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VOLUME PLASMON -POLARITONS IN HYPERBOLIC MEDIA  
 

We discuss properties of volume plasmon-polaritons in hyperbolic metamaterials 

and applications for sub-diffraction photolithography and flat lenses.  

 

ʆʧʪʠʯʝʩʢʠʝ ʤʝʪʘʤʘʪʝʨʠʘʣʳ ʩ ʛʠʧʝʨʙʦʣʠʯʝʩʢʦʡ ʜʠʩʧʝʨʩʠʝʡ 

ʦʙʝʩʧʝʯʠʚʘʶʪ ʤʥʦʞʝʩʪʚʦ ʧʨʠʤʝʥʝʥʠʡ, ʚʢʣʶʯʘʷ ʧʝʨʝʥʦʩ ʠʟʦʙʨʘʞʝʥʠʷ 

ʩʫʙʚʦʣʥʦʚʦʛʦ ʨʘʟʤʝʨʘ ʚ ʜʘʣʴʥʝʝ ʧʦʣʝ, ʥʘʥʦ-ʬʦʪʦʣʠʪʦʛʨʘʬʠʶ ʠ 

ʫʚʝʣʠʯʝʥʠʝ ʨʘʜʠʘʮʠʦʥʥʦʡ ʢʦʥʩʪʘʥʪʳ ʠʟʣʫʯʘʪʝʣʝʡ ʟʘ ʩʯʪy ʵʬʬʝʢʪʘ 

ʇʘʨʩʝʣʣʘ. ɺʦʣʥʦʚʦʡ ʚʝʢʪʦʨ ʧʣʦʩʢʦʡ ʚʦʣʥʳ ʚ ʵʪʠʭ ʩʨʝʜʘʭ ʩʣʝʜʫʝʪ ʧʦ 

ʧʦʚʝʨʭʥʦʩʪʠ ʛʠʧʝʨʙʦʣʦʠʜʘ ʚ ʦʪʣʠʯʠʝ ʦʪ ʵʣʣʠʧʩʦʠʜʘ ʜʣʷ ʦʙʳʯʥʦʛʦ 

ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʜʠʵʣʝʢʪʨʠʢʘ. ʇʦʩʣʝʜʩʪʚʠʷ ʛʠʧʝʨʙʦʣʠʯʝʩʢʦʡ ʜʠʩʧʝʨʩʠʠ 

ʙʳʣʠ ʚʧʝʨʚʳʝ ʠʟʫʯʝʥʳ ʚ 50-ʭ ʛʦʜʘʭ ʚ ʩʚʷʟʠ ʩ ʧʨʦʙʣʝʤʘʤʠ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ ʚ ʠʦʥʦʩʬʝʨʝ ɿʝʤʣʠ ʠ ʚ ʩʣʦʠʩʪʳʭ 

ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʣʠʥʠʡ ʩʚʷʟʠ. ʇʦʩʣʝʜʥʠʝ ʛʦʜʳ ʧʨʠʚʝʣʠ ʢ ʨʦʩʪʫ 

ʨʘʙʦʪ ʧʦ ʧʨʠʤʝʥʝʥʠʶ ʛʠʧʝʨʙʦʣʠʯʝʩʢʠʭ ʩʨʝʜ ʥʘ ʦʩʥʦʚʝ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ ʚ 

ʦʧʪʠʢʝ ʠ ʬʦʪʦʥʠʢʝ ʚʦ ʚʩʤy ʦʧʪʠʯʝʩʢʦʤ ʩʧʝʢʪʨʝ (ʩʤ. ʦʙʟʦʨ [1]).  

ɺʥʫʪʨʠ ʛʠʧʝʨʙʦʣʠʯʝʩʢʦʡ ʩʨʝʜʳ ʛʣʘʚʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠʤʝʶʪ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʝ ʟʥʘʢʠ, 

ʟʘʩʪʘʚʣʷʶʱʠʝ ʩʨʝʜʫ ʧʨʦʷʚʣʷʪʴ çʤʝʪʘʣʣʠʯʝʩʢʠʡè ʪʠʧ ʦʪʢʣʠʢʘ ʥʘ ʩʚʝʪʦʚʳʝ 

ʚʦʣʥʳ ʚ ʦʜʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʠ çʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡè ʦʪʢʣʠʢ ʚ ʜʨʫʛʦʤ. ʅʘʰʠ 

ʠʩʩʣʝʜʦʚʘʥʠʷ [2] ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʚʥʫʪʨʠ ʛʠʧʝʨʙʦʣʠʯʝʩʢʠʭ ʩʨʝʜ ʦʙʲyʤʥʳʝ 

ʧʣʘʟʤʦʥ-ʧʦʣʷʨʠʪʦʥʳ (ʆʇʇ) ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʚʜʦʣʴ ʭʘʨʘʢʪʝʨʥʳʭ 

ʥʘʧʨʘʚʣʝʥʠʡ, ʭʦʪʷ ʠ ʧʝʨʝʩʝʢʘʶʪ ʛʨʘʥʠʮʳ ʩʦʩʪʘʚʣʷʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʆʇʇ ʦʙʨʘʟʫʶʪ ʣʦʢʘʣʠʟʦʚʘʥʥʳʝ, ʟʘʚʠʩʷʱʠʝ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʝ 

ʦʪʢʣʠʢʠ. ʕʪʦ ʦʯʝʥʴ ʧʦʭʦʞʝ ʥʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʦʙʳʯʥʳʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ 
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ʧʣʘʟʤʦʥ-ʧʦʣʷʨʠʪʦʥʦʚ (ʇʇʇ) ʚʜʦʣʴ ʧʣʦʩʢʠʭ ʛʨʘʥʠʮ, ʨʘʟʜʝʣʷʶʱʠʭ 

ʠʟʦʪʨʦʧʥʳʝ ʜʠɻ ʣʝʢʪʨʠʢʠ ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ.  

ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚʢʣʶʯʘʝʪ ʦʩʚʝʱʝʥʠʝ ʜʚʦʡʥʦʡ 

ʱʝʣʠ, ʬʨʝʟʝʨʦʚʘʥʥʦʡ ʚ ʭʨʦʤʦʚʦʡ ʧʣʥyʢʝ ʧʫʯʢʦʤ Ga. ʀʟʦʙʨʘʞʝʥʠʝ 

ʜʚʦʡʥʦʡ ʱʝʣʠ ʩ ʩʝʨʝʙʨʷʥʦ-ʢʨʝʤʥʝʟʝʤʠʩʪʦʡ ʩʣʦʠʩʪʦʡ ʧʣʘʩʪʠʥʦʡ 

ʛʠʧʝʨʙʦʣʠʯʝʩʢʦʛʦ ʤʝʪʘʤʘʪʝʨʠʘʣʘ (ɻʄʄ), ʢʦʥʪʘʢʪʠʨʫʶʱʝʡ ʩʦ ʩʣʦʝʤ 

ʬʦʪʦʨʝʟʠʩʪʘ. ʈʝʟʫʣʴʪʘʪʳ ʧʝʨʝʥʦʩʘ ʠʟʦʙʨʘʞʝʥʠʷ ʜʚʦʡʥʦʡ ʱʝʣʠ ɻʄʄ 

ʩʨʘʚʥʠʚʘʶʪʩʷ ʩ ʵʪʘʣʦʥʥʦʡ ʧʣʘʩʪʠʥʦʡ ʢʨʝʤʥʝʟʝʤʘ, ʢʦʥʪʘʢʪʠʨʫʶʱʝʡ ʩʦ 

ʩʣʦʝʤ ʬʦʪʦʨʝʟʠʩʪʘ. ʉʫʙ-ʜʠʬʨʘʢʮʠʦʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʚ ʬʦʪʦʨʝʟʠʩʪʝ 

ʠʟʤʝʨʷʣʦʩʴ ʘʪʦʤʥʦ-ʩʠʣʦʚʳʤ ʤʠʢʨʦʩʢʦʧʦʤ (ɸʉʄ). ʇʨʦʬʠʣʠ ʛʣʫʙʠʥʳ, 

ʧʦʣʫʯʝʥʳ ɸʉʄ-ʩʢʘʥʠʨʦʚʘʥʠʝʤ ʚ ʬʦʪʦʨʝʟʠʩʪʝ ʜʣʷ ʩʝʨʝʙʨʠʩʪʦ-

ʢʨʝʤʥʝʟʝʤʠʩʪʦʛʦ ʧʣʘʩʪʠʥʯʘʪʦʛʦ ʦʙʨʘʟʮʘ ɻʄʄ, ʠʤʝʶʱʝʛʦ ʪʨʠ ʨʘʟʣʠʯʥʳʝ 

ʛʣʫʙʠʥʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ʚʦʟʜʝʡʩʪʚʠʷ ʠʟʣʫʯʝʥʠʷ. ʌʘʢʪʠʯʝʩʢʘʷ 

ʛʣʫʙʠʥʘ ʜʣʷ ʦʙʨʘʟʮʘ ʩʣʦʷ ʢʨʝʤʥʝʟʤyʘ ʩʦʩʪʘʚʣʷʝʪ 112 ʥʤ.  

ʊʄ-ʧʦʣʷʨʠʟʘʮʠʷ ʦʙʲʤyʥʦʛʦ ʧʣʘʟʤʦʥ-ʧʦʣʷʨʠʪʦʥʘ ʚ ʦʜʥʦʦʩʥʦʡ ʩʨʝʜʝ 
Ů = diag(Ůo, Ůo, Ůe) ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʚʜʦʣʴ ʨʝʟʦʥʘʥʩʥʦʛʦ ʢʦʥʫʩʘ, ʤʝʞʜʫ 

ʥʘʧʨʘʚʣʝʥʠʷʤʠ ʩ ReŮ(ɗc) > 0 ʠ ReŮ(ɗc) < 0. ɼʚʫʭʱʝʣʝʚʘʷ ʩʭʝʤʘ ʖʥʛʘ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʠʟʫʯʝʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʦʛʨʘʥʠʯʝʥʥʦʡ ʜʠʬʨʘʢʮʠʠ ʚ 

ʛʠʧʝʨʙʦʣʠʯʝʩʢʦʡ ʧʣʘʩʪʠʥʝ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʤʥʦʞʝʩʪʚʘ ʪʦʥʢʠʭ ʧʣʦʩʢʠʭ 

ʩʣʦyʚ ʤʝʪʘʣʣʘ ʠ ʜʠʵʣʝʢʪʨʠʢʘ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʡ ʢʘʨʪʠʥʳ 

ʩʫʙʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʆʇʇ ʥʘ ʚʳʭʦʜʥʦʡ ʛʨʘʥʠʮʝ ʧʣʘʩʪʠʥʳ ʠ ʨʝʟʠʩʪʘ. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʧʨʠʤʝʥʠʤʦʩʪʴ ʪʘʢʠʭ ʩʠʩʪʝʤ ʚ 

ʥʘʥʦʣʠʪʦʛʨʘʬʠʠ. 

ɸʉʄ-ʩʢʘʥʳ ʫʩʨʝʜʥʷʣʠʩʴ ʧʦ ʱʝʣʷʤ ʜʣʷ ʩʝʨʝʙʨʠʩʪʦ-ʢʨʝʤʥʝʟʤyʠʩʪʦʛʦ 

ʧʣʘʩʪʠʥʯʘʪʦʛʦ ʦʙʨʘʟʮʘ ʄʄ, ʦʪʣʦʞʝʥʥʦʛʦ ʚ ʪʝʯʝʥʠʝ ʨʘʟʥʦʛʦ ʚʨʝʤʝʥʠ  

ʦʪ 8 ʜʦ 10 ʤʠʥʫʪ. ʂʦʛʜʘ ʛʣʫʙʠʥʘ ʧʨʦʬʠʣʷ ʚ ʬʦʪʦʨʝʟʠʩʪʦʨʝ ʩʦʩʪʘʚʣʷʝʪ 

15 ʥʤ, ʧʦʣʥʘʷ ʰʠʨʠʥʘ ʥʘ ʧʦʣʫʚʳʩʦʪʝ (ʇʐʇ) ʩʦʩʪʘʚʣʷʝʪ 83 ʥʤ. ɹʦʣʝʝ 

ʜʣʠʪʝʣʴʥʦʝ ʚʨʝʤʷ ʵʢʩʧʦʟʠʮʠʠ ʧʨʠʚʝʣʦ ʢ ʙʦʣʝʝ ʛʣʫʙʦʢʦʤʫ ʠ ʙʦʣʝʝ 

ʠhʨʦʢʦʤʫ ʧʨʦʬʠʣʶ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʛʣʫʙʠʥʳ ʟʘʧʠʩʠ 35 ʠ 42 ʥʤ 

ʟʥʘʯʝʥʠʷ ʇʐʇ ʩʦʩʪʘʚʣʷʶʪ 105 ʠ 135 ʥʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʘʰʠ 

ʨʝʟʫʣʴʪʘʪʳ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʧʣʦʩʢʠʝ ʤʝʪʘʣʣʦʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ 

ʧʣʘʩʪʠʥʯʘʪʳʝ ʩʪʨʫʢʪʫʨʳ ʩʧʦʩʦʙʥʳ ʬʦʨʤʠʨʦʚʘʪʴ ʩʫʙʚʦʣʥʦʚʦʝ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʝ ʧʷʪʥʦ ʦʪ ʜʠʬʨʘʢʮʠʠ ʥʘ ʜʚʫʭ ʱʝʣʷʭ. ʇʦ ʤʝʨʝ 

ʫʚʝʣʠʯʝʥʠʷ ʛʣʫʙʠʥʳ ʧʨʦʥʠʢʥʦʚʝʥʠʷ (ʚʨʝʤʝʥʠ ʵʢʩʧʦʟʠʮʠʠ) ʢʦʥʪʨʘʩʪʥʦʩʪʴ 

ʩʪʘʥʦʚʠʪʩʷ ʣʫʯʰʝ, ʘ ʇʐʇ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʴʰʝ. ɽʩʣʠ ʙʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʧʨʦʬʠʣʴ ʙʳʣ ʵʢʩʪʨʘʧʦʣʠʨʦʚʘʥ ʥʘ ʝʱ y ʤʝʥʴʰʫʶ 

ʛʣʫʙʠʥʫ, ʙʦʢʦʚʳʝ ʧʠʢʠ ʫʚʝʣʠʯʠʣʠʩʴ ʙʳ, ʘ ʮʝʥʪʨʘʣʥɹʳʡ ʧʠʢ ʩʪʘʣ ʙʳ ʫʞʝ, 

ʧʨʠʙʣʠʞʘʷʩʴ ʢ ʤʦʜʝʣʠʨʫʝʤʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʚʙʣʠʟʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʩʦʧʨʦʪʠʚʣʝʥʠʷ. ʇʐʇ ʮʝʥʪʨʘʣʴʥʳʭ ʧʠʢʦʚ ʩʪʨʫʢʪʫʨʳ ɻʄʄ ʠ 
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ʦʜʥʦʛʦ ʩʣʦʷ ʩʦʩʪʘʚʣʷʶʪ 45 ʠ 514 ʥʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʁ ʪʩʷ ʩ ʥʘʰʠʤʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ.  

ɸʚʪʦʨʘʤʠ [3] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʠʩʪʝʤʘ ʠʟ ʜʚʫʭ ʨʘʟʥʳʭ ʛʠʧʝʨʙʦʣʠʯʝʩʢʠʭ 

ʩʨʝʜ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʢʘʢ ʧʣʦʩʢʘ ̫ʣʠʥʟʘ ʜʣʷ ʧʨʷʤʦʛʦ ʧʝʨʝʥʦʩʘ 

ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʩʧʝʢʪʨʘ. ʇʨʝʜʣʦʞʝʥʥʘʷ ʣʠʥʟʘ ʩʦʩʪʦʠʪ 

ʠʟ ʜʚʫʭ ʘʥʠʟʦʪʨʦʧʥʳʭ ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ: ʤʝʪʘʣʣʦʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ 

ʤʥʦʛʦʩʣʦʡʥʳʡ ʠ ʧʨʦʚʦʣʦʯʥʳʡ ʤʝʪʘʤʘʪʝʨʠʘʣ. ɸʥʘʣʠʪʠʯʝʩʢʠʝ ʠ ʯʠʩʣʝʥʥʳʝ 

ʨʘʩʯʪyʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʠʟʣʫʯʝʥʠʝ ʪʦʯʝʯʥʦʛʦ ʜʠʧʦʣʷ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʣʠʥʟʳ, ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʚʜʦʣʴ ʫʟʢʦʛʦ ʢʦʥʫʩʘ ʚʜʦʣʴ 

ʥʘʧʨʘʚʣʝʥʠʷ n, ʛʜʝ ReŮ(ɤ, n) = 0. ʌʦʨʤʠʨʦʚʘʥʠʝ ʠʟʦʙʨʘʞʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ 

ʙʣʘʛʦʜʘʨʷ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʨʝʬʨʘʢʮʠʠ ʥʘ ʛʨʘʥʠʮʝ ʜʚʫʭ ʯʘʩʪʝʡ ʣʠʥʟʳ. 

ʆʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʘʷ ʧʨʦʟʨʘʯʥʦʩʪʴ ʣʠʥʟʳ (13 %) ʜʦʩʪʠʛʘʝʪʩʷ 

ʩʦʛʣʘʩʦʚʘʥʠʝʤ ʠʤʧʝʜʘʥʩʦʚ ʜʚʫʭ ʯʘʩʪʝʡ. ʅʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʣʠʥʟʳ 

ʬʦʨʤʠʨʫʝʪʩʷ ʠʟʦʙʨʘʞʝʥʠʝ ʨʘʟʤʝʨʦʤ 50 ʥʤ ʧʨʠ ʜʣʠʥʝ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ 

ɚ = 670 ʥʤ. 
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ʇɽʈʀʆɼʀʏɽʉʂʀ ʇʆʃʗʈʀɿʆɺɸʅʅʓɽ ʂʈʀʉʊɸʃʃʓ  

ʀ ʊʆʅʂʀɽ ʇʃɪʅʂʀ ʉɽɻʅɽʊʆʕʃɽʂʊʈʀʂʆɺ  

ɼʃʗ ʇʈɽʆɹʈɸɿʆɺɸʅʀʗ ʏɸʉʊʆʊʓ ʉɺɽʊɸ 

ʀ ɼʀʌʈɸʂʎʀʆʅʅʓʍ ʆʇʊʀʏɽʉʂʀʍ ʕʃɽʄɽʅʊʆɺ 
 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʧʦʩʣʝʜʥʠʝ ʜʦʩʪʠʞʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʩʦʟʜʘʥʠʷ ʧʨʝʮʠʟʠʦʥʥʳʭ 

ʩʪʘʙʠʣʴʥʳʭ ʜʦʤʝʥʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʠ ʪʦʥʢʠʭ ʧʣʸʥʢʘʭ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ: ʥʠʦʙʘʪʘ ʣʠʪʠʷ, ʪʘʥʪʘʣʘʪʘ ʣʠʪʠʷ ʠ ʪʠʪʘʥʠʣ-ʬʦʩʬʘʪʘ ʢʘʣʠʷ, ʜʣʷ 

ʨʝʘʣʠʟʘʮʠʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʩʚʝʪʘ ʠ ʛʝʥʝʨʘʮʠʠ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ. 

ʊʘʢʞʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʩʦʟʜʘʥʠʶ ʫʧʨʘʚʣʷʝʤʳʭ ʜʠʬʨʘʢʮʠʦʥʥʳʭ 

ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʥʘ ʦʩʥʦʚʝ ʥʠʦʙʘʪʘ ʣʠʪʠʷ ʩʦ ʩʪʘʙʠʣʴʥʦʡ ʜʦʤʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʦʡ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʢʦʛʝʨʝʥʪʥʳʤ ʠʟʣʫʯʝʥʠʝʤ. 
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PERIODICALLY POLED FERROELECTRIC CRYSTALS  

AND THIN FILMS FOR LIGHT FREQUENCY CONVERTION  

AND DIF FRACTION OPTICAL ELEMENTS  
 

We present the recent achievements in periodical poling in single crystals and thin 

films of lithium niobate, lithium tantalate and potassium titanyl phosphate for realization 

of the optical parametric oscillation and second harmonic generation. We present also 

the creation of diffraction optical elements based on lithium niobate with stable domain 

patterns for control of coherent light. 

 

ʉʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʨʠʩʪʘʣʣʳ ʩ ʧʨʝʮʠʟʠʦʥʥʳʤʠ ʨʝʛʫʣʷʨʥʳʤʠ 

ʜʦʤʝʥʥʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ (ʈɼʉ) ʩ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴʶ ʧʝʨʠʦʜʘ ʜʦ 10 ʥʤ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʥʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʯʘʩʪʦʪʳ 

ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʚʢʣʶʯʘʶʱʠʭ ʛʝʥʝʨʘʮʠʶ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ (ɻɺɻ) ʠ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʫʶ ʛʝʥʝʨʘʮʠʶ ʩʚʝʪʘ (ʇɻʉ), ʟʘ ʩʯʪy ʨʝʘʣʠʟʘʮʠʠ ʚ ʥʠʭ 
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ʫʩʣʦʚʠʡ ʬʘʟʦʚʦʛʦ ʢʚʘʟʠʩʠʥʭʨʦʥʠʟʤʘ. ɼʣʷ ʩʦʟʜʘʥʠʷ ʧʨʝʮʠʟʠʦʥʥʳʭ ʈɼʉ 

ʥʝʦʙʭʦʜʠʤʦ ʜʝʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʵʚʦʣʶʮʠʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ. ʀʩʩʣʝʜʦʚʘʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʩʘʤʦʦʨʛʘʥʠʟʦʚʘʥʥʳʭ ʧʦʣʦʩʦʚʳʭ ʜʦʤʝʥʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʥʠʦʙʘʪʝ ʣʠʪʠʷ ʩ 

ʧʦʚʝʨʭʥʦʩʪʥʳʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤ ʩʣʦʝʤ ʥʘ ʧʦʣʷʨʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʨʠ 

ʩʦʟʜʘʥʠʠ ʩʣʦʷ ʤʝʪʦʜʦʤ ʤʷʛʢʦʛʦ ʧʨʦʪʦʥʥʦʛʦ ʦʙʤʝʥʘ ʠ ʧʨʠ ʥʘʥʝʩʝʥʠʠ ʩʣʦʷ 

ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʦʙʥʘʨʫʞʝʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʠ ʘʥʠʟʦʪʨʦʧʥʳʡ ʨʦʩʪ 

ʧʦʣʦʩʦʚʳʭ ʜʦʤʝʥʦʚ ʩʫʙʤʠʢʨʦʥʥʦʡ ʰʠʨʠʥʳ. ɼʣʠʥʘ ʧʦʣʦʩʦʚʳʭ ʜʦʤʝʥʦʚ 

ʩʦʩʪʘʚʣʷʝʪ ʜʝʩʷʪʢʠ ʤʠʢʨʦʥ. ʀʟʤʝʥʝʥʠʝ ʧʦʣʷ ʠ ʪʦʣʱʠʥʳ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʟʘʟʦʨʘ ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʥʷʪʴ ʧʝʨʠʦʜ ʩʪʨʫʢʪʫʨʳ ʦʪ 200 ʥʤ ʜʦ 1 ʤʢʤ ʠ ʰʠʨʠʥʫ 

ʧʦʣʦʩʦʚʳʭ ʜʦʤʝʥʦʚ ʦʪ 80 ʜʦ 400 ʥʤ.  

ʇʨʦʚʝʜʝʥʦ ʜʝʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʵʚʦʣʶʮʠʠ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ 

ʚʦʟʤʦʞʥʦʩʪʝʡ ʩʦʟʜʘʥʠʷ ʈɼʉ ʚ ʥʦʚʦʤ ʢʣʘʩʩʝ ʤʘʪʝʨʠʘʣʦʚ ï ʪʦʥʢʠʭ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʸʥʢʘʭ  ʥʠʦʙʘʪʘ ʣʠʪʠʷ ʥʘ ʠʟʦʣʠʨʫʶʱʝʤ ʩʣʦʝ SiO2 

(LNOI). ʀʩʢʣʶʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʢ LNOI ʦʙʫʩʣʦʚʣʝʥ ʚʦʟʤʦʞʥʦʩʪʴʶ 

ʧʨʠʤʝʥʝʥʠʷ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʢʚʘʥʪʦʚʦʡ ʬʦʪʦʥʠʢʠ ʠ ʥʝʣʠʥʝʡʥʦʡ ʦʧʪʠʢʠ. 

ʇʝʨʝʢʣʶʯʝʥʠʝ ʧʦʣʷʨʠʟʘʮʠʠ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʧʨʦʚʦʜʷʱʝʛʦ 

ʟʦʥʜʘ ʩʢʘʥʠʨʫʶʱʝʛʦ ʟʦʥʜʦʚʦʛʦ ʤʠʢʨʦʩʢʦʧʘ. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ 

ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʈɼʉ ʩ ʧʝʨʠʦʜʦʤ ʤʝʥʝʝ 200 ʥʤ [1, 2]. 

ʉʦʟʜʘʥʠʝ ʚʝʝʨʥʳʭ ʜʦʤʝʥʥʳʝ ʩʪʨʫʢʪʫʨ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ MgO:LN 

ʪʦʣʱʠʥʦʡ 1 ʤʤ ʧʦʟʚʦʣʠʣʦ ʧʦʣʫʯʠʪʴ ʇɻʉ ʩ ʰʠʨʦʢʦʡ ʧʝʨʝʩʪʨʦʡʢʦʡ 

ʭʦʣʦʩʪʦʡ ʚʦʣʥʳ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 2,5 ʜʦ 4,5 ʤʢʤ ʧʨʠ ʥʘʢʘʯʢʝ ʣʘʟʝʨʦʤ 

1,053 ʤʢʤ. ɺ ʢʨʠʩʪʘʣʣʘʭ ʪʠʪʘʥʠʣ-ʬʦʩʬʘʪʘ ʢʘʣʠʷ (ʂʊʈ) ʩʦʟʜʘʥʘ ʈɼʉ ʩ 

ʧʝʨʠʦʜʦʤ 40 ʤʢʤ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʇɻʉ ʩ ʭʦʣʦʩʪʦʡ ʚʦʣʥʦʡ 2,4 ʤʢʤ. 

ʉʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʜʦʤʝʥʳ ʩ ʨʘʟʣʠʯʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʩʧʦʥʪʘʥʥʦʡ 

ʧʦʣʷʨʠʟʘʮʠʠ ʦʙʣʘʜʘʶʪ ʪʘʢʞʝ ʨʘʟʣʠʯʥʳʤ ʟʥʘʢʦʤ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʥʘ ʠʭ ʦʩʥʦʚʝ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʝ 

ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ (ɼʆʕ) [3]. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ 

ʚʦʟʤʦʞʥʦʩʪʴ ʥʝʧʨʝʨʳʚʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ 

ɼʆʕ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚʨʝʤʷ ʦʢʣʠʢʘ ɼʆʕ ʩʦʩʪʘʚʣʷʝʪ ʤʝʥʝʝ 0,1 ʤʩ. ʅʘ ʦʩʥʦʚʝ 

ʢʨʠʩʪʘʣʣʦʚ ʥʠʦʙʘʪʘ ʣʠʪʠʷ ʩʦ ʩʪʘʙʠʣʴʥʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʩʣʦʞʥʦʡ 

ʛʝʦʤʝʪʨʠʠ ʠʟʛʦʪʦʚʣʝʥʳ ɼʆʕ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʤʦʜʦʚʳʤ ʩʦʩʪʘʚʦʤ 

ʠʟʣʫʯʝʥʠʷ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʬʦʨʤʠʨʦʚʘʪʴ ʤʦʜʫ ɻʘʫʩʩʘ-ʕʨʤʠʪʘ (1,0), ʘ 

ʪʘʢʞʝ ʚ ʤʦʜʫ ʩ ʦʨʙʠʪʘʣʴʥʳʤ ʫʛʣʦʚʳʤ ʤʦʤʝʥʪʦʤ ʧʨʠ ʦʩʚʝʱʝʥʠʠ 

ʛʘʫʩʩʦʚʳʤ ʧʫʯʢʦʤ. 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨ  r
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1ʉʢʦʣʢʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪ ʥʘʫʢʠ ʠ ʪʝʭʥʦʣʦʛʠʡ 
2ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ  

(ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ), ɼʦʣʛʦʧʨʫʜʥʳʡ 
 

ɻʆʄʆɻɽʅʀɿɸʎʀʗ ʄʀ-ʈɽɿʆʅɸʅʉʅʓʍ ʄɽʊɸʄɸʊɽʈʀɸʃʆɺ 
 

ʇʝʨʠʦʜʠʯʝʩʢʠ ʤʦʜʫʣʠʨʦʚʘʥʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʩʨʝʜʳ ʚ ʧʨʝʜʝʣʝ ʙʦʣʴʰʦʡ ʜʣʠʥʳ 

ʚʦʣʥʳ ʩʚʝʪʘ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʠʩʢʫʩʩʪʚʝʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʠʣʠ 

ʤʝʪʘʤʘʪʝʨʠʘʣʳ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʧʨʠʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩʧʝʮʠʘʣʴʥʦ 

ʩʧʨʦʝʢʪʠʨʦʚʘʥʥʳʝ ʤʝʪʘʤʘʪʝʨʠʘʣʳ ʯʘʩʪʦ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʟʥʘʯʠʪʝʣʴʥʫʶ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʜʠʩʧʝʨʩʠʶ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʩʰʠʨʷʝʪ ʦʙʣʘʩʪʴ ʚʦʟʤʦʞʥʳʭ 

ʧʨʠʤʝʥʝʥʠʡ. ɺ ʵʪʦʡ ʨʘʙʦʪʝ ʤʳ ʜʝʤʦʥʩʪʨʠʨʫʝʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʡ ʧʦʜʭʦʜ 

ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʚʦʟʙʫʞʜʝʥʠʠ ʚʳʥʫʞʜʝʥʥʳʭ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʢʦʣʝʙʘʥʠʡ ʠʥʞʝʢʪʠʨʫʝʤʳʤ ʪʦʢʦʤ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʤʥʦʛʠʭ ʜʨʫʛʠʭ 

ʪʝʭʥʠʢ ʚʳʯʠʩʣʝʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʥʘʰ ʤʝʪʦʜ ʣʝʛʦʢ ʚ 

ʨʝʘʣʠʟʘʮʠʠ, ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʦʙʣʘʩʪʴ ʧʨʠʤʝʥʠʤʦʩʪʠ ʤʦʜʝʣʠ ʵʬʬʝʢʪʠʚʥʦʡ ʩʨʝʜʳ 

ʠ ʠʤʝʝʪ ʧʦʪʝʥʮʠʘʣ ʨʘʟʚʠʪʠʷ ʜʣʷ ʫʯʪyʘ ʵʬʬʝʢʪʦʚ ʩʠʣʴʥʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ 

ʜʠʩʧʝʨʩʠʠ. 
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HOMOGENIZATION OF MIE -RESONANT METAMATERIALS  
 

Periodically modulated optical media in the long wavelength limit of light can be 

regarded as artificial materials or metamaterials. Unlike natural materials, specially 

designed metamaterials often exhibit significant spatial dispersion, which strongly 

expands the range of possible applications. In this work, we demonstrate a 

computational approach for homogenization of photonic crystals based on the excitation 

of forced electromagnetic oscillations by the injected current. Unlike many other 

techniques for calculating effective material parameters, our method is easy to 

implement, allows one to estimate the range of applicability of the effective medium 

approximation, and has the potential for development to take into account the effects of 

strong spatial dispersion. 

 

ʆʧʪʠʯʝʩʢʠʝ ʤʝʪʘʤʘʪʝʨʠʘʣʳ ʧʨʠʚʣʝʢʘʶʪ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ 

ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʫʞʝ ʚ ʪʝʯʝʥʠʝ ʧʦʩʣʝʜʥʠʭ ʜʚʘʜʮʘʪʠ ʣʝʪ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, 

ʠʜʝʷ ʨʝʘʣʠʟʘʮʠʠ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʧʦʤʦʱʠ ʧʣʦʪʥʳʭ 

ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʧʦʪʝʥʮʠʘʣʴʥʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʩʦʚʝʨʰʝʥʥʦ 

ʨʘʟʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦ ʟʘʧʨʦʩʫ. ʅʘʠʙʦʣʴʰʠʝ ʦʞʠʜʘʥʠʷ ʚ ʵʪʦʡ 

ʦʙʣʘʩʪʠ ʙʳʣʠ ʠʟʥʘʯʘʣʴʥʦ ʩʚʷʟʘʥʳ ʩ ʨʘʟʨʘʙʦʪʢʦʡ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ, 
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ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʥʝʜʦʩʪʠʞʠʤʳʝ ʚ ʧʨʠʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʩʚʦʡʩʪʚʘ. 

ʆʛʨʦʤʥʳʝ ʫʩʠʣʠʷ ʙʳʣʠ ʧʨʠʣʦʞʝʥʳ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʘʥʪʠʠ-ʥʝʚʠʜʠʤʢʠ, 

ʛʠʧʝʨʙʦʣʠʯʝʩʢʠʭ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ [1, 2], ʣʝʚʳʭ ʤʘʪʝʨʠʘʣʦʚ [3] ʠ ʤʥʦʛʠʭ 

ʜʨʫʛʠʭ ʠʥʪʝʨʝʩʥʳʭ ʩʪʨʫʢʪʫʨ. ʂ ʩʦʞʘʣʝʥʠʶ, ʙʦʣʴʰʠʥʩʪʚʦ ʵʪʠʭ 

ʘʤʙʠʮʠʦʟʥʳʭ ʧʨʦʝʢʪʦʚ ʪʨʝʙʫʶʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʣʘʟʤʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʢʦʪʦʨʳʝ ʥʘ ʧʨʘʢʪʠʢʝ ʟʥʘʯʠʪʝʣʴʥʦ ʫʭʫʜʰʘʶʪ ʪʝʦʨʝʪʠʯʝʩʢʠ ʧʨʝʜʩʢʘʟʘʥʥʳʝ 

ʵʬʬʝʢʪʳ ʠʟ-ʟʘ ɼʞʦʫʣʝʚʳʭ ʧʦʪʝʨʴ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʠ ʩʝʡʯʘʩ ʩʫʱʝʩʪʚʫʝʪ 

ʦʛʨʦʤʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʩʪʨʫʢʪʫʨ, ʢʦʪʦʨʳʝ ʝʱ y ʪʦʣʴʢʦ 

ʧʨʝʜʩʪʦʠʪ ʜʝʪʘʣʴʥʦ ʠʟʫʯʠʪʴ. ʂ ʥʠʤ ʦʪʥʦʩʷʪʩʷ, ʥʘʧʨʠʤʝʨ, ʧʦʣʥʦʩʪʴʶ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʤʝʪʘʤʘʪʝʨʠʘʣʳ, ʧʦʜʜʝʨʞʠʚʘʶʱʠʝ ʨʝʟʦʥʘʥʩʳ ʄʠ. 

ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʩʫʱʝʩʪʚʫʝʪ ʙʦʣʴʰʘʷ ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʫʥʠʚʝʨʩʘʣʴʥʦʤ ʠ 

ʥʘʜyʞʥʦʤ ʚʳʯʠʩʣʠʪʝʣʴʥʦʤ ʧʦʜʭʦʜʝ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ ʙʳʣʦ ʙʳ ʧʨʠʤʝʥʠʪʴ 

ʠʣʠ ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʨʘʩʰʠʨʠʪʴ ʜʣʷ ʣʶʙʦʛʦ ʩʣʦʞʥʦʛʦ 

ʤʝʪʘʤʘʪʝʨʠʘʣʘ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʜʦʣʞʝʥ ʙʳʪʴ ʦʩʥʦʚʘʥ ʥʘ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʤ 

ʨʘʩʩʤʦʪʨʝʥʠʠ ʛʦʤʦʛʝʥʠʟʠʨʦʚʘʥʥʦʛʦ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʦʙʝʩʧʝʯʠʚʘʪʴ 

ʢʘʢ ʨʘʩʯʪy ʜʠʩʧʝʨʩʠʠ ʚʦʣʥ ʚ ʦʙʲʤyʥʦʡ ʩʨʝʜʝ, ʪʘʢ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ, ʦʙʣʘʜʘʪʴ ʯʪyʢʠʤ ʢʨʠʪʝʨʠʝʤ ʝʛʦ ʧʨʠʤʝʥʠʤʦʩʪʠ. ʂ 

ʩʦʞʘʣʝʥʠʶ, ʥʝ ʚʩʝ ʩʫʱʝʩʪʚʫʶʱʠʝ ʧʦʜʭʦʜʳ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʵʪʠʤ 

ʪʨʝʙʦʚʘʥʠʷʤ. ʅʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʝ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠʝ ʧʦʜʭʦʜʳ, ʪʘʢʠʝ 

ʢʘʢ ʧʦʜʭʦʜ ʅʠʢʦʣʩʦʥʘ-ʈʦʩʩʘ-ɺʝʡʨʘ, ʯʘʩʪʦ ʦʰʠʙʦʯʥʦ ʧʨʠʤʝʥʷʶʪʩʷ ʢ 

ʥʝʧʦʜʭʦʜʷʱʠʤ ʩʠʩʪʝʤʘʤ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʝʬʠʟʠʯʝʩʢʠʤ ʠ ʥʝʚʝʨʥʳʤ 

ʨʝʟʫʣʴʪʘʪʘʤ. ɸʥʘʣʠʪʠʯʝʩʢʠʝ ʧʦʜʭʦʜʳ ʚ ʜʫʭʝ ʤʦʜʝʣʠ ʄʘʢʩʚʝʣʣʘ-ɻʘʨʥʝʪʪʘ 

ʦʛʨʘʥʠʯʝʥʳ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʤʠ ʠʣʠ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʤʠ ʧʨʝʜʝʣʘʤʠ. 

ʄʝʪʦʜʳ ʛʦʤʦʛʝʥʠʟʘʮʠʠ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʩʚʷʟʠ ʤʝʪʘ-ʘʪʦʤʦʚ 

ʚ ʚʠʜʝ ʨʘʟʣʦʞʝʥʠʷ ʧʦ ʤʫʣʴʪʠʧʦʣʴʥʳʤ ʤʦʤʝʥʪʘʤ, ʨʝʟʢʦ ʫʩʣʦʞʥʷʶʪʩʷ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʯʠʩʣʘ ʤʫʣʴʪʠʧʦʣʝʡ. 

ɺ ʵʪʦʡ ʨʘʙʦʪʝ, ʤʳ ʨʘʟʚʠʚʘʝʤ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʡ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʧʦʜʭʦʜ 

ʜʣʷ ʨʘʩʯʪyʘ ʤʘʪʝʨʠʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ. ʄʳ 

ʧʨʝʜʣʘʛʘʝʤ ʬʦʨʤʘʣʴʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʚʦʟʙʫʞʜʝʥʠʝ ʙʝʩʢʦʥʝʯʥʦʛʦ 

ʤʝʪʘʤʘʪʝʨʠʘʣʘ ʪʘʢ ʞʝ, ʢʘʢ ʨʘʩʩʝʷʥʠʝ ʩʚʝʪʘ ʥʘ ʦʪʜʝʣʴʥʳʭ ʯʘʩʪʠʮʘʭ. ʕʪʦ 

ʧʦʟʚʦʣʷʝʪ ʥʘʤ ʧʝʨʝʬʦʨʤʫʣʠʨʦʚʘʪʴ ʚʦʟʙʫʞʜʝʥʠʝ ʙʝʩʢʦʥʝʯʥʦʛʦ 

ʤʝʪʘʤʘʪʝʨʠʘʣʘ ʧʣʦʩʢʦʡ ʚʦʣʥʦʡ ʚ ʪʝʨʤʠʥʘʭ ʟʘʜʘʯʠ ʠʟʣʫʯʝʥʠʷ ʥʝʢʦʪʦʨʦʛʦ 

ʪʦʢʘ, ʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʦʣʫʯʠʪʴ ʦʪʢʣʠʢ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʪʨʫʢʪʫʨʳ ʢʘʢ 

ʬʫʥʢʮʠʶ ʧʦʣʷʨʠʟʘʮʠʠ ʠ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʚʘʞʥʦ, ʥʝʟʘʚʠʩʠʤʳʭ ʯʘʩʪʦʪʳ ɤ ʠ 

ʚʦʣʥʦʚʦʛʦ ʚʝʢʪʦʨʘ k. ʕʪʠ ʜʘʥʥʳʝ ʧʦʟʚʦʣʷʶʪ ʥʝ ʪʦʣʴʢʦ ʠʟʚʣʝʯʴ ʧʘʨʘʤʝʪʨʳ 

ʤʘʪʝʨʠʘʣʘ, ʥʦ ʠ ʦʮʝʥʠʪʴ ʦʙʣʘʩʪʴ ʠʭ ʜʦʩʪʦʚʝʨʥʦʩʪʠ. 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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1ʉʘʨʘʪʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʖ.ɸ. ɻʘʛʘʨʠʥʘ  
2ʀʥʩʪʠʪʫʪ ʧʨʦʙʣʝʤ ʪʦʯʥʦʡ ʤʝʭʘʥʠʢʠ ʠ ʫʧʨʘʚʣʝʥʠʷ ʈɸʅ, ʉʘʨʘʪʦʚ 

 

ʀʅɼʋʎʀʈʆɺɸʅʅɸʗ ʌʃʋʆʈɽʉʎɽʅʎʀʗ ʇʈʀ ʃɸɿɽʈʅʆʁ 

ʅɸʂɸʏʂɽ ʉʃʋʏɸʁʅʆ-ʅɽʆɼʅʆʈʆɼʅʓʍ ʉʈɽɼ: 

ʌʋʅɼɸʄɽʅʊɸʃʔʅʓɽ ʆɻʈɸʅʀʏɽʅʀʗ, ʆɹʋʉʃʆɺʃɽʅʅʓɽ 

ʂʆɻɽʈɽʅʊʅʆʉʊʔʖ ʀɿʃʋʏɽʅʀʗ ʅɸʂɸʏʂʀ 

 
ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʧʝʢʪʨʘʣʴʥʳʭ ʩʚʦʡʩʪʚ 

ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʦʪʢʣʠʢʘ ʤʥʦʛʦʢʨʘʪʥʦ ʨʘʩʩʝʠʚʘʶʱʠʭ ʩʣʫʯʘʡʥʦ-ʥʝʦʜʥʦʨʦʜʥʳʭ 

ʩʨʝʜ ʩ ʬʣʫʦʨʝʩʮʠʨʫʶʱʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʧʨʠ ʣʘʟʝʨʥʦʡ ʥʘʢʘʯʢʝ ʚ ʧʦʣʦʩʝ 

ʧʦʛʣʦʱʝʥʠʷ ʬʣʫʦʨʦʬʦʨʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʙʣʶʜʘʝʤʳʡ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ 

ʚʦʟʙʫʞʜʝʥʠʶ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʣʘʟʝʨʥʦʡ ʛʝʥʝʨʘʮʠʠ ʚ ʧʦʜʦʙʥʳʭ ʩʠʩʪʝʤʘʭ ʵʬʬʝʢʪ 

ʥʘʩʳʱʝʥʠʷ ʩʧʝʢʪʨʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʬʣʫʦʨʝʩʮʝʥʮʠʠ (ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʢʘʯʝʩʪʚʘ ʠ  

ɓ - ʬʘʢʪʦʨʘ) ʧʨʠ ʚʦʟʨʘʩʪʘʥʠʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʢʘʯʢʠ ʠ ʫʤʝʥʴʰʝʥʠʠ ʪʨʘʥʩʧʦʨʪʥʦʡ 

ʜʣʠʥʳ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʚ ʩʨʝʜʝ ʦʙʫʩʣʦʚʣʝʥ ʛʨʘʥʫʣʠʨʦʚʘʥʥʦʡ 

ʩʪʨʫʢʪʫʨʦʡ ʧʦʣʷ ʥʘʢʘʯʢʠ ʚ ʩʨʝʜʝ ʚʩʣʝʜʩʪʚʠʝ ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ.  
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STIMULATED FLUORESCENCE UNDER LASER PUMPING  

OF RANDOM MEDIA: FUNDAMENTAL LIMITATIONS  

DUE TO COHERENCE OF A PUMPING LIGHT  
 

The results of studies of the spectral properties of fluorescence response from 

multiple scattering random media with fluorescent components under pulsed-periodic 

laser pumping in the absorption band of a fluorophore are presented. It was established 

that the previously observed effect of saturation of the spectral properties of 

fluorescence response (spectral quality and ɓ -  factor) in these systems with an increase 

in the pump intensity and a decrease in the transport mean free path of light propagation 

is due to the granular structure of the pump field due to coherence of a pump radiation.  
 

ʕʬʬʝʢʪ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʩʫʞʝʥʠʷ ʩʧʝʢʪʨʘ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʦʪʢʣʠʢʘ 

ʥʘʢʘʯʠʚʘʝʤʳʭ ʠʤʧʫʣʴʩʥʳʤ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʬʣʫʦʨʝʩʮʠʨʫʶʱʠʭ 

ʩʣʫʯʘʡʥʦ-ʥʝʦʜʥʦʨʦʜʥʳʭ ʩʨʝʜ ʚʙʣʠʟʠ ʥʝʢʦʪʦʨʦʛʦ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ 
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ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʢʘʯʢʠ ʦʙʳʯʥʦ ʠʥʪʝʨʧʨʝʪʠʨʫʝʪʩʷ ʢʘʢ ʧʝʨʝʭʦʜ ʦʪ 

ʩʧʦʥʪʘʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʚ ʥʘʢʘʯʠʚʘʝʤʦʡ ʩʨʝʜʝ ʢ ʨʝʞʠʤʫ 

ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʣʘʟʝʨʥʦʡ ʛʝʥʝʨʘʮʠʠ (random lasing) [1, 2]. ɼʣʷ 

ʤʥʦʛʦʢʨʘʪʥʦ ʨʘʩʩʝʠʚʘʶʱʠʭ ʩʠʩʪʝʤ ʪʠʧʘ çʨʘʩʩʝʠʚʘʶʱʘʷ ʤʘʪʨʠʮʘ ï 

ʣʘʟʝʨʥʳʡ ʢʨʘʩʠʪʝʣʴè ʭʘʨʘʢʪʝʨʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʣʳʝ ʟʥʘʯʝʥʠʷ ʬʘʢʪʦʨʘ 

ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʢʘʯʝʩʪʚʘ Ql l l= D ʠ ʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ ɓ - ʬʘʢʪʦʨʘ [3] 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ, ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʠʟʤʝʥʷʶʱʠʝʩʷ ʚ ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ 

ʟʥʘʯʝʥʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʳʰʝ ʧʦʨʦʛʘ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʣʘʟʝʨʥʦʡ 

ʛʝʥʝʨʘʮʠʠ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚʢʣʘʜ ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʚʦ ʬʣʫʦʨʝʩʮʝʥʪʥʳʡ ʦʪʢʣʠʢ ʥʘʢʘʯʠʚʘʝʤʦʡ ʩʨʝʜʳ ʚʳʰʝ 

ʧʦʨʦʛʘ ʩʫʱʝʩʪʚʝʥʥʦ ʦʛʨʘʥʠʯʝʥ. ʇʦʜʦʙʥʳʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ 

ʩʧʝʢʪʨʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʦʪʢʣʠʢʘ ʩʣʫʯʘʡʥʦ-ʥʝʦʜʥʦʨʦʜʥʳʭ 

ʩʨʝʜ ʧʨʠ ʚʳʩʦʢʠʭ ʠʥʪʝʥʩʠʚʥʦʩʪʷʭ ʥʘʢʘʯʢʠ ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ 

ʦʙʫʩʣʦʚʣʝʥʳ ʵʬʬʝʢʪʦʤ ʩʧʝʢʣ-ʤʦʜʫʣʷʮʠʠ ʯʘʩʪʠʯʥʦ ʢʦʛʝʨʝʥʪʥʦʛʦ ʩʚʝʪʦʚʦʛʦ 

ʧʦʣʷ ʥʘʢʘʯʢʠ [4]. ʉ ʮʝʣʴʶ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʵʪʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʨʦʚʝʜʝʥʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʦʪʢʣʠʢʘ ʩʫʩʧʝʥʟʠʡ 

ʥʘʥʦʯʘʩʪʠʮ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ ʚ ʚʦʜʥʳʭ ʨʘʩʪʚʦʨʘʭ ʨʦʜʘʤʠʥʘ 6ɾ ʧʨʠ 

ʠʟʤʝʥʝʥʠʷʭ ʪʨʘʥʩʧʦʨʪʥʦʡ ʜʣʠʥʳ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʥʘʢʘʯʢʠ ʚ 

ʩʫʩʧʝʥʟʠʷʭ ʦʪ ʩʦʪʝʥ ʜʦ ʝʜʠʥʠʮ ʤʠʢʨʦʤʝʪʨʦʚ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʘʟʝʨʥʦʡ 

ʥʘʢʘʯʢʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 532 ʥʤ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ. ʅʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ 

ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ ʨʝʟʫʣʴʪʘʪʦʚ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʠʥʝʪʠʢʠ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʦʪʢʣʠʢʘ ʩʪʦʭʘʩʪʠʯʝʩʢʠʭ 

ʘʥʩʘʤʙʣʝʡ ʘʩʩʦʮʠʠʨʫʝʤʳʭ ʩʦ ʩʧʝʢʣʘʤʠ ʣʦʢʘʣʴʥʳʭ ʵʤʠʪʪʝʨʦʚ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʫʩʪʘʥʦʚʣʝʥʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʘʷ ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ 

ʧʨʝʜʝʣʴʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʘʨʘʤʝʪʨʦʚ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʦʪʢʣʠʢʘ (ʬʘʢʪʦʨʘ 

ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʢʘʯʝʩʪʚʘ,ɓ - ʬʘʢʪʦʨʘ, ʜʦʣʠ ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ) 

ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʦʙʲʤyʥʦʛʦ ʩʧʝʢʣ-ʧʦʣʷ, ʬʦʨʤʠʨʫʝʤʦʛʦ ʚ ʩʨʝʜʝ ʧʨʠ 

ʥʘʢʘʯʢʝ. ɼʘʥʘ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʥʘʙʣʶʜʘʝʤʦʛʦ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩʤʝʱʝʥʠʷ ʚ 

ʢʦʨʦʪʢʦʚʦʣʥʦʚʫʶ ʦʙʣʘʩʪʴ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʤʘʢʩʠʤʫʤʘ ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ 

ʩʦʩʪʘʚʣʷʶʱʝʡ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʦʪʢʣʠʢʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʢʩʠʤʫʤʘ 

ʩʧʦʥʪʘʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʪy ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

 ̄22-29-00612, https://rscf.ru/project/22-29-00612/. 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Noginov M.A. Solid-State Random Lasers. Springer, 2005. 

2. Garc²a-Revilla S., Fern§ndez J., Illarramendi M.A., et. al. // Opt. Express. 2008. V. 16 (16). 
P. 12251. 

3. Van Soest G., Lagendijk A. // Phys. Rev. E. 2002. V. 65 (4). P. 047601. 

4. Zimnyakov D.A. et. al. // Opt. Express. 2021. V. 29(2). P. 2309. 



ʋɼʂ 535(06)+004(06) 

 ISBN 978-5-7262-2842-6 ʌʆʊʆʅʀʂɸ ʀ ʀʅʌʆʈʄɸʎʀʆʅʅɸʗ ʆʇʊʀʂɸ 37 

ʀ.ʈ. ɻɸɹʀʊʆɺ
1,2

, ɼ. ɻʀɹʅʀ
1
, ʀ.ɸ. ʂʋʂ

2
 

1ʋʥʠʚʝʨʩʠʪʝʪ ɸʨʠʟʦʥʳ ʊʫʩʦʥ, ʉʐɸ 
2ʉʢʦʣʢʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪ ʥʘʫʢʠ ʠ ʪʝʭʥʦʣʦʛʠʡ 

 

ʄɽʊʆɼʓ ʄɸʐʀʅʅʆɻʆ ʆɹʋʏɽʅʀʗ  

ʀ ʇɽʈɽɼɸʏɸ ʀʅʌʆʈʄɸʎʀʀ ɺ ʂʆɻɽʈɽʅʊʅʓʍ 

ʉʀʉʊɽʄɸʍ ʉ ʅɽʃʀʅɽʁʅʆʉʊʔʖ 
 

ʊʝʦʨʝʪʠʯʝʩʢʠ ʠʩʩʣʝʜʦʚʘʥʳ ʤʝʪʦʜʳ ʨʘʩʰʠʨʝʥʠʷ ʧʨʠʥʮʠʧʦʚ ʢʦʛʝʨʝʥʪʥʦʡ 

ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʠ ʥʘ ʩʣʫʯʘʡ ʩʠʣʴʥʦʡ ʥʝʣʠʥʝʡʥʦʩʪʠ. ʆʩʥʦʚʫ ʨʘʩʩʤʦʪʨʝʥʥʳʭ 

ʧʦʜʭʦʜʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʛʨʠʨʫʝʤʦʩʪʴ ʤʦʜʝʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, 

ʣʠʥʝʡʥʳʡ ʭʘʨʘʢʪʝʨ ʵʚʦʣʶʮʠʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʘʩʩʝʷʥʠʷ ʘʩʩʦʮʠʠʨʦʚʘʥʥʦʡ 

ʩʧʝʢʪʨʘʣʴʥʦʡ ʟʘʜʘʯʠ ʜʣʷ ʦʧʝʨʘʪʦʨʘ ʃʘʢʩʘ. ɺ ʥʝʣʠʥʝʡʥʳʭ ʢʦʛʝʨʝʥʪʥʳʭ ʩʠʩʪʝʤʘʭ 

ʚʤʝʩʪʦ ʚʳʭʦʜʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʚ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʮʠʬʨʦʚʦʡ ʦʙʨʘʙʦʪʢʠ 

çʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʥʘʟʘʜè ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʩʩʝʷʥʠʷ. ɼʣʷ ʨʝʰʝʥʠʷ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʚʭʦʜʥʦʛʦ 

ʩʠʛʥʘʣʘ ʧʦ ʢʦʵʬʬʠʮʠʝʥʪʫ ʨʘʩʩʝʷʥʠʷ ʠʩʧʦʣʴʟʦʚʘʥʳ ʤʝʪʦʜʳ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 
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MACHINE LEARNING AND INFORMATION TRANSMISSION 

IN NONLINEAR COHERENT SYSTEMS  
 

Methods for extending the principles of coherent telecommunications to the case of 

strong nonlinearity are theoretically investigated. The considered approaches are based 

on the integrability of model equations and, as a consequence, on the linear character of 

the evolution of the scattering coefficient of the associated spectral problem for the Lax 

operator. In nonlinear coherent systems, it is proposed to use the scattering coefficient as 

an object for digital "back propagation" instead of the corresponding output optical 

signal. Machine learning algorithms are used to solve the inverse problem for recovering 

the input signal from the scattering coefficient. 

 

ʂʦʛʝʨʝʥʪʥʳʝ ʤʝʪʦʜʳ ʧʝʨʝʜʘʯʠ ʠʥʬʦʨʤʘʮʠʠ ʚ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ 

ʩʠʩʪʝʤʘʭ ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʦʡ ʩʦʚʨʝʤʝʥʥʦʡ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ 

ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʠ [1]. ʆʩʥʦʚʥʳʤ ʬʘʢʪʦʨʦʤ, ʩʜʝʨʞʠʚʘʶʱʠʤ ʜʘʣʴʥʝʡʰʠʡ 

ʧʨʦʛʨʝʩʩ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ, ʷʚʣʷʝʪʩʷ ʣʠʥʝʡʥʳʡ ʨʝʞʠʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʦʧʪʠʯʝʩʢʠʭ ʠʤʧʫʣʴʩʦʚ, ʣʝʞʘʱʠʡ ʚ ʦʩʥʦʚʝ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ. ɼʣʷ 

ʢʦʤʧʝʥʩʘʮʠʠ ʥʝʣʠʥʝʡʥʳʭ ʠʩʢʘʞʝʥʠʡ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʝʜʣʘʛʘʝʪʩʷ 

ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʦʚ ʦʪ ʮʠʬʨʦʚʦʛʦ ñʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʥʘʟʘʜò ʠʩʧʦʣʴʟʫʷ ʤʦʜʝʣʴʥʳʝ ʥʝʣʠʥʝʡʥʳʝ ʫʨʘʚʥʝʥʠʷ [2] ʜʦ ʧʨʠʤʝʥʝʥʠʷ ʠʭ 
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ʩʚʦʡʩʪʚ ʠʥʪʝʛʨʠʨʫʝʤʦʩʪʠ [3, 4]. ʇʦʜʭʦʜ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʚ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ, ʪʘʢʞʝ ʦʩʥʦʚʘʥ ʥʘ ʠʥʪʝʛʨʠʨʫʝʤʦʩʪʠ ʤʦʜʝʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ï 

ʅʝʣʠʥʝʡʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ (ʅʋʐ) [3]: 

,0
2

1 2
=++ EEEiE ttz

 ,0),( ztE  ,°¤t ).0,()(0 tEtE =  

ɿʜʝʩʴ E, z ʠ t ʙʝʟʨʘʟʤʝʨʥʳʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ 

ʢʦʦʨʜʠʥʘʪʘ ʠ ʚʨʝʤʷ ʚ ñʙʝʛʫʱʝʡò ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ;  

E0(t) ï ʟʘʜʘʥʥʘʷ ʬʫʥʢʮʠʷ, ʧʨʝʜʩʪʘʚʣʷʶʱʘʷ ʩʦʙʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

ʠʤʧʫʣʴʩʦʚ ʥʘ ʚʭʦʜʝ ʩʠʩʪʝʤʳ. ɼʘʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʨʝʟʫʣʴʪʘʪ ʫʩʨʝʜʥʝʥʠʷ ʧʦ ʨʘʩʩʪʦʷʥʠʶ ʤʝʞʜʫ ʦʧʪʠʯʝʩʢʠʤʠ ʫʩʠʣʠʪʝʣʷʤʠ, 

ʢʦʤʧʝʥʩʠʨʫʶʱʠʤʠ ʧʦʪʝʨʠ ʚ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʦʢʥʘʭ. ʅʋʐ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʩʠʩʪʝʤʘ ʤʘʪʨʠʯʥʳʭ ʫʨʘʚʥʝʥʠʡ ʠʟʚʝʩʪʥʘʷ ʢʘʢ ʧʘʨʘ ʃʘʢʩʘ [3]: 
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ʛʜʝ ɚ ï ʢʦʤʧʣʝʢʩʥʳʡ ʧʘʨʘʤʝʪʨ. ʋʩʣʦʚʠʝʤ ʩʦʚʤʝʩʪʥʦʩʪʠ ʜʘʥʥʦʡ ʩʠʩʪʝʤʳ 

ʷʚʣʷʝʪʩʷ ʅʋʐ [3]. ʇʝʨʚʦʝ ʫʨʘʚʥʝʥʠʝ ʧʘʨʳ ʃʘʢʩʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʩʧʝʢʪʨʘʣʴʥʫʶ ʟʘʜʘʯʫ, ʧʦʪʝʥʮʠʘʣ ʢʦʪʦʨʦʡ ʟʘʜʘʪyʩʷ ʨʝʰʝʥʠʝʤ ʅʋʐ. 

ʆʧʨʝʜʝʣʠʤ ʜʚʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʨʝʰʝʥʠʷ ),( zt+c  ʠ ),( zt-c  ʫʨʘʚʥʝʥʠʷ 

Y+-=Y )( HIit l , ʟʘʜʘʚʘʝʤʳʭ ʘʩʠʤʧʪʦʪʠʯʝʩʢʠʤ ʧʦʚʝʜʝʥʠʝʤ ʥʘ 

ʙʝʩʢʦʥʝʯʥʦʩʪʠ tiIezt lc -° ),( , °¤t . ʂʘʞʜʦʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʝ ʨʝʰʝʥʠʝ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʙʘʟʠʩ ʢʨʘʝʚʦʡ ʟʘʜʘʯʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʩʪʘʚʠʪʴ 

),( zt-c  ʢʘʢ ʨʘʟʣʦʞʝʥʠʝ ʧʦ ʙʘʟʠʩʫ ),( zt+c , ),(),(),( lcc zSztzt +- = . ʄʘʪʨʠʮʘ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʘʟʣʦʞʝʥʠʷ ù
ú

ø
é
ê

è -
=

*

*

),(
ab

ba
zS l  ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʘʪʨʠʮʫ 

ʨʘʩʩʝʷʥʠʷ. ʆʪʥʦʰʝʥʠʝ abzc /),( *=l  ʷʚʣʷʝʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʨʘʩʩʝʷʥʠʷ. 

ʀʟʚʝʩʪʥʦ [3] ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʩʩʝʷʥʠʷ ʧʦʜʯʠʥʷʝʪʩʷ ʣʠʥʝʡʥʦʤʫ 

ʫʨʘʚʥʝʥʠʶ 02 2 =+ cicz l , ʢʦʪʦʨʦʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʬʫʨʴʝ-

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʣʠʥʝʡʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ. ɼʣʷ ʦʙʦʙʱʝʥʠʷ 

ʧʨʠʥʮʠʧʘ ʢʦʛʝʨʝʥʪʥʦʡ ʩʚʷʟʠ ʥʘ ʥʝʣʠʥʝʡʥʳʡ ʩʣʫʯʘʡ ʧʨʝʜʣʘʛʘʝʪʩʷ 

ʩʣʝʜʫʶʱʘʷ ʩʭʝʤʘ: 1) ʥʘ ʚʳʭʦʜʝ ʩʠʩʪʝʤʳ z = L ʩʪʘʥʜʘʨʪʥʳʤ ʦʙʨʘʟʦʤ 

ʧʨʦʠʟʚʦʜʠʪʩʷ ʠʟʤʝʨʝʥʠʝ ʩʠʛʥʘʣʘ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʨʝʰʘʪʩʷ ʧʨʷʤʘʷ ʟʘʜʘʯʘ 

ʨʘʩʩʝʷʥʠʷ, ʠ ʥʘʭʦʜʠʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʩʩʝʷʥʠʷ c(L, ɚ); 2) ʠʩʧʦʣʴʟʫʷ 

ʩʪʘʥʜʘʨʪʥʳʡ ʤʝʪʦʜ ʮʠʬʨʦʚʦʛʦ ñʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʥʘʟʘʜò ʥʘʭʦʜʠʪʩʷ 

ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʘʩʩʝʷʥʠʷ ʧʨʠ z = 0, c0(ɚ) = c(0, ɚ); 3) ʥʘ ʦʩʥʦʚʝ 
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ʥʘʡʜʝʥʥʦʛʦ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʘʩʩʝʷʥʠʷ c0(ɚ) ʨʝʰʘʝʪʩʷ ʦʙʨʘʪʥʘʷ 

ʟʘʜʘʯʘ ʧʦ ʥʘʭʦʞʜʝʥʠʶ ʧʦʪʝʥʮʠʘʣʘ E0(t) ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʠʩʭʦʜʥʦʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʙʠʪʦʚ. ʆʙʨʘʪʥʘʷ ʟʘʜʘʯʘ ʨʘʩʩʝʷʥʠʷ ʤʦʞʝʪ ʙʳʪʴ 

ʨʝʰʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʠʩʪʝʤʳ ʣʠʥʝʡʥʳʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ 

ɻʝʣʴʬʘʥʜʘ-ʃʝʚʠʪʘʥʘ-ʄʘʨʯʝʥʢʦ ʣʠʙʦ ʤʝʪʦʜʦʤ ʟʘʜʘʯʠ ʈʠʤʘʥʘ [3]. ɺ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʘʣʛʦʨʠʪʤʳ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 

     
ʘ                                                       ʙ                                  ʚ 

ʈʠʩ. 1. ɺʘʣʠʜʘʮʠʷ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʥʘ ʪʝʩʪʦʚʦʤ ʥʘʙʦʨʝ ʜʘʥʥʳʭ: ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ ï 

ʧʝʨʝʜʘʚʘʝʤʳʡ ʩʠʛʥʘʣ (ʮʝʣʴ), ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ ï ʧʨʝʜʩʢʘʟʘʥʠʝ ʤʦʜʝʣʠ (ʘ),  

ʟʘʚʠʩʠʤʦʩʪʴ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʝʩʢʦʡ ʦʰʠʙʢʠ ʦʪ ʰʘʛʘ ʦʙʫʯʝʥʠʷ (ʙ),  

ʜʠʘʛʨʘʤʤʘ, ʠʣʣʶʩʪʨʠʨʫʶʱʘʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ QDPSK ʢʦʜʠʨʦʚʘʥʠʝ [1] (ʚ) 
 

ɼʣʷ ʨʝʰʝʥʠʷ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ ʨʘʩʩʝʷʥʠʷ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʥʝʡʨʦʥʥʘʷ 

ʩʝʪʴ (ʅʉ), ʩʦʩʪʦʷʱʘʷ ʠʟ ʜʚʫʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʧʦʣʥʦʩʚʷʟʥʳʭ ʩʣʦʸʚ, 

ʬʫʥʢʮʠʠ ʘʢʪʠʚʘʮʠʠ ʥʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ. ɺ ʢʘʯʝʩʪʚʝ ʬʫʥʢʮʠʠ ʧʦʪʝʨʴ ʙʳʣʘ 

ʚʳʙʨʘʥʘ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʘʷ ʦʰʠʙʢʘ, ʵʚʦʣʶʮʠʷ ʬʫʥʢʮʠʠ ʧʦʪʝʨʴ ʚ 

ʧʨʦʮʝʩʩʝ ʦʙʫʯʝʥʠʷ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 1ʙ. ʅʘ ʚʭʦʜ ʅʉ ʚ ʧʨʦʮʝʩʩʝ  

ʦʙʫʯʝʥʠʷ ʧʦʜʘʶʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʪʨʘʞʝʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʷʤ ʛʘʫʩʩʦʚʳʭ ʠʤʧʫʣʴʩʦʚ ʩʦ ʩʣʫʯʘʡʥʳʤ ʟʥʘʢʦʤ ʧʝʨʝʜ 

ʘʤʧʣʠʪʫʜʦʡ (ʩʤ. ʨʠʩ. 1ʘ). ʅʘʙʦʨ ʜʘʥʥʳʭ ʜʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ ʤʦʜʝʣʠ ʩʦʩʪʦʠʪ 

ʠʟ ʜʨʫʛʠʭ ʩʣʫʯʘʡʥʳʭ ʨʝʘʣʠʟʘʮʠʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʪʘʢʦʡ ʞʝ ʬʦʨʤʳ, 

ʦʜʥʘʢʦ ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʧʦʩʯʠʪʘʥ ʚ ʪʦʯʢʝ z = L = 10, 

ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʝʰʝʥʠʝʤ ʅʋʐ, ʯʪʦ ʩʦʩʪʘʚʣʷʝʪ 10 ʥʝʣʠʥʝʡʥʳʭ ʜʣʠʥ, 

ʟʘʪʝʤ ʢ ʜʘʥʥʳʤ ʨʘʩʩʝʷʥʠʷ ʙʳʣʘ ʧʨʠʤʝʥʝʥʘ ʧʨʦʮʝʜʫʨʘ ñʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʥʘʟʘʜò, ʧʦʩʣʝ ʯʝʛʦ ʦʥʠ ʧʦʜʘʚʘʣʠʩʴ ʥʘ ʦʙʫʯʝʥʥʫʶ ʅʉ. 

ʇʦʢʘʟʘʥʦ ʯʪʦ ʩʦʯʝʪʘʥʠʝ ʤʝʪʦʜʘ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ ʨʘʩʩʝʷʥʠʷ ʠ 

ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ ʩʧʦʩʦʙʦʤ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 

ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ, ʧʦʜʚʝʨʛʰʝʛʦʩʷ ʩʠʣʴʥʳʤ ʥʝʣʠʥʝʡʥʳʤ ʠʩʢʘʞʝʥʠʷʤ. 
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ɺ.ʗ. ʂɸʊʂʆɺʅʀʂ, ʀ.ɸ. ʐɽɺʂʋʅʆɺ, ʂ.ʆ. ɽɻʀɿɸʈʗʅ 
ʋʥʠʚʝʨʩʠʪʝʪ ʊʘʤʧʝʨʝ, ʌʠʥʣʷʥʜʠʷ 

 

ɺʓʏʀʉʃʀʊɽʃʔʅʆɽ ʌʆʈʄʀʈʆɺɸʅʀɽ ʀɿʆɹʈɸɾɽʅʀʁ  

ʉ ʀʉʇʆʃʔɿʆɺɸʅʀɽʄ ʂʆɼʀʈʋʖʑʀʍ  

ɼʀʌʈɸʂʎʀʆʅʅʓʍ ʕʃɽʄɽʅʊʆɺ 
 

ɺ ʪɻʦʡ ʨʘʙʦʪʝ ʤʳ ʧʨʝʜʣʘʛʘʝʤ ʛʠʙʨʠʜʥʫʶ ʩʠʩʪʝʤʫ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ, 

ʢʦʪʦʨʘʷ ʦʧʪʠʤʘʣʴʥʦ ʫʨʘʚʥʦʚʝʰʠʚʘʝʪ ʦʧʪʠʯʝʩʢʫʶ ʩʠʣʫ ʤʝʞʜʫ ʧʨʝʣʦʤʣʷʶʱʝʡ 

ʣʠʥʟʦʡ ʠ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ ʜʣʷ ʘʭʨʦʤʘʪʠʯʝʩʢʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ 

ʩ ʫʚʝʣʠʯʝʥʥʦʡ ʛʣʫʙʠʥʦʡ ʨʝʟʢʦʩʪʠ. ɼʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ, ʤʳ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤ ʧʦʣʥʦʩʪʴʶ ʜʠʬʬʝʨʝʥʮʠʨʫʝʤʫʶ ʤʦʜʝʣʴ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʠʟʦʙʨʘʞʝʥʠʷ, ʯʪʦʙʳ ʩʦʚʤʝʩʪʥʦ ʥʘʭʦʜʠʪʴ ʧʘʨʘʤʝʪʨʳ ʦʧʪʠʢʠ ʠ ʧʨʦʮʝʜʫʨʳ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʜʣʷ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʢʘʤʝʨ ʧʦʩʨʝʜʩʪʚʦʤ ʩʢʚʦʟʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʩ 

ʥʝʡʨʦʥʥʳʤʠ ʩʝʪʷʤʠ. 

 

V.Ya. KATKOVNIK , I.A. SHEVKUNOV, K.O. EGIAZARIAN 
Tampere University, Finland 

 

COMPUTATIONAL IMAGING  

WITH ENCODED DIFFRACTIVE OPTICS  
 

In this paper we propose a hybrid system that optimally balances the optical power 

between the refractive lens and diffractive optical elements for achromatic extended-

depth-of-field imaging. To optimize the power balance of the optical elements we build 

a fully-differentiable image formation model to jointly find the optical and recovery 

procedure parameters for computational cameras via end-to-end optimization with 

neural networks. 
 

ʂʦʜʠʨʫʶʱʠʝ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ (ɼʆʕ) ʧʦʷʚʠʣʠʩʴ 

ʚ ʢʘʯʝʩʪʚʝ ʘʣʴʪʝʨʥʘʪʠʚʳ ʪʨʘʜʠʮʠʦʥʥʦʡ ʨʝʬʨʘʢʮʠʦʥʥʦʡ ʦʧʪʠʢʝ, ʯʪʦʙʳ 

ʧʨʝʦʜʦʣʝʪʴ ʝ y ʦʛʨʘʥʠʯʝʥʠʷ (ʥʘʧʨʠʤʝʨ, ʭʨʦʤʘʪʠʯʝʩʢʫʶ ʘʙʝʨʨʘʮʠʶ) ʠ 

ʦʙʝʩʧʝʯʠʪʴ ʥʦʚʳʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʜʦʩʪʠʞʠʤʳ 

ʙʣʘʛʦʜʘʨʷ ʧʦʪʝʥʮʠʘʣʫ ɼʆʕ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʠ ʧʨʦʠʟʚʦʣʴʥʦʡ ʤʦʜʫʣʷʮʠʠ 

ʩʚʝʪʘ. 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʠʟʦʙʨʘʞʝʥʠʡ ʩ ʧʦʤʦʱʴʶ ɼʆʕ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ 

ʢʘʢ ʢʦʤʙʠʥʘʮʠʶ ʪʨʭy ʧʦʜʭʦʜʦʚ: ʧʝʨʚʳʡ ï ʵʪʦ ʬʠʟʠʯʝʩʢʦʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ; ʚʪʦʨʦʡ ï ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ 

ʤʦʜʝʣʴ ʩʠʩʪʝʤʳ ʚʠʟʫʘʣʠʟʘʮʠʠ ʜʣʷ ʜʘʥʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ;  

ʠ ʪʨʝʪʠʡ ï ʚʳʯʠʩʣʠʪʝʣʴʥʳʡ, ʥʘ ʢʦʪʦʨʦʤ ʧʨʦʠʟʚʦʜʠʪʩʷ ʘʣʛʦʨʠʪʤʠʯʝʩʢʦʝ 
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ʜʝʢʦʜʠʨʦʚʘʥʠʝ ʠ ʬʠʥʘʣʴʥʘʷ ʚʠʟʫʘʣʠʟʘʮʠʷ. ɼʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʦʧʪʠʢʠ, ɼʆʕ 

ʠ ʠʟʦʙʨʘʞʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʵʪʠʭ ʪʨʭy ʧʦʜʭʦʜʦʚ ʪʨʝʙʫʝʪʩʷ ʩʢʚʦʟʥʘʷ 

ʦʧʪʠʤʠʟʘʮʠʷ ï ʩʪʨʫʢʪʫʨʘ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʘʷ ʥʘʯʠʥʘʝʪʩʷ ʩ ʧʝʨʝʜʘʯʠ 

ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ ʯʝʨʝʟ ʨʘʟʨʘʙʦʪʘʥʥʫʶ ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʟʦʙʨʘʞʝʥʠʷ ʠ ʟʘʢʘʥʯʠʚʘʝʪʩʷ ʧʦʣʥʳʤ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝʤ 

ʠʟʦʙʨʘʞʝʥʠʷ. 

ʅʘ ʨʠʩ. 1 ʠʟʦʙʨʘʞʝʥʘ ʧʨʝʜʣʦʞʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʦʧʪʠʤʠʟʘʮʠʠ, 

ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʦʙʫʯʝʥʠʠ ʥʝʡʨʦʩʝʪʠ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ɼʆʕ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʦʧʪʠʤʠʟʘʮʠʠ ʤʳ ʧʦʣʫʯʘʝʤ ɼʆʕ ʠ ʥʝʡʨʦʩʝʪʴ, ʢʦʪʦʨʳʝ ʜʦʧʦʣʥʷʶʪ ʜʨʫʛ 

ʜʨʫʛʘ ʠ ʧʨʦʠʟʚʦʜʷʪ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʦʝ ʬʦʨʤʠʨʦʚʘʥʠʝ ʠʟʦʙʨʘʞʝʥʠʡ [1]. 

ʅʘ ʨʠʩ. 2 ʧʨʠʚʝʜʥy ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʨʝʟʫʣʴʪʘʪ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʠʟʦʙʨʘʞʝʥʠʷ ʜʣʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʠ. 
 

 
 

ʈʠʩ. 1. ʉʪʨʫʢʪʫʨʘ ʦʧʪʠʤʠʟʘʮʠʠ ʬʘʟʦʚʦ-ʢʦʜʠʨʦʚʘʥʥʦʡ ʦʧʪʠʢʠ ʜʣʷ ʘʭʨʦʤʘʪʠʯʝʩʢʦʛʦ 

ʜʝʢʦʜʠʨʦʚʘʥʠʷ; ʩʧʝʢʪʨʘʣʴʥʳʝ PSF ʩʚʝʨʥʫʪʳ ʩ ʧʦʤʦʱʴʶ ʧʘʢʝʪʘ ʠʟʦʙʨʘʞʝʥʠʡ 

RGB; ʦʙʨʘʪʥʘʷ ʚʠʟʫʘʣʠʟʘʮʠʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʮʝʥʢʫ ʠʩʪʠʥʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ; ʥʘ 

ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʭ ʠʟʦʙʨʘʞʝʥʠʷʭ ʦʧʨʝʜʝʣʷʝʪʩʷ ʜʠʬʬʝʨʝʥʮʠʨʫʝʤʘʷ ʧʦʪʝʨʷ ʢʘʯʝʩʪʚʘ 

ʯʝʨʝʟ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʫʶ ʦʰʠʙʢʫ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʠʩʪʠʥʥʦʤʫ ʠʟʦʙʨʘʞʝʥʠʶ 

 

ʀʜʝʘʣʴʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʮʚʝʪʢʘ (ʨʠʩ. 2ʛ) ʩ ʤʦʥʠʪʦʨʘ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʦ 

ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʦʡ ʩ ʦʜʥʦʡ ʣʠʥʟʦʡ ʠ ɼʆʕ, ʩʤʦʜʝʣʠʨʦʚʘʥʥʦʤ ʥʘ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʤ ʤʦʜʫʣʷʪʦʨʝ ʩʚʝʪʘ, ʠ ʟʘʪʝʤ ʚʦʩʩʪʘʥʦʚʣʝʥʦ 

(ʨʠʩ. 2ʚ) ʦʙʫʯʝʥʥʦʡ ʥʝʡʨʦʩʝʪʴʶ. 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
1. Rostami S., et. al. // Appl. Opt. 2021. V. 60. P. 9365-9378. 

    
ʘ ʙ ʚ ʛ 

ʈʠʩ. 2. ʈʝʟʫʣʴʪʘʪ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʦʙʲʝʢʪʘ ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʦʡ ʩ ɼʆʕ: 

ʨʘʩʩʯʠʪʘʥʥʳʡ ɼʆʕ (ʘ); ʟʘʢʦʜʠʨʦʚʘʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ (ʙ); ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʝ 

ʠʟʦʙʨʘʞʝʥʠʝ, PSNR = 26 dB (ʚ); ʠʜʝʘʣʴʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ (ʛ) 
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ɼ.ʉ. ɻʆʅʏɸʈʆɺ
1,2

, ʈ.ʉ. ʉʊɸʈʀʂʆɺ
1
 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè 
2ʆʆʆ çʎʝʥʪʨ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ ʄʊʉè, ʄʦʩʢʚʘ 

 

ʂʆɻɽʈɽʅʊʅʓɽ ʆʇʊʀʂʆ-ʎʀʌʈʆɺʓɽ ʂʆʈʈɽʃʗʊʆʈʓ 

ʀɿʆɹʈɸɾɽʅʀʁ ʉ ʅɽʁʈʆʉɽʊɽɺʆʁ ʆɹʈɸɹʆʊʂʆʁ 

ɺʓʍʆɼʅʓʍ ʉʀɻʅɸʃʆɺ 
 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥʘ ʘʨʭʠʪʝʢʪʫʨʘ ʩʠʩʪʝʤʳ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ ʥʘ 

ʦʩʥʦʚʝ ʢʦʛʝʨʝʥʪʥʦʛʦ ʦʧʪʠʢʦ-ʮʠʬʨʦʚʦʛʦ ʢʦʨʨʝʣʷʪʦʨʘ ʠ ʩʚʸʨʪʦʯʥʦʡ ʥʝʡʨʦʥʥʦʡ 

ʩʝʪʠ, ʠʩʧʦʣʴʟʫʝʤʦʡ ʚ ʢʘʯʝʩʪʚʝ ʧʦʩʪʦʙʨʘʙʦʪʯʠʢʘ ʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʩʠʛʥʘʣʦʚ. 

ɺʳʧʦʣʥʝʥʳ ʯʠʩʣʝʥʥʳʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʦʟʤʦʞʥʦʩʪʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʚʸʨʪʦʯʥʦʡ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʜʣʷ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʢʦʨʨʝʣʷʮʠʦʥʥʳʭ 

ʩʠʛʥʘʣʦʚ. 
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COHERENT OPTICAL -DIGITAL IMAGE CORRELATORS 

WI TH NEURAL NETWORK PROCESSING  

OF OUTPUT SIGNALS 
 

The paper proposes the architecture of an image recognition system based on a 

coherent optical-digital correlator and a convolutional neural network used as a post-

processor of correlation signals. Numerical and experimental studies of the possibility of 

using a convolutional neural network for the classification of correlation signals have 

been carried out. 

 

ʄʝʪʦʜ ʠʥʚʘʨʠʘʥʪʥʦʡ ʢʦʨʨʝʣʷʮʠʠ ʠʟʦʙʨʘʞʝʥʠʡ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʬʠʣʴʪʨʘʮʠʠ ʩʠʛʥʘʣʦʚ, ʚ ʩʠʣʫ ʩʚʦʝʡ ʧʨʦʩʪʦʪʳ ʤʦʞʝʪ 

ʙʳʪʴ ʧʦʣʥʦʩʪʴʶ ʨʝʘʣʠʟʦʚʘʥ ʚ ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ [1]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʠʥʚʘʨʠʘʥʪʥʳʭ ʬʠʣʴʪʨʦʚ (ʀʌ) ʧʨʠ ʨʘʩʧʦʟʥʘʚʘʥʠʠ ʠʟʦʙʨʘʞʝʥʠʡ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʠʥʚʘʨʠʘʥʪʥʦʩʪʴ ʢ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʤʫ ʧʦʚʦʨʦʪʫ ʦʙʲʝʢʪʦʚ 

ʠʥʪʝʨʝʩʘ, ʫʨʦʚʥʶ ʦʩʚʝʱʸʥʥʦʩʪʠ, ʰʫʤʘʤ ʠ ʜʨʫʛʠʤ ʠʩʢʘʞʝʥʠʷʤ. 

ʇʨʠʤʝʥʝʥʠʝ ʩʦʚʨʝʤʝʥʥʳʭ ʩʨʝʜʩʪʚ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʤʦʜʫʣʷʮʠʠ 

ʦʧʪʠʯʝʩʢʠʭ ʩʠʛʥʘʣʦʚ ʠ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʬʦʪʦʢʘʤʝʨ ʜʘʸʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʨʘʩʧʦʟʥʘʚʘʪʴ ʠʟʦʙʨʘʞʝʥʠʷ ʩʦ ʩʢʦʨʦʩʪʴʶ ʜʦ 30 ʪʳʩʷʯ ʢʘʜʨʦʚ ʚ ʩʝʢʫʥʜʫ ʧʨʠ 

ʨʘʟʤʝʨʝ ʢʘʜʨʘ ʜʦ 1920 Ĭ 1080 ʦʪʩʯʸʪʦʚ. 
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ʇʦʩʢʦʣʴʢʫ ʠʪʦʛʦʚʳʡ ʢʦʨʨʝʣʷʮʠʦʥʥʳʡ ʩʠʛʥʘʣ ʷʚʣʷʝʪʩʷ ʜʚʫʤʝʨʥʦʡ 

ʤʘʪʨʠʮʝʡ, ʝʛʦ ʥʝʦʙʭʦʜʠʤʦ ʧʦʜʚʝʨʛʥʫʪʴ ʜʘʣʴʥʝʡʰʝʤʫ ʘʥʘʣʠʟʫ, ʯʪʦʙʳ 

ʢʦʨʨʝʢʪʥʦ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʪʴ ʨʘʩʧʦʟʥʘʚʘʝʤʦʝ ʠʟʦʙʨʘʞʝʥʠʝ. ɺ ʢʘʯʝʩʪʚʝ 

ʦʩʥʦʚʥʳʭ ʤʝʪʨʠʢ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚʳʩʦʪʘ 

ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʩʠʛʥʘʣʘ, ʦʪʥʦʰʝʥʠʝ ʧʠʢ/ʩʢʣʦʥ (PSR ï peak to sidelob 

ratio) ʠ ʦʪʥʦʰʝʥʠʝ ʧʠʢ/ʵʥʝʨʛʠʷ ʢʦʨʨʝʣʷʮʠʠ (PCE ï peak to correlation 

energy) [1]. ʉʫʱʝʩʪʚʝʥʥʳʤ ʤʠʥʫʩʦʤ ʵʪʠʭ ʤʝʪʨʠʢ ʷʚʣʷʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ 

ʧʦʣʥʦʝ ʧʨʝʥʝʙʨʝʞʝʥʠʝ ʬʦʨʤʳ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʩʠʛʥʘʣʘ ʧʨʠ ʝʛʦ ʘʥʘʣʠʟʝ. 

ʉʚʸʨʪʦʯʥʳʝ ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ (ʉʅʉ) ï ʩʦʚʨʝʤʝʥʥʳʡ ʠʥʩʪʨʫʤʝʥʪ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʚʳʩʦʢʦʝ ʢʘʯʝʩʪʚʦ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ. ɹʣʦʢ-ʩʭʝʤʘ 

(ʨʠʩ. 1) ʦʧʠʩʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʉʅʉ ʜʣʷ ʦʙʨʘʙʦʪʢʠ 

ʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʩʠʛʥʘʣʦʚ. ʈʘʩʧʦʟʥʘʚʘʝʤʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʝʨʝʜʘʸʪʩʷ ʚ 

ʢʦʛʝʨʝʥʪʥʳʡ ʦʧʪʠʢʦ-ʮʠʬʨʦʚʦʡ ʢʦʨʨʝʣʷʪʦʨ, ʛʜʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʀʌ 

ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʢʦʨʨʝʣʷʮʠʦʥʥʳʡ ʩʠʛʥʘʣ, ʢʦʪʦʨʳʡ ʬʠʢʩʠʨʫʝʪʩʷ 

ʬʦʪʦʢʘʤʝʨʦʡ. ɼʘʣʝʝ ʧʦʣʫʯʝʥʥʳʡ ʩʠʛʥʘʣ ʦʙʨʘʙʘʪʳʚʘʝʪʩʷ ʉʅʉ, ʢʦʪʦʨʘʷ 

ʢʣʘʩʩʠʬʠʮʠʨʫʝʪ ʢʦʨʨʝʣʷʮʠʦʥʥʳʡ ʩʠʛʥʘʣ. ʇʨʠ ʵʪʦʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʉʅʉ, 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʙʫʯʝʥʥʘʷ ʥʘ ʥʝʢʦʪʦʨʦʤ ʪʨʝʥʠʨʦʚʦʯʥʦʤ ʥʘʙʦʨʝ 

ʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʩʠʛʥʘʣʦʚ.  
 

 
 

ʈʠʩ. 1. ɹʣʦʢ-ʩʭʝʤʘ ʦʧʪʠʢʦ-ʮʠʬʨʦʚʦʛʦ ʢʦʨʨʝʣʷʪʦʨʘ  

                ʩ ʥʝʡʨʦʩʝʪʝʚʦʡ ʦʙʨʘʙʦʪʢʦʡ ʚʳʭʦʜʥʳʭ ʩʠʛʥʘʣʦʚ 

 

ʇʨʝʜʣʦʞʝʥʥʘʷ ʘʨʭʠʪʝʢʪʫʨʘ ʩʠʩʪʝʤʳ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʫʣʫʯʰʝʥʠʝ ʪʦʯʥʦʩʪʠ ʥʝ ʤʝʥʝʝ, ʯʝʤ ʥʘ 10 %. ʕʢʩʧʝʨʠʤʝʥʪʳ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʫʩʧʝʰʥʫʶ ʦʙʨʘʙʦʪʢʫ ʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʩʠʛʥʘʣʦʚ, 

ʧʦʣʫʯʝʥʥʳʭ ʚ ʦʧʪʠʢʦ-ʮʠʬʨʦʚʦʤ ʢʦʨʨʝʣʷʪʦʨʝ [2]. 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ: 

1. Vijaya Kumar B.V.K., Mahalanobis A., Juday R.D. Correlation Pattern Recognition. 

Cambridge University Press, 2005. 
2. ɻʦʥʯʘʨʦʚ ɼ.ʉ. ɼʠʩʩʝʨʪʘʮʠʷ ʥʘ ʩʦʠʩʢʘʥʠʝ ʫʯʸʥʦʡ ʩʪʝʧʝʥʠ ʢ.ʬ.-ʤ.ʥ. ʄʦʩʢʚʘ: ʅʀʗʋ 

ʄʀʌʀ, 2021. 
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ʀ.ʅ. ʂʆʄʇɸʅɽʎ 
ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ 

 

ʅ.ɻ. ɹɸʉʆɺ ʀ ʃɸɹʆʈɸʊʆʈʀʗ (ʆʊɼɽʃɽʅʀɽ)  

ʂɺɸʅʊʆɺʆʁ ʈɸɼʀʆʌʀɿʀʂʀ ʌʀɸʅ 

 
ɻʣʘʚʥʳʤ ʚ ʥʘʫʯʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ ʨʫʢʦʚʦʜʠʪʝʣʷ ʣʘʙʦʨʘʪʦʨʠʠ ʅ.ɻ. ɹʘʩʦʚʘ 

ʷʚʣʷʣʦʩʴ ʩʦʟʜʘʥʠʝ ʠ ʨʘʟʚʠʪʠʝ ʥʦʚʳʭ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʫʯʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ, 

ʢʘʨʜʠʥʘʣʴʥʦ ʤʝʥʷʶʱʠʭ ʪʨʘʜʠʮʠʦʥʥʳʝ ʚʟʛʣʷʜʳ, ʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʧʨʦʚʝʜʝʥʠʝ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʫʞʝ ʨʘʟʚʠʪʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʨʝʰʝʥʠʷ ʢʨʫʧʥʳʭ ʠ 

ʢʦʥʢʨʝʪʥʳʭ ʟʘʜʘʯ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ.  

 

I.N. KOMPANETS 
Lebedev Physical Institute of the RAS, Moscow 

 

N.G. BASOV AND THE LPI QUANTUM RADIOPHYS ICS 

LABORATORY (DIVISION)  
 

The main in N.G. Basov scientific activity as a head of the laboratory was the 

creation and development of new promising scientific areas, radically changing 

traditional views, and at the same time implementing the research in already developed 

areas to ensure the solution of large and specific problems of science and technology. 

 

14 ʜʝʢʘʙʨʷ 2022 ʛʦʜʘ ʚ ʈʦʩʩʠʠ ʙʫʜʝʪ ʦʪʤʝʯʘʪʴʩʷ 100-ʣʝʪʠʝ ʩʦ ʜʥʷ 

ʨʦʞʜʝʥʠʷ ʅʦʙʝʣʝʚʩʢʦʛʦ ʣʘʫʨʝʘʪʘ ʅʠʢʦʣʘʷ ɻʝʥʥʘʜʴʝʚʠʯʘ ɹʘʩʦʚʘ. ɼʚʫʤʷ 

ʤʝʩʷʮʘʤʠ ʧʦʟʞʝ ʝʛʦ ʫʯʝʥʠʢʠ ʦʪʤʝʪʷʪ ʠ ʚʪʦʨʦʡ ʶʙʠʣʝʡ ï 60-ʣʝʪʠʝ 

ʃʘʙʦʨʘʪʦʨʠʠ ʢʚʘʥʪʦʚʦʡ ʨʘʜʠʦʬʠʟʠʢʠ ʌʀɸʅ, ʝʛʦ ʣʶʙʠʤʦʛʦ ʜʝʪʠʱʘ. 

ʅ.ɻ. ɹʘʩʦʚ ï ʚʳʧʫʩʢʥʠʢ ʄʦʩʢʦʚʩʢʦʛʦ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʠʥʩʪʠʪʫʪʘ 1950 

ʛʦʜʘ (ʪʘʢ ʪʦʛʜʘ ʥʘʟʳʚʘʣʩʷ ʄʀʌʀ) ʠ ʚʧʦʩʣʝʜʩʪʚʠʠ ʟʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ 

ʄʀʌʀ (ʧʦ ʩʦʚʤʝʩʪʠʪʝʣʴʩʪʚʫ). ʆʩʥʦʚʥʳʤ ʤʝʩʪʦʤ ʨʘʙʦʪʳ ʅ.ɻ. ɹʘʩʦʚʘ 

ʧʦʩʣʝ ʦʢʦʥʯʘʥʠʷ ʘʩʧʠʨʘʥʪʫʨʳ ʄʀʌʀ ʩʪʘʣ ʌʀɸʅ ï ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ 

ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ɸʅ ʉʉʉʈ, ʘ ʚ ʥʸʤ ʃʘʙʦʨʘʪʦʨʠʷ ʢʦʣʝʙʘʥʠʡ, ʚ ʢʦʪʦʨʦʡ 

ʦʥ ʨʘʙʦʪʘʣ ʚʥʘʯʘʣʝ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ɸ.ʄ. ʇʨʦʭʦʨʦʚʘ, ʘ ʩ 1959 ʛ. ï ʥʦʚʳʡ 

ʩʝʢʪʦʨ ʤʦʣʝʢʫʣʷʨʥʳʭ ʛʝʥʝʨʘʪʦʨʦʚ ʚ ʩʦʩʪʘʚʝ ʃʘʙʦʨʘʪʦʨʠʠ ʢʦʣʝʙʘʥʠʡ ʠ, 

ʟʘʪʝʤ, ʦʨʛʘʥʠʟʦʚʘʥʥʘʷ ʠʤ ʩʘʤʠʤ ʚ ʬʝʚʨʘʣʝ 1963 ʛʦʜʘ ʃʘʙʦʨʘʪʦʨʠʷ 

ʢʚʘʥʪʦʚʦʡ ʨʘʜʠʦʬʠʟʠʢʠ (ʃʂʈʌ), ʩʪʘʚʰʘʷ ʚ 1976 ʛ. ʆʪʜʝʣʝʥʠʝʤ ʌʀɸʅ. 

ʇʨʝʜʚʠʜʷ ʩʢʦʨʫʶ ʨʝʘʣʠʟʘʮʠʶ ʣʘʟʝʨʦʚ, ʅ.ɻ. ɹʘʩʦʚ ʫʞʝ ʚ 1958 ʛ. 

ʦʨʛʘʥʠʟʦʚʘʣ ʠ ʩʪʘʣ ʨʫʢʦʚʦʜʠʪʝʣʝʤ ʧʝʨʚʦʡ ʚ ʉʉʉʈ ʥʘʫʯʥʦʡ ʧʨʦʛʨʘʤʤʳ, 

ʚʳʧʦʣʥʷʝʤʦʡ ʪʦʣʴʢʦ ʌʀɸʅ, ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʦʟʤʦʞʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ʠ 

ʫʩʠʣʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʀʂ ʠ ʦʧʪʠʯʝʩʢʦʡ ʦʙʣʘʩʪʠ 
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ʩʧʝʢʪʨʘ. ɺ ʦʜʥʦʤ ʢʦʣʣʝʢʪʠʚʝ ʙʳʣʠ ʦʙʲʝʜʠʥʝʥʳ ʩʦʪʨʫʜʥʠʢʠ ʨʘʟʥʳʭ 

ʣʘʙʦʨʘʪʦʨʠʡ ʠ ʦʪʜʝʣʦʚ ʌʀɸʅ, ʧʨʠʚʣʝʯʝʥʦ ʤʥʦʛʦ ʤʦʣʦʜʸʞʠ. 

ɼʣʷ ʩʦʟʜʘʪʝʣʝʡ ʣʘʟʝʨʦʚ ʙʳʣʦ ʷʩʥʦ, ʯʪʦ ʫʥʠʢʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʢʦʛʝʨʝʥʪʥʦʩʪʴ, ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʩʪʴ, ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʦʣʫʯʝʥʠʷ ʢʦʨʦʪʢʠʭ ʠʤʧʫʣʴʩʦʚ ʠ ʚʳʩʦʢʠʭ ʤʦʱʥʦʩʪʝʡ) ʦʪʢʨʳʚʘʶʪ 

ʰʠʨʦʯʘʡʰʠʝ ʧʝʨʩʧʝʢʪʠʚʳ ʧʨʠʤʝʥʝʥʠʷ ʣʘʟʝʨʦʚ ʚ ʥʘʫʢʝ, ʨʘʟʥʳʭ ʦʪʨʘʩʣʷʭ 

ʥʘʨʦʜʥʦʛʦ ʭʦʟʷʡʩʪʚʘ, ʚ ʚʦʝʥʥʦʤ ʜʝʣʝ. ʋʞʝ ʚ 1961 ʛ. ʅ.ɻ. ɹʘʩʦʚ ʠ 

ʆ.ʅ. ʂʨʦʭʠʥ ʧʝʨʚʳʤʠ ʚʳʩʢʘʟʘʣʠ ʠʜʝʶ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʣʘʟʝʨʥʦʛʦ 

ʪʝʨʤʦʷʜʝʨʥʦʛʦ ʩʠʥʪʝʟʘ (ʃʊʉ) ʧʫʪʤy ʥʘʛʨʝʚʘ ʤʠʰʝʥʠ ʠʟʣʫʯʝʥʠʝʤ ʣʘʟʝʨʘ 

ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ, ʜʦʩʪʘʪʦʯʥʦʡ ʜʣʷ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʡ ʩʠʥʪʝʟʘ.  

ʂ 1963 ʛ. ʚ ʩʪʨʘʥʝ ʫʞʝ ʥʘʰʣʠ ʧʨʠʤʝʥʝʥʠʷ ʤʘʣʦʰʫʤʷʱʠʝ ʠ ʦʯʝʥʴ 

ʪʦʯʥʳʝ ʤʦʣʝʢʫʣʷʨʥʳʝ ʩʪʘʥʜʘʨʪʳ ʯʘʩʪʦʪʳ ʥʘ ʦʩʥʦʚʝ ʘʤʤʠʘʢʘ ʠ ʚʦʜʦʨʦʜʘ, 

ʘ ʚ ʌʀɸʅ ʙʳʣʠ ʩʦʟʜʘʥʳ ʧʝʨʚʳʝ ʛʘʟʦʚʳʝ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʣʘʟʝʨʳ ʠ 

ʧʨʝʜʣʦʞʝʥʘ ʰʠʨʦʢʘʷ ʧʨʦʛʨʘʤʤʘ ʨʘʙʦʪ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʠ ʧʨʠʤʝʥʝʥʠʷʤ 

ʵʪʠʭ ʠ ʜʨʫʛʠʭ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʣʘʟʝʨʦʚ. ʇʦ ʠʥʠʮʠʘʪʠʚʝ ʅ.ɻ. ɹʘʩʦʚʘ ʚ 

ʣʘʙʦʨʘʪʦʨʠʠ ʂʈʌ ʙʳʣʠ ʥʘʯʘʪʳ ʨʘʙʦʪʳ ʧʦ ʩʦʟʜʘʥʠʶ ʩʪʘʥʜʘʨʪʦʚ ʯʘʩʪʦʪʳ 

ʥʘ ʦʩʥʦʚʝ ʤʘʣʦʤʦʱʥʳʭ ʛʘʟʦʚʳʭ ʣʘʟʝʨʦʚ, ʨʘʙʦʪʳ ʧʦ ʬʦʪʦʜʠʩʩʦʮʠʦʥʥʳʤ ʠ 

ʭʠʤʠʯʝʩʢʠʤ ʣʘʟʝʨʘʤ, ʧʦ ʩʦʟʜʘʥʠʶ ʣʘʟʝʨʥʳʭ ʫʩʠʣʠʪʝʣʝʡ ʠ ʢʦʛʝʨʝʥʪʥʳʭ 

ʩʫʤʤʘʪʦʨʦʚ, ʨʘʟʚʝʨʥʫʪʳ ʨʘʙʦʪʳ ʧʦ ʤʦʱʥʳʤ ʣʘʟʝʨʘʤ ʥʘ ʨʘʟʥʳʭ ʘʢʪʠʚʥʳʭ 

ʩʨʝʜʘʭ ʠ ʩ ʨʘʟʥʳʤʠ ʪʠʧʘʤʠ ʥʘʢʘʯʢʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʩ ʧʨʠʚʣʝʯʝʥʠʝʤ 

ʧʨʦʤʳʰʣʝʥʥʳʭ ʦʨʛʘʥʠʟʘʮʠʡ ʠ ʦʙʦʨʦʥʥʦʛʦ ʚʝʜʦʤʩʪʚʘ. ʇʨʠʤʝʥʝʥʠʝ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʠʥʞʝʢʮʠʦʥʥʳʭ ʣʘʟʝʨʦʚ ʩʫʣʠʣʦ ʨʝʚʦʣʶʮʠʶ ʚ 

ʩʨʝʜʩʪʚʘʭ ʩʚʷʟʠ, ʠʥʬʦʨʤʘʪʠʢʠ, ʚʠʜʝʦʪʝʭʥʠʢʠ. ʇʨʘʢʪʠʢʘ ʧʨʝʚʟʦʰʣʘ ʚʩʝ 

ʦʞʠʜʘʥʠʷ ʫʯʸʥʳʭ ʠ ʧʦʢʘʟʘʣʘ, ʯʪʦ ʩ ʨʘʟʚʠʪʠʝʤ ʨʘʙʦʪ ʧʦ ʢʚʘʥʪʦʚʦʡ 

ʨʘʜʠʦʬʠʟʠʢʝ ʚʪʦʨʘʷ ʧʦʣʦʚʠʥʘ ʜʚʘʜʮʘʪʦʛʦ ʚʝʢʘ ʦʟʥʘʤʝʥʦʚʘʣʘʩʴ ʦʪʢʨʳʪʠʝʤ 

ʥʦʚʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʵʨʳ ï ʣʘʟʝʨʥʦʡ, ʚʩʪʘʚʰʝʡ ʧʦ ʩʚʦʝʤʫ 

ʟʥʘʯʝʥʠʶ ʚ ʦʜʠʥ ʨʷʜ ʩ ʘʪʦʤʥʦʡ ʠ ʢʦʩʤʠʯʝʩʢʦʡ ʵʨʘʤʠ. 

ʄʦʞʝʪ ʧʦʢʘʟʘʪʴʩʷ ʫʜʠʚʠʪʝʣʴʥʳʤ, ʧʦʯʝʤʫ ʚʩʝʛʦ ʯʝʨʝʟ 10 - 15 ʣʝʪ ʧʦʩʣʝ 

ʦʢʦʥʯʘʥʠʷ ʦʧʫʩʪʦʰʠʪʝʣʴʥʦʡ ʚʦʡʥʳ ʩʦʚʝʪʩʢʠʤ ʫʯʸʥʳʤ ʫʜʘʣʦʩʴ ʩʦʚʝʨʰʠʪʴ 

ʛʨʘʥʜʠʦʟʥʳʡ ʚʢʣʘʜ ʚ ʤʠʨʦʚʫʶ ʥʘʫʢʫ, ʦʪʢʨʳʚʰʠʡ ʩʪʦʣʴ ʞʝ ʛʨʘʥʜʠʦʟʥʳʝ 

ʧʝʨʩʧʝʢʪʠʚʳ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʦʩʚʦʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ. ʇʦ-ʚʠʜʠʤʦʤʫ, ʪʨʫʜ 

ʫʯʝʥʳʭ ʙʳʣ ʦʯʝʥʴ ʚʦʩʪʨʝʙʦʚʘʥʥʳʤ, ʠ ʛʦʩʫʜʘʨʩʪʚʦ ʨʝʘʣʴʥʦ ʟʘʙʦʪʠʣʦʩʴ ʦ 

ʨʘʟʚʠʪʠʠ ʚ ʩʪʨʘʥʝ ʩʦʚʨʝʤʝʥʥʦʡ ʥʘʫʢʠ, ï ʧʨʝʜʧʦʣʦʞʠʣ ȳɔɇɋɑɋɈɗɐɎɏ 

ɑɆəɖɋɆɘ ɸ.ʄ. ʇʨʦʭʦʨʦʚ ʚ ʧʦʟʜʨʘʚʠʪʝʣʴʥʦʡ ʩʪʘʪʴʝ [1], ʧʦʩʚʷʱʸʥʥʦʡ  

75-ʣʝʪʠʶ ʅ.ɻ. ɹʘʩʦʚʘ. ɼʦʙʘʚʠʤ ʩʘʤʦ ʩʦʙʦʡ ʨʘʟʫʤʝʶʱʝʝʩʷ ʥʘʤ, ʯʪʦ ʦʙʘ 

ʦʥʠ ʙʳʣʠ ʥʝ ʧʨʦʩʪʦ ʪʘʣʘʥʪʣʠʚʳʤʠ ʫʯʸʥʳʤʠ, ʘ ʥʘʫʯʥʳʤʠ ʛʝʥʠʷʤʠ. 

 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ʇʨʦʭʦʨʦʚ ɸ.ʄ. // ʂʚʘʥʪʦʚʘʷ ʵʣʝʢʪʨʦʥʠʢʘ. 1997. ʊ. 24. ˉ 12. ʉ. 1061-1962. 
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ʉ.ʉ. ʉʃʖʉɸʈɽʅʂʆ, ɽ.ɸ. ʄɽʃʔʅʀʂʆɺɸ, ɸ.ʃ. ʊʆʃʉʊʀʂ, 

ʃ. ʃʋʂʂɽʊʊʀ
1
, ʌ. ʉʀʄʆʅʀ

1
 

ɹʝʣʦʨʫʩʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʄʠʥʩʢ 
1ʇʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ɸʥʢʦʥʘ, ʀʪʘʣʠʷ 

 

ʌʆʊʆɺʆʃʔʊɸʀʏɽʉʂʀʁ ʕʌʌɽʂʊ ɺ ɾʂ-ʗʏɽʁʂɸʍ, 

ɼʆʇʀʈʆɺɸʅʅʓʍ ʄɽʊʀʃʆɺʓʄ ʂʈɸʉʅʓʄ 
 

ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʷʚʣʝʥʠʷ ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʚ 

ʷʯʝʡʢʘʭ, ʟʘʧʦʣʥʝʥʥʳʭ ʥʝʤʘʪʠʯʝʩʢʠʤ ʞʠʜʢʠʤ ʢʨʠʩʪʘʣʣʦʤ (ɾʂ), ʜʦʧʠʨʦʚʘʥʥʳʤ 

ʘʟʦʢʨʘʩʠʪʝʣʝʤ. ɺʳʷʚʣʝʥʘ ʨʦʣʴ ʘʟʦʢʨʘʩʠʪʝʣʷ ʧʨʠ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʜʠʨʝʢʪʦʨʘ ɾʂ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ ʯʪʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʦʩʠʪ 

ʥʝʤʦʥʦʪʦʥʥʳʡ ʭʘʨʘʢʪʝʨ, ʩʚʷʟʘʥʥʳʡ ʢʘʢ ʩ ʧʨʦʮʝʩʩʘʤʠ, ʧʨʦʪʝʢʘʶʱʠʤʠ ʚ ʦʙʲʤyʝ 

ʩʨʝʜʳ, ʪʘʢ ʠ ʥʘ ʦʨʠʝʥʪʠʨʫʶʱʠʭ ɾʂ-ʧʦʚʝʨʭʥʦʩʪʷʭ. 
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PHOTOVOLTAIC EFFECT IN LCD CELLS  

DOPED WITH METHYL RE D 
 

The peculiarities of the photovoltaic effect in cells with a nematic liquid crystal (LC) 

azo dye doped were analyzed. The role of the azo dye in the LC director reorientation is 

revealed. It is experimentally shown that the formation of the photovoltaic field has a 

non-monotonic character associated with both the processes occurring in the volume of 

the medium and on the orienting LC surfaces. 

 

ɹʦʣʝʝ ʜʚʘʜʮʘʪʴ ʣʝʪ ʥʘʟʘʜ ʧʦʷʚʠʣʠʩʴ ʧʝʨʚʳʝ ʨʘʙʦʪʳ ʧʦ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ 

ʤʦʣʝʢʫʣ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ (ɾʂ) ʟʘ ʩʯʪy ʜʦʙʘʚʣʝʥʠʷ ʘʟʦʢʨʘʩʠʪʝʣʷ. ɹʳʣ 

ʧʨʝʜʣʦʞʝʥ ʤʝʪʦʜ, ʚ ʢʦʪʦʨʦʤ ʢʨʘʩʠʪʝʣʴ ʜʦʙʘʚʣʷʝʪʩʷ ʚ ʩʘʤ ɾʂ [1] ʠ 

ʧʝʨʝʦʨʠʝʥʪʘʮʠʷ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʪy ʘʜʩʦʨʙʮʠʠ ʢʨʘʩʠʪʝʣʷ ʥʘ ʦʜʥʦʡ ʠʟ 

ʧʦʚʝʨʭʥʦʩʪʝʡ ʧʨʠ ʦʩʚʝʱʝʥʠʠ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ. ʌʠʟʠʯʝʩʢʠʡ 

ʤʝʭʘʥʠʟʤ ʥʝ ʙʳʣ ʷʩʝʥ, ʦʜʥʘʢʦ ʫʢʘʟʘʥʥʳʡ ʤʝʪʦʜ ʧʦʟʚʦʣʠʣ ʥʝ ʪʦʣʴʢʦ 

ʧʝʨʝʦʨʠʝʥʪʠʨʦʚʘʪʴ ɾʂ ʚ ʷʯʝʡʢʝ ʧʨʠ ʣʦʢʘʣʴʥʦʤ ʦʩʚʝʱʝʥʠʠ, ʥʦ ʪʘʢʞʝ 

ʧʦʟʚʦʣʠʣ ʟʘʧʠʩʳʚʘʪʴ ʠʟʦʙʨʘʞʝʥʠʷ ʠ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʝ 

ʛʦʣʦʛʨʘʬʠʯʝʩʢʠʝ ʨʝʰʪyʢʠ [2, 3]. ɺ 1997 ʛʦʜʫ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ [4], ʯʪʦ ʚ 

ʫʧʦʤʷʥʫʪʳʭ ɾʂ-ʷʯʝʡʢʘʭ ʧʨʠʩʫʪʩʪʚʫʝʪ ʘʥʦʤʘʣʴʥʦ ʚʳʩʦʢʠʡ 
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ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, ʧʨʦʷʚʣʷʶʱʠʡʩʷ ʚ ʛʝʥʝʨʘʮʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʧʦʪʝʥʮʠʘʣʘ ʧʨʠ ʦʩʚʝʱʝʥʠʠ ɾʂ-ʷʯʝʡʢʠ. 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʜʠʥʘʤʠʢʠ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʠ ʚʳʷʩʥʝʥʠʝ ʝʛʦ 

ʬʠʟʠʯʝʩʢʦʛʦ ʤʝʭʘʥʠʟʤʘ. ʆʩʦʙʝʥʥʦʩʪʴʶ ʠʟʛʦʪʦʚʣʝʥʥʦʡ ɾʂ-ʷʯʝʡʢʠ ʙʳʣʦ 

ʨʘʟʣʠʯʠʝ ʜʚʫʭ ʦʛʨʘʥʠʯʠʚʘʶʱʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ. ʆʜʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʧʨʝʜʩʪʘʚʣʷʣʘ ʩʦʙʦʡ ʩʪʝʢʣʦ, ʧʦʢʨʳʪʦʝ ʩʣʦʝʤ ʀʊʆ ʠ ʧʦʣʠʚʠʥʠʣʮʠʥʥʘʤʘʪ 

ʙʝʟ ʥʘʪʠʨʢʠ (ʠʟʦʪʨʦʧʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ). ɺʪʦʨʘʷ ʧʦʚʝʨʭʥʦʩʪʴ (ʩʪʝʢʣʦ, 

ʧʦʢʨʳʪʦʝ ʩʣʦʝʤ ʀʊʆ ʠ ʧʦʣʠʠʤʠʜʘ) ʥʘʪʠʨʘʣʘʩʴ. ʀʊʆ ʩʣʦʠ ʧʦʜʢʣʶʯʘʣʠʩʴ 

ʢ ʩʠʩʪʝʤʝ ʨʝʛʠʩʪʨʘʮʠʠ ʥʘ ʦʩʥʦʚʝ ʮʠʬʨʦʚʦʛʦ ʦʩʮʠʣʣʦʛʨʘʬʘ. ʃʘʟʝʨʥʦʝ 

ʠʟʣʫʯʝʥʠʝ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 0,44 ʤʢʤ ʥʘʧʨʘʚʣʷʣʦʩʴ ʥʘ ʠʟʦʪʨʦʧʥʫʶ 

ʧʦʚʝʨʭʥʦʩʪʴ. ʇʨʠ ʵʪʦʤ ʥʘ ʦʛʨʘʥʠʯʠʚʘʶʱʠʭ ʧʦʚʝʨʭʥʦʩʪʷʭ ʬʦʨʤʠʨʦʚʘʣʩʷ 

ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ. ʊʠʧʠʯʥʘʷ ʜʠʥʘʤʠʢʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʪʝʥʮʠʘʣʘ 

ʧʨʠ ʚʢʣʶʯʝʥʠʠ ʩʚʝʪʘ ʠ ʧʨʠ ʝʛʦ ʚʳʢʣʶʯʝʥʠʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1. 
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ʈʠʩ. 1. ɼʠʥʘʤʠʢʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʧʨʠ ʩʚʝʪʦʚʦʤ ʚʦʟʜʝʡʩʪʚʠʠ 

 

ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʥʝʤʦʥʦʪʦʥʥʦʛʦ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʧʨʝʜʣʦʞʝʥʦ 

ʚʢʣʶʯʝʥʠʝ ʜʚʫʭ ʢʦʥʢʫʨʠʨʫʶʱʠʭ ʤʝʭʘʥʠʟʤʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʧʨʦʮʝʩʩʘʤʠ ʚ 

ʦʙʲʸʤʝ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʝʤ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ ʩʣʦʝ 

ʀʊʆ, ʷʚʣʷʶʱʠʤʩʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʤ n-ʪʠʧʘ. 
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1
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1
 

1ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʠʤ. ʖ.ɸ. ʆʩʠʧʴʷʥʘ ʈɸʅ, ʏʝʨʥʦʛʦʣʦʚʢʘ 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çɺʳʩʰʘʷ ʰʢʦʣʘ ʵʢʦʥʦʤʠʢʠè, 

ʄʦʩʢʚʘ 

 

ʇɽʈʀʆɼʀʏɽʉʂʀɽ ʉʊʈʋʂʊʋʈʓ  

ɺ ɾʀɼʂʆʂʈʀʉʊɸʃʃʀʏɽʉʂʀʍ ʌʆʊʆʅʅʓʍ 

ʂʈʀʉʊɸʃʃɸʍ 
 

ʇʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʜʥʦʤʝʨʥʳʭ, ʜʚʫʤʝʨʥʳʭ ʠ ʪʨʭyʤʝʨʥʳʭ 

ʫʧʦʨʷʜʦʯʝʥʥʳʭ ʩʪʨʫʢʪʫʨ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʚ ʭʠʨʘʣʴʥʳʭ ʭʦʣʝʩʪʝʨʠʯʝʩʢʠʭ ʞʠʜʢʠʭ 

ʢʨʠʩʪʘʣʣʘʭ. ʀʟʫʯʝʥʳ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʩʪʨʫʢʪʫʨ ʠ ʠʭ ʬʦʪʦʥʥʳʭ 

ʩʚʦʡʩʪʚ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʧʝʨʠʦʜʘ ʭʦʣʝʩʪʝʨʠʢʘ. 
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PERIODIC STRUCTURES IN LIQUID -CRYSTALLINE  

PHOTONIC CRYSTALS  
 

We present results of investigations of one-dimensional, two-dimensional and three-

dimensional ordered structures forming in chiral cholesteric liquid crystals. 

Transformation of the structures and their photonic properties with change of cholesteric 

period is studied. 

 

ɾʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʦʨʠʝʥʪʘʮʠʦʥʥʦ ʫʧʦʨʷʜʦʯʝʥʥʳʭ 

ʘʥʠʟʦʪʨʦʧʥʳʭ ʤʦʣʝʢʫʣ, ʦʙʨʘʟʫʶʪ ʨʷʜ ʬʦʪʦʥʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ. 

ʇʨʠʤʝʨʦʤ ʦʜʥʦʤʝʨʥʦʛʦ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩʣʫʞʠʪ ʭʦʣʝʩʪʝʨʠʯʝʩʢʠʡ 

ʞʠʜʢʠʡ ʢʨʠʩʪʘʣʣ ʩʦ ʩʧʠʨʘʣʴʥʳʤ ʫʧʦʨʷʜʦʯʝʥʠʝʤ ʤʦʣʝʢʫʣ [1 - 4].  

ɺ ʨʘʙʦʪʝ ʦʧʪʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʠʟʫʯʝʥʦ ʧʦʚʝʜʝʥʠʝ 

ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʩʤʝʩʷʤʠ 

ʥʝʭʠʨʘʣʴʥʦʛʦ ʥʝʤʘʪʠʯʝʩʢʦʛʦ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠ ʭʠʨʘʣʴʥʦʡ ʜʦʙʘʚʢʠ. 

ʅʘʣʠʯʠʝ ʭʠʨʘʣʴʥʦʡ ʜʦʙʘʚʢʠ ʧʨʠʚʦʜʠʪ ʢ ʥʘʨʫʰʝʥʠʶ ʟʝʨʢʘʣʴʥʦʡ 

ʩʠʤʤʝʪʨʠʠ ʠ ʦʙʨʘʟʦʚʘʥʠʶ ʩʧʠʨʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ 

ʧʦʷʚʣʷʝʪʩʷ ʟʘʧʨʝʱʥyʥʘʷ ʬʦʪʦʥʥʘʷ ʟʦʥʘ. ʇʝʨʠʦʜ ʭʦʣʝʩʪʝʨʠʯʝʩʢʦʡ ʩʧʠʨʘʣʠ 

ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʭʠʨʘʣʴʥʦʡ ʜʦʙʘʚʢʠ (ʨʠʩ. 1). 

ʀʟʤʝʥʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʦʟʚʦʣʷʝʪ ʩʤʝʱʘʪʴ ʧʦʣʦʞʝʥʠʝ ʬʦʪʦʥʥʦʡ 

ʟʘʧʨʝʱʥyʥʦʡ ʟʦʥʳ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ. ʇʦʚʝʜʝʥʠʝ ʭʠʨʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ 

ʠʩʩʣʝʜʦʚʘʥʦ ʚ ʧʣʦʩʢʠʭ ʦʧʪʠʯʝʩʢʠʭ ʷʯʝʡʢʘʭ ʪʦʣʱʠʥʦʡ ʦʪ 5 ʜʦ 40 ʤʢʤ. 
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ʅʝʪʨʠʚʠʘʣʴʥʳʝ ʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʫʶʪʩʷ ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

ʚʙʣʠʟʠ ʧʝʨʝʭʦʜʘ ʞʠʜʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʚ ʠʟʦʪʨʦʧʥʫʶ ʬʘʟʫ. ʇʨʠ ʤʘʣʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʭʠʨʘʣʴʥʦʡ ʜʦʙʘʚʢʠ ʚʙʣʠʟʠ ʪʝʤʧʝʨʘʪʫʨʳ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ 

ʩʧʦʥʪʘʥʥʦ ʧʦʷʚʣʷʶʪʩʷ ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʣʠʥʝʡʥʳʝ ʜʝʬʝʢʪʳ. ʇʨʠ ʙʦʣʴʰʝʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʙʨʘʟʫʝʪʩʷ ʩʪʨʫʢʪʫʨʘ ʩ ʜʚʫʤʝʨʥʳʤ ʫʧʦʨʷʜʦʯʝʥʠʝʤ ʚ 

ʧʣʦʩʢʦʩʪʠ ʦʙʨʘʟʮʘ, ʦʙʣʘʜʘʶʱʘʷ ʥʝʪʨʠʚʠʘʣʴʥʳʤʠ ʬʦʪʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. 

ʇʨʠ ʚʳʩʦʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ (ʙʦʣʝʝ 40 % ʭʠʨʘʣʴʥʦʡ ʜʦʙʘʚʢʠ) ʦʙʨʘʟʫʶʪʩʷ 

ɻʦʣʫʙʳʝ ʬʘʟʳ [1] ʩ ʪʨʭyʤʝʨʥʳʤ ʫʧʦʨʷʜʦʯʝʥʠʝʤ. ʀʟʫʯʝʥʳ ʩʧʝʢʪʨʘʣʴʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʪʨʫʢʪʫʨ ʚ ʦʙʨʘʟʮʘʭ ʨʘʟʣʠʯʥʦʡ ʪʦʣʱʠʥʳ. ɺʧʝʨʚʳʝ 

ʠʩʩʣʝʜʦʚʘʥʳ ʬʦʪʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʜʚʫʤʝʨʥʦʡ ʫʧʦʨʷʜʦʯʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. 

ʆʙʩʫʞʜʘʝʪʩʷ ʚʦʟʤʦʞʥʦʝ ʫʩʪʨʦʡʩʪʚʦ ʜʚʫʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʚʣʠʷʥʠʝ 

ʫʧʦʨʷʜʦʯʝʥʠʷ ʚ ʧʣʦʩʢʦʩʪʠ ʦʙʨʘʟʮʘ ʠ ʚ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʥʘ 

ʩʧʝʢʪʨʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ. 

ʈʝʟʫʣʴʪʘʪʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʤʥʦʛʦʦʙʨʘʟʠʷ 

ʬʦʪʦʥʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʭʠʨʘʣʴʥʳʭ ʞʠʜʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʨʝʜʘʭ. 
 

 

 

  

ʈʠʩ. 1. ʇʝʨʠʦʜ ʩʧʠʨʘʣʠ ʭʦʣʝʩʪʝʨʠʢʘ p, ʦʧʨʝʜʝʣʥyʥʳʡ ʠʟ ʧʦʣʦʞʝʥʠʷ  

ʬʦʪʦʥʥʦʡ ʟʘʧʨʝʱʥyʥʦʡ ʟʦʥʳ, ʠ ʚʦʣʥʦʚʦʝ ʯʠʩʣʦ ʩʧʠʨʘʣʠ q ʚ ʟʘʚʠʩʠʤʦʩʪʠ  

ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ X ʭʠʨʘʣʴʥʦʡ ʜʦʙʘʚʢʠ CB15 ʚ ʥʝʤʘʪʠʯʝʩʢʦʤ ʞʠʜʢʦʤ ʢʨʠʩʪʘʣʣʝ 
 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʟʘʜʘʥʠʷ ʀʌʊʊ ʈɸʅ. 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ  

(ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ), ɼʦʣʛʦʧʨʫʜʥʳʡ 

 

ʉʊɸɹʀʃʔʅʆʉʊʔ ʊʆʅʂʀʍ ʂʈʀʉʊɸʃʃʆɺ CoPS3 
 

ʄʝʪʦʜʦʤ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʠʩʩʣʝʜʫʝʪʩʷ 

ʫʩʪʦʡʯʠʚʦʩʪʴ ʪʦʥʢʠʭ ʢʨʠʩʪʘʣʣʦʚ CoPS3 ʚ ʩʪʘʥʜʘʨʪʥʳʭ ʘʪʤʦʩʬʝʨʥʳʭ ʫʩʣʦʚʠʷʭ. 

ʋʩʪʘʥʦʚʣʝʥʦ ʦʪʩʫʪʩʪʚʠʝ ʜʝʛʨʘʜʘʮʠʠ ʤʘʪʝʨʠʘʣʘ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʦʙʳʯʥʦʡ 

ʘʪʤʦʩʬʝʨʳ ʠ ʩʚʝʪʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʙʦʪʳ ʩ ʪʦʥʢʠʤʠ 

ʢʨʠʩʪʘʣʣʘʤʠ CoPS3 ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʛʝʨʤʝʪʠʯʥʳʭ ʙʦʢʩʦʚ ʠ ʩʧʝʮʠʘʣʴʥʳʭ 

ʤʝʪʦʜʦʚ ʟʘʱʠʪʳ ʤʘʪʝʨʠʘʣʘ.   

 

Yu.A. KLISHIN, D.I. YAKUBOVSKII , M.K. TATMYSHEVSKIY, 

A.V. ARSENIN, D.A. GHAZARYAN, V.S. VOLKOV 
 

Moscow Institute of Physics and Technology (National Research University), Dolgoprudny 

 

STABILITY OF THIN CRYSTALS CoPS 3 
 

Raman spectroscopy is used to study the stability of thin CoPS3 crystals under the 

standard atmospheric conditions. The absence of materialôs degradation under the 

influence of usual atmosphere and light exposure was found. The possibility of working 

with thin crystals CoPS3 without the use of sealed boxes and special methods of 

protecting the material was shown.  
 

CoPS3 ʷʚʣʷʝʪʩʷ ʩʣʦʠʩʪʳʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤ ʤʘʪʝʨʠʘʣʦʤ ʩ  

XY-ʘʥʠʟʦʪʨʦʧʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤ [1]. ɼʘʥʥʳʡ ʤʘʪʝʨʠʘʣ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ, ʧʦʩʢʦʣʴʢʫ ʠʤʝʝʪ ʫʥʠʢʘʣʴʥʳʝ 

ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ, ʧʦʜʦʙʥʳʝ ʩʚʦʡʩʪʚʘʤ NiPS3 [2], ʘ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʩ ʤʝʞʩʣʦʝʚʳʤ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʪʦʥʢʠʝ ʩʣʦʠ ʤʝʪʦʜʦʤ ʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʨʘʩʱʝʧʣʝʥʠʷ. ʕʪʦ ʜʝʣʘʝʪ CoPS3 ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʤʘʛʥʠʪʥʳʤ ʜʚʫʤʝʨʥʳʤ 

ʢʨʠʩʪʘʣʣʦʤ, ʦʜʥʘʢʦ, ʚʦʧʨʦʩ ʦ ʝʛʦ ʩʪʘʙʠʣʴʥʦʩʪʠ ʚ ʩʣʫʯʘʝ ʪʦʥʢʠʭ ʩʣʦʚy 

ʦʩʪʘʝʪʩʷ ʦʪʢʨʳʪʳʤ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ, ʤʝʪʦʜʦʤ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʠʩʩʣʝʜʫʝʪʩʷ ʜʝʛʨʘʜʘʮʠʷ ʪʦʥʢʠʭ ʩʣʦʚy CoPS3 ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ 

ʘʪʤʦʩʬʝʨʥʳʭ ʫʩʣʦʚʠʷʭ. ʆʙʨʘʟʮʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʨʘʩʱʝʧʣʝʥʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 120 - 140 Áʉ. ɺ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʝʢ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ Si
++/

SiO2 ʠ ʢʚʘʨʮ. ʇʦʣʫʯʝʥʥʳʝ ʪʦʥʢʠʝ ʢʨʠʩʪʘʣʣʳ 
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ʦʪʙʠʨʘʣʠʩʴ ʧʨʠ ʧʦʤʦʱʠ ʦʧʪʠʯʝʩʢʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʩ ʧʦʩʣʝʜʫʶʱʝʡ 

ʭʘʨʘʢʪʝʨʠʟʘʮʠʝʡ ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʪʦʣʱʠʥʳ 

ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. 

ɺ ʂʈ-ʩʧʝʢʪʨʝ 3D-CoPS3 ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠʤʝʝʪ ʧʷʪʴ ʤʦʜ. 

ɼʚʝ ʤʦʜʳ ʥʘ ʫʨʦʚʥʝ 149 ʠ 278 ʩʤ
ī1

 ï ʦʪʥʦʩʷʪʩʷ ʢ ʜʚʘʞʜʳ ʚʳʨʦʞʜʝʥʥʳʤ 

ʤʦʜʘʤ Eg, ʪʨʠ ʧʠʢʘ 242, 384 ʠ 585 ʩʤ
ī1

 ï ʥʝʚʳʨʦʞʜʝʥʥʳʝ ʤʦʜʳ ʢʦʣʝʙʘʥʠʡ 

Ag [3]. ʂʘʢ ʚʠʜʥʦ ʠʟ ʛʨʘʬʠʢʘ (ʨʠʩ. 1ʘ), ʧʦ ʧʨʦʰʝʩʪʚʠʠ 100 ʯʘʩʦʚ 

ʩʦʦʪʥʦʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʠ ʧʦʣʦʞʝʥʠʝ ʧʠʢʦʚ ʥʝ ʠʟʤʝʥʷʝʪʩʷ. 

ʀʤʝʶʱʠʝʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʳʝ ʨʘʟʣʠʯʠʷ ʤʝʞʜʫ ʩʧʝʢʪʨʘʤʠ ʥʝ ʥʦʩʷʪ 

ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʛʦ ʭʘʨʘʢʪʝʨʘ ʠ ʦʙʲʷʩʥʷʶʪʩʷ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʧʨʦʚʝʜʝʥʠʷ 

ʠʟʤʝʨʝʥʠʡ. ɸʥʘʣʦʛʠʯʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʦ ʪʦʣʱʠʥʝ ʪʦʥʢʠʭ 

ʢʨʠʩʪʘʣʣʦʚ (ʪʦʣʱʠʥʦʡ ʦʪ 20 ʜʦ 250 ʥʤ) ʧʨʦʚʝʜʥyʥʳʝ ʩ ʨʘʟʥʦʩʪʴʶ  

ʚ 14 ʜʥʝʡ ʪʘʢʞʝ ʥʝ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʨʠʟʥʘʢʦʚ ʜʝʛʨʘʜʘʮʠʠ. ʇʨʠ ʵʪʦʤ 

ʦʧʪʠʯʝʩʢʘʷ ʤʠʢʨʦʩʢʦʧʠʷ (ʨʠʩ. 1ʙ) ʪʘʢʞʝ ʥʝ ʚʳʷʚʣʷʝʪ ʢʘʢʠʭ-ʣʠʙʦ 

ʠʟʤʝʥʝʥʠʡ. 
 

 
 

ʈʠʩ. 1. ʇʦʣʫʯʝʥʥʳʡ ʂʈ-ʩʧʝʢʪʨ (ʘ), ʦʧʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʪʦʥʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʥʘ ʧʦʜʣʦʞʢʝ Si-SiO2, ʤʘʩʰʪʘʙ 10 ʤʢʤ (ʙ) 

 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦʙ ʦʪʩʫʪʩʪʚʠʠ ʜʝʛʨʘʜʘʮʠʠ 

ʪʦʥʢʠʭ ʩʣʦʚy ʢʨʠʩʪʘʣʣʘ ʧʨʠ ʘʪʤʦʩʬʝʨʥʳʭ ʫʩʣʦʚʠʷʭ. ʇʨʠ ʵʪʦʤ ʚʦʧʨʦʩ 

ʩʪʘʙʠʣʴʥʦʩʪʠ ʦʜʥʦʩʣʦʡʥʳʭ CoPS3 ʪʨʝʙʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʦʧʫʩʪʠʤʦ ʜʘʣʴʥʝʡʰʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʜʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʟʘʱʠʪʥʳʭ ʤʝʨ.  
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ʇʝʪʨʦʟʘʚʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ 
1ʀʥʩʪʠʪʫʪ ʭʠʤʠʠ ʠ ʪʝʭʥʦʣʦʛʠʠ ʨʝʜʢʠʭ ʵʣʝʤʝʥʪʦʚ ʠ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ 

ʠʤ. ʀ.ɺ. ʊʘʥʘʥʘʝʚʘ ʂʦʣʴʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʮʝʥʪʨʘ ʈɸʅ, ɸʧʘʪʠʪʳ, ʄʫʨʤʘʥʩʢʘʷ ʦʙʣ. 

 

ɼɽʌɽʂʊʅɸʗ ʉʊʈʋʂʊʋʈɸ ʂʈʀʉʊɸʃʃʆɺ LiNbO3:Zn, 

ɺʓʈɸʑɽʅʅʓʍ ʄɽʊʆɼɸʄʀ ʇʈʗʄʆɻʆ  

ʀ ɻʆʄʆɻɽʅʅʆɻʆ ʃɽɻʀʈʆɺɸʅʀʗ 
 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʨʘʚʥʠʪʝʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʢʨʠʩʪʘʣʣʦʚ ʥʠʦʙʘʪʘ ʣʠʪʠʷ, ʣʝʛʠʨʦʚʘʥʥʳʭ ʮʠʥʢʦʤ, ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʣʝʛʠʨʫʶʱʝʡ 

ʧʨʠʤʝʩʠ ʠ ʪʝʭʥʦʣʦʛʠʠ ʚʳʨʘʱʠʚʘʥʠʷ. 
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DEFECTIVE STRUCTURE OF LiNbO 3:Zn CRYSTALS GROWN 

BY DIRECT AND HOMOGENEOUS ALLOYING METHODS  
 

The article presents comparative studies of the structural state of zinc-doped lithium 

niobate crystals, depending on the concentration of the dopant and the growth 

technology. 

 

ʉʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʨʠʩʪʘʣʣʳ ʥʠʦʙʘʪʘ ʣʠʪʠʷ (LiNbO3) ʧʨʠ ʚʳʩʦʢʠʭ 

ʫʨʦʚʥʷʭ ʣʝʛʠʨʦʚʘʥʠʷ ʮʠʥʢʦʤ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʩʪʦʡʢʦʩʪʴʶ ʢ 

ʦʧʪʠʯʝʩʢʦʤʫ ʧʦʚʨʝʞʜʝʥʠʶ ʠ ʥʠʟʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʥʘʧʨʷʞʸʥʥʦʩʪʠ 

ʢʦʵʨʮʠʪʠʚʥʦʛʦ ʧʦʣʷ. ʉʦʙʩʪʚʝʥʥʳʝ ʠ ʧʨʠʤʝʩʥʳʝ ʜʝʬʝʢʪʳ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ 

ʚʜʦʣʴ ʧʦʣʷʨʥʦʡ ʦʩʠ, ʬʦʨʤʠʨʫʶʪ ʧʦʣʷʨʥʳʝ ʢʣʘʩʪʝʨʳ, ʯʪʦ ʦʪʢʨʳʚʘʝʪ 

ʧʝʨʩʧʝʢʪʠʚʫ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʦʚ ʜʣʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʥʘ ʠʩʢʫʩʩʪʚʝʥʥʦ ʩʦʟʜʘʥʥʳʭ ʧʝʨʠʦʜʠʯʝʩʢʠ ʧʦʣʷʨʠʟʦʚʘʥʥʳʭ 

ʜʦʤʝʥʘʭ ʩʫʙʤʠʢʨʦʥʥʳʭ ʨʘʟʤʝʨʦʚ [1]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʝʥʪʛʝʥʦʛʨʘʬʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʠʩʩʣʝʜʦʚʘʥʦ 

ʩʪʨʫʢʪʫʨʥʦʝ ʩʦʩʪʦʷʥʠʝ ʢʨʠʩʪʘʣʣʦʚ LiNbO3:Zn, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʘʤʠ 

ʧʨʷʤʦʛʦ ʠ ʛʦʤʦʛʝʥʥʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ. ʄʝʪʦʜ ʧʨʷʤʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ 

ʧʦʜʨʘʟʫʤʝʚʘʝʪ, ʯʪʦ ʣʝʛʠʨʫʶʱʘʷ ʧʨʠʤʝʩʴ ʜʦʙʘʚʣʷʝʪʩʷ ʫʞʝ ʚ 

ʛʨʘʥʫʣʠʨʦʚʘʥʥʫʶ ʰʠʭʪʫ ʧʝʨʝʜ ʥʘʧʣʘʚʣʝʥʠʝʤ ʪʠʛʣʷ. ʄʝʪʦʜ ʛʦʤʦʛʝʥʥʦʛʦ 

ʣʝʛʠʨʦʚʘʥʠʷ ʦʩʥʦʚʘʥ ʥʘ ʪʦʤ, ʯʪʦ ʣʝʛʠʨʫʶʱʫʶ ʧʨʠʤʝʩʴ ʚʚʦʜʷʪ ʚ ʦʢʩʠʜ 

ʥʠʦʙʠʷ Nb2O5. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʦʚʳʰʘʝʪʩʷ ʭʠʤʠʯʝʩʢʘʷ ʛʦʤʦʛʝʥʥʦʩʪʴ 
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ʰʠʭʪʳ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʩʪʨʫʢʪʫʨʥʘʷ ʠ ʦʧʪʠʯʝʩʢʘʷ ʦʜʥʦʨʦʜʥʦʩʪʴ 

ʚʳʨʘʱʝʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ. ʂʨʠʩʪʘʣʣʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ 

ʏʦʭʨʘʣʴʩʢʦʛʦ ʚ ʚʦʟʜʫʰʥʦʡ ʘʪʤʦʩʬʝʨʝ. ʇʨʝʮʠʟʠʦʥʥʳʝ ʜʠʬʨʘʢʮʠʦʥʥʳʝ 

ʢʘʨʪʠʥʳ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʚ ʠʥʪʝʨʚʘʣʝ ʫʛʣʦʚ ʨʘʩʩʝʷʥʠʷ 2ɗ ʦʪ 5 ʜʦ 145 Ü ʥʘ 

ʜʠʬʨʘʢʪʦʤʝʪʨʝ ɼʈʆʅ-6 ʚ ʉuʂŬ-ʠʟʣʫʯʝʥʠʠ, ʤʦʥʦʭʨʦʤʘʪʦʨ ʠʟ 

ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʙʳʣ ʫʩʪʘʥʦʚʣʝʥ ʚ ʧʝʨʚʠʯʥʳʭ ʣʫʯʘʭ. ʊʦʯʥʦʩʪʴ ʚ 

ʦʧʨʝʜʝʣʝʥʠʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʢʘʞʜʦʡ ʪʦʯʢʠ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʣʠʥʠʠ ʥʝ 

ʤʝʥʴʰʝ 5 %. ʈʝʟʫʣʴʪʘʪʳ ʫʪʦʯʥʝʥʠʷ ʩʪʨʫʢʪʫʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ  

ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣ. 1. 
 

ʊʘʙʣʠʮʘ 1. ʋʪʦʯʥʸʥʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʦʨʜʠʥʘʪ ʘʪʦʤʦʚ (x/a, y/b, z/c)  

ʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʟʘʧʦʣʥʝʥʠʷ ʧʦʟʠʮʠʡ G ʚ ʢʨʠʩʪʘʣʣʘʭ LiNbO3:Zn 

 G x/a y/b z/c  G x/a y/b z/c 

ʇʨʷʤʦʝ ʣʝʛʠʨʦʚʘʥʠʝ LiNbO3:Zn 

Cʚ = 5.84 ʤʦʣ. % 

(Rwp(%) = 10.93, Rp(%) = 7.9) 

 ɻʦʤʦʛʝʥʥʦʝ ʣʝʛʠʨʦʚʘʥʠʝ LiNbO3:Zn 

ʉʚ = 6.65 ʤʦʣ. % 

(Rwp(%) = 5.37, Rp(%) = 5.58) 

Nb 0.98 0 0 0 Nb 0.965 0 0 0 

O 1 0.056 0.343 0.079 O 1.00 0.056 0.354 0.064 

Li  0.93 0 0 0.279 Li  0.94 0 0 0.282 

NbLi 0.01 0 0 0.281 NbLi 0.012 0 0 0.269 

ZnLi 0.06 0 0 0.279 Nbokt 0.001 0 0 0.12 

     ZnLi 0.04 0 0 0.279 

     Znokt  0.024 0 0 0.106 
 

ʂʨʠʩʪʘʣʣʳ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʛʦʤʦʛʝʥʥʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ, ʩʦʜʝʨʞʘʪ 

ʙʦʣʴʰʝ ʜʝʬʝʢʪʦʚ ʧʦ ʥʠʦʙʠʶ (ʥʠʦʙʠʝʚʳʝ ʚʘʢʘʥʩʠʠ, NbLi, Nbokt), ʯʝʤ 

ʢʨʠʩʪʘʣʣʳ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʧʨʷʤʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ. ʇʨʠʤʝʩʴ ʚ ʦʙʦʠʭ 

ʩʣʫʯʘʷʭ ʣʝʛʠʨʦʚʘʥʠʷ ʟʘʥʠʤʘʝʪ ʚʘʢʘʥʪʥʳʝ ʧʦʟʠʮʠʠ ʣʠʪʠʷ, ʦʜʥʘʢʦ ʚ 

ʦʙʨʘʟʮʝ, ʧʦʣʫʯʝʥʥʦʤ ʤʝʪʦʜʦʤ ʛʦʤʦʛʝʥʥʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ, ʯʘʩʪʴ ʘʪʦʤʦʚ 

ʮʠʥʢʘ ʟʘʥʠʤʘʝʪ ʧʫʩʪʦʡ ʢʠʩʣʦʨʦʜʥʳʡ ʦʢʪʘʵʜʨ. ʅʝʩʤʦʪʨʷ ʥʘ 

ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʪʦʤ, ʯʪʦ ʢʨʠʩʪʘʣʣʳ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʛʦʤʦʛʝʥʥʦʛʦ 

ʣʝʛʠʨʦʚʘʥʠʷ, ʜʦʣʞʥʳ ʦʙʣʘʜʘʪʴ ʙʦʣʝʝ ʫʧʦʨʷʜʦʯʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, 

ʨʝʥʪʛʝʥʦʛʨʘʬʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʧʦʢʘʟʳʚʘʶʪ ʦʙʨʘʪʥʦʝ, ʚ ʢʨʠʩʪʘʣʣʘʭ 

ʧʨʠʩʫʪʩʪʚʫʝʪ ʜʝʬʝʢʪ ʟʘʧʦʣʥʝʥʠʷ ʧʫʩʪʦʛʦ ʦʢʪʘʵʜʨʘ, ʢʦʪʦʨʳʡ ʧʨʠʚʦʜʠʪ ʢ 

ʙʦʣʴʰʝʤʫ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʶ ʠ ʠʩʢʘʞʝʥʠʶ ʚʜʦʣʴ ʧʦʣʷʨʥʦʡ ʦʩʠ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʯʘʩʪʠʯʥʦʡ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ 

ʈʌʌʀ ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 20-33-90038. 
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ɺʃʀʗʅʀɽ ɻɽʆʄɽʊʈʀʀ ɺɿɸʀʄʆɼɽʁʉʊɺʀʗ  

ʅɸ ʕʌʌɽʂʊʀɺʅʆʉʊʔ ʅɽʉʊɸʎʀʆʅɸʈʅʆɻʆ ɺʂʈ  

ɺ ʂʈʀʉʊɸʃʃɽ BaWO4 

 
ɺ ʨʘʙʦʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʬʦʢʫʩʠʨʦʚʢʠ ʠ 

ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʘ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʩʠʣʴʥʝʡʰʝʡ ɺʂʈ-ʤʦʜʳ 

ʢʨʠʩʪʘʣʣʘ BaWO4 ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʠʤʧʫʣʴʩʦʚ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 300 ʬʩ ʥʘ ʜʣʠʥʝ 

ʚʦʣʥʳ 515 ʥʤ. 
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INFLUENCE OF AN INTERACTION GEOMETRY  

ON EFFICIENCY OF TRANSIENT STIMULATED R AMAN 

SCATTERING IN BaWO4 CRYSTAL  
 

In this work, we experimentally study the influence of the focusing and orientation 

parameters of the crystal on the generation efficiency of the strongest SRS mode of the 

BaWO4 crystal under action of pulses with duration 300 fs at a wavelength of 515 nm. 
 

ɼʣʷ ʫʣʴʪʨʘʢʦʨʦʪʢʠʭ ʠʤʧʫʣʴʩʦʚ, ʢʦʛʜʘ ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ ʤʝʥʴʰʝ 

ʚʨʝʤʝʥʠ ʜʝʬʘʟʠʨʦʚʢʠ ʢʦʣʝʙʘʥʠʡ ʩʨʝʜʳ, ɺʂʈ ʧʨʦʭʦʜʠʪ ʚ ʥʝʩʪʘʮʠʦʥʘʨʥʦʤ 

ʨʝʞʠʤʝ ʩ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʥʘ ʫʨʦʚʥʝ 1 % [1]. ʆʜʥʘʢʦ ʚ ʨʘʙʦʪʘʭ [2 3] ʙʳʣʘ 

ʧʦʣʫʯʝʥʘ ʥʝʦʙʳʯʥʦ ʚʳʩʦʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ɺʂʈ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʠʤʧʫʣʴʩʦʚ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 300 ʬʩ ʚ ʢʨʠʩʪʘʣʣʝ BaWO4. ʊʘʢʘʷ ʚʳʩʦʢʘʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʦʩʪʠʛʘʣʘʩʴ ʟʘ ʩʯʪy ʞyʩʪʢʦʡ ʬʦʢʫʩʠʨʦʚʢʠ ʚ ʪʦʣʱʠʥʫ 

ʢʨʠʩʪʘʣʣʘ, ʧʨʠ ʢʦʪʦʨʦʡ ʥʘʙʣʶʜʘʣʦʩʴ ʩʦʚʤʝʩʪʥʦʝ ʜʝʡʩʪʚʠʝ ʬʘʟʦʚʦʡ 

ʩʘʤʦʤʦʜʫʣʷʮʠʠ (ʌʉʄ), ʢʦʪʦʨʘʷ ʬʦʨʤʠʨʦʚʘʣʘ ʟʘʪʨʘʚʢʫ, ʩʜʚʠʥʫʪʫʶ ʥʘ 

ʯʘʩʪʦʪʫ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʦʜ ʩʧʦʥʪʘʥʥʦʛʦ ʩʧʝʢʪʨʘ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ, ʠ ɺʂʈ, ʢʦʪʦʨʦʝ ʧʨʠʚʦʜʠʣʦ ʢ ʫʩʠʣʝʥʠʶ ʜʘʥʥʳʭ ʢʦʤʧʦʥʝʥʪ. ɺ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʬʦʢʫʩʠʨʦʚʢʠ ʠ 
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ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʘ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʜʚʫʭ ʤʦʜ ʢʨʠʩʪʘʣʣʘ 

BaWO4 ʩʦ ʩʜʚʠʛʘʤʠ ~ 330 ʩʤ
-1
 ʠ 925 ʩʤ

-1
. 

ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ ʥʝ ʦʪʣʠʯʘʣʘʩʴ ʦʪ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʨʘʙʦʪʘʭ [2, 3]. 

ʀʟʣʫʯʝʥʠʝ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ ʚʦʣʦʢʦʥʥʦʛʦ ʣʘʟʝʨʘ Satsuma (Amplitude 

Systemes) ʩ ʧʘʨʘʤʝʪʨʘʤʠ: ʮʝʥʪʨʘʣʴʥʘʷ ʜʣʠʥʘ ʚʦʣʥʳ 515 ʥʤ, ʜʣʠʪʝʣʴʥʦʩʪʴ 

ʠʤʧʫʣʴʩʘ 300 ʬʩ ʠ ʵʥʝʨʛʠʷ ʚ ʠʤʧʫʣʴʩʝ ʜʦ 3 ʤʢɼʞ, ʬʦʢʫʩʠʨʦʚʘʣʦʩʴ ʚ 

ʪʦʣʱʠʥʫ ʢʨʠʩʪʘʣʣʘ. ɿʘ ʢʨʠʩʪʘʣʣʦʤ ʫʩʪʘʥʘʚʣʠʚʘʣʘʩʴ ʚʪʦʨʘʷ ʣʠʥʟʘ, ʢʦʪʦʨʘʷ 

ʬʦʢʫʩʠʨʦʚʘʣʘ ʚʳʭʦʜʥʦʝ ʠʟʣʫʯʝʥʠʝ ʥʘ ʚʭʦʜʥʫʶ ʱʝʣʴ ʩʧʝʢʪʨʦʤʝʪʨʘ.  

ʀʩʩʣʝʜʦʚʘʣʦʩʴ ʪʨʠ ʪʠʧʘ ʬʦʢʫʩʠʨʦʚʦʢ: ʣʠʥʟʳ ʩ ʬʦʢʫʩʥʳʤʠ ʨʘʩʩʪʦʷʥʠʷʤʠ 

f = 40 ʤʤ ʠ f = 90 ʤʤ, ʠ ʦʙʲʝʢʪʠʚ ʩ ʵʬʬʝʢʪʠʚʥʳʤ ʬʦʢʫʩʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ 

f = 20 ʤʤ, ʦʧʪʠʯʝʩʢʘʷ ʦʩʴ ʢʨʠʩʪʘʣʣʘ ʙʳʣʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘ ʧʦʣʷʨʠʟʘʮʠʠ 

ʠʟʣʫʯʝʥʠʷ. 

ʇʨʠ çʩʣʘʙʦʡè ʬʦʢʫʩʠʨʦʚʢʝ (f = 90 ʤʤ) ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʥʝ 

ʧʨʝʚʦʩʭʦʜʠʣʘ 8 % ʜʣʷ ʢʦʤʧʦʥʝʥʪʳ 330 ʩʤ
-1
 ʠ 2 % ʜʣʷ ʢʦʤʧʦʥʝʥʪʳ  

925 ʩʤ
-1
. ʇʨʠ f = 40 ʤʤ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʩʦʩʪʘʚʣʷʣʠ 40 % ʜʣʷ 

ʢʦʤʧʦʥʝʥʪʳ 330 ʩʤ
-1
 ʠ 10 % ʜʣʷ ʢʦʤʧʦʥʝʥʪʳ 925 ʩʤ

-1
. ʇʨʠ f = 20 ʤʤ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʩʦʩʪʘʚʣʷʣʠ 40 % ʜʣʷ ʢʦʤʧʦʥʝʥʪʳ 330 ʩʤ
-1
 ʠ 5 % 

ʜʣʷ ʢʦʤʧʦʥʝʥʪʳ 925 ʩʤ
-1
. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʠʙʦʣʴʰʘʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ɺʂʈ ʢʦʤʧʦʥʝʥʪ ʚ ʢʨʠʩʪʘʣʣʝ BaWO4 ʜʦʩʪʠʛʘʝʪʩʷ 

ʧʨʠ ʬʦʢʫʩʠʨʦʚʢʝ ʣʠʥʟʦʡ f = 40 ʤʤ. 

ʇʨʠ f = 40 ʤʤ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʩʤʝʱʝʥʠʝ ʧʦʣʦʞʝʥʠʷ ʬʦʢʫʩʘ ʢ 

ʟʘʜʥʝʡ ʛʨʘʥʠ ʢʨʠʩʪʘʣʣʘ ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ 

ɺʂʈ ʢʦʤʧʦʥʝʥʪ ʚ ~ 1,5 - 2 ʨʘʟʘ. ɺ ʵʪʠʭ ʫʩʣʦʚʠʷʭ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ 

ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʘ. ʕʬʬʝʢʪʠʚʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ɺʂʈ ʧʠʢʘ ʩʦ ʩʤʝʱʝʥʠʝ 

~ 330 ʩʤ
-1
 ʜʣʷ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʠ ʧʘʨʘʣʣʝʣʴʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʙʳʣʠ 

ʧʨʠʤʝʨʥʦ ʨʘʚʥʳ 70 %. ɼʣʷ ʢʦʤʧʦʥʝʥʪʳ ʩʦ ʩʜʚʠʛʦʤ 925 ʩʤ
-1
, ʟʘʚʠʩʠʤʦʩʪʠ 

ʠʤʝʶʪ ʩʭʦʞʠʡ ʭʘʨʘʢʪʝʨ (ʥʘʙʣʶʜʘʣʦʩʴ ʜʚʘ ʣʦʢʘʣʴʥʳʭ ʤʘʢʩʠʤʫʤʘ ʚ ʦʙʣʘʩʪʠ 

ʵʥʝʨʛʠʠ 1,8 ʤɼʞ ʠ 2,8 ʤɼʞ), ʦʜʥʘʢʦ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʟʣʠʯʥʳ. ʇʨʠ 

ʵʥʝʨʛʠʠ 2,8 ʤɼʞ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʧʨʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ 

ʦʨʠʝʥʪʘʮʠʠ (23 %) ʦʢʘʟʘʣʘʩʴ ʚ ʜʚʘ ʨʘʟʘ ʙʦʣʴʰʝ, ʯʝʤ ʜʣʷ ʧʘʨʘʣʣʝʣʴʥʦʡ. 

ɺ ʟʘʢʣʶʯʝʥʠʝ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ʦʪ ʨʘʟʣʠʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ 

ʜʦʩʪʠʞʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʫʱʝʩʪʚʫʝʪ ʦʧʪʠʤʘʣʴʥʘʷ 

ʬʦʢʫʩʠʨʦʚʢʘ, ʘ ʪʘʢʞʝ, ʯʪʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʟʘʚʠʩʠʪ ʦʪ 

ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʘ. 
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ʦʨʠʝʥʪʘʮʠʠ ʥʝʣʠʥʝʡʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʥʘ ʦʩʥʦʚʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʨʘʩʩʝʷʥʠʷ 
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ANGULAR ANISOTROPY OF LIGHT SCATTERING  

BY THE SURFACES OF KTP CRYSTALS AND ITS USE  

IN CRYSTALLOGRAPHIC ORIENTATION  

OF NONLINEAR OPTICAL ELEMENTS  
 

In this work, we consider the features of the technique of crystallographic 

orientation of nonlinear optical elements based on studies of laser radiation scattering on 

the surface of a KTP crystal with rough grinding. In particular, the main attention is paid 

to the phenomenon of pronounced angular anisotropy of scattering in the presence of 

perfect cleavage. 
 

ʂʨʠʩʪʘʣʣʳ KTP ʥʘʰʣʠ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʥʝʣʠʥʝʡʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʚʪʦʨʦʡ (ɻɺɻ) ʠ ʩʤʝʰʘʥʥʳʭ ʛʘʨʤʦʥʠʢ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ, ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʛʝʥʝʨʘʪʦʨʦʚ ʩʚʝʪʘ (ʇɻʉ). ʇʦʩʢʦʣʴʢʫ 

ʭʘʨʘʢʪʝʨ ʚʩʝʭ ʧʨʦʮʝʩʩʦʚ ʥʝʣʠʥʝʡʥʦʡ ʦʧʪʠʢʠ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʠʪ ʦʪ 
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ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʚ ʢʨʠʩʪʘʣʣʝ, ʦʩʦʙʦʝ ʟʥʘʯʝʥʠʝ 

ʠʤʝʝʪ ʜʦʩʪʠʞʝʥʠʝ ʥʝʦʙʭʦʜʠʤʦʡ ʪʦʯʥʦʩʪʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ 

ʦʨʠʝʥʪʘʮʠʠ ʧʨʠ ʬʦʨʤʦʦʙʨʘʟʦʚʘʥʠʠ ʵʣʝʤʝʥʪʦʚ ʜʣʷ ɻɺɻ ʠ ʇɻʉ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʬʠʟʠʯʝʩʢʠʝ ʦʩʥʦʚʳ ʩʧʦʩʦʙʘ 

ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʦʚ, ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʠʩʩʣʝʜʦʚʘʥʠʠ ʨʘʩʩʝʷʥʠʷ 

ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʰʣʠʬʦʚʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʢʨʠʩʪʘʣʣʘ KTP, ʷʚʣʝʥʠʠ 

ʷʨʢʦ ʚʳʨʘʞʝʥʥʦʡ ʫʛʣʦʚʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʨʘʩʩʝʷʥʠʷ ʚ ʩʣʫʯʘʝ ʢʨʠʩʪʘʣʣʘ ʩ 

ʚʳʩʦʢʦʡ ʩʧʘʡʥʦʩʪʴʶ. ʇʨʠ ʥʦʨʤʘʣʴʥʦʤ ʧʘʜʝʥʠʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʴ ʢʨʠʩʪʘʣʣʘ ʤʘʢʩʠʤʫʤ ʩʚʝʪʦʨʘʩʩʝʷʥʠʷ (ʨʠʩ. 1) ʦʢʘʟʳʚʘʝʪʩʷ ʧʦʜ 

ʫʛʣʦʤ, ʨʘʚʥʳʤ ʜʚʦʡʥʦʤʫ ʫʛʣʫ ʤʝʞʜʫ ʧʣʦʩʢʦʩʪʴʶ ʦʙʨʘʟʮʘ ʠ ʧʣʦʩʢʦʩʪʴʶ x 

ʢʨʠʩʪʘʣʣʘ (ʧʣʦʩʢʦʩʪʴʶ ʩʧʘʡʥʦʩʪʠ ʚ KTP). 
 

   
ʈʠʩ. 1. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʨʘʩʩʝʷʥʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʤʘʢʩʠʤʫʤʘ 

ʈʠʩ. 2. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʘʥʦʤʘʣʴʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ  

 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʘʤʧʣʠʪʫʜʘ ʩʠʛʥʘʣʘ I ʧʨʠ ʨʝʛʠʩʪʨʘʮʠʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʜʠʘʛʨʘʤʤʳ ʨʘʩʩʝʷʥʠʷ ʠʟʣʫʯʝʥʠʷ ʫʤʝʥʴʰʘʝʪʩʷ ʩ 

ʫʤʝʥʴʰʝʥʠʝʤ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ů ʠ ʫʚʝʣʠʯʝʥʠʝʤ ʫʛʣʘ ʤʝʞʜʫ ʧʣʦʩʢʦʩʪʴʶ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʠ ʧʣʦʩʢʦʩʪʴʶ ʩʧʘʡʥʦʩʪʠ ʢʨʠʩʪʘʣʣʘ ű (ʨʠʩ. 2). ʊʝʤ ʥʝ 

ʤʝʥʝʝ ʵʬʬʝʢʪ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʦʪʯʝʪʣʠʚʦ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʫʛʣʘʭ 

ű ʚʧʣʦʪʴ ʜʦ 40 Á. 

ɼʦʩʪʠʛʥʫʪʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʥʘʩʪʨʦʡʢʠ ʥʘ ʤʘʢʩʠʤʘʣʴʥʳʡ ʩʠʛʥʘʣ 

ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʷʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʧʦʣʦʞʝʥʠʝ ʧʣʦʩʢʦʩʪʠ ʚ ʢʨʠʩʪʘʣʣʝ 

KTP ʩ ʪʦʯʥʦʩʪʴʶ ʦʢʦʣʦ ʧʷʪʠ ʤʠʥʫʪ. ʇʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʦʢʘʟʳʚʘʝʪʩʷ ʚ 

ʨʷʜʝ ʩʣʫʯʘʝʚ ʙʦʣʝʝ ʫʜʦʙʥʦʡ ʘʣʴʪʝʨʥʘʪʠʚʦʡ ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʦʚ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʠʬʨʘʢʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ. 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
1. ɻʫʨʟʘʜʷʥ ɻ.ɻ., ɼʤʠʪʨʠʝʚ ɺ.ɻ., ʅʠʢʦʛʦʩʷʥ ɼ.ʅ. ʅʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʢʨʠʩʪʘʣʣʳ. 

ʉʚʦʡʩʪʚʘ ʠ ʧʨʠʤʝʥʝʥʠʝ ʚ ʢʚʘʥʪʦʚʦʡ ʵʣʝʢʪʨʦʥʠʢʝ. ʉʧʨʘʚʦʯʥʠʢ. ʄ.: ʈʘʜʠʦ ʠ ʩʚʷʟʴ, 1991. 
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ʄ.ɸ. ɸʄɸʅʆɺɸ, ɺ.ʅ. ʅɸɺʅʓʂʆ
1
, ɸ.ɺ. ʄɸʂɸʈɽɺʀʏ

1
, 

ɺ.ɺ. ʐɽʇɽʃɽɺʀʏ
1
 

ʀʥʩʪʠʪʫʪ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʡ ʠ ʠʥʬʦʨʤʘʪʠʢʠ ʊʫʨʢʤʝʥʠʩʪʘʥʘ, ɸʰʭʘʙʘʜ 
1ʄʦʟʳʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʧʝʜʘʛʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʀ.ʇ. ʐʘʤʷʢʠʥʘ, 

ɹʝʣʘʨʫʩʴ 

 

ʇʈʀʄɽʅɽʅʀɽ ʂʆɺɸʈʀɸʅʊʅʓʍ ʄɽʊʆɼʆɺ  

ɼʃʗ ʆʇʈɽɼɽʃɽʅʀʗ ʆʊʃʀʏʅʓʍ ʆʊ ʅʋʃʗ ʂʆʄʇʆʅɽʅʊ 

ʌʃɽʂʉʆʕʃɽʂʊʈʀʏɽʉʂʆɻʆ ʊɽʅɿʆʈɸ ɺ ʂʈʀʉʊɸʃʃɸʍ 

ʂʃɸʉʉɸ ʉʀʄʄɽʊʈʀʀ 23 
 

ɺʳʧʦʣʥʝʥ ʨʘʩʯʪy ʦʪʣʠʯʥʳʭ ʦʪ ʥʫʣʷ ʢʦʤʧʦʥʝʥʪ ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʝʥʟʦʨʘ 

ʯʝʪʚʨyʪʦʛʦ ʨʘʥʛʘ fijmr ʜʣʷ ʢʫʙʠʯʝʩʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʢʣʘʩʩʘ ʩʠʤʤʝʪʨʠʠ 23. ʆʧʨʝʜʝʣʝʥʦ 

ʢʦʣʠʯʝʩʪʚʦ ʦʪʣʠʯʥʳʭ ʦʪ ʥʫʣʷ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʦʚ ʜʣʷ ʢʨʠʩʪʘʣʣʘ ʢʣʘʩʩʘ 

ʩʠʤʤʝʪʨʠʠ 23 ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʜʚʫʤ ʚʘʨʠʘʥʪʘʤ ʚʥʫʪʨʝʥʥʝʡ ʩʠʤʤʝʪʨʠʠ: [V2]V2 ʠ 

[[V2]2]. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʪʠʧ ʚʥʫʪʨʝʥʥʝʡ ʩʠʤʤʝʪʨʠʠ ʢʨʠʩʪʘʣʣʘ ʚʣʠʷʝʪ ʥʘ ʚʠʜ 

ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʝʥʟʦʨʘ. 
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APPLICATION OF COVARIANT METHODS TO DETERMINE 

NONZERO COMPONENTS OF FLEXOELECTRIC TENSORS 

IN CRYSTALS SYMMETRY CLASS 23  

 
The calculation of nonzero components of the flexoelectric tensor of the fourth rank 

fijmr for a cubic crystal of symmetry class 23 was carried out. The number of nonzero 

components of tensors for a crystal of symmetry class 23 was determined for two 

variants of internal symmetry: [V2]V 2 and [[V2]2]. It is shown that the type of internal 

symmetry of the crystal affects the form of the flexoelectric tensor. 
 

ʇʨʠʤʝʥʠʤ ʤʝʪʦʜʠʢʫ ʌ.ʀ. ʌʝʜʦʨʦʚʘ [1] ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʪʣʠʯʥʳʭ ʦʪ 

ʥʫʣʷ ʢʦʤʧʦʥʝʥʪ ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʝʥʟʦʨʘ ʯʝʪʚʨyʪʦʛʦ ʨʘʥʛʘ fijmr, 

ʢʦʪʦʨʳʡ ʚ ʨʘʙʦʪʘʭ [2] ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʧʘʨʘʤʝʪʨ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʜʠʩʧʝʨʩʠʶ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʨʝʜʳ. 

ʋʙʝʜʠʤʩʷ ʚ ʪʦʤ, ʯʪʦ ʚʥʫʪʨʝʥʥʷʷ ʩʠʤʤʝʪʨʠʷ ʢʨʠʩʪʘʣʣʘ ʚʣʠʷʝʪ ʥʘ ʯʠʩʣʦ 

ʥʝʟʘʚʠʩʠʤʳʭ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ. ɺ ʢʨʠʩʪʘʣʣʦʬʠʟʠʢʝ ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʚʥʫʪʨʝʥʥʝʡ ʩʠʤʤʝʪʨʠʠ ʪʝʥʟʦʨʦʚ ʯʘʱʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʦʩʪʘʷ ʠ ʫʜʦʙʥʘʷ 
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ʩʠʩʪʝʤʘ ʗʥʘ [3]. ʉʜʝʣʘʝʤ ʵʪʦ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʜʚʫʤ ʚʘʨʠʘʥʪʘʤ 

ʚʥʫʪʨʝʥʥʝʡ ʩʠʤʤʝʪʨʠʠ ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʝʥʟʦʨʘ ʯʝʪʚʨyʪʦʛʦ ʨʘʥʛʘ 

ʜʣʷ ʢʨʠʩʪʘʣʣʦʚ ʢʣʘʩʩʘ 23: [V
2
]V

2
 ʠ [[V

2
]
2
]. 

ɼʣʷ ʢʨʠʩʪʘʣʣʘ ʢʣʘʩʩʘ 23 ʬʦʨʤʫʣʘ ʩʠʤʤʝʪʨʠʠ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʘ ʚ 

ʚʠʜʝ 3L24L3. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʢʨʠʩʪʘʣʣʳ ʵʪʦʛʦ ʢʣʘʩʩʘ ʩʦʜʝʨʞʘʪ ʪʨʠ 

ʚʟʘʠʤʥʦ ʦʨʪʦʛʦʥʘʣʴʥʳʝ ʦʩʠ ʩʠʤʤʝʪʨʠʠ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ, ʣʶʙʫʶ ʠʟ 

ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʦʙʦʙʱʸʥʥʦ ʦʙʦʟʥʘʯʠʪʴ ʝʜʠʥʠʯʥʳʤ ʚʝʢʪʦʨʦʤ c
C
, ʠ ʯʝʪʳʨʝ 

ʦʩʠ ʩʠʤʤʝʪʨʠʠ ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʘ.  

ʈʘʩʩʤʦʪʨʠʤ, ʢʘʢ ʥʘʣʠʯʠʝ ʪʨʭy ʚʟʘʠʤʥʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ ʦʩʝʡ 

ʩʠʤʤʝʪʨʠʠ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʚʣʠʷʝʪ ʥʘ ʢʦʤʧʦʥʝʥʪʳ ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʪʝʥʟʦʨʘ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʪʣʠʯʥʳʭ ʦʪ ʥʫʣʷ ʢʦʤʧʦʥʝʥʪ 

ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʝʥʟʦʨʘ ʯʝʪʚʸʨʪʦʛʦ ʨʘʥʛʘ ʜʣʷ ʢʨʠʩʪʘʣʣʘ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʢʣʘʩʩʘ ʧʨʠʤʝʥʷʝʪʩʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ï ʧʦʚʦʨʦʪ ʥʘ 

ʬʠʢʩʠʨʦʚʘʥʥʳʡ ʫʛʦʣ kk /2pj= , ʛʜʝ k = 2, ʚʦʢʨʫʛ ʢʘʞʜʦʡ ʠʟ ʪʨʸʭ ʚʟʘʠʤʥʦ 

ʦʨʪʦʛʦʥʘʣʴʥʳʭ ʦʩʝʡ ʩʠʤʤʝʪʨʠʠ, ʥʘʧʨʘʚʣʝʥʠʷ ʢʦʪʦʨʳʭ ʟʘʜʘʥʳ 

ʝʜʠʥʠʯʥʳʤʠ ʦʨʪʘʤʠ 
ne
C

 (n = 1, 2, 3). 

ʇʦʚʦʨʦʪʫ ʥʘ ʫʛʦʣ 
kj  ʚʦʢʨʫʛ c

C
 ʢʘʞʜʦʡ ʠʟ ʦʩʝʡ ʩʠʤʤʝʪʨʠʠ, ʧʦ 

ʌ.ʀ. ʌʝʜʦʨʦʚʫ, ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ: 
 

³+Ö-+= cccS kkkk

CCC
jjj sin)cos1(cos .            (1) 

 

ɿʜʝʩʴ ʚʳʨʘʞʝʥʠʝ cc
CC
Ö ï ʜʠʘʜʥʦʝ ʧʨʦʠʟʚʝʜʝʥʠʝ ʜʚʫʭ ʦʜʠʥʘʢʦʚʳʭ 

ʚʝʢʪʦʨʦʚ c
C
, ʘ ʩʠʤʚʦʣʠʯʝʩʢʦʝ ʦʙʦʟʥʘʯʝʥʠʝ ³c

C
 ʬʦʨʤʘʣʴʥʦ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʘʥʪʠʩʠʤʤʝʪʨʠʯʥʳʡ ʪʝʥʟʦʨ ʚʪʦʨʦʛʦ ʨʘʥʛʘ, ʜʫʘʣʴʥʳʡ ʚʝʢʪʦʨʫ c
C
. ʇʦʩʣʝʜʥʝʝ 

ʩʣʘʛʘʝʤʦʝ ʚ (1) ʦʙʨʘʱʘʝʪʩʷ ʚ ʥʫʣʴ ʟʘ ʩʯʸʪ ʪʦʛʦ, ʯʪʦ ʧʨʠ k = 2 ʤʥʦʞʠʪʝʣʴ 

0sinsin == pjk
, ʘ 

kjcos  ʚ ʧʝʨʚʦʤ ʠ ʚʪʦʨʦʤ ʩʣʘʛʘʝʤʳʭ ʨʘʚʝʥ -1. ɺ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʨʠʥʮʠʧʦʤ ʅʝʡʤʘʥʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ (1) ʧʨʠ 

k = 2 ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʨʠʩʪʘʣʣʘ ʥʝ ʜʦʣʞʥʳ ʠʟʤʝʥʷʪʴʩʷ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʥyʥʳʭ ʨʘʩʯʪyʦʚ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʚʥʫʪʨʝʥʥʝʡ 

ʩʠʤʤʝʪʨʠʠ ʚʠʜʘ [V
2
]V

2
 ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʝʥʟʦʨ ʠʤʝʝʪ ʧʷʪʴ ʦʪʣʠʯʥʳʭ 

ʦʪ ʥʫʣʷ ʢʦʤʧʦʥʝʥʪ, ʘ ʫ ʪʝʥʟʦʨʘ ʩ ʚʥʫʪʨʝʥʥʝʡ ʩʠʤʤʝʪʨʠʝʡ [[V
2
]
2
] ʪʦʣʴʢʦ 

ʪʨʠ ʪʘʢʠʭ ʢʦʤʧʦʥʝʥʪʘ. ʉʨʘʚʥʠʚʘʷ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʞʥʦ ʩʜʝʣʘʪʴ 

ʚʳʚʦʜ, ʯʪʦ ʚʥʫʪʨʝʥʥʷʷ ʩʠʤʤʝʪʨʠʷ ʪʝʥʟʦʨʘ ʚʣʠʷʝʪ ʥʘ ʝʛʦ ʩʪʨʫʢʪʫʨʫ. 

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʚʳʜʚʠʛʘʝʪʩʷ ʥʘ ʩʦʠʩʢʘʥʠʝ ʧʨʝʤʠʠ çT¦RKMENIœ 

ALTYN ASYRYè. 
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1
, ɸ.ʈ. ɸʍʄɸʊʍɸʅʆɺ
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ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʠ ʨʘʜʠʦʵʣʝʢʪʨʦʥʠʢʠ 
1ʋʨʘʣʴʩʢʠʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɹ.ʅ. ɽʣʴʮʠʥʘ, ɽʢʘʪʝʨʠʥʙʫʨʛ 

 

ɼʀʌʈɸʎʀʗ ʉɺɽʊʆɺʓʍ ʇʋʏʂʆɺ ʅɸ ʈɽɻʋʃʗʈʅʓʍ 

ɼʆʄɽʅʅʓʍ ʉʊʈʋʂʊʋʈɸʍ ɺ ʊɸʅʊɸʃɸʊɽ ʃʀʊʀʗ 
 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʤʝʨʝʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʟʦʪʨʦʧʥʦʡ ʠ ʘʥʠʟʦʪʨʦʧʥʦʡ 

ʜʠʬʨʘʢʮʠʠ ɹʨʵʛʛʘ ʨʘʟʣʠʯʥʳʭ ʧʦʨʷʜʢʦʚ ʥʘ ʨʝʛʫʣʷʨʥʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʚ 

ʢʨʠʩʪʘʣʣʝ 1%MgO:LiTaO3 ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 632.8 ʥʤ ʠ ʝ yʫʛʣʦʚʘʷ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʜʣʷ 

ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʦʚ. 
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LIGHT BEAM DIFFRACTION ON REGULAR DOMAIN 

STRUCTURES IN LITHIUM TANTALATE  
 

The efficiency of isotropic and anisotropic Bragg diffraction of various orders on a 

regular domain structure in a 1%MgO:LiTaO3 crystal at a wavelength of 632.8 nm and 

its angular selectivity for the first and second orders were experimentally measured. 

 

ʀʟʦʪʨʦʧʥʘʷ ʠ ʘʥʠʟʦʪʨʦʧʥʘʷ ʜʠʬʨʘʢʮʠʷ ɹʨʵʛʛʘ ʥʘ ʨʝʛʫʣʷʨʥʦʡ ʜʦʤʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʝ (ʈɼʉ) ʩ ʧʝʨʠʦʜʦʤ ȿ = 7,99 ʤʢʤ ʠʟʫʯʘʣʘʩʴ ʜʣʷ ʩʚʝʪʘ ʩ ʜʣʠʥʦʡ 

ʚʦʣʥʳ 633 ʥʤ. ʈɼʉ ʩ ʦʨʠʝʥʪʘʮʠʝʡ ʚʝʢʪʦʨʘ ʨʝʰʪyʢʠ ʧʦ ʦʩʠ X ʙʳʣʘ 

ʩʬʦʨʤʠʨʦʚʘʥʘ ʚ ʢʨʠʩʪʘʣʣʝ 1%MgO:LiTaO3 ʩ ʨʘʟʤʝʨʘʤʠ 2 Ĭ 1 ʤʤ
2
 ʧʦ ʦʩʷʤ 

Y ʠ Z ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʫʯʦʢ ʛʘʫʩʩʦʚʦʡ ʬʦʨʤʳ ʩ ʘʧʝʨʪʫʨʦʡ 0,7 ʤʤ ʠ 

ʥʝʦʙʳʢʥʦʚʝʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ ʦʪ He-Ne ʣʘʟʝʨʘ ʬʦʢʫʩʠʨʦʚʘʣʩʷ 

ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʣʠʥʟʦʡ ʩ f = 250 ʤʤ ʧʦ ʦʩʠ Z ʢʨʠʩʪʘʣʣʘ ʥʘ ʩʝʨʝʜʠʥʫ ʝʛʦ 

ʚʭʦʜʥʦʡ Y-ʛʨʘʥʠ. ʇʨʠ ʧʝʨʝʩʪʨʦʡʢʝ ʵʪʦʛʦ ʟʦʥʜʠʨʫʶʱʝʛʦ ʧʫʯʢʘ ʧʦ ʫʛʣʫ ʚ 

ʧʣʦʩʢʦʩʪʠ XY ʥʘʙʣʶʜʘʣʠʩʴ ʜʠʬʨʘʛʠʨʦʚʘʥʥʳʝ ʧʫʯʢʠ m-ʛʦ ʧʦʨʷʜʢʘ, 

ʧʦʣʷʨʠʟʘʮʠʷ ʢʦʪʦʨʳʭ ʦʧʨʝʜʝʣʷʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʜʠʭʨʦʠʯʥʦʛʦ 

ʧʦʣʷʨʠʟʘʪʦʨʘ. ɺʝʢʪʦʨʥʳʝ ʜʠʘʛʨʘʤʤʳ ʜʣʷ ʠʟʦʪʨʦʧʥʦʡ (e-e) ʠ ʘʥʠʟʦʪʨʦʧʥʦʡ 

(e-o) ʜʠʬʨʘʢʮʠʠ (ʩ ʠʟʤʝʥʝʥʠʝʤ ʧʦʣʷʨʠʟʘʮʠʠ ʥʘ ʦʙʳʢʥʦʚʝʥʥʫʶ ʚʦʣʥʫ) 
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ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 1 ʠ 2 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʛʜʝ ʚʦʣʥʦʚʳʝ ʚʝʢʪʦʨʳ ok  ʠ ek  

ʦʪʥʦʩʷʪʩʷ ʢ ʩʚʝʪʦʚʳʤ ʚʦʣʥʘʤ, ʘ mK  ʦʧʨʝʜʝʣʷʝʪ ʚʝʢʪʦʨ ʨʝʰʪyʢʠ ʜʣʷ m-ʦʡ 

ʬʫʨʴʝ-ʢʦʤʧʦʥʝʥʪʳ ʚʦʟʤʫʱʝʥʠʡ, ʩʦʟʜʘʚʘʝʤʳʭ ʜʦʤʝʥʥʳʤʠ ʩʪʝʥʢʘʤʠ ʈɼʉ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʝʡ e e-h  ʠ e o-h  ʜʣ̫ ʠʟʦʪʨʦʧʥʦʡ ʠ 

ʘʥʠʟʦʪʨʦʧʥʦʡ ʜʠʬʨʘʢʮʠʠ ɹʨʵʛʛʘ ʚ ʨʘʟʣʠʯʥʳʝ ʧʦʨʷʜʢʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʪʘʙʣ. 1. ʅʦʨʤʠʨʦʚʘʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʛʣʦʚʦʡ ʩʝʣʝʢʪʠʚʥʦʩʪʠ, ʠʟʤʝʨʝʥʥʳʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʜʣʷ ʜʠʬʨʘʢʮʠʠ ʚ ʧʝʨʚʳʡ (ʩʧʣʦʰʥʳʝ ʢʨʫʛʠ) ʠ ʚʪʦʨʦʡ 

(ʧʫʩʪʳʝ ʢʨʫʛʠ) ʧʦʨʷʜʦʢ, ʘ ʪʘʢʞʝ ʨʘʩʩʯʠʪʘʥʥʳʝ ʜʣʷ ʜʣʠʥʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

d = 1,85 ʤʤ (ʩʧʣʦʰʥʳʝ ʢʨʠʚʳʝ), ʠʣʣʶʩʪʨʠʨʫʶʪʩʷ ʨʠʩ. 3 ʜʣʷ ʘʥʠʟʦʪʨʦʧʥʦʡ 

(ʘ) ʠ ʠʟʦʪʨʦʧʥʦʡ (ʙ) ʛʝʦʤʝʪʨʠʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

e 

in 

e 

in 

  

o 

in 

e 

in 

 
     ʈʠʩ. 1. ɺʝʢʪʦʨʥʘʷ ʜʠʘʛʨʘʤʤʘ                ʈʠʩ. 2. ɺʝʢʪʦʨʥʘʷ ʜʠʘʛʨʘʤʤʘ  

        ʜʣʷ ʠʟʦʪʨʦʧʥʦʡ ʜʠʬʨʘʢʮʠʠ                       ʜʣʷ ʘʥʠʟʦʪʨʦʧʥʦʡ ʜʠʬʨʘʢʮʠʠ 
 

ʊʘʙʣʠʮʘ 1. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʜʠʬʨʘʢʮʠʠ ɹʨʵʛʛʘ ʥʘ ʈɼʉ 

m 1 2 3 4 5 6 7 8 9 

e e-h , % 12,8 1,8 1,9 0,1 0,78 0,10 0,28 0,09 0,11 

e o-h , % 0,4 0,46 0,27 0,23 0,07 0,01 0,01 - - 
 

1- 0.5- 0 0.5
0

0.2

0.4

0.6

0.8

1 2

  0.4- 0.2- 0 0.2
0

0.2

0.4

0.6

0.8

ʥʦʨʤ
e o-h

1 2

 
ʈʠʩ. 3. ʋʛʣʦʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʘʥʠʟʦʪʨʦʧʥʦʡ (ʘ) ʠ ʠʟʦʪʨʦʧʥʦʡ (ʙ) 

ʜʠʬʨʘʢʮʠʠ ɹʨʵʛʛʘ ʚ ʧʝʨʚʳʡ (1) ʠ ʚʪʦʨʦʡ (2) ʧʦʨʷʜʢʠ 
 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ ʚ 

ʨʘʤʢʘʭ ɻʦʩʟʘʜʘʥʠʷ FEWM-2020-0038/3 ʥʘ 2020-2022 ʛʦʜʳ. 
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ɸ.ʂ. ɺʆʈʆɹʔɽɺ
1
, ɸ.ʖ. ʆʉʊɸʇʀɺ

1
, ʀ.ɺ. ɻʈʀʑɽʅʂʆ

1,2
, 

ɸ.ɺ. ʂʆʅʗʐʂʀʅ
2
, ʆ.ɸ. ʈʗɹʋʐʂʀʅ

2
 

1ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ  

(ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ), ɼʦʣʛʦʧʨʫʜʥʳʡ 
2ʌʨʷʟʠʥʩʢʠʡ ʬʠʣʠʘʣ ʀʥʩʪʠʪʫʪʘ ʨʘʜʠʦʪʝʭʥʠʢʠ ʠ ʵʣʝʢʪʨʦʥʠʢʠ 

ʠʤ. ɺ.ɸ. ʂʦʪʝʣʴʥʠʢʦʚʘ ʈɸʅ 

 

ʀɿʄɽʈɽʅʀɽ ʂʆʕʌʌʀʎʀɽʅʊʆɺ ʆʇʊʀʏɽʉʂʆɻʆ 

ʇʆɻʃʆʑɽʅʀʗ ʀ ʈɸʉʉɽʗʅʀʗ ʃɸɿɽʈʅʆɻʆ ʀɿʃʋʏɽʅʀʗ  

ɺ ʅɽʃʀʅɽʁʅʆ-ʆʇʊʀʏɽʉʂʀʍ ʂʈʀʉʊɸʃʃɸʍ 

ʊʈʀɹʆʈɸʊɸ ʃʀʊʀʗ ʀ ʅʀʆɹɸʊɸ ʃʀʊʀʗ 
 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʧʪʠʯʝʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ 

ʠ ʨʘʩʩʝʷʥʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʥʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʘʭ ʪʨʠʙʦʨʘʪʘ 

ʣʠʪʠʷ LiB3O5 (LBO) ʠ ʥʠʦʙʘʪʘ ʣʠʪʠʷ ʩ ʨʝʛʫʣʷʨʥʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ LiNbO3 

(PPLN). ʂʦʵʬʬʠʮʠʝʥʪʳ ʦʧʪʠʯʝʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʠ ʨʘʩʩʝʷʥʠʷ ʚ LBO ʥʘ ʜʣʠʥʘʭ 

ʚʦʣʥ 532 ʠ 1070 ʥʤ ʠ ʚ PPLN ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 3 ʤʢʤ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʤʝʪʦʜʦʤ 

ʧʴʝʟʦʨʝʟʦʥʘʥʩʥʦʡ ʣʘʟʝʨʥʦʡ ʢʘʣʦʨʠʤʝʪʨʠʠ. ʂʦʵʬʬʠʮʠʝʥʪʳ ʨʘʩʩʝʷʥʠʷ ʚ ʦʙʦʠʭ 

ʢʨʠʩʪʘʣʣʘʭ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʩʪʘʥʜʘʨʪʠʟʦʚʘʥʥʳʤ ʤʝʪʦʜʦʤ ʠʥʪʝʛʨʠʨʫʶʱʠʭ ʩʬʝʨ. 
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OPTICAL ABSORPTION AND SCATTERING 

MEASUREMENTS IN LITHIUM TRIBORATE AND LITHIUM 

NIOBATE NONLINEAR OPTICAL CRYSTALS  
 

The measurements of optical absorption and scattering coefficients of laser radiation 

in nonlinear-optical crystals of lithium triborate LiB3O5 (LBO) and periodically poled 

lithium niobate LiNbO3 (PPLN) are presented. The absorption and scattering 

coefficients in both LBO at 532 and 1070 nm and PPLN at 3 mkm were determined 

using piezoelectric resonance laser calorimetry. The scattering coefficients were 

measured using the integration sphere technique. 

 

ʅʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʢʨʠʩʪʘʣʣʳ ʚ ʦʙʣʘʩʪʠ ʧʨʦʟʨʘʯʥʦʩʪʠ ʠʤʝʶʪ 

ʤʘʣʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʧʪʠʯʝʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʠ ʨʘʩʩʝʷʥʠʷ, ʜʣʷ 

ʠʟʤʝʨʝʥʠʷ ʢʦʪʦʨʳʭ ʪʨʝʙʫʶʪʩʷ ʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʤʝʪʦʜʳ, ʦʜʥʠʤ ʠʟ ʢʦʪʦʨʳʭ 

ʷʚʣʷʝʪʩʷ ʧʴʝʟʦʨʝʟʦʥʘʥʩʥʘʷ ʣʘʟʝʨʥʘʷ ʢʘʣʦʨʠʤʝʪʨʠʷ (ʇʈʃʂ). ɺ ʦʩʥʦʚʝ 

ʇʈʃʂ ʣʝʞʠʪ ʢʦʥʮʝʧʮʠʷ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ [1]. ʂʠʥʝʪʠʢʘ 
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ʨʘʟʦʛʨʝʚʘ ʢʨʠʩʪʘʣʣʘ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʠʟʤʝʨʷʝʪʩʷ ʙʝʩʢʦʥʪʘʢʪʥʦ ʧʦ 

ʠʥʜʫʮʠʨʦʚʘʥʥʦʤʫ ʩʜʚʠʛʫ ʨʝʟʦʥʘʥʩʥʳʭ ʯʘʩʪʦʪ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ. 

ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʩ ʠʟʤʝʨʝʥʥʳʤʠ 

ʢʠʥʝʪʠʢʘʤʠ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʦʛʣʦʱʝʥʠʷ ʠ 

ʨʘʩʩʝʷʥʠʷ ʠʩʩʣʝʜʫʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʋʧʨʦʱʸʥʥʘʷ ʩʭʝʤʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʇʈʃʂ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 1. ɺʦʟʙʫʞʜʝʥʠʝ 

ʨʝʟʦʥʘʥʩʦʚ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʢʨʠʩʪʘʣʣʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʙʝʩʢʦʥʪʘʢʪʥʦ 

ʚʥʝʰʥʠʤ ʟʦʥʜʠʨʫʶʱʠʤ ʨʘʜʠʦʯʘʩʪʦʪʥʳʤ ʧʦʣʝʤ ʟʘ ʩʯʸʪ ʦʙʨʘʪʥʦʛʦ 

ʧʴʝʟʦʵʬʬʝʢʪʘ. ʆʪʢʣʠʢ ʘʥʘʣʠʟʠʨʫʝʪʩʷ ʩʠʥʭʨʦʥʥʳʤ ʜʝʪʝʢʪʦʨʦʤ. 

ʇʨʝʜʚʘʨʠʪʝʣʴʥʦ ʚ ʫʩʣʦʚʠʷʭ ʦʜʥʦʨʦʜʥʦʛʦ ʨʘʟʦʛʨʝʚʘ ʧʨʦʠʟʚʦʜʠʪʩʷ 

ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʢʘʣʠʙʨʦʚʢʘ ʨʝʟʦʥʘʥʩʥʳʭ ʯʘʩʪʦʪ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ. 

ʆʧʨʝʜʝʣʸʥʥʳʝ ʤʝʪʦʜʦʤ ʇʈʃʂ ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʧʪʠʯʝʩʢʦʛʦ 

ʧʦʛʣʦʱʝʥʠʷ ʢʨʠʩʪʘʣʣʘ LBO ʩʦʩʪʘʚʠʣʠ (2.1 Ñ 0.2)Ā10
-4
 ʩʤ

-1
 ʠ  

(11.9 Ñ 1.2)Ā10
-4
 ʩʤ

-1 
ʜʣʷ ʜʣʠʥ ʚʦʣʥ 1070 ʠ 532 ʥʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʂʦʵʬʬʠʮʠʝʥʪ ʦʧʪʠʯʝʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʚ ʢʨʠʩʪʘʣʣʝ PPLN ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 

3 ʤʢʤ ʩʦʩʪʘʚʠʣ (12 Ñ 1)Ā10
-3
 ʩʤ

-1
. ɿʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʘʩʩʝʷʥʠʷ ʚ 

ʙʦʢʦʚʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʜʣʷ LBO, ʠʟʤʝʨʝʥʥʳʭ ʤʝʪʦʜʦʤ ʇʈʃʂ, ʩʦʩʪʘʚʠʣʠ 

(9 Ñ 2)Ā10
-4
 ʩʤ

-1
 ʠ (24 Ñ 2)Ā10

-3
 ʩʤ

-1
 ʥʘ ʜʣʠʥʘʭ ʚʦʣʥ 532 ʠ 1070 ʥʤ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɿʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʘʩʩʝʷʥʠʷ ʚ ʙʦʢʦʚʳʭ 

ʥʘʧʨʘʚʣʝʥʠʷʭ ʜʣʷ LBO, ʠʟʤʝʨʝʥʥʳʭ ʤʝʪʦʜʦʤ ʠʥʪʝʛʨʠʨʫʶʱʠʭ ʩʬʝʨ, 

ʩʦʩʪʘʚʠʣʠ (10 Ñ 2)Ā10
-4
 ʩʤ

-1 
ʠ

 
(20 Ñ 2)Ā10

-3
 ʩʤ

-1
 ʥʘ ʜʣʠʥʘʭ ʚʦʣʥ 532 ʠ 

1070 ʥʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʂʦʵʬʬʠʮʠʝʥʪ ʨʘʩʩʝʷʥʠʷ PPLN, ʠʟʤʝʨʝʥʥʳʡ 

ʤʝʪʦʜʦʤ ʇʈʃʂ, ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʨʘʩʩʝʷʥʠʝ ʪʦʣʴʢʦ ʯʝʨʝʟ ʙʦʢʦʚʳʝ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʘ ʠ ʩʦʩʪʘʚʣʷʝʪ (1.5 Ñ 0.5)Ā10
-3
 ʩʤ

-1
. ʆʮʝʥʢʘ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʘʩʩʝʷʥʠʷ PPLN, ʠʟʤʝʨʝʥʥʳʭ ʤʝʪʦʜʦʤ ʠʥʪʝʛʨʠʨʫʶʱʠʭ 

ʩʬʝʨ, ʜʘʸʪ (2.0 Ñ 0.7)Ā10
-3
 ʩʤ

-1 
ʜʣʷ ʨʘʩʩʝʷʥʠʷ ʯʝʨʝʟ ʙʦʢʦʚʳʝ ʛʨʘʥʠ ʠ 

(1.0 Ñ 0.4)Ā10
-2
 ʩʤ

-1 
ʜʣʷ ʨʘʩʩʝʷʥʠʷ ʯʝʨʝʟ ʚʩʝ ʛʨʘʥʠ, ʚʢʣʶʯʘʷ ʪʦʨʮʝʚʳʝ.  

ʈʠʩ. 1. ɹʣʦʢ-ʩʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ  

ʜʣʷ ʠʟʤʝʨʝʥʠʡ ʤʝʪʦʜʦʤ ʇʈʃʂ 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
1. Ryabushkin O.A., et al. Equivalent temperature of nonlinear-optical crystals interacting with 

laser radiation // Journal of the European Optical Society-Rapid publications. 2011. V. 6. P. 11032. 
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ʀ.ɺ. ɹɽɻʀʏɽɺ
1,2

, ʖ.ɸ. ʂʃʀʐʀʅ
1
, ɸ.ʅ. ʊʆʂʉʋʄɸʂʆɺ

1,3
, 

ɻ.ɸ. ɽʈʄʆʃɸɽɺ
1
, ɼ.ʀ. ʗʂʋɹʆɺʉʂʀʁ

1
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1
, 

ɼ.ɸ. ʂɸɿɸʈʗʅ
1
, ɺ.ʉ. ɺʆʃʂʆɺ

1
 

1ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ  

(ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ), ɼʦʣʛʦʧʨʫʜʥʳʡ 
2ʉʢʦʣʢʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪ ʥʘʫʢʠ ʠ ʪʝʭʥʦʣʦʛʠʡ 

3ʀʥʩʪʠʪʫʪ ʙʠʦʭʠʤʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʠʤ. ʅ.ʄ. ʕʤʘʥʫʵʣʷ ʈɸʅ, ʄʦʩʢʚʘ 

 

ʉʇɽʂʊʈɸʃʔʅɸʗ ʕʃʃʀʇʉʆʄɽʊʈʀʗ  

ɸʊʆʄɸʈʅʆ ʊʆʅʂʀʍ ʂʈʀʉʊɸʃʃʆɺ 
 

ɺ ʨʘʙʦʪʝ ʨʘʟʨʘʙʦʪʘʥ ʤʝʪʦʜ ʯʠʩʣʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʩʧʝʢʪʨʘʣʴʥʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ 

ʘʪʦʤʘʨʥʦ ʪʦʥʢʠʭ ʧʣʥyʦʢ. ɼʣʷ ʧʨʠʤʝʥʝʥʠʷ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʧʨʦʮʝʜʫʨʳ ʥʝʦʙʭʦʜʠʤʦ 

ʩʥʷʪʴ ʧʦʢʘʟʘʥʠʷ ʵʣʣʠʧʩʦʤʝʪʨʠʠ ʜʚʘʞʜʳ: ʜʦ ʠ ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʦʯʝʨʝʜʥʦʛʦ ʩʣʦʷ 

ʢʨʠʩʪʘʣʣʘ. ʀʟʛʦʪʦʚʣʝʥ ʦʙʨʘʟʝʮ ʛʨʘʬʝʥʘ ʥʘ ʢʨʠʩʪʘʣʣʝ ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʥʠʪʨʠʜʘ 

ʙʦʨʘ. ʅʘʜ ʦʙʨʘʟʮʦʤ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʠ ʙʳʣʘ ʦʧʨʦʙʦʚʘʥʘ ʨʘʟʨʘʙʦʪʘʥʥʘʷ 

ʧʨʦʮʝʜʫʨʘ. 
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SPECTRAL ELLIPSOMETRY  

OF ATOMICALLY THIN CRYSTALS  
 

An approach to analyze data from thin films spectral ellipsometry is proposed in the 

work. The procedure is valid if the ellipsometry was measured twice: before and after 

laminating thin film. The sample of graphene on hBN was fabricated. The 

measurements were conducted using this sample and developed procedure was 

implemented. 

 

ʄʝʪʦʜʘʤʠ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ʠ çʩʫʭʦʛʦè ʧʝʨʝʥʦʩʘ ʥʘ ʦʩʥʦʚʝ 

ʧʦʣʠʤʝʨʥʳʭ ʧʣʥyʦʢ, ʠʟʛʦʪʦʚʣʝʥʳ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ 

ʘʪʦʤʘʨʥʳʭ ʩʣʦʚy ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʥʠʪʨʠʜʘ ʙʦʨʘ ʠ ʛʨʘʬʝʥʘ. ʀʟʛʦʪʦʚʣʝʥʥʳʝ 

ʦʙʨʘʟʮʳ ʠʩʩʣʝʜʦʚʘʥʳ ʠ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʳ ʤʝʪʦʜʘʤʠ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ɹʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʣʦʠ ʛʨʘʬʝʥʘ ʠʤʝʶʪ ʪʦʣʱʠʥʫ ʨʦʚʥʦ ʚ ʦʜʠʥ ʘʪʦʤ, ʠ ʯʪʦ 
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ʟʘʛʨʷʟʥʥyʥʦʩʪʴ ʦʙʨʘʟʮʦʚ ʥʝʟʥʘʯʠʪʝʣʴʥʘ. ʆʧʪʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʦʪ 

ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʠʟʫʯʘʣʩʷ ʤʝʪʦʜʦʤ ʩʧʝʢʪʨʘʣʴʥʦʡ ʵʣʣʠʧʩʦʤʝʪʨʠʠ. 

ʀʟʤʝʨʝʥʠʷ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʛʣʘʭ ʧʘʜʝʥʠʷ ʩʚʝʪʦʚʦʛʦ 

ʧʫʯʢʘ ʥʘ ʦʙʨʘʟʝʮ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ ʜʦ ʠ ʧʦʩʣʝ ʧʝʨʝʥʦʩʘ 

ʦʜʥʦʩʣʦʡʥʦʛʦ ʛʨʘʬʝʥʘ.  

ɺ ʨʘʙʦʪʝ ʙʳʣʦ ʧʨʠʤʝʥʝʥʦ ʥʝʩʢʦʣʴʢʦ ʧʦʜʭʦʜʦʚ ʧʦ ʠʟʚʣʝʯʝʥʠʶ 

ʦʧʪʠʯʝʩʢʠʭ ʧʦʩʪʦʷʥʥʳʭ ʛʨʘʬʝʥʘ ʠʟ ʵʣʣʠʧʩʦʤʝʪʨʠʯʝʩʢʠʭ ʜʘʥʥʳʭ. ʇʝʨʚʳʡ 

ʧʦʜʭʦʜ ʟʘʢʣʶʯʘʣʩʷ ʚ ʧʦʜʙʦʨʝ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʭ ʧʘʨʘʤʝʪʨʦʚ 

ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ɼʨʫʜʝ-ʃʦʨʝʥʮʘ ʩʪʘʪʠʩʪʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ 

[1]. ɺʪʦʨʦʡ, ʚ ʨʘʩʩʤʦʪʨʝʥʠʠ ʥʘʙʝʛʘ ʬʘʟʳ ʚ ʛʨʘʬʝʥʝ ʢʘʢ ʤʘʣʦʛʦ ʧʘʨʘʤʝʪʨʘ 

ʚʦʟʤʫʱʝʥʠʡ [2]. ɺ ʨʘʙʦʪʝ ʧʦʣʫʯʝʥʦ ʩʦʦʪʥʦʰʝʥʠʝ, ʢʦʪʦʨʦʝ ʤʦʞʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʧʦʩʪʦʷʥʥʳʭ ʛʨʘʬʝʥʘ: 
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ɺ ʵʪʦʤ ʩʦʦʪʥʦʰʝʥʠʠ k0 ʵʪʦ ʚʦʣʥʦʚʦʝ ʯʠʩʣʦ ʧʘʜʘʶʱʝʛʦ ʩʚʝʪʘ,  

d ï ʪʦʣʱʠʥʘ ʠʟʫʯʘʝʤʦʛʦ ʪʦʥʢʦʛʦ ʩʣʦʷ, nsub ï ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ 

ʧʦʜʣʦʞʢʠ, ɗ ï ʫʛʦʣ ʧʘʜʝʥʠʷ ʩʚʝʪʘ ʥʘ ʦʙʨʘʟʝʮ, ɣ ʠ ȹ ï ʠʟʤʝʨʝʥʥʳʝ 
ʵʣʣʠʧʩʦʤʝʪʨʠʯʝʩʢʠʝ ʫʛʣʳ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʙʘ ʧʦʜʭʦʜʘ (ʩʪʘʪʠʩʪʠʯʝʩʢʠʡ 

ʠ ʘʥʘʣʠʪʠʯʝʩʢʠʡ) ʙʳʣʠ ʧʨʠʤʝʥʝʥʳ ʢ ʩʠʩʪʝʤʝ çʩʪʝʢʣʦ-ʛʝʢʩʘʛʦʥʘʣʴʥʳʡ 

ʥʠʪʨʠʜ ʙʦʨʘ-ʛʨʘʬʝʥè. ʉʦʦʪʥʦʰʝʥʠʷ, ʧʦʜʦʙʥʳʝ (1), ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʪʘʢʞʝ 

ʠʟ ʧʝʨʚʳʭ ʧʨʠʥʮʠʧʦʚ ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʨʝʰʝʥʠʡ ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ ʚ 

ʛʨʘʬʝʥʝ [3].  
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ʄ.ʀ. ʂʋʇʈɽʁʏʀʂ, ɺ.ʀ. ɹɸʃɸʂʐʀʁ, ʉ.ʅ. ʄɸʅʎɽɺʀʏ 
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ʅʀɿʂʆʉɽʃɽʂʊʀɺʅʓɽ ʈɽɾʀʄʓ ʀɿʆʊʈʆʇʅʆɻʆ 

ʈɸʉʉɽʗʅʀʗ ʉɺɽʊɸ ɺ ɼɺʋʆʉʅʆʄ ʂʈʀʉʊɸʃʃɽ  

ʁʆɼʀɼɸ ʀʅɼʀʗ 

 
ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʰʠʨʦʢʦʧʦʣʦʩʥʳʭ ʠ ʰʠʨʦʢʦʫʛʦʣʴʥʳʭ ʨʝʞʠʤʦʚ ʠʟʦʪʨʦʧʥʦʡ 

ʜʠʬʨʘʢʮʠʠ ʚ ʢʦʩʳʭ ʩʨʝʟʘʭ ʨʦʤʙʠʯʝʩʢʦʛʦ ʜʚʫʦʩʥʦʛʦ ʢʨʠʩʪʘʣʣʘ InI. ʇʦʢʘʟʘʥʘ 

ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʜʦʙʥʳʭ ʚʘʨʠʘʥʪʦʚ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʭ ʧʨʠʙʦʨʦʚ ʥʦʚʦʛʦ ʪʠʧʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʨʝʜʣʦʞʝʥ 

ʰʠʨʦʢʦʫʛʦʣʴʥʳʡ ʜʝʬʣʝʢʪʦʨ, ʩʧʦʩʦʙʥʳʡ ʩʢʘʥʠʨʦʚʘʪʴ ʩʚʝʪʦʚʳʝ ʧʫʯʢʠ ʩ ʰʠʨʦʢʠʤ 

ʫʛʣʦʚʳʤ ʩʧʝʢʪʨʦʤ. 

 

M.I. KUPREYCHIK, V.I. BALAKSHY, S.N. MANTSEVICH 
Lomonosov Moscow State University 

 

LOW-SELECTIVE REGIMES OF ISOTROPIC LIGHT 

SCATTERING IN A BIAXIA L INDIUM IODIDE CRYSTAL  
 

The results of a theoretical analysis of the characteristics of simultaneously 

broadband and wide-angle regimes of isotropic diffraction in oblique sections of a 

rhombic biaxial crystal InI are presented. The prospects of applying such variants of 

light scattering for the acousto-optic devices of a new type implementation are shown. 

In particular, a wide-angle deflector intended for scanning light beams having a wide 

angular spectrum is proposed. 
 

ɸʢʫʩʪʦʦʧʪʠʯʝʩʢʠʝ (ɸʆ) ʧʨʠʙʦʨʳ, ʪʘʢʠʝ ʢʘʢ ʜʝʬʣʝʢʪʦʨʳ, ʤʦʜʫʣʷʪʦʨʳ ʠ 

ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʝ ʬʠʣʴʪʨʳ, ʷʚʣʷʶʪʩʷ ʢʦʥʢʫʨʝʥʪʥʳʤʠ ʠ ʚʦʩʪʨʝʙʦʚʘʥʥʳʤʠ 

ʫʩʪʨʦʡʩʪʚʘʤʠ ʩʦʚʨʝʤʝʥʥʦʡ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ. ʀʭ ʚʳʩʦʢʦʝ 

ʙʳʩʪʨʦʜʝʡʩʪʚʠʝ, ʥʠʟʢʦʝ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝ, ʥʘʜʞyʥʦʩʪʴ ʠ ʧʨʦʩʪʦʪʘ 

ʢʦʥʩʪʨʫʢʮʠʠ ʧʦʟʚʦʣʷʶʪ ʦʧʝʨʘʪʠʚʥʦ ʠ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʫʧʨʘʚʣʷʪʴ 

ʯʘʩʪʦʪʥʳʤ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʩʧʝʢʪʨʦʤ ʦʧʪʠʯʝʩʢʦʛʦ ʧʫʯʢʘ [1, 2]. 

ʇʦʜʘʚʣʷʶʱʝʝ ʙʦʣʴʰʠʥʩʪʚʦ ʩʦʚʨʝʤʝʥʥʳʭ ɸʆ ʧʨʠʙʦʨʦʚ 

ʬʫʥʢʮʠʦʥʠʨʫʶʪ ʚ ʙʨʵʛʛʦʚʩʢʦʤ ʨʝʞʠʤʝ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʛʘʪʴ ʚʳʩʦʢʠʭ 

ʟʥʘʯʝʥʠʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʠʬʨʘʢʮʠʠ (ʙʣʠʟʢʠʭ ʢ 100 %) ʚ ʨʘʙʦʯʝʤ 

ʜʠʬʨʘʢʮʠʦʥʥʦʤ ʧʦʨʷʜʢʝ. ɺʘʞʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʪʘʢʦʛʦ ʨʝʞʠʤʘ ɸʆ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʷʚʣʷʝʪʩʷ ʝʛʦ ʚʳʩʦʢʘʷ ʩʝʣʝʢʪʠʚʥʦʩʪʴ. ʇʦʩʣʝʜʥʷʷ ʧʨʠʚʦʜʠʪ 

ʢ ʪʦʤʫ, ʯʪʦ ʜʣʷ ʩʦʟʜʘʥʠʷ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ ɸʆ ʫʩʪʨʦʡʩʪʚ ʨʘʟʣʠʯʥʦʛʦ 
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ʢʣʘʩʩʘ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʨʘʟʥʳʝ ʛʝʦʤʝʪʨʠʠ ʜʠʬʨʘʢʮʠʠ. ʊʘʢ, ʚ 

ʜʝʬʣʝʢʪʦʨʘʭ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʩʧʦʣʴʟʫʝʪʩʷ ʚʘʨʠʘʥʪ ʘʥʠʟʦʪʨʦʧʥʦʛʦ 

ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʚ ʦʜʥʦʦʩʥʳʭ ʢʨʠʩʪʘʣʣʘʭ. ɺʳʩʦʢʘʷ 

ʫʛʣʦʚʘʷ ʩʝʣʝʢʪʠʚʥʦʩʪʴ, ʪʠʧʠʯʥʘʷ ʜʣʷ ʪʘʢʦʛʦ ʨʝʞʠʤʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, 

ʦʧʨʝʜʝʣʷʝʪ ʫʟʢʫʶ ʫʛʣʦʚʫʶ ʘʧʝʨʪʫʨʫ ʧʦʜʦʙʥʳʭ ʧʨʠʙʦʨʦʚ [1]. ʉ ʜʨʫʛʦʡ 

ʩʪʦʨʦʥʳ, ʠʟʣʫʯʝʥʠʝ ʦʪ ʮʝʣʦʛʦ ʨʷʜʘ ʤʦʱʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʦʧʪʠʯʝʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʦʙʣʘʜʘʝʪ ʜʦʚʦʣʴʥʦ ʚʳʩʦʢʦʡ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʨʘʩʭʦʜʠʤʦʩʪʴʶ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʦʟʥʠʢʘʝʪ ʟʘʜʘʯʘ ʨʘʟʨʘʙʦʪʢʠ ʥʦʚʳʭ ɸʆ ʫʩʪʨʦʡʩʪʚ, 

ʩʧʦʩʦʙʥʳʭ ʩʢʘʥʠʨʦʚʘʪʴ ʩʠʣʴʥʦ ʨʘʩʭʦʜʷʱʠʝʩʷ ʩʚʝʪʦʚʳʝ ʧʫʯʢʠ. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʠʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʠʟʢʦʩʝʣʝʢʪʠʚʥʳʭ 

ʚʘʨʠʘʥʪʦʚ ʠʟʦʪʨʦʧʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʚ ʜʚʫʦʩʥʳʭ ʢʨʠʩʪʘʣʣʘʭ. 

ʂʦʥʢʨʝʪʥʳʝ ʨʘʩʯʪyʳ ʧʨʦʚʦʜʠʣʠʩʴ ʜʣʷ ʜʚʫʦʩʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʡʦʜʠʜʘ ʠʥʜʠʷ 

(InI). ʂʨʠʩʪʘʣʣ InI ʧʨʦʟʨʘʯʝʥ ʚ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ 

ʚʦʣʥ ʦʪ 0.62 ʜʦ 50 ʤʢʤ, ʯʪʦ ʚʢʫʧʝ ʩ ʚʳʩʦʢʦʡ ɸʆ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʜʝʣʘʝʪ 

ʝʛʦ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ɸʆ 

ʫʩʪʨʦʡʩʪʚ ʀʂ-ʜʠʘʧʘʟʦʥʘ [3]. ɼʣʷ ʚʳʰʝʫʧʦʤʷʥʫʪʳʭ ʨʝʞʠʤʦʚ ʜʠʬʨʘʢʮʠʠ ʚ 

ʢʨʠʩʪʘʣʣʝ InI ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʜʠʘʧʘʟʦʥʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ ʜʚʫʤʝʨʥʳʝ 

ʧʝʨʝʜʘʪʦʯʥʳʝ ʬʫʥʢʮʠʠ ɸʆ ʷʯʝʡʢʠ. ɺ ʭʦʜʝ ʨʘʩʯʪyʦʚ ʚʳʷʩʥʠʣʦʩʴ, ʯʪʦ ʥʘ 

ʦʩʥʦʚʝ ʪʘʢʠʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ɸʆ ʨʘʩʩʝʷʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʩʦʟʜʘʥʳ 

ʜʝʬʣʝʢʪʦʨʳ, ʟʘʤʝʪʥʦ ʧʨʝʚʦʩʭʦʜʷʱʠʝ ʩʫʱʝʩʪʚʫʶʱʠʝ ʘʥʘʣʦʛʠ ʥʝ ʪʦʣʴʢʦ ʧʦ 

ʚʝʣʠʯʠʥʝ ʫʛʣʦʚʦʡ ʘʧʝʨʪʫʨʳ, ʥʦ ʠ ʧʦ ʜʠʘʧʘʟʦʥʫ ʫʛʣʦʚ ʩʢʘʥʠʨʦʚʘʥʠʷ. 

ɺ ʨʘʙʦʪʝ ʪʘʢʞʝ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʵʚʦʣʶʮʠʷ ʬʦʨʤʳ ʜʚʫʤʝʨʥʦʡ 

ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʠ ʧʦʜʦʙʥʦʡ ɸʆ ʷʯʝʡʢʠ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʯʘʩʪʦʪʳ 

ʫʣʴʪʨʘʟʚʫʢʘ. ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʧʨʠ ʧʝʨʝʩʪʨʦʡʢʝ ʘʢʫʩʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʳ 

ʧʨʦʠʩʭʦʜʠʪ ʧʦʚʦʨʦʪ (ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ) ʫʛʣʦʚʦʡ ʢʦʤʧʦʥʝʥʪʳ ʦʧʪʠʯʝʩʢʦʛʦ 

ʧʫʯʢʘ, ʦʪʚʝʯʘʶʱʝʡ ʮʝʥʪʨʫ ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʠ. ʋʢʘʟʘʥʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ 

ʧʦʟʚʦʣʷʝʪ ʚ ʦʜʥʦʡ ɸʆ ʷʯʝʡʢʝ (ʙʝʟ ʧʦʜʩʪʨʦʡʢʠ ʫʛʣʘ ʧʘʜʝʥʠʷ) ʦʩʫʱʝʩʪʚʣʷʪʴ 

ʦʧʝʨʘʮʠʠ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʠ ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʷ 

ʠʟʦʙʨʘʞʝʥʠʷ. ʇʦʩʣʝʜʥʝʝ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ 

ʩʭʝʤ ʚʠʟʫʘʣʠʟʘʮʠʠ ʬʘʟʦʚʳʭ ʦʙʲʝʢʪʦʚ ɸʆ ʤʝʪʦʜʦʤ [4]. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʯʘʩʪʠʯʥʦʡ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (ʛʨʘʥʪ 

19-12-00072). 
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ɻ.ɼ. ʉʃʀʅʔʂʆɺ
1,2
, ʂ.ɹ. ʖʐʂʆɺ

1
 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʉʠʉè, 

ʄʦʩʢʚʘ 
2ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ 

 

ɸʅɸʃʀɿ ʋɻʃʆɺʆʁ ɼʀʉʇɽʈʉʀʀ ɸʂʋʉʊʆʆʇʊʀʏɽʉʂʆɻʆ 

ɼɽʌʃɽʂʊʆʈɸ 

 
ɺ ʨʘʙʦʪʝ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʘ ʫʛʣʦʚʘʷ ʜʠʩʧʝʨʩʠʷ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ ʜʝʬʣʝʢʪʦʨʘ 

ʚ ʨʝʞʠʤʝ ʫʧʨʘʚʣʝʥʠʷ ʰʠʨʦʢʦʧʦʣʦʩʥʳʤ ʬʝʤʪʦʩʝʢʫʥʜʥʳʤ ʣʘʟʝʨʥʳʤ ʠʟʣʫʯʝʥʠʝʤ. 

ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʘʩʠʤʤʝʪʨʠʷ ʧʦʣʦʩʳ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ ʜʣʷ ʧʨʷʤʦʡ ʠ 

ʦʙʨʘʪʥʦʡ ʜʠʬʨʘʢʮʠʠ ʚ ʪʘʥʛʝʥʮʠʘʣʴʥʦʡ ʛʝʦʤʝʪʨʠʠ ʜʠʬʨʘʢʮʠʠ ʚ ʧʘʨʘʪʝʣʣʫʨʠʪʝ. 
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ANGULAR DISPERSION ANALYSIS  

OF AN ACOUSTO-OPTIC DEFLECTOR  
 

Angular dispersion of an acousto-optic deflector is analyzed for broadband 

femtosecond laser radiation. Asymmetrical phase matching bandwidth is demonstrated 

for direct and inverse tangential diffraction geometry in paratellurite.  

 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣʠ ʤʝʪʦʜʳ 

ʥʝʣʠʥʝʡʥʦ ʢʦʥʬʦʢʘʣʴʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʥʘ ʦʩʥʦʚʝ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʭ 

ʜʝʬʣʝʢʪʦʨʦʚ (ɸʆɼ), ʧʦʟʚʦʣʷʶʱʠʝ ʨʝʘʣʠʟʦʚʘʪʴ ʪʨʭyʤʝʨʥʦʝ ʫʧʨʘʚʣʝʥʠʝ 

ʧʦʣʦʞʝʥʠʝʤ ʬʦʢʫʩʥʦʛʦ ʧʷʪʥʘ ʩ ʧʨʦʠʟʚʦʣʴʥʳʤ ʜʦʩʪʫʧʦʤ [1]. ɺ ʪʘʢʠʭ 

ʩʠʩʪʝʤʘʭ ʜʣʷ ʤʥʦʛʦʬʦʪʦʥʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʬʣʶʦʨʝʩʮʝʥʮʠʠ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʰʠʨʦʢʦʧʦʣʦʩʥʳʝ ʬʝʤʪʦʩʝʢʫʥʜʥʳʝ ʣʘʟʝʨʥʳʝ ʠʤʧʫʣʴʩʳ, ʧʦʵʪʦʤʫ ʧʨʦʙʣʝʤʘ 

ʢʦʤʧʝʥʩʘʮʠʠ ʫʛʣʦʚʦʡ ʠ ʚʨʝʤʝʥʥʦʡ ʜʠʩʧʝʨʩʠʠ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʠʤʧʫʣʴʩʘ 

ʯʝʨʝʟ ɸʆɼ ʷʚʣʷʝʪʩʷ ʢʨʘʡʥʝ ʘʢʪʫʘʣʴʥʦʡ [2]. ʂʘʢ ʧʨʘʚʠʣʦ, ʚ ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʪʘʥʜʘʨʪʥʳʝ ɸʆɼ, ʠʟʥʘʯʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʜʣʷ 

ʦʜʥʦʯʘʩʪʦʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʆʧʪʠʤʠʟʘʮʠʷ ʛʝʦʤʝʪʨʠʠ ʪʘʢʠʭ ɸʆɼ ʚʢʣʶʯʘʝʪ 

ʚ ʩʝʙʷ ʫʯʪy ʩʠʣʴʥʦʡ ʘʢʫʩʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʦʛʦ 

ʤʘʪʝʨʠʘʣʘ, ʥʦ ʚʦʧʨʦʩʳ ʫʛʣʦʚʦʡ ʜʠʩʧʝʨʩʠʠ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ [3].  

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠʩʩʣʝʜʦʚʘʥʘ ʫʛʣʦʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʫʛʣʘ ʜʠʬʨʘʢʮʠʠ ʚ ɸʆɼ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʙʨʘʥ ɸʆɼ ʥʘ 
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ʧʘʨʘʪʝʣʣʫʨʠʪʝ ʩ ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʘʢʫʩʪʠʯʝʩʢʦʡ ʚʦʣʥʳ 6,4 Á 

ʢ ʦʩʠ [110].  

ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʳ ʯʘʩʪʦʪʥʦ-ʫʛʣʦʚʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ɸʆɼ ʥʘ 

ʧʘʨʘʪʝʣʣʫʨʠʪʝ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʜʣʠʥʳ ʚʦʣʥʳ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 700 ʜʦ 900 ʥʤ, 

ʪʠʧʠʯʥʦʤ ʜʣʷ ʪʠʪʘʥ-ʩʘʧʬʠʨʦʚʳʭ ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ ʣʘʟʝʨʦʚ. ʇʫʥʢʪʠʨʦʤ 

ʦʪʤʝʯʝʥʘ ʨʘʙʦʯʘʷ ʯʘʩʪʦʪʘ 75 ʄɻʮ. ʈʘʩʯʪyʳ ʫʛʣʦʚʦʡ ʜʠʩʧʝʨʩʠʠ ʠ ʬʘʟʦʚʦʡ 

ʨʘʩʩʪʨʦʡʢʠ, ʦʧʨʝʜʝʣʷʶʱʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʠʬʨʘʢʮʠʠ, ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʚ 

ʧʣʦʩʢʦʚʦʣʥʦʚʦʤ ʧʨʠʙʣʠʞʝʥʠʠ [3]. ʅʘ ʨʠʩ. 2 ʧʦʢʘʟʘʥʳ ʟʘʚʠʩʠʤʦʩʪʠ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʠʬʨʘʢʮʠʠ ʠ ʫʛʣʘ ʜʠʬʨʘʢʮʠʠ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʧʨʠ 

ʜʠʬʨʘʢʮʠʠ ʪʠʧʘ çe Ÿ oè ʚ +1 ʧʦʨʷʜʦʢ (ʧʨʷʤʘʷ ʪʘʥʛʝʥʮʠʘʣʴʥʘʷ ʛʝʦʤʝʪʨʠʷ) 

ʠ ʧʨʠ ʜʠʬʨʘʢʮʠʠ ʪʠʧʘ ço Ÿ eè ʚ ï1 ʧʦʨʷʜʦʢ (ʦʙʨʘʪʥʘʷ ʪʘʥʛʝʥʮʠʘʣʴʥʘʷ 

ʛʝʦʤʝʪʨʠʷ). ʋʛʣʳ ʤʝʞʜʫ ʚʦʣʥʦʚʳʤ ʚʝʢʪʦʨʦʤ ʜʠʬʨʘʛʠʨʦʚʘʚʰʝʛʦ ʠʟʣʫʯʝʥʠʷ 

ʠ ʚʦʣʥʦʚʳʤ ʚʝʢʪʦʨʦʤ ʫʣʴʪʨʘʟʚʫʢʘ ʦʙʦʟʥʘʯʝʥʳ ʢʘʢ  ᷆ʠ ɗ ʧʨʠ ʜʠʬʨʘʢʮʠʠ 

ʜʣʷ ʜʠʬʨʘʢʮʠʠ ʚ +1 ʠ ï1 ʧʦʨʷʜʢʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; ʘʙʩʦʣʶʪʥʘʷ ʚʝʣʠʯʠʥʘ 

ʫʛʣʦʚʦʡ ʜʠʩʧʝʨʩʠʠ ʨʘʚʥʷʝʪʩʷ 0.053 ʤʨʘʜ/ʥʤ. ʇʨʠ ʜʣʠʥʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

3 ʤʤ ʨʘʩʯʪyʥʘʷ ʰʠʨʠʥʘ ʧʦʣʦʩʳ ʬʘʟʦʚʦʛʦ ʩʠʥʭʨʦʥʠʟʤʘ  ʧʦ ʫʨʦʚʥʶ ï3 ʜɹ 

ʩʦʩʪʘʚʣʷʝʪ 70 ʥʤ (ʜʣʷ ʜʠʬʨʘʢʮʠʠ ʪʠʧʘ ço Ÿ eè), ʯʪʦ ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ 

ʦʙʨʘʙʦʪʢʠ ʫʣʴʪʨʘʢʦʨʦʪʢʠʭ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʤʝʥʝʝ 

20 ʬʩ ʧʨʠ ʫʩʣʦʚʠʠ ʢʦʤʧʝʥʩʘʮʠʠ ʫʛʣʦʚʦʡ ʜʠʩʧʝʨʩʠʠ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (21-12-00247). 
 

  
ʈʠʩ. 1. ʏʘʩʪʦʪʥʦ-ʫʛʣʦʚʘʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʘʥʛʝʥʮʠʘʣʴʥʦʡ 

ʛʝʦʤʝʪʨʠʠ ɸʆ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʈʠʩ. 2. ʋʛʣʦʚʘʷ ʜʠʩʧʝʨʩʠʷ ʠ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʠʬʨʘʢʮʠʠ 

ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ɸʆɼ 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Griffiths V.A., et al. // Nat. Methods. 2020. V. 17. P. 741. 

2. Yamaguchi A., Karagyozov D., Gershow M.H. // Opt. Lett. 2021. V. 46 (7). P. 1644. 
3. Dupont S., Kastelik J.-C., Yushkov K.B., Gazalet J. // Ultrasonics. 2013. V. 53 (1). P. 219. 
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1ʋʥʠʚʝʨʩʠʪʝʪ ʩʪʨʘʥʳ ɹʘʩʢʦʚ, ʉʘʥ-ʉʝʙʘʩʪʴʷʥ, ʀʩʧʘʥʠʷ 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʌʀè 

3ʅʘʫʯʥʳʡ ʬʦʥʜ ʩʪʨʘʥʳ ɹʘʩʢʦʚ, ɹʠʣʴʙʘʦ, ʀʩʧʘʥʠʷ 
4ʋʥʠʚʝʨʩʠʪʝʪ ʛʦʨʦʜʘ ʈʝʡʤʩ, ʌʨʘʥʮʠʷ 

 

ʅɽʃʀʅɽʁʅʆɽ ʇʃɸɿʄʆʅ-ʕʂʉʀʊʆʅʅʆɽ 

ɺɿɸʀʄʆɼɽʁʉʊɺʀɽ ʋʃʋʏʐɸɽʊ ɼɺʋʍʌʆʊʆʅʅʓɽ 

ʉɺʆʁʉʊɺɸ ʂɺɸʅʊʆɺʓʍ ʊʆʏɽʂ 

 
ʇʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ (ʂʊ) ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ 

ʜʚʫʭʬʦʪʦʥʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʭ ʚ ʙʠʦʜʝʪʝʢʮʠʠ ʠ 

ʥʝʣʠʥʝʡʥʦʡ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʝ. ʆʜʥʘʢʦ ʧʨʠʤʝʥʝʥʠʝ ʂʊ ʧʨʠ ʜʚʫʭʬʦʪʦʥʥʦʤ 

ʚʦʟʙʫʞʜʝʥʠʠ ʟʘʪʨʫʜʥʝʥʦ ʠʟ-ʟʘ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʳʭ 

ʣʘʟʝʨʦʚ. ʆʧʠʩʳʚʘʝʪʩʷ ʩʧʦʩʦʙ ʫʤʝʥʴʰʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʦʟʙʫʞʜʝʥʠʷ ʥʘ ʧʦʨʷʜʦʢ 

ʟʘ ʩʯʪy ʜʚʫʭʢʚʘʥʪʦʚʦʛʦ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ ʦʪ ʧʣʘʟʤʦʥʦʚ ʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʥʘʥʦʯʘʩʪʠʮʘʭ (ʄʅʏ) ʢ ʵʢʩʠʪʦʥʘʤ ʚ ʂʊ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚʙʣʠʟʠ ʄʅʏ.  
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NONLINEAR PLASMON -EXCITON INTERACTION 

IMPROVES TWO-PHOTON PROPERTIES  

OF QUANTUM DOTS  
 

Semiconductor quantum dots (QDs) feature high values of the two-photon 

absorption, enabling their applications in biosensing and nonlinear optoelectronics. 

However, the applications of QDs under two-photon excitation are hindered by the 

requirement of high-intensity laser excitation.  Here, we show the way to reduce the 

required excitation intensities by order of magnitude using the two-quantum energy 

transfer from linearly excited plasmons in metal nanoparticles (MNPs) to excitons in 

QDs located close to MNPs. 
 

ʇʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ (ʂʊ) ʠʟʚʝʩʪʥʳ ʩʚʦʝʡ 

ʩʧʦʩʦʙʥʦʩʪʴʶ ʢ ʥʝʣʠʥʝʡʥʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʩʦ ʩʚʝʪʦʤ ʧʦʩʨʝʜʩʪʚʦʤ 

ʜʚʫʭʬʦʪʦʥʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ (ɼʌʇ) [1], ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʭ ʚ 



ʋɼʂ 535(06)+004(06) 

 ISBN 978-5-7262-2842-6 ʌʆʊʆʅʀʂɸ ʀ ʀʅʌʆʈʄɸʎʀʆʅʅɸʗ ʆʇʊʀʂɸ 71 

ʙʠʦʜʝʪʝʢʮʠʠ ʠ ʥʝʣʠʥʝʡʥʦʡ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʝ [2]. ʆʜʥʘʢʦ ʧʨʠʤʝʥʝʥʠʝ ʂʊ 

ʧʨʠ ʜʚʫʭʬʦʪʦʥʥʦʤ ʚʦʟʙʫʞʜʝʥʠʠ ʟʘʪʨʫʜʥʝʥʦ ʠʟ-ʟʘ ʥʝʦʙʭʦʜʠʤʦʩʪʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʳʭ ʣʘʟʝʨʦʚ. ɼʌʇ ʤʦʞʝʪ ʙʳʪʴ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʩʠʣʝʥʦ ʟʘ ʩʯʪy ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʵʢʩʠʪʦʥʦʚ ʂʊ ʩ 

ʧʣʘʟʤʦʥʘʤʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ [3]. ʕʪʦ ʜʘʪy ʚʦʟʤʦʞʥʦʩʪʴ 

ʩʦʟʜʘʥʠʷ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʥʘ ʦʩʥʦʚʝ ʂʊ ʩ 

ʥʝʣʠʥʝʡʥʳʤ ʦʪʢʣʠʢʦʤ ʥʘ ʦʙʣʫʯʝʥʠʝ. 

ʏʪʦʙʳ ʩʥʠʟʠʪʴ ʥʝʦʙʭʦʜʠʤʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʣʷ ʜʚʫʭʬʦʪʦʥʥʦʛʦ 

ʚʦʟʙʫʞʜʝʥʠʷ ʂʊ, ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣ ʩʦʟʜʘʥ ʛʠʙʨʠʜʥʳʡ ʤʘʪʝʨʠʘʣ ʥʘ 

ʦʩʥʦʚʝ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ ʠ ʩʝʨʝʙʨʷʥʳʭ ʥʘʥʦʧʣʘʩʪʠʥ (ʉʅʇ). ʎʝʣʴʶ ʙʳʣʦ 

ʜʦʩʪʠʞʝʥʠʝ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʦʛʦ ʥʝʣʠʥʝʡʥʦʛʦ ʦʪʢʣʠʢʘ ʬʦʪʦʪʦʢʘ ʚ 

ʙʣʠʞʥʝʤ ʠʥʬʨʘʢʨʘʩʥʦʤ (ɹʀʂ) ʜʠʘʧʘʟʦʥʝ ʚʦʟʙʫʞʜʝʥʠʷ. ʉʣʦʡ ʢʚʘʥʪʦʚʳʭ 

ʪʦʯʝʢ CdSe ʩʣʫʞʠʣ ʠʩʪʦʯʥʠʢʦʤ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʜʣʷ ʬʦʪʦʧʨʠʤyʥʠʢʘ 

ʬʦʪʦʨʝʟʠʩʪʦʨʥʦʛʦ ʪʠʧʘ, ʚ ʢʦʪʦʨʳʡ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʧʦʛʣʦʱʝʥʠʷ ʩʚʝʪʘ ʚʚʦʜʠʣʠʩʴ ʉʅʇ ʩ ʧʣʘʟʤʦʥʥʳʤʠ ʤʦʜʘʤʠ ʚ ʙʣʠʞʥʝʤ  

ʀʂ-ʜʠʘʧʘʟʦʥʝ. ʀʟʤʝʨʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʬʦʪʦʪʦʢʘ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʚʦʟʙʫʞʜʝʥʠʷ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʟʘʚʠʩʠʤʦʩʪʴ ʪʦʢʘ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ 

ʠʥʬʨʘʢʨʘʩʥʦʤ ʜʠʘʧʘʟʦʥʝ ʷʚʣʷʝʪʩʷ ʢʚʘʜʨʘʪʠʯʥʦʡ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʚʠʜʠʤʳʤ ʩʚʝʪʦʤ. ʕʪʦ 

ʜʦʢʘʟʘʣʦ, ʯʪʦ ʩʦʟʜʘʥʥʳʡ ʬʦʪʦʧʨʠʤyʥʠʢ ʵʬʬʝʢʪʠʚʥʦ ʨʘʙʦʪʘʝʪ ʚ 

ʜʚʫʭʬʦʪʦʥʥʦʤ ʨʝʞʠʤʝ. ʍʦʪʷ ʧʦʛʣʦʱʝʥʠʝ ʩʚʝʪʘ ʉʅʇ ʧʨʦʠʩʭʦʜʠʣʦ 

ʦʜʥʦʬʦʪʦʥʥʦ ʚ ʣʠʥʝʡʥʦʤ ʨʝʞʠʤʝ, ʵʥʝʨʛʠʷ ʧʝʨʝʜʘʚʘʣʘʩʴ ʦʪ ʧʣʘʟʤʦʥʦʚ ʢ 

ʵʢʩʠʪʦʥʘʤ ʚ ʜʚʫʭʢʚʘʥʪʦʚʦʤ ʨʝʞʠʤʝ, ʯʪʦ ʧʨʠʚʦʜʠʣʦ ʢ ʥʝʣʠʥʝʡʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ. ɹʦʣʝʝ ʪʦʛʦ, ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ 

ʦʜʠʥʘʢʦʚʳʭ ʟʥʘʯʝʥʠʡ ʬʦʪʦʪʦʢʘ ʦʪ ʩʢʦʥʩʪʨʫʠʨʦʚʘʥʥʦʛʦ ʬʦʪʦʧʨʠʤyʥʠʢʘ, ʠ 

ʦʪ ʬʦʪʦʧʨʠʤyʥʠʢʘ, ʩʦʜʝʨʞʘʱʝʛʦ ʪʦʣʴʢʦ ʂʊ, ʥʝʦʙʭʦʜʠʤʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʚʦʟʙʫʞʜʝʥʠʷ ʙʳʣʘ ʥʘ ʧʦʨʷʜʦʢ ʥʠʞʝ. ʕʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʚʳʟʚʘʥʥʳʤ 

ʧʣʘʟʤʦʥʘʤʠ ʫʚʝʣʠʯʝʥʠʝʤ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ɼʌʇ ʚ ʂʊ. 

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʛʨʘʥʪʦʤ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 18-72-

10143. V.K. has received funding from the European Union's Horizon 2020 

research and innovation programme under the Marie Sklodowska-Curie, grant 

agreement No. 101025664 (QESPEM). 
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ʥʘʥʦʯʘʩʪʠʮ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʟʣʠʯʥʳʭ ʜʦʙʘʚʦʢ ʩ ʧʦʤʦʱʴʶ ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ. 

ʆʧʨʝʜʝʣʝʥʳ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʛʨʫʧʧʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʯʘʩʪʠʮ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʧʦʟʚʦʣʷʪ ʦʧʠʩʘʪʴ ʦʩʦʙʝʥʥʦʩʪʠ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʩʪʨʦʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʫʛʣʝʨʦʜʥʳʭ ʪʦʯʝʢ. 

 

K.D. KOSOLAPOVA, A.A. VEDERNIKOVA, I.A. AREFINA, 

E.V. USHAKOVA 
ITMO University, Saint-Petersburg 

 

ENERGY STRUCTURE STUDIES OF CARBON DOTS 

ELECTRON TRANSITIONS DEPENDING ON THE TYPE  

OF FUNCTIONAL GROUPS AT THE SURFACE  
 

The study of the carbon dotôs surface chemistry depending on various additives 

using FTIR spectroscopy has been carried out. Functional groups at the surface of 

carbon dots have been determined. The obtained results of this work will allow us to 

describe the features of the formation of the electronic structure and the structure of the 

carbon dotôs surface. 

 

ʋʛʣʝʨʦʜʥʳʝ ʪʦʯʢʠ ï ʥʦʚʳʡ ʢʣʘʩʩ ʥʘʥʦʩʪʨʫʢʪʫʨ, ʢʦʪʦʨʳʝ ʦʙʣʘʜʘʶʪ 

ʨʷʜʦʤ ʧʨʝʠʤʫʱʝʩʪʚ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʜʨʫʛʠʤʠ ʫʛʣʝʨʦʜʥʳʤʠ 

ʥʘʥʦʤʘʪʝʨʠʘʣʘʤʠ [1]. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʧʨʠʨʦʜʘ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ 

ʫʛʣʝʨʦʜʥʳʭ ʪʦʯʝʢ, ʟʘʚʠʩʷʱʘʷ ʦʪ ʚʦʟʙʫʞʜʝʥʠʷ, ʘʢʪʠʚʥʦ ʦʙʩʫʞʜʘʝʪʩʷ ʚʦ 

ʤʥʦʛʠʭ ʠʩʪʦʯʥʠʢʘʭ ʣʠʪʝʨʘʪʫʨʳ, ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʫʛʣʝʨʦʜʥʳʭ ʪʦʯʝʢ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʦʛʫʪ ʜʘʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʵʣʝʢʪʨʦʥʥʦʡ ʧʦʜʩʠʩʪʝʤʝ 

ʪʘʢʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʦʨʬʦʣʦʛʠʠ ʠ ʦʧʪʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʫʛʣʝʨʦʜʥʳʭ ʪʦʯʝʢ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʠʧʘ ʜʦʙʘʚʦʢ ʧʨʠ ʦʙʨʘʙʦʪʢʝ 

ʠʭ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʢʦʣʣʦʠʜʝ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʘʣʠ 
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ʫʛʣʝʨʦʜʥʳʝ ʪʦʯʢʠ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʤ ʩʠʥʪʝʟʦʤ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦ-ʬʝʥʠʣʝʥʜʠʘʤʠʥʘ (o-pd) ʠ ʙʝʥʟʦʡʥʦʡ ʢʠʩʣʦʪʳ ʚ 

ʩʦʦʪʥʦʰʝʥʠʠ 1:0.75. ɼʣʷ ʠʟʤʝʥʝʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʫʛʣʝʨʦʜʥʳʭ ʪʦʯʝʢ ʢ 300 ʤʢʣ ʠʩʭʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ ʜʦʙʘʚʣʷʣʦʩʴ 75 ʤʢʣ 

ʵʪʠʣʝʥʜʠʘʤʠʥʘ (ethylenediamine, EDA) ʠʣʠ ʧʝʨʝʢʠʩʠ ʚʦʜʦʨʦʜʘ (H2O2). 

ʇʦʣʫʯʝʥʥʳʝ ʩʤʝʩʠ ʧʦʜʚʝʨʛʘʣʠʩʴ ʤʝʭʘʥʠʯʝʩʢʦʤʫ ʨʘʟʤʝʰʠʚʘʥʠʶ ʚ ʪʝʯʝʥʠʝ 

12 ʯʘʩʦʚ. 

ʍʠʤʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʯʘʩʪʠʮ 

ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʩ ʧʦʤʦʱʴʶ ʠʥʬʨʘʢʨʘʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (Fourier-

transform infrared spectroscopy, FTIR), ʧʦʣʫʯʝʥʥʳʝ ʩʧʝʢʪʨʳ ʧʨʠʚʝʜʝʥʳ ʥʘ 

ʨʠʩ. 1. 

 

 
ʈʠʩ. 1. FTIR ʩʧʝʢʪʨʳ ʫʛʣʝʨʦʜʥʳʭ ʪʦʯʝʢ (CDs): ʉDs ʙʝʟ ʜʦʙʘʚʦʢ (ʯyʨʥʳʡ), 

CDs + EDA (ʪyʤʥʦ-ʩʝʨʳʡ), CDs + H2O2 (ʩʚʝʪʣʦ-ʩʝʨʳʡ) 

 

ɺʠʜʥʦ, ʯʪʦ FTIR ʩʧʝʢʪʨʳ ʦʙʨʘʟʮʦʚ ʫʛʣʝʨʦʜʥʳʭ ʪʦʯʝʢ ʨʘʟʣʠʯʘʶʪʩʷ: 

ʥʦʚʳʝ ʧʠʢʠ ʧʦʛʣʦʱʝʥʠʷ ʧʦʷʚʣʷʶʪʩʷ ʚ ʩʧʝʢʪʨʘʭ ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʳʭ 

ʯʘʩʪʠʮ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʧʦʷʚʣʝʥʠʠ ʥʦʚʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʛʨʫʧʧ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ. ʂʦʤʧʣʝʢʩʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʠʚʝʜʝʪ ʢ ʧʦʣʫʯʝʥʠʶ ʥʦʚʦʡ 

ʠʥʬʦʨʤʘʮʠʠ ʦ ʪʦʤ, ʢʘʢ ʤʦʨʬʦʣʦʛʠʷ ʫʛʣʝʨʦʜʥʳʭ ʪʦʯʝʢ ʚʣʠʷʝʪ ʥʘ ʠʭ 

ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Li  D., et. al. Optical properties of carbon dots in the deep-red to near-infrared region are 
attractive for biomedical applications // Small. 2021. V. 17. P. 2102325. 



ʋɼʂ 535(06)+004(06) 

74 ISBN 978-5-7262-2842-6 ʌʆʊʆʅʀʂɸ ʀ ʀʅʌʆʈʄɸʎʀʆʅʅɸʗ ʆʇʊʀʂɸ  

ɸ.ɺ. ʉʖʁ, ɻ.ʀ. ʎɽʃʀʂʆɺ, ɼ.ɸ. ʇɸʅʆɺɸ,  

ɸ.ɺ. ɸʈʉɽʅʀʅ, ɺ.ʉ. ɺʆʃʂʆɺ 
ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ  

(ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ), ɼʦʣʛʦʧʨʫʜʥʳʡ 

 

ʌʆʊʆʃʖʄʀʅɽʉʎɽʅʊʅʓɽ ʉɺʆʁʉʊɺɸ ʅɸʅʆʏɸʉʊʀʎ 

ʅɸ ʆʉʅʆɺɽ ZnS 
 

ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ ʩʣʦʠʩʪʦʛʦ 

ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʩʫʣʴʬʠʜʘ ʮʠʥʢʘ ʩ ʧʦʤʦʱʴʶ ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ 

ʚ ʞʠʜʢʦʩʪʠ. ʆʧʨʝʜʝʣʝʥʳ ʫʩʣʦʚʠʷ ʠ ʧʨʠʯʠʥʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʩ 

ʜʠʘʤʝʪʨʘʤʠ 20 - 40 ʥʤ. ɹʳʣʠ ʠʟʫʯʝʥʳ ʩʧʝʢʪʨʘʣʴʥʳʝ ʠ ʚʨʝʤʝʥʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ 

ʩʠʛʥʘʣʘ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ ʜʠʘʧʘʟʦʥʝ 380 - 700 ʥʤ. 

 

A.V. SYUY, G.I. TSELIKOV, D.A. PANOVA,  

A.V. ARSENIN, V.S. VOLKOV 

Moscow Institute of Physics and Technology (National Research University), Dolgoprudny 

 

PHOTOLUMINESCENT PROPERTIES  

OF ZnS BASED NANOPARTICLES 
 

The results of experiments on laser ablation of layered hexagonal zinc sulfide using 

femtosecond laser pulses in a liquid are presented. The conditions and reasons for the 

formation of nanoparticles with diameters of 20 - 40 nm have been determined. Spectral 

and temporal behaviour of photoluminescence signal were studied in the spectral range 

from 380 up to 700 nm. 
 

ZnS ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʠʟʫʯʝʥʥʳʭ ʠ ʧʨʠʥʘʜʣʝʞʠʪ ʢ 

ʩʝʤʝʡʩʪʚʫ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʩʦʝʜʠʥʝʥʠʡ II -VI  ʩ ʰʠʨʦʢʦʡ ʟʘʧʨʝʱʥyʥʦʡ 

ʟʦʥʦʡ (3,7 ʵɺ), ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʨʠʤʝʥʝʥʠʡ ʚ 

ʥʘʥʦʪʝʭʥʦʣʦʛʠʷʭ, ʧʦʩʢʦʣʴʢʫ ʦʪʥʦʩʠʪʝʣʴʥʦ ʣʝʛʢʦ ʘʜʘʧʪʠʨʦʚʘʪʴ ʦʧʪʠʯʝʩʢʠʝ 

ʠ ʣɻʝʢʪʨʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʢʦʥʪʨʦʣʠʨʫʷ ʬʦʨʤʫ 

ʥʘʥʦʩʪʨʫʢʪʫʨ [1]. ZnS ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ 

ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ ʧʨʠʣʦʞʝʥʠʷʭ ʙʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʤ 

ʩʚʦʡʩʪʚʘʤ [2]; ʦʥ ʪʘʢʞʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʘʢ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨ [3]. 

ʎʝʣʴ ʨʘʙʦʪʳ ï ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʭ 

ʩʚʦʡʩʪʚ ʛʠʙʨʠʜʥʳʭ ʥʘʥʦʯʘʪʠʮ ZnS:M (M = Cu, Ag, Au), ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʡ ʬʨʘʛʤʝʥʪʘʮʠʠ. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1. ʄʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʬʝʤʪʦʩʝʢʫʜʥʳʡ ʣʘʟʝʨ 

(100 ʤʢɼʞ, 1030 ʥʤ, 250 ʬʩ), ʘ ʚ ʢʘʯʝʩʪʚʝ ʬʦʢʫʩʠʨʫʶʱʝʛʦ ʦʙʲʝʢʪʠʚʘ ï 
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ʩʬʝʨʠʯʝʩʢʫ  ʁ ʣʠʥʟʫ ʩ f = 100 ʤʤ. ɺʨʝʤʷ ʦʙʣʫʯʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 15 - 60 

ʤʠʥʫʪ ʧʨʠ ʬʦʢʫʩʠʨʦʚʢʝ ʚʥʫʪʨʠ ʨʘʩʪʚʦʨʘ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʞʠʤʘ 

ʦʙʣʫʯʝʥʠʷ ʠ ʚʳʙʦʨʘ ʞʠʜʢʦʩʪʠ ʟʘʚʠʩʠʪ ʤʦʨʬʦʣʦʛʠʷ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʥʘʥʦʯʘʩʪʠʮ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʝʢʫʨʩʦʨʦʚ ʠʩʧʦʣʴʟʫʝʪʩʷ ʨʘʩʩʣʦʝʥʥʳʡ ZnS ʠʟ 

ʦʙʲyʤʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩ ʧʦʤʦʱʴʶ ʫʣʴʪʨʘʟʚʫʢʘ ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʧʦʨʦʰʦʢ 

Cu, Ag, Au. ʆʧʨʝʜʝʣʝʥʳ ʨʝʞʠʤʳ ʣʘʟʝʨʥʦʡ ʬʨʘʛʤʝʥʪʘʮʠʠ ʜʣʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʥʦʯʘʩʪʠʮ  ZnS:M ʩ ʜʠʘʤʝʪʨʘʤʠ 20 - 40 ʥʤ. 

ʀʩʩʣʝʜʫʝʤʳʝ ʥʘʥʦʯʘʩʪʠʮʳ ZnS:M ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʥʘʣʠʯʠʝ ʵʢʩʠʪʦʥʥʦʡ 

ʧʦʣʦʩʳ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ ʜʠʘʧʘʟʦʥʝ 400 - 500 ʥʤ, ʘ ʪʘʢʞʝ ʰʠʨʦʢʦʝ 

ʧʣʝʯʦ ʚ ʜʠʘʧʘʟʦʥʝ 600 - 700 ʥʤ ʩʚʷʟʘʥʥʦʝ ʩ ʨʝʢʦʤʙʠʥʘʮʠʝʡ ʥʦʩʠʪʝʣʝʡ, 

ʟʘʭʚʘʯʝʥʥʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʜʝʬʝʢʪʥʳʝ ʩʦʩʪʦʷʥʠʷ, ʦʙʨʘʟʦʚʘʥʥʳʝ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʚʥʝʜʨʝʥʠʷ ʤʝʪʘʣʣʦʚ ʚ ʩʪʨʫʢʪʫʨʫ ʥʘʥʦʯʘʩʪʠʮ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʢʠʥʝʪʠʢʠ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʤʦʛʫʪ ʙʳʪʴ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʳ 

ʙʠʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʤ ʩʧʘʜʦʤ ʩ ʭʘʨʘʢʪʝʨʥʳʤʠ ʚʨʝʤʝʥʘʤʠ 0.5 - 0.8 ʠ  

5 - 6 ʥʩ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʠʧʘ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʨʠʤʝʩʠ. 

ʇʨʠ ʵʪʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʣʘʟʤʦʥʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʚ ʩʝʨʝʙʨʝ ʩ ʵʢʩʠʪʦʥʥʳʤ 

ʨʝʟʦʥʘʥʩʦʤ ʚ ZnS ʨʝʟʦʥʘʥʩʥʦ ʫʩʠʣʠʚʘʝʪ ʩʠʛʥʘʣ ʧʦʛʣʦʱʝʥʠʷ ʛʠʙʨʠʜʥʳʭ 

ʥʘʥʦʯʘʩʪʠʮ ʚ ʋʌ-ʦʙʣʘʩʪʠ 380 - 400 ʥʤ. ʆʙʥʘʨʫʞʝʥʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ 

ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʩʦʩʪʘʚʘ ʠ ʚʨʝʤʝʥ ʞʠʟʥʠ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʦʟʚʦʣʷʝʪ 

ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʣʝʛʠʨʦʚʘʥʠʷ ʥʘʥʦʯʘʩʪʠʮ 

ʤʝʪʘʣʣʘʤʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʟʘʧʨʝʱʥyʥʦʡ ʟʦʥʝ 

ʩʫʣʴʬʠʜʘ ʮʠʥʢʘ, ʯʪʦ ʤʦʞʝʪ ʥʘʡʪʠ ʧʨʠʤʝʥʝʥʠʝ ʚ ʟʘʜʘʯʘʭ ʬʦʪʦʢʘʪʘʣʠʟʘ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʸʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

 ̄21-79-00206 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Burda C., et. al. // Chemical Reviews. 2005. V. 105. P. 1025. 
2. Feldmann C., et. al. // Advanced Functional Materials. 2003. V. 13. P. 511. 

3. Zhao Q., et. al. // Crystal Growth & Design. 2007. V. 7. P. 153. 

ʈʠʩ. 1. ʉʭʝʤʘ ʣʘʟʝʨʥʦʡ ʬʨʘʛʤʝʥʪʘʮʠʠ ʚ ʞʠʜʢʦʩʪʠ:  

ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ: 1 ï ʠʟʣʫʯʝʥʠʝ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʘ, 2 ï ʣʠʥʟʘ,  

3 ï ʢʶʚʝʪʘ, 4 ï ʩʪʦʣʠʢ (ʘ); ʩʭʝʤʘ ʬʦʢʫʩʠʨʦʚʢʠ (ʙ); ʥʘʥʦʯʘʩʪʠʮʘ ZnS:Ag (ʚ) 

ʘ 

2 

3 

4 

1 ʚ 

  10 ʥʤ 

ʙ 
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ʃ.ʀ. ʂɸʈʄɸɿʀʅ, ɺ.ʄ. ʂʆʈʐʋʅʆɺ
1
, ʄ.ʊ. ʄɽʊʃʀʅ

1
, 

ʀ.ɺ. ʊɸʁɼɸʂʆɺ
1
 

ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʅ.ʕ. ɹʘʫʤʘʥʘ 
1ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ, ʄʦʩʢʚʘ 

 

ʀʉʉʃɽɼʆɺɸʅʀɽ ʌʆʊʆʌʀɿʀʏɽʉʂʀʍ ʉɺʆʁʉʊɺ ʅʆɺʓʍ 

ʂʆʆʈɼʀʅɸʎʀʆʅʅʓʍ ʉʆɽɼʀʅɽʅʀʁ ʅɸ ʆʉʅʆɺɽ 

ʀʆʅʆɺ ʃɸʅʊɸʅʆʀɼʆɺ ʉ ʀɿʃʋʏɽʅʀɽʄ  

ɺ ʀʅʌʈɸʂʈɸʉʅʆʄ ɼʀɸʇɸɿʆʅɽ 

 
ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʠʟʫʯʝʥʠʶ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʭ 

ʩʚʦʡʩʪʚ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʠʦʥʦʚ ʩʘʤʘʨʠʷ, ʥʝʦʜʠʤʘ ʠ 

ʧʨʘʟʝʦʜʠʤʘ. ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʦ ʚʣʠʷʥʠʝ ʯʠʩʣʘ ʤʦʣʝʢʫʣ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʣʠʛʘʥʜʘ ʚ 

ʩʦʝʜʠʥʝʥʠʷʭ ʥʘ ʦʧʪʠʯʝʩʢʦʝ ʧʦʛʣʦʱʝʥʠʝ ʢʦʤʧʣʝʢʩʦʚ, ʬʦʨʤʫ ʩʧʝʢʪʨʦʚ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠ ʝ yʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚ ʚʠʜʠʤʦʡ ʠ ʙʣʠʞʥʝʡ ʠʥʬʨʘʢʨʘʩʥʦʡ (ɹʀʂ) 

ʦʙʣʘʩʪʷʭ. 

 

L.I. KARMAZIN , V.M. KORSHUNOV
1
, M.T. METLIN

1
, 

I.V. TAIDAKOV
1
 

Bauman Moscow State Technical University 
1Lebedev Physical Institute of the RAS, Moscow 

 

THE INVESTIGATION OF NOVEL COORDINATION 

COMPOUNDS OF LANTHANIDE IONS PHOTOPHYSICAL 

PROPERTIES IN THE INFRARED RANGE  
 

We present the results of our research on photoluminescence properties of 

coordination compounds based on samarium, neodymium and praseodymium ions. We 

analyzed the correlation between number of organic ligand molecules in compounds and 

the optical absorption of the complexes, the shape of the luminescence spectra, and its 

efficiency in the visible and near infrared (NIR) regions. 

 

ʃʶʤʠʥʦʬʦʨʳ, ʩʧʦʩʦʙʥʳʝ ʵʬʬʝʢʪʠʚʥʦ ʠʟʣʫʯʘʪʴ ʚ ʙʣʠʞʥʝʤ 

ʠʥʬʨʘʢʨʘʩʥʦʤ ʜʠʘʧʘʟʦʥʝ (ɹʀʂ), ʘʢʪʠʚʥʦ ʠʩʩʣʝʜʫʶʪʩʷ ʧʦʩʣʝʜʥʠʝ 

ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʠʣʝʪʠʡ. ʀʥʪʝʨʝʩ ʢ ʪʘʢʠʤ ʚʝʱʝʩʪʚʘʤ ʦʙʫʩʣʦʚʣʝʥ ʰʠʨʦʢʠʤ 

ʩʧʝʢʪʨʦʤ ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ ʚ ʤʝʜʠʮʠʥʝ, ʚʦʝʥʥʦʡ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʨʷʜʦʤ ʜʨʫʛʠʭ ʧʨʠʣʦʞʝʥʠʡ. ʂʦʦʨʜʠʥʘʮʠʦʥʥʳʝ 

ʩʦʝʜʠʥʝʥʠʷ ʠʦʥʦʚ ʣʘʥʪʘʥʦʠʜʦʚ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʧʦʪʝʥʮʠʘʣʴʥʳʭ 

ʢʣʘʩʩʦʚ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʣʶʤʠʥʦʬʦʨʦʚ ʩ 

ʠʟʣʫʯʝʥʠʝʤ ʚ ɹʀʂ ʜʠʘʧʘʟʦʥʝ ʩʧʝʢʪʨʘ. ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʚʳʩʦʢʠʤ 
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ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʢʚʘʥʪʦʚʳʤ ʚʳʭʦʜʦʤ ʠʭ ʠʟʣʫʯʝʥʠʷ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ 

ʜʦʩʪʠʛʘʪʴ 99 % [1]. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʪʘʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʭʘʨʘʢʪʝʨʥʳ ʫʟʢʠʝ 

ʩʧʝʢʪʨʘʣʴʥʳʝ ʣʠʥʠʠ ʵʤʠʩʩʠʠ ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴʢʠʭ ʥʘʥʦʤʝʪʨʦʚ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʜʘʥʥʳʡ ʢʣʘʩʩ ʤʘʪʝʨʠʘʣʦʚ ʤʦʞʝʪ ʙʳʪʴ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʠʩʪʦʯʥʠʢʦʚ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʫʩʪʘʥʦʚʣʝʥʠʝ ʚʣʠʷʥʠʷ ʯʠʩʣʘ 

ʤʦʣʝʢʫʣ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʣʠʛʘʥʜʘ ʠʟ ʢʣʘʩʩʘ 1,3-ʜʠʢʝʪʦʥʦʚ ʚ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ ʪʨʭyʚʘʣʝʥʪʥʳʭ ʠʦʥʦʚ ʣʘʥʪʘʥʦʠʜʦʚ ʥʘ 

ʩʚʦʡʩʪʚʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ ʚʠʜʠʤʦʡ ʠ ʠʥʬʨʘʢʨʘʩʥʦʡ ʦʙʣʘʩʪʷʭ ʩʧʝʢʪʨʘ. ɺ 

ʢʘʯʝʩʪʚʝ ʮʝʥʪʨʦʚ ʵʤʠʩʩʠʠ ʙʳʣʠ ʚʳʙʨʘʥʳ ʠʦʥʳ Sm(III), Nd(III) ʠ Pr(III). ɺ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʤʦʣʝʢʫʣ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʣʠʛʘʥʜʘ, ʢʦʤʧʣʝʢʩʳ 

ʙʫʜʫʪ ʤʘʨʢʠʨʦʚʘʪʴʩʷ ʢʘʢ Sm3, Nd3, Pr3 ʜʣʷ ʪʨʭy ʤʦʣʝʢʫʣ, ʘ ʪʘʢʞʝ Sm4, 

Nd4, Pr4 ʜʣʷ ʯʝʪʳʨʭy. 

ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʩʦʝʜʠʥʝʥʠʡ ʠʦʥʦʚ 

Sm(III) ʠ Nd(III) ʚ ɹʀʂ ʜʠʘʧʘʟʦʥʝ. ɺ ʩʧʝʢʪʨʘʭ ʠʟʣʫʯʝʥʠʷ ʥʘʙʣʶʜʘʶʪʩʷ 

ʫʟʢʠʝ ʩʧʝʢʪʨʘʣʴʥʳʝ ʧʦʣʦʩʳ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ä ï ä ʧʝʨʝʭʦʜʦʚ ʠʦʥʦʚ[2]. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʯʠʩʣʘ ʤʦʣʝʢʫʣ ʣʠʛʘʥʜʘ ʚ ʩʦʝʜʠʥʝʥʠʠ ʥʝ 

ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʢʚʘʥʪʦʚʦʛʦ ʚʳʭʦʜʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ 

ʠʥʬʨʘʢʨʘʩʥʦʡ ʦʙʣʘʩʪʠ. 
 

 
ʈʠʩ. 1. ʉʧʝʢʪʨʳ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʢʦʤʧʣʝʢʩʦʚ ʥʝʦʜʠʤʘ ʠ ʩʘʤʘʨʠʷ  

ʚ ɹʀʂ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ: 1 ï Nd3, 2 ï Nd4, 3 ï Sm3, 4 ï Sm4 
 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ʃʝʚʰʠʥ ʃ.ɺ., ʉʘʣʝʮʢʠʡ ɸ.ʄ. ʆʧʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʠʩʪʝʤ. 

ʏ. 1. ʄʦʣʝʢʫʣʷʨʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ. ʄ.: ʀʟʜ-ʚʦ ʄɻʋ, 1994. 
2. Lanthanide luminescence: photophysical, analytical and biological aspects / ed. by 

P. Hanninen, H. Harma. Springer Ser Fluoresc., 2011. 
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ʊ.ʆ. ʆʉʂʆʃʂʆɺɸ, ɽ.ʇ. ʂʆʃɽʉʆɺɸ, ɸ.ʆ. ʆʈʃʆɺɸ 
ʋʥʠʚʝʨʩʠʪʝʪ ʀʊʄʆ, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ 

 

ʇɽʈɽʅʆʉ ʕʅɽʈɻʀʀ ʕʃɽʂʊʈʆʅʅʆɻʆ ɺʆɿɹʋɾɼɽʅʀʗ  

ɺ ɸɻʈɽɻɸʊɸʍ ʂɺɸʅʊʆɺʓʍ ʊʆʏɽʂ CdSe/ZnS 
 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ ʘʛʨʝʛʘʪʦʚ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ 

(ʂʊ) CdSe/ZnS. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʘʛʨʝʛʘʮʠʠ ʢʚʘʥʪʦʚʳʡ ʚʳʭʦʜ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʫʤʝʥʴʰʘʝʪʩʷ ʩ 10 % ʜʦ 2 %. ʇʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʷʨʢʦ 

ʚʳʨʘʞʝʥʥʘʷ ʣʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʭʘʨʘʢʪʝʨʥʦʛʦ ʚʨʝʤʝʥʠ ʟʘʪʫʭʘʥʠʷ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʨʝʛʠʩʪʨʘʮʠʠ. ʇʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ ʩ ʫʯʪyʦʤ ʨʘʟʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʂʊ ʚ ʘʥʩʘʤʙʣʝ. 

 

T.O. OSKOLKOVA, E.P. KOLESOVA, A.O. ORLOVA 
ITMO University, Saint-Petersburg 

 

ELECTRONIC EXCITATION ENERGY TRANSFER  

IN CdSe/ZnS QUANTUM DOTS AGGREGATES 
 

In this study the luminescence properties of CdSe/ZnS quantum dots (QDs) were 

investigated. We demonstrate that the photoluminescence quantum yield reduces from 

10% to 2% upon the aggregation process. Meanwhile, a pronounced linear registration 

wavelength dependence of the characteristic luminescence lifetime was observed. The 

energy transfer efficiency was evaluated according to the size distribution in a QD 

ensemble. 

 

ʂʦʣʣʦʠʜʥʳʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʥʘʥʦʢʨʠʩʪʘʣʣʳ ʥʘ ʦʩʥʦʚʝ 

ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʢʘʜʤʠʷ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʢʣʘʩʩ ʠʩʢʫʩʩʪʚʝʥʥʳʭ 

ʣʶʤʠʥʦʬʦʨʦʚ ʩ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʤʠ ʬʦʪʦʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ [1]. 

ʆʩʦʙʝʥʥʦʩʪʴʶ ʢʚʘʥʪʦʚʳʭ ʪʦʯʝʢ (ʂʊ), ʢʘʢ ʠ ʜʨʫʛʠʭ ʢʦʣʣʦʠʜʥʳʭ 

ʥʘʥʦʯʘʩʪʠʮ, ʷʚʣʷʝʪʩʷ ʠʭ ʩʢʣʦʥʥʦʩʪʴ ʢ ʘʛʨʝʛʘʮʠʠ [2]. ɺ ʧʨʦʮʝʩʩʝ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʘʛʨʝʛʘʪʦʚ ʧʨʦʠʩʭʦʜʠʪ ʩʦʢʨʘʱʝʥʠʝ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ 

ʙʣʠʞʘʡʰʠʤʠ ʂʊ ʚ ʘʥʩʘʤʙʣʝ, ʯʪʦ ʤʦʞʝʪ ʩʪʘʪʴ ʧʨʠʯʠʥʦʡ ʫʚʝʣʠʯʝʥʠʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. ʇʦʩʢʦʣʴʢʫ ʢʦʣʣʦʠʜʥʳʡ ʨʘʩʪʚʦʨ ʂʊ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʘʥʩʘʤʙʣʴ ʯʘʩʪʠʮ ʨʘʟʣʠʯʥʦʛʦ ʨʘʟʤʝʨʘ, ʪʦ ʚ ʨʘʤʢʘʭ 

ʜʘʥʥʦʡ ʩʠʩʪʝʤʳ ʂʊ ʤʘʣʦʛʦ ʨʘʟʤʝʨʘ ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ ʚ ʨʦʣʠ ʜʦʥʦʨʦʚ 

ʵʥʝʨʛʠʠ ʜʣʷ ʙʦʣʴʰʠʭ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ [3, 4]. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ, ʨʝʯʴ ʠʜʝʪ ʦ 

ʧʝʨʝʥʦʩʝ ʵʥʝʨʛʠʠ ʧʦ ʤʝʭʘʥʠʟʤʫ FRET (Fºrster resonance energy transfer) 

[5], ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʢʦʪʦʨʦʛʦ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʠ ʘʛʨʝʛʘʮʠʠ, 

ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʤʦʞʝʪ ʦʢʘʟʘʪʴ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ 

ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ ʂʊ. 
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ɺ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʴʥʦʛʦ ʦʙʲʝʢʪʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ ʚ 

ʘʛʨʝʛʘʪʘʭ ʂʊ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʥʘʥʦʢʨʠʩʪʘʣʣʳ ʪʠʧʘ 

ʷʜʨʦ/ʦʙʦʣʦʯʢʘ CdSe/ZnS. ʆʙʨʘʟʮʳ ʩ ʨʘʟʣʠʯʥʦʡ ʩʪʝʧʝʥʴʶ ʘʛʨʝʛʘʮʠʠ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʚ ʨʝʟʫʣʴʪʘʪʝ ʜʦʙʘʚʣʝʥʠʷ ʤʝʪʘʥʦʣʘ ʚ ʨʘʩʪʚʦʨ ʂʊ ʚ ʭʣʦʨʦʬʦʨʤʝ.  

ɸʥʘʣʠʟ ʩʪʘʮʠʦʥʘʨʥʳʭ ʩʧʝʢʪʨʦʚ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʦʢʘʟʘʣ, ʯʪʦ 

ʘʛʨʝʛʘʮʠʷ ʂʊ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʪʫʰʝʥʠʝʤ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʥʘ 80 % ʠ 

ʩʧʝʢʪʨʘʣʴʥʳʤ ʩʜʚʠʛʦʤ ʝ yʧʦʣʦʩʳ ʚ ʜʣʠʥʥʦʚʦʣʥʦʚʫʶ ʦʙʣʘʩʪʴ ʥʘ 10 ʥʤ. 

ʇʨʠ ʵʪʦʤ ʧʦʣʦʞʝʥʠʝ ʵʢʩʠʪʦʥʥʳʭ ʧʠʢʦʚ ʩʧʝʢʪʨʘ ʧʦʛʣʦʱʝʥʠʷ ʥʝ ʙʳʣʦ 

ʧʦʜʚʝʨʛʥʫʪʦ ʠʟʤʝʥʝʥʠʶ. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʢʚʘʥʪʦʚʳʡ ʚʳʭʦʜ ʣʶʤʠʥʝʩʮʝʥʮʠʠ 

ʘʥʩʘʤʙʣʷ ʂʊ ʫʤʝʥʴʰʠʣʩʷ ʩ 10 ʜʦ 2 % ʚ ʧʨʦʮʝʩʩʝ ʘʛʨʝʛʘʮʠʠ. 

ʂʠʥʝʪʠʢʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʦʙʨʘʟʮʦʚ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʚʨʝʤʷ-

ʨʘʟʨʝʰʥyʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ɼʣʷ ʘʥʘʣʠʟʘ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʟʘʪʫʭʘʥʠʷ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʝ ʬʠʣʴʪʨʳ, ʧʦʟʚʦʣʷʶʱʠʝ ʚʳʜʝʣʷʪʴ ʣʶʤʠʥʝʩʮʝʥʮʠʶ ʚ 

ʫʟʢʠʭ ʠʥʪʝʨʚʘʣʘʭ ʜʣʠʥ ʚʦʣʥ. ɺ ʦʙʨʘʟʮʘʭ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʘʛʨʝʛʘʮʠʠ 

ʥʘʙʣʶʜʘʣʘʩʴ ʣʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʭʘʨʘʢʪʝʨʥʦʛʦ ʚʨʝʤʝʥʠ ʟʘʪʫʭʘʥʠʷ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʨʝʛʠʩʪʨʘʮʠʠ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʜʣʠʥʳ 

ʚʦʣʥʳ ʨʦʩʣʦ ʩʨʝʜʥʝʝ ʚʨʝʤʷ ʟʘʪʫʭʘʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʧʨʠ ʵʪʦʤ ʩʢʦʨʦʩʪʴ 

ʥʘʙʣʶʜʘʝʤʦʛʦ ʨʦʩʪʘ ʭʦʨʦʰʦ ʢʦʨʨʝʣʠʨʫʝʪ ʩʦ ʩʪʝʧʝʥʴʶ ʘʛʨʝʛʘʮʠʠ ʂʊ.  

ʅʘʙʣʶʜʘʝʤʳʝ ʵʬʬʝʢʪʳ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʥʦʚʦʛʦ 

ʢʘʥʘʣʘ ʨʝʣʘʢʩʘʮʠʠ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʷ ʚ ʂʊ, ʩʚʷʟʘʥʥʦʛʦ ʩ ʧʝʨʝʥʦʩʦʤ 

ʵʥʝʨʛʠʠ ʧʦ ʤʝʭʘʥʠʟʤʫ FRET. ɺ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʌʸʨʩʪʝʨʘ ʂʊ ʤʘʣʦʛʦ 

ʨʘʟʤʝʨʘ ʷʚʣʷʶʪʩʷ ʜʦʥʦʨʘʤʠ ʵʥʝʨʛʠʠ, ʘ ʙʦʣʴʰʠʝ ʂʊ ï ʘʢʮʝʧʪʦʨʘʤʠ. ɺ 

ʨʘʙʦʪʝ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ ʩ 

ʧʦʤʦʱʴʶ ʪʝʦʨʠʠ ʌʸʨʩʪʝʨʘ [5]. ʇʦʣʫʯʝʥʥʦʝ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ 

ʩʦʩʪʘʚʠʣʦ 40 %. ʊʘʢʞʝ ʙʳʣ ʧʨʦʠʟʚʝʜʥy ʨʘʩʯʪy ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩ ʫʯʸʪʦʤ 

ʜʠʩʧʝʨʩʠʠ ʂʊ ʧʦ ʨʘʟʤʝʨʘʤ, ʚ ʭʦʜʝ ʢʦʪʦʨʦʛʦ ʙʳʣʠ ʫʯʪʝʥʳ ʚʝʨʦʷʪʥʦʩʪʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʢʘʞʜʦʡ ʬʨʘʢʮʠʠ. ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ 

ʤʦʜʝʣʠ ʩʫʤʤʘʨʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʝʨʝʥʦʩʘ ʵʥʝʨʛʠʠ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʷ ʥʝ 

ʧʨʝʚʳʰʘʝʪ 10 %.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ 

ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʌ ʚ ʨʘʤʢʘʭ ɻɿ 2019-1080, ʛʨʘʥʪʘ 08-08 ʈʌ 

ʠ ʛʨʘʥʪʘ ʅʀʈʄɸ ʌʊ ʄʌ ʋʥʠʚʝʨʩʠʪʝʪʘ ʀʊʄʆ. 
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SINGLE PHOTONS GENERATION IN DEFECTS  

OF HEXAGONAL BORON NITRIDE NANOCRYSTALS  
 

In this paper, nanocrystals of hexagonal boron nitride (hBN) with lateral dimensions 

up to 10 nm containing photostable emitters are investigated. Single luminescent defects 

in nanocrystals were studied by time-resolved microscopy and optical spectroscopy, and 

the generation of single photons was obtained. 
 

ʌʣʫʦʨʝʩʮʝʥʪʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ ʠʛʨʘʶʪ ʥʝʦʪʲʝʤʣʝʤʫʶ ʨʦʣʴ ʚʦ ʤʥʦʛʠʭ 

ʦʙʣʘʩʪʷʭ, ʥʘʯʠʥʘʷ ʦʪ ʙʠʦʤʝʜʠʮʠʥʩʢʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ ʠ ʟʦʥʜʠʨʦʚʘʥʠʷ ʠ 

ʟʘʢʘʥʯʠʚʘʷ ʥʘʥʦʬʦʪʦʥʥʳʤʠ ʫʩʪʨʦʡʩʪʚʘʤʠ ʠ ʧʨʠʣʦʞʝʥʠʷʤʠ [1 - 3]. ɺ 

ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʢʚʘʥʪʦʚʳʝ ʠʟʣʫʯʘʪʝʣʠ ʚ ʛʝʢʩʘʛʦʥʘʣʴʥʦʤ ʥʠʪʨʠʜʝ ʙʦʨʘ 

(hBN) ï ʜʚʫʤʝʨʥʦʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ ʩ ʰʠʨʦʢʦʡ ʧʦʣʦʩʦʡ ʧʨʦʧʫʩʢʘʥʠʷ ï 

ʩʪʘʥʦʚʷʪʩʷ ʧʨʠʚʣʝʢʘʪʝʣʴʥʦʡ ʦʩʥʦʚʦʡ ʥʘʥʦʬʦʪʦʥʠʢʠ. ʆʥʠ ʜʝʤʦʥʩʪʨʠʨʫʶʪ 

ʩʚʝʨʭʚʳʩʦʢʫʶ ʷʨʢʦʩʪʴ ʠ ʥʘʜʞyʥʦʩʪʴ ʚ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ [4]. ʊʘʢ, ʚ 
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ʦʪʣʠʯʠʝ ʦʪ ʘʣʤʘʟʘ ʠʣʠ ʩʘʧʬʠʨʘ, hBN ʥʘʥʦʯʘʩʪʠʮʳ ʤʦʞʥʦ ʩʦʟʜʘʚʘʪʴ 

ʧʨʦʩʪʳʤ ʩʧʦʩʦʙʦʤ ʥʘ ʦʩʥʦʚʝ ʧʦʜʭʦʜʦʚ çʩʥʠʟʫ-ʚʚʝʨʭè ʠʣʠ çʩʚʝʨʭʫ-ʚʥʠʟè 

ʜʦʩʪʠʛʘʷ ʥʝʦʙʭʦʜʠʤʳʭ ʨʘʟʤʝʨʦʚ. ʅʝʜʘʚʥʦ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʜʦʩʪʫʧʥʳʡ 

ʤʝʪʦʜ ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ çʩʥʠʟʫ-ʚʚʝʨʭè ʥʘʥʦʯʘʩʪʠʮ 

ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʥʠʪʨʠʜʘ ʙʦʨʘ [5].  

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʧʪʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʜʝʬʝʢʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘʥʦʯʘʩʪʠʮ hBN, ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ. ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʢʘʨʪʘ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʥʘʥʦʯʘʩʪʠʮ, ʧʦʣʫʯʝʥʥʘʷ ʩ ʧʦʤʦʱʴʶ 

ʩʢʘʥʠʨʫʶʱʝʛʦ ʢʦʥʬʦʢʘʣʴʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ʩ ʚʦʟʙʫʞʜʝʥʠʝʤ ʥʝʧʨʝʨʳʚʥʳʤ 

ʣʘʟʝʨʦʤ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 532 ʥʤ. ɹʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʚʨʝʤʝʥʘ ʞʠʟʥʠ 

ʣʶʤʠʥʝʩʮʝʥʪʥʳʭ ʦʙʣʘʩʪʝʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʨʝʤʷʨʘʟʨʝʰʥyʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ. ɼʣʷ ʦʪʜʝʣʴʥʳʭ ʪʦʯʝʢ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʘʚʪʦʢʦʨʨʝʣʷʮʠʦʥʥʳʝ 

ʬʫʥʢʮʠʠ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ (g
2
(t)) ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤ ʧʨʦʚʘʣʦʤ ʚ ʦʙʣʘʩʪʠ 

ʚʨʝʤʝʥʥʦʡ ʟʘʜʝʨʞʢʠ t = 0 (ʨʠʩ. 2). ɼʘʥʥʳʝ ʬʫʥʢʮʠʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʍʵʥʙʝʨʠ ɹʨʘʫʥʘ-ʊʚʠʩʩʘ. ʅʘʣʠʯʠʝ 

ʧʨʦʚʘʣʘ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʩʫʙʧʫʘʩʩʦʥʦʚʩʢʦʡ ʩʪʘʪʠʩʪʠʢʝ ʬʦʪʦʥʦʚ, ʪʦ ʝʩʪʴ 

ʦ ʛʝʥʝʨʘʮʠʠ ʦʜʠʥʦʯʥʳʭ ʬʦʪʦʥʦʚ ʜʝʬʝʢʪʘʤʠ hBN. 
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ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʪʦʯʢʠ S1 
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