦʭʨʦʤʘʪʦʨ ʄʀʌʀè, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʡ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʦʥʦʚ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʦʩʥʘʱʝʥʥʦʡ 

YAG: Nd3+ ʣʘʟʝʨʦʤ (ɚ = 1,064 ʤʢʤ) ʩ ʵʥʝʨʛʠʝʡ ʚ ʠʤʧʫʣʴʩʝ ʜʦ 70 ʤɼʞ ʠ 

ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʠʤʧʫʣʴʩʘ Ò 20 ʥʩ (ʨʠʩ. 1).  

 

 

 

ʈʠʩ.1 

1ī ʠʩʪʦʯʥʠʢ ʠʦʥʦʚ 

2ī ʵʣʝʢʪʨʦʤʘʛʥʠʪ 

3ī ʢʘʤʝʨʘ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

4ī ʵʥʝʨʛʦʘʥʘʣʠʟʘʪ

ʦʨ 

5ī ʢʚʘʜʨʫʧʦʣʴʥʳʡ 

ʤʘʩʩ- 

     ʩʧʝʢʪʨʦʤʝʪʨ 

QMS 

6ī ʩʧʝʢʪʨʦʤʝʪʨ  

     AvaSpec 2048  

ʀʟʣʫʯʝʥʠʝ ʣʘʟʝʨʘ ʚʚʦʜʠʣʦʩʴ ʚ ʢʘʤʝʨʫ ʯʝʨʝʟ ʢʚʘʨʮʝʚʦʝ ʦʢʥʦ ʠ 

ʬʦʢʫʩʠʨʦʚʘʣʦʩʴ ʥʘ ʦʙʨʘʟʝʮ ʚ ʮʝʥʪʨʝ ʢʘʤʝʨʳ ʣʠʥʟʦʡ (f = 75 ʤʤ). 

ʆʧʪʠʯʝʩʢʠʝ ʩʧʝʢʪʨʳ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʩʧʝʢʪʨʦʤʝʪʨʦʤ AvaSpec 2048, ʘ 

ʦʪʜʝʣʴʥʳʝ ʣʠʥʠʠ ʤʦʥʦʭʨʦʤʘʪʦʨʦʤ ʄʋʄ. ʇʝʨʝʜʘʯʘ ʦʧʪʠʯʝʩʢʦʛʦ 

ʩʠʛʥʘʣʘ ʠʟ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ ʥʘ ʚʭʦʜʥʳʝ ʱʝʣʠ ʩʧʝʢʪʨʘʣʴʥʳʭ ʧʨʠʙʦʨʦʚ 

ʚʳʧʦʣʥʝʥʘ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ. ɼʣʷ ʦʮʝʥʢʠ ʢʦʣʠʯʝʩʪʚʘ 

ʜʝʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʛʘʟʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʢʚʘʜʨʫʧʦʣʴʥʳʡ ʤʘʩʩ-

ʩʧʝʢʪʨʦʤʝʪʨ. 

ʀʩʩʣʝʜʦʚʘʣʠʩʴ ʥʘʩʳʱʝʥʥʳʝ ʜʝʡʪʝʨʠʝʤ ʧʣʝʥʢʠ ʪʠʪʘʥʘ ʠ ʚʦʣʴʬʨʘʤʘ. 

ʄʝʪʦʜʦʤ ʃʀɼ ʜʣʷ ʜʝʡʪʝʨʠʷ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʩʠʛʥʘʣʳ ʪʨʝʪʴʝʡ (HD) ʠ 

ʯʝʪʚʸʨʪʦʡ (D2) ʘʪʦʤʥʳʭ ʤʘʩʩ ʧʨʠ ʨʘʟʣʠʯʥʦʡ ʧʣʦʪʥʦʩʪʠ ʤʦʱʥʦʩʪʠ 

ʠʟʣʫʯʝʥʠʷ. ʅʘʠʙʦʣʴʰʠʡ ʚʳʭʦʜ ʜʝʡʪʝʨʠʷ ʥʘʙʣʶʜʘʣʩʷ ʜʣʷ ʧʣʸʥʢʠ 

ʪʠʪʘʥʘ. ʉ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ʠʩʩʣʝʜʦʚʘʣʘʩʴ 

ʧʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʦʚ ʜʦ ʠ ʧʦʩʣʝ ʦʙʣʫʯʝʥʠʷ ʠ ʦʧʨʝʜʝʣʷʣʩʷ ʨʘʟʤʝʨ ʧʷʪʥʘ 
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ʬʦʢʫʩʠʨʦʚʢʠ ʜʣʷ ʦʮʝʥʢʠ ʧʣʦʪʥʦʩʪʠ ʤʦʱʥʦʩʪʠ ʥʘ ʦʙʨʘʟʮʝ. ʄʝʪʦʜʦʤ 

ʃʀʕʉ ʦʧʨʝʜʝʣʷʣʩʷ ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ 

ʦʙʨʘʟʮʘ ʠ ʦʮʝʥʠʚʘʣʦʩʴ ʚʨʝʤʷ ʠʥʪʝʥʩʠʚʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩʧʝʢʪʨʘʣʴʥʳʭ 

ʣʠʥʠʡ ʣʘʟʝʨʥʦʡ ʧʣʘʟʤʳ.  

 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. V. Philipps, A. Malaquias, Zlobinski et al. Development of laser-based techniques 
for in situ characterization of the first wall in ITER and future fusion devices, Nucl. 

Fusion. 53 (2013), doi:10.1088/0029-5515/53/9/093002. 
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ɸ.ʀ. ɸʣʠʭʘʥʦʚʘ ʅʘʮʠʦʥʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʮʝʥʪʨʘ ñʂʫʨʯʘʪʦʚʩʢʠʡ 

ʠʥʩʪʠʪʫʪò, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʀɿʄɽʈɽʅʀɽ ʊʆʈʄʆɿʅʓʍ ʇʆʊɽʈʔ ʀʆʅʆɺ ɾɽʃɽɿɸ ʉ 

ʕʅɽʈɻʀɽʁ 100 ʢʵɺ/ʘ.ʝ.ʤ. ɺ ɺʆɼʆʈʆɼʅʆʁ ʇʃɸɿʄɽ. 
ʀʟʫʯʝʥʠʝ ʧʨʦʮʝʩʩʦʚ ʪʦʨʤʦʞʝʥʠʷ ʪʷʞʝʣʳʭ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ ʚ ʧʣʘʟʤʝ 

ʦʪʥʦʩʠʪʩʷ ʢ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤ ʧʨʦʙʣʝʤʘʤ ʬʠʟʠʢʠ ʧʣʘʟʤʳ ʠ ʬʠʟʠʢʠ ʚʳʩʦʢʦʡ 

ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʚ ʚʝʱʝʩʪʚʝ. ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʚʧʝʨʚʳʝ 

ʧʦʣʫʯʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʪʷʞʝʣʳʭ ʠʦʥʦʚ Fe+2 

ʩ ʵʥʝʨʛʠʝʡ 100 ʢʵɺ/ʘ.ʝ.ʤ. ʩ ʚʦʜʦʨʦʜʥʦʡ ʧʣʘʟʤʦʡ, ʚʳʧʦʣʥʝʥʘ ʜʠʘʛʥʦʩʪʠʢʘ 

ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʩʪʝʧʝʥʠ ʠʦʥʠʟʘʮʠʠ ʧʣʘʟʤʳ, ʦʧʨʝʜʝʣʝʥʘ 

ʪʦʨʤʦʟʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʧʣʘʟʤʳ ʠ ʚʳʧʦʣʥʝʥʦ ʩʨʘʚʥʝʥʠʝ ʩ ʩʫʱʝʩʪʚʫʶʱʠʤʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʤʦʜʝʣʷʤʠ ʪʦʨʤʦʞʝʥʠʷ ʠʦʥʦʚ. 

R.O. GAVRILIN*, ɸ.ʆ. KHURCHIEV, A.V. KANTSYREV, 

M.M.BASKO, S.A. VISOTSKIY, D.S. KOLESNIKOV, I.V. 

ROUDSKOY, A.A. GOLUBEV, V.A.VOLKOV, ɸ.ɸ. 

DROZDOVSKY, R.P. KUIBEDA , P.A. FEDIN, S.M. SAVIN, A.P. 

KYZNETSOV 

 Institute for Theoretical and Experimental Physics named by A.I. Alikhanov of 

National Research Centre ñKurchatov Instituteò, Moscow. Russia 

STOPPING POWER MEASUREMENT FOR 100 keV/u Fe 

IONS IN HYDROGEN PLASMA  
Interaction of heavy ion beam with matter is fundamental problem of the plasma 

physic and high energy density in matter physic. In the report presents the first 

obtained results of experimental studies of Fe+2 ions with an energy of 100 keV/u 

energy losses in a hydrogen plasma. Plasma density, temperature and ionization 

degree measurements produced. Obtained ion stopping data compared with 

theoretical models. 

ɼʣʷ ʛʝʥʝʨʘʮʠʠ ʚʦʜʦʨʦʜʥʦʡ ʧʣʘʟʤʳ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ 
ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʘʷ ʤʠʰʝʥʴ [1]. ʇʣʘʟʤʘ ʩʦʟʜʘʝʪʩʷ ʩʠʣʴʥʦʪʦʯʥʳʤ 
ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʨʘʟʨʷʜʦʤ ʚ ʜʚʫʭ ʢʦʣʣʠʥʝʘʨʥʳʭ ʢʚʘʨʮʝʚʳʭ ʪʨʫʙʢʘʭ ʩ 
ʚʥʫʪʨʝʥʥʠʤ ʜʠʘʤʝʪʨʦʤ 5 ʤʤ ʠ ʜʣʠʥʦʡ 78 ʤʤ, ʟʘʧʦʣʥʝʥʥʳʭ ʚʦʜʦʨʦʜʦʤ. 
ɺʦʜʦʨʦʜ ʧʦʜʘʝʪʩʷ ʚ ʮʝʥʪʨʘʣʴʥʫʶ ʯʘʩʪʴ ʤʠʰʝʥʠ ʯʝʨʝʟ ʠʛʦʣʴʯʘʪʳʡ 
ʢʣʘʧʘʥ ʠ ʦʪʢʘʯʠʚʘʝʪʩʷ ʯʝʨʝʟ ʜʠʘʬʨʘʛʤʳ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʥʘ ʦʩʠ 
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ʤʠʰʝʥʠ. ʈʘʙʦʯʝʝ ʜʘʚʣʝʥʠʝ ʛʘʟʘ ʚ ʤʠʰʝʥʠ ʩʦʩʪʘʚʣʷʝʪ ʦʪ 1 ʜʦ 4.5 ʪʦʨʨ. 
ʂʦʥʜʝʥʩʘʪʦʨʥʘʷ ʙʘʪʘʨʝʷ ʝʤʢʦʩʪʴʶ 3.8 ʤʢʌ ʟʘʨʷʞʘʝʪʩʷ ʜʦ ʥʘʧʨʷʞʝʥʠʷ 
1.5 ï 6 ʢɺ ʠ ʩʦʟʜʘʝʪ ʪʦʢ ʜʦ 5 ʢɸ ʚ ʢʘʞʜʦʤ ʨʘʟʨʷʜʥʦʤ ʢʘʥʘʣʝ ʤʠʰʝʥʠ. 
ʉʠʤʤʝʪʨʠʯʥʦʩʪʴ ʨʘʟʨʷʜʘ ʚ ʜʚʫʭ ʢʘʥʘʣʘʭ ʜʦʩʪʠʛʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ 
ʩʧʝʮʠʘʣʴʥʳʭ ʢʘʪʫʰʝʢ ʠʥʜʫʢʪʠʚʥʦʩʪʠ, ʚʢʣʶʯʝʥʥʳʭ ʚ ʨʘʟʨʷʜʥʫʶ ʮʝʧʴ. 
ɼʚʘ ʢʘʥʘʣʘ ʤʠʰʝʥʠ ʩ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝ ʪʦʢʘ ʧʦʟʚʦʣʷʝʪ 
ʠʟʙʝʞʘʪʴ ʵʬʬʝʢʪʘ ʜʝʬʦʢʫʩʠʨʦʚʢʠ, ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʤʠʰʝʥʴ, ʠʦʥʥʦʛʦ 
ʧʫʯʢʘ. 
ʇʨʦʚʝʜʝʥʘ ʜʠʘʛʥʦʩʪʠʢʘ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʟʤʳ ʩʠʣʴʥʦʪʦʯʥʦʡ 

ʛʘʟʦʨʘʟʨʷʜʥʦʡ ʤʠʰʝʥʠ ʤʝʪʦʜʦʤ ʜʚʫʭʚʦʣʥʦʚʦʡ ʣʘʟʝʨʥʦʡ 
ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ ʠ ʤʝʪʦʜʦʤ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ. 
ʀʟʤʝʨʝʥʠʷ ʧʦʢʘʟʘʣʠ ʠʟʤʝʥʝʥʠʝ ʣʠʥʝʡʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʚ 
ʜʠʘʧʘʟʦʥʝ 2.4ẗ1017 ʩʤ-2 ʜʦ 1.2ẗ1018 ʩʤ-2 ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʥʘʯʘʣʴʥʦʛʦ 
ʜʘʚʣʝʥʠʷ ʚʦʜʦʨʦʜʘ ʚ ʜʠʘʧʘʟʦʥʝ 1 ï 4.5 ʪʦʨʨ  ʠ ʥʘʧʨʷʞʝʥʠʷ ʥʘ 
ʢʦʥʜʝʥʩʘʪʦʨʥʦʡ ʙʘʪʘʨʝʝ ʦʪ 1.5 ʜʦ 5 ʢɺ [2]. ʄʘʢʩʠʤʘʣʴʥʘʷ ʩʪʝʧʝʥʴ 
ʠʦʥʠʟʘʮʠʠ ʧʣʘʟʤʳ ʩʦʩʪʘʚʠʣʘ 0.82Ñ0.08 ʠ ʙʳʣʘ ʜʦʩʪʠʛʥʫʪʘ ʧʨʠ 
ʥʘʯʘʣʴʥʦʤ ʜʘʚʣʝʥʠʠ ʚʦʜʦʨʦʜʘ ʩʦʩʪʘʚʣʷʝʪ  1 ʪʦʨʨ  ʠ ʥʘʧʨʷʞʝʥʠʠ 5 ʢɺ. 
ʇʦʛʨʝʰʥʦʩʪʴ ʧʨʦʚʝʜʝʥʥʳʭ ʠʟʤʝʨʝʥʠʡ ʥʝ ʧʨʝʚʳʰʘʝʪ 10%. ʊʝʤʧʝʨʘʪʫʨʘ 
ʚʦʜʦʨʦʜʥʦʡ ʧʣʘʟʤʳ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 1.01 ï 1.06 ʵɺ ʠ ʤʘʣʦ ʟʘʚʠʩʠʪ 
ʥʘʯʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʨʘʟʨʷʜʘ. 
ʅʘ ʣʠʥʝʡʥʦʤ ʫʩʢʦʨʠʪʝʣʝ ʊʀʇʨ ʚ ʀʊʕʌ ʧʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ 

ʪʦʨʤʦʟʥʳʭ ʧʦʪʝʨʴ ʪʷʞʝʣʳʭ ʠʦʥʦʚ Fe+2 ʩ ʵʥʝʨʛʠʝʡ 100 ʢʵɺ/ʘ.ʝ.ʤ ʚ 
ʚʦʜʦʨʦʜʥʦʡ ʧʣʘʟʤʝ ʛʘʟʦʨʘʟʨʷʜʥʦʡ ʩʠʣʴʥʦʪʦʯʥʦʡ ʤʠʰʝʥʠ [3]. ɼʣʷ ʠʦʥʦʚ 
ʞʝʣʝʟʘ ʩ ʥʘʯʘʣʴʥʦ ʧʦʣʥʦʡ ʵʥʝʨʛʠʝʡ 5.6 ʄʵɺ ʧʦʪʝʨʠ ʵʥʝʨʛʠʠ ʚ ʧʣʘʟʤʝ 
ʛʘʟʦʨʘʟʨʷʜʥʦʡ ʤʠʰʝʥʠ ʩʦʩʪʘʚʠʣʠ ʦʪ  0.4 ʜʦ 1.15 ʄʵɺ. ʅʘ ʦʩʥʦʚʘʥʠʠ 
ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʦ ʧʦʪʝʨʷʭ ʵʥʝʨʛʠʠ ʚ ʧʣʘʟʤʝ ʠ 
ʧʘʨʘʤʝʪʨʘʭ ʧʣʘʟʤʳ ʧʨʠ ʪʝʭ ʞʝ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʦʧʨʝʜʝʣʝʥʘ 
ʪʦʨʤʦʟʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʧʣʘʟʤʳ. ʇʦʣʫʯʝʥʦ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʪʦʨʤʦʟʥʦʡ 
ʩʧʦʩʦʙʥʦʩʪʠ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʧʣʘʟʤʳ ʜʣʷ ʠʦʥʦʚ ʞʝʣʝʟʘ Fe+2 ʩ 
ʵʥʝʨʛʠʝʡ 100 ʢʵɺ/ʘ.ʝ.ʤ.:  

Ὓ ψφπρσπ  ̞̇Ⱦˏ̍Ⱦ̄̒ ̍ 

ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʦ ʠʟʤʝʨʝʥʥʦʝ ʟʥʘʯʝʥʠʝ Sfe ʠ ʧʨʝʜʩʪʘʚʣʝʥʦ 
ʩʨʘʚʥʝʥʠʝ ʩ ʪʨʝʤʷ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʢʨʠʚʳʤʠ ʜʣʷ ʟʘʚʠʩʠʤʦʩʪʠ 
ʪʦʨʤʦʟʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʦʪ ʵʥʝʨʛʠʠ ʠʦʥʦʚ ʞʝʣʝʟʘ. ʂʨʠʚʘʷ 2 ʥʘ ʨʠʩ.1 
ʨʘʩʩʯʠʪʘʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʬʦʨʤʫʣʳ ɹʝʪʝ [4] ʜʣʷ 
ʪʦʨʤʦʟʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ Sfe ʥʘ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʘʭ ʧʣʘʟʤʳ. ʂʨʠʚʘʷ 1 
ʥʘ ʨʠʩ.1 ʧʦʣʫʯʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʦʨʤʫʣʳ ɹʝʪʝ ʩ ʵʬʬʝʢʪʠʚʥʳʤ 
ʟʘʨʷʜʦʤ ʩʦʛʣʘʩʥʦ ʬʦʨʤʫʣʝ ɹʝʪʮʘ [5]. ʂʨʠʚʘʷ SRIM ʥʘ ʨʠʩ.1 ʦʧʠʩʳʚʘʝʪ 
ʧʦʣʥʫʶ ʪʦʨʤʦʟʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʥʝʡʪʨʘʣʴʥʦʛʦ ʭʦʣʦʜʥʦʛʦ ʛʘʟʘ 
ʚʦʜʦʨʦʜʘ, ʨʘʩʩʯʠʪʘʥʥʫʶ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʜʘ SRIM.  
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ʈʠʩ. 1 -  ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʪʦʨʤʦʟʥʦʡ 

ʩʧʦʩʦʙʥʦʩʪʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʵʥʝʨʛʠʠ ʠʦʥʦʚ Fe+2ʠ ʩʨʘʚʥʝʥʠʝ ʩ 
ʨʘʩʯʝʪʥʳʤʠ ʜʘʥʥʳʤʠ ʜʣʷ ʧʣʘʟʤʳ ʠ ʥʝʡʪʨʘʣʴʥʦʛʦ (ʭʦʣʦʜʥʳʡ ʛʘʟ) 
ʚʦʜʦʨʦʜʘ. 
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʝʥʦ, ʯʪʦ ʪʦʨʤʦʟʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ 

ʠʦʥʠʟʦʚʘʥʥʦʛʦ ʚʦʜʦʨʦʜʘ ʙʦʣʝʝ ʯʝʤ ʚ 15 ʨʘʟ ʧʨʝʚʦʩʭʦʜʠʪ ʪʦʨʤʦʟʥʫʶ 
ʩʧʦʩʦʙʥʦʩʪʴ ʭʦʣʦʜʥʦʛʦ ʛʘʟʘ ʜʣʷ ʠʦʥʦʚ Fe+2 ʩ ʵʥʝʨʛʠʝʡ 100 ʢʵɺ/ʘ.ʝ.ʤ. 
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ʆʇʊʀʄʀɿɸʎʀʗ ʊʈɸʅʉʌʆʈʄɸʊʆʈʅʆʁ ʉʀʉʊɽʄʓ 

ʊʆʂɸʄɸʂɸ ʄʀʌʀʉʊ 
ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʨʘʩʯʝʪʥʳʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʦʧʪʠʤʠʟʘʮʠʠ ʩʠʩʪʝʤʳ ʩʦʟʜʘʥʠʷ ʚʠʭʨʝʚʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʫʯʝʙʥʦ-

ʜʝʤʦʥʩʪʨʘʮʠʦʥʥʦʛʦ ʪʦʢʘʤʘʢʘ ʄʀʌʀʉʊ, ʘ ʪʘʢʞʝ ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʦʠʩʢʘ 

ʦʧʪʠʤʘʣʴʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʫʧʨʘʚʣʷʶʱʠʭ ʢʘʪʫʰʝʢ ʜʣʷ ʤʠʥʠʤʠʟʘʮʠʠ 

ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʦʣʷ ʠʥʜʫʢʪʦʨʘ ʚ ʦʙʣʘʩʪʠ ʛʦʨʝʥʠʷ ʧʣʘʟʤʳ. 
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OPTIMIZATION OF THE TRANSFOR MER SYSTEM OF 

THE MEPHIST TOKAMAK  

This work provides modeling and experimental results of optimization of the 

system for a vortex magnetic field creating. Also the result of searching of optimal 

configuration of compensation coils for vertical magnetic field minimization in a 

plasma area is shown. 

ʄʀʌʀʉʊ ï ʤʘʣʳʡ ʩʬʝʨʠʯʝʩʢʠʡ ʪʦʢʘʤʘʢ ʩ ʙʦʣʴʰʠʤ ʠ ʤʘʣʳʤ 

ʨʘʜʠʫʩʘʤʠ 25 ʠ 13 ʩʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [1]. ʎʝʥʪʨʘʣʴʥʳʡ ʩʦʣʝʥʦʠʜ 

ʄʀʌʀʉʊʘ ʠʤʝʝʪ ʚʦʟʜʫʰʥʳʡ ʩʝʨʜʝʯʥʠʢ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʚʦʟʥʠʢʘʝʪ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʢʦʤʧʝʥʩʘʮʠʠ ʨʘʩʩʝʷʥʥʦʛʦ ʧʦʣʷ ʠʥʜʫʢʪʦʨʘ ʚʥʫʪʨʠ 

ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ. ʅʘʠʙʦʣʝʝ ʯʘʩʪʦ ʜʣʷ ʵʪʦʡ ʮʝʣʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʠʩʪʝʤʘ 

ʢʦʤʧʝʥʩʘʮʠʦʥʥʳʭ ʧʦʣʦʠʜʘʣʴʥʳʭ ʢʘʪʫʰʝʢ, ʢʦʪʦʨʘʷ ʜʦʣʞʥʘ ʙʳʪʴ 

ʦʧʪʠʤʠʟʠʨʦʚʘʥʘ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʩʫʤʤʘʨʥʘʷ ʚʝʨʪʠʢʘʣʴʥʘʷ 

ʢʦʤʧʦʥʝʥʪʘ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʦʙʣʘʩʪʠ ʢʘʤʝʨʳ ʙʳʣʘ ʤʠʥʠʤʘʣʴʥʦʡ [2]. 

ʆʧʪʠʤʠʟʘʮʠʷ ʧʨʝʜʧʦʣʘʛʘʝʪ ʚʳʙʦʨ ʯʠʩʣʘ ʢʘʪʫʰʝʢ, ʠʭ ʧʦʣʦʞʝʥʠʷ ʠ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ, ʘ ʪʘʢʞʝ ʯʠʩʣʘ ʚʠʪʢʦʚ ʠ ʚʝʣʠʯʠʥʳ ʪʦʢʘ, 

ʪʝʢʫʱʝʛʦ ʚ ʥʠʭ. 

ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤ ʨʝʰʝʥʠʝʤ, ʢʦʛʜʘ ʢʘʞʜʘʷ ʠʟ 

ʢʦʤʧʝʥʩʠʨʫʶʱʠʭ ʢʘʪʫʰʝʢ ʠʤʝʝʪ ʥʝʟʘʚʠʩʠʤʫʶ ʣʠʥʠʶ ʧʠʪʘʥʠʷ, ʚ 

ʄʀʌʀʉʊʝ ʠʩʧʦʣʴʟʦʚʘʥʘ ʘʣʴʪʝʨʥʘʪʠʚʥʘʷ ʩʭʝʤʘ, ʚ ʢʦʪʦʨʦʡ ʚʩʝ 

ʢʦʤʧʝʥʩʠʨʫʶʱʠʝ ʢʘʪʫʰʢʠ ʠ ʠʥʜʫʢʪʦʨ ʚʢʣʶʯʝʥʳ ʚ ʦʜʥʫ ʵʣʝʢʪʨʠʯʝʩʢʫʶ 

ʮʝʧʴ ʩ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤ ʩʦʝʜʠʥʝʥʠʝʤ ʝʝ ʵʣʝʤʝʥʪʦʚ. ʇʦʜʦʙʥʦʝ 
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ʨʝʰʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʦʩʪʘʚʠʪʴ ʚʩʝʛʦ ʦʜʥʫ ʥʝʟʘʚʠʩʠʤʫʶ ʣʠʥʠʶ ʧʠʪʘʥʠʷ ʠ 

ʥʝ ʪʨʝʙʫʝʪ ʩʠʩʪʝʤʳ ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʜʣʷ ʦʪʜʝʣʴʥʳʭ ʢʦʤʧʝʥʩʠʨʫʶʱʠʭ 

ʢʘʪʫʰʝʢ. 

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʢʦʤʧʝʥʩʘʮʠʠ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʦʣʷ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ 

ʧʦʣʦʞʝʥʠʝ, ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ ʠ ʢʦʣʠʯʝʩʪʚʦ ʢʦʤʧʝʥʩʠʨʫʶʱʠʭ 

ʢʘʪʫʰʝʢ. ɼʘʣʴʥʝʡʰʘʷ ʦʧʪʠʤʠʟʘʮʠʷ ʧʨʝʜʧʦʣʘʛʘʝʪ ʦʧʨʝʜʝʣʝʥʠʝ 

ʦʧʪʠʤʘʣʴʥʦʛʦ ʯʠʩʣʘ ʚʠʪʢʦʚ ʜʣʷ ʢʘʞʜʦʡ ʠʟ ʢʘʪʫʰʝʢ. 

ʀʟ-ʟʘ ʩʣʦʞʥʦʡ ʛʝʦʤʝʪʨʠʠ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ, ʥʘʚʝʜʝʥʥʳʝ ʪʦʢʠ ʚ 

ʢʦʪʦʨʦʡ ʠʩʢʘʞʘʶʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʪʨʘʥʩʬʦʨʤʘʪʦʨʥʦʡ ʩʠʩʪʝʤʳ, ʧʦʣʥʦʝ ʯʠʩʣʝʥʥʦʝ 

ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ ʦʧʪʠʤʠʟʘʮʠʠ ʪʨʘʥʩʬʦʨʤʘʪʦʨʥʦʡ ʩʠʩʪʝʤʳ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʩʣʠʰʢʦʤ ʨʝʩʫʨʩʦʟʘʪʨʘʪʥʳʤ. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʙʳʣʠ 

ʧʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʘʙʦʪʳ ʧʦ ʦʧʪʠʤʠʟʘʮʠʠ ʢʦʣʠʯʝʩʪʚʘ 

ʚʠʪʢʦʚ ʚ ʢʦʤʧʝʥʩʠʨʫʶʱʠʭ ʢʘʪʫʰʢʘʭ. ɹʳʣʠ ʧʨʦʚʝʜʝʥʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʟʤʝʨʝʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʥʫʪʨʠ ʢʘʤʝʨʳ ʜʣʷ ʨʘʟʣʠʯʥʦʛʦ 

ʢʦʣʠʯʝʩʪʚʘ ʚʠʪʢʦʚ ʚ ʢʘʞʜʦʡ ʠʟ ʢʘʪʫʰʝʢ. ʂʦʣʠʯʝʩʪʚʦ ʚʠʪʢʦʚ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʝ ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʚʙʣʠʟʠ ʦʧʪʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ, 

ʥʘʡʜʝʥʥʦʛʦ ʚ ʥʫʣʝʚʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ 

ʦʪʩʫʪʩʪʚʠʝ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʝʢʦʪʦʨʳʝ ʨʘʩʯʝʪʥʳʝ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʧʪʠʤʠʟʘʮʠʠ ʪʨʘʥʩʬʦʨʤʘʪʦʨʥʦʡ 

ʩʠʩʪʝʤʳ ʪʦʢʘʤʘʢʘ ʄʀʌʀʉʊ. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ɺ.ʀ. ɾʋʂʆɺ, ɼ.ʄ. ʂɸʈʌʀɼʆɺ 
ʀʥʩʪʠʪʫʪ ʦʙʱʝʡ ʬʠʟʠʢʠ ʠʤ. ɸ.ʄ. ʇʨʦʭʦʨʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, 

ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʌʆʈʄʀʈʆɺɸʅʀɽ ʉɺʏ ʈɸɿʈʗɼɸ ʅʀɿʂʆɻʆ ɼɸɺʃɽʅʀʗ, 

ʇʆɼɼɽʈɾʀɺɸɽʄʆɻʆ ʇʆɺɽʈʍʅʆʉʊʅʆʁ ɺʆʃʅʆʁ ɺ 

ɿɸɼɸʅʅʆʄ ʇʆʃɽ 
ʀʩʩʣʝʜʦʚʘʥʦ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʉɺʏ ʨʘʟʨʷʜʘ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʚʦʣʥʝ ʚ ʢʚʘʨʮʝʚʦʡ ʪʨʫʙʢʝ, ʧʦʤʝʱʝʥʥʦʡ ʚ ʨʝʟʦʥʘʪʦʨ ʦʪʢʨʳʪʦʛʦ 

ʪʠʧʘ. ʇʣʘʟʤʝʥʥʳʡ ʩʪʦʣʙ ʠʥʞʝʢʪʠʨʫʝʪʩʷ ʚ ʨʝʟʦʥʘʪʦʨ ʠ ʚʦʟʙʫʞʜʘʝʪ ʚ ʥʝʤ 

ʦʙʲʝʤʥʦʝ ʧʦʣʝ, ʦʩʪʘʥʘʚʣʠʚʘʷʩʴ ʚ ʙʣʠʞʘʡʰʝʤ ʤʠʥʠʤʫʤʝ. ʈʘʟʨʷʜ 

ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʚ ʚʠʜʝ ʧʣʘʟʤʝʥʥʳʭ ʬʨʘʛʤʝʥʪʦʚ ʜʣʠʥʦʡ ɚ/2, ʦʙʨʘʟʫʷ ʩʪʦʣʙ, 

ʧʦʜʜʝʨʞʠʚʘʝʤʳʡ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʚʦʣʥʦʡ. ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ 

ʧʘʨʘʤʝʪʨʘʤʠ ʨʘʟʨʷʜʘ ʩ ʧʦʤʦʱʴʶ ʧʦʜʩʪʨʦʡʢʠ ʨʝʟʦʥʘʪʦʨʘ. 

V.I. ZHUKOV, D.M. KARFIDOV 
Prokhorov General Physics Institute of the Russian Academy of Sciences, 

Moscow, Russia 

MICROWAVE SURFACE -WAVE -SUSTAINED LOW 

PRESSURE DISCHARGE FORMATION IN A GIVEN FIELD  

The self-consistent propagation of a microwave surface-wave-sustained discharge 

in a quartz tube placed in an open cavity is investigated. The plasma column is injected 

into the cavity and excites a standing wave. Then it stops in the nearest field minimum. 

The discharge propagates in the form of plasma fragments ɚ/2 long. Thus it forms a 

column supported by a surface wave. The possibility of controlling the discharge 

parameters by tuning the resonator is demonstrated. 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʝʪʩʷ ʨʘʟʚʠʪʠʝ ʉɺʏ ʨʘʟʨʷʜʘ ʥʠʟʢʦʛʦ ʜʘʚʣʝʥʠʷ, 

ʧʦʜʜʝʨʞʠʚʘʝʤʦʛʦ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʦʡ (ʇʕɺ) [1] ʚ 

ʨʝʟʦʥʘʪʦʨʝ ʦʪʢʨʳʪʦʛʦ ʪʠʧʘ, ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʜʚʫʤʷ 

ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʳʤʠ ʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʟʝʨʢʘʣʘʤʠ. ʈʘʟʨʷʜ 

ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʚ ʢʚʘʨʮʝʚʦʡ ʪʨʫʙʢʝ ʜʣʠʥʦʡ 2 ʤ ʜʠʘʤʝʪʨʦʤ 27 ʤʤ, 

ʟʘʧʦʣʥʝʥʥʦʡ ʚʦʟʜʫʭʦʤ ʚ ʜʠʘʧʘʟʦʥʝ ʜʘʚʣʝʥʠʡ ʦʪ 0.02 ʊʦʨʨ ʜʦ 2 ʊʦʨʨ. 

ʇʕɺ ʚʦʟʙʫʞʜʘʣʘʩʴ ʚʦʣʥʦʚʦʜʥʳʤ ʘʧʧʣʠʢʘʪʦʨʦʤ [2], ʧʦʜʢʣʶʯʝʥʥʳʤ ʢ 

ʤʘʛʥʝʪʨʦʥʫ, ʤʦʱʥʦʩʪʴʶ 800 ɺʪ, ʛʝʥʝʨʠʨʫʶʱʝʤʫ ʠʤʧʫʣʴʩʳ 

ʜʣʠʪʝʣʴʥʦʩʪʴʶ 50 ʤʩ ʥʘ ʯʘʩʪʦʪʝ 2.45 ɻɻʮ. 

ʈʘʟʨʷʜ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʧʦ ʪʨʫʙʢʝ ʦʪ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ ʠ 

ʦʙʨʘʟʫʝʪ ʤʝʞʜʫ ʘʧʧʣʠʢʘʪʦʨʦʤ ʠ ʧʝʨʚʳʤ ʟʝʨʢʘʣʦʤ ʨʝʟʦʥʘʪʦʨʘ 

ʧʣʘʟʤʝʥʥʳʡ ʩʪʦʣʙ, ʧʦʜʜʝʨʞʠʚʘʝʤʳʡ ʇʕɺ (ʨʠʩ.1). ʈʝʟʦʥʘʪʦʨ ʩʦʩʪʦʠʪ ʠʟ 

ʜʚʫʭ ʧʣʦʩʢʠʭ ʤʝʜʥʳʭ ʟʝʨʢʘʣ (ɿ1 ʠ ɿ2 ʥʘ ʨʠʩ.1) ʨʘʜʠʫʩʦʤ 12 ʩʤ, ʯʝʨʝʟ 

ʮʝʥʪʨ ʢʦʪʦʨʳʭ ʧʨʦʭʦʜʠʪ ʨʘʟʨʷʜʥʘʷ ʪʨʫʙʢʘ. ʅʘʢʘʯʢʘ ʵʥʝʨʛʠʠ ʚ ʨʝʟʦʥʘʪʦʨ 
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ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʯʝʨʝʟ ʦʪʚʝʨʩʪʠʝ ʩʚʷʟʠ ʚ ʧʝʨʚʦʤ ʟʝʨʢʘʣʝ ï ʧʣʘʟʤʝʥʥʳʡ 

ʩʪʦʣʙ ʧʨʦʥʠʢʘʝʪ ʚ ʨʝʟʦʥʘʪʦʨ, ʷʚʣʷʷʩʴ ʵʣʝʤʝʥʪʦʤ ʩʚʷʟʠ ʠ ʚʦʟʙʫʞʜʘʷ ʧʦʣʝ 

ʚ ʦʙʲʝʤʝ ʨʝʟʦʥʘʪʦʨʘ. 

 
ʈʠʩ. 1. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ. 1 ï ʌʦʨʚʘʢʫʫʤʥʳʡ ʥʘʩʦʩ; 2 ï ʘʧʧʣʠʢʘʪʦʨ; 3 ï 

ʤʘʛʥʝʪʨʦʥ; 4 ï ʢʚʘʨʮʝʚʘʷ ʪʨʫʙʢʘ; 5 ï ʥʘʪʝʢʘʪʝʣʴ; 6 ï ʚʘʢʫʫʤʤʝʪʨ. 

ʇʨʦʰʝʜʰʠʡ ʚ ʨʝʟʦʥʘʪʦʨ ʯʝʨʝʟ ʦʪʚʝʨʩʪʠʝ ʚ ʟʝʨʢʘʣʝ ɿ1 ʧʣʘʟʤʝʥʥʳʡ 

ʩʪʦʣʙ ʠʛʨʘʝʪ ʨʦʣʴ ʘʥʪʝʥʥʳ, ʚʦʟʙʫʞʜʘʶʱʝʡ ʧʦʣʝ ʚ ʨʝʟʦʥʘʪʦʨʝ. 

ʉʣʦʞʝʥʠʝ ʦʙʲʝʤʥʦʛʦ ʧʦʣʷ ʨʝʟʦʥʘʪʦʨʘ ʩ ʧʦʣʝʤ ʚ ʧʨʠʬʨʦʥʪʦʚʦʡ ʦʙʣʘʩʪʠ 

ʨʘʟʨʷʜʘ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʣʦʢʘʣʴʥʦʛʦ ʤʠʥʠʤʫʤʘ ʧʦʣʷ, ʛʜʝ 

ʥʘʨʫʰʘʝʪʩʷ ʫʩʣʦʚʠʝ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʇʕɺ ʠ ʧʨʦʠʩʭʦʜʠʪ ʦʩʪʘʥʦʚʢʘ 

ʨʘʟʨʷʜʘ. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘ ʛʨʘʥʠʮʝ ʩʪʦʣʙʘ ʠʤʝʝʪ 

ʜʠʬʬʫʟʠʦʥʥʳʡ ʭʘʨʘʢʪʝʨ ʠ ʩʧʘʜʘʝʪ ʦʪ ʦʙʣʘʩʪʠ ʩ ʢʨʠʪʠʯʝʩʢʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʝʡ ns ʜʣʷ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʚʦʣʥʳ ʩ ʭʘʨʘʢʪʝʨʥʳʤ ʤʘʩʰʪʘʙʦʤ 

1-2 ʩʤ. ʇʣʘʟʤʘ ʩ ʪʘʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘ ʛʨʘʥʠʮʝ 

ʨʘʟʨʷʜʘ ʧʦʧʘʜʘʝʪ ʚ ʦʙʣʘʩʪʴ ʥʘʨʘʩʪʘʶʱʝʛʦ ʚ ʩʪʦʨʦʥʫ ʧʫʯʥʦʩʪʠ 

ʦʙʲʝʤʥʦʛʦ ʧʦʣʷ ʨʝʟʦʥʘʪʦʨʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʨʝʟʢʦʤʫ ʨʦʩʪʫ ʠʦʥʠʟʘʮʠʠ. 

ʇʨʠ ʜʦʩʪʠʞʝʥʠʠ ʢʨʠʪʠʯʝʩʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ns ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʚʦʣʥʘ 

ʧʨʦʜʦʣʞʘʝʪ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ. ʊʘʢʦʝ ʨʘʟʚʠʪʠʝ ʨʘʟʨʷʜʘ ʧʨʦʜʦʣʞʘʝʪʩʷ ʜʦ 

ʩʣʝʜʫʶʱʝʛʦ ʫʟʣʘ ʧʦʣʷ, ʚ ʢʦʪʦʨʦʤ ʦʥ ʦʩʪʘʥʘʚʣʠʚʘʝʪʩʷ, ʠ ʚʝʩʴ ʧʨʦʮʝʩʩ 

ʧʦʚʪʦʨʷʝʪʩʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʟʨʷʜ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʚ ʚʠʜʝ 

ʩʣʝʜʫʶʱʠʭ ʦʜʠʥ ʟʘ ʜʨʫʛʠʤ ʬʨʘʛʤʝʥʪʦʚ ʜʣʠʥʦʡ ~ ɚ/2 (ʛʜʝ ɚ å12.25 ʩʤ ï 

ʜʣʠʥʘ ʚʦʣʥʳ ʚ ʩʚʦʙʦʜʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ) ʜʦ ʠʩʯʝʨʧʘʥʠʷ ʟʘʧʘʩʦʚ ʵʥʝʨʛʠʠ 

ʠʣʠ ʜʦ ʜʦʩʪʠʞʝʥʠʷ ʠʤ ʚʪʦʨʦʛʦ ʟʝʨʢʘʣʘ. ʇʫʪʝʤ ʧʦʜʩʪʨʦʡʢʠ ʨʝʟʦʥʘʪʦʨʘ 

ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʦ 6 ʧʣʘʟʤʝʥʥʳʭ 

ʬʨʘʛʤʝʥʪʦʚ. ʅʘ ʟʘʢʣʶʯʠʪʝʣʴʥʦʡ ʩʪʘʜʠʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʨʘʟʨʷʜʘ 

ʧʨʦʠʩʭʦʜʠʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʣʘʟʤʝʥʥʦʛʦ ʩʪʦʣʙʘ ʩ ʥʝʢʦʪʦʨʦʡ 

ʤʦʜʫʣʷʮʠʝʡ ʧʣʦʪʥʦʩʪʠ ʧʣʘʟʤʳ, ʧʦ ʢʦʪʦʨʦʤʫ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ 

ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʚʦʣʥʘ ʩ ɚs=11 ʩʤ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʚ 

ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 20-32-90162. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Zhukov V.I., Karfidov D.M., K.F. Sergeichev.// Plasma Physics Reports. 2012. Vol. 456 

ˉ 8, P. 760ï768. 

2. Moisan M., Zakrewski Z. // J. Phys. D: Appl. Phys. 1991. Vol. 24, p. 1025.  
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ɸ.ɸ. ɿɺʆʅɸʈɽɺɸ, ɸ.ʖ. ʄʀʈʆʅʆɺ, ʅ.ɺ. ʅɸɻʆʈʅʓʁ,  

ɸ.ʆ. ʊʆʃʆʂʆʅʉʂʀʁ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ɽ.ʖ. ʄʀʈʆʅʆɺɸ, ʉ.ʉ. ʇʆʈʊʆʅɽ 
ʏʘʩʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʢʦʨʧʦʨʘʮʠʠ ʧʦ ʘʪʦʤʥʦʡ ʵʥʝʨʛʠʠ 

"ʈʦʩʘʪʦʤ" "ʇʨʦʝʢʪʥʳʡ ʮʝʥʪʨ ʀʊʕʈ" 

ʀʉʇʆʃʔɿʆɺɸʅʀɽ ʇʈʆɻʈɸʄʄʅʆʁ ʉʈɽɼʓ EPICS ɺ 

ʕʂʉʇɽʈʀʄɽʅʊɸʍ ʇʆ ʋʇʈɸɺʃʗɽʄʆʄʋ 

ʊɽʈʄʆʗɼɽʈʅʆʄʋ ʉʀʅʊɽɿʋ 
ʈʘʩʩʤʦʪʨʝʥʦ ʧʨʠʤʝʥʝʥʠʝ ʩʚʦʙʦʜʥʦ ʨʘʩʧʨʦʩʪʨʘʥʷʝʤʦʡ ʧʨʦʛʨʘʤʤʥʦʡ ʩʨʝʜʳ 

EPICS (Argonne National Laboratory), ʟʘʨʝʢʦʤʝʥʜʦʚʘʚʰʝʡ ʩʝʙʷ ʚ ʨʦʣʠ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʥʩʪʨʫʢʪʦʨʘ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʚ ʢʨʫʧʥʳʭ ʥʘʫʯʥʳʭ ʋʊʉ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ (ITER, K-STAR). ʈʘʩʧʨʝʜʝʣʝʥʥʳʝ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ 

ʬʠʟʠʯʝʩʢʠʤʠ ʫʩʪʘʥʦʚʢʘʤʠ ʦʙʳʯʥʦ ʩʦʩʪʦʷʪ ʠʟ ʜʝʩʷʪʢʦʚ ʠʣʠ ʜʘʞʝ ʩʦʪʝʥ 

ʢʦʤʧʴʶʪʝʨʦʚ, ʦʙʲʝʜʠʥʝʥʥʳʭ ʚ ʩʝʪʴ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʩʚʷʟʴ ʤʝʞʜʫ ʥʠʤʠ ʠ 

ʦʙʝʩʧʝʯʠʪʴ ʫʧʨʘʚʣʝʥʠʝ ʠ ʦʙʨʘʪʥʫʶ ʩʚʷʟʴ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʯʘʩʪʝʡ ʫʩʪʘʥʦʚʢʠ ʠʟ 

ʮʝʥʪʨʘʣʴʥʦʡ ʜʠʩʧʝʪʯʝʨʩʢʦʡ ʠʣʠ ʜʘʞʝ ʫʜʘʣʝʥʥʦ ʯʝʨʝʟ ʀʥʪʝʨʥʝʪ. EPICS 

ʠʩʧʦʣʴʟʫʝʪ ʤʦʜʝʣʴ ʢʣʠʝʥʪ/ʩʝʨʚʝʨ ʜʣʷ ʜʦʩʪʫʧʘ ʢ ʜʘʥʥʳʤ ʩ ʨʘʟʣʠʯʥʳʭ 

ʢʦʤʧʴʶʪʝʨʦʚ. ʇʨʦʪʦʢʦʣʳ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ EPICS, ʨʘʟʨʘʙʦʪʘʥʳ ʜʣʷ 

ʧʨʦʛʨʘʤʤʥʳʭ ʩʝʪʝʚʳʭ ʧʨʠʣʦʞʝʥʠʡ ʩ ʚʳʩʦʢʦʡ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ ʚ 

ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ ʠ ʷʚʣʷʶʪʩʷ ʦʜʥʦʡ ʠʟ ʧʨʠʯʠʥ, ʧʦ ʢʦʪʦʨʦʡ EPICS ʫʜʦʙʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʦʜʥʦʚʨʝʤʝʥʥʦ ʙʦʣʴʰʠʭ ʠ ʢʦʥʬʠʛʫʨʠʨʫʝʤʳʭ 

ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ. 

ʇʦʤʠʤʦ ʥʘʙʦʨʘ ʛʦʪʦʚʳʭ ʢ ʧʨʠʤʝʥʝʥʠʶ ʧʨʦʛʨʘʤʤʥʳʭ ʤʦʜʫʣʝʡ EPICS 

ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʦʧʨʝʜʝʣʸʥʥʦʡ ʧʨʦʛʨʘʤʤʥʦ-ʘʧʧʘʨʘʪʥʦʡ 

ʘʨʭʠʪʝʢʪʫʨʳ. ʊʘʢ, ʩʝʪʝʚʘʷ ʠʥʬʨʘʩʪʨʫʢʪʫʨʘ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʦʧʠʨʘʝʪʩʷ ʥʘ 

ʙʳʩʪʨʳʡ, ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʡ ʠ ʦʯʝʥʴ ʥʘʜʝʞʥʳʡ ʧʨʦʪʦʢʦʣ ʦʙʤʝʥʘ ʥʘ ʙʘʟʝ 

Ethernet, ʥʘʟʳʚʘʝʤʳʡ Channel Access (CA), ʢʦʪʦʨʳʡ ʦʙʝʩʧʝʯʠʚʘʝʪ ʝʜʠʥʳʡ 

ʠʥʪʝʨʬʝʡʩ ʤʝʞʜʫ ʮʝʥʪʨʘʣʴʥʦʡ ʩʠʩʪʝʤʦʡ ʫʧʨʘʚʣʝʥʠʷ ʠ ʤʝʩʪʥʳʤ ʫʧʨʘʚʣʝʥʠʝʤ 

ʨʘʟʣʠʯʥʳʭ ʩʠʩʪʝʤ. ɹʘʟʘ ʜʘʥʥʳʭ EPICS, ʩʦʜʝʨʞʘʱʘʷ ʤʥʦʞʝʩʪʚʦ ʫʧʨʘʚʣʷʝʤʳʭ 

ʧʝʨʝʤʝʥʥʳʭ (EPICS PVs) ʠ ʜʘʶʱʘʷ ʢ ʥʠʤ ʜʦʩʪʫʧ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ 

ʨʘʩʧʨʝʜʝʣʝʥʘ ʤʘʩʰʪʘʙʠʨʫʝʤʳʤ ʦʙʨʘʟʦʤ ʧʦ ʤʥʦʛʠʤ ʢʘʥʘʣʘʤ ʜʦʩʪʫʧʘ ʩʝʪʝʚʦʡ 

ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ. 

EPICS ʧʦʟʚʦʣʷʝʪ ʨʝʘʣʠʟʦʚʘʪʴ ʤʥʦʛʠʝ ʬʫʥʢʮʠʠ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ 

ʚʳʧʦʣʥʝʥʠʷ ʙʦʣʴʰʦʛʦ ʬʠʟʠʯʝʩʢʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ: ʩʦʟʜʘʪʴ ʧʘʥʝʣʠ ʫʧʨʘʚʣʝʥʠʷ, 

ʦʙʲʝʜʠʥʠʪʴ ʫʧʨʘʚʣʝʥʠʝ ʨʘʟʣʠʯʥʳʤʠ ʘʧʧʘʨʘʪʥʳʤʠ ʩʨʝʜʩʪʚʘʤʠ ʠʟʤʝʨʝʥʠʡ ʠ 

ʢʦʥʪʨʦʣʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʫʧʨʦʩʪʠʪʴ ʘʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʘʥʥʳʭ. 



222 

 

A.A. ZVONAREVA, A.Yu. MIRONOV, N.V. NAGORNYI, 

A.O. TOLOKONSKYI 

National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

 

E.Yu. MIRONOVA, S.S. PORTONE 

Institution "Project Center ITER" 

 

EPICS SOFTWARE TOOLKIT ROLE IN FUSION 

EXPERIMENTS 

The application of the open license software environment EPICS (Argonne 

National Laboratory), which has proven itself as a software toolkit for SCADA control 

systems development for large scientific fusion experiments (ITER, K-STAR), is 

considered in this article. Distributed control systems for physical plant systems 

usually consist of tens or even hundreds of computers connected in a network to 

provide communication between them and provide control and feedback to various 

parts of the plant from a central control room or even remotely via the Internet. EPICS 

uses a client/server model to access data from multiple computers. The protocols 

included in EPICS are designed for software network applications with high 

bandwidth in real time and are one of the reasons why EPICS is convenient to use for 

building large and easily configurable control systems. 

In addition to a set of ready-to-use software modules, EPICS assumes the use of 

a specific software and hardware architecture. For example, the network control 

infrastructure relies on a fast, dedicated and highly reliable Ethernet-based software 

bus called Channel Access (CA), which also provides a single interface between the 

central control system and the local control of various systems. The EPICS database, 

which contains many managed variables (EPICS PVs) and can access them in real 

time, is distributed in a scalable manner across many network infrastructure access 

channels. 

EPICS allows to implement many of the functions necessary to perform a large 

physical experiment: create control panels, combine the control of various hardware 

devices for measuring and controlling technological parameters, and simplify the 

analysis of the data obtained as a result of the experiment. 

 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. EPICS, http://www.aps.anl.gov/epics/index.php 

2. J.B. Lister, J.W. Farthing, M. Greenwald, I. Yonekawa, The ITER CODAC 

conceptual design, Fusion Engineering and Design 82 (2007) 1167ï1173. 
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ʋʟʙʝʢʠʩʪʘʥ. 
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ʀʩʩʣʝʜʦʚʘʥʘ ʛʝʥʝʨʘʮʠʷ ʚʘʢʫʫʤʥʦʡ ʜʫʛʠ ʧʨʦʙʦʝʤ ʚ ʠʛʥʘʡʪʝʨʝ ʧʦ 

ʧʦʨʦʰʢʫ ʛʨʘʬʠʪʘ ʠ ʩʝʨʝʙʨʘ.   
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ON THE  QUESTION  OF INITIATING  A  VACUUM  ARC  

DISCHARGE  
The generation of a vacuum arc by a breakdown in an igniter over a graphite and 

silver powder is investigated. 

 

ʉʪʘʙʠʣʴʥʘʷ ʛʝʥʝʨʘʮʠʷ ʚʘʢʫʫʤʥʦʡ ʜʫʛʠ, ʢʘʢ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ, 

ʪʘʢ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʵʣʝʢʪʨʦʜʥʳʭ ʩʠʩʪʝʤʘʭ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ 

ʟʘʜʘʯʝʡ ʨʝʘʣʠʟʘʮʠʠ ʨʘʟʨʷʜʥʦʛʦ ʧʨʦʮʝʩʩʘ. ɺ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʭ 

ʤʝʪʦʜʘʭ ʠʩʢʨʦʚʦʛʦ ʠ ʚʳʩʦʢʦʚʦʣʴʪʥʦʛʦ ʧʨʦʙʦʷ ʵʣʝʢʪʨʦʜʳ ʧʦʜʚʝʨʞʝʥʳ 

ʨʘʟʨʫʰʝʥʠʶ. ɼʣʷ ʟʘʞʠʛʘʥʠʷ ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ ʚʘʞʥʳ ʣʦʢʘʣʴʥʘʷ 

ʧʣʦʪʥʦʩʪʴ ʧʣʘʟʤʳ ʫ ʢʘʪʦʜʘ, ʠ ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ 

ʵʪʦʤ ʤʝʩʪʝ ʢʘʪʦʜʘ. [1]. ɺ ʩʦʟʜʘʥʥʦʡ ʢʦʥʩʪʨʫʢʮʠʷ ʧʦʜʞʠʛʘ-ʠʛʥʘʡʪʝʨ, 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1ʙ, 1ʚ., ʚʩʪʨʦʝʥ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʣʝʤʝʥʪ ʠ ʜʚʘ 

ʵʣʝʢʪʨʦʜʘ, ʥʘ ʢʦʪʦʨʳʝ ʧʦʜʘʝʪʩʷ ʧʦʜʞʠʛʘʶʱʠʡ ʠʤʧʫʣʴʩ ʅʘʧʨʷʞʝʥʠʝ 

ʠʤʧʫʣʴʩʘ ʧʦʜʞʠʛʘ ʧʨʠʢʣʘʜʳʚʘʝʪʩʷ ʢ ʜʚʫʤ ʤʦʣʠʙʜʝʥʦʚʳʤ ʵʣʝʢʪʨʦʜʘʤ, 

ʥʘʭʦʜʷʱʠʤʩʷ ʚʥʫʪʨʠ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʨʫʙʦʯʢʠ ʩ ʜʚʫʤʷ ʢʘʥʘʣʘʤʠ ʅʘ 

ʢʦʥʮʝ ʪʨʫʙʦʯʢʠ ʩʜʝʣʘʥʦ ʫʛʣʫʙʣʝʥʠʝ, ʠ ʧʨʠ ʚʦʟʥʠʢʥʦʚʝʥʠʠ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʧʨʦʙʦʷ, ʧʣʘʟʤʘ ʚʳʙʨʘʩʳʚʘʝʪʩʷ ʚ ʤʝʞʵʣʝʢʪʨʦʜʥʦʝ 

ʧʨʦʩʪʨʘʥʩʪʚʦ ʨʘʟʨʷʜʥʦʡ ʩʠʩʪʝʤʳ.   
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 ʈʠʩ. 1. ʘ- ʦʜʥʦʵʣʝʢʪʨʦʜʥʳʡ, ʙ- ʜʚʫʭʵʣʝʢʪʨʦʜʥʳʡ ʠʛʥʘʡʪʝʨʳ. 

ɺ ʨʘʟʨʘʙʦʪʘʥʥʦʤ ʠʛʥʘʡʪʝʨʝ, ʚ ʢʘʯʝʩʪʚʝ ʧʣʘʟʤʦʦʙʨʘʟʫʶʱʝʛʦ 

ʤʘʪʝʨʠʘʣʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʦʨʦʰʦʢ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʠʪʘ ʠ ʩʝʨʝʙʨʘ. ʇʦ 

ʛʨʘʬʠʢʫ ʚʠʜʥʦ, ʯʪʦ, ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʷʚʣʝʥʠʷ ʧʨʦʙʦʷ ʟʘʚʠʩʠʪ ʦʪ 

ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʢʘʪʦʜʦʤ ʠ ʧʦʜʞʠʛʦʤ. ʀʛʥʘʡʪʝʨ ʠʤʝʶʱʠʡ ʚ ʩʝʙʝ 

ʩʤʝʩʴ ʧʦʨʦʰʢʘ ʛʨʘʬʠʪʘ ʠ ʩʝʨʝʙʨʘ, ʧʨʠ ʨʘʩʩʪʦʷʥʠʠ 5 ʤʤ, ʜʘʸʪ ʥʘ 10% 

ʙʦʣʴʰʝʝ ʚʝʨʦʷʪʥʦʩʪʠ ʧʦʷʚʣʝʥʠʷ ʧʨʦʙʦʷ, ʯʝʤ 

ʠʛʥʘʡʪʝʨ ʟʘʧʦʣʥʝʥʥʳʡ ʪʦʣʴʢʦ ʛʨʘʬʠʪʦʤ.  

ʈʠʩ. 2. ɺʝʨʦʷʪʥʦʩʪʴ ʧʦʷʚʣʝʥʠʷ ʜʫʛʦʚʦʛʦ 

ʨʘʟʨʷʜʘ ʈ (%) ʠʟ 30 ʧʦʧʳʪʦʢ, ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʦʤ 

ʨʘʩʩʪʦʷʥʠʠ   R=5, 10, 15 ʤʤ, ʤʝʞʜʫ ʧʦʜʞʠʛʦʤ-

ʠʛʥʘʡʪʝʨʦʤ ʠ ʢʘʪʦʜʦʤ 

 ʇʨʠ ʠʥʠʮʠʠʨʦʚʘʥʠʠ ʚʘʢʫʫʤʥʦʛʦ 

ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ, ʠʛʥʘʡʪʝʨ ʠʤʝʶʱʠʡ ʚ ʩʝʙʝ ʪʦʣʴʢʦ ʩʤʝʩʴ ʛʨʘʬʠʪʘ, 

ʩʨʘʙʘʪʳʚʘʝʪ 80 % (ʢʨʠʚʘʷ 2). ʇʨʠ ʵʪʦʤ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʢʘʪʦʜʦʤ ʠ 

ʠʛʥʘʡʪʝʨʦʤ-ʧʦʜʞʠʛʦʤ 5 ʤʤ. ʀʛʥʘʡʪʝʨ ʠʤʝʶʱʠʡ ʚ ʩʝʙʝ ʥʝ ʪʦʣʴʢʦ 

ʛʨʘʬʠʪʘ, ʘ ʝʱʸ ʧʦʨʦʰʢʘ ʩʝʨʝʙʨʦ, ʚʝʨʦʷʪʥʦʩʪʴ ʧʨʦʙʦʷ 93 %, ʦʪ ʚʩʝʭ 

ʧʦʧʳʪʦʢ (ʢʨʠʚʘʷ 1), ʥʘ 10% ʙʦʣʴʰʝ ʧʨʝʜʳʜʫʱʝʛʦ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ 

ʢʦʤʧʦʥʝʥʪʳ, ʠʤʝʶʱʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʦʣʴʰʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʠʛʨʘʶʪ 

ʩʫʱʝʩʪʚʝʥʥʫʶ ʨʦʣʴ ʚ ʧʦʚʳʰʝʥʠʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʙʦʪʳ ʠʛʥʘʡʪʝʨʘ 

ʦʪʚʝʯʘʶʪ ʚʳʧʦʣʥʝʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʨʫʙʢʠ ʩ ʨʘʟʨʷʜʥʠʢʦʤ 

ʥʘ ʪʦʨʮʝ, ʟʘʧʦʣʥʝʥʥʳʤ ʛʨʘʬʠʪʦʚʦʡ ʠ ʩʝʨʝʙʨʝʥʦʡ ʩʤʝʩʴʶ ʩ ʨʘʟʣʠʯʥʳʤʠ 

ʜʦʙʘʚʢʘʤʠ, ʧʦʚʳʰʘʶʱʠʭ ʵʤʠʩʩʠʶ ʵʣʝʢʪʨʦʥʦʚ ʠ ʠʦʥʦʚ.                        
  ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ. 

1 ɹʦʡʤ ɸ. ɹ., ʈʝʡʭʨʫʜʝʣʴ ʕ. ʄ. ʆ ʨʘʙʦʪʝ ʭʦʣʦʜʥʦʛʦ ʤʫʣʴʪʠʢʘʪʦʜʘ ʩ ʧʦʜʞʠʛʦʤ ʚ 

ʠʤʧʫʣʴʩʥʦʤʨʝʞʠʤʝ //ʈʘʜʠʦʪʝʭʥʠʢʘ ʠ ʵʣʝʢʪʨʦʥʠʢʘ 1963. ʊ.8, ˉ 5. ʉ. 845-851. 

           2.  Mesyats G. A., Proskurovskiy D. I. Pulsed electrical discharge in vacuum. Berlin:             

Springer, 1989. 
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FEATURES OF PLASMA VACUUM ARC PROCESSING OF 

STEEL SURFACE  
Processes in the cathode spot of a vacuum arc discharge during the 

implementation of the F-emission of electrons in it. 

  
ʀʟʫʯʝʥʠʝ ʧʨʦʮʝʩʩʦʚ ʚ ʂʇ (ʢʘʪʦʜʥʦʤ ʧʷʪʥʝ) ʚʘʢʫʫʤʥʦʡ ʜʫʛʠ ʷʚʣʷʝʪʩʷ 

ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ, ʜʣʷ ʨʘʩʰʠʨʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ 

ʦʩʥʦʚʘʭ ʪʝʦʨʠʠ ʂʇ ʠ ʨʘʟʚʠʪʠʷ ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ. ʆʩʦʙʦʝ ʟʥʘʯʝʥʠʝ 

ʠʤʝʝʪ ʠʟʫʯʝʥʠʝ ʫʩʣʦʚʠʡ, ʨʝʘʣʠʟʘʮʠʠ ʚ ʂʇ F-ʵʤʠʩʩʠʠ ʵʣʝʢʪʨʦʥʦʚ, ʨʦʣʠ ʚ ʵʪʠʭ 

ʧʨʦʮʝʩʩʘʭ ʪʝʧʣʦʪʳ ʠʩʧʘʨʝʥʠʷ ʘʪʦʤʘ, ʘʪʦʤʥʳʡ ʚʝʩ, ʨʘʙʦʪʳ ʚʳʭʦʜʘ ʤʘʪʝʨʠʘʣʘ 

ʢʘʪʦʜʘ. ʉʦʛʣʘʩʥʦ ʬʦʨʤʫʣʝ ʄʘʢ - ʂʦʫʥʘ ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ [6,7]: 

Ὁ χȢυχρπẗὟȢ
Ȣ
Ὦ  Ὦ   (ɺẗʩʤ-2) ,1 

ʛʜʝ Uc ï ʢʘʪʦʜʥʦʝ ʧʘʜʝʥʠʝ ʧʦʪʝʥʮʠʘʣʘ ʚ ɺ; j i ʠ je-ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʣʦʪʥʦʩʪʠ 

ʪʦʢʘ  ʠʦʥʦʚ ʠ ʵʣʝʢʪʨʦʥʦʚ ʚ ɸẗʩʤ-2; miʠmeï ʤʘʩʩʘ ʠʦʥʘ ʠ ʵʣʝʢʪʨʦʥʘ. ʊʘʢ ʢʘʢ 

(mi/me)0.5>> ʧʦʣʫʯʘʝʤ ʨʝʰʝʥʠʝ : Ὁ̏ ̐̓
Ȣ ẗ Ȣẗ 

Ȣ Ȣ    (Bẗʩʤ-1) 2.                        

ɼʣʷ ʢʘʪʦʜʘ ʩ ű ï 4 ʵɺ ʠ ɸʩ=102 ʧʨʠ ʩʨʝʜʥʝʤ Ucï 15 ɺ ʧʦʣʫʯʘʝʤ ɽonʪ=6.45 107 

ɺẗʩʤ-1..ʇʦʣʫʯʝʥʦ ʯʪʦ F-ʵʤʠʩʩʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ ʂʇ ʭʘʨʘʢʪʝʨʥʘ ʣʠʰʴ ʜʣʷ ʢʘʪʦʜʦʚ 

ʩ ɚʘ Ò 1,5 - 1,6 ʵɺ ɹʦʣʴʰʠʥʩʪʚʦ ʤʝʪʘʣʣʦʚ ʠʤʝʝʪ, ɚʘ > 2 - 2.5 ʵɺ, ʠ ʜʣʷ ʥʠʭ 

ʭʘʨʘʢʪʝʨʥʘ T-F-ʵʤʠʩʩʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ ʢʘʪʦʜʥʦʤ ʧʷʪʥʝ ʚʘʢʫʫʤʥʦʛʦ ʜʫʛʦʚʦʛʦ 

ʨʘʟʨʷʜʘ. ɼʣʷ ʘʥʘʣʠʟ ʫʩʣʦʚʠʡ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʮʝʩʩʦʚ ʚ ʢʘʪʦʜʥʦʤ ʧʷʪʥʝ ʥʘ ʦʩʥʦʚʝ 

ʜʦʤʠʥʠʨʦʚʘʥʠʷ F-óʵʤʠʩʩʠʠ ʵʣʝʢʪʨʦʥʦʚ ʥʘʜ ʚʟʨʳʚʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ ʠʟʫʯʝʥʦ 

ʚʣʠʷʥʠʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʥʝʩʝʥʥʳʭ ʚʝʱʝʩʪʚ ʩ ʥʠʟʢʦʡ ʨʘʙʦʪʦʡ ʚʳʭʦʜʘ ʠ 

ʪʝʧʣʦʪʦʡ ʠʩʧʘʨʝʥʠʷ, ʵʥʝʨʛʦʟʘʪʨʘʪ ʧʨʠ ʚʘʢʫʫʤʥʦ-ʜʫʛʦʚʦʡ ʦʙʨʘʙʦʪʢʝ ʠʟʜʝʣʠʡ. 
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ʊʝʧʣʦʪʘ ʠʩʧʘʨʝʥʠʷ ʘʪʦʤʘ ʢʘʪʦʜʘ ʠʤʝʝʪ ʚʠʜ:  ‗ 

 
Ȣ ẗ ̏ ̐̓  ̏ ̐̓

Ȣ  (ʵɺ) .         σ     

ɺʳʨʘʞʝʥʠʝ (3), ʦʧʨʝʜʝʣʷʶʱʝʝ ʪʝʧʣʦʪʫ ʠʩʧʘʨʝʥʠʷ ʘʪʦʤʘ, ʧʨʠ ʢʦʪʦʨʦʤ ʠʤʝʝʪ 

ʤʝʩʪʦ F-ʵʤʠʩʩʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ ʂʇ ʚʘʢʫʫʤʥʦʡ ʜʫʛʠ, ʷʚʣʷʝʪʩʷ ʧʦʣʥʳʤ. ʀʟ (2), 

ʩʣʝʜʫʝʪ, ʯʪʦ ʪʝʧʣʦʪʘ ʠʩʧʘʨʝʥʠʷ ʘʪʦʤʘ ʢʘʪʦʜʘ, ʧʨʠ ʢʦʪʦʨʦʤ ʵʤʠʩʩʠʷ ʵʣʝʢʪʨʦʥʦʚ 

ʚ ʢʘʪʦʜʥʦʤ ʧʷʪʥʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦ F-ʤʝʭʘʥʠʟʤʫ ʟʘʚʠʩʠʪ ʦʪ ʮʝʣʦʛʦ ʨʷʜʘ 

ʧʘʨʘʤʝʪʨʦʚ ʢʘʪʦʜʘ (ű, ɸʩ, ὺ, Vo) ʠ ʢʘʪʦʜʥʦʛʦ ʧʷʪʥʘ (Uc,   ”, ɓ, gi), ʥʦ ʛʣʘʚʥʦʝ 

ʟʥʘʯʝʥʠʝ ʠʤʝʝʪ ʨʘʙʦʪʘ ʚʳʭʦʜʘ ʵʣʝʢʪʨʦʥʘ. ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʟʫʯʝʥʠʷ 

ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʮʝʩʩʦʚ ʚ ʂʇ ʥʘ ʦʩʥʦʚʝ F -ʵʤʠʩʩʠʠ ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʢʘʪʦʜʘ ʥʘʥʦʩʠʣʠʩʴ: KOH, NaOH ʠ ʜʨ,.  ʤʘʪʝʨʠʘʣʳ. ʇʦʣʫʯʝʥʦ ʯʪʦ ʚʝʨʦʷʪʥʦʩʪʴ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʂʇ ʥʘ ʩʪʦʨʦʥʝ ʦʙʨʘʟʮʘ ʩ KOH ʚʳʰʝ, ʯʝʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʙʝʟ 

ʥʘʥʝʩʸʥʥʦʛʦ ʩʣʦʷ ʱʝʣʦʯʠ. (ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ 1) 

 
    ʈʠʩ.1. ɺʝʨʦʷʪʥʦʩʪʴ ʟʘʞʠʛʘʥʠʷ ʨʘʟʨʷʜʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʢʘʪʦʜʥʦʡ 

ʧʣʘʩʪʠʥʳ ʦʙʨʘʟʦʚʘʥʠʷ ʥʘ ʥʝʡ ʂʇ ʧʨʠ ʥʘʥʝʩʝʥʠʠ KOH 

ʇʨʠ ʵʪʦʤ ʚʝʨʦʷʪʥʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ ʠʤʝʝʪ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ 10 % 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ KOH, NaOH, ʠ ʠʤʝʝʪ ʤʘʢʩʠʤʫʤ, ʯʪʦ ʚʘʞʥʦ. 

ɺʳ̫ ʚʣʝʥʘ ʯʝʪʢʘʷ ʢʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ ʧʦʣʦʞʝʥʠʝʤ ʵʢʩʪʨʝʤʫʤʘ ʟʘʚʠʩʠʤʦʩʪʠ 

ʚʝʨʦʷʪʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʂʇ, ʚʝʣʠʯʠʥʳ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʨʘʟʨʷʜʝ, ʠ ʩʢʦʨʦʩʪʠ 

ʦʯʠʩʪʢʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʉɺ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʝʨʚʠʯʥʘʷ 

ʧʨʠʯʠʥʘ ʚʩʝʭ ʠʟʤʝʥʝʥʠʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʉɺ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʠʟʤʝʥʝʥʠʝ ʚʝʨʦʷʪʥʦʩʪʠ ʦʙʨʘʟʦʚʘʥʠʷ ʕʂʇ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨ r

1. ɺ.ʅ. ɸʨʫʩʪʘʤʦʚ, ʍ.ɹ.ɸʰʫʨʦʚ, ʀ.ʍ. ʍʫʜʘʡʢʫʣʦʚ, ɹ.ʈ. ʂʘʭʨʘʤʦʥʦʚ çʇʘʨʘʤʝʪʨʳ çʙʝʣʦʛʦ 

ʩʣʦʷè ʬʦʨʤʠʨʫʝʤʦʛʦ ʧʨʠ ʚʘʢʫʫʤʥʦ- ʜʫʛʦʚʦʡ ʦʙʨʘʙʦʪʢʝ ʩʪʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 
ʢʘʪʦʜʥʳʤʠ ʧʷʪʥʘʤʠè çʌʠʟʠʢʘ ʠ ʭʠʤʠʷ ʦʙʨʘʙʦʪʢʠ ʤʘʪʝʨʠʘʣʦʚè ʈɸʅ ʈʦʩʩʠʷ, ʛʦʜ 2016 

 ̄6. 
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ɺ.ɺ. ʂɸʏʄɸʈ1,2, ɺ.ɼ. ɹʆʈɿʆʉɽʂʆɺ1,2, ʅ.ʅ. ʉʂɺʆʈʎʆɺɸ1,3, 

ɸ.ɸ. ʉʆʈʆʂʀʅ4 

1 ʀʥʩʪʠʪʫʪ ʦʙʱʝʡ ʬʠʟʠʢʠ ʠʤʝʥʠ ɸ.ʄ. ʇʨʦʭʦʨʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ 
ʥʘʫʢ, ʛ. ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

2 ʈʦʩʩʠʡʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʜʨʫʞʙʳ ʥʘʨʦʜʦʚ, ʛ. ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
3 ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʛ. 

ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
4 ʀʥʩʪʠʪʫʪ ʧʨʠʢʣʘʜʥʦʡ ʬʠʟʠʢʠ ʈɸʅ, ʛ. ʅʠʞʥʠʡ ʅʦʚʛʦʨʦʜ, ʈʦʩʩʠʷ 

ʄʆɼʀʌʀʂɸʎʀʗ ʇʆɺɽʈʍʅʆʉʊʀ ʊɸʅʊɸʃɸ ʀ 

ʄʆʃʀɹɼɽʅɸ ɺ ɻʀʈʆʊʈʆʅʅʆʄ ʈɸɿʈʗɼɽ ɺ ʇʆʈʆʐʂɽ 

ʈɽɻʆʃʀʊɸ 

 
ʀʩʩʣʝʜʦʚʘʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʨʝʛʦʣʠʪʘ, ʦʩʘʞʜʝʥʥʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʪʘʥʪʘʣʘ ʠ ʤʦʣʠʙʜʝʥʘ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʠʤʧʫʣʴʩʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʛʠʨʦʪʨʦʥʘ. 
ʈʘʟʨʘʙʦʪʘʥ ʘʣʛʦʨʠʪʤ ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥ ʩ ʮʝʣʴʶ 
ʘʥʘʣʠʟʘ ʦʩʘʞʜʝʥʥʳʭ ʯʘʩʪʠʮ. ʇʨʦʚʝʜʝʥ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ, 
ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ ʜʚʫʭ ʚʠʜʦʚ ʧʣʘʩʪʠʥ ð ʥʝʦʙʨʘʙʦʪʘʥʥʳʭ ʠ ʦʙʨʘʙʦʪʘʥʥʳʭ 
ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤ ʙʘʨʴʝʨʥʳʤ ʨʘʟʨʷʜʦʤ.  
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SURFACE MODIFICATION OF TANTALUM AND 
MOLYBDENUM INDUCED BY GYROTRON DISCHARGE 

IN REGOLITH  
 
The distribution of regolith particles deposited on the surface of tantalum and 

molybdenum under gyrotron pulsed radiation is studied. To analyze the deposited 
particles, an image processing algorithm is developed. A comparative analysis of the 
results obtained for two types of metal samples ð untreated and treated with a 
dielectric barrier discharge ð is carried out. 

 
ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʤʠʪʘʮʠʦʥʥʦʛʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘ, ʚ ʢʦʪʦʨʦʤ ʤʦʜʝʣʠʨʦʚʘʣʦʩʴ ʚʦʟʜʝʡʩʪʚʠʝ ʨʝʛʦʣʠʪʘ ʥʘ 
ʧʦʚʝʨʭʥʦʩʪʴ ʪʘʥʪʘʣʘ ʠ ʤʦʣʠʙʜʝʥʘ ð ʪʫʛʦʧʣʘʚʢʠʭ ʤʝʪʘʣʣʦʚ, ʢʦʪʦʨʳʝ 
ʥʘʭʦʜʷʪ ʧʨʠʤʝʥʝʥʠʝ ʚ ʢʦʩʤʠʯʝʩʢʦʤ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʠ. 
ɼʣʷ ʠʤʠʪʘʮʠʦʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦʣʦʚʠʥʘ ʦʙʨʘʟʮʦʚ ʙʳʣʘ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʙʨʘʙʦʪʘʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤ ʙʘʨʴʝʨʥʳʤ ʨʘʟʨʷʜʦʤ. 
ʆʙʨʘʟʮʳ ʨʘʟʤʝʱʘʣʠʩʴ ʚ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʤ ʨʝʘʢʪʦʨʝ [1,2] ʥʘʜ ʩʣʦʝʤ 
ʣʘʙʦʨʘʪʦʨʥʦʛʦ ʨʝʛʦʣʠʪʘ, ʯʘʩʪʠʮʳ ʢʦʪʦʨʦʛʦ ʘʥʘʣʦʛʠʯʥʳ ʣʫʥʥʦʡ ʧʳʣʠ ʧʦ 



228 

 

ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʧʦ ʨʘʟʤʝʨʘʤ. ʀʟ-ʟʘ ʚʦʟʜʝʡʩʪʚʠʷ 
ʥʘ ʨʝʛʦʣʠʪ ʠʤʧʫʣʴʩʦʚ ʛʠʨʦʪʨʦʥʘ (ʤʦʱʥʦʩʪʴʶ ʜʦ 400 ʢɺʪ ʠ 
ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʜʦ 10 ʤʩ) ʚ ʦʙʲʝʤʝ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʨʝʘʢʪʦʨʘ 
ʧʦʷʚʣʷʣʠʩʴ ʣʝʚʠʪʠʨʫʶʱʠʝ ʦʙʣʘʢʘ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ 
ʚʦʩʩʦʟʜʘʥʳ ʫʩʣʦʚʠʷ, ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ ʙʦʤʙʘʨʜʠʨʦʚʢʝ ʃʫʥʳ 
ʤʠʢʨʦʤʝʪʝʦʨʠʪʘʤʠ [3]. 
ʀʟʦʙʨʘʞʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʘ ʩʢʘʥʠʨʫʶʱʝʤ 

ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ. ɼʣʷ ʘʥʘʣʠʟʘ ʤʦʜʠʬʠʢʘʮʠʠ ʧʣʘʩʪʠʥ 
ʧʨʠʤʝʥʷʣʠʩʴ ʤʝʪʦʜʳ ʢʦʤʧʴʶʪʝʨʥʦʡ ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ. 
ɸʣʛʦʨʠʪʤ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʌʫʨʴʝ- ʠ ʘʥʠʟʦʪʨʦʧʥʦʡ ʬʠʣʴʪʨʘʮʠʠ ʠ 
ʤʦʨʬʦʣʦʛʠʯʝʩʢʦʤ ʧʦʧʠʢʩʝʣʴʥʦʤ ʘʥʘʣʠʟʝ ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʟʚʦʣʠʣ 
ʠʟʫʯʠʪʴ ʨʘʟʤʝʨ ʠ ʬʦʨʤʫ ʦʩʘʞʜʝʥʥʳʭ ʯʘʩʪʠʮ ʨʝʛʦʣʠʪʘ.    

 
ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʥʘ ʥʝʦʙʨʘʙʦʪʘʥʥʦʡ (ʩʣʝʚʘ) ʠ 

ʦʙʨʘʙʦʪʘʥʥʦʡ (ʩʧʨʘʚʘ) ʧʣʘʩʪʠʥʘʭ ʪʘʥʪʘʣʘ.  
ɺ ʮʝʣʦʤ, ʜʣʷ ʦʙʦʠʭ ʤʝʪʘʣʣʦʚ ʧʦʣʫʯʝʥʳ ʩʭʦʞʠʝ ʨʝʟʫʣʴʪʘʪʳ: ʥʘ 

ʥʝʦʙʨʘʙʦʪʘʥʥʳʝ ʧʣʘʩʪʠʥʳ ʦʩʘʞʜʝʥʳ ʯʘʩʪʠʮʳ ʚ ʦʩʥʦʚʥʦʤ ʥʝʙʦʣʴʰʠʭ 
ʨʘʟʤʝʨʦʚ ʜʦ ~10 ʤʢʤ. ʇʨʠʯʠʥʘ ï ʤʝʣʢʠʝ ʯʘʩʪʠʮʳ ʦʩʘʞʜʘʶʪʩʷ ʚʙʣʠʟʠ 
ʜʝʬʝʢʪʦʚ ʧʦʚʝʨʭʥʦʩʪʠ. ɺ ʩʣʫʯʘʝ ʦʙʨʘʙʦʪʘʥʥʳʭ ʧʣʘʩʪʠʥ, ʥʘ ʢʦʪʦʨʳʭ 
ʜʝʬʝʢʪʦʚ ʤʝʥʴʰʝ, ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʤʝʣʢʠʭ ʯʘʩʪʠʮ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 
ʧʦ ʣʠʥʝʡʥʳʤ ʨʘʟʤʝʨʘʤ ʫʤʝʥʴʰʝʥ.  

 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. N.N. Skvortsova, D.V. Malakhov, V.D. Stepakhin et al. // JETP Lett., 2017, Vol. 106, pp. 
262ï267. 

2. N.N. Skvortsova, O.N. Shishilov, N.S. Akhmadullina et al. // Ceramics International, 
2021, Vol. 47, No. 3, pp. 3978-3987. 

3. S.I. Popel, A.P. Golubô, A.V. Zakharov et al. // JETP Lett., 2018, Vol. 108, pp. 356ï363. 
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ɼ.ʃ. ʂʀʈʂʆ, ɸ.ʉ. ʉɸɺɽʃʆɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ʀɿʋʏɽʅʀɽ ʄʀʂʈʆʉʊʈʋʂʊʋʈ ʅɸ ʇʆɺɽʈʍʅʆʉʊʀ 

ʕʃɽʂʊʈʆɼʆɺ ɺ ʕʃɽʂʊʈʆʃʀʊʀʏɽʉʂʆʄ ʈɸɿʈʗɼɽ 
ʇʨʦʚʦʜʠʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʨʘʟʨʷʜʘ ʚ ʵʣʝʢʪʨʦʣʠʪʝ ʩ 

ʵʣʝʢʪʨʦʜʥʦʡ ʩʠʩʪʝʤʦʡ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʈʝʛʠʩʪʨʠʨʫʝʪʩʷ 

ʦʙʨʘʟʦʚʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʣʴʬʨʘʤʦʚʳʭ ʠ ʪʠʪʘʥʦʚʳʭ 

ʢʘʪʦʜʘʭ. ʀʟʫʯʝʥ ʩʧʝʢʪʨʘʣʴʥʳʡ ʩʦʩʪʘʚ ʠʟʣʫʯʝʥʠʷ ʜʘʥʥʦʛʦ ʨʘʟʨʷʜʘ. ɺ ʩʣʫʯʘʝ 

ʚʦʣʴʬʨʘʤʦʚʳʭ ʢʘʪʦʜʦʚ ʧʨʦʠʩʭʦʜʠʪ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʢʦʥʫʩʦʧʦʜʦʙʥʳʭ 

ʦʙʨʘʟʦʚʘʥʠʡ ʨʘʟʤʝʨʘʤʠ 5-20 ʤʢʤ. ʀʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ 

ʧʦʷʚʣʝʥʠʝ ʦʙʨʘʟʦʚʘʥʠʡ. 

D.L. KIRKO, A.S. SAVJOLOV 
National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

 

RESEARCH OF MICRO STRUCTURES ON ELECTRODE 

SURFACE AT ELECTROLYTE DISCHARGE  

The research of interaction of electrolyte discharge to the electrode system in 

magnetic field is carried out. The origin of microstructures on the surface of tungsten 

and titan electrodes is registered. Spectrum of this discharge has been studied. For a 

case of tungsten cathodes the origin of cone-like formations with dimensions 5-20 ɛm 

is observed. One has researched the influence of magnetic field to the formations 

appearance. 

ʈʘʟʨʷʜʳ ʚ ʵʣʝʢʪʨʦʣʠʪʘʭ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʙʨʘʟʫʶʪʩʷ ʤʝʞʜʫ 

ʵʣʝʢʪʨʦʜʘʤʠ ʚʥʫʪʨʠ ʞʠʜʢʦʩʪʠ, ʠʣʠ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʦʤ ʠ ʧʦʚʝʨʭʥʦʩʪʴʶ 

ʞʠʜʢʦʩʪʠ. ɼʘʥʥʳʝ ʨʘʟʨʷʜʳ ʥʘʭʦʜʷʪ ʧʨʠʤʝʥʝʥʠʝ ʜʣʷ ʦʯʠʩʪʢʠ ʚʦʜʳ ʠ 

ʜʨʫʛʠʭ ʞʠʜʢʦʩʪʝʡ, ʜʣʷ ʧʦʣʠʨʦʚʢʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʠ ʜʣʷ 

ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʦʣʫʯʝʥʠʷ ʚʦʜʦʨʦʜʘ [1,2]. ɺ ʮʝʧʠ ʵʪʠʭ ʨʘʟʨʷʜʦʚ 

ʨʘʥʝʝ ʬʠʢʩʠʨʦʚʘʣʠʩʴ ʨʘʟʣʠʯʥʳʝ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʦʣʝʙʘʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ 

100 ʢɻʮ ï 20 ʄɻʮ [1-4]. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʨʘʟʨʷʜʘ ʚ ʵʣʝʢʪʨʦʣʠʪʝ 

ʩʦʜʝʨʞʘʣʘ ʵʣʝʢʪʨʦʜʥʫʶ ʩʠʩʪʝʤʫ, ʨʘʟʤʝʱʝʥʥʫʶ ʚ ʦʙʲʝʤʝ ʞʠʜʢʦʩʪʠ. ɺ 

ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʣʠʪʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʨʘʩʪʚʦʨʳ ʢʘʨʙʦʥʘʪʘ ʥʘʪʨʠʷ ʚ 

ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʠʣʠ ʪʝʭʥʠʯʝʩʢʦʡ ʚʦʜʝ. ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʩʚʝʯʝʥʠʷ 

ʨʘʟʨʷʜʘ ʧʨʦʠʩʭʦʜʠʣʦ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʧʣʦʱʘʜʠ ʢʘʪʦʜʘ ʜʦ ʨʘʟʤʝʨʦʚ ʩ 

ʧʣʦʱʘʜʴʶ ʦʢʦʣʦ 0,5-2 ʤʤ2. ɼʣʷ ʩʦʟʜʘʥʠʷ ʨʘʟʨʷʜʘ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ 
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ʠʤʧʫʣʴʩʥʦʝ ʧʠʪʘʥʠʝ ʩ ʯʘʩʪʦʪʦʡ 50-100 ɻʮ, ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 50-250 ɺ, ʠ 

ʪʦʢʝ 0,2-1,0 ɸ. 

ʇʨʦʚʦʜʠʣʦʩʴ ʠʟʫʯʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʦʚ ʛʦʨʝʥʠʷ ʨʘʟʨʷʜʘ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠ ʚʝʣʠʯʠʥʝ ʚ ʜʠʘʧʘʟʦʥʝ 

B=50-240 ɻʩ. ʇʨʠ ʵʪʦʤ ʧʨʦʚʦʜʠʣʘʩʴ ʬʦʪʦ- ʠ ʢʠʥʦ-ʨʝʛʠʩʪʨʘʮʠʷ ʦʙʣʘʩʪʠ 

ʨʘʟʨʷʜʘ ʩ ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ 1 ʤʩ. ʅʘʙʣʶʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝ 

ʬʦʨʤʳ ʨʘʟʨʷʜʘ ʠʣʠ ʝʛʦ ʩʞʘʪʠʝ ʚ ʧʨʠʢʘʪʦʜʥʦʡ ʦʙʣʘʩʪʠ ʨʘʟʨʷʜʘ ʧʨʠ 

ʫʚʝʣʠʯʝʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɺ ʦʙʲʝʤʝ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ ʜʝʡʩʪʚʠʝ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠʚʦʜʠʪ ʢ ʨʝʛʫʣʷʨʠʟʘʮʠʠ ʧʦʪʦʢʦʚ ʞʠʜʢʦʩʪʠ. 

ʇʦʩʣʝ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʚʨʝʤʝʥʠ ʛʦʨʝʥʠʷ ʨʘʟʨʷʜʘ ʚ ʜʠʘʧʘʟʦʥʝ 5-20 

ʤʠʥ. ʠʟʫʯʘʣʠʩʴ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʵʣʝʢʪʨʦʜʦʚ. ɼʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʧʨʠʤʝʥʷʣʩʷ 

ʤʠʢʨʦʩʢʦʧ VEGA 3 SEM. ʅʘʠʙʦʣʝʝ ʠʥʪʝʨʝʩʥʳʝ ʩʪʨʫʢʪʫʨʳ ʙʳʣʠ 

ʦʙʥʘʨʫʞʝʥʳ ʥʘ ʢʘʪʦʜʘʭ ʚ ʦʙʣʘʩʪʠ ʚʦʟʜʝʡʩʪʚʠʷ ʨʘʟʨʷʜʘ. ʅʘ 

ʚʦʣʴʬʨʘʤʦʚʳʭ ʢʘʪʦʜʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʷʚʣʝʥʠʝ ʦʩʪʨʠʡʥʳʭ ʠ ʢʦʥʫʩʥʳʭ 

ʦʙʨʘʟʦʚʘʥʠʡ ʩ ʨʘʟʤʝʨʘʤʠ 5-20 ʤʢʤ. ʕʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʜʘʥʥʳʭ 

ʩʪʨʫʢʪʫʨ ʧʦʢʘʟʳʚʘʝʪ ʧʨʠʩʫʪʩʪʚʠʝ ʥʘʨʷʜʫ ʩ ʚʦʣʴʬʨʘʤʦʤ ʦʢʦʣʦ 65%, 

ʪʘʢʞʝ ʢʘʣʴʮʠʷ ʜʦ 25%. ɼʨʫʛʠʤ ʚʠʜʦʤ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʩʣʫʯʘʝ 

ʚʦʣʴʬʨʘʤʦʚʳʭ ʵʣʝʢʪʨʦʜʦʚ ʷʚʣʷʝʪʩʷ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʦʙʨʘʟʦʚʘʥʠʡ, 

ʥʘʧʦʤʠʥʘʶʱʠʭ ñʧʫʭò ʠʣʠ ñʤʦʭò. ʅʘ ʪʠʪʘʥʦʚʳʭ ʢʘʪʦʜʘʭ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʦʠʩʭʦʜʠʪ ʫʩʢʦʨʝʥʥʳʡ ʨʦʩʪ ʦʙʨʘʟʦʚʘʥʠʡ ʧʦ ʬʦʨʤʝ 

ʙʣʠʟʢʠʭ ʢ ʤʠʢʨʦʩʬʝʨʘʤ ʩ ʜʠʘʤʝʪʨʘʤʠ ʚ ʦʙʣʘʩʪʠ 5-40 ʤʢʤ. ɼʣʷ 

ʦʙʲʷʩʥʝʥʠʷ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʜʦʧʫʩʢʘʝʪʩʷ 

ʬʠʣʘʤʝʥʪʘʮʠʷ ʪʦʢʘ ʨʘʟʨʷʜʘ ʥʘ ʤʠʢʨʦʥʥʳʝ ʪʦʢʦʚʳʝ ʢʘʥʘʣʳ ʩ ʨʘʟʤʝʨʘʤʠ 

1-5 ʤʢʤ. 
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ʉɸɺɽʃʆɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ʀʉʉʃɽɼʆɺɸʅʀɽ ɺʆʃʅʆʆɹʈɸɿʅʓʍ ʉʊʈʋʂʊʋʈ ʅɸ 

ʕʃɽʂʊʈʆɼɸʍ ɺ ʅʀɿʂʆʀʅɼʋʂʊʀɺʅʆʁ ɺɸʂʋʋʄʅʆʁ 

ʀʉʂʈɽ 
ʀʟʫʯʘʣʠʩʴ ʧʨʦʮʝʩʩʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʝʨʠʬʝʨʠʡʥʦʡ ʧʣʘʟʤʳ 

ʥʠʟʢʦʠʥʜʫʢʪʠʚʥʦʡ ʚʘʢʫʫʤʥʦʡ ʠʩʢʨʳ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʵʣʝʢʪʨʦʜʦʚ. 

ʈʝʛʠʩʪʨʠʨʫʶʪʩʷ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʦʣʝʙʘʥʠʷ ʚ ʮʝʧʠ ʨʘʟʨʷʜʘ ʚ ʜʠʘʧʘʟʦʥʝ 500 ʢɻʮ- 

10 ʄɻʮ. ʅʘʙʣʶʜʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʪʨʝʭ ʪʠʧʦʚ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʤʠʢʨʦʩʪʨʫʢʪʫʨ 

ʥʘ ʩʪʘʣʴʥʦʤ ʘʥʦʜʝ. ɹʦʣʝʝ ʧʦʜʨʦʙʥʦ ʧʨʦʚʦʜʠʣʦʩʴ ʠʟʫʯʝʥʠʝ ʚʦʣʥʦʦʙʨʘʟʥʳʭ 

ʩʪʨʫʢʪʫʨ ʩ ʨʘʟʤʝʨʘʤʠ ʚ ʜʠʘʧʘʟʦʥʝ 0,1-160 ʤʢʤ. 

 

D.L. KIRKO, P.P. SIDOROV, O.A. BASHUTIN, A.S. 

SAVJOLOV 
National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

RESEARCH OF WAVE -LIKE STRUCTU RES ON 

ELECTRODES OF LOW INDUCTIVE VACUUM SPARK  

The processes of interaction of periphery plasma of low inductive vacuum 

spark with the surface of electrodes were researched. Electrical oscillations of 

this discharge in region 500 kHz- 10 MHz are registered. The origin of three types of 

surface microstructures is observed. More detail the research of wave-like structures 

with dimensions in range 0,1-160 ɛm was observed. 

ʇʣʘʟʤʝʥʥʳʡ ʬʦʢʫʩ ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʵʬʬʝʢʪʠʚʥʳʤ ʠʩʪʦʯʥʠʢʦʤ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʳ ʧʨʠ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩ ʥʘʧʦʣʥʝʥʠʝʤ 

ʢʘʤʝʨʳ ʜʝʡʪʝʨʠʝʤ [1,2]. ʇʨʦʮʝʩʩ ʧʠʥʯʝʚʘʥʠʷ ʨʘʟʨʷʜʘ ʪʘʢʞʝ ʤʦʞʝʪ ʙʳʪʴ 

ʧʦʣʫʯʝʥ ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʣʘʟʤʝ ʚ ʥʠʟʢʦʠʥʜʫʢʪʠʚʥʦʡ ʚʘʢʫʫʤʥʦʡ 

ʠʩʢʨʝ [3]. ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʟʫʯʘʣʠʩʴ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʦʣʝʙʘʥʠʷ ʚ ʮʝʧʠ 

ʨʘʟʨʷʜʘ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʩʦʧʦʩʪʘʚʣʝʥʳ ʩ ʧʣʘʟʤʝʥʥʳʤʠ ʚʦʣʥʘʤʠ [4]. 

ʋʩʪʨʦʡʩʪʚʦ ʥʠʟʢʦʠʥʜʫʢʪʠʚʥʦʡ ʚʘʢʫʫʤʥʦʡ ʠʩʢʨʳ ʩʦʜʝʨʞʠʪ ʜʚʘ 

ʵʣʝʢʪʨʦʜʘ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʚ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ. ɺ ʢʘʯʝʩʪʚʝ ʘʥʦʜʘ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʟʘʦʩʪʨʝʥʥʳʡ ʩʪʝʨʞʝʥʴ ʜʠʘʤʝʪʨʦʤ 3-5 ʤʤ, ʠ ʢʘʪʦʜʘ - 

ʮʠʣʠʥʜʨ ʜʠʘʤʝʪʨʦʤ 10-15 ʤʤ. ʕʣʝʢʪʨʦʜʳ ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ ʠʟ ʩʪʘʣʠ (ʉʪ. 

45) ʠʣʠ ʤʝʜʠ. ɼʣʷ ʧʠʪʘʥʠʷ ʨʘʟʨʷʜʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʝʤʢʦʩʪʥʦʡ ʥʘʢʦʧʠʪʝʣʴ 

ʩ ʥʘʧʨʷʞʝʥʠʝʤ 10-15 ʢɺ. ʈʘʟʨʷʜ ʠʥʠʮʠʠʨʫʝʪʩʷ ʪʨʠʛʝʨʥʳʤ ʧʦʜʞʠʛʦʤ, 

ʧʨʠ ʪʦʢʝ ʨʘʟʨʷʜʘ ʚ ʜʠʘʧʘʟʦʥʝ 40-150 ʢɸ ʠ ʧʝʨʠʦʜʝ 8,5 ʤʢʩ. ʆʢʦʣʦ 
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ʧʦʚʝʨʭʥʦʩʪʠ ʘʥʦʜʘ ʥʘʙʣʶʜʘʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʠʥʯʘ ʠ ʦʙʨʘʟʦʚʘʥʠʝ 

ʧʣʘʟʤʝʥʥʳʭ ʪʦʯʝʢ, ʠʟʣʫʯʘʶʱʠʭ ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʚ ʜʠʘʧʘʟʦʥʝ 

1-30 ʢʵɺ. ɺʨʝʤʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʮʠʥʪʠʣʣʷʪʦʨʘ ʠ 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʛʦ ʫʤʥʦʞʠʪʝʣʷ. ɼʣʷ ʠʟʫʯʝʥʠʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ 

ʢʦʣʝʙʘʥʠʡ ʚ ʮʝʧʠ ʨʘʟʨʷʜʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʤʘʛʥʠʪʥʳʝ ʟʦʥʜʳ. ɹʳʣʦ 

ʟʘʬʠʢʩʠʨʦʚʘʥʦ ʥʘʣʠʯʠʝ ʢʦʣʝʙʘʥʠʡ ʚ ʜʠʘʧʘʟʦʥʝ 500 ʢɻʮ- 10 ʄɻʮ. 

ʈʘʟʨʷʜ ʩʦʜʝʨʞʠʪ ʤʦʱʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʧʣʘʟʤʝʥʥʳʭ ʧʦʪʦʢʦʚ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʴ ʵʣʝʢʪʨʦʜʦʚ, ʧʨʠ ʢʦʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ ʠʥʪʝʥʩʠʚʥʦʝ 

ʧʣʘʚʣʝʥʠʝ ʠ ʠʩʧʘʨʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʤʝʪʘʣʣʘ, ʠ ʚʦʟʥʠʢʥʦʚʝʥʠʝ 

ʨʘʟʣʠʯʥʳʭ ʤʠʢʨʦʩʪʨʫʢʪʫʨ. ʅʘʠʙʦʣʴʰʝʤʫ ʚʣʠʷʥʠʶ ʧʦʜʚʝʨʛʘʝʪʩʷ 

ʟʘʦʩʪʨʝʥʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʘʥʦʜʘ. 

ʇʨʦʚʦʜʠʣʦʩʴ ʠʟʫʯʝʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʦʚ 

ʧʦʩʣʝ ʚʦʟʜʝʡʩʪʚʠʷ ʨʘʟʨʷʜʘ ʧʨʠ ʢʦʣʠʯʝʩʪʚʝ ʚʳʩʪʨʝʣʦʚ 1-100. ɼʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʤʠʢʨʦʩʢʦʧ VEGA 3 SEM. ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʘʥʦʜʘ ʙʳʣʠ ʟʘʬʠʢʩʠʨʦʚʘʥʳ 

ʨʘʟʣʠʯʥʳʝ ʚʠʜʳ ʩʪʨʫʢʪʫʨ: ʥʠʪʝʚʠʜʥʳʝ, ʧʦʭʦʞʠʝ ʥʘ ñʧʫʭò, ʠ 

ʚʦʣʥʦʦʙʨʘʟʥʳʝ. ʅʘʠʙʦʣʴʰʠʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʣʠ ʚʦʣʥʦʦʙʨʘʟʥʳʝ 

ʩʪʨʫʢʪʫʨʳ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʚʙʣʠʟʠ ʦʢʦʥʝʯʥʦʩʪʠ ʘʥʦʜʘ. ɼʘʥʥʳʝ 

ʦʙʨʘʟʦʚʘʥʠʷ ʠʤʝʣʠ ʨʘʟʣʠʯʥʳʝ ʜʣʠʥʳ ʚʦʣʥ ʠ ʬʦʨʤʫ. ʄʘʢʩʠʤʘʣʴʥʳʝ 

ʚʦʣʥʳ ʠʤʝʣʠ ʨʘʟʤʝʨʳ ʚ ʜʠʘʧʘʟʦʥʝ 80-160 ʤʢʤ, ʤʝʥʴʰʠʝ ï ʨʘʟʤʝʨʳ ʚ 

ʦʙʣʘʩʪʠ 5-30 ʤʢʤ, ʠ ʩʘʤʳʝ ʤʘʣʝʥʴʢʠʝ: 0,1-3 ʤʢʤ. ɺʦʟʤʦʞʥʦʝ 

ʦʙʲʷʩʥʝʥʠʝ ʧʨʝʜʧʦʣʘʛʘʝʪ ʙʳʩʪʨʦʝ ʨʘʩʧʣʘʚʣʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ 

ʤʝʪʘʣʣʘ ʵʣʝʢʪʨʦʜʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʦʪʦʢʘ ʧʣʘʟʤʳ, ʠ ʚʣʠʷʥʠʝ 

ʧʣʘʟʤʝʥʥʳʭ ʚʦʣʥ, ʬʦʨʤʠʨʫʶʱʠʭ ʜʘʥʥʫʶ ʧʦʚʝʨʭʥʦʩʪʥʫʶ ʩʪʨʫʢʪʫʨʫ ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʦʩʪʳʚʘʥʠʝʤ ʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ ʜʘʥʥʦʛʦ ʩʣʦʷ ʵʣʝʢʪʨʦʜʘ. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Shumlak U. // J. Appl. Phys., 2020, Vol.127, P. 200901-1. 

2. ɾʜʘʥʦʚ ʉ.ʂ., ʊʨʫʙʥʠʢʦʚ ɹ.ɸ. // ʇʠʩʴʤʘ ʚ ɾʕʊʌ, 1978, ʊ.28, ˉ2, ʉ.61-65. 

3. ɹʘʰʫʪʠʥ ʆ.ɸ., ʉʘʚʝʣʦʚ ɸ.ʉ. // ʌʠʟʠʢʘ ʧʣʘʟʤʳ, 2016, ʊ.42, ˉ4, C. 352-360. 

4. Kirko D.L., Savjolov A.S. // J. Phys.: Conf. Ser., 2018. Vol. 1115, P. 022010. 
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ɼ.ʉ. ʂʆʃɽʉʅʀʂʆɺ, ɸ.ɺ. ʉʂʆɹʃʗʂʆɺ, ɸ.ɺ. ʂɸʅʎʓʈɽɺ,  

ɸ.ɸ. ɻʆʃʋɹɽɺ 
ʀʥʩʪʠʪʫʪ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʬʠʟʠʢʠ ʠʤʝʥʠ ɸ.ʀ. 

ɸʣʠʭʘʥʦʚʘ ʅʘʮʠʦʥʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʮʝʥʪʨʘ çʂʫʨʯʘʪʦʚʩʢʠʡ 

ʠʥʩʪʠʪʫʪè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʄɽʊʆɼʀʂɸ ɺʆʉʉʊɸʅʆɺʃɽʅʀʗ ʉʇɽʂʊʈʆɺ 

ʈɽʅʊɻɽʅʆɺʉʂʆɻʆ ʀɿʃʋʏɽʅʀʗ Z-ʇʀʅʏɸ, 

ɿɸʈɽɻʀʉʊʈʀʈʆɺɸʅʅʓʍ ʉʇɽʂʊʈʆɻʈɸʌʆʄ 

ʉʂʆʃʔɿʗʑɽɻʆ ʇɸɼɽʅʀʗ 
ʈʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʩʧʝʢʪʨʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʧʣʘʟʤʳ ʪʝʨʘʚʘʪʪʥʦʛʦ Z-ʧʠʥʯʘ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʭ ʜʠʬʨʘʢʮʠʦʥʥʳʤ 

ʩʧʝʢʪʨʦʛʨʘʬʦʤ ʩʢʦʣʴʟʷʱʝʛʦ ʧʘʜʝʥʠʷ ʥʘ ʫʩʪʘʥʦʚʢʝ ɸʥʛʘʨʘ 5-1. ɼʣʷ ʨʘʩʯʝʪʘ 

ʘʧʧʘʨʘʪʥʦʡ ʬʫʥʢʮʠʠ ʩʧʝʢʪʨʦʛʨʘʬʘ ʚ ʩʨʝʜʝ Geant4 ʨʘʟʨʘʙʦʪʘʥʘ ʝʛʦ ʚʠʨʪʫʘʣʴʥʘʷ 

ʄʦʥʪʝ-ʂʘʨʣʦ ʤʦʜʝʣʴ. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʚʝʜʝʥʦ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʘʧʧʘʨʘʪʥʦʡ ʬʫʥʢʮʠʠ, ʧʦʣʫʯʝʥʦ ʝʝ ʘʥʘʣʠʪʠʯʝʩʢʦʝ 

ʧʨʠʙʣʠʞʝʥʠʝ. ɺʳʧʦʣʥʝʥʘ ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ, 

ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʫʩʪʘʥʦʚʢʝ ɸʥʛʘʨʘ 5-1. 

D.S. KOLESNIKOV, A.V. SKOBLIAKOV, A.V. 

KANTSYREV, ɸ.ɸ. GOLUBEV 
Institute for Theoretical and Experimental Physics named by A.I. Alikhanov of 

National Research Centre ñKurchatov Instituteò, Moscow, Russia 

METHOD FOR RECONSTRUCTION OF Z -PINCH X-RAY 

SPECTRUM OBTAINED BY GRAZING -INCIDENCE 

SPECTROMETER 

Method for reconstruction of a terawatt Z-pinch X-ray plasma spectrum obtained 

by grazing incidence diffraction spectrometer at Angara 5-1 facility developed. In 

order to compute the instrumental function of spectrometer its virtual Monte-Carlo 

model developed. Parameters of the instrumental function analyzed with the use of 

simulation results and its analytical approximation obtained. Reconstruction of 

experimental spectra obtained on the Angara 5-1 facility performed. 

ʀʥʬʦʨʤʘʮʠʷ ʦ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʩʧʝʢʪʨʝ ʠʟʣʫʯʝʥʠʷ, ʵʤʠʪʠʨʫʝʤʦʛʦ 

ʧʣʘʟʤʦʡ ʪʝʨʘʚʘʪʪʥʦʛʦ Z-ʧʠʥʯʘ, ʥʝʦʙʭʦʜʠʤʘ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʠ ʦʧʠʩʘʥʠʷ 

ʧʨʦʪʝʢʘʶʱʠʭ ʚ ʥʝʤ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʠ ʧʦʩʪʨʦʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʠ 

ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʧʦʚʝʜʝʥʠʷ ʚʝʱʝʩʪʚʘ ʚ ʵʢʩʪʨʝʤʘʣʴʥʦʤ 

ʩʦʩʪʦʷʥʠʠ.  

ɼʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ʠʟʣʫʯʝʥʠʷ ʧʣʘʟʤʳ Z-

ʧʠʥʯʘ ʥʘ ʫʩʪʘʥʦʚʢʝ ɸʥʛʘʨʘ 5-1 [1] ʧʨʠʤʝʥʷʝʪʩʷ ʩʧʝʢʪʨʦʛʨʘʬ 

ʩʢʦʣʴʟʷʱʝʛʦ ʧʘʜʝʥʠʷ [2], ʠʩʧʦʣʴʟʫʶʱʠʡ ʚʦʛʥʫʪʫʶ ʜʠʬʨʘʢʮʠʦʥʥʫʶ 
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ʨʝʰʝʪʢʫ. ʆʩʥʦʚʥʳʤʠ ʧʨʦʙʣʝʤʘʤʠ, ʧʨʝʧʷʪʩʪʚʫʶʱʠʤʠ ʜʦʩʪʦʚʝʨʥʦʤʫ 

ʢʘʯʝʩʪʚʝʥʥʦʤʫ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʤʫ ʚʦʩʩʪʘʥʦʚʣʝʥʠʶ ʚʭʦʜʥʳʭ ʩʧʝʢʪʨʦʚ 

ʠʟ ʜʘʥʥʳʭ, ʩʯʠʪʳʚʘʝʤʳʭ ʚ ʧʣʦʩʢʦʩʪʠ ʨʝʛʠʩʪʨʘʮʠʠ ʩʧʝʢʪʨʦʛʨʘʬʘ, 

ʷʚʣʷʶʪʩʷ ʥʘʣʦʞʝʥʠʝ ʩʠʛʥʘʣʦʚ ʦʪ ʨʘʟʥʳʭ ʧʦʨʷʜʢʦʚ ʜʠʬʨʘʢʮʠʠ ʠ 

ʩʣʦʞʥʳʡ ʚʠʜ ʘʧʧʘʨʘʪʥʦʡ ʬʫʥʢʮʠʠ ʧʨʠʙʦʨʘ, ʟʘʚʠʩʷʱʠʡ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ 

ʨʝʛʠʩʪʨʠʨʫʝʤʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɼʘʥʥʘʷ ʟʘʜʘʯʘ ʥʝ ʠʤʝʝʪ ʪʨʠʚʠʘʣʴʥʦʛʦ 

ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʨʝʰʝʥʠʷ. 

ɼʣʷ ʨʘʩʯʝʪʘ ʘʧʧʘʨʘʪʥʦʡ ʬʫʥʢʮʠʠ ʩʧʝʢʪʨʦʛʨʘʬʘ ʚ ʩʨʝʜʝ Geant4 

ʨʘʟʨʘʙʦʪʘʥʘ ʚʠʨʪʫʘʣʴʥʘʷ ʤʦʜʝʣʴ, ʧʦʟʚʦʣʷʶʱʘʷ, ʩ ʫʯʝʪʦʤ ʬʠʟʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʜʠʬʨʘʢʮʠʦʥʥʦʡ 

ʨʝʰʝʪʢʦʡ ʠ ʛʝʦʤʝʪʨʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʚʳʧʦʣʥʷʪʴ ʧʦʩʪʨʦʝʥʠʝ ʩʧʝʢʪʨʦʚ 

ʥʘ ʧʣʦʩʢʦʩʪʠ ʜʝʪʝʢʪʦʨʘ ʩʧʝʢʪʨʦʛʨʘʬʘ. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʘʥʥʳʭ, 

ʧʦʣʫʯʝʥʥʳʭ ʄʦʥʪʝ-ʂʘʨʣʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʩʧʝʢʪʨʦʛʨʘʬʘ, ʧʨʦʚʝʜʝʥʦ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʘʧʧʘʨʘʪʥʦʡ ʬʫʥʢʮʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʣʠʥʳ 

ʚʦʣʥʳ ʨʝʛʠʩʪʨʠʨʫʝʤʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʧʦʣʫʯʝʥʦ ʝʝ ʘʥʘʣʠʪʠʯʝʩʢʦʝ 

ʧʨʠʙʣʠʞʝʥʠʝ.  

ʈʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʚʭʦʜʥʦʛʦ ʩʧʝʢʪʨʘ ʠʟʣʫʯʝʥʠʷ 

Z-ʧʠʥʯʘ ʩ ʫʯʝʪʦʤ ʚʢʣʘʜʘ ʘʧʧʘʨʘʪʥʦʡ ʬʫʥʢʮʠʠ ʩʧʝʢʪʨʦʛʨʘʬʘ. 

ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʚʭʦʜʥʦʛʦ ʩʧʝʢʪʨʘ ʜʦʩʪʠʛʘʝʪʩʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤ 

ʧʨʠʙʣʠʞʝʥʠʝʤ ʝʛʦ ʬʦʨʤʳ ʬʫʥʢʮʠʷʤʠ ʄʘʢʩʚʝʣʣʘ ʜʦ ʜʦʩʪʠʞʝʥʠʷ 

ʭʦʨʦʰʝʛʦ ʩʦʚʧʘʜʝʥʠʷ ʤʝʞʜʫ ʨʝʟʫʣʴʪʘʪʦʤ ʠʭ ʩʚʝʨʪʢʠ ʩ ʘʧʧʘʨʘʪʥʦʡ 

ʬʫʥʢʮʠʝʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʩʠʛʥʘʣʦʤ ʥʘ ʧʣʦʩʢʦʩʪʠ ʜʝʪʝʢʪʦʨʘ. 

ɺʦʩʩʪʘʥʦʚʣʝʥʳ ʩʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ ʧʣʘʟʤʳ Z-ʧʠʥʯʘ ʜʣʷ ʜʚʫʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ ʫʩʪʘʥʦʚʢʝ ɸʥʛʘʨʘ 5-1.  

 

ʈʘʙʦʪʘ ʧʨʦʚʝʜʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʅʀʆʂʈ ɼʦʛʦʚʦʨ ʦʪ 31.07.2020 

ˉ17706413348200001060/226/2856-ɼ (ʀɻʂ ˉ17706413348200001060) 
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ɸ.ɸ. ʂʆʃɽʉʅʀʏɽʅʂʆ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʊɽʇʃʆʌʀɿʀʏɽʉʂʀʍ ʇɸʈɸʄɽʊʈʆɺ 

ʂʆʄʇʆʅɽʅʊʆɺ ʇʋʏʂʆɺʆɻʆ ʊʈɸʂʊɸ ʉʀʉʊɽʄʓ 

ɼʆʇʆʃʅʀʊɽʃʔʅʆɻʆ ʅɸɻʈɽɺɸ ʇʃɸɿʄʓ ʊʗʈ 

ɺ ʇʈʆɽʂʊɽ ɼɽʄʆ-ʊʀʅ 

ɺʳʧʦʣʥʝʥʳ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʵʣʝʤʝʥʪʦʚ ʠʥʞʝʢʮʠʦʥʥʦʛʦ ʪʨʘʢʪʘ ʠ 

ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʩʦʦʙʨʘʞʝʥʠʷ ʧʦ ʦʨʛʘʥʠʟʘʮʠʠ ʵʬʬʝʢʪʠʚʥʦʛʦ ʦʪʚʝʜʝʥʠʷ 

ʧʦʛʣʦʱʸʥʥʦʡ ʤʦʱʥʦʩʪʠ ʜʣʷ ʚʥʝʩʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʜʦʨʘʙʦʪʦʢ ʚ 

ʠʥʞʝʥʝʨʥʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʧʨʦʝʢʪ ʉʅʀ. ɼʘʥʥʳʝ ʨʘʩʯʝʪʳ ʧʨʦʠʟʚʦʜʷʪʩʷ ʥʘ 

ʦʩʥʦʚʘʥʠʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʦʮʝʥʦʢ ʧʦʣʥʳʭ ʧʦʪʝʨʴ ʤʦʱʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʛʨʫʟʦʢ ʥʘ ʚʩʝʭ ʢʦʤʧʦʥʝʥʪʘʭ ʉʅʀ. ʈʘʙʦʪʘ 

ʧʦʜʜʝʨʞʘʥʘ ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè (28.09.2020 ˉ 1934ʘ). 

 

A.A.KOLESNICHENKO 
National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

MODELING OF THERMOPHYSICAL PARAMETRS OF 

THE COM PONENTS OF NEUTRAL BEAM INJECTION FOR 

PLASMA HEATING FOR FUSION NEUTRON SOURCE  

DEMO-FNS 

Thermophysical calculations were performed of the elements of the neutral beam 

injecton and considerations on the organization of effective power absorption were 

formulated to make appropriate modifications in the engineering design. These 

calculations are performed on the basis of the preliminary estimates of the total power 

losses. The work is supported by NRC "Kurchatov Institute". (28.09.2020 ˉ 1934ʘ). 

ʅʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʵʥʝʨʛʠʠ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ 

ʷʚʣʷʝʪʩʷ ʨʝʘʢʮʠʷ ʘʪʦʤʥʦʛʦ ʜʝʣʝʥʠʷ, ʦʜʥʘʢʦ ʫ ʜʘʥʥʦʛʦ ʚʠʜʘ ʵʥʝʨʛʝʪʠʢʠ 

ʝʩʪʴ ʩʚʦʠ ʧʨʦʙʣʝʤʳ (ʧʝʨʝʭʦʜ ʢ ʟʘʤʢʥʫʪʦʤʫ ʪʦʧʣʠʚʥʦʤʫ ʮʠʢʣʫ, 

ʦʛʨʘʥʠʯʝʥʥʦʩʪʴ ʪʦʧʣʠʚʥʳʭ ʨʝʩʫʨʩʦʚ ʜʣʷ ʨʝʘʢʪʦʨʦʚ ʘʪʦʤʥʳʭ 

ʵʣʝʢʪʨʦʩʪʘʥʮʠʡ ʠ ʥʝʜʦʩʪʘʪʦʢ ʥʝʡʪʨʦʥʦʚ ʜʣʷ ʨʘʩʰʠʨʝʥʠʷ ʪʦʧʣʠʚʥʦʡ 

ʙʘʟʳ ʜʣʷ ʨʝʘʢʪʦʨʦʚ ʥʘ ʪʝʧʣʦʚʳʭ ʥʝʡʪʨʦʥʘʭ, ʫʪʠʣʠʟʘʮʠʷ ʦʪʨʘʙʦʪʘʥʥʦʛʦ 

ʷʜʝʨʥʦʛʦ ʪʦʧʣʠʚʘ. ɼʣʷ ʜʝʤʦʥʩʪʨʘʮʠʠ ʢʦʤʤʝʨʯʝʩʢʦʡ ʧʨʠʚʣʝʢʘʪʝʣʴʥʦʩʪʠ 

ʪʝʨʤʦʷʜʝʨʥʦʡ ʵʥʝʨʛʝʪʠʢʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʨʦʝʢʪ DEMO, ʢʦʪʦʨʳʡ 

ʩʦʚʤʝʩʪʥʦ ʩ ITER ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ 
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ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʝʘʢʮʠʠ ʪʝʨʤʦʷʜʝʨʥʦʛʦ 

ʩʠʥʪʝʟʘ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʥʝ ʤʦʞʝʪ ʢʦʥʢʫʨʠʨʦʚʘʪʴ ʩ ʨʝʘʢʪʦʨʘʤʠ 

ʜʝʣʝʥʠʷ ʧʦ ʧʨʦʠʟʚʦʜʩʪʚʫ ʢʦʤʤʝʨʯʝʩʢʦʡ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʠ ʨʝʰʝʥʠʷ 

ʟʘʜʘʯ ʷʜʝʨʥʦʛʦ ʪʦʧʣʠʚʥʦʛʦ ʮʠʢʣʘ. 

ʉʫʱʝʩʪʚʫʶʱʘʷ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʨʘʩʰʠʨʝʥʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʥʝʡʪʨʦʥʦʚ ʜʣʷ ʟʘʜʘʯ ʷʜʝʨʥʦʡ ʵʥʝʨʛʝʪʠʢʠ ʤʦʞʝʪ ʙʳʪʴ ʨʝʰʝʥʘ, ʥʘʧʨʠʤʝʨ, 

ʧʫʪʝʤ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʝʘʢʮʠʡ ʩʠʥʪʝʟʘ ʠ ʜʝʣʝʥʠʷ ʚ ʦʜʥʦʡ 

ʫʩʪʘʥʦʚʢʝ. ʂʨʦʤʝ ʧʨʦʠʟʚʦʜʩʪʚʘ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ, ʛʠʙʨʠʜʥʳʝ ʨʝʘʢʪʦʨʳ 

ʤʦʛʫʪ ʨʝʰʘʪʴ ʧʨʦʙʣʝʤʳ ʦʙʝʩʧʝʯʝʥʠʷ ʪʦʧʣʠʚʦʤ ʪʝʧʣʦʚʳʭ ʨʝʘʢʪʦʨʦʚ, 

ʫʪʠʣʠʟʘʮʠʠ ʆʗʊ ʪʝʧʣʦʚʳʭ ʨʝʘʢʪʦʨʦʚ ʠ ʜʨ. 

ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʫʩʪʘʥʦʚʦʢ ʜʘʥʥʦʛʦ ʪʠʧʘ ʷʚʣʷʶʪʩʷ 

ʩʥʠʞʝʥʥʳʝ (ʙʦʣʝʝ ʯʝʤ ʚ 10 ʨʘʟ) ʪʨʝʙʦʚʘʥʠʷ ʧʦ ʪʝʧʣʦʚʳʤ ʥʘʛʨʫʟʢʘʤ ʥʘ 

ʵʣʝʤʝʥʪʳ ʫʩʪʘʥʦʚʢʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ITER ʠ DEMO, ʘ ʪʘʢʞʝ ʠʭ 

ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʢʦʤʧʘʢʪʥʦʩʪʴ. ʇʨʦʝʢʪ ɼɽʄʆ-ʊʀʅ ʷʚʣʷʝʪʩʷ ʧʠʣʦʪʥʳʤ 

ʧʨʦʝʢʪʦʤ ʈʌ ʧʦ ʩʦʟʜʘʥʠʶ ʛʠʙʨʠʜʥʦʡ ʫʩʪʘʥʦʚʢʠ ʠ ʙʘʟʠʨʫʝʪʩʷ ʥʘ 

ʩʫʱʝʩʪʚʫʶʱʠʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʰʝʥʠʷʭ. 

ʈʘʙʦʪʘ ʛʠʙʨʠʜʥʦʡ ʫʩʪʘʥʦʚʢʠ ʠʣʠ ʠʩʪʦʯʥʠʢʘ ʪʝʨʤʦʷʜʝʨʥʳʭ 

ʥʝʡʪʨʦʥʦʚ (ʊʀʅ) ʥʘ ʦʩʥʦʚʝ ʪʦʢʘʤʘʢʘ ʧʦʪʨʝʙʫʝʪ ʥʘʛʨʝʚʘ ʧʣʘʟʤʳ ʠ 

ʧʦʜʜʝʨʞʘʥʠʷ ʪʦʢʘ ʚ ʥʝʡ ʩ ʧʦʤʦʱʴʶ ʠʥʞʝʢʮʠʠ ʧʫʯʢʦʚ ʙʳʩʪʨʳʭ ʘʪʦʤʦʚ 

[1]. ɺ ʧʨʦʝʢʪʝ ɼɽʄʆ-ʊʀʅ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʰʝʩʪʴ 

ʠʥʞʝʢʪʦʨʦʚ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʤʦʱʥʦʩʪʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʥʘʛʨʝʚʘ ʜʦ 30 

ʄɺʪ. ɿʘʜʘʯʘ ʵʬʬʝʢʪʠʚʥʦʡ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʧʫʯʢʘ ʚ ʩʠʩʪʝʤʝ 

ʥʝʡʪʨʘʣʴʥʦʡ ʠʥʞʝʢʮʠʠ (ʉʅʀ) ʪʨʝʙʫʝʪ ʤʥʦʛʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ 

ʦʧʪʠʤʠʟʘʮʠʠ ʜʣʷ ʩʥʠʞʝʥʠʷ ʧʦʪʝʨʴ ʧʫʯʢʘ ʠ ʦʛʨʘʥʠʯʝʥʠʝ ʪʝʧʣʦʚʳʭ 

ʥʘʛʨʫʟʦʢ ʥʘ ʢʦʤʧʦʥʝʥʪʘʭ ʠʥʞʝʢʪʦʨʘ ʜʦ ʚʝʣʠʯʠʥ, ʜʦʧʫʩʢʘʶʱʠʭ 

ʵʬʬʝʢʪʠʚʥʦʝ ʦʭʣʘʞʜʝʥʠʝ [3]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚʳʧʦʣʥʝʥʳ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʵʣʝʤʝʥʪʦʚ 

ʠʥʞʝʢʮʠʦʥʥʦʛʦ ʪʨʘʢʪʘ ʠ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʩʦʦʙʨʘʞʝʥʠʷ ʧʦ ʦʨʛʘʥʠʟʘʮʠʠ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʦʪʚʝʜʝʥʠʷ ʧʦʛʣʦʱʸʥʥʦʡ ʤʦʱʥʦʩʪʠ ʜʣʷ ʚʥʝʩʝʥʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʜʦʨʘʙʦʪʦʢ ʚ ʠʥʞʝʥʝʨʥʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʧʨʦʝʢʪ ʉʅʀ. 

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè (28.09.2020 ˉ 

1934ʘ). 
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 ʉ.ɼ. ʂʆʃʆʂʆʃʔʏʀʂʆɺ, ʖ.ɺ. ʉɽʅʀʏɽɺ 
ʀʥʩʪʠʪʫʪ ʷʜʝʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʄʦʩʢʦʚʩʢʠʡ ʌʠʟʠʢʦ-ʊʝʭʥʠʯʝʩʢʠʡ ʀʥʩʪʠʪʫʪ, ɼʦʣʛʦʧʨʫʜʥʳʡ, ʈʦʩʩʠʷ 

ʄɸɻʅʀʊʆʆʇʊʀʏɽʉʂɸʗ ʉʊʈʋʂʊʋʈɸ ʂʆʃʃɸʁɼɽʈɸ NICA 

ʉ ɺʓʉʆʂʆʁ ʂʈʀʊʀʏɽʉʂʆʁ ʕʅɽʈɻʀɽʁ 
ʀʩʩʣʝʜʦʚʘʥʳ ʩʧʦʩʦʙʳ ʧʦʚʳʰʝʥʠʷ ʢʨʠʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʜʣʷ ʧʨʦʪʦʥʥʦʡ 

ʦʧʮʠʠ ʢʦʣʣʘʡʜʝʨʘ NICA. ʇʨʠʤʝʥʝʥ ʤʝʪʦʜ ʩʫʧʝʨʧʝʨʠʦʜʠʯʝʩʢʦʡ ʤʦʜʫʣʷʮʠʠ 

ʛʨʘʜʠʝʥʪʦʚ ʢʚʘʜʨʫʧʦʣʝʡ. ʆʩʫʱʝʩʪʚʣʝʥ ʚʳʙʦʨ ʩʝʢʩʪʫʧʦʣʝʡ ʜʣʷ ʧʦʜʘʚʣʝʥʠʷ 

ʥʘʪʫʨʘʣʴʥʦʡ ʭʨʦʤʘʪʠʯʥʦʩʪʠ ʠ ʢʦʤʧʝʥʩʘʮʠʠ ʩʝʢʩʪʫʧʦʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ. 

ʇʨʠʚʝʜʝʥʳ ʧʘʨʘʤʝʪʨʳ ʊʚʠʩʩʘ ʜʣʷ ʧʨʝʜʣʦʞʝʥʥʳʭ ʩʪʨʫʢʪʫʨ, ʘ ʪʘʢʞʝ 

ʠʩʩʣʝʜʦʚʘʥʳ ʜʠʥʘʤʠʯʝʩʢʠʝ ʘʧʝʨʪʫʨʳ ʠ ʨʘʙʦʯʠʝ ʪʦʯʢʠ. 

S.D. KOLOKOLCHIKOV, Y.V. SENICHEV 
Institute for nuclear research of RAS, Moscow, Russia 

Moscow Institute of Physics and Technology, Dolgoprudny, Russia 
 

MAGNETO -OPTICAL STRUCTURE OF THE NICA 

COLLIDER WITH HIGH CRITICAL ENERGY.  
Methods of increasing the critical energy for the proton option of the NICA 

collider are investigated. The method of superperiodic modulation of quadrupole 

gradients is applied. The selection of sextupoles is carried out to suppress the natural 

chromaticity and compensate for the sextupole component. The Twiss parameters for 

the proposed structures are given, as well as the dynamic apertures and working points 

are investigated. 

 

ɼʣʷ ʫʚʝʣʠʯʝʥʠʷ ʢʨʠʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʫʩʢʦʨʠʪʝʣʴʥʦʛʦ ʢʦʣʴʮʘ NICA 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʬʫʥʢʮʠʠ ʧʫʪʝʤ 

ʤʦʜʫʣʷʮʠʠ ʛʨʘʜʠʝʥʪʦʚ ʢʚʘʜʨʫʧʦʣʝʡ ʥʘ ʧʦʚʦʨʦʪʥʳʭ ʘʨʢʘʭ ʢʦʣʴʮʘ. ɼʣʷ ʵʪʦʛʦ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʫʧʝʨʧʝʨʠʦʜ, ʩʦʩʪʦʷʱʠʡ ʠʟ 3-ʭ ʌʆɼʆ ʷʯʝʝʢ, ʛʜʝ ʮʝʥʪʨʘʣʴʥʳʡ 

ʬʦʢʫʩʠʨʫʶʱʠʡ ʢʚʘʜʨʫʧʦʣʴ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʜʚʫʭ ʢʨʘʡʥʠʭ ʙʆʣʴʰʠʤ ʟʥʘʯʝʥʠʝʤ 

ʛʨʘʜʠʝʥʪʘ.  

ɼʣʷ ʦʜʥʦʛʦ ʩʫʧʝʨʧʝʨʠʦʜʘ ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʩʰʠʨʝʥʠʷ ʦʨʙʠʪʳ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʧʦ ʬʦʨʤʫʣʝ [1]: 
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ʇʝʨʚʘʷ ʛʘʨʤʦʥʠʢʘ Ὧ ρ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʷʶʱʝʡ ʠ ʜʣʷ 12 ʌʆɼʆ ʷʯʝʝʢ 

ʨʝʘʣʠʟʫʝʤʦ ʫʩʣʦʚʠʝ ʜʣʷ ʢʦʣʠʯʝʩʪʚʘ ʩʫʧʝʨʧʝʨʠʦʜʦʚ Ὓ τ, ’ȟ́̑̋ σ, ʛʜʝ 3 

ʌʆɼʆ ʷʯʝʡʢʠ ʦʙʲʝʜʠʥʝʥʳ ʚ ʦʜʠʥ ʩʫʧʝʨʧʝʨʠʦʜ. 

ʋʯʠʪʳʚʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʩʪʨʫʢʪʫʨʳ ʢʦʣʣʘʡʜʝʨʘ NICA, ʥʘʣʠʯʠʝ missing-

ʤʘʛʥʠʪʦʚ ʥʘ ʜʚʫʭ ʢʨʘʡʥʠʭ ʷʯʝʡʢʘʭ ʥʝ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʪʴ ʧʦʣʥʦʩʪʴʶ 

ʨʝʛʫʣʷʨʥʫʶ ʘʨʢʫ ʠʟ 4-ʭ ʦʜʠʥʘʢʦʚʳʭ ʩʫʧʝʨʧʝʨʠʦʜʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʥʝʦʙʭʦʜʠʤʦ ʦʙʝʩʧʝʯʠʪʴ ʧʦʜʘʚʣʝʥʠʝ ʜʠʩʧʝʨʩʠʠ ʥʘ ʢʨʘʷʭ ʘʨʢʠ. ʈʘʩʩʤʘʪʨʠʚʘʶʪʩʷ 

2 ʚʦʟʤʦʞʥʳʭ ʩʣʫʯʘʷ ʧʦʜʘʚʣʝʥʠʷ ʜʠʩʧʝʨʩʠʠ: 

1) ʇʦʜʘʚʣʝʥʠʝ ʜʠʩʧʝʨʩʠʠ ʧʨʠ ʧʦʤʦʱʠ ʢʨʘʡʥʠʭ ʩʫʧʝʨʧʝʨʠʦʜʦʚ. 

ɸ ʠʤʝʥʥʦ ʜʚʫʭ ʢʨʘʡʥʠʭ ʌʆɼʆ ʷʯʝʝʢ.  

2) ʇʦʜʘʚʣʝʥʠʝ ʜʠʩʧʝʨʩʠʠ ʚʩʝʡ ʘʨʢʦʡ, ʧʨʠ ʧʦʤʦʱʠ ʚʳʙʦʨʘ 

ʛʨʘʜʠʝʥʪʦʚ ʢʚʘʜʨʫʧʦʣʝʡ ʜʚʫʭ ʩʝʤʝʡʩʪʚ. 

ʆʙʘ ʧʨʠʚʝʜʝʥʥʳʭ ʩʧʦʩʦʙʘ ʧʦʚʳʰʝʥʠʷ ʢʨʠʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʧʦʟʚʦʣʷʶʪ 

ʜʦʩʪʠʯʴ ʪʨʝʙʫʝʤʦʛʦ ʟʥʘʯʝʥʠʷ ʢʨʠʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ, ʦʜʥʘʢʦ ʠʤʝʶʪ ʩʚʦʠ 

ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʠ ʢʦʥʝʯʥʦʡ ʨʝʘʣʠʟʘʮʠʠ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Yu. V. Senichev and A. N. Chechenin. Theory of ñResonantò Lattices for Synchrotrons 
with Negative Momentum Compaction Factor. Journal of Experimental and Theoretical 

Physics, 2007, Vol. 105, No. 5, pp. 988ï997 
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ɸ.ɺ. ɹɽʈʅɸʎʂʀʁ, ɺ.ɺ. ʃɸɻʋʅʆɺ, ɺ.ʅ. ʆʏʂʀʅ 
ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʌʠʟʠʯʝʩʢʠʡ 

ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ɼʀʅɸʄʀʂɸ ʇʃʆʊʅʆʉʊʀ ʄʆʃɽʂʋʃ O2 ɺ ʊʃɽʖʑɽʄ 

ʈɸɿʈʗɼɽ 
ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʦʧʠʩʳʚʘʶʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʧʦʚʝʜʝʥʠʷ ʚʦ 

ʚʨʝʤʝʥʠ ʢʦʥʮʝʥʪʨʘʮʠʡ ʢʠʩʣʦʨʦʜʘ ʚ ʧʣʘʟʤʝ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʚ ʩʤʝʩʷʭ ʅʝ + ʆ2 

ʤʝʪʦʜʦʤ ʜʠʦʜʥʦʡ ʣʘʟʝʨʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚʦ ʚʥʝʰʥʝʤ ʨʝʟʦʥʘʪʦʨʝ. 

A.V. BERNATSKIY, V.V. LAGUNOV, V.N. OCHKIN 
ʈ.N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, 

Russia 

DYNAMICS OF THE DENSITY OF O2 MOLECULES IN A 

GLOW DISCHARGE  

In this paper, we describe the results of measurements of the time behavior of the 

oxygen concentration in the plasma of a glow discharge in mixtures of He + O2 by the 

method of diode laser spectroscopy in an external cavity. 

ɼʣʷ ʤʦʱʥʳʭ ʨʝʘʢʪʦʨʦʚ, ʚʢʣʶʯʘʷ ʀʊʕʈ, ʚʘʞʝʥ ʢʦʥʪʨʦʣʴ ʯʠʩʪʦʪʳ 

ʧʣʘʟʤʳ ʚ ʫʩʣʦʚʠʷʭ ʚʦʟʤʦʞʥʦʛʦ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʚ ʨʘʙʦʯʫʶ ʩʨʝʜʫ ʪʘʢʠʭ 

ʤʦʣʝʢʫʣ ʢʘʢ O2 ʠ ʅ2ʆ ʠʟ ʘʪʤʦʩʬʝʨʳ, ʢʦʥʪʫʨʘ ʦʭʣʘʞʜʝʥʠʷ ʠ ʚʢʣʶʯʝʥʠʡ 

ʚ ʩʪʝʥʢʘʭ. ʂ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʚʳʧʦʣʥʝʥ ʙʦʣʴʰʦʡ ʦʙʲʝʤ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʧʨʠʩʪʝʥʦʯʥʦʡ ʧʣʘʟʤʳ, ʚ ʦʩʥʦʚʥʦʤ 

ʤʝʪʦʜʘʤʠ ʵʤʠʩʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʘʢʪʠʥʦʤʝʪʨʠʠ [1]. ʕʪʠ ʤʝʪʦʜʳ, 

ʦʜʥʘʢʦ ʠʤʝʶʪ ʦʛʨʘʥʠʯʝʥʠʝ ʚ ʦʪʥʦʰʝʥʠʠ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʜʠʧʦʣʴʥʳʭ ʤʦʣʝʢʫʣ ʢʠʩʣʦʨʦʜʘ ʚ ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ ʆ2(ʍ3Ɇ) ʚʚʠʜʫ 

ʩʣʦʞʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʦ-ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʧʦʣʦʩ. ʊʘʢʠʝ ʠʟʤʝʨʝʥʠʷ 

ʝʜʠʥʠʯʥʳ ʠ ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʪʩʷ, ʚ ʦʩʥʦʚʥʦʤ ʤʝʪʦʜʘʤʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ [2]. ʀʩʢʣʶʯʝʥʠʝ ʩʦʩʪʘʚʣʷʝʪ ʨʘʙʦʪʘ [3], ʚ 

ʢʦʪʦʨʦʡ ʦʧʨʝʜʝʣʷʣʠʩʴ ʢʦʥʮʝʥʪʨʘʮʠʠ ʆ2(ʍ3Ɇ) ʚ ʧʣʘʟʤʝ ʩ ɺʏ 

ʚʦʟʙʫʞʜʝʥʠʝʤ ʩʤʝʩʠ ʢʠʩʣʦʨʦʜʘ ʩ ʫʛʣʝʚʦʜʦʨʦʜʘʤʠ ʠ ʙʳʣ ʩʜʝʣʘʥ ʚʳʚʦʜ, 

ʯʪʦ ʛʝʪʝʨʦʛʝʥʥʳʝ ʧʨʦʮʝʩʩʳ ʚʘʞʥʳ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʦʩʪʘʚʘ ʧʣʘʟʤʳ.  

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʦʧʠʩʳʚʘʶʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʧʦʚʝʜʝʥʠʷ 

ʚʦ ʚʨʝʤʝʥʠ ʢʦʥʮʝʥʪʨʘʮʠʡ ʢʠʩʣʦʨʦʜʘ ʚ ʧʣʘʟʤʝ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʚ 

ʩʤʝʩʷʭ ʅʝ + ʆ2 ʤʝʪʦʜʦʤ ʜʠʦʜʥʦʡ ʣʘʟʝʨʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚʦ ʚʥʝʰʥʝʤ 

ʨʝʟʦʥʘʪʦʨʝ ʧʦ ʧʝʨʝʭʦʜʫ ʚ ʧʦʛʣʦʱʝʥʠʠ ʆ2(ʍ3Ɇ - b3Ɇ) ʚ ʦʙʣʘʩʪʠ 764 ʥʤ. 

ɼʣʷ ʚʳʷʚʣʝʥʠʷ ʭʘʨʘʢʪʝʨʘ ʚʣʠʷʥʠʷ ʩʪʝʥʦʢ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʩ 

ʚʢʣʶʯʝʥʠʝʤ ʠ ʚʳʢʣʶʯʝʥʠʝʤ ʨʘʟʨʷʜʘ. ʈʠʩ. 1 ʠʣʣʶʩʪʨʠʨʫʝʪ ʭʘʨʘʢʪʝʨʥʫʶ 

ʜʠʥʘʤʠʢʫ ʢʦʥʮʝʥʪʨʘʮʠʠ ʆ2 ʜʣʷ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʚʨʝʤʝʥ 



240 

 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʪʢʘʯʢʠ ʨʘʟʨʷʜʥʦʡ ʪʨʫʙʢʠ ʧʝʨʝʜ ʥʘʧʦʣʥʝʥʠʝʤ ʝʝ 

ʩʤʝʩʴʶ He+O2 ʠ ʚʢʣʶʯʝʥʠʝʤ ʨʘʟʨʷʜʘ. ʇʨʠ ʙʦʣʝʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʡ 

ʦʪʢʘʯʢʝ ʥʘ ʚʩʝʭ ʩʪʘʜʠʷʭ ʧʨʦʪʝʢʘʥʠʷ ʨʘʟʨʷʜʘ ʫʙʳʣʴ ʢʠʩʣʦʨʦʜʘ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ʈʝʟʫʣʴʪʘʪʳ ʧʦʚʪʦʨʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʭʦʨʦʰʦ 

ʚʦʩʧʨʦʠʟʚʦʜʷʪʩʷ. ʕʪʦ ʩʚʷʟʳʚʘʝʪʩʷ ʥʘʤʠ ʩ ʘʜʩʦʨʙʮʠʝʡ ʢʠʩʣʦʨʦʜʘ 

ʧʦʚʝʨʭʥʦʩʪʴʶ ʢʚʘʨʮʝʚʦʡ ʨʘʟʨʷʜʥʦʡ ʪʨʫʙʢʠ. ɹʦʣʝʝ ʜʣʠʪʝʣʴʥʘʷ ʦʪʢʘʯʢʘ 

ʦʩʚʦʙʦʞʜʘʝʪ ʙʦʣʴʰʝʝ ʯʠʩʣʦ ʮʝʥʪʨʦʚ ʘʜʩʦʨʙʮʠʠ ʢʠʩʣʦʨʦʜʘ. ʆʙʱʠʤʠ 

ʯʝʨʪʘʤʠ ʧʨʦʮʝʩʩʘ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʥʘ ʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʨʘʟʨʷʜʘ 

ʧʨʦʠʩʭʦʜʠʪ ʙʳʩʪʨʳʡ ʨʘʩʧʘʜ ʤʦʣʝʢʫʣ ʚ ʦʙʲʝʤʥʳʭ ʨʝʘʢʮʠʷʭ, 

ʩʦʧʨʦʚʦʞʜʘʝʤʳʭ ʙʦʣʝʝ ʤʝʜʣʝʥʥʳʤʠ ʛʝʪʝʨʦʛʝʥʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ 

ʘʙʩʦʨʙʮʠʠ. ʇʦʩʣʝ ʚʳʢʣʶʯʝʥʠʷ ʨʘʟʨʷʜʘ (ʥʘ ʨʠʩ. 1 ʧʦʩʣʝ 250ʩ ʧʦʩʣʝ 

ʟʘʞʠʛʘʥʠʷ) ʧʨʦʠʩʭʦʜʠʪ ʥʝʢʦʪʦʨʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ. ʄʳ 

ʧʦʣʘʛʘʝʤ, ʯʪʦ ʵʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʤʝʭʘʥʠʟʤʝ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʡ 

ʘʜʩʦʨʙʮʠʠ ʘʪʦʤʦʚ ʆ, ʚʦʟʥʠʢʰʠʭ ʚ ʨʘʟʨʷʜʝ ʠ ʚʥʦʚʴ ʦʙʨʘʟʫʶʱʠʭ 

ʤʦʣʝʢʫʣʳ ʚ ʧʨʦʮʝʩʩʝ ʜʝʩʦʨʙʮʠʠ.  

 
ʈʠʩ. 1. ʀʟʤʝʥʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʆ2 ʚ ʨʘʟʨʷʜʝ ʠ ʧʦʩʣʝ ʝʛʦ ʚʳʢʣʶʯʝʥʠʷ. ɻʘʟ 

([ʆ2]=3.6Ŀ1016 + [ʅʝ]=1.4Ŀ1016) cm-3 ʧʨʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʪʢʘʯʢʝ ʪʨʫʙʢʠ 1 ʯʘʩ 

(1) ʠ 18 ʯʘʩʦʚ (2). ʊʦʢ ʨʘʟʨʷʜʘ 4 mA. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʟʘ ʩʯʝʪ ʩʨʝʜʩʪʚ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ 

ʬʦʥʜʘ (ʧʨʦʝʢʪ ˉ 19-12-00310). 
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ʀ.ɻ. ʃʝʙʦ, ɻ.ɺ. ɼʦʣʛʦʣʝʚʘ 
ʄʀʈʕɸ ʈʦʩʩʠʡʩʢʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʄʦʩʢʚʘ, ʈʦʩʩʠʡʩʢʘʷ 

ʌʝʜʝʨʘʮʠʷ 

ʂ ɺʆʇʈʆʉʋ ʆ ʈɸɿʈɸɹʆʊʂɽ ʅɽʁʊʈʆʅʅʆɻʆʊʀʉʊʆʏʅʀʂɸ 

ɼʃʗ ʗɼɽʈʅʆ-ʊɽʈʄʆʗɼɽʈʅʆɻʆ ʈɽɸʂʊʆʈɸ ʉ ʃɸɿɽʈʅʓʄ 

ɺʆɿɹʋɾɼɽʅʀɽʄ 
ʆʙʩʫʞʜʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʤʦʱʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʪʝʨʤʦʷʜʝʨʥʳʭ 

ʥʝʡʪʨʦʥʦʚ ʠʥʠʮʠʠʨʫʝʤʳʭ ʩ ʧʦʤʦʱʴʶ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʜʣʷ ʛʠʙʨʠʜʥʦʛʦ 

ʨʝʘʢʪʦʨʘ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʦʚ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʤʠʰʝʥʷʭ, 

ʚʳʧʦʣʥʝʥʥʳʭ ʚ ʚʠʜʝ ʜʚʫʭʩʪʦʨʦʥʥʠʭ ʢʦʥʫʩʦʚ , ʧʨʠ ʧʦʛʣʦʱʝʥʥʦʡ ʵʥʝʨʛʠʠ KrF-

ʣʘʟʝʨʘ (ʣʠʙʦ Nd-ʣʘʟʝʨʘ ʥʘ 3-ʡ ʛʘʨʤʦʥʠʢʝ) ~ 1 ʄɼʞ ʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʘ ~ 

100 ʥʩ ʤʦʞʥʦ ʜʦʩʪʠʯʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʩʠʣʝʥʠʷ G²1. ʊʘʢʦʡ ʢʦʵʬʬʠʮʠʝʥʪ 

ʫʩʠʣʝʥʠʷ ʧʦʟʚʦʣʠʪ ʥʘʯʘʪʴ ʦʧʳʪʥʦ-ʢʦʥʩʪʨʫʢʪʦʨʩʢʠʝ  ʨʘʙʦʪʳ ʧʦ ʩʦʟʜʘʥʠʶ 

ʛʠʙʨʠʜʥʦʛʦ ʷʜʝʨʥʦ-ʪʝʨʤʦʷʜʝʨʥʦʛʦ ʨʝʘʢʪʦʨʘ. 

 

I.G. LEBO, G.V. DOLGOLEVA  
Russian Technological University MIREA, Moscow, Russia 

 

ON THE ISSUE OF NEUTRON SOURCE DEVELOPMENT FOR 

A LASER-DRIVEN NUCLEAR -THERMONUCLEAR REACTOR.  
 

It is discussed the feasibility of developing a high-power thermonuclear neutron 

source for hybrid reactor, driven by laser pulses. Using 1D numerical simulations for 

targets made in the form of double-sided cones, for an absorbed energy of a KrF-laser 

(or 3-rd harmonics of Nd-laser) ~ 1 MJ and pulse duration~ 100 ns it is possible to 

achieve gain G²1. This neutron yield is a prerequisite to the commencement of work 

to develop a hybrid nuclear-thermonuclear reactor. 

ʏʪʦʙʳ ʟʘʤʢʥʫʪʴ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʮʠʢʣ ʚ ʛʠʙʨʠʜʥʦʤ ʷʜʝʨʥʦ-

ʪʝʨʤʦʷʜʝʨʥʦʤ ʨʝʘʢʪʦʨʝ, ʥʫʞʥʦ ʫʜʦʚʣʝʪʚʦʨʠʪʴ ʥʝʨʘʚʝʥʩʪʚʫ 

(1- )ʟɓ(0.2+0.8M)G-1/ɖ  > 0 (ʧʦʜʨʦʙʥʝʝ ʩʤʦʪʨʠ [1,2,3]). ɿʜʝʩʴ ɖ- ʂʇɼ 

ʣʘʟʝʨʘ, G ï ʢʦʵʬʬʠʮʠʝʥʪ ʫʩʠʣʝʥʠʷ ʚ ʤʠʰʝʥʠ, ɓ ï ʂʇɼ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʚ ʵʣʝʢʪʨʠʯʝʩʢʫʶ,  ʟï ʜʦʣʷ ʵʥʝʨʛʠʠ, ʢʦʪʦʨʘʷ ʠʜʝʪ ʥʘ 

ʦʙʝʩʧʝʯʝʥʠʝ ʨʘʙʦʪʳ ʨʝʘʢʪʦʨʘ, M ï ʢʦʵʬʬʠʮʠʝʥʪ ʫʤʥʦʞʝʥʠʷ ʵʥʝʨʛʠʠ ʚ 

ʫʨʘʥʦʚʦʤ ʙʣʘʥʢʝʪʝ. ʇʨʠ ɖ²0.05, M=60, ɓ=0.6, =ʟ0.3, ʜʦʩʪʘʪʦʯʥʦ Gå1, 

ʯʪʦʙʳ çʟʘʤʢʥʫʪʴè ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʮʠʢʣ.  

ɺ [3,4,5] ʨʘʩʩʤʦʪʨʝʥʘ ʩʭʝʤʘ ʤʠʰʝʥʠ ʚ ʚʠʜʝ ʚʩʪʨʝʯʥʳʭ ʢʦʥʫʩʦʚ ʠ 

ʦʙʣʫʯʝʥʠʷ ʝʝ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʤ çʜʣʠʥʥʳʡ+ʢʦʨʦʪʢʠʡè ʣʘʟʝʨʥʳʤʠ 

ʠʤʧʫʣʴʩʘʤʠ [6].  
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ʈʘʩʯʝʪʳ ʩʞʘʪʠʷ ʦʜʥʦʛʦ ʢʦʥʫʩʘ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʧʦ ʧʨʦʛʨʘʤʤʝ 

çɸʪʣʘʥʪè [3,4] ʠ ʩʨʘʚʥʠʚʘʣʠʩʴ ʩ ʜʘʥʥʳʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʧʦ ʧʨʦʛʨʘʤʤʝ 

çʉʅɼè [5]. ʇʦʣʫʯʝʥʳ ʧʘʨʘʤʝʪʨʳ ʤʠʰʝʥʝʡ ʠ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʜʣʷ 

ʜʦʩʪʠʞʝʥʠʷ G~1 ʥʘ ʫʨʦʚʥʝ ʧʦʛʣʦʱʝʥʥʦʡ ʵʥʝʨʛʠʠ El ~ 1 Mɼʞ ʜʣʷ 

ʜʣʠʥʥʦʛʦ ʠʤʧʫʣʴʩʘ KrF ʠ 3-ʡ ʛʘʨʤʦʥʠʢʠ Nd-ʣʘʟʝʨʦʚ. ɺʦʧʨʦʩ ʦ 

ʣʦʢʘʣʴʥʦʤ ʫʜʝʨʞʘʥʠʠ ʠ ʧʦʜʦʛʨʝʚʝ ʛʦʨʶʯʝʛʦ ʩʝʨʠʝʡ ʢʦʨʦʪʢʠʭ 

ʠʤʧʫʣʴʩʦʚ ʪʨʝʙʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ.    

ʉʣʝʜʫʝʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʚ ʧʨʦʪʷʞʝʥʥʦʡ ʧʣʘʟʤʝ ʨʝʘʢʪʦʨʥʳʭ 

ʤʠʰʝʥʝʡ (L=ɟ/gradɟ~1 ʤʤ) ʚʦʟʤʦʞʥʦ ʨʘʟʚʠʪʠʝ ʪʝʧʣʦʚʦʡ 

ʩʘʤʦʬʦʢʫʩʠʨʦʚʢʠ ʜʘʞʝ ʜʣʷ ʩʣʫʯʘʷ ʢʦʨʦʪʢʦʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ (ɚ=0.25 

ʤʢʤ) [7]. ʕʢʩʧʝʨʠʤʝʥʪʳ, ʧʨʦʚʝʜʝʥʥʳʝ ʚ ʌʀɸʅ [8], ʫʢʘʟʳʚʘʶʪ ʥʘ ʵʪʦ 

ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ. 
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ʀɺɸʅʆɺɸ  
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè  

ʄɽʊɸʃʃʀɿɸʎʀʗ ʂɽʈɸʄʀʏɽʉʂʀʍ ʇʆɼʃʆɾɽʂ ʄɽɼʔʖ  

ɺ ʄɸɻʅɽʊʈʆʅɽ ʉ ʈɸʉʇʃɸɺʃɽʅʅʓʄ ʂɸʊʆɼʆʄ ʀ  

ʀɿʋʏɽʅʀɽ ʉɺʆʁʉʊɺ ʅɸʅɽʉɽʅʅʆɻʆ ʉʃʆʗ  
ʀʟʫʯʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʤʝʪʘʣʣʠʟʠʨʦʚʘʥʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʧʣʘʩʪʠʥʦʢ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʘʛʥʝʪʨʦʥʘ ʩ ʨʘʩʧʣʘʚʣʝʥʥʳʤ ʢʘʪʦʜʦʤ ʜʣʷ 

ʧʨʠʤʝʥʝʥʠʷ ʚ (ʤʠʢʨʦ)ʵʣʝʢʪʨʦʥʥʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ. ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʟ 

ʩʫʱʝʩʪʚʫʶʱʠʭ ʤʝʪʦʜʦʚ ʤʝʪʘʣʣʠʟʘʮʠʠ, ʚʳʷʚʣʝʥʳ ʠʭ ʧʨʝʠʤʫʱʝʩʪʚʘ ʠ 

ʥʝʜʦʩʪʘʪʢʠ. ʇʦʜʛʦʪʦʚʣʝʥʳ ʦʙʨʘʟʮʳ ʠ ʧʨʦʚʝʜʝʥ ʨʷʜ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ 

ʥʘʥʝʩʝʥʠʶ ʤʝʜʠ ʥʘ ʢʝʨʘʤʠʢʫ Al2O3 ʚ ʤʘʛʥʝʪʨʦʥʝ ʩ ʪʝʧʣʦʠʟʦʣʠʨʦʚʘʥʥʦʡ 

ʤʠʰʝʥʴʶ ʚ ʨʝʞʠʤʝ ʩʘʤʦʨʘʩʧʳʣʝʥʠʷ ʚ ʨʘʟʥʳʭ ʫʩʣʦʚʠʷʭ. ʆʮʝʥʝʥʳ ʘʜʛʝʟʠʦʥʥʳʝ 

ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ.  

  

V.Yu. LISENKOV, A.V. KAZIEV, M.M. KHARKOV,   

A.V. TUMARKIN , N.N. SAMOTAEV, K.Yu. OBLOV,  A.V. 

IVANOVA   
National Research Nuclear University MEPhI (Moscow Engineering 

Physics 

Institute), Moscow, Russia  

  

METALLIZATION OF CERAMIC SUBSTRATES WITH 

COPPER IN 
HOT TARGET MAGNETRON AND RESEARCH ON 

PROPERTIES OF DEPOSITED LAYER  

  
The possibility of creating metallized ceramic plates in a magnetron with hot 

target for applications in (micro)electronic production is studied. The analysis of 

existing methods of metallization is carried out, their advantages and disadvantages 

are revealed. Samples were prepared, and a number of experiments were carried out 

on the deposition of copper on Al2O3 ceramics in a hot target magnetron in the self-

sputtering mode under different conditions. The adhesive and electrical properties of 

the obtained samples were evaluated.  

  
 ʇʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʤʝʪʘʣʣʠʟʠʨʦʚʘʥʥʳʭ ʧʦʜʣʦʞʝʢ ʜʣʷ ʥʫʞʜ ʵʣʝʢʪʨʦʥʠʢʠ, 

ʚʦʟʥʠʢʘʝʪ ʨʷʜ ʪʨʫʜʥʦʩʪʝʡ. ɻʣʘʚʥʘʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʠʟ-ʟʘ ʨʘʟʥʠʮʳ 
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ʪʝʧʣʦʚʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʣʠʥʝʡʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ (ʊʂʃʈ) ʤʝʜʠ ʠ ʢʝʨʘʤʠʢʠ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʪʝʨʤʦʮʠʢʣʦʚ ʚ ʢʝʨʘʤʠʢʝ ʚʦʟʥʠʢʘʶʪ ʪʨʝʱʠʥʳ, 

ʧʘʨʘʣʣʝʣʴʥʳʝ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ [1]. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ, ʢʘʢ 

ʤʠʥʠʤʫʤ, ʫʭʫʜʰʘʝʪʩʷ ʪʝʧʣʦʧʝʨʝʜʘʯʘ ʦʪ ʤʝʜʠ, ʘ ʢʘʢ ʤʘʢʩʠʤʫʤ, ʤʝʜʴ ʧʨʦʩʪʦ 

ʦʪʩʣʘʠʚʘʝʪʩʷ, ʯʪʦ ʚ ʢʦʥʝʯʥʦʤ ʩʯʝʪʝ ʧʨʠʚʦʜʠʪ ʢ ʦʪʢʘʟʫ ʤʦʜʫʣʷ. ɺʦʟʥʠʢʘʝʪ 

ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʢʦʤʧʝʥʩʘʮʠʦʥʥʳʭ ʩʣʦʝʚ, 

ʢʦʪʦʨʳʝ ʘʤʦʨʪʠʟʠʨʫʶʪ ʚʦʟʥʠʢʘʶʱʠʝ ʥʘʧʨʷʞʝʥʠʷ ʚ ʩʦʝʜʠʥʝʥʠʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʢʦʣʝʙʘʥʠʷʭ ʠ ʧʦʟʚʦʣʷʶʪ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʧʦʚʳʩʠʪʴ ʘʜʛʝʟʠʦʥʥʫʶ 

ʩʪʦʡʢʦʩʪʴ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʥʘʥʝʩʝʥʠʷ ʩʣʦʷ ʤʝʜʠ ʥʘ 

ʢʝʨʘʤʠʯʝʩʢʠʝ ʧʦʜʣʦʞʢʠ ʚ ʨʘʤʢʘʭ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʥʘʧʳʣʝʥʠʷ ʩ ʮʝʣʴʶ ʠʭ 

ʜʘʣʴʥʝʡʰʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʧʣʘʪ ʠ ʢʦʨʧʫʩʦʚ ʚ ʵʣʝʢʪʨʦʥʠʢʝ.  

ɺ ʭʦʜʝ ʧʨʦʚʝʜʝʥʠʷ ʨʷʜʘ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʠʟ ʦʙʨʘʟʮʦʚ ʧʝʨʚʳʝ ~ 

10 ʤʠʥ ʨʘʩʧʳʣʝʥʠʝ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʧʨʠ ʤʘʣʳʭ ʤʦʱʥʦʩʪʷʭ (200 - 300 ɺʪ) ʚ ʩʨʝʜʝ 

ʢʠʩʣʦʨʦʜʘ ʩ ʮʝʣʴʶ ʩʦʟʜʘʥʠʷ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʩʣʦʷ ʜʣʷ ʢʦʤʧʝʥʩʘʮʠʠ 

ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʩʚʷʟʘʥʥʦʛʦ ʩ ʨʘʟʥʠʮʝʡ ʊʂʃʈ.  

ʏʝʪʳʨʸʭʟʦʥʜʦʚʳʤ ʤʝʪʦʜʦʤ ʦʮʝʥʝʥʦ ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʤʝʜʥʳʭ ʩʣʦʝʚ 

ʥʘ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʘʭ. ɼʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ 

ʧʦʣʫʯʠʣʦʩʴ ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʳʤ ʠ ʨʘʚʥʳʤ ” å 1,7Ĭ10ī8 ʆʤĬʤ, ʯʪʦ ʭʦʨʦʰʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʜʝʣʴʥʦʤʫ ʩʦʧʨʦʪʠʚʣʝʥʠʶ ʯʠʩʪʦʡ ʤʝʜʠ: 1,71Ĭ10ī8 ʆʤĬʤ.  

  

ʅʘ ʨʠʩʫʥʢʝ 1 ʧʦʢʘʟʘʥʳ ʠʟʦʙʨʘʞʝʥʠʷ ʦʜʥʦʛʦ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ.  

  

ʈʠʩʫʥʦʢ 1. ʉʣʝʚʘ ð ʬʦʪʦʛʨʘʬʠʷ ʫʯʘʩʪʢʘ ʦʙʨʘʟʮʘ, ʚ ʮʝʥʪʨʝ ʠ ʩʧʨʘʚʘ ð ʉʕʄ 

ʠʟʦʙʨʘʞʝʥʠʷ ʦʜʥʦʡ ʠʟ ʪʝʩʪʦʚʳʭ ʧʣʦʱʘʜʦʢ ʩ ʧʝʨʝʭʦʜʥʳʤ ʦʪʚʝʨʩʪʠʝʤ.  

  

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ  

1. M. Lederer, A.B. Kotas, G. Khatibi, H. Danninger. Characterization of 

Adhesion Properties by Delamination of Ceramic-Metal Interfaces in 

Four Point Bending. TTP. 2018.  

 

  



245 

 

ʂ. ʖ. ɺɸɻʀʅ1, ʊ. ɺ. ʄɸʄʆʅʊʆɺɸ1,2, ʉ. ɸ. ʋʈʖʇʀʅ1,2 

1ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤʝʥʠ ʇ. ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ɺɿɸʀʄʆɼɽʁʉʊɺʀɽ ʅʀɿʂʆʏɸʉʊʆʊʅʆɻʆ ʇʆʃʗ ʉ 

ʇʃɸɿʄʆʁ, ʆɹʈɸɿʆɺɸʅʅʆʁ ʇʈʀ ʄʅʆɻʆʌʆʊʆʅʅʆʁ 

ʀʆʅʀɿɸʎʀʀ ʀʅɽʈʊʅʆɻʆ ɻɸɿɸ 
ʈʘʩʩʤʦʪʨʝʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʧʨʦʙʥʦʡ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ 

ʚʦʣʥʳ ʩʦ ʩʣʘʙʦʠʦʥʠʟʦʚʘʥʥʦʡ ʧʣʘʟʤʦʡ, ʧʦʣʫʯʝʥʥʦʡ ʧʨʠ ʤʥʦʛʦʬʦʪʦʥʥʦʡ 

ʠʦʥʠʟʘʮʠʠ ʠʥʝʨʪʥʳʭ ʛʘʟʦʚ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʨʝʞʠʤʝ ʥʦʨʤʘʣʴʥʦʛʦ ʩʢʠʥ-ʵʬʬʝʢʪʘ 

ʠʟ-ʟʘ ʵʬʬʝʢʪʘ ʈʘʤʟʘʫʵʨʘ-ʊʘʫʥʩʝʥʜʘ ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʩʪʦʣʢʥʦʚʝʥʠʷʤʠ 

ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʩ ʥʝʡʪʨʘʣʴʥʳʤʠ ʘʪʦʤʘʤʠ ʧʦʛʣʦʱʝʥʠʝ ʚʦʣʥʳ ʚʦʟʨʘʩʪʘʝʪ. 

ɺr ʷʚʣʝʥʳ ʫʩʣʦʚʠʷ, ʚ ʢʦʪʦʨʳʭ ʦʪʢʣʠʢ ʧʣʘʟʤʳ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ ʥʘ ʚʦʟʜʝʡʩʪʚʠʝ 

ʧʨʦʙʥʦʛʦ ʧʦʣʷ ʧʦʜʦʙʝʥ ʦʪʢʣʠʢʫ ʜʠʵʣʝʢʪʨʠʢʘ.   

K. YU. VAGIN 1, T. V. MAMONTOVA1,2, S. A. URYUPIN1, 2 
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INTERACTIO N OF LOW-FREQUENCY FIELD WITH PLASMA 

PRODUCED BY MULTIPHOTON IONIZATION OF INERT GASES  
The interaction of a low-frequency probe electromagnetic wave with a weakly 

ionized plasma produced by multiphoton ionization of inert gases is considered. It is 

shown that in the normal skin effect regime, the absorption of the wave, caused by 

collisions of photoelectrons with neutral atoms, increases due to the Ramzauer-

Townsend effect. We reveal conditions in which the response of the inert gas plasma 

to a probe field is similar to that of a dielectric.   

ʌʦʪʦʠʦʥʠʟʦʚʘʥʥʘʷ ʧʣʘʟʤʘ ʠʥʝʨʪʥʳʭ ʛʘʟʦʚ ʠʤʝʝʪ ʥʝʦʙʳʯʥʳʝ 

ʩʚʦʡʩʪʚʘ.  ʆʜʥʦʡ ʠʟ ʧʨʠʯʠʥ ʧʦʷʚʣʝʥʠʷ ʥʦʚʳʭ ʩʚʦʡʩʪʚ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪ 

ʈʘʤʟʘʫʵʨʘ-ʊʘʫʥʩʝʥʜʘ (ʩʤ., ʥʘʧʨʠʤʝʨ, [1,2]). ʅʠʞʝ ʧʦʢʘʟʘʥʦ, ʢ ʢʘʢʠʤ 

ʠʟʤʝʥʝʥʠʷʤ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ ʥʠʟʢʦʯʘʩʪʦʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ 

ʬʦʪʦʠʦʥʠʟʦʚʘʥʥʦʡ ʧʣʘʟʤʝ ʧʨʠʚʦʜʠʪ ʥʘʣʠʯʠʝ ʵʪʦʛʦ ʵʬʬʝʢʪʘ. ʇʨʠʤʝʤ, 

ʯʪʦ ʩʣʘʙʦʠʦʥʠʟʦʚʘʥʥʘʷ ʧʣʘʟʤʘ, ʧʦʣʫʯʝʥʥʘʷ ʧʨʠ ʤʥʦʛʦʬʦʪʦʥʥʦʡ 

ʠʦʥʠʟʘʮʠʠ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ, ʟʘʥʠʤʘʝʪ ʧʦʣʫʧʨʦʩʪʨʘʥʩʪʚʦ z>0. ʌʫʥʢʮʠʶ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʘʧʧʨʦʢʩʠʤʠʨʫʝʤ ʬʫʥʢʮʠʝʡ ʚʠʜʘ Ὢὺ

ὲȾτ“ὺ‏ὺ ὺ , ʛʜʝ n -  ʧʣʦʪʥʦʩʪʴ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ, ὺ - ʩʢʦʨʦʩʪʴ 

ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʧʦʩʣʝ ʠʦʥʠʟʘʮʠʠ. ʅʘ ʧʣʘʟʤʫ ʧʦ ʥʦʨʤʘʣʠ ʢ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʘʜʘʝʪ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʘʷ ʚʦʣʥʘ ʩ ʯʘʩʪʦʪʦʡ ɤ. ʉʣʝʜʫʷ ʦʙʳʯʥʦʡ 

ʧʨʦʮʝʜʫʨʝ ʧʦʩʨʝʜʩʪʚʦʤ ʩʦʚʤʝʩʪʥʦʛʦ ʨʝʰʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ 
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ʠ ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ, ʥʘʭʦʜʠʤ ʧʦʣʝ ʚ ʧʣʘʟʤʝ ʠ ʢʦʵʬʬʠʮʠʝʥʪ 

ʧʦʛʣʦʱʝʥʠʷ ὃɺ ʩʣʫʯʘʝ ʚʦʟʜʝʡʩʪʚʠʷ ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʚʦʣʥʳ ʜʣʷ  .‫ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ ʥʘʭʦʜʠʤ [2]  

ὃ‫ ‫ Ѝψ’‫ρ ɻȾσ Ⱦȟ             ʉρ ɻȾσḻʖ,                          (1) 

ὃ‫ τ’Ѝ’ ‫ ’ Ѝ’ ‫ ȟ    ʉρ ɻȾσḺʖḺ ʉȟ               (2) 

ʛʜʝ ɤL ï ʧʣʘʟʤʝʥʥʘʷ ʯʘʩʪʦʪʘ, ɜ - ʯʘʩʪʦʪʘ ʩʪʦʣʢʥʦʚʝʥʠʡ 

ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʩ ʥʝʡʪʨʘʣʴʥʳʤʠ ʘʪʦʤʘʤʠ, ‌ ‬ÌÎʉȾЋÌÎÖ. ɿʥʘʯʝʥʠʷ 

ʧʘʨʘʤʝʪʨʘ Ŭ, ʫʯʠʪʳʚʘʶʱʝʛʦ ʵʬʬʝʢʪ ʈʘʤʟʘʫʵʨʘ-ʊʘʫʥʩʝʥʜʘ, ʜʣʷ ʢʩʝʥʦʥʘ 

ʠ ʢʨʠʧʪʦʥʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1. ʆʙʣʘʩʪʴ ʭʘʨʘʢʪʝʨʥʳʭ ʟʥʘʯʝʥʠʡ 

ʵʥʝʨʛʠʡ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʧʦʩʣʝ ʤʥʦʛʦʬʦʪʦʥʥʦʡ ʠʦʥʠʟʘʮʠʠ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʣʦʞʠʪʝʣʴʥʳʤ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ Ŭ. 

 
ʈʠʩ.1. ɿʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ Ŭ/3 ʦʪ ʩʨʝʜʥʝʡ ʵʥʝʨʛʠʠ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʜʣʷ ʢʩʝʥʦʥʘ ʠ 

ʢʨʠʧʪʦʥʘ. 

ʉʦʛʣʘʩʥʦ (1) ʠ (2) ʥʘʣʠʯʠʝ ʧʘʨʘʤʝʪʨʘ Ŭ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʤʦʞʥʦʩʪʠ ʜʚʫʭ 

ʨʝʞʠʤʦʚ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʠ ʧʦʛʣʦʱʝʥʠʷ ʥʠʟʢʦʯʘʩʪʦʪʥʦʛʦ ʧʦʣʷ ʚ ʧʣʘʟʤʫ 

ʠʥʝʨʪʥʳʭ ʛʘʟʦʚ. ʉʦʦʪʥʦʰʝʥʠʝ (1) ʠʤʝʝʪ ʤʝʩʪʦ ʚ ʨʝʞʠʤʝ ʥʦʨʤʘʣʴʥʦʛʦ 

ʩʢʠʥ-ʵʬʬʝʢʪʘ. ʕʬʬʝʢʪ ʈʘʤʟʘʫʵʨʘ-ʊʘʫʥʩʝʥʜʘ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʧʦʛʣʦʱʝʥʠʷ ʚ ρ ‌σϳ Ⱦʨʘʟ, ʝʩʣʠ ʵʥʝʨʛʠʷ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʚ ʧʣʘʟʤʝ 

ʤʝʥʴʰʝ 0.5eV ʠʣʠ ʙʦʣʴʰe 4 eV ʜʣʷ ʢʩʝʥʦʥʘ ʠ ʤʝʥʴʰʝ 0.5eV ʠʣʠ ʙʦʣʴʰʝ 

5eV ʜʣʷ ʢʨʠʧʪʦʥʘ (ʩʤ. ʢʨʘʡʥʠʝ ʪʝʤʥʳʝ ʦʙʣʘʩʪʠ ʥʘ ʨʠʩ.1). 

ʅʘʧʨʦʪʠʚ ʩʦʦʪʥʦʰʝʥʠʝ (2) ʦʪʚʝʯʘʝʪ ʫʩʣʦʚʠʷʤ ɻ σ (ʫʟʢʠʝ ʪʝʤʥʳʝ 

ʧʦʣʦʩʳ ʥʘ ʨʠʩ.1), ʚ ʢʦʪʦʨʳʭ ʦʪʢʣʠʢ ʧʣʘʟʤʳ ʥʘ ʚʦʟʜʝʡʩʪʚʠʝ ʠʟʣʫʯʝʥʠʷ 

ʧʦʜʦʙʝʥ ʦʪʢʣʠʢʫ ʜʠʵʣʝʢʪʨʠʢʘ. ʇʨʠ ʵʪʦʤ ʜʝʡʩʪʚʠʪʝʣʴʥʘʷ ʯʘʩʪʴ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʧʣʘʟʤʳ ʧʦʣʦʞʠʪʝʣʴʥʘ ʠ ʩʫʱʝʩʪʚʝʥʥʦ 

ʙʦʣʴʰʝ ʤʥʠʤʦʡ ʯʘʩʪʠ. ʉʦʛʣʘʩʥʦ (2) ʧʨʠ ɜ << ɤL ʢʦʵʬʬʠʮʠʝʥʪ 

ʧʦʛʣʦʱʝʥʠʷ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʯʘʩʪʦʪʝ ʩʪʦʣʢʥʦʚʝʥʠʡ, ʘ ʧʨʠ ɜ >> ɤL 

ʚʦʟʨʘʩʪʘʝʪ ʜʦ ʝʜʠʥʠʮʳ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʣʥʦʤʫ ʧʨʦʭʦʞʜʝʥʠʶ 

ʠʟʣʫʯʝʥʠʷ ʚʛʣʫʙʴ ʩʣʘʙʦʠʦʥʠʟʦʚʘʥʥʦʛʦ ʛʘʟʘ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ, ʧʨʦʝʢʪ ˉ 20-32-90158. 
 ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Bogatskaya, A.V., Popov, A.M. Jetp Lett. 97, 388ï392 (2013).  

2. K. Yu. Vagin, T. V. Mamontova, and S. A. Uryupin. Phys. Rev. A 102, 023105 

(2020).  
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ɽ.ɼ. ʄɸʈɽʅʂʆɺ1, ɸ.ʉ. ʂʋʂʋʐʂʀʅ1,2, ɸ.ɸ. ʇʐɽʅʆɺ1,2 
1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 
2ʈʅʎ ʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʕʂʈɸʅʀʈʆɺɸʅʀʗ ʃʀʊʀɽɺʆʁ 

ʄʀʐɽʅʀ ɼʀɺɽʈʊʆʈɸ ɺ ʂʆɼɽ SOLPS 4.3 
ʄʦʜʠʬʠʮʠʨʦʚʘʥʘ ʤʦʜʝʣʴ ʵʨʦʟʠʠ ʤʘʪʝʨʠʘʣʦʚ, ʢʦʥʪʘʢʪʠʨʫʶʱʠʭ ʩ ʧʣʘʟʤʦʡ, 

ʠʩʧʦʣʴʟʫʝʤʘʷ ʚ ʢʦʜʝ SOLPS 4.3: ʚʢʣʶʯʝʥʳ ʵʬʬʝʢʪʳ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʧʳʣʝʥʠʷ 

ʠ ʠʩʧʘʨʝʥʠʷ, ʩʠʣʴʥʦ ʟʘʚʠʩʷʱʠʝ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʤʠʰʝʥʠ. ʇʨʦʚʝʜʝʥʳ ʨʘʩʯʝʪʳ 

ʜʠʚʝʨʪʦʨʘ ʩ ʣʠʪʠʝʚʦʡ ʤʠʰʝʥʴʶ ʚ ʛʝʦʤʝʪʨʠʠ ʪʦʢʘʤʘʢʘ ʊ15-ʄɼ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʚʦʟʥʠʢʘʝʪ ʵʬʬʝʢʪ ʵʢʨʘʥʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʳʡ ʥʝ ʧʦʟʚʦʣʷʝʪ ʧʦʪʦʢʫ ʪʝʧʣʘ ʥʘ 

ʤʠʰʝʥʴ ʧʨʝʚʳʩʠʪʴ 8 ʄɺʪ/ʤ2. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʟʘʛʨʷʟʥʝʥʠʝ ʧʣʘʟʤʳ ʣʠʪʠʝʤ ʚ 

ʨʝʞʠʤʘʭ ʩ ʚʳʩʦʢʦʡ ʤʦʱʥʦʩʪʴʶ ʦʢʘʟʳʚʘʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʳʤ, ʯʪʦ ʥʝ ʧʦʟʚʦʣʷʝʪ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʵʢʨʘʥʠʨʦʚʘʥʠʝ ʢʘʢ ʜʦʩʪʘʪʦʯʥʳʡ ʤʝʭʘʥʠʟʤ ʢʦʥʪʨʦʣʷ ʥʘʛʨʫʟʢʠ ʥʘ 

ʤʠʰʝʥʴ.  
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MODELING OF VAPOR SHIELDING OF LIQUID LITHIUM 

DIV ERTOR TARGET WITH SOLPS 4.3 CODE 
 

We have implemented a new erosion model in SOLPS taking this dependence into 

account. Simulations of the T15-MD tokamak divertor with Li-coated divertor targets 

have been performed. Li erosion is determined by physical sputtering, evaporation, 

and thermal sputtering. The results of the simulations show that the shielding effect 

occurs, providing a reduction of the target heat flux to the values below 8 MW/m2. At 

the same time, the upstream plasma dilution in the high power regimes, where 

shielding is most efficient, is very strong, meaning that practically, it may be difficult 

to rely on the shielding effect for the heat flux control in the configuration considered.  

 

ɾʠʜʢʦʤʝʪʘʣʣʠʯʝʩʢʠʝ ʢʦʤʧʦʥʝʥʪʳ, ʢʦʥʪʘʢʪʠʨʫʶʱʠʝ ʩ ʧʣʘʟʤʦʡ, 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ ʘʣʴʪʝʨʥʘʪʠʚʘ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʀʊʕʈ 

ʠ ʥʝʢʦʪʦʨʳʭ ʚʘʨʠʘʥʪʦʚ ɼɽʄʆ. ɺ ʢʘʯʝʩʪʚʝ ʪʘʢʠʭ ʤʝʪʘʣʣʦʚ ʧʨʝʜʣʘʛʘʝʪʩʷ, 

ʚ ʦʩʥʦʚʥʦʤ, ʠʩʧʦʣʴʟʦʚʘʪʴ ʣʠʪʠʡ (Li), ʦʣʦʚʦ (Sn), ʠʣʠ ʠʭ ʩʧʣʘʚ. 

ʆʞʠʜʘʝʪʩʷ, ʯʪʦ ʧʨʠ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʡ ʩʢʦʨʦʩʪʠ ʚʦʟʦʙʥʦʚʣʝʥʠʷ 

ʪʘʢʦʛʦ ʧʦʢʨʳʪʠʷ, ʦʥʦ ʤʦʞʝʪ ʟʘʱʠʪʠʪʴ ʦʩʥʦʚʥʦʡ ʤʘʪʝʨʠʘʣ ʢʦʥʩʪʨʫʢʮʠʠ. 

ʕʢʩʧʝʨʠʤʝʥʪʳ, ʧʨʦʚʦʜʠʤʳʝ ʥʘ ʣʠʥʝʡʥʳʭ ʧʣʘʟʤʝʥʥʳʭ ʫʩʪʘʥʦʚʢʘʭ, 

ʥʘʧʨʠʤʝʨ, Pilot-PSI, PSI-2, PISCES-B, ʂʉʇʋ, ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʦʩʪʠʯʴ 
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ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʩʢʦʨʦʩʪʠ ʚʦʟʦʙʥʦʚʣʝʥʠʷ ʚʧʦʣʥʝ ʚʦʟʤʦʞʥʦ. ɹʳʣʦ 

ʧʨʝʜʣʦʞʝʥʦ ʥʝʩʢʦʣʴʢʦ ʚʘʨʠʘʥʪʦʚ ʢʦʥʩʪʨʫʢʮʠʠ ʤʠʰʝʥʠ ʩ 

ʚʦʟʦʙʥʦʚʣʷʝʤʳʤ ʧʦʢʨʳʪʠʝʤ, çʚʳʞʠʚʘʶʱʠʤè ʧʨʠ ʪʝʧʣʦʚʳʭ ʥʘʛʨʫʟʢʘʭ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʫʩʣʦʚʠʷʤ ʜʠʚʝʨʪʦʨʘ, ʢʘʢ ʩʪʘʮʠʦʥʘʨʥʳʤ, ʪʘʢ ʠ 

ʠʤʧʫʣʴʩʥʳʤ. 

ʆʜʥʘʢʦ ʵʪʠ ʚ ʦʙʱʝʤ-ʪʦ ʦʧʪʠʤʠʩʪʠʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʪʨʫʜʥʦ 

ʥʘʧʨʷʤʫʶ ʵʢʩʪʨʘʧʦʣʠʨʦʚʘʪʴ ʥʘ ʪʦʢʘʤʘʢ. ʇʦʵʪʦʤʫ ʙʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ 

ʠʤʝʝʪ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚ ʢʦʜʘʭ, ʦʧʠʩʳʚʘʶʱʠʭ ʧʨʠʩʪʝʥʦʯʥʫʶ ʧʣʘʟʤʫ ʚ 

ʪʦʢʘʤʘʢʝ. ʄʳ ʤʦʜʠʬʠʮʠʨʦʚʘʣʠ ʢʦʜ SOLPS 4.3, ʜʦʙʘʚʠʚ ʚ ʥʝʛʦ 

ʧʨʦʮʝʩʩʳ ʵʨʦʟʠʠ, ʟʘʚʠʩʷʱʠʝ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʤʠʰʝʥʠ. ɺ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʝ ʤʳ ʧʨʝʜʩʪʘʚʣʷʝʤ ʧʝʨʚʳʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʣʠʪʠʝʚʦʡ 

ʤʠʰʝʥʠ ʜʠʚʝʨʪʦʨʘ ʚ ʢʦʜʝ SOLPS 4.3. ʚ ʢʦʥʬʠʛʫʨʘʮʠʠ ʪʦʢʘʤʘʢʘ ʊ15-

ʄɼ. ʕʨʦʟʠʷ ʤʠʰʝʥʠ ʩʢʣʘʜʳʚʘʝʪʩʷ ʠʟ ʪʨʝʭ ʢʦʤʧʦʥʝʥʪ: ʬʠʟʠʯʝʩʢʦʛʦ 

ʨʘʩʧʳʣʝʥʠʷ, ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʠ ʠʩʧʘʨʝʥʠʷ.  

ʂʦʥʬʠʛʫʨʘʮʠʷ ʊ15-ʄɼ ʚʢʣʶʯʘʝʪ 2 ʜʠʚʝʨʪʦʨʥʳʝ ʤʠʰʝʥʠ, ʚ 

ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʪʝʨʤʠʯʝʩʢʘʷ ʵʨʦʟʠʷ ʚʢʣʶʯʝʥʘ ʪʦʣʴʢʦ ʜʣʷ ʚʥʝʰʥʝʡ 

ʤʠʰʝʥʠ. ɹʳʣʘ ʚʳʧʦʣʥʝʥʘ ʩʝʨʠʷ ʨʘʩʯʝʪʦʚ ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʧʦʣʥʳʤ 

ʯʠʩʣʦʤ ʚʦʜʦʨʦʜʘ (ʅ) ʚ ʧʨʠʩʪʝʥʦʯʥʦʡ ʧʣʘʟʤʝ, Ntot = 1020. ʇʨʠ ʵʪʦʤ 

ʠʟʤʝʥʷʣʘʩʴ ʧʦʣʥʘʷ ʤʦʱʥʦʩʪʴ, ʧʝʨʝʥʦʩʠʤʘʷ ʯʝʨʝʟ ʩʝʧʘʨʘʪʨʠʩʫ ʚ 

ʧʨʝʜʝʣʘʭ Psep = 6 ï 20 ʄɺʪ. ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ ʤʦʱʥʦʩʪʠ Psep 

> 10 ʄɺʪ ʵʨʦʟʠʷ Li ʩʪʘʥʦʚʠʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʩʠʣʴʥʦʡ ʠ ʵʢʨʘʥʠʨʦʚʘʥʠʝ 

ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʧʦʪʦʢʘ ʪʝʧʣʘ ʥʘ ʤʠʰʝʥʴ. ʇʨʠ ʵʪʦʤ 

ʥʘʙʣʶʜʘʝʪʩʷ ʵʬʬʝʢʪ ʥʘʩʳʱʝʥʠʷ, ʠʟ-ʟʘ ʢʦʪʦʨʦʛʦ ʤʘʢʩʠʤʘʣʴʥʘʷ ʥʘʛʨʫʟʢʘ 

ʥʘ ʤʠʰʝʥʴ ʥʝ ʧʨʝʚʦʩʭʦʜʠʪ 7 ʄɺʪ/ʤ2. ʕʪʦʪ ʵʬʬʝʢʪ ʷʚʣʷʝʪʩʷ ʭʘʨʘʢʪʝʨʥʦʡ 

ʦʩʦʙʝʥʥʦʩʪʴʶ ʵʢʨʘʥʠʨʦʚʘʥʠʷ, ʠʟʫʯʝʥʥʦʡ ʨʘʥʝʝ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʥʘ 

ʣʠʥʝʡʥʳʭ ʫʩʪʘʥʦʚʢʘʭ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠ. 

ɼʘʞʝ ʧʨʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʤʦʱʥʦʩʪʠ Psep = 20 ʄɺʪ ʧʦʪʦʢ ʵʨʦʟʠʠ 

ʦʩʪʘʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʤ, ʧʦʨʷʜʢʘ 1022 ʤ-2ʩ-1, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʩʫʱʝʩʪʚʫʶʱʠʝ ʢʦʥʩʪʨʫʢʮʠʠ ʤʠʰʝʥʠ ʧʦʟʚʦʣʷʶʪ ʚʳʜʝʨʞʠʚʘʪʴ ʧʦʪʦʢʠ 

ʜʦ 1025 ʤ-2ʩ-1, ʪʘʢ ʯʪʦ ʚʦʟʦʙʥʦʚʣʝʥʠʝ ʧʦʢʨʳʪʠʷ ʥʝ ʜʦʣʞʥʦ ʧʨʝʜʩʪʘʚʣʷʪʴ 

ʧʨʦʙʣʝʤ. 

ɺʤʝʩʪʝ ʩ ʪʝʤ, ʩʠʣʴʥʘʷ ʵʨʦʟʠʷ ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ 

ʟʘʛʨʷʟʥʝʥʠʶ ʧʣʘʟʤʳ ʣʠʪʠʝʤ. ʋʞʝ ʧʨʠ Psep = 10 ʄɺʪ ʦʥʦ ʩʪʘʥʦʚʠʪʩʷ 

ʧʦʨʷʜʢʘ 40% ʚ ʦʙʣʘʩʪʠ ʩʝʧʘʨʘʪʨʠʩʳ. ʂʨʦʤʝ ʪʦʛʦ, ʫʚʝʣʠʯʝʥʠʝ 

ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʩʚʷʟʘʥʥʦʝ ʪʘʢʞʝ ʩ ʧʦʷʚʣʝʥʠʝʤ ʧʨʠʤʝʩʠ Li, 

ʧʨʠʚʦʜʠʪ ʢ ʧʨʝʚʳʰʝʥʠʶ ʧʨʝʜʝʣʘ ɻʨʠʥʚʦʣʴʜʘ, ʢʦʪʦʨʳʡ ʤʳ ʦʮʝʥʠʣʠ ʢʘʢ 

3.5Ā1019 ʤ-3, ʧʨʠ Psep = 14 ʄɺʪ. ʋʚʝʣʠʯʝʥʠʝ Ntot , ʢʦʪʦʨʦʛʦ ʤʦʞʥʦ ʜʦʩʪʠʯʴ 

ʥʘʧʫʩʢʦʤ ʅ, ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʟʘʛʨʷʟʥʝʥʠʷ ʧʣʘʟʤʳ Li, ʥʦ ʪʘʢʞʝ 
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ʫʚʝʣʠʯʠʚʘʝʪ ʵʣʝʢʪʨʦʥʥʫʶ ʧʣʦʪʥʦʩʪʴ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚ ʨʘʩʩʤʦʪʨʝʥʥʦʡ 

ʥʘʤʠ ʢʦʥʬʠʛʫʨʘʮʠʠ ʠ ʨʝʞʠʤʝ ʨʘʙʦʪʳ ʜʠʚʝʨʪʦʨʘ ʵʢʨʘʥʠʨʦʚʘʥʠʝ ʥʝ ʜʘʝʪ 

ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʝʠʤʫʱʝʩʪʚ, ʥʝʩʤʦʪʨʷ ʥʘ ʬʦʨʤʘʣʴʥʦʝ ʩʥʠʞʝʥʠʝ ʧʦʪʦʢʘ 

ʪʝʧʣʘ. 
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ʈɽɻʆʃʀʊɸ ʅɸ ʇʃɸʉʊʀʅʓ ʊɸʅʊɸʃɸ ʀ ʄʆʃʀɹɼɽʅɸ ɺ 

ɻʀʈʆʊʈʆʅʅʆʄ ʈɸɿʈʗɼɽ 
 

ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʮʝʧʥʳʭ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, 

ʠʥʠʮʠʠʨʫʝʤʳʭ ʠʤʧʫʣʴʩʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʛʠʨʦʪʨʦʥʘ ʚ ʩʤʝʩʷʭ ʧʦʨʦʰʢʦʚ, ʧʦ 

ʩʦʩʪʘʚʫ ʠ ʧʦ ʨʘʟʤʝʨʫ ʠʤʠʪʠʨʫʶʱʠʭ ʣʫʥʥʳʡ ʨʝʛʦʣʠʪ, ʥʘ ʧʣʘʩʪʠʥʘʭ ʪʘʥʪʘʣʘ ʠ 

ʤʦʣʠʙʜʝʥʘ. 
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SIMULATION EXP ERIMENTS ON THE DEPOSITION  OF 

REGOLITH ON TANTALUM AND MOLYBDENUM PLATES IN A 

GYROTRON DISCHARGE  
 

The results of the study of the chain plasma-chemical processes initiated by pulsed 

gyrotron radiation in powder mixtures imitating lunar regolith on tantalum and 

molybdenum plates in composition and size are presented. 

 

ɿʘʨʷʞʝʥʥʳʝ ʤʠʢʨʦʯʘʩʪʠʮʳ ʥʘ ʃʫʥʝ ʦʙʣʘʜʘʶʪ ʧʦʚʳʰʝʥʥʳʤʠ 

ʘʜʛʝʟʠʦʥʥʳʤʠ ʩʧʦʩʦʙʥʦʩʪʷʤʠ, ʢʦʪʦʨʳʝ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʦʢʘʟʳʚʘʶʪ 

ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʢʦʩʤʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ, ʘ ʠʤʝʥʥʦ: ʠʟʥʦʩ 

ʜʝʪʘʣʝʡ ʧʦʩʨʝʜʩʪʚʘʤ ʩʪʠʨʘʥʠʷ ʤʝʭʘʥʠʟʤʦʚ ʠ ʟʘʛʨʷʟʥʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʝʡ 

ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʡ. ʀʤʝʥʥʦ ʧʦʵʪʦʤʫ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʢʦʩʤʠʯʝʩʢʦʡ 
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ʪʝʭʥʠʢʠ ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʡ ʜʣʷ ʧʦʩʘʜʢʠ ʥʘ ʃʫʥʫ ʚʘʞʥʦ ʧʦʥʠʤʘʪʴ 

ʚʦʟʜʝʡʩʪʚʠʝ ʨʝʛʦʣʠʪʘ (ʣʫʥʥʦʡ ʧʳʣʠ) ʥʘ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ.  

ɹʳʣ ʧʨʦʚʝʜʝʥ ʨʷʜ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʤ ʢʦʤʧʣʝʢʩʝ, 

ʧʨʠ ʢʦʪʦʨʳʭ ʉɺʏ ʠʟʣʫʯʝʥʠʝ ʠʤʧʫʣʴʩʥʦʛʦ ʛʠʨʦʪʨʦʥʘ ʧʦʜʘʚʘʣʦʩʴ ʥʘ 

ʩʤʝʩʴ ʧʦʨʦʰʢʦʚ (ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʣʫʥʥʦʤʫ ʨʝʛʦʣʠʪʫ), ʥʘʜ ʢʦʪʦʨʦʡ 

ʧʦʤʝʱʘʣʠʩʴ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʧʣʘʩʪʠʥʳ.  ʇʨʠ ʧʨʝʚʳʰʝʥʠʠ ʧʦʨʦʛʘ ʮʝʧʥʳʭ 

ʨʝʘʢʮʠʡ (ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʵʥʝʨʛʠʠ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʤʧʫʣʴʩʘ 1-3 ʢɼʞ 

ʧʨʠ ʤʦʱʥʦʩʪʠ ʛʠʨʦʪʨʦʥʘ 200-300 ʢɺʪ) ʠʥʠʮʠʠʨʫʝʪʩʷ ʚʟʨʳʚʥʦʡ ʧʨʦʮʝʩʩ 

(ʧʦ ʤʝʭʘʥʠʟʤʫ ʢʫʣʦʥʦʚʩʢʦʛʦ ʦʪʪʘʣʢʠʚʘʥʠʷ [1]) ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʧʦʨʦʰʢʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʛʦ ʚ ʦʙʲʝʤ ʨʝʘʢʪʦʨʘ ʚʳʣʝʪʘʶʪ ʟʘʨʷʞʝʥʥʳʝ 

ʯʘʩʪʠʮʳ.  

 ɿʘʨʷʞʝʥʥʳʝ ʯʘʩʪʠʮʳ ʦʙʨʘʟʫʶʪ ʥʘʜ ʧʦʚʝʨʭʥʦʩʪʴʶ ʧʦʨʦʰʢʘ 

ʣʝʚʠʪʠʨʫʶʱʝʝ ʦʙʣʘʢʦ, ʢʦʪʦʨʦʝ ʧʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ ʠ ʨʘʟʤʝʨʫ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʣʫʥʥʦʤʫ ʨʝʛʦʣʠʪʫ. ʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʚ 

ʨʝʘʢʪʦʨʝ ʠ ʣʝʚʠʪʘʮʠʷ ʯʘʩʪʠʮ ʧʦʜʦʙʥʳ ʧʨʦʮʝʩʩʘʤ ʦʙʨʘʟʦʚʘʥʠʷ ʦʙʣʘʢʦʚ 

ʣʫʥʥʦʡ ʧʳʣʠ ʧʨʠ ʙʦʤʙʘʨʜʠʨʦʚʢʝ ʧʦʚʝʨʭʥʦʩʪʠ ʃʫʥʳ ʤʠʢʨʦʤʝʪʝʦʨʘʤʠ 

[2].  

ʅʘ ʨʠʩ.1 ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʪʘʥʪʘʣʘ ʠ ʤʦʣʠʙʜʝʥʘ 

ʦʩʘʞʜʘʶʪʩʷ ʯʘʩʪʠʮʳ ʧʦʨʦʰʢʘ ʨʝʛʦʣʠʪʘ ʨʘʟʣʠʯʥʳʭ ʨʘʟʤʝʨʦʚ ʠ ʬʦʨʤ. 

ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʠʤʠʪʘʮʠʦʥʥʳʝ ʠʩʧʳʪʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʚ 

ʜʘʥʥʳʭ ʫʩʣʦʚʠʷʭ.  
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ʅ. ʅ. ʉʢʚʦʨʮʦʚʘ, ʉ. ɸ. ʄʘʡʦʨʦʚ, ɼ. ɺ. ʄʘʣʘʭʦʚ, ɺ.ɼ. ʉʪʝʧʘʭʠʥ ʠ ʜʨ. // ʆ 

ʧʳʣʝʚʳʭ ʩʪʨʫʢʪʫʨʘʭ ʠ ʮʝʧʥʳʭ ʨʝʘʢʮʠʷʭ, ʚʦʟʥʠʢʘʶʱʠʭ ʥʘʜ ʨʝʛʦʣʠʪʦʤ ʧʨʠ 
ʚʦʟʜʝʡʩʪʚʠʠ ʠʟʣʫʯʝʥʠʷ ʛʠʨʦʪʨʦʥʘ. ʇʠʩʴʤʘ ʚ ɾʕʊʌ, 2019, ʊ. 109, 452 ï 459. 

2.  ʉ. ʀ. ʇʦʧʝʣʴ, ɸ. ʇ. ɻʦʣʫʙʴ, ɽ. ɸ. ʃʠʩʠʥ, ʖ. ʅ. ʀʟʚʝʢʦʚʘ, ʠ ʜʨ. // ʋʜʘʨʳ 
ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʤʝʪʝʦʨʦʠʜʦʚ ʠ ʦʪʨʳʚ ʧʳʣʝʚʳʭ ʯʘʩʪʠʮ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ 

ʃʫʥʳ. ʇʠʩʴʤʘ ʚ ɾʕʊʌ 103, 641 (2016). 

ʈʠʩ.1. ʇʦʚʝʨʭʥʦʩʪʠ ʪʘʥʪʘʣʘ (ʩʣʝʚʘ) ʠ ʤʦʣʠʙʜʝʥʘ (ʩʧʨʘʚʘ) ʩ ʦʩʘʞʜʸʥʥʳʤʠ 

ʯʘʩʪʠʮʘʤʠ ʨʝʛʦʣʠʪʘ. 
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ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ɺʃʀʗʅʀɽ ɹʋʌɽʈʅʆɻʆ ʉʃʆʗ FE-CR-AL ʅɸ 

ʕʌʌɽʂʊʀɺʅʆʉʊʔ ɿɸʑʀʊʅʓʍ ʇʆʂʈʓʊʀʁ ʆʂʉʀɼɸ 

ɸʃʖʄʀʅʀʗ ʇʈʀ ɺɿɸʀʄʆɼɽʁʉʊɺʀʀ ʉ ʇʆʊʆʂʆʄ 

ʉɺʀʅʎɸ 
ɺ ʨʘʙʦʪʝ ʠʟʫʯʘʣʘʩʴ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʟʘʱʠʪʥʳʭ 

ʧʦʢʨʳʪʠʡ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ ʥʘ ʩʪʘʣʠ ʕʇ-823 ʟʘ ʩʯʝʪ ʥʘʥʝʩʝʥʠʷ ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ, 

ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʘʣʶʤʠʥʠʷ ʠ ʢʦʤʧʦʥʝʥʪʦʚ ʩʪʘʣʠ, ʧʝʨʝʜ ʬʦʨʤʠʨʦʚʘʥʠʝʤ 

ʧʦʢʨʳʪʠʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʙʫʬʝʨʥʳʡ ʩʣʦʡ ʧʨʝʧʷʪʩʪʚʫʝʪ ʢʦʨʨʦʟʠʠ ʠ 

ʦʢʩʠʜʠʨʦʚʘʥʠʶ ʩʪʘʣʠ ʚ ʧʦʪʦʢʝ ʩʚʠʥʮʘ ʧʨʠ ʩʣʫʯʘʡʥʦʤ ʤʝʭʘʥʠʯʝʩʢʦʤ 

ʧʦʚʨʝʞʜʝʥʠʠ ʧʦʢʨʳʪʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʥʘʣʠʯʠʝ ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ ʟʘʤʝʜʣʷʝʪ 

ʧʨʦʥʠʢʥʦʚʝʥʠʝ ʞʝʣʝʟʘ ʠʟ ʩʪʘʣʠ ʚ ʧʦʢʨʳʪʠʝ. 

S.M. MUROMSKIY, A.E. EVSIN, I.E. KONDRATIEV,  

L.B. BEGRAMBEKOV  
National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

EFFECT OF A BUFFER LAYER FE -CR-AL ON THE 

EFFICIENC Y OF ALUMINUM OXIDE PROTECTIVE 

COATING IN INTERACTION  WITH A LEAD FLOW  

In this work, we studied the possibility of increasing the efficiency of aluminum 

oxide protective coatings on EP-823 steel by applying a buffer layer consisted of 

aluminum and steel components before the coating deposition. It is shown that the 

buffer layer prevents corrosion and oxidation of steel in the lead flow in case of 

accidental mechanical damage of the coating. In addition, the presence of the buffer 

layer slows down the penetration of iron atoms from steel into the coating. 

 ʉʪʘʣʴʥʳʝ ʦʙʦʣʦʯʢʠ ʊɺʕʃʦʚ ʨʝʘʢʪʦʨʦʚ ʩʦ ʩʚʠʥʮʦʚʳʤ 

ʪʝʧʣʦʥʦʩʠʪʝʣʝʤ ʢʦʨʨʦʜʠʨʫʶʪ ʚ ʧʦʪʦʢʝ ʩʚʠʥʮʘ (ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ 

ʢʠʩʣʦʨʦʜʘ ʚ ʪʝʧʣʦʥʦʩʠʪʝʣʝ ʉʆ ~ (10-8 ï 10-7) wt.%) ʠ ʠʥʪʝʥʩʠʚʥʦ 

ʦʢʩʠʜʠʨʫʶʪʩʷ (ʧʨʠ ʉʆ >10-6 wt.%). ɼʣʷ ʠʭ ʟʘʱʠʪʳ ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ 

ʤʝʪʦʜʳ ʥʘʥʝʩʝʥʠʷ ʧʦʢʨʳʪʠʡ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ. ʕʪʠ ʧʦʢʨʳʪʠʷ 

ʠʟʚʝʩʪʥʳ ʩʚʦʝʡ ʩʪʦʡʢʦʩʪʴʶ ʢ ʢʦʨʨʦʟʠʠ ʠ ʦʢʩʠʜʠʨʦʚʘʥʠʶ ʚ ʧʦʪʦʢʝ 

ʩʚʠʥʮʘ ʠ ʭʦʨʦʰʦ ʟʘʱʠʱʘʶʪ ʩʪʘʣʴ. ʆʜʥʘʢʦ ʠʭ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʦʛʨʘʥʠʯʝʥʘ ʦʪʩʫʪʩʪʚʠʝʤ ʩʧʦʩʦʙʥʦʩʪʠ ʢ ʩʘʤʦʚʦʩʩʪʘʥʦʚʣʝʥʠʶ ʧʨʠ 

ʩʣʫʯʘʡʥʳʭ ʧʦʚʨʝʞʜʝʥʠʷʭ. ɺ ʵʪʦʡ ʨʘʙʦʪʝ ʠʟʫʯʘʣʘʩʴ ʚʦʟʤʦʞʥʦʩʪʴ 
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ʧʦʚʳʰʝʥʠʷ ʥʘʜʝʞʥʦʩʪʠ ʧʦʢʨʳʪʠʡ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ ʟʘ ʩʯʝʪ ʩʦʟʜʘʥʠʷ 

ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ, ʩʦʩʪʦʷʱʝʛʦ ʠʟ Fe, Cr ʠ Al, ʧʝʨʝʜ ʥʘʥʝʩʝʥʠʝʤ ʧʦʢʨʳʪʠʷ. 

ɺ ʢʘʯʝʩʪʚʝ ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʯʝʪʚʝʨʪʥʳʝ ʩʝʛʤʝʥʪʳ ʪʨʫʙʢʠ 

ʩʪʘʣʠ ʕʇ-823 (ʜʠʘʤʝʪʨ 9.8 ʤʤ, ʪʦʣʱʠʥʘ ʩʪʝʥʢʠ 0.5 ʤʤ) ʜʣʠʥʦʡ 8 ʤʤ. 

ɹʫʬʝʨʥʳʝ ʩʣʦʠ ʥʘʧʳʣʷʣʠʩʴ ʚ ʘʨʛʦʥʦʚʦʡ ʧʣʘʟʤʝ ʨʘʟʨʷʜʘ ʩ ʥʘʢʘʣʴʥʳʤ 

ʢʘʪʦʜʦʤ. ɺ ʧʨʦʮʝʩʩʝ ʥʘʧʳʣʝʥʠʷ ʧʦʩʪʝʧʝʥʥʦ ʫʤʝʥʴʰʘʣʩʷ ʧʦʪʦʢ 

ʨʘʩʧʳʣʷʝʤʳʭ ʩʦ ʩʪʘʣʴʥʳʭ ʤʠʰʝʥʝʡ ʘʪʦʤʦʚ ʥʘ ʦʙʨʘʟʝʮ ʠ ʫʚʝʣʠʯʠʚʘʣʩʷ 

ʧʦʪʦʢ ʘʪʦʤʦʚ Al. ʇʦʢʨʳʪʠʷ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ ʥʘʧʳʣʷʣʠʩʴ ʚ ʧʣʘʟʤʝ 

ʩʦʩʪʘʚʘ Ar+7ʘʪ.%O2 ʠ Ar+15ʘʪ.%O2. ʊʦʣʱʠʥʘ ʧʦʢʨʳʪʠʡ ʠ ʙʫʬʝʨʥʳʭ 

ʩʣʦʝʚ ʩʦʩʪʘʚʣʷʣʘ Ғ1 ʤʢʤ.  

ʆʙʨʘʟʮʳ ʠʩʧʳʪʳʚʘʣʠʩʴ ʚ ʧʦʪʦʢʝ ʩʚʠʥʮʘ (v = 1 ʤ/ʩ, ʊ = 600 Áʉ, t = 500 

ʯ) ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ ʘʨʛʦʥʘ ʚ ʢʘʤʝʨʝ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ 

ʦʪʢʘʯʘʥʥʦʡ ʜʦ P = 10-2 ʊʦʨʨ. ɼʦ ʠ ʧʦʩʣʝ ʠʩʧʳʪʘʥʠʡ ʦʙʨʘʟʮʳ 

ʘʥʘʣʠʟʠʨʦʚʘʣʘʩʴ ʥʘ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ Tescan Vega 3 ʩ ʕɼʉ-

ʧʨʠʩʪʘʚʢʦʡ INCA-xAct. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩʪʘʣʴ ʙʝʟ ʧʦʢʨʳʪʠʷ ʧʦʜʚʝʨʛʣʘʩʴ 

ʟʥʘʯʠʪʝʣʴʥʳʤ ʢʦʨʨʦʟʠʦʥʥʳʤ ʧʦʚʨʝʞʜʝʥʠʷʤ ʩʦ ʩʪʦʨʦʥʳ ʧʦʪʦʢʘ ʩʚʠʥʮʘ. 

ʉʦʜʝʨʞʘʥʠʝ ʢʠʩʣʦʨʦʜʘ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʦʙʣʘʩʪʠ ʩʪʘʣʠ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʠʩʧʳʪʘʥʠʡ ʫʚʝʣʠʯʠʣʦʩʴ ʩ 2-3 ʘʪ.% ʜʦ 70-75 ʘʪ.%, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ 

ʦʙ ʦʢʩʠʜʠʨʦʚʘʥʠʠ ʩʪʘʣʠ ʢʠʩʣʦʨʦʜʦʤ, ʨʘʩʪʚʦʨʝʥʥʳʤ ʚ ʨʘʩʧʣʘʚʝ ʩʚʠʥʮʘ.  

ʇʦʢʨʳʪʠʝ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ, ʥʘʧʳʣʝʥʥʦʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʩʪʘʣʴ, 

ʚ ʮʝʣʦʤ ʧʨʦʷʚʠʣʦ ʩʪʦʡʢʦʩʪʴ ʢ ʚʦʟʜʝʡʩʪʚʠʶ ʩʚʠʥʮʘ. ʆʜʥʘʢʦ, 

ʩʦʦʪʥʦʰʝʥʠʝ Fe/Al  ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʦʙʣʘʩʪʠ ʦʙʨʘʟʮʦʚ ʚ ʭʦʜʝ 

ʠʩʧʳʪʘʥʠʡ ʫʚʝʣʠʯʠʣʦʩʴ ʩ 0.1 ʜʦ 0.7, ʫʢʘʟʳʚʘʷ ʥʘ ʧʨʦʥʠʢʥʦʚʝʥʠʝ ʞʝʣʝʟʘ 

ʠʟ ʩʪʘʣʠ ʚ ʧʦʢʨʳʪʠʝ. ʂʨʦʤʝ ʪʦʛʦ, ʥʘ ʪʝʭ ʫʯʘʩʪʢʘʭ ʧʦʚʝʨʭʥʦʩʪʠ, ʛʜʝ 

ʧʦʢʨʳʪʠʝ ʙʳʣʦ ʤʝʭʘʥʠʯʝʩʢʠ ʧʦʚʨʝʞʜʝʥʦ, ʥʘʙʣʶʜʘʣʠʩʴ ʩʣʝʜʳ 

ʢʦʨʨʦʟʠʠ.  

ɽʩʣʠ ʧʝʨʝʜ ʥʘʧʳʣʝʥʠʝʤ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ ʥʘ ʩʪʘʣʴ ʥʘʥʦʩʠʣʩʷ 

ʙʫʬʝʨʥʳʡ ʩʣʦʡ, ʪʦ ʩʣʫʯʘʡʥʦʝ ʤʝʭʘʥʠʯʝʩʢʦʝ ʧʦʚʨʝʞʜʝʥʠʝ ʦʢʩʠʜʥʦʛʦ 

ʧʦʢʨʳʪʠʷ ʦʙʥʘʞʘʣʦ ʫʯʘʩʪʦʢ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʙʫʬʝʨʥʳʤ ʩʣʦʝʤ, ʢʦʪʦʨʳʡ 

ʥʝ ʢʦʨʨʦʜʠʨʦʚʘʣ ʚ ʧʦʪʦʢʝ ʩʚʠʥʮʘ. ʉʦʦʪʥʦʰʝʥʠʝ Fe/Al  ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʡ 

ʦʙʣʘʩʪʠ ʵʪʠʭ ʦʙʨʘʟʮʦʚ ʚʳʨʦʩʣʦ ʥʝʟʥʘʯʠʪʝʣʴʥʦ (ʩ 0.1 ʜʦ 0.2), 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʙʫʬʝʨʥʳʡ ʩʣʦʡ ʧʦʜʘʚʣʷʝʪ ʜʠʬʬʫʟʠʶ ʞʝʣʝʟʘ ʠʟ ʩʪʘʣʠ ʚ 

ʧʦʢʨʳʪʠʝ. 

ʇʨʠ ʠʩʧʳʪʘʥʠʷʭ ʦʙʨʘʟʮʦʚ ʩ ʙʫʬʝʨʥʳʤ ʩʣʦʝʤ (ʙʝʟ ʧʦʢʨʳʪʠʷ) 

ʩʦʜʝʨʞʘʥʠʝ ʢʠʩʣʦʨʦʜʘ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʦʙʣʘʩʪʠ ʫʚʝʣʠʯʠʣʦʩʴ ʩ 3-4 ʘʪ.% 

ʜʦ 25-26 ʘʪ.%, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ, ʯʝʤ ʜʣʷ ʩʪʘʣʠ ʙʝʟ ʧʦʢʨʳʪʠʷ. 

ʇʨʠ ʵʪʦʤ ʩʦʦʪʥʦʰʝʥʠʝ Fe/Al  ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʫʤʝʥʴʰʠʣʦʩʴ ʩ 4.5 ʜʦ 3.6. 
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ɹʳʣ ʩʜʝʣʘʥ ʚʳʚʦʜ, ʯʪʦ ʧʨʠ ʢʦʥʪʘʢʪʝ ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ ʩʦ ʩʚʠʥʮʦʤ, 

ʩʦʜʝʨʞʘʱʠʤ ʢʠʩʣʦʨʦʜ, ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʬʦʨʤʠʨʫʝʪʩʷ ʩʣʦʡ, 

ʦʙʦʛʘʱʝʥʥʳʡ ʦʢʩʠʜʦʤ ʘʣʶʤʠʥʠʷ, ʢʦʪʦʨʳʡ ʧʨʝʧʷʪʩʪʚʫʝʪ ʜʘʣʴʥʝʡʰʝʤʫ 

ʦʢʩʠʜʠʨʦʚʘʥʠʶ ʩʪʘʣʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʫʬʝʨʥʳʡ ʩʣʦʡ Fe-Cr-Al  ʩʧʦʩʦʙʝʥ ʟʘʱʠʪʠʪʴ 

ʦʙʦʣʦʯʢʫ ʊɺʕʃʘ ʦʪ ʢʦʨʨʦʟʠʠ ʠ ʦʢʩʠʜʠʨʦʚʘʥʠʷ ʚ ʩʚʠʥʮʝ ʚ ʩʣʫʯʘʝ 

ʧʦʚʨʝʞʜʝʥʠʷ ʧʦʢʨʳʪʠʷ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ. ʇʨʠʤʝʥʝʥʠʝ ʟʘʱʠʪʥʦʛʦ 

ʧʦʢʨʳʪʠʷ ʩ ʙʫʬʝʨʥʳʤ ʩʣʦʝʤ ʫʚʝʣʠʯʠʪ ʨʝʩʫʨʩ ʦʙʦʣʦʯʝʢ ʊɺʕʃʦʚ ʠ 

ʛʣʫʙʠʥʫ ʚʳʛʦʨʘʥʠʷ ʪʦʧʣʠʚʘ. 
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ʄ.ɸ. ʂʆɺʊʋʅ, ɸ.ɺ. ʇʈʆʂʆʇɽʅʂʆ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ʈɸɿʈɸɹʆʊʂɸ ʄʆʑʅʆɻʆ ɹɸʂʊɽʈʀʎʀɼʆɻʆ  

ʈɽʎʀʈʂʋʃʗʊʆʈɸ ʅɸ ʆʉʅʆɺɽ ʉɺʏ ʈɸɿʈʗɼɸ 
ʇʨʝʜʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʉɺʏ ʨʘʟʨʷʜʳ ʜʣʷ ʧʦʫʯʝʥʠʷ ʤʦʱʥʳʭ ʠʩʪʦʯʥʠʢʦʚ 

ʋʌ-ʠʟʣʫʯʝʥʠʷ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʧʨʠʤʝʥʷʪʴ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʦʱʥʳʭ 

ʙʘʢʪʝʨʠʮʠʜʥʳʭ ʨʝʮʠʨʢʫʣʷʪʦʨʦʚ ʚʦʟʜʫʭʘ. ʇʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʪʝʭʥʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʛʦ ʨʝʮʠʨʢʫʣʷʪʦʨʘ ʚʦʟʜʫʭʘ. ɺʳʧʦʣʥʝʥ ʨʘʩʯʝʪ ʠ 

ʨʘʟʨʘʙʦʪʘʥʘ ʢʦʥʩʪʨʫʢʮʠʷ ʨʝʟʦʥʘʪʦʨʥʦʡ ʨʘʙʦʯʝʡ ʢʘʤʝʨʳ ʜʣʷ ʧʦʜʞʠʛʘ ʠ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʛʦʨʝʥʠʷ ʉɺʏ ʨʘʟʨʷʜʘ ʚ ʧʘʨʘʭ ʨʪʫʪʠ.   

M.ɸ. KOVTUN, A.V. PROKOPENKO 
National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

DEVEL OPMENT OF POWERFUL BACTERICIDAL  

MICROWAVE DISCHARGE RECIRCULATOR  

It is proposed to use microwave discharges to produce powerful sources of UV 

radiation, which can be used to create powerful bactericidal air recirculators. The 

technical characteristics of the developed air recirculator were evaluated. The design 

of  resonator working chamber for ignition and efficient combustion of the microwave 

discharge in mercury vapor is calculated and developed. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʜʥʦʡ ʠʟ ʤʝʨ ʧʨʦʬʠʣʘʢʪʠʢʠ ʙʦʨʴʙʳ ʩ ʚʠʨʫʩʘʤʠ 

ʠ ʙʘʢʪʝʨʠʘʣʴʥʳʤʠ ʠʥʬʝʢʮʠʷʤʠ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʙʘʢʪʝʨʠʮʠʜʥʳʭ 

ʋʌ ʨʝʮʠʨʢʫʣʷʪʦʨʦʚ ʚʦʟʜʫʭʘ ʚ ʤʝʩʪʘʭ ʩ ʙʦʣʴʰʠʤ ʩʢʦʧʣʝʥʠʝʤ ʣʶʜʝʡ. 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʨʝʮʠʨʢʫʣʷʪʦʨʦʚ ʚʦʟʜʫʭʘ ʪʨʘʜʠʮʠʦʥʥʦ ʧʨʠʤʝʥʷʶʪ 

ʢʚʘʨʮʝʚʳʝ ʵʣʝʢʪʨʦʜʥʳʝ ʨʘʟʨʷʜʥʳʝ ʣʘʤʧʳ ʩ ʨʪʫʪʥʳʤ ʟʘʧʦʣʥʝʥʠʝʤ ʩ 

ʧʦʪʨʝʙʣʷʝʤʦʡ ʤʦʱʥʦʩʪʴʶ ʜʦ 60 ɺʪ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʵʥʝʨʛʠʠ ʚ ʋʌ ʠʟʣʫʯʝʥʠʝ ʜʦ 30 %.  ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʜʣʷ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʨʝʮʠʨʢʫʣʷʪʦʨʘ ʙʝʟ ʵʣʝʢʪʨʦʜʥʳʡ ʤʠʢʨʦʚʦʣʥʦʚʳʡ 

ʨʘʟʨʷʜ ʚ ʧʘʨʘʭ ʨʪʫʪʠ ʤʘʣʦʛʦ ʜʘʚʣʝʥʠʷ ʩ ʧʦʪʨʝʙʣʷʝʤʦʡ ʉɺʏ ʤʦʱʥʦʩʪʴʶ 

ʜʦ 900 ɺʪ. ɺʳʧʦʣʥʝʥʥʳʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʝ ʦʮʝʥʢʠ ʧʘʨʘʤʝʪʨʦʚ 

ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʛʦ ʧʨʠʙʦʨʘ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʣʦʪʥʦʩʪʴ ʧʦʪʦʢʘ ʋʌ 

ʠʟʣʫʯʝʥʠʷ ʙʫʜʝʪ ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ ʧʨʝʚʦʩʭʦʜʠʪʴ ʠʩʧʦʣʴʟʫʝʤʳʝ ʨʘʟʨʷʜʥʳʝ 

ʣʘʤʧʳ, ʩʨʦʢ ʩʣʫʞʙʳ ʙʝʟ ʵʣʝʢʪʨʦʜʥʦʡ ʣʘʤʧʳ ʚ 2-3 ʨʘʟʘ ʙʦʣʴʰʝ ʯʝʤ ʫ 

ʵʣʝʢʪʨʦʜʥʦʡ ʣʘʤʧʳ ʠ ʦʙʲʝʤ ʦʙʨʘʙʘʪʳʚʘʝʤʦʛʦ ʧʦʤʝʱʝʥʠʷ ʪʘʢʞʝ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʘ ʧʦʨʷʜʦʢ. 

ɺʳʧʦʣʥʝʥʘ ʨʘʟʨʘʙʦʪʢʘ ʢʦʥʩʪʨʫʢʮʠʠ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʨʝʮʠʨʢʫʣʷʪʦʨʘ   

ʚʦʟʜʫʭʘ ʥʘ ʦʩʥʦʚʝ ʉɺʏ ʨʘʟʨʷʜʘ ʚ ʧʘʨʘʭ ʨʪʫʪʠ ʤʘʣʦʛʦ ʜʘʚʣʝʥʠʷ ʩ 
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ʧʦʪʨʝʙʣʷʝʤʦʡ ʉɺʏ ʤʦʱʥʦʩʪʴʶ ʜʦ 900 ɺʪ. ʇʨʝʜʣʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ 

ʢʘʯʝʩʪʚʝ ʨʘʙʦʯʝʡ ʢʘʤʝʨʳ ʉɺʏ-ʨʝʮʠʨʢʫʣʷʪʦʨʘ  ʨʝʟʦʥʘʪʦʨʥʦʡ ʨʘʙʦʯʝʡ 

ʢʘʤʝʨʳ ʥʘ ʦʩʥʦʚʝ ʜʚʫʭʧʨʦʚʦʜʥʦʡ ʣʠʥʠʠ ʩ ʨʘʟʤʝʱʝʥʠʝʤ ʢʚʘʨʮʝʚʦʡ 

ʨʘʟʨʷʜʥʦʡ ʢʦʣʙʳ ʤʝʞʜʫ ʝʸ ʵʣʝʢʪʨʦʜʘʤʠ. ʏʠʩʣʝʥʥʳʤʠ ʤʝʪʦʜʘʤʠ 

ʧʨʦʚʝʜʝʥ ʨʘʩʯʝʪ ʨʝʟʦʥʘʪʦʨʥʦʡ ʨʘʙʦʯʝʡ ʢʘʤʝʨʳ ʩ ʢʚʘʨʮʝʚʦʡ ʢʦʣʙʦʡ ʥʘ 

ʯʘʩʪʦʪʫ 2460 ʄɻʮ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʊɽʄ ʚʦʣʥʝ ʩ ʧʷʪʴʶ ʚʘʨʠʘʮʠʷʤʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʤʝʞʫ ʵʣʝʢʪʨʦʜʘʤʠ ʜʚʫʭ ʧʨʦʚʦʜʥʦʡ ʣʠʥʠʠ.  ʉʦʙʩʪʚʝʥʥʘʷ ʜʦʙʨʦʪʥʦʩʪʴ 

ʨʝʟʦʥʘʪʦʨʘ ʚ ʩʣʫʯʘʝ ʠʟʛʦʪʦʚʣʝʥʠʷ ʵʣʝʢʪʨʦʜʦʚ ʠʟ ʤʝʜʠ ʙʫʜʝʪ ʧʨʝʚʳʰʘʪʴ 

6000.  ʇʨʦʚʝʜʝʥʥʳʝ ʨʘʩʯʝʪʳ ʧʦʢʘʟʳʚʘʶʪ,  ʯʪʦ ʥʘʧʨʷʞʝʥʥʦʩʪʴ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʤʝʩʪʝ ʨʘʟʤʝʱʝʥʠʷ ʢʚʘʨʮʝʚʦʡ ʢʦʣʙʳ ʙʫʜʝʪ 

ʜʦʩʪʠʛʘʪʴ 1 ʢɺ/ʩʤ ʫʞʝ ʧʨʠ ʤʦʱʥʦʩʪʠ 200 ɺʪ ʧʦʩʪʫʧʘʶʱʠʭ ʚ ʨʝʟʦʥʘʪʦʨ 

ʠ ʉɺʏ-ʨʘʟʨʷʜ ʙʫʜʝʪ ʟʘʞʠʛʘʪʴʩʷ ʚ ʙʫʬʝʨʥʦʤ ʛʘʟʝ (ʘʨʛʦʥ) ʧʨʠ ʜʘʚʣʝʥʠʠ 1 

ʤʤ.ʨʪ.ʩʪ. 

ʈʘʟʨʘʙʦʪʘʥʘ ʩʠʩʪʝʤʘ ʉɺʏ-ʧʠʪʘʥʠʷ ʨʝʟʦʥʘʪʦʨʥʦʡ ʨʘʙʦʯʝʡ ʢʘʤʝʨʳ 

ʠʩʪʦʯʥʠʢʘ ʋʌ ʠʟʣʫʯʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʤʘʛʥʝʪʨʦʥʘ LG 2M214 ʤʦʱʥʦʩʪʴʶ 

900 ɺʪ ʩ ʠʩʪʦʯʥʠʢʦʤ ʘʥʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʪʨʘʥʩʬʦʨʤʘʪʦʨʥʦʛʦ ʪʠʧʘ. 

ɺʳʧʦʣʥʝʥ ʨʘʩʯʝʪ ʚʦʣʥʦʚʦʜʥʦʛʦ ʫʟʣʘ ʚʚʦʜʘ ʤʦʱʥʦʩʪʠ ʚ ʨʝʟʦʥʘʪʦʨʥʫʶ 

ʨʘʙʦʯʫʶ ʢʘʤʝʨʫ ʥʘ  ʥʘʯʘʣʴʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʩʚʷʟʠ ʜʣʷ ʚʦʣʥʦʚʦʜʘ 

ʩʝʯʝʥʠʝʤ 86ʤʤĬ15ʤʤ. ʐʠʨʠʥʘ ʦʢʥʘ ʚʚʦʜʘ ʤʦʱʥʦʩʪʠ ʨʘʩʧʦʣʘʛʘʝʤʦʛʦ ʥʘ 

ʪʦʨʮʝʚʦʡ ʩʪʝʥʢʝ ʢʘʤʝʨʳ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ ʚ ʥʘʯʘʣʴʥʦʤ ʨʝʞʠʤʝ 

ʧʝʨʝʩʚʷʟʠ ʩʦʩʪʘʚʠʪ 30 ʤʤ. ʆʙʱʘʷ ʧʦʪʨʝʙʣʷʝʤʘʷ ʦʪ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʝʪʠ 

ʤʦʱʥʦʩʪʴ ʉɺʏ-ʩʠʩʪʝʤʳ ʧʠʪʘʥʠʷ ʥʝ ʧʨʝʚʳʩʠʪ 1,5 ʢɺʪ. 

ɺ ʨʘʙʦʪʝ ʦʧʨʝʜʝʣʝʥʳ ʧʫʪʠ ʨʝʰʝʥʠʷ  ʨʷʜʘ ʠʥʞʝʥʝʨʥʳʭ ʠ 

ʢʦʥʩʪʨʫʢʪʦʨʩʢʠʭ ʟʘʜʘʯ. ɺʳʧʦʣʥʝʥʳ ʦʮʝʥʦʯʥʳʝ ʨʘʩʯʝʪʳ ʩʦʜʝʨʞʘʥʠʷ 

ʨʪʫʪʠ ʚ  ʙʝʟ ʵʣʝʢʪʨʦʜʥʦʡ ʢʚʘʨʮʝʚʦʡ ʢʦʣʙʝ ʩʚʷʟʘʥʥʳʝ ʩ ʝʝ ʪʝʧʣʦʚʳʤ 

ʨʝʞʠʤʦʤ. ʆʧʨʝʜʝʣʝʥʘ ʤʦʱʥʦʩʪʴ ʠ ʢʦʥʩʪʨʫʢʮʠʷ ʩʠʩʪʝʤʳ ʧʨʦʜʫʚʘ 

ʦʙʝʟʟʘʨʘʞʠʚʘʝʤʦʛʦ ʚʦʟʜʫʭʘ. ʆʧʨʝʜʝʣʝʥʳ ʦʞʠʜʘʝʤʳʝ ʪʝʭʥʠʯʝʩʢʠʝ ʠ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʛʦ ʧʨʠʙʦʨʘ.  

ʈʘʩʩʤʦʪʨʝʥʳ ʚʦʟʤʦʞʥʳʝ ʩʧʦʩʦʙʳ  ʙʦʨʴʙʳ ʩ ʦʙʨʘʟʫʶʱʠʤʩʷ ʚ 

ʨʝʮʠʨʢʫʣʷʪʦʨʝ ʦʟʦʥʦʤ. ʇʨʦʠʟʚʝʜʝʥʘ ʦʮʝʥʦʯʥʘʷ ʢʘʣʴʢʫʣʷʮʠʷ ʩʪʦʠʤʦʩʪʠ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʧʳʪʥʦʛʦ ʦʙʨʘʟʮʘ ʤʦʱʥʦʛʦ 

ʙʘʢʪʝʨʠʮʠʜʥʦʛʦ ʨʝʮʠʨʢʫʣʷʪʦʨʘ ʥʘ ʦʩʥʦʚʝ ʉɺʏ-ʨʘʟʨʷʜʘ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʟʨʘʙʦʪʘʥ ʧʨʦʝʢʪ ʩʦʟʜʘʥʠʷ ʤʦʱʥʦʛʦ 

ʙʘʢʪʝʨʠʮʠʜʥʦʛʦ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʨʝʮʠʨʢʫʣʷʪʦʨʘ ʥʘ ʦʩʥʦʚʝ ʙʝʟ 

ʵʣʝʢʪʨʦʜʥʦʛʦ ʤʠʢʨʦʚʦʣʥʦʚʳʡ ʨʘʟʨʷʜ ʚ ʧʘʨʘʭ ʨʪʫʪʠ, ʦʮʝʥʝʥʳ ʝʛʦ 

ʚʦʟʤʦʞʥʳʝ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ  ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʧʦʢʘʟʘʥʘ ʪʝʭʥʠʯʝʩʢʘʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʜʘʥʥʦʛʦ ʧʨʠʙʦʨʘ.  
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ʂ.ɸ. ʈʆɻʆɿʀʅ1, ʄ.ʅ. ʉʆʂʆʃʆɺ2, ɺ.ʉ. ʂɺɸʉʂʆɺ1, ʉ.ɺ. 

ɹɽʃʆʋʉʆɺ1 1ɸ.ɸ. ʂʆʅʔʂʆɺ, ʉ.ɼ. ʌɽɼʆʈʆɺʀʏ1, ɺ.ʇ. 

ɹʋɼɸɽɺ1 

1ʌɻɹʆʋ ɺʆ çʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʕʀè, 

ʄʦʩʢʚʘ,  
2ʌɻɹʆʋ ɺʆ ʗʨɻʋ ʠʤ. ɼʝʤʠʜʦʚʘ, ʗʨʦʩʣʘʚʣʴ 

ʇʆʈʊɸʊʀɺʅʓʁ ʇʃɸɿʄʆʊʈʆʅ ɼʃʗ ʆɹʈɸɹʆʊʂʀ 

ɹʓʊʆɺʓʍ ʀ ʄɽɼʀʎʀʅʉʂʀʍ ʇʆɺɽʈʍʅʆʉʊɽʁ 

ʅʀɿʂʆʊɽʄʇɽʈɸʊʋʈʅʆʁ ʇʃɸɿʄʆʁ 
ʇʨʝʜʣʦʞʝʥʦ ʫʩʪʨʦʡʩʪʚʦ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʙʳʪʦʚʳʭ ʠ ʤʝʜʠʮʠʥʩʢʠʭ 

ʧʦʚʝʨʭʥʦʩʪʝʡ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʦʡ ʜʣʷ ʜʝʟʠʥʬʝʢʮʠʠ ʠ ʘʢʪʠʚʘʮʠʠ. 

ʈʘʩʩʤʦʪʨʝʥʦ ʚʦʟʜʝʡʩʪʚʠʝ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʳ, ʛʝʥʝʨʠʨʫʝʤʦʡ ʨʘʟʨʷʜʦʤ 

ʩʦ ʩʢʦʣʴʟʷʱʝʡ ʜʫʛʦʡ, ʥʘ ʨʘʟʣʠʯʥʳʝ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʧʘʨʘʤʝʪʨʦʚ 

ʧʣʘʟʤʳ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʘʢʪʠʚʘʮʠʠ ʠ ʜʝʟʠʥʬʝʢʮʠʠ ʨʘʟʣʠʯʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ. 
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PORTABLE PLASMA TORCH FOR LOW -

TEMPERATURE PLASMA TREATMENT OF HOUSEHOLD 

AND MEDICAL SURFACES  
A device for treating household and medical surfaces with low-temperature 

plasma for disinfection and activation is proposed. The effect of low-temperature 

plasma generated by a sliding arc discharge on various surfaces is considered. The 

plasma parameters required for activation and disinfection of various surfaces were 

evaluated. 

ɺ ʧʝʨʠʦʜ ʧʘʥʜʝʤʠʠ Covid-19 ʚʘʞʥʦ ʫʜʝʣʠʪʴ ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ 

ʚʦʧʨʦʩʘʤ ʜʝʟʠʥʬʝʢʮʠʠ ʦʢʨʫʞʘʶʱʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʜʣʷ ʩʥʠʞʝʥʠʷ 

ʫʨʦʚʥʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʟʘʙʦʣʝʚʘʥʠʡ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʠʟʚʝʩʪʥʦ, ʯʪʦ 

Covid-19 ʧʝʨʝʜʘʝʪʩʷ ʚʦʟʜʫʰʥʦ-ʢʘʧʝʣʴʥʳʤ ʠ ʢʦʥʪʘʢʪʥʳʤ ʧʫʪʸʤ. ʂʘʧʣʠ 

ʩʦʜʝʨʞʘʱʠʝ ʚʠʨʫʩʳ, ʦʩʝʚʰʠʝ ʥʘ ʙʳʪʦʚʳʝ ʧʦʚʝʨʭʥʦʩʪʠ, ʩʧʦʩʦʙʥʳ 

ʩʦʭʨʘʥʷʪʴ ʞʠʟʥʝʩʧʦʩʦʙʥʦʩʪʴ ʝʱʸ ʜʣʠʪʝʣʴʥʦʝ ʚʨʝʤʷ ʠ ʠʥʬʠʮʠʨʦʚʘʪʴ 

ʣʶʜʝʡ ʚ ʩʣʫʯʘʝ ʧʨʠʢʦʩʥʦʚʝʥʠʷ [1]. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʚʦʟʜʝʡʩʪʚʠʝ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʳ ʧʦʟʚʦʣʷʝʪ ʘʢʪʠʚʠʨʦʚʘʪʴ [2] ʠ 

ʜʝʟʠʥʬʠʮʠʨʦʚʘʪʴ [3] ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʙʘʪʳʚʘʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʉʦʚʤʝʩʪʥʦʝ ʜʝʡʩʪʚʠʝ ʧʣʘʟʤʝʥʥʦʡ ʘʢʪʠʚʘʮʠʠ ʠ ʜʝʟʠʥʬʝʢʮʠʠ 
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ʧʦʚʝʨʭʥʦʩʪʝʡ ʧʦʟʚʦʣʠʪ ʧʦʣʫʯʠʪʴ ʜʝʟʠʥʬʠʮʠʨʫʶʱʠʝ ʩʚʦʡʩʪʚʘ ʧʦʩʣʝ 

ʦʙʨʘʙʦʪʢʠ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʦʡ. ʂʨʦʤʝ ʪʦʛʦ, ʝʩʣʠ ʩʯʠʪʘʪʴ, ʯʪʦ 

ʚʠʨʫʩʳ, ʧʝʨʝʜʘʶʪʩʷ ʢʘʧʝʣʴʥʳʤ ʧʫʪʝʤ ʠ ʚʳʞʠʚʘʶʪ ʪʦʣʴʢʦ ʚ ʢʘʧʣʷʭ, ʪʦ 

ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʛʠʜʨʦʬʠʣʴʥʳʝ ʧʦʚʝʨʭʥʦʩʪʠ, ʥʘ ʢʦʪʦʨʳʭ 

ʢʘʧʣʷ ʠʩʧʘʨʷʝʪʩʷ ʙʳʩʪʨʝʝ [4]. ʊʘʢʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ 

ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʠʭ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʦʡ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʧʣʘʟʤʘ ʛʝʥʝʨʠʨʫʝʪʩʷ ʚ 

ʧʦʨʪʘʪʠʚʥʦʤ ʧʣʘʟʤʦʪʨʦʥʝ [5] ʩ ʨʘʟʨʷʜʦʤ ʩʦ ʩʢʦʣʴʟʷʱʝʡ ʜʫʛʦʡ [6].  

ʇʘʨʘʤʝʪʨʳ ʧʦʨʪʘʪʠʚʥʦʛʦ ʧʣʘʟʤʦʪʨʦʥʘ: ʥʘʧʨʷʞʝʥʠʝ ʧʠʪʘʥʠʷ 220 

ʚʦʣʴʪ, ʤʘʩʩʘ 1 ʢʛ, ʥʘʧʨʷʞʝʥʠʝ ʨʘʟʨʷʜʘ 6 ʢɺ, ʪʦʢ ʨʘʟʨʷʜʘ 100 ʤɸ, ʯʘʩʪʦʪʘ 

80 ʢɻʮ, ʨʘʙʦʯʠʡ ʛʘʟ ï ʚʦʟʜʫʭ, ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʨʘʙʦʯʝʛʦ ʛʘʟʘ 3-7.5 ʤ/ʩ. 

ɻʘʙʘʨʠʪʳ ʫʩʪʘʥʦʚʢʠ: ʀʩʪʦʯʥʠʢ ʧʠʪʘʥʠʷ 300ʭ80ʭ100 ʤʤ, ʨʘʟʨʷʜʥʘʷ 

ʢʘʤʝʨʘ 190ʭ90ʭ60 ʤʤ. ɺʦ ʚʨʝʤʷ ʦʙʨʘʙʦʪʢʠ ʚʦʟʤʦʞʥʘ ʠʥʞʝʢʮʠʷ 

ʘʵʨʦʟʦʣʝʡ ʘʢʪʠʚʥʳʭ ʚʝʱʝʩʪʚ, ʧʦʣʫʯʝʥʥʳʭ ʫʣʴʪʨʘʟʚʫʢʦʚʳʤ ʤʝʪʦʜʦʤ. 

ʀʥʞʝʢʮʠʷ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʥʘ ʚʳʭʦʜʝ ʨʘʟʨʷʜʥʦʡ ʢʘʤʝʨʳ. 

ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʦʙʨʘʙʦʪʢʘ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʧʣʘʟʤʦʡ ʧʦʚʝʨʭʥʦʩʪʝʡ ʨʘʟʣʠʯʥʳʭ ʧʦʣʠʤʝʨʦʚ (ʇɺʍ, ɸɹʉ, ʇʕʊ, 

ʘʣʢʠʜʥʳʡ ʣʘʢ). ɺ ʢʘʯʝʩʪʚʝ ʨʘʙʦʯʝʛʦ ʛʘʟʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚʦʟʜʫʭ. ɺʦ ʚʩʝʭ 

ʩʣʫʯʘʷʭ ʙʳʣʦ ʟʘʬʠʢʩʠʨʦʚʘʥʦ ʫʤʝʥʴʰʝʥʠʝ ʢʨʘʝʚʦʛʦ ʫʛʣʘ 

ʩʤʘʯʠʚʘʝʤʦʩʪʠ. ɺ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʟʷʪʳ 

ʧʦʣʠʤʝʨʳ, ʠʤʝʶʱʠʝ ʙʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʠ 

ʟʘʥʷʚʰʠʝ ʚʘʞʥʦʝ ʤʝʩʪʦ ʚ ʙʳʪʫ. ʇʨʦʚʝʜʝʥ ʵʢʩʧʝʨʠʤʝʥʪ ʧʦ ʦʙʨʘʙʦʪʢʝ 

ʙʘʢʪʝʨʠʡ e.coli ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʦʡ. ɺ ʢʘʯʝʩʪʚʝ ʨʘʙʦʯʝʛʦ ʛʘʟʘ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚʦʟʜʫʭ ʠ ʩʤʝʩʴ ʚʦʟʜʫʭʘ ʩ ʘʵʨʦʟʦʣʝʤ ʧʝʨʦʢʩʠʜʘ ʚʦʜʦʨʦʜʘ. 

ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʜʝʟʠʥʬʝʢʮʠʠ ʜʘʥʥʳʤ ʫʩʪʨʦʡʩʪʚʦʤ. ʀʩʩʣʝʜʦʚʘʥʦ 

ʚʣʠʷʥʠʝ ʜʦʙʘʚʣʝʥʠʷ ʘʵʨʦʟʦʣʷ H2O2 ʚ ʧʣʘʟʤʫ, ʧʦʢʘʟʘʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʜʘʥʥʦʡ ʤʝʪʦʜʠʢʠ ʜʣʷ ʜʝʟʠʥʬʝʢʮʠʠ ʧʦʚʝʨʭʥʦʩʪʝʡ. ʆʙʨʘʙʦʪʢʘ 

ʧʨʦʚʦʜʠʣʘʩʴ ʧʨʠ ʩʢʦʨʦʩʪʠ ʚʦʟʜʫʭʘ 7.5 ʤ/ʩ. 
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ɺ. ʖ. ʉɸɺʀʅ1,2, ɺ. ɼ. ʇʋʉʊʆɺʀʊʆɺ1, 2 
1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè, 

ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʂʆʅɺɽʈʉʀʗ ʄɸɻʅʀʊʅʆʁ ʕʅɽʈɻʀʀ ʊʆʂɸ ʇʃɸɿʄʓ ɺ 

ʂʀʅɽʊʀʏɽʉʂʋʖ ʕʅɽʈɻʀʖ ʋɹɽɻɸʖʑʀʍ ʕʃɽʂʊʈʆʅʆɺ 

ʇʈʀ ʉʈʓɺɸʍ  ɺ ʊʆʂɸʄɸʂɽ 
ɸʥʘʣʠʟʠʨʫʝʪʩʷ ʢʦʥʚʝʨʩʠʷ ʵʥʝʨʛʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʪʦʢʘ ʧʣʘʟʤʳ ʚ 

ʢʠʥʝʪʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ ʫʙʝʛʘʶʱʠʭ ʵʣʝʢʪʨʦʥʦʚ (ʋʕ) ʚʦ ʚʨʝʤʷ ʬʘʟʳ termination 

ʩʨʳʚʘ ʨʘʟʨʷʜʘ ʚ ʪʦʢʘʤʘʢʝ. ʇʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʥʦʛʦ ʪʦʢʘ ʧʣʘʟʤʳ ʠ 

ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʪʦʢʘ ʚ ʩʪʝʥʢʝ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ ʦʪ ʚʨʝʤʝʥʠ ʧʨʠ ʫʩʣʦʚʠʠ 

ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʛʦ ʩʧʘʜʘ ʪʦʢʘ ʋʕ ʚ ʨʘʤʢʘʭ ʥʫʣʴʤʝʨʥʦʡ ʤʦʜʝʣʠ. ɺ ʨʘʤʢʘʭ 3D-

ʨʘʩʩʤʦʪʨʝʥʠʷ ʧʦʣʫʯʝʥʦ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʠʟʤʝʥʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʋʕ, ʘ 

ʪʘʢʞʝ ʜʣʷ ʧʣʦʩʢʦʛʦ ʧʨʦʬʠʣʷ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʧʣʘʟʤʳ ʧʦʣʫʯʝʥʘ ʦʮʝʥʢʘ ʫʢʘʟʘʥʥʦʡ 

ʢʦʥʚʝʨʩʠʠ. 
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CONVERSION OF THE MAGNETIC ENERGY OF THE 

PLASMA CURRENT INTO THE KINETIC ENERGY OF 

RUNAWAY ELECTRONS DURING DISRUPTIONS IN A 

TOKAMAK  

 
The conversion of the energy of the plasma current magnetic field into the kinetic 

energy of runaway electrons (RE) during the termination phase of the discharge 

disruption in the tokamak is analyzed. The dependences of the total plasma current 

and the induced current in the wall of the vacuum chamber on time have been obtained 

under the condition of an exponential decay of the RE current in the framework of the 

zero-dimensional model. Within the framework of the 3D analysis, an equation for 

the change in the kinetic energy of REs has been obtained, and an estimate of the 

indicated conversion have been received for the flat profile of the plasma current 

density. 

ʆʜʥʦʡ ʠʟ ʤʥʦʛʠʭ ʧʨʠʯʠʥ ʧʦʚʨʝʞʜʝʥʠʡ ʧʝʨʚʦʡ ʩʪʝʥʢʠ ʚʘʢʫʫʤʥʦʡ 

ʢʘʤʝʨʳ ʪʦʢʘʤʘʢʘ ʧʨʠ ʩʨʳʚʘʭ ʷʚʣʷʝʪʩʷ ʙʦʣʴʰʦʡ ʧʦʪʦʢ ʪʝʧʣʦʚʦʡ 

ʵʥʝʨʛʠʠ, ʣʦʢʘʣʴʥʦ ʚʳʙʨʘʩʳʚʘʝʤʳʡ ʥʘ ʩʪʝʥʢʫ ʫʙʝʛʘʶʱʠʤʠ ʵʣʝʢʪʨʦʥʘʤʠ 

ʩ ʚʳʩʦʢʦʡ ʵʥʝʨʛʠʝʡ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ [1, 2], ʯʪʦ ʟʘʧʘʩʝʥʥʘʷ 

ʫʙʝʛʘʶʱʠʤʠ ʵʣʝʢʪʨʦʥʘʤʠ ʵʥʝʨʛʠʷ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 100 ʄɼʞ ʥʘ 
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ʫʩʪʘʥʦʚʢʝ ITER, ʧʨʠʯʝʤ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʝʥʢʠ ʢʘʤʝʨʳ, ʥʘ 

ʢʦʪʦʨʦʡ ʤʦʞʝʪ ʚʳʜʝʣʷʪʴʩʷ ʵʪʘ ʵʥʝʨʛʠʷ, ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʘ. ʋʩʣʦʚʠʷ 

ʫʩʪʘʥʦʚʣʝʥʠʷ ʨʝʞʠʤʘ, ʧʨʠ ʢʦʪʦʨʦʤ ʵʣʝʢʪʨʦʥʳ ʘʢʢʫʤʫʣʠʨʫʶʪ ʩʪʦʣʴ 

ʙʦʣʴʰʫʶ ʵʥʝʨʛʠʶ, ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʠʟʫʯʝʥʳ ʥʝʧʦʣʥʦ [1-3]. ʅʝʷʩʥʳʤ 

ʦʩʪʘʝʪʩʷ ʚʣʠʷʥʠʝ ʨʝʟʠʩʪʠʚʥʦʩʪʠ ʩʪʝʥʢʠ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ ʥʘ ʜʦʣʶ 

ʫʢʘʟʘʥʥʦʡ ʚʳʰʝ ʢʦʥʚʝʨʩʠʠ, ʯʪʦ ʠ ʠʩʩʣʝʜʫʝʪʩʷ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ.  

ʉʣʝʜʫʷ ʨʘʙʦʪʝ [2], ʥʘ ʦʩʥʦʚʝ ʥʫʣʴʤʝʨʥʦʡ ʤʦʜʝʣʠ ʠʩʩʣʝʜʫʝʪʩʷ 

ʵʚʦʣʶʮʠʷ ʧʦʣʥʦʛʦ ʪʦʢʘ ʧʣʘʟʤʳ ʠ ʪʦʢʘ, ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʚ ʩʪʝʥʢʝ ʢʘʤʝʨʳ 

ʪʦʢʘʤʘʢʘ, ʧʨʠ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʤ ʩʧʘʜʝ ʪʦʢʘ ʋʕ ʧʫʪʝʤ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ 

ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʫʢʘʟʘʥʥʳʭ ʪʦʢʦʚ, ʧʦʣʫʯʘʝʤʳʭ ʠʟ ʟʘʢʦʥʘ 

ʌʘʨʘʜʝʷ, ʩ ʫʯʝʪʦʤ ʟʘʢʦʥʘ ʆʤʘ 

  ὒὍ ὓὍ ς“ὙὉ,                                                               

(1) 

  ὓὍ ὒὍ ὍὙ ,             

(2) 

  Ὁ Ὅ Ὅ .               

(3) 

ɿʜʝʩʴ Lp ʠ M ï ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʠʥʜʫʢʪʠʚʥʦʩʪʴ ʧʣʘʟʤʳ ʠ ʚʟʘʠʤʥʘʷ 

ʠʥʜʫʢʪʠʚʥʦʩʪʴ ʧʣʘʟʤʳ ʠ ʩʪʝʥʢʠ, Ip, IRE ʠ Iw ï ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʪʦʢ ʧʣʘʟʤʳ, 

ʪʦʢ ʋʕ ʠ ʪʦʢ ʚ ʩʪʝʥʢʝ ʢʘʤʝʨʳ, E ï ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʚ ʧʣʘʟʤʝ, R0 ʠ a ï ʙʦʣʴʰʦʡ ʠ ʤʘʣʳʡ ʨʘʜʠʫʩʳ ʪʦʢʘʤʘʢʘ, Lw ʠ Rw ï

ʠʥʜʫʢʪʠʚʥʦʩʪʴ ʠ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʢʘʤʝʨʳ, ɖ ï ʨʝʟʠʩʪʠʚʥʦʩʪʴ ʧʣʘʟʤʳ.

   

ɿʘʪʝʤ, ʠʩʧʦʣʴʟʫʷ ʬʦʨʤʫʣʫ ʠʟ ʨʘʙʦʪʳ [2] ʜʣʷ ʵʥʝʨʛʠʠ, 

ʢʦʥʚʝʨʪʠʨʫʝʤʦʡ ʚ ʢʠʥʝʪʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ ʋʕ, ʦʮʝʥʠʚʘʝʪʩʷ ʜʦʣʷ 

ʦʙʦʟʥʘʯʝʥʥʦʡ ʢʦʥʚʝʨʩʠʠ. 

ɼʘʣʝʝ, ʚ ʨʘʤʢʘʭ 3D-ʨʘʩʩʤʦʪʨʝʥʠʷ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʩʦʦʪʥʦʰʝʥʠʝ ʜʣʷ 

ʠʟʤʝʥʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʫʙʝʛʘʶʱʠʭ ʵʣʝʢʪʨʦʥʦʚ ʟʘ ʩʯʸʪ 

ʢʦʥʚʝʨʩʠʠ ʵʥʝʨʛʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʧʨʠʚʝʜʝʥʘ ʦʮʝʥʢʘ ʜʣʷ ʜʦʣʠ 

ʢʦʥʚʝʨʩʠʠ 

  
ϳ

.              

(4) 

ɿʜʝʩʴ ȹWRE ï ʠʟʤʝʥʝʥʠʝ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʋʕ, W0
mag ï ʵʥʝʨʛʠʷ 

ʧʦʣʦʠʜʘʣʴʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʦ ʩʨʳʚʘ, Rpl ï ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʣʘʟʤʳ, 

I0 ï ʪʦʢ ʋʕ ʜʦ ʩʨʳʚʘ, Er ï ʢʨʠʪʠʯʝʩʢʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ, ʢʦʪʦʨʦʝ 

ʜʦʣʞʥʳ ʧʨʝʦʜʦʣʝʚʘʪʴ ʋʕ ʜʣʷ ʫʩʢʦʨʝʥʠʷ [4, 5], ʘ ʧʘʨʘʤʝʪʨ Ŭ ʨʘʚʝʥ 
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ʦʪʥʦʰʝʥʠʶ ʨʝʟʠʩʪʠʚʥʦʛʦ ʚʨʝʤʝʥʠ ʧʣʘʟʤʳ ʢ ʭʘʨʘʢʪʝʨʥʦʤʫ ʚʨʝʤʝʥʠ 

ʩʧʘʜʘ ʪʦʢʘ ʋʕ ʧʨʠ ʩʨʳʚʝ. 
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ɸ.ɺ. ʉɸʅɼʆʄʀʈʉʂʀʁ, ɸ.ɸ. ʃʀɿʋʅʆɺ 
ʅʦʚʦʩʠʙʠʨʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ 

ʫʥʠʚʝʨʩʠʪʝʪ, ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ 

ʇʈʀʄɽʅɽʅʀɽ ʄɽʊʆɼɸ ʇɽʈɽɿɸʈʗɼʅʆʁ  

ʉʇɽʂʊʈʆʉʂʆʇʀʀ ɼʃʗ ʀɿʄɽʈɽʅʀʗ ʌʋʅʂʎʀʗ  

ʈɸʉʇʈɽɼʃɽʅʀʗ ʀʆʅʆɺ ʇʃɸɿʄʓ ɺ ʃʀʅɽʁʅʆʁ  

ʄɸɻʅʀʊʅʆʁ ʃʆɺʋʐʂɽ 
ʀʟʤʝʨʝʥʠʝ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʦʥʦʚ ʧʣʘʟʤʳ ʚ ʣʠʥʝʡʥʳʭ ʤʘʛʥʠʪʥʳʭ 

ʣʦʚʫʰʢʘʭ ʚʘʞʥʦ ʜʣʷ ʠʟʫʯʝʥʠʷ ʧʨʦʮʝʩʩʦʚ ʧʨʦʜʦʣʴʥʦʛʦ ʧʝʨʝʥʦʩʘ ʯʘʩʪʠʮ ʠ 

ʵʥʝʨʛʠʠ. ʀʤʝʥʥʦ ʫʤʝʥʴʰʝʥʠʝ ʧʨʦʜʦʣʴʥʳʭ ʧʦʪʝʨʴ ʷʚʣʷʝʪʩʷ ʢʨʠʪʠʯʝʩʢʠʤ 

ʫʩʣʦʚʠʝʤ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʋʊʉ ʚ ʦʪʢʨʳʪʦʡ ʤʘʛʥʠʪʥʦʡ ʣʦʚʫʰʢʝ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʡ ʤʝʪʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʧʝʨʝʟʘʨʷʜʢʠ ʠʦʥʦʚ 

ʧʣʘʟʤʳ ʥʘ ʧʫʯʢʝ ʠʥʞʝʢʪʠʨʫʝʤʳʭ ʘʪʦʤʦʚ, ʧʨʝʜʩʪʘʚʣʷʶʱʝʤ ʩʦʙʦʡ 

ʠʩʢʫʩʩʪʚʝʥʥʫʶ ʤʠʰʝʥʴ. ʕʪʦʪ ʤʝʪʦʜ ʦʙʣʘʜʘʝʪ ʨʷʜʦʤ ʧʨʝʠʤʫʱʝʩʪʚ ʧʦ ʩʨʘʚʥʝʥʠʶ 

ʩ ʘʣʴʪʝʨʥʘʪʠʚʥʳʤʠ. 

A.V. SANDOMIRSKY, A.A. LIZUNOV  
Novosibirsk State University, Novosibirsk, Russia 

Budker Institute of Nuclear Physics SBRAS 

 

APPLICATION OF CHARGE EXCHANGE SPECTROSCOPY 

METHOD TO MEASUR E OF DISTRIBUTION FUNCTION 

OF PLASMA IONS IN A LINEAR MAGNETIC TRAP  

Measurement of the distribution function of plasma ions in linear magnetic traps 

is important for studying the processes of axial transport of particles and energy. The 

decrease in longitudinal losses is the critical condition for the implementation of the 

fusion power in an open magnetic trap. In this work the spectroscopic method was 

used which based on the charge exchange of plasma ions on an artificial target (in a 

stream of injected atoms). This method has several advantages over alternative ones. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʡ ʣʦʚʫʰʢʝ (ɻɼʃ) [1], 

ʢʦʪʦʨʘʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʣʠʥʝʡʥʫʶ ʩʠʩʪʝʤʫ ʜʣʷ ʫʜʝʨʞʘʥʠʷ ʧʣʘʟʤʳ 

ʩ ʘʢʩʠʘʣʴʥʦ-ʩʠʤʤʝʪʨʠʯʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʝʡ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʇʨʠ 

ʩʦʟʜʘʥʠʠ ʠ ʥʘʛʨʝʚʝ ʧʣʘʟʤʳ ʚ ɻɼʃ, ʬʦʨʤʠʨʫʝʪʩʷ ʧʦʣʦʞʠʪʝʣʴʥʳʡ 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ, ʥʘʟʳʚʘʝʤʳʡ ʘʤʙʠʧʦʣʷʨʥʳʤ, 

ʩʧʘʜʘʶʱʠʡ ʚʜʦʣʴ ʢʘʞʜʦʡ ʩʠʣʦʚʦʡ ʣʠʥʠʠ ʦʪ ʤʘʢʩʠʤʫʤʘ ʚ ʮʝʥʪʨʝ ʜʦ 

ʥʫʣʷ ʥʘ ʩʪʝʥʢʝ. ʊʘʢʦʡ ʧʦʪʝʥʮʠʘʣ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʚʘʟʠʥʝʡʪʨʘʣʴʥʦʩʪʴʶ 

ʧʣʘʟʤʳ ʚ ʢʘʞʜʦʡ ʪʦʯʢʝ, ʘ ʪʘʢʞʝ ʨʘʚʝʥʩʪʚʦʤ ʧʨʦʜʦʣʴʥʳʭ ʪʦʢʦʚ 

ʵʣʝʢʪʨʦʥʦʚ ʠ ʠʦʥʦʚ ʥʘ ʪʦʨʮʝʚʫʶ ʩʪʝʥʢʫ. ʇʦʪʝʥʮʠʘʣ ʬʦʨʤʠʨʫʝʪ ʙʘʨʴʝʨ 
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ʜʣʷ ʧʦʢʠʜʘʶʱʠʭ ʣʦʚʫʰʢʫ ʵʣʝʢʪʨʦʥʦʚ, ʘ ʪʘʢʞʝ ʫʩʢʦʨʷʝʪ ʠʦʥʳ, 

ʚʳʪʝʢʘʶʱʠʝ ʚ ʧʦʪʦʢʝ ʧʣʘʟʤʳ ʯʝʨʝʟ ʤʘʛʥʠʪʥʫʶ ʧʨʦʙʢʫ. 

ɺ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʜʠʘʛʥʦʩʪʠʢʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʵʬʬʝʢʪ ɼʦʧʣʝʨʘ, 

ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʠʟʤʝʥʝʥʠʠ ʨʝʛʠʩʪʨʠʨʫʝʤʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ʚʩʣʝʜʩʪʚʠʝ 

ʜʚʠʞʝʥʠʷ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʝʪʝʢʪʦʨʘ. ʏʪʦʙʳ 

ʢʦʥʚʝʨʪʠʨʦʚʘʪʴ ʫʩʢʦʨʝʥʥʳʝ ʠʦʥʳ ʧʣʘʟʤʳ ʚ ʚʦʟʙʫʞʜʸʥʥʳʝ ʘʪʦʤʳ ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʠʟʣʫʯʝʥʠʝʤ ʩʚʝʪʘ, ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʚʦʜʦʨʦʜʥʘʷ ʛʘʟʦʚʘʷ 

ʤʠʰʝʥʴ. ʀʟʣʫʯʝʥʠʝ ʧʨʠ ʧʝʨʝʟʘʨʷʜʢʝ ʥʘ ʤʠʰʝʥʠ ʩʦʙʠʨʘʣʦʩʴ ʦʧʪʠʯʝʩʢʦʡ 

ʩʠʩʪʝʤʦʡ, ʧʦʩʪʫʧʘʣʦ ʚ ʩʧʝʢʪʨʦʤʝʪʨ ʩʭʝʤʳ ʏʝʨʥʠ-ʊʸʨʥʝʨʘ ʩ 

ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʨʝʰʸʪʢʦʡ ʠ ʨʝʛʠʩʪʨʠʨʦʚʘʣʦʩʴ ʙʳʩʪʨʦʜʝʡʩʪʚʫʶʱʝʡ 

ʇɿʉ-ʢʘʤʝʨʦʡ. ʇʝʨʝʜ ʠʟʤʝʨʝʥʠʷʤʠ ʚ ʧʣʘʟʤʝ ɻɼʃ ʙʳʣʘ ʧʨʦʠʟʚʝʜʝʥʘ 

ʢʘʣʠʙʨʦʚʢʘ ʩʧʝʢʪʨʘʣʴʥʦʡ ʜʠʩʧʝʨʩʠʠ ʠ ʘʧʧʘʨʘʪʥʦʡ ʬʫʥʢʮʠʠ ʧʨʠʙʦʨʘ 

ʧʨʠ ʧʦʤʦʱʠ ʣʘʙʦʨʘʪʦʨʥʳʭ ʛʘʟʦʨʘʟʨʷʜʥʳʭ ʣʘʤʧ H ʠ Ne. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʦʣʫʯʝʥʳ ʧʝʨʚʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʘ 

ʧʝʨʝʟʘʨʷʜʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (CXRS) ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʬʫʥʢʮʠʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʦʥʦʚ ʧʣʘʟʤʳ ʧʦ ʩʢʦʨʦʩʪʠ. ʇʨʝʜʩʪʘʚʣʝʥʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʧʝʢʪʨʳ ʠʟʣʫʯʝʥʠʷ ʣʠʥʠʡ H-a (656.28 ʥʤ) ʠ He-I 

(667.8 ʥʤ). ʇʨʦʚʝʜʝʥʘ ʦʧʪʠʤʠʟʘʮʠʷ ʛʘʟʦʚʦʡ ʤʠʰʝʥʠ, ʧʦʢʘʟʘʥʳ ʦʮʝʥʢʠ 

ʘʤʧʣʠʪʫʜʥʦʛʦ ʢʦʥʪʨʘʩʪʘ ʠ ʜʦʩʪʠʛʘʝʤʦʛʦ ʚ ʠʟʤʝʨʝʥʠʷʭ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ.  
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ʀʉʉʃɽɼʆɺɸʅʀɽ ʇɸʈɸʄɽʊʈʆɺ ʇʃɸɿʄʓ ʇʋʏʂʆɺʆ-

ʇʃɸɿʄɽʅʅʆɻʆ ʈɸɿʈʗɼɸ ʅɸ ʋʉʊɸʅʆɺʂɽ ʇʈ-2 
ʆʧʨʝʜʝʣʝʥ ʜʠʘʧʘʟʦʥ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʫʯʢʦʚʦ-ʧʣʘʟʤʝʥʥʦʛʦ ʨʘʟʨʷʜʘ ʥʘ 

ʣʠʥʝʡʥʦʤ ʩʠʤʫʣʷʪʦʨʝ ʇʈ-2 ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʛʘʟʦʚ (ʚʦʜʦʨʦʜ, ʛʝʣʠʡ ʠ ʘʨʛʦʥ), 

ʨʘʙʦʯʠʭ ʜʘʚʣʝʥʠʡ (ʦʪ 0.01 ʜʦ 1 ʇʘ) ʠ ʥʘʩʪʨʦʝʢ ʵʣʝʢʪʨʦʥʥʦʡ ʧʫʰʢʠ. ʊʘʢʞʝ 

ʨʘʩʩʤʦʪʨʝʥʦ ʚʣʠʷʥʠʝ ʧʦʜʘʯʠ ʧʦʪʝʥʮʠʘʣʘ ʩʤʝʱʝʥʠʷ ʥʘ ʧʨʠʝʤʥʫʶ ʧʣʘʩʪʠʥʫ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʥʘ ʧʘʨʘʤʝʪʨʳ ʧʣʘʟʤʳ. ʆʮʝʥʝʥ ʧʦʪʦʢ ʪʝʧʣʦʚʦʡ ʤʦʱʥʦʩʪʠ, 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʨʠʝʤʥʦʡ ʧʣʘʩʪʠʥʳ. 
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INVESTIGATION OF BEAM -PLASMA DISCHARGE 

PARAMETERS AT THE PR -2 FACILITY  

We determine the range of the main parameters of the beam-plasma discharge at 

the linear device PR-2 for various gases (hydrogen, helium and argon), operating 

pressures (from 0.01 to 1 Pa) and settings of the electron gun. The effect of bias 

potential to the electron beam receiving plate on the plasma parameters is considered. 

The flow of thermal power to the receiving plate surface is estimated. 

ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʪʝʨʤʦʷʜʝʨʥʳʭ ʫʩʪʘʥʦʚʦʢ ʘʢʪʫʘʣʴʥʦʡ ʦʩʪʘʝʪʩʷ 

ʧʨʦʙʣʝʤʘ ʨʘʟʨʫʰʝʥʠʷ ʧʝʨʚʦʡ ʩʪʝʥʢʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʪʝʧʣʦʚʳʭ, 

ʧʣʘʟʤʝʥʥʳʭ ʠ ʥʝʡʪʨʦʥʥʳʭ ʧʦʪʦʢʦʚ. ʉʫʱʝʩʪʚʫʶʱʠʝ ʫʛʣʝʨʦʜʥʳʝ 

ʢʦʤʧʦʟʠʪʥʳʝ ʠʣʠ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʦʙʨʘʱʝʥʥʳʭ ʢ ʧʣʘʟʤʝ ʜʝʪʘʣʝʡ 

ʦʙʣʘʜʘʶʪ ʨʷʜʦʤ ʥʝʜʦʩʪʘʪʢʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʧʨʦʭʦʜʷʱʠʤʠ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʤʠ ʧʨʦʮʝʩʩʘʤʠ ʠ ʚʣʠʷʶʱʠʭ ʥʘ 

ʧʘʨʘʤʝʪʨʳ ʧʣʘʟʤʳ ʚ ʮʝʣʦʤ. ʉʝʡʯʘʩ ʚʝʜʫʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʘʥʜʠʜʘʪʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʧʝʨʚʦʡ ʩʪʝʥʢʠ ʩʫʱʝʩʪʚʫʶʱʠʭ ʠʣʠ ʩʪʨʦʷʱʠʭʩʷ ʧʨʦʝʢʪʦʚ, 

ʥʘʧʨʠʤʝʨ, ʚʦʣʴʬʨʘʤʘ [1]. ʊʘʢʞʝ ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ ʨʘʟʣʠʯʥʳʝ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʩʧʦʩʦʙʥʳʝ ʫʤʝʥʴʰʠʪʴ ʚʣʠʷʥʠʝ ʪʝʧʣʦʚʳʭ 

ʠ ʧʣʘʟʤʝʥʥʳʭ ʧʦʪʦʢʦʚ ʥʘ ʮʝʣʦʩʪʥʦʩʪʴ ʵʣʝʤʝʥʪʦʚ ʧʝʨʚʦʡ ʩʪʝʥʢʠ, 

ʥʘʧʨʠʤʝʨ, çʫʤʥʳʝ ʩʧʣʘʚʳè [2-3] (ʚ ʩʣʫʯʘʝ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʪʝʥʢʠ) ʠʣʠ 
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ʨʘʟʣʠʯʥʳʝ ʢʘʧʠʣʣʷʨʥʦ-ʧʦʨʠʩʪʳʝ ʩʠʩʪʝʤʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʢʦʤʧʦʟʠʪʥʳʝ 

ʤʘʪʝʨʠʘʣʳ [4] (ʚ ʩʣʫʯʘʝ ʞʠʜʢʦʡ ʩʪʝʥʢʠ). 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʧʦʜʦʙʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʝʦʙʭʦʜʠʤʦ ʩʦʟʜʘʚʘʪʴ 

ʙʣʠʟʢʠʝ ʢ ʫʩʣʦʚʠʷʤ ʧʝʨʚʦʡ ʩʪʝʥʢʠ ʊʗʋ ʪʝʧʣʦʚʳʝ ʠ ʧʣʘʟʤʝʥʥʳʝ ʧʦʪʦʢʠ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʢʘʥʜʠʜʘʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɼʦʩʪʘʪʦʯʥʦ ʫʥʠʚʝʨʩʘʣʴʥʳʤ 

ʠʩʪʦʯʥʠʢʦʤ ʢʘʢ ʪʝʧʣʦʚʳʭ, ʪʘʢ ʠ ʧʣʘʟʤʝʥʥʳʭ ʧʦʪʦʢʦʚ ʷʚʣʷʝʪʩʷ ʧʫʯʢʦʚʦ-

ʧʣʘʟʤʝʥʥʳʡ ʨʘʟʨʷʜ (ʇʇʈ) [5-6], ʠʥʠʮʠʠʨʫʝʤʳʡ ʤʦʱʥʳʤ ʵʣʝʢʪʨʦʥʥʳʤ 

ʧʫʯʢʦʤ. ɺʘʨʴʠʨʦʚʘʥʠʝ ʨʘʙʦʯʝʛʦ ʜʘʚʣʝʥʠʷ ʠ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʫʰʢʠ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʧʣʘʟʤʫ ʚ ʰʠʨʦʢʦʤ 

ʜʠʘʧʘʟʦʥʝ ʧʘʨʘʤʝʪʨʦʚ (ʵʣʝʢʪʨʦʥʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ï ʜʦ 20 ʵɺ, ʧʣʦʪʥʦʩʪʴ 

ï ʜʦ 1019 ʤ-3 ʜʣʷ ʚʦʜʦʨʦʜʘ) ʦʪ ʨʝʜʢʦʡ ʧʫʯʢʦʚʦʡ ʧʣʘʟʤʳ (ʠʦʥʠʟʘʮʠʷ 

ʵʣʝʢʪʨʦʥʥʳʤ ʫʜʘʨʦʤ) ʜʦ ʇʇʈ, ʢʦʛʜʘ ʟʥʘʯʠʪʝʣʴʥʫʶ ʨʦʣʴ ʚ ʠʦʥʠʟʘʮʠʠ 

ʛʘʟʘ ʠʛʨʘʶʪ ʢʦʣʣʝʢʪʠʚʥʳʝ ʧʨʦʮʝʩʩʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʨʘʟʣʠʯʥʳʭ 

ʵʣʝʢʪʨʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ. ʊʘʢʞʝ ʥʘʣʠʯʠʝ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʥʦʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʚ ʧʣʘʟʤʝ ʇʇʈ ʧʦʟʚʦʣʷʝʪ ʚʘʨʴʠʨʦʚʘʪʴ 

ʪʝʧʣʦʚʦʡ ʧʦʪʦʢ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʚ ʧʨʦʮʝʩʩʝ 

ʦʙʣʫʯʝʥʠʷ ʧʫʪʝʤ ʫʚʝʣʠʯʝʥʠʷ ʵʥʝʨʛʠʠ ʧʝʨʚʠʯʥʦʛʦ ʧʫʯʢʘ ʙʝʟ 

ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʟʤʳ (ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʨʘʟʨʷʜʘ ʧʝʨʚʠʯʥʳʡ ʵʣʝʢʪʨʦʥʥʳʡ ʧʫʯʦʢ ʪʝʨʷʝʪ ʜʦ 25-30% ʵʥʝʨʛʠʠ). 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʚʘʢʫʫʤʥʦʤ ʨʝʞʠʤʝ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʥʘʣʠʯʠʝ 

ʵʣʝʢʪʨʦʥʥʦʡ ʧʫʰʢʠ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʦʪʜʝʣʴʥʦ ʪʝʧʣʦʚʳʝ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʮʠʢʣʠʯʝʩʢʠʝ, ʠʩʧʳʪʘʥʠʷ. 

ɺ ʨʘʙʦʪʝ ʧʦʣʫʯʝʥʘ ʢʘʨʪʘ ʣʦʢʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʟʤʳ ʧʫʯʢʦʚʦ-

ʧʣʘʟʤʝʥʥʦʛʦ ʨʘʟʨʷʜʘ ʥʘ ʫʩʪʘʥʦʚʢʝ ʇʈ-2. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʩ 

ʧʦʤʦʱʴʶ ʦʜʠʥʦʯʥʦʛʦ ʟʦʥʜʘ ʃʝʥʛʤʶʨʘ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʛʘʟʦʚ (ʚʦʜʦʨʦʜ, 

ʛʝʣʠʡ ʠ ʘʨʛʦʥ), ʟʥʘʯʝʥʠʡ ʨʘʙʦʯʝʛʦ ʜʘʚʣʝʥʠʷ (ʦʪ 0.01 ʜʦ 1 ʇʘ) ʠ ʥʘʩʪʨʦʝʢ 

ʵʣʝʢʪʨʦʥʥʦʡ ʧʫʰʢʠ (ʫʩʢʦʨʷʶʱʝʛʦ ʧʦʪʝʥʮʠʘʣʘ ʠ ʪʦʢʘ ʵʤʠʩʩʠʠ). 

ʇʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʚʳʜʝʣʷʝʤʦʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʪʝʧʣʦʚʦʡ 

ʤʦʱʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʧʦʜʘʯʠ ʧʦʪʝʥʮʠʘʣʘ ʩʤʝʱʝʥʠʷ 

ʢʦʣʣʝʢʪʦʨʘ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ (ʜʝʨʞʘʪʝʣʷ ʦʙʨʘʟʮʦʚ) ʥʘ ʧʘʨʘʤʝʪʨʳ 

ʧʣʘʟʤʳ. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Ialovega M., Bernard E., Bisson R., et al // Physica Scripta. 2020. 2020(T171) 
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2. Litnovsky A., Schmitz J., Klein F., et al // Fusion Engineering and Design. 
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ʅ.ʉ. ʉɽʈɻɽɽɺ1,2, ɸ.ɺ. ʂɸɿʀɽɺ2, ʖ.ʄ. ɻɸʉʇɸʈʗʅ2 
1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè, 

ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ʏʋɺʉʊɺʀʊɽʃʔʅʆʉʊʔ ʉʇɽʂʊʈʆʉʂʆʇʀʏɽʉʂʆɻʆ 

ʄɽʊʆɼɸ ɼɽʊɽʂʊʀʈʆɺɸʅʀʗ ʇʈʀʄɽʉʀ ɺʆɼʆʈʆɼɸ ɺ 

ʇʃɸɿʄɽ ʀʅɼʋʂʎʀʆʅʅʆɻʆ ɺʏ-ʈɸɿʈʗɼɸ 
ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʦ ʠʟʤʝʥʝʥʠʝ ʫʨʦʚʥʷ ʩʠʛʥʘʣʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʡ ʚʦʜʦʨʦʜʘ ʩʝʨʠʠ ɹʘʣʴʤʝʨʘ (nǋ = 2 ʠ n = 3, 4, 5) ʧʨʠ ʠʟʤʝʥʝʥʠʠ 

ʧʨʦʮʝʥʪʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʧʨʠʤʝʩʠ ʚʦʜʦʨʦʜʘ ʚ ʛʝʣʠʝʚʦʡ/ʘʨʛʦʥʦʚʦʡ ʧʣʘʟʤʝ 

ʠʥʜʫʢʮʠʦʥʥʦʛʦ ɺʏ-ʨʘʟʨʷʜʘ. ʇʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ 

ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʧʨʠʤʝʩʠ ʚʦʜʦʨʦʜʘ ʚ ʚʠʜʠʤʦʤ 

ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ. ʇʨʝʜʣʦʞʝʥʳ ʩʧʦʩʦʙʳ ʧʦʚʳʰʝʥʠʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ 

ʠʟʤʝʨʝʥʠʡ ʜʘʥʥʳʤ ʤʝʪʦʜʦʤ ʩ ʮʝʣʴʶ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʡ 

ʵʤʠʩʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚ ʧʣʘʟʤʝ ɺʏʀ ʨʘʟʨʷʜʘ. 

 

N.S. SERGEEV1,2, A.V. KAZIEV 2, Y.M. GASPARYAN2 
1National Research Center ñKurchatov Instituteò (NRC KI), Moscow, Russia 
2National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

SENSITIVITY OF MEASUREMENTS OF HYDROGEN 

IMPURITY SPECTRA IN ICP PLASMA DISCHARGE  
In this work, the change of the spectral lines ratio of the H impurity radiation and 

He/Ar plasma emission spectrum of the ICP discharge is studied. In order to do so, 

the measurements of Balmer series lines intensities (nǋ = 2 ʠ n = 3, 4, 5) are considered. 

The measurements were carried out with a different impurity to working gas 

percentage ratio. Methods for increasing the sensitivity of LIBS measurements in the 

ICP plasma discharge are proposed. 

ʇʣʘʟʤʘ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʠʥʜʫʢʮʠʦʥʥʦʛʦ (ɺʏʀ) ʨʘʟʨʷʜʘ ʷʚʣʷʝʪʩʷ 

ʫʥʠʚʝʨʩʘʣʴʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʧʨʦʮʝʩʩʦʚ ʵʨʦʟʠʠ ʠ 

ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ [1]. ɺ ʩʠʩʪʝʤʘʭ, ʛʜʝ ʦʥ ʠʩʧʦʣʴʟʫʝʪʩʷ, 

ʚʦʟʤʦʞʥʦ ʛʠʙʢʦʝ ʨʝʛʫʣʠʨʦʚʘʥʠʝ ʟʥʘʯʝʥʠʡ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʧʣʘʟʤʳ, ʪʘʢʠʭ ʢʘʢ ʵʣʝʢʪʨʦʥʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ, Te, ʠ ʵʣʝʢʪʨʦʥʥʘʷ 

ʧʣʦʪʥʦʩʪʴ, ne. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʜʙʠʨʘʪʴ ʥʝʦʙʭʦʜʠʤʳʝ ʫʩʣʦʚʠʷ ʜʣʷ 

ʚʦʟʜʝʡʩʪʚʠʷ ʧʣʘʟʤʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ: ʫʧʨʦʯʥʝʥʠʷ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʩʣʦʷ, ʫʚʝʣʠʯʝʥʠʷ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʠ ʩʦʟʜʘʥʠʷ ʦʩʦʙʳʭ ʩʪʨʫʢʪʫʨ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ [2]. 
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ɹʣʘʛʦʜʘʨʷ ʰʠʨʦʢʦʤʫ ʜʠʘʧʘʟʦʥʫ ʨʘʙʦʯʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʩʧʦʩʦʙʥʦʩʪʠ 

ʧʦʜʜʝʨʞʠʚʘʪʴ ʨʘʟʨʷʜ ʧʨʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷʭ pg > 10 ʇʘ, ɺʏʀ-ʨʘʟʨʷʜ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʠʥʩʪʨʫʤʝʥʪʘ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʧʨʦʮʝʩʩʦʚ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ 

ʃʀʕʉ ʠʟʤʝʨʝʥʠʷʭ. ɺʏʀ-ʨʘʟʨʷʜ, ʩʦʟʜʘʚʘʝʤʳʡ ʚ ʫʩʣʦʚʠʷʭ ʧʦʚʳʰʝʥʥʦʛʦ 

ʜʘʚʣʝʥʠʷ, ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʪʴ ʚʨʝʤʷ ʞʠʟʥʠ ʧʣʘʟʤʳ 

ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ ʠ ʩʚʝʯʝʥʠʷ ʚʦʟʙʫʞʜʝʥʥʳʭ ʯʘʩʪʠʮ ʤʘʪʝʨʠʘʣʘ, 

ʩʦʟʜʘʚʘʝʤʳʭ ʚ ʧʨʦʮʝʩʩʘʭ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʘʥʘʣʠʟʠʨʫʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʫʨʦʚʥʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʡ ʧʨʠʤʝʩʠ ʚʦʜʦʨʦʜʘ ʩʝʨʠʠ ɹʘʣʴʤʝʨʘ (nǋ = 2 ʠ n = 3, 

4, 5) ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʧʨʦʮʝʥʪʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʧʨʠʤʝʩʠ ʚʦʜʦʨʦʜʘ ʚ 

ʛʝʣʠʝʚʦʡ/ʘʨʛʦʥʦʚʦʡ ʧʣʘʟʤʝ ʠʥʜʫʢʮʠʦʥʥʦʛʦ ɺʏ-ʨʘʟʨʷʜʘ ʚ ʥʦʚʦʡ 

ʢʦʤʧʘʢʪʥʦʡ ʫʩʪʘʥʦʚʢʝ ñMinICPò. ʏʘʩʪʦʪʘ ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʠʟʣʫʯʝʥʠʷ 

13,56 ʄɻʮ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʩ ʨʝʛʠʩʪʨʘʮʠʝʡ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʧʣʘʟʤʳ (ʨʠʩ. 1) ʧʨʦʠʟʚʦʜʠʣʠʩʴ ʟʦʥʜʦʚʳʝ ʠʟʤʝʨʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ʧʣʘʟʤʳ. 

ʇʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ 

ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʧʨʠʤʝʩʠ ʚʦʜʦʨʦʜʘ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ ʚ 

ʧʣʘʟʤʝ ɺʏʀ-ʨʘʟʨʷʜʘ. ʇʨʝʜʣʦʞʝʥʳ ʩʧʦʩʦʙʳ ʧʦʚʳʰʝʥʠʷ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ ʜʘʥʥʳʤ ʤʝʪʦʜʦʤ ʩ ʮʝʣʴʶ ʧʨʦʚʝʜʝʥʠʷ 

ʠʟʤʝʨʝʥʠʡ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʡ ʵʤʠʩʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚ ʧʣʘʟʤʝ 

ɺʏʀ ʨʘʟʨʷʜʘ. 

ʈʠʩ. 1. ɼʘʥʥʳʝ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ 

ʚʦʣʥ ʜʣʷ ʩʣʫʯʘʷ H/He ʩʤʝʩʠ ʛʘʟʦʚ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Hyo-Chang Lee. Review of inductively coupled plasmas: Nano-applications and 

bistable hysteresis physics // Applied Physics Reviews 5, 011108 (2018); 

2. Kharkov M.M et al. Effects of Ar ion irradiation in an ICP discharge on the titanium 
surface topology // Applied Surface Science, 2020, 527, 146902;  

https://www.scopus.com/sourceid/28983?origin=resultslist
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ɼ.ʉ. ʉʊɽʇɸʅʆɺ, ʕ.ʗ. ʐʂʆʃʔʅʀʂʆɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ʆʇʊʀʄɸʃʔʅʓɽ ʇɸʈɸʄɽʊʈʓ ʕʃɽʂʊʈʆʅʅʆ-

ʎʀʂʃʆʊʈʆʅʅʆɻʆ ʈɽɿʆʅɸʅʉɸ ɺ ʉɺʏ ʀʉʊʆʏʅʀʂɽ 

ʀʆʅʆɺ 
ʈʘʩʩʤʦʪʨʝʥʘ ʢʠʥʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʉɺʏ ʨʘʟʨʷʜʘ ʩ ʵʣʝʢʪʨʦʥʥʦ-

ʮʠʢʣʦʪʨʦʥʥʳʤ ʨʝʟʦʥʘʥʩʦʤ, ʫʯʠʪʳʚʘʶʱʘʷ ʵʚʦʣʶʮʠʶ ʌʈ ʵʣʝʢʪʨʦʥʦʚ. ʇʦʢʘʟʘʥʦ 

ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʢʨʠʪʠʯʝʩʢʠʭ ʟʥʘʯʝʥʠʡ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʝʡ, 

ʧʨʝʚʳʰʝʥʠʝ ʢʦʪʦʨʳʭ ʧʨʠʚʦʜʠʪ ʢ ʨʝʟʢʦʤʫ çʫʙʝʛʘʥʠʶè ʵʣʝʢʪʨʦʥʦʚ. ʆʙʲʷʩʥʝʥʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʣʦʪʥʦʩʪʠ ʠʦʥʥʦʛʦ ʪʦʢʘ ʉɺʏ 

ʠʩʪʦʯʥʠʢʘ ʦʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

D.S. STEPANOV, E.Y. SHKOLNIKOV 
National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

OPTIMAL PARAMETERS OF THE ELECTRONIC -

CYCLOTRON RESONANCE IN THE MI CROWAVE ION 

SOURCE  

A kinetic model of a microwave discharge with the electron-cyclotron resonance 

is considered, taking into account the evolution of the DF of electrons. The existence 

of critical values of the electric and magnetic fields, the excess of which leads to a 

sharp "runaway" of electrons, is shown. Experimentally observed dependence of the 

microwave source ion current density on the distribution of the magnetic field 

explained. 

ʀʩʪʦʯʥʠʢʠ ʠʦʥʦʚ ʥʘ ʙʘʟʝ ʉɺʏ ʨʘʟʨʷʜʘ ʚ ʨʝʞʠʤʝ ʵʣʝʢʪʨʦʥʥʦ-

ʮʠʢʣʦʪʨʦʥʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʘʢʪʠʚʥʦ ʠʩʩʣʝʜʫʶʪʩʷ ʥʘ ʧʨʦʪʷʞʝʥʠʠ 

ʧʦʩʣʝʜʥʠʭ ʜʝʩʷʪʠʣʝʪʠʡ.  ɺ ʵʪʦʡ ʩʚʷʟʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩ ʨʘʙʦʪʳ, 

ʧʦʩʚʷʱʝʥʥʳʝ ʘʥʘʣʠʟʫ ʧʨʦʮʝʩʩʦʚ ʚ ʉɺʏ ʧʣʘʟʤʝ ʠ ʠʭ ʚʣʠʷʥʠʶ ʥʘ ʨʘʙʦʪʫ 

ʠʦʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ. ʈʘʥʝʝ, ʘʚʪʦʨʘʤʠ [1] ʙʳʣʘ ʩʦʟʜʘʥʘ ʧʨʦʛʨʘʤʤʘ ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʠʥʝʪʠʢʠ ʛʘʟʦʨʘʟʨʷʜʥʦʡ ʧʣʘʟʤʳ, ʫʯʠʪʳʚʘʶʱʘʷ 

ʵʚʦʣʶʮʠʶ ʌʈ ʵʣʝʢʪʨʦʥʦʚ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʜʘʥʥʘʷ ʧʨʦʛʨʘʤʤʘ ʙʳʣʘ 

ʧʨʠʤʝʥʝʥʘ ʢ ʉɺʏ ʨʘʟʨʷʜʫ ʚ ʨʝʞʠʤʝ ʕʎʈ ʠʦʥʥʦʛʦ ʠʩʪʦʯʥʠʢʘ 

ʧʦʨʪʘʪʠʚʥʦʛʦ ʥʝʡʪʨʦʥʥʦʛʦ ʛʝʥʝʨʘʪʦʨʘ [2] ʩ ʮʝʣʴʶ ʚʳʷʚʣʝʥʠʷ 

ʦʧʪʠʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʦʙʨʘʟʦʚʘʥʠʷ ʉɺʏ ʧʣʘʟʤʳ.  

ɼʠʥʘʤʠʢʘ ʧʦʛʣʦʱʝʥʠʷ ʉɺʏ ʵʥʝʨʛʠʠ ʧʣʘʟʤʦʡ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʚʝʣʠʯʠʥʦʡ E0
2ɔ (E0 ï ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ɔ ï 

ʢʦʵʬʬʠʮʠʝʥʪ ʨʝʟʦʥʘʥʩʥʦʛʦ ʫʩʠʣʝʥʠʷ [1]). ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʟʨʷʜʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ E0
2ɔ ʧʦʢʘʟʘʣ, ʯʪʦ 
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ʜʘʥʥʘʷ ʚʝʣʠʯʠʥʘ ʜʦʣʞʥʘ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 109 ʜʦ 1011 ɺ2/ʤ2 

(ʦʧʪʠʤʘʣʴʥʦ ï ʚ ʦʢʨʝʩʪʥʦʩʪʠ 4Ŀ1010 ɺ2/ʤ2). ʇʨʠ ʤʝʥʴʰʠʭ ʟʥʘʯʝʥʠʷʭ 

ʥʘʛʨʝʚ ʵʣʝʢʪʨʦʥʦʚ ʥʝʟʥʘʯʠʪʝʣʝʥ, ʘ ʧʨʠ ʙʦʣʴʰʝʤ ï ʦʥʠ ʨʝʟʢʦ ʧʝʨʝʭʦʜʷʪ 

ʚ ʨʝʞʠʤ çʫʙʝʛʘʥʠʷè. ɺʘʞʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʘʥʘʣʦʛʠʯʥʳʭ ʨʘʩʯʝʪʘʭ, ʥʦ 

ʠʩʧʦʣʴʟʫʶʱʠʭ ʄʘʢʩʚʝʣʣʦʚʩʢʫʶ ʌʈ ʵʣʝʢʪʨʦʥʦʚ ʚʝʨʭʥʷʷ ʛʨʘʥʠʮʘ 

ʫʢʘʟʘʥʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʥʝ ʥʦʩʠʪ ʨʝʟʢʦʛʦ ʭʘʨʘʢʪʝʨʘ ʠ ʧʨʝʚʳʰʘʝʪ ʟʥʘʯʝʥʠʝ 

1013 ɺ2/ʤ2. ɺ ʨʘʙʦʪʝ [2] ʧʨʝʜʩʪʘʚʣʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ 

ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʉɺʏ ʠʩʪʦʯʥʠʢʝ ʠʦʥʦʚ ʥʘ ʧʣʦʪʥʦʩʪʴ 

ʠʟʚʣʝʢʘʝʤʦʛʦ ʪʦʢʘ. ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʳ ʦʪʚʝʯʘʶʱʠʝ ʢʘʞʜʦʤʫ ʟʥʘʯʝʥʠʶ 

ʪʦʢʘ (ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ) ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʝʣʠʯʠʥʳ E0
2ɔ. 

 

ʈʠʩ. 1. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʚʝʣʠʯʠʥʳ E0
2ɔ ʜʣʷ ʠʦʥʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʠʟ [2]. 

ʅʘʠʙʦʣʴʰʠʝ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʜʦʩʪʠʛʘʶʪʩʷ ʜʣʷ ʨʘʩʧʨʝʜʝʣʝʥʠʡ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʥʘʭʦʜʷʱʠʭʩʷ ʙʣʠʟʢʦ ʢ ʦʧʪʠʤʘʣʴʥʦʤʫ ʟʥʘʯʝʥʠʶ ʚ 

4Ŀ1010 ɺ2/ʤ2, ʧʨʠʯʝʤ ʵʪʦ ʚʝʨʥʦ ʜʣʷ ʚʩʝʡ ʜʣʠʥʳ ʨʝʟʦʥʘʪʦʨʘ. ʆʙʨʘʪʥʘʷ 

ʢʘʨʪʠʥʘ ʠʤʝʝʪ ʤʝʩʪʦ ʜʣʷ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʛʜʝ ʕʎʈ 

ʚʳʧʦʣʥʷʝʪʩʷ ʚʥʫʪʨʠ ʠʩʪʦʯʥʠʢʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʥʘ 25% ʝʛʦ ʜʣʠʥʳ 

ʚʝʣʠʯʠʥʘ E0
2ɔ ʚʳʭʦʜʠʪ ʟʘ ʧʨʝʜʝʣʳ ʨʘʙʦʯʝʛʦ ʜʠʘʧʘʟʦʥʘ, ʘ ʟʥʘʯʠʪ 

ʧʦʷʚʣʷʶʪʩʷ çʫʙʝʛʘʶʱʠʝè ʵʣʝʢʪʨʦʥʳ ʠ ʠʦʥʥʳʡ ʪʦʢ ʩʧʘʜʘʝʪ.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʚ 

ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 19-32-90033. 
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ʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ  

ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ, ʂʘʟʅʋ ʠʤ. ʘʣʴ-ʌʘʨʘʙʠ, ɸʣʤʘʪʳ, ʂʘʟʘʭʩʪʘʥ 

ʀʉʉʃɽɼʆɺɸʅʀɽ ʄɸɻʅʀʊʅʆɻʆ ʇʆʃʗ ʇʃɸɿʄɽʅʅʆɻʆ 

ʇʆʊʆʂɸ ɺ ʀʄʇʋʃʔʉʅʆʄ ʇʃɸɿʄɽʅʅʆʄ ʋʉʂʆʈʀʊɽʃɽ 
ɺ ʵʪʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʜʠʘʛʥʦʩʪʠʢʠ ʠʤʧʫʣʴʩʥʦʡ ʧʣʘʟʤʳ ʩ 

ʧʦʤʦʱʴʶ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʟʦʥʜʘ. ʄʘʛʥʠʪʥʳʡ ʟʦʥʜ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʠʟʤʝʨʠʪʝʣʴʥʫʶ ʢʘʪʫʰʢʫ, ʩʦʩʪʦʷʱʫʶ ʠʟ 7 ʚʠʪʢʦʚ. ɼʠʘʤʝʪʨ ʢʘʪʫʰʢʠ 2,3 

ʤʤ, ʠʥʜʫʢʪʠʚʥʦʩʪʴ ʨʘʚʝʥ 0,113 ɛɻʥ, ʚʨʝʤʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʩʦʩʪʘʚʣʷʝʪ 2,3 ʥʩ.  
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STUDY OF THE MAGNETIC FIELD OF A PLASMA FLOW 

IN A PULSED PLASMA ACCELERATOR  

This work presents the results of pulsed plasma diagnostics using a high-

frequency magnetic probe. The magnetic probe is measuring coil, which has a 7 turn. 

The coil diameter is 2,3 mm, coil inductance is 0,113 ɛH and a temporal resolution 

time is 2,3 ns. 

ʂʦʘʢʩʠʘʣʴʥʳʝ ʧʣʘʟʤʝʥʥʳʝ ʫʩʢʦʨʠʪʝʣʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ 

ʨʝʘʢʪʠʚʥʳʭ ʜʚʠʛʘʪʝʣʝʡ, ʚ ʢʘʯʝʩʪʚʝ ʫʩʪʘʥʦʚʦʢ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʤʘʪʝʨʠʘʣʦʚ 

ʨʘʟʣʠʯʥʦʛʦ ʨʦʜʘ, ʚ ʪʝʨʤʦʷʜʝʨʥʦʡ ʵʥʝʨʛʝʪʠʢʝ ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʨʘʜʠʘʮʠʦʥʥʦʡ ʠ ʪʝʧʣʦʚʦʡ ʥʘʛʨʫʟʢʠ ʥʘ ʧʝʨʚʫʶ 

ʩʪʝʥʢʫ ʊʗʕʈ, ʦʙʨʘʱʝʥʥʳʭ ʢ ʧʣʘʟʤʝ [1-4]. ʆʜʥʠʤ ʠʟ ʚʘʞʥʳʭ ʩʚʦʡʩʪʚ 

ʧʣʘʟʤʳ ʷʚʣʷʝʪʩʷ ʩʦʙʩʪʚʝʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʩʦʟʜʘʚʘʝʤʦʝ ʧʫʯʢʦʤ 

ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ. ʉʘʤʳʤʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤʠ ʤʝʪʦʜʘʤʠ ʠʟʤʝʨʝʥʠʷ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʧʣʘʟʤʝ ʷʚʣʷʶʪʩʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʠ ʣʘʟʝʨʥʘʷ 

ʜʠʘʛʥʦʩʪʠʢʘ. ʆʜʥʘʢʦ ʵʪʠ ʤʝʪʦʜʳ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʳ ʚ ʨʝʘʣʠʟʘʮʠʠ. ɺ 

ʵʪʦʡ ʨʘʙʦʪʝ ʥʘʤʠ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʤʘʛʥʠʪʥʳʡ ʟʦʥʜ, ʩ ʚʨʝʤʝʥʥʳʤ 

ʨʘʟʨʝʰʝʥʠʝʤ 2,3 ʥʩ, ʨʘʩʩʯʠʪʘʥʥʫʶ ʧʦ Ű = L/R0, ʛʜʝ ὒ  ʠʥʜʫʢʪʠʚʥʦʩʪʴ 

ʟʦʥʜʘ (0,113 ɛɻʥ), Ὑ  ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʢʦʘʢʩʠʘʣʴʥʦʛʦ ʢʘʙʝʣʷ.  

ɿʦʥʜ ʧʦʤʝʱʘʣʩʷ ʚʥʫʪʨʠ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ ʥʘ ʨʘʩʩʪʦʷʥʠʠ  6 ʩʤ ʦʪ 

ʩʠʩʪʝʤʳ ʵʣʝʢʪʨʦʜʦʚ ʠ ʧʦʜʢʣʶʯʘʣʩʷ ʢ ʦʩʮʠʣʣʦʛʨʘʬʫ LeCroy 354A, 

500ʄɻʮ ʯʝʨʝʟ ʠʥʪʝʛʨʘʪʦʨ. ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ ʧʣʘʟʤʝʥʥʦʛʦ ʧʦʪʦʢʘ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʚʘ ʤʘʛʥʠʪʥʳʭ ʟʦʥʜʘ ʩ ʦʜʠʥʘʢʦʚʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. ɺ 

ʵʪʦʤ ʩʣʫʯʘʝ ʚʪʦʨʦʡ ʟʦʥʜ ʨʘʩʧʦʣʘʛʘʣʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 17,5 ʩʤ ʦʪ ʧʝʨʚʦʛʦ 

ʟʦʥʜʘ. ʉʢʦʨʦʩʪʴ ʧʣʘʟʤʝʥʥʦʛʦ ʧʦʪʦʢʘ ʥʘʭʦʜʠʪʩʷ ʠʟʤʝʨʝʥʠʝʤ ʨʘʟʥʠʮʳ 

ʚʨʝʤʝʥʠ (æt) ʦʩʮʠʣʣʦʛʨʘʤʤ ʦʪ ʜʚʫʭ ʟʦʥʜʦʚ. 
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ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʚʝʣʠʯʠʥʘʭ ʥʘʧʨʷʞʝʥʠʡ 

ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʥʳʭ ʙʘʪʘʨʝʷʭ ʠ ʜʘʚʣʝʥʠʡ ʛʘʟʘ ʚ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʘʭ 1 ʠ 2.  
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ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʚʝʣʠʯʠʥʳ ʩʦʙʩʪʚʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ  

ʧʣʘʟʤʝʥʥʦʛʦ ʧʦʪʦʢʘ ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʘʭ ʠ ʜʘʚʣʝʥʠʷ 
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ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʧʣʘʟʤʝʥʥʦʛʦ ʧʦʪʦʢʘ ʦʪ ʥʘʧʨʷʞʝʥʠʷ 

ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʘʭ ʠ ʜʘʚʣʝʥʠʷ ʛʘʟʘ 
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ɻ.ʇ. ʊʀʄʂʆɺʉʂʀʁ, ɸ.ɽ. ɽɺʉʀʅ, ʀ.ɽ. ʂʆʅɼʈɸʊʔɽɺ, 

ʉ.ʉ. ɼʆɺɻɸʅʖʂ, ʀ.ɼ. ɾɼɸʅʆɺ, ʃ.ɹ. ɹɽɻʈɸʄɹɽʂʆɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ʆʂʉʀɼʀʈʆɺɸʅʀɽ ʀ ʅɸɺʆɼʆʈʆɾʀɺɸʅʀɽ ʎʀʈʂʆʅʀʗ 

ʇʈʀ ʕʃɽʂʊʈʆʅʅʆʄ ʀ ʇʃɸɿʄɽʅʅʆʄ ʆɹʃʋʏɽʅʀʀ ɺ 

ʈɸɿʃʀʏʅʓʍ ʋʉʃʆɺʀʗʍ 
ɺ ʨʘʙʦʪʝ ʠʟʫʯʘʶʪʩʷ ʦʩʦʙʝʥʥʦʩʪʠ ʦʢʩʠʜʠʨʦʚʘʥʠʷ ʠ ʥʘʚʦʜʦʨʦʞʠʚʘʥʠʷ 

ʮʠʨʢʦʥʠʷ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʵʣʝʢʪʨʦʥʘʤʠ ʠ ʧʣʘʟʤʦʡ ʚ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʦʙʣʫʯʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʫʩʢʦʨʝʥʠʝ ʦʢʩʠʜʠʨʦʚʘʥʠʷ 

ʠ ʟʘʭʚʘʪʘ ʚʦʜʦʨʦʜʘ ʚ ʮʠʨʢʦʥʠʡ. ʄʘʢʩʠʤʘʣʴʥʳʝ ʩʢʦʨʦʩʪʠ ʦʙʦʠʭ ʧʨʦʮʝʩʩʦʚ ʧʨʠ 

ʩʦʭʨʘʥʝʥʠʠ ʠʭ ʭʘʨʘʢʪʝʨʘ ʢʘʢ ʚ ʘʚʪʦʢʣʘʚʥʳʭ ʠʩʧʳʪʘʥʠʷʭ ʜʦʩʪʠʛʘʶʪʩʷ ʧʨʠ 

ʧʣʘʟʤʝʥʥʦʤ ʘʥʦʜʠʨʦʚʘʥʠʠ, ʯʪʦ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʝʛʦ ʚʳʙʦʨ ʚ ʢʘʯʝʩʪʚʝ ʤʝʪʦʜʘ 

ʫʩʢʦʨʝʥʥʦʛʦ ʪʝʩʪʠʨʦʚʘʥʠʷ ʩʧʣʘʚʦʚ Zr. 
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OXIDATION AND HYDROGENATION OF ZIRCONIUM 

UNDER ELECTRON AN D PLASMA IRRADIATION IN 

VARIOUS CONDITIONS  

The features of oxidation and hydrogenation of zirconium is studied under 

electron and plasma irradiation in various conditions. It is shown that under 

irradiation, the oxide growth and the hydrogen trapping in zirconium is accelerated. 

The maximum rates of both processes, while maintaining their character as in 

autoclave tests, are achieved with plasma anodizing, which determines its choice as 

an accelerated test of Zr alloys. 

ɼʦʨʝʘʢʪʦʨʥʳʝ ʢʦʨʨʦʟʠʦʥʥʳʝ ʠʩʧʳʪʘʥʠʷ ʮʠʨʢʦʥʠʝʚʳʭ ʩʧʣʘʚʦʚ, 

ʟʘʢʣʶʯʘʶʱʠʝʩʷ ʚ ʚʳʜʝʨʞʢʝ ʦʙʨʘʟʮʦʚ ʚ ʚʦʜʥʳʭ ʘʚʪʦʢʣʘʚʘʭ, ʟʘʥʠʤʘʶʪ 

ʪʳʩʷʯʠ ʯʘʩʦʚ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʪʷʛʠʚʘʝʪ ʧʨʦʮʝʩʩ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ 

ʥʳʥʝʰʥʠʭ ʠ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ ʩʧʣʘʚʦʚ. ʈʘʥʝʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʩʢʦʨʦʩʪʴ ʨʦʩʪʘ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʥʘ ʮʠʨʢʦʥʠʠ ʤʦʞʥʦ ʫʚʝʣʠʯʠʪʴ, ʝʩʣʠ 

ʦʙʣʫʯʘʪʴ ʝʛʦ ʚ ʧʣʘʟʤʝ, ʩʦʜʝʨʞʘʱʝʡ ʢʠʩʣʦʨʦʜ ʠʣʠ ʧʘʨʳ ʚʦʜʳ. ɺʤʝʩʪʝ ʩ 

ʪʝʤ, ʦʧʪʠʤʘʣʴʥʳʡ ʨʝʞʠʤ ʦʙʣʫʯʝʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʙʳʩʪʨʦʝ 

ʦʢʩʠʜʠʨʦʚʘʥʠʝ ʠ ʥʘʚʦʜʦʨʦʞʠʚʘʥʠʝ ʮʠʨʢʦʥʠʷ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʭʘʨʘʢʪʝʨʘ 

ʧʨʦʪʝʢʘʥʠʷ ʵʪʠʭ ʧʨʦʮʝʩʩʦʚ ʢʘʢ ʚ ʘʚʪʦʢʣʘʚʥʳʭ ʠʩʧʳʪʘʥʠʷʭ, ʧʦʢʘ ʥʝ 

ʦʧʨʝʜʝʣʝʥ. ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʦ ʠʟʫʯʠʪʴ ʦʩʦʙʝʥʥʦʩʪʠ 
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ʦʢʩʠʜʠʨʦʚʘʥʠʷ ʠ ʥʘʚʦʜʦʨʦʞʠʚʘʥʠʷ ʮʠʨʢʦʥʠʷ ʧʨʠ ʦʙʣʫʯʝʥʠʠ 

ʵʣʝʢʪʨʦʥʘʤʠ ʠ ʧʣʘʟʤʦʡ ʚ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ. 

ʇʝʨʚʘʷ ʩʝʨʠʷ ʦʙʨʘʟʮʦʚ (ʩʝʛʤʝʥʪʦʚ ʪʨʫʙʢʠ ʩʧʣʘʚʘ ʕ110 ʨʘʟʤʝʨʦʤ 

Ғ7Ĭ8Ĭ1 ʤʤ3) ʦʙʣʫʯʘʣʘʩʴ ʵʣʝʢʪʨʦʥʘʤʠ (E = 400 ʵɺ, i = 0.4 ʤɸ) ʚ ʛʘʟʦʚʦʡ 

ʩʨʝʜʝ Ar + 20%O2 (P = 10-3 ʊʦʨʨ). ɺʪʦʨʘʷ ʩʝʨʠʷ ʦʙʣʫʯʘʣʘʩʴ ʚ ʧʣʘʟʤʝ ʪʦʛʦ 

ʞʝ ʩʦʩʪʘʚʘ ʧʨʠ ʧʣʘʚʘʶʱʝʤ ʧʦʪʝʥʮʠʘʣʝ, ʘ ʪʨʝʪʴʷ ï ʵʣʝʢʪʨʦʥʘʤʠ (E Ғ 20 

ʵɺ, i Ғ 4 ʤɸ) ʧʣʘʟʤʳ ʧʨʠ ʘʥʦʜʥʦʤ ʧʦʪʝʥʮʠʘʣʝ. ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʯʘʩʪʴ 

ʦʙʨʘʟʮʦʚ ʚʳʜʝʨʞʠʚʘʣʘʩʴ ʚ ʪʦʡ ʞʝ ʛʘʟʦʚʦʡ ʩʨʝʜʝ ʙʝʟ ʦʙʣʫʯʝʥʠʷ. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʙʨʘʟʮʦʚ 380 Áʉ ʚ ʪʝʯʝʥʠʝ 

60-600 ʤʠʥ. ʂʦʨʨʦʟʠʦʥʥʳʡ ʧʨʠʚʝʩ ʚʳʯʠʩʣʷʣʩʷ ʧʦ ʨʘʟʥʦʩʪʠ ʤʘʩʩ 

ʦʙʨʘʟʮʘ ʜʦ ʠ ʧʦʩʣʝ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʂʦʣʠʯʝʩʪʚʦ ʚʦʜʦʨʦʜʘ ʚ ʦʙʨʘʟʮʘʭ ʠ 

ʭʘʨʘʢʪʝʨ ʝʛʦ ʫʜʝʨʞʘʥʠʷ ʦʧʨʝʜʝʣʷʣʠʩʴ ʤʝʪʦʜʦʤ ʪʝʨʤʦʜʝʩʦʨʙʮʠʦʥʥʦʡ 

ʩʧʝʢʪʨʦʤʝʪʨʠʠ (ʊɼʉ).  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʢʠʥʝʪʠʢʘ 

ʦʢʩʠʜʠʨʦʚʘʥʠʷ ʮʠʨʢʦʥʠʷ ʚ ʛʘʟʦʚʦʡ ʩʨʝʜʝ ʠ ʚ ʧʣʘʟʤʝ ʷʚʣʷʝʪʩʷ 

ʧʘʨʘʙʦʣʠʯʝʩʢʦʡ (ȹm~t1/2), ʢʘʢ ʠ ʧʨʠ ʘʚʪʦʢʣʘʚʥʳʭ ʠʩʧʳʪʘʥʠʷʭ. ʇʨʠ ʵʪʦʤ 

ʩʢʦʨʦʩʪʴ ʨʦʩʪʘ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʧʨʠ ʧʣʘʟʤʝʥʥʦʤ ʦʙʣʫʯʝʥʠʠ ʚʦʟʨʘʩʪʘʝʪ ʚ 

10 ʨʘʟ (ʧʨʠ ʧʣʘʚʘʶʱʝʤ ʧʦʪʝʥʮʠʘʣʝ) ʠ ʚ 30 ʨʘʟ (ʧʨʠ ʘʥʦʜʥʦʤ 

ʧʦʪʝʥʮʠʘʣʝ), ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʚʳʜʝʨʞʢʦʡ ʚ ʛʘʟʝ. ʇʨʠ ʦʙʣʫʯʝʥʠʠ 

ʮʠʨʢʦʥʠʷ ʵʣʝʢʪʨʦʥʘʤʠ ʚ ʛʘʟʦʚʦʡ ʩʨʝʜʝ ʟʘʢʦʥ ʠ ʩʢʦʨʦʩʪʴ ʨʦʩʪʘ 

ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʚʥʘʯʘʣʝ ʪʘʢʠʝ ʞʝ, ʢʘʢ ʧʨʠ ʚʳʜʝʨʞʢʝ ʚ ʛʘʟʝ, ʦʜʥʘʢʦ ʧʦ 

ʜʦʩʪʠʞʝʥʠʠ ʧʨʠʚʝʩʘ Ғ 5 ʤʛ/ʜʤ2 ʧʨʦʠʩʭʦʜʠʪ ʨʝʟʢʦʝ ʫʩʢʦʨʝʥʠʝ 

ʦʢʩʠʜʠʨʦʚʘʥʠʷ ʧʦ ʣʠʥʝʡʥʦʤʫ ʟʘʢʦʥʫ. 

ʉʦʛʣʘʩʥʦ ʨʝʟʫʣʴʪʘʪʘʤ ʊɼʉ-ʘʥʘʣʠʟʘ, ʵʣʝʢʪʨʦʥʥʦʝ ʠ ʧʣʘʟʤʝʥʥʦʝ 

ʦʙʣʫʯʝʥʠʝ ʚʳʟʳʚʘʝʪ ʟʘʭʚʘʪ ʚʦʜʦʨʦʜʘ ʚ ʮʠʨʢʦʥʠʡ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʠʟ 

ʤʦʣʝʢʫʣ ʚʦʜʳ, ʷʚʣʷʶʱʠʭʩʷ ʦʩʥʦʚʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʦʩʪʘʪʦʯʥʦʛʦ ʛʘʟʘ 

ʫʩʪʘʥʦʚʢʠ. ʅʘʠʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʚʦʜʦʨʦʜʘ (Ғ1.3Ĭ1019 ʩʤ-3) 

ʟʘʭʚʘʪʳʚʘʝʪʩʷ ʚ ʦʙʨʘʟʝʮ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʵʣʝʢʪʨʦʥʘʤʠ ʧʣʘʟʤʳ. 

ɸʥʘʣʠʟ ʊɼʉ-ʩʧʝʢʪʨʦʚ ʚʦʜʦʨʦʜʘ ʧʦʢʘʟʘʣ, ʯʪʦ ʠʭ ʬʦʨʤʘ ʟʘʚʠʩʠʪ ʦʪ 

ʩʢʦʨʦʩʪʠ ʦʢʩʠʜʠʨʦʚʘʥʠʷ ʮʠʨʢʦʥʠʷ. ʇʨʠ ʥʠʟʢʦʡ ʩʢʦʨʦʩʪʠ 

ʦʢʩʠʜʠʨʦʚʘʥʠʷ, ʜʝʤʦʥʩʪʨʠʨʫʝʤʦʡ ʧʨʠ ʚʳʜʝʨʞʢʝ ʦʙʨʘʟʮʦʚ ʚ ʛʘʟʝ, 

ʵʣʝʢʪʨʦʥʥʦʤ ʦʙʣʫʯʝʥʠʠ ʚ ʛʘʟʝ ʠ ʧʣʘʟʤʝʥʥʦʤ ʦʙʣʫʯʝʥʠʠ ʧʨʠ ʧʣʘʚʘʶʱʝʤ 

ʧʦʪʝʥʮʠʘʣʝ, ʚ ʊɼʉ-ʩʧʝʢʪʨʝ, ʧʦʤʠʤʦ ʦʩʥʦʚʥʦʛʦ ʧʠʢʘ ʧʨʠ 1300 ʂ, 

ʧʦ̫ʚʣʷʝʪʩʷ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʯʘʩʪʴ ʚ ʜʠʘʧʘʟʦʥʝ 1000-1200 ʂ. ʇʨʠ 

ʙʳʩʪʨʦʤ ʦʢʩʠʜʠʨʦʚʘʥʠʠ ʮʠʨʢʦʥʠʷ, ʜʦʩʪʠʛʘʝʤʦʤ ʧʨʠ ʦʙʣʫʯʝʥʠʠ 

ʵʣʝʢʪʨʦʥʘʤʠ ʧʣʘʟʤʳ, ʚ ʊɼʉ-ʩʧʝʢʪʨʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʝʜʠʥʩʪʚʝʥʥʳʡ 

ʤʘʢʩʠʤʫʤ, ʢʦʪʦʨʳʡ ʚ ʧʨʦʮʝʩʩʝ ʨʦʩʪʘ ʦʢʩʠʜʘ ʩʜʚʠʛʘʝʪʩʷ ʩ 1300 ʂ ʚ 
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ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʫʶ ʦʙʣʘʩʪʴ. ɸʥʘʣʦʛʠʯʥʘʷ ʵʚʦʣʶʮʠʷ ʊɼʉ-ʩʧʝʢʪʨʦʚ 

ʥʘʙʣʶʜʘʣʘʩʴ ʧʨʠ ʘʚʪʦʢʣʘʚʥʳʭ ʠʩʧʳʪʘʥʠʷʭ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʵʣʝʢʪʨʦʥʘʤʠ ʧʣʘʟʤʳ ʜʦʩʪʠʛʘʶʪʩʷ 

ʤʘʢʩʠʤʘʣʴʥʳʝ ʩʢʦʨʦʩʪʠ ʦʢʩʠʜʠʨʦʚʘʥʠʷ ʠ ʥʘʚʦʜʦʨʦʞʠʚʘʥʠʷ ʮʠʨʢʦʥʠʷ, 

ʘ ʭʘʨʘʢʪʝʨ ʧʨʦʪʝʢʘʥʠʷ ʵʪʠʭ ʧʨʦʮʝʩʩʦʚ ʘʥʘʣʦʛʠʯʝʥ ʘʚʪʦʢʣʘʚʥʳʤ 

ʠʩʧʳʪʘʥʠʷʤ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʧʣʘʟʤʝʥʥʦʝ ʘʥʦʜʠʨʦʚʘʥʠʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ 

ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʤ ʩʧʦʩʦʙʦʤ ʫʩʢʦʨʝʥʥʦʛʦ ʪʝʩʪʠʨʦʚʘʥʠʷ 

ʮʠʨʢʦʥʠʝʚʳʭ ʩʧʣʘʚʦʚ. 
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ʇʈʀʐɺʀʎʓʅ, ʅ. ɽ. ɽʌʀʄʆɺ, ɸ. ʀ. ɸʃʀɽɺɸ, ʉ. ɸ. ʂʈɸʊ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʀɿʋʏɽʅʀɽ ʈɸɺʅʆɺɽʉʅʓʍ ʂʆʅʌʀɻʋʈɸʎʀʁ ɺ ʇʃɸɿʄɽ 

ʊʆʂɸʄɸʂɸ ʄʀʌʀʉʊ-0 
ɹʳʣʦ ʧʨʦʠʟʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʚʥʦʚʝʩʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʧʣʘʟʤʳ 

ʪʦʢʘʤʘʢʘ ʄʀʌʀʉʊ-0 ʩ ʦʙʥʦʚʣʝʥʥʦʡ ʧʦʣʦʠʜʘʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʩʠʩʪʝʤʦʡ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʩ ʫʯʝʪʦʤ çʪʨʘʥʩʬʦʨʤʘʪʦʨʥʦʡè ʝʝ ʯʘʩʪʠ, ʦʪʚʝʯʘʶʱʝʡ ʟʘ 

ʫʨʘʚʥʦʚʝʰʠʚʘʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʦʪ ʮʝʥʪʨʘʣʴʥʦʛʦ ʩʦʣʝʥʦʠʜʘ. ɹʳʣʠ 

ʧʨʦʚʝʜʝʥʳ ʢʘʣʠʙʨʦʚʦʯʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʙʝʟ ʫʯʝʪʘ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʤʧʫʣʴʩʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʪʦʢʘ, ʥʘ ʦʩʥʦʚʘʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ 

ʢʦʪʦʨʳʭ    ʩʬʦʨʤʫʣʠʨʦʚʘʥʘ ʜʠʥʘʤʠʯʝʩʢʘʷ ʟʘʜʘʯʘ ʨʘʩʯʝʪʘ ʧʣʘʟʤʝʥʥʦʛʦ 

ʨʘʚʥʦʚʝʩʠʷ. ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʜʘʥʥʳʤʠ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠ ʨʘʩʩʤʦʪʨʝʥʦ ʚʣʠʷʥʠʝ ʢʘʤʝʨʳ ʥʘ ʧʦʣʫʯʘʝʤʳʝ ʨʝʟʫʣʴʪʘʪʳ. 

D. L. ULASEVICH, R. R. KHAYRUTDINOV , V. E. LUKASH 

A. S. PRISHVITSYN, N. E. EFIMOV, A. I. ALIYEVA , S. A. 

KRAT
 

MEPHI National Nuclear Research University, Moscow, Russia 

Kurchatov Institute, Moscow, Russia 

STUDY OF EQUILIBRIUM CONFIGURATIONS IN  

PLASMA OF MEPHIST -0 TOKAMAK  
The equilibrium configurations of the MIFIST-0 tokamak plasma were simulated 

with an updated polyoidal magnetic system, in particular, considering the 

"transformer" part of it, responsible for balancing the magnetic field from the central 

solenoid. Calibration experiments were conducted without considering the vacuum 

chamber using a pulsed current source, based on which the dynamic task of calculating 

plasma equilibrium was formulated. The results of the simulation with the experiment 

data were compared and the camera's effect on the results was examined. 

ɸʥʘʣʠʟ ʨʘʚʥʦʚʝʩʥʳʭ ʧʣʘʟʤʝʥʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʚ ʪʦʢʘʤʘʢʝ 

ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʠʭ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʘʨʘʤʝʪʨʳ 

ʠʩʪʦʯʥʠʢʦʚ ʧʠʪʘʥʠʷ ʧʦʣʦʠʜʘʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʩʠʩʪʝʤʳ. ʈʝʰʘʷ 

ʜʠʥʘʤʠʯʝʩʢʫʶ ʟʘʜʘʯʫ, ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʵʚʦʣʶʮʠʶ ʧʣʘʟʤʳ ʚ 

ʪʝʯʝʥʠʝ ʚʩʝʛʦ ʩʮʝʥʘʨʠʷ ʨʘʟʨʷʜʘ ʩ ʧʝʨʩʧʝʢʪʠʚʦʡ ʩʦʟʜʘʥʠʷ ʘʢʪʠʚʥʦʡ 

ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʦʞʝʥʠʝʤ ʧʣʘʟʤʝʥʥʦʛʦ ʰʥʫʨʘ. ʅʘ ʜʘʥʥʳʡ 

ʤʦʤʝʥʪ ʨʝʰʘʣʠʩʴ ʟʘʜʘʯʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʘʮʠʦʥʘʨʥʦʡ ʠ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʧʣʘʟʤʝʥʥʳʭ ʤʦʜʝʣʝʡ, ʘ ʪʘʢʞʝ ʠʭ ʢʘʣʠʙʨʦʚʢʘ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ 
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ʢɻʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ. ɼʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʳʭ ʟʘʜʘʯ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʚʝʨʠʬʠʮʠʨʦʚʘʥʥʳʡ ʥʘ ʜʝʡʩʪʚʫʶʱʠʭ ʫʩʪʘʥʦʚʢʘʭ ʢʦʜ DINA [1]. 

ʈʘʚʥʦʚʝʩʥʳʝ ʧʣʘʟʤʝʥʥʳʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʪʦʢʘʤʘʢʘ ʄʀʌʀʉʊ-0 

ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʜʣʷ ʤʦʤʝʥʪʘ ʧʨʦʙʦʷ ʧʨʠ ʪʦʢʝ ʧʣʘʟʤʳ I_PL=10 ʢɸ. 

ʈʘʩʯʝʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʥʝʦʙʭʦʜʠʤʘʷ ʩʠʣʘ ʪʦʢʘ ʚ ʧʦʣʦʠʜʘʣʴʥʳʭ 

ʢʘʪʫʰʢʘʭ ʧʨʠ ʠʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤ ʩʦʝʜʠʥʝʥʠʠ ʥʝ ʧʨʝʚʳʰʘʝʪ 1.5 ʢɸ. 

ʊʘʢʞʝ ʨʘʩʯʝʪ ʧʦʢʘʟʳʚʘʝʪ ʥʘʣʠʯʠʝ ñʥʫʣʷò ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ 

ʮʝʥʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʚʘʢʫʫʤʥʦʛʦ ʦʙʲʝʤʘ ʪʦʢʘʤʘʢʘ. ɼʘʥʥʳʝ ʨʘʩʯʝʪʳ 

ʧʦʣʫʯʝʥʳ ʧʨʠ ʧʦʤʦʱʠ ʤʦʜʫʣʷ DINA-SVD [2]. 

ɺ ʮʝʣʷʭ ʢʘʣʠʙʨʦʚʢʠ ʤʦʜʝʣʠ ʙʳʣʘ ʩʬʦʨʤʫʣʠʨʦʚʘʥʘ ʜʠʥʘʤʠʯʝʩʢʘʷ 

ʟʘʜʘʯʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʠʣʦʚʳʭ ʣʠʥʠʡ ʙʝʟ ʧʣʘʟʤʳ ʠ 

ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʯʠʩʣʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʧʦʣʫʯʝʥʥʳʤʠ ʜʘʥʥʳʤʠ. ʀʩʧʦʣʴʟʦʚʘʣʘʩʴ SIMULINK  ʤʦʜʝʣʴ, 

ʧʨʠʤʝʥʷʝʤʘʷ ʜʣʷ ʨʝʰʝʥʠʷ ʘʥʘʣʦʛʠʯʥʳʭ ʟʘʜʘʯ ʥʘ ʪʦʢʘʤʘʢʝ ʊ-15 [3]. ɺ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʠʤʧʫʣʴʩʥʳʡ ʠʩʪʦʯʥʠʢ ʪʦʢʘ, ʙʘʪʘʨʝʷ 

ʢʦʥʜʝʥʩʘʪʦʨʦʚ, ʜʘʪʯʠʢʠ ʍʦʣʣʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʦʩʠ 

ʠ ʧʦʷʩ ʈʦʛʦʚʩʢʦʛʦ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʦʢʘ ʚ ʧʦʣʦʠʜʘʣʴʥʳʭ ʢʘʪʫʰʢʘʭ. 

ɼʘʣʝʝ ʙʳʣʘ ʩʦʟʜʘʥʘ ʤʦʜʝʣʴ ʦʙʲʝʢʪʘ, ʚʢʣʶʯʘʶʱʘʷ ʫʢʘʟʘʥʥʳʝ ʚʳʰʝ 

ʵʣʝʤʝʥʪʳ ʫʩʪʘʥʦʚʢʠ, ʘ ʪʘʢʞʝ ʚʘʢʫʫʤʥʫʶ ʢʘʤʝʨʫ. 

ɺ ʮʝʣʷʭ ʢʘʣʠʙʨʦʚʢʠ ʧʨʦʚʦʜʠʣʘʩʴ ʧʦʜʘʯʘ ʪʦʢʘ ʥʘ ʢʘʞʜʫʶ ʠʟ ʢʘʪʫʰʝʢ 

ʧʦ ʦʪʜʝʣʴʥʦʩʪʠ ʠ ʧʦʩʣʝʜʫʶʱʝʝ ʩʨʘʚʥʝʥʠʝ ʜʘʥʥʳʭ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ɼʘʣʝʝ ʙʳʣʘ ʩʤʦʜʝʣʠʨʦʚʘʥʘ ʢʦʥʬʠʛʫʨʘʮʠʷ ʩ 

ʧʦʜʢʣʶʯʝʥʠʝʤ ʚʩʝʭ ʢʘʪʫʰʝʢ ʠ ʠʥʜʫʢʪʦʨʘ, ʚʳʙʨʘʥʥʘʷ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ 

ʧʣʘʟʤʝʥʥʳʭ ʨʘʚʥʦʚʝʩʠʡ ʥʘ ʪʦʢʘʤʘʢʝ. ʈʝʰʝʥʠʝ ʟʘʜʘʯʠ ʩ ʫʯʝʪʦʤ 

ʠʩʪʦʯʥʠʢʦʚ ʧʠʪʘʥʠʷ ʦʙʤʦʪʦʢ ʧʦʢʘʟʘʣ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʧʦʣʦʠʜʘʣʴʥʦʡ ʩʠʩʪʝʤʳ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʨʘʚʥʦʚʝʩʥʳʭ 

ʧʣʘʟʤʝʥʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʩ ʟʘʜʘʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ.  ʊʘʢʞʝ ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʦʙʘʚʣʝʥʠʝ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ ʚʥʦʩʠʪ ʚ ʚʠʜ ʠʤʧʫʣʴʩʘ 

ʪʦʣʴʢʦ ʚʨʝʤʝʥʥʫʶ ʧʦʧʨʘʚʢʫ, ʯʪʦ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʝʥʦ ʵʢʩʧʝʨʠʤʝʥʪʦʤ. 
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3ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ. ʕ. ɹʘʫʤʘʥʘ 

ɸʅɸʃʀɿ ʇʃɸɿʄʓ ʄɸɻʅɽʊʈʆʅʅʆɻʆ ʈɸɿʈʗɼɸ  

ʇʈʀ ʆʉɸɾɼɽʅʀʀ ʇʃɽʅʆʂ MoS2 
ʈʘʩʩʤʦʪʨʝʥʳ ʩʨʝʜʥʝʯʘʩʪʦʪʥʳʝ ʠ DC ʨʝʞʠʤʳ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ 

ʧʦʢʨʳʪʠʡ ʠʟ ʩʧʝʯʝʥʥʦʡ ʤʠʰʝʥʠ MoS2. ʇʨʦʚʝʜʝʥʘ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʷ ʠʦʥʥʦʛʦ 

ʧʦʪʦʢʘ ʠ ʟʦʥʜʦʚʘʷ ʜʠʘʛʥʦʩʪʠʢʘ ʧʣʘʟʤʳ, ʠʟʤʝʨʝʥʳ ʩʢʦʨʦʩʪʠ ʠ ʪʦʣʱʠʥʳ ʧʣʝʥʦʢ 

ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʞʠʤʘ ʦʩʘʞʜʝʥʠʷ ʠ ʧʦʪʝʥʮʠʘʣʘ ʩʤʝʱʝʥʠʷ. 
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MAGNETRON DISCHARGE PLASMA 

CHARACTERIZATION IN THE PROCESS OF MoS 2 

DEPOSITION 

Mid-frequency and direct current modes of magnetron sputtering from a sintered 

MoS2 target have been investigated. Mass-spectrometry study of ion flux and probe 

diagnostics of plasma have been carried out. Deposition rate and coating thickness 

have been measured for different operation modes and bias voltage values. 

ʇʦʢʨʳʪʠʷ ʠʟ ʜʠʩʫʣʴʬʠʜʘ ʤʦʣʠʙʜʝʥʘ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ 

ʪʚʝʨʜʦʡ ʩʤʘʟʢʠ ʜʣʷ ʨʘʙʦʪʳ ʚ ʚʘʢʫʫʤʝ ʠ ʩʫʭʦʡ ʩʨʝʜʝ. ʊʘʢʞʝ ʪʘʢʦʝ 

ʧʦʢʨʳʪʠʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʩʧʝʢʘʥʠʷ ʜʝʪʘʣʝʡ, 

ʠʩʧʳʪʳʚʘʶʱʠʭ ʙʦʣʴʰʠʝ ʪʝʨʤʠʯʝʩʢʠʝ ʥʘʛʨʫʟʢʠ, ʥʘʧʨʠʤʝʨ, ʢʨʝʧʝʞʥʳʭ 

ʜʝʪʘʣʝʡ ʵʣʝʤʝʥʪʦʚ ʧʝʨʚʦʡ ʩʪʝʥʢʠ ʪʦʢʘʤʘʢʦʚ [1]. ɸʜʛʝʟʠʚʥʳʝ ʩʚʦʡʩʪʚʘ 

ʧʦʢʨʳʪʠʡ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʦʜʛʦʪʦʚʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ 

ʨʝʞʠʤʦʤ ʦʩʘʞʜʝʥʠʷ. 

ɺ ʨʘʙʦʪʝ ʠʟʫʯʘʣʘʩʴ ʧʣʘʟʤʘ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʟʨʷʜʘ, ʨʘʙʦʪʘʶʱʝʛʦ ʢʘʢ 

ʚ ʩʨʝʜʥʝʯʘʩʪʦʪʥʦʤ ʨʝʞʠʤʝ ʧʨʠ ʯʘʩʪʦʪʝ f = 1ï100 ʢɻʮ, ʪʘʢ ʠ ʚ ʨʝʞʠʤʝ 

ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ (DC), ʩ ʤʦʱʥʦʩʪʴʶ Pd = 10ï20 ɺʪ ʧʨʠ ʜʘʚʣʝʥʠʠ 

ʨʘʙʦʯʝʛʦ ʛʘʟʘ ʘʨʛʦʥʘ pAr = 0,5 ʇʘ. ʂʦʥʮʝʥʪʨʘʮʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʘ 
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ʵʣʝʢʪʨʦʥʦʚ ʠʟʤʝʨʷʣʠʩʴ ʟʦʥʜʦʚʳʤ ʤʝʪʦʜʦʤ. ʉʦʩʪʘʚ ʠʦʥʥʦʛʦ ʧʦʪʦʢʘ ʠʟ 

ʧʣʘʟʤʳ ʥʘ ʧʦʜʣʦʞʢʫ ʠʟʤʝʨʷʣʩʷ ʩʧʝʮʠʘʣʠʟʨʦʚʘʥʥʳʤ ʤʘʩʩ-ʘʥʘʣʠʟʘʪʦʨʦʤ 

[2]. ʇʨʦʚʝʜʝʥʦ ʥʝʩʢʦʣʴʢʦ ʧʨʦʙʥʳʭ ʦʩʘʞʜʝʥʠʡ ʧʦʢʨʳʪʠʷ MoS2 ʚ 

ʯʘʩʪʦʪʥʦʤ ʠ DC ʨʝʞʠʤʘʭ ʧʨʠ ʧʦʜʘʯʝ ʥʘʧʨʷʞʝʥʠʷ ʩʤʝʱʝʥʠʷ ʨʘʟʥʦʡ 

ʧʦʣʷʨʥʦʩʪʠ. ʅʘʠʣʫʯʰʝʡ ʘʜʛʝʟʠʝʡ ʦʙʣʘʜʘʶʪ ʧʦʢʨʳʪʠʷ, ʦʩʘʞʜʝʥʥʳʝ ʚ 

ʨʝʞʠʤʝ DC. ɿʘʪʝʤ, ʚ ʭʦʜʝ ʠʟʤʝʨʝʥʠʡ ʪʦʣʱʠʥʳ ʧʦʢʨʳʪʠʡ ʙʳʣʦ 

ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʦʜʘʯʘ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʩʤʝʱʝʥʠʷ (+100 

ɺ) ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʩʢʦʨʦʩʪʠ ʨʦʩʪʘ ʧʣʝʥʢʠ ʥʘ ~ 30% 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʢʦʨʦʩʪʠ ʦʩʘʞʜʝʥʠʷ ʧʨʠ ʧʦʜʘʯʝ ʥʝʙʦʣʴʰʦʛʦ 

ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʩʤʝʱʝʥʠʷ (ï20 ɺ). 

ʇʨʦʚʝʜʝʥʳ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʧʦʢʨʳʪʠʡ ʜʠʩʫʣʴʬʠʜʘ 

ʤʦʣʠʙʜʝʥʘ, ʦʩʘʞʜʝʥʥʳʭ ʥʘ ʩʪʘʣʴ AISI316L. ʀʩʧʳʪʘʥʠʷ ʧʨʦʠʟʚʦʜʠʣʠʩʴ 

ʚ ʚʘʢʫʫʤʝ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 250ϲʉ, ʠʥʜʝʥʪʦʨʦʤ ʩ ʨʘʜʠʫʩʦʤ 3 ʤʤ. 

 

      
 

ʈʠʩ. 1. ʀʩʭʦʜʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ AISI316L (ʩʣʝʚʘ),  

ʩʪʨʫʢʪʫʨʘ ʧʦʢʨʳʪʠʷ MoS2 (ʩʧʨʘʚʘ). 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ɸ.ʂ. ʍʆʄʗʂʆɺ, ʉ.ɸ. ʂʈɸʊ, ɸ.ʉ. ʇʈʀʐɺʀʎʓʅ, ɽ.ɸ. 

ʌɽʌɪʃʆɺɸ, ʖ.ʄ. ɻɸʉʇɸʈʗʅ, ɸ.ɸ. ʇʀʉɸʈɽɺ 

ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ʀɿʋʏɽʅʀɽ ɺʃʀʗʅʀʗ ʋʃʔʊʈɸʌʀʆʃɽʊʆɺʆɻʆ 

ʀɿʃʋʏɽʅʀʗ ʅɸ ʉʆɼɽʈɾɸʅʀɽ ʀ ɼɽʉʆʈɹʎʀʖ ɼɽʁʊɽʈʀʗ 

ʀɿ ʉʆʆʉɸɾɼɽʅʅʓʍ ʃʀʊʀɽɺʓʍ ʉʃʆɽɺ 
ʈʘʩʩʤʦʪʨʝʥʦ ʚʣʠʷʥʠʝ ʦʙʣʫʯʝʥʠʷ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʳʤ ʠʟʣʫʯʝʥʠʝʤ 

ʩʦʦʩʘʞʜʝʥʥʳʭ ʣʠʪʠʝʚʳʭ ʩʣʦʝʚ ʥʘ ʩʦʜʝʨʞʘʥʠʝ ʠ ʜʝʩʦʨʙʮʠʶ ʜʝʡʪʝʨʠʷ ʠʟ ʥʠʭ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʦʟʜʝʡʩʪʚʠʝ ʫʣʴʪʨʘʬʠʦʣʝʪʘ ʧʦʜʘʚʣʷʝʪ ʜʝʩʦʨʙʮʠʶ ʧʨʠ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʦʙʣʝʛʯʘʝʪ ʜʝʩʦʨʙʮʠʶ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ʈʘʩʩʤʦʪʨʝʥʳ ʵʬʬʝʢʪʳ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʣʝʯʴ ʚ ʦʩʥʦʚʫ ʩʦʟʜʘʥʠʷ ʤʝʪʦʜʠʢ 

ʦʧʨʝʜʝʣʝʥʠʷ ʤʝʩʪ ʥʘʢʦʧʣʝʥʠʷ ʛʠʜʨʠʜʘ ʣʠʪʠʷ ʚ ʪʦʢʘʤʘʢʘʭ ʩ ʣʠʪʠʝʚʳʤʠ 

ʩʪʝʥʢʘʤʠ, ʘ ʪʘʢʞʝ ʫʜʘʣʝʥʠʷ ʪʷʞʝʣʳʭ ʠʟʦʪʦʧʦʚ ʚʦʜʦʨʦʜʘ ʠʟ ʩʪʝʥʦʢ ʫʩʪʘʥʦʚʦʢ 

ʧʨʠ ʜʦʩʪʘʪʦʯʥʦ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

A.K. HOMIAKOV , S.A. KRAT, A.S. PRISHVITSYN, E.A. 

FEFELOVA, Y.M. GASPARYAN, A.A. PISAREV 
National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

THE INFLUENCE  OF ULTRAVIOLET RADIATION ON THE 

CONTENT AND DESORPTION OF DEUTERIUM FROM CO -

DEPOSITED LITHIUM  FILMS  

The influence of ultraviolet irradiation of co-deposited lithium layers on the 

content and desorption of deuterium from them is considered. It was found that 

exposure to ultraviolet radiation suppresses desorption at high temperatures, 

facilitates desorption at low temperatures. The effects are considered which can form 

the basis for the creation of methods for determining the places of accumulation of 

lithium hydride in tokamaks with lithium walls, as well as for removing heavy 

hydrogen isotopes from the walls of installations at sufficiently low temperatures. 

ʇʝʨʝʦʩʘʞʜʝʥʠʝ ʪʨʠʪʠʷ ʩ ʨʘʩʧʳʣʝʥʥʳʤ ʧʣʘʟʤʦʡ ʤʘʪʝʨʠʘʣʦʤ ʩʪʝʥʢʠ 

ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʩʧʦʩʦʙʦʚ ʥʘʢʦʧʣʝʥʠʷ ʨʘʜʠʦʘʢʪʠʚʥʦʛʦ 

ʠʟʦʪʦʧʘ ʚʦʜʦʨʦʜʘ ʪʨʠʪʠʷ ʚ ʪʝʨʤʦʷʜʝʨʥʳʭ ʫʩʪʘʥʦʚʢʘʭ. ɺ ʪʦʢʘʤʘʢʘʭ, ʚ 

ʢʦʪʦʨʳʭ ʧʣʘʥʠʨʫʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʞʠʜʢʦʛʦ ʣʠʪʠʷ ʚ ʢʘʯʝʩʪʚʝ 

ʤʘʪʝʨʠʘʣʘ ʩʪʝʥʢʠ, ʧʨʦʙʣʝʤʘ ʥʘʢʦʧʣʝʥʠʷ ʠʟʦʪʦʧʦʚ ʚʦʜʦʨʦʜʘ ʠʤʝʝʪ 

ʦʩʦʙʝʥʥʦ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ ʚʚʠʜʫ ʪʦʛʦ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʚ ʧʨʦʮʝʩʩʝ 

ʥʘʢʦʧʣʝʥʠʷ ʪʚʝʨʜʦʡ ʛʠʜʨʠʜʥʦʡ ʬʘʟʳ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʚʳʭʦʜʫ ʠʟ ʩʪʨʦʷ 

ʦʪʜʝʣʴʥʳʭ ʯʘʩʪʝʡ ʫʩʪʘʥʦʚʢʠ, ʨʘʩʩʯʠʪʘʥʥʳʭ ʥʘ ʧʦʩʪʦʷʥʥʦʝ ʪʝʯʝʥʠʝ 

ʣʠʪʠʷ. 
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ʉʦʦʩʘʞʜʝʥʥʳʝ ʣʠʪʠʡ-ʜʝʡʪʝʨʠʝʚʳʝ ʩʣʦʠ ʩ ʪʦʣʱʠʥʦʡ ʦʢʦʣʦ 500ʥʤ 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʘ ʫʩʪʘʥʦʚʢʝ ʄʈ-2 [1] ʧʦʩʨʝʜʩʪʚʦʤ ʨʘʩʧʳʣʝʥʠʷ 

ʞʠʜʢʦʛʦ ʣʠʪʠʝʚʦʛʦ ʢʘʪʦʜʘ ʜʝʡʪʝʨʠʝʚʦʡ ʧʣʘʟʤʦʡ ʤʘʛʥʝʪʨʦʥʥʦʛʦ 

ʨʘʟʨʷʜʘ. ʉʦʜʝʨʞʘʥʠʝ ʜʝʡʪʝʨʠʷ ʚ ʧʦʣʫʯʝʥʥʳʭ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʧʣʝʥʢʘʭ 

ʠʟʤʝʨʷʣʦʩʴ ʤʝʪʦʜʦʤ ʪʝʨʤʦʜʝʩʦʨʙʮʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʊɼʉ), ʯʪʦ 

ʧʨʦʚʦʜʠʣʦʩʴ ʩʨʘʟʫ ʧʦʩʣʝ ʧʨʦʮʝʩʩʘ ʩʦʦʩʘʞʜʝʥʠʷ, ʙʝʟ ʚʳʚʦʜʘ ʩʣʦʷ ʥʘ 

ʘʪʤʦʩʬʝʨʫ. ɺ ʧʨʦʮʝʩʩʝ ʊɼʉ ʘʥʘʣʠʟʘ ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʝʥʢʠ ʜʦʩʪʠʛʘʣʘ 

1300 ʂ. ʇʦʤʠʤʦ ʧʦʪʦʢʘ ʜʝʩʦʨʙʮʠʠ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʘʥʘʣʠʟʘ ʠʟʤʝʨʷʣʘʩʴ 

ʩʢʦʨʦʩʪʴ ʠʩʧʘʨʝʥʠʷ ʩʘʤʦʛʦ ʩʦʦʩʘʞʜʝʥʥʦʛʦ ʩʣʦʷ ʧʨʠ ʧʦʤʦʱʠ ʢʚʘʨʮʝʚʳʭ 

ʤʠʢʨʦʚʝʩʦʚ. 

ʆʜʥʦʡ ʠʟ ʠʥʪʝʨʝʩʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʛʠʜʨʠʜʘ ʣʠʪʠʷ ʷʚʣʷʝʪʩʷ 

ʠʟʤʝʥʝʥʠʝ ʮʚʝʪʘ ʢʨʠʩʪʘʣʣʦʚ ʠʣʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ 

ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʚ ʧʨʦʮʝʩʩʝ ʯʝʛʦ ʧʨʦʠʩʭʦʜʠʪ ʚʳʭʦʜ 

ʚʦʜʦʨʦʜʘ ʠʟ ʤʘʪʝʨʠʘʣʘ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʜʘʥʥʦʛʦ ʩʚʦʡʩʪʚʘ ʛʠʜʨʠʜʘ ʣʠʪʠʷ 

ʠ ʙʳʣʦ ʧʦʩʪʨʦʝʥʦ ʧʨʝʜʣʦʞʝʥʠʝ ʨʘʩʩʤʦʪʨʝʪʴ ʦʙʣʫʯʝʥʠʝ 

ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʳʤ ʠʟʣʫʯʝʥʠʝʤ ʢʘʢ ʩʧʦʩʦʙ ʦʙʣʝʛʯʝʥʠʷ ʫʜʘʣʝʥʠʷ 

ʪʷʞʝʣʳʭ ʠʟʦʪʦʧʦʚ ʚʦʜʦʨʦʜʘ ʠʟ ʧʝʨʝʦʩʘʞʜʝʥʥʳʭ ʠʟ ʧʣʘʟʤʳ ʣʠʪʠʡ-

ʜʝʡʪʝʨʠʝʚʳʭ ʩʣʦʝʚ ʧʨʠ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ʇʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩʢʦʨʦʩʪʴ 

ʜʝʩʦʨʙʮʠʠ ʜʝʡʪʝʨʠʷ ʠʟ ʩʦʦʩʘʞʜʸʥʥʦʛʦ ʣʠʪʠʝʚʦʛʦ ʩʣʦʷ ʩʫʱʝʩʪʚʝʥʥʦ 

ʫʚʝʣʠʯʠʚʘʣʘʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘʯʠʥʘʷ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ 

ʣʠʪʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʣʦʷʤʠ, ʥʝ ʧʦʜʚʝʨʛʘʚʰʠʤʩʷ ʚʦʟʜʝʡʩʪʚʠʶ 

ʫʣʴʪʨʘʬʠʦʣʝʪʘ. ɺ ʊɼʉ ʩʧʝʢʪʨʝ ʜʝʡʪʝʨʠʷ ʜʣʷ ʩʣʦʷ, ʧʦʜʚʝʨʛʰʝʛʦʩʷ 

ʚʦʟʜʝʡʩʪʚʠʶ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʪʝʯʝʥʠʝ 15 ʤʠʥʫʪ, ʥʝ 

ʥʘʙʣʶʜʘʣʦʩʴ ʧʠʢʦʚ ʜʝʩʦʨʙʮʠʠ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʦʩʥʦʚʥʦʛʦ ʧʠʢʘ ʜʝʩʦʨʙʮʠʠ ~ 700 ʂ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʨʘʩʩʤʦʪʨʝʥʥʳʡ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʫʜʘʣʷʪʴ 

ʠʣʠ, ʢʘʢ ʤʠʥʠʤʫʤ, ʩʫʱʝʩʪʚʝʥʥʦ ʫʩʢʦʨʠʪʴ ʧʨʦʮʝʩʩ ʚʳʭʦʜʘ ʪʷʞʝʣʳʭ 

ʠʟʦʪʦʧʦʚ ʚʦʜʦʨʦʜʘ ʠʟ ʩʦʦʩʘʞʜʝʥʥʳʭ ʠʟ ʧʣʘʟʤʳ ʣʠʪʠʝʚʳʭ ʩʣʦʝʚ ʧʨʠ 

ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʙʝʟ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʚʩʢʨʳʪʠʷ 

ʧʣʘʟʤʝʥʥʳʭ ʫʩʪʘʥʦʚʦʢ ʥʘ ʘʪʤʦʩʬʝʨʫ. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Krat S.A. et al. A setup for study of co-deposited films // J. Instrum. 2020. Vol. 

15, ˉ 01. P. P01011ïP01011. 

2. Krat S.A. et al. Deuterium release from lithiumïdeuterium films, deposited in 

the magnetron discharge // Vacuum. 2014. Vol. 105. P. 111ï114. 

3. Krat S. et al. Isotope exchange in Li-D co-deposited layers at temperatures 

below 200 ÁC // J. Nucl. Mater. 2020. P. 152064. 
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  ɺ.ʅ. ɸʈʋʉʊɸʄʆɺ, ʍ.ɹ. ɸʐʋʈʆɺ, ʀ.ʍ. ʍʋɼɸʁʂʋʃʆɺ. 
ʀʥʩʪʠʪʫʪ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʳʭ ʠ ʣʘʟʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ɸʅ ʈʋʟ, ʊʘʰʢʝʥʪ, 

ʋʟʙʝʢʠʩʪʘʥ. 
 

ʂ ɺʆʇʈʆʉʋ ʄɽʍɸʅʀɿʄʆɺ F-T ʕʄʀʉʉʀʀ ʕʃɽʂʊʈʆʅʆɺ ɺ 

ʂɸʊʆɼʅʆʄ ʇʗʊʅɽ ɺɸʂʋʋʄʅʆʁ ɼʋɻʀ  

 
ʋʩʣʦʚʠʷ ʨʝʘʣʠʟʘʮʠʠ ʘʚʪʦʵʣʝʢʪʨʦʥʥʦʡ ʵʤʠʩʩʠʠ ʥʘ ʛʦʨʷʯʝʤ ʢʘʪʦʜʝ 

 

V.N ARUSTAMOV, KH.B. ASHUROV, I.KH. KHUDOYKULOV . 
Institute of ion-plasma and laser technologies, Uzbek Academy of Sciences, 

Tashkent, Uzbekistan 

 

TO THE QUESTION OF F-T MECHANISMS OF 

ELECTRON EMI SSIONS IN THE CATHODE SPOT OF A 

VACUUM ARC  
 

Hot-cathode field emission conditions. 

 
ɺ ʢʘʪʦʜʥʳʭ ʧʷʪʥʘʭ (ʂʇ) ʚʘʢʫʫʤʥʳʭ ʜʫʛ ʧʨʦʠʩʭʦʜʷʪ ʦʩʥʦʚʥʳʝ 

ʧʨʦʮʝʩʩʳ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʦʛʨʘʥʠʯʝʥʥʫʶ ʤʦʱʥʦʩʪʴ 

ʨʘʟʨʷʜʘ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʭ (ʜʝʩʷʪʢʠ ʚʦʣʴʪ) ʥʘʧʨʷʞʝʥʠʷʭ ʥʘ 

ʵʣʝʢʪʨʦʜʘʭ [1]. ɺ ʥʠʭ ʨʝʘʣʠʟʫʝʪʩʷ ʚʳʩʦʢʘʷ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ (j=108A cʤ-2), 

ʧʨʦʠʩʭʦʜʠʪ ʠʥʪʝʥʩʠʚʥʦʝ ʠʩʧʘʨʝʥʠʝ (ʜʦ G = 104 ʛ ʩʤ-2ʩ-1), ʛʝʥʝʨʠʨʫʝʪʩʷ 

ʧʣʦʪʥʘʷ (ni = 1021õ1022 ʩʤ-3) ʧʣʘʟʤʘ, ʚʦʟʥʠʢʘʶʪ ʩʚʝʨʭʪʝʧʣʦʚʳʝ ʧʦʪʦʢʠ 

ʧʣʘʟʤʳ, ʟʘʧʦʣʥʷʶʱʠʝ ʤʝʞʵʣʝʢʪʨʦʜʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʩʦ ʩʢʦʨʦʩʪʴʶ = 

106 ʩʤ ʩ-1, ʧʨʠʯʝʤ ʚ ʩʦʩʪʘʚʝ ʧʣʘʟʤʳ ʧʨʠʩʫʪʩʪʚʫʶʪ ʤʥʦʛʦʟʘʨʷʜʥʳʝ ʠʦʥʳ 

(ʜʦ z = 5õ6), ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʜʦʣʷ ʢʦʪʦʨʳʭ ʟʘʚʠʩʠʪ ʦʪ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʢʘʪʦʜʘ  

ʈʘʟʨʘʙʦʪʢʘ ʢʨʠʪʝʨʠʝʚ F-T ʪʠʧʘ ʵʤʠʩʩʠʠ ʵʣʝʢʪʨʦʥʦʚ ʚ ʂʇ ʚʘʢʫʫʤʥʦʡ 

ʜʫʛʠ, ʚʳʷʩʥʝʥʠʝ ʨʦʣʠ ʪʘʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʢʘʢ ʪʝʧʣʦʪʘ ʠʩʧʘʨʝʥʠʷ ʘʪʦʤʘ 

ʢʘʪʦʜʘ, ʘʪʦʤʥʦʛʦ ʚʝʩʘ, ʨʘʙʦʪʳ ʚʳʭʦʜʘ ʵʣʝʢʪʨʦʥʘ ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʫʩʣʦʚʠʡ 

ʨʝʘʣʠʟʘʮʠʠ F-T ʪʠʧʘ ʵʤʠʩʩʠʠ ʵʣʝʢʪʨʦʥʦʚ ʧʦʩʚʷʱʝʥʘ ʥʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ. 

ʂʘʢ ʠʟʚʝʩʪʥʦ, ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ F ïʊ ʵʤʠʩʩʠʠ ʵʣʝʢʪʨʦʥʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʫʨʘʚʥʝʥʠʝʤ ʌʘʫʣʝʨʘ-ʅʦʨʜʛʝʡʤʘ ʠ ʈʠʯʘʨʜʩʦʥʘ ð ɼʝʰʤʘʥʘ ʦʜʥʘ ʠʟ 

ʟʘʧʠʩʝʡ ʢʦʪʦʨʦʛʦ ʠʤʝʝʪ ʚʠʜ : 

Ὦ
ȟ Ͻ

ÅØÐ
ȟ Ͻ

    (ɸ ʩʤ-2)        (1) 
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Ὦ ὃὝὩ  

ɻʜʝ Ὁ - ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, A- 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʦʩʪʦʷʥʥʘʷʚ ɺĀʩʤ-1; ű ï ʨʘʙʦʪʘ ʚʳʭʦʜʘ ʵʣʝʢʪʨʦʥʘ, ʚ 

ʵɺ; t(y) å 1 ʠ ɗ(y) ï ʬʫʥʢʮʠʠ, ʪʘʙʫʣʠʨʦʚʘʥʥʳʝ ʅʦʨʜʛʝʡʤʦʤ, ʛʜʝ ώ
ȟ Ͻ

 . 

ɿʘʚʠʩʠʤʦʩʪʠ ὰὫὮ ὪὉ  ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʢʘʪʦʜʦʚ, ʦʪʣʠʯʘʶʱʠʭʩʷ 

ʨʘʙʦʪʦʡ ʚʳʭʦʜʘ ʵʣʝʢʪʨʦʥʘ, ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ.1 (ʢʨʠʚʳʝ 1õ4). ʂʘʢ 

ʩʣʝʜʫʝʪ ʠʟ ʨʠʩ.1, ʢʨʠʚʳʝ 1õ4 ʠʤʝʶʪ ʦʯʝʥʴ ʢʨʫʪʦʡ ʥʘʢʣʦʥ, ʦʩʦʙʝʥʥʦ ʜʣʷ 

ʢʘʪʦʜʦʚ ʩ ʤʘʣʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ű. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ 

ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ F ʵʤʠʩʩʠʠ Ὦ  ρπ ̱ ̒̍ʪʨʝʙʫʝʪʩʷ ʩʠʣʴʥʦʝ 

ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ Ὁ  ρπ ˏ ̒̍ . 

         
 ʘ ʙ 

ʅʘ ʨʠʩ.1ʘ ʢʨʠʚʳʝ 5õ7 ʦʪʨʘʞʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ὰὫὮ ὪὉ  ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʢʘʪʦʜʦʚ, ʦʪʣʠʯʘʶʱʠʭʩʷ ʘʪʦʤʥʳʤ ʚʝʩʦʤ ʧʨʠ ʩʨʝʜʥʝʤ 

ʟʥʘʯʝʥʠʠ - Uc = 15 B. ʂʘʢ ʚʠʜʥʦ, ʥʘʢʣʦʥʳ ʢʨʠʚʳʭ 1õ4 ʠ ʢʨʠʚʳʭ 5õ7 

ʨʝʟʢʦ ʦʪʣʠʯʘʶʪʩʷ.1ʙ. ʅʘ ʛʨʘʬʠʢʝ ʥʠʞʝ ʧʦʢʘʟʘʥʦ ʠʟʤʝʥʝʥʠʝ ʨʘʙʦʪʘ 

ʚʳʭʦʜʘ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1000ʂ, 2000ʂ, 

3000ʂ ʥʘʙʣʶʜʘʝʪʩʷ ʦʧʨʝʜʝʣʝʥʥʦʝ ʥʝʣʠʥʝʡʥʦʝ ʠʟʤʝʥʝʥʠʝ ʧʣʦʪʥʦʩʪʠ 

ʪʦʢʘ,ʚ ʫʩʣʦʚʠʭ ʧʦʩʪʦʷʥʩʪʚʘ ʵʣʝʢʪʨʦʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʢʘʪʦʜʥʦʤ ʧʷʪʥʝ  (107 

ɺ / ʩʤ) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʚ ʫʩʣʦʚʠʷʭ  ʘʚʪʦʵʣʝʢʪʨʦʥʥʦʡ ʵʤʠʩʩʠʠ ʚ ʢʘʪʦʜʥʦʤ 

ʧʷʪʥʝ ʚʘʢʫʫʤʥʦʛʦ ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ ʩ ʫʯʝʪʦʤ ʪʝʨʤʦʵʤʠʩʩʠ ʵʣʝʢʪʨʦʥʦʚ ʚ 

ñʛʦʨʷʯʝʤò ʢʘʪʦʜʝ (2273ʂ), ʨʝʘʣʠʟʘʮʠʠ ʨʘʟʨʷʜʦʤ ʚʦʟʤʦʞʥʦ ʚ ʤʝʪʘʣʣʘʭ ʩ 

ʨʘʙʦʪʦʡ ʚʳʭʦʜʘ ʜʦ 2 ʵɺ ʠ ʩ T2 ʜʦ T3 ʜʦ 2,5 ʵɺ [1]. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1.ʂʨʠʪʝʨʠʡ ʤʝʭʘʥʠʟʤʦʚ ʵʤʠʩʩʠʠ- F ʵʤʠʩʩʠʠ ʵʣʝʢʪʨʦʥʦʚ ʚ ʢʘʪʦʜʥʦʤ ʧʷʪʥʝ ʚʘʢʫʫʤʥʦʡ ʜʫʛʠ. 

ʍ.ɹ. ɸʰʫʨʦʚ, ɺ.ʅ. ɸʨʫʩʪʘʤʦʚ, ʈ.ɹ. ʅʘʛʘʡʙʝʢʦʚ, ʍ.ʍ. ʂʘʜʳʨʦʚ, ʀ.ʍ ʍʫʜʘʡʢʫʣʦʚ  

ʋʌɾ, ʋʟʙʝʢʠʩʪʘʥ, ʊʘʰʢʝʥʪ. ʩʩ  180 ï 191. 2012 ʛ 
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ɺ.ʅ. ɸʈʋʉʊɸʄʆɺ, ʍ.ɹ. ɸʐʋʈʆɺ, ʀ.ʍ. ʍʋɼɸʁʂʋʃʆɺ 
ʀʥʩʪʠʪʫʪ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʳʭ ʠ ʣʘʟʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ɸʅ ʈʋʟ, ʊʘʰʢʝʥʪ, 

ʋʟʙʝʢʠʩʪʘʥ. 

ʀʆʅʀɿɸʎʀʆʅʅʓɽ ʇʈʆʎɽʉʉʓ ɺ ʂɸʊʆɼʅʆʄ ʇʗʊʅɽ 

ɺɸʂʋʋʄʅʆʁ ɼʋɻʀ 

 
ʀʦʥʠʟʘʮʠʷ ʚ ʟʘʨʷʜʦʚʦʡ ʩʠʩʪʝʤʝ ʢʘʪʦʜʥʦʛʦ ʧʷʪʥʘ ʚʘʢʫʫʤʥʦʡ ʜʫʛʝ 

 

V.N ARUSTAMOV, KH.B. ASHUROV, I.KH. KHUDOYKULOV . 
Institute of ion-plasma and laser technologies, Uzbek Academy of Sciences, 

Tashkent, Uzbekistan 

IONIZATION PROCESSES IN THE CATHODE FRIDAY OF 

THE VACUUM ARC  

Ionization in the charge system of a cathode spot in a vacuum arc 

 
ʅʘʣʠʯʠʝ ʚ ʧʣʘʟʤʝ ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ ʠʦʥʦʚ, ʜʚʠʞʫʱʠʭʩʷ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʦʪ ʢʘʪʦʜʘ ʢ ʘʥʦʜʫ, ʧʨʠ ʧʘʜʝʥʠʠ ʥʘʧʨʷʞʝʥʠʷ ʥʘ 

ʜʫʛʦʚʦʤ ʨʘʟʨʷʜʝ 10-30ɺ, ʠ ʵʥʝʨʛʠʠ ʠʦʥʦʚ 30-150ʵɺ [1,2]. ʷʚʣʷʝʪʩʷ 

ʠʥʪʝʨʝʩʥʳʤ ʬʠʟʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ. ʇʨʦʚʝʜʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʥʘʧʨʘʚʣʝʥʦ ʥʘ ʦʧʨʝʜʝʣʝʥʠʝ ʨʦʣʠ ʚ ʵʪʦʤ ʠʦʥʥʳʭ ʩʢʦʧʣʝʥʠʡ [3].ʇʨʠʤʝʤ, 

ʯʪʦ ʂʇ ʚʘʢʫʫʤʥʦʡ ʜʫʛʠ, ʙʝʩʢʦʥʝʯʥʦ ʧʨʦʪʷʞʝʥʥʦʝ, ʧʘʨʘʣʣʝʣʴʥʦ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʦʩʢʦʛʦ ʢʘʪʦʜʘ. ɺ ʦʙʣʘʩʪʠ, ʛʜʝ ʢʦʥʮʝʥʪʨʘʮʠʷ ʠʦʥʦʚ 

ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʝʚʳʰʘʝʪ ʢʦʥʮʝʥʪʨʘʮʠʶ ʵʣʝʢʪʨʦʥʦʚ, ʧʨʠ ʩʠʣʴʥʦʤ 

ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ [2], ʥʝʡʪʨʘʣʳ ʠʦʥʠʟʠʨʫʶʪʩʷ ʵʤʠʪʠʨʦʚʘʥʥʳʤʠ ʩ 

ʢʘʪʦʜʘ ʠ ʫʩʢʦʨʝʥʥʳʤʠ ʵʪʠʤ ʧʦʣʝʤ ʵʣʝʢʪʨʦʥʘʤʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʦʟʥʠʢʘʝʪ 

ʠʟʙʳʪʦʯʥʳʡ ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʠʦʥʥʳʡ ʟʘʨʷʜ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʟʘʚʠʩʠʤʦʩʪʴ 

ʤʝʞʜʫ ʧʦʪʝʥʮʠʘʣʦʤ ʠ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʟʘʨʷʜʘ ʟʘʜʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ 

ʇʫʘʩʩʦʥʘ (1). 

                                                            
‬ςὟ

‬ὤς
 =  ,                                           (1) 

ʜʣʷ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʢʦʪʦʨʦʝ ʙʳʣʘ ʧʦʣʫʯʝʥʦ ʥʘ 

ʦʩʥʦʚʝ ʬʦʨʤʫʣʳ ʄʘʢʢʦʫʥʘ, ʠʩʭʦʜʥʦʛʦ ʚ ʫʨʘʚʥʝʥʠʝ ʇʫʘʩʩʦʥʘ. 

Ὁ
Ѝ

Ὦ ά Ὦ ά Ὗ
Ѝ

ρ ί ά ίά Ὗ       

(2) 

ʛʜʝ r =  (ni-ne), - ʧʣʦʪʥʦʩʪʴ ʟʘʨʷʜʘ, Ů0 ï ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʦʩʪʦʷʥʥʘʷ. ni 

ʠ ne- ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ ʠ ʵʣʝʢʪʨʦʥʦʚ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʋʨʘʚʥʝʥʠʝ (1) 

ʧʨʠ ʠʟʚʝʩʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ r (z) ï z ʨʝʰʘʝʪʩʷ ʧʨʦʩʪʳʤ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʝʤ.  
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ɺ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʤ ʟʘʨʷʜʝ, ʨʘʩʧʦʣʦʞʝʥʥʦʤ ʤʝʞʜʫ ʢʘʪʦʜʦʤ ʩ 

ʚʳʩʦʢʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ ʠ ʩʪʨʫʸʡ, ʭʦʨʦʰʦ ʧʨʦʚʦʜʷʱʝʡ 

ʢʚʘʟʠʥʝʡʪʨʘʣʴʥʦʡ ʧʣʘʟʤʳ, ʝʩʪʴ ʧʣʦʩʢʦʩʪʴ, ʚ ʢʦʪʦʨʦʡ ʧʦʪʝʥʮʠʘʣ U=Uʤʘʭ 

- ʤʘʢʩʠʤʘʣʝʥ, ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʧʦʣʷ ɽ0=0, ʘ ʩʫʤʤʘʨʥʳʝ ʟʘʨʷʜʳ, 

ʥʘʭʦʜʷʱʠʝʩʷ ʧʦ ʦʙʝ ʩʪʦʨʦʥʳ ʦʪ ʵʪʦʡ ʧʣʦʩʢʦʩʪʠ ʨʘʚʥʳ ʜʨʫʛ ʜʨʫʛʫ. 

ʇʦʵʪʦʤʫ ʦʙʣʘʩʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʟʘʨʷʜʘ ʫʜʦʙʥʦ ʨʘʟʙʠʪʴ ʥʘ ʪʨʠ ʟʦʥʳ. 

ʇʝʨʚʘʷ ʟʦʥʘ S1 ʥʘʯʠʥʘʝʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʪʦʜʘ, ʚʪʦʨʘʷ ʟʦʥʘ S2 

ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʯʘʩʪʴ ʦʙʣʘʩʪʠ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ 

ʟʘʨʷʜʘ, ʥʦ ʩ ʫʤʝʥʴʰʘʶʱʠʤʩʷ ʧʦʪʝʥʮʠʘʣʦʤ. ɺ ʪʨʝʪʴʶ ʟʦʥʫ S3 ʚʭʦʜʠʪ 

ʦʙʣʘʩʪʴ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʟʘʨʷʜʘ ʩ ʫʤʝʥʴʰʘʶʱʠʤʩʷ ʦʪʨʠʮʘʪʝʣʴʥʳʤ 

ʧʦʪʝʥʮʠʘʣʦʤ, ʟʘʚʝʨʰʘʶʱʘʷʩʷ ʚ ʦʙʣʘʩʪʠ ʝʛʦ ʟʥʘʯʝʥʠʷ ʨʘʚʥʦʛʦ 

ʧʦʪʝʥʮʠʘʣʫ ʢʘʪʦʜʥʦʛʦ ʧʘʜʝʥʠʷ Uʢʧ 

 

 
ʈʠʩʫʥʦʢ 1. - ʀʟʤʝʥʝʥʠʝ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʚ ʢʘʪʦʜʥʦʤ ʧʷʪʥʝ ʚʘʢʫʫʤʥʦʡ ʜʫʛʠ ʥʘ 

ʨʘʟʣʠʯʥʳʭ ʨʘʩʩʪʦʷʥʠʷʭ ʦʪ ʢʘʪʦʜʘ: ʵʣʝʢʪʨʦʥʦʚ ʠ ʠʦʥʦʚ; Zmï ʤʘʢʩʠʤʫʤ ʧʦʪʝʥʮʠʘʣʘ. Zʧʝʨ ï
ʪʦʯʢʘ ʧʝʨʝʛʠʙʘ ʧʦʪʝʥʮʠʘʣʘ, Zʢʧï ʢʦʦʨʜʠʥʘʪʘ ʢʘʪʦʜʥʦʛʦ ʧʘʜʝʥʠʷ ʧʦʪʝʥʮʠʘʣʘ, Z0 ï ʪʦʯʢʘ 

ʫʩʣʦʚʥʦʛʦ ʪʦʨʤʦʞʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ. 

 

ʇʨʦʚʝʜʝʥʥʦ ʯʪʦ ʚ ʧʝʨʚʦʡ ʟʦʥʝ S1 ʠʦʥʳ ʫʩʢʦʨʷʶʪʩʷ ʢ ʢʘʪʦʜʫ, ʘ ʚʦ 

ʚʪʦʨʦʡ S2 ʠ ʪʨʝʪʴʝʡ S3 ʢ ʘʥʦʜʫ, ʥʝ ʚʩʪʨʝʯʘʷ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʙʘʨʴʝʨʦʚ 

ʧʦʢʠʜʘʶʪ ʨʘʩʩʤʘʪʨʠʚʘʝʤʫʶ ʦʙʣʘʩʪʴ. ʕʣʝʢʪʨʦʥʳ ʞʝ ʧʦʧʘʜʘʶʪ ʚ 

ʧʦʪʝʥʮʠʘʣʴʥʫʶ ʣʦʚʫʰʢʫ. ʉʠʩʪʝʤʘ ʟʘʨʷʜʦʚ ʧʨʠʦʙʨʝʪʘʝʪ ʵʥʝʨʛʠʶ ʟʘ ʩʯʝʪ 

ʫʩʢʦʨʝʥʠʷ ʵʤʠʪʠʨʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʧʦʪʝʥʮʠʘʣʦʤ ʂʇ ʠ ʟʘʪʨʘʯʠʚʘʝʪ 

ʝʝ ʥʘ ʫʩʢʦʨʝʥʠʝ ʠʦʥʦʚ ʠ ʨʘʟʦʛʨʝʚ ʵʣʝʢʪʨʦʥʥʦʛʦ ʛʘʟʘ. ʇʦʪʝʨʠ ʥʘ 

ʠʟʣʫʯʝʥʠʝ ʠ ʨʘʩʩʝʷʥʠʝ ʠʦʥʦʚ ʧʨʠ ʵʪʦʤ ʩʦʩʪʘʚʣʷʶʪ ʪʦʣʴʢʦ ʥʝʙʦʣʴʰʫʶ 

ʜʦʣʶ ʦʪ ʵʪʠʭ ʧʦʪʝʨʴ. ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʪʦʢʘ 106 ɸ/ʩʤ2. 

ɺʝʨʦʷʪʥʦʩʪʴ ʠʦʥʠʟʘʮʠʠ ʘʪʦʤʦʚ ʙʣʠʟʢʘ ʢ ʝʜʠʥʠʮʝ ʚʧʣʦʪʴ ʜʦ 

ʢʦʥʮʝʥʪʨʘʮʠʡ 7,5Ā1019 ʩʤ-3 ʠ ʥʘʯʠʥʘʝʪ ʧʘʜʘʪʴ ʧʨʠ ʙʦʣʴʰʠʭ 

ʢʦʥʮʝʥʪʨʘʮʠʷʭ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʝʨʝʟʘʨʷʜʢʠ ʠʦʥʦʚ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ~5Ā10-7 -

10-6 ʩʤ ʦʪ ʢʘʪʦʜʘ ʩʦʟʜʘʝʪʩʷ ʩʣʦʡ ʠʦʥʦʚ, ʬʦʨʤʠʨʫʶʱʠʡ ʧʦʣʷ ʜʦ 5Ā107 

ɺ/ʩʤ. 
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ɿʄʀʊʈɽʅʂʆ2, ʇ.ɸ. ʂʋʏʋɻʆɺ2 
1ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʌ 
2ʀʥʩʪʠʪʫʪ ʧʨʠʢʣʘʜʥʦʡ ʤʘʪʝʤʘʪʠʢʠ ʠʤ. ʄ.ɺ. ʂʝʣʜʳʰʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʌ 

ʀʉʉʃɽɼʆɺɸʅʀɽ ʆʉʆɹɽʅʅʆʉʊɽʁ ʇʆɻʃʆʑɽʅʀʗ ʀ 

ʇɽʈɽʅʆʉɸ ʃɸɿɽʈʅʆɻʆ ʀɿʃʋʏɽʅʀʗ ɺ ʄɸʃʆʇʃʆʊʅʆʄ 

ʇʆʈʀʉʊʆʄ ɺɽʑɽʉʊɺɽ 
ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ 

ʧʦʛʣʦʱʝʥʠʷ ʠ ʧʝʨʝʥʦʩʘ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʤʘʣʦʧʣʦʪʥʦʤ ʧʦʨʠʩʪʦʤ 

ʚʝʱʝʩʪʚʝ. ʀʩʩʣʝʜʦʚʘʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʛʠʜʨʦʪʝʧʣʦʚʦʡ ʚʦʣʥʳ ʚ 

ʩʣʫʯʘʝ ʧʦʨʠʩʪʦʛʦ ʚʝʱʝʩʪʚʘ ʩ ʧʣʦʪʥʦʩʪʴʶ, ʤʝʥʴʰʝʡ ʠ ʙʦʣʴʰʝʡ ʢʨʠʪʠʯʝʩʢʦʡ 

ʧʣʦʪʥʦʩʪʠ ʧʣʘʟʤʳ, ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ. ʇʦʣʫʯʝʥʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʧʦʠʩʢ ʤʠʰʝʥʝʡ ʣʘʟʝʨʥʦʛʦ ʪʝʨʤʦʷʜʝʨʥʦʛʦ ʩʠʥʪʝʟʘ. 
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INVESTIGATION OF THE FEATURES OF LASER 

RADIATION ABSORPTION AND TRANSPORT IN A LOW -

DENSITY POROUS MATTER 

The results of numerical simulation of the processes of transfer and absorption of 

laser radiation in a low-density porous matter are presented. The features of the 

hydrothermal wave propagation in the case of a porous matter with a density lower 

and higher than the critical plasma density are investigated, and a comparison with 

experiments is made. The results are addressed to the development of design of 

laser thermonuclear target. 

ʋʥʠʚʝʨʩʘʣʴʥʳʤ ʤʝʪʦʜʦʤ ʫʚʝʣʠʯʝʥʠʷ ʜʘʚʣʝʥʠʷ ʫʜʘʨʥʦʡ ʚʦʣʥʳ 

ʷʚʣʷʝʪʩʷ ʝʸ ʧʝʨʝʭʦʜ ʚ ʚʝʱʝʩʪʚʦ ʩ ʙʦʣʴʰʝʡ ʧʣʦʪʥʦʩʪʴʶ. ʇʨʠʤʝʥʠʪʝʣʴʥʦ 

ʢ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʣʘʟʝʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʚ ʩʘʤʦʤ ʧʨʦʩʪʦʡ ʩʭʝʤʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʤʝʪʦʜ ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʠʰʝʥʠ ʚ ʚʠʜʝ 

ʩʣʦʸʚ ʚʝʱʝʩʪʚ ʨʘʟʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʚ ʢʦʪʦʨʦʡ ʛʝʥʝʨʘʮʠʷ ʧʝʨʚʠʯʥʦʡ 

ʫʜʘʨʥʦʡ ʚʦʣʥʳ  ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʸʪ ʘʙʣʷʮʠʠ ʚʝʱʝʩʪʚʘ ʩ ʤʝʥʴʰʝʡ 

ʧʣʦʪʥʦʩʪʴʶ. ɺ ʢʘʯʝʩʪʚʝ ʤʘʣʦʧʣʦʪʥʦʛʦ ʘʙʣʷʪʦʨʘ ʪʘʢʦʡ ʤʠʰʝʥʠ ʤʦʞʥʦ 

ʧʨʝʜʩʪʘʚʠʪʴ ʩʝʙʝ ʛʘʟ ʩ ʧʣʦʪʥʦʩʪʴʶ, ʧʨʝʚʳʰʘʶʱʝʡ ʢʨʠʪʠʯʝʩʢʫʶ 

ʧʣʦʪʥʦʩʪʴ ʦʙʨʘʟʫʶʱʝʡʩʷ ʧʣʘʟʤʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ ʜʣʠʥʝ ʚʦʣʥʳ 
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ʚʦʟʜʝʡʩʪʚʫʶʱʝʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʆʜʥʘʢʦ ʵʪʦ ʩʦʧʨʷʞʝʥʦ ʩʦ 

ʟʥʘʯʠʪʝʣʴʥʳʤ ʫʩʣʦʞʥʝʥʠʝʤ ʪʝʭʥʠʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘ. ɺ 

ʵʪʦʤ ʩʣʫʯʘʝ ʤʠʰʝʥʴ ʜʦʣʞʥʘ ʧʦʤʝʱʘʪʴʩʷ ʣʠʙʦ ʚ ʛʘʟʦʥʘʧʦʣʥʝʥʥʫʶ 

ʢʘʤʝʨʫ ʩ ʚʚʦʜʥʳʤʠ ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʤ ʦʢʥʘʤʠ ʠ ʦʢʥʦʤ ʜʣʷ ʚʚʦʜʘ 

ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ, ʣʠʙʦ ʢʦʥʩʪʨʫʢʮʠʷ ʩʘʤʦʡ ʤʠʰʝʥʠ ʜʦʣʞʥʘ 

ʧʨʝʜʫʩʤʘʪʨʠʚʘʪʴ ʩʪʝʥʢʠ ʦʢʨʫʞʘʶʱʠʝ çʛʘʟʦʚʳʡè ʘʙʣʷʪʦʨ ʠ ʪʦʞʝ ʦʢʥʦ 

ʜʣʷ ʚʚʦʜʘ ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ. ɹʦʣʝʝ ʧʦʜʭʦʜʷʱʠʤ ʤʘʪʝʨʠʘʣʦʤ 

ʤʘʣʦʧʣʦʪʥʦʛʦ ʘʙʣʷʪʦʨʘ ʷʚʣʷʝʪʩʷ ʧʦʨʠʩʪʦʝ ʚʝʱʝʩʪʚʦ ʣʸʛʢʠʭ ʭʠʤʠʯʝʩʢʠʭ 

ʵʣʝʤʝʥʪʦʚ. ʌʠʟʠʢʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʱʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ 

ʧʦʨʠʩʪʳʤ ʚʝʱʝʩʪʚʦʤ ʘʢʪʠʚʥʦ ʠʩʩʣʝʜʫʝʪʩʷ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʩʚʷʟʠ ʩ 

ʠʥʪʝʨʝʩʦʤ ʢ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤ ʷʚʣʝʥʠʷʤ ʣʘʟʝʨ-ʧʣʘʟʤʝʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʠʤʝʶʱʠʤ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʨʷʜʘ ʧʨʠʢʣʘʜʥʳʭ ʟʘʜʘʯ 

ʠ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʜʣʷ ʠʥʝʨʮʠʘʣʴʥʦʛʦ ʪʝʨʤʦʷʜʝʨʥʦʛʦ ʩʠʥʪʝʟʘ. 

ʇʦʨʠʩʪʦʝ ʚʝʱʝʩʪʚʦ ʦʙʣʘʜʘʝʪ ʥʘʙʦʨʦʤ ʚʘʞʥʳʭ ʜʦʩʪʦʠʥʩʪʚ, ʦʪʥʦʩʷʱʠʭʩʷ 

ʢ ʧʦʛʣʦʱʝʥʠʶ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ  ʠ ʦʙʨʘʟʦʚʘʥʠʶ ʘʙʣʷʮʠʦʥʥʦʛʦ 

ʜʘʚʣʝʥʠʷ. ʆʜʥʦ ʠʟ ʥʠʭ ʩʦʩʪʦʠʪ ʚ ʚʳʩʦʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʦʛʣʦʱʝʥʠʷ 

ʠʟʣʫʯʝʥʠʷ ʪʝʨʘʚʘʪʪʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ. ʂʨʦʤʝ ʪʦʛʦ, ʧʦʛʣʦʱʝʥʠʝ 

ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʚʝʱʝʩʪʚʝ ʩʦ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʴʶ 

ʷʚʣʷʝʪʩʷ ʧʨʝʜʧʦʩʳʣʢʦʡ ʦʙʨʘʟʦʚʘʥʠʷ ʘʙʣʷʮʠʦʥʥʦʛʦ ʜʘʚʣʝʥʠʷ ʙʦʣʝʝ 

ʚʳʩʦʢʦʛʦ,  ʯʝʤ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʥʘ ʪʚʸʨʜʦʝ 

ʚʝʝɦʩʪʚʦ, ʢʦʛʜʘ ʠʟʣʫʯʝʥʠʝ ʠʤʝʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʛʣʦʱʘʪʴʩʷ ʪʦʣʴʢʦ ʚ 

ʦʙʨʘʟʫʶʱʝʡʩʷ ʧʣʘʟʤʝ ʜʦʢʨʠʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚ ʨʘʤʢʘʭ ʤʦʜʝʨʥʠʟʘʮʠʠ ʦʜʥʦʤʝʨʥʦʛʦ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʣʘʛʨʘʥʞʝʚʘ ʢʦʜʘ ɼʠʘʥʘ [1] ʚ ʧʨʦʛʨʘʤʤʫ ʚʢʣʶʯʝʥ 

ʙʣʦʢ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʧʦʨʠʩʪʳʤ ʚʝʱʝʩʪʚʦʤ. 

ʈʘʩʯʸʪʥʳʡ ʘʣʛʦʨʠʪʤ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʜʣʷ ʢʘʞʜʦʡ ʩʯʝʪʥʦʡ ʷʯʝʡʢʠ 

ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ  ʬʫʥʢʮʠʷ çʛʦʤʦʛʝʥʠʟʘʮʠʠè ʷʯʝʡʢʠ, ʢʦʪʦʨʘʷ ʩ ʚʦʶ 

ʦʯʝʨʝʜʴ ʦʧʨʝʜʝʣʷʝʪ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ 

ʷʯʝʡʢʝ. ʇʨʦʚʝʜʝʥʥʳʝ ʨʘʩʯʝʪʳ ʧʦ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʧʝʨʝʥʦʩʘ 

ʧʦʛʣʦʱʝʥʥʦʡ ʣʘʟʝʨʥʦʡ ʵʥʝʨʛʠʠ ʚ ʧʦʨʠʩʪʦʤ ʚʝʱʝʩʪʚʝ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʩ ʦʧʫʙʣʠʢʦʚʘʥʥʳʤʠ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʠʟʤʝʨʝʥʠʶ ʩʢʦʨʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʚ ʣʘʟʝʨʥʦʡ ʧʣʘʟʤʝ ʧʦʨʠʩʪʦʛʦ ʚʝʱʝʩʪʚʘ. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ʅ. ɺ. ɿʤʠʪʨʝʥʢʦ, ɺ. ʗ. ʂʘʨʧʦʚ, ɸ. ʇ. ʌʘʜʝʝʚ ʠ ʜʨ., ɺɸʅʊ, ʩʝʨ. ʄʝʪʦʜʠʢʠ ʠ 

ʧʨʦʛʨʘʤʤʳ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ 2, 34(1983). 
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ʉʝʢʮʠʷ 

ʋʉʂʆʈʀʊɽʃʀ ɿɸʈʗɾɽʅʅʓʍ 

ʏɸʉʊʀʎ ʀ ʈɸɼʀɸʎʀʆʅʅʓɽ 

ʊɽʍʅʆʃʆɻʀʀ 
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ʆ.ɸ. ɺʘʣʴʜʥʝʨʘ, ʟʘʚʝʜʫʶʱʝʛʦ ʢʘʬʝʜʨʦʡ 

ʕʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʦʢ ʄʀʌʀ ʩ 1963 ʧʦ 1987 ʛʦʜʳ 
 

ʈʫʢʦʚʦʜʠʪʝʣʴ ʩʝʢʮʠʠ ï ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬ. ʇʦʣʦʟʦʚ 

ʉʝʨʛʝʡ ʄʘʨʢʦʚʠʯ 
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ʅ.ʇ. ʉʆɹɽʅʀʅ 

ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ʂ 100-ʃɽʊʀʖ ʉʆ ɼʅʗ ʈʆɾɼɽʅʀʗ ʇʈʆʌɽʉʉʆʈɸ, 

ɼʆʂʊʆʈɸ ʊɽʍʅʀʏɽʉʂʀʍ ʅɸʋʂ,  ʃɸʋʈɽɸʊɸ 

ɻʆʉʋɼɸʈʉʊɺɽʅʅʆʁ ʇʈɽʄʀʀ ʉʉʉʈ, ɿɸʉʃʋɾɽʅʅʆɻʆ 

ɼɽʗʊɽʃʗ ʅɸʋʂʀ ʉʉʉʈ 

ʆʃɽɻɸ ɸʅɸʊʆʃʔɽɺʀʏɸ ɺɸʃʔɼʅɽʈɸ 

 

ʆ.ɸ.ɺʘʣʴʜʥʝʨ 

ʗ ʥʘʯʥʫ ʚʦʩʧʦʤʠʥʘʥʠʷ ʦ ʩʚʦʝʤ ʫʯʠʪʝʣʝ ʧʦ ʨʘʙʦʪʝ ʠ ʞʠʟʥʠ ʆʣʝʛʘ 

ɸʥʘʪʦʣʴʝʚʠʯʘ ɺʘʣʴʜʥʝʨʝ ʩ ʧʝʨʝʝʟʜʘ ʢʘʬʝʜʨʳ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ 

ʫʩʪʘʥʦʚʦʢ  ʠʟ ʧʦʤʝʱʝʥʠʡ ʄʕʀ ʥʘ ʫʣʠʮʝ ʂʨʘʩʥʦʢʘʟʘʨʤʝʥʥʦʡ 14 ʚ 

ʟʜʘʥʠʝ ʰʢʦʣʴʥʦʛʦ ʪʠʧʘ ʥʘ ʫʣʠʮʝ ʋʩʠʝʚʠʯʘ (ʦʢʦʣʦ ʤʝʪʨʦ ʉʦʢʦʣ).  ɺʩʪʘʣ 

ʚʦʧʨʦʩ ʦ ʥʘʟʥʘʯʝʥʠʠ ʣʝʢʪʦʨʘ ʧʦ ʢʫʨʩʫ ʉɺʏ ʠʟ ʯʠʩʣʘ ʩʦʪʨʫʜʥʠʢʦʚ 

ʢʘʬʝʜʨʳ ʠ ʦ ʩʦʟʜʘʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʫʯʝʙʥʦʡ ʣʘʙʦʨʘʪʦʨʠʠ. ʈʘʥʝʝ 

ʵʪʦʪ ʢʫʨʩ ʯʠʪʘʣ ʧʨʦʬʝʩʩʦʨ  ʠʟ ʄʕʀ ʀʛʦʨʴ ɺʩʝʚʦʣʦʜʦʚʠʯ ʃʝʙʝʜʝʚ, 

ʢʦʪʦʨʦʛʦ ʷ ʩʯʠʪʘʶ ʣʫʯʰʠʭ ʣʝʢʪʦʨʦʤ  ʚ ʤʦʝʡ ʞʠʟʥʠ. ʕʪʫ ʨʘʙʦʪʫ 

ʟʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ ʧʨʦʬʝʩʩʦʨ ɻ.ɸ. ʊʷʛʫʥʦʚ ʧʦʨʫʯʠʣ ʘʩʧʠʨʘʥʪʫ ʆ.ɸ. 

ɺʘʣʴʜʥʝʨʫ, ʢʦʪʦʨʳʡ ʢ ʵʪʦʤʫ ʚʨʝʤʝʥʠ ʟʘʚʝʨʰʘʣ ʥʘʧʠʩʘʥʠʝ ʢʘʥʜʠʜʘʪʩʢʦʡ 

ʜʠʩʩʝʨʪʘʮʠʠ. ɺʳʙʦʨ ʟʘʚʝʜʫʶʱʝʛʦ ʢʘʬʝʜʨʦʡ ʦʢʘʟʘʣʩʷ ʧʨʘʚʠʣʴʥʳʤ. ʆʣʝʛ 

ɸʥʘʪʦʣʴʝʚʠʯ ʫʞʝ ʚ ʵʪʦ ʚʨʝʤʷ ʧʦʣʴʟʦʚʘʣʩʷ ʘʚʪʦʨʠʪʝʪʦʤ ʩʨʝʜʠ ʤʦʣʦʜʳʭ 

ʩʦʪʨʫʜʥʠʢʦʚ ʢʘʬʝʜʨʳ. ʆ.ɸ. ɺʘʣʴʜʥʝʨ ʩʨʘʟʫ ʧʦʥʷʣ, ʯʪʦ ʜʣʷ ʨʘʟʚʠʪʠʷ ʥʘ 

ʢʘʬʝʜʨʝ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʠʤ ʥʘʫʯʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʧʦ ʩʦʟʜʘʥʠʶ 

ʣʠʥʝʡʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʢʦʨʠʪʝʣʝʡ ʥʝʦʙʭʦʜʠʤ ʧʦʣʥʦʮʝʥʥʳʡ ʢʫʨʩ ʧʦ 
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ʪʝʭʥʠʢʝ ʩʚʝʨʭʚʳʩʦʢʠʭ ʯʘʩʪʦʪ ʩ ʦʙʷʟʘʪʝʣʴʥʳʤ ʣʘʙʦʨʘʪʦʨʥʳʤ 

ʧʨʘʢʪʠʢʫʤʦʤ. ʇʦʵʪʦʤʫ ʝʛʦ ʟʥʘʯʠʪʝʣʴʥʳʝ ʫʩʠʣʠʷ ʙʳʣʠ ʥʘʧʨʘʚʣʝʥʳ ʥʘ 

ʩʦʟʜʘʥʠʝ ʣʘʙʦʨʘʪʦʨʥʦʛʦ ʧʨʘʢʪʠʢʫʤʘ ʧʦ ʪʝʭʥʠʢʝ ʉɺʏ. ʊʨʫʜʥʦʩʪʠ, 

ʥʝʩʦʤʥʝʥʥʦ, ʙʳʣʠ ʩʚʷʟʘʥʳ ʧʨʝʞʜʝ ʚʩʝʛʦ ʩ ʤʘʪʝʨʠʘʣʴʥʳʤ ʦʙʝʩʧʝʯʝʥʠʝʤ, 

ʩ ʧʨʠʦʙʨʝʪʝʥʠʝʤ ʧʨʠʙʦʨʦʚ ʠ ʵʣʝʤʝʥʪʦʚ ʚʦʣʥʦʚʦʜʥʦʡ ʪʝʭʥʠʢʠ. ʕʪʦ ʞʝ 

ʦʙʦʨʫʜʦʚʘʥʠʝ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʠ ʜʣʷ ʨʘʟʚʠʪʠʷ ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʧʦ ʫʩʢʦʨʠʪʝʣʴʥʦʡ ʪʝʤʘʪʠʢʝ. ʇʝʨʚʳʝ ɺʏ ʛʝʥʝʨʘʪʦʨʳ, ʯʘʩʪʦʪʦʤʝʨʳ ʠ 

ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʣʠʥʠʠ ʜʝʣʘʣʠ ʩʘʤʠ. ʆʜʥʘʢʦ ʪʦʯʥʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ 

ʠʟʤʝʨʝʥʠʡ ʩ ʠʭ ʧʦʤʦʱʴʶ ʦʩʪʘʚʣʷʣʘ ʞʝʣʘʪʴ ʣʫʯʰʝʛʦ. ʇʨʦʨʳʚ ʙʳʣ 

ʩʜʝʣʘʥ ʙʣʘʛʦʜʘʨʷ ʫʤʝʥʠʶ ʆ.ɸ. ɺʘʣʴʜʥʝʨʘ ʫʙʝʞʜʘʪʴ ʣʶʜʝʡ, ʚ ʜʘʥʥʦʤ 

ʩʣʫʯʘʝ ʚʦʝʥʥʳʭ ʯʠʥʦʚʥʠʢʦʚ, ʦ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʝʨʝʜʘʯʠ ʥʝʣʠʢʚʠʜʥʦʛʦ 

ʉɺʏ ʦʙʦʨʫʜʦʚʘʥʠʝ ʠʟ ʦʜʥʦʛʦ ʚ ʪʦ ʚʨʝʤʷ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ñʧʦʯʪʦʚʳʭ 

ʷʱʠʢʦʚò ʜʣʷ ʫʯʝʙʥʦʛʦ ʧʨʦʮʝʩʩʘ. ʂʘʬʝʜʨʘ ʧʦʣʫʯʠʣʘ ʧʦʠʩʪʠʥʝ ʮʘʨʩʢʠʡ 

ʧʦʜʘʨʦʢ, ʢʦʪʦʨʳʡ ʤʳ ʧʨʠʚʝʟʣʠ ʥʘ ʜʚʫʭ ʛʨʫʟʦʚʳʭ ʤʘʰʠʥʘʭ. ʉʨʝʜʠ 

ʦʙʦʨʫʜʦʚʘʥʠʷ ʙʳʣʠ ʥʝʩʢʦʣʴʢʦ ʨʝʟʦʥʘʥʩʥʳʭ ʯʘʩʪʦʪʦʤʝʨʦʚ ʩʨʝʜʥʝʡ 

ʪʦʯʥʦʩʪʠ, ʵʭʦ-ʨʝʟʦʥʘʪʦʨ, ʢʣʠʩʪʨʦʥʥʳʝ ʛʝʥʝʨʘʪʦʨʳ, ʚʦʣʥʦʚʦʜʥʳʝ ʠ 

ʢʦʘʢʩʠʘʣʴʥʳʝ ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʣʠʥʠʠ, ʠʟʤʝʨʠʪʝʣʠ ʤʦʱʥʦʩʪʠ, ʘʜʘʧʪʝʨʳ, 

ʥʘʛʨʫʟʢʠ ʠ ʜʨʫʛʠʝ ʵʣʝʤʝʥʪʳ ʢʦʘʢʩʠʘʣʴʥʦʛʦ ʠ ʚʦʣʥʦʚʦʜʥʦʛʦ ʪʨʘʢʪʦʚ. ʅʘ 

ʦʩʥʦʚʝ ʵʪʦʛʦ ʙʦʛʘʪʩʪʚʘ, ʥʘʨʷʜʫ ʩ ʦʩʥʘʱʝʥʠʝʤ ʥʘʫʯʥʦʡ ʣʘʙʦʨʘʪʦʨʠʠ, 

ʥʘʯʘʣʦʩʴ ʩʦʟʜʘʥʠʝ ʧʝʨʚʦʡ ʫʯʝʙʥʦʡ ʣʘʙʦʨʘʪʦʨʠʠ ʧʦ ʪʝʭʥʠʢʝ ʉɺʏ. 

ʃʘʙʦʨʘʪʦʨʠʷ ʨʘʟʤʝʱʘʣʘʩʴ ʚ ʰʠʨʦʢʦʤ ʢʦʨʠʜʦʨʝ ʥʘ ʪʨʝʪʴʝʤ ʵʪʘʞʝ ʟʜʘʥʠʷ 

ʥʘ ʋʩʠʝʚʠʯʘ. ʀʜʝʦʣʦʛʦʤ ʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʤ ʠʩʧʦʣʥʠʪʝʣʝʤ ʙʳʣ ʆ.ɸ. 

ɺʘʣʴʜʥʝʨ. ɽʤʫ ʧʦʤʦʛʘʣʠ ʠ ʙʦʣʝʝ ʤʦʣʦʜʳʝ ʩʦʪʨʫʜʥʠʢʠ ʠʟ ʝʛʦ ʥʘʫʯʥʦʡ 

ʢʦʤʘʥʜʳ. ʇʝʨʚʳʡ ʩʙʦʨʥʠʢ ʦʧʠʩʘʥʠʷ ʣʘʙʦʨʘʪʦʨʥʳʭ ʨʘʙʦʪ (ñʊʝʭʥʠʢʘ 

ʉɺʏ, ʣʘʙʦʨʘʪʦʨʥʳʡ ʧʨʘʢʪʠʢʫʤò, ɸʪʦʤʠʟʜʘʪ, 230 ʩʪʨ.) ʙʳʣ ʧʦʜʛʦʪʦʚʣʝʥ 

ʆ.ɸ. ɺʘʣʴʜʥʝʨʦʤ, ʆ.ʉ. ʄʠʣʦʚʘʥʦʚʳʤ, ʅ.ʇ. ʉʦʙʝʥʠʥʳʤ ʠ ʠʟʜʘʥ ʚ 1974 

ʛʦʜʫ. ɺ ʩʙʦʨʥʠʢʝ ʩʦʜʝʨʞʠʪʩʷ 19 ʨʘʙʦʪ, ʢʦʪʦʨʳʝ ʦʭʚʘʪʳʚʘʣʠ ʚʩʝ 

ʦʩʥʦʚʥʳʝ ʨʘʟʜʝʣʳ ʢʫʨʩʘ. ʇʠʩʘʣʠ ʵʪʦʪ ʪʨʫʜ ʥʘ ʢʚʘʨʪʠʨʝ ʫ ʆ.ɸ. 

ɺʘʣʴʜʥʝʨʘ. ʉʦʙʠʨʘʣʠʩʴ ʨʘʟ ʚ ʥʝʜʝʣʶ ʨʦʚʥʦ ʚ 9 ʫʪʨʘ (ʆʣʝʛ ɸʥʘʪʦʣʴʝʚʠʯ 

ʣʶʙʠʣ ʪʦʯʥʦʩʪʴ ʚʦ ʚʩʝʤ). ʆʙʩʫʞʜʘʣʠ ʥʘʧʠʩʘʥʥʳʝ ʯʝʨʥʦʚʳʝ ʤʘʪʝʨʠʘʣʳ 

ʠ ʚʥʦʩʠʣʠ ʢʦʨʨʝʢʪʠʚʳ. ɺ ʧʨʦʮʝʩʩʝ ʪʚʦʨʯʝʩʢʦʡ ʨʘʙʦʪʳ ʥʝʨʝʜʢʦ 

ʦʙʩʫʞʜʘʣʠ ʪʝʢʫʱʠʝ ʤʦʤʝʥʪʳ ʠʟ ʞʠʟʥʠ ʢʘʬʝʜʨʳ ʠ ʥʘʩʫʱʥʳʝ ʥʘʫʯʥʳʝ 

ʚʦʧʨʦʩʳ. ʊʘʢ ʧʨʦʜʦʣʞʘʣʦʩʴ ʜʦ ʦʙʝʜʘ. ʆʙʝʜ ʛʦʪʦʚʠʣʘ ʤʘʤʘ ʆʣʝʛʘ 

ɸʥʘʪʦʣʴʝʚʠʯʘ, ʅʘʪʘʣʴʷ ʅʠʢʦʣʘʝʚʥʘ (ʚʳʧʫʩʢʥʠʮʘ ʧʘʥʩʠʦʥʘʪʘ 

ʙʣʘʛʦʨʦʜʥʳʭ ʜʝʚʠʮ ʚ ʉʤʦʣʴʥʦʤ). ʂʘʢ ʧʨʘʚʠʣʦ, ʦʙʝʜ ʙʳʣ ʦʙʠʣʴʥʳʡ ʠ 

ʦʯʝʥʴ ʚʢʫʩʥʳʡ ʠ ʚ ʜʘʣʴʥʝʡʰʝʤ ʤʳ ʩ ʆʣʝʛʦʤ ʉʝʨʛʝʝʚʠʯʝʤ ʩ 

ʫʜʦʚʦʣʴʩʪʚʠʝʤ ʩʣʫʰʘʣʠ ʥʝʧʦʚʪʦʨʷʶʱʠʝʩʷ ʠ ʦʯʝʥʴ ʠʥʪʝʨʝʩʥʳʝ ʠʩʪʦʨʠʠ 

ʠʟ ʞʠʟʥʠ ʠ ʦʧʳʪʘ ʆʣʝʛʘ ɸʥʘʪʦʣʴʝʚʠʯʘ, ʦʩʦʙʝʥʥʦ ʚʦʝʥʥʦʛʦ ʚʨʝʤʝʥʠ 

ʇʦʩʣʝ ʩʤʝʨʪʠ ʚ 1963 ʛ. ʟʘʚʝʜʫʶʱʝʛʦ ʢʘʬʝʜʨʦʡ ɻʝʦʨʛʠʷ 

ɸʣʝʢʩʘʥʜʨʦʚʠʯʘ ʊʷʛʫʥʦʚʘ ʟʘʚʝʜʫʶʱʝʛʦ ʢʘʬʝʜʨʦʡ ʩʪʘʣ ʆʣʝʛ 

ɸʥʘʪʦʣʴʝʚʠʯ .ɺʘʣʴʜʥʝʨ. ʆʣʝʛ ɸʥʘʪʦʣʴʝʚʠʯ ʧʦʣʴʟʦʚʘʣʩʷ ʥʝʧʨʝʨʝʢʘʝʤʳʤ 
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ʘʚʪʦʨʠʪʝʪʦʤ ʩʨʝʜʠ ʤʦʣʦʜʳʭ ʩʦʪʨʫʜʥʠʢʦʚ ʢʘʬʝʜʨʳ. ʄʳ ʮʝʥʠʣʠ ʝʛʦ 

ʙʦʣʴʰʦʡ ʞʠʟʥʝʥʥʳʡ ʦʧʳʪ, ʚʳʩʦʢʠʡ ʠʥʪʝʣʣʝʢʪ, ʦʨʛʘʥʠʟʘʪʦʨʩʢʠʝ 

ʩʧʦʩʦʙʥʦʩʪʠ, ʫʤʝʥʠʝ ʧʦʩʪʘʚʠʪʴ ʟʘʜʘʯʫ ʠ ʧʨʝʜʫʛʘʜʘʪʴ ʨʝʟʫʣʴʪʘʪ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʝʛʦ ʯʝʩʪʥʦʩʪʴ ʠ ʠʩʢʣʶʯʠʪʝʣʴʥʳʡ ʦʧʪʠʤʠʟʤ, ʚʝʨʫ ʚ ʫʩʧʝʭ 

ʚʩʝʭ ʥʘʯʠʥʘʥʠʡ. 

 

ʂʦʣʣʝʢʪʠʚ ʢʘʬʝʜʨʳ ʚ 1960 ʛ. 

ʇʨʠ ʨʫʢʦʚʦʜʩʪʚʝ ʆ.ɸ.ɺʘʣʴʜʥʝʨʦʤ ʢʘʬʝʜʨʘ ʩʪʘʣʘ ʣʫʯʰʝʡ ʢʘʬʝʜʨʦʡ ʚ 

ʠʥʩʪʠʪʫʪʝ ʧʦ ʤʘʩʰʪʘʙʫ ʠ ʚʘʞʥʦʩʪʠ ʧʨʦʚʦʜʠʤʳʭ ʥʘʫʯʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʦ ʧʦʩʪʘʥʦʚʢʝ ʫʯʝʙʥʦʛʦ ʧʨʦʮʝʩʩʘ ʩ ʧʝʨʝʜʦʚʳʤʠ  

ʫʯʝʙʥʳʤʠ ʣʘʙʦʨʘʪʦʨʠʷʤʠ.   

ʆ.ɸ. ɺʘʣʴʜʥʝʨ, ʤʫʜʨʳʡ ʭʦʟʷʡʩʪʚʝʥʥʠʢ ʠ ʧʨʦʟʦʨʣʠʚʳʡ ʫʯʝʥʳʡ, 

ʚʩʝʤʝʨʥʦ ʧʦʜʜʝʨʞʠʚʘʣ ʪʘʣʘʥʪʣʠʚʳʭ ʣʶʜʝʡ. ʆ.ɸ. ɺʘʣʴʜʥʝʨ ʠ ʢʘʬʝʜʨʫ 

ʚʳʩʪʨʦʠʣ ʢʘʢ ʝʜʠʥʳʡ ʦʨʛʘʥʠʟʤ, ʦʙʲʝʜʠʥʝʥʥʳʡ ʦʙʱʝʡ ʥʘʫʯʥʦʡ 

ʪʝʤʘʪʠʢʦʡ, ï ʫʩʢʦʨʠʪʝʣʠ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ. ʂʘʞʜʳʡ ʤʦʛ ʥʘʡʪʠ ʩʝʙʝ 

ʜʝʣʦ ʧʦ ʩʝʨʜʮʫ. ʉʪʫʜʝʥʪʦʚ ʠ ʤʦʣʦʜʳʭ ʠʥʞʝʥʝʨʦʚ ʆ.ɸ. ɺʘʣʴʜʥʝʨ ʦʧʝʢʘʣ 

ʦʩʦʙʦ, ʩʪʘʨʘʣʩʷ ʩ ʤʣʘʜʳʭ ʥʦʛʪʝʡ ʧʨʠʚʠʚʘʪʴ ʠʤ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦʩʪʴ ʠ 

ʦʪʚʝʪʩʪʚʝʥʥʦʩʪʴ. ʀʤʝʥʥʦ ʆʣʝʛ ɸʥʘʪʦʣʴʝʚʠʯ ʧʦʣʦʞʠʣ ʥʘʯʘʣʦ ʤʦʜʝ ʚ 

ʄʀʌʀ ʥʘ ʩʪʫʜʝʥʯʝʩʢʠʝ ʢʦʥʩʪʨʫʢʪʦʨʩʢʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʝ ʙʶʨʦ 

(ʉʂʀɹ).  

ʅʘʠʙʦʣʴʰʠʡ ʨʘʩʮʚʝʪ ʢʘʬʝʜʨʳ ʧʨʠʭʦʜʠʪʩʷ ʥʘ ʰʝʩʪʠʜʝʩʷʪʳʝ ʠ 

ʩʝʤʠʜʝʩʷʪʳʝ ʛʦʜʳ ʧʨʦʰʣʦʛʦ ʚʝʢʘ. ʕʪʦ ʙʳʣʦ ʚʨʝʤʷ ʥʘʠʙʦʣʝʝ ʙʫʨʥʦʛʦ 

ʨʘʟʚʠʪʠʷ ʥʘʫʢʠ ʠ ʦʙʨʘʟʦʚʘʥʠʷ ʚ ʥʘʰʝʡ ʩʪʨʘʥʝ. ɺ ʵʪʠ ʛʦʜʳ ʢʘʬʝʜʨʘ 

ʩʦʟʜʘʣʘ ʩʝʨʠʠ  ʣʠʥʝʡʥʳʝ ʫʢʦʨʠʪʝʣʠ ʵʣʝʢʪʨʦʥʦʚ ʋ ʥʘ ʵʥʝʨʛʠʠ 3 -30 ʄʵɺ 

ʜʣʷ ʥʘʨʦʜʥʦʛʦ ʭʦʟʷʡʩʪʚʘ. ɹʳʣʠ ʦʨʛʘʥʠʟʦʚʘʥʳ ʥʘʫʯʥʳʝ ʛʨʫʧʧʳ ʧʦ 
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ʨʘʩʯʝʪʫ ʜʠʥʘʤʠʢʠ ʫʩʢʦʨʠʪʝʣʝʡ (ʛʨʫʧʧʘ ɼʠʥʫʩ, ʨʫʢʦʚʦʜʠʪʝʣʴ 

ɸ.ɺ.ʐʘʣʴʥʦʚ), ʧʦ ʩʦʟʜʘʥʠʶ ʠ ʥʘʩʪʨʦʡʢʝ ʫʩʢʦʨʷʶʱʠʭ ʩʪʨʫʢʪʫʨ ʠ ʫʟʣʦʚ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʪʨʘʢʪʘ (ʣʘʙʦʨʘʪʦʨʠʷ ʉɺʏ,  ʨʫʢʦʚʦʜʠʪʝʣʴ 

ʅ.ʇ.ʉʦʙʝʥʠʥ), ʧʦ ʩʠʩʪʝʤʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʧʠʪʘʥʠʷ ʫʢʦʨʠʪʝʣʝʡ ʥʘ 

ʙʘʟʝ ʠʤʧʫʣʴʩʥʳʭ ʤʘʛʥʝʪʨʦʥʦʚ (ʛʨʫʧʧʘ ɻʝʥʝʨʘʪʦʨʳ, ʨʫʢʦʚʦʜʠʪʝʣʴ ʆ.ʉ. 

ʄʠʣʦʚʘʥʦʚ), ʚʘʢʫʫʤʥʘʷ ʛʨʫʧʧʘ (ʨʫʢʦʚʦʜʠʪʝʣʴ ɸ.ɸ.ɻʣʘʟʢʦʚ), 

ʥʞʝʢʪʦʨʥʘʷ ʛʨʫʧʧʘ (ʨʫʢʦʚʦʜʠʪʝʣʴ ɺ.ʌ.ɻʘʩʩ), ʛʨʫʧʧʘ ʤʘʪʝʨʠʘʣʴʥʦʛʦ 

ʦʙʝʩʧʝʯʝʥʠʷ ʠ ʩʚʷʟʠ ʩ ʟʘʢʘʟʯʠʢʘʤʠ (ʨʫʢʦʚʦʜʠʪʝʣʴ ɽ.ɻ.ʇʷʪʥʦʚ). ɼʠʟʘʡʥ 

ʫʩʢʦʨʠʪʝʣʝʡ ʠ ʨʘʟʨʘʙʦʪʢʫ ʨʘʙʦʯʠʭ ʯʝʨʪʝʞʝʡ ʚʳʧʦʣʥʷʣʦ 

ʢʦʥʩʪʨʫʢʪʦʨʩʢʦʝ ʙʶʨʦ (ʨʫʢʦʚʦʜʠʪʝʣʴ ɹ.ɸ.ʉʦʢʦʣʦʚ). ʅʘʰʠ ʣʠʥʝʡʥʳʝ 

ʫʩʢʦʨʠʪʝʣʠ ʵʣʝʢʪʨʦʥʦʚ ʙʳʣʠ ʟʘʧʫʱʝʥʳ ʚʦ ʤʥʦʛʠʭ ʥʘʫʯʥʳʭ ʮʝʥʪʨʘʭ 

ʉʉʉʈ.    ʚ ʪʘʢʠʭ ʛʦʨʦʜʘʭ, ʢʘʢ ʆʙʥʠʥʩʢ, ʅʦʚʦʩʠʙʠʨʩʢ, ʂʘʟʘʥʴ, ɹʘʢʫ, 

ɸʣʤʘ ɸʪʘ, ʄʘʭʘʯʢʘʣʘ  ʠ ʚ ʄʦʩʢʚʝ ʚ ʠʥʩʪʠʪʫʪʝ ʤʝʪʘʣʣʫʨʛʠʠ, ʠʥʩʪʠʪʫʪʝ 

ʭʠʤ ʬʠʟʠʢʠ ɸʅ ʉʉʉʈ, ʚ ʦʥʢʦʣʦʛʠʯʝʩʢʦʤ ʮʝʥʪʨʝ ʠʤ. ɻʝʨʮʝʥ ʠ ʜʨ. 

ʋ ʆʣʝʛʘ ɸʥʘʪʦʣʴʝʚʠʯʘ ʙʳʣʠ ʭʦʨʦʰʠʝ ʦʪʥʦʰʝʥʠʷ ʩ ʨʝʢʪʦʨʦʤ 

ɺʠʢʪʦʨʦʤ ɻʨʠʛʦʨʴʝʚʠʯʝ ʂʠʨʠʣʣʦʚʳʤ  ʋʛʨʶʤʦʚʳʤ.  ʀ ʵʪʦ ʧʦʤʦʛʘʣʦ 

ʢʘʬʝʜʨʝ . ʊʘʢ, ʟʘʚʦʜ ʂʚʘʥʪ ʙʦʣʝʝ ʯʝʤ ʥʘ ʧʦʣʦʚʠʥʫ ʙʳʣ ʟʘʥʷʪ 

ʚʳʧʦʣʥʝʥʠʝʤ ʨʘʙʦʪ ʧʦ ʩʦʟʜʘʥʠʶ ʵʣʝʤʝʥʪʦʚ ʠ ʫʟʣʦʚ ʫʩʢʦʨʠʪʝʣʝʡ. 

ʉʦʪʨʫʜʥʠʢʠ ʢʘʬʝʜʨʳ ʧʦʣʫʯʘʣʠ ʛʨʘʤʦʪʳ ʠ ʤʝʜʘʣʠ ɺɼʅʍ, ʫʩʧʝʰʥʦ 

ʟʘʱʠʪʠʣʠ  ʜʦʢʪʦʨʩʢʠʝ ʜʠʩʩʝʨʪʘʮʠʠ ɺʘʣʴʜʥʝʨ ʆ.ɸ., ɻʣʘʟʢʦʚ ɸ.ɸ., 

ʄʠʣʦʚʘʥʦʚ ʆ.ʉ., ʉʦʙʝʥʠʥ ʅ.ʇ., ʐʘʣʴʥʦʚ ɸ.ɺ.  ʉʦʪʨʫʜʥʠʢʘʤ ʢʘʬʝʜʨʳ 

ɺʘʣʴʜʥʝʨʫ ʆ.ɸ. ʠ ʉʦʙʝʥʠʥʫ ʅ.ʇ. ʚ ʢʦʣʣʝʢʪʠʚʝ ʘʚʪʦʨʦʚ ʧʨʠʩʫʞʜʘʝʪʩʷ ʚ 

1979 ʛʦʜʫ ɻʦʩʫʜʘʨʩʪʚʝʥʥʘʷ ʧʨʝʤʠʷ ʉʉʉʈ ʟʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʨʘʟʨʘʙʦʪʢʠ 

ʣʠʥʝʡʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʢʦʨʠʪʝʣʝʡ. ʅʘʯʘʣʠʩʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʧʦ 

ʣʠʥʝʡʥʳʤ ʧʨʦʪʦʥʥʳʤ ʫʩʢʦʨʠʪʝʣʷʤ. 
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ʇʦʩʝʱʝʥʠʝ ʫʩʢʦʨʠʪʝʣʷ ʜʝʣʝʛʘʮʠʠ ʩ ʢʦʩʤʦʥʘʚʪʦʤ ɸ. ʃʝʦʥʦʚʳʤ  ʠ 

ʧʨʝʜʩʝʜʘʪʝʣʝʤ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʢʦʤʠʪʝʪʘ ʧʦ ʥʘʫʢʝ ʠ ʪʝʭʥʠʢʝ ʉʉʉʈ 

ɺ.ɸ.ʂʠʨʠʣʣʠʥʘ ʧʦʩʣʝ ʧʦʣʫʯʝʥʠʷ ʆ.ɸ.ɺʘʣʴʜʥʝʨʦʤ (ʢʨʘʡʥʠʡ ʩʧʨʘʚʘ) 

ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʧʨʝʤʠʠ ʉʉʉʈ 

 

ɺ ʜʘʣʴʥʝʡʰʝʤ ʃʋʕ ʩʪʘʣʠ ʩʦʟʜʘʚʘʪʴ ʚ ʥʘʫʯʥʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʤ 

ʠʥʩʪʠʪʫʪʝ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʦʢ ʠʤ. ɼ.ɺ.ɽʬʨʝʤʦʚʘ.  ʂʘʬʝʜʨʘ 

ʦʨʛʘʥʠʟʦʚʘʣʘ ʟʘʦʯʥʫʶ ʘʩʧʠʨʘʥʪʫʨʫ ʜʣʷ ʩʦʪʨʫʜʥʠʢʦʚ ʵʪʦʛʦ ʠʥʩʪʠʪʫʪʘ. 

ʅʘʰʠ ʧʨʝʧʦʜʘʚʘʪʝʣʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʅʦʙʝʣʝʚʩʢʠʡ ʣʘʫʨʝʘʪ ʇ.ɸ.ʏʝʨʝʥʢʦʚ, 

ʝʟʜʠʣʠ ʚ ʃʝʥʠʥʛʨʘʜ ʧʨʠʥʠʤʘʪʴ ʵʢʟʘʤʝʥʳ. ʅʀʀʕʌɸ ʦʪʥʦʩʠʣʩʷ ʢ 

ʚʩʝʩʠʣʴʥʦʤʫ ʚ ʪʦ ʚʨʝʤʷ ʤʠʥʠʩʪʝʨʩʪʚʫ ʩʨʝʜʥʝʛʦ ʤʘʰʠʥʦʩʪʨʦʝʥʠʷ. 

ɹʣʘʛʦʜʘʨʷ ʦʪʣʠʯʥʦ ʥʘʣʘʞʝʥʥʳʤ ʩʚʷʟʷʤ ʆʣʝʛʘ ɸʥʘʪʦʣʴʝʚʠʯʘ ʩ 

ʯʠʥʦʚʥʠʢʘʤʠ ʵʪʦʛʦ ʤʠʥʠʩʪʝʨʩʪʚʘ ʠ ʨʫʢʦʚʦʜʩʪʚʦʤ ʅʀʀʕʌɸ ʤʳ ʠʤʝʣʠ 

ʤʘʪʝʨʠʘʣʴʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʚʝʤʪʠ ʠ ʥʘʫʯʥʫʶ ʨʘʙʦʪʫ. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʦ 

ʠʥʠʮʠʘʪʠʚʝ ʆʣʝʛʘ ɸʥʘʪʦʣʴʝʚʠʯʘ ʠ ʧʨ ʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʤʦʱʠ ʅʀʀʕʌɸ 

ʙʳʣʠ ʩʦʟʜʘʥʳ ʥʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩʧʨʘʚʦʯʥʳʝ ʜʘʥʥʳʝ ʧʦ ʨʘʩʯʝʪʫ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʠʘʬʨʘʛʤʠʨʦʚʘʥʥʦʛʦ ʚʦʣʥʦʚʦʜʦʚ.  

ʕʪʦʪ ʩʧʨʘʚʦʯʥʠʢ ʜʚʘʞʜʳ ʧʝʨʝʠʟʜʘʚʘʣʩʷ ɸʪʦʤʠʟʜʘʪʦʤ. 

ʅʘ ʫʩʢʦʨʠʪʝʣʷʭ, ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʚ ʙʫʥʢʝʨʘʭ ʈʋʎ, ʢʘʬʝʜʨʘ ʧʨʦʚʦʜʠʣʘ 

ʨʘʙʦʪʳ ʩ ʨʘʟʥʳʤʠ ʦʨʛʘʥʠʟʘʮʠʷʤʠ ʧʦ ʦʙʣʫʯʝʥʠʶ ʦʙʨʘʟʮʦʚ ʠ ʠʟʜʝʣʠʡʶ 

ʕʪʠ ʩʨʝʜʩʪʚʘ ʧʦʤʦʛʣʠ ʚ ʦʩʥʘʱʝʥʠʠ ʫʯʝʙʥʳʝ ʣʘʙʦʨʘʪʦʨʠʠ ʩʦʚʨʝʤʝʥʥʳʤ 

ʦʙʦʨʫʜʦʚʘʥʠʝʤ ʠ ʧʨʠʙʦʨʘʤʠ.  

ɿʘ ʙʦʣʴʰʫʶ ʫʯʝʙʥʫʶ, ʠʜʝʡʥʦ-ʚʦʩʧʠʪʘʪʝʣʴʥʫʶ, ʥʘʫʯʥʦ-

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʫʶ ʠ ʦʙʱʝʩʪʚʝʥʥʫʶ ʨʘʙʦʪʫ, ʟʘ ʧʦʩʪʦʷʥʥʦʝ ʫʩʧʝʰʥʦʝ 
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ʫʯʘʩʪʠʝ ʚ ʩʦʮʠʘʣʠʩʪʠʯʝʩʢʦʤ ʩʦʨʝʚʥʦʚʘʥʠʠ ʢʘʬʝʜʨʝ ʕʌʋ ʧʝʨʚʦʡ ʚ 

ʄʀʌʀ ʧʨʠʩʚʦʝʥʳ ʚʳʩʦʢʠʝ ʧʦʯʝʪʥʳʝ ʟʚʘʥʠʷ çʂʦʣʣʝʢʪʠʚ 

ʢʦʤʤʫʥʠʩʪʠʯʝʩʢʦʛʦ ʪʨʫʜʘè ʠ çʆʙʨʘʟʮʦʚʘʷ ʢʘʬʝʜʨʘè. ɺ ʪʦ ʚʨʝʤʷ ʵʪʦ 

ʙʳʣʘ ʟʥʘʯʠʤʘʷ ʥʘʛʨʘʜʘ. 

 

 

ʂʘʬʝʜʨʝ 25 ʣʝʪ. 

ʂʦʛʜʘ ʤʳ ʧʦʣʫʯʠʣʠ ʧʨʦʩʪʦʨʥʳʝ ʧʦʤʝʱʝʥʠʷ ʥʘ ʂʘʰʠʨʢʝ ʚ ʦʪʜʝʣʴʥʦʤ 

ʢʦʨʧʫʩʝ ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʧʦʜʟʝʤʥʳʤʠ ʙʫʥʢʝʨʘʤʠ, ʥʘ ʢʘʬʝʜʨʝ ʫʞʝ 

ʯʠʩʣʠʣʦʩʴ ʙʦʣʝʝ 100 ʩʦʪʨʫʜʥʠʢʦʚ.  ɼʣʠʪʝʣʴʥʦʝ ʚʨʝʤʷ ʷ ʠʩʧʦʣʥʷʣ 

ʦʙʷʟʘʥʥʦʩʪʠ ʟʘʤʝʩʪʠʪʝʣʷ ʟʘʚʝʜʫʶʱʝʛʦ ʢʘʬʝʜʨʦʡ ʧʦ ʥʘʫʯʥʦʡ ʨʘʙʦʪʝ.  

ɿʘʚ. ʢʘʬʝʜʨʦʡ ʆ.ɸ.ɺʘʣʴʜʥʝʨ ʧʦʷʚʣʷʣʩʷ ʚ ʫʩʢʦʨʠʪʝʣʴʥʦʤ ʢʦʤʧʣʝʢʩʝ ʥʘ 

ʪʝʭʩʦʚʝʪʳ ʧʦ ʩʨʝʜʘʤ ʫʪʨʦʤ. ʂ ʝʛʦ ʧʨʠʭʦʜʫ ʚʩʝ ʟʘʨʘʥʝʝ ʪʱʘʪʝʣʴʥʦ 

ʛʦʪʦʚʠʣʠʩʴ. ɽʛʦ ʚʳʩʪʫʧʣʝʥʠʷ  ʠ ʨʝʧʣʠʢʠ ʧʦ ʥʘʰʠʤ ʜʦʢʣʘʜʘʤ ʙʳʣʠ 

ʦʯʝʥʴ ʘʨʛʫʤʝʥʪʠʨʦʚʘʥʳ ʠ ʥʘʮʝʣʝʥʳ ʥʘ ʦʩʚʦʝʥʠʝ ʥʦʚʳʭ ʛʦʨʠʟʦʥʪʦʚ.  

 ʆʯʝʥʴ ʭʦʨʦʰʠʝ ʦʪʥʦʰʝʥʠʷ ʙʳʣʠ ʩʦ ʚʩʝʤʠ ʫʩʢʦʨʠʪʝʣʴʥʳʤʠ 

ʮʝʥʪʨʘʤʠ ʩʪʨʘʥʳ, ʘ ʪʘʢʞʝ ʩ ʫʩʢʦʨʠʪʝʣʴʥʳʤʠ ʮʝʥʪʨʘʤʠ ʉʐɸ, ʌʈɻ, ʂʅʈ 

ʠ ʜʨ. ʊʘʢ, ʙʣʘʛʦʜʘʨʷ ʢʦʥʪʘʢʪʦʚ ʩ ʨʫʢʦʚʦʜʩʪʚʦʤ ʎʝʥʪʨʘ ʃʠʥʝʡʥʳʭ 

ʫʩʢʦʨʠʪʝʣʝʡ ʚ ʉʪʝʥʬʦʨʜʝ ï SLAC (ʉʐɸ) ʥʘʰʠ ʩʦʪʨʫʜʥʠʢʠ 

ʅ.ʇ.ʉʦʙʝʥʠʥ, ɸ.ɸ.ɻʣʘʟʢʦʚ , ɺ.ʀ.ʈʘʱʠʢʦʚ ʠʤʝʣʠ ʪʨʝʭʤʝʩʷʯʥʳʝ 

ʩʪʘʞʠʨʦʚʢʠ ʚ ʵʪʦʤ ʮʝʥʪʨʝ. ɺʦ ʚʨʝʤʝʥʘ ʧʝʨʝʩʪʨʦʡʢʠ ʵʪʠ ʟʘʨʫʙʝʞʥʳʝ 

ʢʦʥʪʘʢʪʳ ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʩʰʠʨʠʣʠʩʴ. 
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1969 ʛ. ʆ.ɸ.ɺʘʣʴʜʥʝʨ ʠ ʈ.ʅʠʣ (ʨʫʢʦʚʦʜʠʪʝʣʴ SLAC) 

 

ʆʣʝʛ ɸʥʘʪʦʣʴʝʚʠʯ ʦʯʝʥʴ ʭʦʪʝʣ, ʯʪʦʙʳ ʥʘʰʠ ʥʘʫʯʥʳʝ ʨʘʙʦʪʳ ʧʦ 

ʫʩʢʦʨʠʪʝʣʷʤ ʙʳʣʠ ʨʘʩʰʠʨʝʥʳ ʚ ʠʥʩʪʠʪʫʪʝ . ʇʦʵʪʦʤʫ ʦʥ ʧʨʦʩʠʣ ʤʝʥʷ 

ʩʦʛʣʘʩʠʪʴʩʷ ʩ ʧʨʝʜʣʦʞʝʥʠʝʤ ʨʝʢʪʦʨʘ ɺʠʢʪʦʨʘ ɻʨʠʛʦʨʴʝʚʠʯʘ ʠ ʩʪʘʪʴ 

ʟʘʚʝʜʫʶʱʠʤ ʢʘʬʝʜʨʦʡ ʵʣʝʢʪʨʦʪʝʭʥʠʢʠ. ʆʥ ʩʦʭʨʘʥʠʣ ʟʘ ʤʥʦʡ ʦʜʠʥ ʢʫʨʩ 

ʧʦ ʉɺʏ ʥʘ ʩʚʦʝʡ ʢʘʬʝʜʨʝ. ɿʘ ʜʝʩʷʪʴ ʣʝʪ ʨʘʙʦʪʳ ʟʘʚʝʜʫʶʱʠʤ ʵʪʦʡ 

ʢʘʬʝʜʨʳ ʙʳʣʠ ʩʦʟʜʘʥʳ ʣʫʯʰʠʝ ʚ ʪʦ ʚʨʝʤʷ ʫʯʝʙʥʳʝ ʣʘʙʦʨʘʪʦʨʠʠ ʧʦ 

ʢʫʨʩʘʤ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʦʛʦ ʮʠʢʣʘ ʠ ʨʘʟʨʘʙʦʪʘʥʳ ʧʝʨʚʳʝ ʚ ʥʘʰʝʡ 

ʩʪʨʘʥʝ ʣʠʥʝʡʥʳʝ ʫʩʢʦʨʠʪʝʣʠ ʥʘ ʩʪʦʷʯʝʡ ʚʦʣʥʝ ʩ ʙʠʧʝʨʠʦʜʠʯʝʩʢʦʡ 

ʫʩʢʦʨʷʶʱʝʡ ʩʪʨʫʢʪʫʨʦʡ. 10 ʘʩʧʠʨʘʥʪʦʚ ʠ ʩʦʠʩʢʘʪʝʣʝʡ ʧʦʜʛʦʪʦʚʠʣʠ ʠ 

ʟʘʱʠʪʠʣʠ ʧʦ ʵʪʦʡ ʪʝʤʘʪʠʢʝ ʢʘʥʜʠʜʘʪʩʢʠʝ ʜʠʩʩʝʨʪʘʮʠʠ. ʉʠʩʪʝʤʫ ɺʏ 

ʧʠʪʘʥʠʷ ʧʦʤʦʛʣʠ ʨʘʟʨʘʙʦʪʘʪʴ ʆʣʝʛ ʉʝʨʛʝʝʚʠʯ ʄʠʣʦʚʘʥʦʚ ʩ ʝʛʦ 

ʘʩʧʠʨʘʥʪʘʤʠ.  

ʄʥʝ ʧʦʩʯʘʩʪʣʠʚʠʣʦʩʴ ʤʥʦʛʠʝ ʛʦʜʳ ʨʫʢʦʚʦʜʠʪʴ ʤʝʪʦʜʠʯʝʩʢʠʤ 

ʮʠʢʣʦʤ ʉɺʏ, ʛʜʝ ʧʨʠʰʣʦʩʴ ʪʝʩʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ, ʧʨʝʞʜʝ ʚʩʝʛʦ, ʩ 

ʧʨʦʬʝʩʩʦʨʘʤʠ ʆʣʝʛʦʤ ɸʥʘʪʦʣʴʝʚʠʯʝʤ ʠ ʆʣʝʛʦʤ ʉʝʨʛʝʝʚʠʯʝʤ. ʆʣʝʛ 
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ɸʥʘʪʦʣʴʝʚʠʯ ʙʳʣ ʥʝʩʢʦʣʴʢʦ ʢʦʥʩʝʨʚʘʪʠʚʝʥ ʚ ʩʚʦʝʤ ʧʦʜʭʦʜʝ ʢ 

ʠʟʣʦʞʝʥʠʶ ʧʝʨʚʦʡ ʯʘʩʪʠ ʢʫʨʩʘ. ʄʳ ʩ ʆʣʝʛʦʤ ʉʝʨʛʝʝʚʠʯʝʤ ʪʱʝʪʥʦ 

ʧʳʪʘʣʠʩʴ ʧʦʜʚʠʛʥʫʪʴ ʝʛʦ ʥʘ ʚʢʣʶʯʝʥʠʝ ʚ ʢʫʨʩ ʤʘʪʨʠʯʥʳʭ ʤʝʪʦʜʦʚ 

ʨʘʩʯʝʪʘ ʚʦʣʥʦʚʦʜʥʳʭ ʫʩʪʨʦʡʩʪʚ ʠ ʠʩʢʣʶʯʠʪʴ ʘʥʪʝʥʥʫʶ ʪʝʭʥʠʢʫ.  ɺʩʝ 

ʩʪʫʜʝʥʪʳ, ʢʦʪʦʨʳʝ ʩʣʫʰʘʣʠ ʣʝʢʮʠʠ ʆʣʝʛʘ ɸʥʘʪʦʣʴʝʚʠʯʘ ʠ ʆʣʝʛʘ 

ʉʝʨʛʝʝʚʠʯʘ, ʚʦʩʪʦʨʞʝʥʥʦ ʦʪʟʳʚʘʣʠʩʴ ʦ ʥʠʭ. ʀʭ ʣʝʢʮʠʠ ʦʪʣʠʯʘʣʠʩʴ 

ʧʨʝʚʦʩʭʦʜʥʳʤ ʟʥʘʥʠʝʤ ʤʘʪʝʨʠʘʣʘ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʙʳʣʠ ʩʧʝʮʠʘʣʠʩʪʘʤʠ 

ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʟʥʘʥʠʡ, ʨʝʛʫʣʷʨʥʦ ʚʝʣʠ ʥʘʫʯʥʫʶ ʨʘʙʦʪʫ ʥʘ ʩʘʤʳʭ 

ʘʢʪʫʘʣʴʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʥʘʫʢʠ. ʆʣʝʛ ɸʥʘʪʦʣʴʝʚʠʯ ʦʯʝʥʴ ʣʶʙʠʣ 

ʧʦʨʷʜʦʢ ʠ ʚʩʝʛʜʘ ʩʘʤ ʷʚʣʷʣʩʷ ʧʨʠʤʝʨʦʤ ʝʛʦ ʩʦʙʣʶʜʝʥʠʷ. ʉʪʫʜʝʥʪʳ 

ʜʦʣʞʥʳ ʙʳʣʠ ʷʚʣʷʪʴʩʷ ʥʘ ʵʢʟʘʤʝʥʳ ʩʪʨʦʛʦ ʚ ʦʧʨʝʜʝʣʝʥʥʦʝ ʧʦ ʛʨʘʬʠʢʫ 

ʚʨʝʤʷ. ɽʛʦ ʣʝʢʮʠʠ ʦʪʣʠʯʘʣʠʩʴ ʯʝʪʢʦʩʪʴʶ ʬʦʨʤʫʣʠʨʦʚʦʢ, ʫʤʝʥʠʝʤ 

ʧʨʦʩʪʳʤʠ ʩʣʦʚʘʤʠ ʦʙʲʷʩʥʠʪʴ ʩʣʦʞʥʳʝ ʨʘʟʜʝʣʳ. ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʆʣʝʛ 

ɸʥʘʪʦʣʴʝʚʠʯ ʫʚʣʝʢʩʷ ʧʨʠ ʯʪʝʥʠʠ ʣʝʢʮʠʡ ʤʦʜʥʳʤ ʪʦʛʜʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʪʝʭʥʠʯʝʩʢʠʭ ʩʨʝʜʩʪʚ. ɿʘʨʘʥʝʝ ʦʥ ʟʘʢʘʟʳʚʘʣ ʘʫʜʠʪʦʨʠʶ, ʛʜʝ ʙʳʣ 

ʧʨʦʝʢʪʦʨ.  

  ɺ 1989 ʛʦʜʫ ʆ.ɸ.ɺʘʣʴʜʥʝʨ ʫʰʝʣ ʩ ʜʦʣʞʥʦʩʪʠ ʟʘʚʝʜʫʶʱʝʛʦ 

ʢʘʬʝʜʨʳ ʧʦ ʚʦʟʨʘʩʪʫ, ʥʦ ʧʨʦʜʦʣʞʘʣ ʘʢʪʠʚʥʦ ʨʘʙʦʪʘʪʴ ʜʦ ʩʤʝʨʪʠ ʟʘ ʪʨʠ 

ʜʥʷ ʜʦ ʩʚʦʝʛʦ 80-ʣʝʪʠʷ.  
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ʀ.ʅ. ʄɽʐʂʆɺ 
ʆʙʲʝʜʠʥʝʥʥʳʡ ʠʥʩʪʠʪʫʪ ʷʜʝʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ɼʫʙʥʘ, ʈʦʩʩʠʷ 

 ʉʊɸʊʋʉ ʀ ʇʃɸʅʓ ʇʈʆɽʂʊɸ NICA ʆʀʗʀ 
NICA (Nuclotron-based Ion Collider fAʩility ) ï ʥʦʚʳʡ ʫʩʢʦʨʠʪʝʣʴʥʳʡ 

ʢʦʤʧʣʝʢʩ, ʨʘʟʨʘʙʘʪʳʚʘʝʤʳʡ ʚ ʆʙʲʝʜʠʥʝʥʥʦʤ ʠʥʩʪʠʪʫʪʝ ʷʜʝʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, 

ɼʫʙʥʘ, ʈʦʩʩʠʷ ʜʣʷ ʠʟʫʯʝʥʠʷ ʩʚʦʡʩʪʚ ʧʣʦʪʥʦʡ ʙʘʨʠʦʥʥʦʡ ʤʘʪʝʨʠʠ. ɺ ʜʦʢʣʢʜʝ 

ʙʫʜʫʪ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʟʨʘʙʦʪʢʠ ʠ ʩʪʨʦʠʪʝʣʴʩʪʚʘ ʢʦʤʧʣʝʢʩʘ NICA. 

 

I.N. MESHKOV 
Joint Institute for Nuclear Research, Dubna, Russia 

NICA PROJECT AT JINR: CURRNT STATUS AND PLANS  

NICA (Nuclotron-based Ion Collider fAʩility) is a new accelerator complex 

designed at the Joint Institute for Nuclear Research (Dubna, Russia) to study 

properties of dense baryonic matter. Current results of NICA complex development 

and construction will present in the report. 
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ʉ.ɸ. ʄɽʃʔʅʀʂʆɺ, ʀ.ʅ. ʄɽʐʂʆɺ 
ʆʙʝ̡ʜʠʥʝʥʥʳʡ ʀʥʩʪʠʪʫʪ ʗʜʝʨʥʳʭ ʀʩʩʣʝʜʦʚʘʥʠʡ,ɼʫʙʥʘ, ʈʦʩʩʠʷ 

ʄʀʅʀʄʀɿɸʎʀʗ ʀʄʇɽɼɸʅʉɸ ʂʆʃɽʎ ʂʆʃʃɸʁɼɽʈɸ NICA 
ʆʜʥʠʤ ʠʟ ʢʨʠʪʝʨʠʝʚ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʫʩʪʦʡʯʠʚʦʩʪʴ ʜʚʠʞʝʥʠʷ ʟʘʨʷʞʝʥʥʳʭ 

ʯʘʩʪʠʮ ʚʥʫʪʨʠ ʧʫʯʢʦʚʦʡ ʢʘʤʝʨʳ, ʷʚʣʷʝʪʩʷ ʚʝʣʠʯʠʥʘ ʝʝ ʠʤʧʝʜʘʥʩʘ. ɺ ʭʦʜʝ 

ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʧʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʡ ʩʠʤʫʣʷʮʠʠ ʟʥʘʯʝʥʠʡ 

ʠʤʧʝʜʘʥʩʘ ʵʣʝʤʝʥʪʦʚ ʢʦʣʝʮ ʢʦʣʣʘʡʜʝʨʘ NICA ʩ ʮʝʣʴʶ ʤʠʥʠʤʠʟʘʮʠʠ ʠʭ 

ʟʥʘʯʝʥʠʡ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʫʯʢʘ. ɼʣʷ ʵʪʦʛʦ ʚʥʦʩʷʪʩʷ ʠʟʤʝʥʝʥʠʷ 

ʚ ʢʦʥʩʪʨʫʢʮʠʶ ʵʣʝʤʝʥʪʦʚ - ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʵʢʨʘʥʳ, ʫʩʪʨʘʥʝʥʠʝ ʨʝʟʦʥʠʨʫʶʱʠʭ 

ʧʦʣʦʩʪʝʡ ʠ ʪ. ʜ. ʅʘ ʦʩʥʦʚʝ ʩʠʤʫʣʷʮʠʠ ʧʨʦʚʝʜʝʥʳ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʜʣʷ 

ʦʮʝʥʢʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʜʠʥʘʤʠʢʠ ʧʫʯʢʘ. 

S.A. MELNIKOV, I.N. MESHKOV 
Joint Institute for Nuclear Research (JINR), Dubna, Russia 

MINIMIZATION THE NICA COLLIDER RINGS 

IMPEDANCE  

One of the criteria determining the stability of the motion of charged particles 

inside the beam vacuum chamber is the value of its impedances. In the course of this 

work, the values of the impedance rings of the NICA collider rings elements are 

numerically simulated to minimize it to the values that provides the stability of the 

beam. For this purpose, changes are made to the design of the elements - additional 

screens, elimination of resonant cavities, etc. Based on minimization results, 

analytical calculations are carried out to assess the stability of the beam dynamics. 

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʫʯʢʘ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ ʩ ʧʫʯʢʦʚʦʡ ʢʘʤʝʨʦʡ 

ʫʩʢʦʨʠʪʝʣʷ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʚ ʢʘʤʝʨʝ ʧʦʣʝʡ 

(wake-fields) ʠ ʠʭ ʦʙʨʘʪʥʦʤʫ ʚʦʟʜʝʡʩʪʚʠʶ ʥʘ ʧʫʯʦʢ, ʧʨʠʚʦʜʷʱʝʤʫ ʢ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʜʚʠʞʝʥʠʷ ʧʦʩʣʝʜʥʝʛʦ ʚ ʧʨʦʜʦʣʴʥʦʤ ʠ ʧʦʧʝʨʝʯʥʦʤ 

ʥʘʧʨʘʚʣʝʥʠʷʭ. 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʦʧʪʠʤʠʟʘʮʠʠ ʠʤʧʝʜʘʥʩʘ 

ʫʯʘʩʪʢʘ ʧʫʯʢʦʚʦʡ ʢʘʤʝʨʳ ʚ ʘʨʢʘʭ ʢʦʣʴʮʘ ʢʦʣʣʘʡʜʝʨʘ, ʩʦʩʪʦʷʱʝʛʦ ʠʟ 

ʢʘʤʝʨʳ ʦʪʢʘʯʢʠ, ʧʠʢʘʧ-ʩʪʘʥʮʠʠ ʠ ʩʠʣʴʬʦʥʥʦʛʦ ʫʟʣʘ. ɺʩʝʛʦ ʚ ʘʨʢʘʭ 

ʦʜʥʦʛʦ ʢʦʣʴʮʘ ʢʦʣʣʘʡʜʝʨʘ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ 46 ʪʘʢʠʭ ʫʯʘʩʪʢʦʚ. 

ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʡ ʧʨʦʜʦʣʴʥʳʡ ʠʤʧʝʜʘʥʩ ʧʫʯʢʦʚʦʡ 

ʢʘʤʝʨʳ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥ ʚ ʚʠʜʝ ὤ᷆ ὼȟώȟᾀȟ‫

᷿ ὡ᷆ ὼȟώȟᾀȟὸὩ Ὠὸ, ʛʜʝ ὡ᷆ ὼȟώȟᾀȟὸ ᷿ Ὂ᷆ ὼȟώȟᾀȟὸὨᾀ. ʀʟ 

ʪʝʦʨʝʤʳ ʇʘʥʦʬʩʢʦʛʦ-ɺʝʥʮʝʣʷ ʩʣʝʜʫʝʪ, ʯʪʦ ʧʦʧʝʨʝʯʥʳʡ ʠʤʧʝʜʘʥʩ 

ʩʚʷʟʘʥ ʩ ʧʨʦʜʦʣʴʥʳʤ ʯʝʨʝʟ ʩʦʦʪʥʦʰʝʥʠʝ ὤ ὼȟώȟᾀȟ‫

ᶯὤ᷆ ὼȟώȟᾀȟ‫ . 
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ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ CST 

Studio (ʨʠʩ. 1). 

 

ʈʠʩ. 1. ɸʏʍ ʘʙʩʦʣʶʪʥʦʛʦ ʟʥʘʯʝʥʠʷ ʧʨʦʜʦʣʴʥʦʛʦ ʠʤʧʝʜʘʥʩʘ ʜʣʷ ʠʩʭʦʜʥʦʡ 

(ʯʝʨʥʘʷ ʢʨʠʚʘʷ) ʠ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ (ʩʝʨʘʷ ʢʨʠʚʘʷ).  

ʅʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʙʳʣʠ ʩʜʝʣʘʥʳ ʘʥʘʣʠʪʠʯʝʩʢʠʝ 

ʦʮʝʥʢʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʫʯʢʘ (ʨʠʩ. 2).  

 

ʈʠʩ. 2. ʇʦ ʦʩʠ ʘʙʩʮʠʩʩ ï Re[Zs], Ohm, ʧʦ ʦʩʠ ʦʨʜʠʥʘʪ ï Im[Zs], Ohm.             

ʃʠʥʠʠ ï ʛʨʘʥʠʮʳ ʫʩʪʦʡʯʠʚʦʛʦ ʜʚʠʞʝʥʠʷ ʜʣʷ ʨʘʟʥʳʭ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʠʦʥʘ: 

ʩʧʣʦʰʥʘʷ ï 2.5 GeV/u, ʰʪʨʠʭʦʚʘʥʥʘʷ ï 3 GeV/u, ʪʦʯʝʯʥʘʷ ï 4.5 GeV/u. 

ʊʦʯʢʘʤʠ ʦʙʦʟʥʘʯʝʥʳ ʘʤʧʣʠʪʫʜʳ ʨʝʟʦʥʘʥʩʦʚ ʠʤʧʝʜʘʥʩʘ, ʜʝʣʝʥʥʳʝ ʥʘ ʥʦʤʝʨ 

ʛʘʨʤʦʥʠʢʠ: ʠʩʭʦʜʥʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ï Ĭ, ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʘʷ ï o 
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ʖ.ɺ. ʉɽʅʀʏɽɺ, ɸ.ɽ. ɸʂʉɽʅʊʔɽɺ, ɸ.ɸ. ʄɽʃʔʅʀʂʆɺ  
ʀʥʩʪʠʪʫʪ ʷʜʝʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʉʇʀʅʆɺɸʗ ʍʈʆʄɸʊʀʏʅʆʉʊʔ ʇʋʏʂɸ: ʋɼʃʀʅɽʅʀɽ 

ʆʈɹʀʊʓ ʀ ɹɽʊɸʊʈʆʅʅɸʗ ʍʈʆʄɸʊʀʏʅʆʉʊʔ   
ʆʩʥʦʚʥʘʷ ʠʜʝʷ ʠʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʜʠʧʦʣʴʥʦʛʦ ʤʦʤʝʥʪʘ ʦʩʥʦʚʘʥʘ ʥʘ 

ʠʟʤʝʨʝʥʠʠ ʫʩʨʝʜʥʝʥʥʦʡ ʯʘʩʪʦʪʳ ʧʨʝʮʝʩʩʠʠ ʩʧʠʥʘ ʯʘʩʪʠʮ ʚ ʩʛʫʩʪʢʝ. ʇʨʦʙʣʝʤʘ 

ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʧʨʝʮʝʩʩʠʠ ʩʧʠʥʘ ʯʘʩʪʠʮ ʚ ʩʛʫʩʪʢʝ 

ʩʚʦʜʠʪʩʷ ʢ ʤʠʥʠʤʘʣʴʥʦʤʫ ʨʘʟʙʨʦʩʫ ʜʣʠʥ ʦʨʙʠʪ ʚʩʝʭ ʯʘʩʪʠʮ. ʕʪʦ ʜʦʩʪʠʛʘʝʪʩʷ 

ʚʚʝʜʝʥʠʝʤ ʩʝʢʩʪʫʧʦʣʝʡ ʩ ʧʦʣʷʤʠ, ʢʦʪʦʨʳʝ ʤʠʥʠʤʠʟʠʨʫʶʪ ʭʨʦʤʘʪʠʯʥʦʩʪʴ 

ʯʘʩʪʦʪʳ ʧʨʝʮʝʩʩʠʠ ʩʧʠʥʘ. ʄʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʙʥʘʨʫʞʠʣʠ, ʯʪʦ 

ʤʠʥʠʤʠʟʘʮʠʷ ʭʨʦʤʘʪʠʯʥʦʩʪʠ ʙʝʪʘʪʨʦʥʥʦʛʦ ʜʚʠʞʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʤʠʥʠʤʠʟʘʮʠʠ 

ʭʨʦʤʘʪʠʯʥʦʩʪʠ ʯʘʩʪʦʪʳ ʧʨʝʮʝʩʩʠʠ ʩʧʠʥʘ. ɺ ʵʪʦʡ ʩʪʘʪʴʝ ʤʳ ʠʩʩʣʝʜʫʝʤ ʵʪʫ 

ʚʟʘʠʤʦʩʚʷʟʴ. 

YU. SENICHEV, A. AKSENTEV, A. MELNIKOV , 
Institute for nuclear research of RAS, Moscow, Russia 

SPIN CHROMATICITY OF BEAM: ORBIT LENGTHENING 

AND BETATRON CHROMATICITY  

The main idea of measuring the electric dipole moment is based on measuring the 

averaged precession frequency of the spin of particles in a bunch. The problem of the 

maximum coherence time for the spin of particles in a bunch is reduced to the 

minimum spread in the length of the orbits of all particles. This is achieved by 

introducing sextupoles with fields that minimize the chromaticity of the spin 

frequency. We have found experimentally that minimizing the chromaticity of 

betatron motion leads to minimizing the chromaticity of the spin frequency. In this 

paper we explore this relationship. 

ʆʩʥʦʚʥʘʷ ʠʜʝʷ ʠʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʜʠʧʦʣʴʥʦʛʦ ʤʦʤʝʥʪʘ 

ʦʩʥʦʚʘʥʘ ʥʘ ʠʟʤʝʨʝʥʠʠ ʫʩʨʝʜʥʝʥʥʦʡ ʯʘʩʪʦʪʳ ʧʨʝʮʝʩʩʠʠ ʩʧʠʥʘ ʯʘʩʪʠʮ ʚ 

ʩʛʫʩʪʢʝ. ʇʦʵʪʦʤʫ ʚʨʝʤʷ, ʚ ʪʝʯʝʥʠʝ ʢʦʪʦʨʦʛʦ ʢʦʣʝʙʘʥʠʷ ʩʧʠʥʘ ʯʘʩʪʠʮʳ 

ʦʩʪʘʶʪʩʷ ʢʦʛʝʨʝʥʪʥʳʤʠ, ʠʛʨʘʝʪ ʨʝʰʘʶʱʫʶ ʨʦʣʴ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ 

ʧʦʠʩʢʫ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʜʠʧʦʣʴʥʦʛʦ ʤʦʤʝʥʪʘ ʧʨʦʪʦʥʘ/ ʜʝʡʪʨʦʥʘ. ʕʪʦ 

ʚʨʝʤʷ ʥʘʟʳʚʘʝʪʩʷ ʚʨʝʤʝʥʝʤ ʢʦʛʝʨʝʥʪʥʳʭ ʢʦʣʝʙʘʥʠʡ, ʠ ʝʛʦ ʥʫʞʥʦ 

ʚʳʜʝʨʞʠʚʘʪʴ ʢʘʢ ʤʦʞʥʦ ʜʦʣʴʰʝ. ʕʬʬʝʢʪʳ ʩʧʠʥʦʚʦʡ ʜʝʢʦʛʝʨʝʥʮʠʠ 

ʚʦʟʥʠʢʘʶʪ ʠʟ-ʟʘ ʟʘʚʠʩʠʤʦʩʪʠ ʩʧʠʥʦʚʦʡ ʯʘʩʪʦʪʳ ʦʪ ʢʦʣʝʙʘʥʠʡ ʯʘʩʪʠʮʳ 

ʚ ʪʨʝʭʤʝʨʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ. ɹʣʘʛʦʜʘʨʷ ʪʦʤʫ, ʯʪʦ ʚʩʝ ʯʘʩʪʠʮʳ ʥʘʭʦʜʷʪʩʷ 

ʚ ʩʝʧʘʨʘʪʨʠʩʝ, ʢʘʞʜʘʷ ʠʟ ʥʠʭ ʜʦʣʞʥʘ ʩʦʚʝʨʰʘʪʴ ʦʜʠʥ ʦʙʦʨʦʪ ʧʦ ʢʦʣʴʮʫ 

ʚ ʩʨʝʜʥʝʤ ʟʘ ʦʜʠʥ ʠ ʪʦʪ ʞʝ ʧʝʨʠʦʜ, ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʜʣʠʥʳ ʠʭ ʦʨʙʠʪʳ. ɺ 

ʩʚʷʟʠ ʩ ʵʪʠʤ ʚʦʟʥʠʢʘʝʪ ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ ʵʬʬʝʢʪʠʚʥʘʷ ʵʥʝʨʛʠʷ ʯʘʩʪʠʮʳ, 

ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʷʝʪ ʯʘʩʪʦʪʫ ʧʨʝʮʝʩʩʠʠ ʩʧʠʥʘ ʚ ʪʨʝʭʤʝʨʥʦʤ 
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ʧʨʦʩʪʨʘʥʩʪʚʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʙʣʝʤʘ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ 

ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʧʨʝʮʝʩʩʠʠ ʩʧʠʥʘ ʯʘʩʪʠʮ ʚ ʩʛʫʩʪʢʝ ʩʚʦʜʠʪʩʷ ʢ 

ʤʠʥʠʤʘʣʴʥʦʤʫ ʨʘʟʙʨʦʩʫ ʜʣʠʥ ʦʨʙʠʪ ʚʩʝʭ ʯʘʩʪʠʮ. ʕʪʦ ʜʦʩʪʠʛʘʝʪʩʷ 

ʚʚʝʜʝʥʠʝʤ ʩʝʢʩʪʫʧʦʣʝʡ ʩ ʧʦʣʷʤʠ, ʢʦʪʦʨʳʝ ʤʠʥʠʤʠʟʠʨʫʶʪ 

ʭʨʦʤʘʪʠʯʥʦʩʪʴ ʯʘʩʪʦʪʳ ʧʨʝʮʝʩʩʠʠ ʩʧʠʥʘ. ʄʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʦʙʥʘʨʫʞʠʣʠ, ʯʪʦ ʤʠʥʠʤʠʟʘʮʠʷ ʭʨʦʤʘʪʠʯʥʦʩʪʠ ʙʝʪʘʪʨʦʥʥʦʛʦ ʜʚʠʞʝʥʠʷ 

ʧʨʠʚʦʜʠʪ ʢ ʤʠʥʠʤʠʟʘʮʠʠ ʭʨʦʤʘʪʠʯʥʦʩʪʠ ʯʘʩʪʦʪʳ ʚʨʘʱʝʥʠʷ.  

ɺ ʨʘʙʦʪʝ ʤʳ ʧʦʣʫʯʘʝʤ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʫʜʣʠʥʝʥʠʷ 

ʦʨʙʠʪʳ: 
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ʄʳ ʧʦʣʫʯʘʝʤ ʦʢʦʥʯʘʪʝʣʴʥʦʝ ʚʳʨʘʞʝʥʠʝ ʫʜʣʠʥʝʥʠʝ ʦʨʙʠʪʳ ῳὅ 

ʯʝʨʝʟ ʭʨʦʤʘʪʠʯʥʦʩʪʴ ʠ ʯʝʨʝʟ ʠʥʪʝʛʨʘʣʳ ʜʝʡʩʪʚʠʷ J ñ¡= dxx(s)x
: 

ῳὅ ς“ὐ‚ ὐ‚ ‏ ‌ ‏‌ ‏‌ ȢȢȢ 

 

ʕʪʦ ʚʳʨʘʞʝʥʠʝ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʨʠ ʥʫʣʝʚʦʡ ʭʨʦʤʘʪʠʯʥʦʩʪʠ ʚʢʣʘʜ ʚ 

ʫʜʣʠʥʝʥʠʝ ʦʨʙʠʪʳ ʜʘʝʪ ʪʦʣʴʢʦ ʨʘʟʙʨʦʩ ʧʦ ʠʤʧʫʣʴʩʘʤ. ʕʪʦ ʛʦʚʦʨʠʪ ʦ 

ʪʦʤ, ʯʪʦ ʥʫʣʝʚʘʷ ʭʨʦʤʘʪʠʯʥʦʩʪʴ ʥʝ ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʳʤ ʫʩʣʦʚʠʝʤ ʜʣʷ 

ʥʫʣʝʚʦʡ ʩʧʠʥʦʚʦʡ ʭʨʦʤʘʪʠʯʥʦʩʪʠ. 
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Y. CHAE1, ʉ.ɺ. ʄɸʎʀɽɺʉʂʀʁ2, ɺ.ʀ. ʈɸʑʀʂʆɺ2, ʄ. ɿʆɹʆɺ3 

1DESY, Hamburg, German,  
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 
3LNF-INFN Frascati, Italy 

ʄʀʂʈʆɺʆʃʅʆɺɸʗ ʅɽʋʉʊʆʁʏʀɺʆʉʊʔ ɺ 

ʇʈʆɽʂʊʀʈʋɽʄʆʄ ʀʉʊʆʏʅʀʂɽ ʉʀʅʍʈʆʊʈʆʅʅʆɻʆ  

ʀɿʃʋʏɽʅʀʗ USSR* 
ʀʩʩʣʝʜʦʚʘʥʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʧʫʯʢʘ 

ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ ʩ ʵʣʝʤʝʥʪʘʤʠ ʢʘʤʝʨʳ ʩʦʚʨʝʤʝʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ 

ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʢʦʣʣʘʡʜʝʨʦʚ, ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʦʡ ʟʘʜʘʯʝʡ, 

ʧʦʩʢʦʣʴʢʫ ʧʦʣʫʯʠʪʴ ʪʨʝʙʫʝʤʳʝ ʧʘʨʘʤʝʪʨʳ ʧʫʯʢʘ ʚ ʪʘʢʠʭ ʫʩʪʘʥʦʚʢʘʭ ʙʝʟ ʠʭ 

ʫʯʝʪʘ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʚʦʟʤʦʞʥʦ. ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʫʩʣʦʚʠʷ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚ ʧʨʦʝʢʪʠʨʫʝʤʦʤ ʠʩʪʦʯʥʠʢʝ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʯʝʪʚʝʨʪʦʛʦ ʧʦʢʦʣʝʥʠʷ USSR ʩ ʵʥʝʨʛʠʝʡ 6 ɻʵɺ ʠ ʵʤʠʪʪʘʥʩʦʤ 70 ʧʤ. 

ʀʩʩʣʝʜʫʶʪʩʷ ʚʦʟʤʦʞʥʦʩʪʠ ʫʤʝʥʴʰʝʥʠʷ ʝʸ ʚʣʠʷʥʠʷ ʥʘ ʧʘʨʘʤʝʪʨʳ 

ʥʘʢʘʧʣʠʚʘʝʤʦʛʦ ʚ ʢʦʣʴʮʝ ʧʫʯʢʘ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʥʘ ʚʳʭʦʜʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ʫʩʪʘʥʦʚʢʠ. 

Y. CHAE1, S.V. MATSIYEVSKIJ2, V.I.RASHCHIKOV2, M. 

ZOBOV3  
, 1DESY, Hamburg, Germany 

2National Research Nuclear University MEPhI, Moscow, Russia 
3LNF-INFN Frascati, Italy 

MICROWAVE INSTABILITY IN THE DESIGNED USSR     

SYNCHROTRON RADIATION SOURCE*  

The study of instabilities arising from the interaction of a charged particle beam 

with vacuum chamber elements of modern synchrotron radiation sources and colliders 

is a necessary task, since it is practically impossible to obtain the required beam 

parameters in fourth generation synchrotron radiation sources without taking them 

into account. The conditions for the occurrence of microwave instability in the 

designed USSR fourth generation synchrotron radiation source with an energy of 6 

GeV and an emittance of 70 pm are considered. The possibilities of decreasing its 

influence on the parameters of the beam accumulated in the ring and, therefore, on the 

output parameters of the USSR machine are investigated. 

ɺ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ʉREMLINplus ʚ ʈʦʩʩʠʠ ʠʜʝʪ ʨʘʟʨʘʙʦʪʢʘ ʧʨʦʝʢʪʘ 

ʩʦʟʜʘʥʠʷ ʠʩʪʦʯʥʠʢʘ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʯʝʪʚʝʨʪʦʛʦ ʧʦʢʦʣʝʥʠʷ ʩ 

ʵʥʝʨʛʠʝʡ 6 ɻʵɺ, ʵʤʠʪʪʘʥʩʦʤ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ 70 ʧʤ ʠ ʪʦʢʦʤ ʧʫʯʢʘ 

0.2ɸ. ʇʦʣʫʯʝʥʠʝ ʧʫʯʢʦʚ ʩ ʪʘʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʪʨʝʙʫʶʪ 

ʧʨʦʚʝʜʝʥʠʷ ʜʝʪʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʜʠʥʘʤʠʢʠ ʧʫʯʢʘ ʩ ʫʯʝʪʦʤ ʥʘʚʝʜʝʥʥʦʛʦ 
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ʠʤ ʧʦʣʷ ʚ ʵʣʝʤʝʥʪʘʭ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ ʥʘʢʦʧʠʪʝʣʷ, ʷʚʣʷʶʱʝʛʦʩʷ 

ʦʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ.  

ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʚʠʜʦʚ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ ʚ ʪʘʢʠʭ ʫʩʪʘʥʦʚʢʘʭ 

ʷʚʣʷʝʪʩʷ ʤʠʢʨʦʚʦʣʥʦʚʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ, ʢʦʪʦʨʘʷ ʩʚʷʟʘʥʘ ʩ 

ʚʦʟʤʫʱʝʥʠʝʤ ʧʨʦʜʦʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʯʘʩʪʠʮ ʩʛʫʩʪʢʘ. ɼʣʷ ʝʸ ʨʘʩʯʝʪʘ 

ʥʝʦʙʭʦʜʠʤʘ ʤʦʜʝʣʴ ʠʤʧʝʜʘʥʩʘ ʫʩʪʘʥʦʚʢʠ, ʚ ʢʦʪʦʨʦʡ ʙʳ ʙʳʣʠ ʫʯʪʝʥʳ 

ʥʘʚʝʜʝʥʥʳʝ ʩʛʫʩʪʢʦʤ ʧʦʣʷ ʚʦ ʚʩʝʭ ʵʣʝʤʝʥʪʘʭ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ. 

ʇʦʩʢʦʣʴʢʫ ʯʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ ʠ ʨʘʟʨʘʙʘʪʳʚʘʝʤʘʷ ʩʪʨʫʢʪʫʨʘ ʚʦ ʤʥʦʛʦʤ 

ʠʜʝʥʪʠʯʥʘ ʥʘʢʦʧʠʪʝʣʶ ESRF, ʪʦ ʥʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʨʘʩʯʝʪʦʚ ʚ ʢʘʯʝʩʪʚʝ 

ʠʤʧʝʜʘʥʩʥʦʡ ʤʦʜʝʣʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʤʘʩʰʪʘʙʠʨʦʚʘʥʥʘʷ ʠʤʧʝʜʘʥʩʥʘʷ 

ʤʦʜʝʣʴ ESRF. ʇʨʦʚʝʜʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʢʦʜʘ SBSC, 

ʨʘʥʝʝ ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʦʚʘʥʥʦʛʦ ʜʣʷ ʨʘʩʯʸʪʘ ʧʨʦʜʦʣʴʥʦʡ ʜʠʥʘʤʠʢʠ 

ʧʫʯʢʘ ʩ ʫʯʝʪʦʤ ʠʤʧʝʜʘʥʩʘ ʚ ʘʢʢʫʤʫʣʷʪʦʨʥʦʤ ʠ ʦʩʥʦʚʥʳʭ ʢʦʣʴʮʘʭ 

ʢʦʣʣʘʡʜʝʨʘ DAFNE  ʧʦʢʘʟʘʣʦ, ʯʪʦ ʚ ʥʘʰʝʡ ʫʩʪʘʥʦʚʢʝ ʚʝʣʠʯʠʥʘ ʧʦʨʦʛʘ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ (ʥʘʯʘʣʦ ʨʦʩʪʘ ʨʘʟʙʨʦʩʘ ʧʦ ʵʥʝʨʛʠʠ ʚ ʩʛʫʩʪʢʝ ʥʘ 

ʛʨʘʬʠʢʝ) ʦʢʘʟʘʣʘʩʴ ʚ 3-4 ʨʘʟʘ ʤʝʥʴʰʝ, ʯʝʤ ʚ ESRF, ʯʪʦ ʤʦʞʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʣʠʷʪʴ ʥʘ ʚʳʭʦʜʥʳʝ ʧʘʨʘʤʝʪʨʳ ʧʫʯʢʘ (ʨʠʩ. 1).  ʂʘʢ 

ʧʦʢʘʟʘʣʠ ʨʘʩʯʸʪʳ, ʚʳʧʦʣʥʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʢʦʜʘ ELEGANT [1], 

ʧʦʚʳʰʝʥʠʷ ʧʦʨʦʛʦʚʦʛʦ ʪʦʢʘ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʠ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʧʫʯʢʘ 

ʫʜʘʝʪʩʷ ʜʦʙʠʪʴʩʷ ʫʩʪʘʥʦʚʢʦʡ ʚ ʢʦʣʴʮʝ ʛʘʨʤʦʥʠʯʝʩʢʠʭ ʨʝʟʦʥʘʪʦʨʦʚ. 

 

ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʨʘʟʙʨʦʩʘ ʠ ʜʣʠʥʳ ʩʛʫʩʪʢʘ ʦʪ ʪʦʢʘ 

 

  ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʵʤʠʪʪʘʥʩʘ (a) ʠ ʚʨʝʤʝʥʠ ʞʠʟʥʠ (b) ʦʪ ʪʦʢʘ ʩʛʫʩʪʢʘ 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. M. Borland// Advanced Photon Source LS-287, September 2000. 

*This project has received funding from the European Unionôs Horizon 2020 research and 
innovation programme under grant agreement No.871072 
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ʉ.ɺ. ʄɸʎʀɽɺʉʂʀʁ, ɺ.ʀ. ʈɸʑʀʂʆɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ 

çʄʀʌʀè 

ʇʆɼɻʆʊʆɺʂɸ ʇʈʆɻʈɸʄʄʅʆɻʆ ʆɹɽʉʇɽʏɽʅʀʗ ʀ 

ɺʓʏʀʉʃʀʊɽʃʔʅʓʍ ʄʆʑʅʆʉʊɽʁ ɼʃʗ ʈɸʉʏɪʊɸ 

ɼʀʅɸʄʀʂʀ ʏɸʉʊʀʎ ɺ ʀʉʊʆʏʅʀʂɽ ʉʀʅʍʈʆʊʈʆʅʅʆɻʆ 

ʀɿʃʋʏɽʅʀʗ USSR* 
ʈʘʩʯʸʪ ʜʠʥʘʤʠʢʠ ʯʘʩʪʠʮ ʚ ʠʩʪʦʯʥʠʢʝ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ USSR 

ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʷʪʴ ʩ ʫʯʸʪʦʤ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʧʫʯʢʘ ʩ ʵʣʝʤʝʥʪʘʤʠ ʩʪʨʫʢʪʫʨʳ ʢʦʣʴʮʘ. ɼʣʷ ʫʯʸʪʘ ʥʘʚʝʜʸʥʥʳʭ 

ʧʫʯʢʦʤ ʧʦʣʝʡ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʠʤʧʝʜʘʥʩʳ ʦʪʜʝʣʴʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ, ʠ ʩ ʠʭ ʫʯʸʪʦʤ, ʘ ʪʘʢʞʝ ʩ ʫʯʸʪʦʤ ʚʥʫʪʨʠʧʫʯʢʦʚʦʛʦ 

ʨʘʩʩʝʷʥʠ,̫ ʠ ʤʦʜʝʣʠʨʫʝʪʩʷ ʚ ʜʘʣʴʥʝʡʰʝʤ ʜʠʥʘʤʠʢʘ ʧʫʯʢʘ. ɼʣʷ ʨʘʩʯʸʪʦʚ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʨʷʜ ʧʨʦʛʨʘʤʤʥʳʭ ʨʝʰʝʥʠʡ ʩʦ ʩʚʦʠʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ, 

ʜʦʩʪʦʠʥʩʪʚʘʤʠ ʠ ʥʝʜʦʩʪʘʪʢʘʤʠ.  ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʧʠʩʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʝ 

ʤʦʤʝʥʪʳ ʧʦʜʛʦʪʦʚʢʠ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʨʘʩʯʸʪʦʚ ʜʠʥʘʤʠʢʠ ʧʫʯʢʘ 

ʚ ʠʩʪʦʯʥʠʢʝ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ USSR: ʚʳʙʦʨ ʧʨʦʛʨʘʤʤʥʦʛʦ 

ʦʙʝʩʧʝʯʝʥʠʷ ʠ ʝʛʦ ʥʘʩʪʨʦʡʢʘ; ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʙʦʪʳ ʩ ʜʘʥʥʳʤʠ ʧʨʦʛʨʘʤʤʘʤʠ ʥʘ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʤ ʢʣʘʩʪʝʨʝ ʂʫʨʯʘʪʦʚʩʢʦʛʦ ʀʥʩʪʠʪʫʪʘ. 

S.V. MATSIEVSKIY, V.I. RASHCHIKOV 
National Research Nuclear University çMEPhIè 

SOFTWARE AND HARDWARE PREPARATION FOR 

DYNAMICS CALCULATIONS IN USSR SYNCHROTRON 

RADIATION SOURCE*  

Particle dynamics calculations in USSR synchrotron radiation source require 

taking into account instabilities, arising due to particles interaction with beamline 

elements. For this, impedance of separate ring elements are imported into dynamics 

calculations with inter beam scattering. There calculations may be carried out by a 

number of implementations with different upsides and downsides. Here we describe 

dynamics calculation infrastructure preparation for the USSR project: software 

selection and preparation, its deployment on the Kurchatov Institute computational 

cluster. 

ɼʣʷ ʨʘʩʯʸʪʘ ʜʠʥʘʤʠʢʠ ʯʘʩʪʠʮ ʚ ʩʠʥʭʨʦʪʨʦʥʝ ʧʝʨʚʦʥʘʯʘʣʴʥʦ 

ʪʨʝʙʫʝʪʩʷ ʩʦʩʪʘʚʠʪʴ ʢʘʨʪʫ ʠʤʧʝʜʘʥʩʦʚ ʵʣʝʤʝʥʪʦʚ ʫʩʢʦʨʷʶʱʝʛʦ ʪʨʘʢʪʘ. 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʪʠʭ ʨʘʩʯʸʪʦʚ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʶʪ ʧʨʦʛʨʘʤʤʳ ABCI, 

ECHO, CST ʠ GdfidL. CST ʠ GdfidL ʤʦʛʫʪ ʧʨʦʚʦʜʠʪʴ ʨʘʩʯʸʪ ʪʨʸʭʤʝʨʥʳʭ 

ʩʪʨʫʢʪʫʨ, ʥʦ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʥʘ ʢʦʤʤʝʨʯʝʩʢʦʡ ʦʩʥʦʚʝ. ʕʪʦ 

ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʣʦʞʥʷʝʪ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝ: ʚ ʩʚʝʪʝ ʩʘʥʢʮʠʦʥʥʳʭ 
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ʦʛʨʘʥʠʯʝʥʠʡ ʧʦʣʫʯʝʥʠʝ ʣʠʮʝʥʟʠʠ ʦʩʣʦʞʥʝʥʦ ʜʘʞʝ ʧʨʠ ʥʘʣʠʯʠʠ 

ʬʠʥʘʥʩʠʨʦʚʘʥʠʷ; ʫʩʣʦʚʠʷ ʣʠʮʝʥʟʠʠ ʠʩʢʫʩʩʪʚʝʥʥʦ ʦʛʨʘʥʠʯʠʚʘʶʪ 

ʢʦʣʠʯʝʩʪʚʦ ʧʘʨʘʣʣʝʣʴʥʳʭ ʨʘʩʯʸʪʦʚ ʵʣʝʤʝʥʪʦʚ ʢʦʣʴʮʘ. ʇʨʦʛʨʘʤʤʘ ABCI 

[1] ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʯʠʪʳʚʘʪʴ ʠʤʧʝʜʘʥʩʳ ʦʩʝʩʠʤʤʝʪʨʠʯʥʳʭ ʫʩʪʨʦʡʩʪʚ ʠ 

ʥʝ ʠʤʝʝʪ ʦʛʨʘʥʠʯʝʥʠʡ ʥʘ ʢʦʣʠʯʝʩʪʚʦ ʟʘʧʫʱʝʥʥʳʭ ʧʨʦʮʝʩʩʦʚ. ɼʣʷ ʵʪʦʡ 

ʧʨʦʛʨʘʤʤʳ ʨʘʟʨʘʙʦʪʘʥ ʛʨʘʬʠʯʝʩʢʠʡ ʠʥʪʝʨʬʝʡʩ pyTopPlot, ʫʩʢʦʨʷʶʱʠʡ 

ʧʦʜʛʦʪʦʚʢʫ ʨʘʩʯʸʪʘ; ʧʨʝʜʦʩʪʘʚʣʷʝʤʳʡ ʥʘ ʩʘʡʪʝ ʧʨʦʛʨʘʤʤʳ 

ʠʩʧʦʣʥʠʪʝʣʴʥʳʡ ʬʘʡʣ ʩʦʚʤʝʩʪʠʤ ʩ ʨʘʩʯʸʪʥʳʤ ʢʣʘʩʪʝʨʦʤ 

ʂʫʨʯʘʪʦʚʩʢʦʛʦ ʠʥʩʪʠʪʫʪʘ.  

ɼʠʥʘʤʠʢʘ ʯʘʩʪʠʮ ʯʘʩʪʦ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʥʝʩʢʦʣʴʢʠʤʠ ʧʨʦʛʨʘʤʤʘʤʠ 

ʧʘʨʘʣʣʝʣʴʥʦ ʜʣʷ ʠʩʢʣʶʯʝʥʠʷ ʦʰʠʙʦʢ ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ ʠ ʢʦʜʘ. ɼʣʷ 

ʨʘʩʯʸʪʦʚ ʜʠʥʘʤʠʢʠ ʙʳʣʠ ʚʳʙʨʘʥʳ ʩʚʦʙʦʜʥʦ ʨʘʩʧʨʦʩʪʨʘʥʷʝʤʳʝ 

ʧʨʦʛʨʘʤʤʳ Elegant [2], Accelerating Toolbox (AT) [3], SBSC ʠ 

PyHEADTAIL. ʂʦʜʘʤ SBSC, PyHEADTAIL ʠ ECHO ʧʦʩʚʷʱʝʥʳ 

ʦʪʜʝʣʴʥʳʝ ʜʦʢʣʘʜʳ ʵʪʦʡ ʢʦʥʬʝʨʝʥʮʠʠ. 

ʇʨʦʛʨʘʤʤʘ Elegant ʠʩʧʦʣʴʟʫʝʪ ʠʥʪʝʨʬʝʡʩ MPI, ʧʦʟʚʦʣʷʶʱʠʡ 

ʧʨʦʠʟʚʦʜʠʪʴ ʚʳʯʠʩʣʝʥʠʷ ʥʘ ʤʥʦʛʠʭ ʫʟʣʘʭ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʢʣʘʩʪʝʨʘ. 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʚʭʦʜʥʦʛʦ ʬʘʡʣʘ ʨʘʩʯʸʪʦʚ ʠʩʧʦʣʴʟʫʝʪʩʷ ʣʦʢʘʣʴʥʳʡ ʩʝʨʚʝʨ 

Sirepo, ʧʨʝʜʦʩʪʘʚʣʷʶʱʠʡ ʛʨʘʬʠʯʝʩʢʠʡ ʠʥʪʝʨʬʝʡʩ ʜʣʷ Elegant. ɺ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚʝʜʸʪʩʷ ʨʘʙʦʪʘ ʥʘʜ ʫʩʪʘʥʦʚʢʦʡ Sirepo [4] ʥʘ ʨʘʩʯʸʪʥʦʤ 

ʢʣʘʩʪʝʨʝ. 

ɺ ʦʪʣʠʯʠʠ ʦʪ Elegant, AT ʥʝ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʥʷʝʤʦʡ ʧʨʦʛʨʘʤʤʦʡ, ʘ 

ʙʠʙʣʠʦʪʝʢʦʡ ʬʫʥʢʮʠʡ ʨʘʩʯʸʪʘ ʜʠʥʘʤʠʢʠ ʜʣʷ Matlab. ʊʘʢ ʢʘʢ Matlab 

ʷʚʣʷʝʪʩʷ ʢʦʤʤʝʨʯʝʩʢʠʤ ʧʨʦʜʫʢʪʦʤ, ʦʥ ʪʘʢʞʝ ʦʙʣʘʜʘʝʪ ʫʢʘʟʘʥʥʳʤʠ 

ʚʳʰʝ ʥʝʜʦʩʪʘʪʢʘʤʠ. ʅʝʜʘʚʥʠʡ ʟʘʧʨʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ Matlab ʜʣʷ 

ʥʝʩʢʦʣʴʢʠʭ ʢʠʪʘʡʩʢʠʭ ʫʥʠʚʝʨʩʠʪʝʪʦʚ ʷʚʣʷʝʪʩʷ ʪʦʤʫ ʧʦʜʪʚʝʨʞʜʝʥʠʝʤ. ɺ 

ʩʚʷʟʠ ʚ ʵʪʠʤ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʨʘʙʦʪʘ ʧʦ ʧʦʨʪʠʨʦʚʘʥʠʶ ʢʦʜʘ ʜʣʷ ʨʘʙʦʪʳ 

ʩʦ ʩʚʦʙʦʜʥʦ ʨʘʩʧʨʦʩʪʨʘʥʷʝʤʳʤ ʢʣʦʥʦʤ Matlab ï Octave. ɺ AT ʙʳʣʘ 

ʜʦʙʘʚʣʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʘʨʘʣʣʝʣʠʟʘʮʠʠ ʚʳʯʠʩʣʝʥʠʡ ʥʘ ʦʩʥʦʚʝ 

ʩʪʘʥʜʘʨʪʘ OpenMP, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʵʬʬʝʢʪʠʚʥʝʝ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʨʝʩʫʨʩʳ ʚ ʨʘʤʢʘʭ ʦʜʥʦʡ ʤʘʰʠʥʳ. ʇʨʦʛʨʘʤʤʘ AT 

ʭʦʨʦʰʦ ʧʦʜʭʦʜʠʪ ʜʣʷ ʥʝʜʘʚʥʦ ʚʚʝʜʸʥʥʦʛʦ ʚ ʵʢʩʧʣʫʘʪʘʮʠʶ Jupyter 

ʩʝʨʚʝʨʘ ʂʫʨʯʘʪʦʚʩʢʦʛʦ ʠʥʩʪʠʪʫʪʘ. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1.Yong Ho Chin. https://abci.kek.jp/abci.htm 

2. https://www.aps.anl.gov/Accelerator-Operations-Physics/Software#elegant 
3. https://github.com/atcollab/at/ 

4. https://github.com/radiasoft/sirepo 
 

*  This project has received funding from the European Unionôs Horizon 2020 research and 

innovation programme under grant agreement No.871072 and has been carried out using 
computational resources of MCC NRC çʂurchatov Instituteè, http://computing.nrcki.ru/   

https://abci.kek.jp/abci.htm
https://www.aps.anl.gov/Accelerator-Operations-Physics/Software#elegant
https://github.com/atcollab/at/
https://github.com/radiasoft/sirepo
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ɺ.ʉ. ɼʖɹʂʆɺ, ʄ.ɺ. ʃɸʃɸʗʅ, ʉ.ʄ. ʇʆʃʆɿʆɺ, ɺ.ʀ. 

ʈɸʑʀʂʆɺ  
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ʇʈɽɼɺɸʈʀʊɽʃʔʅʓɽ ʈɽɿʋʃʔʊɸʊʓ ʈɸɿʈɸɹʆʊʂʀ  
ʂʆʄʇɸʂʊʅʆɻʆ ʀʉʊʆʏʅʀʂɸ ʀɿʃʋʏɽʅʀʗ ʅɸ ʆʉʅʆɺɽ  

ʆɹʈɸʊʅʆɻʆ ʂʆʄʇʊʆʅʆɺʉʂʆɻʆ ʈɸʉʉɽʗʅʀʗ 
ɺ ʅʀʗʋ ʄʀʌʀ ʥʘʯʘʪʘ ʨʘʟʨʘʙʦʪʢʘ ʢʦʤʧʘʢʪʥʦʡ ʩʠʩʪʝʤʳ ʛʝʥʝʨʘʮʠʠ 

ʠʟʣʫʯʝʥʠʷ ʚ ʩʚʝʪʦʚʦʤ ʦʥʜʫʣʷʪʦʨʝ ʩʣʝʜʫʶʱʝʛʦ ʧʦʢʦʣʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ ʵʥʝʨʛʠʡ 

5-30 ʢʵɺ ʜʣʷ ʢʦʣʴʮʝʚʳʭ ʠ ʣʠʥʝʡʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʥʘ ʦʩʥʦʚʝ ʦʙʨʘʪʥʦʛʦ 

ʢʦʤʧʪʦʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ. ʆʧʨʝʜʝʣʝʥʘ ʙʘʟʦʚʘʷ ʩʪʨʫʢʪʫʨʘ ʠ ʧʘʨʘʤʝʪʨʳ 

ʤʘʛʥʠʪʥʳʭ ʵʣʝʤʝʥʪʦʚ ʢʦʤʧʘʢʪʥʦʛʦ ʩʠʥʭʨʦʪʨʦʥʘ ʥʘ ʵʥʝʨʛʠʶ ʵʣʝʢʪʨʦʥʦʚ 20-60 

ʄʵɺ, ʚʭʦʜʷʱʝʛʦ ʚ ʩʦʩʪʘʚ ʩʠʩʪʝʤʳ ʛʝʥʝʨʘʮʠʠ. ʇʨʝʜʣʦʞʝʥʳ ʚʘʨʠʘʥʪʳ ʣʠʥʝʡʥʦʛʦ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʫʩʢʦʨʠʪʝʣʷ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʚʳʩʪʫʧʘʪʴ ʢʘʢ ʠʥʞʝʢʪʦʨ ʜʣʷ 

ʩʠʥʭʨʦʪʨʦʥʘ ʠ ʢʘʢ ʩʘʤʦʩʪʦʷʪʝʣʴʥʳʡ ʠʩʪʦʯʥʠʢ ʵʣʝʢʪʨʦʥʦʚ ʩ ʵʥʝʨʛʠʝʡ 20-60 

ʄʵɺ. 

V.S. DYUBKOV, M.V. LALAYAN , S.M. POLOZOV,  

V.I. RASHCHIKOV 
National Research Nuclear University MEPhI  

(Moscow Engineering Physics Institute), Moscow, Russia 

PRELIMINARY RESULTS OF THE DEVELOPMENT 

COMPACT RADIATION SOURCE BASED ON INVERSE 

COMPTON SCATTERING  

Developing a compact system for X-ray radiation production in the energy range 

of 5-30 keV in a next-generation light undulator for circular and linear sources based 

on inverse Compton scattering was started in MEPhI. A lattice and parameters of 

optics elements of 20-60 MeV compact synchrotron, which is part of the generation 

facility, are chosen. Variants of e-linac, that can be used either an injector for the 

synchrotron or an standalone source of 20-60 MeV electrons, are proposed. 

ɺ ʅʀʗʋ ʄʀʌʀ ʥʘʯʘʪʳ ʨʘʙʦʪʳ ʧʦ ʨʝʰʝʥʠʶ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ 

ʟʘʜʘʯʠ ï ʨʘʟʨʘʙʦʪʢʝ ʢʦʤʧʘʢʪʥʦʡ ʩʭʝʤʳ ʛʝʥʝʨʘʮʠʠ ʬʦʪʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʚ ʜʠʘʧʘʟʦʥʝ ʵʥʝʨʛʠʡ 5-30 ʢʵɺ ʜʣʷ ʢʦʣʴʮʝʚʳʭ ʠ ʣʠʥʝʡʥʳʭ ʫʩʢʦʨʠʪʝʣʝʡ 

ʥʘ ʦʩʥʦʚʝ ʦʙʨʘʪʥʦʛʦ ʢʦʤʧʪʦʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ [1, 2]. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ 

ʜʝʥʴ ʨʝʘʣʠʟʦʚʘʥʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʤʧʪʦʥʦʚʩʢʦʛʦ ʠʩʪʦʯʥʠʢʘ ʜʘʣʝʢʘ 

ʦʪ ʝʛʦ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʚʦʟʤʦʞʥʦʩʪʝʡ: ʥʘʠʣʫʯʰʝʝ ʫʩʪʦʡʯʠʚʦ 

ʜʦʩʪʠʛʥʫʪʦʝ ʯʠʩʣʦ ʬʦʪʦʥʦʚ ʚ ʠʤʧʫʣʴʩʝ ʚ ʥʝʩʢʦʣʴʢʦ ʩʦʪʝʥ ʪʳʩʷʯ ʨʘʟ 

ʤʝʥʴʰʝ ʪʝʦʨʝʪʠʯʝʩʢʠ ʧʨʝʜʩʢʘʟʘʥʥʦʛʦ. ʉʨʝʜʠ ʧʨʠʯʠʥ, ʥʝ ʧʦʟʚʦʣʷʶʱʠʭ 

ʜʦ ʩʠʭ ʧʦʨ ʧʦʣʫʯʠʪʴ ʧʨʦʛʥʦʟʠʨʫʝʤʫʶ ʪʝʦʨʠʝʡ ʚʝʣʠʯʠʥʫ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 
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ʬʦʪʦʥʦʚ ʚ ʜʠʘʧʘʟʦʥʝ ʵʥʝʨʛʠʡ 5-30 ʢʵɺ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʢʦʨʦʪʢʦʝ 

ʚʨʝʤʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʠ ʬʦʪʦʥʥʦʛʦ ʧʫʯʢʦʚ, ʦʛʨʘʥʠʯʝʥʠʝ 

ʥʘ ʤʦʱʥʦʩʪʴ ʣʘʟʝʨʘ, ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʚʦʟʥʠʢʥʦʚʝʥʠʝʤ ʧʦʙʦʯʥʳʭ 

ʷʚʣʝʥʠʡ, ʥʝʢʦʛʝʨʝʥʪʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ, ʨʘʩʭʦʜʠʤʦʩʪʴ ʠ ʨʘʟʙʨʦʩ ʧʦ 

ʵʥʝʨʛʠʷʤ ʵʣʝʢʪʨʦʥʥʦʛʦ ʠ ʬʦʪʦʥʥʦʛʦ ʧʫʯʢʦʚ. ʈʝʰʝʥʠʝ ʜʘʥʥʦʡ ʟʘʜʘʯʠ 

ʦʯʝʚʠʜʥʦ ʩʚʷʟʘʥʦ ʩ ʠʩʩʣʝʜʦʚʘʥʠʝʤ ʨʷʜʘ ʢʣʶʯʝʚʳʭ ʷʚʣʝʥʠʡ ʥʘ ʩʪʳʢʝ 

ʦʙʣʘʩʪʝʡ ʫʩʢʦʨʠʪʝʣʴʥʦʡ ʬʠʟʠʢʠ ʠ ʬʠʟʠʢʠ ʠʟʣʫʯʝʥʠʷ ʧʫʯʢʦʚ 

ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʩʪʦʯʥʠʢʘ. 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʝʢʫʱʠʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʟʨʘʙʦʪʢʠ ʣʠʥʝʡʥʦʛʦ 

ʫʩʢʦʨʠʪʝʣʷ ʵʣʝʢʪʨʦʥʦʚ, ʚʢʣʶʯʘʷ ʚʳʙʦʨ ʠʩʪʦʯʥʠʢʘ ʵʣʝʢʪʨʦʥʦʚ ʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʬʦʪʦʵʤʠʩʩʠʠ, ʨʘʟʨʘʙʦʪʢʠ ʤʘʛʥʠʪʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʘʢʪʥʦʛʦ ʩʠʥʭʨʦʪʨʦʥʘ, ʘ ʪʘʢʞʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʨʘʟʨʘʙʦʪʢʠ ʉɺʏ ʫʩʢʦʨʷʶʱʠʭ ʩʪʨʫʢʪʫʨ ʣʠʥʝʡʥʦʛʦ 

ʫʩʢʦʨʠʪʝʣʷ-ʠʥʞʝʢʪʦʨʘ. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. H. Primakoff, Applications for Nuclear Phenomena Generated by Ultra-Intense Lasers, 

Phys. Rev., 1948. Vol. 73. P. 449. 

2. A. Wolski. Beam dynamics in high energy particle accelerators. Imperial College Press. 

London, 2014. 
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ʊ.A. ʃʆɿɽɽɺɸ, ʉ.ʄ. ʇʆʃʆɿʆɺ, ɸ.ɺ. ʉɸʄʆʐʀʅ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ʀʉʇʆʃʔɿʆɺɸʅʀɽ ʄɽʊʆɼɸ ʋʉʈɽɼʅɽʅʀʁ ʇʆ ɹʓʉʊʈʓʄ 

ʆʉʎʀʃʃʗʎʀʗʄ ɼʃʗ ʀɿʋʏɽʅʀʗ ɼʀʅɸʄʀʂʀ ʇʋʏʂʆɺ 

ʀʆʅʆɺ 
ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʥʘʤʠʢʠ 

ʥʝʨʝʣʷʪʠʚʠʩʪʩʢʦʛʦ ʧʫʯʢʘ ʯʘʩʪʠʮ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʫʩʨʝʜʥʝʥʠʡ ʧʦ 

ʙʳʩʪʨʳʤ ʦʩʮʠʣʣʷʮʠʷʤ [1]. ʇʦʣʫʯʝʥʳ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʜʚʠʞʝʥʠʷ ʚ 

ʫʩʨʝʜʥʝʥʥʳʭ ʧʦʣʷʭ ʫʩʢʦʨʷʶʱʠʭ ʨʝʟʦʥʘʪʦʨʦʚ ʧʨʠ ʥʘʣʠʯʠʠ ʬʘʟʦʚʦʛʦ 

ʩʢʦʣʴʞʝʥʠʷ, ʘ ʪʘʢʞʝ ʚʠʜ ʵʬʬʝʢʪʠʚʥʳʭ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ʜʣʷ ʜʚʫʭ ʚʠʜʦʚ 

ʬʦʢʫʩʠʨʫʶʱʠʭ ʩʠʩʪʝʤ. ʇʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʩʨʘʚʥʝʥʠʝ ʜʠʥʘʤʠʢʠ ʧʫʯʢʘ ʚ 

ʫʩʨʝʜʥʝʥʥʳʭ ʠ ʧʦʣʥʳʭ ʧʦʣʷʭ. 

 

T.A. LOZEEVA, S.M. POLOZOV, A.V. SAMOSHIN 
National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

FAST OSCILLATION AVERAGING METHOD FOR ION 

BEAM DYNAMICS ANALYSIS  

The results on the non-relativistic ion beam dynamics investigation using 

averaging method of the motion equations are presented in this work. Motion 

equations systems in averaged fields and effective potential functions are derived for 

the accelerating systems with phase slipping, composed of the periodically spaced 

short multigap cavities with focusing quadrupoles or doublets between them. 

Averaged motion beam dynamics was also numerically compared to the full 

multiharmonic field dynamics. 

ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʜʠʥʘʤʠʢʠ ʧʫʯʢʦʚ ʣʝʛʢʠʭ ʠ ʪʷʞʝʣʳʭ ʠʦʥʦʚ ʚ 

ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʫʩʢʦʨʷʶʱʠʭ ʩʪʨʫʢʪʫʨʘʭ, ʩʦʩʪʦʷʱʠʭ, ʥʘʧʨʠʤʝʨ, ʠʟ 

ʢʦʨʦʪʢʠʭ ʤʥʦʛʦʟʘʟʦʨʥʳʭ ʨʝʟʦʥʘʪʦʨʦʚ (ʯʝʪʚʝʨʪʴ- ʠ ʧʦʣʫʚʦʣʥʦʚʳʭ, CH ʠ 

IH) ʚʘʞʥʦ ʫʯʠʪʳʚʘʪʴ ʚʣʠʷʥʠʝ ʚʳʩʰʠʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʛʘʨʤʦʥʠʢ, 

ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʧʦʣʝʡ ʧʝʨʠʦʜʠʯʝʩʢʦʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʨʝʟʦʥʘʪʦʨʦʚ ʠ ʬʦʢʫʩʠʨʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʚ ʚʠʜʝ 

ʨʷʜʦʚ. ʅʘʧʨʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʨʝʟʦʥʘʪʦʨʦʚ ʥʘ ʫʯʘʩʪʢʝ 

ʫʩʢʦʨʝʥʠʷ ʧʨʠ ʵʪʦʤ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʢʫʩʦʯʥʦʡ ʬʫʥʢʮʠʝʡ (ʫʩʢʦʨʷʶʱʘʷ 

ʧʨʦʜʦʣʴʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʚʥʫʪʨʠ ʟʘʟʦʨʘ , ʚʥʝ ʟʘʟʦʨʘ , 

ʘʥʘʣʦʛʠʯʥʦ ʜʣʷ ʧʦʧʝʨʝʯʥʳʭ ʢʦʤʧʦʥʝʥʪ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ 
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ʧʦʣʝʡ). ʈʘʩʩʤʘʪʨʠʚʘʷ ʜʣʷ ʧʨʠʤʝʨʘ ʪʦʣʴʢʦ ʧʨʦʜʦʣʴʥʫʶ ʢʦʤʧʦʥʝʥʪʫ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠ ʧʨʝʜʩʪʘʚʣʷʷ ʝʝ ʬʫʥʢʮʠʶ  ʚ ʚʠʜʝ ʨʷʜʘ 

 
ʤʦʞʝʤ ʚʠʜʝʪʴ, ʯʪʦ ʯʘʩʪʠʮʘ ʧʨʠ ʫʩʢʦʨʝʥʠʠ ʥʘʭʦʜʠʪʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʥʝʢʦʝʛʦ ʵʢʚʠʚʘʣʝʥʪʥʦʛʦ ʧʦʩʪʦʷʥʥʦʛʦ ʧʦʣʷ, ʚʳʟʳʚʘʶʱʝʛʦ ʧʝʨʝʤʝʱʝʥʠʝ 

ʯʘʩʪʠʮʳ ʧʦ ʛʣʘʜʢʦʡ ʪʨʘʝʢʪʦʨʠʠ, ʠ ʩʫʤʤʳ ʙʳʩʪʨʳʭ (ʥʦ ʥʝ ʤʘʣʳʭ ʧʦ 

ʚʝʣʠʯʠʥʝ) ʢʦʤʧʦʥʝʥʪ, ʚʳʟʳʚʘʶʱʠʭ ʤʘʣʳʝ ʦʩʮʠʣʣʷʮʠʠ ʩʢʦʨʦʩʪʠ 

ʯʘʩʪʠʮʳ. ʄʝʪʦʜ ʫʩʨʝʜʥʝʥʠʡ ʧʦ ʙʳʩʪʨʳʤ ʦʩʮʠʣʣʷʮʠʷʤ, ʢʨʘʪʢʦ 

ʠʟʣʦʞʝʥʥʳʡ ʚ [1], ʧʦʟʚʦʣʷʝʪ ʘʥʘʣʠʪʠʯʝʩʢʠ ʠʩʩʣʝʜʦʚʘʪʴ ʪʨʝʭʤʝʨʥʫʶ 

ʜʠʥʘʤʠʢʫ ʧʫʯʢʘ ʚ ʧʦʣʷʭ ʩʦ ʩʣʦʞʥʳʤ ʛʘʨʤʦʥʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ, 

ʦʛʨʘʥʠʯʠʚʰʠʩʴ ʧʨʠ ʵʪʦʤ çʛʣʘʜʢʠʤè ʜʚʠʞʝʥʠʝʤ ʯʘʩʪʠʮ ʚ ʧʦʣʝ ʥʝʢʦʝʛʦ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ Ueff, ʫʯʠʪʳʚʘʶʱʝʛʦ ʚʢʣʘʜ ʚʳʩʰʠʭ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʛʘʨʤʦʥʠʢ (ʨʠʩ.1). 

 

ʈʠʩ.1. ï ʇʨʠʨʦʩʪ ʩʢʦʨʦʩʪʠ ʧʨʦʪʦʥʘ ʥʘ ʧʨʠʤʝʨʝ ʦʜʥʦʛʦ ʧʷʪʠ-ʟʘʟʦʨʥʦʛʦ ʉʅ 

ʨʝʟʦʥʘʪʦʨʘ ʚ ʧʦʣʥʦʤ ʧʦʣʝ (ʩʚʝʪʣʘʷ ʢʨʠʚʘʷ) ʠ ʚ ʧʦʣʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ 

(ʪʝʤʥʘʷ ʢʨʠʚʘʷ).  

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʚʳʚʦʜ ʵʬʬʝʢʪʠʚʥʳʭ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʬʫʥʢʮʠʡ 

ʠ ʘʥʘʣʠʟ ʜʠʥʘʤʠʢʠ ʧʫʯʢʦʚ ʠʦʥʦʚ ʜʣʷ ʫʩʢʦʨʷʶʱʠʭ ʩʠʩʪʝʤ ʩ ʬʘʟʦʚʳʤ 

ʩʢʦʣʴʞʝʥʠʝʤ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ 

ʦʜʠʥʘʢʦʚʳʭ ʨʝʟʦʥʘʪʦʨʦʚ ʩ ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʤʝʞʜʫ ʥʠʤʠ 

ʬʦʢʫʩʠʨʫʶʱʠʤʠ ʢʚʘʜʨʫʧʦʣʷʤʠ ʠʣʠ ʢʚʘʜʨʫʧʦʣʴʥʳʤʠ ʜʫʙʣʝʪʘʤʠ. 

ʇʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʩʨʘʚʥʝʥʠʝ ʜʠʥʘʤʠʢʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ 

ʫʩʨʝʜʥʝʥʠʡ ʧʦ ʙʳʩʪʨʳʤ ʦʩʮʠʣʣʷʮʠʷʤʠ ʠ ʜʠʥʘʤʠʢʠ ʧʫʯʢʘ ʚ ʧʦʣʥʳʭ 

ʧʦʣʷʭ. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ʃʘʥʜʘʫ ʃ.ɼ., ʃʠʬʰʠʮ ɽ.ʄ. ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʬʠʟʠʢʘ: ʋʯʝʙ. ʧʦʩʦʙʠʝ. ï ɺ. 10-ʪʠ ʪ. ʊ. 

I. ʄʝʭʘʥʠʢʘ. ï 4-ʝ ʠʟʜ., ʠʩʧʨ. ï ʄ: ʅʘʫʢʘ. ɻʣ. ʨʝʜ. ʬʠʟ.-ʤʘʪ. ʣʠʪ., 1988. ï 216 ʩ. 
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ɸ.ʇ. ɼʋʈʂʀʅ, ɸ.ɸ. ʂʆʃʆʄʀɽʎ , ɺ.ɺ.ʇɸʈɸʄʆʅʆɺ  

ʌɻɹʋʅ  çʀʥʩʪʠʪʫʪ ʷʜʝʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʈɸʅè, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ɸʅɸʃʀɿ ʉʍɽʄ ʌʆʂʋʉʀʈʆɺʂʀ ɺ ʆʉʅʆɺʅʆʁ ʏɸʉʊʀ 

ʃʀʅɽʁʅʆɻʆ ʋʉʂʆʈʀʊɽʃʗ ʇʈʆʊʆʅʆɺ ɼʃʗ ʄɽɼʀʎʀʅʓ 
ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʋʩʢʦʨʷʶʱʝ-ʌʦʢʫʩʠʨʫʶʱʠʡ ʂʘʥʘʣ (ʋʌʂ) ʆʩʥʦʚʥʦʡ 

ʏʘʩʪʠ (ʆʏ) ʃʠʥʝʡʥʦʛʦ ʋʩʢʦʨʠʪʝʣʷ (ʃʋ) ʧʨʦʪʦʥʦʚ ʥʘ ʵʥʝʨʛʠʶ ʜʦ ~230 ʄʵɺ, 

ʩʦʜʝʨʞʘʱʠʡ ʧʨʦʪʷʞʝʥʥʳʝ ʫʩʢʦʨʷʶʱʠʝ ʩʝʢʮʠʠ ʩ ʚʳʩʦʢʠʤ ʪʝʤʧʦʤ ʫʩʢʦʨʝʥʠʷ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʫʯʢʠ ʩ ʤʘʣʳʤ ʧʦʧʝʨʝʯʥʳʤ ʠ ʧʨʦʜʦʣʴʥʳʤ ʵʤʠʪʪʘʥʩʘʤʠ ʤʦʛʫʪ 

ʙʳʪʴ ʵʬʬʝʢʪʠʚʥʦ ʫʩʢʦʨʝʥʳ ʚ ʪʘʢʦʤ ʢʘʥʘʣʝ. ɸʥʘʣʠʟʠʨʫʶʪʩʷ ʨʘʟʣʠʯʥʳʝ 

ʚʘʨʠʘʥʪʳ ʧʦʩʪʨʦʝʥʠʷ ʬʦʢʫʩʠʨʫʶʱʝʛʦ ʢʘʥʘʣʘ, ʧʨʠʚʦʜʷʪʩʷ ʦʮʝʥʢʠ ʚʝʣʠʯʠʥ 

ʬʦʢʫʩʠʨʫʶʱʠʭ ʧʦʣʝʡ, ʦʙʦʩʥʦʚʳʚʘʶʱʠʝ ʚʦʟʤʦʞʥʦʩʪʴ ʝʛʦ ʧʨʘʢʪʠʯʝʩʢʦʡ 

ʨʝʘʣʠʟʘʮʠʠ. 

 

A.P. DURKIN, A.A. KOLOMIETS, V.V.PARAMONOV 
 Institute for Nuclear Research of RAS, Moscow, Russia 

ANALYSIS OF FOCUSING SCHEMES IN THE MAIN PART 

OF A LINEAR PROTON ACCELERATOR FOR MEDICINE   

The Accelerating-Focusing Channel (AFC) in the main part of the linear 

accelerator of protons for energies up to ~230 MeV, containing  extended accelerating 

stction, is considered. The beam having small transverse and longitudinal emittances 

only can be accelerated in such channel. Various lattices of focusing period are 

analyzed. Estimation of focusing field values proves the possibility of design and 

created such channels in practice.  

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʚʳʩʦʢʦʛʦ (ʜʦ ~15 ʄʵɺ/ʤ) ʪʝʤʧʘ ʫʩʢʦʨʝʥʠʷ ʚ ʆʏ ʃʋ 

ʜʣʷ ʧʨʦʪʦʥʥʦʡ ʪʝʨʘʧʠʠ ʧʨʠʤʝʥʷʶʪʩʷ ʫʩʢʦʨʷʶʱʠʝ ʩʪʨʫʢʪʫʨʳ ʥʘ 

ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʝ f~3 ɻɻʮ. ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʫʩʢʦʨʝʥʠʷ 

ʢʘʨʘʥʜʘʰʥʦʛʦ ʧʫʯʢʘ ʦʧʨʝʜʝʣʷʝʪ ʚʳʙʦʨ ʤʘʣʦʛʦ ʜʠʘʤʝʪʨʘ ʘʧʝʨʪʫʨʳ (5-7 

ʤʤ) ʋʌʂ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʤʘʣʦʛʦ ʧʦʧʝʨʝʯʥʦʛʦ 

ʵʤʠʪʪʘʥʩʘ ʧʫʯʢʘ. ɺʳʩʦʢʠʡ ʪʝʤʧ ʫʩʢʦʨʝʥʠʷ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʪʘʢ ʞʝ 

ʫʚʝʣʠʯʝʥʥʦʡ ʜʝʬʦʢʫʩʠʨʦʚʢʦʡ ʧʫʯʢʘ ɺʏ ʧʦʣʝʤ. ʆʜʠʥ ʠʟ ʚʘʨʠʘʥʪʦʚ ʋʌʂ 

ʆʏ ʨʝʘʣʠʟʫʝʪʩʷ ʚ ʩʦʦʨʫʞʘʝʤʦʤ ʫʩʢʦʨʠʪʝʣʝ LIGHT [1], ʛʜʝ ʤʝʞʜʫ 

ʦʜʠʥʦʯʥʳʤʠ ʣʠʥʟʘʤʠ PMQ ʨʘʩʧʦʣʦʞʝʥʳ ʩʝʢʮʠʠ ʩ ʵʬʬʝʢʪʠʚʥʦʡ ʜʣʠʥʦʡ 

(7-11)bl, ʪ.ʝ. ʩʫʤʤʘʨʥʳʡ ʥʘʙʝʛ ʬʘʟʳ ɺʏ ʧʦʣʷ ʧʦ ʩʝʢʮʠʠ ʨʘʚʝʥ (14-22)ˊ. 

ʄʘʣʳʡ ʜʠʘʤʝʪʨ ʘʧʝʨʪʫʨʳ ʧʦʟʚʦʣʷʝʪ ʫʚʝʨʝʥʥʦ ʨʝʘʣʠʟʦʚʘʪʴ ʚʝʣʠʯʠʥʫ 

ʬʦʢʫʩʠʨʫʶʱʝʛʦ ʛʨʘʜʠʝʥʪʘ ʢʚʘʜʨʫʧʦʣʴʥʳʭ ʣʠʥʟ ʜʦ G~200 T/ʤ, [2].  

ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʩʨʝʜʥʝʛʦ ʧʦ ʆʏ ʪʝʤʧʘ ʫʩʢʦʨʝʥʠʷ ʞʝʣʘʪʝʣʴʥʦ 

ʧʨʠʤʝʥʝʥʠʝ ʙʦʣʝʝ ʧʨʦʪʷʞʝʥʥʳʭ ʩʝʢʮʠʡ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʚ ʥʠʭ ʚʳʩʦʢʦʡ 
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ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʦʣʷ. ʅʦ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʜʝʬʦʢʫʩʠʨʦʚʢʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʠ 

ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʝʝ ʨʦʩʪ ʤʦʞʥʦ ʪʦʣʴʢʦ ʫʤʝʥʴʰʝʥʠʝʤ ʩʠʥʭʨʦʥʥʦʡ ʬʘʟʳ, 

ʯʪʦ ʚ [1] ʦʛʨʘʥʠʯʝʥʦ ʚʝʣʠʯʠʥʦʡ ʧʨʦʜʦʣʴʥʦʛʦ  ʵʤʠʪʪʘʥʩʘ ʧʫʯʢʘ.  

ɺ ʨʘʙʦʪʝ [3] ʜʘʥʦ ʧʨʝʜʣʦʞʝʥʠʝ ʥʘʯʘʣʴʥʦʡ ʯʘʩʪʠ ʫʩʢʦʨʠʪʝʣʷ, 

ʬʦʨʤʠʨʫʶʱʝʡ ʚʳʭʦʜʝ ʧʫʯʦʢ ʩ ʬʘʟʦʚʦʡ ʰʠʨʠʥʦʡ ~40 ʥʘ ʯʘʩʪʦʪʝ 

476ʄɻʮ. ɼʣʷ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʠʥʷʪʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʪʘʢʦʛʦ ʧʫʯʢʘ ʩ ʫʯʝʪʦʤ ʰʝʩʪʠʢʨʘʪʥʦʛʦ ʧʦʚʳʰʝʥʠʷ ʨʘʙʦʯʝʡ ʯʘʩʪʦʪʳ ʆʏ. 

ʈʘʩʩʤʦʪʨʝʥʳ ʩʭʝʤʳ ʬʦʢʫʩʠʨʦʚʢʠ ʜʫʙʣʝʪʘʤʠ (ʌɼʆ) ʠ ʪʨʠʧʣʝʪʘʤʠ (ʜʌʜ) 

ʙʝʟ ʩʠʤʤʝʪʨʠʯʥʦʡ ʧʘʨʳ (ʬɼʬ), ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʚ ʩʣʝʜʫʶʱʝʤ ʧʝʨʠʦʜʝ. 

ɺ ʧʦʩʣʝʜʥʝʤ ʩʣʫʯʘʝ ʦʙʣʘʩʪʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʚ ʬʘʟʦʚʳʭ ʧʣʦʩʢʦʩʪʷʭ (x,xô) 

ʠ (y,yô) ʥʝ ʩʦʚʧʘʜʘʶʪ, ʦʜʥʘʢʦ ʥʝʙʦʣʴʰʦʡ ʚʘʨʠʘʮʠʝʡ ʧʦʣʝʡ ʚ ʢʨʘʡʥʠʭ 

ʣʠʥʟʘʭ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʨʝʜʥʝʡ ʤʦʞʥʦ ʜʦʙʠʪʴʩʷ, ʯʪʦʙʳ ʦʜʥʘ ʠʟ ʥʠʭ 

ʮʝʣʠʢʦʤ ʧʦʤʝʱʘʣʘʩʴ ʚʥʫʪʨʠ ʜʨʫʛʦʡ. ʊʝʤ ʩʘʤʳʤ ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʦʙʣʘʩʪʴ ʩʦʚʤʝʩʪʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ. 

ɸʥʘʣʠʟ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʬʦʢʫʩʠʨʦʚʢʘ ʌɼʆ ʧʦʟʚʦʣʷʝʪ ʫʩʢʦʨʷʪʴ 

ʧʨʦʪʦʥʳ ʜʦ 230 ʄʵɺ ʩ ʟʘʤʝʪʥʦ ʙʦʣʴʰʝʡ, ʯʝʤ ʚ [1], ʜʣʠʥʦʡ  ʩʝʢʮʠʡ ʧʨʠ 

ʪʘʢʦʡ ʞʝ ʚʝʣʠʯʠʥʝ ʨʘʚʥʦʚʝʩʥʦʡ ʬʘʟʳ -(15 -10)0 ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʪʘʢʦʤ ʞʝ 

ʛʨʘʜʠʝʥʪʝ ʬʦʢʫʩʠʨʫʶʱʝʛʦ ʧʦʣʷ ʜʦ 210ʊ/ʤ. ʇʨʠ ʟʥʘʯʠʪʝʣʴʥʦʤ ʞʝ 

ʫʚʝʣʠʯʝʥʠʠ ʜʣʠʥʳ ʩʝʢʮʠʠ, ʚ ʨʘʟʳ, ʜʣʷ ʯʘʩʪʠʯʥʦʡ ʢʦʤʧʝʥʩʘʮʠʠ 

ʜʝʬʦʢʫʩʠʨʦʚʢʠ ʧʨʠʭʦʜʠʪʩʷ ʠ ʜʘʣʴʰʝ ʫʤʝʥʴʰʘʪʴ ʨʘʚʥʦʚʝʩʥʫʶ ʬʘʟʫ, ʥʦ 

ʜʘʞʝ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʚ ʥʘʯʘʣʝ ʆʏ (ʜʦ ʵʥʝʨʛʠʠ ~60 ʄʵɺ) ʬʦʢʫʩʠʨʦʚʢʘ 

ʌɼʆ ʥʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʫʩʣʦʚʠʡ ʥʘʜʝʞʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ. ʇʨʠ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʥʘʯʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʆʏ ʚʦ ʚʩʝʤ ʋʌʂ ʆʏ ʤʦʞʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʨʠʧʣʝʪʳ, ʥʦ ʤʘʢʩʠʤʘʣʴʥʳʡ ʛʨʘʜʠʝʥʪ ʬʦʢʫʩʠʨʫʶʱʝʛʦ 

ʧʦʣʷ ʧʨʠ ʵʪʦʤ ʚʦʟʨʘʩʪʘʝʪ ʜʦ  250 ʊ/ʤ.    
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. A. Degiovanni et. al., LIGHT: A Linear Accelerator for Proton Therapy. Proc. 

NAPAC2016, Chicago, IL , USA, FRB1IO02, 2016 

2. A. Ghaits et. al., Permanent Magnet-Based Quadrupoles for Plasma Acceleration Sourses. 

Instruments , v. 3(2), n. 27; https://doi.org/10.3390/instruments3020027 , 2019    
3. V.Paramonov, A. Durkine, A. Kolomiets. Initial Part of a Compact Proton Linac for 

Applied Purposes. Physics of Particles and Nuclei Letters, v. 17, n.4. p. 624, 2020 
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ʉ.ʄ. ʇʆʃʆɿʆɺ1, ɺ.ʀ. ʈɸʑʀʂʆɺ1, ʄ. ʂʈɸʉʀʃʔʅʀʂʆɺ2  
1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 
2DESY, Zeuthen, Germany 

ʌʆʊʆʕʄʀʉʉʀʗ ʇʀʂʆʉɽʂʋʅɼʅʓʍ ʕʃɽʂʊʈʆʅʅʓʍ 

ʉɻʋʉʊʂʆɺ ʉ ɹʆʃʔʐʀʄ ɿɸʈʗɼʆʄ ɺ ɺʏ ʇʋʐʂɸʍ  
ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʵʤʠʩʩʠʷ ʢʦʨʦʪʢʠʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʛʫʩʪʢʦʚ ʩ ʙʦʣʴʰʠʤ 

ʟʘʨʷʜʦʤ ʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʧʫʰʢʘʭ. ʇʨʠ ʧʠʢʦʩʝʢʫʥʜʥʳʭ ʜʣʠʪʝʣʴʥʦʩʪʷʭ 

ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʠ ʥʘʣʠʯʠʠ ʩʠʣʴʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʘ ʢʘʪʦʜʝ, ʢʘʨʪʠʥʘ 

ʩʠʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʪʨʘʜʠʮʠʦʥʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʵʤʠʩʩʠʠ, ʦʛʨʘʥʠʯʝʥʥʦʡ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʟʘʨʷʜʦʤ ʚʳʣʝʪʘʶʱʠʭ ʯʘʩʪʠʮ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦ 

ʫʯʠʪʳʚʘʪʴ ʚʣʠʷʥʠʝ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʟʘʨʷʜʘ ʠʦʥʦʚ, ʜʠʥʘʤʠʯʝʩʢʠ ʚʦʟʥʠʢʘʶʱʝʛʦ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʪʦʜʝ, ʩʚʷʟʘʥʥʦʛʦ ʩ ʢʦʥʝʯʥʦʡ ʩʢʦʨʦʩʪʴʶ ʧʦʩʪʫʧʣʝʥʠʷ 

ʵʣʝʢʪʨʦʥʦʚ ʚ ʦʙʣʘʩʪʴ ʵʤʠʩʩʠʠ. ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʦʚ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʥʘ ʫʩʪʘʥʦʚʢʝ ʜʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ 

ʬʦʪʦʠʥʞʝʢʪʦʨʦʚ ʚ PITZ (DESY, Zeuthen, ɻʝʨʤʘʥʠʷ), ʧʦʢʘʟʘʣʦ ʭʦʨʦʰʝʝ 

ʩʦʛʣʘʩʠʝ. 

S.M. POLOZOV1, V.I. RASHCHIKOV1, M. KRASILNIKOV 2 

1National Research Nuclear University MEPhI, Moscow, Russia 
2DESY, Zeuthen, Germany 

PHOTOEMISSION OF HIGHLY CHARGED  

PICOSECOND ELECTRON BUNCHES IN RF GUN 

The emission of short electron bunches with a large charge in radio frequency 

guns is considered. With picosecond laser pulse durations and a strong electric field 

at the cathode, the picture is very different from the traditional emission mechanism, 

limited by the space charge of emitted particles. In this case, it is necessary to consider 

the influence of the ions positive charge, dynamically arising on the cathode surface, 

associated with finite time of photoelectron transport to the emission region. 

Comparison of the calculation results with the experimental observations at the Photo 

Injector Test facility at DESY in Zeuthen (PITZ), showed good agreement. 

ʈʘʩʩʤʦʪʨʠʤ ʪʠʧʠʯʥʫʶ ʢʘʨʪʠʥʫ ʵʤʠʩʩʠʠ ʵʣʝʢʪʨʦʥʦʚ ʩ ʬʦʪʦʢʘʪʦʜʘ 

ʉɺʏ ʧʫʰʢʠ ʥʘ ʧʨʠʤʝʨʝ ʬʦʪʦʧʫʰʢʠ, ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʡ ʚ ʣʘʙʦʨʘʪʦʨʠʠ 

PITZ [1].  

ɺ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʬʦʪʦʵʤʠʩʩʠʠ ʧʨʠ ʥʘʣʠʯʠʠ ʚʥʝʰʥʝʛʦ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚʝʣʠʯʠʥʘ ʪʦʢʘ ʵʤʠʩʩʠʠ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʣʠʙʦ 

ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʩ ʫʯʸʪʦʤ ʧʦʣʷ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʟʘʨʷʜʘ ʩʛʫʩʪʢʘ, ʣʠʙʦ ʵʤʠʩʩʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ 

ʬʦʪʦʢʘʪʦʜʘ. 
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ʇʨʠ ʧʠʢʦʩʝʢʫʥʜʥʳʭ ʜʣʠʪʝʣʴʥʦʩʪʷʭ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʠ ʥʘʣʠʯʠʠ 

ʩʠʣʴʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʘ ʢʘʪʦʜʝ, ʢʘʨʪʠʥʘ ʤʝʥʷʝʪʩʷ. ɺ ʵʪʦʤ 

ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʚʣʠʷʥʠʝ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʟʘʨʷʜʘ ʠʦʥʦʚ, 

ʜʠʥʘʤʠʯʝʩʢʠ ʚʦʟʥʠʢʘʶʱʝʛʦ ʚ ʵʤʠʩʩʠʦʥʥʦʤ ʧʷʪʥʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʢʘʪʦʜʝ. ʇʦʷʚʣʝʥʠʝ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʟʘʨʷʜʘ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ 

ʫʤʝʥʴʰʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ, ʠ ʙʳʩʪʨʦ ʧʦʢʠʜʘʶʱʠʭ ʪʦʥʢʫʶ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʫʶ ʧʣʝʥʢʫ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʣʴʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʧʦʣʷ, ʥʝ ʫʩʧʝʚʘʝʪ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴʩʷ ʵʣʝʢʪʨʦʥʘʤʠ, ʧʦʩʪʫʧʘʶʱʠʤʠ ʠʟ 

ʜʨʫʛʠʭ ʦʙʣʘʩʪʝʡ ʬʦʪʦʢʘʪʦʜʘ ʚ ʦʙʣʘʩʪʴ ʵʤʠʩʩʠʠ.  

ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʟʘʨʷʜʘ ʚ ʩʛʫʩʪʢʝ ʦʪ ʵʤʠʩʩʠʦʥʥʦʡ 

ʩʧʦʩʦʙʥʦʩʪʠ ʢʘʪʦʜʘ, ʚʳʨʘʞʝʥʥʦʡ ʚ ʝʜʠʥʠʮʘʭ ʟʘʨʷʜʘ, ʚʦʟʥʠʢʘʶʱʝʛʦ ʥʘ 

ʢʘʪʦʜʝ ʟʘ ʩʯʸʪ ʬʦʪʦʵʤʠʩʩʠʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ.  

 

ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʵʤʠʪʠʨʫʝʤʦʛʦ ʟʘʨʷʜʘ ʦʪ ʵʤʠʩʩʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʢʘʪʦʜʘ. 

ʃʝʚʳʡ ʨʠʩʫʥʦʢ ï ʜʘʥʥʳʝ PITZ [1], ʧʨʘʚʳʡ ï ʨʘʩʯʸʪʳ ʢʦʜʦʤ ʉʋʄɸ [2]. 

ʅʘ ʣʝʚʦʤ ʨʠʩʫʥʢʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʢʦʜʦʤ ASTRA [3] 

(ʢʨʠʚʳʝ 1,2) ʠ ʠʟʤʝʨʝʥʥʳʝ ʚ PITZ(3), ʥʘ ʧʨʘʚʦʤ ï ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ 

ʢʦʜʦʤ ʉʋʄɸ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʦʚ, ʢʨʠʚʳʝ 1 ʠ 2, ʨʘʩʩʯʠʪʘʥʥʳʝ ʜʣʷ 

ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ ʨʘʟʤʝʨʘ ʧʷʪʥʘ ʣʘʟʝʨʘ ʥʘ ʬʦʪʦʢʘʪʦʜʝ (0,3 ʤʤ ʠ 

0,4 ʤʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʧʦ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʙʝʟ ʫʯʸʪʘ 

ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʟʘʨʷʜʘ ʥʘ ʢʘʪʦʜʝ, ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʩʦʚʧʘʜʘʶʪ ʜʨʫʛ ʩ 

ʜʨʫʛʦʤ. ʆʜʥʘʢʦ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘ (ʢʨʠʚʘʷ 3 ʣʝʚʦʛʦ ʨʠʩʫʥʢʘ) 

ʩʠʣʴʥʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʨʘʩʯʝʪʦʚ (ʢʨʠʚʳʝ 1 ʦʙʦʠʭ ʨʠʩʫʥʢʦʚ). 

ʋʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʤʦʜʝʣʠ ʬʦʪʦʵʤʠʩʩʠʠ ʚ ʢʦʜʝ ʉʋʄɸ ʚʚʝʜʝʥʠʝʤ 

ʜʠʥʘʤʠʯʝʩʢʠ ʚʦʟʥʠʢʘʶʱʝʛʦ ʥʘ ʬʦʪʦʢʘʪʦʜʝ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʟʘʨʷʜʘ, 

ʧʦʟʚʦʣʠʣʦ ʧʦʣʫʯʠʪʴ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʘ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʦʤ (ʢʨʠʚʳʝ 3 ʦʙʦʠʭ ʨʠʩʫʥʢʦʚ).   

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ɼ. ʀ. ɻɸʈɸɽɺ1,2, ɸ. ɸ. ʊʀʑɽʅʂʆ1,2,3, ɼ. ʖ. ʉɽʈɻɽɽɺɸ1,2 
1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè, 

ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
3ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʦ-ʦʙʨʘʟʦʚʘʪʝʣʴʥʘʷ ʣʘʙʦʨʘʪʦʨʠʷ ʨʘʜʠʘʮʠʦʥʥʦʡ ʬʠʟʠʢʠ, 

ʅʀʋ "ɹʝʣɻʋ", ɹʝʣʛʦʨʦʜ, ʈʦʩʩʠʷ 

ʈɸʉʉɽʗʅʀɽ ʇʆʃʗ ʈɽʃʗʊʀɺʀʉʊʂʆɻʆ ɿɸʈʗɼɸ ʅɸ 

ʂʃɸʉʊɽʈɽ ʄʀʂʈʆʊɽʃ 
ʈʘʩʩʤʦʪʨʝʥʦ ʨʘʩʩʝʷʥʠʝ ʧʦʣʷ ʨʝʣʷʪʠʚʠʩʪʢʦʡ ʟʘʨʷʞʝʥʥʦʡ ʯʘʩʪʠʮʳ ʥʘ 

ʧʝʨʠʦʜʠʯʝʩʢʦʤ ʢʣʘʩʪʝʨʝ ʩʬʝʨʠʯʝʩʢʠʭ ʤʠʢʨʦʪʝʣ. ʋʯʪʝʥʦ ʚʣʠʷʥʠʝ ʫʛʣʘ ʧʨʦʣʸʪʘ 

ʟʘʨʷʜʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʪʨʫʢʪʫʨʳ. ɺʳʚʝʜʝʥʳ ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ, 

ʦʧʨʝʜʝʣʷʶʱʠʝ ʥʘʧʨʘʚʣʝʥʠʷ ʧʠʢʦʚ ʠʟʣʫʯʝʥʠʷ. ʇʦ ʧʦʣʫʯʝʥʥʳʤ ʘʥʘʣʠʪʠʯʝʩʢʠ 

ʚʳʨʘʞʝʥʠʷʤ ʧʦʩʪʨʦʝʥʳ ʩʧʝʢʪʨʘʣʴʥʦ-ʫʛʣʦʚʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʣʦʪʥʦʩʪʠ 

ʵʥʝʨʛʠʠ ʠʟʣʫʯʝʥʠʷ. 
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SCATTERING OF THE FIELD OF A RELATIVISTIC 

CHARGE ON A CLUSTER OF MICR OPARTICLES  

The scattering of the field of a relativistic charged particle by a periodic cluster of 

spherical micro-objects is considered. The influence of the angle of flight of the charge 

relative to the structure is taken into account. The dispersion relations that determine 

the directions of the radiation peaks are derived. Spectral-angular distributions of the 

radiation energy density were plotted using the analytic expressions obtained. 

ɼʠʬʨʘʢʮʠʦʥʥʦʝ ʠʟʣʫʯʝʥʠʝ, ʚʦʟʥʠʢʘʶʱʝʝ ʧʨʠ ʧʨʦʣʸʪʝ ʧʫʯʢʘ ʥʘʜ 

ʥʝʦʜʥʦʨʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʠʥʩʪʨʫʤʝʥʪʦʤ 

ʜʠʘʛʥʦʩʪʠʢʠ ʧʘʨʘʤʝʪʨʦʚ ʧʫʯʢʘ. ʋʜʦʙʩʪʚʦ ʪʘʢʦʛʦ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʦʪʩʫʪʩʪʚʠʠ ʚʦʟʤʫʱʝʥʠʷ: ʚʦ ʚʨʝʤʷ ʠʟʤʝʨʝʥʠʷ ʧʫʯʦʢ ʥʝ ʨʘʟʨʫʰʘʝʪʩʷ ʠ 

ʦʩʪʘʸʪʩʷ ʧʨʠʛʦʜʥʳʤ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʧʨʠʚʣʝʢʘʶʪ 

ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʧʦʚʝʨʭʥʦʩʪʠ, ʨʘʩʩʝʷʥʠʝ ʧʦʣʷ ʟʘʨʷʜʦʚ ʥʘ ʢʦʪʦʨʳʭ 

ʥʘʟʳʚʘʶʪ ʠʟʣʫʯʝʥʠʝʤ ʉʤʠʪʘ-ʇʘʨʩʝʣʣʘ (ʀʉʇ) [1]. ʀʉʇ ʚ ʩʚʷʟʠ ʩ 

ʢʦʛʝʨʝʥʪʥʦʩʪʴʶ ʨʘʩʩʝʷʥʠʷ ʥʘ ʦʪʜʝʣʴʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʢʦʤʧʦʥʝʥʪʘʭ 

ʦʙʣʘʜʘʝʪ ʨʷʜʦʤ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ: ʚʳʩʦʢʘʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ, ʜʠʩʢʨʝʪʥʘʷ ʥʘʧʨʘʚʣʝʥʥʦʩʪʴ, ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʩʪʴ. 

ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʀʉʇ ʜʦ ʥʝʜʘʚʥʝʛʦ 

ʚʨʝʤʝʥʠ ʙʳʣʦ ʥʘʧʨʘʚʣʝʥʦ ʥʘ ʦʧʨʝʜʝʣʸʥʥʳʡ ʢʣʘʩʩ ʤʠʰʝʥʝʡ ï 
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ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʳʝ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʧʣʘʩʪʠʥʢʠ [2]. ʉʦʚʨʝʤʝʥʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʨʘʩʩʝʷʥʠʷ ʥʘ ʙʦʣʝʝ ʩʣʦʞʥʳʭ ʩʪʨʫʢʪʫʨʘʭ, 

ʦʙʣʘʜʘʶʱʠʭ, ʥʘʧʨʠʤʝʨ, ʜʚʫʤʷ ʧʝʨʠʦʜʘʤʠ, ʛʦʚʦʨʷʪ ʦ ʪʦʤ, ʯʪʦ ʢʘʨʪʠʥʘ 

ʠʟʣʫʯʝʥʠʷ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʩʣʦʞʥʦʡ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʠʥʬʦʨʤʘʮʠʷ ʦ 

ʧʫʯʢʝ ʙʦʣʝʝ ʙʦʛʘʪʦʡ [3]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʠʩʭʦʜʷ ʠʟ ʧʝʨʚʳʭ ʧʨʠʥʮʠʧʦʚ ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʠ, 

ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʪʝʦʨʠʷ ʠʟʣʫʯʝʥʠʷ ʉʤʠʪʘ-ʇʘʨʩʝʣʣʘ ʦʪ ʜʚʫʤʝʨʥʦʡ 

ʩʠʩʪʝʤʳ ʩʬʝʨʠʯʝʩʢʠʭ ʤʠʢʨʦʪʝʣ (ʈʠʩ. 1). ɺʩʝ ʪʝʣʘ ʨʘʩʧʦʣʦʞʝʥʳ ʚ ʦʜʥʦʡ 

ʧʣʦʩʢʦʩʪʠ, ʚ ʫʟʣʘʭ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʨʝʰʸʪʢʠ ʩ ʧʝʨʠʦʜʘʤʠ 
xd  ʠ yd . 

ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʪʨʘʝʢʪʦʨʠʷ ʟʘʨʷʜʘ ʧʘʨʘʣʣʝʣʴʥʘ ʧʣʦʩʢʦʩʪʠ ʤʠʰʝʥʠ 

ʠ ʥʘʭʦʜʠʪʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ h  ʦʪ ʥʝʸ.  ʆʪʜʝʣʴʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʚʭʦʜʠʪ 
ʫʛʦʣ ʧʨʦʣʸʪʘ ʟʘʨʷʜʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʪʨʫʢʪʫʨʳ c.  

ɽʛʦ ʚʢʣʶʯʝʥʠʝ ʜʝʣʘʝʪ 

ʨʘʩʩʤʦʪʨʝʥʠʝ ʙʦʣʝʝ ʙʣʠʟʢʠʤ 

ʢ ʫʩʣʦʚʠʷʤ ʨʝʘʣʴʥʦʛʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘ, ʧʦʩʢʦʣʴʢʫ, 

ʚʚʠʜʫ ʥʘʣʠʯʠʷ ʵʤʠʪʪʘʥʩʘ, ʚ 

ʨʝʘʣʴʥʦʤ ʵʣʝʢʪʨʦʥʥʦʤ ʧʫʯʢʝ 

ʧʨʠʩʫʪʩʪʚʫʝʪ ʠʟʚʝʩʪʥʳʡ 

ʨʘʟʙʨʦʩ ʚ ʥʘʧʨʘʚʣʝʥʠʷʭ 

ʜʚʠʞʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ. 

ʂʦʥʝʯʥʳʝ ʧʦʩʪʨʦʝʥʠʷ 

ʩʧʝʢʪʨʘʣʴʥʦ-ʫʛʣʦʚʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʠʟʣʫʯʝʥʠʷ 

ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʜʘʥʥʳʡ ʧʘʨʘʤʝʪʨ ʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ 

ʢʘʨʪʠʥʫ ʠʟʣʫʯʝʥʠʷ. ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʚʳʨʘʞʝʥʠʡ ʜʣʷ ʩʧʝʢʪʨʘʣʴʥʦ-

ʫʛʣʦʚʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʠʟʣʫʯʝʥʠʷ ʧʦʟʚʦʣʠʣ 

ʚʳʷʚʠʪʴ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʡ ʧʘʪʪʝʨʥ ʧʨʦʮʝʩʩʘ ï ʜʠʩʧʝʨʩʠʦʥʥʳʝ 

ʩʦʦʪʥʦʰʝʥʠʷ, ʚʳʨʘʞʘʶʱʠʝ ʟʘʚʠʩʠʤʦʩʪʴ ʫʛʣʘ ʧʨʦʣʸʪʘ ʟʘʨʷʜʘ ʠ ʝʛʦ 

ʩʢʦʨʦʩʪʴ ʩ ʥʘʧʨʘʚʣʝʥʠʝʤ ʧʠʢʦʚ ʠʟʣʫʯʝʥʠʷ. ɼʠʩʧʝʨʩʠʦʥʥʳʝ 

ʩʦʦʪʥʦʰʝʥʠʷ ʧʨʠ ʩʚʦʝʡ ʧʨʦʩʪʦʪʝ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʧʦʩʪʨʦʝʥʥʳʤʠ 

ʩʧʝʢʪʨʘʣʴʥʦ-ʫʛʣʦʚʳʤʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷʤʠ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ʈʅʌ ˉ 19-72-00178. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ɸ.ɺ. ʅɽʉʊɽʈʆɺʀʏ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ʋʉʂʆʈʀʊɽʃʔ ʏɸʉʊʀʎ, ʀʄɽʖʑʀʍ ʄɸɻʅʀʊʅʓʁ  

 ɿɸʈʗɼ 
ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʩʪʨʦʝʥʠʷ ʫʩʢʦʨʠʪʝʣʝʡ ʜʣʷ 

ʫʩʢʦʨʝʥʠʷ ʧʨʦʪʦʥʦʚ, ʠʤʝʶʱʠʭ ʤʘʛʥʠʪʥʳʡ ʟʘʨʷʜ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʨʝʜʣʦʞʝʥʘ 

ʩʭʝʤʘ ʫʩʢʦʨʠʪʝʣʷ, ʘ ʪʘʢʞʝ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʟʘʨʷʜʦʚ. 

A.V. NESTEROVICH 
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ACCELERATOR OF PERTICLE WITH A M AGNETIC 

CHARGE  

In this paper, the possibility of constructing accelerators for accelerating protons 

having a magnetic charge is shown, in particular, an accelerator scheme is proposed, 

as well as a method for obtaining magnetic charges. 

ɺ 1931 ʛʦʜʫ ɼʠʨʘʢ ʧʦʢʘʟʘʣ [1], ʯʪʦ ʢʚʘʥʪʦʚʘʷ ʪʝʦʨʠʷ ʧʨʝʜʧʦʣʘʛʘʝʪ 

ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʦʚ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʧʦʣʷ 

ʪʦʯʝʯʥʳʭ ʤʘʛʥʠʪʥʳʭ ʟʘʨʷʜʦʚ. ʄʥʦʛʠʝ ʥʘʫʯʥʳʝ ʛʨʫʧʧʳ ʧʨʦʚʦʜʠʣʠ 

ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʧʦʠʩʢʫ ʤʦʥʦʧʦʣʝʡ ʚ ʩʦʩʪʘʚʝ ʢʦʩʤʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʣʫʥʥʦʛʦ ʛʨʫʥʪʘ, ʩʨʝʜʠ ʚʪʦʨʠʯʥʳʭ ʯʘʩʪʠʮ, ʨʦʞʜʝʥʥʳʭ ʧʨʠ ʙʦʣʴʰʠʭ 

ʵʥʝʨʛʠʷʭ [1]. ʕʪʦʡ ʧʨʦʙʣʝʤʦʡ ʟʘʥʠʤʘʣʠʩʴ ʚ ʎɽʈʅʝ [1], ʚ ɹʨʫʢʭʝʡʚʝʥʝ 

[1] ʠ ʜʨ. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʤʦʥʦʧʦʣʠ, ʨʦʞʜʝʥʥʳʝ ʧʨʠ 

ʩʦʫʜʘʨʝʥʠʷʭ ʠʣʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ɔ-ʢʚʘʥʪʦʚ, ʦʩʪʘʥʦʚʷʪʩʷ ʚ ʤʠʰʝʥʠ, 

ʧʦʜʚʝʨʛʥʫʪʦʡ ʦʙʣʫʯʝʥʠʶ. ɼʦ ʩʠʭ ʧʦʨ ʧʦʠʩʢʠ ʧʨʦʜʦʣʞʘʶʪʩʷ, ʦʜʥʘʢʦ 

ʩʪʘʪʠʯʝʩʢʠ ʜʦʩʪʦʚʝʨʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦʢʘʟʘʣʦʩʴ ʥʝʜʦʩʪʘʪʦʯʥʦ. ɺ 

ʧʨʦʮʝʩʩʝ ʠʟʫʯʝʥʠʷ ʧʠʥʯʝʚʳʭ ʩʠʣʴʥʦʪʦʯʥʳʭ ʨʘʟʨʷʜʦʚ ʚ ʧʦʪʦʢʝ 

ʞʠʜʢʦʩʪʠ [2] ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʨʝʟʫʣʴʪʘʪʳ, ʢʦʪʦʨʳʝ ʤʦʛʣʠ ʙʳ ʙʳʪʴ 

ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʳ ʢʘʢ ʩʚʠʜʝʪʝʣʴʩʪʚʘ ʥʘʣʠʯʠʷ ʤʘʛʥʠʪʥʳʭ ʟʘʨʷʜʦʚ. ɺ 

ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ï ʵʪʦ ʩʣʝʜʳ ʥʘ ʧʦʧʝʨʝʯʥʦʤ (ʚʝʨʪʠʢʘʣʴʥʦʤ) ʩʨʝʟʝ 

ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ ʪʦʣʱʠʥʦʡ ʜʦ 3 ʤʤ, ʠʤʝʶʱʠʝ ʚ ʧʦʜʘʚʣʷʶʱʝʤ 

ʙʦʣʴʰʠʥʩʪʚʝ ʚʝʨʪʠʢʘʣʴʥʫʶ ʥʘʧʨʘʚʣʝʥʥʦʩʪʴ ʠ ʦʜʠʥʘʢʦʚʫʶ ʪʦʣʱʠʥʫ 

(ʦʢʦʣʦ 1 ʤʢ). ʕʪʠ ʩʣʝʜʳ ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ ʤʦʛʫʪ ʙʳʪʴ ʵʢʩʪʨʘʧʦʣʠʨʦʚʘʥʳ ʚ 

ʝʜʠʥʫʶ ʪʦʯʢʫ ʥʘʜ ʧʦʚʝʨʭʥʦʩʪʴʶ (ʨʠʩ. 1) ʥʘ ʚʳʩʦʪʝ ʧʦʨʷʜʢʘ 0.4 ʤʤ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʜʣʠʪʝʣʴʥʳʭ ʥʘʙʣʶʜʝʥʠʡ ʠʟʫʯʝʥ ʭʘʨʘʢʪʝʨ ʵʪʠʭ ʩʣʝʜʦʚ ʠ 

ʜʠʥʘʤʠʢʘ ʠʭ ʧʦʷʚʣʝʥʠʷ (ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʝʨʝʤʝʱʝʥʠʷ ʚʥʫʪʨʠ 

ʤʠʰʝʥʠ ʚ ʩʠʣʫ ʧʦʜʚʠʞʥʦʩʪʠ ʜʠʩʣʦʢʘʮʠʡ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ). ɹʳʣ ʩʜʝʣʘʥ 

ʚʳʚʦʜ ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʫʩʢʦʨʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʟʘʨʷʜʦʚ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ 
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ʚʝʨʪʠʢʘʣʴʥʦʡ ʥʘʧʨʘʚʣʝʥʥʦʩʪʠ ʚ ʧʠʥʯʘʭ, ʦʙʨʘʟʫʶʱʠʭ ʚ ʦʩʥʦʚʘʥʠʠ 

ʚʳʩʦʪʦʡ ʜʦ 0.5 ʤʤ ʮʠʨʢʫʣʠʨʫʶʱʠʡ ʧʦʪʦʢ (ɗ-ʧʠʥʯ). ʉʦʛʣʘʩʥʦ ʦʮʝʥʢʘʤ 

ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ, ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ ʚ 

ʵʪʦʡ ʟʦʥʝ ʥʝʩʢʦʣʴʢʠʭ ʊʣ, ʫʩʢʦʨʷʷ ʤʘʛʥʠʪʥʳʝ ʟʘʨʷʜʳ. ɸ ʪʘʢʞʝ [1], ʵʪʠ 

ʟʘʨʷʜʳ ʤʦʛʫʪ ʦʩʪʘʚʣʷʪʴ ʩʣʝʜʳ ʠʤʝʥʥʦ ʪʘʢʦʡ ʪʦʣʱʠʥʳ (~1 ʤʢ). 

ʂʣʶʯʝʚʳʤ ʚʦʧʨʦʩʦʤ ʷʚʣʷʝʪʩʷ ʧʨʦʠʩʭʦʞʜʝʥʠʝ ʟʘʨʷʜʦʚ. ɹʳʣʦ ʚʳʩʢʘʟʘʥʦ 

[2] ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʠʭ ʧʦʷʚʣʝʥʠʠ ʚ ʧʨʦʮʝʩʩʝ ʨʘʟʨʳʚʘ ʩʚʷʟʝʡ 

ʜʚʫʭʘʪʦʤʥʳʭ ʤʦʣʝʢʫʣ, ʚʭʦʜʷʱʠʭ ʚ ʩʦʩʪʘʚ ʚʦʟʜʫʭʘ (N2, O2) ʠ ʚʦʜʷʥʦʛʦ 

ʧʘʨʘ (O2, H2), ʧʨʠʩʫʪʩʪʚʫʶʱʠʭ ʚ ʨʘʟʨʷʜʝ. ʈʘʟʜʝʣʝʥʠʝ ʵʪʠʭ ʟʘʨʷʜʦʚ ʚ 

ʜʦʩʪʘʪʦʯʥʦ ʩʠʣʴʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʠ ʠʭ ʫʩʢʦʨʝʥʠʝ ʷʚʣʷʝʪʩʷ 

ʦʯʝʚʠʜʥʳʤ, ʧʦʩʢʦʣʴʢʫ ʨʝʢʦʤʙʠʥʘʮʠʷ ʥʝ ʫʩʧʝʚʘʝʪ ʨʘʟʚʠʪʴʩʷ ʟʘ ʚʨʝʤʷ 

ʠʤʧʫʣʴʩʘ (~1 ʤʢʩ).  

 

ʈʠʩ. 1. ʊʨʝʢʠ ʥʘ ʩʨʝʟʝ ʦʙʨʘʟʮʘ 

ʠ ʩʬʝʨʠʯʝʩʢʠʝ ʦʙʲʝʢʪʳ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ 

 

ʈʠʩ. 2. ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ. ʀʀ ï ʠʦʥʥʳʡ 

ʠʥʞʝʢʪʦʨ; ʉɼ ï ʩʠʩʪʝʤʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ 

ʦʪʢʘʯʢʠ; ʋʉ ï ʫʩʢʦʨʷʶʱʘʷ ʩʪʨʫʢʪʫʨʘ 

(ʩʦʣʝʥʦʠʜ); ʈʋ ï ʨʘʟʜʝʣʠʪʝʣʴʥʦʝ ʫʩʪʨʦʡʩʪʚʦ; 

ʄ ï ʤʠʰʝʥʴ. 

ʆʩʦʙʝʥʥʦ ʚʘʞʥʦ, ʯʪʦ ʫʩʣʦʚʠʷ ʧʣʘʟʤʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʧʠʥʯʝ ʠ 

ʜʫʦʧʣʘʟʤʦʪʨʦʥʝ ʧʨʘʢʪʠʯʝʩʢʠ ʪʦʞʜʝʩʪʚʝʥʥʳ. ʌʦʢʫʩʠʨʦʚʢʘ ʧʫʯʢʘ ʤʦʞʝʪ 

ʙʳʪʴ ʦʩʫʱʝʩʪʚʣʝʥʘ ʟʘ ʩʯʝʪ ʥʘʨʘʩʪʘʥʠʷ ʧʦ ʜʣʠʥʝ ʘʤʧʣʠʪʫʜʳ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ (ʩʠʣʦʚʳʝ ʣʠʥʠʠ ʦʩʥʦʚʥʫʶ ʯʘʩʪʴ ʧʫʪʠ ʩʙʣʠʞʘʶʪʩʷ, ʩʦʟʜʘʚʘʷ 

ʨʘʜʠʘʣʴʥʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ ʧʦʣʷ). 

ɺ ʧʦʣʝ ʩ ʠʥʜʫʢʮʠʝʡ 0.1 ʊʣ ʵʪʠ ʟʘʨʷʜʳ ʫʩʢʦʨʷʶʪʩʷ ʩ ʪʝʤʧʦʤ ~20 ʄʵɺ 

ʥʘ ʩʘʥʪʠʤʝʪʨ [1]. ɺ ʢʘʯʝʩʪʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʤʦʞʝʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥ ʧʨʦʪʦʥʥʳʡ ʠʥʞʝʢʪʦʨ ʩ ʩʦʣʝʥʦʠʜʦʤ, ʠʤʝʶʱʠʡ ʩʠʩʪʝʤʫ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʦʪʢʘʯʢʠ. ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 2. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʫʩʪʘʥʦʚʢʘ ʩ ʫʢʘʟʘʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʥʘʭʦʜʠʪʩʷ 

ʚ ʩʦʩʪʦʷʥʠʠ ʛʦʪʦʚʥʦʩʪʠ ʚ ʈʋʎ. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ɽ. ɸʤʘʣʴʜʠ ʠ ʜʨ. ʇʦʠʩʢʠ ʤʦʥʦʧʦʣʝʡ ɼʠʨʘʢʘ. ɺ ʩʙʦʨʥʠʢʝ ʩʪʘʪʝʡ çʄʦʥʦʧʦʣʴ 
ɼʠʨʘʢʘè. ï ʄ.: ʄʠʨ. 1972. 332 ʩ. ʉʪʨ. 7 ï 114.  

2. ɸ.ɺ. ʅʝʩʪʝʨʦʚʠʯ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʚʦʟʜʝʡʩʪʚʠʷ ʧʠʥʯʝʚʳʭ ʧʣʘʟʤʦʠʜʦʚ ʚ 
ʧʝʨʠʦʜʠʯʝʩʢʦʤʨʘʟʨʷʜʝ ʚ ʧʦʪʦʢʝ ʞʠʜʢʦʩʪʠ ʥʘ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ. ɾʫʨʥʘʣ ʪʝʭʥʠʯʝʩʢʦʡ 

ʬʠʟʠʢʠ, 2019, ʪʦʤ 89, ʚʳʧ. 9. ʉʪʨ. 1344 ï 1351. DOI: 10.21883/JTF.2019.09.48059.432-18. 
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ɸ.ɽ. ɸʂʉɽʅʊʔɽɺ, ɸ.ɸ. ʄɽʃʔʅʀʂʆɺ, ʖ.ɺ. ʉɽʅʀʏɽɺ 
ʀʥʩʪʠʪʫʪ ʷʜʝʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʋʇʈɸɺʃɽʅʀɽ ʆʈʀɽʅʊɸʎʀɽʁ ʇʆʃʗʈʀɿɸʎʀʀ ɺ 

ʅɸʂʆʇʀʊɽʃʔʅʆʄ ʂʆʃʔʎɽ, ʈɸɹʆʊɸʖʑɽʄ ɺ ʉʇʀʅ-

ʇʈʆɿʈɸʏʅʆʄ ʈɽɾʀʄɽ 
ʀʩʩʣʝʜʦʚʘʥʘ ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ ʦʨʠʝʥʪʘʮʠʝʡ ʦʩʠ 

ʧʦʣʷʨʠʟʘʮʠʠ ʧʫʯʢʘ ʚ ʥʘʢʦʧʠʪʝʣʴʥʦʤ ʢʦʣʴʮʝ, ʨʘʙʦʪʘʶʱʝʤ ʚ ʩʧʠʥ-ʧʨʦʟʨʘʯʥʦʤ 

ʨʝʞʠʤʝ, ʧʦʩʨʝʜʩʪʚʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʧʠʥ-ʥʘʚʠʛʘʪʦʨʥʳʭ ʩʦʣʝʥʦʠʜʦʚ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʨʘʩʩʤʦʪʨʝʥʘ ʩʧʠʥ-ʜʠʥʘʤʠʢʘ ʧʫʯʢʘ ʜʝʡʪʨʦʥʦʚ ʚ ʜʘʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʠ 

ʠʩʩʣʝʜʦʚʘʥʳ ʩʚʦʡʩʪʚʘ ʩʪʨʫʢʪʫʨʳ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʜʝʧʦʣʷʨʠʟʘʮʠʠ ʧʫʯʢʘ ʧʦ 

ʤʝʭʘʥʠʟʤʫ ʩʧʠʥ-ʜʝʢʦʛʝʨʝʥʮʠʠ. 

 

A.E. AKSENTEV, A.A. MELNIKOV , , Y.V. SENICHEV 
Institute for nuclear research of RAS, Moscow, Russia 

MAN IPULATION OF BEAM POLARIZATION 

ORIENTATION IN A SPIN -TRANSPARENT STORAGE 

RING 

The feasibility of manipulating the beam polarization axis in a spin-transparent 

storage ring by means of spin-navigating solenoids has been investigated. In 

particular, deuteron beam spin dynamics in the given lattice and the latticeôs properties 

with respect to beam depolarization via spin decoherence have been considered. 

ɺ ʧʨʝʜʧʦʣʘʛʘʝʤʦʤ ʤʝʪʦʜʝ ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʷʨʠʟʘʮʠʝʡ ʧʫʯʢʘ ʚ ʩʧʠʥ-

ʧʨʦʟʨʘʯʥʦʤ (ñSpin Transparency,ò ʜʘʣʝʝ ST-) ʨʝʞʠʤʝ ʯʘʩʪʦʪʘ ʧʨʝʮʝʩʩʠʠ 

ʩʧʠʥʘ ʧʫʯʢʘ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʙʣʠʟʢʦʡ ʢ ʥʫʣʶ ʟʘ ʩʯʸʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ñʩʠʙʠʨʩʢʠʭ ʟʤʝʝʢ.ò ʇʦʩʢʦʣʴʢʫ ʚ ST-ʨʝʞʠʤʝ ʯʘʩʪʠʮʳ ʥʘʭʦʜʷʪʩʷ ʚʙʣʠʟʠ 

ʮʝʣʦʯʠʩʣʝʥʥʦʛʦ ʨʝʟʦʥʘʥʩʘ, ʜʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ ʪʨʝʙʫʝʤʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ 

ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʜʝʪʝʢʪʦʨʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʦʣʝʥʦʠʜʳ-ñʥʘʚʠʛʘʪʦʨʳò ʩʦ 

ʩʣʘʙʳʤʠ ʧʦʣʷʤʠ (ʨʠʩ. 1), ʚʨʘʱʘʶʱʠʝ ʩʧʠʥ-ʚʝʢʪʦʨʳ ʯʘʩʪʠʮ ʧʫʯʢʘ ʥʘ 

ʤʘʣʳʝ ʫʛʣʳ.  

ɹʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʩʧʠʥ-ʜʠʥʘʤʠʢʘ ʧʫʯʢʘ ʜʝʡʪʨʦʥʦʚ ʚ ʜʘʥʥʦʡ 

ʩʪʨʫʢʪʫʨʝ, ʠ ʩʜʝʣʘʥʳ ʚʳʚʦʜʳ ʢʘʩʘʪʝʣʴʥʦ ʧʨʠʥʮʠʧʠʘʣʴʥʦʡ ʚʦʟʤʦʞʥʦʩʪʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷʩʧʠʥ-ʥʘʚʠʛʘʪʦʨʥʳʭ ʩʦʣʝʥʦʠʜʦʚ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ 

ʦʨʠʝʥʪʘʮʠʝʡ ʦʩʠ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʟʘʜʘʥʥʦʡ ʪʦʯʢʝ ʫʩʢʦʨʠʪʝʣʷ. 
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ʈʠʩ. 1. ʉʭʝʤʘ ʨʘʩʧʦʣʦʞʝʥʠʷ ñʥʘʚʠʛʘʪʦʨʥʳʭò ʩʦʣʝʥʦʠʜʦʚ ʚ ʧʨʦʤʝʞʫʪʢʝ MPD-

ʜʝʪʝʢʪʦʨʘ 

ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʦʪʥʦʰʝʥʠʠ ʩʧʠʥ-ʜʠʥʘʤʠʢʠ ʧʫʯʢʘ ʚ ʩʪʨʫʢʪʫʨʝ ʙʳʣ 

ʩʜʝʣʘʥ ʩʣʝʜʫʶʱʠʡ ʦʩʥʦʚʥʦʡ ʚʳʚʦʜ: ʧʨʝʮʝʩʩʠʷ ʩʧʠʥ-ʚʝʢʪʦʨʘ ʢʘʞʜʦʡ ʠʟ 

ʯʘʩʪʠʮ ʧʫʯʢʘ ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʥʫʩʘ (ʨʠʩ 2.), ʫʛʦʣ ʨʘʩʪʚʦʨʘ 

ʢʦʪʦʨʦʛʦ (ʨʘʚʥʦ ʢʘʢ ʠ ʝʛʦ ʦʩʴ) ʟʘʚʠʩʠʪ ʦʪ ʵʬʬʝʢʪʠʚʥʦʛʦ ʃʦʨʝʥʮ-ʬʘʢʪʦʨʘ 

ʯʘʩʪʠʮʳ (ʨʠʩ. 3). 

  

ʈʠʩ. 2.  ʈʘʚʥʦʚʝʩʥʳʝ ʟʥʘʯʝʥʠʷ ʦʩʝʡ 

ʢʦʥʫʩʦʚ ʩʧʠʥ-ʧʨʝʮʝʩʩʠʠ ʜʣʷ 

ʨʘʟʥʳʭ ʯʘʩʪʠʮ ʩʛʫʩʪʢʘ. ʎʚʝʪʦʤ 

ʦʙʦʟʥʘʯʝʥʳ ʦʧʠʩʳʚʘʝʤʳʝ ʩʧʠʥ-

ʚʝʢʪʦʨʘʤʠ ʯʘʩʪʠʮ ʦʢʨʫʞʥʦʩʪʠ. 

ʈʠʩ. 3. ʋʛʦʣ ʦʪʢʣʦʥʝʥʠʷ ʦʩʠ ʢʦʥʫʩʘ 

ʧʨʝʮʝʩʩʠʠ ʩʧʠʥ-ʚʝʢʪʦʨʘ ʯʘʩʪʠʮʳ ʦʪ 

ʨʝʬʝʨʝʥʩʥʦʛʦ ʟʥʘʯʝʥʠʷ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʚʥʦʚʝʩʥʦʡ ʵʥʝʨʛʠʠ 

ʯʘʩʪʠʮʳ. 

 

ɺ ʦʪʥʦʰʝʥʠʠ ʩʧʠʥ-ʜʝʢʦʛʝʨʝʥʮʠʠ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ñʩʧʠʥ-

ʥʘʚʠʛʘʪʦʨʳò ʥʝ ʦʢʘʟʳʚʘʶʪ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʩʧʠʥ-

ʜʝʢʦʛʝʨʝʥʮʠʶ ʧʫʯʢʘ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ 

ʦʨʠʝʥʪʘʮʠʝʡ ʦʩʠ ʧʦʣʷʨʠʟʘʮʠʠ ʧʫʯʢʘ ʧʦʩʨʝʜʩʪʚʦʤ ʩʧʠʥ-ʥʘʚʠʛʘʪʦʨʥʳʭ 

ʩʦʣʝʥʦʠʜʦʚ, ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʚ ʥʘʢʦʧʠʪʝʣʴʥʦʤ ʩʠʥʭʨʦʪʨʦʥʝ, 

ʨʘʙʦʪʘʶʱʝʤ ʚ ʩʧʠʥ-ʪʨʘʥʩʧʘʨʝʥʪʥʦʤ ʨʝʞʠʤʝ, ʙʳʣʘ ʧʦʜʪʚʝʨʞʜʝʥʘ. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ʂʦʥʜʨʘʪʝʥʢʦ ɸʄ, ʂʦʥʜʨʘʪʝʥʢʦ ʄɸ, ʌʠʣʘʪʦʚ ʖʅ, ʂʦʚʘʣʝʥʢʦ ɸɼ, ɹʫʪʝʥʢʦ ɸɺ, 
ʄʠʭʘʡʣʦʚ ɺɸ, ʉʳʨʝʩʠʥ ɽʄ, ʐʠʤʘʥʩʢʠʡ ʉʉ. ʇʦʣʷʨʠʟʦʚʘʥʥʳʝ ʠʦʥʳ ʚ ʢʦʤʧʣʝʢʩʝ 
NICA. ʆʙʦʩʥʦʚʘʥʠʝ ʧʨʦʝʢʪʘ (ɼʫʙʥʘ, ʘʚʛʫʩʪ 2018). 
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ɸ. ɺ. ɿʀʗʊɼʀʅʆɺɸ1*, ʇ. ɸ. ʌɽɼʀʅ1, ʊ. ɺ. ʂʋʃɽɺʆʁ1 ,  

ɸ. ɸ. ʄɸʃʓʐɽɺ1, ʉ. ʃ. ɹʆɻʆʄʆʃʆɺ2, ɸ. ɸ. ɽʌʈɽʄʆɺ2  
1ʌɻɹʋ çʀʥʩʪʠʪʫʪ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʬʠʟʠʢʠè ʠʤʝʥʠ 

ɸ.ʀ.ɸʣʠʭʘʥʦʚʘ ʅʘʮʠʦʥʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʮʝʥʪʨʘ çʂʫʨʯʘʪʦʚʩʢʠʡ 

ʠʥʩʪʠʪʫʪè 
2ʆʙʲʝʜʠʥʝʥʥʳʡ ʠʥʩʪʠʪʫʪ ʷʜʝʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʄʆɼɽʃʀʈʆɺɸʅʀɽ ɼʀʅɸʄʀʂʀ ʇʋʏʂɸ ɺ çʈɽɸʃʔʅʓʍè 

ʇʆʃʗʍ ʉʀʉʊɽʄʓ ɸʅɸʃʀɿɸ ʀ ʊʈɸʅʉʇʆʈʊʀʈʆɺʂʀ 

ʇʋʏʂɸ ʉʀʃʔʅʆʊʆʏʅʆɻʆ ʀʅɾɽʂʊʆʈɸ 

ʄʅʆɻʆɿɸʈʗɼʅʓʍ ʀʆʅʆɺ ʅɸ ɹɸɿɽ 

ʉɺɽʈʍʇʈʆɺʆɼʗʑɽɻʆ ʕʎʈ ʀʉʊʆʏʅʀʂɸ ʀʆʅʆɺ 
ɺ ʨʘʤʢʘʭ ʧʨʦʛʨʘʤʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʝʨʭʪʷʞʝʣʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʆʀʗʀ ʛ. 

ɼʫʙʥʘ ʚʝʜʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʛʦ ʕʎʈ ʠʩʪʦʯʥʠʢʘ ʠʦʥʦʚ. ɼʣʷ 

ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʠʦʥʥʦʛʦ ʧʫʯʢʘ, ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʜʘʥʥʳʤ ʠʩʪʦʯʥʠʢʦʤ, 

ʩʦʚʤʝʩʪʥʦ ʩ ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè  ʀʊʕʌ ʚʝʜʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ 

ʩʠʩʪʝʤʳ ʘʥʘʣʠʟʘ ʠ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʩʠʣʴʥʦʪʦʯʥʦʛʦ ʧʫʯʢʘ ʤʥʦʛʦʟʘʨʷʜʥʳʭ 

ʠʦʥʦʚ. ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʚʪʦʨʦʛʦ ʵʪʘʧʘ: ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʚ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʘʭ ʪʨʘʢʪʘ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʜʠʥʘʤʠʢʠ ʚ ʧʨʠʙʣʠʞʝʥʠʠ çʨʝʘʣʴʥʳʭè. 

A. V. ZIIATDINOVA 1 , P. A. FEDIN1, T. V. KULEVOY 1, 

A. A. MALISHEV1, S. L. BOGOMOLOV2, A. A. EFREMOV2 

1Institute for Theoretical and Experimental Physics named by A.I. Alikhanov of 

National Research Centre çKurchatov Instituteè 
2Joint Institute for Nuclear Research 

BEAM DYNAMIC SIMULATION FOR HIGH CURRENT 

MULTICHARGED IONS INJECTOR BASED ON SC ECR 

ION SOURCE WITH çREALè FIELDS.  

ECR ion source is under development at JINR as part of superheavy element 

research program. Development of a low energy beam transport (LEBT) system for a 

high current multicharged ions is carried out together with NRC çKurchatov Instituteè 

- ITEP. The paper describes the second step results of ion beams dynamic simulation 

in the LEBT with ñrealò field approximation for optic elements. 

ɹʘʟʦʚʦʡ ʫʩʪʘʥʦʚʢʦʡ ʬʘʙʨʠʢʠ ʩʚʝʨʭʪʷʞʝʣʳʭ ʵʣʝʤʝʥʪʦʚ ʚ 

ʃʘʙʦʨʘʪʦʨʠʠ ʷʜʝʨʥʳʭ ʨʝʘʢʮʠʡ ʆʀʗʀ ʷʚʣʷʝʪʩʷ ʮʠʢʣʦʪʨʦʥ ɼʎ-280 [1]. 

ɼʣʷ ʛʝʥʝʨʘʮʠʠ ʩʠʣʴʥʦʪʦʯʥʳʭ ʧʫʯʢʦʚ ʪʷʞʝʣʳʭ ʠʦʥʦʚ ʚ ʢʘʯʝʩʪʚʝ 

ʠʥʞʝʢʪʦʨʘ ʜʣʷ ʜʘʥʥʦʛʦ ʫʩʢʦʨʠʪʝʣʷ ʚ ʆʀʗʀ ʨʘʟʨʘʙʘʪʳʚʘʝʪʩʷ 

ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʡ ʠʩʪʦʯʥʠʢ ʠʦʥʦʚ ʪʠʧʘ ʕʎʈ (ʵʣʝʢʪʨʦʥʥʦ-

ʮʠʢʣʦʪʨʦʥʥʳʡ ʨʝʟʦʥʘʥʩ) ʪʨʝʪʴʝʛʦ ʧʦʢʦʣʝʥʠʷ. ɼʣʷ ʠʥʞʝʢʮʠʠ ʧʫʯʢʘ 
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ʠʦʥʦʚ ʚ ʮʠʢʣʦʪʨʦʥ ʥʝʦʙʭʦʜʠʤʦ ʨʘʟʨʘʙʦʪʘʪʴ ʩʠʩʪʝʤʫ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʠ 

ʘʥʘʣʠʟʘ ʧʫʯʢʦʚ. ɺ ʩʪʘʪʴʝ [1] ʦʧʠʩʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʝʨʚʦʛʦ ʵʪʘʧʘ ʜʘʥʥʦʡ 

ʨʘʙʦʪʳ ï ʨʘʟʨʘʙʦʪʢʠ ʢʦʥʮʝʧʪʫʘʣʴʥʦʡ ʩʭʝʤʳ ʠʥʞʝʢʪʦʨʘ.   

ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʤʦʜʝʣʠ ʩʣʝʜʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ 

ʪʨʘʢʪʘ: ʩʦʣʝʥʦʠʜ ʜʣʠʥʦʡ ʦʙʤʦʪʢʠ 154 ʤʤ (ʨʠʩ. 1 (ʘ)), ʢʚʘʜʨʫʧʦʣʴʥʘʷ 

ʣʠʥʟʘ ʜʣʠʥʦʡ ʧʦʣʶʩʘ 200 ʤʤ (ʨʠʩ. 1 (ʙ)), ʧʦʚʦʨʦʪʥʳʡ ʤʘʛʥʠʪ ʩ ʫʛʣʦʤ 

ʧʦʚʦʨʦʪʘ 90Á ʠ ʫʛʣʘʤʠ ʩʢʦʩʘ 26Á (ʨʠʩ. 1 (ʚ)), ʫʩʢʦʨʠʪʝʣʴʥʘʷ ʪʨʫʙʢʘ ʥʘ 

ʧʨʝʜʝʣʴʥʫʶ ʨʘʟʥʦʩʪʴ ʥʘʧʨʷʞʝʥʠʡ 100ʢɺ. 

   

       (ʘ)       (ʙ)   (ʚ) 

ʈʠʩʫʥʦʢ 1. ï ʄʦʜʝʣʠ ʩʦʣʝʥʦʠʜʘ (ʘ), ʢʚʘʜʨʫʧʦʣʷ (ʙ), ʧʦʚʦʨʦʪʥʦʛʦ ʤʘʛʥʠʪʘ (ʚ). 

ɺ ʭʦʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʠʥʘʤʠʢʠ ʧʫʯʢʘ ʚ ʪʨʘʥʩʧʦʨʪʥʦʤ ʢʘʥʘʣʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʧʨʝʜʝʣʝʥʠʷ çʨʝʘʣʴʥʳʭè ʧʦʣʝʡ ʧʦʣʫʯʝʥʳ 

ʩʣʝʜʫʶʱʠʝ ʨʝʟʫʣʴʪʘʪʳ: ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʘ ʦʩʥʦʚʥʦʛʦ ʧʫʯʢʘ ʠʦʥʦʚ 238U34+ 

ʩʦʩʪʘʚʠʣʘ 96%, ʘ ʧʨʠʤʝʩʥʦʛʦ 238U35+ ï 20% (ʨʘʟʤʝʨ ʜʠʘʬʨʘʛʤʳ 

40ʤʤ*100ʤʤ). ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʘ ʦʛʠʙʘʶʱʘʷ ʧʫʯʢʘ ʠʦʥʦʚ 238U34+ ʚ 

ʢʘʥʘʣʝ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ. 

 

 

ʈʠʩʫʥʦʢ 2. ï ʦʛʠʙʘʶʱʘʷ ʧʫʯʢʘ ʠʦʥʦʚ 238U34+ ʚ ʢʘʥʘʣʝ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ɸ. ɺ. ɿʠʷʪʜʠʥʦʚʘ ʠ ʜʨ. ʈʘʟʨʘʙʦʪʢʘ ʩʠʩʪʝʤʳ ʘʥʘʣʠʟʘ ʠ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʧʫʯʢʘ 
ʩʠʣʴʥʦʪʦʯʥʦʛʦ ʠʥʞʝʢʪʦʨʘ ʤʥʦʛʦʟʘʨʷʜʥʳʭ ʠʦʥʦʚ ʥʘ ʙʘʟʝ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʛʦ ʕʎʈ 
ʠʩʪʦʯʥʠʢʘ ʠʦʥʦʚ // ʗʜʝʨʥʘʷ ʬʠʟʠʢʘ ʠ ʠʥʞʠʥʠʨʠʥʛ. 2020. [ɺ ʧʝʯʘʪʠ] 
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ɹ.ʃ. ʆʂʉɽʅɻɽʅɼʃɽʈ1, ʉ.ʍ. ʉʋʃɽʁʄɸʅʆɺ1, ʅ.ʅ. ʊʋʈɸɽɺɸ2  
1ʀʥʩʪʠʪʫʪ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʅʇʆ çʌʠʟʠʢʘ-ʉʦʣʥʮʝè ɸʅ ʈʋʟ, ʊʘʰʢʝʥʪ 

2Webster University, USA 

ʈɸɼʀɸʎʀʆʅʅʓɽ ʕʌʌɽʂʊʓ ɺ ʀɽʈɸʈʍʀʏɽʉʂʀʍ 

ʉʊʈʋʂʊʋʈɸʍ 
ɺ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʜʚʫʭ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʧʣʘʪʬʦʨʤ X ʠ Y ʠʝʨʘʨʭʠʯʝʩʢʦʡ 

ʣʝʩʪʥʠʮʳ ʨʘʩʩʤʦʪʨʝʥʦ ʠʟʤʝʥʝʥʠʝ ʧʝʨʝʜʘʯʠ ʫʧʣʦʪʥʝʥʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʧʨʠ 

ʨʘʜʠʘʮʠʦʥʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ X ʧʣʘʪʬʦʨʤʫ. ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʘʣʛʦʨʠʪʤ 

ʧʨʠʤʝʥʝʥ ʢ ʨʘʜʠʘʮʠʦʥʥʦʡ ʜʝʛʨʘʜʘʮʠʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʧʨʠʙʦʨʦʚ (ʥʝʞʠʚʘʷ 

ʧʨʠʨʦʜʘ), ʠ ʦʙʨʘʟʦʚʘʥʠʶ ʥʦʚʦʛʦ ʰʪʘʤʤʘ ʧʨʠ ʤʫʪʘʮʠʠ ʚʠʨʫʩʦʚ (ʞʠʚʘʷ ʧʨʠʨʦʜʘ). 

ʆʙʩʫʞʜʝʥʳ ʧʫʪʠ ʧʦʜʘʚʣʝʥʠʷ ʵʪʠʭ ʧʨʦʮʝʩʩʦʚ. 

 

B.L. OKSENGENDLER1, S.X. SULEYMANOV1, N.N. 

TURAEVA2 
1 Materials Science Institute of SA çPhysics-Sunè of Academy of Science Uzb, 

Tashkent 
2Webster University, USA  

RADIATION EFFECTS IN HIERARCHICAL STRUCTURES  

Within the framework of the model of two interacting platforms X and Y of the 

hierarchical ladder, the change in the transmission of compacted information under 

radiation exposure to the X platform is considered. The developed algorithm is applied 

to the radiation degradation of semiconductor devices (inanimate nature), and the 

formation of a new strain upon mutation of viruses (wildlife). The ways of suppressing 

these processes are discussed. 

ɺ ʩʦʚʨʝʤʝʥʥʦʡ ʨʘʜʠʘʮʠʦʥʥʦʡ ʬʠʟʠʢʝ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʩʨʝʜ 

ʘʢʮʝʥʪ ʜʝʣʘʝʪʩʷ ʧʨʠ ʵʪʦʤ ʥʘ ʥʘʪʫʨʬʠʣʦʩʦʬʠʶ ñcomlexityò, ʩʦʯʝʪʘʶʱʫʶ 

ʥʝʣʠʥʝʡʥʦʩʪʠ ʨʘʟʥʦʛʦ ʧʨʦʠʩʭʦʞʜʝʥʠʷ, ʚ ʯʘʩʪʥʦʩʪʠ, ñʥʘʥʦò, 

ñʬʨʘʢʪʘʣʴʥʦʩʪʴò, ñʤʘʣʳʝ ʨʘʟʤʝʨʥʦʩʪʠò, ñʭʠʨʘʣʴʥʦʩʪʴò ʠ 

ñʩʠʥʝʨʛʝʪʠʢʫò. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʦʩʦʙʫʶ ʨʦʣʴ ʟʜʝʩʴ ʜʦʣʞʥʦ ʠʛʨʘʪʴ ʪʘʢʦʝ 

ʩʚʦʡʩʪʚʦ ʩʠʥʝʨʛʝʪʠʢʠ, ʢʘʢ ʠʝʨʘʨʭʠʯʥʦʩʪʴ ʩʪʨʫʢʪʫʨ, ʯʪʦ ʩʪʘʣʦ ʮʝʣʴʶ 

ʠʟʫʯʝʥʠʷ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʚ ʥʝʞʠʚʳʭ ʠ ʞʠʚʳʭ ʩʠʩʪʝʤʘʭ. 

ʀʩʧʦʣʴʟʫʷ ʤʝʪʦʜʦʣʦʛʠʶ ʨʘʜʠʘʮʠʦʥʥʦʡ ʬʠʟʠʢʠ, ʦʩʫʱʝʩʪʚʣʝʥ ʘʥʘʣʠʟ 

ʨʦʣʠ ʪʨʝʭ ʪʠʧʦʚ ʘʪʦʤʥʳʭ ʧʝʨʝʩʪʨʦʝʢ: ʨʘʜʠʘʮʠʦʥʥʦʛʦ 

ʜʝʬʝʢʪʦʦʙʨʘʟʦʚʘʥʠʷ (ʈɼʆ), ʨʘʜʠʘʮʠʦʥʥʦ ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʡ ʜʠʬʬʫʟʠʠ 

(ʈʉɼ) ʠ ʨʘʜʠʘʮʠʦʥʥʳʭ ʢʚʘʟʠʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ (ʈʂʍʈ) ʚ ʠʟʫʯʝʥʠʠ 

ʠʟʤʝʥʝʥʠʷ ʧʝʨʝʜʘʯʠ ʠʥʬʦʨʤʘʮʠʠ ʩ ʥʠʞʥʝʡ ʧʣʘʪʬʦʨʤʳ ʥʘ ʚʝʨʭʥʶʶ (X 

ï Y). ʈʘʩʩʤʦʪʨʠʤ ʜʚʝ ʩʦʩʝʜʥʠʝ ʧʣʘʪʬʦʨʤʳ ʠʝʨʘʨʭʠʯʝʩʢʦʡ ʣʝʩʪʥʠʮʳ ʚʦ 
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ʚʥʝʰʥʝʡ ñʰʫʤʷʱʝʡò ʩʨʝʜʝ. ʇʫʩʪʴ ʥʘ ʥʠʞʥʝʡ ʩʪʫʧʝʥʠ ʜʠʥʘʤʠʢʘ 

ʵʣʝʤʝʥʪʦʚ ʭ (ʠʭ ʚʩʝʛʦ k) ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ: 

Ὠὼ

Ὠὸ
Ὢὼȟὸ ύ ὸ ὼὸύ ὸ †Ὠὸ      ρ 

ɿʜʝʩʴ wi ʦʧʠʩʳʚʘʝʪ ʬʣʫʢʪʫʘʮʠʠ ʦʪ ʚʥʝʰʥʠʭ ʰʫʤʦʚ, ʘ wij ï 

ʢʦʵʬʬʠʮʠʝʥʪʳ ʢʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ i ʠ j, Ὢὼȟὸ ï 

ñʩʢʦʨʦʩʪʠò, ʤʦʜʝʣʠʨʫʶʱʠʝ ʚʦʟʤʦʞʥʳʝ ʩʚʷʟʠ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ 

ʥʝʣʠʥʝʡʥʦʛʦ ʫʨʦʚʥʷ. 

ɸʥʘʣʠʟ ʵʪʠʭ k ʫʨʘʚʥʝʥʠʡ ʩʦʩʪʦʠʪ ʚ ʧʦʠʩʢʝ ʩʠʪʫʘʮʠʡ, ʢʦʛʜʘ ʬʘʟʘ ʒi(t) 

ʠ ʘʤʧʣʠʪʫʜʳ Ai(t) ʚʩʝʭ ʠʟʤʝʥʷʶʱʠʭʩʷ ʦʩʮʠʣʣʷʪʦʨʦʚ ʫʢʣʘʜʳʚʘʶʪʩʷ 

ʚʩʝʤʠ ʚʦʟʜʝʡʩʪʚʠʷʤʠ ʚ ʢʦʨʨʝʣʠʨʦʚʘʥʥʫʶ ʩʠʩʪʝʤʫ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʝ 

ʥʝʥʫʣʝʚʦʝ ʟʥʘʯʝʥʠʝ ʚʝʣʠʯʠʥʳ ώͯ ᷿ὼὸύ ὸ †Ὠὸ, ʯʪʦ ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʥʷʪʠʶ ʠʥʬʦʨʤʘʮʠʠ ʩ ʥʠʞʥʝʡ ʧʣʘʪʬʦʨʤʳ ʠ ʧʝʨʝʜʘʯʫ ʥʘ 

ʚʝʨʭʥʶʶ ʧʣʘʪʬʦʨʤʫ. ɸʥʘʣʠʟ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʬʠʢʪʠʚʥʦʛʦ 

ʦʩʮʠʣʣʷʪʦʨʘ ɺʘʥ ʜʝʨ ʇʦʣʷ ʧʦʟʚʦʣʠʣ ʚʳʜʝʣʠʪʴ ʩʠʪʫʘʮʠʠ, ʢʦʛʜʘ 

ʦʩʮʠʣʣʷʪʦʨʳ ʚ ʚʦʟʙʫʞʜʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʨʦʚʦʜʷʪ ʙʦʣʴʰʝ ʚʨʝʤʝʥʠ, ʯʝʤ 

ʚ ʥʝʚʦʟʙʫʞʜʝʥʥʦʤ: ὖ † † ρϳ . ʅʘʰʠ ʜʝʡʩʪʚʠʷ ʩʦʩʪʦʷʣʠ ʚ ʘʥʘʣʠʟʝ 

ʚʣʠʷʥʠʷ ʈɼʆ, ʈʉɼ, ʈʂʍʈ ʥʘ ʧʘʨʘʤʝʪʨʳ ʚ (1) ʠ ʠʭ ʦʪʨʘʞʝʥʠʝ ʚ 

ʧʘʨʘʤʝʪʨʘʭ ʦʩʮʠʣʣʷʪʦʨʘ ɺʘʥ ʜʝʨ ʇʦʣʷ [1].  

ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ ʠʟʤʝʥʝʥʠʶ ʯʠʩʣʘ k, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ 

ʛʝʥʝʨʘʮʠʠ ʠʣʠ ʩʪʦʢʫ ʵʣʝʤʝʥʪʦʚ xi. ʊʝʧʣʦʚʘʷ ʢʦʤʧʦʥʝʥʪʘ ʨʘʜʠʘʮʠʠ 

ʫʯʠʪʳʚʘʣʘʩʴ ʢʘʢ ʚ wi, ʪʘʢ ʠ Ὢὼȟὸ. ʇʦʣʫʯʝʥʥʳʝ ʥʘ ʵʪʦʡ ʦʩʥʦʚʝ 

ʚʝʣʠʯʠʥʳ y ʠ ʈ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚ ʨʷʜʝ ʧʨʠʣʦʞʝʥʠʡ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ 

ʜʝʛʨʘʜʘʮʠʠ ʚ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʘʭ (ʥʘʧʨʠʤʝʨ, 

ʧʝʨʦʚʩʢʠʪʦʚ), ʘ ʪʘʢʞʝ ʚ ʧʨʦʙʣʝʤʝ ʤʫʪʘʮʠʠ ʚʠʨʫʩʦʚ, ʧʨʠʯʝʤ, ʧʦʷʚʣʝʥʠʶ 

ʥʦʚʦʛʦ ʰʪʘʤʤʘ ʩʪʘʚʠʣʦʩʴ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʫʩʣʦʚʠʝ, ʢʦʛʜʘ y Í 0, ʯʪʦ 

ʨʝʘʣʠʟʦʚʳʚʘʣʦʩʴ ʧʨʠ ʈ > 1. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. John S. Nicolis, Marianna Benrubi ñA model on the role of noise at the neuronal and the 

cognitive levelsò// J. Theor. Biol. 1976. V. 59. P. 77 ï 96. DOI: https://doi.org/10.1016/S0022-
5193(76)80024-0 

  

https://www.sciencedirect.com/science/article/abs/pii/S0022519376800240#!
https://www.sciencedirect.com/science/article/abs/pii/S0022519376800240#!
https://doi.org/10.1016/S0022-5193(76)80024-0
https://doi.org/10.1016/S0022-5193(76)80024-0
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ʂ.ɽ. ʇʈʗʅʀʐʅʀʂʆɺ, ʇ.ɸ. ʌɽɼʀʅ, ʈ.ʇ. ʂʋʁɹʀɼɸ, 

ɸ.ɺ. ʂʆɿʃʆɺ, ɸ.ʖ. ʃʋʂɸʐʀʅ, ʇ.ɸ. ɹʆɻʆʉʃʆɺʉʂʀʁ, 

ʉ.ɺ. ʃɽʑɽʅʂʆ, ʉ.ɸ. ʊʈʗʇʂʀʅ, ʊ.ɺ. ʂʋʃɽɺʆʁ 
ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè - ʀʊʕʌ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʀʄʀʊɸʎʀʆʅʅʓɽ ʆɹʃʋʏɸʊɽʃʔʅʓɽ ʕʂʉʇɽʈʀʄɽʅʊʓ 

ʅɸ ʋʉʂʆʈʀʊɽʃɽ ʊʗɾɽʃʓʍ ʀʆʅʆɺ ʊʀʇʈ-1 
ʀʤʠʪʘʮʠʦʥʥʳʝ ʦʙʣʫʯʘʪʝʣʴʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʥʘ ʧʫʯʢʘʭ ʪʷʞʝʣʳʭ ʠʦʥʦʚ 

ʷʚʣʷʶʪʩʷ ʯʘʩʪʴʶ ʵʢʩʧʨʝʩʩ-ʘʥʘʣʠʟʘ ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʛʦ ʠʩʩʣʝʜʫʶʪʩʷ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʜʚʝʨʛʘʶʱʠʭʩʷ ʚʦʟʜʝʡʩʪʚʠʶ 

ʠʦʥʠʟʠʨʫʶʱʠʭ ʠʟʣʫʯʝʥʠʡ. ɼʣʷ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʨʝʘʢʪʦʨʦʚ ʪʘʢʠʝ 

ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦʟʚʦʣʷʶʪ ʥʘʨʘʙʦʪʘʪʴ ʜʝʬʝʢʪʳ ʚ ʤʘʪʝʨʠʘʣʝ ʩʭʦʞʠʝ ʧʦ ʩʚʦʝʡ 

ʧʨʠʨʦʜʝ ʩ ʪʝʤʠ, ʯʪʦ ʥʘʢʘʧʣʠʚʘʶʪʩʷ ʚ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʚ ʨʝʘʢʪʦʨʘʭ. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʥʘ ʠʦʥʥʳʭ ʧʫʯʢʘʭ ʧʦʟʚʦʣʷʶʪ ʩʦʢʨʘʪʠʪʴ ʚʨʝʤʷ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʘʥʘʣʦʛʠʯʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ, ʧʨʦʚʦʜʠʤʳʤʠ ʥʘ ʨʝʘʢʪʦʨʘʭ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʝʡʪʨʦʥʥʳʭ ʧʦʪʦʢʦʚ.  ɼʣʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʢʦʤʧʦʟʠʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘ ʠʦʥʥʳʭ ʧʫʯʢʘʭ ʧʦʟʚʦʣʷʶʪ 

ʠʩʩʣʝʜʦʚʘʪʴ ʚʣʠʷʥʠʝ ʦʙʣʫʯʝʥʠʷ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʪʝʨʠʘʣʘ. ʆʪʩʫʪʩʪʚʠʝ 

ʥʘʚʝʜʝʥʥʦʡ ʨʘʜʠʘʮʠʠ ʚ ʦʙʣʫʯʝʥʥʦʤ ʦʙʨʘʟʮʝ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʝʩʴ ʥʘʙʦʨ ʩʦʚʨʝʤʝʥʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘʨʠʷ, ʚ ʯʘʩʪʥʦʩʪʠ ʘʪʦʤʥʦ-

ʟʦʥʜʦʚʫʶ ʪʦʤʦʛʨʘʬʠʶ. ɺ ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè - ʀʊʕʌ 

ʠʤʠʪʘʮʠʦʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʚʳʧʦʣʥʷʶʪʩʷ ʥʘ ʪʷʞʝʣʦʠʦʥʥʦʤ ʫʩʢʦʨʠʪʝʣʝ 

ʊʀʇʨ-1. ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥ ʦʙʟʦʨ ʧʨʦʚʦʜʠʤʳʭ ʦʙʣʫʯʘʪʝʣʴʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ ʫʩʪʘʥʦʚʢʝ ʊʀʇʨ-1 ʠ ʦʧʠʩʘʥʘ ʧʦʜʛʦʪʦʚʢʘ ʢ ʚʳʧʦʣʥʝʥʠʶ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ ʧʫʯʢʘʭ ʠʦʥʦʚ ʤʝʜʠ. 

K.E. PRIANISHNIKOV, P.A. FEDIN, R.P. KUIBEDA, 

A.V. KOZLOV, A.YU. LUKASHIN, P.A. BOGOSLOVSKIY, 

S.V. LESHCHENKO, S.A. TRYAPKIN, T.V. KULEVOY  

NRC ñKurchatov Instituteò ï ITEP, Moscow, Russia 

IMITATION IRRADIATION EXPERIMENTS ON THE 

ACCELERATOR HEAVY IONS HIPR -1 

Simulation irradiation experiments on heavy ion beams are part of an express 

analysis to examine the performance of materials exposed to ionizing radiation. For 

structural materials of reactors, such experiments make it possible to generate defects 

in the material, similar in nature to those that accumulate in structural materials in 

reactors. Experiments on ion beams can reduce the research time, in comparison with 

similar experiments carried out at reactors using neutron fluxes. For high-temperature 

superconducting composites ion beam irradiation experiments enables the 

investigation of the influence of radiation effects on superconductor characteristics. 

The absence of induced radiation in the irradiated sample makes it possible to use the 

entire set of modern instruments for research, in particular, atomic probe tomography. 
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Simulation experiments are performed on the HIPr-1 heavy-ion accelerator at the 

NRC "Kurchatov Institute" - ITEP. The report provides an overview of the irradiation 

experiments carried out at the HIPr-1 facility and describes the preparation for 

experiments with copper ion beams. 

ɺ ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè - ʀʊʕʌ ʥʘ ʫʩʢʦʨʠʪʝʣʝ ʪʷʞʝʣʳʭ 

ʠʦʥʦʚ ʊʀʇʨ-1 ʩ 2009 ʛʦʜʘ ʧʨʦʚʦʜʷʪʩʷ ʠʤʠʪʘʮʠʦʥʥʳʝ ʦʙʣʫʯʘʪʝʣʴʥʳʝ 

ʵʢʩʧʝʨʠʤʝʥʪʳ. ʋʩʢʦʨʠʪʝʣʴ ʊʀʇʨ-1 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʫʩʢʦʨʷʶʱʫʶ 

ʩʪʨʫʢʪʫʨʫ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʦʜʥʦʨʦʜʥʦʡ ʢʚʘʜʨʫʧʦʣʴʥʦʡ 

ʬʦʢʫʩʠʨʦʚʢʦʡ (ʇʆʂʌ (RFQ)) ʠ ʤʦʞʝʪ ʫʩʢʦʨʷʪʴ ʠʦʥʳ ʩ ʦʪʥʦʰʝʥʠʝʤ 

ʤʘʩʩʳ ʢ ʟʘʨʷʜʫ ʜʦ 60 ʜʦ ʵʥʝʨʛʠʡ 101 ʢʵɺ/ʥʫʢʣʦʥ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ 

ʠʦʥʦʚ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚʘʢʫʫʤʥʦ-ʜʫʛʦʚʦʡ ʠʩʪʦʯʥʠʢ ʠʦʥʦʚ ʤʝʪʘʣʣʦʚ 

(MEVVA). ɼʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ ʩʦʩʪʘʚʣʷʝʪ 475 ʤʢʩ ʩ ʯʘʩʪʦʪʦʡ 

ʧʦʚʪʦʨʝʥʠʷ 1 ʠʤʧʫʣʴʩ ʚ 2 ʩʝʢʫʥʜʳ. ʆʙʣʫʯʝʥʠʝ ʦʙʨʘʟʮʦʚ ʤʘʪʝʨʠʘʣʦʚ 

ʤʦʞʝʪ ʧʨʦʚʦʜʠʪʩʷ ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʠʭ ʥʘʛʨʝʚʦʤ ʜʦ 500хʉ.  

ʀʤʠʪʘʮʠʦʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʥʘ ʫʩʢʦʨʠʪʝʣʝ ʊʀʇʨ-1 ʧʨʦʚʦʜʷʪʩʷ ʜʣʷ 

ʟʘʜʘʯ ʧʦʠʩʢʘ ʥʦʚʳʭ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʨʝʘʢʪʦʨʦʚ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʤʘʪʝʨʠʘʣʦʚ ʩʪʝʥʦʢ ʨʝʘʢʪʦʨʦʚ [1], ʢʦʤʧʦʟʠʪʥʳʭ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʣʝʥʪʦʯʥʳʭ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʤʘʪʝʨʠʘʣʦʚ. 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʤʠʪʘʮʠʦʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ ʧʫʯʢʝ ʤʝʜʠ ʜʣʷ 

ʦʙʨʘʟʮʦʚ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʣʝʥʪʦʯʥʳʭ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʦʧʨʝʜʝʣʝʥʦ ʟʘʨʷʜʦʚʦʝ ʩʦʩʪʦʷʥʠʝ ʫʩʢʦʨʝʥʥʳʭ ʠʦʥʦʚ ʤʝʜʠ 

ʜʣʷ ʨʘʩʯʝʪʘ ʬʣʶʝʥʩʘ ʠ ʚʳʧʦʣʥʝʥʘ ʥʘʩʪʨʦʡʢʘ ʢʘʥʘʣʘ ʚʳʚʦʜʘ ʫʩʢʦʨʠʪʝʣʷ 

ʊʀʇʨ-1, ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʪʨʝʭ ʢʚʘʜʨʫʧʦʣʴʥʳʭ ʣʠʥʟ, ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʪʨʝʙʫʝʤʦʡ ʨʘʚʥʦʤʝʨʥʦʩʪʠ ʧʦʢʨʳʪʠʷ ʧʫʯʢʦʤ ʦʙʨʘʟʮʦʚ. ʆʧʨʝʜʝʣʝʥʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʫʯʢʘ ʚ ʤʝʩʪʝ ʤʠʰʝʥʠ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʮʠʥʪʠʣʣʷʪʦʨʘ ʠ ʇɿʉ-ʢʘʤʝʨʳ. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ʈʦʛʦʞʢʠʥ ʉ.ɺ., ʅʠʢʠʪʠʥ ɸ.ɸ., ʍʦʤʠʯ ɸ.ɸ. ʠ ʜʨʫʛʠʝ// ʗʜʝʨʥʘʷ ʬʠʟʠʢʘ ʠ 
ʠʥʞʠʥʠʨʠʥʛ. 2019. ʊ. 9, ˉ 3. ʉ. 245-258. 
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ʂ.ʉ. ʉɸɻɸʅ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

ʈɸʉʏɽʊ ʇʆʈʆɻɸ ʄʀʂʈʆɺʆʃʅʆɺʆʁ ʅɽʋʉʊʆʁʏʀɺʆʉʊʀ 

ɼʃʗ ʀʉʊʆʏʅʀʂɸ ʉʀʅʍʈʆʊʈʆʅʅʆɻʆ ʀɿʃʋʏɽʅʀʗ 

ʏɽʊɺɽʈʊʆɻʆ ʇʆʂʆʃɽʅʀʗ (ʀʉʉʀ 4) ʉ ʇʆʄʆʑʔʖ 

ɹʀɹʃʀʆʊɽʂʀ PYHEADTAIL  ʗɿʓʂɸ 

ʇʈʆɻʈɸʄʄʀʈʆɺɸʅʀʗ PYTHON 
ʇʨʠʚʝʜʝʥ ʨʝʟʫʣʴʪʘʪ ʨʘʩʯʝʪʘ ʧʦʨʦʛʘ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚ ʀʉʉʀ 

4. ɼʘʥʥʳʡ ʨʝʟʫʣʴʪʘʪ ʧʦʣʫʯʝʥ ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʜʠʥʘʤʠʢʠ ʧʫʯʢʦʚ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ ʚ ʜʘʥʥʦʤ ʩʠʥʭʨʦʪʨʦʥʥʦʤ ʠʩʪʦʯʥʠʢʝ. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʙʳʣʦ ʧʨʦʠʟʚʝʜʝʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʠʙʣʠʦʪʝʢʠ PyHEADTAIL 

ʷʟʳʢʘ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ python. ʊʘʢʞʝ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʩʪʨʫʢʪʫʨʘ ʠ 

ʦʩʥʦʚʥʳʝ ʤʦʜʫʣʠ ʜʘʥʥʦʡ ʙʠʙʣʠʦʪʝʢʠ. 

K.S. SAGAN 
National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

CALCULATION OF THE LON GITUDINAL  MODE 

COUPLING INSTABILITY  THRESHOLD IN  A 

SYNCHROTRON USING THE PYHEADTAIL LIBRARY OF 

THE PYTHON PROGRAMMING LANGUAGE  

 The result of the calculation of the microwave instability threshold in the Ultimate 

Source for Synchrotron Radiation (USSR) is presented. This result is obtained on the 

basis of the analysis of the results of modeling the dynamics of charged particle beams 

in this synchrotron source. The simulation was performed using the PyHEADTAIL 

library of the python programming language. The structure and main modules of this 

library were also considered. 

ʀʉʉʀ 4 ï ʠʩʪʦʯʥʠʢ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 4 ʧʦʢʦʣʝʥʠʷ ʩ 

ʵʥʝʨʛʠʝʡ ʵʣʝʢʪʨʦʥʦʚ ʥʘ 6 ɻʵɺ, ʜʣʠʥʦʡ ʢʦʣʴʮʘ 1055 ʤ ʠ ʧʨʝʜʧʦʣʘʛʘʝʤʳʤ 

ʥʘʪʫʨʘʣʴʥʳʤ ʵʤʠʪʪʘʥʩʦʤ 68 ʧʤ, ʢʦʪʦʨʳʡ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʧʦʩʪʨʦʠʪʴ ʚ 

ʇʨʦʪʚʠʥʦ ʢ 2025 ʛʦʜʫ. ʊʘʢʦʡ ʤʘʣʝʥʴʢʠʡ ʵʤʠʪʪʘʥʩ ʥʝʦʙʭʦʜʠʤ ʜʣʷ 

ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʡ ʩʚʝʪʠʤʦʩʪʠ ʠ ʦʜʥʦʡ ʠʟ ʛʣʘʚʥʳʭ ʧʨʦʙʣʝʤ ʚ 

ʜʦʩʪʠʞʝʥʠʠ ʪʘʢʠʭ ʟʥʘʯʝʥʠʡ ʵʤʠʪʪʘʥʩʘ ʷʚʣʷʝʪʩʷ ʨʘʟʣʠʯʥʳʝ ʟʘʚʠʩʷʱʠʝ 

ʦʪ ʯʠʩʣʘ ʯʘʩʪʠʮ ʚ ʧʫʯʢʝ ʢʦʣʣʝʢʪʠʚʥʳʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, ʢʦʪʦʨʳʝ 

ʚʦʟʥʠʢʘʶʪ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʠʥʪʝʥʩʠʚʥʦʛʦ ʧʫʯʢʘ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ 

ʩ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤʠ ʧʦʣʷʤʠ, ʠʥʜʫʮʠʨʦʚʘʥʥʳʤʠ ʠʤ ʚ ʚʘʢʫʫʤʥʦʡ 

ʢʘʤʝʨʝ ʫʩʢʦʨʠʪʝʣʷ (wake-ʧʦʣʷʤʠ). ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 



328 

 

ʤʠʢʨʦʚʦʣʥʦʚʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ, ʢʦʪʦʨʘʷ ʚʦʟʥʠʢʘʝʪ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ 

ʩʛʨʫʧʧʠʨʦʚʘʥʥʦʛʦ ʧʫʯʢʘ ʩ ʧʨʦʜʦʣʴʥʳʤʠ wake-ʧʦʣʷʤʠ. ʕʪʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʨʠʚʦʜʠʪ ʢ ʨʝʟʢʦʤʫ ʚʦʟʨʘʩʪʘʥʠʶ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ 

ʨʘʟʙʨʦʩʘ ʧʫʯʢʘ ʧʨʠ ʥʝʢʦʪʦʨʦʤ ʟʥʘʯʝʥʠʠ ʪʦʢʘ ʧʫʯʢʘ. ɿʥʘʯʝʥʠʝ ʜʘʥʥʦʛʦ 

ʪʦʢʘ ʠ ʥʘʟʳʚʘʝʪʩʷ ʧʦʨʦʛʦʤ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ.  

ɼʣʷ ʝʛʦ ʨʘʩʯʝʪʘ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʙʠʙʣʠʦʪʝʢʘ PyHEADTAIL[1]. 

ɹʠʙʣʠʦʪʝʢʘ PyHEADTAIL  ï ʵʪʦ ʙʠʙʣʠʦʪʝʢʘ ʩ ʦʪʢʨʳʪʳʤ ʢʦʜʦʤ ʜʣʷ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʠʥʘʤʠʢʠ ʧʫʯʢʦʚ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ, 

ʥʘʧʠʩʘʥʥʘʷ ʥʘ ʷʟʳʢʘʭ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ Python, C, C++, Cython ʠ 

CUDA ʚ 2014 ʛʦʜʫ ʚ ʎɽʈʅʝ ʜʣʷ ʠʟʫʯʝʥʠʷ ʢʦʣʣʝʢʪʠʚʥʳʭ ʵʬʬʝʢʪʦʚ ʚ 

ʢʦʣʴʮʝʚʳʭ ʫʩʢʦʨʠʪʝʣʷʭ.  

ɹʠʙʣʠʦʪʝʢʘ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʫʯʢʘ ʚ ʢʦʣʴʮʝ ʩ 

ʟʘʜʘʥʥʦʡ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʨʘʩʩʯʠʪʘʥʥʦʡ, ʥʘʧʨʠʤʝʨ, ʚ ʧʨʦʛʨʘʤʤʝ 

MADX, ʠ ʫʩʢʦʨʷʶʱʝʡ ʩʪʨʫʢʪʫʨʦʡ, ʠʤʧʦʨʪʠʨʦʚʘʪʴ ʥʘʚʝʜʝʥʥʳʝ ʧʫʯʢʦʤ 

wake-ʧʦʣʷ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʜʨʫʛʦʛʦ ʩʦʬʪʘ, ʥʘʧʨʠʤʝʨ, ʢʦʜʦʚ 

ECHO, GDFDL, CST, ʠ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʠʭ ʚʣʠʷʥʠʝ ʥʘ ʨʘʟʚʠʪʠʝ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ. ʊʘʢʞʝ ʠʤʝʝʪʩʷ ʥʝʤʘʣʦ ʠʥʩʪʨʫʤʝʥʪʦʚ ʜʣʷ 

ʧʦʩʪʦʙʨʘʙʦʪʢʠ ʨʝʟʫʣʴʪʘʪʦʚ. 

ʉʘʤ ʧʨʦʮʝʩʩ ʥʘʧʠʩʘʥʠʷ ʢʦʜʘ ʩ ʧʦʤʦʱʴʶ PyHEADTAIL ʤʦʞʥʦ 

ʨʘʟʙʠʪʴ ʥʘ ʥʝʩʢʦʣʴʢʦ ʵʪʘʧʦʚ. 

ʀʤʧʦʨʪ ʥʝʦʙʭʦʜʠʤʳʭ ʤʦʜʫʣʝʡ ʙʠʙʣʠʦʪʝʢʠ. 

ʉʦʟʜʘʥʠʝ ʦʙʲʝʢʪʦʚ. ʅʘʧʨʠʤʝʨ, ʦʙʲʝʢʪ ñbunchò, ʢʦʪʦʨʳʡ ʩʦʜʝʨʞʠʪ 

ʠʥʬʦʨʤʘʮʠʶ ʦʙʦ ʚʩʝʭ ʤʘʢʨʦʯʘʩʪʠʮʘʭ ʧʫʯʢʘ, ʠʣʠ ʦʙʲʝʢʪ ñmachineò, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʫʩʢʦʨʠʪʝʣʶ ʩʦ ʚʩʝʤʠ ʝʛʦ ʧʘʨʘʤʝʪʨʘʤʠ ʠ ʚʭʦʜʷʱʠʤʠ 

ʚ ʥʝʛʦ ʵʣʝʤʝʥʪʘʤʠ.  

ʉʦʩʪʘʚʣʝʥʠʝ çcʭʝʤʳè (build maps) ʢʦʣʴʮʘ: ʨʘʩʩʪʘʚʣʝʥʠʝ ʤʘʛʥʠʪʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʠ ʨʝʟʦʥʘʪʦʨʦʚ ʚʜʦʣʴ ʢʦʣʴʮʘ, ʜʦʙʘʚʣʝʥʠʝ ʨʘʟʣʠʯʥʳʭ 

ʵʬʬʝʢʪʦʚ, ʢʦʪʦʨʳʝ ʙʫʜʫʪ ʚʣʠʷʪʴ ʥʘ ʜʚʠʞʝʥʠʝ ʧʫʯʢʘ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʢʦʣʣʝʢʪʠʚʥʳʭ ʵʬʬʝʢʪʦʚ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʨʘʜʠʘʮʠʦʥʥʦʝ ʟʘʪʫʭʘʥʠʝ, 

wake-ʧʦʣʷ. 

ɼʘʣʝʝ ʧʫʯʦʢ ʧʨʦʛʦʥʷʝʪʩʷ ʯʝʨʝʟ ʨʘʥʝʝ ʧʦʩʪʨʦʝʥʥʫʶ çʩʭʝʤʫè ʢʦʣʴʮʘ 

ʟʘʜʘʥʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʟ (track). 

ɺ ʢʦʥʮʝ ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʪʦʙʨʘʙʦʪʢʘ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ.   

ɼʣʷ ʨʘʩʯʝʪʘ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʙʳʣʦ ʧʨʦʤʦʜʝʣʠʨʦʚʘʥʦ 

ʜʚʠʞʝʥʠʝ ʧʫʯʢʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʷʭ ʧʫʯʢʘ. ɼʣʷ ʢʘʞʜʦʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʫʯʦʢ ʧʨʦʭʦʜʠʣ ʯʝʨʝʟ ʢʦʣʴʮʦ 12000 ʦʙʦʨʦʪʦʚ. ʇʨʠʤʝʨ 

ʪʘʢʦʛʦ ʨʘʩʯʝʪʘ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 1. ɿʘ ʵʪʦ ʚʨʝʤʷ ʝʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ 

ʨʘʟʙʨʦʩ ʠ ʜʣʠʥʘ ʥʘʯʠʥʘʣʠ ʦʩʮʠʣʣʠʨʦʚʘʪʴ ʦʢʦʣʦ ʥʝʢʦʪʦʨʦʛʦ 

ʨʘʚʥʦʚʝʩʥʦʛʦ ʟʥʘʯʝʥʠʷ, ʢʦʪʦʨʦʝ ʠ ʙʨʘʣʦʩʴ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ 

ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʨʦʛʘ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʦ 
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ʧʦʢʘʟʘʥʦ (ʨʠʩ. 2), ʯʪʦ ʧʦʨʦʛ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ 

ʦʢʘʟʳʚʘʝʪʩʷ ʧʦʨʷʜʢʘ1 ʤɸ. 

 

ʈʠʩ. 1. ɻʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʠʥʘ ʧʫʯʢʘ ʠ ʝʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʨʘʟʙʨʦʩʘ ʦʪ ʝʛʦ 

ʢʦʣʠʯʝʩʪʚʘ ʦʙʦʨʦʪʦʚ. 

 

 

ʈʠʩ. 2. ɻʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʠʥʘ ʧʫʯʢʘ ʠ ʝʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʨʘʟʙʨʦʩʘ ʦʪ ʝʛʦ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
1. https://github.com/PyCOMPLETE/PyHEADTAIL 

  

https://github.com/PyCOMPLETE/PyHEADTAIL











































































































































































































































































































