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VI ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʃʘʟʝʨʥʳʝ, ʧʣʘʟʤʝʥʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʪʝʭʥʦʣʦʛʠʠ - ʃʘʇʣʘʟ-2020è ʉʙʦʨʥʠʢ ʥʘʫʯʥʳʭ ʪʨʫʜʦʚ. 

ʏ.1. ʄ.: ʅʀʗʋ ʄʀʌʀ, 2020. ï 463 ʩ. 

ʉʙʦʨʥʠʢ ʥʘʫʯʥʳʭ ʪʨʫʜʦʚ ʩʦʜʝʨʞʠʪ ʪʝʟʠʩʳ ʜʦʢʣʘʜʦʚ, ʚʢʣʶʯʝʥʥʳʭ ʚ 

ʧʨʦʛʨʘʤʤʫ VI ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʃʘʟʝʨʥʳʝ, ʧʣʘʟʤʝʥʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʪʝʭʥʦʣʦʛʠʠ ï ʃʘʇʣʘʟ-2020è, ʢʦʪʦʨʘʷ ʧʨʦʰʣʘ ʩ 

11 ʬʝʚʨʘʣʷ ʧʦ 14 ʬʝʚʨʘʣʷ 2020 ʛʦʜʘ ʚ ʅʀʗʋ ʄʀʌʀ. ʆʨʛʘʥʠʟʘʪʦʨʦʤ 

ʢʦʥʬʝʨʝʥʮʠʠ ʚʳʩʪʫʧʘʝʪ ʀʥʩʪʠʪʫʪ ʣʘʟʝʨʥʳʭ ʠ ʧʣʘʟʤʝʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ 

ʅʀʗʋ ʄʀʌʀ. 

ʊʝʤʘʪʠʢʘ ʢʦʥʬʝʨʝʥʮʠʠ ʦʭʚʘʪʳʚʘʝʪ ʰʠʨʦʢʠʡ ʢʨʫʛ ʚʦʧʨʦʩʦʚ: ʣʘʟʝʨʥʘʷ 

ʬʠʟʠʢʘ ʠ ʣʘʟʝʨʥʳʝ ʪʝʭʥʦʣʦʛʠʠ; ʬʠʟʠʢʘ ʧʣʘʟʤʳ ʠ ʧʣʘʟʤʝʥʥʳʝ 

ʪʝʭʥʦʣʦʛʠʠ; ʩʚʝʨʭʩʠʣʴʥʳʝ ʣʘʟʝʨʥʳʝ ʧʦʣʷ; ʫʧʨʘʚʣʷʝʤʳʡ ʪʝʨʤʦʷʜʝʨʥʳʡ 

ʩʠʥʪʝʟ; ʩʦʚʨʝʤʝʥʥʳʝ ʧʨʦʙʣʝʤʳ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ; ʧʨʠʢʣʘʜʥʘʷ 

ʤʘʪʝʤʘʪʠʢʘ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ; ʩʦʚʨʝʤʝʥʥʳʝ ʧʨʦʙʣʝʤʳ 

ʬʠʟʠʢʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ, ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʥʘʥʦʩʠʩʪʝʤ; 

ʫʩʢʦʨʠʪʝʣʠ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ ʠ ʨʘʜʠʘʮʠʦʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ; 

ʩʦʚʨʝʤʝʥʥʳʝ ʧʨʦʙʣʝʤʳ ʢʚʘʥʪʦʚʦʡ ʤʝʪʨʦʣʦʛʠʠ, ʬʠʟʠʢʘ ʚʳʩʦʢʦʡ 

ʧʣʦʪʥʦʩʪʠ ʠ ʵʥʝʨʛʠʠ, ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʦʝ ʠ ʷʜʝʨʥʦʝ 

ʧʨʠʙʦʨʦʩʪʨʦʝʥʠʝ. 

ʊʝʟʠʩʳ ʧʦʣʫʯʝʥʳ ʜʦ 30 ʷʥʚʘʨʷ 2020 ʛʦʜʘ. 

ʄʘʪʝʨʠʘʣʳ ʠʟʜʘʶʪʩʷ ʚ ʘʚʪʦʨʩʢʦʡ ʨʝʜʘʢʮʠʠ. 

ʆʪʚʝʪʩʪʚʝʥʥʳʡ ʨʝʜʘʢʪʦʨ ï ʂʨʫʧʳʰʝʚʘ ʇ.ʆ. 

ISBN 978-5-7262-2655-2 

Éʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ 

ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè, 2020  
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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 ʟʘʤʝʩʪʠʪʝʣʴ 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, ʟʘʚʝʜʫʶʱʠʡ 

ʢʘʬʝʜʨʦʡ çʌʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʝ ʧʨʦʙʣʝʤʳ ʤʝʪʨʦʣʦʛʠʠè 

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

ʢʘʬʝʜʨʦʡ çʇʨʠʢʣʘʜʥʘʷ ʤʘʪʝʤʘʪʠʢʘè ʅʀʗʋ ʄʀʌʀ 

¶ ʂʫʨʥʘʝʚ ɺʘʣʝʨʠʡ ɸʣʝʢʩʘʥʜʨʦʚʠʯ ï ʜ.ʬ-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ, ʟʘʚʝʜʫʶʱʠʡ 

ʢʘʬʝʜʨʦʡ çʌʠʟʠʢʘ ʧʣʘʟʤʳè ʅʀʗʋ ʄʀʌʀ 
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¶ 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 

¶ 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 
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¶ ɻʫʩʘʨʦʚʘ ʄ.ɸ. ï ʜʦʮʝʥʪ ʦʪʜʝʣʝʥʠʷ ʣʘʟʝʨʥʳʭ ʠ ʧʣʘʟʤʝʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ 
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ʅʀʗʋ ʄʀʌʀ, ʯʣʝʥ ʆʨʛʘʥʠʟʘʮʠʦʥʥʦʛʦ ʢʦʤʠʪʝʪʘ 

ɸʜʨʝʩ ʚ ʀʥʪʝʨʥʝʪ: http://conf.laplas.mephi.ru/ 
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ɸ.ʗ. ɼɿʖɹʃʀʂ1, ɹ.ɽ. ɻʈʀʅʖʂ2 

1ʀʥʩʪʠʪʫʪ ʗʜʝʨʥʳʭ ʀʩʩʣʝʜʦʚʘʥʠʡ ʅɸʅ ʋʢʨʘʠʥʳ, ʂʠʝʚ, ʋʢʨʘʠʥʘ  
2ʀʥʩʪʠʪʫʪ ʊʝʦʨʝʪʠʯʝʩʢʦʡ ʌʠʟʠʢʠ ʠʤ. ʅ.ʅ.ɹʦʛʦʣʶʙʦʚʘ ʅɸʅ ʋʢʨʘʠʥʳ, ʂʠʝʚ 

 

ʈʆʃʔ ʕʃɽʂʊʈʆʅʅʆɻʆ ʕʂʈɸʅʀʈʆɺɸʅʀʗ ɺ 

ʅʀɿʂʆʕʅɽʈɻɽʊʀʏɽʉʂʀʍ ʗɼɽʈʅʓʍ ʈɽɸʂʎʀʗʍ 

ʀʟʫʯʝʥʦ ʢʫʣʦʥʦʚʩʢʦʝ ʚʦʟʙʫʞʜʝʥʠʝ ʷʜʝʨ ʩʚʦʙʦʜʥʳʤʠ ʵʣʝʢʪʨʦʥʘʤʠ ʚ ʧʣʘʟʤʝ ʩ ʫʯʝʪʦʤ 

ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʧʦʣʷ ʷʜʝʨ. ʏʠʩʣʝʥʥʳʝ ʨʘʩʯʝʪʳ ʚ ʙʦʨʥʦʚʩʢʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʠʩʢʘʞʝʥʥʳʭ 

ʚʦʣʥ ʜʣʷ 201Hg ʧʦʢʘʟʘʣʠ, ʯʪʦ ʵʢʨʘʥʠʨʦʚʘʥʠʝ ʧʨʠʚʦʜʠʪ ʢ ʧʦʜʘʚʣʝʥʠʶ ʨʝʘʢʮʠʠ ʧʨʠ ʥʠʟʢʠʭ 

ʵʥʝʨʛʠʷʭ ʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʣʘʟʤʳ. ʈʘʩʩʤʦʪʨʝʥʦ 

ʪʘʢʞʝ ʚʣʠʷʥʠʝ ʵʣʝʢʪʨʦʥʥʦʛʦ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʥʘ ʨʝʘʢʮʠʠ ʩʠʥʪʝʟʘ ʧʨʠ ʥʠʟʢʠʭ ʵʥʝʨʛʠʷʭ. 

ʇʨʦʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ʬʘʢʪʦʨʘ ʫʩʠʣʝʥʠʷ ʨʝʘʢʮʠʠ, ʚʳʟʚʘʥʥʦʛʦ ʵʢʨʘʥʠʨʦʚʘʥʠʝʤ, ʚ 

ʘʜʠʘʙʘʪʠʯʝʩʢʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʠ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʚʥʝʟʘʧʥʦʛʦ ʚʦʟʤʫʱʝʥʠʷ. ʂʨʦʤʝ ʪʦʛʦ, 

ʧʨʦʜʝʣʘʥʳ ʚʘʨʠʘʮʠʦʥʥʳʝ ʨʘʩʯʝʪʳ. 

A.YA. DZYUBLIK 1, B.E. GRINYUK2 

1Institute for Nuclear Research of NAS of Ukraine, Kyiv, Ukrain 
2N.N.Bogolyubov Institute for Theoretical Physics of NAS of Ukraine, Kyiv, 

Ukraine 

ROLE OF ELECTRONIC SCREENING IN LOW -ENERGY NUCLEAR 

REACTIONS 

The Coulomb excitation of nuclei by free electrons in plasma is studied, taking into 

account screening of the nuclear field. Numerical calculations in the distorted wave Born 

approximation for 201Hg have shown that screening leads to inhibition of the reaction at low 

energy and respectively at relatively low temperatures of plasma. An influence of the electronic 

screening on the low-energy fusion is also considered. The calculations for the reaction 

enhancement factor, provided by screening, are carried out in the adiabatic and sudden 

perturbation approximations. Besides, the variation calculations are done. 

ʀʟʫʯʘʣʦʩʴ ʢʫʣʦʥʦʚʩʢʦʝ ʚʦʟʙʫʞʜʝʥʠʝ ʷʜʝʨ ʚ ʧʣʘʟʤʝ ʩʚʦʙʦʜʥʳʤʠ 

ʵʣʝʢʪʨʦʥʘʤʠ, ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʢʦʪʦʨʳʭ ʧʨʝʚʳʰʘʝʪ ʧʦʨʦʛʦʚʫʶ ʵʥʝʨʛʠʶ 

ʚʦʟʙʫʞʜʝʥʠʷ ʷʜʝʨ [1]. ʈʘʩʢʣʘʜʳʚʘʷ ʚʦʣʥʦʚʫʶ ʬʫʥʢʮʠʶ ʧʘʜʘʶʱʠʭ ʵʣʝʢʪʨʦʥʦʚ 

ʧʦ ʧʘʨʮʠʘʣʴʥʳʤ ʚʦʣʥʘʤ, ʤʳ ʨʘʩʩʯʠʪʘʣʠ ʩʝʯʝʥʠʝ ʨʝʘʢʮʠʠ ʩ ʧʦʤʦʱʴʶ ʠʟʚʝʩʪʥʳʭ 

ʬʦʨʤʫʣ ɸʣʴʜʝʨʘ ʠ ʜʨ. ʏʠʩʣʝʥʥʳʝ ʨʘʩʯʝʪʳ ʜʣʷ ʨʷʜʘ ʷʜʝʨ ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʥʝʫʧʨʫʛʦʝ ʨʘʩʩʝʷʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʤʦʞʝʪ ʙʳʪʴ ʵʬʬʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ 

ʚʦʟʙʫʞʜʝʥʠʷ ʷʜʝʨ, ʘ ʩʝʯʝʥʠʝ ʚʦʟʙʫʞʜʝʥʠʷ ʷʜʝʨ ʩ ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ 

ʤʫʣʴʪʠʧʦʣʴʥʳʤʠ ʧʝʨʝʭʦʜʘʤʠ ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʝʚʳʰʘʝʪ ʩʝʯʝʥʠʝ ʜʣʷ ʷʜʝʨ ʩ 

ʤʘʛʥʠʪʥʳʤʠ ʧʝʨʝʭʦʜʘʤʠ. 

ʈʦʣʴ ʵʣʝʢʪʨʦʥʥʦʛʦ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʫʯʠʪʳʚʘʣʘʩʴ ʚ ʨʘʙʦʪʝ [2]. ʇʨʠ ʵʪʦʤ 

ʩʯʠʪʘʣʦʩʴ, ʯʪʦ ʬʘʢʪʦʨ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʦʧʠʩʳʚʘʝʪʩʷ ʵʢʩʧʦʥʝʥʪʦʡ. ɼʣʷ ʩʣʘʙʦ 

ʠʦʥʠʟʠʨʦʚʘʥʥʦʡ ʧʣʘʟʤʳ ʵʢʨʘʥʠʨʦʚʘʥʠʝ ʚ ʦʩʥʦʚʥʦʤ ʦʙʫʩʣʦʚʣʝʥʦ ʩʚʷʟʘʥʥʳʤʠ 
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ʵʣʝʢʪʨʦʥʘʤʠ, ʠ ʨʘʜʠʫʩ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʧʦʯʪʠ ʩʦʚʧʘʜʘʝʪ ʩ ʨʘʜʠʫʩʦʤ ʘʪʦʤʘ. ʆʧʷʪʴ 

ʧʨʠ ʚʳʯʠʩʣʝʥʠʠ ʠʩʢʘʞʝʥʥʳʭ ʚʦʣʥʦʚʳʭ ʬʫʥʢʮʠʡ ʵʣʝʢʪʨʦʥʦʚ ʚ ʵʢʨʘʥʠʨʦʚʘʥʥʦʤ 

ʢʫʣʦʥʦʚʩʢʦʤ ʧʦʪʝʥʮʠʘʣʝ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʨʘʟʣʦʞʝʥʠʝ ʧʦ ʧʘʨʮʠʘʣʴʥʳʤ ʚʦʣʥʘʤ. 

ʈʘʜʠʘʣʴʥʳʝ ʚʦʣʥʦʚʳʝ ʬʫʥʢʮʠʠ ʨʘʟʣʦʞʝʥʠʷ Fl(kr) ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʯʠʩʣʝʥʥʦ. ʉ 

ʧʦʤʦʱʴʶ ʵʪʠʭ ʬʫʥʢʮʠʡ ʥʘʭʦʜʠʣʘʩʴ ʟʘʚʠʩʠʤʦʩʪʴ ʩʝʯʝʥʠʷ ůexc(E) ʚʦʟʙʫʞʜʝʥʠʷ 

ʷʜʨʘ 201Hg ʦʪ ʵʥʝʨʛʠʠ ɽ ʧʘʜʘʶʱʠʭ ʵʣʝʢʪʨʦʥʦʚ ʧʨʠ ʥʝʩʢʦʣʴʢʠʭ ʟʥʘʯʝʥʠʷʭ 

ʨʘʜʠʫʩʘ ʵʢʨʘʥʠʨʦʚʘʥʠʷ. ɺ ʵʪʦʤ ʷʜʨʝ ʛʝʥʝʨʠʨʫʶʪʩʷ ɽ2-ʧʝʨʝʭʦʜʳ ʠʟ ʦʩʥʦʚʥʦʛʦ 

3/2- ʩʦʩʪʦʷʥʠʷ ʚ ʚʦʟʙʫʞʜʝʥʥʳʡ ʫʨʦʚʝʥʴ 1/2- ʩ ʵʥʝʨʛʠʝʡ E0=1,556 ʢʵɺ. ʈʘʩʩʯʠʪʘʥʘ 

ʪʘʢʞʝ ʩʢʦʨʦʩʪʴ ʚʦʟʙʫʞʜʝʥʠʷ ʷʜʝʨ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʟʤʳ ʚ 

ʠʥʪʝʨʚʘʣʝ ʦʪ ʥʫʣʷ ʜʦ 10 ʄʂ. ʉʯʠʪʘʣʦʩʴ, ʯʪʦ ʵʣʝʢʪʨʦʥʳ ʦʧʠʩʳʚʘʶʪʩʷ 

ʤʘʢʩʚʝʣʣʦʚʩʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦ ʩʢʦʨʦʩʪʷʤ. ʅʘʡʜʝʥʦ, ʯʪʦ ʧʨʠ ʦʯʝʥʴ ʤʘʣʳʭ 

ʟʥʘʯʝʥʠʷʭ ʨʘʜʠʫʩʘ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ~10-3 ʥʤ ʨʝʘʢʮʠʷ ʧʦʜʘʚʣʝʥʘ ʧʨʘʢʪʠʯʝʩʢʠ ʚʦ 

ʚʩʝʤ ʵʪʦʤ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ. ɺʦʟʤʦʞʥʦ, ʪʘʢʘʷ ʩʠʪʫʘʮʠʷ ʨʝʘʣʠʟʫʝʪʩʷ ʚ 

ʟʚʝʟʜʘʭ ʩ ʙʦʣʴʰʦʡ ʧʣʦʪʥʦʩʪʴʶ. 

 ʅʘʤʠ ʨʘʩʩʤʦʪʨʝʥʘ ʪʘʢʞʝ ʨʝʘʢʮʠʷ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʣʠʷʥʠʷ ʷʜʝʨ ʚ 

ʦʢʨʫʞʝʥʠʠ ʵʣʝʢʪʨʦʥʦʚ, ʢʦʪʦʨʳʝ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʢʘʢ ʝʜʠʥʘʷ ʩʚʷʟʘʥʥʘʷ ʩʠʩʪʝʤʘ. 

ʋʨʘʚʥʝʥʠʝ ʐʨʝʜʠʥʛʝʨʘ ʨʝʰʘʣʦʩʴ ʢʘʢ ʚ ʘʜʠʘʙʘʪʠʯʝʩʢʦʤ ʧʨʠʙʣʠʞʝʥʠʠ, ʢʦʛʜʘ 

ʩʢʦʨʦʩʪʠ ʘʪʦʤʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʶʪ ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʩʢʦʨʦʩʪʴ 

ʷʜʝʨ, ʪʘʢ ʠ ʚ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʚʥʝʟʘʧʥʦʛʦ ʚʦʟʤʫʱʝʥʠʷ. ʉʝʯʝʥʠʝ 

ʨʝʘʢʮʠʠ, ʢʘʢ ʦʙʳʯʥʦ, ʟʘʧʠʩʳʚʘʣʦʩʴ ʚ ʚʠʜʝ ʧʨʦʠʟʚʝʜʝʥʠʷ ʚʝʨʦʷʪʥʦʩʪʠ 

ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʩʢʚʦʟʴ ʢʫʣʦʥʦʚʩʢʠʡ ʙʘʨʴʝʨ ʠ ʧʨʝʜʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʛʦ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʤʥʦʞʠʪʝʣʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʟʢʨʘʥʠʨʦʚʘʥʠʝ ʚʣʠʷʝʪ ʪʦʣʴʢʦ ʥʘ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʙʘʨʴʝʨʘ. 

 ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ  

1. G.Gosselin, N.Pillet, V.Mⱪot, P.Morel, A.Ya.Dzyublik, Phys. Rev. C 2009, Vol. 79, 01ʣ460 
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ɽ.ɺ. ʊʂɸʃʗ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ɺʅʋʊʈɽʅʅʗʗ ʕʃɽʂʊʈʆʅʅɸʗ ʂʆʅɺɽʈʉʀʗ ʀɿʆʄɽʈɸ 229MTH ɺ 

ʈʀɼɹɽʈɻʆɺʉʂʆʄ ʀʆʅɽ TH3+ ʀ ɸʅʀʆʅɽ TH- 

 ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʨʠʜʙʝʨʛʦʚʩʢʦʤ ʘʪʦʤʝ (ʠʦʥʝ) ʪʦʨʠʷ ʨʘʩʧʘʜ ʠʟʦʤʝʨʘ 229mTh (3/2+, 

8.3 ʵɺ) ʧʦ ʢʘʥʘʣʫ ʚʥʫʪʨʝʥʥʝʡ ʢʦʥʚʝʨʩʠʠ ʧʨʦʠʩʭʦʜʠʪ ʪʦʣʴʢʦ ʯʝʨʝʟ ʨʠʜʙʝʨʛʦʚʩʢʠʡ 

ʵʣʝʢʪʨʦʥ ʠ ʤʦʞʝʪ ʙʳʪʴ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʤʝʜʣʝʥ. 

E.V. TKALYA  

National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

INTERNAL CONVERSION OF THE 229MTH ISOMER STATE IN THE 

RIDBERG Th3+ ION AND T h- ANION  

It was shown that in the Rydberg atom (ion) of thorium, the decay of the 229mTh (3/2+, 8.3 

eV) isomer state through the internal conversion channel occurs only through the Rydberg 

electron and can be significantly slowed down. 

  ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʨʠʜʙʝʨʛʦʚʩʢʦʤ ʘʪʦʤʝ (ʠʦʥʝ) ʪʦʨʠʷ ʨʘʩʧʘʜ 

ʠʟʦʤʝʨʘ 229mTh (3/2+, 8.3 ʵɺ) ʧʦ ʢʘʥʘʣʫ ʚʥʫʪʨʝʥʥʝʡ ʢʦʥʚʝʨʩʠʠ ʧʨʦʠʩʭʦʜʠʪ ʪʦʣʴʢʦ 

ʯʝʨʝʟ ʨʠʜʙʝʨʛʦʚʩʢʠʡ ʵʣʝʢʪʨʦʥ (ʈʠʩ.1) ʠ ʤʦʞʝʪ ʙʳʪʴ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʤʝʜʣʝʥ. ʋʞʝ 

ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʷʭ ʛʣʘʚʥʦʛʦ ʢʚʘʥʪʦʚʦʛʦ ʯʠʩʣʘ ʠ 

ʦʨʙʠʪʘʣʴʥʦʛʦ ʤʦʤʝʥʪʘ ʨʠʜʙʝʨʛʦʚʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚʝʨʦʷʪʥʦʩʪʴ ʢʦʥʚʝʨʩʠʠ WIC 

ʫʤʝʥʴʰʘʝʪʩʷ ʥʘ 9 ʧʦʨʷʜʢʦʚ ʚʝʣʠʯʠʥʳ ʠ ʩʪʘʥʦʚʠʪʩʷ ʤʝʥʴʰʝ ʚʝʨʦʷʪʥʦʩʪʠ g-

ʠʟʣʫʯʝʥʠʷ Wg (ʈʠʩ.2). ʈʘʩʧʘʜ 229mTh ʟʘʤʝʜʣʷʝʪʩʷ ʪʘʢʞʝ ʠ ʚ ʘʥʠʦʥʝ ʪʦʨʠʷ, 

ʥʝʩʤʦʪʨʷ ʥʘ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʧʷʪʳʡ çʚʘʣʝʥʪʥʳʡè ʵʣʝʢʪʨʦʥ. ʕʪʦʪ 

ʢʦʥʪʨʠʥʪʫʠʪʠʚʥʳʡ ʨʝʟʫʣʴʪʘʪ ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʜʠʬʬʫʟʠʠ ʵʣʝʢʪʨʦʥʥʦʡ 

ʦʙʦʣʦʯʢʠ, ʫʤʝʥʴʰʝʥʠʝʤ ʵʥʝʨʛʠʡ ʩʚʷʟʠ ʚʘʣʝʥʪʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʠ ʟʘʚʠʩʠʤʦʩʪʴʶ 

1/v ʦʪ ʩʢʦʨʦʩʪʠ ʚʳʣʝʪʝʚʰʝʛʦ ʵʣʝʢʪʨʦʥʘ ʚ ʬʦʨʤʫʣʝ ʜʣʷ ʚʝʨʦʷʪʥʦʩʪʠ ʚʥʫʪʨʝʥʥʝʡ 

ʢʦʥʚʝʨʩʠʠ ʚʙʣʠʟʠ ʧʦʨʦʛʘ.  

 

ʈʠʩ. 1. ʉʭʝʤʘ ʨʘʩʧʘʜʘ ʠʟʦʤʝʨʘ 229mTh (3/2+, 8.3 ʵɺ) ʧʦ ʢʘʥʘʣʫ ʚʥʫʪʨʝʥʥʝʡ 

ʢʦʥʚʝʨʩʠʠ ʯʝʨʝʟ ʨʠʜʙʝʨʛʦʚʩʢʠʡ ʵʣʝʢʪʨʦʥ 
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ʈʠʩ. 2. ʆʪʥʦʰʝʥʠʝ ʚʝʨʦʷʪʥʦʩʪʝʡ ʚʥʫʪʨʝʥʥʝʡ ʢʦʥʚʝʨʩʠʠ WIC ʠ g -ʠʟʣʫʯʝʥʠʷ Wg. 
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ʇ.ɺ. ɹʆʈʀʉʖʂ1, ʆ.ʉ. ɺɸʉʀʃʔɽɺ1, ʉ.ʇ. ɼɽʈɽɺʗʐʂʀʅ1,2, 

ʅ.ʅ. ʂʆʃɸʏɽɺʉʂʀʁ1,2,3, ʖ.ʖ. ʃɽɹɽɼʀʅʉʂʀʁ1,3, ʉ.ʉ. ʇʆʊɽʐʀʅ1, 

ɸ.ɸ. ʉʓʉʆɽɺ1, ɽ.ɺ. ʊʂɸʃʗ1, ɼ.ʆ. ʊʈɽɻʋɹʆɺ1,2,3, ʂ.ʖ. ʍɸɹɸʈʆɺɸ2, 

ɺ.ʇ. ʗʂʆɺʃɽɺ1  
1 ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

2 ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
3 ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ (ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ), 

ɼʦʣʛʦʧʨʫʜʥʳʡ, ʈʦʩʩʠʷ 
 

ʀʆʅʓ ʊʆʈʀʗ ɺ ʃʀʅɽʁʅʆʁ ʂɺɸɼʈʋʇʆʃʔʅʆʁ ʃʆɺʋʐʂɽ 

ʈʘʩʩʤʦʪʨʝʥʳ ʧʦʩʣʝʜʥʠʝ ʨʝʟʫʣʴʪʘʪʳ ʚ ʦʙʣʘʩʪʠ ʨʘʙʦʪʳ ʩ ʠʦʥʘʤʠ ʪʦʨʠʷ, ʟʘʭʚʘʯʝʥʥʳʤʠ 

ʚ ʠʦʥʥʫʶ ʣʦʚʫʰʢʫ ʇʘʫʣʷ. ʆʧʠʩʘʥʘ ʦʨʠʛʠʥʘʣʴʥʘʷ ʤʥʦʛʦʩʝʢʮʠʦʥʥʘʷ ʣʦʚʫʰʢʘ ʠ 

ʚʦʟʤʦʞʥʳʝ ʚʘʨʠʘʥʪʳ ʝʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʟʦʤʝʨʥʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʷʜʨʝ 

ʪʦʨʠʷ-229. ʇʨʦʚʝʜʝʥʘ ʭʘʨʘʢʪʝʨʠʟʘʮʠʷ ʧʨʦʮʝʩʩʘ ʟʘʭʚʘʪʘ ʠʦʥʦʚ ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ 

ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ. 

P.V. BORISYUK1, O.S. VASILIEV1, S.P. DEREVYASHKIN1,2, 

N.N. KOLACHEVSKY1,2,3, Y.Y. LEBEDINSKY1,3, S.S. POTESHIN1, A.A. 

SYSOEV1, E.V. TKALYA 1, D.O. TREGUBOV1,2,3, K.Y. KHABAROVA 2, 

V.P. YAKOVLEV 1 

1 National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 
2 The Lebedev Physical Institute of the Russian Academy of Sciences (LPI RAS) , Moscow, 

Russia 
3 Moscow Institute of Physics and Technology, Dolgoprudny, Russia 

THORIUM IONS IN THE LINEAR QUADRUPLE TR AP 

The recent results of the trapped thorium ions studies are considered. The original multi-

sectional Paul trap and the ways to use it for thorium nuclear isomeric transition examinations 

are described. The trapping process of ions obtained by laser ablation is described in detail. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʥʠʟʢʦʣʝʞʘʱʝʛʦ ʠʟʦʤʝʨʥʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʷʜʨʝ ʠʟʦʪʦʧʘ ʪʦʨʠʷ-229 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʳʡ ʠʥʪʝʨʝʩ ʢʘʢ ʜʣʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʥʘʫʢʠ, ʪʘʢ ʠ ʜʣʷ 

ʨʷʜʘ ʧʨʠʢʣʘʜʥʳʭ ʧʨʠʤʝʥʝʥʠʡ. ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʜʦʩʪʠʛʥʫʪ ʨʷʜ ʚʘʞʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ ʚ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ. ɺ 2016 ʛʦʜʫ ʙʳʣʦ ʚʧʝʨʚʳʝ ʧʨʦʚʝʜʝʥʦ ʧʨʷʤʦʝ 

ʜʝʪʝʢʪʠʨʦʚʘʥʠʝ ʧʝʨʝʭʦʜʘ ʧʫʪʝʤ ʨʝʛʠʩʪʨʘʮʠʠ ʩʠʛʥʘʣʘ ʚʥʫʪʨʝʥʥʝʡ ʢʦʥʚʝʨʩʠʠ [1]. 

ɺ 2017 ʛʦʜʫ ʙʳʣʦ ʠʟʤʝʨʝʥʦ ʭʘʨʘʢʪʝʨʥʦʝ ʚʨʝʤʷ ʨʘʩʧʘʜʘ ʠʟʦʤʝʨʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ 

ʥʝʡʪʨʘʣʴʥʦʤ ʘʪʦʤʝ ʪʦʨʠʷ ʯʝʨʝʟ ʢʘʥʘʣ ʚʥʫʪʨʝʥʥʝʡ ʢʦʥʚʝʨʩʠʠ [2]. ɺ 2018 ʛʦʜʫ 

ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʨʘʟʣʠʯʠʡ ʚ ʩʚʝʨʭʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʝ ʵʣʝʢʪʨʦʥʥʳʭ 

ʫʨʦʚʥʝʡ ʠʦʥʦʚ Th2+ ʚ ʦʩʥʦʚʥʦʤ ʠ ʠʟʦʤʝʨʥʦʤ ʷʜʝʨʥʳʭ ʩʦʩʪʦʷʥʠʷʭ [3]. ɺ 2019 

ʛʦʜʫ ʦʧʫʙʣʠʢʦʚʘʥʳ ʫʪʦʯʥʝʥʥʳʝ ʜʘʥʥʳʝ ʠʟʤʝʨʝʥʠʡ ʵʥʝʨʛʠʠ ʠʟʦʤʝʨʥʦʛʦ 

ʧʝʨʝʭʦʜʘ [4]. 
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ʆʜʠʥ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʧʦʜʭʦʜʦʚ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʠʟʢʦʣʝʞʘʱʝʛʦ ʠʟʦʤʝʨʥʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʷʜʨʝ ʠʟʦʪʦʧʘ ʪʦʨʠʷ-229 

ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʨʘʙʦʪʝ ʩ ʠʦʥʘʤʠ ʪʦʨʠʷ, ʟʘʭʚʘʯʝʥʥʳʤʠ ʚ ʠʦʥʥʫʶ ʣʦʚʫʰʢʫ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʧʠʩʘʥ ʧʨʦʮʝʩʩ ʟʘʛʨʫʟʢʠ ʣʦʚʫʰʢʠ ʇʘʫʣʷ 

ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʥʳʤʠ ʠʦʥʘʤʠ Th3+, ʧʦʣʫʯʝʥʥʳʤʠ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ. ɺ 

ʨʘʙʦʪʝ ʦʧʠʩʘʥ ʨʷʜ ʤʝʪʦʜʦʚ, ʧʦʟʚʦʣʠʚʰʠʭ ʫʚʝʣʠʯʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʟʘʛʨʫʟʢʠ 

ʣʦʚʫʰʢʠ ʠ ʚʨʝʤʷ ʫʜʝʨʞʘʥʠʷ ʟʘʭʚʘʯʝʥʥʳʭ ʠʦʥʦʚ. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ 

ʚʦʟʤʦʞʥʦʩʪʴ ʜʦʟʘʛʨʫʟʢʠ ʠʦʥʥʦʡ ʣʦʚʫʰʢʠ, ʧʦʟʚʦʣʷʶʱʘʷ ʫʚʝʣʠʯʠʪʴ ʦʙʱʝʝ 

ʢʦʣʠʯʝʩʪʚʦ ʟʘʭʚʘʯʝʥʥʳʭ ʠʦʥʦʚ ʙʦʣʝʝ ʯʝʤ ʥʘ ʧʦʨʷʜʦʢ. 

ɼʦʩʪʠʛʥʫʪʳʡ ʧʨʦʛʨʝʩʩ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʦʧʠʩʘʥʥʫʶ ʩʠʩʪʝʤʫ ʢʘʢ 

ʧʦʣʥʦʮʝʥʥʳʡ ʠʥʩʪʨʫʤʝʥʪ ʜʣʷ ʨʘʙʦʪʳ ʩ ʦʙʣʘʢʦʤ ʟʘʭʚʘʯʝʥʥʳʭ ʠʦʥʦʚ ʪʦʨʠʷ ʠ 

ʦʪʢʨʳʚʘʝʪ ʧʫʪʴ ʢ ʜʘʣʴʥʝʡʰʠʤ ʵʢʩʧʝʨʠʤʝʥʪʘʤ ʧʦ ʣʘʟʝʨʥʦʤʫ ʦʭʣʘʞʜʝʥʠʶ ʠ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ɽ.ʌ. ʉʊɽʃʔʄɸʐɽʅʂʆ1, ʆ.ɸ. ʂʃɽɿʆɺʀʏ1, ɺ.ʅ. ɹɸʈʓʐɽɺ1, ɺ.ɸ. 

ʊʀʑɽʅʂʆ1, ʀ.ʖ. ɹʃʀʅʆɺ1, ɺ.ɻ.ʇɸʃʔʏʀʂʆɺ1,2, ɺ.ɼ. 

ʆɺʉʗʅʅʀʂʆɺ1,3 

1ʌɻʋʇ ɺʅʀʀʌʊʈʀ ʄʝʥʜʝʣʝʝʚʦ, ʄʦʩʢʦʚʩʢʘʷ ʦʙʣʘʩʪʴ, ʈʦʩʩʠʷ 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

3ɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʥʠʚʝʨʩʠʪʝʪ, ʋʥʠʚʝʨʩʠʪʝʪʩʢʘʷ ʧʣ. 1, ɺʦʨʦʥʝʞ, ʈʦʩʩʠʷ 
 

ʀɿʄɽʈɽʅʀʗ ʅɸʇʈʗɾɽʅʅʆʉʊʀ ʕʃɽʂʊʈʀʏɽʉʂʆɻʆ ʉɺʏ 

ʇʆʃʗ ɺ ʐʀʈʆʂʆʄ ɼʀɸʇɸɿʆʅɽ ʉ ʇʆʄʆʑʔʖ 

ʈʀɼɹɽʈɻʆɺʉʂʀʍ ɸʊʆʄʆɺ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʩ ʧʦʤʦʱʴʶ ʠʟʤʝʨʠʪʝʣʷ ʥʦʚʦʛʦ ʪʠʧʘ. ɺ ʢʘʯʝʩʪʚʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ 

ʵʣʝʤʝʥʪʘ ʜʘʥʥʦʛʦ ʠʟʤʝʨʠʪʝʣʷ ʚʳʩʪʫʧʘʝʪ ʩʪʝʢʣʷʥʥʘʷ ʷʯʝʡʢʘ, ʚ ʢʦʪʦʨʫʶ ʧʦʤʝʱʝʥʳ ʘʪʦʤʳ 

ʱʝʣʦʯʥʳʭ ʤʝʪʘʣʣʦʚ, ʚʦʟʙʫʞʜʝʥʥʳʭ ʜʦ ʨʠʜʙʝʨʛʦʚʩʢʠʭ ʩʦʩʪʦʷʥʠʡ. ʇʦʣʫʯʝʥʳ ʧʨʦʩʪʳʝ 

ʘʧʧʨʦʢʩʠʤʘʮʠʦʥʥʳʝ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʨʘʩʯʝʪʘ ʘʤʧʣʠʪʫʜʳ ʧʝʨʝʭʦʜʘ ʤʝʞʜʫ 

ʨʠʜʙʝʨʛʦʚʩʢʠʤʠ nD5/2 ʠ (n+1)P3/2 ʩʦʩʪʦʷʥʠʷʤʠ ʩ ʙʦʣʴʰʠʤʠ ʛʣʘʚʥʳʤʠ ʢʚʘʥʪʦʚʳʤʠ 

ʯʠʩʣʘʤʠ n. ʈʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʠʟʤʝʨʝʥʠʷ ʯʘʩʪʦʪʳ ʨʝʟʦʥʘʥʩʘ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦ-

ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ (ʕʀʇ) ʚ ʩʧʝʢʪʨʝ ʧʦʛʣʦʱʝʥʠʷ ʧʨʦʙʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. 
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MEASUREMENTS OF RF E-FIELD STRENGTH IN A WID E RANGE 

USING RYDBERG ATOMS 

This paper presents the results of measuring the electric field strength using a new type of 

meter. The sensitive element of this meter is a glass cell in which the atoms of alkali metals 

excited to the Rydberg States are placed. Simple approximation expressions are obtained for 

numerical calculation of the transition amplitude between Rydberg nD5/2 and (n+1)P3/2 States 

with large principal quantum numbers n. We have developed a method for measuring the 

frequency of resonance of electromagnetic-induced transparency (EIP) in the absorption 

spectrum of probe radiation. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʤʠʨʦʚʦʤ ʤʝʪʨʦʣʦʛʠʯʝʩʢʦʤ ʩʦʦʙʱʝʩʪʚʝ ʚʝʜʫʪʩʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʦʚʦʛʦ ʤʝʪʦʜʘ ʠʟʤʝʨʝʥʠʷ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ 

ʉɺʏ ʜʠʘʧʘʟʦʥʘ, ʚ ʢʦʪʦʨʦʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʨʠʜʙʝʨʛʦʚʩʢʠʭ ʘʪʦʤʦʚ 

ʩ ʠʟʤʝʨʷʝʤʳʤ ʧʦʣʝʤ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ 

ʠʟʤʝʨʠʪʝʣʷ, ʢʦʪʦʨʳʡ ʙʫʜʝʪ ʦʙʣʘʜʘʪʴ ʚʳʩʦʢʠʤ, ʩʫʙʚʦʣʥʦʚʳʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ 

ʨʘʟʨʝʰʝʥʠʝʤ, ʘ ʪʘʢʞʝ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʠ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴʶ ʠʟʤʝʨʝʥʠʡ, 
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ʯʪʦ ʜʝʣʘʝʪ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤ ʝʛʦ ʚʦʟʤʦʞʥʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʢʘʯʝʩʪʚʝ 

ʤʝʪʨʦʣʦʛʠʯʝʩʢʦʛʦ ʩʪʘʥʜʘʨʪʘ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ.  

ʅʘʧʨʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʉɺʏ ʠʟʣʫʯʝʥʠʷ ʤʦʞʥʦ ʠʟʤʝʨʠʪʴ ʩ 

ʧʦʤʦʱʴʶ ʨʘʩʱʝʧʣʝʥʠʷ ɸʫʪʣʝʨʘ-ʊʘʫʥʩʘ (ɸʊ) ʧʠʢʘ ʕʀʇ, ʚʦʟʥʠʢʘʶʱʝʛʦ ʚ 

ʩʧʝʢʪʨʝ ʠʟʣʫʯʝʥʠʷ ʧʨʦʙʥʦʛʦ ʣʘʟʝʨʘ [1]. ɼʣʷ ʛʝʥʝʨʘʮʠʠ ʜʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʙʳʣ 

ʚʳʙʨʘʥ DBR ʣʘʟʝʨ (ʣʘʟʝʨ ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤ ɹʨʵʛʛʦʚʩʢʠʤ ʦʪʨʘʞʝʥʠʝʤ) ʩ ʜʣʠʥʦʡ 

ʚʦʣʥʳ 780.24 nm. ʏʪʦʙʳ ʠʟʤʝʨʠʪʴ ʚʝʣʠʯʠʥʫ ʨʘʩʱʝʧʣʝʥʠʷ ɸʊ, ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʯʘʩʪʦʪʥʘʷ ʤʦʜʫʣʷʮʠʷ ʪʦʢʘ ʠʥʞʝʢʮʠʠ ʜʘʥʥʦʛʦ ʣʘʟʝʨʘ ὊάέὨ = 60 

MHz, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʡ ʫ ʧʠʢʘ ʕʀʇ ʧʦʷʚʣʷʣʠʩʴ ʙʦʢʦʚʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ. 

ɼʘʣʝʝ ʩ ʧʦʤʦʱʴʶ ʧʦʣʫʯʝʥʥʦʡ ʯʘʩʪʦʪʥʦʡ ʰʢʘʣʳ ʠʟʤʝʨʷʣʦʩʴ ʟʥʘʯʝʥʠʝ 

ʨʘʩʱʝʧʣʝʥʠʷ ɸʊ. 

ʊʘʢʞʝ, ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʟʥʘʯʝʥʠʷ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ 

ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʤʘʪʨʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ  ʵʣʝʢʪʨʦʜʠʧʦʣʴʥʳʭ ʧʝʨʝʭʦʜʦʚ 

ʠʟ nD5/2-ʩʦʩʪʦʷʥʠʡ ʚ ʩʦʩʪʦʷʥʠʷ (n+1)P3/2 ʚ ʘʪʦʤʘʭ ʨʫʙʠʜʠʷ ʥʘ ʯʘʩʪʦʪʘʭ ʉɺʏ 

ʠʟʣʫʯʝʥʠʷ ‫ Ὁ
Ⱦ
Ὁ

Ⱦ
 ʦʪ 2.1 GHz ʜʦ 196.55 GHz, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʧʝʨʝʭʦʜʘʤ ʤʝʞʜʫ ʨʠʜʙʝʨʛʦʚʩʢʠʤʠ ʩʦʩʪʦʷʥʠʷʤʠ ʩ ʛʣʘʚʥʳʤʠ ʢʚʘʥʪʦʚʳʤʠ 

ʯʠʩʣʘʤʠ ὲ ʦʪ 23 ʜʦ 99. ʈʘʜʠʘʣʴʥʘʷ ʯʘʩʪʴ ʤʘʪʨʠʯʥʦʛʦ ʵʣʝʤʝʥʪʘ 

ʵʣʝʢʪʨʦʜʠʧʦʣʴʥʦʛʦ ʧʝʨʝʭʦʜʘ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʤʝʪʦʜʦʤ ʢʚʘʥʪʦʚʦʛʦ ʜʝʬʝʢʪʘ 

(ʄʂɼ). ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʦʚ ʤʘʪʨʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʜʠʧʦʣʴʥʦʛʦ 

ʧʝʨʝʭʦʜʘ nD5/2 Ÿ (n+1)P3/2 ʚ ʦʙʣʘʩʪʠ ʛʣʘʚʥʳʭ ʢʚʘʥʪʦʚʳʭ ʯʠʩʝʣ ὲ=10õ200 
ʨʠʜʙʝʨʛʦʚʩʢʠʭ ʩʦʩʪʦʷʥʠʡ ʘʪʦʤʦʚ ʨʫʙʠʜʠʷ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʜʘʥʥʳʤʠ ʨʘʩʯʝʪʦʚ ʚ ʨʘʙʦʪʝ [2]. ʉ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ 

 ʚ ʄʂɼ-ʧʨʠʙʣʠʞʝʥʠʠ ʜʣʷ ʩʦʩʪʦʷʥʠʡ ʩ n = 30, 60, 100 ʙʳʣʦ ʧʦʣʫʯʝʥʦ 

ʠʥʪʝʨʧʦʣʷʮʠʦʥʥʦʝ ʚʳʨʘʞʝʥʠʝ, ʚʦʩʧʨʦʠʟʚʦʜʷʱʝʝ ʨʘʩʯʝʪʳ ʤʘʪʨʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ 

 ʚ ʦʙʣʘʩʪʠ ʛʣʘʚʥʳʭ ʢʚʘʥʪʦʚʳʭ ʯʠʩʝʣ ὲ>10 ʩ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʛʨʝʰʥʦʩʪʴʶ ʥʝ 
ʙʦʣʝʝ 10-6. ɺ ʭʦʜʝ ʠʟʤʝʨʝʥʠʡ ʙʳʣʦ ʚʳʷʩʥʝʥʦ, ʯʪʦ ʚʝʣʠʯʠʥʘ ʨʘʩʱʝʧʣʝʥʠʷ ɸʊ 

ʟʘʚʠʩʠʪ ʦʪ ʧʦʧʝʨʝʯʥʦʛʦ ʩʤʝʱʝʥʠʷ ʷʯʝʡʢʠ ʚ ʥʘʧʨʘʚʣʝʥʠʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ 

ʧʨʷʤʦʡ, ʧʦ ʢʦʪʦʨʦʡ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʣʘʟʝʨʥʳʝ ʧʫʯʢʠ. ɼʣʷ ʯʘʩʪʦʪ 4.78, 17.04, 

126.50, 150.40, 196.55 ɻɻʮ ʧʦʣʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʛʨʘʬʠʢʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʧʦʧʝʨʝʯʥʦʛʦ ʩʤʝʱʝʥʠʷ ʷʯʝʡʢʠ ʩ ʘʪʦʤʘʤʠ. 
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ʀʉʉʃɽɼʆɺɸʅʀɽ ʐʊɸʈʂʆɺʉʂʆɻʆ ʉɼɺʀɻɸ ʏɸʉʊʆʊʓ 

ʏɸʉʆɺʆɻʆ ʇɽʈɽʍʆɼɸ ɺ ɸʊʆʄɸʍ ʊʋʃʀʗ ɺ ʆʇʊʀʏɽʉʂʆʁ 

ʈɽʐɽʊʂɽ ʅɸ ɼʃʀʅɽ ɺʆʃʅʓ 1064 ʅʄ 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʦʧʪʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 

1064 ʥʤ ʜʣʷ ʩʦʟʜʘʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʯʘʩʦʚ ʥʘ ʦʩʥʦʚʝ ʘʪʦʤʦʚ ʪʫʣʠʷ. ɼʣʷ ʵʪʦʛʦ ʠʟʤʝʨʷʝʪʩʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʩʜʚʠʛʘ ʯʘʩʪʦʪʳ ʯʘʩʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʬʦʨʤʠʨʫʶʱʝʛʦ ʨʝʰʸʪʢʫ ʠʟʣʫʯʝʥʠʷ ʩ ʪʦʯʥʦʩʪʴʶ ʧʦʨʷʜʢʘ 10 ʤɻʮ. 
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MEASUREMENT OF THE STARK SHIFT IN THULIUM ATOMS IN 

OPTICAL LATTICE AT WAVELENGHT 1064 NM  

In this work we investigate the possibility of using the 1064 nm optical lattice to build the 

optical clock based on thulium atoms. To achieve this goal we need to measure the frequency 

shift of clock transition depending on the intensity of the radiation forming the lattice with the 

accuracy of the order of 10 mHz. 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ, ʦʧʪʠʯʝʩʢʠʝ ʯʘʩʳ ʥʘʭʦʜʷʪ ʚʩʸ ʙʦʣʴʰʝ ʨʘʟʣʠʯʥʳʭ 

ʧʨʠʤʝʥʝʥʠʡ ʚ ʧʨʠʢʣʘʜʥʳʭ ʠ ʥʘʫʯʥʳʭ ʟʘʜʘʯʘʭ. ʇʨʠʤʝʨʦʤ ʧʝʨʚʳʭ ʷʚʣʷʝʪʩʷ 

ʟʘʜʘʯʠ ʥʘʚʠʛʘʮʠʠ ʠ ʩʦʟʜʘʥʠʝ ʢʦʤʧʘʢʪʥʳʭ ʛʨʘʚʠʤʝʪʨʦʚ ʜʣʷ ʧʦʠʩʢʘ ʧʦʣʝʟʥʳʭ 

ʠʩʢʦʧʘʝʤʳʭ, ʩʨʝʜʠ ʚʪʦʨʳʭ, ʥʘʧʨʠʤʝʨ, ʧʦʠʩʢ ʜʨʝʡʬʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʢʦʥʩʪʘʥʪ 

ʠ ʧʨʦʚʝʨʢʘ ʦʩʥʦʚʦʧʦʣʘʛʘʶʱʠʭ ʬʠʟʠʯʝʩʢʠʭ ʪʝʦʨʠʡ. 

ɺ ʥʘʰʝʡ ʣʘʙʦʨʘʪʦʨʠʠ ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ ʦʧʪʠʯʝʩʢʠʝ ʯʘʩʳ ʥʘ ʦʩʥʦʚʝ 

ʥʝʡʪʨʘʣʴʥʳʭ ʘʪʦʤʦʚ ʪʫʣʠʷ. ɼʣʷ ʤʝʪʨʦʣʦʛʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ ʜʘʥʥʘʷ 

ʧʣʘʪʬʦʨʤʘ ʠʥʪʝʨʝʩʥʘ ʠʟ-ʟʘ ʥʘʣʠʯʠʷ ʫ ʘʪʦʤʦʚ ʪʫʣʠʷ ʩʧʝʢʪʨʘʣʴʥʦ-ʫʟʢʦʛʦ

(  = 1.2 ɻʮ)g  ʧʝʨʝʭʦʜʘ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ  = 1.14 ʤʢʤ,l ʢʦʪʦʨʳʡ ʦʙʣʘʜʘʝʪ ʥʠʟʢʦʡ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʢ ʪʝʧʣʦʚʦʤʫ ʠʟʣʫʯʝʥʠʶ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʠ ʩʪʘʪʠʯʝʩʢʠʤ 

ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʷʤ [1].  

ʅʝʦʙʭʦʜʠʤʳʤ ʵʣʝʤʝʥʪʦʤ ʣʶʙʳʭ ʩʦʚʨʝʤʝʥʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʯʘʩʦʚ ʥʘ 

ʦʩʥʦʚʝ ʥʝʡʪʨʘʣʴʥʳʭ ʘʪʦʤʦʚ ʷʚʣʷʝʪʩʷ ʦʧʪʠʯʝʩʢʘʷ ʨʝʰʸʪʢʘ. ʆʧʪʠʯʝʩʢʦʡ ʨʝʰʸʪʢʦʡ 

ʥʘʟʳʚʘʝʪʩʷ ʧʝʨʠʦʜʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ, ʩʦʟʜʘʚʘʝʤʳʡ ʜʚʫʤʷ ʚʩʪʨʝʯʥʳʤʠ 

ʣʘʟʝʨʥʳʤʠ ʧʫʯʢʘʤʠ, ʢʦʪʦʨʳʝ ʬʦʨʤʠʨʫʶʪ ʩʪʦʷʯʫʶ ʚʦʣʥʳ. ɺ ʦʙʣʘʩʪʷʭ 
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ʤʘʢʩʠʤʫʤʘ ʧʦʣʷ, ʵʥʝʨʛʠʷ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʫʤʝʥʴʰʘʝʪʩʷ ʠʟ-ʟʘ 

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʐʪʘʨʢʘ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʜʘʥʥʳʡ ʧʦʪʝʥʮʠʘʣ ʷʚʣʷʝʪʩʷ 

ʫʜʝʨʞʠʚʘʶʱʠʤ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʦʧʪʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ ʧʦʟʚʦʣʷʝʪ ʧʦʣʥʦʩʪʴʶ 

ʠʩʢʣʶʯʠʪʴ ʩʜʚʠʛʠ ʯʘʩʪʦʪʳ, ʚʳʟʳʚʘʝʤʳʝ ʵʬʬʝʢʪʦʤ ɼʦʧʣʝʨʘ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʠ 

ʵʬʬʝʢʪʦʤ ʦʪʜʘʯʠ, ʦʜʥʘʢʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʩʜʚʠʛʘ 

ʯʘʩʪʦʪʳ, ʚʳʟʳʚʘʝʤʦʛʦ ʜʠʥʘʤʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ ʐʪʘʨʢʘ, ʪʘʢ ʢʘʢ ʵʥʝʨʛʠʷ ʜʚʫʭ 

ʫʨʦʚʥʝʡ ʯʘʩʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʠʟʤʝʥʷʝʪʩʷ ʧʦ-ʨʘʟʥʦʤʫ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʧʦʣʷ, 

ʬʦʨʤʠʨʫʶʱʝʛʦ ʨʝʰʸʪʢʫ. ʉʜʚʠʛ ʯʘʩʪʦʪʳ ʟʘʚʠʩʠʪ ʦʪ ʚʝʣʠʯʠʥʳ ʧʦʣʷʨʠʟʫʝʤʦʩʪʠ 

ʘʪʦʤʦʚ, ʢʦʪʦʨʘʷ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʟʘʚʠʩʠʪ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, 

ʬʦʨʤʠʨʫʶʱʝʛʦ ʨʝʰʝʪʢʫ ʠ, ʚ ʩʣʫʯʘʝ ʝʛʦ ʣʠʥʝʡʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ, ʫʛʣʘ ʤʝʞʜʫ ʝʛʦ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʤʧʦʥʝʥʪʦʡ ʠ ʦʩʴʶ ʢʚʘʥʪʦʚʘʥʠʷ ʩʠʩʪʝʤʳ. ɼʣʠʥʘ ʚʦʣʥʳ, ʧʨʠ 

ʢʦʪʦʨʦʡ ʚ ʟʘʜʘʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʐʪʘʨʢʦʚʩʢʠʡ ʩʜʚʠʛ 

ʦʙʨʘʱʘʝʪʩʷ ʚ ʥʦʣʴ, ʥʘʟʳʚʘʝʪʩʷ çʤʘʛʠʯʝʩʢʦʡè. 

 ʅʘʰʝʡ ʛʨʫʧʧʦʡ ʙʳʣʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʡʜʝʥʘ ʤʘʛʠʯʝʩʢʘʷ 

ʜʣʠʥʘ ʚʦʣʥʳ ʜʣʷ ʯʘʩʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʘʪʦʤʘʭ ʪʫʣʠʷ  = 813.329(6) ʥʤl [1], ʜʣʷ 

ʯʝʛʦ ʙʳʣʘ ʠʟʤʝʨʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʣʷʨʠʟʫʝʤʦʩʪʠ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʜʣʷ ʜʚʫʭ 

ʦʨʠʝʥʪʘʮʠʡ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ: ʧʘʨʘʣʣʝʣʴʥʦ ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ 

ʢʚʘʥʪʦʚʘʥʠʷ. ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʦ ʟʘʤʝʯʝʥʦ, ʯʪʦ ʚʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ 

ʐʪʘʨʢʦʚʩʢʠʡ ʩʜʚʠʛ ʚʳʟʳʚʘʝʤʳʡ ʠʟʣʫʯʝʥʠʝʤ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ   1064l= ʥʤ 

ʙʣʠʟʦʢ ʢ ʥʫʣʶ ʩ ʪʦʯʥʦʩʪʴʶ ʧʦʨʷʜʢʘ 1 ɻʮ. ʀʟ-ʟʘ ʜʦʩʪʫʧʥʦʩʪʠ ʠ ʢʘʯʝʩʪʚʘ 

ʠʩʪʦʯʥʠʢʦʚ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʵʪʫ ʜʣʠʥʫ ʚʦʣʥʳ ʦʥʘ ʷʚʣʷʝʪʩʷ ʦʯʝʥʴ 

ʫʜʦʙʥʦʡ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ, ʧʦʵʪʦʤʫ ʙʳʣʦ ʧʨʠʥʷʪʦ ʨʝʰʝʥʠʝ ʠʩʩʣʝʜʦʚʘʪʴ ʵʪʫ 

ʪʦʯʢʫ ʧʦʜʨʦʙʥʝʝ. 

 ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʝʪʩʷ ʚʳʟʚʘʥʥʳʡ ʵʬʬʝʢʪʦʤ ʐʪʘʨʢʘ ʩʜʚʠʛ 

ʯʘʩʪʦʪʳ ʯʘʩʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʘʪʦʤʘʭ ʪʫʣʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʦʱʥʦʩʪʠ 

ʦʧʪʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ ʩ ʪʦʯʥʦʩʪʴʶ ʧʦʨʷʜʢʘ 10 ʤɻʮ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. A.Golovizin, E.Fedorova, D.Tregubov, D.Sukachev, K.Khabarova, V.Sorokin and 
N.Kolachevsky//Inner-shell clock transition in atomic thulium with a small blackbody radiation shift. // 
Nature communications 10(1): 1724 
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ʄ.ʀ. ɺɸʉʔʂʆɺʉʂɸʗ, ɽ.ɸ. ʎʓɻɸʅʂʆɺ, ɼ.ʉ. ʏʋʏɽʃʆɺ, 

ʉ.ɸ. ɿʀɹʈʆɺ, ɺ.ɺ. ɺɸʉʀʃʔɽɺ, ɺ.ʃ. ɺɽʃʀʏɸʅʉʂʀʁ 

 ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, 119991, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ɺʃʀʗʅʀɽ ɼɸɺʃɽʅʀʗ ɹʋʌɽʈʅʓʍ ɻɸɿʆɺ ʅɸ ʉɺɽʊʆɺʆʁ 

ʉɼɺʀɻ ɺ ɸʊʆʄʅʓʍ ʗʏɽʁʂɸʍ ɼʃʗ ʂʇʅ-ʉʊɸʅɼɸʈʊɸ 

ʏɸʉʊʆʊʓ  

ʊʝʦʨʝʪʠʯʝʩʢʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʚʝʪʦʚʦʡ ʩʜʚʠʛ ʯʘʩʪʦʪʳ ʨʝʟʦʥʘʥʩʘ 

ʢʦʛʝʨʝʥʪʥʦʛʦ ʧʣʝʥʝʥʠʷ ʥʘʩʝʣʝʥʥʦʩʪʝʡ (ʂʇʅ) ʟʘʚʠʩʠʪ ʦʪ ʜʘʚʣʝʥʠʷ ʙʫʬʝʨʥʳʭ ʛʘʟʦʚ (Ar, 

N2) ʚ ʘʪʦʤʥʳʭ ʷʯʝʡʢʘʭ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʂʇʅ-ʩʪʘʥʜʘʨʪʝ. ʇʦʜʘʚʣʝʥʠʝ ʩʜʚʠʛʘ (ʟʘ ʩʯʝʪ 

ʧʦʜʙʦʨʘ ʩʧʝʢʪʨʘ ʠʟʣʫʯʝʥʠʷ ʜʠʦʜʥʦʛʦ ʣʘʟʝʨʘ, ʪʦʢ ʥʘʢʘʯʢʠ ʢʦʪʦʨʦʛʦ ʤʦʜʫʣʠʨʫʝʪʩʷ ʉɺʏ 

ʩʠʛʥʘʣʦʤ) ʩʪʘʥʦʚʠʪʩʷ ʥʝʚʦʟʤʦʞʥʳʤ ʧʨʠ ʧʨʝʚʳʰʝʥʠʠ ʥʝʢʦʪʦʨʦʛʦ ʢʨʠʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ 

ʩʫʤʤʘʨʥʦʛʦ ʜʘʚʣʝʥʠʷ. ʇʨʝʜʣʦʞʝʥ ʥʦʚʳʡ ʤʝʪʦʜ ʧʦʜʘʚʣʝʥʠʷ ʩʚʝʪʦʚʦʛʦ ʩʜʚʠʛʘ ʩ ʧʦʤʦʱʴʶ 

ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ, ʠʩʧʦʣʴʟʫʶʱʝʡ ʤʦʜʫʣʷʮʠʶ ʤʦʱʥʦʩʪʠ ʉɺʏ ʧʦʣʷ. 

M. I. VASKOVSKAYA , E. A. TSYGANKOV, D. S. CHUCHELOV, 

S. A. ZIBROV, V. V. VASSILIEV AND V. L. VELICHANSKY  

P.N. Lebedev Physical Institute of the Russian Academy of Sciences, 119991, Moscow, Russia 

EFFECT OF THE BUFFER GASES ON THE LIGHT SHIFT IN 

ATOMIC CELLS FOR CPT -BASED FREQUENCY STANDARD 

We theoretically and experimentally demonstrate that the light shift of the coherent 

population trapping (CPT) resonance frequency depends on the buffer gases pressure (Ar, N2) in 

atomic cells used in CPT-based frequency standard. The light shift suppression (due to 

correction of the spectrum of a diode laser, the pump current of which is modulated by a RF 

signal) becomes impossible when a certain value of the buffer gases pressure is exceeded. A 

new technique of the light shift cancellation by means of a feedback utilizing the RF power 

modulation is proposed. 

ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ 

ʥʘʙʣʶʜʝʥʠʷ ʂʇʅ-ʨʝʟʦʥʘʥʩʘ, ʷʚʣʷʝʪʩʷ ʉɺʏ-ʤʦʜʫʣʷʮʠʷ ʪʦʢʘ ʥʘʢʘʯʢʠ ʜʠʦʜʥʦʛʦ 

ʣʘʟʝʨʘ ʪʠʧʘ VCSEL (vertical-cavity surface-emitting laser), ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʡ 

ʩʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʩʪʘʥʦʚʠʪʩʷ ʧʦʣʠʭʨʦʤʘʪʠʯʝʩʢʠʤ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ, ʢʘʞʜʘʷ 

ʢʦʤʧʦʥʝʥʪʘ ʦʧʪʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʷ ʩ ʘʪʦʤʥʦʡ ʩʨʝʜʦʡ, ʧʨʠʚʦʜʠʪ ʢ 

ʩʚʝʪʦʚʦʤʫ ʩʜʚʠʛʫ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ ʘʪʦʤʦʚ, ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʯʘʩʪʦʪʳ 

ʂʇʅ-ʨʝʟʦʥʘʥʩʘ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʩʫʤʤʘʨʥʳʡ ʩʚʝʪʦʚʦʡ ʩʜʚʠʛ, ʷʚʣʷʶʱʠʡʩʷ 

ʨʝʟʫʣʴʪʘʪʦʤ ʜʝʡʩʪʚʠʷ ʚʩʝʭ ʦʧʪʠʯʝʩʢʠʭ ʧʦʣʝʡ, ʤʦʞʝʪ ʙʳʪʴ ʩʚʝʜʝʥ ʢ ʥʫʣʶ 

ʢʦʨʨʝʢʪʥʳʤ ʚʳʙʦʨʦʤ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ, ʪ.ʝ. ʠʥʜʝʢʩʦʤ ʉɺʏ-

ʤʦʜʫʣʷʮʠʠ [1]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʙʫʬʝʨʥʳʭ ʛʘʟʦʚ ʚ ʘʪʦʤʥʦʡ 

ʷʯʝʡʢʝ ʥʘ ʩʚʝʪʦʚʦʡ ʩʜʚʠʛ. ɸʥʘʣʠʟ ʟʘʚʠʩʠʤʦʩʪʝʡ ʯʘʩʪʦʪʳ ʂʇʅ-ʨʝʟʦʥʘʥʩʘ ʦʪ 

ʤʦʱʥʦʩʪʠ ʉɺʏ ʧʦʣʷ ʜʣʷ ʷʯʝʝʢ ʩ ʨʘʟʥʳʤʠ ʩʫʤʤʘʨʥʳʤʠ ʜʘʚʣʝʥʠʷʤʠ ʙʫʬʝʨʥʳʭ 

ʛʘʟʦʚ (ʩʤʝʩʴ Ar+N2) ʧʦʢʘʟʘʣ, ʯʪʦ ʧʨʠ ʥʝʢʦʪʦʨʦʤ ʩʫʤʤʘʨʥʦʤ ʜʘʚʣʝʥʠʠ Pm, ʥʦʣʴ 

ʩʚʝʪʦʚʦʛʦ ʩʜʚʠʛʘ ʩʦʚʧʘʜʘʝʪ ʩ ʤʠʥʠʤʫʤʦʤ ʟʘʚʠʩʠʤʦʩʪʠ ʯʘʩʪʦʪʳ ʂʇʅ-ʨʝʟʦʥʘʥʩʘ 
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ʦʪ ʤʦʱʥʦʩʪʠ ʤʦʜʫʣʠʨʫʶʱʝʛʦ ʉɺʏ ʧʦʣʷ. ʇʨʠ ʙʦʣʴʰʝʤ ʜʘʚʣʝʥʠʠ ʟʘʥʫʣʝʥʠʝ 

ʩʚʝʪʦʚʦʛʦ ʩʜʚʠʛʘ ʥʝʚʦʟʤʦʞʥʦ (ʨʠʩ. 1).  

 

ʈʠʩ.1. ɿʘʚʠʩʠʤʦʩʪʴ ʯʘʩʪʦʪʳ ʂʇʅ-ʨʝʟʦʥʘʥʩʘ ʦʪ ʤʦʱʥʦʩʪʠ ʉɺʏ ʧʦʣʷ, ʤʦʜʫʣʠʨʫʶʱʝʛʦ 

ʪʦʢ ʥʘʢʘʯʢʠ ʣʘʟʝʨʘ (ʷʯʝʡʢʠ 29, 75, 115 ʠ 140 ʊʦʨʨ) ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʤʦʜʫʣʷʮʠʠ 

ʧʦʣʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ, ʢʦʪʦʨʘʷ ʠʟ-ʟʘ ʩʚʝʪʦʚʦʛʦ ʩʜʚʠʛʘ ʧʨʦʷʚʣʷʝʪʩʷ ʚ 

ʤʝʣʢʦʤʘʩʰʪʘʙʥʦʤ ʠʟʤʝʥʝʥʠʠ ʯʘʩʪʦʪʳ. ɼʣʷ ʫʜʦʙʩʪʚʘ ʚʦʩʧʨʠʷʪʠʷ, ʢʨʠʚʳʝ ʩʤʝʱʝʥʳ ʚʥʠʟ 

ʥʘ ʚʝʣʠʯʠʥʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʜʚʠʛʫ ʦʪ ʙʫʬʝʨʥʳʭ ʛʘʟʦʚ ʜʣʷ ʢʘʞʜʦʡ ʷʯʝʡʢʠ.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʩʪʘʙʠʣʠʟʘʮʠʠ ʛʣʫʙʠʥʳ ʤʦʜʫʣʷʮʠʠ ʪʦʢʘ 

ʣʘʟʝʨʘ, ʪ.ʝ. ʤʦʱʥʦʩʪʠ ʉɺʏ ʧʦʣʷ, ʧʨʝʜʧʦʣʘʛʘʶʱʠʡ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʷʯʝʡʢʠ ʩ 

ʩʫʤʤʘʨʥʳʤ ʜʘʚʣʝʥʠʝʤ ʙʫʬʝʨʥʳʭ ʛʘʟʦʚ Pm. ʉ ʧʦʤʦʱʴʶ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩʪʘʙʠʣʠʟʘʮʠʷ ʤʦʱʥʦʩʪʠ ʉɺʏ ʧʦʣʷ ʚ ʤʠʥʠʤʫʤʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʯʘʩʪʦʪʳ ʨʝʟʦʥʘʥʩʘ ʦʪ ʤʦʱʥʦʩʪʠ ʉɺʏ ʧʦʣʷ, ʢʦʪʦʨʳʡ ʩʦʚʧʘʜʘʝʪ ʩ ʪʦʯʢʦʡ 

ʥʫʣʝʚʦʛʦ ʩʚʝʪʦʚʦʛʦ ʩʜʚʠʛʘ.  

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. M. Zhu, L.S. Cutler çTheoretical and experimental study cell frequency standard of light shift in a CPT-
based Rb vaporè, 32nd Annual Precise Time and Time Interval (PTTI) Meeting, 2000. 
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ɼ.ʉ. ʏʋʏɽʃʆɺ1, ʄ.ʀ. ɺɸʉʔʂʆɺʉʂɸʗ1, ʉ.ɸ. ɿʀɹʈʆɺ1, ɺ.ɺ. 

ɺɸʉʀʃʔɽɺ1, ɺ.ʃ. ɺɽʃʀʏɸʅʉʂʀʁ1,2, ʄ.ʖ. ɹɸʉɸʃɸɽɺ3, ɺ.ʀ. 

ʖɼʀʅ3, ɸ.ɺ. ʊɸʁʏɽʅɸʏɽɺ3 

1 ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2 ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

3 ʀʥʩʪʠʪʫʪ ʣʘʟʝʨʥʦʡ ʬʠʟʠʢʠ ʉʆʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ 

 

ɼʀʅɸʄʀʏɽʉʂɸʗ ʉʇɽʂʊʈʆʉʂʆʇʀʗ ʈɽɿʆʅɸʅʉɸ 

ʂʆɻʈɽʅʊʅʆɻʆ ʇʃɽʅɽʅʀʗ ʅɸʉɽʃɽʅʅʆʉʊɽʁ ɺ 

ʅɽʇʈɽʈʓɺʅʆʄ ʈɽɾʀʄɽ ʇʈʀ ʀʄʇʋʃʔʉʅʆʁ ʌɸɿʆɺʆʁ 

ʄʆɼʋʃʗʎʀʀ 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʥʦʚʳʡ ʤʝʪʦʜ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʠʛʥʘʣʘ ʦʰʠʙʢʠ ʜʣʷ 

ʩʪʘʙʠʣʠʟʘʮʠʠ ʯʘʩʪʦʪʳ ʛʝʥʝʨʘʪʦʨʘ ʧʦ ʨʝʟʦʥʘʥʩʫ ʢʦʛʝʨʝʥʪʥʦʛʦ ʧʣʝʥʝʥʠʷ ʥʘʩʝʣʸʥʥʦʩʪʝʡ. 

ʄʝʪʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʠʤʧʫʣʴʩʥʦʡ ʤʦʜʫʣʷʮʠʠ ʨʘʟʥʦʩʪʠ ʬʘʟ ʦʧʪʠʯʝʩʢʠʭ 

ʧʦʣʝʡ, ʬʦʨʤʠʨʫʶʱʠʭ ʨʝʟʦʥʘʥʩ ʂʇʅ. ʇʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʧʦʜʘʚʣʷʝʪ ʩʜʚʠʛ ʯʘʩʪʦʪʳ 

ʨʝʟʦʥʘʥʩʘ, ʚʦʟʥʠʢʘʶʱʠʡ ʠʟ-ʟʘ ʝʛʦ ʘʩʠʤʤʝʪʨʠʠ, ʠ ʥʘ ~ 30% ʫʚʝʣʠʯʠʪʴ ʢʨʫʪʠʟʥʫ ʣʠʥʝʡʥʦʡ 

ʯʘʩʪʠ ʩʠʛʥʘʣʘ ʦʰʠʙʢʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʝʪʦʜʦʤ ʛʘʨʤʦʥʠʯʝʩʢʦʡ ʯʘʩʪʦʪʥʦʡ ʤʦʜʫʣʷʮʠʠ. 

ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʨʘʩʯʝʪʦʤ, ʚʳʧʦʣʥʝʥʥʳʤ ʜʣʷ 

ʪʨʝʭʫʨʦʚʥʝʚʦʛʦ ʘʪʦʤʘ ʠ ʙʠʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʧʦʣʷ. 

D.S. CHUCHELOV1, M.I. VASKOVSKAYA 1, S.A. ZIBROV1, V.V. 

VASSILIEV1, V.L. VELICHANSKY1,2, M. YU. BASALAEV 3, V.I. YUDIN3, 

A.V. TAICHENACHEV3 

1 Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, Russia 
2 National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 
3 Institute of Laser Physics, Siberian Branch of RAS, Novosibirsk, Russia 

DYNAMIC CONTINUOUS -WAVE SPECTROSCOPY OF COHERENT 

POPULATION TRAPPING AT PHASE -JUMP MODULATION  

We present a new method of generating an error signal for stabilization the frequency of 

the generator to the frequency of coherent population trapping resonance. The method uses 

periodic pulsed modulation of the phase difference of optical fields that form the CPT 

resonance. The method allows to suppress the shift of the resonance frequency arising from its 

asymmetry, and to increase the slope of the linear part of the error signal by ~ 30% in 

comparison with the method of harmonic frequency modulation. The experimental results are in 

good agreement with theoretical predictions based on a mathematical model of a three-level ȿ 

system in a bichromatic field. 

ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʤʝʪʦʜʦʚ ʩʪʘʙʠʣʠʟʘʮʠʠ ʯʘʩʪʦʪʳ ʚ ʩʪʘʥʜʘʨʪʘʭ ʷʚʣʷʝʪʩʷ 

ʤʝʪʦʜ ʵʢʩʪʨʝʤʘʣʴʥʦʛʦ ʨʝʛʫʣʠʨʦʚʘʥʠʷ. ɺ ʵʪʦʤ ʤʝʪʦʜʝ ʘʩʠʤʤʝʪʨʠʷ ʦʧʦʨʥʦʛʦ 

ʨʝʟʦʥʘʥʩʘ ʩʜʚʠʛʘʝʪ ʯʘʩʪʦʪʫ, ʫʭʫʜʰʘʷ ʜʦʣʛʦʚʨʝʤʝʥʥʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ. ɺ 
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ʤʘʣʦʛʘʙʘʨʠʪʥʦʤ ʂʇʅ ʩʪʘʥʜʘʨʪʝ ʯʘʩʪʦʪʳ ʘʩʠʤʤʝʪʨʠʷ ʨʝʟʦʥʘʥʩʘ ʚʦʟʥʠʢʘʝʪ ʠʟ-ʟʘ 

ʥʝʨʘʚʝʥʩʪʚʘ ʢʦʤʧʦʥʝʥʪ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʢʦʪʦʨʦʝ ʪʨʫʜʥʦ ʫʩʪʨʘʥʠʤʦ ʠʟ-ʟʘ 

ʥʝʣʠʥʝʡʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʣʝʡ ʚ ʣʘʟʝʨʝ. ʇʨʝʜʣʦʞʝʥ ʠ ʠʩʩʣʝʜʦʚʘʥ ʥʦʚʳʡ 

ʤʝʪʦʜ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʠʛʥʘʣʘ ʦʰʠʙʢʠ, ʚ ʢʦʪʦʨʦʤ ʘʩʠʤʤʝʪʨʠʷ ʨʝʟʦʥʘʥʩʘ ʥʝ 

ʚʳʟʳʚʘʝʪ ʩʜʚʠʛʘ ʩʪʘʙʠʣʠʟʠʨʫʝʤʦʡ ʯʘʩʪʦʪʳ. ʕʪʦʪ ʤʝʪʦʜ ʦʩʥʦʚʘʥ ʥʘ ʚʦʟʙʫʞʜʝʥʠʠ 

ʂʇʅ ʨʝʟʦʥʘʥʩʘ ʚ ʙʠʭʨʦʤʘʪʠʯʝʩʢʦʤ ʦʧʪʠʯʝʩʢʦʤ ʧʦʣʝ ʧʨʠ ʠʤʧʫʣʴʩʥʦʡ 

ʤʦʜʫʣʷʮʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʨʘʟʥʦʩʪʠ ʬʘʟ ʧʦʣʝʡ. ʅʘ ʠʥʪʝʨʚʘʣʝ ʚʨʝʤʝʥʠ ʩ 

ʧʦʩʪʦʷʥʥʦʡ ʨʘʟʥʦʩʪʴʶ ʬʘʟ ʘʪʦʤʳ ʥʘʢʘʯʠʚʘʶʪʩʷ ʚ ʥʝʧʦʛʣʦʱʘʶʱʝʝ ʩʦʩʪʦʷʥʠʝ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʝ ʢ ʨʘʟʥʦʩʪʠ ʬʘʟ ʜʚʫʭ ʢʦʤʧʦʥʝʥʪ ʧʦʣʷ. ʇʦʩʣʝ ʩʢʘʯʢʘ ʨʘʟʥʦʩʪʠ ʬʘʟ 

ʥʘʙʣʶʜʘʝʪʩʷ ʧʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ ʦʧʪʠʯʝʩʢʦʡ ʥʘʢʘʯʢʠ ʚ ʥʦʚʦʝ ʥʝʧʦʛʣʦʱʘʶʱʝʝ 

ʩʦʩʪʦʷʥʠʝ (ʨʠʩ.1ʘ). ʇʨʠ ʵʪʦʤ ʜʠʥʘʤʠʢʘ ʧʦʛʣʦʱʝʥʠʷ ʟʘʚʠʩʠʪ ʦʪ ʜʚʫʭʬʦʪʦʥʥʦʡ 

ʦʪʩʪʨʦʡʢʠ ʠ ʚʝʣʠʯʠʥʳ ʩʢʘʯʢʘ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʨʘʟʥʦʩʪʠ ʬʘʟ. ʉʠʛʥʘʣ ʦʰʠʙʢʠ 

ʬʦʨʤʠʨʫʝʪʩʷ ʢʘʢ ʨʘʟʥʦʩʪʴ ʧʨʦʠʥʪʝʛʨʠʨʦʚʘʥʥʳʭ ʩʠʛʥʘʣʦʚ ʧʦʛʣʦʱʝʥʠʷ ʜʣʷ 

ʩʢʘʯʢʦʚ ʬʘʟʳ ʩ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʤʠ ʟʥʘʢʘʤʠ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ 

ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ (ʥʘ ~ 30%) ʢʨʫʪʠʟʥʳ ʣʠʥʝʡʥʦʡ 

ʯʘʩʪʠ ʩʠʛʥʘʣʘ ʦʰʠʙʢʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤ ʤʝʪʦʜʦʤ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʛʜʝ ʩʠʛʥʘʣ ʦʰʠʙʢʠ ʩʦʟʜʘʝʪʩʷ ʛʘʨʤʦʥʠʯʝʩʢʦʡ ʤʦʜʫʣʷʮʠʝʡ ʯʘʩʪʦʪʳ ʠ ʩʠʥʭʨʦʥʥʳʤ 

ʜʝʪʝʢʪʠʨʦʚʘʥʠʷʝʤ. 

(ʘ) (ʙ) 

 

ʈʠʩ. 1.(ʘ) ʉʠʛʥʘʣʳ ʧʨʦʧʫʩʢʘʥʠʷ ʧʨʠ ʠʤʧʫʣʴʩʥʦʡ ʬʘʟʦʚʦʡ ʤʦʜʫʣʷʮʠʠ ʥʘ ʚʝʨʰʠʥʝ 

ʂʇʅ-ʨʝʟʦʥʘʥʩʘ (ʩʚʝʨʭʫ) ʠ ʧʨʠ ʦʪʩʪʨʦʡʢʝ 100 ɻʮ (ʩʥʠʟʫ). (ʙ) ʉʠʛʥʘʣʳ ʦʰʠʙʢʠ, 

ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ ʤʝʪʦʜʦʤ ʛʘʨʤʦʥʠʯʝʩʢʦʡ ʯʘʩʪʦʪʥʦʡ ʤʦʜʫʣʷʮʠʠ (ʩʝʨʘʷ ʢʨʠʚʘʷ) ʠ ʤʝʪʦʜʦʤ 

ʬʘʟʦʚʳʭ ʩʢʘʯʢʦʚ (ʯʝʨʥʘʷ ʢʨʠʚʘʷ). 
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ʆ.ɹ. ɸʅɸʅʔʀʅ1, ʈ.ʐ. ʈɸʄɸʂʆʊʀ1, ɸ.ʇ. ʄɽʃɽʍʆɺ1, ɺ.ɻ. ʉʈɽɼʀʅ2, 

ɺ.ɺ. ʂʈɸɺʏɽʅʂʆ1, ʀ.ɸ. ɻɽʈɸʉʀʄʆɺ1, ɻ.ʉ. ɹʆɻɼɸʅʆɺ1 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, 

ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ɺʦʝʥʥʘʷ ʘʢʘʜʝʤʠʷ ʈɺʉʅ ʠʤ. ʇʝʪʨʘ ɺʝʣʠʢʦʛʦ, ɹʘʣʘʰʠʭʘ, ʈʦʩʩʠʷ 

 

ʀɿʋʏɽʅʀɽ ʇʈʆʎɽʉʉɸ ʆɹʈɸɿʆɺɸʅʀʗ ʊʆʏɽʏʅʓʍ 

ɼɽʌɽʂʊʆɺ ʇʈʀ ɺʆɿɼɽʁʉʊɺʀʀ ʀʅʊɽʅʉʀɺʅʆɻʆ ʄʗɻʂʆɻʆ 

ʈɽʅʊɻɽʅʆɺʉʂʆɻʆ ʀɿʃʋʏɽʅʀʗ ʅɸ ʇʆʃʋʇʈʆɺʆɼʅʀʂ 

CDHGTE  

ʇʦʣʫʯʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʦ ʵʤʠʩʩʠʠ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʩ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʙʨʘʟʮʘ CdHgTe ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʠʥʪʝʥʩʠʚʥʦʛʦ ʤʷʛʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, 

ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʠʣʠ ʨʘʩʩʯʠʪʘʪʴ ʘʤʧʣʠʪʫʜʥʳʝ ʟʥʘʯʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ, ʜʝʡʩʪʚʠʝ ʢʦʪʦʨʦʛʦ ʧʨʠʚʦʜʠʪ ʢ ʩʤʝʱʝʥʠʶ ʠʦʥʦʚ ʨʪʫʪʠ ʠʟ 

ʫʟʣʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ ʠ ʦʙʨʘʟʦʚʘʥʠʶ ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ.  
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STUDY OF THE FORMATION PROCESS OF POINT DEFECTS 

UNDER THE INFLUENCE OF INTENSE SOFT X -RAY RADIATION 

ON THE CDHGTE SEMICONDUCTOR  

Experimental data of photoelectrons emission from the surface of a CdHgTe sample under 

the influence of intense soft x-ray radiation were obtained, which made it possible to calculate 

the amplitude values of the electric field on the surface of a semiconductor, the action of which 

leads to the displacement of mercury ions from the nodes of the crystal lattice and the formation 

of point defects. 

ʋʟʢʦʟʦʥʥʳʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʪʚʸʨʜʳʝ ʨʘʩʪʚʦʨʳ ʪʝʣʣʫʨʠʜʦʚ ʢʘʜʤʠʷ ʠ 

ʨʪʫʪʠ (CdxHg1-xTe) ʷʚʣʷʶʪʩʷ ʦʜʥʠʤ ʠʟ ʣʠʜʝʨʦʚ ʩʨʝʜʠ ʤʘʪʝʨʠʘʣʦʚ, 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʣʷ ʩʦʟʜʘʥʠʷ ʩʦʚʨʝʤʝʥʥʦʡ ʦʧʪʦʵʣʝʢʪʨʦʥʥʦʡ ʘʧʧʘʨʘʪʫʨʳ ʀʂ-

ʜʠʘʧʘʟʦʥʘ ʩʧʝʢʪʨʘ. ɺ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʦʧʠʩʘʪʴ 

ʤʝʭʘʥʠʟʤ ʦʙʨʘʟʦʚʘʥʠʷ ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ CdHgTe ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʠʥʪʝʥʩʠʚʥʦʛʦ ʤʷʛʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʄʈʀ). 

ʇʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʠʟʣʫʯʝʥʠʷ ʧʝʨʝʭʦʜʠʪ ʚ ʪʝʧʣʦʚʦʡ ʥʘʛʨʝʚ 

ʤʘʪʝʨʠʘʣʘ. ʅʦ ʚ ʨʘʙʦʪʝ [1] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʪʝʧʣʦʚʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʝ ʧʨʠʚʦʜʠʪ ʢ 
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ʠʟʤʝʥʝʥʠʶ ʩʦʩʪʦʷʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. ʇʦʵʪʦʤʫ ʦʩʥʦʚʥʫʶ ʨʦʣʴ ʟʜʝʩʴ 

ʠʛʨʘʶʪ ʥʝʪʝʧʣʦʚʳʝ ʤʝʭʘʥʠʟʤʳ ʜʝʬʝʢʪʦʦʙʨʘʟʦʚʘʥʠʷ. 

ɺ ʨʘʤʢʘʭ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʦʙʨʘʟʝʮ ʦʙʣʫʯʘʣʩʷ ʠʥʪʝʥʩʠʚʥʳʤ 

ʄʈʀ ʦʪ ʣʘʟʝʨʥʦʡ ʧʣʘʟʤʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʢʦʥʮʝʥʪʨʘʪʦʨʘ. 

ʉʧʝʢʪʨ ʄʈʀ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 60 ʜʦ 300 ʕʚ ʩ ʤʦʱʥʦʩʪʴʶ 5*104 ɺʪ, 

ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʠʤʧʫʣʴʩʘ 20 ʥʩ ʠ ʵʥʝʨʛʠʝʡ ʚ ʠʤʧʫʣʴʩʝ ʄʈʀ ʧʦʨʷʜʢʘ 1 ʤɼʞ.  

ʇʦʣʫʧʨʦʚʦʜʥʠʢ ʙʳʣ ʧʦʤʝʱʝʥ ʚ ʩʝʨʝʜʠʥʫ ʩʬʝʨʳ, ʚ ʢʦʪʦʨʦʡ ʧʨʝʜʫʩʤʦʪʨʝʥʦ 

ʦʪʚʝʨʩʪʠʝ ʜʣʷ ʧʦʧʘʜʘʥʠʷ ʄʈʀ ʥʘ ʦʙʨʘʟʝʮ. ɺ ʧʨʦʮʝʩʩʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ 

ʠʟʣʫʯʝʥʠʝʤ ʦʙʨʘʟʫʶʪʩʷ ʬʦʪʦ-, ʆʞʝ- ʠ ʚʪʦʨʠʯʥʳʝ ʵʣʝʢʪʨʦʥʳ, ʢʦʪʦʨʳʝ ʧʦʢʠʜʘʶʪ 

ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʠ ʜʦʩʪʠʛʘʶʪ ʧʦʚʝʨʭʥʦʩʪʠ ʩʬʝʨʳ. ɼʣʷ ʫʚʝʣʠʯʝʥʠʷ 

ʩʠʛʥʘʣʘ ʠ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʚʩʝ ʥʝʩʚʷʟʘʥʥʳʝ ʩ ʘʪʦʤʦʤ ʵʣʝʢʪʨʦʥʳ ʤʝʞʜʫ ʦʙʨʘʟʮʦʤ 

ʠ ʩʬʝʨʦʡ ʙʳʣʘ ʧʨʠʣʦʞʝʥʘ ʨʘʟʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ, ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 

ʢʦʪʦʨʦʡ ʩʦʩʪʘʚʣʷʣʦ ʤʠʥʫʩ 300 ʚʦʣʴʪ. ʉʠʛʥʘʣʳ ʩʦ ʩʬʝʨʳ ʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ pin-

ʜʠʦʜʘ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1.  

 

ʈʠʩ. 1. ɸ- ʩʠʛʥʘʣ ʪʦʢʘ ʵʣʝʢʪʨʦʥʦʚ ʩʦ ʩʬʝʨʳ ʥʘ ʥʘʛʨʫʟʢʝ 50 ʆʤ. ɹ- ʩʠʛʥʘʣ ʩ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ pin-ʜʠʦʜʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʘʥʥʦʡ ʩʭʝʤʳ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ 

ʠʥʬʦʨʤʘʮʠʶ ʦ ʢʦʣʠʯʝʩʪʚʝ ʵʣʝʢʪʨʦʥʦʚ, ʢʦʪʦʨʳʝ ʧʦʢʠʥʫʣʠ ʧʦʚʝʨʭʥʦʩʪʴ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ Neå 4.7ʭ109. ʅʘ ʦʙʨʘʟʮʝ ʦʙʨʘʟʫʝʪʩʷ ʥʝʢʦʤʧʝʥʩʠʨʦʚʘʥʥʳʡ ʟʘʨʷʜ 

Qå 7.5ʭ10-10 ʂʣ ʥʘ ʚʩʝʡ ʛʣʫʙʠʥʝ ʧʦʛʣʦʱʝʥʠʷ ʄʈʀ (ʧʦʨʷʜʢʘ 1 ʤʢʤ), ʢʦʪʦʨʳʡ, ʢʘʢ 

ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʷʚʣʷʝʪʩʷ ʧʨʠʯʠʥʦʡ ʩʦʟʜʘʥʠʷ ʚʥʫʪʨʝʥʥʝʛʦ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʘʤʧʣʠʪʫʜʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʪʦʨʦʛʦ ʜʦʩʪʠʛʘʝʪ E~108 ɺ/ʤ.  

ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ [2] ʥʘʣʠʯʠʝ ʪʘʢʦʛʦ ʧʦʣʷ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʯʠʥʦʡ ʚʳʭʦʜʘ ʠʦʥʦʚ 

ʨʪʫʪʠ ʠʟ ʫʟʣʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʦʙʨʘʟʦʚʘʥʠʷ ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ.  

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ɻ.ɸ. ɸɻɽɽɺ, ʇ.ɺ. ɹʆʈʀʉʖʂ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʕʃɽʂʊʈʆʆʇʊʀʏɽʉʂʀʁ ɸʅɸʃʆɻʆ-ʎʀʌʈʆɺʆʁ 

ʇʈɽʆɹʈɸɿʆɺɸʊɽʃʔ ʅɸ ʆʉʅʆɺɽ ʌʆʊʆʅʅʆ-

ʂʈʀʉʊɸʃʃʀʏɽʉʂʀʍ ʉʊʈʋʂʊʋʈ  

ʇʨʝʜʩʪʘʚʣʝʥʘ ʢʦʥʮʝʧʮʠʷ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ 

(ʜʘʣʝʝ ï ɸʎʇ), ʧʨʝʦʙʨʘʟʫʶʱʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʥʘʧʨʷʞʝʥʠʝ ʚ ʧʝʨʝʜʘʚʘʝʤʳʡ ʧʦ 

ʦʧʪʠʯʝʩʢʦʤʫ ʠʥʪʝʨʬʝʡʩʫ ʮʠʬʨʦʚʦʡ ʢʦʜ. ʇʨʝʜʣʘʛʘʝʤʦʝ ʫʩʪʨʦʡʩʪʚʦ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʬʦʪʦʥʥʳʡ ɸʎʇ ʩ ʦʧʪʠʯʝʩʢʦʡ ʜʠʩʢʨʝʪʠʟʘʮʠʝʡ ʠ ʦʧʪʠʯʝʩʢʠʤ ʢʚʘʥʪʦʚʘʥʠʝʤ, ʦʩʥʦʚʘʥʥʳʡ 

ʥʘ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʭ ʤʦʜʫʣʷʪʦʨʘʭ ʠ ʢʦʤʧʘʨʘʪʦʨʘʭ ʦʧʪʠʯʝʩʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʚʠʜʝ 

ʨʝʟʦʥʘʥʩʥʳʭ ʬʦʪʦʥʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ. 
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ELECTRO -OPTICAL ANALOG -TO-DIGITAL CONVERTER BASED 

ON PHOTONIC CRYSTAL STRUCTURES  

The concept of an electro-optical analog-to-digital converter with optical sampling and 

optical quantization, based on electro-optical modulators and optical intensity comparators 

based on resonant photonic crystal structures, is presented. Proposed device converts electrical 

voltage into a digital code transmitted via an optical interface. 

ʌʦʪʦʥʥʳʝ ʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʝ ɸʎʇ ʷʚʣʷʶʪʩʷ ʦʙʲʝʢʪʦʤ ʦʜʥʠʭ 

ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʧʨʝʦʜʦʣʝʥʠʝ 

ʦʛʨʘʥʠʯʝʥʠʡ ʪʨʘʜʠʮʠʦʥʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ɸʎʇ ʚ ʙʳʩʪʨʦʜʝʡʩʪʚʠʠ. ʆʩʥʦʚʥʳʤʠ 

ʦʛʨʘʥʠʯʠʚʘʶʱʠʤʠ ʬʘʢʪʦʨʘʤʠ ʵʣʝʢʪʨʦʥʥʳʭ ɸʎʇ ʷʚʣʷʶʪʩʷ ʚʨʝʤʝʥʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʵʣʝʢʪʨʦʥʥʦʡ ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʳ: ʥʝʦʧʨʝʜʝʣʸʥʥʦʩʪʴ ʢʦʤʧʘʨʘʪʦʨʦʚ, 

ʘʧʝʨʪʫʨʥʘʷ ʦʰʠʙʢʘ ʠ ʧʘʨʘʟʠʪʥʳʝ RC, ʦʛʨʘʥʠʯʠʚʘʶʱʠʝ ʧʦʣʦʩʫ ʩʠʛʥʘʣʘ, ʘ ʪʘʢʞʝ 

ʰʫʤʳ. ʌʦʪʦʥʥʳʝ ɸʎʇ ʣʠʰʝʥʳ ʤʥʦʛʠʭ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʭ ʥʝʜʦʩʪʘʪʢʦʚ: 

ʣʘʟʝʨʥʳʝ ʠʩʪʦʯʥʠʢʠ ʩʚʝʪʘ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʚʨʝʤʝʥʥʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ, ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ ʩʥʠʟʠʪʴ ʘʧʝʨʪʫʨʥʫʶ ʦʰʠʙʢʫ, ʘ ʦʧʪʠʯʝʩʢʠʝ 

ʤʝʪʦʜʳ ʢʚʘʥʪʦʚʘʥʠʷ ʩʠʛʥʘʣʘ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʦʩʭʦʜʷʪ ʚ ʩʢʦʨʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʝ 

[1,2].  

ʅʘʠʙʦʣʴʰʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣʠ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʝ ɸʎʇ ʥʘ ʦʩʥʦʚʝ 

ʤʦʜʫʣʷʪʦʨʦʚ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʛʦ ʪʠʧʘ, ʚ ʯʘʩʪʥʦʩʪʠ ï ʄʘʭʘ-ʎʝʥʜʝʨʘ. ɼʘʥʥʘʷ 

ʠʜʝʷ ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʘʚʥʦ, ʚ 1975 ʛ. [3], ʥʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʵʪʠ 

ɸʎʇ ʥʝ ʧʦʣʫʯʠʣʠ ʧʦ ʧʨʠʯʠʥʝ ʠʤʝʶʱʠʭʩʷ ʫ ʥʠʭ ʩʝʨʴʝʟʥʳʭ ʥʝʜʦʩʪʘʪʢʦʚ. 

ʆʩʥʦʚʥʳʝ ʠʟ ʥʠʭ ï ʵʪʦ ʩʣʦʞʥʦʩʪʴ ʠʟʛʦʪʦʚʣʝʥʠʷ, ʩʣʠʰʢʦʤ ʚʳʩʦʢʦʝ 

ʧʦʣʫʚʦʣʥʦʚʦʝ ʥʘʧʨʷʞʝʥʠʝ ʤʦʜʫʣʷʪʦʨʦʚ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʤʘʣʦʛʦ ʰʘʛʘ 
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ʢʚʘʥʪʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʦʪʩʫʪʩʪʚʠʝ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʦʧʪʠʯʝʩʢʦʛʦ 

ʢʚʘʥʪʦʚʘʥʠʷ. ʅʝʜʘʚʥʠʝ ʦʪʢʨʳʪʠʷ ʚ ʦʙʣʘʩʪʠ ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʧʣʘʥʘʨʥʳʭ ʩʪʨʫʢʪʫʨ, ʧʨʠʛʦʜʥʳʭ 

ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʦʧʪʠʯʝʩʢʠʭ ʢʦʤʧʘʨʘʪʦʨʦʚ ʠʥʪʝʥʩʠʚʥʦʩʪʠ [4,5]. 

ɼʘʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʦʜʠʬʠʢʘʮʠʶ channel drop ʬʠʣʴʪʨʦʚ, 
ʧʦʣʫʯʝʥʥʫʶ ʧʫʪʝʤ ʜʦʙʘʚʣʝʥʠʷ ʯʘʩʪʠʮ ʩ ʚʳʨʘʞʝʥʥʳʤ ʵʬʬʝʢʪʦʤ ʂʝʨʨʘ ʚ 

ʨʝʟʦʥʘʥʩʥʦʝ ʢʦʣʴʮʦ ʚ ʬʦʪʦʥʥʦʤ ʢʨʠʩʪʘʣʣʝ. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʨʝʟʦʥʘʥʩʥʦʝ ʢʦʣʴʮʦ 

ʧʨʦʧʫʩʢʘʝʪ ʯʝʨʝʟ ʩʝʙʷ ʦʧʪʠʯʝʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʚ ʦʧʨʝʜʝʣʸʥʥʦʤ ʜʠʘʧʘʟʦʥʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ ʦʧʪʠʯʝʩʢʦʛʦ ʢʚʘʥʪʦʚʘʥʠʷ. 

ɿʥʘʯʠʪʝʣʴʥʳʡ ʧʨʦʛʨʝʩʩ ʙʳʣ ʜʦʩʪʠʛʥʫʪ ʪʘʢʞʝ ʚ ʩʬʝʨʝ ʦʧʪʠʯʝʩʢʠʭ ʤʦʜʫʣʷʪʦʨʦʚ, 

ʟʘʢʣʶʯʘʶʱʠʡʩʷ ʚ ʩʦʟʜʘʥʠʠ ʬʘʟʦʚʨʘʱʘʪʝʣʝʡ ʥʦʚʦʛʦ ʪʠʧʘ: ʥʘ ʦʙʨʘʪʥʦʩʤʝʱʸʥʥʦʤ 

pn ʧʝʨʝʭʦʜʝ, ʥʘ ʄʆʇ ʢʦʥʜʝʥʩʘʪʦʨʘʭ, ʠ ʨʷʜʘ ʜʨʫʛʠʭ. ʊʘʢʞʝ ʙʳʣʠ ʦʩʚʦʝʥʳ 

ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʤʦʜʫʣʷʪʦʨʦʚ ʥʘ ʦʩʥʦʚʝ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʥʠʦʙʘʪʘ ʣʠʪʠʷ, 

ʯʝʨʝʜʫʶʱʠʭʩʷ pn ʧʝʨʝʭʦʜʘʭ ʠ ʧʦʣʠʤʝʨʘʭ. ɹʣʘʛʦʜʘʨʷ ʵʪʠʤ ʦʪʢʨʳʪʠʷʤ ʫʜʘʣʦʩʴ 

ʩʥʠʟʠʪʴ ʧʦʣʫʚʦʣʥʦʚʦʝ ʥʘʧʨʷʞʝʥʠʝ ʤʦʜʫʣʷʪʦʨʦʚ ʠ ʚʥʦʩʠʤʳʝ ʦʧʪʠʯʝʩʢʠʝ ʧʦʪʝʨʠ. 

ɺʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʝ ʜʦʩʪʠʞʝʥʠʷ ʚ ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʝ ʬʦʪʦʥʠʢʠ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ 

ʨʘʟʚʠʪʠʝʤ ʪʝʭʥʦʣʦʛʠʡ ʧʨʦʠʟʚʦʜʩʪʚʘ ʦʪʢʨʳʚʘʶʪ ʧʝʨʩʧʝʢʪʠʚʳ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʩ ʪʝʭʥʠʯʝʩʢʦʡ ʠ ʵʢʦʥʦʤʠʯʝʩʢʦʡ ʪʦʯʝʢ ʟʨʝʥʠʷ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ 

ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ɸʎʇ.  

ʇʨʠʥʮʠʧ ʜʝʡʩʪʚʠʷ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ɸʎʇ ʦʩʥʦʚʘʥ ʥʘ ʢʚʘʥʪʦʚʘʥʠʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʧʪʠʯʝʩʢʠʭ ʠʤʧʫʣʴʩʦʚ, ʧʦʩʪʫʧʘʶʱʠʭ ʠʟ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʭ 

ʤʦʜʫʣʷʪʦʨʦʚ ʧʨʠ ʧʦʤʦʱʠ ʢʦʤʧʘʨʘʪʦʨʦʚ ʦʧʪʠʯʝʩʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘ ʦʩʥʦʚʝ 

ʢʦʣʴʮʝʚʳʭ ʨʝʟʦʥʘʪʦʨʦʚ ʚ ʬʦʪʦʥʥʦʤ ʢʨʠʩʪʘʣʣʝ. ɼʠʩʢʨʝʪʠʟʘʮʠʷ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 

ʧʫʪʝʤ ʛʝʥʝʨʘʮʠʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʦʚ ʣʘʟʝʨʦʤ ʩ ʩʠʥʭʨʦʥʠʟʘʮʠʝʡ ʤʦʜ. 
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ʆʇʈɽɼɽʃɽʅʀɽ ʉʂʆʈʆʉʊʀ ɿɺʋʂɸ ɺ ʆʇʊʀʏɽʉʂʀʍ 

ɺʆʃʆʂʅɸʍ ʅɸ ʆʉʅʆɺɽ ʕʌʌɽʂʊɸ ɺʓʅʋɾɼɽʅʅʆɻʆ 

ʈɸʉʉɽʗʅʀʗ ʄɸʅɼɽʃʔʐʊɸʄɸ-ɹʈʀʃʃʖʕʅɸ 

ʇʨʝʜʩʪʘʚʣʝʥʥʘʷ ʨʘʙʦʪʘ ʥʘʧʨʘʚʣʝʥʘ ʥʘ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ ʧʦ ʩʦʟʜʘʥʠʶ ʫʥʠʚʝʨʩʘʣʴʥʦʛʦ 

ʫʩʪʨʦʡʩʪʚʘ ʧʦʚʝʨʢʠ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʠʭ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʢʦʤʧʣʝʢʩʦʚ. ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ 

ʩʦʟʜʘʚʘʝʤʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʦʩʥʦʚʘʥ ʥʘ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʥʝʣʠʥʝʡʥʦʛʦ ʵʬʬʝʢʪʘ - 

ʚʳʥʫʞʜʝʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʄʘʥʜʝʣʴʰʪʘʤʘ-ɹʨʠʣʣʶʵʥʘ (ɺʈʄɹ) - ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ 

ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʦʢʥʘʭ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʳʧʦʣʥʝʥʥʦʡ ʨʘʙʦʪʳ ʥʘ 

ʦʩʥʦʚʝ ʨʘʩʩʤʦʪʨʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʥʝʣʠʥʝʡʥʦʛʦ ʵʬʬʝʢʪʘ ʚ ʦʧʪʠʯʝʩʢʠʭ ʪʨʘʢʪʘʭ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ, ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʨʝʢʦʤʝʥʜʘʮʠʠ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʢʦʤʧʣʝʢʩʘ ʠ 

ʩʦʟʜʘʥʠʶ ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʤʝʪʦʜʠʢʠ ʧʦʚʝʨʢʠ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʪʠʧʘ PDV, 

VISAR ʠ ʌʘʙʨʠ-ʇʝʨʦ. 

A.A. TAVLEEV, YU. D. ARAPOV, P.V. KUBASOV, P.N. YAROSHCHUK 

N. L. Dukhov All-Russian Scientific Research Institute of Automatics, 

Moscow, Russia 

DETETMINATION OF SOUND SPEED IN OPTICAL FIBERS BASED 

ON THE STIMULATED MANDELSTAM -BRILLION SCATETING 

EFFECT 

This work is focused on creating multipurpose device for calibration of interferometric 

measuring systems. Operating principle of such device is based on appearing of a nonlinear 

effect ï stimulated Mandelstam-Brillion scattering (SMBS) which appears because of influence 

of laser radiation in optical fiber. As a result there were conducted investigations of parameters 

of nonlinear effect in optical paths under different conditions. There were formulated 

recommendations for designing device and methods for calibration of measuring systems such 

as PDV, VISAR, and Fabry-Perot. 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʫʜʘʨʥʦ-ʚʦʣʥʦʚʦʛʦ ʥʘʛʨʫʞʝʥʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʠʘʛʥʦʩʪʠʢʠ ʩʢʦʨʦʩʪʠ ʜʚʠʞʝʥʠʷ ʫʩʢʦʨʷʝʤʳʭ ʦʙʲʝʢʪʦʚ ʥʘ 

ʦʩʥʦʚʝ ʣʘʟʝʨʥʦ-ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʫʨʦʚʥʷ ʧʦʣʝʟʥʦʛʦ 

ʩʠʛʥʘʣʘ ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʤʝʥʷʪʴ ʠʩʪʦʯʥʠʢʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚʳʩʦʢʦʡ 

ʤʦʱʥʦʩʪʠ. ʇʨʠ ʵʪʦʤ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʢʘʥʘʣʦʚ ʨʝʛʠʩʪʨʘʮʠʠ ʯʘʩʪʦ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚʨʝʤʝʥʥʦʝ ʫʧʣʦʪʥʝʥʠʝ ʩ ʧʨʦʪʷʞʝʥʥʳʤʠ ʣʠʥʠʷʤʠ ʟʘʜʝʨʞʢʠ 

ʩʠʛʥʘʣʘ, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʧʨʦʷʚʣʝʥʠʶ ʥʝʣʠʥʝʡʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ 

[1]. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʦʜʠʥ ʠʟ ʧʦʜʦʙʥʳʭ ʵʬʬʝʢʪʦʚ 

ï ʚʳʥʫʞʜʝʥʥʦʝ ʨʘʩʩʝʷʥʠʝ ʄʘʥʜʝʣʴʰʪʘʤʘ-ɹʨʠʣʣʶʵʥʘ ï ʯʪʦʙʳ ʩʦʟʜʘʪʴ 
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ʘʧʧʘʨʘʪʫʨʫ ʜʣʷ ʧʦʚʝʨʢʠ ʢʦʤʧʣʝʢʩʦʚ ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ ʪʠʧʘ PDV, VISAR ʠ 

ʌʘʙʨʠ-ʇʝʨʦ. 

ʉʦʟʜʘʥʠʝ ʫʥʠʚʝʨʩʘʣʴʥʦʛʦ ʩʪʝʥʜʘ ʜʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʠ ʧʦʚʝʨʢʠ ʣʘʟʝʨʥʦ-

ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʠʭ ʧʨʠʙʦʨʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ, 

ʢʦʪʦʨʘʷ ʦʙʝʩʧʝʯʠʪ ʚʦʟʤʦʞʥʦʩʪʴ ʢʘʣʠʙʨʦʚʢʠ ʠ ʧʦʚʝʨʢʠ ʟʘ ʩʯʝʪ ʠʟʤʝʨʝʥʠʷ 

ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʩʜʚʠʛʘ ʦʪʨʘʞʝʥʥʦʛʦ ʥʘʟʘʜ ʩʠʛʥʘʣʘ, ʦʙʫʩʣʦʚʣʝʥʥʦʛʦ ʵʬʬʝʢʪʦʤ 

ɺʈʄɹ ʚ ʦʧʪʠʯʝʩʢʦʤ ʚʦʣʦʢʥʝ.  

ɺʈʄɹ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʝʣʠʥʝʡʥʳʡ ʧʨʦʮʝʩʩ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ 

ʚʦʟʥʠʢʘʪʴ ʚ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʦʢʥʘʭ ʧʨʠ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʤʥʦʛʦ ʤʝʥʴʰʝʡ, ʯʝʤ 

ʪʨʝʙʫʝʪʩʷ ʜʣʷ ʧʨʦʯʠʭ ʥʝʣʠʥʝʡʥʳʭ ʵʬʬʝʢʪʦʚ [2]. ʆʥ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʚʠʜʝ 

ʛʝʥʝʨʘʮʠʠ ʩʪʦʢʩʦʚʦʡ ʚʦʣʥʳ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʡʩʷ ʚ ʦʙʨʘʪʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʠ 

ʩʦʜʝʨʞʘʱʝʡ ʥʘʠʙʦʣʴʰʫʶ ʯʘʩʪʴ ʥʘʯʘʣʴʥʦʡ ʵʥʝʨʛʠʠ. ɺʝʣʠʯʠʥʘ ʩʧʝʢʪʨʘʣʴʥʦʛʦ 

ʩʜʚʠʛʘ ʟʘʚʠʩʠʪ ʦʪ ʩʢʦʨʦʩʪʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʦʙʨʘʟʫʶʱʝʡʩʷ ʚ ʦʧʪʠʯʝʩʢʦʤ 

ʚʦʣʦʢʥʝ. ʇʦʩʢʦʣʴʢʫ ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʚ ʩʨʝʜʝ ʷʚʣʷʝʪʩʷ ʚʝʣʠʯʠʥʦʡ ʠʟʤʝʨʠʤʦʡ ʠ 

ʠʟʚʝʩʪʥʦʡ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ, ʪʦ ʵʪʦ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʢʘʣʠʙʨʦʚʢʠ ʠ 

ʧʦʚʝʨʢʠ ʣʘʟʝʨʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʠʟʤʝʨʠʪʝʣʝʡ ʩʢʦʨʦʩʪʠ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ 

ʦʪʨʘʙʦʪʢʠ ʦʧʪʠʯʝʩʢʦʡ ʩʭʝʤʳ ʜʣʷ ʥʘʙʣʶʜʝʥʠʷ ʵʬʬʝʢʪʘ ɺʈʄɹ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʫʩʣʦʚʠʷʭ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʩʜʚʠʛʘ ʥʘ ʦʩʥʦʚʝ ʛʝʪʝʨʦʜʠʥʥʦʛʦ 

ʧʨʠʥʮʠʧʘ. ɺʳʧʦʣʥʝʥʳ ʦʮʝʥʢʠ ʜʣʷ ʚʝʣʠʯʠʥʳ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʜʣʷ ʦʧʪʠʯʝʩʢʠʭ 

ʚʦʣʦʢʦʥ ʩ ʩʝʨʜʮʝʚʠʥʦʡ ʠʟ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʤʘʪʝʨʠʘʣʦʚ. ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ 

ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʩ ʨʘʩʯʝʪʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʚ ʦʧʪʠʯʝʩʢʠʭ 

ʚʦʣʦʢʥʘʭ. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʩʬʦʨʤʠʨʦʚʘʥʳ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ 

ʧʦʩʪʨʦʝʥʠʶ ʧʦʚʝʨʦʯʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʜʣʷ ʣʘʟʝʨʥʦ-ʛʝʪʝʨʦʜʠʥʥʳʭ ʠʟʤʝʨʠʪʝʣʴʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ. 
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ʄʦʩʢʚʘ 
3ʀʥʩʪʠʪʫʪ ʅʝʝʣʷ ʅʎʅʀ, ɻʨʝʥʦʙʣʴ 

 

ʂʆʃʃɽʂʊʀɺʅʓʁ ʊʈɸʅʉʇʆʈʊ ɺʆʃʅʓ ɿɸʈʗɼʆɺʆʁ 

ʇʃʆʊʅʆʉʊʀ, ʀʅʀʎʀʀʈʆɺɸʅʅʓʁ ʄɸɻʅʀʊʅʓʄ ʇʆʃɽʄ 

ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʢʦʣʣʝʢʪʠʚʥʦʛʦ ʜʚʠʞʝʥʠʷ ʚʦʣʥʳ ʟʘʨʷʜʦʚʦʡ 

ʧʣʦʪʥʦʩʪʠ (ɺɿʇ) ʚ ʤʠʢʨʦʤʦʩʪʠʢʘʭ ʥʘ ʦʩʥʦʚʝ NbSe3, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ 

ʮʝʧʦʯʢʘʤ ɺɿʇ, ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. ʆʙʥʘʨʫʞʝʥ ʵʬʬʝʢʪ ʧʦʚʪʦʨʥʦʛʦ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʩʢʦʣʴʞʝʥʠʷ ɺɿʇ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪ 4 ʂ ʜʦ 50 ʂ. ʊʝʤ ʩʘʤʳʤ ʧʦʣʫʯʝʥʦ 

ʧʨʷʤʦʝ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ, ʯʪʦ ʜʘʥʥʳʡ ʵʬʬʝʢʪ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʦʤ ʩʢʦʣʴʞʝʥʠʷ ɺɿʇ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʍʦʣʣʘ, ʧʦʨʦʞʜʘʝʤʦʛʦ ʥʦʨʤʘʣʴʥʳʤ ʪʦʢʦʤ ʚ ʥʘʧʨʘʚʣʝʥʠʠ 

ʧʦʧʝʨʝʢ ʮʝʧʦʯʝʢ. 
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CHARGE DENSITY WAVE COLLECTIVE ELECTRON 

TRANSPORT INITIATED BY MAGNETIC FIELD  

The possibility of collective motion of a charge density wave (CDW) in microbridges 

based on NbSe3 oriented perpendicular to the chains of the CDW in a magnetic field is 

demonstrated. The effect of the re-occurrence of CDW sliding with an increase in temperature 

from 4 K to 50 K was found. Thus, direct evidence is obtained that this effect is the CDW 

sliding e under the action of the Hall electric field generated by a normal current in the direction 

across the chains.  

 ʂʦʣʣʝʢʪʠʚʥʦʝ ʜʚʠʞʝʥʠʝ (ʩʢʦʣʴʞʝʥʠʝ) ʚʦʣʥ ʟʘʨʷʜʦʚʦʡ 

ʧʣʦʪʥʦʩʪʠ (ɺɿʇ) ʚ ʢʚʘʟʠʦʜʥʦʤʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʨʝʟʢʦʤ 

ʚʦʟʨʘʩʪʘʥʠʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʷʭ, ʧʨʝʚʳʰʘʶʱʠʭ ʥʝʢʦʪʦʨʦʝ 

ʧʦʨʦʛʦʚʦʝ ʧʦʣʝ E>Et, ʦʧʨʝʜʝʣʷʝʤʦʝ ʧʠʥʥʠʥʛʦʤ [1]. ɺ ʦʙʳʯʥʦʡ ʛʝʦʤʝʪʨʠʠ 

ʧʨʦʥʠʢʥʦʚʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʧʨʠʣʦʞʝʥʠʝʤ ʚʥʝʰʥʝʛʦ 

ʥʘʧʨʷʞʝʥʠʷ, ʩʦʧʨʦʚʦʞʜʘʝʤʳʤ ʪʦʢʦʤ ʥʦʨʤʘʣʴʥʳʭ ʥʦʩʠʪʝʣʝʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ, 

ʵʬʬʝʢʪ ʩʢʦʣʴʞʝʥʠʷ ʚʦʟʥʠʢʘʝʪ ʧʨʠ ʙʦʣʴʰʦʤ ʥʦʨʤʘʣʴʥʦʤ ʪʦʢʝ ʧʨʦʪʝʢʘʶʱʝʤ ʚ 

ʪʦʤ ʞʝ ʥʘʧʨʘʚʣʝʥʠʠ, ʧʨʠʚʦʜʷʱʝʤʫ ʢ ʵʬʬʝʢʪʘʤ ʪʨʝʥʠʷ ɺɿʇ ʠ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ 

ʜʞʦʫʣʝʚʫ ʨʘʟʦʛʨʝʚʫ. 
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 ʅʝʜʘʚʥʦ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʛʝʦʤʝʪʨʠʠ 

ʧʨʦʧʫʩʢʘʥʠʷ ʪʦʢʘ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʦʧʝʨʝʢ ʮʝʧʦʯʝʢ ɺɿʇ ʚ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘʭ ʥʘ 

ʦʩʥʦʚʝ NbSe3 ʚ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʚʦʟʥʠʢʘʝʪ ʩʠʣʴʥʘʷ ʧʦʨʦʛʦʚʘʷ 

ʥʝʣʠʥʝʡʥʦʩʪʴ [2]. ɺʳʰʝ ʥʝʢʦʪʦʨʦʛʦ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ ʪʦʢʘ ʧʨʦʚʦʜʠʤʦʩʪʴ 

ʤʠʢʨʦʤʦʩʪʠʢʦʚ ʨʝʟʢʦ ʫʤʝʥʴʰʘʝʪʩʷ ʧʦʯʪʠ ʥʘ ʧʦʨʷʜʦʢ. ɼʘʥʥʳʡ ʥʝʣʠʥʝʡʥʳʡ 

ʨʝʞʠʤ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʛʝʥʝʨʘʮʠʝʡ ʢʦʛʝʨʝʥʪʥʦʛʦ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʧʨʦʷʚʣʷʶʱʝʛʦʩʷ ʥʘ ʚʦʣʴʪ-ʘʤʧʝʨʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʩʪʨʫʢʪʫʨ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʥʘʣʦʞʝʥʠʠ ʧʦʩʪʦʷʥʥʦʛʦ ʠ 

ʧʝʨʝʤʝʥʥʦʛʦ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ ʚ ʚʠʜʝ ʪʦʢʦʚʳʭ ʩʪʫʧʝʥʝʡ 

ʐʘʧʠʨʦ, ʵʢʚʠʜʠʩʪʘʥʪʥʳʭ ʧʦ ʥʘʧʨʷʞʝʥʠʶ, ʪʘʢʞʝ ʢʘʢ ʠ ʧʨʠ ʥʝʩʪʘʮʠʦʥʘʨʥʦʤ 

ʵʬʬʝʢʪʝ ɼʞʦʟʝʬʩʦʥʘ ʚ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘʭ. ʄʳ ʧʦʢʘʟʳʚʘʝʤ, ʯʪʦ ʜʘʥʥʳʡ ʵʬʬʝʢʪ 

ʷʚʣʷʝʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʩʢʦʣʴʞʝʥʠʝʤ ɺɿʇ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʍʦʣʣʘ, ʧʦʨʦʞʜʘʝʤʦʛʦ ʪʦʢʦʤ ʥʦʨʤʘʣʴʥʳʭ ʥʦʩʠʪʝʣʝʡ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʦʧʝʨʝʢ 

ʮʝʧʦʯʝʢ [3]. ʇʨʠ ʵʪʦʤ ʚʝʣʠʯʠʥʘ ʪʦʢʘ ɺɿʇ ʧʦʯʪʠ ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ ʧʨʝʚʦʩʭʦʜʠʪ 

ʧʦʨʦʞʜʘʶʱʠʡ ʝʛʦ ʪʦʢ ʥʦʨʤʘʣʴʥʳʭ ʥʦʩʠʪʝʣʝʡ. ʊʦʢ ɺɿʇ ʧʦʣʥʦʩʪʴʶ 

ʢʦʤʧʝʥʩʠʨʫʝʪʩʷ ʦʙʨʘʪʥʳʤ ʧʨʦʪʠʚʦʪʦʢʦʤ ʥʦʨʤʘʣʴʥʳʭ ʥʦʩʠʪʝʣʝʡ, ʢʦʪʦʨʳʡ, ʚ 

ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʥʘʧʨʷʞʝʥʠʷ ʍʦʣʣʘ ʫʞʝ ʚ ʥʘʧʨʘʚʣʝʥʠʠ 

ʧʦʧʝʨʝʢ ʮʝʧʦʯʝʢ ɺɿʇ, ʢʦʪʦʨʦʝ ʠ ʠʟʤʝʨʷʝʪʩʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ. ʇʝʪʣʷ ʩ ʥʫʣʝʚʦʡ 

ʩʫʤʤʦʡ ʵʪʠʭ ʜʚʫʭ ʪʦʢʦʚ ʟʘʤʢʥʫʪʘ ʧʝʨʠʦʜʠʯʝʩʢʠʤʠ ʧʨʦʮʝʩʩʘʤʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʟʘʨʷʜʘ ʧʦʩʨʝʜʩʪʚʦʤ ʧʨʦʩʢʘʣʴʟʳʚʘʥʠʷ ʬʘʟʳ, ʧʦʨʦʞʜʘʷ ʩʧʦʥʪʘʥʥʳʝ ʢʦʛʝʨʝʥʪʥʳʝ 

ʦʩʮʠʣʣʷʮʠʠ. ɺ ʜʘʥʥʦʤ ʩʮʝʥʘʨʠʠ ʢʦʣʣʝʢʪʠʚʥʦʝ ʜʚʠʞʝʥʠʝ ɺɿʇ ʥʘʯʠʥʘʝʪʩʷ ʧʨʠ 

ʧʦʣʥʦʤ ʦʪʩʫʪʩʪʚʠʠ ʪʦʢʘ ʥʦʨʤʘʣʴʥʳʭ ʥʦʩʠʪʝʣʝʡ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʚʜʦʣʴ ʮʝʧʦʯʝʢ 

ɺɿʇ. ʂʦʣʣʝʢʪʠʚʥʳʡ ʪʨʘʥʩʧʦʨʪ ɺɿʇ ʚ ʪʘʢʦʡ ʛʝʦʤʝʪʨʠʠ ʚʦ ʤʥʦʛʠʭ ʘʩʧʝʢʪʘʭ 

ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʩʢʦʣʴʞʝʥʠʷ ɺɿʇ ʚ ʦʙʳʯʥʦʡ ʛʝʦʤʝʪʨʠʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʧʨʠʣʦʞʝʥʥʦʛʦ ʚʥʝʰʥʝʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʊʘʢ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʦʙʳʯʥʦʡ ʛʝʦʤʝʪʨʠʠ, 

ʧʨʦʚʦʜʠʤʦʩʪʴ ɺɿʇ ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʝʪ ʧʨʠ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. ʆʙʥʘʨʫʞʝʥ 

ʥʝʦʙʳʯʥʳʡ ʨʘʟʤʝʨʥʳʡ ʵʬʬʝʢʪ: ʚ ʫʟʢʠʭ, ʰʠʨʠʥʦʡ ʤʝʥʝʝ 2 ʤʢʤ, ʤʠʢʨʦʤʦʩʪʠʢʘʭ, 

ʥʘʙʣʶʜʘʝʪʩʷ ʩʠʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʨʦʛʦʚʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠʥʠʮʠʘʮʠʠ 

ʜʚʠʞʝʥʠʷ ɺɿʇ ʦʪ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʧʦʣʥʦʩʪʴʶ ʦʪʩʫʪʩʪʚʫʶʱʘʷ ʚ ʦʙʳʯʥʦʡ 

ʛʝʦʤʝʪʨʠʠ.  

 ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʛʨʘʥʪ ˉ 18-02-00295. 
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QUANTUM JOSEPHSON EFFECT AND ITS APPLICATION IN THE 

CONSTRUCTION OF THE STANDARD VOLTA  

 ɿʘ ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʵʪʘʣʦʥʦʚ ʩʪʘʣʠ 

ʧʨʠʤʝʥʷʪʴ ʥʦʚʳʝ ʬʠʟʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ, ʜʦʩʪʘʪʦʯʥʦ ʠʟʫʯʝʥʥʳʝ ʬʠʟʠʢʘʤʠ: 

ʢʚʘʥʪʦʚʳʡ ʵʬʬʝʢʪ ɼʞʦʟʝʬʩʦʥʘ, ʢʚʘʥʪʦʚʳʡ ʵʬʬʝʢʪ ʍʦʣʣʘ, ʵʬʬʝʢʪ ʄʝʡʩʥʝʨʘ, 

ʵʬʬʝʢʪ ʄʝʩʩʙʘʫʵʨʘ ʠ ʜʨ. ʦʩʦʙʝʥʥʦ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ ʚ ʨʘʟʚʠʪʠʠ ʵʪʘʣʦʥʥʦʡ 

ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʪʝʭʥʠʢʠ, ʘ ʚ ʙʫʜʫʱʝʤ ʠ ʨʘʙʦʯʠʭ ʩʨʝʜʩʪʚ ʠʟʤʝʨʝʥʠʡ ʠʤʝʶʪ 

ʢʚʘʥʪʦʚʳʝ ʵʬʬʝʢʪʳ ɼʞʦʟʝʬʩʦʥʘ ʠ ʍʦʣʣʘ. 

 ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʥʠʞʝ ʦʧʨʝʜʝʣʝʥʥʦʡ, ʩʚʦʡʩʪʚʝʥʥʦʡ ʜʘʥʥʦʤʫ 

ʤʝʪʘʣʣʫ ʠʣʠ ʩʧʣʘʚʫ, ʥʘʟʳʚʘʝʤʦʡ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʊʢʨ, ʦʥ ʧʝʨʝʭʦʜʠʪ ʚ 

ʦʩʦʙʦʝ, ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʝ ʩʦʩʪʦʷʥʠʝ, ʚ ʢʦʪʦʨʦʤ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʤʘʛʥʠʪʥʳʝ 

ʩʚʦʡʩʪʚʘ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʪʝʭ, ʢʦʪʦʨʳʝ ʤʝʪʘʣʣ (ʩʧʣʘʚ) ʠʤʝʝʪ ʧʨʠ 

ʦʙʳʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ʕʬʬʝʢʪ ɼʞʦʟʝʬʩʦʥʘ ʚʦʟʥʠʢʘʝʪ ʤʝʞʜʫ ʜʚʫʤʷ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘʤʠ, 

ʦʙʨʘʟʫʶʱʠʤʠ ʪʫʥʥʝʣʴʥʳʡ ʢʦʥʪʘʢʪ. ɽʩʣʠ ʜʚʘ ʧʨʦʚʦʜʥʠʢʘ (ʚ ʦʙʳʯʥʦʤ 

ʩʦʪʩʦʷʥʠʠ0 ʨʘʟʜʝʣʝʥʳ ʦʢʠʩʥʦʡ ʧʣʝʥʢʦʡ ʪʦʣʱʠʥʦʡ ʧʦʨʷʜʢʘ 10-7 ʩʤ, ʪʦ ʠʟ-ʟʘ 

ʪʫʥʥʝʣʴʥʦʛʦ ʵʬʬʝʢʪʘ ʵʣʝʢʪʨʦʥʳ ʧʝʨʝʭʦʜʷʪ ʠʟ ʦʜʥʦʛʦ ʧʨʦʚʦʜʥʠʢʘ ʚ ʜʨʫʛʦʡ ʠ 

ʤʝʞʜʫ ʥʠʤʠ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʨʘʚʥʦʚʝʩʠʝ (ʨʘʟʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ 

ʤʝʞʜʫ ʧʨʦʚʦʜʥʠʢʘʤʠ ʨʘʚʥʦ ʥʫʣʶ). ɽʩʣʠ ʞʝ ʢ ʧʨʦʚʦʜʥʠʢʘʤ ʧʨʠʣʦʞʠʪʴ ʠʟʚʥʝ 

ʨʘʟʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ, ʪʦ ʯʝʨʝʟ ʪʫʥʥʝʣʴʥʳʡ ʢʦʥʪʘʢʪ ʙʫʜʝʪ ʧʨʦʪʝʢʘʪʴ 

ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ. 

ɽʩʣʠ ʪʫʥʥʝʣʴʥʳʡ ʢʦʥʪʘʢʪ ʦʙʨʘʟʫʝʪʩʷ ʤʝʞʜʫ ʜʚʫʤʷ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘʤʠ, 

ʪʦ ʚʦʟʥʠʢʘʝʪ ʵʬʬʝʢʪ ɼʞʦʟʝʬʩʦʥʘ (ʩʪʘʮʠʦʥʘʨʥʳʡ ʠʣʠ ʥʝʩʪʘʮʠʦʥʘʨʥʳʡ), 

ʦʪʢʨʳʪʳʡ ʘʥʛʣʠʡʩʢʠʤ ʫʯʝʥʥʳʤ ɹ.ɼʞʦʟʝʬʩʦʥʦʤ ʚ 1962 ʛ. ʊʫʥʥʝʣʴʥʳʡ ʢʦʥʪʘʢʪ 

ʧʨʠ ʵʪʦʤ ʯʘʩʪʦ ʥʘʟʳʚʘʶʪ ʜʞʦʟʝʬʩʦʥʦʚʩʢʠʤ. 

ʅʝʩʪʘʮʠʦʥʘʨʥʳʡ ʵʬʬʝʢʪ ɼʞʦʟʝʬʩʦʥʘ ʚʦʟʥʠʢʘʝʪ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʢ 

ʜʞʦʟʝʬʩʦʥʦʚʩʢʦʤʫ ʢʦʥʪʘʢʪʫ ʧʨʠʢʣʘʜʳʚʘʝʪʩʷ ʧʦʩʪʦʷʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ U. ʇʨʠ 

ʵʪʦʤ ʯʝʨʝʟ ʢʦʥʪʘʢʪ ʙʫʜʝʪ ʧʨʦʪʝʢʘʪʴ ʧʝʨʝʤʝʥʥʳʡ ʪʦʢ. 
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   Ὥὸ  ὍίὭὲ• ςὩȾ ὬὟὸȟ  

 (1) 

ɻʜʝ I0 ʠ ű0 ï ʧʦʩʪʦʷʥʥʳʝ ʚʝʣʠʯʠʥʳ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʘʤʧʣʠʪʫʜʫ ʩʠʣʳ 

ʧʦʩʪʦʷʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʠ ʥʘʯʘʣʴʥʫʶ ʬʘʟʫ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; e = 1,602 ʭ 

10-19 ʂʣ ï ʟʘʨʷʜ ʵʣʝʢʪʨʦʥʘ (ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ 3-ʛʦ ʟʥʘʢʘ ʧʦʩʣʝ ʟʘʧʷʪʦʡ); h = 6,626 . 

10-34 ɼʞ . ʩ ï ʧʦʩʪʦʷʥʥʘʷ ʇʣʘʥʢʘ. 

ʀʟ ʵʪʦʛʦ ʩʣʝʜʫʝʪ ʦʯʝʚʠʜʥʦʝ ʚʳʨʘʞʝʥʠʝ 

   ςὩȾὬὟȟ     (2)  ‫ 

ʛʜʝ ɤ = 2ˊf ï ʢʨʫʛʦʚʘʷ ʯʘʩʪʦʪʘ. 

ɺʝʣʠʯʠʥʘ ɤ/U=2e/h = 483,59767 ʄɻʮ/ʤʢɺ ʷʚʣʷʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ 

ɼʞʦʟʝʬʩʦʥʘ. 

ʅʝʩʪʘʥʜʘʨʪʥʳʡ ʵʬʬʝʢʪ ɼʞʝʟʝʬʩʦʥʘ ʦʙʨʘʪʠʤ: ʝʩʣʠ ʜʞʦʟʝʬʤʦʥʦʚʩʢʠʡ 

ʢʦʥʪʘʢʪ ʦʙʣʫʯʘʪʴ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʩ ʯʘʩʪʦʪʦʡ w, ʪʦ ʥʘ ʢʦʥʪʘʢʪʝ 

ʥʘʧʨʷʞʝʥʠʝ ʙʫʜʝʪ ʩʪʫʧʝʥʯʘʪʳʤ ʦʙʨʘʟʦʤ ʠʟʤʝʥʷʪʴʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʯʘʩʪʦʪʳ 

ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩ ʟʘʚʠʩʠʤʦʩʪʴʶ 

    U = n(h/2e)f,   

 (3) 

ɻʜʝ f ï ʯʘʩʪʦʪʘ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 
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CAPACITIVE EFFECTS FOR CONSTRUCTION OF EF TENSION 

SENSORS 

ʆʙʟʦʨ ʬʠʟʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ, ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʚʦʟʤʦʞʥʳʭ ʜʣʷ 

ʧʦʩʪʨʦʝʥʠʷ ʜʘʪʯʠʢʦʚ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʕʇ ʧʨʦʤʳʰʣʝʥʥʦʡ ʯʘʩʪʦʪʳ, ʧʨʦʚʦʜʠʣʩʷ ʩ 

ʧʦʟʠʮʠʡ ʢʣʘʩʩʠʬʠʢʘʮʠʠ, ʧʨʝʜʣʦʞʝʥʥʦʡ ɺ.ʗ. ʃʦʞʥʠʢʦʚʳʤ ʚ ʨʘʙʦʪʘʭ ʇʨʠ ʵʪʦʤ 

ʧʦʜ ʬʠʟʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ ʧʦʥʠʤʘʝʪʩʷ ʯʘʩʪʥʦʝ (ʢʦʥʢʨʝʪʥʦʝ) ʧʨʦʷʚʣʝʥʠʝ 

ʬʠʟʠʯʝʩʢʦʛʦ ʷʚʣʝʥʠʷ, ʘ ʧʦʜ ʬʠʟʠʯʝʩʢʠʤ ʷʚʣʝʥʠʝʤ ïʠʟʤʝʥʝʥʠʝ ʩʚʦʡʩʪʚʘ 

ʬʠʟʠʯʝʩʢʦʛʦ ʪʝʣʘ. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʦʩʪʨʦʝʥʠʷ ʜʘʪʯʠʢʦʚ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʕʇ 

ʥʘʠʙʦʣʴʰʠʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪ ʦʜʠʥʘʨʥʳʝ ʠ ʜʚʦʡʥʳʝ ʬʠʟʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ, 

ʧʨʦʷʚʣʷʶʱʠʝʩʷ ʧʨʠ ʦʜʥʦʤʠ ʜʚʫʭʚʦʟʜʝʡʩʪʚʠʷʭ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʅʘ ʦʜʠʥʘʨʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʵʬʬʝʢʪʘʭ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʚʦʟʤʦʞʥʳ ʜʝʚʷʪʴ 

ʪʠʧʦʚ, ʘ ʥʘ ʜʚʦʡʥʳʭ ï ʩʝʤʴʜʝʩʷʪ ʜʚʘ ʪʠʧʘ ʜʘʪʯʠʢʦʚ. ʆʜʥʘʢʦ, ʫʯʠʪʳʚʘʷ, ʯʪʦ 

ʧʦʜʘʚʣʷʶʱʝʝ ʙʦʣʴʰʠʥʩʪʚʦ ʜʚʦʡʥʳʭ ʬʠʟʠ-ʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʤʘʣʦ ʠʟʫʯʝʥʦ,ʠ 

ʧʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ ʦʪʩʫʪʩʪʚʠʝ ʚ ʣʠʪʝʨʘʪʫʨʝ ʩʚʝʜʝʥʠʡ ʦ ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʭ 

ʠʟʤʝʥʝʥʠʷʭ ʨʘʜʠʦʘʢʪʠʚʥʳʭ, ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʬʠʟʠʯʝʩʢʠʭ ʪʝʣ ʠ ʠʭ 

ʚʨʝʤʝʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʕʇ, ʢʨʠʪʠʯʝʩʢʦʡ ʦʮʝʥʢʝ ʙʳʣʠ 

ʧʦʜʚʝʨʛʥʫʪʳ ʰʝʩʪʴ ʛʨʫʧʧ ʦʜʠʥʘʨʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ: 

1)ʵʣʝʢʪʨʦʵʣʝʢʪʨʠʯʝʩʢʠʝ; 2)ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ; 3) ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʝ; 

4)ʵʣʝʢʪʨʦʪʝʧʣʦʚʳʝ; 5) ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʝ; 6) ʵʣʝʢʪʨʦʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ. 

ʂ ʝʤʢʦʩʪʥʳʤ ʵʬʬʝʢʪʘʤ ʦʪʥʦʩʷʪʩʷ ʵʬʬʝʢʪʳ ʠʟʤʝʥʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʥʝʢʦʪʦʨʳʭ ʜʠʵʣʝʢʪʨʠʢʦʚ (ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ, 

ʬʝʨʨʦʜʠʵʣʝʢʪʨʠʢʦʚ) ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʕʇ. ʀʟʤʝʥʝʥʠʝ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʕʇ ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʚʥʝʰʥʝʝ ʧʦʣʝ ʚʳʟʳʚʘʝʪ ʚ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘʭ ʧʦʣʷʨʠʟʘʮʠʶ ʥʝ ʪʦʣʴʢʦ ʟʘ ʩʯʝʪ ʩʤʝʱʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʟʘʨʷʜʦʚ, ʥʦ ʠ ʟʘ ʩʯʝʪʩʤʝʱʝʥʠʷ ʠ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʮʝʣʳʭ ʦʙʣʘʩʪʝʡ ʜʦʤʝʥʦʚ. 

ɽʤʢʦʩʪʥʳʝ ʵʬʬʝʢʪʳ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʜʘʪʯʠʢʦʚ 

ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʕʇ ɺ ʦʜʥʠʭ ʜʘʪʯʠʢʘʭ ʚ ʢʘʯʝʩʪʚʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢ, ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʤʝʞʜʫ ʦʙʢʣʘʜʢʘʤʠ 

ʢʦʥʜʝʥʩʘʪʦʨʘ. ʂʦʥʜʝʥʩʘʪʦʨ ʚʳʩʪʫʧʘʝʪ ʚ ʨʦʣʠʤʦʜʫʣʷʪʦʨʘ ʪʦʢʘ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ 
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ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʕʇ ʝʤʢʦʩʪʠ ʚ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʮʝʧʠ. ʀʟʤʝʥʝʥʠʝ ʪʦʢʘ ʚ ʮʝʧʠ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʠʟʤʝʨʷʝʤʦʡ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʕʇ. ɺ ʜʨʫʛʠʭ ʜʘʪʯʠʢʘʭ ʚ ʢʘʯʝʩʪʚʝ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢ ʚʘʨʠʢʘʧʘ, ʠʟʤʝʥʷʶʱʝʛʦ 

ʩʚʦʶ ʝʤʢʦʩʪʴ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʕʇ. ɺʘʨʠʢʘʧ ʚʢʣʶʯʘʝʪʩʷ ʚ 

ʤʦʩʪʦʚʫʶ ʮʝʧʴ. ʇʨʠ ʧʦʣʥʦʡ ʢʦʤʧʝʥʩʘʮʠʠ ʤʦʩʪʦʚʦʡ ʮʝʧʠ ʥʘ ʝʸ ʚʳʭʦʜʝ 

ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʥʘʧʨʷʞʝʥʠʝ, ʚʝʣʠʯʠʥʘ ʠ ʟʥʘʢ ʢʦʪʦʨʦʛʦ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʤʦʜʫʣʶ 

ʠ ʥʘʧʨʘʚʣʝʥʠʶ ʚʝʢʪʦʨʘ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʕʇ. 

ɼʘʪʯʠʢʠ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʝʤʢʦʩʪʥʦʤ ʵʬʬʝʢʪʝ, ʦʙʣʘʜʘʶʪ ʥʝʣʠʥʝʡʥʳʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ Ů=ώ(E), Ů -ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ; E -ʥʘʧʨʷʞʝʥʥʦʩʪʴ 

ʕʇ) 
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ʇ.ʄ. ʄɸʊʗʂʋɹʆɺɸ, ʈ.ʈ. ʂʋʃʋɽɺ, ʂ.ʅ. ʕʈɻɸʐɽɺɸ 
ʊʘʰɻʊʋ, ʊʘʰʢʝʥʪ, ʈʝʩʧʫʙʣʠʢʘ ʋʟʙʝʢʠʩʪʘʥ 

 

ʈɸɿʈɸɹʆʊʂɸ ʇʈʆɻʈɸʄʄʅʆ-ɸʇʇɸʈɸʊʅʆɻʆ ʂʆʄʇʃɽʂʉɸ 

ɼʃʗ ʂʆʊʈʆʃʗ ʆʇʊʀʏɽʉʂʆɻʆ ʂɸʏɽʉʊɺɸ 

ʄʆʅʆʂʈʀʉʊɸʃʃʀʏɽʉʂʀʍ ʆʇʊʆʕʃɽʂʊʈʆʅʅʓʍ 

ʕʃɽʄɽʅʊʆɺ ʄɽʊʆɼʆʄ ʃɸɿɽʈʅʆʁ ʂʆʅʆʉʂʆʇʀʀ 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʠ ʪʝʭʥʠʯʝʩʢʘʷ ʨʝʘʣʠʟʘʮʠʷ 

ʥʦʚʦʛʦ ʚʳʩʦʢʦʪʦʯʥʦʛʦ ʤʝʪʦʜʘ ʢʦʥʪʨʦʣʷ ʦʧʪʠʯʝʩʢʦʡ ʦʜʥʦʨʦʜʥʦʩʪʠ ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʳʭ 

ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ, ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ.  

P.M. MATYAKUBOVA, R.R. KULUEV 

Tashkent State Technical University, Tashkent, Republic of Uzbekistan 

DEVELOPMENT OF A SOFTWARE AND HARDWARE COMPLEX 

FOR MONITORING OF OPTICAL QUALITY OF SINGLE CRYSTAL 

OPTOELECTRONIC ELEMENTS BY THE METHOD OF LASER 

CONOSCOPY 

The purpose of this study is the development and technical implementation of a new high-

precision method for monitoring the optical uniformity of large-sized single crystals used in 

modern optoelectronic devices. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʚ 

ʢʨʠʩʪʘʣʣʘʭ ʧʨʠʤʝʥʷʝʪʩʷ ʤʝʪʦʜ ʣʘʟʝʨʥʦʡ ʢʦʥʦʩʢʦʧʠʠ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʘʥʘʣʠʟʝ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʭ (ʢʦʥʦʩʢʦʧʠʯʝʩʢʠʭ) ʢʘʨʪʠʥ, ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ 

ʯʝʨʝʟ ʦʧʪʠʯʝʩʢʠʡ ʢʨʠʩʪʘʣʣ ʢʦʥʠʯʝʩʢʠʭ ʧʫʯʢʦʚ ʣʘʟʝʨʥʦʛʦ ʩʚʝʪʘ. ʄʝʪʦʜ 

ʢʦʥʦʩʢʦʧʠʠ (ʪ.ʝ. ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʥʠʯʝʩʢʠʭ ʩʚʝʪʦʚʳʭ ʧʫʯʢʦʚ) ʠʟʚʝʩʪʝʥ c ʢʦʥʮʘ 

XIX ʚ., ʘ ʩ ʢʦʥʮʘ 90-ʭ ʛʛ. ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʥʦʩʢʦʧʠʯʝʩʢʠʭ ʢʘʨʪʠʥ ʥʘʯʘʣʠ 

ʧʨʠʤʝʥʷʪʴʩʷ ʣʘʟʝʨʳ. ʅʝʩʤʦʪʨʷ ʥʘ ʚʳʩʦʢʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʭ ʣʠʥʠʡ (ʪ.ʥ. ʠʟʦʭʨʦʤ) ʢ ʦʧʪʠʯʝʩʢʠʤ ʘʥʦʤʘʣʠʷʤ, ʜʘʥʥʳʡ 

ʤʝʪʦʜ ʜʦ ʥʝʜʘʚʥʝʛʦ ʚʨʝʤʝʥʠ ʧʦʟʚʦʣʷʣ ʧʨʦʚʦʜʠʪʴ ʪʦʣʴʢʦ ʛʨʫʙʫʶ ʠ ʢʘʯʝʩʪʚʝʥʥʫʶ 

ʦʮʝʥʢʫ ʦʧʪʠʯʝʩʢʦʡ ʦʜʥʦʨʦʜʥʦʩʪʠ ʢʨʠʩʪʘʣʣʘ, ʪ.ʢ. ʥʝ ʙʳʣʦ ʪʦʯʥʦʡ ʪʝʦʨʠʠ ʜʣʷ 

ʦʧʠʩʘʥʠʷ ʠʟʦʭʨʦʤ ʚ ʢʦʥʦʩʢʦʧʠʯʝʩʢʠʭ ʢʘʨʪʠʥʘʭ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʠʤʝʥʷʝʪʩʷ ʥʦʚʳʡ ʤʘʪʝʤʘʪʠʯʝʩʢʠ ʩʪʨʦʛʠʡ 

ʘʧʧʘʨʘʪ, ʧʦʟʚʦʣʷʶʱʠʡ ʧʨʘʚʠʣʴʥʦ ʦʧʠʩʳʚʘʪʴ ʬʦʨʤʫ ʠʟʦʭʨʦʤ ʦʜʥʦʦʩʥʳʭ ʠʣʠ 

ʩʣʘʙʦ ʜʚʫʦʩʥʳʭ ʢʨʠʩʪʘʣʣʦʚ, ʥʘ ʦʩʥʦʚʝ ʢʦʪʦʨʦʛʦ ʨʘʟʨʘʙʦʪʘʥʘ ʤʦʜʝʣʴ ʜʣʷ ʨʘʩʯʝʪʘ 

ʚʘʨʠʘʮʠʡ ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʝʣʦʤʣʝʥʠʷ ʠ ʚʝʣʠʯʠʥ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ 

ʦʙʲʝʤʘʭ ʢʨʠʩʪʘʣʣʘ ʩ ʦʧʪʠʯʝʩʢʠʤʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʤʠ ʧʫʪʝʤ ʘʥʘʣʠʟʘ 

ʚʳʟʳʚʘʝʤʳʭ ʠʤʠ ʠʩʢʘʞʝʥʠʡ ʠʟʦʭʨʦʤ ʚ ʢʦʥʦʩʢʦʧʠʯʝʩʢʠʭʢʘʨʪʠʥʘʭ.ʂʦʥʮʝʧʮʠʷ 

ʢʦʤʧʣʝʢʩʘ. ʈʘʟʨʘʙʘʪʳʚʘʝʤʳʡ ʧʨʦʛʨʘʤʤʥʦ-ʘʧʧʘʨʪʥʳʡ ʢʦʤʧʣʝʢʩ ʜʦʣʞʝʥ 
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ʚʢʣʶʯʘʪʴ ʚ ʩʝʙʷ ʠʩʪʦʯʥʠʢ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʦʧʪʠʯʝʩʢʫʶ ʩʭʝʤʫ ʧʦʣʫʯʝʥʠʷ ʠ 

ʦʮʠʬʨʦʚʢʠ ʢʦʥʦʩʢʦʧʠʯʝʩʢʠʭ ʢʘʨʪʠʥ, ʩʠʩʪʝʤʫ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʘ-

ʦʙʨʘʟʮʘ, ʘ ʪʘʢʞʝ ʙʣʦʢʠ ʫʧʨʘʚʣʝʥʠʷ ʫʟʣʘʤʠ ʘʧʧʘʨʘʪʥʦʡ ʯʘʩʪʠ ʢʦʤʧʣʝʢʩʘ ʠ 

ʦʙʤʝʥʘ ʜʘʥʥʳʤʠ ʤʝʞʜʫ ʢʦʤʧʣʝʢʩʦʤ ʠ ʇʂ ʩ ʫʩʪʘʥʦʚʣʝʥʥʳʤ ʇʆ ʜʣʷ ʘʥʘʣʠʟʘ 

ʢʦʥʦʩʢʦʧʠʯʝʩʢʠʭ ʢʘʨʪʠʥ. 

ʇʨʠʤʝʥʝʥʠʝ ʣʘʟʝʨʘ ʚ ʤʝʪʦʜʝ ʢʦʥʦʩʢʦʧʠʠʧʦʟʚʦʣʷʝʪ, ʚʦ-ʧʝʨʚʳʭ, ʧʦʣʫʯʘʪʴ 

ʠʟʦʭʨʦʤʳ ʚʳʩʦʢʠʭ ʧʦʨʷʜʢʦʚ, ʢʦʪʦʨʳʝ ʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʦʧʪʠʯʝʩʢʠʤ ʥʝ-

ʦʜʥʦʨʦʜʥʦʩʪʷʤ, ʘ ʚʦ-ʚʪʦʨʳʭ ʠʩʩʣʝʜʦʚʘʪʴ ʦʧʪʠʯʝʩʢʫʶ ʦʜʥʦʨʦʜʥʦʩʪʴ ʚ ʛʣʫʙʠʥʝ 

ʤʘʩʩʠʚʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʙʝʟ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʚʳʨʝʟʘʥʠʷ ʠʟ ʥʠʭ ʪʦʥʢʠʭ ʦʙʨʘʟʮʦʚ, 

ʯʪʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʦʜʠʪʴ ʥʝʨʘʟʨʫʰʘʶʱʠʡ ʢʦʥʪʨʦʣʴ ʦʧʪʠʯʝʩʢʦʡ 

ʦʜʥʦʨʦʜʥʦʩʪʠ ʙʦʣʴʰʠʭ ʧʘʨʪʠʡ ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʝʱʝ ʜʦ ʪʦʛʦ, 

ʢʘʢ ʠʭ ʨʘʟʨʝʞʫʪ ʥʘ ʟʘʛʦʪʦʚʢʠ ʵʣʝʤʝʥʪʦʚ ʙʫʜʫʱʠʭ ʫʩʪʨʦʡʩʪʚ. 

ʅʘʣʠʯʠʝ ʧʨʝʮʠʟʠʦʥʥʦʡ ʩʠʩʪʝʤʳ ʧʝʨʝʤʝʱʝʥʠʷ ʢʨʠʩʪʘʣʣʘ-ʦʙʨʘʟʮʘ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʦʥʠʯʝʩʢʦʛʦ ʧʫʯʢʘ ʣʘʟʝʨʥʳʭ ʣʫʯʝʡ ʧʦʟʚʦʣʠʪ, ʧʫʪʝʤ ʩʢʘʥʠʨʦʚʘʥʠʷ 

ʦʪʜʝʣʴʥʳʭ ʫʯʘʩʪʢʦʚ ʚʥʫʪʨʠ ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʦʧʨʝʜʝʣʠʪ ɹ

ʣʦʢʘʣʠʟʘʮʠʶ ʦʧʪʠʯʝʩʢʠʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʚ ʝʛʦ ʦʙʲʝʤʝ. 

ɺʳʩʦʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʠʟʦʭʨʦʤ ʢ ʦʧʪʠʯʝʩʢʠʤ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʤ 

ʤʘʪʝʨʠʘʣʘ ʜʝʣʘʝʪ ʤʝʪʦʜ ʢʦʥʦʩʢʦʧʠʠ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʜʣʷ ʢʦʥʪʨʦʣʷ ʦʧʪʠʯʝʩʢʦʛʦ 

ʢʘʯʝʩʪʚʘ ʢʨʠʩʪʘʣʣʦʚ. ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʠ ʪʝʭʥʠʯʝʩʢʠʝ ʘʩʧʝʢʪʳ 

ʤʝʪʦʜʘ ʣʘʟʝʨʥʦʡ ʢʦʥʦʩʢʦʧʠʠ ʧʦʟʚʦʣʷʶʪ ʨʝʘʣʠʟʦʚʘʪʴ ʥʦʚʳʡ ʩʧʦʩʦʙ ʦʙʥʘʨʫʞʝʥʠʷ 

ʚ ʤʘʩʩʠʚʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʦʧʪʠʯʝʩʢʠʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ, ʠʭ ʢʣʘʩʩʠʬʠʢʘʮʠʠ, 

ʦʧʨʝʜʝʣʝʥʠʷ ʠʭ ʪʦʯʥʦʛʦ ʤʝʩʪʦʧʦʣʦʞʝʥʠʷ ʚ ʦʙʲʝʤʝ ʤʘʪʝʨʠʘʣʘ ʠ ʯʠʩʣʝʥʥʦʡ 

ʦʮʝʥʢʠ ʚʳʟʳʚʘʝʤʳʭ ʠʤʠ ʦʧʪʠʯʝʩʢʠʭ ʠʩʢʘʞʝʥʠʡ. ʉʦʟʜʘʚʘʝʤʳʡ ʧʨʦʛʨʘʤʤʥʦ-

ʘʧʧʘʨʘʪʥʳʡ ʢʦʤʧʣʝʢʩ ʜʦʣʞʝʥ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ 

ʪʝʭʥʠʯʝʩʢʦʛʦ ʩʨʝʜʩʪʚʘ ʢʦʥʪʨʦʣʷ ʦʧʪʠʯʝʩʢʦʛʦ ʢʘʯʝʩʪʚʘ ʢʨʠʩʪʘʣʣʦʚ, 

ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʣʘʟʝʨʥʳʭ, ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ ʠ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʭ 

ʫʩʪʨʦʡʩʪʚ, ʚ ʪ. ʯ. ʧʨʠ ʠʭ ʤʘʩʩʦʚʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ  

1. ɸʡʜʠʥʷʥ ʅ.ɺ., ɸʨʷʤʠʥ ɽ.ɽ., ʄʦʨʦʟʦʚʘ ʂ.ɸ., ʂʦʩʪʶʢ ɸ.ɺ., ʂʫʪʫ-ʟʦʚ ɼ.ʉ., ʂʘʣʫʛʠʥ ʀ.ɺ, ʂʫʟʴʤʠʥʘ 

ʄ.ɼ., ɺʦʨʦʥʮʦʚ ʄ.ʉ. ʀʟʦʭʨʦʤʳ ʚ ʢʦʥʦʩʢʦʧʠ-ʯʝʩʢʠʭ ʢʘʨʪʠʥʘʭ ʦʜʥʦʦʩʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʧʨʠ 
ʧʨʦʠʟʚʦʣʴʥʳʭ ʦʨʠʝʥʪʘʮʠʷʭ ʥʦʨʤʘ-ʣʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʧʪʠʯʝʩʢʦʡ ʦʩʠ // ɺʝʩʪʥʠʢ ʊʚɻʋ. ʉʝʨʠʷ 
çʌʠʟʠʢʘè. ʊʚʝʨʴ, 2014. ɺʳʧʫʩʢ 3. ʉ. 37ï65. 

2. ɻʨʝʯʫʰʥʠʢʦʚ ɹ.ʅ., ɾʝʣʫʜʝʚ ʀ.ʉ., ɿʘʣʝʩʩʢʠʡ ɸ.ɺ., ʇʠʢʠʥ ʉ.ɸ., ʉʝʤʠ-ʣʝʪʦʚ ʉ.ɸ., ʋʨʫʩʦʚʩʢʘʷ ɸ.ɸ., 

ʏʠʩʪʷʢʦʚ ʀ.ɻ., ʐʫʚʘʣʦʚ ʃ.ɸ. ʉʦʚʨʝʤʝʥʥʘʷʢʨʠ-ʩʪʘʣʣʦʛʨʘʬʠʷ. ʊ.4. ʌʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʨʠʩʪʘʣʣʦʚ. 
ʄ.: ʅʘʫʢʘ, 1981. ï 496 ʩ.  

3. ʂʫʪʫʟʦʚ ɼ.ʉ., ʄʦʨʦʟʦʚʘ ʂ.ɸ., ʐʤʝʣʝʚʘ ɸ.ɺ., ʈʳʙʠʥʘ ʉ.ʉ., ʂʘʣʫ-ʛʠʥ ʀ.ɺ., ʉʘʤʦʭʚʘʣʦʚ ʅ.ɽ.. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʘʥʦʤʘʣʠʡ ʚ ʦʜʥʦʦʩʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʡʢʦʥʦʩʢʦʧʠʠ. // XXII  
ʂʘʨʛʠʥʩʢʠʝ ʯʪʝʥʠʷ ʩ ʤʝʞʜʫ-ʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ. ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʥʘʫʯʥʦ-ʪʝʭʥ. ʢʦʥʬ. ʤʦʣʦʜʳʭ 

ʫʯʝʥʳʭ çʌʠ-ʟʠʢʘ, ʭʠʤʠʷ ʠ ʥʦʚʳʝ ʪʝʭʥʦʣʦʛʠʠè 26 ʤʘʨʪʘ 2015 ʛʦʜʘ, ʛ. ʊʚʝʨʴ: ʪʝʟʠʩʳ ʜʦʢʣʘʜʦʚ, ï ʊʚʝʨ. 
ʛʦʩ. ʫʥ-ʪ, 2015. ï ʉ. 74. 



58 
 

ɼ. ɻ. ʌʀʉɽʅʂʆ, ɺ. ʉ. ʄʆɿɻʆɺʆʁ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʌʆʈʄʀʈʆɺɸʅʀɽ ʆʇʊʀʄɸʃʔʅʆɻʆ ʇʆʈʊʌɽʃʗ ʇʈʆɽʂʊʆɺ 

ɻɽʆʃʆɻʆʈɸɿɺɽɼʆʏʅʓʍ ʈɸɹʆʊ ʅɸ ʉʈɽɼʅɽʉʈʆʏʅʋʖ 

ʇɽʈʉʇɽʂʊʀɺʋ 

ɺ ʥʘʩʪʦʷʱʝʤ ʜʦʢʣʘʜʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʨʪʬʝʣʷ ʧʨʦʝʢʪʦʚ 

ʛʝʦʣʦʛʦʨʘʟʚʝʜʦʯʥʳʭ ʨʘʙʦʪ ʩ ʫʯʝʪʦʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ, ʣʠʮʝʥʟʠʦʥʥʳʭ, ʬʠʥʘʥʩʦʚʳʭ ʠ 

ʜʨʫʛʠʭ ʦʛʨʘʥʠʯʝʥʠʡ. ʇʨʝʜʩʪʘʚʣʝʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʧʨʦʙʣʝʤʳ ʚ ʚʠʜʝ ʟʘʜʘʯʠ 

ʣʠʥʝʡʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ. ʉʬʦʨʤʫʣʠʨʦʚʘʥʳ ʚʘʨʠʘʥʪʳ ʧʦʩʪʘʥʦʚʢʠ ʟʘʜʘʯʠ, ʮʝʣʝʚʘʷ 

ʬʫʥʢʮʠʷ ʠ ʦʛʨʘʥʠʯʝʥʠʷ, ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʥʘ ʢʨʘʪʢʦʩʨʦʯʥʳʡ ʠ 

ʩʨʝʜʥʝʩʨʦʯʥʳʡ ʧʝʨʠʦʜʳ ʧʣʘʥʠʨʦʚʘʥʠʷ. ʇʨʝʜʩʪʘʚʣʝʥʳ ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʫʯʝʪʘ ʦʩʥʦʚʥʳʭ 

ʦʛʨʘʥʠʯʝʥʠʡ: ʮʝʣʝʚʳʭ ʧʦʢʘʟʘʪʝʣʝʡ, ʧʨʠʨʦʩʪʘ ʟʘʧʘʩʦʚ, ʥʝ ʧʨʝʚʳʰʝʥʠʷ ʜʦʩʪʫʧʥʦʛʦ 

ʙʶʜʞʝʪʘ, ʚʳʧʦʣʥʝʥʠʷ ʣʠʮʝʥʟʠʦʥʥʳʭ ʦʙʷʟʘʪʝʣʴʩʪʚ, ʥʘʣʠʯʠʷ ʧʝʨʝʭʦʜʷʱʠʭ ʨʘʙʦʪ ʠ 

ʧʨʠʦʨʠʪʝʪʥʦʩʪʠ ʚʳʧʦʣʥʝʥʠʷ ʦʪʜʝʣʴʥʳʭ ʧʨʦʝʢʪʦʚ ɻʈʈ. 

D.G. FISENKO, V.S. MOZGOVOY 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

FORMATION OF THE OPTIMAL PORTFOLIO OF MEDIUM -TERM 

EXPLORATION PROJECTS  

This report considers the problem of obtaining a portfolio of exploration projects taking 

into account some limitations. A mathematical model of the problem is formalized as a linear 

programming problem. Variants of the problem statement, objective function and constraints, 

and the corresponding system of equations for the short-term and medium-term are formulated. 

Equations are presented for accounting the main constraints: target indicators, increment in 

stocks, not exceeding the adequate budget, fulfilling license obligations, accounting for 

transitional work and implementation priority of individual geological exploration projects. 

ɺ ʧʣʘʥʠʨʦʚʘʥʠʠ ʜʝʷʪʝʣʴʥʦʩʪʠ ʥʝʬʪʝʛʘʟʦʚʳʭ ʢʦʤʧʘʥʠʡ ʯʘʩʪʦ ʚʦʟʥʠʢʘʶʪ 

ʟʘʜʘʯʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʧʪʠʤʘʣʴʥʦʛʦ ʧʦʨʪʬʝʣʷ ʧʨʦʝʢʪʦʚ ʛʝʦʣʦʛʦʨʘʟʚʝʜʦʯʥʳʭ 

ʨʘʙʦʪ (ɻʈʈ), ʪ.ʝ. ʦʧʨʝʜʝʣʝʥʠʷ ʧʝʨʝʯʥʷ ʧʨʦʝʢʪʦʚ ɻʈʈ, ʨʝʘʣʠʟʘʮʠʷ ʢʦʪʦʨʳʭ 

ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʘ ʠ ʮʝʣʝʩʦʦʙʨʘʟʥʘ. ʇʦʜ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʦʙʳʯʥʦ 

ʧʦʥʠʤʘʝʪʩʷ ʤʘʢʩʠʤʠʟʘʮʠʷ ʧʨʠʙʳʣʠ ʠʣʠ ʨʝʞʝ ï ʤʠʥʠʤʠʟʘʮʠʷ ʨʘʩʭʦʜʦʚ.  

ʇʨʠ ʨʝʰʝʥʠʠ ʵʪʦʡ ʟʘʜʘʯʠ ʪʨʝʙʫʝʪʩʷ ʩʦʙʣʶʜʝʥʠʝ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ 

ʫʩʣʦʚʠʡ: ʮʝʣʝʚʳʝ ʧʦʢʘʟʘʪʝʣʠ ʥʝʬʪʝʛʘʟʦʚʦʡ ʢʦʤʧʘʥʠʠ ʧʦ ʚʦʩʧʦʣʥʝʥʠʶ ʟʘʧʘʩʦʚ 

ʜʦʣʞʥʳ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʳ, ʢʦʣʠʯʝʩʪʚʦ ʥʘʨʫʰʝʥʥʳʭ ʣʠʮʝʥʟʠʦʥʥʳʭ ʦʙʷʟʘʪʝʣʴʩʪʚ 

ʥʝ ʜʦʣʞʥʳ ʧʨʝʚʳʰʘʪʴ ʜʦʧʫʩʪʠʤʦʝ ʟʥʘʯʝʥʠʝ, ʟʘʪʨʘʪʳ ʥʘ ɻʈʈ ʥʝ ʤʦʛʫʪ 

ʧʨʝʚʳʰʘʪʴ ʦʧʨʝʜʝʣʝʥʥʳʡ ʦʙʲʝʤ ʠ ʜʨ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʘ ʬʦʨʤʘʣʠʟʘʮʠʷ ʟʘʜʘʯʠ ʧʦʠʩʢʘ ʦʧʪʠʤʘʣʴʥʦʛʦ 

ʧʦʨʪʬʝʣʷ ʧʨʦʝʢʪʦʚ ɻʈʈ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʣʠʥʝʡʥʦ-ʮʝʣʦʯʠʩʣʝʥʥʦʛʦ 
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ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ. ʉʬʦʨʤʫʣʠʨʦʚʘʥʳ ʧʦʩʪʘʥʦʚʢʠ ʟʘʜʘʯʠ ʠ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʧʪʠʤʘʣʴʥʦʛʦ ʧʦʨʪʬʝʣʷ ʧʨʦʝʢʪʦʚ ɻʈʈ ʥʘ ʢʨʘʪʢʦʩʨʦʯʥʫʶ ʠ 

ʩʨʝʜʥʝʩʨʦʯʥʫʶ ʧʝʨʩʧʝʢʪʠʚʫ. ɺʳʚʝʜʝʥʳ ʦʩʥʦʚʥʳʝ ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʦʛʨʘʥʠʯʝʥʠʡ, 

ʮʝʣʝʚʳʭ ʧʦʢʘʟʘʪʝʣʝʡ, ʚʳʧʦʣʥʝʥʠʷ ʙʶʜʞʝʪʘ, ʣʠʮʝʥʟʠʦʥʥʳʭ ʦʙʷʟʘʪʝʣʴʩʪʚ, 

ʧʝʨʝʭʦʜʷʱʠʭ ʨʘʙʦʪ ʠ ʧʨʠʦʨʠʪʝʪʥʦʩʪʠ ʚʳʧʦʣʥʝʥʠʷ ʦʪʜʝʣʴʥʳʭ ʧʨʦʝʢʪʦʚ ɻʈʈ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʤʦʜʫʣʴ ʦʧʪʠʤʠʟʘʮʠʠ ʜʣʷ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ 

ʧʨʦʝʢʪʘʤʠ ɻʈʈ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Litvin  Y.V., Kulik  V.S., Fisenko D.G. and others// ʇʨʦʙʣʝʤʳ ʵʢʦʥʦʤʠʢʠ ʠ ʫʧʨʘʚʣʝʥʠʷ ʥʝʬʪʝʛʘʟʦʚʳʤ 
ʢʦʤʧʣʝʢʩʦʤ. ï ˉ10(178) ï 2019 
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ɸ.ʖ. ɻʈʀɹʆɺ, ʆ.ʀ. ɹɽʈɼɸʉʆɺ, ɼ.ɺ. ʉʋʊʓʈʀʅ, ʉ.ʅ. ʉʃʖʉɸʈɽɺ 
ʌɻʋʇ ɺʅʀʀʌʊʈʀ, ʨ.ʧ. ʄʝʥʜʝʣʝʝʚʦ, ʉʦʣʥʝʯʥʦʛʦʨʩʢʠʡ ʨʘʡʦʥ, ʄʦʩʢʦʚʩʢʘʷ ʦʙʣʘʩʪʴ, 

ʈʦʩʩʠʷ 
 

ʇʈʀʅʎʀʇ ʌʆʈʄʀʈʆɺɸʅʀʗ ʐʂɸʃʓ ɺʈɽʄɽʅʀ ʅɸ ʆʉʅʆɺɽ 

ʆʇʊʀʏɽʉʂʆɻʆ ʈɽʇɽʈɸ ʏɸʉʊʆʊʓ 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʦʧʪʠʯʝʩʢʠʝ ʨʝʧʝʨʳ ʯʘʩʪʦʪʳ ʜʦʩʪʠʛʣʠ ʙʦʣʴʰʠʭ ʫʩʧʝʭʦʚ ʟʘ 

ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ, ʠʭ ʰʠʨʦʢʦʤʫ ʧʨʠʤʝʥʝʥʠʶ ʚ ʤʝʪʨʦʣʦʛʠʯʝʩʢʠʭ ʠʥʩʪʠʪʫʪʘʭ 

ʧʨʝʧʷʪʩʪʚʫʝʪ ʦʪʩʫʪʩʪʚʠʝ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ, ʢʦʪʦʨʘʷ ʭʘʨʘʢʪʝʨʥʘ ʜʣʷ ʨʘʜʠʦʯʘʩʪʦʪʥʦʡ 

ʦʙʣʘʩʪʠ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤ ʨʘʙʦʪʫ ʦʧʪʠʯʝʩʢʦʛʦ ʨʝʧʝʨʘ ʯʘʩʪʦʪʳ ʚ 

ʩʦʩʪʘʚʝ ɻʕʊ-1 2018 ʠ ʧʨʝʜʣʘʛʘʝʤ ʜʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʚ ʦʧʪʠʯʝʩʢʦʡ 

ʦʙʣʘʩʪʠ ʥʘ ʧʨʠʤʝʨʝ ʩʦʟʜʘʥʠʷ ʭʨʘʥʠʪʝʣʷ ʚʨʝʤʝʥʠ ʚ ʦʧʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ. 
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TIME SCALE DEVELOPMENT BASED ON OPTICAL CLOCK  

Despite the fact that optical frequency references have achieved great success over the past 

decades, their widespread use in metrological institutes is hindered by the lack of infrastructure, 

which is characteristic of the radio frequency region. In this paper, we consider the work of the 

optical frequency reference as part of GET-1 2018 and propose further development of the 

infrastructure in the optical field using the example of developing a time-keeper in the optical 

range. 

ʇʦʚʳʰʝʥʠʝ ʪʨʝʙʦʚʘʥʠʡ ʢ ʪʦʯʥʦʩʪʠ ʩʦʛʣʘʩʦʚʘʥʠʷ ʰʢʘʣ ʚʨʝʤʝʥʠ ʚʳʟʳʚʘʝʪ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʦʠʩʢʘ ʥʦʚʳʭ ʧʦʜʭʦʜʦʚ ʢ ʠʭ ʬʦʨʤʠʨʦʚʘʥʠʶ. ʉʫʱʝʩʪʚʫʶʪ ʜʚʘ 

ʦʩʥʦʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷ ʜʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʦʧʪʠʯʝʩʢʦʛʦ ʨʝʧʝʨʘ ʯʘʩʪʦʪʳ (ʆʈʏ). ʇʝʨʚʳʡ ʩʧʦʩʦʙ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥ ʚ 

ʨʘʙʦʪʝ [1] ʠ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʩʦʟʜʘʥʠʝ ʰʢʘʣʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʆʈʏ ʥʘʨʘʚʥʝ ʩ 

ʮʝʟʠʝʚʳʤʠ ʠ ʨʫʙʠʜʠʝʚʳʤʠ ʨʝʧʝʨʘʤʠ. ɺʪʦʨʦʡ ʩʧʦʩʦʙ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʬʦʨʤʠʨʦʚʘʥʠʠ ʰʢʘʣʳ ʚʨʝʤʝʥʠ ʪʦʣʴʢʦ ʥʘ ʦʩʥʦʚʝ ʆʈʏ ʠ ʭʨʘʥʠʪʝʣʝʡ ʯʘʩʪʦʪʳ ʚ 

ʤʠʢʨʦʚʦʣʥʦʚʦʤ ʜʠʘʧʘʟʦʥʝ [2-4]. ɼʣʷ ʝʛʦ ʨʝʘʣʠʟʘʮʠʠ ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʠʪʴ 

ʥʝʩʢʦʣʴʢʦ ʦʩʥʦʚʥʳʭ ʟʘʜʘʯ: ʦʧʨʝʜʝʣʠʪʴ ʘʙʩʦʣʶʪʥʦʝ ʟʥʘʯʝʥʠʝ ʯʘʩʪʦʪʳ ʆʈʏ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʮʝʟʠʝʚʦʛʦ ʨʝʧʝʨʘ ʣʠʙʦ ʰʢʘʣʳ ʚʨʝʤʝʥʠ, ʩʚʷʟʘʥʥʦʡ ʩ TAI; 

ʦʧʨʝʜʝʣʠʪʴ ʜʨʝʡʬ ʯʘʩʪʦʪʳ ʭʨʘʥʠʪʝʣʷ (ɺʄ) ʦʪʥʦʩʠʪʝʣʴʥʦ ʆʈʏ [5]; ʩʦʟʜʘʪʴ 

ʘʧʧʘʨʘʪʥʦ-ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ ʜʣʷ ʥʝʧʨʝʨʳʚʥʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʰʢʘʣʳ 

ʚʨʝʤʝʥʠ. 

ɼʘʣʴʥʝʡʰʝʝ ʧʦʚʳʰʝʥʠʝ ʪʦʯʥʦʩʪʠ ʩʦʛʣʘʩʦʚʘʥʠʷ ʰʢʘʣ ʚʨʝʤʝʥʠ ʜʦʩʪʠʛʘʝʪʩʷ 

ʧʫʪʝʤ ʩʦʟʜʘʥʠʷ ʭʨʘʥʠʪʝʣʷ ʯʘʩʪʦʪʳ ʚ ʦʧʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ ʠ ʝʛʦ ʥʝʧʨʝʨʳʚʥʦʛʦ 

ʩʣʠʯʝʥʠʷ ʩ ʭʨʘʥʠʪʝʣʝʤ ʯʘʩʪʦʪʳ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ. ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ 

ʟʘʜʘʯʠ, ʥʘʤʠ ʧʨʝʜʣʦʞʝʥʘ ʩʭʝʤʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʥʘ ʨʠʩ. 1. ɺ ʢʘʯʝʩʪʚʝ ʣʘʟʝʨʥʦʛʦ 

ʠʩʪʦʯʥʠʢʘ ʧʣʘʥʠʨʫʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚʦʣʦʢʦʥʥʳʡ ʵʨʙʠʝʚʳʡ ʣʘʟʝʨ Koheras 
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Adjustic E15, ʨʘʙʦʪʘʶʱʠʡ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1542 ʥʤ ʩ ʩʦʙʩʪʚʝʥʥʦʡ ʩʧʝʢʪʨʘʣʴʥʦʡ 

ʰʠʨʠʥʦʡ ʣʠʥʠʠ ʠʟʣʫʯʝʥʠʷ ʤʝʥʝʝ 100 ɻʮ ʠ ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʚʳʭʦʜʥʫʶ 

ʤʦʱʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʦʢʦʣʦ 40 ʤɺʪ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʣʠʥʳ ʚʦʣʥʳ 

ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʦʛʦ ʜʠʘʧʘʟʦʥʘ (1,5 ʤʢʤ) ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʝʨʝʜʘʚʘʪʴ ʫʣʴʪʨʘʩʪʘʙʠʣʴʥʳʝ ʩʠʛʥʘʣʳ ʧʦ ʚʦʣʦʢʦʥʥʳʤ ʣʠʥʠʷʤ ʥʘ ʙʦʣʴʰʠʝ 

ʨʘʩʩʪʦʷʥʠʷ. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ, ʟʜʘʥʠʷ, ʚ ʢʦʪʦʨʳʭ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʦʧʪʠʯʝʩʢʠʡ 

ʭʨʘʥʠʪʝʣʴ ʯʘʩʪʦʪʳ ʠ ʚʦʜʦʨʦʜʥʳʝ ʤʘʟʝʨʳ ʠʟ ʩʦʩʪʘʚʘ ʧʝʨʚʠʯʥʦʛʦ ʵʪʘʣʦʥʘ ɻʕʊ 1 - 

2018, ʥʘʭʦʜʷʪʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʧʦʨʷʜʢʘ 1 ʢʤ. ɼʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ 

ʠʩʢʘʞʝʥʠʡ, ʚʥʦʩʠʤʳʭ ʚ ʩʠʛʥʘʣ ʚʦʣʦʢʦʥʥʦʡ ʣʠʥʠʝʡ ʧʝʨʝʜʘʯʠ, ʪʨʝʙʫʝʪʩʷ ʥʘʣʠʯʠʝ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʩʭʝʤʳ ʢʦʤʧʝʥʩʘʮʠʠ ʬʘʟʦʚʦʛʦ ʰʫʤʘ. ʆʥʘ ʨʝʘʣʠʟʫʝʪʩʷ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ʚʳʭʦʜʥʦʝ ʣʘʟʝʨʥʦʝ ʠʟʣʫʯʝʥʠʝ ʜʝʣʠʪʩʷ ʥʘ ʜʚʝ 

ʩʦʩʪʘʚʣʷʶʱʠʝ, ʦʩʥʦʚʥʘʷ ʯʘʩʪʴ ʤʦʱʥʦʩʪʠ ʧʝʨʝʜʘʸʪʩʷ ʧʦ ʦʧʪʠʯʝʩʢʦʤʫ ʚʦʣʦʢʥʫ ʥʘ 

ʫʜʘʣʸʥʥʳʡ ʦʙʲʝʢʪ, ʛʜʝ ʥʝʙʦʣʴʰʘʷ ʝʛʦ ʜʦʣʷ ʧʦʧʘʜʘʝʪ ʥʘ ʟʝʨʢʘʣʦ ʌʘʨʘʜʝʷ, 

ʧʦʚʦʨʘʯʠʚʘʶʱʝʝ ʧʦʣʷʨʠʟʘʮʠʶ ʥʘ 90 ʛʨʘʜʫʩʦʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʣʝʪʘʶʱʝʛʦ ʧʫʯʢʘ. 

ʆʪʨʘʞʸʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ʧʦʚʪʦʨʥʦ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʚʦʣʦʢʦʥʥʫʶ ʣʠʥʠʶ ʠ 

ʩʙʠʚʘʝʪʩʷ ʥʘ ʬʦʪʦʜʝʪʝʢʪʦʨʝ ʌɼ 1 ʩ ʩʦʩʪʘʚʣʷʶʱʝʡ, ʥʝ ʧʨʦʰʝʜʰʝʡ ʯʝʨʝʟ ʣʠʥʠʶ 

ʧʝʨʝʜʘʯʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʬʦʨʤʠʨʫʝʪʩʷ ʩʠʛʥʘʣ ʙʠʝʥʠʡ, ʩʦʜʝʨʞʘʱʠʡ 

ʠʥʬʦʨʤʘʮʠʶ ʦ ʬʘʟʦʚʳʭ ʰʫʤʘʭ, ʚʦʟʥʠʢʰʠʭ ʚ ʧʨʦʮʝʩʩʝ ʜʚʦʡʥʦʛʦ ʧʨʦʭʦʜʘ ʯʝʨʝʟ 

ʣʠʥʠʶ, ʢʦʪʦʨʳʡ ʜʘʣʝʝ ʩʨʘʚʥʠʚʘʝʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʬʘʟʦʚʦʛʦ ʜʝʪʝʢʪʦʨʘ ʩ ʩʠʛʥʘʣʦʤ 

ʦʧʦʨʥʦʛʦ ʛʝʥʝʨʘʪʦʨʘ (ɻʝʥʝʨʘʪʦʨ 1). 

ʈʝʟʫʣʴʪʠʨʫʶʱʠʡ ʩʠʛʥʘʣ ʦʰʠʙʢʠ ʧʦʜʘʸʪʩʷ ʥʘ ʛʝʥʝʨʘʪʦʨ ʫʧʨʘʚʣʷʝʤʳʡ 

ʥʘʧʨʷʞʝʥʠʝʤ (ɻʋʅ), ʢʦʪʦʨʳʡ ʢʦʥʪʨʦʣʠʨʫʝʪ ʧʦʜʩʪʨʘʠʚʘʶʱʠʡ ʚʦʣʦʢʦʥʥʳʡ 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʡ ʤʦʜʫʣʷʪʦʨ ɸʆʄ 1, ʨʘʙʦʪʘʶʱʠʡ ʚ ʧʝʨʚʦʤ ʧʦʨʷʜʢʝ ʥʘ ʯʘʩʪʦʪʝ 

80 ʄɻʮ ʠ ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʧʦʜʘʚʣʝʥʠʝ ʚʥʦʩʠʤʳʭ ʣʠʥʠʝʡ ʬʘʟʦʚʳʭ ʰʫʤʦʚ. 

ɸʢʫʩʪʦʦʧʪʠʯʝʩʢʠʡ ʤʦʜʫʣʷʪʦʨ ɸʆʄ 2, ʨʘʙʦʪʘʶʱʠʡ ʥʘ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʯʘʩʪʦʪʝ 

40 ʄɻʮ ʚ ʤʠʥʫʩ ʧʝʨʚʦʤ ʧʦʨʷʜʢʝ ʠ ʨʘʩʧʦʣʘʛʘʶʱʠʡʩʷ ʥʘ ʫʜʘʣʸʥʥʦʤ ʢʦʥʮʝ 

ʚʦʣʦʢʦʥʥʦʡ ʣʠʥʠʠ ʧʝʨʝʜʘʯʠ, ʧʦʟʚʦʣʷʝʪ ʦʪʣʠʯʠʪʴ ʦʪʨʘʞʝʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ʦʪ 

ʥʝʞʝʣʘʪʝʣʴʥʳʭ ʦʙʨʘʪʥʳʭ ʧʝʨʝʦʪʨʘʞʝʥʠʡ, ʢʦʪʦʨʳʝ ʥʝ ʩʜʚʠʥʫʪʳ ʧʦ ʯʘʩʪʦʪʝ. 

ʂʦʥʪʨʦʣʣʝʨʳ ʧʦʣʷʨʠʟʘʮʠʠ, ʫʩʪʘʥʦʚʣʝʥʥʳʝ ʥʘ ʦʙʦʠʭ ʢʦʥʮʘʭ ʣʠʥʠʠ, 

ʦʙʝʩʧʝʯʠʚʘʶʪ ʧʦʩʪʦʷʥʥʫʶ ʤʘʢʩʠʤʠʟʘʮʠʶ ʩʦʛʣʘʩʦʚʘʥʠʷ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʧʣʝʯʘʭ, 

ʬʦʨʤʠʨʫʶʱʠʭ ʙʠʝʥʠʷ ʥʘ ʬʦʪʦʜʝʪʝʢʪʦʨʝ ʌɼ 1. 

ʆʢʦʣʦ 1 ʤɺʪ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1542 ʥʤ ʧʦʜʘʸʪʩʷ ʥʘ 

ʙʝʟʦʬʩʝʪʥʳʡʬʝʤʪʦʩʝʢʫʥʜʥʳʡ ʩʠʥʪʝʟʘʪʦʨ ʦʧʪʠʯʝʩʢʠʭ ʯʘʩʪʦʪ (ʌʉʆʏ 2) ʬʠʨʤʳ 

Avesta, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʧʝʨʝʜʘʯʫ ʩʪʘʙʠʣʴʥʦʩʪʠ ʚ ʨʘʜʠʦʜʠʘʧʘʟʦʥ ʜʣʷ ʩʨʘʚʥʝʥʠʷ 

ʩ ʘʥʩʘʤʙʣʝʤ ʚʦʜʦʨʦʜʥʳʭ ʣʘʟʝʨʦʚ ʧʦʩʨʝʜʩʪʚʦʤ ʩʠʩʪʝʤʳ ʢʦʤʧʘʨʘʪʦʨʦʚ, 

ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʥʘ ʦʙʲʝʢʪʝ ñʉʠʛʥʘʣò. ʊʘʢʘʷ ʞʝ ʤʦʱʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʧʦʩʪʫʧʘʝʪ 

ʥʘ ʘʥʘʣʦʛʠʯʥʳʡ ʩʠʥʪʝʟʘʪʦʨ ʌʉʆʏ 1, ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʳʡ ʧʦ ʦʧʪʠʯʝʩʢʦʤʫ 

ʩʪʘʥʜʘʨʪʫ ʯʘʩʪʦʪʳ ʥʘ ʘʪʦʤʘʭ 87Sr, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʩʠʥʭʨʦʥʠʟʘʮʠʶ 

ʭʨʘʥʠʪʝʣʷ ʯʘʩʪʦʪʳ ʚ ʦʧʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ ʩ ʆʈʏ.  

ʆʙʳʯʥʦ ʜʣʷ ʧʨʦʚʝʨʢʠ ʢʦʨʨʝʢʪʥʦʡ ʧʝʨʝʜʘʯʠ ʯʘʩʪʦʪʳ ʩʪʨʦʷʪ ʜʚʝ ʠʜʝʥʪʠʯʥʳʝ 

ʚʦʣʦʢʦʥʥʳʝ ʣʠʥʠʠ, ʦʜʥʘʢʦ ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ ʪʘʢʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʩʫʱʝʩʪʚʫʝʪ ʟʘ 
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ʩʯʸʪ ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʩʦʭʨʘʥʝʥʠʷ ʚ ʩʭʝʤʝ ʚʘʨʠʘʥʪʘ ʨʘʙʦʪʳ, ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ 

ʭʨʘʥʠʪʝʣʷ ʯʘʩʪʦʪʳ ʧʦ-ʧʨʝʞʥʝʤʫ ʚʳʩʪʫʧʘʝʪ ʚʦʜʦʨʦʜʥʳʡ ʤʘʟʝʨ ɺʄ18, ʩʚʷʟʘʥʥʳʡ 

ʧʦʩʨʝʜʩʪʚʦʤ ʨʘʜʠʦʦʧʪʠʯʝʩʢʦʡ ʣʠʥʠʠ ʩ ʘʥʩʘʤʙʣʝʤ ʚʦʜʦʨʦʜʥʳʭ ʤʘʟʝʨʦʚ. 

 

ʈʠʩ. 1. ʉʭʝʤʘ ʩʨʘʚʥʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʦʧʪʠʯʝʩʢʦʛʦ ʭʨʘʥʠʪʝʣʷ: ʂʇ-1, ʂʇ-2 ï ʢʦʥʪʨʦʣʣʝʨʳ ʧʦʣʷʨʠʟʘʮʠʠ; ɻʋʅ ï 

ʛʝʥʝʨʘʪʦʨ, ʫʧʨʘʚʣʷʝʤʳʡ ʥʘʧʨʷʞʝʥʠʝʤ; ɺʄ 18, 53 ï ʢʣʶʯʝʚʳʝ ʜʣʷ ʠʟʤʝʨʝʥʠʡ ʚʦʜʦʨʦʜʥʳʝ ʤʘʟʝʨʳ; ɸʆʄ-1 ï ɸʆʄ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʧʦʜʘʚʣʝʥʠʝ ʚʥʦʩʠʤʳʭ ʣʠʥʠʝʡ ʬʘʟʦʚʳʭ ʰʫʤʦʚ; ɸʆʄ-2 ï ɸʆʄ, ʧʦʟʚʦʣʷʶʱʠʡ ʦʪʣʠʯʠʪʴ 

ʦʪʨʘʞʝʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ʦʪ ʥʝʞʝʣʘʪʝʣʴʥʳʭ ʦʙʨʘʪʥʳʭ ʧʝʨʝʦʪʨʘʞʝʥʠʡ. 

ʆʪʩʫʪʩʪʚʠʝ ʚ ʢʨʝʤʥʠʠ ʧʨʦʮʝʩʩʦʚ ʩʪʘʨʝʥʠʷ, ʢʦʪʦʨʳʝ ʦʙʫʩʣʘʚʣʠʚʘʶʪ ʜʨʝʡʬ 

ʯʘʩʪʦʪʳ ʚ ULE-ʨʝʟʦʥʘʪʦʨʘʭ, ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʣʘʟʝʨʥʳʭ ʩʠʩʪʝʤ 

ʩ ʤʘʣʳʤ ʜʨʝʡʬʦʤ. ʏʘʩʪʦʪʥʳʡ ʜʨʝʡʬ ʪʘʢʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʠʤʝʝʪ ʣʠʥʝʡʥʳʡ 

ʭʘʨʘʢʪʝʨ ʠ ʩʦʩʪʘʚʣʷʝʪ ʧʦʨʷʜʢʘ 100 ʤʢɻʮ/ʩʝʢ [6], ʪ.ʝ. ʦʢʦʣʦ 8,64 ɻʮ (~ 2,01Ā10-14) 

ʟʘ ʩʫʪʢʠ. ʇʦʩʣʝ ʝʛʦ ʢʦʤʧʝʥʩʘʮʠʠ ʦʩʪʘʪʦʯʥʳʝ ʢʦʣʝʙʘʥʠʷ ʯʘʩʪʦʪʳ ʣʘʟʝʨʥʦʡ 

ʩʠʩʪʝʤʳ ʙʫʜʫʪ ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ ʥʠʞʝ, ʪ.ʝ. ʥʘ ʫʨʦʚʥʝ 1 ʤʢɻʮ/ʩʝʢ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʜʨʝʡʬʫ ʦʢʦʣʦ 86,4 ʤɻʮ (~ 2,01Ā10-16) ʟʘ ʩʫʪʢʠ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʠʩʪʝʤʳ ʥʘ ʦʩʥʦʚʝ 

ʢʨʠʦʛʝʥʥʦʛʦ ʢʨʝʤʥʠʝʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʧʦʟʚʦʣʠʪ ʨʝʘʣʠʟʦʚʘʪʴ ʭʨʘʥʠʪʝʣʴ ʯʘʩʪʦʪʳ ʚ 

ʦʧʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ ʠ ʧʦʪʨʝʙʫʝʪ ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʩ ʆʈʏ ʥʝ ʯʘʱʝ ʦʜʥʦʛʦ ʨʘʟʘ ʚ 

ʩʫʪʢʠ. 
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ɻɸʁʉʃɽʈ7 

1 ʀʥʩʪʠʪʫʪ ʣʘʟʝʨʥʦʡ ʬʠʟʠʢʠ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ 
2 ʅʦʚʦʩʠʙʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ 

3 ʅʦʚʦʩʠʙʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ 
4 ɺʩʝʨʦʩʩʠʡʩʢʠʡ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʭ ʠ 

ʨʘʜʠʦʪʝʭʥʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ, ʄʝʥʜʝʣʝʝʚʦ, ʄʦʩʢʦʚʩʢʘʷ ʦʙʣʘʩʪʴ, ʈʦʩʩʠʷ 
5 ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

6 ʆʆʆ çʊʝʭʥʦʉʢʘʥè, ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ 
7 ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ 

 

ʄɽʊʈʆʃʆɻʀʏɽʉʂʀɽ ʍɸʈɸʂʊɽʈʀʉʊʀʂʀ 

ʉɺɽʈʍʄʀʅʀɸʊʖʈʅʆɻʆ ʂɺɸʅʊʆɺʆɻʆ ʉʊɸʅɼɸʈʊɸ 

ʏɸʉʊʆʊʓ 

ʈʘʩʩʤʦʪʨʝʥʳ ʧʦʩʣʝʜʥʠʝ ʨʝʟʫʣʴʪʘʪʳ ʤʝʪʨʦʣʦʛʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ 

ʩʚʝʨʭʤʠʥʠʘʪʶʨʥʦʛʦ ʩʪʘʥʜʘʨʪʘ ʯʘʩʪʦʪʳ ʥʘ ʦʩʥʦʚʝ ʵʬʬʝʢʪʘ ʢʦʛʝʨʝʥʪʥʦʛʦ ʧʣʝʥʝʥʠʷ 

ʥʘʩʝʣʝʥʥʦʩʪʝʡ, ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ ʧʝʨʚʳʤ ʨʝʘʣʠʟʦʚʘʥʥʳʤ ʩʪʘʥʜʘʨʪʦʤ ʧʦʜʦʙʥʦʛʦ ʪʠʧʘ ʚ 

ʈʦʩʩʠʠ. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʜʦʣʛʦʚʨʝʤʝʥʥʘʷ ʥʝʧʨʝʨʳʚʥʘʷ ʘʚʪʦʥʦʤʥʘʷ ʨʘʙʦʪʘ (ʧʦʨʷʜʢʘ 

ʥʝʩʢʦʣʴʢʦ ʤʝʩʷʮʝʚ) ʩʪʘʥʜʘʨʪʘ, ʘ ʪʘʢʞʝ ʜʦʩʪʠʞʝʥʠʝ ʚʳʩʦʢʦʡ ʜʦʣʛʦʚʨʝʤʝʥʥʦʡ 

ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ ʯʘʩʪʦʪʳ (ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴʢʠʭ ʝʜʠʥʠʮ 10-12) ʥʘ ʩʫʪʦʯʥʦʤ ʠʥʪʝʨʚʘʣʝ 

ʠʟʤʝʨʝʥʠʡ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʝʨʝʜʦʚʦʤʫ ʤʠʨʦʚʦʤʫ ʫʨʦʚʥʶ. 

 ʉʦʟʜʘʥʠʝ ʤʘʣʦʛʘʙʘʨʠʪʥʦʛʦ ʚʳʩʦʢʦʩʪʘʙʠʣʴʥʦʛʦ ʢʚʘʥʪʦʚʦʛʦ 

ʩʪʘʥʜʘʨʪʘ ʯʘʩʪʦʪʳ ʧʦʟʚʦʣʠʪ ʨʝʘʣʠʟʦʚʘʪʴ ʚ ʙʦʣʴʰʝʤ ʦʙʲʝʤʝ ʚ ʧʨʝʮʠʟʠʦʥʥʦʡ 

ʘʧʧʘʨʘʪʫʨʝ ʧʦʪʨʝʙʠʪʝʣʝʡ ɻʃʆʅɸʉʉ ʧʦʪʝʥʮʠʘʣʴʥʳʝ ʪʦʯʥʦʩʪʠ ʵʪʦʡ ʩʠʩʪʝʤʳ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʵʬʬʝʢʪʘ ʢʦʛʝʨʝʥʪʥʦʛʦ ʧʣʝʥʝʥʠʷ ʥʘʩʝʣʝʥʥʦʩʪʝʡ (ʂʇʅ) ʧʦʟʚʦʣʷʝʪ 

ʦʪʢʘʟʘʪʴʩʷ ʦʪ ʠʩʧʦʣʴʟʦʚʘʥʠʡ ʉɺʏ ʨʝʟʦʥʘʪʦʨʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʢʘʨʜʠʥʘʣʴʥʦ 

ʫʤʝʥʴʰʠʪʴ ʨʘʟʤʝʨʳ ʩʪʘʥʜʘʨʪʘ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʚʳʩʦʢʠʭ ʤʝʪʨʦʣʦʛʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ 

ʩʚʝʨʭʤʠʥʠʘʪʶʨʥʦʛʦ ʚʳʩʦʢʦʩʪʘʙʠʣʴʥʦʛʦ ʢʚʘʥʪʦʚʦʛʦ ʩʪʘʥʜʘʨʪʘ ʯʘʩʪʦʪʳ ʥʘ 

ʦʩʥʦʚʝ ʵʬʬʝʢʪʘ ʢʦʛʝʨʝʥʪʥʦʛʦ ʧʣʝʥʝʥʠʷ ʥʘʩʝʣʝʥʥʦʩʪʝʡ ʜʣʷ ʧʨʝʮʠʟʠʦʥʥʦʡ 

ʘʧʧʘʨʘʪʫʨʳ ʧʦʪʨʝʙʠʪʝʣʝʡ ɻʃʆʅɸʉʉ. 

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʩʚʝʨʭʤʠʥʠʘʪʶʨʥʳʡ ʩʪʘʥʜʘʨʪ ʯʘʩʪʦʪʳ ʚʨʝʤʝʥʠ ʠ ʯʘʩʪʦʪʳ 

ʥʘ ʦʩʥʦʚʝ ʵʬʬʝʢʪʘ ʢʦʛʝʨʝʥʪʥʦʛʦ ʧʣʝʥʝʥʠʷ ʥʘʩʝʣʝʥʥʦʩʪʝʡ ʷʚʣʷʝʪʩʷ ʧʝʨʚʳʤ 

ʨʝʘʣʠʟʦʚʘʥʥʳʤ ʩʪʘʥʜʘʨʪʦʤ ʧʦʜʦʙʥʦʛʦ ʪʠʧʘ ʚ ʈʦʩʩʠʠ. ɺʧʝʨʚʳʝ ʚ ʈʦʩʩʠʠ ʩʦʟʜʘʥʘ 

ʠ ʦʩʚʦʝʥʘ ʪʝʭʥʦʣʦʛʠʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʩʚʝʨʭʤʠʥʠʘʪʶʨʥʳʭ ʨʫʙʠʜʠʝʚʳʭ ʷʯʝʝʢ, ʘ 

ʪʘʢʞʝ ʪʝʭʥʦʣʦʛʠʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʣʘʟʝʨʦʚ ʚ ʤʠʥʠʘʪʶʨʥʦʤ (ʥʘ ʫʨʦʚʥʝ ʥʝʩʢʦʣʴʢʠʭ 

ʢʫʙʠʯʝʩʢʠʭ ʤʠʣʣʠʤʝʪʨʦʚ) ʠʩʧʦʣʥʝʥʠʠ. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʜʦʣʛʦʚʨʝʤʝʥʥʘʷ 
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ʥʝʧʨʝʨʳʚʥʘʷ ʘʚʪʦʥʦʤʥʘʷ ʨʘʙʦʪʘ (ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴʢʠʭ ʤʝʩʷʮʝʚ) ʩʪʘʥʜʘʨʪʘ, ʘ 

ʪʘʢʞʝ ʜʦʩʪʠʞʝʥʠʝ ʚʳʩʦʢʦʡ ʜʦʣʛʦʚʨʝʤʝʥʥʦʡ ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ ʯʘʩʪʦʪʳ (ʧʦʨʷʜʢʘ 

ʥʝʩʢʦʣʴʢʠʭ ʝʜʠʥʠʮ 10-12) ʥʘ ʩʫʪʦʯʥʦʤ ʠʥʪʝʨʚʘʣʝ ʠʟʤʝʨʝʥʠʡ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʧʝʨʝʜʦʚʦʤʫ ʤʠʨʦʚʦʤʫ ʫʨʦʚʥʶ. 

 ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʩʪʘʥʜʘʨʪ ʯʘʩʪʦʪʳ ʧʨʝʜʥʘʟʥʘʯʝʥ ʢ 

ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʤʝʥʪʘ ʥʘʚʠʛʘʮʠʦʥʥʦ-ʚʨʝʤʝʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʜʣʷ 

ʠʟʜʝʣʠʡ ʚʳʩʦʢʦʪʦʯʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʷ ʠʭ ʧʨʦʛʥʦʟʠʨʫʝʤʦʡ 

ʚʨʝʤʝʥʥʦʡ ʠʥʬʦʨʤʘʮʠʝʡ ʩ ʪʨʝʙʫʝʤʦʡ ʪʦʯʥʦʩʪʴʶ ʧʨʠ ʧʦʪʝʨʝ ʩʠʛʥʘʣʦʚ ɻʅʉʉ. 
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ʉʝʢʮʠʷ 

ʇʈʀʂʃɸɼʅɸʗ ʄɸʊɽʄɸʊʀʂɸ ʀ 

ʄɸʊɽʄɸʊʀʏɽʉʂʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ 

 

ʈʫʢʦʚʦʜʠʪʝʣʴ ʩʝʢʮʠʠ ï ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ 
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ɺ.ɺ. ʅɸɿɸʈʆɺ 
ʅʀʀ ʤʝʭʘʥʠʢʠ ʄɻʋ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ɸʅɸʃʀɿ ɼɺʋʍ ʄʆɼɽʃɽʁ ʆʇʀʉɸʅʀʗ ʇʈʆʎɽʉʉɸ  

ɼʃʀʊɽʃʔʅʆʁ ʇʈʆʏʅʆʉʊʀ ʇʈʀ ʉʆɺʄɽʉʊʅʆʄ  

ʈɸʉʊʗɾɽʅʀʀ ʀ ʂʈʋʏɽʅʀʀ ʊʈʋɹʏɸʊʓʍ ʆɹʈɸɿʎʆɺ 

ʇʨʠ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʦʧʳʪʥʳʭ ʜʘʥʥʳʭ ʜʣʠʪʝʣʴʥʦʡ ʧʨʦʯʥʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʫʩʣʦʚʠʷʭ 

ʩʣʦʞʥʦʛʦ ʥʘʧʨʷʞʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʨʘʟʣʠʯʥʳʝ ʠʥʚʘʨʠʘʥʪʳ ʪʝʥʟʦʨʘ 

ʥʘʧʨʷʞʝʥʠʡ (ʤʘʢʩʠʤʘʣʴʥʦʝ ʥʦʨʤʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʥʘʧʨʷʞʝʥʠʡ 

ʫʜʚʦʝʥʥʦʝ ʤʘʢʩʠʤʘʣʴʥʦʝ ʢʘʩʘʪʝʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ), ʘ ʪʘʢ ʞʝ ʠʭ ʣʠʥʝʡʥʳʝ ʢʦʤʙʠʥʘʮʠʠ ʩ 

ʦʜʥʠʤ ʤʘʪʝʨʠʘʣʴʥʳʤ ʧʘʨʘʤʝʪʨʦʤ. ʇʦʛʨʝʰʥʦʩʪʴ ʩʫʤʤʘʨʥʦʛʦ ʨʘʩʭʦʞʜʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʭ ʟʥʘʯʝʥʠʡ ʚʩʝʛʜʘ ʤʝʥʴʰʝ ʜʣʷ ʣʠʥʝʡʥʳʭ 

ʢʦʤʙʠʥʘʮʠʡ ʩ ʤʘʪʝʨʠʘʣʴʥʳʤ ʧʘʨʘʤʝʪʨʦʤ, ʯʝʤ ʜʣʷ ʙʘʟʦʚʳʭ ʠʥʚʘʨʠʘʥʪʦʚ ʪʝʥʟʦʨʘ 

ʥʘʧʨʷʞʝʥʠʡ, ʯʪʦ ʧʨʝʜʦʧʨʝʜʝʣʷʝʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʘ ʧʨʘʢʪʠʢʝ ʵʪʠʭ 

ʣʠʥʝʡʥʳʭ ʢʦʤʙʠʥʘʮʠʡ ʩ ʤʘʪʝʨʠʘʣʴʥʳʤ ʧʘʨʘʤʝʪʨʦʤ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʜʚʝ 

ʤʦʜʝʣʠ ʦʧʠʩʘʥʠʷ ʧʨʦʮʝʩʩʘ ʜʣʠʪʝʣʴʥʦʡ ʧʨʦʯʥʦʩʪʠ ʧʨʠ ʩʣʦʞʥʦʤ ʥʘʧʨʷʜʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ. 

ʇʝʨʚʘʷ ʠʟ ʜʚʫʭ ï ʣʠʥʝʡʥʘʷ ʢʦʤʙʠʥʘʮʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ ʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ 

ʥʦʨʤʘʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ɺʪʦʨʘʷ ʠʟ ʜʚʫʭ ï ʣʠʥʝʡʥʘʷ ʢʦʤʙʠʥʘʮʠʷ ʫʜʚʦʝʥʥʦʛʦ 

ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʩʜʚʠʛʘ ʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʥʦʨʤʘʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʀʟ 

ʘʥʘʣʠʟʘ ʨʝʟʫʣʴʪʘʪʦʚ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ 

ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ ʠ ʢʨʫʯʝʥʠʠ ʪʨʫʙʯʘʪʳʭ ʦʙʨʘʟʮʦʚ, ʫʩʪʘʥʦʚʣʝʥʦ ʚʣʠʷʥʠʝ ʢʘʞʜʦʛʦ ʠʟ ʜʚʫʭ 

ʤʘʢʩʠʤʘʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʚʨʝʤʷ ʨʘʟʨʳʚʘ, ʘ ʪʘʢʞʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʦʜʥʦʡ ʠʟ ʜʚʫʭ ʵʪʠʭ ʤʦʜʝʣʝʡ. 

V.V. NAZAROV 

Institute of Mechanics Lomonosov Moscow State University, 

Moscow, Russian Federation 

ANALYSIS OF TWO MODELS FOR DESCRIBING THE CREEP 

RUPTURE PROCESS UNDER SIMULTANEOUS TENSION AND 

TORSION OF THE TUBULAR SPECIMENS  

Various invariants of the stress tensor (maximum normal stress, Mises equivalent stress, 

doubled maximum tangent stress) are considered, as well as their linear combinations with one 

material parameter when approximating the experimental data of the creep-rupture obtained 

under complex-stress state. The error of the total discrepancy between the experimental data and 

the approximating values is always less for linear combinations with the material parameter 

than for the basic invariants of the stress tensor. This determines the predominant use in practice 

of these linear combinations with the parameter. In this paper we consider two models for 

describing the creep-rupture process under complex-stress state. The first is linear combination 

of the Mises equivalent stress and the maximum normal stress. The second is linear 

combination of the doubled maximum tangent stress and the maximum normal stress. The effect 

of each of two maximum stresses on the creep-rupture process is established from the analysis 

of the results of statistical processing of experimental data obtained under tension and torsion of 

tubular specimens. 
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ɿʘʜʘʯʘ ʦʧʠʩʘʥʠʷ ʚʨʝʤʝʥʠ ʚ ʤʦʤʝʥʪ ʨʘʟʨʫʰʝʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʧʦʣʟʫʯʝʩʪʠ ʠ 

ʩʣʦʞʥʦʛʦ ʥʘʧʨʷʞʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʳʙʦʨʝ ʠʥʚʘʨʠʘʥʪʘ 

(ʵʢʚʠʚʘʣʝʥʪʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ) ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ, ʧʨʠʚʦʜʷʱʝʛʦ ʢ ʥʘʠʤʝʥʴʰʝʡ 

ʩʫʤʤʘʨʥʦʡ ʧʦʛʨʝʰʥʦʩʪʠ ʨʘʩʭʦʞʜʝʥʠʷ ʦʧʳʪʥʳʭ ʜʘʥʥʳʭ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʪʨʝʟʢʘ 

ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʡ ʧʨʷʤʦʡ. ɺ ʢʘʯʝʩʪʚʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʚ ʤʦʤʝʥʪ 

ʨʘʟʨʫʰʝʥʠʷ ʦʪ ʵʢʚʠʚʘʣʝʥʪʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʧʨʠʥʷʪʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʪʝʧʝʥʥʫʶ 

ʬʫʥʢʮʠʶ ʩ ʜʚʫʤʷ ʤʘʪʝʨʠʘʣʴʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. ɺ ʩʪʘʪʴʷʭ [1ī2] ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʣʠʥʝʡʥʘʷ ʢʦʤʙʠʥʘʮʠʷ ʜʚʫʭ ʙʘʟʦʚʳʭ ʠʥʚʘʨʠʘʥʪʦʚ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ ʩ ʦʜʥʠʤ 

ʤʘʪʝʨʠʘʣʴʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʜʥʠʤ ʙʘʟʦʚʳʤ ʠʥʚʘʨʠʘʥʪʦʤ ʧʦʯʪʠ 

ʚʩʝʛʜʘ ʧʨʠʚʦʜʠʪ ʢ ʤʝʥʴʰʝʡ ʧʦʛʨʝʰʥʦʩʪʠ. ʀʟ ʘʥʘʣʠʟʘ ʧʦʛʨʝʰʥʦʩʪʝʡ ʧʨʠ 

ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ ʦʧʳʪʥʳʭ ʜʘʥʥʳʭ ʧʦ ʜʣʠʪʝʣʴʥʦʡ ʧʨʦʯʥʦʩʪʠ ʚ 

ʫʩʣʦʚʠʷʭ ʩʣʦʞʥʦʛʦ ʥʘʧʨʷʞʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʣʠʥʝʡʥʫʶ ʢʦʤʙʠʥʘʮʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ ʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ 

ʥʦʨʤʘʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʩ ʦʜʥʠʤ ʤʘʪʝʨʠʘʣʴʥʳʤ ʧʘʨʘʤʝʪʨʦʤ se
1
inv=[1-

b1]smises+b1smax ʧʨʠ 0<=b1<=1 [3]. ʊʘʢ ʢʘʢ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʥʘʧʨʷʞʝʥʠʡ ï 

ʘʙʩʪʨʘʢʪʥʘʷ ʚʝʣʠʯʠʥʘ, ʪʦ ʚʤʝʩʪʦ ʥʝʝ ʧʨʝʜʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʫʜʚʦʝʥʥʦʝ 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʢʘʩʘʪʝʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ, ʧʨʠ ʵʪʦʤ ʵʢʚʠʚʘʣʝʥʪʥʦʝ ʥʘʧʨʷʞʝʥʠʝ 

ʧʨʠʤʝʪ ʚʠʜ se
2
inv=[1-b2]tmax+b2smax ʧʨʠ 0<=b2<=1. ɺʝʣʠʯʠʥʳ ʤʘʪʝʨʠʘʣʴʥʳʭ 

ʧʘʨʘʤʝʪʨʦʚ b1 ʠ b2 ʫʩʪʘʥʘʚʣʠʚʘʶʪ ʚʣʠʷʥʠʝ ʢʘʞʜʦʛʦ ʙʘʟʦʚʦʛʦ ʠʥʚʘʨʠʘʥʪʘ ʪʝʥʟʦʨʘ 

ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʚʨʝʤʷ ʚ ʤʦʤʝʥʪ ʨʘʟʨʫʰʝʥʠʷ. 

 smax 2tmax 

0<=b2<0,5 ʩʣʘʙʦʝ ʚʣʠʷʥʠʝ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ 

0,5<b2<=1 ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʩʣʘʙʦʝ ʚʣʠʷʥʠʝ 

ʇʨʠ ʘʥʘʣʠʟʝ ʧʦʛʨʝʰʥʦʩʪʝʡ ʜʚʫʭ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʦʧʳʪʥʳʝ ʜʘʥʥʳʝ [4ī6]. ɸʥʘʣʠʟ ʧʦʛʨʝʰʥʦʩʪʝʡ ʥʝ ʚʳʷʚʠʣ ʧʨʝʚʦʩʭʦʜʩʪʚʘ ʢʘʞʜʦʛʦ 

ʠʟ ʜʚʫʭ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʥʘʧʨʷʞʝʥʠʡ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
1. ʃʦʢʦʱʝʥʢʦ ɸ.ʄ., ʅʘʟʘʨʦʚ ɺ.ɺ. // ɸʚʠʘʮ.-ʢʦʩʤ. ʪʝʭʥ. ʠ ʪʝʭʥ. 2004, ˉ 7, ʉ. 124ï128. 

2. ʃʦʢʦʱʝʥʢʦ ɸ.ʄ. // ʄʝʭʘʥʠʢʘ ʪʚʝʨʜʦʛʦ ʪʝʣʘ. 2010, ˉ 4, ʉ. 164ï181. 

3. ʃʝʙʝʜʝʚ ɸ.ɸ. // ʇʨʦʙʣʝʤʳ ʧʨʦʯʥʦʩʪʠ. 1996, ˉ 2, ʉ. 25ï46. 
4. Dyson B.F., Mclean D. // Metal Science. 1977, Vol. 11, no. 2, P. 37ï45. 

5. Cane B.J. // Advances in Fracture Research ï Cannes, 1981, Vol. 3, P. 1285ï1293. 
6. ʅʘʟʘʨʦʚ ɺ.ɺ. // ɿʘʚʦʜ. ʣʘʙ. ɼʠʘʛʥ. ʤʘʪʝʨ. 2013, ʊ. 79, ˉ 8, ʉ. 60ï61.  
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ɸ.ɸ. ʂʋʊʋʂʆɺ, ʅ.ɸ. ʂʋɼʈʗʐʆɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ɸɺʊʆʄɸʊʀɿɸʎʀʗ ʇʆʉʊʈʆɽʅʀʗ ʊʆʏʅʓʍ ʈɽʐɽʅʀʁ 

ʅɽʃʀʅɽʁʅʓʍ ɼʀʌʌɽʈɽʅʎʀɸʃʔʅʓʍ ʋʈɸɺʅɽʅʀʁ 

ʄɽʊʆɼʆʄ R-ʌʋʅʂʎʀʀ 

ʈʘʩʩʤʦʪʨʝʥ ʘʣʛʦʨʠʪʤ ʧʦʩʪʨʦʝʥʠʷ ʪʦʯʥʳʭ ʨʝʰʝʥʠʡ ʥʝʣʠʥʝʡʥʳʭ ʦʙʳʢʥʦʚʝʥʥʳʭ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ R-ʬʫʥʢʮʠʠ, ʢʦʪʦʨʳʡ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʨʘʟʥʦʚʠʜʥʦʩʪʴ ʤʝʪʦʜʘ ʧʨʦʩʪʝʡʰʠʭ ʫʨʘʚʥʝʥʠʡ. ʅʘ ʦʩʥʦʚʝ ʘʣʛʦʨʠʪʤʘ 

ʥʘʧʠʩʘʥʘ ʧʨʦʛʨʘʤʤʘ ʚ ʩʠʩʪʝʤʝ ʢʦʤʧʴʶʪʝʨʥʦʡ ʘʣʛʝʙʨʳ Maple. ʈʘʙʦʪʘ ʧʨʦʛʨʘʤʤʳ 

ʧʨʦʪʝʩʪʠʨʦʚʘʥʘ ʥʘ ʫʨʘʚʥʝʥʠʷʭ, ʦʧʠʩʳʚʘʶʱʠʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʠʤʧʫʣʴʩʦʚ ʚ ʦʧʪʠʯʝʩʢʦʡ 

ʩʨʝʜʝ. 

A.A. KUTUKOV, N.A. KUDRYASHOV 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

AUTOMATION OF  THE CONSTRUCTION OF EXACT  

SOLUTIONS OF NONLINEAR DIFFERENTIAL EQUATIONS BY 

THE R-FUNCTION METHOD  

An algorithm for constructing exact solutions of nonlinear ordinary differential equations 

using the R-function method, which is a variation of the method of simple equations has been 

considered. The program was written in the Maple computer algebra system. The program has 

been tested on equations describing the propagation of pulses in an optical fiber. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʤʥʦʛʠʝ ʬʠʟʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʦʧʠʩʳʚʘʶʪʩʷ ʥʝʣʠʥʝʡʥʳʤʠ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʤʠ ʫʨʘʚʥʝʥʠʷʤʠ. ɼʣʷ ʥʝʠʥʪʝʛʨʠʨʫʝʤʳʭ ʥʝʣʠʥʝʡʥʳʭ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʫʱʝʩʪʚʫʝʪ ʨʷʜ ʤʝʪʦʜʦʚ ʜʣʷ 

ʥʘʭʦʞʜʝʥʠʷ ʪʦʯʥʳʭ ʨʝʰʝʥʠʡ [1], ʥʘʠʙʦʣʝʝ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ ʩʨʝʜʠ ʢʦʪʦʨʳʭ 

ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʧʨʦʩʪʝʡʰʠʭ ʫʨʘʚʥʝʥʠʡ [2], ʧʦʩʢʦʣʴʢʫ ʦʥ ʦʙʦʙʱʘʝʪ ʜʨʫʛʠʝ 

ʤʝʪʦʜʳ ʠ ʧʨʦʩʪ ʚ ʨʝʘʣʠʟʘʮʠʠ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʘʣʛʦʨʠʪʤ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʤʝʪʦʜʘ 

ʧʨʦʩʪʝʡʰʠʭ ʫʨʘʚʥʝʥʠʡ [3-5] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ R-ʬʫʥʢʮʠʠ [6-8] ʚʠʜʘ 

 Ὑᾀ Ȣ (1) 

ʃʝʛʢʦ ʫʙʝʜʠʪʴʩʷ, ʯʪʦ ʬʫʥʢʮʠʷ Ὑᾀ ʠʤʝʝʪ ʧʦʣʶʩ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʠ ʷʚʣʷʝʪʩʷ 

ʨʝʰʝʥʠʝʤ ʫʨʘʚʥʝʥʠʷ 

 Ὑ Ὑ ρ …Ὑ Ȣ (2) 

ɸʣʛʦʨʠʪʤ ʥʘʭʦʞʜʝʥʠʷ ʪʦʯʥʳʭ ʨʝʰʝʥʠʡ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʚʠʜʘ 
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 ὓ ώȟώȟώȟȣ π (3) 

ʩʦʩʪʦʠʪ ʚ ʩʣʝʜʫʶʱʝʤ: 

1. ʆʧʨʝʜʝʣʝʥʠʝ ʧʦʨʷʜʢʘ ʧʦʣʶʩʘ ὴ ʫʨʘʚʥʝʥʠʷ (3) ʧʦ ʫʛʣʫ ʥʘʢʣʦʥʘ ʨʝʙʨʘ 
ʤʥʦʛʦʫʛʦʣʴʥʠʢʘ ʅʴʶʪʦʥʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʚʝʜʫʱʠʤ ʯʣʝʥʘʤ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʫʨʘʚʥʝʥʠʷ [5]. 

2. ɿʘʜʘʥʠʝ ʫʩʝʯʸʥʥʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ώᾀ В ὃὙ ᾀ. 

3. ɸʚʪʦʤʘʪʠʯʝʩʢʘʷ ʧʦʜʩʪʘʥʦʚʢʘ ʫʩʝʯʸʥʥʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʚ ʫʨʘʚʥʝʥʠʝ (3) ʩ 
ʫʯʸʪʦʤ ʫʨʘʚʥʝʥʠʷ (2).  

4. ʇʨʠʨʘʚʥʠʚʘʥʠʝ ʥʫʣʶ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʠ ʦʜʠʥʘʢʦʚʳʭ ʩʪʝʧʝʥʷʭ Ὑᾀ ʠ, 

ʧʨʠ ʥʘʣʠʯʠʠ, Ὑ ᾀ. 

5. ʈʝʰʝʥʠʝ ʧʝʨʝʦʧʨʝʜʝʣʸʥʥʦʡ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ. 

6. ʇʦʩʪʨʦʝʥʠʝ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ (3) ʩ ʫʯʸʪʦʤ ʚʠʜʘ ʬʫʥʢʮʠʠ Ὑᾀ. 

7. ʇʨʦʚʝʨʢʘ ʪʦʯʥʦʛʦ ʨʝʰʝʥʠʷ ʧʫʪʸʤ ʧʦʜʩʪʘʥʦʚʢʠ ʚ ʠʩʭʦʜʥʦʝ ʫʨʘʚʥʝʥʠʝ. 

ʋʜʦʙʩʪʚʦ ʧʨʦʛʨʘʤʤʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʜʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, 

ʯʪʦ ʥʘ ʰʘʛʝ 3 ʥʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚʠʜ ʬʫʥʢʮʠʠ Ὑᾀ, ʘ ʧʨʦʠʟʚʦʜʥʳʝ ώȟώȟώȟȣ 

ʚʳʯʠʩʣʷʶʪʩʷ ʧʨʠ ʧʦʤʦʱʠ ʫʨʘʚʥʝʥʠʷ (2). ɺ ʩʣʫʯʘʝ, ʝʩʣʠ ʫʨʘʚʥʝʥʠʝ (3) ʩʦʜʝʨʞʠʪ 

ʪʦʣʴʢʦ ʧʨʦʠʟʚʦʜʥʳʝ ʯʸʪʥʦʛʦ ʧʦʨʷʜʢʘ, ʥʘ ʰʘʛʝ 4 ʥʝ ʚʦʟʥʠʢʘʝʪ ʧʨʦʠʟʚʦʜʥʦʡ 

Ὑ ᾀ, ʯʪʦ ʫʧʨʦʱʘʝʪ ʥʘʭʦʞʜʝʥʠʝ ʪʦʯʥʦʛʦ ʨʝʰʝʥʠʷ. 

ʇʨʦʛʨʘʤʤʘ ʧʨʦʪʝʩʪʠʨʦʚʘʥʘ ʥʘ ʫʨʘʚʥʝʥʠʷʭ, ʦʧʠʩʳʚʘʶʱʠʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ 

ʠʤʧʫʣʴʩʦʚ ʚ ʦʧʪʠʯʝʩʢʦʡ ʩʨʝʜʝ [6-8]. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ 18-11-00209. 
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ɺ.ɺ. ʎɽɻɽʃʔʅʀʂ 
ɹʝʣʦʨʫʩʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʥʬʦʨʤʘʪʠʢʠ ʠ ʨʘʜʠʦʵʣʝʢʪʨʦʥʠʢʠ, ʄʠʥʩʢ, 

ɹʝʣʘʨʫʩʴ 

 

ɸʅɸʃʀʊʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ ʈɽʐɽʅʀʁ ʊʈɽʍʄɽʈʅʓʍ 

ʅɽʍɸʆʊʀʏɽʉʂʀʍ ʂʆʅʉɽʈɺɸʊʀɺʅʓʍ ʉʀʉʊɽʄ 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʨʝʰʝʥʠʡ ʩʝʤʝʡʩʪʚʘ ʪʨʝʭʤʝʨʥʳʭ 

ʥʝʭʘʦʪʠʯʝʩʢʠʭ ʢʦʥʩʝʨʚʘʪʠʚʥʳʭ ʩʠʩʪʝʤ ʩ ʜʚʫʤʷ ʢʚʘʜʨʘʪʠʯʥʳʤʠ ʥʝʣʠʥʝʡʥʦʩʪʷʤʠ ʠ ʦʜʥʦʡ 

ʢʦʥʩʪʘʥʪʦʡ. ɺ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʥʝʟʘʚʠʩʠʤʘʷ ʧʝʨʝʤʝʥʥʘʷ ʷʚʣʷʝʪʩʷ ʢʦʤʧʣʝʢʩʥʦʡ, 

ʧʨʦʚʝʜʝʥ ʇʝʥʣʝʚʝ-ʘʥʘʣʠʟ ʢʘʞʜʦʡ ʩʠʩʪʝʤʳ ʩʝʤʝʡʩʪʚʘ. 

V.V. TSEGELôNIK 

Belarusian State University of Informatics and Radioelectronics, Minsk, Belarus 

ANALYTICAL PROPERTIES OF SOLUTIONS OF THREE -

DIMENSIONAL NON -CHAOTIC CONSERVATIVE SYSTEMS  

The analytical properties of solutions of family of three-dimensional conservative systems 

with two quadratic nonlinearities and one constant are investigated. Painleveô  

analysis of each system in the family is performed on the assumption that the independent 

variable is a complex variable. 

ʈʘʙʦʪʳ ʉʧʨʦʪʪʘ[1, 2] ʩʚʷʟʘʥʳ ʩ ʚʦʧʨʦʩʦʤ ʦ ʪʦʤ, ʥʘʩʢʦʣʴʢʦ ʧʨʦʩʪʦʡ ʤʦʞʝʪ 

ʙʳʪʴ ʪʨʝʭʤʝʨʥʘʷ ʘʚʪʦʥʦʤʥʘʷ ʩʠʩʪʝʤʘ ʥʝʧʨʝʨʳʚʥʦʛʦ ʚʨʝʤʝʥʠ, ʝʩʣʠ ʦʥʘ ʭʘʦʪʠʯʥʘ. 

ɼʘʥʥʳʡ ʚʦʧʨʦʩ ʪʝʩʥʦ ʩʚʷʟʘʥ ʩ ʠʥʪʝʨʝʩʥʦʡ ʠ ʧʦʢʘ ʥʝʨʝʰʝʥʥʦʡ ʧʨʦʙʣʝʤʦʡ 

ʦʧʨʝʜʝʣʝʥʠʷ ʤʠʥʠʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʜʣʷ ʭʘʦʩʘ. ɺ ʨʘʙʦʪʝ [3]ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʚʩʝ ʜʠʩʩʠʧʘʪʠʚʥʳʝ ʪʨʝʭʤʝʨʥʳʝ ʘʚʪʦʥʦʤʥʳʝ ʩʠʩʪʝʤʳ ʩ ʯʝʪʳʨʴʤʷ ʵʣʝʤʝʥʪʘʤʠ ʚ 

ʧʨʘʚʳʭ ʯʘʩʪʷʭ ʥʝʭʘʦʪʠʯʥʳ. ɸʥʘʣʦʛʠʯʥʳʡ ʨʝʟʫʣʴʪʘʪ ʜʣʷ ʢʦʥʩʝʨʚʘʪʠʚʥʳʭ ʩʠʩʪʝʤ 

(ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʦʜʥʦʡ) ʙʳʣ ʧʦʣʫʯʝʥ ʚ [4].  

ɺ ʜʘʥʥʦʤ ʩʦʦʙʱʝʥʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʘʥʘʣʠʪʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʨʝʰʝʥʠʡ ʢʦʥʩʝʨʚʘʪʠʚʥʳʭ ʩʠʩʪʝʤ ʩ ʜʚʫʤʷ ʢʚʘʜʨʘʪʠʯʥʳʤʠ 

ʥʝʣʠʥʝʡʥʦʩʪʷʤʠ ʠ ʦʜʥʦʡ ʢʦʥʩʪʘʥʪʦʡ [4] 

 2
, , 1.x y yz y x z= + = =& & &  (1) 

 2 2
, , 1.x y z y x z= + = =& & &  (2) 

 2
1 , , .x y y xz z y= + = =& & &  (3) 

 2 2
, , .x y y z z xe= + = =& & &  (4) 

 2
1 , , .

z
x y y x z x= + = =& & &  (5) 

 2
1 , , .x yz y x z y= + = =& & &  (6) 

 2
1 , , .x yz y z z x= + = =& & &  (7) 
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 2 2
1 , , .x y y x z xe= + = =& & &  (8) 

 1 , , .x yz y xz z ye= + = =& & &  (9) 

 2 2
1 , , .x z y x z y= + = =& & &  (10) 

 2
, , .x z y xz z ye= + = =& & &  (11) 

 2
1 , , .x y y xz z x= + = =& & &  (12) 

 2
1 , , .x y y xz z y= + = =& & &  (13) 

 2 2
1 , , .x y y z z x= + = =& & &  (14) 

 2
1 , , .x y y z z xy= + = =& & &  (15) 

 2
, 1, 2 .x x y y z zx= + = =-& & &  (16) 

 2
1 , , .x z y x z xy= + = =& & &  (17) 

 2
, , 1.x y y y xz z= + = =& & &  (18) 

 2 2
, 1, .x y z y z x= + = =& & &  (19) 

 2 2
, , 1.x y z y x z= + = =& & &  (20) 

 2
, , 1.x y z y xz z= + = =& & &  (21) 

ɺ (1) ï (21) x, y, z ï ʥʝʠʟʚʝʩʪʥʳʝ ʬʫʥʢʮʠʠ ʥʝʟʘʚʠʩʠʤʦʡ ʧʝʨʝʤʝʥʥʦʡ t; 
2

1.e=  

ɺ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʧʝʨʝʤʝʥʥʘʷ t ʷʚʣʷʝʪʩʷ ʢʦʤʧʣʝʢʩʥʦʡ, ʜʦʢʘʟʘʥʘ 

ʊʝʦʨʝʤʘ. ʉʠʩʪʝʤʳ (1), (9), (16), (19) ʷʚʣʷʶʪʩʷ ʩʠʩʪʝʤʘʤʠ ʇʝʥʣʝʚʝ-ʪʠʧʘ. 
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ʅ.ɸ. ʂʋɼʈʗʐʆɺ, ʊ.ɼ. ʐɸʈʆɺɸ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ɸʅɸʃʀʊʀʏɽʉʂʆɽ ʈɽʐɽʅʀɽ ʆɹʆɹʑɽʅʅʆʁ ʄʆɼɽʃʀ 

ʌɽʈʄʀ-ʇɸʉʊɸ-ʋʃɸʄɸ 

ʈʘʩʩʤʦʪʨʝʥʘ ʦʙʦʙʱʝʥʥʘʷ ʤʦʜʝʣʴ ʌʝʨʤʠ-ʇʘʩʪʘ-ʋʣʘʤʘ ʩ ʫʯʝʪʦʤ ʚʳʨʘʞʝʥʠʡ ʙʦʣʝʝ 

ʚʳʩʦʢʠʭ ʧʦʨʷʜʢʦʚ. ʇʦʣʫʯʝʥʦ ʥʝʣʠʥʝʡʥʦʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ ʫʨʘʚʥʝʥʠʝ ʧʷʪʦʛʦ ʧʦʨʷʜʢʘ, 

ʦʧʠʩʳʚʘʶʱʝʝ ʚʦʟʤʫʱʝʥʠʷ ʚ ʮʝʧʦʯʢʝ ʤʘʩʩ. ʇʦʣʫʯʝʥʦ ʪʦʯʥʦʝ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ ʚ ʚʠʜʝ 

ʚʦʣʥʦʚʳʭ ʬʫʥʢʮʠʡ ʠ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʰʝʥʠʡ. 

N.A. KUDRYASHOV, T.D. SHAROVA 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

ANALYTICAL SOLUTION OF THE GENERALIZED FERMI -PASTA-

ULAM MODEL  

A generalized Fermi-Pasta-Ulam model subject to expressions of higher orders is 

considered. A fifth-order nonlinear differential equation which describes perturbations in the 

mass chain is obtained. A search for particular solutions of the equation in the form of wave 

functions is performed and an analysis of the obtained solutions is carried out. 

ʌʝʨʤʠ, ʇʘʩʪʘ ʠ ʋʣʘʤ ʠʟʫʯʘʣʠ ʧʨʦʙʣʝʤʫ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʟʤʫʱʝʥʠʡ ʚ 

ʪʚʝʨʜʦʤ ʪʝʣʝ [1]. ʆʥʠ ʥʘʜʝʷʣʠʩʴ ʧʦʢʘʟʘʪʴ, ʯʪʦ ʥʘʯʘʣʴʥʦʝ ʫʩʣʦʚʠʝ, ʧʨʠ ʢʦʪʦʨʦʤ 

ʵʥʝʨʛʠʷ ʩʦʜʝʨʞʠʪʩʷ ʚ ʥʠʟʰʠʭ ʤʦʜʘʭ, ʙʣʘʛʦʜʘʨʷ ʥʝʣʠʥʝʡʥʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ 

ʙʫʜʝʪ ʧʝʨʝʭʦʜʠʪʴ ʚ ʩʦʩʪʦʷʥʠʝ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ. ɺʤʝʩʪʦ ʵʪʦʛʦ ʚ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʦʥʠ ʧʦʣʫʯʠʣʠ ʥʝʨʘʚʥʦʚʝʩʥʦʝ ʧʦʚʝʜʝʥʠʝ, ʚʢʣʶʯʘʷ 

ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʠʝ ʚʦʟʚʨʘʪʳ ʢ ʥʘʯʘʣʴʥʦʤʫ ʩʦʩʪʦʷʥʠʶ. 

ʈʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʤʦʜʝʣʴ ʩʦʩʪʦʠʪ ʠʟ ʪʦʯʝʯʥʳʭ ʤʘʩʩ, ʩʦʝʜʠʥʝʥʥʳʭ 

ʧʨʫʞʠʥʘʤʠ. ɼʚʠʞʝʥʠʝ i-ʡ ʤʘʩʩʳ ʟʘʚʠʩʠʪ ʦʪ ʩʠʣ, ʜʝʡʩʪʚʫʶʱʠʭ ʩʦ ʩʪʦʨʦʥʳ 

ʩʦʩʝʜʥʠʭ ʤʘʩʩ, ʠ ʦʧʠʩʳʚʘʝʪʩʷ ʚʪʦʨʳʤ ʟʘʢʦʥʦʤ ʅʴʶʪʦʥʘ[2]: 

άώ Ὂȟ Ὂ ȟ 

ʛʜʝ ώ - ʢʦʦʨʜʠʥʘʪʘ ʧʦʣʦʞʝʥʠʷ ʨʘʚʥʦʚʝʩʠʷ i-ʡ ʤʘʩʩʳ, ʘ ʩʠʣʘ Ὂ ȟ 

ʚʳʙʠʨʘʝʪʩʷ ʚ ʚʠʜʝ:  

Ὂ ȟ Ὧɝὰ ‌ɝὰ ‍ɝὰ ‎ɝὰ ɝὰȟɝὰ‏ ώ ώ  
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ʈʠʩ.1.ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʘʩʩ ʚ ʤʦʜʝʣʠ ʌʝʨʤʠ, ʇʘʩʪʘ ʠ ʋʣʘʤʘ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʦʣʫʯʝʥʦ ʥʝʣʠʥʝʡʥʦʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ ʫʨʘʚʥʝʥʠʝ ʧʷʪʦʛʦ 

ʧʦʨʷʜʢʘ ʜʣʷ ʦʧʠʩʘʥʠʷ ʚʦʟʤʫʱʝʥʠʷ ʚ ʮʝʧʦʯʢʝ ʤʘʩʩ: 

ό ‌όό ‗ό όό όό ‌‗όό ς‌‗όό

όό ‗όό ‗ό  (1) 

σ‍Ὧ‗όόό
ς

υ
‗ό π 

ʂʨʫʩʢʘʣ ʠ ɿʘʙʫʩʢʠ ʥʘʰʣʠ, ʯʪʦ ʧʝʨʚʳʝ ʪʨʠ ʯʣʝʥʘ ʫʨʘʚʥʝʥʠʷ ʧʨʠʚʦʜʷʪ ʢ 

ʫʨʘʚʥʝʥʠʶ ʂʦʨʪʝʚʝʛʘ-ʜʝʌʨʠʟʘ. ɺʘʞʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʫʨʘʚʥʝʥʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʪʦʤ, ʯʪʦ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʦʣʥ, ʦʧʠʩʳʚʘʝʤʳʭ ʫʨʘʚʥʝʥʠʝʤ ʂʜʌ ʜʘʣʦ 

ʦʙʲʷʩʥʝʥʠʝ ʧʘʨʘʜʦʢʩʘ ʌʇʋ ʠ ʧʦʟʚʦʣʠʣʦ ʘʚʪʦʨʘʤ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʢʦʥʮʝʧʮʠʶ 

ʩʦʣʠʪʦʥʘ[3]. 

ʊʦʯʥʦʝ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ (1) ʧʦʣʫʯʝʥʦ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʧʦʩʪʨʦʝʥʠʷ 

ʪʦʯʥʳʭ ʨʝʰʝʥʠʡ ʥʝʣʠʥʝʡʥʳʭ ʦʙʳʢʥʦʚʝʥʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ. 

ʀʩʧʦʣʴʟʫʷ ʟʘʤʝʥʫ όὼȟὸ ύᾀȟᾀ ὼ ὅὸ, ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ ʠʱʝʤ ʚ 
ʚʠʜʝ  

ύᾀ ὃ ὃὙᾀ, ʛʜʝ Ὑᾀ τὥ τὥὩ ‚Ὡ   (2) 

ʇʨʠ ʩʣʝʜʫʶʱʠʭ ʦʛʨʘʥʠʯʝʥʠʷʭ ʥʘ ʢʦʵʬʬʠʮʠʝʥʪʳ:  

ὃ πȟὅ πȟὅ
ς

υ
‘‗ ‗‘ȟ‌ π 

‍
ψ‘‚‗ τ‗‘ ρ

ὃὥὯφ‗‘ ρ
ȟ‏

ωφ‘‚‗ ρς‗‘ χ

υφ‗‘ ρὃὥςὯ
ȟ‎ π 

ʨʝʰʝʥʠʝ ʷʚʣʷʝʪʩʷ ʫʝʜʠʥʝʥʥʦʡ ʚʦʣʥʦʡ, ʥʘʧʦʤʠʥʘʶʱʝʡ ʩʦʣʠʪʦʥ ʂʦʨʪʝʚʝʛʘ ï 

ʜʝ ʌʨʠʟʘ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ 18-11-00209. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ʅ.ʀ. ʉʀɼʅʗɽɺ, ʅ.ʉ. ʂʃʀʄʆɺɸ 
ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ ʅ.ʕ. ɹʘʫʤʘʥʘ 

 

ɺɽʈʆʗʊʅʆʉʊʅʓʁ ʄɽʊʆɼ ʆʇʈɽɼɽʃɽʅʀʗ ʉʊʆʃʂʅʆɺɽʅʀʗ 

ʄʀʂʈʆʏɸʉʊʀʎ ɺ ʂʆʉʄʀʏɽʉʂʆʄ  

ʇʈʆʉʊʈɸʅʉʊɺɽ 

ʀʟʫʯʘʝʪʩʷ ʚʣʠʷʥʠʝ ʢʦʩʤʠʯʝʩʢʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʥʘ ʚʝʨʦʷʪʥʦʩʪʴ ʩʪʦʣʢʥʦʚʝʥʠʷ 

ʤʠʢʨʦʯʘʩʪʠʮ ʩ ʟʘʱʠʪʥʦʡ ʦʙʦʣʦʯʢʦʡ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʦʪ ʜʣʠʪʝʣʴʥʦʛʦ ʧʨʝʙʳʚʘʥʠʷ ʚ 

ʢʦʩʤʠʯʝʩʢʦʤ ʚʘʢʫʫʤʝ ʟʘʤʝʪʥʦ ʤʝʥʷʶʪʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʪʝʨʠʘʣʦʚ ʢʦʩʤʠʯʝʩʢʠʭ 

ʘʧʧʘʨʘʪʦʚ. ʇʨʠ ʦʨʙʠʪʘʣʴʥʦʤ ʜʚʠʞʝʥʠʠ ʚ ʜʦʩʪʘʪʦʯʥʦ ʧʣʦʪʥʳʭ ʩʣʦʷʭ ʚʝʨʭʥʝʡ ʘʪʤʦʩʬʝʨʳ 

ɿʝʤʣʠ, ʘ ʪʘʢʞʝ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʙʦʤʙʘʨʜʠʨʦʚʢʠ ʟʘʨʷʞʝʥʥʳʤʠ ʯʘʩʪʠʮʘʤʠ ʢʦʩʤʠʯʝʩʢʦʡ 

ʨʘʜʠʘʮʠʠ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʩʠʣʴʥʦʝ ʨʘʟʨʳʭʣʝʥʠʝ ʤʘʪʝʨʠʘʣʘ ʧʦʚʝʨʭʥʦʩʪʝʡ ʢʦʩʤʠʯʝʩʢʠʭ 

ʘʧʧʘʨʘʪʦʚ ʠ ʝʛʦ ʨʘʩʧʳʣʝʥʠʝ ʚ ʦʢʨʫʞʘʶʱʝʝ ʧʨʦʩʪʨʘʥʩʪʚʦ. 

N.I. SIDNYAEV, N.S. KLIMOVA  

Bauman Moscow State Technical University,Moscow, Russia 

PROBABLE METHOD FOR DETERMINING THE COLLISION OF 

MICROPARTICLES IN SPACE  

 The influence of space on the probability of collision of microparticles with the protective 

shell is studied. It is shown that the characteristics of spacecraft materials significantly change 

after a long stay in the space vacuum. During orbital motion in sufficiently dense layers of the 

earth's upper atmosphere, as well as under the influence of bombardment by charged particles of 

cosmic radiation, a strong loosening of the material on the surfaces of spacecraft can occur and 

its dispersion into the surrounding space. 

ɺʝʨʦʷʪʥʦʩʪʥʳʝ ʟʘʢʦʥʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʪʜʝʣʴʥʦʡ ʵʣʝʤʝʥʪʘʨʥʦʡ ʯʘʩʪʠʮʳ ʩ 

ʧʦʢʨʳʪʠʝʤ ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ ʠʟʚʝʩʪʥʳ [1]. ʊʨʝʙʫʝʪʩʷ ʥʘʡʪʠ 

ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʦʮʝʩʩʦʚ, ʚ ʢʦʪʦʨʳʭ ʫʯʘʩʪʚʫʝʪ ʙʦʣʴʰʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʪʘʢʠʭ ʯʘʩʪʠʮ: ʧʣʦʪʥʦʩʪʠ, ʧʦʪʦʢʠ ʠ ʪ.ʧ. ʕʪʘ ʩʠʪʫʘʮʠʷ ʫʜʦʙʥʘ ʜʣʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʝʪʦʜʘ ʄʦʥʪʝ-ʂʘʨʣʦ. ʈʘʩʩʤʦʪʨʠʤ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʂɸ ʨʘʟʤʝʨʦʤ0ÒxÒhʧʦʜ ʫʛʣʦʤ 90Üʧʘʜʘʝʪ ʧʦʪʦʢ ʤʠʢʨʦʯʘʩʪʠʮ ʩ ʵʥʝʨʛʠʝʡE0. ʇʨʠ 

ʩʪʦʣʢʥʦʚʝʥʠʠ ʩ ʘʪʦʤʘʤʠ ʚʝʱʝʩʪʚʘ ʥʝʩʫʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮʳ ʤʦʛʫʪ ʫʧʨʫʛʦ 

ʨʘʩʩʝʠʚʘʪʴʩʷ ʠʣʠ ʧʦʛʣʦʱʘʪʴʩʷ. ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʵʥʝʨʛʠʷ ʯʘʩʪʠʮʳ ʧʨʠ 

ʨʘʩʩʝʷʥʠʠ ʥʝ ʤʝʥʷʝʪʩʷ ʠ ʣʶʙʦʝ ʥʘʧʨʘʚʣʝʥʠʝ çʦʪʩʢʦʢʘè ʯʘʩʪʠʮʳ ʦʪ ʘʪʦʤʘ 

ʦʜʠʥʘʢʦʚʦ ʚʝʨʦʷʪʥʦ.  

ɺʳʯʠʩʣʠʤ ʚʝʨʦʷʪʥʦʩʪʴ ʧʨʦʭʦʞʜʝʥʠʷ ʤʠʢʨʦʯʘʩʪʠʮ ʩʢʚʦʟʴ ʦʙʦʣʦʯʢʫp+, 

ʚʝʨʦʷʪʥʦʩʪʴ ʦʪʨʘʞʝʥʠʷ ʯʘʩʪʠʮʳ ʧʦʚʝʨʭʥʦʩʪʴʶp- ʠ ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʛʣʦʱʝʥʠʷ 

ʯʘʩʪʠʮʳ ʚ ʟʘʱʠʪʥʦʡ ʦʙʦʣʦʯʢʝp0.ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʝʯʝʥʠʝʤ 

ʧʦʛʣʦʱʝʥʠʷ Sc ʠ ʩʝʯʝʥʠʝʤ ʨʘʩʩʝʷʥʠʷSs. ʇʦʣʥʦʝ ʩʝʯʝʥʠʝ S=Sc+Ss. ɺʝʨʦʷʪʥʦʩʪʴ 

ʧʦʛʣʦʱʝʥʠʷ ïSc/S, ʨʘʩʩʝʷʥʠʷ ïSs/S. ɼʣʠʥʘ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʯʘʩʪʠʮʳɚï

ʩʣʫʯʘʡʥʘʷ ʚʝʣʠʯʠʥʘ, ʧʨʠʥʠʤʘʶʱʘʷ ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʩ ʧʣʦʪʥʦʩʪʴʶ 
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p(x)=Se-Sx. ʉʨʝʜʥʷʷ ʜʣʠʥʘMɚ=1/S. ʌʦʨʤʫʣʘ ʜʣʷ ʨʘʟʳʛʨʳʚʘʥʠʷ ɚ:ɚ=(lnɔ-

1)/S.ɿʘʜʘʯʘ ʩʠʤʤʝʪʨʠʯʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ x, ʪʘʢ ʯʪʦ ʥʘʧʨʘʚʣʝʥʠʝ ʯʘʩʪʠʮʳ ʧʦʩʣʝ 

ʨʘʩʩʝʷʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʫʛʣʦʤ űʤʝʞʜʫ ʥʘʧʨʘʚʣʝʥʠʝʤ ʩʢʦʨʦʩʪʠ ʯʘʩʪʠʮʳ ʠ ʦʩʴʶ 

Ox.ʈʘʚʥʘʷ ʚʝʨʦʷʪʥʦʩʪʴ ʣʶʙʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʚʥʦʩʠʣʴʥʘ ʨʘʚʥʦʤʝʨʥʦʤʫ 

ʨʘʩʧʨʝʜʝʣʝʥʠʶ Õ=cosű ʥʘ ʠʥʪʝʨʚʘʣʝ (-1,1). ʌʦʨʤʫʣʘ ʨʘʟʳʛʨʳʚʘʥʠʷ Õ ʥʘ 

ʛʨʘʥʠʮʝ:Õ=2ɔ-1. 

ɼʣʷ ʨʘʩʯʸʪʘ ʧʫʪʸʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʪʠʥʥʳʭ ʪʨʘʝʢʪʦʨʠʡ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ 

ʯʘʩʪʠʮʘ ʠʩʧʳʪʘʣʘ k-ʝ ʨʘʩʩʝʷʥʠʝ ʚʥʫʪʨʠ ʟʘʱʠʪʥʦʡ ʦʙʦʣʦʯʢʠ ʚ ʪʦʯʢʝ ʩ ʘʙʩʮʠʩʩʦʡ 

xk ʠ ʥʘʯʘʣʘ ʜʚʠʛʘʪʴʩʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ Õk. ʈʘʟʳʛʨʳʚʘʝʪʩʷ ɚʠ ʚʳʯʠʩʣʷʝʪʩʷ ʘʙʩʮʠʩʩʘ 

ʩʣʝʜʫʶʱʝʛʦ ʩʪʦʣʢʥʦʚʝʥʠʷ xk+1=xk+ɚkÕk. ɽʩʣʠ xk+1>h, ʪʦ ʯʘʩʪʠʮʘ ʜʦʙʘʚʣʷʝʪʩʷ ʢ 

ʯʠʩʣʫ ʧʨʦʰʝʜʰʠʭ. ɽʩʣʠ xk+1<0, ʪʦ ʯʘʩʪʠʮʘ ʜʦʙʘʚʣʷʝʪʩʷ ʢ ʯʠʩʣʫ ʦʪʨʘʞʸʥʥʳʭ. 

ɽʩʣʠ 0Òxk+1Òh, ʪʦ ʯʘʩʪʠʮʘ ʠʩʧʳʪʘʣʘ ʩʪʦʣʢʥʦʚʝʥʠʝ ʚʥʫʪʨʠ ʟʘʱʠʪʥʦʡ ʦʙʦʣʦʯʢʠ. 

ɽʩʣʠ ɔ<Sc/S, ʪʦ ʯʘʩʪʠʮʘ ʜʦʙʘʚʣʷʝʪʩʷ ʢ ʯʠʩʣʫ ʧʦʛʣʦʱʸʥʥʳʭ. ʀʥʘʯʝ ʯʘʩʪʠʮʘ 

ʠʩʧʳʪʘʣʘ ʨʘʩʩʝʷʥʠʝ ʚ ʪʦʯʢʝ xk+1. ʈʘʟʳʛʨʳʚʘʝʤ Õkʠ ʧʦʚʪʦʨʷʝʤ ʮʠʢʣ ʩ ʜʨʫʛʠʤʠ 

ʟʥʘʯʝʥʠʷʤʠ ɔ. ʂʘʞʜʦʝ ʟʥʘʯʝʥʠʝ ɔʠʩʧʦʣʴʟʫʝʪʩʷ ʦʜʠʥ ʨʘʟ. ʅʘʯʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʜʣʷ 

ʢʘʞʜʦʡ ʪʨʘʝʢʪʦʨʠʠ: x0=0, Õ0=1.ʇʦʩʣʝ ʨʘʩʯʸʪʘ N ʪʨʘʝʢʪʦʨʠʡ: N+ ʯʘʩʪʠʮ ʧʨʦʰʣʠ 

ʩʢʚʦʟʴ ʟʘʱʠʪʥʫʶ ʦʙʦʣʦʯʢʫ, N- ʦʪʨʘʟʠʣʠʩʴ ʦʪ ʥʝʸ, ʘ N0 ʯʘʩʪʠʮ ʙʳʣʠ ʧʦʛʣʦʱʝʥʳ. 

ɺʝʨʦʷʪʥʦʩʪʠ ʧʨʠʙʣʠʞʸʥʥʦ ʨʘʚʥʳ ʦʪʥʦʰʝʥʠʷʤ:p+åN+/N, p-åN-/N, p0åN0/N. ʊʘʢʠʤ 

ʤʝʪʦʜʦʤ ʪʨʫʜʥʦ ʚʳʯʠʩʣʠʪʴ ʚʝʨʦʷʪʥʦʩʪʴ p+, ʢʦʛʜʘ ʦʥʘ ʦʯʝʥʴ ʤʘʣʘ. 

ʈʘʩʩʤʦʪʨʠʤ ʩʭʝʤʫ ʨʘʩʯʸʪʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʝʩʦʚ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ 

ʚʜʦʣʴ ʦʜʥʦʡ ʪʨʘʝʢʪʦʨʠʠ ʜʚʠʞʝʪʩʷ ɤ0 ʦʜʠʥʘʢʦʚʳʭ ʤʠʢʨʦʯʘʩʪʠʮ. ʇʨʠ 

ʩʪʦʣʢʥʦʚʝʥʠʠ ʢʦʣʠʯʝʩʪʚʦ ʧʦʛʣʦʱʝʥʥʳʭ ʯʘʩʪʠʮ ʚ ʩʨʝʜʥʝʤ ʨʘʚʥʦ ɤ0(Sc/S), ʘ 

ʨʘʩʩʝʷʥʥʳʭ ʯʘʩʪʠʮ -ɤ0(Ss/S). ɺʤʝʩʪʦ ɤkʯʘʩʪʠʮ ʛʦʚʦʨʷʪ ʦʙ ʦʜʥʦʡ ʯʘʩʪʠʮʝ ʩ ʚʝʩʦʤ 

ɤk. ʅʘʯʘʣʴʥʳʡ ʚʝʩ ɤ0 ʧʦʣʘʛʘʶʪ ʨʘʚʥʳʤ 1.ʇʨʠ ʢʘʞʜʦʤ ʩʪʦʣʢʥʦʚʝʥʠʠ ʢʦʣʠʯʝʩʪʚʦ 

ʤʠʢʨʦʯʘʩʪʠʮ ʙʫʜʝʪ ʫʤʝʥʴʰʘʪʴʩʷɤk+1=ɤk(Ss/S). ʊʨʘʝʢʪʦʨʠʷ ʥʝ ʤʦʞʝʪ ʟʘʢʦʥʯʠʪʴʩʷ 

ʧʦʛʣʦʱʝʥʠʝʤ.  

ʉʫʱʝʩʪʚʫʶʪ ʨʘʟʥʦʦʙʨʘʟʥʳʝ ʩʧʦʩʦʙʳ ʨʘʩʯʸʪʘ. ʄʝʪʦʜ ʄʦʥʪʝ-ʂʘʨʣʦ ʧʦʟʚʦʣʷʝʪ 

ʨʝʰʘʪʴ ʩʣʦʞʥʳʝ ʟʘʜʘʯʠ ʦ ʤʠʢʨʦʯʘʩʪʠʮʘʭ: ʠʩʩʣʝʜʫʝʤʘʷ ʩʨʝʜʘ ʤʦʞʝʪ ʩʦʩʪʦʷʪʴ ʠʟ 

ʨʘʟʣʠʯʥʳʭ ʚʝʱʝʩʪʚ ʠ ʠʤʝʪʴ ʣʶʙʫʶ ʛʝʦʤʝʪʨʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ; ʵʥʝʨʛʠʷ ʯʘʩʪʠʮʳ 

ʧʨʠ ʩʪʦʣʢʥʦʚʝʥʠʠ ʤʦʞʝʪ ʤʝʥʷʪʴʩʷ. ʄʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʫʯʠʪʳʚʘʪʴ ʤʥʦʛʦ 

ʨʘʟʣʠʯʥʳʭ ʧʨʦʮʝʩʩʦʚ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ɸ.ɸ. ʉɸʈʀʅ, ɻ.ɺ. ɼʆʃɻʆʃɽɺɸ 
ʄʦʩʢʦʚʩʢʠʡ ɻʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʋʥʠʚʝʨʩʠʪʝʪ, ʤʝʭ-ʤʘʪ 

ɺʃʀʗʅʀɽ ʇɽʈɽʄɽʐʀɺɸʅʀʗ ʉʃʆɽɺ ʄʀʐɽʅʀ ʅɸ ɽɽ 

ɻʆʈɽʅʀɽ 

ɺʣʠʷʥʠʝ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʩʣʦʝʚ ʥʘ ʧʘʨʘʤʝʪʨʳ ʤʠʢʨʦʤʠʰʝʥʝʡ ʚ ʪʝʨʤʦʷʜʝʨʥʦʤ 

ʩʠʥʪʝʟʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʥʘ ʧʨʠʤʝʨʘʭ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʤʠʰʝʥʝʡ. ʇʝʨʝʤʝʰʠʚʘʥʠʝ 

ʩʣʦʝʚ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʧʦ k-Ů ʤʦʜʝʣʠ. ʇʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʝʟʫʣʴʪʘʪʳ ʩʦʩʪʘʚʣʷʶʪ ʥʝʤʘʣʦʚʘʞʥʳʡ ʚʢʣʘʜ ʚ ʠʟʫʯʝʥʠʝ ʟʘʜʘʯ 

ʠʥʝʨʮʠʦʥʥʦʛʦ ʪʝʨʤʦʷʜʝʨʥʦʛʦ ʩʠʥʪʝʟʘ.  

A.A. SARIN, G.V. DOLGOLEVA 

The Moscow State University, meh-mat 

INFLUENCE OF MIXING THE LAYERS OF TARGET ON ITS 

COMBUSTION  

The influence of mixing layers on the parameters of microtargets in the thermonuclear 

fusion is examined based on the examples of the published targets. Mixing layers is 

calculated by k-Ů the model. The results obtained with the aid of the numerical simulation 

compose the important contribution to the study of the tasks of inertia thermonuclear fusion. 

ɼʦʢʣʘʜ ʧʦʩʚʷʱʝʥ ʤʘʪʝʤʘʪʠʯʝʩʢʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʧʝʨʝʤʝʰʠʚʘʥʠʷ, 

ʚʦʟʥʠʢʘʶʱʝʛʦ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʩʣʦʝʚ ʧʨʠ ʩʞʘʪʠʠ ʩʣʦʞʥʳʭ ʤʠʰʝʥʝʡ ʚ 

ʟʘʜʘʯʘʭ ʫʧʨʘʚʣʷʝʤʦʛʦ ʪʝʨʤʦʷʜʝʨʥʦʛʦ ʩʠʥʪʝʟʘ. ɼʣʷ ʘʜʝʢʚʘʪʥʦʛʦ ʦʧʠʩʘʥʠʷ 

ʬʠʟʠʢʠ ʣʘʟʝʨʥʦʡ ʧʣʘʟʤʳ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ. ʆʛʨʘʥʠʯʝʥʥʦʩʪʴ ʥʘʰʠʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ʚ ʧʨʦʚʝʜʝʥʠʠ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʧʦʣʥʦʤʘʩʰʪʘʙʥʳʤ ʪʝʨʤʦʷʜʝʨʥʳʤ ʛʦʨʝʥʠʝʤ ʚ ʤʠʰʝʥʷʭ ʩ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʜʠʢʪʫʝʪ ʦʙʨʘʱʝʥʠʝ ʢ ʯʠʩʣʝʥʥʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ. ʕʪʦ ʥʝ 

ʪʦʣʴʢʦ ʧʦʟʚʦʣʷʝʪ ʦʙʲʷʩʥʠʪʴ ʵʢʩʧʝʨʠʤʝʥʪ, ʩʧʦʩʦʙʩʪʚʫʶʪ ʧʦʥʠʤʘʥʠʶ ʠʭ 

ʨʝʟʫʣʴʪʘʪʦʚ, ʥʦ ʠ ʦʙʣʝʛʯʘʝʪ ʧʨʦʚʝʜʝʥʠʝ ʩʘʤʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, 

ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʝ ʠʭ ʨʝʟʫʣʴʪʘʪʦʚ. ɺʩʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ 

ʧʨʦʚʝʜʝʥʳ ʧʦ ʤʝʪʦʜʠʢʝ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʡ ʥʘ ʯʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʚ ʣʘʟʝʨʥʦʡ ʧʣʘʟʤʝ /1/. ʄʝʪʦʜʠʢʘ 

ʩʦʜʝʨʞʠʪ ʨʘʩʯʝʪ ʩʣʝʜʫʶʱʠʭ ʧʨʦʮʝʩʩʦʚ: ʜʚʠʞʝʥʠʝ ʩʨʝʜʳ ʧʨʠ ʥʘʣʠʯʠʠ 

ʦʪʨʳʚʘ ʪʝʤʧʝʨʘʪʫʨ (ʠʦʥʦʚ ʠ ʵʣʝʢʪʨʦʥʦʚ), ʧʦʛʣʦʱʝʥʠʝ ʣʘʟʝʨʥʦʡ ʵʥʝʨʛʠʠ ʩ 

ʫʯʝʪʦʤ ʦʪʨʘʞʝʥʠʷ ʦʪ ʢʨʠʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ, ʧʝʨʝʥʦʩ ʪʝʧʣʘ ʵʣʝʢʪʨʦʥʘʤʠ ʠ 

ʠʦʥʘʤʠ ʩ ʦʛʨʘʥʠʯʝʥʠʝʤ ʜʠʬʬʫʟʠʦʥʥʳʭ ʧʦʪʦʢʦʚ, ʩʧʝʢʪʨʘʣʴʥʳʡ ʧʝʨʝʥʦʩ 

ʠʟʣʫʯʝʥʠʷ ʚ ʢʚʘʟʠʜʠʬʬʫʟʠʦʥʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʠ ʝʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ 

ʚʝʱʝʩʪʚʦʤ, ʠʦʥʠʟʘʮʠʷ ʚʝʱʝʩʪʚʘ ʠ ʚʦʟʙʫʞʜʝʥʠʝ ʠʦʥʦʚ ʚ ʥʝʨʘʚʥʦʚʝʩʥʦʡ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʡ ʧʣʘʟʤʝ, ʤʥʦʛʦʛʨʫʧʧʦʚʦʡ ʧʝʨʝʥʦʩ ʙʳʩʪʨʳʭ ʟʘʨʷʞʝʥʥʳʭ 

ʯʘʩʪʠʮ, ʢʠʥʝʪʠʢʘ ʪʝʨʤʦʷʜʝʨʥʳʭ ʨʝʘʢʮʠʡ ʠ ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʩʣʦʝʚ. ʋʨʘʚʥʝʥʠʷ 

ʩʦʩʪʦʷʥʠʷ, ʩʧʝʢʪʨʘʣʴʥʳʝ ʧʨʦʙʝʛʠ ʠʟʣʫʯʝʥʠʷ, ʢʦʵʬʬʠʮʠʝʥʪʳ ʵʣʝʢʪʨʦʥʥʦʡ ʠ 
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ʠʦʥʥʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʵʣʝʢʪʨʦʥ- ʠʦʥʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʠ ʧʦʛʣʦʱʝʥʠʷ 

ʣʘʟʝʨʥʦʡ ʵʥʝʨʛʠʠ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʩʦʛʣʘʩʥʦ ʩʦʩʪʘʚʫ ʧʣʘʟʤʳ /2/.  

ʇʝʨʝʤʝʰʠʚʘʥʠʝ ʩʣʦʝʚ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʧʦ k-Ů ʤʦʜʝʣʠ /3/. 

ɺʣʠʷʥʠʝ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʩʣʦʝʚ ʥʘ ʧʘʨʘʤʝʪʨʳ ʤʠʢʨʦʤʠʰʝʥʝʡ ʚ 

ʪʝʨʤʦʷʜʝʨʥʦʤ ʩʠʥʪʝʟʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʥʘ ʧʨʠʤʝʨʘʭ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ 

ʤʠʰʝʥʝʡ /4/-/5/. ɺ ʨʘʩʯʝʪʘʭ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʚʩʝ ʧʨʦʮʝʩʩʳ, ʦʧʠʩʘʥʥʳʝ ʚʳʰʝ.  

ɼʣʷ ʢʘʞʜʦʛʦ ʨʘʩʯʝʪʘ ʧʨʠʚʦʜʷʪʩʷ ʛʝʦʤʝʪʨʠʷ ʤʠʰʝʥʠ, ʚʠʜ ʵʥʝʨʛʦʚʣʦʞʝʥʠʷ 

ʠ ʪʘʙʣʠʮʘ. ʊʘʙʣʠʮʘ ʩʦʜʝʨʞʠʪ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʤʠʰʝʥʝʡ ʙʝʟ ʫʯʝʪʘ 

ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʩʣʦʝʚ ʠ ʩ ʫʯʝʪʦʤ. ɺ ʥʝʡ ʩʦʜʝʨʞʘʪʩʷ ʩʣʝʜʫʶʱʠʝ ʚʝʣʠʯʠʥʳ: 

ʚʣʦʞʝʥʥʘʷ ʚ ʤʠʰʝʥʴ ʵʥʝʨʛʠʷ, F - ʵʥʝʨʛʠʷ ʚʳʜʝʣʠʚʰʘʷʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʪʝʨʤʦʷʜʝʨʥʳʭ ʨʝʘʢʮʠʡ, K - ʢʦʵʬʬʠʮʠʝʥʪ ʫʩʠʣʝʥʠʷ ʤʠʰʝʥʠ (K = F/E), L- 

ʜʣʠʥʘ ʟʦʥʳ ʧʝʨʝʤʝʰʠʚʘʥʠʷ.  

ʇʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʝʟʫʣʴʪʘʪʳ 

ʩʦʩʪʘʚʣʷʶʪ ʥʝʤʘʣʦʚʘʞʥʳʡ ʚʢʣʘʜ ʚ ʠʟʫʯʝʥʠʝ ʟʘʜʘʯ ʠʥʝʨʮʠʦʥʥʦʛʦ 

ʪʝʨʤʦʷʜʝʨʥʦʛʦ ʩʠʥʪʝʟʘ.  
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ɸ.ɻ. ʉɹʆɽɺ1,2 
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ɺʓɹʆʈ ʕʌʌɽʂʊʀɺʅʆɻʆ ʅɽʁʈʆʉɽʊɽɺʆɻʆ ʄɽʊʆɼɸ 

ʌʆʈʄʀʈʆɺɸʅʀʗ ɿɸɻʆʃʆɺʂʆɺ 

ɺ ʨʘʙʦʪʝ ʩʨʘʚʥʠʚʘʶʪʩʷ ʥʝʩʢʦʣʴʢʦ ʧʦʜʭʦʜʦʚ ʢ ʬʦʨʤʘʣʠʟʘʮʠʠ ʟʘʜʘʯʠ ʧʦʣʫʯʝʥʠʷ 

ʢʨʘʪʢʠʭ ʘʥʥʦʪʘʮʠʡ ʥʘ ʦʩʥʦʚʝ ʥʝʡʨʦʩʝʪʝʚʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ: ʘʙʩʪʨʘʢʪʠʚʥʦʛʦ ʥʘ ʙʘʟʝ 

ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʩ ʚʥʠʤʘʥʠʝʤ ʠ ʵʢʩʪʨʘʢʪʠʚʥʦʛʦ ʜʣʷ ʚʳʜʝʣʝʥʠʷ ʥʘʠʙʦʣʝʝ ʭʘʨʘʢʪʝʨʥʦʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʩʣʦʚ ʚ ʪʝʢʩʪʝ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʩʨʘʚʥʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʧʦʜʭʦʜʦʚ ʥʘ 

ʢʦʨʧʫʩʝ ʈʀɸ ʅʦʚʦʩʪʠ ʤʝʪʦʜ ʥʘ ʦʩʥʦʚʝ ʵʢʩʪʨʘʢʮʠʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʥ-ʛʨʘʤʤ ʩʣʦʚ 

ʧʦʢʘʟʘʣ ʥʘʠʚʳʩʰʠʡ ʨʝʟʫʣʴʪʘʪ. 

I.A.MOLOSHNIKOV1, A.V.GRYAZNOV1, D.S.VLASOV1, 

A.G. SBOEV1,2 

1National Research Center çKurchatov Instituteè,  
2National Research Nuclear University MEPhI (Moscow Engineering Physics  

Institute), Moscow, Russia 

SELECTING  AN EFFECTIVE  NEURAL  NETWORK   

METHOD  FOR HEADLINE  GENERATION  

The paper compares several approaches to formalizing the tasks to obtain brief annotations: 

based on neural network modeling: analysis, based on a neural network with attention and 

extraction to highlight the most characteristic words in the text. According to the results of 

comparing various approaches on base of the RIA News corpus, the method using the extraction 

of sequential n-grams of the dictionary showed the highest result. 
 ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʟʘʛʦʣʦʚʢʦʚ ʩʫʱʝʩʪʚʫʶʪ ʜʚʘ ʪʠʧʘ 

ʧʦʜʭʦʜʦʚ: ʘʙʩʪʨʘʢʪʠʚʥʳʡ ʠ ʵʢʩʪʨʘʢʪʠʚʥʳʡ, ʢʦʪʦʨʳʝ ʩʨʘʚʥʠʚʘʶʪʩʷ ʚ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ ʥʘ ʢʦʨʧʫʩʝ ʈʀɸ ʅʦʚʦʩʪʠ [1]. ʉʨʘʚʥʝʥʠʝ ʧʨʦʚʦʜʠʪʩʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʤʝʪʨʠʢʠROUGEL[2] ʧʦ ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʩʦʦʪʚʝʪʩʪʚʠʶ ʥ-ʛʨʘʤʤ ʩʣʦʚ ʵʪʘʣʦʥʥʦʛʦ 

ʟʘʛʦʣʦʚʢʘ ʥʦʚʦʩʪʠ ʠʟ ʢʦʨʧʫʩʘ ʠ ʩʛʝʥʝʨʠʨʦʚʘʥʥʦʛʦ ʟʘʛʦʣʦʚʢʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʘʥʘʣʠʟʠʨʫʝʤʳʭ ʧʦʜʭʦʜʦʚ. 

ɸʙʩʪʨʘʢʪʠʚʥʳʡ ʧʦʜʭʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʩʪʨʦʝʥʠʠ ʤʦʜʝʣʠ, ʩʧʦʩʦʙʥʦʡ 

ʛʝʥʝʨʠʨʦʚʘʪʴ ʟʘʛʦʣʦʚʦʢ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʩʦʜʝʨʞʘʪʴ ʩʣʦʚʘ ʠ ʬʨʘʟʳ, 

ʥʝʚʩʪʨʝʯʘʶʱʠʝʩʷ ʚ ʪʝʢʩʪʝ ʥʦʚʦʩʪʠ, ʥʦ ʥʘʠʣʫʯʰʠʤ ʦʙʨʘʟʦʤ ʦʪʨʘʞʘʶʱʠʝ ʩʫʪʴ 

ʪʝʢʩʪʘ ʥʦʚʦʩʪʠ. ʅʘʠʣʫʯʰʠʝ ʨʝʟʫʣʴʪʘʪ r ʥʘ ʙʘʟʝ ʧʨʠʤʝʥʝʥʠʷ ʪʘʢʦʛʦ ʧʦʜʭʦʜʘ 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ ʪʦʧʦʣʦʛʠʠ ʪʨʘʥʩʬʦʨʤʝʨ [3], ʦʩʥʦʚʘʥʥʳʝ ʥʘ 

ʩʣʦʷʭ ʩ ʤʥʦʞʝʩʪʚʝʥʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʚʥʠʤʘʥʠʷ (multiheadattention). ɺ ʠʜʝʘʣʴʥʦʤ 

ʩʣʫʯʘʝ ʦʮʝʥʢʘ ʪʘʢʦʛʦ ʧʦʜʭʦʜʘ ʩʪʨʝʤʠʪʩʷ ʢ 1, ʪ.ʝ. ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʩʦʦʪʚʝʪʩʪʚʠʶ, 

ʥʦ ʚ ʩʠʣʫ ʩʣʦʞʥʦʩʪʠ ʨʝʰʘʝʤʦʡ ʟʘʜʘʯʠ (ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ ʦ ʯʸʤ ʥʦʚʦʩʪʴ ʠ 
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ʩʬʦʨʤʠʨʦʚʘʪʴ ʬʨʘʟʫ ʥʘ ʝʩʪʝʩʪʚʝʥʥʦʤ ʷʟʳʢʝ) ʥʘ ʚʳʙʨʘʥʥʦʤ ʢʦʨʧʫʩʝ ʪʘʢʠʝ 

ʤʦʜʝʣʠ ʜʘʶʪ 0,4ʧʦ ROUGEL[4]. 

ʕʢʩʪʨʘʢʪʠʚʥʳʡ ʤʝʪʦʜ ʦʩʥʦʚʘʥ ʥʘ ʚʳʜʝʣʝʥʠʠ ʠʟ ʦʨʠʛʠʥʘʣʴʥʦʛʦ ʪʝʢʩʪʘ 

ʥʦʚʦʩʪʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʩʣʦʚ, ʤʘʢʩʠʤʘʣʴʥʦ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʟʘʛʦʣʦʚʢʫ. ʅʘ 

ʩʦʨʝʚʥʦʚʘʥʠʠ ɼʠʘʣʦʛ 2019 [5] ʚ ʢʘʯʝʩʪʚʝ ʙʘʟʦʚʦʛʦ ʤʝʪʦʜʘ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ 

ʙʨʘʪʴ ʧʝʨʚʦʝ ʧʨʝʜʣʦʞʝʥʠʝ ʥʦʚʦʩʪʠ, ʢʘʢ ʥʘʠʙʦʣʝʝ ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʝ ʪʝʢʩʪ. ʊʘʢʦʡ 

ʧʦʜʭʦʜ ʜʘʸʪ 0,23 ROUGEL. ɺʳʙʦʨ ʧʨʝʜʣʦʞʝʥʠʷ ʠʟ ʚʩʝʛʦ ʪʝʢʩʪʘ ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʤʝʪʨʠʢʦʡ ʦʮʝʥʢʠ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʛʥʫʪʴ 0,28 ROUGEL.ɼʣʷ ʘʥʛʣʠʡʩʢʦʛʦ ʷʟʳʢʘ 

ʪʘʢʦʡ ʤʝʪʦʜ ʜʘʸʪ ʭʦʨʦʰʠʝ ʨʝʟʫʣʴʪʘʪʳ [6], ʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʩʝʛʦ ʧʨʝʜʣʦʞʝʥʠʷ 

ʤʦʞʝʪ ʙʳʪʴ ʠʟʙʳʪʦʯʥʳʤ ʠʣʠ ʚ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʝʩʪʴ ʩʤʳʩʣʦʚʳʝ ʵʣʝʤʝʥʪʳ, 

ʨʘʟʜʝʣʸʥʥʳʝ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʨʝʜʣʦʞʝʥʠʡ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤ  r ʨʘʩʰʠʨʠʣʠ 

ʙʘʟʦʚʳʡ ʤʝʪʦʜ ʟʘ ʩʯʝʪ ʧʦʠʩʢʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʩʣʦʚ (ʜʣʠʥʦʡ ʦʪ 1 ʜʦ 18 ʩʣʦʚ) 

ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʟʘʛʦʣʦʚʢʘ ʜʘʸʪ ʤʘʢʩʠʤʘʣʴʥʳʡ 

ROUGE L. ʊʘʢʦʡ ʧʦʜʭʦʜ ʜʘʣ 0,51 ROUGEL. 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʧʨʦʚʝʜʝʥʥʦʡ ʨʘʙʦʪʳ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ 

ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʠ ʩʦʚʤʝʩʪʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʚʫʭ ʧʦʜʭʦʜʦʚ ï ʵʢʩʪʨʘʢʪʠʚʥʦʡ ʠ 

ʘʙʩʪʨʘʢʪʠʚʥʦʡ. ʅʘ ʦʩʥʦʚʝ ʤʝʪʦʜʦʚ ʚʳʜʝʣʝʥʠʷ ʣʫʯʰʝʛʦ ʧʨʝʜʣʦʞʝʥʠʷ ʠ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʩʣʦʚ ʤʦʞʥʦ ʬʦʨʤʠʨʦʚʘʪʴ ʦʙʫʯʘʶʱʫʶ ʚʳʙʦʨʢʫ ʜʣʷ 

ʵʢʩʪʨʘʢʪʠʚʥʦʡ ʥʝʡʨʦʩʝʪʝʚʦʡ ʤʦʜʝʣʠ ð ʝ yʟʘʜʘʯʘ ʚʳʜʝʣʠʪʴ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʝ 

ʤʦʤʝʥʪʳ ʚ ʪʝʢʩʪʝ. ɸ ʟʘʜʘʯʝʡ ʘʙʩʪʨʘʢʪʠʚʥʦʡ ʤʦʜʝʣʠ ʙʫʜʝʪ ʛʝʥʝʨʘʮʠʠ ʭʦʨʦʰʦ 

ʯʠʪʘʝʤʦʛʦ ʟʘʛʦʣʦʚʢʘ ʥʘ ʦʩʥʦʚʝ ʚʳʜʝʣʝʥʥʳʭ ʟʥʘʯʠʤʳʭ ʩʣʦʚ ʠ ʧʨʝʜʣʦʞʝʥʠʡ. 

ʈʘʙʦʪʳ ʚʳʧʦʣʥʝʥʳ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʌʌʀ ˉ18-37-00331 çʤʦʣ_ʘè ʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ ʆɺʂ ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ 

ʠʥʩʪʠʪʫʪè, http://computing.nrcki.ru. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Gavrilov D., Kalaidin P., Malykh V. Self-attentive model for headline generation, 2019. 

2. Lin, Chin-Yew, ROUGE: A Package for Automatic Evaluation of Summaries, 2004. 

3. Vaswani A. et al. Attention is all you need, 2017. 

4. Sokolov A. M. Phrase-based attentional transformer for headline generation, 2019. 

5. Malykh V.A., Kalaidin P.S., Headline Generation Shared Task on Dialogueô2019. 

6. Liu Y., Lapata M. Text Summarization with Pretrained Encoders,2019. 
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ɺ.ʉ. ɼʈʖʄɸ 
ʀʥʩʪʠʪʫʪ ʄʘʪʝʤʘʪʠʢʠ ʠ ʀʥʬʦʨʤʘʪʠʢʠ, ʂʠʰʠʥʝʚ, ʄʦʣʜʦʚʘ 

ɻɽʆʄɽʊʈʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ ʋʈɸɺʅɽʅʀʁ  

ʅɸɺʔɽ-ʉʊʆʂʉɸ ʀ ʀʍ ʇʈʀʃʆɾɽʅʀʗ 

 ɻʝʦʤʝʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʈʠʤʘʥʦʚʘ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʦʩʥʘʱʝʥʥʦʛʦ 14-ʤʝʨʥʦʡ 

ʈʠʯʯʠ--ʧʣʦʩʢʦʡ ʤʝʪʨʠʢʦʡ ʥʘ ʨʝʰʝʥʠʷʭ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ ʧʨʠʤʝʥʷʶʪʩʷ 

ʜʣʷ ʠʟʫʯʝʥʠʷ ʠʭ ʩʚʦʡʩʪʚ.  

V.S. DRYUMA 

Institute of Mathematics and Informatics, Kishnev, Moldova 

GEOMETRIC PROPERTIES OF THE NAVIER -STOKES 

EQUATIONS AND THEIR APPLICATIONS   

Geometric characteristics of the Riemann space equipped with the 14-dimensional Ricci-flat 

metrics are used to study of their properties. 

ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ ʜʣʷ ʪʝʯʝʥʠʡ ʥʝʩʞʠʤʘʝʤʦʡ ʚʷʟʢʦʡ 

ʞʠʜʢʦʩʪʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʦʩʥʦʚʘʥʥʦʡ ʥʘ 

ʘʩʩʦʮʠʠʨʦʚʘʥʥʦʤ ʩ ʥʝʶ 14-ʤʝʨʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʩ ʢʦʦʨʜʠʥʘʪʘʤʠ

),,,,,,,,,,,,,( npwvumtzyx zxrh , ʦʩʥʘʱʝʥʥʦʛʦ ʈʠʯʯʠ-ʧʣʦʩʢʦʡ ikR =0 
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ʛʜʝ -m,,,, PWVU  ʢʦʤʧʦʥʝʥʪʳ ʩʢʦʨʦʩʪʠ ʪʝʯʝʥʠʷ, ʜʘʚʣʝʥʠʷ ʠ ʚʷʟʢʦʩʪʠ 

ʞʠʜʢʦʩʪʠ, ʟʘʚʠʩʷʱʠʝ ʦʪ ʢʦʦʨʜʠʥʘʪ (x,y,z,t) (ʩʤ. [1]). 

ʈʘʩʩʤʘʪʨʠʚʘʝʤʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʧʨʠʥʘʜʣʝʞʠʪ ʢ ʠʟʚʝʩʪʥʦʤʫ ʢʣʘʩʩʫ 

ʤʥʦʛʦʤʝʨʥʳʭ ʨʠʤʘʥʦʚʳʭ ʧʨʦʩʪʨʘʥʩʪʚ ʩ ʥʫʣʝʚʳʤʠ ʩʢʘʣʷʨʥʳʤʠ ʠʥʚʘʨʠʘʥʪʘʤʠ, 

ʩʦʩʪʘʚʣʝʥʥʳʤʠ ʠʟ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʢʨʠʚʠʟʥʳ ʈʠʤʘʥʘ ʠ ʝʛʦ ʢʦʚʘʨʠʘʥʪʥʳʤʠ 

ʧʨʦʠʟʚʦʜʥʳʤʠ. ɺ ʜʦʢʣʘʜʝ ʙʫʜʫʪ ʧʦʩʪʨʦʝʥʳ ʧʨʠʤʝʨʳ ʥʝʥʫʣʝʚʳʭ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ɹʝʣʴʪʨʘʤʠ ʘ ʪʘʢʞʝ ʥʝʥʫʣʝʚʳʭ ʠʥʚʘʨʠʘʥʪʦʚ, 
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ʂʘʨʪʘʥʘ ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ ʩʪʨʦʷʪʩʷ ʩʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ ʬʫʥʢʮʠʷʤʠ 

PWVU ,,, ,ʩʦʚʤʝʩʪʥʳʝ ʩ ʫʨʘʚʥʝʥʠʷʤʠ ʪʝʯʝʥʠʷ ʞʠʜʢʦʩʪʠ. ɺ ʯʘʩʪʥʦʩʪʠ ʠʟ 

ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʡ ʥʘ ʪʝʥʟʦʨʳ ʢʨʠʚʠʟʥʳ ʤʝʪʨʠʢʠ ʠ ʫʨʘʚʥʝʥʠʡ ʛʝʦʜʝʟʠʯʝʩʢʠʭ 

ʣʠʥʠʡ ʥʘʭʦʜʠʪʩʷ ʫʨʘʚʥʝʥʠʝ ʛʠʧʝʨʧʦʚʝʨʭʥʦʩʪʠ ),,,,,,,( pwvutzyxQ  =0, 

ʠʤʝʶʱʝʡ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʫʨʘʚʥʝʥʠʡ 

ʅʘʚʴʝ-ʉʪʦʢʩʘ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
1. V. Dryuma. The Ricci-flat space related with the Navier-Stokes equations. Buletinul Academiei de 

Stiintse a Republicii Moldova, Mathematica, no.2(69), 2012, p.99-102. 
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ʅ.ʅ. ʌʀʄʀʅ, ɺ.ʄ. ʏɽʏɽʊʂʀʅ 
ʀʥʩʪʠʪʫʪ ʧʨʠʢʣʘʜʥʦʡ ʤʘʪʝʤʘʪʠʢʠ ʠʤ. ʄ.ɺ. ʂʝʣʜʳʰʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʡʩʢʘʷ 

ʌʝʜʝʨʘʮʠʷ 

ɻʀɼʈʆɼʀʅɸʄʀʏɽʉʂʀɽ ʂʆɻɽʈɽʅʊʅʓɽ ɺʀʍʈɽɺʓɽ 

ʉʀʉʊɽʄʓ ʀ ɻɽʆʄɽʊʈʀʗ ʅɸ ʄʅʆɻʆʆɹʈɸɿʀʗʍ  

ʄʆʅɾɸ-ʂʃɽɹʐɸ 

ɼʣʷ ʦʧʠʩʘʥʠʷ ʚʠʭʨʝʚʳʭ ʢʚʘʟʠʫʧʦʨʷʜʦʯʝʥʥʳʭ ʤʘʢʨʦ- ʠ ʤʝʟʦʩʪʨʫʢʪʫʨ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʤʝʪʦʜʠʢʘ ʧʨʠʚʝʜʝʥʠʷ ʫʨʘʚʥʝʥʠʡ ʕʡʣʝʨʘ ʠ ʅʘʚʴʝ-ʉʪʦʢʩʘ ʢ ʛʘʤʠʣʴʪʦʥʦʚʦʡ ʬʦʨʤʝ. 

ʇʨʦʠʟʚʦʜʠʪʩʷ ʧʝʨʝʭʦʜ ʢ ʛʝʦʤʝʪʨʠʯʝʩʢʦʤʫ ʦʧʠʩʘʥʠʶ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʥʘ ʦʩʥʦʚʝ 

ʤʥʦʛʦʦʙʨʘʟʠʡ ʄʦʥʞʘ. ʇʦʣʫʯʝʥʳ ʫʥʠʚʝʨʩʘʣʴʥʳʝ ʢʨʠʪʝʨʠʠ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʠ ʨʘʩʧʘʜʘ 

ʢʦʛʝʨʝʥʪʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʪʝʨʤʠʥʘʭ ʜʝʚʠʘʮʠʠ ʛʝʦʜʝʟʠʯʝʩʢʠʭ ʣʠʥʠʡ ʥʘ ʫʧʦʤʷʥʫʪʳʭ 

ʤʥʦʛʦʦʙʨʘʟʠʷʭ. 

N.N. FIMIN, V.M. CHECHETKIN 

Keldysh Institute of Applied Mathematics of RAS, Moscow, Russian Federation 

HYDRODYNA MI C COHERENT VORTEX SYSTEMS AND  
GEOMETRY ON THE MONGE -CLEBSCH MANIFOLDS  

To describe the vortex quasi-ordered macro- and mesostructures, we use the technique of 

reducing the Euler and Navier-Stokes equations to the Hamiltonian form. A transition is made 

to the geometric description of hydrodynamics based on Monge manifolds. Universal criteria 

are obtained for the emergence and decay of coherent structures in terms of the deviation of 

geodesic lines on the manifolds. 

ɻʝʦʤʝʪʨʠʟʘʮʠʷ ʦʧʠʩʘʥʠʷ ʚʠʭʨʝʚʳʭ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʦʠʟʚʝʜʝʥʘ ʥʘ ʦʩʥʦʚʝ ʚʚʝʜʝʥʠʷ ʧʦʪʝʥʮʠʘʣʦʚ ʄʦʥʞʘïʂʣʝʙʰʘ,  

 

ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʛʘʤʠʣʴʪʦʥʦʚʦʡ ʬʦʨʤʝ ʠʩʭʦʜʥʳʭ ʫʨʘʚʥʝʥʠʡ ʕʡʣʝʨʘ. ɼʣʷ ʵʪʦʛʦ 

ʤʳ ʩʪʨʦʠʤ ʢʠʥʝʪʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʃʘʛʨʘʥʞʘ ʩ ʧʦʤʦʱʴʶ ʧʦʣʷ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ, 

ʢʦʪʦʨʦʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʥʘʙʦʨʘ ʩʢʘʣʷʨʥʳʭ 

ʧʦʪʝʥʮʠʘʣʦʚ ʄʦʥʞʘ ʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʦʦʪʥʦʰʝʥʠʡ. ʉʣʝʜʫʶʱʠʤ ʰʘʛʦʤ 

ʷʚʣʷʝʪʩʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʧʦʣʫʯʝʥʥʦʛʦ ʣʘʛʨʘʥʞʠʘʥʘ ʩ ʧʦʤʦʱʴʶ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʃʝʞʘʥʜʨʘ ʚ ʬʫʥʢʮʠʶ ɻʘʤʠʣʴʪʦʥʘ  

  

ʠ ʧʨʘʚʠʣʴʥʦʝ ʚʚʝʜʝʥʠʝ ʦʙʦʙʱʝʥʥʳʭ ʠʤʧʫʣʴʩʦʚ, ʢʘʥʦʥʠʯʝʩʢʠ ʩʦʧʨʷʞʝʥʥʳʭ ʩ 

ʧʝʨʝʤʝʥʥʳʤʠ ʢʦʥʬʠʛʫʨʘʮʠʠ, ʚ ʥʦʚʦʤ ʬʘʟʦʚʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʩʠʩʪʝʤʳ: 
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 ɼʘʣʝʝ, ʠʩʧʦʣʴʟʫʷ ʧʦʣʫʯʝʥʥʫʶ ʛʘʤʠʣʴʪʦʥʦʚʫ ʬʫʥʢʮʠʶ, ʦʧʨʝʜʝʣʠʤ 

ʛʘʤʠʣʴʪʦʥʦʚʦ ʧʨʦʩʪʨʘʥʩʪʚʦ ʥʘ ʢʦʢʘʩʘʪʝʣʴʥʦʤ ʨʘʩʩʣʦʝʥʠʠ ʥʘʜ ʧʦʪʝʥʮʠʘʣʴʥʳʤ 

ʤʥʦʛʦʦʙʨʘʟʠʝʤ ʄʦʥʞʘ. ɺʳʯʠʩʣʠʚ ʛʝʩʩʠʘʥ ʛʘʤʠʣʴʪʦʥʠʘʥʘ, ʧʦʣʫʯʠʤ 

ʢʦʵʬʬʠʮʠʝʥʪʳ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʛʦ ʪʝʥʟʦʨʘ ʛʘʤʠʣʴʪʦʥʦʚʘ ʧʨʦʩʪʨʘʥʩʪʚʘ, 

ʦʧʨʝʜʝʣʷʶʱʠʝ ʝʛʦ ʤʝʪʨʠʢʫ: 

 

 ɼʘʣʝʝ ʤʳ ʦʧʨʝʜʝʣʠʤ ʘʥʘʣʦʛʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʂʨʠʩʪʦʬʬʝʣʷ ʜʣʷ Nïʣʠʥʝʡʥʦʡ 

ʩʚʷʟʠ. ʈʘʩʩʤʘʪʨʠʚʘʷ ʫʨʘʚʥʝʥʠʷ ʕʡʣʝʨʘïʃʘʛʨʘʥʞʘ  

 

ʩ ʧʦʣʫʯʝʥʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʩʚʷʟʥʦʩʪʠ, ʤʳ ʧʨʠʭʦʜʠʤ ʢ ʛʝʦʜʝʟʠʯʝʩʢʠʤ 

ʫʨʘʚʥʝʥʠʷʤ ʚ ʚʠʜʝ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʠ ʚʝʨʪʠʢʘʣʴʥʳʭ ʪʨʘʝʢʪʦʨʠʡ ʚ 

ʛʘʤʠʣʴʪʦʥʦʚʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ. ɸʥʘʣʠʟʠʨʫʷ ʧʦʣʫʯʝʥʥʫʶ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ 

ʛʝʦʜʝʟʠʯʝʩʢʦʛʦ ʜʚʠʞʝʥʠʷ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʨʝʰʝʥʠʡ, ʤʦʞʥʦ 

ʧʦʣʫʯʠʪʴ ʚʘʞʥʳʝ ʬʠʟʠʯʝʩʢʠʝ ʚʳʚʦʜʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʩʭʦʜʥʦʡ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ. ɼʣʷ ʵʪʦʛʦʤʳ ʠʩʩʣʝʜʫʝʤ ʚʦʟʤʦʞʥʦʝ ʫʚʝʣʠʯʝʥʠʝ 

ʠʣʠ ʫʤʝʥʴʰʝʥʠʝ ʙʝʩʢʦʥʝʯʥʦ ʤʘʣʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʛʝʦʜʝʟʠʯʝʩʢʠʤʠ 

ʚʝʨʪʠʢʘʣʴʥʳʤʠ ʪʨʘʝʢʪʦʨʠʷʤʠ - ʨʝʰʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ 

ʗʢʦʙʠïʂʘʨʪʘʥʘ: 

 

 ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʳ ʤʦʞʝʤ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʚʝʩʴʤʘ ʦʙʱʠʝ ʢʨʠʪʝʨʠʠ ʨʘʩʧʘʜʘ ʠ 

ʨʘʟʨʫʰʝʥʠʷ ʚʠʭʨʝʚʦʡ ʢʦʥʪʠʥʫʘʣʴʥʦʡ ʩʠʩʪʝʤʳ. 
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ɸ.ɺ. ɸʂʉɽʅʆɺ, ʂ.ʇ. ɼʈʋɾʂʆɺ 
ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʄ.ɺ.ʃʦʤʦʥʦʩʦʚʘ, 

 ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ɻʀɼʈʆɼʀʅɸʄʀʏɽʉʂʀɽ ɿɸʂʆʅʓ ʉʆʍʈɸʅɽʅʀʗ 

ʉʀʉʊɽʄʓ ʋʈɸɺʅɽʅʀʁ ɼɺʋʄɽʈʅʆʁ ʄɽʃʂʆʁ ɺʆɼʓ ʅɸɼ 

ʅɽʈʆɺʅʓʄ ɼʅʆʄ 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʜʚʫʤʝʨʥʦʡ ʤʝʣʢʦʡ ʚʦʜʳ ʥʘʜ ʥʝʨʦʚʥʳʤ ʜʥʦʤ. 

ʇʦʣʫʯʝʥʘ ʧʝʨʝʦʧʨʝʜʝʣʝʥʥʘʷ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʬʫʥʢʮʠʡ, ʟʘʜʘʶʱʠʭ 

ʟʘʢʦʥʳ ʩʦʭʨʘʥʝʥʠʷ. ʇʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʣʫʯʝʥʥʦʡ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʥʘ 

ʩʦʚʤʝʩʪʥʦʩʪʴ. ʇʦʣʫʯʝʥ ʦʙʱʠʡ ʚʠʜ ʨʝʰʝʥʠʷ ʧʝʨʝʦʧʨʝʜʝʣʝʥʥʦʡ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ. 

ʇʨʠʚʝʜʝʥʦ ʢʣʘʩʩʠʬʠʮʠʨʫʶʱʝʝ ʫʨʘʚʥʝʥʠʝ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʜʚʫʤʝʨʥʦʡ 

ʤʝʣʢʦʡ ʚʦʜʳ ʥʘʜ ʥʝʨʦʚʥʳʤ ʜʥʦʤ ʧʨʠ ʣʶʙʦʤ ʧʨʦʬʠʣʝ ʜʥʘ ʦʙʣʘʜʘʝʪ ʥʝ ʙʦʣʝʝ, ʯʝʤ 

ʜʝʚʷʪʠʤʝʨʥʳʤ ʧʨʦʩʪʨʘʥʩʪʚʦʤ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʟʘʢʦʥʦʚ ʩʦʭʨʘʥʝʥʠʷ. ʅʘʡʜʝʥʳ ʚʩʝ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʟʘʢʦʥʳ ʩʦʭʨʘʥʝʥʠʷ ʜʣʷ ʚʩʝʚʦʟʤʦʞʥʳʭ ʧʨʦʬʠʣʝʡ ʜʥʘ. 

A.V. AKSENOV, K.P. DRUZHKOV 

Lomonosov Moscow State University, Moscow, Russia 

HYDRODYNAMIC CONSERVATION LAWS  

OF THE SYSTEM OF EQUATIONS OF TWO -DIMENSIONAL 

SHALLOW WATER ABOVE A ROUGH BOTTOM  

A system of equations of two-dimensional shallow water above a rough bottom is 

considered. An overdetermined system of equations for determining the functions forming the 

conservation laws is obtained. The general form of the solution of the overdetermined system is 

found. The classification equation is given. The system of equations of two-dimensional 

shallow water above the rough bottom for any profile of the bottom is shown to have no more 

than the nine-dimensional space of the hydrodynamic conservation laws. All of the 

hydrodynamic conservation laws have found for all possible bottom profiles. 

ɺ ʨʘʙʦʪʘʭ [1, 2] ʙʳʣʘ ʨʘʩʩʤʦʪʨʝʥʘ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʦʜʥʦʤʝʨʥʦʡ ʤʝʣʢʦʡ 

ʚʦʜʳ ʥʘʜ ʥʝʨʦʚʥʳʤ ʜʥʦʤ ʠ ʙʳʣʠ ʥʘʡʜʝʥʳ ʚʩʝ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʟʘʢʦʥʳ 

ʩʦʭʨʘʥʝʥʠʷ. 

ɺ ʙʝʟʨʘʟʤʝʨʥʳʭ ʧʝʨʝʤʝʥʥʳʭ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʜʚʫʤʝʨʥʦʡ ʤʝʣʢʦʡ ʚʦʜʳ ʥʘʜ 

ʥʝʨʦʚʥʳʤ ʜʥʦʤ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ [3] 

όὸ όόὼ ὺόώ –
ὼ
πȟ

ὺὸ όὺὼ ὺὺώ –
ώ
πȟρ

–
ὸ

– Ὤό
ὼ

– Ὤὺ
ώ
πȢ
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ɿʜʝʩʴ ό  όὼȟώȟὸ,ὺ  ὺὼȟώȟὸï ʢʦʤʧʦʥʝʥʪʳ ʩʨʝʜʥʝʡ ʧʦ ʛʣʫʙʠʥʝ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ; –ὼȟώȟὸ ï ʦʪʢʣʦʥʝʥʠʝ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ; Ὤ
Ὤὼȟώ; ᾀ Ὤï ʧʨʦʬʠʣʴ ʜʥʘ; –  Ὤ  πȢ 

ʇʦʜ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʤʠ ʟʘʢʦʥʘʤʠ ʩʦʭʨʘʥʝʥʠʷ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ (1) 

ʙʫʜʝʤ ʧʦʥʠʤʘʪʴ ʜʠʚʝʨʛʝʥʪʥʳʝ ʬʦʨʤʳ ʚʠʜʘ 

Ὀὼὖ Ὀώὗ ὈὸὙȟ 

ʨʘʚʥʳʝ ʥʫʣʶ ʥʘ ʩʠʩʪʝʤʝ ʫʨʘʚʥʝʥʠʡ (1): 

Ὀ
ὼ
ὖ Ὀώὗ ὈὸὙ ρ

πȢ 

ɿʜʝʩʴὖ  ὖὼȟώȟὸȟόȟὺȟ–,ὗ  ὗὼȟώȟὸȟόȟὺȟ–,Ὑ  Ὑὼȟώȟὸȟόȟὺȟ–; Ὀὼ, 

Ὀώ,Ὀὸï ʦʧʝʨʘʪʦʨʳ ʧʦʣʥʦʡ ʧʨʦʠʟʚʦʜʥʦʡ ʧʦ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʢʦʦʨʜʠʥʘʪʝ. 

ʉʠʩʪʝʤʘ ʦʧʨʝʜʝʣʷʶʱʠʭ ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʟʘʢʦʥʦʚ ʩʦʭʨʘʥʝʥʠʷ ʠʤʝʝʪ ʚʠʜ 

ὖό όὙό – ὬὙ– πȟ ὗ
ό
ὺὙό πȟ ὖὺ όὙὺ πȟ

ὗὺ ὺὙὺ – ὬὙ– πȟ ὖ– Ὑό όὙ– πȟ ς 

ὗ– Ὑὺ ὺὙ– πȟ ὖὼ ὗώ Ὑὸ όὬὼ ὺὬώὙ– πȢ
 

ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ (2) ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʥʘ ʩʦʚʤʝʩʪʥʦʩʪʴ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣ 

ʧʦʣʫʯʝʥ ʥʦʚʳʡ ʙʘʟʦʚʳʡ ʟʘʢʦʥʘ ʩʦʭʨʘʥʝʥʠʷ  

ὖ ό– Ὤ ός ὺς ς–ȟ

ὗ ὺ– Ὤ ός ὺς ς–ȟ

Ὑ – Ὤ ός ὺς – Ὤȟ

 

ʜʦʧʦʣʥʷʶʱʠʡ ʟʘʢʦʥ ʩʦʭʨʘʥʝʥʠʷ ʤʘʩʩʳ. ʊʘʢʞʝ ʙʳʣʠ ʥʘʡʜʝʥʳ ʚʩʝ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʟʘʢʦʥʳ ʩʦʭʨʘʥʝʥʠʷ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʜʚʫʤʝʨʥʦʡ ʤʝʣʢʦʡ 

ʚʦʜʳ ʥʘʜ ʥʝʨʦʚʥʳʤ ʜʥʦʤ, ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʢ ʙʘʟʦʚʳʤ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ɸʢʩʝʥʦʚ ɸ.ɺ., ɼʨʫʞʢʦʚ ʂ.ʇ. ɿʘʢʦʥʳ ʩʦʭʨʘʥʝʥʠʷ, ʩʠʤʤʝʪʨʠʠ ʠ ʪʦʯʥʳʝ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ 
ʤʝʣʢʦʡ ʚʦʜʳ ʥʘʜ ʥʝʨʦʚʥʳʤ ʜʥʦʤ // ɺʝʩʪʥʠʢ ʅʘʮʠʦʥʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʷʜʝʨʥʦʛʦ 
ʫʥʠʚʝʨʩʠʪʝʪʘ òʄʀʌʀò. 2016. ʊ. 5, ˉ 1,C. 38ï46. 

2. Aksenov A.V., Druzhkov K.P. Conservation laws and symmetries of the shallow water system above 

rough bottom // Journal of Physics: Conference Series, Institute of Physics (United Kingdom). 2016. V. 
722,P. 1ï7. 

3. ʉʪʦʢʝʨ ɼʞ. ɺʦʣʥʳ ʥʘ ʚʦʜʝ. ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʪʝʦʨʠʷ ʠ ʧʨʠʣʦʞʝʥʠʷ. ʄ.: ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʝ 
ʠʟʜʘʪʝʣʴʩʪʚʦ ʠʥʦʩʪʨʘʥʥʦʡ ʣʠʪʝʨʘʪʫʨʳ. 1959. 
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ɸ.ɸ. ʂʆɾʋʈʀʅ 
ʅʀʎ ñʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪò, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ɼɺʋʄɽʈʅɸʗ ʊʈɸʅʉʇʆʈʊʅɸʗ ʄʆɼɽʃʔ ʅɽʁʊʈɸʃʆɺ ʅɸ 

ʆʉʅʆɺɽ ɺɽʈʆʗʊʅʆʉʊɽʁ ʇʈʆʍʆɾɼɽʅʀʗ ʇʆʊʆʂʆɺ ʏɽʈɽɿ 

ʗʏɽʁʂʀ 

ɺʥʝʩʝʥʳ ʩʫʱʝʩʪʚʝʥʥʳʝ ʢʦʨʨʝʢʮʠʠ ʚ ʤʦʜʝʣʴ ʪʨʘʥʩʧʦʨʪʘ ʘʪʦʤʘʨʥʳʭ ʥʝʡʪʨʘʣʦʚ, 

ʦʩʥʦʚʘʥʥʫʶ ʥʘ ʚʝʨʦʷʪʥʦʩʪʷʭ ʧʨʦʭʦʞʜʝʥʠʷ ʧʦʪʦʢʦʚ ʯʝʨʝʟ ʷʯʝʡʢʠ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ. 

ʉʨʘʚʥʝʥʠʝʤ ʩ ʤʝʪʦʜʦʤ ʄʦʥʪʝ-ʂʘʨʣʦ ʧʨʦʚʝʨʝʥʘ ʢʦʨʨʝʢʪʥʦʩʪʴ ʨʘʩʯʸʪʘ ʢʦʥʮʝʥʪʨʘʮʠʡ 

ʥʝʡʪʨʘʣʦʚ. 

A.A. KOZHURIN 

NRC ñKurchatov Instituteò, Moscow, Russia 

TWO-DIMENSIONAL NEUTRAL TRANSPORT MODEL BASED ON 

PROBABILITIES OF A FLOW TRANSMISSION THROUGH CELLS  

Significant corrections are introduced to an atomic neutral transport model based on 

probabilities of flow transmission through cells of a computational grid. ʉorrectness of the 

neutral density calculation is verified by comparison with the Monte-Carlo method. 

ʄʦʜʝʣʴ TEP (transmission-escapeprobability) [1, 2] ʦʧʠʩʳʚʘʝʪ ʩʪʘʮʠʦʥʘʨʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʪʦʤʘʨʥʳʭ ʥʝʡʪʨʘʣʦʚ ʚ ʪʦʢʘʤʘʢʝ ʚ ʜʚʫʤʝʨʥʦʤ ʩʣʫʯʘʝ. ɺ ʤʦʜʝʣʠ 

ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʚʝʨʦʷʪʥʦʩʪʠ ʧʝʨʝʭʦʜʘ (transmission) ʠ ʫʭʦʜʘ (escape) ʜʣʷ 

ʧʦʪʦʢʦʚ ʚ ʢʘʞʜʦʡ ʷʯʝʡʢʝ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ, ʜʘʣʝʝ ʩʪʨʦʠʪʩʷ ʩʠʩʪʝʤʘ ʣʠʥʝʡʥʳʭ 

ʫʨʘʚʥʝʥʠʡ ʙʘʣʘʥʩʘ ʧʦʪʦʢʦʚ ʧʦ ʚʩʝʡ ʩʝʪʢʝ. ʈʝʰʝʥʠʝ ʵʪʦʡ ʩʠʩʪʝʤʳ ʧʦʟʚʦʣʷʝʪ 

ʥʘʡʪʠ ʧʣʦʪʥʦʩʪʴ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ ʵʥʝʨʛʠʠ ʥʝʡʪʨʘʣʦʚ ʚ ʢʘʞʜʦʡ ʷʯʝʡʢʝ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʪʘʪʴʝʡ [2],ʫʪʦʯʥʝʥʦ ʪʝʦʨʝʪʠʯʝʩʢʦʝ 

ʦʧʠʩʘʥʠʝ ʚʝʨʦʷʪʥʦʩʪʝʡ ʧʝʨʝʭʦʜʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʬʫʥʢʮʠʷ ɹʠʢʣʠ ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʘ 

ὑὭσ ʟʘʤʝʥʝʥʘ ʥʘ ὑὭς [3], ʚʤʝʩʪʦ ʥʦʚʦʡ ʵʤʧʠʨʠʯʝʩʢʦʡ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʜʣʷ 

ʚʝʨʦʷʪʥʦʩʪʠ ʫʭʦʜʘ ʦʩʪʘʚʣʝʥʘ ʬʦʨʤʘ, ʢʘʢ ʚ ʩʪʘʪʴʝ [1] (ʪʘʤ ʞʝ ʦʥʘ ʦʙʦʩʥʦʚʘʥʘ 

ʪʝʦʨʝʪʠʯʝʩʢʠ),ʘ ʪʘʢʞʝ ʧʝʨʝʩʯʠʪʘʥ ʚʢʣʘʜ ʚʥʝʰʥʝʛʦ ʠʩʪʦʯʥʠʢʘ ʚ ʛʨʫʧʧʘʭ. 

ɻʝʦʤʝʪʨʠʷ ʟʘʜʘʯʠ:9 ʢʚʘʜʨʘʪʥʳʭ ʷʯʝʝʢ ʩʦ ʩʪʦʨʦʥʘʤʠ ʨʘʟʤʝʨʦʤ 3 ʩʤ, 

ʦʨʛʘʥʠʟʦʚʘʥʥʳʭ 3 ʥʘ 3.ʅʘ ʧʨʘʚʦʡ ʛʨʘʥʠʮʝ ʧʨʘʚʦʡ ʩʨʝʜʥʝʡ ʷʯʝʡʢʠ ʟʘʜʘʥ 

ʠʟʦʪʨʦʧʥʳʡ ʠʩʪʦʯʥʠʢ. ʉʪʝʥʢʠ ʧʦʣʥʦʩʪʴʶ ʦʪʨʘʞʘʶʪ ʧʦʪʦʢ ʥʝʡʪʨʘʣʦʚ. 

ʆʛʨʘʥʠʯʠʤʩʷ ʦʜʥʦʨʦʜʥʦʡ (ʧʦ ʷʯʝʡʢʘʤ) ʧʣʘʟʤʦʡ. 

ʅʘ ʨʠʩʫʥʢʘʭ 1ʘ,ʙ ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʨʘʟʥʦʩʪʠ 

ʩʫʤʤʘʨʥʦʛʦ ʯʠʩʣʘ ʥʝʡʪʨʘʣʦʚ ʚʦ ʚʩʸʤ ʦʙʲʸʤʝ‏ὔίόάʠ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʨʘʟʥʦʩʪʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʝʡʪʨʘʣʦʚ‏ὔάὥὼ,ʨʘʩʩʯʠʪʘʥʥʳʭ ʧʦ ʜʚʫʤ 
ʤʝʪʦʜʘʤ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʣʘʟʤʳ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ 50 ʵɺ. ɺʠʜʥʦ, 

ʯʪʦ ʧʦ ʧʦʣʥʦʤʫ ʯʠʩʣʫ ʥʝʡʪʨʘʣʦʚ ʦʪʢʣʦʥʝʥʠʝ ʥʝʟʥʘʯʠʪʝʣʴʥʦ (ʨʠʩ. 1ʘ).ʆʜʥʘʢʦ ʩ 

ʨʦʩʪʦʤ ʧʣʦʪʥʦʩʪʠ ʧʣʘʟʤʳ ʩʠʣʴʥʦ ʨʘʩʪʸʪ ‏ὔάὥὼ, ʠ ʩʚʷʟʘʥʦ ʵʪʦ ʩ ʥʝʜʦʩʪʘʪʦʯʥʦʡ 
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ʩʪʘʪʠʩʪʠʢʦʡ ʤʝʪʦʜʘ ʄʦʥʪʝ-ʂʘʨʣʦ (ʚ ʵʪʠʭ ʨʘʩʯʸʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

10000ʧʨʦʙʥʳʭ ʯʘʩʪʠʮ). ʋʚʝʣʠʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʧʨʦʙʥʳʭ ʯʘʩʪʠʮ ʚ ʤʝʪʦʜʝ 

ʄʦʥʪʝ-ʂʘʨʣʦ ʧʦʟʚʦʣʷʝʪ ʫʯʝʩʪʴ ʥʝʡʪʨʘʣʳ ʚ ʭʚʦʩʪʝ ʤʘʢʩʚʝʣʣʦʚʩʢʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ. 

 
ʈʠʩ. 1ʘ,ʙ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʦʜʝʣʴ TEPʤʦʞʝʪ ʜʘʚʘʪʴ ʨʝʟʫʣʴʪʘʪ, 

ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʩʦʛʣʘʩʫʶʱʠʡʩʷ ʩ ʨʘʩʯʸʪʦʤ ʧʦ ʤʝʪʦʜʫ ʄʦʥʪʝ-ʂʘʨʣʦ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
1. Stacey W. M., Mandrekas J. A transmission/escape probabilities model for neutral particle transport 

in the outer regions of a diverted tokamak //Nuclear Fusion. ï 1994. ï ʊ. 34. ï ˉ. 10. ï 

ʉ. 1385. 
2. Rubilar R., Stacey W. M., Mandrekas J. Comparison of the TEP method for neutral particle transport 

in the plasma edge with the Monte Carlo method //Nuclear fusion. ï 2001. ï ʊ. 41. ï 

ˉ. 8. ï ʉ. 1003. 
3. Stacey W. M. Nuclear reactor physics. ï John Wiley & Sons, 2018 
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ʄ.ɺ.ɼʆʃɻʆʇʆʃʆɺ, ʀ.ʅ.ʈʆɼʀʆʅʆɺɸ 
ʉʘʤʘʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʉʘʤʘʨʘ, ʈʦʩʩʠʷ 

ʃʘʙʦʨʘʪʦʨʠʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ 

 

ɼɽʃʔʊɸ-ɿɸɼɸʏʀ ɼʃʗ ʆɹʆɹʑɽʅʅʆɻʆ ʋʈɸɺʅɽʅʀʗ ʕʁʃɽʈɸï

ɼɸʈɹʋ ʉ ɻʈɸʅʀʏʅʓʄʀ ʋʉʃʆɺʀʗʄʀ ɼʃʗ ʀɿʃʋʏɽʅʀʗ 

ʈʘʩʩʤʦʪʨʝʥʳ ʟʘʜʘʯʠ ʥʘ ʦʙʦʙʱʝʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʕʡʣʝʨʘïɼʘʨʙʫ ʩ ʦʪʨʠʮʘʪʝʣʴʥʳʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ʚ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʦʙʣʘʩʪʠ, ʩʦʜʝʨʞʘʱʝʡ ʣʠʥʠʠ ʩʠʥʛʫʣʷʨʥʦʩʪʠ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʨʘʚʥʝʥʠʷ. ʀʩʩʣʝʜʫʶʪʩʷ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʠʟʣʫʯʝʥʠʷ. ʇʦʩʪʘʚʣʝʥʘ 

ʢʨʘʝʚʘʷ ʟʘʜʘʯʘ ʩ ʟʘʜʘʥʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʠʩʢʦʤʦʛʦ ʨʝʰʝʥʠʷ ʥʘ ʧʘʨʘʣʣʝʣʴʥʳʭ ʩʪʦʨʦʥʘʭ 

ʧʨʷʤʦʫʛʦʣʴʥʠʢʘ ʩ ʫʩʣʦʚʠʷʤʠ ʩʦʧʨʷʞʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʝʰʝʥʠʷ ʠ ʝʛʦ ʥʦʨʤʘʣʴʥʳʭ 

ʧʨʦʠʟʚʦʜʥʳʭ ʢʘʢ ʥʘ ʣʠʥʠʷʭ ʩʠʥʛʫʣʷʨʥʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ, ʪʘʢ ʠ ʥʘ ʚʥʫʪʨʝʥʥʝʡ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʣʠʥʠʠ. ʄʝʪʦʜʦʤ ʠʥʪʝʛʨʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʠʩʩʣʝʜʦʚʘʥʘ 

ʨʘʟʨʝʰʠʤʦʩʪʴ ʧʦʩʪʘʚʣʝʥʥʳʭ ʟʘʜʘʯ. 

M. V. DOLGOPOLOV, I. N. RODIONOVA 

Samara POLYTECH, Samara, Russia 

Atomic and Subatomic Technologies Platform& Laboratory of Mathematical Physics, Samara, 

Russia 

DELTA PROBLEMS FOR THE GENERALIZED EULER -DARBOUX 

EQUATION WITH BOUNDARY CONDITIONS FOR RADIATION  

Problems for the generalized EulerïDarboux equation with negative parameters in the 

rectangular region containing the singularity lines of the equation coefficients are considered. 

Boundary conditions for radiation are investigated. The boundary value problem with the 

specified values of the desired solution on the parallel sides of the rectangle with conjugation 

conditions relative to the solution and its normal derivatives both on the lines of the singularity 

of coefficients and on the internal characteristic line is posed. The solvability of the set tasks is 

investigated by the method of integral equations. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. I. N. Rodionova, V. M. Dolgopolov, M. V. Dolgopolov, ñDelta-problems for the generalized Eulerï
Darboux equationò, ɺʝʩʪʥ. ʉʘʤ. ʛʦʩ. ʪʝʭʥ. ʫʥ-ʪʘ. ʉʝʨ. ʌʠʟ.-ʤʘʪ. ʥʘʫʢʠ, 21:3 (2017), 417ï422 

2. ʀ. ɺ. ɺʦʣʦʚʠʯ, ʆ. ɺ. ɻʨʦʰʝʚ, ʅ. ɸ. ɻʫʩʝʚ, ʕ. ɸ. ʂʫʨʴʷʥʦʚʠʯ, ñʆ ʨʝʰʝʥʠʷʭ ʚʦʣʥʦʚʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ʥʘ ʥʝʛʣʦʙʘʣʴʥʦ ʛʠʧʝʨʙʦʣʠʯʝʩʢʦʤ ʤʥʦʛʦʦʙʨʘʟʠʠò, ʀʟʙʨʘʥʥʳʝ ʚʦʧʨʦʩʳ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ 
ʬʠʟʠʢʠ ʠ p-ʘʜʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ, ʉʙʦʨʥʠʢ ʩʪʘʪʝʡ, ʊʨ. ʄʀɸʅ, 265, ʄɸʀʂ çʅʘʫʢʘ/ʀʥʪʝʨʧʝʨʠʦʜʠʢʘè, 

ʄ., 2009, 273ï287; Proc. Steklov Inst. Math., 265 (2009), 262ï2. 
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ʃ.ɺ. ɺʃɸɼʀʄʀʈʆɺɸ, ɸ.ʖ. ɾɼɸʅʆɺɸ, ʀ.ɼ. ʈʋɹʎʆɺɸ 
ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʈʦʩʩʠʷ 

 

ʀʉʇʆʃʔɿʆɺɸʅʀɽ ɻɽʅɽʊʀʏɽʉʂʆɻʆ ɸʃɻʆʈʀʊʄɸ  

ɻʃʆɹɸʃʔʅʆɻʆ ʇʆʀʉʂɸ ɺ ɿɸɼɸʏɽ ʆʇʊʀʄʀɿɸʎʀʀ 

 ɼʀʅɸʄʀʂʀ ʇʋʏʂɸ 

ʈʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʛʝʥʝʪʠʯʝʩʢʠʡ ʘʣʛʦʨʠʪʤ ʛʣʦʙʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʠʩʧʦʣʴʟʫʝʪ 

ʥʦʨʤʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠ ʠʤʝʝʪ ʨʷʜ ʩʫʱʝʩʪʚʝʥʥʳʭ ʧʨʝʠʤʫʱʝʩʪʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʘʣʛʦʨʠʪʤʦʤ ʩʣʫʯʘʡʥʦʛʦ ʧʦʠʩʢʘ ʩ ñʧʘʤʷʪʴʶò. ʆʙʩʫʞʜʘʝʤʳʡ ʤʝʪʦʜ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʟʘʜʘʯʝ 

ʦʧʪʠʤʠʟʘʮʠʠ ʜʠʥʘʤʠʢʠ ʧʫʯʢʘ ʚ ʣʠʥʝʡʥʦʤ ʚʦʣʥʦʚʦʜʥʦʤ ʫʩʢʦʨʠʪʝʣʝ, ʢʦʪʦʨʘʷ ʩʚʦʜʠʪʩʷ ʢ 

ʧʦʠʩʢʫ ʛʣʦʙʘʣʴʥʦʛʦ ʵʢʩʪʨʝʤʫʤʘ ʬʫʥʢʮʠʦʥʘʣʘ ʢʘʯʝʩʪʚʘ ʚ ʤʥʦʛʦʤʝʨʥʦʡ ʦʙʣʘʩʪʠ 

ʠʟʤʝʥʝʥʠʷ ʫʧʨʘʚʣʷʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ. ɸʣʛʦʨʠʪʤ ʙʳʩʪʨʦ ʩʭʦʜʠʪʩʷ ʠ ʤʦʞʝʪ ʙʳʪʴ ʩ ʫʩʧʝʭʦʤ 

ʠʩʧʦʣʴʟʦʚʘʥ ʧʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯ ʤʥʦʛʦʤʝʨʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʩʦʯʝʪʘʥʠʠ ʩ 

ʥʘʧʨʘʚʣʝʥʥʳʤʠ ʤʝʪʦʜʘʤʠ. 

L.V. VLADIMIRO VA, A.Y. ZHDANOVA, I.D. RUBTSOVA 

St. Petersburg State University, Russia 

APPLICATION  OF THE GENETIC GLOBAL SEARCH  

ALGORITHMIN BEAM DYNAMICS OPTIMIZATION  

PROBLEM  

The global genetic optimization algorithm under consideration uses the normal distribution 

and has a number of significant advantages as compared with the random search algorithm with 

ñmemoryò. The method in question is applied to the problem of beam dynamics optimization in 

a linear waveguide accelerator; the problem is reduced to global extremum search of quality 

functional in multidimensional region of control parameters variation. The algorithm quickly 

converges and can be successfully used in solving multidimensional optimization problems, 

including its combination with directed methods. 

ʅʝʩʤʦʪʨʷ ʥʘ ʦʙʠʣʠʝ ʠ ʨʘʟʥʦʦʙʨʘʟʠʝ ʠʤʝʶʱʠʭʩʷ ʤʝʪʦʜʦʚ ʛʣʦʙʘʣʴʥʦʛʦ 

ʧʦʠʩʢʘ, ʩʫʱʝʩʪʚʫʝʪ ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʧʨʦʩʪʳʭ ʚ ʨʝʘʣʠʟʘʮʠʠ ʠ ʙʳʩʪʨʦ ʩʭʦʜʷʱʠʭʩʷ 

ʘʣʛʦʨʠʪʤʘʭ. ʇʨʦʙʣʝʤʘ ʚʳʙʦʨʘ ʪʘʢʦʛʦ ʘʣʛʦʨʠʪʤʘ ʘʢʪʫʘʣʴʥʘ ʜʣʷ ʟʘʜʘʯ 

ʦʧʪʠʤʠʟʘʮʠʠ ʜʠʥʘʤʠʢʠ ʟʘʨʷʞʝʥʥʳʭ ʧʫʯʢʦʚ, ʢʦʪʦʨʳʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠ ʯʘʩʪʦ 

ʬʦʨʤʫʣʠʨʫʶʪʩʷ ʢʘʢ ʟʘʜʘʯʠ ʥʘʭʦʞʜʝʥʠʷ ʵʢʩʪʨʝʤʫʤʘ ʬʫʥʢʮʠʦʥʘʣʘ ʢʘʯʝʩʪʚʘ ʚ 

ʧʨʦʩʪʨʘʥʩʪʚʝ ʫʧʨʘʚʣʷʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ[1-3]. ʅʘʧʨʘʚʣʝʥʥʳʝ ʤʝʪʦʜʳ ʧʦʟʚʦʣʷʶʪ 

ʥʘʡʪʠ ʣʠʰʴ ʣʦʢʘʣʴʥʳʡ ʵʢʩʪʨʝʤʫʤ ʬʫʥʢʮʠʦʥʘʣʘ, ʧʦʵʪʦʤʫ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʜʦʣʞʥʦ ʧʨʝʜʚʘʨʷʪʴʩʷ ʩʣʫʯʘʡʥʳʤ ʧʦʠʩʢʦʤ ʚ ʟʘʜʘʥʥʦʡ ʦʙʣʘʩʪʠ Ὀ [4]. 

ʀʜʝʷ ʛʝʥʝʪʠʯʝʩʢʠʭ ʩʪʦʭʘʩʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʩʦʩʪʦʠʪ ʚ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʧʦʢʦʣʝʥʠʡ ʪʦʯʝʢ (çʦʩʦʙʝʡè) ʚ ʦʙʣʘʩʪʠ Ὀ ʪʘʢ, ʯʪʦʙʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

ʧʦʢʦʣʝʥʠʡ ʩ ʚʝʨʦʷʪʥʦʩʪʴʶ 1 ʩʭʦʜʠʣʘʩʴ ʢ ʪʦʯʢʝ ʛʣʦʙʘʣʴʥʦʛʦ ʵʢʩʪʨʝʤʫʤʘ. 

ɸʣʛʦʨʠʪʤʳ ʨʘʟʣʠʯʘʶʪʩʷ ʩʧʦʩʦʙʘʤʠ ʧʦʣʫʯʝʥʠʷ ʪʦʯʝʢ ʩʣʝʜʫʶʱʝʛʦ ʧʦʢʦʣʝʥʠʷ ʥʘ 
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ʦʩʥʦʚʝ ʧʨʝʜʳʜʫʱʝʛʦ. ɼʣʷ ʩʣʫʯʘʡʥʦʛʦ ʧʦʠʩʢʘ ʩ çʧʘʤʷʪʴʶè [5, 4] ʯʝʨʝʟ 

ʧʦʣʦʞʝʥʠʷ ʪʦʯʝʢ Ὧ-ʛʦ ʧʦʢʦʣʝʥʠʷ ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʘʨʘʤʝʪʨʳ ʥʦʨʤʘʣʴʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ (ʮʝʥʪʨ ʠ ʤʘʪʨʠʮʘ ʢʦʚʘʨʠʘʮʠʡ); ʪʦʯʢʠ Ὧ ρ-ʛʦ ʧʦʢʦʣʝʥʠʷ 

ʷʚʣʷʶʪʩʷ ʚʳʙʦʨʦʯʥʳʤʠ ʠʟ ʵʪʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ. ʀʩʧʦʣʴʟʫʝʤʳʡ ʥʘʤʠ ʘʣʛʦʨʠʪʤ 

[6] ʦʩʫʱʝʩʪʚʣʷʝʪ ʧʨʦʮʝʜʫʨʫ ʧʝʨʝʭʦʜʘ ʢ ʩʣʝʜʫʶʱʝʤʫ ʧʦʢʦʣʝʥʠʶ ʙʝʟ ʚʳʯʠʩʣʝʥʠʷ 

ʤʘʪʨʠʮʳ ʢʦʚʘʨʠʘʮʠʡ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʫʧʨʦʱʘʝʪ ʨʘʩʯʝʪʳ, ʦʩʦʙʝʥʥʦ ʧʨʠ 

ʙʦʣʴʰʦʡ ʨʘʟʤʝʨʥʦʩʪʠ ʧʨʦʩʪʨʘʥʩʪʚʘ ʧʘʨʘʤʝʪʨʦʚ. 

ɻʝʥʝʪʠʯʝʩʢʠʡ ʘʣʛʦʨʠʪʤ [6] ʧʨʠʤʝʥʷʝʪʩʷ ʧʨʠ ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦʜʦʣʴʥʦʡ 

ʜʠʥʘʤʠʢʠ ʧʫʯʢʘ ʚ ʣʠʥʝʡʥʦʤ ʚʦʣʥʦʚʦʜʥʦʤ ʫʩʢʦʨʠʪʝʣʝ. ɺ ʢʘʯʝʩʪʚʝ ʫʧʨʘʚʣʷʶʱʠʭ 

ʬʫʥʢʮʠʡ ʠʩʧʦʣʴʟʫʶʪʩʷ ʟʘʢʦʥʳ ʠʟʤʝʥʝʥʠʷ ʙʝʟʨʘʟʤʝʨʥʦʡ ʘʤʧʣʠʪʫʜʳ ʧʦʣʷ 

ʫʩʢʦʨʷʶʱʝʡ ʚʦʣʥʳ ʠ ʩʠʥʭʨʦʥʥʦʡ ʬʘʟʳ. ʇʘʨʘʤʝʪʨʳ ʦʧʪʠʤʠʟʘʮʠʠ (84 ʧʘʨʘʤʝʪʨʘ) 

ï ʟʥʘʯʝʥʠʷ ʧʨʦʠʟʚʦʜʥʳʭ ʫʧʨʘʚʣʷʶʱʠʭ ʬʫʥʢʮʠʡ ʚ ʫʟʣʘʭ ʩʝʪʢʠ. ʂʨʠʪʝʨʠʡ 

ʢʘʯʝʩʪʚʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʚʷʟʢʫ ʯʘʩʪʥʳʭ ʢʨʠʪʝʨʠʝʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʩʣʝʜʫʶʱʠʤ ʮʝʣʷʤ ʦʧʪʠʤʠʟʘʮʠʠ: ʦʙʝʩʧʝʯʝʥʠʝ ʪʨʝʙʫʝʤʦʡ ʚʳʭʦʜʥʦʡ ʵʥʝʨʛʠʠ 

ʧʫʯʢʘ, ʤʠʥʠʤʠʟʘʮʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʠ ʬʘʟʦʚʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʧʫʯʢʘ ʥʘ ʚʳʭʦʜʝ 

ʫʩʢʦʨʠʪʝʣʷ, ʤʘʢʩʠʤʠʟʘʮʠʷ ʟʘʭʚʘʪʘ ʯʘʩʪʠʮ ʚ ʨʝʞʠʤ ʫʩʢʦʨʝʥʠʷ, ʦʙʝʩʧʝʯʝʥʠʝ 

ʤʦʥʦʪʦʥʥʦʩʪʠ ʛʨʫʧʧʠʨʦʚʘʥʠʷ, ʤʠʥʠʤʠʟʘʮʠʷ ʚʣʠʷʥʠʷ ʜʝʬʦʢʫʩʠʨʫʶʱʝʛʦ 

ʬʘʢʪʦʨʘ. ʉʭʦʜʠʤʦʩʪʴ ʩ ʟʘʜʘʥʥʦʡ ʪʦʯʥʦʩʪʴʶ ʜʦʩʪʠʛʥʫʪʘ ʧʨʠ 3 ʠʪʝʨʘʮʠʷʭ. 

ʆʧʪʠʤʠʟʘʮʠʷ ʧʦʟʚʦʣʠʣʘ ʩʥʠʟʠʪʴ ʬʘʟʦʚʳʡ ʨʘʟʙʨʦʩ ʥʘ ʚʳʭʦʜʝ ʧʨʠʙʦʨʘ ʩ 2.83 

ʜʦ 1.73 ʨʘʜ, ʫʤʝʥʴʰʠʪʴ ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʨʘʟʙʨʦʩ ʧʦ ʵʥʝʨʛʠʷʤ ʩ 0.91 ʜʦ 0.37 ʠ 

ʧʦʚʳʩʠʪʴ ʢʦʵʬʬʠʮʠʝʥʪ ʟʘʭʚʘʪʘ ʩ 96.5% ʜʦ 98.5%. 
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ʂʀʅɽʊʀʏɽʉʂʀɽ ʋʈɸɺʅɽʅʀʗ ɺʃɸʉʆɺɸ ʀ ʌʆʂʂɽʈɸï

ʇʃɸʅʂɸ ʀ ʄʆɼɽʃʔ ɸɻʈɽɻʀʈʆɺɸʅʀʗ ɼʀʉʇɽʈʉʅʆɻʆ 

ʊɺɪʈɼʆɻʆ ɺɽʑɽʉʊɺɸ 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʤʥʦʛʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʤʦʣʝʢʫʣʷʨʥʦ-ʢʠʥʝʪʠʯʝʩʢʦʝ 

ʦʧʠʩʘʥʠʝ ʦʙʨʘʟʦʚʘʥʠʷ ʥʘʥʦʜʠʩʧʝʨʩʥʦʛʦ ʪʚʸʨʜʦʛʦ ʚʝʱʝʩʪʚʘ ʠʟ ʧʝʨʝʩʳʱʝʥʥʦʛʦ 

ʧʘʨʘ ʠʣʠ ʨʘʩʪʚʦʨʘ. ʇʨʝʜʣʘʛʘʝʪʩʷ ʦʧʠʩʳʚʘʪʴ ʜʘʣʴʥʦʜʝʡʩʪʚʫʶʱʝʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʯʘʩʪʠʮ ʢʠʥʝʪʠʯʝʩʢʠʤ ʫʨʘʚʥʝʥʠʝʤ ʪʠʧʘ ɺʣʘʩʦʚʘ [1]ï[4], ʯʘʩʪʥʳʤ ʩʣʫʯʘʝʤ 

ʢʦʪʦʨʦʛʦ ʷʚʣʷʝʪʩʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʝ ʥʘʤʠ ʜʣʷ ʦʧʠʩʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʘʛʨʝʛʘʮʠʠ 

ʫʨʘʚʥʝʥʠʝ ʪʠʧʘ ʌʦʢʢʝʨʘïʇʣʘʥʢʘ. 

S.Z. ADZHIEV 1, V.V. VEDENYAPIN2, I.V. MELIKHOV 1 
1Lomonosov Moscow State University 

2 Keldysh Institute of Applied Mathematics of Russian Academy of Sciences, Moscow; RUDN-
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THE KINETIC VLASOV AND FOKKER ïPLANK EQUATIONS 

AND MODEL OF AGGREGATION OF DISPERSED SOLIDS  

A multi-parameter molecular kinetic description of the formation of a 

nanosized solids from a supersaturated vapor or solution is considered. It is proposed 

to describe the long-range interaction of particles with a kinetic equation of the Vlasov 

[1]ï[4] type, a particular case of which is the FokkerïPlank type equation that we 

consider to describe aggregation processes. 

ɺ ʨʘʙʦʪʘʭ ɼʞ.ʂ. ʄʘʢʩʚʝʣʣʘ [5], ʃ. ɹʦʣʴʮʤʘʥʘ [6] ʠ ʜʨʫʛʠʭ 

ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ ʚʦʟʥʠʢʘʝʪ ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦ 

ʩʢʦʨʦʩʪʷʤ ʠ ʢʦʦʨʜʠʥʘʪʘʤ, ʟʘʚʠʩʷʱʘʷ ʦʪ ʚʨʝʤʝʥʠ. ʊʝʧʝʨʴ ʞʝ ʚʦʟʥʠʢʘʝʪ 

ʤʥʦʛʦʧʘʨʘʤʝʪʨʠʯʝʢʦʝ ʦʧʠʩʘʥʠʝ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʦʥʦ ʩʪʘʣʦ ʜʦʩʪʫʧʥʳʤ ʜʣʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʥʘʙʣʶʜʝʥʠʷ. ʇʨʦʙʣʝʤʘ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦʙʳ, ʧʨʦʚʝʜʷ 

ʘʧʨʠʦʨʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ, ʥʘʧʠʩʘʪʴ ʫʨʘʚʥʝʥʠʷ ʥʘ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦ 

ʵʪʠʤ ʤʥʦʛʠʤ ʧʘʨʘʤʝʪʨʘʤ [7]ï[10]. ʅʘʩ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʠʥʪʝʨʝʩʫʝʪ 

ʧʨʠʪʷʞʝʥʠʝ, ʢʦʪʦʨʦʝ ʷʚʣʷʝʪʩʷ ʜʘʣʴʥʦʜʝʡʩʪʚʫʶʱʠʤ, ʠ ʧʦʵʪʦʤʫ ʦʧʠʩʳʚʘʝʪʩʷ 

ʫʨʘʚʥʝʥʠʝʤ ʪʠʧʘ ɺʣʘʩʦʚʘ. ʀʤʝʥʥʦ ʧʨʠʪʷʞʝʥʠʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʪʦʣʢʥʦʚʝʥʠʷ 

ʯʘʩʪʠʮ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʧʨʠʚʝʩʪʠ ʣʠʙʦ ʢ ʦʙʲʝʜʠʥʝʥʠʶ ʯʘʩʪʠʮ, ʣʠʙʦ ʢ 

ʧʦʩʣʝʜʫʶʱʝʤʫ ʠʭ ʨʘʩʧʘʜʫ. ʆʩʥʦʚʥʦʡ ʧʘʨʘʤʝʪʨ ʦʧʨʝʜʝʣʷʝʪʩʷ ʯʠʩʣʦʤ ʘʪʦʤʦʚ 

(ʤʦʣʝʢʫʣ), ʩʦʩʪʘʚʣʷʶʱʠʭ ʯʘʩʪʠʮʫ, [12], [13], [7], [8] ʠ ʠʭ ʚʠʜʦʤ. ʉʣʝʜʫʶʱʠʡ 

ʧʘʨʘʤʝʪʨ, ʢʦʪʦʨʳʡ ʥʘʜʦ ʫʯʠʪʳʚʘʪʴ ï ʵʪʦ ʬʦʨʤʘ ʯʘʩʪʠʮ [11]. ʄʳ ʚʳʧʠʩʳʚʘʝʤ 

ʫʨʘʚʥʝʥʠʝ ʪʠʧʘ ʌʦʢʢʝʨʘïʇʣʘʥʢʘ [6], [7], [9] ʜʣʷ ʵʪʦʛʦ ʩʣʫʯʘʷ. ɺʘʞʥʳʤʠ 
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ʦʢʘʟʳʚʘʶʪʩʷ ʥʝ ʪʦʣʴʢʦ ʩʦʭʨʘʥʷʶʱʠʝʩʷ ʚʝʣʠʯʠʥʳ, ʥʦ ʠ ʤʦʥʦʪʦʥʥʦ ʤʝʥʷʶʱʠʝʩʷ 

[2], [5], [10], [13]. 

ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ 

ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʌ ʧʦ ʧʨʦʛʨʘʤʤʝ ʧʦʚʳʰʝʥʠʷ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʠ 

ʈʋɼʅ "5ï100" ʩʨʝʜʠ ʚʝʜʫʱʠʭ ʤʠʨʦʚʳʭ ʥʘʫʯʥʦ-ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ ʮʝʥʪʨʦʚ ʥʘ 
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ʤʘʪʝʤʘʪʠʢʘ. ʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ. 2018. ʊ. 64, ˉ 1. ʉ. 37ï59. DOI: 10.22363/2413-3639-
2018=64-1-37-59. 
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ʖ.ʄ. ʉʋɺʆʈʆɺɸ1, ɸ.ʄ. ʂɸʄʀʆʅʉʂɸʗ1, ɽ.ɺ. ʂʆʈʆʊʂʆɺ1,2 

1ʌʝʜʝʨʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ çʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʦʩʥʦʚʳ ʙʠʦʪʝʭʥʦʣʦʛʠʠè 

ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʄɽʊʆɼ ʇʆʀʉʂɸ ʅʆɺʓʍ ʂʆʇʀʁ SINE ʇʆɺʊʆʈʆɺ 

ʇʨʝʜʩʪʘʚʣʝʥ ʥʦʚʳʡ ʤʝʪʦʜ ʧʦʠʩʢʘ ʨʘʟʤʳʪʳʭ ʢʦʧʠʡ SINEʧʦʚʪʦʨʦʚ ʧʦʣʥʦʡ ʜʣʠʥʳ. 

ʄʝʪʦʜ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʵʪʘʧʦʚ. ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʧʦʜʙʠʨʘʝʪʩʷ ʦʧʪʠʤʘʣʴʥʘʷ ʧʦʟʠʮʠʦʥʥʦ-

ʚʝʩʦʚʘʷ ʤʘʪʨʠʮʘ (ʇɺʄ). ʅʘ ʚʪʦʨʦʤ ʩ ʧʦʤʦʱʴʶ ʧʦʩʪʨʦʝʥʥʦʡ ʇɺʄ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʦʠʩʢ 

ʧʦʜʦʙʠʡ. ʅʘ ʦʙʦʠʭ ʵʪʘʧʘʭ ʧʨʦʠʟʚʦʜʠʪʩʷ ʫʯʝʪ ʢʦʨʨʝʣʷʮʠʠ ʩʦʩʝʜʥʠʭ ʩʠʤʚʦʣʦʚ, ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ʘʣʬʘʚʠʪ ʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʨʘʟʨʝʰʘʶʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʤʝʪʦʜʘ. ʉ 

ʧʦʤʦʱʴʶ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʤʝʪʦʜʘ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʛʝʥʦʤʘ ʨʠʩʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʥʘʡʜʝʥʳ ʥʦʚʳʝ ʢʦʧʠʠ SINEʧʦʚʪʦʨʦʚ, ʥʝ ʚʢʣʶʯʝʥʥʳʝ ʚ ʩʪʘʥʜʘʨʪʥʫʶ ʘʥʥʦʪʘʮʠʶ. 

ʇʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʣʦʞʥʳʭ ʧʦʟʠʪʠʚʦʚ. 

Y.M. SUVOROVA1,A.M. KAMIONSKAYA 1, E.V. KOROTKOV1,2 

1Federal State Institution çFederal Research Centre çFundamentals of Biotechnologyè of 

the Russian Academy of Sciencesè, Moscow, Russia 
2National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

METHOD FOR DETECTION OF NEW COPIES OF  
SINEREPEATS 

We represent here a new method for the detection of new copies of SINE elements. The 

method is based on the correlation of pairs of symbols. The correlation is used for the 

construction of a position-specific matrix as well as for the search of new repeat copies using 

the matrix. This allows us to enlarge the alphabet and to increase the sensitivity of the method. 

The method was used to study the rice genome. As a result, new copies of SINE repeats that 

were not included in the standard annotation were found. The number of false positives was 

evaluated. 

SINE ʧʦʚʪʦʨʳ (short interspersed elements, ʢʦʨʦʪʢʠʝ ʜʠʩʧʝʨʛʠʨʦʚʘʥʥʳʝ 

ʧʦʚʪʦʨʳ)ʧʨʦʠʩʭʦʜʷʪ ʠʟ ʪʨʘʥʩʧʦʟʦʥʦʚ, ʢʦʪʦʨʳʝ ʩ ʧʦʤʦʱʴʶ ʬʝʨʤʝʥʪʦʚ ʩʧʦʩʦʙʥʳ 

ʧʝʨʝʤʝʱʘʪʴʩʷ ʧʦ ʛʝʥʦʤʫ ʠ ʩʦʟʜʘʚʘʪʴ ʥʦʚʳʝ ʢʦʧʠʠ ʩʝʙʷ. ʉʦ ʚʨʝʤʝʥʝʤ ʢʦʧʠʠ 

ʧʦʚʪʦʨʦʚ ʥʘʢʘʧʣʠʚʘʶʪ ʤʫʪʘʮʠʠ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʟʘʪʨʫʜʥʷʝʪ ʠʭ ʠʜʝʥʪʠʬʠʢʘʮʠʶ 

ʩʪʘʥʜʘʨʪʥʳʤʠ ʤʝʪʦʜʘʤ ʠ ʧʦʠʩʢʘ ʧʦʜʦʙʠʡ. ɺ ʛʝʥʦʤʘʭ ʤʣʝʢʦʧʠʪʘʶʱʠʭ SINE 

ʧʦʚʪʦʨʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ (ʚ ʦʩʥʦʚʥʦʤ ʩʝʤʝʡʩʪʚʘʤʠ Alu ʠ 

MIR) ʠ ʭʦʨʦʰʦ ʠʟʫʯʝʥʳ.ʆʜʥʘʢʦ, ʚ ʛʝʥʦʤʘʭ ʨʘʩʪʝʥʠʡ ʥʘʡʜʝʥʦ ʜʦʩʪʘʪʦʯʥʦ 

ʥʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ SINEʧʦʚʪʦʨʦʚ1, ʭʦʪʷ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʛʝʥʦʤʳ ʨʘʩʪʝʥʠʡ 

ʥʘʩʳʱʝʥʳ ʧʦʚʪʦʨʘʤʠ ʜʨʫʛʠʭ ʪʠʧʦʚ.  

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʥʘʤʠ ʤʝʪʦʜ ʧʦʠʩʢʘ ʩʣʘʙʳʭ ʧʦʜʦʙʠʡ ʤʝʞʜʫ ʩʠʤʚʦʣʴʥʳʤʠ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʷʤʠ ʦʩʥʦʚʘʥ ʥʘ ʫʯʝʪʝ ʢʦʨʨʝʣʷʮʠʡ ʩʦʩʝʜʥʠʭ ʩʠʤʚʦʣʦʚ. ʕʪʦ 
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ʧʦʟʚʦʣʷʝʪ ʥʘʭʦʜʠʪʴ ʙʦʣʝʝ ʨʘʟʤʳʪʳʝ ʧʦʜʦʙʠʷ ʥʘ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʟʥʘʯʠʤʦʤ 

ʫʨʦʚʥʝ. ʋʯʝʪ ʢʦʨʨʝʣʷʮʠʷ ʩʦʩʝʜʥʠʭ ʩʠʤʚʦʣʦʚ ʧʨʦʠʟʚʦʜʠʪʩʷ ʢʘʢ ʥʘ ʵʪʘʧʝ 

ʧʦʩʪʨʦʝʥʠʷ ʧʦʟʠʮʠʦʥʥʦ-ʚʝʩʦʚʦʡ ʤʘʪʨʠʮʳ (ʇɺʄ), ʜʣʷ ʧʦʜʙʦʨʘ ʦʧʪʠʤʘʣʴʥʦʡ 

ʇɺʄ ʠʩʧʦʣʴʟʫʝʪʩʷ ʛʝʥʝʪʠʯʝʩʢʠʡ ʘʣʛʦʨʠʪʤ, ʪʘʢ ʠ ʥʘ ʵʪʘʧʝ ʧʦʩʣʝʜʫʶʱʝʛʦ 

ʩʢʘʥʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʦʝ ʧʨʦʠʟʚʦʜʠʪʩʷ ʩ ʧʦʤʦʱʴʶ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʧʨʦʮʝʜʫʨʳ 

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ. ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʟʘʤʝʯʘʪʴ 

ʨʘʟʤʳʪʦʝ ʧʦʜʦʙʠʝ ʚʧʣʦʪʴ ʜʦ ʜʚʫʭ ʩʣʫʯʘʡʥʳʭ ʟʘʤʝʥ ʥʘ ʧʦʟʠʮʠʶ. ʈʘʥʝʝ 

ʘʥʘʣʦʛʠʯʥʳʡ ʤʝʪʦʜ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʧʦʠʩʢʘ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʧʦʚʪʦʨʦʚ ʠ 

ʧʦʠʩʢʘ ʩʜʚʠʛʦʚ ʨʘʤʢʠ ʩʯʠʪʳʚʘʥʠʷ ʚ ʛʝʥʘʭ2,3. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʳ ʧʨʠʤʝʥʠʣʠ ʵʪʦʪ ʤʝʪʦʜ ʜʣʷ ʧʦʠʩʢʘ ʥʦʚʳʭ ʢʦʧʠʡ 

SINEʧʦʚʪʦʨʦʚ ʚ ʛʝʥʦʤʝ ʨʠʩʘ (OryzasativaJaponica).ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʦʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʧʦʚʪʦʨ OsSN1 ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ SINEbase1 

ʜʣʠʥʦʡ 293 ʩʠʤʚʦʣʘ, ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʙʳʣʘ ʩʦʟʜʘʥʘ ʇɺʄ ʠ ʧʦʜʦʙʨʘʥʳ 

ʦʧʪʠʤʘʣʴʥʳʝ ʚʝʩʘ ʟʘ ʚʩʪʘʚʢʫ ʠ ʜʝʣʝʮʠʶ. ʉ ʧʦʤʦʱʴʶ ʧʦʣʫʯʝʥʥʦʡ ʇɺʄ ʙʳʣʠ 

ʧʨʦʩʢʘʥʠʨʦʚʘʥʳ ʚʩʝ 12 ʭʨʦʤʦʩʦʤ ʛʝʥʦʤʘ ʨʠʩʘ, ʟʘʛʨʫʞʝʥʥʳʝ ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ 

Ensembl, ʩʫʤʤʘʨʥʦʡ ʜʣʠʥʦʡ 375,049,285 ʥʫʢʣʝʦʪʠʜʦʚ.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʢʘʥʠʨʦʚʘʥʠʷ ʙʳʣʦ ʥʘʡʜʝʥʦ 1702 ʧʦʣʥʳʭ ʢʦʧʠʠ ʵʪʦʛʦ ʧʦʚʪʦʨʘ ʚ 

ʛʝʥʦʤʝ. ʀʟ ʥʠʭ 255 ʧʨʠʭʦʜʷʪʩʷ ʥʘ ʦʙʣʘʩʪʠ, ʢʦʪʦʨʳʝ ʥʝ ʙʳʣʠ ʨʘʥʝʝ ʦʧʠʩʘʥʳ, ʢʘʢ 

ʧʦʚʪʦʨ (ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʘʥʥʦʪʘʮʠʷ Ensembl).ʋʨʦʚʝʥʴ ʣʦʞʥʳʭ 

ʧʦʟʠʪʠʚʦʚ ʧʨʠ ʚʳʙʨʘʥʥʦʤ ʧʦʨʦʛʦʚʦʤ ʟʥʘʯʝʥʠʠ ʩʦʩʪʘʚʠʣ ʤʝʥʝʝ 4%. ɼʣʷ ʦʮʝʥʢʠ 

ʣʦʞʥʳʭ ʧʦʟʠʪʠʚʦʚ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʝʨʝʤʝʰʘʥʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ 

ʭʨʦʤʦʩʦʤ.  

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
1.Vassetzky, N. S. & Kramerov, D. A. // Nucleic Acids Res. 2013. Vol. 41. P 83-89. 

2.Suvorova, Y. M., Korotkova, M. A. and others//DNA Res. 2019. Vol. 26ˉ 2P. 157ï170. 

3.Pugacheva, V., Korotkov, A. & Korotkov, E. //Stat. Appl. Genet. Mol. Biol.2016.Vol. 15,P.381ï400  
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ʄ.ɹ. ʀʉʂɸʂʆɺ, ɻ.ɹ. ɸɹʀʃɼɸɽɺɸ, ʖ.ʂ. ʐɸʂʀʈʆɺɸ, ʅ.ʂ. 

ʉɸɺʏɽʅʂʆ, ʉ.ʂ. ɾʋʄɸɻʋʃʆɺɸ  
ʂʘʨʘʛʘʥʜʠʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʂʘʨʘʛʘʥʜʘ, ʂʘʟʘʭʩʪʘʥ 

ʄɽʊʆɼʀʂɸ ʉʆɿɼɸʅʀʗ 3-D ʄʆɼɽʃʀ ʄɽʉʊʆʈʆɾɼɽʅʀʗ ʅɸ 

ʆʉʅʆɺɽ ʄɸʊɽʈʀɸʃʆɺ ɻɽʆʃʆɻʀʏɽʉʂʆʁ ʈɸɿɺɽɼʂʀ 

ʈʘʩʩʤʦʪʨʝʥʳ ʦʩʥʦʚʥʳʝ ʵʪʘʧʳ ʩʦʟʜʘʥʠʷ ʤʦʜʝʣʠ. ʇʨʝʜʣʦʞʝʥʘ ʦʙʦʙʱʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ 3-

D ʤʦʜʝʣʠ. ʇʨʝʜʩʪʘʚʣʝʥʳ ʤʘʪʝʨʠʘʣʳ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ 3-ʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʥʦ-

ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʄʇʀ. 

M.B. ISKAKOV, G.B. ABILDAEVA , YU.K. SHAKIROVA, 

N.K.SAVCHENKO, S.K. ZHUMAGULOVA  

Karaganda State Technical University, Karaganda, Kazakhstan  

METHODOLOGY FOR CREATING A 3 -D MODEL OF A FIELD 

BASED ON GEOLOGICAL EXPLORATION MATERIALS  

The main stages of creating a model are considered. A generalized structure of the 3-D 

model is proposed. The materials for building a 3-dimensional structural-geometric model. 

ɻʣʘʚʥʘʷ ʟʘʜʘʯʘ ʪʨʝʭʤʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ī ɻ ʪʦ ʚʠʟʫʘʣʠʟʘʮʠʷ 

ʛʝʦʣʦʛʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʤʝʩʪʦʨʦʞʜʝʥʠʷ. ɺʩʝ ʧʘʢʝʪʳ ʧʨʦʛʨʘʤʤ ʪʨʝʭʤʝʨʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘʮʝʣʝʥʳ ʥʘ 

ʛʝʦʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʦʮʝʥʢʠ ʟʘʧʘʩʦʚ. ʊʨʝʭʤʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʠ 

ʛʝʦʩʪʘʪʠʩʪʠʢʘ ʧʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯ ʵʪʦʛʦ ʢʣʘʩʩʘ ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʳʤ 

ʠʥʩʪʨʫʤʝʥʪʦʤ ʛʝʦʣʦʛʘ ʜʣʷ ʧʦʜʩʯʝʪʘ ʟʘʧʘʩʦʚ [1]. ʅʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʧʨʘʢʪʠʢʠ 

ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʤʦʞʥʦ ʧʨʝʜʣʦʞʠʪʴ ʦʙʦʙʱʝʥʥʫʶ 

ʩʪʨʫʢʪʫʨʫ 3-D ʤʦʜʝʣʠ, ʢʦʪʦʨʘʷ ʩʦʩʪʦʠʪ ʠʟ ʩʣʝʜʫʶʱʠʭ ʩʦʩʪʘʚʥʳʭ ʯʘʩʪʝʡ: 

ī ʛʝʦʣʦʛʠʯʝʩʢʘʷ ʙʘʟʘ ʜʘʥʥʳʭ (ʜʘʥʥʳʝ ʛʝʦʣʦʛʠʯʝʩʢʦʡ ʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ 

ʨʘʟʚʝʜʢʠ); 

ī ʙʘʟʘ ʜʘʥʥʳʭ ʤʘʨʢʰʝʡʜʝʨʩʢʠʭ ʠʟʤʝʨʝʥʠʡ. 

ʂʘʢ ʧʨʘʚʠʣʦ, ʵʪʠ ʜʘʥʥʳʝ ʭʨʘʥʷʪʩʷ ʚ ʵʣʝʢʪʨʦʥʥʦʡ ʙʘʟʝ ʜʘʥʥʳʭ. ʊʘʢʞʝ ʩʣʝʜʫʝʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʢʦʥʢʨʝʪʥʳʡ ʩʦʩʪʘʚ ʤʦʜʝʣʠ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʟʘʚʠʩʠʪ ʦʪ ʠʩʭʦʜʥʦʡ 

ʛʦʨʥʦ-ʛʝʦʣʦʛʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ ʠ ʦʪ ʭʘʨʘʢʪʝʨʘ ʨʝʰʘʝʤʳʭ ʟʘʜʘʯ. ʎʝʣʴ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ī ʵʪʦ ʧʦʩʪʨʦʝʥʠʝ ʢʘʨʢʘʩʥʦʡ ʛʝʦʣʦʛʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʦʙʲʝʢʪʦʚ ʠʣʠ 

ʙʣʦʯʥʦʡ ʤʦʜʝʣʠ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʧʨʦʮʝʩʩʝ ʧʣʘʥʠʨʦʚʘʥʠʷ 

ʛʦʨʥʳʭ ʨʘʙʦʪ. 

ɺʳʜʝʣʠʤ ʠ ʢʨʘʪʢʦ ʦʧʠʰʝʤ ʦʩʥʦʚʥʳʝ ʵʪʘʧʳ ʩʦʟʜʘʥʠʷ ʤʦʜʝʣʠ: 

1. ʇʦʜʛʦʪʦʚʢʘ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ. ʅʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʛʨʘʥʠʮʘ 

ʤʦʜʝʣʠʨʫʝʤʦʛʦ ʛʝʦʣʦʛʠʯʝʩʢʦʛʦ ʦʙʲʝʢʪʘ ʠ ʮʝʣʝʚʦʝ ʥʘʟʥʘʯʝʥʠʝ ʙʫʜʫʱʝʡ ʤʦʜʝʣʠ. 
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ʅʘ ʦʩʥʦʚʝ ʵʪʠʭ ʪʨʝʙʦʚʘʥʠʡ ʬʦʨʤʠʨʫʝʪʩʷ ʨʘʙʦʯʘʷ ʙʘʟʘ ʜʘʥʥʳʭ ʩ ʧʝʨʚʠʯʥʳʤʠ 

ʜʘʥʥʳʤʠ ʛʝʦʣʦʛʠʯʝʩʢʦʡ ʨʘʟʚʝʜʢʠ ʠ ʤʘʨʢʰʝʡʜʝʨʩʢʠʭ ʠʟʤʝʨʝʥʠʡ, ʢʦʪʦʨʳʝ 

ʚʳʙʠʨʘʶʪʩʷ ʠʟ ʩʣʝʜʫʶʱʠʭ ʪʘʙʣʠʮ ʙʘʟʳ ʜʘʥʥʳʭ: 

ī ʢʦʦʨʜʠʥʘʪʳ ʫʩʪʴʝʚ ʩʢʚʘʞʠʥ; 

ī ʚʝʢʪʦʨʥʳʝ ʤʦʜʝʣʠ ʚʝʨʪʠʢʘʣʴʥʳʭ ʠ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʩʝʯʝʥʠʡ ʧʦ 

ʨʘʟʚʝʜʦʯʥʳʤ ʣʠʥʠʷʤ; 

ī ʧʨʠʥʷʪʳʝ ʩʪʨʫʢʪʫʨʥʳʝ ʢʦʣʦʥʢʠ. 

2. ʆʪʦʙʨʘʞʝʥʠʝ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ ʥʘ ʨʝʛʫʣʷʨʥʫʶ ʢʦʦʨʜʠʥʘʪʥʫʶ ʩʝʪʴ[2]. ɺ 

ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʩʪʘʜʠʡ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʝʰʘʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

ī ʧʨʠʚʝʜʝʥʠʝ ʜʘʥʥʳʭ ʚ ʝʜʠʥʳʡ ʤʘʩʰʪʘʙ. ʊʘʢ ʢʘʢ ʚʝʨʪʠʢʘʣʴʥʳʝ ʠ 

ʛʦʨʠʟʦʥʪʘʣʴʥʳʝ ʩʝʯʝʥʠʷ ʧʦ ʨʘʟʚʝʜʦʯʥʳʤ ʣʠʥʠʷʤ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʤʦʛʫʪ ʙʳʪʴ 

ʧʦʩʪʨʦʝʥʳ ʚ ʨʘʟʣʠʯʥʳʭ ʤʘʩʰʪʘʙʘʭ ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʠʪʴ ʧʝʨʝʨʘʩʯʝʪ ʜʘʥʥʳʭ 

ʜʣʷ ʧʨʠʚʝʜʝʥʠʷ ʢ ʝʜʠʥʦʤʫ ʟʥʘʤʝʥʘʪʝʣʶ; 

ī ʧʦ ʫʧʦʨʷʜʦʯʝʥʥʦʤʫ ʠ ʧʨʠʚʝʜʝʥʥʦʤʫ ʢ ʝʜʠʥʦʤʫ ʤʘʩʰʪʘʙʫ ʠʟʤʝʨʝʥʠʷ 

ʥʘʙʦʨʫ ʚʝʨʪʠʢʘʣʴʥʳʭ ʩʝʯʝʥʠʡ ʨʘʟʚʝʜʦʯʥʳʭ ʣʠʥʠʡ ʩʪʨʦʠʪʩʷ ʧʝʨʚʘʷ ʢʘʨʢʘʩʥʘʷ 3-

ʤʝʨʥʘʷ ʤʦʜʝʣʴ; 

ī ʧʦ ʫʧʦʨʷʜʦʯʝʥʥʦʤʫ ʠ ʧʨʠʚʝʜʝʥʥʦʤʫ ʢ ʝʜʠʥʦʤʫ ʤʘʩʰʪʘʙʫ ʠʟʤʝʨʝʥʠʷ 

ʥʘʙʦʨʫ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʩʝʯʝʥʠʡ ʨʘʟʚʝʜʦʯʥʳʭ ʣʠʥʠʡ ʩʪʨʦʠʪʩʷ ʚʪʦʨʘʷ ʢʘʨʢʘʩʥʘʷ 

3-ʤʝʨʥʘʷ ʤʦʜʝʣʴ; 

ī ʥʘ ʦʩʥʦʚʝ ʵʪʠʭ ʜʚʫʭ ʤʦʜʝʣʝʡ ʩʪʨʦʠʪʩʷ ʧʨʠʥʷʪʘʷ 3-ʤʝʨʥʘʷ ʤʦʜʝʣʴ; 

ī ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʧʨʠʥʷʪʦʡ ʩʪʨʫʢʪʫʨʥʦʡ ʢʦʣʦʥʢʠ ʠ 3-ʤʝʨʥʦʡ ʤʦʜʝʣʠ 

ʩʦʟʜʘʝʪʩʷ ʦʢʦʥʯʘʪʝʣʴʥʘʷ ʤʦʜʝʣʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʟʫʯʘʝʤʦʛʦ 

ʩʚʦʡʩʪʚʘ ʛʝʦʣʦʛʠʯʝʩʢʦʛʦ ʦʙʲʝʢʪʘ. 

3. ʂʦʥʚʝʨʪʠʨʦʚʘʥʠʝ ʜʘʥʥʳʭ ʤʦʜʝʣʠ ʚ ʩʨʝʜʫ ʠʩʧʦʣʴʟʫʝʤʦʡ ɻʀʉ. ɼʘʣʝʝ 

ʧʦʣʫʯʝʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʩʧʝʮʠʘʣʴʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʩ ʫʯʝʪʦʤ 

ʪʨʝʙʦʚʘʥʠʡ ʠʩʧʦʣʴʟʫʝʤʦʡ ɻʀʉ ʢʦʥʚʝʨʪʠʨʫʝʪʩʷ ʠ ʟʘʛʨʫʞʘʝʪʩʷ ʚ ʝʝ ʙʘʟʫ ʜʘʥʥʳʭ. 

ʉ ʧʦʤʦʱʴʶ ʵʪʦʡ ɻʀʉ ʩʪʨʦʷʪʩʷ ʮʠʬʨʦʚʳʝ ʤʦʜʝʣʠ ʧʦʚʝʨʭʥʦʩʪʝʡ ʠ ʨʝʰʘʶʪʩʷ 

ʧʦʩʪʘʚʣʝʥʥʳʝ ʟʘʜʘʯʠ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ɻʝʦʣʦʛʠʷ ʠ ʨʘʟʚʝʜʢʘ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʧʦʣʝʟʥʳʭ ʠʩʢʦʧʘʝʤʳʭ. ʋʯʝʙʥʠʢ ʜʣʷ ʩʪʫʜ. ʫʯʨʝʞʜʝʥʠʡ 
ʚʳʩʰ. ʧʨʦʬ. ʦʙʨʘʟʦʚʘʥʠʷ/ ɺ.ɺ.ɸʚʜʦʥʠʥ, ɺ.ɺ. ʄʦʩʝʡʢʠʥ, ɻ.ɺ. ʈʫʯʢʠʥ ʠ ʜʨ. ʇʦʜ ʨʝʜ. ɺ.ɺ.ɸʚʜʦʥʠʥʘ. ī 

ʄ.: ʀʟʜʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ çɸʢʘʜʝʤʠʷè, 2011. ī 416 ʩ. 

2. ʀʩʢʘʢʦʚ ʄ.ɹ., ɸʙʠʣʜʘʝʚʘ ɻ.ɹ. ʄʝʪʦʜʠʢʘ ʧʝʨʝʚʦʜʘ ʤʘʪʝʨʠʘʣʦʚ ʧʦʜʩʯʝʪʘ ʟʘʧʘʩʦʚ ʠ ʫʪʚʝʨʞʜʝʥʠʷ 
ʢʦʥʜʠʮʠʠ ʚ ʮʠʬʨʦʚʦʡ ʬʦʨʤʘʪ. ʀʥʪʝʛʨʘʮʠʷ ʥʘʫʢʠ, ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ī ʦʩʥʦʚʘ ʨʝʘʣʠʟʘʮʠʠ 

ʇʣʘʥʘ ʥʘʮʠʠ: ʪʨʫʜʳ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʥʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ, 14-15 ʠʶʥʷ 2019 ʛ. ʉ.154-

156. 
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ɸ.ʉ. ɽɻʆʈʆɺ1, ɸ.ɸ. ɹʈɽʍʆɺɸ2 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʉʘʨʦʚʩʢʠʡ ʬʠʟʠʢʦ ï ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ï ʬʠʣʠʘʣ ʬʝʜʝʨʘʣʴʥʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ 

ʘʚʪʦʥʦʤʥʦʛʦ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ ʫʯʨʝʞʜʝʥʠʷ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʅʘʮʠʦʥʘʣʴʥʳʡ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʉʘʨʦʚ, ʈʦʩʩʠʷ 

 

ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʌɸɿʆɺʓʍ ʀʉʂɸɾɽʅʀʁ 

ʂʈʋʇʅʆɻɸɹɸʈʀʊʅʓʍ ʆʇʊʀʏɽʉʂʀʍ ʕʃɽʄɽʅʊʆɺ 

ʈʘʩʩʤʦʪʨʝʥʳ ʤʝʪʦʜʳ ʧʦʠʩʢʘ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʘʟʣʦʞʝʥʠʷ ʚʦʣʥʦʚʳʭ ʬʨʦʥʪʦʚ ʨʝʘʣʴʥʳʭ 

ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʧʦ ʧʦʣʠʥʦʤʘʤ ʎʝʨʥʠʢʝ. ɺʳʧʦʣʥʝʥʘ ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʧʦʣʫʯʝʥʥʳʭ 

ʬʨʦʥʪʦʚ ʧʦʣʠʥʦʤʘʤʠ ʎʝʨʥʠʢʝ ʠ ʥʘʡʜʝʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʘʟʣʦʞʝʥʠʷ. 

ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʚʦʟʤʫʱʝʥʠʡ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ. ʅʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʘʟʣʦʞʝʥʠʷ ʚʳʧʦʣʥʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʬʘʟʦʚʦʛʦ ʵʢʨʘʥʘ ʜʚʫʤʷ ʩʧʦʩʦʙʘʤʠ 

ʠ ʧʨʦʚʝʜʝʥʦ ʠʭ ʩʨʘʚʥʝʥʠʝ. 
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MODELING OF PHASE DISTORTIONS OF LARGE -SIZED 

OPTICAL ELEMENTS  

Methods for searching the decomposition coefficients real optical elements wave fronts by 

Zernike polynomials are considered. The obtained fronts are approximated by Zernike 

polynomials and the corresponding decomposition coefficients are found. The analysis of low-

frequency perturbations of the wavefront is carried out. Based on the obtained decomposition 

coefficients, the phase screen was modeled in two ways and compared. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʢ ʢʘʯʝʩʪʚʫ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʧʨʝʜʲʷʚʣʷʶʪʩʷ ʚʩʝ 

ʙʦʣʝʝ ʠ ʙʦʣʝʝ ʞʝʩʪʢʠʝ ʪʨʝʙʦʚʘʥʠʷ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʩʦʟʜʘʥʠʷ 

ʩʣʦʞʥʳʭ ʠ ʚʳʩʦʢʦʪʦʯʥʳʭ ʧʨʠʙʦʨʦʚ ʠ ʫʩʪʘʥʦʚʦʢ ʜʣʷ ʥʘʫʯʥʦ-ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʠ ʧʨʦʤʳʰʣʝʥʥʳʭ ʮʝʣʝʡ. ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʢʨʠʪʝʨʠʝʚ ʢʘʯʝʩʪʚʘ ʷʚʣʷʶʪʩʷ 

ʪʨʝʙʦʚʘʥʠʷ ʢ ʠʩʢʘʞʝʥʠʷʤ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ [1]. ɼʣʷ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ 

ʧʨʦʮʝʩʩʘ ʩʦʟʜʘʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ, ʥʝʦʙʭʦʜʠʤʦ ʥʘ ʦʩʥʦʚʘʥʠʠ ʤʘʣʝʥʴʢʦʡ 

ʧʘʨʪʠʠ ʫʤʝʪʴ ʤʦʜʝʣʠʨʦʚʘʪʴ ʩʝʨʠʶ ʦʜʥʦʪʠʧʥʳʭ ʬʘʟʦʚʳʭ ʬʨʦʥʪʦʚ, ʥʝʦʙʭʦʜʠʤʳʭ 

ʜʣʷ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʷ ʦ ʧʨʠʝʤʣʝʤʦʩʪʠ ʪʝʢʫʱʠʭ ʤʝʪʦʜʦʚ ʩʦʟʜʘʥʠʷ ʪʘʢʠʭ 

ʵʣʝʤʝʥʪʦʚ ʠ ʚʦʟʤʦʞʥʦʩʪʠ ʨʘʙʦʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʦʚ ʧʦʠʩʢʘ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʘʟʣʦʞʝʥʠʷ ʧʦ 

ʧʦʣʠʥʦʤʘʤ ʎʝʨʥʠʢʝ ʥʘʧʠʩʘʥʘ ʧʨʦʛʨʘʤʤʘ ʚ ʧʘʢʝʪʝ ʧʨʦʛʨʘʤʤ MATLAB, ʢʦʪʦʨʘʷ 

ʧʦʟʚʦʣʠʣʘ ʚʳʯʠʩʣʠʪʴ ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʘʟʣʦʞʝʥʠʷ ʜʚʫʤʷ ʩʧʦʩʦʙʘʤʠ: ʤʝʪʦʜʦʤ 

ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʠ ʙʝʟ ʧʨʠʤʝʥʝʥʠʷ ʦʨʪʦʥʦʨʤʘʣʠʟʘʮʠʠ 
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ɻʨʘʤʘ-ʐʤʠʜʪʘ [2]. ʄʝʪʦʜ ʩ ʦʨʪʦʥʦʨʤʘʣʠʟʘʮʠʝʡ ɻʨʘʤʘ-ʐʤʠʜʪʘ ʦʢʘʟʳʚʘʝʪʩʷ 

ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʝʝ, ʢʦʛʜʘ ʢʦʣʠʯʝʩʪʚʦ ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʦʣʠʥʦʤʦʚ ʎʝʨʥʠʢʝ ʣʝʞʠʪ ʚ 

ʜʠʘʧʘʟʦʥʝ 25-90 ʰʪʫʢ. ɺʥʝ ʵʪʦʛʦ ʜʠʘʧʘʟʦʥʘ ʤʝʪʦʜ ʥʝʩʪʘʙʠʣʝʥ ʠ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ 

ʢ ʥʝʚʝʨʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ. ʆʜʥʦʡ ʠʟ ʧʨʠʯʠʥ ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ ʤʦʞʥʦ ʥʘʟʚʘʪʴ 

ʥʝʧʨʠʛʦʜʥʦʩʪʴ ʤʝʪʦʜʘ ʜʣʷ ʦʧʠʩʘʥʠʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʦʪʢʣʦʥʝʥʠʡ ʚʦʣʥʦʚʦʛʦ 

ʬʨʦʥʪʘ. ʆʜʥʘʢʦ, ʤʝʪʦʜ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ ʧʨʠ ʙʦʣʴʰʠʭ ʢʦʣʠʯʝʩʪʚʘʭ 

ʧʦʣʠʥʦʤʦʚ ʎʝʨʥʠʢʝ ʚ ʨʘʟʣʦʞʝʥʠʠ ʪʦʞʝ ʥʫʞʜʘʝʪʩʷ ʚ ʧʨʦʚʝʨʢʝ ʠ ʤʦʞʝʪ ʥʝʩʪʠ 

ʥʝʚʝʨʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʠʩʩʣʝʜʫʝʤʦʤ ʚʦʣʥʦʚʦʤ ʬʨʦʥʪʝ. ɺ ʢʘʯʝʩʪʚʝ 

ʦʮʝʥʠʚʘʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʢʘʯʝʩʪʚʘ ʨʘʟʣʦʞʝʥʠʷ ʙʨʘʣʠʩʴ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʝʩʢʦʝ 

ʦʪʢʣʦʥʝʥʠʝ ʠ ʤʘʢʩʠʤʘʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ. 

ʅʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʠ ʧʦʣʠʥʦʤʘʭ ʎʝʨʥʠʢʝ 

ʨʝʘʣʴʥʳʭ ʚʦʣʥʦʚʳʭ ʬʨʦʥʪʦʚ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦ ʜʘʥʥʳʤ ʦ 

ʥʝʩʢʦʣʴʢʠʭ ʦʜʥʦʪʠʧʥʳʭ ʵʣʝʤʝʥʪʘʭ ʜʚʫʤʷ ʩʧʦʩʦʙʘʤʠ ʠ ʥʘʙʨʘʥʘ ʩʪʘʪʠʩʪʠʢʘ. 

 ɹʳʣʘ ʚʳʷʚʣʝʥʘ ʥʝʩʦʩʪʦʷʪʝʣʴʥʦʩʪʴ ʤʝʪʦʜʘ ʚʳʙʦʨʘ ʩʣʫʯʘʡʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʢʘʞʜʦʛʦ ʚʠʜʘ ʠʟ ʥʘʙʦʨʘ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʣʷ ʧʷʪʠ ʨʝʘʣʴʥʳʭ ʚʦʣʥʦʚʳʭ ʬʨʦʥʪʦʚ, 

ʪʘʢ ʢʘʢ ʩʤʦʜʝʣʠʨʦʚʘʥʥʳʡ ʬʨʦʥʪ ʩʠʣʴʥʦ ʦʪʣʠʯʘʣʩʷ ʦʪ ʨʝʘʣʴʥʦʛʦ ʧʦ 

ʢʦʥʪʨʦʣʠʨʫʝʤʳʤ ʧʘʨʘʤʝʪʨʘʤ. ʇʨʠʯʠʥʦʡ ʥʝʩʦʩʪʦʷʪʝʣʴʥʦʩʪʠ ʤʝʪʦʜʘ ʤʦʞʝʪ 

ʷʚʣʷʪʴʩʷ ʟʘʤʝʪʥʦʝ ʦʪʣʠʯʠʝ ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʚʦʣʥʦʚʳʭ 

ʬʨʦʥʪʦʚ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. 

ɺ ʤʝʪʦʜʝ, ʢʦʛʜʘ ʜʦʙʘʚʣʷʣʠʩʴ ʯʣʝʥʳ ʚ ʜʠʘʧʘʟʦʥ ʟʥʘʯʝʥʠʡ ʤʝʞʜʫ 

ʤʘʢʩʠʤʘʣʴʥʳʤ ʠ ʤʠʥʠʤʘʣʴʥʳʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ, ʘ ʟʘʪʝʤ ʚʳʙʠʨʘʣʩʷ ʩʣʫʯʘʡʥʳʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ʫʜʘʣʦʩʴ ʜʦʙʠʪʴʩʷ ʣʫʯʰʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʩʤʦʜʝʣʠʨʦʚʘʥʥʳʝ ʬʨʦʥʪʳ 

ʩ ʫʯʝʪʦʤ ʩʪʘʥʜʘʨʪʥʦʡ ʦʰʠʙʢʠ ʙʣʠʟʢʠ ʢ ʨʝʘʣʴʥʳʤ ʧʦ ʢʦʥʪʨʦʣʠʨʫʝʤʳʤ 

ʧʘʨʘʤʝʪʨʘʤ. 
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ɼ.ʉ. ɹʆɻɸʏɪɺ1, ɸ.ɸ. ʉɽʃʀɺɸʅʆɺ1, ʈ.ɹ. ʈʓɹʂɸ1, 

ʀ.ɸ. ʄʆʃʆʐʅʀʂʆɺ1, ɸ.ɻ. ʉɹʆɽɺ1,2 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ çʂʫʨʯʘʪʦʚʩʢʠʡ ʀʥʩʪʠʪʫʪè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʄʆɼɽʃʔ ʅɸ ʆʉʅʆɺɽ ɻʈɸʌʆɺʆʁ ʉɺɪʈʊʆʏʅʆʁ ʉɽʊʀ ɼʃʗ 

ɺʂʃʖʏɽʅʀʗ ɼɽʈɽɺʔɽɺ ʉʀʅʊɸʂʉʀʏɽʉʂʀʍ 

ɿɸɺʀʉʀʄʆʉʊɽʁ ɺ ɿɸɼɸʏʋ ʂʃɸʉʉʀʌʀʂɸʎʀʀ ʇʆʃɸ 

ɸɺʊʆʈɸ ʊɽʂʉʊɸ 

ɺ ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʨʝʜʣʦʞʝʥ ʢʣʘʩʩʠʬʠʢʘʪʦʨ ʥʘ ʦʩʥʦʚʝ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ, ʢʦʪʦʨʘʷ 

ʚʢʣʶʯʘʝʪ ʩʚʸʨʪʦʯʥʳʝ ʛʨʘʬʦʚʳʝ ʩʣʦʠ (Graph convolution layers) ʜʣʷ ʫʯʸʪʘ ʧʨʠʟʥʘʢʦʚ 

ʩʪʨʫʢʪʫʨʳ ʜʝʨʝʚʴʝʚ ʩʠʥʪʘʢʩʠʯʝʩʢʠʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʨʠ ʨʝʰʝʥʠʠ ʢʣʘʩʩʠʬʠʢʘʮʠʦʥʥʦʡ 

ʟʘʜʘʯʠ ʧʨʦʬʠʣʠʨʦʚʘʥʠʷ ʘʚʪʦʨʘ ʪʝʢʩʪʘ ʧʦ ʧʦʣʫ ɺʢʣʶʯʝʥʠʝ ʩʠʥʪʘʢʩʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ 

ʧʨʝʜʣʦʞʝʥʠʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʦ ʚʭʦʜʥʳʭ ʧʨʠʟʥʘʢʦʚ ʜʣʷ ʟʘʜʘʯʠ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʧʦʣʘ ʘʚʪʦʨʘ 

ʪʝʢʩʪʘ ʧʦʟʚʦʣʷʝʪ ʫʣʫʯʰʠʪʴ ʠʟʚʝʩʪʥʳʝ ʪʦʯʥʦʩʪʠ ʚ ʩʨʝʜʥʝʤ ʥʘ 3% ʜʣʷ ʢʦʨʧʫʩʘ 

RusPersonality ʠ 4% ʜʣʷ ʢʦʨʧʫʩʘ Gender Imitation Crowdsource "a". ʀʪʦʛʦʚʘʷ ʪʦʯʥʦʩʪʴ ʧʦ 

ʤʝʪʨʠʢʝ f1 ʩʦʩʪʘʚʣʷʝʪ 84% ʠ 81% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

D.S. BOGACHEV1, A.A. SELIVANOV1, R.B. RYBKA 1, 

I.A. MOLOSHNIKOV1, A.G. SBOEV1,2 

1National Research Center ñKurchatov Instituteò, Moscow, Russia 
2National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

GRAPH CONVOLUTION NETWORK MODEL TO INCLUDE 

DEPENDENCY TREES IN CLASSIFICATION OF THE TEXT'S 

AUTHOR'S GENDER  

The study proposed a classifier based on a neural network, which includes graph 

convolution layers to take into account the structural features of the dependency trees in text 

author profiling by gender. It is shown that the syntactic structure inclusion in input features 

makes able to improve accuracy by an average of 3% for the RusPersonality corpus and 4% for 

the Gender Imitation Crowdsource "a" corpus. The total accuracy (f1-measure) is 84% and 

81%, respectively. 

ɿʥʘʯʠʤʘʷ ʧʨʦʙʣʝʤʘ ʘʥʘʣʠʟʘ ʪʝʢʩʪʦʚʳʭ ʜʘʥʥʳʭ ï ʦʪʩʫʪʩʪʚʠʝ ʦʧʪʠʤʘʣʴʥʦʛʦ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʪʝʢʩʪʘ ʚ ʚʠʜʝ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʩʫʱʥʦʩʪʠ ʙʝʟ ʧʦʪʝʨʴ ʠʥʬʦʨʤʘʮʠʠ. 

ɼʦʧʦʣʥʝʥʠʝ ʧʨʠʟʥʘʢʦʚʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʠʥʬʦʨʤʘʮʠʝʡ ʦ ʩʪʨʫʢʪʫʨʝ ʧʨʝʜʣʦʞʝʥʠʷ 

ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ ʚʣʠʷʥʠʝ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʠ ʧʦʚʳʩʠʪʴ ʪʦʯʥʦʩʪʴ 

ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʪʝʢʩʪʦʚ, ʯʪʦ ʜʝʣʘʝʪ ʘʢʪʫʘʣʴʥʳʤ ʜʘʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ. 

ʈʘʟʨʘʙʦʪʘʥʘ ʘʨʭʠʪʝʢʪʫʨʘ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʜʣʷ ʚʢʣʶʯʝʥʠʷ ʧʨʠʟʥʘʢʦʚ 

ʩʠʥʪʘʢʩʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʟʘʜʘʯʫ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʪʝʢʩʪʦʚ, ʦʪʣʠʯʥʘʷ ʦʪ [1]. 

ɸʨʭʠʪʝʢʪʫʨʘ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭʩʣʦʡʥʦʡ ʛʨʘʬʦʚʦʡ ʩʚʸʨʪʦʯʥʦʡ ʩʝʪʠ (ɻʉʉ, Graph 
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Convolution Network)[2] ʠ ʜʚʫʥʘʧʨʘʚʣʝʥʥʦʛʦ LSTM-ʩʣʦʷ[3] ʨʘʟʤʝʨʥʦʩʪʴʶ 128. 

ɺʭʦʜ ʩʝʪʠ ï ʛʨʘʬ ʧʨʝʜʣʦʞʝʥʠʷ ʚ ʚʠʜʝ ʤʘʪʨʠʮʳ ʩʤʝʞʥʦʩʪʠ N*N ʠ ʤʘʪʨʠʮʳ ʩ 

ʧʨʠʟʥʘʢʘʤʠ ʫʟʣʦʚ N*F. ɺ ɻʉʉ ʧʨʦʠʟʚʝʜʝʥʠʝ ʜʘʥʥʳʭ ʤʘʪʨʠʮ ʫʤʥʦʞʘʝʪʩʷ ʥʘ 

ʤʘʪʨʠʮʫ ʚʝʩʦʚ W, ʢ ʨʝʟʫʣʴʪʘʪʫ ʧʨʠʤʝʥʷʝʪʩʷ ʬʫʥʢʮʠʷ ʘʢʪʠʚʘʮʠʠ, ʧʦʣʫʯʝʥʥʳʝ 

ʚʝʢʪʦʨʘ ʜʣʷ ʢʘʞʜʦʛʦ ʫʟʣʘ ʛʨʘʬʘ ʧʨʠʚʦʜʷʪʩʷ ʢ ʩʨʝʜʥʝʤʫ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʚʝʢʪʦʨʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʪʝʢʩʪʘ. 

ʇʦʜʭʦʜ ʙʳʣ ʧʨʦʚʝʨʝʥ ʥʘ ʜʚʫʭ ʢʦʨʧʫʩʘʭ, ʩʙʘʣʘʥʩʠʨʦʚʘʥʥʳʭ ʧʦ ʢʣʘʩʩʘʤ: 

RusPersonality (ʚʘʣʠʜʠʨʦʚʘʥʥʳʡ ʣʠʥʛʚʠʩʪʘʤʠ ʥʘʙʦʨ ʪʝʢʩʪʦʚ, 1150 ʪʝʢʩʪʦʚ), 

Gender Imitation Crowdsource çaè (ʢʦʨʧʫʩ ʪʝʢʩʪʦʚ, ʩʦʙʨʘʥʥʳʡ ʥʘ 

ʢʨʘʫʜʩʦʨʩʠʥʛʦʚʦʡ ʧʣʘʪʬʦʨʤʝ, 1664 ʪʝʢʩʪʘ). ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʩʠʥʪʘʢʩʠʯʝʩʢʠʭ 

ʜʝʨʝʚʴʝʚ ʠʩʧʦʣʴʟʦʚʘʥ ʧʘʨʩʝʨ UDPipe[4].  

ʕʢʩʧʝʨʠʤʝʥʪ ʧʦʩʪʘʚʣʝʥ ʘʥʘʣʦʛʠʯʥʦ [1]. ʄʝʪʨʠʢʘ ʦʮʝʥʢʠ ʪʦʯʥʦʩʪʠ ï F1: ʜʣʷ 

RusPersonality 84% Ñ 1%, ʚʳʰʝ baseline[5] ʥʘ 3%, ʜʣʷ GI cs çaè 81% Ñ 2%, ʚʳʰʝ 

baseline[5] ʥʘ 4%. ʈʝʟʫʣʴʪʘʪʳ ʩʦʧʦʩʪʘʚʠʤʳ ʩ ʧʨʝʜʩʪʘʚʣʝʥʥʳʤʠ ʚ [1] (83% ʠ 82% 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʦʣʫʯʝʥʥʳʝ ʥʘʤʠ ʥʘ ʦʩʥʦʚʝ ʤʦʜʝʣʠ LSTM ʠ ʧʨʝʜʩʪʘʚʣʝʥʠʷ 

ʩʠʥʪʘʢʩʠʯʝʩʢʦʛʦ ʜʝʨʝʚʘ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʚ ʚʠʜʝ ʤʥʦʞʝʩʪʚʘ ʧʫʪʝʡ ʜʣʷ ʢʘʞʜʦʛʦ 

ʩʣʦʚʘ). 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʚ ʨʘʤʢʘʭ 

ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 18-29-10084 çʤʢè. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Sboev A., Selivanov A., Rybka R., Moloshnikov I., Bogachev D. A Neural Network Model to 
Include Textual Dependency Tree Structure in Gender Classification of Russian Text Author. In: 

Advanced Technologies in Robotics and Intelligent Systems. Mechanisms and Machine Science, vol 

80. Springer, 2020 
2. Kipf T.N., Welling M. Semi-supervised classification with graph convolutional networks. arXiv 

preprint arXiv:1609.02907. 2016. 

3. Chen T, Xu R, He Y, Wang X. Improving sentiment analysis via sentence type classification using 
BiLSTM-CRF and CNN. Expert Systems with Applications. 2017 

4. http://ufal.mff.cuni.cz/udpipe 

5. Sboev A., Moloshnikov I., Gudovskikh D., Rybka R. A comparison of Data Driven models of 
solving the task of gender identification of author in Russian language texts for cases without and with the 

gender deception. Journal of Physics: Conference Series. IOP Publishing. 2017. Vol. 937. ˉ 1. p. 012046. 
 

  



103 
 

ɸ. ɻ. ʉɹʆɽɺ, ɸ. ɺ. ʉɽʈɽʅʂʆ, ʈ. ɹ. ʈʓɹʂɸ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʄʆɼɽʃʔ ʉʇɸʁʂʆɺʆʁ ʅɽʁʈʆʅʅʆʁ ʉɽʊʀ ʉ STDP-

ʆɹʋʏɽʅʀɽʄ ʀ ʊʆʈʄʆɿʗʑʀʄʀ ʄɽɾʅɽʁʈʆʅʅʓʄʀ 

ʉɺʗɿʗʄʀ ɼʃʗ ʈɽʐɽʅʀʗ ɿɸɼɸʏʀ ʂʃɸʉʉʀʌʀʂɸʎʀʀ 

ɼʣʷ ʩʝʪʠ ʠʟ ʦʜʥʦʛʦ ʩʣʦʷ ʚʦʟʙʫʞʜʘʶʱʠʭ ʠ ʦʜʥʦʛʦ ʩʣʦʷ ʪʦʨʤʦʟʷʱʠʭ ʥʝʡʨʦʥʦʚ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘ ʦʩʥʦʚʝ ʙʠʦʣʦʛʠʯʝʩʢʠ ʤʦʪʠʚʠʨʦʚʘʥʥʦʡ ʤʦʜʝʣʠ ʜʦʣʛʦʚʨʝʤʝʥʥʦʡ 

ʩʠʥʘʧʪʠʯʝʩʢʦʡ ʧʣʘʩʪʠʯʥʦʩʪʠ Spike-Timing-Dependent Plasticity ʚʦʟʤʦʞʥʦ ʦʙʫʯʝʥʠʝ ʩʝʪʠ 

ʥʝ ʪʦʣʴʢʦ ʨʘʩʧʦʟʥʘʚʘʥʠʶ ʠʟʦʙʨʘʞʝʥʠʡ, ʯʪʦ ʙʳʣʦ ʨʘʥʝʝ ʧʦʢʘʟʘʥʦ ʥʘ ʧʨʠʤʝʨʝ ʨʫʢʦʧʠʩʥʳʭ 

ʮʠʬʨ MNIST, ʥʦ ʠ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʚʝʢʪʦʨʦʚ ʨʘʮʠʦʥʘʣʴʥʳʭ ʯʠʩʝʣ, ʥʘ ʧʨʠʤʝʨʝ ʟʘʜʘʯʠ 

ʠʨʠʩʦʚ ʌʠʰʝʨʘ. 

A. G. SBOEV, A. V. SERENKO, R. B. RYBKA 

National Research Centre çKurchatov Instituteè, Moscow, Russia 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

SPIKING NETWORK MODEL WITH STDP LEARNING AND 

INHIBITORY INTERNEURONAL CONNECTIONS FORSOLVINGA 

CLASSIFICATION TASK  

For a neural network comprising one excitatory layer and one inhibitory layer, the 

biologically-inspired Spike-Timing-Dependent Plasticity is shown to be capable of learning not 

only the image recognition task of MNIST as known previously, but also a real-valued 

classification task of Fisherôs Iris. 

ʈʘʟʨʘʙʦʪʢʘ ʘʣʛʦʨʠʪʤʦʚ ʦʙʫʯʝʥʠʷ ʩʧʘʡʢʦʚʳʭ (ʠʤʧʫʣʴʩʥʳʭ) ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ 

ʨʝʰʝʥʠʶ ʟʘʜʘʯ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʘʢʪʫʘʣʴʥʘ ʚʚʠʜʫ ʚʦʟʤʦʞʥʦʩʪʠ ʘʧʧʘʨʘʪʥʦʡ 

ʨʝʘʣʠʟʘʮʠʠ ʩʧʘʡʢʦʚʳʭ ʩʝʪʝʡ ʥʘ ʤʘʣʦʵʥʝʨʛʦʟʘʪʨʘʪʥʳʭ ʥʝʡʨʦʤʦʨʬʥʳʭ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ. ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʠʟʤʝʥʝʥʠʷ 

ʩʠʥʘʧʪʠʯʝʩʢʠʭ ʚʝʩʦʚ ʚ ʦʩʥʦʚʝ ʪʘʢʠʭ ʘʣʛʦʨʠʪʤʦʚ ʦʙʫʯʝʥʠʷ ʤʦʞʝʪ ʚʳʩʪʫʧʘʪʴ 

ʙʠʦʣʦʛʠʯʝʩʢʠ ʤʦʪʠʚʠʨʦʚʘʥʥʘʷ ʤʦʜʝʣʴ ʜʦʣʛʦʚʨʝʤʝʥʥʦʡ ʩʠʥʘʧʪʠʯʝʩʢʦʡ 

ʧʣʘʩʪʠʯʥʦʩʪʠ Spike-Timing-DependentPlasticity (STDP), ʧʨʠʛʦʜʥʘʷ ʜʣʷ 

ʨʝʘʣʠʟʘʮʠʠ ʥʘ ʤʝʤʨʠʩʪʦʨʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ. 

ʅʝʜʘʚʥʦ [1] ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʤʦʜʝʣʴ ʩʧʘʡʢʦʚʦʡ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʩ STDP- 

ʧʣʘʩʪʠʯʥʦʩʪʴʶ ʠ ʪʦʨʤʦʟʷʱʠʤʠ ʤʝʞʥʝʡʨʦʥʥʳʤʠ ʩʚʷʟʷʤʠ ʜʣʷ ʦʙʫʯʝʥʠʷ ʙʝʟ 

ʫʯʠʪʝʣʷ ʨʝʰʝʥʠʶ ʟʘʜʘʯʠ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʨʫʢʦʧʠʩʥʳʭ ʮʠʬʨ ʠʟ ʥʘʙʦʨʘ ʜʘʥʥʳʭ 

MNIST. ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʦ ʧʦʢʘʟʘʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ 

ʧʦʜʦʙʥʦʛʦ ʧʦʜʭʦʜʘ ʩ STDP ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʚʝʢʪʦʨʦʚ 

ʨʘʮʠʦʥʘʣʴʥʳʭ ʯʠʩʝʣ ʥʘ ʧʨʠʤʝʨʝ ʟʘʜʘʯʠ ʠʨʠʩʦʚ ʌʠʰʝʨʘ. 
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ɼʣʷ ʵʪʦʡ ʟʘʜʘʯʠ ʥʘʤʠ ʙʳʣʘ ʘʜʘʧʪʠʨʦʚʘʥʘ ʩʭʝʤʘ ʩʝʪʠ [1], ʩʦʩʪʦʷʱʘʷ ʠʟ ʜʚʫʭ 

ʩʣʦʸʚ ʧʦ 100 ʥʝʡʨʦʥʦʚ: ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʠ ʪʦʨʤʦʟʷʱʝʛʦ. ʂʘʞʜʳʡ ʚʦʟʙʫʞʜʘʶʱʠʡ 

ʥʝʡʨʦʥ ʩʚʷʟʘʥ ʥʝʧʣʘʩʪʠʯʥʦʡ ʩʚʷʟʴʶ ʩ ʦʜʥʠʤ ʪʦʨʤʦʟʷʱʠʤ ʥʝʡʨʦʥʦʤ, ʢʦʪʦʨʳʡ 

ʧʦʩʨʝʜʩʪʚʦʤ ʩʚʷʟʝʡ ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤʠ ʩʣʫʯʘʡʥʳʤʠ ʚʝʩʘʤʠ ʪʦʨʤʦʟʠʪ ʚʩʝ 

ʦʩʪʘʣʴʥʳʝ ʚʦʟʙʫʞʜʘʶʱʠʝ ʥʝʡʨʦʥʳ. ɼʠʥʘʤʠʢʘ ʥʝʡʨʦʥʦʚ ʦʙʦʠʭ ʩʣʦʸʚ 

ʦʧʠʩʳʚʘʝʪʩʷ ʤʦʜʝʣʴʶ LeakyIntegrate-and-Fire ʩ ʜʠʥʘʤʠʯʝʩʢʠʤ ʧʦʨʦʛʦʤ; 

ʚʭʦʜʷʱʠʡ ʧʦʩʪʩʠʥʘʧʪʠʯʝʩʢʠʡ ʪʦʢ ʧʦʜʯʠʥʷʝʪʩʷ ʤʦʜʝʣʠ ʩʠʥʘʧʪʠʯʝʩʢʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ. ʋ ʥʝʡʨʦʥʦʚ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʩʣʦʷ ʧʦ 100 ʚʭʦʜʦʚ, ʢʦʪʦʨʳʝ 

ʦʙʣʘʜʘʶʪ ʘʜʜʠʪʠʚʥʦʡ STDP. 

ɺʭʦʜʥʳʝ ʜʘʥʥʳʝ ʧʦʜʘʶʪʩʷ ʥʘ ʩʝʪʴ, ʟʘʢʦʜʠʨʦʚʘʥʥʳʝ ʩʨʝʜʥʠʤʠ ʯʘʩʪʦʪʘʤʠ 

ʧʫʘʩʩʦʥʦʚʩʢʠʭ ʚʭʦʜʷʱʠʭ ʩʧʘʡʢʦʚʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ: ʢʦʤʧʦʥʝʥʪʳ 4-

ʤʝʨʥʦʛʦ ʚʭʦʜʥʦʛʦ ʚʝʢʪʦʨʘ ʜʫʙʣʠʨʫʶʪʩʷ 25 ʨʘʟ, ʜʦ 100-ʤʝʨʥʦʛʦ, ʠ ʫʤʥʦʞʘʶʪʩʷ 

ʥʘ 8 ɻʮ. ʇʦʩʣʝ ʦʙʫʯʝʥʠʷ ʩʠʥʘʧʪʠʯʝʩʢʠʝ ʚʝʩʘ ʬʠʢʩʠʨʫʶʪʩʷ, ʥʘ ʩʝʪʴ ʝʱʸ ʨʘʟ 

ʧʦʜʘʸʪʩʷ ʦʙʫʯʘʶʱʘʷ ʚʳʙʦʨʢʘ, ʠ ʢʘʞʜʦʤʫ ʥʝʡʨʦʥʫ ʩʪʘʚʠʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʝ ʪʦʪ 

ʢʣʘʩʩ, ʚ ʦʪʚʝʪ ʥʘ ʧʨʠʤʝʨʳ ʢʦʪʦʨʦʛʦ ʦʥ ʠʩʧʫʩʢʘʣ ʙʦʣʴʰʝ ʩʧʘʡʢʦʚ. ɿʘʪʝʤ ʥʘ ʩʝʪʴ 

ʧʦʜʘʸʪʩʷ ʪʝʩʪʠʨʦʚʦʯʥʘʷ ʚʳʙʦʨʢʘ, ʠ ʢʣʘʩʩ ʪʝʩʪʦʚʦʛʦ ʚʝʢʪʦʨʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ 

ʪʦʤʫ, ʥʝʡʨʦʥʳ ʢʘʢʦʛʦ ʢʣʘʩʩʘ ʠʩʧʫʩʪʠʣʠ ʤʘʢʩʠʤʘʣʴʥʦʝ ʯʠʩʣʦ ʩʧʘʡʢʦʚ ʚ ʦʪʚʝʪ ʥʘ 

ʵʪʦʪ ʚʝʢʪʦʨ. 

ʊʦʯʥʦʩʪʴ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʚ ʩʨʝʜʥʝʤ ʧʦ 5 ʨʘʟʙʠʝʥʠʷʤ ʢʨʦʩʩ-ʚʘʣʠʜʘʮʠʠ (ʜʣʷ 

ʪʝʩʪʠʨʦʚʘʥʠʷ ʥʘ ʢʘʞʜʦʤ ʨʘʟʙʠʝʥʠʠ ʦʪʚʦʜʠʣʦʩʴ 30 ʠʟ 150 ʚʝʢʪʦʨʦʚ) ʩʦʩʪʘʚʠʣʘ 

93%, ʩ ʨʘʟʙʨʦʩʦʤ ʤʝʞʜʫ ʨʘʟʙʠʝʥʠʷʤʠ ʦʪ 90% ʜʦ 96%, ʯʪʦ ʥʘʭʦʜʠʪʩʷ ʥʘ ʦʜʥʦʤ 

ʫʨʦʚʥʝ ʩ ʨʝʟʫʣʴʪʘʪʦʤ ʚ 94% [2] ʜʨʫʛʠʭ ʩʫʱʝʩʪʚʫʶʱʠʭ ʧʦʜʭʦʜʦʚ ʥʘ ʦʩʥʦʚʝ 

STDP. 

ɸʚʪʦʨʳ ʙʣʘʛʦʜʘʨʥʳ ʈ. ɹ. ʂʦʰʢʠʥʫ ʟʘ ʧʦʤʦʱʴ ʚ ʧʨʦʚʝʜʝʥʠʠ ʯʠʩʣʝʥʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ 

ʬʦʥʜʘ ˉ17-71-20111 ʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ ʆɺʂ ʅʀʎ 

çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè, http://computing.nrcki.ru. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
1. P. U. Diehl, M. Cook. Unsupervised learning of digit recognition using Spike-Timing-Dependent 

Plasticity // Frontiers in Computational Neuroscience. ð 2015. 

2. ɸ. ɻ. ʉʙʦʝʚ, ɸ. ɺ. ʉʝʨʝʥʢʦ, ʈ. ɹ. ʈʳʙʢʘ, ɼ. ʉ. ɺʣʘʩʦʚ. ʉʨʘʚʥʝʥʠʝ ʯʘʩʪʦʪʥʦʛʦ ʠ ʚʨʝʤʝʥʥʦʛʦ 
ʢʦʜʠʨʦʚʘʥʠʷ ʜʘʥʥʳʭ ʧʨʠ ʨʝʰʝʥʠʠ ʩʧʘʡʢʦʚʦʡ ʩʝʪʴʶ ʩʦ Spike-Timing-DependentPlasticity ʟʘʜʘʯʠ 

ʢʣʘʩʩʠʬʠʢʘʮʠʠ // ɺʝʩʪʥʠʢ ʅʀʗʋ ʄʀʌʀ. ð ʊ. 7. ð ˉ 6. ð ʉ. 563ï568. ð 2018. 
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ʉ. ɻ. ʉɹʆɽɺɸ1, ɸ.ɻ. Cɹʆɽɺ2,3, ɸ.ɺ. ɻʈʗɿʅʆɺ2, ɸ. ɺ. ɽɺʊɽɽɺɸ2 

1ʇʝʨʚʳʡ ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʤʝʜʠʮʠʥʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʀ. ʄ. ʉʝʯʝʥʦʚʘ, 

ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

3ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠ 

 ̫

ʅɽʁʈʆʉɽʊɽɺʆʁ ɸʃɻʆʈʀʊʄ ɺʓɼɽʃɽʅʀʗ ɿʅɸʏʀʄʆʁ 

ʀʅʌʆʈʄɸʎʀʀ ʀɿ ʊɽʂʉʊʆɺ ʈʋʉʉʂʆʗɿʓʏʅʓʍ ʆʊɿʓɺʆɺ ʆ 

ʃɽʂɸʈʉʊɺɽʅʅʓʍ ʉʈɽɼʉʊɺɸʍ 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʥʝʡʨʦʩʝʪʝʚʦʡ ʘʣʛʦʨʠʪʤ ʘʥʘʣʠʟʘ ʠʥʪʝʨʥʝʪ-ʦʪʟʳʚʦʚ 

ʧʦʣʴʟʦʚʘʪʝʣʝʡ ʦ ʣʝʢʘʨʩʪʚʝʥʥʳʭ ʧʨʝʧʘʨʘʪʘʭ. ɺʘʣʠʜʘʮʠʷ ʘʣʛʦʨʠʪʤʘ ʧʨʦʚʦʜʠʣʘʩʴ ʥʘ 

ʩʧʝʮʠʘʣʴʥʦ ʧʦʜʛʦʪʦʚʣʝʥʥʦʤ ʠ ʨʘʟʤʝʯʝʥʥʦʤ ʢʦʨʧʫʩʝ. ʆʩʥʦʚʫ ʘʣʛʦʨʠʪʤʘ ʩʦʩʪʘʚʣʷʝʪ 

ʥʝʡʨʦʩʝʪʝʚʘʷ ʤʦʜʝʣʴ, ʩʦʯʝʪʘʶʱʘʷ ʢʦʥʚʦʣʶʮʠʦʥʥʳʝ ʠ ʨʝʢʫʨʨʝʥʪʥʳʝ ʩʣʦʠ, ʢʦʥʪʝʢʩʪʥʦ-

ʟʘʚʠʩʠʤʳʝ ʚʝʢʪʦʨʥʳʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʩʣʦʚ, ʫʩʣʦʚʥʳʝ ʩʣʫʯʘʡʥʳʝ ʧʦʣʷ ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʧʨʠʟʥʘʢʠ ʩʣʦʚ, ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʩʣʦʚʘʨʝʡ. ʇʨʝʜʣʦʞʝʥʥʘʷ ʤʦʜʝʣʴ ʧʦʢʘʟʘʣʘ ʨʝʟʫʣʴʪʘʪʳ 

ʩʦʧʦʩʪʘʚʠʤʳʝ ʩ state-of-the-art ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʣʷ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʥʘ ʩʪʦʨʦʥʥʝʤ ʢʦʨʧʫʩʝ 

ʜʘʥʥʳʭ, ʯʪʦ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʘʣʛʦʨʠʪʤʘ ʚ ʮʝʣʦʤ. 
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NEURAL NETWORK ALGORITHM FOR ALLOCATING 

VALUABLE INFORMATION FROM TEXTS OF RUSSIAN -

LANGUAGE REVIEWS ON MEDICINES  

The paper presents a neural network algorithm for analyzing online user reviews of drugs. 

The algorithm was validated on a specially prepared and annotated corpora. The basis of the 

algorithm is a neural network model combining convolutional and recurrence layers, context-

dependent vector representations of words, conditional random fields and additional features of 

words obtained from dictionaries. The proposed model showed results comparable to the state-

of-the-art results for this task on a corpora for other language. 

ʊʝʢʩʪʳ, ʧʫʙʣʠʢʫʝʤʳʝ, ʚ ʯʘʩʪʥʦʩʪʠ, ʚ ʩʦʮʠʘʣʴʥʳʭ ʩʝʪʷʭ, ʜʠʩʢʫʩʩʠʦʥʥʳʭ 

ʛʨʫʧʧʘʭ ʠ ʬʦʨʫʤʘʭ ʚ ʩʝʪʠ ʀʥʪʝʨʥʝʪ, ʤʦʛʫʪ ʩʦʜʝʨʞʘʪʴ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʟʥʘʯʠʤʦʡ ʠʥʬʦʨʤʘʮʠʠ, ʧʦʣʝʟʥʦʡ ʜʣʷ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʝʜʠʮʠʥʩʢʠʭ 

ʧʨʝʧʘʨʘʪʦʚ ʚ ʜʦʧʦʣʥʝʥʠʝ ʢ ʢʣʠʥʠʯʝʩʢʠʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ. ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ 

ʷʚʣʷʝʪʩʷ ʘʧʨʦʙʘʮʠʷ ʥʝʡʨʦʩʝʪʝʚʦʛʦ ʘʣʛʦʨʠʪʤʘ ʚʳʜʝʣʝʥʠʷ ʟʥʘʯʠʤʳʭ ʩʫʱʥʦʩʪʝʡ 

ʠʟ ʪʝʢʩʪʦʚ ʦʪʟʳʚʦʚ ʥʘ ʙʘʟʝ ʩʦʚʨʝʤʝʥʥʳʭ ʥʝʡʨʦʩʝʪʝʚʳʭ ʨʝʰʝʥʠʡ ʠ ʩʦʟʜʘʥʥʦʛʦ 

ʢʦʨʧʫʩʘ ʨʘʟʤʝʯʝʥʥʳʭ ʧʨʠʤʝʨʦʚ.  



106 
 

 ʉʦʟʜʘʥʥʳʡ ʢʦʨʧʫʩ ʩʦʩʪʦʠʪ ʠʟ 1660 ʧʨʠʤʝʨʦʚ ʦʮʝʥʦʯʥʳʭ ʩʫʞʜʝʥʠʡ 

ʧʘʮʠʝʥʪʦʚ ʦ ʣʝʢʘʨʩʪʚʝʥʥʳʭ ʧʨʝʧʘʨʘʪʘʭ ʨʘʟʣʠʯʥʳʭ ʬʘʨʤʘʢʦʪʝʨʘʧʝʚʪʠʯʝʩʢʠʭ 

ʛʨʫʧʧ, ʢʦʪʦʨʳʝ ʥʝ ʩʣʝʜʫʶʪ ʬʦʨʤʘʣʴʥʳʤ ʧʨʘʚʠʣʘʤ ʛʨʘʤʤʘʪʠʢʠ ʠ ʧʫʥʢʪʫʘʮʠʠ 

ʨʫʩʩʢʦʛʦ ʷʟʳʢʘ. ɸʥʥʦʪʘʮʠʠ ʩʦʜʝʨʞʘʪ ʫʧʦʤʠʥʘʥʠʷ ʦ ʪʘʢʠʭ ʧʦʥʷʪʠʷʭ, ʢʘʢ 

Medication (17779), Adverse Drug Reaction (844), Disease (9285), Note (2319). 

ɸʥʥʦʪʘʮʠʠ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʘʥʥʦʪʘʪʦʨʘʤʠ ʩ ʤʝʜʠʮʠʥʩʢʠʤ ʠ ʬʘʨʤʘʮʝʚʪʠʯʝʩʢʠʤ 

ʦʙʨʘʟʦʚʘʥʠʝʤ, ʢʦʪʦʨʳʝ ʧʦʣʴʟʦʚʘʣʠʩʴ ʩʧʝʮʠʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʥʳʤ ʩʦʚʤʝʩʪʥʦ ʩʦ 

ʩʧʝʮʠʘʣʠʩʪʘʤʠ ʧʦ ʤʝʪʦʜʘʤ ʘʥʘʣʠʟʘ ʪʝʢʩʪʦʚʳʭ ʜʘʥʥʳʭ ʨʫʢʦʚʦʜʩʪʚʦʤ. 

ɺ ʥʘʯʘʣʝ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ ʚʳʜʝʣʝʥʠʷ ʟʥʘʯʠʤʳʭ ʩʫʱʥʦʩʪʝʡ ʚʳʧʦʣʥʷʝʪʩʷ 

ʧʨʝʜʦʙʨʘʙʦʪʢʘ ʪʝʢʩʪʘ, ʫʜʘʣʝʥʠʝ ʥʝʟʥʘʯʠʤʳʭ ʩʠʤʚʦʣʦʚ ʠ ʪʦʢʝʥʠʟʘʮʠʷ ʥʘ ʩʣʦʚʘ ʠ 

ʧʨʝʜʣʦʞʝʥʠʷ. ɼʘʣʝʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʩʣʦʚ ʢʦʜʠʨʫʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʧʝʮʠʘʣʴʥʳʭ ʩʣʦʚʘʨʝʡ[1] ʠ ʚʝʢʪʦʨʥʳʤ ʧʨʝʜʩʪʘʚʣʝʥʠʝʤ ʩʣʦʚ ʥʘ ʙʘʟʝ ʷʟʳʢʦʚʳʭ 

ʤʦʜʝʣʝʡ[2]. ʇʦʣʫʯʝʥʥʳʝ ʟʘʢʦʜʠʨʦʚʘʥʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʘʥʘʣʠʟʠʨʫʶʪʩʷ 

ʥʝʡʨʦʩʝʪʝʚʦʡ ʤʦʜʝʣʴʶ ʛʣʫʙʦʢʦʡ ʘʨʭʠʪʝʢʪʫʨʳ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʩʚʝʨʪʦʯʥʳʭ ʩʣʦʝʚ, 

ʜʚʫʥʘʧʨʘʚʣʝʥʥʦʛʦ LSTM-ʩʣʦʷ, ʘ ʪʘʢʞʝ ʧʦʣʥʦʩʚʷʟʥʦʛʦ ʩʣʦʷ. ʄʦʜʝʣʴ ʨʝʰʘʝʪ 

ʟʘʜʘʯʫ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʥʘ ʥʝʩʢʦʣʴʢʦ ʢʣʘʩʩʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʢʦʨʧʫʩʥʳʭ 

ʘʥʥʦʪʘʮʠʷʭ. ʅʘʩʪʨʦʡʢʘ ʤʦʜʝʣʠ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʭʥʠʢʠ 

ʨʘʥʥʝʛʦ ʦʩʪʘʥʦʚʘ, ʘ ʢʘʯʝʩʪʚʦ ʧʨʦʚʝʨʷʣʦʩʴ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʧʨʦʮʝʜʫʨʳ ʢʨʦʩʩ 

ʚʘʣʠʜʘʮʠʠ. 

ʊʦʯʥʦʩʪʠ ʧʦ ʤʝʪʨʠʢʝ ʧʦʣʥʦʛʦ ʩʦʚʧʘʜʝʥʠʷ ʩʣʦʚ ʩʫʱʥʦʩʪʠ ʩʦʩʪʘʚʣʷʶʪ: 86.7%, 

51.7% ʠ 73.4% ʜʣʷ ʩʫʱʥʦʩʪʝʡ Medication, ADR ʠ Disease, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʦʧʦʩʪʘʚʠʤʳ ʩ ʫʨʦʚʥʝʤ ʪʦʯʥʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʜʣʷ 

ʘʥʘʣʦʛʠʯʥʳʭ ʢʦʨʧʫʩʦʚ ʥʘ ʜʨʫʛʠʭ ʷʟʳʢʘʭ, ʠ ʤʦʛʫʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ state-of-

the-art ʜʣʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʠ.  
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ɸ.ɻ. ʉɹʆɽɺ1,2, ɸ.ɺ. ʅɸʋʄʆɺ1, ɸ.ɸ. ʉɽʃʀɺɸʅʆɺ1,  

ɼ.ɺ. ɻʋɼʆɺʉʂʀʍ1 

1 ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2 ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʅɽʁʈʆʉɽʊɽɺʆʁ ʄɽʊʆɼ ʆʇʈɽɼɽʃɽʅʀʗ ʊʆʅɸʃʔʅʆʉʊʀ 

ʊɽʂʉʊɸ ʇʆ ʆʊʅʆʐɽʅʀʖ ʂ ɿɸɼɸʅʅʆʁ  

ʀʄɽʅʆɺɸʅʅʆʁ ʉʋʑʅʆʉʊʀ 

ʇʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ ʦʪʥʦʰʝʥʠʷ ʘʚʪʦʨʘ ʪʝʢʩʪʘ ʢ ʚʳʜʝʣʝʥʥʦʡ ʠʤʝʥʦʚʘʥʥʦʡ 

ʩʫʱʥʦʩʪʠ ʥʘ ʙʘʟʝ ʥʝʡʨʦʩʝʪʝʚʦʡ ʤʦʜʝʣʠ ʩ ʤʝʭʘʥʠʟʤʦʤ ʚʥʠʤʘʥʠʷ. ɼʣʷ ʦʙʫʯʝʥʠʷ ʠ 

ʚʘʣʠʜʘʮʠʠ ʤʦʜʝʣʠ ʙʳʣ ʩʦʙʨʘʥ ʠ ʨʘʟʤʝʯʝʥ ʢʦʨʧʫʩ ʪʝʢʩʪʦʚ ʥʘ ʨʫʩʩʢʦʤ ʷʟʳʢʝ. ɺ ʢʦʨʧʫʩʝ 

ʩʦʜʝʨʞʘʪʩʷ ʪʝʢʩʪʳ ʠʟ 3 ʨʘʟʣʠʯʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʜʘʥʥʳʭ.ʇʨʦʚʝʜʝʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ 

ʦʮʝʥʢʘ ʪʦʯʥʦʩʪʠ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʦʜʝʣʠ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ 

ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 
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A NEURAL NETWORK APPROACH FOR NAMED ENTITY BASED 

SENTIMENT ANALYSIS  

A method for determining the affective states of the author text expressed on different 

named entities based on the neural network model with an attention mechanism is proposed. 

The corpus of texts in Russian language has been assembledand labeled for training and 

validation the model. The corpus contains texts from 3 different data sources. An experimental 

evaluation of accuracy of the proposed model in comparison with the classical methods of 

machine learning is shown. 

ʇʨʦʙʣʝʤʘ ʦʧʨʝʜʝʣʝʥʠʷ ʦʪʥʦʰʝʥʠʷ ʘʚʪʦʨʘ ʪʝʢʩʪʘ ʢ ʦʜʥʦʤʫ ʠʟ ʦʙʲʝʢʪʦʚ ʝʛʦ 

ʦʙʲʝʢʪʦʚ, ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʚ ʟʘʜʘʯʝ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ 

ʪʦʥʘʣʴʥʦʩʪʠ ʪʝʢʩʪʘ. ʅʘʠʙʦʣʴʰʠʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʘʥʘʣʠʟ ʪʘʢʠʭ 

ʦʪʥʦʰʝʥʠʡ, ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʚʳʩʪʫʧʘʶʪ ʧʝʨʩʦʥʳ, ʦʨʛʘʥʠʟʘʮʠʠ, ʣʦʢʘʮʠʠ 

ʠ ʜʨ. ʇʦʵʪʦʤʫ, ʮʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ: ʨʘʟʨʘʙʦʪʢʘ ʥʝʡʨʦʩʝʪʝʚʦʛʦ ʤʝʪʦʜʘ 

ʦʧʨʝʜʝʣʝʥʠʷ ʦʪʥʦʰʝʥʠʷ ʘʚʪʦʨʘ ʪʝʢʩʪʘ ʢ ʟʘʜʘʥʥʦʡ ʠʤʝʥʦʚʘʥʥʦʡ ʩʫʱʥʦʩʪʠ, ʘ 

ʪʘʢʞʝ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʛʦ ʢʦʨʧʫʩʘ ʪʝʢʩʪʦʚ. 

ʆʩʥʦʚʦʡ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʥʘʤʠ ʥʝʡʨʦʩʝʪʝʚʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʤʦʜʝʣʴ ʩ 

ʠʥʪʝʨʘʢʪʠʚʥʳʤ ʚʥʠʤʘʥʠʝʤ[1], ʛʜʝ ʠʩʭʦʜʥʳʡ ʪʝʢʩʪ ʠ ʘʥʘʣʠʟʠʨʫʝʤʳʡ ʦʙʲʝʢʪ 

ʧʦʜʘʚʘʣʠʩʴ ʥʘ ʨʘʟʥʳʝ ʚʭʦʜʳ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ, ʧʨʝʦʙʨʘʟʫʶʱʝʡ ʠʭ ʚ ʦʪʜʝʣʴʥʳʝ 

ʚʥʫʪʨʝʥʥʠʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ. ʇʦʣʫʯʝʥʥʳʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ 

ʛʝʥʝʨʘʮʠʠ ʚʝʢʪʦʨʦʚ ʚʥʠʤʘʥʠʷ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʟʘʭʚʘʪʳʚʘʪʴ ʥʘʠʙʦʣʝʝ 

ʚʘʞʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʠʟ ʢʦʥʪʝʢʩʪʘ ʜʣʷ ʢʦʥʢʨʝʪʥʦʛʦ ʮʝʣʝʚʦʛʦ ʦʙʲʝʢʪʘ. ʂ ʵʪʦʡ 
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ʤʦʜʝʣʠ ʙʳʣʘ ʜʦʙʘʚʣʝʥʘ ʷʟʳʢʦʚʘʷ ʤʦʜʝʣʴ ELMO [2], ʧʦʟʚʦʣʷʶʱʘʷ ʧʦʣʫʯʘʪʴ 

ʢʦʥʪʝʢʩʪʥʦ-ʟʘʚʠʩʠʤʳʝ ʚʝʢʪʦʨʥʳʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʩʣʦʚ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʫʯʠʪʳʚʘʪʴ 

ʩʠʥʪʘʢʩʠʯʝʩʢʠʝ ʠ ʩʝʤʘʥʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʣʦʚ, ʘ ʪʘʢʞʝ ʠʭ ʫʧʦʪʨʝʙʣʝʥʠʝ 

ʚ ʨʘʟʣʠʯʥʳʭ ʢʦʥʪʝʢʩʪʘʭ. 

ɼʣʷ ʘʧʨʦʙʘʮʠʠ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʦʜʝʣʠ ʙʳʣ ʩʦʙʨʘʥ ʢʦʨʧʫʩ ʪʝʢʩʪʦʚ. ʂʦʨʧʫʩ 

ʩʦʜʝʨʞʠʪ ʧʨʝʜʣʦʞʝʥʠʷ ʥʘ ʨʫʩʩʢʦʤ ʷʟʳʢʝ, ʦʪʦʙʨʘʥʥʳʝ ʠʟ 3 ʠʩʪʦʯʥʠʢʦʚ ʜʘʥʥʳʭ: 

ʩʦʮʠʘʣʴʥʳʝ ʩʝʪʠ (1236 ʧʨʝʜʣ.), ʥʦʚʦʩʪʠ (1659 ʧʨʝʜʣ.) ʠ ʤʠʢʨʦʙʣʦʛʠ (482 ʧʨʝʜʣ.). 

ɺʩʝ ʦʪʦʙʨʘʥʥʳʝ ʧʨʝʜʣʦʞʝʥʠʷ ʩʦʜʝʨʞʘʪ ʠʤʝʥʦʚʘʥʥʳʝ ʩʫʱʥʦʩʪʠ ʩʣʝʜʫʶʱʠʭ 

ʪʠʧʦʚ: çʇʝʨʩʦʥʘè, çʆʨʛʘʥʠʟʘʮʠʷè ʠ çʃʦʢʘʮʠʷè. ʀʤʝʥʦʚʘʥʥʳʝ ʩʫʱʥʦʩʪʠ ʙʳʣʠ 

ʚʳʜʝʣʝʥʳ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʩ ʧʦʤʦʱʴʶ ʦʪʢʨʳʪʦʡ ʙʠʙʣʠʦʪʝʢʠ DeepPavlov[3]. 

ʂʘʞʜʦʝ ʧʨʝʜʣʦʞʝʥʠʝ ʨʘʟʤʝʯʝʥʦ ʩʨʝʜʩʪʚʘʤʠ ʢʨʘʫʜʩʦʨʩʠʥʛʘ Yandex.Toloka ʥʘ 3 

ʢʣʘʩʩʘ ʪʦʥʘʣʴʥʦʡ ʦʮʝʥʢʠ: ʥʝʛʘʪʠʚʥʳʡ, ʥʝʡʪʨʘʣʴʥʳʡ ʠ ʧʦʟʠʪʠʚʥʳʡ. ɺʩʝʛʦ ʢʦʨʧʫʩ 

ʩʦʜʝʨʞʠʪ 3377 ʧʨʝʜʣʦʞʝʥʠʡ, ʚʳʜʝʣʝʥʥʳʝ ʚ ʥʠʭ ʦʙʲʝʢʪʳ ʠ ʠʭ ʪʦʥʘʣʴʥʫʶ 

ʦʮʝʥʢʫ. ɼʣʷ ʩʨʘʚʥʠʪʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ 80% ʢʦʨʧʫʩʘ ʥʘ 

ʪʨʝʥʠʨʦʚʢʫ ʤʦʜʝʣʝʡ ʠ 20% ʩʣʫʯʘʡʥʦ ʚʳʙʨʘʥʥʳʭ ʧʨʠʤʝʨʦʚ ʥʘ ʠʭ ʪʝʩʪʠʨʦʚʘʥʠʝ. 

ɼʣʷ ʦʮʝʥʢʠ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʝʪʦʜʘ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʩʨʘʚʥʠʪʝʣʴʥʳʝ 

ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ ʤʝʪʦʜʦʤ ʩʣʫʯʘʡʥʦʡ ʦʮʝʥʢʠ ʠ ʙʘʟʦʚʳʤ ʢʣʘʩʩʠʬʠʢʘʪʦʨʦʤ 

ʧʦʩʪʨʦʝʥʥʦʤ ʥʘ ʦʩʥʦʚʝ ʚʝʢʪʦʨʦʚ TF-IDF ʧʦ n-ʛʨʘʤʤʘʤ[4] ʠ ʤʝʪʦʜʘ ʦʧʦʨʥʳʭ 

ʚʝʢʪʦʨʦʚ[5] ʩ ʣʠʥʝʡʥʳʤ ʷʜʨʦʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʝʜʣʦʞʝʥʥʳʡ ʥʝʡʨʦʩʝʪʝʚʦʡ ʤʝʪʦʜ 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʪʦʯʥʦʩʪʴ ʧʦ ʤʝʪʨʠʢʠ F1_macro ʣʫʯʰʝ ʥʘ 62%ʯʝʤ ʩʣʫʯʘʡʥʘʷ 

ʦʮʝʥʢʘ, ʠ ʥʘ 24%ʯʝʤ ʙʘʟʦʚʳʡ ʢʣʘʩʩʠʬʠʢʘʪʦʨ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ 

ʤʝʪʦʜ ʧʦʢʘʟʳʚʘʝʪ ʩʚʦʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʨʝʰʝʥʠʠ ʟʘʜʘʯ 

ʘʩʧʝʢʪʥʦʛʦ ʩʝʥʪʠʤʝʥʪ ʘʥʘʣʠʟʘ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʚ ʨʘʤʢʘʭ 

ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ18-37-00398 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ 

ʆɺʂ ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè, http://computing.nrcki.ru/. 
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ɸ.ʈ. ʂɸʈʀʄʆɺ1,2, ɺ.ʂ. ɹʆɻɼɸʅʆɺ1, ɺ.ɺ. ɼʄʀʊʈʀɽɺɸ1,  

ʆ.ɸ. ʅɸɻʆɺʀʎʓʅɸ1, ɽ.ɸ. ɸʅɸʅʔɽɺɸ1 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè 
2ʆʙʲʝʜʠʥʝʥʥʳʡ ʠʥʩʪʠʪʫʪ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʈɸʅ, ʄʦʩʢʚʘ 

 

ʅɽʃʀʅɽʁʅɸʗ ɼʀʅɸʄʀʂɸ ʅɽʈɸɺʅʆɺɽʉʅʓʍ  

ʉʃɸɹʆʉʊʆʃʂʅʆɺʀʊɽʃʔʅʓʍ ʇʃɸɿʄʆʇʆɼʆɹʅʓʍ ʉʈɽɼ 

ʀʩʧʦʣʴʟʫʷ ʧʨʠʙʣʠʞʝʥʠʝ ɹʘʪʥʘʛʝʨʘðɻʨʦʩʩʘðʂʨʫʢʘ ʜʣʷ ʠʥʪʝʛʨʘʣʘ ʩʪʦʣʢʥʦʚʝʥʠʡ, 

ʠʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʝ ʩʪʦʣʢʥʦʚʝʥʠʡ ʥʘ ʦʙʨʘʟʦʚʘʥʠʝ ʢʦʛʝʨʝʥʪʥʳʭ ʩʪʨʫʢʪʫʨ ʚʙʣʠʟʠ 

ʣʦʢʘʣʴʥʦ-ʨʘʚʥʦʚʝʩʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʯʘʩʪʠʮ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʯʝʨʝʟ 

ʧʦʪʝʥʮʠʘʣ ʖʢʘʚʳ. ɼʣʷ ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʧʦʣʫʯʝʥʳ ʥʝʩʪʘʮʠʦʥʘʨʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʄʘʢʩʚʝʣʣʦʚʩʢʦʛʦ ʪʠʧʘ, ʧʦʟʚʦʣʷʶʱʠʝ ʨʘʩʩʤʦʪʨʝʪʴ ʚʣʠʷʥʠʝ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʥʘ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʦʩʪʦʷʥʠʡ. 

A.R. KARIMOV 1,2, V.K. BOGDANOV1, V.V. DMITRIEVA 1, 

O.A. NAGOVITSYNA1, E.A. ANANYEVA 1 

1Department of Electrophysical Facilities, National Research 

Nuclear University MEPhI, Kashirskoye shosse 31, Moscow, Russia 
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NONLINEAR DYNAMICS OF NONEQUILIBRIUM WEAKLY 

COLLISIONAL PLASMA -LIKE MEDIA  

Using the Batnager ï Gross ï Crook approximation for the collision integral, we study the 

effect of collisions on the formation of coherent structures near locally equilibrium states in the 

continuum of particles interacting through the Yukawa potential. For this model, unsteady 

distributions of the Maxwell type are obtained. They allow us to consider the influence of the 

initial conditions on the formation of dynamic states. 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʠ ʜʠʥʘʤʠʢʘ ʥʝʣʠʥʝʡʥʳʭ, ʜʦʣʛʦʞʠʚʫʱʠʭ ʩʪʨʫʢʪʫʨ (ʪʘʢ 

ʥʘʟʳʚʘʝʤʳʭ ʢʦʛʝʨʝʥʪʥʳʭ ʩʪʨʫʢʪʫʨ) ʚ ʜʠʩʩʠʧʘʪʠʚʥʳʭ ʧʣʘʟʤʦʧʦʜʦʙʥʳʭ ʩʨʝʜʘʭ, 

ʜʘʣʝʢʠʭ ʦʪ ʨʘʚʥʦʚʝʩʠʷ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʨʠʣʦʞʝʥʠʡ, 

ʚʢʣʶʯʘʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ [1,2].  

ɺ ʥʘʩʪʦʷʱʝʡ ʟʘʤʝʪʢʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʦʜʥʦʤʝʨʥʘʷ ʤʦʜʝʣʴ 

ʩʣʘʙʦʩʪʦʣʢʥʦʚʠʪʝʣʴʥʦʡ ʩʨʝʜʳ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʯʘʩʪʠʮ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʯʝʨʝʟ 

ʧʦʪʝʥʮʠʘʣ ʖʢʘʚʳ, ʦʧʠʩʳʚʘʝʤʘʷ ʠʥʪʝʛʨʦ-ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʤ ʫʨʘʚʥʝʥʠʝʤ 

ɺʣʘʩʦʚʘ, ʜʦʧʦʣʥʝʥʥʳʤ ʩʪʦʣʢʥʦʚʠʪʝʣʴʥʳʤ ʠʥʪʝʛʨʘʣʦʤ ʚ ʬʦʨʤʝ ɹʘʪʥʘʛʝʨʘð

ɻʨʦʩʩʘðʂʨʫʢʘ. ɼʣʷ ʜʘʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ, ʠʩʧʦʣʴʟʫʷ ʧʦʜʭʦʜ [3,4], ʙʳʣʦ ʧʦʩʪʨʦʝʥʦ 

ʯʘʩʪʥʦʝ, ʥʝʣʠʥʝʡʥʦʝ ʨʝʰʝʥʠʝ ʤʘʢʩʚʝʣʣʦʚʩʢʦʛʦ ʪʠʧʘ ʚ ʚʠʜʝ ʢʦʥʝʯʥʦʛʦ ʨʷʜʘ ʧʦ 

ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʦʤʫ ʧʦʪʝʥʮʠʘʣʫ.  
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ʇʦʜʨʦʙʥʦ ʦʙʩʫʞʜʘʣʩʷ ʩʣʫʯʘʡ, ʦʧʠʩʳʚʘʶʱʠʡ ʜʠʥʘʤʠʢʫ ʠʩʩʣʝʜʫʝʤʦʡ 

ʩʠʩʪʝʤʳ ʚʙʣʠʟʠ ʣʦʢʘʣʴʥʦ-ʨʘʚʥʦʚʝʩʥʳʭ ʩʦʩʪʦʷʥʠʡ. ʇʦʣʫʯʝʥʥʘʷ ʬʫʥʢʮʠʷ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʘʥʘʣʠʟʘ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʠ 

ʩʪʦʣʢʥʦʚʝʥʠʡ ʥʘ ʦʙʨʘʟʦʚʘʥʠʝ ʢʦʛʝʨʝʥʪʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʤʦʜʝʣʠ. 

ɺ ʯʘʩʪʥʦʩʪʠ, ʩ ʝʝ ʧʦʤʦʱʴʶ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʦʙʣʘʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʣʦʢʘʣʴʥʦ-

ʨʘʚʥʦʚʝʩʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʛʜʝ ʢʦʣʣʝʢʪʠʚʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʝʚʘʣʠʨʫʶʪ ʥʘʜ 

ʜʠʩʩʠʧʘʪʠʚʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ, ʘ ʪʘʢʞʝ, ʨʘʩʩʤʘʪʨʠʚʘʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ 

ʥʘʯʘʣʴʥʫʶ ʟʘʜʘʯʫ, ʥʘʡʪʠ ʫʩʣʦʚʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʘʢʩʚʝʣʣʦʚʩʢʠʭ ʠ 

ʥʝʤʘʢʩʚʝʣʣʦʚʩʢʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʩʣʘʙʦʩʪʦʣʢʥʦʚʠʪʝʣʴʥʳʭ 

ʩʨʝʜʘʭ.  
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ʉ.ʌ. ʃɸɺʈʆɺɸ, ʅ.ɸ. ʂʋɼʈʗʐʆɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʅɽʃʀʅɽʁʅɸʗ ɼʀʅɸʄʀʂɸ ʆɹʆɹʑɽʅʅʆɻʆ  

ʋʈɸɺʅɽʅʀʗ ʂʋʈɸʄʆʊʆ-ʉʀɺɸʐʀʅʉʂʆɻʆ ɺ ʇɽʈɽʄɽʅʅʓʍ 

ɹɽɻʋʑɽʁ ɺʆʃʅʓ 

ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʥʝʣʠʥʝʡʥʳʭ ʜʠʥʘʤʠʯʝʩʢʠʭ ʨʝʞʠʤʦʚ ʦʙʦʙʱʝʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ 

ʂʫʨʘʤʦʪʦ-ʉʠʚʘʰʠʥʩʢʦʛʦ ʚ ʧʝʨʝʤʝʥʥʳʭ ʙʝʛʫʱʝʡ ʚʦʣʥʳ. 

S.F. LAVROVA , N.A. KUDRYASHOV 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

NONLINEAR DYNAMICS OF THE TRAVELLING WAVE  
REDUCTION FOR THE GENERALIZED  

KURAMOTO -SIVASHINSKY EQUATION  

An analysis of the nonlinear dynamics regimes of the travelling wave reduction for the 

generalized Kuramoto-Sivashinsky equation is conducted. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʦʙʦʙʱʝʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʂʫʨʘʤʦʪʦ-ʉʠʚʘʰʠʥʩʢʦʛʦ ʦʧʠʩʳʚʘʝʪ 

ʬʠʟʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʚ ʥʝʣʠʥʝʡʥʳʭ ʩʠʩʪʝʤʘʭ [1]. ʆʥʦ ʠʤʝʝʪ ʚʠʜ 

ό όό ό ‍ό ό π (1) 

ʋʨʘʚʥʝʥʠʝ (1) ʤʦʞʥʦ ʩʚʝʩʪʠ ʢ ʦʙʳʢʥʦʚʝʥʥʦʤʫ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʤʫ 

ʫʨʘʚʥʝʥʠʶ, ʠʩʧʦʣʴʟʫʷ ʧʝʨʝʤʝʥʥʳʝ ʙʝʛʫʱʝʡ ʚʦʣʥʳ. ɹʫʜʝʤ ʠʩʢʘʪʴ ʨʝʰʝʥʠʝ 

ʫʨʘʚʥʝʥʠʷ (1) ʚ ʚʠʜʝ 

όᾀ ώᾀȟᾀ ὼ ὠὸȟ 

ʊʦʛʜʘ ʥʦʨʤʘʣʴʥʘʷ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ (1), ʚʳʛʣʷʜʠʪ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ 

ώ όȟό ὶȟὶ ὠώ
ώ

ς
ό ‍ὶȢ (2) 

ʅʝʣʠʥʝʡʥʫʶ ʜʠʥʘʤʠʢʫ ʩʠʩʪʝʤʳ (2) ʤʦʞʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʧʫʪʝʤ ʧʦʩʪʨʦʝʥʠʷ ʝʝ 

ʙʠʬʫʨʢʘʮʠʦʥʥʦʡ ʜʠʘʛʨʘʤʤʳ ʠ ʨʘʩʯʝʪʘ ʟʘʚʠʩʠʤʦʩʪʠ ʩʪʘʨʰʝʛʦ ʣʷʧʫʥʦʚʩʢʦʛʦ 

ʧʦʢʘʟʘʪʝʣʷ ʦʪ ʧʘʨʘʤʝʪʨʘ. 

ɹʠʬʫʨʢʘʮʠʦʥʥʘʷ ʜʠʘʛʨʘʤʤʘ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʩʪʨʦʠʣʘʩʴ ʧʫʪʝʤ ʩʝʯʝʥʠʷ 

ʨʝʰʝʥʠʷ ʧʣʦʩʢʦʩʪʴʶ y = C ʚ ʧʦʣʦʞʠʪʝʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʠʟʤʝʥʝʥʠʷ 
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ʧʝʨʝʤʝʥʥʦʡ y. ɿʥʘʯʝʥʠʷ r ʠʟ ʩʝʯʝʥʠʷ ʇʫʘʥʢʘʨʝ ʦʪʢʣʘʜʳʚʘʣʠʩʴ ʧʦ ʦʩʠ ʦʨʜʠʥʘʪ ʠ 

ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ɓ ʦʪʢʣʘʜʳʚʘʣʠʩʴ ʧʦ ʦʩʠ ʘʙʩʮʠʩʩ. 

 
ʈʠʩ. 1. ɹʠʬʫʨʢʘʮʠʦʥʥʘʷ ʜʠʘʛʨʘʤʤʘ ʠ ʘʪʪʨʘʢʪʦʨ ʩʠʩʪʝʤʳ ʧʨʠ V = 1. 

 
ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʩʪʘʨʰʝʛʦ ʣʷʧʫʥʦʚʩʢʦʛʦ ʧʦʢʘʟʘʪʝʣʷ  

ʦʪ ʧʘʨʘʤʝʪʨʘ ɓ, V = 1. 

ʃʷʧʫʥʦʚʩʢʠʝ ʧʦʢʘʟʘʪʝʣʠ ʢʘʯʝʩʪʚʝʥʥʦ ʦʧʠʩʳʚʘʶʪ ʩʪʝʧʝʥʴ ʨʘʩʭʦʞʜʝʥʠʷ 

ʙʣʠʟʢʠʭ ʪʨʘʝʢʪʦʨʠʡ ʩʠʩʪʝʤʳ. ʏʪʦʙʳ ʦʙʥʘʨʫʞʠʪʴ ʭʘʦʪʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ 

ʜʦʩʪʘʪʦʯʥʦ ʨʘʩʩʯʠʪʘʪʴ ʩʪʘʨʰʠʡ ʣʷʧʫʥʦʚʩʢʠʡ ʧʦʢʘʟʘʪʝʣʴ. ɼʣʷ ʝʛʦ ʚʳʯʠʩʣʝʥʠʷ ʚ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʘʣʛʦʨʠʪʤ ɹʝʥʥʝʪʠʥʘ [2]. 

ʈʠʩ. 1 ʠ 2 ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʨʠ ʥʝʢʦʪʦʨʳʭ ʟʥʘʯʝʥʠʷʭ ʧʘʨʘʤʝʪʨʘ ɓ ʩʠʩʪʝʤʘ 

ʦʙʣʘʜʘʝʪ ʭʘʦʪʠʯʝʩʢʠʤ ʘʪʪʨʘʢʪʦʨʦʤ, ʦ ʯʝʤ ʛʦʚʦʨʷʪ ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʩʪʘʨʰʠʡ 

ʣʷʧʫʥʦʚʩʢʠʡ ʧʦʢʘʟʘʪʝʣʴ ʠ ʚʠʜ ʩʝʯʝʥʠʷ ʇʫʘʥʢʘʨʝ. ʍʘʦʪʠʯʝʩʢʠʡ ʘʪʪʨʘʢʪʦʨ 

ʩʠʩʪʝʤʳ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ 1. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʬʦʥʜʘ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʈʌʌʀ), ˉ 18-29-10039. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Sivashinsky G. I. Large cells in nonlinear Marangoni convection //Physica D: Nonlinear Phenomena. 

ï 1982. ï ʊ. 4. ï ˉ. 2. ï ʉ. 227-235. 
2. Benettin, Giancarlo, et al. "Lyapunov characteristic exponents for smooth dynamical systems and for 

Hamiltonian systems; a method for computing all of them. Part 1: Theory."Meccanica 15.1 (1980): 9-20.  
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ɸ.ɺ. ʇʆʈʋɹʆɺ 
ʀʥʩʪʠʪʫʪ ʇʨʦʙʣʝʤ ʄʘʰʠʥʦʚʝʜʝʥʠʷ, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʈʦʩʩʠʷ 

 

ʅɽʃʀʅɽʁʅʓɽ ɺʆʃʅʓ ɺ ɻɽʆʄɽʊʈʀʏɽʉʂʀ  

ʅɽʆɼʅʆʈʆɼʅʆʁ ʈɽʐɽʊʂɽ ɻʈɸʌɽʅɸ 

ʈʘʟʨʘʙʦʪʘʥʘ ʛʝʦʤʝʪʨʠʯʝʩʢʠ ʥʝʣʠʥʝʡʥʘʷ ʤʦʜʝʣʴ ʨʝʰʝʪʢʠ ʛʨʘʬʝʥʘ. ʉʚʷʟʘʥʥʳʝ 

ʥʝʣʠʥʝʡʥʳʝ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ ʚ ʯʘʩʪʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʜʣʷ ʜʝʬʦʨʤʘʮʠʡ ʧʦʣʫʯʝʥʳ ʚ 

ʢʦʥʪʠʥʫʘʣʴʥʦʤ ʧʨʝʜʝʣʝ ʠʩʭʦʜʥʳʭ ʨʝʰʝʪʦʯʥʳʭ ʜʠʩʢʨʝʪʥʳʭ ʫʨʘʚʥʝʥʠʡ. ʈʘʟʨʘʙʦʪʘʥʘ 

ʘʩʠʤʧʪʦʪʠʯʝʩʢʘʷ ʧʨʦʮʝʜʫʨʘ ʜʣʷ ʩʚʝʜʝʥʠʷ ʨʝʰʝʥʠʷ ʩʚʷʟʘʥʥʳʭ ʫʨʘʚʥʝʥʠʡ ʢ ʨʝʰʝʥʠʶ 

ʦʜʥʦʛʦ ʫʧʨʘʚʣʷʶʱʝʛʦ ʥʝʣʠʥʝʡʥʦʛʦ ʫʨʘʚʥʝʥʠʷ. ʅʝʢʦʪʦʨʳʝ ʥʝʣʠʥʝʡʥʳʝ ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ 

ʚʦʣʥʦʚʳʝ ʨʝʰʝʥʠʷ ʠʟʫʯʝʥʳ ʘʥʘʣʠʪʠʯʝʩʢʠ ʠ ʯʠʩʣʝʥʥʦ. 

A.V. PORUBOV 

Institute for Problems in Mechanical Engineering, Saint Petersburg,, Russia 

NONLINEAR WAVES IN GEOMETRIALLY NONLINEAR 

GRAPHENE LATTICE  

A geometrically nonlinear graphene lattice model is developed. The governing coupled 

nonlinear partial differential equations of motion for strains are obtained in a continuum limit of 

the original lattice discrete equations. An asymptotic procedure is developed to reduce the 

solution of coupled equations to a solution of a single governing nonlinear equation. Some 

nonlinear strain wave solutions are studied analytically and numerically. 

ʈʝʰʝʪʦʯʥʳʝ ʤʦʜʝʣʠ ʧʦʟʚʦʣʷʶʪ ʦʧʠʩʳʚʘʪʴ ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ ʚ 

ʤʘʪʝʨʠʘʣʘʭ ʩʦ ʩʣʦʞʥʦʡ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʦʡ. ʄʝʥʝʝ ʠʟʫʯʝʥʥʳʤʠ ʷʚʣʷʶʪʩʷ 

ʤʥʦʛʦʤʝʨʥʳʝ ʨʝʰʝʪʦʯʥʳʝ ʤʦʜʝʣʠ, ʥʘʧʨʠʤʝʨ, ʜʚʫʤʝʨʥʘʷ ʤʦʜʝʣʴ ʛʨʘʬʝʥʘ. 

ʈʝʟʫʣʴʪʘʪʦʤ ʜʠʩʢʨʝʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʷʚʣʷʶʪʩʷ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦ-

ʨʘʟʥʦʩʪʥʳʝ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ. ʆʜʥʘʢʦ, ʥʝʣʠʥʝʡʥʳʝ ʜʠʩʢʨʝʪʥʳʝ ʫʨʘʚʥʝʥʠʷ 

ʦʙʳʯʥʦ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʨʝʰʝʥʳ ʘʥʘʣʠʪʠʯʝʩʢʠ, ʠ ʠʭ ʨʝʰʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ 

ʧʦʣʫʯʝʥʳ ʪʦʣʴʢʦ ʯʠʩʣʝʥʥʦ. ɺ ʜʣʠʥʥʦʚʦʣʥʦʚʦʤ ʠ ʢʦʨʦʪʢʦʚʦʣʥʦʚʦʤ ʧʨʝʜʝʣʘʭ 

ʜʠʩʢʨʝʪʥʳʝ ʫʨʘʚʥʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʩʚʝʜʝʥʳ ʢ ʫʨʘʚʥʝʥʠʷʤ ʚ ʯʘʩʪʥʳʭ 

ʧʨʦʠʟʚʦʜʥʳʭ ʧʨʠ ʧʦʤʦʱʠ ʢʦʥʪʠʥʫʘʣʴʥʦʛʦ ʧʨʝʜʝʣʘ. ʇʦʣʫʯʝʥʥʳʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ 

ʫʨʘʚʥʝʥʠʷ ʜʦʧʫʩʢʘʶʪ, ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ, ʯʘʩʪʥʳʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ. 

ʈʝʰʝʪʢʘ ʛʨʘʬʝʥʘ ʦʧʠʩʳʚʘʝʪʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʜʚʫʭ ʧʦʜʨʝʰʝʪʦʢ, 

ʫʯʠʪʳʚʘʝʪʩʷ ʢʘʢ ʧʦʩʪʫʧʘʪʝʣʴʥʦʝ, ʪʘʢ ʠ ʫʛʣʦʚʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʤʘʩʩʘʤʠ 

ʨʝʰʝʪʢʠ, ʤʦʜʝʣʠʨʫʝʤʦʝ ʫʧʨʫʛʠʤʠ ʧʨʫʞʠʥʘʤʠ. ʅʝʣʠʥʝʡʥʦʝ ʨʘʩʩʤʦʪʨʝʥʠʝ 

ʫʛʣʦʚʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʧʦʨʦʞʜʘʝʪ ʛʝʦʤʝʪʨʠʯʝʩʢʠ ʥʝʣʠʥʝʡʥʫʶ ʤʦʜʝʣʴ ʜʣʷ 

ʵʥʝʨʛʠʠ ʜʝʬʦʨʤʘʮʠʠ. ʌʠʟʠʯʝʩʢʘʷ ʥʝʣʠʥʝʡʥʦʩʪʴ, ʚʳʟʚʘʥʥʘʷ ʫʧʨʫʛʦʩʪʴʶ 

ʧʨʫʞʠʥʳ, ʦʪʣʠʯʥʦʡ ʦʪ ʦʧʠʩʳʚʘʝʤʦʡ ʟʘʢʦʥʦʤ ɻʫʢʘ, ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʚ ʥʘʰʝʤ 

ʧʨʝʜʳʜʫʱʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ [1, 2].  

ɺʳʨʘʞʝʥʠʷ ʜʣʷ ʵʥʝʨʛʠʡ ʜʣʷ ʢʘʞʜʦʡ ʧʦʜʨʝʰʝʪʢʠ ʟʘʧʠʩʳʚʘʶʪʩʷ ʦʪʜʝʣʴʥʦ, ʘ 

ʩʚʷʟʘʥʥʳʝ ʫʧʨʘʚʣʷʶʱʠʝ ʥʝʣʠʥʝʡʥʳʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦ-ʨʘʟʥʦʩʪʥʳʝ ʫʨʘʚʥʝʥʠʷ 
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ʜʚʠʞʝʥʠʷ ʚʳʚʦʜʷʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʘʨʠʘʮʠʦʥʥʦʛʦ ʧʨʠʥʮʠʧʘ. ʕʪʠ ʫʨʘʚʥʝʥʠʷ 

ʥʝ ʠʤʝʶʪ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ. ɺ ʜʣʠʥʥʦʚʦʣʥʦʚʦʤ ʩʣʫʯʘʝ ʫʜʘʝʪʩʷ ʧʦʣʫʯʠʪʴ 

ʚ ʢʦʥʪʠʥʫʘʣʴʥʦʤ ʧʨʝʜʝʣʝ ʩʚʷʟʘʥʥʳʝ ʥʝʣʠʥʝʡʥʳʝ ʫʨʘʚʥʝʥʠʷ ʚ ʯʘʩʪʥʳʭ 

ʧʨʦʠʟʚʦʜʥʳʭ. ʆʜʥʘʢʦ ʠ ʵʪʠ ʫʨʘʚʥʝʥʠʷ ʚʩʝ ʝʱʝ ʥʝ ʜʦʧʫʩʢʘʶʪ ʘʥʘʣʠʪʠʯʝʩʢʠʭ 

ʨʝʰʝʥʠʡ. ɹʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʘʩʠʤʧʪʦʪʠʯʝʩʢʘʷ ʧʨʦʮʝʜʫʨʘ ʨʘʩʧʘʨʠʚʘʥʠʷ 

ʩʚʷʟʘʥʥʳʭ ʫʨʘʚʥʝʥʠʡ ʩ ʦʧʠʩʘʥʠʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʧʨʦʜʦʣʴʥʳʭ ʠʣʠ ʩʜʚʠʛʦʚʳʭ 

ʚʦʣʥ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʝʩʷ ʚ ʦʜʥʦʤ ʥʘʧʨʘʚʣʝʥʠʷ ʠ ʩʣʘʙʦ ʚʦʟʤʫʱʝʥʥʳʭ ʚ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ. ʕʪʦ ʧʦʟʚʦʣʠʣʦ ʚʳʚʝʩʪʠ ʦʪʜʝʣʴʥʳʝ ʫʨʘʚʥʝʥʠʷ ʜʣʷ 

ʧʨʦʜʦʣʴʥʳʭ ʠʣʠ ʧʦʧʝʨʝʯʥʳʭ ʚʦʣʥ ʜʝʬʦʨʤʘʮʠʠ. 

ɺ ʯʘʩʪʥʦʩʪʠ, ʠʟʚʝʩʪʥʦʝ ʫʨʘʚʥʝʥʠʝ ʂʘʜʦʤʮʝʚʘ-ʇʝʪʚʠʘʰʚʠʣʠ ʧʦʣʫʯʝʥʦ ʜʣʷ 

ʩʣʘʙʦ ʧʦʧʝʨʝʯʥʦ ʚʦʟʤʫʱʝʥʥʳʭ ʧʣʦʩʢʠʭ ʧʨʦʜʦʣʴʥʳʭ ʚʦʣʥ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʧʦʧʝʨʝʯʥʳʝ ʚʦʣʥʳ ʧʦʜʯʠʥʷʶʪʩʷ ʜʨʫʛʦʤʫ ʫʨʘʚʥʝʥʠʶ ʩ ʙʦʣʝʝ ʩʣʦʞʥʳʤʠ 

ʥʝʣʠʥʝʡʥʳʤʠ ʯʣʝʥʘʤʠ. ɼʣʷ ʦʙʦʠʭ ʫʨʘʚʥʝʥʠʡ ʩʫʱʝʩʪʚʫʶʪ ʢʘʢ ʪʦʯʥʳʝ ʨʝʰʝʥʠʷ, 

ʚ ʯʘʩʪʥʦʩʪʠ, ʚ ʚʠʜʝ ʙʝʛʫʱʝʡ ʫʝʜʠʥʝʥʥʦʡ ʧʣʦʩʢʦʡ ʚʦʣʥʳ ʜʝʬʦʨʤʘʮʠʠ, ʪʘʢ ʠ 

ʘʩʠʤʧʪʦʪʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ, ʦʧʠʩʳʚʘʶʱʠʝ ʧʦʧʝʨʝʯʥʫʶ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʧʣʦʩʢʦʡ 

ʥʝʣʠʥʝʡʥʦʡ ʚʦʣʥʳ. ʊʘʢʞʝ ʧʦʣʫʯʝʥʳ ʯʠʩʣʝʥʥʳʝ ʨʝʰʝʥʠʷ, ʦʧʠʩʳʚʘʶʱʠʝ 

ʥʝʩʪʘʮʠʦʥʘʨʥʳʡ ʧʨʦʮʝʩʩ ʣʦʢʘʣʠʟʘʮʠʠ ʚʦʣʥ ʜʝʬʦʨʤʘʮʠʠ. ʀʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʝ 

ʧʘʨʘʤʝʪʨʦʚ ʠʩʭʦʜʥʦʡ ʨʝʰʝʪʦʯʥʦʡ ʤʦʜʝʣʠ ʠ ʨʦʣʴ ʪʨʘʥʩʣʷʮʠʦʥʥʦʡ ʠ ʫʛʣʦʚʦʡ 

ʞʝʩʪʢʦʩʪʝʡ ʧʨʫʞʠʥ ʤʦʜʝʣʠ ʨʝʰʝʪʢʠ ʛʨʘʬʝʥʘ ʥʘ ʣʦʢʘʣʠʟʘʮʠʶ ʜʚʫʤʝʨʥʦʡ 

ʧʨʦʜʦʣʴʥʦʡ ʠʣʠ ʧʦʧʝʨʝʯʥʦʡ ʚʦʣʥʳ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʀʇʄʘʰ ʈɸʅ ʠ ʧʦʜʜʝʨʞʘʥʘ ʛʨʘʥʪʦʤ ʈʅʌ 19-41-04106. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. PorubovA.V. ,OsokinaA.E.// WaveMotion. 2019. Vol. 89, P. 185ï192.  
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ɺ.ʂ. ʂʆɿʃʆɺ, ʄ.ɸ.ʏʄʓʍʆɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʆ ʏʀʉʃɽʅʅʆʄ ʄʆɼɽʃʀʈʆɺɸʅʀʀ ɽʉʊɽʉʊɺɽʅʅʆʁ 

ʂʆʅɺɽʂʎʀʀ ʅɸ ʆʉʅʆɺɽ ʈɽʐɸʊɽʃʗ OPENFOAM  

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʝʩʪʝʩʪʚʝʥʥʦʡ ʢʦʥʚʝʢʮʠʠ ʚ ʧʦʣʝ ʩʠʣ ʪʷʞʝʩʪʠ. 

ʀʩʧʦʣʴʟʦʚʘʥʘ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ, ʦʧʠʩʳʚʘʶʱʘʷ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʝ ʜʚʠʞʝʥʠʝ 

ʥʝʩʞʠʤʘʝʤʦʡ ʞʠʜʢʦʩʪʠ, ʚ ʢʦʪʦʨʫʶ ʚʭʦʜʷʪ ʫʨʘʚʥʝʥʠʝ ʜʚʠʞʝʥʠʷ ʅʘʚʴʝ-ʉʪʦʢʩʘ, ʫʨʘʚʥʝʥʠʝ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʠ ʫʨʘʚʥʝʥʠʝ ʥʝʧʨʝʨʳʚʥʦʩʪʠ. ɽʩʪʝʩʪʚʝʥʥʘʷ ʢʦʥʚʝʢʮʠʷ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʚ ʧʨʠʙʣʠʞʝʥʠʠ ɹʫʩʩʠʥʝʩʢʘ. ɼʣʷ ʚʝʨʠʬʠʢʘʮʠʠ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʟʘʜʘʯʠ ʥʘ ʦʛʨʘʥʠʯʝʥʥʦʡ 

ʦʙʣʘʩʪʠ, ʩʦ ʩʪʝʥʢʘʤʠ, ʧʦʜʜʝʨʞʠʚʘʝʤʳʤʠ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʘʥʘʣʦʛʠʯʥʘʷ ʟʘʜʘʯʝ ʃʦʨʝʥʮʘ. ɼʣʷ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʨʝʰʘʪʝʣʴ, ʨʝʘʣʠʟʦʚʘʥʥʳʡ ʥʘ ʩʚʦʙʦʜʥʦ ʨʘʩʧʨʦʩʪʨʘʥʷʝʤʦʤ ʠʥʩʪʨʫʤʝʥʪʘʨʠʠ 

OpenFOAM.  

V.K. KOZLOV, M.A. CHMYKHOV 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

ON NUMERICAL MODELING OF NATURAL CONVECTION BASED 

ON THE OPENFOAM SOLVER  

The mathematical model of natural convection in the gravity field is considered A system of 

equations has been used to satisfy the laws of conservation of energy, mass, and momentum. It 

includes the heat equation, the continuity equation, and the Navier-Stokes equation. Natural 

convection is considered in the Boussinesq approximation, in a limited region with walls 

maintained at a given temperature. A problem similar to the Lorentz problem is considered. 

Object-oriented programming language OpenFOAM is used for numerical modelling. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʝʩʪʝʩʪʚʝʥʥʦʡ 

ʢʦʥʚʝʢʮʠʠ ʚ ʧʦʣʝ ʩʠʣ ʪʷʞʝʩʪʠ. ʄʘʢʨʦʩʢʦʧʠʯʝʩʢʦʝ ʜʚʠʞʝʥʠʝ ʞʠʜʢʦʩʪʠ 

ʦʧʠʩʳʚʘʝʪʩʷ ʩʠʩʪʝʤʦʡ ʫʨʘʚʥʝʥʠʡ ʛʠʜʨʦʜʠʥʘʤʠʢʠ, ʚʢʣʶʯʘʶʱʫʶ ʚ ʩʝʙʷ 

ʫʨʘʚʥʝʥʠʝ ʅʘʚʴʝ-ʉʪʦʢʩʘ, ʧʝʨʝʥʦʩʘ ʪʝʧʣʘ ʠ ʥʝʧʨʝʨʳʚʥʦʩʪʠ. ʀʩʧʦʣʴʟʫʝʤ ʠʭ ʚ 

ʧʨʠʙʣʠʞʝʥʠʠ ɹʫʩʩʠʥʝʩʢʘ, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ɻʝʨʰʫʥʠ [1]. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʪʩʷ ʩ ʧʦʤʦʱʴʶ ʦʨʠʛʠʥʘʣʴʥʦʛʦ ʨʝʰʘʪʝʣʷ 

ʨʝʘʣʠʟʦʚʘʥʥʦʛʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʚʦʙʦʜʥʦ ʨʘʩʧʨʦʩʪʨʘʥʷʝʤʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘʨʠʷ 

OpenFOAM. ɼʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʦʜʠʬʠʢʘʮʠʷ ʨʝʰʘʪʝʣʷ icoFoam, ʚ ʢʦʪʦʨʦʡ 

ʜʦʙʘʚʣʝʥʦ ʫʨʘʚʥʝʥʠʝ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʠ, ʚʤʝʩʪʦ ʘʣʛʦʨʠʪʤʘ PISO (Pressure-

Implicit with Splitting of Operators), ʠʩʧʦʣʴʟʫʝʪʩʷ SIMPLE (Semi-Implicit Method 

for Pressure-Linked Equation). ɼʣʷ ʦʙʨʘʙʦʪʢʠ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʠʭ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʘʢʝʪ ParaView ʠ python. ɼʣʷ ʚʝʨʠʬʠʢʘʮʠʠ 

ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʘʥʘʣʠʪʠʯʝʩʢʘʷ ʟʘʜʘʯʘ ʠ ʵʢʩʧʝʨʠʤʝʥʪ ʧʦ ʥʘʭʦʞʜʝʥʠʶ 

ʢʨʠʪʠʯʝʩʢʦʛʦ ʯʠʩʣʘ ʈʝʣʝʷ. 
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ɹʳʣʦ ʨʘʩʩʤʦʪʨʝʥʦ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ ʩʪʘʮʠʦʥʘʨʥʦʛʦ 

ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʜʚʠʞʝʥʠʷ ʚ ʙʝʩʢʦʥʝʯʥʦʤ ʚʝʨʪʠʢʘʣʴʥʦʤ ʩʣʦʝ ʞʠʜʢʦʩʪʠ ʤʝʞʜʫ 

ʧʘʨʘʣʣʝʣʴʥʳʤʠ ʧʣʘʩʪʠʥʘʤʠ ʧʨʠ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʧʨʠʚʝʜʝʥʥʳʡ ʚ ʨʘʙʦʪʝ 

ɻʝʨʰʫʥʠ [1]. ʇʨʠ ʯʠʩʣʝʥʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʧʨʷʤʦʫʛʦʣʴʥʘʷ 

ʛʨʘʥʠʮʘ ʚʳʩʦʪʦʡ h ʠ ʜʣʠʥʥʦʡ l, ʩ ʨʘʟʣʠʯʥʳʤ ʦʪʥʦʰʝʥʠʝʤ 
È

Ì
װ  .ρȠςȠτȠψ װ

ʇʦʣʫʯʝʥʘ ʢʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ ʦʪʥʦʰʝʥʠʝʤ 
Ὤ

ὰ
 ʠ ʤʘʢʩʠʤʘʣʴʥʳʤ ʦʪʢʣʦʥʝʥʠʝʤ ʦʪ 

ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʨʝʰʝʥʠʷ.  

ʇʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠʟ ʩʪʘʪʴʠ Buhler, Kirchartz, 

ʠ Oertel [2]. ɺ ʥʝʡ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪ, ʦʧʠʩʳʚʘʶʱʠʡ ʢʦʥʚʝʢʮʠʶ ʚ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʧʨʦʩʣʦʡʢʝ ʠ ʧʦʷʚʣʝʥʠʝ ʷʯʝʝʢ ɹʝʥʘʨʘ. ɻʝʦʤʝʪʨʠʷ ʠ ʙʦʣʴʰʠʥʩʪʚʦ 

ʬʠʟʠʯʝʩʢʠʭ ʧʦʩʪʦʷʥʥʳʭ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ, ʨʘʚʥʳ ʪʘʢʦʚʳʤ ʚ 

ʩʪʘʪʴʝ. ʇʦʣʫʯʝʥʦ ʢʨʠʪʠʯʝʩʢʦʝ ʯʠʩʣʦ ʈʵʣʝʷ, ʦʥʦ ʦʪʥʦʩʠʪʩʷ ʢ ʜʠʘʧʘʟʦʥʫ ʟʥʘʯʝʥʠʡ 

ʦʪ 3042 ʜʦ 3225. 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʝʪʩʷ ʟʘʜʘʯʘ ʚʳʥʫʞʜʝʥʥʦʛʦ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʜʚʠʞʝʥʠʷ ʩʣʦʷ 

ʞʠʜʢʦʩʪʠ ʟʘʢʣʶʯʝʥʥʦʛʦ ʤʝʞʜʫ ʢʦʘʢʩʠʘʣʴʥʳʤʠ ʮʠʣʠʥʜʨʘʤʠ, ʘʥʘʣʦʛʠʯʥʘʷ ʟʘʜʘʯʠ 

ʃʦʨʝʥʮʘ [3,4] (ʢʦʣʴʮʦ, ʧʦʜʦʛʨʝʚʘʝʤʦʝ ʩʥʠʟʫ, ʦʭʣʘʞʜʘʝʤʦʝ ʩʚʝʨʭʫ). ʇʦʣʫʯʝʥʳ 

ʨʝʞʠʤʳ ʪʝʯʝʥʠʷ ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʩʤʝʥʘʤʠ ʥʘʧʨʘʚʣʝʥʠʷ ʚʨʘʱʝʥʠʷ, ʧʨʦʚʝʜʝʥʦ 

ʠʟʫʯʝʥʠʝ ʨʝʞʠʤʦʚ ʪʝʯʝʥʠʷ. ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʦʜʠʪʩʷ ʩ ʧʦʤʦʱʴʶ python ʠ 

ʧʨʠʣʦʞʝʥʠʷ ParaView.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʌʌʀ 18-29-10039. 
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ɸ.ɺ. ʂʈʗʅɽɺ, ʅ.ɸ. ʂʋɼʈʗʐʆɺ, ɼ.ɽ. ʉʃʀɺɸ  
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè  

 

ʆʇʊʀʄʀɿɸʎʀʗ ɿɸʊʈɸʊ ʅɸ ʉʀʉʊɽʄʋ ɿɸʑʀʊʓ  

ʀʅʌʆʈʄɸʎʀʀ ʆʊ ʋɻʈʆɿ 

ɿʘʱʠʪʘ ʠʥʬʦʨʤʘʮʠʠ, ʧʦʪʝʥʮʠʘʣʴʥʦ ʜʦʩʪʫʧʥʦʡ ʯʝʨʝʟ ʚʥʝʰʥʠʝ ʢʘʥʘʣʳ ʩʚʷʟʠ, ʦʪ 

ʚʥʝʰʥʠʭ ʫʛʨʦʟ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʘʢʪʫʘʣʴʥʳʭ ʟʘʜʘʯ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʩʭʝʤʘ, ʧʦʟʚʦʣʷʶʱʘʷ ʨʝʰʠʪʴ ʟʘʜʘʯʫ ʦʧʪʠʤʠʟʘʮʠʠ ʟʘʪʨʘʪ ʥʘ ʩʠʩʪʝʤʫ ʟʘʱʠʪʳ ʠʥʬʦʨʤʘʮʠʠ, 

ʧʨʠ ʨʝʘʣʠʟʘʮʠʠ ʢʦʪʦʨʦʡ ʦʙʝʩʧʝʯʝʥ ʤʠʥʠʤʫʤ ʩʨʝʜʥʠʭ ʩʫʤʤʘʨʥʳʭ ʟʘʪʨʘʪ ʥʘ ʨʝʘʣʠʟʘʮʠʶ 

ʩʠʩʪʝʤʳ ʟʘʱʠʪʳ ʠ ʧʦʪʝʨʴ ʠʟ-ʟʘ ʦʩʪʘʚʰʠʭʩʷ ʫʛʨʦʟ, ʨʝʘʣʠʟʦʚʘʥʥʳʭ ʧʦʩʣʝ ʫʩʪʘʥʦʚʣʝʥʠʷ 

ʩʠʩʪʝʤʳ ʟʘʱʠʪʳ. 

A.V. KRYANEV, N.A. KUDRYASHOV, D.E. SLIVA 

National Research Nuclear University ñMEPhIò 

OPTIMIZATION OF COSTS FOR THE INFORMATION  

PROTECTION SYSTEM FROM THREATS  

Protecting information that is potentially accessible through external communication 

channels from external threats is one of the urgent tasks. In this paper, we present a scheme that 

allows us to solve the problem of optimizing the costs of an information security system, the 

implementation of which ensures a minimum of average total costs for the implementation of 

the protection system and losses due to the remaining threats realized after the establishment of 

the protection system. 

ɺ ʩʦʚʨʝʤʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʟʘʱʠʪʘ ʢʦʥʬʠʜʝʥʮʠʘʣʴʥʦʡ ʠʥʬʦʨʤʘʮʠʠ, ʧʨʝʞʜʝ 

ʚʩʝʛʦ ʙʘʟ ʜʘʥʥʳʭ, ʧʦʤʝʱʘʝʤʦʡ ʚ ʩʠʩʪʝʤʘʭ ʩ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʫʛʨʦʟʦʡ, ʪʨʝʙʫʝʪ 

ʩʫʱʝʩʪʚʝʥʥʳʭ ʟʘʪʨʘʪ.  

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʘ ʩʭʝʤʘ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʡ ʨʝʰʘʝʪʩʷ ʟʘʜʘʯʘ 

ʦʧʪʠʤʠʟʘʮʠʠ ʟʘʪʨʘʪ ʥʘ ʩʠʩʪʝʤʫ ʟʘʱʠʪʳ ʠʥʬʦʨʤʘʮʠʠ ʠ ʥʘʭʦʜʠʪʩʷ ʤʠʥʠʤʫʤ 

ʩʨʝʜʥʠʭ ʩʫʤʤʘʨʥʳʭ ʟʘʪʨʘʪ ʥʘ ʨʝʘʣʠʟʘʮʠʶ ʩʠʩʪʝʤʳ ʟʘʱʠʪʳ ʠ ʩʨʝʜʥʠʭ ʧʦʪʝʨʴ ʠʟ-

ʟʘ ʫʛʨʦʟ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʨʝʘʣʠʟʦʚʘʪʴʩʷ ʧʦʩʣʝ ʫʩʪʘʥʦʚʣʝʥʠʷ ʩʠʩʪʝʤʳ ʟʘʱʠʪʳ.  

ʎʝʣʝʚʘʷ ʬʫʥʢʮʠʷ ʟʘʜʘʯʠ ʦʧʪʠʤʠʟʘʮʠʠ ʟʘʪʨʘʪ ʥʘ ʩʠʩʪʝʤʫ ʟʘʱʠʪʳ 

ʠʥʬʦʨʤʘʮʠʠ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ 

‪ὖὒ ὖὒ ὓὒὖὒ,    (1) 

ʛʜʝὖὒ ï ʟʘʪʨʘʪʳ ʥʘ ʩʠʩʪʝʤʫ ʟʘʱʠʪʳ, ὓὒὖὒï ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ὒὖὒ- ʧʦʪʝʨʴ 
ʦʪ ʫʛʨʦʟ ʩ ʩʠʩʪʝʤʦʡ ʟʘʱʠʪʳ, ʟʘʪʨʘʪʳ ʥʘ ʨʝʘʣʠʟʘʮʠʶ ʢʦʪʦʨʦʡ ʩʦʩʪʘʚʣʷʝʪ 

ʚʝʣʠʯʠʥʫ ὖὒ.  

ʌʫʥʢʮʠʶὓὒὖὒʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ ʩʛʣʘʞʠʚʘʥʠʷ ʠ 

ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʥʠʭ ʩʭʝʤ ʠ ʘʣʛʦʨʠʪʤʦʚ. 
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ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʠʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʠ ʨʝʟʫʣʴʪʘʪʳ ʠʭ ʦʙʨʘʙʦʪʢʠ ʚ 

ʧʨʦʮʝʩʩʝ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʦʧʪʠʤʠʟʘʮʠʠ ʟʘʪʨʘʪ ʥʘ ʩʠʩʪʝʤʫ ʟʘʱʠʪʳ ʠʥʬʦʨʤʘʮʠʠ. 

ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʧʦ ʧʦʪʝʨʷʤ ʠʟ-ʟʘ ʫʛʨʦʟ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ ʜʘʪʯʠʢʘ 

ʥʦʨʤʘʣʴʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ ʩʣʫʯʘʡʥʦʡ ʚʝʣʠʯʠʥʳ ʩ ʫʯʝʪʦʤ ʤʦʥʦʪʦʥʥʦʛʦ 

ʫʙʳʚʘʥʠʷ ʬʫʥʢʮʠʠ ὓὒὖὒ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʟʘʪʨʘʪ ʥʘ ʩʠʩʪʝʤʫ ʟʘʱʠʪʳ. ɻʨʘʬʠʢʠ 
ʬʫʥʢʮʠʡ  ‪ὖὒ ʠ ὓὒὖὒ ʥʘ ʨʠʩʫʥʢʝ 1 ʦʙʦʟʥʘʯʝʥʳ ʧʫʥʢʪʠʨʥʳʤʠ 
ʣʠʥʠʷʤʠ. ʅʘ ʨʠʩʫʥʢʝ 1 ʚʳʜʝʣʝʥʦ ʦʧʪʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʟʘʪʨʘʪ ὖὒ , ʧʨʠ 

ʢʦʪʦʨʦʤ ʜʦʩʪʠʛʘʝʪʩʷ ʤʠʥʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ ‪ὖὒ.  

 

ʈʠʩ.1. ɿʘʪʨʘʪʳ ʥʘ ʩʠʩʪʝʤʫ ʟʘʱʠʪʳ ʠʥʬʦʨʤʘʮʠʠ ʠ ʧʦʪʝʨʠ ʦʪ ʨʝʘʣʠʟʦʚʘʥʥʳʭ ʫʛʨʦʟ 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Kostogryzob A.I. Software Tools Complex for Evaluation Quality. Proceedings of the 34-th Annual 

Event of the Government Electronics an Information Association, 2000 Engineering and Technical 
Management Symposium, 2000 p. 63-70. 

2. ʉʝʨʝʜʘ ʉ.ɸ. ʆʮʝʥʢʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʠʩʪʝʤ ʟʘʱʠʪʳ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ. ʂʦʤʧʴʃʦʛ, 
ˉ2, 2002. 

3. ɹʘʫʪʦʚ ɸ. ʕʢʦʥʦʤʠʯʝʩʢʠʡ ʚʟʛʣʷʜ ʥʘ ʧʨʦʙʣʝʤʳ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ. ʆʪʢʨʳʪʳʝ 
ʩʠʩʪʝʤʳ, ˉ2, 2002. 

4. ʉʝʨʝʜʘ ʉ.ɸ. ɸʥʘʣʠʟ ʩʨʝʜʩʪʚ ʧʨʝʦʜʦʣʝʥʠʷ ʩʠʩʪʝʤ ʟʘʱʠʪʳ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ. 
ʀʅʌʆʈʄʆʉʊ, ʈʘʜʠʦʪʝʭʥʠʢʘ ʠ ʊʝʣʝʢʦʤʤʫʥʠʢʘʮʠʠ, ˉ4(22), 2002. 
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ʃ.ʉ. ᴄʉɽʊʆɺɸ, ɹ.ʄ. ʅʋʈʃɸʅʆɺɸ, ɸ.ɸ. ɸʉɽʊʆɺ 
ʂʘʨʘʛʘʥʜʠʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ.ʘʢʘʜʝʤʠʢʘ ɽ.ɸ.ɹʫʢʝʪʦʚʘ, ʂʘʨʘʛʘʥʜʘ, 

ʂʘʟʘʭʩʪʘʥ 

 

ʈɸʉʏɽʊ ʅɸ ʀɿɻʀɹ ʋʇʈʋɻʆ ï ʇʃɸʉʊʀʏɽʉʂʆʁ ʇʃɸʉʊʀʅʓ, 

ɿɸʂʈɽʇʃɽʅʅʆʁ ʐɸʈʅʀʈʆʄ  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʠʟʛʠʙ ʫʧʨʫʛʦ-ʧʣʘʩʪʠʯʝʩʢʦʡ ʧʣʘʩʪʠʥʳ, 

ʟʘʢʨʝʧʣʝʥʥʦʡ ʰʘʨʥʠʨʦʤ. ʈʘʩʯʝʪʳ ʧʨʦʠʟʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʨʘʟʜʝʣʝʥʠʷ 

ʧʝʨʝʤʝʥʥʳʭ ʠ ʨʝʘʣʠʟʦʚʘʥ ʚ ʧʨʦʛʨʘʤʤʝ MathCAD. ʇʦʣʫʯʝʥʳ ʟʥʘʯʝʥʠʷ ʠ ʧʦʩʪʨʦʝʥʳ 

ʵʧʶʨʳ ʢʦʤʧʦʥʝʥʪʦʚ ʧʝʨʝʤʝʱʝʥʠʡ, ʢʦʤʧʦʥʝʥʪʦʚ ʜʝʬʦʨʤʘʮʠʡ.  

L.S. ASSETOVA, B.M. NURLANOVA, A.A. ASSETOV 

Academician Y.A.Buketov Karaganda State University, Karaganda, Kazakhstan 

CALCULATION OF THE FLEXURE OF A HINGE -SUPPORTED 

ELASTIC -PLASTIC PLATE  

In this paper, we consider the bending of an elastic-plastic plate fixed by a hinge. 

Calculations were performed using the method of separating variables and implemented in the 

MathCAD program. Values are obtained and plots of displacement components and 

deformation components are constructed. 

ɺ ʩʦʚʨʝʤʝʥʥʳʭ ʟʜʘʥʠʷʭ ʯʘʱʝ ʚʩʝʛʦ ʠʩʧʦʣʴʟʫʶʪ ʧʣʘʩʪʠʥʳ, ʘ ʥʝ ʩʪʝʨʞʥʠ ʚ 

ʢʘʯʝʩʪʚʝ ʵʣʝʤʝʥʪʘ ʨʝʤʥʷ, ʦʙʣʘʜʘʶʱʝʛʦ ʦʩʥʦʚʥʦʡ ʧʦʜʲʝʤʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ. ɼʣʷ 

ʪʦʛʦ, ʯʪʦʙʳ ʩʦʟʜʘʪʴ ʣʶʙʫʶ ʢʦʥʩʪʨʫʢʮʠʶ, ʥʝʦʙʭʦʜʠʤʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʝ 

ʨʘʩʩʯʝʪʳ. ʀ ʧʦʩʣʝ ʵʪʦʛʦ ʤʦʞʥʦ ʙʫʜʝʪ ʦʧʨʝʜʝʣʠʪʴ ʝʛʦ ʨʘʟʤʝʨʳ ʠ ʠʟ ʢʘʢʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʩʣʝʜʫʝʪ ʩʜʝʣʘʪʴ.  

ʈʘʩʩʤʦʪʨʠʤ ʫʧʨʫʛʦ-ʧʣʘʩʪʠʯʝʩʢʫʶ ʧʣʘʩʪʠʥʫ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʬʦʨʤʳ, 

ʟʘʢʨʝʧʣʝʥʥʫʶ ʰʘʨʥʠʨʥʦʤ, ʚ ʜʝʢʘʨʪʦʚʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ( -hll ,, 21
 ʟʘʜʘʥʥʳʝ 

ʨʘʟʤʝʨʳ ʧʣʘʩʪʠʥʳ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʢʦʦʨʜʠʥʘʪʥʳʭ ʦʩʝʡ). ʇʫʩʪʴ ʥʘ ʥʝʝ ʜʝʡʩʪʚʫʝʪ 

0q  ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʘʷ ʥʘʛʨʫʟʢʘ. ʈʘʩʯʝʪ ʥʘ ʠʟʛʠʙ ʧʣʘʩʪʠʥʳ ʧʨʦʠʟʚʦʜʠʤ 

ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʨʘʟʜʝʣʝʥʠʷ ʧʝʨʝʤʝʥʥʳʭ ʩ ʨʝʘʣʠʟʘʮʠʝʡ ʚ ʧʨʦʛʨʘʤʤʝ 

MathCAD.  

ʇʨʦʠʟʚʦʜʠʤ ʚʳʯʠʩʣʝʥʠʷ ʙʝʟʤʝʨʥʦʡ ʬʫʥʢʮʠʡ ʠʟʛʠʙʘ ʧʣʘʩʪʠʥʳ. ʀʩʧʦʣʴʟʫʷ 

ʙʝʟʤʝʨʥʳʝ ʬʫʥʢʮʠʠ ʠʟʛʠʙʘ ʧʣʘʩʪʠʥʳ, ʦʧʨʝʜʝʣʷʝʤ ʙʦʣʴʰʫʶ ʬʫʥʢʮʠʶ ʠʟʛʠʙʘ 

),,( xyxW  [1]. 

ʀʩʧʦʣʴʟʫʷ ʬʫʥʢʮʠʶ ʠʟʛʠʙʘ, ʥʘʭʦʜʠʤ ʢʦʤʧʦʥʝʥʪʳ ʧʝʨʝʤʝʱʝʥʠʷ, ʠ ʠʭ ʵʧʶʨʳ 

ʧʨʠ .5.0;5.0 == xz  (ʨʠʩ. 1):  
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ʈʠʩ. 1. ʂʦʤʧʦʥʝʥʪʳ ʧʝʨʝʤʝʱʝʥʠʷ 

ʀʩʧʦʣʴʟʫʷ ʢʦʤʧʦʥʝʥʪʳ ʧʝʨʝʤʝʱʝʥʠʷ, ʦʧʨʝʜʝʣʷʝʤ ʢʦʤʧʦʥʝʥʪʳ ʜʝʬʦʨʤʘʮʠʡ 

ʠ ʩʪʨʦʠʤ ʵʧʶʨʳ ʧʨʠ 5.0=z  (ʨʠʩ. 2): 

 

ʈʠʩ. 2. ʂʦʤʧʦʥʝʥʪʳ ʜʝʬʦʨʤʘʮʠʠ 

ɼʘʣʝʝ, ʤʦʞʥʦ ʙʫʜʝʪ ʥʘʡʪʠ ʢʦʤʧʦʥʝʥʪʳ ʥʘʧʨʷʞʝʥʠʷ, ʠʩʧʦʣʴʟʫʷ ʦʧʨʝʜʝʣʝʥʥʳʝ 

ʚʥʫʪʨʝʥʥʠʝ ʩʠʣʳ ʠ ʧʦʩʪʦʨʠʪʴ ʵʧʶʨʳ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ MathCAD.  

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ: 

1. ɸʩʝʪʦʚʘ ʃ.ʉ., ʅʫʨʣʘʥʦʚʘ ɹ.ʄ., ʐʘʢʠʝʚ ɹ.ɹ. ʊʦʧʩʘ ʘʨץʳʣʳ ʙʝʢʽʪʽʣʛʝʥ ʩʝʨʧʽʤʜʽ-ʠʣʝʤʜʽʣʽ 

ʧʣʘʩʪʠʥʘʥʳ ʠʽʣʫʛʝ ʝʩʝʧʪʝʫ. ï ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʠ ʧʨʠʢʣʘʜʥʳʝ ʚʦʧʨʦʩʳ ʤʘʪʝʤʘʪʠʢʠ, ʤʝʭʘʥʠʢʠ ʠ 

ʠʥʬʦʨʤʘʪʠʢʠ: ʄʘʪʝʨʠʘʣʳ ʤʝʞʜʫʥʘʨʦʜ. ʥʘʫʯʥ. ʢʦʥʬ., ʧʨʠʫʨʦʯʝʥʥʦʡ ʢ 70-ʣʝʪʠʶ ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬ. 

ʈʘʤʘʟʘʥʦʚʘ ʄ.ʀ. (12-13 ʠʶʥʷ 2019 ʞ.). ï ʂʘʨʘסʘʥʜʘ: ʂʘʨɻʋ, 2019. ï ʉ. 172-173. 
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ʅ.ɸ. ʂʋɼʈʗʐʆɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʈɸʎʀʆʅɸʃʔʅʓɽ ʈɽʐɽʅʀʗ ʅɽʃʀʅɽʁʅʓʍ  

ɼʀʌʌɽʈɽʅʎʀɸʃʔʅʓʍ ʋʈɸɺʅɽʅʀʁ, ʉɺʗɿɸʅʅʓʍ ʉʆ 

ɺʊʆʈʓʄ ʋʈɸɺʅɽʅʀɽʄ ʇɽʅʃɽɺɽ 

ʀʟʫʯʝʥʳ ʯʝʪʳʨʝ ʥʝʣʠʥʝʡʥʳʭ ʦʙʳʢʥʦʚʝʥʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ 

ʩʚʷʟʘʥʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷʤʠ ʩʦ ʚʪʦʨʳʤ ʫʨʘʚʥʝʥʠʝʤ ʇʝʥʣʝʚʝ. ʈʘʮʠʦʥʘʣʴʥʳʝ ʨʝʰʝʥʠʷ 

ʫʨʘʚʥʝʥʠʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʯʝʨʝʟ ʧʦʣʠʥʦʤʳ ʗʙʣʦʥʩʢʦʛʦ-ɺʦʨʦʙʲʝʚʘ. 

N.A. KUDRYASHOV 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

RATIONAL SOLUTIONS OF NONLINEAR DIFFERENTIAL 

EQUATIONS ASSOCIATED WITH THE SECOND PAINLEVE 

EQUATION  

Four nonlinear ordinary differential equations are studied. It is shown that rational solutions 

of these equations can be found using the Yablonskii-Vorobôev polynomials. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʙʦʣʝʝ 120 ʣʝʪ ʥʘʟʘʜ ʇʦʣʴ ʇʝʥʣʝʚʝ ʦʪʢʨʳʣ ʥʝʣʠʥʝʡʥʳʝ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʝ ʫʨʘʚʥʝʥʠʷ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʳʝ ʪʠʧʳ 

ʬʫʥʢʮʠʡ, ʢʦʪʦʨʳʝ ʥʝ ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ ʠ 

ʦʧʨʝʜʝʣʷʶʪ ʥʦʚʳʡ ʪʠʧ ʩʧʝʮʠʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ʥʘʟʳʚʘʝʤʳʭ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʪʨʘʥʩʮʝʥʜʝʥʪʘʤʠ ʇʝʥʣʝʚʝ. ɺ ʪʝʯʝʥʠʝ ʜʦʣʛʦʛʦ ʚʨʝʤʝʥʠ ʫʨʘʚʥʝʥʠʷ ʇʝʥʣʝʚʝ 

ʩʯʠʪʘʣʠʩʴ ʥʝʢʦʪʦʨʳʤ ʣʶʙʦʧʳʪʥʳʤ ʧʨʠʤʝʨʦʤ ʥʝʣʠʥʝʡʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ 

ʫʨʘʚʥʝʥʠʡ. ʆʜʥʘʢʦ ʚ ʰʝʩʪʠʜʝʩʷʪʳʭ ʛʦʜʘʭ ʧʨʦʰʣʦʛʦ ʩʪʦʣʝʪʠʷ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʚʩʝ ʫʨʘʚʥʝʥʠʷ ʇʝʥʣʝʚʝ ʠʤʝʶʪ ʤʥʦʛʦ ʧʨʠʣʦʞʝʥʠʡ ʧʨʠ ʦʧʠʩʘʥʠʠ ʬʠʟʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ. ʉʨʝʜʠ ʰʝʩʪʠ ʫʨʘʚʥʝʥʠʡ ʇʝʥʣʝʚʝ ʦʩʦʙʝʥʥʫʶ ʧʦʧʫʣʷʨʥʦʩʪʴ 

ʚʩʣʝʜʩʪʚʠʝ ʠʭ ʧʨʦʩʪʦʪʳ ʠʤʝʶʪ ʪʨʠ ʧʝʨʚʳʭ ʫʨʘʚʥʝʥʠʷ. ɺ ʜʦʢʣʘʜʝ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʪʦʨʦʝ ʫʨʘʚʥʝʥʠʝ ʇʝʥʣʝʚʝ, ʠʤʝʶʱʝʝ ʚʠʜ [1]: 

 

ώ
ᾀᾀ

ςώσ ᾀώ‍. (1) 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʠ ʮʝʣʳʭ ʟʥʘʯʝʥʠʷʭ ʧʘʨʘʤʝʪʨʘ ʪʨʘʥʩʮʝʥʜʝʥʪʳ ʇʝʥʣʝʚʝ 

ʚʳʨʦʞʜʘʶʪʩʷ ʚ ʨʘʮʠʦʥʘʣʴʥʳʝ ʨʝʰʝʥʠʷ, ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʚ 

ʘʥʘʣʠʪʠʯʝʩʢʦʤ ʚʠʜʝ ʯʝʨʝʟ ʧʦʣʠʥʦʤʳ ʗʙʣʦʥʩʢʦʛʦ-ɺʦʨʦʙʴʝʚʘ.  

ɺ ʜʦʢʣʘʜʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʨʘʮʠʦʥʘʣʴʥʳʝ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʩʠʥʛʫʣʷʨʥʦʡ 

ʬʫʥʢʮʠʠ 
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ᾀᾀ
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ᾀ

πȟ 
(2) 

 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʨʝʰʝʥʠʷʤ ʚʪʦʨʦʛʦ ʫʨʘʚʥʝʥʠʷ ʇʝʥʣʝʚʝ ʪʘʢʞʝ ʚʳʨʘʞʘʶʪʩʷ 

ʯʝʨʝʟ ʧʦʣʠʥʦʤʳ ʗʙʣʦʥʩʢʦʛʦ-ɺʦʨʦʙʴʝʚʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʨʘʮʠʦʥʘʣʴʥʳʝ ʨʝʰʝʥʠʷ 

ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʩʠʥʛʫʣʷʨʥʦʡ ʬʫʥʢʮʠʠ ʤʦʛʫʪ ʙʳʪʴ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʥʘʡʜʝʥʳ, 

ʠʩʧʦʣʴʟʫʷ ʠʪʝʨʘʮʠʦʥʥʫʶ ʬʦʨʤʫʣʫ  

 

•
ᾀ
ᾀȠ‍ ρ ὅς

•ᾀȠ‍ς

•
ᾀ
ᾀȠ‍
 Ȣ 

(3) 

 

  

ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥ ʪʘʢʞʝ ʘʣʴʪʝʨʥʘʪʠʚʥʳʡ ʚʘʨʠʘʥʪ ʚʪʦʨʦʛʦ ʫʨʘʚʥʝʥʠʷ 

ʇʝʥʣʝʚʝ ʚ ʚʠʜʝ 

 

ὺὺ
σ

ς
ὺ

ρ

ς
ὺ ᾀὺ ς‍ ρὺ πȢ 

(4) 

 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʨʘʮʠʦʥʘʣʴʥʳʝ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ (4) ʪʘʢʞʝ ʤʦʛʫʪ ʙʳʪʴ 

ʥʘʡʜʝʥʳ ʯʝʨʝʟ ʧʦʣʠʥʦʤʳ ʗʙʣʦʥʩʢʦʛʦ-ɺʦʨʦʙʴʝʚʘ. ʋʨʘʚʥʝʥʠʝ (4) ʦʪʩʫʪʩʪʚʫʝʪ ʚ 

ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʇʝʥʣʝʚʝ, ʥʦ ʩ ʧʦʤʦʱʴʶ ʜʨʦʙʥʦ-ʣʠʥʝʡʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʧʨʠʚʦʜʠʪʩʷ ʢ ʫʨʘʚʥʝʥʠʶ P_34.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʘʩʰʠʨʝʥʠʝ ʩʧʠʩʢʘ ʥʝʣʠʥʝʡʥʳʭ 

ʦʙʳʢʥʦʚʝʥʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʨʘʮʠʦʥʘʣʴʥʳʝ ʨʝʰʝʥʠʷ ʢʦʪʦʨʳʭ 

ʥʘʭʦʜʷʪʩʷ ʩ ʧʦʤʦʱʴʶ ʧʦʣʠʥʦʤʦʚ ʗʙʣʦʥʩʢʦʛʦ-ɺʦʨʦʙʴʝʚʘ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʬʦʥʜʘ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʈʌʌʀ), ˉ 18-29-10025. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ɸʡʥʩ ʕ. ʃ. ʆʙʳʢʥʦʚʝʥʥʳʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʝ ʫʨʘʚʥʝʥʠʷ, ʄ. ʌʘʢʪʦʨʠʘʣ, 2005. ï 638 ʩ. 
2. ʂʫʜʨʷʰʦʚ ʅ.ɸ. ʄʝʪʦʜʳ ʥʝʣʠʥʝʡʥʦʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ: ʋʯʝʙʥʦʝ ʧʦʩʦʙʠʝ ï ʄ.: 

ʀʥʪʝʣʣʝʢʪ, 2010. ï 368ʩ. 
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ɺ.ɺ. ɹʆʏʂɸʈɽɺ1,2, ɹ.ɼ. ɹʈʀʃʃʀɸʅʊʆɺ1,2, ɸ.ɺ. ʂʈʗʅɽɺ2,3, ɼ.ʊ. 

ʍɸʅɹʀʂʆɺɸ1 

1ʅʊʎ ʷʜʝʨʥʦʡ ʠ ʨʘʜʠʘʮʠʦʥʥʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ, ʄʦʩʢʚʘ 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè  

3 ʆʙʲʝʜʠʥʝʥʥʳʡ ʠʥʩʪʠʪʫʪ ʷʜʝʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʄʦʩʢʦʚʩʢʘʷ ʦʙʣʘʩʪʴ, ɼʫʙʥʘ 

 

ʉʊʈʋʂʊʋʈɸ ʉʀʉʊɽʄʓ ʇʆɼɼɽʈɾʂʀ ʇʈʀʅʗʊʀʗ  

ʆʇʊʀʄɸʃʔʅʓʍ ʈɽʐɽʅʀʁ ʇʈʀ ɺʓɺʆɼɽ ʀɿ  

ʕʂʉʇʃʋɸʊɸʎʀʀ ʆɹʒɽʂʊʆɺ ʀʉʇʆʃʔɿʆɺɸʅʀʗ  

ɸʊʆʄʅʆʁ ʕʅɽʈɻʀʀ  

ɺ ʜʦʢʣʘʜʝ ʨʘʩʩʤʦʪʨʝʥʘ ʩʪʨʫʢʪʫʨʘ ʩʠʩʪʝʤʳ ʧʦʜʜʝʨʞʢʠ ʧʨʠʥʷʪʠʷ ʦʧʪʠʤʘʣʴʥʳʭ 

ʨʝʰʝʥʠʡ ʧʨʠ ʚʳʚʦʜʝ ʠʟ ʵʢʩʧʣʫʘʪʘʮʠʠ ʦʙʲʝʢʪʦʚ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʪʦʤʥʦʡ ʵʥʝʨʛʠʠ. ɺ 

ʧʨʝʜʣʘʛʘʝʤʦʡ ʩʪʨʫʢʪʫʨʝ ʧʨʝʜʫʩʤʦʪʨʝʥ ʘʥʘʣʠʟ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ ʚʳʚʦʜʘ ʠʟ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʦʙʲʝʢʪʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʪʦʤʥʦʡ ʵʥʝʨʛʠʠ ʠ ʚʳʙʦʨ 

ʦʧʪʠʤʘʣʴʥʦʛʦ ʚʘʨʠʘʥʪʘ ʚʳʚʦʜʘ ʝʛʦ ʠʟ ʵʢʩʧʣʫʘʪʘʮʠʠ.  

V.V. BOCHKAREV1,2, B.D. BRILLIANTOV 1,2, A.V. KRYANEV2,3, D.T. 

HANBIKOVA 1 

1STC Nuclear and Radiation Safety, Moscow 

2National Research Nuclear University ñMEPhIò 

3Joint Institute for Nuclear Research, Moscow Region, Dubna 

SYSTEM STRUCTURE OF SUPPORT OF ADOPTION OF  

OPTIMUM DECISIONS AT THE TAKING OUT OF  

OPERATION OF ATOMIC ENERGY USE OBJECTS  

The report examined the structure of the optimum decision support system for the 

decommissioning of nuclear facilities. The proposed structure provides for the analysis of 

various options for decommissioning the facility under consideration for atomic energy use and 

the selection of the best option for decommissioning it.  

ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʣʦʞʝʥʘ ʩʪʨʫʢʪʫʨʘ ʉʇʇʆʈ ʧʦ ɺʕ ʆʀɸʕ. ɺ ʧʨʝʜʣʘʛʘʝʤʦʡ 

ʩʪʨʫʢʪʫʨʝ ʧʨʝʜʫʩʤʦʪʨʝʥʦ ʥʘʣʠʯʠʝ ʩʭʝʤʳ ʘʥʘʣʠʟʘ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ ɺʕ 

ʆʀɸʕ, ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʤʥʦʛʦʢʨʠʪʝʨʠʘʣʴʥʦʤ ʧʦʜʭʦʜʝ. ɺ ʯʘʩʪʥʦʩʪʠ, ʥʘʨʷʜʫ ʩ 

ʦʙʳʯʥʳʤʠ ʚʳʚʦʜʘʤʠ ʠʟ ʵʢʩʧʣʫʘʪʘʮʠʠ (ʜʦ ʫʨʦʚʥʷ çʟʝʣʝʥʦʡ ʣʫʞʘʡʢʠè ʠ 

ʟʘʭʦʨʦʥʝʥʠʝʤ ʨʘʜʠʦʘʢʪʠʚʥʳʭ ʦʪʭʦʜʦʚ ʥʘ ʤʝʩʪʝ) ʦʙʲʝʢʪʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʪʦʤʥʦʡ 

ʵʥʝʨʛʠʠ ʚ ʤʦʜʝʣʠ ʧʨʝʜʫʩʤʦʪʨʝʥʦ ʠʭ ʦʧʪʠʤʘʣʴʥʦʝ ʩʦʯʝʪʘʥʠʝ ʩ ʫʯʝʪʦʤ 

ʵʢʦʥʦʤʠʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʦʙʝʩʧʝʯʝʥʠʷ ʨʘʜʠʘʮʠʦʥʥʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ.  

ʅʠʞʝ ʥʘ ʨʠʩʫʥʢʝ ʧʨʠʚʝʜʝʥʘ ʙʣʦʢïʩʭʝʤʘ ʩʪʨʫʢʪʫʨʳ ʉʇʇʆʈ ʧʦ ɺʕ ʆʀɸʕ. 
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ʈʠʩ. 1. ɹʣʦʢ-ʩʭʝʤʘ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʉʇʇʆʈ ʧʦ ɺʕ ʆʀɸʕ 

ɺ ʉʇʇʆʈ ʟʘʣʦʞʝʥ ʧʨʠʥʮʠʧ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʠ, ʨʝʘʣʠʟʫʝʤʳʡ ʚ ʥʘʣʠʯʠʠ ʚ 

ʉʇʇʆʈ ʙʘʟʳ ʜʘʥʥʳʭ ʙʣʦʢʦʚ (ʩʧʨʘʚʦʯʥʠʢʦʚ) ʪʠʧʦʚʳʭ: ʵʣʝʤʝʥʪʦʚ ʚʳʚʦʜʠʤʳʭ ʠʟ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʆʀɸʕ ʨʘʟʣʠʯʥʳʭ ʢʘʪʝʛʦʨʠʡ (ʙʣʦʢʦʚ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʷʜʝʨʥʳʭ 

ʨʝʘʢʪʦʨʦʚ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ, ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʠ ʧʨʦʤʳʰʣʝʥʥʳʭ ʷʜʝʨʥʳʭ 

ʨʝʘʢʪʦʨʦʚ, ʧʫʥʢʪʦʚ ʭʨʘʥʝʥʠʷ ʨʘʜʠʦʘʢʪʠʚʥʳʭ ʦʪʭʦʜʦʚ (ʈɸʆ) ʠ ʜʨ.); 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ ʧʦ ɺʕ ʆʀɸʕ; ʨʝʩʫʨʩʦʚ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ 

ʨʝʘʣʠʟʘʮʠʠ ʪʠʧʦʚʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ.  

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ʅ.ɸ. ʂʋɼʈʗʐʆɺ, ɼ.ɺ. ʉɸʌʆʅʆɺɸ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʊɽʉʊ ʇɽʅʃɽɺɽ ʀ ʊʆʏʅʓɽ ʈɽʐɽʅʀʗ ʅɽʃʀʅɽʁʅʓʍ 

ɼʀʌʌɽʈɽʅʎʀɸʃʔʅʓʍ ʋʈɸɺʅɽʅʀʁ ɼʃʗ ʆʇʀʉɸʅʀʗ 

ʆʇʊʀʏɽʉʂʀʍ ʀʄʇʋʃʔʉʆɺ 

ʈʘʩʩʤʦʪʨʝʥʳ ʜʚʘ ʥʝʣʠʥʝʡʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʷ ʚ ʯʘʩʪʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ 

ʯʝʪʚʝʨʪʦʛʦ ʧʦʨʷʜʢʘ ʜʣʷ ʦʧʠʩʘʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʠʤʧʫʣʴʩʦʚ. ʕʪʠ ʫʨʘʚʥʝʥʠʷ ʥʝ ʦʪʥʦʩʷʪʩʷ ʢ 

ʢʣʘʩʩʫ ʠʥʪʝʛʨʠʨʫʝʤʳʭ ʤʝʪʦʜʦʤ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ ʨʘʩʩʝʷʥʠʷ, ʧʦʵʪʦʤʫ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚ 

ʧʝʨʝʤʝʥʥʳʭ ʙʝʛʫʱʝʡ ʚʦʣʥʳ. ʀʩʭʦʜʥʳʝ ʫʨʘʚʥʝʥʠʷ ʧʨʝʦʙʨʘʟʫʶʪʩʷ ʚ ʩʠʩʪʝʤʳ 

ʦʙʳʢʥʦʚʝʥʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ (ʆɼʋ). ʇʨʦʚʝʜʝʥ ʪʝʩʪ ʇʝʥʣʝʚʝ ʜʣʷ 

ʧʦʣʫʯʝʥʥʳʭ ʩʠʩʪʝʤ ʆɼʋ. ʅʘʡʜʝʥʳ ʫʩʣʦʚʠʷ, ʧʨʠ ʢʦʪʦʨʳʭ ʩʠʩʪʝʤʳ ʫʧʨʦʱʘʝʪʩʷ ʜʦ ʦʜʥʦʛʦ 

ʆɼʋ ʯʝʪʚʝʨʪʦʛʦ ʧʦʨʷʜʢʘ. ɼʣʷ ʦʜʥʦʛʦ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʫʨʘʚʥʝʥʠʡ ʧʦʣʫʯʝʥ ʧʝʨʚʳʡ 

ʠʥʪʝʛʨʘʣ. ʀʩʧʦʣʴʟʫʷ ʤʝʪʦʜ ʧʨʦʩʪʝʡʰʠʭ ʫʨʘʚʥʝʥʠʡ, ʧʦʩʪʨʦʝʥʳ ʪʦʯʥʳʝ ʨʝʰʝʥʠʷ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʆɼʋ, ʚʳʨʘʞʝʥʥʳʝ ʯʝʨʝʟ ʵʣʣʠʧʪʠʯʝʩʢʫʶ ʬʫʥʢʮʠʶ ɺʝʡʝʨʰʪʨʘʩʩʘ ʠ 

ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʫʶ ʬʫʥʢʮʠʶ. 

N.A. KUDRYASHOV, D.V. SAFONOVA 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

PAINLEV£ ANALYSIS AND EXACT SOLUTIONS OF NONLINEAR 

DIFFERENTIAL EQUATIONS FOR DESCRIPTION OF OPTICAL 

PULSES 

Two nonlinear fourth-order partial differential equations for describing optical pulses are 

considered. These equations are not integrable by the inverse scattering transform method. So 

the equations are considered using traveling wave reduction, as a result of which the original 

equations are transformed into systems of ordinary differential equations (ODE). The Painlev® 

analysis for the systems of ODEs is conducted. Conditions, under which the system is 

simplified to a single fourth-order ODE, are obtained when applying the test. The first integral 

for one of the obtained equations is found. Using the method of simplest equations exact 

solutions of the considered ODEs are constructed. These solutions are expressed in terms of the 

elliptic Weierstrass function and the exponential function. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʟʫʯʘʶʪʩʷ ʫʨʘʚʥʝʥʠʷ, ʧʨʝʜʣʦʞʝʥʥʳʝ ʚ ʨʘʙʦʪʝ [1]  

Ὥό ‌ό Ὥ‍ό ό Аȿόȿό ’ȿόȿό πȟ 

Ὥό ‌ό Ὥ‍ό ό Аȿόȿό ’ȿόȿό …ȿόȿό
ρ

ς
Ὥ‍…ȿόȿό πȟ 

ʛʜʝ Ŭ, ɓ, ɛ, ɜ, ⱡ ʧʘʨʘʤʝʪʨʳ ʫʨʘʚʥʝʥʠʡ. ʇʨʝʜʣʦʞʝʥʥʳʝ ʫʨʘʚʥʝʥʠʷ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʜʣʷ ʦʧʠʩʘʥʠʷ ʠʤʧʫʣʴʩʦʚ ʚ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʦʢʥʘʭ. ɿʘʜʘʯʘ ʂʦʰʠ ʜʣʷ ʥʠʭ ʥʝ 

ʨʝʰʘʝʪʩʷ ʤʝʪʦʜʦʤ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ ʨʘʩʩʝʷʥʠʷ. ʇʦʵʪʦʤʫ ʫʨʘʚʥʝʥʠʷ 
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ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚ ʧʝʨʝʤʝʥʥʳʭ ʙʝʛʫʱʝʡ ʚʦʣʥʳ: όὼȟὸ ώᾀÅØÐὭ‪ᾀ

‫ὸȟᾀ ὼ ὅὸȢ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʜʩʪʘʥʦʚʢʠ ʨʝʰʝʥʠʷ ʚ ʚʠʜʝ όὼȟὸ ώᾀÅØÐὭ‪ᾀ ‫ὸȟᾀ

ὼ ὅὸ, ʥʘʡʜʝʥʳ ʩʠʩʪʝʤʳ ʦʙʳʢʥʦʚʝʥʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʜʣʷ 

ʤʥʠʤʦʡ ʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʝʡ ʫʨʘʚʥʝʥʠʡ. ɼʣʷ ʧʦʣʫʯʝʥʥʦʡ ʩʠʩʪʝʤʳ 

ʫʨʘʚʥʝʥʠʡ ʧʨʦʚʝʜʝʥ ʪʝʩʪ ʇʝʥʣʝʚʝ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʵʪʠ ʩʠʩʪʝʤʳ ʆɼʋ ʥʝ 

ʷʚʣʷʝʪʩʷ ʠʥʪʝʛʨʠʨʫʝʤʳʤʠ ʚ ʩʤʳʩʣʝ ʇʝʥʣʝʚʝ. 

ʇʨʠ ʚʳʧʦʣʥʝʥʠʠ ʪʝʩʪʘ ʧʦʣʫʯʝʥʳ ʫʩʣʦʚʠʷ ʜʣʷ ʩʢʦʨʦʩʪʠ ʙʝʛʫʱʝʡ ʚʦʣʥʳ ὅ ʠ 

ʬʫʥʢʮʠʠ ‪ᾀ: ὅ ‌‍ ‍ȟ‪ ‍Ȣ ʇʨʠ ʵʪʠʭ ʫʩʣʦʚʠʷʭ ʢʘʞʜʦʝ ʫʨʘʚʥʝʥʠʝ 

ʫʧʨʦʱʘʝʪʩʷ ʜʦ ʦʜʥʦʛʦ ʦʙʳʢʥʦʚʝʥʥʦʛʦ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ 

ʯʝʪʚʝʨʪʦʛʦ ʧʦʨʷʜʢʘ: 

ώ ‌
σ

ψ
‍ ώ ‫

ρ

ρφ
‌‍

υ

ςυφ
‍ ώ Аώ ’ώ πȟ 

ώ ‌
σ

ψ
‍ ώ ‫

ρ

ρφ
‌‍

υ

ςυφ
‍ ώ

ρ

ρφ
…‍ Аώ  

’ώ …ώώ πȟ 

ɼʣʷ ʧʝʨʚʦʛʦ ʆɼʋ ʧʦʣʫʯʝʥ ʧʝʨʚʳʡ ʠʥʪʝʛʨʘʣ: 

ώώ
ρ

ς
ώ

ρ

ς
‌
σ

ψ
‍ ώ

ρ

ς
‫

ρ

ρφ
‌‍

υ

ςυφ
‍ ώ

ρ

τ
 Аώ

ρ

φ
’ώ ὅȢ 

ʀʩʧʦʣʴʟʫʷ ʤʝʪʦʜ ʧʨʦʩʪʝʡʰʠʭ ʫʨʘʚʥʝʥʠʡ [2], ʧʦʩʪʨʦʝʥʳ ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʠ 

ʫʝʜʠʥʝʥʥʳʝ ʚʦʣʥʦʚʳʝ ʨʝʰʝʥʠʷ, ʚʳʨʘʞʝʥʥʳʝ ʯʝʨʝʟ ʵʣʣʠʧʪʠʯʝʩʢʫʶ ʬʫʥʢʮʠʶ 

ɺʝʡʝʨʰʪʨʘʩʩʘ ʠ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʫʶ ʬʫʥʢʮʠʶ: 

ώᾀ ὃ ”Ѝὥᾀ ᾀ ȠὫȠὫ ὦȟ 

ώᾀ ὃ
τὧ ÅØÐЍὧᾀ ᾀ

ÅØÐςЍὧᾀ ᾀ τὥὧ
ȟ 

ʛʜʝ ὃȟὦȟὧȟὫȟὫ - ʧʦʩʪʦʷʥʥʳʝ, ʟʘʚʠʩʷʱʠʝ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʫʨʘʚʥʝʥʠʡ, z0 ʠ a - 

ʧʨʦʠʟʚʦʣʴʥʳʝ ʧʦʩʪʦʷʥʥʳʝ, ”{ᾀȠὫȠὫ} - ʵʣʣʠʧʪʠʯʝʩʢʘʷ ʬʫʥʢʮʠʷ ɺʝʡʝʨʰʪʨʘʩʩʘ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʬʦʥʜʘ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʈʌʌʀ), ˉ 18-29-10039. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Kudryashov N.A. Construction of nonlinear equations for description of propagation pulses in optical 
fiber// Optik. 2019. Vol. 192, 162964. 

2. Kudryashov N.A. Simplest equation method to look for exact solutions of nonlinear differential 

equations// Chaos Soliton Fractals. 2005. Vol. 24, P. 1217-1231. 

  



127 
 

ʂ.ɺ. ʂɸʅ, ʅ.ɸ. ʂʋɼʈʗʐʆɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʋɽɼʀʅɽʅʅʓɽ ɺʆʃʅʓ ʆɹʆɹʑɽʅʅʆɻʆ ʅɽʃʀʅɽʁʅʆɻʆ 

ʋʈɸɺʅɽʅʀʗ ʐʈɽɼʀʅɻɽʈɸ ʉ ʅɽʃʀʅɽʁʅʆʉʊʔʖ 

3-ɽʁ, 5-ʆʁ ʀ 7-ʆʁ ʉʊɽʇɽʅʀ 

ʈʘʩʩʤʦʪʨʝʥʦ ʦʙʦʙʱʝʥʥʦʝ ʥʝʣʠʥʝʡʥʦʝ ʫʨʘʚʥʝʥʠʝ ʐʨʝʜʠʥʛʝʨʘ ʩ ʥʝʣʠʥʝʡʥʦʩʪʴʶ 3-ʝʡ, 

5-ʦʡ ʠ 7-ʦʡ ʩʪʝʧʝʥʠ. ʅʘʡʜʝʥʦ ʪʦʯʥʦʝ ʨʝʰʝʥʠʝ ʚ ʚʠʜʝ ʫʝʜʠʥʝʥʥʦʡ ʚʦʣʥʳ. ʇʦʩʪʨʦʝʥʳ ʠ 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʛʨʘʬʠʢʠ ʪʦʯʥʦʛʦ ʨʝʰʝʥʠʷ. 

K.V. KAN, N.A. KUDRYASHOV 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

SOLITARY WAVE SOLUTIONS OF GENERALIZED  
NONLINEAR SCHRODINGER EQUATION WITH  
CUBIC-QUINTIC -SEPTIC LAW NONLINEARITY  

Generalized nonlinear Schrodinger equation with cubic-quintic-septic law nonlinearity is 

considered. Exact solution in the form of solitary wave is found. Figures of exact solution are 

constructed and analyzed. 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʦʙʦʙʱʝʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʐʨʝʜʠʥʛʝʨʘ ʚ ʚʠʜʝ [1]: 

Ὥή Ὥὥή ὥή Ὥὥή ὥή Ὥὥή ὥή
ὦȿήȿ ὦȿήȿ ὦȿήȿή π 

(1) 

ʋʨʘʚʥʝʥʠʝ (1) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʝʣʠʥʝʡʥʦʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ ʫʨʘʚʥʝʥʠʝ 

ʚ ʯʘʩʪʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ 6-ʛʦ ʧʦʨʷʜʢʘ, ʫʯʠʪʳʚʘʶʱʝʝ ʥʝʣʠʥʝʡʥʦʩʪʴ 3-ʝʡ, 5-ʦʡ ʠ 7-

ʦʡ ʩʪʝʧʝʥʠ. ɼʘʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʦʧʠʩʳʚʘʝʪ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʠʤʧʫʣʴʩʦʚ ʚ 

ʦʧʪʠʯʝʩʢʦʤ ʚʦʣʦʢʥʝ 

ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʫʨʘʚʥʝʥʠʝ (1) ʥʝ ʧʨʦʭʦʜʠʪ ʪʝʩʪ ʇʝʥʣʝʚʝ, ʧʦʵʪʦʤʫ ʨʝʰʝʥʠʝ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤ ʚ ʧʝʨʝʤʝʥʥʳʭ ʙʝʛʫʱʝʡ ʚʦʣʥʳ: ήὼȟὸ ώᾀὩ ȟȟ 

ʛʜʝ ᾀ ὼ ὺὸȠ•ὼȟὸ Ὧὼ ‫ὸ —. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʘʝʤ ʩʠʩʪʝʤʫ ʠʟ ʜʚʫʭ ʫʨʘʚʥʝʥʠʡ. ʈʘʩʩʤʦʪʨʠʤ 

ʜʝʡʩʪʚʠʪʝʣʴʥʫʶ ʯʘʩʪʴ: 

ὥφώᾀᾀᾀᾀᾀᾀὥτ υὥυὯ ρυὥφὯ
ςώ

ᾀᾀᾀᾀ
+(ρυὥὯ ρπὥὯ

φὥὯ σὥὯ ὥ ώ ὦώ ὦώ ὦώ+(ὥφὯ
φ ὥυὯ

υ

ὥτὯ
τ ὥσὯ

σ ὥςὯ
ς ὥρὯ ‫ώ π 

(2) 
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ʩ ʫʯʝʪʦʤ ʦʛʨʘʥʠʯʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʠʟ ʤʥʠʤʦʡ ʯʘʩʪʠ: 

ὥυ φὥφὯȠ ὥσ τπὥφὯ
σ τὥτὯȠ ὺ ὥρ ωφὥφὯ

υ ψὥτὯ
σ ςὥςὯȢ 

ʇʦʨʷʜʦʢ ʧʦʣʶʩʘ p=1, ʧʦʵʪʦʤʫ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ (2) ʠʱʝʤ ʚ ʚʠʜʝ: ώᾀ

ὦ ὦὙᾀ, ʛʜʝ Ὑᾀ - ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ: Ὑᾀ
ς Ὑςρ …Ὑς . 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʘʝʤ ʧʝʨʝʦʧʨʝʜʝʣʝʥʥʫʶ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ ʜʣʷ 

ʧʘʨʘʤʝʪʨʦʚ, ʠʟ ʢʦʪʦʨʦʡ ʥʘʭʦʜʠʤ, ʯʪʦ ʨʝʰʝʥʠʝ (2): 

ώᾀ
τὦ σὯ υ Ὀ σὦ … Ⱦ

ὦ σὯ υ τὥ …Ὡ
ὥὩ ȟ (3) 

ʪʦʛʜʘ ʨʝʰʝʥʠʝ ʠʩʭʦʜʥʦʛʦ ʫʨʘʚʥʝʥʠʷ (1) ʠʤʝʝʪ ʚʠʜ: 

ήὼȟὸ
τὦ σὯ υ Ὀ σὦ … ȾὥὩ ὼὺὸ

ὦ σὯ υ τὥ …Ὡ ὼὺὸ
ὩὭ Ὧὼ‫ὸ—πȟ (4) 

ʛʜʝ Ὀ σφὯὥὦ φπὥὦ ωὦȢ 

 

ʈʠʩ.1. ɻʨʘʬʠʢʠ ʨʝʰʝʥʠʷ (3) (ʩʣʝʚʘ) ʠ ʚʝʱʝʩʪʚʝʥʥʦʡ ʯʘʩʪʠ ʨʝʰʝʥʠʷ (4) (ʩʧʨʘʚʘ) ʧʨʠ 

t=10, a=1.0, Ŭ=0.2, ɢ=1.0, k=4.5, ὥ=1.0, ὦ=1.0, —=1.0, ᾀ=5.5. 

ʅʘ ʨʠʩ.1 ʩʣʝʚʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʫʝʜʠʥʝʥʥʘʷ ʚʦʣʥʘ, ʩʧʨʘʚʘ - ʘʥʘʣʦʛ ʛʨʫʧʧʦʚʦʛʦ 

ʩʦʣʠʪʦʥʘ, ʧʨʠ ʟʥʘʯʝʥʠʷʭ ʧʘʨʘʤʝʪʨʦʚ, ʟʘʜʘʥʥʳʭ ʩ ʫʯʝʪʦʤ ʚʚʝʜʝʥʥʳʭ 

ʦʛʨʘʥʠʯʝʥʠʡ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʘʙʦʪʝ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʥʝʣʠʥʝʡʥʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ 6-ʛʦ ʧʦʨʷʜʢʘ ʩ ʥʝʣʠʥʝʡʥʦʩʪʴʶ 3-ʝʡ, 5-ʦʡ ʠ 7-ʦʡ ʩʪʝʧʝʥʠ 

[1]. ʊʘʢʞʝ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʛʨʘʬʠʢʠ ʧʦʣʫʯʝʥʥʳʭ ʨʝʰʝʥʠʡ ʩ ʫʯʝʪʦʤ ʦʛʨʘʥʠʯʝʥʠʡ 

ʥʘ ʥʝʢʦʪʦʨʳʝ ʧʘʨʘʤʝʪʨʳ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ 18-11-00209. 
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ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Biswas, Anjan, et. Al. Highly dispersive optical solitons with cubic-quintic-septic law by F-

expansion // Optik. 182. pp. 897-906. 

2. ʂʫʜʨʷʰʦʚ ʅ.ɸ. ʄʝʪʦʜʳ ʥʝʣʠʥʝʡʥʦʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ: ʋʯʝʙʥʦʝ ʧʦʩʦʙʠʝ ï ʄ.: ʄʀʌʀ, 

2008. ï 352ʩ. 
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ʅ.ɸ. ʂʋɼʈʗʐʆɺ, ʉ.ʉ. ʗʅʂʆɺʉʂʀʁ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʋɽɼʀʅɽʅʅʓɽ ɺʆʃʅʓ ʆɼʅʆɻʆ ʀɿ ʆɹʆɹʑɽʅʀʁ  

ʅɽʃʀʅɽʁʅʆɻʆ ʋʈɸɺʅɽʅʀʗ ʐʈɽɼʀʅɻɽʈɸ 

ɺ ʨʘʙʦʪʝ ʥʘʡʜʝʥʳ ʨʝʰʝʥʠʷ ʦʙʦʙʱʝʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ ʚ ʚʠʜʝ ʫʝʜʠʥʝʥʥʳʭ 

ʚʦʣʥ ʜʚʫʭ ʪʠʧʦʚ. ʇʦʣʫʯʝʥʳ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʧʘʨʘʤʝʪʨʳ ʫʨʘʚʥʝʥʠʷ, ʧʨʠ ʢʦʪʦʨʳʭ ʜʘʥʥʳʝ 

ʨʝʰʝʥʠʷ ʩʫʱʝʩʪʚʫʶʪ. 

N.A. KUDRYASHOV, S.S. YANKOVSKIY  

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

SOLITARY WAVES OF ONE OF THE GENERALIZATIONS OF THE 

SCHR¥DINGER EQUATION 

In this paper two types of solitary wave solutions of the generalized Schrºdinger equation 

were found. Moreover we obtained constraints on the parameters of the equation when these 

solutions exist. 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʦʙʦʙʱʝʥʠʝ ʥʝʣʠʥʝʡʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ ʚ ʚʠʜʝ: 

Ὥή ὥή ὦȿήȿ ὦȿήȿ ὦȿήȿ ὦȿήȿ ή π. (1) 

ʋʨʘʚʥʝʥʠʝ (1) ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʦʧʠʩʘʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʠʛʥʘʣʘ ʚ 

ʦʧʪʠʯʝʩʢʦʡ ʩʨʝʜʝ. ʇʝʨʚʳʡ ʯʣʝʥ ʫʨʘʚʥʝʥʠʷ (1) ʦʪʚʝʯʘʝʪ ʟʘ ʠʟʤʝʥʝʥʠʝ ʨʝʰʝʥʠʷ ʚʦ 

ʚʨʝʤʝʥʠ; ʢʦʵʬʬʠʮʠʝʥʪ ὥ ʦʧʨʝʜʝʣʷʝʪ ʛʨʫʧʧʦʚʫʶ ʩʢʦʨʦʩʪʴ ʚʦʣʥ; ʦʩʪʘʣʴʥʳʝ 

ʯʣʝʥʳ ʥʝʣʠʥʝʡʥʳʝ. ʈʘʩʩʤʘʪʨʠʚʘʝʤʦʝ ʫʨʘʚʥʝʥʠʝ ʦʙʦʙʱʘʝʪ ʨʷʜ ʫʨʘʚʥʝʥʠʡ, 

ʠʟʫʯʝʥʥʳʭ ʨʘʥʝʝ. ʇʨʠ ὦρ π ʫʨʘʚʥʝʥʠʝ(1) ʩʪʘʥʦʚʠʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ʩ 

ʘʥʪʠʢʫʙʠʯʝʩʢʦʡ ʥʝʣʠʥʝʡʥʦʩʪʴʶ, ʘ ʧʨʠ ὦρ ὦς ὦσ π ʠ ὲ ρ ʤʦʜʝʣʴ ʚ 

ʪʦʯʥʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʝʣʠʥʝʡʥʦʤʫ ʫʨʘʚʥʝʥʠʶ ʐʨʝʜʠʥʛʝʨʘ, ʚ ʢʦʪʦʨʦʤ ȿήȿ 

ʷʚʣʷʝʪʩʷ ʢʝʨʨʦʚʩʢʦʡ ʥʝʣʠʥʝʡʥʦʩʪʴʶ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʱʫʪʩʷ ʨʝʰʝʥʠʷ 

ʫʨʘʚʥʝʥʠʷ (1) ʚ ʚʠʜʝ ʫʝʜʠʥʝʥʥʳʭ ʚʦʣʥ. 

ɿʘʤʝʪʠʤ, ʯʪʦ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʝ ʫʨʘʚʥʝʥʠʝ ʷʚʣʷʝʪʩʷ ʥʝʠʥʪʝʛʨʠʨʫʝʤʳʤ, ʠ 

ʟʘʜʘʯʘ ʂʦʰʠ ʜʣʷ ʥʝʛʦ ʥʝ ʨʝʰʘʝʪʩʷ. ʇʨʠ ʧʦʤʦʱʠ ʟʘʤʝʥ: ήὼȟὸ Ὣ‚Ὡ ȟ  

ʠὫ‚ Ὢ ‚ ʫʨʘʚʥʝʥʠʝ (1) ʩʚʦʜʠʪʩʷ ʢ ʦʙʳʢʥʦʚʝʥʥʦʤʫ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʤʫ 

ʫʨʘʚʥʝʥʠʶ: 

ὦρὲ
ς ὦςὲ

ςὪ ὲς‫ ὥὯςὪς ὦσὲ
ςὪσ ὦτὲ

ςὪτ  

ὥρ ὲ Ὢ ὥὲὪὪ π . (2) 
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ɹʫʜʝʤ ʠʩʢʘʪʴ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ (1) ʚ ʚʠʜʝ ʫʝʜʠʥʝʥʥʦʡ ʚʦʣʥʳ [1]: Ὢ‚

Вὃὗ ‚,ʛʜʝ ὃὭ - ʢʦʥʩʪʘʥʪʳ, ὗ‚ - ʬʫʥʢʮʠʷ, ʦʧʨʝʜʝʣʷʶʱʘʷ ʬʦʨʤʫ ʚʦʣʥʳ, ʘ ὖ 

- ʤʘʢʩʠʤʘʣʴʥʘʷ ʩʪʝʧʝʥʴ ʧʦʣʶʩʘ ʫʨʘʚʥʝʥʠʷ. 

ɺ ʢʘʯʝʩʪʚʝ ʬʫʥʢʮʠʡ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʬʦʨʤʫ ʚʦʣʥʳ ʚʦʟʴʤʝʤ: ὗ‚  

ʠὙ‚  . ɼʣʷ ʦʙʝʠʭ ʬʫʥʢʮʠʡ ʙʳʣʠ ʥʘʡʜʝʥʳ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʧʘʨʘʤʝʪʨʳ 

ʫʨʘʚʥʝʥʠʷ ʠ ʧʦʩʪʨʦʝʥʳ ʛʨʘʬʠʢʠ ʨʝʰʝʥʠʡ (ʨʠʩ.1). 

ʆʛʨʘʥʠʯʝʥʠʷ ʥʘ ʧʘʨʘʤʝʪʨʳ ʜʣʷ ʚʦʣʥ ʚʠʜʘ ὗ‚ (ʧʨʠ ‍ ρ) ʠʤʝʶʪ ʚʠʜ: 

ὃρ
ς ὥρὲ

ὦτὲ
ς

 , ὃπ

ὃρςὲ
ὦσ

ὦτ

ρὲ

τςὲ
, ‫ σὦὃ φὦὃ ὥὯ, ὦς σὦσὃπ

ς
ψὦτὃπ

σ

ὥὃπ

ςὲ

ὲς

φὥὃπ
ς

ὲὃρ

, 

ὦρ ὦςὃπ

ὥὃπ
ς

ὲς
ὃπ
σ
ςὦσ

σὥ

ὲὃρ

υὦτὃπ
τ
. 

ʆʛʨʘʥʠʯʝʥʠʷ ʥʘ ʧʘʨʘʤʝʪʨʳ ʜʣʷ ʚʦʣʥ ʚʠʜʘ Ὑ‚ (ʧʨʠ ‎ ρ) ʠʤʝʶʪ ʚʠʜ: 

ὄρ
ς …ὥρὲ

ὦτὲ
ς

, ὄπ

ὦσ

ὦτ

ρὲ

τςὲ
, ‫ σὦὄ φὦὄ ὥὯ, ὦς σὦσὄπ

ς
ψὦτὄπ

σ ὥὄπςὲ

ὲς
,  ὦρ

σὦτὄπ
τ
ὦσὄπ

σ ὥὄπ
ς
ρὲ

ὲς
.  

 

 

 

ʈʠʩ.1. ɻʨʘʬʠʢʠ ʨʝʰʝʥʠʡ (ʜʣʷ ὗ‚ -ʩʣʝʚʘ, ʜʣʷ Ὑ‚ - ʩʧʨʘʚʘ). 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʬʦʥʜʘ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʈʌʌʀ), ˉ 18-29-10039. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Hamood Ur Rehman, NaeemUllah, M.A. Imran, Highly dispersive optical solitons using 
Kudryashov's method, Optik, Volume 199, 2019. 
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ɸ.ɼ. ʇʆʃʗʅʀʅ, ɸ.ʀ. ɾʋʈʆɺ 
ʀʥʩʪʠʪʫʪ ʧʨʦʙʣʝʤ ʤʝʭʘʥʠʢʠ ʠʤ. ɸ.ʖ. ʀʰʣʠʥʩʢʦʛʦ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʌʋʅʂʎʀʆʅɸʃʔʅʆɽ ʈɸɿɼɽʃɽʅʀɽ ʇɽʈɽʄɽʅʅʓʍ ɺ  

ʅɽʃʀʅɽʁʅʓʍ ʋʈɸɺʅɽʅʀʗʍ ʄɸʊɽʄɸʊʀʏɽʉʂʆʁ  

ʌʀɿʀʂʀ 

ɼʘʥ ʢʨʘʪʢʠʡ ʦʙʟʦʨ ʩʫʱʝʩʪʚʫʶʱʠʭ ʤʦʜʠʬʠʢʘʮʠʡ ʤʝʪʦʜʘ ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ 

ʨʘʟʜʝʣʝʥʠʷ ʧʝʨʝʤʝʥʥʳʭ. ʇʨʝʜʣʘʛʘʝʪʩʷ ʥʦʚʳʡ ʙʦʣʝʝ ʦʙʱʠʡ ʧʦʜʭʦʜ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ 

ʪʦʯʥʳʭ ʨʝʰʝʥʠʡ ʥʝʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ, ʢʦʪʦʨʳʡ ʦʩʥʦʚʘʥ ʥʘ 

ʥʝʷʚʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷʭ ʚ ʢʦʤʙʠʥʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʠʥʮʠʧʘ ʨʘʩʱʝʧʣʝʥʠʷ. 

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʪʘʢʦʛʦ ʧʦʜʭʦʜʘ ʠʣʣʶʩʪʨʠʨʫʝʪʩʷ ʥʘ ʥʝʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʷʭ 

ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʪʠʧʘ, ʢʦʪʦʨʳʝ ʩʦʜʝʨʞʘʪ ʨʝʘʢʮʠʦʥʥʳʝ ʠ ʢʦʥʚʝʢʪʠʚʥʳʝ ʯʣʝʥʳ ʩ 

ʧʝʨʝʤʝʥʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ. ʆʧʠʩʘʥʦ ʤʥʦʛʦ ʥʦʚʳʭ ʪʦʯʥʳʭ ʨʝʰʝʥʠʡ ʩ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʤ ʨʘʟʜʝʣʝʥʠʝʤ ʧʝʨʝʤʝʥʥʳʭ ʠ ʨʝʰʝʥʠʡ ʪʠʧʘ ʦʙʦʙʱʝʥʥʦʡ ʙʝʛʫʱʝʡ ʚʦʣʥʳ. 

A.D. POLYANIN, A.I. ZHUROV 

Ishlinsky Institute for Problems in Mechanics, RAS, Moscow, Russia 

FUNCTIONAL SEPARATION OF VARIABLES IN NONLINEAR 

EQUATIONS OF MATHEMATICAL PHYSICS  

The existing modifications of the method of functional separation of variables are 

overviewed. A new more general approach is proposed to the construction of exact solutions of 

nonlinear equations of mathematical physics, which is based on an implicit transformation and 

the splitting principle. The effectiveness of the approach is illustrated by nonlinear diffusion 

equations that contain reaction and convective terms as well as variable coefficients. A 

substantial number of new exact solutions with functional separation of variables and 

generalized traveling wave solutions are described. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʥʦʩʪʠ ʙʫʜʝʤ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʥʝʣʠʥʝʡʥʳʝ ʫʨʘʚʥʝʥʠʷ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʩ ʜʚʫʤʷ ʥʝʟʘʚʠʩʠʤʳʤʠ ʧʝʨʝʤʝʥʥʳʤʠ 

 Ὂὼȟὸȟόȟόȟό ȟό ȟόȟȣ π, (1) 

ʛʜʝό όὼȟὸ ï ʠʩʢʦʤʘʷ ʬʫʥʢʮʠʷ. 

ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʪʦʯʥʳʭ ʨʝʰʝʥʠʡ ʫʨʘʚʥʝʥʠʷ (1) ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʝʣʠʥʝʡʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʩ ʠʥʪʝʛʨʘʣʴʥʳʤ ʯʣʝʥʦʤ 

 ‮ ‒ό Ὠόȟ (2) 

ʛʜʝ ‮ ‒ʠ ὸȟὼ‮ ‒ό ï ʬʫʥʢʮʠʠ, ʢʦʪʦʨʳʝ ʠʱʫʪʩʷ ʚ ʭʦʜʝ ʜʘʣʴʥʝʡʰʝʛʦ 

ʘʥʘʣʠʟʘ. ʇʦʩʣʝ ʪʦʛʦ, ʢʘʢ ʵʪʠ ʬʫʥʢʮʠʠ ʙʫʜʫʪ ʦʧʨʝʜʝʣʝʥʳ, ʠʥʪʝʛʨʘʣʴʥʦʝ 
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ʩʦʦʪʥʦʰʝʥʠʝ (2) ʙʫʜʝʪ ʟʘʜʘʚʘʪʴ ʪʦʯʥʦʝ ʨʝʰʝʥʠʝ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʫʨʘʚʥʝʥʠʷ ʚ 

ʥʝʷʚʥʦʤ ʚʠʜʝ. 

ɹʫʜʝʤ ʩʯʠʪʘʪʴ, ʯʪʦ ʫʨʘʚʥʝʥʠʝ (1) ʧʦʩʣʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ (2) ʜʦʧʫʩʢʘʝʪ 

ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʚ ʙʠʣʠʥʝʡʥʦʡ ʬʦʨʤʝ: 

 ɮὲɰὲ

ὔ

ὲ ρ

πȟ (3) 

ʛʜʝ 

 ɮὲ ɮὲὼȟὸȟȣȟὼὼ‮ȟὸ‮ȟὼ‮ ȟɰὲ ɰὲόȟ‒ȟ‒ό
ᴂȟ‒
όό
ᴂᴂȟȣ Ȣ (4) 

ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʪʦʯʥʳʭ ʨʝʰʝʥʠʡ ʫʨʘʚʥʝʥʠʷ (3)ï(4) ʠʩʧʦʣʴʟʫʝʤ ʧʨʠʥʮʠʧ 

ʨʘʩʱʝʧʣʝʥʠʷ, ʦʧʠʩʘʥʥʳʡ ʥʠʞʝ. 

ʇʨʠʥʮʠʧ ʨʘʩʱʝʧʣʝʥʠʷ. ʈʘʩʩʤʘʪʨʠʚʘʝʤ ʣʠʥʝʡʥʳʝ ʢʦʤʙʠʥʘʮʠʠ ʜʚʫʭ ʥʘʙʦʨʦʚ 

ʵʣʝʤʝʥʪʦʚɮ  ʠɰ , ʚʭʦʜʷʱʠʭ ʚ (3), ʢʦʪʦʨʳʝ ʩʚʷʟʘʥʳ ʩʦʦʪʥʦʰʝʥʠʷʤʠ 

 ɻὲὭɮὲ

ὔ

ὲ ρ

πȟὭ ρȟȣȟὰȠ ɼ
ὲὮ
ɰὲ

ὔ

ὲ ρ

πȟὮ ρȟȣȟάȟ (5) 

ʛʜʝρ ὰ ὔ ρ ʠρ ά ὔ ρ.ʂʦʥʩʪʘʥʪʳ ‌  ʠ‍
ὲὮ

 ʚ (5) ʚʳʙʠʨʘʶʪʩʷ ʪʘʢ, 

ʯʪʦʙʳ ʙʠʣʠʥʝʡʥʦʝ ʨʘʚʝʥʩʪʚʦ (6) ʫʜʦʚʣʝʪʚʦʨʷʣʦʩʴ ʪʦʞʜʝʩʪʚʝʥʥʦ (ʵʪʦ ʚʩʝʛʜʘ 

ʤʦʞʥʦ ʩʜʝʣʘʪʴ). ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʦʦʪʥʦʰʝʥʠʷ (5) ʥʦʩʷʪ ʯʠʩʪʦ 

ʘʣʛʝʙʨʘʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ ʠ ʥʝ ʩʚʷʟʘʥʳ ʩ ʢʦʥʢʨʝʪʥʳʤ ʚʠʜʦʤ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ 

ʬʦʨʤ (4). 

ɺ ʩʦʦʪʥʦʰʝʥʠʷ (5) ʧʦʜʩʪʘʚʣʷʶʪʩʷ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʝ ʬʦʨʤʳ (4), ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʩʠʩʪʝʤʘʤ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʠʩʢʦʤʳʭ ʬʫʥʢʮʠʡ ‮
‒ ʠ ὸȟὼ‮ ‒ό, ʢʦʪʦʨʳʝ ʚʭʦʜʷʪ ʚ (2). 

ʆʧʠʩʘʥʥʳʡ ʧʦʜʭʦʜ ʦʙʦʙʱʘʝʪ ʨʘʟʣʠʯʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ ʤʝʪʦʜʘ ʦʙʦʙʱʝʥʥʦʛʦ 

ʨʘʟʜʝʣʝʥʠʷ ʧʝʨʝʤʝʥʥʳʭ ʠ ʧʦʟʚʦʣʷʝʪ ʩʪʨʦʠʪʴ ʥʦʚʳʝ ʪʦʯʥʳʝ ʨʝʰʝʥʠʷ ʥʝʣʠʥʝʡʥʳʭ 

ʫʨʘʚʥʝʥʠʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ (ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʫʨʘʚʥʝʥʠʡ ʜʦʩʪʘʪʦʯʥʦ ʦʙʱʝʛʦ 

ʚʠʜʘ, ʢʦʪʦʨʳʝ ʟʘʚʠʩʷʪ ʦʪ ʧʨʦʠʟʚʦʣʴʥʳʭ ʬʫʥʢʮʠʡ). ʇʨʠʚʝʜʝʥʳ ʧʨʠʤʝʨʳ 

ʧʦʩʪʨʦʝʥʠʷ ʪʦʯʥʳʭ ʨʝʰʝʥʠʡ ʫʨʘʚʥʝʥʠʡ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʪʠʧʘ. 
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ʊ.ʀ. ʉɸɺɪʃʆɺɸ, ʅ.ʉ. ʊʆʃʄɸʏɪɺɸ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʏʀʉʃɽʅʅʆɽ ʀʉʉʃɽɼʆɺɸʅʀɽ ʅʆɺʓʍ  

ʄɸʊɽʄɸʊʀʏɽʉʂʀʍ ʄʆɼɽʃɽʁ ɼʃʗ ɸʇʇʈʆʂʉʀʄɸʎʀʀ ʌʈʆ 

ʀ ʇʌ 

ʇʦʣʫʯʝʥʳ ʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʜʚʝ ʥʦʚʳʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʨʠʝʥʪʘʮʠʡ (ʌʈʆ) ʠ ʧʦʣʶʩʥʳʭ ʬʠʛʫʨ (ʇʌ) ʥʘ ʦʩʥʦʚʝ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʛʨʫʧʧʳ ʚʨʘʱʝʥʠʡ ʪʨʝʭʤʝʨʥʦʛʦ ʝʚʢʣʠʜʦʚʘ ʧʨʦʩʪʨʘʥʩʪʚʘ ʚ ʪʨʝʭʤʝʨʥʦʝ 

ʧʨʦʝʢʪʠʚʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ (SO(3)Ÿ0). ʇʦʩʪʨʦʝʥʳ ʛʨʘʬʠʢʠ ʌʈʆ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 
ʠʤ ʇʌ ʜʣʷ ʯʘʩʪʥʳʭ ʩʣʫʯʘʝʚ. ʏʠʩʣʝʥʥʦ ʠʩʩʣʝʜʦʚʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʜʘʥʥʳʭ ʬʫʥʢʮʠʡ ʦʪ 

ʧʘʨʘʤʝʪʨʦʚ. 

T.I. SAVYOLOVA, N.S. TOLMACHYOVA  

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

NUMERICAL STUDY OF NEW MATHEMATICAL MODELS FOR 

APPROXIMATING THE ODF AND PF  

Two new mathematical models for describing the orientation distribution function (FRO) 

and pole shapes (PF) based on the transformation of the rotation group of a three-dimensional 

Euclidean space into a three-dimensional projective space (SO(3) Ÿ 0) are obtained and 

analyzed. Graphs of FRO and corresponding PF for special cases are constructed. A numerical 

study of the dependence of these functions on parameters is carried out. 

ʆʜʥʦʡ ʠʟ ʚʘʞʥʳʭ ʟʘʜʘʯ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʪʝʢʩʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʷʚʣʷʝʪʩʷ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʌʈʆ ʟʝʨʝʥ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ ʧʦ ʇʌ. ʇʌ ʧʦʣʫʯʘʶʪ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʠʣʠ ʥʝʡʪʨʦʥʥʳʤ ʤʝʪʦʜʘʤʠ. 

ʆʙʳʯʥʦ ʌʈʆ ʠ ʇʌ ʦʧʠʩʳʚʘʶʪʩʷ ʚ ʚʠʜʝ ʨʷʜʘ ʌʫʨʴʝ ʧʦ ʦʙʦʙʱʝʥʥʳʤ 

ʰʘʨʦʚʳʤ ʬʫʥʢʮʠʷʤ. ʇʨʝʜʩʪʘʚʣʝʥʠʝ ʌʈʆ ʠ ʇʌ ʚ ʚʠʜʝ ʩʫʧʝʨʧʦʟʠʮʠʠ ʥʝʢʦʪʦʨʳʭ 

ʩʪʘʥʜʘʨʪʥʳʭ ʬʫʥʢʮʠʡ ʧʦʣʫʯʠʣʦ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚ ʩʚʷʟʠ ʩ ʥʘʣʠʯʠʝʤ 

ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʦʧʠʩʘʥʠʷ ʠ ʙʦʣʝʝ 

ʥʘʛʣʷʜʥʳʤ ʠʟʦʙʨʘʞʝʥʠʝʤ ʬʫʥʢʮʠʡ. 

ʉʨʝʜʠ ʩʪʘʥʜʘʨʪʥʳʭ ʬʫʥʢʮʠʡ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʥʦʨʤʘʣʴʥʳʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘ ʛʨʫʧʧʝ ʚʨʘʱʝʥʠʡ SO(3) ʠ ʇʌ, ʦʪʚʝʯʘʶʱʠʝ ʠʤ. ʅʦ ʵʪʠ 

ʬʫʥʢʮʠʠ ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʪʘʢʞʝ ʚ ʚʠʜʝ ʨʷʜʘ ʌʫʨʴʝ. ɹʦʣʝʝ ʫʜʦʙʥʳ ʜʣʷ 

ʚʳʯʠʩʣʝʥʠʷ ʩʪʘʥʜʘʨʪʥʳʝ ʬʫʥʢʮʠʠ, ʠʤʝʶʱʠʝ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʚʳʨʘʞʝʥʠʝ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʦʣʫʯʝʥʳ ʥʦʚʳʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʜʣʷ ʦʧʠʩʘʥʠʷ ʌʈʆ 

ʠ ʇʌ ʥʘ ʦʩʥʦʚʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ SO(3)Ÿ0σ[1], ʛʜʝ SO(3) ï ʛʨʫʧʧʘ ʚʨʘʱʝʥʠʡ 

ʪʨʝʭʤʝʨʥʦʛʦ ʝʚʢʣʠʜʦʚʘ ʧʨʦʩʪʨʘʥʩʪʚʘ, 0σ ï ʧʨʦʝʢʪʠʚʥʦʝ ʪʨʝʭʤʝʨʥʦʝ 
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ʧʨʦʩʪʨʘʥʩʪʚʦ. ʇʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʇʌ ʩʝʤʝʡʩʪʚʦ ʢʨʠʚʳʭ Ὤᴆ Ὣώᴆ, ʛʜʝ ʚʨʘʱʝʥʠʝ 

Ὣ  ɴ SO(3), Ὤᴆ  ʟʘʜʘʥʥʦʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʝ ʥʘʧʨʘʚʣʝʥʠʝ, ώᴆʝʜʠʥʠʯʥʳʡ 
ʚʝʢʪʦʨ ʥʘ ʩʬʝʨʝ Ὓςʧʝʨʝʭʦʜʷʪ ʚ ʧʨʷʤʳʝ [2].  

ɺ [3] ʨʘʩʩʤʦʪʨʝʥ ʢʣʘʩʩ ʩʪʘʥʜʘʨʪʥʳʭ ʬʫʥʢʮʠʷ ʜʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʌʈʆ ʠ ʇʌ 

ʠ ʠʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʚ 0σȢ ʕʪʠ ʬʫʥʢʮʠʠ ʧʦʣʫʯʝʥʳ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʠʙʣʠʞʝʥʠʷ ʢ 
ʥʦʨʤʘʣʴʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘ ʛʨʫʧʧʝ SO(3). 
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ʛʜʝ Ὀ„ - ʥʦʨʤʠʨʫʶʱʠʡ ʤʥʦʞʠʪʝʣʴ. 
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ʀ.ɺ. ʇʆʅʆʄɸʈɽɺ, ɻ.ɺ. ɼʆʃɻʆʃɽɺɸ 
ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ  

ʠʤʝʥʠ ʄ. ɺ. ʃʦʤʦʥʦʩʦʚʘ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʏʀʉʃɽʅʅʆɽ ʀʉʉʃɽɼʆɺɸʅʀɽ ʈɸɹʆʊʓ  

ʎʀʃʀʅɼʈʀʏɽʉʂʀʍ ʄʀʐɽʅɽʁ ʇʈʀ ʈɸɿʃʀʏʅʓʍ  

ʈɽɾʀʄɸʍ ɹɽɿʋɼɸʈʅʆɻʆ ʉɾɸʊʀʗ ʀ ʉʆʉʊɸɺɸ  

ʈɸɹʆʏɽʁ ʆɹʃɸʉʊʀ 

ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʦʚ ʙʝʟʫʜʘʨʥʦʛʦ ʩʞʘʪʠʷ 

ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʤʠʰʝʥʝʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʧʨʦʚʝʨʝʥʦ ʚʣʠʷʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʘʧʨʠʦʨʥʳʭ 

ʧʘʨʘʤʝʪʨʦʚ ʚ ʬʦʨʤʫʣʘʭ ʵʥʝʨʛʦʚʣʦʞʝʥʠʷ ʧʨʠ ʙʝʟʫʜʘʨʥʦʤ ʩʞʘʪʠʠ ʦʜʥʦʢʘʩʢʘʜʥʳʭ ʠ 

ʜʚʫʭʢʘʩʢʘʜʥʳʭ ʤʠʰʝʥʝʡ ʥʘ ʛʦʨʝʥʠʝ ʨʘʙʦʯʝʡ ʦʙʣʘʩʪʠ. ʏʠʩʣʝʥʥʦ ʠʩʩʣʝʜʦʚʘʥʦ ʛʦʨʝʥʠʝ 

ʤʠʰʝʥʠ ʧʨʠ ʟʘʤʝʥʝ ʧʫʯʢʘ ʧʘʜʘʶʱʝʡ ʵʥʝʨʛʠʠ ʧʝʨʝʤʝʥʥʦʡ ʰʠʨʠʥʳ ʥʘ ʧʫʯʦʢ ʩ 

ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʰʠʨʠʥʦʡ.  

I. V. PONOMAREV, G. V. DOLGOLEVA  
Lomonosov Moscow State University, Moscow, Russia 

NUMERAL RESEARCH OF WORK OF CYLINDRICAL  

TARGETS AT THE DIFFERENT MODES OF UNSTRESSED 

COMPRESSION AND COMPOSITION OF SCRATCH AREA  

Numeral research of the different modes of unstressed compression of cylindrical targets is 

in-process conducted, including influence of a few a priori parameters is tested in the formulas 

of energy input at the unstressed compression of single- cascade and two- cascade targets on 

burning of scratch area. Burning of target is numeral investigational at substituting of bunch to 

falling energy of variable width by a bunch with the fixed width. 

ʄʠʰʝʥʴ ï ʵʪʦ ʩʣʦʠʩʪʘʷ ʩʠʩʪʝʤʘ ʩʬʝʨʠʯʝʩʢʘʷ ʠʣʠ ʮʠʣʠʥʜʨʠʯʝʩʢʘʷ. ʆʩʥʦʚʥʘʷ 

ʟʘʜʘʯʘ ʫʧʨʘʚʣʷʝʤʦʛʦ ʪʝʨʤʦʷʜʝʨʥʦʛʦ ʩʠʥʪʝʟʘ ï ʵʪʦ ʪʘʢ ʩʞʘʪʴ çʨʘʙʦʯʫʶè ʦʙʣʘʩʪʴ 

ʤʠʰʝʥʠ, ʢʘʢ ʧʨʘʚʠʣʦ ʩʦʩʪʦʷʱʫʶ ʠʟ ʜʝʡʪʝʨʠʷ ʠ ʪʨʠʪʠʷ, ʯʪʦʙʳ ʚ ʥʝʡ ʥʘʯʘʣʠʩʴ 

ʪʝʨʤʦʷʜʝʨʥʳʝ ʨʝʘʢʮʠʠ ʠ ʵʥʝʨʛʦʚʳʜʝʣʝʥʠʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʪʠʭ ʨʝʘʢʮʠʡ ʙʳʣʦ 

ʙʦʣʴʰʝ, ʯʝʤ ʚʣʦʞʝʥʥʘʷ ʵʥʝʨʛʠʷ, ʪ.ʝ. ʵʥʝʨʛʠʷ, ʧʦʰʝʜʰʘʷ ʥʘ ʩʞʘʪʠʝ ʤʠʰʝʥʠ 

(ʢʦʵʬʬʠʮʠʝʥʪ ʫʩʠʣʝʥʠʷ ʙʦʣʴʰʝ ʝʜʠʥʠʮʳ). ɺ ʵʪʠʭ ʩʣʫʯʘʷʭ ʛʦʚʦʨʷʪ, ʯʪʦ ʤʠʰʝʥʴ 

ʛʦʨʠʪ. ɺ ʨʘʙʦʪʘʭ [1], [2] ʙʳʣ ʧʦʣʫʯʝʥ ʚʠʜ ʵʥʝʨʛʦʚʣʦʞʝʥʠʷ ʪʘʢʦʡ, ʯʪʦʙʳ ʨʘʙʦʯʘʷ 

ʦʙʣʘʩʪʴ ʩʞʠʤʘʣʘʩʴ ʙʝʟʫʜʘʨʥʳʤ ʦʙʨʘʟʦʤ ʜʣʷ ʦʜʥʦʢʘʩʢʘʜʥʦʡ ʠ ʜʚʫʭʢʘʩʢʘʜʥʦʡ 

ʤʠʰʝʥʝʡ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʨʘʩʯʝʪʘʭ, ʧʨʠʚʝʜʝʥʥʳʭ ʚ ʧʫʙʣʠʢʘʮʠʷʭ ʵʥʝʨʛʠʷ 

ʚʢʣʘʜʳʚʘʣʘʩʴ ʚʦ ʚʩʶ çʪʷʞʝʣʫʶè ʦʙʣʘʩʪʴ. ʇʨʠ ʚʣʦʞʝʥʠʠ ʵʥʝʨʛʠʠ ʦʙʣʘʩʪʴ 

ʨʘʟʣʝʪʘʝʪʩʷ ʠ ʤʝʥʷʝʪ ʩʚʦʶ ʧʝʨʚʦʥʘʯʘʣʴʥʫʶ ʰʠʨʠʥʫ. ʅʦ ʪʘʢʦʝ ʵʥʝʨʛʦʚʣʦʞʝʥʠʝ 

ʥʝ ʩʦʚʩʝʤ ʫʜʦʙʥʦ ʚʳʧʦʣʥʠʪʴ ʚ ʪʝʭʥʠʯʝʩʢʦʤ ʧʣʘʥʝ. ʇʦʵʪʦʤʫ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ 

ʨʘʩʯʝʪʳ ʩ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʰʠʨʠʥʦʡ ʧʫʯʢʘ, ʨʘʚʥʦʛʦ ʧʝʨʚʦʥʘʯʘʣʴʥʦʡ ʜʣʠʥʝ 

çʪʷʞʝʣʦʡè ʦʙʣʘʩʪʠ. ɺ ʬʦʨʤʫʣʘʭ ʜʣʷ ʵʥʝʨʛʦʚʣʦʞʝʥʠʷ ʝʩʪʴ ʨʷʜ ʘʧʨʠʦʨʥʳʭ 

ʧʘʨʘʤʝʪʨʦʚ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʪʩʷ ʯʠʩʣʝʥʥʘʷ ʧʨʦʚʝʨʢʘ ʚʣʠʷʥʠʷ ʵʪʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʥʘ ʛʦʨʝʥʠʝ ʨʘʙʦʯʝʡ ʦʙʣʘʩʪʠ. ʉʦʧʦʩʪʘʚʣʷʶʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʳʭ 
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ʨʘʩʯʝʪʦʚ ʤʠʰʝʥʝʡ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʧʨʠʙʣʠʞʝʥʠʷʭ ʠ ʧʨʠ 

ʨʘʟʣʠʯʥʦʤ ʩʦʩʪʘʚʝ çʨʘʙʦʯʝʡè ʦʙʣʘʩʪʠ. 

ɻʣʘʚʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʚ ʨʘʙʦʪʝ ʤʠʰʝʥʠ ʷʚʣʷʝʪʩʷ ʵʥʝʨʛʦʚʳʜʝʣʝʥʠʝ 

ʨʘʙʦʯʝʡ ʦʙʣʘʩʪʠ. ɿʘ ʵʪʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʤʳ ʠ ʩʣʝʜʠʤ ʨʘʩʯʝʪʘʭ. 

ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠʚʣʝʢʘʶʪʩʷ ʣʠʰʴ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʧʦʥʷʪʴ, 

ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʪʴ ʦʪʣʠʯʠʷ ʚ ʵʥʝʨʛʦʚʳʜʝʣʝʥʠʠ. 

ʀʪʦʛʠ: ʚ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʘʧʨʠʦʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʚ 

ʬʦʨʤʫʣʘʭ ʵʥʝʨʛʦʚʣʦʞʝʥʠʷ ʧʨʠ ʙʝʟʫʜʘʨʥʦʤ ʩʞʘʪʠʠ ʦʜʥʦʢʘʩʢʘʜʥʳʭ ʠ 

ʜʚʫʭʢʘʩʢʘʜʥʳʭ ʤʠʰʝʥʝʡ ʥʘ ʛʦʨʝʥʠʝ ʨʘʙʦʯʝʡ ʦʙʣʘʩʪʠ. ʏʠʩʣʝʥʥʦ ʧʨʦʚʝʨʝʥʦ 

ʛʦʨʝʥʠʝ ʤʠʰʝʥʠ ʧʨʠ ʟʘʤʝʥʝ ʧʫʯʢʘ ʧʘʜʘʶʱʝʡ ʵʥʝʨʛʠʠ ʧʝʨʝʤʝʥʥʦʡ ʰʠʨʠʥʳ ʥʘ 

ʧʫʯʦʢ ʩ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʰʠʨʠʥʦʡ. ʉʦʧʦʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʳʭ 

ʨʘʩʯʝʪʦʚ ʤʠʰʝʥʝʡ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʧʨʠʙʣʠʞʝʥʠʷʭ ʠ ʧʨʠ 

ʨʘʟʣʠʯʥʦʤ ʩʦʩʪʘʚʝ çʨʘʙʦʯʝʡè ʦʙʣʘʩʪʠ. 

ʀʟ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʩʣʝʜʫʶʱʠʝ ʚʳʚʦʜʳ: 

- ʵʥʝʨʛʦʚʢʣʘʜ ʚ ʩʠʩʪʝʤʫ ʥʫʞʥʦ çʟʘʪʷʥʫʪʴè: ʚ ʬʦʨʤʫʣʫ ʵʥʝʨʛʦʚʳʜʝʣʝʥʠʷ 

ʥʝʦʙʭʦʜʠʤʦ ʚʚʝʩʪʠ ʤʥʦʞʠʪʝʣʴ, ʤʝʥʴʰʠʡ ʝʜʠʥʠʮʳ (ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 0.2); 

- ʧʨʠ ʚʣʦʞʝʥʠʠ ʵʥʝʨʛʠʠ ʚ ʬʠʢʩʠʨʦʚʘʥʥʫʶ ʦʙʣʘʩʪʴ ʥʫʞʥʦ ʵʪʦʪ ʤʥʦʞʠʪʝʣʴ 

ʝʱʝ ʫʤʝʥʴʰʠʪʴ (ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 0.1); 

- ʚ ʦʜʥʦʢʘʩʢʘʜʥʦʡ ʠ ʜʚʫʭʢʘʩʢʘʜʥʦʡ ʤʠʰʝʥʷʭ ʤʦʞʥʦ ʫʤʝʥʴʰʠʪʴ ʩʦʩʪʘʚ 

ʪʨʠʪʠʷ, ʚ ʦʜʥʦʢʘʩʢʘʜʥʦʡ ʤʠʰʝʥʠ ʤʦʞʥʦ ʫʤʝʥʴʰʠʪʴ ʜʦ 0.3, ʘ ʚ ʜʚʫʭʢʘʩʢʘʜʥʦʡ ʜʦ 

0.2 ʠ ʤʠʰʝʥʠ ʙʫʜʫʪ ʛʦʨʝʪʴ. 
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ʜʨʘʡʚʝʨʘ (ʫʩʢʦʨʠʪʝʣʷ) // ʉʙʦʨʥʠʢ çʇʨʦʙʣʝʤʳ ʩʦʚʨʝʤʝʥʥʦʡ ʤʝʭʘʥʠʢʠè, ʠʟʜ. ʄɻʋ, ʩ. 164-179, 2008. 
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ʏʀʉʃɽʅʅʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʇʈʆʎɽʉʉʆɺ  

ʌʆʈʄʀʈʆɺɸʅʀʗ ʇʆʃʆʉ ɸɼʀɸɹɸʊʀʏɽʉʂʆɻʆ ʉɼɺʀɻɸ ʅɸ 

ɼɺʋʄɽʈʅʓʍ ʕʁʃɽʈʆɺʓʍ ʉɽʊʂɸʍ 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʜʚʠʞʝʥʠʷ ʫʧʫʛʦ-ʧʣʘʩʪʠʯʥʦʡ ʩʧʣʦʰʥʦʡ 

ʩʨʝʜʳ ʩ ʥʝʣʠʥʝʡʥʳʤ ʟʘʢʦʥʦʤ ʧʣʘʩʪʠʯʝʩʢʦʡ ʪʝʢʫʯʝʩʪʠ, ʘ ʪʘʢʞʝ ʵʬʬʝʢʪʠʚʥʘʷ ʯʠʩʣʝʥʥʘʷ 

ʩʭʝʤʘ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʥʘ ʜʚʫʤʝʨʥʳʭ ʵʡʣʝʨʦʚʳʭ ʩʝʪʢʘʭ. ʅʘ ʦʩʥʦʚʝ 

ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʝʪʦʜʘ ʠʩʩʣʝʜʫʶʪʩʷ ʧʨʦʮʝʩʩʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʣʦʩ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ 

ʩʜʚʠʛʘ (ʇɸʉ) ʧʨʠ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʩʜʚʠʛʦʚʳʭ ʜʝʬʦʨʤʘʮʠʷʭ. 

R.V. MURATOV, N.A. KUDRYASHOV, P.N. RYABOV 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

A NUMERICAL SIMULATION OF PROCESSES OF  
ADIABATIC SHEAR BANDS FORMATION ON TWO -

DIMENSIONAL EULERIAN MESHES  

In this work we suggest a mathematical model of motion of the elastoplastic materials with 

nonlinear plasticity constitutive law; we also propose an effective numerical method for 

simulation of such tasks on two-dimensional eulerian meshes. Based on the proposed method, 

we study the formation of multiple adiabatic shear bands (ASB) at high-speed shear 

deformations. 

ʉʘʤʦʦʨʛʘʥʠʟʘʮʠʷ ʩʪʘʙʠʣʴʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʬʠʟʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ ʷʚʣʷʝʪʩʷ 

ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʣʶʙʦʧʳʪʥʳʭ ʷʚʣʝʥʠʡ ʚ ʥʝʣʠʥʝʡʥʦʡ ʤʘʪʝʤʘʪʠʢʝ. ʗʨʢʠʤ 

ʧʨʠʤʝʨʦʤ ʪʘʢʦʛʦ ʧʨʦʮʝʩʩʘ ʷʚʣʷʝʪʩʷ ʩʘʤʦʦʨʛʘʥʠʟʘʮʠʷ ʧʦʣʦʩ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ 

ʩʜʚʠʛʘ (ʇɸʉ) [1-3].ʆʜʥʦʡ ʠʟ ʩʣʦʞʥʦʩʪʝʡ ʧʨʠ ʯʠʩʣʝʥʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʪʘʢʠʭ 

ʧʨʦʮʝʩʩʦʚ ʥʘ ʣʘʛʨʘʥʞʝʚʳʭ ʩʝʪʢʘʭ ʷʚʣʷʝʪʩʷ çʟʘʧʫʪʳʚʘʥʠʝè ʩʝʪʢʠ ʧʨʠ ʚʳʩʦʢʠʭ 

ʜʝʬʦʨʤʘʮʠʷʭ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʵʡʣʝʨʦʚʩʢʦʝ ʦʧʠʩʘʥʠʝ ʩʧʣʦʰʥʦʡ 

ʩʨʝʜʳ. ɼʚʠʞʝʥʠʝ ʫʧʨʫʛʦ-ʧʣʘʩʪʠʯʥʦʡ ʩʧʣʦʰʥʦʡ ʩʨʝʜʳ ʦʧʠʩʳʚʘʝʪʩʷ 

ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʟʘʢʦʥʘʤʠ ʩʦʭʨʘʥʝʥʠʷ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʦʧʨʝʜʝʣʷʶʱʠʭ 

ʩʦʦʪʥʦʰʝʥʠʡ: 

ρ 
‬”

‬ὸ
div”ὺᴆ πȠ 

ς 
‬”ὺᴆ

‬ὸ
div”ὺᴆ ὺᴆ Ɑ πȠ  

σ 
‬”Ὁ

‬ὸ
div”ὺᴆὉ Ɑὺᴆ πȟὉ Ὡ”ȟὝ

ό ὺ

ς
Ƞ 

τ ▼ ς‘ꜗ ꜗ ȟꜗ
σ▼

ς„
‭Ӷ„ȟὝȟⱭ ὴ” ▼Ȣ 



140 
 

ʋʨʘʚʥʝʥʠʝ (4) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʟʘʧʠʩʴ ʟʘʢʦʥʘ ɻʫʢʘ ʧʦʩʣʝ 

ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʷ. ɼʘʥʥʘʷ ʩʠʩʪʝʤʘ ʷʚʣʷʝʪʩʷ ʛʠʧʝʨʙʦʣʠʯʝʩʢʦʡ, ʧʦʵʪʦʤʫ 

ʯʠʩʣʝʥʥʘʷ ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʦʩʥʦʚʘʥʘ ʥʘ ʤʝʪʦʜʝ ʪʠʧʘ ɻʦʜʫʥʦʚʘ: ʧʝʨʝʩʯʝʪ 

ʧʝʨʝʤʝʥʥʳʭ ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʣʝ ʩʫʤʤʠʨʦʚʘʥʠʷ ʦʜʥʦʤʝʨʥʳʭ ʧʦʪʦʢʦʚ ʯʝʨʝʟ ʛʨʘʥʠ 

ʷʯʝʝʢ. ʏʠʩʣʝʥʥʳʡ ʧʦʪʦʢ ʯʝʨʝʟ ʛʨʘʥʴ ʩʯʠʪʘʝʪʩʷ ʩʦʛʣʘʩʥʦ ʤʝʪʦʜʫ ʂʫʨʘʥʪʘ-

ʀʟʘʢʩʦʥʘ-ʈʠʩʘ: 

Ὂᴆήᴆȟήᴆ Ὂ
ήᴆ ήᴆ

ς
ЏὒȿΏȿЏὙ ήᴆ ήᴆ ȟὃ

‬Ὂᴆ

‬ήᴆ
ЏὒΏЏὙȟ 

ɿʜʝʩʴ ήᴆʠ ήᴆ ʚʝʢʪʦʨʘ ʢʦʥʩʝʨʚʘʪʠʚʥʳʭ ʧʝʨʝʤʝʥʥʳʭ ʩ ʜʚʫʭ ʩʪʦʨʦʥ ʦʪ ʛʨʘʥʠ, ʘ 

ὃ ЏΏЏïʩʧʝʢʪʨʘʣʴʥʦʝ ʨʘʟʣʦʞʝʥʠʝ ʗʢʦʙʠʘʥʘ ʦʜʥʦʤʝʨʥʦʡ ʩʠʩʪʝʤʳ 

ʫʨʘʚʥʝʥʠʡ. 

 
ʈʠʩ. 1. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʦʙʨʘʟʮʝ ʧʦʩʣʝ ʜʝʬʦʨʤʘʮʠʠ. ʉʣʝʚʘ ï 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʇɸʉ ʧʨʠ ʪʦʯʝʯʥʦʤ ʚʦʟʤʫʱʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. ʉʧʨʘʚʘ ï

ʬʦʨʤʠʨʦʚʘʥʠʝ ʇɸʉ ʧʨʠ ʥʘʣʠʯʠʠ ʤʥʦʞʝʩʪʚʝʥʥʳʭ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʜʝʬʝʢʪʦʚ ʚ 

ʦʙʨʘʟʮʝ. 

ʅʘ ʨʠʩʫʥʢʝ 1 ʩʣʝʚʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʩʪʦʚʦʡ ʟʘʜʘʯʠ 

[4], ʚʝʨʭʥʷʷ ʠ ʥʠʞʥʷʷ ʯʘʩʪʴ ʦʙʨʘʟʮʘ ʪʦʣʱʠʥʦʡ 1 ʩʤ ʩʜʚʠʛʘʶʪʩʷ ʚ ʨʘʟʥʳʝ 

ʩʪʦʨʦʥʳ ʩ ʧʦʩʪʦʷʥʥʦʡ ʩʢʦʨʦʩʪʴʶ. ʌʦʨʤʠʨʦʚʘʥʠʝ ʇɸʉ ʦʙʫʩʣʦʚʣʝʥʦ ʥʘʣʠʯʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʚʦʟʤʫʱʝʥʠʷ ʚ ʮʝʥʪʨʝ ʦʙʨʘʟʮʘ ʚ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ. 

ʉʧʨʘʚʘ ʧʦʢʘʟʘʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʥʦʞʝʩʪʚʝʥʥʳʭ ʇɸʉ ʚ ʘʥʘʣʦʛʠʯʥʦʤ ʦʙʨʘʟʮʝ, 

ʢʦʪʦʨʳʝ ʦʙʫʩʣʦʚʣʝʥʳ ʥʘʣʠʯʠʝʤ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʜʝʬʝʢʪʦʚ ʚ ʦʙʨʘʟʮʝ ʚ 

ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ 18-11-00209. 
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ʅ.ɸ. ʂʋɼʈʗʐʆɺ, ɸ.ʉ. ʉɸʃʀʅ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʏʀʉʃɽʅʅʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʈɸʉʇʈɽɼɽʃɽʅʀʗ 

ʊɽʄʇɽʈɸʊʋʈʓ ɺ ʊɽʇʃʆɺʓɼɽʃʗʖʑɽʄ ʕʃɽʄɽʅʊɽ 

ʗɼɽʈʅʆɻʆ ʈɽɸʂʊʆʈɸ 

ʀʟʫʯʝʥʘ ʟʘʜʘʯʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʊɺɽʃʝ ʷʜʝʨʥʦʛʦ ʨʝʘʢʪʦʨʘ ʩ 

ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʪʨʝʪʴʝʛʦ ʨʦʜʘ ʚ ʧʷʪʠ ʦʙʣʘʩʪʷʭ ʩ ʨʘʟʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, 

ʩʦʩʪʘʚʣʝʥʘ ʧʨʦʛʨʘʤʤʘ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ. 

N.A. KUDRYASHOV, A.S. SALIN 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

NUMERICAL MODELING  OF THE TEMPERATURE 

DISTRIBUTION IN A FUEL ELEMENT OF A NUCLEAR REACTOR  

The problem of temperature distribution in the nuclear fuel rod with boundary conditions of 

the third kind in five regions with different characteristics was studied, a program for numerical 

simulation of the process was compiled. 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʊɺʕʃʝ ï ʦʜʠʥ ʠʟ ʚʘʞʥʳʭ ʬʘʢʪʦʨʦʚ, ʚʣʠʷʶʱʠʭ 

ʥʘ ʧʦʚʝʜʝʥʠʝ ʧʨʦʜʫʢʪʦʚ ʜʝʣʝʥʠʷ ʚ ʪʦʧʣʠʚʥʳʭ ʪʘʙʣʝʪʢʘʭ, ʧʨʦʮʝʩʩʳ ʜʠʬʬʫʟʠʠ ʠ 

ʧʘʨʦʦʙʨʘʟʦʚʘʥʠʷ. ɺ ʧʨʦʮʝʩʩʝ ʨʘʙʦʪʳ ʨʝʘʢʪʦʨʘ ʤʦʞʝʪ ʤʝʥʷʪʴʩʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ 

ʪʦʧʣʠʚʥʦʡ ʪʘʙʣʝʪʢʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʨʦʪʝʢʘʶʱʠʭ ʚ ʥʝʡ ʧʨʦʮʝʩʩʦʚ. ʆʜʥʦ ʠʟ 

ʟʥʘʯʠʪʝʣʴʥʳʭ ʠʟʤʝʥʝʥʠʡ ʧʦʜʦʙʥʦʛʦ ʨʦʜʘ - ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʦʨʠʩʪʦʛʦ ʨʠʤ-ʩʣʦʷ 

ʧʦ ʢʨʘʶ ʪʦʧʣʠʚʥʦʡ ʪʘʙʣʝʪʢʠ. ɺ ʧʨʦʮʝʩʩʝ ʨʘʙʦʪʳ ʨʝʘʢʪʦʨʘ ʪʦʧʣʠʚʥʳʡ ʵʣʝʤʝʥʪ 

ʤʦʞʝʪ ʧʣʘʚʠʪʴʩʷ, ʝʩʣʠ ʪʝʤʧʝʨʘʪʫʨʘ ʪʦʧʣʠʚʥʦʡ ʪʘʙʣʝʪʢʠ ʧʨʝʚʦʩʭʦʜʠʪ ʧʦ 

ʚʝʣʠʯʠʥʝ ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʠʷ ʜʠʦʢʩʠʜʘ ʫʨʘʥʘ, ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʤʦʞʝʪ 

ʧʨʠʚʝʩʪʠ ʢ ʢʘʪʘʩʪʨʦʬʠʯʝʩʢʠʤ ʧʦʩʣʝʜʩʪʚʠʷʤ [1]. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʊɺʕʃ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʣʠʥʥʳʡ ʮʠʣʠʥʜʨʠʯʝʩʢʠʡ ʩʪʝʨʞʝʥʴ, 

ʜʣʠʥʘ ʢʦʪʦʨʦʛʦ ʥʘʤʥʦʛʦ ʙʦʣʴʰʝ ʝʛʦ ʜʠʘʤʝʪʨʘ, ʧʦʵʪʦʤʫ ʟʘʜʘʯʘ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚ 

ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ʩ ʩʠʤʤʝʪʨʠʝʡ ʚʜʦʣʴ ʦʩʠ ʩʪʝʨʞʥʷ ʠ ʧʦ ʚʩʝʤ 

ʫʛʣʘʤ ʚ ʧʣʦʩʢʦʩʪʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʝʡ. ʋʨʘʚʥʝʥʠʝ, ʦʧʠʩʳʚʘʶʱʝʝ ʧʨʦʮʝʩʩ 

ʪʝʧʣʦʧʝʨʝʜʘʯʠ ʟʘʧʠʰʝʪʩʷ ʚ ʚʠʜʝ: ʉ(r,t)ɟ(r,t)Tt=(ɢ(r,t)rTr)r+q(r), ʛʜʝ ʉ(r,t)ɟ(r,t) - 

ʢʫʩʦʯʥʦ-ʟʘʜʘʥʥʳʝ ʬʫʥʢʮʠʠ, ʧʦʩʪʦʷʥʥʳʝ ʚ ʢʘʞʜʦʡ ʦʙʣʘʩʪʠ, q(r) ï ʧʦʩʪʦʷʥʥʳʡ 

ʪʝʧʣʦʚʦʡ ʧʦʪʦʢ, ʢʦʪʦʨʳʡ ʦʪʣʠʯʝʥ ʦʪ ʥʫʣʷ ʪʦʣʴʢʦ ʚ ʦʙʣʘʩʪʠ ʪʦʧʣʠʚʥʦʡ ʪʘʙʣʝʪʢʠ, 

ɢ(r,t) ï ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ. ɺ ʦʙʣʘʩʪʠ ʩ ʪʦʧʣʠʚʦʤ 

ɢ(r,t)=1/(A+BT)[1], ʚ ʦʩʪʘʣʴʥʳʭ ʦʙʣʘʩʪʷʭ ï ʢʦʥʩʪʘʥʪʘ. ɺ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ 

ʚʨʝʤʝʥʠ ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʚʩʶʜʫ ʧʦʩʪʦʷʥʥʦʡ. ʅʘ ʛʨʘʥʠʮʘʭ ʵʣʝʤʝʥʪʘ 

ʧʨʦʠʩʭʦʜʠʪ ʪʝʧʣʦʦʙʤʝʥ ʧʦ ʟʘʢʦʥʫ ʅʴʶʪʦʥʘ. 
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ɼʣʷ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʨʘʟʥʦʩʪʥʘʷ ʘʧʧʨʦʢʩʠʤʘʮʠʷ 

ʫʨʘʚʥʝʥʠʷ ʥʘ ʨʘʚʥʦʤʝʨʥʦʡ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʩʝʪʢʝ. ʀʩʧʦʣʴʟʫʝʪʩʷ ʯʠʩʪʦ ʥʝʷʚʥʘʷ 

ʩʭʝʤʘ, ʩ ʠʪʝʨʘʮʠʦʥʥʳʤ ʫʪʦʯʥʝʥʠʝʤ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʥʘ 

ʢʘʞʜʦʤ ʚʨʝʤʝʥʥʦʤ ʩʣʦʝ. ʉʠʩʪʝʤʘ ʣʠʥʝʡʥʳʭ ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʫʟʣʦʚʳʭ ʪʦʯʢʘʭ ʥʘ ʥʦʚʦʤ ʚʨʝʤʝʥʥʦʤ ʩʣʦʝ ʩ 

ʪʨʸʭʜʠʘʛʦʥʘʣʴʥʦʡ ʤʘʪʨʠʮʝʡ ʨʝʰʘʝʪʩʷ ʤʝʪʦʜʦʤ ʧʨʦʛʦʥʢʠ. ʀʟ ʨʝʟʫʣʴʪʘʪʦʚ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʠʜʥʦ, ʯʪʦ ʯʝʨʝʟ ʥʝʢʦʪʦʨʦʝ ʚʨʝʤʷ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʩʪʘʮʠʦʥʘʨʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ. 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʩʪʘʮʠʦʥʘʨʥʦʝ ʫʨʘʚʥʝʥʠʝ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʚ ʢʘʞʜʦʡ ʦʙʣʘʩʪʠ ʩ ʫʯʸʪʦʤ 

ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʠ ʫʩʣʦʚʠʡ ʩʰʠʚʢʠ ʥʘ ʛʨʘʥʠʮʘʭ ʦʙʣʘʩʪʝʡ: ʨʘʚʝʥʩʪʚʦ 

ʪʝʤʧʝʨʘʪʫʨ ʠ ʪʝʧʣʦʚʳʭ ʧʦʪʦʢʦʚ. ʇʦʣʫʯʝʥʘ ʩʠʩʪʝʤʘ ʠʟ ʜʝʩʷʪʠ ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ 

ʫʨʘʚʥʝʥʠʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʦʠʟʚʦʣʴʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ 

ʨʝʰʝʥʠʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ. ɺ ʩʠʣʫ ʪʦʛʦ, ʯʪʦ ʦʙʘ ʛʨʘʥʠʯʥʳʭ 

ʫʩʣʦʚʠʡ ʪʨʝʪʴʝʛʦ ʨʦʜʘ, ʨʝʰʝʥʠʷ ʥʝ ʩʪʨʦʠʣʠʩʴ ʚ ʘʥʘʣʠʪʠʯʝʩʢʦʤ ʚʠʜʝ. ʇʦʵʪʦʤʫ 

ʜʣʷ ʧʨʦʚʝʨʢʠ ʨʘʙʦʪʳ ʧʨʦʛʨʘʤʤʳ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʪʘʮʠʦʥʘʨʥʳʝ ʫʨʘʚʥʝʥʠʷ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʚ ʵʪʠʭ ʦʙʣʘʩʪʷʭ ʩ ʙʦʣʝʝ ʧʨʦʩʪʳʤʠ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʩʦʩʪʘʚʣʝʥʘ ʧʨʦʛʨʘʤʤʘ, ʧʦʟʚʦʣʷʶʱʘʷ ʤʦʜʝʣʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʚ ʊɺʕʃʝ ʩ ʨʘʟʣʠʯʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʤʘʪʝʨʠʘʣʦʚ, 

ʥʘʯʘʣʴʥʳʤʠ ʠ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ. 

 

ʈʠʩ. 1. ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʫʨʘʚʥʝʥʠʷ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ(ʩʣʝʚʘ) ʠ ʫʩʪʨʦʡʩʪʚʦ ʊɺʕʃ (ʩʧʨʘʚʘ). 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ 18-11-00209. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Kudryashov N.A., Khlunov A.V., Chmykhov M.A.//Com. in Nonl. Sci. Num. Simulat., 15, 1240-
1252 (2009). 
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ʂ.ɽ. ʐʀʃʔʅʀʂʆɺ, ʄ.ɹ. ʂʆʏɸʅʆɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʏʀʉʃɽʅʅʆɽ ʈɽʐɽʅʀɽ ɼɺʋʄɽʈʅʆʁ ɿɸɼɸʏʀ 

ʅɽʃʀʅɽʁʅʆʁ ʊɽʇʃʆʇʈʆɺʆɼʅʆʉʊʀ 

ʅɸ ʇʆɼɺʀɾʅʓʍ ʉɽʊʂɸʍ 

ɼʣʷ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʜʚʫʤʝʨʥʦʡ ʟʘʜʘʯʠ ʥʝʣʠʥʝʡʥʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʝʨʝʭʦʜ ʚ ʧʦʜʚʠʞʥʫʶ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ. ʃʦʢʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʧʦʩʣʝʜʥʝʡ 

ʚʳʙʠʨʘʝʪʩʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʠʩʩʣʝʜʫʝʤʳʡ ʧʨʦʮʝʩʩ ʚ ʥʝʡ ʙʳʣ ʙʣʠʟʦʢ ʢ 

ʩʪʘʮʠʦʥʘʨʥʦʤʫ. ʊʘʢʦʡ ʚʳʙʦʨ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ʧʨʠʚʦʜʠʪ ʢ ʩʛʫʱʝʥʠʶ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ 

ʚʙʣʠʟʠ ʦʩʦʙʝʥʥʦʩʪʝʡ ʨʝʰʝʥʠʷ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʫʣʫʯʰʠʪʴ ʢʘʯʝʩʪʚʦ ʧʦʣʫʯʘʝʤʦʛʦ 

ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʧʨʠ ʤʘʣʦʤ ʢʦʣʠʯʝʩʪʚʝ ʫʟʣʦʚ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ. ʏʠʩʣʝʥʥʳʡ ʘʣʛʦʨʠʪʤ 

ʧʨʦʪʝʩʪʠʨʦʚʘʥ ʥʘ ʟʘʜʘʯʝ ʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʪʝʧʣʦʚʦʡ ʚʦʣʥʳ ʧʦ ʥʫʣʝʚʦʤʫ ʬʦʥʫ, ʠʤʝʶʱʝʡ 

ʪʦʯʥʦʝ ʨʝʰʝʥʠʝ. 

K.E. SHILNIKOV , M.B. KOCHANOV 

National Research Nuclear University MEPhI 

(Moscow Engineering Physics Institute), Moscow, Russia 

NUMERICAL SOLUTION OF THE TWO -DIMENSIONAL  

NONLINEAR HEAT CONDUCTIVITY PROBLEM  

ON MOVING  GRIDS 

For the numerical solving of the two-dimensional nonlinear heat conduction problem a 

transition to a moving coordinate system is used. The local speed of the latter is chosen in such 

a way that the process under study in it is close to stationary. Such a choice of the coordinate 

system leads to a concentration of grid nodes near the solution features. This allows to improve 

the quality of the obtained numerical solution with a small number of computational grid nodes. 

The numerical algorithm is tested on the heat wave propagation problem, which has an exact 

solution. 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʥʘʯʘʣʴʥʦ-ʢʨʘʝʚʘʷ ʟʘʜʘʯʘ ʜʣʷ ʥʝʣʠʥʝʡʥʦʛʦ ʫʨʘʚʥʝʥʠʷ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʚ ʜʚʫʤʝʨʥʦʤ ʩʣʫʯʘʝ ʩ ʢʨʘʝʚʳʤʠ ʫʩʣʦʚʠʷʤʠ ʪʠʧʘ ɼʠʨʠʭʣʝ: 

0, ( ) , 1,2,
u W u

W k u
t x x

a
a ab

a b
d a

µ µ µ
+ = =- =

µ µ µ
  (1) 

( ) ( )( ) ( )2

2

0

1 2 1 20,1 0,1 , 0, 0, ., , ,
t I

x u tx I t u x xj
= µ

Í = ³ > = =   (2) 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʦʜʦʙʥʳʝ ʟʘʜʘʯʠ ʜʦʧʫʩʢʘʶʪ ʥʝʛʣʘʜʢʠʝ ʨʝʰʝʥʠʷ [1], ʚ 

ʯʘʩʪʥʦʩʪʠ ʨʝʰʝʥʠʷ ʪʠʧʘ ʙʝʛʫʱʝʡ ʚʦʣʥʳ [2], ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʡʩʷ ʧʦ ʥʫʣʝʚʦʤʫ 

ʬʨʦʥʪʫ ʚ ʩʣʫʯʘʝ ʩʪʝʧʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʚʦʜʥʦʩʪʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ. ɺ ʪʘʢʠʭ ʩʣʫʯʘʷʭ ʩʪʘʥʜʘʨʪʥʳʝ ʤʝʪʦʜʳ ʪʨʝʙʫʶʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʤʘʣʦʛʦ ʰʘʛʘ ʜʣʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʝʪʢʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʚʳʩʦʢʠʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤ ʟʘʪʨʘʪʘʤ.  
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ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʧʦʜʭʦʜ ʢ ʨʝʰʝʥʠʶ ʧʦʜʦʙʥʳʭ ʟʘʜʘʯ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ 

ʧʝʨʝʭʦʜʝ ʚ ʧʦʜʚʠʞʥʫʶ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ ( ), ,x x y ta a bt t= =, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʩʛʫʱʝʥʠʝ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʚʙʣʠʟʠ ʦʩʦʙʝʥʥʦʩʪʝʡ ʨʝʰʝʥʠʷ [3]. 

ɺʚʝʜʸʤ ʦʙʦʟʥʘʯʝʥʠʷ: 

( ), , det 0, .
x x y

Q
y x

a a a
a a a a

b b bb bt

µ µ µ
Y = - = Y= Y ¸ W =

µµ µ
 

ɺ ʥʦʚʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ʫʨʘʚʥʝʥʠʝ (1)ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʦ ʚ 

ʜʠʚʝʨʛʝʥʪʥʦʡ ʬʦʨʤʝ: 

( ) ( )
0, , ( ) .

Fu u
F W Q u W k u

y y

b a

a a a a a an g

nb g
d

t

µ W Yµ Y µ
+ = = + =- W

µ µ µ
 (3) 

ʇʨʠ ʵʪʦʤ ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʝʥʠʝ ʫʩʣʦʚʠʡ ʩʦʚʤʝʩʪʥʦʩʪʠ: 

, .
Q

y y y

a a aa
b b g

b g bt

µY µY µYµ
=- =

µ µ µ µ
 (4) 

ʆʧʪʠʤʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ʜʘʸʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: 

( )( ) .Q k u
y

m m b an g

g a nb
d

µ
Y W W

µ
=  (5) 

ʋʨʘʚʥʝʥʠʷ (3)ï ʨʝʰʘʶʪʩʷ ʚ ʦʙʣʘʩʪʠ ( ) 21 2 0, ,y y I tÍ >. ʅʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ 

ʜʣʷabY  ʦʪʚʝʯʘʶʪ ʥʝʜʝʬʦʨʤʠʨʦʚʘʥʥʦʡ ʩʝʪʢʝ. ʉʢʦʨʦʩʪʴ ʛʨʘʥʠʮʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ 

ʦʜʥʦʤʝʨʥʦʡ ʨʝʜʫʢʮʠʠ ʫʨʘʚʥʝʥʠʷ , ʫʛʣʦʚʳʝ ʫʟʣʳ ʥʝʧʦʜʚʠʞʥʳ. ʇʦʩʪʘʚʣʝʥʥʘʷ 

ʟʘʜʘʯʘ ʨʝʰʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʷʚʥʦʡ ʩʭʝʤʳ, ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʦʡ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʫʨʘʚʥʝʥʠʡ (3)ï. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʧʨʦʝʢʪ 

ˉ 18-71-00108). 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ɻ.ɺ.ɼʆʃɻʆʃɽɺɸ 
ʄʦʩʢʦʚʩʢʠʡ ɻʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʋʥʠʚʝʨʩʠʪʝʪ, ʤʝʭ-ʤʘʪ 

 

ʏʀʉʃɽʅʅʆɽ ʈɽʐɽʅʀɽ ʉʀʉʊɽʄʓ ʋʈɸɺʅɽʅʀʁ  

ʌʆʂɽʈɸ-ʇʃɸʅʂɸ 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʚʩʝ ʯʘʱʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʨʘʟʥʦʩʪʥʳʝ ʩʭʝʤʳ, ʩʦʛʣʘʩʦʚʘʥʥʳʝ ʩ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʤʠ ʫʨʘʚʥʝʥʠʷʤʠ, ʢʦʪʦʨʳʝ ʦʥʠ ʘʧʧʨʦʢʩʠʤʠʨʫʶʪ. ɺ ʛʘʟʦʜʠʥʘʤʠʢʝ ʪʘʢʠʝ 

ʩʭʝʤʳ ʥʘʟʚʘʣʠ ʧʦʣʥʦʩʪʴʶ ʢʦʥʩʝʨʚʘʪʠʚʥʳʤʠ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ 

ʩʦʛʣʘʩʦʚʘʥʥʳʝ ʩʭʝʤʳ ʜʣʷ ʫʨʘʚʥʝʥʠʡ ʌʦʢʝʨʘ-ʇʣʘʥʢʘ. ʕʪʠʤʠ ʫʨʘʚʥʝʥʠʷʤʠ ʦʧʠʩʳʚʘʶʪʩʷ 

ʤʥʦʛʠʝ ʧʨʦʮʝʩʩʳ ʚ ʬʠʟʠʢʝ ʠ ʤʝʭʘʥʠʢʝ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʥʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʠʟʤʝʥʝʥʠʷ ʩʧʝʢʪʨʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʠ ʵʥʝʨʛʠʠ ʚʝʱʝʩʪʚʘ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʢʦʤʧʪʦʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʯʪʦ ʟʘʯʘʩʪʫʶ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʟʘʜʘʯ 

ʫʧʨʘʚʣʷʝʤʦʛʦ ʪʝʨʤʦʷʜʝʨʥʦʛʦ ʩʠʥʪʝʟʘ. 

G.V. DOLGOLEVA 

Moscow State University, meh-mat 

NUMERICAL SOLUTION OF THE FOK KER-PLANK  
EQUATION SYSTEM  

Recently, difference schemes compatible with the differential equations that they 

approximate are increasingly being considered. In gas dynamics, such schemes were called 

completely conservative. In this paper, we consider consistent schemes for the Fokker-Plank 

equations. These equations describe many processes in physics and mechanics. In this paper, it 

is used to describe changes in the spectral density of radiation and energy of a substance as a 

result of spectral Compton scattering, which is often necessary for problems of controlled 

thermonuclear fusion. 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʚʩʝ ʯʘʱʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʨʘʟʥʦʩʪʥʳʝ ʩʭʝʤʳ, 

ʩʦʛʣʘʩʦʚʘʥʥʳʝ ʩ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʤʠ ʫʨʘʚʥʝʥʠʷʤʠ, ʢʦʪʦʨʳʝ ʦʥʠ 

ʘʧʧʨʦʢʩʠʤʠʨʫʶʪ. ɺ ʛʘʟʦʜʠʥʘʤʠʢʝ ʪʘʢʠʝ ʩʭʝʤʳ ʥʘʟʚʘʣʠ ʧʦʣʥʦʩʪʴʶ 

ʢʦʥʩʝʨʚʘʪʠʚʥʳʤʠ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʩʦʛʣʘʩʦʚʘʥʥʳʝ ʩʭʝʤʳ ʜʣʷ 

ʫʨʘʚʥʝʥʠʷ ʌʦʢʝʨʘ-ʇʣʘʥʢʘ. ʕʪʦ ʫʨʘʚʥʝʥʠʝ ʦʧʠʩʳʚʘʝʪ ʤʥʦʛʠʝ ʧʨʦʮʝʩʩʳ ʚ ʬʠʟʠʢʝ 

ʠ ʤʝʭʘʥʠʢʝ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʦʧʠʩʘʥʠʷ ʠʟʤʝʥʝʥʠʷ 

ʩʧʝʢʪʨʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʠ ʵʥʝʨʛʠʠ ʚʝʱʝʩʪʚʘ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʢʦʤʧʪʦʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ. ʕʪʦ ʫʨʘʚʥʝʥʠʝ ʧʦʣʫʯʝʥʦ ʚ 

ʧʨʠʙʣʠʞʝʥʠʠ ʂʦʤʧʘʥʝʡʮʘ /1/. ɺʭʦʜʷʱʠʡ ʚ ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʩʧʝʢʪʨʘʣʴʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʧʦʪʦʢ ï ʵʪʦ ʩʫʤʤʘ ʧʨʦʠʟʚʦʜʥʦʡ ʠ ʣʠʥʝʡʥʘʷ ʜʦʙʘʚʢʘ ʧʣʦʪʥʦʩʪʠ 

ʠʟʣʫʯʝʥʠʷ. 

ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʜʦʧʦʣʥʷʝʪʩʷ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʚʠʜʘ: ʧʦʪʦʢ ʥʘ 

ʛʨʘʥʠʮʘʭ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʠʥʪʝʨʚʘʣʘ ʨʘʚʝʥ ʥʫʣʶ. 
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ʉʪʨʫʢʪʫʨʘ ʵʪʦʛʦ ʫʨʘʚʥʝʥʠʷ ʩ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʜʠʢʪʫʝʪ ʪʨʠ ʩʚʦʡʩʪʚʘ, 

ʢʦʪʦʨʳʤ ʜʦʣʞʥʦ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʣʶʙʦʝ ʪʦʯʥʦʝ ʨʝʰʝʥʠʝ. 

ɺʦ-ʧʝʨʚʳʭ, ʧʨʠ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʘʭ ʚ ʫʨʘʚʥʝʥʠʷʭ ʨʝʰʝʥʠʝ 

ʜʦʣʞʥʦ ʙʳʪʴ ʧʦʣʦʞʠʪʝʣʴʥʦ. ɼʘʣʝʝ ʠʟ ʚʠʜʘ ʫʨʘʚʥʝʥʠʡ ʚʳʪʝʢʘʝʪ ʟʘʢʦʥ 

ʩʦʭʨʘʥʝʥʠʷ ʦʧʨʝʜʝʣʝʥʥʦʡ ʚʝʣʠʯʠʥʳ, ʥʘʟʦʚʝʤ ʝʛʦ ʯʠʩʣʦ ʯʘʩʪʠʮ. ʀ ʧʦʩʣʝʜʥʝʝ: 

ʥʘʣʠʯʠʝ ʨʘʚʥʦʚʝʩʥʦʛʦ ʨʝʰʝʥʠʷ.  

ɺʩʝ ʵʪʠ ʪʨʠ ʩʚʦʡʩʪʚʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʞʝʣʘʪʝʣʴʥʦ ʩʦʭʨʘʥʠʪʴ ʠ 

ʚ ʨʘʟʥʦʩʪʥʦʡ ʩʭʝʤʝ. ʂ ʪʦʤʫ ʞʝ ʧʨʠ ʟʘʧʠʩʠ ʨʘʟʥʦʩʪʥʦʡ ʩʭʝʤʳ ʚʩʪʘʶʪ ʚʦʧʨʦʩʳ 

ʪʦʯʥʦʩʪʠ ʠ ʫʩʪʦʡʯʠʚʦʩʪʠ. 

ʇʨʠ ʚʳʙʦʨʝ ʨʘʟʥʦʩʪʥʦʡ ʩʭʝʤʳ ʙʳʣʘ ʧʦʩʪʘʚʣʝʥʘ ʝʱʝ ʦʜʥʘ ʟʘʜʘʯʘ: ʟʘʧʠʩʘʪʴ 

ʩʭʝʤʫ ʪʘʢ, ʯʪʦʙʳ ʦʥʘ ʥʝ ʥʘʢʣʘʜʳʚʘʣʘ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʰʘʛ ʧʦ ʩʧʝʢʪʨʫ.  

ʇʨʠ ʟʘʧʠʩʠ ʨʘʟʥʦʩʪʥʦʡ ʩʭʝʤʳ ʜʣʷ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʦʙʝʩʧʝʯʠʪʴ 

ʚʳʧʦʣʥʝʥʠʝ ʯʠʩʣʘ ʯʘʩʪʠʮ ʥʝ ʩʣʦʞʥʦ, ʩʣʦʞʥʝʝ ʧʦʣʫʯʠʪʴ ʥʝʦʪʨʠʮʘʪʝʣʴʥʦʩʪʴ 

ʨʝʰʝʥʠʷ ʠ ʥʘʣʠʯʠʝ ʨʘʚʥʦʚʝʩʥʦʛʦ ʨʝʰʝʥʠʷ. 

ʇʦʩʢʦʣʴʢʫ ʨʝʰʝʥʠʝ ʦʧʨʝʜʝʣʝʥʦ ʚ ʧʦʣʫʮʝʣʳʭ ʫʟʣʘʭ, ʘ ʧʦʪʦʢ ʚ ʮʝʣʳʭ, ʪʦ ʝʩʪʴ 

ʥʝʢʘʷ ʚʦʣʴʥʦʩʪʴ, ʩʚʷʟʘʥʥʘʷ ʩ ʦʧʨʝʜʝʣʝʥʠʝʤ ʨʝʰʝʥʠʷ ʚ ʮʝʣʳʭ ʫʟʣʘʭ. ʉʘʤʦʝ 

ʧʨʦʩʪʦʝ ʧʦʣʦʞʠʪʴ ʝʛʦ ʨʘʚʥʳʤ ʧʦʣʫʩʫʤʤʝ ʟʥʘʯʝʥʠʡ ʚ ʜʚʫʭ ʩʦʩʝʜʥʠʭ ʫʟʣʘʭ. ʅʦ ʚ 

ʵʪʦʤ ʩʣʫʯʘʝ ʥʝʦʪʨʠʮʘʪʝʣʴʥʦʝ ʨʝʰʝʥʠʝ ʧʦʣʫʯʘʝʤ ʧʨʠ ʦʛʨʘʥʠʯʝʥʠʠ ʥʘ ʩʝʪʢʫ ʧʦ 

ʩʧʝʢʪʨʫ, ʯʝʛʦ ʭʦʪʝʣʦʩʴ ʙʳ ʠʟʙʝʞʘʪʴ ʩ ʩʘʤʦʛʦ ʥʘʯʘʣʘ. 

ɹʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʚʚʝʩʪʠ ʧʘʨʘʤʝʪʨ ŭ ʧʨʠ ʟʘʧʠʩʠ ʧʦʪʦʢʘ ʚ ʮʝʣʦʤ ʫʟʣʝ ʯʝʨʝʟ 

ʧʦʣʫʮʝʣʳʝ ʠ ʚʳʙʠʨʘʪʴ ʝʛʦ ʪʘʢ, ʯʪʦʙʳ ʧʦ ʩʭʝʤʝ ʧʦʣʫʯʠʪʴ ʨʘʚʥʦʚʝʩʥʳʝ ʠ 

ʥʝʦʪʨʠʮʘʪʝʣʴʥʳʝ ʨʝʰʝʥʠʷ. 

ʉʭʝʤʘ ʟʘʧʠʩʘʥʘ, ʧʦʢʘʟʘʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʭʝʤʳ. 

ʉʠʩʪʝʤʘ ʨʘʟʥʦʩʪʥʳʭ ʫʨʘʚʥʝʥʠʡ ʟʘʧʠʩʘʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʝʰʝʥʠʷ ʚ ʪʨʝʭ 

ʩʦʩʝʜʥʠʭ ʫʟʣʘʭ ʧʦ ʩʧʝʢʪʨʫ ʠ ʝʝ ʝʩʪʝʩʪʚʝʥʥʦ ʨʝʰʘʪʴ ʧʨʦʛʦʥʢʦʡ. ʅʦ ʢʦʨʨʝʢʪʥʦʩʪʴ 

ʧʨʦʛʦʥʢʠ (ʜʠʘʛʦʥʘʣʴʥʦʝ ʧʨʝʦʙʣʘʜʘʥʠʝ ʚ ʤʘʪʨʠʮʝ ʧʝʨʝʭʦʜʘ). ʜʠʢʪʫʝʪ 

ʦʛʨʘʥʠʯʝʥʠʝ ʥʘ ʚʨʝʤʝʥʥʦʡ ʰʘʛ.  

ʆʛʨʘʥʠʯʝʥʠʷ ʤʦʞʥʦ ʠʟʙʝʞʘʪʴ, ʝʩʣʠ ʧʨʠʤʝʥʠʪʴ ʤʝʪʦʜ ʩʦʧʨʷʞʝʥʥʦʡ ʧʨʦʛʦʥʢʠ 

(ʧʨʦʛʦʥʢʠ ʧʦ ʩʪʦʣʙʮʘʤ).  

ʏʠʩʣʝʥʥʘʷ ʧʨʦʚʝʨʢʘ ʨʘʩʩʤʦʪʨʝʥʥʦʛʦ ʤʝʪʦʜʘ ʩʯʝʪʘ ʩʧʝʢʪʨʘʣʴʥʦʛʦ 

ʢʦʤʧʪʦʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩʨʘʚʥʝʥʠʝʤ ʩ ʨʘʩʯʝʪʘʤʠ ʧʦ ʤʝʪʦʜʫ 

ʄʦʥʪʝ-ʂʘʨʣʦ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ʂ.ɺ. ɹʈʋʐʃʀʅʉʂʀʁ, ɽ.ɺ. ʉʊɽʇʀʅ 
ʀʥʩʪʠʪʫʪ ʧʨʠʢʣʘʜʥʦʡ ʤʘʪʝʤʘʪʠʢʠ ʠʤ. ʄ.ɺ. ʂʝʣʜʳʰʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʄɸʊɽʄɸʊʀʏɽʉʂɸʗ ʄʆɼɽʃʔ ʀ ʀʉʉʃɽɼʆɺɸʅʀɽ 

ʋʉʊʆʁʏʀɺʆʉʊʀ ʈɸɺʅʆɺɽʉʀʗ ʇʃɸɿʄʓ,  

ʆʂʈʋɾɸʖʑɽʁ ʇʈʆɺʆɼʅʀʂ ʉ ʊʆʂʆʄ 

ʄʘʛʥʠʪʥʳʝ ʣʦʚʫʰʢʠ-ʛʘʣʘʪʝʠ ʩ ʪʦʢʦʥʝʩʫʱʠʤʠ ʧʨʦʚʦʜʥʠʢʘʤʠ, ʧʦʛʨʫʞʸʥʥʳʤʠ ʚ 

ʧʣʘʟʤʫ, ʥʦ ʠʟʦʣʠʨʦʚʘʥʥʳʤʠ ʦʪ ʥʝʸ ï ʧʨʝʜʤʝʪ ʪʝʦʨʝʪʠʯʝʩʢʠʭ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ 

ʯʠʩʣʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʨʘʚʥʦʚʝʩʥʦʡ 

ʧʣʘʟʤʝʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʚʦʢʨʫʛ ʧʨʷʤʦʛʦ ʧʨʦʚʦʜʥʠʢʘ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʝʸ ʫʩʪʦʡʯʠʚʦʩʪʠ. 
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MATHEMATICAL MODEL AND STABILITY  
INVESTIGATION OF PLASMA EQUILIBRIUM AROUND A  

CURRENT-CARRYING CONDUCTOR  

Magnetic galatea-traps with current-carrying conductors immersed into plasma without 

contact with it are a permanent topic of theoretical, experimental and numerical investigations. 

The lecture presents a mathematical model of equilibrium plasma configurations around a 

straight conductor and its stability analysis. 

ʇʦʩʪʦʷʥʥʳʤ ʦʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʫʧʨʘʚʣʷʝʤʦʛʦ ʪʝʨʤʦʷʜʝʨʥʦʛʦ 

ʩʠʥʪʝʟʘ ʷʚʣʷʶʪʩʷ ʣʦʚʫʰʢʠ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʝ ʜʣʷ ʫʜʝʨʞʘʥʠʷ ʧʣʘʟʤʳ ʤʘʛʥʠʪʥʳʤ 

ʧʦʣʝʤ. ʇʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʧʝʨʩʧʝʢʪʠʚʥʳʡ ʢʣʘʩʩ ʣʦʚʫʰʝʢ, ʚ ʢʦʪʦʨʳʭ 

ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʩʦʟʜʘʝʪʩʷ ʧʨʦʚʦʜʥʠʢʘʤʠ ʩ ʪʦʢʦʤ, ʧʦʛʨʫʞʸʥʥʳʤʠ ʚ ʧʣʘʟʤʝʥʥʳʡ 

ʦʙʲʸʤ, ʥʦ ʥʝ ʩʦʧʨʠʢʘʩʘʶʱʠʤʠʩʷ ʩ ʛʦʨʷʯʝʡ ʧʣʘʟʤʦʡ. ɺʥʠʤʘʥʠʝ ʢ ʥʠʤ 

ʧʨʠʚʣʝʯʝʥʦ ɸ.ʀ. ʄʦʨʦʟʦʚʳʤ, ʥʘʟʚʘʚʰʠʤ ʠʭ çʛʘʣʘʪʝʷʤʠè [1]. ɺʘʞʥʫʶ ʨʦʣʴ ʚ 

ʨʘʟʨʘʙʦʪʢʝ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʛʘʣʘʪʝʡ ʠʛʨʘʶʪ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʠ 

ʨʘʩʯʸʪʳ ʩ ʧʦʤʦʱʴʶ ʩʦʚʨʝʤʝʥʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʢʦʤʧʣʝʢʩʦʚ [2,3]. 

ʀʩʧʦʣʴʟʫʶʪʩʷ ʧʣʘʟʤʦʩʪʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʩʪʨʦʛʦ ʨʘʚʥʦʚʝʩʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ 

ʫʜʝʨʞʠʚʘʝʤʦʡ ʧʣʘʟʤʳ ʠ ʧʣʘʟʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ï ʢʘʩʘʶʱʠʝʩʷ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʪʘʢʠʭ ʢʦʥʬʠʛʫʨʘʮʠʡ. 

ɺ ʜʦʢʣʘʜʝ ʧʨʦʙʣʝʤʘ ʫʩʪʦʡʯʠʚʦʩʪʠ ʨʘʩʩʤʦʪʨʝʥʘ ʥʘ ʧʨʠʤʝʨʝ ʢʦʣʴʮʝʚʦʡ 

ʢʦʥʬʠʛʫʨʘʮʠʠ, ʦʢʨʫʞʘʶʱʝʡ ʧʨʷʤʦʡ ʧʨʦʚʦʜʥʠʢ ʩ ʪʦʢʦʤ (ʨʠʩ. 1), ʢʦʪʦʨʫʶ 

ʩʣʝʜʫʝʪ ʩʯʠʪʘʪʴ ʧʨʦʩʪʝʡʰʠʤ ʵʣʝʤʝʥʪʦʤ ʦʢʨʝʩʪʥʦʩʪʠ ʧʨʦʚʦʜʥʠʢʘ ʚ ʣʶʙʦʡ 

ʛʘʣʘʪʝʝ. ʆʜʥʦʤʝʨʥʘʷ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʨʘʚʥʦʚʝʩʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ 

ʦʧʠʩʳʚʘʝʪʩʷ ʪʨʝʤʷ ʬʫʥʢʮʠʷʤʠ ï ʜʘʚʣʝʥʠʝʤ p(r), ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ H(r) ʠ ʧʣʦʪʥʦʩʪʴʶ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ j(r). ʆʥʠ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʜʚʫʤ 
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ʫʨʘʚʥʝʥʠʝʤ ʧʣʘʟʤʦʩʪʘʪʠʢʠ, ʧʦʵʪʦʤʫ ʤʥʦʛʦʦʙʨʘʟʠʝ ʢʦʥʬʠʛʫʨʘʮʠʡ ʟʘʚʠʩʠʪ ʦʪ 

ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʚʳʙʦʨʘ ʦʜʥʦʡ ʠʟ ʥʠʭ. ʋʜʦʙʥʦ ʟʘʜʘʚʘʪʴ ʜʘʚʣʝʥʠʝ p(r), 

ʦʙʨʘʱʘʶʱʝʝʩʷ ʚ ʥʫʣʴ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʦʚʦʜʥʠʢʘ (r = 1) ʠ ʠʤʝʶʱʝʝ ʤʘʢʩʠʤʫʤ 

p0 ʥʘ ʢʦʥʝʯʥʦʤ ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʥʝʛʦ (r = r1) (ʨʠʩ. 2). ʇʦʣʝ ʠ ʪʦʢ ʥʘʭʦʜʷʪʩʷ ʠʟ 

ʫʨʘʚʥʝʥʠʡ ʧʣʘʟʤʦʩʪʘʪʠʢʠ [3]. ʊʘʢʠʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʤʦʛʫʪ ʩʫʱʝʩʪʚʦʚʘʪʴ ʧʨʠ 

ʦʛʨʘʥʠʯʝʥʠʠ ʥʘ ʤʘʢʩʠʤʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ p0. 

  

ʈʠʩ. 1. ʇʨʦʚʦʜʥʠʢ ʠ ʝʛʦ ʦʢʨʝʩʪʥʦʩʪʴ ʈʠʩ. 2. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʜʘʚʣʝʥʠʷ ʧʣʘʟʤʳ 

ʄɻɼ-ʫʩʪʦʡʯʠʚʦʩʪʴ ʨʘʚʥʦʚʝʩʠʷ ʧʣʘʟʤʳ ʠʩʩʣʝʜʫʝʪʩʷ ʚ ʣʠʥʝʡʥʦʤ 

ʧʨʠʙʣʠʞʝʥʠʠ. ʃʠʥʝʘʨʠʟʦʚʘʥʥʳʝ ʥʘ ʩʦʩʪʦʷʥʠʠ ʧʦʢʦʷ ʄɻɼ-ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʤʘʣʳʭ 

ʪʨʸʭʤʝʨʥʳʭ ʚʦʟʤʫʱʝʥʠʡ ʩʚʦʜʷʪʩʷ ʧʨʠ ʥʘʣʠʯʠʠ ʩʠʤʤʝʪʨʠʠ ʢ ʩʠʩʪʝʤʘʤ 

ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʛʘʨʤʦʥʠʢ ʤʝʥʴʰʝʡ ʨʘʟʤʝʨʥʦʩʪʠ, ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ ʦʜʥʦʤʝʨʥʳʭ, ʠ 

ʚʦʧʨʦʩ ʦʙ ʫʩʪʦʡʯʠʚʦʩʪʠ ʨʝʰʘʝʪʩʷ ʣʠʙʦ ʤʝʪʦʜʦʤ çʩʪʨʝʣʴʙʳè, ʣʠʙʦ ʩ ʧʦʤʦʱʴʶ 

çʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʧʨʠʥʮʠʧʘè [4]. ɺ ʨʝʟʫʣʴʪʘʪʝ ʘʥʘʣʠʟʘ ʠ ʨʘʩʯʸʪʦʚ ʩʝʨʠʠ 

ʚʘʨʠʘʥʪʦʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʥʠ ʫʩʪʦʡʯʠʚʳ, 

ʝʩʣʠ ʚʥʝʰʥʷʷ ʛʨʘʥʠʮʘ r = R ʙʣʠʟʢʘ ʢ ʤʘʢʩʠʤʫʤʫ ʜʘʚʣʝʥʠʷ (r = r1), ʘ ʩ 

ʚʦʟʨʘʩʪʘʥʠʝʤ R ʪʨʝʙʦʚʘʥʠʝ ʫʩʪʦʡʯʠʚʦʩʪʠ ʫʩʠʣʠʚʘʝʪ ʫʢʘʟʘʥʥʦʝ ʚʳʰʝ 

ʦʛʨʘʥʠʯʝʥʠʝ ʥʘ ʤʘʢʩʠʤʫʤ ʜʘʚʣʝʥʠʷ p0. ʊʝʥʜʝʥʮʠʷ ʢ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʥʘʠʙʦʣʝʝ 

ʩʠʣʴʥʘ ʜʣʷ ʛʘʨʤʦʥʠʢ ʚʦʟʤʫʱʝʥʠʡ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳʭ exp (imjïikz), 

ʛʦʬʨʠʨʦʚʘʥʥʳʭ ʧʦ ʦʩʝʚʦʡ ʢʦʦʨʜʠʥʘʪʝ z ʠ ʥʝ ʟʘʚʠʩʷʱʠʭ ʦʪ ʘʟʠʤʫʪʘ j (m = 0). ʉ 

ʚʦʟʨʘʩʪʘʥʠʝʤ ʯʘʩʪʦʪʳ k ʵʪʘ ʪʝʥʜʝʥʮʠʠ ʫʩʠʣʠʚʘʝʪʩʷ, ʘ ʚ ʌʫʨʴʝ-ʛʘʨʤʦʥʠʢʘʭ ʩ 

ʙʦʣʴʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ m ï ʦʩʣʘʙʣʷʝʪʩʷ. 

ɹʦʣʝʝ ʧʦʜʨʦʙʥʦ ʤʦʜʝʣʴ ʢʦʥʬʠʛʫʨʘʮʠʡ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʧʨʦʚʦʜʥʠʢʘ 

ʦʙʩʫʞʜʘʝʪʩʷ ʚ [5]. 
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1.ʄ.ɸ.ʂʆʈʆʊʂʆɺɸ, 2ɸ.ʄ.ʂɸʄʀʆʅʉʂɸʗ ʀ 1,2ɽ.ɺ. ʂʆʈʆʊʂʆɺ 
1ʅʘʮʠʦʥʘʣʴʥʳʡ ʀʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʗʜʝʨʥʳʡ ʋʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2 ʌʝʜʝʨʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ çʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʦʩʥʦʚʳ ʙʠʦʪʝʭʥʦʣʦʛʠʠè 

ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʄɸʊɽʄɸʊʀʏɽʉʂʀʁ ʄɽʊʆɼ ʂʃɸʉʉʀʌʀʂɸʎʀʀ 

ʇʈʆʄʆʊʆʈʅʓʍ ʇʆʉʃɽɼʆɺɸʊɽʃʔʅʆʉʊɽʁ ʀɿ ɻɽʅʆʄɸ 

A.THALIANA  

ʄʘʪʝʤʘʪʠʯʝʩʢʠʡ ʤʝʪʦʜ ʜʣʷ ʩʦʟʜʘʥʠʷ ʢʣʘʩʩʦʚ ʧʨʦʤʦʪʦʨʥʳʭ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ. ʄʝʪʦʜ ʙʳʣ ʧʨʠʤʝʥʝʥ ʜʣʷ ʨʘʩʯʝʪʘ ʢʣʘʩʩʦʚ 

ʧʨʦʤʦʪʦʨʥʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʠʟ ʛʝʥʦʤʘ A.thaliana. ɺʩʝʛʦ ʙʳʣʦ ʧʦʣʫʯʝʥʦ 

16 ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʜʦʩʪʦʚʝʨʥʳʭ ʢʣʘʩʩʦʚ ʧʨʦʤʦʪʦʨʥʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝ ʩ 

ʨʘʟʤʝʨʘʤʠ ʢʣʘʩʩʦʚ ʦʪ 8000 ʜʦ 100 ʧʨʦʤʦʪʦʨʦʚ. ʇʦʣʫʯʝʥʥʳʝ ʢʣʘʩʩʳ ʧʦʟʚʦʣʷʶʪ 

ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʧʦʪʝʥʮʠʘʣʴʥʳʝ ʧʨʦʤʦʪʦʨʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʚ 

ʨʘʟʣʠʯʥʳʭ ʛʝʥʦʤʘʭ ʩ ʯʠʩʣʦʤ ʣʦʞʥʳʭ ʧʦʟʠʪʠʚʦʚ ʥʝ ʙʦʣʝʝ 103 ʥʘ ʛʝʥʦʤ. 
1M.A. Korotkova, 2.A.M.Kamionskya and 1,2E.V. Korotkov 

1National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russian Federation 
2Institute of Bioengineering, Research Center of Biotechnology of the Russian 

Academy of Sciences, Moscow, Russia. 

A mathematical method for the classification of promoter sequences from the 

A.thaliana genome 

A mathematical method for creating classes of promoter sequences has been 

developed. The method was used to calculate the classes of promoter sequences from 

the A.thaliana genome. A total of 16 statistically significant classes of promoter 

sequences were obtained with class sizes ranging from 8,000 to 100 promoters. The 

classes obtained allow us to identify potential promoter sequences in various genomes 

with the number of false positives not exceeding 103 per genome. 

ʈʘʥʝʝ ʤʳ ʨʘʟʨʘʙʦʪʘʣʠ ʤʘʪʝʤʘʪʠʯʝʩʢʠʡ ʤʝʪʦʜ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʥʦʞʝʩʪʚʝʥʥʦʛʦ 

ʚʳʨʘʚʥʠʚʘʥʠʷ ʜʣʷ ʩʠʣʴʥʦ ʨʘʟʣʠʯʘʶʱʠʭʩʷ ʥʫʢʣʝʦʪʠʜʥʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ 

(MAVDS). ʇʦʜ ʩʠʣʴʥʦ ʨʘʟʣʠʯʘʶʱʠʤʠʩʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʷʤʠ ʙʫʜʝʤ ʧʦʥʠʤʘʪʴ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ, ʥʘʢʦʧʠʚʰʠʝ ʙʦʣʝʝ 2.5 ʩʣʫʯʘʡʥʳʭ ʟʘʤʝʥ (x) ʥʘ ʦʜʠʥ 

ʥʫʢʣʝʦʪʠʜ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ. MAVDS ʧʦʟʚʦʣʷʝʪ ʩʪʨʦʠʪʴ ʩʪʘʪʠʩʪʠʯʝʩʢʠ 

ʟʥʘʯʠʤʳʝ ʚʳʨʘʚʥʠʚʘʥʠʷ ʜʣʷ x ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 2.5 ʜʦ 4.4. ʄʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʨʘʥʝʝ 

ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʘʣʛʦʨʠʪʤʳ ʤʦʛʫʪ ʩʪʨʦʠʪʴ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʟʥʘʯʠʤʳʝ 

ʤʥʦʞʝʩʪʚʝʥʥʳʝ ʚʳʨʘʚʥʠʚʘʥʠʷ ʜʦ x<2.5. ʕʪʦʪ ʤʝʪʦʜ ʙʳʣ ʧʨʠʤʝʥʝʥ ʜʣʷ 

ʧʦʩʪʨʦʝʥʠʷ ʤʥʦʞʝʩʪʚʝʥʥʦʛʦ ʚʳʨʘʚʥʠʚʘʥʠʷ ʜʣʷ ʧʨʦʤʦʪʦʨʥʳʭ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʠʟ ʛʝʥʦʤʘ A.thaliana. ʈʘʥʝʝ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʟʥʘʯʠʤʦʝ 

ʤʥʦʞʝʩʪʚʝʥʥʦʝ ʚʳʨʘʚʥʠʚʘʥʠʝ ʤʥʦʞʝʩʪʚʝʥʥʦʝ ʚʳʨʘʚʥʠʚʘʥʠʝ ʥʝ ʙʳʣʦ ʧʦʩʪʨʦʝʥʦ 

ʜʣʷ ʧʨʦʤʦʪʦʨʥʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ, ʪʘʢ ʢʘʢ ʜʣʷ ʥʠʭ x=3,7. ʇʨʦʤʦӢʪʦʨ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ɼʅʂ, ʢʦʪʦʨʘʷ ʫʟʥʘʝʪʩʷ ʈʅʂ 

ʧʦʣʠʤʝʨʘʟʦʡ ʢʘʢ ʩʪʘʨʪʦʚʘʷ ʧʣʦʱʘʜʢʘ ʜʣʷ ʥʘʯʘʣʘ ʪʨʘʥʩʢʨʠʧʮʠʠ. ʇʨʦʤʦʪʦʨʥʳʝ 
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ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩ ʩʘʡʪʘ: https://epd.epfl.ch//index.php [1]. ʄʳ 

ʠʩʧʦʣʴʟʦʚʘʣʠ 22694 ʧʨʦʤʦʪʦʨʥʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʠʟ ʛʝʥʦʤʘ A.Thaliana. 

ʆʙʦʟʥʘʯʠʤ ʤʥʦʞʝʩʪʚʦ ʵʪʠʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʢʘʢ S. ʂʘʞʜʳʡ ʠʟ ʧʨʦʤʦʪʦʨʦʚ 

ʠʤʝʣ ʜʣʠʥʫ ʨʘʚʥʫʶ 600 ʥʫʢʣʝʦʪʠʜʘʤ. ʇʨʦʤʦʪʦʨ ʚʢʣʶʯʘʣ ʚ ʩʚʦʡ ʩʦʩʪʘʚ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʦʪ -499 ʜʦ +100 ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʝʨʚʦʛʦ ʦʩʥʦʚʘʥʠʡ ʧʝʨʚʦʛʦ 

ʢʦʜʦʥʘ (+1 ʧʦʟʠʮʠʷ ʛʝʥʘ). ɼʣʷ ʩʦʟʜʘʥʠʷ ʢʣʘʩʩʦʚ ʧʨʦʤʦʪʦʨʥʳʭ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʤʳ ʚʥʘʯʘʣʝ ʤʝʪʦʜʦʤ MAVDS ʩʪʨʦʠʣʠ ʤʥʦʞʝʩʪʚʝʥʥʦʝ 

ʚʳʨʘʚʥʠʚʘʥʠʝ ʜʣʷ ʚʩʝʭ 22694 ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʳ ʧʦʣʫʯʘʣʠ 

ʤʥʦʞʝʩʪʚʝʥʥʦʝ ʚʳʨʘʚʥʠʚʘʥʠʝ ʜʣʷ ʢʦʪʦʨʦʛʦ ʤʳ ʨʘʩʩʯʠʪʳʚʘʣʠ ʧʦʟʠʮʠʦʥʥʦ 

ʚʝʩʦʚʫʶ ʤʘʪʨʠʮʫ W(600,16). ʆʜʥʘʢʦ, ʥʝ ʚʩʝ ʧʨʦʤʦʪʦʨʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ 

ʠʟ ʤʥʦʞʝʩʪʚʘ S ʤʦʛʫʪ ʠʤʝʪʴ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʟʥʘʯʠʤʦʝ ʚʳʨʘʚʥʠʚʘʥʠʝ ʩ ʤʘʪʨʠʮʝʡ 

W(600,16). ʇʦʵʪʦʤʫ ʤʳ ʚʳʨʘʚʥʠʚʘʣʠ ʢʘʞʜʫʶ ʧʨʦʤʦʪʦʨʥʫʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

ʠʟ ʤʥʦʞʝʩʪʚʘ S ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʪʨʠʮʳ W(600,16).  ɿʘʪʝʤ ʚ ʧʝʨʚʳʡ ʢʣʘʩʩ 

ʤʳ ʚʳʙʠʨʘʣʠ ʪʘʢʠʝ ʧʨʦʤʦʪʦʨʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʠʟ ʤʥʦʞʝʩʪʚʘ S, ʢʦʪʦʨʳʝ 

ʠʤʝʶʪ ʥʝʩʣʫʯʘʡʥʦʝ ʚʳʨʘʚʥʠʚʘʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʪʨʠʮʳ W(600,16). ʊʘʢʠʝ 

ʧʨʦʤʦʪʦʨʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢ ʦʜʥʦʤʫ ʢʣʘʩʩʫ. ʕʪʦʪ ʢʣʘʩʩ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʤʘʪʨʠʮʝʡ W(600,16). ɼʣʷ ʩʦʟʜʘʥʠʷ ʜʘʣʴʥʝʡʰʠʭ ʢʣʘʩʩʦʚ ʤʳ 

ʫʜʘʣʷʣʠ ʠʟ ʤʥʦʞʝʩʪʚʘ S ʚʩʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʥʝʩʣʫʯʘʡʥʦʝ 

ʚʳʨʘʚʥʠʚʘʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʪʨʠʮʳ W(600,16) ʠ ʧʦʣʫʯʘʣʠ ʤʥʦʞʝʩʪʚʦ S1. 

ɼʘʣʝʝ ʜʣʷ S1 ʠʪʝʨʘʪʠʚʥʦ ʧʦʚʪʦʨʷʣʘʩʴ ʧʨʦʮʝʜʫʨʘ ʩʦʟʜʘʥʠʷ ʢʣʘʩʩʘ, ʢʘʢ ʵʪʦ ʙʳʣʦ 

ʩʜʝʣʘʥʦ ʚʳʰʝ ʜʣʷ ʤʥʦʞʝʩʪʚʘ S . ɽʩʣʠ ʚ ʭʦʜʝ ʠʪʝʨʘʪʠʚʥʦʡ ʧʨʦʮʝʜʫʨʳ ʦʙʲʝʤ 

ʤʥʦʞʝʩʪʚʘ S ʩʪʘʥʦʚʠʣʩʷ ʤʝʥʝʝ 100 ʧʨʦʤʦʪʦʨʦʚ ʪʦ ʧʨʦʮʝʜʫʨʘ ʢʣʘʩʩʠʬʠʢʘʮʠʠ 

ʦʩʪʘʥʘʚʣʠʚʘʣʘʩʴ. ɺʩʝʛʦ ʫʜʘʣʦʩʴ ʩʦʟʜʘʪʴ 16 ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʟʥʘʯʠʤʳʭ ʢʣʘʩʩʦʚ 

ʧʨʦʤʦʪʦʨʥʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʩ ʦʙʲʝʤʘʤʠ ʢʣʘʩʩʦʚ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 8000 ʜʦ 

100. 
1. Dreos R. et al. The eukaryotic promoter database in its 30th year: focus on non-vertebrate 

organisms // Nucleic Acids Res. Narnia, 2017. Vol. 45, ˉ D1. P. D51ïD55. 
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ɹ.ʄ. ɸɹɼʋʈɸʍʄɸʅʆɺ, ʄ.ʄ. ɸɼʀʃʆɺ, ʄ.ʐ. ʂʋʈɹɸʅʆɺ 
ʀʥʩʪʠʪʫʪ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʳʭ ʠ ʣʘʟʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ɸʢʘʜʝʤʠʠ ʥʘʫʢ  

ʈʝʩʧʫʙʣʠʢʠ ʋʟʙʝʢʠʩʪʘʥ, ʊʘʰʢʝʥʪ, ʋʟʙʝʢʠʩʪʘʥ 

 

ʇʈɽʆɹʈɸɿʆɺɸʊɽʃʀ ʊɽʇʃʆɺʆʁ ʕʅɽʈɻʀʀ ʅɸ  

ʆʉʅʆɺɽ ɻʈɸʅʋʃʀʈʆɺɸʅʅʆɻʆ ʂʈɽʄʅʀʗ 

ʇʨʠʤʝʥʝʥʠʝ ʛʨʘʥʫʣʠʨʦʚʘʥʥʦʛʦ ʢʨʝʤʥʠʷ (ɻʂ) ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʪʴ ʧʦʜʦʙʠʝ ʩʠʩʪʝʤʳ 

çʵʣʝʢʪʨʦʥʥʳʡ ʢʨʠʩʪʘʣʣ-ʬʦʥʦʥʥʦʝ ʩʪʝʢʣʦè ʠ ʩʥʠʟʠʪʴ ʩʪʦʠʤʦʩʪʴ ʤʘʪʝʨʠʘʣʦʚ. ʅʘ ɻʂ ʠʟ 

ʢʨʝʤʥʠʝʚʦʛʦ ʰʣʘʤʘ ʠ ʩʢʨʘʙʘ ʫʜʘʝʪʩʷ ʧʦʣʫʯʠʪʴ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ ~500 

ʤʢɺ/ʛʨʘʜ, ʘ ʚʝʣʠʯʠʥʫ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʩʥʠʟʠʪʴ ʚ 7-9 ʨʘʟ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʤʦʥʦʢʨʠʩʪʘʣʣʣʠʯʝʩʢʠʤ ʢʨʝʤʥʠʝʤ. ɺʳʩʦʢʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ ɻʂ ʧʨʝʜʣʘʛʘʝʪʩʷ ʜʦʩʪʠʛʘʪʴ ʟʘ 

ʩʯʝʪ ʦʨʛʘʥʠʟʘʮʠʠ ʨʝʟʦʥʘʥʩʥʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʥʦʩʠʪʝʣʝʡ ʪʦʢʘ ʯʝʨʝʟ ʥʘʥʦʨʘʟʤʝʨʥʫʶ 

ʧʣʝʥʢʫ ʦʢʠʩʣʘ, ʧʦʢʨʳʚʘʶʱʝʛʦ ʯʘʩʪʠʮʳ ɻʂ. 

B.M. ABDURAKHMANOV , M.M. ADILOV , M.SH. KURBANOV 

Arifov Institute of Ion-Plasma and Laser Technologies, Academy of Sciences of the 

Republic of Uzbekistan, Tashkent, Uzbekistan 

HEAT ENERGY CONVERTERS BASED ON  

GRANULATED SILICON  

The use of granular silicon (GS) makes it possible to create a system like ñelectronic 

crystal-phonon glassò and reduce the cost of materials. With GS from silicon sludge and scrub it 

is possible to obtain the Zeebeck coefficient values of ~500 ɛV / deg and reduce the thermal 

conductivity by 7ï9 times as compared with single-crystal silicon. The high conductivity of GS 

can be achieved by resonant tunneling of current carriers through a nanoscale oxide film 

covering the GS particles. 

ʆʜʥʦ ʠʟ ʚʦʟʤʦʞʥʳʭ ʨʝʰʝʥʠʡ ʟʘʜʘʯʠ ʧʦʚʳʰʝʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʜʦʙʨʦʪʥʦʩʪʠ (Z) ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ (ʇʊʕ) ʙʘʟʠʨʫʝʪʩʷ ʥʘ 

ʩʦʟʜʘʥʠʠ ʩʠʩʪʝʤʳ çʵʣʝʢʪʨʦʥʥʳʡ ʢʨʠʩʪʘʣʣ-ʬʦʥʦʥʥʦʝ ʩʪʝʢʣʦè (ʕʂ-ʌʉ), ʯʪʦ 

ʨʝʘʣʠʟʫʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝʤ ʜʦʨʦʛʦʩʪʦʷʱʠʭ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ. ɼʨʫʛʘʷ ʧʨʦʙʣʝʤʘ ʚ 

ʵʪʦʡ ʦʙʣʘʩʪʠ ʪʝʭʥʠʢʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʘʭʦʞʜʝʥʠʠ ʙʦʣʝʝ ʜʝʰʝʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ 

ʇʊʕ ʚʟʘʤʝʥ ʜʦʨʦʛʦʩʪʦʷʱʠʭ ʩʫʱʝʩʪʚʫʶʱʠʭ ʚʦʦʙʱʝ ʜʘʣʝʢʘ ʦʪ ʩʚʦʝʛʦ ʨʝʰʝʥʠʷ. 

ʀʩʢʦʤʦʝ ʪʝʭʥʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʚʦʟʤʦʞʥʦ ʧʫʪʝʤ ʚʦʚʣʝʯʝʥʠʷ ʚ ʩʬʝʨʫ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʨʘʟʣʠʯʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʥʝ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ, ʤʦʥʦʢʨʠʩʪʘʣʣʳ, ʢʦʪʦʨʦʛʦ ʚ ʩʠʣʫ ʤʘʣʦʛʦ 

ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ (a) ʠ, ʥʘʦʙʦʨʦʪ, ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ (ɔ), ʚ ʵʪʦʤ ʢʘʯʝʩʪʚʝ ʥʝ ʧʨʠʛʦʜʥʳ.  

ʅʘʤʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʣʝʛʠʨʦʚʘʥʠʠ ʢʨʝʤʥʠʷ ʛʣʫʙʦʢʠʤʠ ʧʨʠʤʝʩʷʤʠ ʜʦ 

ʚʳʩʦʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʡ, ʠʣʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ 

ʫʜʘʝʪʩʷ ʧʦʚʳʩʠʪʴ ʚ 2 ʨʘʟʘ a ʠ ʩʥʠʟʠʪʴ ɔ ʟʘ ʩʯʝʪ ʧʨʦʷʚʣʝʥʠʷ ʪʝʧʣʦʚʦʣʴʪʘʠʯʝʩʢʦʛʦ 

ʵʬʬʝʢʪʘ, ʟʘʢʣʶʯʘʶʱʝʛʦʩʷ ʚ ʛʝʥʝʨʘʮʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʩ ʧʦʛʣʦʱʝʥʠʝʤ 

ʩʫʙʟʦʥʥʳʭ ʬʦʪʦʥʦʚ ʩ ʫʯʘʩʪʠʝʤ ʛʣʫʙʦʢʠʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ. ʆʧʪʠʤʘʣʴʥʳʤ 
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ʚʘʨʠʘʥʪʦʤ ʜʣʷ ʧʨʦʷʚʣʝʥʠʷ ʪʝʧʣʦʚʦʣʴʪʘʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʷʚʣʷʝʪʩʷ ʠʟʛʦʪʦʚʣʝʥʠʝ 

ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʇʊʕ ʠʟ ɻʂ, ʪʦ ʝʩʪʴ ʠʟ ʢʨʝʤʥʠʝʚʦʛʦ ʧʦʨʦʰʢʘ ʩ ʟʘʜʘʥʥʦʡ 

ʟʝʨʥʠʩʪʦʩʪʴʶ ʠ ʫʨʦʚʥʝʤ ʣʝʛʠʨʦʚʘʥʠʷ ʠʩʭʦʜʥʦʛʦ ʩʳʨʴʷ, ʚ ʢʦʪʦʨʦʤ ʯʘʩʪʠʮʳ 

ʧʦʨʦʰʢʘ ʧʨʠʚʝʜʝʥʳ ʚ ʩʦʧʨʠʢʦʩʥʦʚʝʥʠʝ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʙʝʟ ʨʘʟʨʫʰʝʥʠʷ 

ʥʘʥʦʨʘʟʤʝʨʥʦʡ ʧʣʝʥʢʠ SiO2, ʥʝʠʟʙʝʞʥʦ ʚʦʟʥʠʢʘʶʱʝʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʠʭ 

ʢʦʥʪʘʢʪʝ ʩ ʢʠʩʣʦʨʦʜʦʤ ʚʦʟʜʫʭʘ. ʅʝ ʪʨʫʜʥʦ ʚʠʜʝʪʴ, ʯʪʦ ʧʦʜʦʙʥʳʡ ʤʘʪʝʨʠʘʣ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʫʶ ʩʠʩʪʝʤʫ, ʧʦʜʦʙʥʫʶ ʠʩʢʦʤʦʡ ʕʂ-ʌʉ, ʜʣʷ 

ʢʦʪʦʨʦʡ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ ʠʤʝʝʪ ʚʠʜ:  

 : ̞̕ a  s Ⱦɾ , ʛʜʝ a  - ʢʦʵʬʬʠʮʠʝʥʪ ɿʝʝʙʝʢʘ ʩʘʤʦʡ ʢʨʝʤʥʠʝʚʦʡ 

ʯʘʩʪʠʮʳ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ ʨʝʛʫʣʠʨʦʚʘʪʴ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ, ʜʝʬʝʢʪʥʦʩʪʴʶ ʠʭ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʣʝʛʠʨʦʚʘʥʠʝʤ ʛʣʫʙʦʢʠʤʠ ʧʨʠʤʝʩʷʤʠ, ʚ ʪʦʤ ʯʠʩʣʝ, ʧʨʦʩʪʦ 

ʚʳʙʦʨʦʤ ʢʨʝʤʥʠʝʚʦʛʦ ʩʳʨʴʷ, ʚ ʢʦʪʦʨʦʤ ʠʤʝʶʪʩʷ ʧʦʜʦʙʥʳʝ ʧʨʠʤʝʩʠ, ʥʘʧʨʠʤʝʨ, 

ʪʝʭʥʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ; ɾ  ï ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʜʚʫʦʢʠʩʠ ʢʨʝʤʥʠʷ, ʚʝʣʠʯʠʥʘ 

ʢʦʪʦʨʦʡ, ʢʘʢ ʠʟʚʝʩʪʥʦ, ʥʘʤʥʦʛʦ ʤʝʥʴʰʝ ʪʘʢʦʚʦʡ ʫ ʢʨʝʤʥʠʷ; s  ï 

ʧʨʦʚʦʜʠʤʦʩʪʴ ʦʢʠʩʣʘ, ʪʦ ʝʩʪʴ ʧʘʨʘʤʝʪʨ, ʢʦʪʦʨʳʡ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ Z ʥʫʞʥʦ 

ʤʘʢʩʠʤʘʣʴʥʦ ʫʚʝʣʠʯʠʪʴ.  

ʅʘ ʇʊʕ, ʚʳʧʦʣʥʝʥʥʳʭ ʠʟ ɻʂ ʩ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ ~30 ʤʢʤ, ʧʨʠ ~500ʂ 

ʚʝʣʠʯʠʥʘ a ʩʦʩʪʘʚʠʣʘ ~500 ʤʢɺ/ʛʨʘʜ, ʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʩʥʠʞʝʥʘ ʚ 7-9 ʨʘʟ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʢʨʝʤʥʠʝʤ. ʆʙʩʫʞʜʘʶʪʩʷ ʢʦʥʩʪʨʫʢʮʠʠ ʇʊʕ, 

ʨʘʙʦʯʝʝ ʪʝʣʦ ʫ ʢʦʪʦʨʳʭ ʚʳʧʦʣʥʝʥʦ ʠʟ ʠʟʦʪʠʧʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠʣʠ, ʥʘʦʙʦʨʦʪ, 

ʠʤʝʝʪ ʦʙʣʘʩʪʠ ʠʟ ɻʂ ʩ ʨʘʟʣʠʯʥʳʤ ʪʠʧʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʧʦʚʳʰʝʥʠʷ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚʦʟʤʦʞʥʦ ʜʦʩʪʠʯʴ ʠʣʠ ʩʦʟʜʘʥʠʝʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

SiO2 ʣʦʢʘʣʴʥʳʭ ʥʘʥʦʪʦʣʱʠʥʥʳʭ ʦʩʪʨʦʚʢʦʚ ʠʟ ʧʨʦʚʦʜʷʱʝʛʦ ʤʘʪʝʨʠʘʣʘ, 

ʥʘʧʨʠʤʝʨ, ʠʟ SnO2, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʩʚʦʝʦʙʨʘʟʥʳʤ çʧʣʘʮʜʘʨʤʦʤè ʜʣʷ 

ʪʫʥʥʝʣʠʨʫʶʱʠʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʠʣʠ ʦʨʛʘʥʠʟʘʮʠʝʡ ʨʝʟʦʥʘʥʩʥʦʛʦ 

ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ , ʜʣʷ ʯʝʛʦ ʚ SiO2 ʥʝʦʙʭʦʜʠʤʦ ʩʦʟʜʘʪʴ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʫʨʦʚʥʠ ʫ ʜʥʘ ʟʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʢʠʩʣʘ, ʦʪʚʝʯʘʶʱʠʝ 

ʦʧʨʝʜʝʣʝʥʥʳʤ ʫʩʣʦʚʠʷʤ. ʆʙʩʫʞʜʘʶʪʩʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʨʠʝʤʳ ʨʝʘʣʠʟʘʮʠʠ 

ʵʪʦʡ ʟʘʜʘʯʠ. 
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ɻ. ɸɹɼʋʈɸʍʄʆʅʆɺ1, ɻ. ɺɸʍʀɼʆɺɸ1,  

ɼ.ɸ. ʊɸʐʄʋʍɸʄɽɼʆɺɸ2, ʄ.ɹ. ʖʉʋʇɾʆʅʆɺɸ2,  

ɹ.ɽ. ʋʄʀʈɿɸʂʆɺ2 

1ʊʘʰʢʝʥʪʩʢʠʡ ɻʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʊʝʭʥʠʯʝʩʢʠʡ ʋʥʠʚʝʨʩʠʪʝʪ, ʋʟʙʝʢʠʩʪʘʥ 
2 ʅʘʮʠʦʥʘʣʴʥʳʡ ʋʥʠʚʝʨʩʠʪʝʪ ʋʟʙʝʢʠʩʪʘʥʘ, ʊʘʰʢʝʥʪ, ʋʟʙʝʢʠʩʪʘʥ 

 

ʇʈʆɹʃɽʄʓ ʀʉʇʆʃʔɿʆɺɸʅʀʗ ɺʊʆʈʀʏʅʓʍ  

ʕʅɽʈɻʆʈɽʉʋʈʉʆɺ 

ʆʮʝʥʝʥ ʦʙʲʝʤ ʚʪʦʨʠʯʥʳʭ ʵʥʝʨʛʦʨʝʩʫʨʩʦʚ (ʙʨʦʩʦʚʦʛʦ ʪʝʧʣʘ) ʚ ʋʟʙʝʢʠʩʪʘʥʝ ʧʦ 

ʠʩʪʦʯʥʠʢʘʤ ʠʭ ʦʙʨʘʟʦʚʘʥʠʷ (ʦʢʦʣʦ 200 ʤʣʨʜ ʢɺʪ*ʯ ʚ ʛʦʜ), ʨʘʩʩʤʦʪʨʝʥʳ ʵʢʦʥʦʤʠʯʝʩʢʠʝ ʠ 

ʵʢʦʣʦʛʠʯʝʩʢʠʝ ʩʣʝʜʩʪʚʠʷ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ. ʇʦʢʘʟʘʥʳ ʚʦʟʤʦʞʥʳʝ ʧʫʪʠ ʨʝʰʝʥʠʷ ʥʘʫʯʥʦ-

ʪʝʭʥʠʯʝʩʢʠʭ ʧʨʦʙʣʝʤ, ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚʪʦʨʠʯʥʳʭ ʵʥʝʨʛʦʨʝʩʫʨʩʦʚ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ. 
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PROBLEMS OF SECONDARY ENERGY RESOURCES 

USAGE 

The volume of secondary energy resources (waste heat) in Uzbekistan is estimated by the 

sources of their formation (about 200 billion kWh per year), the economic and environmental 

consequences of their use are considered. Possible ways of solving scientific and technical 

problems arising from the use of secondary energy resources, in particular, to generate 

electricity, are shown. 

ʇʦʪʨʝʙʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ï ʥʘʠʙʦʣʝʝ ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʠ ʫʜʦʙʥʦʡ 

ʬʦʨʤʳ ʠʩʧʦʣʴʟʫʝʤʦʡ ʵʥʝʨʛʠʠ ï ʥʘ ʜʫʰʫ ʥʘʩʝʣʝʥʠʷ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʚʘʞʥʳʭ 

ʧʦʢʘʟʘʪʝʣʝʡ ʩʪʝʧʝʥʠ ʨʘʟʚʠʪʠʷ ʩʦʚʨʝʤʝʥʥʦʛʦ ʦʙʱʝʩʪʚʘ. ɼʣʷ ʥʝʧʨʝʨʳʚʥʦʛʦ 

ʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ ʣʶʙʦʛʦ ʛʦʩʫʜʘʨʩʪʚʘ ʪʨʝʙʫʝʪʩʷ ʨʦʩʪ ʝʝ ʧʨʦʠʟʚʦʜʩʪʚʘ. 

ʆʜʥʘʢʦ ʩʦʚʨʝʤʝʥʥʦʝ ʧʨʦʠʟʚʦʜʩʪʚʦ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 

ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʚʳʙʨʦʩʦʤ ʚ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ ʜʦ 50-70 % ʵʥʝʨʛʠʠ ʧʝʨʚʠʯʥʳʭ 

ʵʥʝʨʛʦʥʦʩʠʪʝʣʝʡ (ʧʨʠʨʦʜʥʳʡ ʛʘʟ, ʥʝʬʪʴ, ʫʛʦʣʴ) ʚ ʚʠʜʝ ʙʨʦʩʦʚʦʛʦ ʪʝʧʣʘ. ɺ 

ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ ʧʨʦʮʝʩʩʘʭ ʪʘʢʞʝ ʜʦ 80 % ʵʥʝʨʛʠʠ (ʚ ʪʦʤ ʯʠʩʣʝ ʠ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ) ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ ʙʨʦʩʦʚʦʝ ʪʝʧʣʦ. ɺʩʝ ʵʪʦ ʙʨʦʩʦʚʦʝ ʪʝʧʣʦ ʦʙʨʘʟʫʝʪ 

ʚʪʦʨʠʯʥʳʝ ʵʥʝʨʛʦʨʝʩʫʨʩʳ (ɺʕʈ), ʢʦʪʦʨʳʝ ʥʝ ʪʦʣʴʢʦ ʩʲʝʜʘʶʪ ʙʦʣʴʰʫʶ ʯʘʩʪʴ 

ʵʥʝʨʛʠʠ ʧʝʨʚʠʯʥʳʭ ʵʥʝʨʛʦʥʦʩʠʪʝʣʝʡ, ʥʦ ʠ ʥʘʥʦʩʷʪ ʚʨʝʜ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʝ 

(ʪʝʧʣʦʚʦʝ ʟʘʛʨʷʟʥʝʥʠʝ). ʇʦʵʪʦʤʫ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʵʥʝʨʛʠʠ ɺʕʈ ʚ ʵʣʝʢʪʨʠʯʝʩʢʫʶ 

ʧʦʟʚʦʣʷʝʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʵʢʦʥʦʤʠʪʴ ʧʝʨʚʠʯʥʳʝ ʵʥʝʨʛʦʥʦʩʠʪʝʣʠ (ʧʨʠʨʦʜʥʳʡ ʛʘʟ, 



155 
 

ʥʝʬʪʴ, ʫʛʦʣʴ) ʠ ʫʣʫʯʰʠʪʴ ʵʢʦʣʦʛʠʯʝʩʢʫʶ ʦʙʩʪʘʥʦʚʢʫ, ʪ.ʝ. ʷʚʣʷʝʪʩʷ çʟʝʣʝʥʦʡè 

ʵʥʝʨʛʝʪʠʢʦʡ ʚ ʧʦʣʥʦʤ ʩʤʳʩʣʝ. 

ʋʩʪʘʥʦʚʢʠ ʆʎʈ [1], ʦʪʣʠʯʘʶʱʠʝʩʷ ʦʪ ʦʙʳʯʥʳʭ ʪʝʧʣʦʚʳʭ ʵʣʝʢʪʨʦʩʪʘʥʮʠʡ ʩ 

ʧʘʨʦʚʦʡ ʪʫʨʙʠʥʦʡ ʠ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʤ ʛʝʥʝʨʘʪʦʨʦʤ ʪʝʤ, ʯʪʦ ʚʤʝʩʪʦ ʚʦʜʳ 

ʧʨʠʤʝʥʷʝʪʩʷ ʣʝʛʢʦʢʠʧʷʱʘʷ ʦʨʛʘʥʠʯʝʩʢʘʷ ʞʠʜʢʦʩʪʴ (ʘʥʘʣʦʛ ʬʨʝʦʥʘ), ʜʦʨʦʛʠʝ ʠ 

ʩʣʦʞʥʳʝ ʚ ʵʢʩʧʣʫʘʪʘʮʠʠ ʠʟ-ʟʘ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʛʝʨʤʝʪʠʟʘʮʠʠ ʚʩʝʛʦ ʧʘʨʦʚʦʛʦ 

ʪʨʘʢʪʘ, ʨʘʙʦʪʘʶʱʝʛʦ ʧʨʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷʭ (20-30 ʄʇʘ). ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʢʦʪʣʦʚ-ʫʪʠʣʠʟʘʪʦʨʦʚ ʠʣʠ ʘʙʩʦʨʙʮʠʦʥʥʳʭ ʯʠʣʣʝʨʦʚ (ʭʦʣʦʜʠʣʴʥʠʢʦʚ) 

ʧʦʪʨʝʙʫʝʪʩʷ ʩʪʨʦʠʪʝʣʴʩʪʚʦ ʜʦʨʦʛʠʭ ʪʝʧʣʦʪʨʘʩʩ ʠʣʠ ʭʣʘʜʦʧʨʦʚʦʜʦʚ ʦʪ ʠʩʪʦʯʥʠʢʘ 

ɺʕʈ ʜʦ ʧʦʪʨʝʙʠʪʝʣʷ, ʢʦʪʦʨʳʝ ʦʙʳʯʥʦ ʥʘʭʦʜʷʪʩʷ ʥʘ ʟʥʘʯʠʪʝʣʴʥʦʤ ʫʜʘʣʝʥʠʠ ʜʨʫʛ 

ʦʪ ʜʨʫʛʘ.  

ʇʦʵʪʦʤʫ ʚʦ ʚʩʝʤ ʤʠʨʝ ʠʜʝʪ ʠʥʪʝʥʩʠʚʥʳʡ ʧʦʠʩʢ ʜʨʫʛʠʭ ʬʠʟʠʯʝʩʢʠʭ 

ʧʨʠʥʮʠʧʦʚ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʚ ʵʣʝʢʪʨʠʯʝʩʢʫʶ, ʩʨʝʜʠ ʥʠʭ 

ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʩʯʠʪʘʝʪʩʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʩʧʦʩʦʙ. ɺ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ ʥʝʪ ʧʦʜʚʠʞʥʳʭ ʯʘʩʪʝʡ, ʦʥʠ ʙʝʩʰʫʤʥʳ, 

ʜʦʣʛʦʚʝʯʥʳ, ʥʦ ʧʦʢʘ ʦʥʠ ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ ʠʟ ʨʝʜʢʠʭ, ʷʜʦʚʠʪʳʭ ʚʝʱʝʩʪʚ ʩʦ 

ʩʣʦʞʥʦʡ ʪʝʭʥʦʣʦʛʠʝʡ, ʯʪʦ ʜʝʣʘʝʪ ʵʪʠ ʫʩʪʨʦʡʩʪʚʘ ʚʝʩʴʤʘ ʜʦʨʦʛʠʤʠ ʜʣʷ ʰʠʨʦʢʦʛʦ 

ʧʨʠʤʝʥʝʥʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʢʨʘʡʥʝ ʥʝʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʝʩʪʦʨʦʞʜʝʥʠʡ 

ʩʳʨʴʷ ʜʣʷ ʵʪʠʭ ʫʩʪʨʦʡʩʪʚ ʧʦ ʩʪʨʘʥʘʤ ʩʦʟʜʘʝʪ ʛʝʦʧʦʣʠʪʠʯʝʩʢʠʝ ʨʠʩʢʠ. 

ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ, ʦʜʥʠʤ ʠʟ ʚʘʞʥʝʡʰʠʭ ʥʘʧʨʘʚʣʝʥʠʡ ʩʦʚʨʝʤʝʥʥʦʛʦ 

ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʷʚʣʷʝʪʩʷ ʧʦʠʩʢ ʥʦʚʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʩ 

ʧʦʚʳʰʝʥʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ, ʧʨʦʠʟʚʦʜʠʤʳʭ ʠʟ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʛʦ, 

ʙʝʟʚʨʝʜʥʦʛʦ ʠ ʜʝʰʝʚʦʛʦ ʩʳʨʴʷ ʧʦ ʚʦʟʤʦʞʥʦ ʧʨʦʩʪʦʡ ʪʝʭʥʦʣʦʛʠʠ. ɺ ʢʘʯʝʩʪʚʝ 

ʪʘʢʦʛʦ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ ʘʚʪʦʨʳ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʩʠʣʠʢʘʪʳ, ʣʝʛʠʨʦʚʘʥʥʳʝ ʦʢʩʠʜʘʤʠ ʧʝʨʝʭʦʜʥʳʭ 

ʤʝʪʘʣʣʦʚ. ʉʦʯʝʪʘʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʩ ʣʝʛʠʨʦʚʘʥʠʝʤ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚ ʵʪʠʭ 

ʤʘʪʝʨʠʘʣʘʭ ʚʳʩʦʢʫʶ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ů ʠ ʥʠʟʢʫʶ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ə ʧʨʠ 

ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʷʭ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʨʤʦʕɼʉS (ʜʦ 1700 ʤʢɺ/ʂ), ʯʪʦ ʛʦʚʦʨʠʪ ʦ 

ʚʦʟʤʦʞʥʦʩʪʠ ʜʦʩʪʠʞʝʥʠʷ ʚʳʩʦʢʦʡ ʙʝʟʨʘʟʤʝʨʥʦʡ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʜʦʙʨʦʪʥʦʩʪʠ ZT = S2Tů/ə ʠ ʚʳʩʦʢʦʛʦ ʢʧʜ. ʉʪʦʠʤʦʩʪʴ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʛʝʥʝʨʘʪʦʨʦʚ ʥʘ ʦʩʥʦʚʝ ʣʝʛʠʨʦʚʘʥʥʳʭ ʩʠʣʠʢʘʪʦʚ ʦʮʝʥʠʚʘʝʪʩʷ ʥʘ ʫʨʦʚʥʝ 2000 

ʜʦʣʣʘʨʦʚ ʉʐɸ/ʢɺʪ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Caillat T., Fleunal J.-P. and Borshchevsky A. (1997) Development of high efficiency thermoelectric 

generators using advanced thermoelectric materials. DOI: 10.1063/1.54794. 
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ʖ.ɺ. ɸɻʈɸʌʆʅʆɺ, ʀ.ʉ. ʇɽʊʈʋʐʀʅ 
ʀʨʢʫʪʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʈʦʩʩʠʷ  

 

ʆɹʆɹʑɽʅʀɽ ʉʀʅɻʃɽʊʅʆɻʆ ʇʈʀɹʃʀɾɽʅʀʗ ɼʃʗ 

ʄʆʃɽʂʋʃʗʈʅʆʁ ʉʀʉʊɽʄʓ ʊɺɽʈɼʓʍ ʉʌɽʈ ɺ  

ʂʆʅʊɸʂʊɽ ʉ ʊɺɽʈɼʆʁ ʇʆɺɽʈʍʅʆʉʊʔʖ 

ʇʨʦʚʝʜʝʥ ʦʙʟʦʨ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʣʝʢʫʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʞʠʜʢʦʩʪʝʡ, ʛʨʘʥʠʯʘʱʠʭ ʩ ʪʚʝʨʜʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʫʱʝʩʪʚʫʶʱʠʝ ʥʘ 

ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʥʝʣʠʥʝʡʥʳʝ ʠʥʪʝʛʨʘʣʴʥʳʝ ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʯʘʩʪʠʯʥʳʭ ʬʫʥʢʮʠʡ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʝ ʠʤʝʶʪ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʨʝʰʝʥʠʷ ʜʣʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʥʝʦʜʥʦʨʦʜʥʳʭ 

ʞʠʜʢʦʩʪʝʡ. ʇʨʝʜʣʦʞʝʥʦ ʣʠʥʝʡʥʦʝ ʠʥʪʝʛʨʘʣʴʥʦʝ ʫʨʘʚʥʝʥʠʝ, ʜʦʧʫʩʢʘʶʱʝʝ ʘʥʘʣʠʪʠʯʝʩʢʦʝ 

ʨʝʰʝʥʠʝ ʜʣʷ ʩʠʩʪʝʤʳ ʪʚʝʨʜʳʭ ʩʬʝʨ ʚʙʣʠʟʠ ʪʚʝʨʜʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

Yu.V. AGRAFONOV, I.S. PETRUSHIN 

Irkutsk State University, Russia  

GENERALIZATION OF SINGLET APPOXIMATION FOR HARD 

SPHERES MOLECULAR SYSTEM NEAR THE SOLID SURFACE  

A review of theoretical methods for studying the molecular structure of liquids bordering a 

solid surface is carried out. It is established that the currently existing nonlinear integral 

equations for partial distribution functions do not have an analytical solution for spatially 

inhomogeneous liquids. A linear integral equation is proposed that allows an analytical solution 

for a system of solid spheres near a solid surface.  

ɸʥʘʣʠʟ ʣʦʢʘʣʴʥʦʡ ʤʦʣʝʢʫʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʞʠʜʢʦʩʪʝʡ ʷʚʣʷʝʪʩʷ ʩʣʦʞʥʦʡ 

ʟʘʜʘʯʝʡ, ʧʦʩʢʦʣʴʢʫ ʚ ʥʠʭ ʦʪʩʫʪʩʪʚʫʝʪ ʜʘʣʴʥʠʡ ʧʦʨʷʜʦʢ, ʭʘʨʘʢʪʝʨʥʳʡ ʜʣʷ 

ʢʨʠʩʪʘʣʣʦʚ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʙʳʣʦ ʨʘʟʨʘʙʦʪʘʥʦ ʤʥʦʛʦ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ, 

ʧʦʟʚʦʣʷʶʱʠʭ ʨʘʩʩʯʠʪʳʚʘʪʴ ʣʦʢʘʣʴʥʫʶ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʞʠʜʢʦʩʪʝʡ ʠ ʨʘʩʧʣʘʚʦʚ. 

ʉʨʝʜʠ ʥʠʭ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʝʪʦʜ ʯʠʩʣʝʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ 

ʤʝʪʦʜ ʥʝʣʠʥʝʡʥʳʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʦʜʥʦ- ʠ ʜʚʫʭʯʘʩʪʠʯʥʦʡ 

ʬʫʥʢʮʠʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ, ʢʦʪʦʨʳʝ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʠʭʦʜʠʪʩʷ ʨʝʰʘʪʴ ʩʣʦʞʥʳʤʠ 

ʯʠʩʣʝʥʥʳʤʠ ʤʝʪʦʜʘʤʠ. ʇʦʜʨʦʙʥʳʡ ʘʥʘʣʠʟ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʨʝʰʝʥʠʷ 

ʧʨʠʚʝʜʝʥ ʚ ʨʘʙʦʪʘʭ [1-3]. ɸʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʜʣʷ ʵʪʠʭ ʬʫʥʢʮʠʡ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʦʟʤʦʞʥʦ ʣʠʰʴ ʜʣʷ ʯʘʩʪʥʳʭ ʩʣʫʯʘʝʚ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʦʜʥʦʤʝʨʥʦʡ 

ʠ ʜʚʫʤʝʨʥʦʡ ʟʘʜʘʯʠ [4]. 

ɼʣʷ ʤʦʣʝʢʫʣʷʨʥʦʡ ʩʠʩʪʝʤʳ, ʛʨʘʥʠʯʘʱʝʡ ʩ ʪʚʝʨʜʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʯʠʩʣʝʥʥʦʝ 

ʨʝʰʝʥʠʝ ʪʨʝʭʤʝʨʥʦʡ ʟʘʜʘʯʠ ʪʨʝʙʫʝʪ ʦʛʨʦʤʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ. 

ʇʦʵʪʦʤʫ ʩʪʘʨʘʶʪʩʷ ʨʝʰʘʪʴ ʪʦʣʴʢʦ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʦʜʥʦʯʘʩʪʠʯʥʦʡ ʬʫʥʢʮʠʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ, ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʚ ʜʚʫʭʯʘʩʪʠʯʥʫʶ ʬʫʥʢʮʠʶ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʝʝ 

ʟʥʘʯʝʥʠʝʤ ʚʜʘʣʠ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʨʠʤʝʥʷʷ ʪʘʢ ʥʘʟʳʚʘʝʤʦʝ ʩʠʥʛʣʝʪʥʦʝ 

ʧʨʠʙʣʠʞʝʥʠʝ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʘʝʪʩʷ ʥʝʣʠʥʝʡʥʦʝ ʠʥʪʝʛʨʘʣʴʥʦʝ ʫʨʘʚʥʝʥʠʝ ʜʣʷ 

ʦʜʥʦʯʘʩʪʠʯʥʦʡ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ, ʟʘʚʠʩʷʱʝʡ ʪʦʣʴʢʦ ʦʪ ʦʜʥʦʡ ʧʝʨʝʤʝʥʥʦʡ 
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ï ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʯʘʩʪʠʮʳ ʜʦ ʧʦʚʝʨʭʥʦʩʪʠ. ɼʘʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʪʘʢʞʝ ʤʦʞʝʪ ʙʳʪʴ 

ʨʝʰʝʥʦ ʯʠʩʣʝʥʥʦ, ʦʜʥʘʢʦ ʫʞʝ ʥʝ ʪʨʝʙʫʝʪ ʙʦʣʴʰʠʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ.  

ʆʙʟʦʨ ʩʠʥʛʣʝʪʥʳʭ ʧʨʠʙʣʠʞʝʥʠʡ ʧʨʠʚʝʜʝʥ ʚ ʩʪʘʚʰʝʡ ʫʞʝ ʢʣʘʩʩʠʯʝʩʢʦʡ 

ʨʘʙʦʪʝ [1]. ʆʪʤʝʪʠʤ, ʯʪʦ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʥʝʪ ʠʥʪʝʛʨʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ, 

ʜʦʧʫʩʢʘʶʱʠʭ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʠ ʚʘʞʥʦʡ ʟʘʜʘʯʠ ʦ 

ʩʪʨʫʢʪʫʨʝ ʞʠʜʢʦʩʪʠ ʚʙʣʠʟʠ ʦʛʨʘʥʠʯʠʚʘʶʱʝʡ ʪʚʝʨʜʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ 

ʪʨʝʭʤʝʨʥʦʤ ʩʣʫʯʘʝ. ʇʦʵʪʦʤʫ ʬʦʨʤʫʣʠʨʦʚʢʘ ʠʥʪʝʛʨʘʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ, 

ʜʦʧʫʩʢʘʶʱʝʛʦ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʜʣʷ ʪʨʝʭʤʝʨʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʦʩʪʘʝʪʩʷ 

ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ.  

ʅʘʤʠ ʧʨʝʜʣʦʞʝʥʦ ʦʙʦʙʱʝʥʠʝ ʩʠʥʛʣʝʪʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʤʦʣʝʢʫʣʷʨʥʦʡ 

ʩʠʩʪʝʤʳ ʚʙʣʠʟʠ ʪʚʝʨʜʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʇʝʨʢʫʩʘïʁʝʚʠʢʘ. 

ʋʨʘʚʥʝʥʠʝ ʠʤʝʝʪ ʚʠʜ ʣʠʥʝʡʥʦʛʦ ʠʥʪʝʛʨʘʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʌʨʝʜʛʦʣʴʤʘ ʚʪʦʨʦʛʦ 

ʨʦʜʘ. ɼʣʷ ʩʠʩʪʝʤʳ ʪʚʝʨʜʳʭ ʩʬʝʨ ʫʨʘʚʥʝʥʠʝ ʜʦʧʫʩʢʘʝʪ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ. 

ɺʦʟʤʦʞʥʦ ʦʙʦʙʱʝʥʠʝ ʜʘʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʥʘ ʤʦʣʝʢʫʣʷʨʥʳʝ ʩʠʩʪʝʤʳ ʩ 

ʨʝʘʣʠʩʪʠʯʥʳʤʠ ʧʦʪʝʥʮʠʘʣʘʤʠ ʤʝʞʯʘʩʪʠʯʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʯʪʦ ʚʘʞʥʦ ʜʣʷ 

ʧʨʘʢʪʠʯʝʩʢʠʭ ʟʘʜʘʯ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ.  
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1 ʀʥʩʪʠʪʫʪ ʨʘʜʠʦʪʝʭʥʠʢʠ ʠ ʵʣʝʢʪʨʦʥʠʢʠ ʠʤ. ɺ.ɸ. ʂʦʪʝʣʴʥʠʢʦʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2 ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʀ. ʃʦʙʘʯʝʚʩʢʦʛʦ, ʈʦʩʩʠʷ 

 

1D ʅɽʆɼʅʆʈʆɼʅʓɽ ʅɸʅʆʂʆʃʔʎɸ ʀɿ ʑɽʃɽɺʓʍ 

ɼʀʈɸʂʆɺʉʂʀʍ ʄɸʊɽʈʀɸʃʆɺ: ʕʃɽʂʊʈʆʅʅʓɽ 

ʉɺʆʁʉʊɺɸ ʀ ʇɽʈʉʀʉʊɽʅʊʅʓɽ ʊʆʂʀ 

ɺ ʨʘʤʢʘʭ ʦʜʥʦʤʝʨʥʦʡ (1D) ʤʦʜʝʣʠ ʨʘʩʩʯʠʪʘʥʳ ʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ ʠ ʧʝʨʩʠʩʪʝʥʪʥʳʝ 

ʪʦʢʠ (ʇʊ) ʚ ʥʘʥʦʢʦʣʴʮʘʭ ɸʘʨʦʥʦʚʘ-ɹʦʤʘ (ɸɹ), ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʠʟ ʪʘʢʠʭ ʜʠʨʘʢʦʚʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʢʘʢ ʱʝʣʝʚʦʡ ʛʨʘʬʝʥ, ʩʠʣʠʮʝʥ ʠʣʠ ʛʝʨʤʘʥʝʥ. ʈʘʩʩʤʦʪʨʝʥʦ ʚʣʠʷʥʠʝ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʥʘ ʵʪʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʀʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʟʘʧʦʣʥʝʥʠʷ ʟʦʥʳ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʘ ʵʬʬʝʢʪ ɸɹ ʚ 1D ʢʦʣʴʮʝ. 

E.S. AZAROVA 1, G.M. MAKSIMOVA 2, V.A. BURDOV2 

1 Kotelnikov Institute of Radioengineering and Electronics of RAS, Moscow, Russia 
2 Lobachevsky State University of Nizhni Novgorod, Russia 

1D INHOMOGENEOUS NANORINGS IN GAPPED DIRAC  

MATERIALS: ELECTRONIC PROPERTIES AND PERSISTENT 

CURRENTS 

Electronic spectra and persistent currents of nanoscale Aharonov-Bohm (AB) rings made of 

Dirac materials like gapped graphene, silicene or germanene are calculated within the 

framework of the one-dimension (1D) model. The effect of inhomogeneities on these 

characteristics is considered. The influence of conduction band filling on the AB effect in the 

1D ring is studied. 

ʉ ʤʦʤʝʥʪʘ ʦʪʢʨʳʪʠʷ ʵʬʬʝʢʪʘ ɸɹ ʠ ʧʝʨʚʦʛʦ ʝʛʦ ʥʘʙʣʶʜʝʥʠʷ ʢʦʣʴʮʝʚʳʝ 

ʫʩʪʨʦʡʩʪʚʘ ʧʨʦʜʦʣʞʘʶʪ ʧʨʠʚʣʝʢʘʪʴ ʢ ʩʝʙʝ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ. ɺ ʪʝʯʝʥʠʝ 

ʧʦʩʣʝʜʥʠʭ ʜʝʩʷʪʠ ʣʝʪ ʧʦʷʚʠʣʦʩʴ ʤʥʦʞʝʩʪʚʦ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʢʦʣʴʮʝʚʳʤ 

ʛʨʘʬʝʥʦʚʳʤ ʥʘʥʦʩʪʨʫʢʪʫʨʘʤ [ʩʤ., ʥʘʧʨʠʤʝʨ,1 ï 4]. ɺ ʨʷʜʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʙʦʪ 

ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ ʚ ʨʘʟʣʠʯʥʳʭ ʛʨʘʬʝʥʦʚʳʭ ʢʦʣʴʮʘʭ [ʩʤ., 

ʥʘʧʨʠʤʝʨ, 2]. ɺʧʝʨʚʳʝ ʦʩʮʠʣʣʷʮʠʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ɸɹ ʥʘ ʛʨʘʬʝʥʦʚʦʤ ʢʦʣʴʮʝ ʚ 

ʦʪʢʨʳʪʦʡ ʛʝʦʤʝʪʨʠʠ (ʩ ʢʦʥʪʘʢʪʘʤʠ) ʙʳʣʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ ʈʫʩʩʦ ʩ ʩʦʘʚʪʦʨʘʤʠ 

[3]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʨʘʩʯʝʪ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʠ ʇʊ 

ʚ ʜʠʨʘʢʦʚʩʢʦʤ ʢʦʣʴʮʝ ɸɹ ʨʘʜʠʫʩʘ R ʚ ʨʘʤʢʘʭ 1D ʤʦʜʝʣʠ ʩ ʵʬʬʝʢʪʠʚʥʳʤ 
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ʛʜʝ qhsqss sincos yxr -= , qhsqssq cossin yx += , ɡF ïʩʢʦʨʦʩʪʴ 

ʌʝʨʤʠ, ū0 ï ʢʚʘʥʪ ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʦʢʘ, ůx, y, z ï ʤʘʪʨʠʮʳ ʇʘʫʣʠ, ɖ = Ñ1 ð ʠʥʜʝʢʩ 

ʜʦʣʠʥʳ, V(ɗ) ï ʧʦʪʝʥʮʠʘʣ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʦʥʘ ʩ ʜʝʬʝʢʪʦʤ: V(ɗ) = 0 

ʧʨʠ 0 < ɗ < ɗf ʠ V(ɗ) = V0 ʧʨʠ ɗf < ɗ < 2;́ ȹ ï ʱʝʣʝʚʦʡ ʧʘʨʘʤʝʪʨ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʯʝʪʘ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʧʝʢʪʨʘ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʣʠʯʠʝ ʜʝʬʝʢʪʘ ʚ 

ʛʨʘʬʝʥʦʚʦʤ ʢʦʣʴʮʝ ʧʨʠʚʦʜʠʪ ʢ ʘʥʪʠʢʨʦʩʩʠʥʛʫ ʫʨʦʚʥʝʡ ʠ ʢ ʧʦʷʚʣʝʥʠʶ ʫʨʦʚʥʝʡ, 

ʧʦʯʪʠ ʥʝ ʟʘʚʠʩʷʱʠʭ ʦʪ ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʦʢʘ ʌ, ʯʪʦ ʚʳʟʳʚʘʝʪ ʫʤʝʥʴʰʝʥʠʝ ʇʊ ʠ 

ʩʛʣʘʞʠʚʘʥʠʝ ʠʭ ʟʘʚʠʩʠʤʦʩʪʠ J(ū). ʆʜʥʘʢʦ ʚʦ ʚʥʝʰʥʝʤ ʧʦʧʝʨʝʯʥʦʤ 

ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʇʊ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʢʦʣʴʮʘ ʠʟ ʩʠʣʠʮʝʥʘ (ʛʝʨʤʘʥʝʥʘ) ʥʝ 

ʷʚʣʷʝʪʩʷ ʛʣʘʜʢʦʡ ʬʫʥʢʮʠʝʡ ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʦʢʘ: ʚʦʟʥʠʢʘʶʪ ʜʚʝ ʛʨʫʧʧʳ ʫʨʦʚʥʝʡ, 

ʭʘʨʘʢʪʝʨʠʟʫʝʤʳʭ ʨʘʟʣʠʯʥʳʤʠ ʩʧʠʥ-ʜʦʣʠʥʥʳʤʠ ʠʥʜʝʢʩʘʤʠ, ʧʝʨʝʩʝʯʝʥʠʝ 

ʢʦʪʦʨʳʭ ʚʳʟʳʚʘʝʪ ʩʢʘʯʢʠ ʇʊ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʇʊ ʵʣʝʢʪʨʦʥʦʚ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ 

ʜʠʨʘʢʦʚʩʢʦʤ ʢʦʣʴʮʝ ʧʨʠ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʟʘʩʝʣʝʥʥʦʩʪʠ ʟʦʥʳ ʥʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳ 

ʢ ʥʘʣʠʯʠʶ ʜʝʬʝʢʪʘ. ʀʩʩʣʝʜʦʚʘʥ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ ʢʦʣʴʮʘ ʩ ʧʨʦʠʟʚʦʣʴʥʳʤ 

ʯʠʩʣʦʤ ʣʦʢʘʣʴʥʳʭ ʧʝʨʠʦʜʠʯʝʩʢʠ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʜʝʬʝʢʪʦʚ (ʩʚʝʨʭʨʝʰʝʪʢʘ ʥʘ 

ʢʦʣʴʮʝ). ɼʣʷ ʱʝʣʝʚʦʛʦ ʛʨʘʬʝʥʘ ʧʦʢʘʟʘʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʦʜʟʦʥ, 

ʢʦʣʠʯʝʩʪʚʦ ʫʨʦʚʥʝʡ ʚ ʢʦʪʦʨʳʭ ʨʘʚʥʦ ʯʠʩʣʫ ʜʝʬʝʢʪʦʚ ʥʘ ʢʦʣʴʮʝ. ʈʘʩʩʤʦʪʨʝʥʦ 

ʚʣʠʷʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʙʝʩʧʦʨʷʜʢʘ ʥʘ ʟʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʢʦʣʴʮʘ: 

ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʚʳʩʦʪʳ ʙʘʨʴʝʨʦʚ ʦʟʥʘʯʘʝʪ ʧʦʪʝʨʶ ʚʨʘʱʘʪʝʣʴʥʦʡ 

ʩʠʤʤʝʪʨʠʠ, ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʧʨʠʚʦʜʠʪ ʢ ʘʥʪʠʢʨʦʩʩʠʥʛʫ ʫʨʦʚʥʝʡ ʠ 

ʩʛʣʘʞʠʚʘʥʠʶ ʟʘʚʠʩʠʤʦʩʪʠ J(ū), ʪ.ʝ. ʢ ʫʤʝʥʴʰʝʥʠʶ ʇʊ ʚ ʪʘʢʦʤ ʢʦʣʴʮʝ ʪʘʢ ʞʝ, 

ʢʘʢ ʚ ʩʣʫʯʘʝ ʦʜʠʥʦʯʥʦʛʦ ʜʝʬʝʢʪʘ [5]. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʠ ʯʘʩʪʠʯʥʦ 

ʧʦʜʜʝʨʞʘʥʘ ʈʦʩʩʠʡʩʢʠʤ ʬʦʥʜʦʤ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʧʨʦʝʢʪ 

ʈʌʌʀ ˉ 18-32-00740-ʤʦʣ_ʘ). 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. P. Recher et al. // Physical Review B, Vol. 76, 235404 (2007). 

2. D.R. da Costa et al. // Physical Review B, Vol. 89, 075418 (2014). 

3. S. Russo et al. // Physical Review B, Vol. 77, 085413 (2008). 

4. D. Smirnov, H. Schmidt, and R.J. Haug // Applied Physics Letters, Vol. 100, 203114 (2012). 

5. E.S. Azarova, G.M. Maksimova, V.A. Burdov // Physica E, Vol. 106, 140 (2019). 



160 
 

ʃ.ʕ. ɸʃʀʄʆɺ, ɸ.ɺ. ɸʅʋʌʈʀɽɺ, ɸ.ɺ. ɻʋʈʉʂɸʗ, ɺ.ʀ. ʏɽʇʋʈʅʆɺ 
ʉʘʤʘʨʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʈʦʩʩʠʷ 

ʉʘʤʘʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʈʦʩʩʠʷ 

 

ʄʆɼɽʃʀʈʆɺɸʅʀɽ ɿʆʅʅʆʁ ʉʊʈʋʂʊʋʈʓ  

ʂɸʈɹʀɼʆʂʈɽʄʅʀɽɺʆʁ ʌɸɿʓ 3C-SiC ɺ ʈɸɿʃʀʏʅʓʍ  

ʈɽɸʃʀɿɸʎʀʗʍ DFT 

ʇʨʦʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ʟʦʥʥʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʜʠʘʛʨʘʤʤ ʠ ʛʣʫʙʦʢʠʭ ʫʨʦʚʥʝʡ 

ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʧʨʦʛʨʘʤʤʥʳʭ ʧʨʠʣʦʞʝʥʠʷʭ Siesta ʚ ʦʨʙʠʪʘʣʴʥʦʤ ʙʘʟʠʩʝ ʠ VASP ʚ ʙʘʟʠʩʝ 

ʧʣʦʩʢʠʭ ʚʦʣʥ. ʇʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʢ ʬʘʟʝ ʨʘʜʠʦʠʟʦʪʦʧʘ ʫʛʣʝʨʦʜʘ-

14 ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʛʣʫʙʦʢʠʭ ʫʨʦʚʥʝʡ. 

L.E. ALIMOV , A.V. ANUFRIEV,  

A.V. GURSKAYA, V.I. CHEPURNOV 

Samara University, Russia 

Samara POLYTECH, Russia 

MODELING THE BAND STRUCTURE OF THE 3C-SIC SILICON 

CARBIDE PHASE IN VARIOUS DFT IMPLEMENTATIONS  

Calculations of band energy diagrams and deep levels were performed in Siesta software 

applications in the orbital basis and VASP in the plane wave basis. Sensitivity to the phase of 

the carbon-14 radioisotope was studied and deep levels were simulated. 

ʀʥʪʝʨʝʩ ʢ ʠʩʩʣʝʜʦʚʘʥʠʶ ʬʘʟʳ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ 3ʉ-SiC ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʤʦʪʠʚʠʨʦʚʘʥ ʝe ʧʨʠʤʝʥʝʥʠʝʤ ʚ ʙʝʪʘʚʦʣʴʪʘʠʢʝ [1]. ʇʨʘʢʪʠʯʝʩʢʘʷ ʨʝʘʣʠʟʘʮʠʷ 

ʙʝʪʘʚʦʣʴʪʘʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʩʪʘʣʢʠʚʘʝʪʩʷ ʩ ʧʨʦʙʣʝʤʦʡ ʥʝʜʦʩʪʘʪʦʯʥʦʡ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʵʥʝʨʛʠʠ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ ʠʟ-ʟʘ ʥʘʣʠʯʠʷ 

ʩʘʤʦʧʦʛʣʦʱʝʥʠʷ ʚ ʩʣʦʝ ʨʘʜʠʦʠʟʦʪʦʧʘ [2], ʘ ʪʘʢʞʝ ʠʟ-ʟʘ ʥʝʜʦʩʪʘʪʦʯʥʦ 

ʦʧʪʠʤʘʣʴʥʦ ʧʦʜʦʙʨʘʥʥʳʭ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩʘʤʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ, 

ʚʢʣʶʯʘʷ ʛʣʫʙʠʥʫ ʟʘʣʝʛʘʥʠʷ p-n-ʧʝʨʝʭʦʜʘ. ʅʦʚʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ [3] 

ʪʘʢʞʝ ʤʦʛʫʪ ʛʦʚʦʨʠʪʴ ʠ ʦʙ ʠʟʤʝʥʝʥʠʠ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʧʨʠ 

ʜʠʬʬʫʟʠʠ ʚ ʥʝʛʦ ʨʘʜʠʦʠʟʦʪʦʧʘ, ʯʪʦ ʪʨʝʙʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ɺ ʩʚʷʟʠ ʩ ʨʘʟʚʠʪʠʝʤ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʠ ʥʘʨʘʱʠʚʘʥʠʝʤ ʤʦʱʥʦʩʪʝʡ 

ʢʦʤʧʴʶʪʝʨʦʚ ʩʪʘʣʠ ʧʦʧʫʣʷʨʥʳ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʦʚ 

ʧʦʜʭʦʜʳ ʥʘ ʦʩʥʦʚʝ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ (DFT) [4,5]. ʆʥ ʧʦʟʚʦʣʷʝʪ 

ʠʩʩʣʝʜʦʚʘʪʴ ʠ ʟʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ. ɸʥʘʣʠʟ, ʩʚʷʟʘʥʥʳʡ ʩ ʧʦʩʪʨʦʝʥʠʝʤ ʟʦʥʥʦʡ 

ʜʠʘʛʨʘʤʤʳ ʩʪʨʫʢʪʫʨʳ ʩ p-n ʧʝʨʝʭʦʜʦʤ ʠ ʛʝʪʝʨʦʧʝʨʝʭʦʜʦʤ, ʩʪʨʦʠʪʩʷ ʥʘ ʦʩʥʦʚʝ 

ʜʘʥʥʳʭ ʦ ʨʘʙʦʪʘʭ ʚʳʭʦʜʘ ʠ ʩʨʦʜʩʪʚʝ ʩ ʵʣʝʢʪʨʦʥʦʤ. ɼʘʥʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦʙʳʯʥʦ 

ʠʟʚʝʩʪʥʘ ʜʣʷ ʩʪʨʫʢʪʫʨ ʥʝʣʝʛʠʨʦʚʘʥʥʳʭ ʨʘʜʠʦʠʟʦʪʦʧʦʤ, ʥʦ ʦʪʩʫʪʩʪʚʫʶʪ ʜʘʥʥʳʝ 

ʦ ʨʘʙʦʪʝ ʚʳʭʦʜʘ ʜʣʷ ʣʝʛʠʨʦʚʘʥʥʳʭ ʩʪʨʫʢʪʫʨ ʠʟʦʚʘʣʝʥʪʥʦʡ ʧʨʠʤʝʩʴʶ 
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(ʨʘʜʠʦʠʟʦʪʦʧʦʤ ʉ-14), ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʠʭ ʧʦʩʪʨʦʝʥʠʝ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʠ 

ʧʨʠʤʝʥʝʥʠʝ.  

ʇʨʦʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʬʘʟʳ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ 3ʉ-SiC 

ʥʘ ʦʩʥʦʚʝ DFT ʚ ʜʚʫʭ ʧʨʦʛʨʘʤʤʥʳʭ ʧʨʠʣʦʞʝʥʠʷʭ Siesta [6] ʚ ʦʨʙʠʪʘʣʴʥʦʤ 

ʙʘʟʠʩʝ ʠ VASP [7] ʚ ʙʘʟʠʩʝ ʧʣʦʩʢʠʭ ʚʦʣʥ. ɹʳʣʠ ʚʳʙʨʘʥʳ ʨʝʢʦʤʝʥʜʦʚʘʥʥʳʝ 

ʧʩʝʚʜʦʧʦʪʝʥʮʠʘʣʳ ʠ ʦʙʤʝʥʥʦ-ʢʦʨʨʝʣʷʮʠʦʥʥʳʡ ʬʫʥʢʮʠʦʥʘʣ ʇʝʨʜʴʶ-ɹʫʨʢʝ-

ʕʨʟʝʥʭʦʚʘ (PBE) [8] ʚ ʦʙʦʙʱʝʥʥʦʤ ʛʨʘʜʠʝʥʪʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ. ʇʨʦʚʝʜʝʥʦ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʢ ʬʘʟʝ ʨʘʜʠʦʠʟʦʪʦʧʘ ʫʛʣʝʨʦʜʘ-14, ʠʟʤʝʥʝʥʠʶ 

ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʠ ʧʘʨʘʤʝʪʨʘ ʨʝʰʝʪʢʠ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʛʣʫʙʦʢʠʭ 

ʫʨʦʚʥʝʡ. 

ʄʦʜʝʣʴ ʟʘʢʨʝʧʣʝʥʠʷ ʫʨʦʚʥʷ ʌʝʨʤʠ ʚʙʣʠʟʠ ʥʘʠʙʦʣʝʝ ʛʣʫʙʦʢʦʛʦ ʫʨʦʚʥʷ [9,10] 

ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʨʘʜʠʘʮʠʠ ʧʦʣʫʯʝʥʘ ʩ ʧʦʤʦʱʴʶ ʨʝʰʝʥʠʷ 

ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʪʘʮʠʦʥʘʨʥʦʡ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ. 

ɹʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʫʨʘʚʥʝʥʠʝ ʃʠʧʧʤʘʥʘ-ʐʚʠʥʛʝʨʘ, ʚʢʣʶʯʘʶʱʝʝ ʚ ʩʝʙʷ 

ʬʫʥʢʮʠʶ ɻʨʠʥʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣ ʧʦʜʪʚʝʨʞʜʝʥ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʥʘʠʙʦʣʝʝ 

ʛʣʫʙʦʢʠʡ ʫʨʦʚʝʥʴ ʥʘʭʦʜʠʪʩʷ ʚ ʪʦʯʢʝ ʧʝʨʝʛʠʙʘ ʬʫʥʢʮʠʠ ɻʨʠʥʘ, ʠ ʦʥ ʷʚʣʷʝʪʩʷ 

ʫʥʠʚʝʨʩʘʣʴʥʳʤ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ ʫʨʦʚʥʝʤ, ʝʜʠʥʳʤ ʚʦ ʚʩʝʭ ʨʦʜʩʪʚʝʥʥʳʭ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ, ʢʦʪʦʨʳʡ ʚʳʩʪʫʧʘʝʪ ʢʘʢ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʡ ʧʘʨʘʤʝʪʨ 

ʢʨʠʩʪʘʣʣʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʢʘʢ ʩʚʦʡʩʪʚʘ ʦʙʲʝʤʥʦʛʦ ʜʝʬʝʢʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʪʘʢ 

ʠ ʠʥʪʝʨʬʝʡʩʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ.  
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ELECTRICAL AND PHOTOELECTRICAL PROPERTIES OF 

P3HT: Si COMPOSITES 

The electrical and photoelectric properties of composite materials based on polymer with 

embedded silicon nanoparticles obtained by laser ablation of porous silicon are studied. 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʧʦʣʠʤʝʨʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʧʦʣʠ(3-ʛʝʢʩʠʣʪʠʦʬʝʥʘ) 

(P3HT) ʚʳʟʳʚʘʶʪ ʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʚ ʦʙʣʘʩʪʠ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ 

ʠ ʬʦʪʦʚʦʣʴʪʘʠʢʠ. ʀʥʪʝʨʝʩ ʦʙʫʩʣʦʚʣʝʥ ʧʝʨʩʧʝʢʪʠʚʘʤʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʦʣʠʤʝʨʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ 

ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʪʨʘʥʟʠʩʪʦʨʦʚ, ʬʦʪʦʜʝʪʝʢʪʦʨʦʚ [1]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʧʦʣʠʤʝʨʦʚ ʩ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ʢʨʝʤʥʠʷ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʶʱʠʭʩʷ 

ʚ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʝʪʠʢʝ ʥʘʧʨʘʚʣʝʥʠʡ. ʆʜʥʘʢʦ, ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ, 

ʧʨʦʠʩʭʦʜʷʱʠʝ ʚ ʜʘʥʥʳʭ ʢʦʤʧʦʟʠʪʘʭ ʠ ʦʧʨʝʜʝʣʷʶʱʠʝ ʠʭ ʩʚʦʡʩʪʚʘ, ʪʨʝʙʫʶʪ 

ʧʦʜʨʦʙʥʦʛʦ ʠʟʫʯʝʥʠʷ. 

ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʩʦʟʜʘʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʢʨʝʤʥʠʷ ʷʚʣʷʝʪʩʷ ʬʝʤʪʦʩʝʢʫʥʜʥʘʷ 

ʠʤʧʫʣʴʩʥʘʷ ʣʘʟʝʨʥʘʷ ʘʙʣʷʮʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ. ʇʨʠ ʵʪʦʤ ʧʦʣʫʯʘʶʪʩʷ 

ʥʘʥʦʯʘʩʪʠʮʳ ʢʨʝʤʥʠʷ ʩ ʨʘʟʤʝʨʘʤʠ 30-100 ʥʤ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʧʦʣʠʤʝʨʘ P3HT, ʩʦʜʝʨʞʘʱʝʛʦ 

ʥʘʥʦʯʘʩʪʠʮʳ ʢʨʝʤʥʠʷ ʩ ʨʘʟʣʠʯʥʳʤ ʪʠʧʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʩ ʨʘʟʣʠʯʥʦʡ 

ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ (P3HT:Si). ʄʘʩʩʦʚʘʷ ʜʦʣʷ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ Si ʚ 

ʢʦʤʧʦʟʠʪʝ ʠʟʤʝʥʷʣʘʩʴ ʦʪ 0 ʜʦ 30 %. 

ʀʟʤʝʨʝʥʠʷ ɺɸʍ ʢʦʤʧʦʟʠʪʦʚ P3HT:Si ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚʚʝʜʝʥʠʝ ʥʘʥʦʯʘʩʪʠʮ Si 

ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʚʝʣʠʯʠʥ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʠ. ʇʨʠʯʝʤ, 
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ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʥʦʯʘʩʪʠʮ Si ʚ ʢʦʤʧʦʟʠʪʝ 

ʚʝʣʠʯʠʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʠ ʠʟʤʝʥʷʶʪʩʷ ʥʝʤʦʥʦʪʦʥʥʦ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʩʧʝʢʪʨʘʣʴʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʠ ʢʦʤʧʦʟʠʪʦʚ ʚ 

ʜʠʘʧʘʟʦʥʝ ʵʥʝʨʛʠʡ ʢʚʘʥʪʦʚ ʩʚʝʪʘ 1.2 ï 2.8 ʵɺ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚʚʝʜʝʥʠʝ ʥʘʥʦʯʘʩʪʠʮ 

Si ʚ P3HT ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʚʝʣʠʯʠʥʳ ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʠ ʚʦ ʚʩʝʤ 

ʫʢʘʟʘʥʥʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ. ʋʚʝʣʠʯʝʥʠʝ ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʠ 

ʥʘʙʣʶʜʘʣʦʩʴ ʧʨʠ ʚʚʝʜʝʥʠʠ ʚ P3HT ʢʘʢ ʥʘʥʦʯʘʩʪʠʮ ʢʨʝʤʥʠʷ ʨ, ʪʘʢ ʠ ʥʘʥʦʯʘʩʪʠʮ 

ʢʨʝʤʥʠʷ n-ʪʠʧʘ. ʆʜʥʘʢʦ, ʚʝʣʠʯʠʥʘ ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʬʦʨʤʘ ʝʸ ʩʧʝʢʪʨʘʣʴʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʟʘʚʠʩʝʣʠ ʦʪ ʪʠʧʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚʚʝʜʝʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ Si. ʇʨʠ ʵʪʦʤ 

ʚʚʝʜʝʥʠʝ ʥʘʥʦʯʘʩʪʠʮ Si p ï ʪʠʧʘ ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʴ 

ʢʦʤʧʦʟʠʪʦʚ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ. ʉʧʝʢʪʨʳ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʦʣʠʤʝʨʘ ʠ 

ʢʦʤʧʦʟʠʪʦʚ ʩʦʜʝʨʞʘʪ 3 ʧʠʢʘ ʥʘ 630-640 ʥʤ, 690-710 ʥʤ ʠ 820-830 ʥʤ, 

ʦʪʚʝʯʘʶʱʠʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʟʘ ʤʝʞʟʦʥʥʫʶ ʠʟʣʫʯʘʪʝʣʴʥʫʶ ʨʝʢʦʤʙʠʥʘʮʠʶ, 

ʧʝʨʚʳʡ ʠ ʚʪʦʨʦʡ ʚʠʙʨʦʥʥʳʝ ʧʠʢʠ [2]. ʇʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʜʦʣʠ ʥʘʥʦʯʘʩʪʠʮ 

(ʅʏ) ʟʘʤʝʯʝʥʦ ʟʘʪʫʭʘʥʠʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʨʠ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʠʟʤʝʥʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚʦʟʙʫʞʜʝʥʥʳʭ 

ʩʦʩʪʦʷʥʠʡ. 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥʳ ʠ ʨʘʩʩʤʦʪʨʝʥʳ ʚʦʟʤʦʞʥʳʝ ʤʝʭʘʥʠʟʤʳ ʧʨʠʚʦʜʷʱʠʝ ʢ 

ʧʦʣʫʯʝʥʥʳʤ ʵʬʬʝʢʪʘʤ ʚʣʠʷʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʢʨʝʤʥʠʷ ʥʘ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ 

ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ P3HT:Si. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʚʝʜʝʥʠʝ ʥʘʥʦʯʘʩʪʠʮ ʢʨʝʤʥʠʷ ʧʦʟʚʦʣʷʝʪ 

ʫʚʝʣʠʯʠʪʴ ʧʨʦʚʦʜʠʤʦʩʪʴ ʠ ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʴ ʧʦʣʠʤʝʨʦʚ P3HT. ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʥʘʥʦʯʘʩʪʠʮ Si p ï ʪʠʧʘ ʚ ʢʦʤʧʦʟʠʪʘʭ P3HT:Si ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʝʝ ʟʘʤʝʪʥʦʤʫ 

ʵʬʬʝʢʪʫ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʧʨʦʝʢʪ ʤʦʣ_ʘ ˉ 18-

32-00417). 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. H. Hoppe et al., Adv. Polym. Sci., 214, Polymer solar cells. Photoresponsive Polym. II 1ï86 (2007).  
2. O. Dimitriev, D. Blank, C. Ganser, C. Teichert. J. Phys. Chem. C 2018, 122, 30, 17096-17109. 
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ʆ.ɹ. ɸʅɸʅʔʀʅ1, ʈ.ʐ. ʈɸʄɸʂʆʊʀ1, ɸ.ʇ. ʄɽʃɽʍʆɺ1, ɺ.ɻ. ʉʈɽɼʀʅ2, 

ɺ.ɺ. ʂʈɸɺʏɽʅʂʆ1, ʀ.ɸ. ɻɽʈɸʉʀʄʆɺ1, ɻ.ʉ. ɹʆɻɼɸʅʆɺ1 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ɺʦʝʥʥʘʷ ʘʢʘʜʝʤʠʷ ʈɺʉʅ ʠʤ. ʇʝʪʨʘ ɺʝʣʠʢʦʛʦ, ɹʘʣʘʰʠʭʘ, ʈʦʩʩʠʷ 

 

ʀɿʋʏɽʅʀɽ ʇʈʆʎɽʉʉɸ ʆɹʈɸɿʆɺɸʅʀʗ ʊʆʏɽʏʅʓʍ  

ɼɽʌɽʂʊʆɺ ʇʈʀ ɺʆɿɼɽʁʉʊɺʀʀ ʀʅʊɽʅʉʀɺʅʆɻʆ  

ʄʗɻʂʆɻʆ ʈɽʅʊɻɽʅʆɺʉʂʆɻʆ ʀɿʃʋʏɽʅʀʗ  

ʅɸ ʇʆʃʋʇʈʆɺʆɼʅʀʂ CdHgTe 

ʇʦʣʫʯʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʦ ʵʤʠʩʩʠʠ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʩ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʙʨʘʟʮʘ CdHgTe ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʠʥʪʝʥʩʠʚʥʦʛʦ ʤʷʛʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, 

ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʠʣʠ ʨʘʩʩʯʠʪʘʪʴ ʘʤʧʣʠʪʫʜʥʳʝ ʟʥʘʯʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ, ʜʝʡʩʪʚʠʝ ʢʦʪʦʨʦʛʦ ʧʨʠʚʦʜʠʪ ʢ ʩʤʝʱʝʥʠʶ ʠʦʥʦʚ ʨʪʫʪʠ ʠʟ 

ʫʟʣʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ ʠ ʦʙʨʘʟʦʚʘʥʠʶ ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ.  

O.B. ANANIN 1, R.S. RAMAKOTI 1, A.P. MELEKHOV1,  

V.G. SREDIN2, V.V. KRAVCHENKO1, I.A. GERASIMOV1,  
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STUDY OF THE FORMATION PROCESS OF POINT  

DEFECTS UNDER THE INFLUENCE OF INTENSE SOFT  

X-RAY RADIATION ON THE CDHGTE SEMICONDUCTOR  

Experimental data of photoelectrons emission from the surface of a CdHgTe sample under 

the influence of intense soft x-ray radiation were obtained, which made it possible to calculate 

the amplitude values of the electric field on the surface of a semiconductor, the action of which 

leads to the displacement of mercury ions from the nodes of the crystal lattice and the formation 

of point defects. 

ʋʟʢʦʟʦʥʥʳʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʪʚʸʨʜʳʝ ʨʘʩʪʚʦʨʳ ʪʝʣʣʫʨʠʜʦʚ ʢʘʜʤʠʷ ʠ 

ʨʪʫʪʠ (CdxHg1-xTe) ʷʚʣʷʶʪʩʷ ʦʜʥʠʤ ʠʟ ʣʠʜʝʨʦʚ ʩʨʝʜʠ ʤʘʪʝʨʠʘʣʦʚ, 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʣʷ ʩʦʟʜʘʥʠʷ ʩʦʚʨʝʤʝʥʥʦʡ ʦʧʪʦʵʣʝʢʪʨʦʥʥʦʡ ʘʧʧʘʨʘʪʫʨʳ ʀʂ-

ʜʠʘʧʘʟʦʥʘ ʩʧʝʢʪʨʘ. ɺ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʦʧʠʩʘʪʴ 

ʤʝʭʘʥʠʟʤ ʦʙʨʘʟʦʚʘʥʠʷ ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ CdHgTe ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʠʥʪʝʥʩʠʚʥʦʛʦ ʤʷʛʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʄʈʀ). ɺ ʨʘʙʦʪʝ [1] 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʪʝʧʣʦʚʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʩʦʩʪʦʷʥʠʷ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. ʇʦʵʪʦʤʫ ʦʩʥʦʚʥʫʶ ʨʦʣʴ ʟʜʝʩʴ ʠʛʨʘʶʪ ʥʝʪʝʧʣʦʚʳʝ 

ʤʝʭʘʥʠʟʤʳ ʜʝʬʝʢʪʦʦʙʨʘʟʦʚʘʥʠʷ. 
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ɺ ʨʘʤʢʘʭ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʦʙʨʘʟʝʮ ʦʙʣʫʯʘʣʩʷ ʠʥʪʝʥʩʠʚʥʳʤ 

ʄʈʀ ʦʪ ʣʘʟʝʨʥʦʡ ʧʣʘʟʤʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʢʦʥʮʝʥʪʨʘʪʦʨʘ. 

ʉʧʝʢʪʨ ʄʈʀ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 60 ʜʦ 300 ʕʚ ʩ ʤʦʱʥʦʩʪʴʶ 5*104 ɺʪ, 

ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʠʤʧʫʣʴʩʘ 20 ʥʩ ʠ ʵʥʝʨʛʠʝʡ ʚ ʠʤʧʫʣʴʩʝ ʄʈʀ ʧʦʨʷʜʢʘ 1 ʤɼʞ.  

ʇʦʣʫʧʨʦʚʦʜʥʠʢ ʙʳʣ ʧʦʤʝʱʝʥ ʚ ʩʝʨʝʜʠʥʫ ʩʬʝʨʳ, ʚ ʢʦʪʦʨʦʡ ʧʨʝʜʫʩʤʦʪʨʝʥʦ 

ʦʪʚʝʨʩʪʠʝ ʜʣʷ ʧʦʧʘʜʘʥʠʷ ʄʈʀ ʥʘ ʦʙʨʘʟʝʮ. ɺ ʧʨʦʮʝʩʩʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ 

ʠʟʣʫʯʝʥʠʝʤ ʦʙʨʘʟʫʶʪʩʷ ʬʦʪʦ-, ʆʞʝ- ʠ ʚʪʦʨʠʯʥʳʝ ʵʣʝʢʪʨʦʥʳ, ʢʦʪʦʨʳʝ ʧʦʢʠʜʘʶʪ 

ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʠ ʜʦʩʪʠʛʘʶʪ ʧʦʚʝʨʭʥʦʩʪʠ ʩʬʝʨʳ. ɼʣʷ ʫʚʝʣʠʯʝʥʠʷ 

ʩʠʛʥʘʣʘ ʠ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʚʩʝ ʥʝʩʚʷʟʘʥʥʳʝ ʩ ʘʪʦʤʦʤ ʵʣʝʢʪʨʦʥʳ ʤʝʞʜʫ ʦʙʨʘʟʮʦʤ 

ʠ ʩʬʝʨʦʡ ʙʳʣʘ ʧʨʠʣʦʞʝʥʘ ʨʘʟʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ, ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 

ʢʦʪʦʨʦʡ ʩʦʩʪʘʚʣʷʣʦ ʤʠʥʫʩ 300 ʚʦʣʴʪ. ʉʠʛʥʘʣʳ ʩʦ ʩʬʝʨʳ ʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ pin-

ʜʠʦʜʘ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1.  

 

ʈʠʩʫʥʦʢ 1. ɸ- ʩʠʛʥʘʣ ʪʦʢʘ ʵʣʝʢʪʨʦʥʦʚ ʩʦ ʩʬʝʨʳ ʥʘ ʥʘʛʨʫʟʢʝ 50 ʆʤ. ɹ- ʩʠʛʥʘʣ ʩ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ pin-ʜʠʦʜʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʘʥʥʦʡ ʩʭʝʤʳ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ 

ʠʥʬʦʨʤʘʮʠʶ ʦ ʢʦʣʠʯʝʩʪʚʝ ʵʣʝʢʪʨʦʥʦʚ, ʢʦʪʦʨʳʝ ʧʦʢʠʥʫʣʠ ʧʦʚʝʨʭʥʦʩʪʴ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ Neå 4.7ʭ109. ʅʘ ʦʙʨʘʟʮʝ ʦʙʨʘʟʫʝʪʩʷ ʥʝʢʦʤʧʝʥʩʠʨʦʚʘʥʥʳʡ ʟʘʨʷʜ 

Qå 7.5ʭ10-10 ʂʣ ʥʘ ʚʩʝʡ ʛʣʫʙʠʥʝ ʧʦʛʣʦʱʝʥʠʷ ʄʈʀ (ʧʦʨʷʜʢʘ 1 ʤʢʤ), ʢʦʪʦʨʳʡ, ʢʘʢ 

ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʷʚʣʷʝʪʩʷ ʧʨʠʯʠʥʦʡ ʩʦʟʜʘʥʠʷ ʚʥʫʪʨʝʥʥʝʛʦ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʘʤʧʣʠʪʫʜʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʪʦʨʦʛʦ ʜʦʩʪʠʛʘʝʪ E~108 ɺ/ʤ. ʂʘʢ 

ʧʦʢʘʟʘʥʦ ʚ [2] ʥʘʣʠʯʠʝ ʪʘʢʦʛʦ ʧʦʣʷ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʯʠʥʦʡ ʚʳʭʦʜʘ ʠʦʥʦʚ ʨʪʫʪʠ ʠʟ 

ʫʟʣʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʦʙʨʘʟʦʚʘʥʠʷ ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ.  

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
1. ʈ. ʐ. ʈʘʤʘʢʦʪʠ, ʆ. ɹ. ɸʥʘʥʴʠʥ, ʠ ʜʨ.// ʗʜʝʨʥʘʷ ʬʠʟʠʢʘ ʠ ʠʥʞʠʥʠʨʠʥʛ, 2019 

2. ʉʨʝʜʠʥ ɺ.ɻ., ɺʦʡʮʝʭʦʚʩʢʠʡ ɸ.ɺ., ʠ ʜʨ.// ʇʨʠʢʣʘʜʥʘʷ ʬʠʟʠʢʘ, 2018 ˉ4 
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ʅ.ʉ. ɸʅʀʉʀʄʆɺ, ɺ.ʀ. ʏɽʇʋʈʅʆɺ, ɻ.ɺ. ʇʋɿʓʈʅɸʗ, ʄ.ɺ. 

ɼʆʃɻʆʇʆʃʆɺ 
ʉʘʤʘʨʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʈʦʩʩʠʷ  

ʉʘʤʘʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʈʦʩʩʠʷ 

 

ɹɸʈʔɽʈ ʐʆʊʊʂʀ ɺ ʊɽʍʅʆʃʆɻʀʀ ʇʆʃʋʏɽʅʀʗ  

ʇʆʃʋʇʈʆɺʆɼʅʀʂʆɺʓʍ ɹɽʊɸ-ʇʈɽʆɹʈɸɿʆɺɸʊɽʃɽʁ 

ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʙʨʘʟʮʦʚ ʙʝʪʘ-

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʥʘ ʫʛʣʝʨʦʜʝ-14 ʚ ʢʘʨʙʠʜʦʢʨʝʤʥʠʝʚʦʡ ʬʘʟʝ, ʧʦʣʫʯʝʥʥʦʡ ʤʝʪʦʜʦʤ 

ʵʥʜʦʪʘʢʩʠʠ ʠ ʨʘʩʩʤʦʪʨʝʥʦ ʨʝʰʝʥʠʝ ʚʦʧʨʦʩʘ ʨʘʟʜʝʣʝʥʠʷ ʥʦʩʠʪʝʣʝʡ ʧʦʩʨʝʜʩʪʚʦʤ ʙʘʨʴʝʨʘ 

ʐʦʪʪʢʠ ʧʨʠ ʤʝʪʘʣʣʠʟʘʮʠʠ ʦʙʨʘʟʮʦʚ. 

N.S. ANISIMOV, V.I. CHEPURNOV, G.V. PUZYRNAYA ,  

M.V. DOLGOPOLOV 

Samara University, Russia  

Samara POLYTECH, Russia 

THE SCHOTTKY BARRIER IN THE TECHNOLOGY OF 

OBTAINING SEMICONDUCTOR BETA CONVERTERS  

The report presents the results of experimental studies of beta-converters samples on the 

carbon-14 for the silicon carbide phase obtained by the endotaxy method and considers the issue 

of metallization of samples. 

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʷʚʣʷʝʪʩʷ ʧʨʦʜʦʣʞʝʥʠʝʤ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʨʦʚʦʜʠʤʳʭ ʚ 

ʉʘʤʘʨʩʢʦʤ ʫʥʠʚʝʨʩʠʪʝʪʝ ʩ ʢʘʨʙʠʜʦʤ ʢʨʝʤʥʠʷ ʠ ʝʛʦ ʩʧʦʩʦʙʥʦʩʪʴʶ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʙʝʪʘ-ʠʟʣʫʯʝʥʠʷ ʚ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ [1]. ʈʝʟʫʣʴʪʘʪʳ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʝʪʦʚʳʭ ʠ ʪʝʤʥʦʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʣʘʙʦʨʘʪʦʨʥʳʭ ʦʙʨʘʟʮʦʚ [2] 

ʜʘʶʪ ʦʩʥʦʚʘʥʠʝ ʧʦʣʘʛʘʪʴ, ʯʪʦ ʚʚʝʜʝʥʠʝ ʨʘʜʠʦʠʟʦʪʦʧʘ ʚ ʩʣʦʡ n-SiC ʥʘ ʫʨʦʚʥʝ 

ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʠʟʤʝʥʠʣʦ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʡ 

ʧʘʨʘʤʝʪʨ ï ʨʘʙʦʪʫ ʚʳʭʦʜʘ ʵʣʝʢʪʨʦʥʘ ʠʟ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ, ʯʪʦ ʩʬʦʨʤʠʨʦʚʘʣʦ 

ʜʘʣʴʥʝʡʰʠʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʪʝʨʝʩ. ɹʳʣ ʨʘʩʩʤʦʪʨʝʥ ʩʧʝʢʪʨ 

ʤʝʪʘʣʣʠʟʘʮʠʦʥʥʳʭ ʢʦʤʧʦʟʠʮʠʡ. ʄʝʪʘʣʣʠʟʘʮʠʷ ʢ ʧʣʝʥʢʝ SiC n-ʪʠʧʘ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʚʳʧʦʣʥʷʣʘʩʴ ʥʘʧʳʣʝʥʠʝʤ Ni c ʧʦʜʩʣʦʝʤ Ti ʠ ʦʪʞʠʛʦʤ ʚ ʚʘʢʫʫʤʝ. 

ʇʦʣʫʯʝʥʳ ʙʘʨʴʝʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʥʪʘʢʪʘ ʤʝʪʘʣʣ-ʧʦʣʫʧʨʦʚʦʜʥʠʢ. 

ɺʦʟʥʠʢʘʝʪ ʐʦʪʪʢʠ-ʧʝʨʝʭʦʜ, ʩʧʦʩʦʙʥʳʡ ʨʘʟʜʝʣʷʪʴ ʥʝʨʘʚʥʦʚʝʩʥʳʝ ʵʣʝʢʪʨʦʥʥʦ-

ʜʳʨʦʯʥʳʝ ʧʘʨʳ, ʛʝʥʝʨʠʨʫʝʤʳʝ ʙʝʪʘ-ʵʣʝʢʪʨʦʥʘʤʠ ʚ ʦʙʣʘʩʪʠ ʧʣʘʥʘʨʥʦʡ 

ʩʪʨʫʢʪʫʨʳ, ʣʝʛʠʨʦʚʘʥʥʦʡ ʫʛʣʝʨʦʜʦʤ-14. ʆʤʠʯʝʩʢʠʡ ʢʦʥʪʘʢʪ ʜʣʷ ʧʣʘʥʘʨʥʦʡ 

ʩʪʨʫʢʪʫʨʳ n-SiC ʢ ʦʙʣʘʩʪʠ ʣʠʰʝʥʥʦʡ ʣʝʛʠʨʫʶʱʝʡ ʧʨʠʤʝʩʠ ʫʛʣʝʨʦʜʘ-14 ʚ 

ʧʨʦʮʝʩʩʝ ʨʦʩʪʘ (ʙʣʘʛʦʜʘʨʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʟʘʱʠʪʝ ʪʦʣʩʪʳʤ ʩʣʦʝʤ SiO2) 

ʚʳʧʦʣʥʷʝʪ ʬʫʥʢʮʠʶ ʚʪʦʨʦʛʦ ʵʣʝʢʪʨʦʜʘ. ʄʝʪʘʣʣʠʟʘʮʠʷ ʥʘʥʦʩʠʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦ 

ʥʘ ʦʙʘ ʵʣʝʢʪʨʦʜʘ. ɺɸʍ ʯʠʧʘ ʩʪʨʫʢʪʫʨʳ ʨʘʟʤʝʨʦʤ 5ʭ10 ʤʤ ʩʥʠʤʘʣʘʩʴ ʥʘ 

ʭʘʨʘʢʪʝʨʠʦʛʨʘʬʝ, ʠʟʤʝʨʝʥʠʷ ʪʦʢʘ ʢʦʨʦʪʢʦʛʦ ʟʘʤʳʢʘʥʠʷ ʠ ʥʘʧʨʷʞʝʥʠʝ ʭʦʣʦʩʪʦʛʦ 
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ʭʦʜʘ ʚʳʧʦʣʥʝʥʳ ʚʦʣʴʪʤʝʪʨʦʤ ɺ7-21ɸ ʩ ʧʨʠʩʪʘʚʢʦʡ, ʠʩʢʣʶʯʘʶʱʝʡ 

ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʦʧʪʠʯʝʩʢʠʝ ʥʘʚʦʜʢʠ, ʠ ʩʦʩʪʘʚʠʣʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʦʪ 7 ʜʦ 12ʥɸ ʠ 

ʦʪ 0,1 ʜʦ 0,3ʤɺ. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ɻʫʨʩʢʘʷ ɸ.ɺ., ɼʦʣʛʦʧʦʣʦʚ ʄ.ɺ., ʏʝʧʫʨʥʦʚ ɺ.ʀ.// ʌʠʟʠʢʘ ʵʣʝʤʝʥʪʘʨʥʳʭ ʯʘʩʪʠʮ ʠ ʘʪʦʤʥʦʛʦ 
ʷʜʨʘ. 2017. ʊ. 48. ˉ 6, ʉ. 901-909 
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ʀ.ɺ. ɸʅʀʑɽʅʂʆ, ʉ.ɺ. ʇʆʂʈʆɺʉʂʀʁ, ʀ.ɸ. ʈʋɼʅɽɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʏʀʉʃɽʅʅʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʇʈʆʎɽʉʉʆɺ  

ʇɽʈɽʂʃʖʏɽʅʀʗ ɺ ɺʊʉʇ ʃɽʅʊɸʍ 2 ʇʆʂʆʃɽʅʀʗ ʇʆɼ  

ɼɽʁʉʊɺʀɽʄ ʀʄʇʋʃʔʉʆɺ ʕʃɽʂʊʈʀʏɽʉʂʆɻʆ ʊʆʂɸ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʢʦʤʧʣʝʢʩʥʦʛʦ ʤʫʣʴʪʠʬʠʟʠʯʝʩʢʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʢʦʤʧʦʟʠʪʘʭ ʧʨʠ ʠʤʧʫʣʴʩʥʦʤ ʪʦʢʦʚʦʤ ʚʦʟʜʝʡʩʪʚʠʠ. ʇʨʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʩʧʨʦʚʦʮʠʨʦʚʘʥʥʳʭ ʪʦʢʦʚʳʤ ʚʦʟʜʝʡʩʪʚʠʝʤ, 

ʫʧʨʘʚʣʝʥʠʝ ʧʝʨʝʢʣʶʯʝʥʠʝʤ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦʛʦ ʠʣʠ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ ʪʦʢʘ ʧʣʦʪʥʦʩʪʴʶ J > Jʩ. ʇʨʦʚʝʜʝʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ 

ʚʝʨʠʬʠʢʘʮʠʷ FEM ʤʦʜʝʣʠ ʜʣʷ ʢʦʨʦʪʢʠʭ (<3ʤʩ) ʠ ʜʣʠʥʥʳʭ (>3ʤʩ) ʠʤʧʫʣʴʩʦʚ ʪʦʢʘ. 

I.V. ANISHCHENKO, S.V. POKROVSKII, I.A. RUDNEV 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

NUMERICL MODELING OF THE SWITCHING PROCESSES IN THE 2 

GENERATION HTS TAPES UNDER THE ELECTRIC CURRENT 

PULSES IMPACT 

This paper presents of complex multiphysical modeling results of nonequilibrium states 

arising in high-temperature superconducting composites under the pulsed current impact. When 

simulating nonequilibrium states provoked by the current pulses, the switching is controlled by 

an substantive or additional current pulse with a density J> Jʩ. An experimental verification of 

the FEM model for short (<3ms) and long (> 3ms) current pulses was carried out. 

ɺ ʩʦʚʨʝʤʝʥʥʳʭ ʩʠʩʪʝʤʘʭ ʢʦʤʤʫʪʘʮʠʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʢʦʤʧʦʟʠʪʳ 

ʧʨʠʭʦʜʷʪ ʥʘ ʩʤʝʥʫ ʪʨʘʜʠʮʠʦʥʥʳʤ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘʤ ʠ 

ʟʘʯʘʩʪʫʶ ʷʚʣʷʶʪʩʷ ʥʝʦʪʲʝʤʣʝʤʦʡ ʯʘʩʪʴʶ ʪʘʢʠʭ ʫʩʪʨʦʡʩʪʚ, ʢʘʢ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʝ 

ʥʘʢʦʧʠʪʝʣʠ ʵʥʝʨʛʠʠ [1], ʪʦʢʦʦʛʨʘʥʠʯʠʪʝʣʠ [2], ʄʈʊ ʪʦʤʦʛʨʘʬʳ [3]. 

ʇʝʨʝʢʣʶʯʝʥʠʝ ɺʊʉʇ ʢʣʶʯʘ ʚ ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʨʝʜʩʪʚʦʤ 

ʛʝʥʝʨʘʮʠʠ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʠ ʠʤʧʫʣʴʩʥʦʤ ʪʦʢʦʚʦʤ, 

ʤʘʛʥʠʪʥʦʤ ʠʣʠ ʣʦʢʘʣʴʥʦʤ ʪʝʧʣʦʚʦʤ ʚʦʟʜʝʡʩʪʚʠʠ [4]. ɺ ʩʣʫʯʘʝ ʠʤʧʫʣʴʩʥʳʭ 

ʪʦʢʦʚʳʭ ʚʦʟʜʝʡʩʪʚʠʡ ʧʝʨʝʭʦʜ ʠʟ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʛʦ ʚ ʨʝʟʠʩʪʠʚʥʦʝ ʩʦʩʪʦʷʥʠʝ 

ʦʙʫʩʣʦʚʣʝʥ ʧʨʝʚʳʰʝʥʠʝʤ ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ 

ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘʭ ʧʨʠ ʦʜʠʥʦʯʥʦʤ 

ʠʣʠ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʤ ʪʦʢʦʚʳʭ ʚʦʟʜʝʡʩʪʚʠʷʭ, ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ, 

ʦʧʪʠʤʠʟʘʮʠʠ ʠ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʷ ʧʝʨʝʢʣʶʯʘʶʱʠʭ ʫʩʪʨʦʡʩʪʚ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʡ 

ʵʣʝʢʪʨʦʥʠʢʠ, ʩʠʩʪʝʤ ʥʘʢʦʧʣʝʥʠʷ ʠ ʧʝʨʝʜʘʯʠ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʠ ʫʣʫʯʰʝʥʠʷ ʠʭ 

ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʠ. ʆʩʦʙʝʥʥʦ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʯʠʩʣʝʥʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʢʣʶʯʝʥʠʷ ɺʊʉʇ ʢʦʤʧʦʟʠʪʦʚ ʚ ʨʘʟʣʠʯʥʳʭ 
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ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʨʝʞʠʤʘʭ ʨʘʙʦʪʳ ʠ ʧʦʜʙʦʨ ʧʘʨʘʤʝʪʨʦʚ ʦʭʣʘʞʜʝʥʠʷ ʩʠʩʪʝʤʳ ʜʣʷ 

ʜʦʩʪʠʞʝʥʠʷ ʤʠʥʠʤʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʢʦʤʤʫʪʘʮʠʠ ʙʝʟ ʜʝʛʨʘʜʘʮʠʠ ʪʦʢʦʥʝʩʫʱʝʡ 

ʩʧʦʩʦʙʥʦʩʪʠ ɺʉʊʇ ʵʣʝʤʝʥʪʦʚ. ʆʩʦʙʝʥʥʦ ʵʪʦ ʦʪʥʦʩʠʪʩʷ ʢ ʩʠʩʪʝʤʘʤ, ʚ ʢʦʪʦʨʳʭ ʚ 

ʢʘʯʝʩʪʚʝ ʭʣʘʜʘʛʝʥʪʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʞʠʜʢʠʡ ʘʟʦʪ. ʏʠʩʣʝʥʥʳʡ ʘʥʘʣʠʟ ʪʘʢʠʭ ʩʠʩʪʝʤ 

ʜʦʩʪʘʪʦʯʥʦ ʟʘʪʨʫʜʥʠʪʝʣʝʥ ʚʚʠʜʫ ʛʠʩʪʝʨʝʟʠʩʥʦʛʦ ʭʘʨʘʢʪʝʨʘ ʢʨʠʚʦʡ ʢʠʧʝʥʠʷ 

ʞʠʜʢʦʛʦ ʘʟʦʪʘ ʠ ʚʦʟʤʦʞʥʦʩʪʴʶ ʤʥʦʛʦʢʨʘʪʥʦʡ ʩʤʝʥʳ ʨʝʞʠʤʦʚ ʢʠʧʝʥʠʷ LN2 ʧʨʠ 

ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʫʩʣʦʚʠʷʭ ʨʘʙʦʪʳ ɺʊʉʇ ʵʣʝʤʝʥʪʦʚ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ FEM ʤʦʜʝʣʠʨʦʚʘʥʠʷ ɺʊʉʇ ʣʝʥʪʳ, ʧʦʜʚʝʨʞʝʥʥʦʡ ʚʦʟʜʝʡʩʪʚʠʶ 

ʢʦʨʦʪʢʠʭ (< 3 ʤʩ) ʠ ʜʣʠʥʥʳʭ (>3 ʤʩ) ʠʤʧʫʣʴʩʦʚ ʪʦʢʘ. ɺʳʧʦʣʥʝʥʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʠ ʘʥʘʣʠʟ ʜʠʥʘʤʠʢʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, 

ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʝ ɺʊʉʇ ʢʦʤʧʦʟʠʪʦʚ ʩ ʫʯʝʪʦʤ ʚʣʠʷʥʠʷ 

ʣʦʢʘʣʴʥʳʭ ʪʝʨʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʚ ʩʪʨʫʢʪʫʨʝ ʢʦʤʧʦʟʠʪʘ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʨʠ 

ʥʘʣʠʯʠʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʛʦ ʩʣʦʷ. ɺʨʝʤʝʥʘ 

ʧʝʨʝʢʣʶʯʝʥʠʷ ɺʊʉʇ ʢʦʤʧʦʟʠʪʘ ʠʟ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʛʦ ʚ ʥʦʨʤʘʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ 

ʠʩʩʣʝʜʦʚʘʥʳ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʘʤʧʣʠʪʫʜ ʪʦʢʦʚʳʭ ʠʤʧʫʣʴʩʦʚ ʠ ʨʘʟʣʠʯʥʳʭ ʚʨʝʤʝʥ 

ʥʘʨʘʩʪʘʥʠʷ ʬʨʦʥʪʘ ʚʦʟʜʝʡʩʪʚʠʷ. ʇʨʦʚʝʜʝʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʚʝʨʠʬʠʢʘʮʠʷ 

ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʜʣʷ ʜʚʫʭ ʨʝʞʠʤʦʚ ʦʭʣʘʞʜʝʥʠʷ: 

ʦʭʣʘʞʜʝʥʠʝ ʞʠʜʢʠʤ ʘʟʦʪʦʤ ʩ ʫʯʝʪʦʤ ʛʠʩʪʝʨʝʟʠʩʥʦʛʦ ʭʘʨʘʢʪʝʨʘ ʢʨʠʚʦʡ ʢʠʧʝʥʠʷ 

ʠ ʙʝʟʞʠʜʢʦʩʪʥʦʝ ʦʭʣʘʞʜʝʥʠʝ ʚ ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʧʨʠ ʵʬʬʝʢʪʠʚʥʦʤ ʦʭʣʘʞʜʝʥʠʠ ʣʦʢʘʣʴʥʳʝ ʚʩʧʣʝʩʢʠ ʪʝʧʣʦʚʳʜʝʣʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ 

ʫʩʧʝʰʥʦ ʦʪʚʝʜʝʥʳ ʞʠʜʢʠʤ ʭʣʘʜʘʛʝʥʪʦʤ ʠʣʠ ʙʳʪʴ ʩʢʦʤʧʝʥʩʠʨʦʚʘʥʳ 

ʢʨʠʦʛʝʥʥʳʤ ʦʙʦʨʫʜʦʚʘʥʠʝʤ, ʚ ʪʘʢʦʤ ʩʣʫʯʘʝ, ʥʝʪ ʧʨʠʥʮʠʧʠʘʣʴʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ 

ʧʦ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʪʦʢʦʚ, ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʝʚʳʰʘʶʱʠʭ ʢʨʠʪʠʯʝʩʢʠʡ ʪʦʢ ɺʊʉʇ. 

ʇʨʦʚʝʜʝʥ ʨʘʩʯʝʪ ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʧʝʨʝʢʣʶʯʝʥʠʷ ɺʊʉʇ ʚ ʥʦʨʤʘʣʴʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʦʪ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʥʳʭ ʥʘʛʨʫʟʦʢ, ʢʦʪʦʨʘʷ ʟʘʚʠʩʠʪ ʦʪ 

ʩʦʦʪʥʦʰʝʥʠʷ ʩʢʦʨʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʪʝʧʣʘ, ʚʳʜʝʣʠʚʰʝʛʦʩʷ ʥʘ 

ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʝ ʠ ʧʨʠʚʦʜʷʱʝʛʦ ʢ ʩʥʠʞʝʥʠʶ ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ, ʠ 

ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʘ. 
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ʊɽʇʃʆɽʄʂʆʉʊʔ ɾʀɼʂʆɻʆ ʂɸʈɹʀɼɸ ʎʀʈʂʆʅʀʗ  

ZrCX ɼʆ 5000 ʂ 

ʇʨʝʜʩʪʘʚʣʝʥ ʢʨʘʪʢʠʡ ʦʙʟʦʨ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʫʪʦʯʥʝʥʠʶ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ 

ʩʠʩʪʝʤʳ Zr-C: ʧʘʨʘʤʝʪʨʳ ʣʠʥʠʡ ʩʦʣʠʜʫʩʘ ʠ ʣʠʢʚʠʜʫʩʘ, ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʩʦʩʪʘʚ 

ʢʦʥʛʨʫʵʥʪʥʦ ʧʣʘʚʷʱʝʛʦʩʷ ʢʘʨʙʠʜʘ, ʪʝʤʧʝʨʘʪʫʨʘ ʵʚʪʝʢʪʠʢʠ ZrC-ʉ. ʈʘʩʩʤʦʪʨʝʥʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʦ ʪʝʧʣʦʝʤʢʦʩʪʠ ʞʠʜʢʦʛʦ ZrCx, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ 

ʠʤʧʫʣʴʩʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʥʘʛʨʝʚʘ (ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʨʘʥʝʝ ʪʦʣʴʢʦ ʚ ʛʨʘʬʠʯʝʩʢʦʤ ʚʠʜʝ). 

ɺʳʧʦʣʥʝʥʘ ʯʠʩʣʝʥʥʘʷ ʦʙʨʘʙʦʪʢʘ ʢʨʠʚʳʭ ʉʨ(ʊ) ʠ ʧʨʠʚʝʜʝʥʦ ʫʨʘʚʥʝʥʠʝ, 

ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʝ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʪʝʧʣʦʝʤʢʦʩʪʠ ʞʠʜʢʦʛʦ ʢʘʨʙʠʜʘ 

ʮʠʨʢʦʥʠʷ ZrCʭ (C/Zr = 0.95) ʦʪ ʪʦʯʢʠ ʧʣʘʚʣʝʥʠʷ ʜʦ 5000 ʂ. ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ 

ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʌʌʀ, ˉ 19-08-00093. 

N.M. ARISTOVA, S.V.ONUFRIEV , A.I.SAVVATIMSKIY ,  

Joint Institute for High Temperature RAS, Moscow, Russian Federation 

SPECIFIC HEAT FOR LIQUID CARBIDE (Z rCX) UP TO 5000 

K  

The article presents a brief review of studies devoted to the refinement of the phase diagram 

of the ZrC system: parameters of solidus and liquidus lines, temperature and composition of 

congruently melting carbide, temperature of eutectic ZrC-C. Experimental data on the specific 

heat for liquid ZrCx were obtained by pulsed electric heating (presented previously only in 

graphical form). Numerical processing of the CP(T) curves is performed and an equation is 

presented, approximating the temperature dependence of the specific heat for liquid zirconium 

carbide ZrCx (C/Zr = 0.95) from the melting point to 5000 K. The experimental study was 

carried out under the financial support of RFBR grant No. 19-08-00093. 

ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʞʠʜʢʦʡ ʬʘʟʳ ʢʘʨʙʠʜʘ ʮʠʨʢʦʥʠʷ 

(ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʵʥʪʘʣʴʧʠʠ ʠ ʪʝʧʣʦʝʤʢʦʩʪʠ, ʵʥʪʘʣʴʧʠʠ ʧʣʘʚʣʝʥʠʷ) 

ʙʳʣʠ ʠʟʫʯʝʥʳ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʜʘʚʥʦ. ɼʦ ʧʦʷʚʣʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ 

ʜʣʷ ʞʠʜʢʦʛʦ ZrCʭ ( [1]) ʚ ʩʧʨʘʚʦʯʥʠʢʘʭ ʠ ʦʙʟʦʨʥʳʭ ʩʪʘʪʴʷʭ ʞʠʜʢʘʷ ʬʘʟʘ ʣʠʙʦ ʥʝ 

ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ, ʣʠʙʦ ʧʨʠʚʦʜʠʣʠʩʴ ʦʮʝʥʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʧʦʣʫʯʝʥʥʳʝ 

ʨʘʩʯʝʪʥʳʤ ʤʝʪʦʜʦʤ ʠʣʠ ʧʨʠ ʧʦʤʦʱʠ ʵʢʩʪʨʘʧʦʣʷʮʠʠ. ʆʙʱʝʝ ʯʠʩʣʦ ʧʨʠʚʝʜʝʥʥʳʭ 

ʧʫʙʣʠʢʘʮʠʡ ï 48. Tʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʡ ʚʚʝʜʝʥʥʦʡ (ʜʞʦʫʣʝʚʦʡ) 

ʵʥʝʨʛʠʠ ʠ ʪʝʧʣʦʝʤʢʦʩʪʠ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʣʠʰʴ ʚ ʛʨʘʬʠʯʝʩʢʦʤ ʚʠʜʝ, ʯʪʦ 

ʟʘʪʨʫʜʥʷʣʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʵʪʠʭ ʜʘʥʥʳʭ ʜʣʷ ʨʘʩʯʝʪʘ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʬʫʥʢʮʠʡ ʢʘʨʙʠʜʘ ʮʠʨʢʦʥʠʷ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʠ ʞʠʜʢʦʤ ʩʦʩʪʦʷʥʠʷʭ. ʕʪʦ 

ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʧʦʙʫʜʠʣʦ ʘʚʪʦʨʦʚ ʥʘʩʪʦʷʱʝʡ ʩʪʘʪʴʠ ʧʨʝʜʩʪʘʚʠʪʴ ʧʦʣʫʯʝʥʥʳʝ 

ʨʘʥʝʝ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʵʥʪʘʣʴʧʠʠ ʠ ʪʝʧʣʦʝʤʢʦʩʪʠ ʚ ʯʠʩʣʝʥʥʳʭ ʟʥʘʯʝʥʠʷʭ. 

ʈʘʩʩʤʦʪʨʝʥʳ ʦʙʱʠʝ ʚʦʧʨʦʩʳ ʧʦʩʪʨʦʝʥʠʷ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ ʜʣʷ ZrC; 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʠʤʧʫʣʴʩʥʦʤ ʥʘʛʨʝʚʝ ʪʦʢʦʤ. 
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ɼʝʪʘʣʴʥʦ ʨʘʩʩʤʦʪʨʝʥʘ ʪʝʧʣʦʝʤʢʦʩʪʴ ʚ ʞʠʜʢʦʤ ʩʦʩʪʦʷʥʠʠ, ʥʘʯʠʥʘʷ ʦʪ ʪʦʯʢʠ 

ʧʣʘʚʣʝʥʠʷ (3820 ʂ), ʠ ʚʧʣʦʪʴ ʜʦ 5000 ʂ. ʇʦʣʫʯʝʥʳ ʪʘʢʞʝ ʪʘʙʣʠʯʥʳʝ ʜʘʥʥʳʝ. 

ʕʪʦ ʧʦʟʚʦʣʠʪ ʚ ʧʦʩʣʝʜʫʶʱʝʡ ʨʘʙʦʪʝ ʨʘʩʩʯʠʪʘʪʴ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʬʫʥʢʮʠʠ 

(ʪʝʧʣʦʝʤʢʦʩʪʴ, ʵʥʪʨʦʧʠʶ, ʵʥʪʘʣʴʧʠʶ, ʧʨʠʚʝʜʝʥʥʫʶ ʵʥʝʨʛʠʶ ɻʠʙʙʩʘ) ZrC ʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʠ ʞʠʜʢʦʤ ʩʦʩʪʦʷʥʠʠ. ʋʪʦʯʥʝʥʥʳʝ ʜʘʥʥʳʝ ʙʫʜʫʪ ʚʥʝʩʝʥʳ ʚ 

ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʩʧʨʘʚʦʯʥʫʶ ʙʘʟʫ ʜʘʥʥʳʭ ʀɺʊɸʅʊɽʈʄʆ. ɸʧʧʨʦʢʩʠʤʘʮʠʷ 

ʢʨʠʚʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ ʞʠʜʢʦʛʦ ZrC0.95 ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 3820-5000 ʂ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʫʨʘʚʥʝʥʠʝʤ: 

 ʉʨ(ʊ) = - 4293.6 + 1.0269 ʊ ï 66.273Ā10-4 ʊ2 + 21.757Ā109 ʊ-2 (ɼʞ ʤʦʣʴ-1 ʂ-

1) 

 

 

 

ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʉʨ ʜʣʷ 

ʞʠʜʢʦʡ ʬʘʟʳ (ʦʪ ʊ = 3820 ʂ ʜʦ 5000 ʂ). 

ʅʝʨʦʚʥʘʷ ʢʨʠʚʘʷ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʵʢʩʧʝʨʠʤʝʥʪ. 1 ï ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʝ 

ʧʦʣʠʥʦʤʘ ɽ(ʊ) ʩʪʝʧʝʥʠ 3; 2 ï ʪʦ ʞʝ, ʥʦ ʜʣʷ 

ʧʦʣʠʥʦʤʘ ɽ(ʊ) ʩʪʝʧʝʥʠ 4. 

ɺ ʜʠʘʧʘʟʦʥʝ 4800-5000 ʂ ʜʚʘ 

ʚʠʜʘ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʷ ʜʘʶʪ 

ʦʪʢʣʦʥʝʥʠʝ ʚ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ 

ʥʘʧʨʘʚʣʝʥʠʷʭ. ʇʦʵʪʦʤʫ ʜʣʷ ʜʘʥʥʦʛʦ 

ʜʠʘʧʘʟʦʥʘ ʧʨʠʥʷʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʟʥʘʯʝʥʠʷ ï ʢʦʥʩʪʘʥʪʳ.  

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʌʌʀ, ˉ 19-08-

00093. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Savvatimskiy A. I. et al. Measurement of ZrC properties up to 5000 K by fast electrical pulse heating 
method // J. Mater. Res. 2017. V. 32. ˉ 7. P. 1287-1294. 



172 
 

ʇ.ʀ. ɹɽɿʆʊʆʉʅʓʁ, ʂ.ɸ. ɼʄʀʊʈʀɽɺɸ, ʉ.ʖ. ɻɸɺʈʀʃʂʀʅ, ɸ.ʅ. 

ʃʓʂʆɺ, ɸ.ʖ. ʎɺɽʊʂʆɺ 
ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʇʆɼʍʆɼ ʂ ʄʆɼɽʃʀʈʆɺɸʅʀʖ ʉɺɽʈʍʇʈʆɺʆɼʗʑɽɻʆ 

ʉʆʉʊʆʗʅʀʗ ʅɽʆɼʅʆʈʆɼʅʓʍ ʇʃɽʅʆʂ 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʧʦʜʭʦʜ ʢ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʛʦ ʩʦʩʪʦʷʥʠʷ 

ʥʝʦʜʥʦʨʦʜʥʳʭ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʧʣʝʥʦʢ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ɻʠʥʟʙʫʨʛʘ-ʃʘʥʜʘʫ. ʀʟ ʫʩʣʦʚʠʷ 

ʤʠʥʠʤʠʟʘʮʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ɻʃ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʚʳʚʝʜʝʥʘ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ, 

ʦʧʠʩʳʚʘʶʱʘʷ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʝ ʩʦʩʪʦʷʥʠʝ ʥʝʦʜʥʦʨʦʜʥʦʡ ʧʣʘʩʪʠʥʳ. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʦʣʫʯʝʥʥʳʭ ʫʨʘʚʥʝʥʠʡ ʧʨʦʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ʠ ʩʨʘʚʥʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ 

ʠ ʧʨʦʠʟʚʝʜʝʥʠʷ ʚʝʣʠʯʠʥʳ ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ ʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (ʘʥʘʣʦʛʘ 

ʦʙʲʝʤʥʦʡ ʩʠʣʳ ʧʠʥʥʠʥʛʘ) ʦʪ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʣʷ ʜʚʫʭ ʩʣʫʯʘʝʚ: 

ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʠ ʦʜʥʦʨʦʜʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʩʚʦʡʩʪʚ ʧʦ ʪʦʣʱʠʥʝ 

ʧʣʝʥʢʠ. 

P. I. BEZOTOSNYI, K. A. DMITRIEVA, S. YU. GAVRILKIN,  

A. N. LYKOV, A. YU. TSVETKOV 

P.N. Lebedev Physical Institute of the Russian Academy of Science, Moscow, Russia 

AN APPROACH TO SIMULATION OF THE 

SUPERCONDUCTING STATE OF INHOMOGENEOUS FILMS  

An approach to modeling the superconducting properties of inhomogeneous 

superconducting films in the framework of the Ginzburg-Landau theory is proposed. From the 

condition of minimizing the GL functional of free energy, a system of equations is derived that 

describes the superconducting state of an inhomogeneous plate. Using the obtained equations, 

we calculated and compared the dependences of the critical current and the product of the 

critical current and the external magnetic field (analogue of the pinning force) with the external 

magnetic field for two cases: inhomogeneous and uniform distributions of superconducting 

properties over the film thickness. 

ʊʦʥʢʠʝ ʧʣʝʥʢʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ ʠʭ ʩʚʦʡʩʪʚ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ, ʧʦ ʪʦʣʱʠʥʝ. ɼʣʷ ʜʦʩʪʘʪʦʯʥʦ ʪʦʥʢʦʡ ʧʣʝʥʢʠ ʧʘʨʘʤʝʪʨʳ ʝʝ 

ʨʝʰʝʪʢʠ, ʘ ʪʘʢʞʝ ʜʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʤʦʛʫʪ ʦʱʫʪʠʤʦ ʦʪʣʠʯʘʪʴʩʷ ʦʪ ʩʚʦʡʩʪʚ 

ʤʘʪʝʨʠʘʣʘ, ʠʟ ʢʦʪʦʨʦʛʦ ʦʥʘ ʩʜʝʣʘʥʘ. ɺ ʵʪʦʡ ʩʚʷʟʠ, ʤʦʜʝʣʠ, ʦʧʠʩʳʚʘʶʱʠʝ 

ʨʝʘʣʴʥʳʝ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʝ ʧʣʝʥʢʠ, ʜʦʣʞʥʳ ʫʯʠʪʳʚʘʪʴ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʩʚʦʡʩʪʚ 

ʧʦ ʝʝ ʪʦʣʱʠʥʝ. 
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ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʠ ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ Iʩ ʦʪ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ h ʜʣʷ 

ʧʣʘʩʪʠʥʳ ʪʦʣʱʠʥʦʡ d = ɝ. ʈʘʩʯʝʪʳ ʧʨʦʚʝʜʝʥʳ ʜʣʷ ʩʣʫʯʘʝʚ ʦʜʥʦʨʦʜʥʦʛʦ (ɖ = 0) ʠ 

ʥʝʦʜʥʦʨʦʜʥʦʛʦ (ɖ = 1, 2, 3 ʠ 3.9) ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʩʚʦʡʩʪʚ ʧʦ ʪʦʣʱʠʥʝ 

ʧʣʘʩʪʠʥʳ. ɝ ʠ əʉ - ʜʣʠʥʘ ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʠ ʧʘʨʘʤʝʪʨ ɻʠʥʟʙʫʨʛʘ-ʃʘʥʜʘʫ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʚ 

ʮʝʥʪʨʝ ʧʣʝʥʢʠ, ɖ ï ʧʘʨʘʤʝʪʨ ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʩʪʝʧʝʥʴ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʧʣʝʥʢʠ. 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʨʘʩʯʝʪʘ ʢʨʠʪʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʝʦʜʥʦʨʦʜʥʳʭ 

ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʧʣʝʥʦʢ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ɻʠʥʟʙʫʨʛʘ-ʃʘʥʜʘʫ. ʀʟ ʫʩʣʦʚʠʷ 

ʤʠʥʠʤʠʟʘʮʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ɻʃ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʚʳʚʝʜʝʥʘ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ, 

ʦʧʠʩʳʚʘʶʱʘʷ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʝ ʩʦʩʪʦʷʥʠʝ ʥʝʦʜʥʦʨʦʜʥʦʡ ʧʣʘʩʪʠʥʳ. ʇʨʦʚʝʜʝʥ 

ʯʠʩʣʝʥʥʳʡ ʨʘʩʯʝʪ ʟʘʚʠʩʠʤʦʩʪʝʡ ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ ʧʣʘʩʪʠʥʳ ʦʪ ʚʥʝʰʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʇʨʠʤʝʨ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 1. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʩʪʝʧʝʥʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʧʣʝʥʢʠ ʢʨʠʪʠʯʝʩʢʠʡ ʪʦʢ ʚ ʥʫʣʝʚʦʤ ʚʥʝʰʥʝʤ 

ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʟʘʤʝʪʥʦ ʫʤʝʥʴʰʘʝʪʩʷ, ʘ ʢʨʠʪʠʯʝʩʢʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʧʣʝʥʢʠ 

(ʧʨʠ ʥʫʣʝʚʦʤ ʪʨʘʥʩʧʦʨʪʥʦʤ ʪʦʢʝ) ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ʇʨʠ ʦʧʨʝʜʝʣʝʥʥʦʡ ʚʝʣʠʯʠʥʝ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʟʥʘʯʝʥʠʝ ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ ʧʣʘʩʪʠʥʳ ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʩʪʝʧʝʥʠ ʝʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ. 
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ɼ. ɹ. ɹʋʁʊʂɽʅʆɺ, ɹ. ʂ. ʈɸʍɸɼʀʃʆɺ, ɼ. ɽʈɹʆʃɸʊʋʃʓ 
ɺʦʩʪʦʯʥʦ-ʂʘʟʘʭʩʪʘʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʉ. ɸʤʘʥʞʦʣʦʚʘ, ʋʩʪʴ-

ʂʘʤʝʥʦʛʦʨʩʢ, ʂʘʟʘʭʩʪʘʥ 

 

ʊʈʀɹʆʊɽʍʅʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ ɼɽʊʆʅɸʎʀʆʅʅʓʍ 

ʇʆʂʈʓʊʀʁ ɼʆ ʀ ʇʆʉʃɽ ʆʊɾʀɻɸ 

ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʝ ʪʝʨʤʠʯʝʩʢʦʛʦ ʦʪʞʠʛʘ ʥʘ ʩʚʦʡʩʪʚʘ 

ʤʥʦʛʦʬʘʟʥʳʭ ʧʦʢʨʳʪʠʡ Ti3SiC2/TiC, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʜʝʪʦʥʘʮʠʦʥʥʦʛʦ ʥʘʧʳʣʝʥʠʷ. 

ʇʦʩʣʝ ʦʪʞʠʛʘ ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ TiO2 ʠ ʫʚʝʣʠʯʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʬʘʟʳ Ti3SiC2. 

ɹʦʣʝʝ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʦʩʣʝ ʦʪʞʠʛʘ 800 ƺʉ, ʢʦʪʦʨʳʝ 

ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ Ti3SiC2. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʭ 

ʠʩʧʳʪʘʥʠʡ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ TiO2 ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ ʧʦʚʳʰʘʝʪ 

ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʧʦʢʨʳʪʠʡ. ʇʦʩʣʝ ʦʪʞʠʛʘ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʚʳʰʝʥʠʝ ʘʜʛʝʟʠʦʥʥʦʡ 

ʧʨʦʯʥʦʩʪʠ ʧʦʢʨʳʪʠʡ. 

D. B. BUITKENOV, B.K. RAKHADILOV , D. YERBOLATULY 

S. Amanzholov East Kazakhstan State University, Ust-Kamenogorsk, Kazakhstan 

TRIBOTECHNICAL PROPERTIES OF DETONATION COATINGS 

BEFORE AND AFTER ANNEALING  

In this work, the effect of thermal annealing on the properties of Ti3SiC2/TiC multiphase 

coatings obtained by detonation spraying was studied. After annealing, TiO2 formation and an 

increase in the Ti3SiC2 phase content were observed. Higher microhardness values were 

obtained after annealing at 800 ÁC, which can be explained by an increase in the Ti3SiC2 

content. According to the results of tribological tests, it was found that the formation of oxide in 

the surface layers of coatings increases the wear resistance. After annealing, an increase in the 

adhesion strength of the coatings is observed. 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʩʫʱʝʩʪʚʫʝʪ ʜʦʩʪʘʪʦʯʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʩʧʦʩʦʙʦʚ 

ʥʘʥʝʩʝʥʠʡ ʧʦʢʨʳʪʠʡ ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠʟʥʦʰʝʥʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʩʨʝʜʠ 

ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ: ʛʘʟʦʧʣʘʤʝʥʥʦʝ ʥʘʧʳʣʝʥʠʝ, ʣʘʟʝʨʥʦʝ ʥʘʧʳʣʝʥʠʝ, 

ʭʦʣʦʜʥʦʝ ʥʘʧʳʣʝʥʠʝ, ʧʣʘʟʤʝʥʥʦʝ ʥʘʧʳʣʝʥʠʝ, ʥʘʥʝʩʝʥʠʝ ʧʦʢʨʳʪʠʡ ʚʘʢʫʫʤʥʳʤ 

ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʳʤ ʩʧʦʩʦʙʦʤ ʠ ʜʝʪʦʥʘʮʠʦʥʥʦʝ ʥʘʧʳʣʝʥʠʝ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʘʥʘʣʠʟʘ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʩʧʦʩʦʙʦʚ, ʜʝʪʦʥʘʮʠʦʥʥʳʡ ʤʝʪʦʜ ʥʘʥʝʩʝʥʠʷ ʧʦʢʨʳʪʠʡ 

ʧʦʢʘʟʘʣʩʷ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʠ ʧʨʦʩʪʳʤ. ʂ ʝʛʦ ʜʦʩʪʦʠʥʩʪʚʫ ʩʣʝʜʫʝʪ 

ʦʪʥʝʩʪʠ ʚʳʩʦʢʫʶ ʧʨʦʯʥʦʩʪʴ ʩʮʝʧʣʝʥʠʷ (100é180 ʄʇʘ) [1,2], ʚʳʩʦʢʫʶ 

ʧʣʦʪʥʦʩʪʴ, ʘ ʪʘʢʞʝ ʚʦʟʤʦʞʥʦʩʪʴ ʥʘʥʝʩʝʥʠʷ ʣʶʙʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʣʶʙʳʝ 

ʧʦʚʝʨʭʥʦʩʪʠ ʜʝʪʘʣʝʡ.  

ɺ ʨʘʙʦʪʝ [3] ʥʘʤʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʦʢʨʳʪʠʷ Ti3SiC2 ʤʝʪʦʜʦʤ ʜʝʪʦʥʘʮʠʦʥʥʦʛʦ 

ʥʘʧʳʣʝʥʠʷ ʠ ʠʩʩʣʝʜʦʚʘʥʳ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʳʝ ʠʟʤʝʥʝʥʠʷ. ʀʥʪʝʨʝʩ ʢ Ti3SiC2 

ʦʙʲʷʩʥʷʝʪʩʷ ʫʥʠʢʘʣʴʥʳʤ ʩʦʯʝʪʘʥʠʝʤ ʚ ʥʝʤ ʩʚʦʡʩʪʚ ʤʝʪʘʣʣʘ ʠ ʢʝʨʘʤʠʢʠ. 

ʀʥʪʝʨʝʩ ʚʳʟʳʚʘʝʪ ʠ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʠʩʪʝʤʳ Ti3SiC2, ʢʦʪʦʨʳʝ 
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ʙʣʘʛʦʜʘʨʷ ʩʣʦʠʩʪʦʤʫ ʩʪʨʦʝʥʠʶ ʤʦʛʫʪ ʦʙʝʩʧʝʯʠʚʘʪʴ ʧʦʥʠʞʝʥʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ 

ʪʨʝʥʠʷ. 

ɼʝʪʦʥʘʮʠʦʥʥʳʝ ʧʦʢʨʳʪʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʘ ʢʦʤʧʴʶʪʝʨʠʟʠʨʦʚʘʥʥʦʤ 

ʢʦʤʧʣʝʢʩʝ ʜʝʪʦʥʘʮʠʦʥʥʦʛʦ ʥʘʧʳʣʝʥʠʷ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ CCDS2000 [4]. 

ʊʝʨʤʠʯʝʩʢʠʡ ʦʪʞʠʛ ʧʨʦʚʦʜʠʣʠ ʚ ʣʘʙʦʨʘʪʦʨʥʦʡ ʪʨʫʙʯʘʪʦʡ ʵʣʝʢʪʨʦʧʝʯʠ ʉʋʆʃ-

0.4.4/12-ʄ2-ʋ4.2 ʪʠʧʘ ʚ ʚʘʢʫʫʤʝ 10-2 ʇʘ. ʄʠʢʨʦʪʚʝʨʜʦʩʪʴ ʦʙʨʘʟʮʦʚ ʠʟʤʝʨʷʣʠ ʥʘ 

ʧʨʠʙʦʨʝ ʇʄʊ-3M. ʊʨʠʙʦʣʦʛʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʢʨʳʪʠʡ ʠʩʩʣʝʜʦʚʘʣʠʩʴ 

ʥʘ ʪʨʠʙʦʤʝʪʨʝ Anton Paar TRB3 ʤʝʪʦʜʦʤ ʰʘʨ-ʜʠʩʢ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʘʜʛʝʟʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʢʨʳʪʠʡ, ʤʝʪʦʜʦʤ ñʮʘʨʘʧʘʥʠʷò, ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʫʩʪʘʥʦʚʢʘ ʩʢʨʝʪʯ-ʪʝʩʪʝʨ RevetestÈ RSTį. ʊʝʨʤʠʯʝʩʢʠʡ ʦʪʞʠʛ ʧʨʦʚʦʜʠʣʠ ʚ 

ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 700-900 Áʉ ʚ ʪʝʯʝʥʠʝ 1 ʯ. ʇʦʩʣʝ ʦʪʞʠʛʘ ʥʘʙʣʶʜʘʝʪʩʷ 

ʦʙʨʘʟʦʚʘʥʠʝ TiO2 ʠ ʫʚʝʣʠʯʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʬʘʟʳ Ti3SiC2. ɹʦʣʝʝ ʚʳʩʦʢʠʝ 

ʟʥʘʯʝʥʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʦʩʣʝ ʦʪʞʠʛʘ 800 ƺʉ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ 

ʦʙʲʷʩʥʠʪʴ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ Ti3SiC2. ʈʝʟʫʣʴʪʘʪʳ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʭ 

ʠʩʧʳʪʘʥʠʡ ʧʦʢʨʳʪʠʡ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʤʥʦʛʦʬʘʟʥʦʡ ʧʦʢʨʳʪʠʡ Ti3SiC2/TiC 

ʜʦ ʦʪʞʠʛʘ ʢʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 0,65-0,70. ʇʦʩʣʝ ʪʝʨʤʠʯʝʩʢʦʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 800 Áʉ ʢʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 0,30-0,35. 

ʇʦʚʳʰʝʥʠʝ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ ʩʚʷʟʘʥʦ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ TiO2 ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ 

ʩʣʦʷʭ ʠ ʥʘʣʠʯʠʝʤ ʙʦʣʴʰʝʡ ʜʦʣʠ ʫʧʨʦʯʥʷʶʱʠʡ ʢʘʨʙʠʜʥʳʡ ʬʘʟʳ TiC [5]. 

ʆʜʥʠʤ ʠʟ ʛʣʘʚʥʳʭ ʬʘʢʪʦʨʦʚ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʢʘʯʝʩʪʚʦ ʥʘʥʝʩʝʥʥʦʛʦ ʧʦʢʨʳʪʠʷ, 

ʚʣʠʷʶʱʝʝ ʥʘ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʨʘʙʦʪʳ, ʷʚʣʷʝʪʩʷ ʘʜʛʝʟʠʷ. ɺ ʧʦʢʨʳʪʠʝ ʜʦ 

ʦʪʞʠʛʘ ʨʘʟʨʫʰʝʥʠʝ ʥʘʯʠʥʘʝʪʩʷ ʧʨʠ ʩʠʣʝ ʥʘʛʨʫʞʝʥʠʷ ʠʥʜʝʥʪʦʨʘ 4.07 ʅ. ʇʦʩʣʝ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 800 Áʉ ʨʘʟʨʫʰʝʥʠʝ ʧʦʢʨʳʪʠʡ 

ʥʘʯʠʥʘʝʪʩʷ ʣʠʰʴ ʧʦʩʣʝ ʜʦʩʪʠʞʝʥʠʷ ʥʘʛʨʫʟʢʠ 13.22 ʅ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʚʳʩʦʢʦʡ ʘʜʛʝʟʠʦʥʥʦʡ ʧʨʦʯʥʦʩʪʠ ʧʦʢʨʳʪʠʷ.  
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ʆ. ʄ. ʉʋʈɼʀʅ, ɺ. ʅ. ʇɸɺʃʆɺ 
ʉʘʨʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ï ʬʠʣʠʘʣ ʅʀʗʋ çʄʀʌʀè, ʉʘʨʦʚ, ʈʦʩʩʠʷ 

 

ʄʀʂʈʆʉʂʆʇʀʏɽʉʂʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʉʊʈʆɽʅʀʗ 

ʌʈʆʅʊɸ ʋɼɸʈʅʆʁ ɺʆʃʅʓ 

ʈʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʦʛʦ ʨʘʩʯʝʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʥʘ ʬʨʦʥʪʝ 

ʫʜʘʨʥʦʡ ʚʦʣʥʳ, ʘ ʪʘʢʞʝ, ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʠʭ ʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʅʘ ʧʨʠʤʝʨʝ 

ʦʜʥʦʤʝʨʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩ ʧʘʨʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʚ 

ʬʦʨʤʝ ʃʝʥʥʘʨʜ-ɼʞʦʥʩʘ ʧʦʢʘʟʘʥʘ ʩʭʦʜʠʤʦʩʪʴ ʘʣʛʦʨʠʪʤʘ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʠʷ, ʠʩʩʣʝʜʦʚʘʥʘ 

ʟʘʚʠʩʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʦʚ ʬʨʦʥʪʘ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʦʪ ʝʛʦ ʩʢʦʨʦʩʪʠ. 

ɼʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʧʨʠʤʝʥʠʤʘ ʜʣʷ ʧʨʦʠʟʚʦʣʴʥʳʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʤʝʪʘʣʣʦʚ, 

ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʜʣʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʘʣʶʤʠʥʠʷ. 

ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʠʢʘ ʚʳʙʦʨʘ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʯʝʪʘ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʧʩʝʚʜʦʧʦʪʝʥʮʠʘʣʦʚ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ Quantum ESPRESSO, ʚʳʧʦʣʥʝʥ 

ʨʘʩʯʝʪ ʢʨʠʚʳʭ ʩʞʘʪʠʷ ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʦʡ ʢʫʙʠʯʝʩʢʦʡ (ɻʎʂ) ʬʘʟʳ ʘʣʶʤʠʥʠʷ. ʇʦ 

ʢʨʠʚʳʤ ʩʞʘʪʠʷ ʦʧʨʝʜʝʣʝʥʳ ʧʘʨʘʤʝʪʨʳ ʧʦʪʝʥʮʠʘʣʘ ʚ ʬʦʨʤʝ ʃʝʥʥʘʨʜ-ɼʞʦʥʩʘ ʜʣʷ 

ʘʣʶʤʠʥʠʷ ʚ ʨʘʤʢʘʭ ʧʨʠʙʣʠʞʝʥʠʷ ʙʣʠʞʘʡʰʠʭ ʩʦʩʝʜʝʡ. ɼʣʷ ɻʎʂ ʨʝʰʝʪʢʠ ʘʣʶʤʠʥʠʷ 

ʚʳʧʦʣʥʝʥ ʨʘʩʯʝʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʥʘ ʬʨʦʥʪʝ ʫʜʘʨʥʦʡ ʚʦʣʥʳ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʡʩʷ ʚ 

ʥʘʧʨʘʚʣʝʥʠʠ [100]. ʇʦʩʪʨʦʝʥʳ ʛʨʘʬʠʢʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʢʦʨʦʩʪʠ, ʧʣʦʪʥʦʩʪʠ, 

ʨʘʚʥʦʜʝʡʩʪʚʫʶʱʠʭ ʩʠʣ ʥʘ ʬʨʦʥʪʝ, ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʣʠʯʝʩʪʚʘ ʯʘʩʪʠʮ ʚʦ ʬʨʦʥʪʝ ʫʜʘʨʥʦʡ 

ʚʦʣʥʳ ʦʪ ʩʢʦʨʦʩʪʠ ʫʜʘʨʥʦʡ ʚʦʣʥʳ. 

A. S. BURKATSKIY, YU. B. KUDASOV, D. A. MASLOV, 

O. M. SURDIN, V. N. PAVLOV 

Sarov State Physics and Technical Institute (Branch of the Moscow Engineering Physics 

Institute), Sarov, Russia 

MICROSCOPIC MODELLING OF THE SHOCK WAVE FRONT 

STRUCTURE 

A self-consistent calculation of particles distribution and dynamic properties distributions 

on a shock wave front procedure was developed. The convergence of the self-consistent 

algorithm was demonstrated on the one-dimensional crystal with the particle pair interaction 

potential in the Lennard-Jones form. The dependence of the parameters of the shock wave front 

on its velocity was investigated. 

The present procedure can be used for different crystal structures of metals, including the 

fcc phase of aluminium.  

A method was proposed for selecting parameters for calculating the electronic structure 

using pseudopotentials in the Quantum ESPRESSO software package, and compression curves 

for the face-centered cubic (fcc) phase of aluminum were calculated. Using the compression 

curves, we determined the parameters of the potential in the Lennard-Jones form for aluminum 
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in the framework of the nearest-neighbor approximation. For the fcc aluminum lattice, the 

particle distribution on the front of the shock wave propagating in the [100] direction was 

calculated. Plots of the distribution of velocity, density, resultant forces in the front, the 

dependence of the number of particles in the shock wave front on the speed of the shock wave 

were constructed. 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʤʝʪʦʜ ʨʘʩʯʝʪʘ ʩʪʨʫʢʪʫʨʳ ʬʨʦʥʪʘ ʩʪʘʮʠʦʥʘʨʥʦʡ 

ʫʜʘʨʥʦʡ ʚʦʣʥʳ, ʩʦʧʨʦʚʦʞʜʘʶʱʝʡʩʷ ʦʜʥʦʦʩʥʳʤ ʫʧʨʫʛʠʤ ʩʞʘʪʠʝʤ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʪʚʝʨʜʦʛʦ ʪʝʣʘ. ʋʧʨʫʛʦʝ ʦʜʥʦʦʩʥʦʝ ʩʞʘʪʠʝ ʚʧʦʣʥʝ ʤʦʞʝʪ ʙʳʪʴ 

ʨʝʘʣʠʟʦʚʘʥʦ ʚ ʞʠʟʥʠ, ʥʘʧʨʠʤʝʨ, ʚ ʦʧʳʪʘʭ ʩ ʬʝʤʪʦʩʝʢʫʥʜʥʳʤ ʣʘʟʝʨʦʤ [1]. 

ɺ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʨʘʩʯʝʪʘ ʣʝʞʠʪ ʠʪʝʨʘʮʠʦʥʥʘʷ ʧʨʦʮʝʜʫʨʘ, ʧʦʟʚʦʣʷʶʱʘʷ 

ʚʳʙʨʘʪʴ ʤʝʞʯʘʩʪʠʯʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʚ ʢʨʠʩʪʘʣʣʝ ʪʘʢ, ʯʪʦʙʳ ʚʳʧʦʣʥʷʣʠʩʴ 

ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʟʘʢʦʥʳ ʩʦʭʨʘʥʝʥʠʷ ʤʘʩʩʳ ʠ ʠʤʧʫʣʴʩʘ, ʨʝʛʫʣʠʨʫʶʱʠʝ 

ʧʝʨʝʥʦʩ ʚʝʱʝʩʪʚʘ ʯʝʨʝʟ ʬʨʦʥʪ ʫʜʘʨʥʦʡ ʚʦʣʥʳ. ɺ ʧʨʦʮʝʩʩʝ ʨʘʩʯʸʪʘ ʚʦʟʥʠʢʘʝʪ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʩʠʣ ʤʝʞʯʘʩʪʠʯʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʈʘʩʯʝʪ ʩʠʣ 

ʚʝʜʝʪʩʷ ʯʝʨʝʟ ʧʦʪʝʥʮʠʘʣ ʧʘʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʢʦʪʦʨʳʡ ʟʘʧʠʩʘʥ ʚ ʬʦʨʤʝ 

ʃʝʥʥʘʨʜ-ɼʞʦʥʩʘ. ʅʝʦʙʭʦʜʠʤʳʝ ʧʘʨʘʤʝʪʨʳ ʧʦʪʝʥʮʠʘʣʘ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ 

ʘʧʧʨʦʢʩʠʤʘʮʠʝʡ ʢʨʠʚʦʡ ʦʜʥʦʦʩʥʦʛʦ ʩʞʘʪʠʷ, ʧʦʩʪʨʦʝʥʥʦʡ ʙʣʘʛʦʜʘʨʷ ʩʝʨʠʠ 

ʧʨʦʚʝʜʝʥʥʳʭ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʚ Quantum ESPRESSO. 

ʇʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ QE ʚʳʯʠʩʣʷʝʪ ʵʣʝʢʪʨʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʤʝʪʦʜʦʤ 

ʧʩʝʚʜʦʧʦʪʝʥʮʠʘʣʦʚ [2]. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ɾʘʭʦʚʩʢʠʡ ɺ. ɺ., ʀʥʦʛʘʤʦʚ ʅ. ɸ. ʋʧʨʫʛʦ-ʧʣʘʩʪʠʯʝʩʢʠʝ ʷʚʣʝʥʠʷ ʚ ʫʣʴʪʨʘʢʦʨʦʪʢʠʭ ʫʜʘʨʥʳʭ 

ʚʦʣʥʘʭ //ʇʠʩʴʤʘ ʚ ɾʫʨʥʘʣ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ. ï 2010. ï ʊ. 92. ï 
ˉ. 8. ï ʉ. 574-579. 

2. Giannozzi P. et al. QUANTUM ESPRESSO: a modular and open-source software project for 

quantum simulations of materials //Journal of physics: Condensed matter. ï 2009. ï ʊ. 21. ï ˉ. 
39. ï ʉ. 395502. 
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ɼ.ɸ. ɹʋʏʅʓʁ1, ɺ.C. ʃʀʊɺʀʅ1, ɺ.ɸ. ʋʃʔʗʅʆɺ2, ɺ.ɻ. 

ʉʓʈʆʄʗʊʅʀʂʆɺ2, ɸ.ɸ. ʉʊʆʃʗʈʆɺ1, ɼ.ʅ. ʊʈʋʅʆɺ1, ʉ.ʅ. 

ɸʂʉɽʅʆɺ1, ɺ.ʅ. ʄɸʈʀʅ1, ʈ.ɸ. ʉɸɼʓʂʆɺ1 

1
ʀʥʩʪʠʪʫʪ ʷʜʝʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

2
ʇʝʪʝʨʙʫʨʛʩʢʠʡ ʠʥʩʪʠʪʫʪ ʷʜʝʨʥʦʡ ʬʠʟʠʢʠ ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʀʥʩʪʠʪʫʪè, ɻʘʪʯʠʥʘ, 

ʈʦʩʩʠʷ 

 

ʀʉʉʃɽɼʆɺɸʅʀɽ ʅɽʄɸɻʅʀʊʅʓʍ ʉʇʃɸɺʆɺ ʄɽʊʆɼʆʄ 

ʄɸʃʆʋɻʃʆɺʆɻʆ ʈɸʉʉɽʗʅʀʗ ʅɽʁʊʈʆʅʆɺ  

ʅɸ ʋʉʊɸʅʆɺʂɽ ñɻʆʈʀɿʆʅʊò 
 

ʇʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ ʤʘʣʦʫʛʣʦʚʦʤʫ ʨʘʩʩʝʷʥʠʶ ʥʝʡʪʨʦʥʦʚ 

(ʄʋʈʅ) ʥʘ ʦʙʨʘʟʮʘʭ ʥʝʤʘʛʥʠʪʥʳʭ ʩʧʣʘʚʦʚ 40ʍʅʖ (NiCrAl), ɹʨɹ-2 (CuBeNi) ʠ MoTiC ʥʘ 

ʫʩʪʘʥʦʚʢʝ çɻʦʨʠʟʦʥʪè (ʥʝʡʪʨʦʥʥʦʤ ʨʝʬʣʝʢʪʦʤʝʪʨʝ-ʤʘʣʦʫʛʣʦʚʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ), ʥʘ 

ʠʤʧʫʣʴʩʥʦʤ ʠʩʪʦʯʥʠʢʝ ʥʝʡʪʨʦʥʦʚ ʀʅ-06 ʀʗʀ ʈɸʅ. 

D.A. BUCHNYY1, V.S. LITVIN1, V.A. ULYANOV 2, 

V.G. SYROMYATNIKOV2, A.A. STOLYAROV1, D.N. TRUNOV1, 

S.N. AXENOV1, V.N. MARIN 1, R.A. SADYKOV1 

1Institute for Nuclear Research of RAS, Moscow, Russia 
2Petersburg Nuclear Physics Institute of NRC Kurchatov Institute, Gatchina, Russia 

NON-MAGNETIC AL LOYS RESEARCH USING SANS METHOD 

AT THE INSTRUMENT ñGORIZONTò 

The results of the small angle neutron scattering (SANS) on the non-magnetic alloys 

40HNU (NiCrAl), BrB-2 (CuBeNi) and MoTiC using the instrument ñGORIZONTò (neutron 

reflectometer-small angle spectrometer) on the pulsed neutron source IN-06 of the INR RAS are 

presented. 

ɸʢʪʫʘʣʴʥʦʡ ʧʨʦʙʣʝʤʦʡ ʤʝʪʦʜʘ ʄʋʈʅ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʝʱʝʩʪʚʘ ʷʚʣʷʝʪʩʷ 

ʧʦʜʙʦʨ ʤʘʪʝʨʠʘʣʦʚ ʵʣʝʤʝʥʪʦʚ ʫʩʪʘʥʦʚʢʠ, ʢʦʪʦʨʳʝ, ʦʙʣʘʜʘʷ ʪʨʝʙʫʝʤʳʤʠ 

ʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʜʘʚʘʣʠ ʙʳ ʢʘʢ ʤʦʞʥʦ ʤʝʥʴʰʠʡ ʚʢʣʘʜ ʚ ʨʘʩʩʝʷʥʠʝ 

ʥʝʡʪʨʦʥʦʚ. ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʪʘʢʞʝ ʥʝʜʦʧʫʩʪʠʤʘ ʚʳʩʦʢʘʷ 

ʤʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ.  ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʦʩʥʦʚʥʳʤʠ 

ʠʥʩʪʨʫʤʝʥʪʘʤʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʡ ʥʘ ʦʙʨʘʟʮʝ ʄʋʈʅ ʷʚʣʷʶʪʩʷ 

ʥʘʢʦʚʘʣʴʥʠ ʠ ʢʘʤʝʨʳ ʩ ʩʘʧʬʠʨʦʚʳʤʠ ʦʢʥʘʤʠ, ʟʥʘʯʠʪʝʣʴʥʦ ʦʛʨʘʥʠʯʠʚʘʶʱʠʝ 

ʣʠʙʦ ʦʙʲʝʤ ʦʙʨʘʟʮʘ, ʣʠʙʦ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʩʪʠʞʠʤʦʝ ʜʘʚʣʝʥʠʝ. ɹʨɹ2 (Cu-

ʦʩʥʦʚʥʦʡ, Be-2%, Ni-0.5%), 40ʍʅʖ (Ni-ʦʩʥʦʚʥʦʡ, Cr-41%, Al-3.5%) [1] ʠ (Mo-

86%, Ti-10%, C-3%) ï ʥʝʤʘʛʥʠʪʥʳʝ ʩʧʣʘʚʳ, ʢʦʪʦʨʳʝ ʚ ʧʝʨʩʧʝʢʪʠʚʝ ʤʦʛʫʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʘʤʝʨ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʩʠʩʪʝʤʳ ʧʦʨʰʝʥʴ-

ʮʠʣʠʥʜʨ. 
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 ɹʳʣ ʧʨʦʚʝʜʝʥ ʪʝʩʪʦʚʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʧʦ ʄʋʈʅ ʥʘ ʦʙʨʘʟʮʘʭ ʜʘʥʥʳʭ 

ʩʧʣʘʚʦʚ ʩ ʮʝʣʴʶ ʦʮʝʥʢʠ ʠʭ ʚʢʣʘʜʘ ʚ ʨʘʩʩʝʷʥʠʝ ʥʝʡʪʨʦʥʦʚ (ʈʠʩ. 1). 

 

ʈʠʩ. 1 ʉʧʝʢʪʨʳ ʄʋʈʅ ʥʘ ʥʝʤʘʛʥʠʪʥʳʭ ʩʧʣʘʚʘʭ  

ɺʠʜʥʦ, ʯʪʦ ʩʧʣʘʚ MoTiC ʦʙʣʘʜʘʝʪ ʩʝʯʝʥʠʝʤ ʥʝʡʪʨʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʥʘ 

ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ ʤʝʥʴʰʝ, ʯʝʤ 40ʍʅʖ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʨʝʜʧʦʯʪʠʪʝʣʝʥ ʧʨʠ 

ʠʟʛʦʪʦʚʣʝʥʠʠ ʵʣʝʤʝʥʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ʃʠʪʚʠʥ ɺ. ʉ., ɸʣʝʢʩʝʝʚ ɸ. ɸ., ʊʨʫʥʦʚ ɼ. ʅ., ɸʢʩʝʥʦʚ ʉ. ʅ., ʂʣʝʤʝʥʪʴʝʚ ɽ. ʉ., ʄʘʨʠʥ ɺ. ʅ., 
ʇʦʪʘʰʝʚ ʉ. ʀ., ʉʪʦʣʷʨʦʚ ɸ. ɸ., ʃʝʙʝʜʴ ʖ. ɹ., ʂʫʟʥʝʮʦʚ ɺ. ʃ., ʂʫʟʥʝʮʦʚ ʉ. ʇ., ʄʝʰʢʦʚ ʀ. 

ɺ., ʉʘʜʳʢʦʚ ʈ. ɸ. ʅʝʡʪʨʦʥʥʘʷ ʜʠʬʨʘʢʮʠʷ ʠ ʩʧʝʢʪʨʦʤʝʪʨʠʷ ʥʘ ʠʤʧʫʣʴʩʥʦʤ ʠʩʪʦʯʥʠʢʝ 
ñʈɸɼʕʂʉò ʀʗʀ ʈɸʅ. ʇʦʚʝʨʭʥʦʩʪʴ. 2019, ˉ3, ʉ. 25-31 
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ɺ.ɺ. ɺʆʃʂʆɺ1, ɸ.ɽ. ʂʈʖʂʆɺɸ1,2, ʇ.ɺ. ʂʆʅɸʈɽɺ1,2 

1ʌʅʀʎ çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘè ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʇʆʀʉʂ ʈɸʉʇʈɽɼɽʃɽʅʀʁ ʏɸʉʊʀʎ ʇʆ ʈɸɿʄɽʈɸʄ  

ʅɸ ʇʈʀʄɽʈɽ ʄʆɼɽʃʔʅʓʍ ɼɸʅʅʓʍ ʄɸʃʆʋɻʃʆɺʆɻʆ 

ʈɸʉʉɽʗʅʀʗ ʆʊ ʇʆʃʀɼʀʉʇɽʈʉʅʓʍ ʉʀʉʊɽʄ 

ʉʌɽʈʀʏɽʉʂʀʍ ʏɸʉʊʀʎ 

ʅʘ ʨʷʜʝ ʜʚʫʭ- ʠ ʪʨʝʭ-ʢʦʤʧʦʥʝʥʪʥʳʭ ʤʦʜʝʣʴʥʳʭ ʜʘʥʥʳʭ ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʘʩʩʝʷʥʠʷ ʦʪ 

ʩʠʩʪʝʤ ʧʦʣʠʜʠʩʧʝʨʩʥʳʭ ʩʬʝʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʠʩʩʣʝʜʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ 

ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʤʝʪʦʜʘʤʠ ʨʝʛʫʣʷʨʠʟʘʮʠʠ, ʧʨʷʤʦʛʦ ʧʦʠʩʢʘ 

ʛʠʩʪʦʛʨʘʤʤʳ ʠ ʚ ʚʠʜʝ ʩʫʧʝʨʧʦʟʠʮʠʠ ʛʣʘʜʢʠʭ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʬʫʥʢʮʠʡ. ʈʘʩʩʤʦʪʨʝʥʳ 

ʧʨʝʠʤʫʱʝʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ ʵʪʠʭ ʧʦʜʭʦʜʦʚ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʭ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʝ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʟʚʦʣʷʝʪ ʥʘʭʦʜʠʪʴ ʧʨʠʝʤʣʝʤʳʝ ʨʝʰʝʥʠʷ ʜʘʞʝ ʚ ʩʣʫʯʘʝ ʩʫʱʝʩʪʚʝʥʥʦʡ 

ʟʘʰʫʤʣʝʥʥʦʩʪʠ ʜʘʥʥʳʭ. 

V.V. VOLKOV 1, A.E. KRYUKOVA 1,2, P.V. KONAREV1,2 

1FSRC ñCrystallography and Photonicsò RAS, Moscow, Russia 
2NRC "Kurchatov Institute", Moscow, Russia 

DETERMINATION OF PARTICLE SIZE DISTRIBUTIONS BY 

EXAMPLE OF MODEL DATA OF SMALL ANGLE SCATTERING 

FROM POLYDISPERSION SYSTEMS OF SPHERICAL PARTICLES  

Using a series of two- and three-component model data of small-angle scattering from 

systems of polydisperse spherical particles, the possibility of determination of the particle size 

distribution function by regularization methods, a direct histogram search, and as a 

superposition of smooth analytical functions has been investigated. The advantages and 

disadvantages of these approaches are considered. It is shown that their combined use allows 

one to find acceptable solutions even in the case of significant data noise. 

ʄʝʪʦʜ ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠ ʥʝʡʪʨʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ - ʥʝʨʝʜʢʦ 

ʝʜʠʥʩʪʚʝʥʥʳʡ ʩʧʦʩʦʙ, ʧʦʟʚʦʣʷʶʱʠʡ ʢʘʯʝʩʪʚʝʥʥʦ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʠʩʩʣʝʜʦʚʘʪʴ 

ʩʪʨʦʝʥʠʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʠʩʪʝʤ, ʩʚʦʡʩʪʚʘ ʢʦʪʦʨʳʭ ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʩʪʨʫʢʪʫʨʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʠ/ʠʣʠ ʚʢʣʶʯʝʥʠʷʤʠ ʚ ʥʘʥʦʨʘʟʤʝʨʥʦʤ ʜʠʘʧʘʟʦʥʝ, 

ʙʝʟ ʩʧʝʮʠʘʣʴʥʦʡ ʧʦʜʛʦʪʦʚʢʠ ʦʙʨʘʟʮʦʚ. ʅʘʠʙʦʣʝʝ ʦʙʱʝʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʪʘʢʠʭ 

ʩʠʩʪʝʤ ʩʣʫʞʠʪ ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʨʘʩʩʝʠʚʘʶʱʠʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʧʦ 

ʨʘʟʤʝʨʘʤ. ʇʨʠ ʵʪʦʤ, ʜʘʞʝ ʚ ʩʣʫʯʘʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʧʨʦʠʟʚʦʣʴʥʦʡ ʬʦʨʤʳ, 

ʢʨʠʚʘʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʡ ʪʦʯʥʦʩʪʴʶ ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʘ 

ʤʦʜʝʣʴʶ ʧʦʣʠʜʠʩʧʝʨʩʥʳʭ ʩʬʝʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ. ʆʜʥʘʢʦ, ʩʠʣʴʥʘʷ ʢʦʨʨʝʣʷʮʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʦʯʝʥʴ ʧʣʦʭʦʡ ʦʙʫʩʣʦʚʣʝʥʥʦʩʪʠ ʦʙʨʘʪʥʦʡ 

ʟʘʜʘʯʠ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʢ ʩʠʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʨʝʰʝʥʠʷ ʦʪ ʚʦʟʤʫʱʝʥʠʡ 

ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ, ʪʠʧʦʚ ʘʣʛʦʨʠʪʤʦʚ ʧʦʠʩʢʘ ʠ ʠʭ ʧʘʨʘʤʝʪʨʦʚ. ʇʦʵʪʦʤʫ ʧʦʠʩʢ 
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ʫʩʣʦʚʠʡ, ʧʨʠ ʢʦʪʦʨʳʭ ʨʝʰʝʥʠʝ ʩʪʘʥʦʚʠʪʩʷ ʫʩʪʦʡʯʠʚʳʤ ʠ ʦʜʥʦʟʥʘʯʥʳʤ, ʷʚʣʷʝʪʩʷ 

ʯʨʝʟʚʳʯʘʡʥʦ ʚʘʞʥʳʤ ʵʪʘʧʦʤ ʨʘʟʨʘʙʦʪʢʠ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʨʘʩʩʝʷʥʠʷ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʳ ʨʘʩʩʤʦʪʨʝʣʠ ʩʣʫʯʘʠ ʜʚʫʭ- ʠ ʪʨʝʭ-ʢʦʤʧʦʥʝʥʪʥʳʭ ʩʠʩʪʝʤ 

ʧʦʣʠʜʠʩʧʝʨʩʥʳʭ ʩʬʝʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʩ ʨʘʟʥʝʩʝʥʥʳʤʠ ʠ ʯʘʩʪʠʯʥʦ 

ʧʝʨʝʢʨʳʚʘʶʱʠʤʠʩʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷʤʠ ʢʦʤʧʦʥʝʥʪ. ɼʣʷ ʵʪʠʭ ʩʠʩʪʝʤ ʙʳʣʠ 

ʩʤʦʜʝʣʠʨʦʚʘʥʳ ʥʘʙʦʨʳ ʜʘʥʥʳʭ ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʘʩʩʝʷʥʠʷ ʙʝʟ ʰʫʤʘ ʠ ʩ ʰʫʤʦʤ 

(ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʇʫʘʩʩʦʥʘ). ʇʨʦʛʨʘʤʤʘ GNOM [1] ʦʩʥʦʚʘʥʘ ʥʘ ʨʝʰʝʥʠʠ 

ʣʠʥʝʡʥʦʡ ʟʘʜʘʯʠ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ ʩ ʨʝʛʫʣʷʨʠʟʘʮʠʝʡ (ʦʜʥʦʚʨʝʤʝʥʥʘʷ 

ʤʠʥʠʤʠʟʘʮʠʷ ʢʚʘʜʨʘʪʠʯʥʦʡ ʥʝʚʷʟʢʠ ʵʢʩʧʝʨʠʤʝʥʪ-ʤʦʜʝʣʴ ʠ ʢʚʘʜʨʘʪʘ ʚʟʚʝʰʝʥʥʦʡ 

ʥʦʨʤʳ ʧʝʨʚʦʡ ʧʨʦʠʟʚʦʜʥʦʡ ʧʦ ʨʝʰʝʥʠʶ). ʇʨʦʛʨʘʤʤʘ MIXTURE [2] (ʠ ʝʝ 

ʚʘʨʠʘʥʪ POLYMIX, ʠʩʧʦʣʴʟʫʶʱʠʡ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʃʝʚʝʥʙʝʨʛʘ-

ʄʘʨʢʚʘʨʜʪʘ) ʠʱʝʪ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚ ʚʠʜʝ ʩʫʧʝʨʧʦʟʠʮʠʠ ʥʝʩʢʦʣʴʢʠʭ ʛʣʘʜʢʠʭ 

ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʬʫʥʢʮʠʡ (ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʐʫʣʴʮʘ) ʠ ʩʚʦʙʦʜʥʘ ʦʪ ʤʥʦʛʠʭ 

ʥʝʜʦʩʪʘʪʢʦʚ ʧʝʨʚʦʛʦ ʧʦʜʭʦʜʘ. ʇʨʦʛʨʘʤʤʘ VOLDIS ʠʱʝʪ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʚʠʜʝ ʛʠʩʪʦʛʨʘʤʤʳ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʥʘ ʥʝʚʦʟʤʫʱʝʥʥʳʭ ʜʘʥʥʳʭ 

ʚʩʝ ʪʨʠ ʧʨʦʛʨʘʤʤʳ ʥʘʭʦʜʷʪ ʧʨʘʢʪʠʯʝʩʢʠ ʪʦʯʥʦʝ ʨʝʰʝʥʠʝ, ʥʘ ʟʘʰʫʤʣʝʥʥʳʭ 

ʜʘʥʥʳʭ ʨʘʟʙʨʦʩ ʬʦʨʤ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʯʘʩʪʦ ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ ʥʝʧʨʠʝʤʣʝʤʳʤ. ʊʝʤ 

ʥʝ ʤʝʥʝʝ, ʢʦʤʙʠʥʠʨʦʚʘʥʠʝ ʤʝʪʦʜʦʚ ʧʦʟʚʦʣʷʝʪ ʥʝ ʪʦʣʴʢʦ ʦʮʝʥʠʚʘʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ 

ʨʝʰʝʥʠʷ, ʥʦ ʠ ʧʦʣʫʯʘʪʴ ʧʨʠʝʤʣʝʤʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ [3]. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ 

ʦʙʨʘʟʦʚʘʥʠʷ ʚ ʨʘʤʢʘʭ ʚʳʧʦʣʥʝʥʠʷ ʨʘʙʦʪ ʧʦ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʤʫ ʟʘʜʘʥʠʶ ʌʅʀʎ 

çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘè ʈɸʅ, a ʪʘʢʞʝ ʧʨʠ ʯʘʩʪʠʯʥʦʡ ʬʠʥʘʥʩʦʚʦʡ 

ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʬʦʥʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʛʨʘʥʪ ˉ 19-32-

90190). 
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1ɼʘʛʝʩʪʘʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʄʘʭʘʯʢʘʣʘ, ʈʦʩʩʠʷ 
2ʆʙʲʝʜʠʥʝʥʥʳʡ ʠʥʩʪʠʪʫʪ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʄʆʈʌʆʃʆɻʀʗ ʅɸʅʆʉʊʈʋʂʊʋʈʀʈʆɺɸʅʅʆʁ  

ʂɽʈɸʄʀʂʀ YBCO ʇʆʉʃɽ ɺʆɿɼɽʁʉʊɺʀʗ  

ʇʃɸɿʄɽʅʅʓʄ ʇʆʊʆʂʆʄ 

ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʡ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʢʝʨʘʤʠʢʠ ʩʦʩʪʘʚʘ YBa2Cu3O7-y (YBCO) ʧʦʩʣʝ ʚʦʟʜʝʡʩʪʚʠʷ 

ʧʣʘʟʤʝʥʥʳʤ ʧʦʪʦʢʦʤ ʘʨʛʦʥʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʦʟʜʝʡʩʪʚʠʝ ʧʦʪʦʢʦʤ ʧʣʘʟʤʳ ʧʨʠʚʦʜʠʪ ʢ 

ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʚʠʜʝ: ʫʧʣʦʪʥʝʥʠʷ ʠ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ʅʘʙʣʶʜʘʶʪʩʷ 

çʦʧʣʘʚʣʝʥʥʳʝè ʟʝʨʥʘ ʩ ʤʦʥʦʣʠʪʥʳʤ ʩʦʧʨʷʞʝʥʠʝʤ ʜʨʫʛ ʩ ʜʨʫʛʦʤ. 
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D.K. PALCHAEV1, ZH.KH. MURLIEVA 1, G.B. RAGIMKHANOV 1, N.A. 

DEMIROV2 

1Dagestan State University, Makhachkala, Russia  
2Joint Institute for High Temperatures RAS, Moscow, Russia 

MORPHOLOGY OF NANOSTRUCTURED CERAMICS YBCO AFTER 

EXPOSURE OF THE PLASMA FLOW 

The results of studying the surface morphology of a superconducting nanostructured 

ceramic of the composition YBa2Cu3O7-y (YBCO) after exposure to a plasma stream of argon 

are presented. It is established that exposure to a plasma stream leads to surface modification in 

the form of: compaction and recrystallization. ñMeltedò grains with monolithic conjugation with 

each other are observed. 

ʅʘʥʦ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʦʙʨʘʟʮʦʚ YBCO ʧʨʠʚʦʜʠʪ ʢ 

ʩʥʠʞʝʥʠʶ ʧʨʦʯʥʦʩʪʠ ʩʚʷʟʠ ʤʝʞʜʫ ʟʝʨʥʘʤʠ, ʫʤʝʥʴʰʝʥʠʶ ʨʘʟʤʝʨʦʚ 

ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʜʝʬʝʢʪʦʚ ʩʪʨʫʢʪʫʨʳ, 

ʩʧʦʩʦʙʩʪʚʫʶʱʠʭ [1] ʧʠʥʥʠʥʛʫ ʚʠʭʨʝʡ. ɼʣʷ ʩʦʟʜʘʥʠʷ ʪʘʢʠʭ ʮʝʥʪʨʦʚ ʵʬʬʝʢʪʠʚʥʦ 

ʠʩʧʦʣʴʟʫʝʪʩʷ [2] ʤʝʪʦʜʳ ʚʘʢʫʫʤʥʦ-ʜʫʛʦʚʦʛʦ ʩʠʥʪʝʟʘ. 

ɺ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʡ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʢʝʨʘʤʠʢʠ ʩʦʩʪʘʚʘ YBa2Cu3O7-y 

(YBCO) ʧʦʩʣʝ ʚʦʟʜʝʡʩʪʚʠʷ ʧʣʘʟʤʝʥʥʳʤ ʧʦʪʦʢʦʤ ʘʨʛʦʥʘ. ʂʝʨʘʤʠʢʘ YBCO ʙʳʣʘ 

ʧʦʣʫʯʝʥʘ ʧʦ ʭʠʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ [3, 4]. ʉʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʤʝʪʦʜʦʤ ʩʞʠʛʘʥʠʷ 

ʥʠʪʨʘʪïʦʨʛʘʥʠʯʝʩʢʠʭ ʧʨʝʢʫʨʩʦʨʦʚ ʧʦʨʦʰʦʢ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ 

ʪʝʨʤʦʦʙʨʘʙʘʪʳʚʘʣʩʷ ʚ ʪʝʯʝʥʠʝ 20 ʯʘʩʦʚ ʧʨʠ 910Áʉ (ʩʢʦʨʦʩʪʴ ʧʦʜʲʝʤʘ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨʳ ɡʧʦʜ ~ 4,9Áʉ/ʤʠʥ). ʇʦʩʣʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʧʦʨʦʰʦʢ ʧʨʝʩʩʦʚʘʣʩʷ ʧʦʜ 

ʜʘʚʣʝʥʠʝʤ ~100 ʄʇʘ ʠ ʩʧʝʢʘʣʩʷ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 920Áʉ (ɡʧʦʜ 
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~0,75 Áʉ/ʤʠʥ). ɺʦʟʜʝʡʩʪʚʠʝ ʥʘ ʢʝʨʘʤʠʯʝʩʢʠʡ ʦʙʨʘʟʝʮ ʧʣʘʟʤʝʥʥʦʡ ʩʪʨʫʝʡ ʠʟ 

ʩʤʝʩʠ ʘʨʛʦʥʘ ʠ ʘʟʦʪʘ ʩ ʢʠʩʣʦʨʦʜʦʤ (ʧʨʠ ʪʦʢʝ 250 A ʠ ʨʘʩʭʦʜʝ ʛʘʟʘ 1õ3 ʛ/c) 

ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʚ ʪʝʯʝʥʠʝ ~ 60ʩ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 20 ʤʤ ʦʪ ʩʨʝʟʘ ʩʦʧʣʘ ʧʣʘʟʤʦʪʨʦʥʘ 

[4].  

 

ʈʠʩ. 1. ʄʦʨʬʦʣʦʛʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʢʝʨʘʤʠʢʠ YBCO ʧʦʩʣʝ 

ʚʦʟʜʝʡʩʪʚʠʷ ʧʣʘʟʤʝʥʥʳʤ ʧʦʪʦʢʦʤ ʘʨʛʦʥʘ 

ʂʘʢ ʚʠʜʥʦ (ʨʠʩ.1), ʚʦʟʜʝʡʩʪʚʠʝ ʧʦʪʦʢʦʤ ʧʣʘʟʤʳ ʧʨʠʚʝʣʦ ʢ ʩʠʣʴʥʦʤʫ 

çʦʧʣʘʚʣʝʥʠʶè ʟʝʨʝʥ, ʦʙʨʘʟʫʶʱʠʭ ʤʦʥʦʣʠʪʥʦ ʩʦʧʨʷʞʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʢʝʨʘʤʠʢʠ. ʇʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʧʣʘʟʤʳ ʪʘʢʞʝ ʧʨʦʠʩʭʦʜʷʪ 

çʨʘʩʪʚʦʨʝʥʠʝè ʧʦʙʦʯʥʳʭ ʬʘʟ (ʥʘ ʨʠʩ. ʩʣʝʚʘ ʩʪʨʝʣʢʦʡ ʫʢʘʟʘʥʦ ʟʝʨʥʦ ʦʢʩʠʜʘ ʤʝʜʠ) 

ʠ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʦʩʥʦʚʥʦʡ ʬʘʟʳ (ʥʘ ʨʠʩ. ʩʧʨʘʚʘ ʩʪʨʝʣʢʦʡ ʫʢʘʟʘʥʘ ʛʨʘʥʠʮʘ). 

ʈʘʙʦʪʘ ʙʳʣʘ ʧʦʜʜʝʨʞʘʥʘ ʛʨʘʥʪʦʤ ʈʌʌʀ ˉ 18-08-00092a. 
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ɹ.ʈ. ɻɸʁʅɸʅʆɺ1, ʆ.ɺ. ʏɽʈʅʓʐɽɺɸ1, ɸ.ɸ. ʗʉʊʈɽɹʎɽɺ1,  

ɸ.ʇ. ʄɽʅʋʐɽʅʂʆɺ1, ɺ.ɺ. ʇʆʇʆɺ1,2, ʌ. ɼôɸʂɸʇʀʊʆ3, ɸ. ʇʋʈʀ3 

1 ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʅʀʎ ʂʫʨʯʘʪʦʚʩʢʠʡ ʀʥʩʪʠʪʫʪ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

3ɽʚʨʦʧʝʡʩʢʠʡ ʮʝʥʪʨ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ɻʨʝʥʦʙʣʴ, ʌʨʘʥʮʠʷ 

 

ʃʆʂɸʃʔʅʓɽ ʉʊʈʋʂʊʋʈʅʓɽ ʍɸʈɸʂʊɽʈʀʉʊʀʂʀ ʉʃʆɾʅʓʍ 

ʆʂʉʀɼʆɺ ʅɸ ʆʉʅʆɺɽ  

ʈɽɼʂʆɿɽʄɽʃʔʅʓʍ ʀ ʇɽʈɽʍʆɼʅʓʍ ʄɽʊɸʃʃʆɺ 

ʄʳ ʠʟʫʯʠʣʠ ʧʨʦʮʝʩʩ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʣʦʢʘʣʴʥʦʡ ʧʝʨʝʩʪʨʦʡʢʠ ʘʪʦʤʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ 

ʦʙʨʘʟʮʘʭ (Pr1-xYbx)2Ti2O7 (0ÓxÓ1) ʠ Pr2(Zr1-yTiy)2O7 (0ÓyÓ1), ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʩʦʯʝʪʘʥʠʝʤ 

ʟʦʣʴ-ʛʝʣʴ ʠ ʤʝʪʦʜʦʚ ʩʦʦʩʘʞʜʝʥʠʷ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʧʨʦʢʘʣʠʚʘʥʠʝʤ ʧʨʝʢʫʨʩʦʨʦʚ. ʇʦʢʘʟʘʥʦ 

ʚʣʠʷʥʠʝ ʟʘʤʝʱʝʥʠʷ ʢʘʪʠʦʥʦʚ ʥʘ ʣʦʢʘʣʴʥʫʶ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ, ʘ ʪʘʢ ʞʝ 

ʪʝʤʧʝʨʘʪʫʨʫ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ. 

B.R. GAYNANOV 1, O.V. CHERNYSHEVA1,  

A.A. YASTREBSEV1, A.P. MENUSHENKOV1, V.V. POPOV1,2,  

F. DôAKAPITO3, A. PURI3 

1National Research Nuclear University MEPhI, Moscow, Russia 
2National Research Centre Kurchatov Institute, Moscow, Russia 
3European Center for Synchrotron Radiation, Grenoble, France 

LOCAL STRUCTURAL CHARACTERISTICS OF COMPLEX 

OXIDES BASED ON RARE-EARTH AND  

TRANSITION METALS   

We have studied the process of the crystallization and local atomic structure rearrangement 

in Pr2(Zr1-yTiy)2O7 (0ÓyÓ1), (Pr1-xYbx)2Ti2O7 (0ÓxÓ1) samples synthesized by combination of 

sol-gel and coprecipitation methods with the subsequent calcination of precursors. The effect 

substitution of cations on the local and crystalline structure, as well as the temperature of the 

phase transition was shown. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʚʳʟʳʚʘʶʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʘʢ 

ʥʘʟʳʚʘʝʤʳʭ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʘʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʦʙʣʘʜʘʶʱʠʭ 

ʧʦʣʠʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʢ ʢʦʪʦʨʳʤ ʦʪʥʦʩʷʪʩʷ ʩʣʦʞʥʳʝ ʦʢʩʠʜʳ d- ʠ 

f- ʵʣʝʤʝʥʪʦʚ, ʠ ʚ ʯʘʩʪʥʦʩʪʠ ʪʠʪʘʥʘʪʳ, ʮʠʨʢʦʥʘʪʳ, ʛʘʬʥʘʪʳ, ʤʦʣʠʙʜʘʪʳ ʠ 

ʚʦʣʴʬʨʘʤʘʪʳ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ (ʈɿʕ), ʷʚʣʷʶʱʠʝʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ 

ʢʝʨʘʤʠʯʝʩʢʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʪʝʧʣʦʟʘʱʠʪʥʳʭ ʧʦʢʨʳʪʠʡ ʥʦʚʦʛʦ 

ʧʦʢʦʣʝʥʠʷ, ʪʚʝʨʜʳʭ ʵʣʝʢʪʨʦʣʠʪʦʚ, ʤʘʪʨʠʮ ʜʣʷ ʭʨʘʥʝʥʠʷ ʨʘʜʠʦʘʢʪʠʚʥʳʭ 

ʦʪʭʦʜʦʚ, ʧʦʛʣʦʪʠʪʝʣʝʡ ʥʝʡʪʨʦʥʦʚ ʚ ʷʜʝʨʥʳʭ ʨʝʘʢʪʦʨʘʭ, ʜʘʪʯʠʢʦʚ ʨʘʟʣʠʯʥʳʭ 

ʛʘʟʦʚ ʠ ʢʘʪʘʣʠʟʘʪʦʨʦʚ [1]. ɺ ʨʘʤʢʘʭ ʨʘʙʦʪʳ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʠ ʣʦʢʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʦʚʳʝ 
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ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʟʥʘʥʠʷ ʦ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʷʭ ʚ ʩʣʦʞʥʦʦʢʩʠʜʥʳʭ 

ʩʦʝʜʠʥʝʥʠʷʭ (Pr1-xYbx)2Ti2O7 (0ÓxÓ1) ʠ Pr2(Zr1-yTiy)2O7 (0ÓyÓ1).  

ʀʟʫʯʝʥʠʝ ʩʝʨʠʠ ʩʦʝʜʠʥʝʥʠʡ (Pr1-xYbx)2Ti2O7 (0ÓxÓ1) ʩ ʧʦʤʦʱʴʶ ʚʝʡʚʣʝʪ ʠ 

ʬʫʨʴʝ ʘʥʘʣʠʟʘ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ Pr ʫʚʝʣʠʯʠʚʘʝʪʩʷ 

ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʠ ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʠʪ ʫʧʦʨʷʜʦʯʝʥʠʝ ʘʪʦʤʦʚ ʚʦʢʨʫʛ Yb ʠ 

ʧʦʩʪʝʧʝʥʥʦʝ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʝ ʧʠʨʦʭʣʦʨʥʦʡ ʩʪʨʫʢʪʫʨʳ. ɺʦʢʨʫʛ ʘʪʦʤʘ Pr 

ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʨʘʪʥʘʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʴ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ Yb. ɺ 

ʵʪʦʤ ʩʣʫʯʘʝ ʦʢʨʫʞʝʥʠʝ Pr ʩʪʨʝʤʠʪʩʷ ʚʳʩʪʨʦʠʪʴʩʷ ʚ ʧʠʨʦʭʣʦʨʦʧʦʜʦʙʥʫʶ 

ʩʪʨʫʢʪʫʨʫ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ~800oC (x<0.5), ʜʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ 

ʢʦʥʮʝʥʪʨʘʮʠʠ Yb ʩʜʚʠʛʘʝʪ ʦʙʨʘʟʦʚʘʥʠʝ ʧʠʨʦʭʣʦʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʢ ʪʝʤʧʝʨʘʪʫʨʘʤ 

1200ʦʉ ʠ ʚʳʰʝ. ɸʥʘʣʦʛʠʯʥʦʝ ʧʦʚʝʜʝʥʠʝ ʦʢʨʫʞʝʥʠʷ Pr ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʩʝʨʠʠ 

Pr2(Zr1-yTiy)2O7 (0ÓyÓ1). 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (ʛʨʘʥʪ 18-12-00133). 
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ʕʌʌɽʂʊʀɺʅʓʁ g-ʌɸʂʊʆʈ ʕʃɽʂʊʈʆʅʆɺ,  

ʀɿʄɽʈʗɽʄʓʁ ʇʆ ʄɸɻʅʀʊʅʓʄ ʂɺɸʅʊʆɺʓʄ  

ʆʉʎʀʃʃʗʎʀʗʄ ɺ ɸʅʊʀʌɽʈʈʆʄɸɻʅʀʊʅʓʍ  

ʄɽʊɸʃʃɸʍ  

ʀʩʧʦʣʴʟʫʷ ʩʠʤʤʝʪʨʠʡʥʳʝ ʘʨʛʫʤʝʥʪʳ, ʤʳ ʧʦʢʘʟʳʚʘʝʤ, ʯʪʦ ʚʦ ʤʥʦʛʠʭ ʤʝʪʘʣʣʘʭ ʩ 

ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʫʧʦʨʷʜʦʯʝʥʠʝʤ ʵʬʬʝʢʪʠʚʥʳʡ g-ʬʘʢʪʦʨ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, 

ʠʟʤʝʨʝʥʥʳʡ ʧʦ ʤʘʛʥʠʪʥʳʤ ʢʚʘʥʪʦʚʳʤ ʦʩʮʠʣʣʷʮʠʷʤ, ʨʘʚʝʥ ʥʫʣʶ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʵʪʦʛʦ ʵʬʬʝʢʪʘ ʧʨʦʚʦʜʠʪʩʷ ʚ ʥʝʩʢʦʣʴʢʠʭ ʩʦʝʜʠʥʝʥʠʷʭ ʠ ʩʨʘʚʥʠʚʘʝʪʩʷ ʩ 

ʧʨʝʜʣʦʞʝʥʥʦʡ ʪʝʦʨʠʝʡ. ʄʳ ʦʙʥʘʨʫʞʠʣʠ, ʯʪʦ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʩʣʦʠʩʪʦʛʦ 

ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʧʨʦʚʦʜʥʠʢʘ ə-(BETS)2FeBr4 ʥʝ ʧʨʦʷʚʣʷʝʪ ʩʧʠʥʦʚʦʡ ʤʦʜʫʣʷʮʠʠ 

ʦʩʮʠʣʣʷʮʠʡ ʐʫʙʥʠʢʦʚʘ-ʜʝ ɻʘʘʟʘ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʪʦʛʦ ʞʝ 

ʤʘʪʝʨʠʘʣʘ. ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʳʨʦʞʜʝʥʠʠ ʫʨʦʚʥʝʡ ʃʘʥʜʘʫ ʧʦ ʩʧʠʥʫ, ʧʨʝʜʩʢʘʟʘʥʥʦʝ 

ʜʣʷ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʧʨʦʚʦʜʥʠʢʦʚ. ɸʥʘʣʦʛʠʯʥʦ, ʤʳ ʥʝ ʥʘʭʦʜʠʤ ʩʧʠʥʦʚʦʡ 

ʤʦʜʫʣʷʮʠʠ ʚ ʫʛʣʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʤʝʜʣʝʥʥʳʭ ʦʩʮʠʣʣʷʮʠʡ ʐʫʙʥʠʢʦʚʘ-ʜʝ ɻʘʘʟʘ ʚ 

ʦʧʪʠʤʘʣʴʥʦ ʣʝʛʠʨʦʚʘʥʥʦʤ ʵʣʝʢʪʨʦʥʘʤʠ ʢʫʧʨʘʪʝ Nd2īxCexCuO4. ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ 

ʥʝʝʣʝʚʩʢʦʛʦ ʧʦʨʷʜʢʘ ʚ ʵʪʦʤ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʝ ʜʘʞʝ ʧʨʠ ʦʧʪʠʤʘʣʴʥʦʤ ʣʝʛʠʨʦʚʘʥʠʠ. 

P.D. GRIGORIEV1,2, R. RAMAZASHVILI 3, M. V. KARTSOVNIK4 

1 L.D. Landau Institute for Theoretical Physics RAS, Chernogolovka, Russia 
2 National University of Science and Technology ñMISiSò, Moscow Russia 

3 Laboratoire de Physique Theorique, Universite de Toulouse, CNRS, UPS, France 
4 Walther-MeiÇner-Institut, Garching, Germany 

ZEEMAN SPIN -ORBIT COUPLING AND MAGNETIC  

QUANTUM OSCILLATIONS IN ANTIFERROMAGNETIC METALS  

Using the symmetry arguments we show that in many metals with antiferromagnetic 

ordering the effective g-factor of charge carries, measured from magnetic quantum oscillations, 

is zero. The experimental study of this effect is performed in several compounds and compared 

with proposed theory. We find that the N®el state of the layered organic conductor ə-

(BETS)2FeBr4 shows no spin modulation of the Shubnikov-de Haas oscillations, contrary to the 

paramagnetic state of the same material. This is evidence of spin degeneracy of Landau levels -- 

a direct manifestation of the generic Zeeman spin-orbit coupling, predicted for 

antiferromagnetic conductors. Likewise, we find no spin modulation in the angle dependence of 

the slow Shubnikov-de Haas oscillations in the optimally electron-doped cuprate 

Nd2īxCexCuO4. This points to the presence of N®el order in this superconductor even at optimal 

doping. 
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ɺʦ ʤʥʦʛʠʭ ʤʝʪʘʣʣʘʭ ʠʤʝʝʪʩʷ ʪʘʢʞʝ ʘʥʠʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʝ (ɸʌʄ) 

ʫʧʦʨʷʜʦʯʝʥʠʝ. ʈʘʩʩʝʷʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʚʝʢʪʦʨ ɸʌʄ ʧʨʠʚʦʜʠʪ ʢ ʧʝʨʝʩʪʨʦʡʢʝ ʠʭ 

ʩʧʝʢʪʨʘ ʠ ʧʦʚʝʨʭʥʦʩʪʠ ʌʝʨʤʠ (ʇʌ), ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʦʚʦʡ ʤʘʛʥʠʪʥʦʡ ʟʦʥʳ 

ɹʨʠʣʣʶʵʥʘ. ʈʘʥʝʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ [1-5], ʯʪʦ ʵʪʦ ʚʣʠʷʝʪ ʥʘ ɿʝʝʤʘʥʦʚʩʢʦʝ 

ʨʘʩʱʝʧʣʝʥʠʝ ʩʧʝʢʪʨʘ ʵʣʝʢʪʨʦʥʦʚ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. ɺ ʯʘʩʪʥʦʩʪʠ, ʝʩʣʠ 

ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ B ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʚʝʢʪʦʨʫ M  ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ɸʌʄ ʠ ʚʝʢʪʦʨ 

ɸʌʄ ʨʘʚʝʥ ʧʦʣʦʚʠʥʝ ʚʝʢʪʦʨʘ ʦʙʨʘʪʥʦʡ ʨʝʰʝʪʢʠ, ʪʦ ʵʬʬʝʢʪʠʚʥʳʡ g-ʬʘʢʪʦʨ 

ʵʣʝʢʪʨʦʥʦʚ ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʙʨʘʱʘʝʪʩʷ ʚ ʥʫʣʴ (g =̂0) ʥʘ ʥʝʢʦʪʦʨʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ 

ʠʤʧʫʣʴʩʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ, ʢʦʪʦʨʘʷ ʜʣʷ ʢʨʠʩʪʘʣʣʦʚ ʩ ʚʳʩʦʢʦʡ ʩʠʤʤʝʪʨʠʝʡ 

ʩʦʚʧʘʜʘʝʪ ʩ ʛʨʘʥʠʮʝʡ ʤʘʛʥʠʪʥʦʡ ʟʦʥʳ ɹʨʠʣʣʶʵʥʘ. ʇʦʵʪʦʤʫ ʜʣʷ ʦʯʝʥʴ ʤʘʣʳʭ 

ʢʘʨʤʘʥʦʚ ʇʌ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʪʦʯʥʦ ʥʘ ʵʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʥʘʙʣʶʜʘʝʤʳʡ g =̂0. 

ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʦʙʥʘʨʫʞʝʥʦ ʥʘ ʫʛʣʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʘʤʧʣʠʪʫʜʳ ʤʘʛʥʠʪʥʳʭ 

ʢʚʘʥʪʦʚʳʭ ʦʩʮʠʣʣʷʮʠʡ, ʢʦʪʦʨʘʷ ʧʨʠ ʢʦʥʝʯʥʦʤ g-ʬʘʢʪʦʨʝ ʚ ʩʠʣʴʥʦ ʘʥʠʟʦʪʨʦʧʥʳʭ 

(ʢʚʘʟʠʜʚʫʤʝʨʥʳʭ) ʤʝʪʘʣʣʘʭ ʦʩʮʠʣʣʠʨʫʝʪ ʢʘʢ ʬʫʥʢʮʠʷ ʫʛʣʘ ʥʘʢʣʦʥʘ B ʠ ʠʩʯʝʟʘʝʪ 

ʚ ʪʦʯʢʘʭ, ʥʘʟʳʚʘʝʤʳʭ ʩʧʠʥʦʚʳʤʠ ʥʫʣʷʤʠ [6]. ɺ ʥʘʰʝʡ ʨʘʙʦʪʝ [7] ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʤʘʣʦʩʪʴ ʢʘʨʤʘʥʦʚ ʇʌ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʥʝ ʦʙʷʟʘʪʝʣʴʥʘ. ɼʘʞʝ ʝʩʣʠ ʙʦʣʴʰʦʡ ʢʘʨʤʘʥ 

ʇʌ ʦʙʨʘʟʦʚʘʥ ʝʸ ʧʝʨʝʩʪʨʦʡʢʦʡ ʠʟ-ʟʘ ʨʘʩʩʝʷʥʠʷ ʥʘ ʚʝʢʪʦʨ ɸʌʄ, ʵʬʬʝʢʪʠʚʥʳʡ g-

ʬʘʢʪʦʨ ʵʣʝʢʪʨʦʥʦʚ ʧʨʠ B M̂, ʥʘʧʨʠʤʝʨ, ʠʟʤʝʨʷʝʤʳʡ ʧʦ ʤʘʛʥʠʪʥʳʤ ʢʚʘʥʪʦʚʳʤ 

ʦʩʮʠʣʣʷʮʠʷʤ, ʙʫʜʝʪ ʨʘʚʝʥ ʥʫʣʶ ʠʟ-ʟʘ ʩʠʤʤʝʪʨʠʠ. ʉʪʨʦʛʦʝ ʦʙʦʩʥʦʚʘʥʠʝ ʵʪʦʛʦ 

ʫʪʚʝʨʞʜʝʥʠʷ ʦʩʥʦʚʘʥʦ ʥʘ ʘʥʪʠʩʠʤʤʝʪʨʠʠ (ʦʪʥʦʩʠʪʝʣʴʥʦ ʮʝʥʪʨʘ ʦʨʙʠʪʳ) 

ʟʘʚʠʩʷʱʝʛʦ ʦʪ ʠʤʧʫʣʴʩʘ g-ʬʘʢʪʦʨʘ, ʧʦʣʫʯʘʝʤʦʛʦ ʠʟ ʜʠʘʛʦʥʘʣʠʟʘʮʠʠ 

ɻʘʤʠʣʴʪʦʥʠʘʥʘ, ʠ ʦʧʠʩʘʥʦ ʚ ʨʘʙʦʪʝ [7]. 

ʈʘʙʦʪʘ ʯʘʩʪʠʯʥʦ ʧʦʜʜʝʨʞʘʥʘ ʛʨʘʥʪʘʤʠ ʈʌʌʀ 19-02-01000 ʠ 18-02-

00280. 
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ʄ.ɼ. ɻʈʀʎʂɽɺʀʏ1, ɼ.ɺ. ʌʆʄʀʅʉʂʀʁ1, ʀ.ɺ. ɸʅʀʑɽʅʂʆ1, ɺ.ʖ. 

ʌʆʄʀʅʉʂʀʁ1, ɸ.ʖ. ɻʆʁʍʄɸʅ2 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ɹʘʣʪʠʡʩʢʠʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʀ.ʂʘʥʪʘ, ʂʘʣʠʥʠʥʛʨʘʜ, ʈʦʩʩʠʷ 

 

ʆʉʆɹɽʅʅʆʉʊʀ ʀʄʇʋʃʔʉʅʆʁ ʃɸɿɽʈʅʆʁ ɸɹʃʗʎʀʀ 

ʄʀʐɽʅɽʁ MoS2 ʀ MoSe2 ʀ ʀʍ ɺʃʀʗʅʀɽ ʅɸ 

ʊʈʀɹʆʃʆɻʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ ʆʉɸɾɼɸɽʄʓʍ 

ʊɺɽʈɼʆʉʄɸɿʆʏʅʓʍ ʅɸʅʆʇʆʂʈʓʊʀʁ 

ʀʩʩʣʝʜʦʚʘʥʳ ʣʘʟʝʨʥʦ-ʠʥʠʮʠʠʨʦʚʘʥʥʳʝ ʩʪʨʫʢʪʫʨʥʳʝ ʠ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʠʟʤʝʥʝʥʠʷ ʚ 

ʩʧʨʝʩʩʦʚʘʥʥʳʭ ʤʠʰʝʥʷʭ MoS2 ʠ MoSe2, ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʘʥʪʠʬʨʠʢʮʠʦʥʥʳʭ ʥʘʥʦʧʦʢʨʳʪʠʡ ʤʝʪʦʜʦʤ ʠʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʦʩʘʞʜʝʥʠʷ. ɺʳʷʚʣʝʥʳ 

ʟʥʘʯʠʪʝʣʴʥʳʝ ʨʘʟʣʠʯʠʷ ʚ ʤʝʭʘʥʠʟʤʝ ʘʙʣʷʮʠʠ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʢʦʪʦʨʳʝ ʦʙʫʩʣʘʚʣʠʚʘʣʠ 

ʚʘʞʥʳʝ ʨʘʟʣʠʯʠʷ ʚ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʠ ʧʦʢʨʳʪʠʡ MoSx/Mo ʠ MoSex/Mo. ʇʨʠʚʝʜʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ, ʤʦʨʬʦʣʦʛʠʠ ʠ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʵʪʠʭ 

ʥʘʥʦʧʦʢʨʳʪʠʡ (ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ, ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ) ʧʨʠ ʪʝʩʪʠʨʦʚʘʥʠʠ ʧʦ ʤʝʪʦʜʠʢʝ 

ʩʢʦʣʴʞʝʥʠʷ ʰʘʨʠʢʘ ʧʦ ʜʠʩʢʫ ʚ ʫʩʣʦʚʠʷʭ ʨʘʟʣʠʯʥʦʡ ʚʣʘʞʥʦʩʪʠ ʠ ʠʟʤʝʥʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨ 

ʠʩʧʳʪʘʥʠʡ ʦʪ 22Áʉ ʜʦ -100Áʉ 

M.D.GRITSKEVICH1, D.V. FOMINSKI1, I.V. ANISHCHENKO1, 

V.Y. FOMINSKI1, A. Yu. GOYHMAN2 

1National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Russia 
2BImmanuel Kant Baltic Federal University, Kaliningrad, Russia  

FEATURIES OF PULSED LASER ABLATION OF MoS 2 AND 

MoSe2 TARGETS AND THEIR INFLUENCE ON THE 

TRIBOLOGICAL PROPERTIES OF THE DEPOSITED SOLID -

LUBRICANTS NANO -COATINGS 

Laser-initiated structural and morphological changes in the compressed MoS2 and MoSe2 

targets used to obtain antifriction nano-coatings by pulsed laser deposition were studied. 

Significant differences were revealed in the ablation mechanism of these materials, which 

caused important differences in the structure formation of MoSx / Mo and MoSex / Mo coatings. 

The results of the study of the structure, morphology and tribological properties of these nano-

coatings (coefficient of friction, wear resistance) when testing by the technique of sliding the 

ball across the disk under conditions of different humidity and changing test temperatures from 

22 Á C to -100 Á C are presented. 

ʇʨʠ ʠʤʧʫʣʴʩʥʦʤ ʣʘʟʝʨʥʦʤ ʦʩʘʞʜʝʥʠʠ (ʀʃʆ) ʪʦʥʢʦʧʣʸʥʦʯʥʳʭ ʧʦʢʨʳʪʠʡ ʥʘ 

ʦʩʥʦʚʝ ʜʠʭʘʣʴʢʦʛʝʥʠʜʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʚʦʟʥʠʢʘʝʪ ʧʨʦʙʣʝʤʘ 

ʢʦʥʛʨʫʵʥʪʥʦʛʦ ʧʝʨʝʥʦʩʘ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʤʠʰʝʥʝʡ ʥʘ ʧʦʜʣʦʞʢʫ. ʕʪʦ 
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ʦʢʘʟʳʚʘʝʪ ʦʧʨʝʜʝʣʸʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʪʚʝʨʜʦʩʤʘʟʦʯʥʳʭ 

ʧʦʢʨʳʪʠʡ.  

ʅʘ ʨʠʩ.1 (ʘ, ʙ) ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʉʕʄ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʠʰʝʥʠ MoS2. 

ɺʠʜʥʦ, ʯʪʦ ʤʠʰʝʥʴ ʩʦʩʪʦʷʣʘ ʠʟ ʯʘʩʪʠʮ ʤʠʢʨʦʥʥʳʭ ʨʘʟʤʝʨʦʚ (5 ï 10 ʤʢʤ). 

ɿʘʤʝʪʥʦ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʤʦʨʬʦʣʦʛʠʶ ʚʦʟʥʠʢʘʝʪ ʧʦʩʣʝ 1-ʛʦ ʞʝ 

ʠʤʧʫʣʴʩʘ, ʭʦʪʷ ʧʦʩʣʝ ʙʦʣʴʰʝʛʦ ʠʭ ʯʠʩʣʘ ʧʨʦʠʩʭʦʜʠʣʦ ʥʝʢʦʪʦʨʦʝ ʚʳʛʣʘʞʠʚʘʥʠʝ 

ʧʦʚʝʨʭʥʦʩʪʠ. 

  

  (ʘ) 

  

(ʙ) 

ʈʠʩ.1. (ʘ) - ʠʟʦʙʨʘʞʝʥʠʝ ʉʕʄ ʚʦ ʚʪʦʨʠʯʥʳʭ (SE) ʵʣʝʢʪʨʦʥʘʭ 

ʜʣʷ ʤʠʰʝʥʠ MoS2 ʧʦʩʣʝ ʧʨʝʩʦʚʘʥʠʷ ʧʦʨʦʰʢʘ; (ʙ) ʠʟʦʙʨʘʞʝʥʠʝ ʉʕʄ ʚ 

SE ʜʣʷ ʤʠʰʝʥʠ MoS2 ʧʦʩʣʝ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ 5 ʠʤʧʫʣʴʩʘʤʠ. 

 

ɼʣʷ ʤʠʰʝʥʠ MoSe2 ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʘʥʘʣʦʛʠʯʥʳʝ ʉʕʄ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʆʥʘ 

ʩʦʩʪʦʷʣʘ ʠʟ ʧʣʦʪʥʦ ʫʧʘʢʦʚʘʥʥʳʭ ʧʣʘʩʪʠʥʯʘʪʳʭ ʢʨʠʩʪʘʣʣʦʚ. ʇʦʣʠʨʦʚʢʘ ʠʟʤʝʥʷʣʘ 

ʤʦʨʬʦʣʦʛʠʶ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʚʳʟʳʚʘʣʘ ʥʘʢʦʧʣʝʥʠʝ ʩʝʣʝʥʘ ʚ ʥʝʡ. ʀʃʆ ʩ 

ʧʣʦʪʥʦʩʪʴʶ ʵʥʝʨʛʠʠ ~10 ɼʞ/ʩʤ2 ʚʳʟʳʚʘʣʦ ʦʧʣʘʚʣʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʠ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʝʨʦʚʥʦʩʪʝʡ ʚ ʤʠʢʨʦʥʥʦʤ ʤʘʩʰʪʘʙʝ. ɼʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ 

ʢʦʣʠʯʝʩʪʚʘ ʠʤʧʫʣʴʩʦʚ ʠʟʤʝʥʷʣʦ ʩʦʦʪʥʦʰʝʥʠʷ Se/Mo.  

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʦʩʘʞʜʝʥʠʝ ʤʠʢʨʦʯʘʩʪʠʮ ʤʦʛʣʦ 

ʦʢʘʟʳʚʘʪʴ ʥʝʛʘʪʠʚʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʢʨʳʪʠʡ MoSx, 

ʦʜʥʘʢʦ ʥʘʥʦʯʘʩʪʠʮʳ ʚ ʧʦʢʨʳʪʠʠ MoSex ʦʙʝʩʧʝʯʠʚʘʣʠ ʫʣʫʯʰʝʥʠʝ 

ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʵʪʠʭ ʧʦʢʨʳʪʠʡ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (ʛʨʘʥʪ 19-19-00081). 
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ʅ.ʅ. ɼɽɻʊʗʈɽʅʂʆ, ʂ.ʉ. ɻʈʀʐɸʂʆɺ  
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʆɹ ʋʉʊʆʁʏʀɺʆʉʊʀ ʄɽʊɸʉʊɸɹʀʃʔʅʆʁ ʌɸɿʓ  

ɸʊʆʄɸʈʅʆɻʆ ɺʆɼʆʈʆɼɸ 

ʄʝʪʦʜʦʤ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʧʦʜʨʦʙʥʦ ʠʩʩʣʝʜʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ 

ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʚʦʜʦʨʦʜʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩʪʨʫʢʪʫʨʘ I41/amd ʘʪʦʤʘʨʥʦʛʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ 

ʚʦʜʦʨʦʜʘ ʤʦʞʝʪ ʙʳʪʴ ʜʠʥʘʤʠʯʝʩʢʠ ʫʩʪʦʡʯʠʚʘ ʚ ʠʥʪʝʨʚʘʣʝ ʜʘʚʣʝʥʠʷ 200·500 ɻʇʘ. 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʩʪʨʫʢʪʫʨʥʳʭ, ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, 

ʵʣʝʢʪʨʦʥʥʳʭ ʠ ʬʦʥʦʥʥʳʭ ʩʧʝʢʪʨʦʚ ʥʦʨʤʘʣʴʥʦʡ ʬʘʟʳ. 

N.N. DEGTYARENKO, K.S. GRISHAKOV 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Russia 

ON THE STABILITY OF THE METASTABLE PHASE OF 

ATOMIC HYDROGEN  

The possibility of metastable hydrogen formation was studied in detail using the density 

functional theory. It is shown that the I41/amd structure of atomic metallic hydrogen can be 

dynamically stable in the pressure range of 200·500 GPa. The results of calculations of 

structural, energy characteristics, electronic and phonon spectra of the normal phase are 

presented. 

ɺ ʨʘʙʦʪʝ [1] ʧʨʝʜʩʢʘʟʘʥʘ ʚʳʩʦʢʘʷ ʢʨʠʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ 

ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʠ Tc~200ï400 K ʜʣʷ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʘʪʦʤʘʨʥʦʛʦ 

ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʚʦʜʦʨʦʜʘ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʨʘʩʯʝʪʘʤʠ [2-4] 

ʘʪʦʤʘʨʥʘʷ ʬʘʟʘ ʚʦʜʦʨʦʜʘ ʤʦʞʝʪ ʙʳʪʴ ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ ʧʨʠ ʧʦʥʠʞʝʥʠʠ ʜʘʚʣʝʥʠʷ 

ʜʦ ʘʪʤʦʩʬʝʨʥʦʛʦ. ʄʦʣʝʢʫʣʷʨʥʘʷ ʬʘʟʘ ʚʦʜʦʨʦʜʘ ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ ʘʪʦʤʥʫʶ 

ʤʝʪʘʣʣʠʯʝʩʢʫʶ ʬʘʟʫ ʧʨʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷʭ, ʦʮʝʥʠʚʘʝʤʳʭ ʦʙʳʯʥʦ ʚ 400 ɻʇʘ. 

ʊʝʦʨʝʪʠʯʝʩʢʦʤʫ ʘʥʘʣʠʟʫ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʤʦʣʝʢʫʣʷʨʥʳʭ ʬʘʟ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʜʘʚʣʝʥʠʷ ʧʦʩʚʷʱʝʥʦ ʟʥʘʯʠʪʝʣʴʥʦʝ ʯʠʩʣʦ ʨʘʙʦʪ [5-7]. ɼʠʘʧʘʟʦʥ ʩʪʘʙʠʣʴʥʦʩʪʠ ʬʘʟ 

ʘʪʦʤʘʨʥʦʛʦ ʚʦʜʦʨʦʜʘ I41/amd (480 1000 ɻʇʘ) ʠ R-3m (1000 1500 ɻʇʘ) 

ʨʘʩʩʯʠʪʘʥ ʚ [11]. ɺ ʨʘʙʦʪʝ [12] ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʨʘʩʧʘʜʘ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ 

ʧʨʠ ʩʥʠʞʝʥʠʠ ʜʘʚʣʝʥʠʷ ʥʠʞʝ ʧʝʨʝʭʦʜʥʦʛʦ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʤʝʪʘʣʣʠʯʝʩʢʦʝ 

ʩʦʩʪʦʷʥʠʝ ʥʘʭʦʜʠʪʩʷ ʚ ʤʝʪʘʩʪʘʙʠʣʴʥʦʤ ʜʦʣʛʦʞʠʚʫʱʝʤ ʩʦʩʪʦʷʥʠʠ ʜʦ 10-20 ɻʇʘ 

ʠ ʨʘʩʧʘʜʘʝʪʩʷ ʤʛʥʦʚʝʥʥʦ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ ʜʘʚʣʝʥʠʷʭ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʫʪʝʤ ʘʥʘʣʠʟʘ ʙʦʣʝʝ ʯʝʤ 40 ʨʘʟʣʠʯʥʳʭ ʩʪʨʫʢʪʫʨ ʧʨʠ 

ʜʘʚʣʝʥʠʠ 200 ɻʇʘ ʩ ʵʥʝʨʛʠʝʡ ʚʳʰʝ ʤʦʣʝʢʫʣʷʨʥʦʡ ʬʘʟʳ ʧʦʜʨʦʙʥʦ ʠʩʩʣʝʜʦʚʘʥʘ 

ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʚʦʜʦʨʦʜʘ. ʇʦʢʘʟʘʥʦ, 

ʯʪʦ ʩʪʨʫʢʪʫʨʘ I41/amd ʘʪʦʤʘʨʥʦʛʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʚʦʜʦʨʦʜʘ ʜʠʥʘʤʠʯʝʩʢʠ 

ʫʩʪʦʡʯʠʚʘ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʜʘʚʣʝʥʠʷ (ʧʨʠʤʝʨʥʦ ʜʦ 200 ɻʇʘ), ʯʪʦ ʨʘʩʰʠʨʷʝʪ 
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ʜʠʘʧʘʟʦʥ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ [13,14]. ʇʨʝʜʩʪʘʚʣʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʩʪʨʫʢʪʫʨʥʳʭ, ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʵʣʝʢʪʨʦʥʥʳʭ 

ʠ ʬʦʥʦʥʥʳʭ ʩʧʝʢʪʨʦʚ ʥʦʨʤʘʣʴʥʦʡ ʬʘʟʳ ʚʦʜʦʨʦʜʘ. ʂʘʯʝʩʪʚʝʥʥʦ, ʧʨʠ 

ʫʤʝʥʴʰʝʥʠʠ ʜʘʚʣʝʥʠʷ ʨʝʟʫʣʴʪʘʪʳ ʦʙʫʩʣʦʚʣʝʥʳ ʠʟʤʝʥʝʥʠʷʤʠ, ʧʨʦʠʩʭʦʜʷʱʠʤʠ 

ʚʙʣʠʟʠ ʤʠʥʠʤʫʤʘ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʜʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ (I41/amd) 

ʘʪʦʤʘʨʥʦʛʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʚʦʜʦʨʦʜʘ:  

1) ʧʨʠ ʜʘʚʣʝʥʠʷʭ (>400 ɻʇʘ) ʤʠʥʠʤʫʤ ʵʥʝʨʛʠʠ ʥʘ PES (ʧʦʚʝʨʭʥʦʩʪʴ 

ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ) ʘʪʦʤʘʨʥʦʛʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʚʦʜʦʨʦʜʘ I41/amd ʭʦʨʦʰʦ 

ʦʧʨʝʜʝʣʝʥ;  

2) ʧʨʠ ʧʦʥʠʞʝʥʥʳʭ ʜʘʚʣʝʥʠʷʭ (400 · ~200 ɻʇʘ) ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʙʘʨʴʝʨʳ 

ʘʪʦʤʘʨʥʦʛʦ ʚʦʜʦʨʦʜʘ I41/amd ʥʘ PES ʧʦʩʪʝʧʝʥʥʦ ʫʤʝʥʴʰʘʶʪʩʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʨʦʚʝʜʝʥʠʷ ʨʘʩʯʝʪʦʚ ʩ ʧʦʚʳʰʝʥʥʦʡ ʪʦʯʥʦʩʪʴʶ ʚ ʠʥʪʝʨʚʘʣʝ 

ʜʘʚʣʝʥʠʡ ʤʝʥʝʝ 300 ɻʇʘ. 

ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩʣʝʜʫʝʪ, ʯʪʦ ʘʪʦʤʘʨʥʳʡ ʚʦʜʦʨʦʜ ʩʪʨʫʢʪʫʨʳ 

I41/amd ʤʝʪʘʩʪʘʙʠʣʝʥ, ʥʦ ʪʦʣʴʢʦ ʚʳʰʝ ʜʘʚʣʝʥʠʷ ~200 ɻʇʘ. ʄʦʞʥʦ ʣʠ ʩʦʟʜʘʪʴ 

ʤʝʪʘʩʪʘʙʠʣʴʥʫʶ ʬʘʟʫ ʘʪʦʤʘʨʥʦʛʦ ʚʦʜʦʨʦʜʘ, ʜʠʥʘʤʠʯʝʩʢʠ ʫʩʪʦʡʯʠʚʫʶ ʧʨʠ 

ʤʝʥʴʰʠʭ ʜʘʚʣʝʥʠʷʭ ï ʚʦʧʨʦʩ ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 
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ʇ.ʅ. ɼɽɻʊʗʈɽʅʂʆ1,2, ɸ.ʉ. ʄɸʅʂɽɺʀʏ1, ɸ.ɺ. ʄɸʈʂɽʃʆɺ1,  

ɸ.ɸ ʄʆʃʆɼʓʂ1,3, ʉ.ɺ. ʉɸʄʆʁʃɽʅʂʆɺ2,3 

1ʆʆʆ çʉ-ʀʥʥʦʚʘʮʠʠè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʆʙʲʝʜʠʥʝʥʥʳʡ ʠʥʩʪʠʪʫʪ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

3ɿɸʆ çʉʫʧʝʨʆʢʩè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʉʆɺʈɽʄɽʅʅʆɽ ʈɸɿɺʀʊʀɽ ʇʈʆʀɿɺʆɼʉʊɺɸ ɺʊʉʇ ʃɽʅʊ 2-ɻʆ 

ʇʆʂʆʃɽʅʀʗ ɺ ʂʆʄʇɸʅʀʀ  

ʉ-ʀʅʅʆɺɸʎʀʀ 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʝ (ɺʊʉʇ) ʣʝʥʪʳ 2-ʛʦ 

ʧʦʢʦʣʝʥʠʷ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʦʛʨʘʥʠʯʠʪʝʣʝʡ ʪʦʢʘ ʢʦʨʦʪʢʦʛʦ ʟʘʤʳʢʘʥʠʷ, ʤʘʛʥʠʪʥʳʭ ʩʠʩʪʝʤ ʜʣʷ ʫʩʪʘʥʦʚʦʢ 

ʪʝʨʤʦʷʜʝʨʥʦʛʦ ʩʠʥʪʝʟʘ ʠ ʫʩʢʦʨʠʪʝʣʴʥʦʡ ʪʝʭʥʠʢʠ. ʄʥʦʛʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʠ ʚ ʤʠʨʝ ʨʘʙʦʪʘʶ 

ʥʘʜ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝʤ ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʠʟʚʦʜʩʪʚʘ, ʚ ʯʘʩʪʥʦʩʪʠ ʥʘʜ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴʶ 

ʧʨʠ ʚʳʧʫʩʢʝ ʙʦʣʴʰʠʭ ʦʙʲʝʤʦʚ ɺʊʉʇ-ʣʝʥʪʳ, ʠʭ ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʨʦʯʥʦʩʪʴʶ, ʘ ʪʘʢʞʝ 

ʩʪʦʡʢʦʩʪʴʶ ʢ ʨʘʜʠʘʮʠʦʥʥʳʤ ʚʦʟʜʝʡʩʪʚʠʷʤ. ɺ ʢʦʤʧʘʥʠʠ çʉ-ʀʥʥʦʚʘʮʠʠè ʚʝʜʫʪʩʷ ʨʘʙʦʪʳ 

ʧʦ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʶ ʚʳʧʫʩʢʘʝʤʦʡ ʧʨʦʜʫʢʮʠʠ, ʪʘʢʠʝ ʢʘʢ ʫʚʝʣʠʯʝʥʠʝ ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ 

ʣʝʥʪ ʜʦ 800 ɸ/12ʤʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʞʠʜʢʦʛʦ ʘʟʦʪʘ ʚ ʩʦʙʩʪʚʝʥʥʦʤ ʧʦʣʝ, ʫʚʝʣʠʯʝʥʠʝʤ 

ʠʥʞʝʥʝʨʥʦʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʜʦ 700 ɸ/ʤʤ2 ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʩʠʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ 

ʙʦʣʝʝ 20 ʊ ʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ 20 ʂ. ʋʩʧʝʰʥʦ ʚʥʝʜʨʝʥʳ ʧʦʜʭʦʜʳ ʠ ʧʦʣʫʯʝʥʳ ɺʊʉʇ 

ʣʝʥʪʳ 2-ʛʦ ʧʦʢʦʣʝʥʠʷ ʩ ʙʦʣʝʝ ʪʦʣʩʪʳʤ ʩʣʦʝʤ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʡ ʧʣʝʥʢʠ ʠ ʚʳʩʦʢʦʡ 

ʦʜʥʦʨʦʜʥʦʩʪʴʶ ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ ʧʦ ʜʣʠʥʝ, ʨʝʢʦʨʜʥʦʡ ʠʥʞʝʥʝʨʥʦʡ ʧʣʦʪʥʦʩʪʴʶ, ʘ ʪʘʢʞʝ 

ʫʣʫʯʰʝʥʳ ʩʚʦʡʩʪʚʘ ʘʜʛʝʟʠʠ. ɺʳʧʫʩʢʘʝʤʘʷ ʚʳʩʦʢʦʢʦʥʢʫʨʝʥʪʥʘʷ ʧʨʦʜʫʢʮʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʚ ʧʨʦʝʢʪʘʭ ʧʦ ʩʦʟʜʘʥʠʶ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʫʩʪʨʦʡʩʪʚ ʜʣʷ ʥʫʞʜ ʢʦʥʢʨʝʪʥʳʭ ʧʨʠʤʝʥʝʥʠʡ ʚ 

ʨʘʟʥʳʭ ʦʙʣʘʩʪʷʭ. 

P. DEGTYARENKO1,2, A. MANKEVICH 1, A. MARKELOV1,  

A. MOLODYK 1,3, S. SAMOILENKOV2,3 

1S-Innovations, LLC, Moscow, Russia 
2 Joint Institute for High Temperature RAS, Moscow, Russia 

3SJSC SuperOx, Moscow, Russia 

PRESENT STATUS PRODUCTION OF 2G HTS WIRE  

AT S-INNOVATIONS  

At present time 2G HTS wire is one of the perspective material for using in fault current 

limiters, fusions and accelerator magnets. Many manufacturers focus their efforts on better 

satisfying demands of specific wire applications. At S-innovations we work at increasing the 

critical current up to 800 A/12mm in self-field and 77K, decreasing the critical current density 

up to 700 A/mm2 at 20 T and 20 K. We adopt into production the approaches successfully to 

increase the HTS layer thickness, to modify HTS layer composition. The high quality 

production is use in project for superconducting equipment creation.  
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ʀʥʪʝʥʩʠʚʥʦʝ ʨʘʟʚʠʪʠʝ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ, ʘ ʪʘʢʞʝ ʵʣʝʢʪʨʦʵʥʝʨʛʝʪʠʢʠ ʪʨʝʙʫʝʪ 

ʩʦʟʜʘʥʠʝ ʥʦʚʦʛʦ ʢʣʘʩʩʘ ʤʘʪʝʨʠʘʣʦʚ, ʢʦʪʦʨʳʝ ʩʧʦʩʦʙʥʳ ʧʨʦʧʫʩʢʘʪʴ ʙʦʣʴʰʠʝ 

ʟʥʘʯʝʥʠʷ ʪʦʢʦʚ ʠ ʨʘʙʦʪʘʪʴ, ʢʘʢ ʚ ʫʩʣʦʚʠʷʭ ʩʠʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ, ʪʘʢ ʠ ʚ ʫʩʣʦʚʠʷʭ 

ʩʠʣʴʥʳʭ ʨʘʜʠʦʘʢʪʠʚʥʳʭ ʧʦʣʝʡ. ʆʜʥʠʤ ʠʟ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʶʪʩʷ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʝ ʣʝʥʪʳ 2-ʛʦ ʧʦʢʦʣʝʥʠʷ. ʀʤʝʥʥʦ 

ʨʘʟʨʘʙʦʪʢʘ ɺʊʉʇ ʣʝʥʪʳ 2-ʛʦ ʧʦʢʦʣʝʥʠʷ ʩ ʙʦʣʝʝ ʪʦʣʩʪʳʤ ʩʣʦʝʤ 

ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʡ ʧʣʝʥʢʠ ʠ ʚʳʩʦʢʦʡ ʦʜʥʦʨʦʜʥʦʩʪʴʶ ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ ʧʦ 

ʜʣʠʥʝ, ʨʝʢʦʨʜʥʦʡ ʠʥʞʝʥʝʨʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ʪʦʢʘ, ʘ ʪʘʢʞʝ ʫʣʫʯʰʝʥʥʳʤʠ 

ʩʚʦʡʩʪʚʘʤʠ ʘʜʛʝʟʠʠ ʷʚʣʷʝʪʩʷ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ, ʥʘʠʙʦʣʝʝ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. 

ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʳ ʢʦʤʧʣʝʢʩʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʩʚʦʡʩʪʚ ɺʊʉʇ ʣʝʥʪ 2-ʛʦ ʧʦʢʦʣʝʥʠʷ. ɼʣʷ ʧʦʜʨʦʙʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʦʙʨʘʟʮʳ ɺʊʉʇ ʣʝʥʪ 2-ʛʦ ʧʦʢʦʣʝʥʠʷ, 

ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʧʨʦʤʳʰʣʝʥʥʳʭ ʩʢʦʨʦʩʪʷʭ ʦʩʘʞʜʝʥʠʷ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʡ ʧʣʝʥʢʠ 

ʤʝʪʦʜʦʤ ʠʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʦʩʘʞʜʝʥʠʷ. ʇʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʤʘʪʝʨʠʘʣʦʚ ʤʝʪʦʜʦʤ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʥʘ ʵʣʝʢʪʨʦʥʥʳʭ ʤʠʢʨʦʩʢʦʧʘʭ Titan 80-300 (FEI, USA) 

ʠ Osiris (FEI, USA). ʀʩʩʣʝʜʦʚʘʥʦ ʧʦʚʝʜʝʥʠʝ ʠʥʞʝʥʝʨʥʦʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʚ 

ʩʠʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʜʦ 8 ʊ ʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ 4.2 ʜʦ 77 ʂ. ʈʘʩʩʤʦʪʨʝʥ 

ʚʦʧʨʦʩ ʚʣʠʷʥʠʷ ʩʠʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʥʘ ʢʨʠʪʠʯʝʩʢʫʶ ʪʝʤʧʝʨʘʪʫʨʫ 

ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʛʦ ʧʝʨʝʭʦʜʘ. ʀʟʫʯʝʥʳ ʚʦʧʨʦʩʳ ʧʦʚʝʜʝʥʠʷ ʚʠʭʨʝʚʦʡ ʩʪʨʫʢʪʫʨʳ 

ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʡ ʧʣʝʥʢʠ.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʦʡ ʨʘʙʦʪʳ ʫʜʘʣʦʩʴ ʧʨʦʚʝʩʪʠ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ 

ʚʳʧʫʩʢʘʝʤʦʡ ʧʨʦʜʫʢʮʠʠ. ʋʚʝʣʠʯʠʪʴ ʢʨʠʪʠʯʝʩʢʠʡ ʪʦʢ ʣʝʥʪ ʜʦ 800 ɸ/12ʤʤ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʞʠʜʢʦʛʦ ʘʟʦʪʘ ʚ ʩʦʙʩʪʚʝʥʥʦʤ ʧʦʣʝ, ʘ ʪʘʢʞʝ ʫʚʝʣʠʯʠʪʴ 

ʠʥʞʝʥʝʨʥʫʶ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ʜʦ 700 ɸ/ʤʤ2 ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʩʠʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ 

ʧʦʣʷʭ ʙʦʣʝʝ 20 ʊ ʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ 20 ʂ. 

  



194 
 

ʂ.ɸ. ɼʄʀʊʈʀɽɺɸ1, ʇ.ʀ. ɹɽɿʆʊʆʉʅʓʁ1, ʆ.ʖ. ɺʀʃʂʆɺ2, ɸ.ɻ. 
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2 ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʈʦʩʩʠʷ 

3ʀʥʩʪʠʪʫʪ ʵʣʝʢʪʨʦʬʠʟʠʢʠ ʋʨʆ ʈɸʅ, ɽʢʘʪʝʨʠʥʙʫʨʛ, ʈʦʩʩʠʷ 

 

ʀʉʉʃɽɼʆɺɸʅʀɽ ɿʆʅʅʆʁ ʉʊʈʋʂʊʋʈʓ  

ʉɺɽʈʍʇʈʆɺʆɼʅʀʂɸ SnAs 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʛʦ ʤʘʪʝʨʠʘʣʘ ʘʨʩʝʥʠʜʘ ʦʣʦʚʘ. ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʜʘʥʥʳʭ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ 

ʫʛʣʦʚʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ARPES, ʩ ʟʦʥʥʳʤʠ ʨʘʩʯʝʪʘʤʠ, ʧʨʦʚʝʜʝʥʥʳʤʠ ʜʣʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ 

ʩʣʦʝʚ. ʇʦʣʫʯʝʥʦ, ʯʪʦ ʩʦʛʣʘʩʠʝ ARPES ʩʧʝʢʪʨʦʚ ʩ ʟʦʥʥʳʤʠ ʨʘʩʯʝʪʘʤʠ ʜʣʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ 

ʩʣʦʝʚ ʣʫʯʰʝ, ʯʝʤ ʩ ʟʦʥʥʳʤʠ ʨʘʩʯʝʪʘʤʠ ʜʣʷ ʦʙʲʝʤʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʦʜʥʘ ʠʟ 

ʟʦʥ, ʥʘʙʣʶʜʘʝʤʘʷ ʥʘ ARPES ʩʧʝʢʪʨʘʭ, ʥʝ ʚʦʩʧʨʦʠʟʚʦʜʠʪʩʷ ʥʠ ʚ ʨʘʩʯʝʪʘʭ ʜʣʷ ʦʙʲʝʤʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ, ʥʠ ʚ ʨʘʩʯʝʪʘʭ ʜʣʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʝʚ. 
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INVESTIGATION OF THE SUPERCONDUCTOR SnAs BAND 

STRUCTURE 

The results of a study of the band structure of the superconducting material of tin arsenide 

are presented. The experimental data on the band structure obtained by photoelectron 

spectroscopy with angular resolution ARPES are compared with the band calculations 

performed for surface. It was found that the agreement between ARPES spectra and band 

calculations for surface layers is better than with band calculations for bulk material. However, 

one of the zones observed in the ARPES spectra is not reproduced either in calculations for bulk 

material or in calculations for surface layers. 

ɹʠʥʘʨʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʘʨʩʝʥʠʜ ʦʣʦʚʘ SnAs ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʩʪʘʣ ʦʙʲʝʢʪʦʤ 

ʚʩʝʩʪʦʨʦʥʥʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʚʠʜʫ ʥʘʣʠʯʠʷ ʩʚʦʡʩʪʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ 

ʧʨʠʤʝʥʝʥʳ ʚ ʙʫʜʫʱʝʤ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʟʫʯʝʥʠʝ 

ʵʣʝʢʪʨʦʥʥʦʡ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʜʘʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ. 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʙʠʥʘʨʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ SnAs. 

ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, 

ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ ʫʛʣʦʚʳʤ ʨʘʟʨʝʰʝʥʠʝʤ 

ARPES, ʩ ʟʦʥʥʳʤʠ ʨʘʩʯʝʪʘʤʠ, ʧʨʦʚʝʜʝʥʥʳʤʠ ʜʣʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʝʚ. 
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ʇʦʣʫʯʝʥʦ, ʯʪʦ ʩʦʛʣʘʩʠʝ ARPES ʩʧʝʢʪʨʦʚ ʩ ʟʦʥʥʳʤʠ ʨʘʩʯʝʪʘʤʠ ʜʣʷ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʝʚ ʣʫʯʰʝ, ʯʝʤ ʩ ʟʦʥʥʳʤʠ ʨʘʩʯʝʪʘʤʠ ʜʣʷ ʦʙʲʝʤʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʦʜʥʘ ʠʟ ʟʦʥ, ʥʘʙʣʶʜʘʝʤʘʷ ʥʘ ARPES ʩʧʝʢʪʨʘʭ, ʥʝ 

ʚʦʩʧʨʦʠʟʚʦʜʠʪʩʷ ʥʠ ʚ ʨʘʩʯʝʪʘʭ ʜʣʷ ʦʙʲʝʤʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʥʠ ʚ ʨʘʩʯʝʪʘʭ ʜʣʷ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʝʚ. ɹʦʣʝʝ ʧʦʜʨʦʙʥʦ ʩʤʦʪʨʠʪʝ [1]. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (ʧʨʦʝʢʪ ˉ 19-72-00196). ʀʟʤʝʨʝʥʠʷ 

ARPES ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʈʝʩʫʨʩʥʦʤ ʮʝʥʪʨʝ çʌʠʟʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʧʦʚʝʨʭʥʦʩʪʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡè ʉʇʙɻʋ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Bezotosnyi P. I., Dmitrieva K.A. and others//Physical Review B. 2019. Vol. 100. P. 184514. 
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ʀ.ɺ. ɿɸɻʆʈʆɼʅɽɺ, ɼ.ɸ. ʈʆɼʀʆʅʆɺ, ɸ.ɸ. ɿɸɹʆʃʆʊʅʓʍ 
ʀʥʩʪʠʪʫʪ ʨʘʜʠʦʪʝʭʥʠʢʠ ʠ ʵʣʝʢʪʨʦʥʠʢʠ ʠʤ. ɺ.ɸ. ʂʦʪʝʣʴʥʠʢʦʚʘ ʈɸʅ, ʄʦʩʢʚʘ 

 

ʈɽɿʆʅɸʅʉʅʆɽ ʇʆɻʃʆʑɽʅʀɽ ʄʀʂʈʆɺʆʃʅʆɺʆɻʆ 

ʀɿʃʋʏɽʅʀʗ ɺ ɹʆʃʔʐʀʍ ʇʈʆɺʆɼʗʑʀʍ 2D ɼʀʉʂɸʍ 

ʈʘʟʚʠʪʘ ʪʝʦʨʠʷ ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ 2D 

ʵʣʝʢʪʨʦʥʥʳʭ ʩʠʩʪʝʤʘʭ ʚ ʬʦʨʤʝ ʜʠʩʢʘ, ʢʦʛʜʘ ʜʣʠʥʘ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ ʤʝʥʴʰʝ ʠʣʠ 

ʩʨʘʚʥʠʤʘ ʩ ʨʘʜʠʫʩʦʤ ʜʠʩʢʘ. ɸʥʘʣʠʪʠʯʝʩʢʠ ʠ ʯʠʩʣʝʥʥʦ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʦ ʧʦʣʦʞʝʥʠʝ ʠ 

ʰʠʨʠʥʘ ʦʩʥʦʚʥʳʭ ʨʝʟʦʥʘʥʩʥʳʭ ʣʠʥʠʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʩʠʩʪʝʤʳ: 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʨʘʜʠʫʩʘ ʩʠʩʪʝʤʳ. 

I.V. ZAGORODNEV, D.A. RODIONOV, A.A. ZABOLOTNYKH 

Kotelnikov Institute of Radioengineering and Electronics of RAS, Moscow 

RESONANCE ABSORPTION OF MICROWAVE RADIATION  IN 

LARGE CONDUCTIVE 2D DISK  

Theory of resonant absorption of microwave radiation in 2D electronic systems in the form 

of a disk is developed when the radiation wavelength is less than or comparable to the radius of 

the disk. We analyze analytically and numerically dependence of the position and the linewidth 

of the main resonant peaks on the system parameters: conductivity and radius of the system. 

ʕʣʝʢʪʨʦʤʘʛʥʠʪʥʳʡ ʦʪʢʣʠʢ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʩʦʩʪʦʷʱʠʭ ʠʟ 

ʧʨʦʚʦʜʷʱʠʭ ʚʢʣʶʯʝʥʠʡ, ʚʳʟʳʚʘʝʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʠ ʘʢʪʠʚʥʦ ʠʩʩʣʝʜʫʝʪʩʷ ʚ 

ʥʘʥʦʧʣʘʟʤʦʥʠʢʝ ʠ ʥʘʥʦʬʦʪʦʥʠʢʝ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʥʘʯʠʥʘʷ ʩ ʧʝʨʚʳʭ ʨʘʙʦʪ [1,2] 

ʦʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʩʣʫʯʘʶ, ʢʦʛʜʘ ʜʣʠʥʘ ʚʦʣʥʳ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʤʥʦʛʦ ʙʦʣʴʰʝ ʨʘʟʤʝʨʦʚ ʚʢʣʶʯʝʥʠʡ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ ʵʬʬʝʢʪʘʤʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʟʘʧʘʟʜʳʚʘʥʠʷ, ʪ.ʝ. ʧʨʠ 

ʦʧʠʩʘʥʠʠ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʧʦʣʝʡ ʚʥʫʪʨʠ ʚʢʣʶʯʝʥʠʷ ʩʯʠʪʘʪʴ, ʯʪʦ ʩʢʦʨʦʩʪʴ 

ʩʚʝʪʘ ʨʘʚʥʘ ʙʝʩʢʦʥʝʯʥʦʩʪʠ. ʆʪʥʦʩʠʪʝʣʴʥʦ ʥʝʜʘʚʥʦ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ ʥʘ ʦʩʥʦʚʝ ʢʚʘʥʪʦʚʳʭ ʷʤ GaAs/AlGaAs, ʚ ʢʦʪʦʨʳʭ ʥʦʩʠʪʝʣʠ 

ʟʘʨʷʜʘ ʠʤʝʶʪ ʚʳʩʦʢʫʶ ʧʦʜʚʠʞʥʦʩʪʴ, ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʧʦʛʣʦʱʝʥʠʝ 

ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷʭ ʚ ʙʦʣʴʰʠʭ (ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʤʤ) ʜʠʩʢʘʭ, ʪ.ʝ. ʚ 

ʨʝʞʠʤʝ, ʢʦʛʜʘ ʜʣʠʥʘ ʚʦʣʥʳ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷʭ ʩʨʘʚʥʠʤʘ ʩ 

ʨʘʟʤʝʨʘʤʠ ʜʠʩʢʘ [3,4]. ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʚ ʵʪʦʤ ʨʝʞʠʤʝ ʰʠʨʠʥʘ ʣʠʥʠʠ ʠ 

ʜʦʙʨʦʪʥʦʩʪʴ ʨʝʟʦʥʘʥʩʦʚ ʩ ʨʦʩʪʦʤ ʨʦʣʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʟʘʧʘʟʜʳʚʘʥʠʷ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʙʳʩʪʨʝʝ, ʯʝʤ ʦʞʠʜʘʣʦʩʴ. ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ ʧʦʩʣʫʞʠʣʠ ʤʦʪʠʚʘʮʠʝʡ 

ʜʣʷ ʥʘʰʝʡ ʨʘʙʦʪʳ. 

ʈʘʩʩʤʦʪʨʠʤ ʦʜʠʥʦʯʥʳʡ ʜʚʫʤʝʨʥʳʡ ʜʠʩʢ ʨʘʜʠʫʩʘ R, ʧʨʦʚʦʜʠʤʦʩʪʴ ʢʦʪʦʨʦʛʦ 

ʙʫʜʝʤ ʦʧʠʩʳʚʘʪʴ ʚ ʨʘʤʢʘʭ ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ɼʨʫʜʝ () 0

1 i

s
s w

wt
=
-

, ʛʜʝ
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0s  - ʩʪʘʪʠʯʝʩʢʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʘ t- ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʥʦʩʠʪʝʣʝʡ. ʇʫʩʪʴ ʥʘ 

ʩʠʩʪʝʤʫ ʧʘʜʘʝʪ ʚʥʝʰʥʝʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʠʟʣʫʯʝʥʠʝ ʩ ʯʘʩʪʦʪʦʡ w, ʢʦʪʦʨʦʝ 
ʩʦʜʝʨʞʠʪ ʛʘʨʤʦʥʠʢʠ ʩ ʦʨʙʠʪʘʣʴʥʳʤ (ʘʟʠʤʫʪʘʣʴʥʳʤ) ʯʠʩʣʦʤ l . ʄʦʞʥʦ ʧʦʢʘʟʘʪʴ 
[5], ʯʪʦ ʧʦʛʣʦʱʝʥʠʝ ʚ ʩʠʩʪʝʤʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʜʚʫʤʷ ʙʝʟʨʘʟʤʝʨʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 

0 2 R

c c

s p

t
G=%  ʠ 

R

ct
. ʄʳ ʧʨʦʘʥʘʣʘʟʠʨʦʚʘʣʠ ʧʦʛʣʦʱʝʥʠʝ ʚ ʜʠʩʢʝ ʠ ʥʘʰʣʠ 

ʘʥʘʣʠʪʠʯʝʩʢʠ ʧʦʣʦʞʝʥʠʷ ʠ ʰʠʨʠʥʳ ʦʩʥʦʚʥʳʭ ʨʝʟʦʥʘʥʩʦʚ. ʅʘʧʨʠʤʝʨ, ʜʣʷ 

ʦʩʥʦʚʥʦʡ (ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ) ʤʦʜʳ ʩ ʦʨʙʠʪʘʣʴʥʳʤ ʤʦʤʝʥʪʦʤ 1l =ʧʨʠ ʤʘʣʦʤ 

ʧʘʨʘʤʝʪʨʝ G%("ʥʠʟʢʠʝ" ʯʘʩʪʦʪʳ) ʦʥʠ ʠʤʝʶʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

( )( 1) 2

max 1.04 1 0.25 0.1l c

R
w = º G - G+ G% % % , (1) 

( )( 1) 2 21
1 0.5 0.1 0.2l c

R
w

t

=D º - G+ G + G% % %. (2) 

ʀʟ (2) ʭʦʨʦʰʦ ʚʠʜʥʦ, ʯʪʦ ʚ ʰʠʨʠʥʫ ʣʠʥʠʠ ʚʥʦʩʷʪ ʚʢʣʘʜ ʜʚʘ ʤʝʭʘʥʠʟʤʘ: 

ʜʨʫʜʝʚʩʢʠʝ ʠ ʨʘʜʠʘʮʠʦʥʥʳʝ ʧʦʪʝʨʠ. ʇʨʠʯʝʤ, ʜʦʣʷ ʜʨʫʜʝʚʩʢʠʭ ʧʦʪʝʨʴ ʤʦʞʝʪ 

ʙʳʪʴ ʫʤʝʥʴʰʝʥʘ ʧʦʜʙʦʨʦʤ ʧʘʨʘʤʝʪʨʦʚ ʩʠʩʪʝʤʳ. ʀʩʧʦʣʴʟʫʷ ʥʘʡʜʝʥʥʳʝ 

ʚʳʨʘʞʝʥʠʷ, ʤʦʞʥʦ ʥʘʡʪʠ ʜʦʙʨʦʪʥʦʩʪʴ ʧʣʘʟʤʝʥʥʳʭ ʨʝʟʦʥʘʥʩʦʚ ʠ ʧʦʜʦʙʨʘʪʴ 

ʦʧʪʠʤʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʩʠʩʪʝʤʳ ʜʣʷ ʝʝ ʫʚʝʣʠʯʝʥʠʷ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. J.C. Maxwell-Garnet // Philos. Trans. R. Soc. London, Vol. 203, 385 (1904). 
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ʆ.ɹ. ɿɸʁʅʋʃʃʀʅ, ɺ.ɸ. ʂʆʄʆʈʅʀʂʆɺ, ʀ.ʉ. ʊʀʄɸʂʆɺ 
ʌʅʀʎ çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘè ʈɸʅ , ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʄɽʊʆɼʀʂʀ ʇʆʃʋʏɽʅʀʗ ʂʈʀʉʊɸʃʃʆɺ 

ɺʆɼʆʈɸʉʊɺʆʈʀʄʓʍ ʉʆʃɽʁ ʂʆɹɸʃʔʊɸ ʀ ʅʀʂɽʃʗ 

ʇʦʣʫʯʝʥʳ ʤʦʥʦʢʨʠʩʪʘʣʣʳ ʛʝʢʩʘʛʠʜʨʘʪʘ ʭʣʦʨʠʜʘ ʥʠʢʝʣʷ (NiCl2Ā6H2O), ʛʝʢʩʘʛʠʜʨʘʪʘ 

ʭʣʦʨʠʜʘ ʢʦʙʘʣʴʪʘ (CoCl2Ā6H2O), ʘ ʪʘʢʞʝ [Ni(en)3]Cl2Ā2H2O ʧʫʪʝʤ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ 

ʫʧʘʨʠʚʘʥʠʷ ʠ ʤʝʪʦʜʦʤ ʫʧʨʘʚʣʷʝʤʦʛʦ ʩʥʠʞʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʠʟ ʚʦʜʥʦʛʦ ʥʘʩʳʱʝʥʥʦʛʦ 

ʨʘʩʪʚʦʨʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʦʥʥʦʡ ʫʩʪʘʥʦʚʢʠ. 

ʀʩʩʣʝʜʦʚʘʥʳ ʧʘʨʘʤʝʪʨʳ ʩʧʝʢʪʨʘ ʧʨʦʧʫʩʢʘʥʠʷ, ʪʝʨʤʠʯʝʩʢʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ 

ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ. ʇʦʣʫʯʝʥʳ ʦʙʨʘʟʮʳ ʢʨʠʩʪʘʣʣʦʚ ʛʝʢʩʘʛʠʜʨʘʪʦʚ ʭʣʦʨʠʜʦʚ ʥʠʢʝʣʷ ʠ 

ʢʦʙʘʣʴʪʘ ʚ ʨʷʜʫ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ NixCo1-xCl2Ā6H2O ʚ ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ ʟʥʘʯʝʥʠʡ 

ʧʘʨʘʤʝʪʨʘ ʭ. 

O.B. ZAINULLIN , V.A. KOMORNIKOV, I.S. TIMAKOV  

FSRC "Crystallography and Photonics" RAS (Federal Research Centre 'Crystallography 

and Photonics', Russian Academy of Sciences), Moscow, Russia 

SYNTHESIS METHODS OF CRYSTALS OF CABALT AND NICKEL 

WATER -SOLUBLE SALTS 

Single crystals of nickel chloride hexahydrate (NiCl2Ā6H2O), cobalt chloride hexahydrate 

(CoCl2Ā6H2O), and [Ni(en)3]Cl2Ā2H2O were obtained by isothermal evaporation and by the 

method of controlled temperature reduction from an aqueous saturated solution by using 

modified crystallizator. The transmission spectrum parameters and thermal stability of the 

obtained single crystals are studied. Crystal samples of nickel and cobalt chloride hexahydrates 

were obtained in a series of NixCo(1-x)Cl2Ā6H2O solid solutions in a wide range of x parameter. 

ɺ ʩʦʚʨʝʤʝʥʥʦʤ ʧʨʠʙʦʨʦʩʪʨʦʝʥʠʠ ʦʧʪʠʯʝʩʢʠʝ ʬʠʣʴʪʨʳ ʷʚʣʷʶʪʩʷ ʚʘʞʥʦʡ 

ʩʦʩʪʘʚʣʷʶʱʝʡ. ɺ ʀʥʩʪʠʪʫʪʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʠ ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ ʤʝʪʦʜʠʢʠ 

ʚʳʨʘʱʠʚʘʥʠʷ ʢʨʠʩʪʘʣʣʦʚ ʩ ʫʟʢʦʡ ʧʦʣʦʩʦʡ ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʧʫʩʢʘʥʠʷ ʚ 

ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʦʧʪʠʯʝʩʢʦʛʦ ʩʧʝʢʪʨʘ. 

ʌʠʣʴʪʨʳ ʩ ʫʟʢʦʡ ʧʦʣʦʩʦʡ ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʋʌ ʜʠʘʧʘʟʦʥʝ ʧʨʠʤʝʥʷʶʪ ʚ 

ʧʨʠʙʦʨʘʭ "ʩʦʣʥʝʯʥʦ-ʩʣʝʧʦʡ ʪʝʭʥʦʣʦʛʠʠ" [1]. ɼʘʥʥʳʝ ʨʘʙʦʪʳ ʚʝʜʫʪʩʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʚʦʡʥʳʭ ʩʫʣʴʬʘʪʦʚ ʧʝʨʝʭʦʜʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ 

ʩʦʣʝʡ ʊʫʪʪʦʥʘ [2]. ʇʨʠ ʵʪʦʤ ʦʧʪʠʯʝʩʢʠʝ ʬʠʣʴʪʨʳ, ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʢʨʠʩʪʘʣʣʦʚ 

ʜʘʥʥʳʭ ʚʝʱʝʩʪʚ, ʠʤʝʶʪ ʦʧʪʠʯʝʩʢʫʶ ʦʙʣʘʩʪʴ ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʚʠʜʠʤʦʡ ʟʦʥʝ, ʯʪʦ 

ʥʝʛʘʪʠʚʥʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʪʝʭʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʧʨʦʠʟʚʝʜʝʥʥʳʭ ʩ ʠʭ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʠʙʦʨʦʚ. 

ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʦʧʨʝʜʝʣʝʥʠʶ ʫʩʣʦʚʠʡ ʧʦʣʫʯʝʥʠʷ ʢʨʠʩʪʘʣʣʦʚ 

ʚʦʜʦʨʘʩʪʚʦʨʠʤʳʭ ʩʦʣʝʡ ʢʦʙʘʣʴʪʘ ʠ ʥʠʢʝʣʷ ʩ ʥʝʦʙʭʦʜʠʤʳʤʠ ʩʧʝʢʪʨʘʣʴʥʳʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ʍʣʦʨʠʜʳ ʢʦʙʘʣʴʪʘ ʠ ʥʠʢʝʣʷ ʧʨʠʚʣʝʢʘʶʪ ʚʥʠʤʘʥʠʝ ʩʭʦʞʠʤʠ 
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ʦʧʪʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠ ʧʝʨʩʧʝʢʪʠʚʘʤʠ ʫʚʝʣʠʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʜʠʘʧʘʟʦʥʘ ʵʢʩʧʣʫʘʪʘʮʠʠ. 

ɺʳʨʘʱʝʥʳ ʢʨʠʩʪʘʣʣʳ ʠʟ ʥʘʩʳʱʝʥʥʳʭ ʨʘʩʪʚʦʨʦʚ ʩʠʩʪʝʤ NiCl2-CoCl2-H2O, 

NiCl2-HCl-H2O, ʦʧʨʝʜʝʣʝʥʳ ʦʙʣʘʩʪʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ. ʊʘʢʞʝ 

ʨʘʟʨʘʙʘʪʳʚʘʝʪʩʷ ʤʝʪʦʜʠʢʘ ʧʦʣʫʯʝʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʘ [Ni(en)3]Cl2Ā2H2O. 

ʀʩʩʣʝʜʦʚʘʥʳ ʦʧʪʠʯʝʩʢʠʝ ʩʧʝʢʪʨʳ ʧʨʦʧʫʩʢʘʥʠʝ ʨʘʩʪʚʦʨʦʚ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩ 

ʙʣʠʟʢʦʡ ʢ ʥʘʩʳʱʝʥʥʳʤ ʨʘʩʪʚʦʨʘʤ ʢʦʥʮʝʥʪʨʘʮʠʝʡ. 

ɹʳʣ ʩʧʨʦʝʢʪʠʨʦʚʘʥ ʠ ʠʟʛʦʪʦʚʣʝʥ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ʛʝʨʤʝʪʠʯʥʳʡ 

ʤʘʛʥʠʪʥʳʡ ʫʟʝʣ ʢʨʠʩʪʘʣʣʠʟʘʮʠʦʥʥʦʡ ʫʩʪʘʥʦʚʢʠ ʤʘʣʦʛʦ ʨʘʟʤʝʨʘ. ʇʨʠ ʵʪʦʤ 

ʤʥʦʛʠʝ ʜʝʪʘʣʠ ʠ ʫʟʣʳ ʜʘʥʥʦʡ ʫʩʪʘʥʦʚʢʠ ʠʟʛʦʪʘʚʣʠʚʘʣʠʩʴ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʪʝʭʥʦʣʦʛʠʠ 3D-ʧʝʯʘʪʠ. ʉ ʧʦʤʦʱʴʶ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʫʩʪʘʥʦʚʢʠ ʫʜʘʣʦʩʴ 

ʨʝʘʣʠʟʦʚʘʪʴ ʨʦʩʪ ʢʨʠʩʪʘʣʣʦʚ ʠʟ ʚʦʜʥʦ-ʦʨʛʘʥʠʯʝʩʢʠʭ ʠʣʠ ʥʝʚʦʜʥʳʭ ʥʘʩʳʱʝʥʥʳʭ 

ʨʘʩʪʚʦʨʦʚ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʩʰʠʨʠʪʴ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ 

ʚʳʨʘʱʠʚʘʥʠʷ ʢʨʠʩʪʘʣʣʦʚ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʠʣʠ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʫʩʣʦʚʠʷ ʧʦʣʫʯʝʥʠʷ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʩʦʝʜʠʥʝʥʠʡ NiCl2Ā6H2O, NiCl2Ā4H2O, NixCo(1-

x)Cl2Ā6H2O, [Ni(en)3]Cl2Ā2H2O. 

ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʠʩʩʣʝʜʦʚʘʥʳ ʤʝʪʦʜʘʤʠ ʈʌɸ, ɼʉʂ/ʊɻɸ, 

ʦʧʨʝʜʝʣʝʥʳ ʠʭ ʩʧʝʢʪʨʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. 

ɼʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʦʟʚʦʣʷʶʪ ʨʘʟʨʘʙʦʪʘʪʴ 

ʤʝʪʦʜʠʢʠ ʚʳʨʘʱʠʚʘʥʠʷ ʢʨʫʧʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʠʟ ʚʦʜʥʳʭ ʨʘʩʪʚʦʨʦʚ, 

ʧʨʠʛʦʜʥʳʭ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚ ʦʧʪʠʢʝ. 

ʈʘʙʦʪʘ ʧʨʦʚʝʜʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ 

ʦʙʨʘʟʦʚʘʥʠʷ ʈʌ ʚ ʨʘʤʢʘʭ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʌʅʀʎ ñʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ 

ʬʦʪʦʥʠʢʘò ʈɸʅ. ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʥʦ ʦʙʦʨʫʜʦʚʘʥʠʝ ʎʂʇ ʀʂ ʈɸʅ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ʉʈɸɺʅʀʊɽʃʔʅʓʁ ɸʅɸʃʀɿ ʄɽʊʆɼʀʂ ʇʈʆɺɽɼɽʅʀʗ 

ʕʂʉʇɽʈʀʄɽʅʊɸ ʇʆ ʀʉʉʃɽɼʆɺɸʅʀʖ  

ɻʀɼʈʀɼʆʆɹʈɸɿʋʖʑʀʍ ʄɸʊɽʈʀɸʃʆɺ  

ʍʨʘʥʝʥʠʝ ʚʦʜʦʨʦʜʘ ʚ ʚʠʜʝ ʛʠʜʨʠʜʦʚ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʤʝʪʦʜʦʤ 

ʦʙʨʘʱʝʥʠʷ ʩ ʪʨʠʪʠʝʤ (ʠʟʦʪʦʧʦʤ ʚʦʜʦʨʦʜʘ) ʚ ʨʘʟʣʠʯʥʳʭ ʧʨʦʮʝʩʩʘʭ; ʤʝʪʦʜ ʪʘʢʞʝ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʚʦʜʦʨʦʜʥʦʡ ʵʥʝʨʛʝʪʠʢʝ ʠ ʪʦʧʣʠʚʥʦʤ ʮʠʢʣʝ 

ʪʝʨʤʦʷʜʝʨʥʳʭ ʫʩʪʘʥʦʚʦʢ ʜʣʷ ʭʨʘʥʝʥʠʷ ʚʩʝʭ ʠʟʦʪʦʧʦʚ ʚʦʜʦʨʦʜʘ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʛʠʜʨʠʜʦʦʙʨʘʟʫʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʝʪʦʜʳ 

ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʨʙʮʠʦʥʥʦʡ ʝʤʢʦʩʪʠ ʠ ʜʨʫʛʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʧʦʚʩʝʤʝʩʪʥʦ ʠʩʧʦʣʴʟʫʶʪ ʤʝʪʦʜ ʧʦʨʮʠʦʥʥʦʡ ʧʦʜʘʯʠ ʛʘʟʘ ʚ ʦʙʲʝʤ ʩ ʠʩʩʣʝʜʫʝʤʳʤ 

ʦʙʨʘʟʮʦʤ ʩʦʨʙʝʥʪʘ. ɸʣʴʪʝʨʥʘʪʠʚʥʳʤ ʤʝʪʦʜʦʤ ʷʚʣʷʝʪʩʷ ʥʝʧʨʝʨʳʚʥʘʷ ʧʦʜʘʯʘ ʚʦʜʦʨʦʜʘ 

ʯʝʨʝʟ ʢʘʣʠʙʨʦʚʘʥʥʫʶ ʪʝʯʴ ʩ ʠʟʚʝʩʪʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʜʚʫʭ 

ʤʝʪʦʜʦʚ ʷʚʣʷʝʪʩʷ ʧʨʝʜʤʝʪʦʤ ʥʘʩʪʦʷʱʝʛʦ ʜʦʢʣʘʜʘ. 

B.V. IVANOV 1, T.A. ANFIMOVA  1.2 

1National Research Centre Kurchatov Institute, Moscow, Russia 
2D. Mendeleev University of Chemical Technology of Russia, Moscow, Russia 

COMPARATIVE ANALYSIS OF EXPERIMENTAL  

TECHNIQUES FOR THE STUDY OF HYDRID -FORMING  

MATERIALS  

Hydrogen storage in hydrides is currently the main method for handling tritium (a hydrogen 

isotope) in various processes; the method is also considered for usage in hydrogen energy and 

the fuel cycle of thermonuclear plants for storing all hydrogen isotopes. To study hydride-

forming materials various experimental methods are used to determine the sorption capacity and 

other properties of materials. The commonly used method is portioned supply of gas to a 

sorbent sample. An alternative method is the continuous hydrogen supply through a calibrated 

leak with known flow rate of hydrogen. Comparative analysis of two method is the subject of 

this report. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʩʥʦʚʥʳʤ ʩʧʦʩʦʙʦʤ ʭʨʘʥʝʥʠʷ ʚʦʜʦʨʦʜʘ ʷʚʣʷʶʪʩʷ 

ʢʦʤʧʨʠʤʠʨʦʚʘʥʠʝ ʚʦʜʦʨʦʜʘ ʚ ʨʘʟʣʠʯʥʳʭ ʝʤʢʦʩʪʷʭ (ʙʘʣʣʦʥʘʭ, ʛʘʟʛʦʣʴʜʝʨʘʭ, 

ʩʧʝʮʠʘʣʴʥʳʭ ʝʤʢʦʩʪʷʭ). ʇʦʤʠʤʦ ʵʪʦʛʦ, ʠʩʧʦʣʴʟʫʶʪ ʩʧʦʩʦʙʳ, ʢʦʪʦʨʳʝ 

ʧʦʟʚʦʣʷʶʪ ʭʨʘʥʠʪʴ ʚʦʜʦʨʦʜ ʚ ʞʠʜʢʦʤ ʩʦʩʪʦʷʥʠʠ, ʚ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʤ ʚʠʜʝ, ʚ 

ʢʘʧʠʣʣʷʨʥʳʭ ʩʪʨʫʢʪʫʨʘʭ, ʚ ʭʠʤʠʯʝʩʢʠ ʩʚʷʟʘʥʥʦʤ ʚʠʜʝ ʠ ʚ ʬʦʨʤʝ ʛʠʜʨʠʜʦʚ. 

ʍʨʘʥʝʥʠʝ ʚʦʜʦʨʦʜʘ ʚ ʬʦʨʤʝ ʛʠʜʨʠʜʦʚ, ʠʤʝʷ ʨʷʜ ʧʨʝʠʤʫʱʝʩʪʚ, ʷʚʣʷʝʪʩʷ 

ʜʦʩʪʘʪʦʯʥʦ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ, ʚ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʦʥ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ 

ʤʝʪʦʜʦʤ ʦʙʨʘʱʝʥʠʷ ʩ ʪʨʠʪʠʝʤ (ʠʟʦʪʦʧ ʚʦʜʦʨʦʜʘ) ʚ ʨʘʟʣʠʯʥʳʭ ʧʨʦʮʝʩʩʘʭ. ʊʘʢʞʝ 

ʤʝʪʦʜ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʚʦʜʦʨʦʜʥʦʡ ʵʥʝʨʛʝʪʠʢʝ ʠ 
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ʪʦʧʣʠʚʥʦʤ ʮʠʢʣʝ ʪʝʨʤʦʷʜʝʨʥʳʭ ʫʩʪʘʥʦʚʦʢ ʜʣʷ ʭʨʘʥʝʥʠʷ ʚʩʝʭ ʠʟʦʪʦʧʦʚ ʚʦʜʦʨʦʜʘ 

[1]. ʆʩʥʦʚʥʳʝ ʧʨʠʤʝʥʷʝʤʳʝ ʩʦʨʙʝʥʪʳ ʜʣʷ ʭʨʘʥʝʥʠʷ ʪʨʠʪʠʷ (ʦʙʝʜʥʝʥʥʳʡ ʫʨʘʥ, 

ʠʥʪʝʨʤʝʪʘʣʣʠʜ ZrCo) ʦʙʣʘʜʘʶʪ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʦʜʥʘʢʦ 

ʚʦʟʤʦʞʥʦʩʪʴ ʜʣʷ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʠ ʧʦʠʩʢʘ ʥʦʚʳʭ ʩʦʨʙʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ 

ʫʣʫʯʰʝʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʦʩʪʘʝʪʩʷ [2]. ʅʦʚʳʝ ʤʘʪʝʨʠʘʣʳ ʜʣʷ ʭʨʘʥʝʥʠʷ 

ʚʦʜʦʨʦʜʘ ʧʦʣʫʯʘʶʪ ʧʨʠ ʧʦʤʦʱʠ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʠ ʘʢʪʠʚʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʣʝʛʠʨʦʚʘʥʠʷ, ʜʦʙʘʚʣʝʥʠʷ ʯʘʩʪʠʮ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʠ ʜʨ. [3]. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʛʠʜʨʠʜʦʦʙʨʘʟʫʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʠʤʝʥʷʶʪ ʨʘʟʣʠʯʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʤʝʪʦʜʳ, ʥʘʧʨʘʚʣʝʥʥʳʝ ʥʘ ʦʧʨʝʜʝʣʝʥʠʝ ʩʦʨʙʮʠʦʥʥʦʡ ʝʤʢʦʩʪʠ, ʢʠʥʝʪʠʢʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʚʦʜʦʨʦʜʦʤ ʠ ʜʨʫʛʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ.  

ɼʦʢʣʘʜ ʧʦʩʚʷʱʝʥ ʩʨʘʚʥʝʥʠʶ ʤʝʪʦʜʠʢ ʠʟʫʯʝʥʠʷ ʩʦʨʙʮʠʦʥʥʦʡ ʝʤʢʦʩʪʠ 

ʛʠʜʨʠʜʦʦʙʨʘʟʫʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ. ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʧʦʨʮʠʘʣʴʥʳʡ ʠ 

ʥʝʧʨʝʨʳʚʥʳʡ ʩʧʦʩʦʙʳ ʥʘʧʫʩʢʘ ʠ ʦʪʢʘʯʢʠ ʚʦʜʦʨʦʜʘ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ 

ʫʩʪʘʥʦʚʢʝ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʠʟʚʝʩʪʝʥ ʩʧʦʩʦʙ ʧʦʨʮʠʦʥʥʦʛʦ 

ʧʦʜʚʦʜʘ ʛʘʟʘ ʢ ʦʙʨʘʟʮʫ ʩʦʨʙʝʥʪʘ. ɸʣʴʪʝʨʥʘʪʠʚʥʳʤ ʩʧʦʩʦʙʦʤ ʷʚʣʷʝʪʩʷ 

ʥʝʧʨʝʨʳʚʥʘʷ ʧʦʜʘʯʘ ʚʦʜʦʨʦʜʘ ʯʝʨʝʟ ʢʘʣʠʙʨʦʚʘʥʥʫʶ ʪʝʯʴ, ʧʦʪʦʢ ʚʦʜʦʨʦʜʘ ʯʝʨʝʟ 

ʢʦʪʦʨʫʶ ʠʟʚʝʩʪʝʥ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʘʙʦʪʝ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ 

ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ, ʘ ʪʘʢʞʝ 

ʚʦʟʤʦʞʥʦʩʪʠ ʠʭ ʧʨʠʤʝʥʝʥʠʷ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè 

(14.08.2019 ˉ1805). 

 

ʈʠʩ.1. 

ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ 
ʫʩʪʘʥʦʚʢʠ. 1 ï ʦʙʨʘʟʝʮ 

ʀʄʉ; 2 ï 

ʥʘʛʨʝʚʘʪʝʣʴʥʳʡ ʵʣʝʤʝʥʪ; 
3 ï ʙʘʣʣʦʥ ʩ ʚʦʜʦʨʦʜʦʤ; 

ʊʄʅ ï 

ʪʫʨʙʦʤʦʣʝʢʫʣʷʨʥʳʡ 
ʥʘʩʦʩ; ʌʆʈ ï 

ʬʦʨʚʘʢʫʫʤʥʳʡ ʥʘʩʦʩ; ʈ1, 

ʈ2 ï ʜʘʪʯʠʢʠ ʜʘʚʣʝʥʠʷ; ʊ 
ï ʨʝʛʫʣʷʪʦʨ 

ʪʝʤʧʝʨʘʪʫʨʳ; ɺɿ1-ɺɿ6 ï 

ʚʝʥʪʠʣʠ; ʊɽʏʔ ï 
ʠʟʤʝʨʠʪʝʣʴʥʘʷ 

ʜʠʘʬʨʘʛʤʘ; ʈ ï ʨʝʩʠʚʝʨ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ɸ.ʅ. ʇʝʨʝʚʝʟʝʥʮʝʚ ʠ ʜʨ., ʌʠʟʠʢʘ ʵʣʝʤʝʥʪʘʨʥʳʭ ʯʘʩʪʠʮ ʠ ʘʪʦʤʥʦʛʦ ʷʜʨʘ. 19(6) (1988) 1386 

2. Hayashi T., Suzuki T., Journal Fusion Engineering and Design V. 83. (2008) P. 1429 

3. Fateev, V. N., Alexeeva, et al.. Chemical Problems, 16(4) (2018) 453ï483. 
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ʄ.ɺ. ʀʃʔʀʅɸ, ʆ.ʀ. ʀʃʔʀʅ, ɸ.ɺ. ɻʋʈʔʗʅʆɺ, ʅ.ʅ. ʈʋɼʓʂ 
ʖʞʥʳʡ ʌʝʜʝʨʘʣʴʥʳʡ ʋʥʠʚʝʨʩʠʪʝʪ, ʊʘʛʘʥʨʦʛ, ʈʦʩʩʠʷ 

 

ɺʃʀʗʅʀɽ ʊɽʄʇɽʈɸʊʋʈʓ ʈʆʉʊɸ ʅɸ ɸɼɻɽɿʀʖ  

ʆʈʀɽʅʊʀʈʆɺɸʅʅʓʍ ʋɻʃɽʈʆɼʅʓʍ ʅɸʅʆʊʈʋɹʆʂ 

ʇʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʨʦʩʪʘ ʚʝʨʪʠʢʘʣʴʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ 

ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʥʘ ʩʠʣʫ ʘʜʛʝʟʠʠ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʨʠʚʦʜʠʪ ʢ ʥʝʣʠʥʝʡʥʦʤʫ ʨʦʩʪʫ ʘʜʛʝʟʠʠ ʋʅʊ, ʚʳʨʘʱʝʥʥʳʭ ʥʘ ʧʦʜʩʣʦʝ Ti, ʠ ʥʝʣʠʥʝʡʥʦʤʫ 

ʫʤʝʥʴʰʝʥʠʶ ʘʜʛʝʟʠʠ ʋʅʊ, ʚʳʨʘʱʝʥʥʳʭ ʥʘ ʧʦʜʩʣʦʝ TiN. ɼʘʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʚʷʟʘʥʳ ʩ 

ʠʟʤʝʥʝʥʠʝʤ ʜʠʘʤʝʪʨʘ ʋʅʊ ʠ ʩʪʨʫʢʪʫʨʳ ʤʘʩʩʠʚʘ. 

M.V. ILôINA, O.I. ILôIN, A.V. GURYANOV, N.N. RUDYK 

Southern Federal University, Taganrog, Russia 

INFLUENCE OF GROWTH TEMPERATURE ON ADHESION OF 

ALIGNED CARBON NANOTUBES  

Investigations are made of the effect of temperature of aligned carbon nanotubes on the 

adhesion force. It was found that an increase in temperature leads to the appearance of CNT 

grown on a titanium sublayer, and CNT, growing on a titanium dioxide sublayer. These 

dependences are associated with a change in the diameter of the CNTs and the structure of the 

array. 

ʇʦʢʨʳʪʠʷ ʩ ʵʬʬʝʢʪʦʤ ñʩʫʭʦʛʦ ʢʣʝʷò ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ 

ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʘʢʠʭ 

ʧʦʢʨʳʪʠʡ ʷʚʣʷʶʪʩʷ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ (ʋʅʊ) [1]. ʆʩʥʦʚʥʳʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ, ʚʣʠʷʶʱʠʤʠ ʥʘ ʚʝʣʠʯʠʥʫ ʘʜʛʝʟʠʠ, ʷʚʣʷʶʪʩʷ ʦʨʠʝʥʪʘʮʠʷ ʋʅʊ ʢ 

ʧʦʜʣʦʞʢʝ ʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ ʥʘʥʦʪʨʫʙʦʢ [2]. ʇʨʠ ʵʪʦʤ ʤʝʪʦʜ 

ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ (PECVD) ʧʦʟʚʦʣʷʝʪ ʫʧʨʘʚʣʷʪʴ 

ʨʘʟʤʝʨʘʤʠ ʠ ʦʨʠʝʥʪʘʮʠʝʡ ʋʅʊ. ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʩʠʣʳ ʘʜʛʝʟʠʠ ʋʅʊ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʨʦʩʪʘ, ʥʘ ʧʦʜʣʦʞʢʘʭ, ʩ 

ʨʘʟʣʠʯʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʧʦʜʩʣʦʷ. 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʤʘʩʩʠʚʳ ʋʅʊ, 

ʚʳʨʘʱʝʥʥʳʝ ʥʘ Si ʧʦʜʣʦʞʢʘʭ ʩ ʧʦʜʩʣʦʷʤʠ Ti ʠ TiN ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʨʦʩʪʘ 630, 

645, 660 ʠ 675 . ʀʟʦʙʨʘʞʝʥʠʷ ʤʘʩʩʠʚʦʚ ʋʅʊ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʨʘʩʪʨʦʚʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ (ʈʕʄ), ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʩʠʣʳ ʘʜʛʝʟʠʠ ʋʅʊ ʧʨʦʚʦʜʠʣʠʩʴ ʤʝʪʦʜʦʤ ʩʠʣʦʚʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʠʢʠ, ʦʧʠʩʘʥʥʦʡ ʚ ʨʘʙʦʪʝ 

[2]. ɺ ʢʘʯʝʩʪʚʝ ʟʦʥʜʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʢʦʣʣʦʠʜʥʳʡ ʟʦʥʜ ʤʘʨʢʠ ScanSens ʩ 

ʨʘʜʠʫʩʦʤ 20°3 ʤʢʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʞʝʩʪʢʦʩʪʠ 0.3 ʅ/ʤ. ʇʦʣʫʯʝʥʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʩʠʣ ʘʜʛʝʟʠʠ ʋʅʊ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2. 
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ʈʠʩ. 1. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʤʘʩʩʠʚʦʚ ʋʅʊ, ʚʳʨʘʱʝʥʥʳʭ ʥʘ TiN ʧʦʜʩʣʦʝ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 630, 660 ʠ 675  

 

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʩʠʣʳ ʘʜʛʝʟʠʠ ʋʅʊ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʨʦʩʪʘ 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʨʦʩʪʘ ʦʢʘʟʳʚʘʝʪ ʥʝʣʠʥʝʡʥʦʝ 

ʚʣʠʷʥʠʝ ʥʘ ʩʠʣʫ ʘʜʛʝʟʠʠ ʋʅʊ. ɼʣʷ ʋʅʊ, ʚʳʨʘʱʝʥʥʳʭ ʥʘ ʧʦʜʩʣʦʝ Ti, ʟʥʘʯʝʥʠʝ 

ʩʠʣʳ ʘʜʛʝʟʠʠ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪ 630 ʜʦ 660  ʫʤʝʥʴʰʘʣʦʩʴ ʩ 213 

ʜʦ 54 ʥʅ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʜʠʘʤʝʪʨʘ ʋʅʊ ʦʪ 160Ñ50 ʜʦ 

120Ñ35 ʥʤ. ʇʨʠ 675  ʟʥʘʯʝʥʠʝ ʩʠʣʳ ʘʜʛʝʟʠʠ ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʝʪ ʜʦ 552 ʥʤ, ʯʪʦ 

ʩʚʷʟʘʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʚʝʪʚʠʩʪʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʤʘʩʩʠʚʘ ʋʅʊ ʠ ʫʚʝʣʠʯʝʥʠʝʤ 

ʜʠʘʤʝʪʨʘ ʋʅʊ ʜʦ 150Ñ20 ʥʤ. 

ɼʣʷ ʋʅʊ, ʚʳʨʘʱʝʥʥʳʭ ʥʘ ʧʦʜʩʣʦʝ TiN, ʟʥʘʯʝʥʠʝ ʩʠʣʳ ʘʜʛʝʟʠʠ ʩ ʨʦʩʪʦʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʪ 630 ʜʦ 660  ʚʦʟʨʘʩʪʘʝʪ ʦʪ 26 ʜʦ 233 ʥʅ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʜʠʘʤʝʪʨʘ ʋʅʊ ʦʪ 70Ñ20 ʜʦ 130Ñ35 ʥʤ ʥʝʩʤʦʪʨʷ ʥʘ ʥʝʙʦʣʴʰʦʝ 

ʩʥʠʞʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʋʅʊ ʩ 45 ʜʦ 38 ʤʢʤ-1. ɼʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʘʜʛʝʟʠʠ ʜʦ 154 ʥʅ, ʯʪʦ ʚʳʟʚʘʥʦ 

ʫʤʝʥʴʰʝʥʠʝʤ ʜʠʘʤʝʪʨʘ ʋʅʊ ʜʦ 120 ʥʤ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʧʨʦʝʢʪ No.18-32-

00652 ʤʦʣ_ʘ). 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Qu L., Dai L., Stone M., Xia Z. and others// Science 2008. Vol. 322, P. 238. 
2. Ilôina M.V., Konshin A.A., Ilôin O.I. and others// Journal of Physics: Conference Series 2018. Vol. 

55, P. 993, 012025. 
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ɿ.ɸ. ʀʉɸʍɸʅʆɺ1, ʈ.ʄ. ɪʈʂʋʃʆɺ1, ʐ.ɸ. ʊʋʃʗɻɸʅʆɺɸ2 

1ʀʥʩʪʠʪʫʪ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʳʭ ʠ ʣʘʟʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʊʘʰʢʝʥʪ, ʋʟʙʝʢʠʩʪʘʥ. 
2ʊʘʰʢʝʥʪʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʈʝʩʧʫʙʣʠʢʠ ʫʟʙʝʢʠʩʪʘʥ 

 

ʀɿʋʏɽʅʀɽ ʉɺʆʁʉʊɺɸ ʅɸʅʆʈɸɿʄɽʈʅʓʍ ʉʊʈʋʂʊʋʈ 

ʉʆɿɼɸʅʅʓʍ ʅɸ ʇʆɺɽʈʍʅʆʉʊʀ ʉɺʆɹʆɼʅʆʁ  

ʇʃɽʅʆʏʅʆʁ ʉʀʉʊɽʄʓ Si/Cu 

ʄʝʪʦʜʦʤ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ (ɽ0=1-5 ʢʵɺ) ʠʤʧʣʘʥʪʘʮʠʠ ʠʦʥʦʚ ʆ2
+, ɺʘ+, Cu+ ʠ ʉʦ+ ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʦʪʞʠʛʦʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʦʙʦʜʥʦʡ ʥʘʥʦʧʣʝʥʦʯʥʦʡ ʩʠʩʪʝʤʳ Si/Cu(100) 

ʧʦʣʫʯʝʥʳ ʥʘʥʦʬʘʟʳ ʠ ʧʣʝʥʢʠ SiO2 ʠ ʩʠʣʠʮʠʜʦʚ ʤʝʪʘʣʣʦʚ. ʆʧʨʝʜʝʣʝʥʳ ʠʭ ʤʦʨʬʦʣʦʛʠʷ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʩʦʩʪʘʚ, ʧʘʨʘʤʝʪʨʳ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʟʦʥ, ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʪʦʨʠʯʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʵʤʠʩʩʠʠ, ʢʚʘʥʪʦʚʳʡ ʚʳʭʦʜ ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ. ɺ 

ʯʘʩʪʥʦʩʪʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʱʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʩʠʣʠʮʠʜʦʚ ʤʝʪʘʣʣʦʚ ʩʦʩʪʘʚʣʷʝʪ 0.3-

0.4 ʵɺ, ʘ ʠʭ ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʷ - 100-500 ʤʢʆʤÖʩʤ. 

Z.ɸ. ISAKHANOV 1, R.ʄ. YORQULOV1, SH.ɸ. ʊULYAGANOVA 2 

1Institute of Ion-Plasma and laser technologies, AS RUz, Tashkent, Uzbekistan, 
2Tashkent University of Information Technologies of the Republic of Uzbekistan  

STUDYING THE PROPERTIES OF NANOSIZED 

STRUCTURES CREATED ON THE SURFACE OF A FREE Si/Cu 

FILM  

SYSTEM 

The low-energy (E0=1ï5 keV) implantation of O2+, Ba+, Cu+ and Co+ ions followed by 

annealing on the surface of a free Si/Cu (100) nanofilms system yielded nanophases and films 

of SiO2 and metal silicides. Their surface morphology, composition, parameters, of energy 

zones, the maximum value of the secondary electron emission coefficient and the quantum yield 

of photoelectrons are determined. In particular, it was shown that the band gap of metal silicides 

is 0.3ï0.4 eV, and their resistivity is 100ï500 ÕOmÖcm. 

ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʟʫʯʝʥʠʶ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʵʤʠʩʩʠʦʥʥʳʭ, 

ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʠ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʪʦʥʢʠʭ (dÒ30-40 ¡) ʦʢʩʠʜʥʳʭ ʧʣʝʥʦʢ 

ʠ ʩʠʣʠʮʠʜʦʚ ʤʝʪʘʣʣʦʚ, ʬʦʨʤʠʨʦʚʘʥʥʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʦʙʦʜʥʦʡ ʧʣʝʥʢʠ Si/Cu 

ʧʨʠ ʠʦʥʥʦʡ ʠʤʧʣʘʥʪʘʮʠʠ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʦʪʞʠʛʦʤ. ɸʤʦʨʬʥʳʝ ʧʣʝʥʢʠ SiO2, ʩ 

d=20-25 ¡ ʩʦʟʜʘʥʳ ʠʤʧʣʘʥʪʘʮʠʝʡ ʠʦʥʦʚ ʆ2
+ ʚ Si/Cu(100) ʩ ʵʥʝʨʛʠʝʡ ɽ0=1 ʢʵɺ ʩ 

ʚʘʨʠʘʮʠʝʡ ʜʦʟʳ ʦʙʣʫʯʝʥʠʷ ʦʪ D=5Ö1014 ʩʤ-2 ʜʦ D=6Ö1016 ʩʤ-2 ʩ ʧʦʩʣʝʜʫʶʱʠʤ 

ʧʨʦʛʨʝʚʦʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʊ=700 ʂ. ʋʚʝʣʠʯʝʥʠʝ ʜʦʟʳ ʠʦʥʦʚ ʆ2
+ ʜʦ Då8 1016 

ʩʤ-2 ʧʨʠʚʦʜʠʪ ʢ ʧʦʣʥʦʤʫ ʧʝʨʝʢʨʳʪʠʶ ʢʣʘʩʪʝʨʦʚ ʠ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʦʙʣʘʩʪʠ 

ʬʦʨʤʠʨʫʝʪʩʷ ʘʤʦʨʬʥʳʡ ʩʣʦʡ SiO2. ʇʦʩʣʝʜʥʝʝ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʫʩʪʘʥʦʚʣʝʥʠʝʤ ʥʘ 

ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʝ ʚʤʝʩʪʦ ʩʝʨʠʠ ʢʦʣʝʮ ʦʜʥʦʛʦ ʜʠʬʬʫʟʥʦʛʦ ʢʦʣʴʮʘ - ʘʤʦʨʬʥʦʝ 

çʛʘʣʦè.  



205 
 

ʅʘ ʨʠʩ.1 ʧʨʠʚʝʜʝʥʳ ʩʧʝʢʪʨʳ ʍʇʕʕ ʜʣʷ ʧʣʝʥʢʠ Si/Cu(100) ʩ ʥʘʥʦʨʘʟʤʝʨʥʦʡ 

ʦʢʩʠʜʥʦʡ ʧʣʝʥʢʦʡ. ɺʠʜʥʦ, ʯʪʦ ʥʘ ʩʧʝʢʪʨʝ Si/Cu(100) ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ 

ʠʥʪʝʥʩʠʚʥʳʝ ʧʠʢʠ ʧʨʠ ʵʥʝʨʛʠʷʭ Dɽ1=3.4; Dɽ2=6.7 ʠ Dɽ4=14 ʵɺ ʦʙʫʩʣʦʚʣʝʥʥʳʝ 

ʤʝʞʟʦʥʥʳʤʠ ʧʝʨʝʭʦʜʘʤʠ ʠ ʧʠʢʠ ʧʨʠ Dɽ3=10.4 (ǩɤs), Dɽ5=17 (ǩɤv) ʠ Dɽ6=21 

(2ǩɤs) ʵɺ ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʧʣʘʟʤʝʥʥʳʤʠ ʢʦʣʝʙʘʥʠʷʤʠ. ɺ ʩʧʝʢʪʨʝ ʥʘʥʦʧʣʝʥʢʠ 

SiO2 ʦʙʥʘʨʫʞʠʚʘʶʪʩʷ 2 ʤʘʢʩʠʤʫʤʘ, ʤʝʞʟʦʥʥʳʭ ʧʝʨʝʭʦʜʦʚ Dɽ1=9,1; Dɽ3=I9 ʵɺ ʠ 

ʜʚʘ ʤʘʢʩʠʤʫʤʘ ʧʣʘʟʤʝʥʥʳʭ ʢʦʣʝʙʘʥʠʡ Dɽ2=15 (ǩɤs) ʠ Dɽ4=23 (ǩɤv) ʵɺ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʵʥʝʨʛʠʷ ʧʣʘʟʤʝʥʥʳʭ ʢʦʣʝʙʘʥʠʡ ʠ ʤʝʞʟʦʥʥʳʭ ʧʝʨʝʭʦʜʦʚ ʚ 

ʩʚʦʙʦʜʥʦʡ ʥʘʥʦʧʣʝʥʢʝ SiO2/Si ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʪʘʢʦʚʳʭ, ʜʣʷ ʪʦʣʩʪʦʡ ʧʣʝʥʢʠ SiO2. 

ʇʨʠʨʦʜʘ ʩʤʝʱʝʥʠʷ ʤʘʢʩʠʤʫʤʦʚ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʤʝʞʟʦʥʥʳʤʠ ʵʣʝʢʪʨʦʥʥʳʤʠ 

ʧʝʨʝʭʦʜʘʤʠ, ʧʦ ʥʘʰʝʤʫ ʤʥʝʥʠʶ, ʩʚʷʟʘʥʘ ʩ ʜʝʬʦʨʤʘʮʠʝʡ ʬʫʥʢʮʠʡ ʵʣʝʢʪʨʦʥʥʳʭ 

ʩʦʩʪʦʷʥʠʡ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʪʦʣʱʠʥʳ ʧʣʝʥʢʠ SiO2 ʠ ʫʚʝʣʠʯʝʥʠʠ ʚʣʠʷʥʠʷ 

ʧʦʜʣʦʞʢʠ.  

ɺ ʩʣʫʯʘʝ ʠʤʧʣʘʥʪʘʮʠʠ ʠʦʥʦʚ ʤʝʪʘʣʣʦʚ 

ʧʦʩʣʝ ʧʨʦʛʨʝʚʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ Si ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʦʟʳ ʦʙʣʫʯʝʥʠʷ ʦʙʨʘʟʦʚʘʣʠʩʴ 

ʥʘʥʦʬʘʟʥʳʝ ʩʣʦʠ ʩʠʣʠʮʠʜʦʚ ʤʝʪʘʣʣʦʚ. ʅʘʤʠ 

ʧʦʣʫʯʝʥʳ ʥʘʥʦʢʣʘʩʪʝʨʥʳʝ ʬʘʟʳ ʠ ʧʣʝʥʢʠ 

(d=20-50 ¡) ʩʠʣʠʮʠʜʦʚ ʪʠʧʘ Cu2Si3, BaSi2 ʠ 

CoSi2.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʧʦʩʣʝ ʠʦʥʥʦʡ 

ʠʤʧʣʘʥʪʘʮʠʠ ʠʦʥʦʚ ʆ2
+ ʠ ɺʘ+ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ 

ʧʨʦʛʨʝʚʘ ʬʦʨʤʠʨʫʝʪʩʷ ʪʨʝʭʩʣʦʡʥʘʷ ʩʠʩʪʝʤʘ 

SiO2/Si/Cu ʠ BaSi2/Si/Cu. ɺʧʝʨʚʳʝ ʠʟʫʯʝʥʳ 

ʤʦʨʬʦʣʦʛʠʷ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʘʨʘʤʝʪʨʳ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʟʦʥ, ʵʤʠʩʩʠʦʥʥʳʝ ʠ ʦʧʪʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʬʘʟ ʠ ʧʣʝʥʦʢ SiO2, 

Cu2Si3, BaSi2 ʠ CoSi2, ʩʦʟʜʘʥʥʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʩʚʦʙʦʜʥʦʡ ʥʘʥʦʧʣʝʥʦʯʥʦʡ ʩʠʩʪʝʤʳ Si/Cu. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ Eg ʧʣʝʥʦʢ SiO2, 

ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʷʭ ʪʦʥʢʠʭ ʠ ʤʘʩʩʠʚʥʳʭ ʧʣʝʥʦʢ Si ʦʪʣʠʯʘʝʪʩʷ 

ʧʨʠʤʝʨʥʦ ʜʚʘ ʨʘʟʘ.  

  

ʈʠʩ.1. ʉʧʝʢʪʨʳ ʍʇʕʕ 

ʜʣʷ ʧʣʝʥʢʠ Si/Cu(100) ʜʦ 

(ʢʨʠʚʘʷ 1) ʠ ʧʦʩʣʝ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʣʝʥʢʠ SiO2 

(ʢʨʠʚʘʷ 2). ɽʨ=1000 ʵɺ. 
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ʅ. ʂɸʅʊɸʁ1, ɹ.ʂ. ʈɸʍɸɼʀʃʆɺ2, ɼ.ʅ. ʂɸʂʀʄɾɸʅʆɺ1 

1ɺʦʩʪʦʯʥʦ-ʂʘʟʘʭʩʪʘʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɼ. 

ʉʝʨʠʢʙʘʝʚʘ, ʋʩʪʴ-ʂʘʤʝʥʦʛʦʨʩʢ, ʂʘʟʘʭʩʪʘʥ 
2ɺʦʩʪʦʯʥʦ-ʂʘʟʘʭʩʪʘʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʉ. ɸʤʘʥʞʦʣʦʚʘ, ʋʩʪʴ-

ʂʘʤʝʥʦʛʦʨʩʢ, ʂʘʟʘʭʩʪʘʥ  

 

ʇʆʃʋʏɽʅʀɽ ʇʆʂʈʓʊʀʗ ʅɸ ʆʉʅʆɺɽ ʆʂʉʀɼɸ ʎʀʈʂʆʅʀʗ 

ɼɽʊʆʅɸʎʀʆʅʅʓʄ ʄɽʊʆɼʆʄ  

ʇʦʢʨʳʪʠʝ ʧʦʨʦʰʢʘ ZrO2 ʪʦʣʱʠʥʦʡ 500 Õm ʠ 1100 Õm ʙʳʣʦ ʥʘʧʳʣʝʥʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʩʪʘʣʠ ʜʝʪʦʥʘʮʠʦʥʥʳʤ ʤʝʪʦʜʦʤ. ʇʨʦʚʝʜʝʥʘ ʪʝʨʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ 

900 ʜʦ 1100ƺʉ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ. ʀʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʥʘ ʧʦʢʨʳʪʠʝ ʩʪʘʣʠ, ʘ 

ʪʘʢʞʝ ʩʪʨʫʢʪʫʨʘ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ, ʤʠʢʨʦʪʚʝʨʜʦʩʪʴ ʠ ʬʘʟʦʚʳʝ ʠʟʤʝʥʝʥʠʷ. 

N. KANTAY 1, B.K. RAKHADILOV 2, D.N. KAKIMZHANOV 1 

1 D. Serikbayev East Kazakhstan state technical University, Ust-Kamenogorsk, Kazakhstan  
2S. Amanzholov East Kazakhstan state technical University, Ust-Kamenogorsk, Kazakhstan 

OBTAINING ZIRCONIUM OXIDE COATING BY DETONATION 

METHOD  

The coating of ZrO2 powder with a thickness of 500 ɛm and 1100 ɛm was sprayed onto the 

surface of the steel by the detonation method. Heat treatment was carried out at temperatures 

from 900 to 1100 Áʉ for 1 hour. The effect of heat treatment on the steel coating, as well as the 

cross-sectional structure, microhardness, and phase changes were studied. 

ʊʝʨʤʠʯʝʩʢʦʝ ʥʘʧʳʣʝʥʠʝ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ ʠ ʥʝʜʦʨʦʛʠʤ ʤʝʪʦʜʦʤ 

ʥʘʥʝʩʝʥʠʷ ʪʦʣʩʪʳʭ ʧʦʢʨʳʪʠʡ ʜʣʷ ʠʟʤʝʥʝʥʠʷ ʩʚʦʡʩʪʚ ʧʦʚʝʨʭʥʦʩʪʠ ʜʝʪʘʣʠ. 

ʇʦʢʨʳʪʠʷ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʘʚʪʦʤʦʙʠʣʴʥʳʭ ʩʠʩʪʝʤʘʭ, ʢʦʤʧʦʥʝʥʪʘʭ 

ʢʦʪʣʦʚ ʠ ʦʙʦʨʫʜʦʚʘʥʠʠ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ, ʭʠʤʠʯʝʩʢʦʤ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤ ʦʙʦʨʫʜʦʚʘʥʠʠ, ʘʚʠʘʮʠʦʥʥʳʭ ʜʚʠʛʘʪʝʣʷʭ, ʨʦʣʠʢʘʭ ʠ ʪ.ʜ. [1-2]. 

ʉʨʝʜʠ ʢʦʤʤʝʨʯʝʩʢʠ ʜʦʩʪʫʧʥʳʭ ʤʝʪʦʜʦʚ ʪʝʨʤʠʯʝʩʢʦʛʦ ʥʘʧʳʣʝʥʠʷ ʧʦʢʨʳʪʠʡ, 

ʜʝʪʦʥʘʮʠʦʥʥʦʝ ʨʘʩʧʳʣʝʥʠʝ (DS) ʠ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʝ ʥʘʧʳʣʝʥʠʝ ʦʢʩʠʜʥʦʛʦ 

ʪʦʧʣʠʚʘ (HVOF) ʷʚʣʷʶʪʩʷ ʣʫʯʰʠʤ ʚʳʙʦʨʦʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʪʚʝʨʜʳʭ, ʧʣʦʪʥʳʭ ʠ 

ʠʟʥʦʩʦʩʪʦʡʢʠʭ ʧʦʢʨʳʪʠʡ [3]. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʝ ʠ ʠʟʫʯʝʥʠʝ ʘʜʛʝʟʠʦʥʥʦ ʧʨʦʯʥʳʭ, 

ʥʠʟʢʦʧʦʨʠʩʪʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʘ ʮʠʨʢʦʥʠʷ ʜʝʪʦʥʘʮʠʦʥʥʳʤ ʤʝʪʦʜʦʤ.  
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ʈʠʩʫʥʦʢ 1. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ  

ʅʘ ʩʥʠʤʢʘʭ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʚʠʜʥʦ, ʯʪʦ ʤʝʪʘʣʣ ʠ ʧʦʢʨʳʪʠʝ 

ʧʝʨʝʢʨʳʚʘʶʪʩʷ ʜʨʫʛ ʩ ʜʨʫʛʦʤ, ʘ ʧʦʢʨʳʪʠʝ ʦʙʣʘʜʘʝʪ ʦʜʥʦʨʦʜʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. 

ʊʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʥʠʟʢʘʷ ʧʦʨʠʩʪʦʩʪʴ ʩʪʨʫʢʪʫʨʳ ʧʦʢʨʳʪʠʷ. ʇʨʦʚʝʜʝʥʘ 

ʪʝʨʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʦʙʨʘʟʮʘ ZrO2 (500Õm) ʧʨʠ 900 ÁC, 1000 ÁC ʠ 1100 ÁC (1 

ʯʘʩ) ʚ ʚʘʢʫʫʤʝ. ʄʠʢʨʦʪʚʝʨʜʦʩʪʴ ʩʪʘʣʠ, ʧʦʢʨʳʪʦʡ ʧʦʨʦʰʢʦʤ ZrO2 ʪʦʣʱʠʥʦʡ 500 

ʠ 1100 Õm, ʫʤʝʥʴʰʠʣʘʩʴ ʩ 8,75 ɻʇʘ ʜʦ 7,10 ɻʇʘ. ʉ ʧʦʚʳʰʝʥʠʝʤ ʪʦʣʱʠʥʳ 

ʧʦʢʨʳʪʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʴ ʫʤʝʥʴʰʘʝʪʩʷ, ʦʜʥʘʢʦ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʦʙʨʘʟʮʘ ʜʦ 900 

Áʉ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ ʤʠʢʨʦʪʚʝʨʜʦʩʪʴ ʜʦʩʪʠʛʣʘ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ 13 ɻʇʘ, 

ʪ.ʝ. ʫʚʝʣʠʯʠʣʘʩʴ ʚ 1,5 ʨʘʟʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʢʨʳʪʠʝʤ ʙʝʟ ʪʝʨʤʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʠ. ʇʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʯʘʩʪʠʮʳ ZrO2 ʨʘʩʪʫʪ, ʦʙʲʝʜʠʥʷʶʪʩʷ 

ʠ ʟʘʧʦʣʥʷʶʪ ʧʦʨʳ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ. ʕʪʦ ʤʦʞʥʦ 

ʥʘʙʣʶʜʘʪʴ ʧʦ ʠʟʤʝʥʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʦʣʦʩ ʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʭ, 

ʧʦʣʫʯʝʥʥʳʭ ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʤ ʘʥʘʣʠʟʦʤ.  
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DETERMINATION OF VORTEX PINNING PARAMETERS IN THE 

FRAMEWORK OF GINZBURG -LANDAU THEORY  

The efficient numerical approach to simulate the system of Abrikosov vortices in the 

superconductor is presented, using the solution of Ginzburg-Landau equations with a special 

parametrization. The calculation of pinning potential on the hole and interaction of the vortex 

with curved surface is discussed. The details of the numerical algorithm used in the study are 

presented.  

ʆʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ ʩʝʨʴʸʟʥʳʭ ʧʨʦʙʣʝʤ, ʚʩʪʘʶʱʠʭ ʥʘ ʧʫʪʠ ʫʣʫʯʰʝʥʠʷ 

ʪʦʢʦʥʝʩʫʱʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʦʚʨʝʤʝʥʥʳʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʷʚʣʷʝʪʩʷ ʜʚʠʞʝʥʠʝ ʚʠʭʨʝʚʳʭ ʪʦʢʦʚ ʚʥʫʪʨʠ ʦʙʨʘʟʮʘ, ʨʘʟʨʫʰʘʶʱʝʝ 

ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʝ ʩʦʩʪʦʷʥʠʝ. ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʢ ʥʘʩʪʦʷʱʝʤʫ 

ʤʦʤʝʥʪʫ ʨʘʟʨʘʙʦʪʘʥʳ ʨʘʟʣʠʯʥʳʝ ʧʦʜʭʦʜʳ ʢ ʧʠʥʥʠʥʛʫ ʚʠʭʨʝʡ, ʥʘʠʙʦʣʝʝ 

ʫʧʦʪʨʝʙʠʪʝʣʴʥʳʤʠ ʠʟ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʪʦʯʝʢ 

ʬʠʢʩʘʮʠʠ ʨʘʟʣʠʯʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʝʢʪʦʚ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʦʙʨʘʟʮʘ ʠ 

ʤʘʛʥʠʪʥʳʭ ʯʘʩʪʠʮ [1, 2]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ 

ʨʘʩʯʸʪʘ ʵʥʝʨʛʠʠ ʧʠʥʥʠʥʛʘ ʚʠʭʨʝʡ ɸʙʨʠʢʦʩʦʚʘ ʚ ʨʘʟʣʠʯʥʳʭ ʛʝʦʤʝʪʨʠʷʭ ʚ ʨʘʤʢʘʭ 

ʪʝʦʨʠʠ ɻʠʥʟʙʫʨʛʘ-ʃʘʥʜʘʫ. 

ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʨʝʘʣʠʟʘʮʠʠ ʨʝʰʝʥʠʝ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʩʚʦʜʠʪʩʷ ʢ ʨʝʰʝʥʠʶ 

ʩʠʩʪʝʤʳ ʥʝʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ ʚ ʯʘʩʪʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ. ʇʨʠ ʵʪʦʤ ʧʦʣʫʯʝʥʠʝ 

ʧʨʘʢʪʠʯʝʩʢʠ ʟʥʘʯʠʤʦʡ ʪʦʯʥʦʩʪʠ ʨʘʩʯʝʪʦʚ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ 

ʫʚʝʣʠʯʝʥʠʶ ʦʙʲʝʤʘ ʥʝʦʙʭʦʜʠʤʳʭ ʚʳʯʠʩʣʝʥʠʡ [3-6]. ʆʩʦʙʝʥʥʦʩʪʴʶ ʜʘʥʥʦʡ 

ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʯʠʩʣʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ, 

ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʚʳʜʝʣʝʥʠʠ ʚ ʦʙʱʝʤ ʨʝʰʝʥʠʠ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ɻʠʥʟʙʫʨʛʘ-
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ʃʘʥʜʘʫ ʙʳʩʪʨʦ ʤʝʥʷʶʱʝʡʩʷ ʯʘʩʪʠ, ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʥʘʣʠʯʠʝʤ ʚʠʭʨʝʡ. ɼʘʥʥʘʷ 

ʧʨʦʮʝʜʫʨʘ ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʩʦʢʨʘʪʠʪʴ ʚʨʝʤʷ ʧʨʦʚʝʜʝʥʠʷ ʨʘʩʯʝʪʦʚ. 

 

ʈʠʩ. 1. ɻʝʦʤʝʪʨʠʷ ʟʘʜʘʯʠ. ɺʠʭʨʴ ɸʙʨʠʢʦʩʦʚʘ ʚʙʣʠʟʠ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʦʪʚʝʨʩʪʠʷ. 

ʇʦʢʘʟʘʥ ʨʘʩʩʯʠʪʘʥʥʳʡ ʚʝʢʪʦʨʥʳʡ ʧʦʪʝʥʮʠʘʣ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ɼʦʢʣʘʜ ʩʦʜʝʨʞʠʪ ʧʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʯʠʩʣʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ, 

ʘ ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʜʣʷ ʚʠʭʨʝʚʳʭ ʩʠʩʪʝʤ ʚʙʣʠʟʠ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ 

ʦʪʚʝʨʩʪʠʷ [7], ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 1, ʠ ʩʨʘʚʥʝʥʠʝ ʩ ʠʤʝʶʱʠʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ [8]. 

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʛʨʘʥʪʦʤ ʈʌʌʀ ˉ 18-02-00278. 
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P.F. KARTSEV, I.O. KUZNETSOV 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

TAKING INTO ACCOUNT THE ELECTRON ðELECTRON 

INTERACTION IN STUDY OF SUPERCONDUCTOR RELAXATION 

KINETICS EXCITED BY ULTRASHORT LASER PULSE  

The kinetics of excited states in a superconductor excited by ultrashort laser pulse, taking 

into account the electron-interaction, is studied. Relaxation time, maximal quasiparticle 

concentration and minimal width of energy gap at various laser pulse parameters, are estimated. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʝʨʘʚʥʦʚʝʩʥʳʭ 

ʯʘʩʪʠʮ ʚ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʝ ʧʦʩʣʝ ʚʦʟʜʝʡʩʪʚʠʷ ʩʚʝʨʭʢʦʨʦʪʢʦʛʦ ʣʘʟʝʨʥʦʛʦ 

ʠʤʧʫʣʴʩʘ. ʇʨʠ ʧʦʛʣʦʱʝʥʠʠ ʦʧʪʠʯʝʩʢʠʭ ʢʚʘʥʪʦʚ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʤ ʧʨʦʠʩʭʦʜʠʪ 

ʨʘʩʧʘʜ ʢʫʧʝʨʦʚʩʢʠʭ ʧʘʨ, ʧʨʠʚʦʜʷʱʠʡ ʢ ʧʦʷʚʣʝʥʠʶ ʵʣʝʤʝʥʪʘʨʥʳʭ ʚʦʟʙʫʞʜʝʥʠʡ 

ï ʢʚʘʟʠʯʘʩʪʠʮ ɹʦʛʦʣʶʙʦʚʘ. ʇʨʠ ʚʳʩʦʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʦʟʜʝʡʩʪʚʠʷ ʯʠʩʣʦ 

ʢʚʘʟʠʯʘʩʪʠʮ ʜʦʩʪʘʪʦʯʥʦ ʚʝʣʠʢʦ, ʠʟ-ʟʘ ʯʝʛʦ ʧʨʠ ʦʧʠʩʘʥʠʠ ʢʠʥʝʪʠʢʠ ʨʝʣʘʢʩʘʮʠʠ 

ʩʠʩʪʝʤʳ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʢʫʣʦʥʦʚʩʢʦʝ ʵʣʝʢʪʨʦʥ-ʵʣʝʢʪʨʦʥʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʝʜʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʢʚʘʥʪʦʚʦʛʦ ʫʨʘʚʥʝʥʠʷ 

ɹʦʣʴʮʤʘʥʘ (QBE) ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʠʡ ʢʚʘʟʠʯʘʩʪʠʮ ὲ▓  ʠ ʘʢʫʩʪʠʯʝʩʢʠʭ ʬʦʥʦʥʦʚ 

ὲ▬ . 

▓ ὐ▓ ὐ▓ ὐ▓ ὐ▓      

▬
ὑ▬ ὑ▬      
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ʇʘʨʘʤʝʪʨ ʧʦʨʷʜʢʘ ʚ ʪʝʦʨʠʠ ɹʂʐ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʫʨʘʚʥʝʥʠʶ 

ῳ ὟВό▓ὺ▓      

ʛʜʝ U0 ï ʧʘʨʘʤʝʪʨ ʧʘʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ ʤʦʜʝʣʠ ɹʂʐ, ʘ 

ʢʦʵʬʬʠʮʠʝʥʪʳ ό▓, ὺ▓ ʜʘʶʪʩʷ ʬʦʨʤʫʣʘʤʠ: 

ό▓ ρ ὲ▓ᴻ ὲ▓Ȣ ρ ▓

▓
ȟ     

ὺ▓ ρ ὲ▓ᴻ ὲ▓Ȣ ρ ▓

▓
ȟ     

‚▓
̯▓

Ὁȟ      

Ὁ▓ ‚▓ ῳȢ      

ʇʨʠ ʧʦʷʚʣʝʥʠʠ ʠʟʙʳʪʦʯʥʳʭ ʢʚʘʟʠʯʘʩʪʠʮ ὲ▓ᴻ , ὲ▓Ȣ  ʰʠʨʠʥʘ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ 

ʱʝʣʠ ῳ ʧʦʜʩʪʨʘʠʚʘʝʪʩʷ ʪʘʢ, ʯʪʦʙʳ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʵʪʦʤʫ ʫʨʘʚʥʝʥʠʶ, ʠ 

ʢʦʵʬʬʠʮʠʝʥʪʳ ό▓, ὺ▓ ʧʝʨʝʩʯʠʪʳʚʘʶʪʩʷ. ɼʣʷ ʨʘʩʯʸʪʘ ʯʠʩʣʘ ʢʫʧʝʨʦʚʩʢʠʭ ʧʘʨ 
ʠʩʧʦʣʴʟʫʝʪʩʷ ʬʦʨʤʫʣʘ ὲ Вό▓ὺ▓. 

ɺ ʜʦʢʣʘʜʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʢʚʘʥʪʦʚʦʛʦ ʫʨʘʚʥʝʥʠʷ 

ɹʦʣʴʮʤʘʥʘ. ʆʙʩʫʞʜʘʝʪʩʷ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʥʘ 

ʭʘʨʘʢʪʝʨʥʳʝ ʚʨʝʤʝʥʘ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ. 

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʛʨʘʥʪʦʤ ʈʌʌʀ ˉ 17-29-10024. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Anischenko I.V. et al. // J. Phys.: Conf. Ser. 2019. V. 1293. P. 012064 
2. Ovchinnikov Yu.N., Kresin V.Z. // Phys. Rev. B 1998. V. 58. ˉ 18. P. 12416. 

3. Kartsev P.F. // IWOCLô2017, ACM International Conference Proceeding Series 2017. Part F127755. 

article ˉ 3078185. 
4. Kartsev P.F., Kuznetsov I.O. // J. Phys.: Conf. Ser. 2017. V. 936. ˉ 1. P. 012055 
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ʆ.ɺ. ʂɸʐʋʈʅʀʂʆɺɸ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ɸʅɸʃʀɿ EXAFS-ʉʇɽʂʊʈʆɺ ʅɸʅʆʇʆʈʆʐʂʆɺ Gd2Hf2O7 

ʄɽʊʆɼʆʄ ʆɹʈɸʊʅʆɻʆ ʄʆʅʊɽ-ʂɸʈʃʆ 

ʄʝʪʦʜʦʤ ʦʙʨʘʪʥʦʛʦ ʄʦʥʪʝ-ʂʘʨʣʦ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ EXAFS-ʩʧʝʢʪʨʳ ʥʘʥʦʩʠʩʪʝʤ 

Gd2Hf2O7, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪʞʠʛʘ 800 ʠ 1200 ʉ, ʩ ʧʨʝʜʧʦʣʘʛʘʝʤʦʡ 

ʩʪʨʫʢʪʫʨʦʡ ʬʣʶʦʨʠʪʘ ʠ ʧʠʨʦʭʣʦʨʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʣʫʯʝʥʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʩʪʨʫʢʪʫʨʥʦʛʦ ʠ ʪʝʨʤʘʣʴʥʦʛʦ ʙʝʩʧʦʨʷʜʢʘ ʚ ʵʪʠʭ ʩʠʩʪʝʤʘʭ. 

O.V. KASHURNIKOVA 

National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

REVERSE MONTE-CARLO ANALYSIS OF G d2Hf2O7  

NANOPOWDER EXAFS SPECTRA 

The EXAFS spectra of Gd2Hf2O7 nanopowders are modelled by reverse Monte-Carlo 

method. Spectra synthesized at annealing temperatures 800 ʠ 1200ʉ were supposed to be of 

fluorite and pyrochlore structures correspondingly. The features of structure and termal disorder 

in these systems are studied. 

ɿʘʜʘʯʘ ʦʧʨʝʜʝʣʝʥʠʷ ʩʪʨʫʢʪʫʨʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʧʦ ʩʧʝʢʪʨʘʤ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ (XAFS-ʩʧʝʢʪʨʘʤ) ʟʘʪʨʫʜʥʝʥʘ ʚ ʩʣʫʯʘʷʭ, ʩʚʷʟʘʥʥʳʭ 

ʩʦ ʩʪʨʫʢʪʫʨʥʳʤ ʙʝʩʧʦʨʷʜʢʦʤ, ʥʘʧʨʠʤʝʨ, ʚ ʣʝʛʠʨʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ, ʪʘʢʠʭ 

ʢʘʢ ʬʣʶʦʨʠʪ, ʛʜʝ ʢʘʪʠʦʥʳ ʚ ɻʎʂ-ʧʦʜʨʝʰʝʪʢʝ ʨʘʩʧʨʝʜʝʣʝʥʳ ʩʣʫʯʘʡʥʳʤ 

ʦʙʨʘʟʦʤ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʠʭʦʜʠʪʩʷ ʚʟʚʝʰʠʚʘʪʴ ʧʨʦʮʝʥʪʥʦʝ ʩʦʜʝʨʞʘʥʠʝ 

ʢʣʘʩʪʝʨʦʚ ʨʘʟʥʦʛʦ ʪʠʧʘ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʣʦʞʥʷʝʪ ʩʪʘʥʜʘʨʪʥʫʶ ʩʪʨʫʢʪʫʨʥʫʶ 

ʤʦʜʝʣʴ ʠ ʟʘʪʨʫʜʥʷʝʪ ʦʧʨʝʜʝʣʝʥʠʝ ʪʦʥʢʠʭ ʜʝʪʘʣʝʡ. ʆʩʦʙʝʥʥʦ ʟʘʪʨʫʜʥʝʥ ʘʥʘʣʠʟ 

ʢʘʪʠʦʥʥʦʛʦ ʦʢʨʫʞʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʣʠʞʘʡʰʠʤ ʢʠʩʣʦʨʦʜʦʤ, ʢʨʦʤʝ ʪʦʛʦ, ʚ 

ʵʪʦʡ ʦʙʣʘʩʪʠ ʫʚʝʣʠʯʝʥ ʚʢʣʘʜ ʧʫʪʝʡ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ. ʄʝʪʦʜ ʦʙʨʘʪʥʦʛʦ 

ʄʦʥʪʝ-ʂʘʨʣʦ [1] ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ EXAFS-ʩʧʝʢʪʨʘʤ, ʧʨʠ ʧʦʜʜʝʨʞʘʥʠʠ ʩʚʷʟʠ ʩ 

ʦʨʠʛʠʥʘʣʴʥʦʡ ʦʢʦʣʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʧʨʝʜʥʘʟʥʘʯʝʥ ʢʘʢ ʨʘʟ ʜʣʷ 

ʫʩʪʘʥʦʚʣʝʥʠʷ ʤʝʨʳ ʩʪʨʫʢʪʫʨʥʦʛʦ ʠ ʪʝʨʤʘʣʴʥʦʛʦ ʙʝʩʧʦʨʷʜʢʘ ʘʪʦʤʦʚ. 

ʀʩʧʦʣʴʟʦʚʘʥʳ ʩʧʝʢʪʨʳ, ʧʦʣʫʯʝʥʥʳʝ ʠ ʠʩʩʣʝʜʦʚʘʥʥʳʝ ʩ ʫʯʘʩʪʠʝʤ ʘʚʪʦʨʘ ʚ 

ʨʘʙʦʪʝ [2]. ʅʘʥʦʧʦʨʦʰʢʠ Gd2Hf2O7 ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ ʩʦʦʩʘʞʜʝʥʠʷ 

Gd(NO3)3 ʠ HfOCl2 ʠ ʧʦʜʚʝʨʛʥʫʪʳ ʦʪʞʠʛʫ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 700-1200 ʉ, ʧʨʠ 

ʵʪʦʤ ʧʦʣʫʯʘʣʠʩʴ ʨʘʟʤʝʨʳ ʥʘʥʦʢʨʠʩʪʘʣʣʠʪʦʚ ʦʪ 6 ʜʦ 50 ʥʤ. ʉʦʛʣʘʩʥʦ ʦʙʳʯʥʦʤʫ 

EXAFS-ʘʥʘʣʠʟʫ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 800 ʉ ʜʦʣʞʥʘ ʙʳʣʘ ʩʬʦʨʤʠʨʦʚʘʪʴʩʷ ʯʠʩʪʘʷ 

ʩʪʨʫʢʪʫʨʘ ʬʣʶʦʨʠʪʘ, ʘ ʧʨʠ 1200 ʉ ï ʧʠʨʦʭʣʦʨʘ, ʪʘʢʞʝ ʠʤʝʝʪ ʩʤʳʩʣ ʠ ʠʟʫʯʝʥʠʝ 

ʘʤʦʨʬʥʦʛʦ ʧʨʝʢʫʨʩʦʨʘ. ɺ ʬʘʟʝ ʬʣʶʦʨʠʪʘ ʤʝʞʘʪʦʤʥʳʝ ʨʘʩʩʪʦʷʥʠʷ Gd-O ʠ Hf-O 

ʨʘʟʣʠʯʘʣʠʩʴ ʧʦʯʪʠ ʥʘ 0.3 , ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʘʟʣʠʯʠʝʤ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ, ʯʪʦ 
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ʛʦʚʦʨʠʪ ʦ ʥʝʢʦʪʦʨʦʤ ʣʦʢʘʣʴʥʦʤ ʠʩʢʘʞʝʥʠʠ ʩʪʨʫʢʪʫʨʳ. ʌʘʟʘ ʧʠʨʦʭʣʦʨʘ, 

ʚʦʟʤʦʞʥʦ, ʠʤʝʝʪ ʚʠʜ ʧʨʠʤʝʩʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʪʦʚ ʤʝʥʴʰʝʛʦ ʨʘʟʤʝʨʘ[2,3]. 

EXAFS-ʩʧʝʢʪʨʳ ʠʟʫʯʘʣʠʩʴ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʧʨʦʛʨʘʤʤʳ EvAX [1]. ɹʳʣʠ 

ʧʦʣʫʯʝʥʳ ʧʘʨʥʳʝ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʪʦʤʦʚ ʚ ʜʠʘʧʘʟʦʥʝ ʜʦ 6 . ʇʦ 

ʨʘʩʱʝʧʣʝʥʠʶ ʢʠʩʣʦʨʦʜʥʦʡ ʩʬʝʨʳ Gd ʚʦʟʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʜʦʣʶ ʬʘʟ ʧʠʨʦʭʣʦʨʘ 

ʠ ʬʣʶʦʨʠʪʘ. ʉʪʘʣʦ ʚʦʟʤʦʞʥʦ ʪʦʯʥʝʝ ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʢʘʪʠʦʥʥʦʝ ʦʢʨʫʞʝʥʠʝ. 

ʆʧʨʝʜʝʣʝʥʘ ʤʝʨʘ ʪʝʨʤʘʣʴʥʦʛʦ ʙʝʩʧʦʨʷʜʢʘ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʘʪʦʤʦʚ ʠ ʠʭ 

ʩʤʝʱʝʥʠʷ ʠʟ ʧʦʣʦʞʝʥʠʡ ʨʘʚʥʦʚʝʩʠʷ ʚ ʨʘʟʥʳʭ ʪʠʧʘʭ ʦʢʨʫʞʝʥʠʷ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ 

ʫʪʦʯʥʷʪʴ ʩʪʨʫʢʪʫʨʥʫʶ ʤʦʜʝʣʴ ʩʠʩʪʝʤ ʪʠʧʘ ʬʣʶʦʨʠʪ-ʧʠʨʦʭʣʦʨ ʠ ʦʧʨʝʜʝʣʷʪʴ 

ʜʦʣʶ ʨʘʟʣʠʯʥʳʭ ʬʘʟ ʚ ʥʘʥʦʧʦʨʦʰʢʘʭ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ. 

1. J. Timoshenko, A. Kuzmin, J. Purans // J. Phys.: Condens. Matter 2004. Vol.26, p.055401. 
2. ɺ.ɺ. ʇʦʧʦʚ ʠ ʜʨ. // ʌʠʟʠʢʘ ʠ ʭʠʤʠʷ ʩʪʝʢʣʘ 2011. ʊ.37, ˉ5, ʩ.51. 
3. ɺ.ɺ. ʇʦʧʦʚ ʠ ʜʨ. // ɾʫʨʥʘʣ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ 2011. ʊ.56, ˉ10, ʩ.1617. 

  



214 
 

ʌ.ɺ. ʂʀʈʖʍɸʅʎɽɺ-ʂʆʈʅɽɽɺ, ʇ. ʃʆɻʀʅʆɺ, ɽ.ɸ. ʃɽɺɸʐʆɺ 
ʅʀʊʋ çʄʀʉʠʉè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ  

 

IN-SITU ʀʉʉʃɽɼʆɺɸʅʀɽ ʇʆɺɽɼɽʅʀʗ ʇʆʂʈʓʊʀʗ 

Zr -Mo-Si-B ʇʈʀ ʅɸɻʈɽɺɽ ɼʆ 1000Áʉ ɺ ʂʆʃʆʅʅɽ  

ʇʈʆʉɺɽʏʀɺɸʖʑɽɻʆ ʕʃɽʂʊʈʆʅʅʆɻʆ ʄʀʂʈʆʉʂʆʇɸ  

ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʢʦʤʧʣʝʢʩʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʢʨʳʪʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʧʫʪʸʤ 

ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʢʘʪʦʜʘ ZrB2-20%MoSiB ʚ ʩʨʝʜʝ Ar. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ 

ʞʘʨʦʩʪʦʡʢʦʩʪʠ ʠ ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʧʦʢʨʳʪʠʡ. ʇʨʦʚʝʜʝʥʳ 

ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ in-situ ʥʘʙʣʶʜʝʥʠʶ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʚ ʧʨʦʮʝʩʩʝ ʩʪʫʧʝʥʯʘʪʦʛʦ 

ʥʘʛʨʝʚʘ ʪʦʥʢʠʭ ʬʦʣʴʛ ʠʟ ʧʦʢʨʳʪʠʡ ʚ ʢʦʣʦʥʥʝ ʧʨʦʩʚʝʯʠʚʘʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ.  

PH.V. KIRYUKHANTSEV-KORNEEV, P. LOGINOV,  

E.A. LEVASHOV  

NUST çMISiSè, Moscow, Russia  

 IN-SITU STUDY OF Zr -Mo-Si-B COATING DURING HEATING UP 

TO 1000Áʉ IN COLUMN OF TRANSMISSION ELECTRON 

MICROSCOPE  

In this work, a comprehensive study of coatings obtained by magnetron sputtering of the 

ZrB2-20%MoSiB cathode in the Ar medium was carried out. Special attention is paid to the heat 

resistance and thermal stability of the coating structure. Experiments on in-situ observation of 

phase transformations during step-by-step heating of thin foils from coatings in a column of a 

transmission electron microscope were carried out. 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ, 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʞʘʨʦʩʪʦʡʢʦʩʪʠ ʠ ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ 

ʧʦʢʨʳʪʠʡ Zr-Mo-Si-B, ʚʢʣʶʯʘʷ in-situ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʧʨʠ 

ʥʘʛʨʝʚʝ ʚ ʢʦʣʦʥʥʝ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ.  

ʇʦʢʨʳʪʠʷ ʦʩʘʞʜʘʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʤʘʛʥʝʪʨʦʥʥʦʛʦ 

ʨʘʩʧʳʣʝʥʠʷ. ʂʝʨʘʤʠʯʝʩʢʠʝ ʬʫʥʢʮʠʦʥʘʣʴʥʦ-ʛʨʘʜʠʝʥʪʥʳʝ ʤʠʰʝʥʠ 

(90MoSi2-10MoB) + 80%ZrB2 ʩ ʥʠʞʥʠʤ ʥʝʩʫʱʠʤ ʩʣʦʝʤ ʠʟ Mo, 

ʜʠʘʤʝʪʨʦʤ 120 ʤʤ ʠ ʪʦʣʱʠʥʦʡ 10 ʤʤ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ʛʦʨʷʯʝʛʦ 

ʧʨʝʩʩʦʚʘʥʠʷ. ʂʦʤʧʦʟʠʮʠʦʥʥʳʡ ʧʦʨʦʰʦʢ ʜʣʷ ʧʨʝʩʩʦʚʘʥʠʷ ʧʨʦʠʟʚʦʜʠʣʩʷ 

ʧʫʪʸʤ ʠʟʤʝʣʴʯʝʥʠʷ ʧʨʦʜʫʢʪʦʚ ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʠʥʪʝʟʘ (ʉɺʉ), ʚʳʧʦʣʥʝʥʥʦʛʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʦʨʦʰʢʦʚ ʮʠʨʢʦʥʠʷ, ʤʦʣʠʙʜʝʥʘ ʠ ʙʦʨʘ. ʈʘʩʧʳʣʝʥʠʝ ʤʠʰʝʥʝʡ 

ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʚʘʢʫʫʤʥʦʡ ʫʩʪʘʥʦʚʢʠ ʥʘ ʙʘʟʝ ʦʪʢʘʯʠʚʘʶʱʝʡ 

ʩʠʩʪʝʤʳ ʋɺʅ-2ʄ ʧʨʠ ʩʣʝʜʫʶʱʠʭ ʫʩʣʦʚʠʷʭ: ʪʦʢ 2 ɸ, ʥʘʧʨʷʞʝʥʠʝ 500 ɺ, 
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ʘʪʤʦʩʬʝʨʘ Ar (99,9995%), ʘʟʦʪ (99,9995%), ʠ ʛʘʟʦʚʳʝ ʩʤʝʩʠ Ar-N2, 

ʨʘʙʦʯʝʝ ʜʘʚʣʝʥʠʝ ʚ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ 0,1ï0,2 ʇʘ. ɺ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʝʢ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʣʘʩʪʠʥʳ ʠʟ ʧʦʣʠʢʦʨʘ ʇʂ-100-1 (Al 2O3). ʇʝʨʝʜ 

ʥʘʥʝʩʝʥʠʝʤ ʧʦʢʨʳʪʠʡ ʧʦʜʣʦʞʢʠ ʧʦʜʚʝʨʛʘʣʠʩʴ ʦʯʠʩʪʢʝ ʚ ʚʘʢʫʫʤʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʦʥʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʱʝʣʝʚʦʛʦ (ʠʦʥʳ Ar+, 2-3 ʢʵɺ, 60-80 

ʤɸ) ʚ ʪʝʯʝʥʠʝ 20-40 ʤʠʥ.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠ ʬʘʟʦʚʦʛʦ ʧʦʢʨʳʪʠʡ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ 

ʧʨʦʩʚʝʯʠʚʘʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ JEM-2100 JEOL, ʦʙʦʨʫʜʦʚʘʥʥʦʛʦ 

ʤʦʜʫʣʝʤ ʜʣʷ ʥʘʛʨʝʚʘ ʦʙʨʘʟʮʦʚ ʠ ʵʥʝʨʛʦ-ʜʠʩʧʝʨʩʠʦʥʥʳʤ ʩʧʝʢʪʨʦʤʝʪʨʦʤ. ʇʨʠ 

ʘʥʘʣʠʟʝ ʚ ʨʝʞʠʤʝ in-situ ʧʨʦʚʦʜʠʣʘʩʴ ʩʲʸʤʢʘ ʦʙʨʘʟʮʦʚ ʧʨʠ ʥʘʛʨʝʚʝ ʠ 

ʦʭʣʘʞʜʝʥʠʠ ʚ ʢʦʣʦʥʥʝ ʤʠʢʨʦʩʢʦʧʘ ʩ ʰʘʛʦʤ 200Áʉ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 20-

1000Áʉ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ ʪʘʢʞʝ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ ʫʩʣʦʚʠʷʭ ʜʣʷ ʪʝʨʤʠʯʝʩʢʠ-ʦʙʨʘʙʦʪʘʥʥʳʭ ʧʨʠ 

ʘʥʘʣʦʛʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʙʨʘʟʮʦʚ.  

ʊʘʢʞʝ ʦʧʨʝʜʝʣʷʣʘʩʴ ʤʦʨʬʦʣʦʛʠʷ ʧʦʢʨʳʪʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʢʘʥʠʨʫʶʱʝʛʦ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ Hitachi S-3400N (ʗʧʦʥʠʷ), ʦʩʥʘʱʸʥʥʦʛʦ ʕɼʉ 

ʧʨʠʩʪʘʚʢʦʡ (Thermo). ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʧʦʢʨʳʪʠʡ ʠ ʠʭ ʪʦʣʱʠʥʘ ʦʧʨʝʜʝʣʷʣʠʩʴ 

ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʦʧʪʠʯʝʩʢʦʡ ʵʤʠʩʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ 

(ʆʕʉʊʈ) ʥʘ ʧʨʠʙʦʨʝ Profiler 2 (Horiba Jobin Yvon, ʌʨʘʥʮʠʷ). 

ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ ʚʳʧʦʣʥʷʣʩʷ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ D8 Advance (Bruker, 

ɻʝʨʤʘʥʠʷ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ CuKŬ-ʠʟʣʫʯʝʥʠʷ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʤʝʪʦʜʦʤ 

ʈʘʤʘʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʥʘ ʧʨʠʙʦʨʝ LabRam-HR800 

(Horiba Jobin Yvon) ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʣʘʟʝʨʘ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 633 ʥʤ. ʀʩʭʦʜʥʳʝ 

ʦʙʨʘʟʮʳ ʧʦʢʨʳʪʠʡ ʙʳʣʠ ʧʦʜʚʝʨʛʥʫʪʳ ʧʨʦʜʦʣʞʠʪʝʣʴʥʳʤ ʦʪʞʠʛʘʤ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 20-1100ÁC ʠ ʢʨʘʪʢʦʚʨʝʤʝʥʥʳʤ ʧʨʠ 1500Áʉ. ɼʘʣʝʝ ʜʣʷ 

ʦʪʦʞʞʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʦʢʨʳʪʠʡ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʰʝ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʠʟʫʯʝʥʠʷ ʩʪʨʫʢʪʫʨʳ. ʊʚʝʨʜʦʩʪʴ, 

ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ ʠ ʫʧʨʫʛʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʦʧʨʝʜʝʣʷʣʠʩʴ ʩ ʧʦʤʦʱʴʶ 

ʥʘʥʦʪʚʝʨʜʦʤʝʨʘ Nano Hardness Tester (CSM Instruments, ʐʚʝʡʮʘʨʠʷ), 

ʦʩʥʘʱʝʥʥʦʛʦ ʠʥʜʝʥʪʦʨʦʤ ɹʝʨʢʦʚʠʯʘ. ɼʣʷ ʦʙʩʯʝʪʘ ʢʨʠʚʳʭ ʠʥʜʝʥʪʠʨʦʚʘʥʠʷ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʆʣʠʚʝʨʘ ʠ ʌʘʨʨʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʨʘʟʨʘʙʘʪʳʚʘʝʤʳʝ 

ʧʦʢʨʳʪʠʷ ʠʤʝʶʪ ʚʳʩʦʢʠʝ ʪʝʨʤʠʯʝʩʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʩʪʨʫʢʪʫʨʳ ʠ 

ʞʘʨʦʩʪʦʡʢʦʩʪʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1000-1500ÁC. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ 

ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʚ ʨʘʤʢʘʭ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ 

0718-2020-0034. 
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ʌ.ɺ. ʂʀʈʖʍɸʅʎɽɺ-ʂʆʈʅɽɽɺ, ɸ.ɼ. ʉʓʊʏɽʅʂʆ, ɽ.ɸ. ʃɽɺɸʐʆɺ 
ʅʀʊʋ çʄʀʉʠʉè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ  

 

ʉʊʈʋʂʊʋʈɸ ʀ ʉɺʆʁʉʊɺɸ ʇʆʂʈʓʊʀʁ Ta-Zr -Si-B-C-N, 

ʇʆʃʋʏɽʅʅʓʍ ʇʈʀ ʄɸɻʅɽʊʈʆʅʅʆʄ ʈɸʉʇʓʃɽʅʀʀ 

ʄʀʐɽʅʀ TaZrSiB ɺ ʉʈɽɼɽ Ar, N2 ʀ C2H4  

ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʢʦʤʧʣʝʢʩʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʢʨʳʪʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʧʫʪʸʤ 

ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʢʘʪʦʜʘ TaSi2-ZrSiB ʚ ʩʨʝʜʝ ʘʨʛʦʥʘ, ʘʟʦʪʘ ʠ ʵʪʠʣʝʥʘ. 

ʇʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʬʘʟʦʚʦʛʦ ʠ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ, ʤʦʨʬʦʣʦʛʠʠ ʠ ʪʦʧʦʛʨʘʬʠʠ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʪʚʸʨʜʦʩʪʠ, ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ, ʫʧʨʫʛʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ, ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʪʨʝʥʠʷ, ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ ʠ ʞʘʨʦʩʪʦʡʢʦʩʪʠ. ʋʩʪʘʥʦʚʣʝʥʦ ʚʣʠʷʥʠʝ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʧʦʣʫʯʘʝʤʦʛʦ ʪʦʥʢʦʧʣʸʥʦʯʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩʦʩʪʘʚʘ ʠʩʧʦʣʴʟʫʝʤʳʭ ʛʘʟʦʚʳʭ ʩʨʝʜ.  

Ph.V. KIRYUKHANTSEV-KORNEEV, A. SYTCHENKO,  

E.A. LEVASHOV  

NUST çMISiSè, Moscow, Russia  

 STRUCTURE AND PROPERTIES OF Ta-Zr -Si-B-N COATINGS 

DEPOSITED BY MAGNETRON SPUTTERING OF TaZrSiB  

TARGET IN Ar, N 2, AND C2H4  

A comprehensive study of coatings obtained by magnetron sputtering of the TaSi2-ZrSiB 

cathode in the medium of argon, nitrogen and ethylene was performed. The phase and element 

composition, surface morphology and topography, hardness, modulus of elasticity, elastic 

recovery, coefficient of friction, wear resistance and heat resistance were studied. The influence 

of the gas media composition on the characteristics of the coatings was established. 

ʇʦʢʨʳʪʠʷ ʙʳʣʠ ʥʘʥʝʩʝʥʳ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʤʘʛʥʝʪʨʦʥʥʦʛʦ 

ʥʘʧʳʣʝʥʠʷ. ʈʘʩʧʳʣʷʝʤʘʷ ʢʝʨʘʤʠʯʝʩʢʘʷ ʤʠʰʝʥʴ TaZrSiB (70,8% Ta, 

18,6%Si, 7,4 %Zr, 2,9%B) ʜʠʘʤʝʪʨʦʤ 120 ʤʤ ʠ ʪʦʣʱʠʥʦʡ 6 ʤʤ ʙʳʣʘ 

ʧʦʣʫʯʝʥʘ ʧʦ ʪʝʭʥʦʣʦʛʠʠ ʛʦʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ ʥʘ ʫʩʪʘʥʦʚʢʝ DSP-515 SA 

(çDr. Fritschè, ɻʝʨʤʘʥʠʷ). ɺ ʢʘʯʝʩʪʚʝ ʧʦʨʦʰʢʦʚ ʧʨʠʤʝʥʷʣʠʩʴ 

ʠʟʤʝʣʴʯʸʥʥʳʝ ʧʨʦʜʫʢʪʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʨʦʰʢʦʚ Ta, Zr, Si ʠ B ʚ ʭʦʜʝ 

ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʠʥʪʝʟʘ (ʉɺʉ). ɺ 

ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʝʢ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʣʘʩʪʠʥʳ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ ʤʘʨʢʠ 

ɺʂ-100-1 (ʧʦʣʠʢʦʨ). ʇʦʜʣʦʞʢʠ ʧʝʨʝʜ ʥʘʥʝʩʝʥʠʝʤ ʧʦʢʨʳʪʠʷ 

ʧʦʜʚʝʨʛʘʣʠʩʴ ʦʯʠʩʪʢʝ ʚ ʠʟʦʧʨʦʧʠʣʦʚʦʤ ʩʧʠʨʪʝ ʥʘ ʫʩʪʘʥʦʚʢʝ ʋɿɼʅ-2ʊ ʩ 

ʨʘʙʦʯʝʡ ʯʘʩʪʦʪʦʡ 22 ʢɻʮ ʚ ʪʝʯʝʥʠʝ 5 ʤʠʥ. ʇʝʨʝʜ ʥʘʯʘʣʦʤ ʦʩʘʞʜʝʥʠʷ 

ʧʦʢʨʳʪʠʡ ʪʘʢʞʝ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʦʯʠʩʪʢʘ ʧʦʜʣʦʞʝʢ ʚ ʚʘʢʫʫʤʝ ʩ ʧʦʤʦʱʴʶ 

ʠʦʥʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʱʝʣʝʚʦʛʦ ʪʠʧʘ (ʠʦʥʳ Ar+, 2 ʢʵɺ) ʚ ʪʝʯʝʥʠʝ 20 ʤʠʥʫʪ. 

ʇʦʢʨʳʪʠʷ ʦʩʘʞʜʘʣʠʩʴ ʧʨʠ ʩʣʝʜʫʶʱʠʭ ʫʩʣʦʚʠʷʭ: ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ 

ʧʦʜʣʦʞʢʦʡ ʠ ʤʠʰʝʥʴʶ 80 ʤʤ, ʦʩʪʘʪʦʯʥʦʝ ʜʘʚʣʝʥʠʝ 10-3 ʇʘ, ʨʘʙʦʯʝʝ 
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ʜʘʚʣʝʥʠʝ ʚ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ 0,1-0,2 ʇʘ. ɺ ʢʘʯʝʩʪʚʝ ʨʘʙʦʯʝʛʦ ʛʘʟʘ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ Ar (99,9995%), N2 (99,999%), ʠ C2H4 (99.95%). ʄʦʱʥʦʩʪʴ 

ʥʘ ʤʘʛʥʝʪʨʦʥʝ ʩ ʧʦʤʦʱʴʶ ʠʩʪʦʯʥʠʢʘ ʧʠʪʘʥʠʷ Pinnacle+ (Advanced 

Energy, USA) ʧʦʜʜʝʨʞʠʚʘʣʠʩʴ ʧʦʩʪʦʷʥʥʳʤʠ ʥʘ ʫʨʦʚʥʝ 1 ʢɺʪ, ʚʨʝʤʷ 

ʦʩʘʞʜʝʥʠʷ ʩʦʩʪʘʚʣʷʣʦ 40 ʤʠʥʫʪ.  

ʕʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʠ ʩʪʨʫʢʪʫʨʫ ʧʦʢʨʳʪʠʡ ʠʟʫʯʘʣʠ ʩ ʧʦʤʦʱʴʶ 

ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʛʦ ʤʠʢʨʦʩʢʦʧʘ S-3400 (çHitachiè, ʗʧʦʥʠʷ) c 

ʕɼʉ-ʧʨʠʩʪʘʚʢʦʡ Noran-7 Thermo. ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ (ʈʌɸ) 

ʧʨʦʚʦʜʠʣʠ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ Phaser Bruker ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ CuKŬ 

ʤʦʥʦʭʨʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʙʳʣʠ 

ʦʧʨʝʜʝʣʝʥʳ ʩ ʧʦʤʦʱʴʶ ʧʨʝʮʠʟʠʦʥʥʦʛʦ ʥʘʥʦʪʚʝʨʜʦʤʝʨʘ Nano-hardness 

tester (CSM Instruments, ʐʚʝʡʮʘʨʠʷ). ʊʨʠʙʦʣʦʛʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ 

ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʤʘʰʠʥʝ ʪʨʝʥʠʷ Tribometer (CSM Instruments). ɼʣʷ 

ʦʮʝʥʢʠ ʞʘʨʦʩʪʦʡʢʦʩʪʠ ʧʦʢʨʳʪʠʡ ʧʨʦʚʦʜʠʣʠʩʴ ʠʭ ʦʪʞʠʛʠ ʥʘ ʚʦʟʜʫʭʝ ʚ 

ʤʫʬʝʣʴʥʦʡ ʧʝʯʠ SNOL 3.3.2/1200 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ 1100 0ʉ. ʊʘʢʞʝ 

ʧʨʦʚʦʜʠʣʦʩʴ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʪʝʨʤʦʮʠʢʣʠʨʦʚʘʥʠʶ. ʆʪʦʞʞʝʥʥʳʝ 

ʦʙʨʘʟʮʳ ʧʦʢʨʳʪʠʡ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʧʝʨʝʯʠʩʣʝʥʥʳʭ 

ʚʳʰʝ ʤʝʪʦʜʦʚ.  

ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʈʌɸ, ʦʩʥʦʚʫ ʥʝʨʝʘʢʮʠʦʥʥʳʭ ʧʦʢʨʳʪʠʡ ʩʦʩʪʘʚʣʷʣʘ ʬʘʟʘ 

TaSi2 ʩ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʪʦʛʜʘ ʢʘʢ ʦʙʨʘʟʮʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʘʟʦʪʝ ʠ 

ʵʪʠʣʝʥʝ, ʙʳʣʠ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʤʠ. ʇʝʨʝʭʦʜ ʢ ʨʝʘʢʮʠʦʥʥʦʤʫ ʨʘʩʧʳʣʝʥʠʶ 

ʩʦʧʨʦʚʦʞʜʘʣʩʷ ʟʥʘʯʠʪʝʣʴʥʳʤ ʩʥʠʞʝʥʠʝʤ ʩʢʦʨʦʩʪʠ ʨʦʩʪʘ ʧʦʢʨʳʪʠʡ. ʅʘʠʙʦʣʝʝ 

ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʪʚʸʨʜʦʩʪʠ ʥʘ ʫʨʦʚʥʝ 30 ɻʇʘ ʠ ʫʧʨʫʛʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʥʘ 

ʫʨʦʚʥʝ 79% ʙʳʣʠ ʜʦʩʪʠʛʥʫʪʳ ʜʣʷ ʦʙʨʘʟʮʦʚ, ʦʩʘʞʜʝʥʥʳʭ ʚ ʘʨʛʦʥʝ. ʇʦʢʨʳʪʠʷ Ta-

Zr-Si-B-N ʠ Ta-Zr-Si-B-C ʫʩʪʫʧʘʣʠ ʧʦʢʨʳʪʠʷʤ Ta-Zr-Si-B ʧʦ ʪʘʢʠʤ ʧʘʨʘʤʝʪʨʘʤ, 

ʢʘʢ: ʪʚʸʨʜʦʩʪʴ, ʫʧʨʫʛʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ, ʩʪʦʡʢʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʢ ʫʧʨʫʛʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʨʘʟʨʫʰʝʥʠʷ ʠ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. 

ʅʝʨʝʘʢʮʠʦʥʥʳʝ ʧʦʢʨʳʪʠʷ ʦʙʣʘʜʘʣʠ ʚʳʩʦʢʦʡ ʞʘʨʦʩʪʦʡʢʦʩʪʴʶ ʧʨʠ 1000Áʉ, ʯʪʦ 

ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʧʦʣʦʞʠʪʝʣʴʥʳʤ ʚʣʠʷʥʠʝʤ ʦʙʨʘʟʫʶʱʝʡʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʢʨʳʪʠʡ ʟʘʱʠʪʥʦʡ ʧʣʸʥʢʠ ʠʟ ʩʪʝʢʣʦʬʘʟʳ ʠ ʦʢʩʠʜʘ ʪʘʥʪʘʣʘ. ɺʚʝʜʝʥʠʝ ʚ ʩʦʩʪʘʚ 

Ta-Zr-Si-B ʘʟʦʪʘ ʠʣʠ ʫʛʣʝʨʦʜʘ ʧʨʠʚʦʜʠʣʦ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʩʥʠʞʝʥʠʶ 

ʞʘʨʦʩʪʦʡʢʦʩʪʠ, ʦʜʥʘʢʦ ʜʦʙʘʚʢʘ ʘʟʦʪʘ ʧʦʣʦʞʠʪʝʣʴʥʦ ʩʢʘʟʳʚʘʣʘʩʴ ʥʘ 

ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ 

ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 19-19-00117. 
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1ʋʨʘʣʴʩʢʠʡ ʌʝʜʝʨʘʣʴʥʳʡ ʋʥʠʚʝʨʩʠʪʝʪ, ɽʢʘʪʝʨʠʥʙʫʨʛ, ʈʦʩʩʠʷ 
2ʀʥʩʪʠʪʫʪ ʭʠʤʠʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʋʨʆ ʈɸʅ, ɽʢʘʪʝʨʠʥʙʫʨʛ, ʈʦʩʩʠʷ 

 

ʊʆʏɽʏʅʓɽ ɼɽʌɽʂʊʓ ʇʈʆɿʈɸʏʅʓʍ ʅɸʅʆʂɽʈɸʄʀʂ MgAl2O4 

ʃɽɻʀʈʆɺɸʅʅʓʍ ʄɸʈɻɸʅʎɽʄ 

ʄʝʪʦʜʦʤ ʟʘʢʘʣʢʠ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʧʦʣʫʯʝʥʳ ʧʨʦʟʨʘʯʥʳʝ ʥʘʥʦʢʝʨʘʤʠʢʠ ʰʠʨʦʢʦʟʦʥʥʦʛʦ 

ʩʣʦʞʥʦʛʦ ʦʢʩʠʜʘ MgAl 2O4 ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʤʘʨʛʘʥʮʝʤ. ɺʳʧʦʣʥʝʥ ʢʦʤʧʣʝʢʩ ʨʘʙʦʪ ʧʦ 

ʘʪʪʝʩʪʘʮʠʠ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ. ʇʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʩʦʙʩʪʚʝʥʥʳʭ ʠ ʧʨʠʤʝʩʥʳʭ ʜʝʬʝʢʪʦʚ, ʬʦʨʤʠʨʫʶʱʠʭ ʦʧʪʠʯʝʩʢʠ-ʘʢʪʠʚʥʳʝ ʮʝʥʪʨʳ. 

ʆʙʥʘʨʫʞʝʥ ʵʬʬʝʢʪ ʩʪʘʙʠʣʠʟʘʮʠʠ ʪʨʝʭʚʘʣʝʥʪʥʦʛʦ ʤʘʨʛʘʥʮʘ ʚ ʥʘʥʦʢʝʨʘʤʠʢʝ 

ʘʣʶʤʦʤʘʛʥʠʝʚʦʡ ʰʧʠʥʝʣʠ. 

A.N. KIRYAKOV 1, A.F. ZATSEPIN1, T.V. DYACHKOVA 2,  

A.P. TUTUNNIK 2, J.G. ZAINULIN 2, A.V. FOKIN1 

1Ural Federal University, Yekaterinburg, Russia 
2Institute of solid state chemistry UB RAS, Yekaterinburg, Russia 

POINT DEFECTS OF MgAl 2O4 TRANSPARENT  

NANOCERAMICS DOPED WITH MANGANESE  

By pressure quenching, transparent nanoceramics of a wide-gap complex MgAl2O4 oxide 

doped with manganese were obtained. A set of work was carried out to certify the samples 

obtained. The spectroscopic features of intrinsic and impurity defects forming optically active 

centers are estimated. The stabilization effect of trivalent manganese in aluminum magnesium 

spinel nanoceramics was observed. 

ʌʫʥʢʮʠʦʥʘʣʴʥʳʝ ʦʢʩʠʜʥʳʝ ʢʝʨʘʤʠʢʠ ʘʢʪʠʚʥʦ ʠʩʩʣʝʜʫʶʪʩʷ ʢʘʢ ʤʘʪʝʨʠʘʣʳ 

ʫʩʪʨʦʡʩʪʚ ʬʦʪʦʥʠʢʠ ʠ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ. ʆʩʦʙʦʝ ʤʝʩʪʦ ʟʘʥʠʤʘʶʪ ʢʝʨʘʤʠʢʠ ʥʘ 

ʦʩʥʦʚʝ ʘʣʶʤʦʤʘʛʥʠʝʚʦʡ ʰʧʠʥʝʣʠ ʚʚʠʜʫ ʠʭ ʚʳʩʦʢʦʡ ʨʘʜʠʘʮʠʦʥʥʦʡ, 

ʤʝʭʘʥʠʯʝʩʢʦʡ, ʘ ʪʘʢʞʝ ʪʝʨʤʠʯʝʩʢʦʡ ʠ ʭʠʤʠʯʝʩʢʦʡ ʩʪʦʡʢʦʩʪʠ. ʊʘʢʠʝ ʢʝʨʘʤʠʢʠ 

ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʢʘʯʝʩʪʚʝ ʦʢʦʥ ʷʜʝʨʥʳʭ ʨʝʘʢʪʦʨʦʚ, ʢʫʧʦʣʦʚ ʨʘʢʝʪ 

ʩʘʤʦʥʘʚʝʜʝʥʠʷ, ʩʨʝʜ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʣʘʟʝʨʦʚ. ʅʝ ʩʤʦʪʨʷ ʥʘ ʟʥʘʯʠʪʝʣʴʥʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʵʣʝʢʪʨʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʰʧʠʥʝʣʠ ʠʥʬʦʨʤʘʮʠʷ ʦ ʚʣʠʷʥʠʠ 

ʥʘʥʦʩʦʩʪʦʷʥʠʷ ʥʘ ʵʥʝʨʛʝʪʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʩʦʙʩʪʚʝʥʥʳʭ ʠ ʧʨʠʤʝʩʥʳʭ 

ʜʝʬʝʢʪʦʚ ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʝʪ. ʎʝʣʴ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʣʘʩʴ 

ʠʟʫʯʝʥʠʠ ʵʣʝʢʪʨʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʨʦʟʨʘʯʥʳʭ ʥʘʥʦʢʝʨʘʤʠʢ MgAl 2O4 

ʣʝʛʠʨʦʚʘʥʥʳʭ ʤʘʨʛʘʥʮʝʤ. 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʧʨʝʩʩʦʚʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʥ ʥʘʥʦʧʦʨʦʰʦʢ 

Mg(1-x)MnxAl 2O4 (x = 0.05, 0.0005 ʄʦʣ%). ʇʨʦʟʨʘʯʥʳʝ ʥʘʥʦʢʝʨʘʤʠʢʠ ʧʦʣʫʯʝʥʳ ʚ 

ʪʦʨʦʠʜʘʣʴʥʦʡ ʢʘʤʝʨʝ ʧʨʠ ʜʘʚʣʝʥʠʷʭ ʦʪ 2 ʜʦ  
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9 ɻʇʘ, ʪʝʤʧʝʨʘʪʫʨʝ ʩʠʥʪʝʟʘ 600 ʦʉ ʠ ʚʨʝʤʝʥʠ ʚʳʜʝʨʞʢʠ 10 ʤʠʥ. ʆʧʪʠʯʝʩʢʘʷ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ (ʚʦʟʙʫʞʜʝʥʠʝ, ʣʶʤʠʥʝʩʮʝʥʮʠʷ, ʢʠʥʝʪʠʢʘ ʟʘʪʫʭʘʥʠʷ) ʩʥʷʪʳ ʥʘ 

ʩʧʝʢʪʨʦʬʣʶʦʨʦʤʝʪʨʝ Horiba Fluorolog 3. ʉʧʝʢʪʨʳ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ 

ʨʝʟʦʥʘʥʩʘ (ʕʇʈ) ʟʘʧʠʩʘʥʳ ʩ ʧʦʤʦʱʴʶ ʩʧʝʢʪʨʦʤʝʪʨʘ Bruker EMX plus X-band. 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʦʧʨʝʜʝʣʝʥʳ ʦʙʣʘʩʪʠ 

ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʚʝʣʠʯʠʥʘ ʤʠʢʨʦʥʘʧʨʷʞʝʥʠʡ, ʘ ʪʘʢʞʝ ʧʦʩʪʦʷʥʥʘʷ 

ʨʝʰʝʪʢʠ ʢʝʨʘʤʠʢ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʨʘʟʥʳʭ ʜʘʚʣʝʥʠʠ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠʤʝʩʠ 

ʤʘʨʛʘʥʮʘ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʠʥʪʝʟʘ ʧʨʦʟʨʘʯʥʳʭ ʥʘʥʦʢʝʨʘʤʠʢ ʧʨʠʤʝʩʴ 

ʤʘʨʛʘʥʮʘ ʣʦʢʘʣʠʟʫʝʪʩʷ ʚ ʜʚʫʭ ʩʪʨʫʢʪʫʨʥʦ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʦʢʪʘʵʜʨʠʯʝʩʢʠ- ʠ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʠ- ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʭ ʧʦʟʠʮʠʷʭ, ʩ ʭʘʨʘʢʪʝʨʥʦʡ ʢʨʘʩʥʦʡ ʠ ʟʝʣʝʥʦʡ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʡ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ 

ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʝ ʠʦʥʳ ʤʘʨʛʘʥʮʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʝ 

ʩʚʷʟʘʥʥʳʤʠ ʘʙʩʦʨʙʮʠʦʥʥʦ-ʨʝʣʘʢʩʘʮʠʦʥʥʳʤʠ ʢʘʥʘʣʘʤʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʟʘʩʝʣʝʥʥʦʩʪʴʶ ʫʢʘʟʘʥʥʳʭ ʧʦʟʠʮʠʡ ʧʨʠʤʝʩʥʦʛʦ ʠʦʥʘ ʤʘʨʛʘʥʮʘ 

ʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ, ʨʝʛʫʣʠʨʫʷ ʚʝʣʠʯʠʥʫ ʧʨʠʣʦʞʝʥʥʦʝ ʜʘʚʣʝʥʠʷ. 

ʕʇʈ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʥʘʥʦʢʝʨʘʤʠʢ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ 2 ʠ 4 ɻʇʘ, 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʨʠʩʫʪʩʪʚʠʠ ʩʠʛʥʘʣʘ ʦʪ ʧʨʠʤʝʩʥʳʭ Mn2+ ʮʝʥʪʨʦʚ. 

ʋʚʝʣʠʯʝʥʠʝ ʜʘʚʣʝʥʠʷ ʩʠʥʪʝʟʘ ʚʝʜʝʪ ʢ ʧʘʜʝʥʠʶ ʦʪʤʝʯʝʥʥʦʛʦ ʩʠʛʥʘʣʘ ʚ ʕʇʈ 

ʩʧʝʢʪʨʝ ʥʘʥʦʢʝʨʘʤʠʢ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʥʘʙʣʶʜʘʝʤʳʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʤʝʞʜʫ ʕʇʈ 

ʠ ʣʶʤʠʥʝʩʮʝʥʪʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ ʩʜʝʣʘʥ ʚʳʚʦʜ ʦ ʬʦʨʤʠʨʦʚʘʥʠʠ ʢʨʘʩʥʦʡ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʟʘ ʩʯʝʪ ʦʢʪʘʵʜʨʠʯʝʩʢʠ-ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʦʛʦ 

Mn3+. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʠ ʉʚʝʨʜʣʦʚʩʢʦʡ 

ʦʙʣʘʩʪʠ ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 20-42-660012, ʘ ʪʘʢʞʝ ʧʨʦʝʢʪʘ çʅʦʚʳʝ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ ʜʣʷ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡè ˉ ɸɸɸɸ-ɸ19-

119031890025-9. 
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ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʙʥʘʨʫʞʝʥ ʜʘʣʴʥʦʜʝʡʩʪʚʫʶʱʠʡ ʵʬʬʝʢʪ ʙʣʠʟʦʩʪʠ ʠ ʥʝʪʨʠʚʠʘʣʴʥʘʷ 

ʪʦʢ-ʬʘʟʦʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʛʦ ʪʦʢʘ ʚ ʜʞʦʟʝʬʩʦʥʦʚʩʢʠʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ 

Nb/Au/Sr2IrO4/YBa2Cu3Ox ʩ ʙʘʨʴʝʨʥʦʡ ʧʨʦʩʣʦʡʢʦʡ ʪʦʣʱʠʥʦʡ d=7 ʥʤ ʠʟ ʤʘʪʝʨʠʘʣʘ Sr2IrO4 

ʩ ʚʳʩʦʢʦʡ ʵʥʝʨʛʠʝʡ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ESO=0.4 ʵɺ. ʅʘ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ 

ʩ d=5 ʥʤ ʦʙʥʘʨʫʞʝʥʳ ʨʝʟʦʥʘʥʩʥʳʝ ʩʪʫʧʝʥʠ ʌʠʩʢʝ ʧʨʠ ʥʘʧʨʷʞʝʥʠʷʭ ʩʤʝʱʝʥʠʷ V, 

ʘʩʠʤʤʝʪʨʠʯʥʳʭ ʦʪʥʦʩʠʪʝʣʴʥʦ V=0. 
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JOSEPHSON HETEROSTRUCTURES WITH AN INTERLAYER 

WITH STRONG SPIN-ORBIT INTERACTION  

A long-range proximity effect and the unusual current-phase relation superconducting 

current were experimentally observed in Nb/Au/Sr2IrO4/YBa2Cu3Ox Josephson heterostructures 

with a barrier interlayer with thickness d=7 nm made of Sr2IrO4, material with spin-orbit 

interaction energy ESO=0.4 eV. For heterostructures with d=5 nm Fiske resonance steps 

appeared at voltages V with asymmetric positions relative V =0.  

ʄʥʦʛʦʩʣʦʡʥʳʝ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚʳʝ ʩʪʨʫʢʪʫʨʳ ʩ ʧʨʦʩʣʦʡʢʦʡ, 

ʦʙʣʘʜʘʶʱʝʡ ʩʠʣʴʥʳʤ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ (ʉʆɺ) 

ʧʨʠʚʣʝʢʘʶʪ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʧʦʚʳʰʝʥʥʳʡ ʠʥʪʝʨʝʩ. ʅʘʤʠ ʙʳʣʠ 

ʠʟʛʦʪʦʚʣʝʥʳ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʳ Nb/Au/Sr2IrO4/YBa2Cu3Ox 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ (ɻʉ) ʩ ʨʘʟʤʝʨʘʤʠ ʦʪ 10³10 ʜʦ 50³50 ʤʢʤ2 (5 ʥʘ ʦʜʥʦʤ 

ʯʠʧʝ) ʩ ʪʦʣʱʠʥʦʡ ʩʣʦʷ Sr2IrO4 d= 5 ʠʣʠ 7 ʥʤ. ʅʘ ʨʠʩ.1 ʩʭʝʤʘʪʠʯʝʩʢʠ 

ʧʦʢʘʟʘʥʘ ɻʉ ʠ ʢʦʥʪʘʢʪʳ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʚʦʣʴʪ-ʘʤʧʝʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

(ɺɸʍ). ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʦʙʥʘʨʫʞʝʥ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʡ ʪʦʢ. ɻʉ ʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʧʠʢ 
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ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʨʠ ʤʘʣʳʭ ʥʘʧʨʷʞʝʥʠʷʭ (ZBCP ï zero bias conductance 

peak), ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʩʦʩʪʦʷʥʠʡ ʩ ʤʘʣʦʡ ʵʥʝʨʛʠʝʡ ʥʘ 

ʛʨʘʥʠʮʝ Sr2IrO4/YBa2Cu3Ox.  

ʍʘʨʘʢʪʝʨ ʠʟʤʝʥʝʥʠʷ ʧʨʦʚʦʜʠʤʦʩʪʠ G(V) ʚ ʠʥʪʝʨʚʘʣʝ V>20 ʤɺ ʦʪʣʠʯʘʣʩʷ ʦʪ 

G(V) ʧʨʠ ʥʘʧʨʷʞʝʥʠʷʭ V<6 ʤɺ. ɺ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʧʨʦʠʩʭʦʜʠʪ ʨʦʩʪ 

ʧʨʦʚʦʜʠʤʦʩʪʠ, ʯʪʦ ʧʨʠʩʫʱʝ ʪʫʥʥʝʣʴʥʳʤ ʧʝʨʝʭʦʜʘʤ. ɺ ʦʙʣʘʩʪʠ ʤʘʣʳʭ 

ʥʘʧʨʷʞʝʥʠʡ ʥʘʙʣʶʜʘʝʪʩʷ ʧʠʢ ʧʨʦʚʦʜʠʤʦʩʪʠ G ʧʨʠ V=0 ʤɺ, ʯʪʦ ʧʨʠʩʫʱʝ ʫʞʝ 

S/N ʢʦʥʪʘʢʪʘʤ. ʄʦʜʝʣʴ ʪʨʘʥʩʧʦʨʪʘ ʥʦʩʠʪʝʣʝʡ ʢʦʪʦʨʘʷ ʦʙʲʷʩʥʷʝʪ ʵʬʬʝʢʪ 

ɼʞʦʟʝʬʩʦʥʘ ʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ, ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʧʦ ʤʝʪʦʜʠʢʝ [1], ʫʯʠʪʳʚʘʶʱʘʷ 

ʩʚʦʡʩʪʚʘ Sr2IrO4 [2] ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ.1.  

ʇʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ɻʉ ʩ d=7 ʥʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ H ʚ ʜʠʘʧʘʟʦʥʝ ʜʦ 2 ʕ ʥʘ 

ʟʘʚʠʩʠʤʦʩʪʠ ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ ʦʪ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ IC(H) ʥʘʙʣʶʜʘʣʩʷ 

ʟʘʫʞʝʥʥʳʡ (ʧʨʠʤʝʨʥʦ ʚ 1.5 ʨʘʟʘ) ʮʝʥʪʨʘʣʴʥʳʡ ʧʠʢ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʪʝʦʨʝʪʠʯʝʩʢʠʤ, ʦʞʠʜʘʝʤʳʤ ʠʟ ʬʨʘʫʥʛʦʬʝʨʦʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ, ʨʘʩʩʯʠʪʘʥʥʦʡ ʜʣʷ 

ʜʞʦʟʝʬʩʦʥʦʚʩʢʦʛʦ ʪʫʥʥʝʣʴʥʦʛʦ ʧʝʨʝʭʦʜʘ ʩ ʘʥʘʣʦʛʠʯʥʦʡ ʛʝʦʤʝʪʨʠʝʡ. ʅʘ ɻʉ ʩ 

d=5 ʥʤ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʨʝʟʦʥʘʥʩʥʳʝ ʩʪʫʧʝʥʠ ʪʦʢʘ ʧʨʠ ʥʘʧʨʷʞʝʥʠʷʭ ʩʤʝʱʝʥʠʷ 

V, ʘʩʠʤʤʝʪʨʠʯʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʧʦ ʧʦʣʷʨʥʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦ V=0. ɺ ʦʪʣʠʯʠʠ 

ʦʪ ʵʢʚʠʜʠʩʪʘʥʪʥʳʭ ʩʪʫʧʝʥʝʡ ʌʠʩʢʝ, ʠʥʪʝʨʚʘʣʳ ʥʘʧʨʷʞʝʥʠʷ ʤʝʞʜʫ ʩʪʫʧʝʥʷʤʠ ʥʝ 

ʩʦʚʧʘʜʘʣʠ, ʥʦ ʩʦʭʨʘʥʷʣʠ ʩʚʦʠ ʧʦʟʠʮʠʠ ʧʦ V ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

 

ʈʠʩ. 1. ʄʦʜʝʣʴ ʪʨʘʥʩʧʦʨʪʘ ʥʦʩʠʪʝʣʝʡ ʠ ʩʭʝʤʘ ʠʟʤʝʨʝʥʠʡ ɺɸʍ.  

ʈʘʙʦʪʘ ʯʘʩʪʠʯʥʦ ʧʦʜʜʝʨʞʘʥʘ ʧʨʦʝʢʪʦʤ ʈʌʌʀ 19-07-00274. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ɺ.ʉ. ʂʃʀʄʀʅ, ɸ.ɸ. ʈɽɿɺɸʅ, ʊ.ɸ. ɿʋɹʆɺɸ 
ʖʞʥʳʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʘʛʘʥʨʦʛ, ʈʦʩʩʠʷ 

 

ʕʃɽʄɽʅʊʓ ɻɸɿʆɺʆʁ ʅɸʅʆʉɽʅʉʆʈʀʂʀ ʅɸ  

ʆʉʅʆɺɽ ʋɻʃɽʈʆɼʅʓʍ ʅɸʅʆʄɸʊɽʈʀɸʃʆɺ 

ʈʘʩʩʤʦʪʨʝʥʦ ʧʨʠʤʝʥʝʥʠʝ ʥʘʥʦʩʠʩʪʝʤʳ ʩʦʩʪʦʷʱʝʡ ʠʟ ʤʘʩʩʠʚʘ ʥʘʥʦʨʘʟʤʝʨʥʳʭ 

ʚʠʩʢʝʨʦʚ ʥʠʢʝʣʷ ʩ ʥʘʥʝʩʝʥʥʳʤ ʥʘ ʥʠʭ ʫʛʣʝʨʦʜʥʳʤ ʩʣʦʝʤ. ʆʧʨʝʜʝʣʝʥʦ, ʯʪʦ ʨʘʟʨʘʙʦʪʘʥʥʘʷ 

ʩʪʨʫʢʪʫʨʘ ʦʙʣʘʜʘʝʪ ʪʝʤʠ ʞʝ ʧʘʨʘʤʝʪʨʘʤʠ, ʯʪʦ ʠ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ. ɹʳʣ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʜʘʥʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ, ʦʧʨʝʜʝʣʝʥʳ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʟʥʘʯʝʥʠʷ. 

  

V.S. KLIMIN , A.A. REZVAN, T.A. ZUBOVA 

Southern federal university, Taganrog, Russia 

ELEMETS OF GAS NANOSENSORIC BASED CARBON 

NANOMATERIALS 

The application of a nanosystem consisting of an array of nanoscale nickel whiskers with a 

carbon layer deposited on them is considered. It was determined that the developed structure 

has the same parameters as carbon nanotubes in terms of sensitivity. An analysis of this 

sensitivity was carried out, the corresponding values were determined. 

ʉʫʱʝʩʪʚʫʶʱʠʝ ʪʝʭʥʦʣʦʛʠʠ ʧʨʝʜʧʦʣʘʛʘʶʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʪʨʫʙʦʢ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʘʥʥʳʭ ʩʪʨʫʢʪʫʨ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʝʩʢʦʣʴʢʠʤʠ 

ʵʪʘʧʘʤʠ: ʥʘʥʝʩʝʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʮʝʥʪʨʦʚ, ʘʢʪʠʚʘʮʠʠ, ʨʦʩʪʘ ʠ ʨʷʜʘ ʜʨʫʛʠʭ. 

ɼʘʥʥʳʝ ʵʪʘʧʳ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʧʦʣʫʯʝʥʠʝ ʤʘʩʩʠʚʘ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʩ 

ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʚʝʨʪʠʢʘʣʴʥʦʩʪʠ ʜʣʷ ʣʫʯʰʝʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʠʩʩʣʝʜʫʝʤʳʤ 

ʚʝʱʝʩʪʚʦʤ [1]. ʆʜʥʘʢʦ, ʧʨʠ ʩʦʙʣʶʜʝʥʠʠ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʟʘʪʨʘʯʠʚʘʝʪʩʷ 

ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʤʘʪʝʨʠʘʣʘ ʠ ʚʨʝʤʝʥʠ. ʇʨʝʠʤʫʱʝʩʪʚʘʤʠ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʡ 

ʪʝʭʥʦʣʦʛʠʠ ʷʚʣʷʶʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʧʨʦʩʪʦʪʘ ʪʝʭʥʦʣʦʛʠʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʟʘ ʩʯʝʪ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʪʘʥʜʘʨʪʥʳʭ ʦʧʝʨʘʮʠʡ ʤʠʢʨʦ- ʠ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ; ʤʘʣʳʝ 

ʛʘʙʘʨʠʪʥʳʝ ʨʘʟʤʝʨʳ, ʵʢʦʣʦʛʠʯʥʦʩʪʴ ʠ ʥʠʟʢʘʷ ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʫʩʪʨʦʡʩʪʚʘ ʟʘ ʩʯʝʪ 

ʧʨʠʤʝʥʝʥʠʷ ʩʦʚʨʝʤʝʥʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ; ʥʠʟʢʠʡ ʧʦʨʦʛ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʟʘ 

ʩʯʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʠʦʥʠʟʘʮʠʠ; ʩʧʦʩʦʙʥʦʩʪʴ ʠʥʪʝʛʨʠʨʦʚʘʪʴʩʷ ʚ 

ʩʦʚʨʝʤʝʥʥʳʝ ʩʠʩʪʝʤʳ ʢʦʥʪʨʦʣʷ ʠ ʤʦʥʠʪʦʨʠʥʛʘ ʦʢʨʫʞʘʶʱʝʡ ʠ ʨʘʙʦʯʝʡ ʩʨʝʜʳ 

[2]. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʤʦʜʝʣʴ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʝʙʦʣʴʰʫʶ ʧʦʜʣʦʞʢʫ, ʥʘ 

ʢʦʪʦʨʦʡ ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʵʣʝʢʪʨʦʜʳ ʠ ʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʵʣʝʤʝʥʪ ʨʘʩʧʦʣʦʞʝʥʳ ʥʘ 

ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʩʪʦʨʦʥʘʭ ʧʦʜʣʦʞʢʠ. ɼʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʛʘʟʦʚʦʛʦ ʩʝʥʩʦʨʘ ʚ 

ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʢʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ Si ʩ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ (100) 

[3]. ʅʘʧʳʣʝʥʠʝ ʧʣʝʥʢʠ ʤʘʪʝʨʠʘʣʘ ʩʣʦʷ Ni ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʥʘ ʫʩʪʘʥʦʚʢʝ ɸUTʆ 
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500, ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ. ʇʨʠ ʵʪʦʤ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʘʨʘʣʣʝʣʴʥʦʝ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʚʝʨʭʥʝʛʦ ʢʦʥʪʘʢʪʘ. ʌʦʨʤʠʨʦʚʘʥʠʝ ʙʦʢʦʚʦʡ ʠʟʦʣʷʮʠʠ ʠ ʢʘʨʢʘʩʘ 

ʩʝʥʩʦʨʘ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʦʙʨʘʪʥʦʡ ʬʦʪʦʣʠʪʦʛʨʘʬʠʝʡ. ɺ ʢʘʯʝʩʪʚʝ ʜʠʵʣʝʢʪʨʠʢʘ 

ʥʘʥʦʩʠʣʩʷ ʩʣʦʡ Si3N4. ʆʩʘʞʜʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʫʩʪʘʥʦʚʢʝ STE ICPd 47 

ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ. ɼʘʣʝʝ ʧʨʦʠʟʚʦʜʠʪʩʷ ʩʦʟʜʘʥʠʝ ʦʙʣʘʩʪʠ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʘʩʩʠʚʘ ʚʝʨʪʠʢʘʣʴʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʥʠʢʝʣʝʚʳʭ ʚʠʩʢʝʨʦʚ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʧʦʟʠʪʠʚʥʦʛʦ ʧʣʘʟʤʦʩʪʦʡʢʦʛʦ ʨʝʟʠʩʪʘ SPR220-1,5 ʠ 

ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ ʯʝʨʝʟ ʧʦʣʫʯʝʥʥʫʶ ʤʘʩʢʫ. ɼʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʦʩʥʦʚʥʦʡ ʯʘʩʪʠ ʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʷʯʝʡʢʠ, ʢʦʪʦʨʦʡ ʷʚʣʷʝʪʩʷ ʫʛʣʝʨʦʜʥʘʷ 

ʥʘʥʦʩʪʨʫʢʪʫʨʘ, ʧʨʠʤʝʥʷʝʪʩʷ ʤʝʪʦʜ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ 

ʬʘʟʳ. ʋʛʣʝʨʦʜʥʘʷ ʥʘʥʦʩʪʨʫʢʪʫʨʘ ʙʳʣʘ ʩʬʦʨʤʠʨʦʚʘʥʘ ʧʫʪʝʤ ʧʣʘʟʤʝʥʥʦʛʦ 

ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʧʘʨʦʚʦʡ ʬʘʟʳ. ʇʦʩʣʝ ʵʪʦʛʦ ʥʘʜ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ 

ʩʣʦʝʤ ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʦʥʪʘʢʪʳ, ʢʦʪʦʨʳʝ ʧʦʜʢʣʶʯʘʣʠʩʴ ʢ 

ʫʩʪʨʦʡʩʪʚʫ ʦʙʨʘʙʦʪʢʠ ʩʠʛʥʘʣʦʚ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʠʟʛʦʪʦʚʣʝʥʥʘʷ ʤʦʜʝʣʴ 

ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʷʯʝʡʢʠ ʥʘ ʦʩʥʦʚʝ ʫʛʣʝʨʦʜʥʦʡ ʥʘʥʦʩʠʩʪʝʤʳ, ʯʫʚʩʪʚʠʪʝʣʴʥʘ ʢ 

ʤʦʣʝʢʫʣʘʤ ʘʢʮʝʧʪʦʨʥʦʛʦ ʛʘʟʘ NO2 ʠ ʤʦʣʝʢʫʣʘʤ ʜʦʥʦʨʘ ʛʘʟʘ NH3, CO, ʧʘʨʘʤ H2O 

ʩ ʨʘʟʣʠʯʥʦʡ ʩʪʝʧʝʥʴʶ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ɻʨʘʥʪʘ ʇʨʝʟʠʜʝʥʪʘ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ 

ˉ ʄʂ-3512.2019.8. ʈʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠʷ 

ʅʘʫʯʥʦ-ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ ʮʝʥʪʨʘ ʠ ʎʝʥʪʨʘ ʢʦʣʣʝʢʪʠʚʥʦʛʦ ʧʦʣʴʟʦʚʘʥʠʷ 

çʅʘʥʦʪʝʭʥʦʣʦʛʠʠè ʖʞʥʦʛʦ ʬʝʜʝʨʘʣʴʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ. 
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ɺ.ʉ. ʂʃʀʄʀʅ, ɸ.ɸ. ʈɽɿɺɸʅ, ʀ.ʅ. ʂʆʎ, ʆ.ɸ. ɸɻɽɽɺ 
ʖʞʥʳʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʘʛʘʥʨʦʛ, ʈʦʩʩʠʷ 

 

ʅɸʅʆʈɸɿʄɽʈʅʓɽ ʋɻʃɽʈʆɼʅʓɽ ʕʄʀʉʉʀʆʅʅʓɽ 

ʉʊʈʋʂʊʋʈʓ ʅɸ ʆʉʅʆɺɽ SiC  

ʈʘʩʩʤʦʪʨʝʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʤʙʠʥʘʮʠʠ ʤʝʪʦʜʦʚ ʬʦʢʫʩʠʨʦʚʘʥʥʳʭ ʠʦʥʥʳʭ ʧʫʯʢʦʚ ʠ 

ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʘʪʦʤʥʦʛʦ ʩʣʦʝʚʦʛʦ ʪʨʘʚʣʝʥʠʷ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʘʚʪʦʵʤʠʩʩʠʦʥʥʳʭ ʵʣʝʤʝʥʪʦʚ ʥʘ ʦʩʥʦʚʝ ʥʘʥʦʨʘʟʤʝʨʥʦʛʦ ʫʛʣʝʨʦʜʥʦʛʦ ʩʣʦʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ SiC. ʈʝʘʣʠʟʘʮʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ ʧʦ ʧʨʦʬʠʣʠʨʦʚʘʥʠʶ 

ʥʘʥʦʨʘʟʤʝʨʥʦʛʦ ʢʘʨʙʠʜʘ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʦʢʫʩʠʨʦʚʘʥʥʳʭ ʠʦʥʥʳʭ 

ʧʫʯʢʦʚ ʠ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ Nova NanoLab 600. ʇʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ 

ʧʘʨʘʤʝʪʨʦʚ ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʵʣʝʤʝʥʪʦʚ. 

V.S. KLIMIN , A.A. REZVAN, I.N. KOTS, O.A. AGEEV 

Southern federal university, Taganrog, Russia 

NANOSIZED CARBON EMESSION STRUCTURES BASED  

ON SiC  

The use of a combination of methods of focused ion beams and plasma-chemical atomic 

layer etching to obtain functional elements of field emission elements based on a nanoscale 

carbon layer on the surface of SiC is considered. The technological operations for profiling 

nanosized carbide were carried out using focused ion beams and a Nova NanoLab 600 scanning 

electron microscope. The parameters of the formed elements were evaluated. 

ʂʘʨʙʠʜ ʢʨʝʤʥʠʷ SiC ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʪʠʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʩʠʣʦʚʦʡ ʤʠʢʨʦ- ʠ 

ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ [1-3]. ʆʩʥʦʚʥʘʷ ʧʨʦʙʣʝʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʥʘ ʦʩʥʦʚʝ SiC ʷʚʣʷʝʪʩʷ ʥʠʟʢʘʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʩʫʱʝʩʪʚʫʶʱʠʭ 

ʪʝʭʥʦʣʦʛʠʡ ʠ ʤʝʪʦʜʦʚ ʦʙʨʘʙʦʪʢʠ, ʠʟ-ʟʘ ʯʝʛʦ ʧʦʣʫʯʘʝʤʳʝ ʥʘʥʦʨʘʟʤʝʨʥʳʝ 

ʫʛʣʝʨʦʜʥʳʝ ʩʪʨʫʢʪʫʨʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʣʘʜʘʶʪ ʥʠʟʢʠʤ ʢʘʯʝʩʪʚʦʤ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤ, ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʤ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʘʨʘʤʝʪʨʘʤ 

ʘʥʘʣʦʛʠʯʥʳʭ ʩʪʨʫʢʪʫʨ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʪʦʜʠʢ ʦʩʘʞʜʝʥʠʷ [4]. ɺ ʩʚʷʟʠ ʩ ʯʝʤ, 

ʜʘʥʥʘʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʨʘʙʦʪʘ ʥʘʧʨʘʚʣʝʥʘ ʥʘ ʨʘʩʩʤʦʪʨʝʥʠʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʢʦʤʙʠʥʘʮʠʠ ʤʝʪʦʜʦʚ ʬʦʢʫʩʠʨʦʚʘʥʥʳʭ ʠʦʥʥʳʭ ʧʫʯʢʦʚ ʠ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ 

ʪʨʘʚʣʝʥʠʷ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʦʣʝʚʳʭ ʵʤʠʩʩʠʦʥʥʳʭ ʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ 

ʥʘʥʦʨʘʟʤʝʨʥʦʛʦ ʫʛʣʝʨʦʜʥʦʛʦ ʩʣʦʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ SiC.  

ʉʝʨʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʥʘ ʧʣʘʩʪʠʥʘʭ SiC, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ 

ʧʨʦʰʝʜʰʝʛʦ ʭʠʤʠʯʝʩʢʫʶ ʦʯʠʩʪʢʫ. ɼʘʥʥʳʝ ʧʣʘʩʪʠʥʳ ʧʦʤʝʱʘʣʠ ʚ ʚʘʢʫʫʤʥʫʶ 

ʢʘʤʝʨʫ ʤʦʜʫʣʷ ʬʦʢʫʩʠʨʫʶʱʠʭ ʠʦʥʥʳʭ ʧʫʯʢʦʚ ʠ ʦʨʠʝʥʪʠʨʦʚʘʣʠ ʪʘʢ, ʯʪʦʙʳ 

ʧʦʪʦʢ ʫʩʢʦʨʝʥʥʳʭ ʠʦʥʦʚ ʧʦʧʘʜʘʣ ʥʘ ʧʦʜʣʦʞʢʫ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʥʦʨʤʘʣʠ. 

ɹʣʘʛʦʜʘʨʷ ʵʪʦʤʫ ʧʨʦʮʝʩʩʫ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʙʳʣ 

ʩʬʦʨʤʠʨʦʚʘʥ ʤʘʩʩʠʚ ʠʟ ʵʣʝʤʝʥʪʦʚ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʩʦʙʦʡ ʟʘʦʩʪʨʝʥʥʳʝ ʢʘʪʦʜʳ. 
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ʅʘʥʦʨʘʟʤʝʨʥʳʡ ʫʛʣʝʨʦʜʥʳʡ ʩʣʦʡ ʙʳʣ ʧʦʣʫʯʝʥ ʤʝʪʦʜʦʤ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ 

ʘʪʦʤʥʦʛʦ ʩʣʦʝʚʦʛʦ ʪʨʘʚʣʝʥʠʷ. SF6 ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚ ʢʘʯʝʩʪʚʝ ʬʪʦʨʩʦʜʝʨʞʘʱʝʛʦ 

ʛʘʟʘ, ʙʣʘʛʦʜʘʨʷ ʯʝʤʫ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʪʨʘʚʣʝʥʠʷ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʩʣʦʷ SiC. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʨʝʰʝʪʢʘ ʫʜʘʣʷʣʘ ʪʦʣʴʢʦ Si ʠ 

ʦʙʨʘʟʦʚʳʚʘʣʘ ʪʦʥʢʠʡ ʫʛʣʝʨʦʜʥʳʡ ʩʣʦʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ.  

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʢʦʥʪʨʦʣʷ ʧʘʨʘʤʝʪʨʦʚ ʧʦʣʫʯʘʝʤʳʭ ʩʪʨʫʢʪʫʨ ʦʩʫʱʝʩʪʚʣʷʣʩʷ 

ʢʦʥʪʨʦʣʴ ʪʦʧʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʧʨʠ ʧʦʤʦʱʠ ʤʝʪʦʜʘ 

ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. 

ʇʦ ʦʢʦʥʯʘʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʩʝʨʠʠ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʨʷʜʘ 

ʧʘʨʘʤʝʪʨʦʚ ʧʦʣʫʯʝʥʥʳʭ ʩʪʨʫʢʪʫʨ. ʊʝʤ ʩʘʤʳʤ ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʦ, ʯʪʦ ʛʝʦʤʝʪʨʠʷ 

ʤʘʩʩʠʚʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʟʘʜʘʥʥʳʤ ʧʘʨʘʤʝʪʨʘʤ ʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʪʨʫʢʪʫʨʳ ʩ 

ʛʣʫʙʠʥʦʡ 900 ʥʤ ʠ ʤʠʥʠʤʘʣʴʥʳʤ ʨʘʟʤʝʨʦʤ ʩʪʨʫʢʪʫʨʳ 280 ʥʤ. ʂʨʦʤʝ ʵʪʦʛʦ ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʵʪʠ ʩʪʨʫʢʪʫʨʳ ʠʤʝʶʪ ʦʜʠʥʘʢʦʚʳʝ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ 

ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ, ʦʜʥʘʢʦ ʧʦʣʫʯʝʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʧʦʟʚʦʣʷʝʪ ʬʦʨʤʠʨʦʚʘʪʴ 

ʵʤʠʩʩʠʦʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʙʦʣʝʝ ʢʦʨʦʪʢʠʭ 

ʚʨʝʤʝʥʘʭ ʧʦʜʛʦʪʦʚʢʠ. 

ʕʪʘ ʪʝʭʥʦʣʦʛʠʷ ʤʦʞʝʪ ʧʨʠʤʝʥʷʪʴʩʷ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʦʚʨʝʤʝʥʥʳʭ 

ʚʘʢʫʫʤʥʳʭ ʤʠʢʨʦʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ, ʘ ʪʘʢʞʝ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʘʪʯʠʢʦʚ 

ʜʘʚʣʝʥʠʷ ʠ ʛʘʟʘ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ɻʨʘʥʪʘ ʇʨʝʟʠʜʝʥʪʘ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ 

ˉ ʄʂ-3512.2019.8. ʈʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠʷ 

ʅʘʫʯʥʦ-ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ ʮʝʥʪʨʘ ʠ ʎʝʥʪʨʘ ʢʦʣʣʝʢʪʠʚʥʦʛʦ ʧʦʣʴʟʦʚʘʥʠʷ 

çʅʘʥʦʪʝʭʥʦʣʦʛʠʠè ʖʞʥʦʛʦ ʬʝʜʝʨʘʣʴʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ. 
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ʆ.ɸ. ɸɻɽɽɺ 
ʀʥʩʪʠʪʫʪ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ, ʵʣʝʢʪʨʦʥʠʢʠ ʠ ʧʨʠʙʦʨʦʩʪʨʦʝʥʠʷ ʖʌʋ, ʊʘʛʘʥʨʦʛ, ʈʦʩʩʠʷ 

 

ʀʉʇʆʃʔɿʆɺɸʅʀɽ ʄɽʊʆɼʆɺ ɸʊʆʄʅʆ-ʉʃʆɽɺʆɻʆ 

ʊʈɸɺʃɽʅʀʗ ʀ ʌʆʂʋʉʀʈʆɺɸʅʅʓʍ ʀʆʅʅʓʍ ʇʋʏʂʆɺ ɼʃʗ 

ʌʆʈʄʀʈʆɺɸʅʀʗ ʌʋʅʂʎʀɸʅɸʃʔʅʓʍ  

ʕʃɽʄɽʅʊʆɺ ʋʉʊʈʆʁʉʊɺ ʄʀʂʈʆʕʃɽʂʊʈʆʅʀʂʀ 

ʇʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʬʦʨʤʠʨʦʚʘʥʠʶ ʵʣʝʤʝʥʪʦʚ ʫʩʪʨʦʡʩʪʚ 

ʩʠʣʦʚʦʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʠ ʥʘʥʦʩʝʥʩʦʨʠʢʠ ʥʘ ʦʩʥʦʚʝ ʢʦʤʙʠʥʘʮʠʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ 

ʤʝʪʦʜʦʚ ʬʦʢʫʩʠʨʦʚʘʥʥʳʭ ʠʦʥʥʳʭ ʧʫʯʢʦʚ ʠ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʛʦ ʪʨʘʚʣʝʥʠʷ. ʌʦʨʤʠʨʦʚʘʣʩʷ 

ʤʘʩʩʠʚ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʚʝʨʪʠʢʘʣʴʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʚʠʩʢʝʨʦʚ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʩʦʯʝʪʘʥʠʷ 

SiC ʠ ʪʦʥʢʦʡ ʧʣʝʥʢʠ ʫʛʣʝʨʦʜʘ. ʇʦʣʫʯʝʥʦ, ʯʪʦ ʩʬʦʨʤʠʨʦʚʘʥʥʘʷ ʷʯʝʡʢʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ 

ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʮʝʧʠ, ʢʦʛʜʘ ʥʘʧʨʷʞʝʥʠʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʦʪ 5 ʜʦ 20 ɺ, ʪʦʢ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʦʪ 0,15Ñ0,03 ʥɸ ʜʦ 6,3Ñ0,4 ʥɸ, ʘ ʢʦʛʜʘ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ 

ʦʪ 60 ʜʦ 180 ʄɺ/ʩʤ, ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ 96,32 Ñ 8,81 ɸ/ʩʤ. 

V.S. KLIMIN, A.A. REZVAN, V.V. PROKOFIEVA,  

Y.V. MOROZOVA, O.A. AGEEV 

Institute of Nanotechnology, Electronics and Equipment Engineering of SFEDU, 

Taganrog, Russia 

USE OF ATOMIC -LAYER ETCHING METHODS AND  

FOCUSED ION BEAMS FOR THE FORMATION OF FUNCTIONAL 

ELEMENTS OF MICROELECTRONICS DEVICES  

Experimental studies have been carried out on the formation of elements of power 

microelectronics and nanosensorics devices based on a combination of a sequence of methods 

of focused ion beams and atomic layer etching. An array of nanoscale vertically oriented 

whiskers was formed, consisting of a combination of SiC and a thin carbon film. It was found 

that the formed cell when the electrical parameters of the circuit change, when the voltage 

increases from 5 to 20 V, the current increases from 0.15 Ñ 0.03 nA to 6.3 Ñ 0.4 nA, and when 

the electric field increases from 60 to 180 MV/cm, the current density increases from 96.32 Ñ 

8.81 A/cm. 

ʉ ʨʘʟʚʠʪʠʝʤ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ, ʢʘʞʜʳʤ ʛʦʜʦʤ ʠʜʸʪ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ 

ʩʫʱʝʩʪʚʫʶʱʠʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʞʠʤʦʚ ʧʨʦʠʟʚʦʜʩʪʚʦ ʫʩʪʨʦʡʩʪʚ ʤʠʢʨʦ- ʠ 

ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ, ʯʪʦ ʥʝʠʟʙʝʞʥʦ ʚʝʜʸʪ ʢ ʩʥʠʞʝʥʠʶ ʨʘʟʤʝʨʦʚ ʩʪʨʫʢʪʫʨʥʳʭ 

ʵʣʝʤʝʥʪʦʚ [1-4]. ʆʜʥʘʢʦ, ʜʘʥʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʩʦʟʜʘʸʪ ʨʷʜ ʪʨʝʙʦʚʘʥʠʡ ʢ 

ʧʨʠʤʝʥʷʝʤʳʤ ʤʝʪʦʜʘʤ ʠ ʤʘʪʝʨʠʘʣʘʤ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʤ ʮʠʢʣʝ. ɺ ʩʚʷʟʠ ʩ ʯʝʤ 

ʘʢʪʫʘʣʝʥ ʧʦʠʩʢ ʠ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʥʦʚʳʭ ʩʧʦʩʦʙʦʚ ʠʟʛʦʪʦʚʣʝʥʠʷ. ʊʘʢ, ʚ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʤʙʠʥʘʮʠʠ ʤʝʪʦʜʦʚ 
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ʬʦʢʫʩʠʨʦʚʘʥʥʳʭ ʠʦʥʥʳʭ ʧʫʯʢʦʚ ʠ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʛʦ ʪʨʘʚʣʝʥʠʷ ʜʣʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʫʩʪʨʦʡʩʪʚ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ. 

ʇʨʝʜʣʘʛʘʝʤʘʷ ʪʝʭʥʦʣʦʛʠʷ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʧʨʠʤʝʨʝ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʘʚʪʦʵʤʠʩʩʠʦʥʥʦʡ ʷʯʝʡʢʠ ʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ. ʅʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ 

ʬʦʢʫʩʠʨʦʚʘʥʥʳʤ ʠʦʥʥʳʤ ʧʫʯʢʦʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ SiC ʬʦʨʤʠʨʫʝʪʩʷ ʤʘʩʩʠʚ ʚ 

ʚʠʜʝ ʦʩʪʨʦʢʦʥʝʯʥʳʭ ʚʝʨʪʠʢʘʣʴʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʚʠʩʢʝʨʦʚ. ɿʘʪʝʤ ʩ ʧʦʤʦʱʴʶ 

ʘʪʦʤʥʦ-ʩʣʦʝʚʦʛʦ ʪʨʘʚʣʝʥʠʷ, ʫʜʘʣʷʶʪʩʷ ʚʝʨʭʥʠʝ ʜʝʬʝʢʪʥʳʝ ʩʣʦʠ, ʜʣʷ ʙʦʣʝʝ 

ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʣʦʷ ʛʨʘʬʝʥʘ. ʋʛʣʝʨʦʜʥʳʡ ʥʘʥʦʨʘʟʤʝʨʥʳʡ ʩʣʦʡ 

ʬʦʨʤʠʨʫʝʪʩʷ ʤʝʪʦʜʦʤ ʪʨʘʚʣʝʥʠʷ ʘʪʦʤʥʦʛʦ ʩʣʦʷ ʚʦ ʬʪʦʨʠʜʥʦʡ ʧʣʘʟʤʝ. ɺ 

ʢʘʯʝʩʪʚʝ ʬʪʦʨʩʦʜʝʨʞʘʱʝʛʦ ʛʘʟʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʛʝʢʩʦʬʪʦʨʠʜ ʩʝʨʳ, ʙʣʘʛʦʜʘʨʷ ʯʝʤʫ 

ʫʜʘʝʪʩʷ ʪʨʘʚʠʪʴ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʡ ʩʣʦʡ SiC. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʠʟ ʠʭ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʫʜʘʣʷʝʪʩʷ ʪʦʣʴʢʦ Si ʠ ʬʦʨʤʠʨʫʝʪʩʷ ʪʦʥʢʠʡ 

ʫʛʣʝʨʦʜʥʳʡ ʩʣʦʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ. 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʩʝʩʩʠʠ ʙʳʣʠ ʩʬʦʨʤʠʨʦʚʘʥʳ ʩʪʨʫʢʪʫʨʳ ʩ 

ʚʳʩʦʪʦʡ 900 ʥʤ ʠ ʤʠʥʠʤʘʣʴʥʳʤ ʨʘʟʤʝʨʦʤ ʩʪʨʫʢʪʫʨʳ 280 ʥʤ. 

ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʵʤʠʩʩʠʦʥʥʦʡ ʷʯʝʡʢʠ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʚ ʢʘʯʝʩʪʚʝ ʘʢʪʠʚʥʦʛʦ ʵʣʝʤʝʥʪʘ 

ʵʤʠʩʩʠʦʥʥʦʡ ʷʯʝʡʢʠ ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ʘʚʪʦʵʤʠʩʩʠʦʥʥʳʡ ʪʦʢ ʠ ʧʣʦʪʥʦʩʪʴ 

ʪʦʢʘ. ʇʦʣʫʯʝʥʦ, ʯʪʦ ʩʬʦʨʤʠʨʦʚʘʥʥʘʷ ʷʯʝʡʢʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʮʝʧʠ, ʢʦʛʜʘ ʥʘʧʨʷʞʝʥʠʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʦʪ 5 ʜʦ 20 ɺ, ʪʦʢ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʦʪ 0,15Ñ0,03 ʥɸ ʜʦ 6,3Ñ0,4 ʥɸ, ʘ ʢʦʛʜʘ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʦʪ 60 ʜʦ 180 ʄɺ/ʩʤ, ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ 96,32 Ñ 8,81 

ɸ/ʩ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ɻʨʘʥʪʘ ʇʨʝʟʠʜʝʥʪʘ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ 

ˉ ʄʂ-3512.2019.8. ʈʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠʷ 

ʅʘʫʯʥʦ-ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ ʮʝʥʪʨʘ ʠ ʎʝʥʪʨʘ ʢʦʣʣʝʢʪʠʚʥʦʛʦ ʧʦʣʴʟʦʚʘʥʠʷ 

çʅʘʥʦʪʝʭʥʦʣʦʛʠʠè ʖʞʥʦʛʦ ʬʝʜʝʨʘʣʴʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ. 
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ʇʈʆʊʆʅʆʆɹʄɽʅʅʓʍ ʂʆʄʇʆɿʀʊʅʓʍ ʄɽʄɹʈɸʅ 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʘʟʦʚʳʭ ʨʘʚʥʦʚʝʩʠʡ ʚ ʚʦʜʥʦ-ʩʦʣʝʚʳʭ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʠʩʪʝʤʘʭ K2SO4ï(NH4)2SO4ïH2SO4ïH2O ʠ CsHSO4ïCsH2PO4ï

NH4H2PO4ïH2O. ʅʘ ʧʨʠʤʝʨʝ ʮʝʟʠʝʚʳʭ ʢʨʠʩʪʘʣʣʦʚ-ʩʫʧʝʨʧʨʦʪʦʥʠʢʦʚ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʪʥʳʭ ʧʨʦʪʦʥʦʦʙʤʝʥʥʳʭ ʤʝʤʙʨʘʥ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʘʣʶʤʦʬʦʩʬʘʪʥʦʛʦ ʘʨʤʠʨʫʶʱʝʛʦ ʢʦʤʧʦʥʝʥʪʘ, ʧʨʠʛʦʜʥʳʭ ʜʣʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʚʦʜʦʨʦʜʥʦ-ʚʦʟʜʫʰʥʳʭ ʪʦʧʣʠʚʥʳʭ ʵʣʝʤʝʥʪʘʭ. 
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FSRC ñCrystallography and Photonicsò RAS, Moscow, Russia 

RESEARCH OF PHASE EQUILIBRIUM IN WATER - SALT 

SYSTEMS FOR PRODUCING PROTONEXCHANGE COMPOSITE 

MEMBRANES  

The results of investigation of phase equilibria in K2SO4ï(NH4)2SO4ïH2SO4ïH2O and 

CsHSO4ïCsH2PO4ïNH4H2PO4ïH2O systems are presented. Using cesium superprotonics as an 

example, the results of the preparation of composite proton-exchange membranes using an 

aluminophosphate reinforcing component suitable for use in hydrogen-air fuel cells are 

demonstrated. 

ʇʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʪʦʧʣʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʥʘ ʚʦʜʦʨʦʜʝ 

(ʚʦʜʦʨʦʜʥʘʷ ʵʥʝʨʛʝʪʠʢʘ) ʤʘʪʝʨʠʘʣʘʤʠ ʷʚʣʷʶʪʩʷ ʩʦʝʜʠʥʝʥʠʷ ʩʝʤʝʡʩʪʚʘ ʩ ʦʙʱʝʡ 

ʬʦʨʤʫʣʦʡ MmHn(XO4)(m+n)/2ĿyH2O (M=K, Rb, Cs, NH4; XO4 = SO4, SeO4, HʈO4). 

ʆʜʥʠʤ ʠʟ ʫʥʠʢʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʢʨʠʩʪʘʣʣʦʚ ʵʪʦʛʦ ʩʝʤʝʡʩʪʚʘ, ʥʘʟʚʘʥʥʦʛʦ 

ʩʫʧʝʨʧʨʦʪʦʥʠʢʘʤʠ, ʷʚʣʷʝʪʩʷ ʘʥʦʤʘʣʴʥʦ ʚʳʩʦʢʘʷ ʧʨʦʪʦʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʧʨʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʧʨʦʷʚʣʷʶʱʘʷʩʷ ʚ ʩʣʝʜʩʪʚʠʝ ʬʘʟʦʚʦʛʦ 

ʧʝʨʝʭʦʜʘ. ʇʨʠʯʝʤ ʩʫʧʝʨʧʨʦʪʦʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʚ ʥʠʭ ʩʚʷʟʘʥʘ ʪʦʣʴʢʦ ʩʦ 

ʩʪʨʫʢʪʫʨʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʚʣʘʞʥʦʩʪʠ, 

ʜʝʬʝʢʪʦʚ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠʣʠ ʚʣʠʷʥʠʷ ʣʝʛʠʨʫʶʱʠʭ ʜʦʙʘʚʦʢ. 

ʊʝʭʥʦʣʦʛʠʯʝʩʢʠ ʚʘʞʥʳʤ ʷʚʣʷʝʪʩʷ ʚʦʧʨʦʩ ʦ ʧʦʣʫʯʝʥʠʠ ʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʥʦʚʳʭ 

ʢʨʠʩʪʘʣʣʦʚ, ʩʪʨʫʢʪʫʨʥʦʡ ʦʙʫʩʣʦʚʣʝʥʥʦʩʪʠ ʠʭ ʫʥʠʢʘʣʴʥʳʭ ʩʚʦʡʩʪʚ, ʚʦʟʤʦʞʥʦʩʪʠ 

ʨʘʩʰʠʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʩʫʧʝʨʧʨʦʪʦʥʥʦʡ ʬʘʟʳ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʥʦʚʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ MmHn(XO4)(m+n)/2ÅyH2O ʙʳʣʠ 

ʠʟʫʯʝʥʳ ʬʘʟʦʚʳʝ ʨʘʚʥʦʚʝʩʠʷ ʚ ʚ ʚʦʜʥʦ-ʩʦʣʝʚʳʭ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʠʩʪʝʤʘʭ 
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K2SO4ï(NH4)2SO4ïH2SO4ïH2O ʠ CsHSO4ïCsH2PO4ïNH4H2PO4ïH2O. ɹʳʣʠ 

ʦʧʨʝʜʝʣʝʥʳ ʦʙʣʘʩʪʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʫʩʣʦʚʠʷ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʛʦ ʧʦʣʫʯʝʥʠʷ 

ʨʷʜʘ ʢʨʠʩʪʘʣʣʦʚ: (K,NH4)3H(SO4)2, (K,NH4)9H7(SO4)8Ā0.5H2O, (K,NH4)HSO4, ʠ 

ʚʧʝʨʚʳʝ ʧʦʣʫʯʝʥʳ ʩʦʝʜʠʥʝʥʠʷ NH4Cs3(HSO4)3(H2PO4), NH4Cs(HSO4)(H2PO4) ʠ 

ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʥʘ ʦʩʥʦʚʝ ʵʪʠʭ ʬʘʟ. 

ʅʘ ʧʨʠʤʝʨʝ ʩʦʝʜʠʥʝʥʠʡ ʵʪʦʛʦ ʞʝ ʢʣʘʩʩʘ ʢʨʠʩʪʘʣʣʦʚ-ʩʫʧʝʨʧʨʦʪʦʥʠʢʦʚ 

ʩʦʩʪʘʚʦʚ Cs4(HSO4)3(H2PO4) ʠ Cs6(HSO4)3(H2PO4)4 ʙʳʣʘ ʦʪʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ 

ʧʨʝʧʘʨʘʪʠʚʥʦʛʦ ʩʠʥʪʝʟʘ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʘʣʶʤʦʬʦʩʬʘʪʥʦʛʦ ʘʨʤʠʨʫʶʱʝʛʦ ʢʦʤʧʦʥʝʥʪʘ. 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʩʧʳʪʘʥʠʡ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʚʦʟʤʦʞʥʦʩʪʝʡ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʙʳʣʘ ʩʧʨʦʝʢʪʠʨʦʚʘʥʘ ʠ ʩʦʟʜʘʥʘ 

ʦʨʠʛʠʥʘʣʴʥʘʷ ʚʦʜʦʨʦʜʥʦ-ʚʦʟʜʫʰʥʘʷ ʪʦʧʣʠʚʥʘʷ ʷʯʝʡʢʘ. ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʧʳʪʘʥʠʷ 

ʚʳʷʚʠʣʠ ʧʨʠʥʮʠʧʠʘʣʴʥʫʶ ʧʨʠʤʝʥʠʤʦʩʪʴ ʢʘʢ ʩʘʤʠʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʪʘʢ ʠ ʤʝʪʦʜʠʢʠ ʠʭ ʧʦʣʫʯʝʥʠʷ ʜʣʷ ʚʦʜʦʨʦʜʥʦʡ ʵʥʝʨʛʝʪʠʢʠ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ɻʨʘʥʪʘ 18-32-20050. ʍʘʨʘʢʪʝʨʠʟʘʮʠʷ 

ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʨʠʩʪʘʣʣʦʚ ʧʨʦʚʝʜʝʥʘ ʧʨʠ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ 

ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʌ ʚ ʨʘʤʢʘʭ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʌʅʀʎ 

ñʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘò ʈɸʅ. ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʥʦ ʦʙʦʨʫʜʦʚʘʥʠʝ ʎʂʇ 

ʀʂ ʈɸʅ. 
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ʇ.ɺ. ʂʆʅɸʈɽɺ1,2 

1ʌʅʀʎ çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘè ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʄɽʊʆɼʓ ɺʆʉʉʊɸʅʆɺʃɽʅʀʗ ʆʊɼɽʃʔʅʓʍ  

ʂʆʄʇʆʅɽʅʊ ɺ ɹɽʃʂʆɺʓʍ ʀ ʃʀʇʀɼʅʓʍ ʉʄɽʉʗʍ  

ʇʆ ɼɸʅʅʓʄ ʄɸʃʆʋɻʃʆɺʆɻʆ ʈɽʅʊɻɽʅʆɺʉʂʆɻʆ  

ʈɸʉʉɽʗʅʀʗ 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʘʣʛʦʨʠʪʤʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʠʩʪʝʤ ʧʦ ʜʘʥʥʳʤ 

ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ. ʆʥʠ ʧʦʟʚʦʣʷʶʪ ʦʮʝʥʠʚʘʪʴ ʦʙʲʝʤʥʳʝ ʜʦʣʠ 

ʢʦʤʧʦʥʝʥʪ, ʩʨʝʜʥʠʝ ʨʘʟʤʝʨʳ ʠ ʰʠʨʠʥʫ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʧʨʦʩʪʳʭ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʪʝʣ, ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ ʬʦʨʤʫ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʢʦʤʧʦʥʝʥʪ ʚ ʧʨʦʮʝʩʩʝ 

ʦʙʨʘʟʦʚʘʥʠʷ ʬʠʙʨʠʣʣ, ʦʧʨʝʜʝʣʷʪʴ ʤʫʣʴʪʠ-ʣʘʤʝʣʣʷʨʥʫʶ ʦʨʛʘʥʠʟʘʮʠʶ ʣʠʧʠʜʥʳʭ ʩʤʝʩʝʡ ʠ 

ʵʣʝʢʪʨʦʥʥʫʶ ʧʣʦʪʥʦʩʪʴ ʣʠʧʠʜʥʦʛʦ ʙʠʩʣʦʷ, ʨʘʟʜʝʣʷʪʴ ʧʨʦʬʠʣʠ ʨʘʩʩʝʷʥʠʷ ʦʪʜʝʣʴʥʳʭ 

ʢʦʤʧʦʥʝʥʪ ʚ ʙʝʣʢʦʚʳʭ ʩʤʝʩʷʭ ʚ ʫʩʣʦʚʠʷʭ ʤʘʣʦʫʛʣʦʚʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʩ ʦʥʣʘʡʥ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʭʨʦʤaʪʦʛʨʘʬʠʯʝʩʢʦʡ ʢʦʣoʥʢʠ. ɺʦʟʤʦʞʥʦʩʪʠ ʜʘʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ 

ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʥʳ ʥʘ ʨʷʜʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. 

P.V. KONAREV1,2 

1FSRC ñCrystallography and Photonicsò RAS, Moscow, Russia 
2NRC "Kurchatov Institute", Moscow, Russia 

APPROACHES FOR RESTORING INDIVIDUAL  

COMPONENTS IN PROTEIN AND LIPID MIXTURES  

USING SMALL -ANGLE X -RAY SCATTERING DATA  

Algorithms for modeling multicomponent systems using small-angle X-ray scattering 

(SAXS) data are presented. They enable to estimate the volume fractions of the components, the 

average size and width of the particle distribution in the approximation of simple geometric 

bodies, restore the shape of the intermediate components during the formation of fibrils, 

determine the multi-lamellar organization of lipid mixtures and the electron density of the lipid 

bilayer, and separate the scattering profiles of individual components in protein mixtures using 

SAXS setup with online size-exclusion chromatography. The capabilities of these algorithms 

are illustrated by a number of theoretical and experimental data sets. 

ʄʘʣʦʫʛʣʦʚʦʝ ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʨʘʩʩʝʷʥʠʝ (ʄʋʈʈ) ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ 

ʩʪʨʫʢʪʫʨʥʳʤ ʤʝʪʦʜʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʥʦʦʙʲʝʢʪʦʚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʤʝʪʦʜ ʄʋʈʈ 

ʧʦʟʚʦʣʷʝʪ ʠʟʫʯʘʪʴ ʩʪʨʫʢʪʫʨʫ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʤʘʢʨʦʤʦʣʝʢʫʣ ʚ ʨʘʩʪʚʦʨʝ ʚ ʠʭ 

ʝʩʪʝʩʪʚʝʥʥʳʭ ʬʠʟʠʦʣʦʛʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʠ ʠʩʩʣʝʜʦʚʘʪʴ ʨʝʘʢʮʠʶ ʩʠʩʪʝʤʳ ʥʘ 

ʠʟʤʝʥʝʥʠʷ ʫʩʣʦʚʠʡ ʩʨʝʜʳ, ʪʘʢʠʝ ʢʘʢ ʪʝʤʧʝʨʘʪʫʨʘ, pH, ʢʦʥʮʝʥʪʨʘʮʠʷ ʙʝʣʢʘ, 

ʩʦʩʪʘʚ ʙʫʬʝʨʥʦʛʦ ʨʘʩʪʚʦʨʘ, ʠ ʜʨʫʛʠʝ. 

ɽʩʣʠ ʜʣʷ ʘʥʘʣʠʟʘ ʤʦʥʦʜʠʩʧʝʨʩʥʳʭ ʩʠʩʪʝʤ, ʩʦʜʝʨʞʘʱʠʭ ʘʥʩʘʤʙʣʴ 

ʠʜʝʥʪʠʯʥʳʭ ʜʨʫʛ ʜʨʫʛʫ ʯʘʩʪʠʮ, ʨʘʟʨʘʙʦʪʘʥʳ ʵʬʬʝʢʪʠʚʥʳʝ ab initio ʤʝʪʦʜʳ 
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ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʬʦʨʤʳ ʯʘʩʪʠʮ ʧʦ ʄʋʈʈ ʜʘʥʥʳʤ ʩ ʨʘʟʨʝʰʝʥʠʝʤ 1-2 ʥʤ, ʪʦ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʝ ʩʠʩʪʝʤʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʯʘʩʪʠʮ ʨʘʟʥʦʛʦ ʪʠʧʘ ʠ ʨʘʟʤʝʨʘ, 

ʪʨʝʙʫʶʪ ʙʦʣʝʝ ʩʣʦʞʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʠʭ ʘʥʘʣʠʟ ʦʩʪʘʝʪʩʷ ʥʝʪʨʠʚʠʘʣʴʥʦʡ 

ʟʘʜʘʯʝʡ. 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʙʳʣ ʨʘʟʚʠʪ ʨʷʜ ʥʦʚʳʭ ʘʣʛʦʨʠʪʤʦʚ, ʧʦʟʚʦʣʠʚʰʠʭ ʧʦʣʫʯʠʪʴ 

ʮʝʥʥʫʶ ʩʪʨʫʢʪʫʨʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ. ʉʨʝʜʠ ʥʠʭ ʦʩʦʙʦʛʦ 

ʚʥʠʤʘʥʠʷ ʟʘʩʣʫʞʠʚʘʶʪ ʩʣʝʜʫʶʱʠʝ ʧʦʜʭʦʜʳ: ʥʘʭʦʞʜʝʥʠʝ ʦʙʲʝʤʥʳʭ ʜʦʣʝʡ 

ʢʦʤʧʦʥʝʥʪ ʚ ʙʝʣʢʦʚʳʭ ʩʤʝʩʷʭ ʠ ʧʘʨʘʤʝʪʨʠʟaʮʠʷ ʢʦʤʧʦʥʝʥʪ ʚ ʚʠʜʝ ʧʨʦʩʪʳʭ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʪʝʣ (ʩʬʝʨ, ʮʠʣʠʥʜʨʦʚ, ʵʣʣʠʧʩʦʠʜʦʚ), ʠʤʝʶʱʠʭ 

ʧʦʣʠʜʠʩʧʝʨʩʥʦʩʪʴ ʧʦ ʨʘʟʤʝʨʘʤ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʤʝʞʜʫ ʩʦʙʦʡ [1]; 

ʚʦʩʩʪʘʥoʚʣʝʥʠʝ ʬʦʨʤʳ ʥʝʠʟʚʝʩʪʥʦʡ ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʧʨʠ ʵʚʦʣʶʮʠʠ 

ʩʠʩʪʝʤʳ [2]; ʦʮʝʥʢa ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʣʠʧʠʜʥʳʭ ʩʤʝʩʝʡ, ʪʘʢʠʭ ʢʘʢ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʚ ʣʠʧʠʜʥʦʤ ʙʠʩʣʦʝ, ʨʘʟʤʝʨʳ ʠ 

ʧʦʣʠʜʠʩʧʝʨʩʥʦʩʪʴ ʣʠʧʠʜʥʳʭ ʚʝʟʠʢʫʣ, ʘ ʪʘʢʞʝ ʠʭ ʤʫʣʴʪʠʣʘʤʝʣʣʷʨʥʘʷ 

ʦʨʛʘʥʠʟʘʮʠʷ [3]; ʨʘʟʜʝʣʝʥʠʝ ʧʨʦʬʠʣʝʡ ʨʘʩʩʝʷʥʠʷ ʦʪʜʝʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ 

ʙʝʣʢʦʚʳʭ ʩʤʝʩʝʡ ʚ ʫʩʣʦʚʠʷʭ ʄʋʈʈ ʵʢʩʧʝʨʠʤʝʥʪʘ ʩ ʦʥʣʘʡʥ ʭʨʦʤʘʪʦʛʨʘʬʠʝʡ. 

ʋʢʘʟʘʥʥʳʝ ʚʳʰʝ ʤʝʪʦʜʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʠʩʪʝʤ 

ʧʦʟʚʦʣʠʣʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʦʮʝʥʠʪʴ ʦʣʠʛʦʤʝʨʥʳʡ ʩʦʩʪʘʚ ʙʝʣʢʦʚʳʭ ʩʤʝʩʝʡ [1], 

ʦʧʨʝʜʝʣʠʪʴ ʬʦʨʤʫ ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʚ ʧʨʦʮʝʩʩʝ ʦʙʨʘʟʦʚʘʥʠʷ 

ʬʠʙʨʠʣʣ [2] ʠ ʚʦʩʩʪʘʥʦʚʠʪʴ ʩʪʨʫʢʪʫʨʥʳʝ ʧʘʨʘʤʝʪʨʳ ʣʠʧʠʜʥʳʭ ʩʤʝʩʝʡ [3].  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ 

ʦʙʨʘʟʦʚʘʥʠʷ ʚ ʨʘʤʢʘʭ ʚʳʧʦʣʥʝʥʠʷ ʨʘʙʦʪ ʧʦ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʤʫ ʟʘʜʘʥʠʶ ʌʅʀʎ 

çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘè ʈɸʅ, a ʪʘʢʞʝ ʧʨʠ ʯʘʩʪʠʯʥʦʡ ʬʠʥʘʥʩʦʚʦʡ 

ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʬʦʥʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʛʨʘʥʪ ʂʆʄʌʀ 

ˉ 17-00-00487). 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Konarev P.V., Volkov V.V., Sokolova A.V. and others// J. Appl. Cryst. 2003, Vol. 36, P. 1277-
1282. 

2. Konarev P.V. and D.I. Svergun// IUCr J. 2018, Vol. 5, P. 402-409. 

3. Konarev P.V., Petoukhov M.V., Dadinova L.A. and others// J. Appl. Cryst. 2020, Vol. 53, 
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ɸ.ɽ. ʂʈʖʂʆɺɸ1,2, ʇ.ɺ. ʂʆʅɸʈɽɺ1,2, ɺ.ɺ. ɺʆʃʂʆɺ1 

1ʌʅʀʎ çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘè ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2 ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʉʈɸɺʅɽʅʀɽ ʕʌʌɽʂʊʀɺʅʆʉʊʀ ʈɽʐɽʅʀʁ,  

ʇʆʃʋʏɽʅʅʓʍ ʈʗɼʆʄ ʀʊɽʈɸʊʀɺʅʓʍ ɸʃɻʆʈʀʊʄʆɺ ʇʈʀ 

ɸʅɸʃʀɿɽ ɼɸʅʅʓʍ ʄɸʃʆʋɻʃʆɺʆɻʆ ʈɸʉʉɽʗʅʀʗ ʆʊ 

ʈɸʉʊɺʆʈɸ ʂʈɽʄʅɽɿʆʃʗ 

ʇʨʠʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʛʨʘʥʠʮ ʫʩʪʦʡʯʠʚʦʩʪʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ 

ʦʧʨʝʜʝʣʝʥʠʷ ʦʙʲʝʤʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʥʘ ʧʨʠʤʝʨʝ ʜʘʥʥʳʭ 

ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʘʩʩʝʷʥʠʷ ʦʪ ʨʘʩʪʚʦʨʘ ʢʨʝʤʥʝʟʦʣʷ ʜʣʷ ʨʷʜʘ ʠʪʝʨʘʪʠʚʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʨʘʜʠʝʥʪʥʦʛʦ ʤʝʪʦʜʘ ʤʠʥʠʤʠʟʘʮʠʠ, ʤʝʪʦʜʘ ʩʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʦʪʞʠʛʘ, ʠʭ 

ʢʦʤʙʠʥʘʮʠʠ, ʘ ʪʘʢʞʝ ʤʝʪʦʜʘ ʅʝʣʜʝʨʘ-ʄʠʜʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʨʘʚʥʝʥʠʷ ʤʝʪʦʜʳ ʚʳʩʪʨʦʝʥʳ ʚ 

ʧʦʨʷʜʢʝ ʚʦʟʨʘʩʪʘʥʠʷ ʠʭ ʵʬʬʝʢʪʠʚʥʦʩʪʠ. 

A.E. KRYUKOVA 1,2, P.V. KONAREV1,2, V.V. VOLKOV 1 

1FSRC ñCrystallography and Photonicsò RAS, Moscow, Russia 
2NRC "Kurchatov Institute", Moscow, Russia 

COMPARISON OF SOLUTION EFFICIENCY OBTAINED BY 

A NUMBER OF ITERATIVE ALGORITHMS FOR SMALL -ANGLE 

SCATTERING DATA FROM A SILICASOL SOLUTION  

The comparison of the stability ranges for the solutions of the volume size particle 

distributions derived from the small-angle scattering data of a silicasol solution is given for a 

number of iterative algorithms based on the gradient minimization method, the simulated 

annealing method, their combination, and the Nelder-Mead method. As a result of the 

comparison, these methods are arranged in an increasing order of their efficiency. 

ʄʝʪʦʜ ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʘʩʩʝʷʥʠʷ (ʄʋʈ) ï ʦʜʠʥ ʠʟ ʥʘʠʙʦʣʝʝ 

ʠʥʬʦʨʤʘʪʠʚʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʤʝʪʦʜʦʚ ʜʣʷ ʘʥʘʣʠʟʘ ʧʦʣʠʜʠʩʧʝʨʩʥʳʭ ʩʠʩʪʝʤ ʚ 

ʥʘʥʦʨʘʟʤʝʨʥʦʤ ʜʠʘʧʘʟʦʥʝ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʘʢʦʛʦ ʨʦʜʘ ʦʙʲʝʢʪʦʚ ʙʳʣ ʚʳʙʨʘʥ 

ʨʘʩʪʚʦʨ ʢʨʝʤʥʝʟʦʣʷ [1, 2]. 

ʈʘʥʝʝ ʥʘʤʠ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʚʦʟʤʦʞʥʦʩʪʴ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʬʫʥʢʮʠʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʜʣʷ ʜʘʥʥʳʭ ʄʋʈ ʦʪ ʢʨʝʤʥʝʟʦʣʷ ʩ ʧʦʤʦʱʴʶ 

ʧʨʦʛʨʘʤʤʳ MIXTURE [3] (ʠʟ ʧʘʢʝʪʘ ʧʨʦʛʨʘʤʤ ATSAS [4]), ʚ ʘʣʛʦʨʠʪʤʝ ʢʦʪʦʨʦʡ 

ʨʝʘʣʠʟʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʤʝʪʦʜʳ ʤʠʥʠʤʠʟʘʮʠʠ: ʤʝʪʦʜ ʧʝʨʝʤʝʥʥʦʡ ʤʝʪʨʠʢʠ ʚ 

ʚʘʨʠʘʥʪʝ ɹʨʦʡʜʝʥʘ-ʌʣʝʪʯʝʨʘ-ɻʦʣʜʬʘʨʙʘ-ʐʘʥʥʦ (BFGS) ʩ ʧʨʦʩʪʳʤʠ 

ʦʛʨʘʥʠʯʝʥʠʷʤʠ ʥʘ ʧʘʨʘʤʝʪʨʳ [5], ʤʝʪʦʜ ʩʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʦʪʞʠʛʘ (SA) [6], ʘ 

ʪʘʢʞʝ ʢʦʤʙʠʥʘʮʠʷ ʵʪʠʭ ʤʝʪʦʜʦʚ. ʇʦʤʠʤʦ ʵʪʦʛʦ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʚʦʟʤʦʞʥʦʩʪʠ 

ʘʣʛʦʨʠʪʤʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʩʠʤʧʣʝʢʩ ʤʝʪʦʜʘ ʅʝʣʜʝʨʘ-ʄʠʜʘ (NM). ɺ ʨʝʟʫʣʴʪʘʪʝ 
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ʘʥʘʣʠʟʘ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʢʦʥʪʫʨʥʳʝ ʛʨʘʬʠʢʠ ʫʩʪʦʡʯʠʚʦʩʪʠ (ʨʠʩ.1) ʧʨʠ 

ʚʘʨʴʠʨʦʚʘʥʠʠ ʨʘʜʠʫʩʦʚ ʦʙʝʠʭ ʩʬʝʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʨʘʩʪʚʦʨʘ ʢʨʝʤʥʝʟʦʣʷ (R1,R2).  

ʘ)

 

ʙ)

 

ʚ)

 

ʛ)

 

ʈʠʩ.1. ʂʦʥʪʫʨʥʳʝ ʛʨʘʬʠʢʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʨʝʰʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʩʪʘʨʪʦʚʳʭ ʟʥʘʯʝʥʠʡ ʨʘʜʠʫʩʦʚ ʩʬʝʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʢʨʝʤʥʝʟʦʣʷ (R1, R2). ʇʝʨʝʩʝʯʝʥʠʝ 

ʧʫʥʢʪʠʨʥʳʭ ʣʠʥʠʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʦʯʥʳʤ (ʟʘʜʘʥʥʳʤ) ʟʥʘʯʝʥʠʷʤ ʧʘʨʘʤʝʪʨʦʚ. ʊʝʤʥʳʝ 

ʦʙʣʘʩʪʠ ï ñʥʝʫʜʘʯʘò (ʦʪʣʠʯʠʝ ʦʪ ʟʘʜʘʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʙʦʣʝʝ ʯʝʤ ʥʘ 5%), ʩʚʝʪʣʳʝ ʦʙʣʘʩʪʠ 

ï ñʫʩʧʝʰʥʦʝò ʥʘʭʦʞʜʝʥʠʝ ʨʝʰʝʥʠʷ (ʥʘʡʜʝʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ï ʚ ʧʨʝʜʝʣʘʭ 5% ʦʪ ʟʘʜʘʥʥʳʭ). 

ʀʩʧʦʣʴʟʦʚʘʥʥʳʝ ʘʣʛʦʨʠʪʤʳ: (ʘ) NM, (ʙ) SA, (ʚ) BFGS, (ʛ) BFGS+SA. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʚʳʩʪʨʦʠʪʴ ʨʷʜ ʤʝʪʦʜʦʚ ʚ ʧʦʨʷʜʢʝ ʚʦʟʨʘʩʪʘʥʠʷ ʠʭ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʨʝʰʝʥʠʡ: NM, SA, BFGS, ʢʦʤʙʠʥʘʮʠʷ BFGS ʠ 

SA. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʘʤʳʝ ʰʠʨʦʢʠʝ ʛʨʘʥʠʮʳ ʫʩʪʦʡʯʠʚʦʩʪʠ ʫ ʢʦʤʙʠʥʘʮʠʠ 

ʤʝʪʦʜʦʚ BFGS ʠ SA. ʕʪʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʚ ʜʘʣʴʥʝʡʰʝʤ ʙʫʜʝʪ ʧʨʦʚʝʨʝʥʦ ʧʨʠ 

ʚʘʨʴʠʨʦʚʘʥʠʠ ʩʪʘʨʪʦʚʳʭ ʟʥʘʯʝʥʠʡ ʜʨʫʛʠʭ ʧʘʨʘʤʝʪʨʦʚ (ʧʦʣʠʜʠʩʧʝʨʩʥʦʩʪʝʡ ʠ 

ʦʙʲʝʤʥʳʭ ʜʦʣʝʡ ʢʦʤʧʦʥʝʥʪʦʚ ʨʘʩʪʚʦʨʘ ʢʨʝʤʥʝʟʦʣʷ).  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ 

ʦʙʨʘʟʦʚʘʥʠʷ ʚ ʨʘʤʢʘʭ ʚʳʧʦʣʥʝʥʠʷ ʨʘʙʦʪ ʧʦ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʤʫ ʟʘʜʘʥʠʶ ʌʅʀʎ 

çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘè ʈɸʅ, a ʪʘʢʞʝ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ 

ʈʌʌʀ (ʛʨʘʥʪ ˉ 19-32-90190 ɸʩʧʠʨʘʥʪʳ). 
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ʊʋʃɸɻɸʅʆɺ 
ʀʥʩʪʠʪʫʪ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʳʭ ʠ ʣʘʟʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ɸʢʘʜʝʤʠʠ ʥʘʫʢ 

 ʈʝʩʧʫʙʣʠʢʠ ʋʟʙʝʢʠʩʪʘʥ, ʛ. ʊʘʰʢʝʥʪ, ʋʟʙʝʢʠʩʪʘʥ 

 

ɺʓʇʃɸɺʂɸ ʊɽʍʅʀʏɽʉʂʆɻʆ ʂʈɽʄʅʀʗ ʀ  

ʌɽʈʈʆʉʀʃʀʎʀʗ ʉ ʀʉʇʆʃʔɿʆɺɸʅʀɽʄ  

ɻɸɿʆʆɹʈɸɿʅʆɻʆ ʋɻʃɽʈʆɼʀʉʊʆɻʆ ɺʆʉʉʊɸʅʆɺʀʊɽʃʗ 

ʋʛʣʝʨʦʜʠʩʪʳʡ ʚʦʩʩʪʘʥʦʚʠʪʝʣʴ (ʋɺ), ʷʚʣʷʷʩʴ ʦʙʷʟʘʪʝʣʴʥʳʤ ʨʝʘʛʝʥʪʦʤ ʧʨʠ ʚʳʧʣʘʚʢʝ 

ʪʝʭʥʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ (ʊʂ) ʠʣʠ ʬʝʨʨʦʩʠʣʠʮʠʷ (ʌʉ) ʦʧʨʝʜʝʣʷʝʪ ʵʥʝʨʛʦʝʤʢʦʩʪʴ ʧʨʦʮʝʩʩʘ, 

ʧʦʣʥʦʪʫ ʨʝʘʢʮʠʠ ʠ ʢʘʯʝʩʪʚʦ ʧʨʦʜʫʢʪʘ. ɼʝʬʠʮʠʪ ʠ ʜʦʨʦʛʦʚʠʟʥʘ ʜʨʝʚʝʩʥʦʛʦ ʨʝʪʦʨʪʥʦʛʦ 

ʫʛʣʷ, ʚʧʣʦʪʴ ʜʦ ʦʪʩʫʪʩʪʚʠʷ ʝʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʚ ʙʝʟʣʝʩʥʳʭ ʨʝʛʠʦʥʘʭ ʤʠʨʘ ʦʙʫʩʣʦʚʣʠʚʘʶʪ 

ʧʦʠʩʢ ʜʨʫʛʠʭ ʋɺ, ʚ ʪʦʤ ʯʠʩʣʝ, ʛʘʟʦʦʙʨʘʟʥʳʭ, ʪʠʧʘ ʤʝʪʘʥʘ, ʚʦʜʦʨʦʜʘ ʠʣʠ ʧʨʦʧʘʥʘ. ʆʜʥʘʢʦ 

ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʩʦʧʨʷʞʝʥʦ ʩ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʯʘʩʪʠʯʥʦʡ ʠʦʥʠʟʘʮʠʠ. 

ʅʘʤʠ ʧʨʝʜʣʘʛʘʝʪʩʷ ʜʝʣʘʪʴ ʵʪʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʪʨʘʢʪʝ ʧʦʜʘʯʠ ʋɺ ʚ ʟʦʥʫ ʛʦʨʝʥʠʷ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʫʛʠ.  

M.SH. KURBANOV, B.M. ABDURAKHMANOV ,  

U.M. NURALIEV, S.A. TULAGANOV  

Arifov Institute of Ion-Plasma and Laser Technologies, Academy of Sciences  

of the Republic of Uzbekistan, Tashkent, Uzbekistan 

SILKING OF TECHNICAL SILICON AND FERROSILICIUM 

USING A GAS-CARBON-CARBON REDUCER 

Carbon reducing agent, being an obligatory reagent in the smelting of 

technical silicon or ferrosilicon, determines the energy capacity of the process, the 

completeness of the reaction, and the quality of the product. The shortage and high 

cost of charcoal retort coal, up to the lack of its production in treeless regions of the 

world, determine the search for other hydrocarbons, including gaseous ones, such as 

methane, hydrogen or propane. However, their use is associated with the need for 

preliminary partial ionization. We propose to do this directly on the path of supplying 

the hydrocarbons to the combustion zone of the electric arc. 

ʇʨʦʙʣʝʤʘ ʦʧʪʠʤʘʣʴʥʦʛʦ ʚʳʙʦʨʘ ʋɺ ʜʣʷ ʧʨʦʮʝʩʩʦʚ ʵʣʝʢʪʨʦʜʫʛʦʚʦʡ 

ʚʳʧʣʘʚʢʠ ʊʂ ʠʣʠ ʌʉ ʩʦʧʨʷʞʝʥʘ ʩ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʫʜʦʚʣʝʪʚʦʨʝʥʠʝʤ ʨʷʜʘ 

ʪʨʝʙʦʚʘʥʠʡ, ʩʚʷʟʘʥʥʳʭ ʩ ʦʙʝʩʧʝʯʝʥʠʝʤ ʚʳʩʦʢʦʡ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʋɺ, 

ʤʠʥʠʤʘʣʴʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʚ ʥʝʤ ʧʨʠʤʝʩʝʡ, ʠ ʦʪʩʫʪʩʪʚʠʝʤ ʩʢʣʦʥʥʦʩʪʠ ʢ 

ʰʣʘʢʦʦʙʨʘʟʦʚʘʥʠʶ. ʅʝ ʤʝʥʝʝ ʚʘʞʥʳ ʠ ʵʢʦʥʦʤʠʯʝʩʢʠʝ ʘʩʧʝʢʪʳ, ʢʦʪʦʨʳʝ 

ʚʳʟʚʘʥʳ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʦʙʝʩʧʝʯʝʥʠʷ ʜʦʩʪʫʧʥʦʩʪʠ ʋɺ ʠ ʤʠʥʠʤʠʟʘʮʠʠ ʝʛʦ 

ʮʝʥʳ. ʉ ʵʪʠʭ ʧʦʟʠʮʠʡ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʜʨʝʚʝʩʥʦʛʦ ʫʛʣʷ, ʦʪʣʠʯʘʶʱʝʛʦʩʷ 

ʥʘʠʣʫʯʰʠʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ ʧʦ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʠ ʟʦʣʴʥʦʩʪʠ, ʥʦ 

ʠʤʝʶʱʝʛʦ ʚʳʩʦʢʫʶ ʩʪʦʠʤʦʩʪʴ ʟʘʩʪʘʚʣʷʝʪ ʚʝʩʪʠ ʧʦʠʩʢ ʜʨʫʛʠʭ ʋɺ ʪʠʧʘ, 
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ʧʦʣʫʢʦʢʩʦʚ, ʣʠʛʥʠʥʘ, ʥʝʬʪʷʥʦʛʦ ʢʦʢʩʘ ʠ ʠʭ ʩʤʝʩʝʡ. ʆʩʦʙʥʷʢʦʤ ʩʪʦʠʪ ʚʦʧʨʦʩ ʦ 

ʧʨʠʤʝʥʝʥʠʠ ʛʘʟʦʦʙʨʘʟʥʳʭ ʋɺ ʪʠʧʘ ʤʝʪʘʥʘ, ʧʨʦʧʘʥʘ, ʚʦʜʦʨʦʜʘ ʠʣʠ ʠʭ ʩʤʝʩʝʡ, 

ʭʦʪʷ ʧʦʩʣʝʜʥʠʡ ʠʟ ʥʠʭ ʷʚʣʷʝʪʩʷ ʠʟʚʝʩʪʥʳʤ ʚʦʩʩʪʘʥʦʚʠʪʝʣʝʤ, ʰʠʨʦʢʦ 

ʧʨʠʤʝʥʷʝʤʳʤ ʚ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʘ CH4 ʠ ʅ2 

ʚʦʟʥʠʢʘʶʪ ʚ ʙʦʣʴʰʠʭ ʢʦʣʠʯʝʩʪʚʘʭ ʚ ʧʦʣʦʩʪʠ ʩʘʤʦʡ ʵʣʝʢʪʨʦʜʫʛʦʚʦʡ ʧʝʯʠ ʧʨʠ 

ʚʳʧʣʘʚʢʝ ʢʘʢ ʊʂ, ʪʘʢ ʠ ʌʉ. ʇʦ-ʚʠʜʠʤʦʤʫ, ʠʥʪʝʨʝʩ ʢ ʵʪʠʤ ʛʘʟʘʤ ʥʝ ʚʝʣʠʢ ʠʟ-ʟʘ 

ʪʦʛʦ, ʯʪʦ ʠʭ ʦʙʨʘʟʦʚʘʥʠʝ ʚ ʩʪʘʥʜʘʨʪʥʦʤ ʧʨʦʮʝʩʩʝ ʧʨʦʠʩʭʦʜʠʪ ʚʥʝ ʛʦʨʥʘ ʧʝʯʠ ʠ 

ʧʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʠʭ ʚʢʣʘʜ ʚ ʚʦcʩʪʘʥʦʚʣʝʥʠʝ Si ʠʟ SiO2 ʠʣʠ SiO ʥʝʩʦʠʟʤʝʨʠʤʦ 

ʤʘʣ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʫʛʣʝʨʦʜʦʤ. ʅʘʤʠ ʧʨʝʜʣʦʞʝʥʘ ʠ ʫʩʧʝʰʥʦ ʦʧʨʦʙʦʚʘʥʘ 

ʪʝʭʥʦʣʦʛʠʷ ʚʳʧʣʘʚʢʠ ʊʂ ʠ ʬʝʨʨʦʩʠʣʠʮʠʷ ʩ ʯʘʩʪʠʯʥʦʡ ʠʣʠ ʧʦʣʥʦʡ ʟʘʤʝʥʦʡ 

ʪʚʝʨʜʦʛʦ ʋɺ, ʛʘʟʦʦʙʨʘʟʥʳʤ, ʥʘ ʦʩʥʦʚʝ ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʘ, ʜʦʙʳʚʘʝʤʦʛʦ ʚ 

ʈʝʩʧʫʙʣʠʢʝ ʋʟʙʝʢʠʩʪʘʥ ʠ ʩʦʩʪʦʷʱʝʛʦ ʥʘ 94% ʠʟ ʤʝʪʘʥʘ ʧʨʠ ʤʠʥʠʤʘʣʴʥʦʤ 

ʩʦʜʝʨʞʘʥʠʠ ʧʨʠʤʝʩʝʡ.  

ʉʫʪʴ ʧʨʠʝʤʘ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʧʨʠʨʦʜʥʳʡ ʛʘʟ ʧʦʜʘʝʪʩʷ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʛʦʨʥ ʵʣʝʢʪʨʦʜʫʛʦʚʦʡ ʧʝʯʠ ʯʝʨʝʟ ʮʝʥʪʨʘʣʴʥʦʝ ʦʪʚʝʨʩʪʠʝ ʚ 

ʛʨʘʬʠʪʦʚʦʤ ʵʣʝʢʪʨʦʜʝ. ʇʦʜʘʯʘ ʤʝʪʘʥʘ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʟʦʥʫ ʛʦʨʝʥʠʷ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʫʛʠ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ, ʚʦ-ʧʝʨʚʳʭ, ʨʘʟʚʘʣʦʤ ʤʦʣʝʢʫʣʳ ʤʝʪʘʥʘ ʥʘ 

ʫʛʣʝʨʦʜ ʠ ʚʦʜʦʨʦʜ, ʘ ʚʦ-ʚʪʦʨʳʭ, ʯʘʩʪʠʯʥʦʡ ʠʦʥʠʟʘʮʠʝʡ ʤʦʣʝʢʫʣ ʵʪʠʭ 

ʧʦʣʫʯʝʥʥʳʭ ʚʝʱʝʩʪʚ ʠʟʣʫʯʝʥʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʫʛʠ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʅ2 ʠ ʉ, 

ʝʩʣʠ ʚ ʥʝ ʠʦʥʠʟʦʚʘʥʥʦʤ, ʪʦ ʚ ʘʪʦʤʘʨʥʦʤ ʩʦʩʪʦʷʥʠʠ.  

ɼʣʷ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ ʥʘʤʠ ʧʨʝʜʣʦʞʝʥʦ ʫʩʪʘʥʘʚʣʠʚʘʪʴ ʚ 

ʧʦʣʦʩʪʠ ʛʨʘʬʠʪʦʚʦʛʦ ʵʣʝʢʪʨʦʜʘ, ʪʦ ʝʩʪʴ ʥʘ ʪʨʘʢʪʝ ʧʦʜʘʯʠ ʤʝʪʘʥʘ, ʥʠʢʝʣʝʚʳʡ 

ʢʘʪʘʣʠʟʘʪʦʨ, ʩ ʨʘʟʦʛʨʝʚʘʝʤʦʡ ʪʝʧʣʦʚʳʤ ʠʟʣʫʯʝʥʠʝʤ ʩʘʤʦʡ ʜʫʛʠ, ʧʦʚʝʨʭʥʦʩʪʴʶ 

ʜʦ 900-1100 ʂ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʫʜʘʝʪʩʷ ʩʥʠʟʠʪʴ ʵʥʝʨʛʦʝʤʢʦʩʪʴ ʧʨʦʮʝʩʩʘ, ʧʦʚʳʩʠʪʴ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʢʘʯʝʩʪʚʘ ʧʨʦʜʫʢʪʘ ʠ ʦʙʝʩʧʝʯʠʪʴ ʚʳʩʦʢʠʝ ʵʢʦʥʦʤʠʯʝʩʢʠʝ 

ʧʦʢʘʟʘʪʝʣʠ ʧʨʦʮʝʩʩʘ ʚʳʧʣʘʚʢʠ ʊʂ. 
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ʄ.ʐ. ʂʋʈɹɸʅʆɺ, ʀ.ɼ. ʗɼɻɸʈʆɺ, ɺ.ɻ. ʉʊɽʃʔʄɸʍ, 

ɸ.ʅ. ʋʃʋʂʄʋʈɸɼʆɺ, ʋ.ɹ. ʋʃɾɸɽɺ 
ʀʥʩʪʠʪʫʪ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʳʭ ʠ ʣʘʟʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ɸʅ ʈʋʟ, ʊʘʰʢʝʥʪ,  

ʋʟʙʝʢʠʩʪʘʥ 

 

ʇʈʆʎɽʉʉʓ ɸɼʉʆʈɹʎʀʀ ʌʋʃʃɽʈɽʅɸ C60 ɻʈɸʌɽʅʆʄ ʀ ɽɻʆ 

ʂʈɸɽʄ 

ʈʘʩʩʤʦʪʨʝʥʳ ʧʨʦʮʝʩʩʳ ʘʜʩʦʨʙʮʠʠ ʬʫʣʣʝʨʝʥʘ ʛʨʘʬʝʥʦʤ, ʠʤʝʶʱʠʭ ʙʦʣʴʰʦʝ 

ʨʘʟʥʦʦʙʨʘʟʠʝ. ʕʪʠ ʧʨʦʮʝʩʩʳ ʦʧʨʝʜʝʣʷʶʪʩʷ ʢʘʢ ʯʠʩʣʦʤ ʘʪʦʤʦʚ ʬʫʣʣʝʨʝʥʘ, ʯʝʨʝʟ ʢʦʪʦʨʦʝ 

ʫʩʪʘʥʘʚʣʠʚʘʶʪʩʷ ʭʠʤʠʯʝʩʢʠʝ ʩʚʷʟʠ ʩ ʘʪʦʤʘʤʠ ʛʨʘʬʝʥʘ, ʪʘʢ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ 

ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʬʫʣʣʝʨʝʥʘ (ʚ ʯʘʩʪʥʦʤ ʩʣʫʯʘʝ, ʘʜʩʦʨʙʮʠʝʡ ʬʫʣʣʝʨʝʥʘ 

ʢʨʘʝʤ ʛʨʘʬʝʥʦʚʦʛʦ ʣʠʩʪʘ).  

M.SH. KURBANOV, I.D.YADGAROV, V.G.STELMAKH, 

A.N.ULUKMURADOV , U.B.ULJAEV 

Ion-plasmous and Laser Technologies Institute after Arifov, Tashkent, Uzbekistan 

PROCESSES OF ADSORPTION OF FULLERENE C 60 ON 

GRAPHENE AND ITS EDGE 

The processes of fullerene adsorption by graphene, have a great variety, are considered. 

These processes are determined both by the number of fullerene atoms through which chemical 

bonds with graphene atoms are established, by the spatial arrangement of adsorbed fullerene (in 

the particular case, adsorption of fullerene by the edge of a graphene sheet). 

ʉʥʘʯʘʣʘ ʤʝʪʦʜʦʤ ʤʠʥʠʤʠʟʘʮʠʠ ʵʥʝʨʛʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʪʝʥʮʠʘʣʘ 

ɹʨʝʥʥʝʨʘ ʚʪʦʨʦʛʦ ʧʦʢʦʣʝʥʠʷ (REBO), ʢʦʪʦʨʳʡ ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʝʪ ʫʛʣʝʨʦʜʥʳʝ 

ʩʪʨʫʢʪʫʨʳ [1], ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʢʦʤʧʴʶʪʝʨʥʘʷ ʤʦʜʝʣʴ ʦʜʠʥʦʯʥʦʛʦ ʙʝʟʜʝʬʝʢʪʥʦʛʦ 

ʬʫʣʣʝʨʝʥʘ C60 ʠ ʙʳʣʦ ʧʦʣʫʯʝʥʦ, ʯʪʦ ʵʥʝʨʛʠʷ ʢʦʛʝʟʠʠ Ef ʢʘʞʜʦʛʦ ʘʪʦʤʘ ʫʛʣʝʨʦʜʘ 

ʚ ʬʫʣʣʝʨʝʥʝ ʨʘʚʥʘ 6.8 ʵʣʝʢʪʨʦʥ-ʚʦʣʴʪ (ʵɺ). ɿʘʪʝʤ ʩʪʨʦʠʣʘʩʴ ʢʦʤʧʴʶʪʝʨʥʘʷ 

ʤʦʜʝʣʴ çʙʝʩʢʦʥʝʯʥʦʛʦè ʙʝʟʜʝʬʝʢʪʥʦʛʦ ʛʨʘʬʝʥʘ, ʢʦʪʦʨʘʷ ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ 

ʨʘʩʩʤʦʪʨʝʥʠʷ ʚʦʧʨʦʩʘ ʘʜʩʦʨʙʮʠʠ ʬʫʣʣʝʨʝʥʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʬʝʥʘ. ɼʣʷ ʵʪʦʛʦ 

ʙʳʣ ʚʳʙʨʘʥ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʫʯʘʩʪʦʢ ʛʨʘʬʝʥʘ, ʩʦʩʪʦʷʱʠʡ ʠʟ 112 ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ 

(ʧʦʜʨʦʙʥʦʩʪʠ ʠ ʦʙʦʩʥʦʚʘʥʠʷ ʪʘʢʦʡ ʤʦʜʝʣʠ ʩʤ. [2]).  

ʇʦʩʣʝ ʪʦʛʦ ʢʘʢ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʦʤʧʴʶʪʝʨʥʳʝ ʤʦʜʝʣʠ ʦʜʠʥʦʯʥʳʭ 

ʙʝʟʜʝʬʝʢʪʥʳʭ ʦʙʲʝʢʪʦʚ: ʬʫʣʣʝʨʝʥʘ C60, çʙʝʩʢʦʥʝʯʥʦʛʦè ʛʨʘʬʝʥʘ ʠ ʥʘʥʦʛʨʘʬʝʥʘ 

ʠʟʫʯʘʣʘʩʴ ʘʜʩʦʨʙʮʠʷ ʬʫʣʣʝʨʝʥʘ ʩʥʘʯʘʣʘ ʥʘ ʛʨʘʬʝʥʝ, ʘ ʧʦʩʣʝ ʥʘ ʝʛʦ ʢʨʘʷʭ. 

ʈʘʩʩʤʦʪʨʝʥʳ ʩʣʝʜʫʶʱʠʝ çʢʨʘʝʚʳʝè ʩʣʫʯʘʠ (ʨʠʩ.1). 
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ʈʠʩʫʥʦʢ 1 ï ɻʨʘʬʝʥʦʚʳʡ ʣʠʩʪ ʩ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʡ ʤʦʣʝʢʫʣʦʡ ʬʫʣʣʝʨʝʥʘ (ʩʣʝʚʘ 

ʥʘʧʨʘʚʦ: 1) ʥʘ ʩʝʨʝʜʠʥʝ zigzag ʢʨʘʷ ʥʘʥʦʛʨʘʬʝʥʘ, 2) ʥʘ ʩʝʨʝʜʠʥʝ armchair ʢʨʘʷ ʠ 3) ʥʘ 

ʢʨʘʡʥʝʤ çʫʛʣʦʚʦʤè ʘʪʦʤʝ ʛʨʘʬʝʥʘ). 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʘʜʩʦʨʙʮʠʠ ʬʫʣʣʝʨʝʥʘ ʥʘ ʛʨʘʬʝʥʝ ʢʦʤʧʴʶʪʝʨʥʳʝ ʤʦʜʝʣʠ 

ʬʫʣʣʝʨʝʥʘ ʠ çʙʝʩʢʦʥʝʯʥʦʛʦè ʛʨʘʬʝʥʘ ʧʨʠʙʣʠʞʘʣʠʩʴ ʥʘ ʥʝʦʙʭʦʜʠʤʦʝ ʨʘʩʩʪʦʷʥʠʝ 

ʩ ʨʘʟʥʳʤ ʥʘʙʦʨʦʤ ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʬʫʣʣʝʨʝʥʘ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ 

ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʬʝʥʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʪʦʜʘ ʤʠʥʠʤʠʟʘʮʠʠ 

ʵʥʝʨʛʠʠ ʚ ʨʘʤʢʘʭ ʧʦʪʝʥʮʠʘʣʘ ɹʨʝʥʥʝʨʘ ʠ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʥʘ 

ʢʨʘʝʚʳʝ ʘʪʦʤʳ ʛʨʘʬʝʥʘ. ɹʳʣʦ ʧʦʣʫʯʝʥʦ, ʯʪʦ ʘʜʩʦʨʙʮʠʷ ʬʫʣʣʝʨʝʥʘ C60 ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʬʝʥʘ ʤʦʞʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʨʘʟʥʳʤʠ ʩʧʦʩʦʙʘʤʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʘʜʩʦʨʙʮʠʠ ʥʘʨʫʰʘʝʪʩʷ ʩʬʝʨʠʯʝʩʢʘʷ ʩʠʤʤʝʪʨʠʷ ʬʫʣʣʝʨʝʥʘ C60 ʠ ʵʪʦ ʥʘʨʫʰʝʥʠʝ 

ʩʠʤʤʝʪʨʠʠ ʟʘʚʠʩʠʪ ʦʪ ʩʧʦʩʦʙʘ ʘʜʩʦʨʙʮʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʬʝʥʘ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ɸ.ʇ. ʄɽʅʋʐɽʅʂʆɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʆʎɽʅʂɸ ʂʆʅʉʊɸʅʊʓ ʕʃɽʂʊʈʆʅ-ʌʆʅʆʅʅʆɻʆ 

ɺɿɸʀʄʆɼɽʁʉʊɺʀʗ ɺ ʉʆɽɼʀʅɽʅʀʗʍ ἌἩ●ἕ●ἌἱἛ  

ʉʦʝʜʠʥʝʥʠʷ ʥʘ ʦʩʥʦʚʝ BaBiO3 ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʧʝʨʦʚʩʢʠʪʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʢʦʪʦʨʘʷ ʚ 

ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ ʩʠʣʴʥʦ ʠʩʢʘʞʝʥʘ, ʯʪʦ ʜʘʝʪ ʧʦʚʦʜ ʛʦʚʦʨʠʪʴ ʦ ʥʘʣʠʯʠʠ ʚ ʜʘʥʥʳʭ 

ʤʘʪʝʨʠʘʣʘʭ ʩʠʣʴʥʦʛʦ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ɼʣʷ ʦʮʝʥʢʠ ʟʥʘʯʝʥʠʷ 

ʧʘʨʘʤʝʪʨʘ ʜʘʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʩʪʨʫʢʪʫʨʝ BBO ʠ ʜʦʯʝʨʥʝʛʦ ʩʦʝʜʠʥʝʥʠʷ ɺʂɺʆ ʙʳʣʘ 

ʧʨʠʤʝʥʝʥʘ ʤʦʜʝʣʴ ʍʦʣʩʪʝʡʥʘ.  

  

A.E. LUKYANOV , V.D. NEVEROV, A.V. KRASAVIN, 

A.P. MENUSHENKOV 

National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

ESTIMATION OF ELECTRON-PHONON COUPLING 

CONSTANT IN ║╪ ●╚●║░╞  

Compounds based on BaBiO3 crystallize into a perovskite structure, which is strongly 

distorted in these materials indicating the presence of strong electron-phonon coupling. The 

Holstein model is applied to evaluate the value of electron-phonon coupling in the BKBO and 

parent compound BBO. 

ʍʦʨʦʰʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʩʦʝʜʠʥʝʥʠʝ ɺɺʆ, ʜʦʧʠʨʦʚʘʥʥʦʝ Pb ʠ K, ʷʚʣʷʝʪʩʷ 

ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ρσ ̠ ʠ στ ̠, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʘ 

ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʥʝʪ ʝʜʠʥʦʛʦ ʤʥʝʥʠʷ ʦ ʧʨʠʨʦʜʝ ʵʪʦʛʦ ʷʚʣʝʥʠʷ ʚ ʜʘʥʥʳʭ 

ʤʘʪʝʨʠʘʣʘʭ. ʆʜʥʦʡ ʠʟ ʪʝʦʨʠʡ, ʧʳʪʘʶʱʝʡʩʷ ʦʙʲʷʩʥʠʪʴ ʵʪʦ ʷʚʣʝʥʠʝ, ʷʚʣʷʝʪʩʷ 

ʪʝʦʨʠʷ, ʚʳʜʚʠʥʫʪʘʷ ʚ [1], ʩʫʪʴʶ ʢʦʪʦʨʦʡ ʷʚʣʷʝʪʩʷ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʚ ʜʘʥʥʳʭ 

ʩʦʝʜʠʥʝʥʠʷʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʨʘʟʜʝʣʝʥʥʦʡ ɹʦʟʝ-ʌʝʨʤʠ ʞʠʜʢʦʩʪʠ. ɺʘʞʥʦʡ 

ʯʘʩʪʴʶ ʵʪʦʛʦ ʧʨʝʜʧʦʣʦʞʝʥʠʷ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʚ ɺʂɺʆ ʠ ɺʈɺʆ ʩʠʣʴʥʦʛʦ 

ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʩʯʝʪ 

ʟʥʘʯʝʥʠʷ ʢʦʥʩʪʘʥʪʳ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ.  

ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʦʮʝʥʠʪʴ ʜʘʥʥʫʶ ʚʝʣʠʯʠʥʫ, ʥʝʦʙʭʦʜʠʤʘ ʤʦʜʝʣʴ, ʩʧʦʩʦʙʥʘʷ 

ʫʯʝʩʪʴ ʜʘʥʥʳʡ ʚʠʜ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʇʨʦʩʪʝʡʰʝʡ ʤʦʜʝʣʴʶ ʜʣʷ ʨʝʰʝʥʠʷ ʪʘʢʦʡ 

ʟʘʜʘʯʠ ʷʚʣʷʝʪʩʷ ʤʦʜʝʣʴ ʍʦʣʩʪʝʡʥʘ, ʛʘʤʠʣʴʪʦʥʠʘʥ ʢʦʪʦʨʦʡ ʠʤʝʝʪ ʚʠʜ: 

Ὄ ὸȟὧȟὧȟ
ȟȟ

Ὣ ὦ ὦ ὲ ρ ‫ ὦὦ ‘ ὲ 
(

1) 
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ʛʜʝ ὧȟ ὧȟ  ï ʦʧʝʨʘʪʦʨʳ ʨʦʞʜʝʥʠʷ (ʫʥʠʯʪʦʞʝʥʠʷ) ʵʣʝʢʪʨʦʥʘ ʩʦ ʩʧʠʥʦʤ 

„, ʥʘʭʦʜʷʱʠʤʩʷ ʥʘ ʫʟʣʝ Ὥ; ὲ  ὲȟᴻ  ὲȟȢ  ʦʧʝʨʘʪʦʨ ʯʠʩʣʘ ʯʘʩʪʠʮ; ὦ ὦ   

ʙʦʟʦʥʥʳʝ ʦʧʝʨʘʪʦʨʳ ʨʦʞʜʝʥʠʷ (ʫʥʠʯʪʦʞʝʥʠʷ); ὸȟ ʦʧʨʝʜʝʣʷʝʪ ʘʤʧʣʠʪʫʜʫ 

ʧʝʨʝʩʢʦʢʦʚ ʤʝʞʜʫ ʨʝʰʝʪʦʯʥʳʤʠ ʫʟʣʘʤʠ Ὥ ʠ Ὦ; Ὣ ʟʘʜʘʝʪ ʚʝʣʠʯʠʥʫ ʢʦʥʩʪʘʥʪʳ 

ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ; ‫  ï ʬʦʥʦʥʥʘʷ ʯʘʩʪʦʪʘ. 

ʅʘʧʨʷʤʫʶ ʨʝʰʠʪʴ ʟʘʜʘʯʫ (1) ʜʦʚʦʣʴʥʦ ʪʨʫʜʦʝʤʢʦ. ɿʘʜʘʯʘ ʤʦʞʝʪ ʙʳʪʴ 

ʨʝʰʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ DMFT ʤʝʪʦʜʘ, ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʦʪʢʨʳʪʠʠ ʄʝʪʮʥʝʨʘ ʠ 

ʌʦʣʭʘʨʜʘ [2], ʯʪʦ ʚ ʩʣʫʯʘʝ ʙʦʣʴʰʦʡ ʨʘʟʤʝʨʥʦʩʪʠ ʧʨʦʩʪʨʘʥʩʪʚʘ ʩʦʙʩʪʚʝʥʥʦ 

ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʯʘʩʪʴ ʵʣʝʢʪʨʦʥʘ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʠʤʧʫʣʴʩʘ ▓, ʥʦ ʪʦʣʴʢʦ ʦʪ ʯʘʩʪʦʪʳ 
Ὥ‫ . 

 ɺ ʦʩʥʦʚʝ ʤʝʪʦʜʘ DMFT ʣʝʞʠʪ ʫʯʝʪ ʣʦʢʘʣʴʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʠ 

ʢʦʨʨʝʣʷʮʠʡ, ʧʦʵʪʦʤʫ ʠʩʭʦʜʥʘʷ ʩʠʩʪʝʤʘ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʘ ʢ 

ʩʦʚʦʢʫʧʥʦʩʪʠ ʥʝʙʦʣʴʰʦʡ ʩʠʩʪʝʤʳ, ʜʣʷ ʢʦʪʦʨʦʡ ʚʩʝ ʚʠʜʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʫʯʠʪʳʚʘʶʪʩʷ ʪʦʯʥʦ, ʠ çʚʘʥʥʳè, ʧʨʝʜʩʪʘʚʣʷʶʱʝʡ ʦʩʪʘʣʴʥʫʶ ʯʘʩʪʴ ʩʠʩʪʝʤʳ ʚ 

ʚʠʜʝ ʥʝʢʦʪʦʨʦʛʦ ʵʬʬʝʢʪʠʚʥʦʛʦ ʩʨʝʜʥʝʛʦ. ʇʦʣʫʯʝʥʥʘʷ ʩʠʩʪʝʤʘ ʧʦ ʩʚʦʝʡ ʩʫʪʠ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜʥʦʧʨʠʤʝʩʥʫʶ ʤʦʜʝʣʴ ɸʥʜʝʨʩʦʥʘ (SIAM), ʢʦʪʦʨʫʶ ʫʞʝ 

ʫʜʘʝʪʩʷ ʨʘʟʨʝʰʠʪʴ.  

ʇʦʩʣʝ ʚʳʧʦʣʥʝʥʠʷ ʮʠʢʣʘ DMFT ʤʳ ʠʤʝʝʤ ʩʦʙʩʪʚʝʥʥʦ ʵʥʝʨʛʝʪʠʯʝʩʢʫʶ 

ʩʦʩʪʘʚʣʷʶʱʫʶ ʠ ʬʫʥʢʮʠʶ ɻʨʠʥʘ, ʦʪʨʘʞʘʶʱʫʶ ʥʘʰʫ ʠʩʭʦʜʥʫʶ ʩʠʩʪʝʤʫ, ʝʝ 

ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʠ ʥʝʢʦʪʦʨʳʭ ʜʨʫʛʠʭ 

ʩʚʦʡʩʪʚ. ʅʘʧʨʠʤʝʨ, ʢʦʥʩʪʘʥʪʘ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʞʝʪ ʙʳʪʴ 

ʦʧʨʝʜʝʣʝʥʘ ʧʦ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʝ: 

‗
‬ɫ‫

‬‫ 
Ȣ 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʌʦʥʜʘ ʌʫʥʜʘʤʝʥʪʘʣʴʥʳʭ 

ʀʩʩʣʝʜʦʚʘʥʠʡ (ʧʨʦʝʢʪ ˉ 18-02-40001 ʤʝʛʘ). 
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ʀʉʉʃɽɼʆɺɸʅʀɽ ʉʊʈʋʂʊʋʈʓ ʀ ʄɸɻʅʀʊʅʓʍ ʉɺʆʁʉʊɺ 

ʇʃɽʅʆʂ ʉʇʃɸɺʆɺ ɻɽʁʉʃɽʈɸ ʉo2FeAl, Co2CrSi ʠ Co2NiSi ɼʃʗ 

ʉʇʀʅ-ʀʅɾɽʂʎʀʆʅʅʆʁ Tɻʎ-ʌʆʊʆʅʀʂʀ 

ɹʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʩʪʨʫʢʪʫʨʥʳʝ ʠ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ (ʧʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʧʦʣʷʭ ʜʦ 6 ʢʕ) ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʩʧʣʘʚʦʚ ɻʝʡʩʣʝʨʘ Co2FeAl Co2CrSi ʠ 

Co2NiSi, ʚʳʨʘʱʝʥʥʳʭ ʥʘ ʩʪʝʢʣʝ ʠ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʦʜʣʦʞʢʝ Al2O3 R-ʧʣʦʩʢʦʩʪʠ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʨʦʩʪʘ (20, 150, 280, 420 Áʉ) ʤʝʪʦʜʦʤ ʠʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ 

ʦʩʘʞʜʝʥʠʷ. ʅʘʡʜʝʥʦ, ʯʪʦ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʧʣʝʥʦʢ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʦʜʣʦʞʢʠ ʚ ʧʨʦʮʝʩʩʝ ʨʦʩʪʘ, ʠ ʧʦʚʪʦʨʷʝʪ ʩʦʩʪʘʚ ʤʠʰʝʥʠ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʘʥʥʳʭ ʧʣʝʥʦʢ ʚ ʤʘʛʥʠʪʥʳʭ ʧʝʨʝʭʦʜʘʭ ʤʦʞʝʪ ʫʚʝʣʠʯʠʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʩʧʠʥ-ʠʥʞʝʢʮʠʦʥʥʦʛʦ ʊɻʎ ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʧʨʦʪʝʢʘʥʠʠ ʯʝʨʝʟ ʥʠʭ ʪʦʢʘ. 
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STUDY OF A STRUCTURE AND MAGNETIC PROPERTIES 

OF THE ʉo2FeAl, Co2CrSi ʠ Co2NiSi HEUSLER ALLOY FILMS FOR 

SPIN-INJECTION THZ PHOTONICS  

The structural and magnetic properties (field dependences of the magnetization in magnetic 

fields of up to 6 kOe) of thin-fi lm Co2FeAl, Co2CrSi and Co2NiSi Heusler alloys grown by 

pulsed laser deposition on glass and a single-crystal Al2O3 R-plane substrate at different growth 

temperatures (20, 150, 280, 420 ÁC) were studied. It was found that the stoichiometric 

composition of the films depends on the substrate temperature during growth and repeats the 

composition of the target at low temperatures. The use of these films in magnetic transitions can 

increase the intensity of spin-injection THz radiation when current flows through them. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʤʥʦʛʠʝ ʩʧʣʘʚʳ ɻʝʡʩʣʝʨʘ, Co2YSi ʠ Co2YAl (Y = Ti, V, Cr, Mn, 

Fe, Co, Ni) ̫ ʚʣʷʶʪʩʷ ʧʦʣʫʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘʤʠ [1, 2], ʚ ʢʦʪʦʨʳʭ 

ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʘ 100% -ʥʘʷ ʧʦʣʷʨʠʟʘʮʠʷ ʧʦ ʩʧʠʥʫ ʵʣʝʢʪʨʦʥʦʚ 
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ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʘ ʫʨʦʚʥʝ ʌʝʨʤʠ. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʘʥʥʳʝ ʩʧʣʘʚʳ ʚ ʢʘʯʝʩʪʚʝ ʠʥʞʝʢʪʦʨʘ ʩʧʠʥ-ʧʦʣʷʨʠʟʦʚʘʥʥʳʭ 

ʵʣʝʢʪʨʦʥʦʚ ʚ ʤʘʛʥʠʪʥʳʭ ʧʝʨʝʭʦʜʘʭ, ʛʜʝ ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʩʧʠʥʦʚʘʷ 

ʥʝʨʘʚʥʦʚʝʩʥʦʩʪʴ ʵʣʝʢʪʨʦʥʦʚ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚʩʣʝʜʩʪʚʠʝ ʠʥʞʝʢʮʠʠ ʧʨʠʚʦʜʠʪ ʢ 

ʠʟʣʫʯʘʪʝʣʴʥʳʤ ʵʣʝʢʪʨʦʥʥʳʤ ʧʝʨʝʭʦʜʘʤ ʤʝʞʜʫ ʩʧʠʥʦʚʳʤʠ ʧʦʜʟʦʥʘʤʠ [3]. ʊʝʤ 

ʩʘʤʳʤ ʤʦʞʥʦ ʩʦʟʜʘʪʴ ʣʘʟʝʨ, ʨʘʙʦʪʘʶʱʠʡ ʚ ʊɻʎ ʜʠʘʧʘʟʦʥʝ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ. ʊʘʢʦʝ ʫʩʪʨʦʡʩʪʚʦ ʤʦʞʝʪ ʙʳʪʴ ʩʦʟʜʘʥʦ ʧʦ ʧʣʘʥʘʨʥʦʡ (ʧʣʝʥʦʯʥʦʡ) 

ʪʝʭʥʦʣʦʛʠʠ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʥʳʭ ʠ 

ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ (ʧʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʧʦʣʷʭ ʜʦ 6 ʢʕ) 

ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʩʧʣʘʚʦʚ ɻʝʡʩʣʝʨʘ Co2FeAl Co2CrSi ʠ Co2NiSi. ʇʣʝʥʢʠ ʙʳʣʠ 

ʚʳʨʘʱʝʥʳ ʥʘ ʩʪʝʢʣʝ ʠ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʦʜʣʦʞʢʝ Al2O3 R-ʧʣʦʩʢʦʩʪʠ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʨʦʩʪʘ (20, 150, 280, 420 Áʉ). ʤʝʪʦʜʦʤ ʠʤʧʫʣʴʩʥʦʛʦ 

ʣʘʟʝʨʥʦʛʦ ʦʩʘʞʜʝʥʠʷ. ʂʘʢ ʦʢʘʟʘʣʦʩʴ, ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʧʣʝʥʦʢ ʟʘʚʠʩʠʪ 

ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʜʣʦʞʢʠ ʚ ʧʨʦʮʝʩʩʝ ʨʦʩʪʘ, ʠ ʧʦʚʪʦʨʷʝʪ ʩʦʩʪʘʚ ʤʠʰʝʥʠ ʧʨʠ 

ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʄʠʥʦʙʨʥʘʫʢʠ ʈʦʩʩʠʠ 

(ʪʝʤʘ çʉʧʠʥè, ˉ ɸɸɸɸ-ɸ18-118020290104-2) ʧʨʠ ʯʘʩʪʠʯʥʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ 

(ʧʨʦʝʢʪʳ ˉ 18-32-00686, ˉ 18-02-00739) ʠ ʇʨʘʚʠʪʝʣʴʩʪʚʘ ʈʌ (ʧʦʩʪʘʥʦʚʣʝʥʠʝ 

ˉ 211, ʢʦʥʪʨʘʢʪ ˉ 02.A03.21.0006). 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ɹ.ʇ. ʄʀʍɸʁʃʆɺ1, ɸ.ɹ. ʄʀʍɸʁʃʆɺɸ1, ɺ.ʗ. ʅʀʂʋʃʀʅ2, ʀ.ɺ. 

ɹʆʈʆɺʀʎʂɸʗ1, ʇ.ɺ.ʉʀʃʀʅ2 

1ʀʥʩʪʠʪʫʪ ʤʝʪʘʣʣʫʨʛʠʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʠʤ. ɸ.ɸ. ɹʘʡʢʦʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ɺʃʀʗʅʀɽ ʋɼɸʈʅʆ-ɺʆʃʅʆɺʆɻʆ ɺʆɿɼɽʁʉʊɺʀʗ ʅɸ 

ʉʊʈʋʂʊʋʈʋ ʀ ʉɺʆʁʉʊɺɸ MgB2 ï ʂɽʈʅɸ ɺ ʆɹʆʃʆʏʂɸʍ ʀɿ 

ʄɽɼʀ ʀ ɸʃʖʄʀʅʀʗ 

ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ MgB2 ïʢʝʨʥʘ 

ʚ ʦʙʦʣʦʯʢʘʭ ʠʟ ʤʝʜʠ ʠ ʘʣʶʤʠʥʠʷ ʧʦʩʣʝ ʭʦʣʦʜʥʦʡ ʧʨʦʢʘʪʢʠ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʫʜʘʨʥʦ-

ʚʦʣʥʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. ʋʜʘʨʥʦ-ʚʦʣʥʦʚʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʫʩʪʘʥʦʚʢʠ ʪʠʧʘ ʧʣʘʟʤʝʥʥʳʡ ʬʦʢʫʩ (ʇʌ). ʇʦʢʘʟʘʥʦ, ʯʪʦ ʥʘ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʝ ʩʚʦʡʩʪʚʘ ʠ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ ʚʣʠʷʶʪ ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʩʪʝʧʝʥʴ ʜʝʬʦʨʤʘʮʠʠ ʠʩʭʦʜʥʦʡ 

ʢʦʤʧʦʟʠʮʠʦʥʥʦʡ ʟʘʛʦʪʦʚʢʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʫʜʘʨʥʦ-ʚʦʣʥʦʚʳʭ ʚʦʟʜʝʡʩʪʚʠʡ 

ʥʘ ʟʘʢʣʶʯʠʪʝʣʴʥʳʭ ʵʪʘʧʘʭ ʠʟʛʦʪʦʚʣʝʥʠʷ ʣʝʥʪʳ. 

B.P. MIKHAILOV 1, A.B. MIKHAILOVA 1, V.Ya. NIKULIN 2, I.V. 

BOROVITSKAYA1, P.V. SILIN2 

1A.A.Baikov Institute of Metallurgy and Materials Science RAS, Moscow, Russia 
2Lebedev Physical Institute RAS, Moscow, Russia 

INFLUENCE OF SHOCK WAVE ON THE STRUCTURE AND 

PROPERTIES OF MgB2 - CORE IN SHELLS OF COPPER AND 

ALUMINUM  

The report presents the results of studies of the structure and properties of MgB2 core in 

shells made of copper and aluminum after cold rolling and subsequent shock-wave action. The 

shock-wave action was carried out using a plasma focus (PF) type setup. It is shown that the 

superconducting properties and microstructure of superconductors are affected by the 

temperature and the degree of deformation of the initial composite billet, including the 

application of shock-wave effects at the final stages of tape manufacturing. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʫʜʘʨʥʦ-ʚʦʣʥʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ 

ʩʚʦʡʩʪʚʘ MgB2 ï ʢʝʨʥʘ ʚ ʦʙʦʣʦʯʢʘʭ ʠʟ ʤʝʜʠ ʠ ʘʣʶʤʠʥʠʷ, ʉʚʝʨʭʧʨʦʚʦʜʷʱʠʡ 

ʧʦʨʦʰʦʢ ʙʳʣ ʧʦʤʝʱʝʥ ʚ ʪʨʫʙʯʘʪʳʝ ʦʙʦʣʦʯʢʠ ʠʟ ʫʢʘʟʘʥʥʳʭ ʤʝʪʘʣʣʦʚ. ɼʠʘʤʝʪʨ 

ʦʙʦʣʦʯʝʢ ʩʦʩʪʘʚʠʣ 3 - 4 ʤʤ ʩʥʘʨʫʞʠ ʠ 2-3 ʤʤ ʚʥʫʪʨʠ. ʇʦʩʣʝ ʟʘʧʦʣʥʝʥʠʷ 

ʧʦʨʦʰʢʦʤ MgB2 ʢʦʥʮʳ ʦʙʦʣʦʯʝʢ ʦʧʨʝʩʩʦʚʳʚʘʣʠʩʴ ʠ ʜʘʣʝʝ ʚʳʧʦʣʥʷʣʘʩʴ 

ʧʨʦʢʘʪʢʘ. 

ɺ ʧʨʦʮʝʩʩʝ ʧʨʦʢʘʪʢʠ ʢʦʤʧʦʟʠʮʠʦʥʥʦʡ ʟʘʛʦʪʦʚʢʠ ʧʦʣʫʯʘʣʘʩʴ ʧʣʦʩʢʘʷ ʣʝʥʪʘ 

ʪʦʣʱʠʥʦʡ 0,2 ï 0,3 ʤʤ. ɼʘʣʝʝ ʧʦʣʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʧʦʜʚʝʨʛʘʣʠ ʫʜʘʨʥʦ-

ʚʦʣʥʦʚʦʤʫ ʚʦʟʜʝʡʩʪʚʠʶ ʥʘ ʨʘʟʣʠʯʥʦʤ ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʧʣʘʟʤʝʥʥʦʛʦ ʘʥʦʜʘ. 

ʂʦʣʠʯʝʩʪʚʦ ʚʦʟʜʝʡʩʪʚʠʡ ʧʣʘʟʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʘ ʩʦʩʪʘʚʠʣʦ n = 5. ɼʣʷ ʟʘʱʠʪʳ 

ʦʙʨʘʟʮʦʚ ʦʪ ʧʨʷʤʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʧʣʘʟʤʳ ʠ ʠʭ ʧʝʨʝʛʨʝʚʘ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ 
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ʧʨʦʢʣʘʜʢʘ ʠʟ ʪʠʪʘʥʘ ʪʦʣʱʠʥʦʡ 100 ʤʢʤ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʫʜʘʨʥʦ-ʚʦʣʥʦʚʦʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ ʚ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʝʜʠʥʠʮʘʭ ʠ ʢʦʥʪʨʦʣʠʨʦʚʘʣʘʩʴ ʧʦʩʨʝʜʩʪʚʦʤ ʨʝʛʠʩʪʨʘʮʠʠ 

ʘʤʧʣʠʪʫʜʳ ʦʩʦʙʝʥʥʦʩʪʠ ʥʘ ʧʨʦʠʟʚʦʜʥʦʡ ʨʘʟʨʷʜʥʦʛʦ ʪʦʢʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʵʥʝʨʛʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʩʦʟʜʘʚʘʝʤʦʛʦ ʨʘʟʨʷʜʥʳʤ 

ʪʦʢʦʤ, ʚ ʵʥʝʨʛʠʶ ʧʣʘʟʤʝʥʥʳʭ ʧʦʪʦʢʦʚ ʠ ʧʫʯʢʦʚ ʠʦʥʦʚ ʠ ʵʣʝʢʪʨʦʥʦʚ. ʅʘ ʨʠʩ. 1. 

ʧʦʢʘʟʘʥʳ ʣʝʥʪʳ ʪʦʣʱʠʥʦʡ 0,3 ʤʤ ʠ ʰʠʨʠʥʦʡ ï 5 ʤʤ ʧʦʩʣʝ ʧʨʦʢʘʪʢʠ ʚ ʤʝʜʥʦʡ ʠ 

ʘʣʶʤʠʥʠʝʚʦʡ ʦʙʦʣʦʯʢʘʭ ʠ ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ ʥʘ ʫʩʪʘʥʦʚʢʝ ʇʌ. ʅʘ ʟʘʱʠʪʥʳʭ 

ʧʨʦʢʣʘʜʢʘʭ ʚʠʜʥʳ ʧʷʪʥʘ ʦʪ ʚʦʟʜʝʡʩʪʚʠʷ ʧʣʘʟʤʳ, ʧʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʦʚ ʦʩʪʘʝʪʩʷ 

ʙʝʟ ʟʘʤʝʪʥʳʭ ʠʟʤʝʥʝʥʠʡ.  

 

ʈʠʩ.1. ʌʦʪʦʛʨʘʬʠʷ ʦʙʨʘʟʮʦʚ ʣʝʥʪ MgB2 ʚ ʦʙʦʣʦʯʢʘʭ ʠʟ ʤʝʜʠ (ʘ) ʠ ʘʣʶʤʠʥʠʷ (ʙ) ʧʦʩʣʝ 

ʭʦʣʦʜʥʦʡ ʧʨʦʢʘʪʢʠ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʫʜʘʨʥʦ-ʚʦʣʥʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʧʣʘʟʤʳ ʥʘ 

ʨʘʩʩʪʦʷʥʠʠ 30 ʤʤ ʦʪ ʘʥʦʜʘ, ʢʦʣʠʯʝʩʪʚʦ ʠʤʧʫʣʴʩʦʚ ʨʘʚʥʦ =5. ʅʘ ʬʦʪʦ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʘʢʞʝ 

ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʟʘʱʠʪʥʳʭ ʧʨʦʢʣʘʜʦʢ ʠʟ ʪʠʪʘʥʘ.  

ʅʘ ʣʝʥʪʘʭ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʩʚʦʡʩʪʚ, ʠʟʫʯʝʥʘ 

ʤʠʢʨʦʪʚʝʨʜʦʩʪʴ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʢʝʨʥʘ, ʧʨʦʚʝʜʝʥʳ ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʥʘ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʝ ʩʚʦʡʩʪʚʘ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ 

ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ ʚʣʠʷʶʪ ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʩʪʝʧʝʥʴ ʜʝʬʦʨʤʘʮʠʠ ʠʩʭʦʜʥʦʡ 

ʢʦʤʧʦʟʠʮʠʦʥʥʦʡ ʟʘʛʦʪʦʚʢʠ, ʘ ʪʘʢʞʝ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʋɺɺ ʥʘ ʟʘʢʣʶʯʠʪʝʣʴʥʳʭ 

ʵʪʘʧʘʭ ʠʟʛʦʪʦʚʣʝʥʠʷ ʣʝʥʪʳ [1]. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʅʌ, ʛʨʘʥʪ ˉ 16-12-10351-ʇ ʚ ʯʘʩʪʠ 

ʦʙʨʘʙʦʪʢʠ ʦʙʨʘʟʮʦʚ ʥʘ ʫʩʪʘʥʦʚʢʝ ʇʣʘʟʤʝʥʥʳʡ ʬʦʢʫʩ ʠ ʚ ʨʘʤʢʘʭ ɻʦʩʟʘʜʘʥʠʷ ˉ 

075-00746-19-00 ʚ ʯʘʩʪʠ ʧʨʦʚʝʜʝʥʠʷ ʩʪʨʫʢʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1.B.P.Mikhailov, A.B.Mikhailova, V.Ya. Nikulin, I.V. Borovitskaya, P.V. Silin , Journal of Physics: 
Conference Series 2019 ʛ. XV International Russian-Chinese Symposium çNew materials and 

Technologies. Journal of Physics: Conference Series 1347(2019) 012038  
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ʊ.ʀ. ʄʆɻʀʃʖʂ1, ʇ.ɼ. ɻʈʀɻʆʈʔɽɺ2 

 1ʅʀʎ ʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʀʥʩʪʠʪʫʪ ʠʤ. ʃ.ɼ. ʃʘʥʜʘʫ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʆ ɺʃʀʗʅʀʀ ɼɽʁʉʊɺʀʊɽʃʔʅʆʁ ʏɸʉʊʀ ʉʆɹʉʊɺɽʅʅʆ-

ʕʅɽʈɻɽʊʀʏɽʉʂʆʁ ʌʋʅʂʎʀʀ ʅɸ ʄɸɻʅʀʊʅʓɽ  

ʂɺɸʅʊʆɺʓɽ ʆʉʎʀʃʃʗʎʀʀ ʅɸʄɸɻʅʀʏɽʅʅʆʉʊʀ ʀ  

ʉʆʇʈʆʊʀɺʃɽʅʀʗ ɺ ʉʃʆʀʉʊʓʍ ʄɽʊɸʃʃɸʍ 

ʈʘʩʩʤʦʪʨʝʥʦ ʚʣʠʷʥʠʝ ʤʘʛʥʠʪʥʳʭ ʦʩʮʠʣʣʷʮʠʡ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʩʦʙʩʪʚʝʥʥʦ-

ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʬʫʥʢʮʠʠ ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʬʦʨʤʫ ʢʚʘʥʪʦʚʳʭ ʦʩʮʠʣʣʷʮʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ 

ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩʣʦʠʩʪʳʭ ʧʨʦʚʦʜʥʠʢʦʚ.  

  

T.I. MOGILYUK 1, P.D. GRIGORIEV2  

1NRC Kurchatov Institute, Moscow, Russia  
2Landau Institute for Theoretical Physics RAS, Moscow, Russia 

ABOUT THE INFLUENCE OF THE REAL PART OF THE SELF -

ENERGY FUNCTION ON MAGNETIC QUANTUM  

OSCILLATIONS OF MAGNETIZATION AND RESISTANCE  

IN LAYERED METALS  

The effect of magnetic oscillations of the real part of the self-energy function of electrons 

on the shape of quantum oscillations of the magnetization and magnetoresistance of layered 

conductors is considered. 

ʅʘʰʝʡ ʮʝʣʴʶ ʙʳʣʦ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʚʣʠʷʥʠʝ ʫʯʪyʘ ʤʘʛʥʠʪʥʳʭ ʦʩʮʠʣʣʷʮʠʡ 

ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʩʦʙʩʪʚʝʥʥʦ-ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʯʘʩʪʠ ʵʣʝʢʪʨʦʥʦʚ ReɆ ʥʘ 

ʬʦʨʤʫ ʢʚʘʥʪʦʚʳʭ ʦʩʮʠʣʣʷʮʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʝ 

ʩʣʦʠʩʪʳʭ ʧʨʦʚʦʜʥʠʢʦʚ. ɺ ʧʨʝʜʝʣʝ ʩʠʣʴʥʳʭ ʢʚʘʥʪʦʚʳʭ ʦʩʮʠʣʣʷʮʠʡ, ʚʦʟʤʦʞʥʦʤ 

ʪʦʣʴʢʦ ʚ ʜʚʫʤʝʨʥʳʭ ʠʣʠ ʢʚʘʟʠʜʚʫʤʝʨʥʳʭ ʩʣʦʠʩʪʳʭ ʤʘʪʝʨʠʘʣʘʭ, ʜʝʡʩʪʚʠʪʝʣʴʥʘʷ 

ʯʘʩʪʴ ʩʦʙʩʪʚʝʥʥʦ-ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʯʘʩʪʠ ʵʣʝʢʪʨʦʥʦʚ ReɆ ʪʘʢʞʝ ʩʠʣʴʥʦ 

ʦʩʮʠʣʣʠʨʫʝʪ. ʆʙʳʯʥʦ ʝʡ ʧʨʝʥʝʙʨʝʛʘʶʪ, ʫʯʠʪʳʚʘʷ ʪʦʣʴʢʦ ʝ yʤʥʠʤʫʶ ʯʘʩʪʴ ImɆ, 

ʪʘʢ ʢʘʢ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ReɆ ʣʠʰʴ ʩʜʚʠʛʘʝʪ ʭʠʤʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʠ ʥʝ 

ʚʣʠʷʝʪ ʥʘ ʥʘʙʣʶʜʘʝʤʳʝ ʩʚʦʡʩʪʚʘ. ʆʜʥʘʢʦ ʢʘʢ ʧʦʢʘʟʳʚʘʶʪ ʥʘʰʠ ʨʘʩʯʪyʳ, 

ʦʩʮʠʣʣʷʮʠʠ ReɆ ʚʣʠʷʶʪ ʥʘ ʥʘʙʣʶʜʘʝʤʳʝ ʩʚʦʡʩʪʚʘ, ʧʦʩʢʦʣʴʢʫ ʩʜʚʠʛʘʶʪ 

ʭʠʤʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʦʪʥʦʩʠʪʝʣʴʥʦ ʫʨʦʚʥʷ ʃʘʥʜʘʫ ʜʘʞʝ ʚ ʩʨʝʜʥʝʤ ʧʦ ʧʝʨʠʦʜʫ 

ʢʚʘʥʪʦʚʳʭ ʦʩʮʠʣʣʷʮʠʡ. ʆʩʮʠʣʣʷʮʠʠ ReɆ ʚʣʠʷʶʪ ʥʘ ʬʦʨʤʫ ʢʚʘʥʪʦʚʳʭ 

ʦʩʮʠʣʣʷʮʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ [1,2], ʢʦʪʦʨʘʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʨʝʞʠʤʘ ʢʚʘʥʪʦʚʳʭ ʦʩʮʠʣʣʷʮʠʡ: ʧʨʠ 

ʧʦʩʪʦʷʥʥʦʤ ʭʠʤʠʯʝʩʢʦʤ ʧʦʪʝʥʮʠʘʣʝ ʠʣʠ ʧʨʠ ʧʦʩʪʦʷʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʦʚ. 

ʊʘʢʞʝ ʜʘʥʥʳʝ ʦʩʮʠʣʣʷʮʠʠ ʠʟʤʝʥʷʶʪ ʤʦʥʦʪʦʥʥʫʶ ʯʘʩʪʴ ʚ ʩʠʣʴʥʦʤ ʧʦʣʝ ʥʘ 
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ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʨʷʜʢʘ 2 [3,4], ʫʛʣʦʚʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʠ ʬʦʨʤʫ ʢʚʘʥʪʦʚʳʭ 

ʦʩʮʠʣʣʷʮʠʡ ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ [5,6]. ɺʦʟʤʦʞʥʦ, ʧʦʵʪʦʤʫ, ʥʝʩʤʦʪʨʷ ʥʘ 

ʧʦʧʳʪʢʠ ʚ ʦʨʛʘʥʠʯʝʩʢʠʭ ʤʝʪʘʣʣʘʭ ʜʦʙʠʪʴʩʷ ʨʝʞʠʤʘ ʧʦʩʪʦʷʥʥʦʡ ʧʣʦʪʥʦʩʪʠ 

ʵʣʝʢʪʨʦʥʦʚ, ʬʦʨʤʘ ʦʩʮʠʣʣʷʮʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʩʪʘʚʘʣʘʩʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ 

ʧʦʩʪʦʷʥʥʦʤʫ ʭʠʤʠʯʝʩʢʦʤʫ ʧʦʪʝʥʮʠʘʣʫ. ʕʪʦʪ ʚʦʧʨʦʩ ʠʤʝʝʪ ʥʝ ʪʦʣʴʢʦ ʙʦʣʴʰʦʝ 

ʧʨʘʢʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʘʥʘʣʠʟʘ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʥʦ ʠ 

ʩʫʱʝʩʪʚʝʥʥʳʡ ʠʥʪʝʨʝʩ ʜʣʷ ʨʘʟʚʠʪʠʷ ʪʝʦʨʠʠ ʤʘʛʥʠʪʥʳʭ ʢʚʘʥʪʦʚʳʭ ʦʩʮʠʣʣʷʮʠʡ. 

ʊ.ʀ.M. ʙʣʘʛʦʜʘʨʠʪ ʬʠʥʘʥʩʦʚʫʶ ʧʦʜʜʝʨʞʢʫ ʈʌʌʀ (ʛʨʘʥʪʳ 18-02-01022, 18-

02-00280, 18-32-00205, 19-02-01000).  

Cʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
1. Grigoriev P.D. // JETP 92, 1090 (2001). 
2. Champel T. and Mineev V. P. // Phys. Rev. B 66, 195111 (2002). 
3. Grigoriev A.D., Grigoriev P.D. // Low Temp. Phys. 40, 367 (2014). 
4. Grigoriev P.D. , Mogilyuk T.I. // Phys. Rev. B 90, 115138 (2014). 
5. Mogilyuk T.I., Grigoriev P.D. // Phys. Rev. B 95, 165120 (2017). 
6. Grigoriev P.D., Mogilyuk T.I. // J. Phys.: Conf. Ser. 1038, 012123 (2018). 
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ɸ.ʖ. ʄʆʃʆʂʆɺɸ1, ɺ.ɺ. ʇʆʇʆɺ1,2, ɸ.ʇ.ʄɽʅʋʐɽʅʂʆɺ1, ɸ.ɸ. 

ʗʉʊʈɽɹʎɽɺ1, ɽ.ɺ. ʍʈɸʄʆɺ2, ʈ.ɼ. ʉɺɽʊʆɻʆʈʆɺ2, ɺ.ʖ. ʄʋʈɿʀʅ3, 

ɸ.ɹ. ʂɸʃʀʅʂʆ3, ɺ.ɺ. ʂʋʈʀʃʂʀʅ4 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʅʀʎ ʂʫʨʯʘʪʦʚʩʢʠʡ ʀʥʩʪʠʪʫʪ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

3DESY, Photon Science, ɻʘʤʙʫʨʛ, ɻʝʨʤʘʥʠʷ 
4ʈʦʩʩʠʡʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʜʨʫʞʙʳ ʥʘʨʦʜʦʚ (ʈʋɼʅ), ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʊɽʄʇɽʈɸʊʋʈʅʓɽ ɿɸɺʀʉʀʄʆʉʊʀ ʉʇɽʂʊʈʆɺ  

ʈɽʅʊɻɽʅʆɺʉʂʆɻʆ ʇʆɻʃʆʑɽʅʀʗ ʊʀʊɸʅɸʊʆɺ  

Eu2+
(1-ʭ)Eu3+

ʭTiO(3+ʭ/2) 

ʀʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ ʥʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ, ʣʦʢʘʣʴʥʫʶ ʠ 

ʵʣʝʢʪʨʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʪʠʪʘʥʘʪʦʚ Eu2+
(1-ʭ)Eu3+

ʭTiO(3+ʭ/2) c ʧʦʤʦʱʴʶ s-XRD, XANES ʠ 

EXAFS (ʠʟʤʝʨʝʥʠʷ ʚʳʧʦʣʥʝʥʳ ʥʘ ʩʪʘʥʮʠʷʭ çʈʉɸè (s-XRD) ʠ çʉʊʄè (Eu L3- XAFS). 

ʂʫʨʯʘʪʦʚʩʢʦʛʦ ʠʩʪʦʯʥʠʢʘ ʉʀ ʠ ʥʘ ʩʪʘʥʮʠʠ P64 (Ti K- XAFS) ʠʩʪʦʯʥʠʢʘ ʉʀ PETRA III .). 

ɺ ʜʠʘʧʘʟʦʥʝ 10ï300 ʂ ʧʦʣʫʯʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʠʥ ʤʝʞʘʪʦʤʥʳʭ ʩʚʷʟʝʡ 

Eu-O, Ti-O ʠ ʬʘʢʪʦʨʦʚ ɼʝʙʘʷïɺʘʣʣʝʨʘ (ů2), ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʣʦʢʘʣʴʥʦʝ ʩʪʘʪʠʯʝʩʢʦʝ ʠ 

ʜʠʥʘʤʠʯʝʩʢʦʝ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʝ ʩʚʷʟʝʡ. ʀʟ ʟʘʚʠʩʠʤʦʩʪʝʡ ů2(T) ʦʧʨʝʜʝʣʝʥʳ ʞʝʩʪʢʦʩʪʠ 

ʩʚʷʟʝʡ ʤʝʪʘʣʣ-ʢʠʩʣʦʨʦʜ ʠ ʧʘʨʘʤʝʪʨʳ ʣʦʢʘʣʴʥʦʛʦ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʷ ʩʪʨʫʢʪʫʨʳ. 
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Institute), Moscow, Russia 
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TEMPERATURE DEPENDENCES OF X-RAY ABSORPTION 

SPECTRA OF TITANATE E u2+
(1-ʭ)Eu3+

ʭTiO(3+ʭ/2) 

The influence of the synthesis conditions on the crystal, local, and electronic structure of 

Eu2+
(1-x)Eu3+

ʭTiO(3+ʭ/2) titanates was investigated by using the combination of synchrotron X-ray 

diffraction (s-XRD) and X-ray absorption spectroscopy (XANES and EXAFS). The 

experiments have been carried out at NRC Kurchatov Institute synchrotron radiation source (Eu 

L3-edge XAFS at óStructural Materials Scienceô end-station and s-XRD at óX-Ray Structural 

Analysisô end-station) and at PETRA-III, DESY (Ti K-edge XAFS at P64 beamline). The 

temperature dependences of the LnïO and TiïO interatomic bond lengths and DebyeïWaller 

factors (ů2) characterizing the local static and dynamic disordering of bonds have been obtained 

in the temperature range of 10ï300 K. The stiffnesses of metalïoxygen bonds and the 

parameters of local disordering of the structure have been determined from the dependences 

ů2(T). 
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ʉʣʦʞʥʳʝ ʦʢʩʠʜʳ ʝʚʨʦʧʠʷ Eu2+
(1-ʭ)Eu3+

ʭTiO(3+ʭ/2) (0 < ʭ < 1) ʠʥʪʝʨʝʩʥʳ ʢʘʢ ʩ 

ʥʘʫʯʥʦʡ, ʪʘʢ ʠ ʩ ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʙʣʘʛʦʜʘʨʷ ʠʭ ʫʥʠʢʘʣʴʥʳʤ 

ʤʘʛʥʠʪʥʳʤ, ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ, ʘ ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʤʳʤ 

ʚ ʥʠʭ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʘʤ. ɺʦʧʨʦʩʳ ʠʟʫʯʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ, ʣʦʢʘʣʴʥʦʡ ʠ 

ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʡ ʚʘʞʥʳ ʜʣʷ ʙʦʣʝʝ ʛʣʫʙʦʢʦʛʦ ʧʦʥʠʤʘʥʠʷ 

ʠʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠ ʫʩʧʝʰʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʨʘʟʣʠʯʥʳʭ 

ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʷʭ. 

ʇʦʨʦʰʢʠ ʪʠʪʘʥʘʪʦʚ ʝʚʨʦʧʠʷ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʩ ʧʦʤʦʱʴʶ ʟʦʣʴ-ʛʝʣʴ 

ʤʝʪʦʜʘ ʠ ʩʦʦʩʘʞʜʝʥʠʷ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʪʝʨʤʦʦʙʨʘʙʦʪʢʦʡ ʧʨʝʢʫʨʩʦʨʦʚ ʚ 

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʠ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʘʪʤʦʩʬʝʨʝ. ɸʥʘʣʠʟ XANES-ʩʧʝʢʪʨʦʚ ʥʘ L3-

Eu ʢʨʘʝ ʧʦʛʣʦʱʝʥʠʷ ʧʦʢʘʟʘʣ ʚʦʟʤʦʞʥʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ 

ʩʦʦʪʥʦʰʝʥʠʷ ʢʘʪʠʦʥʦʚ Eu2+/Eu3+ ʚ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʢʦʤʙʠʥʘʮʠʠ s-XRD ʠ XANES ʧʦʟʚʦʣʠʣʦ ʫʩʪʘʥʦʚʠʪʴ, ʯʪʦ ʧʨʦʢʘʣʠʚʘʥʠʝ ʥʘ 

ʚʦʟʜʫʭʝ ʨʘʥʝʝ ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʭ ʧʦʨʦʰʢʦʚ Eu2+TiO3 ʧʨʠʚʦʜʠʪ ʢ ʦʢʠʩʣʝʥʠʶ 

ʢʘʪʠʦʥʦʚ Eu2+ ʜʦ Eu3+ ʠ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʬʘʟʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ Eu2+TiO3 

(ʢʫʙʠʯʝʩʢʠʡ ʧʝʨʦʚʩʢʠʪ, Pm-3m) Ÿ Eu3+
2Ti2O7 (ʩʣʦʠʩʪʳʡ ʧʝʨʦʚʩʢʠʪ, P21) Ÿ 

Eu3+
2Ti2O7 (ʧʠʨʦʭʣʦʨ, Fd-3m). ɼʘʥʥʳʝ s-XRD ʜʣʷ ʦʙʨʘʟʮʦʚ Eu3+

2Ti2O7, 

ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʪʞʠʛʘ 750 ʠ 800ʦʉ, ʫʢʘʟʳʚʘʶʪ ʥʘ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʩʣʦʠʩʪʦʛʦ ʧʝʨʦʚʩʢʠʪʘ, ʦʜʥʘʢʦ ʘʥʘʣʠʟ XANES- ʠ 

EXAFS-ʩʧʝʢʪʨʦʚ ʥʘ K-Ti ʢʨʘʝ ʧʦʛʣʦʱʝʥʠʷ ʧʦʟʚʦʣʠʣ ʫʩʪʘʥʦʚʠʪʴ, ʯʪʦ ʵʪʠ 

ʩʦʝʜʠʥʝʥʠʷ ʠʤʝʶʪ ʩʠʣʴʥʦ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʫʶ ʣʦʢʘʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ, 

ʫʢʘʟʳʚʘʶʱʫʶ ʥʘ ʯʘʩʪʠʯʥʫʶ ʘʤʦʨʬʠʟʘʮʠʶ ʦʙʨʘʟʮʦʚ. ʉ ʮʝʣʴʶ ʠʟʫʯʝʥʠʷ 

ʣʦʢʘʣʴʥʦʛʦ ʩʪʘʪʠʯʝʩʢʦʛʦ ʠ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʙʝʩʧʦʨʷʜʢʘ ʧʦʣʫʯʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʩʧʝʢʪʨʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ 10 - 300 ʂ ʜʣʷ 

ʧʦʣʥʦʩʪʴʶ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ Eu2+TiO3 ʠ ʧʦʨʦʰʢʘ, ʦʢʠʩʣʝʥʥʦʛʦ ʧʨʠ 800ʦʉ. 

ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʚ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ XANES-ʩʧʝʢʪʨʳ, ʩʥʷʪʳʝ ʚʙʣʠʟʠ 

ʢʨʘʝʚ ʧʦʛʣʦʱʝʥʠʷ L3-Eu ʠ K-Ti ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʣʠʩʴ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ, ʯʪʦ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʦʪʩʫʪʩʪʚʠʝ ʟʘʤʝʪʥʦʛʦ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʣʦʢʘʣʴʥʫʶ 

ʵʣʝʢʪʨʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʢʩʠʜʦʚ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ EXAFS-ʩʧʝʢʪʨʦʚ ʙʳʣʠ ʠʟʚʣʝʯʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʜʠʫʩʦʚ ʙʣʠʞʘʡʰʠʭ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʩʬʝʨ çʤʝʪʘʣʣ-ʢʠʩʣʦʨʦʜè ʠ 

ʠʭ ʬʘʢʪʦʨʦʚ ɼʝʙʘʷïɺʘʣʣʝʨʘ (ů2). ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ů2(T) ʩʚʷʟʝʡ Eu-O 

ʤʦʜʝʣʠʨʦʚʘʣʠʩʴ ʚ ʨʘʤʢʘʭ ʛʘʨʤʦʥʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʕʡʥʰʪʝʡʥʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʟʥʘʯʝʥʠʷ ʞʝʩʪʢʦʩʪʝʡ ʩʚʷʟʝʡ Eu-O, ʭʘʨʘʢʪʝʨʠʟʫʝʤʳʝ ʪʝʤʧʝʨʘʪʫʨʦʡ ʕʡʥʰʪʝʡʥʘ, 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʷʪ ʦʪ ʪʠʧʘ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʠ ʚʘʣʝʥʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʝʚʨʦʧʠʷ ʚ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

(ʛʨʘʥʪ ˉ 18-12-00133). 



248 
 

ɸ.ʅ. ʄʆʈʆɿ, ɸ.ʅ. ʄɸʂʉʀʄʆɺɸ, ɺ.ɸ. ʂɸʐʋʈʅʀʂʆɺ, ʀ.ɸ. ʈʋɼʅɽɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʄʆɼɽʃʀʈʆɺɸʅʀɽ ɺʀʍʈɽɺʆʁ ɼʀʅɸʄʀʂʀ ɺʊʉʇ ɺ 

ʀʄʇʋʃʔʉʅʓʍ ʄɸɻʅʀʊʅʓʍ ʇʆʃʗʍ 

ʄʝʪʦʜʦʤ ʄʦʥʪʝ-ʂʘʨʣʦ ʧʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʚʝʜʝʥʠʷ ʚʠʭʨʝʚʦʡ 

ʩʠʩʪʝʤʳ ɺʊʉʇ ʚ ʫʩʣʦʚʠʷʭ ʠʤʧʫʣʴʩʥʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʧʨʠ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ʈʘʩʩʤʦʪʨʝʥʳ ʨʘʟʣʠʯʥʳʝ ʘʤʧʣʠʪʫʜʳ, ʬʦʨʤʳ ʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʦʚ, ʘ ʪʘʢʞʝ 

ʨʘʟʣʠʯʥʳʝ ʜʝʬʝʢʪʥʳʝ ʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʮʦʚ. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʧʨʦʥʠʢʥʦʚʝʥʠʝ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʦʢʘ ʠ ʝʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ ʦʙʨʘʟʮʫ ʩʦ ʚʨʝʤʝʥʝʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʧʘʨʘʤʝʪʨʦʚ ʦʙʨʘʟʮʘ ʠ ʠʤʧʫʣʴʩʦʚ, ʘ ʪʘʢʞʝ ʪʝʤʧʝʨʘʪʫʨʳ. 

A.N. MOROZ, A.N. MAKSIMOVA , V.A. KASHURNIKOV, 

I.A. RUDNEV 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Russia 

MODELING OF HTS VORTEX DYNAMICS IN PULSED  

MAGNETIC FIELDS  

By using the Monte Carlo method, a numerical study of the behavior of the vortex system of 

a HTSC under pulsed magnetization has been conducted for different temperatures. Various 

pulse amplitudes, shapes and durations have been considered, as well as different defect 

structures of samples. The penetration of magnetic flux and its distribution over the sample with 

time has been demonstrated depending on the sample and pulse parameters, as well as 

temperature. 

ʇʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʦʚʨʝʤʝʥʥʳʭ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ (ɺʊʉʇ) ʚ ʢʘʯʝʩʪʚʝ ʤʘʛʥʠʪʦʚ ʩ ʟʘʭʚʘʯʝʥʥʳʤ ʧʦʪʦʢʦʤ ʧʨʠʚʝʣʘ 

ʢ ʙʦʣʴʰʦʤʫ ʢʦʣʠʯʝʩʪʚʫ ʟʘʜʘʯ, ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʚʝʜʝʥʠʷ ɺʊʉʇ 

ʚ ʧʨʦʮʝʩʩʝ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʠ ʧʦʠʩʢ ʩʧʦʩʦʙʦʚ ʦʧʪʠʤʠʟʘʮʠʠ ʟʘʭʚʘʪʘ ʧʦʪʦʢʘ. 

ʆʩʦʙʦʝ ʟʥʘʯʝʥʠʝ ʠʤʝʶʪ ʠʤʧʫʣʴʩʥʳʝ ʤʝʪʦʜʳ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ, ʦʙʣʘʜʘʶʱʠʝ 

ʙʦʣʴʰʝʡ ʢʦʤʧʘʢʪʥʦʩʪʴʶ ʠ ʩʢʦʨʦʩʪʴʶ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ, ʯʝʤ ʩʪʘʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ, 

ʧʨʠ ʤʝʥʴʰʝʡ ʩʪʦʠʤʦʩʪʠ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʘ ʩʝʨʠʷ ʨʘʩʯʝʪʦʚ ʚʨʝʤʝʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʥʫʪʨʠ ʦʙʨʘʟʮʦʚ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ Bi2Sr2CaCu2O8+x (Bi-2212) 

ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʠʤʧʫʣʴʩʦʚ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʨʘʟʣʠʯʥʳʭ ʬʦʨʤ (ʪʨʘʧʝʮʠʝʚʠʜʥʳʭ, 

ʪʨʝʫʛʦʣʴʥʳʭ ʠ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʭ) ʠ ʘʤʧʣʠʪʫʜ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʩʢʦʨʦʩʪʷʭ 

ʥʘʨʘʩʪʘʥʠʷ ʠ ʫʙʳʚʘʥʠʷ ʧʦʣʷ. ʈʘʩʩʤʦʪʨʝʥʥʳʝ ʦʙʨʘʟʮʳ ʩʦʜʝʨʞʘʣʠ ʨʘʟʥʦʝ ʯʠʩʣʦ 

ʜʝʬʝʢʪʦʚ ʚ ʜʚʫʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʷʭ: ʩʣʫʯʘʡʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠ 

ʪʨʝʫʛʦʣʴʥʘʷ ʨʝʰʝʪʢʘ. ʇʨʠʤʝʨ ʧʦʣʫʯʝʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩ. 1 (a) 

ʜʣʷ ʩʣʫʯʘʷ ʪʨʝʫʛʦʣʴʥʳʭ ʠʤʧʫʣʴʩʦʚ ʘʤʧʣʠʪʫʜʦʡ 900 ʕ. ʊʘʢʞʝ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ 

ʫʩʨʝʜʥʝʥʥʳʝ ʧʦ ʚʳʩʦʪʝ ʦʙʨʘʟʮʘ ʧʨʦʬʠʣʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 
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ʚʥʫʪʨʠ ʦʙʨʘʟʮʦʚ ʚ ʨʘʟʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ ï ʧʨʠʤʝʨ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩ. 1 (b) ʜʣʷ 

ʩʣʫʯʘʡʥʦʛʦ ʠ ʪʨʝʫʛʦʣʴʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 1000 ʜʝʬʝʢʪʦʚ ʧʦʩʣʝ ʦʢʦʥʯʘʥʠʷ 

ʜʝʡʩʪʚʠʷ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʭ ʠʤʧʫʣʴʩʦʚ. ɺʩʝ ʨʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ 

ʢʦʥʪʠʥʫʘʣʴʥʳʤ ʤʝʪʦʜʦʤ ʄʦʥʪʝ-ʂʘʨʣʦ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʩʣʦʠʩʪʦʛʦ ɺʊʉʇ. 

 

  

ʈʠʩ. 1. ɺʨʝʤʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʥʫʪʨʠ ʨʘʟʣʠʯʥʳʭ ʦʙʨʘʟʮʦʚ 

ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʪʨʝʫʛʦʣʴʥʳʭ ʠʤʧʫʣʴʩʦʚ (ʘ). ʋʩʨʝʜʥʝʥʥʳʝ ʧʨʦʬʠʣʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ 

ʦʙʨʘʟʮʘʭ ʩ ʪʨʝʫʛʦʣʴʥʦʡ ʨʝʰʝʪʢʦʡ ʠ ʩʣʫʯʘʡʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʜʝʬʝʢʪʦʚ ʧʦʩʣʝ 

ʚʳʢʣʶʯʝʥʠʷ ʚʥʝʰʥʝʛʦ ʧʦʣʷ (b). 

ʇʦʣʫʯʝʥʥʳʝ ʤʛʥʦʚʝʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʠʭʨʝʚʦʡ ʧʣʦʪʥʦʩʪʠ ʚ ʨʘʟʣʠʯʥʳʝ 

ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ ʜʝʡʩʪʚʠʷ ʠʤʧʫʣʴʩʦʚ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʦʩʦʙʝʥʥʦʩʪʠ 

ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʦʢʘ ʚ ʚʠʜʝ ʩʢʘʯʢʦʚ ʚʝʣʠʯʠʥʳ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

ʚʥʫʪʨʠ ʦʙʨʘʟʮʘ, ʟʘʚʠʩʷʱʠʝ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʠ ʪʠʧʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʝʬʝʢʪʦʚ, 

ʘʤʧʣʠʪʫʜʳ ʠʤʧʫʣʴʩʦʚ, ʘ ʪʘʢʞʝ ʪʝʤʧʝʨʘʪʫʨʳ. ʇʨʦʬʠʣʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʟʘʭʚʘʯʝʥʥʦʛʦ ʧʦʣʷ ʧʦ ʦʙʨʘʟʮʫ ʧʦʩʣʝ ʦʢʦʥʯʘʥʠʷ ʜʝʡʩʪʚʠʷ ʠʤʧʫʣʴʩʦʚ ʢʘʯʝʩʪʚʝʥʥʦ 

ʩʦʚʧʘʜʘʶʪ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʙʦʪʳ [1]. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʛʨʘʥʪ 18-02-00278-ʘ). 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Arnaud J., Fernandes J.F.P., Branco P.J.C. // IEEE Trans. Appl. Supercond. 2018. Vol. 28, P. 

6801604. 
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ʈ.ɸ. ʄʋʄʀʅʆɺ, ʉ.ɸ. ʈɸɼɾɸʇʆɺ, ɹ.ʉ.ʈɸɼɾɸʇʆɺ, ɺ.ʀ. 

ʏɽʇʋʈʅʆɺ, ɸ.ɺ. ɻʋʈʉʂɸʗ, ʄ.ɺ. ɼʆʃɻʆʇʆʃʆɺ 
ʌʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʅʇʆ çʌʠʟʠʢʘ-ʉʦʣʥʮʝè ɸʅ ʈʋʟ, 

ʆʆʆ çɹʝʪʘɺʦʣʴʪʘʠʢʘè, ʉʘʤʘʨʘ, ʈʦʩʩʠʷ 

ʉʘʤʘʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʈʦʩʩʠʷ 

 

ʂʈɽʄʅʀɽɺʓɽ ɼɽʊɽʂʊʆʈʓ ɿɸʈʗɾɽʅʅʓʍ ʏɸʉʊʀʎ  

ʉ ʅɽɹʆʃʔʐʀʄʀ ʋʊɽʏʂɸʄʀ, ʀɿʄɽʈɽʅʀɽ  

ɹɽʊɸ-ʉʇɽʂʊʈʆɺ ʇʈɽʆɹʈɸɿʆɺɸʊɽʃɽʁ 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʢʨʝʤʥʠʝʚʳʝ ʜʝʪʝʢʪʦʨʳ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ ʩ ʤʘʣʳʤʠ ʪʦʢʘʤʠ ʫʪʝʯʢʠ 

ʜʣʷ ʷʜʝʨʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʘʢʪʠʚʘʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ, ʜʦʟʠʤʝʪʨʠʠ, ʤʝʜʠʮʠʥʳ, ʙʠʦʣʦʛʠʠ, 

ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʘʩʪʨʦʬʠʟʠʢʠ, ʤʦʥʠʪʦʨʠʥʛʘ ʷʜʝʨʥʳʭ ʦʪʭʦʜʦʚ, ʘʨʭʝʦʣʦʛʠʠ, 

ʵʢʦʣʦʛʠʯʝʩʢʠʭ ʟʘʜʘʯ, ʜʠʘʛʥʦʩʪʠʢʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʳ ʠ ʜʨ. ʇʨʦʚʝʜʝʥʳ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʝʪʘ-ʩʧʝʢʪʨʘ ʜʣʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʵʥʝʨʛʠʠ. 

R.A. MUMINOV , S.A. RADZHAPOV, B.S. RADZHAPOV,  

V.I. CHEPURNOV, A.V. GURSKAYA, M.V. DOLGOPOLOV 

 

Physical-Technical Institute of SPA "Physics-Sun", Tashkent, Uzbekistan 

BetaVoltaics LLC, Samara, Russia 

Samara POLYTECH, Russia 

SILICON CHARGED PARTICLE DETECTORS WITH SMALL LEAKS. 

MEASURING BETA SPECTRA OF ENERGY TRANSDUCERS 

 

Silicon detectors of charged particles with low leakage tones are presented for nuclear 

spectroscopy, activation analysis, dosimetry, medicine, biology, high-energy astrophysics, 

monitoring of nuclear waste, archaeology, environmental problems, diagnostics of high-

temperature plasma, etc. Beta-spectrum researches for semiconductor energy converters are 

considered. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʝʯʴ ʠʜʝʪ ʦ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʩʧʝʢʪʨʘ ʙʝʪʘ-ʵʣʝʢʪʨʦʥʦʚ ʵʥʝʨʛʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʩ ʧʦʤʦʱʴʶ ʢʨʝʤʥʠʝʚʳʭ 

ʜʝʪʝʢʪʦʨʦʚ ʌʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʦʛʦ ʠʥʩʪʠʪʫʪʘ ʅʇʆ çʌʠʟʠʢʘ-ʉʦʣʥʮʝè ɸʅ ʈʋʟ [1, 

2]. ʊʝʩʪʦʚʳʝ ʦʙʨʘʟʮʳ ʜʣʷ ʜʝʪʝʢʪʦʨʦʚ ʥʘ ʦʩʥʦʚʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʩʪʨʫʢʪʫʨ 

SiC ʩ ʨʘʜʠʦʠʟʦʪʦʧʦʤ C14 ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʩ ʙʝʪʘ-ʜʘʪʯʠʢʦʤ, ʧʦʣʫʯʝʥʥʳʡ 

ʩʧʝʢʪʨ ʧʦʟʚʦʣʠʣ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʵʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʢʘ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʯʪʦ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʣʝʛʠʨʫʶʱʝʡ ʧʨʠʤʝʩʠ ʨʘʜʠʦʥʫʢʣʠʜʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʛʣʫʙʠʥʳ ʩʣʦʷ ʢʘʨʙʠʜʘ 

ʢʨʝʤʥʠʷ, ʇʨʝʜʩʪʘʚʣʝʥʳ ʪʘʢʞʝ ʢʨʝʤʥʠʝʚʳʝ ʜʠʬʬʫʟʠʦʥʥʦ-ʜʨʝʡʬʦʚʳʝ ʜʝʪʝʢʪʦʨʳ, 

ʧʨʝʜʥʘʟʥʘʯʝʥʠʝ ʜʣʷ ʩʧʝʢʪʨʦʤʝʪʨʠʠ ʠ ʨʝʛʠʩʪʨʘʮʠʠ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ 

(ʵʣʝʢʪʨʦʥʦʚ, ʧʨʦʪʦʥʦʚ, Ŭ-ʯʘʩʪʠʮ ʠ ʜʨ.), ʘ ʪʘʢʞʝ ʤʷʛʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠ ʛʘʤʤʘ-
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ʠʟʣʫʯʝʥʠʷ, ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʠ ʩʦʟʜʘʥʠʠ ʩʧʝʢʪʨʦʤʝʪʨʦʚ ʜʣʷ ʨʝʰʝʥʠʷ 

ʨʘʟʣʠʯʥʳʭ ʷʜʝʨʥʦ-ʢʦʩʤʠʯʝʩʢʠʭ ʟʘʜʘʯ. ɼʠʘʤʝʪʨ ʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʦʙʣʘʩʪʠ ◖i (5-24) 

ʤʤ, ʪʦʣʱʠʥʘ Wi=(1-5) ʤʤ. ʕʥʝʨʛʝʪʠʯʝʩʢʠʝ ʨʘʟʨʝʰʝʥʠʝ ʧʦ Ŭ-ʯʘʩʪʠʮʘʤ 238Pu 

(EŬ~5,5 ʄʵɺ), RŬ~(15-30) ʢʵɺ, ɓ-ʯʘʩʪʠʮʘʤ 207Bi (Eɓ~1 ʄʵɺ), Rɓ~(12-25) ʢʵɺ. 

ʊʘʢʞʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʦʢʦʚʳʡ ʜʝʪʝʢʪʦʨ ʫʣʴʪʨʘʤʷʛʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ, ʪʦʥʢʠʡ ʜʝʪʝʢʪʦʨ ʧʨʦʣʝʪʥʦʛʦ ʪʠʧʘ, ʢʨʝʤʥʠʡ-ʣʠʪʠʝʚʳʝ ʜʝʪʝʢʪʦʨʳ 

ʙʦʣʴʰʦʡ ʧʣʦʱʘʜʠ, ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʥʠʟʢʦʬʦʥʦʚʳʭ ʜʝʪʝʢʪʠʨʫʶʱʠʭ ʩʠʩʪʝʤʘʭ ʠ 

ʧʨʝʜʥʘʟʥʘʯʝʥʳ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʠ ʩʧʝʢʪʨʦʤʝʪʨʠʠ ʩʣʘʙʦʠʥʪʝʥʩʠʚʥʳʭ ʧʦʪʦʢʦʚ 

ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ. ɺʩʝ ʜʝʪʝʢʪʦʨʳ ʤʦʛʫʪ ʧʦʩʪʘʚʣʷʪʴʩʷ ʚ ʙʝʩʢʦʨʧʫʩʥʦʤ 

ʠʩʧʦʣʥʝʥʠʠ, ʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʨʧʫʩʘʭ (ʧʨʦʣʝʪʥʳʡ ʠ 

ʥʝʧʨʦʣʝʪʥʳʡ ʚʘʨʠʘʥʪ): 

 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Oleg Kuznetsov, Viktor Chepurnov, Albina Gurskaya, Mikhail Dolgopolov and Sali Radzhapov // 

EPJ Web Conf., 222 (2019) 02012 

2. Alina Kuznetsova, Mikhail Dolgopolov, Albina Gurskaya, Viktor Chepurnov, Galina Puzyrnaya 
and Sali Radzhapov // EPJ Web Conf., 222 (2019) 02013 
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ɾ.ʍ. ʄʋʈʃʀɽɺɸ1,2, ɼ.ʂ. ʇɸʃʏɸɽɺ1, ʄ.ʕ. ʀʉʍɸʂʆɺ1, ʈ.ʄ. 

ʕʄʀʈʆɺ1, ʉ.ʍ.ɻɸɼɾʀʄɸɻʆʄɽɼʆɺ1 

1ɼʘʛʝʩʪʘʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʄʘʭʘʯʢʘʣʘ, ʈʦʩʩʠʷ 
2ɼʘʛʝʩʪʘʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʥʘʨʦʜʥʦʛʦ ʭʦʟʷʡʩʪʚʘ, ʄʘʭʘʯʢʘʣʘ, ʈʦʩʩʠʷ 

 

ʌʆʈʄʀʈʆɺɸʅʀɽ ʀ ʈɽʃɸʂʉɸʎʀʗ ɿɸʈʗɼʆɺʓʍ  

ɺʆɿɹʋɾɼɽʅʀʁ ɺ Ti 67Al 33  

ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʦʜʥʦʚʨʝʤʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ (r) ʠ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ (a) ʠʥʪʝʨʤʝʪʘʣʣʠʜʘ Ti67Al 33 ʜʦ ʠ ʧʦʩʣʝ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ. ʇʨʝʜʣʦʞʝʥʘ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʢʦʥʢʫʨʝʥʮʠʠ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʪʠʧʦʚ ʧʨʦʚʦʜʠʤʦʩʪʠ Ti67Al 33 ʚ ʠʥʪʝʨʚʘʣʝ 300-1000ʂ.  

Zh.Kh. MURLIEVA 1.2, DK. PALCHAEV1, M.E. ISKHAKOV 1, 

R.E. EMIROV1, S.Kh. GADZHIMAGOMEDOV1  

1Dagestan State University, Makhachkala, Russia 
2Dagestan State University of National Economy, Makhachkala, Russia 

FORMATION AND RELAXATION OF CHARGE  

EXCITATIONS IN Ti 67Al 33  

The results of simultaneous studies of electrical resistance (r) and coefficient of thermal 

expansion (a) of the Ti67Al 33 intermetallic compound before and after heat treatments are 

presented. An interpretation of the competition between metallic and semiconductor types of 

conductivity Ti67Al 33 in the range of 300-1000K is proposed. 

ɺ ʠʥʪʝʨʤʝʪʘʣʣʠʜʘʭ ʩʦ ʩʪʨʫʢʪʫʨʦʡ Ti3Al  ʥʘʙʣʶʜʘʶʪʩʷ ʜʠʬʬʫʟʠʦʥʥʳʝ 

ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʘʪʦʤʦʚ ʧʦ ʫʟʣʘʤ ʷʯʝʡʢʠ 

ʧʨʠ ʥʝʠʟʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ. ʆʙʨʘʟʦʚʘʥʠʝ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʠʟ ʪʚʝʨʜʦʛʦ 

ʨʘʩʪʚʦʨʘ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʫʧʦʨʷʜʦʯʝʥʠʝʤ ʧʦʟʠʮʠʡ ʘʪʦʤʦʚ Al ʚ ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʝ, ʙʣʘʛʦʜʘʨʷ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʩʠʣ, ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʢ ʩʠʣʘʤ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʤ ʤʝʪʘʣʣʠʯʝʩʢʫʶ ʩʚʷʟʴ.    

ʅʘʤʠ ʠʩʩʣʝʜʦʚʘʥʳ (in situ) ʟʘʚʠʩʠʤʦʩʪʠ r(ʊ) ʠ a(ʊ) ʚ Ti67Al 33 [1]. ɼʣʷ 

ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʢʦʥʢʫʨʝʥʮʠʠ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ (ʨʠʩ.1) 

ʭʘʨʘʢʪʝʨʦʚ ʟʘʚʠʩʠʤʦʩʪʠ ɟ=f(T) ʚ Ti67Al 33 ʥʝʦʙʭʦʜʠʤʦ ʧʦʥʠʤʘʥʠʝ ʩʮʝʥʘʨʠʝʚ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʨʝʣʘʢʩʘʮʠʠ ʟʘʨʷʜʦʚʳʭ ʚʦʟʙʫʞʜʝʥʠʡ. ʕʪʦ ʚʦʟʤʦʞʥʦ 

ʦʩʫʱʝʩʪʚʠʪʴ ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʢʦʨʨʝʣʷʮʠʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ r ʠ ɓ (b=3a ï 

ʦʧʨʝʜʝʣʷʝʪ ʨʘʙʦʪʫ ʨʝʰʝʪʢʠ ʧʦ ʠʟʤʝʥʝʥʠʶ ʦʙʲʝʤʘ). ʊʘʢʘʷ ʢʦʨʨʝʣʷʮʠʷ ʥʘʤʠ 

ʫʩʪʘʥʦʚʣʝʥʘ ʜʣʷ ʦʙʳʯʥʳʭ ʤʝʪʘʣʣʦʚ ʠ ʩʧʣʘʚʦʚ [2, 3]:  

 r(T) = r0 +r*b(T)T , (1) 

ʛʜʝ r0 ʠ r*
 ï ʦʩʪʘʪʦʯʥʦʝ (ʵʢʩʪʨʘʧʦʣʠʨʦʚʘʥʥʦʝ ʚ 0ʂ) ʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ (ʢʦʥʩʪʘʥʪʘ ʜʣʷ ʢʘʞʜʦʡ ʬʘʟʳ) ʩʦʧʨʦʪʠʚʣʝʥʠʷ. 
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ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʠ r(ʊ) ʠ a(ʊ) ï ʘ); ʨʝʟʫʣʴʪʘʪʳ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ï ʙ).  

ʅʘʙʣʶʜʘʝʤʘʷ ʧʨʷʤʘʷ ʢʦʨʨʝʣʷʮʠʷ ʟʘʚʠʩʠʤʦʩʪʝʡ r(ʊ) ʠ a(ʊ) ʜʣʷ Ti67Al 33 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʣʁ ʙʳʝ ʠʟʤʝʥʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʟʘʨʷʜʦʚʳʭ 

ʚʦʟʙʫʞʜʝʥʠʡ ʠ ʠʭ ʨʝʣʘʢʩʘʮʠʷ ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ ʠʟʤʝʥʝʥʠʷʤʠ ʧʘʨʘʤʝʪʨʦʚ 

ʩʪʨʫʢʪʫʨʳ, ʩʚʷʟʘʥʥʳʭ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʠʟʤʝʥʝʥʠʷ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ. 

ʂʦʨʨʝʣʷʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʣʩʷ ʜʣʷ ʫʯʘʩʪʢʦʚ ʪʝʤʧʝʨʘʪʫʨʳ (ʨʠʩ.1), ʛʜʝ 

ʜʦʤʠʥʠʨʫʝʪ ʦʜʠʥ ʠʟ ʤʝʭʘʥʠʟʤʦʚ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʧʦʩʢʦʣʴʢʫ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʯʠʩʪʳʭ 

ʤʝʪʘʣʣʦʚ [2] ʠ ʦʙʳʯʥʳʭ ʩʧʣʘʚʦʚ, ʫ ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ 

ʩʪʘʪʠʯʝʩʢʦʛʦ ʙʝʩʧʦʨʷʜʢʘ r0 ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. ʀʥʚʝʨʩʠʷ ʟʥʘʢʘ ʠ 

ʠʟʤʝʥʝʥʠʝ ʘʙʩʦʣʶʪʥʳʭ ʟʥʘʯʝʥʠʡ r* ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʫʢʘʟʳʚʘʶʪ ʥʘ 

ʨʝʣʘʢʩʘʮʠʶ ʟʘʢʘʣʝʥʥʦʡ ʩʠʩʪʝʤʳ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʠʤ ʩʪʘʪʠʯʝʩʢʠʤ 

ʙʝʩʧʦʨʷʜʢʦʤ ʢ ʨʘʚʥʦʚʝʩʥʦʤʫ ʩʦʩʪʦʷʥʠʶ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʪʝʨʤʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ ʠ 

ʧʨʦʮʝʩʩʦʚ ʣʦʢʘʣʴʥʦʡ ʧʝʨʝʧʦʣʷʨʠʟʘʮʠʠ ʘʪʦʤʦʚ ʚ ʵʣʝʤʝʥʪʘʨʥʳʭ ʷʯʝʡʢʘʭ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ɻɿ ˉ 3.5982.2017/8.9 
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ɺ.ɼ. ʅɽɺɽʈʆɺ, ɸ.ɽ. ʃʋʂʔʗʅʆɺ, ɸ.ɺ. ʂʈɸʉɸɺʀʅ 
1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʀʉʉʃɽɼʆɺɸʅʀɽ ʇʆʃʗʈʆʅʅʓʍ ʕʌʌɽʂʊʆɺ 

ɺ ʌʆʉʌʆʈɽʅɽ 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʘ SSH-ʤʦʜʝʣʴ, ʫʯʠʪʳʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʚ ʛʝʦʤʝʪʨʠʠ ʬʦʩʬʦʨʝʥʘ. ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʘʣʠʟʘʮʠʠ 

ʘʚʪʦʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʧʦʣʷʨʦʥʦʚ ʤʘʣʦʛʦ ʨʘʜʠʫʩʘ ʧʨʠ ʢʦʥʩʪʘʥʪʘʭ ʵʣʝʢʪʨʦʥ-ʨʝʰʝʪʦʯʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʟʥʘʯʝʥʠʷ ʢʦʪʦʨʳʭ ʙʦʣʴʰʝ ʢʨʠʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ. ʆʧʨʝʜʝʣʝʥʘ ʚʝʣʠʯʠʥʘ 

ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʤʦʥʦʩʣʦʝ ʯʝʨʥʦʛʦ ʬʦʩʬʦʨʘ, ʩʜʝʣʘʥ ʚʳʚʦʜ ʦʙ 

ʦʪʩʫʪʩʪʚʠʠ ʚ ʥʝʤ ʘʚʪʦʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʥʦʩʠʪʝʣʝʡ. 

  

V.D. NEVEROV, A.E. LUKYANOV, A.V. KRASAVIN  

1National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

STUDY OF POLARONIC EFFECTS IN PHOSPHORENE 

The SSH model, which takes into account the electron-phonon interaction, is studied in the 

phosphoren geometry. The possibility of realizing of self-trapped small polarons at electron-

lattice interaction constants greater than the critical value is shown. The magnitude of the 

electron-phonon interaction in the monolayer of black phosphorus is determined; it is concluded 

that there are no self-trapped carriers in this material. 

ɺ ʧʦʩʣʝʜʥʝʝ ʜʝʩʷʪʠʣʝʪʠʝ ʜʚʫʤʝʨʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʪʘʢʠʝ ʢʘʢ ʛʨʘʬʝʥ, 

ʜʠʩʫʣʴʬʠʜ ʤʦʣʠʙʜʝʥʘ, ʛʝʨʤʘʥʝʥ ʠ ʜʨʫʛʠʝ, ʥʘʭʦʜʷʪʩʷ ʚ ʮʝʥʪʨʝ ʥʘʫʯʥʦʛʦ 

ʚʥʠʤʘʥʠʷ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ [1], ʯʪʦ ʩʚʦʡʩʪʚʘ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʵʪʦʛʦ 

ʢʣʘʩʩʘ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʷʶʪʩʷ ʧʨʠ ʧʝʨʝʭʦʜʝ ʦʪ ʦʙʲʝʤʥʳʭ ʪʨʝʭʤʝʨʥʳʭ ʦʙʨʘʟʮʦʚ ʢ 

ʜʚʫʤʝʨʥʳʤ. 

ʌʦʩʬʦʨʝʥ ï ʤʦʥʦʩʣʦʡ ʯʝʨʥʦʛʦ ʬʦʩʬʦʨʘ, ʦʙʣʘʜʘʶʱʠʡ ʚʳʩʦʢʦʡ 

ʧʦʜʚʠʞʥʦʩʪʴʶ ʥʦʩʠʪʝʣʝʡ, ʚʳʩʦʢʠʤ ʦʧʪʠʯʝʩʢʠʤ ʧʦʛʣʦʱʝʥʠʝʤ, ʟʥʘʯʠʪʝʣʴʥʦʡ 

ʰʠʨʠʥʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʠ ʜʨʫʛʠʤʠ ʫʥʠʢʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʢʦʪʦʨʳʝ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩ ʜʣʷ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ.  

ʅʝʩʤʦʪʨʷ ʥʘ ʩʝʨʴʝʟʥʳʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʬʦʩʬʦʨʝʥʘ [2], ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʩʣʘʙʦ ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʧʦʣʷʨʦʥʥʳʭ 

ʵʬʬʝʢʪʦʚ ʥʘ ʩʚʦʡʩʪʚʘ ʜʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʢʨʦʤʝ ʪʦʛʦ, ʦʩʪʘʝʪʩʷ ʦʪʢʨʳʪʳʤ ʚʦʧʨʦʩ 

ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʘʚʪʦʣʦʢʘʣʠʟʘʮʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʣʝʢʪʨʦʥ-

ʬʦʥʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʦʮʝʥʢʘ ʵʣʝʢʪʨʦʥ-ʨʝʰʝʪʦʯʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʬʦʩʬʦʨʝʥʘ ʠ ʦʪʚʝʪ ʥʘ ʚʦʧʨʦʩ ʦ ʩʫʱʝʩʪʚʦʚʘʥʠʠ 

ʘʚʪʦʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʧʦʣʷʨʦʥʦʚ ʤʘʣʦʛʦ ʨʘʜʠʫʩʘ ʚ ʜʘʥʥʦʤ ʤʘʪʝʨʠʘʣʝ. ʕʪʘ ʟʘʜʘʯʘ 

ʤʦʞʝʪ ʙʳʪʴ ʨʝʰʝʥʘ ʧʦʩʨʝʜʩʪʚʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʤʦʜʝʣʠ, 
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ʫʯʠʪʳʚʘʶʱʝʡ ʜʚʠʞʝʥʠʝ ʵʣʝʢʪʨʦʥʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʧʦʪʝʥʮʠʘʣʝ ʨʝʰʝʪʢʠ 

ʤʦʥʦʩʣʦʷ ʯʝʨʥʦʛʦ ʬʦʩʬʦʨʘ. 

ɺ ʨʘʙʦʪʝ ʜʣʷ ʫʯʝʪʘ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʤʦʜʝʣʴ ʉʫ-ʐʨʠʬʝʨʘ-ʍʠʛʝʨʘ (SSH-ʤʦʜʝʣʴ). ʉʫʱʝʩʪʚʫʶʪ ʜʚʘ ʢʣʶʯʝʚʳʭ ʦʪʣʠʯʠʷ 

SSH-ʤʦʜʝʣʠ ʦʪ ʦʙʱʝʧʨʠʥʷʪʦʡ ʤʦʜʝʣʠ ʍʦʣʩʪʝʡʥʘ. ɺʦ-ʧʝʨʚʳʭ, ʚ ʤʦʜʝʣʠ 

ʍʦʣʩʪʝʡʥʘ ʫʯʠʪʳʚʘʶʪʩʷ ʣʠʰʴ ʦʧʪʠʯʝʩʢʠʝ ʬʦʥʦʥʥʳʝ ʤʦʜʳ, ʪʦʛʜʘ ʢʘʢ ʚ SSH-

ʤʦʜʝʣʠ ʚʢʣʶʯʝʥʳ ʘʢʫʩʪʠʯʝʩʢʠʝ. ʊʘʢ ʢʘʢ ʯʘʩʪʦ ʧʦʣʷʨʦʥʥʳʝ ʵʬʬʝʢʪʳ ʩʚʷʟʘʥʳ 

ʠʤʝʥʥʦ ʩ ʥʠʟʢʦʯʘʩʪʦʪʥʳʤʠ ʬʦʥʦʥʘʤʠ, ʠʭ ʫʯʝʪ ʥʝʦʙʭʦʜʠʤ ʚ ʠʩʧʦʣʴʟʫʝʤʦʡ 

ʤʦʜʝʣʠ. ɺʦ-ʚʪʦʨʳʭ, ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ SSH-ʤʦʜʝʣʠ 

ʤʦʜʝʣʠʨʫʝʪ ʧʝʨʝʩʢʦʢʦʚʳʡ ʠʥʪʝʛʨʘʣ, ʘ ʥʝ ʵʥʝʨʛʠʶ ʥʘ ʫʟʣʝ, ʢʘʢ ʵʪʦ ʧʨʦʠʩʭʦʜʠʪ ʚ 

ʤʦʜʝʣʠ ʍʦʣʩʪʝʡʥʘ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʟʜʝʩʴ 

ʩʚʷʟʘʥʦ ʠʤʝʥʥʦ ʩ ʜʚʠʞʝʥʠʝʤ ʵʣʝʢʪʨʦʥʘ, ʘ ʥʝ ʩ ʧʦʪʝʥʮʠʘʣʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʵʣʝʢʪʨʦʥʘ ʩ ʟʘʨʷʜʦʤ ʩʤʝʱʝʥʥʦʛʦ ʠʦʥʘ. ɺʩʝ ʵʪʦ ʜʝʣʘʝʪ ʤʦʜʝʣʴ SSH ʪʝʭʥʠʯʝʩʢʠ 

ʙʦʣʝʝ ʩʣʦʞʥʦʡ, ʥʦ ʧʦʟʚʦʣʷʝʪ ʢʦʨʨʝʢʪʥʝʝ ʦʧʠʩʘʪʴ ʬʠʟʠʢʫ ʩʠʩʪʝʤʳ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʚʦʟʤʦʞʥʦʩʪʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʘʚʪʦʣʦʢʘʣʠʟʦʚʘʥʥʳʭ 

ʩʦʩʪʦʷʥʠʡ ʥʝʦʙʭʦʜʠʤʦ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ 

ʨʝʰʝʪʢʠ ʢʘʢ ʬʫʥʢʮʠʶ ʧʦʣʦʞʝʥʠʡ ʠʦʥʦʚ. ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʘʜʠʘʙʘʪʠʯʝʩʢʦʝ 

ʧʨʠʙʣʠʞʝʥʠʝ ï ʧʨʝʥʝʙʨʝʛʘʝʪʩʷ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʝʡ ʠʦʥʦʚ, ʘ ʠʭ ʩʤʝʱʝʥʠʷ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʣʠʰʴ ʢʘʢ ʚʭʦʜʥʳʝ ʧʘʨʘʤʝʪʨʳ ʛʘʤʠʣʴʪʦʥʠʘʥʘ SSH-ʤʦʜʝʣʠ.  

ɿʘʜʘʯʘ ʤʠʥʠʤʠʟʘʮʠʠ ʨʝʰʘʝʪʩʷ ʧʨʠ ʧʦʤʦʱʠ ʘʣʛʦʨʠʪʤʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ 

ʵʚʦʣʶʮʠʠ, ʢʦʪʦʨʳʡ ʭʦʨʦʰʦ ʩʧʨʘʚʣʷʝʪʩʷ ʩ ʧʦʠʩʢʦʤ ʛʣʦʙʘʣʴʥʦʛʦ ʤʠʥʠʤʫʤʘ 

ʤʥʦʛʦʤʝʨʥʳʭ ʬʫʥʢʮʠʡ. ʅʘ ʢʘʞʜʦʤ ʰʘʛʝ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ ʜʣʷ ʤʦʤʝʥʪʘʣʴʥʦʛʦ 

ʧʦʣʦʞʝʥʠʷ ʠʦʥʦʚ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʩ ʧʦʤʦʱʴʶ 

ʪʦʯʥʦʡ ʜʠʘʛʦʥʘʣʠʟʘʮʠʠ ʤʘʪʨʠʮʳ Ὄ  ʠ ʚʝʣʠʯʠʥʘ ʬʦʥʦʥʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ Ὄ , 

ʩʫʤʤʘ ʢʦʪʦʨʳʭ ʠ ʤʠʥʠʤʠʟʠʨʫʝʪʩʷ. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth, V. V. Khotkevich, S. V. Morozov, and A. K. 

Geim. // Proc. Nat. Acad. Sci. U.S.A. 2005. V. 102. P. 10451. 
2. H. Liu, A. T. Neal, Z. Zhu, D. Tomanek, and P. D. Ye. // ACS Nano. 2014. V. 4133. P. 4033ï4041. 
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ʅ.ʅ. ʅʀɪɿɹɽʂʆɺ, ʀ.ɺ. ʉɸʁʂʆɺ, ɸ.ʖ. ʄɸʃɸʍʆɺ, ʀ.ɺ. ɼɽʅʀʉʆɺ 
ʀʥʩʪʠʪʫʪ ʩʪʨʫʢʪʫʨʥʦʡ ʤʘʢʨʦʢʠʥʝʪʠʢʠ ʠ ʧʨʦʙʣʝʤ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʠʤ. ɸ.ɻ. 

ʄʝʨʞʘʥʦʚʘ ʈɸʅ, ʏʝʨʥʦʛʦʣʦʚʢʘ, ʈʦʩʩʠʷ 

 

ʇʆʃʋʏɽʅʀɽ ʉɺɸʈʂʆʁ ɺɿʈʓɺʆʄ ɼɺʋʍʉʃʆʁʅʓʍ ʃʀʉʊʆɺ ʉ 

ʇʃɸʂʀʈʋʖʑʀʄ ʉʃʆɽʄ ʀɿ ɸʃʖʄʀʅʀɽɺʆɻʆ ʉʇʃɸɺɸ 

ɸʄɻ6 

ɺ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʩʚʘʨʢʝ ʚʟʨʳʚʦʤ ʩʧʣʘʚʘ ɸʄʛ6 ʩʦ 

ʩʣʝʜʫʶʱʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ: ʢʦʨʨʦʟʠʦʥʥʦʩʪʦʡʢʘʷ ʩʪʘʣʴ 08ʍ18ʅ10ʊ, ʤʝʜʴ ʄ1, ʣʘʪʫʥʴ ʃ63 

ʠ ʪʠʪʘʥ ɺʊ1-0. ʈʘʟʨʘʙʦʪʘʥʳ ʨʝʞʠʤʳ ʠ ʩʭʝʤʘ ʩʚʘʨʢʠ ʚʟʨʳʚʦʤ, ʘ ʪʘʢʞʝ ʧʦʣʫʯʝʥʳ ʟʥʘʯʝʥʠʷ 

ʧʨʦʯʥʦʩʪʠ ʥʘ ʦʪʨʳʚ ʧʣʘʢʠʨʫʶʱʝʛʦ ʩʣʦʷ ʜʣʷ ʢʘʞʜʦʡ ʧʘʨʳ. ʋʣʴʪʨʘʟʚʫʢʦʚʦʡ ʢʦʥʪʨʦʣʴ 

ʧʦʢʘʟʘʣ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʫʶ ʩʧʣʦʰʥʦʩʪʴ ʩʚʘʨʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ.  

N.N. NIEZBEKOV, I.V. SAIKOV, A.YU. MALAKHOV ,  

I.V. DENISOV 

Merzhanov Institute of Structural Macrokinetics and Materials Scienc, RAS, Chernogolovka, 

Russia 

OBTAINING BIMETALLIC SHEETS BY EXPLOSIVE WELDING 

WITH CLAD LAYER OF ALUMINUM ALLOY AMG6  

The research presented the results of experiments on explosion welding of AMg6 alloy with 

the materials: stainless steel 08Cr18Ni10Ti, copper M1, brass (copper 63% and zinc 37%) and 

titanium VT1-0. The modes and scheme of explosion welding were developed, and tensile 

strength of the clad layer was obtained for bimetals Ultrasonic testing showed satisfactory 

continuity of the welded joint. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʛʣʘʚʥʳʤ ʧʨʝʧʷʪʩʪʚʠʝʤ ʧʨʠ ʩʦʝʜʠʥʝʥʠʠ ʩʪʘʣʝʡ ʩ 

ʘʣʶʤʠʥʠʝʚʳʤʠ ʩʧʣʘʚʘʤʠ ʷʚʣʷʝʪʩʷ ʤʘʣʘʷ (0,025 ʘʪ. %) ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʞʝʣʝʟʘ ʚ 

ʘʣʶʤʠʥʠʠ. ʊʘʢʞʝ ʠʟ-ʟʘ ʟʥʘʯʠʪʝʣʴʥʦʡ ʨʘʟʥʠʮʳ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʨʤʠʯʝʩʢʦʛʦ 

ʨʘʩʰʠʨʝʥʠʷ ʚʝʣʠʢʘ ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʷʚʣʝʥʠʷ ʟʥʘʯʠʪʝʣʴʥʳʭ ʚʥʫʪʨʝʥʥʠʭ 

ʥʘʧʨʷʞʝʥʠʡ ʚ ʙʠʤʝʪʘʣʣʝ [1]. ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʩʚʘʨʢʝ 

ʚʟʨʳʚʦʤ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʤʘʪʝʨʠʘʣʳ: ʩʧʣʘʚ ɸʄʛ6 (ʙʝʟ ʘʣʶʤʠʥʠʝʚʦʡ 

çʨʫʙʘʰʢʠè), ʢʦʨʨʦʟʠʦʥʥʦʩʪʦʡʢʘʷ ʩʪʘʣʴ 08ʍ18ʅ10ʊ, ʤʝʜʴ ʄ1, ʣʘʪʫʥʴ ʃ63 ʠ 

ʪʠʪʘʥ ɺʊ1-0. ʉʚʘʨʢʘ ʚʟʨʳʚʦʤ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʧʦ ʩʭʝʤʝ, ʫʢʘʟʘʥʥʦʡ ʥʘ ʨʠʩʫʥʢʝ 1 

ʘ. ɺ ʢʘʯʝʩʪʚʝ ʚʟʨʳʚʯʘʪʦʛʦ ʚʝʱʝʩʪʚʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʤʝʩʴ ʤʠʢʨʦʧʦʨʠʩʪʦʡ 

ʘʤʤʠʘʯʥʦʡ ʩʝʣʠʪʨʳ ʩ ʜʠʟʝʣʴʥʳʤ ʪʦʧʣʠʚʦʤ. ʊʦʣʱʠʥʘ ʚʟʨʳʚʯʘʪʦʛʦ ʚʝʱʝʩʪʚʘ 

ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʦʪ 25 ʤʤ ʜʦ 40 ʤʤ. ʉʦʙʨʘʥʥʳʡ ʧʘʢʝʪ ʫʩʪʘʥʘʚʣʠʚʘʣʩʷ ʥʘ ʧʝʩʯʘʥʫʶ 

ʦʧʦʨʫ (ʨʠʩʫʥʦʢ 1 ʙ).  
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ʘ 
 ʙ 

ʈʠʩ. 1 ï ʈʘʟʨʘʙʦʪʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʩʭʝʤʳ: ʘ) ʩʭʝʤʘ ʩʚʘʨʢʠ ʚʟʨʳʚʦʤ: 1 ï ʧʝʩʯʘʥʘʷ 

ʦʧʦʨʘ, 2 ï ʩʪʘʣʴʥʘʷ ʧʣʘʩʪʠʥʘ, 3 ï ʦʩʥʦʚʘ, 4 ï ʤʝʪʘʝʤʘʷ ʧʣʘʩʪʠʥʘ, 5 ï ʚʟʨʳʚʯʘʪʦʝ ʚʝʱʝʩʪʚʦ, 

6ï ʜʝʪʦʥʘʪʦʨ, 7 ï ʟʘʙʦʡʢʘ ʠʟ ʧʝʩʢʘ; ʙ) ʚʥʝʰʥʠʡ ʚʠʜ ʩʙʦʨʢʠ ʥʘ ʧʦʣʠʛʦʥʝ.  

ʉʧʣʦʰʥʦʩʪʴ ʩʮʝʧʣʝʥʠʷ ʩʣʦʝʚ ʢʦʥʪʨʦʣʠʨʦʚʘʣʘʩʴ ʤʝʪʦʜʦʤ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ 

ʢʦʥʪʨʦʣʷ ʧʨʠʙʦʨʦʤ ʋɼ2ɺ-ʇ45. ʇʨʦʯʥʦʩʪʴ ʥʘ ʦʪʨʳʚ ʧʣʘʢʠʨʫʶʱʝʛʦ ʩʣʦʷ 

ʦʧʨʝʜʝʣʷʣʘʩʴ ʥʘ ʢʦʣʴʮʝʚʳʭ ʦʙʨʘʟʮʘʭ ʧʦ ʩʭʝʤʝ, ʧʨʠʚʝʜʝʥʥʦʡ ʥʘ ʨʠʩʫʥʢʝ 2. ɼʣʷ 

ʯʘʩʪʠʯʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʧʦʩʣʝ ʩʚʘʨʢʠ ʚʟʨʳʚʦʤ 

ʧʨʦʚʦʜʠʣʘʩʴ ʪʝʨʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ (ʊʆ) ʚʩʝʭ ʦʙʨʘʟʮʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ T=200 
0C ʩ ʚʳʜʝʨʞʢʦʡ 1 ʯʘʩ. 

 

ʈʠʩ. 2 ï ʉʭʝʤʘ ʠʩʧʳʪʘʥʠʷ ʥʘ ʦʪʨʳʚ ʧʣʘʢʠʨʫʶʱʝʛʦ ʩʣʦʷ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʩʚʘʨʢʝ ʚʟʨʳʚʦʤ ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʦʙʨʘʟʮʳ ʙʠʤʝʪʘʣʣʦʚ ʩ ʧʣʘʢʠʨʫʶʱʠʤ ʩʣʦʝʤ ʠʟ ʩʧʣʘʚʘ ɸʄʛ6. ʇʦʩʣʝ 

ʧʨʦʭʦʞʜʝʥʠʷ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʢʦʥʪʨʦʣʷ ʣʠʩʪʳ ʨʝʟʘʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʦʭʣʘʞʜʘʶʱʝʡ ʞʠʜʢʦʩʪʠ ʧʦʧʦʣʘʤ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʧʨʦʮʝʩʩʘ ʩʚʘʨʢʠ. ɿʘʪʝʤ 

ʦʜʥʘ ʠʟ ʜʚʫʭ ʯʘʩʪʝʡ ʧʦʜʚʝʨʛʘʣʘʩʴ ʊʆ. ʇʦʩʣʝ ʥʝʝ ʠʟ ʥʘʯʘʣʴʥʳʭ ʠ ʢʦʥʝʯʥʳʭ 

ʫʯʘʩʪʢʦʚ ʣʠʩʪʦʚ ʚʳʨʝʟʘʣʠʩʴ ʦʙʨʘʟʮʳ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʦʯʥʦʩʪʠ ʥʘ ʦʪʨʳʚ. 

ɹʳʣʦ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʧʨʦʯʥʦʩʪʴ ʥʘʯʘʣʴʥʳʭ ʫʯʘʩʪʢʦʚ ʥʝ ʧʨʝʚʳʰʘʣʘ 20 ʄʇʘ ʠʟ-ʟʘ 

ʥʘʣʠʯʠʷ ʣʦʢʘʣʴʥʳʭ ʥʝʩʧʣʦʰʥʦʩʪʝʡ ʥʘ ʛʨʘʥʠʮʝ ʩʦʝʜʠʥʝʥʠʷ. ʇʨʦʯʥʦʩʪʴ ʥʘ ʦʪʨʳʚ 

ʧʣʘʢʠʨʫʶʱʝʛʦ ʩʣʦʷ ʦʙʨʘʟʮʦʚ ʚʟʷʪʳʭ ʠʟ ʢʦʥʝʯʥʳʭ ʫʯʘʩʪʢʦʚ ʩʦʩʪʘʚʠʣʘ ʜʣʷ ʧʘʨʳ 

ɸʄʛ6+ʄ1 ï 70 ʄʇʘ, ʜʣʷ ɸʄʛ6+ʃ63 ï 60 ʄʇʘ, ʜʣʷ ɸʄʛ6+ɺʊ1-0 ï 105 ʄʇʘ, 

ɸʄʛ6+08ʍ18ʅ10ʊ ï 61 ʄʇʘ. ʇʨʦʯʥʦʩʪʴ ʧʦʩʣʝ ʊʆ ʠʟʤʝʥʠʣʘʩʴ ʥʝʟʥʘʯʠʪʝʣʴʥʦ. 

ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʦʯʥʦʩʪʴ ʩʦʝʜʠʥʝʥʠʡ ʩʫʱʝʩʪʚʝʥʥʦ ʥʠʞʝ 

ʧʨʦʯʥʦʩʪʠ ʠʩʭʦʜʥʳʭ ʩʣʦʝʚ. ɼʘʥʥʦʝ ʷʚʣʝʥʠʝ ʪʨʝʙʫʝʪ ʜʘʣʴʥʝʡʰʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ʂʘʣʝʢʦ ɼ.ʄ. // ɸʚʪʦʤʘʪʠʯʝʩʢʘʷ ʩʚʘʨʢʘ. 2010. ˉ10. ʉ. 29-36. 
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ɼ.ʂ. ʇɸʃʏɸɽɺ1, ɾ.ʍ. ʄʋʈʃʀɽɺɸ1,2, ʉ.ʍ. ɻɸɼɾʀʄɸɻʆʄɽɼʆɺ1, 

ʄ.ʍ. ʈɸɹɸɼɸʅʆɺ1 

1ɼʘʛʝʩʪʘʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʛ. ʄʘʭʘʯʢʘʣʘ, ʈʦʩʩʠʷ 
2ɼʘʛʝʩʪʘʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʥʘʨʦʜʥʦʛʦ ʭʦʟʷʡʩʪʚʘ, 

 ʛ. ʄʘʭʘʯʢʘʣʘ, ʈʦʩʩʠʷ. 

 

ʉɺʗɿʔ ʆʊʅʆʉʀʊɽʃʔʅʓʍ ʀɿʄɽʅɽʅʀʁ ʆɹʒɽʄɸ ʀ 

ʕʃɽʂʊʈʆʉʆʇʈʆʊʀɺʃɽʅʀʗ ɼʃʗ ʂɽʈɸʄʀʂ ʅɸ ʆʉʅʆɺɽ 

YBCO  

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʢʝʨʘʤʠʢʝ YBCO ʦʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʠ ʧʣʦʱʘʜʴ ʧʣʦʩʢʦʩʪʝʡ 

CuO2, ʚ ʩʨʝʜʥʝʤ ʧʦ ʨʝʰʝʪʢʝ, ʥʠʞʝ 170ʂ ʫʤʝʥʴʰʘʶʪʩʷ ʚʧʣʦʪʴ ʜʦ Tc ʩ ʪʝʥʜʝʥʮʠʝʡ 

ʩʪʨʝʤʣʝʥʠʷ ʦʙʲʝʤʘ ʥʠʞʝ Tc ʢ ʧʦʩʪʦʷʥʥʦʡ ʚʝʣʠʯʠʥʝ. ʇʦʢʘʟʘʥʘ, ʪʘʢ ʞʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʘʷ 

ʩʚʷʟʴ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʠʟʤʝʥʝʥʠʡ ʦʙʲʝʤʘ ʠ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʜʣʷ ʢʝʨʘʤʠʢ YBCO. 

D.K. PALCHAEV1, Zh.Kh. MURLIEVA 1.2,  

S.Kh. GADZHIMAGOMEDOV1, M.KH.RABADANOV 1 

 1Dagestan State University, Makhachkala, Russia 
2Dagestan State University of National Economy, Makhachkala, Russia 

RELATIONSHIP OF RELATIVE CHANGES OF VOLUME AND 

ELECTRIC RESISTANCE FOR CERAMICS BASED ON YBCO  

It was shown that, in YBCO ceramics, the unit cell volume and the area of CuO2 planes, on 

average over the lattice, decrease below 170 K down to Tc with a tendency for the volume to 

tend below Tc to a constant value. The direct relationship between the relative changes in 

volume and electrical resistance for YBCO ceramics is also shown. 

ɼʦʧʠʨʦʚʘʥʠʝ YBa2Cu3O7-ŭ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʝʛʦ ʧʝʨʝʭʦʜ ʚ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʝ 

ʩʦʩʪʦʷʥʠʝ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ Tc, ʯʪʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʚʷʟʘʥʦ ʩ 

ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʩ ʠ b. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʠʟʤʝʥʝʥʠʷ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ ʤʦʛʫʪ ʧʨʦʠʩʭʦʜʠʪʴ ʥʝ ʪʦʣʴʢʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʥʠʞʝʥʠʷ 

ʟʥʘʯʝʥʠʷ ŭ, ʥʦ ʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. ʅʘ ʦʩʦʙʝʥʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ ʚʙʣʠʟʠ Tc, ʦʙʳʯʥʦ, ʥʝ ʦʙʨʘʱʘʝʪʩʷ ʚʥʠʤʘʥʠʷ. 

ʅʘʤʠ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʩʪʨʫʢʪʫʨʘ ʠ ʢʦʤʧʣʝʢʩ ʩʚʦʡʩʪʚ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ [1] ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ, ʜʣʷ ʜʚʫʭ 

ʦʙʨʘʟʮʦʚ ʧʣʦʪʥʦʡ ʠ ʥʝʧʣʦʪʥʦʡ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʢʝʨʘʤʠʢ ʥʘ ʦʩʥʦʚʝ 

ʦʧʪʠʤʘʣʴʥʦ ʜʦʧʠʨʦʚʘʥʥʦʛʦ YBCO.  

ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʠʚʝʜʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʙʲʝʤʘ ʠ ʧʣʦʱʘʜʠ 

ʧʣʦʩʢʦʩʪʠ CuO2 ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ YBCO ʥʘʰʠʭ ʢʝʨʘʤʠʢ ʚ ʩʨʘʚʥʝʥʠʠ ʩ 

ʜʘʥʥʳʤʠ ʜʣʷ ʤʠʢʨʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ [2, 3].  
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ʈʠʩ. 1. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʙʲʝʤʘ ï ʘ) ʠ ʧʣʦʱʘʜʠ ï ʙ) ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ: 

1 - [3], 2 ʠ 3 ïʥʘʰʠ ʜʘʥʥʳʝ ʜʣʷ ʧʦʨʠʩʪʦʡ ʠ ʧʣʦʪʥʦʡ ʢʝʨʘʤʠʢ (~3,0 ʛ/ʩʤ3 ʠ ~5,7 ʛ/ʩʤ3), 4 - 

[2]. 5- ʜʘʥʥʳʝ 2 ʠ 3 ʜʣʷ ʧʣʦʪʥʦʡ ʠ ʥʝʧʣʦʪʥʦʡ ʢʝʨʘʤʠʢ. 

ʂʘʢ ʚʠʜʥʦ, ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ~70ʂ ʠʟʤʝʥʝʥʠʷ ʦʙʲʝʤʘ ʠ ʧʣʦʱʘʜʠ ʧʣʦʩʢʦʩʪʝʡ 

CuO2 ʨʝʟʢʦ ʩʥʠʞʘʶʪʩʷ, ʘ ʥʠʞʝ ʊʩ ʩʪʨʝʤʷʪʩʷ ʢ ʧʦʩʪʦʷʥʥʦʡ ʚʝʣʠʯʠʥʝ. ʕʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʥʘʰʫ ʚʝʨʩʠʶ [1], ʦʩʥʦʚʘʥʥʫʶ ʥʘ ʥʘʣʠʯʠʠ ʩʚʷʟʠ ʧʝʨʝʭʦʜʘ ʚ 

ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʝ ʩʦʩʪʦʷʥʠʝ ʩ ʩʫʱʝʩʪʚʝʥʥʳʤ ʩʥʠʞʝʥʠʝʤ ʵʬʬʝʢʪʘ ʘʥʛʘʨʤʦʥʠʟʤʘ 

ʢʦʣʝʙʘʥʠʡ ʘʪʦʤʦʚ, ʚ ʩʨʝʜʥʝʤ ʧʦ ʨʝʰʝʪʢʝ. ʕʪʘ ʚʝʨʩʠʷ ʯʘʩʪʠʯʥʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʙʦʪʳ [4], ʛʜʝ ʦʩʦʙʝʥʥʦʩʪʴ ʬʦʥʦʥʦʚ, ʦʙʫʩʣʘʚʣʠʚʘʶʱʠʭ 

ʩʧʘʨʠʚʘʥʠʝ ʵʣʝʢʪʨʦʥʦʚ, ʩʚʷʟʳʚʘʝʪʩʷ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ çʬʠʢʩʠʨʦʚʘʥʥʳʭ 

ʪʨʝʫʛʦʣʴʥʠʢʦʚè ʚ ʫʛʣʘʭ ʛʦʬʨʠʨʦʚʘʥʥʳʭ ʧʣʦʩʢʦʩʪʝʡ CuO2, ʧʣʦʱʘʜʠ ʢʦʪʦʨʳʭ 

ʦʩʪʘʶʪʩʷ ʧʦʩʪʦʷʥʥʳʤ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ɻɿ ˉ 3.5982.2017/8.9 ʠ ʯʘʩʪʠʯʥʦ ʛʨʘʥʪʘ 
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ɺ.ɺ. ʇʆʇʆɺ1,5, ɸ.ʇ. ʄɽʅʋʐɽʅʂʆɺ1, ɸ.ʖ. ʄʆʃʆʂʆɺɸ1,  
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1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
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3ɸʆ ɺʝʜʫʱʠʡ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ ʭʠʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 
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5ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ɺʃʀʗʅʀɽ ɺʀɼɸ ʈɿʕ ʅɸ ʉʊʈʋʂʊʋʈʋ ʀ  

ʂɸʊɸʃʀʊʀʏɽʉʂʋʖ ɸʂʊʀɺʅʆʉʊʔ ʊʀʊɸʅɸʊʆɺ Ln2Ti2O7 

ʀʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʚʠʜʘ ʈɿʕ ʥʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ, ʣʦʢʘʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʪʠʪʘʥʘʪʦʚ Ln2Ti2O7 (Ln = Pr, Sm, Gd, Tb, Dy, Yb). ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʧʦʨʦʰʦʢ Pr2Ti2O7 ʠʤʝʝʪ ʤʦʥʦʢʣʠʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʩʣʦʠʩʪʦʛʦ ʧʝʨʚʦʩʢʠʪʘ, ʘ ʦʩʪʘʣʴʥʳʝ 

ʦʙʨʘʟʮʳ Ln2Ti2O7 (Ln = Sm, Gd, Tb, Dy, Yb) ï ʢʫʙʠʯʝʩʢʦʛʦ ʧʠʨʦʭʣʦʨʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ ʪʠʪʘʥʘʪʦʚ ʈɿʕ ʚ ʨʝʘʢʮʠʠ ʢʨʝʢʠʥʛʘ ʧʨʦʧʘʥʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ 

ʫʤʝʥʴʰʝʥʠʝʤ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ ʈɿʕ. ʆʙʥʘʨʫʞʝʥʘ ʘʥʦʤʘʣʴʥʘʷ ʘʢʪʠʚʥʦʩʪʴ Gd2Ti2O7. 

V.V. POPOV1,5, A.P. MENUSHENKOV1, A.Yu. MOLOKOVA 1,  

A.A. YASTREBTSEV1, E.B. MARKOVA 2,  

A.G. CHEREDNICHENKO2, N.A. TSARENKO3, I.V. SHCHETININ4 

1National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 
2Peoples Friendship University of Russia (RUDN), Moscow, Russia 

3JSC Scientific Research Institute of Chemical Engineering, Moscow, Russia 
4National University of Science and Technology MISiS, Moscow, Russia 

5National Research Centre Kurchatov Institute, Moscow, Russia 

THE INFLUENCE OF THE Ln TYPE ON THE STRUCTURE 

AND CATALYTIC ACTIVITY OF TITANATES Ln2Ti2O7 

The influence of the Ln type on the crystal, local structure, and catalytic properties of 

Ln2Ti2O7 titanates (Ln = Pr, Sm, Gd, Tb, Dy, Yb) was studied. It was shown that Pr2Ti2O7 

powder has a monoclinic structure of layered perovskite, and the other Ln2Ti2O7 samples (Ln = 

Sm, Gd, Tb, Dy, Yb) have cubic pyrochlore one. It was found that the catalytic activity of Ln 

titanates in the reaction of propane cracking increases with a decrease in the Ln ionic radius. 

Anomalous activity of Gd2Ti2O7 was detected. 

ʉʣʦʞʥʳʝ ʦʢʩʠʜʳ ʈɿʕ ʠʥʪʝʨʝʩʥʳ ʢʘʢ ʩ ʥʘʫʯʥʦʡ, ʪʘʢ ʠ ʩ ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʢʠ 

ʟʨʝʥʠʷ ʙʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʫʥʠʢʘʣʴʥʳʤ ʩʚʦʡʩʪʚʘʤ (ʚʳʩʦʢʘʷ ʭʠʤʠʯʝʩʢʘʷ, 

ʪʝʨʤʠʯʝʩʢʘʷ ʠ ʨʘʜʠʘʮʠʦʥʥʘʷ ʩʪʦʡʢʦʩʪʴ, ʠʦʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʠ ʪ.ʜ.). 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʠ ʣʦʢʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ 
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ʩʦʝʜʠʥʝʥʠʡ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ ʜʣʷ ʙʦʣʝʝ ʛʣʫʙʦʢʦʛʦ ʧʦʥʠʤʘʥʠʷ ʠʭ ʬʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ (ʚ ʯʘʩʪʥʦʩʪʠ, ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ) ʠ ʫʩʧʝʰʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʚ ʨʘʟʣʠʯʥʳʭ ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʷʭ. 

ʇʦʨʦʰʢʠ Ln2Ti2O7 (Ln = Pr, Sm, Gd, Tb, Dy, Yb) ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʩ 

ʧʦʤʦʱʴʶ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʘ ʠ ʩʦʦʩʘʞʜʝʥʠʷ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʪʝʨʤʦʦʙʨʘʙʦʪʢʦʡ 

ʧʨʝʢʫʨʩʦʨʦʚ ʜʦ ʧʦʣʫʯʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʪʠʪʘʥʘʪʦʚ ʈɿʕ. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʠ 

ʣʦʢʘʣʴʥʘʷ ʩʪʨʫʢʪʫʨʘ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʠʩʩʣʝʜʦʚʘʥʘ ʩ ʧʦʤʦʱʴʶ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ, ʀʂ- ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ 

(ʂʈ). ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʪʠʪʘʥʘʪʦʚ ʈɿʕ (Ln = Sm - Yb) ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ 

ʘʤʦʨʬʥʳʭ ʧʨʝʢʫʨʩʦʨʦʚ ʧʨʠʚʦʜʠʪ ʩʨʘʟʫ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʩʪʨʫʢʪʫʨʳ ʧʠʨʦʭʣʦʨʘ 

(ʧʨ. ʛʨ. mFd3 ). ɼʣʷ Pr2Ti2O7 ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʩʣʦʠʩʪʦʛʦ 

ʧʝʨʦʚʩʢʠʪʘ (ʧʨ. ʛʨ. ʈ21) (ʨʠʩ. 1). 

ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʦʮʝʩʩ ʪʝʨʤʠʯʝʩʢʦʛʦ ʢʨʝʢʠʥʛʘ ʧʨʦʧʘʥʘ, 

ʢʘʪʘʣʠʟʠʨʫʝʤʳʡ ʧʦʨʦʰʢʘʤʠ ʪʠʪʘʥʘʪʦʚ ʈɿʕ, ʧʨʦʪʝʢʘʝʪ ʚ ʦʩʥʦʚʥʦʤ ʧʦ ʤʝʭʘʥʠʟʤʫ 

ʜʝʩʪʨʫʢʮʠʠ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʫʤʝʥʴʰʝʥʠʝ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ ʈɿʕ ʚ ʪʠʪʘʥʘʪʘʭ 

ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʠʭ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ (ʨʠʩ. 2). ʆʪʤʝʯʝʥʘ 

ʘʥʦʤʘʣʴʥʘʷ ʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ ʧʦʨʦʰʢʘ Gd2Ti2O7. 

 

 
 

ʈʠʩ. 1. 

ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ 

ʧʦʨʦʰʢʦʚ ʪʠʪʘʥʘʪʦʚ ʈɿʕ. 

 ʈʠʩ. 2. ʂʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʧʦʨʦʰʢʦʚ ʪʠʪʘʥʘʪʦʚ ʈɿʕ. 

ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʜʣʷ ʚʩʝʭ ʪʠʪʘʥʘʪʦʚ ʈɿʕ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ ʵʪʠʣʝʥʘ 

ʦʩʪʘʸʪʩʷ ʥʝʠʟʤʝʥʥʦʡ ʚ ʪʝʯʝʥʠʝ 5 ʯ ʨʘʙʦʪʳ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʠ ʢʦʣʝʙʣʝʪʩʷ ʚ 

ʧʨʝʜʝʣʘʭ 60%. ʆʪʤʝʯʝʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʙʫʪʝʥʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʠʪʘʥʘʪʦʚ ʈɿʕ, 

ʥʘʭʦʜʷʱʠʭʩʷ ʧʦʩʣʝ Gd. ʂʦʣʠʯʝʩʪʚʦ ʦʙʨʘʟʦʚʘʚʰʝʛʦʩʷ ʙʫʪʝʥʘ ʚʦʟʨʘʩʪʘʝʪ ʚ ʨʷʜʫ 

Tb2Ti2O7>Dy2Ti2O7>Yb2Ti2O7. 

ʉʠʥʪʝʟ ʧʦʨʦʰʢʦʚ ʪʠʪʘʥʘʪʦʚ ʈɿʕ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʠʭ ʩʪʨʫʢʪʫʨʳ ʙʳʣʦ 

ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʛʨʘʥʪ ˉ 

18-12-00133). ʀʩʩʣʝʜʦʚʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʧʨʠ 

ʧʦʜʜʝʨʞʢʝ ʇʨʦʛʨʘʤʤʳ ʈʋɼʅ ç5-100è. 
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ɺ.ɺ. ʇʆʇʆɺ1,2, ɸ.ʇ.ʄɽʅʋʐɽʅʂʆɺ1, ɸ.ʖ. ʄʆʃʆʂʆɺɸ1, ɸ.ɸ. 

ʗʉʊʈɽɹʎɽɺ1, ʈ.ɼ. ʉɺɽʊʆɻʆʈʆɺ2, ʀ.ɺ. ʑɽʊʀʅʀʅ3, ʅ.ɸ. ʎɸʈɽʅʂʆ4, 

ʂ.ɺ. ʇʆʅʂʈɸʊʆɺ5 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʅʀʎ ʂʫʨʯʘʪʦʚʩʢʠʡ ʀʥʩʪʠʪʫʪ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

3ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʉʠʉè, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 
4ɸʆ ɺʝʜʫʱʠʡ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ ʭʠʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 
5ʆʆʆ ʈʝʥʠʰʦʫ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ɺʃʀʗʅʀɽ ʋʉʃʆɺʀʁ ʉʀʅʊɽɿɸ ʅɸ ʉʊʈʋʂʊʋʈʋ  

ʇʆʈʆʐʂʆɺ ɺʆʃʔʌʈɸʄɸʊʆɺ ʈɿʕ 

ʀʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʚʠʜʘ ʈɿʕ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ ʥʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʠ 

ʣʦʢʘʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ ʚʦʣʴʬʨʘʤʘʪʦʚ Ln2(WO4)3 c ʧʦʤʦʱʴʶ ʜʠʬʨʘʢʮʠʠ ʠ ʚʠʙʨʘʮʠʦʥʥʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʠʟʤʝʨʝʥʠʷ ʚʳʧʦʣʥʝʥʳ ʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʩʪʘʥʮʠʠ ʈʉɸ 

ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʅʀʎ ʂʫʨʯʘʪʦʚʩʢʠʡ ʀʥʩʪʠʪʫʪ). ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʘʤʦʨʬʥʳʭ ʧʨʝʢʫʨʩʦʨʦʚ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 500-700ʦʉ ʠ 

ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʤʦʥʦʢʣʠʥʥʦʡ ʩʪʨʫʢʪʫʨʳ (ʧʨ. ʛʨ. ʉ2/ʩ (15)) ʚ ʩʣʫʯʘʝ ʣʝʛʢʠʭ ʈɿʕ 

(Ln = La-Gd). ɺ Dy2(WO4)3 ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʷʚʣʝʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʨʦʤʙʠʯʝʩʢʦʡ ʬʘʟʳ 

(ʧʨ. ʛʨ. Pcna(60)), ʢʦʪʦʨʘʷ ʩʪʘʥʦʚʠʪʩʷ ʦʩʥʦʚʥʦʡ ʚ ʩʣʫʯʘʝ ʪʷʞʝʣʳʭ ʈɿʕ (Ln = Ho-Yb). 

ʃʦʢʘʣʴʥʘʷ ʩʪʨʫʢʪʫʨʘ ʚʦʣʴʬʨʘʤʘʪʦʚ ʈɿʕ (Ln = La-Dy) ʩʦʜʝʨʞʠʪ ʜʚʘ ʪʠʧʘ 

ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʪʝʪʨʘʵʜʨʦʚ WO4. 

V.V. POPOV1,2, A.P. MENUSHENKOV1, A.Yu. MOLOKOVA 1,  

ɸ.A. YASTREBTSEV1, R.D. SVETOGOROV2, I.V.SHCHETININ3, N.A. 

TSARENKO4, K.V. PONKRATOV5 

1National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

 2National Research Center Kurchatov Institute, Moscow, Russia 
3National University of Science and Technology MISiS, Moscow, Russia 

4JSC Scientific Research Institute of Chemical Engineering, Moscow, Russia 
5Renishaw plc, Moscow, Russia 

INFLUENCE OF SYNTHESI S CONDITIONS ON  

THE STRUCTURE OF REE TUNGSTATES POWDERS 

The influence of the REE type and annealing temperature on the crystalline and local 

structure of Ln2(WO4)3 tungstates was studied using diffraction and spectroscopic methods (the 

measurements carried out at óX-Ray Structural Analysisô end-station of NRC Kurchatov 

Institute synchrotron light source). It was established that crystallization of amorphous 

precursors is observed in the temperature range 500ï700ÁC and leads to the formation of a 

monoclinic structure (sp. gr. C2/c(15)) in the case of light REE (Ln = La-Gd). The transition to 

Dy2(WO4)3 is accompanied by appearance of the additional orthorhombic phase (sp. gr. 
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Pcna(60)), which becomes the main one in the case of heavy REE (Ln = Ho-Yb). The local 

structure of Ln tungstates (Ln = La-Dy) are superposition of two non-equivalent WO4 units. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʩʦʙʳʡ ʠʥʪʝʨʝʩ, ʢʘʢ ʩ ʥʘʫʯʥʦʡ, ʪʘʢ ʠ ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʝʢ 

ʟʨʝʥʠʷ ʠʤʝʶʪ ʪʚʝʨʜʦʪʝʣʴʥʳʝ ʘʢʪʠʚʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʦʙʣʘʜʘʶʱʠʝ 

ʧʦʣʠʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. ʆʜʥʠʤʠ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ ʷʚʣʷʶʪʩʷ ʚʦʣʴʬʨʘʤʘʪʳ ʈɿʕ, ʩʣʫʞʘʱʠʝʩʷ ʦʩʥʦʚʦʡ ʥʦʚʳʭ 

ʣʶʤʠʥʦʬʦʨʦʚ, ʣʘʟʝʨʥʳʭ ʩʨʝʜ, ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ ʠ ʢʘʪʘʣʠʟʘʪʦʨʦʚ. 

ʇʦʨʦʰʢʠ ʚʦʣʴʬʨʘʤʘʪʦʚ ʈɿʕ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʧʫʪʝʤ ʦʩʘʞʜʝʥʠʷ ʚʦʜʥʳʭ 

ʨʘʩʪʚʦʨʦʚ ʥʠʪʨʘʪʦʚ ʈɿʕ Ln(NO3)3 ʚʦʣʴʬʨʘʤʘʪʦʤ ʥʘʪʨʠʷ Na2WO4 ʩ ʧʦʩʣʝʜʫʶʱʝʡ 

ʧʨʦʢʘʣʢʦʡ ʧʨʝʢʫʨʩʦʨʦʚ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ 500-1000ʦʉ. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʘʤʦʨʬʥʳʭ ʧʨʝʢʫʨʩʦʨʦʚ ʧʨʦʠʩʭʦʜʠʪ ʚ ʠʥʪʝʨʚʘʣʝ 

ʪʝʤʧʝʨʘʪʫʨ 500-700ʦʉ ʠ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʤʦʥʦʢʣʠʥʥʦʡ ʩʪʨʫʢʪʫʨʳ (ʧʨ. 

ʛʨ. ʉ2/ʩ (15)) ʚ ʩʣʫʯʘʝ ʣʝʛʢʠʭ ʈɿʕ (Ln = La-Gd). ɺ Dy2(WO4)3 ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʦʷʚʣʝʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʨʦʤʙʠʯʝʩʢʦʡ ʬʘʟʳ (ʧʨ. ʛʨ. Pcna(60), 43 %), ʢʦʪʦʨʘʷ 

ʩʪʘʥʦʚʠʪʩʷ ʦʩʥʦʚʥʦʡ ʚ ʩʣʫʯʘʝ ʪʷʞʝʣʳʭ ʈɿʕ (Ln = Ho ʠ Yb) (ʨʠʩ. 1ʘ). 

 

 

 

 

ʈʠʩ. 1. ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ (ʘ), ʩʧʝʢʪʨʳ ʂʈ(ʙ) ʠ ʀʂ (ʚ) ʧʦʨʦʰʢʦʚ 

ʚʦʣʴʬʨʘʤʘʪʦʚ ʈɿʕ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʦʢʘʣʠʚʘʥʠʝʤ ʧʨʝʢʫʨʩʦʨʦʚ ʧʨʠ 1000ʦʉ/3 

ʯ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ: ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ 

(ʂʈ) (ʨʠʩ. 1ʙ) ʠ ʀʂ (ʨʠʩ. 1ʚ) ʧʦʟʚʦʣʠʣʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʣʦʢʘʣʴʥʘʷ 

ʩʪʨʫʢʪʫʨʘ Ln ʚʦʣʴʬʨʘʤʘʪʦʚ (Ln = La-Dy) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʫʧʝʨʧʦʟʠʮʠʶ ʜʚʫʭ 

ʪʠʧʦʚ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʚʦʣʴʬʨʘʤʘʪʥʳʭ ʪʝʪʨʘʵʜʨʦʚ: WIO4 (C2 ʪʠʧ ʩʠʤʤʝʪʨʠʠ) ʠ 

WIIO4 (C1 ʪʠʧ ʩʠʤʤʝʪʨʠʠ). ʆʪʤʝʯʝʥʦ ʥʘʣʠʯʠʝ ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʛʨʫʧʧ ʚ ʩʪʨʫʢʪʫʨʝ 

Ln ʚʦʣʴʬʨʘʤʘʪʦʚ (Ln = Dy-Yb) (ʨʠʩ. 1ʚ). 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

(ʛʨʘʥʪ ˉ 18-12-00133). 

(

ʘ) 
(

ʙ) 
(

ʚ) 
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ʈʦʩʩʠʷ 
5ʅʀʎ ʂʫʨʯʘʪʦʚʩʢʠʡ ʀʥʩʪʠʪʫʪ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʆʉʆɹɽʅʅʆʉʊʀ ʌɸɿʆɺʓʍ ʇɽʈɽʍʆɼʆɺ ɺ ʉʃʆɾʅʓʍ 

ʆʂʉʀɼɸʍ (YbxPr1-x)2(Ti yZr 1-y)2O7 (0 < x < 1, 0 < y < 1) 

ɺʧʝʨʚʳʝ ʩ ʧʦʤʦʱʴʶ ʢʦʤʧʣʝʢʩʘ ʤʝʪʦʜʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʠ XAFS 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠʩʩʣʝʜʦʚʘʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʵʚʦʣʶʮʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʠ 

ʣʦʢʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩʣʦʞʥʳʭ ʦʢʩʠʜʦʚ (YbxPr1-x)2(TiyZr1-y)2O7 (0 < x <1, 

0 < y <1) ʧʨʠ ʧʦʣʥʦʩʪʴʶ ʦʙʨʘʪʠʤʦʤ ʬʘʟʦʚʦʤ ʧʝʨʝʭʦʜʝ çʧʦʨʷʜʦʢ-ʙʝʩʧʦʨʷʜʦʢ-ʧʦʨʷʜʦʢè. 

ʇʨʦʚʝʜʝʥ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʘʥʘʣʠʟ XAFS-ʩʧʝʢʪʨʦʚ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʣʦʢʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. 

V.V. POPOV1,5, A.P. MENUSHENKOV1, A.A. YASTREBTSEV1,  

B.R. GAYNANOV 1, G.R. CASTRO2, V.YU. MURZIN3,  

A.B. KALINKO 3, I.V. SHCHETININ4 

1National Research Nuclear University MEPhI, Moscow, Russia 
2European Synchrotron Radiation Facility (ESRF), Grenoble, France 

3DESY, Photon Science, Hamburg, Germany 
4National University of Science and Technology MISiS, Moscow, Russia 

5National Research Centre Kurchatov Institute, Moscow, Russia 

PECULIARITIES OF PHASE TRANSITIONS IN COMPLEX 

 OXIDES (YbxPr1-x)2(TiyZr1-y)2O7 (0 < x < 1, 0 < y < 1) 

We have implemented a combined study of formation and evolution of the crystal and local 

structure of complex oxides (YbxPr1-x)2(TiyZr1-y)2O7 (0 < x <1, 0 < y <1) upon completely 

reversible ñorder-disorder-orderò phase transition using XRD and XAFS methods. An 

experimental analysis of the XAFS spectra and theoretical modeling of the local structure of the 

synthesized compounds were carried out. 

ʉʣʦʞʥʳʝ ʦʢʩʠʜʳ ʈɿʕ ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ A2
(3+)B2

(4+)O7 (A = ʈɿʕ; B = Ti, Zr, 

Hf) ʷʚʣʷʶʪʩʷ ʫʥʠʢʘʣʴʥʳʤʠ ʩʠʩʪʝʤʘʤʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ 

çʧʦʨʷʜʦʢ-ʙʝʩʧʦʨʷʜʦʢè. ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʬʘʢʪʦʨʦʚ, ʦʧʨʝʜʝʣʷʶʱʠʭ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʠ ʣʦʢʘʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʷʚʣʷʝʪʩʷ ʦʪʥʦʰʝʥʠʝ 

ʨʘʜʠʫʩʦʚ ʢʘʪʠʦʥʦʚ ɔ = rA(3+)/rB(4+). 



265 
 

ɺ ʨʘʙʦʪʝ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ ʚ ʩʦʝʜʠʥʝʥʠʷʭ  

(YbxPr1-x)2(TiyZr1-y)2O7 (0 < x < 1, 0 < y < 1), ʧʨʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤ ʟʘʤʝʱʝʥʠʠ f- ʠ 

d- ʵʣʝʤʝʥʪʦʚ (ʨʠʩ. 1). ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʩʣʦʞʥʳʭ ʦʢʩʠʜʘʭ ʈɿʕ ʟʘʤʝʱʝʥʠʝ 

ʢʘʪʠʦʥʦʚ (1) Ÿ (3) Ÿ (5), ʧʨʠʚʦʜʠʪ ʢ ʨʝʘʣʠʟʘʮʠʠ ʦʙʨʘʪʠʤʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ 

çʧʠʨʦʭʣʦʨ ï ʬʣʶʦʨʠʪ ï ʧʠʨʦʭʣʦʨè ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʝʤ ʚ 

ʩʦʝʜʠʥʝʥʠʷʭ (2) ʠ (4) ʜʚʫʭ ʢʫʙʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʩ ʨʘʟʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ. ʇʨʠ ʟʘʤʝʱʝʥʠʠ ʢʘʪʠʦʥʦʚ ʩʦʛʣʘʩʥʦ ʧʨʦʮʝʩʩʫ (5) Ÿ (7) Ÿ 

(1), ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ çʧʠʨʦʭʣʦʨ ï ʩʣʦʠʩʪʳʡ ʧʝʨʦʚʩʢʠʪ ï ʧʠʨʦʭʣʦʨè, ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʥʠʟʢʦ ʩʠʤʤʝʪʨʠʯʥʳʭ ʬʘʟ ʚ ʧʨʦʤʝʞʫʪʦʯʥʳʭ 

ʩʦʝʜʠʥʝʥʠʷʭ (6) ʠ (8). 

 

ʈʠʩʫʥʦʢ 1. ʉʭʝʤʘ ʧʦʣʥʦʩʪʴʶ ʦʙʨʘʪʠʤʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ çʧʦʨʷʜʦʢ-ʙʝʩʧʦʨʷʜʦʢ-

ʧʦʨʷʜʦʢè ʚ ʩʠʩʪʝʤʝ ʩʣʦʞʥʳʭ ʦʢʩʠʜʦʚ (YbxPr1-x)2(TiyZr1-y)2O7. 

ʇʨʦʚʝʜʸʥ ʘʥʘʣʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ EXAFS- ʠ XANES-ʩʧʝʢʪʨʦʚ, ʘ 

ʪʘʢʞʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ XANES-ʩʧʝʢʪʨʦʚ [1] ʧʦ ʫʪʦʯʥʸʥʥʳʤ ʩʪʨʫʢʪʫʨʥʳʤ 

ʧʘʨʘʤʝʪʨʘʤ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ (1), (3), (5) ʠ (7). ɸʥʘʣʠʟ EXAFS-ʩʧʝʢʪʨʦʚ ʧʦʢʘʟʘʣ, 

ʯʪʦ ʥʘʠʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʢ ʠʟʤʝʥʝʥʠʶ ʣʦʢʘʣʴʥʦʡ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ ʷʚʣʷʝʪʩʷ ʚʠʜ FT-ʤʦʜʫʣʷ EXAFS-ʬʫʥʢʮʠʠ ɢ(k) ʥʘ Pr L3-ʢʨʘʝ. ɹʳʣʠ 

ʫʩʪʘʥʦʚʣʝʥʳ ʪʦʥʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʦʚʝʜʝʥʠʷ ʧʨʝʜʢʨʘʝʚʦʡ ʦʙʣʘʩʪʠ Ti K-ʢʨʘʷ ʦʪ 

ʩʠʤʤʝʪʨʠʠ ʣʦʢʘʣʴʥʦʛʦ ʦʢʨʫʞʝʥʠʷ ʘʪʦʤʘ ʪʠʪʘʥʘ. ɼʣʷ ʩʦʝʜʠʥʝʥʠʡ (1) ʠ (5) ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʧʠʨʦʭʣʦʨʘ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ XANES-ʩʧʝʢʪʨʳ 

K-ʢʨʘʸʚ ʘʪʦʤʦʚ Zr ʠ Ti, ʥʘʠʙʦʣʝʝ ʪʦʯʥʦ ʦʧʠʩʳʚʘʶʪʩʷ ʤʦʜʝʣʴʶ ʩ ʜʚʫʤʷ 

ʟʘʧʦʣʥʝʥʥʳʤʠ ʢʠʩʣʦʨʦʜʥʳʤʠ ʚʘʢʘʥʩʠʷʤʠ ʠ ʯʝʪʳʨʴʤʷ ʘʥʪʠʩʪʨʫʢʪʫʨʥʳʤʠ 

ʜʝʬʝʢʪʘʤʠ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

(ʛʨʘʥʪ ˉ 18-12-00133). 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Bunau O. and Joly Y. // J. Phys.: Condens. Matter. 2009. V.21. P. 345501.  
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ɸ.ʈ. ʇʈʀʑɽʇɸ1,2, ɸ.ɺ. ʉɸɼɸʂʆɺ2, ʉ.ʖ. ɻɸɺʈʀʃʂʀʅ2 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤʝʥʠ ʇ. ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʊɽʈʄʆɼʀʅɸʄʀʏɽʉʂʀɽ ʀɿʄɽʈɽʅʀʗ  

ɾɽʃɽɿʆʉʆɼɽʈɾɸʑɽɻʆ ʉɺɽʈʍʇʈʆɺʆɼʅʀʂɸ  

KFe2As2 ɺ ʄɸɻʅʀʊʅʆʄ ʇʆʃɽ  

ɹʳʣʘ ʠʟʤʝʨʝʥʘ ʪʝʧʣʦʸʤʢʦʩʪʴ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʝʛʦ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ 

KFe2As2. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʤʝʪʦʜʦʤ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʢʘʣʦʨʠʤʝʪʨʠʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 0,4-20 ʂ ʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʚʝʣʠʯʠʥʦʡ 0-7 ʊʣ ʧʘʨʘʣʣʝʣʴʥʳʭ ʦʩʠ ʩ 

ʢʨʠʩʪʘʣʣʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʙʦʪʢʠ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʧʣʦʸʤʢʦʩʪʠ ʚ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʙʳʣʦ ʚʳʷʚʣʝʥʦ ʥʘʣʠʯʠʝ ʜʚʫʭ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʱʝʣʝʡ. ʊʘʢʞʝ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ 

Ὄ Ὕ.  

A.R. PRISHCHEPA1,2, A.V. SADAKOV2, S.Y. GAVRILKIN 2 

1National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 
2P. N. Lebedev Physical Institute RAS, Moscow, Russia 

THERMODYNAMIC MEASUREMENTS OF THE IRON -

BASED SUPERCONDUCTOR KFe2As2 IN A MAGNETIC FIELD  

The single crystal specific heat (SH) of iron-based superconductor KFe2As2 was measured. 

Experiment was carried out by the method of relaxation calorimetry in magnetic fields 0-7 T 

applied along the c-axis of the crystal. As a result of electronic SH analysis at low temperature, 

presence of two superconducting gaps was revealed. Also temperature dependence of upper 

critical field Ὄ Ὕ was obtained. 

ʉʦ ʚʨʝʤʝʥʠ ʩʚʦʝʛʦ ʦʪʢʨʳʪʠʷ ʚ 2008 ʛʦʜʫ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʝ 

ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʠ [1] ʚʳʟʳʚʘʶʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʫ ʥʘʫʯʥʦʛʦ ʩʦʦʙʱʝʩʪʚʘ. ʕʪʦ 

ʩʚʷʟʘʥʦ ʩ ʥʝʪʨʠʚʠʘʣʴʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʩʧʘʨʠʚʘʥʠʷ, ʢʦʪʦʨʳʡ ʥʝʠʟʚʝʩʪʝʥ ʜʦ ʩʠʭ 

ʧʦʨ, ʠ ʨʘʟʥʦʦʙʨʘʟʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʱʝʣʝʡ. ʅʘʧʨʠʤʝʨ, ʚ Fe(Se1-

xSx) ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʜʚʝ ʱʝʣʠ ʩ s- ʠ d- ʩʠʤʤʝʪʨʠʷʤʠ [2], ʘ ʚ ʩʦʝʜʠʥʝʥʠʠ BKFA 

ʜʚʝ ʱʝʣʠ ʩ s-ʩʠʤʤʝʪʨʠʝʡ [3]. ʇʦʵʪʦʤʫ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʜʦʙʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʝʜʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʠʟʚʣʝʯʝʥʠʶ ʱʝʣʝʚʦʡ 

ʩʪʨʫʢʪʫʨʳ, ʘ ʪʘʢ ʞʝ ʧʨʠʚʣʝʯʝʥʠʝ ʤʥʦʛʦʱʝʣʝʚʳʭ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ KFe2As2, 

ʢʦʪʦʨʳʝ ʙʳʣʠ ʚʳʨʘʱʝʥʳ ʧʦ ʨʘʩʪʚʦʨ-ʨʘʩʧʣʘʚʥʦʤʫ ʤʝʪʦʜʫ [4]. ʉʦʦʪʥʦʰʝʥʠʝ 

ʤʝʞʜʫ ʢʦʤʧʦʥʝʥʪʘʤʠ K:Fe:As ʙʳʣʦ 1:5:5. KFe2As2 ʷʚʣʷʝʪʩʷ 
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ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʤʦʣʷʨʥʦʡ ʪʝʧʣʦʸʤʢʦʩʪʠ KFe2As2 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚ 

ʨʘʟʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ. 

ʧʝʨʝʜʦʧʠʨʦʚʘʥʥʳʤ ʩʦʝʜʠʥʝʥʠʝʤ ʪʠʧʘ A1-xKʭFe2As2 (A ï ʱʝʣʦʯʥʦ-

ʟʝʤʝʣʴʥʳʡ ʤʝʪʘʣ, ̖ ρ). ɼʘʞʝ ʧʦʩʣʝ ʧʦʣʥʦʛʦ ʟʘʤʝʱʝʥʠʷ ʢʘʣʠʝʤ ʩʦʝʜʠʥʝʥʠʝ 
ʦʩʪʘʸʪʩʷ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʤ.  

ʀʟʤʝʨʝʥʠʷ ʪʝʧʣʦʸʤʢʦʩʪʠ ʧʨʦʚʦʜʠʣʠʩʴ ʤʝʪʦʜʦʤ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ 

ʢʘʣʦʨʠʤʝʪʨʠʠ ʚ ʫʩʪʘʥʦʚʢʝ Physical Property Measurement System (PPMS) ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 0,4-20 ʂ ʙʝʟ ʧʦʣʷ ʠ 0,4-8 ʂ ʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʜʦ 7 ʊʣ, 

ʧʨʠʣʦʞʝʥʥʳʭ ʚʜʦʣʴ ʦʩʠ  ̒ʢʨʠʩʪʘʣʣʘ (ʈʠʩ. 1).  

ʂʨʠʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʝʨʝʭʦʜʘ ʩʦʩʪʘʚʠʣʘ Ὕḗτȟπφ ̠, ʯʪʦ ʥʝʩʢʦʣʴʢʦ 
ʚʳʰʝ ʪʦʡ, ʢʦʪʦʨʘʷ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʚ ʙʦʣʝʝ ʨʘʥʥʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ [4]. ɺ ʭʦʜʝ 

ʨʘʟʜʝʣʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʠ ʬʦʥʦʥʥʦʛʦ ʚʢʣʘʜʦʚ ʚ ʪʝʧʣʦʸʤʢʦʩʪʴ ʙʳʣʠ ʫʩʪʘʚʣʝʥʳ 

ʧʦʩʪʦʷʥʥʘʷ ɿʦʤʤʝʨʬʝʣʴʜʘ ‎ ψχȟφ̍ ˑ̇̍ ̝̠̏̌ϳ  ʥʦʨʤʘʣʴʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʬʘʟʳ ʠ ʨʝʰʸʪʦʯʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ‍ πȟφσυ ̍ ˑ̇̍ ̝̠̏̌ϳ . ʀʟ ʨʝʰʸʪʦʯʥʦʛʦ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ɼʝʙʘʷ Ὸ ςτψ ̠. ɺʪʦʨʦʝ 

ʢʨʠʪʠʯʝʩʢʦʝ Ὄ  ʜʣʷ ʦʩʠ ὧ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 1,9 ʊʣ, ʦʥʦ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʧʫʪʸʤ 
ʵʢʩʪʨʘʧʦʣʷʮʠʠ ʟʘʚʠʩʠʤʦʩʪʠ Ὄ Ὕ. ʀʟ ʦʙʨʘʙʦʪʢʠ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʧʣʦʸʤʢʦʩʪʠ 
ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʡ ʬʘʟʳ ʙʳʣʦ ʚʳʷʚʣʝʥʦ, ʯʪʦ KFe2As2 ʠʤʝʝʪ ʜʚʝ ʠʟʦʪʨʦʧʥʳʝ 

ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʝ ʱʝʣʠ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ɸ.ʕ. ʈɸɹɸɼɸʅʆɺɸ, ʉ.ʍ. ɻɸɼɾʀʄɸɻʆʄɽɼʆɺ, ɼ.ʂ. ʇɸʃʏɸɽɺ, 

ʐ.ʇ. ʌɸʈɸɼɾɽɺ, ʇ.ʄ. ʉɸʁʇʋʃɸɽɺ 
ɼʘʛʝʩʪʘʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʄʘʭʘʯʢʘʣʘ, ʈʦʩʩʠʷ 

 

ɼʀʕʃɽʂʊʈʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ ʂɽʈɸʄʀʂ Bi1-ʍLaʍFeO3, 

ʀɿɻʆʊʆɺʃɽʅʅʓʍ ʄɽʊʆɼʆʄ ʀʉʂʈʆɺʆɻʆ  

ʇʃɸɿʄɽʅʅʆɻʆ ʉʇɽʂɸʅʀʗ 

ʄʝʪʦʜʦʤ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠʷ ʧʦʣʫʯʝʥʳ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ 

ʢʝʨʘʤʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ Bi1-ʍLaʭFeO3 ʩ x = 0õ0.2. ʇʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʧʦʪʝʨʴ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʪʝʧʝʥʠ 

ʟʘʤʝʱʝʥʠʷ ʠʦʥʦʚ Bi3+ ʥʘ La3+.  

A.E. RABADANOVA , S.KH. GADZHIMAGOMEDOV,  

D.K. PALCHAEV, SH.P. FARADZHEV, P.M. SAYPULAEV  

Dagestan State University, Makhachkala, Russia 

DIELECTRIC PROPERTIES OF CERAMICS Bi1-ʍLaʍFeO3, 

PREPARED BY METHOD OF SPARK PLASMA SINTERING  

By the method of spark plasma sintering, nanostructured ceramic materials Bi1-

ʍLaʭFeO3 with x = 0 õ 0.2 were obtained. The dielectric permittivity and loss of these materials 

were studied depending on the degree of substitution of Bi3+ ions for La3+. 

ʇʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʬʝʨʨʠʪʘ ʚʠʩʤʫʪʘ (BFO) ʩ 

ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʪʝʤʧʝʨʘʪʫʨ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ (TN = 370ʦʉ) ʠ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ (TC = 827ʦʉ) ʧʝʨʝʭʦʜʦʚ, ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʚʳʩʦʢʠʤʠ 

ʟʥʘʯʝʥʠʷʤʠ ʪʦʢʦʚ ʫʪʝʯʢʠ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʥʘʣʠʯʠʝʤ ʧʨʠʤʝʩʥʳʭ ʬʘʟ ʚ 

ʩʪʨʫʢʪʫʨʝ BFO, ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ʩʠʥʪʝʟʝ. ʇʦʵʪʦʤʫ, ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ 

ʢʦʣʠʯʝʩʪʚʘ ʧʨʠʤʝʩʥʳʭ ʬʘʟ ʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʫʪʝʯʢʠ, ʘ ʪʘʢʞʝ ʩʥʠʞʝʥʠʷ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ, ʦʙʳʯʥʦ, ʠʩʧʦʣʴʟʫʶʪ [1,2] ʯʘʩʪʠʯʥʦʝ ʟʘʤʝʱʝʥʠʝ La3+ ʥʘ 

Bi3+ ʚ ʩʪʨʫʢʪʫʨʝ BFO. ɼʣʷ ʠʟʫʯʝʥʠʷ ʚʣʠʷʥʠʷ ʪʘʢʠʭ ʟʘʤʝʱʝʥʠʡ ʥʘ ʩʪʨʫʢʪʫʨʫ ʠ 

ʩʚʦʡʩʪʚʘ BFO, ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʨʝʰʠʪʴ ʧʨʦʙʣʝʤʫ ʩʪʘʙʠʣʠʟʘʮʠʠ ʩʪʨʫʢʪʫʨʳ 

BFO ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʧʨʠʤʝʩʥʳʭ ʬʘʟ. ʉʧʦʩʦʙ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ 

ʙr ʣ ʨʘʟʨʘʙʦʪʘʥ ʚ [3]. ʅʘʥʦʧʦʨʦʰʢʠ ʩʦʩʪʘʚʘ Bi1-ʍLaʭFeO3 (BLFO) ʩ x = 0õ0.2 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʦʛʣʘʩʥʦ ʨʝʢʦʤʝʥʜʘʮʠʷʤ [3], ʧʫʪʝʤ ʩʞʠʛʘʥʠʷ ʥʠʪʨʘʪ-

ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʨʝʢʫʨʩʦʨʦʚ. ʀʟ ʵʪʠʭ ʥʘʥʦʧʦʨʦʰʢʦʚ ʤʝʪʦʜʦʤ ʠʩʢʨʦʚʦʛʦ 

ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠʷ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʢʝʨʘʤʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ [4].  

ʀʩʩʣʝʜʦʚʘʥʠʷ ʯʘʩʪʦʪʥʳʭ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʵʪʠʭ ʢʝʨʘʤʠʢ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʫʩʪʘʥʦʚʢʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʟʤʝʨʠʪʝʣʷ LCR-78110G. ʅʘʙʣʶʜʘʝʪʩʷ ʟʘʤʝʪʥʦʝ (ʩʤ. ʨʠʩ.1.) 

ʧʦʚʳʰʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʫ ʦʙʨʘʟʮʦʚ BLFO ʦʪʥʦʩʠʪʝʣʴʥʦ 
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BFO. ʄʘʢʩʠʤʘʣʴʥʦʝ ʝʝ ʟʥʘʯʝʥʠʝ ʧʨʠ ʭ = 0.10 ʚʳʰʝ, ʯʝʤ ʫ ʯʠʩʪʦʛʦ BFO, ʙʦʣʝʝ 

ʯʝʤ ʚ 6 ʨʘʟ.  
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ʈʠʩ. 1. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ŮԌ ʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ tg ŭ (ʚʩʪʘʚʢʘ) ʜʣʷ Bi1-ʍLaʭFeO3 ʥʘ ʯʘʩʪʦʪʝ 1ʢɻʮ. 

ʅʘ ʚʩʪʘʚʢʝ (ʩʤ. ʨʠʩ.1) ʧʨʠʚʝʜʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʪʦʡ ʞʝ ʯʘʩʪʦʪʝ. ʀʤʝʝʪ ʤʝʩʪʦ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʩʥʠʞʝʥʠʝ tg ŭ ʫ 

ʜʦʧʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ (ʭ = 0.05, 0.15 ʠ 0.2) ʦʪʥʦʩʠʪʝʣʴʥʦ BFO. 

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʯʘʩʪʠʯʥʦ ʛʨʘʥʪʦʤ çʋʄʅʀʂè ˉ 0046411. 
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ʈ.ʀ. ʈʆʄɸʅʆɺ, ɼ.ɺ. ʌʆʄʀʅʉʂʀʁ, ʆ.ɺ. ʈʋɹʀʅʂʆɺʉʂɸʗ, ɺ.ʅ. 

ʅɽɺʆʃʀʅ, ɺ.ʖ. ʌʆʄʀʅʉʂʀʁ1 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʄʀʂʈʆ-, ʅɸʅʆ- ʀ ʕʃɽʂʊʈʆʅʅɸʗ ʉʊʈʋʂʊʋʈɸ ʇʃɽʅʆʂ WSe2 

ɼʃʗ ʌʆʊʆʂɸʊʆɺ ʈɸʉʑɽʇʃɽʅʀʗ ɺʆɼʓ 

ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʚʩʝʩʪʦʨʦʥʥʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʥʦʧʣʝʥʦʢ WSe2, 

ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ, ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʅ2 ʬʦʪʦ-ʘʢʪʠʚʠʨʦʚʘʥʥʳʤ ʨʘʩʱʝʧʣʝʥʠʝʤ 

ʚʦʜʳ. ɺʳʷʚʣʝʥʳ ʬʘʢʪʦʨʳ, ʚʣʠʷʶʱʠʝ ʥʘ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠ ʟʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʧʣʝʥʦʢ, 

ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʵʪʠʭ ʥʘʥʦʧʣʝʥʦʢ ʜʣʷ ʩʦʟʜʘʥʠʷ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ 

MoSx/WSe2, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʵʬʬʝʢʪʠʚʥʦʝ ʚʳʜʝʣʝʥʠʝ ʚʦʜʦʨʦʜʘ ʚ ʢʠʩʣʦʪʥʦʤ ʨʘʩʪʚʦʨʝ 

ʧʨʠ ʨʝʘʣʠʟʘʮʠʠ Z-ʩʭʝʤʳ ʨʘʟʜʝʣʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʠ ʜʳʨʦʢ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʦʜ ʩʚʝʪʦʚʳʤ 

ʧʦʪʦʢʦʤ.  

R.I. ROMANOV, D.V. FOMINSKI, O.V. RUBINKOVSKAYA , V.N. 

NEVOLIN, V.YU. FOMINSKI 

1National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Russia 

MICRO -, NANO- AND ELECTRONIC STRUCTURE OF WSe2 

FILMS FOR PHOTOCATHODS OF WATER SPLITTING  

The results of a comprehensive study of WSe2 nanofilms formed by various methods for 

semiconductor heterostructures that are promising for H2 evolution by photo-activated water 

splitting are presented. Factors affecting the optical properties and band structure of the films 

are revealed; the possibility of using these nanofilms to obtain MoSx/WSe2 heterostructures that 

provide efficient hydrogen production in an acid solution by implementing the Z-scheme for the 

separation of electrons and holes formed under a light flux is shown. 

ʇʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʥʘʥʦʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʧʝʨʝʭʦʜʥʳʭ 

ʤʝʪʘʣʣʦʚ ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʢʦʤʧʦʥʝʥʪʘʤʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠ 

ʘʢʪʠʚʥʳʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʵʬʬʝʢʪʠʚʥʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ʚʦʜʳ ʧʦʜ 

ʩʦʣʥʝʯʥʳʤ ʩʚʝʪʦʤ. ɼʠʩʝʣʝʥʠʜ ʚʦʣʴʬʨʘʤʘ ʠʥʪʝʨʝʩʝʥ ʦʧʪʠʤʘʣʴʥʦʡ ʰʠʨʠʥʦʡ 

ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʠ ʫʜʘʯʥʳʤ ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʘʚʥʦʚʝʩʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʅ+/ʅ2. ʇʦʵʪʦʤʫ ʚʦʧʨʦʩ ʦ ʧʦʣʫʯʝʥʠʠ 

ʥʘʥʦʧʣʝʥʦʢ WSe2 ʩ ʟʘʜʘʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʢʨʘʡʥʝ ʘʢʪʫʘʣʝʥ ʥʘ 

ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʵʪʠʭ ʧʣʝʥʦʢ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʤʝʪʦʜʳ 

ʬʠʟʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠ ʪʝʨʤʦʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ.  

ʅʘ ʨʠʩ. 1(ʘ,ʙ) ʧʦʢʘʟʘʥʘ ʭʘʨʘʢʪʝʨʥʘʷ ʤʦʨʬʦʣʦʛʠʷ ʧʣʝʥʦʢ WSe2, ʘ ʪʘʢʞʝ 

ʫʧʘʢʦʚʢʘ ʘʪʦʤʦʚ ʚ ʬʦʨʤʠʨʫʝʤʳʭ ʧʣʝʥʢʘʭ WSe2. ɺʠʜʥʦ, ʯʪʦ ʫʜʘʝʪʩʷ ʩʦʟʜʘʚʘʪʴ 
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ʥʘʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ, ʚ ʢʦʪʦʨʦʡ ʬʦʨʤʠʨʫʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ 

ʩʦʚʝʨʰʝʥʥʘʷ ʫʧʘʢʦʚʢʘ ʘʪʦʤʦʚ, ʭʘʨʘʢʪʝʨʥʘʷ ʜʣʷ ʬʘʟʳ 2H-WSe2.  

 

  

 

(ʘ) (ʙ) (ʚ) 

ʈʠʩ. 1. (ʘ) ʕʣʝʢʪʨʦʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ WSe2; (ʙ) 

ʧʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʧʣʝʥʢʠ WSe2; (ʚ) ʬʦʪʦ-ʛʝʥʝʨʘʮʠʷ 

ʠʤʧʫʣʴʩʦʚ ʪʦʢʘ ʦʪ ʚʳʜʝʣʝʥʠʷ ʅ2 ʚ ʢʠʩʣʦʪʥʦʤ ʨʘʩʪʚʦʨʝ ʧʨʠ ʚʢʣʶʯʝʥʠʠ/ʚʳʢʣʶʯʝʥʠʠ 

ʦʩʚʝʱʝʥʠʷ ʢʩʝʥʦʥʦʚʦʡ ʣʘʤʧʳ ʦʙʨʘʟʮʘ MoS3/WSe2/BC3/Al2O3 (ʧʦʪʝʥʮʠʘʣ ʦʙʨʘʟʮʘ 

ʙʣʠʟʦʢ ʢ 0). 

 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ ʠ ʦʧʪʠʯʝʩʢʦʡ 

ʩʧʝʢʪʨʦʤʝʪʨʠʝʡ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ ʦʧʪʠʤʠʟʘʮʠʠ ʨʝʞʠʤʦʚ ʧʦʣʫʯʝʥʠʷ ʧʣʝʥʢʠ 

WSe2 ʦʙʣʘʜʘʣʠ ʫʜʘʯʥʳʤ ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʟʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʧʦʪʝʥʮʠʘʣʘ H+/H2, ʦʜʥʘʢʦ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʬʦʪʦ-ʵʣʝʢʪʨʦʢʘʪʘʣʠʟʘ 

ʩ ʥʘ ʵʣʝʢʪʨʦʜʘʭ ʩ ʵʪʦʡ ʧʣʝʥʢʦʡ ʧʨʠʭʦʜʠʣʦʩʴ ʥʘʥʦʩʠʪʴ ʘʤʦʨʬʥʫʶ ʥʘʥʦʧʣʝʥʢʫ ʨ-

MoSx ʩ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʴʶ [1]. ʌʦʪʦ-ʛʝʥʝʨʘʮʠʷ 

ʵʣʝʢʪʨʦʥʦʚ ʚ ʧʣʝʥʢʝ MoSx ʦʙʝʩʧʝʯʠʚʘʣʘ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʚʳʜʝʣʝʥʠʷ ʅ2 (ʨʠʩ. 1(ʚ)), ʯʪʦ ʫʢʘʟʳʚʘʣʦ ʥʘ ʚʳʩʦʢʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʢʦʤʙʠʥʘʮʠʠ 

ʜʳʨʦʢ ʚ MoSx ʩ ʵʣʝʢʪʨʦʥʘʤʠ, ʦʙʨʘʟʫʶʱʠʤʠʩʷ ʧʨʠ ʦʩʚʝʱʝʥʠʠ WSe2.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (ʛʨʘʥʪ 19-19-00081). 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Fominski V.Yu., Romanov R.I., Fominski D.V. et al.// Opt. Laser Technol. 2018. Vol. 102. P. 74-84. 
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ʆ.ɺ. ʈʋɹʀʅʂʆɺʉʂɸʗ, ɼ.ɺ. ʌʆʄʀʅʉʂʀʁ, ʈ.ʀ. ʈʆʄɸʅʆɺ, ɺ.ʖ. 

ʌʆʄʀʅʉʂʀʁ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʀʄʇʋʃʔʉʅʆɽ ʃɸɿɽʈʅʆɽ ʆʉɸɾɼɽʅʀɽ  

ʅɸʅʆ-ʉʊʈʋʂʊʋʈʀʈʆɺɸʅʅʓʍ ʉʃʆɽɺ Mo-S-P ʀɿ  

ʂʆʄʇʆɿʀʊʅʆʁ ʄʀʐɽʅʀ MoS2/P ʀ ʀʍ  

ʕʃɽʂʊʈʆʂɸʊɸʃʀʊʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ ʇʈʀ  

ʈɸʉʑɽʇʃɽʅʀʀ ɺʆɼʓ  

ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʩʪʨʫʢʪʫʨʥʳʭ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʜʚʫʭʩʣʦʡʥʳʭ ʧʣʝʥʦʢ Mo-S-ʈ/WO3, ʚ ʢʦʪʦʨʳʭ ʢʘʪʘʣʠʪʠʯʝʩʢʠʡ ʩʣʦʡ ʧʦʣʫʯʝʥ ʤʝʪʦʜʦʤ 

ʠʤʧʫʣʴʩʥʦʡ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ ʤʠʰʝʥʠ ʠʟ ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ MoS2 ʠ P. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʣʝʛʠʨʦʚʘʥʠʝ ʬʦʩʬʦʨʦʤ ʚʳʟʳʚʘʣʦ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʣʫʯʰʝʥʠʝ ʵʣʝʢʪʨʦʢʘʪʘʣʠʪʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʧʣʝʥʦʢ ʩʫʣʴʬʠʜʘ ʤʦʣʠʙʜʝʥʘ ʚ ʨʝʘʢʮʠʠ ʚʳʜʝʣʝʥʠʷ ʅ2 ʚ ʢʠʩʣʦʪʥʦʤ ʨʘʩʪʚʦʨʝ. 

ʊʘʢʞʝ ʦʙʥʘʨʫʞʝʥʦ ʚʣʠʷʥʠʝ ʬʦʩʬʦʨʘ ʥʘ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ 

ʦʢʩʠʜʦʚ ʄʦ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʨʠ ʘʥʦʜʥʦʤ ʦʢʠʩʣʝʥʠʠ ʧʣʝʥʦʢ MoSxPy, ʯʪʦ ʧʨʦʷʚʠʣʦʩʴ ʚ 

ʧʦʚʳʰʝʥʠʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʚʳʜʝʣʝʥʠʷ ʆ2. ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʩʠʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʚʣʠʷʥʠʷ 

ʬʦʩʬʦʨʘ ʧʦ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ.  

O.V. RUBINKOVSKAYA , D.V. FOMINSKI, R.I. ROMANOV, V.Y. 

FOMINSKI  

1National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Russia 

PULSE LASER DEPOSITION OF NANO-STRUCTURED Mo-S-

P LAYERS FROM THE MOS 2/P COMPOSITE TARGET AND THEIR 

ELECTROCATALYTIC PROPERTIES AT OVERALL WATER 

SPLITTING  

The results of structural and electrochemical studies of two-layer Mo-S-P/WO3 films in 

which the catalytic layer was obtained by pulsed laser ablation of a target from a mixture of 

MoS2 and P powders are presented. It is shown that doping with P caused a significant 

improvement in the electrocatalytic properties of molybdenum sulfide films in the reaction of 

H2 evolution in an acid solution. The effect of P on the catalytic activity of thin-film Mo oxides 

formed during the anodic oxidation of the MoSxPy films was also detected. It was manifested in 

an increase in the efficiency of ʆ2 evolution. The analysis of the synergistic effect of 

phosphorus is carried out using the density functional theory. 

ʆʩʘʞʜʝʥʠʝ ʪʦʥʢʠʭ ʧʣʝʥʦʢ MoSxÓ3 ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʩʠʪʴ 

ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʘʣʣʦʦʢʩʠʜʥʳʭ ʵʣʝʢʪʨʦʜʦʚ ʚ 

ʨʝʘʢʮʠʠ ʚʳʜʝʣʝʥʠʷ ʅ2 ʧʨʠ ʨʘʩʱʝʧʣʝʥʠʠ ʚʦʜʳ [1]. ʆʜʥʘʢʦ, ʧʨʦʙʣʝʤʘ ʫʣʫʯʰʝʥʠʷ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʫʣʴʬʠʜʦʚ ʤʝʪʘʣʣʦʚ ʩʦʭʨʘʥʷʝʪ ʩʚʦʶ ʘʢʪʫʘʣʴʥʦʩʪʴ. 
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ʆʜʥʦ ʠʟ ʚʦʟʤʦʞʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʩʚʷʟʳʚʘʝʪʩʷ ʩ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʝʤ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ ʟʘ ʩʯʝʪ ʣʝʛʠʨʦʚʘʥʠʷ ʬʦʩʬʦʨʦʤ.  

ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʨʬʦʣʦʛʠʠ ʠ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʣʝʥʦʢ Mo-S-P, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʘʙʣʷʮʠʠ 

ʢʦʤʧʦʟʠʪʥʦʡ ʤʠʰʝʥʠ MoS2/P. ʇʣʝʥʢʠ Mo-S-P ʦʩʘʞʜʘʣʠʩʴ ʥʘ ʧʣʝʥʢʠ WO3, 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʥʝʩʝʥʥʳʝ ʥʘ ʩʪʝʢʣʷʥʥʳʝ ʧʦʜʣʦʞʢʠ ʩ ʧʨʦʚʦʜʷʱʠʤ ʩʣʦʝʤ 

SnO2(F). ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʧʨʠʚʝʜʝʥʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʣʝʥʦʢ MoS3. ʇʣʝʥʢʠ 

ʦʩʘʞʜʘʣʠʩʴ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʜʣʦʞʢʠ ʠ ʠʤʝʣʠ ʘʤʦʨʬʥʫʶ 

ʩʪʨʫʢʪʫʨʫ. 

 

 

ʀ

ʩʧʦ

ʣʴʟʦ

ʚʘʥ

ʠʝ 

ʣʘʟʝ

ʨʥʦ

ʡ 

ʘʙʣʷ

ʮʠʠ 

ʧʦʟʚ

ʦʣʷʣʦ ʬʦʨʤʠʨʦʚʘʪʴ ʥʘʥʦ-ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʡ ʩʣʦʡ Mo-S-P, ʢʦʪʦʨʳʡ 

ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʣ ʪʦʢʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʚʳʜʝʣʝʥʠʝʤ ʅ2 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʵʬʬʝʢʪʦʤ ʦʪ ʧʣʝʥʢʠ MoS3. ʉʦʩʪʘʚ ʵʪʦʛʦ ʩʣʦʷ ʦʧʠʩʳʚʘʣʩʷ ʬʦʨʤʫʣʦʡ MoS1,3P0,5. 

ɼʦʙʘʚʣʝʥʠʝ ʬʦʩʬʦʨʘ ʚ ʤʠʰʝʥʴ ʦʢʘʟʳʚʘʣʦ ʚʣʠʷʥʠʝ ʥʘ ʩʦʦʪʥʦʰʝʥʠʝ S/Mo ʚ 

ʧʣʝʥʢʝ, ʟʘʤʝʪʥʦ ʫʤʝʥʴʰʘʷ ʝʛʦ. ʇʨʠ ʧʦʪʝʥʮʠʘʣʝ ʙʦʣʝʝ +500 ʤɺ ʧʨʦʪʝʢʘʣʦ 

ʦʢʩʠʜʠʨʦʚʘʥʠʝ ʧʣʝʥʢʠ Mo-S-P, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʛʦ ʬʦʨʤʠʨʦʚʘʣʩʷ ʪʦʥʢʠʡ 

ʩʣʦʡ MoOz(S,P), ʢʦʪʦʨʳʡ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʘʣ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚʳʜʝʣʝʥʠʷ ʆ2.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʛʨʘʥʪ 18-2-00191ʘ). 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Fominski V., Gnedovets A., Fominski D. et al. // Nanomaterials. 2019, 9(10), 1395. 

  

  

 

 

 

(

ʘ) 

 

 (ʙ) 

ʈʠʩ. 1. (ʘ) ʕʣʝʢʪʨʦʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʣʝʥʢʠ Mo-S-P; (ʙ) ʣʠʥʝʡʥʳʝ 

ʚʦʣʴʪʘʤʦʛʨʘʤʤʳ ʜʣʷ ʧʣʝʥʦʢ Mo-S-P (1) ʠ MoS3 (2)ʚ ʨʘʩʪʚʦʨʝ 0,5M H2SO4.  
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ɸ.ʀ. ʉɸɺɺɸʊʀʄʉʂʀʁ  
ʆʙʲʝʜʠʥʝʥʥʳʡ ʠʥʩʪʠʪʫʪ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʂʈʀɺɸʗ ʇʃɸɺʃɽʅʀʗ ɻʈɸʌʀʊɸ (ʆɹ ʆʐʀɹʆʏʅʓʍ  

ʇʋɹʃʀʂɸʎʀʗʍ ʇʈʀ ʀʄʇʋʃʔʉʅʆʄ ʅɸɻʈɽɺɽ) 

ɺ ʨʘʙʦʪʝ [1] ʪʦʥʢʘʷ ʧʣʘʩʪʠʥʢʘ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʛʨʘʬʠʪʘ ʟʘʞʠʤʘʣʘʩʴ ʤʝʞʜʫ ʜʚʫʭ 

ʩʪʝʢʣʷʥʥʳʭ ʧʣʘʩʪʠʥ (ʘ ʪʘʢʞʝ ʩ ʙʦʢʦʚ) ï ʦʙʨʘʟʝʮ ʪʠʧʘ çʩʵʥʜʚʠʯè ʠ ʥʘʛʨʝʚʘʣʘʩʴ ʠʤʧʫʣʴʩʦʤ 

ʪʦʢ ʟʘ ʚʨʝʤʷ º 1 ʤʢʩ. ʇʦʣʫʯʝʥʦ ʨʘʩʰʠʨʝʥʠʝ ʛʨʘʬʠʪʘ (ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʦʡ ʤʝʪʦʜʠʢʦʡ) 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʣʘʩʪʠʥʘʤ ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ. ɼʘʚʣʝʥʠʝ ʨʘʩʩʯʠʪʳʚʘʣʦʩʴ ʧʦ 

ʫʨʘʚʥʝʥʠʶ ʩʦʩʪʦʷʥʠʷ (ʩ ʫʯʝʪʦʤ ʠʟʤʝʨʝʥʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ). ʊʝʤʧʝʨʘʪʫʨʘ, ʠʟʤʝʨʝʥʥʘʷ ʜʦ 

8000 ʂ, ʢʘʣʠʙʨʦʚʘʣʘʩʴ ʪʦʣʴʢʦ ʚ ʦʜʥʦʡ ʪʦʯʢʝ ʜʣʷ ʪʚʝʨʜʦʡ ʬʘʟʳ (4000 ʂ). ʇʦʣʫʯʝʥʘ ʢʨʠʚʘʷ 

ʧʣʘʚʣʝʥʠʷ ʈ(ʊ) ʧʨʠ ʜʘʚʣʝʥʠʷʭ 3-18 ʢʙʘʨ, (ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ 6300 

- 7000 ʂ). ʕʪʘ ʢʨʠʚʘʷ ʣʝʞʠʪ ʜʘʣʝʢʦ ʦʪ ʚʩʝʭ ʠʟʚʝʩʪʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ.  

ɺ ʜʨʫʛʦʡ ʨʘʙʦʪʝ ʪʦʡ ʞʝ ʛʨʫʧʧʳ [2] ʫʪʚʝʨʞʜʘʝʪʩʷ, ʯʪʦ ʧʣʘʚʣʝʥʠʝ ʛʨʘʬʠʪʘ 

ʷʚʣʷʝʪʩʷ ʧʝʨʝʭʦʜʦʤ ʤʝʪʘʣʣ-ʥʝʤʝʪʘʣʣ, ʯʪʦ ʥʝ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʚʩʝʭ ʠʟʚʝʩʪʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ɼʘʥʥʘʷ ʘʥʘʣʠʪʠʯʝʩʢʘʷ ʨʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ 

ʛʨʘʥʪʘ ʈʌʌʀ, ˉ 19-08-00093. 

A.I. SAVVATIMSKIY   

Joint Institute for High Temperature RAS, Moscow, Russia 

GRAPHITE MELTING CURVE  

(ON ERRONEOUS PUBLICATIONS IN PULSE HEATING)  

In [1] a thin plate of anisotropic graphite was clamped between two glass plates (and from 

both sides also) - a sample of the sandwich type and heated by a current pulse for a time of º 1 

Õs. The expansion of graphite was obtained (by interferometric method) perpendicular to the 

plates under high pressure. Pressure was calculated by the equation of state (taking into account 

the measured expansion). The temperature, measured up to 8000 K, was calibrated only for one 

point at the solid phase (4000 K). A melting curve ʈ(ʊ) was obtained at pressures of 3-18 kbar 

(corresponding temperatures 6300-7000 K). This curve is far from all known experimental 

results. 

In another work of the same group [2] it is stated that the melting of graphite is a 

metal-nonmetal transition, which is not consistent with the results of all known experiments.  

The analytical study was carried out under the financial support of RFBR grant No. 

19-08-00093. 

ɺ ʜʘʥʥʦʡ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʨʘʙʦʪʝ ʫʢʘʟʘʥʳ ʚʦʟʤʦʞʥʳʝ ʦʰʠʙʢʠ ʠʟʤʝʨʝʥʠʷ 

ʨʘʩʰʠʨʝʥʠʷ ʚ [1], ʢʦʪʦʨʳʝ ʧʨʠʚʝʣʠ ʢ ʥʝʜʦʩʪʦʚʝʨʥʳʤ ʜʘʥʥʳʤ ʜʣʷ ʢʨʠʚʦʡ 

ʧʣʘʚʣʝʥʠʷ ʛʨʘʬʠʪʘ ʠ ʪʨʦʡʥʦʡ ʪʦʯʢʠ ʫʛʣʝʨʦʜʘ. 
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ʈʠʩ. 1. ʂʨʠʚʘʷ ʧʣʘʚʣʝʥʠʷ 

ʛʨʘʬʠʪʘ. ʇʨʠʚʝʜʝʥʘ ʦʩʥʦʚʥʘʷ 

ʯʘʩʪʴ ʨʠʩʫʥʢʘ ʠʟ [1] ʜʣʷ 

ʜʝʤʦʥʩʪʨʘʮʠʠ ʦʪʢʣʦʥʝʥʠʷ 

ʨʝʟʫʣʴʪʘʪʦʚ [1] ʦʪ ʠʟʚʝʩʪʥʳʭ 

ʜʘʥʥʳʭ, (ʚ ʦʩʥʦʚʥʦʤ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ) ʦ ʢʨʠʚʦʡ 

ʧʣʘʚʣʝʥʠʷ ʛʨʘʬʠʪʘ. 

6 ï ʈʝʟʫʣʴʪʘʪ F. Bundy 

7 ï ʅʝʜʦʩʪʦʚʝʨʥʳʝ ʜʘʥʥʳʝ [1]. 

ɺ [2] ʥʘ ʦʩʥʦʚʘʥʠʠ ʘʥʘʣʠʟʘ ʧʨʦʠʟʚʦʜʥʳʭ (ʊ ʥʝ ʠʟʤʝʨʷʣʘʩʴ) ʫʪʚʝʨʞʜʘʝʪʩʷ, ʯʪʦ 

ʚ ʪʦʯʢʝ ʧʣʘʚʣʝʥʠʷ ʛʨʘʬʠʪʘ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ ʤʝʪʘʣʣ ï ʥʝʤʝʪʘʣʣ, ʠ ʧʨʠʚʦʜʠʪʩʷ 

ʚʳʚʦʜ: ʠʟʦʭʦʨʥʘʷ ʧʨʦʠʟʚʦʜʥʘʷ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ (dɟ/dʊ) < 0 ʜʣʷ ʞʠʜʢʦʛʦ 

ʫʛʣʝʨʦʜʘ. ɺʦ-ʧʝʨʚʳʭ, ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ ʞʠʜʢʦʛʦ ʫʛʣʝʨʦʜʘ ʠʤʝʝʪ 

ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʠʟʢʠʝ ʟʥʘʯʝʥʠʷ (ʨʠʩ.2). ɺʦ-ʚʪʦʨʳʭ, ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʞʠʜʢʦʛʦ ʫʛʣʝʨʦʜʘ (dɟ/dʊ) ² 0, ʢʘʢ ʧʦʢʘʟʳʚʘʝʪ ʥʘʰ ʵʢʩʧʝʨʠʤʝʥʪ 

(ʨʠʩ.3). ɺ-ʪʨʝʪʴʠʭ, ʨʪʫʪʴ ʠʤʝʝʪ ʩʣʘʙʳʡ ʦʪʨʠʮʘʪʝʣʴʥʳʡ dɟ/dʊ, ʯʪʦ ʥʝ ʤʝʰʘʝʪ ʝʡ 

ʙʳʪʴ ʤʝʪʘʣʣʦʤ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʌʌʀ, ˉ 19-08-00093 

 

ʈʠʩ. 2. 

ʕʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ R ʛʨʘʬʠʪʘ 

HAPG, ʟʘʞʘʪʦʛʦ ʤʝʞʜʫ ʪʦʥʢʠʤʠ 

ʢʚʘʨʮʝʚʳʤʠ ʩʪʝʢʣʘʤʠ. 1 ï ʥʘʯʘʣʦ 

ʧʣʘʚʣʝʥʠʷ; 2 ï ʦʢʦʥʯʘʥʠʝ ʧʣʘʚʣʝʥʠʷ. 

 

ʈʠʩ.3 
ʕʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ R ʛʨʘʬʠʪʘ 

HOPG, ʟʘʞʘʪʦʛʦ ʤʝʞʜʫ ʪʦʣʩʪʳʤʠ 

ʩʪʝʢʣʘʤʠ ʊʌ-5 ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʠʟʦʭʦʨʥʦʛʦ ʥʘʛʨʝʚʘ. ʉʪʨʝʣʢʘ ï 

ʥʘʯʘʣʦ ʞʠʜʢʦʛʦ ʩʦʩʪʦʷʥʠʷ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Kondratyev A M Rakhel A D, Physical review letters 122 (2019) 175702 

2. Kondratyev A M Korobenko V N Rakhel A D, J. Phys.: Condens. Matter 28(2016) 265501  
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ɸ.ʀ. ʉɸɺɺɸʊʀʄʉʂʀʁ, ʉ.ɺ. ʆʅʋʌʈʀɽɺ, ɻ.ɽ. ɺɸʃʔʗʅʆ 
ʆʙʲʝʜʠʥʝʥʥʳʡ ʠʥʩʪʠʪʫʪ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʕʃɽʂʊʈʆʉʆʇʈʆʊʀɺʃɽʅʀɽ ʂɸʈɹʀɼʆɺ ZrC , HfC, TaHfC ɺ 

ʆɹʃɸʉʊʀ ʇʃɸɺʃɽʅʀʗ ʇʈʀ ɹʓʉʊʈʆʄ  

(ʄʀʂʈʆʉɽʂʋʅɼʅʆʄ) ʅɸɻʈɽɺɽ ʊʆʂʆʄ 

ɺʧʝʨʚʳʝ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʦʣʫʯʝʥʦ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ R ʢʘʨʙʠʜʦʚ ʚ ʦʙʣʘʩʪʠ 

ʧʣʘʚʣʝʥʠʷ ʠ ʚ ʞʠʜʢʦʡ ʬʘʟʝ (ʚʧʣʦʪʴ ʜʦ 5000 ʂ). ʇʨʠʯʝʤ ʧʦʣʫʯʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ R ʥʝ 

ʪʦʣʴʢʦ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʥʦ ʠ ʦʪ ʫʜʝʣʴʥʦʡ ʚʚʝʜʝʥʥʦʡ ʵʥʝʨʛʠʠ (ʵʥʪʘʣʴʧʠʠ). ʊʝʤʧʝʨʘʪʫʨʘ 

ʠʟʤʝʨʷʣʘʩʴ ʦʪ 2000 ʜʦ 5000 ʂ ʧʨʠ ʥʘʛʨʝʚʝ ʪʦʥʢʦʡ ʧʣʘʩʪʠʥʢʠ ʢʘʨʙʠʜʘ ʦʜʥʦʢʨʘʪʥʳʤ 

ʠʤʧʫʣʴʩʦʤ ʪʦʢʘ ʟʘ ʚʨʝʤʷ 5-8 ʤʠʢʨʦʩʝʢʫʥʜ. ʈʘʩʩʤʦʪʨʝʥʦ ʚʣʠʷʥʠʝ ʨʘʟʤʝʨʦʚ ʢʨʠʩʪʘʣʣʠʪʦʚ 

ʚ ʢʘʨʙʠʜʘʭ ʥʘ ʢʘʯʝʩʪʚʦ ʬʠʢʩʘʮʠʠ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʣʘʪʦ ʧʨʠ ʧʣʘʚʣʝʥʠʠ ʢʘʨʙʠʜʦʚ. ɼʘʥʥʘʷ 

ʧʫʙʣʠʢʘʮʠʷ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ (ˉ 19-79-30086, 

ʨʫʢʦʚʦʜʠʪʝʣʴ ɻ.ɸ. ʄʝʩʷʮ).  

A.I. SAVVATIMSKIY , S.V. ONUFRIEV, G.E. VALYANO   

1Joint Institute for High Temperature RAS, Moscow, Russia 

ELECTRICAL RESISTANCE OF CARBIDES Z rC, HfC, TaHfC 

IN THE MELTING REGION DURING RAPID  

(MICROSECOND) CURRENT HEATING  

The electrical resistance R for carbides in the melting region and in the liquid phase (up to 

5000 K) was obtained for the first time in the experiment. Moreover, the dependence of R is 

obtained not only on the temperature, but also on the specific energy input (enthalpy). The 

temperature was measured from 2000 to 5000 K under heating a thin carbide plate by a single 

current pulse over a time of 5-8 microseconds. The influence of the size of carbides crystallites 

on the quality of fixing temperature plateau during melting is considered. This publication was 

made with the financial support of the RNF grant (no. 19-79-30086, headed by G. A. Mesyats). 

ʀʩʭʦʜʥʘʷ ʤʠʰʝʥʴ ʢʘʨʙʠʜʦʚ ʥʘʨʝʟʘʣʘʩʴ ʥʘ ʧʣʘʩʪʠʥʢʠ ʪʦʣʱʠʥʦʡ 50-150 

ʤʠʢʨʦʥ, ʢʦʪʦʨʳʝ ʨʘʟʤʝʱʘʣʠʩʴ ʤʝʞʜʫ ʜʚʫʤʷ ʧʣʘʩʪʠʥʘʤʠ ʢʚʘʨʮʝʚʦʛʦ ʩʪʝʢʣʘ 

(ʫʧʘʢʦʚʢʘ ʪʠʧʘ çʩʵʥʜʚʠʯè), - ʜʣʷ ʫʩʪʨʘʥʝʥʠʷ ʚʦʟʤʦʞʥʦʡ ʩʫʙʣʠʤʘʮʠʠ, ʩ 

ʥʘʨʫʰʝʥʠʝʤ ʩʪʝʭʠʦʤʝʪʨʠʠ ʩʦʝʜʠʥʝʥʠʷ, ʠ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʚʦʟʤʦʞʥʦʛʦ ʨʘʟʨʷʜʘ 

ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ. ʊʝʤʧʝʨʘʪʫʨʘ ʠʟʤʝʨʷʣʘʩʴ ʧʠʨʦʤʝʪʨʦʤ ʥʘ ʦʩʥʦʚʝ 

ʙʳʩʪʨʦʜʝʡʩʪʚʫʶʱʝʛʦ ʬʦʪʦʜʝʪʝʢʪʦʨʘ PDA-10A (Thorlabs). ɿʘ º 300 ʂ ʜʦ ʥʘʯʘʣʘ 

ʧʣʘʚʣʝʥʠʷ ʜʣʷ ʚʩʝʭ ʢʘʨʙʠʜʦʚ ʥʘʙʣʶʜʘʣʩʷ ʢʨʫʪʦʡ ʨʦʩʪ ʪʝʧʣʦʝʤʢʦʩʪʠ, ʚʦʟʤʦʞʥʦ 

ʩʚʷʟʘʥʥʳʡ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʜʝʬʝʢʪʦʚ ʌʨʝʥʢʝʣʷ, ʚ ʫʩʣʦʚʠʷʭ 

ʥʝʚʦʟʤʦʞʥʦʩʪʠ ʪʝʧʣʦʚʦʡ ʜʠʬʬʫʟʠʠ ʦʙʝʩʧʝʯʠʪʴ ʥʘʩʳʱʝʥʠʝ ʦʙʲʝʤʘ 

ʨʘʚʥʦʚʝʩʥʳʤʠ ʚʘʢʘʥʩʠʷʤʠ.  

ʇʦʣʫʯʝʥʳ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʜʣʷ ʚʩʝʭ ʪʨʝʭ ʢʘʨʙʠʜʦʚ. ʂʨʦʤʝ ʪʦʛʦ 

ʚʳʷʩʥʝʥʘ ʨʦʣʴ ʚʝʣʠʯʠʥʳ ʠʩʭʦʜʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ ʥʘʜʝʞʥʦʡ ʬʠʢʩʘʮʠʠ ʦʙʣʘʩʪʠ 

ʧʣʘʚʣʝʥʠʷ ʧʨʠ ʙʳʩʪʨʦʤ (ʤʢʩ) ʥʘʛʨʝʚʝ ʪʦʢʦʤ. 
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ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ 

ʫʜʝʣʴʥʦʡ ʚʚʝʜʝʥʥʦʡ ʵʥʝʨʛʠʠ 

(ʵʥʪʘʣʴʧʠʠ) ʜʣʷ ʢʘʨʙʠʜʘ ʛʘʬʥʠʷ 

HfC ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ.  

ɺ ʩʚʷʟʠ ʩ ʢʨʫʧʥʳʤʠ 

ʢʨʠʩʪʘʣʣʠʪʘʤʠ ʠ ʢʦʨʦʪʢʠʤ 

ʚʨʝʤʝʥʝʤ ʥʘʛʨʝʚʘ ʦʙʣʘʩʪʴ 

ʧʣʘʚʣʝʥʠʷ ʥʝʯʝʪʢʦ ʚʳʨʘʞʝʥʘ. 

ʅʝʦʙʭʦʜʠʤʦ ʠʟʛʦʪʘʚʣʠʚʘʪʴ ʢʘʨʙʠʜʳ 

ʚ ʚʠʜʝ ʙʦʣʝʝ ʪʦʥʢʠʭ ʩʪʨʫʢʪʫʨ. 

ʈʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ 10-20 

ʤʠʢʨʦʥ 

ɺ ʦʪʣʠʯʠʝ ʦʪ ʧʣʘʚʥʳʭ ʠʟʛʠʙʦʚ ʥʘ ʨʠʩ.1, ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ (ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʵʥʪʘʣʴʧʠʠ) ʜʣʷ HfC ʧʦʢʘʟʳʚʘʝʪ ʯʝʪʢʦʝ ʠʟʤʝʥʝʥʠʝ ʭʦʜʘ ʢʨʠʚʦʡ 

ʧʨʠ ʬʘʟʦʚʦʤ ʧʝʨʝʭʦʜʝ ʪʚʝʨʜʦʝ ï ʞʠʜʢʦʝ. 

 

ʈʠʩ. 2. ʋʜʝʣʴʥʘʷ ʚʚʝʜʝʥʥʘʷ 

ʵʥʝʨʛʠʷ ʢʘʨʙʠʜʘ ʮʠʨʢʦʥʠʷ ZrC ï ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ. 1 ï ʞʠʜʢʦʝ ʩʦʩʪʦʷʥʠʝ; 2 ï 

ʦʙʣʘʩʪʴ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ; 3 ï ʪʚʝʨʜʦʝ 

ʩʦʩʪʦʷʥʠʝ; 4 ï ʣʠʪʝʨʘʪʫʨʥʳʝ ʜʘʥʥʳʝ - 

ʨʘʩʯʝʪ. 

ʈʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ - 2-10 

ʤʠʢʨʦʥ 

 

ʈʠʩ.3. ʋʜʝʣʴʥʘʷ ʚʚʝʜʝʥʥʘʷ 

ʵʥʝʨʛʠʷ ʜʣʷ ʩʤʝʰʘʥʥʦʛʦ ʢʘʨʙʠʜʘ 

(TaHfC5). ɺʦ ʚʨʝʤʷ ʧʣʘʚʣʝʥʠʷ º 4300 ʂ 

ʠʟʣʫʯʘʪʝʣʴʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʧʘʜʘʝʪ (ʠ, 

ʷʢʦʙʳ, ʧʘʜʘʝʪ ʪʝʤʧʝʨʘʪʫʨʘ). 

ʈʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ - 35-170 

ʥʘʥʦʤʝʪʨʦʚ 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ (ˉ 19-79-30086, 

ʨʫʢʦʚʦʜʠʪʝʣʴ ɻ.ɸ. ʄʝʩʷʮ).  
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ɸ.ʀ. ʉɸɺɺɸʊʀʄʉʂʀʁ1, ʉ.ɺ. ʆʅʋʌʈʀɽɺ1, ɻ.ɽ. ɺɸʃʔʗʅʆ1, ʉ.ɸ. 

ʄʋɹʆʗɼɾʗʅ2 

1ʆʙʲʝʜʠʥʝʥʥʳʡ ʠʥʩʪʠʪʫʪ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ɺʩʝʨʦʩʩʠʡʩʢʠʡ ʠʥʩʪʠʪʫʪ ʘʚʠʘʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʊɽʇʃʆʌʀɿʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ ʂɸʈɹʀɼɸ ɻɸʌʅʀʗ (HfC) ɺ 

ʊɺɽʈɼʆʄ ʀ ɾʀɼʂʆʄ ʉʆʉʊʆʗʅʀʗʍ  

ʇʈʀ ʊɽʄʇɽʈɸʊʋʈɸʍ 2000 ï 5000 ʂ 

ɺʧʝʨʚʳʝ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʦʣʫʯʝʥʳ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ: ʚʚʝʜʝʥʥʘʷ ʫʜʝʣʴʥʘʷ 

ʵʥʝʨʛʠʷ (ʵʥʪʘʣʴʧʠʷ), ʫʜʝʣʴʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ ʉʨ, ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ, - ʜʣʷ 

ʪʫʛʦʧʣʘʚʢʦʛʦ ʢʘʨʙʠʜʘ ʛʘʬʥʠʷ HfC. ʊʝʤʧʝʨʘʪʫʨʳ ʠʟʤʝʨʷʣʠʩʴ ʦʪ 2000 ʜʦ 5000 ʂ ʧʨʠ 

ʥʘʛʨʝʚʝ ʪʦʥʢʦʡ ʧʣʘʩʪʠʥʢʠ ʩʧʝʯʝʥʥʦʛʦ ʢʘʨʙʠʜʘ ʦʜʥʦʢʨʘʪʥʳʤ ʠʤʧʫʣʴʩʦʤ ʪʦʢʘ (ʦʢʦʣʦ 25 

ʢɸ) ʟʘ ʚʨʝʤʷ 5-8 ʤʠʢʨʦʩʝʢʫʥʜ. ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ 

ʈʌʌʀ, ˉ 19-08-00093. 

A.I. SAVVATIMSKIY 1, S.V. ONUFRIEV1, G.E. VALYANO 1,  

S.A. MUBOYADZHYAN 2 

1Joint Institute for High Temperature RAS, Moscow, Russia 
2All-Russian Institute for Aviation Materials, Moscow, Russia 

THERMOPHYSICAL PROPERTIES FOR CARBIDE (H fC) IN 

SOLID AND LIQUID STATES UNDER THE TEMPERATURES 2000 ï 

5000 K 

For the first time in the experiment, thermophysical properties were obtained: the input 

specific energy (enthalpy), specific heat CP, electrical resistance, - for refractory hafnium 

carbide HfC. Temperatures 2000 ï 5000 K were measured under the heating of thin plate of 

sintered carbide by a single current pulse (º25 kA) for a time of 5-8 microseconds.The 

experimental study was carried out under the financial support of RFBR grant No. 19-08-00093. 

ʀʩʭʦʜʥʘʷ ʤʠʰʝʥʴ HfC (43ʘʪ.% ʫʛʣʝʨʦʜʘ ʠ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ 5-10 ʤʠʢʨʦʥ) 

ʥʘʨʝʟʘʣʘʩʴ ʥʘ ʧʣʘʩʪʠʥʢʠ ʪʦʣʱʠʥʦʡ 100-150 ʤʠʢʨʦʥ (ʨʠʩ.1), ʢʦʪʦʨʳʝ 

ʨʘʟʤʝʱʘʣʠʩʴ ʤʝʞʜʫ ʜʚʫʤʷ ʧʣʘʩʪʠʥʘʤʠ ʢʚʘʨʮʝʚʦʛʦ ʩʪʝʢʣʘ (ʫʧʘʢʦʚʢʘ ʪʠʧʘ 

çʩʵʥʜʚʠʯè), - ʜʣʷ ʫʩʪʨʘʥʝʥʠʷ ʚʦʟʤʦʞʥʦʡ ʩʫʙʣʠʤʘʮʠʠ, ʩ ʥʘʨʫʰʝʥʠʝʤ 

ʩʪʝʭʠʦʤʝʪʨʠʠ ʩʦʝʜʠʥʝʥʠʷ, ʠ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʚʦʟʤʦʞʥʦʛʦ ʨʘʟʨʷʜʘ ʧʦ 

ʧʦʚʝʨʭʥʦʩʪʠ. ʊʝʤʧʝʨʘʪʫʨʘ (ʨʠʩ.2) ʠʟʤʝʨʷʣʘʩʴ ʧʠʨʦʤʝʪʨʦʤ ʥʘ ʦʩʥʦʚʝ 

ʙʳʩʪʨʦʜʝʡʩʪʚʫʶʱʝʛʦ ʬʦʪʦʜʝʪʝʢʪʦʨʘ PDA-10A (Thorlabs). ɿʘ º 300 ʂ ʜʦ ʥʘʯʘʣʘ 

ʧʣʘʚʣʝʥʠʷ ʥʘʙʣʶʜʘʣʩʷ ʢʨʫʪʦʡ ʨʦʩʪ ʪʝʧʣʦʝʤʢʦʩʪʠ (ʨʠʩ.3), ʚʦʟʤʦʞʥʦ ʩʚʷʟʘʥʥʳʡ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʜʝʬʝʢʪʦʚ ʌʨʝʥʢʝʣʷ, ʚ ʫʩʣʦʚʠʷʭ ʥʝʚʦʟʤʦʞʥʦʩʪʠ 

ʪʝʧʣʦʚʦʡ ʜʠʬʬʫʟʠʠ ʦʙʝʩʧʝʯʠʪʴ ʥʘʩʳʱʝʥʠʝ ʦʙʲʝʤʘ ʨʘʚʥʦʚʝʩʥʳʤʠ ʚʘʢʘʥʩʠʷʤʠ. 

ʇʦʩʣʝ ʧʣʘʚʣʝʥʠʷ ʘʥʦʤʘʣʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ ʪʘʢʞʝ ʙʳʩʪʨʦ ʩʧʘʜʘʣʘ ʢ ʦʙʳʯʥʳʤ 

ʚʝʣʠʯʠʥʘʤ ʪʝʧʣʦʝʤʢʦʩʪʠ (º 0.5-0.6 ɼʞ/ʛĀʂ). 



279 
 

 

 

 

ʈʠʩ. 1. ɺʠʜ ʩʝʯʝʥʠʷ 

ʦʙʨʘʟʮʘ (ʚ ʠʟʣʦʤʝ). ʊʦʣʱʠʥʘ 130 

ʤʠʢʨʦʥ. ʈʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ -5-

10 ʤʠʢʨʦʥ. ʈʘʟʤʝʨ ʰʪʨʠʭʘ ï 100 

ʤʠʢʨʦʥ. 

  

 

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨʳ 

ʦʪ ʚʨʝʤʝʥʠ ʥʘʛʨʝʚʘ ʢʘʨʙʠʜʘ ʛʘʬʥʠʷ (ʜʣʷ 

ʦʜʥʦʛʦ ʠʟ ʦʙʨʘʟʮʦʚ). 

1 ï ʊʚʝʨʜʦʝ ʩʦʩʪʦʷʥʠʝ; 2 ï 

ʆʙʣʘʩʪʴ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ (Tsol º 4000-

4100 K; Tliq º 4200-4300 K); 3 ï ɾʠʜʢʦʝ 

ʩʦʩʪʦʷʥʠʝ (ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʊ = 5300 ʂ). 

 

ʈʠʩ.3. ɿʘʚʠʩʠʤʦʩʪʴ 

ʫʜʝʣʴʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ ʢʘʨʙʠʜʘ 

ʛʘʬʥʠʷ ʦʪ T ʚʙʣʠʟʠ ʬʘʟʦʚʦʛʦ 

ʧʝʨʝʭʦʜʘ. 1 ï ʪʚʝʨʜʘʷ ʬʘʟʘ; 2 ï 

ʧʣʘʚʣʝʥʠʝ; 3 ï ʞʠʜʢʘʷ ʬʘʟʘ. ɼʣʷ 

ʪʚʝʨʜʦʡ ʬʘʟʳ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʥʘʛʨʝʚʘ ʜʚʫʭ ʦʙʨʘʟʮʦʚ. 

ɿʘʰʪʨʠʭʦʚʘʥʘ ʦʙʣʘʩʪʴ ʧʣʘʚʣʝʥʠʷ. 

 

ʊʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʠʷ HfC ʜʣʷ ʜʘʥʥʦʛʦ ʩʦʩʪʘʚʘ ʨʘʚʥʘ: ʊsolidus º 4000-4100 

K; Tliquidus º 4200-4300 K; ʪʝʧʣʦʪʘ ʧʣʘʚʣʝʥʠʷ Dʅ º 0.8 ʢɼʞ/ʛ. 

ʕʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ (ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʵʥʪʘʣʴʧʠʠ) ʧʦʢʘʟʳʚʘʝʪ ʯʝʪʢʦʝ 

ʠʟʤʝʥʝʥʠʝ ʭʦʜʘ ʢʨʠʚʦʡ ʧʨʠ ʬʘʟʦʚʦʤ ʧʝʨʝʭʦʜʝ ʪʚʝʨʜʦʝ ï ʞʠʜʢʦʝ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʌʌʀ, ˉ 19-08-00093. 
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ʉ.ɺ. ʉɸɺʋʐʂʀʅɸ1,2, ʃ.ɽ. ɸɻʋʈɽɽɺ1, ɸ.ɸ. ɸʐʄɸʈʀʅ1 

1ɻʅʎ ʌɻʋʇ çʎʝʥʪʨ ʂʝʣʜʳʰʘè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ, 
2ʄʦʩʢʦʚʩʢʠʡ ʘʚʠʘʮʠʦʥʥʳʡ ʠʥʩʪʠʪʫʪ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ  

 

ʀʉʉʃɽɼʆɺɸʅʀɽ ʉʇʃɸɺɸ Al-Zr -Cr, ʇʆʃʋʏɽʅʅʆɻʆ  

ʀʉʂʈʆɺʓʄ ʇʃɸɿʄɽʅʅʓʄ ʉʇɽʂɸʅʀɽʄ  

ʉ ʧʦʤʦʱʴʶ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ ʠ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠʷ ʧʦʣʫʯʝʥʳ 

ʘʣʶʤʠʥʠʝʚʳʝ ʩʧʣʘʚʳ ʩʠʩʪʝʤʳ Al-Cr-Zr. ʀʩʩʣʝʜʦʚʘʥʳ ʩʪʨʫʢʪʫʨʘ ʠ ʩʚʦʡʩʪʚʘ ʩʧʣʘʚʦʚ 

ʤʝʪʦʜʘʤʠ ʵʣʝʢʪʨʦʥʥʦʡ ʨʘʩʪʨʦʚʦʡ ʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ 

ʘʥʘʣʠʟʘ ʠ ʪʨʝʭʪʦʯʝʯʥʦʛʦ ʠʟʛʠʙʘ. 

S.V. SAVUSHKINA1,2, L.E. AGUREEV, A.A. ASHMARIN 

1Keldysh Research Center, Moscow, Russia, 
2Moscow Aviation Institute (National Research University), Moscow, Russia 

STADY OF Al-Zr-Cr ALLOY PRODUCED BY SPARK PLASMA 

SINTERING  

Aluminum alloys Al -Cr-Zr were obtained by mechanical alloying and spark plasma 

sintering. The structure and the properties of alloys were studied by scanning and transmission 

electron microscopy, XRD analysis, and three-point bending. 

  

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʘʣʶʤʠʥʠʝʚʳʝ ʩʧʣʘʚʳ ʪʝʨʷʶʪ 

ʪʝʨʤʠʯʝʩʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ, ʧʨʦʠʩʭʦʜʠʪ ʨʦʩʪ ʟʝʨʥʘ, ʨʦʩʪ ʧʝʨʚʠʯʥʳʭ ʢʨʠʩʪʘʣʣʦʚ, 

ʨʦʩʪ ʠ ʧʨʝʚʨʘʱʝʥʠʷ ʧʨʠʤʝʩʝʡ, ʨʦʩʪ ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʳʭ ʛʨʫʙʳʭ ʬʘʟ ʠ 

ʩʬʝʨʦʠʜʠʟʘʮʠʷ [1]. ɺʩʸ ʵʪʦ ʫʭʫʜʰʘʝʪ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʘʣʶʤʠʥʠʷ. ʆʜʥʘʢʦ, ʚʚʦʜ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʚ 

ʤʘʪʨʠʮʫ ʤʦʞʝʪ ʥʠʚʝʣʠʨʦʚʘʪʴ ʵʪʠ ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʵʬʬʝʢʪʳ. ɺ ʦʩʥʦʚʥʦʤ ʭʨʦʤ, 

ʮʠʨʢʦʥʠʡ ʠ ʤʦʣʠʙʜʝʥ ʵʬʬʝʢʪʠʚʥʳ ʜʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ɼʣʷ ʫʣʫʯʰʝʥʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ, ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ ʠ 

ʢʦʨʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ ʩʧʝʯʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʷʚʣʷʝʪʩʷ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʝʨʘʤʠʢʦʧʦʜʦʙʥʦʛʦ ʧʦʢʨʳʪʠʷ ʤʝʪʦʜʦʤ ʤʠʢʨʦʜʫʛʦʚʦʛʦ 

ʦʢʩʠʜʠʨʦʚʘʥʠʷ [2]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʝʪʦʜʦʤ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠʷ ʚ ʚʘʢʫʫʤʝ 

ʬʦʨʤʠʨʦʚʘʣʠ ʩʧʣʘʚ ʩʠʩʪʝʤʳ Al-Cr-Zr. ɺ ʢʘʯʝʩʪʚʝ ʧʦʨʦʰʢʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠ ɸʉɼ-

4, ʇʍ-1ʉ, ʇʎʈʂ-1. ʄʝʭʘʥʦʣʝʛʠʨʦʚʘʥʠʝ ʘʣʶʤʠʥʠʷ ʧʨʦʚʦʜʠʣʠ ʚ ʧʣʘʥʝʪʘʨʥʦʡ 

ʤʝʣʴʥʠʮʝ, ʛʜʝ ʜʣʷ ʧʦʤʦʣʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʰʘʨʳ ʠʟ ʟʘʢʘʣʸʥʥʦʡ ʩʪʘʣʠ ʜʠʘʤʝʪʨʦʤ 5 

ʤʤ ʚ ʩʦʦʪʥʦʰʝʥʠʠ ʇ:ʐ=1:10. ɺ ʢʘʯʝʩʪʚʝ ʩʤʘʟʢʠ ʜʦʙʘʚʣʷʣʠ 0,1% ʤʘʩʩ. 

ʛʝʢʩʘʤʝʪʠʣʜʠʩʠʣʘʟʘʥʘ. ʉʤʝʰʝʥʠʝ ʧʨʦʚʦʜʠʣʠ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ ʚ ʩʨʝʜʝ ʘʨʛʦʥʘ. 

ʇʦʣʫʯʘʣʠ ʩʧʣʘʚʳ Al-0,3%Zr -(0,25; 0,5; 1%Cr). ʉʪʨʫʢʪʫʨʫ ʩʧʣʘʚʦʚ ʠʩʩʣʝʜʦʚʘʣʠ 

ʧʦʤʦʱʴʶ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ (ʈʕʄ), ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ 
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ʤʠʢʨʦʩʢʦʧʠʠ (ʇʕʄ) ʠ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʯʥʦʩʪʥʳʭ 

ʩʚʦʡʩʪʚ ʧʨʦʚʦʜʠʣʠ ʤʝʪʦʜʦʤ ʪʨʝʭʪʦʯʝʯʥʦʛʦ ʠʟʛʠʙʘ.  

ʉʪʨʫʢʪʫʨʘ ʩʧʣʘʚʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʯʘʩʪʠʯʥʦ ʧʝʨʝʩʳʱʝʥʥʳʡ ʪʚʝʨʜʳʡ 

ʨʘʩʪʚʦʨ Zr ʠ Cr ʚ Al. ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ ʟʝʨʝʥ ʩʧʣʘʚʘ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 5 ʤʢʤ. 

ʍʨʦʤʦʩʦʜʝʨʞʘʱʘʷ ʬʘʟʘ Al7Cr, ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʚʠʜʝ ʢʨʠʩʪʘʣʣʦʚ ʧʣʘʩʪʠʥʯʘʪʦʡ 

ʬʦʨʤʳ ʨʘʟʤʝʨʦʤ ʜʦ 5 ʤʢʤ. ʇʝʨʚʠʯʥʳʝ ʢʨʠʩʪʘʣʣʳ Al3Zr ʚ ʚʠʜʝ ʠʛʣ ʜʣʠʥʦʡ ʜʦ 20 

ʥʤ ʪʘʢʞʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʚ ʘʣʶʤʠʥʠʝʚʦʡ ʤʘʪʨʠʮʝ (ʨʠʩ. 1). 

 

ʈʠʩ. 1. ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʩʧʣʘʚʘ Al-Cr-Zr ʚ ʦʙʣʘʩʪʠ ʠʟʣʦʤʘ (ʘ) ʠ 

ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʛʨʘʥʠʮʳ ʟʝʨʥʘ (ʙ). 

ʇʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʥʘ ʠʟʛʠʙ ʜʣʷ ʩʧʣʘʚʦʚ, ʩʦʜʝʨʞʘʱʠʭ 0,25; 0,5; 1%Cr 

ʩʦʩʪʘʚʠʣ ~ 300, 360 ʠ 156 ʄʇʘ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ~ 300, 358 ʠ 165 

ʄʇɸ ʧʨʠ 300 Áʉ. ʅʘʠʤʝʥʴʰʝʡ ʧʦʨʠʩʪʦʩʪʴʶ ʦʙʣʘʜʘʶʪ ʦʙʨʘʟʮʳ, ʩʦʜʝʨʞʘʱʠʝ 

0.5% Cr. ʋʚʝʣʠʯʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ Cr ʚ ʢʦʤʧʦʟʠʪʝ ʜʦ 1% ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʧʦʨʠʩʪʦʩʪʠ ʜʦ 12% ʠ ʬʦʨʤʠʨʦʚʘʥʠʶ ʢʨʫʧʥʳʭ ʭʨʦʤʦʩʦʜʝʨʞʘʱʠʭ ʚʢʣʶʯʝʥʠʡ ʧʦ 

ʛʨʘʥʠʮʘʤ ʟʝʨʝʥ ʢʦʤʧʦʟʠʪʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʭʫʜʰʝʥʠʶ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʤʘʪʝʨʠʘʣʘ. ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʧʘʨʘʤʝʪʨ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʠ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʭʨʦʤʘ, ʢʘʢ ʠ ʦʙʣʘʩʪʴ 

ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʯʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʜʠʩʧʝʨʛʠʨʫʶʱʠʤ ʚʦʟʜʝʡʩʪʚʠʝʤ 

ʭʨʦʤʘ.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʧʨʦʝʢʪ ˉ18-

33-00841). 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Vojtech D., Michalcova A., Verner J. et al. Structure and properties of PM nano-crystalline Al-Cr 
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ˉ 12. ʉ. 34ï39. 
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ʇ.ʉ. ʉɸɺʏɽʅʂʆɺ, ʇ.ɸ. ɸʃɽʂʉɽɽɺ 
1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʆʉʆɹɽʅʅʆʉʊʀ ʇʈʆʄɽɾʋʊʆʏʅʆ-ɺɸʃɽʅʊʅʆɻʆ  

ʉʆʉʊʆʗʅʀʗ Eu ɺ ʀʅʊɽʈʄɽʊɸʃʃʀɼɸʍ  

1-2-2: EuCu2(Si,Ge)2 

ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʸʥ ʩʦʚʦʢʫʧʥʳʡ ʘʥʘʣʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦ ʥʝʫʧʨʫʛʦʤʫ 

ʤʘʛʥʠʪʥʦʤʫ ʨʘʩʩʝʷʥʠʠ ʥʝʡʪʨʦʥʦʚ ʜʣʷ ʧʨʦʤʝʞʫʪʦʯʥʦʚʘʣʝʥʪʥʳʭ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʝ Sm 

(SmB6, Sm(Y)S) ʠ Eu (ʪʠʧʘ EuCu2Si2) ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʠʤʝʥʠʤʦʩʪʠ ʦʙʦʙʱʝʥʥʦʛʦ 

ʧʦʜʭʦʜʘ ʥʘ ʦʩʥʦʚʝ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʵʢʩʠʪʦʥʘ ʢʦʥʝʯʥʦʛʦ ʨʘʜʠʫʩʘ. 

P.S. SAVCHENKOV1,2, P.A. ALEKSEEV2,1 

1National Research Nuclear University MEPhI, Moscow, Russia 

FEATURES OF THE INTERMEDIATE -VALENT STATE OF Eu IN 1-

2-2 INTERMETALLIDE S EuCu2(Si,Ge)2  

In this work, we performed a combined analysis of experimental data on inelastic magnetic 

neutron scattering for intermediate valence systems based on Sm (SmB6, Sm (Y) S) and Eu 

(type EuCu2Si2) from the point of view of applicability of a generalized approach based on a 

theoretical model of a finite radius exciton . 

ʄʦʜʝʣʴ ʵʢʩʠʪʦʥʘ ʢʦʥʝʯʥʦʛʦ ʨʘʜʠʫʩʘ, ʧʨʝʜʣʦʞʝʥʥʘʷ ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʚʦʡʩʪʚ 

SmB6, ʙʳʣʘ ʨʘʟʚʠʪʘ ʠ ʨʘʩʰʠʨʝʥʘ ʜʣʷ ʧʨʘʚʠʣʴʥʦʛʦ ʧʦʥʠʤʘʥʠʷ ʩʫʱʝʩʪʚʝʥʥʳʭ 

ʜʝʪʘʣʝʡ ʩʧʝʢʪʨʘ ʥʝʫʧʨʫʛʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʥʝʡʪʨʦʥʦʚ ʚ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ 

ʩʠʩʪʝʤʘʭ. ʆʩʥʦʚʦʡ ʥʦʚʦʛʦ ʧʦʜʭʦʜʘ ʷʚʣʷʝʪʩʷ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʛʠʙʨʠʜʠʟʘʮʠʠ, ʢʘʢ 

ʦ ʜʚʠʞʫʱʝʡ ʩʠʣʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʦʤʝʞʫʪʦʯʥʦʚʘʣʝʥʪʥʦ ʩʦʩʪʦʷʥʠʷ ʜʣʷ Eu. 

ɺʧʝʨʚʳʝ ʧʨʝʜʣʦʞʝʥ ʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥ ʜʳʨʦʯʥʳʡ ʘʥʘʣʦʛ ʤʦʜʝʣʠ ʵʢʩʠʪʦʥʘ 

ʢʦʥʝʯʥʦʛʦ ʨʘʜʠʫʩʘ ʧʦʟʚʦʣʷʶʱʠʡ ʘʜʝʢʚʘʪʥʦ ʦʧʠʩʘʪʴ ʩʚʦʡʩʪʚʘ ʇɺ ʩʦʩʪʦʷʥʠʷ Eu 

ʦʧʠʨʘʷʩʴ ʥʘ ʝʜʠʥʳʡ (ʜʣʷ Eu ʠ Sm) ʧʦʜʭʦʜ ʢ ʧʨʝʜʩʪʘʚʣʝʥʠʶ ʩʪʨʫʢʪʫʨʳ ʚʦʣʥʦʚʦʡ 

ʬʫʥʢʮʠʠ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ.  

ɺ ʯʘʩʪʥʦʩʪʠ, ʦʙʲʷʩʥʝʥʘ ʢʚʘʜʨʘʪʠʯʥʘʷ ʧʝʨʝʥʦʨʤʠʨʦʚʢʘ ʵʥʝʨʛʠʠ ʨʝʟʦʥʘʥʩʥʦʡ 

ʤʦʜʳ ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʝʚʨʦʧʠʷ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʵʥʝʨʛʠʠ ʘʪʦʤʥʦʛʦ 

ʤʝʞʤʫʣʴʪʠʧʣʝʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʚʘʣʝʥʪʥʦʩʪʠ ɽu.  

ʆʙʩʫʞʜʘʝʪʩʷ ʧʨʠʤʝʥʠʤʦʩʪʴ ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʜʣʷ ʦʧʠʩʘʥʠʶ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʷ 

ʤʘʛʥʝʪʠʟʤʘ ʠ ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʚʘʣʝʥʪʥʦʩʪʠ. 
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ɻ.ɺ.ʉʀɺʎʆɺɸ1,2, ʉ.ɺ.ʉɸɺʋʐʂʀʅɸ1,2, ɸ.ɸ. ɸʐʄɸʈʀʅ1 

1ɻʅʎ ʌɻʋʇ çʎʝʥʪʨ ʂʝʣʜʳʰʘè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ, 
2ʄʦʩʢʦʚʩʢʠʡ ʘʚʠʘʮʠʦʥʥʳʡ ʠʥʩʪʠʪʫʪ, ʈʦʩʩʠʷ 

 

ʀʉʉʃɽɼʆɺɸʅʀɽ ɼʀʆʂʉʀɼ ʎʀʈʂʆʅʀɽɺʓʍ 

 ʇʆʂʈʓʊʀʁ, ʌʆʈʄʀʈʋɽʄʓʍ ʄʀʂʈʆɼʋɻʆɺʓʄ  

ʆʂʉʀɼʀʈʆɺɸʅʀɽʄ ʉ ɼʆɹɸɺʃɽʅʀɽʄ ɺ ʕʃɽʂʊʈʆʃʀʊ 

ʅɸʅʆʇʆʈʆʐʂɸ ʆʂʉʀɼɸ ʀʊʊʈʀʗ 

ʇʦʢʨʳʪʠʷ ʙʳʣʠ ʩʬʦʨʤʠʨʦʚʘʥʳ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʤʠʢʨʦʜʫʛʦʚʦʛʦ ʦʢʩʠʜʠʨʦʚʘʥʠʷ 

(ʄɼʆ) ʥʘ ʮʠʨʢʦʥʠʝʚʦʤ ʩʧʣʘʚʝ ʕ110 (1% Nb) ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʚ ʵʣʝʢʪʨʦʣʠʪ ʥʘʥʦʧʦʨʦʰʢʘ 

ʦʢʩʠʜʘ ʠʪʪʨʠʷ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʦʢʨʳʪʠʡ ʧʨʦʚʦʜʠʣʠ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ ʨʘʩʪʨʦʚʦʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʠ ʩʢʨʝʪʯ-ʪʝʩʪʠʨʦʚʘʥʠʷ. ʇʦʢʘʟʘʥʦ, 

ʯʪʦ ʜʦʙʘʚʢʠ ʥʘʥʦʧʦʨʦʰʢʘ ʦʢʩʠʜʘ ʠʪʪʨʠʷ ʚ ʵʣʝʢʪʨʦʣʠʪ ʩʧʦʩʦʙʩʪʚʫʶʪ ʩʪʘʙʠʣʠʟʘʮʠʠ 

ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʬʘʟʳ ʚ ʄɼʆ-ʧʦʢʨʳʪʠʠ. 

G.V. SIVTSOVA1,2, S.V. SAVUSHKINA1,2, A.A. ASHMARIN1 

1Keldysh Research Center, Moscow, Russia, 
2Moscow Aviation Institute (National Research University), Russia 

STUDY OF ZIRCONIA COATINGS FORMED BY MICRO -ARC  

OXIDATION WITH THE ADDITION OF YTTRIUM OXIDE 

NANOPOWDER TO THE ELECTROLYTE  

The coatings were formed using the micro-arc oxidation method (MAO) on the zirconium 

alloy E110 (1% NB) with the addition of yttrium oxide nanopowder to the electrolyte. The 

coatings were studied using the methods of scanning electron microscopy, x-ray diffraction 

analysis and scratch testing. It was shown that additives of yttria nanopowder to the electrolyte 

stabilize the tetragonal phase in the MAO coating. 

ʄʠʢʨʦʜʫʛʦʚʦʝ ʦʢʩʠʜʠʨʦʚʘʥʠʝ (ʄɼʆ) ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 

ʤʝʪʦʜʦʚ ʧʦʣʫʯʝʥʠʷ ʜʠʦʢʩʠʜ ʮʠʨʢʦʥʠʝʚʳʭ ʧʦʢʨʳʪʠʡ. ʄɼʆ-ʧʦʢʨʳʪʠʷ ʠʟ 

ʜʠʦʢʩʠʜʘ ʮʠʨʢʦʥʠʷ ʦʙʣʘʜʘʶʪ ʥʠʟʢʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ 

ʜʦʩʪʠʛʘʪʴ 0.2 ɺʪ/ʤÅʂ [1]. ɹʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʩʚʦʡʩʪʚʘʤ ʢʝʨʘʤʠʯʝʩʢʠʝ ʧʦʢʨʳʪʠʷ ʠʟ 

ʜʠʦʢʩʠʜʘ ʮʠʨʢʦʥʠʷ, ʧʦʣʫʯʘʝʤʳʝ ʤʝʪʦʜʦʤ ʄɼʆ, ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ 

ʢʘʯʝʩʪʚʝ ʪʝʧʣʦʟʘʱʠʪʥʳʭ ʧʦʢʨʳʪʠʡ. ɼʣʷ ʫʣʫʯʰʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ 

ʄɼʆ-ʧʦʢʨʳʪʠʷ ʧʨʠʤʝʥʷʶʪ ʩʪʘʙʠʣʠʟʘʮʠʶ ʝʛʦ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʬʘʟʳ, ʯʪʦ 

ʜʦʩʪʠʛʘʝʪʩʷ ʧʫʪʸʤ ʜʦʙʘʚʢʠ ʚ ʵʣʝʢʪʨʦʣʠʪ ʥʘʥʦʧʦʨʦʰʢʘ ʦʢʩʠʜʘ ʠʪʪʨʠʷ [2, 3]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʩʪʨʫʢʪʫʨʘ ʠ ʩʚʦʡʩʪʚʘ ʢʝʨʘʤʠʢʦʧʦʜʦʙʥʳʭ 

ʜʠʦʢʩʠʜ ʮʠʨʢʦʥʠʝʚʳʭ ʧʦʢʨʳʪʠʡ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʤ ʄɼʆ ʩ ʜʦʙʘʚʢʦʡ ʚ 

ʵʣʝʢʪʨʦʣʠʪ ʥʘʥʦʧʦʨʦʰʢʘ ʦʢʩʠʜʘ ʠʪʪʨʠʷ. ʄɼʆ-ʦʙʨʘʙʦʪʢʫ ʧʨʦʚʦʜʠʣʠ ʥʘ 

ʜʠʩʢʦʚʳʭ ʦʙʨʘʟʮʘʭ ʩʧʣʘʚʘ ʕ110 (Zrï 99%, Nb ï 1%) ʚ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ 

ʛʠʧʦʬʦʩʬʠʪʘ ʥʘʪʨʠʷ (5 ʛ/ʣ) ʠ ʞʠʜʢʦʛʦ ʩʪʝʢʣʘ (9 ʛ/ʣ), ʜʦʙʘʚʢʘ ʥʘʥʦʧʦʨʦʰʢʘ 

ʦʢʩʠʜʘ ʠʪʪʨʠʷ ʩʦʩʪʘʚʣʷʣʘ 6 ʛ/ʣ. ʇʦʢʨʳʪʠʷ ʬʦʨʤʠʨʦʚʘʣʠ ʚ ʪʝʯʝʥʠʝ 60 ʤʠʥʫʪ ʚ 
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ʘʥʦʜʥʦ-ʢʘʪʦʜʥʦʤ ʨʝʞʠʤʝ ʩ ʩʦʦʪʥʦʰʝʥʠʝʤ ʪʦʢʦʚ 1:1 ʠ ʩʨʝʜʥʝʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 

20 ʠ 30 ɸ/ʜʤ2. 

ʉʪʨʫʢʪʫʨʫ ʧʦʢʨʳʪʠʡ ʠʩʩʣʝʜʦʚʘʣʠ ʥʘ ʨʘʩʪʨʦʚʦʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ 

Quanta 600. ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʧʦʢʨʳʪʠʡ ʧʨʦʚʦʜʠʣʠ ʚ ʤʝʜʥʦʤ ɚKŬ1,2 

ʠʟʣʫʯʝʥʠʠ ʥʘ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʝ Empyrean PANalytical. ʆʧʨʝʜʝʣʝʥʠʝ 

ʘʜʛʝʟʠʠ ʧʦʢʨʳʪʠʷ ʧʨʦʚʦʜʠʣʠ ʤʝʪʦʜʦʤ ʩʢʨʝʪʯ-ʪʝʩʪʠʨʦʚʘʥʠʷ. 

ʇʦʣʫʯʝʥʥʳʝ ʧʨʠ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ 20 ʠ 30 ɸ/ʜʤ2 ʧʦʢʨʳʪʠʷ ʠʤʝʣʠ ʪʦʣʱʠʥʫ ~ 

100 ʠ 120 ʤʢʤ. Cʪʨʫʢʪʫʨʘ ʚʝʨʭʥʝʛʦ ʩʣʦʷ ʧʦʢʨʳʪʠʡ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʢʨʘʪʝʨʘʤʠ ʩ 

ʧʦʨʘʤʠ ʚ ʮʝʥʪʨʝ ʠ ʢʦʥʛʣʦʤʝʨʘʪʘʤʠ ʥʘʥʦʯʘʩʪʠʮ, ʘ ʚʥʫʪʨʝʥʥʠʡ ʩʣʦʡ - 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʙʳʣʦ 

ʚʳʷʚʣʝʥʦ, ʯʪʦ ʜʦʙʘʚʢʘ ʥʘʥʦʧʦʨʦʰʢʘ ʦʢʩʠʜʘ ʠʪʪʨʠʷ ʚ ʵʣʝʢʪʨʦʣʠʪ, ʧʦʟʚʦʣʷʝʪ 

ʜʦʙʠʪʴʩʷ ʧʦʣʥʦʡ ʩʪʘʙʠʣʠʟʘʮʠʠ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʬʘʟʳ ʜʠʦʢʩʠʜʘ ʮʠʨʢʦʥʠʷ ʢʘʢ ʧʨʠ 

ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʄɼʆ 20 ɸ/ʜʤ2, ʪʘʢ ʠ ʧʨʠ 30 ɸ/ʜʤ2. ʌʦʨʤʠʨʦʚʘʥʠʝ 

ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʬʘʟʳ ʜʦʣʞʥʦ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ 

ZrO2-Y2O3 ʚ ʧʦʢʨʳʪʠʠ, ʧʦʩʢʦʣʴʢʫ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʚ ʪʝʭ ʞʝ ʫʩʣʦʚʠʷʭ ʙʝʟ 

ʜʦʙʘʚʣʝʥʠʷ Y2O3 ʚ ʵʣʝʢʪʨʦʣʠʪ, ʄɼʆ-ʧʦʢʨʳʪʠʷ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʪʦʣʴʢʦ 

ʤʦʥʦʢʣʠʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʝʡ. ʋʚʝʣʠʯʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʧʨʠʚʦʜʠʪ ʢ 

ʚʦʟʨʘʩʪʘʥʠʶ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʧʦʢʨʳʪʠʷ ʠ ʧʣʦʪʥʦʩʪʠ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʯʘʩʪʠʮ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʢʨʝʪʯ-ʪʝʩʪʠʨʦʚʘʥʠʷ ʘʣʤʘʟʥʳʤ 

ʠʥʜʝʥʪʦʨʦʤ ʜʠʦʢʩʠʜ ʮʠʨʢʦʥʠʝʚʦʛʦ ʧʦʢʨʳʪʠʷ, ʩʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʧʨʠ ʧʣʦʪʥʦʩʪʠ 

ʪʦʢʘ ʄɼʆ 20 ɸ/ʜʤ2, ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʢʨʠʪʠʯʝʩʢʘʷ ʥʘʛʨʫʟʢʘ ʨʘʟʨʫʰʝʥʠʷ 

ʧʦʢʨʳʪʠʷ ʩʦʩʪʘʚʣʷʝʪ ~ 180 ʅ, ʧʨʠ ʵʪʦʤ, ʨʘʟʨʫʰʝʥʠʝ ʚʝʨʭʥʝʛʦ ʩʣʦʷ ʧʨʦʠʩʭʦʜʠʪ 

ʧʨʠ ~ 20 ʅ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʇʨʝʟʠʜʝʥʪʘ ʈʌ (ʛʨʘʥʪ 

ˉ ʄʂ 54.2019.8.). 
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ʅ.ʅ. ʉʀʊʅʀʂʆɺ1,2, ʀ.ɸ. ʍɸɹʀɹʋʃʃʀʅɸ1, ɸ.ɺ. ʐɽʃʗʂʆɺ2, 

ɻ.ɺ. ʉʀɺʎʆɺɸ 1 

1ɻʅʎ ʌɻʋʇ çʎʝʥʪʨ ʂʝʣʜʳʰʘè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ɹʓʉʊʈʆɿɸʂɸʃɪʅʅʓɽ ʉʃʆʀʉʊʓɽ ɸʄʆʈʌʅʆ-

ʂʈʀʉʊɸʃʃʀʏɽʉʂʀɽ ʃɽʅʊʓ ʀɿ ʉʇʃɸɺɸ Ti50Ni25Cu25 ʉ 

ʆɹʈɸʊʀʄʓʄ ʕʌʌɽʂʊʆʄ ʇɸʄʗʊʀ ʌʆʈʄʓ 

ʄʝʪʦʜʦʤ ʩʚʝʨʭʙʳʩʪʨʦʡ ʟʘʢʘʣʢʠ ʠʟ ʨʘʩʧʣʘʚʘ ʧʦʣʫʯʝʥʳ ʘʤʦʨʬʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ 

ʣʝʥʪʳ ʠʟ ʩʧʣʘʚʘ Ti50Ni25Cu25 (ʘʪ.%) ʪʦʣʱʠʥʦʡ 40-45 ʤʢʤ ʠ ʰʠʨʠʥʦʡ ʦʢʦʣʦ 1,2 ʤʤ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʣʝʥʪʳ ʩʦʩʪʦʷʪ ʠʟ ʘʤʦʨʬʥʦʛʦ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʣʦʸʚ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʩʣʦʠʩʪʳʡ ʘʤʦʨʬʥʦ_ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʢʦʤʧʦʟʠʪ ʧʨʦʷʚʣʷʝʪ ʦʙʨʘʪʠʤʳʡ ʵʬʬʝʢʪ ʧʘʤʷʪʠ 

ʬʦʨʤʳ ʩ ʜʝʬʦʨʤʘʮʠʝʡ ʠʟʛʠʙʦʤ ʙʝʟ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ.  

N.N. SITNIKOV1, 2, I.A. KHABIBULLINA 1,A.V. SHELYAKOV2, 

G.V. SIVTSOVA1 

1FSUE ñKeldysh Research Centerò, Moscow, Russia 
2National Research Nuclear University MEPhI, Moscow, Russia  

MELT-SPUN LAMINATED AMORPHOUS-CRYSTALLINE  

RIBBONS OF Ti 50Ni25Cu25 ALLOY WITH TWO-WAY  

SHAPE MEMORY EFFECT 

Amorphous-crystalline ribbons of the Ti50Ni25Cu25 (at.%) alloy of 40-45 Õm thick and 1,2 

mm wide are produced by the method of rapid quenching from the melt. It is established that the 

ribbons consist of amorphous and crystalline layers. It is shown that the laminated amorphous-

crystalline composite exhibits a two-way shape memory effect with bending strain without 

additional thermomechanical treatment. 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʧʦʢʘʟʘʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʧʣʘʚʦʚ, 

ʦʙʣʘʜʘʶʱʠʭ ʵʬʬʝʢʪʦʤ ʧʘʤʷʪʠ ʬʦʨʤʳ (ʕʇʌ), ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʠʢʨʦʫʩʪʨʦʡʩʪʚ ʚ 

ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʪʝʭʥʠʢʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʚ ʧʨʠʙʦʨʦʩʪʨʦʝʥʠʠ, ʤʝʜʠʮʠʥʝ, 

ʵʥʝʨʛʝʪʠʢʝ, ʢʦʩʤʠʯʝʩʢʠʭ ʪʝʭʥʦʣʦʛʠʷʭ, ʨʦʙʦʪʦʪʝʭʥʠʢʝ [1]. ɼʣʷ ʤʠʥʠʘʪʶʨʠʟʘʮʠʠ 

ʫʩʪʨʦʡʩʪʚ, ʩʦʟʜʘʥʠʷ ʤʠʢʨʦ- ʠ, ʚʦʟʤʦʞʥʦ, ʥʘʥʦʫʩʪʨʦʡʩʪʚ ʩʪʘʥʦʚʠʪʩʷ ʘʢʪʫʘʣʴʥʳʤ 

ʧʦʣʫʯʝʥʠʝ ʪʦʥʢʦʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʵʬʬʝʢʪʦʤ ʦʙʨʘʪʠʤʦʡ ʧʘʤʷʪʠ ʬʦʨʤʳ 

(ʕʆʇʌ). ʇʦʵʪʦʤʫ ʮʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʚʦʡʩʪʚ 

ʙʳʩʪʨʦʟʘʢʘʣʸʥʥʳʭ ʘʤʦʨʬʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʣʝʥʪ ʠʟ ʩʧʣʘʚʘ ʩʠʩʪʝʤʳ 

TiNi -TiCu, ʦʙʣʘʜʘʶʱʠʭ ʕʆʇʌ, ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʘ ʠʭ ʦʩʥʦʚʝ ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʠʭ 

ʫʩʪʨʦʡʩʪʚ ʨʘʟʣʠʯʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ. 

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣ ʚʳʙʨʘʥ ʩʧʣʘʚ ʢʚʘʟʠʙʠʥʘʨʥʦʡ ʩʠʩʪʝʤʳ 

TiNi -TiCu c 25 ʘʪ. % Cu, ʧʦʣʫʯʝʥʥʳʡ ʤʝʪʦʜʦʤ ʩʚʝʨʭʙʳʩʪʨʦʡ ʟʘʢʘʣʢʠ ʠʟ ʨʘʩʧʣʘʚʘ 

(ʤʝʪʦʜ ʩʧʠʥʥʠʥʛʦʚʘʥʠʷ ʨʘʩʧʣʘʚʘ). ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ, ʧʨʦʠʩʭʦʜʷʱʝʛʦ 
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ʩʦ ʩʢʦʨʦʩʪʴʶ ʦʭʣʘʞʜʝʥʠʷ ʨʘʩʧʣʘʚʘ 105õ106 ʂ/ʩ, ʧʦʣʫʯʘʣʠ ʪʦʥʢʠʝ ʣʝʥʪʳ 

ʪʦʣʱʠʥʦʡ 30õ50 ʤʢʤ ʠ ʰʠʨʠʥʦʡ ʦʪ 1 ʜʦ 2 ʤʤ ʚ ʘʤʦʨʬʥʦʤ ʠ ʘʤʦʨʬʥʦ-

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʷʭ [2]. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʢʦʨʦʩʪʠ ʦʭʣʘʞʜʝʥʠʷ 

ʨʘʩʧʣʘʚʘ ʚ ʧʨʦʮʝʩʩʝ ʩʧʠʥʥʠʥʛʦʚʘʥʠʷ ʬʦʨʤʠʨʫʝʪʩʷ ʘʤʦʨʬʥʦʝ ʠʣʠ ʘʤʦʨʬʥʦ-

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ ʣʝʥʪʳ. ʇʨʠ ʩʢʦʨʦʩʪʷʭ ʦʭʣʘʞʜʝʥʠʷ ʨʘʩʧʣʘʚʘ ʦʢʦʣʦ 

106 ʂ/ʩ ʣʝʥʪʘ ʘʤʦʨʬʠʟʫʝʪʩʷ. ɹʦʣʝʝ ʥʠʟʢʠʝ ʩʢʦʨʦʩʪʠ ʦʭʣʘʞʜʝʥʠʷ ʨʘʩʧʣʘʚʘ 

(ʜʦ 105 ʂ/ʩ) ʧʨʠʚʦʜʷʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʣʦʷ ʪʦʣʱʠʥʦʡ 2õ10 ʤʢʤ 

ʥʘ ʥʝʢʦʥʪʘʢʪʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʣʝʥʪʳ. ɺʦ ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʘʭ ʩʣʦʠʩʪʳʭ 

ʘʤʦʨʬʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʣʝʥʪ ʧʨʦʷʚʣʷʝʪʩʷ ʆʕʇʌ ʩ ʜʝʬʦʨʤʘʮʠʝʡ ʠʟʛʠʙʦʤ ʧʨʠ 

ʥʘʛʨʝʚʝ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ɸʢ ʠ ʚʦʟʚʨʘʪʫ ʢ ʠʩʭʦʜʥʦʡ (ʧʨʷʤʦʣʠʥʝʡʥʦʡ ʬʦʨʤʝ) 

ʧʨʠ ʦʩʪʳʚʘʥʠʠ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʄʢ ʙʝʟ ʢʘʢʠʭ-ʣʠʙʦ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʪʝʨʤʦʦʙʨʘʙʦʪʦʢ. 

ɼʣʷ ʜʝʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʩʪʨʦʟʘʢʘʣʸʥʥʦʡ ʩʣʦʠʩʪʦʡ ʘʤʦʨʬʥʦ-

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʣʝʥʪʳ ʙʳʣ ʚʳʙʨʘʥ ʦʙʨʘʟʝʮ ʩ ʦʙʱʝʡ ʪʦʣʱʠʥʦʡ ʦʢʦʣʦ 40 ʤʢʤ ʠ 

ʪʦʣʱʠʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʣʦʷ 10 ʤʢʤ. ɹʳʣʠ ʧʨʦʚʝʜʝʥʳ ʩʣʝʜʫʶʱʠʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ: ʩʢʘʥʠʨʫʶʱʘʷ ʠ ʧʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʩ 

ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʤ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʤʠʢʨʦʘʥʘʣʠʟʦʤ; ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ 

ʘʥʘʣʠʟ; ʠʟʤʝʨʝʥʠʝ ʤʠʢʨʦʪʚʸʨʜʦʩʪʠ; ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʘʷ ʩʢʘʥʠʨʫʶʱʘʷ 

ʢʘʣʦʨʠʤʝʪʨʠʷ; ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʬʦʨʤʦʠʟʤʝʥʝʥʠʷ ʧʨʠ 

ʨʝʘʣʠʟʘʮʠʠ ʕʇʌ; ʦʮʝʥʝʥʦ ʙʳʩʪʨʦʜʝʡʩʪʚʠʝ ʠ ʢʦʣʠʯʝʩʪʚʦ ʮʠʢʣʦʚ ʨʝʘʣʠʟʘʮʠʠ 

ʕʆʇʌ ʠ ʜʨ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʬʦʨʤʦʠʟʤʝʥʝʥʠʝ ʩʣʦʠʩʪʦʛʦ ʘʤʦʨʬʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʢʦʤʧʦʟʠʪʘ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʧʨʦʪʝʢʘʥʠʷ ʤʘʨʪʝʥʩʠʪʥʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ɺ2-ɺ19 ʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʩʣʦʝ ʠ ʩʦʧʫʪʩʪʚʫʶʱʝʛʦ ʝʤʫ ʕʇʌ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ (19-72-00145). 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ʉʊɸɹʀʃʔʅʆʉʊʔ ʂʈʀʉʊɸʃʃʆɺ ʊʈʀɻʆʅɸʃʔʅʓʍ  

ɹʆʈɸʊʆɺ ʇʈʀ ɺʓʉʆʂʆʊɽʄʇɽʈɸʊʋʈʅʆʄ ʆʊɾʀɻɽ 

ʇʨʦʚʝʜʝʥʘ ʩʝʨʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʦʪʞʠʛʫ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ FeBO3, GaBO3 ʠ 

Fe1-xGaxBO3. ʀʟʫʯʝʥ ʭʘʨʘʢʪʝʨ ʩʪʨʫʢʪʫʨʥʳʭ ʪʨʘʥʩʬʦʨʤʘʮʠʡ çʯʠʩʪʳʭè ʬʘʟ (FeBO3, GaBO3) 

ʠ ʢʨʠʩʪʘʣʣʦʚ ʩʤʝʰʘʥʥʦʛʦ ʩʦʩʪʘʚʘ (Fe1-xGaxBO3) ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. 
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INFLUENCE OF ISOMORPHIC IMPURITY ON THE 

STRUCTURAL STABILITY OF TRIGONAL BORATE CRYSTALS  

UNDER HIGH TEMPERATURE ANNEALING  

A series of experiments on annealing of FeBO3, GaBO3 and Fe1-xGaxBO3 single crystals 

were carried out. It was studied the structural transformations of ñpureò phases (FeBO3, GaBO3) 

and mixed composition (Fe1-xGaxBO3) under high temperatures. 

ʂʨʠʩʪʘʣʣʳ ʪʨʠʛʦʥʘʣʴʥʳʭ ʙʦʨʘʪʦʚ FeBO3 ʠ GaBO3 (ʩʪʨʫʢʪʫʨʘ ʢʘʣʴʮʠʪʘ), ʘ 

ʪʘʢʞʝ ʠʟʦʩʪʨʫʢʪʫʨʥʳʝ ʠʤ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ Fe1-xGaxBO3 ʧʨʝʜʩʪʘʚʣʷʶʪ ʙʦʣʴʰʦʡ 

ʠʥʪʝʨʝʩ ʚ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʴʥʳʭ ʦʙʲʝʢʪʦʚ ʜʣʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ 

ʦʙʣʘʩʪʠ ʬʠʟʠʢʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʠ ʤʘʛʥʝʪʠʟʤʘ [1]. ʂʨʦʤʝ ʪʦʛʦ, ʥʘ ʠʭ ʦʩʥʦʚʝ ʤʦʛʫʪ 

ʙʳʪʴ ʩʦʟʜʘʥʳ ʤʦʥʦʭʨʦʤʘʪʦʨʳ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʝ ʠ 

ʤʘʛʥʠʪʦʘʢʫʩʪʠʯʝʩʢʠʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ, ʧʨʠʙʦʨʳ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʩʚʝʨʭʩʣʘʙʳʭ 

ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʘʚʣʝʥʠʷ [2,3].  

ɿʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʟʫʯʝʥʠʝ ʩʪʨʫʢʪʫʨʥʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ 

ʪʘʢʠʭ ʦʙʨʘʟʮʦʚ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ, ʘ ʪʘʢʞʝ ʚʣʠʷʥʠʷ ʦʪʞʠʛʘ 

ʥʘ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʩʝʨʠʠ Fe1- xGaxBO3. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ 

ʦʙʨʘʟʮʳ FeBO3 ʠ GaBO3, ʘ ʪʘʢʞʝ ʢʨʠʩʪʘʣʣʳ ʩʦ ʩʤʝʰʘʥʥʳʤ ʩʦʩʪʘʚʦʤ Fe1-
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xGaxBO3 ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʤʝʪʦʜʦʤ ʩʧʦʥʪʘʥʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠʟ ʨʘʩʪʚʦʨʘ ʚ 

ʨʘʩʧʣʘʚʝ ʧʦ ʪʝʭʥʦʣʦʛʠʠ, ʨʘʟʚʠʪʦʡ ʥʘʤʠ ʚ ʨʘʙʦʪʝ [3]. 

ʄʦʥʦʢʨʠʩʪʘʣʣʳ ʦʪʞʠʛʘʣʠʩʴ ʚ ʚʦʟʜʫʰʥʦʡ ʩʨʝʜʝ ʥʘ ʢʦʨʫʥʜʦʚʦʡ ʧʦʜʣʦʞʢʝ ʚ 

ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ 800-1000ʦʉ ʩ ʧʦʩʪʦʷʥʥʳʤ ʚʨʝʤʝʥʝʤ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ 

ʚʳʜʝʨʞʢʠ 4 ʯʘʩʘ. ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʦʙʨʘʟʮʦʚ ʢʦʥʪʨʦʣʠʨʦʚʘʣʩʷ ʩ ʧʦʤʦʱʴʶ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʘʥʘʣʠʟʘ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʦʙʨʘʙʘʪʳʚʘʣʠʩʴ 

ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʢʨʠʩʪʘʣʣʘʭ FeBO3 ʠ GaBO3 

ʚʦʟʜʝʡʩʪʚʠʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʧʨʠʚʦʜʠʪ ʢ ʩʪʨʫʢʪʫʨʥʳʤ ʠʟʤʝʥʝʥʠʷʤ, 

ʩʚʷʟʘʥʥʳʤ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʬʘʟ a-Fe2O3 ʠ ɓ-Ga2O3, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʪʞʠʛ 

ʦʙʨʘʟʮʦʚ Fe1-xGaxBO3 ʧʨʠʚʦʜʠʪ ʢ ʠʭ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʚ ʥʦʚʳʝ ʬʘʟʳ ɓ-Ga2O3 ʠ 

(Fe,Ga)2O3. ʋʩʪʘʥʦʚʣʝʥʘ ʙʦʣʴʰʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢʨʠʩʪʘʣʣʦʚ ʩʤʝʰʘʥʥʦʛʦ ʩʦʩʪʘʚʘ 

ʢ ʚʦʟʜʝʡʩʪʚʠʶ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʨʠʩʪʘʣʣʘʤʠ çʯʠʩʪʳʭè ʬʘʟ. 

ʊʘʢ, ʧʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1000ÁC ʚ ʦʙʨʘʟʮʝ Fe0.27Ga0.73BO3 ʩʦʜʝʨʞʠʪʩʷ 

60,4 ʤʘʩʩ. % ʠʩʭʦʜʥʦʡ ʬʘʟʳ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʦʪʞʠʛ ʢʨʠʩʪʘʣʣʦʚ FeBO3 ʠ GaBO3 

ʧʨʠ ʘʥʘʣʦʛʠʯʥʳʭ ʨʝʞʠʤʘʭ ʧʨʠʚʦʜʠʪ ʢ ʠʭ ʧʦʣʥʦʡ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʚ ʜʨʫʛʠʝ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʬʘʟʳ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥʳ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ, ʧʨʦʝʢʪ ˉ19-

29-12016-ʤʢ, ʚ ʯʘʩʪʠ ʩʠʥʪʝʟʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ, ʠ ʧʨʦʝʢʪ 

ˉ18-32-00210 çʤʦʣ-ʘè, ʚ ʯʘʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʦʪʞʠʛʫ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ. 

ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʝʜʝʥʳ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ 

ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʌ ʚ ʨʘʤʢʘʭ ʚʳʧʦʣʥʝʥʠʷ ʨʘʙʦʪ ʧʦ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʤʫ 

ʟʘʜʘʥʠʶ ʌʅʀʎ ñʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘò ʈɸʅ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠʷ ʎʂʇ ʌʅʀʎ 

çʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘè ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ 

ʦʙʨʘʟʦʚʘʥʠʷ ʈʌ (ʧʨʦʝʢʪ RFMEFI62119X0035), ʠ c ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʦʙʦʨʫʜʦʚʘʥʠʷ ʌɻɸʆʋ ɺʆ çʂʌʋ ʠʤʝʥʠ ɺ.ʀ.ɺʝʨʥʘʜʩʢʦʛʦè (ʇʨʦʛʨʘʤʤʘ ʨʘʟʚʠʪʠʷ 

ʂʌʋ ʥʘ 2015-2024 ʛ.).  
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ɾ.ʐ. ʉʆɼʀʂɾɸʅʆɺ1, ɹ.ɽ. ʋʄʀʈɿɸʂʆɺ2 

1ʀʥʩʪʠʪʫʪ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʳʭ ʠ ʣʘʟʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʊʘʰʢʝʥʪ, ʋʟʙʝʢʠʩʪʘʥ. 
2ʊɻʊʋ, ʊʘʰʢʝʥʪ, ʋʟʙʝʢʠʩʪʘʥ  

 

ʀɿʋʏɽʅʀɽ ʇʆɺɽʈʍʅʆʉʊʀ ʀ ʇʈʀʇʆɺɽʈʍʅʆʉʊʅʆʁ 

ʆɹʃɸʉʊʀ CdS ʀʄʇʃɸʅʊɸʎʀɽʁ ʀʆʅɸʄʀ Ba+ 

ɺ ʨʘʙʦʪʝ ʠʤʧʣʘʥʪʘʮʠʝʡ ʠʦʥʦʚ ɺʘ+ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʧʨʦʛʨʝʚʦʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʚ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʦʙʣʘʩʪʠ ʧʣʝʥʦʢ CdS ʧʦʣʫʯʝʥʳ ʥʘʥʦʩʪʨʫʢʪʫʨʳ Cd0.6Ba0.4S. ʆʧʨʝʜʝʣʝʥʳ 

ʠʭ ʧʘʨʘʤʝʪʨʳ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʟʦʥ, ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚʘʣʝʥʪʥʦʡ ʟʦʥʳ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʫʤʝʥʴʰʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʨʘʟʤʝʨʦʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ 

Cd0.6Ba0.4S ʦʪ 30 ʜʦ 15 ʥʤ, ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ɽg ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʦʪ 2.3 ʜʦ 2.6 ʵɺ. 

ɽg ʥʘʥʦʧʣʝʥʦʢ ʠ ʥʘʥʦʩʣʦʝʚ Cd0.6Ba0.4S ʩʦʩʪʘʚʣʷʝʪ 2.1 ʵɺ. 

J.SH. SODIKJANOV, B.E. UMIRZAKOV  

1Institute of Ion Plasma and Laser Technologies, AS of the RUz, Tashkent, Uzbekistan. 

 2Tashkent state technical university, Tashkent, Uzbekistan  

STUDYING SURFACE OF AND SUBSURFACE REGIONS OF 

CDS WITH IMPLANTATION OF THE BA + IONS 

In this work, implantation of Ba+ ions followed by heating on the surface and in the 

subsurface region of CdS films produced Cd0.6Ba0.4S nanostructures. Their parameters of energy 

bands and the density of state of electrons of the valence band are determined. It was shown that 

with a decrease in the surface dimensions of the Cd0.6Ba0.4S nanocrystalline phases from 30 to 

15 nm, the band gap of Eg increases from 2.3 to 2.6 eV. Eg of nanofilms and nanolayers of 

Cd0.6Ba0.4S is 2.1 eV. 

ʇʨʝʜʩʪʘʚʣʷʝʤʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʧʦʣʫʯʝʥʠʶ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʳʭ 

ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʠ ʧʣʝʥʦʢ CdBaS ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʚ ʨʘʟʣʠʯʥʳʭ ʛʣʫʙʠʥʘʭ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ CdS, ʠʤʧʣʘʥʪʘʮʠʝʡ ʠʦʥʦʚ Ba+ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʦʪʞʠʛʦʤ ʠ 

ʠʟʫʯʝʥʠʶ ʠʭ ʩʦʩʪʘʚʘ, ʨʘʟʤʝʨʦʚ, ʛʣʫʙʠʥʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʵʣʝʢʪʨʦʥʥʫʶ 

ʩʪʨʫʢʪʫʨʫ. 

ʉʥʘʯʘʣʘ ʥʘʰʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʥʘʧʨʘʚʣʝʥʳ ʢ ʧʦʣʫʯʝʥʠʶ ʥʘʥʦʨʘʟʤʝʨʥʳʭ 

ʬʘʟ ʠ ʩʣʦʝʚ Cd-Ba-S ʚ ʨʘʟʣʠʯʥʳʭ ʛʣʫʙʠʥʘʭ CdS. ɼʣʷ ʵʪʦʛʦ ʠʤʧʣʘʥʪʘʮʠʷ ʠʦʥʦʚ 

ʧʨʦʚʦʜʠʣʘʩʴ ʩ ɽ>10 ʢʵɺ. ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʠʚʝʜʝʥʳ ʧʨʦʬʠʣʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʘʪʦʤʦʚ ʧʦ ʛʣʫʙʠʥʝ ʜʣʷ CdS ʠʤʧʣʘʥʪʠʨʦʚʘʥʥʦʛʦ ʠʦʥʘʤʠ ɺʘ+ ʩ ɽ0=20 ʢʵɺ ʧʨʠ 

D=Dʥʘʩ=1017 ʩʤ-2 ʜʦ ʠ ʧʦʩʣʝ ʧʨʦʛʨʝʚʘ ʧʨʠ ʊ=850 ʂ. ɺʠʜʥʦ, ʯʪʦ 

ʧʦʩʪʠʤʧʣʘʥʪʘʮʠʦʥʥʳʡ ʦʪʞʠʛ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʢʦʥʮʝʥʪʨʘʮʠʠ ɺʘ ʚ 

ʤʘʢʩʠʤʫʤʝ (d ḗ 16 ï 18 ʥʤ), ʩʫʞʝʥʠʶ ʰʠʨʠʥʳ ʤʘʢʩʠʤʫʤʘ. ʇʨʠ ʵʪʦʤ 
ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʳʝ ʩʣʦʠ ʧʦʣʥʦʩʪʴʶ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ, ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ 

ʦʙʨʘʟʫʝʪʩʷ ʩʣʦʡ Cd0.6Ba0.4S ʩ ʪʦʣʱʠʥʦʡ 8 ï 10 ʥʤ, ʚ ʮʝʣʦʤ ʬʦʨʤʠʨʫʝʪʩʷ 

ʥʘʥʦʧʣʝʥʦʯʥʘʷ ʩʠʩʪʝʤʘ CdS/Cd0.6Ba0.4S/CdS. ʅʘ ʛʨʘʥʠʮʘʭ ʨʘʟʜʝʣʘ ʦʙʨʘʟʫʶʪʩʷ 

ʧʝʨʝʭʦʜʥʳʝ ʩʣʦʠ ʩ ʪʦʣʱʠʥʦʡ 5 ï 6 ʥʤ.  
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ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʨʦʭʦʜʷʱʝʛʦ ʩʚʝʪʘ ʦʪ ʵʥʝʨʛʠʠ ʬʦʪʦʥʦʚ ʜʣʷ: 

1 ï CdS; 2 ï CdS ʩ ʧʣʝʥʢʦʡ Cd0.6Ba0.4S 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ɽg ʙʳʣʠ 

ʠʟʤʝʨʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʦʙʨʘʟʝʮ ʩʚʝʪʘ ʦʪ 

ʵʥʝʨʛʠʠ ʬʦʪʦʥʦʚ ʚ ʦʙʣʘʩʪʠ hn ḗ 1.1 ï 6.5 

ʵɺ (l = 1100 ï 190 ʥʤ) ʜʣʷ CdS ʠ CdS ʩ 

ʚʥʫʪʨʝʥʥʠʤ ʩʣʦʝʤ Cd0.6Ba0.4S (ʨʠʩ.2). ʀʟ 

ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʜʦ ʦʧʨʝʜʝʣʝʥʥʦʡ ʵʥʝʨʛʠʠ ʟʥʘʯʝʥʠʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ I ʟʘʤʝʪʥʦ ʥʝ ʤʝʥʷʝʪʩʷ, ʘ ʟʘʪʝʤ ʩ ʨʦʩʪʦʤ hn ʨʝʟʢʦ ʫʤʝʥʴʰʘʝʪʩʷ ʜʦ 

ʥʫʣʷ. ʈʝʟʢʦʝ ʫʤʝʥʴʰʝʥʠʝ I ʜʣʷ CdS ʥʘʙʣʶʜʘʝʪʩʷ ʥʘʯʠʥʘʷ ʩ hn ḗ 2.3 ï 2.4 ʵɺ, ʘ 

ʜʣʷ Cd0.6Ba0.4S ï 1.9 ï 2 ʵɺ. ʀʟʤʝʨʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ɽg ʜʣʷ CdS ʨʘʚʥʦ 2.42 ʵɺ, ʘ ʜʣʷ 

Cd0.6Ba0.4S ï 2.1 ʵɺ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʧʝʨʚʳʝ ʤʝʪʦʜʦʤ ʠʤʧʣʘʥʪʘʮʠʠ ʠʦʥʦʚ ɺʘ+ ʚ CdS ʚ ʩʦʯʝʪʘʥʠʝ 

ʩ ʦʪʞʠʛʦʤ ʧʦʣʫʯʝʥʳ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʪʠʧʘ Cd0.6Ba0.4S. ʇʦʢʘʟʘʥʦ ʯʪʦ, ʧʨʠ ɽ0 = 20 

ʢʵɺ ʠ D = 2.1017 ʩʤ-2 ʧʦʩʣʝ ʦʪʞʠʛʘ ʩ ʊ=850 ʂ ʥʘ ʛʣʫʙʠʥʝ ~ 18 ʥʤ ʬʦʨʤʠʨʫʝʪʩʷ 

ʥʘʥʦʩʣʦʠ Cd0.6Ba0.4S ʩ ʪʦʣʱʠʥʦʡ 8-10 ʥʤ. ʆʧʨʝʜʝʣʝʥʳ ʧʘʨʘʤʝʪʨʳ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʟʦʥ ʠ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ ʚʘʣʝʥʪʥʳʭ ʵʣʝʢʪʨʦʥʦʚ 

ʥʘʥʦʬʘʟ ʠ ʥʘʥʦʧʣʝʥʦʢ Cd0.6Ba0.4S. 

ʈʠʩ.1. ʇʨʦʬʠʣʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʪʦʤʦʚ ɺʘ ʧʦ ʛʣʫʙʠʥʝ 

ʜʣʷ CdS, ʠʤʧʣʘʥʪʠʨʦʚʘʥʥʦʛʦ ʠʦʥʘʤʠ 

Ba+ ʩ ɽ0=20 ʢʵɺ ʧʨʠ D=1017 ʩʤ-2. 1ï

ʜʦ ʧʨʦʛʨʝʚʘ; 2ïʧʦʩʣʝ ʧʨʦʛʨʝʚʘ ʧʨʠ 

ʊ= 850ʂ ʚ ʪʝʯʝʥʠʠ 30 ʤʠʥ. 
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ɸ. ʉʆʃʆɺʔɽɺ, ɼ.ɺ. ʌʆʄʀʅʉʂʀʁ, ʈ.ʀ. ʈʆʄɸʅʆɺ, ɺ.ʖ. 

ʌʆʄʀʅʉʂʀʁ, ɺ.ʅ. ʅɽɺʆʃʀʅ 
1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʆʇʊʀʄʀɿɸʎʀʗ ʈɽɾʀʄʆɺ ʀʄʇʋʃʔʉʅʆɻʆ ʃɸɿɽʈʅʆɻʆ 

ʆʉɸɾɼɽʅʀʗ ʇʃɽʅʆʂ WO3 ɼʃʗ ʌʆʈʄʀʈʆɺɸʅʀʗ  

ʕʌʌɽʂʊʀɺʅʓʍ ʅɸʅʆʉʊʈʋʂʊʋʈʀʈʆɺɸʅʅʓʍ  

ʌʆʊʆʕʃɽʂʊʈʆʂɸʊɸɿʀɿɸʊʆʈʆɺ ʈɸʉʑɽʇʃɽʅʀʗ ɺʆɼʓ 

ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʪʦʥʢʠʭ ʧʣʝʥʦʢ WOx, 

ʧʦʣʫʯʝʥʥʳʭ ʚ ʚʘʨʴʠʨʫʝʤʳʭ ʫʩʣʦʚʠʷʭ ʤʝʪʦʜʦʤ ʨʝʘʢʮʠʦʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ 

ʦʩʘʞʜʝʥʠʷ (ʈʀʃʆ) ʥʘ ʩʪʝʢʣʷʥʥʳʭ ʧʦʜʣʦʞʢʘʭ ʩ ʧʨʦʚʦʜʷʱʠʤ ʧʦʢʨʳʪʠʝʤ ʠʟ 

ʬʪʦʨʠʨʦʚʘʥʥʦʛʦ ʦʢʩʠʜʘ ʦʣʦʚʘ (FTO). ʋʩʪʘʥʦʚʣʝʥʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʣʝʥʦʢ WOx, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʥʘʠʙʦʣʝʝ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ʚʦʜʳ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝ 

ʩʚʝʪʦʚʦʛʦ ʧʦʪʦʢʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʵʪʠʭ ʧʣʝʥʦʢ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʵʣʝʢʪʨʦʜʦʚ ʩʦ ʩʪʨʫʢʪʫʨʘʤʠ WO3/FTO ʠ MoS2/WO3/FTO. 

A. SOLOVIEV, D.V. FOMINSKI, R.I. ROMANOV,  

V.YU. FOMINSKI, V.N. NEVOLIN  

1National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Russia 

OPTIMIZATION OF PULSE LASER DEPOSITION  

CONDITIONS OF WO 3 FILMS FOR PREPARATION  

OF EFFECTIVE NANOSTRUCTURED  

PHOTO-ELECTROCATALYSTS OF WATER SPLITTING  

The results of structural and phase studies of thin WOx films obtained under varying 

conditions by the method of reactive pulsed laser deposition (RPLD) on glass substrates with a 

conductive coating of fluorinated tin oxide (FTO) are presented. The characteristics of WOx 

films that provide the highest efficiency of water splitting under the irradiation with light flux 

when using these films to obtain semiconductor electrodes with WO3/ FTO and 

MoS2/WO3/FTO structures are established. 

ɻʠʙʨʠʜʥʳʝ (ʛʝʪʝʨʦ)ʩʪʨʫʢʪʫʨʳ, ʩʦʜʝʨʞʘʱʠʝ ʭʘʣʴʢʦʛʝʥʠʜʳ ʠ ʦʢʩʠʜʳ 

ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʢʦʤʙʠʥʘʮʠʶ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʦʪʦ- ʠ 

ʵʣʝʢʪʨʦʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʣʦʝʚ ʜʣʷ ʨʘʩʱʝʧʣʝʥʠʷ ʚʦʜʳ [1]. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʥʦʚʳʭ 

ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʵʪʠʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʥʝʦʙʭʦʜʠʤʳ ʟʥʘʥʠʷ ʬʘʢʪʦʨʦʚ, 

ʦʢʘʟʳʚʘʶʱʠʭ ʚʘʞʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʠʩʪʝʤ. ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʬʦʪʦʵʣʝʢʪʨʦʢʘʪʘʣʠʪʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʵʣʝʢʪʨʦʜʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʧʣʝʥʢʠ WOx, ʧʦʣʫʯʝʥʥʳʭ ʚ ʚʘʨʴʠʨʫʝʤʳʭ 

ʫʩʣʦʚʠʷʭ ʈʀʃʆ.  
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ʅʘ ʨʠʩ. 1(ʘ,ʙ) ʧʨʝʜʩʪʘʚʣʝʥʳ ʵʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʠʟʦʙʨʘʞʝʥʠʷ 

ʧʣʝʥʦʢ WO3, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʈʀʃʆ ʧʨʠ 450Áʉ ʧʨʠ ʨʘʟʥʳʭ ʜʘʚʣʝʥʠʷʭ 

ʩʫʭʦʛʦ ʚʦʟʜʫʭʘ. ɺʠʜʥʦ, ʯʪʦ ʧʦʚʳʰʝʥʠʝ ʜʘʚʣʝʥʠʷ ʫʩʠʣʠʚʘʣʦ ʵʬʬʝʢʪ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ, ʭʦʪʷ ʩʢʦʨʦʩʪʴ ʨʦʩʪʘ ʧʣʝʥʦʢ ʟʘʤʝʪʥʦ ʫʤʝʥʴʰʘʣʘʩʴ. ʈʠʩ. 

1(ʚ) ʠʣʣʶʩʪʨʠʨʫʝʪ ʵʬʬʝʢʪ ʚʣʠʷʥʠʷ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʣʝʥʢʠ WO3 ʥʘ 

ʬʦʪʦ-ʵʣʝʢʪʨʦʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʪʨʫʢʪʫʨʳ MoS2/WO3/FTO, ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʢʦʪʦʨʦʡ ʧʦʩʣʝ ʦʩʘʞʜʝʥʠʷ ʧʣʝʥʢʠ WO3 ʤʝʪʦʜʦʤ ʀʃʆ ʥʘʥʦʩʠʣʘʩʴ 

ʥʘʥʦʧʣʝʥʢʘ ʘʤʦʨʬʥʦʛʦ MoS2.  

  
 

(ʘ) (ʙ) (ʚ) 

ʈʠʩ. 1. (ʘ,ʙ) ʉʪʨʫʢʪʫʨʘ ʧʣʝʥʦʢ WO3, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʈʀʃʆ ʧʨʠ 40 ʠ 

60 ʇʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; (ʚ) ʢʨʠʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʚ ʨʝʘʢʮʠʠ 

ʚʳʜʝʣʝʥʠʷ ʅ2 ʩʪʨʫʢʪʫʨʦʡ MoS2/WO3/FTO ʚ ʨʘʩʪʚʦʨʝ 0,5ʄ H2SO4 ʧʨʠ ʚʢʣʶʯʝʥʠʠ ʠ 

ʚʳʢʣʶʯʝʥʠʠ ʩʚʝʪʘ ʢʩʝʥʦʥʦʚʦʡ ʣʘʤʧʳ. 

ʅʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ ʧʣʝʥʢʠ WO3, ʧʦʣʫʯʝʥʥʦʡ ʧʨʠ ʧʦʚʳʰʝʥʥʦʤ ʜʘʚʣʝʥʠʠ 

(60 ʇʘ), ʚʳʟʳʚʘʣʦ ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʳʡ ʨʦʩʪ ʘʤʧʣʠʪʫʜʳ ʪʦʢʘ, ʦʧʨʝʜʝʣʷʶʱʝʛʦ 

ʚʳʜʝʣʝʥʠʝ ʅ2 ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʩʚʝʪʘ (ʧʨʠ ʧʦʪʝʥʮʠʘʣʝ ʙʣʠʟʢʦʤ ʢ ʥʫʣʶ). 

ɸʥʘʣʦʛʠʯʥʳʡ ʵʬʬʝʢʪ ʦʙʥʘʨʫʞʝʥ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʣʝʥʦʢ WO3 ʜʣʷ 

ʘʢʪʠʚʠʨʦʚʘʥʠʷ ʚʳʜʝʣʝʥʠʷ ʆ2. ʇʨʠ ʧʦʪʝʥʮʠʘʣʝ +2 ɺ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ʚʦʟʨʘʩʪʘʣʘ 

ʧʨʠʤʝʨʥʦ ʚ ʜʚʘ ʨʘʟʘ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʜʘʚʣʝʥʠʷ ʛʘʟʘ ʚ ʩʣʫʯʘʝ ʈʀʃʆ ʧʣʝʥʦʢ 

ʤʝʪʘʣʣʦʦʢʩʠʜʘ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (ʛʨʘʥʪ 19-19-00081). 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Fominski V., Gnedovets A., Fominski D. and others// Nanomaterials. 2019, 9(10), 1395. 
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ʂ.ʃ. ʉʊɸʅʂɽɺʀʏ, ɻ.ɸ, ʆɺʉʗʅʅʀʂʆɺ, ɺ.ɺ. ɼɽʄʀɼʆɺ, ʊ.ɸ. 

ʐɸʁʍʋʃʆɺ 
ʀʥʩʪʠʪʫʪ ʨʘʜʠʦʪʝʭʥʠʢʠ ʠ ʵʣʝʢʪʨʦʥʠʢʠ ʠʤ. ɺ.ɸ. ʂʦʪʝʣʴʥʠʢʦʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʉʇʀʅʆɺʓʁ ʊʆʂ ʅɸ ɻʈɸʅʀʎɽ ɻɽʊɽʈʆʉʊʈʋʂʊʋʈ 

ʌɽʈʈʆʄɸɻʅʀʊʅʓʁ ʄɸʅɻɸʅʀʊ/ʀʈʀɼɸʊ, ʄɸʊɽʈʀɸʃ ʉ 

ʉʀʃʔʅʆʄ ʉʇʀʅ-ʆʈɹʀʊɸʃʔʅʓʄ  

ɺɿɸʀʄʆɼɽʁʉʊɺʀɽʄ 

ɻʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʬʝʨʨʦʤʘʛʥʠʪʥʳʡ ʤʘʥʛʘʥʠʪ/ʠʨʠʜʘʪ (La0.7Sr0.3MnO3/SrIrO3) ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʤ ʨʘʩʧʳʣʝʥʠʷ ʥʘ ʧʦʜʣʦʞʢʫ (110)NdGaO3 ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ T = 700-800 C. ɺ ʨʝʞʠʤʝ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʠʩʩʣʝʜʦʚʘʣʦʩʴ 

ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʥʘʧʨʷʞʝʥʠʝ ʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʝ, ʚʦʟʥʠʢʘʶʱʝʝ ʥʘ ʧʣʝʥʢʝ ʠʟ ʠʨʠʜʘʪʘ , 

ʢʦʪʦʨʦʝ ʚʳʟʚʘʥʦ ʧʨʦʪʝʢʘʥʠʝʤ ʯʠʩʪʦ ʩʧʠʥʦʚʦʛʦ ʪʦʢʘ ʧʦʧʝʨʝʢ ʛʨʘʥʠʮʳ ʠ ʦʙʨʘʪʥʳʤ 

ʩʧʠʥʦʚʳʤ ʵʬʬʝʢʪʦʤ ʍʦʣʣʘ ʚ ʧʣʸʥʢʝ ʠʨʠʜʘʪʘ. 

K.L. STANKEVICH, G.A. OVSYANNIKOV, V.V. DEMIDOV, T.A 

SHAIKHULOV 

Kotelnikov Institute of Radio Engineering and Electronics RAS, Moscow, Russia 

SPIN CURRENT AT THE INTERFACE  

HETEROSTRUCTURE FERROMAGNETIC  

MANGANITE/IRIDATE HAVING STRONG  

SPIN-ORBIT COUPLING  

Heterostructures ferromagnetic manganite/semimetal iridate (La0.7Sr0.3MnO3/ SrIrO3) 

were fabricated by magnetron sputtering on the substrate (110)NdGaO3 at T = 700-800 C. 

We studied the electric voltage arising on the iridate film of the heterostructure in the 

ferromagnetic resonance mode, which is caused by the flow of a pure spin current across the 

boundary and the inverse spin Hall effect. 

ʄʘʪʝʨʠʘʣʳ ʩ ʩʠʣʴʥʳʤ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʠʛʨʘʶʪ 

ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʜʝʪʝʢʪʠʨʦʚʘʥʠʠ ʩʧʠʥʦʚʦʛʦ ʪʦʢʘ. ʏʠʩʪʳʡ ʩʧʠʥʦʚʳʡ ʪʦʢ, 

ʢʦʪʦʨʳʡ ʚʦʟʙʫʞʜʘʝʪʩʷ ʧʨʠ ʬʝʨʨʦʤʘʛʥʠʪʥʦʤ ʨʝʟʦʥʘʥʩʝ (ʌʄʈ) ʥʘ ʛʨʘʥʠʮʝ 

ʬʝʨʨʦʤʘʛʥʝʪʠʢ/ʥʦʨʤʘʣʴʥʳʡ ʤʝʪʘʣʣ, ʤʦʞʝʪ ʜʝʪʝʢʪʠʨʦʚʘʪʴʩʷ ʩ ʧʦʤʦʱʴʶ 

ʦʙʨʘʪʥʦʛʦ ʩʧʠʥʦʚʦʛʦ ʵʬʬʝʢʪʘ ʍʦʣʣʘ (ISHE) ʚ ʤʘʪʝʨʠʘʣʝ ʩ ʩʠʣʴʥʳʤ ʩʧʠʥ-

ʦʨʙʠʪʘʣʴʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʧʫʪʝʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚ ʪʦʢ ʧʨʦʚʦʜʠʤʦʩʪʠ.  

ɻʝʪʝʨʦʩʪʨʫʢʪʫʨʳ La0.7Sr0.3MnO3/SrIrO3 ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ 

ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʥʘ ʧʣʦʩʢʦʩʪʴ (110) NdGaO3 (NGO) ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ T = 820 ÁC ʠ ʜʘʚʣʝʥʠʠ ʢʠʩʣʦʨʦʜʘ 0.7 ʤʙʘʨ ʜʣʷ ʤʘʥʛʘʥʠʪʘ 

La0.7Sr0.3MnO3 (LSMO) ʠ T=770C ʠ ʜʘʚʣʝʥʠʠ 0.3 ʤʙʘʨ ʜʣʷ ʠʨʠʜʘʪʘ SrIrO3 

(SIO). ʊʦʣʱʠʥʳ ʧʣʝʥʦʢ ʤʘʥʛʘʥʠʪʘ ʚʘʨʴʠʨʦʚʘʣʠʩʴ ʦʪ 5 ʜʦ20 ʥʤ [1].  
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ʇʝʨʝʪʝʢʘʥʠʝ ʟʘʨʷʜʘ ʦʪ ʠʨʠʜʘʪʘ ʜʝʣʘʝʪ ʝʛʦ ʜʦʧʠʨʦʚʘʥʥʳʤ ʜʳʨʢʘʤʠ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʤʘʥʛʘʥʠʪ ʩʪʘʥʦʚʠʪʩʷ ʵʣʝʢʪʨʦʥʥʦ ʜʦʧʠʨʦʚʘʥʥʳʤ. [1, 2]. 

ʇʨʝʜʧʦʣʘʛʘʷ ʪʦʣʱʠʥʫ ʧʝʨʝʭʦʜʥʦʛʦ ʩʣʦʷ dS º 1 nm, ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʟʥʘʯʝʥʠʡ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʦʣʫʯʘʝʤ ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʝʨʝʭʦʜʥʦʛʦ 

ʩʣʦʷ ʨʘʚʥʦʝ rI = 8Ŀ10-6 WĿcm. 

ʉʧʝʢʪʨʳ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ʌʄʈ) ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʠʟʤʝʨʷʣʠʩʴ 

ʥʘ ʯʘʩʪʦʪʝ 9.2 ɻɻʮ. ʀʟ ʘʥʘʣʠʟʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʠ ʫʛʣʦʚʦʡ ʟʘʚʠcʠʤʦʩʪʝʡ 

ʨʝʟʦʥʘʥʩʥʦʛʦ ʧʦʣʷ H0 ʦʧʨʝʜʝʣʷʣʠʩʴ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʠ ʤʘʛʥʠʪʥʘʷ 

ʘʥʠʟʦʪʨʦʧʠʷ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ [3]. ʀʟ ʩʨʘʚʥʝʥʠʷ ʰʠʨʠʥʳ ʣʠʥʠʠ ʌʄʈ 
 

ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʦʪ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘʧʨʷʞʝʥʠʷ ʥʘ 

ʧʣʝʥʢʝ SIO ʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʝ SIO/LSMO ʧʨʠ ʊ=300 ʂ. 

ʧʣʝʥʢʠ LSMO ʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ SIO/LSMO ʚʳʯʠʩʣʷʣʘʩʴ 

ʧʨʦʚʦʜʠʤʦʩʪʴ ʛʨʘʥʠʮʳ ʜʣʷ ʩʧʠʥʦʚʦʛʦ ʪʦʢʘ.  

ʈʘʙʦʪʘ ʯʘʩʪʠʯʥʦ ʧʦʜʜʝʨʞʠʚʘʣʘʩʴ ʧʨʦʝʢʪʘʤʠ ʈʌʌʀ 18-57-16001, 19-07-

00143 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ʐʘʡʭʫʣʦʚ ʊ. ɸ., ʆʚʩʷʥʥʠʢʦʚ ɻ. ɸ., ɼʝʤʠʜʦʚ ɺ. ɺ., ɸʥʜʨʝʝʚ ʅ. ɺ. // ɾʕʊʌ, 2019. ʊ. 
155,135. 

2. Crossley S., Swartz A. G., Nishio K., Hikita Y., and Hwang H. Y. // Physical Review 2019, 

V.100, 115163. 

3. Demidov V.V., Andreev N.V., Shaikhulov T.A., Ovsyannikov G.A. // Journal of Magnetism and 
Magnetic Materials 2020 V.497, 165979.  
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ɸ.ʉ. ʉʊɸʈʀʂʆɺʉʂʀʁ, ʄ.ɸ. ʆʉʀʇʆɺ, ʀ.ɸ. ʈʋɼʅɽɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʃɽɺʀʊɸʎʀʆʅʅʓɽ ʉɺʆʁʉʊɺɸ ʇʈɽɼɺɸʈʀʊɽʃʔʅʆ 

ʅɸʄɸɻʅʀʏɽʅʅʓʍ ʉʊʆʇʆʂ ɺʊʉʇ ʃɽʅʊ 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʥʦʚʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʠʣʳ ʣʝʚʠʪʘʮʠʠ ʤʝʞʜʫ ʧʦʩʪʦʷʥʥʳʤ 

ʤʘʛʥʠʪʦʤ ʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʤʘʛʥʠʯʝʥʥʳʤʠ ʩʪʦʧʢʘʤʠ ɺʊʉʇ-ʣʝʥʪ, ʩʦʜʝʨʞʘʱʠʤʠ ʦʪ 20 

ʜʦ 100 ʣʝʥʪ 12 ʤʤ Ĭ 12 ʤʤ. ʇʦʣʫʯʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʦ ʚʣʠʷʥʠʶ ʙʦʢʦʚʦʛʦ 

ʩʤʝʱʝʥʠʷ ʥʘ ʩʠʣʫ ʣʝʚʠʪʘʮʠʠ ʜʣʷ ʩʪʦʧʦʢ ʣʝʥʪ ʩ ʨʘʟʣʠʯʥʳʤʠ ʚʝʣʠʯʠʥʘʤʠ ʟʘʭʚʘʯʝʥʥʦʛʦ 

ʧʦʪʦʢʘ ʠ ʪʦʣʱʠʥʳ. 

A.S. STARIKOVSKII, M.A. OSIPOV, I.A. RUDNEV 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Russia 

LEVITATION PROPERTIES OF PRE -MAGNETIZED HTS 

TAPE STACKS 

The new results of the study of the levitation force between a permanent magnet and pre-

magnetized HTS tape stacks containing from 20 to 100 tapes of 12 mm Ĭ 12 mm are presented. 

Experimental data on the effect of lateral displacement on the levitation force for stacks of tapes 

with different values of the captured flux and thickness have been obtained. 

ɼʣʷ ʨʘʟʨʘʙʦʪʢʠ ʠ ʦʧʪʠʤʠʟʘʮʠʠ ʣʝʚʠʪʘʮʠʦʥʥʦʛʦ ʧʦʜʚʝʩʘ ʥʝʦʙʭʦʜʠʤʘ 

ʠʥʬʦʨʤʘʮʠʷ ʦ ʚʣʠʷʥʠʠ ʨʘʟʣʠʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘ ʩʠʣʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ɺʊʉʇ 

ʣʝʥʪ ʩ ʤʘʛʥʠʪʦʤ. ʇʦʤʠʤʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʘʤʠʭ ʣʝʥʪ, ʥʘ ʩʠʣʫ ʣʝʚʠʪʘʮʠʠ ʚʣʠʷʶʪ 

ʠ ʚʥʝʰʥʠʝ ʬʘʢʪʦʨʳ, ʪʘʢʠʝ ʢʘʢ ʪʝʤʧʝʨʘʪʫʨʘ, ʧʝʨʝʤʝʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʘ ʪʘʢʞʝ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʝ ʥʘʤʘʛʥʠʯʠʚʘʥʠʝ ɺʊʉʇ. ɺʣʠʷʥʠʶ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ 

ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʥʘ ʚʝʣʠʯʠʥʫ ʩʠʣʳ ʣʝʚʠʪʘʮʠʠ, ʘ ʪʘʢ ʞʝ ʥʘ ʝʝ ʧʦʚʝʜʝʥʠʝ ʧʨʠ 

ʩʤʝʱʝʥʠʠ ʤʘʛʥʠʪʦʚ ʠ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʜʨʫʛ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʘ ʠ ʧʦʩʚʷʱʝʥʘ 

ʜʘʥʥʘʷ ʨʘʙʦʪʘ.  

ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ɺʊʉʇ ʣʝʥʪʳ ʧʨʦʠʟʚʦʜʩʪʚʘ SuperOx. ʆʥʠ ʙʳʣʠ 

ʨʘʟʨʝʟʘʥʳ ʥʘ ʢʚʘʜʨʘʪʥʳʝ ʬʨʘʛʤʝʥʪʳ 12 ʤʤ Ĭ 12 ʤʤ ʠ ʫʣʦʞʝʥʳ ʚ ʩʪʦʧʢʠ ʨʘʟʥʦʡ 

ʚʳʩʦʪʳ ʩ n = 20, 40, 50, 60, 80 ʠ 100 ʵʣʝʤʝʥʪʘʤʠ. ɹʳʣ ʧʨʦʚʝʜʝʥ ʨʷʜ ʠʟʤʝʨʝʥʠʡ 

ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʣʠʷʥʠʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʩʪʦʧʦʢ ʪʘʢʠʭ ʣʝʥʪ 

ʥʘ ʠʭ ʣʝʚʠʪʘʮʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ɼʣʷ ʵʪʦʛʦ ʦʙʨʘʟʮʳ ʦʭʣʘʞʜʘʣʠʩʴ ʞʠʜʢʠʤ 

ʘʟʦʪʦʤ ʚ ʧʦʣʝ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʛʦ ʤʘʛʥʠʪʘ ʩ ʚʝʣʠʯʠʥʦʡ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ 

ʨʘʚʥʦʡ 3 ʊʣ, ʧʦʩʣʝ ʯʝʛʦ ʧʦʤʝʱʘʣʠʩʴ ʚ ʢʨʠʦʩʪʘʪ ʩʠʩʪʝʤʳ ʠʟʤʝʨʝʥʠʷ ʩʠʣʳ 

ʣʝʚʠʪʘʮʠʠ. ɿʘʭʚʘʯʝʥʥʦʝ ʣʝʥʪʘʤʠ ʧʦʣʝ ʠʟʤʝʨʷʣʦʩʴ ʧʨʠ ʧʦʤʦʱʠ ʜʘʪʯʠʢʘ ʍʦʣʣʘ 

ʩʨʘʟʫ ʧʦʩʣʝ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ. ʇʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ 

ʫʩʪʘʥʦʚʢʠ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʨʘʙʦʪʝ [1]. ʉʥʘʯʘʣʘ ʦʙʨʘʟʝʮ ʧʦʤʝʱʘʣʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʝ 

60 ʤʤ ʥʘʜ ʮʝʥʪʨʦʤ ʩʪʦʧʢʠ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʤʘʛʥʠʪʦʚ ʠ ʦʧʫʩʢʘʣʩʷ ʠʟ ʵʪʦʡ 

ʧʦʟʠʮʠʠ ʚ ʢʦʥʝʯʥʫʶ, ʚ ʢʦʪʦʨʦʡ ʨʘʩʩʪʦʷʥʠʝ ʜʦ ʤʘʛʥʠʪʦʚ ʩʦʩʪʘʚʣʷʣʦ 6 ʤʤ, ʧʦʩʣʝ 
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ʯʝʛʦ ʧʨʦʚʦʜʠʣʩʷ ʮʠʢʣ ʠʟ 20 ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʧʝʨʝʤʝʱʝʥʠʡ ʚ ʧʦʧʝʨʝʯʥʦʤ 

ʥʘʧʨʘʚʣʝʥʠʠ ʚʜʦʣʴ ʦʩʠ X ʠ ʦʙʨʘʪʥʦ ʚ ʜʠʘʧʘʟʦʥʝ Ñ 20 ʤʤ ʦʪʥʦʩʠʪʝʣʴʥʦ ʮʝʥʪʨʘ 

ʤʘʛʥʠʪʦʚ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʩʠʣʳ ʣʝʚʠʪʘʮʠʠ ʦʪ 

ʨʘʩʩʪʦʷʥʠʷ ʜʣʷ ʩʪʦʧʦʢ ɺʊʉʇ ʣʝʥʪ ʨʘʟʣʠʯʥʳʭ ʪʦʣʱʠʥ. ɿʘʚʠʩʠʤʦʩʪʴ 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʩʠʣʳ ʣʝʚʠʪʘʮʠʠ ʦʪ ʯʠʩʣʘ ʣʝʥʪ ʚ ʩʪʦʧʢʝ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 1. 

 

ʈʠʩ.1. ɿʘʚʠʩʠʤʦʩʪʴ ʤʘʢʩʠʤʘʣʴʥʦʡ ʦʪʪʘʣʢʠʚʘʶʱʝʡ ʩʠʣʳ ʦʪ ʯʠʩʣʘ ʣʝʥʪ ʚ ʩʪʦʧʢʝ ʜʣʷ 

ʧʦʣʥʦʩʪʴʶ ʥʘʤʘʛʥʠʯʝʥʥʳʭ ʠ ʜʣʷ ʥʝʤʘʛʥʠʪʥʳʭ ʩʪʦʧʦʢ. 

ʀʟ ʘʥʘʣʠʟʘ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʩʣʝʜʫʝʪ, ʯʪʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʤʘʛʥʠʯʝʥʥʳʝ 

ʩʪʦʧʢʠ ʧʦʢʘʟʳʚʘʶʪ ʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ ʦʪʪʘʣʢʠʚʘʶʱʝʡ ʩʠʣʳ, ʯʝʤ ʥʝʤʘʛʥʠʪʥʳʝ 

ʜʣʷ ʚʩʝʭ ʠʟʤʝʨʝʥʥʳʭ n ʵʣʝʤʝʥʪʦʚ ʚ ʩʪʦʧʢʝ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʧʨʠ ʙʦʢʦʚʳʭ 

ʩʤʝʱʝʥʠʷʭ ʧʨʦʠʩʭʦʜʠʪ ʟʘʪʫʭʘʥʠʝ ʩʠʣʳ ʣʝʚʠʪʘʮʠʠ, ʩʢʦʨʦʩʪʴ ʢʦʪʦʨʦʛʦ ʨʘʩʪʝʪ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʟʘʭʚʘʯʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʦʢʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʩʠʩʪʝʤʘʭ ʩ 

ʧʦʧʝʨʝʯʥʳʤʠ ʢʦʣʝʙʘʥʠʷʤʠ ʥʝʤʘʛʥʠʪʥʳʝ ʩʪʦʧʢʠ ʠʤʝʶʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʩʠʣʳ ʣʝʚʠʪʘʮʠʠ ʚ ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ ʨʘʮʠʦʥʘʣʴʥʦ 

ʫʚʝʣʠʯʠʚʘʪʴ ʪʦʣʱʠʥʫ ʩʪʦʧʢʠ, ʘ ʥʝ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʝ 

ʥʘʤʘʛʥʠʯʠʚʘʥʠʝ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Osipov M. et al. Levitation force of magnetized HTS tape stacks //IEEE Transactions on Applied 

Superconductivity. ï 2017. ï ʊ. 27. ï ˉ. 4. ï ʉ. 1-4. 
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ʉ.ɺ. ʉʊʈʀɾʆɺɸ, ʀ.ɸ. ʈʋɼʅɽɺ  

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʄɸɻʅʀʊʅʆʁ ʉʀʉʊɽʄʓ ʄɸʃʆɻʆ 

ʉʌɽʈʀʏɽʉʂʆɻʆ ʊʆʂɸʄɸʂɸ ʅʀʗʋ ʄʀʌʀ 

ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

ʤʘʛʥʠʪʥʦʡ ʩʠʩʪʝʤʳ ʤʘʣʦʛʦ ʩʬʝʨʠʯʝʩʢʦʛʦ ʪʦʢʘʤʘʢʘ ʅʀʗʋ ʄʀʌʀ, ʧʦʣʫʯʝʥʥʳʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ COMSOL Multiphysics. ʆʮʝʥʝʥʦ ʢʦʣʠʯʝʩʪʚʦ 

ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʛʦ ʤʘʪʝʨʠʘʣʘ, ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʘʛʥʠʪʥʦʡ ʩʠʩʪʝʤʳ ʩ 

ʟʘʜʘʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. 

S.V. STRIZHOVA, I.A. RUDNEV  

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Russia 

MODELING OF THE MEPHI SMALL SPHERICAL 

TOKAMAK MAGNETIC SYSTEM  

The modeling results of toroidal magnetic field characteristics of small spherical tokamak, 

obtained with the use of COMSOL Multiphysics software, are presented. The amount of 

superconducting material required to create magnetic system with specified characteristics is 

estimated. 

ɺ ʅʀʗʋ ʄʀʌʀ ʚʝʜʝʪʩʷ ʨʘʙʦʪʘ ʧʦ ʨʘʟʨʘʙʦʪʢʝ ʠ ʩʦʟʜʘʥʠʶ ʤʘʣʦʛʦ 

ʩʬʝʨʠʯʝʩʢʦʛʦ ʪʦʢʘʤʘʢʘ ʜʣʷ ʫʯʝʙʥʦ-ʜʝʤʦʥʩʪʨʘʮʠʦʥʥʳʭ ʠ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ 

ʮʝʣʝʡ. ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʧʨʝʜʫʩʤʦʪʨʝʥ ʠʤʧʫʣʴʩʥʳʡ ʨʝʞʠʤ ʨʘʙʦʪʳ ʪʦʢʘʤʘʢʘ. 

ʇʝʨʩʧʝʢʪʠʚʦʡ ʨʘʟʚʠʪʠʷ ʢʦʥʩʪʨʫʢʮʠʠ ʫʩʪʘʥʦʚʢʠ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʤʘʛʥʠʪʥʦʡ 

ʩʠʩʪʝʤʳ ʥʘ ʦʩʥʦʚʝ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʧʦʣʫʯʝʥʠʝ 

ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʨʘʚʥʦʛʦ 2 ʊʣ.  

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʤʘʛʥʠʪʥʦʡ ʩʠʩʪʝʤʳ ʪʦʢʘʤʘʢʘ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ COMSOL Multiphysics. ɺ 3D 

ʛʝʦʤʝʪʨʠʠ ʧʦʩʪʨʦʝʥʘ ʤʦʜʝʣʴ, ʚʢʣʶʯʘʶʱʘʷ 4 ʵʣʣʠʧʪʠʯʝʩʢʠʭ ʩʦʣʝʥʦʠʜʘ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚʜʦʣʴ ʦʩʠ ʪʦʨʘ (ʈʠʩ. 1). ʈʘʩʯʝʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ ʩʦʟʜʘʥʠʠ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʮʝʥʪʨʝ ʪʦʨʘ, ʨʘʚʥʦʛʦ 2 ʊʣ, ʟʥʘʯʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ 

ʧʦʣʷ Bmax ʚʜʦʣʴ ʚʥʫʪʨʝʥʥʝʛʦ ʦʙʚʦʜʘ ʪʦʨʘ ʚ 2,4 - 3,6 ʨʘʟ ʙʦʣʴʰʝ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʜʣʠʥʳ ʩʦʣʝʥʦʠʜʘ.  

ʕʪʦ ʥʘʢʣʘʜʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʳʝ 

ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʪʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʧʨʠʤʝʥʷʝʤʳʭ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʪʘʢʠʝ ʢʘʢ ʢʨʠʪʠʯʝʩʢʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʠ 

ʢʨʠʪʠʯʝʩʢʘʷ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ. ɺ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʢʝ ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʨʘʩʩʤʦʪʨʝʥʘ 

ʈʠʩ. 1. ʈʘʩʯʝʪʥʘʷ 
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ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʤʘʛʥʠʪʥʦʡ ʩʠʩʪʝʤʳ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʢʦʤʤʝʨʯʝʩʢʠʭ 

ʧʨʦʚʦʜʦʚ ʥʘ ʦʩʥʦʚʝ NbTi. ʆʧʨʝʜʝʣʝʥʳ ʪʘʢʠʝ ʧʘʨʘʤʝʪʨʳ ʩʠʩʪʝʤʳ ʢʘʢ ʩʠʣʘ ʪʦʢʘ ʠ 

ʯʠʩʣʦ ʚʠʪʢʦʚ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʩʦʟʜʘʥʠʷ ʪʨʝʙʫʝʤʦʡ ʚʝʣʠʯʠʥʳ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, 

ʨʘʚʥʦʛʦ 2 ʊʣ, ʘ ʪʘʢʞʝ ʦʮʝʥʝʥʦ ʢʦʣʠʯʝʩʪʚʦ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʛʦ ʤʘʪʝʨʠʘʣʘ, 

ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʩʦʟʜʘʥʠʷ ʪʘʢʦʡ ʩʠʩʪʝʤʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʣʠʥʳ L ʩʦʣʝʥʦʠʜʘ. 

ʇʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 1. 

ʊʘʙʣʠʮʘ 1. ɺʘʨʠʘʥʪʳ ʚʦʟʤʦʞʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʤʘʛʥʠʪʥʦʡ ʩʠʩʪʝʤʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʜʣʠʥʳ ʩʝʢʮʠʠ 

L

, ʤ 

B

ʤʘʭ, ʊʣ 

ʉ

ʠʣʘ ʪʦʢʘ, 

ɸ 

ʂ

ʦʣ-ʚʦ 

ʚʠʪʢʦʚ ʚ 

ʩʝʢʮʠʠ 

ʂʦʣʠʯʝʩʪʚʦ 

ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʦʜʥʦʡ ʩʝʢʮʠʠ 

ʆʙʲʝ

ʤ, ʤ3 

ʄʘʩʩʘ

, ʢʛ 

0

,01 

8

,7 

8

6,7 

5

444 

1,9Ŀ10
-3 

11,6 

0

,02 

8

,1 

1

32,4 

3

466 

1,2Ŀ10
-3 

7,2 

0

,03 

6

,9 

2

12,3 

2

140 

7,4Ŀ10
-4 

4,4 

0

,04 

5

,7 

2

85,9 

1

591 

5,5Ŀ10
-4 

3,3 

0

,05 

4

,9 

3

39,1 

1

348 

4,6Ŀ10
-4 

2,8 

 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩʠʩʪʝʤʘ ʩʦʣʝʥʦʠʜʦʚ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʣʝʜʫʶʱʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ: ʚʝʣʠʯʠʥʘ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʦʩʠ ʪʦʨʘ ʩʦʩʪʘʚʣʷʝʪ 2 ʊʣ, ʘ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʚʜʦʣʴ ʦʩʠ ʪʦʨʘ ʥʝ ʧʨʝʚʳʰʘʝʪ 1,5%. ʂʘʢ ʚʠʜʥʦ ʠʟ ʪʘʙʣʠʮʳ 1, 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ ʜʦʩʪʠʛʘʝʪʩʷ ʥʘ ʚʥʫʪʨʝʥʥʝʤ ʦʙʚʦʜʝ 

ʪʦʨʘ ʠ ʩʦʩʪʘʚʣʷʝʪ ʚʝʣʠʯʠʥʫ ʦʪ 4,9 ʜʦ 8,7 ʊʣ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʣʠʥʳ ʩʝʢʮʠʠ. ʇʦ 

ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʝʪʦʚ ʦʮʝʥʝʥʳ ʯʠʩʣʦ ʚʠʪʢʦʚ ʠ ʤʘʩʩʘ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ, 

ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʟʘʜʘʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ. ʀʟ ʪʘʙʣʠʮʳ 1 

ʩʣʝʜʫʝʪ, ʯʪʦ ʤʠʥʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʛʦ ʤʘʪʝʨʠʘʣʘ ʜʦʩʪʠʛʘʝʪʩʷ 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʦʣʝʥʦʠʜʦʚ ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʦʡ ʜʣʠʥʳ.  
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ɸ.ɼ. ʉʓʊʏɽʅʂʆ, ʌ.ɺ. ʂʀʈʖʍɸʅʎɽɺ-ʂʆʈʅɽɽɺ  
ʅʀʊʋ çʄʀʉʠʉè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ  

 

ɺʃʀʗʅʀɽ ʌʀɿʀʂʆ-ʄɽʍɸʅʀʏɽʉʂʀʍ ʉɺʆʁʉʊɺ  

ʇʆɼʃʆɾʂʀ ʅɸ ʇʆɺɽɼɽʅʀɽ ʇʆʂʈʓʊʀʁ Zr-Si-B ʇʈʀ ʊʈɽʅʀʀ 

ʉʂʆʃʔɾɽʅʀʗ ʀ ɺʆɿɼɽʁʉʊɺʀʀ  

ʎʀʂʃʀʏɽʉʂʀʍ ʋɼɸʈʅʆ-ɼʀʅɸʄʀʏɽʉʂʀʍ ʅɸɻʈʋɿʆʂ 

ɺ ʨʘʙʦʪʝ ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʦʢʨʳʪʠʷ Zr-Si-B ʥʘ 

ʧʦʜʣʦʞʢʘʭ ʠʟ ʩʧʣʘʚʦʚ ɺʂ6ʄ, ʍ65ʅɺʌʊ ʠ ʄʏ-1. ʀʟʫʯʝʥʳ ʢʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ ʠ 

ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʧʨʠ ʪʨʝʥʠʠ ʚ ʨʝʞʠʤʝ ʩʢʦʣʴʞʝʥʠʷ, ʘ ʪʘʢʞʝ ʩʪʦʡʢʦʩʪʴ ʧʦʢʨʳʪʠʡ ʢ 

ʫʜʘʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʤ ʚʦʟʜʝʡʩʪʚʠʷʤ. ʆʧʨʝʜʝʣʝʥʳ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʚʣʠʷʥʠʷ ʤʘʪʝʨʠʘʣʘ 

ʧʦʜʣʦʞʢʠ ʥʘ ʧʦʚʝʜʝʥʠʝ ʧʦʢʨʳʪʠʡ.  

A.D. SYTCHENKO, PH.V. KIRYUKHANTSEV-KORNEEV 

NUST çMISiSè, Moscow, Russia  

INFLUENCE OF THE PHYSICAL -MECHANICAL  

PROPERTIES OF SUBSTRATE ON THE TRIBOLOGICAL  

BEHAVIOR OF Zr -Si-B COATINGS UNDER SLIDING  

AND IMPACT LOADING  

In this work, Zr-Si-B coatings on substrates from VK6M, Kh65NVFT and MCH-1 alloys 

were obtained by magnetron sputtering. The friction coefficient and wear resistance during 

friction in the sliding mode, as well as the resistance of the coatings to impact loading, were 

studied. The regularities of the effect of the substrate material on the behavior of the coatings 

are determined. 

ɼʠʙʦʨʠʜ ʮʠʨʢʦʥʠʷ ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ 

ʢʘʯʝʩʪʚʝ ʟʘʱʠʪʥʳʭ ʧʦʢʨʳʪʠʡ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ ʧʦʢʨʳʪʠʷ ʥʘ ʦʩʥʦʚʝ ZrB2 

ʦʙʣʘʜʘʶʪ ʪʚʝʨʜʦʩʪʴʶ ʥʘ ʫʨʦʚʥʝ 25 ɻʇʘ, ʚʳʩʦʢʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʪʨʝʥʠʷ ʚ 

ʜʠʘʧʘʟʦʥʝ 0,6-0,75 [1] ʠ ʩʪʦʡʢʦʩʪʴʶ ʢ ʦʢʠʩʣʝʥʠʶ ʜʦ 700 ęʉ. ɺʚʝʜʝʥʠʝ Si 

ʫʚʝʣʠʯʠʚʘʝʪ ʪʚʝʨʜʦʩʪʴ ʙʦʣʝʝ ʯʝʤ ʚ 1,5 ʨʘʟʘ [2] ʠ ʫʣʫʯʰʘʝʪ ʩʪʦʡʢʦʩʪʴ ʧʦʢʨʳʪʠʡ ʢ 

ʦʢʠʩʣʝʥʠʶ ʜʦ 1500 ęʉ [3,4]. ɼʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚʘʞʥʦ ʫʩʪʘʥʦʚʠʪʴ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʚʣʠʷʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʜʣʦʞʢʠ ʥʘ ʧʦʚʝʜʝʥʠʝ ʧʦʢʨʳʪʠʡ ʚ 

ʫʩʣʦʚʠʷʭ ʵʢʩʧʣʫʘʪʘʮʠʠ. ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʢʨʳʪʠʡ 

Zr-Si-B, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʧʦʜʣʦʞʢʘʭ ɺʂ6ʄ, ʍ65ʅɺʌʊ ʠ ʄʏ-1, ʧʨʠ ʪʨʝʥʠʠ 

ʩʢʦʣʴʞʝʥʠʷ ʠ ʚʦʟʜʝʡʩʪʚʠʠ ʫʜʘʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʭ ʥʘʛʨʫʟʦʢ. 

ʇʦʢʨʳʪʠʷ ʧʦʣʫʯʘʣʠ ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ. ʂʝʨʘʤʠʯʝʩʢʠʝ 

ʤʠʰʝʥʠ ZrSiB (25 ʘʪ.% Zr, 25 ʘʪ.% Si, 50 ʘʪ.% B) ʜʠʘʤʝʪʨʦʤ 120 ʤʤ ʠ ʪʦʣʱʠʥʦʡ 

6 ʤʤ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʩʠʥʪʝʟʘ (ʉɺʉ). ʈʘʩʧʳʣʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʫʩʪʘʥʦʚʢʠ ʥʘ ʙʘʟʝ 

ʦʪʢʘʯʠʚʘʶʱʝʡ ʩʠʩʪʝʤʳ ʋɺʅ-2ʄ ʧʨʠ ʩʣʝʜʫʶʱʠʭ ʫʩʣʦʚʠʷʭ: ʪʦʢ 2 ɸ, ʥʘʧʨʷʞʝʥʠʝ 
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500 ɺ, ʘʪʤʦʩʬʝʨʘ Ar (99,9995%), ʨʘʙʦʯʝʝ ʜʘʚʣʝʥʠʝ ʚ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ 0,1ï0,2 

ʇʘ. ɺ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʝʢ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʠʩʢʠ ʠʟ ʪʚʝʨʜʦʛʦ ʩʧʣʘʚʘ ɺʂ6ʄ 

ʨʘʟʤʝʨʦʤ Ï30Ĭ5 ʤʤ, ʜʠʩʢʠ ʠʟ Mʏ-1 ʨʘʟʤʝʨʦʤ Ï18Ĭ14 ʤʤ ʠ ʜʠʩʢʠ ʠʟ ʩʧʣʘʚʘ 

ʍ65ʅɺʌʊ ʨʘʟʤʝʨʦʤ Ï25Ĭ5 ʤʤ. ʇʝʨʝʜ ʥʘʥʝʩʝʥʠʝʤ ʧʦʢʨʳʪʠʡ ʧʦʜʣʦʞʢʠ 

ʧʦʜʚʝʨʛʘʣʠʩʴ ʦʯʠʩʪʢʝ ʚ ʚʘʢʫʫʤʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʦʥʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʱʝʣʝʚʦʛʦ 

(ʠʦʥʳ Ar+, 2 ʢʵɺ) ʚ ʪʝʯʝʥʠʝ 20-25 ʤʠʥ.  

ʊʨʠʙʦʣʦʛʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ 

ʧʦʢʨʳʪʠʡ ʧʨʦʚʦʜʠʣʠ ʥʘ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʪʨʠʙʦʤʝʪʨʝ CSM Instruments 

(ʐʚʝʮʘʨʠʷ) ʧʦ ʩʭʝʤʝ çʩʪʝʨʞʝʥʴ-ʜʠʩʢè. ʆʙʨʘʟʮʳ ʙʳʣʠ ʠʩʧʳʪʘʥʳ ʚ ʢʦʥʪʘʢʪʝ ʩ 

ʰʘʨʠʢʦʤ ʠʟ Al2O3 ʜʠʘʤʝʪʨʦʤ 6 ʤʤ ʧʨʠ ʥʘʛʨʫʟʢʝ 1ʅ ʩ ʣʠʥʝʡʥʦʡ ʩʢʦʨʦʩʪʴʶ 10 

ʩʤ/ʩ. ʀʩʧʳʪʘʥʠʝ ʥʘ ʜʠʥʘʤʠʯʝʩʢʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʦʩʫʱʝʩʪʚʣʷʣʠ ʩ ʧʦʤʦʱʴʶ 

ʧʨʠʙʦʨʘ Impact Tester (CemeCon, ɻʝʨʤʘʥʠʷ, ɻʨʝʮʠʷ). ʀʩʩʣʝʜʫʝʤʳʝ ʧʦʢʨʳʪʠʷ 

ʧʦʜʚʝʨʛʘʣʠʩʴ ʨʷʜʫ ʫʜʘʨʦʚ (105) ʩ ʧʦʩʪʦʷʥʥʦʡ ʯʘʩʪʦʪʦʡ 50 ɻʮ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʰʘʨʠʢʘ ʠʟ ʪʚʝʨʜʦʛʦ ʩʧʣʘʚʘ WC-Co ʜʠʘʤʝʪʨʦʤ 5 ʤʤ. ʅʘʛʨʫʟʢʠ ʩʦʩʪʘʚʣʷʣʠ 100, 

300 ʠ 500 ʅ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʠ ʜʦʨʦʞʝʢ ʠʟʥʦʩʘ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʦʧʪʠʯʝʩʢʠʡ ʧʨʦʬʠʣʦʤʝʪʨ WYKO-NT1100.  

ʇʦʢʨʳʪʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʧʦʜʣʦʞʢʘʭ ʠʟ ʩʧʣʘʚʘ ʍ65ʅɺʌʊ ʠ ʄʏ-1, ʧʦʢʘʟʘʣʠ 

ʩʭʦʞʠʝ ʟʥʘʯʝʥʠʷ ʫʩʪʘʥʦʚʠʚʰʝʛʦʩʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ (f) ʥʘ ʫʨʦʚʥʝ 0,69-0,72. 

ʆʙʨʘʟʝʮ, ʦʩʘʞʜʝʥʥʳʡ ʥʘ ʪʚʝʨʜʳʡ ʩʧʣʘʚ ɺʂ6ʄ, ʦʙʣʘʜʘʣ ʥʠʟʢʠʤ f (ʜʦ 0,2) ʥʘ 

ʧʨʦʪʷʞʝʥʠʠ 10 ʤ ʜʠʩʪʘʥʮʠʠ. ʅʘ ʜʠʩʪʘʥʮʠʠ 10-100 ʤ f ʚʦʟʨʦʩ ʜʦ 0,72. ʀʩʧʳʪʘʥʠʷ 

ʥʘ ʩʪʦʡʢʦʩʪʴ ʢ ʫʜʘʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʤ ʥʘʛʨʫʟʢʘʤ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʛʣʫʙʠʥʘ ʢʨʘʪʝʨʘ 

ʧʦʢʨʳʪʠʷ, ʧʦʣʫʯʝʥʥʦʛʦ ʥʘ ɺʂ6ʄ, ʧʨʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʥʘʛʨʫʟʢʝ ʚ 14 ʠ 53 ʨʘʟʘ 

ʤʝʥʴʰʝ ʟʥʘʯʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ ʍ65ʅɺʌʊ ʠ ʄʏ-1 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʇʨʦʚʝʜʝʥʦ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʜʣʦʞʝʢ ʠ ʭʘʨʘʢʪʝʨʘ 

ʨʘʟʨʫʰʝʥʠʷ ʧʦʢʨʳʪʠʡ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʧʨʦʝʢʪ 19-08-00187) 
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ɸ.ɼ. ʉʓʊʏɽʅʂʆ, ʌ.ɺ. ʂʀʈʖʍɸʅʎɽɺ-ʂʆʈʅɽɽɺ  
ʅʀʊʋ çʄʀʉʠʉè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ  

 

ʀʉʉʃɽɼʆɺɸʅʀɽ ʊʈʀɹʆʃʆɻʀʏɽʉʂʀʍ ʍɸʈɸʂʊɽʈʀʉʊʀʂ 

ʇʆʂʈʓʊʀʁ MoSiB, MoHfSiB, MoZrSiB  

ʄʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʦʢʨʳʪʠʷ MoSiB, MoHfSiB, 

MoZrSiB ʥʘ ʧʦʜʣʦʞʢʘʭ ʠʟ Mo. ʀʟʫʯʝʥʳ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʢʨʳʪʠʡ, 

ʪʘʢʠʝ ʢʘʢ ʢʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ, ʩʪʦʡʢʦʩʪʴ ʢ ʫʜʘʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʤ ʥʘʛʨʫʟʢʘʤ ʠ ʩʪʦʡʢʦʩʪʴ 

ʢ ʘʙʨʘʟʠʚʥʦʤʫ ʠʟʥʦʩʫ. ʆʧʨʝʜʝʣʝʥʦ ʚʣʠʷʥʠʝ ʜʦʙʘʚʦʢ Zr ʠ Hf ʥʘ ʩʚʦʡʩʪʚʘ ʙʘʟʦʚʦʛʦ 

ʧʦʢʨʳʪʠʷ.  

A.D. SYTCHENKO, PH.V. KIRYUKHANTSEV-KORNEEV 

NUST çMISiSè, Moscow, Russia  

STUDY OF TRIBOLOGICAL CHARACTERISTICS OF MoSiB, 

MoHfSiB, AND MoZrSiB COATINGS  

MoSiB, MoHfSiB, MoZrSiB coatings on Mo substrates were obtained by magnetron 

sputtering. The tribological characteristics of the coatings, such as the friction coefficient, 

resistance to impact loads, and abrasion resistance, were studied. The effect of Zr and Hf 

additives on the properties of the base coat is determined. 

 

ʄʦʣʠʙʜʝʥ ʠ ʩʧʣʘʚʳ ʥʘ ʦʩʥʦʚʝ ʄʦ ʩʯʠʪʘʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ 

ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʨʠʤʝʥʝʥʠʡ ʚ 

ʘʚʠʘʮʠʦʥʥʦʡ, ʢʦʩʤʠʯʝʩʢʦʡ ʠ ʜʨʫʛʠʭ ʧʨʦʤʳʰʣʝʥʥʦʩʪʷʭ. ʆʜʥʘʢʦ ʪʘʢʠʝ ʩʧʣʘʚʳ 

ʦʙʣʘʜʘʶʪ ʥʠʟʢʦʡ ʩʪʦʡʢʦʩʪʴʶ ʢ ʦʢʠʩʣʝʥʠʶ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʚʳʰʝ 600 Áʉ, 

ʧʦʵʪʦʤʫ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʄʦ ʠ ʩʧʣʘʚʦʚ ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʥʘʥʦʩʷʪ ʧʦʢʨʳʪʠʷ, ʩʪʦʡʢʠʝ 

ʢ ʚʳʩʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤ. ʆʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ ʩʯʠʪʘʶʪʩʷ 

ʧʦʢʨʳʪʠʷ MoSiB [1-6]. ʉʫʱʝʩʪʚʫʶʪ ʨʘʙʦʪʳ, ʚ ʢʦʪʦʨʳʭ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ 

ʞʘʨʦʩʪʦʡʢʦʩʪʴ, ʘ ʪʘʢʞʝ ʤʝʭʘʥʠʯʝʩʢʠʝ, ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʝ ʠ ʢʦʨʨʦʟʠʦʥʥʳʝ 

ʩʚʦʡʩʪʚʘ ʧʦʢʨʳʪʠʡ MoSiB [2, 3]. ɺ ʪʦʞʝ ʚʨʝʤʷ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ 

ʚʘʞʥʘ ʩʪʦʡʢʦʩʪʴ ʧʦʢʨʳʪʠʡ ʢ ʘʙʨʘʟʠʚʥʦʤʫ ʠʟʥʦʩʫ ʠ ʢ ʮʠʢʣʠʯʝʩʢʠʤ ʫʜʘʨʥʦ-

ʜʠʥʘʤʠʯʝʩʢʠʤ ʚʦʟʜʝʡʩʪʚʠʷʤ. ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ 

ʩʪʦʡʢʦʩʪʠ ʢ ʫʜʘʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʤ ʥʘʛʨʫʟʢʘʤ ʠ ʵʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ ʧʦʢʨʳʪʠʡ 

MoSiB, MoZrSiB ʠ MoHfSiB, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ.  

ʇʦʢʨʳʪʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ (MS) ʚ 

ʨʝʞʠʤʝ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ (DC). ʄʠʰʝʥʠ-ʢʘʪʦʜʳ ʩʦʩʪʘʚʘ MoSiB (37,5 ʘʪ.% Mo, 

50,0 ʘʪ.% Si, 12,5 ʘʪ.% B), MoZrSiB (26,1 ʘʪ.% Mo, 44,8 ʘʪ.% Si, 20,6 ʘʪ.% B, 8,5 

ʘʪ.% Zr) ʠ MoHfSiB (29,4 ʘʪ.% Mo, 50,4 ʘʪ.% Si, 14,9 ʘʪ.% B, 5,3 ʘʪ.% Hf) 

ʜʠʘʤʝʪʨʦʤ 120 ʤʤ ʠ ʪʦʣʱʠʥʦʡ 10 ʤʤ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʤʝʪʦʜʦʤ ʛʦʨʷʯʝʛʦ 

ʧʨʝʩʩʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʟʤʝʣʴʯʸʥʥʳʭ ʧʨʦʜʫʢʪʦʚ ʉɺʉ-ʨʝʘʢʮʠʠ. 
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ʈʘʩʧʳʣʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʧʨʠ ʪʦʢʝ 2 ɸ ʠ ʥʘʧʨʷʞʝʥʠʠ 500 ɺ ʚ Ar (99,9995%) ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʘʢʫʫʤʥʦʡ ʫʩʪʘʥʦʚʢʠ ʥʘ ʙʘʟʝ ʦʪʢʘʯʠʚʘʶʱʝʡ ʩʠʩʪʝʤʳ ʋɺʅ-2ʄ. 

ɺ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʧʦʜʣʦʞʢʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʣʘʩʪʠʥʳ ʠʟ Mo ʨʘʟʤʝʨʦʤ 

10Ĭ10Ĭ5 ʤʤ.  

ʀʩʧʳʪʘʥʠʷ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ ʧʦʢʨʳʪʠʡ ʧʨʦʚʦʜʠʣʠ ʥʘ 

ʪʨʠʙʦʤʝʪʨʝ CSM Instruments (ʐʚʝʮʘʨʠʷ) ʧʦ ʩʭʝʤʝ çʩʪʝʨʞʝʥʴ-ʜʠʩʢè. ʀʩʧʳʪʘʥʠʝ 

ʥʘ ʜʠʥʘʤʠʯʝʩʢʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʦʩʫʱʝʩʪʚʣʷʣʠ ʩ ʧʦʤʦʱʴʶ ʧʨʠʙʦʨʘ Impact Tester 

(CemeCon, ɻʝʨʤʘʥʠʷ, ɻʨʝʮʠʷ). ʀʩʩʣʝʜʫʝʤʳʝ ʧʦʢʨʳʪʠʷ ʧʦʜʚʝʨʛʘʣʠʩʴ ʨʷʜʫ 

ʫʜʘʨʦʚ (105) ʩ ʧʦʩʪʦʷʥʥʦʡ ʯʘʩʪʦʪʦʡ 50 ɻʮ ʠ ʥʘʛʨʫʟʢʝ 1000 ʅ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʠ ʜʦʨʦʞʝʢ ʠʟʥʦʩʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʧʪʠʯʝʩʢʠʡ ʧʨʦʬʠʣʦʤʝʪʨ WYKO-

NT1100. ʀʩʩʣʝʜʦʚʘʥʠʝ ʘʙʨʘʟʠʚʥʦʡ ʩʪʦʡʢʦʩʪʠ ʧʦʢʨʳʪʠʡ ʧʨʦʚʦʜʠʣʠ ʥʘ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʤ ʜʠʩʧʝʨʛʘʪʦʨʝ ʋɿɼʅ-2ʊ. ɺ ʢʘʯʝʩʪʚʝ ʘʙʨʘʟʠʚʥʦʛʦ ʤʘʪʝʨʠʘʣʘ 

ʠʩʧʦʣʴʟʦʚʘʣʠ SiO2, WC, Si3N4, Al2O3, ʠ B4C 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʩʧʳʪʘʥʠʡ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ (f) ʦʙʨʘʟʮʳ 

MoSiB ʠ MoHfSiB ʧʦʢʘʟʘʣʠ ʩʭʦʞʠʝ ʟʥʘʯʝʥʠʷ ʥʘ ʫʨʦʚʥʝ 0,7-0,8, ʘ ʧʦʢʨʳʪʠʝ 

MoZrSiB ʧʦʣʥʦʩʪʴʶ ʠʟʥʦʩʠʣʦʩʴ ʟʘ ʧʝʨʚʳʝ 30 ʩʝʢ. ʅʝʩʤʦʪʨʷ ʥʘ ʵʪʦ, ʦʙʨʘʟʝʮ 

MoZrSiB ʦʙʣʘʜʘʣ ʥʝʧʣʦʭʦʡ ʩʪʦʡʢʦʩʪʴʶ ʢ ʮʠʢʣʠʯʝʩʢʠʤ ʫʜʘʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʤ 

ʚʦʟʜʝʡʩʪʚʠʷʤ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʧʦʪʝʨʷ ʤʘʩʩʳ ʜʣʷ ʧʦʢʨʳʪʠʷ MoZrSiB ʧʨʠ 

ʘʙʨʘʟʠʚʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ ʯʘʩʪʠʮʘʤʠ WC, Si3N4, Al2O3 ʠ B4C ʩʦʩʪʘʚʠʣʘ 0,3-0,5 ʤʛ, 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ SiO2 æm ʩʦʩʪʘʚʠʣʘ 3,4 ʤʛ. ɹʘʟʦʚʦʝ ʧʦʢʨʳʪʠʝ MoSiB ʧʦʢʘʟʘʣʦ 

ʥʘʠʙʦʣʴʰʫʶ ʧʦʪʝʨʶ ʤʘʩʩʳ ʧʨʠ ʘʙʨʘʟʠʚʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ SiO2, ʨʘʚʥʫʶ 4,7 ʤʛ. 

ʃʫʯʰʠʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ ʘʙʨʘʟʠʚʥʦʡ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ ʢ SiO2 ʦʙʣʘʜʘʣʦ ʧʦʢʨʳʪʠʝ 

MoHfSiB (æm=2,2 ʤʛ). 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ 

ʬʦʥʜʘ ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 19-19-00117. 
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A.ɺ. ʌʈʆʃʆɺ1, ɸ.ʇ. ʆʈʃʆɺ1, ɸ.ɸ. ʉʀʅʏɽʅʂʆ1,2, ʇ. ʄʆʅʉʆ3 

1 ʀʥʩʪʠʪʫʪ ʨʘʜʠʦʪʝʭʥʠʢʠ ʠ ʵʣʝʢʪʨʦʥʠʢʠ ʠʤ. ɺ.ɸ. ʂʦʪʝʣʴʥʠʢʦʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

2 ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ, ʈʦʩʩʠʷ 
3ʀʥʩʪʠʪʫʪ ʅʝʝʣʷ ʅʎʅʀ, ɻʨʝʥʦʙʣʴ, ʌʨʘʥʮʠʷ 

 

ʂʆʃʃɽʂʊʀɺʅʓʁ ʊʈɸʅʉʇʆʈʊ ɺʆʃʅʓ ɿɸʈʗɼʆɺʆʁ 

ʇʃʆʊʅʆʉʊʀ, ʀʅʀʎʀʀʈʆɺɸʅʅʓʁ ʄɸɻʅʀʊʅʓʄ  

ʇʆʃɽʄ 

ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʢʦʣʣʝʢʪʠʚʥʦʛʦ ʜʚʠʞʝʥʠʷ ʚʦʣʥʳ ʟʘʨʷʜʦʚʦʡ 

ʧʣʦʪʥʦʩʪʠ (ɺɿʇ) ʚ ʤʠʢʨʦʤʦʩʪʠʢʘʭ ʥʘ ʦʩʥʦʚʝ NbSe3, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ 

ʮʝʧʦʯʢʘʤ ɺɿʇ, ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. ʆʙʥʘʨʫʞʝʥ ʵʬʬʝʢʪ ʧʦʚʪʦʨʥʦʛʦ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʩʢʦʣʴʞʝʥʠʷ ɺɿʇ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪ 4 ʂ ʜʦ 50 ʂ. ʊʝʤ ʩʘʤʳʤ ʧʦʣʫʯʝʥʦ 

ʧʨʷʤʦʝ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ, ʯʪʦ ʜʘʥʥʳʡ ʵʬʬʝʢʪ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʦʤ ʩʢʦʣʴʞʝʥʠʷ ɺɿʇ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʍʦʣʣʘ, ʧʦʨʦʞʜʘʝʤʦʛʦ ʥʦʨʤʘʣʴʥʳʤ ʪʦʢʦʤ ʚ ʥʘʧʨʘʚʣʝʥʠʠ 

ʧʦʧʝʨʝʢ ʮʝʧʦʯʝʢ. 

A.V. FROLOV1, A.P. ORLOV1, A.A. SINCHENKO1,2,  
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CHARGE DENSITY WAVE COLLECTIVE ELECTRON 

TRANSPORT INITIATED BY MAGNETIC FIELD  

The possibility of collective motion of a charge density wave (CDW) in microbridges based 

on NbSe3 oriented perpendicular to the chains of the CDW in a magnetic field is demonstrated. 

The effect of the re-occurrence of CDW sliding with an increase in temperature from 4 K to 50 

K was found. Thus, direct evidence is obtained that this effect is the CDW sliding e under the 

action of the Hall electric field generated by a normal current in the direction across the chains.  

ʂʦʣʣʝʢʪʠʚʥʦʝ ʜʚʠʞʝʥʠʝ (ʩʢʦʣʴʞʝʥʠʝ) ʚʦʣʥ ʟʘʨʷʜʦʚʦʡ ʧʣʦʪʥʦʩʪʠ (ɺɿʇ) ʚ 

ʢʚʘʟʠʦʜʥʦʤʝʨʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʨʝʟʢʦʤ ʚʦʟʨʘʩʪʘʥʠʠ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʚ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʷʭ, ʧʨʝʚʳʰʘʶʱʠʭ ʥʝʢʦʪʦʨʦʝ ʧʦʨʦʛʦʚʦʝ ʧʦʣʝ E>Et, 

ʦʧʨʝʜʝʣʷʝʤʦʝ ʧʠʥʥʠʥʛʦʤ [1]. ɺ ʦʙʳʯʥʦʡ ʛʝʦʤʝʪʨʠʠ ʧʨʦʥʠʢʥʦʚʝʥʠʝ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʧʨʠʣʦʞʝʥʠʝʤ ʚʥʝʰʥʝʛʦ ʥʘʧʨʷʞʝʥʠʷ, 

ʩʦʧʨʦʚʦʞʜʘʝʤʳʤ ʪʦʢʦʤ ʥʦʨʤʘʣʴʥʳʭ ʥʦʩʠʪʝʣʝʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʵʬʬʝʢʪ 

ʩʢʦʣʴʞʝʥʠʷ ʚʦʟʥʠʢʘʝʪ ʧʨʠ ʙʦʣʴʰʦʤ ʥʦʨʤʘʣʴʥʦʤ ʪʦʢʝ ʧʨʦʪʝʢʘʶʱʝʤ ʚ ʪʦʤ ʞʝ 

ʥʘʧʨʘʚʣʝʥʠʠ, ʧʨʠʚʦʜʷʱʝʤʫ ʢ ʵʬʬʝʢʪʘʤ ʪʨʝʥʠʷ ɺɿʇ ʠ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ 

ʜʞʦʫʣʝʚʫ ʨʘʟʦʛʨʝʚʫ. 

ʅʝʜʘʚʥʦ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʛʝʦʤʝʪʨʠʠ 

ʧʨʦʧʫʩʢʘʥʠʷ ʪʦʢʘ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʦʧʝʨʝʢ ʮʝʧʦʯʝʢ ɺɿʇ ʚ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘʭ ʥʘ 

ʦʩʥʦʚʝ NbSe3 ʚ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʚʦʟʥʠʢʘʝʪ ʩʠʣʴʥʘʷ ʧʦʨʦʛʦʚʘʷ 

ʥʝʣʠʥʝʡʥʦʩʪʴ [2]. ɺʳʰʝ ʥʝʢʦʪʦʨʦʛʦ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ ʪʦʢʘ ʧʨʦʚʦʜʠʤʦʩʪʴ 
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ʤʠʢʨʦʤʦʩʪʠʢʦʚ ʨʝʟʢʦ ʫʤʝʥʴʰʘʝʪʩʷ ʧʦʯʪʠ ʥʘ ʧʦʨʷʜʦʢ. ɼʘʥʥʳʡ ʥʝʣʠʥʝʡʥʳʡ 

ʨʝʞʠʤ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʛʝʥʝʨʘʮʠʝʡ ʢʦʛʝʨʝʥʪʥʦʛʦ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʧʨʦʷʚʣʷʶʱʝʛʦʩʷ ʥʘ ʚʦʣʴʪ-ʘʤʧʝʨʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʩʪʨʫʢʪʫʨ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʥʘʣʦʞʝʥʠʠ ʧʦʩʪʦʷʥʥʦʛʦ ʠ 

ʧʝʨʝʤʝʥʥʦʛʦ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ ʚ ʚʠʜʝ ʪʦʢʦʚʳʭ ʩʪʫʧʝʥʝʡ 

ʐʘʧʠʨʦ, ʵʢʚʠʜʠʩʪʘʥʪʥʳʭ ʧʦ ʥʘʧʨʷʞʝʥʠʶ, ʪʘʢʞʝ ʢʘʢ ʠ ʧʨʠ ʥʝʩʪʘʮʠʦʥʘʨʥʦʤ 

ʵʬʬʝʢʪʝ ɼʞʦʟʝʬʩʦʥʘ ʚ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘʭ. ʄʳ ʧʦʢʘʟʳʚʘʝʤ, ʯʪʦ ʜʘʥʥʳʡ ʵʬʬʝʢʪ 

ʷʚʣʷʝʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʩʢʦʣʴʞʝʥʠʝʤ ɺɿʇ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʍʦʣʣʘ, ʧʦʨʦʞʜʘʝʤʦʛʦ ʪʦʢʦʤ ʥʦʨʤʘʣʴʥʳʭ ʥʦʩʠʪʝʣʝʡ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʦʧʝʨʝʢ 

ʮʝʧʦʯʝʢ [3]. ʇʨʠ ʵʪʦʤ ʚʝʣʠʯʠʥʘ ʪʦʢʘ ɺɿʇ ʧʦʯʪʠ ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ ʧʨʝʚʦʩʭʦʜʠʪ 

ʧʦʨʦʞʜʘʶʱʠʡ ʝʛʦ ʪʦʢ ʥʦʨʤʘʣʴʥʳʭ ʥʦʩʠʪʝʣʝʡ. ʊʦʢ ɺɿʇ ʧʦʣʥʦʩʪʴʶ 

ʢʦʤʧʝʥʩʠʨʫʝʪʩʷ ʦʙʨʘʪʥʳʤ ʧʨʦʪʠʚʦʪʦʢʦʤ ʥʦʨʤʘʣʴʥʳʭ ʥʦʩʠʪʝʣʝʡ, ʢʦʪʦʨʳʡ, ʚ 

ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʥʘʧʨʷʞʝʥʠʷ ʍʦʣʣʘ ʫʞʝ ʚ ʥʘʧʨʘʚʣʝʥʠʠ 

ʧʦʧʝʨʝʢ ʮʝʧʦʯʝʢ ɺɿʇ, ʢʦʪʦʨʦʝ ʠ ʠʟʤʝʨʷʝʪʩʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ. ʇʝʪʣʷ ʩ ʥʫʣʝʚʦʡ 

ʩʫʤʤʦʡ ʵʪʠʭ ʜʚʫʭ ʪʦʢʦʚ ʟʘʤʢʥʫʪʘ ʧʝʨʠʦʜʠʯʝʩʢʠʤʠ ʧʨʦʮʝʩʩʘʤʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʟʘʨʷʜʘ ʧʦʩʨʝʜʩʪʚʦʤ ʧʨʦʩʢʘʣʴʟʳʚʘʥʠʷ ʬʘʟʳ, ʧʦʨʦʞʜʘʷ ʩʧʦʥʪʘʥʥʳʝ ʢʦʛʝʨʝʥʪʥʳʝ 

ʦʩʮʠʣʣʷʮʠʠ. ɺ ʜʘʥʥʦʤ ʩʮʝʥʘʨʠʠ ʢʦʣʣʝʢʪʠʚʥʦʝ ʜʚʠʞʝʥʠʝ ɺɿʇ ʥʘʯʠʥʘʝʪʩʷ ʧʨʠ 

ʧʦʣʥʦʤ ʦʪʩʫʪʩʪʚʠʠ ʪʦʢʘ ʥʦʨʤʘʣʴʥʳʭ ʥʦʩʠʪʝʣʝʡ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʚʜʦʣʴ ʮʝʧʦʯʝʢ 

ɺɿʇ. ʂʦʣʣʝʢʪʠʚʥʳʡ ʪʨʘʥʩʧʦʨʪ ɺɿʇ ʚ ʪʘʢʦʡ ʛʝʦʤʝʪʨʠʠ ʚʦ ʤʥʦʛʠʭ ʘʩʧʝʢʪʘʭ 

ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʩʢʦʣʴʞʝʥʠʷ ɺɿʇ ʚ ʦʙʳʯʥʦʡ ʛʝʦʤʝʪʨʠʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʧʨʠʣʦʞʝʥʥʦʛʦ ʚʥʝʰʥʝʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʊʘʢ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʦʙʳʯʥʦʡ ʛʝʦʤʝʪʨʠʠ, 

ʧʨʦʚʦʜʠʤʦʩʪʴ ɺɿʇ ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʝʪ ʧʨʠ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. ʆʙʥʘʨʫʞʝʥ 

ʥʝʦʙʳʯʥʳʡ ʨʘʟʤʝʨʥʳʡ ʵʬʬʝʢʪ: ʚ ʫʟʢʠʭ, ʰʠʨʠʥʦʡ ʤʝʥʝʝ 2 ʤʢʤ, ʤʠʢʨʦʤʦʩʪʠʢʘʭ, 

ʥʘʙʣʶʜʘʝʪʩʷ ʩʠʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʨʦʛʦʚʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠʥʠʮʠʘʮʠʠ 

ʜʚʠʞʝʥʠʷ ɺɿʇ ʦʪ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʧʦʣʥʦʩʪʴʶ ʦʪʩʫʪʩʪʚʫʶʱʘʷ ʚ ʦʙʳʯʥʦʡ 

ʛʝʦʤʝʪʨʠʠ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʛʨʘʥʪ ˉ 18-02-00295. 
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ɸ.ɺ. ʌʈʆʃʆɺ1, ɸ. ʆʃɽʁʅʀʏɸʂ2,3, ʇ.ɸ. ɿʃʀʑɽɺɸ2,4,  

ʅ.ɸ. ʅɽɹʆɻɸʊʀʂʆɺɸ5,6, ʀ.ɺ. ɸʅʊʆʅʆɺɸ5,6,7, ɺ.ɸ. ʉʂʋʈɸʊʆɺ2 

1ʀʥʩʪʠʪʫʪ ʨʘʜʠʦʪʝʭʥʠʢʠ ʠ ʵʣʝʢʪʨʦʥʠʢʠ ʠʤ. ɺ.ɸ. ʂʦʪʝʣʴʥʠʢʦʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʆʙʲʝʜʠʥʝʥʥʳʡ ʠʥʩʪʠʪʫʪ ʷʜʝʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ɼʫʙʥʘ, ʈʦʩʩʠʷ 

3ʋʥʠʚʝʨʩʠʪʝʪ ʅʠʢʦʣʘʷ ʂʦʧʝʨʥʠʢʘ, ʊʦʨʫʥʴ, ʇʦʣʴʰʘ 
4ʂʘʟʘʥʩʢʠʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʈʦʩʩʠʷ 

5ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʠʤ. ʈʞʘʥʦʚʘ, ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ 
6ʅʦʚʦʩʠʙʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʈʦʩʩʠʷ 

7ʅʦʚʦʩʠʙʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʈʦʩʩʠʷ 

 

ʊʈɸʅʉʇʆʈʊʅʓɽ ʉɺʆʁʉʊɺɸ ɻʈɸʌɽʅɸ ʀ  

ʆʂʉʀɼɸ ɻʈɸʌɽʅɸ, ʆɹʃʋʏɽʅʅʆɻʆ ʊʗɾɽʃʓʄʀ  

ɺʓʉʆʂʆʕʅɽʈɻɽʊʀʏɽʉʂʀʄʀ ʀʆʅɸʄʀ  

ʀʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʦʙʣʫʯʝʥʠʷ ʪʷʞʸʣʳʤʠ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʠʦʥʘʤʠ ʥʘ 

ʪʨʘʥʩʧʦʨʪʥʳʝ ʩʚʦʡʩʪʚʘ ʛʨʘʬʝʥʘ ʠ ʦʢʩʠʜʘ ʛʨʘʬʝʥʘ. ʆʙʣʫʯʝʥʠʝ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʠʦʥʘʤʠ 

ʨʘʟʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʪʘʢʞʝ ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʠʭ ʵʥʝʨʛʠʷ ʠ ʧʣʦʪʥʦʩʪʴ ʧʦʪʦʢʘ (ʬʣʶʝʥʩ). 

ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʩʚʦʡʩʪʚʘ ʦʙʣʫʯʸʥʥʦʛʦ ʛʨʘʬʝʥʘ ʩʠʣʴʥʦ ʟʘʚʠʩʷʪ ʦʪ ʪʠʧʘ, ʵʥʝʨʛʠʠ ʠ 

ʬʣʶʝʥʩʘ ʠʦʥʦʚ, ʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʠʦʥʘ ʩ ʛʨʘʬʝʥʦʤ ʠ ʧʦʜʣʦʞʢʦʡ. ʇʨʠ 

ʦʙʣʫʯʝʥʠʠ ʪʨʘʥʩʧʦʨʪʥʳʝ ʩʚʦʡʩʪʚʘ ʛʨʘʬʝʥʘ ʩ ʨʘʟʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʩʣʦʸʚ ʠʟʤʝʥʷʶʪʩʷ 

ʩʭʦʞʠʤ ʦʙʨʘʟʦʤ. ʇʨʠ ʦʙʣʫʯʝʥʠʠ ʦʢʩʠʜʘ ʛʨʘʬʝʥʘ ʧʨʦʠʩʭʦʜʠʪ ʝʛʦ ʣʦʢʘʣʴʥʦʝ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʚ ʚʠʜʝ ʧʷʪʝʥ ʥʘʥʦʤʝʪʨʦʚʦʛʦ ʨʘʟʤʝʨʘ. ɽʛʦ ʧʨʦʚʦʜʠʤʦʩʪʴ ʩʠʣʴʥʦ ʠ 
ʥʝʣʠʥʝʡʥʦ ʚʦʟʨʘʩʪʘʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʬʣʶʝʥʩʘ ʠʦʥʦʚ. ʈʘʟʤʝʨʦʤ ʠ ʧʣʦʪʥʦʩʪʴʶ ʧʷʪʝʥ 

ʤʦʞʥʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ, ʤʝʥʷʷ ʧʘʨʘʤʝʪʨʳ ʦʙʣʫʯʝʥʠʷ. ʇʦʣʫʯʝʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʤʦʞʥʦ 

ʩʯʠʪʘʪʴ ʛʨʘʬʝʥʦʚʳʤʠ ʢʚʘʥʪʦʚʳʤʠ ʪʦʯʢʘʤʠ, ʚʩʪʨʦʝʥʥʳʤʠ ʚ ʥʝʧʨʦʚʦʜʷʱʫʶ ʤʘʪʨʠʮʫ.  

A.V. FROLOV1, A. OLEJNICZAK2,3, P.A. ZLISHCHEVA2,4,  

N.A. NEBOGATIKOVA5.6, I.V. ANTONOVA5,6,7, V.A. SKURATOV2 

1Kotel'nikov Institute of Radio Engineering and Electronics RAS, Moscow, Russia 
2Joint Institute for Nuclear Research, Dubna, Russia 

3Nicolaus Copernicus University, Torun, Poland 
4Kazan (Volga region) Federal University, Russia 

5Rzhanov Institute of Semiconductor Physics, Novosibirsk, Russia 
6Novosibirsk State University, Russia 

7Novosibirsk State Technical University, Russia 

TRANSPORT PROPERTIES OF GRAPHENE AND 

GRAPHENE OXIDE IRRADIATED BY SWIFT HEAVY IONS  

The effect of irradiation with swift heavy ions on the transport properties of graphene and 

graphene oxide was studied. Irradiation was carried out by ions of different elements, varying 

their energy and flux density (fluence). It was found that the properties of irradiated graphene 

strongly depend on the type, energy, and fluence of the ions, and are determined by the 

interaction of the ion with graphene and the substrate. Upon irradiation, the transport properties 

of graphene with a different number of layers change in a similar way. Upon irradiation of 

graphene oxide, its local reduction occurs in the form of spots of nanometer size. Its 
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conductivity increases strongly and nonlinearly with increasing ion fluence. The size and 

density of the spots can be controlled by changing the exposure parameters. The resulting 

structures can be considered graphene quantum dots embedded in a non-conducting matrix.  

ʆʙʣʫʯʝʥʠʝ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʪʷʞʸʣʳʤʠ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ 

ʠʦʥʘʤʠ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʚ ʥʠʭ ʜʝʬʝʢʪʳ ʥʘʥʦʤʝʪʨʦʚʳʭ ʨʘʟʤʝʨʦʚ, ʦʪʣʠʯʥʳʝ 

ʧʦ ʩʚʦʡʩʪʚʘʤ ʦʪ ʠʩʭʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʧʣʸʥʢʠ ʦʜʥʦ-, 

ʜʚʫʭ- ʠ ʪʨʸʭʩʣʦʡʥʦʛʦ ʛʨʘʬʝʥʘ, ʚʳʨʘʱʝʥʥʦʛʦ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ 

ʛʘʟʦʚʦʡ ʬʘʟʳ (CVD), ʠ ʧʝʨʝʥʝʩʸʥʥʦʛʦ ʥʘ ʧʦʜʣʦʞʢʫ ʩ 300-ʥʤ ʩʣʦʝʤ SiO2 ʥʘ 

ʢʨʝʤʥʠʠ. ʇʣʸʥʢʠ ʛʨʘʬʝʥʘ ʦʙʣʫʯʘʣʠʩʴ ʠʦʥʘʤʠ ʚʘʥʘʜʠʷ ʠ ʚʠʩʤʫʪʘ ʩ ʵʥʝʨʛʠʷʤʠ 64 

ʠ 700 ʄʵɺ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩ ʬʣʶʝʥʩʘʤʠ 1010 ʠ 1011 ʩʤ-2. ʀʟʤʝʨʷʣʠʩʴ ʵʬʬʝʢʪ 

ʍʦʣʣʘ ʠ ʵʬʬʝʢʪ ʧʦʣʷ ʦʙʨʘʟʮʦʚ ʧʨʠ 300ʂ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʦʩʣʝ ʦʙʣʫʯʝʥʠʷ 

ʠʦʥʘʤʠ ʚʘʥʘʜʠʷ ʧʦʜʚʠʞʥʦʩʪʴ ʦʙʨʘʟʮʦʚ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʣʘʩʴ, ʪʦʛʜʘ ʢʘʢ 

ʧʦʩʣʝ ʦʙʣʫʯʝʥʠʷ ʠʦʥʘʤʠ ʚʠʩʤʫʪʘ ʥʘʙʣʶʜʘʣʦʩʴ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʤʝʥʴʰʝʥʠʝ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʧʦʜʚʠʞʥʦʩʪʠ ʛʨʘʬʝʥʘ. ɺʝʣʠʯʠʥʘ ʵʬʬʝʢʪʘ ʙʳʣʘ ʙʣʠʟʢʦʡ ʜʣʷ 

ʧʣʸʥʦʢ ʩ ʨʘʟʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʩʣʦʸʚ. 

ɺ ʧʣʸʥʢʘʭ ʦʢʩʠʜʘ ʛʨʘʬʝʥʘ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʠʦʥʘʤʠ Ar, Kr, Xe ʩ ʵʥʝʨʛʠʷʤʠ 46-

167 ʄʵɺ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʥʘʦʙʦʨʦʪ, ʚʦʟʨʘʩʪʘʣʘ: ʧʨʠ ʬʣʶʝʥʩʘʭ ʚʳʰʝ 1013 ʩʤ-2 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʣʸʥʦʢ ʩʪʘʥʦʚʠʣʦʩʴ ʥʘ ʧʦʨʷʜʢʠ ʥʠʞʝ ʠʩʭʦʜʥʦʡ. ɺʦʟʨʘʩʪʘʥʠʝ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʩʚʷʟʘʥʦ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʦʙʣʘʩʪʝʡ 

ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ ʦʢʩʠʜʘ ʛʨʘʬʝʥʘ ʥʘʥʦʤʝʪʨʦʚʦʛʦ ʨʘʟʤʝʨʘ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 

ʜʘʥʥʳʤʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʠ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʨʘʤʘʥʦʚʩʢʦʡ ʠ 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʘ ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪʘʤʠ ʪʨʘʥʩʧʦʨʪʥʳʭ 

ʠʟʤʝʨʝʥʠʡ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʩʪʠʧʝʥʜʠʠ ʇʨʝʟʠʜʝʥʪʘ ʈʌ (ʧʨʦʝʢʪʳ ˉ 

ʉʇ-5416.2018.2 ʠ ʉʇ-3332.2019.2. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Olejniczak A., Nebogatikova N. A., Frolov A. V. et al. //Carbon. ï 2019. ï Vol. 141. ï p. 390-399.  
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ʃ.ɺ. ʌʋʈʆɺ 
ɺʣʘʜʠʤʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ɸʣʝʢʩʘʥʜʨʘ ɻʨʠʛʦʨʴʝʚʠʯʘ ʠ ʅʠʢʦʣʘʷ 

ɻʨʠʛʦʨʴʝʚʠʯʘ ʉʪʦʣʝʪʦʚʳʭ, ɺʣʘʜʠʤʠʨ, ʈʦʩʩʠʷ 

 

ʆ ɺʆɿʄʆɾʅʆʉʊʀ ʀʉʇʓʊɸʅʀʗ ɼʀʕʃɽʂʊʈʀʏɽʉʂʀʍ 

ʄɸʊɽʈʀɸʃʆɺ ʅɸ ʊɽʇʃʆɺʆʁ ʋɼɸʈ 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʠʩʧʳʪʘʥʠʡ ʧʦʚʝʨʭʥʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʢʨʘʪʢʦʚʨʝʤʝʥʥʦʝ ʪʝʨʤʠʯʝʩʢʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ï ʪʝʧʣʦʚʦʡ ʫʜʘʨ 

ʧʨʠ ʵʣʝʢʪʨʦʚʟʨʳʚʝ ʧʨʦʚʦʜʷʱʝʡ ʜʠʘʬʨʘʛʤʳ. 

L.V. FURʆV 

Vladimir State University, Vladimir, Russia 

ON THE POSSIBILITY OF TESTING DIELECTRIC  

MATERIALS FOR HEAT SHOCK  

The paper considers the results of testing the surface of dielectric and ceramic materials for 

short-term thermal effects ï heat shock in the event of an electrical explosion of a conducting 

diaphragm. 

ʀʩʧʳʪʘʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʢʦʤʧʦʟʠʪʥʳʭ, 

ʪʝʧʣʦʚʳʤ ʚʦʟʜʝʡʩʪʚʠʝʤ (ʪʝʨʤʠʯʝʩʢʠʡ ʫʜʘʨ) ʷʚʣʷʝʪʩʷ ʚʘʞʥʳʤ ʠ ʘʢʪʫʘʣʴʥʳʤ ʧʨʠ 

ʦʧʨʝʜʝʣʝʥʠʠ ʠʭ ʪʝʨʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ʆʜʥʘʢʦ, ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʵʪʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʘʛʨʝʚ ʦʙʨʘʟʮʘ ʧʨʦʭʦʜʠʪ ʚ ʪʝʯʝʥʠʝ ʜʣʠʪʝʣʴʥʦʛʦ ʚʨʝʤʝʥʠ (30 ʩ ʠ 

ʙʦʣʝʝ), ʝʩʣʠ ʵʪʦ ʧʨʦʚʦʜʠʪʩʷ, ʥʘʧʨʠʤʝʨ, ʧʣʘʟʤʦʪʨʦʥʦʤ. ɺ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ 

ʪʨʝʙʫʝʪʩʷ ʠʩʧʳʪʘʥʠʝ ʦʙʨʘʟʮʘ ʥʘ ʨʘʟʦʚʦʝ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʪʝʨʤʠʯʝʩʢʦʝ 

ʚʦʟʜʝʡʩʪʚʠʝ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʶʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʠʩʧʳʪʘʥʠʶ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʢʨʘʪʢʦʚʨʝʤʝʥʥʳʡ (ʥʝ ʙʦʣʝʝ 100 ʤʩ) 

ʪʝʨʤʠʯʝʩʢʠʡ ʫʜʘʨ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʚʟʨʳʚʘ ʧʨʦʚʦʜʷʱʝʡ ʜʠʘʬʨʘʛʤʳ ʚ 

ʩʚʦʙʦʜʥʦʡ ʘʪʤʦʩʬʝʨʝ [1]. ʆʧʳʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ 

ʵʣʝʢʪʨʦʚʟʨʳʚʦʤ ʧʨʦʚʦʜʷʱʝʡ ʜʠʘʬʨʘʛʤʳ ʠʤʧʫʣʴʩʦʤ ʪʦʢʘ ʜʦ 16 ʢɸ, 

ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʦʪ 70 ʜʦ 100 ʤʩ ʠ ʧʦʜʚʦʜʠʤʦʡ ʵʥʝʨʛʠʡ 50 ʢɼʞ [1].  

ʅʘ ʨʠʩʫʥʢʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʫʩʪʨʦʡʩʪʚʦ [2] ʜʣʷ ʠʩʧʳʪʘʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ. ʀʥʠʮʠʘʪʦʨʦʤ ʨʘʟʨʷʜʘ ʷʚʣʷʝʪʩʷ ʧʨʦʚʦʜʷʱʘʷ ʜʠʘʬʨʘʛʤʘ 4 ʚ ʬʦʨʤʝ 

ʢʨʫʛʘ, ʩʦʩʪʘʚʣʝʥʥʘʷ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʩʣʦʸʚ ʘʣʶʤʠʥʠʝʚʦʡ ʬʦʣʴʛʠ (ʪʦʣʱʠʥʘ ʦʜʥʦʛʦ 

ʩʣʦʷ 8 ʤʢʤ). ʆʥʘ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʜʣʦʞʢʝ 3 (ʠʩʧʳʪʳʚʘʝʤʳʡ 

ʤʘʪʝʨʠʘʣ) ʠ ʧʨʠʞʠʤʘʝʪʩʷ ʢ ʥʝʡ ʢʦʣʴʮʝʚʳʤ ʪʦʢʦʧʦʜʚʦʜʦʤ 2. ɽʛʦ ʚʥʫʪʨʝʥʥʠʡ 

ʜʠʘʤʝʪʨ ʠʟʤʝʥʷʣʩʷ ʦʪ 60 ʜʦ 150 ʤʤ. ʊʝʤ ʩʘʤʳʤ ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʧʣʦʱʘʜʴ 

ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʠʩʧʳʪʳʚʘʝʤʳʡ ʤʘʪʝʨʠʘʣ. ɺ ʮʝʥʪʨ ʜʠʘʬʨʘʛʤʳ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ 

ʪʦʢʦʧʦʜʚʦʜ 1 ʠʟ ʩʢʨʫʯʝʥʥʳʭ ʧʨʦʚʦʣʦʯʝʢ ʜʠʘʤʝʪʨʦʤ 1,0 - 2,4 ʤʤ, ʢʦʣʠʯʝʩʪʚʦ 

ʢʦʪʦʨʳʭ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʦʧʳʪʘ, ʤʦʞʝʪ ʠʟʤʝʥʷʪʴʩʷ ʦʪ 2 ʜʦ 8. ɼʨʫʛʦʡ 
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ʢʦʥʝʮ ʧʨʦʚʦʣʦʯʝʢ ʢʨʝʧʠʪʩʷ ʧʦ 

ʢʨʫʛʫ ʥʘ ʪʦʢʦʧʦʜʚʦʜ 6. ɺʩʷ 

ʢʦʥʩʪʨʫʢʮʠʷ ʢʨʝʧʠʪʩʷ ʥʘ ʩʪʦʡʢʝ 8. 

ʀʤʧʫʣʴʩ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ, 

ʛʝʥʝʨʠʨʫʝʤʳʡ ʠʥʜʫʢʪʠʚʥʳʤ 

ʥʘʢʦʧʠʪʝʣʝʤ, ʧʝʨʝʚʦʜʠʪ ʤʘʪʝʨʠʘʣ 

ʧʨʦʚʦʜʷʱʝʡ ʜʠʘʬʨʘʛʤʳ ʚ ʬʦʨʤʝ 

ʢʨʫʛʘ ʚ ʩʦʩʪʦʷʥʠʝ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʳ, 

ʢʦʪʦʨʘʷ ʚʦʟʜʝʡʩʪʚʫʝʪ ʥʘ 

ʠʩʧʳʪʳʚʘʝʤʳʡ ʤʘʪʝʨʠʘʣ. 

ʀʩʧʳʪʘʥʠʷ ʙʳʣʠ ʢʘʢ ʨʘʟʦʚʳʤʠ, ʪʘʢ 

ʠ ʤʥʦʛʦʢʨʘʪʥʳʤʠ (1 - 10 ʨʘʟ). ɺ 

ʢʘʯʝʩʪʚʝ ʠʩʧʳʪʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʠʵʣʝʢʪʨʠʢʠ: ʪʝʢʩʪʦʣʠʪ, ʩʠʪʘʣʣ, 

ʩʪʝʢʣʦ, ʧʣʝʢʩʠʛʣʘʩ ʠ ʜʨ.  

ʆʧʳʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʢʨʘʪʢʦʚʨʝʤʝʥʥʦʝ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ 

ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʦʡ ʧʣʘʟʤʳ (ʷʨʢʦʩʪʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʜʦʭʦʜʠʣʘ ʜʦ 4500 ʂ) 

ʧʨʠʚʦʜʠʪ ʢ ʯʘʩʪʠʯʥʦʤʫ ʦʪʩʣʦʝʥʠʶ ʤʘʪʝʨʠʘʣʘ. ʇʣʦʱʘʜʴ ʚʦʟʜʝʡʩʪʚʠʷ å 300 ʩʤ2 ʠ 

ʙʦʣʝʝ. ʊʦʣʱʠʥʘ ʦʙʨʘʟʮʘ ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʦʪ 3 ʜʦ 10 ʤʤ. ɺʦʟʥʠʢʘʶʱʠʝ ʪʝʧʣʦʚʳʝ 

ʛʨʘʜʠʝʥʪʳ ʥʘ ʩʪʘʜʠʠ ʥʘʛʨʝʚʘ ʠ ʦʭʣʘʞʜʝʥʠʷ ʪʘʢʞʝ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ 

ʵʢʩʧʝʨʠʤʝʥʪʘ, ʧʨʠʚʦʜʷʪ ʢ ʦʧʣʘʚʣʝʥʠʶ ʠ ʯʘʩʪʠʯʥʦʤʫ ʨʘʩʩʣʦʝʥʠʶ ʦʙʨʘʟʮʘ. 

ʆʧʳʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʘʠʙʦʣʴʰʠʡ ʵʬʬʝʢʪ ʜʦʩʪʠʛʘʣʩʷ ʧʨʠ ʠʩʧʳʪʘʥʠʷʭ ʩʠʪʘʣʣʘ ʠ 

ʩʪʝʢʣʘ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʵʢʩʧʝʨʠʤʝʥʪʘ (ʧʦʜʚʦʜʠʤʦʡ ʵʥʝʨʛʠʠ, ʚʨʝʤʝʥʠ 

ʚʦʟʜʝʡʩʪʚʠʷ), ʚ ʥʝʢʦʪʦʨʳʭ ʦʧʳʪʘʭ ʧʨʦʠʩʭʦʜʠʣʦ ʨʘʟʨʫʰʝʥʠʝ ʦʙʨʘʟʮʘ. 

ʈʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʸʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʟʚʦʣʷʶʪ ʛʦʚʦʨʠʪʴ ʦ 

ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʢʨʘʪʢʦʚʨʝʤʝʥʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ 

(ʫʜʘʨʘ) ʥʘ ʪʝʧʣʦʥʘʛʨʫʞʝʥʥʳʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ. 
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ʉʘʤʘʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʈʦʩʩʠʷ 

ʉʘʤʘʨʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʈʦʩʩʠʷ 

 

ʆʇʊʀʄʀɿɸʎʀʗ ɹɽʊɸ-ʇʈɽʆɹʈɸɿʆɺɸʊɽʃʗ C-14 C  

ʀʉʇʆʃʔɿʆɺɸʅʀɽʄ ʄɽʊʆɼɸ ʄʆʅʊɽ-ʂɸʈʃʆ ʀ GEANT4 

ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʙʝʪʘ-ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʥʝʦʙʭʦʜʠʤʦ 

ʧʨʦʚʝʩʪʠ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʨʘʩʯʝʪ ʩ ʮʝʣʴʶ ʦʧʨʝʜʝʣʝʥʠʷ ʠʭ ʦʧʪʠʤʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ - 

ʛʝʦʤʝʪʨʠʠ ʢʦʥʩʪʨʫʢʮʠʠ, ʪʦʣʱʠʥʳ ʦʩʘʞʜʘʝʤʦʛʦ ʨʘʜʠʦʠʟʦʪʦʧʥʦʛʦ ʩʣʦʷ, ʛʣʫʙʠʥʳ ʠ 

ʰʠʨʠʥʳ ʨ-n ʧʝʨʝʭʦʜʘ ʠ ʜʨ. ʂ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʤʥʦʛʦ ʨʘʟʣʠʯʥʳʭ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʠ ʤʝʪʦʜʦʚ ʨʘʩʯʝʪʦʚ. ʉʫʱʝʩʪʚʫʶʪ ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʩʪʳʝ 

ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʬʦʨʤʫʣʝ ɹʝʪʝ-ɹʣʦʭʘ ʠ ʨʘʩʯʝʪʝ ʩʢʦʨʦʩʪʠ ʛʝʥʝʨʘʮʠʠ 

ʵʣʝʢʪʨʦʥʥʦ-ʜʳʨʦʯʥʳʭ ʧʘʨ, ʘ ʪʘʢʞʝ ʥʘ ʨʘʩʯʝʪʘʭ ʧʦ ʵʢʚʠʚʘʣʝʥʪʥʳʤ ʩʭʝʤʘʤ. ʂʨʦʤʝ ʪʦʛʦ, 

ʤʝʪʦʜ ʄʦʥʪʝ-ʂʘʨʣʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʝʪʘ-

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʦʧʪʠʤʠʟʘʮʠʷ ʙʝʪʘ-ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʄʦʥʪʝ-ʂʘʨʣʦ. ʎʝʣʴ ʠʩʩʣʝʜʦʚʘʥʠʷ - ʧʨʦʚʝʩʪʠ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʤʝʪʦʜʦʤ ʄʦʥʪʝ-ʂʘʨʣʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ GEANT4 ʙʝʪʘ-ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʩ ʚʚʝʜʝʥʥʳʤ ʥʘ 

ʫʨʦʚʥʝ ʣʝʛʠʨʦʚʘʥʠʷ ʫʛʣʝʨʦʜʦʤ-14 ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʝʛʦ ʦʧʪʠʤʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ. 
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OPTIMIZING THE C -14 BETACONVERTER USING THE MONTE 

CARLO METHOD AND GEANT4  

To develope betaconverters devices with maximum efficiency, it is necessary to perform the 

theoretical calculation in order to determine their optimal parameters - the geometry of the 

structure, the thickness of the deposited radioisotope layer, the depth and width of the p-n 

junction, etc. Many different theoretical models and calculation methods have been proposed so 

far. There are fairly simple theoretical models based on the Bethe-Bloch formula and the 

calculation of the generation rate of electron-hole pairs, as well as calculations using equivalent 

schemes. In addition, the Monte-Carlo method is used for theoretical modeling of 

betaconverters. In this paper, we consider optimization of the betaconverter using the Monte-

Carlo method. The aim of this research is to conduct Monte-Carlo simulation using a GEANT4 

model of the betaconverter with Carbon-14 introduced at the doping level and to determine its 

optimal parameters. 
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ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʝʯʴ ʠʜʝʪ ʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʤ ʬʦʨʤʠʨʦʚʘʥʠʠ ʦʙʨʘʟʮʦʚ ʩ 

ʧʣʝʥʢʦʡ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʚ ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʝ ʤʝʪʦʜʦʤ ʵʥʜʦʪʘʢʩʠʠ - 

ʧʨʦʮʝʩʩ ʨʦʩʪʘ ʦʜʥʦʡ ʬʘʟʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʟʘ ʩʯʝʪ ʦʙʲʝʤʘ ʜʨʫʛʦʡ 

ʬʘʟʳ. ʆʙʨʘʟʝʮ ʩ ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʦʡ ʧʦʜʚʝʨʛʘʝʪʩʷ ʚʦʟʜʝʡʩʪʚʠʶ ʧʦʪʦʢʘ 

ʤʝʪʘʥʘ CH4 ʚ ʛʘʟʦʚʦʡ ʢʘʤʝʨʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1360õ1380ÁC ʠ ʥʦʨʤʘʣʴʥʦʤ 

ʜʘʚʣʝʥʠʠ. ʂʨʦʤʝ ʪʦʛʦ, ʛʘʟ ʩʦʜʝʨʞʠʪ ʢʘʢ ʩʪʘʙʠʣʴʥʳʡ ʠʟʦʪʦʧ ʫʛʣʝʨʦʜʘ ʉ12, ʪʘʢ ʠ 

ʨʘʜʠʦʘʢʪʠʚʥʳʡ ʠʟʦʪʦʧ ʫʛʣʝʨʦʜʘ ʉ14, ʘ ʚʦʜʦʨʦʜ ʅ2 ʚ ʛʘʟʝ ʚʳʩʪʫʧʘʝʪ ʚ ʢʘʯʝʩʪʚʝ 

ʥʦʩʠʪʝʣʷ ʫʛʣʝʨʦʜʘ [1, 2]. ʇʨʦʮʝʩʩ ʜʣʠʪʩʷ ʥʝʩʢʦʣʴʢʦ ʤʠʥʫʪ, ʚ ʪʝʯʝʥʠʝ ʵʪʦʛʦ 

ʚʨʝʤʝʥʠ ʤʦʣʝʢʫʣʳ ʤʝʪʘʥʘ ʭʠʤʠʯʝʩʢʠ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ ʘʪʦʤʘʤʠ ʢʨʝʤʥʠʷ, 

ʦʙʨʘʟʫʷ ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ ʠ ʚʦʜʦʨʦʜ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʟʦʚʘʥʠʷ ʥʦʚʦʡ ʬʘʟʳ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʝʤʥʠʷ ʥʝʩʦʦʪʚʝʪʩʪʚʠʝ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʢʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ 

ʧʨʠʚʦʜʠʪ ʢ ʤʝʭʘʥʠʯʝʩʢʠʤ ʥʘʧʨʷʞʝʥʠʷʤ ʩʦʧʨʷʛʘʝʤʳʭ ʬʘʟ. ʈʝʣʘʢʩʘʮʠʷ 

ʥʘʧʨʷʞʝʥʠʡ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩʝʪʢʦʡ ʜʠʩʣʦʢʘʮʠʡ, ʬʦʨʤʠʨʫʶʱʝʡʩʷ ʚ ʢʨʝʤʥʠʝʚʦʡ 

ʬʘʟʝ ʠ ʜʚʠʞʫʱʝʡʩʷ ʧʝʨʝʜ ʬʨʦʥʪʦʤ ʨʦʩʪʘ ʬʘʟʳ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ. ʉʝʪʢʘ 

ʜʠʩʣʦʢʘʮʠʡ ʚʳʩʪʫʧʘʝʪ ʚ ʨʦʣʠ ʩʢʨʳʪʦʛʦ ʛʝʪʪʝʨʘ, ʪ.ʝ. ʧʦʚʝʨʭʥʦʩʪʠ ʜʠʩʣʦʢʘʮʠʠ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ ʚʘʢʘʥʪʥʳʝ ʤʝʩʪʘ ʜʣʷ ʘʜʩʦʨʙʮʠʠ ʘʪʦʤʦʚ ʣʝʛʠʨʫʶʱʝʡ ʠ 

ʥʝʢʦʥʪʨʦʣʠʨʫʝʤʦʡ ʧʨʠʤʝʩʠ, ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʚʢʣʶʯʘʷ ʘʪʦʤʳ ʨʘʜʠʦʫʛʣʝʨʦʜʘ. 

ʂʘʢ ʧʨʘʚʠʣʦ, ʛʝʪʪʝʨʠʨʫʝʤʳʝ ʧʨʠʤʝʩʠ ʚʳʜʝʣʷʶʪʩʷ ʚ ʚʠʜʝ ʧʨʝʮʠʧʠʪʘʪʦʚ, ʚ ʥʘʰʝʤ 

ʩʣʫʯʘʝ ʚʳʜʝʣʷʶʱʘʷʩʷ ʬʘʟʘ ʨʘʜʠʦʫʛʣʝʨʦʜʘ ʧʨʦʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

1360Ü ʩ ʢʨʝʤʥʠʝʤ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ. ʈʘʩʪʚʦʨʝʥʥʳʡ ʚ ʨʝʰʝʪʢʘʭ 

ʢʨʝʤʥʠʷ ʠ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʫʛʣʝʨʦʜ ʚʳʩʪʫʧʘʝʪ ʢʘʢ ʠʟʦʵʣʝʢʪʨʦʥʥʘʷ ʣʝʛʠʨʫʶʱʘʷ 

ʧʨʠʤʝʩʴ. 

ɼʣʷ ʨʘʩʯʝʪʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʙʝʪʘ-ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʝʛʦ 

ʦʧʪʠʤʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ, ʰʠʨʠʥʳ ʠ ʛʣʫʙʠʥʳ ʟʘʣʝʛʘʥʠʷ p-n 

ʧʝʨʝʭʦʜʘ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʤʝʪʦʜʦʤ ʄʦʥʪʝ-ʂʘʨʣʦ ʚ ʧʨʦʛʨʘʤʤʝ 

GEANT4 [3, 4]. ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʜʘʥʥʳʝ ʦ ʢʦʥʮʝʥʪʨʘʮʠʠ ʫʛʣʝʨʦʜʘ ʚ ʙʝʪʘ-ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝ ʠ ʩʧʝʢʪʨʝ ʉ-14 [4, 5]. 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʩʢʦʨʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʵʣʝʢʪʨʦʥʥʦ-

ʜʳʨʦʯʥʳʭ ʧʘʨ ʚ ʦʙʣʘʩʪʠ ʦʙʲʝʤʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʟʘʨʷʜʘ p-n ʧʝʨʝʭʦʜʘ ʠ 

ʦʧʨʝʜʝʣʝʥʳ ʦʧʪʠʤʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ p-n ʧʝʨʝʭʦʜʘ. 
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ANALYSIS OF THE BETA -DECAY ENERGY  

CONVERSION EFFICIENCY IN SEMICONDUCTOR 

HETEROSTRUCTURAL S iC/Si 

This paper presents the most complete and comprehensive analysis of factors that reduce the 

energy conversion efficiency of beta radioisotopes radiation in semiconductor structures. The 

analysis is based on extensive experimental data for the beta-doped structure of SiC/Si by C-14 

molecules, as well as on the simulation of radiation passing through the structure of a 

semiconductor with the p-n transition. 

ʇʨʦʙʣʝʤʘ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʵʥʝʨʛʠʠ ʚ 

ʙʝʪʘʚʦʣʴʪʘʢʝ [1] ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʧʨʠʯʠʥ, ʩʜʝʨʞʠʚʘʶʱʠʭ ʰʠʨʦʢʦʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʙʝʪʘ-ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʢʘʢ ʵʣʝʤʝʥʪʦʚ ʧʠʪʘʥʠʷ ʤʘʣʦʤʦʱʥʳʭ 

ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʪʝʭʥʠʢʠ, ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʠ ʚ 

ʙʳʪʫ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʬʘʢʪʦʨʳ, ʢʦʪʦʨʳʝ ʦʜʥʦʟʥʘʯʥʦ ʧʨʠʚʦʜʷʪ ʢ 

ʫʭʫʜʰʝʥʠʶ ʵʥʝʨʛʦʧʨʝʦʙʨʘʟʦʚʘʥʠʷ: ʠʟʙʠʨʘʪʝʣʴʥʦʝ ʧʦʛʣʦʱʝʥʠʝ ʠʟʣʫʯʝʥʠʷ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʤ (ʚ ʦʧʨʝʜʝʣʝʥʥʦʡ ʯʘʩʪʠ ʩʧʝʢʪʨʘ, ʧʨʠʝʤʣʝʤʦʡ ʜʣʷ ʜʘʥʥʦʛʦ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ), ʪʝʭʥʦʣʦʛʠʷ ʣʝʛʠʨʦʚʘʥʠʷ ʠ ʧʦʣʦʞʝʥʠʝ p-n-ʧʝʨʝʭʦʜʘ (ʛʣʫʙʠʥʘ 

ʟʘʣʝʛʘʥʠʷ), ʧʨʦʮʝʩʩʳ ʜʝʬʝʢʪʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʩʪʨʫʢʪʫʨʝ, ʜʠʬʬʫʟʠʦʥʥʘʷ ʜʣʠʥʘ 

ʧʨʦʙʝʛʘ ʩʦʙʩʪʚʝʥʥʳʭ ʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʚʪʦʨʠʯʥʳʭ ʵʣʝʢʪʨʦʥʥʦ-ʜʳʨʦʯʥʳʭ ʧʘʨ 

ʥʦʩʠʪʝʣʝʡ, ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʛʦʪʦʚʳʭ ʦʙʨʘʟʮʦʚ ʠ ʤʝʪʘʣʣʠʟʘʮʠʠ, 

ʩʘʤʦʧʦʛʣʦʱʝʥʠʝ ʨʘʜʠʦʠʟʦʪʦʧʘ [2] ʠ ʝʛʦ ʘʢʪʠʚʥʦʩʪʴ, ʧʝʨʠʦʜ ʧʦʣʫʨʘʩʧʘʜʘ, ʩʧʦʩʦʙ 
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ʚʥʝʜʨʝʥʠʷ ʨʘʜʠʦʠʟʦʪʦʧʘ ʚ ʤʘʪʝʨʠʘʣ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. ʇʦʩʣʝʜʥʠʡ ʚʦʧʨʦʩ 

ʧʨʠʥʮʠʧʠʘʣʝʥ, ʪʘʢ ʢʘʢ ʚ ʉʘʤʘʨʩʢʦʤ ʫʥʠʚʝʨʩʠʪʝʪʝ ʨʘʟʨʘʙʦʪʘʥ ʙʝʪʘ-

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʵʥʝʨʛʠʠ ʙʝʪʘ-ʠʟʣʫʯʝʥʠʷ ʫʛʣʝʨʦʜʘ-14, ʢʦʪʦʨʳʡ ʥʝ ʠʤʝʝʪ 

ʘʥʘʣʦʛʦʚ ʚ ʤʠʨʝ [3]. ʀʤʝʶʱʠʝʩʷ ʢʦʥʩʪʨʫʢʮʠʠ ʠ ʪʝʭʥʦʣʦʛʠʠ ʙʝʪʘ-

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʥʘ Ni-63 ʠ H-3 ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʟ ʩʝʙʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ 

ʩʪʨʫʢʪʫʨʳ ʩ ʨʘʜʠʦʠʟʦʪʦʧʦʤ, ʢʦʪʦʨʳʡ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʠʣʠ 

ʚ ʟʘʨʘʥʝʝ ʩʪʨʘʚʣʝʥʥʳʭ ʷʤʢʘʭ ʠ ʢʦʣʦʜʮʘʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. ʊʝʭʥʦʣʦʛʠʷ ʞʝ 

ʉʘʤʘʨʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʙʝʪʘ-ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʥʘ ʨʘʜʠʦʠʟʦʪʦʧʝ 

ʫʛʣʝʨʦʜʘ, ʛʜʝ ʉ-14 ʚʭʦʜʠʪ ʚ ʩʦʩʪʘʚ ʩʪʨʫʢʪʫʨʳ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʢʘʢ ʣʝʛʠʨʦʚʘʥʥʘʷ 

ʧʨʠʤʝʩʴ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʦʙʣʫʯʘʷ ʩʪʨʫʢʪʫʨʫ ʠʟʥʫʪʨʠ. ʇʦʣʫʯʝʥʥʳʡ ʙʝʪʘ-

ʣʝʛʠʨʦʚʘʥʥʳʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʠʤʝʝʪ ʧʨʝʠʤʫʱʝʩʪʚʘ ʧʝʨʝʜ ʜʨʫʛʠʤʠ 

ʵʥʝʨʛʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷʤʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʟʘ ʩʯʝʪ ʧʝʨʠʦʜʘ ʧʦʣʫʨʘʩʧʘʜʘ ʉ-14 ʚ 5730 

ʣʝʪ, ʘ ʪʘʢʞʝ ʨʘʜʠʘʮʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʨʘʟʨʘʙʦʪʢʝ SiC. ʆʪʜʝʣʴʥʦ 

ʦʪʤʝʪʠʤ ʩʪʦʡʢʦʩʪʴ ʢ ʜʝʬʝʢʪʦʦʙʨʘʟʦʚʘʥʠʶ (ʧʦʨʦʛʦʚʘʷ ʵʥʝʨʛʠʷ 

ʜʝʬʝʢʪʦʦʙʨʘʟʦʚʘʥʠʷ 0,17ʄʵɺ ʚ ʢʨʝʤʥʠʝʚʳʭ ʩʪʨʫʢʪʫʨʘʭ ʚʳʰʝ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʵʥʝʨʛʠʠ ʙʝʪʘ-ʠʟʣʫʯʝʥʠʷ 0,156ʄʵɺ) ʠ çʦʯʠʩʪʢʫè ʧʨʠ ʵʥʜʦʪʘʢʩʠʠ ʩʪʨʫʢʪʫʨʳ ʚʦ 

ʚʨʝʤʷ ʣʝʛʠʨʦʚʘʥʠʷ ʦʪ ʜʝʬʝʢʪʦʚ, ʧʨʠ ʧʨʦʨʘʩʪʘʥʠʠ ʥʦʚʦʡ ʬʘʟʳ ʚʥʫʪʨʴ ʩʪʨʫʢʪʫʨʳ 

ʜʚʠʞʝʪʩʷ ʩʝʪʢʘ ʜʠʩʣʦʢʘʮʠʡ, ʢʦʪʦʨʘʷ ʠʛʨʘʝʪ ʨʦʣʴ ʚʥʫʪʨʝʥʥʝʛʦ ʛʝʪʪʝʨʘ. ɼʨʫʛʠʝ 

ʬʘʢʪʦʨʳ, ʚʣʠʷʶʱʠʝ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʵʥʝʨʛʦʧʨʝʦʙʨʘʟʦʚʘʥʠʷ, ʨʘʩʩʤʦʪʨʝʥʳ ʩ 

ʧʨʠʚʣʝʯʝʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʨʠʣʦʞʝʥʠʷ GEANT [4]. ʉʭʝʤʘ ʙʝʪʘ-

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ, ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ. 
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ʄ.ɹ. ʐɸɺɽʃʂʀʅɸ, ɹ.ɺ. ʂʃɽʁʄɽʅʆɺ, ɻ.ɽ. ɺɸʃʔʗʅʆ, ʈ.ʍ. ɸʄʀʈʆɺ 
ʆʙʲʝʜʠʥʝʥʥʳʡ ʠʥʩʪʠʪʫʪ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ɻʈɸʌɽʅ ɼʃʗ ʕʃɽʂʊʈʆʍʀʄʀʏɽʉʂʆʁ ʕʅɽʈɻɽʊʀʂʀ: 

ʕʃɽʂʊʈʆʅʅɸʗ ʄʀʂʈʆʉʂʆʇʀʗ ʂʆʄʇʆɿʀʊɸ N-ɻʈɸʌɽʅ - 

ʇʆʃʀʄɽʈ 

ɺ ʧʣʘʟʤʝʥʥʳʭ ʩʪʨʫʷʭ ʧʣʘʟʤʦʪʨʦʥʘ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʩʠʥʪʝʟʠʨʦʚʘʥ ʘʟʦʪʩʦʜʝʨʞʘʱʠʡ 

ʛʨʘʬʝʥ. ʇʨʦʚʝʜʝʥʳ ʵʣʝʢʪʨʦʥʥʦʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʤʦʨʬʦʣʦʛʠʠ N- 

ʛʨʘʬʝʥʘ ʥʘ ʩʪʨʫʢʪʫʨʫ ʛʠʜʨʦʬʦʙʠʟʘʪʦʨʘ.  

M.B. SHAVELKINA , B.V. KLEIMENOV, G.E. VALYANO ,  

R.H. AMIROV 

Joint Institute for High Temperatures RAS, Moscow, Russia 

GRAPHENE FOR ELECTROCHEMICAL POWER ENGINEERING: 

ELECTRONIC MICROSCOPY OF COMPOSITE N -GRAPHENE - 

POLYMER  

Nitrogen-containing graphene in the plasma jets of a DC plasma torch was synthesized. 

Electron microscopic studies of the influence of the morphology of N-graphene on the structure 

of the water-repellent substance were carried out in comparison with the morphology of 

activated carbon, which was also used to make the cathode. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʥʘʢʦʧʠʪʝʣʠ, ʚ ʢʦʪʦʨʳʭ ʵʥʝʨʛʠʷ 

ʭʠʤʠʯʝʩʢʠʭ ʩʚʷʟʝʡ ʥʘʧʨʷʤʫʶ ʢʦʥʚʝʨʪʠʨʫʝʪʩʷ ʚ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ, ʤʦʛʫʪ 

ʟʘʧʘʩʘʪʴ ɻɺʪʯ ʵʥʝʨʛʠʠ ʠ ʠʩʧʦʣʴʟʫʶʪ ʦʛʨʦʤʥʦʝ ʨʘʟʥʦʦʙʨʘʟʠʝ ʭʠʤʠʯʝʩʢʠʭ 

ʩʠʩʪʝʤ. ʂʠʩʣʦʨʦʜ ʠʟ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ 

ʢʦʤʧʦʥʝʥʪʘ ʜʣʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ. ʇʦʵʪʦʤʫ ʦʢʠʩʣʠʪʝʣʴʥʦ-

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʝ ʨʝʘʢʮʠʠ ʢʠʩʣʦʨʦʜʘ ʧʨʝʜʩʪʘʚʣʷʶʪ ʦʛʨʦʤʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ 

ʪʘʢʠʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ, ʢʘʢ ʪʦʧʣʠʚʥʳʝ ʵʣʝʤʝʥʪʳ ʠ ʤʝʪʘʣʣ-

ʚʦʟʜʫʱʥʳʝ ʙʘʪʘʨʝʠ. ɺ ʵʪʠʭ ʩʠʩʪʝʤʘʭ ʛʝʪʝʨʦʛʝʥʥʳʡ ʧʝʨʝʥʦʩ ʵʣʝʢʪʨʦʥʘ ʢ/ʦʪ 

ʢʠʩʣʦʨʦʜʘ ʧʨʦʠʩʭʦʜʠʪ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʘ. ʈʘʟʣʠʯʥʳʝ ʫʛʣʝʨʦʜʳ 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʨʘʟʥʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʠ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʢʘʯʝʩʪʚʝ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʵʣʝʢʪʨʦʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ. ɼʣʷ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ 

ʧʨʦʮʝʩʩʦʚ ʘʢʪʠʚʥʳʡ ʩʣʦʡ ʢʘʪʦʜʘ [1] ʛʠʜʨʦʬʦʙʠʟʠʨʫʝʪʩʷ ʬʪʦʨʦʧʣʘʩʪʦʤ, ʧʦ 

ʧʦʚʝʨʭʥʦʩʪʠ ʘʛʣʦʤʝʨʘʪʦʚ ʢʦʪʦʨʦʛʦ ʚʦʟʜʫʭ ʜʠʬʬʫʥʜʠʨʫʝʪ ʢ ʟʦʥʝ ʨʝʘʢʮʠʠ. 

ʀʩʩʣʝʜʦʚʘʥʠʷʤʠ ʤʦʜʝʣʝʡ ʛʠʜʨʦʬʦʙʠʟʠʨʦʚʘʥʥʳʭ ʘʢʪʠʚʥʳʭ ʩʣʦʝʚ ʢʘʪʦʜʦʚ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʭ ʘʢʪʠʚʥʦʩʪʴ ʚʦʟʨʘʩʪʘʝʪ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʨʘʟʤʝʨʦʚ ʘʛʣʦʤʝʨʘʪʦʚ 

ʛʠʜʨʦʬʦʙʠʟʘʪʦʨʘ [2].  

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʣʠʷʥʠʷ ʛʝʦʤʝʪʨʠʠ ʯʘʩʪʠʮ ʫʛʣʝʨʦʜʘ ʥʘ ʩʪʨʫʢʪʫʨʫ 

ʘʢʪʠʚʥʳʭ ʩʣʦʝʚ ʢʘʪʦʜʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʚ ʧʣʘʟʤʝʥʥʳʭ ʩʪʨʫʷʭ 
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ʘʟʦʪʩʦʜʝʨʞʘʱʠʡ ʛʨʘʬʝʥ [3] ʠ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʡ ʘʢʪʠʚʠʨʦʚʘʥʥʳʡ ʫʛʦʣʴ ʤʘʨʢʠ 

ʋɸʌ (ʊʋ 6-16-2409-80). 

 

  

ɸ ɹ 
 

ʈʠʩ. 1. ʕʣʝʢʪʨʦʥʥʦʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʩʥʠʤʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʤʧʦʟʠʮʠʡ  

ʢʘʪʦʜʦʚ çN-ʛʨʘʬʝʥ-ʬʪʦʨʦʧʣʘʩʪè (ɸ), çAʋ-ʬʪʦʨʦʧʣʘʩʪè (ɹ). 

ɸʥʘʣʠʟ ʵʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʩʥʠʤʢʦʚ ʧʦʢʘʟʘʣ, ʯʪʦ N-ʛʨʘʬʝʥ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʦʥʢʠʝ ʧʣʘʩʪʠʥʳ ʢʫʧʦʣʦʦʙʨʘʟʥʦʡ ʬʦʨʤʳ ʜʠʘʤʝʪʨʘʤʠ ʦʪ 

~200 ʜʦ 1000 ʥʤ (ʨʠʩʫʥʦʢ 1ɸ). ɺ ʩʤʝʩʠ ʩ ʬʪʦʨʦʧʣʘʩʪʦʤ ʧʣʘʩʪʠʥʳ N-ʛʨʘʬʝʥʘ 

ʦʙʲʝʜʠʥʝʥʳ ʩʝʪʴʶ ʥʘʥʦʤʝʪʨʦʚʳʭ ʬʪʦʨʦʧʣʘʩʪʦʚʳʭ ʚʦʣʦʢʦʥ ʩʚʷʟʘʥʥʳʭ ʩ 

ʬʪʦʨʦʧʣʘʩʪʦʚʳʤʠ ʘʛʨʝʛʘʪʘʤʠ. 

ʆʙʨʘʟʮʳ ʢʦʤʧʦʟʠʪʘ ʋɸʌ-ʬʪʦʨʦʧʣʘʩʪ ʩʦʩʪʦʷʪ ʠʟ ʯʘʩʪʠʮ ʫʛʣʷ ʠʤʝʶʱʠʭ ʚ 

ʧʦʧʝʨʝʯʥʠʢʝ ʨʘʟʤʝʨʳ, ʣʝʞʘʱʠʝ ʚ ʦʩʥʦʚʥʦʤ ʚ ʜʠʘʧʘʟʦʥʝ ~ 0,5 - 40 ʤʠʢʨʦʤʝʪʨʦʚ. 

ʇʦʚʝʨʭʥʦʩʪʴ ʯʘʩʪʠʮ, ʚ ʪʦʡ ʠʣʠ ʠʥʦʡ ʩʪʝʧʝʥʠ, ʧʦʢʨʳʪʘ ʘʛʨʝʛʘʪʘʤʠ ʬʪʦʨʦʧʣʘʩʪʘ 

(ʨʠʩʫʥʦʢ 1ɹ), ʩʦʝʜʠʥʝʥʥʳʤʠ ʚʦʣʦʢʥʘʤʠ ʪʦʣʱʠʥʦʡ ʚ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʢʦʚ 

ʥʘʥʦʤʝʪʨʦʚ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʡ ʧʦʩʣʦʡʥʦ ʵʣʝʢʪʨʦʜ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʝʥʘ 

ʠʤʝʝʪ ʙʦʣʴʰʝ ʧʨʝʠʤʫʱʝʩʪʚ ʜʣʷ ʜʠʬʬʫʟʠʠ ʨʝʘʛʝʥʪʘ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʦʤ ʈʌʌʀ ˉ 18-08-

00040. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ɻ.ʐ. ʐɸʇʀɽɺ, ʉ.ʍ. ɻɸɼɾʀʄɸɻʆʄɽɼʆɺ, ɼ.ʂ. ʇɸʃʏɸɽɺ, ʄ.ʍ. 

ʈɸɹɸɼɸʅʆɺ, ɾ.ʍ. ʄʋʈʃʀɽɺɸ, ʇ.ʄ. ʉɸʁʇʋʃɸɽɺ  
ɼʘʛʝʩʪʘʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʄʘʭʘʯʢʘʣʘ, ʈʦʩʩʠʷ 

 

ʇʆʃʋʇʈʆɺʆɼʅʀʂʆɺʓɽ ʂɽʈɸʄʀʏɽʉʂʀɽ ʄɸʊɽʈʀɸʃʓ 

Y(Bʝ1-ʭɺax)2Cu3O7-d 

ʇʨʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤ ʟʘʤʝʱʝʥʠʠ ʙʝʨʠʣʣʠʷ ʙʘʨʠʝʤ, ʤʝʪʦʜʦʤ ʪʚʸʨʜʦʬʘʟʥʦʛʦ ʩʧʝʢʘʥʠʷ, 

ʧʦʣʫʯʝʥʳ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʢʝʨʘʤʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʩʦʩʪʘʚʦʚ Y(Bʝ1-ʭɺax)2Cu3O7-d 

(x=0õ0,2), ʧʨʠʛʦʜʥʳʝ ʜʣʷ ʩʦʟʜʘʥʠʷ ʪʝʨʤʦʨʝʟʠʩʪʦʨʦʚ. ʆʙʨʘʟʮʳ ʢʝʨʘʤʠʢ ʩʧʝʢʘʣʠʩʴ ʚ 

ʪʝʯʝʥʠʝ 20 ʯʘʩʦʚ ʚ 7 ʵʪʘʧʦʚ, ʥʘʯʠʥʘʷ ʩ ʪʝʤʧʝʨʘʪʫʨʳ 920ʦʉ ʠ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʫʚʝʣʠʯʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ 5ʦʉ. 

G.SH. SHAPIEV, S.KH. GADZHIMAGOMEDOV,  

D.K. PALCHAEV, M.KH. RABADANOV, ZH.KH. MURLIEVA , P.M. 

SAYPULAEV  

Dagestan State University, Makhachkala, Russia  

SEMICONDUCTOR CERAMIC MATERIALS  

Y(Be1-ʭɺax)2Cu3O7-d 

During the technological replacement of beryllium with barium, by the method of solid-

phase sintering, semiconductor ceramic materials of the compositions Y(Be1-xBax)2Cu3O7-d (x = 

0 õ 0.2) suitable for creating thermistors were obtained. Samples were sintered for 20 hours, in 

7 stages, starting from a temperature of 920ÁC and followed by a temperature increase of 5ÁC. 

ʈʘʟʨʘʙʦʪʢʘ ʠ ʩʦʟʜʘʥʠʝ ʥʦʚʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ 

ʩ ʟʘʜʘʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʦʜʥʦ ʠʟ ʧʨʠʦʨʠʪʝʪʥʳʭ 

ʥʘʧʨʘʚʣʝʥʠʡ ʧʨʦʛʨʘʤʤʳ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʇʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ 

ʤʘʪʝʨʠʘʣ rʩ ʫʜʝʣʴʥʳʤ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝʤ (ɟ) ʜʦ ~10 ʄʆʤ ʵʬʬʝʢʪʠʚʥʦ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʪʝʨʤʦʨʝʟʠʩʪʦʨʦʚ [1,2].  

ɺ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ 

ʩʦʩʪʘʚʘ Y(Bʝ1-ʭɺax)2Cu3O7-d (x=0õ0,2), ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʪʚʸʨʜʦʬʘʟʥʦʛʦ 

ʩʧʝʢʘʥʠʷ ʧʨʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤ ʟʘʤʝʱʝʥʠʠ ʙʝʨʠʣʣʠʷ ʙʘʨʠʝʤ. ʀʩʭʦʜʥʳʝ ʦʢʩʠʜʳ 

Y2O3, BaCO3, BeO ʠ CuO ʪʱʘʪʝʣʴʥʦ ʧʝʨʝʤʝʰʠʚʘʣʠʩʴ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʵʪʠʣʦʚʦʛʦ 

ʩʧʠʨʪʘ ʠ ʧʨʝʩʩʦʚʘʣʠʩʴ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʥʝ ʙʦʣʝʝ 100 ʄʇʘ.  

ʉʠʥʪʝʟ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʚ ʪʝʯʝʥʠʝ 20 ʯʘʩʦʚ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 915ʦʉ (ʩʢʦʨʦʩʪʴ ʧʦʜʲʝʤʘ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ~ 0,7 ÜC/ʤʠʥ). ʇʨʦʮʝʩʩ 

ʩʧʝʢʘʥʠʷ ʧʨʦʚʦʜʠʣʠ ʚ ʪʝʯʝʥʠʝ 20 ʯʘʩʦʚ ʚ 7 ʵʪʘʧʦʚ, ʥʘʯʠʥʘʷ ʩ 920ʦʉ, ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ 5ʦʉ ʜʣʷ ʢʘʞʜʦʛʦ ʵʪʘʧʘ. ʀʟʤʝʨʝʥʠʷ 

(ʨʠʩ. 1) ʠʩʪʠʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʢʝʨʘʤʠʢ (ɔ) ʦʩʫʱʝʩʪʚʣʷʣʠʩʴ ʤʝʪʦʜʦʤ 

ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʚʝʰʠʚʘʥʠʷ (ʤʘʢʩʠʤʘʣʴʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʥʝ ʙʦʣʝʝ ~ 0,2%) ʚ 
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ʙʫʪʠʣʦʚʦʤ ʩʧʠʨʪʝ. ɼʣʷ ʵʪʦʛʦ ʦʙʨʘʟʮʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʩʳʱʘʣʠʩʴ ʙʫʪʠʣʦʚʳʤ 

ʩʧʠʨʪʦʤ ʧʨʠ ʜʘʚʣʝʥʠʠ ʥʠʞʝ ʘʪʤʦʩʬʝʨʥʦʛʦ.  

  

ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʠ ʧʣʦʪʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ (ʩʣʝʚʘ) ʠ 

ʩʦʜʝʨʞʘʥʠʷ Ba (ʩʧʨʘʚʘ). 

ʅʘʙʣʶʜʘʝʤʘʷ ʪʝʥʜʝʥʮʠʷ ʢ ʧʦʚʳʰʝʥʠʶ ʧʣʦʪʥʦʩʪʠ ʢʝʨʘʤʠʢ ʩ ʨʦʩʪʦʤ 

ʩʦʜʝʨʞʘʥʠʷ ʙʘʨʠʷ ʩʚʷʟʘʥʘ ʩʦ ʩʪʨʫʢʪʫʨʥʳʤʠ ʠʟʤʝʥʝʥʠʷʤʠ ʨʝʰʝʪʢʠ. ʂʨʦʤʝ ʪʦʛʦ, 

ʩ ʨʦʩʪʦʤ ʩʦʜʝʨʞʘʥʠʷ Ba, ʦʧʪʠʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʧʝʢʘʥʠʷ ʧʦʥʠʞʘʝʪʩʷ. 

ʈʘʙʦʪʘ ʙʳʣʘ ʧʦʜʜʝʨʞʘʥʘ ʛʨʘʥʪʦʤ çʋʄʅʀʂè ˉ14045ɻʋ/2019 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ʐʘʧʠʝʚ ɻ.ʐ., ʈʘʙʘʜʘʥʦʚʘ ɸ.ʕ., ɻʘʜʞʠʤʘʛʦʤʝʜʦʚ ʉ.ʍ. // ʇʝʨʩʧʝʢʪʠʚʘ ï 2019. ʄʘʪʝʨʠʘʣʳ 
ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʥʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʩʪʫʜʝʥʪʦʚ, ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ, ʅʘʣʴʯʠʢ, 

2019, ʩ. 129-131. 

2. ʇʘʣʯʘʝʚ ɼ.ʂ., ʈʘʙʘʜʘʥʦʚ ʄ.ʍ., ʄʫʨʣʠʝʚʘ ɾ.ʍ.ʠ ʜʨ. // ʇʝʨʩʧʝʢʪʠʚʥʳʝ ʤʘʪʝʨʠʘʣʳ. 2009. ˉ 3. 
ʉ. 57-64. 
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ɸ.ɺ. ʐɽʃʗʂʆɺ, ʆ.ʅ. ʉɽɺʈʖʂʆɺ, ʅ.ʅ. ʉʀʊʅʀʂʆɺ, ʂ.ɸ. 

ɹʆʈʆɼɸʂʆ, ʀ.ɸ. ʍɸɹʀɹʋʃʃʀʅɸ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʌʆʈʄʀʈʆɺɸʅʀɽ ʉʈʋʂʊʋʈʓ ʉʇʃɸɺʆɺ TiNiCu  

ʉ ɺʓʉʆʂʀʄ ʉʆɼɽʈɾɸʅʀɽʄ ʄɽɼʀ  

ʇʈʀ ʇʆʃʋʏɽʅʀʀ ʄɽʊʆɼʆʄ ʇʃɸʅɸʈʅʆɻʆ ʃʀʊʔʗ 

ʀʩʩʣʝʜʦʚʘʥʘ ʩʪʨʫʢʪʫʨʘ ʩʧʣʘʚʦʚ ʢʚʘʟʠʙʠʥʘʨʥʦʡ ʩʠʩʪʝʤʳ TiNi ï TiCu ʩ ʩʦʜʝʨʞʘʥʠʝʤ 

ʤʝʜʠ ʦʪ 25 ʜʦ 40 ʘʪ.%, ʟʘʢʘʣʝʥʥʳʭ ʠʟ ʞʠʜʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʤʝʪʦʜʦʤ ʧʣʘʥʘʨʥʦʛʦ ʣʠʪʴʷ ʧʨʠ 

ʩʢʦʨʦʩʪʠ ʦʭʣʘʞʜʝʥʠʷ ʨʘʩʧʣʘʚʘ ʦʢʦʣʦ 106 K/ʩ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩ ʢʦʥʪʘʢʪʥʦʡ ʢ ʟʘʢʘʣʦʯʥʦʤʫ 

ʜʠʩʢʫ ʩʪʦʨʦʥʳ ʚʩʝ ʩʧʣʘʚʳ ʷʚʣʷʶʪʩʷ ʘʤʦʨʬʥʳʤʠ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʥʘ ʥʝʢʦʥʪʘʢʪʥʦʡ ʩʪʦʨʦʥʝ 

ʩʧʣʘʚʦʚ 25Cu ʠ 35Cu ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʥʢʠʡ ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʩʣʦʡ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ɺ19. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʦʜʝʨʞʘʥʠʝ ʢʦʤʧʦʥʝʥʪʦʚ ʩʧʣʘʚʘ ʚ ʘʤʦʨʬʥʦʡ ʠ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʘʭ ʩʦʚʧʘʜʘʝʪ. 

A.V. SHELYAKOV, O.V. SEVRYUKOV, N.N. SITNIKOV,  

K.A. BORODAKO, I.A. KHABIBULLINA  

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

FORMATION OF  STRUCTURE OF TiNiCu ALLOYS WITH HIGH 

COPPER CONTENT WHEN PRODUCING BY PLANAR FLOW 

CASTING  

The structure of alloys of the quasibinary system TiNi - TiCu with a copper content of 25 to 

40 at.% quenched from the liquid state by planar flow casting at a melt cooling rate of about 106 

K/s was investigated. It was shown that from the side contacting the quenching disk, all alloys 

are amorphous, while on the non-contact side of the 25Cu and 35Cu alloys, a thin surface 

crystalline layer with a B19 structure is observed. It was established that the content of alloy 

components in the amorphous and crystalline phases coincides. 

ɹʳʩʪʨʦʟʘʢʘʣʝʥʥʳʝ ʩʧʣʘʚʳ ʢʚʘʟʠʙʠʥʘʨʥʦʡ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ TiNi 

ï TiCu ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʤʝʜʠ (ʙʦʣʝʝ 25 ʘʪ.%) ʧʨʝʜʩʪʘʚʣʷʶʪ ʙʦʣʴʰʦʡ 

ʠʥʪʝʨʝʩ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʦʚ ʩ ʧʘʤʷʪʴʶ ʬʦʨʤʳ ʙʣʘʛʦʜʘʨʷ ʚʦʟʤʦʞʥʦʩʪʠ 

ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʫʤʝʥʴʰʝʥʠʷ ʚʝʣʠʯʠʥʳ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʛʠʩʪʝʨʝʟʠʩʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʠʥʘʨʥʳʤ ʩʧʣʘʚʦʤ TiNi. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʩʧʣʘʚʦʚ 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʤʝʪʦʜʠʢʘ ʧʣʘʥʘʨʥʦʛʦ ʣʠʪʴʷ (planar flow casting, PFL), ʢʦʪʦʨʘʷ 

ʚʢʣʶʯʘʣʘ ʚ ʩʝʙʷ ʨʘʩʧʣʘʚʣʝʥʠʝ ʩʣʠʪʢʘ ʚ ʢʚʘʨʮʝʚʦʤ ʪʠʛʣʝ ʚ ʘʪʤʦʩʬʝʨʝ ʛʝʣʠʷ ʠ 

ʵʢʩʪʨʫʟʠʶ ʨʘʩʧʣʘʚʘ ʯʝʨʝʟ ʫʟʢʦʝ ʱʝʣʝʚʦʝ ʩʦʧʣʦ ʚ ʪʠʛʣʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʙʳʩʪʨʦ 

ʚʨʘʱʘʶʱʝʛʦʩʷ ʤʝʜʥʦʛʦ ʜʠʩʢʘ. ʉʢʦʨʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ ʨʘʩʧʣʘʚʘ ʦʢʦʣʦ 106 K/ʩ 

ʧʦʜʜʝʨʞʠʚʘʣʘʩʴ ʦʜʠʥʘʢʦʚʦʡ ʜʣʷ ʚʩʝʭ ʩʧʣʘʚʦʚ. ʄʝʪʦʜʦʤ ʧʣʘʥʘʨʥʦʛʦ ʣʠʪʴʷ ʙʳʣʠ 

ʠʟʛʦʪʦʚʣʝʥʳ ʩʧʣʘʚʳ ʩʠʩʪʝʤʳ TiNiïTiCu ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʤʝʜʠ 25, 30, 35 ʠ 40 
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ʘʪ.% (ʚ ʜʘʣʴʥʝʡʰʝʤ ʦʙʦʟʥʘʯʝʥʥʳʝ 25Cu, 30Cu, 35Cu ʠ 40Cu, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʚ 

ʚʠʜʝ ʣʝʥʪ ʪʦʣʱʠʥʦʡ 30ï50 ʤʢʤ ʠ ʰʠʨʠʥʦʡ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 7 ʜʦ 20 ʤʤ.  

ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠʩʭʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩʧʣʘʚʦʚ ʦʧʨʝʜʝʣʷʣʘʩʴ ʥʘ 

ʜʠʬʨʘʢʪʦʤʝʪʨʝ PANalytical Empyrean ʚ ʉu-ʂŬ ʠʟʣʫʯʝʥʠʠ ʢʘʢ ʩ ʢʦʥʪʘʢʪʥʦʡ 

(ʦʙʨʘʱʝʥʥʦʡ ʢ ʟʘʢʘʣʦʯʥʦʤʫ ʜʠʩʢʫ) ʧʦʚʝʨʭʥʦʩʪʠ ʣʝʥʪ, ʪʘʢ ʠ ʩ ʥʝʢʦʥʪʘʢʪʥʦʡ 

(ʩʚʦʙʦʜʥʦʡ) ʩʪʦʨʦʥʳ ʣʝʥʪ. ʅʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʭ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʣʝʥʪ ʠʟ 

ʩʧʣʘʚʦʚ 25Cu ʠ 30Cu ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘʙʣʶʜʘʶʪʩʷ ʷʨʢʦ 

ʚʳʨʘʞʝʥʥʳʝ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʧʠʢʠ ʘʫʩʪʝʥʠʪʥʦʡ ʬʘʟʳ ɺ2 (ʪʠʧʘ CsCl), 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʪʦʨʳʭ ʨʝʟʢʦ ʩʥʠʞʘʝʪʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ ʤʝʜʠ ʜʦ 40 

ʘʪ.%. ʂʘʢ ʧʦʢʘʟʘʣʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʣʝʥʪ ʥʘ ʩʢʘʥʠʨʫʶʱʝʤ 

ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ FEI Quanta 600 FEG, ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʣʦʷ ʥʘ ʩʚʦʙʦʜʥʦʡ ʩʪʦʨʦʥʝ ʣʝʥʪ ʠʟ ʩʧʣʘʚʦʚ 

25Cu ʠ 30Cu (ʪʦʣʱʠʥʦʡ ʦʢʦʣʦ 3.5 ʠ 1.5 ʤʢʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ 

ʣʝʥʪʘʭ ʠʟ ʩʧʣʘʚʦʚ 35Cu ʠ 40Cu ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʩʣʦʡ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. ʅʘ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʭ ʢʦʥʪʘʢʪʥʦʡ ʩʪʦʨʦʥʳ ʣʝʥʪ ʚʦ ʚʩʝʭ PFL ʦʙʨʘʟʮʘʭ ʥʘʙʣʶʜʘʝʪʩʷ 

ʨʘʟʤʳʪʦʝ ʘʤʦʨʬʥʦʝ ʛʘʣʦ ʚʙʣʠʟʠ 2ɗ=42 ʛʨʘʜʫʩʘ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʦʤ ʩʦʩʪʦʷʥʠʠ ʩʧʣʘʚʦʚ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩ ʧʦʤʦʱʴʶ ʇʕʄ JEOL JEM 2100 ʧʦʟʚʦʣʠʣʦ 

ʚʳʷʚʠʪʴ ʚʦ ʚʩʝʭ ʦʙʨʘʟʮʘʭ ʩʧʣʘʚʦʚ ʪʠʧʠʯʥʳʡ ʜʣʷ ʘʤʦʨʬʥʦʡ ʬʘʟʳ 

ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʳʡ ʘʙʩʦʨʙʮʠʦʥʥʳʡ ʢʦʥʪʨʘʩʪ. ʅʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʢʘʨʪʠʥʘʭ ʥʘʙʣʶʜʘʣʩʷ ʨʷʜ ʜʠʬʬʫʟʥʳʭ ʢʦʣʝʮ ʩ ʫʙʳʚʘʶʱʝʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʧʦ ʤʝʨʝ ʚʦʟʨʘʩʪʘʥʠʷ ʫʛʣʘ ʚʝʢʪʦʨʘ ʜʠʬʨʘʢʮʠʠ. 

ɼʣʷ ʵʣʝʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʩʧʣʘʚʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (EDS) ʚ ʉʕʄ-ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʧʦʧʝʨʝʯʥʦʛʦ 

ʩʝʯʝʥʠʷ ʣʝʥʪ. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʦʙʣʘʩʪʠ ʘʤʦʨʬʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʜʣʷ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ ʩʧʣʘʚʦʚ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʦʩʪʘʚʫ 

ʠʩʭʦʜʥʦʛʦ ʩʣʠʪʢʘ ʚ ʧʨʝʜʝʣʘʭ ʪʦʯʥʦʩʪʠ ʤʝʪʦʜʘ. 

ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʣʦʩʴ ʩʨʘʚʥʝʥʠʶ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʘʤʦʨʬʥʦʡ 

ʤʘʪʨʠʮʳ, ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʣʦʷ ʠ ʦʪʜʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ 

ʦʙʲʝʤʝ ʣʝʥʪʳ ʪʘʤ, ʛʜʝ ʦʥʠ ʧʨʠʩʫʪʩʪʚʫʶʪ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʦʜʝʨʞʘʥʠʝ 

ʢʦʤʧʦʥʝʥʪʦʚ ʩʧʣʘʚʘ ʚ ʘʤʦʨʬʥʦʡ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʘʭ ʩʦʚʧʘʜʘʝʪ, ʘ ʚʜʦʣʴ 

ʣʠʥʠʠ, ʧʨʦʭʦʜʷʱʝʡ ʯʝʨʝʟ ʩʣʦʠ ʘʤʦʨʬʥʦʡ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟ, ʥʝ 

ʧʨʝʪʝʨʧʝʚʘʝʪ ʢʘʢʠʭ ʣʠʙʦ ʟʘʤʝʪʥʳʭ ʠʟʤʝʥʝʥʠʡ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʅʌ (ʧʨʦʝʢʪ ˉ19-12-00327). 
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ʀ.ɺ. ʑɽʊʀʅʀʅ1, ʈ.ɺ. ʉʋʅɼɽɽɺ2, ɸ.ɺ. ʂɸʄʓʅʀʅ 1,3, ɺ.ʅ. 

ɺɽʈɹɽʎʂʀʁ4, ɺ.ʇ. ʄɽʅʋʐɽʅʂʆɺ1, ɸ.ɻ. ʉɸɺʏɽʅʂʆ1 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʉʠʉè, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 
2ʈʦʩʩʠʡʩʢʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʈʕɸ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

3ɸʆ çʉʇɽʎʄɸɻʅʀʊè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
4ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʄ.ɺ.ʃʦʤʦʥʦʩʦʚʘ, ʈʦʩʩʠʷ 

 

ʌɸɿʆɺʓɽ ʇʈɽɺʈɸʑɽʅʀʗ ɺ ʉʇʃɸɺɸʍ ʅɸ ʆʉʅʆɺɽ  

ʉʆɽɼʀʅɽʅʀʗ SM2FE17NX, ʇʆʃʋʏɽʅʅʓʍ ʂʈʋʏɽʅʀɽʄ ʇʆɼ 

ɺʓʉʆʂʀʄ ɼɸɺʃɽʅʀɽʄ ʇʈʀ ʈɸɿʅʓʍ  

ʊɽʄʇɽʈɸʊʋʈɸʍ 

ɺ ʨʘʙʦʪʝ ʤʝʪʦʜʘʤʠ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ, ʠʟʤʝʨʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ, 

ʤʸʩʩʙʘʫʵʨʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠʩʩʣʝʜʦʚʘʥʳ 

ʬʘʟʦʚʳʝ ʧʨʝʚʨʘʱʝʥʠʷ, ʧʨʦʪʝʢʘʶʱʠʝ ʚ ʩʧʣʘʚʘʭ ʥʘ ʦʩʥʦʚʝ ʩʦʝʜʠʥʝʥʠʷ Sm2Fe17Nx, 

ʧʦʣʫʯʝʥʥʳʭ ʢʨʫʯʝʥʠʝʤ ʧʦʜ ʚʳʩʦʢʠʤ ʜʘʚʣʝʥʠʝʤ (ʂɺɼ) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 77 ʠ 300 ʂ. 

ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʂɺɼ ʧʨʠ 300 ʂ ʧʨʠʚʦʜʠʪ ʢ ʨʘʩʧʘʜʫ Sm2Fe17Nx ʠ ʬʦʨʤʠʨʦʚʘʥʠʶ 

ʥʘʥʦʢʦʤʧʦʟʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʂɺɼ ʧʨʠ 77 ʂ ʥʝ ʧʨʠʚʦʜʠʣʦ ʢ ʨʘʩʧʘʜʫ ʬʘʟʳ Sm2Fe17Nx. 

ʉʜʝʣʘʥ ʚʳʚʦʜ ʦ ʚʣʠʷʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʧʨʦʮʝʩʩʳ ʜʝʬʦʨʤʘʮʠʠ. 

I.V. SHCHETININ1, R.V. SUNDEEV2, A.V. KAMYNIN 1,3,  

V.N. VERBETSKY4, V.P. MENUSHENKOV1, A.G. SAVCHENKO1 

1National University of Science and Technology ñMISiSò, Moscow, Russia  
2Russian Technological University ñMIREAò, Moscow, Russia 

3JSC ñSPETSMAGNITò, Moscow, Russia 
4Lomonosov Moscow State University, Moscow, Russia 

PHASE TRANSFORMATIONS IN ALLOYS BASED ON THE 

Sm2Fe17NX COMPOUND UNDER HIGH PRESSURE TORSION AT 

DIFFERENT TEMPERATURES  

Structural transformations and magnetic properties in alloys based on Sm2Fe17Nx produced 

by high pressure torsion (HPT) at different temperatures has been investigated by X-ray 

diffraction, Mossbauer spectroscopy, magnetic properties measurements and scanning electron 

microscopy. It was found that HPT at 300 K leads to the decomposition of Sm2Fe17Nx 

compound and the formation of a nanocomposite structure. The HPT at 77 K did not lead to the 

decomposition of the Sm2Fe17Nx phase. The conclusion is drawn about the effect of temperature 

on deformation processes. The influence of temperature on the deformation processes is 

determined. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʠʪʨʠʜʳ ʥʘ ʦʩʥʦʚʝ ʩʦʝʜʠʥʝʥʠʷ Sm2Fe17 ʷʚʣʷʶʪʩʷ 

ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʩʠʩʪʝʤʘʤʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʦʚ ʩ 

ʙʦʣʝʝ ʚʳʩʦʢʠʤʠ ʛʠʩʪʝʨʝʟʠʩʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʯʝʤ ʩʧʣʘʚʳ ʩʠʩʪʝʤʳ Nd-Fe-

B ʟʘ ʩʯʝʪ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʂʶʨʠ, ʚʳʩʦʢʦʡ ʢʦʥʩʪʘʥʪʳ 
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ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʣʫʯʰʝʡ ʩʪʦʡʢʦʩʪʴʶ ʢ ʦʢʠʩʣʝʥʠʶ, ʙʦʣʝʝ 

ʥʠʟʢʠʤ ʩʦʜʝʨʞʘʥʠʝ ʈɿʄ ʠ ʙʦʣʝʝ ʥʠʟʢʦʡ ʩʪʦʠʤʦʩʪʠ Sm ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ 

ʈɿʄ-ʤʝʪʘʣʣʘʤʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʠʩʩʣʝʜʦʚʘʥʠʝ ʠʟʤʝʥʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ 

ʤʝʪʦʜʘʤʠ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʚʦʟʜʝʡʩʪʚʠʡ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʦʙʲʝʤʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʩ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. 

ʂʨʫʯʝʥʠʝ ʧʦʜ ʚʳʩʦʢʠʤ ʜʘʚʣʝʥʠʝʤ (ʂɺɼ) ʧʨʦʚʦʜʠʣʠ ʚ ʢʘʤʝʨʝ ɹʨʠʜʞʤʝʥʘ ʩ 

ʜʘʚʣʝʥʠʝʤ 6 ɻʇʘ ʠ ʢʦʣʠʯʝʩʪʚʦʤ ʦʙʦʨʦʪʦʚ N = 3 ʠ 5 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 77 ʠ 300 

ʂ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʧʨʦʚʦʜʠʣʠ ʥʘ 

ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʝ Rigaku Ultima IV, ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ 

ʦʧʨʝʜʝʣʷʣʩʷ ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ Rigaku 

Primus II, ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʠʟʤʝʨʷʣʠ ʥʘ ʚʠʙʨʦʤʘʛʥʝʪʦʤʝʪʨʝ VSM-250 ʠ 

ʫʩʪʘʥʦʚʢʝ ʠʟʤʝʨʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʚʝʣʠʯʠʥ PPMS ʚ ʧʦʣʷʭ ʜʦ 90 ʢʕ. 

ʇʦ ʜʘʥʥʳʤ ʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʂɺɼ ʧʨʠ 300 ʂ ʧʨʠʚʦʜʠʣʦ ʢ ʨʘʩʧʘʜʫ ʬʘʟʳ 

Sm2Fe17Nx ʥʘ ʥʠʪʨʠʜ ʩʘʤʘʨʠʷ ʠ Ŭ-Fe, ʧʨʠ ʵʪʦʤ ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʧʨʦʜʫʢʪʦʚ ʨʘʩʧʘʜʘ 

ʫʚʝʣʠʯʠʚʘʣʘʩʴ ʜʦ 35 % (ʧʨʠ N = 5). ʇʦ ʜʘʥʥʳʤ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ ʨʘʩʧʘʜ ʧʨʠʚʦʜʠʣ ʢ ʠʟʤʝʣʴʯʝʥʠʶ ʩʪʨʫʢʪʫʨʳ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝʤ 

ʥʘʥʦʢʦʤʧʦʟʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩ ʚʳʩʦʢʠʤʠ ʛʠʩʪʝʨʝʟʠʩʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ (Hc 

ʜʦ 6.5 ʢʕ ʧʨʠ N=3). ɿʘ ʩʯʝʪ ʤʘʣʦʛʦ ʨʘʟʤʝʨʘ ʟʝʨʝʥ ʬʘʟ (~ 10 ʥʤ) ʬʘʟʳ Sm2Fe17Nx ʠ 

Ŭ-Fe ʥʘʭʦʜʠʣʠʩʴ ʚ ʦʙʤʝʥʥʦʩʚʷʟʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʂɺɼ ʧʨʠ 77 ʂ ʥʝ ʧʨʠʚʦʜʠʣʦ ʢ 

ʦʙʨʘʟʦʚʘʥʠʶ Ŭ-Fe, ʘ ʣʠʰʴ ʢ ʠʟʤʝʣʴʯʝʥʠʶ ʩʪʨʫʢʪʫʨʳ, ʯʪʦ ʚʳʟʳʚʘʣʦ ʤʦʥʦʪʦʥʥʳʡ 

ʨʦʩʪ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʜʦ 7.7 ʢʕ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʬʦʥʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ (ʈʅʌ), ʩʦʛʣʘʰʝʥʠʝ ˉ18-72-00249. 
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ɼ.ʉ. ʗʐʂʀʅ, ʇ.ɸ. ɹʈɸɾʅʀʂ, ʀ.ɺ. ʂʋʃʀʂʆɺ, ɸ.ɸ. ʂɸʈʊɸʄʓʐɽɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ɺʃʀʗʅʀɽ ʄɸɻʅʀʊʅʆɻʆ ʇʆʃʗ ʅɸ ʊʆʂʆʅɽʉʋʑʋʖ 

ʉʇʆʉʆɹʅʆʉʊʔ ɿɸʍɺɸʊʓɺɸʖʑʀʍ ɺʀʊʂʆɺ 

ʀʩʩʣʝʜʦʚʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʦʚ ʨʝʣʘʢʩʘʮʠʠ ʪʦʢʘ ʟʘʭʚʘʪʳʚʘʶʱʠʭ ʚʠʪʢʦʚ, 

ʧʦʤʝʱʝʥʥʳʭ ʚ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʨʘʟʣʠʯʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʧʦʣʝ, 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʧʣʦʩʢʦʩʪʠ ʚʠʪʢʘ, ʪʦʢ ʤʝʥʴʰʝ ʧʘʜʘʝʪ ʚ ʚʠʪʢʘʭ ʠʟ ʣʝʥʪ ʥʘ ʦʩʥʦʚʝ YBCO 

ʩ ʜʦʙʘʚʣʝʥʠʝʤ 8% ʬʘʟʳ 211, ʘ ʚ ʩʦʙʩʪʚʝʥʥʦʤ ʧʦʣʝ ʤʘʛʥʠʪʘ ʪʦʢʦʥʝʩʫʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ 

ʚʳʰʝ ʫ ʚʠʪʢʦʚ ʠʟ ʣʝʥʪ ʥʘ ʦʩʥʦʚʝ GdBCO. 

D.S. YASHKIN, P.A. BRAZHNIK, I.V. KULIKOV , 

A.A. KARTAMYSHEV 

National Research Center ñKurchatov Iinstituteò, Moscow, Russia 

MAGNETIC FIELD INFLUENCE ON THE CRITICAL  

CURRENT IN SHORT-CIRCUIT SUPERCONDUCTING LOOP  

The field dependence of the current relaxation parameters of tape-slit turn made of different 

tapes in various magnetic field was researched. Turns made of GdBCO HTSC-2g tapes were 

better in self-field measurement and turns made of YBCO+211 tape were better in external field 

orthogonal to turn plane. 

ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʣʠʷʥʠʷ ʢʦʥʬʠʛʫʨʘʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ 

ʩʥʠʞʝʥʠʝ ʪʦʢʦʥʝʩʫʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʨʘʟʣʠʯʥʳʭ ɺʊʉʇ-2 ʣʝʥʪ, ʩʦʩʪʘʚʣʷʶʱʠʭ 

ʤʘʛʥʠʪ, ʨʘʙʦʪʘʶʱʠʡ ʚ ʨʝʞʠʤʝ ʟʘʤʦʨʦʞʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʦʢʘ, ʩ ʮʝʣʴʶ 

ʦʧʨʝʜʝʣʠʪʴ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʪʘʢʦʛʦ ʤʘʛʥʠʪʘ. 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʚʠʪʢʠ, ʠʟʛʦʪʦʚʣʝʥʥʳʝ ʠʟ ʣʝʥʪʳ ʧʨʦʠʟʚʦʜʩʪʚʘ ʅʀʎ 

çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè ʩʦ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʤ ʩʣʦʝʤ YBa2Cu3O7-ŭ ʩ 

ʜʦʙʘʚʣʝʥʠʝʤ Y2BaCuO5 (8% ʚʝʩ.) ʩ ʢʨʠʪʠʯʝʩʢʠʤ ʪʦʢʦʤ ʧʦʨʷʜʢʘ 400 ɸ, ʠ ʚʠʪʢʠ 

ʠʟ ʣʝʥʪʳ ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʦʤʧʘʥʠʠ SuperOx, ʩʦ ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʤ ʩʣʦʝʤ 

GdBa2Cu3O7-ŭ, ʩ ʢʨʠʪʠʯʝʩʢʠʤ ʪʦʢʦʤ ʧʦʨʷʜʢʘ 530 ɸ. 

ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʜʚʫʭ ʢʦʥʬʠʛʫʨʘʮʠʡ. ʀʟʤʝʨʝʥʠʷ 

ʚʦ ʚʥʝʰʥʝʤ ʧʦʣʝ ʧʨʦʚʦʜʠʣʠʩʴ ʜʣʷ ʦʜʠʥʦʯʥʳʭ ʚʠʪʢʦʚ, ʧʦʤʝʱʝʥʥʳʭ ʚʦ ʚʥʝʰʥʝʝ 

ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʝ ʢ ʧʣʦʩʢʦʩʪʠ ʚʠʪʢʘ (ʧʘʨʘʣʣʝʣʴʥʦʝ 

ʧʦʚʝʨʭʥʦʩʪʠ ʣʝʥʪʳ). ʊʦʢ ʚ ʚʠʪʢʝ ʧʨʠ ʵʪʦʤ ʩʯʠʪʘʣʩʷ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳʤ 

ʩʦʙʩʪʚʝʥʥʦʤʫ ʧʦʣʶ ʣʝʥʪʳ, ʦʧʨʝʜʝʣʷʝʤʦʤʫ ʢʘʢ ʨʘʟʥʦʩʪʴ ʧʦʣʷ, ʠʟʤʝʨʝʥʥʦʛʦ ʚ 

ʮʝʥʪʨʝ ʚʠʪʢʘ, ʠ ʧʦʣʷ ʚʥʝʰʥʠʭ ʢʘʪʫʰʝʢ. ɿʘʚʠʩʠʤʦʩʪʴ ʧʦʩʪʨʦʝʥʘ ʦʪ ʚʝʣʠʯʠʥʳ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ʀʟʤʝʨʝʥʠʷ ʜʣʷ ʚʪʦʨʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (ʩʦʙʩʪʚʝʥʥʦʛʦ ʧʦʣʷ) 

ʧʨʦʚʦʜʠʣʠʩʴ ʜʣʷ ʩʙʦʨʦʢ ʟʘʭʚʘʪʳʚʘʶʱʠʭ ʚʠʪʢʦʚ, ʚ ʢʦʪʦʨʳʭ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 



322 
 

ʢʦʣʠʯʝʩʪʚʘ ʣʝʥʪ ʚ ʩʙʦʨʢʝ ʫʤʝʥʴʰʘʣʩʷ ʩʨʝʜʥʠʡ ʪʦʢ ʣʝʥʪ. ɿʘʚʠʩʠʤʦʩʪʴ ʧʦʩʪʨʦʝʥʘ 

ʦʪ ʚʝʣʠʯʠʥʳ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʮʝʥʪʨʝ ʩʙʦʨʢʠ. 

 

ʈʠʩ. 1. ɻʨʘʬʠʢʠ ʟʘʚʠʩʠʤʦʩʪʠ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʚʝʣʠʯʠʥʳ ʟʘʤʢʥʫʪʦʛʦ ʪʦʢʘ 

ʚ ʟʘʭʚʘʪʳʚʘʶʱʝʤ ʚʠʪʢʝ ʦʪ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (ext field) ʠ ʦʪ ʚʝʣʠʯʠʥʳ 

ʩʦʙʩʪʚʝʥʥʦʛʦ ʧʦʣʷ, ʩʦʟʜʘʚʘʝʤʦʛʦ ʩʙʦʨʢʦʡ (self field) ʜʣʷ ʚʠʪʢʦʚ ʠʟ ʣʝʥʪ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʅʀʎ ʂʀ ʠ SuperOx 

ʀʟ ʨʝʟʫʣʴʪʘʪʦʚ ʩʣʝʜʫʝʪ ʚʳʚʦʜ ʯʪʦ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʤʥʦʛʦʩʝʢʮʠʦʥʥʦʛʦ 

ʤʘʛʥʠʪʘ, ʨʘʙʦʪʘʶʱʝʛʦ ʚ ʨʝʞʠʤʝ ʟʘʤʦʨʦʞʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʦʢʘ, ʥʘ ʦʩʥʦʚʝ 

ʟʘʭʚʘʪʳʚʘʶʱʠʭ ʚʠʪʢʦʚ ʵʬʬʝʢʪʠʚʥʳʤ ʙʫʜʝʪ ʮʝʥʪʨʘʣʴʥʳʝ ʩʝʢʮʠʠ ʚʳʧʦʣʥʷʪʴ ʠʟ 

ʣʝʥʪʳ ʥʘ ʦʩʥʦʚʝ YBa2Cu3O7-ŭ ʩ ʜʦʙʘʚʣʝʥʠʝʤ Y2BaCuO5, ʣʫʯʰʝ ʩʦʭʨʘʥʷʶʱʝʡ 

ʪʦʢʦʥʝʩʫʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʧʘʨʘʣʣʝʣʴʥʦʤ 

ʧʦʚʝʨʭʥʦʩʪʠ ʣʝʥʪʳ. ɺʥʝʰʥʠʝ ʞʝ ʩʝʢʮʠʠ ʵʬʬʝʢʪʠʚʥʝʝ ʜʝʣʘʪʴ ʠʟ ʣʝʥʪʳ ʥʘ ʦʩʥʦʚʝ 

GdBa2Cu3O7-ŭ, ʚʠʪʢʠ ʠʟ ʢʦʪʦʨʦʡ ʙʦʣʝʝ ʫʩʪʦʡʯʠʚʳ ʢ ʚʣʠʷʥʠʶ ʩʦʙʩʪʚʝʥʥʦʛʦ ʧʦʣʷ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʛʨʘʥʪ 17-29-

10023ʦʬʠ_ʤ).  



323 
 

 

 

 

 

 

 

ʉʝʢʮʠʷ 

ʉʆɺʈɽʄɽʅʅʓɽ ʇʈʆɹʃɽʄʓ ʊɽʆʈɽʊʀʏɽʉʂʆʁ 

ʌʀɿʀʂʀ 

 

ʈʫʢʦʚʦʜʠʪʝʣʴ ʩʝʢʮʠʠ  ï ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ 

ʇʦʧʨʫʞʝʥʢʦ ʉʝʨʛʝʡ 

ɺʘʩʠʣʴʝʚʠʯ 

ʉʝʢʨʝʪʘʨʴ ʩʝʢʮʠʠ  ï ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ 

ɻʦʨʦʜʥʠʯʝʚ ɽʚʛʝʥʠʡ 

ɽʚʛʝʥʴʝʚʠʯ 

 

ʊʝʣ./ʬʘʢʩ.: 8 (495) 788-56-99, ʜʦʙ. 9377 

E-mail: gorodn@theor.mephi.ru  

 



324 
 

ʅ.ʅ. ɸʈʉɽʅʔɽɺ1, ɸ.ʇ. ʉɽɺɽʈʖʍʀʅ1,2 

1ʃʘʙʦʨʘʪʦʨʠʷ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʠʤ. ʅ.ʅ. ɹʦʛʦʣʶʙʦʚʘ ʆʀʗʀ, ɼʫʙʥʘ, ʈʦʩʩʠʷ; 
2ɻʦʩʫʜʘʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çɼʫʙʥʘè, ɼʫʙʥʘ, ʈʦʩʩʠʷ 

 

ʉɺʆʁʉʊɺɸ ʅʀɿʂʆʃɽɾɸʑʀʍ 2+ ʉʆʉʊʆʗʅʀʁ ɺ 132,136Te 

ʀʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʜʚʫʭ-ʬʦʥʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪ ʚʦʣʥʦʚʦʡ ʬʫʥʢʮʠʠ ʥʘ ʄ1-ʧʝʨʝʭʦʜʳ 

ʤʝʞʜʫ ʢʚʘʜʨʫʧʦʣʴʥʳʤʠ ʥʠʟʢʦʣʝʞʘʱʠʤʠ ʩʦʩʪʦʷʥʠʷʤʠ ʚ ʥʝʡʪʨʦʥʥʦ-ʠʟʙʳʪʦʯʥʳʭ ʠʟʦʪʦʧʘʭ 

Te. ʀʩʧʦʣʴʟʫʝʪʩʷ ʩʝʧʘʨʘʙʝʣʴʥʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʜʣʷ ʵʬʬʝʢʪʠʚʥʳʭ ʩʠʣ ʉʢʠʨʤʘ f-. ʉ ʦʜʥʠʤ 

ʥʘʙʦʨ ʧʘʨʘʤʝʪʨʦʚ, ʤʳ ʦʧʠʩʳʚʘʝʤ ʠʤʝʶʱʠʝʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʠ 

ʜʝʤʦʥʩʪʨʠʨʫʝʤ ʚʣʠʷʥʠʝ ʧʘʨʥʳʭ ʢʦʨʨʝʣʷʮʠʡ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʛʦ ʪʠʧʘ ʥʘ ʩʚʦʡʩʪʚʘ 

ʢʚʘʜʨʫʧʦʣʴʥʳʭ ʚʦʟʙʫʞʜʝʥʠʡ ʚ ʷʜʨʝ 136Te. 

N.N. ARSENYEV1, A.P. SEVERYUKHIN1,2 

1Bogoliubov Laboratory of Theoretical Physics JINR, Dubna, Russia; 
2Dubna State University, Dubna, Russia 

STRUCTURE OF THE LOW -LYING 2 + STATES IN 132,136Te 

ɺʳʩʦʢʘʷ ʨʘʟʨʝʰʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ, ʜʦʩʪʠʛʥʫʪʘʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ 

ʥʝʫʧʨʫʛʦʤʫ ʨʘʩʩʝʷʥʠʶ ʵʣʝʢʪʨʦʥʦʚ, ʚ ʨʝʘʢʮʠʷʭ ʦʜʥʦʥʫʢʣʦʥʥʦʡ ʧʝʨʝʜʘʯʠ ʠ 

ʜʨʫʛʠʭ ʨʝʘʢʮʠʡ ʧʦʟʚʦʣʠʣʘ ʦʙʥʘʨʫʞʠʪʴ ʚ ʦʙʣʘʩʪʠ ʵʥʝʨʛʠʡ ʜʦ 4 ʄʵɺ 

ʠʟʦʚʝʢʪʦʨʥʳʝ ʢʚʘʜʨʫʧʦʣʴʥʳʝ ʚʦʟʙʫʞʜʝʥʠʷ [1]. ʉʫʱʝʩʪʚʦʚʘʥʠʝ ʪʘʢʠʭ 

ʥʠʟʢʦʣʝʞʘʱʠʭ ʢʦʣʣʝʢʪʠʚʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʦʙʣʘʜʘʶʱʠʭ ʩʤʝʰʘʥʥʦʡ ʧʨʦʪʦʥ-

ʥʝʡʪʨʦʥʥʦʡ ʩʠʤʤʝʪʨʠʝʡ, ʧʨʝʜʩʢʘʟʘʥʦ ʚ ʤʦʜʝʣʠ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ 

ʙʦʟʦʥʦʚ [2,3], ʚ ʢʦʪʦʨʦʡ ʵʪʠ ʩʦʩʪʦʷʥʠʷ ʦʙʷʟʘʥʳ ʩʚʦʠʤ ʧʨʦʠʩʭʦʞʜʝʥʠʝʤ 

ʜʚʠʞʝʥʠʶ ʥʫʢʣʦʥʦʚ ʪʦʣʴʢʦ ʚ ʚʘʣʝʥʪʥʳʭ ʧʦʜʦʙʦʣʦʯʢʘʭ. ʇʨʠ ʵʪʦʤ ʚ ʵʪʦʡ ʞʝ 

ʦʙʣʘʩʪʠ ʵʥʝʨʛʠʡ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʫ ʵʢʩʧʝʨʠʤʝʥʪʘʪʦʨʦʚ ʚʳʟʳʚʘʝʪ ʪʘʢ ʞʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠʟʦʩʢʘʣʷʨʥʦʛʦ 21
+ ʚʦʟʙʫʞʜʝʥʠʷ [4]. ʋ ʚʩʝʭ 

ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʚʳʰʝ ʢʚʘʜʨʫʧʦʣʴʥʳʭ ʚʦʟʙʫʞʜʝʥʠʡ ʝʩʪʴ ʦʙʱʠʝ ʦʩʦʙʝʥʥʦʩʪʠ: ʚʦ-

ʧʝʨʚʳʭ, ʠʭ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʷʚʣʷʝʪʩʷ ʧʨʷʤʳʤ ʩʣʝʜʩʪʚʠʝʤ ʦʙʦʣʦʯʝʯʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʷʜʨʘ ʠ, ʚʦ-ʚʪʦʨʳʭ, ʵʪʠ ʢʦʣʣʝʢʪʠʚʥʳʝ ʚʦʟʙʫʞʜʝʥʠʷ ʩʚʷʟʘʥʳ ʩ ʙʦʣʴʰʠʤ ʯʠʩʣʦʤ 

ʤʘʣʦʢʚʘʟʠʯʘʩʪʠʯʥʳʭ ʢʦʤʧʦʥʝʥʪ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʧʝʢʪʨʘ 

ʥʠʟʢʦʣʝʞʘʱʠʭ 2+ ʩʦʩʪʦʷʥʠʡ ʩʣʫʞʠʪ ʢʣʶʯʦʤ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʩʚʦʡʩʪʚ ʷʜʝʨʥʳʭ 

ʚʦʟʙʫʞʜʝʥʠʡ ʧʨʠ ʥʘʣʠʯʠʠ ʧʘʨʥʳʭ ʢʦʨʨʝʣʷʮʠʡ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʛʦ ʪʠʧʘ. ɼʣʷ 

ʩʦʚʨʝʤʝʥʥʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʷʜʝʨʥʦʡ ʬʠʟʠʢʠ ʩʚʦʡʩʪʚʘ 

ʷʜʝʨʥʳʭ ʚʦʟʙʫʞʜʝʥʠʡ ʚ ʷʜʨʘʭ ʦʢʦʣʦ ʜʚʘʞʜʳ ʤʘʛʠʯʝʩʢʦʛʦ ʷʜʨʘ 132Sn ʚʘʞʥʳ ʜʣʷ 

ʧʦʥʠʤʘʥʠʷ ʧʨʦʙʣʝʤ ʥʫʢʣʝʦʩʠʥʪʝʟʘ [5]. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʦʣʫʯʘʝʤʳʝ ʥʦʚʳʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ [4,6], ʚ ʯʘʩʪʥʦʩʪʠ ʧʨʠʚʝʜʝʥʥʳʝ ʚʝʨʦʷʪʥʦʩʪʠ 

ʧʝʨʝʭʦʜʦʚ ʩ ʥʠʟʢʦʣʝʞʘʱʠʭ 2+ ʩʦʩʪʦʷʥʠʡ ʚ ʪʘʢʠʭ ʷʜʨʘ, ʪʨʝʙʫʶʪ ʪʝʦʨʝʪʠʯʝʩʢʦʡ 

ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʠ ʨʘʟʚʠʪʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ. 

ʆʜʥʠʤ ʠʟ ʧʦʧʫʣʷʨʥʳʭ ʧʦʜʭʦʜʦʚ ʦʧʠʩʘʥʠʷ ʷʜʝʨʥʳʭ ʚʦʟʙʫʞʜʝʥʠʡ ʷʚʣʷʝʪʩʷ 

ʢʚʘʟʠʯʘʩʪʠʯʥʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʩʣʫʯʘʡʥʳʭ ʬʘʟ, ʩ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʳʤ ʩʨʝʜʥʠʤ 
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ʧʦʣʝʤ, ʧʦʣʫʯʝʥʥʳʤ ʩ ʵʬʬʝʢʪʠʚʥʳʤʠ ʩʠʣʘʤʠ ʉʢʠʨʤʘ [7]. ʀʟʫʯʝʥʠʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʚʘʜʨʫʧʦʣʴʥʦʡ ʩʠʣʳ ʚ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʦʙʣʘʩʪʠ, ʪʨʝʙʫʝʪ 

ʫʯʝʪʘ ʩʚʷʟʠ ʧʨʦʩʪʳʭ ʯʘʩʪʠʯʥʦ-ʜʳʨʦʯʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʩ ʙʦʣʝʝ ʩʣʦʞʥʳʤʠ 

(ʜʚʫʭ-ʬʦʥʦʥʥʳʤʠ) ʢʦʥʬʠʛʫʨʘʮʠʷʤʠ [8]. ʕʪʦ ʜʝʣʘʝʪ ʥʝʦʙʭʦʜʠʤʳʤ ʨʘʩʯʝʪ ʚ 

ʙʦʣʴʰʦʤ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ. ʉʝʧʘʨʘʙʝʣʠʟʘʮʠʷ ʦʩʪʘʪʦʯʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʉʢʠʨʤʘ ʧʦʟʚʦʣʷʝʪ ʦʙʦʡʪʠ ʵʪʫ ʪʨʫʜʥʦʩʪʴ ʠ ʧʨʦʚʦʜʠʪʴ 

ʚʳʯʠʩʣʝʥʠʷ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ [9]. ʊʘʢʠʝ ʨʘʩʯʝʪʳ 

ʥʝ ʪʨʝʙʫʶʪ ʚʚʝʜʝʥʠʷ ʥʦʚʳʭ ʧʘʨʘʤʝʪʨʦʚ. 

ɺ ʜʘʥʥʦʤ ʜʦʢʣʘʜʝ ʤʳ ʧʨʠʤʝʥʷʝʤ ʠʟʣʦʞʝʥʥʳʡ ʬʦʨʤʘʣʠʟʤ ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʩʚʦʡʩʪʚ ʥʠʟʢʦʣʝʞʘʱʠʭ 2+ ʩʦʩʪʦʷʥʠʡ ʚ ʷʜʨʘʭ 132,134,136Te [10]. ʇʨʠ ʵʪʦʤ ʤʳ 

ʘʥʘʣʠʟʠʨʫʝʤ ʚʣʠʷʥʠʝ ʢʘʢ ʩʚʷʟʠ ʤʝʞʜʫ ʦʜʥʦ- ʠ ʜʚʫʭ-ʬʦʥʦʥʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ 

ʚʦʣʥʦʚʳʭ ʬʫʥʢʮʠʡ, ʪʘʢ ʠ ʧʘʨʥʳʭ ʢʦʨʨʝʣʷʮʠʡ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʩʧʝʢʪʨʘ ʢʚʘʜʨʫʧʦʣʴʥʳʭ ʚʦʟʙʫʞʜʝʥʠʡ. 
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ʀ.ʅ. ɹʆʈɿʆɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʀʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʎʝʥʪʨ çʂʫʨʯʘʪʦʚʩʢʠʡ ʀʥʩʪʠʪʫʪè, Moʩʢʚʘ, ʈʦʩʩʠʷ ʠ 

ʃʘʙʦʨʘʪʦʨʠʷ ʊʝʦʨʝʪʠʯʝʩʢʦʡ ʌʠʟʠʢʠ,ʠʤ. ʅ.ʅ.ɹʦʛʦʣʶʙʦʚʘ, ʆʙʲʝʜʠʥʝʥʥʳʡ ʀʥʩʪʠʪʫʪ 

ʗʜʝʨʥʳʭ ʀʩʩʣʝʜʦʚʘʥʠʡ, ɼʫʙʥʘ, ʈʦʩʩʠʷ 

 

ʉɸʄʆʉʆɻʃɸʉʆɺɸʅʅʓʁ ʇʆɼʍʆɼ ʂ ɹETA-ʈɸʉʇɸɼʋ 

ʅɽʁʊʈʆʅʅʆ-ʀɿɹʓʊʆʏʅʓʍ ʗɼɽʈ 

ɺ ʤʦʜʝʣʠ DF3 + CQRPA, ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʦʤ ʦʧʠʩʘʥʠʠ ʦʩʥʦʚʥʳʭ 

ʩʦʩʪʦʷʥʠʡ, ʦʮʝʥʝʥʘ ʪʦʯʥʦʩʪʴ ʛʣʦʙʘʣʴʥʳʭ ʨʘʩʯʝʪʦʚ ʧʝʨʠʦʜʦʚ ɓ-ʨʘʩʧʘʜʘ ʠ ʚʝʨʦʷʪʥʦʩʪʝʡ 

ʵʤʠʩʩʠʠ ʟʘʧʘʟʜʳʚʘʶʱʠʭ ʥʝʡʪʨʦʥʦʚ ʜʣʷ ʙʦʣʝʝ 200 (ʢʚʘʟʠ)ʩʬʝʨʠʯʝʩʢʠʭ ʷʜʝʨ ʩ Z=18-51 ʠ 

T1/2<5c. ɺʳʧʦʣʥʝʥʦ ʩʨʘʚʥʝʥʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ ʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʩʦʚʨʝʤʝʥʥʳʭ 

ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʳʭ ʤʦʜʝʣʝʡ. ʈʘʩʩʤʦʪʨʝʥʳ ʦʩʥʦʚʥʳʝ ʤʝʭʘʥʠʟʤʳ ʦʙʥʘʨʫʞʝʥʥʦʛʦ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ RIKEN ʫʩʢʦʨʝʥʠʷ ʙʝʪʘ-ʨʘʩʧʘʜʘ ʚ ʠʟʦʪʦʧʘʭ Ni ʧʦʩʣʝ ʧʝʨʝʩʝʯʝʥʠʷ ʛʣʘʚʥʦʡ 

ʥʝʡʪʨʦʥʥʦʡ ʦʙʦʣʦʯʢʠ N=50 

I.N. BORZOV 

National Research ʉentre Kurchatov Institute, Moscow, Russia; Bogolubov 

Laboratory of Theoretical Physics, Joint Institute of Nuclear Research, Dubna, Russia 

SELF-CONSISTENT APPROACH TO BETA -DECAY 

OF NEUTRON-RICH NUCLEI  

Accuracy of global DF3 + CQRPA calculations of the half-lives and probabilities of 

delayed neutron emission for more than 200 (quasi) spherical nuclei with Z = 18-51 and T1/2 < 

5c is analyzed and compared with the experiment and results of modern self-consistent models. 

The mechanisms of beta-decay acceleration found in RIKEN in the Ni isotopes crossing the 

major neutron shell at N=50 are addressed. 

ɼʣʷ ʥʘʜʝʞʥʦʛʦ ʘʥʘʣʠʟʘ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ çʬʘʙʨʠʢʘʭ ʨʝʜʢʠʭ ʠʟʦʪʦʧʦʚè 

ʪʨʝʙʫʶʪʩʷ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʳʝ ʤʦʜʝʣʠ, ʜʘʶʱʠʝ ʦʙʦʩʥʦʚʘʥʥʫʶ ʵʢʩʪʨʘʧʦʣʷʮʠʶ 

ʩʧʠʥ-ʠʟʦʩʧʠʥʦʚʦʛʦ ʦʪʢʣʠʢʘ ʥʝʡʪʨʦʥʥʦ-ʠʟʙʳʪʦʯʥʳʭ ʷʜʝʨ ʚ ʦʙʣʘʩʪʴ 

ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʦʪʥʦʰʝʥʠʡ N/Z. ʇʨʝʜʩʪʘʚʣʝʥʦ DF3+ʢʦʥʪʠʥʫʫʤ QRPA 

ʧʨʠʙʣʠʞʝʥʠʝ [1] ʢ ʧʦʣʥʦʩʪʴʶ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʦʤʫ ʦʧʠʩʘʥʠʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɓ-

ʨʘʩʧʘʜʘ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʢʦʥʝʯʥʳʭ ʬʝʨʤʠ-ʩʠʩʪʝʤ. ʆʥʦ ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʨʘʩʯʝʪʘʭ 

ʩʚʦʡʩʪʚ ʦʩʥʦʚʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʩ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ ʬʫʥʢʮʠʦʥʘʣʦʤ ʧʣʦʪʥʦʩʪʠ 

(ʕʌʇ), ʧʨʝʜʣʦʞʝʥʥʳʤ ʌʘʷʥʩʦʤ ʠ ʜʨ. (DF3, [2]). 

ɻʣʦʙʘʣʴʥʳʝ DF3+CQRPA ʨʘʩʯʝʪʳ ʜʣʷ ʙʦʣʝʝ 200 (ʢʚʘʟʠ)ʩʬʝʨʠʯʝʩʢʠʭ 

ʷʜʝʨ ʩ Z=18-51 ʠ T1/2<5c ʦʧʠʩʳʚʘʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʚʨʝʤʝʥʘ ʞʠʟʥʠ ʩ 

ʪʦʯʥʦʩʪʴʶ ʜʦ ʬʘʢʪʦʨʘ 2 ʠ ʚʝʨʦʷʪʥʦʩʪʠ ʵʤʠʩʩʠʠ ʟʘʧʘʟʜʳʚʘʶʱʠʭ ʥʝʡʪʨʦʥʦʚ 

ʞʠʟʥʠ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʬʘʢʪʦʨʘ 3 (ʈʠʩ.1ʘ). ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʩʦʚʨʝʤʝʥʥʳʭ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʳʭ ʤʦʜʝʣʝʡ: ʩʬʝʨʠʯʝʩʢʦʛʦ RHB + RQRPA [3], 

ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʭ FAM [4] ʠ HFB + QRPA [5]. ʆʙʩʫʞʜʘʶʪʩʷ ʤʦʜʝʣʠ, 

ʚʳʭʦʜʷʱʠʝ ʟʘ ʨʘʤʢʠ QRPA: DF3+spreading (ʥʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ), QFRSA+PPC [6], 
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HFB+QPVC [7], QTBA [8], NUSHELLX+DF3 [9]. ɸʥʘʣʠʟʠʨʫʶʪʩʷ ʧʨʠʯʠʥʳ 

çʚʥʝʟʘʧʥʦʛʦ ʫʩʢʦʨʝʥʠʷè ɓ-ʨʘʩʧʘʜʘ, ʥʘʡʜʝʥʥʦʛʦ ʚ RIKɽN [10] ʜʣʷ ʠʟʦʪʦʧʦʚ Ni 

ʪʷʞʝʣʝʝ ʜʚʘʞʜʳ-ʤʘʛʠʯʝʩʢʦʛʦ 78Ni (ʈʠʩ.1ʙ). ʕʪʦ ʚʢʣʘʜʳ ʟʘʧʨʝʱʝʥʥʳʭ ʧʝʨʝʭʦʜʦʚ 

ʠ ʤʥʦʛʦʬʦʥʦʥʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ, ʚʦʟʤʦʞʥʘʷ ʜʝʬʦʨʤʘʮʠʷ ʠ ʩʧʠʥʦʚʘʷ ʠʥʚʝʨʩʠʷ 

ʦʩʥʦʚʥʳʭ ʩʦʩʪʦʷʥʠʡ.  
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ʈʠʩ. 1ʘ. ʆʪʥʦʰʝʥʠʷ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʚʨʝʤʝʥ ʞʠʟʥʠ T1/2 ʠ ʚʝʨʦʷʪʥʦʩʪʝʡ 

ʟʘʧʘʟʜʳʚʘʶʱʝʡ ʥʝʡʪʨʦʥʥʦʡ ʵʤʠʩʩʠʠ Pn ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʘʩʩʦʚʦʛʦ ʯʠʩʣʘ. ʈʠʩ.1ʙ . 
ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʚʨʝʤʝʥʘ ʞʠʟʥʠ ʠʟʦʪʦʧʦʚ Ni ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʨʘʟʣʠʯʥʳʤʠ ʤʦʜʝʣʷʤʠ (ʩʤ.ʪʝʢʩʪ). 
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ʈ.ʈ. ɻɸʃʃʗʄʆɺ, ɸ.ʄ. ʌɽɼʆʊʆɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ɺʓʏʀʉʃɽʅʀɽ ɸʄʇʃʀʊʋɼ ʂʕɼ ʇʈʆʎɽʉʉʆɺ ɺ ʇʆʃɽ 

ʇʃʆʉʂʆʁ ɺʆʃʅʓ ʇʆ ʊɽʆʈʀʀ ɺʆɿʄʋʑɽʅʀʁ 

ʈʘʩʩʤʦʪʨʝʥʳ ʧʨʦʮʝʩʩʳ ʫʧʨʫʛʦʛʦ ʨʘʩʩʝʷʥʠʷ ʵʣʝʢʪʨʦʥʘ, ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʥʘ ʵʣʝʢʪʨʦʥʦʤ 

ʠ ʬʦʪʦʨʦʞʜʝʥʠʷ ʧʘʨʳ ʚʦ ʚʥʝʰʥʝʤ ʧʦʣʝ ʙʝʛʫʱʝʡ ʧʣʦʩʢʦʡ ʚʦʣʥʳ. ʇʦʢʘʟʘʥʦ, ʢʘʢ ʠʟʚʝʩʪʥʳʝ 

ʘʤʧʣʠʪʫʜʳ ʵʪʠʭ ʧʨʦʮʝʩʩʦʚ ʧʦʣʫʯʘʶʪʩʷ ʧʫʪʝʤ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʛʦ ʩʫʤʤʠʨʦʚʘʥʠʷ ʨʷʜʦʚ 

ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ ʧʦ ʚʥʝʰʥʝʤʫ ʧʦʣʶ. 

R.R.GALLYAMOV, A.M. FEDOTOV 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

 

CALCULATING THE AMPLITUDES OF QED PROCESSES IN A 

PLANE WAVE FIELD BY THE PERTURBATION THEORY  

The processes of elastic electron scattering, emission of a photon by an electron, and pair 

photoproduction in an external field of a traveling plane wave are considered. It is shown how 

the known amplitudes of these processes are obtained by directly summing the perturbation 

theory series over an external field.  

ʂʘʢ ʧʨʘʚʠʣʦ, ʧʨʠ ʧʨʘʢʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʘʭ ʘʤʧʣʠʪʫʜ ʠ ʚʝʨʦʷʪʥʦʩʪʝʡ ʂʕɼ 

ʧʨʦʮʝʩʩʦʚ ʨʷʜ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ ʦʙʨʳʚʘʶʪ. ʆʜʥʘʢʦ ʚ ʩʠʣʴʥʳʭ (ʥʘʧʨʠʤʝʨ, 

ʣʘʟʝʨʥʳʭ) ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʪʨʝʙʫʝʪʩʷ ʫʯʝʩʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʚʥʝʰʥʠʤ 

ʧʦʣʝʤ ʚʦ ʚʩʝʭ ʧʦʨʷʜʢʘʭ. ɺ ʨʘʙʦʪʝ ʥʘ ʢʦʥʢʨʝʪʥʳʭ ʧʨʠʤʝʨʘʭ ʷʚʥʦ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʩʫʤʤʠʨʦʚʘʥʠʝ ʨʷʜʘ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ ʧʦ ʚʥʝʰʥʝʤʫ 

ʧʦʣʶ ʵʢʚʠʚʘʣʝʥʪʥʦ ʩʪʘʥʜʘʨʪʥʦʤʫ ʤʝʪʦʜʫ ʨʘʩʯʝʪʘ ʚ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʌʘʨʨʠ [1]. 

ʂʘʢ ʠʟʚʝʩʪʥʦ, ʫʨʘʚʥʝʥʠʝ ɼʠʨʘʢʘ ʚ ʧʦʣʝ ʙʝʛʫʱʝʡ ʧʣʦʩʢʦʡ ʚʦʣʥʳ ʨʝʰʘʝʪʩʷ ʪʦʯʥʦ 

[1]. ɺ ʪʝʨʤʠʥʘʭ ʝʛʦ ʪʦʯʥʳʭ ʨʝʰʝʥʠʡ (ʬʫʥʢʮʠʡ ɺʦʣʢʦʚʘ) ʘʤʧʣʠʪʫʜʫ ʧʨʦʮʝʩʩʘ 

ʫʧʨʫʛʦʛʦ ʨʘʩʩʝʷʥʠʷ ʵʣʝʢʪʨʦʥʘ ʥʘ ʧʣʦʩʢʦʡ ʚʦʣʥʝ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʚ ʚʠʜʝ 

 (1) 

ɿʜʝʩʴ ss` ʦʪʚʝʯʘʝʪ ʩʦʭʨʘʥʝʥʠʶ ʧʨʦʝʢʮʠʠ ʩʧʠʥʘ ʵʣʝʢʪʨʦʥʘ ʥʘ ʦʩʴ ʢʚʘʥʪʦʚʘʥʠʷ.  

ɺ ʨʘʙʦʪʝ ʥʘʡʜʝʥ ʚʢʣʘʜ ʜʠʘʛʨʘʤʤʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʚʥʝʰʥʠʤ ʧʦʣʝʤ ʚ 

ʧʨʦʠʟʚʦʣʴʥʦʤ n-ʤ ʧʦʨʷʜʢʝ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ (ʩʤ. ʈʠʩ.1, ʩʣʝʚʘ). ɺʳʯʠʩʣʝʥʠʷ 

ʧʨʦʜʝʣʘʥʳ ʩʥʘʯʘʣʘ ʜʣʷ ʯʘʩʪʥʳʭ ʩʣʫʯʘʝʚ ʦʜʥʦʡ ʠ ʜʚʫʭ ʚʝʨʰʠʥ, ʘ ʟʘʪʝʤ ʧʨʠ 

ʧʦʤʦʱʠ ʢʦʤʙʠʥʘʪʦʨʠʢʠ ʦʪʚʝʪ ʦʙʦʙʱʝʥ ʥʘ ʩʣʫʯʘʡ ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʯʠʩʣʘ ʯʠʩʣʘ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʩ ʚʥʝʰʥʠʤ ʧʦʣʝʤ ʠ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʢʘʢ ʬʦʨʤʫʣʘ (1) 

ʧʦʣʫʯʘʝʪʩʷ ʧʫʪʝʤ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʛʦ ʩʫʤʤʠʨʦʚʘʥʠʷ ʨʷʜʘ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ ʧʦ 
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ʚʥʝʰʥʝʤʫ ʧʦʣʶ ʧʣʦʩʢʦʡ ʚʦʣʥʳ. ɸ ʠʤʝʥʥʦ, ʢʘʞʜʳʡ ʬʝʨʤʠʦʥʥʳʡ ʧʨʦʧʘʛʘʪʦʨ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚ ʚʠʜʝ ʜʚʫʭ ʩʣʘʛʘʝʤʳʭ, ʦʪʚʝʯʘʶʱʠʭ ʵʣʝʢʪʨʦʥʫ ʥʘ ʠ ʚʥʝ 

ʤʘʩʩʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʠ ʟʘʪʝʤ ʨʘʩʢʨʳʪʠʝ ʩʢʦʙʦʢ ʠ ʩʫʤʤʠʨʦʚʘʥʠʝ ʧʦ ʚʩʝʤ 

ʧʝʨʝʩʪʘʥʦʚʢʘʤ ʚʝʨʰʠʥ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʚʥʝʰʥʠʤ ʧʦʣʝʤ ʠ ʧʦ ʯʠʩʣʫ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʩ ʥʠʤ, ʩ ʫʯʝʪʦʤ ʩʚʦʡʩʪʚ ʤʘʪʨʠʮ ɼʠʨʘʢʘ, ʧʦʟʚʦʣʷʶʪ ʩʦʙʨʘʪʴ 

ʧʦʣʫʯʝʥʥʳʡ ʨʷʜ ʚ ʵʢʩʧʦʥʝʥʪʫ, ʚʭʦʜʷʱʫʶ ʚ (1). ʇʨʠ ʵʪʦʤ ʚʳʷʚʣʝʥʳ ʫʧʨʦʱʝʥʠʷ, 

ʩʚʷʟʘʥʥʳʝ ʩ ʧʣʦʩʢʦʚʦʣʥʦʚʳʤ ʭʘʨʘʢʪʝʨʦʤ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʠ ʧʦʟʚʦʣʷʶʱʠʝ 

ʧʨʦʚʝʩʪʠ ʩʫʤʤʠʨʦʚʘʥʠʝ ʘʥʘʣʠʪʠʯʝʩʢʠ.  

ʈʠʩ. 1. ɼʠʘʛʨʘʤʤʳ ʨʘʩʩʝʷʥʠʷ ʵʣʝʢʪʨʦʥʘ ʥʘ ʧʣʦʩʢʦʡ ʚʦʣʥʝ (ʩʣʝʚʘ) ʠ 

 ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʥʘ (ʩʧʨʘʚʘ)  
 

ɸʥʘʣʦʛʠʯʥʦ ʨʘʩʩʤʦʪʨʝʥʳ ʧʨʦʮʝʩʩʳ ʠʟʣʫʯʝʥʠʷ ʬʦʪʦʥʘ ʵʣʝʢʪʨʦʥʦʤ ʠ 

ʬʦʪʦʨʦʞʜʝʥʠʷ ʧʘʨʳ ʚ ʙʝʛʫʱʝʡ ʧʣʦʩʢʦʡ ʚʦʣʥʝ (ʈʠʩ.1, ʩʧʨʘʚʘ), ʧʨʠ ʵʪʦʤ 

ʠʟʚʝʩʪʥʳʝ ʚ ʣʠʪʝʨʘʪʫʨʝ ʨʝʟʫʣʴʪʘʪʳ [2] ʪʘʢʞʝ ʫʜʘʣʦʩʴ ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʧʫʪʝʤ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʛʦ ʩʫʤʤʠʨʦʚʘʥʠʷ ʨʷʜʘ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ ʧʦ ʚʥʝʰʥʝʤʫ ʧʦʣʶ. 

ɺ ʜʘʣʴʥʝʡʰʝʤ ʥʘ ʦʩʥʦʚʝ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʧʣʘʥʠʨʫʝʪʩʷ ʥʘʡʪʠ ʫʩʣʦʚʠʷ 

ʧʨʠʤʝʥʠʤʦʩʪʠ ʠ ʧʦʧʨʘʚʢʠ ʢ ʧʨʠʙʣʠʞʝʥʠʶ ʣʦʢʘʣʴʥʦ-ʧʦʩʪʦʷʥʥʦʛʦ ʧʦʣʷ [3] ʚ 

ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝ ʦ ʩʧʦʥʪʘʥʥʦʤ ʨʦʞʜʝʥʠʠ ʵʣʝʢʪʨʦʥ-ʧʦʟʠʪʨʦʥʥʳʭ ʧʘʨ ʠʟ 

ʚʘʢʫʫʤʘ ʚ ʧʦʣʝ ʩʪʦʷʯʝʡ ʧʣʦʩʢʦʡ ʚʦʣʥʳ. 
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ɼ.ɸ. ɻʆɾɽɺ, ʉ.ɻ. ɹʆʏʂɸʈɽɺ, ɸ.ɺ. ɹʈɸʅʊʆɺ, ɺ.ʖ. ɹʓʏɽʅʂʆɺ 
ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ.ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʉʊʆʍɸʉʊʀʏɽʉʂʆɽ ʋʉʂʆʈɽʅʀɽ ʕʃɽʂʊʈʆʅʆɺ ʇʈʀ 

ɺɿɸʀʄʆɼɽʁʉʊɺʀʀ ʄʆʑʅʆɻʆ ʌɽʄʊʆʉɽʂʋʅɼʅʆɻʆ 

ʃɸɿɽʈʅʆɻʆ ʀʄʇʋʃʔʉɸ ʉ ʄʀʂʈʆʉʊʈʋʂʊʋʈʀʈʆɺɸʅʅʓʄʀ 

ʄʀʐɽʅʗʄʀ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʩ ʧʦʤʦʱʴʶ 3D ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʝʪʦʜʦʤ çʯʘʩʪʠʮʘ-ʚ-ʷʯʝʡʢʝè (PIC) ʠ 

ʤʝʪʦʜʘ ʧʨʦʙʥʳʭ ʯʘʩʪʠʮ ʠʩʩʣʝʜʦʚʘʥ ʦʙʲʝʤʥʳʡ ʥʘʛʨʝʚ ʤʠʢʨʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʤʠʰʝʥʝʡ 

ʩ ʧʦʥʠʞʝʥʥʦʡ ʩʨʝʜʥʝʡ ʧʣʦʪʥʦʩʪʴʶ, ʚʢʣʶʯʘʷ ʤʠʢʨʦ-ʠʛʦʣʴʯʘʪʦʝ ʧʦʢʨʳʪʠʝ ʪʚʝʨʜʦʡ 

ʤʠʰʝʥʠ ʠ ʢʣʘʩʪʝʨʥʳʡ ʛʘʟ, ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ 

ʩʫʙʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʨʦʣʴ ʩʪʦʭʘʩʪʠʯʝʩʢʦʛʦ ʫʩʢʦʨʝʥʠʷ 

ʵʣʝʢʪʨʦʥʦʚ ʚ ʪʘʢʠʭ ʤʠʰʝʥʷʭ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʢʘʥʘʣʘ ʛʝʥʝʨʘʮʠʠ ʥʘʜʪʝʧʣʦʚʳʭ, 

çʩʫʧʝʨ-ʧʦʥʜʝʨʦʤʦʪʦʥʳʭè ʯʘʩʪʠʮ.  

D.A.GOZHEV, S.G.BOCHKAREV, A.V.BRANTOV, 

V.Yu.BYCHENKOV 
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STOCHASTIC ELECTRON ACCELERATION IN THE 

INTERACTION OF A POWERFUL FEMTOSECOND LASER PULSE 

WITH A MICROSTRUCTIRED TARGETS  

In this paper, using 3D PIC simulation and test particle method, we studied the volu-metric 

heating of structured targets with a lower average density, such as a micro-wire surface and 

cluster gas, under the action of a subrelativistic femtosecond laser pulse. The role of stochastic 

acceleration of electrons in these targets as the main channel for the generation of superthermal 

(ñsuper-ponderomotiveò) particles has been demonstrated. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʣʘʟʝʨʥʦ-ʧʣʘʟʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʤʠʢʨʦʩʪʨʫʢʪʫ-

ʨʠʨʦʚʘʥʥʳʤʠ ʨʘʟʣʠʯʥʳʤ ʦʙʨʘʟʦʤ ʤʠʰʝʥʷʤʠ ʚʝʩʴʤʘ ʧʝʨʩʧʝʢʪʠʚʥʦ ʩ ʪʦʯʢʠ 

ʟʨʝʥʠʷ ʩʦʟʜʘʥʠʷ ʩʨʝʜʳ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʦʙʲʝʤʥʦʛʦ ʥʘʛʨʝʚʘ, ʫʩʢʦʨʝʥʠʷ 

ʵʣʝʢʪʨʦʥʦʚ ʠ ʠʦʥʦʚ, ʩʦʟʜʘʥʠʷ ʢʦʤʧʘʢʪʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʷʨʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠ 

ʛʘʤʤʘ-ʠʟʣʫʯʝʥʠʷ, ʘ ʪʘʢʞʝ ʠʤʧʫʣʴʩʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʥʝʡʪʨʦʥʦʚ. 

ɺ ʨʘʙʦʪʝ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩʝʨʠʷ 3D PIC ʨʘʩʯʸʪʦʚ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

 ( ) ʠ ʜʣʠʪʝʣʴʥʦʩʪʴʶ  ʧʨʠ ʜʣʠʥʝ 

ʚʦʣʥʳ  ʩ ʤʠʢʨʦ-ʠʛʦʣʴʯʘʪʦʡ ʤʠʰʝʥʴʶ. ʄʠʰʝʥʴ ʧʨʝʜʩʪʘʚʣʷʣʘ ʠʟ ʩʝʙʷ 

ʮʠʣʠʥʜʨʳ ʤʠʢʨʦʥʥʦʛʦ ʨʘʟʤʝʨʘ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʦʩʢʦʡ 

ʤʠʰʝʥʠ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʵʬʬʝʢʪʠʚʥʦʛʦ ʦʙʲʝʤʥʦʛʦ ʥʘʛʨʝʚʘ 

ʣʘʟʝʨʥʦʝ ʠʟʣʫʯʝʥʠʝ ʜʦʣʞʥʦ ʧʨʦʥʠʢʥʫʪʴ ʤʝʞʜʫ ʩʪʨʫʢʪʫʨʘʤʠ, ʦʪʨʘʟʠʪʩʷ ʦʪ 

ʬʦʣʴʛʠ, ʘ ʥʘ ʦʙʨʘʪʥʦʤ ʧʨʦʭʦʜʝ ʚ ʚʘʢʫʫʤ ʜʦʣʞʥʦ ʧʦʣʥʦʩʪʴʶ ʧʦʛʣʦʪʠʪʴʩʷ. 
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ɺʘʞʥʫʶ ʨʦʣʴ ʚ ʛʝʥʝʨʘʮʠʠ ʩʫʧʝʨʧʦʥʜʝʨʦʤʦʪʦʨʥʳʭ ʵʣʝʢʪʨʦʥʦʚ (ʩ ʵʥʝʨʛʠʝʡ ʚʳʰʝ 

ʧʦʥʜʝʨʦʤʦʪʦʨʥʦʡ ʵʥʝʨʛʠʠ ʯʘʩʪʠʮʳ ʚ ʕʄ ʚʦʣʥʝ) ʠʛʨʘʝʪ ʩʪʦʭʘʩʪʠʯʝʩʢʦʝ 

ʫʩʢʦʨʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʚ ʩʣʦʞʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ, ʩʦʩʪʦʷʱʠʭ 

ʠʟ ʧʘʜʘʶʱʝʛʦ ʠ ʦʪʨʘʞʸʥʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʠʭ 

ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, ʟʥʘʯʝʥʠʷ ʢʦʪʦʨʳʭ ʩʨʘʚʥʠʤʳ ʩ ʘʤʧʣʠʪʫʜʦʡ 

ʣʘʟʝʨʥʦʛʦ ʧʦʣʷ. ɺ ʦʧʪʠʤʘʣʴʥʦʤ ʩʣʫʯʘʝ ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʷʯʠʭ ʵʣʝʢʪʨʦʥʦʚ 

ʜʦʩʪʠʛʘʝʪ 350 ʢʵɺ, ʘ ʤʘʢʩʠʤʘʣʴʥʘʷ ʵʥʝʨʛʠʷ ~2 ï 3 ʄʵɺ. 

ɼʨʫʛʠʤʠ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʤʠ ʤʠʰʝʥʷʤʠ ʩ ʧʦʥʠʞʝʥʥʦʡ 

ʩʨʝʜʥʝʡ ʧʣʦʪʥʦʩʪʴʶ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʢʣʘʩʪʝʨʥʘʷ ʧʣʘʟʤʘ ʤʠʢʨʦʥʥʦʛʦ ʨʘʟʤʝʨʘ. 

ɹʳʣʠ ʧʨʦʚʝʜʝʥʳ 3D PIC ʨʘʩʯʸʪʳ ʧʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ 

ʢʣʘʩʪʝʨʥʦʡ ʧʣʘʟʤʦʡ. ʄʠʰʝʥʴ ʧʨʝʜʩʪʘʚʣʷʣʘ ʠʟ ʩʝʙʷ ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʨʘʚʥʦʤʝʨʥʦ 

ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʫ ʢʣʘʩʪʝʨʦʚ ʤʠʢʨʦʥʥʦʛʦ ʨʘʟʤʝʨʘ ɸʥʘʣʠʟ 

ʪʨʘʝʢʪʦʨʠʡ ʚʳʩʦʢʦʵʥʝʨʛʠʯʥʳʭ ʯʘʩʪʠʮ ʚ PIC ʨʘʩʯʸʪʘʭ ʧʦʢʘʟʘʣ, ʯʪʦ ʯʘʩʪʠʮʳ 

ʥʘʙʠʨʘʶʪ ʚʳʩʦʢʫʶ ʵʥʝʨʛʠʶ ʙʣʫʞʜʘʷ ʚʙʣʠʟʠ ʦʪʜʝʣʴʥʳʭ ʢʣʘʩʪʝʨʦʚ ʠ 

ʧʝʨʝʩʢʘʢʠʚʘʷ ʦʪ ʦʜʥʦʛʦ ʢ ʜʨʫʛʦʤʫ ʚ ʩʣʦʞʥʦʤ ʧʦʣʝ, ʩʦʩʪʦʷʱʠʤ ʠʟ ʢʦʤʙʠʥʘʮʠʡ 

ʢʫʣʦʥʦʚʩʢʦʛʦ ʧʦʣʷ ʢʣʘʩʪʝʨʘ ʠ ʣʘʟʝʨʥʦʛʦ ʧʦʣʷ. ʕʬʬʝʢʪʠʚʥʳʡ ʥʘʛʨʝʚ ʵʣʝʢʪʨʦʥʦʚ 

ʠʤʝʝʪ ʤʝʩʪʦ, ʝʩʣʠ ʟʥʘʯʝʥʠʝ ʢʫʣʦʥʦʚʩʢʦʛʦ ʧʦʣʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʣʘʩʪʝʨʦʚ 

ʦʢʘʟʳʚʘʝʪʩʷ ʧʦʨʷʜʢʘ ʘʤʧʣʠʪʫʜʳ ʣʘʟʝʨʥʦʛʦ ʧʦʣʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʯʸʪʦʚ ʙʳʣʦ 

ʧʦʣʫʯʝʥʦ, ʯʪʦ ʩʨʝʜʥʷʷ ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʷʯʠʭ ʵʣʝʢʪʨʦʥʦʚ ʜʦʩʪʠʛʘʣʘ ʪʝʤʧʝʨʘʪʫʨʳ 

310 ʢʵɺ, ʘ ʵʥʝʨʛʠʷ ʦʪʩʝʯʢʠ 2 ï 2.5 ʄʵɺ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝ 

ʧʦʥʜʝʨʦʤʦʪʦʨʥʦʡ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʦʚ. ʊʘʢʞʝ ʟʘ ʩʯʸʪ ʧʦʤʝʱʝʥʠʷ ʢʣʘʩʪʝʨʥʦʡ 

ʧʣʘʟʤʳ ʚ ʩʬʝʨʠʯʝʩʢʫʶ ʧʦʣʦʩʪʴ ʫʜʘʣʦʩʴ ʜʦʙʠʪʴʩʷ ʫʚʝʣʠʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ 

ʛʦʨʷʯʠʭ ʵʣʝʢʪʨʦʥʦʚ ʠ ʧʦʛʣʦʱʝʥʠʷ ʵʥʝʨʛʠʠ ʯʘʩʪʠʮʘʤʠ.  

ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʤʝʭʘʥʠʟʤʘ ʛʝʥʝʨʘʮʠʠ ʩʫʧʝʨʧʦʥʜʝʨʦʤʦʪʦʨʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʚ 

ʤʠʢʨʦ-ʠʛʦʣʴʯʘʪʦʡ ʠ ʢʣʘʩʪʝʨʥʦʡ ʩʨʝʜʘʭ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ 3D ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʜʠʥʘʤʠʢʠ ʵʣʝʢʪʨʦʥʦʚ ʤʝʪʦʜʦʤ ʧʨʦʙʥʳʭ ʯʘʩʪʠʮ, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʥʘʛʣʷʜʥʦ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʩʪʦʭʘʩʪʠʯʝʩʢʫʶ ʜʠʥʘʤʠʢʫ ʠ ʩʪʦʭʘʩʪʠʯʝʩʢʦʝ ʫʩʢʦʨʝʥʠʝ 

ʵʣʝʢʪʨʦʥʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʥʘʠʙʦʣʴʰʝʛʦ ʧʦʢʘʟʘʪʝʣʷ ʃʷʧʫʥʦʚʘ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʯʘʩʪʠʯʥʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʌʌʀ 18-02-00452 

ʠ 18-32-00406, ʘ ʪʘʢʞʝ ʩʪʠʧʝʥʜʠʝʡ ʌʦʥʜʘ ʨʘʟʚʠʪʠʷ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʠ 

ʤʘʪʝʤʘʪʠʢʠ çɹɸɿʀʉè (ˉ 17-21-2106-1) ʜʣʷ ɼ.ɸ. ɻʦʞʝʚʘ 
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ɸ.ʇ. ʉɽɺɽʈʖʍʀʅ 
ʃʘʙʦʨʘʪʦʨʠʷ ʊʝʦʨʝʪʠʯʝʩʢʦʡ ʌʠʟʠʢʠ ʠʤ. ʅ.ʅ. ɹʦʛʦʣʶʙʦʚʘ, ʆʀʗʀ, ɼʫʙʥʘ, ʈʦʩʩʠʷ 

 

ɼɺʋʍʌʆʅʆʅʅɸʗ ʉʊʈʋʂʊʋʈɸ ʅɽʁʊʈʆʅʅʆ-ʀɿɹʓʊʆʏʅʓʍ 

ɸʊʆʄʅʓʍ ʗɼɽʈ 

ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʘ ʨʦʣʴ ʜʚʫʭʬʦʥʦʥʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʧʨʠ ʦʧʠʩʘʥʠʠ ʩʚʦʡʩʪʚ ʙʝʪʘ 

ʨʘʩʧʘʜʘ ʥʝʡʪʨʦʥʥʦ-ʠʟʙʳʪʦʯʥʳʭ ʷʜʝʨ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʠʣʳ ɽ1, E2 ʧʝʨʝʭʦʜʦʚ ʜʦʯʝʨʥʠʭ 

ʷʜʝʨ ʚ ʨʘʤʢʘʭ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʤʦʜʝʣʠ, ʧʦʩʪʨʦʝʥʥʦʡ ʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʉʢʠʨʤʘ.  

A.P. SEVERYUKHIN 

Bogoliubov Laboratory of Theoretical Physics, JINR, Dubna, Russia 

TWO-PHONON STRUCTURE OF NEUTRON-RICH ATOMIC 

NUCLEI  

An influence of the two-phonon configurations on the ɓ-decay properties ʦf neutron-rich 

nuclei and the E1, E2 strength distributions of daughter nuclei is analysed within the 

microscopic model based on the Skyrme interaction. 

ʈʘʟʚʠʪʘ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʩʧʠʥ-ʠʟʦʩʧʠʥʦʚʳʭ ʚʦʟʙʫʞʜʝʥʠʡ, 

ʧʦʩʪʨʦʝʥʥʘʷ ʥʘ ʥʫʢʣʦʥ-ʥʫʢʣʦʥʥʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʉʢʠʨʤʘ ʩ ʫʯʝʪʦʤ ʩʚʷʟʠ ʩʦ 

ʩʣʦʞʥʳʤʠ ʢʦʥʬʠʛʫʨʘʮʠʷʤʠ, ʮʝʥʪʨʘʣʴʥʦʛʦ ʠ ʪʝʥʟʦʨʥʦʛʦ ʦʩʪʘʪʦʯʥʳʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʢʘʥʘʣʝ ʯʘʩʪʠʮʘïʜʳʨʢʘ, ʘ ʪʘʢʞʝ ʚ ʢʘʥʘʣʝ ʯʘʩʪʠʮʘïʯʘʩʪʠʮʘ [1]. 

ɺʧʝʨʚʳʝ ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʩʦʚʦʢʫʧʥʦʩʪʠ ʵʪʠʭ ʵʬʬʝʢʪʦʚ ʥʘ ʚʝʨʦʷʪʥʦʩʪʴ 

ʟʘʜʝʨʞʘʥʥʦʡ ʤʫʣʴʪʠʥʝʡʪʨʦʥʥʦʡ ʵʤʠʩʩʠʠ, ʩʦʧʫʪʩʪʚʫʶʱʝʡ ʷʜʝʨʥʳʡ ɓ-ʨʘʩʧʘʜ [2]. 

ʈʘʩʩʯʠʪʘʥʳ ʪʘʢʞʝ ʩʢʦʨʦʩʪʠ ɓ-ʨʘʩʧʘʜʘ ʯʝʪʥʦ-ʯʝʪʥʳʭ ʥʝʡʪʨʦʥʥʦ-ʠʟʙʳʪʦʯʥʳʭ 

ʠʟʦʪʦʧʦʚ 126-134Cd ʚʙʣʠʟʠ ʟʘʧʦʣʥʝʥʥʦʡ ʥʝʡʪʨʦʥʥʦʡ ʦʙʦʣʦʯʢʠ N=82 [3]. ʇʨʠ ʵʪʦʤ 

ʫʩʧʝʰʥʦ ʦʧʠʩʳʚʘʶʪʩʷ ʢʘʢ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʩʥʦʚʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʪʘʢ ʠ 

ʢʦʣʣʝʢʪʠʚʥʳʭ ʢʚʘʜʨʫʧʦʣʴʥʳʭ ʚʦʟʙʫʞʜʝʥʠʡ ʠʟʦʪʦʧʦʚ Cd. ʇʨʠ ʦʩʣʘʙʣʝʥʠʠ 

ʥʝʡʪʨʦʥ-ʧʨʦʪʦʥʥʦʡ ʯʘʩʪʠ ʪʝʥʟʦʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʡʪʨʦʥ-

ʥʝʡʪʨʦʥʥʦʡ ʠ ʧʨʦʪʦʥ-ʧʨʦʪʦʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʠʭ ʪʝʥʟʦʨʥʳʭ ʩʠʣ ʫʩʠʣʠʚʘʝʪʩʷ ʨʦʣʴ 

ʦʩʪʘʪʦʯʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʢʘʥʘʣʝ ʯʘʩʪʠʮʘ-ʯʘʩʪʠʮʘ ʧʨʠ ʦʧʠʩʘʥʠʠ ʵʤʠʩʩʠʠ 

ʟʘʧʘʟʜʳʚʘʶʱʠʭ ʥʝʡʪʨʦʥʦʚ [4]. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚʣʠʷʥʠʝ ʩʣʦʞʥʳʭ (ʜʚʫʭʬʦʥʦʥʥʳʭ) 

ʢʦʥʬʠʛʫʨʘʮʠʡ ʚʝʜʝʪ ʢ ʟʘʤʝʪʥʦʤʫ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʶ ʩʠʣʳ ʧʝʨʝʭʦʜʦʚ ɻʘʤʦʚʘ-

ʊʝʣʣʝʨʘ, ʧʨʠʚʦʜʷʱʝʤʫ ʢ ʫʩʢʦʨʝʥʠʶ ɓ-ʨʘʩʧʘʜʘ. ʄʦʜʝʣʴ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʘ ʥʘ 

ʩʣʫʯʘʡ ɓ-ʨʘʩʧʘʜʘ ʥʝʯʝʪʥʳʭ-ʥʝʯʝʪʥʳʭ ʷʜʝʨ. ʅʘ ʧʨʠʤʝʨʝ ɓ-ʨʘʩʧʘʜʘ ʠʟʦʪʦʧʘ 134In 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʟʥʘʥʠʝ ʚʝʨʦʷʪʥʦʩʪʠ ʤʫʣʴʪʠʥʝʡʪʨʦʥʥʦʡ ʵʤʠʩʩʠʠ 

ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʠʣʳ E1 ʧʝʨʝʭʦʜʦʚ ʚ ʜʦʯʝʨʥʝʤ ʷʜʨʝ 134Sn 

[5]. 
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ʄ. ʃ. ɻʆʈɽʃʀʂ1, ɻ. ɺ. ʂʆʃʆʄʀʁʎɽɺ2, ʄ. ɻ. ʋʈʀʅ2 

1ʄʦʩʢʦʚʩʢʘʷ ʵʢʦʥʦʤʠʯʝʩʢʘʷ ʰʢʦʣʘ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʏɸʉʊʀʏʅʆ-ɼʓʈʆʏʅɸʗ ɼʀʉʇɽʈʉʀʆʅʅɸʗ ʆʇʊʀʏɽʉʂɸʗ 

ʄʆɼɽʃʔ ɼʃʗ ʅɽʄɸɻʀʏɽʉʂʀ ʗɼɽʈ. ʇʈʀʃʆɾɽʅʀɽ ʂ 

ʆʇʀʉɸʅʀʖ 0+ ɻʀɻɸʅʊʉʂʀʍ ʈɽɿʆʅɸʅʉʆɺ 

ʇʦʣʫʤʠʢʨʦʩʢʦʧʠʯʝʩʢʘʷ ʯʘʩʪʠʯʥʦ-ʜʳʨʦʯʥʘʷ ʜʠʩʧʝʨʩʠʦʥʥʘʷ ʦʧʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ʦʙʦʙʱʝʥʘ ʥʘ ʩʣʫʯʘʡ ʧʨʠʙʣʠʞʝʥʥʦʛʦ ʫʯʝʪʘ ʩʧʘʨʠʚʘʥʠʷ ʥʫʢʣʦʥʦʚ ʚ ʩʨʝʜʥʝʪʷʞʝʣʳʭ 

ʥʝʤʘʛʠʯʝʩʢʠʭ ʩʬʝʨʠʯʝʩʢʠʭ ʷʜʨʘʭ. ʇʨʝʜʣʦʞʝʥʥʘʷ ʚʝʨʩʠʷ ʤʦʜʝʣʠ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ 

ʦʧʠʩʘʥʠʷ ʦʩʥʦʚʥʳʭ ʩʚʦʡʩʪʚ ʤʦʥʦʧʦʣʴʥʳʭ ʛʠʛʘʥʪʩʢʠʭ ʠʟʦʩʢʘʣʷʨʥʦʛʦ ʠ ʟʘʨʷʜʦʚʦ-

ʦʙʤʝʥʥʳʭ (ʠʟʦʚʝʢʪʦʨʥʳʭ) ʨʝʟʦʥʘʥʩʦʚ ʚ ʨʷʜʝ ʠʟʦʪʦʧʦʚ ʦʣʦʚʘ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ 

ʩʨʘʚʥʠʚʘʶʪʩʷ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. 

M. L. GORELIK1, G. V. KOLOMIYTSEV2, M. H. URIN2  

1Moscow Economic School, Moscow, Russia 
2National Research Nuclear University ñMEPhIò, Moscow, Russia  

PARTICLE -HOLE DISPERSIVE OPTICAL MODEL FOR 

NONMAGIC NUCLEI. APPLICATION TO THE DESCRIPTION 0 + 

GIANT RESONANCES 

A semimicroscopic particle-hole dispersive optical model is extended to take approximately 

into account nucleon pairing in medium-heavy spherical nonmagic nuclei. The proposed model 

version is implemented for describing main properties of the monopole giant isoscalar and 

charge-exchange (isovector) resonances in a few tin isotopes. Calculation results are compared 

with respective experimental data. 

ʆʙʣʘʜʘʶʱʘʷ ʨʷʜʦʤ ʫʥʠʢʘʣʴʥʳʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ʯʘʩʪʠʯʥʦ-ʜʳʨʦʯʥʘʷ 

ʜʠʩʧʝʨʩʠʦʥʥʘʷ ʦʧʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ (ʏɼɼʆʄ) ʩʬʦʨʤʫʣʠʨʦʚʘʥʘ ʥʝʜʘʚʥʦ [1] ʠ 

ʫʩʧʝʰʥʦ ʧʨʠʤʝʥʝʥʘ ʢ ʦʧʠʩʘʥʠʶ ʦʩʥʦʚʥʳʭ ʩʚʦʡʩʪʚ ʨʷʜʘ ʛʠʛʘʥʪʩʢʠʭ ʨʝʟʦʥʘʥʩʦʚ 

(ɻʈ) ʚ ʩʨʝʜʥʝʪʷʞʝʣʳʭ ʤʘʛʠʯʝʩʢʠʭ ʷʜʨʘʭ (ʩʤ., ʥʘʧʨʠʤʝʨ [2,3]). ʀʤʝʶʱʠʡʩʷ 

ʙʦʣʴʰʦʡ ʦʙʲʝʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʚʦʡʩʪʚ ɻʈ ʚ 

ʥʝʤʘʛʠʯʝʩʢʠʭ ʷʜʨʘʭ, ʚ ʢʦʪʦʨʳʭ ʠʤʝʝʪʩʷ ʨʘʟʚʠʪʦʝ ʩʧʘʨʠʚʘʥʠʝ ʥʫʢʣʦʥʦʚ, 

ʧʦʙʫʞʜʘʝʪ ʢ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤʫ ʦʙʦʙʱʝʥʠʶ ʏɼɼʆʄ. ɼʣʷ ʩʨʝʜʥʝʪʷʞʝʣʳʭ 

ʩʬʝʨʠʯʝʩʢʠʭ ʷʜʝʨ ʧʨʝʜʣʘʛʘʝʪʩʷ ʚʝʨʩʠʷ ʏɼɼʆʄ, ʚ ʢʦʪʦʨʦʡ ʚʚʠʜʫ ʙʦʣʴʰʦʡ 

ʵʥʝʨʛʠʠ ʚʦʟʙʫʞʜʝʥʠʷ ɻʈ ʩʧʘʨʠʚʘʥʠʝ ʥʫʢʣʦʥʦʚ ʫʯʠʪʳʚʘʝʪʩʷ ʪʦʣʴʢʦ ʟʘ ʩʯʝʪ 

ʤʦʜʠʬʠʢʘʮʠʠ ʯʠʩʝʣ ʟʘʧʦʣʥʝʥʠʷ ʚ ʙʘʟʦʚʳʭ ʫʨʘʚʥʝʥʠʷʭ ʤʦʜʝʣʠ. ɺ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʚʝʨʩʠʠ ʏɼɼʆʄ ʩʦʭʨʘʥʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʠʩʘʥʠʷ ʚ 

ʰʠʨʦʢʦʤ ʵʥʝʨʛʝʪʠʯʝʩʢʦʤ ʠʥʪʝʨʚʘʣʝ ʩʠʣʦʚʦʡ ʬʫʥʢʮʠʠ, ʧʝʨʝʭʦʜʥʦʡ ʧʣʦʪʥʦʩʪʠ, 

ʧʘʨʮʠʘʣʴʥʳʭ ʚʝʨʦʷʪʥʦʩʪʝʡ ʧʨʷʤʦʛʦ ʦʜʥʦʥʫʢʣʦʥʥʦʛʦ ʨʘʩʧʘʜʘ ɻʈ. ɺ ʨʘʙʦʪʝ ʥʦʚʘʷ 

ʚʝʨʩʠʷ ʏɼɼʆʄ ʧʨʠʤʝʥʝʥʘ ʢ ʦʧʠʩʘʥʠʶ ʥʝʢʦʪʦʨʳʭ 0+-ɻʈ ʚ ʨʷʜʝ ʠʟʦʪʦʧʦʚ ʦʣʦʚʘ, 

ʚ ʢʦʪʦʨʳʭ ʠʤʝʝʪ ʤʝʩʪʦ ʨʘʟʚʠʪʦʝ ʩʧʘʨʠʚʘʥʠʝ ʚ ʥʝʡʪʨʦʥʥʦʡ ʧʦʜʩʠʩʪʝʤʝ. ɺ 
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ʧʨʦʜʦʣʞʝʥʠʝ ʨʘʙʦʪ [2] ʠ [3] ʧʨʝʜʣʦʞʝʥʦ ʦʧʠʩʘʥʠʝ ʠʟʦʩʢʘʣʷʨʥʦʛʦ ʛʠʛʘʥʪʩʢʦʛʦ 

ʤʦʥʦʧʦʣʴʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ʀʉɻʄʈ), ʘ ʪʘʢʞʝ ʠʟʦʙʘʨʠʯʝʩʢʦʛʦ ʘʥʘʣʦʛʦʚʦʛʦ ʠ 

ʟʘʨʷʜʦʚʦ-ʦʙʤʝʥʥʳʭ (ʠʟʦʚʝʢʪʦʨʥʳʭ) ʛʠʛʘʥʪʩʢʠʭ ʤʦʥʦʧʦʣʴʥʳʭ ʨʝʟʦʥʘʥʩʦʚ (ʀɸʈ 

ʠ ). ʀʥʪʝʨʝʩ ʢ ʠʩʩʣʝʜʦʚʘʥʠʶ ʦʧʨʝʜʝʣʷʝʪʩʷ, ʚ ʯʘʩʪʥʦʩʪʠ, 

ʚʦʟʤʦʞʥʦʩʪʴʶ ʚʳʷʩʥʝʥʠʷ ʠʟʦʙʘʨʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʩʞʠʤʘʝʤʦʩʪʠ ʷʜʝʨʥʦʡ ʤʘʪʝʨʠʠ, ʘ ʪʘʢʞʝ ʤʝʭʘʥʠʟʤʘ ʥʘʨʫʰʝʥʠʷ ʠʟʦʩʧʠʥʦʚʦʡ 

ʩʠʤʤʝʪʨʠʠ ʚ ʩʨʝʜʥʝʪʷʞʝʣʳʭ ʷʜʨʘʭ. ɼʨʫʛʠʤ ʧʦʙʫʜʠʪʝʣʴʥʳʤ ʤʦʪʠʚʦʤ ʷʚʣʷʝʪʩʷ 

ʥʘʣʠʯʠʝ ʩʠʩʪʝʤʘʪʠʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʚʦʡʩʪʚ ʀʉɻʄʈ 

[4] ʠ ʀɸʈ [5] ʚ ʠʟʦʪʦʧʘʭ ʦʣʦʚʘ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʨʘʚʥʠʚʘʶʪʩʷ ʩ 

ʫʢʘʟʘʥʥʳʤʠ ʜʘʥʥʳʤʠ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʯʘʩʪʠʯʥʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʛʨʘʥʪ ˉ 19-02-00660) 
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ʂ.ɽ. ɻʆʈʆɼʅʀʏɽɺ, ʉ.ʀ. ɻʃɸɿʓʈʀʅ, ʇ.ʇ. ɿɸʍɸʈʆɺ,  

ʉ.ɽ. ʂʋʈɸʊʆɺ 
ʄʦʩʢʚʘ, ɺʩʝʨʦʩʩʠʡʩʢʠʡ ʅʘʫʯʥʦ-ʀʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʀʥʩʪʠʪʫʪ ɸʚʪʦʤʘʪʠʢʠ ʠʤ. ʅ.ʃ. 

ɼʫʭʦʚʘ 

 

ɺʃʀʗʅʀɽ ʐɽʈʆʍʆɺɸʊʆʉʊʀ ʅɸ ʉɾɸʊʀɽ ɻɸɿɸ ɺ ʄʀʐɽʅʗʍ 

ʃɸɿɽʈʅʆɻʆ ʊɽʈʄʆʗɼɽʈʅʆɻʆ ʉʀʅʊɽɿɸ 

ɺ ʨʘʙʦʪʝ ʘʥʘʣʠʟʠʨʫʝʪʩʷ ʨʘʟʚʠʪʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʛʨʘʥʠʮʳ ʤʝʞʜʫ DT ʣʴʜʦʤ ʠ DT 

ʛʘʟʦʤ, ʚʳʟʚʘʥʥʦʡ ʧʝʨʝʥʦʩʦʤ ʚʦʟʤʫʱʝʥʠʡ ʦʪ ʰʝʨʦʭʦʚʘʪʦʡ ʚʥʝʰʥʝʡ ʛʨʘʥʠʮʳ ʩʣʦʷ ʣʴʜʘ. 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʥʘʯʘʣʴʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ 

ʰʝʨʦʭʦʚʘʪʦʩʪʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʨʦʩʪ ʚʦʟʤʫʱʝʥʠʡ ʤʦʞʝʪ ʙʳʪʴ ʟʥʘʯʠʪʝʣʝʥ: ʧʨʦʥʠʢʘʥʠʝ 

ʣʴʜʘ ʚ ʛʘʟ ʥʘ ʛʣʫʙʠʥʫ ʜʦ ~30% ʦʪ ʨʘʜʠʫʩʘ ʛʦʨʷʯʝʡ ʦʙʣʘʩʪʠ ʥʘ ʤʦʤʝʥʪ ʤʘʢʩʠʤʘʣʴʥʦʛʦ 

ʩʞʘʪʠʷ. 

K.E. GORODNICHEV, S.I. GLAZYRIN, P.P. ZAKHAROV, 

S.E. KURATOV 

Moscow, Dukhov Research Institute of Automatics 

THE EFFECT OF ROUGHNESS ON GAS COMPRESSION IN NIF 

TARGETS 

The work analyzes the instability of DT ice - DT gas boundary, seeded by perturbations 

carried from the outer boundary roughness of the ice layer. Various initial roughness 

configurations are studied. The instability growth could be significant: ice penetrates into gas at 

the level 30% of hot spot radius at maximum compression. 

ʇʦʣʫʯʝʥʠʝ ʠʩʪʦʯʥʠʢʘ ʵʥʝʨʛʠʠ, ʚ ʦʩʥʦʚʝ ʢʦʪʦʨʦʛʦ ʣʝʞʠʪ ʧʨʦʮʝʩʩ 

ʵʥʝʨʛʦʚʳʜʝʣʝʥʠʷ ʧʨʠ ʧʨʦʪʝʢʘʥʠʠ ʪʝʨʤʦʷʜʝʨʥʳʭ ʨʝʘʢʮʠʡ, ʜʦ ʩʠʭ ʧʦʨ ʦʩʪʘʸʪʩʷ 

ʦʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ ʘʢʪʫʘʣʴʥʳʭ ʤʠʨʦʚʳʭ ʟʘʜʘʯ. ɺ ʩʭʝʤʘʭ ʠʥʝʨʮʠʘʣʴʥʦʛʦ 

ʫʜʝʨʞʘʥʠʷ ʥʘʠʙʦʣʴʰʠʡ ʫʩʧʝʭ ʜʦʩʪʠʛʥʫʪ ʥʘ ʫʩʪʘʥʦʚʢʝ ʣʘʟʝʨʥʦʛʦ ʪʝʨʤʦʷʜʝʨʥʦʛʦ 

ʩʠʥʪʝʟʘ NIF [1], ʛʜʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʚʧʣʦʪʥʫʶ ʧʦʜʦʰʣʠ ʢ ʧʦʨʦʛʫ ʟʘʞʠʛʘʥʠʷ, ʥʦ ʜʦ 

ʩʠʭ ʧʦʨ ʥʝ ʧʨʝʚʟʦʰʣʠ ʝʛʦ. ʉʯʠʪʘʝʪʩʷ, ʯʪʦ ʦʪʩʫʪʩʪʚʠʝ ʟʘʞʠʛʘʥʠʝ ʩʚʷʟʘʥʦ ʩ 

ʥʝʢʦʥʪʨʦʣʠʨʫʝʤʳʤ ʨʦʩʪʦʤ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ [2], ʢʦʪʦʨʳʝ 

ʫʩʠʣʠʚʘʶʪ ʥʘʯʘʣʴʥʳʝ ʚʦʟʤʫʱʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʪʝʨʤʦʷʜʝʨʥʦʡ ʢʘʧʩʫʣʳ, ʝʸ 

ʢʨʝʧʣʝʥʠʡ, ʪʨʫʙʢʠ ʜʣʷ ʟʘʢʘʯʢʠ DT-ʛʘʟʘ, ʘ ʪʘʢʞʝ ʘʩʠʤʤʝʪʨʠʠ ʦʙʣʫʯʝʥʠʷ, 

ʚʳʟʳʚʘʝʤʦʡ ʨʘʟʚʠʪʠʝʤ ʣʘʟʝʨ-ʧʣʘʟʤʝʥʥʳʭ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ. 

ʉʞʘʪʠʝ ʢʘʧʩʫʣʳ ʠ ʨʦʩʪ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ ʦʧʠʩʳʚʘʝʪʩʷ ʚ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʤ 

ʧʨʠʙʣʠʞʝʥʠʠ, ʢʦʪʦʨʦʝ ʚʢʣʶʯʘʝʪ ʨʘʟʣʠʯʥʳʝ ʧʣʘʟʤʝʥʥʳʝ ʠ ʨʘʜʠʘʮʠʦʥʥʳʝ 

ʧʨʦʮʝʩʩʳ. ʅʘʠʙʦʣʝʝ ʧʦʜʨʦʙʥʳʝ ʨʘʩʯʸʪʳ [3] ʫʯʠʪʳʚʘʶʪ ʚʣʠʷʥʠʝ ʧʝʨʝʯʠʩʣʝʥʥʳʭ 

ʠʩʪʦʯʥʠʢʦʚ ʚʦʟʤʫʱʝʥʠʡ ʩʢʚʦʟʥʳʤ ʦʙʨʘʟʦʤ. ɺ ʥʠʭ ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ 

ʫʩʣʦʞʥʝʥʠʝ ʬʦʨʤʳ ʛʘʟʦʚʦʡ ʧʦʣʦʩʪʠ ʥʘ ʤʦʤʝʥʪ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʩʞʘʪʠʷ, ʯʪʦ ʚ 

ʠʪʦʛʝ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʵʥʝʨʛʦʚʳʜʝʣʝʥʠʷ ʟʘ ʩʯʸʪ ʠʟʤʝʥʝʥʠʷ 
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ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʘʟʘ ʚ ʛʦʨʷʯʝʡ ʮʝʥʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ. ʇʨʠ 

ʵʪʦʤ ʦʪʩʫʪʩʪʚʫʝʪ ʦʢʦʥʯʘʪʝʣʴʥʦʝ ʧʦʥʠʤʘʥʠʝ, ʢʘʢʦʡ ʠʟ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʠʣʠ 

ʠʩʪʦʯʥʠʢʦʚ ʚʦʟʤʫʱʝʥʠʡ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʢʨʠʪʠʯʥʳʤ ʜʣʷ ʨʘʙʦʪʳ ʤʠʰʝʥʠ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʜʝʪʘʣʴʥʦ ʠʩʩʣʝʜʫʝʪʩʷ ʦʜʠʥ ʠʟ ʵʬʬʝʢʪʦʚ: ʧʨʝʜʩʪʘʚʣʝʥ 

ʘʥʘʣʠʟ ʚʣʠʷʥʠʷ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ DT ʣʴʜʘ ʥʘ ʠʪʦʛʦʚʳʡ ʚʠʜ 

ʛʘʟʦʚʦʡ ʧʦʣʦʩʪʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʫʜʘʨʥʘʷ ʚʦʣʥʘ, ʧʨʦʰʝʜʰʘʷ ʯʝʨʝʟ ʰʝʨʦʭʦʚʘʪʫʶ 

ʛʨʘʥʠʮʫ, ʧʝʨʝʥʦʩʠʪ ʚʦʟʤʫʱʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʥʘ ʩʣʝʜʫʶʱʫʶ ʛʨʘʥʠʮʫ - ʛʘʟ-ʣʝʜ, ʯʪʦ 

ʥʘ ʜʘʣʴʥʝʡʰʝʡ ʩʪʘʜʠʠ ʩʞʘʪʠʷ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʝʸ ʠʩʢʨʠʚʣʝʥʠʶ. 

ʀʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʥʘ ʠʪʦʛʦʚʫʶ ʚʝʣʠʯʠʥʫ 

ʠʩʢʨʠʚʣʝʥʠʷ ʛʨʘʥʠʮʳ. ʊʘʢʞʝ ʦʙʩʫʞʜʘʶʪʩʷ ʚʦʧʨʦʩʳ ʚʣʠʷʥʠʷ ʚʦʟʤʫʱʸʥʥʦʡ 

ʛʨʘʥʠʮʳ ʥʘ ʫʩʣʦʚʠʷ ʟʘʞʠʛʘʥʠʷ ʪʦʧʣʠʚʘ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Kline J. et al. Progress of indirect drive inertial confinement fusion in the Unites States // Nucl. Fusion. 
2019. 59. P. 112018. 

2. Meezan N.B. et al. Indirect drive ignition at the National Ignition Facility // Plasma Phys. Control. 
Fusion. 2017. 59. P. 014021. 

3. Clark D.S. et al. Three-dimensional simulations of low foot and high foot implosion experiments on the 
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ɼʫʭʦʚʘ 

 

ʇʈʀʄɽʅɽʅʀɽ ʄɽʊʆɼɸ ʌʋʅʂʎʀʁ ɻʈʀʅɸ ɼʃʗ ʈɸʉʏɽʊɸ 

ʇʈʆʉʊʈɸʅʉʊɺɽʅʅʆɻʆ ʈɸʉʇʈɽɼɽʃɽʅʀʗ ʕʃɽʂʊʈʆʅʆɺ ɺ 

ʂʆʅɽʏʅʆʁ ʉʀʉʊɽʄɽ 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʯʠʩʣʝʥʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʤʝʪʦʜʘ ʬʫʥʢʮʠʡ ɻʨʠʥʘ ʧʨʠʤʝʥʠʪʝʣʴʥʦ 

ʢ ʨʘʩʯʝʪʫ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʯʠʩʣʘ ʩʚʦʙʦʜʥʳʭ 

ʵʣʝʢʪʨʦʥʦʚ ʚ ʢʦʥʝʯʥʦʡ ʩʠʩʪʝʤʝ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʨʘʚʥʠʚʘʶʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ, 

ʧʦʣʫʯʝʥʥʳʤʠ ʧʨʷʤʳʤ ʩʫʤʤʠʨʦʚʘʥʠʝʤ ʚʦʣʥʦʚʳʭ ʬʫʥʢʮʠʡ. ɼʝʤʦʥʩʪʨʠʨʫʝʪʩʷ ʠʭ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʩʦʚʧʘʜʝʥʠʝ. ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʩ ʘʥʘʣʠʪʠʯʝʩʢʠʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʧʦʣʫʯʝʥʥʳʤʠ ʨʘʥʝʝ. 

S.E. KURATOV, S. I. BLINNIKOV, S. Yu. IGASHOV, D S 

SHIDLOVSKI 

Dukhov Research Insitute of Automatics (VNIIA), Moscow, Russia 

APPLICATION OF THE GREEN FUNCTION METHOD FOR 

CALCULATING THE SPATIAL DISTRIBUTION OF ELECTRONS IN 

THE FINITE SYSTEM  

The paper presents a numerical implementation of the Green's function method for 

calculating the spatial distribution of the macroscopic number of free electrons in a finite 

system. The results obtained are compared with the results obtained by direct summation of the 

wave functions. Their quantitative coincidence is demonstrated. A comparison is made with the 

analytical results obtained previously. 

ɺ [1] ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʵʬʬʝʢʪ ʥʘʣʠʯʠʷ ʜʚʫʭ ʤʘʩʰʪʘʙʦʚ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʚ 

ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʯʠʩʣʘ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʚ ʩʬʝʨʠʯʝʩʢʦʡ 

ʷʤʝ. ʈʝʟʫʣʴʪʘʪ ʙʳʣ ʧʦʣʫʯʝʥ ʘʥʘʣʠʪʠʯʝʩʢʠ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʬʫʥʢʮʠʡ ɻʨʠʥʘ ʠ 

ʧʦʜʪʚʝʨʞʜʝʥ ʯʠʩʣʝʥʥʳʤʠ ʨʘʩʯʝʪʘʤʠ. 

ʅʘ ʧʨʠʤʝʨʝ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʪʩʷ ʩʨʘʚʥʝʥʠʝ ʜʚʫʭ 

ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ: ʯʠʩʣʝʥʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʤʝʪʦʜʘ ʬʫʥʢʮʠʡ ɻʨʠʥʘ ʠ ʧʨʷʤʦʝ 

ʩʫʤʤʠʨʦʚʘʥʠʝ ʚʦʣʥʦʚʳʭ ʬʫʥʢʮʠʡ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʜʪʚʝʨʞʜʘʶʪ 

ʥʘʣʠʯʠʝ ʜʘʥʥʦʛʦ ʵʬʬʝʢʪʘ. ʀ ʥʘʭʦʜʷʪʩʷ ʚ ʢʦʣʠʯʝʩʪʚʝʥʥʦʤ ʩʦʛʣʘʩʠʠ ʤʝʞʜʫ ʩʦʙʦʡ. 

ʇʨʠʚʦʜʠʪʩʷ ʧʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʠʩʧʦʣʴʟʫʝʤʳʭ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ. 

ʇʦʣʫʯʝʥʥʳʝ ʯʠʩʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʜʪʚʝʨʞʜʘʶʪ ʧʦʣʫʯʝʥʥʳʝ ʚ [1] 

ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ.  
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ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

[1] Kuratov S E, Shidlovski D S and Blinnikov S I 2018 Journal of Physics: Conference Series 
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ɸ.ʄ.ɻʈʋɼʀʅʀʅɸ, ʅ.ʉ.ɺʆʈʆʅʆɺɸ, ʖ.ɽ.ʃʆɿʆɺʀʂ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʀʉʉʃɽɼʆɺɸʅʀɽ ʆʉʅʆɺʅʆɻʆ ʉʆʉʊʆʗʅʀʗ 

ɸʅʀɿʆʊʈʆʇʅʆɻʆ ʄɸɻʅʀʊʆʕʂʉʀʊʆʅɸ 

ʀʩʩʣʝʜʦʚʘʥʦ ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʤʘʛʥʠʪʦʵʢʩʠʪʦʥʘ ʥʘ ʧʨʠʤʝʨʝ ʙʠʩʣʦʷ 

ʬʦʩʬʦʨʝʥʘ, ʧʦʛʨʫʞʝʥʥʦʛʦ ʚ ʛʝʢʩʘʛʦʥʘʣʴʥʳʡ ʥʠʪʨʠʜ ʙʦʨʘ. 

A.M.GRUDININA, N.S.VORONOVA, Yu.E.LOZOVIK 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

GROUND STATE OF ANISOTROPIC MAGNETOEXCITON  

This work investigates anisotropic properties of the ground state of magnetoexciton in a 

two-dimensional (2D) atomically-thin bilayer, with a specific example of black phosphorus 

bilayer encapsulated in hBN. 

ɼʣʷ ʢʨʠʩʪʘʣʣʦʚ ʩ ʥʝʢʫʙʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ ʟʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʟʘʚʠʩʠʪ ʦʪ 

ʥʘʧʨʘʚʣʝʥʠʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʘʥʠʟʦʪʨʦʧʥʳʤ ʵʬʬʝʢʪʠʚʥʳʤ ʤʘʩʩʘʤ ʵʣʝʢʪʨʦʥʘ ʠ 

ʜʳʨʢʠ. ʋʨʘʚʥʝʥʠʝ ʐʨʝʜʠʥʛʝʨʘ ʜʣʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʨʘʟʜʝʣʝʥʥʦʛʦ ʵʢʩʠʪʦʥʘ 

(ʩʚʷʟʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʵʣʝʢʪʨʦʥʘ ʠ ʜʳʨʢʠ) ʩ ʘʥʠʟʦʪʨʦʧʥʦʡ ʤʘʩʩʦʡ ʚʦ ʚʥʝʰʥʝʤ 

ʧʦʧʝʨʝʯʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʠʤʝʝʪ ʚʠʜ: 

,  

ʛʜʝ   ʵʬʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ ʵʣʝʢʪʨʦʥʘ (ʜʳʨʢʠ) ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʠ Ox 

(Oy),  ï ʚʝʢʪʦʨʥʳʡ ʧʦʪʝʥʮʠʘʣ ʵʣʝʢʪʨʦʥʘ (ʜʳʨʢʠ) ʚ 

ʧʨʠʣʦʞʝʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, d ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʣʦʷʤʠ,  ï 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʩʨʝʜʳ ʤʝʞʜʫ ʩʣʦʷʤʠ. ɺ ʧʨʝʜʝʣʝ ʙʦʣʴʰʠʭ 

ʤʝʞʩʣʦʡʥʳʭ ʨʘʩʩʪʦʷʥʠʡ: , ʛʜʝ  ï ʤʘʛʥʠʪʥʘʷ ʜʣʠʥʘ,  

ï ʙʦʨʦʚʩʢʠʡ ʨʘʜʠʫʩ, ʫʨʘʚʥʝʥʠʝ ʤʦʞʥʦ ʨʝʰʠʪʴ ʘʥʘʣʠʪʠʯʝʩʢʠ 

ʚ ʣʠʥʝʡʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʧʦ ʤʘʩʩʦʚʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. 
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ɺ ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʬʠʣʝʡ ʚʦʣʥʦʚʳʭ ʬʫʥʢʮʠʡ 

ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʦʪ ʚʥʝʰʥʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩʠʩʪʝʤʳ ʠ ʚʝʣʠʯʠʥʳ ʵʣʝʢʪʨʦʥʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ (ʈʠʩ.1). 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʦʜʜʝʨʞʘʥʦ ʛʨʘʥʪʦʤ ʈʌʌʀ, ʧʨʦʝʢʪ ˉ 18-32-20180. 

 

ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ FWHM (ʧʦʣʫʰʠʨʠʥʳ) ʧʨʦʬʠʣʷ ʚʦʣʥʦʚʦʡ ʬʫʥʢʮʠʠ ʜʣʷ 

ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʦʪ ʚʥʝʰʥʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩʠʩʪʝʤʳ: ʘ) ʚʝʣʠʯʠʥʳ ʧʦʧʝʨʝʯʥʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʦ ʦʩʠ Ox ʜʣʷ ʬʦʩʬʦʨʝʥʘ (ʩʠʥʠʤ ʮʚʝʪʦʤ ï ʜʣʷ , ʢʨʘʩʥʳʤ ï 

, ʙ) ʤʝʞʩʣʦʡʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʜʣʷ ʬʦʩʬʦʨʝʥʘ (ʩʠʥʠʤ ʮʚʝʪʦʤ ï ʜʣʷ , 

ʢʨʘʩʥʳʤ ï ; ʠ ʚʝʣʠʯʠʥʳ ʵʣʝʢʪʨʦʥʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ: ʚ) ʧʦ ʦʩʠ Ox, ʛ) ʧʦ ʦʩʠ Oy 

(ʩʠʥʠʤ ʮʚʝʪʦʤ ï ʜʣʷ  , ʟʝʣʝʥʳʤ ʮʚʝʪʦʤ ï ʜʣʷ ï ʜʣʷ  

, ʢʨʘʩʥʳʤ ʮʚʝʪʦʤ ï ʜʣʷ ï ʜʣʷ  ; ʢʨʫʛʠ ï ʧʦ Ox, 

ʪʨʝʫʛʦʣʴʥʠʢʠ ï ʧʦ Oy).  

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ʖ. ɽ. ʃʦʟʦʚʠʢ, ɸ. ʄ. ʈʫʚʠʥʩʢʠʡ, ʇʠʩʴʤʘ ʚ ɾʕʊʌ 112(5), 11 (1997). 

2. A. Laturia, M. L. Van de Put, W. G. Vandenberghe, npj 2D Materials and Applications 2, 6 
(2018) 

(ʙ) (ʘ) 

(ʚ) (ʛ) 
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ʂ.ʉ. ʂʈʓʃʆɺ, ɺ.ɼ. ʄʋʈ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ɼʈʆɹʅʆɽ ʂɺɸʅʊʆɺɸʅʀɽ ʆʈɹʀʊɸʃʔʅʆɻʆ ʄʆʄɽʅʊɸ ɺ 

ɿɸɼɸʏɸʍ ʂʃɸʉʉʀʏɽʉʂʆʁ ʌʀɿʀʂʀ 

ɺ ʨʘʤʢʘʭ ʜʚʫʤʝʨʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ɻʝʣʴʤʛʦʣʴʮʘ ʚ ʢʣʘʩʩʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʧʦʣʷ 

ʦʙʩʫʞʜʘʶʪʩʷ ʪʘʢʠʝ ʬʠʟʠʯʝʩʢʠʝ ʟʘʜʘʯʠ, ʜʣʷ ʢʦʪʦʨʳʭ ʩʫʱʝʩʪʚʝʥʥʦ ʥʘʣʠʯʠʝ ʥʝʪʨʠʚʠʘʣʴʥʦʡ 

ʪʦʧʦʣʦʛʠʯʝʩʢʦʡ ʬʘʟʳ ʇʘʫʣʠ, ʪ.ʝ. ʚʦʟʤʦʞʥʦʛʦ ʚ ʜʚʫʤʝʨʠʠ ʜʨʦʙʥʦʛʦ ʢʚʘʥʪʦʚʘʥʠʷ 

ʦʨʙʠʪʘʣʴʥʦʛʦ ʤʦʤʝʥʪʘ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʦʚ ʨʘʩʩʤʦʪʨʝʥʳ çʟʘʜʘʯʘ ʦ ʢʣʠʥʝè ð 

ʦʧʨʝʜʝʣʝʥʠʝ ʧʦʣʷ, ʩʦʟʜʘʚʘʝʤʦʛʦ ʪʦʯʝʯʥʳʤ ʟʘʨʷʜʦʤ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʤʝʞʜʫ ʜʚʫʤʷ 

ʧʨʦʚʦʜʷʱʠʤʠ ʧʦʣʫʧʣʦʩʢʦʩʪʷʤʠ ð ʠ ʜʠʬʨʘʢʮʠʷ ʌʨʝʥʝʣʷ ʥʘ ʢʨʘʝ ʵʢʨʘʥʘ. 

K.S. KRYLOV, V.D. MUR 

National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Moscow, Russia 

FRACTIONAL QUANTISATION OF ORBITAL ANGULAR 

MOMENTUM IN PROBLEMS OF CLASSICAL PHYSICS  

Physical problems of classical field theory for which the presence of a nontrivial topological 

Pauli phase is essential (i.e. fractional quantization of the orbital angular momentum is possible 

in two-dimensional case) are discussed within the framework of the two-dimensional Helmholtz 

equation. As examples, we consider the ñwedge problemò ð the determination of the field 

created by a point charge in the space between two conducting half-planes ð and the Fresnel 

diffraction at the edge of the screen. 

ɼʨʦʙʥʳʝ ʟʥʘʯʝʥʠʷ ʦʨʙʠʪʘʣʴʥʦʛʦ ʤʦʤʝʥʪʘ ʚʦʟʥʠʢʘʶʪ ʚ ʟʘʜʘʯʘʭ ʢʣʘʩʩʠʯʝʩʢʦʡ 

ʪʝʦʨʠʠ ʧʦʣʷ ʩ ʨʘʟʜʝʣʷʶʱʠʤʠʩʷ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʢʦʦʨʜʠʥʘʪʘʭ ʧʝʨʝʤʝʥʥʳʤʠ, 

ʪʘʢʠʭ ʢʘʢ çʟʘʜʘʯʘ ʦ ʢʣʠʥʝè [1, 2] ʠ ʜʠʬʨʘʢʮʠʷ ʌʨʝʥʝʣʷ ʥʘ ʢʨʘʝ ʵʢʨʘʥʘ [3]. ɺ ʵʪʠʭ 

ʟʘʜʘʯʘʭ ʦʙʱʝʝ ʨʝʰʝʥʠʝ ʜʣʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʝʝ 

ʜʚʫʤʝʨʥʦʤʫ ʫʨʘʚʥʝʥʠʶ ɻʝʣʴʤʛʦʣʴʮʘ, ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ ʨʘʟʣʦʞʝʥʠʷ ʧʦ 

ʩʦʙʩʪʚʝʥʥʳʤ ʬʫʥʢʮʠʷʤ ʛʝʥʝʨʘʪʦʨʘ ʧʦʚʦʨʦʪʘ. 

ɺ ʟʘʜʘʯʝ ʦ ʢʣʠʥʝ, ʩʤ. ʈʠʩ. 1, ʢʦʤʧʦʥʝʥʪʘ ʌʫʨʴʝ u (᷆ɟ, ű) ʩʢʘʣʷʨʥʦʛʦ 

ʧʦʪʝʥʮʠʘʣʘ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʥʝʦʜʥʦʨʦʜʥʦʤʫ ʫʨʘʚʥʝʥʠʶ ɻʝʣʴʤʛʦʣʴʮʘ ʩ 

ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ɼʠʨʠʭʣʝ. ʏʪʦʙʳ ʫʜʦʚʣʝʪʚʦʨʠʪʴ ʛʨʘʥʠʯʥʳʤ ʫʩʣʦʚʠʷʤ, 

ʙʝʨʸʤ ʠʥʪʝʨʚʘʣ ʫʛʣʦʚ 0 Ò ű Ò 2ɓ. ʇʨʠ ʵʪʦʤ ʫʛʣʳ 0 Ò ű Ò ɓ ʦʪʚʝʯʘʶʪ 

çʬʠʟʠʯʝʩʢʦʤʫè ʧʨʦʩʪʨʘʥʩʪʚʫ, ʘ ʫʛʣʳ ɓ Ò ű Ò 2ɓ ð çʬʠʢʪʠʚʥʦʤʫè ʧʨʦʩʪʨʘʥʩʪʚʫ, 

ʚ ʢʦʪʦʨʦʤ ʥʘʭʦʜʷʪʩʷ ʠʩʪʦʯʥʠʢʠ-ʠʟʦʙʨʘʞʝʥʠʷ. ʊʦʛʜʘ ʚ ʩʫʧʝʨʧʦʟʠʮʠʶ ʜʘʶʪ ʚʢʣʘʜ 

ʦʨʙʠʪʘʣʴʥʳʝ ʤʦʤʝʥʪʳ ɛ = ( /́ɓ)m, m = Ñ1, Ñ2,é 

ɽʩʣʠ ɓ = ,́ ʪ.ʝ. ʢʣʠʥ ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ ʧʨʦʚʦʜʷʱʫʶ ʧʣʦʩʢʦʩʪʴ, ʪʦ ʨʝʰʝʥʠʝ 

ʦʪʚʝʯʘʝʪ ʨʝʟʫʣʴʪʘʪʫ ʤʝʪʦʜʘ ʠʟʦʙʨʘʞʝʥʠʡ, ʢʦʛʜʘ ʟʘʨʷʜ ʨʘʩʧʦʣʦʞʝʥ ʚ 

ʧʦʣʫʧʨʦʩʪʨʘʥʩʪʚʝ 0 Ò ű Ò ́, ʘ ʠʩʪʦʯʥʠʢ-ʠʟʦʙʨʘʞʝʥʠʝ ð ʚ ʧʦʣʫʧʨʦʩʪʨʘʥʩʪʚʝ  ́Ò 
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ű Ò 2́. ʇʨʠ ʵʪʦʤ ʦʨʙʠʪʘʣʴʥʳʝ ʤʦʤʝʥʪʳ ʚ ʨʘʟʣʦʞʝʥʠʠ ʧʨʠʥʠʤʘʶʪ ʮʝʣʳʝ 

ʟʥʘʯʝʥʠʷ ɛ = m, m = Ñ1, Ñ2,é ɽʩʣʠ ʞʝ ɓ = 2́ , ʪʦ ʢʣʠʥ ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ 

ʧʨʦʚʦʜʷʱʫʶ ʧʦʣʫʧʣʦʩʢʦʩʪʴ. ʊʘʢʦʝ ʟʥʘʯʝʥʠʝ ɓ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʘʣʠʯʠʶ 

ʬʠʢʪʠʚʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ 2 ́ Ò ű Ò 4́ ʠ ʚʢʣʘʜʫ ʚ ʨʘʟʣʦʞʝʥʠʝ ʧʦʣʫʮʝʣʳʭ 

ʟʥʘʯʝʥʠʡ ʫʛʣʦʚʦʛʦ ʤʦʤʝʥʪʘ ɛ = (1/2)m, m = Ñ1, Ñ2,é 

 

ʈʠʩ. 1. 

 

ʈʠʩ. 2. 

ɺ ʢʘʯʝʩʪʚʝ ʚʪʦʨʦʛʦ ʧʨʠʤʝʨʘ ʨʘʩʩʤʦʪʨʠʤ ʨʘʩʩʝʷʥʠʝ ʧʣʦʩʢʦʡ 

ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʡ ʚʦʣʥʳ ʩ ʯʘʩʪʦʪʦʡ ɤ = ck ʥʘ ʧʦʣʫʙʝʩʢʦʥʝʯʥʦʤ ʵʢʨʘʥʝ, x = 0, 

y < 0, ʫʜʦʚʣʝʪʚʦʨʷʶʱʝʤ ʫʩʣʦʚʠʷʤ ʅʝʡʤʘʥʘ, ʩʤ. ʈʠʩ. 2. ʏʘʩʪʥʦʝ ʨʝʰʝʥʠʝ u(ɟ, ű) 

ʦʜʥʦʨʦʜʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ɻʝʣʴʤʛʦʣʴʮʘ, ʘʩʠʤʧʪʦʪʠʯʝʩʢʠ ʧʝʨʝʭʦʜʷʱʝʝ ʚ ʧʣʦʩʢʫʶ 

ʚʦʣʥʫ, ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ ʨʘʟʣʦʞʝʥʠʷ, ʩʦʜʝʨʞʘʱʝʝ ʢʘʢ ʮʝʣʳʝ, ʪʘʢ ʠ ʧʦʣʫʮʝʣʳʝ 

ʟʥʘʯʝʥʠʷ ʦʨʙʠʪʘʣʴʥʦʛʦ ʤʦʤʝʥʪʘ, ʧʦʵʪʦʤʫ ʬʫʥʢʮʠʷ u(ɟ, ű) ʠʤʝʝʪ ʧʝʨʠʦʜ ʧʦ ű, 

ʨʘʚʥʳʡ 4,́ ʘ ʥʝ 2.́ ɼʣʷ ʵʢʨʘʥʘ ʦʙʣʘʩʪʴ ḯ/2 < ű < 3́ /2 ʷʚʣʷʝʪʩʷ 

çʜʝʡʩʪʚʠʪʝʣʴʥʳʤ ʧʨʦʩʪʨʘʥʩʪʚʦʤè, ʘ ʦʙʣʘʩʪʴ 3/́2 < ű < 7́ /2 ð çʬʠʢʪʠʚʥʳʤè. 

ʆʥʦ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʨʘʟʤʝʩʪʠʪʴ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʝ ʠʩʪʦʯʥʠʢʠ ʠ 

ʫʜʦʚʣʝʪʚʦʨʠʪʴ ʢʨʘʝʚʳʤ ʫʩʣʦʚʠʷʤ ʅʝʡʤʘʥʘ. 

ʇʦʣʫʯʝʥʥʦʝ ʨʝʰʝʥʠʝ ʦʪʚʝʯʘʝʪ ʧʦʩʪʘʚʣʝʥʥʦʡ ʬʠʟʠʯʝʩʢʦʡ ʟʘʜʘʯʝ: ʧʣʦʩʢʘʷ 

ʚʦʣʥʘ ʧʨʠʭʦʜʠʪ ʩʧʨʘʚʘ ʠ ʚʩʪʨʝʯʘʝʪ ʵʢʨʘʥ. ɺ ʦʙʣʘʩʪʠ ḯ/2 < ű < 0 ʧʘʜʘʶʱʘʷ 

ʚʦʣʥʘ ʦʪʨʘʞʘʝʪʩʷ ʦʪ ʵʢʨʘʥʘ, ʚ ʦʙʣʘʩʪʠ 0 < ű <  ́ ʦʥʘ ʙʝʩʧʨʝʧʷʪʩʪʚʝʥʥʦ 

ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʚʣʝʚʦ, ʘ ʚ ʦʙʣʘʩʪʠ çʪʝʥʠè,  ́< ű < 3́ /2, ʧʣʦʩʢʦʡ ʚʦʣʥʳ ʥʝʪ, ʩʤ. 

ʈʠʩ. 2. ʆʜʥʘʢʦ, ʚ ʢʘʞʜʦʡ ʠʟ ʵʪʠʭ ʦʙʣʘʩʪʝʡ ʠʤʝʝʪʩʷ ʨʘʩʩʝʷʥʥʘʷ ʦʪ ʢʨʘʷ ʵʢʨʘʥʘ 

ʚʦʣʥʘ, ʪʘʢ ʯʪʦ ʦʥ ʙʫʜʝʪ ʢʘʟʘʪʴʩʷ ʩʚʝʪʷʱʠʤʩʷ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʪʦʛʦ, ʧʦʜ ʢʘʢʠʤ 

ʫʛʣʦʤ ű ʦʥ ʙʫʜʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ű = ́ /2. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ʇ.ɼ. ʃʋʂʔʗʅʆɺ1, ɼ.ʅ. ɺʆʉʂʈɽʉɽʅʉʂʀʁ1,2,  

ɽ.ʕ. ʂʆʃʆʄɽʁʎɽɺ2,3 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʃʘʙʦʨʘʪʦʨʠʷ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʠʤ. ɹʦʛʦʣʶʙʦʚʘ, ʆʀʗʀ, ɼʫʙʥʘ, ʈʦʩʩʠʷ 

3 ʋʥʠʚʝʨʩʠʪʝʪ ʄʘʪʝʷ ɹʝʣʘ, ɹʘʥʩʢʘ ɹʳʩʪʨʠʮʘ, ʉʣʦʚʘʢʠʷ 

 

ʉɸʄʆʉʆɻʃɸʉʆɺɸʅʅʓɽ ʇʈʀɹʃʀɾɽʅʀʗ ɼʃʗ ʆʇʀʉɸʅʀʗ 

ɸɼʈʆʅʅʆɻʆ ɻɸɿɸ ʄɸʃʆʁ ʇʃʆʊʅʆʉʊʀ  

ʀʟʫʯʘʝʪʩʷ ʩʠʣʴʥʦʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʘʷ ʩʧʠʥ-ʠʟʦʩʧʠʥ-ʩʠʤʤʝʪʨʠʯʥʘʷ ʷʜʝʨʥʘʷ ʤʘʪʝʨʠʷ, 

ʩʦʩʪʘʚʣʝʥʥʘʷ ʠʟ ʥʫʢʣʦʥʦʚ, ʠʟʦʙʘʨ ʠ ʧʠʦʥʦʚ ʧʨʠ ʤʘʣʦʡ ʙʘʨʠʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʠ 

ʢʦʥʝʯʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ . ʀʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ -ʬʫʥʢʮʠʦʥʘʣʘ ɹʝʡʤʘ ʥʘ ʧʨʠʤʝʨʝ N  ʠ 

NN ʩʵʥʜʚʠʯ-ʜʠʘʛʨʘʤʤ. ʗʚʥʦ ʧʦʢʘʟʘʥʦ ʩʦʚʧʘʜʝʥʠʝ ʥʫʣʝʚʦʡ ʢʦʤʧʦʥʝʥʪʳ ʥʸʪʝʨʦʚʩʢʦʛʦ 

ʙʘʨʠʦʥʥʦʛʦ ʪʦʢʘ ʠ ʪʦʢʘ, ʧʦʣʫʯʘʝʤʦʛʦ ʚʟʷʪʠʝʤ ʧʨʦʠʟʚʦʜʥʦʡ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʧʦʪʝʥʮʠʘʣʘ ʧʦ ʙʘʨʠʦʥʥʦʤʫ ʭʠʤʠʯʝʩʢʦʤʫ ʧʦʪʝʥʮʠʘʣʫ . ʅʘ ʧʨʠʤʝʨʝ N cʵʥʜʚʠʯ-

ʜʠʘʛʨʘʤʤʳ  ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ 

-ʬʫʥʢʮʠʦʥʘʣʘ ɹʝʡʤʘ ʠ ʚʠʨʠʘʣʴʥʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ɹʝʩ-ʋʣʝʥʙʝʢʘ, ʧʨʦʚʝʜʝʥʥʦʛʦ ʜʦ 

ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʧʦ . 
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SELF-CONSISTENT APPROXIMATIONS FOR DESCRIPTION OF 

HADRON GAS AT LOW -DENSITY 

We study strongly interacting spin-isospin symmetric nuclear matter consisted of pions, 

nucleons and -isobars at low baryon density and finite temperature . -functional of Baym is 

employed for the case of sandwich-like N NN diagrams. We explicitly showed 

coincidence of the zero component of Noether current and the one calculated by taking 

derivative of the thermodynamic potential over the baryon chemical potential  On example 

of N sandwich diagram of  we demonstrated equivalence of results obtained with the 

help of the -functional of Baym and those found in the virial Beth-Uhlenbeck expansion 

performed up to the second order in . 

ʋʩʪʘʥʦʚʣʝʥʠʝ ʨʘʚʥʦʚʝʩʠʷ ʚ N ʩʠʩʪʝʤʝ ʚ ʨʘʤʢʘʭ ʪʨʘʥʩʧʦʨʪʥʳʭ ʤʦʜʝʣʝʡ 

ʠʟʫʯʘʣʦʩʴ ʚ ʨʘʙʦʪʝ [1]. ʈʘʟʥʳʝ ʢʦʜʳ ʜʘʶʪ ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʳʝ ʟʥʘʯʝʥʠʷ 

ʤʥʦʞʝʩʪʚʝʥʥʦʩʪʠ ʧʠʦʥʦʚ, ʥʫʢʣʦʥʦʚ ʠ . ʇʨʝʜʩʪʘʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ 

ʧʨʦʚʝʨʠʪʴ, ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʣʠ ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ [1] ʩʦʦʪʥʦʰʝʥʠʷ 

ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʦʤʫ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʤʫ ʦʧʠʩʘʥʠʶ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʝʡ 

N  ʩʠʩʪʝʤʳ.  
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ʄʳ ʠʟʫʯʘʝʤ N ʩʠʩʪʝʤʫ, ʠʩʧʦʣʴʟʫʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʩʦʛʣʘʩʦʚʘʥʥʦʝ -

ʚʳʚʦʜʠʤʦʝ ʧʨʠʙʣʠʞʝʥʠʝ, ʨʘʟʚʠʪʦʝ ʃʘʪʪʠʥʞʝʨʦʤ ʠ ɺʦʨʜʦʤ. ʇʠʦʥʳ ʩʯʠʪʘʶʪʩʷ 

ʨʝʣʷʪʠʚʠʩʪʩʢʠʤʠ, ʥʫʢʣʦʥʳ ʠ ʥʝʨʝʣʷʪʠʚʠʩʪʩʢʠʝ, NN ʠ N ʚʝʨʰʠʥʳ 

ï ʥʝʨʝʣʷʪʠʚʠʩʪʩʢʠʝ. ʀʩʧʦʣʴʟʫʷ ʬʫʥʢʮʠʦʥʘʣ ʩ N , NN ʩʘʥʜʚʠʯ-

ʜʠʘʛʨʘʤʤʘʤʠ, ʤʳ ʷʚʥʳʤ ʦʙʨʘʟʦʤ ʧʦʢʘʟʘʣʠ ʚʳʧʦʣʥʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʜʣʷ 

ʧʨʦʠʟʚʦʜʥʦʡ  ʧʦ : 

  

ʛʜʝ =N, -ʩʧʠʥ-ʠʟʦʩʧʠʥʦʚʳʡ ʬʘʢʪʦʨ ʚʳʨʦʞʜʝʥʠʷ,  ʠ  

ï ʟʘʧʘʟʜʳʚʘʶʱʘʷ ʬʫʥʢʮʠʷ ɻʨʠʥʘ ʠ ʩʦʙʩʪʚʝʥʥʘʷ ʵʥʝʨʛʠʷ ʬʝʨʤʠʦʥʘ, 

 ï ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʌʝʨʤʠ-ɼʠʨʘʢʘ. ʈʘʥʝʝ, ʧʦʜʦʙʥʳʡ 

ʨʝʟʫʣʴʪʘʪ ʙʳʣ ʧʦʣʫʯʝʥ [2] ʜʣʷ ʧʨʦʠʟʚʦʜʥʦʡ  ʧʦ T ʩ ʫʯʝʪʦʤ ʪʦʣʴʢʦ ʦʜʥʦʡ ʜʚʫʭ-

ʧʝʪʣʝʚʦʡ ʜʠʘʛʨʘʤʤʳ . ʀʩʧʦʣʴʟʫʷ ʵʪʦ ʪʦʞʜʝʩʪʚʦ, ʤʳ ʧʦʣʫʯʠʣʠ 

   

ʛʜʝ  - ʩʧʝʢʪʨʘʣʴʥʘʷ ʬʫʥʢʮʠʷ ʬʝʨʤʠʦʥʘ , ʝʛʦ 

ʰʠʨʠʥʘ, a . ɺʝʣʠʯʠʥʘ ʩʦʚʧʘʜʘʝʪ ʩ ʥʫʣʝʚʦʡ 

ʢʦʤʧʦʥʝʥʪʥʦʡ ʙʘʨʠʦʥʥʦʛʦ ʪʦʢʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʨʘʙʦʪʝ [3] ɹʦʪʝʨʤʘʥʩʦʤ ʠ 

ʄʘʣʬʣʠʝʪʦʤ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʚ [4] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʢʠʥʝʪʠʯʝʩʢʦʝ ʫʨʘʚʥʝʥʠʝ, 

ʚʳʚʝʜʝʥʥʦʝ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʂʘʜʘʥʦʚʘ-ɹʝʡʤʘ, ʩʦʭʨʘʥʷʝʪ ʙʘʨʠʦʥʥʳʡ ʥʸʪʝʨʦʚʩʢʠʡ 

ʪʦʢ ʩ ʥʫʣʝʚʦʡ ʢʦʤʧʦʥʝʥʪʦʡ  ʇʨʷʤʳʤ 

ʚʳʯʠʩʣʝʥʠʝʤ ʤʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʣʷ  ʬʫʥʢʮʠʦʥʘʣʘ ʩ ʜʚʫʤʷ ʜʚʫʭʧʝʪʣʝʚʳʤʠ 

ʜʠʘʛʨʘʤʤʘʤʠ ʥʸʪʝʨʦʚʩʢʠʡ ʠ ʙʦʪʝʨʤʘʥʩ-ʤʘʣʬʣʠʝʪʦʚʩʢʠʡ ʪʦʢʠ ʩʦʚʧʘʜʘʶʪ. ɼʘʣʝʝ, 

ʥʘ ʧʨʠʤʝʨʝ ʦʜʥʦʡ N cʵʥʜʚʠʯ-ʜʠʘʛʨʘʤʤʳ  ʤʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʚʝʣʠʯʠʥʳ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ -ʬʫʥʢʮʠʦʥʘʣʘ ɹʝʡʤʘ ʠ 

ʚʠʨʠʘʣʴʥʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ɹʝʩ-ʋʣʝʥʙʝʢʘ, ʧʨʦʚʝʜʝʥʥʦʛʦ ʜʦ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʧʦ 

 ʧʨʠ  MeV, ʩʦʚʧʘʜʘʶʪ. 
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ʀʉʉʃɽɼʆɺɸʅʀɽ ʌɸʂʊʆʈʆɺ, ɺʃʀʗʖʑʀʍ ʅɸ ʉɺɽʊʆɺʆʁ 

ʉɼɺʀɻ ɺ ʋʉʃʆɺʀʗʍ ʂʇʅ ʈɽɿʆʅɸʅʉɸ 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʘʜʘʧʪʠʨʦʚʘʥʥʦʝ ʢ ʫʩʣʦʚʠʷʤ ʵʢʩʧʝʨʠʤʝʥʪʘ ʦʧʠʩʘʥʠʝ ʂʇʅ-

ʨʝʟʦʥʘʥʩʘ ʥʘ ʧʝʨʝʭʦʜʘʭ D1-ʣʠʥʠʠ ʘʪʦʤʦʚ 87Rb. ʇʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʚʳʩʦʢʦʪʦʯʥʳʤ ʘʪʦʤʥʳʤ 

ʩʪʘʥʜʘʨʪʘʤ ʯʘʩʪʦʪʳ ʢʣʶʯʝʚʳʤ ʚʦʧʨʦʩʦʤ ʷʚʣʷʝʪʩʷ ʚʣʠʷʥʠʝ ʨʘʟʣʠʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʣʘʟʝʨʘ 

ʠ ʘʪʦʤʥʦʡ ʩʨʝʜʳ ʥʘ ʚʝʣʠʯʠʥʫ ʚʦʟʥʠʢʘʶʱʠʭ ʩʚʝʪʦʚʳʭ ʩʜʚʠʛʦʚ. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩʦ 

ʩʪʘʥʜʘʨʪʥʳʤʠ ʧʦʜʭʦʜʘʤʠ ʧʨʝʜʣʘʛʘʝʤʘʷ ʤʦʜʝʣʴ ʫʯʠʪʳʚʘʝʪ ʨʷʜ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʬʘʢʪʦʨʦʚ: ʩʚʝʨʭʪʦʥʢʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ʚʝʨʭʥʝʛʦ ʨʘʙʦʯʝʛʦ ʫʨʦʚʥʷ ʠ ʥʘʣʠʯʠʝ ʦʜʥʦʬʦʪʦʥʥʦʡ 

ʦʪʩʪʨʦʡʢʠ ʦʪ ʨʝʟʦʥʘʥʩʘ, ʧʨʦʠʟʚʦʣʴʥʳʡ ʩʧʝʢʪʨ ʣʘʟʝʨʘ ʠ ʫʯʝʪ ʦʧʪʠʯʝʩʢʦʡ ʪʦʣʱʠʥʳ 

ʘʪʦʤʥʦʡ ʩʨʝʜʳ, ʘ ʪʘʢʞʝ ʬʘʟʦʚʦʡ ʤʦʜʫʣʷʮʠʠ ʩʚʝʪʦʚʦʛʦ ʧʦʣʷ, ʨʝʘʣʠʟʫʶʱʝʡ ʧʝʪʣʶ 

ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʚ ʩʭʝʤʝ ʩʪʘʙʠʣʠʟʘʮʠʠ ʯʘʩʪʦʪʳ. ɺʧʝʨʚʳʝ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʦʩʦʙʫʶ ʨʦʣʴ ʚ 

ʚʝʣʠʯʠʥʝ ʠ ʩʪʨʫʢʪʫʨʝ ʩʚʝʪʦʚʳʭ ʩʜʚʠʛʦʚ ʠʛʨʘʝʪ ʘʩʠʤʤʝʪʨʠʷ ʩʧʝʢʪʨʘ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ.  
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STUDY OF FACTORS AFFECTING THE LIGHT SHIFTS IN THE 

CPT RESONANCE SCHEME 

We present a study of the light shifts arising in the coherent population trapping (CPT) 

resonance. The focus of the paper is on the influence of experimental factors a ecting the 

magnitude and structure of the light shift. In particular, impact of FM-modulation, spectrum 

asymmetry, one-photon detuning and optically thick atomic medium are considered. The 

proposed model can help clarify if a zero light shift can be reached in a specific experimental 

set-up. The results of simulations and analytical formalue are compared with the experiment 

performed with a diode laser and 87Rb atoms. 

ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ ʘʪʦʤʥʳʭ ʯʘʩʦʚ ʥʘ ʵʬʬʝʢʪʝ 

ʂʇʅ [1] ʩʣʫʞʠʪ ʩʚʝʪʦʚʦʡ ʩʜʚʠʛ ʨʘʙʦʯʝʛʦ ʘʪʦʤʥʦʛʦ ʧʝʨʝʭʦʜʘ [2]. ʇʨʦʜʦʣʞʘʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ, ʥʘʯʘʪʳʝ ʚ [3], ʤʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤ ʨʘʩʰʠʨʝʥʥʫʶ ʥʦʤʝʥʢʣʘʪʫʨʫ 

ʬʘʢʪʦʨʦʚ, ʚʣʠʷʶʱʠʭ ʥʘ ʚʝʣʠʯʠʥʫ ʵʪʦʛʦ ʥʝʞʝʣʘʪʝʣʴʥʦʛʦ ʵʬʬʝʢʪʘ. ʈʝʰʘʷ 
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ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʘʪʦʤʥʦʡ ʤʘʪʨʠʮʳ ʧʣʦʪʥʦʩʪʠ ʚ ʧʨʠʙʣʠʞʝʥʠʷʭ, ʦʪʚʝʯʘʶʱʠʭ 

ʨʝʘʣʴʥʦʤʫ ʵʢʩʧʝʨʠʤʝʥʪʫ, ʧʦʣʫʯʝʥʳ ʢʘʢ ʪʦʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ (ʪʨʝʙʫʶʱʠʝ, ʪʝʤ ʥʝ 

ʤʝʥʝʝ, ʧʨʦʩʪʦʛʦ ʯʠʩʣʝʥʥʦʛʦ ʨʘʩʯʝʪʘ), ʪʘʢ ʠ ʧʨʠʙʣʠʞʝʥʥʳʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ 

ʬʦʨʤʫʣʳ, ʦʧʠʩʳʚʘʶʱʠʝ ʬʦʨʤʫ ʂʇʅ-ʨʝʟʦʥʘʥʩʘ, ʚʝʣʠʯʠʥʫ ʠ ʩʪʨʫʢʪʫʨʫ 

ʩʚʝʪʦʚʦʛʦ ʩʜʚʠʛʘ, ʘ ʪʘʢʞʝ ʧʦʣʦʞʝʥʠʝ ʥʫʣʷ ʩʠʥʬʘʟʥʦʛʦ ʩʠʛʥʘʣʘ, ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ 

ʮʝʧʠ ʩʪʘʙʠʣʠʟʘʮʠʠ ʯʘʩʪʦʪʳ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʘʩʠʤʤʝʪʨʠʷ ʩʧʝʢʪʨʘ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʥʝʥʫʣʝʚʦʡ ʦʜʥʦʬʦʪʦʥʥʦʡ ʦʪʩʪʨʦʡʢʠ ʠʛʨʘʝʪ 

ʩʫʱʝʩʪʚʝʥʥʫʶ, ʘ ʠʥʦʛʜʘ ʠ ʦʧʨʝʜʝʣʝʷʶʱʫʶ ʨʦʣʴ ʚ ʚʝʣʯʠʥʠʝ ʩʚʝʪʦʚʦʛʦ ʩʜʚʠʛʘ. 

ɼʨʫʛʦʡ ʚʘʞʥʳʡ ʨʝʟʫʣʴʪʘʪ ʢʘʩʘʝʪʩʷ ʩʤʝʱʝʥʠʷ ʤʝʞʜʫ ʤʘʢʩʠʤʫʤʦʤ ʧʨʦʧʫʩʢʘʥʠʷ 

ʯʝʨʝʟ ʘʪʦʤʥʫʶ ʷʯʝʡʢʫ ʠ ʥʫʣʝʤ ʩʠʥʬʘʟʥʦʛʦ ʩʠʛʥʘʣʘ, ʧʦʩʢʦʣʴʢʫ ʧʦʩʣʝʜʥʠʡ ʥʘ 

ʧʨʘʢʪʠʢʝ ʧʨʠʥʠʤʘʝʪʩʷ ʟʘ ʚʝʣʠʯʠʥʫ ʩʚʝʪʦʚʦʛʦ ʩʜʚʠʛʘ. ʇʨʠ ʥʝʩʠʤʤʝʪʨʠʯʥʦʤ 

ʢʦʥʪʫʨʝ ʂʇʅ-ʨʝʟʦʥʘʥʩʘ ʵʪʠ ʜʚʝ ʚʝʣʠʯʠʥʳ ʥʝ ʩʦʚʧʘʜʘʶʪ, ʠ ʨʘʟʚʠʪʳʡ ʥʘʤʠ 

ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʩʪʝʧʝʥʴ ʵʪʦʛʦ ʥʝʩʦʚʧʘʜʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʘʩʠʤʤʝʪʨʠʠ ʩʧʝʢʪʨʘ ʣʘʟʝʨʘ. ʇʦʣʫʯʝʥʥʘʷ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʬʦʨʤʘ ʂʇʅ-ʨʝʟʦʥʘʥʩʘ ʠ 

ʟʥʘʯʝʥʠʷ ʩʚʝʪʦʚʳʭ ʩʜʚʠʛʦʚ ʩʦʧʦʩʪʘʚʣʝʥʳ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʜʣʷ 

ʘʪʦʤʦʚ 87Rb ʥʘ ʨʠʩ. 1. 

 

ʈʠʩ. 1. ʉʨʘʚʥʝʥʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʢʨʠʚʳʭ ʂʇʅ-ʨʝʟʦʥʘʥʩʘ, 

ʘ ʪʘʢʞʝ ʩʚʝʪʦʚʳʭ ʩʜʚʠʛʦʚ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʩʧʝʢʪʨʦʚ ʣʘʟʝʨʘ 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ʊ.ɺ. ʃʀʉɽʁʂʀʅɸ1, ʉ.ɺ. ʇʆʇʈʋɾɽʅʂʆ2,3 

1ʋʥʠʚʝʨʩʠʪʝʪ ʈʦʩʪʦʢʘ, ɻʝʨʤʘʥʠʷ 
2ʀʥʩʪʠʪʫʪ ʦʙʱʝʡ ʬʠʟʠʢʠ ʠʤ. ɸ.ʄ. ʇʨʦʭʦʨʦʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 3ʅʘʮʠʦʥʘʣʴʥʳʡ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʅɽʀɿʃʋʏɸʖʑʀɽ ʅɽʉʊɸʎʀʆʅɸʈʅʓɽ ʉʆʉʊʆʗʅʀʗ 

ʃɸɿɽʈʅʆʁ ʇʃɸɿʄʓ 

ʀʩʩʣʝʜʦʚʘʥʳ ʜʠʥʘʤʠʯʝʩʢʠʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʧʣʘʟʤʳ, ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ ʠʦʥʠʟʘʮʠʠ 

ʤʦʱʥʳʤ ʙʠʭʨʦʤʘʪʠʯʝʩʢʠʤ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʤʠʢʨʦʤʝʪʨʦʚʳʭ ʛʘʟʦʚʳʭ ʤʠʰʝʥʝʡ. 

ɺʦʟʙʫʞʜʘʝʤʳʝ ʧʨʠ ʵʪʦʤ ʩʠʣʴʥʳʝ ʥʝʩʪʘʮʠʦʥʘʨʥʳʝ ʪʦʢʠ ʧʨʠʚʦʜʷʪ ʢ ʠʟʣʫʯʝʥʠʶ 

ʪʝʨʘʛʝʨʮʦʚʳʭ ʚʦʣʥ ʚʳʩʦʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʦʩʣʝ ʙʳʩʪʨʦʛʦ ʠʩʧʫʩʢʘʥʠʷ 

ʦʜʥʦʮʠʢʣʦʚʦʛʦ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠʤʧʫʣʴʩʘ ʦʙʨʘʟʫʝʪʩʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʧʣʘʟʤʳ, ʢʦʪʦʨʘʷ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʣʫʯʘʝʪ, ʭʦʪʷ ʧʨʠ ʵʪʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʘʨʷʜʦʚ ʠ ʪʦʢʦʚ ʦʩʪʘʝʪʩʷ 

ʥʝʩʪʘʮʠʦʥʘʨʥʳʤ. ʊʘʢʘʷ ʙʝʟʠʟʣʫʯʘʪʝʣʴʥʘʷ ʪʦʢʦʚʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʷʚʣʷʝʪʩʷ ʘʥʘʣʦʛʦʤ 

ʘʥʘʧʦʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʠʟʚʝʩʪʥʦʛʦ ʚ ʥʘʥʦʬʦʪʦʥʠʢʝ. 
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1University of Rostock, Germany 
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NONSTATIONARY NONRADIATING STATES OF LASER PLASMA  

We studied dynamical configurations of plasma created through ionization of gas targets of 

micron-scale size by intense two-color laser radiation. Strong non-stationary currents excited in 

this interaction led to the emission of high-power terahertz waves. After a quick radiation of a 

single-cycle terahertz pulse, a specific plasma configuration was formed which emitted 

practically no radiation despite the fact that the charge and current distributions remained 

essentially time-dependent. The nonradiating configuration was found similar to the dynamic 

anapole state recently observed in nanophotonics.  

 ʀʟ ʢʣʘʩʩʠʯʝʩʢʦʡ ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʠ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʟʘʨʷʞʝʥʥʳʝ ʯʘʩʪʠʮʳ, 

ʜʚʠʞʫʱʠʝʩʷ ʩ ʫʩʢʦʨʝʥʠʝʤ, ʠʟʣʫʯʘʶʪ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʚʦʣʥʳ. ʕʪʦ 

ʫʪʚʝʨʞʜʝʥʠʝ, ʦʜʥʘʢʦ, ʥʝ ʚʩʝʛʜʘ ʚʝʨʥʦ, ʝʩʣʠ ʨʝʯʴ ʠʜʝʪ ʥʝ ʦ ʪʦʯʝʯʥʳʭ ʟʘʨʷʜʘʭ, ʘ ʦ 

ʥʝʧʨʝʨʳʚʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ, ʤʦʜʝʣʠʨʫʶʱʝʤ ʟʘʨʷʜʳ ʠ ʪʦʢʠ ʚ 

ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ. ʇʨʠ ʵʪʦʤ ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ, ʯʪʦ ʧʝʨʝʤʝʥʥʦʝ ʚʦ 

ʚʨʝʤʝʥʠ ʠ ʦʛʨʘʥʠʯʝʥʥʦʝ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʘʨʷʜʦʚ ʠ ʪʦʢʦʚ 

ʩʦʚʝʨʰʝʥʥʦ ʥʝ ʠʟʣʫʯʘʝʪ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ [1,2]. ɼʦʣʛʦʝ ʚʨʝʤʷ ʩʯʠʪʘʣʦʩʴ, 

ʯʪʦ ʥʘ ʧʨʘʢʪʠʢʝ ʪʘʢʠʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʟʘʨʷʜʦʚ ʠ ʪʦʢʦʚ ʨʝʘʣʠʟʦʚʘʪʴ ʥʝʚʦʟʤʦʞʥʦ, 

ʭʦʪʷ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠʭ ʯʠʩʣʦ ʙʝʩʢʦʥʝʯʥʦ ʚʝʣʠʢʦ. ɺ ʢʚʘʥʪʦʚʦʡ ʬʠʟʠʢʝ ʘʥʘʧʦʣʴʥʳʡ 

ʤʦʤʝʥʪ, ʚʚʝʜʝʥʥʳʡ ɿʝʣʴʜʦʚʠʯʝʤ [3] ʜʣʷ ʦʧʠʩʘʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʥʘʨʫʰʘʶʱʝʛʦ ʯʝʪʥʦʩʪʴ, ʪʘʢʞʝ ʧʦʟʚʦʣʷʝʪ ʩʢʦʥʩʪʨʫʠʨʦʚʘʪʴ 

ʰʠʨʦʢʠʡ ʢʣʘʩʩ ʥʝʠʟʣʫʯʘʶʱʠʭ ʩʦʩʪʦʷʥʠʡ. ɸʥʘʣʦʛʦʤ ʘʥʘʧʦʣʝʡ ʚ ʢʣʘʩʩʠʯʝʩʢʦʡ 

ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʝ ʷʚʣʷʶʪʩʷ ʪʦʨʦʠʜʘʣʴʥʳʝ ʤʫʣʴʪʠʧʦʣʠ [5,6], ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 
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ʧʨʦʷʚʣʝʥʠʷ ʢʦʪʦʨʳʭ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʥʝʜʘʚʥʦ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʦʧʪʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ [7]. 

ʅʘʤʠ ʠʩʩʣʝʜʦʚʘʥ ʩʭʦʞʠʡ ʵʬʬʝʢʪ ʦʙʨʘʟʦʚʘʥʠʷ ʥʝʠʟʣʫʯʘʶʱʝʛʦ ʩʦʩʪʦʷʥʠʷ ʚ 

ʩʠʣʴʥʦ ʦʪʣʠʯʘʶʱʝʡʩʷ ʩʠʩʪʝʤʝ ï ʧʣʘʟʤʝ, ʚʦʟʥʠʢʘʶʱʝʡ ʧʨʠ ʠʦʥʠʟʘʮʠʠ 

ʘʪʦʤʘʨʥʳʭ ʛʘʟʦʚ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 1017-1019ʩʤ-3 ʙʠʭʨʦʤʘʪʠʯʝʩʢʠʤʠ 

ʬʝʤʪʦʩʝʢʫʥʜʥʳʤʠ ʣʘʟʝʨʥʳʤʠ ʠʤʧʫʣʴʩʘʤʠ ʚʳʩʦʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ʊʫʥʥʝʣʴʥʘʷ 

ʠʦʥʠʟʘʮʠʷ ʘʪʦʤʦʚ ʚ ʧʦʣʝ, ʩʦʩʪʦʷʱʝʤ ʠʟ ʦʩʥʦʚʥʦʡ ʯʘʩʪʦʪʳ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʩʣʘʙʦʡ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ, ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʙʫʞʜʝʥʠʶ ʥʝʥʫʣʝʚʦʛʦ ʦʩʪʘʪʦʯʥʦʛʦ 

ʬʦʪʦʪʦʢʘ, ʢʦʪʦʨʳʡ ʦʩʮʠʣʣʠʨʫʝʪ ʩ ʯʘʩʪʦʪʦʡ, ʙʣʠʟʢʦʡ ʢ ʧʣʘʟʤʝʥʥʦʡ, ʠ ʩʠʣʴʥʦ 

ʠʟʣʫʯʘʝʪ ʚ ʪʝʨʘʛʝʨʮʦʚʦʤ (ʊɻʮ) ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ [8]. ɽʩʣʠ ʨʘʟʤʝʨ ʛʘʟʦʚʦʡ 

ʤʠʰʝʥʠ ʩʦʧʦʩʪʘʚʠʤ ʩ ʜʣʠʥʦʡ ʊɻʮ ʚʦʣʥʳ, ʩʦʩʪʘʚʣʷʶʱʝʡ ʜʝʩʷʪʢʠ ʤʢʤ, 

ʵʣʝʢʪʨʦʥʥʘʷ ʧʣʘʟʤʘ ʠʟʣʫʯʘʝʪ ʢʘʢ ʝʜʠʥʘʷ ʤʘʢʨʦʯʘʩʪʠʮʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʘʥʦʤʘʣʴʥʦ ʙʦʣʴʰʦʡ ʩʠʣʳ ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʪʨʝʥʠʷ ʠ, ʢʘʢ 

ʩʣʝʜʩʪʚʠʝ, ʢ ʫʢʦʨʦʯʝʥʠʶ ʊɻʮ ʠʤʧʫʣʴʩʘ. ʈʝʟʫʣʴʪʘʪʦʤ ʜʝʡʩʪʚʠʷ ʩʠʣʳ 

ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʪʨʝʥʠʷ ʷʚʣʷʝʪʩʷ ʥʝ ʙʳʩʪʨʦʝ ʟʘʪʫʭʘʥʠʝ ʧʣʘʟʤʝʥʥʳʭ ʢʦʣʝʙʘʥʠʡ, ʘ 

ʠʭ ʧʝʨʝʩʪʨʦʡʢʘ, ʧʨʠʚʦʜʷʱʘʷ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʜʠʥʘʤʠʯʝʩʢʦʡ ʥʝʠʟʣʫʯʘʶʱʝʡ 

ʢʦʥʬʠʛʫʨʘʮʠʠ. ɽʝ ʩʚʦʡʩʪʚʘ ʠʩʩʣʝʜʦʚʘʥʳ ʯʠʩʣʝʥʥʦ ʧʨʠ ʧʦʤʦʱʠ ʨʝʰʝʥʠʷ 

ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ-ɺʣʘʩʦʚʘ ʤʝʪʦʜʦʤ ʯʘʩʪʠʮ ʚ ʷʯʝʡʢʘʭ. ʇʦʢʘʟʘʥʦ, 

ʯʪʦ ʥʝʠʟʣʫʯʘʶʱʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʫʧʝʨʧʦʟʠʮʠʶ ʪʦʢʦʚ, 

ʩʦʟʜʘʶʱʠʭ ʧʦʩʪʦʷʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʠ ʧʝʨʝʤʝʥʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʷ. 
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8. Kim K.Y., Glownia J.H., Taylor A.J., Rodriguez G. // Opt. Exp. 2007. V. 15, P. 4577. 
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ʄ.ɸ. ʈɸʂʀʊʀʅɸ1, ʉ.ʀ. ɻʃɸɿʓʈʀʅ2, ɸ.ɺ. ɹʈɸʅʊʆɺ2, ɺ.ʖ. 

ɹʓʏɽʅʂʆɺ2,3 

1 ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè, ʄʦʩʢʚʘ 
2ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ; 

3ʎʌʇʀ ʌɻʋʇ çɺʅʀʀɸè, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʇʆʈʆɻ ʀʆʅʅʆ-ɿɺʋʂʆɺʆʁ ʅɽʋʉʊʆʁʏʀɺʆʉʊʀ ʀ 

ɸʅʆʄɸʃʔʅʆɽ ʇʆɻʃʆʑɽʅʀɽ  

ʅʘ ʦʩʥʦʚʝ ʪʦʯʥʳʭ ʟʥʘʯʝʥʠʡ ʜʣʷ ʯʘʩʪʦʪʳ ʢʦʣʝʙʘʥʠʡ ʠ ʜʝʢʨʝʤʝʥʪʘ ʟʘʪʫʭʘʥʠʷ ʟʚʫʢʦʚʳʭ 

ʚʦʣʥ ʥʘʡʜʝʥʳ ʧʦʨʦʛʦʚʳʝ ʟʥʘʯʝʥʠʷ ʛʨʘʜʠʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨʳ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ 

ʠʦʥʥʦ-ʟʚʫʢʦʚʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʦʙʨʘʪʥʦʛʦ ʪʦʢʘ. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʜʣʦʞʝʥʥʳʭ 

ʧʨʦʩʪʳʭ ʚʳʨʘʞʝʥʠʡ ʜʣʷ ʚʳʯʠʩʣʝʥʠʡ ʧʦʨʦʛʦʚ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʦ 

ʚʦʟʥʠʢʘʶʱʝʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʧʦʛʣʦʱʝʥʠʝ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʝ ʚ 

ʧʦʩʪʘʥʦʚʢʝ, ʠʤʝʶʱʝʡ ʦʪʥʦʰʝʥʠʷ ʢ ʩʭʝʤʝ ʧʨʷʤʦʛʦ ʟʘʞʠʛʘʥʠʷ ʣʘʟʝʨʥʦʛʦ ʪʝʨʤʦʷʜʝʨʥʦʛʦ 

ʩʠʥʪʝʟʘ. 

M. RAKITINA 1, S. GLAZIRIN2, A. BRANTOV2, V. BYCHENKOV2,3 

1National Research Nuclear University MEPhI, Moscow, Russia 
2P.N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, 3Russia; CFAR 

Dukhov Research Institute, Moscow, Russia 

THRESHOLD OF ION -ACOUSTIC INSTABILITY AND 

ANOMALOUS ABSORPTION  

Based on the exact values of the ion sound frequency and its damping the threshold values 

of the temperature gradient that lead to return current instability are found. With use of derived 

expressions for threshold calculations the anomalous absorption of laser radiation at second 

harmonic in the setup related to direct drive scheme of inertial confinement has been analyzed. 

ʍʦʨʦʰʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʨʘʟʚʠʪʠʝ ʠʦʥʥʦ-ʟʚʫʢʦʚʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʦʙʨʘʪʥʦʛʦ 

ʪʦʢʘ ʧʨʠʚʦʜʠʪ ʢ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʣʘʟʤʳ, ʷʚʣʷʶʱʝʡʩʷ ʧʨʠʯʠʥʦʡ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʧʘʜʘʶʱʝʛʦ ʩʚʝʪʘ [1]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʦʜʨʦʙʥʦ 

ʨʘʩʩʤʦʪʨʝʥʳ ʚʦʧʨʦʩʳ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʠʦʥʥʦ-ʟʚʫʢʦʚʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚ ʛʦʨʷʯʝʡ 

ʧʣʘʟʤʝ, ʧʦʣʫʯʝʥʳ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʚʳʯʠʩʣʝʥʠʷ ʧʦʨʦʛʘ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʠ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʠ 

ʨʘʩʯʝʪʘʭ ʘʥʦʤʘʣʴʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ [2] ʚ ʣʘʟʝʨʥʦʡ ʢʦʨʦʥʝ, ʬʦʨʤʠʨʫʝʤʦʡ ʧʨʠ 

ʦʙʣʫʯʝʥʠʠ ʫʛʣʝʨʦʜʥʦʛʦ ʘʙʣʷʪʦʨʘ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʥʘ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʝ. 

ʀʦʥʥʦ-ʟʚʫʢʦʚʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʚʦʟʥʠʢʘʝʪ ʚ ʧʣʘʟʤʝ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʛʨʘʜʠʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ ʥʝʢʦʪʦʨʦʛʦ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ 

ʙʳʪʴ ʦʧʨʝʜʝʣʝʥ ʠʩʭʦʜʷ ʠʟ ʢʦʵʬʬʠʮʠʝʥʪʘ ʟʘʪʫʭʘʥʠʷ (ʥʘʨʘʩʪʘʥʠʷ) ʠʦʥʥʦ-

ʟʚʫʢʦʚʳʭ ʚʦʟʤʫʱʝʥʠʡ, ʚʳʯʠʩʣʝʥʥʦʤ, ʢʦʛʜʘ ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ 

ʧʦ ʩʢʦʨʦʩʪʷʤ ʤʘʣʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʨʘʚʥʦʚʝʩʥʦʡ ʤʘʢʩʚʝʣʣʦʚʩʢʦʡ ʬʫʥʢʮʠʠ [3], 
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, ,  - ʙʝʟʨʘʟʤʝʨʥʳʡ 

ʛʨʘʜʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨʳ. ʉ ʫʯʝʪʦʤ ʟʘʪʫʭʘʥʠʷ ʟʚʫʢʦʚʳʭ ʚʦʣʥ ʥʘ ʠʦʥʘʭ, ʪ.ʝ. 

, ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʩʚʷʟʘʥʦ ʩ ʠʟʤʝʥʝʥʠʝʤ ʟʥʘʢʘ ɔ ʩ 

ʨʦʩʪʦʤ ʧʘʨʘʤʝʪʨʘ ŭ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ ŭ ʙʳʣʘ ʨʝʰʝʥʘ 

ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ . ʅʘ ʦʩʥʦʚʝ ʪʦʯʥʦʛʦ ʨʝʰʝʥʠʷ ʤʦʞʥʦ 

ʧʨʝʜʣʦʞʠʪʴ ʩʣʝʜʫʶʱʝʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʧʦʨʦʛʦʚʦʡ ʚʝʣʠʯʠʥʳ ŭ: 

  

ʇʦʨʦʛʦʚʳʝ ʟʥʘʯʝʥʠʷ ʛʨʘʜʠʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨʳ, ŭ, ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚ 

ʦʜʥʦʤʝʨʥʳʭ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʨʘʩʯʝʪʘʭ ʧʦʛʣʦʱʝʥʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʅʘ 

ʢʘʞʜʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʥʘ ʦʩʥʦʚʝ ʪʝʢʫʱʝʛʦ ʧʨʦʬʠʣʷ ʧʣʦʪʥʦʩʪʠ ʨʘʟʣʝʪʘʶʱʝʡʩʷ 

ʢʦʨʦʥʳ ʠ ʝʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʚʝʨʷʣʦʩʴ ʫʩʣʦʚʠʝ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ 

ʠ, ʧʨʠ ʝʛʦ ʚʳʧʦʣʥʝʥʠʠ, ʚ ʜʘʥʥʦʡ ʪʦʯʢʝ ʚʢʣʶʯʘʣʦʩʴ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʘʥʦʤʘʣʴʥʦʝ 

ʧʦʛʣʦʱʝʥʠʝ ʩʚʝʪʘ, ʚʳʟʳʚʘʝʤʦʝ ʠʦʥʥʦ-ʟʚʫʢʦʚʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʴʶ. ɹʳʣʘ 

ʧʨʦʚʝʜʝʥʘ ʩʝʨʠʷ ʨʘʩʯʝʪʦʚ ʩ ʨʘʟʣʠʯʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʤʘʢʩʠʤʫʤʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ. ʅʘ ʦʩʥʦʚʝ ʧʨʠʚʝʜʝʥʥʳʭ ʨʘʩʯʝʪʦʚ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʚʦʟʥʠʢʘʝʪ ʪʦʣʴʢʦ ʧʨʠ ʠʥʪʝʥʩʠʚʥʦʩʪʷʭ ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ 

ʚʳʰʝ 7Ĭ1014 ɺʪ/ʩʤ2. ʇʨʠ ʵʪʦʤ ʚʦʟʥʠʢʘʶʱʘʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʴ ʫʚʝʣʠʯʠʚʘʝʪ 

ʧʦʛʣʦʱʝʥʠʝ ʥʘ 10%, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʪʝʤʧʝʨʘʪʫʨʳ ʵʣʝʢʪʨʦʥʦʚ (ʩʤ. ʈʠʩ.1)  

 

ʈʠʩ. 1. ʊʝʤʧʝʨʘʪʫʨʘ ʵʣʝʢʪʨʦʥʦʚ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʨʦʥʳ (0.1 ʥʩ) ʩ ʫʯʝʪʦʤ 

ʘʥʦʤʘʣʴʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ (ʩʝʨʘʷ ʢʨʠʚʘʷ) ʠ ʙʝʟ ʫʯʝʪʘ (ʪʝʤʥʘʷ ʢʨʠʚʘʷ) ʜʣʷ 1015 ɺʪ/ʩʤ2.  

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. C. Max, Theory of the coronal plasma in laser fusion targets, Physics of Laser Fusion. 

2. V. Y. Bychenkov, W. Rozmus // Physics of Plasmas 2017, V. 24 P.012701.  
3. ɸ.ɹ. ʄʠʭʘʡʣʦʚʩʢʠʡ. ʊʝʦʨʠʷ ʧʣʘʟʤʝʥʥʳʭ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ, 2 ʠʟʜ., ʪ. 1-2 ʄ. (1975) 
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ɽ.ʉ. ʉʆɿʀʅʆɺ, ɸ.ʄ. ʌɽɼʆʊʆɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ʌʆʈʄɸʃʀɿʄ ʀʅʊɽɻʈʀʈʆɺɸʅʀʗ ʇʆ ʄʀʈʆɺʓʄ ʃʀʅʀʗʄ ɺ 

ʉʂɸʃʗʈʅʆʁ ʂɺɸʅʊʆɺʆʁ ʕʃɽʂʊʈʆɼʀʅɸʄʀʂɽ 

ʅʘ ʧʨʠʤʝʨʝ ʩʢʘʣʷʨʥʦʡ ʂʕɼ ʦʙʩʫʞʜʘʶʪʩʷ ʦʩʥʦʚʳ ʬʦʨʤʘʣʠʟʤʘ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦ 

ʤʠʨʦʚʳʤ ʣʠʥʠʷʤ. ɺʳʚʝʜʝʥʳ ʤʘʩʪʝʨ-ʬʦʨʤʫʣʳ ʜʣʷ ʦʜʥʦʧʝʪʣʝʚʳʭ ʵʬʬʝʢʪʠʚʥʳʭ 

ʧʨʦʧʘʛʘʪʦʨʦʚ ʠ ʚʝʨʰʠʥ. ʀʭ ʧʨʠʤʝʥʝʥʠʝ ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʥʦ ʚʳʚʦʜʦʤ ʬʝʡʥʤʘʥʦʚʩʢʠʭ 

ʧʨʘʚʠʣ ʜʠʘʛʨʘʤʤʥʦʡ ʪʝʭʥʠʢʠ ʠ ʨʘʩʯʝʪʦʤ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʛʦ ʦʧʝʨʘʪʦʨʘ. 

E. S. SOZINOV, A.M. FEDOTOV 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

WORLDLINE FORMALISM IN SCALAR QUANTUM 

ELECTRODYNAMICS  

Using the scalar QED as an example, the foundations of the worldline formalism are 

discussed. Master formulas for effective one-loop propagators and vertices are derived, and 

their application are illustrated by derivation of the Feynman rules and by calculation of the 

polarization operator. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʙʱʝʧʨʠʥʷʪʦ ʬʦʨʤʫʣʠʨʦʚʘʪʴ ʢʚʘʥʪʦʚʫʶ ʪʝʦʨʠʶ ʧʦʣʷ (ʚ 

ʯʘʩʪʥʦʩʪʠ, ʂʕɼ) ʚ ʧʦʜʭʦʜʝ ʚʪʦʨʠʯʥʦʛʦ ʢʚʘʥʪʦʚʘʥʠʷ, ʧʨʠ ʵʪʦʤ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʠʭ 

ʨʘʩʯʝʪʦʚ ʧʦ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʠʤʝʥʷʝʪʩʷ ʘʧʧʘʨʘʪ 

ʢʦʥʪʠʥʫʘʣʴʥʦʛʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʤ ʧʦʣʷʤ [1]. ɺ 

ʩʦʚʨʝʤʝʥʥʦʡ ʫʯʝʙʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʬʦʨʤʘʣʠʟʤʘ 

ʚʪʦʨʠʯʥʦʛʦ ʢʚʘʥʪʦʚʘʥʠʷ ʧʦʜʯʝʨʢʠʚʘʝʪʩʷ ʦʩʦʙʦ, ʘ ʢʦʥʮʝʧʮʠʷ ʢʚʘʥʪʦʚʘʥʥʦʛʦ ʧʦʣʷ 

ʪʨʘʢʪʫʝʪʩʷ ʢʘʢ ʙʝʟʘʣʴʪʝʨʥʘʪʠʚʥʘʷ. 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʠʩʪʦʨʠʯʝʩʢʠ ʦʜʥʦʡ ʠʟ ʧʝʨʚʳʭ ʧʨʝʜʣʘʛʘʣʘʩʴ ʠ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ 

ʠʥʘʷ (ʢʘʢ ʪʝʧʝʨʴ ʧʦʥʷʪʥʦ, ʵʢʚʠʚʘʣʝʥʪʥʘʷ) ʬʦʨʤʫʣʠʨʦʚʢʘ, ʚʧʦʣʥʝ ʘʥʘʣʦʛʠʯʥʘʷ 

ʧʝʨʚʠʯʥʦ ʢʚʘʥʪʦʚʘʥʥʦʡ ʥʝʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʪʝʦʨʠʠ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ 

ʢʦʥʪʠʥʫʘʣʴʥʦʤ ʠʥʪʝʛʨʠʨʦʚʘʥʠʠ ʧʦ ʤʠʨʦʚʳʤ ʣʠʥʠʷʤ ʨʝʘʣʴʥʳʭ ʠ ʚʠʨʪʫʘʣʴʥʳʭ 

ʯʘʩʪʠʮ [2]. ʀʥʪʝʨʝʩ ʢ ʪʘʢʦʤʫ ʘʣʴʪʝʨʥʘʪʠʚʥʦʤʫ ʧʦʜʭʦʜʫ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ 

ʧʦʚʳʩʠʣʩʷ ʧʦ ʜʚʫʤ ʧʨʠʯʠʥʘʤ: ʦʪʩʫʪʩʪʚʠʝ ʘʥʘʣʦʛʘ ʚʪʦʨʠʯʥʦʛʦ ʢʚʘʥʪʦʚʘʥʠʷ ʚ 

ʪʝʦʨʠʠ ʩʪʨʫʥ [3] ʠ, ʥʝʦʞʠʜʘʥʥʦ, ʜʦʚʦʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʫʧʨʦʱʝʥʠʝ ʚ ʥʝʤ 

ʨʘʩʯʝʪʦʚ ʨʘʜʠʘʮʠʦʥʥʳʭ ʧʦʧʨʘʚʦʢ ʧʨʠ ʥʘʣʠʯʠʠ ʩʠʣʴʥʳʭ ʚʥʝʰʥʠʭ ʧʦʣʝʡ [4]. 

ʇʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʬʦʨʤʘʣʠʟʤʘ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦ ʤʠʨʦʚʳʤ ʣʠʥʠʷʤ 

ʦʩʥʦʚʘʥʦ ʥʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʤ ʚʳʚʦʜʝ ʤʘʩʪʝʨ-ʬʦʨʤʫʣ ʜʣʷ ʦʜʝʪʳʭ ʧʨʦʧʘʛʘʪʦʨʦʚ 

ʠ ʵʬʬʝʢʪʠʚʥʳʭ ʚʝʨʰʠʥ. 

ʆʢʘʟʳʚʘʝʪʩʷ, ʯʪʦ ʚ ʩʠʣʴʥʳʭ ʚʥʝʰʥʠʭ ʧʦʣʷʭ ʩʧʠʥʦʚʳʝ ʵʬʬʝʢʪʳ ʤʘʣʳ ʠ 

ʘʩʠʤʧʪʦʪʠʢʠ ʨʘʜʠʘʮʠʦʥʥʳʭ ʧʦʧʨʘʚʦʢ ʜʦʩʪʘʪʦʯʥʦ ʚʳʯʠʩʣʷʪʴ ʚ ʵʬʬʝʢʪʠʚʥʦʡ 
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ʩʢʘʣʷʨʥʦʡ ʂʕɼ. ʊʠʧʠʯʥʘʷ ʤʘʩʪʝʨ-ʬʦʨʤʫʣʘ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʡ ʦʜʥʦʧʝʪʣʝʚʦʡ N-

ʬʦʪʦʥʥʦʡ ʚʝʨʰʠʥʳ ʚ ʩʢʘʣʷʨʥʦʡ ʂʕɼ, ʠʤʝʝʪ ʚʠʜ [4]:  
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ʛʜʝ D  ï ʨʘʟʤʝʨʥʦʩʪʴ ʧʨʦʩʪʨʘʥʩʪʚʘ, T  ï ʧʘʨʘʤʝʪʨ ʐʚʠʥʛʝʨʘ, BG  - 

ʙʦʟʦʥʥʘʷ ʬʫʥʢʮʠʷ ɻʨʠʥʘ, { },i ik e  - ʚʦʣʥʦʚʦʡ ʚʝʢʪʦʨ ʠ ʚʝʢʪʦʨ ʧʦʣʷʨʠʟʘʮʠʠ i-ʛʦ 

ʬʦʪʦʥʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʪʘʥʜʘʨʪʥʳʤ ʧʦʜʭʦʜʦʤ, ʦʜʥʦ ʠʟ 

ʫʧʨʦʱʝʥʠʡ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʬʦʨʤʫʣʳ (1) ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʚ ʥʝʡ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʠ ʝʜʠʥʦʦʙʨʘʟʥʦ ʫʯʠʪʳʚʘʶʪʩʷ ʦʙʘ (ʦʜʥʦ- ʠ ʜʚʫʭʬʦʪʦʥʥʳʡ) ʪʠʧʘ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʚʝʨʰʠʥ ʩʢʘʣʷʨʥʦʡ ʂʕɼ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʢʘʣʠʙʨʦʚʦʯʥʦʡ ʠʥʚʘʨʠʘʥʪʥʦʩʪʠ, ʜʨʫʛʦʝ ð ʚ ʪʦʤ ʯʪʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʧʦ 

ʢʦʦʨʜʠʥʘʪʘʤ ʚʝʨʰʠʥ ʜʠʘʛʨʘʤʤʳ (ʠʣʠ ʠʤʧʫʣʴʩʘʤ ʚʠʨʪʫʘʣʴʥʳʭ ʯʘʩʪʠʮ) ʫʞʝ 

ʧʨʦʚʝʜʝʥʦ ʚ ʦʙʱʝʤ ʚʠʜʝ ʠ ʨʝʟʫʣʴʪʘʪ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʚʠʜʝ 

ʠʥʪʝʛʨʘʣʘ ʧʦ ʦʜʥʠʤ ʪʦʣʴʢʦ ʬʝʡʥʤʘʥʦʚʩʢʠʤ ʧʘʨʘʤʝʪʨʘʤ. ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ 

ʧʨʘʢʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʚʳʜʝʣʝʥʠʝ ʣʠʥʝʡʥʦʡ ʯʘʩʪʠ ʚ (1) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʛʨʦʤʦʟʜʢʫʶ, ʥʦ ʭʦʨʦʰʦ ʘʣʛʦʨʠʪʤʠʟʫʝʤʫʶ ʯʠʩʪʦ ʘʣʛʝʙʨʘʠʯʝʩʢʫʶ ʦʧʝʨʘʮʠʶ ʠ 

ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʦ ʩ ʧʦʤʦʱʴʶ ʢʦʤʧʴʶʪʝʨʥʦʡ ʘʣʛʝʙʨʳ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʙʩʫʞʜʘʶʪʩʷ ʦʩʥʦʚʳ ʬʦʨʤʘʣʠʟʤʘ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦ 

ʤʠʨʦʚʳʤ ʣʠʥʠʷʤ ʥʘ ʧʨʠʤʝʨʝ ʩʢʘʣʷʨʥʦʡ ʂʕɼ, ʜʘʝʪʩʷ ʚʳʚʦʜ ʤʘʩʪʝʨ-ʬʦʨʤʫʣ, ʠ ʥʘ 

ʠʭ ʦʩʥʦʚʝ ʚʳʚʦʜʷʪʩʷ ʧʨʘʚʠʣʘ ʬʝʡʥʤʘʥʦʚʩʢʦʡ ʜʠʘʛʨʘʤʤʥʦʡ ʪʝʭʥʠʢʠ, ʯʪʦ 

ʠʣʣʶʩʪʨʠʨʫʝʪ ʝʛʦ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʴ ʩʪʘʥʜʘʨʪʥʦʤʫ ʚʪʦʨʠʯʥʦ-ʢʚʘʥʪʦʚʘʥʥʦʤʫ 

ʧʦʜʭʦʜʫ. ʅʘʢʦʥʝʮ, ʥʘ ʧʨʠʤʝʨʝ ʨʘʩʯʝʪʘ ʦʜʥʦʧʝʪʣʝʚʦʛʦ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʛʦ 

ʦʧʝʨʘʪʦʨʘ  
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ʠʣʣʶʩʪʨʠʨʫʶʪʩʷ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʘ ʜʣʷ ʨʘʩʯʝʪʘ 

ʨʘʜʠʘʮʠʦʥʥʳʭ ʧʦʧʨʘʚʦʢ ʚ ʩʢʘʣʷʨʥʦʡ ʂʕɼ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʨʘʩʩʤʦʪʨʝʥʥʳʡ ʤʝʪʦʜ 

ʧʣʘʥʠʨʫʝʪʩʷ ʧʨʠʤʝʥʠʪʴ ʜʣʷ ʨʘʩʯʝʪʘ ʘʩʠʤʧʪʦʪʠʢ ʨʘʜʠʘʮʠʦʥʥʳʭ ʧʦʧʨʘʚʦʢ ʚ 

ʩʠʣʴʥʦʤ ʧʦʩʪʦʷʥʥʦʤ ʩʢʨʝʱʝʥʥʦʤ ʧʦʣʝ, ʚ ʯʘʩʪʥʦʩʪʠ, ʩ ʮʝʣʴʶ ʧʨʦʚʝʨʢʠ ʛʠʧʦʪʝʟʳ 

ʈʠʪʫʩʘ-ʅʘʨʦʞʥʦʛʦ [5]. 
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ɼ. ɹʃʕʂʄʕʅ1, ʈ. ʅʖʊɽʈ1, ʌ. ʂʆʈʅɽɽɺ2,3, ɺ. ʊʀʍʆʅʏʋʂ1 

1 ʎʝʥʪʨ ʧʨʠʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʳʭ ʣʘʟʝʨʦʚ, ʋʥʠʚʝʨʩʠʪʝʪʘ ɹʦʨʜʦ, ʅʎʅʀ, ʌʨʘʥʮʠʷ 
2 ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

3 ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤʝʥʠ ʇ. ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʇʃɸɿʄɽʅʅʓɽ ɺʆʃʅʓ ʉ ʋɻʃʆɺʓʄ ʆʈɹʀʊɸʃʔʅʓʄ 

ʄʆʄɽʅʊʆʄ 

ɺ ʧʘʨʘʢʩʠʘʣʴʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʨʘʩʩʤʦʪʨʝʥʳ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ɺʣʘʩʦʚʘ ʜʣʷ 

ʧʣʘʟʤʝʥʥʳʭ ʚʦʣʥ ʩ ʥʝʥʫʣʝʚʳʤ ʦʨʙʠʪʘʣʴʥʳʤ ʤʦʤʝʥʪʦʤ. ʂʠʥʝʪʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ, 

ʦʙʫʩʣʘʚʣʠʚʘʶʱʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʩʦʩʝʜʥʠʭ ʤʦʜ, ʧʨʠʚʦʜʷʪ ʢ ʤʦʜʠʬʠʢʘʮʠʠ 

ʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʰʝʥʠʷ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʳ ʩ ʧʦʤʦʱʴʶ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʆʧʨʝʜʝʣʝʥʘ ʩʪʨʫʢʪʫʨʘ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʠʭ ʧʦʣʝʡ ʚ ʪʘʢʦʡ 

ʚʦʣʥʝ. 
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PLASMA WAVES WITH ANGULAR ORBITAL MOMENTUM  

In paraxial approximation Vlasov equation is solved for plasma waves with nonzero orbital 

momentum. Kinetic effects responsible for the neighbor modes coupling result in modification 

of the dispersion relation. Obtained solutions are demonstrated with numerical simulations. 

Quasi-static field structure in such waves is defined and analyzed. 

 

 ʀʟʚʝʩʪʥʳ ʨʝʰʝʥʠʷ ʜʣʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ ʚ ʧʘʨʘʢʩʠʘʣʴʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ, 

ʧʦʢʘʟʳʚʘʶʱʠʝ, ʯʪʦ ʪʘʢʠʝ ʚʦʣʥʳ ʤʦʛʫʪ ʦʙʣʘʜʘʪʴ ʩʦʙʩʪʚʝʥʥʳʤ ʫʛʣʦʚʳʤ 

ʦʨʙʠʪʘʣʴʥʳʤ ʤʦʤʝʥʪʦʤ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʧʦʣʷʨʠʟʘʮʠʠ, ʜʣʷ ʥʘʣʠʯʠʷ ʫʛʣʦʚʦʛʦ 

ʤʦʤʝʥʪʘ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʥʘʧʨʷʞʸʥʥʦʩʪʠ ʧʦʣʝʡ ʠʤʝʣʠ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ 

ʫʛʣʦʚʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʧʝʨʝʤʝʥʥʦʡ. ɺ ʩʠʣʫ ʣʠʥʝʡʥʦʩʪʠ ʫʨʘʚʥʝʥʠʡ 

ʄʘʢʩʚʝʣʣʘ, ʚ ʚʘʢʫʫʤʝ ʪʘʢʠʝ ʨʝʰʝʥʠʷ ʥʝʟʘʚʠʩʠʤʳ ʠ ʦʙʨʘʟʫʶʪ 

ʦʨʪʦʥʦʨʤʠʨʦʚʘʥʥʳʡ ʙʘʟʠʩ. 

 ʇʣʘʟʤʝʥʥʳʝ ʢʦʣʝʙʘʥʠʷ, ʦʧʠʩʳʚʘʝʤʳʝ ʚ ʢʠʥʝʪʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʩ 

ʧʦʤʦʱʴʶ ʫʨʘʚʥʝʥʠʡ ɺʣʘʩʦʚʘ, ʤʦʛʫʪ ʪʘʢʞʝ ʙʳʪʴ ʨʘʩʩʤʦʪʨʝʥʳ ʚ ʧʘʨʘʢʩʠʘʣʴʥʦʤ 

ʧʨʠʙʣʠʞʝʥʠʠ. ʆʜʥʘʢʦ, ʥʘʣʠʯʠʝ ʥʝʣʠʥʝʡʥʳʭ ʯʣʝʥʦʚ ʚ ʫʨʘʚʥʝʥʠʠ ʚʥʦʩʠʪ 

ʩʫʱʝʩʪʚʝʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʚ ʦʧʠʩʘʥʠʝ ʪʘʢʠʭ ʚʦʣʥ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤʠ ʚʦʣʥʘʤʠ ʚ ʚʘʢʫʫʤʝ. ʉ ʧʦʤʦʱʴʶ ʨʘʟʣʦʞʝʥʠʷ ʧʦ ʧʦʣʠʥʦʤʘʤ 

ʃʘʛʝʨʨʘ ʠ ʧʦ ʛʘʨʤʦʥʠʢʘʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʵʣʝʢʪʨʦʥʥʦʡ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʪ 

ʩʢʦʨʦʩʪʠ ʙʳʣʦ ʧʦʢʘʟʘʥʦ [1], ʯʪʦ ʥʝʣʠʥʝʡʥʳʝ ʧʦʧʨʘʚʢʠ ʧʨʠʚʦʜʷʪ ʢ 
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ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʠ ʧʝʨʝʤʝʰʠʚʘʥʠʶ ʤʦʜ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʣʘʟʤʝʥʥʳʝ ʢʦʣʝʙʘʥʠʷ 

ʤʦʛʫʪ ʙʳʪʴ ʦʧʠʩʘʥʳ ʩ ʧʦʤʦʱʴʶ ʙʘʟʠʩʘ ʣʘʛʝʨʨ-ʛʘʫʩʩʦʚʳʭ ʤʦʜ ʩ ʫʯʸʪʦʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʥʠʤʠ. ʋʢʘʟʘʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ 

ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʪʘʥʜʘʨʪʥʳʤʠ ʩʦʦʪʥʦʰʝʥʠʷʤʠ 

ʜʣʷ ʧʣʦʩʢʠʭ ʧʣʘʟʤʝʥʥʳʭ ʢʦʣʝʙʘʥʠʡ. ʀʟʤʝʥʝʥʠʶ ʧʦʜʚʝʨʞʝʥʘ ʥʝ ʪʦʣʴʢʦ 

ʚʝʱʝʩʪʚʝʥʥʘʷ ʯʘʩʪʴ, ʥʦ ʠ ʤʥʠʤʘʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʟʘʪʫʭʘʥʠʶ ʃʘʥʜʘʫ ʪʘʢʠʭ 

ʢʦʣʝʙʘʥʠʡ. 

 ʇʦʣʫʯʝʥʥʳʝ ʨʝʰʝʥʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʪʘʢʞʝ ʚ ʨʘʤʢʘʭ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ [1]. ɹʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʢʦʜ ʪʠʧʘ ʯʘʩʪʠʮʘ-ʚ-ʷʯʝʡʢʝ, ʚ ʪʨʸʭʤʝʨʥʦʡ 

ʧʦʩʪʘʥʦʚʢʝ ʟʘʜʘʯʠ. ɼʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʚʦʣʥʳ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʦʣʫʯʝʥʥʳʝ 

ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ. ʇʦʣʫʯʝʥʥʘʷ 

ʩʪʨʫʢʪʫʨʘ ʧʦʣʝʡ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʯʘʩʪʠʮ ʩʫʱʝʩʪʚʦʚʘʣʘ ʜʦʣʛʦʝ ʚʨʝʤʷ ʧʦʩʣʝ 

ʚʳʢʣʶʯʝʥʠʷ ʚʦʟʙʫʞʜʘʶʱʠʭ ʧʦʣʝʡ.  

 ʅʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʚʳʨʘʞʝʥʠʡ ʙʳʣʘ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʘ ʩʪʨʫʢʪʫʨʘ 

ʧʦʣʝʡ ʚ ʨʘʩʩʤʦʪʨʝʥʥʦʡ ʧʣʘʟʤʝʥʥʦʡ ʚʦʣʥʝ ʩ ʫʛʣʦʚʳʤ ʦʨʙʠʪʘʣʴʥʳʤ ʤʦʤʝʥʪʦʤ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʚʦʣʥʘ ʷʚʣʷʝʪʩʷ ʧʦʪʝʥʮʠʘʣʴʥʦʡ, ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʜ ʚ ʩʠʩʪʝʤʝ ʚʦʟʙʫʞʜʘʶʪʩʷ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʳʝ ʤʘʛʥʠʪʥʳʝ 

ʧʦʣʷ. ʅʘʡʜʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʦʣʝʡ ʙʳʣʘ ʧʦʜʪʚʝʨʞʜʝʥʘ ʠ ʚ ʯʠʩʣʝʥʥʦʤ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ [1].  

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Blackman, D. R., Nuter, R., Korneev, P. and Tikhonchuk, V. T. (2019), Physical Review E. 100(1), 
p. 013204. 
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ʉ.ɸ. ʉʋɹɹʆʊʀʅ1, ʅ.ʉ. ɺʆʈʆʅʆɺɸ1, ʀ.ʃ. ʂʋʈɹɸʂʆɺ2, ʖ.ɽ. 

ʃʆɿʆɺʀʂ1,2 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʀʥʩʪʠʪʫʪ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʈɸʅ, ʊʨʦʠʮʢ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʉʊɸʊʀʏɽʉʂʆɽ ʈɽʐɽʅʀɽ ʋʈɸɺʅɽʅʀʁ ɻʀɼʈʆɼʀʅɸʄʀʂʀ 

ɼʃʗ ʕʂʉʀʊʆʅʆɻʆ ɹʆɿɽ-ɻɸɿɸ ʉ ʋʊɽʏʂʆʁ 

ʈʘʩʩʤʦʪʨʝʥʘ ʩʠʩʪʝʤʘ ʙʦʟʦʥʦʚ ʩ ʫʪʝʯʢʦʡ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʦʪʜʝʣʝʥʥʦʡ ʥʘʢʘʯʢʦʡ. ɺ 

ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʴʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʨʘʩʩʤʦʪʨʝʥʳ ʥʝʧʨʷʤʳʝ ʵʢʩʠʪʦʥʳ. ʇʦʣʫʯʝʥʦ 

ʵʬʬʝʢʪʠʚʥʦʝ ʫʨʘʚʥʝʥʠʝ ɻʝʡʟʝʥʙʝʨʛʘ ʜʣʷ ʩʠʩʪʝʤʳ ʵʢʩʠʪʦʥʦʚ ʩ ʬʦʪʦʥʘʤʠ ʚ ʦʢʨʫʞʘʶʱʝʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝ. ɺʳʚʝʜʝʥʦ ʫʨʘʚʥʝʥʠʝ ʥʘ ʧʘʨʘʤʝʪʨ ʧʦʨʷʜʢʘ ʢʦʥʜʝʥʩʘʪʘ ʠ ʧʦʣʫʯʝʥʘ ʩʠʩʪʝʤʘ 

ʠʥʪʝʛʨʘʣʴʥʦ-ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ. ʏʠʩʣʝʥʥʦ ʧʦʣʫʯʝʥʳ ʩʪʘʮʠʦʥʘʨʥʳʝ ʧʨʦʬʠʣʠ 

ʩʚʝʨʭʪʝʢʫʯʠʭ ʧʣʦʪʥʦʩʪʠ ʠ ʩʢʦʨʦʩʪʠ ʵʢʩʠʪʦʥʦʚ. 

S.A. SUBBOTIN1,N.S.VORONOVA1, I.L.KURBAKOV 2, 

Yu.E. LOZOVIK 1,2 

1National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 
2Institute for Spectroscopy, Russian Academy of Sciences,Troitsk, Moscow, Russia 

STATIC SOLUTION OF THE HYDRODYNAMIC EQUATIONS FOR 

DISSIPATIVE EXCITON BOSE -GAS 

A dissipative boson system with spatially separated pump is considered, with a specific 

material realization of indirect excitons. We derive the effective Heisenberg equation for the 

system of excitons and photons in the surrounding space. The equation on the condensate order 

parameter and the set of the integro-differential equations are obtained. Numerical solution 

yields the stationary profiles of the superfluid density and velocity of excitons. 

ʈʘʩʩʤʦʪʨʝʥ ʙʦʟʝ-ʛʘʟ ʨʘʩʧʘʜʘʶʱʠʭʩʷ ʯʘʩʪʠʮ (ʥʝʧʨʷʤʳʭ ʵʢʩʠʪʦʥʦʚ) ʚ 

ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʫʩʪʘʥʦʚʠʚʰʝʛʦʩʷ ʨʘʚʥʦʚʝʩʠʷ ʩ ʬʦʪʦʥʘʤʠ ʚ ʦʢʨʫʞʘʶʱʝʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝ. ɼʣʷ ʦʧʠʩʘʥʠʷ ʜʠʥʘʤʠʢʠ ʠ ʩʧʝʢʪʨʘ ʚʦʟʙʫʞʜʝʥʠʡ ʦʙʨʘʟʦʚʘʚʰʝʡʩʷ 

ʩʠʩʪʝʤʳ ʧʨʠʤʝʥʷʝʪʩʷ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʘʷ ʤʦʜʝʣʴ[1], ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʚʘʨʠʘʮʠʠ 

ʬʫʥʢʮʠʦʥʘʣʘ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʧʦ ʚʦʟʤʫʱʝʥʠʷʤ ʧʣʦʪʥʦʩʪʠ ʠ ʩʢʦʨʦʩʪʠ 

ʞʠʜʢʦʩʪʠ ʥʘʜ ʠʭ ʨʘʚʥʦʚʝʩʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʘʨʠʘʮʠʠ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʩʠʩʪʝʤʘ 

ʠʥʪʝʛʨʘʣʴʥʦ-ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʩʪʘʮʠʦʥʘʨʥʳʭ ʧʨʦʬʠʣʝʡ 

ʧʣʦʪʥʦʩʪʠ ʠ ʩʢʦʨʦʩʪʠ ʩʚʝʨʭʪʝʢʫʯʝʡ ʞʠʜʢʦʩʪʠ ʩ ʫʯʝʪʦʤ ʢʨʫʛʦʚʦʡ ʛʝʦʤʝʪʨʠʠ 

ʟʘʜʘʯʠ, ʘ ʪʘʢʞʝ ʢʚʘʜʨʘʪʠʯʥʳʡ ʧʦ ʚʦʟʙʫʞʜʝʥʠʷʤ ʛʘʤʠʣʴʪʦʥʠʘʥ ʩʠʩʪʝʤʳ. 

ʋʨʘʚʥʝʥʠʷ ʥʘ ʩʪʘʮʠʦʥʘʨʥʳʡ ʧʨʦʬʠʣʴ ʧʣʦʪʥʦʩʪʠ ʠ ʩʢʦʨʦʩʪʠ ʠʤʝʶʪ ʚʠʜ: 



358 
 

(1) 

ʛʜʝ ï ʨʘʚʥʦʚʝʩʥʘʷ ʩʚʝʨʭʪʝʢʫʯʘʷ ʧʣʦʪʥʦʩʪʴ,  ï ʩʢʦʨʦʩʪʴ 

ʪʝʯʝʥʠʷ ʢʦʥʜʝʥʩʘʪʘ,  ï ʫʨʘʚʥʝʥʠʝ ʛʨʘʥʠʮʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʜʚʫʤʝʨʥʦʡ 

ʦʙʣʘʩʪʠ,  ï ʣʦʢʘʣʴʥʦʝ ʚʨʝʤʷ ʞʠʟʥʠ ʯʘʩʪʠʮ,  ï ʧʘʨʥʳʡ ʧʦʪʝʥʮʠʘʣ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʝʧʨʷʤʳʭ ʵʢʩʠʪʦʥʦʚ.ʏʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʜʣʷ

, ʛʜʝ , ï ï ʧʘʨʘʤʝʪʨ ʦʙʝʟʨʘʟʤʝʨʠʚʘʥʠʷ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʙʳʣ ʧʦʣʫʯʝʥ ʛʨʘʬʠʢ (ʨʠʩ. 1).   

 

ʈʠʩ. 1. ɻʨʘʬʠʢ ʧʘʨʘʤʝʪʨʘ ʧʣʦʪʥʦʩʪʠ ʚ ʥʫʣʝʚʦʡ ʘʧʧʨʦʢʩʠʤʘʮʠʠ (ʜʫʛʦʦʙʨʘʟʥʳʝ ʣʠʥʠʠ) 

ʠ ʯʠʩʣʝʥʥʳʡ (ʢʨʠʚʳʝ ʩ ʷʨʢʠʤʠ ʤʠʥʠʤʫʤʘʤʠ). 

ɼʠʘʧʘʟʦʥ ʨʘʟʨʝʰʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʘ  ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʠʪ ʦʪ 

ʨʘʟʨʝʰʝʥʥʳʭ ʧʣʦʪʥʦʩʪʝʡ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʪʝʦʨʠʠ. ʉ ʫʯʝʪʦʤ ʚʳʰʝ 

ʩʢʘʟʘʥʥʦʛʦ ʤʦʞʥʦ ʧʦʩʪʨʦʠʪʴ ʛʨʘʬʠʢʠ ʧʣʦʪʥʦʩʪʠ ʜʣʷ ʦʙʣʘʩʪʝʡ ʩʣʝʚʘ ʠ ʩʧʨʘʚʘ ʦʪ 

ʥʘʢʘʯʢʠ, ʯʪʦ ʦʪʚʝʯʘʝʪ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʪʝʯʝʥʠʶ ʚʣʝʚʦ ʠ ʚʧʨʘʚʦ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʦʜʜʝʨʞʘʥʦ ʛʨʘʥʪʦʤ ʈʌʌʀ ˉ 19-02-00793. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1.Wen-ChinWuandA. Griffin, Phys. Rev. A54, 4204 (1996). 

2. C.A. Gelmi, H. Jorquera, Computer Physics Communications 185, 392 (2014). 
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ɹ. ɸ. ʊʋʃʋʇʆɺ1 , ʄ. ʃ. ɻʆʈɽʃʀʂ2, ʐ. ʐʃʆʄʆ3, ʄ. ɻ. ʋʈʀʅ4 

1ʀʥʩʪʠʪʫʪ ʷʜʝʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 2ʄʦʩʢʦʚʩʢʘʷ ʵʢʦʥʦʤʠʯʝʩʢʘʷ ʰʢʦʣʘ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 3ʎʠʢʣʦʪʨʦʥʥʳʡ ʀʥʩʪʠʪʫʪ, ʊʝʭʘʩʩʢʠʡ A&M ʋʥʠʚʝʨʩʠʪʝʪ, ʂʦʣʣʝʜʞ ʉʪʝʡʰʥ, ʉʐɸ 
4 ʅʘʮʠʦʥʘʣʴʥʳʡ ʀʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʗʜʝʨʥʳʡ ʋʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè, ʄʦʩʢʚʘ, ʈʦʩʩʩʠʷ  

 

ʉɺʆʁʉʊɺɸ ʀɿʆʉʂɸʃʗʈʅʓʍ ɻʀɻɸʅʊʉʂʀʍ 

ʄʋʃʔʊʀʇʆʃʔʅʓʍ ʈɽɿʆʅɸʅʉʆɺ ɺ ʉʈɽɼʅɽ-ʊʗɾɽʃʓʍ 

ʄɸɻʀʏɽʉʂʀʍ ʗɼʈɸʍ: ʇʆʃʋʄʀʂʈʆʉʂʆʇʀʏɽʉʂʆɽ 

ʆʇʀʉɸʅʀɽ  

ɺ ʨʘʤʢʘʭ ʧʦʣʫʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʯʘʩʪʠʯʥʦ-ʜʳʨʦʯʥʦʡ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʦʧʪʠʯʝʩʢʦʡ 

ʤʦʜʝʣʠ ʧʨʝʜʣʦʞʝʥʦ ʦʧʠʩʘʥʠʝ ʦʩʥʦʚʥʳʭ ʩʚʦʡʩʪʚ ʠʟʦʩʢʘʣʷʨʥʳʭ ʛʠʛʘʥʪʩʢʠʭ 

ʤʫʣʴʪʠʧʦʣʴʥʳʭ ʨʝʟʦʥʘʥʩʦʚ ʚ ʨʷʜʝ ʩʨʝʜʥʝ-ʪʷʞʝʣʳʭ ʤʘʛʠʯʝʩʢʠʭ ʷʜʝʨ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ 

ʩʨʘʚʥʠʚʘʶʪʩʷ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ.  

B. A. TULUPOV1 , M. L. GORELIK2, S. SHLOMO3,M. H. URIN4 

1Institute for Nuclear Research RAS, Moscow, Russia 
2Moscow Economic School, Moscow, Russia 

3 Cyclotron Institute, Texas A&M University, College Station, USA 
4National Research Nuclear University ñMEPhIò, Moscow, Russia  

PROPERTIES OF THE ISOSCALAR GIANT MULTIPOLE 

RESONANCES IN MEDIUM -HEAVY CLOSED SHELL NUCLEI:  

SEMIMICROSCOPIC  DESCRIPTION  

 Main properties of the isoscalar giant multipole resonances in a few medium-heavy 

closed-shell nuclei are described within the semimicroscopic particle-hole dispersive optical 

model. Calculation results are compared with corresponding experimental data.  

 ʇʨʝʜʩʪʘʚʣʝʥʥʘʷ ʨʘʙʦʪʘ ʷʚʣʷʝʪʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʤ ʧʨʦʜʦʣʞʝʥʠʝʤ 

ʚʳʧʦʣʥʝʥʥʳʭ ʚ [1-3] ʠʩʩʣʝʜʦʚʘʥʠʡ, ʚ ʢʦʪʦʨʳʭ ʩʬʦʨʤʫʣʠʨʦʚʘʥʥʘʷ ʨʘʥʝʝ ʚ 

ʜʦʩʪʘʪʦʯʥʦ ʦʙʱʝʤ ʚʠʜʝ ʧʦʣʫʤʠʢʨʦʩʢʦʧʠʯʝʩʢʘʷ ʯʘʩʪʠʯʥʦ-ʜʳʨʦʯʥʘʷ ʜʠʩʧʝʨʩʠʦʥʥʘʷ 

ʦʧʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ (ʏɼɼʆʄ) [4] ʧʨʠʤʝʥʝʥʘ ʢ ʦʧʠʩʘʥʠʶ ʠʟʦʩʢʘʣʷʨʥʳʭ ʛʠʛʘʥʪʩʢʠʭ 

ʤʦʥʦʧʦʣʴʥʦʛʦ (L=0) [1,2] ʠ ʤʫʣʴʪʠʧʦʣʴʥʳʭ (L 3) [3] ʨʝʟʦʥʘʥʩʦʚ ʠ ʨʝʘʣʠʟʦʚʘʥʘ 

ʚ ʧʨʠʤʝʥʝʥʠʠ ʢ ʷʜʨʫ 208Pb. ʆʩʥʦʚʥʳʝ ʩʚʦʡʩʪʚʘ ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʛʠʛʘʥʪʩʢʦʛʦ 

ʨʝʟʦʥʘʥʩʘ ʩ çʥʦʨʤʘʣʴʥʳʤè ʠʟʦʩʧʠʥʦʤ ʚʢʣʶʯʘʶʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʫʩʨʝʜʥʝʥʥʳʝ 

ʧʦ ʵʥʝʨʛʠʠ ʩʠʣʦʚʫʶ ʬʫʥʢʮʠʶ, çʧʨʦʝʮʠʨʦʚʘʥʥʫʶè (ʦʜʥʦʢʨʘʪʥʫʶ) ʧʝʨʝʭʦʜʥʫʶ 

ʧʣʦʪʥʦʩʪʴ [1], ʧʘʨʮʠʘʣʴʥʳʝ ʠ ʧʦʣʥʫʶ ʚʝʨʦʷʪʥʦʩʪʠ ʧʨʷʤʦʛʦ ʦʜʥʦʥʫʢʣʦʥʥʦʛʦ 

ʨʘʩʧʘʜʘ. ʆʧʠʩʘʥʠʝ ʦʩʥʦʚʥʳʭ ʩʚʦʡʩʪʚ ʛʠʛʘʥʪʩʢʠʭ ʨʝʟʦʥʘʥʩʦʚ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʚ 

ʨʘʤʢʘʭ ʏɼɼʆʄ, ʧʦʩʢʦʣʴʢʫ ʚ ʵʪʦʡ ʤʦʜʝʣʠ ʩʦʚʤʝʩʪʥʦ ʫʯʠʪʳʚʘʶʪʩʷ ʦʩʥʦʚʥʳʝ 

ʤʦʜʳ ʨʝʣʘʢʩʘʮʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʚʳʩʦʢʦ-ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʚʦʟʙʫʞʜʝʥʠʡ ʪʠʧʘ 

ʯʘʩʪʠʮʘ-ʜʳʨʢʘ. ʌʘʢʪʠʯʝʩʢʠ ʏɼɼʆʄ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠ 

ʦʙʦʩʥʦʚʘʥʥʦʝ ʦʙʦʙʱʝʥʠʝ ʩʪʘʥʜʘʨʪʥʦʡ ʠ ʥʝʩʪʘʥʜʘʨʪʥʦʡ ʚʝʨʩʠʡ ʢʦʥʪʠʥʫʫʤʥʦʛʦ 
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ʧʨʠʙʣʠʞʝʥʠʷ ʩʣʫʯʘʡʥʦʡ ʬʘʟʳ ʥʘ ʩʣʫʯʘʡ ʫʯʝʪʘ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠ ʠ ʚ ʩʨʝʜʥʝʤ 

ʧʦ ʵʥʝʨʛʠʠ ʬʨʘʛʤʝʥʪʘʮʠʦʥʥʦʛʦ ʵʬʬʝʢʪʘ.  

 ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥʦ ʦʧʠʩʘʥʠʝ ʠʟʦʩʢʘʣʷʨʥʳʭ ʛʠʛʘʥʪʩʢʠʭ 

ʤʫʣʴʪʠʧʦʣʴʥʳʭ (L 3) ʨʝʟʦʥʘʥʩʦʚ (ʚʢʣʶʯʘʷ ʦʙʝʨʪʦʥʳ L= 0, 2) ʚ ʷʜʨʘʭ 40, 48Ca, 
90Zr, 132Sn ʠ 208Pb. ɺʩʝ çʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝè ʧʘʨʘʤʝʪʨʳ ʤʦʜʝʣʠ (ʧʘʨʘʤʝʪʨʳ 

ʩʨʝʜʥʝʛʦ ʧʦʣʷ, ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʙʝʩʩʧʠʥʦʚʦʡ ʯʘʩʪʠ ʩʠʣ ʃʘʥʜʘʫ-ʄʠʛʜʘʣʘ) ʚʟʷʪʳ ʠʟ 

ʥʝʟʘʚʠʩʠʤʳʭ ʜʘʥʥʳʭ. ʊʦʣʴʢʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʤʥʠʤʦʡ ʯʘʩʪʠ ʫʩʨʝʜʥʝʥʥʦʛʦ ʧʦ 

ʵʥʝʨʛʠʠ ʩʧʝʮʠʬʠʯʝʩʢʦʛʦ ʯʘʩʪʠʯʥʦ-ʜʳʨʦʯʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʦʪʚʝʪʩʪʚʝʥʥʦʛʦ 

ʟʘ ʬʨʘʛʤʝʥʪʘʮʠʦʥʥʳʡ ʵʬʬʝʢʪ ʧʦʜʙʠʨʘʝʪʩʷ ʜʣʷ ʢʘʞʜʦʛʦ ʷʜʨʘ ʠʟ ʫʩʣʦʚʠʷ 

ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ ʚ ʨʘʩʯʝʪʘʭ ʥʘʙʣʶʜʘʝʤʦʡ ʧʦʣʥʦʡ ʰʠʨʠʥʳ ʤʦʥʦʧʦʣʴʥʦʛʦ 

ʨʝʟʦʥʘʥʩʘ. ɼʝʡʩʪʚʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʫʢʘʟʘʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʯʝʨʝʟ 

ʤʥʠʤʫʶ ʯʘʩʪʴ ʩ ʧʦʤʦʱʴʶ ʥʝʢʦʪʦʨʦʛʦ ʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ [5]. 

 ʉʨʘʚʥʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʠʤʝʶʱʠʤʠʩʷ ʵʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʧʦʟʚʦʣʷʝʪ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʏɼɼʆʄ ʷʚʣʷʝʪʩʷ ʜʦʩʪʘ-ʪʦʯʥʦ 

ʵʬʬʝʢʪʠʚʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʛʠʛʘʥʪʩʢʠʭ ʨʝʟʦʥʘʥʩʦʚ. 

 ʈʘʙʦʪʘ ʯʘʩʪʠʯʥʦ ʧʦʜʜʝʨʞʘʥʘ ʈʌʌʀ (ʛʨʘʥʪ 19-02-00660-ʘ). 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ  

1. Gorelik M. L., et al. // Nucl. Phys. A. 2016. V. 955 . P. 116. 2. Gorelik M. L., et al. // Nucl. 
Phys. A. 2018. V. 970 . P. 353.  

3. ɻʦʨʝʣʠʢ ʄ..ʃ., ʊʫʣʫʧʦʚ ɹ.ɸ., ʋʨʠʥ ʄ.ɻ. // ʗʌ 2020. ʊ. 83. ˉ 2. 4. Urin M. H. // Phys. 
Rev. C. 2013. V. 87. P. 044330. 

5. ʊʫʣʫʧʦʚ ɹ. ɸ., ʄ. ɻ. ʋʨʠʥ // ʗʌ 2009. ʊ. 72. ʉ. 780. 
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ʉ.ʉ. ʉɸʋʊɹɽʂʆɺ, ʄ.ʀ. ʇʐʀʂʆɺ, ɸ.ɻ. ɸʉʓʃɹɽʂʆɺɸ 
ʂʘʟʘʭʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ.ʘʣʴ-ʌʘʨʘʙʠ, ɸʣʤʘʪʳ, ʂʘʟʘʭʩʪʘʥ 

 

ʀɿʃʋʏɽʅʀɽ ʈɸɺʅʆʋʉʂʆʈɽʅʅʆ ɼɺʀɾʋʑɽʁʉʗ ʏɸʉʊʀʎʓ 

 ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʠʚʦʜʠʪʩʷ ʥʦʚʳʡ ʨʝʣʷʪʠʚʠʩʪʩʢʠʡ ʚʝʢʪʦʨʥʳʡ ʧʦʪʝʥʮʠʘʣ 

ʤʘʛʥʠʪʥʦʛʦ ʜʠʧʦʣʷ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʨʘʩʩʯʠʪʘʥʦ ʫʛʣʦʚʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʦʱʥʦʩʪʠ 

ʠʟʣʫʯʝʥʠʷ ʧʨʷʤʦʣʠʥʝʡʥʦ ʠ ʨʘʚʥʦʫʩʢʦʨʝʥʦ ʜʚʠʞʫʱʝʡʩʷ ʯʘʩʪʠʮʳ ʩ ʧʦʩʪʦʷʥʥʳʤ 

ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ. 

S.S. SAUTBEKOV, M.I. PSHIKOV, A.G. ASSYLBEKOVA 

Al-Farabi Kazakh National University, Almaty, Kazakhstan 

RADIATION FROM A UNIFORMLY ACCELERATED 

PARTICLE  

This paper describes a novel relativistic vector potential of the magnetic dipole. As an 

example, calculation of the angular distribution of radiation power is shown for a rectilinearly 

moving and uniformly accelerated particle with constant magnetic moment. 

ʀʩʭʦʜʠʤ ʠʟ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʚʝʢʪʦʨʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʜʚʠʞʫʱʝʡʩʷ ʩʦ 

ʩʢʦʨʦʩʪʴʶ  ʯʘʩʪʠʮʳ ʩ ʧʦʩʪʦʷʥʥʳʤ ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ : 

 , 

ʛʜʝ  ,  ʨʘʜʠʫʩ ʚʝʢʪʦʨ ʜʚʠʞʫʱʝʡʩʷ ʯʘʩʪʠʮʳ,  . ʊʦʛʜʘ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʜʚʠʞʫʱʝʡʩʷ ʯʘʩʪʠʮʳ ʚʳʨʘʞʘʝʪʩʷ ʬʦʨʤʫʣʘʤʠ: 

, 

. 

ʅʝʩʣʦʞʥʦ ʧʦʣʫʯʠʪʴ ʜʣʷ ʫʛʣʦʚʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʯʘʩʪʠʮʳ: 

 

ʠʣʠ  
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. 

ʇʦʣʘʛʘʷ , ʧʦʣʫʯʘʝʤ ʬʦʨʤʫʣʫ ʠʟʣʫʯʝʥʠʷ ʨʘʚʥʦʤʝʨʥʦ 

ʫʩʢʦʨʝʥʥʦʡ ʯʘʩʪʠʮʳ: 

. 

ɽʩʣʠ , ʊʦʛʜʘ ʜʣʷ ʫʛʣʘ ʥʘʙʣʶʜʝʥʠʷ , 

ʧʦʣʫʯʠʤ , 

ʛʜʝ  , ʝʩʣʠ  ʠʣʠ  , ʝʩʣʠ 

. ʅʘ ʨʠʩ.1 ʧʨʠʚʝʜʝʥʳ ʥʦʨʤʠʨʦʚʘʥʥʳʝ ʜʠʘʛʨʘʤʤʳ ʫʛʣʦʚʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʯʘʩʪʠʮʳ ʩ ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ ʄ, ʜʚʠʞʫʱʝʡʩʷ 

ʧʨʷʤʦʣʠʥʝʡʥʦ ʩ ʧʦʩʪʦʷʥʥʳʤ ʫʩʢʦʨʝʥʠʝʤ. 

   

 ʘ) ʙ) 

ʈʠʩ.1. ʋʛʣʦʚʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ  ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʯʘʩʪʠʮʳ ʩ 

ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ ʄ, ʜʚʠʞʫʱʝʡʩʷ ʧʨʷʤʦʣʠʥʝʡʥʦ ʩ ʧʦʩʪʦʷʥʥʳʤ ʫʩʢʦʨʝʥʠʝʤ: 

ʘ) , ; ʙ) , 

 

ʇʦʩʢʦʣʴʢʫ ʩʧʠʥʦʚʦʝ ʠʟʣʫʯʝʥʠʝ ʧʨʦʷʚʣʷʝʪʩʷ ʧʨʠ ʚʳʩʦʢʠʭ ʵʥʝʨʛʠʷʭ 

ʵʣʝʢʪʨʦʥʦʚ ʠ ʬʘʢʪʠʯʝʩʢʠ ʤʦʞʝʪ ʙʳʪʴ ʠʟʤʝʨʝʥʦ ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ 

ʫʩʢʦʨʠʪʝʣʷʭ, ʧʨʝʜʣʦʞʝʥʥʘʷ ʤʝʪʦʜʠʢʘ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʨʘʩʯʝʪʘ 

ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʨʝʣʷʪʠʚʠʩʪʩʢʠʭ ʵʣʝʢʪʨʦʥʦʚ ʠ ʨʝʟʦʥʘʥʩʥʳʭ ʮʠʢʣʦʪʨʦʥʥʳʭ 
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ʯʘʩʪʦʪ. ʋʯʝʪ ʧʝʨʝʭʦʜʥʦʛʦ ʠ ʪʦʨʤʦʟʥʦʛʦ ʠʟʣʫʯʝʥʠʡ ʦʪ ʙʳʩʪʨʳʭ ʥʝʡʪʨʦʥʦʚ ʠʤʝʝʪ 

ʪʘʢʞʝ ʪʝʦʨʝʪʠʯʝʩʢʫʶ ʟʥʘʯʠʤʦʩʪʴ ʠ ʚ ʬʠʟʠʢʝ ʧʣʘʟʤʳ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. S.S Sautbekov // Journal of Magnetism and Magnetic Materials, 484(2019), 403-407. 
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ɽ.ɽ. ɻʆʈʆɼʅʀʏɽɺ, ɼ.ɹ. ʈʆɻʆɿʂʀʅ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ "ʄʀʌʀ" 

 

ʂʆɻɽʈɽʅʊʅʆɽ ʆɹʈɸʊʅʆɽ ʈɸʉʉɽʗʅʀɽ ʆʊ ɸʅʉɸʄɹʃʗ ʄʀ-

ʏɸʉʊʀʎ, ʇʆʄɽʑɽʅʅʆɻʆ ɺ ʉʈɽɼʋ ʉ ʄɸɻʅʀʊʅʆʁ 

ɸʂʊʀɺʅʆʉʊʔʖ 

ɺ ʨʘʙʦʪʝ ʠʟʫʯʘʝʪʩʷ ʢʦʛʝʨʝʥʪʥʦʝ ʦʙʨʘʪʥʦʝ ʨʘʩʩʝʷʥʠʝ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝʪʘ ʦʪ 

ʩʣʫʯʘʡʥʦʛʦ ʘʥʩʘʤʙʣʷ ʄʠ-ʯʘʩʪʠʮ, ʧʦʤʝʱʸʥʥʦʛʦ ʚ ʤʘʛʥʠʪʦ-ʘʢʪʠʚʥʫʶ ʦʜʥʦʨʦʜʥʫʶ ʩʨʝʜʫ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʦʪʩʫʪʩʪʚʠʝ ʜʝʧʦʣʷʨʠʟʘʮʠʠ ʩʚʝʪʘ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʥʝ ʧʨʠʚʦʜʠʪ ʢ 

ʧʦʜʘʚʣʝʥʠʶ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʤʝʞʜʫ ʤʥʦʛʦʢʨʘʪʥʦ ʨʘʩʩʝʷʥʥʳʤʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤʠ 

ʚʦʣʥʘʤʠ. ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʧʨʠ ʦʪʨʘʞʝʥʠʠ ʮʠʨʢʫʣʷʨʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝʪʘ ʚʦʟʥʠʢʘʝʪ 

ʪʦʣʴʢʦ ʩʤʝʱʝʥʠʝ ʧʠʢʘ ʢʦʛʝʨʝʥʪʥʦʛʦ ʦʙʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʘ ʚ ʩʣʫʯʘʝ ʣʠʥʝʡʥʦ-

ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝʪʘ ʧʠʢ ʨʘʩʱʝʧʣʷʝʪʩʷ ʥʘ ʜʚʝ ʩʦʩʪʘʚʣʷʶʱʠʝ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʦʙʲʷʩʥʷʶʪ ʜʘʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʥʘ ʢʨʫʧʥʳʭ (ʙʦʣʴʰʝ ʜʣʠʥʳ ʚʦʣʥʳ) ʄʠ-ʯʘʩʪʠʮʘʭ. 

E.E.GORODNICHEV, D.B.ROGOZKIN 

National Research Nuclear University "MEPhI" 

Coherent backscattering from an ensemble of Mie-particles immersed in a 

magneto-optically medium 

We study coherent backscattering of polarized light from a random ensemble of Mi 

particles placed in a magnetically active homogeneous medium. It is shown that the magnetic 

field does not destroy the interference between multiply scattered electromagnetic waves when 

they retain their polarization. As a result, in reflection of circularly polarized light, the shift of 

the coherent backscattering peak occurs only, while, for linearly polarized light, the peak splits 

into two components. The results obtained explain the data of experiment on large (compared to 

the wavelength) Mie-particles. 

ʕʬʬʝʢʪ ʩʣʘʙʦʡ ʣʦʢʘʣʠʟʘʮʠʠ ʚʦʟʥʠʢʘʝʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʚʦʣʥ, 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʚʜʦʣʴ ʦʜʠʥʘʢʦʚʳʭ ʣʫʯʝʚʳʭ ʪʨʘʝʢʪʦʨʠʡ ʥʘʚʩʪʨʝʯʫ ʜʨʫʛ 

ʜʨʫʛʫ, ʠ ʥʘʧʨʷʤʫʶ ʩʚʷʟʘʥ ʩ T-ʠʥʚʘʨʠʘʥʪʥʦʩʪʴʶ ʧʨʦʮʝʩʩʘ ʤʥʦʛʦʢʨʘʪʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ [1]. ʇʨʠʥʷʪʦ ʩʯʠʪʘʪʴ, ʯʪʦ ʥʘʣʠʯʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʥʘʨʫʰʘʶʱʝʛʦ 

ʫʢʘʟʘʥʥʫʶ ʩʠʤʤʝʪʨʠʶ, ʧʨʠʚʦʜʠʪ ʢ ʧʦʜʘʚʣʝʥʠʶ ʠʥʪʝʨʬʝʨʝʥʮʠʠ. ɺ ʤʝʪʘʣʣʘʭ ʩ 

ʧʨʠʤʝʩʷʤʠ ʵʪʦ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʫʤʝʥʴʰʝʥʠʠ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʨʠ ʥʘʣʦʞʝʥʠʠ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʢʦʛʝʨʝʥʪʥʦʤʫ ʦʙʨʘʪʥʦʤʫ ʨʘʩʩʝʷʥʠʶ ʩʚʝʪʘ 

ʦʪ ʩʨʝʜʳ ʩ ʨʵʣʝʝʚʩʢʠʤʠ ʨʘʩʩʝʠʚʘʪʝʣʷʤʠ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʧʨʠʚʦʜʠʪ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪʨʘʞʝʥʠʷ ʪʦʯʥʦ-ʥʘʟʘʜ [1,2], ʯʪʦ, ʥʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ, 

ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʘʝʪ ʥʝʛʘʪʠʚʥʦʝ ʚʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʢʦʥʩʪʨʫʢʪʠʚʥʫʶ 

ʠʥʪʝʨʬʝʨʝʥʮʠʶ ʚʦʣʥ. ʆʜʥʘʢʦ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ, ʧʨʠ ʨʘʩʩʝʷʥʠʠ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ ʚʦʟʤʦʞʥʘ ʩʠʪʫʘʮʠʷ, ʢʦʛʜʘ ʠʥʪʝʨʬʝʨʝʥʮʠʷ ʥʝ 

ʨʘʟʨʫʰʘʝʪʩʷ. ʇʨʠ ʦʧʨʝʜʝʣʸʥʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʩʣʘʙʦʡ 

ʜʝʧʦʣʷʨʠʟʘʮʠʠ ʚʦʣʥ ʚ ʩʨʝʜʝ (ʥʘʧʨʠʤʝʨ, ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʫʩʣʦʚʠʡ [3]) ʚʦʟʥʠʢʘʝʪ 

ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʵʬʬʝʢʪʦʤ ʌʘʨʘʜʝʷ ʩʜʚʠʛ ʬʘʟ, ʢʦʪʦʨʳʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 
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ʧʦʣʷʨʠʟʘʮʠʠ ʩʚʝʪʘ ʧʨʦʷʚʣʷʝʪʩʷ ʪʦʣʴʢʦ ʚ ʩʤʝʱʝʥʠʠ ʠʣʠ ʨʘʩʱʝʧʣʝʥʠʠ ʧʠʢʘ 

ʢʦʛʝʨʝʥʪʥʦʛʦ ʦʙʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ. 

ɺ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʩʣʫʯʘʡʥʳʡ ʘʥʩʘʤʙʣʴ 

ʄʠ-ʯʘʩʪʠʮ ʧʦʤʝʱʸʥ ʚ ʤʘʛʥʠʪʦ-ʘʢʪʠʚʥʫʶ ʩʨʝʜʫ 

(ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʥʘʧʨʘʚʣʝʥʦ ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʙʨʘʟʮʘ) ʠ ʦʧʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʯʘʩʪʠʮ 

ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʩʬʦʨʤʫʣʠʨʦʚʘʥʥʳʤ ʚ [3] 

ʫʩʣʦʚʠʷʤ, ʪʘʢ ʯʪʦ ʜʝʧʦʣʷʨʠʟʘʮʠʝʡ ʮʠʨʢʫʣʷʨʥʦ 

ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝʪʘ ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ, 

ʠʥʪʝʨʬʝʨʝʥʮʠʷ ʚʦʣʥ ʧʨʠ ʤʥʦʛʦʢʨʘʪʥʦʤ 

ʨʘʩʩʝʷʥʠʠ ʧʨʦʠʩʭʦʜʠʪ ʥʝʟʘʚʠʩʠʤʦ ʚ ʧʨʘʚʦ- ʠ 

ʣʝʚʦ-ʧʦʣʷʨʠʟʦʚʘʥʥʳʭ ʤʦʜʘʭ. ɺ ʢʘʞʜʦʡ ʤʦʜʝ 

ʠʥʪʝʨʬʝʨʝʥʮʠʷ ʦʧʠʩʳʚʘʝʪʩʷ ʠʟʚʝʩʪʥʳʤʠ 

ʩʦʦʪʥʦʰʝʥʠʷʤʠ ʩʢʘʣʷʨʥʦʡ ʪʝʦʨʠʠ [1] ʩ 

ʝʜʠʥʩʪʚʝʥʥʳʤ ʦʪʣʠʯʠʝʤ, ʢʦʪʦʨʦʝ ʩʚʦʜʠʪʩʷ ʢ ʧʦʷʚʣʝʥʠʶ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ 

ʬʘʟʦʚʦʛʦ ʤʥʦʞʠʪʝʣʷ. ʀʟ-ʟʘ ʵʬʬʝʢʪʘ ʌʘʨʘʜʝʷ ʤʝʞʜʫ ʜʚʫʤʷ ʚʦʣʥʘʤʠ, 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʤʠʩʷ ʥʘʚʩʪʨʝʯʫ ʜʨʫʛ ʜʨʫʛʫ ʚʜʦʣʴ ʦʜʥʦʡ ʣʫʯʝʚʦʡ ʪʨʘʝʢʪʦʨʠʠ, 

ʚʦʟʥʠʢʘʝʪ ʨʘʟʥʦʩʪʴ ʬʘʟ  
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,
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¡ ¡G
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r r r

r r rr r r r r r
ʉ  (1) 

ʛʜʝ 0k  - ʚʦʣʥʦʚʦʝ ʯʠʩʣʦ, h
r

 - ʚʝʢʪʦʨ ʛʠʨʘʮʠʠ, ( ),r r¡G
r r

 - ʢʦʥʪʫʨ, 

ʦʭʚʘʪʳʚʘʝʤʳʡ ʣʫʯʝʚʦʡ ʪʨʘʝʢʪʦʨʠʝʡ. ʀʥʪʝʛʨʠʨʦʚʘʥʠʝ ʚ ʧʝʨʚʦʤ ʠʥʪʝʛʨʘʣʝ ʚ 

ʧʨʘʚʦʡ ʯʘʩʪʠ (1) ʧʨʦʚʦʜʠʪʩʷ ʧʦ ʢʦʥʪʫʨʫ, ʧʦʣʫʯʘʶʱʝʤʫʩʷ ʧʫʪʸʤ ʟʘʤʳʢʘʥʠʷ 

( ),r r¡G
r r

 (ʩʤ. ʨʠʩʫʥʦʢ). ɽʩʣʠ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʦʜʥʦʨʦʜʥʦ, ʪʦ 

ʠʥʪʝʛʨʘʣ ʧʦ ʟʘʤʢʥʫʪʦʤʫ ʢʦʥʪʫʨʫ ʚ (1) ʦʙʨʘʱʘʝʪʩʷ ʚ ʥʫʣʴ. ʉʫʤʤʠʨʫʷ ʧʦ ʚʩʝʤ 

ʣʫʯʝʚʳʤ ʪʨʘʝʢʪʦʨʠʷʤ, ʜʣʷ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʛʦ ʚʢʣʘʜʘ ʚ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ( )cI°  

ʧʦʣʫʯʘʝʤ ʩʦʦʪʥʦʰʝʥʠʝ 

() ( )( ) ( )

0

c c

scalarI q I q k h° = °
rr r

   (2) 

ʛʜʝ 0q kJ= , ()( )c

scalarI q
r

 - ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʡ ʚʢʣʘʜ ʚ ʩʢʘʣʷʨʥʦʤ ʩʣʫʯʘʝ 

[1,4]. ʀʟ (2) ʩʣʝʜʫʝʪ, ʯʪʦ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʧʦʜʘʚʣʝʥʠʶ 

ʠʥʪʝʨʬʝʨʝʥʮʠʠ. ʇʨʠ ʧʘʜʝʥʠʠ ʮʠʨʢʫʣʷʨʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʦʡ ʚʦʣʥʳ, ʧʠʢ 

ʢʦʛʝʨʝʥʪʥʦʛʦ ʦʙʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʠʟ-ʟʘ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ çʤʘʛʥʠʪʥʦʛʦè ʩʜʚʠʛʘ 

ʬʘʟ (1) ʩʤʝʱʘʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʧʨʘʚʣʝʥʠʷ ʪʦʯʥʦ-ʥʘʟʘʜ ʥʘ ʫʛʦʣ max 0k hJ =° . 

ʇʦʩʢʦʣʴʢʫ ʣʠʥʝʡʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʫʶ ʚʦʣʥʫ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ 

ʩʫʧʝʨʧʦʟʠʮʠʶ ʜʚʫʭ ʧʦʣʝʡ ʩ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʤʠ ʢʨʫʛʦʚʳʤʠ ʧʦʣʷʨʠʟʘʮʠʷʤʠ, ʪʦ 

ʨʝʟʫʣʴʪʘʪ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ ʩʫʤʤʫ: 
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r rr r r
  (3) 

ʉʦʛʣʘʩʥʦ (3), ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʢʦ- ʠ ʢʨʦʩʩ-ʧʦʣʷʨʠʟʦʚʘʥʥʳʭ ʢʦʤʧʦʥʝʥʪ 

ʦʙʨʘʪʥʦ ʨʘʩʩʝʷʥʥʦʛʦ ʩʚʝʪʘ ʨʘʚʥʳ ʤʝʞʜʫ ʩʦʙʦʡ ʠ ʚ ʠʭ ʫʛʣʦʚʦʤ ʧʨʦʬʠʣʝ ʧʨʠ q h
rr

P  

ʜʦʣʞʥʳ ʥʘʙʣʶʜʘʪʴʩʷ ʜʚʘ ʤʘʢʩʠʤʫʤʘ ʧʨʠ (1,2)

max 0k hJ =° . ʕʪʠ ʵʬʬʝʢʪʳ ʥʘʙʣʶʜʘʣʠʩʴ 

ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ [2].  

ɼʝʧʦʣʷʨʠʟʫʶʱʠʝ ʩʪʦʣʢʥʦʚʝʥʠʷ ʧʨʠ ʤʥʦʛʦʢʨʘʪʥʦʤ ʨʘʩʩʝʷʥʠʠ ʧʨʠʚʦʜʷʪ ʢ 

ʩʣʫʯʘʡʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʧʦʣʷʨʠʟʘʮʠʠ ʚʦʣʥ ʚʜʦʣʴ ʪʨʘʝʢʪʦʨʠʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠ, 

ʢʘʢ ʨʝʟʫʣʴʪʘʪ, ʨʘʟʨʫʰʝʥʠʶ ʠʥʪʝʨʬʝʨʝʥʮʠʠ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʚ ʢʦʥʫʩʝ 

ʢʦʛʝʨʝʥʪʥʦʛʦ ʦʙʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʫʤʝʥʴʰʘʝʪʩʷ. ʊʝʦʨʠʷ ʢʦʛʝʨʝʥʪʥʦʛʦ ʦʙʨʘʪʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ [5], ʥʝ ʫʯʠʪʳʚʘʶʱʘʷ ʵʬʬʝʢʪʘ ʤʝʜʣʝʥʥʦʛʦ 

ʟʘʪʫʭʘʥʠʷ ʮʠʨʢʫʣʷʨʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ, ʥʝ ʤʦʞʝʪ ʦʙʲʷʩʥʠʪʴ ʵʢʩʧʝʨʠʤʝʥʪ [2].  
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ʕ.ʂ. ɸʅɼɽʈɾɸʅʆɺ1, ʉ.ʇ. ʄɽɼɺɽɼɽɺ1, ɸ.ʄ. ʊɽʈɽɿɸ1,  

ʉ.ɺ. ʍʆʄʀʂ1, ɹ.ɼ. ʍʈʀʉʊʆʌʆʈʆɺ2 

1ʌʝʜʝʨʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ ʭʠʤʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʠʤ. ʅ.ʅ. ʉʝʤʝʥʦʚʘ ʈɸʅ, 

ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʀʥʩʪʠʪʫʪ ʜʠʥʘʤʠʢʠ ʛʝʦʩʬʝʨ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʋɼɸʈʅɸʗ ɺʆʃʅɸ ʀ ʀɿʃʋʏɽʅʀɽ ʇʈʀ ɺɿʈʓɺɽ ɿɸʈʗɼɸ 

ʂʆʅɼɽʅʉʀʈʆɺɸʅʅʆɻʆ ɺɿʈʓɺʏɸʊʆɻʆ ɺɽʑɽʉʊɺɸ ɺ ʊʈʋɹɽ 

ʉ ʂʉɽʅʆʅʆʄ 

ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ, ʚʦʟʥʠʢʘʶʱʝʛʦ ʧʨʠ 

ʚʟʨʳʚʝ ʩʬʝʨʠʯʝʩʢʠʭ ʟʘʨʷʜʦʚ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʚʟʨʳʚʯʘʪʳʭ ʚʝʱʝʩʪʚ ʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʪʨʫʙʘʭ, ʥʘʧʦʣʥʝʥʥʳʭ ʢʩʝʥʦʥʦʤ. ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʫʚʝʣʠʯʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʩʚʝʪʦʚʦʛʦ 

ʧʦʪʦʢʘ ʟʘ ʩʯʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʟʝʨʢʘʣʴʥʦʛʦ ʧʦʢʨʳʪʠʷ ʩʪʝʥʢʠ ʪʨʫʙʳ. ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʟ 

ʨʝʟʫʣʴʪʘʪʦʚ ʪʨʝʭʤʝʨʥʦʛʦ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʫʜʘʨʥʦ-ʚʦʣʥʦʚʦʡ ʢʘʨʪʠʥʳ ʪʝʯʝʥʠʷ ʠ 

ʧʨʝʜʣʦʞʝʥ ʫʧʨʦʱʝʥʥʳʡ ʤʝʪʦʜ ʦʮʝʥʢʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ. 

E.K. ANDERZHANOV1, S.P. MEDVEDEV1, A.M. TEREZA1, S.V.KHOMIK 1, 

B.D. KHRISTOFOROV2 

1N.N. Semenov Federal Research Center for Chemical Physics, Russian Academy of 

Sciences, Moscow, Russia 
2Institute of Geospheres Dynamics, Russian Academy of Sciences, Moscow, Russia 

SHOCK WAVE AND RADIATION AT BURSTING OF HIGH 

EXPLOSIVE IN A TUBE FILLED WITH XENON  

The intensity of radiation was measured at bursting of spherical charges of high explosives 

in metal tubes filled with xenon. The velocity and radiative characteristics of the shock wave 

propagating through the tube were determined. The analysis of the results of three-dimensional 

numerical simulation of the shock-wave flow pattern is carried out and a simplified technique 

for estimating the radiation intensity is proposed. 

ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʦʟʜʝʡʩʪʚʠʷ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ ʠ ʚʠʜʠʤʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ ʥʘ ʚʝʱʝʩʪʚʦ ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʨʘʟʨʘʙʦʪʢʠ ʠ 

ʩʦʟʜʘʥʠʷ ʠʩʪʦʯʥʠʢʦʚ ʩ ʨʘʟʣʠʯʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʴʶ, ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʠ ʬʦʨʤʦʡ 

ʩʚʝʪʦʚʦʛʦ ʠʤʧʫʣʴʩʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩ, ʠʩʪʦʯʥʠʢʠ ʩ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ 10 ï 50 ʢɺʪ/ʩʤ2 ʠ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʦʢʦʣʦ 1 ʤʩ. ɺ ʨʷʜʝ ʩʣʫʯʘʝʚ ʚ 

ʢʘʯʝʩʪʚʝ ʢʦʤʧʘʢʪʥʦʛʦ ʚʟʨʳʚʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ ʮʝʣʝʩʦʦʙʨʘʟʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʘʧʦʣʥʝʥʥʫʶ ʙʣʘʛʦʨʦʜʥʳʤ ʛʘʟʦʤ ʪʨʫʙʫ, ʚ ʢʦʪʦʨʦʡ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 

ʧʦʜʨʳʚ ʟʘʨʷʜʘ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʚʟʨʳʚʯʘʪʦʛʦ ʚʝʱʝʩʪʚʘ (ʂɺɺ) [1]. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʘʢʦʡ ʤʝʪʦʜʠʢʠ ʧʦʟʚʦʣʷʝʪ ʚʘʨʴʠʨʦʚʘʪʴ ʧʣʦʪʥʦʩʪʴ ʧʦʪʦʢʘ ʠ 

ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʚ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ. 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʠ 

ʩʢʦʨʦʩʪʠ ʫʜʘʨʥʦʡ ʚʦʣʥʳ, ʛʝʥʝʨʠʨʫʝʤʦʡ ʚʟʨʳʚʦʤ ʩʬʝʨʠʯʝʩʢʦʛʦ ʟʘʨʷʜʘ ʂɺɺ ʚ 
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ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʪʨʫʙʝ, ʥʘʧʦʣʥʝʥʥʦʡ ʢʩʝʥʦʥʦʤ. ɿʘʨʷʜʳ ʠʟ ʊʕʅʘ ʤʘʩʩʦʡ 0,8 ï 2,5 ʛ 

ʧʦʤʝʱʘʣʠʩʴ ʚ ʪʨʫʙʢʫ ʜʣʠʥʦʡ 200 ʤʤ ʨʘʜʠʫʩʦʤ 15 ʤʤ. ɺ ʪʨʫʙʝ ʜʣʠʥʦʡ 1600 ʤʤ 

ʨʘʜʠʫʩʦʤ 70 ʤʤ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʟʘʨʷʜ ʠʟ ʩʤʝʩʠ ʪʨʦʪʠʣ-ʛʝʢʩʦʛʝʥ 50/50 ʤʘʩʩʦʡ 23 

ʛ. ɺ ʨʷʜʝ ʦʧʳʪʦʚ ʚʥʫʪʨʝʥʥʠʝ ʩʪʝʥʢʠ ʪʨʫʙʳ ʧʦʢʨʳʚʘʣʠʩʴ ʦʪʨʘʞʘʶʱʠʤ 

ʤʘʪʝʨʠʘʣʦʤ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʫʚʝʣʠʯʠʚʘʣʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ. 

ʈʘʜʠʘʮʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʬʨʦʥʪʘ ʫʜʘʨʥʦʡ ʚʦʣʥʳ (ʋɺ) ʠʟʤʝʨʷʣʠʩʴ ʩ 

ʧʦʤʦʱʴʶ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʨʠʝʤʥʠʢʦʚ, ʧʨʦʮʝʩʩ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʫʜʘʨʥʦʡ 

ʚʦʣʥʳ ʨʝʛʠʩʪʨʠʨʦʚʘʣʩʷ ʩ ʧʦʤʦʱʴʶ ʩʢʦʨʦʩʪʥʦʡ ʢʠʥʦʩʲʝʤʢʠ. 

ɼʣʷ ʚʳʷʚʣʝʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ ʚʦʟʥʠʢʘʶʱʝʡ ʩʣʦʞʥʦʡ ʢʘʨʪʠʥʳ ʪʝʯʝʥʠʷ, 

ʚʢʣʶʯʘʶʱʝʡ ʤʥʦʛʦʢʨʘʪʥʳʝ ʦʪʨʘʞʝʥʠʷ ʧʦʧʝʨʝʯʥʳʭ ʚʦʣʥ ʦʪ ʩʪʝʥʢʠ ʠ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʬʨʦʥʪʘ ʋɺ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʡʩʷ ʚʜʦʣʴ ʪʨʫʙʳ, ʚʳʧʦʣʥʝʥʦ 

ʪʨʝʭʤʝʨʥʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʘʢʝʪʘ Gas Dynamics 

Tool (GDT) [2]. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʣʦʪʥʦʩʪʴ ʧʦʪʦʢʘ ʠʟʣʫʯʝʥʠʷ ʩ ʧʦʚʝʨʭʥʦʩʪʠ, ʢʘʢ 

ʧʣʦʩʢʦʛʦ, ʪʘʢ ʠ ʠʩʢʨʠʚʣʝʥʥʦʛʦ ʬʨʦʥʪʘ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʯʝʨʝʟ 

ʧʘʨʘʤʝʪʨʳ ʫʜʘʨʥʦ ʩʞʘʪʦʛʦ ʛʘʟʘ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʦʥ ʷʚʣʷʝʪʩʷ ʠʜʝʘʣʴʥʳʤ ʠ 

ʬʨʦʥʪ ʋɺ ʠʟʣʫʯʘʝʪ ʢʘʢ ʯʝʨʥʦʝ ʪʝʣʦ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʚʟʨʳʚʥʳʭ ʪʨʫʙ ʩ ʦʪʨʘʞʘʶʱʠʤʠ ʩʪʝʥʢʘʤʠ 

ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪ ʧʣʦʪʥʦʩʪʴ ʧʦʪʦʢʘ ʵʥʝʨʛʠʠ, ʧʘʜʘʶʱʝʡ ʥʘ ʤʠʰʝʥʴ, ʙʦʣʝʝ, ʯʝʤ 

ʥʘ ʧʦʨʷʜʦʢ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʪʦʢʦʤ, ʩʦʟʜʘʚʘʝʤʳʤ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʬʨʦʥʪʦʤ 

ʋɺ, ʠ ʫʣʫʯʰʠʪʴ ʬʦʨʤʫ ʝʝ ʚʨʝʤʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ. ʉʦʛʣʘʩʠʝ ʨʝʟʫʣʴʪʘʪʦʚ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʨʘʩʯʝʪʥʳʤʠ ʜʘʥʥʳʤʠ, ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʘʢʝʪ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʨʘʩʯʝʪʦʚ GDT ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʠʩʪʦʯʥʠʢʦʚ ʠʟʣʫʯʝʥʠʷ 

ʥʘ ʦʩʥʦʚʝ ʚʟʨʳʚʥʳʭ ʪʨʫʙ. 
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A.C. ɸʅʊʈʆʇʆɺ, ɺ.ɺ. ʉʊɽɻɸʁʃʆɺ 
ʆʙʲʝʜʠʥʝʥʥʳʡ ʠʥʩʪʠʪʫʪ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ɼʀʌʌʋɿʀʗ ʅɸʅʆʇʋɿʓʈɽʁ ɺ ʆʎʂ-ʋʈɸʅɽ: ʊɽʆʈʀʗ ʀ 

ɸʊʆʄʀʉʊʀʏɽʉʂʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ 

ɸʪʦʤʠʩʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʷʚʣʷʝʪʩʷ ʤʦʱʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʜʝʪʘʣʴʥʦʛʦ 

ʠʟʫʯʝʥʠʷ ʤʝʭʘʥʠʟʤʦʚ ʜʚʠʞʝʥʠʷ ʧʫʟʳʨʴʢʦʚ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʦ ʜʚʠʞʝʥʠʝ 

ʧʫʟʳʨʝʡ ʚ ʆʎʂ ʨʝʰʝʪʢʝ ʫʨʘʥʘ ʩʦ ʩʪʘʙʠʣʴʥʳʤʠ ʛʨʘʥʷʤʠ ʦʨʠʝʥʪʘʮʠʠ [110]. ʇʨʝʜʣʦʞʝʥ 

ʤʝʪʦʜ ʥʝʨʘʚʥʦʚʝʩʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʜʚʠʞʝʥʠʷ ʧʫʟʳʨʴʢʦʚ ʚ ʛʨʘʜʠʝʥʪʝ 

ʜʘʚʣʝʥʠʷ, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʯʠʪʘʪʴ ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ ʧʫʟʳʨʝʡ ʥʘʥʦʤʝʪʨʦʚʦʛʦ 

ʨʘʟʤʝʨʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʫʟʳʨʝʡ ʩʚʷʟʘʥʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʪʝʨʨʘʩ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ 

ʫʩʪʦʡʯʠʚʳʭ ʛʨʘʥʝʡ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʜʪʚʝʨʞʜʘʶʪ ʪʝʦʨʠʶ ʜʠʬʬʫʟʠʠ 

ʬʘʩʝʪʦʯʥʳʭ ʧʫʟʳʨʝʡ ʯʝʨʝʟ ʦʙʨʘʟʦʚʘʥʠʝ ʪʝʨʨʘʩ ʠ ʦʙʲʷʩʥʷʶʪ ʧʨʠʨʦʜʫ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ 

ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ. 

A.S. ANTROPOV, V.V. STEGAILOV 

Joint Institute for High Temperatures of the Russian Academy of Sciences, Moscow, Russia 

NANOBUBBLES DIFFUSION IN BCC URANIUM: THEORY AND 

ATOMISTIC MODELLING  

Atomistic modelling is a powerful instrument for a detailed study of the mechanisms of 

bubble motion. In this work, we consider the movement of bubbles in the bcc lattice of uranium 

with stable facets of [110] orientation. A method of non-equilibrium modelling of the directed 

motion of bubbles in a pressure gradient is proposed, which allows one to calculate the diffusion 

coefficient of nanometer-sized bubbles. It is shown that diffusion of facet bubbles is associated 

with the formation of terraces in a surface layer of stable facets. The results prove the theory of 

bubble diffusion via terrace nucleation and explain the nature of its activation energy.  

ɺʦʧʨʦʩʳ ʜʠʬʬʫʟʠʠ ʧʫʟʳʨʝʡ (ʧʫʩʪʦʪ) ʚ ʪʚʝʨʜʳʭ ʪʝʣʘʭ ʠʤʝʶʪ ʙʦʣʴʰʫʶ 

ʘʢʪʫʘʣʴʥʦʩʪʴ. ʕʪʦ ʩʚʷʟʘʥʦ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʩ ʟʘʜʘʯʘʤʠ ʷʜʝʨʥʦʡ ʵʥʝʨʛʝʪʠʢʠ [1]. 

ʂʣʘʩʩʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʢ ʨʘʩʩʤʦʪʨʝʥʠʶ ʧʦʜʚʠʞʥʦʩʪʠ ʧʫʟʳʨʝʡ ʩʚʷʟʳʚʘʝʪ 

ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ ʧʫʟʳʨʷ ʩ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʦʙʲʝʤʥʦʡ ʠ ʧʦʚʝʨʭʥʦʩʪʥʦʡ 

ʩʘʤʦʜʠʬʬʫʟʠʠ ʘʪʦʤʦʚ ʤʘʪʨʠʮʳ [2]. ʆʜʠʥ ʠʟ ʤʝʭʘʥʠʟʤʦʚ ʧʦʜʘʚʣʝʥʠʷ ʜʠʬʬʫʟʠʠ 

ʩʚ̫ʟʘʥ ʩ ʥʘʣʠʯʠʝʤ ʚʳʨʘʞʝʥʥʳʭ ʛʨʘʥʝʡ ʫ ʧʫʟʳʨʷ. ʉʫʱʝʩʪʚʫʝʪ ʪʝʦʨʝʪʠʯʝʩʢʘʷ 

ʤʦʜʝʣʴ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʡ ʩʢʦʨʦʩʪʴ ʜʠʬʬʫʟʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʯʘʩʪʦʪʦʡ 

ʦʙʨʘʟʦʚʘʥʠʷ ʥʦʚʳʭ ʩʪʫʧʝʥʝʡ ʚ ʛʨʘʥʷʭ [3]. ʄʝʪʦʜʳ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ 

(ʄɼ) ʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʜʝʪʘʣʴʥʦ ʠʟʫʯʠʪʴ ʤʝʭʘʥʠʟʤʳ ʜʠʬʬʫʟʠʠ ʧʫʟʳʨʝʡ, 

ʧʨʦʚʝʨʠʪʴ ʠ ʫʪʦʯʥʠʪʴ ʩʫʱʝʩʪʚʫʶʱʫʶ ʪʝʦʨʠʶ.  

ʆʎʂ ʫʨʘʥ ʚ ʢʘʯʝʩʪʚʝ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʳ ʙʳʣ ʚʳʙʨʘʥ ʢʘʢ ʧʝʨʚʦʝ 

ʧʨʠʙʣʠʞʝʥʠʝ ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ ʷʜʝʨʥʦʛʦ ʪʦʧʣʠʚʘ U-Mo. ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʜʠʬʬʫʟʠʠ ʧʫʟʳʨʝʡ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʧʨʝʜʣʦʞʝʥʥʳʡ ʥʘʤʠ ʤʝʪʦʜ ʫʩʢʦʨʝʥʥʦʡ ʄɼ, ʘ 

ʪʘʢʞʝ ʧʨʷʤʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʚʦʙʦʜʥʦʡ ʜʠʬʬʫʟʠʠ.  
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ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʙʦʪʳ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʫʟʳʨʠ ʨʘʜʠʫʩʦʤ ʦʪ 9 ʜʦ 90 ¡ ʚ 

ʨʘʚʥʦʚʝʩʥʦʤ ʩʦʩʪʦʷʥʠʠ ʠʤʝʶʪ ʬʦʨʤʫ ʤʥʦʛʦʛʨʘʥʥʠʢʦʚ ʩ ʚʳʨʘʞʝʥʥʳʤʠ 

ʩʪʦʨʦʥʘʤʠ [110]. ʇʝʨʝʤʝʱʝʥʠʝ ʧʫʟʳʨʷ ʧʨʦʠʩʭʦʜʠʪ ʩʢʘʯʢʘʤʠ. ʂʘʞʜʳʡ ʩʢʘʯʦʢ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʝʨʝʤʝʱʝʥʠʶ ʦʜʥʦʡ ʠʟ ʛʨʘʥʝʡ ʪʠʧʘ [110] ʥʘ ʦʜʥʫ ʘʪʦʤʥʫʶ 

ʧʣʦʩʢʦʩʪʴ. ʇʦʜʪʚʝʨʞʜʝʥʳ ʦʙʱʠʝ ʧʦʣʦʞʝʥʠʷ ʪʝʦʨʠʠ ʦ ʜʚʠʞʝʥʠʠ ʬʘʩʝʪʦʯʥʳʭ 

ʧʫʟʳʨʝʡ ʟʘ ʩʯʝʪ ʦʙʨʘʟʦʚʘʥʠʷ ʩʪʫʧʝʥʝʡ ʚ ʛʨʘʥʷʭ, ʜʦʧʦʣʥʝʥʘ ʪʝʦʨʠʷ, 

ʦʧʠʩʳʚʘʶʱʘʷ ʧʦʨʦʛʦʚʫʶ ʵʥʝʨʛʠʶ ʧʨʦʮʝʩʩʘ. ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʷʤʦʛʦ 

ʤʝʪʦʜʘ ʨʘʩʯʝʪʘ ʠ ʫʩʢʦʨʝʥʥʦʡ ʄɼ ʧʦʜʪʚʝʨʞʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʠʤʦʩʪʠ 

ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʠʬʬʫʟʠʠ ʧʫʟʳʨʝʡ ʚ ʪʚʝʨʜʳʭ 

ʪʝʣʘʭ (ʨʠʩʫʥʦʢ 1). ʇʦʩʯʠʪʘʥʘ ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʧʨʦʮʝʩʩʘ ʜʠʬʬʫʟʠʠ ʠ 

ʧʦʣʫʯʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʩʨʘʚʥʠʚʘʝʪʩʷ ʩ ʪʝʦʨʠʝʡ [2] ʠ ʜʦʧʦʣʥʝʥʥʦʡ ʪʝʦʨʠʝʡ [3]. 

 
ʈʠʩ. 1. ʂʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ ʧʫʟʳʨʝʡ ʨʘʜʠʫʩʦʤ 9 ʠ 12 ¡ ʧʦʩʯʠʪʘʥʥʳʝ 

ʧʨʷʤʳʤ ʠ ʫʩʢʦʨʝʥʥʳʤ ʄɼ, ʧʨʝʜʩʢʘʟʘʥʠʷ ʪʝʦʨʠʠ [2]. 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. M.S. Veshchunov, V.D. Ozrin, et. al. //. Nucl. Eng. Des. 236 (2006) 179-200. 
2. ʗ. ɽ. ɻʝʛʫʟʠʥ ɼʚʠʞʝʥʠʝ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʚʢʣʶʯʝʥʠʡ ʚ ʪʚʝʨʜʳʭ ʪʝʣʘʭ. ʄʝʪʘʣʣʫʨʛʠʷ, 1971. 
3. Beere W. // Journal of Nuclear Materials 45.2 (1972): 91-95. 
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ʖ.ɹ. ɹɸɿɸʈʆɺ1,2, ʄ.ʖ. ɹɸɿɸʈʆɺ2, ɺ.ɸ. ɹʆʈʀʉɪʅʆʂ2, 

ɺ.ɸ. ɹʈɸɻʋʅɽʎ1, ʄ.ɸ. ʂɸʈʇʆɺ1, ɼ.ɸ. ʇʈʆʅʀʅ1, ɺ.ɻ. ʉʀʄɸʂʆɺ1, 

ɽ.ɺ. ʍɸʃɼɽɽɺ1, ɽ.ɽ. ʐɽʉʊɸʂʆɺ1 

1ʌɻʋʇ ʈʌʗʎ-ɺʅʀʀʕʌ, ʉʘʨʦʚ, ʈʦʩʩʠʷ. 
2 ʉʘʨʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ï ʬʠʣʠʘʣ ʅʘʮʠʦʥʘʣʴʥʦʛʦ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʷʜʝʨʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʄʀʌʀ, ʉʘʨʦʚ, ʈʦʩʩʠʷ. 

 

ʈɽɿʋʃʔʊɸʊʓ ʈɽɻʀʉʊʈɸʎʀʀ ʉɺɽʊʆɺʓʍ ʗɺʃɽʅʀʁ ɺ 

ʋɼɸʈʅʆ ʅɸɻʈʋɾɽʅʅʆʄ ʄʆʅʆʂʈʀʉʊɸʃʃɽ ʂɺɸʈʎɸ 

ɺ ʜʦʢʣʘʜʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠʤʝʥʝʥʠʷ ʬʦʪʦʛʨʘʬʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʝʪʦʚʳʭ ʵʬʬʝʢʪʦʚ ʚ ʦʙʨʘʟʮʘʭ x-ʩʨʝʟʘ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʢʚʘʨʮʘ ʧʨʠ 

ʥʘʛʨʫʞʝʥʠʠ ʠʭ ʧʣʦʩʢʦʡ ʫʜʘʨʥʦʡ ʚʦʣʥʦʡ ʩ ʜʘʚʣʝʥʠʝʤ ʚʦ ʬʨʦʥʪʝ 1,7-1,8 ɻʇʘ. ʇʦʢʘʟʘʥʦ, 

ʯʪʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʦʩʣʝ ʚʭʦʞʜʝʥʠʷ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʚ ʦʙʨʘʟʝʮ ʚ ʥʝʤ ʚʦʟʥʠʢʘʶʪ 

ʣʦʢʘʣʴʥʳʝ ʦʯʘʛʠ ʩʚʝʪʘ, ʧʣʦʪʥʦʩʪʴ ʢʦʪʦʨʳʭ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʦ ʤʝʨʝ ʧʨʦʭʦʞʜʝʥʠʷ ʫʜʘʨʥʦʡ 

ʚʦʣʥʳ ʧʦ ʦʙʨʘʟʮʫ. 

YU.B. BAZAROV1,2, M.YU. BAZAROV2, V.A. BORISSENOK2, V.A. 

BRAGUNETS1, M.A. KARPOV1, D.A. PRONIN1, V.G. SIMAKOV 1, E.V. 

KHALDEEV1, E.E. SHESTAKOV1 

1 FSUE RFNC-VNIIEF, Sarov, Russia.  

 2 Sarov Physical & Technical Institute - National Research Nuclear University MEPhI 

(Moscow Engineering Physics Institute), Sarov, Russia 

RESULTS OF REGISTRATION OF LIGHT PHENOMENA IN A 

SHOCK-LOADED QUARTZ SINGLE CRYSTAL  

The report presents the results of applying a high-speed photographic method for 

investigating of light effects in x-cut samples of a quartz single crystal when it loaded with a 

plane shock wave with a front pressure of 1.7-1.8 GPa. It is shown that immediately after the 

shock wave enters the sample, local foci of light appear in it, the density of which increases as 

the shock wave propagates through the sample. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʩ ʦʙʨʘʟʮʘʤʠ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʢʚʘʨʮʘ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ 

ʣʝʛʢʦʛʘʟʦʚʦʡ ʧʫʰʢʝ ʉʘʨʌʊʀ ʅʀʗʋ ʄʀʌʀ ʢʘʣʠʙʨʦʤ 40 ʤʤ. ʆʙʲʝʢʪʳ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʦʙʨʘʟʮʳ x-ʩʨʝʟʘ ʢʚʘʨʮʘ ʨʘʟʤʝʨʦʤ Ï20Ĭ2 ʤʤ ʠ Ï20Ĭ4 ʤʤ. 

ʅʘʛʨʫʞʝʥʠʝ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʫʜʘʨʥʠʢʦʤ ʠʟ ʘʣʶʤʠʥʠʷ ʪʦʣʱʠʥʦʡ 2 ʤʤ ʩʦ 

ʩʢʦʨʦʩʪʴʶ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 400 ʜʦ 430 ʤ/ʩ. ʇʨʠ ʪʘʢʦʡ ʩʢʦʨʦʩʪʠ ʜʘʚʣʝʥʠʝ ʚʦ 

ʬʨʦʥʪʝ ʋɺ ʩʦʩʪʘʚʣʷʝʪ å 1,7-1,8 ɻʇʘ. 

ʄʝʭʘʥʠʟʤ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʚ ʫʜʘʨʥʦ-ʥʘʛʨʫʞʝʥʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ 

ʢʚʘʨʮʘ [1] ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʥʝʠʟʚʝʩʪʝʥ. ʅʘʠʙʦʣʝʝ ʬʠʟʠʯʝʩʢʠ ʦʙʦʩʥʦʚʘʥʥʘʷ 

ʛʠʧʦʪʝʟʘ ʧʨʝʜʣʦʞʝʥʘ ʚ [2-4]: ʠʩʪʦʯʥʠʢʘʤʠ ʩʚʝʪʘ ʷʚʣʷʶʪʩʷ ʢʘʥʘʣʳ ʣʦʢʘʣʴʥʳʭ 
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ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʨʦʙʦʝʚ. ʕʪʘ ʛʠʧʦʪʝʟʘ ʪʨʝʙʫʝʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ.  

ʅʘʤʠ ʦʪʨʘʙʦʪʘʥʳ ʤʝʪʦʜʳ ʨʝʛʠʩʪʨʘʮʠʠ, ʦʙʣʘʜʘʶʱʠʝ ʚʳʩʦʢʠʤ ʚʨʝʤʝʥʥʳʤ ʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ: 

1. ʄʝʪʦʜ ʨʝʛʠʩʪʨʘʮʠʠ ʚʦʩʴʤʠʢʘʜʨʦʚʳʤ ʂʄʆʇ ʨʝʛʠʩʪʨʘʪʦʨʦʤ [6], 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʤ ʧʦʣʫʯʝʥʠʝ 8-ʤʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʢʘʜʨʦʚ ʩ ʚʨʝʤʝʥʝʤ 

ʵʢʩʧʦʥʠʨʦʚʘʥʠʷ ʢʘʞʜʦʛʦ 64 ʥʩ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ 64Ĭ128 

ʵʣʝʤʝʥʪʦʚ ʠ ʩʢʦʨʦʩʪʴʶ ʩʲʸʤʢʠ ʥʝ ʤʝʥʝʝ 107 ʢʘʜʨʦʚ ʚ ʩʝʢʫʥʜʫ (ʨʠʩʫʥʦʢ 1ʘ, 1ʙ). 

2. ʄʝʪʦʜ ʨʝʛʠʩʪʨʘʮʠʠ ʚʦʩʴʤʠʢʘʜʨʦʚʦʡ ʬʦʪʦʢʘʤʝʨʦʡ ʅʘʥʦʛʝʡʪ 22 [7], 

ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʙʝʩʧʘʨʘʣʣʘʢʩʥʳʡ ʦʧʪʠʯʝʩʢʠʡ ʚʚʦʜ ʠʟʦʙʨʘʞʝʥʠʡ ʠ ʯʠʩʣʦ 

ʵʣʝʤʝʥʪʦʚ ʨʘʟʣʦʞʝʥʠʷ ʠʟʦʙʨʘʞʝʥʠʷ ~ 1 ʄʧʢʩ (ʨʠʩʫʥʦʢ 1ʚ ï 1ʟ). ɼʣʠʪʝʣʴʥʦʩʪʴ 

ʵʢʩʧʦʥʠʨʦʚʘʥʠʷ ʢʘʜʨʦʚ ʩʦʩʪʘʚʣʷʣʘ 50 ʥʩ. 

ʈʠʩʫʥʦʢ 1. ʉʢʦʨʦʩʪʥʳʝ ʧʦʢʘʜʨʦʚʳʝ ʬʦʪʦʭʨʦʥʦʛʨʘʤʤʳ ʩʚʝʯʝʥʠʷ ʦʙʨʘʟʮʦʚ. 
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ʊ.56. ʚʳʧ.2. ʉ.315-317. 

2. Brooks W.P. // J. Appl. Phys. 1965. V. 36, N 9. ʈ. 2788. 
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P.6374.  
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ʖ.ɸ. ɹʆɻɼɸʅʆɺɸ1, ʀ.ɺ. ʄɸʂʃɸʐʆɺɸ1,  

ʉ.ɸ. ɻʋɹʀʅ1, ɾ.ɸ. ɸʄʀʈ2 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʂʘʟʘʭʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɸʣʴ-ʌʘʨʘʙʠ, ɸʣʤʘʪʳ, ʂʘʟʘʭʩʪʘʥ 

 

ʃʀʗʅʀɽ ɺʀɼɸ ʇʆʊɽʅʎʀɸʃɸ ʄɽɾʏɸʉʊʀʏʅʆɻʆ 

ɺɿɸʀʄʆɼɽʁʉʊɺʀʗ ʅɸ ʊʈɸʅʉʇʆʈʊʅʓɽ ʉɺʆʁʉʊɺɸ ɻɽʃʀʗ 

ʇʨʝʜʩʪʘʚʣʝʥʘ ʤʝʪʦʜʠʢʘ ʨʘʩʯʝʪʘ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʚʦʡʩʪʚ ʛʝʣʠʷ ʥʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʛʝʣʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ ʥʘ ʦʩʥʦʚʝ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ. ʇʦʢʘʟʘʥʦ ʚʣʠʷʥʠʝ ʚʠʜʘ 

ʤʝʞʯʘʩʪʠʯʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘ ʪʦʯʥʦʩʪʴ ʨʘʩʯʝʪʘ ʚʷʟʢʦʩʪʠ ʛʝʣʠʷ ʚ 

ʩʨʘʚʥʝʥʠʠ ʩ ʠʟʚʝʩʪʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. 

Yu.A. BOGDANOVA1, I.V. MAKLASHOVA 1, 

S.A. GUBIN1, Zh.A. AMIR 2 

1National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 
2al-Farabi Kazakh National University, Almaty, Republic of Kazakhstan 

THE INFLUENCE OF THE TYPE OF INTERMOLECULAR 

INTERACTION POTENTIAL ON HELIUM TRANSPORT PROPERTIES 

A method for calculating the transport properties of helium based on the results of 

thermodynamic modeling of helium properties is presented using a theoretical equation on the 

basis of perturbation theory. The influence of the type of intermolecular interaction potential on 

the accuracy of calculating the helium viscosity is shown in comparison with the known 

experimental data. 

ʆʜʥʦʡ ʠʟ ʣʫʯʰʠʭ ʪʝʦʨʠʡ, ʧʦʟʚʦʣʷʶʱʠʭ ʧʦʣʫʯʘʪʴ ʫʨʘʚʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ 

ʬʣʶʠʜʦʚ ʚ ʰʠʨʦʢʦʡ ʦʙʣʘʩʪʠ ʜʘʚʣʝʥʠʡ ʠ ʪʝʤʧʝʨʘʪʫʨ, ʷʚʣʷʝʪʩʷ ʪʝʦʨʠʷ 

ʚʦʟʤʫʱʝʥʠʡ KLRR-T [1, 2]. ʊʝʦʨʠʷ ʚʦʟʤʫʱʝʥʠʡ ʧʨʠʤʝʥʠʤʘ ʢ ʣʶʙʳʤ 

ʛʘʟʦʦʙʨʘʟʥʳʤ ʠʣʠ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤʘʤ, ʚ ʢʦʪʦʨʳʭ ʠʤʝʶʪʩʷ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʦʧʠʩʳʚʘʝʤʳʝ ʤʝʞʘʪʦʤʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ. 

ʅʘʨʷʜʫ ʩ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʪʝʦʨʠʷ ʚʦʟʤʫʱʝʥʠʡ ʧʦʟʚʦʣʷʝʪ 

ʨʘʩʩʯʠʪʳʚʘʪʴ ʜʠʘʤʝʪʨ ʯʘʩʪʠʮʳ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʪʚʝʨʜʳʭ ʩʬʝʨ, ʢʦʵʬʬʠʮʠʝʥʪ 

ʫʧʘʢʦʚʢʠ ʠ ʨʘʜʠʘʣʴʥʫʶ ʬʫʥʢʮʠʶ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʚʝʨʜʳʭ ʩʬʝʨ. ɿʥʘʥʠʝ ʵʪʠʭ 

ʚʝʣʠʯʠʥ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʨʝʜʝʣʠʪʴ ʪʨʘʥʩʧʦʨʪʥʳʝ ʩʚʦʡʩʪʚʘ ʚʝʱʝʩʪʚʘ, ʪʘʢʠʝ 

ʢʘʢ ʚʷʟʢʦʩʪʴ, ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʠ ʜʠʬʬʫʟʠʷ. 

ʆʜʥʘʢʦ ʚʠʜ ʧʦʪʝʥʮʠʘʣʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʤʦʣʝʢʫʣʘʤʠ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʚʝʱʝʩʪʚʘ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʝ ʪʦʣʴʢʦ ʥʘ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ, ʥʦ ʠ 

ʥʘ ʪʦʯʥʦʩʪʴ ʨʘʩʩʯʠʪʳʚʘʝʤʳʭ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʚʦʡʩʪʚ.  
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ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʥʘ ʦʩʥʦʚʝ ʋʈʉ [2] ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ʚʷʟʢʦʩʪʠ ʛʝʣʠʷ 

He ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʠ ʚ ʦʙʣʘʩʪʠ ʧʦʚʳʰʝʥʥʦʛʦ ʜʘʚʣʝʥʠʷ. ɼʣʷ ʦʧʠʩʘʥʠʷ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʘʪʦʤʘʤʠ He ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʪʨʠ ʚʠʜʘ ʩʬʝʨʠʯʝʩʢʠ-

ʩʠʤʤʝʪʨʠʯʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ: ʜʚʫʭʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʃʝʘʥʥʘʨʜ-ɼʞʦʥʩʘ, 

ʧʦʪʝʥʮʠʘʣ ʄʦʨʟʝ ʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ʧʦʪʝʥʮʠʘʣ ɹʫʢʠʥʛʝʤʘ ʚʠʜʘ Exp-6. 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʚʷʟʢʦʩʪʠ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʠʟʚʝʩʪʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʜʘʥʥʳʤʠ [3, 4, 5] ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʘʭ 1-2. 

 

 

ʈʠʩ.1 ɿʘʚʠʩʠʤʦʩʪʴ ʚʷʟʢʦʩʪʠ 

He ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠ P=1 ʘʪʤ. ʃʠʥʠʠ 

ï ʨʘʩʯʝʪʳ ʥʘ ʦʩʥʦʚʝ ʨʘʟʣʠʯʥʳʭ ʚʠʜʦʚ 

ʧʦʪʝʥʮʠʘʣʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʉʠʤʚʦʣʳ 

ï ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ [3-5] 

ʈʠʩ.2 ɺʷʟʢʦʩʪʴ He ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʘʚʣʝʥʠʷ ʥʘ ʨʘʟʣʠʯʥʳʭ 

ʠʟʦʪʝʨʤʘʭ. ʃʠʥʠʠ ï ʨʘʩʯʝʪʳ ʥʘ ʦʩʥʦʚʝ 

ʨʘʟʣʠʯʥʳʭ ʚʠʜʦʚ ʧʦʪʝʥʮʠʘʣʘ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʉʠʤʚʦʣʳ ï 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ [3] 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʦʚ, ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʪʝʥʮʠʘʣʘ ʚʠʜʘ 

Exp-6 ʣʫʯʰʝ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʢʘʢ ʧʨʠ ʥʦʨʤʘʣʴʥʦʤ 

ʜʘʚʣʝʥʠʠ, ʪʘʢ ʠ ʚ ʦʙʣʘʩʪʠ ʧʦʚʳʰʝʥʥʳʭ ʜʘʚʣʝʥʠʡ ʠ ʪʝʤʧʝʨʘʪʫʨ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Victorov S.B., El-Rabii H., Gubin S.A., Maklashova I.V., Bogdanova Yu.A // Journal of Energetic 
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ʖ.ɸ. ɹʆɻɼɸʅʆɺɸ, ʉ.ɺ ɻʆʈʂʋʅʆɺ, ʉ.ɸ. ʂʆɿʃʆɺɸ, 

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

ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʕɺʆʃʖʎʀʗ ʌʈʆʅʊɸ ʌɸɿʆɺʆɻʆ ʇɽʈɽʍʆɼɸ ɺ ʇʆʈʀʉʊʆʁ 

ʉʈɽɼɽ ʉ ʀɿʄɽʅʗʖʑʀʄʉʗ ʂɸʇʀʃʃʗʈʅʓʄ ɼɸɺʃɽʅʀɽʄ 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʦ ʩʪʘʮʠʦʥʘʨʥʦʤ ʬʨʦʥʪʝ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ 

ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦ ʧʨʦʪʷʞʝʥʥʦʤ ʩʣʦʝ ʧʦʨʠʩʪʦʡ ʩʨʝʜʳ ʩ ʧʝʨʝʤʝʥʥʳʤ ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʫ 

ʢʘʧʠʣʣʷʨʥʳʤ ʜʘʚʣʝʥʠʝʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʯʝʪʦʚ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʠʟʤʝʥʝʥʠʠ 

ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ ʚʥʫʪʨʠ ʚʝʨʪʠʢʘʣʴʥʦʡ ʧʦʣʦʩʳ ʧʨʠ ʝʝ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʡ ʰʠʨʠʥʝ 

ʬʨʦʥʪ ʧʦʚʝʨʭʥʦʩʪʠ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʚʳʭʦʜʠʪ ʥʘ ʩʪʘʮʠʦʥʘʨʥʦʝ ʧʦʣʦʞʝʥʠʝ. 

Yu.A. BOGDANOVA, S.V. GORKUNOV, S.A.KOZLOVA, 

V.A. SHARGATOV 

Ishlinsky Institute for Problems in Mechanics RAS, Moscow , Russia 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

EVOLUTION  OF A LIQUID ïVAPOR PHASE TRANSITION FRONT 

IN INHOMOGENEOUS POROUS MEDIUM  

The results of solving the problem of the stationary front of a phase transition in a 

horizontally extended layer of a porous medium with a spatially variable capillary pressure are 

presented. As a result of the calculations, it was found that when the capillary pressure inside 

the vertical strip changes, the front of the phase transition surface goes to a stationary position. 

ʈʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚʝʨʪʠʢʘʣʴʥʳʝ ʪʝʯʝʥʠʷ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦ ʧʨʦʪʷʞʝʥʥʦʡ 

ʜʚʫʤʝʨʥʦʡ ʦʙʣʘʩʪʠ ʧʦʨʠʩʪʦʡ ʩʨʝʜʳ ʧʨʠ ʥʘʣʠʯʠʠ ʬʨʦʥʪʘ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʚʦʜʠʪʩʷ ʜʣʷ ʤʘʣʦʧʨʦʥʠʮʘʝʤʦʛʦ ʩʣʦʷ ʦʜʥʦʨʦʜʥʦʡ, ʠʟʦʪʨʦʧʥʦʡ 

ʧʦʨʠʩʪʦʡ ʩʨʝʜʳ, ʢʦʪʦʨʘʷ ʠʤʝʝʪ ʧʦʩʪʦʷʥʥʫʶ ʪʝʤʧʝʨʘʪʫʨʫ. ʕʪʦʪ ʩʣʦʡ ʦʛʨʘʥʠʯʝʥ 

ʩʚʝʨʭʫ ʠ ʩʥʠʟʫ ʜʚʫʤʷ ʛʦʨʠʟʦʥʪʘʣʴʥʳʤʠ ʚʳʩʦʢʦʧʨʦʥʠʮʘʝʤʳʤʠ ʩʣʦʷʤʠ. ɺʝʨʭʥʠʡ 

ʚʳʩʦʢʦʧʨʦʥʠʮʘʝʤʳʡ ʩʣʦʡ ʟʘʧʦʣʥʝʥ ʞʠʜʢʦʩʪʴʶ. ɼʘʚʣʝʥʠʝ ʥʘ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ 

ʛʨʘʥʠʮʝ ʤʝʞʜʫ ʵʪʠʤʠ ʜʚʫʤʷ ʩʣʦʷʤʠ ʠʟʚʝʩʪʥʦ ʠ ʧʦʩʪʦʷʥʥʦ. ʅʠʟʢʦʧʨʦʥʠʮʘʝʤʳʡ 

ʩʣʦʡ ʜʝʣʠʪʩʷ ʥʘ ʜʚʝ ʦʙʣʘʩʪʠ. ɺʝʨʭʥʷʷ ʦʙʣʘʩʪʴ ʟʘʧʦʣʥʝʥʘ ʞʠʜʢʦʩʪʴʶ, ʘ ʥʠʞʥʷʷ ï 

ʩʤʝʩʴʶ ʚʦʟʜʫʭʘ ʩ ʧʘʨʘʤʠ ʞʠʜʢʦʩʪʠ. ʕʪʠ ʦʙʣʘʩʪʠ ʨʘʟʜʝʣʝʥʳ ʧʦʚʝʨʭʥʦʩʪʴʶ 

ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ, ʢʦʪʦʨʘʷ ʩʯʠʪʘʝʪʩʷ ʙʝʩʢʦʥʝʯʥʦ ʪʦʥʢʦʡ. ʇʦʣʦʞʝʥʠʝ 

ʧʦʚʝʨʭʥʦʩʪʠ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʠʟʤʝʥʷʝʪʩʷ ʚʩʣʝʜʩʪʚʠʝ ʧʨʦʮʝʩʩʦʚ ʬʠʣʴʪʨʘʮʠʠ ʠ 

ʠʩʧʘʨʝʥʠʷ ʞʠʜʢʦʩʪʠ. ʇʦʩʢʦʣʴʢʫ ʪʝʤʧʝʨʘʪʫʨʘ ʩʨʝʜʳ ʧʦʩʪʦʷʥʥʘ, ʪʦ ʢʦʥʜʝʥʩʘʮʠʷ 

ʧʘʨʘ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʦʜʥʦʤ ʠ ʪʦʤ ʞʝ ʧʦʩʪʦʷʥʥʦʤ ʟʥʘʯʝʥʠʠ ʚʣʘʞʥʦʩʪʠ. ʊʦ, ʯʪʦ 

ʪʷʞʝʣʘʷ ʞʠʜʢʦʩʪʴ ʥʘʭʦʜʠʪʩʷ ʥʘʜ ʣʝʛʢʦʡ, ʩʦʟʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʜʣʷ ʨʘʟʚʠʪʠʷ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʚ ʥʠʞʥʝʤ 
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ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʚʳʩʦʢʦʧʨʦʥʠʮʘʝʤʦʤ ʩʣʦʝ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʧʦʩʪʦʷʥʥʦʝ ʟʥʘʯʝʥʠʝ 

ʚʣʘʞʥʦʩʪʠ ʚʦʟʜʫʭʘ. 

ʆʩʥʦʚʥʳʝ ʫʨʘʚʥʝʥʠʷ ʠ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʚʟʷʪʳ ʠʟ ʨʘʙʦʪ [1, 2]. ɺ ʥʘʯʘʣʴʥʳʡ 

ʤʦʤʝʥʪ ʧʦʚʝʨʭʥʦʩʪʴ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʟʘʜʘʝʪʩʷ ʚ ʚʠʜʝ ʢʨʠʚʦʡ, ʩʦʝʜʠʥʷʶʱʝʡ 

ʜʚʘ ʫʩʪʦʡʯʠʚʳʭ ʥʘ ʙʝʩʢʦʥʝʯʥʦʩʪʠ ʧʦʣʦʞʝʥʠʷ ʬʨʦʥʪʘ (ʨʠʩ. 1). ʂʘʧʠʣʣʷʨʥʦʝ 

ʜʘʚʣʝʥʠʝ ʠʟʤʝʥʷʝʪʩʷ ʚ ʚʝʨʪʠʢʘʣʴʥʦʡ ʧʦʣʦʩʝ, ʢʦʪʦʨʘʷ ʧʦʢʘʟʘʥʘ ʥʘ ʛʨʘʬʠʢʝ ʜʚʫʤʷ 

ʚʝʨʪʠʢʘʣʴʥʳʤʠ ʣʠʥʠʷʤʠ ʠ ʧʦʩʪʦʷʥʥʦ ʚʥʝ ʵʪʦʡ ʧʦʣʦʩʳ. 

 

  

ʈʠʩ.1. ʅʘʯʘʣʴʥʦʝ ʧʦʣʦʞʝʥʠʝ ʬʨʦʥʪʘ 

ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ. 

ʈʠʩ.2. ʉʪʘʮʠʦʥʘʨʥʳʝ ʧʦʣʦʞʝʥʠʷ 

ʬʨʦʥʪʘ ʠʩʧʘʨʝʥʠʷ. 

 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʩʫʱʝʩʪʚʫʝʪ 

ʩʪʘʮʠʦʥʘʨʥʦʝ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ ʠ ʩ ʪʝʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʬʨʦʥʪ ʧʦʚʝʨʭʥʦʩʪʠ 

ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʩʪʨʝʤʠʪʩʷ ʢ ʩʪʘʮʠʦʥʘʨʥʦʤʫ ʧʦʣʦʞʝʥʠʶ (ʣʠʥʠʠ 1, 2 ʠ 3 ʥʘ 

ʨʠʩ.2), ʧʨʦʬʠʣʴ ʢʦʪʦʨʦʛʦ ʟʘʚʠʩʠʪ ʦʪ ʰʠʨʠʥʳ ʧʦʣʦʩʳ ʩ ʧʝʨʝʤʝʥʥʳʤ 

ʢʘʧʠʣʣʷʨʥʳʤ ʜʘʚʣʝʥʠʝʤ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

ˉ 16-11-10195.  

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Shargatov V.A., Il'Ichev A.T., Tsypkin G.G. //Int. J. Heat and Mass Transfer, 2015, V. 83, P. 
552-561. 

2. Shargatov V.A. //Fluid Dynamics. 2017. V. 52. ˉ 1. P. 146-157.  
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ɸ. ʉ. ɹʋʈʂɸʎʂʀʁ, ʖ. ɹ. ʂʋɼɸʉʆɺ, ɼ. ɸ. ʄɸʉʃʆɺ, ʆ. ʄ. ʉʋʈɼʀʅ, 

ɺ. ʅ. ʇɸɺʃʆɺ 
ʉʘʨʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ð ʬʠʣʠʘʣ ʬʝʜʝʨʘʣʴʥʦʛʦ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʘʚʪʦʥʦʤʥʦʛʦ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʛʦ ʫʯʨʝʞʜʝʥʠʷ ʚʳʩʰʝʛʦ 

ʦʙʨʘʟʦʚʘʥʠʷ çʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè, ʉʘʨʦʚ, 

ʈʦʩʩʠʷ 

 

ʄʀʂʈʆʉʂʆʇʀʏɽʉʂʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʉʊʈʆɽʅʀʗ 

ʌʈʆʅʊɸ ʋɼɸʈʅʆʁ ɺʆʃʅʓ 

ʈʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʦʛʦ ʨʘʩʯʝʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʥʘ ʬʨʦʥʪʝ 

ʫʜʘʨʥʦʡ ʚʦʣʥʳ, ʘ ʪʘʢʞʝ, ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʠʭ ʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʅʘ ʧʨʠʤʝʨʝ 

ʦʜʥʦʤʝʨʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩ ʧʘʨʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʚ 

ʬʦʨʤʝ ʃʝʥʥʘʨʜ-ɼʞʦʥʩʘ ʧʦʢʘʟʘʥʘ ʩʭʦʜʠʤʦʩʪʴ ʘʣʛʦʨʠʪʤʘ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʠʷ, ʠʩʩʣʝʜʦʚʘʥʘ 

ʟʘʚʠʩʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʦʚ ʬʨʦʥʪʘ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʦʪ ʝʛʦ ʩʢʦʨʦʩʪʠ. 

ɼʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʧʨʠʤʝʥʠʤʘ ʜʣʷ ʧʨʦʠʟʚʦʣʴʥʳʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ 

ʤʝʪʘʣʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʜʣʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʘʣʶʤʠʥʠʷ. 

ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʠʢʘ ʚʳʙʦʨʘ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʯʝʪʘ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʧʩʝʚʜʦʧʦʪʝʥʮʠʘʣʦʚ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ Quantum ESPRESSO, ʚʳʧʦʣʥʝʥ 

ʨʘʩʯʝʪ ʢʨʠʚʳʭ ʩʞʘʪʠʷ ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʦʡ ʢʫʙʠʯʝʩʢʦʡ (ɻʎʂ) ʬʘʟʳ ʘʣʶʤʠʥʠʷ. ʇʦ 

ʢʨʠʚʳʤ ʩʞʘʪʠʷ ʦʧʨʝʜʝʣʝʥʳ ʧʘʨʘʤʝʪʨʳ ʧʦʪʝʥʮʠʘʣʘ ʚ ʬʦʨʤʝ ʃʝʥʥʘʨʜ-ɼʞʦʥʩʘ ʜʣʷ 

ʘʣʶʤʠʥʠʷ ʚ ʨʘʤʢʘʭ ʧʨʠʙʣʠʞʝʥʠʷ ʙʣʠʞʘʡʰʠʭ ʩʦʩʝʜʝʡ. ɼʣʷ ɻʎʂ ʨʝʰʝʪʢʠ ʘʣʶʤʠʥʠʷ 

ʚʳʧʦʣʥʝʥ ʨʘʩʯʝʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʥʘ ʬʨʦʥʪʝ ʫʜʘʨʥʦʡ ʚʦʣʥʳ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʡʩʷ ʚ 

ʥʘʧʨʘʚʣʝʥʠʠ [100]. ʇʦʩʪʨʦʝʥʳ ʛʨʘʬʠʢʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʢʦʨʦʩʪʠ, ʧʣʦʪʥʦʩʪʠ, 

ʨʘʚʥʦʜʝʡʩʪʚʫʶʱʠʭ ʩʠʣ ʥʘ ʬʨʦʥʪʝ, ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʣʠʯʝʩʪʚʘ ʯʘʩʪʠʮ ʚʦ ʬʨʦʥʪʝ ʫʜʘʨʥʦʡ 

ʚʦʣʥʳ ʦʪ ʩʢʦʨʦʩʪʠ ʫʜʘʨʥʦʡ ʚʦʣʥʳ. 

A. S. BURKATSKIY, YU. B. KUDASOV, D. A. MASLOV, 

O. M. SURDIN, V. N. PAVLOV 

Sarov State Physics and Technical Institute (Branch of the Moscow Engineering 

Physics Institute), Sarov, Russia 

MICROSCOPIC MODELLING OF THE SHOCK WAVE FRONT 

STRUCTURE 

A self-consistent calculation of particles distribution and dynamic properties distributions 

on a shock wave front procedure was developed. The convergence of the self-consistent 

algorithm was demonstrated on the one-dimensional crystal with the particle pair interaction 

potential in the Lennard-Jones form. The dependence of the parameters of the shock wave front 

on its velocity was investigated. 

The present procedure can be used for different crystal structures of metals, including the 

fcc phase of aluminium.  
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A method was proposed for selecting parameters for calculating the electronic structure 

using pseudopotentials in the Quantum ESPRESSO software package, and compression curves 

for the face-centered cubic (fcc) phase of aluminum were calculated. Using the compression 

curves, we determined the parameters of the potential in the Lennard-Jones form for aluminum 

in the framework of the nearest-neighbor approximation. For the fcc aluminum lattice, the 

particle distribution on the front of the shock wave propagating in the [100] direction was 

calculated. Plots of the distribution of velocity, density, resultant forces in the front, the 

dependence of the number of particles in the shock wave front on the speed of the shock wave 

were constructed. 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʤʝʪʦʜ ʨʘʩʯʝʪʘ ʩʪʨʫʢʪʫʨʳ ʬʨʦʥʪʘ ʩʪʘʮʠʦʥʘʨʥʦʡ 

ʫʜʘʨʥʦʡ ʚʦʣʥʳ, ʩʦʧʨʦʚʦʞʜʘʶʱʝʡʩʷ ʦʜʥʦʦʩʥʳʤ ʫʧʨʫʛʠʤ ʩʞʘʪʠʝʤ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʪʚʝʨʜʦʛʦ ʪʝʣʘ. ʋʧʨʫʛʦʝ ʦʜʥʦʦʩʥʦʝ ʩʞʘʪʠʝ ʚʧʦʣʥʝ ʤʦʞʝʪ ʙʳʪʴ 

ʨʝʘʣʠʟʦʚʘʥʦ ʚ ʞʠʟʥʠ, ʥʘʧʨʠʤʝʨ, ʚ ʦʧʳʪʘʭ ʩ ʬʝʤʪʦʩʝʢʫʥʜʥʳʤ ʣʘʟʝʨʦʤ [1]. 

ɺ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʨʘʩʯʝʪʘ ʣʝʞʠʪ ʠʪʝʨʘʮʠʦʥʥʘʷ ʧʨʦʮʝʜʫʨʘ, ʧʦʟʚʦʣʷʶʱʘʷ 

ʚʳʙʨʘʪʴ ʤʝʞʯʘʩʪʠʯʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʚ ʢʨʠʩʪʘʣʣʝ ʪʘʢ, ʯʪʦʙʳ ʚʳʧʦʣʥʷʣʠʩʴ 

ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʟʘʢʦʥʳ ʩʦʭʨʘʥʝʥʠʷ ʤʘʩʩʳ ʠ ʠʤʧʫʣʴʩʘ, ʨʝʛʫʣʠʨʫʶʱʠʝ 

ʧʝʨʝʥʦʩ ʚʝʱʝʩʪʚʘ ʯʝʨʝʟ ʬʨʦʥʪ ʫʜʘʨʥʦʡ ʚʦʣʥʳ. ɺ ʧʨʦʮʝʩʩʝ ʨʘʩʯʸʪʘ ʚʦʟʥʠʢʘʝʪ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʩʠʣ ʤʝʞʯʘʩʪʠʯʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʈʘʩʯʝʪ ʩʠʣ 

ʚʝʜʝʪʩʷ ʯʝʨʝʟ ʧʦʪʝʥʮʠʘʣ ʧʘʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʢʦʪʦʨʳʡ ʟʘʧʠʩʘʥ ʚ ʬʦʨʤʝ 

ʃʝʥʥʘʨʜ-ɼʞʦʥʩʘ. ʅʝʦʙʭʦʜʠʤʳʝ ʧʘʨʘʤʝʪʨʳ ʧʦʪʝʥʮʠʘʣʘ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ 

ʘʧʧʨʦʢʩʠʤʘʮʠʝʡ ʢʨʠʚʦʡ ʦʜʥʦʦʩʥʦʛʦ ʩʞʘʪʠʷ, ʧʦʩʪʨʦʝʥʥʦʡ ʙʣʘʛʦʜʘʨʷ ʩʝʨʠʠ 

ʧʨʦʚʝʜʝʥʥʳʭ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʚ Quantum ESPRESSO. 

ʇʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ QE ʚʳʯʠʩʣʷʝʪ ʵʣʝʢʪʨʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʤʝʪʦʜʦʤ 

ʧʩʝʚʜʦʧʦʪʝʥʮʠʘʣʦʚ [2]. ʇʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʢʦʨʦʩʪʠ, 

ʧʣʦʪʥʦʩʪʠ, ʨʘʚʥʦʜʝʡʩʪʚʫʶʱʠʭ ʩʠʣ ʥʘ ʬʨʦʥʪʝ, ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʣʠʯʝʩʪʚʘ ʯʘʩʪʠʮ ʚʦ 

ʬʨʦʥʪʝ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʦʪ ʩʢʦʨʦʩʪʠ ʫʜʘʨʥʦʡ ʚʦʣʥʳ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

3. ɾʘʭʦʚʩʢʠʡ ɺ. ɺ., ʀʥʦʛʘʤʦʚ ʅ. ɸ. //ʇʠʩʴʤʘ ʚ ɾʫʨʥʘʣ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʡ 
ʬʠʟʠʢʠ. 2010. ʊ. 92. ˉ. 8. ʉ. 574-579. 

4. Giannozzi P. et al. //Journal of physics: Condensed matter. 2009. ʊ. 21. ˉ. 39. ʈʨ. 395502. 
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ɼ.ɸ. ɺɸʉʀʃʔɽɺ1, ʀ.ʆ. ʐɸʄʐʀʅ2, ɺ.ʉ. ɸʂʉɪʅʆɺ2,3,  

ʅ.ʄ. ʂʋɿʅɽʎʆɺ2, ʉ.ʄ. ʌʈʆʃʆɺ2,3, ʇ.ɸ. ʉʊʆʈʆɾɽʅʂʆ4 

1ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʕ. ɹʘʫʤʘʥʘ  

(ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ), ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʌʝʜʝʨʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ ʭʠʤʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʠʤ. ʅ.ʅ. ʉʝʤʝʥʦʚʘ 

ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
3ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

4ɻʅʀʀʍʊʕʆʉ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

ʉɸʄʆɺʆʉʇʃɸʄɽʅɽʅʀɽ ʄʀʂʈʆʂɸʇɽʃʔ ʇɻ-2 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ ʨʘʩʧʳʣʘ ʚ ʚʦʟʜʫʭʝ ʤʠʢʨʦʢʘʧʝʣʴ ʇɻ-2 (ʧʫʩʢʦʚʦʛʦ 

ʛʦʨʶʯʝʛʦ ï ʩʤʝʩʴ 13% ʪʨʠʵʪʠʣʘʣʶʤʠʥʠʷ ʠ 87% ʪʨʠʵʪʠʣʙʦʨʘ) ʚʳʧʦʣʥʝʥʦ ʧʫʪʝʤ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʧʨʠ ʧʦʤʦʱʠ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʩʲʝʤʢʠ. ɺʧʨʳʩʢ ʛʦʨʶʯʝʛʦ ʚ 

ʚʦʟʜʫʭ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʬʦʨʩʫʥʢʦʡ ʚ ʠʤʧʫʣʴʩʥʦʤ ʠ ʥʝʧʨʝʨʳʚʥʦʤ ʨʝʞʠʤʘʭ. ɺ ʧʝʨʚʦʤ 

ʩʣʫʯʘʝ ʦʧʨʝʜʝʣʝʥʘ ʟʘʜʝʨʞʢʘ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ ʤʠʢʨʦʢʘʧʝʣʴ ʇɻ-2 ʚ ʚʦʟʜʫʭʝ ʧʨʠ 

ʥʘʯʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʘ ʚʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ʧʨʠ ʥʘʣʠʯʠʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʪʝʧʣʦʚʦʛʦ 

ʧʦʪʦʢʘ ʦʪ ʬʘʢʝʣʘ ʚʠʜʠʤʦʡ ʟʘʜʝʨʞʢʠ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ ʥʝ ʟʘʬʠʢʩʠʨʦʚʘʥʦ. 

D.A. VASILEV 1, I.O. SHAMSHIN2, V.S. AKSENOV2,3, 

N.M. KUZNETSOV2, S.M. FROLOV2,3, P.A. STOROZHENKO4 

1Bauman Moscow State Technical University, Moscow, Russia, 2N. N. Semenov Federal 

Research Center for Chemical Physics of the Russian Academy of Sciences, Moscow, 3National 

Research Nuclear University MEPhI, Moscow, Russia, 
4GNIIChTEOS, Moscow, Russia 

SELF-IGNITION OF LF-2 MICRODROP LETS 

Self-ignition of a spray in air of LF-2 (launching fuel consisting of 13% triethylaluminum 

and 87% triethylborane) microdroplets is studied using high-speed video recording. The fuel is 

injected in air in a pulsed and continuous mode. In the first case, the time delay of self-ignition 

of LF-2 microdroplets is measured, while in the second case, in the presence of heat flux from 

the flame torch no visible delay in fuel self-ignition is detected. 

ʊʨʠʵʪʠʣʘʣʶʤʠʥʠʡ (ʊʕɸ) (C2H5)3Al ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʢʘʢ ʦʜʥʦ ʠʟ 

ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʪʦʧʣʠʚ ʜʣʷ ʩʠʩʪʝʤ ʨʝʘʢʪʠʚʥʦʛʦ ʜʚʠʞʝʥʠʷ: ʦʥ ʠ ʝʛʦ ʨʘʩʪʚʦʨʳ ʚ 

ʫʛʣʝʚʦʜʦʨʦʜʥʳʭ ʨʘʩʪʚʦʨʠʪʝʣʷʭ ʚʦʩʧʣʘʤʝʥʷʶʪʩʷ ʧʨʠ ʢʦʥʪʘʢʪʝ ʩ ʚʦʟʜʫʭʦʤ ʠ 

ʙʫʨʥʦ ʨʝʘʛʠʨʫʝʪ ʩ ʚʦʜʦʡ. ʉʤʝʩʴ ʊʕɸ ʩ ʪʨʠʵʪʠʣʙʦʨʦʤ (ʊʕɹ) (C2H5)3B 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʧʫʩʢʦʚʦʛʦ ʛʦʨʶʯʝʛʦ ʇɻ-2 ʚ ʨʘʢʝʪʥʦʡ ʪʝʭʥʠʢʝ. ʇʨʠ 

ʨʘʩʧʳʣʝʥʠʠ ʞʠʜʢʦʛʦ ʇɻ-2 ʚ ʚʦʟʜʫʭʝ ʥʘʙʣʶʜʘʝʪʩʷ ʝʛʦ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʝ. ɺ 

ʩʣʦʞʥʦʤ ʭʠʤʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʝ ʧʨʝʚʨʘʱʝʥʠʷ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪ ʛʦʨʶʯʝʛʦ ʚ 

ʧʨʦʜʫʢʪʳ ʨʝʘʢʮʠʠ (Al 2O3, CO2, H2O, B2O3), ʚ ʢʦʪʦʨʦʤ ʨʝʘʛʠʨʫʶʱʠʝ ʢʦʤʧʦʥʝʥʪʳ 

ʫʯʘʩʪʚʫʶʪ ʚʦ ʤʥʦʛʠʭ ʛʝʪʝʨʦʛʝʥʥʳʭ ʠ ʛʘʟʦʬʘʟʥʳʭ ʵʣʝʤʝʥʪʘʨʥʳʭ ʨʝʘʢʮʠʷʭ, 

ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʜʚʝ ʩʪʘʜʠʠ ð ʩʪʘʜʠʶ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ ʠ ʩʪʘʜʠʶ ʙʳʩʪʨʦʛʦ 

ʛʦʨʝʥʠʷ [1]. ʉʪʘʜʠʝʡ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ ʚ ʦʩʥʦʚʥʦʤ ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʨʝʤʷ ʚʩʝʛʦ 
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ʧʨʦʮʝʩʩʘ, ʧʦʵʪʦʤʫ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʮʝʩʩʘ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ ʠʤʝʝʪ ʙʦʣʴʰʦʝ 

ʧʨʠʢʣʘʜʥʦʝ ʟʥʘʯʝʥʠʝ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʝ ʨʘʩʧʳʣʘ 

ʤʠʢʨʦʢʘʧʝʣʴ ʇɻ-2 ʠʩʩʣʝʜʫʝʪʩʷ ʧʨʠ ʧʦʤʦʱʠ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʚʠʜʝʦ ʩʲʝʤʢʠ ʩ 

ʮʝʣʴʶ ʦʧʨʝʜʝʣʝʥʠʷ ʟʘʜʝʨʞʢʠ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ ʠ ʦʮʝʥʢʠ ʧʝʨʠʦʜʘ ʠʥʜʫʢʮʠʠ 

ʧʝʨʚʠʯʥʦʡ ʨʝʘʢʮʠʠ. ɻʦʨʶʯʝʝ ʇɻ-2 ʨʘʩʧʳʣʷʣʦʩʴ ʚ ʚʦʟʜʫʰʥʫʶ ʩʨʝʜʫ ʪʦʧʣʠʚʥʦʡ 

ʬʦʨʩʫʥʢʦʡ, ʨʘʙʦʪʘʶʱʝʡ ʚ ʜʚʫʭ ʨʝʞʠʤʘʭ: ʠʤʧʫʣʴʩʥʦʤ ʠ ʥʝʧʨʝʨʳʚʥʦʤ. 

ʇʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʤʦʤʝʥʪ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʜʦʣʞʝʥ ʧʨʦʠʟʦʡʪʠ ʤʥʦʛʦ ʧʦʟʞʝ 

ʙʳʩʪʨʦʛʦ ʚʚʦʜʘ ʢʘʧʝʣʴ ʛʦʨʶʯʝʛʦ ʚ ʚʦʟʜʫʭ ʠ ʯʪʦ ʢʘʧʣʠ ʫʩʧʝʶʪ ʟʘʪʦʨʤʦʟʠʪʴʩʷ ʜʦ 

ʠʭ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʪʘʢ, ʯʪʦ ʚʦʩʧʣʘʤʝʥʝʥʠʝ ʢʘʧʝʣʴ ʜʦʣʞʥʦ ʧʨʦʠʩʭʦʜʠʪʴ ʚ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʧʦʜʚʠʞʥʦʡ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʦʜʥʦʨʦʜʥʦʡ ʩʤʝʩʠ. ɺ 

ʵʢʩʧʝʨʠʤʝʥʪʝ ʩʢʦʨʦʩʪʴ ʚʳʣʝʪʘ ʢʘʧʝʣʴ ʠʟ ʬʦʨʩʫʥʢʠ ʩʦʩʪʘʚʠʣʘ ~20 ʤ/ʩ, ʜʣʠʥʘ 

ʧʨʦʣʝʪʘ ʢʘʧʝʣʴ ʜʦ ʦʩʪʘʥʦʚʢʠ 30-40 ʩʤ, ʘ ʚʨʝʤʷ ʪʦʨʤʦʞʝʥʠʷ ï ʦʢʦʣʦ 20 ʤʩ. 

ɺʦʩʧʣʘʤʝʥʝʥʠʝ ʩʤʝʩʠ ʥʘʙʣʶʜʘʣʦʩʴ ʩ ʟʘʜʝʨʞʢʦʡ 4-5 ʤʩ ʠ ʧʨʦʠʩʭʦʜʠʣʦ ʚ ʩʣʝʜʝ 

ʩʪʨʫʠ ʨʘʩʧʳʣʘ ʚ ʦʙʣʘʢʝ ʤʠʢʨʦʢʘʧʝʣʴ. ʇʨʠ ʥʝʧʨʝʨʳʚʥʦʤ ʠʩʪʝʯʝʥʠʠ ʪʦʧʣʠʚʘ ʠʟ 

ʬʦʨʩʫʥʢʠ ʦʙʣʘʩʪʴ ʛʦʨʝʥʠʷ ʩʦ ʚʨʝʤʝʥʝʤ ʧʨʠʙʣʠʞʘʣʘʩʴ ʢ ʫʩʪʴʶ ʩʪʨʫʠ, ʪ.ʝ. 

ʚʠʜʠʤʘʷ ʦʙʣʘʩʪʴ ʟʘʜʝʨʞʢʠ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʦʪʩʫʪʩʪʚʦʚʘʣʘ. 

ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠʤʝʶʪ ʧʨʷʤʦʝ ʦʪʥʦʰʝʥʠʝ ʢ ʨʝʰʝʥʠʶ ʦʙʨʘʪʥʦʡ 

ʢʠʥʝʪʠʯʝʩʢʦʡ ʟʘʜʘʯʠ ï ʦʧʨʝʜʝʣʝʥʠʶ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʨʝʘʢʮʠʠ ʠʥʠʮʠʠʨʦʚʘʥʠʷ 

ʭʠʤʠʯʝʩʢʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʛʦʨʶʯʝʛʦ. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʥʘʥʠʝ ʢʠʥʝʪʠʯʝʩʢʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʧʝʨʚʠʯʥʦʡ ʨʝʘʢʮʠʠ ʧʦʟʚʦʣʠʪ ʨʝʰʠʪʴ ʠ ʜʨʫʛʫʶ ʟʘʜʘʯʫ ï ʟʘʜʘʯʫ ʦ 

ʩʪʘʮʠʦʥʘʨʥʦʤ ʛʦʨʝʥʠʠ ʬʘʢʝʣʘ ʚ ʦʪʢʨʳʪʦʤ ʚʦʟʜʫʰʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʨʠ 

ʥʝʧʨʝʨʳʚʥʦʡ ʧʦʜʘʯʝ ʢʘʧʝʣʴʥʦʛʦ ʛʦʨʶʯʝʛʦ ʯʝʨʝʟ ʬʦʨʩʫʥʢʫ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʢʘʧʣʠ 

ʚʦʩʧʣʘʤʝʥʷʶʪʩʷ ʚʩʣʝʜʩʪʚʠʝ ʠʭ ʦʙʪʝʢʘʥʠʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤ ʧʦʪʦʢʦʤ 

ʚʦʟʜʫʭʘ. ɿʘʜʝʨʞʢʘ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʢʘʧʣʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʨʝʤʝʥʝʤ ʚʭʦʞʜʝʥʠʷ 

ʢʘʧʣʠ ʚ ʟʦʥʫ ʩʚʝʪʷʱʝʛʦʩʷ ʬʘʢʝʣʘ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʮʝʥʠʪʴ ʵʪʫ ʚʝʣʠʯʠʥʫ 

ʧʦʣʫʯʠʪʩʷ, ʝʩʣʠ ʫʜʘʝʪʩʷ ʨʘʟʛʣʷʜʝʪʴ ʪʝʤʥʦʝ ʧʷʪʥʦ ʧʝʨʝʜ ʬʘʢʝʣʦʤ ʥʘ ʚʳʭʦʜʝ ʠʟ 

ʬʦʨʩʫʥʢʠ ʠ ʦʮʝʥʠʪʴ ʝʛʦ ʧʨʦʜʦʣʴʥʳʡ ʨʘʟʤʝʨ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʟʘ ʩʯʝʪ ʩʫʙʩʠʜʠʠ ʌʀʎ ʍʌ ʈɸʅ ʥʘ ʚʳʧʦʣʥʝʥʠʝ ʛʦʩʟʘʜʘʥʠʷ 

ʧʦ ʪʝʤʝ 0082-2016-0011 (ɸɸɸɸ-ɸ17-117040610346-5). 
ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ʇ.ɸ. ɺʃɸʉʆɺ1, ɺ.ʅ. ʉʄʀʈʅʆɺ1, ʆ.ɹ. ʈʗɹʀʂʆɺ1,  

ɼ.ʀ. ʄʀʍɸʁʃʆɺ1, ɺ.ɸ. ʇʆʃʗʅʉʂʀʁ2, ʀ.ʃ. ʇɸʅʂʈɸʊʔɽɺɸ2  
1ʌʝʜʝʨʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ ʭʠʤʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʠʤ. ʅ.ʅ. ʉʝʤʝʥʦʚʘ 

ʈʦʩʩʠʡʩʢʦʡ ɸʢʘʜʝʤʠʠ ʥʘʫʢ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 
2ʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ ʤʝʭʘʥʠʢʠ ʄɻʋ ʠʤ. ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ, ʄʦʩʢʚʘ, 

ʈʦʩʩʠʷ 

 

ʍʀʄʀʏɽʉʂɸʗ ʀʆʅʀɿɸʎʀʗ ʇʈʀ ʆʂʀʉʃɽʅʀʀ 

ʋɻʃɽɺʆɼʆʈʆɼʆɺ ɺ ʆʊʈɸɾɽʅʅʓʍ ʋɼɸʈʅʓʍ ɺʆʃʅɸʍ: 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʓɽ ʄɽʊʆɼʀʂʀ ʀ ʂʀʅɽʊʀʏɽʉʂʆɽ 

ʄʆɼɽʃʀʈʆɺɸʅʀɽ  

ʇʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʟʤʝʨʝʥʠʷ ʚʨʝʤʝʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʪʦʢʦʚ ʩʤʝʱʝʥʠʷ 

ʠ ʧʦʣʥʳʭ ʪʦʢʦʚ (ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʩʤʝʱʝʥʠʷ) ʥʘ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʠʟʦʣʠʨʦʚʘʥʥʳʝ ʠ 

ʧʨʦʚʦʜʷʱʠʝ ʟʦʥʜʳ, ʥʘʭʦʜʷʱʠʝʩʷ ʧʦʜ ʦʪʨʠʮʘʪʝʣʴʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ - 9 ɺ, ʘ ʪʘʢʞʝ 

ʩʠʛʥʘʣʦʚ ʭʝʤʠʣʶʤʠʥʝʩʮʝʥʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦ-ʚʦʟʙʫʞʜʝʥʥʳʭ ʛʠʜʨʦʢʩʠʣʴʥʳʭ 

ʨʘʜʠʢʘʣʦʚ ʆʅ* (ɚ = 310Ñ4 ʥʤ). ʀʟ ʵʪʠʭ ʠʟʤʝʨʝʥʠʡ ʧʦʣʫʯʝʥʳ ʧʨʦʬʠʣʠ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʠ ʦʧʨʝʜʝʣʝʥʳ ʟʘʜʝʨʞʢʠ ʚʦʩʧʣʘʤʝʥʝʥʠʷ (ʧʦ ʤʘʢʩʠʤʫʤʫ ʪʦʢʦʚ 

ʩʤʝʱʝʥʠʷ ʠ ʭʝʤʠʣʶʤʠʥʝʩʮʝʥʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʆʅ*). ʇʦʩʪʨʦʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʟʘʜʝʨʞʝʢ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʠ ʚʳʭʦʜʘ ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʦʜʠʥ ʘʪʦʤ ʫʛʣʝʨʦʜʘ ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʤʝʩʝʡ ʉʅ4/ʅ2/O2, ʘ ʪʘʢʞʝ ʘʮʝʪʦʥʘ ʠ ʥ-ʛʝʢʩʘʥʘ ʩ ʢʠʩʣʦʨʦʜʦʤ. 

ʇʨʦʚʝʜʝʥʳ ʜʝʪʘʣʴʥʳʝ ʢʠʥʝʪʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʧʨʦʬʠʣʝʡ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʠ ʠʭ 

ʩʨʘʚʥʝʥʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʤʝʨʝʥʥʳʤʠ ʚʨʝʤʝʥʥʳʤʠ ʟʘʚʠʩʠʤʦʩʪʷʤʠ ʜʣʷ ʫʪʦʯʥʝʥʠʷ 

ʤʝʭʘʥʠʟʤʘ ʭʠʤʠʯʝʩʢʦʡ ʠʦʥʠʟʘʮʠʠ. 

P.A. VLASOV1, V.N. SMIRNOV1, O.B. RYABIKOV 1, 

D.I. MIKHAILOV 1, V.A. POLYANSKIY2, I.L. PANKRATYEVA 2 

1Semenov Institute of Chemical Physics, Russian Academy of Sciences. Moscow, Russia 
2Institute of Mechanics, Lomonosov Moscow State University, Moscow, Russia 

CHEMICAL IONIZATION DURING HYDROCARBON OXIDATION 

BEHIND REFLECTED SHOCK WAVES: EXPER IMENTS AND 

KINETIC SIMULATION  

Time profiles of the displacement currents and the total currents (conductivity and 

displacement) on the cylindrical isolated and conducting probes under a negative potential of - 

9 V, as well as chemiluminescent radiation signals of electronically excited OH* radicals (ɚ = 

310Ñ4 nm) were measured. Based on these measurements, free electron concentration profiles 

were obtained and ignition delays were determined (based on the maximum displacement 

currents and chemiluminescent emission of OH* radicals). Temperature dependences of the 

ignition delays and electron yield per carbon atom were constructed for various investigated 

mixtures: CH4/H2/O2, as well as acetone and n-hexane with oxygen. Detailed kinetic 

calculations of free electron profiles and their comparison with the experimentally measured 

time dependencies were performed to clarify the mechanism of chemical ionization. 
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ʍʝʤʠʠʦʥʠʟʘʮʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʦʮʝʩʩ, ʚ ʢʦʪʦʨʦʤ ʩʪʘʣʢʠʚʘʶʱʠʝʩʷ 

ʯʘʩʪʠʮʳ ʧʨʝʪʝʨʧʝʚʘʶʪ ʭʠʤʠʯʝʩʢʫʶ ʧʝʨʝʩʪʨʦʡʢʫ, ʢʦʪʦʨʘʷ ʚʳʩʚʦʙʦʞʜʘʝʪ 

ʥɻʝʨʛʠʶ ʜʦʩʪʘʪʦʯʥʫʶ ʜʣʷ ʠʦʥʠʟʘʮʠʠ ʦʜʥʦʛʦ ʠʟ ʧʨʦʜʫʢʪʦʚ. ʈʝʘʢʮʠʝʡ 

ʦʙʨʘʟʦʚʘʥʠʷ ʧʝʨʚʠʯʥʳʭ ʠʦʥʦʚ ʠ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʷʚʣʷʝʪʩʷ ʨʝʘʢʮʠʷ  

CH + O = CHO+ + e- (1) 

ʟʘ ʢʦʪʦʨʦʡ ʩʣʝʜʫʝʪ ʙʳʩʪʨʘʷ ʨʝʘʢʮʠʷ ʧʝʨʝʟʘʨʷʜʢʠ  

CHO+ + H2O = H3O+ + CO. (2) 

ʀʦʥ H3O+ ʷʚʣʷʝʪʩʷ ʜʦʤʠʥʠʨʫʶʱʠʤ ʠʦʥʦʤ, ʢʘʢ ʚ ʙʝʜʥʳʭ, ʪʘʢ ʠ ʚ 

ʩʣʘʙʦʦʙʦʛʘʱʝʥʥʳʭ ʫʛʣʝʚʦʜʦʨʦʜʥʳʭ ʧʣʘʤʝʥʘʭ. ʀʦʥ C3H3
+ ʩʪʘʥʦʚʠʪʩʷ 

ʜʦʤʠʥʠʨʫʶʱʠʤ ʚ ʦʯʝʥʴ ʙʦʛʘʪʳʭ ʠ ʢʦʧʪʷʱʠʭ ʧʣʘʤʝʥʘʭ.  

ʇʦʣʫʯʝʥʳ ʥʦʚʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʦ ʭʠʤʠʯʝʩʢʦʡ ʠʦʥʠʟʘʮʠʠ ʧʨʠ 

ʦʢʠʩʣʝʥʠʠ ʨʘʟʣʠʯʥʳʭ ʩʤʝʩʝʡ ʥ-ʛʝʢʩʘʥʘ ʠ ʘʮʝʪʦʥʘ ʩ ʢʠʩʣʦʨʦʜʦʤ ʠ ʘʨʛʦʥʦʤ ʚ 

ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʧʨʠ ʜʘʚʣʝʥʠʠ ʦʢʦʣʦ 1 ʙʘʨ. ʈʘʟʨʘʙʦʪʘʥʘ ʝʜʠʥʘʷ 

ʜʝʪʘʣʴʥʘʷ ʢʠʥʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʧʨʦʮʝʩʩʘ ʭʠʤʠʯʝʩʢʦʡ ʠʦʥʠʟʘʮʠʠ, ʧʦʟʚʦʣʷʶʱʘʷ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʦʧʠʩʘʪʴ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʶ 

ʩʤʝʩʝʡ ʤʝʪʘʥʘ, ʘʮʝʪʠʣʝʥʘ, ʥ-ʛʝʢʩʘʥʘ ʠ ʘʮʝʪʦʥʘ ʩ ʢʠʩʣʦʨʦʜʦʤ. ʇʨʝʜʩʢʘʟʘʪʝʣʴʥʳʝ 

ʚʦʟʤʦʞʥʦʩʪʠ ʢʠʥʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʙʳʣʠ ʧʨʦʚʝʨʝʥʳ ʧʫʪʝʤ ʩʨʘʚʥʝʥʠʷ 

ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. ʇʦʣʫʯʝʥʦ 

ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʢʠʥʝʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʦʮʝʩʩ ʭʠʤʠʯʝʩʢʦʡ 

ʠʦʥʠʟʘʮʠʠ ʧʨʦʪʝʢʘʝʪ ʪʦʣʴʢʦ ʧʨʠ ʥʘʣʠʯʠʠ ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʠ 

ʢʠʩʣʦʨʦʜʘ. ʉʦʛʣʘʩʥʦ ʥʘʰʠʤ ʵʢʩʧʝʨʠʤʝʥʪʘʤ, ʙʝʟ ʢʠʩʣʦʨʦʜʘ ʭʠʤʠʯʝʩʢʘʷ 

ʠʦʥʠʟʘʮʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ, ʭʦʪʷ ʚ ʧʨʠʥʮʠʧʝ ʚʦʟʤʦʞʥʦ 

ʦʙʨʘʟʦʚʘʥʠʝ ʠʦʥʦʚ ʉ3ʅ3
+ ʠ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ, ʥʦ ʚ ʛʦʨʘʟʜʦ ʤʝʥʴʰʠʭ 

ʢʦʣʠʯʝʩʪʚʘʭ (ʥʠʞʝ ʧʨʝʜʝʣʘ ʨʝʛʠʩʪʨʘʮʠʠ), ʯʝʤ ʧʨʠ ʥʘʣʠʯʠʠ ʢʠʩʣʦʨʦʜʘ ʚ 

ʨʝʘʛʠʨʫʶʱʝʡ ʩʤʝʩʠ. ʋʯʠʪʳʚʘʷ, ʯʪʦ ʧʠʢ ʪʦʢʘ ʭʠʤʠʯʝʩʢʦʡ ʠʦʥʠʟʘʮʠʠ 

ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʧʠʢʦʤ ʭʝʤʠʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʟʦʥʜʦʚʳʝ ʠʟʤʝʨʝʥʠʷ 

ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʢʘʢ ʧʨʦʩʪʦʡ ʠ ʥʘʜʝʞʥʳʡ ʤʝʪʦʜ ʠʟʤʝʨʝʥʠʷ ʚʨʝʤʝʥʠ 

ʟʘʜʝʨʞʢʠ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʩʤʝʩʝʡ ʨʘʟʣʠʯʥʳʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʩ ʢʠʩʣʦʨʦʜʦʤ. 
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ʖ.ɸ. ɹʆɻɼɸʅʆɺɸ, ʀ.ɺ. ʄɸʂʃɸʐʆɺɸ, ɺ.ɸ. ɺʓʉʆʎʂʀʁ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 

 ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʊɽʇʃʆʌʀɿʀʏɽʉʂʀʍ ʀ ʊʈɸʅʉʇʆʈʊʅʓʍ 

ʉɺʆʁʉʊɺ ɸʃʖʄʀʅʀʗ ɺ ʆɹʃɸʉʊʀ ɺʓʉʆʂʀʍ ɼɸɺʃɽʅʀʁ 

ʄʝʪʦʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ ʠʩʩʣʝʜʦʚʘʣʦʩʴ ʧʨʠʤʝʥʝʥʠʝ ʤʥʦʛʦʯʘʩʪʠʯʥʦʛʦ 

ʧʦʪʝʥʮʠʘʣʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʛʨʫʞʝʥʥʦʛʦ ʘʪʦʤʘ EAM ʘʣʶʤʠʥʠʷ ʩ ʮʝʣʴʶ ʠʟʫʯʝʥʠʷ ʝʛʦ 

ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʭ ʠ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʚʦʡʩʪʚ, ʩʪʨʫʢʪʫʨʳ ʠ ʬʘʟʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ. ʈʘʩʩʯʠʪʘʥʳ 

ʩʚʦʡʩʪʚʘ Al ʚʜʦʣʴ ʠʟʦʪʝʨʤ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 300 ʂ ʜʦ 1500 ʂ. ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʘ 

ʩʪʨʫʢʪʫʨʘ ʠ ʬʘʟʦʚʦʝ ʩʦʩʪʦʷʥʠʝ Al ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ ʜʘʚʣʝʥʠʠ ʠ ʪʝʤʧʝʨʘʪʫʨʝ. ʇʨʦʚʝʜʝʥʘ 

ʦʮʝʥʢʘ ʩʘʤʦʜʠʬʬʫʟʠʠ ʘʪʦʤʦʚ Al ʚʙʣʠʟʠ ʣʠʥʠʠ ʧʣʘʚʣʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʘʚʣʝʥʠʷ. 

Yu.A. BOGDANOVA, I.V. MAKLASHOVA , V.ɸ. VYSOTSKY 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

MODELING OF THERMAL AND TRANSPORT PROPERTIES OF 

ALUMINUM AT HIGH PRESSURES  

We studied the application of the embedded atom method (EAM) potential for aluminum to 

study its thermophysical and transport properties, structure, and phase state using the molecular 

dynamics method. The properties of Al along isotherms were calculated for temperatures from 

300 K to 1500 K. The structure and phase state of Al at high pressure and temperature were 

analyzed. The self-diffusion of Al atoms near the melting line is estimated as a function of 

pressure. 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʭ ʠ 

ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʚʦʡʩʪʚ ʘʣʶʤʠʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ ʧʦʛʨʫʞʝʥʥʦʛʦ ʘʪʦʤʘ 

ɽɸʄ [1], ʘ ʪʘʢʞʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʬʘʟʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʘʣʶʤʠʥʠʷ ʚ ʰʠʨʦʢʦʡ 

ʦʙʣʘʩʪʠ ʠʟʤʝʥʝʥʠʷ ʜʘʚʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʘʚʣʝʥʠʷ, ʦʭʚʘʪʳʚʘʶʱʝʡ ʦʙʣʘʩʪʠ 

ʪʚʝʨʜʦʡ ʠ ʞʠʜʢʦʡ ʬʘʟ. ɺʝʨʠʬʠʮʠʨʦʚʘʥʳ ʧʘʨʘʤʝʪʨʳ ʤʝʞʘʪʦʤʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʘʨʘʤʝʪʨʳ 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʜʦʩʪʦʚʝʨʥʦ ʚʦʩʧʨʦʠʟʚʦʜʷʪ ʩʚʦʡʩʪʚʘ Al ʚ ʰʠʨʦʢʦʡ 

ʦʙʣʘʩʪʠ ʠʟʤʝʥʝʥʠʷ ʜʘʚʣʝʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʚʢʣʶʯʘʷ ʦʙʣʘʩʪʴ ʧʣʘʚʣʝʥʠʷ.  

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʩʚʦʡʩʪʚ ʘʣʶʤʠʥʠʷ ʧʨʠ ʠʟʦʪʝʨʤʠʯʝʩʢʦʤ ʩʞʘʪʠʠ ʚ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ LAMMPS [2] ʚ 

ʢʘʥʦʥʠʯʝʩʢʦʤ ʠʟʦʪʝʨʤʦ-ʠʟʦʙʘʨʠʯʝʩʢʦʤ NPT-ʘʥʩʘʤʙʣʝ. ɺ ʥʘʯʘʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ 

ʩʪʨʫʢʪʫʨʘ ʨʝʰʸʪʢʠ ʘʣʶʤʠʥʠʷ - ʢʫʙʠʯʝʩʢʘʷ ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʘʷ, ʧʝʨʠʦʜ 

ʨʝʰʸʪʢʠ 4.050 ¡. ʕʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ ʢʨʠʩʪʘʣʣʘ ʘʣʶʤʠʥʠʷ ʩʦʜʝʨʞʘʣʘ 4 ʘʪʦʤʘ 

ʠ ʩʦʩʪʦʷʣʘ ʠʟ 1372 ʘʪʦʤʦʚ ʘʣʶʤʠʥʠʷ, ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ 

ʫʩʣʦʚʠʷ ʧʦ ʚʩʝʤ ʪʨʝʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʥʘʧʨʘʚʣʝʥʠʷʤ. ʐʘʛ ʧʦ ʚʨʝʤʝʥʠ 

ʩʦʩʪʘʚʣʷʣ 0,1 ʬʩ, ʦʙʱʝʝ ʚʨʝʤʷ ʨʘʩʯʝʪʘ ï 200 000 ʰʘʛʦʚ, ʪ.ʝ. 20 ʧʩ.  
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ʈʘʩʯʝʪʳ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ Al (ʧʣʦʪʥʦʩʪʴ, ʵʥʝʨʛʠʷ, ʢʦʣʣʝʢʪʠʚʥʘʷ 

ʜʠʥʘʤʠʢʘ ʘʪʦʤʦʚ) ʧʨʦʚʝʜʝʥʳ ʚ ʩʝʨʠʷʭ ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ: 

1. ʨʘʩʯʝʪ ʠʟʦʙʘʨʳ 1000 ʙʘʨ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 300 ʜʦ 1500 ʂ; 

2. ʨʘʩʯʝʪ ʠʟʦʪʝʨʤʳ 1500 ʂ ʚ ʜʠʘʧʘʟʦʥʝ ʜʘʚʣʝʥʠʡ ʦʪ 1 ɻʇʘ ʜʦ 9 ɻʇʘ. 

ʅʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʧʣʦʪʥʦʩʪʠ ʦʪ 

ʜʘʚʣʝʥʠʷ ʚʜʦʣʴ ʟʘʜʘʥʥʳʭ ʠʟʦʪʝʨʤ, ʘ ʪʘʢʞʝ ʬʫʥʢʮʠʷ ʨʘʜʠʘʣʴʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

(ʌʈʈ) ʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʝʩʢʦʛʦ ʦʪʢʣʦʥʝʥʠʷ (ʉʂʆ) ʘʪʦʤʘ ʚ ʨʘʩʯʝʪʥʦʡ ʷʯʝʡʢʝ 

ʘʣʶʤʠʥʠʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʟʘʜʘʥʥʦʛʦ ʜʘʚʣʝʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʳ. 

ʌʘʟʦʚʦʝ ʩʦʩʪʦʷʥʠʝ ʠ ʦʙʣʘʩʪʴ ʧʣʘʚʣʝʥʠʷ ʢʨʠʩʪʘʣʣʘ ʘʣʶʤʠʥʠʷ 

ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʣʠʩʴ ʧʨʠ ʘʥʘʣʠʟʝ ʨʘʩʯʝʪʥʦʡ ʬʫʥʢʮʠʠ ʌʈʈ ʠ ʉʂʆ ʘʪʦʤʦʚ 

ʢʨʠʩʪʘʣʣʘ.  

ʂʦʵʬʬʠʮʠʝʥʪ ʩʘʤʦʜʠʬʬʫʟʠʠ. ʨʘʩʩʯʠʪʘʥ ʥʘ ʦʩʥʦʚʝ ʩʦʦʪʥʦʰʝʥʠʷ ʕʡʥʰʪʝʡʥʘ 

ï ʉʤʦʣʫʭʦʚʩʢʦʛʦ [3], ʩʚʷʟʳʚʘʶʱʝʝ ʧʦʜʚʠʞʥʦʩʪʴ ʤʦʣʝʢʫʣʳ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ 

ʜʠʬʬʫʟʠʠ ʠ ʪʝʤʧʝʨʘʪʫʨʦʡ. ɺ ʩʣʫʯʘʝ ʪʨʝʭʤʝʨʥʦʡ ʜʠʬʬʫʟʠʠ ʧʨʦʠʟʚʦʜʥʘʷ ʉʂʆ ʧʦ 

ʚʨʝʤʝʥʠ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʢʦʵʬʬʠʮʠʝʥʪʫ ʜʠʬʬʫʟʠʠ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʄɼ 

ʨʘʩʯʝʪʦʚ ʧʦʣʫʯʝʥʦ, ʯʪʦ ʥʘ ʠʟʦʪʝʨʤʝ ʩ ʚʦʟʨʘʩʪʘʥʠʝʤ ʜʘʚʣʝʥʠʷ ʜʠʬʬʫʟʠʷ 

ʟʘʪʨʫʜʥʷʝʪʩʷ.  

ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʄɼ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʩ ʠʟʚʝʩʪʥʳʤʠ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ 

ʧʦʢʘʟʳʚʘʝʪ ʠʭ ʚʟʘʠʤʥʫʶ ʥʝʧʨʦʪʠʚʦʨʝʯʠʚʦʩʪʴ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. K. W. Jacobsen, J. K. Norskov, and M. J. Puska // Phys. Rev. B 35, 7423 

2. Sandia National Labs [ʩʘʡʪ]. URL:http://lammps.sandia.gov/doc/Section_intro.html 
3. ʄ.ʉʤʦʣʫʭʦʚʩʢʠʡ. ɹʨʘʫʥʦʚʩʢʦʝ ʤʦʣʝʢʫʣʷʨʥʦʝ ʜʚʠʞʝʥʠʝ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʠʭ ʩʠʣ ʠ ʝʛʦ 
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ʄ.ɸ. ɻʆʃɽʅʀʑɽɺ1, ʄ.ɽ. ʉʊɽʇɸʅʆɺ1,  

ɸ.ɺ. ʂɸʈɸɹʋʃʀʅ1,2,3, ɺ.ʀ. ʄɸʊʖʐɽʅʂʆ4 

1ʀʥʩʪʠʪʫʪ ʧʨʦʙʣʝʤ ʭʠʤʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʈɸʅ, ʏʝʨʥʦʛʦʣʦʚʢʘ 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ 

3ʆʙʲʝʜʠʥʝʥʥʳʡ ʠʥʩʪʠʪʫʪ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʈɸʅ, ʄʦʩʢʚʘ 
4ʌʠʣʠʘʣ ʌʝʜʝʨʘʣʴʥʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʙʶʜʞʝʪʥʦʛʦ ʫʯʨʝʞʜʝʥʠʷ ʥʘʫʢʠ ʌʝʜʝʨʘʣʴʥʦʛʦ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʮʝʥʪʨʘ ʭʠʤʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʠʤ. ʅ.ʅ. ʉʝʤʝʥʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ 

ʥʘʫʢ ʚ ʛ. ʏʝʨʥʦʛʦʣʦʚʢʝ 

 

ʏʀʉʃɽʅʅʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʇʈʆʎɽʉʉʆɺ  

ʇɽʈɽʄɸɻʅʀʏʀɺɸʅʀʗ ʅʀʂɽʃɽɺʓʍ ʅɸʅʆʇʈʆɺʆʃʆʂ ʀ 

ʅɸʅʆʐɸʈʆɺ, ʇʆʃʋʏɽʅʅʓʍ ɺ ʉɺɽʈʍʊɽʂʋʏɽʄ ɻɽʃʀʀ 

ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʯʠʩʣʝʥʥʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ 

ʘʥʩʘʤʙʣʝʡ ʥʘʥʦʯʘʩʪʠʮ ʥʠʢʝʣʷ ʧʦʣʫʯʝʥʥʳʭ ʘʙʣʷʮʠʝʡ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʤʠʰʝʥʠ ʚ 

ʩʚʝʨʭʪʝʢʫʯʝʤ ʛʝʣʠʠ. ʍʘʨʘʢʪʝʨʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʠʟʫʯʘʝʤʳʭ ʥʘʥʦʩʠʩʪʝʤ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ 

ʚ ʥʠʭ ʯʘʩʪʠʮ ʜʚʫʭ ʚʠʜʦʚ: ʪʦʥʢʠʭ ʧʨʦʚʦʣʦʢ (d å 4 ʥʤ) ʠ ʰʘʨʦʦʙʨʘʟʥʳʭ ʯʘʩʪʠʮ ʨʘʟʣʠʯʥʦʛʦ 

ʜʠʘʤʝʪʨʘ(8ï500 ʥʤ). ɸʜʝʢʚʘʪʥʦʩʪʴ ʤʦʜʝʣʠ ʙʳʣʘ ʧʨʦʚʝʨʝʥʘ ʧʫʪʝʤ ʩʨʘʚʥʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ 
ʨʘʩʯʝʪʘ ʩ ʜʘʥʥʳʤʠ ʉʂɺʀɼ-ʤʘʛʥʠʪʦʤʝʪʨʠʠ. 
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NUMERICAL SIMULATION OF MAGNETIZING 

PROCESSES OF NIKEL NANOWIRES AND NANOBALLS GROWN 

IN  

SUPERFLUID HELIUM  

The present work is dedicated to numerical modeling of magnetization processes of Ni 

nanoparticles ensembles acquired by pulsed laser ablation of metallic target in He II. The 

characteristic feature of the systems under study is their heterogeneous composition. One 

fraction of particles is represented by thin nanowires (with diameters of 4 nm strictly) 

meanwhile the other corresponds to a ball-shaped particles that can obtain diameters from 8 to 

500 nm. A relevance of the model was verified by comparing its calculation results with 

SQUID-magnetometry data. 

ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʘʥʩʘʤʙʣʝʡ 

ʥʠʢʝʣʝʚʳʭ ʥʘʥʦʯʘʩʪʠʮ, ʧʦʣʫʯʝʥʥʳʭ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʝʡ ʚ ʩʚʝʨʭʪʝʢʫʯʝʤ ʛʝʣʠʠ 

[1]. ʕʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʘʣʠʯʠʠ ʚ ʦʙʨʘʟʮʘʭ ʯʘʩʪʠʮ 
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ʜʚʫʭ ʬʦʨʤ: ʪʦʥʢʠʝ ʧʨʦʚʦʣʦʢʠ (d å 4 ʥʤ), ʘ ʪʘʢʞʝ ʰʘʨʳ ʨʘʟʣʠʯʥʳʭ ʜʠʘʤʝʪʨʦʚ 

(10ï500 ʥʤ). 

ʄʘʛʥʠʪʦʤʝʪʨʠʷ ʦʙʨʘʟʮʦʚ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʢʘʟʘʣʘ, ʯʪʦ, ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʥʦʯʘʩʪʠʮ ʪʦʡ ʠʣʠ ʠʥʦʡ ʬʦʨʤʳ, ʚʦʟʤʦʞʥʦ 

ʧʦʣʫʯʝʥʠʝ ʧʝʪʝʣʴ ʛʠʩʪʝʨʝʟʠʩʘ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʬʦʨʤ: ʧʨʷʤʦʫʛʦʣʴʥʦʡ (ʨʠʩ. 1a) ï 

ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʥʘʥʦʧʨʦʚʦʣʦʢ ʠ S-ʦʙʨʘʟʥʦʡ (ʨʠʩ. 1b) ï ʭʘʨʘʢʪʝʨʥʦʡ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʜʣʷ ʰʘʨʦʚ. 

ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʠʩʩʣʝʜʫʝʤʳʭ ʘʥʩʘʤʙʣʝʡ 

ʤʳ ʩʯʠʪʘʣʠ ʠʭ ʩʦʩʪʦʷʱʠʤʠ ʠʟ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ 

ʤʘʛʥʠʪʥʳʭ ʯʘʩʪʠʮ. ʈʝʟʫʣʴʪʠʨʫʶʱʘʷ ʧʝʪʣʷ ʛʠʩʪʝʨʝʟʠʩʘ, ʚ ʪʘʢʦʤ ʩʣʫʯʘʝ, ʷʚʣʷʝʪʩʷ 

ʩʫʤʤʦʡ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʧʝʪʝʣʴ ʚʩʝʭ ʯʘʩʪʠʮ ʩʠʩʪʝʤʳ. ɼʣʷ ʧʨʦʚʦʣʦʢ ʬʦʨʤʘ 

ʠʥʜʠʚʠʜʫʘʣʴʥʦʡ ʧʝʪʣʠ ʦʧʨʝʜʝʣʷʣʘʩʴ ʠʭ ʜʣʠʥʦʡ ʠ ʦʨʠʝʥʪʘʮʠʝʡ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʘʧʨʘʚʣʝʥʠʷ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɺ ʩʣʫʯʘʝ ʰʘʨʦʦʙʨʘʟʥʳʭ ʯʘʩʪʠʮ 

ʧʘʨʘʤʝʪʨʦʤ, ʦʧʨʝʜʝʣʷʶʱʠʤ ʬʦʨʤʫ ʠʥʜʠʚʠʜʫʘʣʴʥʦʡ ʧʝʪʣʠ, ʩʯʠʪʘʣʠ ʠʭ ʨʘʜʠʫʩ. 

ʇʨʠʤʝʨʳ ʨʘʩʯʝʪʦʚ ʨʝʟʫʣʴʪʠʨʫʶʱʠʭ ʧʝʪʝʣʴ ʛʠʩʪʝʨʝʟʠʩʘ ʜʣʷ ʥʘʥʦʧʨʦʚʦʣʦʢ ʠ 

ʰʘʨʦʚ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩ.1 (ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ). 

 

ʈʠʩ. 1. çʪʦʯʢʠè ï ʥʦʨʤʠʨʦʚʘʥʥʳʝ ʜʘʥʥʳʝ ʤʘʛʥʠʪʦʤʝʪʨʠʠ ʥʘʥʦʯʘʩʪʠʮ ʥʠʢʝʣʷ ʩ 

ʧʦʜʘʚʣʷʶʱʠʤ ʚʣʠʷʥʠʝʤ (a) ʥʘʥʦʧʨʦʚʦʣʦʢ ʠ (b) ʰʘʨʦʦʙʨʘʟʥʳʭ ʯʘʩʪʠʮ (ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ 

ʚʥʝʰʥʝʝ ʧʦʣʝ ʧʘʨʘʣʣʝʣʴʥʦ ʧʣʦʩʢʦʩʪʠ ʧʦʜʣʦʞʢʠ); çʣʠʥʠʠè ï ʨʝʟʫʣʴʪʘʪʳ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʨʘʩʯʝʪʦʚ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (ʧʨʦʝʢʪ ˉ 18-19-00620). 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ  

1. Gordon E. B., Karabulin A. V., Matyushenko V. I., Sizov V. D., and Khodos I. I. // Journal of 
Experimental and Theoretical Physics, 2011, vol. 112, ˉ 6, P. 1061ï1070. 
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ʉ.ɺ. ɻʆʈʂʋʅʆɺ 
ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ɿɸʊʋʍɸʅʀɽ ʋɼɸʈʅʆʁ ɺʆʃʅʓ ɺ ʂɸʅɸʃɽ ʉ 

ʇɽʈʀʆɼʀʏɽʉʂʀʄʀ ʇʈɽʇʗʊʉʊɺʀʗʄʀ 

ʏʠʩʣʝʥʥʦ ʠʩʩʣʝʜʦʚʘʥʦ ʟʘʪʫʭʘʥʠʝ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʚ ʢʘʥʘʣʘʭ ʩ ʧʨʝʧʷʪʩʪʚʠʷʤʠ. ɺ ʩʣʫʯʘʝ 

ʩʠʣʴʥʳʭ ʫʜʘʨʥʳʭ ʚʦʣʥ ʧʦʣʫʯʝʥʳ ʧʨʠʙʣʠʞʝʥʥʳʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʩʦʦʪʥʦʰʝʥʠʷ, 

ʩʚʷʟʳʚʘʶʱʠʝ ʩʢʦʨʦʩʪʴ ʚʦʣʥʳ ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʛʘʟʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʩʠʣʴʥʦʛʦ 

ʟʘʛʨʦʤʦʞʜʝʥʠʠ ʢʘʥʘʣʘ ʫʜʘʨʥʘʷ ʚʦʣʥʘ ʨʘʩʧʨʦʩʪʨʘʥʷʪʴʩʷ ʥʝ ʤʦʞʝʪ.  

S.V. GORKUNOV 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 

Moscow, Russia 

SHOCK WAVE ATTENUATION IN A CHANNEL WITH 

PERIODIC OBSTACLES  

The shock wave attenuation in channels with obstacles was numerically investigated. In the 

case of strong shock waves, approximate analytical relationships was obtained that relate the 

wave velocity to gas parameters. It was shown that in the case of a strong blockage of the 

channel, the shock wave couldnôt propagate. 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʜʣʠʥʥʳʡ ʢʘʥʘʣ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʩʝʯʝʥʠʷ. ʇʦʣʦʚʠʥʘ ʢʘʥʘʣʘ 

ʟʘʧʦʣʥʝʥʘ ʧʝʨʠʦʜʠʯʝʩʢʠ ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʧʨʝʧʷʪʩʪʚʠʷʤʠ. ʇʦ ʛʣʘʜʢʦʡ ʧʦʣʦʚʠʥʝ 

ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʫʜʘʨʥʘʷ ʚʦʣʥʘ, ʧʝʨʝʭʦʜʷʱʘʷ ʚ ʟʘʧʦʣʥʝʥʥʫʶ ʧʦʣʦʚʠʥʫ (ʩʤ. 

ʨʠʩ. 1).  

 

ʈʠʩ. 1. ʉʭʝʤʘ ʢʘʥʘʣʘ 

ʈʘʥʝʝ ʚ [1] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʫʜʘʨʥʘʷ ʚʦʣʥʘ ʚ ʟʘʛʨʦʤʦʞʜʸʥʥʦʤ 

ʢʘʥʘʣʝ ʤʦʞʝʪ ʨʘʩʧʨʦʩʪʨʘʥʷʪʩʷ ʢʘʢ ʚʦʣʥʘ ʩʦ ʩʪʨʫʢʪʫʨʦʡ (ʟʦʥʦʡ ʨʝʣʘʢʩʘʮʠʠ). 

ʇʦʣʫʯʝʥʥʳʝ ʧʨʠʙʣʠʞʝʥʥʳʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʩʦʦʪʥʦʰʝʥʠʷ, ʩʚʷʟʳʚʘʶʱʠʝ 

ʧʘʨʘʤʝʪʨʳ ʛʘʟʘ ʩʦ ʩʢʦʨʦʩʪʴʶ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʧʨʝʜʩʢʘʟʳʚʘʶʪ ʩʫʱʝʩʪʚʦʚʘʥʠʷ 

ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʦʚ ʪʝʯʝʥʠʷ ʚ ʢʘʥʘʣʝ [2].  

ʇʨʦʚʝʜʝʥʥʳʝ ʯʠʩʣʝʥʥʳʝ ʨʘʩʯʝʪʳ ʧʦ ʤʝʪʦʜʠʢʝ [3] ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ 

ʟʘʛʨʦʤʦʞʜʸʥʥʦʤ ʢʘʥʘʣʝ ʤʦʞʝʪ ʨʘʩʧʨʦʩʪʨʘʥʷʪʴʩʷ ʚʦʣʥʘ ʩʦ ʩʪʨʫʢʪʫʨʦʡ, 
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ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʪʫʭʘʷ (ʩʤ. ʨʠʩ. 2.). ɺ ʩʣʫʯʘʷʭ ʩʠʣʴʥʦ ʟʘʛʨʦʤʦʞʜʸʥʥʳʭ ʢʘʥʘʣʘʭ 

ʣʠʜʠʨʫʶʱʘʷ ʚʦʣʥʘ ʥʝ ʦʙʨʘʟʫʝʪʩʷ, ʚʦʟʤʫʱʝʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʩ ʜʦʟʚʫʢʦʚʦʡ 

ʩʢʦʨʦʩʪʴʶ. 

 

ʈʠʩ. 2. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʜʘʚʣʝʥʠʷ ʚʜʦʣʴ ʢʘʥʘʣʘ ʜʣʷ ʜʚʫʭ ʤʦʤʝʥʪʦʚ ʚʨʝʤʝʥʠ 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Shargatov V.A., Chugainova A.P., Gorkunov S. V. and. Sumskoi S. I. //Proceedings of the Steklov 

Institute of Mathematics. 2018. V. 300. P.216-228. 

2. Chuganova A.P., Shargatov V.A., Gorkunov S.V., Sumskoi S.I. // AIP Conference Proceedings. 

2018. V. 2025, 080002.  

3. Shargatov V.A., Pecherkin A.S., Sofin A.S., Agapov A.A., Gorkunov S.V., Sumskoi S.I., 

Bogdanova Y.A., Karabulin A.V. // Journal of Physics: Conference Series. 2018 V. 1099. 012014. 
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ʉ.ɺ. ʅɽʉʂʆʈʆʄʅʓʁ1, ɺ.ɻ. ɺʀʅʆɻʈɸɼʆɺ1, ʉ.ʆ. ɸɻɽɽɺ1, 

ɽ.ʃ. ʉʊʈʀɾɸʂʆɺ1, ɽ.ɻ. ɻʈʀɻʆʈʔɽɺ2 

1ɼʦʥʩʢʦʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ (ɼɻʊʋ), ʈʦʩʪʦʚ-ʥʘ-ɼʦʥʫ, ʈʦʩʩʠʷ 
2ʀʥʩʪʠʪʫʪ ʩʪʨʫʢʪʫʨʥʦʡ ʤʘʢʨʦʢʠʥʝʪʠʢʠ ʠ ʧʨʦʙʣʝʤ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ  

ʠʤ. ɸ.ɻ. ʄʝʨʞʘʥʦʚʘ ʈɸʅ (ʀʉʄɸʅ), ʏʝʨʥʦʛʦʣʦʚʢʘ, ʈʦʩʩʠʷ 

 

ɺʓʉʆʂʆɺʆʃʔʊʅɸʗ ʕʃɽʂʊʈʆʀʄʇʋʃʔʉʅɸʗ 

ʂʆʅʉʆʃʀɼɸʎʀʗ ʂɸʈɹʀɼɸ ɻɸʌʅʀʗ 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥ ʧʨʦʮʝʩʩ ʚʳʩʦʢʦʚʦʣʴʪʥʦʡ ʵʣʝʢʪʨʦʠʤʧʫʣʴʩʥʦʡ 

ʢʦʥʩʦʣʠʜʘʮʠʠ ʧʦʨʦʰʢʘ ʢʘʨʙʠʜʘ ʛʘʬʥʠʷ. ʋʩʪʘʥʦʚʣʝʥ ʢʨʠʪʝʨʠʡ, ʦʧʨʝʜʝʣʷʶʱʠʡ ʦʙʣʘʩʪʴ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʩʦʟʜʘʥʠʷ ʧʣʦʪʥʳʭ ʢʦʥʩʦʣʠʜʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʧʦʣʫʯʝʥʥʦʛʦ 

ʢʘʨʙʠʜʘ ʛʘʬʥʠʷ. 

S.V. NESʉOROMNIY1, V.G. VINOGRADOV1, S.O. AGEEV1, 

E.L. STRIZHAKOV 1, E.G. GRIGORIEV2 

1 Don State Technical University (DSTU), Rostov-on-Don, Russia 
2Merzhanov Institute of Structural Macrokinetics and Materials Science,  

Russian Academy of Sciences (ISMAN), Chernogolovka, Russia 

HIGH VOLTAGE ELECTRIC PULSE CONSOLIDATION OF 

HAFNIUM CARBIDE  

The process of high-voltage electropulse consolidation of hafnium carbide powder was 

experimentally studied. A criterion is established that defines the range of technological 

parameters for creating dense consolidated materials. The results of an experimental study of 

the microstructure of the obtained hafnium carbide are presented. 

ʄʝʪʦʜ ʚʳʩʦʢʦʚʦʣʴʪʥʦʡ ʵʣʝʢʪʨʦʠʤʧʫʣʴʩʥʦʡ ʢʦʥʩʦʣʠʜʘʮʠʠ ʧʦʨʦʰʢʦʚ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʢʘʨʙʠʜʦʚ 

ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʧʦʟʚʦʣʷʝʪ ʣʦʢʘʣʠʟʦʚʘʪʴ ʚʳʩʦʢʫʶ ʧʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʤʧʫʣʴʩʘ ʚ ʦʙʣʘʩʪʷʭ ʤʝʞʯʘʩʪʠʯʥʳʭ ʢʦʥʪʘʢʪʦʚ. ʀʟ-ʟʘ 

ʠʥʪʝʥʩʠʚʥʦʛʦ ʥʘʛʨʝʚʘ ʤʘʪʝʨʠʘʣ ʚ ʟʦʥʘʭ ʤʝʞʯʘʩʪʠʯʥʳʭ ʢʦʥʪʘʢʪʦʚ ʩʪʘʥʦʚʠʪʩʷ 

ʙʦʣʝʝ ʧʣʘʩʪʠʯʥʳʤ, ʝʛʦ ʚʷʟʢʦʩʪʴ ʩʥʠʞʘʝʪʩʷ. ʕʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʠʥʪʝʥʩʠʚʥʦʡ 

ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʤʘʪʝʨʠʘʣʘ ʉʦʯʝʪʘʥʠʝ ʢʦʨʦʪʢʦʛʦ (ʜʣʠʪʝʣʴʥʦʩʪʴʶ Ű ~ 

10-3 õ 10-4 ʩ) ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠʤʧʫʣʴʩʘ (ʩ ʘʤʧʣʠʪʫʜʦʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ j ~ 109 

ɸ/ʤ2) ʠ ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ (P ~ 108 ʇʘ) 

ʚʳʟʳʚʘʝʪ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʫʶ ʜʝʬʦʨʤʘʮʠʶ ʧʦʨʦʰʢʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ, 

ʣʦʢʘʣʠʟʦʚʘʥʥʫʶ ʚ ʦʙʣʘʩʪʠ ʢʦʥʪʘʢʪʘ, ʢʦʪʦʨʘʷ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ 

ʧʣʦʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʢʦʥʩʦʣʠʜʠʨʦʚʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʉʫʱʝʩʪʚʫʝʪ ʦʛʨʘʥʠʯʝʥʠʝ ʥʘ 

ʘʤʧʣʠʪʫʜʫ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʚ ʟʦʥʝ ʤʝʞʯʘʩʪʠʯʥʦʛʦ ʢʦʥʪʘʢʪʘ, ʧʨʝʚʳʰʝʥʠʝ ʢʦʪʦʨʦʡ 

ʧʨʠʚʦʜʠʪ ʢ ʵʬʬʝʢʪʫ çʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʚʟʨʳʚʘ ʢʦʥʪʘʢʪʘè. ʊʝʦʨʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ 

ʧʨʦʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʚ ʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ [1] ʧʦʟʚʦʣʠʣ ʫʩʪʘʥʦʚʠʪʴ 
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ʢʨʠʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ j* , ʧʨʠ j Ó j* ʧʨʦʠʩʭʦʜʠʪ çʵʣʝʢʪʨʠʯʝʩʢʠʡ 

ʚʟʨʳʚ ʢʦʥʪʘʢʪʘè: 

2
*

2
bT

h
j

r

xs
=      (1) 

ʛʜʝ: ů ï ʧʦʩʪʦʷʥʥʘʷ ʉʪʝʬʘʥʘ ï ɹʦʣʴʮʤʘʥʘ; ɝ Ò 1; Tb ï ʪʝʤʧʝʨʘʪʫʨʘ 

ʢʠʧʝʥʠʷ (ʧʦʪʝʨʷ ʧʨʦʚʦʜʠʤʦʩʪʠ) ʤʘʪʝʨʠʘʣʘ, h ï ʨʘʟʤʝʨ ʢʦʥʪʘʢʪʥʦʡ ʦʙʣʘʩʪʠ ʩ 

ʪʝʤʧʝʨʘʪʫʨʦʡ Tb. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʘʢʪʥʳʭ ʦʙʨʘʟʮʦʚ 

ʤʝʪʦʜʦʤ ʚʳʩʦʢʦʚʦʣʴʪʥʦʡ ʵʣʝʢʪʨʦʠʤʧʫʣʴʩʥʦʡ ʢʦʥʩʦʣʠʜʘʮʠʠ ʧʦʨʦʰʢʦʚ ʢʘʨʙʠʜʘ 

ʛʘʬʥʠʷ. ʇʨʦʚʝʜʝʥʳ ʵʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ 

ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʢʘʨʙʠʜʘ ʛʘʬʥʠʷ. ʇʨʠʤʝʨ (ʈʕʄ) ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʮʘ 

ʢʘʨʙʠʜʘ ʛʘʬʥʠʷ, ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʜʦʤ ʚʳʩʦʢʦʚʦʣʴʪʥʦʡ ʵʣʝʢʪʨʦʠʤʧʫʣʴʩʥʦʡ 

ʢʦʥʩʦʣʠʜʘʮʠʠ, ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩ. 1. ʅʘ ʨʠʩ. 2 ʧʨʠʚʝʜʝʥ ʤʠʢʨʦʘʥʘʣʠʟ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ Hf ʠ C ʚ ʦʙʨʘʟʮʝ, ʧʦʣʫʯʝʥʥʦʤ ʤʝʪʦʜʦʤ 

ʚʳʩʦʢʦʚʦʣʴʪʥʦʡ ʢʦʥʩʦʣʠʜʘʮʠʠ. 

 

 

 

 

 

ʈʠʩ. 1. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʢʘʨʙʠʜʘ 

ʛʘʬʥʠʷ, ʢʦʥʩʦʣʠʜʠʨʦʚʘʥʥʦʛʦ 

ʚʳʩʦʢʦʚʦʣʴʪʥʳʤ ʤʝʪʦʜʦʤ. 

ʈʠʩ. 2. ʄʠʢʨʦʘʥʘʣʠʟ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ Hf ʠ C ʥʘ ʠʟʣʦʤʝ 

ʦʙʨʘʟʮʘ. 

 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Grigoryev E.G., Olevsky E.A. // Scripta Materialia, 2012, Vol. 66, Issue 9, p. 662-665. 
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ʃ.ʀ. ɻʈʀʐʀʅ1, ɸ.ʖ. ɼʆʃɻʆɹʆʈʆɼʆɺ1, ɺ.ɻ. ʂʀʈʀʃɽʅʂʆ2, ʄ.ɸ. 

ɹʈɸɾʅʀʂʆɺ2  
1ʆʙʲʝʜʠʥʝʥʥʳʡ ʠʥʩʪʠʪʫʪ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʄʦʩʢʚʘ, 

2ʌʝʜʝʨʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ ʭʠʤʠʯʝʩʢʦʡ ʬʠʟʠʢʠ  

ʠʤ. ʅ. ʅ. ʉʝʤʸʥʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʄʦʩʢʚʘ 

 

ʍɸʈɸʂʊɽʈʀʉʊʀʂʀ ʃɸɿɽʈʅʆɻʆ ʀʅʀʎʀʀʈʆɺɸʅʀʗ ʀ 

ɻʆʈɽʅʀʗ ʅɸʅʆʊɽʈʄʀʊʆɺ ʅɸ ʆʉʅʆɺɽ ɸʃʖʄʀʅʀʗ 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʨʝʘʢʮʠʠ 

ʛʦʨʝʥʠʷ ʚ ʥʘʥʦʪʝʨʤʠʪʘʭ Al/CuO Al/Bi2O3 ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ. 

ʆʧʨʝʜʝʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ ʠ ʵʥʝʨʛʠʠ ʠʥʠʮʠʠʨʫʶʱʝʛʦ ʣʘʟʝʨʥʦʛʦ 

ʠʤʧʫʣʴʩʘ ʦʪ ʧʣʦʪʥʦʩʪʠ ʜʣʷ ʥʘʥʦʪʝʨʤʠʪʘ Al/CuO. ɺʳʜʚʠʥʫʪʳ ʧʨʝʜʧʦʣʦʞʝʥʠʷ ʦ 

ʤʝʭʘʥʠʟʤʝ ʨʝʘʢʮʠʠ ʧʨʠ ʠʥʠʮʠʠʨʦʚʘʥʠʠ ʥʘʥʦʪʝʨʤʠʪʦʚ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ. 

L.I. GRISHIN1, A.YU. DOLGOBORODOV1,2, V.G. KIRILENKO 2, 

M.A. BRAZHNIKOV 2 

1 Joint Institute for High Temperatures of the Russian Academy of Sciences, Moscow, 
2N.N. Semenov Federal Research Center for Chemical Physics of the Russian Academy of 

Sciences, Moscow 

CHARACTERISTICS OF LASER INITIATION AND BURNING OF 

NANOTEMITES BASED ON ALUMINUM  

In the present work, there were studied the characteristics of the ignition and flame 

propagation in nanothermites caused by laser pulse radiation. Al/CuO Al/Bi2O3, nanothermites 

manufactured with the use of ultrasonic mixer were tested. The dependences of the burning rate 

and the energy of the initiating laser pulse on the density were determined for Al / CuO 

nanothermite. Assumptions have been advanced regarding the reaction mechanism upon the 

initiation of nanothermites by laser radiation. 

ʀʩʩʣʝʜʦʚʘʥʦ ʚʦʩʧʣʘʤʝʥʝʥʠʝ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʩʤʝʩʝʡ ʘʣʶʤʠʥʠʷ ʩ ʦʢʩʠʜʘʤʠ 

ʤʝʜʠ ʠ ʚʠʩʤʫʪʘ ʣʘʟʝʨʥʳʤ ʠʤʧʫʣʴʩʦʤ. ʊʝʨʤʠʪʥʳʝ ʩʤʝʩʠ ʥʘ ʦʩʥʦʚʝ 

ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʧʦʨʦʰʢʦʚ Al + CuO ʠ Al + Bi2O3 ʩ ʩʦʦʪʥʦʰʝʥʠʝʤ ʙʣʠʟʢʦʤ ʢ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤʫ ʛʦʪʦʚʠʣʠʩʴ ʧʦ ʩʧʝʮʠʘʣʴʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʫʣʴʪʨʘʟʚʫʢʦʚʳʤ 

ʧʝʨʝʤʝʰʠʚʘʥʠʝʤ ʠʩʭʦʜʥʳʭ ʥʘʥʦ ʧʦʨʦʰʢʦʚ Al (ʨʘʟʤʝʨ ʯʘʩʪʠʮ 100 ʥʤ), CuO (80 

ʥʤ) ʠ Bi2O3 (200 ʥʤ).  

ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʣʘʟʝʨ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 808 ʥʤ. 

ʇʣʦʪʥʦʩʪʴ ʤʦʱʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʩʦʩʪʘʚʣʷʣʘ 310 ɺʪ/ʩʤ2 

ʧʨʠ ʦʙʣʫʯʘʝʤʦʡ ʧʣʦʱʘʜʠ 1,1 ʤʤ2, ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ ʠʟʤʝʥʷʣʘʩʴ ʦʪ 1 ʜʦ 10 

ʤʩ. ɺ ʦʧʳʪʘʭ ʜʚʫʭʢʘʥʘʣʴʥʳʤ ʧʠʨʦʤʝʪʨʦʤ ʨʝʛʠʩʪʨʠʨʦʚʘʣʦʩʴ ʧʦʷʚʣʝʥʠʝ ʩʚʝʯʝʥʠʷ 

ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʩ ʦʙʣʫʯʘʝʤʦʡ ʠ ʪʳʣʴʥʦʡ ʩʪʦʨʦʥʳ ʦʙʨʘʟʮʦʚ ʜʠʘʤʝʪʨʦʤ 6 ʤʤ ʠ 

ʪʦʣʱʠʥʦʡ 4õ9 ʤʤ.  
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ʆʧʨʝʜʝʣʝʥʳ ʟʘʜʝʨʞʢʠ ʠʥʠʮʠʠʨʦʚʘʥʠʷ tign, ʤʠʥʠʤʘʣʴʥʘʷ ʵʥʝʨʛʠʷ 

ʠʥʠʮʠʠʨʦʚʘʥʠʷ Ecr ʠ ʩʨʝʜʥʷʷ ʩʢʦʨʦʩʪʴ ʛʦʨʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʣʦʪʥʦʩʪʠ ʠ 

ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʦʚ. ʀʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʩʪʘʨʝʥʠʷ ʩʦʩʪʘʚʦʚ ʥʘ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ 

ʚʦʟʜʝʡʩʪʚʠʶ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʩʚʝʞʝʧʨʠʛʦʪʦʚʣʝʥʥʦʛʦ 

ʩʦʩʪʘʚʘ Al/CuO (19/81) Ecr = 5 ʤɼʞ, ʘ ʧʨʠ ʩʨʦʢʘʭ ʭʨʘʥʝʥʠʷ ʙʦʣʝʝ 2 ʥʝʜʝʣʴ 

ʜʦʩʪʠʛʘʣʘ ʟʥʘʯʝʥʠʷ Ecr = 11 ʤɼʞ ʧʨʠ tign = 4 ʤʩ, ʠ ʚ ʜʘʣʴʥʝʡʰʝʤ ʥʝ ʠʟʤʝʥʷʣʘʩʴ. 

ɼʣʷ Al/Bi 2O3/ʌʪʦʨʦʧʣʘʩʪ 42 (14/82/4) Ecr=6,5 ʤɼʞ, tign = 2,5 ʤʩ. ʊʘʢʞʝ ʧʦʣʫʯʝʥʳ 

ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ ʠ ʵʥʝʨʛʠʠ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʦʪ ʧʦʨʠʩʪʦʩʪʠ 

ʦʙʨʘʟʮʦʚ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʚʳʜʚʠʥʫʪʳ ʧʨʝʜʧʦʣʦʞʝʥʠʷ ʦ 

ʤʝʭʘʥʠʟʤʝ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. 
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ʉ.ʇ. ɿʆʊʂʀʅ, ɸ.ɸ. ʉɽʃɽɿɽʅɽɺ 
ʉʘʨʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ï ʬʠʣʠʘʣ ʅʘʮʠʦʥʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ 

ʷʜʝʨʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʄʀʌʀ, ʉʘʨʦʚ, ʈʦʩʩʠʷ 

 

ʀʉʇʆʃʔɿʆɺɸʅʀɽ ʄɽʊʆɼʆɺ ʄɸʊɽʄɸʊʀʏɽʉʂʆɻʆ 

ʄʆɼɽʃʀʈʆɺɸʅʀʗ ɼʃʗ ʆʇʈɽɼɽʃɽʅʀʗ ʌʋɻɸʉʅʆɻʆ 

ɼɽʁʉʊɺʀʗ ɿɸʈʗɼʆɺ ɺ ʄʆɼɽʃʔʅʓʍ ʆʇʓʊɸʍ 

ʇʨʦʚʝʜʝʥʘ ʨʘʩʯʝʪʥʘʷ ʦʮʝʥʢʘ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ (ʬʫʛʘʩʥʦʩʪʠ) ʨʘʟʣʠʯʥʳʭ ʚʟʨʳʚʯʘʪʳʭ 

ʚʝʱʝʩʪʚ, ʪʘʢʠʭ ʢʘʢ ʪʨʦʪʠʣ, ʛʝʢʩʦʛʝʥ, ʧʝʥʪʘʵʨʠʪʨʠʪʪʝʪʨʘʥʠʪʨʘʪ, ʦʢʪʦʛʝʥ ʠ 

ʛʝʢʩʘʥʠʪʨʦʩʪʠʣʴʙʝʥ ʩ ʧʦʤʦʱʴʶ ʩʠʩʪʝʤ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ. ʄʝʪʦʜ 

ʨʘʩʯʸʪʥʦʡ ʦʮʝʥʢʠ ʬʫʛʘʩʥʦʩʪʠ ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʯʠʩʣʝʥʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʚʟʨʳʚʘ ʟʘʨʷʜʘ 

ɺɺ ʚ ʩʚʠʥʮʦʚʦʡ ʙʦʤʙʝ (ʧʨʦʙʘ ʊʨʘʫʮʣʷ). ɺ ʧʨʦʮʝʩʩʝ ʨʘʙʦʪʳ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ 

ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʠʟʚʦʜʠʣʠʩʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʟʘʨʷʜʘ 

ɺɺ ʚ ʩʚʠʥʮʦʚʦʡ ʙʦʤʙʝ (ʧʨʦʙʘ ʊʨʘʫʮʣʷ) ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʠʟʙʳʪʦʯʥʦʛʦ 

ʜʘʚʣʝʥʠʷ ʟʘʨʷʜʘ ɺɺ ʚ ʦʩʢʦʣʦʯʥʦ-ʬʫʛʘʩʥʳʭ ʟʘʨʷʜʘʭ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʠ ʩʬʝʨʠʯʝʩʢʦʡ 

ʬʦʨʤʳ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʩʪʨʦʝʥʳ ʤʦʜʝʣʠ ʩʚʠʥʮʦʚʦʡ ʙʦʤʙʳ (ʧʨʦʙʘ ʊʨʘʫʮʣʷ) 

ʚ ʨʘʟʣʠʯʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʘʭ. ʄʝʪʦʜʘʤʠ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʠ 

ʧʦʩʪʨʦʝʥʳ ʤʦʜʝʣʠ ʩʨʘʙʘʪʳʚʘʥʠʷ ʦʩʢʦʣʦʯʥʦ-ʬʫʛʘʩʥʳʭ ʟʘʨʷʜʦʚ.  

S.P. ZOTKIN, A.A. SELEZENEV 

Sarov Physical & Technical Institute ï National Research Nuclear University MEPhI 

(Moscow Engineering Physics Institute), Sarov, Russia  

USE OF MATHEMATICAL MODELING METHODS FOR 

DETERMINING THE EFFECTIVE ACTION OF CHARGES IN 

MODEL EXPERIENCES  

The estimated performance (explosiveness) of various explosives, such as trotyl, hexogen, 

pentaerythritoltetranitrate, octogen and hexanitrostilbene, using automatic design systems, was 

calculated. The method for calculating the explosive charge is based on numerical simulation of 

the explosion of an explosive charge in a lead bomb (Trautzl test). In the course of work, using 

the computer simulation methods, studies were made of the working capacity of an explosive 

charge in a lead bomb (Trautzl test) and the study of the maximum excess pressure explosive 

charge in high-explosive fragmentation charges of a cylindrical and spherical shape. As a result, 

of the study, models of a lead bomb (Trautzl test) were constructed in various software systems. 

Computer simulation methods were used to construct models for the operation of high-

explosive fragmentation charges. 

ʉʚʠʥʮʦʚʘʷ ʙʦʤʙʘ ʠʟ ʯʠʩʪʦʛʦ ʨʘʬʠʥʠʨʦʚʘʥʥʦʛʦ ʩʚʠʥʮʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʤʘʩʩʠʚʥʳʡ ʮʠʣʠʥʜʨ, ʚʳʩʦʪʘ ʠ ʜʠʘʤʝʪʨ ʢʦʪʦʨʦʛʦ 200 ʤʤ, ʩ ʥʝʩʢʚʦʟʥʳʤ ʢʘʥʘʣʦʤ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʤ ʧʦ ʦʩʠ ʮʠʣʠʥʜʨʘ ʛʣʫʙʠʥʦʡ 125 ʤʤ ʠ ʜʠʘʤʝʪʨʦʤ 25 ʤʤ. ʄʝʪʦʜ 

ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʚ ʩʚʠʥʮʦʚʦʡ ʙʦʤʙʝ ʦʩʥʦʚʘʥ ʥʘ ʦʧʨʝʜʝʣʝʥʠʠ 

ʨʘʩʰʠʨʝʥʠʷ ʢʘʥʘʣʘ ʙʦʤʙʳ ʧʨʦʜʫʢʪʘʤʠ ʚʟʨʳʚʘ ʟʘʨʷʜʘ ɺɺ ʦʧʨʝʜʝʣʝʥʥʦʡ ʤʘʩʩʳ ʠ 

ʨʘʟʤʝʨʦʚ ʠ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʥʘ ɺɺ ʩ ʢʨʠʪʠʯʝʩʢʠʤ ʜʠʘʤʝʪʨʦʤ ʜʝʪʦʥʘʮʠʠ ʥʝ 
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ʙʦʣʝʝ 20 ʤʤ. ɺ ʨʘʤʢʘʭ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʧʦʩʪʨʦʠʪʴ ʩ ʧʦʤʦʱʴʶ 

ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʦʚ (ʇʂ) ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʩʨʘʙʘʪʳʚʘʥʠʷ ʟʘʨʷʜʘ ɺɺ 

ʚ ʩʚʠʥʮʦʚʦʡ ʙʦʤʙʝ, ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ʠʟʤʝʥʝʥʠʷ ʦʙʲʝʤʘ ʢʘʥʘʣʘ ʧʦʣʫʯʝʥʥʦʛʦ 

ʚʟʨʳʚʦʤ ʟʘʨʷʜʘ ɺɺ, ʠ ʧʝʨʚʦʥʘʯʘʣʴʥʦʛʦ ʦʙʲʝʤʘ ʢʘʥʘʣʘ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ 

ʥʫʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ɺɺ. ɿʘʜʘʯʘ ʵʢʚʠʚʘʣʝʥʪʥʘʷ 

ʥʘʪʫʨʥʦʤʫ ʠʩʩʣʝʜʦʚʘʥʠʶ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʟʘʨʷʜʦʚ ɺɺ.ʉ ʧʨʠʤʝʥʝʥʠʝʤ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʦʩʝʩʠʤʤʝʪʨʠʯʥʘʷ ʜʚʫʤʝʨʥʘʷ ʤʦʜʝʣʴ 

ʩʨʘʙʘʪʳʚʘʥʠʷ ʩʚʠʥʮʦʚʦʡ ʙʦʤʙʳ ʠ ʧʦʣʫʯʝʥ ʨʝʟʫʣʴʪʘʪ ʨʘʩʯʸʪʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ 

ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ɺɺ. ʉʚʠʥʮʦʚʘʷ ʙʦʤʙʘ ʧʦʤʝʱʘʝʪʩʷ ʚ ʚʦʟʜʫʰʥʫʶ ʩʨʝʜʫ ʧʨʠ 

ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ. ʉ ʧʨʠʤʝʥʝʥʠʝʤ ʇʂ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʦʩʝʩʠʤʤʝʪʨʠʯʥʳʝ 

ʟʘʜʘʯʠ ʥʘ ʨʘʩʯʝʪ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʠ ʩʬʝʨʠʯʝʩʢʦʛʦ ʦʩʢʦʣʦʯʥʦ-ʬʫʛʘʩʥʳʭ 

ʩʥʘʨʷʜʦʚ (ʨʠʩʫʥʦʢ 1) ʥʘ ʨʘʩʩʪʦʷʥʠʠ 500 ʤʤ ʦʪ ʩʪʝʥʢʠ (ʫʩʣʦʚʠʷ ʚʳʪʝʢʘʥʠʷ 

ʚʝʱʝʩʪʚ) ʚ ʦʙʣʘʩʪʠ, ʟʘʧʦʣʥʝʥʥʦʡ ʚʦʟʜʫʭʦʤ ʨʘʟʤʝʨʦʤ υππẗυππ ʤʤ. ʀʟʤʝʨʝʥʠʝ 
ʜʘʚʣʝʥʠʷ ʧʨʦʠʟʚʦʜʠʪʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʜʦ 300 ʤʤ ʦʪ ʩʥʘʨʷʜʘ. 

 

ʈʠʩ. 1. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʥʘʤʠʢʠ ʩʨʘʙʘʪʳʚʘʥʠʷ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʠ 

ʩʬʝʨʠʯʝʩʢʦʛʦ ʦʩʢʦʣʦʯʥʦ-ʬʫʛʘʩʥʦʛʦ ʩʥʘʨʷʜʘ ʤʝʪʦʜʘʤʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ 

ʜʚʫʤʝʨʥʦʡ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʡ ʤʦʜʝʣʠ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
1. ʉʝʣʠʚʘʥʦʚ ɺ.ɺ. ʉʨʝʜʩʪʚʘ ʧʦʨʘʞʝʥʠʷ ʠ ʙʦʝʧʨʠʧʘʩʳ. ï ʄ.: ʀʟʜʘʪʝʣʴʩʪʚʦ ʄɻʊʋ ʠʤ. ʅ.ʕ. 

ɹʘʫʤʘʥʘ, 2008. ï 977 ʩ. 

2. Harris P., Avrami L. Some Physics of the Gruneisen Parameter. ï Technical report, 1972. ï 301 ʩ.  
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ɺʘʩ.ʉ. ʀɺɸʅʆɺ1,2, ʈ.ʈ. ʊʋʍɺɸʊʋʃʃʀʅɸ2, ɺ.ʉ. ʀɺɸʅʆɺ2,  

ʉ.ʄ. ʌʈʆʃʆɺ1,2 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ, 
2ʌʝʜʝʨʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ ʭʠʤʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʠʤ. ʅ. ʅ. ʉʝʤʸʥʦʚʘ 

ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʄʦʩʢʚʘ 

 

ʄɸʊɽʄɸʊʀʏɽʉʂʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʊɽʏɽʅʀʗ 

ʅɽʉɾʀʄɸɽʄʆʁ ɾʀɼʂʆʉʊʀ ɺ ʂʆʈʆɹʂɽ ʇɽʈɽɼɸʏ 

ʄɽʊʆɼʆʄ ʉɻʃɸɾɽʅʅʓʍ ʏɸʉʊʀʎ 

ʈʘʟʨʘʙʦʪʘʥʘ ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʧʨʦʛʨʘʤʤʘ ʜʣʷ ʪʨʝʭʤʝʨʥʦʛʦ ʨʘʩʯʝʪʘ ʪʝʯʝʥʠʡ ʚʷʟʢʦʡ 

ʥʝʩʞʠʤʘʝʤʦʡ ʞʠʜʢʦʩʪʠ ʤʝʪʦʜʦʤ ʩʛʣʘʞʝʥʥʳʭ ʯʘʩʪʠʮ ʚ ʫʩʣʦʚʠʷʭ ʩʣʦʞʥʦʡ ʛʝʦʤʝʪʨʠʠ ʩ 

ʧʦʜʚʠʞʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ. ɼʣʷ ʧʨʦʚʝʨʢʠ ʯʠʩʣʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ 

ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʦʚ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʠ ʩ ʜʘʥʥʳʤʠ ʢʦʥʝʯʥʦ-ʦʙʲʝʤʥʳʭ 

ʨʘʩʯʝʪʦʚ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ ʧʦ ʢʨʫʪʷʱʝʤʫ ʤʦʤʝʥʪʫ ʠ ʩʢʦʨʦʩʪʠ ʞʠʜʢʦʩʪʠ ʚ ʟʫʙʯʘʪʦʡ ʢʦʨʦʙʢʝ 

ʧʝʨʝʜʘʯ ʩ ʰʝʩʪʝʨʥʷʤʠ, ʯʘʩʪʠʯʥʦ ʧʦʛʨʫʞʝʥʥʳʤʠ ʚ ʤʦʪʦʨʥʦʝ ʤʘʩʣʦ. ʇʦʣʫʯʝʥʦ 

ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʠ ʢʘʯʝʩʪʚʝʥʥʦʝ ʩʦʛʣʘʩʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʦʚ ʠ 

ʠʟʤʝʨʝʥʠʡ.  

Vas.S. IVANOV 1,2, R.R. TUKHVATULLINA 2, V.S. IVANOV 2, 

S.M. FROLOV1,2 

1National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 
2Moscow, Russia, N. N. Semenov Federal Research Center for Chemical Physics of the Russian 

Academy of Sciences, Moscow, Russian Federation 

MATHEMATICAL MODELING OF THE FLOW OF 

INCOMPRESSIBLE LIQUID IN A GEAR BOX  

 BY THE SPH METHOD  

A computer code for three-dimensional simulation of the flows of viscous incompressible 

liquid by the Smoothed Particle Hydrodynamics (SPH) method in complex geometries with 

moving parts has been developed. To validate the numerical algorithm, the results of numerical 

simulations are compared with experimental data, as well as with the computational results 

obtained by other authors by the finite volume method, in terms of the mechanical torque and 

liquid velocity field for the problem of the gear box operation with rotating wheels partly 

immersed in motor oil. Satisfactory quantitative and qualitative agreement between the results 

has been obtained. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʚʷʟʢʠʭ ʥʝʩʞʠʤʘʝʤʳʭ 

ʠ ʩʞʠʤʘʝʤʳʭ ʪʝʯʝʥʠʡ ʚ ʫʩʣʦʚʠʷʭ ʩʣʦʞʥʦʡ ʛʝʦʤʝʪʨʠʠ ʩ ʧʦʜʚʠʞʥʳʤʠ 

ʵʣʝʤʝʥʪʘʤʠ ʧʨʝʜʧʦʯʪʝʥʠʝ ʯʘʩʪʦ ʦʪʜʘʶʪ ʙʝʩʩʝʪʦʯʥʳʤ ʯʠʩʣʝʥʥʳʤ ʘʣʛʦʨʠʪʤʘʤ, 

ʦʩʥʦʚʘʥʥʳʤ ʥʘ ʤʝʪʦʜʝ ʩʛʣʘʞʝʥʥʳʭ ʯʘʩʪʠʮ (ʄʉʏ) [1]. ʅʘʤʠ ʨʘʟʨʘʙʦʪʘʥ 

ʩʦʙʩʪʚʝʥʥʳʡ ʧʘʨʘʣʣʝʣʴʥʳʡ ʘʣʛʦʨʠʪʤ ʄʉʏ, ʠʩʧʦʣʴʟʫʶʱʠʡ ʛʨʘʬʠʯʝʩʢʠʝ 

ʧʨʦʮʝʩʩʦʨʳ (GPU) ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠ ʩ ʵʣʝʤʝʥʪʘʤʠ, 

ʟʘʪʨʫʜʥʷʶʱʠʤʠ ʧʨʠʤʝʥʝʥʠʝ ʦʙʳʯʥʳʭ ʩʝʪʦʯʥʳʭ ʤʝʪʦʜʦʚ (ʦʯʝʥʴ ʫʟʢʠʝ ʱʝʣʠ, 
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ʚʨʘʱʘʶʱʠʝʩʷ ʠ ʢʦʥʪʘʢʪʠʨʫʶʱʠʝ ʜʠʩʢʠ ʠ ʪ. ʜ.). ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ʦʩʥʦʚʘʥʘ ʥʘ ʫʨʘʚʥʝʥʠʷʭ ʛʠʜʨʦʜʠʥʘʤʠʢʠ, ʦʧʠʩʳʚʘʶʱʠʭ ʜʚʠʞʝʥʠʝ ʚʷʟʢʦʡ 

ʥʝʩʞʠʤʘʝʤʦʡ ʞʠʜʢʦʩʪʠ. ʈʘʟʥʦʩʪʥʳʡ ʘʥʘʣʦʛ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ 

ʩʦʭʨʘʥʝʥʠʷ ʤʘʩʩʳ ʠ ʢʦʣʠʯʝʩʪʚʘ ʜʚʠʞʝʥʠʷ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

” ὧέὲίὸ 

○░ В ά   ὡɳ Ὂ, 

ὖ = ”ὫὬ Ὤ 

ʛʜʝ ” ï ʧʣʦʪʥʦʩʪʴ, ὺ ï ʩʢʦʨʦʩʪʴ i-ʪʦʡ ʯʘʩʪʠʮʳ, ά  ï ʤʘʩʩʘ j-ʪʦʡ 

ʯʘʩʪʠʮʳ, ὴ ï ʜʘʚʣʝʥʠʝ,    ï ʯʣʝʥ, ʤʦʜʝʣʠʨʫʶʱʠʡ ʠʩʢʫʩʩʪʚʝʥʥʫʶ ʚʷʟʢʦʩʪʴ, ʠ Ὤ 

ï ʚʳʩʦʪʘ ʩʪʦʣʙʘ ʞʠʜʢʦʩʪʠ. 

 ɼʣʷ ʧʨʦʚʝʨʢʠ 

ʘʣʛʦʨʠʪʤʘ ʥʘʤʠ ʧʨʦʚʝʜʝʥʳ ʨʘʩʯʝʪʳ 

ʢʨʫʪʷʱʝʛʦ ʤʦʤʝʥʪʘ ʠ ʧʦʣʷ 

ʩʢʦʨʦʩʪʠ ʞʠʜʢʦʩʪʠ ʚ ʟʫʙʯʘʪʦʡ 

ʢʦʨʦʙʢʝ ʧʝʨʝʜʘʯ ʩ ʰʝʩʪʝʨʥʷʤʠ, 

ʯʘʩʪʠʯʥʦ ʧʦʛʨʫʞʝʥʥʳʤʠ ʚ 

ʤʦʪʦʨʥʦʝ ʤʘʩʣʦ. ʈʘʩʯʝʪʳ 

ʧʨʦʚʝʜʝʥʳ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʦʚ 

ʨʘʙʦʪʳ ʟʫʙʯʘʪʦʡ ʧʝʨʝʜʘʯʠ 

(ʣʠʥʝʡʥʘʷ ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʦʪ 0 

ʜʦ 38 ʤ/ʩ). ʅʘ ʈʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʩʨʘʚʥʝʥʠʝ ʢʨʫʪʷʱʝʛʦ ʤʦʤʝʥʪʘ 

ʩʠʩʪʝʤʳ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʜʘʥʥʳʤʠ, ʘ ʪʘʢʞʝ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ [2]. ʀʟ ʈʠʩ. 1 ʚʠʜʥʦ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʠ 

ʢʘʯʝʩʪʚʝʥʥʦʝ ʩʦʛʣʘʩʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʥʘʰʠʭ ʨʘʩʯʝʪʦʚ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʜʘʥʥʳʤʠ ʠ ʨʘʩʯʝʪʘʤʠ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ. ʈʘʩʯʝʪʥʳʝ ʧʦʣʷ ʩʢʦʨʦʩʪʠ ʞʠʜʢʦʩʪʠ ʧʦʩʣʝ 

ʚʳʭʦʜʘ ʩʠʩʪʝʤʳ ʥʘ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʳʡ ʨʝʞʠʤ ʪʘʢʞʝ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ 

ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʩʯʝʪʦʚ ʧʦ ʤʝʪʦʜʫ ʢʦʥʝʯʥʳʭ ʦʙʲʝʤʦʚ [2]. 
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ʈʠʩ. 1 ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʳʭ 

ʨʘʩʯʝʪʦʚ ʢʨʫʪʷʱʝʛʦ ʤʦʤʝʥʪʘ ʩʠʩʪʝʤʳ  




































































































































