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ȼɜɟɞɟɧɢɟ 

ɋɪɟɞɢ ɪɚɡɥɢɱɧɵɯ ɦɚɝɧɢɬɨɝɢɞɪɨɞɢɧɚɦɢɱɟɫɤɢɯ ɩɪɨɰɟɫɫɨɜ ɨɫɨɛɵɣ ɢɧɬɟɪɟɫ 

ɩɪɟɞɫɬɚɜɥɹɸɬ ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɟ ɬɟɱɟɧɢɹ (ɗȼɌ), ɜɨɡɧɢɤɚɸɳɢɟ ɜ ɪɟɡɭɥɶɬɚɬɟ ɜɡɚɢɦɨ-

ɞɟɣɫɬɜɢɹ ɧɟɨɞɧɨɪɨɞɧɨɝɨ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ J, ɩɪɨɬɟɤɚɸɳɟɝɨ ɱɟɪɟɡ ɠɢɞɤɢɣ ɦɟ-

ɬɚɥɥ, ɫ ɫɨɛɫɬɜɟɧɧɵɦ ɦɚɝɧɢɬɧɵɦ ɩɨɥɟɦ (Ɇɉ) ȼɗȼɌ Д1Ж. ȼ ɨɛɴɟɦɟ ɪɚɫɩɥɚɜɚ ɩɪɢ ɷɬɨɦ 

ɞɟɣɫɬɜɭɟɬ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɚɹ ɫɢɥɚ Fɷɥ = J×BɗȼɌ, ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɤɨɬɨɪɨɣ ɩɨ ɨɛɴɟɦɭ, 

ɤɚɤ ɩɪɚɜɢɥɨ, ɫɭɳɟɫɬɜɟɧɧɨ ɧɟɨɞɧɨɪɨɞɧɨ ɢ ɧɟ ɦɨɠɟɬ ɛɵɬɶ ɰɟɥɢɤɨɦ ɫɤɨɦɩɟɧɫɢɪɨɜɚɧɨ 

ɝɪɚɞɢɟɧɬɨɦ ɞɚɜɥɟɧɢɹ. ɂɦɟɧɧɨ ɷɬɚ ɫɢɥɚ ɩɪɢɜɨɞɢɬ ɤ ɜɨɡɧɢɤɧɨɜɟɧɢɸ ɜ ɠɢɞɤɨɫɬɢ ɜɢɯ-

ɪɟɜɨɝɨ ɞɜɢɠɟɧɢɹ. 

Ⱦɥɹ ɧɚɝɥɹɞɧɨɫɬɢ ɪɚɫɫɦɨɬɪɢɦ ɦɨɞɟɥɶ ɪɚɫɬɟɤɚɧɢɹ ɬɨɤɚ ɨɬ ɬɨɱɟɱɧɨɝɨ ɢɫɬɨɱɧɢɤɚ 

ɜ ɩɨɥɭɛɟɫɤɨɧɟɱɧɵɣ ɨɛɴɟɦ ɪɚɫɩɥɚɜɥɟɧɧɨɝɨ ɦɟɬɚɥɥɚ (ɪɢɫɭɧɨɤ 1). Ɉɬ ɢɫɬɨɱɧɢɤɚ ɬɨɤ 

ɪɚɫɬɟɤɚɟɬɫɹ ɩɨ ɨɛɴɟɦɭ ɩɪɨɜɨɞɹɳɟɣ ɠɢɞɤɨɫɬɢ. Ɇɟɠɞɭ ɷɥɟɦɟɧɬɚɪɧɵɦɢ ɬɨɤɨɧɟɫɭɳɢ-

ɦɢ ɩɪɨɜɨɞɧɢɤɚɦɢ 2 ɢ 3, ɫɨɞɟɪɠɚɳɢɦɢ ɬɨɤɢ ɨɞɧɨɝɨ ɧɚɩɪɚɜɥɟɧɢɹ, ɜɨɡɧɢɤɚɟɬ ɫɢɥɚ 

Ⱥɦɩɟɪɚ, ɩɪɢɜɨɞɹɳɚɹ ɤ ɢɯ ɜɡɚɢɦɧɨɦɭ ɩɪɢɬɹɠɟɧɢɸ. ȼɛɥɢɡɢ ɢɫɬɨɱɧɢɤɚ (ɜ ɨɤɪɟɫɬɧɨɫɬɢ 

ɬɨɱɤɢ 1), ɝɞɟ ɩɥɨɬɧɨɫɬɶ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɦɚɤɫɢɦɚɥɶɧɚ, ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɚɹ ɫɢɥɚ 

ɛɨɥɶɲɟ, ɱɟɦ ɧɚ ɩɟɪɢɮɟɪɢɢ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɜɨɡɧɢɤɚɟɬ ɧɟɧɭɥɟɜɨɣ ɦɨɦɟɧɬ ɫɢɥ, ɪɚɫɩɥɚɜ 

ɡɚɤɪɭɱɢɜɚɟɬɫɹ. ȼ ɧɟɨɝɪɚɧɢɱɟɧɧɨɣ ɨɛɥɚɫɬɢ ɩɨɥɨɢɞɚɥɶɧɨɟ ɞɜɢɠɟɧɢɟ ɩɪɨɹɜɥɹɟɬɫɹ ɤɚɤ 

ɩɨɝɪɭɠɟɧɧɚɹ ɫɬɪɭɹ, ɬɨɝɞɚ ɤɚɤ ɜ ɨɝɪɚɧɢɱɟɧɧɨɦ ɨɛɴɟɦɟ ɨɧɨ ɡɚɦɵɤɚɟɬɫɹ ɨɛɪɚɬɧɵɦ ɩɨ-

ɬɨɤɨɦ ɢ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɬɨɪɨɢɞɚɥɶɧɵɣ (ɩɨɥɨɢɞɚɥɶɧɵɣ) ɜɢɯɪɶ. 

I
1

J F23

U2 3

 

Ɋɢɫɭɧɨɤ 1 – ɋɯɟɦɚ ɨɛɪɚɡɨɜɚɧɢɹ ɗȼɌ. 
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Ⱦɥɹ ɜɨɡɧɢɤɧɨɜɟɧɢɹ ɞɜɢɠɟɧɢɹ ɜ ɩɪɨɜɨɞɹɳɟɣ ɠɢɞɤɨɫɬɢ ɧɟɨɛɯɨɞɢɦɨ, ɱɬɨɛɵ 

ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɫɢɥɵ J×BɗȼɌ ɢɦɟɥɨ ɜɢɯɪɟɜɨɣ ɯɚɪɚɤɬɟɪ (∇×Fɷɥ ≠ 0), ɱɬɨ ɜɨɡɦɨɠɧɨ 

ɥɢɲɶ ɩɪɢ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɣ ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ Д1Ж. Ɍɚɤɢɦ ɨɛɪɚ-

ɡɨɦ, ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɟ ɬɟɱɟɧɢɹ ɜɨɡɧɢɤɚɸɬ ɡɚ ɫɱɟɬ ɨɛɴɟɦɧɨɣ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢɥɵ, 

ɚ ɢɯ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɨɩɪɟɞɟɥɹɟɬɫɹ ɛɚɥɚɧɫɨɦ ɦɟɠɞɭ ɷɬɨɣ ɫɢɥɨɣ ɢ ɬɨɪɦɨɡɹɳɢɦ ɞɟɣɫɬ-

ɜɢɟɦ ɜɹɡɤɨɫɬɢ. 

ɂɫɫɥɟɞɨɜɚɧɢɹ ɗȼɌ, ɩɨɦɢɦɨ ɫɜɨɟɣ ɮɭɧɞɚɦɟɧɬɚɥɶɧɨɣ ɡɧɚɱɢɦɨɫɬɢ, ɨɛɥɚɞɚɸɬ 

ɜɵɫɨɤɨɣ ɩɪɢɤɥɚɞɧɨɣ ɰɟɧɧɨɫɬɶɸ ɞɥɹ ɨɬɪɚɫɥɟɣ ɦɚɲɢɧɨɫɬɪɨɟɧɢɹ ɢ ɷɥɟɤɬɪɨɦɟɬɚɥɥɭɪ-

ɝɢɢ, ɚ ɬɚɤɠɟ ɞɥɹ ɫɢɫɬɟɦ ɯɪɚɧɟɧɢɹ ɷɧɟɪɝɢɢ (ɠɢɞɤɨɦɟɬɚɥɥɢɱɟɫɤɢɟ ɛɚɬɚɪɟɢ).  

ȼ ɩɨɫɥɟɞɧɢɟ ɝɨɞɵ ɧɚɛɥɸɞɚɟɬɫɹ ɩɨɜɵɲɟɧɧɵɣ ɢɧɬɟɪɟɫ ɭɱɟɧɵɯ ɢ ɢɧɠɟɧɟɪɨɜ ɤ 

ɠɢɞɤɨɦɟɬɚɥɥɢɱɟɫɤɢɦ ɛɚɬɚɪɟɹɦ (ɀɆȻ) [2–6Ж. ɀɆȻ ɫɨɫɬɨɢɬ ɢɡ ɞɜɭɯ ɫɥɨɟɜ ɪɚɡɧɵɯ 

ɠɢɞɤɢɯ ɦɟɬɚɥɥɨɜ (ɨɞɢɧ ɫɥɭɠɢɬ ɤɚɬɨɞɨɦ, ɚ ɞɪɭɝɨɣ – ɚɧɨɞɨɦ) ɢ ɫɥɨɹ ɷɥɟɤɬɪɨɥɢɬɚ ɦɟ-

ɠɞɭ ɧɢɦɢ. ɉɪɢ ɩɪɨɬɟɤɚɧɢɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɜ ɀɆȻ ɜɨɡɧɢɤɚɟɬ ɗȼɌ, ɢɧɬɟɧɫɢɜ-

ɧɨɫɬɶ ɤɨɬɨɪɨɝɨ ɡɚɜɢɫɢɬ ɨɬ ɬɨɤɚ ɧɚɝɪɭɡɤɢ. ɉɪɢ ɷɬɨɦ ɨɫɨɛɨɟ ɜɧɢɦɚɧɢɟ ɭɞɟɥɹɟɬɫɹ ɩɨ-

ɜɟɞɟɧɢɸ ɝɪɚɧɢɰɵ ɪɚɡɞɟɥɚ, ɩɪɢ ɞɟɮɨɪɦɚɰɢɢ ɤɨɬɨɪɨɣ ɦɨɠɟɬ ɜɨɡɧɢɤɧɭɬɶ ɤɨɪɨɬɤɨɟ ɡɚ-

ɦɵɤɚɧɢɟ ɦɟɠɞɭ ɠɢɞɤɢɦɢ ɦɟɬɚɥɥɚɦɢ. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɩɭɫɤɨɜɵɟ ɬɨɤɢ ɜ ɛɚɬɚ-

ɪɟɹɯ ɩɪɟɜɵɲɚɸɬ ɪɚɛɨɱɢɟ ɬɨɤɢ ɩɪɢɦɟɪɧɨ ɧɚ ɞɜɚ ɩɨɪɹɞɤɚ, ɜ ɫɜɹɡɢ ɫ ɷɬɢɦ ɨɬɞɟɥɶɧɨ ɜɟ-

ɞɟɬɫɹ ɢɡɭɱɟɧɢɟ ɗȼɌ ɜ ɩɟɪɟɯɨɞɧɵɯ ɩɪɨɰɟɫɫɚɯ ɪɚɛɨɬɵ ɀɆȻ. 

ȼ ɩɪɨɦɵɲɥɟɧɧɨɣ ɷɥɟɤɬɪɨɦɟɬɚɥɥɭɪɝɢɢ, ɜ ɱɚɫɬɧɨɫɬɢ, ɜ ɷɥɟɤɬɪɨɥɢɡɟɪɚɯ ɫ ɬɨɤɚɦɢ 

ɩɨɪɹɞɤɚ 200–300 ɤȺ, ɚ ɬɚɤɠɟ ɜ ɩɪɨɰɟɫɫɚɯ ɷɥɟɤɬɪɨɲɥɚɤɨɜɨɣ ɫɜɚɪɤɢ (ɗɒɋ), ɷɥɟɤɬɪɨ-

ɞɭɝɨɜɨɝɨ ɢ ɷɥɟɤɬɪɨɲɥɚɤɨɜɨɝɨ ɩɟɪɟɩɥɚɜɚ (ɗɒɉ) ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɟ ɬɟɱɟɧɢɹ ɦɨɝɭɬ 

ɫɭɳɟɫɬɜɟɧɧɨ ɜɥɢɹɬɶ ɧɚ ɝɢɞɪɨɞɢɧɚɦɢɤɭ ɪɚɫɩɥɚɜɚ ɢ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɟɪɟɦɟɲɢɜɚɧɢɹ. 

ɇɚ ɪɢɫɭɧɤɟ 2 ɩɨɤɚɡɚɧɚ ɬɢɩɨɜɚɹ ɫɯɟɦɚ ɷɥɟɤɬɪɨɲɥɚɤɨɜɨɣ ɫɜɚɪɤɢ [7–11], ɜɟɥɢɱɢ-

ɧɚ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɜ ɤɨɬɨɪɨɣ ɞɨɫɬɢɝɚɟɬ ɩɨɪɹɞɤɚ 1 ɤȺ. ɋɧɚɱɚɥɚ ɩɪɨɢɫɯɨɞɢɬ 

ɩɥɚɜɥɟɧɢɟ ɲɥɚɤɚ, ɚ ɡɚɬɟɦ ɦɟɬɚɥɥɚ, ɩɪɢ ɷɬɨɦ ɜ ɫɥɨɹɯ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɢ ɲɥɚɤɚ ɨɛɪɚ-

ɡɭɸɬɫɹ ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɟ ɬɟɱɟɧɢɹ. 

ȼ ɷɥɟɤɬɪɨɲɥɚɤɨɜɨɦ ɩɟɪɟɩɥɚɜɟ Д12–16Ж ɦɟɬɚɥɥ ɩɟɪɟɩɥɚɜɥɹɸɬ ɜ ɪɚɛɨɱɟɣ ɜɚɧɧɟ 

ɷɥɟɤɬɪɨɩɪɨɜɨɞɧɨɝɨ ɲɥɚɤɚ, ɤɨɬɨɪɚɹ ɫɮɨɪɦɢɪɨɜɚɧɚ ɜ ɜɨɞɨɨɯɥɚɠɞɚɟɦɨɦ ɤɪɢɫɬɚɥɥɢɡɚ-

ɬɨɪɟ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɮɨɪɦɵ (ɪɢɫɭɧɨɤ 3). ȼ ɜɚɧɧɭ ɫɜɟɪɯɭ ɜɜɨɞɢɬɫɹ ɩɥɚɜɤɢɣ ɷɥɟɤɬɪɨɞ 
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Ɋɢɫɭɧɨɤ 2 – ɋɯɟɦɚ ɷɥɟɤɬɪɨɲɥɚɤɨɜɨɣ ɫɜɚɪɤɢ. 1 – ɢɫɬɨɱɧɢɤ ɩɢɬɚɧɢɹ, 2 – ɩɥɚɜɤɚɹ 

ɩɪɨɜɨɥɨɤɚ; 3 – ɧɚɩɪɚɜɥɹɸɳɚɹ ɬɪɭɛɤɚ, 4 – ɲɥɚɤɨɜɚɹ ɜɚɧɧɚ, 5 – ɦɟɬɚɥɥɢɱɟɫɤɚɹ ɜɚɧɧɚ; 

6, 8 – ɫɜɚɪɢɜɚɟɦɵɟ ɞɟɬɚɥɢ, 7 – ɫɜɚɪɧɨɣ ɲɨɜ, 9 – ɩɨɞɤɥɚɞɧɚɹ ɩɥɢɬɚ. 

ɢɡ ɬɪɟɛɭɟɦɨɝɨ ɦɟɬɚɥɥɚ, ɦɟɠɞɭ ɷɥɟɤɬɪɨɞɨɦ ɢ ɮɨɪɦɢɪɭɸɳɢɦɫɹ ɫɥɢɬɤɨɦ ɩɪɨɩɭɫɤɚɟɬɫɹ 

ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɬɨɤ (I = 1–100 ɤȺ). Ⱦɠɨɭɥɟɜɨ ɬɟɩɥɨɜɵɞɟɥɟɧɢɟ ɜ ɲɥɚɤɟ ɩɪɢɜɨɞɢɬ ɤ 

ɟɝɨ ɢɧɬɟɧɫɢɜɧɨɦɭ ɪɚɡɨɝɪɟɜɭ ɢ ɩɥɚɜɥɟɧɢɸ ɤɨɧɰɚ ɷɥɟɤɬɪɨɞɚ. Ʉɚɩɥɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ 

ɩɨɫɥɟ ɩɪɨɯɨɠɞɟɧɢɹ ɱɟɪɟɡ ɪɚɫɩɥɚɜɥɟɧɧɵɣ ɲɥɚɤ ɩɨɩɚɞɚɸɬ ɜ ɧɢɠɧɸɸ ɱɚɫɬɶ ɤɪɢɫɬɚɥ-

ɥɢɡɚɬɨɪɚ ɢ ɮɨɪɦɢɪɭɸɬ ɦɟɬɚɥɥɢɱɟɫɤɭɸ ɜɚɧɧɭ. Ɂɚɬɜɟɪɞɟɜɚɧɢɟ ɫɥɢɬɤɚ ɩɪɨɢɫɯɨɞɢɬ ɡɚ 

ɫɱɟɬ ɬɟɩɥɨɨɬɜɨɞɚ ɱɟɪɟɡ ɨɯɥɚɠɞɚɟɦɵɟ ɫɬɟɧɤɢ ɤɪɢɫɬɚɥɥɢɡɚɬɨɪɚ. ɉɪɢ ɷɬɨɦ ɜ ɪɚɫɩɥɚɜɟ 

ɦɟɬɚɥɥɚ ɢ ɜ ɲɥɚɤɟ ɮɨɪɦɢɪɭɸɬɫɹ ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɟ ɬɟɱɟɧɢɹ. 

ɇɚ ɪɢɫɭɧɤɟ 4 ɩɨɤɚɡɚɧɚ ɫɯɟɦɚ ɷɥɟɤɬɪɨɞɭɝɨɜɨɝɨ ɩɟɪɟɩɥɚɜɚ ɜ ɩɟɱɢ ɩɨɫɬɨɹɧɧɨɝɨ 

ɬɨɤɚ (ɗȾɉɉɌ) [17–20]. ȼ ɷɬɢɯ ɚɝɪɟɝɚɬɚɯ, ɤɨɬɨɪɵɟ ɫɟɝɨɞɧɹ ɚɤɬɢɜɧɨ ɢɫɩɨɥɶɡɭɸɬɫɹ ɜ 

ɷɥɟɤɬɪɨɦɟɬɚɥɥɭɪɝɢɢ, ɧɟɨɛɯɨɞɢɦɨ ɭɱɢɬɵɜɚɬɶ ɜɥɢɹɧɢɟ ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɯ ɬɟɱɟɧɢɣ. 

Ʉɥɸɱɟɜɨɟ ɨɬɥɢɱɢɟ ɗȾɉɉɌ ɨɬ ɩɪɨɰɟɫɫɨɜ ɷɥɟɤɬɪɨɲɥɚɤɨɜɨɝɨ ɩɟɪɟɩɥɚɜɚ ɢ ɷɥɟɤɬɪɨ-

ɲɥɚɤɨɜɨɣ ɫɜɚɪɤɢ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɧɚɥɢɱɢɢ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɞɭɝɢ ɜɦɟɫɬɨ ɷɥɟɤɬɪɨɞɚ, ɩɨ-

ɝɪɭɠɟɧɧɨɝɨ ɜ ɠɢɞɤɢɣ ɦɟɬɚɥɥ. Ʉɪɨɦɟ ɬɨɝɨ, ɩɨɞɜɨɞ ɬɟɩɥɚ ɜ ɗȾɉɉɌ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ 

ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨ ɡɚ ɫɱɟɬ ɢɡɥɭɱɟɧɢɹ ɞɭɝɢ ɢ ɬɟɩɥɨɩɟɪɟɞɚɱɢ ɨɬ ɞɭɝɨɜɨɝɨ ɪɚɡɪɹɞɚ, ɬɨ-

ɝɞɚ ɤɚɤ ɜ ɷɥɟɤɬɪɨɲɥɚɤɨɜɵɯ ɩɪɨɰɟɫɫɚɯ ɨɫɧɨɜɧɨɣ ɪɚɡɨɝɪɟɜ ɨɛɟɫɩɟɱɢɜɚɟɬɫɹ ɞɠɨɭɥɟ-

ɜɵɦ ɬɟɩɥɨɜɵɞɟɥɟɧɢɟɦ ɩɪɢ ɩɪɨɬɟɤɚɧɢɢ ɬɨɤɚ ɱɟɪɟɡ ɷɥɟɤɬɪɨɩɪɨɜɨɞɹɳɢɣ ɲɥɚɤ. 
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Ɋɢɫɭɧɨɤ 3 – ɋɯɟɦɚ ɷɥɟɤɬɪɨɲɥɚɤɨɜɨɝɨ ɩɟɪɟɩɥɚɜɚ. 1 – ɨɯɥɚɠɞɚɟɦɵɣ ɩɨɞɞɨɧ, 

2, 3 – ɗȼɌ ɜ ɫɥɨɟ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɢ ɲɥɚɤɚ, 4 – ɨɯɥɚɠɞɚɸɳɚɹ ɠɢɞɤɨɫɬɶ, 

5 – ɨɯɥɚɠɞɚɟɦɵɟ ɫɬɟɧɤɢ, 6 – ɩɥɚɜɤɢɣ ɷɥɟɤɬɪɨɞ, 7 – ɢɫɬɨɱɧɢɤ ɩɢɬɚɧɢɹ, 8 – ɫɥɢɬɨɤ. 

1 2
3

4

5

6

 

Ɋɢɫɭɧɨɤ 4 – ɍɩɪɨɳɟɧɧɚɹ ɫɯɟɦɚ ɷɥɟɤɬɪɨɞɭɝɨɜɨɝɨ ɩɟɪɟɩɥɚɜɚ. 1 – ɰɟɧɬɪɚɥɶɧɵɣ 

ɷɥɟɤɬɪɨɞ, 2 – ɷɥɟɤɬɪɢɱɟɫɤɚɹ ɞɭɝɚ, 3 – ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɟ ɬɟɱɟɧɢɹ ɜ ɪɚɫɩɥɚɜɟ, 

4 – ɪɚɛɨɱɚɹ ɜɚɧɧɚ, 5 – ɠɢɞɤɢɣ ɦɟɬɚɥɥ, 6 – ɩɨɞɨɜɵɟ ɷɥɟɤɬɪɨɞɵ. 

ɂɡ ɩɪɢɜɟɞɟɧɧɵɯ ɢɥɥɸɫɬɪɚɰɢɣ ɫɥɟɞɭɟɬ, ɱɬɨ ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɟ ɬɟɱɟɧɢɹ ɜ ɪɚɫ-

ɫɦɚɬɪɢɜɚɟɦɵɯ ɩɪɨɰɟɫɫɚɯ ɮɨɪɦɢɪɭɸɬɫɹ ɜ ɨɝɪɚɧɢɱɟɧɧɨɦ ɨɛɴɟɦɟ ɪɚɫɩɥɚɜɚ. ȼ ɩɟɪɜɨɦ 

ɩɪɢɛɥɢɠɟɧɢɢ ɦɨɠɧɨ ɫɱɢɬɚɬɶ, ɱɬɨ ɬɨɤ, ɜɜɨɞɢɦɵɣ ɦɚɥɵɦ ɷɥɟɤɬɪɨɞɨɦ, ɪɚɫɩɪɟɞɟɥɹɟɬɫɹ 

ɜ ɪɚɫɩɥɚɜɥɟɧɧɨɦ ɦɟɬɚɥɥɟ ɜɧɭɬɪɢ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɢɥɢ ɩɨɥɭɫɮɟɪɢɱɟɫɤɨɣ ɜɚɧɧɵ. 
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ɇɚ ɩɪɚɤɬɢɤɟ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɟ ɬɟɱɟɧɢɹ ɡɚɦɟɬɧɨ ɜɥɢɹɸɬ ɤɚɤ ɧɚ 

ɫɪɨɤ ɫɥɭɠɛɵ ɩɪɨɦɵɲɥɟɧɧɨɝɨ ɚɝɪɟɝɚɬɚ, ɬɚɤ ɢ ɧɚ ɪɚɜɧɨɦɟɪɧɨɫɬɶ ɩɟɪɟɦɟɲɢɜɚɧɢɹ ɪɚɫ-

ɩɥɚɜɚ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ. ɉɨɷɬɨɦɭ ɞɟɬɚɥɶɧɵɣ ɚɧɚɥɢɡ ɫɬɪɭɤɬɭɪɵ ɗȼɌ ɢ ɦɟɬɨɞɢɤ ɢɯ ɪɟ-

ɝɭɥɢɪɨɜɚɧɢɹ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɟɪɶɟɡɧɵɣ ɢɧɬɟɪɟɫ ɞɥɹ ɤɨɧɫɬɪɭɤɬɨɪɨɜ ɫɨɜɪɟɦɟɧɧɵɯ ɷɥɟɤ-

ɬɪɨɩɥɚɜɢɥɶɧɵɯ ɭɫɬɚɧɨɜɨɤ, ɩɨɡɜɨɥɹɹ ɩɨɥɭɱɚɬɶ ɦɚɬɟɪɢɚɥɵ ɫ ɨɫɨɛɵɦɢ ɮɢɡɢɱɟɫɤɢɦɢ 

ɫɜɨɣɫɬɜɚɦɢ. 

ɋ ɧɚɱɚɥɚ 1970-ɯ ɝɨɞɨɜ ɜɧɢɦɚɧɢɟ ɢɫɫɥɟɞɨɜɚɬɟɥɟɣ ɤ ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɦ ɬɟɱɟɧɢɹɦ 

ɩɨɫɬɨɹɧɧɨ ɜɨɡɪɚɫɬɚɥɨ. ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɪɚɫɫɦɨɬɪɟɧɵ ɢɫɫɥɟɞɨɜɚɧɢɹ, ɩɨɫɜɹɳɟɧ-

ɧɵɟ ɬɟɱɟɧɢɹɦ ɜ ɡɚɦɤɧɭɬɵɯ ɨɛɴɟɦɚɯ, ɡɚɩɨɥɧɟɧɧɵɯ ɬɨɤɨɧɟɫɭɳɟɣ ɠɢɞɤɨɫɬɶɸ. Ʉ ɬɚɤɢɦ 

ɬɟɱɟɧɢɹɦ, ɜ ɱɚɫɬɧɨɫɬɢ, ɨɬɧɨɫɹɬɫɹ ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɟ ɬɟɱɟɧɢɹ, ɜɨɡɧɢɤɚɸɳɢɟ ɩɪɢ ɪɚɫ-

ɬɟɤɚɧɢɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɨɬ ɬɨɱɟɱɧɨɝɨ ɢɫɬɨɱɧɢɤɚ ɜ ɩɨɥɭɫɮɟɪɢɱɟɫɤɢɣ ɢɥɢ ɰɢ-

ɥɢɧɞɪɢɱɟɫɤɢɣ ɨɛɴɟɦ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ. Ɍɚɤɚɹ ɝɟɨɦɟɬɪɢɹ ɧɚɢɛɨɥɟɟ ɛɥɢɡɤɚ ɤ ɩɪɨɦɵɲ-

ɥɟɧɧɵɦ ɚɝɪɟɝɚɬɚɦ, ɜ ɫɜɹɡɢ ɫ ɷɬɢɦ ɚɤɬɭɚɥɶɧɨɫɬɶ ɢɫɫɥɟɞɨɜɚɧɢɣ ɜ ɷɬɨɣ ɬɟɦɚɬɢɤɟ ɧɟ ɜɵ-

ɡɵɜɚɟɬ ɫɨɦɧɟɧɢɣ. Ɉɬ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɗȼɌ ɧɚɩɪɹɦɭɸ ɡɚɜɢɫɹɬ ɩɪɨɞɨɥɠɢɬɟɥɶɧɨɫɬɶ 

ɩɥɚɜɥɟɧɢɹ ɢ ɜɪɟɦɹ ɩɟɪɟɦɟɲɢɜɚɧɢɹ ɩɪɢ ɩɨɥɭɱɟɧɢɢ ɫɩɥɚɜɨɜ. ɇɚɢɛɨɥɟɟ ɩɪɨɫɬɵɦ ɫɩɨ-

ɫɨɛɨɦ ɭɩɪɚɜɥɟɧɢɹ ɫɬɪɭɤɬɭɪɨɣ ɗȼɌ ɹɜɥɹɟɬɫɹ ɢɡɦɟɧɟɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ, ɨɞɧɚɤɨ 

ɧɚ ɩɪɚɤɬɢɤɟ ɩɨɜɵɲɟɧɢɟ ɬɨɤɚ ɩɪɢɜɨɞɢɬ ɤ ɪɨɫɬɭ ɨɫɟɜɵɯ ɫɤɨɪɨɫɬɟɣ ɩɨɬɨɤɚ, ɱɬɨ ɭɜɟɥɢ-

ɱɢɜɚɟɬ ɞɚɜɥɟɧɢɟ ɧɚ ɞɧɨ ɩɥɚɜɢɥɶɧɨɣ ɜɚɧɧɵ ɢ ɜɵɡɵɜɚɟɬ ɥɨɤɚɥɶɧɵɣ ɩɟɪɟɝɪɟɜ ɜ ɡɨɧɟ 

ɛɨɥɶɲɨɝɨ ɷɥɟɤɬɪɨɞɚ, ɭɫɤɨɪɹɹ ɢɡɧɨɫ ɩɪɨɦɵɲɥɟɧɧɨɣ ɭɫɬɚɧɨɜɤɢ. Ɍɟɦɩɟɪɚɬɭɪɚ ɜ ɩɪɨ-

ɦɵɲɥɟɧɧɨɦ ɚɝɪɟɝɚɬɟ ɬɚɤɠɟ ɡɚɜɢɫɢɬ ɨɬ ɡɧɚɱɟɧɢɹ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɢ ɫɭɳɟɫɬɜɟɧɧɨ 

ɜɥɢɹɟɬ ɧɚ ɪɟɚɤɰɢɢ ɜɨɫɫɬɚɧɨɜɥɟɧɢɹ ɢ ɨɤɢɫɥɟɧɢɹ, ɱɬɨ ɫɭɳɟɫɬɜɟɧɧɵɦ ɨɛɪɚɡɨɦ ɡɚɬɪɭɞ-

ɧɹɟɬ ɭɩɪɚɜɥɟɧɢɟ ɫɬɪɭɤɬɭɪɨɣ ɗȼɌ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ. 

Ⱦɥɹ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɯ ɩɪɢɥɨɠɟɧɢɣ ɜɚɠɧɚ ɜɨɡɦɨɠɧɨɫɬɶ ɰɟɥɟɧɚɩɪɚɜɥɟɧɧɨɝɨ ɢɡ-

ɦɟɧɟɧɢɹ ɫɬɪɭɤɬɭɪɵ ɢ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɯ ɬɟɱɟɧɢɣ. ȼ ɥɢɬɟɪɚɬɭɪɟ ɩɨɤɚ-

ɡɚɧɨ, ɱɬɨ ɭɩɪɚɜɥɹɬɶ ɬɟɱɟɧɢɟɦ ɦɨɠɧɨ ɤɚɤ ɡɚ ɫɱɟɬ ɢɡɦɟɧɟɧɢɹ ɤɨɧɮɢɝɭɪɚɰɢɢ ɬɨɤɨɩɨɞ-

ɜɨɞɚ ɢ ɮɨɪɦɵ ɪɚɛɨɱɟɝɨ ɨɛɴɟɦɚ, ɬɚɤ ɢ ɩɨɫɪɟɞɫɬɜɨɦ ɧɚɥɨɠɟɧɢɹ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ 

ɩɨɥɹ. Ɍɚɤɨɣ ɩɨɞɯɨɞ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫɹ ɤɚɤ ɩɨɬɟɧɰɢɚɥɶɧɨ ɭɞɨɛɧɵɣ ɢɧɫɬɪɭɦɟɧɬ ɪɟɝɭ-

ɥɢɪɨɜɚɧɢɹ ɩɪɨɰɟɫɫɨɜ ɜ ɠɢɞɤɨɦ ɦɟɬɚɥɥɟ, ɧɟ ɬɪɟɛɭɸɳɢɣ ɫɭɳɟɫɬɜɟɧɧɨɝɨ ɢɡɦɟɧɟɧɢɹ 

ɤɨɧɫɬɪɭɤɰɢɢ ɭɫɬɚɧɨɜɤɢ. 
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ɂɡ-ɡɚ ɜɵɫɨɤɨɣ ɬɟɦɩɟɪɚɬɭɪɵ ɷɥɟɤɬɪɨɩɪɨɜɨɞɹɳɢɯ ɪɚɫɩɥɚɜɨɜ ɩɪɹɦɵɟ ɢɫɫɥɟɞɨɜɚ-

ɧɢɹ ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɯ ɬɟɱɟɧɢɣ ɜ ɩɪɨɦɵɲɥɟɧɧɵɯ ɚɝɪɟɝɚɬɚɯ ɫɭɳɟɫɬɜɟɧɧɨ ɡɚɬɪɭɞɧɟɧɵ. 

ɉɨɷɬɨɦɭ ɨɫɧɨɜɧɵɟ ɡɚɤɨɧɨɦɟɪɧɨɫɬɢ ɗȼɌ ɨɛɵɱɧɨ ɢɡɭɱɚɸɬ ɦɟɬɨɞɚɦɢ ɦɚɬɟɦɚɬɢɱɟɫɤɨ-

ɝɨ ɢ ɮɢɡɢɱɟɫɤɨɝɨ (ɥɚɛɨɪɚɬɨɪɧɨɝɨ) ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɧɚ ɥɟɝɤɨɩɥɚɜɤɢɯ ɠɢɞɤɢɯ ɦɟɬɚɥ-

ɥɚɯ. ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɚɹ ɪɚɛɨɬɚ ɨɩɢɪɚɟɬɫɹ ɧɚ ɪɚɡɧɵɟ ɦɟɬɨɞɢɤɢ, ɤɚɠɞɚɹ ɢɡ ɤɨɬɨɪɵɯ 

ɢɦɟɟɬ ɫɨɛɫɬɜɟɧɧɵɟ ɫɢɥɶɧɵɟ ɢ ɫɥɚɛɵɟ ɫɬɨɪɨɧɵ. Ʉɥɸɱɟɜɵɦ ɨɫɬɚɟɬɫɹ ɜɵɛɨɪ ɧɚɞɟɠɧɨ-

ɝɨ ɫɩɨɫɨɛɚ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ. ɇɢɠɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚɢɛɨɥɟɟ ɪɚɫ-

ɩɪɨɫɬɪɚɧɟɧɧɵɟ ɦɟɬɨɞɵ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɬɟɱɟɧɢɹ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ, ɩɨɡɜɨɥɹɸɳɢɟ 

ɢɫɫɥɟɞɨɜɚɬɶ ɫɬɪɭɤɬɭɪɭ ɢ ɨɫɨɛɟɧɧɨɫɬɢ ɗȼɌ. 

Ɍɪɭɛɤɚ ɉɢɬɨ ɹɜɥɹɟɬɫɹ ɫɚɦɵɦ ɫɬɚɪɵɦ ɦɟɬɨɞɨɦ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɠɢɞɤɢɯ 

ɫɪɟɞ, ɧɨ ɷɬɨɬ ɦɟɬɨɞ ɧɟɷɮɮɟɤɬɢɜɟɧ ɢɡ-ɡɚ ɜɵɫɨɤɨɣ ɩɥɨɬɧɨɫɬɢ ɠɢɞɤɢɯ ɦɟɬɚɥɥɨɜ (ɡɚ ɢɫ-

ɤɥɸɱɟɧɢɟɦ ɧɚɬɪɢɹ), ɩɪɢ ɷɬɨɦ ɨɧ ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɢɬɶ ɬɨɥɶɤɨ ɫɪɟɞɧɢɟ ɡɧɚɱɟɧɢɹ ɫɤɨ-

ɪɨɫɬɢ ɬɟɱɟɧɢɹ. ɂɡɦɟɪɟɧɢɹ ɬɪɭɛɤɨɣ ɉɢɬɨ ɧɚ ɫɤɨɪɨɫɬɹɯ ɞɨ 0.1 ɦ/ɫ ɞɚɸɬ ɫɭɳɟɫɬɜɟɧɧɭɸ 

ɩɨɝɪɟɲɧɨɫɬɶ ɢɡɦɟɪɟɧɢɣ (з50 %), ɚ ɞɥɹ ɛɨɥɶɲɢɯ ɫɤɨɪɨɫɬɟɣ ɢɡɦɟɪɟɧɢɹ ɛɨɥɟɟ ɡɚɬɪɭɞ-

ɧɟɧɵ ɢɡ-ɡɚ ɧɚɥɢɱɢɹ ɜɨɡɦɭɳɟɧɢɣ ɜ ɩɨɬɨɤɟ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ (ɜɵɡɜɚɧɧɵɯ ɫɚɦɨɣ ɬɪɭɛ-

ɤɨɣ ɉɢɬɨ) [21; 22]. 

Ɍɟɪɦɨɚɧɟɦɨɦɟɬɪ ɨɫɧɨɜɚɧ ɧɚ ɢɡɦɟɪɟɧɢɢ ɫɧɢɠɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ɧɚɝɪɟɜɚɟɦɨɣ 

ɧɢɬɢ ɩɨɞ ɞɟɣɫɬɜɢɟɦ ɩɨɬɨɤɚ ɠɢɞɤɨɫɬɢ ɢɥɢ ɝɚɡɚ, ɢ ɜ ɫɜɹɡɢ ɫ ɷɬɢɦ ɧɟɷɮɮɟɤɬɢɜɟɧ ɜ ɫɪɟ-

ɞɚɯ ɫ ɜɵɫɨɤɨɣ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɶɸ, ɤ ɤɨɬɨɪɵɦ ɨɬɧɨɫɹɬɫɹ ɠɢɞɤɢɟ ɦɟɬɚɥɥɵ (ɬɟɦ ɧɟ 

ɦɟɧɟɟ, ɫɭɳɟɫɬɜɭɸɬ ɩɨɩɵɬɤɢ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɷɬɨɝɨ ɦɟɬɨɞɚ ɜ ɨɬɧɨɲɟɧɢɢ ɠɢɞɤɢɯ ɦɟ-

ɬɚɥɥɨɜ) [23–25]. 

Ɇɟɬɨɞ ɧɚ ɨɫɧɨɜɟ ɢɡɦɟɪɟɧɢɹ ɫɢɥɵ Ʌɨɪɟɧɰɚ, ɞɟɣɫɬɜɭɸɳɟɣ ɫɨ ɫɬɨɪɨɧɵ ɞɜɢɠɭ-

ɳɟɣɫɹ ɩɪɨɜɨɞɹɳɟɣ ɠɢɞɤɨɫɬɢ ɧɚ ɩɨɫɬɨɹɧɧɵɣ ɦɚɝɧɢɬ, ɩɨɡɜɨɥɹɟɬ ɢɡɦɟɪɹɬɶ ɬɨɥɶɤɨ ɭɫ-

ɪɟɞɧɟɧɧɵɟ ɩɨ ɩɪɨɫɬɪɚɧɫɬɜɭ ɡɧɚɱɟɧɢɹ ɫɤɨɪɨɫɬɢ Д26–29]. 

ɍɥɶɬɪɚɡɜɭɤɨɜɨɣ ɞɨɩɥɟɪɨɜɫɤɢɣ ɚɧɟɦɨɦɟɬɪ (ɍȾȺ) ɨɛɟɫɩɟɱɢɜɚɟɬ ɬɨɱɟɱɧɨɟ ɢɡɦɟ-

ɪɟɧɢɟ ɫɤɨɪɨɫɬɢ ɩɨɬɨɤɚ ɜɞɨɥɶ ɡɨɧɞɢɪɭɸɳɟɝɨ ɥɭɱɚ ɢ ɧɟ ɬɪɟɛɭɟɬ ɩɪɹɦɨɝɨ ɤɨɧɬɚɤɬɚ ɫ 

ɪɚɫɩɥɚɜɨɦ [30–32]. Ɉɞɧɚɤɨ ɟɝɨ ɩɪɚɤɬɢɱɟɫɤɨɟ ɩɪɢɦɟɧɟɧɢɟ ɨɝɪɚɧɢɱɟɧɨ ɩɨ ɧɟɫɤɨɥɶɤɢɦ 

ɩɪɢɱɢɧɚɦ. ȼɨ-ɩɟɪɜɵɯ, ɩɪɢɛɨɪ ɱɭɜɫɬɜɢɬɟɥɟɧ ɤ ɨɪɢɟɧɬɚɰɢɢ ɥɭɱɚ ɢ ɛɵɜɚɟɬ ɞɨɫɬɚɬɨɱɧɨ 

ɫɥɨɠɧɨ ɪɚɡɦɟɫɬɢɬɶ ɍȾȺ ɧɚ ɥɚɛɨɪɚɬɨɪɧɨɣ ɭɫɬɚɧɨɜɤɟ. ȼɨ-ɜɬɨɪɵɯ, ɞɥɹ ɨɬɪɚɠɟɧɢɹ 

ɭɥɶɬɪɚɡɜɭɤɚ ɜ ɦɟɬɚɥɥɟ ɞɨɥɠɧɵ ɩɪɢɫɭɬɫɬɜɨɜɚɬɶ ɬɜɟɪɞɵɟ ɜɤɥɸɱɟɧɢɹ – ɱɚɳɟ ɜɫɟɝɨ ɨɤ-
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ɫɢɞɧɵɟ ɱɚɫɬɢɰɵν ɢɡ-ɡɚ ɷɬɨɝɨ ɦɟɬɨɞ ɩɪɢɝɨɞɟɧ ɝɥɚɜɧɵɦ ɨɛɪɚɡɨɦ ɞɥɹ ɝɚɥɥɢɟɜɵɯ ɪɚɫ-

ɩɥɚɜɨɜ, ɚɤɬɢɜɧɨ ɨɤɢɫɥɹɸɳɢɯɫɹ ɩɪɢ ɤɨɧɬɚɤɬɟ ɫ ɜɨɡɞɭɯɨɦ. Ʉɪɨɦɟ ɬɨɝɨ, ɦɧɨɠɟɫɬɜɟɧ-

ɧɵɟ ɨɬɪɚɠɟɧɢɹ ɨɬ ɫɬɟɧɨɤ ɤɨɧɬɟɣɧɟɪɚ ɮɨɪɦɢɪɭɸɬ «ɫɥɟɩɵɟ» ɡɨɧɵ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, 

ɱɚɫɬɶ ɨɛɴɟɦɚ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɨɫɬɚɟɬɫɹ ɧɟɞɨɫɬɭɩɧɨɣ ɞɥɹ ɧɚɛɥɸɞɟɧɢɹ. ɉɨ ɷɬɢɦ ɩɪɢ-

ɱɢɧɚɦ ɍȾȺ ɧɟ ɩɨɡɜɨɥɹɟɬ ɞɟɬɚɥɶɧɨ ɢɡɭɱɚɬɶ ɬɭɪɛɭɥɟɧɬɧɭɸ ɫɬɪɭɤɬɭɪɭ ɷɥɟɤɬɪɨɜɢɯɪɟ-

ɜɵɯ ɬɟɱɟɧɢɣ ɢ ɫɥɭɠɢɬ ɝɥɚɜɧɵɦ ɨɛɪɚɡɨɦ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɨɫɪɟɞɧɟɧɧɵɯ ɫɤɨɪɨɫɬɟɣ ɢ 

ɧɢɡɤɨɱɚɫɬɨɬɧɵɯ ɩɭɥɶɫɚɰɢɣ. 

ȼɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɣ ɦɟɬɨɞ – ɡɨɧɞɨɜɵɣ ɦɟɬɨɞ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɠɢɞɤɨɝɨ 

ɦɟɬɚɥɥɚ, ɤɨɬɨɪɵɣ ɩɨɡɜɨɥɹɟɬ ɩɪɨɜɨɞɢɬɶ ɬɨɧɤɢɟ ɢɡɦɟɪɟɧɢɹ (ɜɤɥɸɱɚɹ ɩɭɥɶɫɚɰɢɢ ɫɤɨ-

ɪɨɫɬɢ) ɜ ɧɟɛɨɥɶɲɨɦ ɢɡɦɟɪɢɬɟɥɶɧɨɦ ɨɛɴɟɦɟ (40×40×500 ɦɤɦ) [33–35]. Ȼɨɥɟɟ ɩɨɞɪɨɛ-

ɧɨ ɦɟɬɨɞɢɤɚ ɨɩɢɫɚɧɚ ɜ ɩɚɪɚɝɪɚɮɟ 2.6. 

Ʉɨɪɪɟɥɹɰɢɨɧɧɵɣ ɦɟɬɨɞ ɨɫɧɨɜɚɧ ɧɚ ɢɡɦɟɪɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɩɭɥɶɫɚɰɢɣ ɞɜɭ-

ɦɹ ɬɟɪɦɨɩɚɪɚɦɢ [36–41Ж. Ⱦɚɧɧɵɣ ɦɟɬɨɞ ɜɵɝɨɞɧɨ ɜɵɞɟɥɹɟɬɫɹ ɫɪɟɞɢ ɩɪɨɱɢɯ ɡɚ ɫɱɟɬ 

ɜɨɡɦɨɠɧɨɫɬɢ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɜ ɩɪɨɦɵɲɥɟɧɧɵɯ ɭɫɬɚɧɨɜɤɚɯ, 

ɨɞɧɚɤɨ ɩɨɝɪɟɲɧɨɫɬɶ ɞɚɧɧɨɝɨ ɦɟɬɨɞɚ ɦɨɠɟɬ ɞɨɫɬɢɝɚɬɶ 30–40 %. Ɉɩɢɫɚɧɢɟ ɤɨɪɪɟɥɹ-

ɰɢɨɧɧɨɝɨ ɦɟɬɨɞɚ ɩɪɟɞɫɬɚɜɥɟɧɨ ɜ ɩɚɪɚɝɪɚɮɟ 2.5. 

Ɇɟɬɨɞ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɷɥɟɤɬɪɨɩɪɨɜɨɞɹɳɟɣ ɠɢɞɤɨɫɬɢ ɫ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɪɚɡɥɢɱɧɵɯ «ɦɚɹɱɤɨɜ» ɢɥɢ «ɦɚɪɤɟɪɨɜ» ɨɫɧɨɜɚɧ ɧɚ ɫɥɟɞɭɸɳɟɦ ɩɨɞ-

ɯɨɞɟ. ɉɪɢɦɟɧɢɬɟɥɶɧɨ ɤ ɠɢɞɤɢɦ ɦɟɬɚɥɥɚɦ ɨɛɵɱɧɨ ɧɚ ɩɨɜɟɪɯɧɨɫɬɶ ɧɚɥɢɜɚɟɬɫɹ ɪɚɫ-

ɬɜɨɪ ɤɢɫɥɨɬɵ (ɫɟɪɧɨɣ, ɫɨɥɹɧɨɣ, ɨɪɬɨɮɨɫɮɨɪɧɨɣ ɢ ɞɪ.), ɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɦɟɬɚɥɥɚ ɧɚ-

ɱɢɧɚɟɬɫɹ ɯɢɦɢɱɟɫɤɚɹ ɪɟɚɤɰɢɹ ɫ ɜɵɞɟɥɟɧɢɟɦ ɩɭɡɵɪɶɤɨɜ ɜɨɞɨɪɨɞɚ (ɦɚɪɤɟɪɵ ɞɥɹ ɢɡ-

ɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɬɟɱɟɧɢɹ). 

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɜ ɤɚɱɟɫɬɜɟ ɨɫɧɨɜɧɵɯ ɢɧɫɬɪɭɦɟɧɬɨɜ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɜ 

ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɯ ɬɟɱɟɧɢɹɯ ɩɪɢɦɟɧɹɥɢɫɶ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɣ ɞɚɬɱɢɤ ɫɤɨɪɨɫɬɢ, 

ɤɨɪɪɟɥɹɰɢɨɧɧɵɣ ɡɨɧɞ ɢ ɦɟɬɨɞ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɬɟɱɟɧɢɹ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɠɢɞɤɨɝɨ 

ɦɟɬɚɥɥɚ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɦɚɪɤɟɪɨɜ. ɗɬɢ ɩɨɞɯɨɞɵ ɨɛɪɚɡɭɸɬ ɦɟɬɨɞɨɥɨɝɢɱɟɫɤɭɸ ɨɫ-

ɧɨɜɭ ɧɚɫɬɨɹɳɟɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ ɢ ɮɨɪɦɢɪɭɸɬ ɛɚɡɭ ɞɥɹ ɩɪɟɞɫɬɚɜɥɟɧɢɹ ɢ ɨɛɫɭɠɞɟɧɢɹ 

ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ. 

Ⱥɤɬɭɚɥɶɧɨɫɬɶ ɬɟɦɵ ɢɫɫɥɟɞɨɜɚɧɢɹ. ɉɨɜɵɲɟɧɢɟ ɬɪɟɛɨɜɚɧɢɣ ɤ ɤɚɱɟɫɬɜɭ ɷɥɟɤ-

ɬɪɨɦɟɬɚɥɥɭɪɝɢɱɟɫɤɨɣ ɩɪɨɞɭɤɰɢɢ ɨɛɭɫɥɚɜɥɢɜɚɟɬ ɧɟɨɛɯɨɞɢɦɨɫɬɶ ɞɚɥɶɧɟɣɲɟɝɨ ɫɨ-
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ɜɟɪɲɟɧɫɬɜɨɜɚɧɢɹ ɢ ɦɨɞɟɪɧɢɡɚɰɢɢ ɩɪɨɦɵɲɥɟɧɧɵɯ ɚɝɪɟɝɚɬɨɜ. ȼɚɠɧɵɦ ɧɚɩɪɚɜɥɟɧɢɟɦ 

ɬɚɤɨɣ ɦɨɞɟɪɧɢɡɚɰɢɢ ɹɜɥɹɟɬɫɹ ɭɩɪɚɜɥɟɧɢɟ ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɦɢ ɬɟɱɟɧɢɹɦɢ (ɗȼɌ), 

ɮɨɪɦɢɪɭɸɳɢɦɢɫɹ ɜ ɪɚɫɩɥɚɜɟ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɩɥɚɜɢɥɶɧɵɯ ɭɫɬɚɧɨɜɨɤ Д1Ж. ɗɥɟɤɬɪɨ-

ɜɢɯɪɟɜɵɟ ɬɟɱɟɧɢɹ ɫɭɳɟɫɬɜɟɧɧɨ ɢɡɦɟɧɹɸɬ ɝɢɞɪɨɞɢɧɚɦɢɱɟɫɤɭɸ ɫɬɪɭɤɬɭɪɭ ɩɨɬɨɤɚ ɢ 

ɬɟɦ ɫɚɦɵɦ ɧɚɩɪɹɦɭɸ ɜɥɢɹɸɬ ɧɚ ɫɤɨɪɨɫɬɶ ɩɥɚɜɤɢ, ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɢ ɨɞɧɨɪɨɞɧɨɫɬɶ 

ɩɟɪɟɦɟɲɢɜɚɧɢɹ ɪɚɫɩɥɚɜɚ. ɉɨɫɤɨɥɶɤɭ ɭɤɚɡɚɧɧɵɟ ɮɚɤɬɨɪɵ ɜ ɡɧɚɱɢɬɟɥɶɧɨɣ ɫɬɟɩɟɧɢ 

ɨɩɪɟɞɟɥɹɸɬ ɤɚɱɟɫɬɜɨ ɝɨɬɨɜɨɝɨ ɩɪɨɞɭɤɬɚ, ɢɫɫɥɟɞɨɜɚɧɢɟ ɗȼɌ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ 

ɜɚɠɧɭɸ ɢ ɚɤɬɭɚɥɶɧɭɸ ɡɚɞɚɱɭ. 

Ɇɨɞɟɥɶ ɪɚɫɬɟɤɚɧɢɹ ɬɨɤɚ ɜ ɰɢɥɢɧɞɪɢɱɟɫɤɨɦ ɢɥɢ ɩɨɥɭɫɮɟɪɢɱɟɫɤɨɦ ɨɛɴɟɦɟ ɫ 

ɥɨɤɚɥɶɧɵɦ ɩɨɞɜɨɞɨɦ ɬɨɤɚ ɜɨɫɩɪɨɢɡɜɨɞɢɬ ɤɥɸɱɟɜɭɸ ɨɫɨɛɟɧɧɨɫɬɶ ɪɹɞɚ ɷɥɟɤɬɪɨɦɟ-

ɬɚɥɥɭɪɝɢɱɟɫɤɢɯ ɩɪɨɰɟɫɫɨɜ - ɪɟɡɤɨ ɧɟɨɞɧɨɪɨɞɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ ɢ 

ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢɥɵ ɜɛɥɢɡɢ ɦɚɥɨɝɨ ɷɥɟɤɬɪɨɞɚ, ɩɪɢɜɨɞɹɳɟɟ ɤ ɜɨɡɧɢɤɧɨɜɟɧɢɸ 

ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɯ ɬɟɱɟɧɢɣ. ɉɪɢ ɷɬɨɦ ɫɬɪɭɤɬɭɪɚ ɗȼɌ ɢɡɦɟɧɹɟɬɫɹ ɜɫɥɟɞɫɬɜɢɟ ɜɨɡɞɟɣ-

ɫɬɜɢɹ ɦɚɝɧɢɬɧɵɯ ɩɨɥɟɣ ɪɚɡɥɢɱɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɢ ɤɨɧɮɢɝɭɪɚɰɢɢ. Ɋɚɫɫɦɚɬɪɢɜɚɟɦɚɹ 

ɩɨɫɬɚɧɨɜɤɚ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɭɫɥɨɜɢɹɦ ɪɹɞɚ ɩɪɨɦɵɲɥɟɧɧɵɯ ɩɪɨɰɟɫɫɨɜ - ɨɬ ɷɥɟɤɬɪɨ-

ɲɥɚɤɨɜɨɣ ɫɜɚɪɤɢ ɞɨ ɷɥɟɤɬɪɨɞɭɝɨɜɨɝɨ ɢ ɷɥɟɤɬɪɨɲɥɚɤɨɜɨɝɨ ɩɟɪɟɩɥɚɜɚ ɢ ɩɨɬɨɦɭ ɹɜɥɹ-

ɟɬɫɹ ɭɞɨɛɧɨɣ ɦɨɞɟɥɶɸ ɞɥɹ ɫɢɫɬɟɦɚɬɢɱɟɫɤɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜɥɢɹɧɢɹ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ 

ɬɨɤɚ ɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɧɚ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɗȼɌ. 

ȼɧɟɲɧɟɟ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ ɹɜɥɹɟɬɫɹ ɷɮɮɟɤɬɢɜɧɵɦ ɫɪɟɞɫɬɜɨɦ ɭɩɪɚɜɥɟɧɢɹ ɫɬɪɭɤ-

ɬɭɪɨɣ ɗȼɌ, ɜɵɡɵɜɚɹ ɫɭɳɟɫɬɜɟɧɧɭɸ ɩɟɪɟɫɬɪɨɣɤɭ ɬɟɱɟɧɢɹ. ɉɪɢ ɷɬɨɦ ɜ ɡɚɜɢɫɢɦɨɫɬɢ 

ɨɬ ɜɟɥɢɱɢɧɵ ɩɨɥɹ ɜɨɡɦɨɠɧɵ ɤɚɤ ɢɧɬɟɧɫɢɮɢɤɚɰɢɹ, ɬɚɤ ɢ ɩɨɞɚɜɥɟɧɢɟ ɗȼɌ. ɉɨɷɬɨɦɭ 

ɰɟɥɟɫɨɨɛɪɚɡɧɨ ɩɪɨɜɟɫɬɢ ɞɟɬɚɥɶɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɫɬɪɭɤɬɭɪɵ ɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɷɥɟɤ-

ɬɪɨɜɢɯɪɟɜɵɯ ɬɟɱɟɧɢɣ ɩɨɞ ɜɨɡɞɟɣɫɬɜɢɟɦ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ, ɬɚɤ ɤɚɤ ɩɨɥɭ-

ɱɟɧɧɵɟ ɞɚɧɧɵɟ ɦɨɝɭɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɵ ɫ ɰɟɥɶɸ ɦɨɞɟɪɧɢɡɚɰɢɢ ɩɪɨɦɵɲɥɟɧɧɵɯ 

ɦɟɬɚɥɥɭɪɝɢɱɟɫɤɢɯ ɭɫɬɚɧɨɜɨɤ ɞɥɹ ɩɨɜɵɲɟɧɢɹ ɢɯ ɷɮɮɟɤɬɢɜɧɨɫɬɢ. 

ɋɬɟɩɟɧɶ ɪɚɡɪɚɛɨɬɚɧɧɨɫɬɢ ɬɟɦɵ ɢɫɫɥɟɞɨɜɚɧɢɹ. ɂɫɫɥɟɞɨɜɚɧɢɹ ɗȼɌ ɜɟɥɢɫɶ ɜ 

ɪɹɞɟ ɜɟɞɭɳɢɯ ɧɚɭɱɧɨ-ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɯ ɢɧɫɬɢɬɭɬɨɜ ɩɨ ɜɫɟɦɭ ɦɢɪɭμ ɈɂȼɌ ɊȺɇ 

(Ɇɨɫɤɜɚ, Ɋɨɫɫɢɹ), University of Sheffield (ɒɟɮɮɢɥɞ, ȼɟɥɢɤɨɛɪɢɬɚɧɢɹ), University of 

Cambridge (Ʉɟɦɛɪɢɞɠ, ȼɟɥɢɤɨɛɪɢɬɚɧɢɹ), University of Latvia (Ɋɢɝɚ, Ʌɚɬɜɢɹ), ɂɆɋɋ 

ɍɪɈ ɊȺɇ (ɉɟɪɦɶ, Ɋɨɫɫɢɹ), ɆȽɌɍ ɢɦ. Ƚ.ɂ. ɇɨɫɨɜɚ (Ɇɚɝɧɢɬɨɝɨɪɫɤ, Ɋɨɫɫɢɹ), Helm-
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holtz-Zentrum Dresden-Rossendorf (Ⱦɪɟɡɞɟɧ, Ƚɟɪɦɚɧɢɹ), Universite Paris-Saclay (Ɉɪɫɷ, 

Ɏɪɚɧɰɢɹ) ɢ ɞɪ. 

ɇɚ ɦɨɦɟɧɬ ɧɚɱɚɥɚ ɜɵɩɨɥɧɟɧɢɹ ɞɢɫɫɟɪɬɚɰɢɨɧɧɨɣ ɪɚɛɨɬɵ ɞɥɹ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɣ 

ɩɨɫɬɚɧɨɜɤɢ ɡɚɞɚɱɢ ɛɵɥɢ ɢɡɜɟɫɬɧɵ ɫɥɟɞɭɸɳɢɟ ɨɫɨɛɟɧɧɨɫɬɢ ɢ ɡɚɤɨɧɨɦɟɪɧɨɫɬɢ ɗȼɌμ 

1. ɗȼɌ ɩɪɢ ɨɬɫɭɬɫɬɜɢɢ ɜɧɟɲɧɢɯ Ɇɉ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɨɫɟɫɢɦɦɟɬɪɢɱɧɵɣ 

ɬɨɪɨɢɞɚɥɶɧɵɣ ɜɢɯɪɶ, ɧɚɩɪɚɜɥɟɧɧɵɣ ɜɧɢɡ ɜ ɨɛɥɚɫɬɢ ɩɨɞ ɦɚɥɵɦ ɷɥɟɤɬɪɨɞɨɦ ɢɥɢ ɞɭ-

ɝɨɣ. 

2. Ɍɟɱɟɧɢɟ ɜɛɥɢɡɢ ɦɚɥɨɝɨ ɷɥɟɤɬɪɨɞɚ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɡɚɬɨɩɥɟɧɧɭɸ 

ɫɬɪɭɸ. 

3. ȼɧɟɲɧɟɟ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ ɩɪɢɜɨɞɢɬ ɤ ɭɦɟɧɶɲɟɧɢɸ ɩɪɢɞɨɧɧɨɝɨ ɞɚɜɥɟɧɢɹ 

ɜ ɨɛɥɚɫɬɢ ɩɨɞ ɦɚɥɵɦ ɷɥɟɤɬɪɨɞɨɦ, ɚ ɩɪɢ ɞɨɫɬɚɬɨɱɧɨ ɫɢɥɶɧɨɦ ɜɧɟɲɧɟɦ ɦɚɝɧɢɬɧɨɦ 

ɩɨɥɟ ɮɨɪɦɢɪɭɟɬɫɹ ɨɛɥɚɫɬɶ ɩɨɧɢɠɟɧɧɨɝɨ ɞɚɜɥɟɧɢɹ. 

4. ȼɧɟɲɧɟɟ ɩɪɨɞɨɥɶɧɨɟ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ ɩɪɢɜɨɞɢɬ ɤ ɜɨɡɧɢɤɧɨɜɟɧɢɸ ɚɡɢɦɭ-

ɬɚɥɶɧɨɣ ɡɚɤɪɭɬɤɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɢ ɨɛɪɚɡɨɜɚɧɢɸ ɜɬɨɪɢɱɧɵɯ ɜɢɯɪɟɣ, ɤɨɬɨɪɵɟ ɩɪɨ-

ɬɢɜɨɧɚɩɪɚɜɥɟɧɵ ɨɫɧɨɜɧɨɦɭ ɬɟɱɟɧɢɸ. 

5. Ɇɚɝɧɢɬɧɨɟ ɩɨɥɟ Ɂɟɦɥɢ ɬɚɤ ɠɟ, ɤɚɤ ɢ Ɇɉ ɢɫɤɭɫɫɬɜɟɧɧɨɝɨ ɩɪɨɢɫɯɨɠɞɟ-

ɧɢɹ, ɩɪɢɜɨɞɢɬ ɤ ɚɡɢɦɭɬɚɥɶɧɨɣ ɡɚɤɪɭɬɤɟ ɬɟɱɟɧɢɹ. 

6. ɉɪɢ ɞɨɫɬɚɬɨɱɧɨ ɛɨɥɶɲɨɦ ɜɧɟɲɧɟɦ Ɇɉ ɨɫɧɨɜɧɨɣ ɬɨɪɨɢɞɚɥɶɧɵɣ ɜɢɯɪɶ 

ɩɨɥɧɨɫɬɶɸ ɩɨɞɚɜɥɹɟɬɫɹ ɜɬɨɪɢɱɧɵɦ ɩɪɨɬɢɜɨɧɚɩɪɚɜɥɟɧɧɵɦ ɬɟɱɟɧɢɟɦ. 

7. ɉɪɢ ɱɢɫɥɟɧɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɗȼɌ ɩɪɢ ɨɬɫɭɬɫɬɜɢɢ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨ-

ɝɨ ɩɨɥɹ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɨɟ ɩɪɢɛɥɢɠɟɧɢɟ (ɗȾ) ɫɩɪɚɜɟɞɥɢɜɨ ɞɥɹ S < 10
12

 (I ~ 30 ɤȺ). 

Ȼɨɥɟɟ ɩɨɞɪɨɛɧɵɣ ɨɛɡɨɪ ɢɫɫɥɟɞɨɜɚɧɢɣ, ɩɨɫɜɹɳɟɧɧɵɯ ɗȼɌ, ɩɪɟɞɫɬɚɜɥɟɧ ɜ ɩɟɪ-

ɜɨɣ ɝɥɚɜɟ ɞɢɫɫɟɪɬɚɰɢɢ. 

Цɟɥɢ ɢ ɡɚɞɚɱɢ ɪɚɛɨɬɵ. ȼ ɞɚɧɧɨɣ ɞɢɫɫɟɪɬɚɰɢɨɧɧɨɣ ɪɚɛɨɬɟ ɬɪɟɛɨɜɚɥɨɫɶ ɢɫɫɥɟ-

ɞɨɜɚɬɶ ɨɫɨɛɟɧɧɨɫɬɢ ɗȼɌ ɜ ɩɨɥɭɫɮɟɪɢɱɟɫɤɨɦ ɤɨɧɬɟɣɧɟɪɟ ɜ ɲɢɪɨɤɨɦ ɞɢɚɩɚɡɨɧɟ 

ɜɧɟɲɧɢɯ Ɇɉ ɢ ɬɟɦ ɫɚɦɵɦ ɪɚɫɲɢɪɢɬɶ ɢɧɮɨɪɦɚɰɢɸ ɨ ɝɢɞɪɨɞɢɧɚɦɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɟ 

ɗȼɌ ɩɪɢ ɧɚɥɢɱɢɢ ɜɧɟɲɧɟɝɨ Ɇɉ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɞɥɹ ɞɨɫɬɢɠɟɧɢɹ ɩɨɫɬɚɜɥɟɧɧɨɣ ɰɟ-

ɥɢ ɛɵɥɢ ɫɮɨɪɦɭɥɢɪɨɜɚɧɵ ɫɥɟɞɭɸɳɢɟ ɡɚɞɚɱɢμ 

1. ȼɵɩɨɥɧɢɬɶ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɗȼɌ ɩɪɢ ɧɚɥɢɱɢɢ ɦɚɝɧɢɬ-

ɧɨɝɨ ɩɨɥɹ Ɂɟɦɥɢ ɢ ɩɪɢ ɟɝɨ ɤɨɦɩɟɧɫɚɰɢɢ. 
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2. ɉɪɨɜɟɫɬɢ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜɢɯɪɟɨɛɪɚɡɨɜɚɧɢɹ ɜ ɗȼɌ ɩɪɢ ɜɧɟɲɧɢɯ ɨɫɟɜɵɯ 

Ɇɉ ɫɪɟɞɧɟɣ ɜɟɥɢɱɢɧɵ (Bz = 10
-4–10

-3
 Ɍɥ). 

3. ɂɫɫɥɟɞɨɜɚɬɶ ɝɪɚɧɢɰɵ ɩɪɢɦɟɧɟɧɢɹ ɪɚɡɥɢɱɧɵɯ ɦɚɝɧɢɬɨɝɢɞɪɨɞɢɧɚɦɢɱɟ-

ɫɤɢɯ (ɆȽȾ) ɩɪɢɛɥɢɠɟɧɢɣ ɩɪɢ ɱɢɫɥɟɧɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɗȼɌ ɩɪɢ ɜɥɢɹɧɢɢ ɜɧɟɲɧɟ-

ɝɨ Ɇɉ (Bz = 10
-3–1 Ɍɥ). 

4. ɉɪɨɜɟɫɬɢ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɢɧɬɟɝɪɚɥɶɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ 

ɗȼɌ (ɯɚɪɚɤɬɟɪɧɵɟ ɫɤɨɪɨɫɬɢ, ɤɢɧɟɬɢɱɟɫɤɚɹ ɷɧɟɪɝɢɹ ɬɟɱɟɧɢɹ) ɩɪɢ ɜɧɟɲɧɢɯ ɦɚɝɧɢɬ-

ɧɵɯ ɩɨɥɹɯ ɫɪɟɞɧɟɣ ɜɟɥɢɱɢɧɵ (Bz = 10
-4–10

-3
 Ɍɥ), ɚ ɬɚɤɠɟ ɢɫɫɥɟɞɨɜɚɬɶ ɗȼɌ ɩɪɢ ɫɢɥɶ-

ɧɵɯ ɜɧɟɲɧɢɯ ɦɚɝɧɢɬɧɵɯ ɩɨɥɹɯ (Bz = 10
-3–1 Ɍɥ) ɫ ɭɱɟɬɨɦ ɭɫɬɚɧɨɜɥɟɧɧɨɣ ɨɛɥɚɫɬɢ 

ɩɪɢɦɟɧɢɦɨɫɬɢ ɆȽȾ ɩɪɢɛɥɢɠɟɧɢɣ. 

ɇɚɭɱɧɚɹ ɧɨɜɢɡɧɚ. ȼ ɞɚɧɧɨɣ ɞɢɫɫɟɪɬɚɰɢɨɧɧɨɣ ɪɚɛɨɬɟ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɤɨɦ-

ɩɥɟɤɫɚ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢ ɱɢɫɥɟɧɧɵɯ ɦɟɬɨɞɨɜ ɩɨɥɭɱɟɧɵ ɧɨɜɵɟ ɞɚɧɧɵɟ ɨ ɫɬɪɭɤ-

ɬɭɪɟ ɷɥɟɤɬɪɨɜɢɯɪɟɜɨɝɨ ɬɟɱɟɧɢɹ ɜ ɩɨɥɭɫɮɟɪɢɱɟɫɤɨɦ ɤɨɧɬɟɣɧɟɪɟ ɜ ɲɢɪɨɤɨɦ ɞɢɚɩɚɡɨ-

ɧɟ ɡɧɚɱɟɧɢɣ ɜɧɟɲɧɟɝɨ ɨɫɟɜɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ. ȼ ɪɚɧɟɟ ɨɩɭɛɥɢɤɨɜɚɧɧɵɯ ɪɚɛɨɬɚɯ 

ɞɪɭɝɢɯ ɚɜɬɨɪɨɜ ɜɥɢɹɧɢɟ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɢɫɫɥɟɞɨɜɚɥɨɫɶ ɩɪɟɢɦɭɳɟɫɬɜɟɧ-

ɧɨ ɞɥɹ ɨɬɞɟɥɶɧɵɯ ɪɟɠɢɦɨɜ ɬɟɱɟɧɢɹ ɢɥɢ ɜ ɨɝɪɚɧɢɱɟɧɧɨɦ ɞɢɚɩɚɡɨɧɟ ɟɝɨ ɡɧɚɱɟɧɢɣ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜɩɟɪɜɵɟμ 

1. ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ Ɂɟɦɥɢ ɩɪɢɜɨɞɢɬ ɤ 

ɫɧɢɠɟɧɢɸ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɜ ɨɛɥɚɫɬɢ ɫɬɪɭɢ ɷɥɟɤɬɪɨɜɢɯɪɟɜɨɝɨ ɬɟɱɟɧɢɹ ɷɜɬɟɤɬɢɱɟ-

ɫɤɨɝɨ ɫɩɥɚɜɚ In-Ga-Sn ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɪɟɠɢɦɨɦ ɤɨɦɩɟɧɫɚɰɢɢ ɝɟɨɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ 

(I = 100–450 Ⱥ, S = 10
7–2×108

, N = 1.6×104–1.8×106
). 

2. ɍɫɬɚɧɨɜɥɟɧɵ ɡɚɤɨɧɨɦɟɪɧɨɫɬɢ ɚɜɬɨɤɨɥɟɛɚɧɢɣ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɜ ɷɥɟɤɬɪɨ-

ɜɢɯɪɟɜɨɦ ɬɟɱɟɧɢɢ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɜɟɥɢɱɢɧɵ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ (I = 400 Ⱥ, 

Bz = 10
-4–10

-3
 Ɍɥ, S = 1.7×108

, N = 3.2×106–3.2×107
). 

3. ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɢ ɱɢɫɥɟɧɧɨ ɩɨɥɭɱɟɧɵ ɞɚɧɧɵɟ ɨ ɜɪɟɦɟɧɢ ɨɛɪɚɡɨɜɚɧɢɹ 

ɜɨɫɯɨɞɹɳɟɝɨ ɬɨɪɨɢɞɚɥɶɧɨɝɨ ɜɢɯɪɹ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɜɟɥɢɱɢɧɵ ɜɧɟɲɧɟɝɨ Ɇɉ 

(I = 400 Ⱥ, Bz = 10
-4–10

-3
 Ɍɥ, S = 1.7×10

8
, N = 3.2×106–3.2×107

). 

4. ɑɢɫɥɟɧɧɵɦ ɦɟɬɨɞɨɦ ɩɨɥɭɱɟɧɚ ɝɪɚɧɢɰɚ ɪɚɡɞɟɥɚ ɡɨɧ ɨɞɧɨɜɢɯɪɟɜɨɝɨ ɢ 

ɞɜɭɜɢɯɪɟɜɨɝɨ ɬɟɱɟɧɢɹ ɜ ɤɨɨɪɞɢɧɚɬɚɯ Bz(I) (I = 1–1000 Ⱥ, Bz = 10
-5–1.4×10

-4
 Ɍɥ, 

S = 10
3–10

9
, N = 788–1.1×107

). 
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5. ɂɫɫɥɟɞɨɜɚɧɚ ɩɪɢɦɟɧɢɦɨɫɬɶ ɪɚɡɥɢɱɧɵɯ ɆȽȾ ɩɪɢɛɥɢɠɟɧɢɣ ɜ ɗȼɌ ɩɪɢ 

ɜɨɡɞɟɣɫɬɜɢɢ ɜɧɟɲɧɟɝɨ Ɇɉ (Bz = 10
-3–1 Ɍɥ, S = 10

5–3.2×1011
, N = 7.8×105–2×1011

, 

St = 4.8×10-3–4×104
). 

6. ȼɵɹɜɥɟɧ ɷɮɮɟɤɬ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɬɨɪɦɨɠɟɧɢɹ ɗȼɌ ɩɨɞ ɞɟɣɫɬɜɢɟɦ 

ɢɧɞɭɰɢɪɨɜɚɧɧɵɯ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɬɨɤɨɜ ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɫɢɥɶɧɨɝɨ ɜɧɟɲɧɟɝɨ ɩɨɥɹ 

(Bz 10 ذ
-2

 Ɍɥ, S = 10
7
, N 10×7.8 ذ

7
, St 0.067 ذ). 

7. ɉɨɥɭɱɟɧɚ ɫɬɪɭɤɬɭɪɚ ɬɟɱɟɧɢɹ ɜ ɞɢɚɩɚɡɨɧɟ ɜɧɟɲɧɟɝɨ Ɇɉ ɨɬ 5×10
-5

 ɞɨ 1 Ɍɥ 

(I = 100–1000 Ⱥ, S = 10
7–10

9
, N = 4×10

5–7.8×10
10

, St = 4×10
-5–5×10

4
). 

Ɍɟɨɪɟɬɢɱɟɫɤɚɹ ɢ ɩɪɚɤɬɢɱɟɫɤɚɹ ɡɧɚɱɢɦɨɫɬɶ. ȼ ɞɢɫɫɟɪɬɚɰɢɨɧɧɨɣ ɪɚɛɨɬɟ ɩɪɨ-

ɞɟɦɨɧɫɬɪɢɪɨɜɚɧɚ ɜɨɡɦɨɠɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɤɨɪɪɟɥɹɰɢɨɧɧɵɦ ɦɟɬɨɞɨɦ ɫɤɨɪɨɫɬɢ ɩɨɬɨ-

ɤɚ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɩɪɢ ɧɚɥɢɱɢɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɤɨɪɪɟɥɹɰɢ-

ɨɧɧɵɣ ɦɟɬɨɞ ɦɨɠɟɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧ ɞɥɹ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɜ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪ-

ɧɵɯ ɩɪɨɦɵɲɥɟɧɧɵɯ ɚɝɪɟɝɚɬɚɯ, ɚ ɝɥɚɜɧɵɦ ɨɝɪɚɧɢɱɟɧɢɟɦ ɨɫɬɚɟɬɫɹ ɬɟɦɩɟɪɚɬɭɪɧɚɹ 

ɫɬɨɣɤɨɫɬɶ ɩɪɢɦɟɧɹɟɦɵɯ ɬɟɪɦɨɩɚɪ. 

ɉɪɢ ɱɢɫɥɟɧɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɯ ɬɟɱɟɧɢɣ ɜ ɩɪɢɫɭɬɫɬɜɢɢ 

ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɨɟ ɩɪɢɛɥɢɠɟɧɢɟ ɤɨɪɪɟɤɬɧɨ ɨɩɢɫɵɜɚ-

ɟɬ ɬɟɱɟɧɢɟ ɞɨ ɧɟɤɨɬɨɪɨɣ ɩɨɪɨɝɨɜɨɣ ɜɟɥɢɱɢɧɵ ɜɧɟɲɧɟɝɨ Ɇɉ, ɩɪɢ ɩɪɟɜɵɲɟɧɢɢ ɤɨɬɨ-

ɪɨɣ ɫɥɟɞɭɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶ ɛɟɡɵɧɞɭɤɰɢɨɧɧɨɟ ɩɪɢɛɥɢɠɟɧɢɟ (Ȼɂ) ɢɥɢ ɪɟɲɚɬɶ ɩɨɥɧɭɸ 

ɆȽȾ ɡɚɞɚɱɭ. Ⱦɥɹ ɫɩɥɚɜɚ IЧ-Ga-SЧ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɨɟ ɩɪɢɛɥɢɠɟɧɢɟ ɫɩɪɚɜɟɞɥɢɜɨ 

ɞɥɹ ɜɧɟɲɧɟɝɨ Ɇɉ Bz < 1.25×10−3
 Ɍɥ. 

ȼ ɞɢɫɫɟɪɬɚɰɢɢ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɜ ɞɢɚɩɚɡɨɧɟ ɪɟɠɢɦɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɷɥɟɤɬɪɢɱɟɫɤɨ-

ɝɨ ɬɨɤɚ I = 100–1000 Ⱥ ɢ ɜɧɟɲɧɟɝɨ Ɇɉ ɨɬ 5×10−5 ɞɨ 1 Ɍɥ (S = 10
7–10

9
, 

N = 4×105–7.8×1010
, St = 4×10-5–5×104), ɢɦɟɸɬɫɹ ɞɜɚ ɦɢɧɢɦɭɦɚ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɬɟɱɟ-

ɧɢɹ (ɩɪɢ Bz ~ 10
-4

 ɢ 1 Ɍɥ). ɉɟɪɜɵɣ ɦɢɧɢɦɭɦ ɫɜɹɡɚɧ ɫ ɚɡɢɦɭɬɚɥɶɧɨɣ ɡɚɤɪɭɬɤɨɣ ɬɟɱɟ-

ɧɢɹ ɢ ɜɨɡɧɢɤɧɨɜɟɧɢɟɦ ɜɨɡɜɪɚɬɧɨɝɨ ɬɟɱɟɧɢɹ, ɚ ɜɬɨɪɨɣ ɦɢɧɢɦɭɦ – ɫ ɷɥɟɤɬɪɨɦɚɝɧɢɬ-

ɧɵɦ ɬɨɪɦɨɠɟɧɢɟɦ, ɜɵɡɜɚɧɧɵɦ ɷɥɟɤɬɪɢɱɟɫɤɢɦɢ ɬɨɤɚɦɢ, ɢɧɞɭɰɢɪɨɜɚɧɧɵɦɢ ɞɜɢɠɟ-

ɧɢɟɦ ɷɥɟɤɬɪɨɩɪɨɜɨɞɹɳɟɣ ɫɪɟɞɵ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɷɬɢ ɨɫɨɛɟɧɧɨɫɬɢ ɫɥɟɞɭɟɬ ɭɱɢɬɵɜɚɬɶ 

ɩɪɢ ɩɪɨɟɤɬɢɪɨɜɚɧɢɢ ɩɪɨɦɵɲɥɟɧɧɵɯ ɚɝɪɟɝɚɬɨɜ, ɝɞɟ ɜɧɟɲɧɟɟ Ɇɉ ɢɫɩɨɥɶɡɭɟɬɫɹ ɤɚɤ 

ɦɟɬɨɞ ɭɩɪɚɜɥɟɧɢɹ ɫɬɪɭɤɬɭɪɨɣ ɗȼɌ. 
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ȼɧɟɲɧɢɟ ɦɚɝɧɢɬɧɵɟ ɩɨɥɹ ɭɠɟ ɢɫɩɨɥɶɡɭɸɬɫɹ ɜ ɪɹɞɟ ɩɪɨɦɵɲɥɟɧɧɵɯ ɭɫɬɚɧɨɜɨɤ. 

ɇɚɩɪɢɦɟɪ, ɜ ɩɪɨɦɵɲɥɟɧɧɵɯ ɜɚɤɭɭɦɧɨ-ɞɭɝɨɜɵɯ ɩɟɱɚɯ ȾɄȼ-3,2 ɢ ȾɌȼ-3.0Ƚ0.5, ɝɞɟ 

ɞɥɹ ɩɪɟɞɨɬɜɪɚɳɟɧɢɹ ɩɟɪɟɛɪɨɫɚ ɞɭɝɢ ɧɚ ɫɬɟɧɤɭ ɤɪɢɫɬɚɥɥɢɡɚɬɨɪɚ ɢɫɩɨɥɶɡɭɟɬɫɹ ɫɨɥɟ-

ɧɨɢɞ, ɧɚɦɨɬɚɧɧɵɣ ɧɚ ɜɧɟɲɧɸɸ ɫɬɟɧɤɭ ɤɪɢɫɬɚɥɥɢɡɚɬɨɪɚ. ɋɨɥɟɧɨɢɞ ɫɨɡɞɚɟɬ ɦɚɝɧɢɬ-

ɧɨɟ ɩɨɥɟ (0–7×10-3
 Ɍɥ), ɤɨɬɨɪɨɟ ɫɠɢɦɚɟɬ ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɞɭɝɭ. ɉɪɢɦɟɧɟɧɢɟ ɫɨɥɟɧɨɢ-

ɞɚ ɬɚɤɠɟ ɩɪɢɜɨɞɢɬ ɤ ɤɪɭɝɨɜɨɦɭ ɞɜɢɠɟɧɢɸ ɪɚɫɩɥɚɜɥɟɧɧɨɝɨ ɦɟɬɚɥɥɚ, ɱɬɨ ɭɥɭɱɲɚɟɬ 

ɨɞɧɨɪɨɞɧɨɫɬɶ ɫɥɢɬɤɨɜ. ȼɟɪɯɧɢɣ ɩɪɟɞɟɥ ɜɟɥɢɱɢɧɵ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɨɩɪɟ-

ɞɟɥɹɟɬɫɹ ɧɚɱɚɥɨɦ ɪɚɡɛɪɵɡɝɢɜɚɧɢɹ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ, ɨɛɭɫɥɨɜɥɟɧɧɵɦ ɢɧɬɟɧɫɢɜɧɵɦ 

ɩɟɪɟɦɟɲɢɜɚɧɢɟɦ ɪɚɫɩɥɚɜɚ, ɩɨɷɬɨɦɭ ɞɥɹ ɤɚɠɞɨɝɨ ɪɟɠɢɦɚ ɩɥɚɜɤɢ ɜɟɥɢɱɢɧɚ ɦɚɝɧɢɬ-

ɧɨɝɨ ɩɨɥɹ ɨɩɪɟɞɟɥɹɟɬɫɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦ ɩɭɬɟɦ Д42Ж. 

Ɇɟɬɨɞɨɥɨɝɢɹ ɢ ɦɟɬɨɞɵ ɢɫɫɥɟɞɨɜɚɧɢɹ. ɑɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɗȼɌ ɜɵ-

ɩɨɥɧɹɥɨɫɶ ɜ ɫɪɟɞɟ Ansys Fluent ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɫɨɛɫɬɜɟɧɧɵɯ ɩɨɞɩɪɨɝɪɚɦɦ, ɧɚɩɢ-

ɫɚɧɧɵɯ ɧɚ ɹɡɵɤɟ C. Ɋɚɫɱɟɬ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɜɵɩɨɥɧɹɥɫɹ ɩɨ ɡɚɤɨɧɭ Ȼɢɨ-ɋɚɜɚɪɚ-

Ʌɚɩɥɚɫɚ, ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɬɟɯɧɨɥɨɝɢɢ ɩɚɪɚɥɥɟɥɶɧɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ NVIDIA 

CUDA. ɑɢɫɥɟɧɧɵɟ ɪɚɫɱɟɬɵ ɛɵɥɢ ɩɪɨɜɟɪɟɧɵ ɧɚ ɫɟɬɨɱɧɭɸ ɫɯɨɞɢɦɨɫɬɶ ɢ ɭɫɬɨɣɱɢɜɨɫɬɶ. 

ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɩɪɨɜɨɞɢɥɢɫɶ ɬɪɟɦɹ 

ɪɚɡɥɢɱɧɵɦɢ ɫɩɨɫɨɛɚɦɢμ ɤɨɪɪɟɥɹɰɢɨɧɧɵɦ ɡɨɧɞɨɦ, ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɦ ɞɚɬɱɢɤɨɦ 

ɫɤɨɪɨɫɬɢ ɢ ɦɟɬɨɞɨɦ ɜɨɞɨɪɨɞɧɵɯ ɦɟɬɨɤ. Ⱦɥɹ ɡɚɩɢɫɢ ɞɚɧɧɵɯ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɚɧɚɥɨɝɨ-

ɜɨ-ɰɢɮɪɨɜɨɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ (Ⱥɐɉ) ɢɥɢ ɜɢɞɟɨɤɚɦɟɪɚ. Ɂɚɬɟɦ ɪɟɡɭɥɶɬɚɬɵ ɨɛɪɚɛɚɬɵ-

ɜɚɥɢɫɶ ɧɚ ɩɟɪɫɨɧɚɥɶɧɨɦ ɤɨɦɩɶɸɬɟɪɟ. 

Ɍɟɦɩɟɪɚɬɭɪɚ ɢɡɦɟɪɹɥɚɫɶ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɦɟɞɧɨ-ɤɨɧɫɬɚɧɬɚɧɨɜɵɯ ɬɟɪɦɨɩɚɪ 

ɤɨɪɪɟɥɹɰɢɨɧɧɨɝɨ ɡɨɧɞɚ, ɫɢɝɧɚɥ ɫ ɤɨɬɨɪɵɯ ɭɫɢɥɢɜɚɥɫɹ ɢ, ɩɪɢ ɧɟɨɛɯɨɞɢɦɨɫɬɢ, ɮɢɥɶɬ-

ɪɨɜɚɥɫɹ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɮɢɥɶɬɪɚ ɧɢɡɤɨɣ ɱɚɫɬɨɬɵ (Ɏɇɑ) ɢ ɮɢɥɶɬɪɚ ɜɵɫɨɤɨɣ ɱɚɫɬɨ-

ɬɵ (Ɏȼɑ) Ȼɟɫɫɟɥɹ 3-ɝɨ ɩɨɪɹɞɤɚ, ɡɚɬɟɦ ɫɢɝɧɚɥ ɡɚɩɢɫɵɜɚɥɫɹ ɧɚ ɠɟɫɬɤɢɣ ɞɢɫɤ ɫ ɢɫ-

ɩɨɥɶɡɨɜɚɧɢɟɦ Ⱥɐɉ. 

Ȼɨɥɟɟ ɩɨɞɪɨɛɧɨɟ ɨɩɢɫɚɧɢɟ ɩɪɢɦɟɧɹɟɦɵɯ ɦɟɬɨɞɢɤ ɱɢɫɥɟɧɧɨɝɨ ɢ ɮɢɡɢɱɟɫɤɨɝɨ 

ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɪɟɞɫɬɚɜɥɟɧɨ ɜ ɝɥɚɜɚɯ 2 ɢ 3 ɞɢɫɫɟɪɬɚɰɢɢ. 

Ɉɫɧɨɜɧɵɟ ɩɨɥɨɠɟɧɢɹ, ɜɵɧɨɫɢɦɵɟ ɧɚ ɡɚɳɢɬɭ: 
1. ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɩɨɞ ɞɟɣɫɬɜɢɟɦ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ 

Ɂɟɦɥɢ ɨɫɟɜɚɹ ɫɤɨɪɨɫɬɶ ɜ ɨɛɥɚɫɬɢ ɫɬɪɭɢ ɷɥɟɤɬɪɨɜɢɯɪɟɜɨɝɨ ɬɟɱɟɧɢɹ ɷɜɬɟɤɬɢɱɟɫɤɨɝɨ 
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ɫɩɥɚɜɚ IЧ–Ga–SЧ ɜ ɩɨɥɭɫɮɟɪɢɱɟɫɤɨɦ ɤɨɧɬɟɣɧɟɪɟ ɫɧɢɠɚɟɬɫɹ ɩɪɢɦɟɪɧɨ ɧɚ 30–50 % ɩɨ 

ɫɪɚɜɧɟɧɢɸ ɫ ɪɟɠɢɦɨɦ ɤɨɦɩɟɧɫɚɰɢɢ ɝɟɨɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ (S = 10
7–2×108

, 

N = 1.6×104–1.8×106
). 

2. Ⱥɜɬɨɤɨɥɟɛɚɬɟɥɶɧɵɣ ɪɟɠɢɦ ɷɥɟɤɬɪɨɜɢɯɪɟɜɨɝɨ ɬɟɱɟɧɢɹ ɫɩɥɚɜɚ In-Ga-Sn ɜ 

ɩɨɥɭɫɮɟɪɢɱɟɫɤɨɦ ɤɨɧɬɟɣɧɟɪɟ ɩɪɢ ɜɥɢɹɧɢɢ ɜɧɟɲɧɟɝɨ ɨɫɟɜɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɪɟɚ-

ɥɢɡɭɟɬɫɹ ɩɪɢ I = 400 Ⱥ ɢ Bz = 10
-4–10

-3
 Ɍɥ (S = 1.7×108

, N = 3.2×106–3.2×107
) ɢ ɨɛɭ-

ɫɥɨɜɥɟɧ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟɦ ɨɫɧɨɜɧɨɝɨ ɢ ɜɬɨɪɢɱɧɨɝɨ ɬɨɪɨɢɞɚɥɶɧɵɯ ɜɢɯɪɟɣ, ɞɥɹ ɞɢɚɩɚ-

ɡɨɧɚ Bz = 3×10
-4–10

-3
 Ɍɥ ɜɪɟɦɹ ɮɨɪɦɢɪɨɜɚɧɢɹ ɜɬɨɪɢɱɧɨɝɨ ɜɢɯɪɹ ɫɨɫɬɚɜɥɹɟɬ 

tɨɛɪ≈1–30 ɫ, ɩɪɢ ɷɬɨɦ ɨɧɨ, ɤɚɤ ɢ ɩɟɪɢɨɞ ɚɜɬɨɤɨɥɟɛɚɧɢɣ, ɭɦɟɧɶɲɚɟɬɫɹ ɫ ɭɜɟɥɢɱɟɧɢɟɦ 

ɜɧɟɲɧɟɝɨ ɨɫɟɜɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ. 

3. ɉɨɥɭɱɟɧɧɵɣ ɤɪɢɬɟɪɢɣ ɩɪɢɦɟɧɢɦɨɫɬɢ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɩɪɢɛɥɢɠɟ-

ɧɢɹ ɞɥɹ ɷɥɟɤɬɪɨɜɢɯɪɟɜɨɝɨ ɬɟɱɟɧɢɹ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ In-Ga-Sn ɜ ɩɨɥɭɫɮɟɪɢɱɟɫɤɨɦ 

ɤɨɧɬɟɣɧɟɪɟ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɬɨɦ, ɱɬɨ ɩɪɢ ɧɚɥɢɱɢɢ ɜɧɟɲɧɟɝɨ ɨɫɟɜɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ 

ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɨɟ ɩɪɢɛɥɢɠɟɧɢɟ ɫɩɪɚɜɟɞɥɢɜɨ ɞɥɹ Bz 3−10×1.25 د
 Ɍɥ (S = 10

5
, 

St 3-10×7.1د
, N 105×9.8 د

), ɚ ɧɚɪɭɲɟɧɢɟ ɭɫɥɨɜɢɹ ɟɝɨ ɩɪɢɦɟɧɢɦɨɫɬɢ ɩɪɨɹɜɥɹɟɬɫɹ ɜ 

ɡɚɜɵɲɟɧɢɢ ɚɡɢɦɭɬɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɛɟɡɵɧɞɭɤɰɢɨɧɧɵɦ ɩɪɢɛɥɢɠɟɧɢ-

ɟɦ. 

4. Ɉɛɧɚɪɭɠɟɧɧɵɣ ɷɮɮɟɤɬ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɬɨɪɦɨɠɟɧɢɹ ɷɥɟɤɬɪɨɜɢɯɪɟɜɨ-

ɝɨ ɬɟɱɟɧɢɹ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ In-Ga-Sn ɜ ɩɨɥɭɫɮɟɪɢɱɟɫɤɨɦ ɤɨɧɬɟɣɧɟɪɟ ɩɨɞ ɞɟɣɫɬɜɢɟɦ 

ɜɧɟɲɧɟɝɨ ɨɫɟɜɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ Bz 10 ذ
-2

 Ɍɥ (S = 10
7
, St 0.067 ذ, N 107×7.8 ذ

) 

ɨɛɭɫɥɨɜɥɟɧ ɜɨɡɧɢɤɧɨɜɟɧɢɟɦ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɬɨɤɨɜ, ɢɧɞɭɰɢɪɨɜɚɧɧɵɯ ɞɜɢɠɟɧɢɟɦ 

ɷɥɟɤɬɪɨɩɪɨɜɨɞɹɳɟɣ ɫɪɟɞɵ, ɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟɦ ɷɬɢɯ ɬɨɤɨɜ ɫ ɜɧɟɲɧɢɦ ɦɚɝɧɢɬɧɵɦ 

ɩɨɥɟɦ. 

Ⱦɨɫɬɨɜɟɪɧɨɫɬɶ ɪɟɡɭɥɶɬɚɬɨɜ. ɑɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɜɵɩɨɥɧɹɥɨɫɶ ɜ ɫɪɟɞɟ 

Ansys Fluent, ɫɨɛɫɬɜɟɧɧɵɟ ɩɪɨɝɪɚɦɦɵ ɢ ɩɨɞɤɥɸɱɚɟɦɵɟ ɤ ɫɪɟɞɟ ɦɨɞɭɥɢ ɛɵɥɢ ɩɪɨɜɟ-

ɪɟɧɵ ɧɚ ɡɚɞɚɱɚɯ, ɢɦɟɸɳɢɯ ɚɧɚɥɢɬɢɱɟɫɤɢɟ ɪɟɲɟɧɢɹ. ɉɨɥɭɱɟɧɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶ-

ɧɵɟ ɞɚɧɧɵɟ ɤɚɱɟɫɬɜɟɧɧɨ ɢ, ɜ ɪɹɞɟ ɪɟɠɢɦɨɜ, ɤɨɥɢɱɟɫɬɜɟɧɧɨ ɫɨɝɥɚɫɭɸɬɫɹ ɫ ɪɟɡɭɥɶɬɚ-

ɬɚɦɢ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ, ɩɪɢ ɷɬɨɦ ɪɹɞ ɨɫɨɛɟɧɧɨɫɬɟɣ ɬɟɱɟɧɢɹ, ɜɵɹɜɥɟɧɧɵɯ ɜ 

ɪɚɫɱɟɬɚɯ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɯ, ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɥɢɬɟɪɚɬɭɪɧɵɦ ɞɚɧɧɵɦ ɞɪɭɝɢɯ ɚɜɬɨɪɨɜ. 
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Ⱥɩɪɨɛɚɰɢɹ ɪɚɛɨɬɵ. Ɉɫɧɨɜɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɪɚɛɨɬɵ ɩɪɟɞɫɬɚɜɥɹɥɢɫɶ ɢ ɨɛɫɭɠɞɚ-

ɥɢɫɶ ɧɚ ɪɨɫɫɢɣɫɤɢɯ ɢ ɦɟɠɞɭɧɚɪɨɞɧɵɯ ɧɚɭɱɧɵɯ ɤɨɧɮɟɪɟɧɰɢɹɯμ 

1. БIII ȼɫɟɪɨɫɫɢɣɫɤɚɹ ɲɤɨɥɚ-ɤɨɧɮɟɪɟɧɰɢɹ ɫ ɦɟɠɞɭɧɚɪɨɞɧɵɦ ɭɱɚɫɬɢɟɦ 

«Ⱥɤɬɭɚɥɶɧɵɟ ɜɨɩɪɨɫɵ ɬɟɩɥɨɮɢɡɢɤɢ ɢ ɮɢɡɢɱɟɫɤɨɣ ɝɢɞɪɨɝɚɡɨɞɢɧɚɦɢɤɢ» (ɇɨɜɨɫɢ-

ɛɢɪɫɤ 2014). 

2. ББI ɒɤɨɥɚ-ɫɟɦɢɧɚɪ ɦɨɥɨɞɵɯ ɭɱɟɧɵɯ ɢ ɫɩɟɰɢɚɥɢɫɬɨɜ ɩɨɞ ɪɭɤɨɜɨɞɫɬɜɨɦ 

ɚɤɚɞɟɦɢɤɚ ɊȺɇ Ⱥ.ɂ. Ʌɟɨɧɬɶɟɜɚ (ɋɚɧɤɬ-ɉɟɬɟɪɛɭɪɝ 2017). 

3. ɋɟɞɶɦɚɹ ɢ ɜɨɫɶɦɚɹ Ɋɨɫɫɢɣɫɤɢɟ ɧɚɰɢɨɧɚɥɶɧɵɟ ɤɨɧɮɟɪɟɧɰɢɢ ɩɨ ɬɟɩɥɨɨɛ-

ɦɟɧɭ (Ɇɨɫɤɜɚ 2018 ɢ 2022). 

4. II, III ɢ I↑ ȼɫɟɪɨɫɫɢɣɫɤɢɟ ɧɚɭɱɧɵɟ ɤɨɧɮɟɪɟɧɰɢɢ «Ɍɟɩɥɨɮɢɡɢɤɚ ɢ ɮɢɡɢ-

ɱɟɫɤɚɹ ɝɢɞɪɨɞɢɧɚɦɢɤɚ» (əɥɬɚ 2017, 2018 ɢ 2019). 

5. Ɍɪɟɬɶɹ Ɋɨɫɫɢɣɫɤɚɹ ɤɨɧɮɟɪɟɧɰɢɹ ɩɨ ɦɚɝɧɢɬɧɨɣ ɝɢɞɪɨɞɢɧɚɦɢɤɟ 

(ɉɟɪɦɶ 2018). 

6. ɋɟɦɢɧɚɪ ɜɭɡɨɜ ɩɨ ɬɟɩɥɨɮɢɡɢɤɟ ɢ ɷɧɟɪɝɟɬɢɤɟμ Ɇɚɬɟɪɢɚɥɵ ȼɫɟɪɨɫɫɢɣɫɤɨɣ 

ɧɚɭɱɧɨɣ ɤɨɧɮɟɪɟɧɰɢɢ ɫ ɦɟɠɞɭɧɚɪɨɞɧɵɦ ɭɱɚɫɬɢɟɦ (ɋɚɧɤɬ-ɉɟɬɟɪɛɭɪɝ 2019). 

7. X ȼɫɟɪɨɫɫɢɣɫɤɚɹ ɤɨɧɮɟɪɟɧɰɢɹ «ɉɟɪɦɫɤɢɟ ɝɢɞɪɨɞɢɧɚɦɢɱɟɫɤɢɟ ɧɚɭɱɧɵɟ 

ɱɬɟɧɢɹ» (ɉɟɪɦɶ, 2025). 

ɂɫɫɥɟɞɨɜɚɧɢɹ ɜɵɩɨɥɧɹɥɢɫɶ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ Ɇɢɧɢɫɬɟɪɫɬɜɚ ɧɚɭɤɢ ɢ 

ɜɵɫɲɟɝɨ ɨɛɪɚɡɨɜɚɧɢɹ ɊɎ ɜ ɪɚɦɤɚɯ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɯ ɡɚɞɚɧɢɣ ɈɂȼɌ ɊȺɇ, ɩɪɢ ɩɨɞ-

ɞɟɪɠɤɟ ɊɎɎɂ (ɩɪɨɟɤɬ № 13-08-90444 ɭɤɪ-ɮ-ɚ) ɢ ɊɇɎ (ɩɪɨɟɤɬ № 17-19-01745). 

ɋɨɨɬɜɟɬɫɬɜɢɟ ɩɚɫɩɨɪɬɭ ɫɩɟɰɢɚɥɶɧɨɫɬɢ. Ⱦɢɫɫɟɪɬɚɰɢɨɧɧɚɹ ɪɚɛɨɬɚ ɫɨɨɬɜɟɬɫɬ-

ɜɭɟɬ ɩɚɫɩɨɪɬɭ ɫɩɟɰɢɚɥɶɧɨɫɬɢ 1.3.14 «Ɍɟɩɥɨɮɢɡɢɤɚ ɢ ɬɟɨɪɟɬɢɱɟɫɤɚɹ ɬɟɩɥɨɬɟɯɧɢɤɚ» 

(ɨɬɪɚɫɥɶ ɮɢɡɢɤɨ-ɦɚɬɟɦɚɬɢɱɟɫɤɢɟ ɧɚɭɤɢ) ɩɨ ɩ. 3 «Ɇɚɝɧɢɬɧɚɹ ɝɢɞɪɨɞɢɧɚɦɢɤɚ ɷɥɟɤ-

ɬɪɨɩɪɨɜɨɞɧɵɯ ɫɪɟɞ» ɜ ɱɚɫɬɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢ ɱɢɫɥɟɧɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɡɚɤɨ-

ɧɨɦɟɪɧɨɫɬɟɣ ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɯ ɬɟɱɟɧɢɣ ɷɥɟɤɬɪɨɩɪɨɜɨɞɹɳɟɣ ɠɢɞɤɨɫɬɢ ɩɪɢ ɜɥɢɹɧɢɢ 

ɜɧɟɲɧɟɝɨ ɨɫɟɜɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ. 

ɉɭɛɥɢɤɚɰɢɢ. Ɉɫɧɨɜɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɞɢɫɫɟɪɬɚɰɢɨɧɧɨɣ ɪɚɛɨɬɵ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ 

ɦɚɬɟɪɢɚɥɚɯ ɤɨɧɮɟɪɟɧɰɢɣ ɢ ɜ ɫɬɚɬɶɹɯ ɜ ɧɚɭɱɧɵɯ ɢɡɞɚɧɢɹɯ [43-55], 11 ɢɡ ɤɨɬɨɪɵɯ 

ɨɩɭɛɥɢɤɨɜɚɧɵ ɜ ɠɭɪɧɚɥɚɯ, ɪɟɤɨɦɟɧɞɨɜɚɧɧɵɯ ȼȺɄ ɢɥɢ ɜɯɨɞɹɳɢɯ ɜ ɦɟɠɞɭɧɚɪɨɞɧɵɟ 

ɛɚɡɵ ɞɚɧɧɵɯ Web of Science ɢ Scopus. 
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Ʌɢɱɧɵɣ ɜɤɥɚɞ. Ⱥɜɬɨɪ ɜɧɟɫ ɪɟɲɚɸɳɢɣ ɜɤɥɚɞ ɜ ɩɪɨɜɟɞɟɧɢɟ ɢɫɫɥɟɞɨɜɚɧɢɣ ɧɚ 

ɜɫɟɯ ɷɬɚɩɚɯ ɪɚɛɨɬɵ. Ɋɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ ɨɩɭɛɥɢɤɨɜɚɧɵ ɜ ɫɨɚɜɬɨɪɫɬɜɟ. ɉɪɢ 

ɩɨɞɝɨɬɨɜɤɟ ɩɭɛɥɢɤɚɰɢɣ ɚɜɬɨɪ ɩɪɢɧɢɦɚɥ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨɟ ɭɱɚɫɬɢɟ ɜ ɨɛɫɭɠɞɟɧɢɢ ɢ 

ɢɧɬɟɪɩɪɟɬɚɰɢɢ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ. Ⱦɢɫɫɟɪɬɚɰɢɹ ɧɚɩɢɫɚɧɚ ɚɜɬɨɪɨɦ ɥɢɱɧɨ. ȼɫɟ 

ɧɚɭɱɧɵɟ ɪɟɡɭɥɶɬɚɬɵ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɟ ɜ ɞɢɫɫɟɪɬɚɰɢɨɧɧɨɣ ɪɚɛɨɬɟ, ɩɨɥɭɱɟɧɵ ɚɜɬɨɪɨɦ 

ɥɢɱɧɨ. Ⱥɜɬɨɪɨɦ ɥɢɱɧɨ ɜɵɩɨɥɧɟɧɵ ɨɛɪɚɛɨɬɤɚ, ɚɧɚɥɢɡ, ɧɚɭɱɧɨɟ ɨɛɨɛɳɟɧɢɟ ɢ ɮɨɪɦɭ-

ɥɢɪɨɜɚɧɢɟ ɪɟɡɭɥɶɬɚɬɨɜ ɧɚ ɨɫɧɨɜɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢ ɪɚɫɱɟɬɧɵɯ ɞɚɧɧɵɯ, ɩɨɥɭ-

ɱɟɧɧɵɯ ɜ ɛɨɥɶɲɢɧɫɬɜɟ ɫɥɭɱɚɟɜ ɚɜɬɨɪɨɦ ɥɢɱɧɨ, ɥɢɛɨ ɩɪɢ ɟɝɨ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨɦ ɭɱɚ-

ɫɬɢɢ. ɉɨɥɨɠɟɧɢɹ, ɜɵɧɨɫɢɦɵɟ ɧɚ ɡɚɳɢɬɭ, ɫɮɨɪɦɭɥɢɪɨɜɚɧɵ ɥɢɱɧɨ ɚɜɬɨɪɨɦ. 

Ɉɛɴɟɦ ɢ ɫɬɪɭɤɬɭɪɚ ɪɚɛɨɬɵ. Ɉɛɳɢɣ ɨɛɴɟɦ ɞɢɫɫɟɪɬɚɰɢɢ ɫɨɫɬɚɜɥɹɟɬ 129 ɫɬɪɚ-

ɧɢɰ, ɜ ɬɟɤɫɬɟ ɩɪɢɜɟɞɟɧɵ 73 ɪɢɫɭɧɤɚ ɢ 5 ɬɚɛɥɢɰ. Ȼɢɛɥɢɨɝɪɚɮɢɱɟɫɤɢɣ ɫɩɢɫɨɤ ɜɤɥɸɱɚ-

ɟɬ 102 ɧɚɢɦɟɧɨɜɚɧɢɹ. Ɋɚɛɨɬɚ ɫɨɫɬɨɢɬ ɢɡ ɜɜɟɞɟɧɢɹ, ɱɟɬɵɪɟɯ ɝɥɚɜ ɢ ɡɚɤɥɸɱɟɧɢɹ. ȼɨ 

ɜɜɟɞɟɧɢɢ ɨɛɨɫɧɨɜɚɧɚ ɚɤɬɭɚɥɶɧɨɫɬɶ ɬɟɦɵ, ɫɮɨɪɦɭɥɢɪɨɜɚɧɵ ɰɟɥɶ ɢ ɡɚɞɚɱɢ ɢɫɫɥɟɞɨɜɚ-

ɧɢɹ, ɚ ɬɚɤɠɟ ɩɨɥɨɠɟɧɢɹ, ɜɵɧɨɫɢɦɵɟ ɧɚ ɡɚɳɢɬɭ. 

ȼ ɩɟɪɜɨɣ ɝɥɚɜɟ ɜɵɩɨɥɧɟɧ ɚɧɚɥɢɡ ɨɬɟɱɟɫɬɜɟɧɧɵɯ ɢ ɡɚɪɭɛɟɠɧɵɯ ɩɭɛɥɢɤɚɰɢɣ ɩɨ 

ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɦ ɬɟɱɟɧɢɹɦ, ɜɤɥɸɱɚɹ ɱɢɫɥɟɧɧɵɟ, ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢ ɬɟɨɪɟɬɢɱɟɫɤɢɟ 

ɢɫɫɥɟɞɨɜɚɧɢɹ, ɚ ɬɚɤɠɟ ɪɚɛɨɬɵ, ɩɨɫɜɹɳɟɧɧɵɟ ɜɥɢɹɧɢɸ ɜɧɟɲɧɟɝɨ ɨɫɟɜɨɝɨ ɦɚɝɧɢɬɧɨɝɨ 

ɩɨɥɹ. ɉɨ ɢɬɨɝɚɦ ɨɛɡɨɪɚ ɫɮɨɪɦɭɥɢɪɨɜɚɧɵ ɰɟɥɶ ɢ ɡɚɞɚɱɢ ɞɢɫɫɟɪɬɚɰɢɨɧɧɨɣ ɪɚɛɨɬɵ. 

ȼɬɨɪɚɹ ɝɥɚɜɚ ɫɨɞɟɪɠɢɬ ɨɩɢɫɚɧɢɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ ɩɨ ɢɡɭɱɟɧɢɸ 

ɗȼɌ ɜ ɩɨɥɭɫɮɟɪɢɱɟɫɤɨɦ ɤɨɧɬɟɣɧɟɪɟ, ɦɟɬɨɞɢɤɢ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥ-

ɥɚ ɫ ɩɪɢɦɟɧɟɧɢɟɦ ɤɨɪɪɟɥɹɰɢɨɧɧɨɝɨ ɡɨɧɞɚ ɢ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɨɝɨ ɞɚɬɱɢɤɚ ɫɤɨɪɨ-

ɫɬɢ, ɚ ɬɚɤɠɟ ɢɡɦɟɪɟɧɢɹ ɚɡɢɦɭɬɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɫ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɜɨɞɨɪɨɞɧɵɯ ɦɟɬɨɤ.  

ȼ ɝɥɚɜɟ 3 ɢɡɥɨɠɟɧɚ ɦɟɬɨɞɢɤɚ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɗȼɌ ɜ ɩɨɥɭɫɮɟɪɢɱɟ-

ɫɤɨɦ ɤɨɧɬɟɣɧɟɪɟ. ɉɪɢɜɟɞɟɧɵ ɤɪɢɬɟɪɢɢ ɩɨɞɨɛɢɹ ɜ ɗȼɌ, ɨɩɢɫɚɧɵ ɦɟɬɨɞɵ ɪɚɫɱɟɬɚ 

ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ, ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ, ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢɥɵ ɢ ɩɨɥɹ ɫɤɨɪɨɫɬɢ ɠɢɞɤɨɝɨ 

ɦɟɬɚɥɥɚ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɢɫɩɨɥɶɡɭɟɦɨɝɨ ɆȽȾ ɩɪɢɛɥɢɠɟɧɢɹ. 

ȼ ɱɟɬɜɟɪɬɨɣ ɝɥɚɜɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɢ ɨɛɫɭɠɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɧɨ-

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɫɬɪɭɤɬɭɪɵ ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɯ ɬɟɱɟɧɢɣ. 

ȼ ɡɚɤɥɸɱɟɧɢɢ ɨɩɢɫɚɧɵ ɨɫɧɨɜɧɵɟ ɜɵɜɨɞɵ ɩɨ ɞɢɫɫɟɪɬɚɰɢɨɧɧɨɣ ɪɚɛɨɬɟ. 
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Ƚɥɚɜɚ 1 Ʌɢɬɟɪɚɬɭɪɧɵɣ ɨɛɡɨɪ 

1.1 Ɉɛɡɨɪ ɱɢɫɥɟɧɧɵɯ ɢ ɬɟɨɪɟɬɢɱɟɫɤɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ЭȼɌ ɩɪɢ ɨɬɫɭɬɫɬɜɢɢ 

ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ 

ɉɨɞɪɨɛɧɵɣ ɨɛɡɨɪ ɤɥɚɫɫɢɱɟɫɤɢɯ ɱɢɫɥɟɧɧɵɯ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɪɚɛɨɬ ɩɨ 

ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɦ ɬɟɱɟɧɢɹɦ ɜɵɩɨɥɧɟɧ ɜ ɞɢɫɫɟɪɬɚɰɢɢ Д56Ж. ȼ ɧɚɫɬɨɹɳɟɦ ɪɚɡɞɟɥɟ ɢɡ-

ɥɨɠɟɧɵ ɪɟɡɭɥɶɬɚɬɵ, ɧɚɢɛɨɥɟɟ ɫɭɳɟɫɬɜɟɧɧɵɟ ɞɥɹ ɩɨɫɬɚɧɨɜɤɢ ɡɚɞɚɱ ɞɚɧɧɨɣ ɞɢɫɫɟɪɬɚ-

ɰɢɢ, ɫ ɭɱɟɬɨɦ ɛɨɥɟɟ ɩɨɡɞɧɢɯ ɩɭɛɥɢɤɚɰɢɣ Д73; 77; 85–95]. 

ȼ ɪɚɛɨɬɟ Д57Ж ɢɫɫɥɟɞɨɜɚɥɨɫɶ ɪɚɫɬɟɤɚɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɜ ɷɥɟɤɬɪɨɩɪɨɜɨ-

ɞɹɳɟɣ ɠɢɞɤɨɫɬɢ ɨɬ ɬɨɱɟɱɧɨɝɨ ɢɫɬɨɱɧɢɤɚ ɜ ɩɨɥɭɩɪɨɫɬɪɚɧɫɬɜɨ (ɪɢɫɭɧɨɤ 1.1). Ɂɚɞɚɱɚ 

ɪɟɲɚɥɚɫɶ ɜ ɫɬɨɤɫɨɜɨɦ ɩɪɢɛɥɢɠɟɧɢɢ ɩɪɢ ɦɚɥɵɯ ɡɧɚɱɟɧɢɹɯ ɩɚɪɚɦɟɬɪɚ S < 100. ɑɢɫɥɨ 

S ɹɜɥɹɟɬɫɹ ɚɧɚɥɨɝɨɦ ɱɢɫɥɚ Ɋɟɣɧɨɥɶɞɫɚ ɜ ɗȼɌ ɢ ɧɚɡɵɜɚɟɬɫɹ ɩɚɪɚɦɟɬɪɨɦ ɷɥɟɤɬɪɨɜɢɯ-

ɪɟɜɨɝɨ ɬɟɱɟɧɢɹ, ɚ ɜɵɪɚɠɟɧɢɟ ɞɥɹ ɧɟɝɨ ɢɦɟɟɬ ɜɢɞμ 

                  (1.1) 

 

 

Ɋɢɫɭɧɨɤ 1.1 – Ɇɨɞɟɥɶ ɪɚɫɬɟɤɚɧɢɹ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɨɬ ɬɨɱɟɱɧɨɝɨ ɢɫɬɨɱɧɢɤɚ ɜ 

ɩɨɥɭɩɪɨɫɬɪɚɧɫɬɜɨ [57]. 

ȼ Д58; 59Ж ɩɨɥɭɱɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ ɨ ɪɚɫɬɟɤɚɧɢɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ 

ɬɨɤɚ ɨɬ ɬɨɱɟɱɧɨɝɨ ɢɫɬɨɱɧɢɤɚ. ɂɫɫɥɟɞɨɜɚɧɢɹ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɩɚɪɚɦɟɬɪɚ 

ɗȼɌ ɫɤɨɪɨɫɬɶ ɬɟɱɟɧɢɹ ɜɨɡɪɚɫɬɚɟɬ. ɉɪɢ ɷɬɨɦ ɫɧɚɱɚɥɚ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɬɟɱɟɧɢɹ ɢɦɟɟɬ 

ɡɚɜɢɫɢɦɨɫɬɶ, ɛɥɢɡɤɭɸ ɤ ɥɢɧɟɣɧɨɣ, ɚ ɡɚɬɟɦ ɪɨɫɬ ɫɤɨɪɨɫɬɢ ɬɟɱɟɧɢɹ ɭɫɢɥɢɜɚɟɬɫɹ ɢ ɩɪɢ 
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ɡɧɚɱɟɧɢɢ Sɤɪ ~ 150 ɧɚɛɥɸɞɚɟɬɫɹ ɪɟɡɤɨɟ ɜɨɡɪɚɫɬɚɧɢɟ ɫɤɨɪɨɫɬɢ ɬɟɱɟɧɢɹ. ɗɬɨɬ ɷɮɮɟɤɬ 

ɚɜɬɨɪ ɫɜɹɡɵɜɚɟɬ ɫ ɬɟɦ, ɱɬɨ ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɪɨɜɨɞɢɥɨɫɶ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɷɥɟɤɬɪɨɞɢ-

ɧɚɦɢɱɟɫɤɨɝɨ ɩɪɢɛɥɢɠɟɧɢɹ (ɬɨɤɢ, ɢɧɞɭɰɢɪɨɜɚɧɧɵɟ ɞɜɢɠɟɧɢɟɦ ɷɥɟɤɬɪɨɩɪɨɜɨɞɹɳɟɣ 

ɫɪɟɞɵ, ɧɟ ɭɱɢɬɵɜɚɥɢɫɶ). 

ȼ ɪɚɛɨɬɟ Д60] ɛɵɥɨ ɜɵɩɨɥɧɟɧɨ ɱɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɗȼɌ ɫ ɭɱɟɬɨɦ ɧɟɥɢ-

ɧɟɣɧɨɝɨ ɱɥɟɧɚ ɭɪɚɜɧɟɧɢɹ ɞɜɢɠɟɧɢɹ, ɜ ɞɚɧɧɨɦ ɫɥɭɱɚɟ ɪɚɫɫɦɚɬɪɢɜɚɥɚɫɶ ɡɚɞɚɱɚ ɨ ɪɚɫ-

ɬɟɤɚɧɢɢ ɬɨɤɚ ɨɬ ɬɨɱɟɱɧɨɝɨ ɢɫɬɨɱɧɢɤɚ ɜ ɩɨɥɭɫɮɟɪɢɱɟɫɤɭɸ ɨɛɥɚɫɬɶ. Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢ-

ɫɭɧɤɚ 1.2, ɬɟɱɟɧɢɟ ɢɦɟɟɬ ɮɨɪɦɭ ɬɨɪɨɢɞɚɥɶɧɨɝɨ ɜɢɯɪɹ, ɧɚɩɪɚɜɥɟɧɧɨɝɨ ɜɧɢɡ ɧɚ ɨɫɢ 

ɫɢɦɦɟɬɪɢɢ. ɉɪɢ ɷɬɨɦ ɫ ɪɨɫɬɨɦ ɩɚɪɚɦɟɬɪɚ S ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɗȼɌ ɜ ɨɤɪɟɫɬɧɨɫɬɢ ɨɫɢ 

ɪɟɡɤɨ ɜɨɡɪɚɫɬɚɟɬ, ɱɬɨ ɫɨɩɪɨɜɨɠɞɚɟɬɫɹ ɪɨɫɬɨɦ ɯɚɪɚɤɬɟɪɧɵɯ ɫɤɨɪɨɫɬɟɣ ɢ ɭɯɭɞɲɟɧɢɟɦ 

ɱɢɫɥɟɧɧɨɣ ɫɯɨɞɢɦɨɫɬɢ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɚɜɬɨɪɚɦ ɭɞɚɥɨɫɶ ɩɨɥɭɱɢɬɶ ɪɟɲɟɧɢɹ ɬɨɥɶɤɨ ɞɥɹ 

ɡɧɚɱɟɧɢɣ S, ɧɟɫɤɨɥɶɤɨ ɦɟɧɶɲɢɯ ɤɪɢɬɢɱɟɫɤɢɯ. 

 

Ɋɢɫɭɧɨɤ 1.2 – Ʌɢɧɢɢ ɬɨɤɚ ɠɢɞɤɨɫɬɢ ɩɪɢ ɪɚɫɬɟɤɚɧɢɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɨɬ 

ɬɨɱɟɱɧɨɝɨ ɢɫɬɨɱɧɢɤɚ ɜ ɨɝɪɚɧɢɱɟɧɧɭɸ ɩɨɥɭɫɮɟɪɢɱɟɫɤɭɸ ɨɛɥɚɫɬɶ [60]. 

ȼ ɬɪɭɞɚɯ Д61; 62Ж ɛɵɥɚ ɪɟɲɟɧɚ ɡɚɞɚɱɚ, ɤɨɝɞɚ ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɬɨɤ ɪɚɫɩɪɨɫɬɪɚ-

ɧɹɥɫɹ ɨɬ ɦɚɥɨɝɨ ɷɥɟɤɬɪɨɞɚ ɪɚɞɢɭɫɨɦ R1 ɜ ɩɨɥɭɫɮɟɪɢɱɟɫɤɭɸ ɨɛɥɚɫɬɶ ɪɚɞɢɭɫɨɦ R2. 

Ȼɵɥɨ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɜ ɦɨɞɟɥɢ ɷɥɟɤɬɪɨɞɚ ɤɨɧɟɱɧɨɝɨ ɪɚɡɦɟɪɚ ɧɟ ɪɟɲɚɟɬ 

ɩɪɨɛɥɟɦɵ ɫɯɨɞɢɦɨɫɬɢ ɢ ɱɪɟɡɦɟɪɧɨɝɨ ɜɨɡɪɚɫɬɚɧɢɹ ɫɤɨɪɨɫɬɢ ɬɟɱɟɧɢɹ ɧɚ ɨɫɢ ɫɢɦɦɟɬ-

ɪɢɢ, ɚ ɥɢɲɶ ɨɬɨɞɜɢɝɚɟɬ ɡɧɚɱɟɧɢɟ Sɤɪ ɜ ɨɛɥɚɫɬɶ ɛɨɥɶɲɢɯ ɡɧɚɱɟɧɢɣ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, 

ɛɵɥɨ ɩɨɥɭɱɟɧɨ, ɱɬɨ ɱɟɦ ɛɨɥɶɲɟ ɪɚɡɦɟɪ ɦɚɥɨɝɨ ɷɥɟɤɬɪɨɞɚ, ɬɟɦ ɛɨɥɶɲɟ ɛɵɥɨ ɡɧɚɱɟ-

ɧɢɟ Sɤɪ (ɧɚɩɪɢɦɟɪ, ɞɥɹ R1/R2 = 0.5 ɡɧɚɱɟɧɢɟ Sɤɪ = 1.5×10
5). ɉɪɢ ɷɬɨɦ ɫɥɟɞɭɟɬ ɨɬɦɟ-

ɬɢɬɶ, ɱɬɨ ɯɚɪɚɤɬɟɪɧɵɟ ɡɧɚɱɟɧɢɹ ɩɚɪɚɦɟɬɪɚ S ɜ ɩɥɚɜɢɥɶɧɵɯ ɚɝɪɟɝɚɬɚɯ ɫɨɫɬɚɜɥɹɸɬ 

~10
9–10

12
. 
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ɉɨɫɤɨɥɶɤɭ ɜ ɩɪɨɦɵɲɥɟɧɧɵɯ ɭɫɥɨɜɢɹɯ ɯɚɪɚɤɬɟɪɧɵɟ ɡɧɚɱɟɧɢɹ S ɨɬɧɨɫɢɬɟɥɶɧɨ 

ɜɟɥɢɤɢ, ɜɚɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɝɪɚɧɢɰɵ ɪɚɡɥɢɱɧɵɯ ɆȽȾ ɩɪɢɛɥɢɠɟɧɢɣ ɩɪɢ ɱɢɫɥɟɧɧɨɦ 

ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɗȼɌ. ȼ Д63] ɪɚɫɫɦɨɬɪɟɧ ɩɪɚɤɬɢɱɟɫɤɢ ɜɚɠɧɵɣ ɜɨɩɪɨɫ ɨ ɝɪɚɧɢɰɚɯ 

ɩɪɢɦɟɧɢɦɨɫɬɢ ɗȾ ɩɪɢɛɥɢɠɟɧɢɹ ɩɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɯ ɬɟɱɟɧɢɣ. ȼ 

ɪɚɛɨɬɟ ɪɚɫɫɦɚɬɪɢɜɚɥɢɫɶ ɗȾ ɢ Ȼɂ ɩɪɢɛɥɢɠɟɧɢɹ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɞɥɹ ɡɚɞɚɱ ɫ ɨɬɫɭɬɫɬ-

ɜɢɟɦ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɨɟ ɩɪɢɛɥɢɠɟɧɢɟ ɩɪɢɦɟɧɢɦɨ ɞɨ 

ɡɧɚɱɟɧɢɹ ɩɚɪɚɦɟɬɪɚ ɗȼɌ S < 10
12

. ȼ ɪɚɛɨɬɟ ɭɤɚɡɚɧɨ, ɱɬɨ ɦɨɠɧɨ ɬɚɤɠɟ ɩɨɥɭɱɢɬɶ ɢɧ-

ɮɨɪɦɚɰɢɸ ɨ ɩɪɢɦɟɧɢɦɨɫɬɢ ɗȾ ɩɪɢɛɥɢɠɟɧɢɹ ɩɪɢ ɧɚɥɢɱɢɢ ɜɧɟɲɧɟɝɨ Ɇɉ, ɨɞɧɚɤɨ 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɟ ɫɨɨɬɧɨɲɟɧɢɟ ɧɟ ɩɪɢɜɨɞɢɬɫɹ. Ɍɚɤɠɟ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɛɵɫɬɪɵɣ ɪɨɫɬ 

ɫɤɨɪɨɫɬɢ ɩɪɢ S ~ Sɤɪ, ɨɬɦɟɱɟɧɧɵɣ ɜ Д58; 59Ж, ɨɛɭɫɥɨɜɥɟɧ ɜ ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ ɨɝɪɚɧɢɱɟ-

ɧɢɹɦɢ ɱɢɫɥɟɧɧɨɣ ɦɟɬɨɞɢɤɢ, ɚ ɧɟ ɧɚɪɭɲɟɧɢɟɦ ɩɪɢɦɟɧɢɦɨɫɬɢ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɨɝɨ 

ɩɪɢɛɥɢɠɟɧɢɹ. 

ȼ ɪɚɛɨɬɟ [64Ж ɢɫɫɥɟɞɨɜɚɧɨ ɜɥɢɹɧɢɟ ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɣ ɧɚ ɫɜɨɛɨɞɧɨɣ ɩɨɜɟɪɯ-

ɧɨɫɬɢ ɧɚ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɷɥɟɤɬɪɨɜɢɯɪɟɜɨɝɨ ɬɟɱɟɧɢɹ ɜ ɩɨɥɭɫɮɟɪɢɱɟɫɤɨɦ ɤɨɧɬɟɣɧɟɪɟ. 

Ȼɵɥɢ ɪɚɫɫɦɨɬɪɟɧɵ ɤɨɦɛɢɧɢɪɨɜɚɧɧɵɟ ɫɥɭɱɚɢ ɫɜɨɛɨɞɧɨɣ/ɬɜɟɪɞɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɞɥɹ 

ɰɟɧɬɪɚɥɶɧɨɣ ɨɛɥɚɫɬɢ ɢ ɩɟɪɢɮɟɪɢɢ, ɱɬɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɦɨɞɟɥɢɪɨɜɚɧɢɸ ɪɟɠɢɦɨɜ 

ɷɥɟɤɬɪɨɲɥɚɤɨɜɨɝɨ ɢ ɷɥɟɤɬɪɨɞɭɝɨɜɨɝɨ ɩɟɪɟɩɥɚɜɚ. ȼ ɞɢɚɩɚɡɨɧɟ S < 10
12

 ɬɟɱɟɧɢɟ ɢɦɟɟɬ 

ɬɨɪɨɢɞɚɥɶɧɭɸ ɫɬɪɭɤɬɭɪɭ ɫ ɧɢɫɯɨɞɹɳɢɦ ɩɨɬɨɤɨɦ ɜ ɡɨɧɟ ɦɚɥɨɝɨ ɷɥɟɤɬɪɨɞɚ, ɜɦɟɫɬɟ ɫ 

ɬɟɦ ɞɥɹ S > 10
5
 ɦɚɤɫɢɦɭɦ ɫɤɨɪɨɫɬɢ ɫɦɟɳɚɟɬɫɹ ɜ ɩɟɪɢɮɟɪɢɣɧɭɸ ɨɛɥɚɫɬɶ. ɉɪɢ ɷɬɨɦ 

ɩɨɥɭɱɟɧɨ, ɱɬɨ ɜ ɫɬɨɤɫɨɜɨɦ ɪɟɠɢɦɟ ɬɟɱɟɧɢɹ ɫɤɨɪɨɫɬɶ ɗȼɌ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɚ ɩɚɪɚ-

ɦɟɬɪɭ S, ɞɚɧɧɨɟ ɭɫɥɨɜɢɟ ɜɵɩɨɥɧɹɟɬɫɹ ɞɨ S = 10
4. Ɂɚɬɟɦ ɧɚɫɬɭɩɚɟɬ ɧɟɥɢɧɟɣɧɵɣ ɪɟ-

ɠɢɦ ɬɟɱɟɧɢɹ (ɩɪɢ S = 10
5–10

7), ɩɪɢ ɷɬɨɦ ɫɤɨɪɨɫɬɶ ɗȼɌ ɢɦɟɟɬ ɪɚɫɩɪɟɞɟɥɟɧɢɟ U ~ S
0.5

. 

ȼ ɫɬɚɬɶɟ Д65Ж ɪɟɲɚɥɚɫɶ ɡɚɞɚɱɚ ɢɫɫɥɟɞɨɜɚɧɢɹ ɫɬɪɭɤɬɭɪɵ ɗȼɌ ɩɪɢ ɷɥɟɤɬɪɨɲɥɚ-

ɤɨɜɨɦ ɩɟɪɟɩɥɚɜɟ ɢ ɷɥɟɤɬɪɨɲɥɚɤɨɜɨɣ ɫɜɚɪɤɟ, ɚ ɯɚɪɚɤɬɟɪɧɨɟ ɨɬɧɨɲɟɧɢɟ ɪɚɞɢɭɫɨɜ ɦɚ-

ɥɨɝɨ ɢ ɛɨɥɶɲɨɝɨ ɷɥɟɤɬɪɨɞɚ R1/R2 ɫɨɫɬɚɜɥɹɥɨ 0.1–0.2 ɢ 0.6–0.8 ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɡɧɚɱɟ-

ɧɢɟ ɩɚɪɚɦɟɬɪɚ S ɧɚɯɨɞɢɥɨɫɶ ɜ ɞɢɚɩɚɡɨɧɟ 10
2–10

10
. ɋɬɪɭɤɬɭɪɚ ɬɟɱɟɧɢɹ ɩɪɟɞɫɬɚɜɥɟɧɚ 

ɧɚ ɪɢɫɭɧɤɟ 1.3, ɩɪɢ ɷɬɨɦ ɤɨɝɞɚ R1/R2 = 0.2, ɗȼɌ ɢɦɟɟɬ ɜɢɞ ɨɫɟɜɨɣ ɫɬɪɭɢ ɜɞɨɥɶ ɨɫɢ z, 

ɚ ɞɥɹ R1/R2 = 0.8 ɫɬɪɭɹ ɪɚɫɲɢɪɹɟɬɫɹ ɩɪɢɦɟɪɧɨ ɞɨ 0.8Umax, ɚ ɧɚ ɩɟɪɢɮɟɪɢɢ ɢɦɟɟɬ ɦɟ-

ɫɬɨ ɜɨɡɜɪɚɬɧɨɟ ɬɟɱɟɧɢɟ ɠɢɞɤɨɫɬɢ. Ⱦɥɹ S < 10
3
 ɦɚɤɫɢɦɭɦ ɫɤɨɪɨɫɬɢ ɬɟɱɟɧɢɹ ɧɚɯɨɞɢɬ-

ɫɹ ɧɚ ɨɫɢ ɫɢɦɦɟɬɪɢɢ, ɚ ɩɪɢ ɜɨɡɪɚɫɬɚɧɢɢ ɩɚɪɚɦɟɬɪɚ S ɦɚɤɫɢɦɭɦ ɫɦɟɳɚɟɬɫɹ ɨɬ ɨɫɢ 
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ɫɢɦɦɟɬɪɢɢ, ɚ ɫɦɟɳɟɧɢɟ ɞɨɫɬɢɝɚɟɬ ɦɚɤɫɢɦɭɦɚ ɩɪɢ S ~ 10
6. ɉɪɢ ɞɚɥɶɧɟɣɲɟɦ ɭɜɟɥɢ-

ɱɟɧɢɢ ɩɚɪɚɦɟɬɪɚ ɗȼɌ ɪɟɲɟɧɢɟ ɫɬɚɧɨɜɢɬɫɹ ɚɜɬɨɦɨɞɟɥɶɧɵɦ, ɫ ɧɨɪɦɢɪɨɜɚɧɢɟɦ ɩɨɥɹ 

ɩɨɥɧɨɣ ɫɤɨɪɨɫɬɢ U/S
0.5

. 

 

Ɋɢɫɭɧɨɤ 1.3 – ȼɥɢɹɧɢɟ ɫɨɨɬɧɨɲɟɧɢɹ ɪɚɞɢɭɫɨɜ ɷɥɟɤɬɪɨɞɨɜ ɢ ɩɚɪɚɦɟɬɪɚ S ɧɚ 

ɫɬɪɭɤɬɭɪɭ ɩɨɥɹ ɫɤɨɪɨɫɬɟɣ, ɨɫɟɜɚɹ ɤɨɦɩɨɧɟɧɬɚ ɩɨɤɚɡɚɧɚ ɫɩɥɨɲɧɵɦɢ ɥɢɧɢɹɦɢ, 

ɪɚɞɢɚɥɶɧɚɹ – ɩɭɧɤɬɢɪɧɵɦɢ. ɚ) R1/R2 = 0.2, S = 10
2, ɛ) R1/R2 = 0.2, S  ≥ 10

6, ɜ) 

R1/R2 = 0.8, S ≥10
2, ɝ) R1/R2 = 0.8, S ≥ 10

6
 [67]. 

Ɋɚɛɨɬɚ Д66Ж ɹɜɥɹɟɬɫɹ ɩɪɨɞɨɥɠɟɧɢɟɦ Д65Ж. ȼ ɧɟɣ ɢɫɫɥɟɞɭɟɬɫɹ ɜɥɢɹɧɢɟ ɝɥɭɛɢɧɵ 

ɪɚɛɨɱɟɣ ɜɚɧɧɵ ɧɚ ɫɬɪɭɤɬɭɪɭ ɗȼɌ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɝɥɭɛɢɧɵ ɜɚɧɧɵ 

ɫɬɪɭɤɬɭɪɚ ɬɟɱɟɧɢɹ ɩɟɪɟɯɨɞɢɬ ɨɬ ɫɥɨɠɧɨɝɨ ɜɢɯɪɟɜɨɝɨ ɤ ɫɬɪɭɣɧɨɦɭ.  

ɉɨɫɤɨɥɶɤɭ ɜ ɛɨɥɶɲɢɧɫɬɜɟ ɩɪɨɦɵɲɥɟɧɧɵɯ ɩɪɢɥɨɠɟɧɢɣ ɗȼɌ ɩɪɨɬɟɤɚɸɬ ɜ ɬɭɪ-

ɛɭɥɟɧɬɧɨɦ ɪɟɠɢɦɟ, ɩɪɢ ɱɢɫɥɟɧɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɤɪɢɬɢɱɧɵɦ ɫɬɚɧɨɜɢɬɫɹ ɜɵɛɨɪ 

ɚɞɟɤɜɚɬɧɨɣ ɦɨɞɟɥɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ. ȼ ɪɚɛɨɬɟ Д67] ɫɨɩɨɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟ-

ɬɨɜ, ɜɵɩɨɥɧɟɧɧɵɯ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɦɨɞɟɥɟɣ k–Ȧ ɢ k–ε. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɤɪɨɦɟ ɦɨɞɟɥɢ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɡɚɞɚɱɚ ɱɭɜɫɬɜɢɬɟɥɶɧɚ ɤ ɢɫɩɨɥɶɡɭɟɦɨɣ ɪɚɡɧɨɫɬɧɨɣ ɫɯɟɦɟ (ɪɢɫɭɧɨɤ 

1.4). ȼɵɹɜɥɟɧɨ, ɱɬɨ k–ε ɦɨɞɟɥɶ ɦɨɠɟɬ ɛɵɬɶ ɦɨɞɢɮɢɰɢɪɨɜɚɧɚ ɢ ɚɞɚɩɬɢɪɨɜɚɧɚ ɞɥɹ 

ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɗȼɌ. 

ɉɨɦɢɦɨ ɗȼɌ, ɧɚ ɫɬɪɭɤɬɭɪɭ ɬɟɱɟɧɢɹ ɜ ɤɨɧɬɟɣɧɟɪɟ ɫ ɠɢɞɤɢɦ ɦɟɬɚɥɥɨɦ ɦɨɠɟɬ 

ɜɥɢɹɬɶ ɫɜɨɛɨɞɧɚɹ ɤɨɧɜɟɤɰɢɹ, ɜɨɡɧɢɤɚɸɳɚɹ ɩɪɢ ɧɟɨɞɧɨɪɨɞɧɨɦ ɧɚɝɪɟɜɟ ɪɚɫɩɥɚɜɚ 

ɷɥɟɤɬɪɢɱɟɫɤɢɦ ɬɨɤɨɦ ɢɥɢ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɞɭɝɨɣ. Ɉɛɫɭɠɞɟɧɢɟ ɞɚɧɧɨɝɨ ɦɟɯɚɧɢɡɦɚ ɢ 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɨɰɟɧɤɢ ɩɪɢɜɟɞɟɧɵ ɜ Д1ν 7Ж ɧɚ ɨɫɧɨɜɟ ɪɟɡɭɥɶɬɚɬɨɜ ɪɚɛɨɬɵ Д68]. 

ȼɥɢɹɧɢɟ ɫɜɨɛɨɞɧɨɣ ɤɨɧɜɟɤɰɢɢ ɧɚ ɗȼɌ ɛɨɥɟɟ ɞɟɬɚɥɶɧɨ ɩɪɨɚɧɚɥɢɡɢɪɨɜɚɧɨ ɜ Д69Ж, ɝɞɟ 
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Ɋɢɫɭɧɨɤ 1.4 – Ʌɢɧɢɢ ɭɪɨɜɧɹ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɩɪɢ ɪɚɡɥɢɱɧɨɦ ɫɨɨɬɧɨɲɟɧɢɢ 

ɪɚɞɢɭɫɨɜ ɷɥɟɤɬɪɨɞɨɜ ɢ ɩɚɪɚɦɟɬɪɟ S. ɚ) R1/R2 = 0.3, S = 10
3, ɫɯɟɦɚ ɫ ɪɚɡɧɨɫɬɹɦɢ 

ɩɪɨɬɢɜ ɩɨɬɨɤɚ (ɋɊɉɉ) – ɫɩɥɨɲɧɵɟ ɥɢɧɢɢ, ɫɯɟɦɚ ɋɚɦɚɪɫɤɨɝɨ (ɋɋ) – ɩɭɧɤɬɢɪɧɵɟ 

ɥɢɧɢɢ, ɛ) R1/R2 = 0.2, S = 10
8, ɫɩɥɨɲɧɵɟ ɥɢɧɢɢ – k–Ȧ ɦɨɞɟɥɶ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ, 

ɲɬɪɢɯɩɭɧɤɬɢɪɧɵɟ – k–ε ɦɨɞɟɥɶ, ɋɋ – ɩɭɧɤɬɢɪɧɵɟ ɥɢɧɢɢ, ɋɊɉɉ – ɥɢɧɢɢ ɫ 

ɦɚɪɤɟɪɚɦɢ (ɤɪɭɠɤɢ) [67]. 

ɫɨɨɬɧɨɲɟɧɢɟ R1/R2 ɧɚɯɨɞɢɥɨɫɶ ɜ ɞɢɚɩɚɡɨɧɟ 0.3–0.8, ɚ ɩɚɪɚɦɟɬɪ ɗȼɌ S = 10
6–10

8, ɩɪɢ 

ɷɬɨɦ Pr ɢɡɦɟɧɹɥɫɹ ɜ ɩɪɟɞɟɥɚɯ 15–150, ɚ ɱɢɫɥɨ Ɋɟɥɟɹ 109–10
12

. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɜɦɟɫɬɟ ɫ 

ɗȼɌ ɜ ɜɚɧɧɟ ɫ ɠɢɞɤɢɦ ɦɟɬɚɥɥɨɦ ɜɨɡɧɢɤɚɟɬ ɜɬɨɪɢɱɧɵɣ ɜɢɯɪɶ ɫ ɩɪɨɬɢɜɨɩɨɥɨɠɧɵɦ 

ɧɚɩɪɚɜɥɟɧɢɟɦ ɜɪɚɳɟɧɢɹ. Ɋɟɡɭɥɶɬɚɬɵ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɨ 

ɬɨɦ, ɱɬɨ ɫɬɪɭɤɬɭɪɚ ɬɟɱɟɧɢɹ ɡɚɜɢɫɢɬ ɨɬ ɜɫɟɯ ɪɟɠɢɦɧɵɯ ɩɚɪɚɦɟɬɪɨɜ, ɩɪɢ ɷɬɨɦ ɫ 

ɭɦɟɧɶɲɟɧɢɟɦ ɫɨɨɬɧɨɲɟɧɢɹ ɪɚɞɢɭɫɨɜ ɷɥɟɤɬɪɨɞɨɜ ɢɥɢ ɭɜɟɥɢɱɟɧɢɟɦ Pr ɭɫɢɥɢɜɚɟɬɫɹ 

ɜɥɢɹɧɢɟ ɫɜɨɛɨɞɧɨɣ ɤɨɧɜɟɤɰɢɢ ɧɚ ɩɪɨɰɟɫɫ ɬɟɩɥɨɩɟɪɟɧɨɫɚ. Ɍɚɤɠɟ ɨɛɧɚɪɭɠɟɧɨ, ɱɬɨ 

ɩɪɢ ɧɟɤɨɬɨɪɵɯ ɡɧɚɱɟɧɢɹɯ ɪɟɠɢɦɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɜɨɡɦɨɠɧɨ ɜɨɡɧɢɤɧɨɜɟɧɢɟ ɤɨɥɟɛɚ-

ɬɟɥɶɧɨɝɨ ɪɟɠɢɦɚ ɬɟɱɟɧɢɹ, ɤɨɝɞɚ ɜɢɯɪɶ, ɜɵɡɜɚɧɧɵɣ ɫɜɨɛɨɞɧɨɣ ɤɨɧɜɟɤɰɢɟɣ, ɜɡɚɢɦɨ-

ɞɟɣɫɬɜɭɟɬ ɫ ɗȼɌ, ɢ ɧɚɛɥɸɞɚɸɬɫɹ ɧɢɡɤɨɱɚɫɬɨɬɧɵɟ ɤɨɥɟɛɚɧɢɹ, ɜɵɡɜɚɧɧɵɟ ɷɬɢɦ ɜɡɚɢ-

ɦɨɞɟɣɫɬɜɢɟɦ (ɪɢɫɭɧɨɤ 1.5). 

ȼ ɪɚɛɨɬɚɯ Д70–72Ж ɛɵɥɚ ɢɡɭɱɟɧɚ ɫɬɪɭɤɬɭɪɚ ɬɟɱɟɧɢɹ ɜ ɞɜɭɯɫɥɨɣɧɨɣ ɷɥɟɤɬɪɨɩɪɨ-

ɜɨɞɹɳɟɣ ɠɢɞɤɨɫɬɢ (ɲɥɚɤ – ɠɢɞɤɢɣ ɦɟɬɚɥɥ). ɉɨɤɚɡɚɧɨ, ɱɬɨ ɬɟɱɟɧɢɟ ɢɦɟɟɬ ɜɢɞ, ɩɪɟɞ-

ɫɬɚɜɥɟɧɧɵɣ ɧɚ ɪɢɫɭɧɤɟ 1.6. ɉɨɥɭɱɟɧɵ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɩɨɥɟɣ ɮɭɧɤɰɢɢ ɬɨɤɚ ȥ, ɡɚɜɢɯ-

ɪɟɧɧɨɫɬɢ ɫɤɨɪɨɫɬɢ Ȧ ɢ ɤɨɦɩɨɧɟɧɬ ɫɤɨɪɨɫɬɢ, ɚ ɬɚɤɠɟ ɢɡɭɱɟɧɵ ɦɟɯɚɧɢɡɦɵ ɩɟɪɟɧɨɫɚ 

ɢɦɩɭɥɶɫɚ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɫɨɨɬɧɨɲɟɧɢɹ ɬɨɥɳɢɧ ɫɥɨɟɜ ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɠɢɞɤɨɫɬɟɣ. 
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Ɋɢɫɭɧɨɤ 1.5 – ȼɥɢɹɧɢɟ ɛɟɡɪɚɡɦɟɪɧɨɝɨ ɱɢɫɥɚ Ɏɭɪɶɟ (Fo) ɧɚ ɦɚɤɫɢɦɚɥɶɧɵɣ ɦɨɞɭɥɶ 

ɮɭɧɤɰɢɢ ɬɨɤɚ ɩɪɢ ɧɚɥɢɱɢɢ ɜ ɗȼɌ ɫɜɨɛɨɞɧɨɣ ɤɨɧɜɟɤɰɢɢ. ɋɩɥɨɲɧɚɹ ɥɢɧɢɹ – 

ɦɚɤɫɢɦɭɦ ɜ ɰɟɧɬɪɟ ɷɥɟɤɬɪɨɜɢɯɪɟɜɨɝɨ ɬɟɱɟɧɢɹ, ɲɬɪɢɯɨɜɚɹ ɥɢɧɢɹ – ɦɚɤɫɢɦɭɦ ɜ 

ɰɟɧɬɪɟ ɜɢɯɪɹ ɨɬ ɫɜɨɛɨɞɧɨɣ ɤɨɧɜɟɤɰɢɢ. R1/R2 = 0.8, S = 10
8
, Pr = 15. ɚ) Ra = 10

11
 ɢ 

θ = 0.0015 (ɛɟɡɪɚɡɦɟɪɧɚɹ ɬɟɦɩɟɪɚɬɭɪɚ ɧɚ ɨɫɢ), ɛ) Ra = 10
12

 ɢ θ = 0.002 [69]. 

 

Ɋɢɫɭɧɨɤ 1.6 – ɋɯɟɦɚ ɗɒɉ ɫ ɯɚɪɚɤɬɟɪɧɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ ɬɟɱɟɧɢɹ. I – ɲɥɚɤ, 

II – ɠɢɞɤɢɣ ɦɟɬɚɥɥ, III – ɤɪɢɫɬɚɥɥɢɡɚɬɨɪ. 1 – ɗȼɌ ɜ ɨɛɴɟɦɟ ɲɥɚɤɚ, 2, 3 – ɗȼɌ ɢ 

ɜɬɨɪɢɱɧɵɣ ɜɢɯɪɶ ɜ ɪɚɫɩɥɚɜɟ [70–72]. 

ȼ ɫɬɚɬɶɟ Д73Ж ɱɢɫɥɟɧɧɨ ɪɟɲɚɥɨɫɶ ɭɪɚɜɧɟɧɢɟ ɞɜɢɠɟɧɢɹ ɜ ɛɟɡɪɚɡɦɟɪɧɨɦ ɜɢɞɟ ɫ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɥɚɦɢɧɚɪɧɨɣ ɦɨɞɟɥɢ. ɉɨɥɭɱɟɧɚ ɫɬɪɭɤɬɭɪɚ ɬɟɱɟɧɢɹ ɜ ɤɨɧɬɟɣɧɟɪɟ ɩɨ-
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ɥɭɫɮɟɪɢɱɟɫɤɨɣ ɮɨɪɦɵ. Ȼɵɥɢ ɢɫɫɥɟɞɨɜɚɧɵ ɪɟɠɢɦɵ ɫɨ ɡɧɚɱɟɧɢɟɦ ɩɚɪɚɦɟɬɪɚ ɗȼɌ    = 200 ɢ 3000, ɚ ɫɨɨɬɧɨɲɟɧɢɟ ɪɚɡɦɟɪɨɜ ɦɚɥɨɝɨ ɢ ɛɨɥɶɲɨɝɨ ɷɥɟɤɬɪɨɞɨɜ R1/R2 ɫɨ-

ɫɬɚɜɥɹɥɨ 0.1, 0.01 ɢ 0.001. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɞɥɹ ɡɧɚɱɟɧɢɹ    = 3000, ɧɚ ɩɟɪɢɮɟɪɢɢ ɪɚ-

ɛɨɱɟɣ ɜɚɧɧɵ, ɪɹɞɨɦ ɫ ɩɨɜɟɪɯɧɨɫɬɶɸ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɜɨɡɦɨɠɧɨ ɜɨɡɧɢɤɧɨɜɟɧɢɟ ɜɢɯ-

ɪɟɣ Ɇɨɮɮɚɬɚ.  

1.2 Ɉɛɡɨɪ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ 

ȼ ɥɚɛɨɪɚɬɨɪɧɵɯ ɭɫɥɨɜɢɹɯ, ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɫɩɥɚɜɨɜ ɫ ɧɢɡɤɨɣ ɬɟɦɩɟɪɚɬɭɪɨɣ 

ɩɥɚɜɥɟɧɢɹ, ɭɫɥɨɜɢɹ ɷɤɫɩɟɪɢɦɟɧɬɚ ɨɛɥɟɝɱɚɸɬɫɹ, ɨɞɧɚɤɨ ɫɨɯɪɚɧɹɸɬɫɹ ɡɧɚɱɢɬɟɥɶɧɵɟ 

ɦɟɬɨɞɢɱɟɫɤɢɟ ɫɥɨɠɧɨɫɬɢ. ɉɨɷɬɨɦɭ ɱɢɫɥɨ ɩɭɛɥɢɤɚɰɢɣ, ɩɨɫɜɹɳɟɧɧɵɯ ɷɤɫɩɟɪɢɦɟɧ-

ɬɚɥɶɧɨɦɭ ɚɧɚɥɢɡɭ ɗȼɌ, ɨɫɬɚɟɬɫɹ ɫɪɚɜɧɢɬɟɥɶɧɨ ɧɟɜɟɥɢɤɨ. 

ȼ ɪɚɛɨɬɟ [74Ж ɛɵɥɢ ɩɪɨɜɟɞɟɧɵ ɞɜɚ ɜɢɞɚ ɨɩɵɬɨɜ. ȼ ɩɟɪɜɨɦ ɫɥɭɱɚɟ ɪɚɛɨɱɚɹ ɜɚɧ-

ɧɚ, ɫɨɫɬɨɹɳɚɹ ɢɡ ɞɜɭɯ ɟɦɤɨɫɬɟɣ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɢ ɩɪɹɦɨɭɝɨɥɶɧɨɣ, ɛɵɥɚ ɡɚɩɨɥɧɟɧɚ 

ɠɢɞɤɨɣ ɪɬɭɬɶɸ. ȼ ɷɤɫɩɟɪɢɦɟɧɬɟ ɦɟɬɨɞɨɦ ɜɢɞɟɨɫɴɟɦɤɢ ɢɡɭɱɚɥɨɫɶ ɩɨɜɟɞɟɧɢɟ ɫɜɨ-

ɛɨɞɧɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɷɥɟɤɬɪɨɩɪɨɜɨɞɹɳɟɣ ɠɢɞɤɨɫɬɢ (ɪɢɫɭɧɨɤ 1.7). Ɍɚɤɠɟ ɫ ɩɨɦɨɳɶɸ 

ɝɪɚɮɢɬɨɜɵɯ ɦɟɬɨɤ ɛɵɥɨ ɨɩɪɟɞɟɥɟɧɨ ɧɚɩɪɚɜɥɟɧɢɟ ɫɤɨɪɨɫɬɢ ɞɜɢɠɟɧɢɹ ɧɚ ɩɨɜɟɪɯɧɨ-

ɫɬɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ. ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɧɚɛɥɸɞɟɧɢɹ ɤɚɱɟɫɬɜɟɧɧɨ ɫɨɝɥɚɫɭɸɬɫɹ ɫ 

ɦɨɞɟɥɶɧɵɦ ɨɩɢɫɚɧɢɟɦ ɗȼɌ ɤɚɤ ɨɛ ɨɞɢɧɨɱɧɨɦ ɬɨɪɨɢɞɚɥɶɧɨɦ ɜɢɯɪɟ, ɧɚɩɪɚɜɥɟɧɧɨɦ ɤ 

ɦɚɥɨɦɭ ɷɥɟɤɬɪɨɞɭ, ɧɚ ɫɧɢɦɤɚɯ ɫ ɤɨɪɨɬɤɨɣ ɷɤɫɩɨɡɢɰɢɟɣ (ɪɢɫɭɧɨɤ 1.7ɛ) ɬɚɤɠɟ ɪɚɡɥɢ-

ɱɢɦɵ ɨɫɟɜɚɹ ɫɬɪɭɹ ɜ ɩɪɢɷɥɟɤɬɪɨɞɧɨɣ ɨɛɥɚɫɬɢ ɢ ɩɨɫɥɟɞɭɸɳɚɹ ɜɢɯɪɟɜɚɹ ɫɬɪɭɤɬɭɪɚ, 

ɤɨɬɨɪɭɸ ɦɨɠɧɨ ɢɧɬɟɪɩɪɟɬɢɪɨɜɚɬɶ ɤɚɤ ɫɨɜɨɤɭɩɧɨɫɬɶ ɧɟɫɤɨɥɶɤɢɯ ɪɚɡɧɨɧɚɩɪɚɜɥɟɧɧɵɯ 

ɜɢɯɪɟɣ. ȼɨ ɜɬɨɪɨɦ ɫɥɭɱɚɟ ɜ ɰɢɥɢɧɞɪɢɱɟɫɤɨɦ ɫɨɫɭɞɟ, ɩɨɥɧɨɫɬɶɸ ɡɚɩɨɥɧɟɧɧɨɦ ɠɢɞ-

ɤɢɦ ɦɟɬɚɥɥɨɦ, ɢɡɦɟɪɹɥɨɫɶ ɞɚɜɥɟɧɢɟ ɜ ɩɪɢɞɨɧɧɨɣ ɨɛɥɚɫɬɢ ɜɛɥɢɡɢ ɧɢɠɧɟɝɨ ɛɨɥɶɲɨɝɨ 

ɷɥɟɤɬɪɨɞɚ (ɪɢɫɭɧɨɤ 1.8). Ⱦɚɜɥɟɧɢɟ ɢɡɦɟɪɹɥɨɫɶ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɨɬɛɨɪɧɢɤɨɜ, ɚ ɩɨ-

ɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɩɨɡɜɨɥɢɥɢ ɚɜɬɨɪɚɦ ɨɩɪɟɞɟɥɢɬɶ ɮɨɪɦɭ ɩɨɜɟɪɯɧɨɫɬɢ ɤɪɢɫɬɚɥɥɢ-

ɡɚɰɢɢ. 

ȼ ɪɚɛɨɬɟ Д75Ж ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɢɡɭɱɚɥɢ ɞɜɢɠɟɧɢɟ ɪɚɫɩɥɚɜɚ ɧɚ ɫɜɨɛɨɞɧɨɣ ɩɨ-

ɜɟɪɯɧɨɫɬɢ ɠɢɞɤɨɣ ɪɬɭɬɢ ɜ ɦɨɞɟɥɶɧɨɣ ɜɚɧɧɟ, ɝɟɨɦɟɬɪɢɱɟɫɤɢ ɛɥɢɡɤɨɣ ɤ ɞɭɝɨɜɨɣ ɩɟɱɢ 

ɩɨɫɬɨɹɧɧɨɝɨ ɬɨɤɚ (ɪɢɫɭɧɨɤ 1.9). ɍɫɬɚɧɨɜɤɚ ɜɤɥɸɱɚɥɚ ɨɞɢɧ ɰɟɧɬɪɚɥɶɧɵɣ ɢ ɞɜɚ ɞɨɧɧɵɯ 
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Ɋɢɫɭɧɨɤ 1.7 – Ɏɨɬɨɝɪɚɮɢɹ ɫɜɨɛɨɞɧɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɪɬɭɬɢ. ɚ) ɞɥɢɬɟɥɶɧɨɟ ɜɪɟɦɹ 

ɷɤɫɩɨɡɢɰɢɢ, ɛ) ɤɨɪɨɬɤɨɟ (1/30 ɫ) ɜɪɟɦɹ ɷɤɫɩɨɡɢɰɢɢ [74]. 

 

Ɋɢɫɭɧɨɤ 1.8 – ȼɥɢɹɧɢɟ ɦɟɠɷɥɟɤɬɪɨɞɧɨɝɨ ɪɚɫɫɬɨɹɧɢɹ ɧɚ ɞɚɜɥɟɧɢɟ ɩɪɢ I = 1200 Ⱥ. ɚ) 

ɩɪɨɮɢɥɶ ɞɚɜɥɟɧɢɹ ɜɞɨɥɶ ɪɚɞɢɭɫɚ ɞɥɹ 1 – z = 5 ɦɦ, 2 – z = 9 ɦɦ, 3 – z = 18 ɦɦ, 

4 – z = 24 ɦɦ, ɛ) ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɞɚɜɥɟɧɢɹ ɧɚ ɨɫɢ ɫɢɦɦɟɬɪɢɢ, ɧɨɪɦɢɪɨɜɚɧɧɨɟ ɧɚ I2
 

ɤɚɤ ɮɭɧɤɰɢɹ ɪɚɫɫɬɨɹɧɢɹ ɦɟɠɞɭ ɷɥɟɤɬɪɨɞɚɦɢ [74]. 

ɷɥɟɤɬɪɨɞɚ. ɉɨ ɢɡɦɟɪɟɧɧɵɦ ɫɤɨɪɨɫɬɹɦ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɚɜɬɨɪɵ ɨɰɟɧɢɜɚɥɢ ɯɚɪɚɤɬɟɪ 

ɬɟɱɟɧɢɹ ɜ ɨɛɴɟɦɟ ɜɚɧɧɵ ɫ ɠɢɞɤɢɦ ɦɟɬɚɥɥɨɦ. ɉɨɥɭɱɟɧɨ, ɱɬɨ ɝɢɞɪɨɞɢɧɚɦɢɱɟɫɤɚɹ ɤɚɪ-

ɬɢɧɚ ɫɭɳɟɫɬɜɟɧɧɨ ɦɟɧɹɟɬɫɹ ɩɪɢ ɫɦɟɳɟɧɢɢ ɰɟɧɬɪɚɥɶɧɨɝɨ ɷɥɟɤɬɪɨɞɚ ɨɬɧɨɫɢɬɟɥɶɧɨ 

ɨɫɢ, ɩɪɢ ɷɬɨɦ ɧɚɢɛɨɥɟɟ ɢɧɬɟɧɫɢɜɧɨɟ ɞɜɢɠɟɧɢɟ ɧɚɛɥɸɞɚɟɬɫɹ ɜ ɩɪɢɷɥɟɤɬɪɨɞɧɵɯ ɡɨɧɚɯ 

ɧɚɞ ɞɨɧɧɵɦɢ ɷɥɟɤɬɪɨɞɚɦɢ, ɬɨɝɞɚ ɤɚɤ ɜɛɥɢɡɢ ɫɬɟɧɨɤ ɪɚɛɨɱɟɣ ɜɚɧɧɵ ɫɤɨɪɨɫɬɶ ɬɟɱɟɧɢɹ 

ɦɢɧɢɦɚɥɶɧɚ. Ⱦɥɹ ɭɩɪɚɜɥɟɧɢɹ ɬɟɱɟɧɢɟɦ ɩɪɟɞɥɨɠɟɧɵ ɚɫɢɦɦɟɬɪɢɱɧɵɟ ɫɯɟɦɵ ɪɚɫɩɨ-

ɥɨɠɟɧɢɹ ɞɨɧɧɵɯ ɷɥɟɤɬɪɨɞɨɜ ɢ ɩɨɞɛɨɪ ɫɨɨɬɧɨɲɟɧɢɹ ɬɨɤɨɜ ɩɨ ɨɬɞɟɥɶɧɵɦ ɷɥɟɤɬɪɨɞɚɦ. 

ɉɪɢ ɬɚɤɨɣ ɤɨɧɮɢɝɭɪɚɰɢɢ ɜ ɜɚɧɧɟ ɜɨɡɧɢɤɚɟɬ ɚɡɢɦɭɬɚɥɶɧɚɹ ɡɚɤɪɭɬɤɚ ɪɚɫɩɥɚɜɚ, ɚ ɜ ɫɨ-

ɱɟɬɚɧɢɢ ɫ ɭɫɢɥɟɧɧɨɣ ɰɢɪɤɭɥɹɰɢɟɣ ɜ ɩɪɢɷɥɟɤɬɪɨɞɧɨɣ ɨɛɥɚɫɬɢ ɷɬɨ ɩɪɢɜɨɞɢɥɨ ɤ ɛɨɥɟɟ 

ɷɮɮɟɤɬɢɜɧɨɦɭ ɩɟɪɟɦɟɲɢɜɚɧɢɸ ɪɚɫɩɥɚɜɚ. 
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Ɋɢɫɭɧɨɤ 1.9 – ɋɯɟɦɚ ɫɬɚɥɟɩɥɚɜɢɥɶɧɨɣ ɗȾɉɉɌ. 1 – ɰɟɧɬɪɚɥɶɧɵɣ ɷɥɟɤɬɪɨɞ, 

2 – ɞɨɧɧɵɟ ɷɥɟɤɬɪɨɞɵ [75]. 

ȼ ɪɚɛɨɬɟ Д76Ж ɩɪɨɜɟɞɟɧɵ ɢɡɦɟɪɟɧɢɹ ɩɨɥɹ ɫɤɨɪɨɫɬɟɣ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɫ ɢɫɩɨɥɶ-

ɡɨɜɚɧɢɟɦ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɨɝɨ ɞɚɬɱɢɤɚ (ȼɈɉɋ). Ʉɨɦɩɨɧɨɜɤɚ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ 

ɭɫɬɚɧɨɜɤɢ ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 1.10. ɐɢɥɢɧɞɪɢɱɟɫɤɚɹ ɜɚɧɧɚ ɛɵɥɚ ɡɚɩɨɥɧɟɧɚ ɪɬɭ-

ɬɶɸ, ɩɨ ɛɨɤɚɦ ɪɚɫɩɨɥɚɝɚɥɢɫɶ ɦɟɞɧɵɟ ɷɥɟɤɬɪɨɞɵ. Ɉɞɢɧ ɢɡ ɷɥɟɤɬɪɨɞɨɜ ɭɫɬɚɧɚɜɥɢɜɚɥ-

ɫɹ ɜɨ ɜɬɭɥɤɟ, ɱɬɨ ɩɨɡɜɨɥɹɥɨ ɦɨɞɟɥɢɪɨɜɚɬɶ ɬɨɱɟɱɧɵɣ ɢɫɬɨɱɧɢɤ ɬɨɤɚ. Ⱦɥɹ ɫɝɥɚɠɢɜɚ-

ɧɢɹ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɬɨɤɚ ɜ ɨɛɥɚɫɬɢ ɬɨɤɨɩɨɞɜɨɞɚ ɩɪɢɦɟɧɹɥɢɫɶ ɛɭɮɟɪɧɵɟ ɡɨɧɵ, ɡɚɩɨɥ-

ɧɟɧɧɵɟ ɪɬɭɬɶɸ, ɚ ɦɚɤɫɢɦɚɥɶɧɵɣ ɬɨɤ ɜ ɷɤɫɩɟɪɢɦɟɧɬɟ ɞɨɫɬɢɝɚɥ 1500 Ⱥ. 

 

Ɋɢɫɭɧɨɤ 1.10 – 1 – ɢɧɬɟɝɪɢɪɭɸɳɢɣ ɜɨɥɶɬɦɟɬɪ, 2 – RMS-ɜɨɥɶɬɦɟɬɪ, 

3 – ɨɫɰɢɥɥɨɝɪɚɮ, 4 – ɭɫɢɥɢɬɟɥɶ, 5 – ɤɚɪɟɬɤɚ, 6 – ɞɟɪɠɚɜɤɚ, 7 – ȼɈɉɋ, 8 – ɬɪɭɛɚ, 

9, 16 – ɬɨɤɨɩɨɞɜɨɞɵ, 10, 15 – ɨɛɥɚɫɬɢ ɫ ɪɬɭɬɶɸ, 11, 14 – ɷɥɟɤɬɪɨɞɵ, 12 – ɜɬɭɥɤɚ, 

13 – ɪɚɛɨɱɢɣ ɭɱɚɫɬɨɤ, 17 – ɬɟɩɥɨɨɛɦɟɧɧɢɤ, 18 – ɝɟɧɟɪɚɬɨɪ [76]. 
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ɇɚ ɪɢɫɭɧɤɟ 1.11ɚ ɩɨɤɚɡɚɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ ɩɨ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɜ 

ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɜɟɥɢɱɢɧɵ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɢ ɪɚɫɫɬɨɹɧɢɹ ɞɨ ɦɚɥɨɝɨ ɷɥɟɤɬɪɨɞɚ. 

ɉɨ ɪɟɡɭɥɶɬɚɬɚɦ ɧɚɛɥɸɞɟɧɢɣ ɫɬɪɭɤɬɭɪɚ ɗȼɌ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɡɚɬɨɩɥɟɧɧɨɣ ɫɬɪɭɟ. Ɉɫɟ-

ɜɚɹ ɫɤɨɪɨɫɬɶ ɜɨɡɪɚɫɬɚɟɬ ɩɪɚɤɬɢɱɟɫɤɢ ɥɢɧɟɣɧɨ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɬɨɤɚ, ɩɪɨɬɟɤɚɸɳɟɝɨ 

ɱɟɪɟɡ ɪɚɫɩɥɚɜ. Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɩɨ ɛɟɡɪɚɡɦɟɪɧɨɦɭ ɪɚɞɢɭɫɭ ɩɪɢɜɟɞɟɧɨ 

ɧɚ ɪɢɫɭɧɤɟ 1.11ɛ. 

 

ɚ) 
 

ɛ) 

Ɋɢɫɭɧɨɤ 1.11 – ɚ) Ɂɚɜɢɫɢɦɨɫɬɶ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɨɬ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ, 

ɛ) Ɂɚɜɢɫɢɦɨɫɬɶ ɧɨɪɦɢɪɨɜɚɧɧɨɣ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɨɬ ɛɟɡɪɚɡɦɟɪɧɨɝɨ ɪɚɫɫɬɨɹɧɢɹ ɨɬ ɨɫɢ 

ɫɢɦɦɟɬɪɢɢ [76]. 

ȼ ɞɢɫɫɟɪɬɚɰɢɢ [77] ɩɪɨɮɢɥɢ ɫɤɨɪɨɫɬɢ ɛɵɥɢ ɬɚɤɠɟ ɢɡɦɟɪɟɧɵ ɜɨɥɨɤɨɧɧɨ-

ɨɩɬɢɱɟɫɤɢɦ ɞɚɬɱɢɤɨɦ (ɪɢɫɭɧɨɤ 1.12). ȼ ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɷɜɬɟɤɬɢɱɟɫɤɢɣ 

ɫɩɥɚɜ In-Ga-Sn, ɤɨɬɨɪɵɣ ɡɚɩɨɥɧɹɥ ɩɨɥɭɫɮɟɪɢɱɟɫɤɢɣ ɤɨɧɬɟɣɧɟɪ, ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɢɫɫɥɟ-

ɞɨɜɚɥɨɫɶ ɬɟɱɟɧɢɟ ɦɟɠɞɭ ɞɜɭɦɹ ɩɨɥɭɫɮɟɪɢɱɟɫɤɢɦɢ ɷɥɟɤɬɪɨɞɚɦɢ. Ȼɵɥɨ ɭɫɬɚɧɨɜɥɟɧɨ, 

ɱɬɨ ɗȼɌ ɢɦɟɸɬ ɜɢɞ ɡɚɬɨɩɥɟɧɧɨɣ ɫɬɪɭɢ, ɚ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɨɫɟɜɚɹ 

ɫɤɨɪɨɫɬɶ ɥɢɧɟɣɧɨ ɜɨɡɪɚɫɬɚɟɬ (ɪɢɫɭɧɨɤ 1.13).  

Ɍɚɤɠɟ ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɨɫɰɢɥɥɨɝɪɚɦɦɵ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɩɨɞ ɦɚɥɵɦ ɷɥɟɤɬɪɨ-

ɞɨɦ, ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɬɨɤɚɯ, ɩɪɨɩɭɫɤɚɟɦɵɯ ɱɟɪɟɡ ɷɥɟɤɬɪɨɩɪɨɜɨɞɹɳɭɸ 

ɠɢɞɤɨɫɬɶ (ɪɢɫɭɧɨɤ 1.14). Ȼɵɥɨ ɩɨɥɭɱɟɧɨ, ɱɬɨ ɫɧɚɱɚɥɚ ɫɤɨɪɨɫɬɶ ɜɨɡɪɚɫɬɚɟɬ ɢ ɞɨɫɬɢ-

ɝɚɟɬ ɦɚɤɫɢɦɭɦɚ, ɚ ɩɨɬɨɦ ɭɦɟɧɶɲɚɟɬɫɹ, ɩɪɢ ɷɬɨɦ ɜ ɬɟɱɟɧɢɢ ɧɚɛɥɸɞɚɸɬɫɹ ɧɢɡɤɨɱɚɫ-

ɬɨɬɧɵɟ ɩɭɥɶɫɚɰɢɢ ɫɤɨɪɨɫɬɢ. 
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ɚ) 
 

ɛ) 

Ɋɢɫɭɧɨɤ 1.12 – ɚ) Ɂɚɜɢɫɢɦɨɫɬɶ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɧɚ ɪɚɡɥɢɱɧɨɣ ɝɥɭɛɢɧɟ ɨɬ ɪɚɫɫɬɨɹɧɢɹ 

ɞɨ ɨɫɢ ɫɢɦɦɟɬɪɢɢ. 1, 2, 3 – ɷɤɫɩɟɪɢɦɟɧɬ, 4, 5, 6 – ɪɚɫɱɟɬ. 1, 4 – z = 5 ɦɦν  

2, 5 – z = 20 ɦɦν 3, 6 – z = 30 ɦɦ. ɛ) Ɂɚɜɢɫɢɦɨɫɬɶ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɨɬ ɝɥɭɛɢɧɵ z, 

ɪɚɫɱɟɬ (ɥɢɧɢɹ) ɢ ɷɤɫɩɟɪɢɦɟɧɬ (ɬɨɱɤɢ) [77]. 

 

Ɋɢɫɭɧɨɤ 1.13 – ȼɥɢɹɧɢɟ ɪɚɞɢɭɫɚ ɦɚɥɨɝɨ ɷɥɟɤɬɪɨɞɚ ɧɚ ɡɚɜɢɫɢɦɨɫɬɶ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ 

ɨɬ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ. Ɇɚɪɤɟɪɵ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦ ɞɚɧɧɵɦ, 

ɥɢɧɢɢ – ɱɢɫɥɟɧɧɨɦɭ ɦɨɞɟɥɢɪɨɜɚɧɢɸ. 1 – R1 = 2 ɦɦ, 2 – 4 ɦɦ [77]. 
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Ɋɢɫɭɧɨɤ 1.14 – Ɉɫɰɢɥɥɨɝɪɚɦɦɵ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɧɚ ɝɥɭɛɢɧɟ z = 30 ɦɦ [77]. 

1.3 Ɉɛɡɨɪ ɢɫɫɥɟɞɨɜɚɧɢɣ ЭȼɌ ɩɨɞ ɜɨɡɞɟɣɫɬɜɢɟɦ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ 

ɋɪɟɞɢ ɪɚɧɧɢɯ ɪɚɫɱɟɬɧɨ-ɬɟɨɪɟɬɢɱɟɫɤɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɗȼɌ ɩɪɢ ɧɚɥɢɱɢɢ ɜɧɟɲ-

ɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɫɥɟɞɭɟɬ ɜɵɞɟɥɢɬɶ ɪɚɛɨɬɭ Д78Ж, ɜ ɤɨɬɨɪɨɣ ɢɫɫɥɟɞɨɜɚɥɨɫɶ ɜɥɢɹ-

ɧɢɟ ɜɧɟɲɧɟɝɨ ɩɪɨɞɨɥɶɧɨɝɨ Ɇɉ ɧɚ ɫɬɪɭɤɬɭɪɭ ɬɟɱɟɧɢɹ. ɉɪɨɞɨɥɶɧɨɟ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ 

ɜɵɡɵɜɚɟɬ ɚɡɢɦɭɬɚɥɶɧɭɸ ɡɚɤɪɭɬɤɭ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɢ ɮɨɪɦɢɪɨɜɚɧɢɟ ɜɬɨɪɢɱɧɨɝɨ ɜɨɡ-

ɜɪɚɬɧɨɝɨ ɬɟɱɟɧɢɹ ɜ ɩɪɢɞɨɧɧɨɣ ɨɛɥɚɫɬɢ (ɪɢɫɭɧɤɢ 1.15–1.17). ɂɫɫɥɟɞɨɜɚɧɢɹ ɛɵɥɢ 

ɩɪɨɜɟɞɟɧɵ ɞɥɹ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɜɚɧɧɵ ɜ ɞɢɚɩɚɡɨɧɟ ɩɚɪɚɦɟɬɪɨɜ S = 0–750 ɢ 

N = 0–500. ȼ ɪɚɛɨɬɟ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɩɚɪɚɦɟɬɪ N, ɤɨɬɨɪɵɣ ɢɦɟɟɬ ɫɦɵɫɥ ɢɧɬɟɧɫɢɜɧɨ-

ɫɬɢ ɜɥɢɹɧɢɹ ɜɧɟɲɧɟɝɨ Ɇɉ, ɚ ɟɝɨ ɜɵɪɚɠɟɧɢɟ ɢɦɟɟɬ ɜɢɞμ 

           (1.2) 

Ȼɵɥɨ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɩɪɢ ɞɨɫɬɚɬɨɱɧɨ ɛɨɥɶɲɨɦ ɡɧɚɱɟɧɢɢ ɩɚɪɚɦɟɬɪɚ N ɩɟɪɜɢɱɧɨɟ 

ɬɟɱɟɧɢɟ ɦɨɠɟɬ ɛɵɬɶ ɩɨɥɧɨɫɬɶɸ ɩɨɞɚɜɥɟɧɨ ɜɬɨɪɢɱɧɵɦ, ɚ ɧɚɩɪɚɜɥɟɧɢɟ ɬɟɱɟɧɢɹ ɫɦɟ-

ɧɢɬɫɹ ɧɚ ɩɪɨɬɢɜɨɩɨɥɨɠɧɨɟ. 
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Ɋɢɫɭɧɨɤ 1.15 – Ʌɢɧɢɢ ɬɨɤɚ ɠɢɞɤɨɫɬɢ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɡɧɚɱɟɧɢɹɯ S ɢ N. 

ɚ) 250, 0, ɛ) 250, 250ν ɜ) 250, 500ν ɝ) 0, 250 [78]. 

 

Ɋɢɫɭɧɨɤ 1.16 – Ɂɚɜɢɫɢɦɨɫɬɶ ɚɡɢɦɭɬɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɞɥɹ ɪɟɠɢɦɚ N = 250, 

ɚ) ɩɪɨɮɢɥɶ ɩɨ ɤɨɨɪɞɢɧɚɬɟ z ɩɪɢ ɮɢɤɫɢɪɨɜɚɧɧɨɦ ɪɚɞɢɭɫɟ r = 0.3, ɛ) ɩɪɨɮɢɥɶ ɩɨ 

ɪɚɞɢɭɫɭ r ɩɪɢ ɮɢɤɫɢɪɨɜɚɧɧɨɦ z = 0.1 (ɫɩɥɨɲɧɵɟ ɥɢɧɢɢ), ɢ z = 1 (ɲɬɪɢɯɨɜɵɟ 

ɥɢɧɢɢ), 1 – S = 0, 2 – S = 100, 3 – S = 250, 4 – S = 500 [78]. 

 

Ɋɢɫɭɧɨɤ 1.17 – ɉɪɨɮɢɥɢ ɨɫɟɜɨɣ ɤɨɦɩɨɧɟɧɬɵ ɫɤɨɪɨɫɬɢ ɜɞɨɥɶ ɤɨɨɪɞɢɧɚɬɵ z ɧɚ ɨɫɢ 

ɫɢɦɦɟɬɪɢɢ (r = 0). 1 – S = 250, N = 0, 2 – 250, 100, 3 – 250, 250, 4 – 250, 500, 

5 – 0, 250 [78]. 
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ɂɫɫɥɟɞɨɜɚɧɢɹ ɬɟɩɥɨɨɛɦɟɧɚ ɢ ɝɢɞɪɨɞɢɧɚɦɢɤɢ ɗȼɌ ɜ ɰɢɥɢɧɞɪɢɱɟɫɤɨɦ ɤɨɧɬɟɣ-

ɧɟɪɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɪɚɛɨɬɟ Д79Ж. ɋ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɚɜ-

ɬɨɪɚɦ ɭɞɚɥɨɫɶ ɩɨɥɭɱɢɬɶ ɝɪɚɧɢɰɵ ɨɛɪɚɡɨɜɚɧɢɹ ɜɬɨɪɢɱɧɵɯ ɬɟɱɟɧɢɣ. Ɋɚɫɱɟɬɵ ɜɵɩɨɥ-

ɧɟɧɵ ɩɪɢ ɜɚɪɶɢɪɨɜɚɧɢɢ ɛɟɡɪɚɡɦɟɪɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɜ ɩɪɟɞɟɥɚɯμ S = 0–1500, 

N = 0–2000, Pr = 1–200, Sc = 0.2–200. Ⱦɥɹ ɤɨɧɬɪɨɥɶɧɨɝɨ ɫɥɭɱɚɹ S = N = 0 ɞɜɢɠɟɧɢɟ ɜ 

ɪɚɫɩɥɚɜɟ ɨɬɫɭɬɫɬɜɭɟɬ, ɚ ɩɟɪɟɧɨɫ ɬɟɩɥɚ ɨɩɪɟɞɟɥɹɟɬɫɹ ɢɫɤɥɸɱɢɬɟɥɶɧɨ ɬɟɩɥɨɩɪɨɜɨɞɧɨ-

ɫɬɶɸ (ɪɢɫɭɧɨɤ 1.18ɚ, ɩɭɧɤɬɢɪ). ɉɪɢ ɧɚɥɢɱɢɢ ɗȼɌ (S ≠ 0, N = 0) ɜ ɪɚɫɩɥɚɜɟ ɠɢɞɤɨɝɨ 

ɦɟɬɚɥɥɚ ɜɨɡɧɢɤɚɟɬ ɬɨɪɨɢɞɚɥɶɧɨɟ ɞɜɢɠɟɧɢɟ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɡɚɦɟɬɧɨɦɭ ɫɧɢɠɟɧɢɸ 

ɬɟɦɩɟɪɚɬɭɪɵ ɷɥɟɤɬɪɨɩɪɨɜɨɞɹɳɟɣ ɠɢɞɤɨɫɬɢ (ɪɢɫɭɧɨɤ 1.18ɚ, ɫɩɥɨɲɧɵɟ ɥɢɧɢɢ). 

 

Ɋɢɫɭɧɨɤ 1.18 – ɉɨɥɟ ɬɟɦɩɟɪɚɬɭɪɵ ɢ ɥɢɧɢɢ ɬɨɤɚ ɠɢɞɤɨɫɬɢ ɩɪɢ S = 1000, Pr = 20. 

ɚ) N = 0, ɛ) N = 500, ɜ) N = 1500, ɝ) N = 2000. ɋɩɥɨɲɧɵɟ ɥɢɧɢɢ ɫɨɨɬɜɟɬɫɬɜɭɸɬ 

ɢɡɨɬɟɪɦɚɦ, ɲɬɪɢɯɨɜɵɟ – ɚ) ɢɡɨɬɟɪɦɵ ɛɟɡ ɤɨɧɜɟɤɰɢɢ, 

ɛ), ɜ) ɢ ɝ) – ɥɢɧɢɢ ɬɨɤɚ [79]. 

ɉɪɢ N ≠ 0 ɜɨɡɧɢɤɚɟɬ ɚɡɢɦɭɬɚɥɶɧɚɹ ɤɨɦɩɨɧɟɧɬɚ ɫɤɨɪɨɫɬɢ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɢɡ-

ɦɟɧɟɧɢɸ ɫɬɪɭɤɬɭɪɵ ɬɟɱɟɧɢɹ. ɉɪɢ ɫɨɨɬɧɨɲɟɧɢɢ ɩɚɪɚɦɟɬɪɨɜ N/S < 0.6 ɩɪɨɢɫɯɨɞɢɬ 

ɫɦɟɳɟɧɢɟ ɗȼɌ ɜ ɫɬɨɪɨɧɭ ɦɚɥɨɝɨ ɷɥɟɤɬɪɨɞɚ, ɚ ɨɫɟɜɚɹ ɫɤɨɪɨɫɬɶ ɭɦɟɧɶɲɚɟɬɫɹ ɜɫɥɟɞɫɬ-

ɜɢɟ ɚɡɢɦɭɬɚɥɶɧɨɣ ɡɚɤɪɭɬɤɢ. Ʉɨɝɞɚ ɫɨɨɬɧɨɲɟɧɢɟ N/S > 0.6, ɨɛɪɚɡɭɟɬɫɹ ɜɨɫɯɨɞɹɳɢɣ 

ɬɨɪɨɢɞɚɥɶɧɵɣ ɜɢɯɪɶ (ɪɢɫɭɧɤɢ 1.18ɜ, ɝ). ɉɪɢ ɷɬɨɦ ɬɟɩɥɨɨɛɦɟɧ ɜ ɩɪɢɞɨɧɧɨɣ ɨɛɥɚɫɬɢ 

ɤɨɧɬɟɣɧɟɪɚ ɡɚɦɟɬɧɨ ɭɥɭɱɲɚɟɬɫɹ. ɇɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɞɜɭɯ ɜɢɯɪɟɣ ɬɟɦɩɟɪɚɬɭɪɚ ɫɬɭ-

ɩɟɧɱɚɬɨ ɦɟɧɹɟɬɫɹ (ɪɢɫɭɧɨɤ 1.19), ɚ ɫ ɪɨɫɬɨɦ ɫɨɨɬɧɨɲɟɧɢɹ N/S ɫɬɭɩɟɧɶ ɫɦɟɳɚɟɬɫɹ ɜ 

ɨɛɥɚɫɬɶ ɦɚɥɨɝɨ ɷɥɟɤɬɪɨɞɚ. 
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Ɋɢɫɭɧɨɤ 1.19 – ɉɪɨɮɢɥɢ ɬɟɦɩɟɪɚɬɭɪɵ ɜɞɨɥɶ ɤɨɨɪɞɢɧɚɬɵ z ɩɪɢ ɪɚɡɥɢɱɧɵɯ 

ɩɚɪɚɦɟɬɪɚɯ S ɢ N. ɚ ) Pr = 20: 1 – S = 1000, N = 0, 2 – S = 1000, N = 500, 3 – S = 1000, 

N = 1000, 4 – S = 0, N = 1000, 5 – S = 500, N = 1000, 6 – S = 1500, N = 1000, 

ɛ) S = N = 1000: 1 – Pr = 2, 2 – Pr = 20, 3 – Pr = 200, ɩɭɧɤɬɢɪɧɚɹ ɥɢɧɢɹ – ɪɚɫɱɟɬ ɛɟɡ 

ɤɨɧɜɟɤɰɢɢ [79]. 

ɇɚ ɪɢɫɭɧɤɟ 1.20ɚ ɩɪɟɞɫɬɚɜɥɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɦɚɤɫɢɦɚɥɶɧɨɣ ɬɟɦɩɟɪɚɬɭɪɵ ɩɟɪɟ-

ɝɪɟɜɚ ɨɬ ɡɧɚɱɟɧɢɹ ɩɚɪɚɦɟɬɪɚ N. ɉɪɢ ɷɬɨɦ ɫ ɪɨɫɬɨɦ ɩɚɪɚɦɟɬɪɚ S ɦɚɤɫɢɦɭɦ ɬɟɦɩɟɪɚ-

ɬɭɪɵ ɫɦɟɳɚɟɬɫɹ ɜ ɨɛɥɚɫɬɶ ɛɨɥɶɲɢɯ ɡɧɚɱɟɧɢɣ ɩɚɪɚɦɟɬɪɚ N, ɚ ɧɚɢɛɨɥɶɲɢɟ ɬɟɦɩɟɪɚ-

ɬɭɪɵ ɩɟɪɟɝɪɟɜɚ ɢɦɟɸɬ ɦɟɫɬɨ ɩɪɢ N/S ≈ 0.6. 

Ɍɚɤɠɟ ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɥɨɤɚɥɶɧɨɝɨ ɢ ɭɫɪɟɞɧɟɧɧɨɝɨ ɱɢɫɥɚ ɇɭɫ-

ɫɟɥɶɬɚ ɜɞɨɥɶ ɩɨɜɟɪɯɧɨɫɬɢ ɤɚɤ ɮɭɧɤɰɢɢ ɨɬ ɪɚɞɢɚɥɶɧɨɣ ɛɟɡɪɚɡɦɟɪɧɨɣ ɤɨɨɪɞɢɧɚɬɵ 

(ɪɢɫɭɧɨɤ 1.20ɛ). ɉɨɤɚɡɚɧɨ, ɱɬɨ ɩɪɢ N/S < 0.6 ɩɨ ɦɟɪɟ ɭɞɚɥɟɧɢɹ ɨɬ ɨɫɢ ɫɢɦɦɟɬɪɢɢ ɬɟ-

ɩɥɨɨɬɞɚɱɚ ɨɫɥɚɛɟɜɚɟɬ, ɬɨɝɞɚ ɤɚɤ ɩɪɢ N/S > 0.6 ɧɚɛɥɸɞɚɟɬɫɹ ɩɪɨɬɢɜɨɩɨɥɨɠɧɚɹ ɬɟɧ-

ɞɟɧɰɢɹ. Ɍɚɤɨɟ ɩɨɜɟɞɟɧɢɟ ɫɜɹɡɚɧɨ ɫ ɜɥɢɹɧɢɟɦ ɜɬɨɪɢɱɧɨɝɨ ɬɟɱɟɧɢɹ ɧɚ ɫɬɪɭɤɬɭɪɭ ɩɟ-

ɪɟɧɨɫɚ ɬɟɩɥɚ. 

ȼ ɪɚɛɨɬɟ Д80Ж ɧɚ ɨɫɧɨɜɟ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɪɚɫɫɦɨɬɪɟɧɵ ɬɟɩɥɨɩɟɪɟɧɨɫ 

ɢ ɝɢɞɪɨɞɢɧɚɦɢɤɚ ɗȼɌ ɜ ɜɚɧɧɟ ɩɚɪɚɛɨɥɢɱɟɫɤɨɝɨ ɩɪɨɮɢɥɹ. ȼɵɛɨɪ ɬɚɤɨɣ ɝɟɨɦɟɬɪɢɢ 

ɦɨɬɢɜɢɪɨɜɚɧ ɟɟ ɛɥɢɡɨɫɬɶɸ ɤ ɪɹɞɭ ɩɪɨɦɵɲɥɟɧɧɵɯ ɩɪɨɰɟɫɫɨɜ, ɜɤɥɸɱɚɹ ɜɚɤɭɭɦɧɨ-

ɞɭɝɨɜɨɣ ɩɟɪɟɩɥɚɜ. Ɍɚɤɠɟ ɜ ɪɚɛɨɬɟ ɢɫɫɥɟɞɨɜɚɧɨ ɜɥɢɹɧɢɟ ɜɧɟɲɧɟɝɨ ɩɪɨɞɨɥɶɧɨɝɨ Ɇɉ 

ɧɚ ɬɟɩɥɨɦɚɫɫɨɨɛɦɟɧɧɵɟ ɩɪɨɰɟɫɫɵ, ɩɪɨɬɟɤɚɸɳɢɟ ɜɨ ɜɪɟɦɹ ɜɚɤɭɭɦɧɨ-ɞɭɝɨɜɨɣ ɩɥɚɜ-

ɤɢ. Ɋɚɫɱɟɬɵ ɩɪɨɜɨɞɢɥɢɫɶ ɜ ɞɢɚɩɚɡɨɧɟ ɩɚɪɚɦɟɬɪɨɜ ɗȼɌ S = 0–500, N = 0–5×10
3
, 

Pr = 10
2–10

4
, Sc = 1–10

3. ɉɪɢ ɷɬɨɦ ɩɨɥɭɱɟɧɧɵɟ ɞɚɧɧɵɟ ɯɨɪɨɲɨ ɫɨɝɥɚɫɭɸɬɫɹ ɫ ɪɟ-
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ɡɭɥɶɬɚɬɚɦɢ ɪɚɛɨɬɵ Д78Ж, ɜ ɤɨɬɨɪɨɣ ɢɫɫɥɟɞɨɜɚɥɨɫɶ ɗȼɌ ɜ ɜɚɧɧɟ ɫ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ 

ɝɟɨɦɟɬɪɢɟɣ. Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫɭɧɤɚ 1.21, ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɜɧɟɲɧɟɝɨ Ɇɉ ɜ ɧɢɠɧɟɣ ɱɚɫ-

ɬɢ ɤɨɧɬɟɣɧɟɪɚ ɫ ɠɢɞɤɢɦ ɦɟɬɚɥɥɨɦ ɨɛɪɚɡɭɟɬɫɹ ɜɬɨɪɢɱɧɵɣ ɜɨɫɯɨɞɹɳɢɣ ɜɢɯɪɶ. ȼɵɹɜ-

ɥɟɧɨ, ɱɬɨ ɜɬɨɪɨɣ ɜɢɯɪɶ ɩɨɹɜɥɹɟɬɫɹ ɩɪɢ ɫɨɨɬɧɨɲɟɧɢɢ N/S = 0.35, ɚ ɩɪɢ N/S > 4.5 ɩɟɪ-

ɜɢɱɧɨɟ ɗȼɌ ɩɨɥɧɨɫɬɶɸ ɩɨɞɚɜɥɹɟɬɫɹ ɜɬɨɪɢɱɧɵɦ ɬɟɱɟɧɢɟɦ. 

Ɍɚɤɠɟ ɜɵɩɨɥɧɟɧ ɚɧɚɥɢɡ ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɩɨɥɹ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɱɢɫɥɚ ɒɦɢɞɬɚ 

Sc ɢ ɩɚɪɚɦɟɬɪɚ N. ɍɜɟɥɢɱɟɧɢɟ Sc ɫɨɩɪɨɜɨɠɞɚɟɬɫɹ ɪɨɫɬɨɦ ɬɟɦɩɟɪɚɬɭɪɵ ɪɚɫɩɥɚɜɚ ɜ 

ɰɟɧɬɪɚɥɶɧɨɦ (ɩɨ ɜɵɫɨɬɟ) ɢ ɩɪɢɞɨɧɧɨɦ ɫɥɨɹɯ, ɬɨɝɞɚ ɤɚɤ ɩɪɢ ɜɨɡɪɚɫɬɚɧɢɢ N ɬɟɦɩɟɪɚ-

ɬɭɪɚ ɜɛɥɢɡɢ ɞɧɚ ɩɥɚɜɢɥɶɧɨɣ ɜɚɧɧɵ ɭɦɟɧɶɲɚɟɬɫɹ. Ɋɨɫɬ ɩɚɪɚɦɟɬɪɚ S ɢɧɬɟɧɫɢɮɢɰɢɪɭ-

ɟɬ ɩɟɪɟɧɨɫ ɜɟɳɟɫɬɜɚ ɢɡ ɨɛɥɚɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɞɭɝɢ ɜ ɝɥɭɛɢɧɭ ɜɚɧɧɵ (ɚɧɚɥɨɝɢɱɧɨ 

ɫɥɭɱɚɸ ɭɜɟɥɢɱɟɧɢɹ Sc), ɱɬɨ ɜɵɡɵɜɚɟɬ ɩɨɜɵɲɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɦɟɬɚɥɥɚ ɜ ɩɪɢɞɨɧɧɨɣ 

ɨɛɥɚɫɬɢ. 

 

ɚ) 
 

ɛ) 

Ɋɢɫɭɧɨɤ 1.20 – ɚ) Ɇɚɤɫɢɦɚɥɶɧɵɣ ɩɟɪɟɝɪɟɜ ɪɚɫɩɥɚɜɚ ɤɚɤ ɮɭɧɤɰɢɹ N ɩɪɢ Pr = 20: 

1 – S = 0, 2 – S = 500, 3 – S = 1000, 4 – S = 1500, ɛ) Ɍɟɩɥɨɨɬɞɚɱɚ ɧɚ ɨɯɥɚɠɞɚɟɦɨɣ 

ɩɨɜɟɪɯɧɨɫɬɢ z = 2 (ɛɨɥɶɲɨɣ ɷɥɟɤɬɪɨɞ) ɩɪɢ Pr = 20, S = 1000: 1 – N = 0, 2 – N = 400,  

 3 – N = 500, 4 – N = 750, 5 – N = 1000, 6 – N = 1500, 7 – N = 2000. ɉɭɧɤɬɢɪɧɚɹ 

ɥɢɧɢɹ – ɪɟɠɢɦ ɛɟɡ ɤɨɧɜɟɤɰɢɢ. I – ɬɟɩɥɨɨɬɞɚɱɚ ɧɚ ɨɫɢ ɫɢɦɦɟɬɪɢɢ, N = 0, 

II – ɪɚɞɢɚɥɶɧɨ-ɭɫɪɟɞɧɟɧɧɚɹ ɬɟɩɥɨɨɬɞɚɱɚ N = 0, III – ɪɚɞɢɚɥɶɧɨ-ɭɫɪɟɞɧɟɧɧɚɹ 

ɬɟɩɥɨɨɬɞɚɱɚ N/S = 0.6 [79]. 
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Ɋɢɫɭɧɨɤ 1.21 – Ɂɚɜɢɫɢɦɨɫɬɶ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɨɬ ɤɨɨɪɞɢɧɚɬɵ z ɜ ɤɨɧɬɟɣɧɟɪɟ 

ɩɚɪɚɛɨɥɨɢɞɧɨɣ ɮɨɪɦɵ ɩɪɢ ɪɚɡɥɢɱɧɨɦ ɫɨɨɬɧɨɲɟɧɢɢ N/S, 1 – 0, 2 – 3, 3 – 20 [80] 

ȼ ɪɚɛɨɬɟ Д81Ж ɱɢɫɥɟɧɧɨ ɢɫɫɥɟɞɨɜɚɧ ɦɚɫɫɨɨɛɦɟɧ ɜ ɗȼɌ ɜ ɤɨɧɬɟɣɧɟɪɟ ɰɢɥɢɧɞ-

ɪɢɱɟɫɤɨɣ ɮɨɪɦɵ. Ȼɵɥɨ ɩɨɥɭɱɟɧɨ ɩɨɥɟ ɤɨɧɰɟɧɬɪɚɰɢɢ ɩɪɢɦɟɫɢ, ɚ ɜɵɱɢɫɥɟɧɢɹ ɩɪɨɜɨ-

ɞɢɥɢɫɶ ɜ ɞɢɚɩɚɡɨɧɟ ɩɚɪɚɦɟɬɪɨɜ S = 0–1500, N = 0–1500 ɢ Sc = 2. ȼɵɹɜɥɟɧɨ, ɱɬɨ ɜ 

ɫɥɭɱɚɟ, ɤɨɝɞɚ ɜɧɟɲɧɟɟ Ɇɉ ɨɬɫɭɬɫɬɜɨɜɚɥɨ (N = 0), ɗȼɌ ɭɜɥɟɤɚɟɬ ɩɪɢɦɟɫɶ ɜɞɨɥɶ ɨɫɢ 

ɫɢɦɦɟɬɪɢɢ ɜ ɩɪɢɞɨɧɧɭɸ ɨɛɥɚɫɬɶ, ɩɪɢ ɷɬɨɦ ɞɥɹ ɫɥɭɱɚɹ S ≠ 0 ɢ N ≠ 0, ɤɨɧɰɟɧɬɪɚɰɢɹ 

ɩɪɢɦɟɫɢ ɧɚ ɨɫɢ ɫɧɢɠɚɟɬɫɹ. 

ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ-ɬɟɨɪɟɬɢɱɟɫɤɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɗȼɌ ɜ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɜɚɧɧɟ 

ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɜɧɟɲɧɟɝɨ ɨɫɟɜɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɩɪɢɜɟɞɟɧɨ ɜ ɪɚɛɨɬɟ Д82Ж. ɉɨɥɟ 

ɫɨɡɞɚɜɚɥɨɫɶ ɫɨɥɟɧɨɢɞɨɦ, ɚ ɬɨɤ ɜ ɨɛɦɨɬɤɟ ɞɨɫɬɢɝɚɥ 1000 Ⱥ. ɗɬɚ ɫɬɚɬɶɹ ɹɜɥɹɟɬɫɹ ɩɪɨ-

ɞɨɥɠɟɧɢɟɦ ɪɚɛɨɬɵ Д74Ж, ɝɞɟ ɢɡɭɱɚɥɢɫɶ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɗȼɌ ɩɪɢɦɟɧɢɬɟɥɶɧɨ ɤ ɷɥɟɤ-

ɬɪɨɲɥɚɤɨɜɨɣ ɫɜɚɪɤɟ. Ɋɟɡɭɥɶɬɚɬɵ ɬɟɨɪɟɬɢɱɟɫɤɢɯ ɨɰɟɧɨɤ ɢ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɩɨɤɚɡɚɥɢ, 

ɱɬɨ ɫ ɪɨɫɬɨɦ ɜɟɥɢɱɢɧɵ ɜɧɟɲɧɟɝɨ Ɇɉ, ɞɚɜɥɟɧɢɟ ɫɬɪɭɢ ɧɚ ɞɧɨ ɤɨɧɬɟɣɧɟɪɚ ɭɦɟɧɶɲɚ-

ɟɬɫɹ, ɚ ɩɪɢ ɞɨɫɬɢɠɟɧɢɢ ɧɟɤɨɬɨɪɨɝɨ ɡɧɚɱɟɧɢɹ ɜɧɟɲɧɟɝɨ Ɇɉ ɜɛɥɢɡɢ ɛɨɥɶɲɨɝɨ ɷɥɟɤ-

ɬɪɨɞɚ (ɩɪɢɞɨɧɧɚɹ ɨɛɥɚɫɬɶ) ɮɨɪɦɢɪɭɟɬɫɹ ɨɛɥɚɫɬɶ ɪɚɡɪɟɠɟɧɢɹ. ɉɪɢ ɷɬɨɦ ɬɟɩɥɨɩɟɪɟ-

ɧɨɫ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨ ɜ ɪɚɞɢɚɥɶɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ. 

ȼ ɪɚɛɨɬɟ Д83] ɬɚɤɠɟ ɩɨɥɭɱɟɧɨ, ɱɬɨ ɩɪɢɞɨɧɧɨɟ ɞɚɜɥɟɧɢɟ ɡɚɜɢɫɢɬ ɨɬ ɫɨɨɬɧɨɲɟ-

ɧɢɹ Bz/I, ɜɵɹɜɥɟɧɨ, ɱɬɨ ɞɚɜɥɟɧɢɟ ɬɚɤɠɟ ɦɨɠɟɬ ɪɟɝɭɥɢɪɨɜɚɬɶɫɹ ɞɟɮɨɪɦɚɰɢɟɣ ɫɢɥɨɜɵɯ 

ɥɢɧɢɣ Ɇɉ, ɩɪɢ ɞɨɛɚɜɥɟɧɢɢ ɜ ɤɨɧɬɟɣɧɟɪ ɫ ɠɢɞɤɢɦ ɦɟɬɚɥɥɨɦ ɩɨɫɬɨɪɨɧɧɢɯ ɮɟɪɪɨ-

ɦɚɝɧɟɬɢɤɨɜ. 
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ɗɤɫɩɟɪɢɦɟɧɬɵ Д84Ж ɛɵɥɢ ɩɨɫɜɹɳɟɧɵ ɤɨɥɢɱɟɫɬɜɟɧɧɨɣ ɨɰɟɧɤɟ ɪɚɫɩɪɟɞɟɥɟɧɢɣ 

ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ, ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɢ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢɥɵ ɜ ɨɛɴɟɦɟ ɠɢɞɤɨɝɨ ɦɟ-

ɬɚɥɥɚ. 

ɂɫɫɥɟɞɨɜɚɧɢɹ ɜɵɩɨɥɧɹɥɢɫɶ ɩɪɢ ɬɨɤɟ Ig = 500–2500 Ⱥ ɢ ɜɧɟɲɧɟɦ ɩɪɨɞɨɥɶɧɨɦ 

ɦɚɝɧɢɬɧɨɦ ɩɨɥɟ 0–0.02 Ɍɥ, ɫɨɡɞɚɜɚɟɦɨɦ ɬɨɤɨɦ ɫɨɥɟɧɨɢɞɚ Is. Ⱥɡɢɦɭɬɚɥɶɧɚɹ ɫɤɨɪɨɫɬɶ 

ɷɥɟɤɬɪɨɩɪɨɜɨɞɹɳɟɝɨ ɪɚɫɩɥɚɜɚ ɨɩɪɟɞɟɥɹɥɚɫɶ ɫ ɩɨɦɨɳɶɸ ɬɪɭɛɤɢ ɉɢɬɨ–ɉɪɚɧɞɬɥɹ. ɉɨ 

ɪɟɡɭɥɶɬɚɬɚɦ ɢɡɦɟɪɟɧɢɣ ɛɵɥɚ ɩɪɟɞɥɨɠɟɧɚ ɷɦɩɢɪɢɱɟɫɤɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɞɥɹ ɚɡɢɦɭɬɚɥɶ-

ɧɨɣ ɤɨɦɩɨɧɟɧɬɵ ɫɤɨɪɨɫɬɢμ 

                   (1.3) 

ɝɞɟ d – ɯɚɪɚɤɬɟɪɧɵɣ ɪɚɡɦɟɪ, k – ɛɟɡɪɚɡɦɟɪɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ (ɩɨɪɹɞɤɚ 30). 

ȼ ɪɚɛɨɬɟ Д85] ɱɢɫɥɟɧɧɨ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɜɥɢɹɧɢɟ Ɇɉ Ɂɟɦɥɢ 

ɩɪɢɜɨɞɢɬ ɤ ɩɨɹɜɥɟɧɢɸ ɚɡɢɦɭɬɚɥɶɧɨɣ ɡɚɤɪɭɬɤɢ ɬɟɱɟɧɢɹ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɞɚɠɟ ɦɚɥɨɟ 

Ɇɉ (з5×10
-5

 Ɍɥ) ɜɥɢɹɟɬ ɧɚ ɫɬɪɭɤɬɭɪɭ ɗȼɌ. 

ȼ ɪɚɛɨɬɟ [86] ɱɢɫɥɟɧɧɨ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɞɚɠɟ ɦɚɥɚɹ ɚɡɢɦɭɬɚɥɶɧɚɹ ɫɢɥɚ (ɨɬɧɨɫɢ-

ɬɟɥɶɧɨ ɨɫɟɜɨɣ) ɩɪɢɜɨɞɢɬ ɤ ɜɨɡɧɢɤɧɨɜɟɧɢɸ ɜɬɨɪɢɱɧɨɝɨ ɩɪɨɬɢɜɨɧɚɩɪɚɜɥɟɧɧɨɝɨ ɬɟɱɟ-

ɧɢɹ. Ⱥɜɬɨɪɵ ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɤɨɝɞɚ ɫɨɨɬɧɨɲɟɧɢɟ Fφ/Fz ɩɪɟɜɵɲɚɟɬ 1 %, ɭ ɫɬɟɧɤɢ ɨɛ-

ɪɚɡɭɟɬɫɹ ɬɨɧɤɢɣ ɷɤɦɚɧɨɜɫɤɢɣ ɫɥɨɣ. Ɋɚɞɢɚɥɶɧɵɣ ɩɨɬɨɤ ɜ ɩɨɝɪɚɧɢɱɧɨɦ ɫɥɨɟ ɧɟ ɦɨɠɟɬ 

ɢɫɱɟɡɧɭɬɶ ɭ ɫɬɟɧɤɢ – ɨɧ ɞɨɥɠɟɧ ɡɚɦɤɧɭɬɶɫɹ ɜ ɜɢɞɟ ɨɛɴɟɦɧɨɝɨ ɜɨɡɜɪɚɬɧɨɝɨ ɬɟɱɟɧɢɹ. 

ɉɨɷɬɨɦɭ ɡɚ ɩɪɟɞɟɥɚɦɢ ɫɥɨɹ ɜɨɡɧɢɤɚɟɬ ɩɪɨɬɢɜɨɩɨɥɨɠɧɚɹ ɪɚɞɢɚɥɶɧɚɹ ɫɤɨɪɨɫɬɶ, ɚ ɜɦɟ-

ɫɬɟ ɫ ɧɟɣ ɢ ɜɟɪɬɢɤɚɥɶɧɚɹ ɫɨɫɬɚɜɥɹɸɳɚɹ (Uz), ɨɛɪɚɡɭɹ ɜɬɨɪɢɱɧɭɸ ɰɢɪɤɭɥɹɰɢɸ ɩɨɬɨɤɚ 

(ɷɤɦɚɧɨɜɫɤɚɹ ɩɨɞɤɚɱɤɚ). ȼɫɥɟɞɫɬɜɢɟ ɷɬɨɝɨ ɤɢɧɟɬɢɱɟɫɤɚɹ ɷɧɟɪɝɢɹ ɩɨɥɨɢɞɚɥɶɧɨɝɨ 

ɞɜɢɠɟɧɢɹ Eɩ ɩɚɞɚɟɬ ɛɨɥɟɟ ɱɟɦ ɜ 100 ɪɚɡ, ɬɨɝɞɚ ɤɚɤ ɷɧɟɪɝɢɹ ɜɪɚɳɟɧɢɹ Eφ ɪɚɫɬɟɬ ɩɨ 

ɡɚɤɨɧɭ ~Fφ
10/9

. ɉɪɢ ɷɬɨɦ ɪɟɡɭɥɶɬɚɬɵ ɪɚɛɨɬɵ ɫɪɚɜɧɢɜɚɸɬɫɹ ɫ ɛɨɥɟɟ ɪɚɧɧɟɣ ɷɤɫɩɟɪɢ-

ɦɟɧɬɚɥɶɧɨɣ ɪɚɛɨɬɨɣ Д87Ж ɩɨ ɢɫɫɥɟɞɨɜɚɧɢɸ ɪɚɫɬɟɤɚɧɢɹ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɨɬ ɬɨ-

ɱɟɱɧɨɝɨ ɢɫɬɨɱɧɢɤɚ ɜ ɩɨɥɭɫɮɟɪɢɱɟɫɤɢɣ ɨɛɴɟɦ ɩɪɢ ɧɚɥɢɱɢɢ ɚɡɢɦɭɬɚɥɶɧɨɣ ɡɚɤɪɭɬɤɢ 

ɬɟɱɟɧɢɹ. Ⱥɜɬɨɪɵ ɩɨɞɱɟɪɤɢɜɚɸɬ, ɱɬɨ ɩɨɞɚɜɥɟɧɢɟ ɩɨɥɨɢɞɚɥɶɧɨɝɨ ɬɟɱɟɧɢɹ ɹɜɥɹɟɬɫɹ 

ɨɛɳɢɦ ɫɜɨɣɫɬɜɨɦ ɨɝɪɚɧɢɱɟɧɧɵɯ ɬɟɱɟɧɢɣ ɩɪɢ ɫɨɜɦɟɫɬɧɨɦ ɞɟɣɫɬɜɢɢ ɩɨɥɨɢɞɚɥɶɧɨɣ ɢ 

ɚɡɢɦɭɬɚɥɶɧɨɣ ɫɢɥ ɢ ɩɪɢɧɰɢɩɢɚɥɶɧɨ ɧɟ ɡɚɜɢɫɢɬ ɨɬ ɫɩɨɫɨɛɚ ɜɜɨɞɚ ɬɨɤɚ (ɬɨɱɟɱɧɵɣ 
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ɷɥɟɤɬɪɨɞ ɧɚ ɨɫɢ Д87Ж ɢɥɢ ɪɚɫɩɪɟɞɟɥɟɧɧɵɣ ɜɜɨɞ ɩɨ ɩɨɜɟɪɯɧɨɫɬɢ Д86Ж). ɉɨɷɬɨɦɭ ɩɪɟɞ-

ɥɨɠɟɧɧɚɹ ɢɧɬɟɪɩɪɟɬɚɰɢɹ ɤɚɱɟɫɬɜɟɧɧɨ ɫɨɝɥɚɫɭɟɬɫɹ ɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɧɚɛɥɸɞɟ-

ɧɢɹɦɢ Д87Ж, ɯɨɬɹ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɬɨɤɚ ɜ Д87Ж ɢ Д86Ж ɪɚɡɥɢɱɚɟɬɫɹ. 

ȼ ɪɚɛɨɬɟ Д88Ж ɢɫɫɥɟɞɨɜɚɧɨ ɗȼɌ ɜ ɯɨɥɨɞɧɨɦ ɚɧɚɥɨɝɟ ɗȾɉɉɌ, ɜ ɤɚɱɟɫɬɜɟ ɪɚɛɨ-

ɱɟɣ ɠɢɞɤɨɫɬɢ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɪɚɫɬɜɨɪ ɩɨɜɚɪɟɧɧɨɣ ɫɨɥɢ. ɗɥɟɤɬɪɢɱɟɫɤɢɣ ɬɨɤ ɩɨɞɜɨ-

ɞɢɥɫɹ ɱɟɪɟɡ ɦɚɥɵɣ ɷɥɟɤɬɪɨɞ ɞɢɚɦɟɬɪɨɦ 5 ɦɦ, ɚ ɨɬɜɨɞɢɥɫɹ ɩɨ ɨɞɧɨɦɭ ɢɡ ɩɨɞɨɜɵɯ 

ɷɥɟɤɬɪɨɞɨɜ ɞɢɚɦɟɬɪɨɦ 15 ɦɦ. ɉɨɞɨɜɵɣ ɷɥɟɤɬɪɨɞ ɪɚɫɩɨɥɚɝɚɥɫɹ ɥɢɛɨ ɩɨɞ ɦɚɥɵɦ 

ɷɥɟɤɬɪɨɞɨɦ (ɜ ɰɟɧɬɪɟ ɜɚɧɧɵ), ɥɢɛɨ ɧɚ ɪɚɫɫɬɨɹɧɢɢ 40 ɦɦ ɨɬ ɨɫɢ ɫɢɦɦɟɬɪɢɢ. Ȼɵɥɨ ɩɨ-

ɥɭɱɟɧɨ, ɱɬɨ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɫɦɟɳɟɧɧɨɝɨ ɩɨɞɨɜɨɝɨ ɷɥɟɤɬɪɨɞɚ ɩɪɢɜɨɞɢɬ ɤ ɩɨɱɬɢ ɞɜɭ-

ɤɪɚɬɧɨɦɭ ɪɨɫɬɭ ɫɪɟɞɧɟɣ ɚɡɢɦɭɬɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɠɢɞɤɨɫɬɢ. ɉɪɢ ɷɬɨɦ 

ɪɚɡɦɟɪ ɡɚɫɬɨɣɧɨɣ ɡɨɧɵ ɜɛɥɢɡɢ ɛɨɤɨɜɵɯ ɫɬɟɧɨɤ ɭɦɟɧɶɲɚɟɬɫɹ ɧɚ 70 %. 

ɋɬɚɬɶɹ [89Ж ɩɨɫɜɹɳɟɧɚ ɢɫɫɥɟɞɨɜɚɧɢɸ ɫɬɪɭɤɬɭɪɵ ɬɟɱɟɧɢɹ ɩɪɢ ɦɚɥɵɯ ɝɟɨɦɚɝ-

ɧɢɬɧɵɯ ɩɨɥɹɯ (Ɇɉ Ɂɟɦɥɢ). ȼ ɪɚɛɨɬɟ ɢɡɭɱɚɥɨɫɶ ɗȼɌ ɜ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɜɚɧɧɟ, ɡɚ-

ɩɨɥɧɟɧɧɨɣ ɫɩɥɚɜɨɦ Ga-In-Sn. ɂɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɩɪɨɜɨɞɢɥɢɫɶ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ 

ɍȾȺ, ɬɚɤɠɟ ɩɨɥɟ ɫɤɨɪɨɫɬɢ ɛɵɥɨ ɩɨɥɭɱɟɧɨ ɱɢɫɥɟɧɧɨ, ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ OpenFOAM. 

ȼ ɪɚɛɨɬɟ ɛɵɥɨ ɨɛɧɚɪɭɠɟɧɨ, ɱɬɨ ɩɪɢ ɜɤɥɸɱɟɧɢɢ ɬɨɤɚ ɨɫɟɜɚɹ ɤɨɦɩɨɧɟɧɬɚ ɦɚɝɧɢɬɧɨɝɨ 

ɩɨɥɹ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɩɨ ɦɨɞɭɥɸ ɫ −16 ɞɨ −25 ɦɤɌɥ, ɩɨɷɬɨɦɭ ɫɪɚɜɧɟɧɢɟ ɷɤɫɩɟɪɢɦɟɧ-

ɬɨɜ ɢ ɪɚɫɱɟɬɨɜ ɛɵɥɨ ɩɪɨɜɟɞɟɧɨ ɩɪɢ ɷɬɨɦ Ɇɉ. Ȼɵɥɨ ɱɢɫɥɟɧɧɨ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɜɧɟɲɧɟɟ 

Ɇɉ ɨɩɪɟɞɟɥɹɟɬ ɩɚɪɚɦɟɬɪɵ ɫɬɪɭɢ ɩɨɞ ɦɚɥɵɦ ɷɥɟɤɬɪɨɞɨɦ, ɩɪɢ ɷɬɨɦ ɞɥɢɧɚ ɢ ɫɪɟɞɧɹɹ 

ɫɤɨɪɨɫɬɶ ɜ ɫɬɪɭɟ ɭɦɟɧɶɲɚɸɬɫɹ ɫ ɭɜɟɥɢɱɟɧɢɟɦ Ɇɉ. 

ȼ ɪɚɛɨɬɟ Д90] ɛɵɥɨ ɜɵɩɨɥɧɟɧɨ ɱɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɗȼɌ ɩɪɢ ɜɥɢɹɧɢɢ 

ɜɧɟɲɧɟɝɨ Ɇɉ ɪɚɡɥɢɱɧɨɣ ɜɟɥɢɱɢɧɵ. Ɋɚɫɱɟɬɵ ɩɪɨɜɨɞɢɥɢɫɶ ɞɥɹ ɤɨɧɬɟɣɧɟɪɚ ɫ ɩɨɥɭ-

ɫɮɟɪɢɱɟɫɤɨɣ ɝɟɨɦɟɬɪɢɟɣ. ȼɵɹɜɥɟɧɨ ɱɟɬɵɪɟ ɪɟɠɢɦɚ ɬɟɱɟɧɢɹ ɜ ɞɢɚɩɚɡɨɧɟ ɜɧɟɲɧɟɝɨ 

Ɇɉ 10-5–10
-2

 Ɍɥ. ɉɪɢ ɜɧɟɲɧɟɦ Ɇɉ з10-5
 Ɍɥ ɢɦɟɟɬɫɹ ɭɡɤɚɹ ɫɬɪɭɹ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ 

ɩɨɞ ɦɚɥɵɦ ɷɥɟɤɬɪɨɞɨɦ («rope mode»). ɉɪɢ Ɇɉ з10-4
 Ɍɥ ɨɛɪɚɡɭɟɬɫɹ ɜɨɫɯɨɞɹɳɢɣ 

ɜɢɯɪɶ, ɤɨɬɨɪɵɣ ɨɬɬɟɫɧɹɟɬ ɨɫɧɨɜɧɨɣ ɜɢɯɪɶ ɨɬ ɨɫɢ. ɋ ɭɜɟɥɢɱɟɧɢɟɦ ɜɧɟɲɧɟɝɨ Ɇɉ ɞɨ 

~10
-3

 Ɍɥ ɜɬɨɪɢɱɧɨɟ ɬɟɱɟɧɢɟ ɭɫɢɥɢɜɚɟɬɫɹ, ɚ ɨɫɧɨɜɧɨɟ ɗȼɌ ɨɫɥɚɛɟɜɚɟɬ. ȼɨɫɯɨɞɹɳɢɣ 

ɬɨɪɨɢɞɚɥɶɧɵɣ ɜɢɯɪɶ (ɤɨɬɨɪɵɣ ɩɨɥɧɨɫɬɶɸ ɩɨɞɚɜɥɹɟɬ ɨɫɧɨɜɧɨɟ ɗȼɌ) ɧɚɛɥɸɞɚɟɬɫɹ 

ɩɪɢ Ɇɉ ~10
-2

 Ɍɥ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜ ɪɚɛɨɬɟ ɛɵɥɚ ɩɨɥɭɱɟɧɚ ɩɨɞɪɨɛɧɚɹ ɢɧɮɨɪɦɚɰɢɹ ɨ 

ɫɬɪɭɤɬɭɪɟ ɗȼɌ, ɨɞɧɚɤɨ ɫɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɷɬɢ ɪɟɡɭɥɶɬɚɬɵ ɛɵɥɢ ɨɩɭɛɥɢɤɨɜɚɧɵ 
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ɡɧɚɱɢɬɟɥɶɧɨ ɩɨɡɠɟ, ɱɟɦ ɨɫɧɨɜɧɵɟ ɪɟɡɭɥɶɬɚɬɵ, ɢɡɥɨɠɟɧɧɵɟ ɜ ɧɚɫɬɨɹɳɟɣ ɞɢɫɫɟɪɬɚ-

ɰɢɢ, ɢ ɯɨɪɨɲɨ ɞɨɩɨɥɧɹɸɬ ɞɪɭɝ ɞɪɭɝɚ. 

Ɋɚɫɫɦɨɬɪɢɦ ɫɟɪɢɸ ɬɪɭɞɨɜ [91–95], ɪɟɡɭɥɶɬɚɬɵ ɤɨɬɨɪɵɯ ɜɨɲɥɢ ɜ ɞɨɤɬɨɪɫɤɭɸ 

ɞɢɫɫɟɪɬɚɰɢɸ Д96]. ȼ ɪɚɛɨɬɚɯ ɢɫɫɥɟɞɭɟɬɫɹ ɜɨɡɦɨɠɧɨɫɬɶ ɭɩɪɚɜɥɟɧɢɹ ɫɬɪɭɤɬɭɪɨɣ ɗȼɌ 

ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɜɧɟɲɧɟɝɨ Ɇɉ ɩɪɢɦɟɧɢɬɟɥɶɧɨ ɤ ɠɢɞɤɨɦɟɬɚɥɥɢɱɟɫɤɢɦ ɛɚɬɚɪɟɹɦ. ȼ 

ɦɨɦɟɧɬ ɩɭɫɤɚ ɜ ɠɢɞɤɨɦɟɬɚɥɥɢɱɟɫɤɢɯ ɛɚɬɚɪɟɹɯ ɜɨɡɧɢɤɚɸɬ ɩɨɥɨɢɞɚɥɶɧɵɟ ɬɟɱɟɧɢɹ, 

ɤɨɬɨɪɵɟ ɧɚ ɞɜɚ ɩɨɪɹɞɤɚ ɢɧɬɟɧɫɢɜɧɟɟ, ɱɟɦ ɜ ɤɜɚɡɢɫɬɚɰɢɨɧɚɪɧɨɦ ɪɟɠɢɦɟ. Ɍɚɤɠɟ ɛɵɥɚ 

ɩɨɥɭɱɟɧɚ ɫɬɪɭɤɬɭɪɚ ɬɟɱɟɧɢɹ ɩɪɢ ɫɥɚɛɨɦ (10
-4

 Ɍɥ), ɭɦɟɪɟɧɧɨɦ (10-3
 Ɍɥ) ɢ ɫɢɥɶɧɨɦ 

Ɇɉ (10
-2

 Ɍɥ). ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ [86Ж, ɜ ɷɬɢɯ ɪɚɛɨɬɚɯ ɢɫɩɨɥɶɡɭɟɬ-

ɫɹ ɞɪɭɝɚɹ ɝɟɨɦɟɬɪɢɹ ɪɚɛɨɱɟɣ ɨɛɥɚɫɬɢ ɢ ɜɬɨɪɢɱɧɨɟ ɬɟɱɟɧɢɟ ɧɚɩɪɚɜɥɟɧɨ ɜ ɬɭ ɠɟ ɫɬɨ-

ɪɨɧɭ, ɱɬɨ ɢ ɨɫɧɨɜɧɨɟ. ȼɦɟɫɬɟ ɫ ɬɟɦ, ɤɚɤ ɢ ɜ [86], ɢɦɟɟɬ ɦɟɫɬɨ ɷɮɮɟɤɬ ɭɦɟɧɶɲɟɧɢɹ 

ɩɨɥɨɢɞɚɥɶɧɨɣ ɷɧɟɪɝɢɢ, ɜɵɡɜɚɧɧɵɣ ɷɤɦɚɧɨɜɫɤɨɣ ɩɨɞɤɚɱɤɨɣ, ɤɨɬɨɪɵɣ ɛɵɥ ɩɨɞɬɜɟɪ-

ɠɞɟɧ ɱɢɫɥɟɧɧɨ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ. Ɍɚɤɠɟ ɛɵɥɨ ɜɵɹɜɥɟɧɨ, ɱɬɨ ɩɪɢ ɭɦɟɪɟɧɧɨɦ Ɇɉ 

ɩɨɞɚɜɥɟɧɢɟ ɩɨɥɨɢɞɚɥɶɧɨɝɨ ɬɟɱɟɧɢɹ ɩɪɨɢɫɯɨɞɢɬ ɜ ɬɨɬ ɦɨɦɟɧɬ, ɤɨɝɞɚ ɬɟɱɟɧɢɟ ɟɳɟ ɧɟ 

ɭɫɩɟɥɨ ɫɮɨɪɦɢɪɨɜɚɬɶɫɹ ɢ ɫɨɫɪɟɞɨɬɨɱɟɧɨ ɜɛɥɢɡɢ ɷɥɟɤɬɪɨɞɚ. ɉɪɢ ɷɬɨɦ, ɩɨɞ ɜɥɢɹɧɢɟɦ 

ɫɢɥɶɧɨɝɨ ɨɫɟɜɨɝɨ Ɇɉ, ɨɫɧɨɜɧɨɣ ɬɨɪɨɢɞɚɥɶɧɵɣ ɜɢɯɪɶ ɧɟ ɭɫɩɟɜɚɟɬ ɫɮɨɪɦɢɪɨɜɚɬɶɫɹ 

(ɞɚɠɟ ɜɛɥɢɡɢ ɷɥɟɤɬɪɨɞɚ), ɢ ɢɦɟɟɬ ɦɟɫɬɨ ɜɬɨɪɢɱɧɵɣ ɜɢɯɪɶ ɫ ɩɨɥɨɢɞɚɥɶɧɵɦ ɧɢɫɯɨɞɹ-

ɳɢɦ ɬɟɱɟɧɢɟɦ. 

1.4 Ⱥɧɚɥɢɡ ɥɢɬɟɪɚɬɭɪɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɢ ɩɨɫɬɚɧɨɜɤɚ ɡɚɞɚɱ ɢɫɫɥɟɞɨɜɚɧɢɹ 

ɉɪɨɜɟɞɟɧɧɵɣ ɨɛɡɨɪ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢ ɱɢɫɥɟɧɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɷɥɟɤɬɪɨ-

ɜɢɯɪɟɜɵɯ ɬɟɱɟɧɢɣ ɩɨɤɚɡɚɥ, ɱɬɨ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɞɨɫɬɚɬɨɱɧɨ ɩɨɞɪɨɛɧɨ ɢɡɭɱɟɧɚ 

ɫɬɪɭɤɬɭɪɚ ɗȼɌ ɩɪɢ ɨɬɫɭɬɫɬɜɢɢ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ. ȼ ɪɚɛɨɬɚɯ ɩɨɤɚɡɚɧɨ, ɱɬɨ 

ɬɟɱɟɧɢɟ ɢɦɟɟɬ ɮɨɪɦɭ ɬɨɪɨɢɞɚɥɶɧɨɝɨ ɜɢɯɪɹ, ɧɚɩɪɚɜɥɟɧɧɨɝɨ ɜɧɢɡ ɜ ɨɛɥɚɫɬɢ ɩɨɞ ɦɚ-

ɥɵɦ ɷɥɟɤɬɪɨɞɨɦ. ɉɨɥɭɱɟɧɚ ɫɬɪɭɤɬɭɪɚ ɬɟɱɟɧɢɹ ɜ ɞɜɭɫɥɨɣɧɵɯ ɠɢɞɤɨɫɬɹɯ (ɷɥɟɤɬɪɨ-

ɲɥɚɤɨɜɵɣ ɩɟɪɟɩɥɚɜ). Ɍɚɤɠɟ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɜɥɢɹɧɢɟ ɫɜɨɛɨɞɧɨɣ ɤɨɧɜɟɤɰɢɢ ɦɨɠɟɬ 

ɩɪɢɜɨɞɢɬɶ ɤ ɨɛɪɚɡɨɜɚɧɢɸ ɜɬɨɪɢɱɧɵɯ ɜɢɯɪɟɣ ɢ ɩɭɥɶɫɚɰɢɹɦ ɫɤɨɪɨɫɬɢ ɜ ɨɛɴɟɦɟ ɠɢɞ-

ɤɨɝɨ ɦɟɬɚɥɥɚ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɜ ɧɟɤɨɬɨɪɵɯ ɪɟɠɢɦɚɯ ɧɚ ɩɟɪɢɮɟɪɢɢ ɪɚɛɨɱɟɣ ɜɚɧɧɵ ɦɨ-

ɝɭɬ ɜɨɡɧɢɤɚɬɶ ɜɬɨɪɢɱɧɵɟ ɜɢɯɪɢ Ɇɨɮɮɚɬɚ. 
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ȼɥɢɹɧɢɟ ɜɧɟɲɧɟɝɨ ɨɫɟɜɨɝɨ Ɇɉ ɩɪɢɜɨɞɢɬ ɤ ɚɡɢɦɭɬɚɥɶɧɨɣ ɡɚɤɪɭɬɤɟ ɢ ɨɫɥɚɛɥɟ-

ɧɢɸ ɨɫɧɨɜɧɨɝɨ ɬɟɱɟɧɢɹ ɢɥɢ ɤ ɜɨɡɧɢɤɧɨɜɟɧɢɸ ɜɬɨɪɢɱɧɵɯ ɜɢɯɪɟɣ. ɉɪɢ ɜɨɡɞɟɣɫɬɜɢɢ 

ɞɨɫɬɚɬɨɱɧɨ ɫɢɥɶɧɨɝɨ Ɇɉ ɗȼɌ ɩɨɥɧɨɫɬɶɸ ɩɨɞɚɜɥɹɟɬɫɹ ɜɬɨɪɢɱɧɵɦ ɬɟɱɟɧɢɟɦ. Ɍɚɤɢɦ 

ɨɛɪɚɡɨɦ, ɨɛɨɛɳɚɹ ɪɟɡɭɥɶɬɚɬɵ ɪɚɫɫɦɨɬɪɟɧɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ, ɦɨɠɧɨ ɨɬɦɟɬɢɬɶ, ɱɬɨ, 

ɩɪɢ ɧɚɥɢɱɢɢ ɜɧɟɲɧɟɝɨ Ɇɉ, ɧɚ ɦɨɦɟɧɬ ɜɵɩɨɥɧɟɧɢɹ ɧɚɫɬɨɹɳɟɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ ɛɵɥɢ 

ɢɡɭɱɟɧɵ ɨɬɞɟɥɶɧɵɟ ɪɟɠɢɦɵ ɬɟɱɟɧɢɹ ɩɪɢ ɞɟɣɫɬɜɢɢ ɫɥɚɛɵɯ (10
-5–10

-4
 Ɍɥ), ɭɦɟɪɟɧɧɵɯ 

(~10
-3

 Ɍɥ) ɢ ɫɢɥɶɧɵɯ Ɇɉ (~10
-2

 Ɍɥ). ȼ ɬɨ ɠɟ ɜɪɟɦɹ ɜɥɢɹɧɢɟ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ 

ɩɨɥɹ ɧɚ ɝɢɞɪɨɞɢɧɚɦɢɱɟɫɤɭɸ ɫɬɪɭɤɬɭɪɭ ɗȼɌ ɜ ɲɢɪɨɤɨɦ ɞɢɚɩɚɡɨɧɟ ɟɝɨ ɡɧɚɱɟɧɢɣ, ɧɚ-

ɱɢɧɚɹ ɨɬ ɟɫɬɟɫɬɜɟɧɧɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ Ɂɟɦɥɢ ɢ ɡɚɤɚɧɱɢɜɚɹ ɫɢɥɶɧɵɦɢ ɢɫɤɭɫɫɬɜɟɧ-

ɧɵɦɢ ɩɨɥɹɦɢ, ɢɫɫɥɟɞɨɜɚɧɨ ɮɪɚɝɦɟɧɬɚɪɧɨ. ɑɢɫɥɟɧɧɨ ɢɫɫɥɟɞɨɜɚɧɨ ɜɥɢɹɧɢɟ Ɇɉ Ɂɟɦ-

ɥɢ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɢɡɦɟɪɟɧɚ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɜɵɡɜɚɧɧɨɣ ɢɦ ɚɡɢɦɭɬɚɥɶɧɨɣ ɡɚ-

ɤɪɭɬɤɢ. Ɉɞɧɚɤɨ ɷɤɫɩɟɪɢɦɟɧɬɵ ɫ ɤɨɦɩɟɧɫɚɰɢɟɣ Ɇɉ Ɂɟɦɥɢ ɨɬɫɭɬɫɬɜɭɸɬ ɜ ɧɚɭɱɧɨɣ 

ɥɢɬɟɪɚɬɭɪɟ. ɇɟɞɨɫɬɚɬɨɱɧɨ ɩɨɥɧɨ ɪɚɫɫɦɨɬɪɟɧɵ ɜɨɩɪɨɫɵ ɜɥɢɹɧɢɹ ɜɧɟɲɧɟɝɨ ɩɨɥɹ ɧɚ 

ɧɟɫɬɚɰɢɨɧɚɪɧɨɫɬɶ ɬɟɱɟɧɢɹ (ɚɜɬɨɤɨɥɟɛɚɧɢɹ, ɨɛɪɚɡɨɜɚɧɢɟ ɢ ɷɜɨɥɸɰɢɹ ɬɨɪɨɢɞɚɥɶɧɵɯ 

ɜɢɯɪɟɣ), ɚ ɬɚɤɠɟ ɝɪɚɧɢɰɵ ɩɪɢɦɟɧɢɦɨɫɬɢ ɪɚɡɥɢɱɧɵɯ ɦɚɝɧɢɬɨɝɢɞɪɨɞɢɧɚɦɢɱɟɫɤɢɯ 

ɩɪɢɛɥɢɠɟɧɢɣ ɩɪɢ ɱɢɫɥɟɧɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɗȼɌ ɜ ɭɫɥɨɜɢɹɯ ɜɥɢɹɧɢɹ ɜɧɟɲɧɟɝɨ 

ɨɫɟɜɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ. 

Ɋɚɛɨɬɚ Д90Ж ɩɪɟɞɨɫɬɚɜɥɹɟɬ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɞɚɧɧɵɟ ɨ ɫɬɪɭɤɬɭɪɟ ɬɟɱɟɧɢɹ ɜ ɞɢɚ-

ɩɚɡɨɧɟ ɜɧɟɲɧɟɝɨ Ɇɉ Bz = 10
-5–10

-2
 Ɍɥ ɢ ɯɨɪɨɲɨ ɞɨɩɨɥɧɹɟɬ ɪɟɡɭɥɶɬɚɬɵ ɧɚɫɬɨɹɳɟɣ 

ɞɢɫɫɟɪɬɚɰɢɢ, ɨɞɧɚɤɨ ɷɬɢ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜɵɩɨɥɧɟɧɵ ɢ ɨɩɭɛɥɢɤɨɜɚɧɵ ɫɭɳɟɫɬɜɟɧɧɨ 

ɩɨɡɠɟ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ ɡɞɟɫɶ ɪɟɡɭɥɶɬɚɬɨɜ. 

ȼ ɞɢɫɫɟɪɬɚɰɢɢ Д96Ж ɛɵɥɚ ɩɨɞɪɨɛɧɨ ɢɡɭɱɟɧɚ ɫɬɪɭɤɬɭɪɚ ɬɟɱɟɧɢɹ ɩɪɢ ɜɥɢɹɧɢɢ 

ɜɧɟɲɧɟɝɨ Ɇɉ (10-5–10
-2

 Ɍɥ), ɨɞɧɚɤɨ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɵ ɜ Д96Ж ɢɫɩɨɥɶ-

ɡɭɟɬɫɹ ɞɪɭɝɚɹ ɝɟɨɦɟɬɪɢɹ ɪɚɛɨɱɟɣ ɜɚɧɧɵ. Ɍɚɤɠɟ ɨɬɥɢɱɚɟɬɫɹ ɦɟɬɨɞ ɩɨɞɜɨɞɚ ɷɥɟɤɬɪɢ-

ɱɟɫɤɨɝɨ ɬɨɤɚ, ɢ ɜ ɪɟɡɭɥɶɬɚɬɟ ɧɚɩɪɚɜɥɟɧɢɟ ɜɬɨɪɢɱɧɨɝɨ ɬɟɱɟɧɢɹ ɫɨɜɩɚɞɚɟɬ ɫ ɨɫɧɨɜɧɵɦ 

ɗȼɌ.  

ɉɟɪɟɱɢɫɥɟɧɧɵɟ ɨɝɪɚɧɢɱɟɧɢɹ ɫɭɳɟɫɬɜɭɸɳɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɨɩɪɟɞɟɥɢɥɢ ɨɫɧɨɜ-

ɧɨɟ ɧɚɩɪɚɜɥɟɧɢɟ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɵ. ɇɚ ɨɫɧɨɜɚɧɢɢ ɜɵɩɨɥɧɟɧɧɨɝɨ ɨɛɡɨɪɚ ɪɚɛɨɬ ɩɨ 

ɗȼɌ ɛɵɥɢ ɫɮɨɪɦɭɥɢɪɨɜɚɧɵ ɫɥɟɞɭɸɳɢɟ ɡɚɞɚɱɢμ 
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1. Ɇɨɞɟɪɧɢɡɢɪɨɜɚɬɶ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɭɸ ɭɫɬɚɧɨɜɤɭ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɗȼɌ. 

ɂɡɝɨɬɨɜɢɬɶ ɤɨɪɪɟɥɹɰɢɨɧɧɵɣ ɞɚɬɱɢɤ ɫɤɨɪɨɫɬɢ ɢ ɫɢɫɬɟɦɭ ɮɢɥɶɬɪɚɰɢɢ ɫɢɝɧɚɥɨɜ, ɚ 

ɬɚɤɠɟ ɞɨɪɚɛɨɬɚɬɶ ɩɪɨɝɪɚɦɦɧɨɟ ɨɛɟɫɩɟɱɟɧɢɟ ɞɥɹ ɫɛɨɪɚ ɞɚɧɧɵɯ. Ɋɚɡɪɚɛɨɬɚɬɶ ɢ ɪɟɚɥɢ-

ɡɨɜɚɬɶ ɫɢɫɬɟɦɵ ɝɟɧɟɪɚɰɢɢ ɢ ɤɨɦɩɟɧɫɚɰɢɢ ɨɫɟɜɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɜ ɨɛɴɟɦɟ ɠɢɞɤɨ-

ɝɨ ɦɟɬɚɥɥɚ. ɂɡɝɨɬɨɜɢɬɶ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ ɞɥɹ ɢɡɦɟɪɟɧɢɹ 

ɦɝɧɨɜɟɧɧɨɣ ɫɤɨɪɨɫɬɢ. 

2. Ɋɚɡɪɚɛɨɬɚɬɶ ɢ ɜɟɪɢɮɢɰɢɪɨɜɚɬɶ ɦɟɬɨɞɢɤɭ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ 

ɗȼɌ, ɨɫɧɨɜɚɧɧɭɸ ɧɚ ɪɚɡɥɢɱɧɵɯ ɆȽȾ ɩɪɢɛɥɢɠɟɧɢɹɯ, ɞɥɹ ɪɚɫɱɟɬɚ ɫɬɪɭɤɬɭɪɵ ɬɟɱɟɧɢɹ 

ɜ ɲɢɪɨɤɨɦ ɞɢɚɩɚɡɨɧɟ ɪɟɠɢɦɧɵɯ ɩɚɪɚɦɟɬɪɨɜ. 

3. ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɢɫɫɥɟɞɨɜɚɬɶ ɜɥɢɹɧɢɟ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ Ɂɟɦɥɢ ɢ ɪɟɠɢɦ 

ɟɝɨ ɤɨɦɩɟɧɫɚɰɢɢ ɧɚ ɨɫɟɜɭɸ ɫɤɨɪɨɫɬɶ ɢ ɧɟɫɬɚɰɢɨɧɚɪɧɨɫɬɶ (ɫɩɟɤɬɪɚɥɶɧɵɟ ɯɚɪɚɤɬɟɪɢ-

ɫɬɢɤɢ ɩɭɥɶɫɚɰɢɣ) ɷɥɟɤɬɪɨɜɢɯɪɟɜɨɝɨ ɬɟɱɟɧɢɹ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ. 

4. ɂɡɭɱɢɬɶ ɪɟɠɢɦɵ ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɯ ɬɟɱɟɧɢɣ ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɜɧɟɲɧɟɝɨ 

ɨɫɟɜɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɫɪɟɞɧɟɣ ɜɟɥɢɱɢɧɵ (Bz = 10
-4–10

-3
 Ɍɥ), ɜɤɥɸɱɚɹ ɜɨɡɧɢɤɧɨɜɟ-

ɧɢɟ ɢ ɡɚɬɭɯɚɧɢɟ ɚɜɬɨɤɨɥɟɛɚɧɢɣ, ɮɨɪɦɢɪɨɜɚɧɢɟ ɜɬɨɪɢɱɧɨɝɨ ɬɨɪɨɢɞɚɥɶɧɨɝɨ ɜɢɯɪɹ ɢ 

ɨɩɪɟɞɟɥɟɧɢɟ ɨɛɥɚɫɬɢ ɩɚɪɚɦɟɬɪɨɜ ɨɞɧɨɜɢɯɪɟɜɨɝɨ ɢ ɞɜɭɜɢɯɪɟɜɨɝɨ ɪɟɠɢɦɨɜ ɬɟɱɟɧɢɹ. 

5. ɇɚ ɨɫɧɨɜɟ ɱɢɫɥɟɧɧɵɯ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɦɟɬɨɞɨɜ ɨɩɪɟɞɟɥɢɬɶ ɝɪɚɧɢ-

ɰɵ ɩɪɢɦɟɧɢɦɨɫɬɢ ɜɵɛɪɚɧɧɵɯ ɆȽȾ ɩɪɢɛɥɢɠɟɧɢɣ ɩɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɗȼɌ ɜ ɩɪɢ-

ɫɭɬɫɬɜɢɢ ɜɧɟɲɧɟɝɨ ɨɫɟɜɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ (Bz = 10
-3–1 Ɍɥ). 

6. ɇɚ ɨɫɧɨɜɚɧɢɢ ɪɚɡɪɚɛɨɬɚɧɧɵɯ ɦɟɬɨɞɨɜ ɩɪɨɜɟɫɬɢ ɜɡɚɢɦɨɫɜɹɡɚɧɧɨɟ ɢɫɫɥɟ-

ɞɨɜɚɧɢɟ ɫɬɪɭɤɬɭɪɵ ɢ ɨɫɨɛɟɧɧɨɫɬɟɣ ɗȼɌ ɜ ɲɢɪɨɤɨɦ ɞɢɚɩɚɡɨɧɟ ɜɧɟɲɧɢɯ ɦɚɝɧɢɬɧɵɯ 

ɩɨɥɟɣ (Bz = 5×10
-5–1 Ɍɥ).  
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Ƚɥɚɜɚ 2 Эɤɫɩɟɪɢɦɟɧɬɚɥɶɧɚɹ ɭɫɬɚɧɨɜɤɚ ɢ ɢɡɦɟɪɢɬɟɥɶɧɚɹ ɦɟɬɨɞɢɤɚ 

2.1 Ɉɩɢɫɚɧɢɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ 

ɋɯɟɦɚ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 2.1. Ʉɨɧɫɬɪɭɤɬɢɜ-

ɧɚɹ ɨɫɧɨɜɚ ɭɫɬɚɧɨɜɤɢ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɨɩɢɫɚɧɢɸ Д77Ж ɢ ɛɵɥɚ ɚɞɚɩɬɢɪɨɜɚɧɚ ɚɜɬɨɪɨɦ 

ɩɨɞ ɡɚɞɚɱɢ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɵ. ȼ ɤɚɱɟɫɬɜɟ ɪɚɛɨɱɟɣ ɜɚɧɧɵ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɦɟɞɧɵɣ ɩɨ-

ɥɭɫɮɟɪɢɱɟɫɤɢɣ ɤɨɧɬɟɣɧɟɪ (ɛɨɥɶɲɨɣ ɷɥɟɤɬɪɨɞ) ɞɢɚɦɟɬɪɨɦ d = 188 ɦɦ, ɡɚɩɨɥɧɟɧɧɵɣ 

ɷɜɬɟɤɬɢɱɟɫɤɢɦ ɫɩɥɚɜɨɦ IЧ–Ga–Sn (ɦɚɫɫɨɜɵɟ ɤɨɧɰɟɧɬɪɚɰɢɢμ IЧ – 20.5 %, Ga – 67 %, 

Sn – 12.5 %, ɫ ɬɟɦɩɟɪɚɬɭɪɨɣ ɩɥɚɜɥɟɧɢɹ 10.5 °ɋ). Ɍɟɩɥɨɮɢɡɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɫɩɥɚɜɚ 

ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ Д97]. ȼ ɰɟɧɬɪɚɥɶɧɨɣ ɱɚɫɬɢ ɜɚɧɧɵ ɧɚɯɨɞɢɥɫɹ ɦɟɞɧɵɣ ɰɢɥɢɧɞɪɢɱɟ-

ɫɤɢɣ ɷɥɟɤɬɪɨɞ ɫ ɩɨɥɭɫɮɟɪɢɱɟɫɤɢɦ ɬɨɪɰɨɦ ɪɚɞɢɭɫɨɦ 1–10 ɦɦ, ɷɥɟɤɬɪɨɞ ɩɨɝɪɭɠɚɥɢ ɜ 

ɪɚɫɩɥɚɜ ɧɚ ɝɥɭɛɢɧɭ, ɪɚɜɧɭɸ ɟɝɨ ɪɚɞɢɭɫɭ, ɱɬɨ ɨɛɟɫɩɟɱɢɜɚɥɨ ɡɚɞɚɧɧɭɸ ɥɨɤɚɥɢɡɚɰɢɸ 

ɩɨɞɜɨɞɚ ɬɨɤɚ. ɉɢɬɚɧɢɟ ɭɫɬɚɧɨɜɤɢ ɨɫɭɳɟɫɬɜɥɹɥɨɫɶ ɨɬ ɢɫɬɨɱɧɢɤɚ ɩɨɫɬɨɹɧɧɨɝɨ ɬɨɤɚ. 

ɂɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɜ ɨɛɴɟɦɟ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɩɪɨɜɨɞɢɥɢɫɶ ɫ ɩɨɦɨɳɶɸ ɜɨɥɨɤɨɧɧɨ-

ɨɩɬɢɱɟɫɤɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɫɤɨɪɨɫɬɢ ɢ ɬɟɪɦɨɤɨɪɪɟɥɹɰɢɨɧɧɨɝɨ ɞɚɬɱɢɤɚ. ɋɤɨɪɨɫɬɶ 

ɡɚɤɪɭɬɤɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɨɩɪɟɞɟɥɹɥɚɫɶ ɦɟɬɨɞɨɦ ɜɨɞɨɪɨɞɧɵɯ ɦɟɬɨɤ. Ɍɟɦɩɟɪɚɬɭɪɚ 

ɢɡɦɟɪɹɥɚɫɶ ɬɟɪɦɨɩɚɪɚɦɢ ɤɨɪɪɟɥɹɰɢɨɧɧɨɝɨ ɞɚɬɱɢɤɚ. ɗɥɟɤɬɪɢɱɟɫɤɢɟ ɫɢɝɧɚɥɵ ɫ ɞɚɬ-

ɱɢɤɨɜ ɩɨɫɬɭɩɚɥɢ ɧɚ ɭɫɢɥɢɬɟɥɶ, ɚ ɡɚɬɟɦ ɧɚ Ⱥɐɉ ɩɟɪɫɨɧɚɥɶɧɨɝɨ ɤɨɦɩɶɸɬɟɪɚ ɢ ɨɛɪɚ-

ɛɚɬɵɜɚɥɢɫɶ ɧɚ ɷɥɟɤɬɪɨɧɧɨ-ɜɵɱɢɫɥɢɬɟɥɶɧɨɣ ɦɚɲɢɧɟ (ɗȼɆ). 

ɋɢɫɬɟɦɚ ɩɢɬɚɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ ɭɫɬɪɨɟɧɚ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚ-

ɡɨɦ. Ɍɪɟɯɮɚɡɧɵɣ ɬɨɤ ɩɨɞɚɟɬɫɹ ɧɚ ɬɪɢ ɨɞɧɨɮɚɡɧɵɯ ɥɚɛɨɪɚɬɨɪɧɵɯ ɚɜɬɨɬɪɚɧɫɮɨɪɦɚɬɨ-

ɪɚ (ɅȺɌɊ) ɊɇɈ-250-10 ɫ ɧɚɩɪɹɠɟɧɢɟɦ ɧɚ ɜɵɯɨɞɟ 0–250 ȼ, ɫ ɩɨɦɨɳɶɸ ɤɨɬɨɪɵɯ 

ɦɨɠɧɨ ɪɟɝɭɥɢɪɨɜɚɬɶ ɬɨɤ, ɩɪɨɯɨɞɹɳɢɣ ɱɟɪɟɡ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɭɸ ɭɫɬɚɧɨɜɤɭ. ɅȺɌɊɵ 

ɫɨɟɞɢɧɟɧɵ ɰɟɩɧɨɣ ɩɟɪɟɞɚɱɟɣ ɫ ɫɨɨɬɧɨɲɟɧɢɟɦ 1μ1. ɂɫɩɨɥɶɡɨɜɚɧɢɟ ɨɞɧɨɮɚɡɧɵɯ 

ɬɪɚɧɫɮɨɪɦɚɬɨɪɨɜ ɬɚɤɠɟ ɩɨɡɜɨɥɹɟɬ ɪɟɝɭɥɢɪɨɜɚɬɶ ɚɦɩɥɢɬɭɞɭ ɤɚɠɞɨɣ ɮɚɡɵ ɨɬɞɟɥɶɧɨ. 

Ⱦɚɥɟɟ ɬɨɤ ɩɨɩɚɞɚɟɬ ɧɚ ɬɪɟɯɮɚɡɧɵɣ ɬɪɚɧɫɮɨɪɦɚɬɨɪ, ɢɦɟɸɳɢɣ 100 ɜɢɬɤɨɜ ɜ ɩɟɪɜɢɱ-

ɧɨɣ ɨɛɦɨɬɤɟ ɢ 3 ɜɢɬɤɚ ɜɨ ɜɬɨɪɢɱɧɨɣ ɨɛɦɨɬɤɟ. Ɂɚɬɟɦ, ɩɨɥɭɱɟɧɧɵɣ ɧɚ ɜɵɯɨɞɟ ɬɨɤ ɩɨ-

ɫɬɭɩɚɟɬ ɜ ɜɵɩɪɹɦɢɬɟɥɶ, ɤɨɬɨɪɵɣ ɫɨɫɬɨɢɬ ɢɡ ɲɟɫɬɢ ɜɨɞɨɨɯɥɚɠɞɚɟɦɵɯ ɞɢɨɞɨɜ ȼȼ500 

(I ≤ 500 Ⱥ) ɢ ɫɨɛɪɚɧ ɩɨ ɫɯɟɦɟ Ʌɚɪɢɨɧɨɜɚ.  
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Ɋɢɫɭɧɨɤ 2.1 – ɋɯɟɦɚ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ. 1 – ɤɚɬɭɲɤɚ Ɇɚɤɫɜɟɥɥɚ,  

2 – ɤɨɪɪɟɥɹɰɢɨɧɧɵɣ ɡɨɧɞ, 3 – ɫɨɥɟɧɨɢɞ, 4 – ɷɜɬɟɤɬɢɱɟɫɤɢɣ ɫɩɥɚɜ In-Ga-Sn, 5 – ɦɚɥɵɣ 

ɷɥɟɤɬɪɨɞ, 6 – ɩɨɥɭɫɮɟɪɢɱɟɫɤɢɣ ɤɨɧɬɟɣɧɟɪ (ɛɨɥɶɲɨɣ ɷɥɟɤɬɪɨɞ), 7 – ɬɨɤɨɩɨɞɜɨɞ, 

8 – ɨɯɥɚɠɞɚɸɳɚɹ ɠɢɞɤɨɫɬɶ, 9 – ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɣ ɞɚɬɱɢɤ ɫɤɨɪɨɫɬɢ, 

10 – ɭɫɢɥɢɬɟɥɶ ɢ ɮɢɥɶɬɪɵ, 11 – ɚɧɚɥɨɝɨɜɨ-ɰɢɮɪɨɜɨɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ, 12 – ɗȼɆ, 

13 – ɫɢɥɨɜɵɟ ɞɢɨɞɵ, 14 – ɪɭɛɚɲɤɚ ɨɯɥɚɠɞɟɧɢɹ ɞɢɨɞɨɜ, 15 – ɥɚɛɨɪɚɬɨɪɧɵɟ 

ɚɜɬɨɬɪɚɧɫɮɨɪɦɚɬɨɪɵ. 

Ɂɧɚɱɟɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɢɡɦɟɪɹɥɨɫɶ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɰɢɮɪɨɜɨɣ ɢɡɦɟ-

ɪɢɬɟɥɶɧɨɣ ɝɨɥɨɜɤɢ ɫ ɞɢɚɩɚɡɨɧɨɦ 0–200 ɦȼ ɫ ɩɨɦɨɳɶɸ ɬɨɤɨɜɨɝɨ ɲɭɧɬɚ ɫ ɷɥɟɤɬɪɢɱɟ-

ɫɤɢɦ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ 5×10−5
 Ɉɦ. ɉɚɞɟɧɢɟ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɲɭɧɬɟ 75 ɦȼ ɫɨɨɬɜɟɬɫɬɜɭ-

ɟɬ ɷɥɟɤɬɪɢɱɟɫɤɨɦɭ ɬɨɤɭ 1500 Ⱥ.  

ɉɨɫɤɨɥɶɤɭ ɩɢɬɚɧɢɟ ɭɫɬɚɧɨɜɤɢ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɱɟɪɟɡ ɜɵɩɪɹɦɢɬɟɥɶ, ɧɟɨɛɯɨɞɢ-

ɦɨ ɨɰɟɧɢɬɶ ɭɪɨɜɟɧɶ ɩɭɥɶɫɚɰɢɣ ɬɨɤɚ. Ɍɟɨɪɟɬɢɱɟɫɤɢ, ɢɫɩɨɥɶɡɭɟɦɚɹ ɷɥɟɤɬɪɢɱɟɫɤɚɹ 

ɫɯɟɦɚ ɨɛɟɫɩɟɱɢɜɚɟɬ ɬɨɤ ɫ ɩɭɥɶɫɚɰɢɹɦɢ 12.5 %. Ɍɟɦ ɧɟ ɦɟɧɟɟ, ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɩɨ-

ɥɭɱɟɧɨ, ɱɬɨ ɪɟɚɥɶɧɚɹ ɜɟɥɢɱɢɧɚ ɩɭɥɶɫɚɰɢɣ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɫɨɫɬɚɜɥɹɟɬ 20 % ɫ 

ɱɚɫɬɨɬɨɣ 300 Ƚɰ. ɋ ɩɨɦɨɳɶɸ ɬɟɫɬɨɜɵɯ ɪɚɫɱɟɬɨɜ ɛɵɥɨ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɞɚɧɧɵɟ 

ɩɭɥɶɫɚɰɢɢ ɧɟ ɩɪɢɜɨɞɹɬ ɤ ɡɧɚɱɢɬɟɥɶɧɨɦɭ ɢɡɦɟɧɟɧɢɸ ɝɢɞɪɨɞɢɧɚɦɢɤɢ ɬɟɱɟɧɢɹ ɢ ɫ ɯɨ-

ɪɨɲɟɣ ɬɨɱɧɨɫɬɶɸ ɩɨɥɭɱɟɧɧɵɣ ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɬɨɤ ɦɨɠɧɨ ɫɱɢɬɚɬɶ ɩɨɫɬɨɹɧɧɵɦ. 
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2.2 ɋɢɫɬɟɦɚ ɨɯɥɚɠɞɟɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ 

ɋɢɫɬɟɦɚ ɨɯɥɚɠɞɟɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ ɛɵɥɚ ɦɨɞɟɪɧɢɡɢɪɨɜɚɧɚ, ɚ 

ɟɟ ɫɯɟɦɚ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 2.2. ȼɨɞɚ ɨɬ ɧɚɩɨɪɧɨɝɨ ɲɥɚɧɝɚ 11 ɩɨɫɬɭɩɚɥɚ ɧɚ 

ɪɚɡɜɟɬɜɢɬɟɥɶ ɫ ɜɵɯɨɞɧɵɦɢ ɜɟɧɬɢɥɹɦɢ 10, ɩɨɫɥɟ ɱɟɝɨ ɱɟɪɟɡ ɜɯɨɞɧɵɟ ɜɟɧɬɢɥɢ ɪɚɫɩɪɟ-

ɞɟɥɹɥɚɫɶ ɩɨ ɪɭɛɚɲɤɚɦ ɨɯɥɚɠɞɟɧɢɹ ɷɥɟɤɬɪɨɞɨɜ/ɬɨɤɨɩɨɞɜɨɞɚ (2, 3, 8) ɢ ɧɚ ɨɯɥɚɠɞɟɧɢɟ 

ɜɢɧɬɨɜɵɯ ɫɨɟɞɢɧɟɧɢɣ 4 ɢ 9, ɚ ɬɚɤɠɟ ɧɚ ɨɯɥɚɠɞɟɧɢɟ ɫɢɥɨɜɵɯ ɞɢɨɞɨɜ 6. ɂɫɩɨɥɶɡɨɜɚ-

ɧɢɟ ɪɟɥɟ ɞɚɜɥɟɧɢɹ 7 ɩɨɡɜɨɥɹɥɨ ɛɥɨɤɢɪɨɜɚɬɶ ɜɤɥɸɱɟɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɧɚ ɷɤɫ-

ɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɟ ɩɪɢ ɨɬɫɭɬɫɬɜɢɢ ɧɚɩɨɪɚ ɜɨɞɵ. Ⱦɚɥɟɟ ɜɨɞɚ ɩɨɫɬɭɩɚɥɚ ɜ ɜɵ-

ɯɨɞɧɵɟ ɜɟɧɬɢɥɢ 5, ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɤɨɬɨɪɵɯ ɩɨɡɜɨɥɢɥɨ ɢɡɛɟɠɚɬɶ ɨɛɪɚɬɧɨɝɨ ɡɚɛɪɨɫɚ 

ɜɨɞɵ ɩɪɢ ɩɟɪɟɤɪɵɬɢɢ ɨɞɧɨɝɨ ɢɡ ɭɱɚɫɬɤɨɜ ɫɢɫɬɟɦɵ ɨɯɥɚɠɞɟɧɢɹ. Ⱦɚɧɧɚɹ ɫɢɫɬɟɦɚ ɨɯ-

ɥɚɠɞɟɧɢɹ ɩɨɡɜɨɥɢɥɚ ɫɭɳɟɫɬɜɟɧɧɨ ɫɧɢɡɢɬɶ ɬɟɦɩ ɧɚɝɪɟɜɚ ɷɜɬɟɤɬɢɱɟɫɤɨɝɨ ɫɩɥɚɜɚ ɢ 

ɭɱɚɫɬɤɨɜ ɭɫɬɚɧɨɜɤɢ, ɩɨ ɤɨɬɨɪɵɦ ɩɪɨɬɟɤɚɥ ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɬɨɤ, ɱɬɨ ɩɨɡɜɨɥɢɥɨ ɧɟɩɪɟ-

ɪɵɜɧɨ ɩɪɨɜɨɞɢɬɶ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ. 

 

Ɋɢɫɭɧɨɤ 2.2 – ɋɢɫɬɟɦɚ ɨɯɥɚɠɞɟɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ. 1 – ɫɥɢɜ,  

2 – ɪɭɛɚɲɤɚ ɨɯɥɚɠɞɟɧɢɹ ɛɨɥɶɲɨɝɨ ɷɥɟɤɬɪɨɞɚ, 3 – ɪɭɛɚɲɤɚ ɨɯɥɚɠɞɟɧɢɹ ɦɚɥɨɝɨ 

ɷɥɟɤɬɪɨɞɚ, 4 – ɨɯɥɚɠɞɟɧɢɟ ɜɢɧɬɨɜɨɝɨ ɫɨɟɞɢɧɟɧɢɹ ɜɟɪɯɧɟɝɨ ɬɨɤɨɩɪɨɜɨɞɚ ɢ 

ɷɥɟɤɬɪɨɞɚ, 5 – ɜɵɯɨɞɧɵɟ ɜɟɧɬɢɥɢ, 6 – ɨɯɥɚɠɞɚɟɦɵɟ ɞɢɨɞɵ, 7 – ɪɟɥɟ ɞɚɜɥɟɧɢɹ, 

8 – ɪɭɛɚɲɤɚ ɨɯɥɚɠɞɟɧɢɹ ɧɢɠɧɟɝɨ ɬɨɤɨɩɨɞɜɨɞɚ, 9 – ɨɯɥɚɠɞɟɧɢɟ ɜɢɧɬɨɜɨɝɨ 

ɫɨɟɞɢɧɟɧɢɹ ɧɢɠɧɟɝɨ ɬɨɤɨɩɨɞɜɨɞɚ ɢ ɬɨɤɨɩɪɨɜɨɞɚ, 10 – ɜɯɨɞɧɵɟ ɜɟɧɬɢɥɢ,  

11 – ɩɨɞɚɱɚ ɜɨɞɵ.  
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2.3 ɋɢɫɬɟɦɵ ɫɨɡɞɚɧɢɹ ɢ ɩɨɞɚɜɥɟɧɢɹ ɨɫɟɜɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ 

Ⱦɥɹ ɫɨɡɞɚɧɢɹ ɜɧɟɲɧɟɝɨ ɨɫɟɜɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɛɵɥ ɢɡɝɨɬɨɜɥɟɧ ɫɨɥɟɧɨɢɞ ɪɚ-

ɞɢɭɫɨɦ r = 106 ɦɦ ɢ ɜɵɫɨɬɨɣ h = 160 ɦɦ (ɪɢɫɭɧɨɤ 2.3). Ɉɛɦɨɬɤɚ ɫɨɥɟɧɨɢɞɚ ɫɨɫɬɨɹɥɚ 

ɢɡ 4 ɫɥɨɟɜ ɥɚɤɢɪɨɜɚɧɧɨɣ ɦɟɞɧɨɣ ɩɪɨɜɨɥɨɤɢ ɞɢɚɦɟɬɪɨɦ 2.7 ɦɦ, ɫ ɨɛɳɢɦ ɤɨɥɢɱɟɫɬ-

ɜɨɦ ɜɢɬɤɨɜ 228. ɉɨ ɪɚɫɱɟɬɚɦ, ɩɪɢ ɬɨɤɟ I = 100 Ⱥ ɫɨɥɟɧɨɢɞ ɫɩɨɫɨɛɟɧ ɫɨɡɞɚɜɚɬɶ ɨɫɟɜɨɟ 

ɩɨɥɟ ɞɨ Bz = 0.1 Ɍɥ. ȼ ɷɤɫɩɟɪɢɦɟɧɬɟ ɬɨɤ ɨɝɪɚɧɢɱɢɜɚɥɫɹ ɜɨɡɦɨɠɧɨɫɬɹɦɢ ɢɫɬɨɱɧɢɤɚ 

ɩɢɬɚɧɢɹ ɋɇɉ-40 (I ≤ 40 Ⱥ), ɱɬɨ ɫɨɨɬɜɟɬɫɬɜɨɜɚɥɨ ɦɚɤɫɢɦɚɥɶɧɨɦɭ ɡɧɚɱɟɧɢɸ 

Bz = 0.04 Ɍɥ. ȼɨ ɜɪɟɦɹ ɷɤɫɩɟɪɢɦɟɧɬɚ ɫɨɥɟɧɨɢɞ ɩɨɦɟɳɚɥɫɹ ɜ ɪɭɛɚɲɤɭ ɨɯɥɚɠɞɟɧɢɹ 

ɛɨɥɶɲɨɝɨ ɷɥɟɤɬɪɨɞɚ, ɱɬɨ ɫɭɳɟɫɬɜɟɧɧɵɦ ɨɛɪɚɡɨɦ ɫɧɢɠɚɥɨ ɟɝɨ ɧɚɝɪɟɜ.  

 

Ɋɢɫɭɧɨɤ 2.3 – Ɏɨɬɨɝɪɚɮɢɹ ɫɨɥɟɧɨɢɞɚ. 

Ⱦɥɹ ɩɨɞɚɜɥɟɧɢɹ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ Ɂɟɦɥɢ ɛɵɥɨ ɪɟɲɟɧɨ ɫɤɨɧɫɬɪɭɢɪɨɜɚɬɶ ɤɚɬɭɲ-

ɤɭ Ɇɚɤɫɜɟɥɥɚ (ɪɢɫɭɧɨɤ 2.4ɚ). Ʉɚɬɭɲɤɚ ɢɦɟɥɚ 3 ɤɨɥɶɰɚ, ɰɟɧɬɪɚɥɶɧɨɟ ɤɨɥɶɰɨ ɪɚɞɢɭ-

ɫɨɦ r1 = 230 ɦɦ ɢ ɞɜɚ ɤɨɥɶɰɚ ɪɚɞɢɭɫɨɦ r2 =     r1 = 174 ɦɦ. Ɋɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ ɰɟɧ-

ɬɪɚɥɶɧɵɦ ɢ ɛɨɤɨɜɵɦɢ ɤɨɥɶɰɚɦɢ ɫɨɫɬɚɜɥɹɥɨ l =     r1 = 150 ɦɦ. Ʉɚɠɞɨɟ ɤɨɥɶɰɨ ɫɨ-

ɫɬɨɹɥɨ ɢɡ 4 ɜɢɬɤɨɜ ɦɟɞɧɨɣ ɥɚɤɢɪɨɜɚɧɧɨɣ ɩɪɨɜɨɥɨɤɢ ɞɢɚɦɟɬɪɨɦ d = 2 ɦɦ. ȼ ɧɚɲɟɦ 

ɫɥɭɱɚɟ ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɬɨɤ, ɤɨɬɨɪɵɣ ɩɪɨɬɟɤɚɥ ɱɟɪɟɡ ɰɟɧɬɪɚɥɶɧɨɟ ɤɨɥɶɰɨ, ɫɨɫɬɚɜɥɹɥ 

I1 = 3.71 Ⱥ, ɚ ɱɟɪɟɡ ɛɨɤɨɜɵɟ ɤɨɥɶɰɚ – I2 =       I1 = 2.84 Ⱥ. Ʉɚɬɭɲɤɚ Ɇɚɤɫɜɟɥɥɚ ɩɨ-
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ɡɜɨɥɹɥɚ ɩɨɥɭɱɢɬɶ ɛɨɥɟɟ ɨɞɧɨɪɨɞɧɨɟ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ, ɱɟɦ ɤɥɚɫɫɢɱɟɫɤɚɹ ɤɚɬɭɲɤɚ 

Ƚɟɥɶɦɝɨɥɶɰɚ (ɞɜɚ ɤɨɥɶɰɚ ɪɚɞɢɭɫɨɦ r, ɪɚɫɩɨɥɨɠɟɧɧɵɟ ɧɚ ɪɚɫɫɬɨɹɧɢɢ h = r ɞɪɭɝ ɨɬ 

ɞɪɭɝɚ). ȼɨ ɜɪɟɦɹ ɷɤɫɩɟɪɢɦɟɧɬɚ ɜɟɥɢɱɢɧɚ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɤɨɧɬɪɨɥɢɪɨɜɚɥɚɫɶ ɦɚɝɧɟ-

ɬɨɦɟɬɪɨɦ LКФОSСШrО DSP475 ɢ ɧɟ ɩɪɟɜɵɲɚɥɚ 3 ɦɤɌɥ. Ɋɚɫɩɪɟɞɟɥɟɧɢɹ ɨɫɟɜɨɝɨ ɦɚɝ-

ɧɢɬɧɨɝɨ ɩɨɥɹ ɤɚɬɭɲɤɢ Ɇɚɤɫɜɟɥɥɚ ɢ ɤɚɬɭɲɤɢ Ƚɟɥɶɦɝɨɥɶɰɚ ɩɨɤɚɡɚɧɵ ɧɚ ɪɢɫɭɧɤɚɯ 

2.4ɛ ɢ 2.4ɜ, ɢɡ ɤɨɬɨɪɵɯ ɜɢɞɧɨ, ɱɬɨ ɧɟɨɞɧɨɪɨɞɧɨɫɬɶ ɤɚɬɭɲɤɢ Ɇɚɤɫɜɟɥɥɚ ɫɨɫɬɚɜɥɹɟɬ 

0.4 %, ɚ ɤɚɬɭɲɤɢ Ƚɟɥɶɦɝɨɥɶɰɚ – 1.6 %. 

 

ɚ) 

0.491

0.488

0.489

0.490

 

ɛ) 

0.490

0.487

0.485

0.482

 

ɜ) 

 

Ɋɢɫɭɧɨɤ 2.4 – ɚ) ɋɯɟɦɚ ɤɚɬɭɲɤɢ 

Ɇɚɤɫɜɟɥɥɚ, ɛ) ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ, ɫɨɡɞɚɧ-

ɧɨɟ ɤɚɬɭɲɤɨɣ Ɇɚɤɫɜɟɥɥɚ, ɜ) ɦɚɝɧɢɬɧɨɟ 

ɩɨɥɟ, ɫɨɡɞɚɧɧɨɟ ɤɚɬɭɲɤɨɣ Ƚɟɥɶɦɝɨɥɶɰɚ. 
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2.4 Ⱥɜɬɨɦɚɬɢɱɟɫɤɚɹ ɫɢɫɬɟɦɚ ɢɡɦɟɪɟɧɢɣ 

Ⱦɥɹ ɚɜɬɨɦɚɬɢɡɚɰɢɢ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɛɵɥɨ ɪɚɡɪɚɛɨɬɚɧɨ ɤɨɨɪɞɢɧɚɬɧɨɟ ɭɫɬɪɨɣɫɬ-

ɜɨ (ɪɢɫɭɧɨɤ 2.5). ɇɚ ɧɟɦ ɭɫɬɚɧɚɜɥɢɜɚɥɢɫɶ ɬɟɪɦɨɤɨɪɪɟɥɹɰɢɨɧɧɵɣ ɢ ɜɨɥɨɤɨɧɧɨ-

ɨɩɬɢɱɟɫɤɢɣ ɞɚɬɱɢɤɢ, ɚ ɩɟɪɟɦɟɳɟɧɢɟ ɨɛɟɫɩɟɱɢɜɚɥɨɫɶ ɩɨ ɬɪɟɦ ɜɡɚɢɦɧɨ ɩɟɪɩɟɧɞɢɤɭ-

ɥɹɪɧɵɦ ɨɫɹɦ. Ɇɟɯɚɧɢɱɟɫɤɚɹ ɱɚɫɬɶ ɜɤɥɸɱɚɥɚ ɧɚɩɪɚɜɥɹɸɳɢɟ ɢ ɩɹɬɶ ɲɚɝɨɜɵɯ ɞɜɢɝɚ-

ɬɟɥɟɣ SM-200 (ɲɚɝ 0.8°). ɍɩɪɚɜɥɟɧɢɟ ɞɜɢɝɚɬɟɥɹɦɢ ɪɟɚɥɢɡɨɜɚɧɨ ɱɟɪɟɡ ɞɪɚɣɜɟɪɵ 

L293D ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɦɢɤɪɨɤɨɧɬɪɨɥɥɟɪɚ ATЦОРК8515-16PU. ɋɜɹɡɶ ɫ ɩɟɪɫɨɧɚɥɶ-

ɧɵɦ ɤɨɦɩɶɸɬɟɪɨɦ ɜɵɩɨɥɧɹɥɚɫɶ ɩɨ LPT-ɢɧɬɟɪɮɟɣɫɭ, ɚ ɭɩɪɚɜɥɟɧɢɟ ɨɫɭɳɟɫɬɜɥɹɥɨɫɶ 

ɩɪɨɝɪɚɦɦɨɣ ɫɨɛɫɬɜɟɧɧɨɣ ɪɚɡɪɚɛɨɬɤɢ ɧɚ ɹɡɵɤɟ C++ (ɪɢɫɭɧɨɤ 2.6). 

1

2

3

4

ɤ Ⱥɐɉ
ɤ LPT

 

Ɋɢɫɭɧɨɤ 2.5 – Ʉɨɨɪɞɢɧɚɬɧɨɟ ɭɫɬɪɨɣɫɬɜɨ. 1 – ɲɚɝɨɜɵɟ ɞɜɢɝɚɬɟɥɢ, 2 – ɛɥɨɤ 

ɦɢɤɪɨɤɨɧɬɪɨɥɥɟɪɚ, 3 – ɡɨɧɞ, 4 – ɧɚɩɪɚɜɥɹɸɳɢɟ.  

Ȼɵɥ ɪɟɚɥɢɡɨɜɚɧ ɢɧɬɟɪɩɪɟɬɚɬɨɪ ɤɨɦɚɧɞ, ɩɨɡɜɨɥɹɸɳɢɣ ɡɚɞɚɜɚɬɶ ɩɨɫɥɟɞɨɜɚɬɟɥɶ-

ɧɨɫɬɶ ɩɟɪɟɦɟɳɟɧɢɣ ɡɨɧɞɚ, ɜɵɩɨɥɧɹɬɶ ɫɛɨɪ ɞɚɧɧɵɯ ɱɟɪɟɡ Ⱥɐɉ ɢ ɨɫɭɳɟɫɬɜɥɹɬɶ ɩɨ-

ɫɥɟɞɭɸɳɭɸ ɨɛɪɚɛɨɬɤɭ ɪɟɡɭɥɶɬɚɬɨɜ. Ɍɚɤɠɟ ɜ ɩɪɨɝɪɚɦɦɭ ɛɵɥɢ ɞɨɛɚɜɥɟɧɵ ɮɭɧɤɰɢɢ 

ɪɚɫɱɟɬɚ ɜɡɚɢɦɧɨɣ ɤɨɪɪɟɥɹɰɢɢ ɢ ɰɢɮɪɨɜɵɟ ɮɢɥɶɬɪɵ ɫɢɝɧɚɥɨɜ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɪɹ-
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ɦɨɝɨ ɢ ɨɛɪɚɬɧɨɝɨ ɛɵɫɬɪɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ Ɏɭɪɶɟ. Ɉɫɧɨɜɧɵɟ ɤɨɦɚɧɞɵ ɢɧɬɟɪɩɪɟɬɚ-

ɬɨɪɚ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɬɚɛɥɢɰɟ 2.1. 

 

Ɋɢɫɭɧɨɤ 2.6 – Ɋɚɛɨɱɟɟ ɩɨɥɟ ɩɪɨɝɪɚɦɦɵ ɞɥɹ ɭɩɪɚɜɥɟɧɢɹ ɡɨɧɞɨɦ. 

Ɍɚɛɥɢɰɚ 2.1 – Ɉɫɧɨɜɧɵɟ ɤɨɦɚɧɞɵ ɢɧɬɟɪɩɪɟɬɚɬɨɪɚ 

ɍɫɬɚɧɨɜɢɬɶ ɱɚɫɬɨɬɭ ɨɰɢɮɪɨɜɤɢ Ⱥɐɉ, Ƚɰ Fxxxx; 

ɍɫɬɚɧɨɜɢɬɶ ɜɪɟɦɹ ɫɛɨɪɚ ɞɚɧɧɵɯ Ⱥɐɉ, ɫ Txxxx; 

Ⱦɜɢɠɟɧɢɟ ɡɨɧɞɚ ɩɨ ɨɫɢ б, ɦɦ x+10; / x-10; 

Ⱦɜɢɠɟɧɢɟ ɡɨɧɞɚ ɩɨ ɨɫɢ в, ɦɦ y+10; / y-10; 

Ⱦɜɢɠɟɧɢɟ ɡɨɧɞɚ ɩɨ ɨɫɢ г, ɦɦ z+10; / z-10; 

ɍɫɬɚɧɨɜɢɬɶ ɱɢɫɥɨ ɤɚɧɚɥɨɜ, ɲɬ Kx; 

ȼɵɩɨɥɧɢɬɶ ɰɢɤɥ σσ ɪɚɡ NN! ... ; 

ɇɚɱɚɬɶ ɫɛɨɪ ɞɚɧɧɵɯ C; 

ɉɨɫɤɨɥɶɤɭ ɢɡɦɟɪɟɧɢɹ ɩɪɨɜɨɞɢɥɢɫɶ ɜ ɫɪɟɞɟ ɫ ɩɭɥɶɫɚɰɢɹɦɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ 

ɬɨɤɚ, ɬɨ ɞɥɹ ɭɦɟɧɶɲɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɧɚɜɨɞɨɤ ɛɵɥɚ ɫɨɛɪɚɧɚ ɫɥɟɞɭɸɳɚɹ 

ɨɪɢɝɢɧɚɥɶɧɚɹ ɫɢɫɬɟɦɚ ɭɫɢɥɟɧɢɹ ɢ ɮɢɥɶɬɪɚɰɢɢ ɫɢɝɧɚɥɚ (ɪɢɫɭɧɨɤ 2.7).  
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ʅУ

AD620

OPA551

Фɪʕ
Фильтр 
0.1 ɫц

OPA551 OPA551 LA2M5

Аʔʆ

ʆК

Те˕м˓˔а˕а

Cu-MH45

1 2 3 4 5 6

ФНʕ
Фильтр 

30 ɫц

 

Ɋɢɫɭɧɨɤ 2.7 – ɉɪɢɧɰɢɩɢɚɥɶɧɚɹ ɫɯɟɦɚ ɬɟɪɦɨɩɚɪɧɨɝɨ ɭɫɢɥɢɬɟɥɹ. 1 – ɢɫɬɨɱɧɢɤ 

ɫɢɝɧɚɥɚ (ɬɟɪɦɨɩɚɪɵ), 2 – ɨɩɟɪɚɰɢɨɧɧɵɣ ɭɫɢɥɢɬɟɥɶ, 3 – Ɏȼɑ Ȼɟɫɫɟɥɹ 3-ɝɨ ɩɨɪɹɞɤɚ, 

4 – Ɏɇɑ Ȼɟɫɫɟɥɹ 3-ɝɨ ɩɨɪɹɞɤɚ, 5 – ɚɧɚɥɨɝɨɜɨ-ɰɢɮɪɨɜɨɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ, 

6 – ɩɟɪɫɨɧɚɥɶɧɵɣ ɤɨɦɩɶɸɬɟɪ 

ɋ ɬɟɪɦɨɩɚɪɵ 1 ɫɢɝɧɚɥ ɩɨɫɬɭɩɚɥ ɜ ɢɧɫɬɪɭɦɟɧɬɚɥɶɧɵɣ ɞɜɭɯɤɚɫɤɚɞɧɵɣ ɭɫɢɥɢ-

ɬɟɥɶ 2 ɫ ɤɨɷɮɮɢɰɢɟɧɬɨɦ ɭɫɢɥɟɧɢɹ Ʉɍ = 1–3000. Ⱦɚɥɟɟ ɛɵɥɢ ɩɨɞɤɥɸɱɟɧɵ ɨɬɞɟɥɶɧɵɟ 

ɞɜɚ ɤɚɫɤɚɞɚ ɮɢɥɶɬɪɚɰɢɢ ɫɢɝɧɚɥɚ. ɉɟɪɜɵɣ ɤɚɫɤɚɞ 3 – ɷɬɨ ɮɢɥɶɬɪ ɜɵɫɨɤɢɯ ɱɚɫɬɨɬ Ȼɟɫ-

ɫɟɥɹ 3-ɝɨ ɩɨɪɹɞɤɚ ɫ ɱɚɫɬɨɬɨɣ ɫɪɟɡɚ 0.1 Ƚɰ, ɚ ɜɬɨɪɨɣ ɤɚɫɤɚɞ 4 ɹɜɥɹɥɫɹ ɮɢɥɶɬɪɨɦ ɧɢɡ-

ɤɢɯ ɱɚɫɬɨɬ Ȼɟɫɫɟɥɹ 3-ɝɨ ɩɨɪɹɞɤɚ ɫ ɱɚɫɬɨɬɨɣ ɫɪɟɡɚ 30 Ƚɰ. Ɂɚɬɟɦ ɫɢɝɧɚɥ ɩɨɩɚɞɚɥ ɜ 

Ⱥɐɉ (Ʌɚ-2Ɇ5 PωI ɢɥɢ Ʌɚ-2Ɇ3 ISA) ɩɪɨɢɡɜɨɞɫɬɜɚ ɮɢɪɦɵ «Ɋɭɞɧɟɜ-ɒɢɥɹɟɜ» (ɯɚɪɚɤ-

ɬɟɪɢɫɬɢɤɢ ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɟ 2.2), ɞɚɧɧɵɟ ɨɛɪɚɛɚɬɵɜɚɥɢɫɶ ɜ ɩɪɨɝɪɚɦɦɟ ɢ ɡɚɩɢɫɵ-

ɜɚɥɢɫɶ ɧɚ ɠɟɫɬɤɢɣ ɞɢɫɤ ɩɟɪɫɨɧɚɥɶɧɨɝɨ ɤɨɦɩɶɸɬɟɪɚ. ɉɢɬɚɧɢɟ ɬɟɪɦɨɩɚɪɧɨɝɨ ɭɫɢɥɢ-

ɬɟɥɹ ɢ ɞɜɭɯ ɨɬɞɟɥɶɧɵɯ ɤɚɫɤɚɞɨɜ ɮɢɥɶɬɪɚɰɢɢ ɫɢɝɧɚɥɚ ɨɫɭɳɟɫɬɜɥɹɥɨɫɶ ɨɬ ɜɨɫɶɦɢ ɥɢ-

ɬɢɣ-ɢɨɧɧɵɯ ɚɤɤɭɦɭɥɹɬɨɪɨɜ ɮɨɪɦ-ɮɚɤɬɨɪɨɜ 18500 ɢ 18650 ɫɨ ɫɬɚɛɢɥɢɡɚɰɢɟɣ ɧɚɩɪɹ-

ɠɟɧɢɹ 9 ȼ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ ɭɞɚɥɨɫɶ ɫɧɢɡɢɬɶ ɭɪɨɜɟɧɶ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɧɚɜɨɞɨɤ ɜ ɢɡɦɟ-

ɪɢɬɟɥɶɧɨɦ ɬɪɚɤɬɟ. 

Ɍɚɛɥɢɰɚ 2.2 – ɏɚɪɚɤɬɟɪɢɫɬɢɤɢ Ⱥɐɉ Ʌɚ-2Ɇ5 PωI ɢ Ʌɚ-2Ɇ3 ISA. 

ɉɚɪɚɦɟɬɪ Ʌɚ-2Ɇ5 PCI Ʌɚ-2Ɇ3 ISA 

Ɋɚɡɪɹɞɧɨɫɬɶ, ɛɢɬ  12 12 

ɑɚɫɬɨɬɚ ɨɰɢɮɪɨɜɤɢ (ɦɚɤɫɢɦɚɥɶɧɚɹ), ɤȽɰ 400 500 

ȼɯɨɞɧɨɣ ɞɢɚɩɚɡɨɧ, ȼ  ±10...±0.05 ±10...±0.05 

ȼɯɨɞɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ, ɧɟ ɦɟɧɟɟ, ɆɈɦ 100 100 
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2.5 Ɇɟɬɨɞɢɤɚ ɢɡɦɟɪɟɧɢɣ ɬɟɦɩɟɪɚɬɭɪɵ ɢ ɫɤɨɪɨɫɬɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ 

ɬɟɪɦɨɤɨɪɪɟɥɹɰɢɨɧɧɵɦ ɞɚɬɱɢɤɨɦ 

Ⱦɥɹ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɢ ɬɟɦɩɟɪɚɬɭɪɵ ɛɵɥ ɫɨɛɪɚɧ ɤɨɪɪɟɥɹɰɢɨɧɧɵɣ ɡɨɧɞ, 

ɫɯɟɦɚ ɤɨɬɨɪɨɝɨ ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 2.8, ɚ ɮɨɬɨɝɪɚɮɢɹ – ɧɚ ɪɢɫɭɧɤɟ 2.9. Ⱦɥɹ ɡɨɧɞɚ 

ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɬɪɟɯɩɪɨɜɨɞɧɵɟ ɦɟɞɧɨ-ɤɨɧɫɬɚɧɬɚɧɨɜɵɟ ɬɟɪɦɨɩɚɪɵ ɫɨɛɫɬɜɟɧɧɨɝɨ ɢɡ-

ɝɨɬɨɜɥɟɧɢɹ, ɞɢɚɦɟɬɪ ɩɪɨɜɨɞɨɜ ɫɨɫɬɚɜɥɹɥ 0.08 ɦɦ, ɚ ɞɢɚɦɟɬɪ ɱɭɜɫɬɜɢɬɟɥɶɧɨɝɨ ɤɨ-

ɪɨɥɶɤɚ ɝɨɪɹɱɟɝɨ ɫɩɚɹ 0.3 ɦɦ. Ɋɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ ɬɟɪɦɨɩɚɪɚɦɢ ɛɵɥɨ ɢɡɦɟɪɟɧɨ ɦɢɤɪɨ-

ɫɤɨɩɨɦ ɆȻɋ-10 ɢ ɫɨɫɬɚɜɥɹɥɨ L = 4.7 ɦɦ. ɑɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶ ɬɟɪɦɨɩɚɪ ɫɨɫɬɚɜɥɹɥɚ 

40 ɦɤȼ/Ʉ. ɉɪɨɜɨɞɚ ɛɵɥɢ ɩɨɦɟɳɟɧɵ ɜ ɬɪɭɛɤɭ ɢɡ ɧɟɪɠɚɜɟɸɳɟɣ ɫɬɚɥɢ, ɤɨɬɨɪɚɹ ɛɵɥɚ 

ɡɚɡɟɦɥɟɧɚ. 

ɤ Ɉɍ ɢ Ⱥɐɉ1 2 3 4

5

6

7

4.7 ɦɦ

 

Ɋɢɫɭɧɨɤ 2.8 – ɉɪɢɧɰɢɩɢɚɥɶɧɚɹ ɫɯɟɦɚ ɤɨɪɪɟɥɹɰɢɨɧɧɨɝɨ ɡɨɧɞɚ. 1 – ɝɨɪɹɱɢɣ ɫɩɚɣ 

ɬɟɪɦɨɩɚɪɵ, 2 – ɦɟɞɧɵɟ ɩɪɨɜɨɞɚ, 3 – ɤɨɧɫɬɚɧɬɚɧɨɜɵɣ ɩɪɨɜɨɞ, 4 – ɤɨɪɩɭɫ (ɬɪɭɛɤɚ ɢɡ 

ɧɟɪɠ. ɫɬɚɥɢ), 5 – ɫɬɟɤɥɹɧɧɚɹ ɩɪɨɛɢɪɤɚ, ɡɚɩɨɥɧɟɧɧɚɹ ɩɚɪɚɮɢɧɨɦ, 6 – ɯɨɥɨɞɧɵɣ ɫɩɚɣ 

ɬɟɪɦɨɩɚɪɵ, 7 – ɫɨɫɭɞ Ⱦɶɸɚɪɚ. 

ɉɪɢɧɰɢɩ ɪɚɛɨɬɵ ɤɨɪɪɟɥɹɰɢɨɧɧɨɝɨ ɡɨɧɞɚ ɫɥɟɞɭɸɳɢɣ (ɪɢɫɭɧɨɤ 2.10) – ɬɭɪɛɭ-

ɥɟɧɬɧɵɣ ɩɨɬɨɤ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɧɚɩɪɚɜɥɟɧ ɩɨ ɨɫɢ z, ɢ ɩɭɥɶɫɚɰɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ɩɪɢ-

ɯɨɞɢɬ ɫɧɚɱɚɥɚ ɧɚ ɬɟɪɦɨɩɚɪɭ 1, ɚ ɡɚɬɟɦ ɫɩɭɫɬɹ ɜɪɟɦɹ Ĳmax ɧɚ ɜɬɨɪɭɸ ɬɟɪɦɨɩɚɪɭ. ɋɢɝ-

ɧɚɥɵ ɫ ɬɟɪɦɨɩɚɪ ɩɨɫɬɭɩɚɥɢ ɧɚ Ⱥɐɉ ɩɟɪɫɨɧɚɥɶɧɨɝɨ ɤɨɦɩɶɸɬɟɪɚ, ɜɪɟɦɹ ɫɛɨɪɚ ɞɚɧ-

ɧɵɯ ɫɨɫɬɚɜɥɹɥɨ 30–120 ɫ (ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɛɵɥɨ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɬɚɤɨɟ ɜɪɟɦɹ 
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ɫɛɨɪɚ ɞɚɧɧɵɯ ɹɜɥɹɟɬɫɹ ɨɩɬɢɦɚɥɶɧɵɦ ɞɥɹ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɤɨɪɪɟɥɹɰɢɨɧɧɵɦ ɦɟ-

ɬɨɞɨɦ). Ɂɚɬɟɦ ɜɵɩɨɥɧɹɥɫɹ ɪɚɫɱɟɬ ɤɨɪɪɟɥɹɰɢɨɧɧɨɣ ɮɭɧɤɰɢɢ ɞɥɹ ɫɢɝɧɚɥɨɜ ɫ ɞɜɭɯ 

ɬɟɪɦɨɩɚɪ. ɉɨɥɨɠɟɧɢɟ ɦɚɤɫɢɦɭɦɚ ɤɨɪɪɟɥɹɰɢɨɧɧɨɣ ɮɭɧɤɰɢɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɢ ɚɛɫ-

ɰɢɫɫ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɫɪɟɞɧɟɦɭ ɜɪɟɦɟɧɢ ɡɚɞɟɪɠɤɢ Ĳmax ɩɪɢɯɨɞɚ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɩɭɥɶɫɚ-

ɰɢɢ ɧɚ ɜɬɨɪɭɸ ɬɟɪɦɨɩɚɪɭ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɫɪɟɞɧɹɹ ɫɤɨɪɨɫɬɶ ɪɚɫɫɱɢɬɵɜɚɥɚɫɶ ɤɚɤ 

Uz = L/Ĳmax. 

 

Ɋɢɫɭɧɨɤ 2.9 – Ɏɨɬɨɝɪɚɮɢɹ ɤɨɪɪɟɥɹɰɢɨɧɧɨɝɨ ɡɨɧɞɚ. 

ɇɚ ɪɢɫɭɧɤɟ 2.11 ɩɪɟɞɫɬɚɜɥɟɧ ɩɪɢɦɟɪ ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɨɫɰɢɥɥɨɝɪɚɦɦ. Ɍɚɤɢɦ 

ɨɛɪɚɡɨɦ, ɩɨɫɬɨɹɧɧɚɹ ɫɨɫɬɚɜɥɹɸɳɚɹ ɬɟɦɩɟɪɚɬɭɪɵ ɧɟ ɬɪɟɛɭɟɬɫɹ ɞɥɹ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨ-

ɫɬɢ ɢ ɨɬɫɟɤɚɟɬɫɹ Ɏȼɑ ɮɢɥɶɬɪɨɦ, ɱɬɨ ɩɨɡɜɨɥɹɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶ ɛɨɥɶɲɨɣ ɤɨɷɮɮɢɰɢɟɧɬ 

ɭɫɢɥɟɧɢɹ ɫɢɝɧɚɥɚ (ɛɟɡ ɩɪɟɜɵɲɟɧɢɹ ɢɡɦɟɪɹɟɦɨɝɨ ɞɢɚɩɚɡɨɧɚ Ⱥɐɉ). ɉɪɢɦɟɪ ɤɨɪɪɟɥɹ-

ɰɢɨɧɧɨɣ ɮɭɧɤɰɢɢ ɩɪɟɞɫɬɚɜɥɟɧ ɧɚ ɪɢɫɭɧɤɟ 2.12. 

 

Ɋɢɫɭɧɨɤ 2.10 – ɉɪɢɧɰɢɩ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɤɨɪɪɟɥɹɰɢɨɧɧɵɦ ɡɨɧɞɨɦ. 
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Ɋɢɫɭɧɨɤ 2.11 – ɉɭɥɶɫɚɰɢɢ ɬɟɦɩɟɪɚɬɭɪɵ 

ɩɪɢ ɷɥɟɤɬɪɢɱɟɫɤɨɦ ɬɨɤɟ 450 Ⱥ, ɝɥɭɛɢɧɟ 

z = 20 ɦɦ ɢ ɪɚɫɫɬɨɹɧɢɢ ɞɨ ɨɫɢ ɫɢɦɦɟɬɪɢɢ 

r = 0 ɦɦ. 

Ɋɢɫɭɧɨɤ 2.12 – Ʉɨɪɪɟɥɹɰɢɨɧɧɚɹ 

ɮɭɧɤɰɢɹ ɫɢɝɧɚɥɨɜ ɫ ɞɜɭɯ ɬɟɪɦɨɩɚɪ. 

2.6 Ɇɟɬɨɞɢɤɚ ɢɡɦɟɪɟɧɢɣ ɫɤɨɪɨɫɬɢ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɦ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɦ 

Ⱦɥɹ ɪɟɝɢɫɬɪɚɰɢɢ ɦɝɧɨɜɟɧɧɨɣ ɫɤɨɪɨɫɬɢ ɜ ɨɛɴɟɦɟ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɩɪɢɦɟɧɹɥɫɹ 

ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ ɫɤɨɪɨɫɬɢ, ɪɚɡɪɚɛɨɬɚɧɧɵɣ ɜ ɈɂȼɌ ɊȺɇ. 

Ʉɨɧɫɬɪɭɤɰɢɹ ɭɫɬɪɨɣɫɬɜɚ ɜɤɥɸɱɚɟɬ ɨɩɬɢɤɨ-ɦɟɯɚɧɢɱɟɫɤɭɸ ɢ ɷɥɟɤɬɪɨɧɧɭɸ ɱɚɫɬɢ. 

ɉɪɢɧɰɢɩɢɚɥɶɧɚɹ ɫɯɟɦɚ ɞɚɬɱɢɤɚ ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 2.13, ɚ ɧɚ ɪɢɫɭɧɤɟ 2.14 ɩɨɤɚ-

ɡɚɧ ɱɭɜɫɬɜɢɬɟɥɶɧɵɣ ɷɥɟɦɟɧɬ (ɮɨɬɨɝɪɚɮɢɹ ɩɨɞ ɦɢɤɪɨɫɤɨɩɨɦ). 

Ɉɩɬɢɤɨ-ɦɟɯɚɧɢɱɟɫɤɢɣ ɭɡɟɥ ɞɚɬɱɢɤɚ ɫɨɫɬɨɢɬ ɢɡ ɫɬɟɤɥɹɧɧɨɝɨ ɤɨɧɭɫɚ 1 ɢ ɫɬɟɤ-

ɥɹɧɧɨɝɨ ɭɤɚɡɚɬɟɥɹ 2. Ƚɟɨɦɟɬɪɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵμ ɞɥɢɧɚ ɤɨɧɭɫɚ з10 ɦɦ, ɞɢɚɦɟɬɪ ɭ 

ɨɫɧɨɜɚɧɢɹ з1 ɦɦ, ɞɢɚɦɟɬɪ ɜɟɪɲɢɧɵ з50 ɦɤɦν ɭɤɚɡɚɬɟɥɶμ ɞɢɚɦɟɬɪ з20 ɦɤɦ, ɞɥɢɧɚ 

~2 ɦɦ. ȼ ɫɬɟɤɥɹɧɧɵɣ ɤɨɧɭɫ ɜɜɟɞɟɧɵ ɞɜɚ Ƚ-ɨɛɪɚɡɧɵɯ ɫɜɟɬɨɜɨɞɚ 3 ɬɚɤ, ɱɬɨɛɵ ɬɨɪɟɰ 

ɫɬɟɤɥɹɧɧɨɝɨ ɭɤɚɡɚɬɟɥɹ ɪɚɫɩɨɥɚɝɚɥɫɹ ɜ ɡɚɡɨɪɟ ɦɟɠɞɭ ɧɢɦɢ. ɂɡɥɭɱɟɧɢɟ ɨɬ ɫɜɟɬɨɞɢɨɞɚ 

4 ɩɨɞɚɟɬɫɹ ɩɨ ɫɜɟɬɨɜɨɞɭ ɢ ɪɟɝɢɫɬɪɢɪɭɟɬɫɹ ɮɨɬɨɞɢɨɞɨɦ 5 ɩɨɫɥɟ ɩɪɨɯɨɠɞɟɧɢɹ ɡɚɡɨɪɚ. 

ɉɨɞ ɞɟɣɫɬɜɢɟɦ ɩɨɬɨɤɚ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɫɬɟɤɥɹɧɧɵɣ ɤɨɧɭɫ ɢɡɝɢɛɚɥɫɹ ɢ ɩɪɢɜɨɞɢɥ ɤ 

ɢɡɦɟɧɟɧɢɸ ɩɨɥɨɠɟɧɢɹ ɫɬɟɤɥɹɧɧɨɝɨ ɭɤɚɡɚɬɟɥɹ, ɤɨɬɨɪɵɣ ɡɚɬɟɧɹɥ ɩɪɢɟɦɧɵɣ ɫɜɟɬɨɜɨɞ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɤɨɥɢɱɟɫɬɜɨ ɫɜɟɬɚ ɧɚ ɮɨɬɨɞɢɨɞɟ ɢ ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɫɢɝɧɚɥ ɫ ɧɟɝɨ ɨɤɚ-

ɡɵɜɚɥɢɫɶ ɫɜɹɡɚɧɧɵɦɢ ɫɨ ɫɤɨɪɨɫɬɶɸ ɩɨɬɨɤɚ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ.  
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ɗɥɟɤɬɪɨɧɧɚɹ ɱɚɫɬɶ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɫɤɨɪɨɫɬɢ ɫɨɫɬɨɢɬ 

ɢɡ ɫɜɟɬɨɞɢɨɞɚ, ɮɨɬɨɞɢɨɞɚ, ɚ ɬɚɤɠɟ ɛɥɨɤɚ ɭɫɢɥɟɧɢɹ, ɫɬɚɛɢɥɢɡɚɰɢɢ ɢ ɜɵɪɚɜɧɢɜɚɧɢɹ 

ɫɢɝɧɚɥɚ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɭɥɹ. Ɏɨɬɨɝɪɚɮɢɹ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɜɦɟɫɬɟ ɫ ɷɥɟɤɬɪɨɧɧɵɦ 

ɛɥɨɤɨɦ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 2.15. 

ɏɚɪɚɤɬɟɪɢɫɬɢɤɢ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ, ɩɨɞɪɨɛɧɨɟ ɨɩɢɫɚ-

ɧɢɟ ɢ ɬɟɯɧɨɥɨɝɢɹ ɢɡɝɨɬɨɜɥɟɧɢɹ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ [35]. 

 

Ɋɢɫɭɧɨɤ 2.13 – ɋɯɟɦɚ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɫɤɨɪɨɫɬɢ. 

1 – ɫɬɟɤɥɹɧɧɵɣ ɤɨɧɭɫ (ɱɭɜɫɬɜɢɬɟɥɶɧɵɣ ɷɥɟɦɟɧɬ), 2 – ɭɤɚɡɚɬɟɥɶ, 3 – ɫɜɟɬɨɜɨɞ, 

4 – ɢɡɥɭɱɚɬɟɥɶ, 5 – ɮɨɬɨɩɪɢɟɦɧɢɤ, 6 – ɤɨɪɩɭɫ. 

 

Ɋɢɫɭɧɨɤ 2.14 – Ɏɨɬɨɝɪɚɮɢɹ ɱɭɜɫɬɜɢɬɟɥɶɧɨɣ ɱɚɫɬɢ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɨɝɨ 

ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɫɤɨɪɨɫɬɢ.  
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Ɋɢɫɭɧɨɤ 2.15 – Ɏɨɬɨɝɪɚɮɢɹ ɷɥɟɤɬɪɨɧɧɨɝɨ ɛɥɨɤɚ ɢ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɨɝɨ 

ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɫɤɨɪɨɫɬɢ. 

Ɍɚɪɢɪɨɜɤɚ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɫɤɨɪɨɫɬɢ ɜɵɩɨɥɧɹɥɚɫɶ ɜ 

ɜɨɡɞɭɲɧɨɣ ɫɬɪɭɟ, ɚ ɩɨɫɥɟ ɬɚɪɢɪɨɜɤɢ ɜɵɩɨɥɧɹɥɫɹ ɩɟɪɟɪɚɫɱɟɬ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɫ ɜɨɡ-

ɞɭɯɚ ɧɚ ɠɢɞɤɢɣ ɦɟɬɚɥɥ, ɩɨɫɥɟ ɱɟɝɨ ɜɵɩɨɥɧɹɥɚɫɶ ɫɬɟɩɟɧɧɚɹ ɚɩɩɪɨɤɫɢɦɚɰɢɹ, ɜ ɪɟ-

ɡɭɥɶɬɚɬɟ ɤɨɬɨɪɨɣ ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɫɥɟɞɭɸɳɢɟ ɡɚɜɢɫɢɦɨɫɬɢ. 

Ⱦɥɹ ɩɨɥɨɠɢɬɟɥɶɧɵɯ ɫɤɨɪɨɫɬɟɣμ                  (2.1) 

Ⱦɥɹ ɨɬɪɢɰɚɬɟɥɶɧɵɯμ                     (2.2) 

ɝɞɟ U – ɫɤɨɪɨɫɬɶ ɩɨɬɨɤɚ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ In-Ga-Sn, ɚ Vɧ – ɧɚɩɪɹɠɟɧɢɟ ɧɚ ɜɵ-

ɯɨɞɟ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɨɝɨ ɞɚɬɱɢɤɚ ɫɤɨɪɨɫɬɢ.  

ɉɨɥɭɱɟɧɧɚɹ ɬɚɪɢɪɨɜɨɱɧɚɹ ɤɪɢɜɚɹ ɢɡɨɛɪɚɠɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 2.16. Ȼɨɥɟɟ ɩɨɞɪɨɛ-

ɧɨɟ ɨɩɢɫɚɧɢɟ ɦɟɬɨɞɚ ɬɚɪɢɪɨɜɤɢ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɩɪɟɞɫɬɚɜɥɟɧɨ ɜ Д35; 77]. 
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Ɋɢɫɭɧɨɤ 2.16 – Ɍɚɪɢɪɨɜɨɱɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ 

ɫɤɨɪɨɫɬɢ. 

2.7 Ɇɟɬɨɞɢɤɚ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɡɚɤɪɭɬɤɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɫ 
ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɜɨɞɨɪɨɞɧɵɯ ɦɟɬɨɤ 

ɋɤɨɪɨɫɬɶ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɨɩɪɟɞɟɥɹɥɚɫɶ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦμ 

ɩɨɜɟɪɯɧɨɫɬɶ ɡɚɥɢɜɚɥɚɫɶ ɫɦɟɫɶɸ 1μ1 ɜɨɞɵ ɢ 40 % ɪɚɫɬɜɨɪɚ ɫɟɪɧɨɣ ɤɢɫɥɨɬɵ, ɩɪɢ ɷɬɨɦ 

ɩɪɨɢɫɯɨɞɢɥɚ ɯɢɦɢɱɟɫɤɚɹ ɪɟɚɤɰɢɹ ɫ ɨɤɫɢɞɚɦɢ ɢɧɞɢɹ, ɨɥɨɜɚ ɢ ɝɚɥɥɢɹ 

(Ga2O3+3H2SO4ĺGК2(SO4)3+3H2τ). ɉɨɫɥɟ ɬɨɝɨ ɤɚɤ ɨɤɫɢɞɧɚɹ ɩɥɟɧɤɚ ɩɨɥɧɨɫɬɶɸ ɩɪɨ-

ɪɟɚɝɢɪɨɜɚɥɚ, ɧɚɱɢɧɚɥɚɫɶ ɪɟɚɤɰɢɹ ɫ ɠɢɞɤɢɦ ɦɟɬɚɥɥɨɦ 

(2Ga+3H2SO4ĺGК2(SO4)3+3H2Ĺ) ɢ ɩɪɨɢɫɯɨɞɢɥɨ ɜɵɞɟɥɟɧɢɟ ɬ.ɧ. ɦɟɬɨɤ (ɩɭɡɵɪɶɤɨɜ ɜɨ-

ɞɨɪɨɞɚ). Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɩɨɥɨɠɟɧɢɹ ɤɨɧɤɪɟɬɧɨɝɨ ɩɭɡɵɪɶɤɚ ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɫɩɟɰɢ-

ɚɥɶɧɨ ɩɨɞɝɨɬɨɜɥɟɧɧɵɟ ɥɢɧɟɣɤɢ (ɪɢɫɭɧɨɤ 2.17). Ⱦɚɥɟɟ ɜɵɩɨɥɧɹɥɫɹ ɩɪɨɰɟɫɫ ɜɢɞɟɨ-

ɫɴɟɦɤɢ ɫ ɱɚɫɬɨɬɨɣ 29.97 ɤɚɞɪɚ/ɫ ɧɚ ɮɨɬɨɤɚɦɟɪɭ Canon 550D, ɚ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ 

ɩɪɨɝɪɚɦɦɵ ↑ТrЭЮКХDЮЛ ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɨɬɞɟɥɶɧɵɟ ɤɚɞɪɵ ɜ ɜɢɞɟ ɤɚɪɬɢɧɨɤ ɫ ɪɚɫɲɢɪɟ-

ɧɢɟɦ bmp. Ɂɚɬɟɦ ɩɨɥɭɱɟɧɧɵɟ ɤɚɞɪɵ ɨɛɪɚɛɚɬɵɜɚɥɢɫɶ ɜ ɫɨɛɫɬɜɟɧɧɨɣ ɩɪɨɝɪɚɦɦɟ, ɢ 

ɨɩɪɟɞɟɥɹɥɚɫɶ ɚɡɢɦɭɬɚɥɶɧɚɹ ɫɤɨɪɨɫɬɶ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ. 
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Ɋɢɫɭɧɨɤ 2.17 – ɉɭɡɵɪɶɤɢ ɜɨɞɨɪɨɞɚ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ In-Ga-Sn. 

2.8 Ɉɰɟɧɤɚ ɩɨɝɪɟɲɧɨɫɬɟɣ ɢɡɦɟɪɟɧɢɣ 

ɇɚ ɬɨɱɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ɜɥɢɹɸɬ ɧɟɫɤɨɥɶɤɨ ɮɚɤɬɨɪɨɜ [77]:  

1. ȼɨɡɧɢɤɧɨɜɟɧɢɟ ɗȾɋ ɧɚ ɫɩɚɟ ɬɟɪɦɨɩɚɪɵ ɩɨɞ ɜɨɡɞɟɣɫɬɜɢɟɦ ɩɟɪɟɦɟɧɧɨɝɨ 

ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ. ɉɪɢ ɷɬɨɦ ɩɨɝɪɟɲɧɨɫɬɶ ɫɨɫɬɚɜɥɹɟɬ ΔTɩɭɥɶɫ = 0.02 °ω. 

2. ɉɨɝɪɟɲɧɨɫɬɶ, ɫɜɹɡɚɧɧɚɹ ɫ ɫɨɛɫɬɜɟɧɧɵɦ ɲɭɦɨɦ ɬɟɪɦɨɩɚɪɧɨɝɨ ɭɫɢɥɢɬɟɥɹ. 

ɌɟɪɦɨɗȾɋ ɬɟɪɦɨɩɚɪɵ ɫɨɫɬɚɜɥɹɟɬ ɩɪɢɛɥɢɡɢɬɟɥɶɧɨ 40 ɦɤȼ/°ω, ɚ ɷɤɜɢɜɚɥɟɧɬɧɵɣ 

ɜɯɨɞɧɨɣ ɲɭɦ ɬɟɪɦɨɩɚɪɧɨɝɨ ɭɫɢɥɢɬɟɥɹ ɫɨɫɬɚɜɥɹɟɬ 7 ɦɤȼ ɞɥɹ ɤɚɧɚɥɨɜ ɛɟɡ ɮɢɥɶɬɪɚ ɢ 2 

ɦɤȼ ɫ ɮɢɥɶɬɪɨɦ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɨɝɪɟɲɧɨɫɬɶ, ɜɵɡɜɚɧɧɚɹ ɲɭɦɨɦ ɭɫɢɥɢɬɟɥɹ, ɫɨ-

ɫɬɚɜɥɹɟɬ 0.18 °ω (ɛɟɡ ɮɢɥɶɬɪɚ) ɢ 0.05 °ω (ɫ ɮɢɥɶɬɪɨɦ). 

3. ɉɨɝɪɟɲɧɨɫɬɶ ɢɡ-ɡɚ ɨɬɤɥɨɧɟɧɢɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɨɬ ɥɢɧɟɣɧɨɫɬɢ. ȼ ɢɧɬɟɪ-

ɜɚɥɟ ɪɚɛɨɱɢɯ ɬɟɦɩɟɪɚɬɭɪ 20–40 °ω ɡɚɜɢɫɢɦɨɫɬɶ ɌɟɪɦɨɗȾɋ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɦɨɠɧɨ 

ɫɱɢɬɚɬɶ ɥɢɧɟɣɧɨɣ ɫ ɜɵɫɨɤɨɣ ɫɬɟɩɟɧɶɸ ɬɨɱɧɨɫɬɢ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜɵɱɢɫɥɢɦ ɩɨɥɧɭɸ ɩɨɝɪɟɲɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵμ 

                      (2.3) 

ɝɞɟ ΔT = 0.18 °ω. 
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Ɉɩɪɟɞɟɥɢɦ ɩɨɝɪɟɲɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɤɨɪɪɟɥɹɰɢɨɧɧɵɦ ɡɨɧɞɨɦ. ɂɧɫɬ-

ɪɭɦɟɧɬɚɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɡɚɜɢɫɢɬ ɨɬ ɩɨɝɪɟɲɧɨɫɬɢ ɢɡɦɟɪɟɧɢɹ ɜɪɟɦɟɧɢ ɢ ɧɟ ɡɚɜɢɫɢɬ 

ɨɬ ɩɨɝɪɟɲɧɨɫɬɢ ɬɟɦɩɟɪɚɬɭɪɵ, ɩɨɫɤɨɥɶɤɭ ɬɪɟɛɭɟɬɫɹ ɨɩɪɟɞɟɥɢɬɶ ɫɞɜɢɝ ɩɨ ɜɪɟɦɟɧɢ 

ɦɚɤɫɢɦɭɦɚ ɤɨɪɪɟɥɹɰɢɨɧɧɨɣ ɮɭɧɤɰɢɢ ɫɢɝɧɚɥɨɜ ɫ ɞɜɭɯ ɬɟɪɦɨɩɚɪ. ɑɚɫɬɨɬɚ ɞɢɫɤɪɟɬɢ-

ɡɚɰɢɢ Ⱥɐɉ fɞ = 1000 Ƚɰ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɩɨɝɪɟɲɧɨɫɬɶ Δt = 0.0005 ɫ. Ʉɨɪɪɟɥɹɰɢɨɧɧɚɹ 

ɮɭɧɤɰɢɹ ɜɵɱɢɫɥɹɟɬɫɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦμ 

              
          (2.4) 

ɝɞɟ T1 ɢ T2 – ɫɢɝɧɚɥɵ ɫ ɩɟɪɜɨɣ ɢ ɜɬɨɪɨɣ ɬɟɪɦɨɩɚɪɵ, i – ɧɨɦɟɪ ɷɥɟɦɟɧɬɚ, j – ɜɟɥɢɱɢɧɚ 

ɫɞɜɢɝɚ ɦɚɫɫɢɜɚ T2 ɨɬɧɨɫɢɬɟɥɶɧɨ ɦɚɫɫɢɜɚ T1. ɉɨɝɪɟɲɧɨɫɬɶ ɧɚɯɨɠɞɟɧɢɹ ɦɚɤɫɢɦɭɦɚ 

ɤɨɪɪɟɥɹɰɢɨɧɧɨɣ ɮɭɧɤɰɢɢ ɢɦɟɟɬ ɜɢɞμ 

               (2.5) 

ɝɞɟ ɩɨɝɪɟɲɧɨɫɬɢ ɢɡɦɟɪɟɧɢɹ ɜɪɟɦɟɧɢ ɞɥɹ ɩɟɪɜɨɣ ɢ ɜɬɨɪɨɣ ɬɟɪɦɨɩɚɪ 

Δt1 = Δt2 = 0.0005 ɫ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ΔĲ = 0.0007 ɫ.  

ȼɵɱɢɫɥɢɦ ɢɧɫɬɪɭɦɟɧɬɚɥɶɧɭɸ ɩɨɝɪɟɲɧɨɫɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɫɤɨɪɨɫɬɢ ɠɢɞɤɨɝɨ 

ɦɟɬɚɥɥɚμ 

                                  (2.6) 

ɝɞɟ ɪɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ ɬɟɪɦɨɩɚɪɚɦɢ L = 4.7 ɦɦ ɢ ɩɨɝɪɟɲɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɪɚɫɫɬɨɹɧɢɹ 

ɦɟɠɞɭ ɬɟɪɦɨɩɚɪɚɦɢ ΔL = 6×10-5
 ɦ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɨɝɪɟɲɧɨɫɬɶ ɨɩɪɟɞɟɥɟɧɢɹ 

ΔUɢ = 0.005 ɦ/ɫ ɞɥɹ ɯɚɪɚɤɬɟɪɧɵɯ ɫɤɨɪɨɫɬɟɣ ɬɟɱɟɧɢɹ 0.18 ɦ/ɫ. 

Ɉɰɟɧɢɦ ɫɥɭɱɚɣɧɭɸ ɩɨɝɪɟɲɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɤɨɪɪɟɥɹɰɢɨɧɧɵɦ ɦɟɬɨ-

ɞɨɦ. ɂɫɩɨɥɶɡɭɟɦ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ ɢɡ 5 ɢɡɦɟɪɟɧɢɣ, ɩɪɢ ɷɬɨɦ ɷɥɟɤɬɪɢɱɟ-

ɫɤɢɣ ɬɨɤ, ɩɪɨɬɟɤɚɸɳɢɣ ɱɟɪɟɡ ɭɫɬɚɧɨɜɤɭ I = 250 Ⱥ, ɜɵɱɢɫɥɢɦ ɩɨɝɪɟɲɧɨɫɬɶ ɢɡɦɟɪɟ-

ɧɢɹ ɫɤɨɪɨɫɬɢμ 
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                                                   (2.7) 

ɝɞɟ n – ɱɢɫɥɨ ɢɡɦɟɪɟɧɢɣ, Uɫɪ – ɫɪɟɞɧɟɟ ɡɧɚɱɟɧɢɟ ɢɡɦɟɪɟɧɧɨɣ ɫɤɨɪɨɫɬɢ, tɫɬ(pɞ,υ) – ɤɨ-

ɷɮɮɢɰɢɟɧɬ ɋɬɶɸɞɟɧɬɚ, pɞ – ɞɨɜɟɪɢɬɟɥɶɧɚɹ ɜɟɪɨɹɬɧɨɫɬɶ (ɞɜɭɫɬɨɪɨɧɧɢɣ ɢɧɬɟɪɜɚɥ), 

ɩɪɢ ɷɬɨɦ ΔUɫɥ = 0.022 ɦ/ɫ. 

ȼɵɱɢɫɥɢɦ ɩɨɥɧɭɸ ɩɨɝɪɟɲɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢμ 

                (2.8) 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ΔU = 0.0224 ɦ/ɫ, ɱɬɨ ɫɨɫɬɚɜɥɹɟɬ 12.6 %. Ɉɛɵɱɧɨ ɩɨɝɪɟɲɧɨɫɬɶ 

ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɧɚɯɨɞɢɥɚɫɶ ɜ ɞɢɚɩɚɡɨɧɟ 6–15 %. ȼ ɧɟɤɨɬɨɪɵɯ ɪɟɠɢɦɚɯ ɩɨɝɪɟɲ-

ɧɨɫɬɶ ɞɨɫɬɢɝɚɥɚ 35 %, ɱɬɨ ɫɜɹɡɚɧɨ ɫ ɪɚɡɥɢɱɧɨɣ ɬɭɪɛɭɥɢɡɚɰɢɟɣ ɩɨɬɨɤɚ ɠɢɞɤɨɝɨ ɦɟ-

ɬɚɥɥɚ. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɬɚɤɚɹ ɜɟɥɢɱɢɧɚ ɩɨɝɪɟɲɧɨɫɬɢ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɹɜɥɹ-

ɟɬɫɹ ɯɚɪɚɤɬɟɪɧɨɣ ɞɥɹ ɤɨɪɪɟɥɹɰɢɨɧɧɨɝɨ ɦɟɬɨɞɚ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ. 

ɇɚ ɩɪɢɦɟɪɟ ɨɞɧɨɝɨ ɢɡ ɢɡɦɟɪɟɧɢɣ ɨɰɟɧɢɦ ɩɨɝɪɟɲɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɚɡɢɦɭɬɚɥɶ-

ɧɨɣ ɫɤɨɪɨɫɬɢ ɩɪɢ ɩɨɦɨɳɢ ɜɨɞɨɪɨɞɧɵɯ ɦɟɬɨɤ. Ɋɚɫɱɟɬ ɫɤɨɪɨɫɬɢ ɩɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶ-

ɧɵɦ ɞɚɧɧɵɦ ɨɫɭɳɟɫɬɜɥɹɥɫɹ ɫ ɩɨɦɨɳɶɸ ɫɨɛɫɬɜɟɧɧɨɣ ɩɪɨɝɪɚɦɦɵ, ɧɚɩɢɫɚɧɧɨɣ ɧɚ 

ɹɡɵɤɟ C. ɋɧɚɱɚɥɚ ɛɵɥ ɩɨɥɭɱɟɧ ɜɢɞɟɨɮɚɣɥ, ɡɚɩɢɫɚɧɧɵɣ ɧɚ ɭɫɬɪɨɣɫɬɜɨ ωКЧШЧ 550D, 

ɡɚɬɟɦ ɩɪɨɝɪɚɦɦɨɣ ↑ТrЭЮКХDЮЛ ɞɥɹ ɤɚɠɞɨɝɨ ɤɚɞɪɚ ɛɵɥ ɩɨɥɭɱɟɧ ɪɢɫɭɧɨɤ ɜ ɮɨɪɦɚɬɟ 

bmp. Ɋɚɡɪɟɲɟɧɢɟ ɪɢɫɭɧɤɨɜ ɫɨɫɬɚɜɥɹɥɨ 640×640 ɩɢɤɫɟɥɟɣ. ɉɪɢ ɨɛɪɚɛɨɬɤɟ ɪɟɡɭɥɶɬɚ-

ɬɨɜ ɫɧɚɱɚɥɚ ɡɚɞɚɜɚɥɫɹ ɰɟɧɬɪ ɷɥɥɢɩɫɚ, ɤɨɬɨɪɵɣ ɪɚɫɩɨɥɚɝɚɥɫɹ ɜ ɰɟɧɬɪɟ ɩɨɥɭɫɮɟɪɢɱɟ-

ɫɤɨɝɨ ɤɨɧɬɟɣɧɟɪɚ. ȼ ɢɞɟɚɥɶɧɨɦ ɫɥɭɱɚɟ ɜɨɞɨɪɨɞɧɚɹ ɦɟɬɤɚ ɞɜɢɠɟɬɫɹ ɩɨ ɨɤɪɭɠɧɨɫɬɢ. 

Ɉɞɧɚɤɨ ɢɡ-ɡɚ ɨɩɬɢɱɟɫɤɢɯ ɢɫɤɚɠɟɧɢɣ ɩɪɢ ɫɴɟɦɤɟ ɩɪɟɞɩɨɥɚɝɚɥɨɫɶ, ɱɬɨ ɬɪɚɟɤɬɨɪɢɹ 

ɦɟɬɤɢ ɹɜɥɹɟɬɫɹ ɷɥɥɢɩɬɢɱɟɫɤɨɣ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜ ɧɟɤɨɬɨɪɨɦ ɢɧɬɟɪɜɚɥɟ ɤɚɞɪɨɜ ɜɨɞɨ-

ɪɨɞɧɚɹ ɦɟɬɤɚ ɨɩɢɫɵɜɚɟɬ ɞɭɝɭ, ɞɥɢɧɚ ɤɨɬɨɪɨɣ ɜɵɱɢɫɥɹɟɬɫɹμ 

                                       (2.9) 

ɝɞɟ aɷ, bɷ – ɛɨɥɶɲɚɹ ɢ ɦɚɥɚɹ ɩɨɥɭɨɫɶ ɷɥɥɢɩɫɚ, θ1 = 0.017 ɪɚɞ ɢ θ2 = 0.78 ɪɚɞ – ɧɚɱɚɥɶ-

ɧɵɣ ɢ ɤɨɧɟɱɧɵɣ ɭɝɨɥ ɞɭɝɢ ɷɥɥɢɩɫɚ.  
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ɂɧɬɟɝɪɚɥ (2.9) ɜɵɱɢɫɥɹɥɫɹ ɩɨ ɮɨɪɦɭɥɟ ɬɪɚɩɟɰɢɣ ɫ ɱɢɫɥɨɦ ɭɡɥɨɜ ɢɧɬɟɝɪɢɪɨɜɚ-

ɧɢɹ 10000, ɩɨɝɪɟɲɧɨɫɬɶɸ ɚɩɩɪɨɤɫɢɦɚɰɢɢ ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɦɨɠɧɨ ɩɪɟɧɟɛɪɟɱɶ 

(Δlɬɪ = 7×10-13
 ɦ). ɉɪɢ ɷɬɨɦ ɩɨɝɪɟɲɧɨɫɬɶ ɞɥɢɧɵ ɞɭɝɢ ɷɥɥɢɩɫɚ ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶμ 

                                                               (2.10) 

ɝɞɟ ɩɨɝɪɟɲɧɨɫɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɜɟɥɢɱɢɧɵ ɛɨɥɶɲɨɣ ɩɨɥɭɨɫɢ Δaɷ = 4.944×10-4
 ɦ, ɦɚɥɨɣ 

ɩɨɥɭɨɫɢ Δbɷ = 2.6×10-4
 ɦ, Δθ1 = 4×10-4

 ɪɚɞ, Δθ2 = 0.02 ɪɚɞ, ɚ Δlɞɝ = 4×10-4
 ɦ.  

Ⱥɡɢɦɭɬɚɥɶɧɚɹ ɫɤɨɪɨɫɬɶ ɬɟɱɟɧɢɹ ɢ ɟɟ ɢɧɫɬɪɭɦɟɧɬɚɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɨɩɪɟɞɟ-

ɥɹɸɬɫɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦμ 

                                            (2.11) 

ɝɞɟ t = 1.058 ɫ – ɜɪɟɦɹ, ɡɚ ɤɨɬɨɪɨɟ ɜɨɞɨɪɨɞɧɚɹ ɦɟɬɤɚ ɩɪɨɯɨɞɢɬ ɩɨ ɞɭɝɟ ɞɥɢɧɨɣ lɞɝ, 

ɩɨɝɪɟɲɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɜɪɟɦɟɧɢ Δt = 0.017 ɫ, ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ΔUφ
ɢ
 = 5×10-4

 ɦ/ɫ. 

Ɉɰɟɧɢɦ ɫɥɭɱɚɣɧɭɸ ɩɨɝɪɟɲɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɡɚɤɪɭɬɤɢ ɠɢɞɤɨɝɨ ɦɟ-

ɬɚɥɥɚ. ȼɨɡɶɦɟɦ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ ɢɡ 5 ɢɡɦɟɪɟɧɢɣ ɞɥɹ ɪɟɠɢɦɚ I = 10 Ⱥ, 

Bz = 2×10-2
 Ɍɥ ɢ ɜɵɱɢɫɥɢɦ ɩɨɝɪɟɲɧɨɫɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɚɡɢɦɭɬɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ: 

                                        (2.12) 

ɝɞɟ ΔUφ
ɫɥ

 = 2.03×10-3
 ɦ/ɫ, ɩɪɢ ɬɢɩɢɱɧɨɦ ɡɧɚɱɟɧɢɢ ɫɪɟɞɧɟɣ ɚɡɢɦɭɬɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ 

Uφ = 0.022 ɦ/ɫ, 

                   (2.13) 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ΔUφ = 2.09×10-3
 ɦ/ɫ, ɱɬɨ ɫɨɫɬɚɜɥɹɟɬ 9.5 %. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, 

ɱɬɨ ɬɚɤɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɯɚɪɚɤɬɟɪɧɚ ɞɥɹ ɬɨɱɤɢ ɜɛɥɢɡɢ ɦɚɥɨɝɨ ɷɥɟɤɬɪɨɞɚ (z = 0 ɦɦ, 

r = 10 ɦɦ) ɢ ɫɜɹɡɚɧɚ ɫ ɬɟɦ, ɱɬɨ ɜ ɷɬɨɣ ɨɛɥɚɫɬɢ ɨɩɬɢɱɟɫɤɢɟ ɢɫɤɚɠɟɧɢɹ ɤɚɦɟɪɵ ɦɚɤɫɢ-
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ɦɚɥɶɧɵ, ɩɪɢ ɷɬɨɦ ɫɪɟɞɧɟɟ ɡɧɚɱɟɧɢɟ ɩɨɝɪɟɲɧɨɫɬɢ ɢɡɦɟɪɟɧɢɹ ɚɡɢɦɭɬɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ 

ɫɨɫɬɚɜɥɹɟɬ 7.5 %. 

ɂɧɫɬɪɭɦɟɧɬɚɥɶɧɚɹ ɢ ɫɥɭɱɚɣɧɚɹ ɩɨɝɪɟɲɧɨɫɬɢ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɨɝɨ ɩɪɟɨɛɪɚ-

ɡɨɜɚɬɟɥɹ ɫɤɨɪɨɫɬɢ ɨɩɪɟɞɟɥɟɧɵ ɜ [77Ж. ɇɢɠɟ ɩɪɢɜɟɞɟɧɚ ɬɨɥɶɤɨ ɨɫɧɨɜɧɚɹ ɢɧɮɨɪɦɚɰɢɹ 

ɨ ɩɨɝɪɟɲɧɨɫɬɢ ɦɟɬɨɞɚ. 

ɇɚ ɪɢɫɭɧɤɟ 2.18 ɩɨɤɚɡɚɧɨ, ɤɚɤ ɦɟɧɹɸɬɫɹ ɚɛɫɨɥɸɬɧɚɹ ɢ ɨɬɧɨɫɢɬɟɥɶɧɚɹ ɢɧɫɬɪɭ-

ɦɟɧɬɚɥɶɧɵɟ ɩɨɝɪɟɲɧɨɫɬɢ ɩɪɢ ɨɩɪɟɞɟɥɟɧɢɢ ɫɤɨɪɨɫɬɢ ɩɨɬɨɤɚ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ. Ɉɬɧɨ-

ɫɢɬɟɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɫɧɢɠɚɟɬɫɹ ɩɨ ɦɟɪɟ ɪɨɫɬɚ ɫɤɨɪɨɫɬɢμ ɜ ɞɢɚɩɚɡɨɧɟ ɦɚɥɵɯ ɫɤɨ-

ɪɨɫɬɟɣ (U ≈ 0.01 ɦ/ɫ) ɨɧɚ ɫɨɫɬɚɜɥɹɟɬ 100–200 %, ɩɪɢ U = 0.05 ɦ/ɫ ɧɟ ɩɪɟɜɵɲɚɟɬ 

10 %, ɚ ɩɪɢ U = 0.15 ɦ/ɫ – 1 %. 

 

Ɋɢɫɭɧɨɤ 2.18 – ɋɢɫɬɟɦɚɬɢɱɟɫɤɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɬɚɪɢɪɨɜɤɢ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɨɝɨ 

ɞɚɬɱɢɤɚ ɫɤɨɪɨɫɬɢμ 1 – ɚɛɫɨɥɸɬɧɚɹ, 2 – ɨɬɧɨɫɢɬɟɥɶɧɚɹ [77]. 

ɋɥɭɱɚɣɧɚɹ ɫɨɫɬɚɜɥɹɸɳɚɹ ɩɨɝɪɟɲɧɨɫɬɢ ɩɪɢ ɢɡɦɟɪɟɧɢɢ ɫɤɨɪɨɫɬɢ ɜɨɥɨɤɨɧɧɨ-

ɨɩɬɢɱɟɫɤɢɦ ɞɚɬɱɢɤɨɦ ɨɩɪɟɞɟɥɹɟɬɫɹ ɫɨɜɨɤɭɩɧɵɦ ɞɟɣɫɬɜɢɟɦ ɧɟɫɤɨɥɶɤɢɯ ɮɚɤɬɨɪɨɜ. Ʉ 

ɧɢɦ ɨɬɧɨɫɹɬɫɹ, ɜ ɱɚɫɬɧɨɫɬɢ, ɧɟɫɬɚɛɢɥɶɧɨɫɬɶ ɜɨɡɞɭɲɧɨɝɨ ɩɨɬɨɤɚ ɩɪɢ ɬɚɪɢɪɨɜɤɟ, 

ɞɪɟɣɮ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɭɫɢɥɢɬɟɥɹ ɫɢɝɧɚɥɚ ɢ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɟ ɧɚɜɨɞɤɢ ɜ 

ɢɡɦɟɪɢɬɟɥɶɧɨɦ ɬɪɚɤɬɟ ɫɢɫɬɟɦɵ. Ʉɨɥɢɱɟɫɬɜɟɧɧɨ ɪɚɡɞɟɥɢɬɶ ɜɤɥɚɞ ɤɚɠɞɨɝɨ ɮɚɤɬɨɪɚ 

ɡɚɬɪɭɞɧɢɬɟɥɶɧɨ, ɩɨɷɬɨɦɭ ɢɯ ɜɥɢɹɧɢɟ ɞɚɥɟɟ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫɹ ɜ ɫɨɜɨɤɭɩɧɨɦ ɪɚɡɛɪɨɫɟ 

ɨɬɤɥɨɧɟɧɢɣ ɨɬɧɨɫɢɬɟɥɶɧɨ ɬɚɪɢɪɨɜɨɱɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ. 
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ɇɚ ɪɢɫɭɧɤɟ 2.19 ɩɪɟɞɫɬɚɜɥɟɧ ɝɪɚɮɢɤ ɡɚɜɢɫɢɦɨɫɬɟɣ ɚɛɫɨɥɸɬɧɨɣ ɢ ɨɬɧɨɫɢɬɟɥɶ-

ɧɨɣ ɩɨɝɪɟɲɧɨɫɬɟɣ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɨɝɨ ɞɚɬɱɢɤɚ (ɨɬɤɥɨɧɟɧɢɟ ɢɡɦɟɪɟɧɧɨɣ ɫɤɨɪɨ-

ɫɬɢ ɨɬ ɬɚɪɢɪɨɜɨɱɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ) ɨɬ ɜɵɯɨɞɧɨɝɨ ɧɚɩɪɹɠɟɧɢɹ ɡɨɧɞɚ Vɧ, ɥɢɧɢɹɦɢ ɨɬ-

ɦɟɱɟɧɵ ɫɪɟɞɧɢɟ ɢ ɦɚɤɫɢɦɚɥɶɧɵɟ ɡɧɚɱɟɧɢɹ. 

ɋɨɩɨɫɬɚɜɥɟɧɢɟ ɝɪɚɮɢɤɨɜ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɫɥɭɱɚɣɧɚɹ ɫɨɫɬɚɜɥɹɸɳɚɹ ɩɨɝɪɟɲɧɨ-

ɫɬɢ ɩɪɟɜɵɲɚɟɬ ɢɧɫɬɪɭɦɟɧɬɚɥɶɧɭɸ, ɩɪɢ ɷɬɨɦ ɜ ɞɢɚɩɚɡɨɧɟ ɫɤɨɪɨɫɬɟɣ 0.05–0.2 ɦ/ɫ 

ɦɚɤɫɢɦɚɥɶɧɚɹ ɨɬɧɨɫɢɬɟɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɧɟ ɩɪɟɜɵɲɚɟɬ 10 %. 

 

ɚ) 
 

ɛ) 

Ɋɢɫɭɧɨɤ 2.19 – ȼɥɢɹɧɢɟ ɜɵɯɨɞɧɨɝɨ ɧɚɩɪɹɠɟɧɢɹ ɫɥɭɱɚɣɧɭɸ ɧɚ ɩɨɝɪɟɲɧɨɫɬɶ 

ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɨɝɨ ɞɚɬɱɢɤɚμ ɚ) ɚɛɫɨɥɸɬɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ, ɛ) ɨɬɧɨɫɢɬɟɥɶɧɚɹ 

ɩɨɝɪɟɲɧɨɫɬɶ [77]. 

2.9 ȼɵɜɨɞɵ ɤ ɝɥɚɜɟ 2 

1. Ɇɨɞɟɪɧɢɡɢɪɨɜɚɧɚ ɫɢɫɬɟɦɚ ɨɯɥɚɠɞɟɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ, 

ɞɨɛɚɜɥɟɧɵ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɜɟɧɬɢɥɢ ɞɥɹ ɨɯɥɚɠɞɟɧɢɹ ɧɨɜɵɯ ɭɱɚɫɬɤɨɜ ɭɫɬɚɧɨɜɤɢ, ɢɫ-

ɩɨɥɶɡɨɜɚɧɢɟ ɜɵɯɨɞɧɵɯ ɜɟɧɬɢɥɟɣ ɩɨɡɜɨɥɢɥɨ ɢɡɛɟɠɚɬɶ ɨɛɪɚɬɧɵɯ ɡɚɛɪɨɫɨɜ ɜɨɞɵ ɧɚ 

ɨɬɤɥɸɱɟɧɧɵɟ ɭɱɚɫɬɤɢ ɫɢɫɬɟɦɵ ɨɯɥɚɠɞɟɧɢɹ. 

2. ɋɩɪɨɟɤɬɢɪɨɜɚɧ ɢ ɢɡɝɨɬɨɜɥɟɧ ɤɨɪɪɟɥɹɰɢɨɧɧɵɣ ɡɨɧɞ ɞɥɹ ɢɡɦɟɪɟɧɢɹ ɫɤɨ-

ɪɨɫɬɢ ɢ ɬɟɦɩɟɪɚɬɭɪɵ ɜ ɨɛɴɟɦɟ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ. 

3. ɂɡɝɨɬɨɜɥɟɧ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ ɫɤɨɪɨɫɬɢ ɞɥɹ ɢɡɦɟ-

ɪɟɧɢɹ ɦɝɧɨɜɟɧɧɨɣ ɫɤɨɪɨɫɬɢ ɩɨɬɨɤɚ ɷɜɬɟɤɬɢɱɟɫɤɨɝɨ ɫɩɥɚɜɚ In-Ga-Sn. 
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4. ɋɤɨɧɫɬɪɭɢɪɨɜɚɧɵ ɫɢɫɬɟɦɵ ɫɨɡɞɚɧɢɹ ɢ ɩɨɞɚɜɥɟɧɢɹ ɜɧɟɲɧɟɝɨ ɨɫɟɜɨɝɨ 

ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ (ɫɨɥɟɧɨɢɞ ɢ ɤɚɬɭɲɤɚ Ɇɚɤɫɜɟɥɥɚ). 

5. Ɋɚɡɪɚɛɨɬɚɧɚ ɢ ɫɨɛɪɚɧɚ ɫɢɫɬɟɦɚ ɮɢɥɶɬɪɚɰɢɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɢɝɧɚɥɚ ɞɥɹ 

ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɢ ɬɟɪɦɨɤɨɪɪɟɥɹɰɢɨɧɧɵɯ ɢɡɦɟɪɟɧɢɣ. 

6. Ɇɨɞɟɪɧɢɡɢɪɨɜɚɧɚ ɫɢɫɬɟɦɚ ɚɜɬɨɦɚɬɢɱɟɫɤɨɝɨ ɫɛɨɪɚ ɞɚɧɧɵɯ. 

7. ȼɵɩɨɥɧɟɧɚ ɨɰɟɧɤɚ ɩɨɝɪɟɲɧɨɫɬɟɣ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɢ ɬɟɦɩɟɪɚɬɭɪɵ 

ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ.  
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Ƚɥɚɜɚ 3 Ɇɚɬɟɦɚɬɢɱɟɫɤɨɟ ɨɩɢɫɚɧɢɟ ɩɪɨɰɟɫɫɚ ɢ ɱɢɫɥɟɧɧɚɹ ɦɟɬɨɞɢɤɚ 

3.1 Ɉɫɧɨɜɧɵɟ ɭɪɚɜɧɟɧɢɹ 

Ⱦɚɥɟɟ ɩɪɢɜɟɞɟɧɚ ɫɢɫɬɟɦɚ ɭɪɚɜɧɟɧɢɣ, ɢɫɩɨɥɶɡɭɟɦɚɹ ɞɥɹ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨ-

ɜɚɧɢɹ ɷɥɟɤɬɪɨɜɢɯɪɟɜɵɯ ɬɟɱɟɧɢɣ, ɩɨɫɬɚɧɨɜɤɚ ɫɨɨɬɜɟɬɫɬɜɭɟɬ Д77]. 

ɍɪɚɜɧɟɧɢɟ ɞɜɢɠɟɧɢɹμ 

          ∇     ∇     Δ      ɷɥ   (3.1) 

ɝɞɟ ρ – ɩɥɨɬɧɨɫɬɶ, U – ɫɤɨɪɨɫɬɶ, p – ɞɚɜɥɟɧɢɟ, Ȟ – ɤɢɧɟɦɚɬɢɱɟɫɤɚɹ ɜɹɡɤɨɫɬɶ, 

Fɷɥ – ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɚɹ ɫɢɥɚ. 

ɍɪɚɜɧɟɧɢɟ ɧɟɪɚɡɪɵɜɧɨɫɬɢμ      ∇          (3.2) 

ɍɪɚɜɧɟɧɢɹ Ɇɚɤɫɜɟɥɥɚμ ∇       (3.3) ∇         (3.4)       ∇     (3.5) ∇          (3.6) 

ɝɞɟ B – ɢɧɞɭɤɰɢɹ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ, ȝ0 – ɦɚɝɧɢɬɧɚɹ ɩɨɫɬɨɹɧɧɚɹ, J – ɩɥɨɬɧɨɫɬɶ ɷɥɟɤ-

ɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ, E – ɧɚɩɪɹɠɟɧɧɨɫɬɶ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ, ρɫ – ɨɛɴɟɦɧɚɹ ɩɥɨɬɧɨɫɬɶ 

ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɡɚɪɹɞɚ, ε0 – ɞɢɷɥɟɤɬɪɢɱɟɫɤɚɹ ɩɪɨɧɢɰɚɟɦɨɫɬɶ ɜɚɤɭɭɦɚ. 

Ɂɚɤɨɧ Ɉɦɚμ             (3.7) 

ɝɞɟ ı – ɷɥɟɤɬɪɢɱɟɫɤɚɹ ɩɪɨɜɨɞɢɦɨɫɬɶ. 

Ɂɚɤɨɧ ɫɨɯɪɚɧɟɧɢɹ ɡɚɪɹɞɚμ 
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∇       (3.8) 

ɍɪɚɜɧɟɧɢɟ ɫɨɫɬɨɹɧɢɹ ɫɪɟɞɵμ           (3.9) 

ɝɞɟ T – ɬɟɦɩɟɪɚɬɭɪɚ. 

ɉɪɢ ɷɬɨɦ ɜɵɪɚɠɟɧɢɟ ɞɥɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢɥɵ ɢɦɟɟɬ ɜɢɞ:  ɷɥ       (3.10) 

ɉɪɢ ɪɟɲɟɧɢɢ ɜɵɲɟɨɩɢɫɚɧɧɵɯ ɭɪɚɜɧɟɧɢɣ ɩɪɢɦɟɧɹɸɬɫɹ ɫɥɟɞɭɸɳɢɟ ɞɨɩɭɳɟ-

ɧɢɹμ 

1. ɋɪɟɞɚ ɧɟɦɚɝɧɢɬɧɚɹ (ȝ = 1). ɗɬɨ ɫɩɪɚɜɟɞɥɢɜɨ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɠɢɞɤɢɯ 

ɦɟɬɚɥɥɨɜ, ɬɚɤɢɯ ɤɚɤ ɦɟɞɶ, ɧɚɬɪɢɣ, ɪɬɭɬɶ, ɢɧɞɢɣ, ɝɚɥɥɢɣ, ɨɥɨɜɨ ɢ ɬ.ɞ. 

2. ɋɪɟɞɚ – ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɩɪɨɜɨɞɧɢɤ. 

3. Ɍɨɤɨɦ ɫɦɟɳɟɧɢɹ ɦɨɠɧɨ ɩɪɟɧɟɛɪɟɱɶ ɜ ɪɚɦɤɚɯ ɧɢɡɤɨɱɚɫɬɨɬɧɨɝɨ ɩɪɢɛɥɢ-

ɠɟɧɢɹ, ɚ ɤɨɧɜɟɤɰɢɨɧɧɵɦ ɬɨɤɨɦ – ɩɨɫɤɨɥɶɤɭ ɫɤɨɪɨɫɬɶ ɞɜɢɠɟɧɢɹ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ 

ɡɧɚɱɢɬɟɥɶɧɨ ɦɟɧɶɲɟ ɫɤɨɪɨɫɬɢ ɫɜɟɬɚ. 

4. Ɏɢɡɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɫɪɟɞɵ ɢɡɨɬɪɨɩɧɵ ɢ ɨɞɧɨɪɨɞɧɵ ɢ ɧɟ ɡɚɜɢɫɹɬ 

ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɢ ɩɪɨɱɢɯ ɮɚɤɬɨɪɨɜ.  

5. ɀɢɞɤɨɫɬɶ ɧɟɫɠɢɦɚɟɦɚ (∇     ). 

Ɉɫɧɨɜɧɵɟ ɢɫɩɨɥɶɡɭɟɦɵɟ ɤɪɢɬɟɪɢɢ ɩɨɞɨɛɢɹ ɜ ɗȼɌ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɬɚɛɥɢɰɟ 3.1. 

ȼɟɥɢɱɢɧɚ R2 ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɥɢɧɟɣɧɵɣ ɪɚɡɦɟɪ (ɪɚɞɢɭɫ ɩɨɥɭɫɮɟɪɢɱɟɫɤɨɝɨ ɤɨɧɬɟɣɧɟɪɚ, 

ɥɢɛɨ ɥɨɤɚɥɶɧɵɣ ɪɚɡɦɟɪ, ɫɜɹɡɚɧɧɵɣ ɫ ɦɚɤɫɢɦɚɥɶɧɵɦ ɡɧɚɱɟɧɢɟɦ ɫɤɨɪɨɫɬɢ ɬɟɱɟɧɢɹ). 

ɑɢɫɥɨ S ɹɜɥɹɟɬɫɹ ɚɧɚɥɨɝɨɦ ɱɢɫɥɚ Ɋɟɣɧɨɥɶɞɫɚ ɜ ɗȼɌ ɢ ɧɚɡɵɜɚɟɬɫɹ ɩɚɪɚɦɟɬɪɨɦ ɷɥɟɤ-

ɬɪɨɜɢɯɪɟɜɨɝɨ ɬɟɱɟɧɢɹ, ɚ ɩɚɪɚɦɟɬɪ N ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɫɬɟɩɟɧɶ ɜɥɢɹɧɢɹ ɜɧɟɲɧɟɝɨ Ɇɉ. 

ɑɢɫɥɨ ɋɬɸɚɪɬɚ St ɯɚɪɚɤɬɟɪɢɡɭɟɬ, ɧɚɫɤɨɥɶɤɨ ɜɟɥɢɤɢ ɫɢɥɵ Ʌɨɪɟɧɰɚ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ 

ɢɧɟɪɰɢɟɣ ɩɨɬɨɤɚ, ɫ ɟɝɨ ɩɨɦɨɳɶɸ ɦɨɠɧɨ ɨɰɟɧɢɬɶ ɜɥɢɹɧɢɟ ɬɨɤɨɜ, ɢɧɞɭɰɢɪɨɜɚɧɧɵɯ 

ɞɜɢɠɟɧɢɟɦ ɷɥɟɤɬɪɨɩɪɨɜɨɞɹɳɟɣ ɫɪɟɞɵ. Ɇɚɝɧɢɬɧɨɟ ɱɢɫɥɨ Ɋɟɣɧɨɥɶɞɫɚ ɯɚɪɚɤɬɟɪɢɡɭɟɬ 

ɨɬɧɨɲɟɧɢɟ ɤɨɧɜɟɤɬɢɜɧɨɝɨ ɩɟɪɟɧɨɫɚ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɩɨɬɨɤɨɦ ɤ ɦɚɝɧɢɬɧɨɣ ɞɢɮɮɭ-

ɡɢɢ, ɩɪɢ Reɦ ≥ 1 ɫɥɟɞɭɟɬ ɭɱɢɬɵɜɚɬɶ ɜɥɢɹɧɢɟ ɢɧɞɭɰɢɪɨɜɚɧɧɵɯ Ɇɉ Bɢɧɞ. 
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Ɍɚɛɥɢɰɚ 3.1 – Ʉɪɢɬɟɪɢɢ ɩɨɞɨɛɢɹ ɜ ɗȼɌ 

Ȼɟɡɪɚɡɦɟɪɧɵɣ ɩɚɪɚɦɟɬɪ Ɏɨɪɦɭɥɚ Ⱦɢɚɩɚɡɨɧ ɡɧɚɱɟɧɢɣ 

Ʌɢɧɟɣɧɵɣ ɪɚɡɦɟɪ    0.01–0.094 

Ɇɨɞɢɮɢɰɢɪɨɜɚɧɧɨɟ ɱɢɫɥɨ 

Ɋɟɣɧɨɥɶɞɫɚ 
            32–4×105

 

ɉɚɪɚɦɟɬɪ ɗȼɌ, S                10
3–3.2×10

11
 

ɉɚɪɚɦɟɬɪ ɜɥɢɹɧɢɹ ɜɧɟɲɧɟɝɨ 

Ɇɉ, N 
             1.6×104–2×10

11
 

Ɉɬɧɨɲɟɧɢɟ ɜɧɟɲɧɟɝɨ ɢ 

ɫɨɛɫɬɜɟɧɧɨɝɨ Ɇɉ, α 
            2×10-3–7500 

Ɇɚɝɧɢɬɧɨɟ ɱɢɫɥɨ Ɋɟɣɧɨɥɶɞɫɚ     ı      4.1×10-4–3.5 

ɑɢɫɥɨ ɋɬɸɚɪɬɚ      ı      4×10-5–5×10
4
 

3.2 Ɋɚɫɱɟɬ ɩɥɨɬɧɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ 

Ⱦɥɹ ɪɚɫɱɟɬɚ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢɥɵ J×B ɜ ɭɪɚɜɧɟɧɢɢ (3.1) ɬɪɟɛɭɟɬɫɹ ɫɧɚɱɚɥɚ 

ɜɵɩɨɥɧɢɬɶ ɪɚɫɱɟɬ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ ɜ ɠɢɞɤɨɦ ɦɟɬɚɥɥɟ, ɚ ɡɚɬɟɦ ɩɪɨɢɡ-

ɜɟɫɬɢ ɪɚɫɱɟɬ ɫɨɛɫɬɜɟɧɧɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ. ɉɥɨɬɧɨɫɬɶ ɬɨɤɚ ɨɩɪɟɞɟɥɹɟɬɫɹ ɩɨ ɦɟɬɨ-

ɞɢɤɟ Д77], ɥɢɛɨ ɩɨ ɚɧɚɥɢɬɢɱɟɫɤɨɣ ɨɰɟɧɤɟ ɞɥɹ ɪɚɫɬɟɤɚɧɢɹ ɬɨɤɚ ɨɬ ɬɨɱɟɱɧɨɝɨ ɢɫɬɨɱɧɢ-

ɤɚ, ɥɢɛɨ ɢɡ ɪɟɲɟɧɢɹ ɭɪɚɜɧɟɧɢɹ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɬɟɧɰɢɚɥɚ. 

Ɋɚɫɫɦɨɬɪɢɦ ɪɚɫɬɟɤɚɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ I ɜ ɩɨɥɭɫɮɟɪɢɱɟɫɤɨɦ ɤɨɧɬɟɣɧɟɪɟ. 

ȼ ɫɮɟɪɢɱɟɫɤɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ (ɋɋɄ) ɢɡ ɝɟɨɦɟɬɪɢɱɟɫɤɢɯ ɫɨɨɛɪɚɠɟɧɢɣ ɩɥɨɬɧɨɫɬɶ 

ɬɨɤɚ ɢɦɟɟɬ ɜɢɞμ 

            (3.11) 

ȼ ɨɛɳɟɦ ɜɢɞɟ, ɟɫɥɢ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ ɧɟɥɶɡɹ ɜɵɱɢɫɥɢɬɶ ɚɧɚɥɢɬɢ-

ɱɟɫɤɢ, ɞɥɹ ɤɨɧɬɟɣɧɟɪɚ ɥɸɛɨɣ ɮɨɪɦɵ ɪɟɲɚɟɬɫɹ ɭɪɚɜɧɟɧɢɟ ɞɥɹ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɬɟɧ-

ɰɢɚɥɚμ 
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∇    ∇      (3.12) 

ȿɫɥɢ ɷɥɟɤɬɪɢɱɟɫɤɚɹ ɩɪɨɜɨɞɢɦɨɫɬɶ ɫɪɟɞɵ ɨɞɧɨɪɨɞɧɚ, ɬɨ ɭɪɚɜɧɟɧɢɟ (3.12) ɫɜɨɞɢɬɫɹ ɤ 

ɪɟɲɟɧɢɸ ɭɪɚɜɧɟɧɢɹ Ʌɚɩɥɚɫɚ ɞɥɹ ɩɨɬɟɧɰɢɚɥɚ:       (3.13) 

ɉɥɨɬɧɨɫɬɶ ɬɨɤɚ ɜɵɱɢɫɥɹɟɬɫɹ ɩɨ ɮɨɪɦɭɥɟ (3.14), ɩɪɢ ɷɬɨɦ ɢɫɩɨɥɶɡɭɸɬɫɹ ɝɪɚɧɢɱɧɵɟ 

ɭɫɥɨɜɢɹ ɧɟɩɪɨɬɟɤɚɧɢɹ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɱɟɪɟɡ ɝɪɚɧɢɰɭ:     ∇               (3.14) 

ɇɚ ɩɨɜɟɪɯɧɨɫɬɹɯ ɩɨɞɜɨɞɚ ɢ ɨɬɜɨɞɚ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ (Sɜɯ ɢ Sɜɵɯ) ɡɚɞɚɸɬɫɹ ɡɧɚɱɟ-

ɧɢɹ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɬɟɧɰɢɚɥɚμ           ɢ            (3.15) 

ɉɨɫɤɨɥɶɤɭ ɱɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɜɵɩɨɥɧɹɥɨɫɶ ɜ ɞɟɤɚɪɬɨɜɨɣ ɢ ɰɢɥɢɧɞɪɢ-

ɱɟɫɤɨɣ ɫɢɫɬɟɦɚɯ ɤɨɨɪɞɢɧɚɬ (ȾɋɄ ɢ ɐɋɄ), ɩɨɥɭɱɢɦ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ ɜ 

ɷɬɢɯ ɋɄ. 

Ɋɚɫɫɦɨɬɪɢɦ ɫɥɭɱɚɣ, ɤɨɝɞɚ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ ɜɨɡɦɨɠɧɨ ɩɨɥɭɱɢɬɶ 

ɚɧɚɥɢɬɢɱɟɫɤɢ. Ⱦɥɹ ɷɬɨɝɨ ɩɪɟɨɛɪɚɡɭɟɦ ɜɵɪɚɠɟɧɢɟ (3.11) ɢɡ ɋɋɄ ɜ ȾɋɄ ɢ ɩɨɥɭɱɢɦ 

ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɤɨɦɩɨɧɟɧɬ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚμ 

                             (3.16) 

                             (3.17) 

                             (3.18) 

Ɂɚɬɟɦ ɩɪɟɨɛɪɚɡɭɟɦ ɜɵɪɚɠɟɧɢɟ (3.11) ɢɡ ɋɋɄ ɜ ɐɋɄ, ɬɨɝɞɚ ɩɨɥɭɱɢɦ: 
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                         (3.19) 

                         (3.20) 

ȼ ɫɥɭɱɚɟ, ɤɨɝɞɚ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɩɥɨɬɧɨɫɬɢ ɜɵɱɢɫɥɹɟɬɫɹ ɢɡ ɭɪɚɜɧɟɧɢɹ Ʌɚɩɥɚɫɚ, 

ɢɫɩɨɥɶɡɭɹ ɜɵɪɚɠɟɧɢɟ (3.13), ɩɨɥɭɱɢɦ ɭɪɚɜɧɟɧɢɟ ɞɥɹ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ ɜ ȾɋɄμ 

                  (3.21) 

                  (3.22) 

                  (3.23) 

ȼ ɐɋɄμ 

                (3.24) 

                (3.25) 

ɉɨɥɭɱɟɧɧɵɟ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɜɵɱɢɫɥɟɧɢɹ ɩɥɨɬɧɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɜɩɨ-

ɫɥɟɞɫɬɜɢɢ ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɞɥɹ ɪɚɫɱɟɬɚ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢɥɵ. 

3.3 Ɇɟɬɨɞɢɤɚ ɪɚɫɱɟɬɚ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ 

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɧɟɨɛɯɨɞɢɦɨ ɨɩɪɟɞɟɥɢɬɶ ɫɨɛɫɬɜɟɧɧɨɟ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ, ɫɨɡ-

ɞɚɜɚɟɦɨɟ ɬɨɤɨɦ ɩɪɨɜɨɞɢɦɨɫɬɢ J. Ⱦɥɹ ɷɬɨɝɨ ɢɫɩɨɥɶɡɨɜɚɧɵ ɞɜɚ ɩɨɞɯɨɞɚμ ɢɧɬɟɝɪɢɪɨ-

ɜɚɧɢɟ ɭɪɚɜɧɟɧɢɣ Ɇɚɤɫɜɟɥɥɚ ɢ ɩɪɢɦɟɧɟɧɢɟ ɡɚɤɨɧɚ Ȼɢɨ-ɋɚɜɚɪɚ-Ʌɚɩɥɚɫɚ. Ɇɟɬɨɞɢɤɚ 

ɪɚɫɱɟɬɚ ɚɡɢɦɭɬɚɥɶɧɨɣ ɤɨɦɩɨɧɟɧɬɵ Bφ ɢ ɩɨɞɪɨɛɧɵɣ ɜɵɜɨɞ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɜɵɪɚ-

ɠɟɧɢɣ ɩɪɢɜɟɞɟɧɵ ɜ [55; 77]. 

ɂɧɬɟɝɪɢɪɨɜɚɧɢɟ ɭɪɚɜɧɟɧɢɹ Ɇɚɤɫɜɟɥɥɚ ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɢɬɶ ɚɧɚɥɢɬɢɱɟɫɤɨɟ ɜɵ-

ɪɚɠɟɧɢɟ ɞɥɹ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɜ ɩɨɥɭɫɮɟɪɢɱɟɫɤɨɣ ɜɚɧɧɟ. Ɂɚɩɢɲɟɦ ɭɪɚɜɧɟɧɢɟ Ɇɚɤ-

ɫɜɟɥɥɚμ 
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   ∇       (3.26) 

R-ɤɨɦɩɨɧɟɧɬɚ ɪɨɬɨɪɚ ɜ ɫɮɟɪɢɱɟɫɤɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ ɜ ɨɫɟɫɢɦɦɟɬɪɢɱɧɨɣ ɡɚɞɚɱɟ 

ɡɚɩɢɫɵɜɚɟɬɫɹ ɤɚɤμ 

 ∇                           (3.27) 

Ɉ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɨɩɟɪɚɬɨɪɚɯ ɩɨɞɪɨɛɧɨ ɧɚɩɢɫɚɧɨ ɜ Д98Ж. ɍɱɢɬɵɜɚɹ ɜɵɪɚɠɟɧɢɟ 

ɞɥɹ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ (3.11), ɢɡ ɭɪɚɜɧɟɧɢɹ Ɇɚɤɫɜɟɥɥɚ (3.26) ɢ (3.27) ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ 

ɜɵɪɚɠɟɧɢɟ ɞɥɹ ɧɚɯɨɠɞɟɧɢɹ ɢɧɞɭɤɰɢɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹμ 

                           (3.28) 

ɬɚɤɠɟ ɭɱɢɬɵɜɚɟɦ, ɱɬɨ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ ɪɚɜɧɨ ɧɭɥɸ ɧɚ ɨɫɢ       . 

ɉɪɢɦɟɧɢɬɟɥɶɧɨ ɤ ɱɢɫɥɟɧɧɵɦ ɪɚɫɱɟɬɚɦ ɩɪɟɨɛɪɚɡɭɟɦ (3.28) ɜ ȾɋɄμ 

                                        (3.29) 

                                       (3.30) 

ȼ ɐɋɄμ 

                                (3.31) 

ȼ ɫɥɭɱɚɹɯ, ɤɨɝɞɚ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɧɟɥɶɡɹ ɩɨɥɭɱɢɬɶ ɚɧɚɥɢɬɢɱɟ-

ɫɤɢ, Ɇɉ ɨɩɪɟɞɟɥɹɸɬ ɩɨ ɢɧɬɟɝɪɚɥɶɧɨɣ ɮɨɪɦɭɥɟ Ȼɢɨ-ɋɚɜɚɪɚ-Ʌɚɩɥɚɫɚμ 

                           
     (3.32) 
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ɉɨɫɤɨɥɶɤɭ ɱɢɫɥɟɧɧɵɟ ɪɚɫɱɟɬɵ ɜɵɩɨɥɧɹɥɢɫɶ ɜ ɞɟɤɚɪɬɨɜɨɣ ɢ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ 

ɫɢɫɬɟɦɚɯ ɤɨɨɪɞɢɧɚɬ, ɞɚɥɟɟ ɩɪɢɜɟɞɟɦ ɤɨɧɟɱɧɵɟ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɤɨɦɩɨɧɟɧɬ ɦɚɝɧɢɬɧɨ-

ɝɨ ɩɨɥɹ ɜ ɷɬɢɯ ɫɢɫɬɟɦɚɯ.  

ɉɪɢɜɟɞɟɦ ɢɧɬɟɝɪɚɥɶɧɵɟ ɫɨɨɬɧɨɲɟɧɢɹ ɞɥɹ ɤɨɦɩɨɧɟɧɬ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɜ ȾɋɄμ 

                                                              
     (3.33) 

                                                              
     (3.34) 

                                                              
     (3.35) 

Ⱥ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹμ 

                                                             
        (3.36) 

                                                             
        (3.37) 

                                                             
        (3.38) 

ɝɞɟ j – ɢɧɞɟɤɫ ɹɱɟɣɤɢ, ɜ ɤɨɬɨɪɨɣ ɪɚɫɫɱɢɬɵɜɚɟɬɫɹ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ, i – ɢɧɞɟɤɫ ɹɱɟɣɤɢ, 

ɤɨɬɨɪɚɹ ɫɨɡɞɚɟɬ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ ɜ ɹɱɟɣɤɟ ɫ ɢɧɞɟɤɫɨɦ j, x, y, z – ɤɨɨɪɞɢɧɚɬɵ ɰɟɧɬɪɨɜ 

ɹɱɟɟɤ ɫɟɬɤɢ, ΔV – ɨɛɴɟɦ ɹɱɟɣɤɢ, M – ɤɨɥɢɱɟɫɬɜɨ ɹɱɟɟɤ ɫɟɬɤɢ. 

Ⱦɥɹ ɞɜɭɦɟɪɧɨɣ ɨɫɟɫɢɦɦɟɬɪɢɱɧɨɣ ɫɢɫɬɟɦɵ (ɰɢɥɢɧɞɪɢɱɟɫɤɚɹ ɫɢɫɬɟɦɚ ɤɨɨɪɞɢ-

ɧɚɬ) ɫɢɬɭɚɰɢɹ ɫ ɧɚɯɨɠɞɟɧɢɟɦ ɢɧɞɭɤɰɢɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɨɛɫɬɨɢɬ ɫɥɨɠɧɟɟ. ȼ ɡɚɤɨɧɟ 

Ȼɢɨ-ɋɚɜɚɪɚ-Ʌɚɩɥɚɫɚ ɜɵɩɨɥɧɢɦ ɜɟɤɬɨɪɧɨɟ ɩɪɨɢɡɜɟɞɟɧɢɟ, ɩɟɪɟɜɟɞɟɦ ɜɵɪɚɠɟɧɢɟ ɜ 

ɐɋɄ ɢ ɡɚɩɢɲɟɦ ɜɵɪɚɠɟɧɢɹ ɨɬɞɟɥɶɧɨ ɞɥɹ ɤɚɠɞɨɣ ɤɨɦɩɨɧɟɧɬɵ ɢɧɞɭɤɰɢɢ ɦɚɝɧɢɬɧɨɝɨ 

ɩɨɥɹμ 



69 

                                                                                   
 

 
 

    
   

                                                 
 

 
 

    
    (3.39) 

                                                                                    
 

 
 

    
   

                                                      
 

 
 

    
    (3.40) 

                                                                             
 

 
 

    
   (3.41) 

ɝɞɟ r0, z0 – ɤɨɨɪɞɢɧɚɬɵ ɬɨɱɤɢ, ɜ ɤɨɬɨɪɨɣ ɨɩɪɟɞɟɥɹɟɬɫɹ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ, 

r, z – ɤɨɨɪɞɢɧɚɬɵ ɷɥɟɦɟɧɬɚ ɫ ɬɨɤɨɦ, ɫɨɡɞɚɸɳɢɦ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ, r(z) – ɡɚɜɢɫɢɦɨɫɬɶ 

ɬɟɤɭɳɟɝɨ ɪɚɞɢɭɫɚ ɪɚɫɱɟɬɧɨɣ ɨɛɥɚɫɬɢ ɨɬ ɨɫɟɜɨɣ ɤɨɨɪɞɢɧɚɬɵ, ȥ – ɪɚɡɧɨɫɬɶ ɭɝɥɨɜɵɯ 

ɤɨɨɪɞɢɧɚɬ ɪɚɞɢɭɫ-ɜɟɤɬɨɪɨɜ R0 ɢ R. 

ȼɵɱɢɫɥɟɧɢɟ ɨɛɴɟɦɧɵɯ ɢɧɬɟɝɪɚɥɨɜ, ɩɪɢɜɟɞɟɧɧɵɯ ɜɵɲɟ, ɫɜɨɞɢɬɫɹ ɤ ɩɨɫɥɟɞɨɜɚ-

ɬɟɥɶɧɨɦɭ ɜɵɱɢɫɥɟɧɢɸ ɢɧɬɟɝɪɚɥɨɜ ɩɨ ɭɝɥɭ ȥ, ɚ ɢɬɨɝɨɜɵɟ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɤɨɦɩɨɧɟɧɬ 

ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɢɦɟɸɬ ɜɢɞμ 

                                        
         (3.42) 

                                         
        (3.43) 

                                         
        (3.44) 

ɝɞɟ Gi – ɡɧɚɱɟɧɢɟ ɮɭɧɤɰɢɢ, ɡɚɞɚɧɧɨɟ ɜ ɰɟɧɬɪɟ ɹɱɟɣɤɢ, ΔSi – ɩɥɨɳɚɞɶ ɹɱɟɣɤɢ 

ɞɜɭɦɟɪɧɨɣ ɫɟɬɤɢ. 
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ȼɵɱɢɫɥɟɧɢɟ ɢɧɬɟɝɪɚɥɨɜ ɩɨ ɩɨɜɟɪɯɧɨɫɬɢ ɧɟ ɩɪɟɞɫɬɚɜɥɹɟɬ ɨɫɨɛɵɯ ɬɪɭɞɧɨɫɬɟɣ, ɢ 

ɱɬɨ ɩɪɚɤɬɢɱɟɫɤɢ ɜɚɠɧɨ, ɧɟ ɬɪɟɛɭɟɬ ɢɧɮɨɪɦɚɰɢɢ ɨ ɮɨɪɦɟ ɪɚɫɱɟɬɧɨɣ ɨɛɥɚɫɬɢ. 

Ɋɟɡɭɥɶɬɚɬ ɚɧɚɥɢɬɢɱɟɫɤɨɝɨ ɪɟɲɟɧɢɹ ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ, ɢɫɩɨɥɶɡɭɹ ɷɥɥɢɩɬɢɱɟɫɤɢɟ 

ɢɧɬɟɝɪɚɥɵ Ʌɟɠɚɧɞɪɚ ɩɟɪɜɨɝɨ ɢ ɜɬɨɪɨɝɨ ɪɨɞɚμ 

                     
         (3.45) 

                   
   
         (3.46) 

ɝɞɟ k:  

                        (3.47) 

Ɉɬɦɟɬɢɦ, ɱɬɨ ɩɨɫɤɨɥɶɤɭ ɜ r ɢ z ɤɨɦɩɨɧɟɧɬɵ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɜɧɨɫɢɬ ɜɤɥɚɞ 

ɬɨɥɶɤɨ Jφ-ɤɨɦɩɨɧɟɧɬɚ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ, ɬɨ ɪɟɲɟɧɢɟ ɩɨɥɧɨɫɬɶɸ ɫɨɜɩɚɞɚɟɬ ɫ ɜɵɪɚɠɟ-

ɧɢɹɦɢ, ɩɨɥɭɱɟɧɧɵɦɢ ɜ Д99Ж, ɞɥɹ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɤɨɥɶɰɟɜɨɝɨ ɬɨɤɚ. Ⱥ ɜɵɪɚɠɟɧɢɟ ɞɥɹ 

Gφ – ɤɨɦɩɨɧɟɧɬɵ ɬɚɤɠɟ ɢɧɬɟɝɪɢɪɭɟɬɫɹ ɚɧɚɥɢɬɢɱɟɫɤɢ ɢ ɪɟɡɭɥɶɬɚɬ ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ 

ɱɟɪɟɡ ɫɩɟɰɢɚɥɶɧɵɟ ɮɭɧɤɰɢɢ. Ɍɚɤɠɟ ɨɬɦɟɬɢɦ, ɱɬɨ Jφ – ɤɨɦɩɨɧɟɧɬɚ ɩɪɢɫɭɬɫɬɜɭɟɬ ɩɪɢ 

ɧɚɥɢɱɢɢ ɫɨɥɟɧɨɢɞɚ ɢɥɢ ɩɪɢ ɭɱɟɬɟ ɢɧɞɭɰɢɪɨɜɚɧɧɵɯ ɬɨɤɨɜ ɢ ɪɚɜɧɚ ɧɭɥɸ ɞɥɹ ɬɨɤɚ 

ɩɪɨɜɨɞɢɦɨɫɬɢ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɜɵɱɢɫɥɟɧɢɹ ɨɛɴɟɦɧɵɯ ɢɧɬɟɝɪɚɥɨɜ ɩɨ 

ɭɝɥɭ ȥ ɛɭɞɭɬ ɢɦɟɬɶ ɜɢɞ: 

                                                                                                            

(3.48) 

                                                                             (3.49) 
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                                                                                                         (3.50) 

ɝɞɟ f1, f2, f3, f4, f5 – ɮɭɧɤɰɢɢ ɨɬ r0, z0, r, z: 

                                                           (3.51) 

                            (3.52)                            (3.53)                             (3.54)                        (3.55) 

Ⱦɥɹ ɜɵɱɢɫɥɟɧɢɹ ɷɥɥɢɩɬɢɱɟɫɤɢɯ ɢɧɬɟɝɪɚɥɨɜ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɦɟɬɨɞ, ɨɫɧɨɜɚɧɧɵɣ ɧɚ 

ɪɚɡɥɨɠɟɧɢɢ ɩɨɞɵɧɬɟɝɪɚɥɶɧɵɯ ɮɭɧɤɰɢɣ ɜ ɪɹɞ ɫ ɩɨɦɨɳɶɸ ɩɨɥɢɧɨɦɨɜ ɑɟɛɵɲɟɜɚ 

[100]. 

Ⱦɚɥɟɟ ɩɨɥɭɱɟɧɧɵɟ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɛɵɥɢ ɢɫɩɨɥɶɡɨɜɚɧɵ ɩɪɢ 

ɧɚɩɢɫɚɧɢɢ ɩɪɨɝɪɚɦɦɧɨɝɨ ɤɨɞɚ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɬɟɯɧɨɥɨɝɢɢ ɩɚɪɚɥɥɟɥɶɧɨɝɨ ɩɪɨ-

ɝɪɚɦɦɢɪɨɜɚɧɢɹ NVIDIA CUDA. 

3.4 Ɋɚɫɱɟɬ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɬɟɯɧɨɥɨɝɢɢ NVIDIA CUDA 

CUDA – ɩɪɨɝɪɚɦɦɧɨ-ɚɩɩɚɪɚɬɧɚɹ ɚɪɯɢɬɟɤɬɭɪɚ, ɩɨɡɜɨɥɹɸɳɚɹ ɜɵɩɨɥɧɹɬɶ ɩɚɪɚɥ-

ɥɟɥɶɧɵɟ ɜɵɱɢɫɥɟɧɢɹ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɝɪɚɮɢɱɟɫɤɨɝɨ ɩɪɨɰɟɫɫɨɪɧɨɝɨ ɭɫɬɪɨɣɫɬɜɚ 

(Ƚɉɍ) NVIDIA. ȼ ɪɚɫɱɟɬɚɯ ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɜɢɞɟɨɤɚɪɬɵ NVIDIA GeForce RTX 3080 

ɢ RTX 4090, ɬɚɤɠɟ ɛɨɥɟɟ ɪɚɧɧɢɟ ɪɚɫɱɟɬɵ ɜɵɩɨɥɧɹɥɢɫɶ ɧɚ NVIDIA GeForce GTX 660 

ɢ GTX Titan Black. ȼ ɬɚɛɥɢɰɟ 3.2 ɩɪɢɜɟɞɟɧɚ ɜɵɱɢɫɥɢɬɟɥɶɧɚɹ ɦɨɳɧɨɫɬɶ ɷɬɢɯ ɭɫɬ-

ɪɨɣɫɬɜ. 

ɉɪɢ ɪɚɛɨɬɟ ɫ ɱɢɫɥɚɦɢ ɨɞɢɧɚɪɧɨɣ ɬɨɱɧɨɫɬɢ (FP32), ɩɪɢ ɜɵɩɨɥɧɟɧɢɢ ɩɨɫɥɟɞɨ-

ɜɚɬɟɥɶɧɵɯ ɢɬɟɪɚɰɢɣ, ɩɨɝɪɟɲɧɨɫɬɶ ɧɚɤɚɩɥɢɜɚɟɬɫɹ ɛɵɫɬɪɟɟ, ɱɟɦ ɞɥɹ ɱɢɫɟɥ ɞɜɨɣɧɨɣ 

ɬɨɱɧɨɫɬɢ (FP64). Ɉɞɧɚɤɨ ɩɪɢ ɜɵɱɢɫɥɟɧɢɢ Ɇɉ ɱɢɫɥɨ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɵɯ ɢɬɟɪɚɰɢɣ 
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ɛɵɥɨ ɨɬɧɨɫɢɬɟɥɶɧɨ ɦɚɥɨ, ɩɨɷɬɨɦɭ ɪɚɫɱɟɬɵ ɩɪɨɜɨɞɢɥɢɫɶ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɱɢɫɟɥ 

ɨɞɢɧɚɪɧɨɣ ɬɨɱɧɨɫɬɢ. 

Ɍɚɛɥɢɰɚ 3.2 – ȼɵɱɢɫɥɢɬɟɥɶɧɚɹ ɦɨɳɧɨɫɬɶ ɢɫɩɨɥɶɡɭɟɦɵɯ ɜɢɞɟɨɤɚɪɬ 

ɇɚɡɜɚɧɢɟ Ƚɉɍ 
ɉɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɶ FP32, 

GFLOPS 

ɉɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɶ FP64, 

GFLOPS 

NVIDIA GeForce  

GTX 660 
1881.6 78.4 

NVIDIA GeForce 

GTX Titan Black 
5121 1701 

NVIDIA GeForce 

RTX 3080 
25067.5 783.3 

NVIDIA GeForce 

RTX 4090 
73070 1142 

Ⱦɥɹ ɩɪɨɜɟɪɤɢ ɚɥɝɨɪɢɬɦɚ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ ɪɚɫɫɱɢɬɵɜɚɥɨɫɶ ɞɥɹ ɰɢɥɢɧɞɪɚ ɞɥɢ-

ɧɨɣ L = 1 ɦ ɢ ɪɚɞɢɭɫɨɦ R = 0.01 ɦ ɫ ɤɨɥɶɰɨɦ ɪɚɞɢɭɫɚ Rɤ = 0.05 ɦ, ɪɚɫɩɨɥɨɠɟɧɧɵɦ ɧɚ 

ɩɥɨɫɤɨɫɬɢ z = 0 (ɪɢɫɭɧɨɤ 3.1). ɑɟɪɟɡ ɰɢɥɢɧɞɪ ɩɪɨɬɟɤɚɥ ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɬɨɤ ɩɥɨɬɧɨ-

ɫɬɶɸ Jz = 10
6
 Ⱥ/ɦ2. ɗɬɨɬ ɬɨɤ ɫɨɡɞɚɜɚɥ Ɇɉ ɫ ɤɨɦɩɨɧɟɧɬɚɦɢ Bx, By ɜ ȾɋɄ ɢɥɢ ɫ ɤɨɦɩɨ-

ɧɟɧɬɨɣ Bφ ɜ ɐɋɄ. Ⱦɥɹ ɩɪɨɜɟɪɤɢ ɦɚɝɧɢɬɧɵɯ ɩɨɥɟɣ Br ɢ Bz, ɫɨɡɞɚɧɧɵɯ ɤɨɦɩɨɧɟɧɬɨɣ 

ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ Jφ ɜ ɐɋɄ, ɢ ɤɨɦɩɨɧɟɧɬɚɦɢ Jx, Jy ɜ ȾɋɄ ɢɫɩɨɥɶɡɨɜɚɥɨɫɶ ɤɨɥɶɰɨ 

ɫ ɬɨɤɨɦ. ɉɥɨɬɧɨɫɬɶ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɜ ɤɨɥɶɰɟ ɛɵɥɚ ɪɚɜɧɚ 106
 Ⱥ/ɦ2, ɚ ɩɥɨɳɚɞɶ 

ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢɹ S = 10
-6

 ɦ2
. ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɫɪɚɜɧɢɜɚɥɢɫɶ ɫ ɚɧɚɥɢɬɢɱɟ-

ɫɤɢɦ ɪɟɲɟɧɢɟɦ ɞɥɹ ɛɟɫɤɨɧɟɱɧɨɝɨ ɰɢɥɢɧɞɪɚ Bφ = µ0Jzr/2 ɢ ɫ ɚɧɚɥɢɬɢɱɟɫɤɢɦ ɪɟɲɟɧɢ-

ɟɦ Д99Ж ɞɥɹ ɤɨɥɶɰɚ ɫ ɬɨɤɨɦ. 

ɇɚ ɪɢɫɭɧɤɟ 3.2 ɩɪɟɞɫɬɚɜɥɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɢɧɞɭɤɰɢɢ Ɇɉ ɨɬ ɪɚɫɫɬɨɹɧɢɹ ɞɨ ɨɫɢ 

ɫɢɦɦɟɬɪɢɢ ɞɥɹ ȾɋɄ. Ʉɨɦɩɨɧɟɧɬɚ By (ɪɢɫɭɧɨɤ 3.2ɚ), ɫɨɡɞɚɧɧɚɹ ɬɨɤɨɦ Jz, ɫɨɨɬɜɟɬɫɬ-

ɜɭɟɬ ɤɨɦɩɨɧɟɧɬɟ Bφ ɜ ɐɋɄ. Ɇɉ ɤɨɥɶɰɚ ɫ ɬɨɤɨɦ ɩɪɟɞɫɬɚɜɥɟɧɨ ɧɚ ɪɢɫɭɧɤɟ 3.2ɛ. Ʉɨɦ-

ɩɨɧɟɧɬɚ By, ɤɨɬɨɪɚɹ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɤɨɦɩɨɧɟɧɬɟ Bφ ɜ ɐɋɄ, ɪɚɜɧɚ ɧɭɥɸ, ɩɨɫɤɨɥɶɤɭ ɬɨɤ 

Jφ ɧɟ ɫɨɡɞɚɟɬ ɚɡɢɦɭɬɚɥɶɧɨɟ Ɇɉ. ɇɚ ɪɢɫɭɧɤɟ 3.2ɜ ɩɪɟɞɫɬɚɜɥɟɧ ɝɪɚɮɢɤ ɞɥɹ ɤɨɦɩɨɧɟɧ-

ɬɵ Bz, ɚ ɧɚ ɪɢɫɭɧɤɟ 3.2ɝ ɞɥɹ ɤɨɦɩɨɧɟɧɬɵ Bx (ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɤɨɦɩɨɧɟɧɬɟ Br ɜ ɐɋɄ). 



73 

r
y

x

zφ

Jz

Jφ(Jx,Jy)

R

Rɤ

z = 0
Bφ

Br,z

 

Ɋɢɫɭɧɨɤ 3.1 – ɋɯɟɦɚ ɪɚɫɱɟɬɧɨɣ ɨɛɥɚɫɬɢ ɤ ɡɚɞɚɱɟ ɨ ɧɚɯɨɠɞɟɧɢɢ Ɇɉ ɛɟɫɤɨɧɟɱɧɨɝɨ 

ɰɢɥɢɧɞɪɚ ɫ ɤɨɥɶɰɨɦ. 

By, Ɍɥ

x, ɦ

 

ɚ) 

By, Ɍɥ

x, ɦ

 
ɛ) 

x, ɦ

Bz, Ɍɥ

 

ɜ) 

Bx, Ɍɥ

x, ɦ
 

ɝ) 
Ɋɢɫɭɧɨɤ 3.2 – Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɪɚɡɥɢɱɧɵɯ ɤɨɦɩɨɧɟɧɬ Ɇɉ ɧɚ ɜɵɫɨɬɟ z = 0.5 ɦ ɧɚ ɫɟɬɤɚɯ 

ɪɚɡɧɨɝɨ ɪɚɡɦɟɪɚ. ɚ) ɤɨɦɩɨɧɟɧɬɚ By, ɫɨɡɞɚɧɧɚɹ ɬɨɤɨɦ Jz, ɛ) ɤɨɦɩɨɧɟɧɬɚ By, ɫɨɡɞɚɧɧɚɹ 

ɬɨɤɨɦ Jφ, ɜ) ɤɨɦɩɨɧɟɧɬɚ Bz, ɝ) ɤɨɦɩɨɧɟɧɬɚ Bx. 1 – ɫɟɬɤɚ 244 ɬɵɫ. ɹɱɟɟɤ, 2 – 2.5 ɦɥɧ. 

ɹɱɟɟɤ, 3 – 10 ɦɥɧ. ɹɱɟɟɤ, 4 – ɚɧɚɥɢɬɢɱɟɫɤɨɟ ɪɟɲɟɧɢɟ. 
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Ɋɚɫɱɟɬɵ ɛɵɥɢ ɜɵɩɨɥɧɟɧɵ ɧɚ ɫɟɬɤɚɯ ɫ ɪɚɡɥɢɱɧɵɦ ɱɢɫɥɨɦ ɹɱɟɟɤ (244 ɬɵɫ., 2.5 

ɦɥɧ. ɢ 10 ɦɥɧ.). ɍɜɟɥɢɱɟɧɢɟ ɱɢɫɥɚ ɹɱɟɟɤ ɩɪɢɜɨɞɢɬ ɤ ɭɦɟɧɶɲɟɧɢɸ ɨɬɤɥɨɧɟɧɢɹ ɨɬ 

ɚɧɚɥɢɬɢɱɟɫɤɨɝɨ ɪɟɲɟɧɢɹ. ȼɦɟɫɬɟ ɫ ɬɟɦ, ɩɪɢ ɛɨɥɶɲɨɦ ɨɬɧɨɲɟɧɢɢ ɞɥɢɧɵ ɰɢɥɢɧɞɪɚ ɤ 

ɪɚɞɢɭɫɭ (L/R = 100) ɢ ɨɝɪɚɧɢɱɟɧɧɨɦ ɱɢɫɥɟ ɹɱɟɟɤ ɷɥɟɦɟɧɬɵ ɩɪɢɨɛɪɟɬɚɸɬ ɩɨɜɵɲɟɧ-

ɧɨɟ ɚɫɩɟɤɬɧɨɟ ɨɬɧɨɲɟɧɢɟ ɢ ɜɵɬɹɝɢɜɚɸɬɫɹ ɜɞɨɥɶ ɨɫɢ z. ɇɚ ɫɟɬɤɚɯ 244 ɬɵɫ. ɢ 2.5 ɦɥɧ. 

ɹɱɟɟɤ ɪɚɡɦɟɪɵ ɷɥɟɦɟɧɬɨɜ ɩɨ ɨɫɢ z ɢ ɜ ɩɨɩɟɪɟɱɧɨɦ ɫɟɱɟɧɢɢ ɫɭɳɟɫɬɜɟɧɧɨ ɪɚɡɥɢɱɚ-

ɥɢɫɶ, ɱɬɨ ɨɛɭɫɥɚɜɥɢɜɚɥɨ ɪɚɫɯɨɠɞɟɧɢɟ ɫ ɚɧɚɥɢɬɢɱɟɫɤɢɦ ɪɟɲɟɧɢɟɦ. ɇɚ ɧɚɢɛɨɥɟɟ 

ɩɥɨɬɧɨɣ ɫɟɬɤɟ (10 ɦɥɧ. ɹɱɟɟɤ) ɜɵɬɹɧɭɬɨɫɬɶ ɷɥɟɦɟɧɬɨɜ ɛɵɥɚ ɦɟɧɶɲɟ, ɜɫɥɟɞɫɬɜɢɟ ɱɟɝɨ 

ɨɬɤɥɨɧɟɧɢɟ ɨɬ ɚɧɚɥɢɬɢɱɟɫɤɨɝɨ ɪɟɲɟɧɢɹ ɡɚɦɟɬɧɨ ɭɦɟɧɶɲɢɥɨɫɶ. 

ɇɚ ɪɢɫɭɧɤɟ 3.3 ɩɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɨɜ ɜ ɐɋɄ. ɉɨ ɫɪɚɜɧɟɧɢɸ ɫ ɬɪɟɯ-

ɦɟɪɧɨɣ ɩɨɫɬɚɧɨɜɤɨɣ ɪɚɫɯɨɠɞɟɧɢɟ ɫ ɚɧɚɥɢɬɢɱɟɫɤɢɦ ɪɟɲɟɧɢɟɦ ɭɦɟɧɶɲɚɟɬɫɹ. ɗɬɨ 

ɨɛɭɫɥɨɜɥɟɧɨ ɬɟɦ, ɱɬɨ ɜ ɞɜɭɦɟɪɧɨɣ ɩɨɫɬɚɧɨɜɤɟ ɩɪɨɳɟ ɨɛɟɫɩɟɱɢɬɶ ɬɪɟɛɭɟɦɨɟ ɤɚɱɟɫɬ-

ɜɨ ɫɟɬɤɢ (ɜ ɱɚɫɬɧɨɫɬɢ, ɤɨɧɬɪɨɥɢɪɨɜɚɬɶ ɚɫɩɟɤɬɧɨɟ ɨɬɧɨɲɟɧɢɟ ɢ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɪɚɡɦɟ-

ɪɨɜ ɹɱɟɟɤ), ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɫɧɢɠɟɧɢɸ ɞɢɫɤɪɟɬɢɡɚɰɢɨɧɧɨɣ ɩɨɝɪɟɲɧɨɫɬɢ. 

ɋɪɚɜɧɟɧɢɟ ɫɤɨɪɨɫɬɢ ɪɚɫɱɟɬɚ Ɇɉ ɧɚ ɪɚɡɥɢɱɧɵɯ ɭɫɬɪɨɣɫɬɜɚɯ ɩɪɟɞɫɬɚɜɥɟɧɨ ɧɚ 

ɪɢɫɭɧɤɟ 3.4. Ⱦɥɹ ɫɪɚɜɧɟɧɢɹ ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɢ ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɤɚɤ ɰɟɧɬɪɚɥɶɧɵɟ 

ɩɪɨɰɟɫɫɨɪɧɵɟ ɭɫɬɪɨɣɫɬɜɚ (ɐɉɍ), ɬɚɤ ɢ Ƚɉɍ. ɉɪɢ ɪɚɫɱɟɬɟ ɧɚ ɐɉɍ ɛɵɥɨ ɡɚɞɟɣɫɬɜɨ-

ɜɚɧɨ ɦɚɤɫɢɦɚɥɶɧɨ ɜɨɡɦɨɠɧɨɟ ɱɢɫɥɨ ɩɨɬɨɤɨɜ, ɤɨɬɨɪɨɟ ɩɨɞɞɟɪɠɢɜɚɟɬɫɹ ɷɬɢɦ ɐɉɍ. 

Ⱦɥɹ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɢ Kɩ = 1 ɛɵɥɚ ɩɪɢɧɹɬɚ ɫɤɨɪɨɫɬɶ ɪɚɫɱɟɬɚ ɧɚ 

ɐɉɍ Intel Core i5-12400f ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ 12 ɩɨɬɨɤɨɜ. 

Ⱦɥɹ ɬɪɟɯɦɟɪɧɨɝɨ ɫɥɭɱɚɹ (ȾɋɄ, ɪɢɫɭɧɨɤ 3.4ɚ) ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɩɪɨɰɟɫɫɨɪɚ Intel 

Core i9-13900k ɩɨɡɜɨɥɹɟɬ ɭɜɟɥɢɱɢɬɶ ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɶ ɜ 4 ɪɚɡɚ, ɚ ɢɫɩɨɥɶɡɨɜɚɧɢɟ 

Ƚɉɍ RTX 3080 ɢ RTX 4090 ɜ 40–50 ɪɚɡ ɢ 130 ɪɚɡ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, 

ɱɬɨ ɨɫɨɛɟɧɧɨɫɬɶ ɝɟɨɦɟɬɪɢɢ ɧɟ ɜɥɢɹɟɬ ɧɚ ɫɤɨɪɨɫɬɶ ɜɵɱɢɫɥɟɧɢɣ Ɇɉ, ɜɚɠɧɨ ɥɢɲɶ ɤɨ-

ɥɢɱɟɫɬɜɨ ɹɱɟɟɤ ɪɚɫɱɟɬɧɨɣ ɫɟɬɤɢ.  

Ⱦɥɹ ɪɚɫɱɟɬɚ ɜ ɐɋɄ (ɪɢɫɭɧɨɤ 3.4ɛ) ɩɪɢ ɪɚɫɱɟɬɟ ɧɚ ɩɪɨɰɟɫɫɨɪɟ 13900k ɩɪɨɢɡɜɨ-

ɞɢɬɟɥɶɧɨɫɬɶ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɜ 3.9 ɪɚɡɚ, ɚ ɞɥɹ Ƚɉɍ RTX 3080 ɢ RTX 4090 ɜ 176–216 ɢ 

270–530 ɪɚɡ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. Ɉɛɴɹɫɧɢɬɶ ɪɚɡɥɢɱɢɟ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨ-

ɫɬɢ ɞɥɹ ɞɜɭɦɟɪɧɵɯ ɢ ɬɪɟɯɦɟɪɧɵɯ ɫɥɭɱɚɟɜ ɦɨɠɧɨ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦμ ɜɨ-ɩɟɪɜɵɯ – 

ɪɚɡɥɢɱɧɵɦɢ ɦɟɬɨɞɢɤɚɦɢ ɪɚɫɱɟɬɚ Ɇɉ, ɜɨ-ɜɬɨɪɵɯ – ɨɫɨɛɟɧɧɨɫɬɹɦɢ ɤɨɦɩɢɥɹɬɨɪɚ. ɉɪɢ 
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ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɪɚɡɥɢɱɧɵɯ ɤɨɦɩɢɥɹɬɨɪɨɜ ɤɨɷɮɮɢɰɢɟɧɬ ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɢ ɢɡɦɟ-

ɧɹɥɫɹ ɧɚ 100–150 %.  

r, ɦ

Bφ, Ɍɥ

 

ɚ) 

r, ɦ

Bz, Ɍɥ

 

ɛ) 

r, ɦ

Br, Ɍɥ

 

ɜ) 

Ɋɢɫɭɧɨɤ 3.3 – Ɋɚɫɩɪɟɞɟɥɟɧɢɟ 
ɪɚɡɥɢɱɧɵɯ ɤɨɦɩɨɧɟɧɬ Ɇɉ ɧɚ ɜɵɫɨɬɟ 

z = 0.5 ɦ ɧɚ ɫɟɬɤɚɯ ɪɚɡɥɢɱɧɨɝɨ ɪɚɡɦɟɪɚ. 
ɚ) Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɤɨɦɩɨɧɟɧɬɵ Bφ, ɛ) Bz, 

ɜ) Br. 1 – ɫɟɬɤɚ 53 ɬɵɫ. ɹɱɟɟɤ 

2 – 250 ɬɵɫ. ɹɱɟɟɤ, 3 – 1 ɦɥɧ. ɹɱɟɟɤ, 
4 – ɚɧɚɥɢɬɢɱɟɫɤɨɟ ɪɟɲɟɧɢɟ. 

10 ɦɥɧ . ɹɱɟɟɤ2.5 ɦɥɧ. ɹɱɟɟɤ244 ɬɵɫ . ɹɱɟɟɤ

Ʉɨɷɮɮɢɰɢɟɧɬ ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɢ

  

ɚ) 

 

Ʉɨɷɮɮɢɰɢɟɧɬ ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɢ

 

ɛ) 

Ɋɢɫɭɧɨɤ 3.4 – ɋɪɚɜɧɟɧɢɟ ɫɤɨɪɨɫɬɢ ɪɚɫɱɟɬɚ Ɇɉ. ɚ) ȾɋɄ, ɛ) ɐɋɄ. 

1 – Intel Core i5-12400f 12 ɩɨɬɨɤɨɜ, 2 – Intel Core i9-13900k 32 ɩɨɬɨɤɚ, 3 – NVIDIA 

GeForce RTX 3080, 4 – NVIDIA GeForce RTX 4090. 
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Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɬɟɯɧɨɥɨɝɢɢ NVIDIA CUDA ɩɨɡɜɨɥɹɟɬ ɫɭɳɟɫɬ-

ɜɟɧɧɨ ɭɜɟɥɢɱɢɬɶ ɫɤɨɪɨɫɬɶ ɪɚɫɱɟɬɚ Ɇɉ. ȼɵɱɢɫɥɟɧɢɟ ɫɨɛɫɬɜɟɧɧɨɝɨ Ɇɉ ɬɪɟɛɭɟɬɫɹ ɜɵ-

ɩɨɥɧɢɬɶ ɨɞɢɧ ɪɚɡ ɜ ɧɚɱɚɥɟ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ. Ɉɞɧɚɤɨ ɜɵɱɢɫɥɟɧɢɟ ɢɧɞɭɰɢ-

ɪɨɜɚɧɧɵɯ Ɇɉ ɫɥɟɞɭɟɬ ɜɵɩɨɥɧɹɬɶ ɧɚ ɤɚɠɞɨɣ ɢɬɟɪɚɰɢɢ, ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɢɫɩɨɥɶɡɨɜɚɧɢɟ 

Ƚɉɍ ɹɜɥɹɟɬɫɹ ɡɧɚɱɢɬɟɥɶɧɨ ɛɨɥɟɟ ɩɪɟɞɩɨɱɬɢɬɟɥɶɧɵɦ. Ȼɨɥɟɟ ɩɨɞɪɨɛɧɨ ɨɛ ɢɧɞɭɰɢɪɨ-

ɜɚɧɧɵɯ Ɇɉ ɧɚɩɢɫɚɧɨ ɜ ɩɨɞɪɚɡɞɟɥɟ 3.7. 

ȼ ɪɚɫɱɟɬɚɯ ɩɨɦɢɦɨ ɫɨɛɫɬɜɟɧɧɨɝɨ Ɇɉ, ɬɚɤɠɟ ɢɦɟɟɬ ɦɟɫɬɨ ɜɧɟɲɧɟɟ Ɇɉ. ɗɬɨ 

Ɇɉ ɫɨɡɞɚɜɚɥɨɫɶ ɥɢɛɨ ɫɨɥɟɧɨɢɞɨɦ, ɥɢɛɨ ɤɚɬɭɲɤɨɣ Ɇɚɤɫɜɟɥɥɚ. Ɉɛɵɱɧɨ ɜɧɟɲɧɟɟ Ɇɉ 

ɩɪɢɧɢɦɚɥɨɫɶ ɨɞɧɨɪɨɞɧɵɦ ɢ ɢɦɟɸɳɢɦ ɬɨɥɶɤɨ ɨɫɟɜɭɸ ɤɨɦɩɨɧɟɧɬɭ Bz. Ɉɞɧɚɤɨ ɜ ɧɟ-

ɤɨɬɨɪɵɯ ɫɥɭɱɚɹɯ ɭɱɢɬɵɜɚɥɨɫɶ, ɱɬɨ ɫɨɥɟɧɨɢɞ ɤɨɧɟɱɧɨɣ ɞɥɢɧɵ ɝɟɧɟɪɢɪɭɟɬ ɧɟɨɞɧɨ-

ɪɨɞɧɨɟ Ɇɉ. ȼ ɬɚɤɨɣ ɫɢɬɭɚɰɢɢ, Ɇɉ ɫɨɡɞɚɸɬ ɬɨɤɢ (ɩɪɨɬɟɤɚɸɳɢɟ ɜ ɫɨɥɟɧɨɢɞɟ) Jx, Jy ɜ 

ȾɋɄ ɢ Jφ ɜ ɐɋɄ. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɤɨɝɞɚ ɬɪɟɛɭɟɬɫɹ ɭɱɟɫɬɶ ɧɟɨɞɧɨɪɨɞɧɨɟ Ɇɉ, 

ɫɨɡɞɚɧɧɨɟ ɫɨɥɟɧɨɢɞɨɦ, ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ ɜɵɱɢɫɥɹɟɬɫɹ ɢɡ ɜɵɪɚɠɟɧɢɣ (3.48) ɢ (3.50) 

ɞɥɹ ɐɋɄ ɢ (3.36–3.38) ɞɥɹ ȾɋɄ. 

3.5 Ɋɚɫɱɟɬ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢɥɵ 

ȼ ɢɫɫɥɟɞɭɟɦɨɣ ɫɢɫɬɟɦɟ ɩɪɨɬɟɤɚɟɬ ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɬɨɤ ɩɪɨɜɨɞɢɦɨɫɬɢ J, ɤɨɬɨ-

ɪɵɣ ɫɨɡɞɚɟɬ ɫɨɛɫɬɜɟɧɧɨɟ Ɇɉ BɗȼɌ, ɚ ɫɨɥɟɧɨɢɞ ɝɟɧɟɪɢɪɭɟɬ ɜɧɟɲɧɟɟ Ɇɉ Bɜɧɟɲ., ɩɪɢ 

ɷɬɨɦ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɚɹ ɫɢɥɚ ɜɵɱɢɫɥɹɟɬɫɹ Fɷɥ = J×(BɗȼɌ+Bɜɧɟɲ.). Ɍɨɝɞɚ ɜɵɪɚɠɟɧɢɹ 

ɞɥɹ ɤɨɦɩɨɧɟɧɬ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢɥɵ ɜ ȾɋɄ ɢɦɟɸɬ ɜɢɞμ                                                , (3.56)                                                , (3.57)                                                  (3.58) 

ɉɪɢ ɷɬɨɦ ɤɨɦɩɨɧɟɧɬɵ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ ɩɪɨɜɨɞɢɦɨɫɬɢ Jx, Jy, Jz, ɜɵɱɢɫɥɹɸɬɫɹ ɩɪɢ ɢɫ-

ɩɨɥɶɡɨɜɚɧɢɢ ɜɵɪɚɠɟɧɢɣ 3.16–3.18 (ɥɢɛɨ ɜɵɪɚɠɟɧɢɣ 3.21–3.23, ɩɨɥɭɱɟɧɧɵɯ ɢɡ ɭɪɚɜ-

ɧɟɧɢɹ Ʌɚɩɥɚɫɚ), ɚ ɤɨɦɩɨɧɟɧɬɵ Ɇɉ Bx, By ɢɡ (3.29) ɢ (3.30) (ɢɥɢ ɩɨ ɡɚɤɨɧɭ Ȼɢɨ-

ɋɚɜɚɪɚ-Ʌɚɩɥɚɫɚ – (3.36) ɢ (3.37)). ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɜɧɟɲɧɟɟ Ɇɉ Bɜɧɟɲ ɩɪɢɧɢ-

ɦɚɟɬɫɹ ɤɚɤ ɨɞɧɨɪɨɞɧɨɟ ɢ ɢɦɟɟɬ ɬɨɥɶɤɨ ɤɨɦɩɨɧɟɧɬɭ Bz ɢ ɡɚɞɚɟɬɫɹ ɤɚɤ ɧɚɱɚɥɶɧɨɟ ɭɫɥɨ-
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ɜɢɟ, ɜ ɢɧɵɯ ɫɥɭɱɚɹɯ, ɤɨɝɞɚ ɬɪɟɛɭɟɬɫɹ ɭɱɢɬɵɜɚɬɶ, ɱɬɨ Ɇɉ ɫɨɥɟɧɨɢɞɚ ɧɟɨɞɧɨɪɨɞɧɨ ɢ 

ɢɦɟɟɬ ɤɨɦɩɨɧɟɧɬɵ Bx, By, Bz ɪɚɫɱɟɬ Ɇɉ Bɜɧɟɲ ɜɵɩɨɥɧɹɟɬɫɹ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɜɵɪɚ-

ɠɟɧɢɣ (3.36–3.38). ȿɫɥɢ ɩɪɢɧɹɬɶ, ɱɬɨ ɤɚɠɞɵɣ ɜɢɬɨɤ ɫɨɥɟɧɨɢɞɚ – ɷɬɨ ɤɨɥɶɰɨ ɫ ɬɨɤɨɦ, 

ɬɨɝɞɚ ɩɭɬɟɦ ɫɭɦɦɢɪɨɜɚɧɢɹ Ɇɉ ɜɫɟɯ ɜɢɬɤɨɜ ɫɨɥɟɧɨɢɞɚ ɬɚɤɠɟ ɦɨɠɧɨ ɜɵɱɢɫɥɢɬɶ Ɇɉ 

Bɜɧɟɲ [99]. 

Ɂɚɩɢɲɟɦ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢɥɵ ɜ ɐɋɄμ                        , (3.59)                        , (3.60)                       . (3.61) 

ɉɪɢ ɷɬɨɦ ɤɨɦɩɨɧɟɧɬɵ Jr ɢ Jz ɜɵɱɢɫɥɹɸɬɫɹ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɜɵɪɚɠɟɧɢɣ (3.19), 

(3.20), ɥɢɛɨ ɪɟɲɟɧɢɟɦ ɭɪɚɜɧɟɧɢɹ ɞɥɹ ɩɨɬɟɧɰɢɚɥɚ, ɚ ɡɚɬɟɦ ɢɡ ɜɵɪɚɠɟɧɢɣ (3.24), 

(3.25). Ʉɨɦɩɨɧɟɧɬɚ Bφ ɜɵɱɢɫɥɹɟɬɫɹ ɢɡ ɜɵɪɚɠɟɧɢɹ (3.31), ɥɢɛɨ ɢɡ ɜɵɪɚɠɟɧɢɹ (3.49), 

ɩɨɥɭɱɟɧɧɨɝɨ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɡɚɤɨɧɚ Ȼɢɨ-ɋɚɜɚɪɚ-Ʌɚɩɥɚɫɚ. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ 

ɤɨɝɞɚ ɬɪɟɛɭɟɬɫɹ ɭɱɟɫɬɶ ɧɟɨɞɧɨɪɨɞɧɨɟ Ɇɉ, ɫɨɡɞɚɧɧɨɟ ɫɨɥɟɧɨɢɞɨɦ, ɬɨ ɦɚɝɧɢɬɧɨɟ ɩɨ-

ɥɟ ɜɵɱɢɫɥɹɟɬɫɹ ɢɡ ɜɵɪɚɠɟɧɢɣ (3.48) ɢ (3.50). 

3.6 Ɋɚɡɥɢɱɧɵɟ ɆȽȾ ɩɪɢɛɥɢɠɟɧɢɹ ɩɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ЭȼɌ 

Ɉɛɵɱɧɨ ɱɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ, ɫɜɹɡɚɧɧɨɟ ɫ ɗȼɌ, ɜɵɩɨɥɧɹɟɬɫɹ ɜ ɬ.ɧ. ɷɥɟɤ-

ɬɪɨɞɢɧɚɦɢɱɟɫɤɨɦ ɩɪɢɛɥɢɠɟɧɢɢ, ɜ ɤɨɬɨɪɨɦ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɚɹ ɫɢɥɚ ɜɵɱɢɫɥɹɟɬɫɹ ɧɚ 

ɨɫɧɨɜɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɩɥɨɬɧɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɢ ɫɨɛɫɬɜɟɧɧɨɝɨ Ɇɉ. ɗɬɨ ɫɜɹ-

ɡɚɧɨ ɫ ɬɟɦ, ɱɬɨ ɜ ɪɚɛɨɬɟ Д63Ж ɩɨɤɚɡɚɧɨ, ɱɬɨ ɗȾ ɩɪɢɛɥɢɠɟɧɢɟ ɩɪɢɦɟɧɢɦɨ ɞɥɹ ɷɥɟɤ-

ɬɪɢɱɟɫɤɢɯ ɬɨɤɨɜ I < 30 ɤȺ.  

ȿɫɥɢ ɡɧɚɱɟɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɩɪɟɜɵɲɚɟɬ 30 ɤȺ, ɫɥɟɞɭɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶ 

ɫɥɟɞɭɸɳɢɣ ɭɪɨɜɟɧɶ ɩɪɢɛɥɢɠɟɧɢɣ, ɬ.ɧ. ɛɟɡɵɧɞɭɤɰɢɨɧɧɨɟ ɩɪɢɛɥɢɠɟɧɢɟ, ɤɨɝɞɚ ɭɱɢ-

ɬɵɜɚɸɬɫɹ ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɬɨɤɢ Jɢɧɞ., ɢɧɞɭɰɢɪɨɜɚɧɧɵɟ ɞɜɢɠɟɧɢɟɦ ɷɥɟɤɬɪɨɩɪɨɜɨɞɹɳɟ-

ɝɨ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ, ɧɨ ɧɟ ɭɱɢɬɵɜɚɟɬɫɹ Ɇɉ Bɢɧɞ., ɫɨɡɞɚɧɧɨɟ ɷɬɢɦɢ ɬɨɤɚɦɢ. ȼ ɬɨɦ 

ɫɥɭɱɚɟ, ɟɫɥɢ ɢɧɞɭɰɢɪɨɜɚɧɧɵɟ ɬɨɤɢ ɞɨɫɬɚɬɨɱɧɨ ɜɟɥɢɤɢ, ɫɥɟɞɭɟɬ ɬɚɤɠɟ ɜɵɱɢɫɥɹɬɶ ɢɧ-

ɞɭɰɢɪɨɜɚɧɧɵɟ Ɇɉ Bɢɧɞ., ɢ ɬɚɤɢɦ ɨɛɪɚɡɨɦ ɪɟɲɚɬɶ ɩɨɥɧɭɸ ɆȽȾ ɡɚɞɚɱɭ. 
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ɀɢɞɤɢɣ ɦɟɬɚɥɥ ɫ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɜɨɞɢɦɨɫɬɶɸ ı ɞɜɢɠɟɬɫɹ ɜ ɨɛɴɟɦɟ ɩɨɞ 

ɞɟɣɫɬɜɢɟɦ Ɇɉ BɗȼɌ ɢ Bɜɧɟɲ. ɜ ɪɟɡɭɥɶɬɚɬɟ ɱɟɝɨ ɜɨɡɧɢɤɚɸɬ ɬɨɤɢ, ɢɧɞɭɰɢɪɨɜɚɧɧɵɟ 

ɞɜɢɠɟɧɢɟɦ ɷɥɟɤɬɪɨɩɪɨɜɨɞɹɳɟɣ ɫɪɟɞɵ (Ȼɂ ɩɪɢɛɥɢɠɟɧɢɟ):                        , (3.62) 

ɝɞɟ U – ɫɤɨɪɨɫɬɶ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ. 

ɂɧɞɭɰɢɪɨɜɚɧɧɵɟ ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɬɨɤɢ Jɢɧɞ ɫɨɡɞɚɸɬ Ɇɉ Bɢɧɞ, ɤɨɬɨɪɨɟ ɦɨɠɧɨ 

ɜɵɱɢɫɥɢɬɶ ɫ ɩɨɦɨɳɶɸ ɡɚɤɨɧɚ Ȼɢɨ-ɋɚɜɚɪɚ-Ʌɚɩɥɚɫɚ, ɨɞɧɚɤɨ ɞɥɹ ɷɬɨɝɨ ɫɧɚɱɚɥɚ ɬɪɟɛɭ-

ɟɬɫɹ ɪɚɫɫɱɢɬɚɬɶ ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɬɨɤɢ Jɢɧɞ.. ɍɱɢɬɵɜɚɹ, ɱɬɨ ɢɧɞɭɰɢɪɨɜɚɧɧɵɟ ɬɨɤɢ 

ɞɨɥɠɧɵ ɡɚɦɵɤɚɬɶɫɹ, ɬɪɟɛɭɟɬɫɹ ɪɟɲɢɬɶ ɭɪɚɜɧɟɧɢɹ ɞɥɹ ɩɨɬɟɧɰɢɚɥɚ ɫ ɢɫɬɨɱɧɢɤɨɦ (ɜ 

ɫɥɭɱɚɟ ɢɫɩɨɥɶɡɨɜɚɧɢɹ Ȼɂ ɩɪɢɛɥɢɠɟɧɢɹ ɫɥɚɝɚɟɦɨɟ Bɢɧɞ = 0): 

∇    ∇   ∇                          (3.63) 

Ⱦɚɥɟɟ ɩɥɨɬɧɨɫɬɶ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɦɨɠɧɨ ɜɵɱɢɫɥɢɬɶ, ɢɫɩɨɥɶɡɭɹ (3.21–3.23) ɞɥɹ 

ȾɋɄ ɢ (3.24), (3.25) ɞɥɹ ɐɋɄ. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɜ ɜɵɪɚɠɟɧɢɢ (3.62), ɜ ɫɥɭɱɚɟ 

ɪɟɲɟɧɢɹ ɩɨɥɧɨɣ ɆȽȾ ɡɚɞɚɱɢ, ɞɨɛɚɜɥɹɟɬɫɹ ɫɥɚɝɚɟɦɨɟ Bɢɧɞ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɷɥɟɤɬɪɨ-

ɦɚɝɧɢɬɧɚɹ ɫɢɥɚ ɢɦɟɟɬ ɜɢɞμ                                . (3.64) 

Ⱦɚɥɟɟ ɩɨɥɭɱɢɦ ɮɨɪɦɭɥɵ ɞɥɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢɥɵ ɞɥɹ Ȼɂ ɩɪɢɛɥɢɠɟɧɢɹ ɢ 

ɩɨɥɧɨɣ ɆȽȾ ɡɚɞɚɱɢ ɜ ɢɫɩɨɥɶɡɭɟɦɵɯ ɧɚɦɢ ɫɢɫɬɟɦɚɯ ɤɨɨɪɞɢɧɚɬ. ɉɪɢ ɷɬɨɦ ɜɨɫɩɨɥɶɡɭ-

ɟɦɫɹ ɫɨɤɪɚɳɟɧɧɵɦ ɧɚɩɢɫɚɧɢɟɦ ɜɵɪɚɠɟɧɢɣ, ɭɱɢɬɵɜɚɹ, ɱɬɨ ɤɨɦɩɨɧɟɧɬɵ ɩɥɨɬɧɨɫɬɢ 

ɬɨɤɚ, ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ, ɫɤɨɪɨɫɬɢ ɢ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢɥɵ, ɹɜɥɹɸɬɫɹ ɮɭɧɤɰɢɹɦɢ ɨɬ 

ɤɨɨɪɞɢɧɚɬ x, y, z. ȼ ɬɚɤɨɦ ɫɥɭɱɚɟ, ɞɥɹ ȾɋɄ ɤɨɦɩɨɧɟɧɬɵ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢɥɵ ɜ 

Ȼɂ ɩɪɢɛɥɢɠɟɧɢɢ ɢɦɟɸɬ ɜɢɞμ 

                                            , (3.65)                                                      (3.66)                                                    (3.67) 



79 

ȼ ɫɥɭɱɚɟ ɩɨɥɧɨɣ ɆȽȾ ɡɚɞɚɱɢ ɤɨɦɩɨɧɟɧɬɵ ɫɢɥɵ ɢɦɟɸɬ ɜɢɞμ 

                                                                                                         (3.68) 

                                                                                                        
(3.69) 

                                                                                                         (3.70) 

ȼ ɐɋɄ ɞɥɹ Ȼɂ ɩɪɢɛɥɢɠɟɧɢɹμ                             (3.71)                             (3.72)                            (3.73) 

Ⱦɥɹ ɩɨɥɧɨɣ ɆȽȾ ɡɚɞɚɱɢμ 

                                             

                                            (3.74) 

                                                                                                
(3.75) 

                                        

                                                 
(3.76) 

Ɂɚɬɟɦ ɩɨɥɭɱɟɧɧɵɟ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢɥɵ ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɜ ɭɪɚɜ-

ɧɟɧɢɢ ɞɜɢɠɟɧɢɹ ɩɪɢ ɱɢɫɥɟɧɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɝɢɞɪɨɞɢɧɚɦɢɤɢ ɗȼɌ. 
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3.7 Ɇɟɬɨɞɢɤɚ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɨɥɟɣ ɫɤɨɪɨɫɬɢ ɜ ɨɛɴɟɦɟ ɠɢɞɤɨɝɨ 

ɦɟɬɚɥɥɚ 

ɉɪɢ ɱɢɫɥɟɧɧɨɦ ɪɟɲɟɧɢɢ ɭɪɚɜɧɟɧɢɣ ɞɜɢɠɟɧɢɹ ɩɪɢɦɟɧɹɥɫɹ ɦɟɬɨɞ ɤɨɧɬɪɨɥɶɧɨ-

ɝɨ ɨɛɴɟɦɚ Д101Ж. Ɋɚɫɱɟɬɧɚɹ ɨɛɥɚɫɬɶ ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɫɨɜɨɤɭɩɧɨɫɬɶɸ ɹɱɟɟɤ (ɤɨɧɬɪɨɥɶ-

ɧɵɯ ɨɛɴɟɦɨɜ), ɞɥɹ ɤɚɠɞɨɣ ɢɡ ɤɨɬɨɪɵɯ ɭɪɚɜɧɟɧɢɹ ɡɚɩɢɫɵɜɚɸɬɫɹ ɜ ɢɧɬɟɝɪɚɥɶɧɨɣ 

ɮɨɪɦɟ. ɉɨɫɥɟ ɢɧɬɟɝɪɢɪɨɜɚɧɢɹ ɩɨ ɨɛɴɟɦɭ ɹɱɟɣɤɢ ɜɤɥɚɞ ɤɨɧɜɟɤɬɢɜɧɵɯ ɢ ɞɢɮɮɭɡɢɨɧ-

ɧɵɯ ɱɥɟɧɨɜ ɭɞɨɛɧɨ ɜɵɪɚɠɚɟɬɫɹ ɱɟɪɟɡ ɩɨɬɨɤɢ ɧɚ ɝɪɚɧɹɯ ɤɨɧɬɪɨɥɶɧɨɝɨ ɨɛɴɟɦɚ (ɩɟɪɟ-

ɯɨɞ ɨɬ ɨɛɴɟɦɧɵɯ ɢɧɬɟɝɪɚɥɨɜ ɤ ɩɨɜɟɪɯɧɨɫɬɧɵɦ). ȼ ɞɢɫɤɪɟɬɧɨɣ ɩɨɫɬɚɧɨɜɤɟ ɡɧɚɱɟɧɢɹ 

ɜɟɥɢɱɢɧ ɜ ɨɛɴɟɦɟ ɢ ɧɚ ɝɪɚɧɹɯ ɚɩɩɪɨɤɫɢɦɢɪɭɸɬɫɹ ɩɨ ɡɧɚɱɟɧɢɹɦ ɜ ɯɚɪɚɤɬɟɪɧɵɯ ɬɨɱ-

ɤɚɯ (ɰɟɧɬɪɵ ɹɱɟɟɤ ɢ ɰɟɧɬɪɵ ɝɪɚɧɟɣ), ɜ ɪɟɡɭɥɶɬɚɬɟ ɱɟɝɨ ɭɪɚɜɧɟɧɢɹ ɫɜɨɞɹɬɫɹ ɤ ɛɚɥɚɧɫɭ 

ɩɨɬɨɤɨɜ ɩɨ ɜɫɟɦ ɝɪɚɧɹɦ ɹɱɟɣɤɢ, ɚ ɢɫɬɨɱɧɢɤɨɜɵɟ ɱɥɟɧɵ ɚɩɩɪɨɤɫɢɦɢɪɭɸɬɫɹ ɫ ɩɪɟɞ-

ɩɨɥɨɠɟɧɢɟɦ ɢɯ ɩɨɫɬɨɹɧɫɬɜɚ ɜ ɩɪɟɞɟɥɚɯ ɤɨɧɬɪɨɥɶɧɨɝɨ ɨɛɴɟɦɚ.  

Ɇɟɬɨɞ ɤɨɧɬɪɨɥɶɧɨɝɨ ɨɛɴɟɦɚ ɲɢɪɨɤɨ ɢɫɩɨɥɶɡɭɟɬɫɹ ɜ ɢɧɠɟɧɟɪɧɨɣ ɝɢɞɪɨɞɢɧɚ-

ɦɢɤɟ ɢ ɪɟɚɥɢɡɨɜɚɧ ɜ ɛɨɥɶɲɢɧɫɬɜɟ ωFD-ɩɚɤɟɬɨɜ. ȿɝɨ ɩɪɟɢɦɭɳɟɫɬɜɚ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ 

ɪɹɞɨɦ ɤɨɧɟɱɧɨ-ɪɚɡɧɨɫɬɧɵɯ ɢ ɫɩɟɤɬɪɚɥɶɧɵɯ ɩɨɞɯɨɞɨɜ ɡɚɤɥɸɱɚɸɬɫɹ ɜ ɟɫɬɟɫɬɜɟɧɧɨɦ 

ɜɵɩɨɥɧɟɧɢɢ ɢɧɬɟɝɪɚɥɶɧɵɯ ɡɚɤɨɧɨɜ ɫɨɯɪɚɧɟɧɢɹ ɢ ɜ ɜɨɡɦɨɠɧɨɫɬɢ ɪɚɛɨɬɵ ɫ ɧɟɫɬɪɭɤ-

ɬɭɪɢɪɨɜɚɧɧɵɦɢ ɫɟɬɤɚɦɢ, ɱɬɨ ɭɩɪɨɳɚɟɬ ɪɚɫɱɟɬ ɬɟɱɟɧɢɣ ɜ ɨɛɥɚɫɬɹɯ ɫɨ ɫɥɨɠɧɨɣ ɝɟɨ-

ɦɟɬɪɢɟɣ. 

ȼ ɞɚɧɧɨɣ ɞɢɫɫɟɪɬɚɰɢɢ ɪɟɲɚɥɨɫɶ ɭɪɚɜɧɟɧɢɟ ɞɜɢɠɟɧɢɹ ɫ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢ-

ɥɨɣ, ɜɵɱɢɫɥɟɧɢɹ ɩɪɨɢɡɜɨɞɢɥɢɫɶ ɧɚ ɧɟɫɬɪɭɤɬɭɪɢɪɨɜɚɧɧɨɣ ɫɟɬɤɟ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ k-

Ȧ SST ɦɨɞɟɥɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ. Ɍɚɤɚɹ ɦɨɞɟɥɶ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɨɛɟɫɩɟɱɢɜɚɟɬ ɧɚɢɥɭɱ-

ɲɟɟ ɫɨɝɥɚɫɨɜɚɧɢɟ ɫ ɩɨɥɭɱɟɧɧɵɦɢ ɧɚɦɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɪɟɡɭɥɶɬɚɬɚɦɢ, ɩɨ ɫɪɚɜ-

ɧɟɧɢɸ ɫ RNG ɢ k-ε ɦɨɞɟɥɶɸ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ. ɉɪɢ ɪɟɲɟɧɢɢ ɭɪɚɜɧɟɧɢɹ ɞɜɢɠɟɧɢɹ ɢɫ-

ɩɨɥɶɡɨɜɚɥɢɫɶ ɫɯɟɦɵ 3-ɝɨ ɩɨɪɹɞɤɚ ɬɨɱɧɨɫɬɢ MUSCL.  

ɇɚ ɪɢɫɭɧɤɟ 3.5ɚ ɩɪɟɞɫɬɚɜɥɟɧɚ ɪɚɫɱɟɬɧɚɹ ɫɟɬɤɚ ɪɚɡɦɟɪɨɦ 400 ɬɵɫ. ɹɱɟɟɤ, ɞɥɹ 

ȾɋɄ. ɋɟɬɤɚ ɜɤɥɸɱɚɥɚ ɜ ɫɟɛɹ ɬɨɥɶɤɨ ɨɛɴɟɦ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ, ɩɪɢ ɷɬɨɦ ɫɜɨɛɨɞɧɚɹ ɩɨ-

ɜɟɪɯɧɨɫɬɶ ɫɨɜɩɚɞɚɥɚ ɫ ɩɥɨɫɤɨɫɬɶɸ x-y, ɚ ɨɫɶ z ɛɵɥɚ ɧɚɩɪɚɜɥɟɧɚ ɜɝɥɭɛɶ ɠɢɞɤɨɝɨ ɦɟ-

ɬɚɥɥɚ. ɇɚ ɝɪɚɧɢɰɚɯ ɨɛɴɟɦɚ ɫ ɠɢɞɤɢɦ ɦɟɬɚɥɥɨɦ ɡɚɞɚɜɚɥɨɫɶ ɭɫɥɨɜɢɟ ɩɪɢɥɢɩɚɧɢɹ 
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(U = 0). ɇɚ ɩɨɜɟɪɯɧɨɫɬɢ ɠɢɞɤɨɫɬɢ ɬɚɤɠɟ ɩɪɢɧɢɦɚɥɨɫɶ ɥɢɛɨ ɭɫɥɨɜɢɟ U = 0 (ɩɨɫɤɨɥɶ-

ɤɭ ɧɚ ɧɟɣ ɩɪɢ ɤɨɧɬɚɤɬɟ ɫ ɜɨɡɞɭɯɨɦ ɨɛɪɚɡɭɟɬɫɹ ɨɤɫɢɞɧɚɹ ɩɥɟɧɤɚ), ɥɢɛɨ ɡɚɞɚɜɚɥɨɫɶ ɪɚ-

ɜɟɧɫɬɜɨ ɧɭɥɸ ɤɚɫɚɬɟɥɶɧɵɯ ɧɚɩɪɹɠɟɧɢɣ (ɩɨɜɟɪɯɧɨɫɬɶ ɡɚɥɢɬɚ ɫɟɪɧɨɣ ɤɢɫɥɨɬɨɣ). Ɋɚɫ-

ɩɪɟɞɟɥɟɧɢɟ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ J ɜɵɱɢɫɥɹɥɨɫɶ ɩɨ ɜɵɪɚɠɟɧɢɹɦ (3.16–3.18), ɚ Ɇɉ BɗȼɌ ɢɡ 

ɭɪɚɜɧɟɧɢɣ (3.33), (3.34). Ⱦɚɥɟɟ, ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɡɚɞɚɱɢ, ɜ ɜɵɪɚɠɟɧɢɹ ɞɨɛɚɜɥɹɥɢɫɶ 

ɫɥɚɝɚɟɦɵɟ ɞɥɹ ɜɧɟɲɧɟɝɨ Ɇɉ Bɜɧɟɲ., ɞɥɹ ɢɧɞɭɰɢɪɨɜɚɧɧɵɯ ɬɨɤɨɜ Jɢɧɞ ɢ ɢɧɞɭɰɢɪɨɜɚɧ-

ɧɵɯ Ɇɉ Bɢɧɞ.. Ⱥ ɡɚɬɟɦ, ɩɨɥɭɱɟɧɧɵɟ ɩɥɨɬɧɨɫɬɶ ɬɨɤɚ ɢ Ɇɉ ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɞɥɹ ɪɚɫɱɟ-

ɬɚ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢɥɵ Fɷɥ..  

ɇɚ ɪɢɫɭɧɤɟ 3.5ɛ ɩɪɢɜɟɞɟɧɚ ɪɚɫɱɟɬɧɚɹ ɫɟɬɤɚ ɞɥɹ ɐɋɄ, ɫɨɫɬɨɹɳɚɹ ɢɡ 5 ɬɵɫ. ɹɱɟ-

ɟɤ, ɫɟɬɤɚ ɜɤɥɸɱɚɟɬ ɜ ɫɟɛɹ ɬɨɥɶɤɨ ɨɛɥɚɫɬɶ ɫ ɠɢɞɤɢɦ ɦɟɬɚɥɥɨɦ. Ɉɫɶ z ɫɨɜɩɚɞɚɥɚ ɫ 

ɨɫɶɸ ɫɢɦɦɟɬɪɢɢ, ɚ ɨɫɶ r ɛɵɥɚ ɧɚɩɪɚɜɥɟɧɚ ɜɞɨɥɶ ɫɜɨɛɨɞɧɨɣ ɩɨɜɟɪɯɧɨɫɬɢ. ɉɪɢ ɱɢɫ-

ɥɟɧɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɪɟɲɚɥɚɫɶ ɨɫɟɫɢɦɦɟɬɪɢɱɧɚɹ ɡɚɞɚɱɚ (∂…/∂φ = 0, Uφ ≠ 0), ɚ ɧɚ 

ɝɪɚɧɢɰɚɯ ɬɚɤɠɟ ɡɚɞɚɜɚɥɨɫɶ ɭɫɥɨɜɢɟ ɩɪɢɥɢɩɚɧɢɹ (U = 0). ȼ ɫɥɭɱɚɟ, ɤɨɝɞɚ ɫɜɨɛɨɞɧɚɹ 

ɩɨɜɟɪɯɧɨɫɬɶ ɛɵɥɚ ɡɚɥɢɬɚ ɫɟɪɧɨɣ ɤɢɫɥɨɬɨɣ, ɧɚ ɧɟɣ ɩɪɢɧɢɦɚɥɨɫɶ ɪɚɜɟɧɫɬɜɨ ɧɭɥɸ ɤɚ-

ɫɚɬɟɥɶɧɵɯ ɧɚɩɪɹɠɟɧɢɣ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ, ɩɥɨɬɧɨɫɬɶ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɜɵɱɢɫɥɹɥɚɫɶ 

ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɜɵɪɚɠɟɧɢɣ (3.19), (3.20), ɚ Ɇɉ ɫ ɩɨɦɨɳɶɸ (3.31). ɉɨɫɥɟ ɷɬɨɝɨ, ɤ 

ɷɬɢɦ ɜɵɪɚɠɟɧɢɹɦ ɬɚɤɠɟ ɞɨɛɚɜɥɹɥɢɫɶ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɫɥɚɝɚɟɦɵɟ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ 

ɪɟɲɚɟɦɨɣ ɡɚɞɚɱɟɣ, ɚ ɡɚɬɟɦ ɪɚɫɫɱɢɬɵɜɚɥɚɫɶ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɚɹ ɫɢɥɚ.  

ɇɚ ɪɢɫɭɧɤɟ 3.5ɜ ɩɪɢɜɟɞɟɧɚ ɪɚɫɱɟɬɧɚɹ ɫɟɬɤɚ, ɜɤɥɸɱɚɸɳɚɹ ɜ ɫɟɛɹ ɬɨɤɨɩɨɞɜɨɞɵ, 

ɩɨɥɭɫɮɟɪɢɱɟɫɤɭɸ ɦɟɞɧɭɸ ɜɚɧɧɭ ɢ ɨɛɴɟɦ ɫ ɠɢɞɤɢɦ ɦɟɬɚɥɥɨɦ. Ɋɚɡɦɟɪ ɫɟɬɤɢ ɫɨɫɬɚɜ-

ɥɹɥ 48 ɬɵɫ. ɹɱɟɟɤ. ɇɚ ɜɟɪɯɧɟɣ ɝɪɚɧɢɰɟ ɡɚɞɚɜɚɥɫɹ ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɩɨɬɟɧɰɢɚɥ Φ = Φ1 ɢ 

Φ = 0 ɧɚ ɧɢɠɧɟɣ ɝɪɚɧɢɰɟ. Ɂɚɬɟɦ ɪɟɲɚɥɨɫɶ ɭɪɚɜɧɟɧɢɟ ɞɥɹ ɩɨɬɟɧɰɢɚɥɚ (3.12), ɥɢɛɨ 

ɭɪɚɜɧɟɧɢɟ (3.63) ɫ ɢɫɬɨɱɧɢɤɨɦ (ɞɥɹ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɜ Ȼɂ ɩɪɢɛɥɢɠɟɧɢɢ). 

ɉɨɬɨɦ ɢɡ ɜɵɪɚɠɟɧɢɣ (3.24), (3.25) ɧɚɯɨɞɢɥɨɫɶ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɬɨɤɚ ɩɪɨɜɨɞɢɦɨɫɬɢ, ɚ 

ɜ ɜɵɪɚɠɟɧɢɢ ɞɥɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢɥɵ, ɩɪɢ ɧɟɨɛɯɨɞɢɦɨɫɬɢ ɭɱɢɬɵɜɚɥɨɫɶ ɧɚɥɢɱɢɟ 

ɬɨɤɨɜ Jɢɧɞ ɢ Ɇɉ Bɢɧɞ. Ɉɬɦɟɬɢɦ, ɱɬɨ ɜ ɫɥɭɱɚɟ ɧɚɥɢɱɢɹ Jɢɧɞ ɪɟɲɚɥɚɫɶ ɜɡɚɢɦɨɡɚɜɢɫɢɦɚɹ 

ɡɚɞɚɱɚ, ɤɨɝɞɚ ɜ ɭɪɚɜɧɟɧɢɟ ɞɥɹ ɩɨɬɟɧɰɢɚɥɚ ɜɯɨɞɢɬ ɢɫɬɨɱɧɢɤɨɜɵɣ ɱɥɟɧ, ɚ ɪɚɫɩɪɟɞɟɥɟ-

ɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɬɟɧɰɢɚɥɚ ɡɚɜɢɫɢɬ ɨɬ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɩɨɥɹ ɫɤɨɪɨɫɬɢ. 
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ɑɢɫɥɟɧɧɵɟ ɪɚɫɱɟɬɵ ɧɚ ɜɫɟɯ ɫɟɬɤɚɯ ɛɵɥɢ ɧɟɫɬɚɰɢɨɧɚɪɧɵɦɢ, ɚ ɜ ɧɚɱɚɥɟ ɱɢɫɥɟɧ-

ɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɞɥɹ ɪɚɫɱɟɬɚ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢɥɵ ɜɵɱɢɫɥɹɥɢɫɶ ɪɚɫɩɪɟɞɟɥɟ-

ɧɢɹ J, BɗȼɌ, Bɜɧɟɲ.. ȼ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ t = 0, ɛɵɥɨ ɩɪɢɧɹɬɨ ɭɫɥɨɜɢɟ U = 0, ɚ ɲɚɝ ɩɨ 

ɜɪɟɦɟɧɢ ɜɚɪɶɢɪɨɜɚɥɫɹ ɨɬ 0.0001 ɞɨ 0.01 ɫ. ɇɚ ɤɚɠɞɨɦ ɲɚɝɟ ɩɨ ɜɪɟɦɟɧɢ ɪɟɲɚɥɨɫɶ 

ɭɪɚɜɧɟɧɢɟ ɞɜɢɠɟɧɢɹ ɫ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢɥɨɣ. ȼɦɟɫɬɟ ɫ ɬɟɦ, ɩɪɢ ɧɟɨɛɯɨɞɢɦɨɫɬɢ, 

ɧɚ ɤɚɠɞɨɣ ɢɬɟɪɚɰɢɢ ɪɚɫɫɱɢɬɵɜɚɥɢɫɶ ɪɚɫɩɪɟɞɟɥɟɧɢɹ Jɢɧɞ ɢ Bɢɧɞ, ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɪɟɲɚ-

ɥɚɫɶ ɜɡɚɢɦɨɡɚɜɢɫɢɦɚɹ ɡɚɞɚɱɚ. 
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Сɬеɧка/ɩɨвеɪхɧɨɫɬь

Φ = Φ1

Φ = 0

ɫɬеɧка

Cu

Cu

 

ɜ) 
 

ɛ) 

Ɋɢɫɭɧɨɤ 3.5 – ɚ) Ɋɚɫɱɟɬɧɚɹ ɫɟɬɤɚ ɞɥɹ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɗȼɌ ɜ ȾɋɄ, ɛ) ɪɚɫɱɟɬɧɚɹ ɫɟɬɤɚ 

ɜ ɐɋɄ, ɜ) ɪɚɫɱɟɬɧɚɹ ɫɟɬɤɚ ɫ ɬɨɤɨɩɨɞɜɨɞɚɦɢ ɜ ɐɋɄ. 
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3.8 Ɉ ɩɪɚɜɨɦɟɪɧɨɫɬɢ ɩɪɢɦɟɧɟɧɢɹ ɱɢɫɥɟɧɧɵɯ ɦɟɬɨɞɢɤ 

ȼ ɩɨɞɪɚɡɞɟɥɚɯ 3.3–3.7 ɩɪɢɜɟɞɟɧɚ ɨɛɳɚɹ ɩɨɫɬɚɧɨɜɤɚ ɡɚɞɚɱɢ ɷɥɟɤɬɪɨɜɢɯɪɟɜɨɝɨ 

ɬɟɱɟɧɢɹ ɜ ɪɚɡɥɢɱɧɵɯ ɆȽȾ ɩɪɢɛɥɢɠɟɧɢɹɯ ɤɚɤ ɜ ɨɫɟɫɢɦɦɟɬɪɢɱɧɨɦ, ɬɚɤ ɢ ɜ ɬɪɟɯɦɟɪ-

ɧɨɦ ɜɚɪɢɚɧɬɚɯ. 

ɑɢɫɥɟɧɧɵɟ ɪɚɫɱɟɬɵ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɟ ɜ ɧɚɫɬɨɹɳɟɣ ɞɢɫɫɟɪɬɚɰɢɢ, ɜ ɨɫɧɨɜɧɨɦ 

ɜɵɩɨɥɧɹɥɢɫɶ ɜ ɞɜɭɦɟɪɧɨɣ ɨɫɟɫɢɦɦɟɬɪɢɱɧɨɣ ɩɨɫɬɚɧɨɜɤɟ ɜ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɫɢɫɬɟɦɟ 

ɤɨɨɪɞɢɧɚɬ. Ɉɫɟɫɢɦɦɟɬɪɢɱɧɚɹ ɪɚɫɱɟɬɧɚɹ ɨɛɥɚɫɬɶ, ɜɤɥɸɱɚɸɳɚɹ ɬɨɤɨɩɨɞɜɨɞɵ, ɢɫ-

ɩɨɥɶɡɨɜɚɥɚɫɶ ɩɪɢ ɢɫɫɥɟɞɨɜɚɧɢɢ ɚɜɬɨɤɨɥɟɛɚɬɟɥɶɧɵɯ ɪɟɠɢɦɨɜ ɢ ɜɪɟɦɟɧɢ ɮɨɪɦɢɪɨɜɚ-

ɧɢɹ ɜɬɨɪɢɱɧɨɝɨ ɬɨɪɨɢɞɚɥɶɧɨɝɨ ɜɢɯɪɹν ɜ ɨɫɬɚɥɶɧɵɯ ɫɥɭɱɚɹɯ ɪɚɫɱɟɬɵ ɩɪɨɜɨɞɢɥɢɫɶ ɧɚ 

ɞɜɭɦɟɪɧɨɣ ɨɫɟɫɢɦɦɟɬɪɢɱɧɨɣ ɫɟɬɤɟ, ɨɯɜɚɬɵɜɚɸɳɟɣ ɬɨɥɶɤɨ ɨɛɴɟɦ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ. 

Ⱦɥɹ ɪɟɠɢɦɚ I = 10 Ⱥ, Bz = 2×10
-2

 Ɍɥ ɜɵɩɨɥɧɟɧ ɫɨɩɨɫɬɚɜɢɬɟɥɶɧɵɣ ɤɨɦɩɥɟɤɫ 

ɬɪɟɯɦɟɪɧɨɝɨ ɢ ɪɚɡɥɢɱɧɵɯ ɞɜɭɦɟɪɧɵɯ ɨɫɟɫɢɦɦɟɬɪɢɱɧɵɯ ɪɚɫɱɟɬɨɜ ɞɥɹ ɨɰɟɧɤɢ ɜɥɢɹ-

ɧɢɹ ɚɫɢɦɦɟɬɪɢɢ ɝɟɨɦɟɬɪɢɢ, ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ ɩɨɥɹ ɫɨɥɟɧɨɢɞɚ ɢ ɡɚɦɤɧɭɬɨɫɬɢ ɢɧɞɭɰɢ-

ɪɨɜɚɧɧɵɯ ɬɨɤɨɜ ɧɚ ɪɚɫɱɟɬɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɬɟɱɟɧɢɹ. 

ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɩɪɢ ɪɟɲɟɧɢɢ ɩɨɥɧɨɣ ɆȽȾ ɡɚɞɚɱɢ ɜ ɪɚɦɤɚɯ ɧɚɫɬɨɹɳɟɣ 

ɪɚɛɨɬɵ ɛɭɞɟɦ ɩɨɧɢɦɚɬɶ ɩɨɫɬɚɧɨɜɤɭ, ɜ ɤɨɬɨɪɨɣ ɜ ɭɪɚɜɧɟɧɢɢ ɞɜɢɠɟɧɢɹ ɭɱɢɬɵɜɚɸɬɫɹ 

ɢɧɞɭɰɢɪɨɜɚɧɧɵɟ ɬɨɤɢ ɢ ɢɧɞɭɰɢɪɨɜɚɧɧɨɟ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ. ȼɥɢɹɧɢɟ ɡɚɦɵɤɚɧɢɹ ɢɧɞɭ-

ɰɢɪɨɜɚɧɧɵɯ ɬɨɤɨɜ ɚɧɚɥɢɡɢɪɨɜɚɥɨɫɶ ɨɬɞɟɥɶɧɨ ɧɚ ɨɫɧɨɜɟ ɪɚɫɱɟɬɨɜ ɨɫɟɫɢɦɦɟɬɪɢɱɧɨɣ 

ɩɨɥɧɨɣ ɆȽȾ ɡɚɞɚɱɢ ɜ ɩɪɨɝɪɚɦɦɧɨɦ ɩɚɤɟɬɟ ωτMSτL, ɚ ɬɚɤɠɟ ɛɟɡɵɧɞɭɤɰɢɨɧɧɵɯ 

ɪɚɫɱɟɬɨɜ ɞɥɹ ɪɟɠɢɦɚ I = 10 Ⱥ, Bz = 2×10
-2

 Ɍɥ ɧɚ ɞɜɭɦɟɪɧɨɣ ɨɫɟɫɢɦɦɟɬɪɢɱɧɨɣ ɫɟɬɤɟ ɫ 

ɭɱɟɬɨɦ ɬɨɤɨɩɨɞɜɨɞɨɜ ɢ ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɫɨɥɟɧɨɢɞɚ. 

ɉɨɥɧɚɹ ɬɪɟɯɦɟɪɧɚɹ ɆȽȾ ɩɨɫɬɚɧɨɜɤɚ, ɢɡɥɨɠɟɧɧɚɹ ɜ ɩɨɞɪɚɡɞɟɥɟ 3.7, ɩɪɢɜɟɞɟɧɚ 

ɞɥɹ ɩɨɥɧɨɬɵ ɢɡɥɨɠɟɧɢɹ ɢ ɭɞɨɛɫɬɜɚ ɩɨɫɥɟɞɭɸɳɟɝɨ ɚɧɚɥɢɡɚ ɨɛɥɚɫɬɢ ɩɪɢɦɟɧɢɦɨɫɬɢ 

ɢɫɩɨɥɶɡɭɟɦɵɯ ɩɪɢɛɥɢɠɟɧɢɣν ɟɟ ɩɪɹɦɨɟ ɱɢɫɥɟɧɧɨɟ ɪɟɲɟɧɢɟ ɜ ɪɚɦɤɚɯ ɧɚɫɬɨɹɳɟɣ ɪɚ-

ɛɨɬɵ ɧɟ ɜɵɩɨɥɧɹɥɨɫɶ. 

ɋɨɩɨɫɬɚɜɥɟɧɢɟ ɪɟɡɭɥɶɬɚɬɨɜ ɪɚɫɱɟɬɨɜ ɧɚ ɪɚɡɥɢɱɧɵɯ ɫɟɬɤɚɯ ɢ ɷɤɫɩɟɪɢɦɟɧɬɨɜ 

ɩɨɤɚɡɚɥɨ ɨɬɫɭɬɫɬɜɢɟ ɫɭɳɟɫɬɜɟɧɧɵɯ ɨɬɥɢɱɢɣ ɦɟɠɞɭ ɩɪɨɫɬɨɣ ɞɜɭɦɟɪɧɨɣ ɨɫɟɫɢɦɦɟɬ-

ɪɢɱɧɨɣ ɦɨɞɟɥɶɸ ɢ ɛɨɥɟɟ ɞɟɬɚɥɢɡɢɪɨɜɚɧɧɵɦɢ ɪɚɫɱɟɬɧɵɦɢ ɫɯɟɦɚɦɢ ɜ ɪɚɫɫɦɚɬɪɢɜɚɟ-
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ɦɵɯ ɪɟɠɢɦɚɯ. Ɍɚɤɠɟ ɛɵɥɨ ɩɨɥɭɱɟɧɨ ɤɚɱɟɫɬɜɟɧɧɨɟ, ɚ ɢɧɨɝɞɚ ɤɨɥɢɱɟɫɬɜɟɧɧɨɟ ɫɨɝɥɚ-

ɫɨɜɚɧɢɟ ɪɚɫɱɟɬɧɵɯ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɩɪɢ ɢɡɭɱɟɧɢɢ ɗȼɌ. 

ɋɨɩɨɫɬɚɜɥɟɧɢɟ ɪɟɡɭɥɶɬɚɬɨɜ ɬɪɟɯɦɟɪɧɵɯ ɢ ɞɜɭɦɟɪɧɵɯ ɪɚɫɱɟɬɨɜ ɩɨɤɚɡɚɥɨ, ɱɬɨ ɜ 

ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ ɪɟɠɢɦɚɯ ɤɚɱɟɫɬɜɟɧɧɚɹ ɫɬɪɭɤɬɭɪɚ ɬɟɱɟɧɢɹ ɜɨɫɩɪɨɢɡɜɨɞɢɬɫɹ ɨɫɟ-

ɫɢɦɦɟɬɪɢɱɧɨɣ ɦɨɞɟɥɶɸ ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɨ. Ɉɰɟɧɨɱɧɵɟ ɪɚɫɱɟɬɵ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɪɚɡ-

ɥɢɱɢɹ ɧɨɫɹɬ ɤɨɥɢɱɟɫɬɜɟɧɧɵɣ ɯɚɪɚɤɬɟɪ ɢ ɩɪɨɹɜɥɹɸɬɫɹ ɜ ɞɟɬɚɥɹɯ ɷɜɨɥɸɰɢɢ ɬɟɱɟɧɢɹ. 

ȼ ɞɜɭɦɟɪɧɨɣ ɩɨɫɬɚɧɨɜɤɟ ɩɪɢ ɮɨɪɦɢɪɨɜɚɧɢɢ ɜɬɨɪɢɱɧɨɝɨ ɜɢɯɪɹ ɨɫɟɜɚɹ ɫɤɨɪɨɫɬɶ 

ɜɛɥɢɡɢ ɨɫɢ ɫɧɚɱɚɥɚ ɧɟɫɤɨɥɶɤɨ ɜɨɡɪɚɫɬɚɟɬ, ɩɨɫɥɟ ɱɟɝɨ ɪɟɡɤɨ ɩɚɞɚɟɬ ɞɨ ɧɭɥɹ, ɬɨɝɞɚ ɤɚɤ 

ɜ ɬɪɟɯɦɟɪɧɨɣ ɡɚɞɚɱɟ ɩɟɪɟɞ ɨɛɪɚɡɨɜɚɧɢɟɦ ɜɬɨɪɢɱɧɨɝɨ ɜɢɯɪɹ ɧɚɛɥɸɞɚɟɬɫɹ ɧɟɛɨɥɶɲɨɟ 

ɭɛɵɜɚɧɢɟ ɫɤɨɪɨɫɬɢ ɢ ɩɨɫɥɟɞɭɸɳɟɟ ɬɚɤɨɟ ɠɟ ɪɟɡɤɨɟ ɟɟ ɩɚɞɟɧɢɟ. 

ɍɱɟɬ ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɫɨɥɟɧɨɢɞɚ ɩɪɢɜɨɞɢɬ ɥɢɲɶ ɤ ɧɟɡɧɚɱɢ-

ɬɟɥɶɧɨɦɭ ɤɨɥɢɱɟɫɬɜɟɧɧɨɦɭ ɢɡɦɟɧɟɧɢɸ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɫɤɨɪɨɫɬɢ ɢ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ 

ɫɢɥɵ. 

ɍɱɟɬ ɡɚɦɵɤɚɧɢɹ ɢɧɞɭɰɢɪɨɜɚɧɧɵɯ ɬɨɤɨɜ ɜ ɛɟɡɵɧɞɭɤɰɢɨɧɧɨɦ ɩɪɢɛɥɢɠɟɧɢɢ ɞɚ-

ɟɬ ɡɚɦɟɬɧɨɟ ɨɬɥɢɱɢɟ ɞɥɹ ɪɚɫɱɟɬɨɜ ɩɪɢ ɜɧɟɲɧɟɦ ɦɚɝɧɢɬɧɨɦ ɩɨɥɟ Bz > 0.1 Ɍɥ, ɩɪɢ 

ɷɬɨɦ ɧɚɛɥɸɞɚɟɬɫɹ ɛɨɥɟɟ ɦɹɝɤɨɟ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɟ ɬɨɪɦɨɠɟɧɢɟ ɬɟɱɟɧɢɹ ɢ ɧɟɫɤɨɥɶɤɨ 

ɦɟɧɟɟ ɜɵɪɚɠɟɧɧɨɟ ɫɠɚɬɢɟ ɬɟɱɟɧɢɹ ɜ ɨɛɥɚɫɬɶ ɩɨɞ ɦɚɥɵɦ ɷɥɟɤɬɪɨɞɨɦ. ɇɚ ɪɢɫɭɧɤɟ 3.6 

ɩɪɢɜɟɞɟɧ ɝɪɚɮɢɤ ɡɚɜɢɫɢɦɨɫɬɢ ɚɡɢɦɭɬɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɠɢɞɤɨɝɨ ɦɟ-

ɬɚɥɥɚ ɨɬ ɪɚɫɫɬɨɹɧɢɹ ɞɨ ɨɫɢ ɫɢɦɦɟɬɪɢɢ. Ⱦɚɧɧɵɟ ɧɚɫɬɨɹɳɟɣ ɞɢɫɫɟɪɬɚɰɢɢ ɫɪɚɜɧɢɜɚ-

ɥɢɫɶ ɫ ɪɚɫɱɟɬɚɦɢ ɩɨɥɧɨɣ ɆȽȾ ɡɚɞɚɱɢ ɜ ɩɪɨɝɪɚɦɦɧɨɦ ɩɚɤɟɬɟ COMSOL Multiphysics, 

ɝɞɟ ɬɚɤɠɟ ɛɵɥɨ ɭɱɬɟɧɨ ɡɚɦɵɤɚɧɢɟ ɢɧɞɭɰɢɪɨɜɚɧɧɵɯ ɬɨɤɨɜ. Ⱦɥɹ ɪɟɠɢɦɚ Bz = 0.1 Ɍɥ 

ɧɚɛɥɸɞɚɟɬɫɹ ɧɟɫɭɳɟɫɬɜɟɧɧɨɟ ɨɬɥɢɱɢɟ ɪɟɡɭɥɶɬɚɬɨɜ. Ⱦɥɹ ɪɟɠɢɦɚ Bz = 1 Ɍɥ ɜ ɨɛɥɚɫɬɢ 

ɩɨɞ ɷɥɟɤɬɪɨɞɨɦ ɨɬɥɢɱɢɹ ɞɨɫɬɢɝɚɸɬ ~10 %, ɩɪɢ ɷɬɨɦ ɧɚɛɥɸɞɚɟɬɫɹ ɛɨɥɟɟ ɦɹɝɤɨɟ 

ɭɦɟɧɶɲɟɧɢɟ ɫɤɨɪɨɫɬɢ ɡɚɤɪɭɬɤɢ ɩɪɢ ɭɞɚɥɟɧɢɢ ɨɬ ɨɫɢ ɫɢɦɦɟɬɪɢɢ. 
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Ɋɢɫɭɧɨɤ 3.6 – Ɂɚɜɢɫɢɦɨɫɬɶ ɚɡɢɦɭɬɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɠɢɞɤɨɝɨ 

ɦɟɬɚɥɥɚ ɨɬ ɪɚɫɫɬɨɹɧɢɹ ɞɨ ɨɫɢ ɫɢɦɦɟɬɪɢɢ, I = 1000 Ⱥ. 1 – Bz = 0.1 Ɍɥ (ɬɟɤɭɳɚɹ 

ɪɚɛɨɬɚ), 2 – Bz = 0.1 Ɍɥ (COMSOL Multiphysics), 3 – Bz = 1 Ɍɥ (ɬɟɤɭɳɚɹ ɪɚɛɨɬɚ), 

4 – Bz = 1 Ɍɥ (COMSOL Multiphysics). 

3.9 ȼɵɜɨɞɵ ɩɨ ɝɥɚɜɟ 3  

1. Ɋɚɡɪɚɛɨɬɚɧɚ ɦɟɬɨɞɢɤɚ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɝɢɞɪɨɞɢɧɚɦɢɱɟɫɤɢɯ 

ɩɪɨɰɟɫɫɨɜ ɜ ɠɢɞɤɨɦ ɦɟɬɚɥɥɟ ɩɨɞ ɜɨɡɞɟɣɫɬɜɢɟɦ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɜ ɪɚɡɥɢɱ-

ɧɵɯ ɫɢɫɬɟɦɚɯ ɤɨɨɪɞɢɧɚɬ. 

2. ɇɚ ɨɫɧɨɜɟ ɡɚɤɨɧɚ Ȼɢɨ-ɋɚɜɚɪɚ-Ʌɚɩɥɚɫɚ ɩɪɟɞɥɨɠɟɧ ɦɟɬɨɞ ɜɵɱɢɫɥɟɧɢɹ 

ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɫ ɩɪɢɦɟɧɟɧɢɟɦ ɝɪɚɮɢɱɟɫɤɢɯ ɩɪɨɰɟɫɫɨɪɨɜ, ɤɨɬɨɪɵɣ ɩɨɤɚɡɵɜɚɟɬ ɯɨ-

ɪɨɲɟɟ ɫɨɝɥɚɫɨɜɚɧɢɟ ɫ ɚɧɚɥɢɬɢɱɟɫɤɢɦ ɪɟɲɟɧɢɟɦ. 

3. Ɋɚɡɪɚɛɨɬɚɧ ɦɟɬɨɞ ɪɚɫɱɟɬɚ ɗȼɌ ɫ ɭɱɟɬɨɦ ɪɚɡɥɢɱɧɵɯ ɦɚɝɧɢɬɨɝɢɞɪɨɞɢɧɚ-

ɦɢɱɟɫɤɢɯ ɩɪɢɛɥɢɠɟɧɢɣ. 

4. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɜ ɢɫɫɥɟɞɭɟɦɵɯ ɪɟɠɢɦɚɯ ɞɜɭɦɟɪɧɚɹ ɨɫɟɫɢɦɦɟɬɪɢɱɧɚɹ ɩɨ-

ɫɬɚɧɨɜɤɚ (ɪɢɫɭɧɨɤ 3.5ɛ) ɚɞɟɤɜɚɬɧɨ ɜɨɫɩɪɨɢɡɜɨɞɢɬ ɨɫɧɨɜɧɵɟ ɤɚɱɟɫɬɜɟɧɧɵɟ ɨɫɨɛɟɧɧɨ-

ɫɬɢ ɷɥɟɤɬɪɨɜɢɯɪɟɜɨɝɨ ɬɟɱɟɧɢɹ ɢ ɨɛɟɫɩɟɱɢɜɚɟɬ ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɨɟ ɤɨɥɢɱɟɫɬɜɟɧɧɨɟ 

ɫɨɝɥɚɫɢɟ ɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ ɩɨ ɤɥɸɱɟɜɵɦ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦ ɬɟɱɟɧɢɹ. 
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5. ɍɱɟɬ ɡɚɦɵɤɚɧɢɹ ɢɧɞɭɰɢɪɨɜɚɧɧɵɯ ɬɨɤɨɜ ɩɪɢɜɨɞɢɬ ɤ ɧɟɡɧɚɱɢɬɟɥɶɧɨɦɭ 

ɢɡɦɟɧɟɧɢɸ ɫɬɪɭɤɬɭɪɵ ɬɟɱɟɧɢɹ ɞɥɹ ɜɧɟɲɧɟɝɨ Ɇɉ Bz < 0.1 Ɍɥ ɢ ɤ ɤɨɥɢɱɟɫɬɜɟɧɧɵɦ 

ɨɬɥɢɱɢɹɦ ɪɟɡɭɥɶɬɚɬɨɜ ɛɟɡ ɢɫɤɚɠɟɧɢɹ ɨɫɧɨɜɧɵɯ ɡɚɤɨɧɨɦɟɪɧɨɫɬɟɣ ɬɟɱɟɧɢɹ ɞɥɹ Ɇɉ 

Bz > 0.1 Ɍɥ. 
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Ƚɥɚɜɚ 4 Ɋɟɡɭɥɶɬɚɬɵ ɱɢɫɥɟɧɧɨ-ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɢ ɢɯ ɚɧɚɥɢɡ 

4.1 Ɋɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ЭȼɌ ɩɪɢ ɨɬɫɭɬɫɬɜɢɢ ɜɧɟɲɧɢɯ Ɇɉ 

ɗɤɫɩɟɪɢɦɟɧɬɵ ɩɨ ɢɡɦɟɪɟɧɢɸ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɜ ɗȼɌ ɩɪɨɜɨɞɢɥɢɫɶ ɛɟɡ ɜɧɟɲ-

ɧɢɯ Ɇɉ. Ɉɞɧɚɤɨ ɧɚ ɭɫɬɚɧɨɜɤɭ ɞɟɣɫɬɜɨɜɚɥɨ Ɇɉ Ɂɟɦɥɢ ɢ ɞɥɹ ɤɨɦɩɟɧɫɚɰɢɢ ɟɝɨ ɨɫɟɜɨɣ 

ɤɨɦɩɨɧɟɧɬɵ ɢɫɩɨɥɶɡɨɜɚɥɚɫɶ ɤɚɬɭɲɤɚ Ɇɚɤɫɜɟɥɥɚ, ɧɟɨɞɧɨɪɨɞɧɨɫɬɶ Ɇɉ ɤɨɬɨɪɨɣ ɧɟ 

ɩɪɟɜɵɲɚɥɚ 0.4 %. ȼ ɯɨɞɟ ɷɤɫɩɟɪɢɦɟɧɬɚ ɫ ɤɨɦɩɟɧɫɚɰɢɟɣ Ɇɉ ɤɨɧɬɪɨɥɢɪɨɜɚɥɨɫɶ ɦɚɝ-

ɧɟɬɨɦɟɬɪɨɦ LКФОSСШrО DSP475 ɢ ɧɟ ɩɪɟɜɵɲɚɥɨ 3×10
-6

 Ɍɥ. Ⱦɥɹ ɢɡɦɟɪɟɧɢɹ ɨɫɰɢɥɥɨ-

ɝɪɚɦɦ ɬɟɦɩɟɪɚɬɭɪɵ ɢ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɤɨɪɪɟɥɹɰɢ-

ɨɧɧɵɣ ɡɨɧɞ. 

Ȼɵɥɢ ɩɨɥɭɱɟɧɵ ɝɪɚɮɢɤɢ ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɩɭɥɶɫɚɰɢɣ, ɚ ɬɚɤɠɟ ɢɯ ɚɦɩɥɢɬɭɞɧɨ-

ɱɚɫɬɨɬɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ. Ɂɚɬɟɦ ɛɵɥɢ ɢɡɦɟɪɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɨɬ 

ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ, ɩɪɨɩɭɫɤɚɟɦɨɝɨ ɱɟɪɟɡ ɠɢɞɤɢɣ ɦɟɬɚɥɥ. Ɂɨɧɞ ɧɚɯɨɞɢɥɫɹ ɧɚ ɨɫɢ 

ɫɢɦɦɟɬɪɢɢ r = 0 ɢ ɧɚ ɝɥɭɛɢɧɟ z = 20 ɦɦ. Ⱦɥɹ ɤɚɠɞɨɝɨ ɪɟɠɢɦɚ ɛɵɥɨ ɜɵɩɨɥɧɟɧɨ 5 ɢɡ-

ɦɟɪɟɧɢɣ ɫɤɨɪɨɫɬɢ ɫ ɞɥɢɬɟɥɶɧɨɫɬɶɸ 120 ɫ. ɉɨɫɥɟ ɤɚɠɞɨɣ ɫɟɪɢɢ ɢɡɦɟɪɟɧɢɣ ɷɤɫɩɟɪɢ-

ɦɟɧɬɚɥɶɧɚɹ ɭɫɬɚɧɨɜɤɚ ɨɬɤɥɸɱɚɥɚɫɶ, ɞɥɢɬɟɥɶɧɨɫɬɶ ɩɚɭɡɵ ɛɵɥɚ ɪɚɜɧɚ 600 ɫ, ɡɚɬɟɦ ɭɫ-

ɬɚɧɨɜɤɚ ɜɤɥɸɱɚɥɚɫɶ, ɢ ɢɡɦɟɪɟɧɢɹ ɩɪɨɜɨɞɢɥɢɫɶ ɫɧɨɜɚ ɞɥɹ ɫɥɟɞɭɸɳɟɝɨ ɡɧɚɱɟɧɢɹ 

ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ. 

Ⱦɥɹ ɤɚɠɞɨɝɨ ɡɧɚɱɟɧɢɹ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ (ɨɬ 100 ɞɨ 450 Ⱥ) ɛɵɥɢ ɢɫɫɥɟɞɨɜɚ-

ɧɵ ɪɟɠɢɦɵ ɫ ɜɵɤɥɸɱɟɧɧɨɣ (Bz = BɁɟɦ = 5×10
-5

 Ɍɥ) ɢ ɜɤɥɸɱɟɧɧɨɣ (Bz = 3×10
-6

 Ɍɥ) ɤɚ-

ɬɭɲɤɨɣ Ɇɚɤɫɜɟɥɥɚ (S = 10
7–2×108

, N = 1.6×10
4–1.8×106

). Ɍɢɩɢɱɧɵɟ ɝɪɚɮɢɤɢ ɬɟɦɩɟ-

ɪɚɬɭɪɧɵɯ ɩɭɥɶɫɚɰɢɣ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫɭɧɤɟ 4.1.  

Ɍɚɤɠɟ ɢɡɦɟɪɟɧɵ ɚɦɩɥɢɬɭɞɧɨ-ɱɚɫɬɨɬɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɩɭɥɶ-

ɫɚɰɢɣ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɡɧɚɱɟɧɢɹɯ ɬɨɤɚ, ɩɪɨɬɟɤɚɸɳɟɝɨ ɱɟɪɟɡ ɪɚɫɩɥɚɜ (ɪɢɫɭɧɨɤ 4.2). 

Ʉɪɨɦɟ ɬɨɝɨ, ɩɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦ ɞɚɧɧɵɦ ɩɨɫɬɪɨɟɧɚ ɡɚɜɢɫɢɦɨɫɬɶ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ 

ɨɬ ɫɢɥɵ ɬɨɤɚ (ɪɢɫɭɧɨɤ 4.3). ɂɡ ɪɢɫɭɧɤɚ 4.1 ɜɢɞɧɨ, ɱɬɨ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɬɟɦɩɟɪɚɬɭɪɧɵɯ 

ɩɭɥɶɫɚɰɢɣ ɜɵɲɟ ɩɪɢ ɜɥɢɹɧɢɢ Ɇɉ Ɂɟɦɥɢ. Ɍɚɤɠɟ ɫ ɪɨɫɬɨɦ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɢɧ-

ɬɟɧɫɢɜɧɨɫɬɶ ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɩɭɥɶɫɚɰɢɣ ɜɨɡɪɚɫɬɚɟɬ, ɱɬɨ ɫɜɹɡɚɧɨ ɫ ɪɨɫɬɨɦ ɬɟɩɥɨɜɵɞɟ-

ɥɟɧɢɹ ɜ ɠɢɞɤɨɦ ɦɟɬɚɥɥɟ ɢ ɧɚ ɦɚɥɨɦ ɷɥɟɤɬɪɨɞɟ, ɚ ɬɚɤɠɟ ɫ ɬɟɦ, ɱɬɨ ɫ ɪɨɫɬɨɦ ɫɤɨɪɨɫɬɢ 

ɜ ɠɢɞɤɨɦ ɦɟɬɚɥɥɟ, ɬɟɱɟɧɢɟ ɫɬɚɧɨɜɢɬɫɹ ɛɨɥɟɟ ɬɭɪɛɭɥɢɡɢɪɨɜɚɧɨ.  
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Ɋɢɫɭɧɨɤ 4.1 – Ɍɟɦɩɟɪɚɬɭɪɧɵɟ ɩɭɥɶɫɚɰɢɢ ɜ ɠɢɞɤɨɦ ɦɟɬɚɥɥɟ I = 400 A ɧɚ ɝɥɭɛɢɧɟ 

z = 10 ɦɦ. ɚ) ɤɚɬɭɲɤɚ Ɇɚɤɫɜɟɥɥɚ ɜɵɤɥɸɱɟɧɚ (Bz = BɁɟɦ = 5×10
-5

 Ɍɥ), ɛ) ɤɚɬɭɲɤɚ 

Ɇɚɤɫɜɟɥɥɚ ɜɤɥɸɱɟɧɚ (Bz = 3×10
-6

 Ɍɥ). 
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ɛ) 

Ɋɢɫɭɧɨɤ 4.2 – Ⱥɑɏ ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɩɭɥɶɫɚɰɢɣ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɬɨɤɚɯ. 

1 – 100 A, 2 – 150 A, 3 – 200 A, 4 – 250 A, 5 – 300 A, 6 – 350 A, 7 – 400 A, 8 – 450 A. 

ɚ) Ʉɚɬɭɲɤɚ Ɇɚɤɫɜɟɥɥɚ ɜɤɥɸɱɟɧɚ, ɛ) ɤɚɬɭɲɤɚ Ɇɚɤɫɜɟɥɥɚ ɜɵɤɥɸɱɟɧɚ. 

Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫɭɧɤɚ 4.2, ɫ ɪɨɫɬɨɦ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɜ Ⱥɑɏ ɩɨɹɜɥɹɸɬɫɹ 

ɛɨɥɟɟ ɜɵɫɨɤɨɱɚɫɬɨɬɧɵɟ ɩɭɥɶɫɚɰɢɢ, ɩɪɢ ɷɬɨɦ ɢɯ ɱɚɫɬɨɬɚ ɧɟ ɩɪɟɜɵɲɚɟɬ 5 Ƚɰ. ȼɦɟɫɬɟ 

ɫ ɬɟɦ, ɩɪɢ ɧɚɥɢɱɢɢ Ɇɉ Ɂɟɦɥɢ Ⱥɑɏ ɢɦɟɸɬ ɛɨɥɶɲɟ ɝɚɪɦɨɧɢɤ, ɱɟɦ ɤɨɝɞɚ Ɇɉ Ɂɟɦɥɢ 

ɤɨɦɩɟɧɫɢɪɨɜɚɧɨ ɤɚɬɭɲɤɨɣ Ɇɚɤɫɜɟɥɥɚ. 

ɋ ɪɨɫɬɨɦ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ, ɩɪɨɩɭɫɤɚɟɦɨɝɨ ɱɟɪɟɡ ɠɢɞɤɢɣ ɦɟɬɚɥɥ, ɫɤɨɪɨɫɬɶ 

ɬɟɱɟɧɢɹ ɜɨɡɪɚɫɬɚɟɬ (ɪɢɫɭɧɨɤ 4.3). ɉɪɢ ɧɚɥɢɱɢɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ Ɂɟɦɥɢ ɨɫɟɜɚɹ ɫɤɨ-

ɪɨɫɬɶ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɜ ɨɛɥɚɫɬɢ ɫɬɪɭɢ ɭɦɟɧɶɲɚɟɬɫɹ ɩɪɢɦɟɪɧɨ ɧɚ 30–50 % ɩɨ ɫɪɚɜ-

ɧɟɧɢɸ ɫ ɪɟɠɢɦɨɦ ɤɨɦɩɟɧɫɚɰɢɢ ɝɟɨɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ. ɗɬɨ ɫɜɹɡɚɧɨ ɫ ɩɨɹɜɥɟɧɢɟɦ ɚɡɢ-
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ɦɭɬɚɥɶɧɨɣ ɡɚɤɪɭɬɤɢ ɢ ɩɟɪɟɫɬɪɨɣɤɨɣ ɬɟɱɟɧɢɹ. ɗɬɨɬ ɷɮɮɟɤɬ ɧɚɛɥɸɞɚɥɫɹ ɪɚɧɟɟ ɩɪɢ 

ɜɥɢɹɧɢɢ Ɇɉ ɢɫɤɭɫɫɬɜɟɧɧɨɝɨ ɩɪɨɢɫɯɨɠɞɟɧɢɹ (ɬɨɤɨɩɨɞɜɨɞɵ, ɫɨɥɟɧɨɢɞ), ɚ ɬɚɤɠɟ ɛɵɥ 

ɜɵɹɜɥɟɧ ɩɪɢ ɱɢɫɥɟɧɧɵɯ ɪɚɫɱɟɬɚɯ, ɨɞɧɚɤɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɛɵɥ ɩɨɥɭɱɟɧ ɜɩɟɪɜɵɟ ɜ 

ɞɚɧɧɨɣ ɩɨɫɬɚɧɨɜɤɟ. 
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Ɋɢɫɭɧɨɤ 4.3 – Ɂɚɜɢɫɢɦɨɫɬɶ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɨɬ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɧɚ ɝɥɭɛɢɧɟ 

z = 20 ɦɦ. 1 – ɤɚɬɭɲɤɚ Ɇɚɤɫɜɟɥɥɚ ɜɵɤɥɸɱɟɧɚ (Bz = BɁɟɦ = 5×10
-5

 Ɍɥ), 

2 – ɤɚɬɭɲɤɚ Ɇɚɤɫɜɟɥɥɚ ɜɤɥɸɱɟɧɚ (Bz = 3×10
-6

 Ɍɥ). 

4.2 Ɋɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜɢɯɪɟɨɛɪɚɡɨɜɚɧɢɹ ɜ ЭȼɌ 

ɉɪɢ ɧɚɥɢɱɢɢ ɜɧɟɲɧɟɝɨ ɨɫɟɜɨɝɨ Ɇɉ ɜɨɡɧɢɤɚɟɬ ɚɡɢɦɭɬɚɥɶɧɚɹ ɡɚɤɪɭɬɤɚ ɠɢɞɤɨɝɨ 

ɦɟɬɚɥɥɚ, ɤɚɤ ɩɨɤɚɡɚɧɨ ɜ ɩ. 4.1, ɦɚɥɨɟ Ɇɉ, ɫɪɚɜɧɢɦɨɟ ɫ Ɇɉ Ɂɟɦɥɢ, ɩɪɢɜɨɞɢɬ ɤ 

ɭɦɟɧɶɲɟɧɢɸ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ. Ⱦɚɥɶɧɟɣɲɟɟ ɭɜɟɥɢɱɟɧɢɟ ɨɫɟɜɨɝɨ Ɇɉ ɢɧɬɟɧɫɢɮɢɰɢ-

ɪɭɟɬ ɚɡɢɦɭɬɚɥɶɧɭɸ ɡɚɤɪɭɬɤɭ ɢ ɩɪɢɜɨɞɢɬ ɤ ɨɛɪɚɡɨɜɚɧɢɸ ɜɨɫɯɨɞɹɳɟɝɨ ɬɨɪɨɢɞɚɥɶɧɨɝɨ 

ɜɢɯɪɹ. 

ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɚɪɚɦɟɬɪɨɜ ɬɟɱɟɧɢɹ ɜɵɩɨɥɧɹɥɢɫɶ ɩɪɢ ɡɧɚ-

ɱɟɧɢɢ ɜɧɟɲɧɟɝɨ Ɇɉ Bz = 10
-4–10

-3
 Ɍɥ, ɚ ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɬɨɤ, ɩɪɨɩɭɫɤɚɟɦɵɣ ɱɟɪɟɡ 

ɠɢɞɤɢɣ ɦɟɬɚɥɥ, ɛɵɥ ɪɚɜɟɧ I = 400 Ⱥ (S = 1.7×108
, N = 3.2×106–3.2×107

). ɇɚ ɩɟɪɜɨɦ 

ɷɬɚɩɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɛɵɥɢ ɩɪɨɜɟɞɟɧɵ ɢɡɦɟɪɟɧɢɹ ɩɭɥɶɫɚɰɢɣ ɬɟɦ-

ɩɟɪɚɬɭɪɵ. Ⱦɥɹ ɭɜɟɥɢɱɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɩɭɥɶɫɚɰɢɣ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɦɚɥɵɣ ɷɥɟɤ-

ɬɪɨɞ, ɢɡɝɨɬɨɜɥɟɧɧɵɣ ɢɡ ɧɟɪɠɚɜɟɸɳɟɣ ɫɬɚɥɢ ɫ ɞɢɚɦɟɬɪɨɦ d = 5 ɦɦ. Ɍɟɪɦɨɩɚɪɧɵɣ 
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ɡɨɧɞ ɛɵɥ ɩɨɦɟɳɟɧ ɜ ɬɨɱɤɭ, ɪɚɫɩɨɥɨɠɟɧɧɭɸ ɧɚ ɨɫɢ ɫɢɦɦɟɬɪɢɢ r = 0 ɦɦ ɢ ɧɚ ɝɥɭɛɢɧɟ 

z = 10 ɦɦ. ɋɧɚɱɚɥɚ ɫ ɩɨɦɨɳɶɸ ɫɬɚɛɢɥɢɡɢɪɨɜɚɧɧɨɝɨ ɢɫɬɨɱɧɢɤɚ ɬɨɤɚ ɱɟɪɟɡ ɫɨɥɟɧɨɢɞ 

ɩɪɨɩɭɫɤɚɥɫɹ ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɬɨɤ ɞɥɹ ɝɟɧɟɪɚɰɢɢ ɬɪɟɛɭɟɦɨɝɨ ɜɧɟɲɧɟɝɨ ɨɫɟɜɨɝɨ Ɇɉ, 

ɡɚɬɟɦ ɜɤɥɸɱɚɥɚɫɶ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɚɹ ɭɫɬɚɧɨɜɤɚ ɢ ɩɪɨɜɨɞɢɥɢɫɶ ɢɡɦɟɪɟɧɢɹ ɩɭɥɶɫɚ-

ɰɢɣ ɬɟɦɩɟɪɚɬɭɪɵ. ȼ ɤɨɧɰɟ ɤɚɠɞɨɝɨ ɷɤɫɩɟɪɢɦɟɧɬɚ ɭɫɬɚɧɨɜɤɚ ɨɛɟɫɬɨɱɢɜɚɥɚɫɶ ɧɚ 600 ɫ 

ɢ ɞɚɥɟɟ ɩɪɨɜɨɞɢɥɢɫɶ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɪɢ ɞɪɭɝɢɯ ɡɧɚɱɟɧɢɹɯ ɜɧɟɲɧɟɝɨ Ɇɉ. 

Ɍɚɤɠɟ ɛɵɥɨ ɜɵɩɨɥɧɟɧɨ ɱɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɝɢɞɪɨɞɢɧɚɦɢɤɢ ɗȼɌ. ɇɚ 

ɜɫɟɯ ɝɪɚɧɢɰɚɯ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɛɵɥɨ ɡɚɞɚɧɨ ɭɫɥɨɜɢɟ ɩɪɢɥɢɩɚɧɢɹ U = 0, ɪɟɲɚɥɚɫɶ 

ɨɫɟɫɢɦɦɟɬɪɢɱɧɚɹ ɡɚɞɚɱɚ (∂…/∂φ = 0, Uφ ≠ 0). Ȼɵɥɢ ɩɨɥɭɱɟɧɵ ɩɨɥɹ ɫɤɨɪɨɫɬɢ ɢ ɥɢɧɢɢ 

ɬɨɤɚ ɠɢɞɤɨɫɬɢ ɨɬ ɜɪɟɦɟɧɢ. 

ɇɚ ɪɢɫɭɧɤɟ 4.4 ɩɪɟɞɫɬɚɜɥɟɧɵ ɩɨɥɭɱɟɧɧɵɟ ɥɢɧɢɢ ɬɨɤɚ ɠɢɞɤɨɫɬɢ ɩɪɢ ɬɨɤɟ 

I = 400 Ⱥ ɢ ɡɧɚɱɟɧɢɢ ɜɧɟɲɧɟɝɨ Ɇɉ Bz = 10
-4

 Ɍɥ. ɋɧɚɱɚɥɚ ɬɟɱɟɧɢɟ ɢɦɟɟɬ ɜɢɞ ɨɞɢɧɨɱ-

ɧɨɝɨ ɬɨɪɨɢɞɚɥɶɧɨɝɨ ɜɢɯɪɹ, ɧɚɩɪɚɜɥɟɧɧɨɝɨ ɜɧɢɡ ɧɚ ɨɫɢ ɫɢɦɦɟɬɪɢɢ t = 10 ɫ. Ɂɚɬɟɦ ɨɛ-

ɪɚɡɭɟɬɫɹ ɜɨɫɯɨɞɹɳɢɣ ɬɨɪɨɢɞɚɥɶɧɵɣ ɜɢɯɪɶ t = 262 ɫ (ɬɟɱɟɧɢɟ ɧɚɩɪɚɜɥɟɧɨ ɜɜɟɪɯ ɧɚ 

ɨɫɢ ɫɢɦɦɟɬɪɢɢ). Ⱦɚɥɟɟ ɨɛɪɚɡɨɜɚɜɲɢɣɫɹ ɜɢɯɪɶ ɪɚɡɪɚɫɬɚɟɬɫɹ (t = 270 ɫ). ɉɨɫɥɟ ɷɬɨɝɨ 

ɜɢɯɪɢ ɧɚɱɢɧɚɸɬ ɜɡɚɢɦɨɞɟɣɫɬɜɨɜɚɬɶ ɞɪɭɝ ɫ ɞɪɭɝɨɦ (t = 279.64 ɫ, t = 281.68 ɫ ɢ 

t = 282.8 ɫ), ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɜɨɡɧɢɤɚɸɬ ɚɜɬɨɤɨɥɟɛɚɧɢɹ ɫɤɨɪɨɫɬɢ ɜ ɠɢɞɤɨɦ ɦɟɬɚɥɥɟ. 

Ψ, Ʉɝ/ɫΨ, Ʉɝ/ɫΨ, Ʉɝ/ɫ

Ψ, Ʉɝ/ɫΨ, Ʉɝ/ɫΨ, Ʉɝ/ɫ
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Ɋɢɫɭɧɨɤ 4.4 – Ʌɢɧɢɢ ɬɨɤɚ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɜ ɪɚɡɥɢɱɧɵɟ ɦɨɦɟɧɬɵ ɜɪɟɦɟɧɢ. 
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ɇɚ ɪɢɫɭɧɤɟ 4.5 ɩɨɤɚɡɚɧɵ ɪɚɫɱɟɬɧɵɟ ɨɫɰɢɥɥɨɝɪɚɦɦɵ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɞɥɹ ɷɥɟɤ-

ɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ I = 400 Ⱥ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɡɧɚɱɟɧɢɹɯ ɜɧɟɲɧɟɝɨ Ɇɉ. ɇɚ ɝɪɚɮɢɤɟ ɜɵ-

ɛɪɚɧ ɨɬɪɟɡɨɤ ɤɜɚɡɢɫɬɚɰɢɨɧɚɪɧɨɝɨ ɪɟɠɢɦɚ. ɉɪɢ ɡɧɚɱɟɧɢɢ ɜɧɟɲɧɟɝɨ Ɇɉ 

Bz = 7×10
-5

 Ɍɥ, ɜɨɫɯɨɞɹɳɢɣ ɬɨɪɨɢɞɚɥɶɧɵɣ ɜɢɯɪɶ ɧɟ ɨɛɪɚɡɭɟɬɫɹ, ɩɨɷɬɨɦɭ ɢɦɟɟɬ ɦɟɫɬɨ 

ɪɟɠɢɦ ɫ ɨɞɢɧɨɱɧɵɦ ɬɨɪɨɢɞɚɥɶɧɵɦ ɜɢɯɪɟɦ ɢ ɚɜɬɨɤɨɥɟɛɚɧɢɹ ɧɟ ɧɚɛɥɸɞɚɸɬɫɹ. ɉɪɢ 

ɭɜɟɥɢɱɟɧɢɢ ɜɧɟɲɧɟɝɨ Ɇɉ ɨɛɪɚɡɭɟɬɫɹ ɜɨɫɯɨɞɹɳɢɣ ɬɨɪɨɢɞɚɥɶɧɵɣ ɜɢɯɪɶ, ɢ ɧɚɱɢɧɚ-

ɸɬɫɹ ɤɨɥɟɛɚɧɢɹ ɫɤɨɪɨɫɬɢ, ɜɵɡɜɚɧɧɵɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟɦ ɞɜɭɯ ɜɢɯɪɟɣ, ɩɪɢ ɷɬɨɦ ɫ ɪɨɫ-

ɬɨɦ ɜɟɥɢɱɢɧɵ ɜɧɟɲɧɟɝɨ Ɇɉ ɭɦɟɧɶɲɚɟɬɫɹ ɚɦɩɥɢɬɭɞɚ ɢ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɱɚɫɬɨɬɚ ɤɨɥɟ-

ɛɚɧɢɣ ɫɤɨɪɨɫɬɢ. 
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Ɋɢɫɭɧɨɤ 4.5 – Ɋɚɫɱɟɬɧɵɟ ɨɫɰɢɥɥɨɝɪɚɦɦɵ ɫɤɨɪɨɫɬɢ ɩɪɢ ɪɚɡɧɵɯ ɜɧɟɲɧɢɯ Ɇɉ. 

I = 400 Ⱥ, r = 0 ɦɦ, z = 10 ɦɦ. 1 – Bz = 7×10-5
 Ɍɥ, 2 – 9×10-5

, 3 – 10
-4

 ,4 – 3×10-4
,  

5 – 5×10-4
 , 6 – 7×10-4

 , 7 – 9×10-4
 , 8 – 10

-3
. 

ɇɚ ɪɢɫɭɧɤɟ 4.6 ɩɪɟɞɫɬɚɜɥɟɧɨ ɢɡɦɟɧɟɧɢɟ ɫɬɪɭɤɬɭɪɵ ɬɟɱɟɧɢɹ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ 

ɜɟɥɢɱɢɧɵ ɜɧɟɲɧɟɝɨ Ɇɉ. ɉɪɢ Bz = 0 Ɍɥ ɢɦɟɟɬ ɦɟɫɬɨ ɨɞɢɧɨɱɧɵɣ ɬɨɪɨɢɞɚɥɶɧɵɣ 

ɜɢɯɪɶ, ɩɪɢ Bz = 10
-4

 Ɍɥ ɨɛɪɚɡɭɟɬɫɹ ɜɬɨɪɨɣ ɜɢɯɪɶ ɢ ɜɢɯɪɢ ɜɡɚɢɦɨɞɟɣɫɬɜɭɸɬ ɞɪɭɝ ɫ 

ɞɪɭɝɨɦ, ɷɬɨ ɬ.ɧ. ɡɚɫɬɨɣɧɵɣ ɪɟɠɢɦ, ɤɨɝɞɚ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɬɟɱɟɧɢɹ ɦɢɧɢɦɚɥɶɧɚ. ɋ 

ɞɚɥɶɧɟɣɲɢɦ ɭɜɟɥɢɱɟɧɢɟɦ ɜɧɟɲɧɟɝɨ Ɇɉ ɜɨɫɯɨɞɹɳɢɣ ɜɢɯɪɶ ɨɬɬɟɫɧɹɟɬ ɩɟɪɜɢɱɧɵɣ 

ɜɢɯɪɶ ɧɚ ɩɟɪɢɮɟɪɢɸ ɩɨɥɭɫɮɟɪɢɱɟɫɤɨɣ ɜɚɧɧɵ ɢ ɤɨɥɟɛɚɧɢɹ ɫɤɨɪɨɫɬɢ ɩɪɟɤɪɚɳɚɸɬɫɹ.  

Ɂɚɬɟɦ ɛɵɥɨ ɩɪɨɜɟɞɟɧɨ ɱɢɫɥɟɧɧɨ-ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɨ ɨɩɪɟɞɟ-

ɥɟɧɢɸ ɩɟɪɢɨɞɚ ɚɜɬɨɤɨɥɟɛɚɧɢɣ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɜɟɥɢɱɢɧɵ ɜɧɟɲɧɟɝɨ Ɇɉ. ɂɡɦɟɪɟɧɵ 
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ɩɭɥɶɫɚɰɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɧɚ ɨɫɢ ɫɢɦɦɟɬɪɢɢ ɢ ɝɥɭɛɢɧɟ z = 10 ɦɦ ɩɪɢ ɪɚɡɥɢɱɧɨɣ ɜɟɥɢ-

ɱɢɧɟ ɜɧɟɲɧɟɝɨ Ɇɉ. Ɂɚɬɟɦ ɛɵɥɢ ɩɨɥɭɱɟɧɵ Ⱥɑɏ ɷɬɢɯ ɩɭɥɶɫɚɰɢɣ, ɬɢɩɢɱɧɵɣ ɜɢɞ ɨɫ-

ɰɢɥɥɨɝɪɚɦɦɵ ɬɟɦɩɟɪɚɬɭɪɵ ɢ ɟɟ Ⱥɑɏ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫɭɧɤɟ 4.7. 
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Ɋɢɫɭɧɨɤ 4.6 – ɋɬɪɭɤɬɭɪɚ ɗȼɌ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɜɧɟɲɧɢɯ Ɇɉ. ɚ) Bz = 0 Ɍɥ, ɛ) 10-4
 Ɍɥ, ɜ) 
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Ɋɢɫɭɧɨɤ 4.7 – Ɍɢɩɢɱɧɵɣ ɜɢɞ ɭɤɨɪɨɱɟɧɧɨɣ ɰɟɧɬɪɢɪɨɜɚɧɧɨɣ ɨɫɰɢɥɥɨɝɪɚɦɦɵ 

ɬɟɦɩɟɪɚɬɭɪɵ ɧɚ ɝɥɭɛɢɧɟ 10 ɦɦ ɩɨ ɨɫɢ ɜɚɧɧɵ – ɚ) ɢ ɟɟ ɚɦɩɥɢɬɭɞɧɵɣ 

ɫɩɟɤɬɪ – ɛ) ɩɪɢ ɬɨɤɟ 400 Ⱥ ɢ ɢɧɞɭɤɰɢɢ ɜɧɟɲɧɟɝɨ Ɇɉ 5×10-4
 Ɍɥ.  

Ɋɢɫɭɧɨɤ 4.8 ɢɥɥɸɫɬɪɢɪɭɟɬ ɜɥɢɹɧɢɟ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɧɚ ɩɟɪɢɨɞ ɚɜ-

ɬɨɤɨɥɟɛɚɧɢɣ (ɪɚɫɫɱɢɬɚɧɧɵɟ ɤɨɥɟɛɚɧɢɹ ɫɤɨɪɨɫɬɢ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɩɨɥɭɱɟɧɧɵɟ 

ɤɨɥɟɛɚɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ). ɋɪɚɜɧɟɧɢɟ ɪɚɫɱɟɬɚ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚ ɩɨɤɚɡɵɜɚɟɬ ɭɞɨɜɥɟɬɜɨ-

ɪɢɬɟɥɶɧɨɟ ɫɨɜɩɚɞɟɧɢɟ, ɩɪɢ ɷɬɨɦ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɧɚɛɥɸɞɚ-

ɟɬɫɹ ɭɦɟɧɶɲɟɧɢɟ ɩɟɪɢɨɞɚ ɤɨɥɟɛɚɧɢɣ. 
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ɉɨɦɢɦɨ ɚɜɬɨɤɨɥɟɛɚɧɢɣ ɢɧɬɟɪɟɫ ɩɪɟɞɫɬɚɜɥɹɟɬ ɯɚɪɚɤɬɟɪɧɵɣ ɜɪɟɦɟɧɧɨɣ ɦɚɫ-

ɲɬɚɛ ɮɨɪɦɢɪɨɜɚɧɢɹ ɜɬɨɪɢɱɧɨɝɨ ɜɢɯɪɹ. ɉɨɷɬɨɦɭ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɜɨɥɨɤɨɧɧɨ-

ɨɩɬɢɱɟɫɤɨɝɨ ɞɚɬɱɢɤɚ ɫɤɨɪɨɫɬɢ ɛɵɥɨ ɢɫɫɥɟɞɨɜɚɧɨ ɜɪɟɦɹ ɨɛɪɚɡɨɜɚɧɢɹ ɜɨɫɯɨɞɹɳɟɝɨ 

ɬɨɪɨɢɞɚɥɶɧɨɝɨ ɜɢɯɪɹ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɜɟɥɢɱɢɧɵ ɜɧɟɲɧɟɝɨ Ɇɉ. Ⱦɚɬɱɢɤ ɪɚɫɩɨɥɚɝɚɥ-

ɫɹ ɧɚ ɨɫɢ ɫɢɦɦɟɬɪɢɢ r = 0 ɦɦ ɢ ɧɚ ɝɥɭɛɢɧɟ z = 10 ɦɦ. ɇɚ ɪɢɫɭɧɤɟ 4.9 ɩɪɟɞɫɬɚɜɥɟɧɵ  
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Ɋɢɫɭɧɨɤ 4.8 – Ɂɚɜɢɫɢɦɨɫɬɶ ɩɟɪɢɨɞɚ ɤɨɥɟɛɚɧɢɣ ɨɬ ɜɧɟɲɧɟɝɨ Ɇɉ. 1 – ɪɚɫɱɟɬ, 

2 – ɷɤɫɩɟɪɢɦɟɧɬ. 

ɩɨɥɭɱɟɧɧɵɟ ɱɢɫɥɟɧɧɨ-ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɨɫɰɢɥɥɨɝɪɚɦɦɵ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɨɬ ɜɪɟ-

ɦɟɧɢ, ɝɞɟ t = 0 – ɦɨɦɟɧɬ ɜɤɥɸɱɟɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ. ɂɡ ɝɪɚɮɢɤɨɜ 

ɜɢɞɧɨ, ɱɬɨ ɨɫɟɜɚɹ ɫɤɨɪɨɫɬɶ ɫɧɚɱɚɥɚ ɜɨɡɪɚɫɬɚɟɬ, ɚ ɡɚɬɟɦ ɪɟɡɤɨ ɩɚɞɚɟɬ ɞɨ ɧɭɥɹ (ɷɬɨ 

ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨɛ ɨɛɪɚɡɨɜɚɧɢɢ ɜɨɫɯɨɞɹɳɟɝɨ ɜɢɯɪɹ). ɑɢɫɥɟɧɧɵɟ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶ-

ɧɵɟ ɞɚɧɧɵɟ ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɨ ɫɨɝɥɚɫɭɸɬɫɹ, ɚ ɪɚɡɥɢɱɢɟ ɨɛɴɹɫɧɹɟɬɫɹ ɬɟɦ, ɱɬɨ ɬɚɤɚɹ 

ɫɢɫɬɟɦɚ ɧɟɭɫɬɨɣɱɢɜɚ ɢ ɥɸɛɨɟ ɜɨɡɦɭɳɟɧɢɟ ɦɨɠɟɬ ɩɪɢɜɟɫɬɢ ɤ ɢɡɦɟɧɟɧɢɸ ɜɢɞɚ ɨɫ-

ɰɢɥɥɨɝɪɚɦɦɵ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ. 
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ɝ) 

Ɋɢɫɭɧɨɤ 4.9 – Ɂɚɜɢɫɢɦɨɫɬɶ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɨɬ ɜɪɟɦɟɧɢ. ɚ) ɷɤɫɩɟɪɢɦɟɧɬ I = 400 Ⱥ, 

Bz = 3×10-4
 Ɍɥ, ɛ) Ɋɚɫɱɟɬ I = 400 Ⱥ, Bz = 3×10-4

 Ɍɥ, ɜ) ɷɤɫɩɟɪɢɦɟɧɬ I = 400 Ⱥ, 

Bz = 5×10-4
 Ɍɥ, ɝ) Ɋɚɫɱɟɬ I = 400 Ⱥ, Bz = 5×10-4

 Ɍɥ. ɚ), ɜ): ɝɥɭɛɢɧɚ z = 10 ɦɦ, 

ɛ), ɝ): 1 – z = 10 ɦɦ, 2 – 20 ɦɦ, 3 – 30 ɦɦ, 4 – 40 ɦɦ, 5 – 50 ɦɦ, 6 – 60 ɦɦ, 7 – 70 ɦɦ, 

8 – 80 ɦɦ. 

ɇɚ ɪɢɫɭɧɤɟ 4.10 ɩɪɟɞɫɬɚɜɥɟɧɵ ɱɢɫɥɟɧɧɚɹ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɚɹ ɡɚɜɢɫɢɦɨɫɬɢ 

ɜɪɟɦɟɧɢ ɨɛɪɚɡɨɜɚɧɢɹ ɜɬɨɪɨɝɨ ɜɢɯɪɹ ɨɬ ɜɟɥɢɱɢɧɵ ɜɧɟɲɧɟɝɨ Ɇɉ. ɉɪɢ ɷɬɨɦ ɪɟɠɢɦ 

1* – ɷɬɨ ɪɚɫɱɟɬɧɨɟ ɜɪɟɦɹ ɨɛɪɚɡɨɜɚɧɢɹ ɜɬɨɪɨɝɨ ɜɢɯɪɹ, ɨɞɧɚɤɨ ɡɚɬɟɦ ɜɢɯɪɶ ɢɫɱɟɡɚɟɬ 

t ≈ 15 ɫ (ɪɢɫɭɧɨɤ 4.9ɛ). Ⱦɚɥɟɟ ɜɬɨɪɨɣ ɜɢɯɪɶ ɨɛɪɚɡɭɟɬɫɹ ɫɧɨɜɚ ɩɪɢ t ≈ 29 ɫ, ɩɨɫɥɟ ɱɟɝɨ 

ɫɢɫɬɟɦɚ ɩɪɢɯɨɞɢɬ ɤ ɤɜɚɡɢɫɬɚɰɢɨɧɚɪɧɨɦɭ ɪɟɠɢɦɭ, ɜɪɟɦɹ ɧɚɫɬɭɩɥɟɧɢɹ ɤɨɬɨɪɨɝɨ ɩɨɤɚ-

ɡɚɧɨ ɤɪɢɜɨɣ 1 ɧɚ ɪɢɫɭɧɤɟ 4.10 (ɪɟɡɭɥɶɬɚɬ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ) ɢ ɤɪɢɜɨɣ 2 

(ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɣ ɪɟɡɭɥɶɬɚɬ). ɉɪɢ ɷɬɨɦ ɩɨɥɭɱɟɧɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɢɦɟɟɬ ɭɛɵɜɚɸ-
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ɳɢɣ ɯɚɪɚɤɬɟɪ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɪɟɡɭɥɶɬɚɬɵ ɯɨɪɨɲɨ ɫɨɝɥɚɫɭɸɬɫɹ ɩɪɢ ɡɧɚɱɟɧɢɢ ɜɧɟɲ-

ɧɟɝɨ Ɇɉ Bz > 5×10-4
 Ɍɥ ɢ ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɨ ɫɨɝɥɚɫɭɸɬɫɹ ɩɪɢ Bz = 3×10-4

 Ɍɥ. ɉɨɥɭ-

ɱɟɧɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɜɪɟɦɟɧɢ ɨɛɪɚɡɨɜɚɧɢɹ ɜɬɨɪɢɱɧɨɝɨ ɜɢɯɪɹ ɩɨɡɜɨɥɹɸɬ ɫɭɞɢɬɶ ɨ ɯɚ-

ɪɚɤɬɟɪɟ ɩɟɪɟɯɨɞɚ ɨɬ ɨɞɧɨɜɢɯɪɟɜɨɝɨ ɤ ɞɜɭɜɢɯɪɟɜɨɦɭ ɪɟɠɢɦɭ ɬɟɱɟɧɢɹ. 

ȼ ɰɟɥɹɯ ɩɨɥɭɱɟɧɢɹ ɢɧɮɨɪɦɚɰɢɢ ɨ ɬɨɦ, ɤɚɤɨɣ ɪɟɠɢɦ ɬɟɱɟɧɢɹ ɪɟɚɥɢɡɭɟɬɫɹ ɩɪɢ 

ɬɟɤɭɳɢɯ ɡɧɚɱɟɧɢɹɯ I ɢ Bz, ɛɵɥɨ ɩɪɨɜɟɞɟɧɨ ɱɢɫɥɟɧɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɨ ɨɩɪɟɞɟɥɟɧɢɸ 

ɝɪɚɧɢɰɵ ɪɚɡɞɟɥɚ ɡɨɧ ɨɞɧɨɜɢɯɪɟɜɨɝɨ ɢ ɞɜɭɜɢɯɪɟɜɨɝɨ ɬɟɱɟɧɢɣ (I = 1–1000 Ⱥ, 

Bz = 10
-5–1.4×10

-4
 Ɍɥ, S = 10

3–10
9
, N = 788–1.1×107). Ɋɚɫɱɟɬɵ ɛɵɥɢ ɜɵɩɨɥɧɟɧɵ ɩɪɢ 

ɪɚɡɥɢɱɧɨɦ ɨɬɧɨɲɟɧɢɢ ɪɚɡɦɟɪɨɜ ɦɚɥɨɝɨ ɢ ɛɨɥɶɲɨɝɨ ɷɥɟɤɬɪɨɞɨɜ (R1/R2). ɉɪɢ ɷɬɨɦ 

ɜɵɩɨɥɧɹɥɫɹ ɪɚɫɱɟɬ ɩɪɢ ɧɟɤɨɬɨɪɵɯ ɡɧɚɱɟɧɢɹɯ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɢ ɜɟɥɢɱɢɧɵ ɜɧɟɲ-  

 

Ɋɢɫɭɧɨɤ 4.10 – Ɂɚɜɢɫɢɦɨɫɬɶ ɜɪɟɦɟɧɢ ɨɛɪɚɡɨɜɚɧɢɹ ɜɬɨɪɨɝɨ ɜɢɯɪɹ ɨɬ ɜɟɥɢɱɢɧɵ 

ɜɧɟɲɧɟɝɨ Ɇɉ. 1, 1* – ɪɚɫɱɟɬ, 2 – ɷɤɫɩɟɪɢɦɟɧɬ. 

ɧɟɝɨ Ɇɉ, ɟɫɥɢ ɜ ɬɟɱɟɧɢɟ ɜɪɟɦɟɧɢ t = 900 ɫ ɜɬɨɪɨɣ ɜɢɯɪɶ ɧɟ ɨɛɪɚɡɨɜɵɜɚɥɫɹ, ɬɨ ɜɟɥɢ-

ɱɢɧɚ ɜɧɟɲɧɟɝɨ Ɇɉ ɭɜɟɥɢɱɢɜɚɥɚɫɶ ɢ ɪɚɫɱɟɬ ɩɪɨɜɨɞɢɥɫɹ ɫɧɚɱɚɥɚ, ɬɚɤɢɦ ɨɛɪɚɡɨɦ Ɇɉ 

ɭɜɟɥɢɱɢɜɚɥɨɫɶ ɜɩɥɨɬɶ ɞɨ ɩɨɹɜɥɟɧɢɹ ɜɬɨɪɨɝɨ ɜɢɯɪɹ. Ɂɚɬɟɦ ɮɢɤɫɢɪɨɜɚɥɫɹ ɞɢɚɩɚɡɨɧ 

ɡɧɚɱɟɧɢɣ ɜɧɟɲɧɟɝɨ Ɇɉ, ɜ ɤɨɬɨɪɨɦ ɧɚɛɥɸɞɚɥɫɹ ɩɟɪɟɯɨɞ ɨɬ ɨɞɧɨɜɢɯɪɟɜɨɝɨ ɬɟɱɟɧɢɹ ɤ 

ɞɜɭɜɢɯɪɟɜɨɦɭ. Ⱦɚɥɟɟ, ɩɨɥɭɱɟɧɧɵɣ ɞɢɚɩɚɡɨɧ ɫɭɠɚɥɫɹ ɞɨ 10 % ɨɬ ɚɛɫɨɥɸɬɧɨɣ ɜɟɥɢ-

ɱɢɧɵ ɜɧɟɲɧɟɝɨ Ɇɉ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɝɪɚɧɢɰɵ ɪɚɡɞɟɥɚ ɡɨɧ ɨɞɧɨɜɢɯ-

ɪɟɜɨɝɨ ɢ ɞɜɭɜɢɯɪɟɜɨɝɨ ɬɟɱɟɧɢɹ ɩɪɢ ɪɚɡɥɢɱɧɨɦ ɨɬɧɨɲɟɧɢɢ ɪɚɡɦɟɪɨɜ ɦɚɥɨɝɨ ɢ ɛɨɥɶ-

ɲɨɝɨ ɷɥɟɤɬɪɨɞɨɜ (ɪɢɫɭɧɨɤ 4.11). ȼɵɲɟ ɝɪɚɧɢɰɵ ɢɦɟɟɬ ɦɟɫɬɨ ɞɜɭɜɢɯɪɟɜɨɟ ɬɟɱɟɧɢɟ, ɚ 
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ɧɢɠɟ – ɨɞɧɨɜɢɯɪɟɜɨɟ, ɩɪɢ ɷɬɨɦ ɮɨɪɦɚ ɝɪɚɧɢɰ ɞɨɫɬɚɬɨɱɧɨ ɛɥɢɡɤɚ ɤ ɡɚɜɢɫɢɦɨɫɬɢ ɬɢɩɚ        . ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɞɥɹ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɬɨɤɨɜ < 200 Ⱥ, ɞɚɠɟ ɦɚɥɨɟ Ɇɉ 

Ɂɟɦɥɢ (Bz = 5×10-5
 Ɍɥ) ɩɪɢɜɨɞɢɬ ɤ ɨɛɪɚɡɨɜɚɧɢɸ ɜɬɨɪɨɝɨ ɜɢɯɪɹ, ɨɞɧɚɤɨ ɜɪɟɦɹ ɟɝɨ ɨɛ-

ɪɚɡɨɜɚɧɢɹ ɞɨɫɬɚɬɨɱɧɨ ɜɟɥɢɤɨ ɢ ɫɨɫɬɚɜɥɹɟɬ ɩɨɪɹɞɤɚ 700 ɫ. 

 

Ɋɢɫɭɧɨɤ 4.11 – Ƚɪɚɧɢɰɵ ɪɚɡɞɟɥɚ ɡɨɧ ɨɞɧɨɜɢɯɪɟɜɨɝɨ ɢ ɞɜɭɜɢɯɪɟɜɨɝɨ ɬɟɱɟɧɢɹ. 

1 – R1/R2 = 1/10, 2 – 1/37.6, 3 – 1/100. 

4.3 ɂɫɫɥɟɞɨɜɚɧɢɟ ɩɪɢɦɟɧɢɦɨɫɬɢ ɪɚɡɥɢɱɧɵɯ ɆȽȾ ɩɪɢɛɥɢɠɟɧɢɣ 

Ⱦɥɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ-ɱɢɫɥɟɧɧɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɪɢɦɟɧɢɦɨɫɬɢ ɷɥɟɤɬɪɨɞɢɧɚ-

ɦɢɱɟɫɤɨɝɨ ɩɪɢɛɥɢɠɟɧɢɹ ɛɵɥɢ ɜɵɛɪɚɧɵ ɪɟɠɢɦɵ, ɜ ɤɨɬɨɪɵɯ ɫɢɥɚ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨ-

ɤɚ, ɩɪɨɩɭɫɤɚɟɦɨɝɨ ɱɟɪɟɡ ɠɢɞɤɢɣ ɦɟɬɚɥɥ I = 10 Ⱥ, ɚ ɜɧɟɲɧɟɟ ɨɫɟɜɨɟ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ 

ɦɟɧɹɥɨɫɶ ɜ ɞɢɚɩɚɡɨɧɟ ɨɬ 10-3
 Ɍɥ ɞɨ 2×10-2

 Ɍɥ (S = 10
5
, N = 7.8×105–1.6×107

, 

St = 4.8×10-3–0.55). Ɋɟɠɢɦ I = 10 Ⱥ ɛɵɥ ɜɵɛɪɚɧ ɩɨ ɩɪɢɱɢɧɟ ɬɨɝɨ, ɱɬɨ ɩɪɢ ɬɚɤɢɯ ɬɨɤɚɯ 

ɚɡɢɦɭɬɚɥɶɧɚɹ ɡɚɤɪɭɬɤɚ ɧɟ ɩɪɢɜɨɞɢɥɚ ɤ ɩɪɨɝɢɛɭ ɩɨɜɟɪɯɧɨɫɬɢ ɩɨɞ ɦɚɥɵɦ ɷɥɟɤɬɪɨɞɨɦ. 

ɇɚ ɩɨɜɟɪɯɧɨɫɬɶ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɜɵɥɢɜɚɥɫɹ ɜɨɞɧɵɣ ɪɚɫɬɜɨɪ 40 % ɫɟɪɧɨɣ ɤɢ-

ɫɥɨɬɵ ɜ ɫɨɨɬɧɨɲɟɧɢɢ 1μ1, ɜ ɪɟɡɭɥɶɬɚɬɟ ɱɟɝɨ ɨɛɪɚɡɨɜɵɜɚɥɢɫɶ ɦɟɬɤɢ (ɩɭɡɵɪɶɤɢ ɜɨɞɨ-

ɪɨɞɚ) ɩɨ ɤɨɬɨɪɵɦ ɨɩɪɟɞɟɥɹɥɚɫɶ ɫɤɨɪɨɫɬɶ ɡɚɤɪɭɬɤɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ. 

Ɍɚɤɠɟ ɛɵɥɨ ɜɵɩɨɥɧɟɧɨ ɱɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɝɢɞɪɨɞɢɧɚɦɢɤɢ ɗȼɌ. ɇɚ 

ɜɫɟɯ ɝɪɚɧɢɰɚɯ ɛɵɥɨ ɡɚɞɚɧɨ ɭɫɥɨɜɢɟ ɩɪɢɥɢɩɚɧɢɹ U = 0, ɚ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɠɢɞɤɨɝɨ 

ɦɟɬɚɥɥɚ ɩɪɢɧɢɦɚɥɨɫɶ ɭɫɥɨɜɢɟ ɪɚɜɟɧɫɬɜɚ ɧɭɥɸ ɤɚɫɚɬɟɥɶɧɵɯ ɧɚɩɪɹɠɟɧɢɣ, ɪɟɲɚɥɚɫɶ 

ɨɫɟɫɢɦɦɟɬɪɢɱɧɚɹ ɡɚɞɚɱɚ (∂…/∂φ = 0, Uφ ≠ 0). ɑɢɫɥɟɧɧɵɣ ɪɚɫɱɟɬ ɩɪɨɞɨɥɠɚɥɫɹ ɞɨ ɜɵ-
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ɯɨɞɚ ɩɨɥɹ ɫɤɨɪɨɫɬɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɧɚ ɫɬɚɰɢɨɧɚɪɧɵɣ (ɢɥɢ ɤɜɚɡɢɫɬɚɰɢɨɧɚɪɧɵɣ) 

ɪɟɠɢɦ. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɛɵɥɨ ɩɪɨɜɟɞɟɧɨ ɫɪɚɜɧɟɧɢɟ ɱɢɫɥɟɧɧɵɯ ɪɚɫɱɟɬɨɜ ɞɥɹ 

ɪɚɡɥɢɱɧɵɯ ɫɟɬɨɤ ɜ ɞɜɭɦɟɪɧɨɣ ɢ ɬɪɟɯɦɟɪɧɨɣ ɩɨɫɬɚɧɨɜɤɟ, ɛɵɥɨ ɩɨɥɭɱɟɧɨ, ɱɬɨ ɞɨɫɬɚ-

ɬɨɱɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɩɪɨɫɬɭɸ ɨɫɟɫɢɦɦɟɬɪɢɱɧɭɸ ɫɟɬɤɭ, ɜɤɥɸɱɚɸɳɭɸ ɜ ɫɟɛɹ ɬɨɥɶɤɨ 

ɨɛɥɚɫɬɶ ɫ ɠɢɞɤɢɦ ɦɟɬɚɥɥɨɦ (ɪɢɫɭɧɨɤ 4.12ɛ). 

ɇɚ ɪɢɫɭɧɤɟ 4.12ɚ ɩɪɟɞɫɬɚɜɥɟɧɚ ɡɚɜɢɫɢɦɨɫɬɶ ɚɡɢɦɭɬɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɧɚ ɩɨ-

ɜɟɪɯɧɨɫɬɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɨɬ ɪɚɫɫɬɨɹɧɢɹ ɞɨ ɨɫɢ ɫɢɦɦɟɬɪɢɢ ɩɪɢ I = 10 Ⱥ ɢ ɜɟɥɢɱɢ-

ɧɟ ɜɧɟɲɧɟɝɨ Ɇɉ Bz = 10
-3

 Ɍɥ. ɂɡ ɝɪɚɮɢɤɚ ɜɢɞɧɨ, ɱɬɨ ɪɟɡɭɥɶɬɚɬɵ ɯɨɪɨɲɨ ɫɨɝɥɚɫɭɸɬ-

ɫɹ, ɚ ɪɚɡɥɢɱɢɟ ɜ ɪɚɫɱɟɬɚɯ ɞɥɹ ɗȾ ɢ Ȼɂ ɩɪɢɛɥɢɠɟɧɢɹ ɦɢɧɢɦɚɥɶɧɨ.  

ɇɚ ɪɢɫɭɧɤɟ 4.12ɛ ɩɪɟɞɫɬɚɜɥɟɧɚ ɡɚɜɢɫɢɦɨɫɬɶ ɚɡɢɦɭɬɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɧɚ ɩɨ-

ɜɟɪɯɧɨɫɬɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɨɬ ɪɚɫɫɬɨɹɧɢɹ ɞɨ ɨɫɢ ɫɢɦɦɟɬɪɢɢ ɩɪɢ I = 10 Ⱥ ɢ ɜɟɥɢɱɢ-

ɧɟ ɜɧɟɲɧɟɝɨ Ɇɉ Bz = 2×10-2
 Ɍɥ, ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɪɚɫɱɟɬ ɜ ɗȾ ɩɪɢɛɥɢɠɟɧɢɢ ɞɚɟɬ ɫɭɳɟ-

ɫɬɜɟɧɧɨ ɡɚɜɵɲɟɧɧɵɟ ɡɧɚɱɟɧɢɹ ɫɤɨɪɨɫɬɢ. Ȼɨɥɟɟ ɩɨɞɪɨɛɧɨɟ ɨɩɢɫɚɧɢɟ ɱɢɫɥɟɧɧɵɯ ɩɨ-

ɫɬɚɧɨɜɨɤ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɪɟɠɢɦɚɦ 2–6 (ɪɢɫɭɧɨɤ 4.12ɛ), ɩɪɢɜɟɞɟɧɨ ɜ ɩ. 3.9. 
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Ɋɢɫɭɧɨɤ 4.12 – ɉɪɨɮɢɥɶ ɚɡɢɦɭɬɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɧɚ ɫɜɨɛɨɞɧɨɣ ɩɨɜɟɪɯɧɨɫɬɢ 

ɪɚɫɩɥɚɜɚ ɨɬ ɪɚɞɢɚɥɶɧɨɣ ɤɨɦɩɨɧɟɧɬɵ r. ɚ) I = 10 Ⱥ, Bz = 10
-3

 Ɍɥ, 1 – ɗȾ 

ɩɪɢɛɥɢɠɟɧɢɟ, 2 – Ȼɂ ɩɪɢɛɥɢɠɟɧɢɟ, 3 – ɷɤɫɩɟɪɢɦɟɧɬ, ɛ) I = 10 Ⱥ, Bz = 2×10-2
 Ɍɥ, 1 – 

ɩɪɨɫɬɚɹ ɫɟɬɤɚ (5000 ɹɱɟɟɤ) ɗȾ ɩɪɢɛɥɢɠɟɧɢɟ, 2 – ɩɪɨɫɬɚɹ ɫɟɬɤɚ (5000 ɹɱɟɟɤ) Ȼɂ 

ɩɪɢɛɥɢɠɟɧɢɟ, 3 – ɫɟɬɤɚ ɫ ɩɨɞɜɨɞɧɵɦɢ ɷɥɟɤɬɪɨɞɚɦɢ (48 ɬ. ɹɱɟɟɤ) Ȼɂ ɩɪɢɛɥɢɠɟɧɢɟ, 4 

– ɋɟɬɤɚ ɫ ɩɨɞɜɨɞɧɵɦɢ ɷɥɟɤɬɪɨɞɚɦɢ (48 ɬ. ɹɱɟɟɤ), ɭɱɢɬɵɜɚɸɳɚɹ ɧɟɨɞɧɨɪɨɞɧɨɫɬɶ 

Ɇɉ ɫɨɥɟɧɨɢɞɚ Ȼɂ ɩɪɢɛɥɢɠɟɧɢɟ, 5 – ɩɨɥɧɚɹ ɆȽȾ ɡɚɞɚɱɚ (ɩɪɨɫɬɚɹ ɫɟɬɤɚ), 6 – 

ɪɟɡɭɥɶɬɚɬ 3D ɦɨɞɟɥɢɪɨɜɚɧɢɹ (400 ɬ. ɹɱɟɟɤ), Ȼɂ ɩɪɢɛɥɢɠɟɧɢɟ, 7 – ɷɤɫɩɟɪɢɦɟɧɬ. 
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ɇɚ ɪɢɫɭɧɤɟ 4.13 ɩɪɟɞɫɬɚɜɥɟɧ ɝɪɚɮɢɤ ɡɚɜɢɫɢɦɨɫɬɢ ɦɚɤɫɢɦɚɥɶɧɨɣ ɚɡɢɦɭɬɚɥɶɧɨɣ 

ɫɤɨɪɨɫɬɢ (r = 10 ɦɦ) ɨɬ ɜɟɥɢɱɢɧɵ ɜɧɟɲɧɟɝɨ ɨɫɟɜɨɝɨ Ɇɉ, ɜɢɞɧɨ, ɱɬɨ ɪɚɡɧɢɰɚ ɦɟɠɞɭ 

ɗȾ ɢ Ȼɂ ɩɪɢɛɥɢɠɟɧɢɹɦɢ ɞɨɫɬɢɝɚɟɬ 10 % ɩɪɢ ɜɧɟɲɧɟɦ Ɇɉ Bz = 1.25×10-3
 Ɍɥ 

(S = 10
5
, St = 7.1×10−3

, N = 9.8×105
). ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɩɪɢ ɬɚɤɨɦ ɢ ɛɨɥɶɲɟɦ ɡɧɚɱɟɧɢɢ 

ɜɧɟɲɧɟɝɨ Ɇɉ, ɫɥɟɞɭɟɬ ɜɵɩɨɥɧɹɬɶ ɱɢɫɥɟɧɧɵɟ ɪɚɫɱɟɬɵ, ɢɫɩɨɥɶɡɭɹ Ȼɂ ɩɪɢɛɥɢɠɟɧɢɟ, 

ɥɢɛɨ ɪɟɲɚɬɶ ɩɨɥɧɭɸ ɆȽȾ ɡɚɞɚɱɭ, ɩɨɫɤɨɥɶɤɭ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɗȾ ɩɪɢɛɥɢɠɟɧɢɹ ɫɬɚ-

ɧɨɜɢɬɫɹ ɧɟɩɪɢɦɟɧɢɦɵɦ ɞɥɹ ɤɨɥɢɱɟɫɬɜɟɧɧɨɝɨ, ɚ ɡɚɬɟɦ ɢ ɤɚɱɟɫɬɜɟɧɧɨɝɨ ɨɩɢɫɚɧɢɹ 

ɚɡɢɦɭɬɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɜ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɦ ɞɢɚɩɚɡɨɧɟ ɜɧɟɲɧɟɝɨ Ɇɉ. 
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Ɋɢɫɭɧɨɤ 4.13 – ȼɥɢɹɧɢɟ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɧɚ ɚɡɢɦɭɬɚɥɶɧɭɸ ɫɤɨɪɨɫɬɶ ɧɚ 

ɩɨɜɟɪɯɧɨɫɬɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ (I = 10 Ⱥ, r = 10 ɦɦ). 1 – ɗȾ ɩɪɢɛɥɢɠɟɧɢɟ, 2 –Ȼɂ 

ɩɪɢɛɥɢɠɟɧɢɟ, 3 – ɷɤɫɩɟɪɢɦɟɧɬ. 

ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɜ ɤɚɱɟɫɬɜɟ ɥɨɤɚɥɶɧɨɝɨ ɤɪɢɬɟɪɢɹ ɩɪɢɦɟɧɢɦɨɫɬɢ ɗȾ ɩɪɢ-

ɛɥɢɠɟɧɢɹ ɛɵɥɚ ɜɵɛɪɚɧɚ ɤɨɧɬɪɨɥɶɧɚɹ ɬɨɱɤɚ z = 0 ɦɦ, r = 10 ɦɦ. Ɍɚɤɨɣ ɜɵɛɨɪ ɨɛɭ-

ɫɥɨɜɥɟɧ ɬɟɦ, ɱɬɨ ɩɪɢ ɚɧɚɥɢɡɟ ɞɪɭɝɢɯ ɬɨɱɟɤ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɧɟ ɛɵɥɨ ɜɵɹɜɥɟɧɨ ɫɭɳɟ-

ɫɬɜɟɧɧɵɯ ɩɪɨɬɢɜɨɪɟɱɢɣ, ɤɨɬɨɪɵɟ ɦɨɝɥɢ ɛɵ ɩɨɫɬɚɜɢɬɶ ɩɨɞ ɫɨɦɧɟɧɢɟ ɨɛɨɫɧɨɜɚɧɧɨɫɬɶ 

ɜɵɛɨɪɚ ɭɤɚɡɚɧɧɨɣ ɬɨɱɤɢ, ɩɨɫɤɨɥɶɤɭ ɞɥɹ ɪɟɠɢɦɚ I = 10 Ⱥ, Bz = 10
-3

 Ɍɥ ɪɟɡɭɥɶɬɚɬɵ, 

ɩɨɥɭɱɟɧɧɵɟ ɜ ɗȾ ɢ Ȼɂ ɩɪɢɛɥɢɠɟɧɢɹɯ, ɞɚɸɬ ɫɨɝɥɚɫɭɸɳɢɟɫɹ ɡɧɚɱɟɧɢɹ ɚɡɢɦɭɬɚɥɶɧɨɣ 

ɫɤɨɪɨɫɬɢ ɧɚ ɜɫɟɣ ɩɨɜɟɪɯɧɨɫɬɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ. Ʉɪɨɦɟ ɬɨɝɨ, ɞɥɹ ɩɨɜɟɪɯɧɨɫɬɧɨɣ ɨɛ-
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ɥɚɫɬɢ ɜ ɞɚɧɧɨɣ ɬɨɱɤɟ ɢɦɟɟɬɫɹ ɜɨɡɦɨɠɧɨɫɬɶ ɩɪɹɦɨɝɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɢɡɦɟɪɟɧɢɹ 

ɫɤɨɪɨɫɬɢ, ɱɬɨ ɩɨɡɜɨɥɹɟɬ ɫɨɩɨɫɬɚɜɢɬɶ ɪɚɫɱɟɬɧɵɟ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ ɢ ɬɟɦ 

ɫɚɦɵɦ ɩɨɜɵɫɢɬɶ ɞɨɫɬɨɜɟɪɧɨɫɬɶ ɨɰɟɧɤɢ ɩɪɢɦɟɧɢɦɨɫɬɢ ɗȾ ɩɪɢɛɥɢɠɟɧɢɹ. 

ɑɬɨɛɵ ɨɛɴɹɫɧɢɬɶ ɷɮɮɟɤɬ ɭɦɟɧɶɲɟɧɢɹ ɫɤɨɪɨɫɬɢ ɡɚɤɪɭɬɤɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɩɪɢ 

ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɛɟɡɵɧɞɭɤɰɢɨɧɧɨɝɨ ɩɪɢɛɥɢɠɟɧɢɹ, ɡɚɩɢɲɟɦ ɭɪɚɜɧɟɧɢɟ ɞɥɹ ɚɡɢɦɭɬɚɥɶ-

ɧɨɣ ɤɨɦɩɨɧɟɧɬɵ ɫɢɥɵ ɜ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɨɦ (4.1) ɢ ɛɟɡɵɧɞɭɤɰɢɨɧɧɨɦ ɩɪɢɛɥɢɠɟɧɢ-

ɹɯ (4.2)μ              , (4.1)                                   (4.2) 

Ⱥɡɢɦɭɬɚɥɶɧɚɹ ɤɨɦɩɨɧɟɧɬɚ ɫɢɥɵ ɩɪɢɜɨɞɢɬ ɤ ɜɨɡɧɢɤɧɨɜɟɧɢɸ ɚɡɢɦɭɬɚɥɶɧɨɣ 

ɫɤɨɪɨɫɬɢ, ɚ ɭɜɟɥɢɱɟɧɢɟ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ Bz ɭɫɢɥɢɜɚɟɬ ɫɥɚɝɚɟɦɨɟ ıUφBz
2, ɜ 

ɤɨɬɨɪɨɟ ɜɯɨɞɢɬ ɤɜɚɞɪɚɬ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɢ ɜɟɥɢɱɢɧɚ Uφ ɫɨ ɡɧɚɤɨɦ «ɦɢɧɭɫ». ɉɨ-

ɫɤɨɥɶɤɭ ɚɡɢɦɭɬɚɥɶɧɚɹ ɫɤɨɪɨɫɬɶ ɧɚɩɪɚɜɥɟɧɚ ɜɞɨɥɶ ɨɫɧɨɜɧɨɣ ɫɨɫɬɚɜɥɹɸɳɟɣ ɫɢɥɵ 

Jr·Bz, ɭɤɚɡɚɧɧɨɟ ɫɥɚɝɚɟɦɨɟ ɭɦɟɧɶɲɚɟɬ ɚɡɢɦɭɬɚɥɶɧɭɸ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɭɸ ɫɢɥɭ. ɉɪɢ 

ɷɬɨɦ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɗȾ ɩɪɢɛɥɢɠɟɧɢɹ ɩɪɢɜɨɞɢɬ ɤ ɡɚɜɵɲɟɧɧɨɣ ɨɰɟɧɤɟ ɚɡɢɦɭɬɚɥɶɧɨɣ 

ɫɤɨɪɨɫɬɢ, ɩɨɫɤɨɥɶɤɭ ɜ ɜɵɪɚɠɟɧɢɢ ɞɥɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢɥɵ ɜ ɞɚɧɧɨɦ ɩɪɢɛɥɢɠɟ-

ɧɢɢ ɧɟ ɭɱɢɬɵɜɚɟɬɫɹ ɫɥɚɝɚɟɦɨɟ ıUφBz
2
. 

Ⱦɚɥɟɟ ɛɵɥɨ ɜɵɩɨɥɧɟɧɨ ɢɡɭɱɟɧɢɟ ɝɪɚɧɢɰ ɩɪɢɦɟɧɢɦɨɫɬɢ Ȼɂ ɩɪɢɛɥɢɠɟɧɢɹ, 

ɩɪɟɞɩɨɥɨɠɟɧɨ, ɱɬɨ ɪɚɡɥɢɱɢɟ ɦɟɠɞɭ Ȼɂ ɩɪɢɛɥɢɠɟɧɢɟɦ ɢ ɩɨɥɧɨɣ ɆȽȾ ɡɚɞɚɱɟɣ ɩɨɹ-

ɜɢɬɫɹ ɩɪɢ ɛɨɥɶɲɢɯ ɡɧɚɱɟɧɢɹɯ ɜɧɟɲɧɟɝɨ Ɇɉ. Ʉɚɤ ɫɥɟɞɭɟɬ ɢɡ ɭɪɚɜɧɟɧɢɣ ɞɥɹ ɷɥɟɤ-

ɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢɥɵ ɜɥɢɹɧɢɟ ɢɧɞɭɰɢɪɨɜɚɧɧɵɯ ɬɨɤɨɜ ɫɢɥɶɧɟɟ ɞɥɹ ɦɟɬɚɥɥɚ ɫ ɛɨɥɶɲɨɣ 

ɷɥɟɤɬɪɨɩɪɨɜɨɞɧɨɫɬɶɸ ı, ɩɨɷɬɨɦɭ ɛɵɥɢ ɩɪɨɜɟɞɟɧɵ ɪɚɫɱɟɬɵ ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɥɚɛɨɪɚ-

ɬɨɪɧɵɯ ɠɢɞɤɢɯ ɦɟɬɚɥɥɨɜ, ɫɜɨɣɫɬɜɚ ɤɨɬɨɪɵɯ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɬɚɛɥɢɰɟ 4.1. 

Ɍɚɛɥɢɰɚ 4.1 – Ɏɢɡɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɪɚɛɨɱɢɯ ɠɢɞɤɨɫɬɟɣ. 

ɀɢɞɤɨɫɬɶ ɗɥɟɤɬɪɨɩɪɨɜɨɞɧɨɫɬɶ ı, ɋɦ/ɦ ɉɥɨɬɧɨɫɬɶ ρ, ɤɝ/ɦ3 ȼɹɡɤɨɫɬɶ Ȟ, ɦ2/ɫ 

Hg 1×106 13600 10-7 

In-Ga-Sn 3.3×106 6450 4.3×10-7 

Na 107 930 7.7×10-7 
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ɉɨɫɬɪɨɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɦɚɤɫɢɦɚɥɶɧɵɯ ɡɧɚɱɟɧɢɣ ɚɡɢɦɭɬɚɥɶɧɨɣ ɢ ɨɫɟɜɨɣ ɫɤɨ-

ɪɨɫɬɟɣ ɨɬ ɡɧɚɱɟɧɢɹ ɜɧɟɲɧɟɝɨ Ɇɉ ɜ ɞɢɚɩɚɡɨɧɟ 5×10-2 ɞɨ 1 Ɍɥ (St = 0.729–4×104
, 

N = 4×107–8×108
). Ɋɟɡɭɥɶɬɚɬɵ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɟ ɧɚ ɪɢɫɭɧɤɟ 4.14, ɩɨɤɚɡɵɜɚɸɬ ɧɟɦɨ-

ɧɨɬɨɧɧɵɣ ɯɚɪɚɤɬɟɪ ɜɥɢɹɧɢɹ ɜɧɟɲɧɟɝɨ ɨɫɟɜɨɝɨ Ɇɉ, ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ Bz ɫɤɨɪɨɫɬɢ 

ɫɧɚɱɚɥɚ ɜɨɡɪɚɫɬɚɸɬ, ɨɞɧɚɤɨ ɩɪɢ ɞɚɥɶɧɟɣɲɟɦ ɭɜɟɥɢɱɟɧɢɢ Ɇɉ ɧɚɱɢɧɚɸɬ ɭɦɟɧɶɲɚɬɶ-

ɫɹ ɜɫɥɟɞɫɬɜɢɟ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɬɨɪɦɨɠɟɧɢɹ, ɫɜɹɡɚɧɧɨɝɨ ɫ ɞɟɣɫɬɜɢɟɦ ɢɧɞɭɰɢɪɨ-

ɜɚɧɧɵɯ ɬɨɤɨɜ. ɉɪɢ ɷɬɨɦ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɧɵɯ ɪɟɠɢɦɨɜ (I = 10 Ⱥ) ɢ ɜɧɟɲɧɟɦ ɦɚɝɧɢɬ-

ɧɨɦ ɩɨɥɟ ɩɨɪɹɞɤɚ 1 Ɍɥ, ɪɚɫɱɟɬɵ ɧɟ ɜɵɹɜɢɥɢ ɧɟɨɛɯɨɞɢɦɨɫɬɢ ɪɟɲɚɬɶ ɩɨɥɧɭɸ ɆȽȾ 

ɡɚɞɚɱɭ. 
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Ɋɢɫɭɧɨɤ 4.14 – ȼɥɢɹɧɢɟ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɧɚ ɦɚɤɫɢɦɚɥɶɧɭɸ ɨɫɟɜɭɸ (ɚ) ɢ 

ɚɡɢɦɭɬɚɥɶɧɭɸ (ɛ) ɤɨɦɩɨɧɟɧɬɵ ɫɤɨɪɨɫɬɢ. 1–3μ Ȼɂ ɩɪɢɛɥɢɠɟɧɢɟ 

(Hg,In–Ga–Sn, Na), 4–6μ ɉɨɥɧɚɹ ɆȽȾ ɡɚɞɚɱɚ (Hg, In–Ga–Sn, Na).  

Ɍɟɦ ɧɟ ɦɟɧɟɟ, ɜɚɠɧɨ ɨɩɪɟɞɟɥɢɬɶ, ɩɪɢ ɤɚɤɢɯ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɬɨɤɚɯ ɢ ɜɧɟɲɧɢɯ Ɇɉ 

ɫɥɟɞɭɟɬ ɪɟɲɚɬɶ ɩɨɥɧɭɸ ɆȽȾ ɡɚɞɚɱɭ. ɉɨɷɬɨɦɭ ɛɵɥɨ ɩɪɨɜɟɞɟɧɨ ɱɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨɜɚ-

ɧɢɟ ɢ ɩɨɥɭɱɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɚɡɢɦɭɬɚɥɶɧɨɣ/ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɟɣ ɨɬ ɜɟɥɢɱɢɧɵ ɷɥɟɤɬɪɢɱɟ-

ɫɤɨɝɨ ɬɨɤɚ, ɩɪɨɩɭɫɤɚɟɦɨɝɨ ɱɟɪɟɡ ɠɢɞɤɢɣ ɦɟɬɚɥɥ. Ɂɧɚɱɟɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɫɨɫɬɚɜ-

ɥɹɥɨ I = 500–12000 Ⱥ, ɚ ɜɧɟɲɧɟɟ ɨɫɟɜɨɟ Ɇɉ ɛɵɥɨ ɩɪɢɧɹɬɨ Bz = 0.1 Ɍɥ, ɚ ɜ ɤɚɱɟɫɬɜɟ ɪɚ-

ɛɨɱɟɣ ɠɢɞɤɨɫɬɢ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɧɚɬɪɢɣ – ɠɢɞɤɢɣ ɦɟɬɚɥɥ, ɨɛɥɚɞɚɸɳɢɣ ɦɚɤɫɢɦɚɥɶɧɨɣ 

ɷɥɟɤɬɪɨɩɪɨɜɨɞɧɨɫɬɶɸ (S = 5.7×10
8–3.2×10

11
, N = 8.5×10

9–2×10
11

, Reɦ = 0.3–3.5). ȼ ɞɚɧ-

ɧɨɦ ɫɥɭɱɚɟ ɧɚ ɜɫɟɯ ɝɪɚɧɢɰɚɯ ɡɚɞɚɧɨ ɭɫɥɨɜɢɟ ɩɪɢɥɢɩɚɧɢɹ (U = 0). ɂɡ ɝɪɚɮɢɤɨɜ ɜɢɞɧɨ 

(ɪɢɫɭɧɨɤ 4.15), ɱɬɨ ɦɚɤɫɢɦɚɥɶɧɵɟ ɚɡɢɦɭɬɚɥɶɧɵɟ ɫɤɨɪɨɫɬɢ, ɩɪɢ ɪɚɫɱɟɬɟ ɜ Ȼɂ ɩɪɢɛɥɢɠɟ-

ɧɢɢ ɢ ɩɪɢ ɪɟɲɟɧɢɢ ɩɨɥɧɨɣ ɆȽȾ ɡɚɞɚɱɢ, ɨɬɥɢɱɚɸɬɫɹ ɩɪɢɦɟɪɧɨ ɧɚ 1.5 % ɩɪɢ ɬɨɤɟ 
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12000 Ⱥ, ɚ ɪɚɡɥɢɱɢɟ ɦɟɠɞɭ ɜɵɱɢɫɥɟɧɧɵɦɢ ɨɫɟɜɵɦɢ ɫɤɨɪɨɫɬɹɦɢ ɞɨɫɬɢɝɚɟɬ 10 % ɩɪɢ 

I = 3000 Ⱥ. Ɉɬɦɟɬɢɦ, ɱɬɨ ɩɨɥɭɱɟɧɧɵɟ ɯɚɪɚɤɬɟɪɧɵɟ ɫɤɨɪɨɫɬɢ ɬɟɱɟɧɢɹ ɩɪɟɜɵɲɚɸɬ ɬɢ-

ɩɢɱɧɵɟ ɡɧɚɱɟɧɢɹ, ɪɟɚɥɢɡɭɟɦɵɟ ɜ ɩɪɨɦɵɲɥɟɧɧɵɯ ɦɟɬɚɥɥɭɪɝɢɱɟɫɤɢɯ ɚɝɪɟɝɚɬɚɯ. Ⱦɥɹ 

ɛɨɥɶɲɢɧɫɬɜɚ ɬɚɤɢɯ ɭɫɬɚɧɨɜɨɤ ɦɚɝɧɢɬɧɨɟ ɱɢɫɥɨ Ɋɟɣɧɨɥɶɞɫɚ, ɤɚɤ ɩɪɚɜɢɥɨ, ɨɫɬɚɟɬɫɹ 

ɦɟɧɶɲɟ ɟɞɢɧɢɰɵ, ɬɨɝɞɚ ɤɚɤ ɜ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ ɪɟɠɢɦɚɯ ɨɧɨ ɞɨɫɬɢɝɚɟɬ Reɦ ≈ 0.3−3.5. 

ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɞɥɹ ɛɨɥɶɲɢɧɫɬɜɚ ɩɪɨɦɵɲɥɟɧɧɵɯ ɭɫɥɨɜɢɣ ɞɨɫɬɚɬɨɱɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ Ȼɂ 

ɩɪɢɛɥɢɠɟɧɢɟ ɩɪɢ ɱɢɫɥɟɧɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɗȼɌ. 
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Ɋɢɫɭɧɨɤ 4.15 – ȼɥɢɹɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɧɚ ɦɚɤɫɢɦɚɥɶɧɭɸ ɚɡɢɦɭɬɚɥɶɧɭɸ (ɚ) ɢ 

ɨɫɟɜɭɸ (ɛ) ɤɨɦɩɨɧɟɧɬɵ ɫɤɨɪɨɫɬɢ ɩɪɢ Bz = 0.1 Ɍɥ ɞɥɹ ɧɚɬɪɢɹ. 1 – ɪɚɫɱɟɬ ɜ Ȼɂ 

ɩɪɢɛɥɢɠɟɧɢɢ, 2 – ɉɨɥɧɚɹ ɆȽȾ ɡɚɞɚɱɚ. 

4.4 ɂɫɫɥɟɞɨɜɚɧɢɟ ɩɚɪɚɦɟɬɪɨɜ ɢ ɫɬɪɭɤɬɭɪɵ ЭȼɌ ɜ ɲɢɪɨɤɨɦ ɞɢɚɩɚɡɨɧɟ ɜɧɟɲɧɢɯ 
Ɇɉ 

Ȼɵɥɨ ɜɵɩɨɥɧɟɧɨ ɱɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɝɢɞɪɨɞɢɧɚɦɢɤɢ ɗȼɌ ɜ ɞɢɚɩɚɡɨɧɟ 

ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɬɨɤɨɜ ɨɬ 100 ɞɨ 1000 Ⱥ ɢ ɞɢɚɩɚɡɨɧɟ ɜɧɟɲɧɢɯ Ɇɉ Bz = 5×10-5–1 Ɍɥ 

(S = 10
7–10

9
, N = 4×10

5–7.8×10
10

, St = 4×10
-5–5×10

4
), ɫɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ 

Bz = 5×10-5
 Ɍɥ ɫɨɨɬɜɟɬɫɬɜɭɟɬ Ɇɉ Ɂɟɦɥɢ. ɇɚ ɜɫɟɯ ɝɪɚɧɢɰɚɯ ɛɵɥɨ ɡɚɞɚɧɨ ɭɫɥɨɜɢɟ ɩɪɢ-

ɥɢɩɚɧɢɹ (U = 0), ɚ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɩɪɢɧɢɦɚɥɨɫɶ ɭɫɥɨɜɢɟ ɪɚɜɟɧɫɬɜɚ 

ɧɭɥɸ ɤɚɫɚɬɟɥɶɧɵɯ ɧɚɩɪɹɠɟɧɢɣ. Ɋɟɲɚɥɚɫɶ ɨɫɟɫɢɦɦɟɬɪɢɱɧɚɹ ɡɚɞɚɱɚ (∂…/∂φ = 0, 

Uφ ≠ 0). ɑɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɜɵɩɨɥɧɹɥɨɫɶ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ Ȼɂ ɩɪɢɛɥɢɠɟɧɢɹ. 

Ȼɵɥɨ ɩɨɥɭɱɟɧɨ ɩɨɥɟ ɫɤɨɪɨɫɬɢ ɬɟɱɟɧɢɹ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ, ɚ ɬɚɤɠɟ ɫɬɪɭɤɬɭɪɚ ɬɟɱɟɧɢɹ 
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ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɥɢɧɢɣ ɬɨɤɚ ɫɤɨɪɨɫɬɢ. Ɍɚɤɠɟ ɛɵɥɢ ɜɵɱɢɫɥɟɧɵ ɡɧɚɱɟɧɢɹ ɩɨɥɧɨɣ 

ɤɢɧɟɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ɫɢɫɬɟɦɵ ɞɥɹ ɤɚɠɞɨɝɨ ɪɟɠɢɦɚμ 

               (4.3) 

Ɂɚɜɢɫɢɦɨɫɬɶ ɩɨɥɧɨɣ ɤɢɧɟɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ɨɬ ɜɟɥɢɱɢɧɵ ɜɧɟɲɧɟɝɨ Ɇɉ ɩɪɟɞ-

ɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 4.16ɚ, ɩɪɢ ɷɬɨɦ ɝɨɪɢɡɨɧɬɚɥɶɧɚɹ ɨɫɶ ɩɨɞɟɥɟɧɚ ɧɚ ɡɨɧɵ, ɢ ɤɚɠɞɚɹ 

ɢɡ ɧɢɯ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɨɩɪɟɞɟɥɟɧɧɨɣ ɫɬɪɭɤɬɭɪɟ ɬɟɱɟɧɢɹ. Ɋɚɫɫɦɨɬɪɢɦ ɡɨɧɭ I, ɩɪɢ ɡɧɚ-

ɱɟɧɢɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ I = 100 A ɢ I = 200 A ɫ ɜɧɟɲɧɢɦ Ɇɉ Bz  = 5×10-5
 Ɍɥ ɢɦɟɟɬ 

ɦɟɫɬɨ ɬɟɱɟɧɢɟ ɫ ɞɜɭɦɹ ɬɨɪɨɢɞɚɥɶɧɵɦɢ ɜɢɯɪɹɦɢ. Ⱦɥɹ ɪɟɠɢɦɨɜ I = 400–600 A ɧɚɛɥɸ-

ɞɚɟɬɫɹ ɫɢɫɬɟɦɚ ɢɡ ɨɞɧɨɝɨ ɬɨɪɨɢɞɚɥɶɧɨɝɨ ɜɢɯɪɹ ɩɪɢ Bz < 10
-4

 Ɍɥ, ɚ ɞɥɹ ɪɟɠɢɦɨɜ 

I = 800–1000 A – ɩɪɢ Bz < 2×10-4
 Ɍɥ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɞɥɹ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɬɨɤɨɜ 

I = 400–1000 A ɜɧɟɲɧɟɝɨ Ɇɉ Bz = 5×10-5
 Ɍɥ ɧɟɞɨɫɬɚɬɨɱɧɨ ɞɥɹ ɨɛɪɚɡɨɜɚɧɢɹ ɜɬɨɪɨɝɨ 

ɜɢɯɪɹ. ȼɨɫɯɨɞɹɳɢɣ ɜɢɯɪɶ ɨɛɪɚɡɭɟɬɫɹ ɩɪɢ ɛɨɥɶɲɢɯ ɡɧɚɱɟɧɢɹɯ ɜɧɟɲɧɟɝɨ Ɇɉ, ɩɨ 

ɫɪɚɜɧɟɧɢɸ ɫ ɪɟɠɢɦɚɦɢ I = 100 A ɢ I = 200 A. ɉɨɷɬɨɦɭ ɡɨɧɚ I ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɫɬɪɭɤɬɭ-

ɪɟ ɬɟɱɟɧɢɹ, ɩɪɟɞɫɬɚɜɥɟɧɧɨɣ ɧɚ ɪɢɫɭɧɤɟ 4.16ɛ I (ɨɞɢɧɨɱɧɵɣ ɬɨɪɨɢɞɚɥɶɧɵɣ ɜɢɯɪɶ ɫɨ 

ɫɥɚɛɨɣ ɚɡɢɦɭɬɚɥɶɧɨɣ ɡɚɤɪɭɬɤɨɣ ɬɟɱɟɧɢɹ). 

Ɂɨɧɵ II–III ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɦɢɧɢɦɭɦɭ ɩɨɥɧɨɣ ɤɢɧɟɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ɬɟɱɟɧɢɹ ɢ 

ɩɟɪɟɯɨɞɭ ɤ ɞɜɭɜɢɯɪɟɜɨɦɭ ɪɟɠɢɦɭ ɬɟɱɟɧɢɹ, ɫɨɩɪɨɜɨɠɞɚɸɳɟɦɭɫɹ ɚɜɬɨɤɨɥɟɛɚɧɢɹɦɢ ɜ 

ɠɢɞɤɨɦ ɦɟɬɚɥɥɟ. ȼ ɡɨɧɟ II ɜɛɥɢɡɢ ɦɚɥɨɝɨ ɷɥɟɤɬɪɨɞɚ ɧɚɛɥɸɞɚɟɬɫɹ ɜɵɪɚɠɟɧɧɚɹ ɨɛ-

ɥɚɫɬɶ ɚɜɬɨɤɨɥɟɛɚɧɢɣ, ɤɨɬɨɪɚɹ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ 

ɩɨɥɹ ɭɦɟɧɶɲɚɟɬɫɹ, ɩɟɪɟɯɨɞɹ ɜ ɡɨɧɭ III, ɩɪɢ ɷɬɨɦ ɜ ɧɟɤɨɬɨɪɵɯ ɪɟɠɢɦɚɯ ɜɨɡɦɨɠɧɨ 

ɨɛɪɚɡɨɜɚɧɢɟ ɥɨɤɚɥɶɧɵɯ ɜɢɯɪɟɣ.  

Ɂɨɧɚ IV ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɩɨɞɚɜɥɟɧɢɸ ɩɟɪɜɢɱɧɨɝɨ ɬɨɪɨɢɞɚɥɶɧɨɝɨ ɜɢɯɪɹ ɜɬɨɪɢɱ-

ɧɵɦ ɢ ɨɬɬɟɫɧɟɧɢɸ ɟɝɨ ɧɚ ɩɟɪɢɮɟɪɢɸ ɤɨɧɬɟɣɧɟɪɚ ɫ ɠɢɞɤɢɦ ɦɟɬɚɥɥɨɦ (ɪɢɫɭɧɨɤ 4.16ɛ 

IV). ȼɦɟɫɬɟ ɫ ɬɟɦ, ɩɨɥɧɚɹ ɤɢɧɟɬɢɱɟɫɤɚɹ ɷɧɟɪɝɢɹ ɧɚɱɢɧɚɟɬ ɜɨɡɪɚɫɬɚɬɶ ɢ ɞɨɫɬɢɝɚɟɬ 

ɦɚɤɫɢɦɭɦɚ ɩɪɢ ɜɧɟɲɧɟɦ Ɇɉ Bz ~ 10
-2

 Ɍɥ, ɩɪɢ ɷɬɨɦ ɞɥɹ ɛɨɥɶɲɢɯ ɬɨɤɨɜ ɯɚɪɚɤɬɟɪɟɧ 

ɧɟɛɨɥɶɲɨɣ ɫɞɜɢɝ ɦɚɤɫɢɦɭɦɚ ɜɩɪɚɜɨ ɩɨ ɝɨɪɢɡɨɧɬɚɥɶɧɨɣ ɨɫɢ (ɪɢɫɭɧɨɤ 4.16ɚ).  

ȼ ɡɨɧɟ ↑ ɤɢɧɟɬɢɱɟɫɤɚɹ ɷɧɟɪɝɢɹ ɬɟɱɟɧɢɹ ɧɚɱɢɧɚɟɬ ɭɦɟɧɶɲɚɬɶɫɹ, ɱɬɨ ɫɜɹɡɚɧɨ ɫ 

ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɦ ɬɨɪɦɨɠɟɧɢɟɦ ɩɨɞ ɞɟɣɫɬɜɢɟɦ ɢɧɞɭɰɢɪɨɜɚɧɧɵɯ ɬɨɤɨɜ. ɋɬɪɭɤɬɭɪɚ 
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ɬɟɱɟɧɢɹ ɢɦɟɟɬ ɜɢɞ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɣ ɧɚ ɪɢɫɭɧɤɟ 4.16ɛ ↑μ ɨɫɬɚɟɬɫɹ ɬɨɥɶɤɨ ɜɨɫɯɨɞɹ-

ɳɢɣ ɬɨɪɨɢɞɚɥɶɧɵɣ ɜɢɯɪɶ, ɩɨɥɧɨɫɬɶɸ ɩɨɞɚɜɢɜɲɢɣ ɩɟɪɜɢɱɧɨɟ ɗȼɌ. 

ɉɪɢ ɞɚɥɶɧɟɣɲɟɦ ɭɜɟɥɢɱɟɧɢɢ ɜɧɟɲɧɟɝɨ Ɇɉ (ɡɨɧɚ ↑I) ɬɟɱɟɧɢɟ «ɫɠɢɦɚɟɬɫɹ» ɜ 

ɨɛɥɚɫɬɶ ɩɨɞ ɦɚɥɵɦ ɷɥɟɤɬɪɨɞɨɦ (ɜɛɥɢɡɢ ɨɫɢ ɫɢɦɦɟɬɪɢɢ, ɪɢɫɭɧɨɤ 4.16ɛ ↑I). ȼ ɨɫ-

ɬɚɥɶɧɨɦ ɨɛɴɟɦɟ ɮɨɪɦɢɪɭɟɬɫɹ ɡɚɫɬɨɣɧɚɹ ɡɨɧɚ ɫ ɦɢɧɢɦɚɥɶɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɶɸ ɬɟɱɟ-

ɧɢɹ. 
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ɛ) 

Ɋɢɫɭɧɨɤ 4.16 – ɚ) ɉɨɥɧɚɹ ɤɢɧɟɬɢɱɟɫɤɚɹ ɷɧɟɪɝɢɹ ɤɚɤ ɮɭɧɤɰɢɹ ɜɧɟɲɧɟɝɨ ɨɫɟɜɨɝɨ Ɇɉ 

ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɬɨɤɚɯμ 1 – I = 100 Ⱥ, 2 – I = 200 Ⱥ, 3 – I = 400 Ⱥ, 

4 – I = 600 Ⱥ, 5 – I = 800 Ⱥ, 6 – I = 1000 Ⱥ, ɛ) ɯɚɪɚɤɬɟɪɧɵɟ ɢɡɦɟɧɟɧɢɹ ɫɬɪɭɤɬɭɪɵ 

ɬɟɱɟɧɢɹ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɜɧɟɲɧɟɝɨ ɨɫɟɜɨɝɨ Ɇɉ.  
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Ɂɚɜɢɫɢɦɨɫɬɶ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɨɬ ɜɧɟɲɧɟɝɨ ɨɫɟɜɨɝɨ Ɇɉ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɷɥɟɤ-

ɬɪɢɱɟɫɤɢɯ ɬɨɤɚɯ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 4.17. Ⱦɥɹ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɬɨɤɨɜ I = 100 A ɢ 

I = 200 A ɧɚɛɥɸɞɚɟɬɫɹ ɦɢɧɢɦɭɦ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɜ ɞɢɚɩɚɡɨɧɟ ɜɧɟɲɧɢɯ Ɇɉ 

5×10-5–5×10-3
 Ɍɥ, ɞɥɹ ɬɚɤɢɯ ɬɨɤɨɜ, ɞɚɠɟ ɦɚɥɨɟ Ɇɉ Ɂɟɦɥɢ (Bz = 5×10-5

 Ɍɥ) ɩɪɢɜɨɞɢɬ ɤ 

ɨɛɪɚɡɨɜɚɧɢɸ ɜɬɨɪɨɝɨ ɜɢɯɪɹ ɢ ɭɦɟɧɶɲɟɧɢɸ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ. Ⱦɥɹ ɪɟɠɢɦɨɜ I = 400 A 

ɢ I = 600 A ɦɢɧɢɦɭɦ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɧɚɛɥɸɞɚɟɬɫɹ ɩɪɢ ɜɧɟɲɧɢɯ Ɇɉ 10-4–5×10-3
 Ɍɥ, 

ɚ ɞɥɹ ɬɨɤɨɜ I = 800 A ɢ I = 1000 A ɩɪɢ 2×10-4–5×10-3
 Ɍɥ. ɉɪɢ ɞɚɥɶɧɟɣɲɟɦ ɪɨɫɬɟ ɜɟ-

ɥɢɱɢɧɵ ɜɧɟɲɧɟɝɨ Ɇɉ ɞɨɦɢɧɢɪɭɟɬ ɜɨɫɯɨɞɹɳɢɣ ɬɨɪɨɢɞɚɥɶɧɵɣ ɜɢɯɪɶ. ɉɪɢ ɷɬɨɦ ɨɫɟ-

ɜɚɹ ɫɤɨɪɨɫɬɶ ɜɨɡɪɚɫɬɚɟɬ (ɩɨ ɦɨɞɭɥɸ) ɢ ɞɨɫɬɢɝɚɟɬ ɦɚɤɫɢɦɭɦɚ ɩɪɢ Bz ~ 4×10-1
 Ɍɥ, ɡɚ-

ɬɟɦ ɧɚɛɥɸɞɚɟɬɫɹ ɫɧɢɠɟɧɢɟ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɩɪɢ Bz > 4×10-1
 Ɍɥ. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, 

ɱɬɨ ɩɨɫɤɨɥɶɤɭ ɡɨɧɚ ɜɛɥɢɡɢ ɨɫɢ ɫɢɦɦɟɬɪɢɢ ɢɦɟɟɬ ɧɟɛɨɥɶɲɨɣ ɨɛɴɟɦ, ɬɨ ɨɫɟɜɚɹ ɫɤɨ-

ɪɨɫɬɶ ɜɧɨɫɢɬ ɦɚɥɵɣ ɜɤɥɚɞ ɜ ɩɨɥɧɭɸ ɤɢɧɟɬɢɱɟɫɤɭɸ ɷɧɟɪɝɢɸ ɬɟɱɟɧɢɹ. 
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Ɋɢɫɭɧɨɤ 4.17 – ȼɥɢɹɧɢɟ ɜɧɟɲɧɟɝɨ Ɇɉ ɧɚ ɨɫɟɜɭɸ ɤɨɦɩɨɧɟɧɬɭ ɫɤɨɪɨɫɬɢ ɜ ɬɨɱɤɟ 

r = 0 ɦɦ, z = 10 ɦɦμ 1 – I = 100 Ⱥ, 2 – I = 200 Ⱥ, 3 – I = 400 Ⱥ, 4 – I = 600 Ⱥ, 

5 – I = 800 Ⱥ, 6 – I = 1000 Ⱥ. 

Ɂɚɜɢɫɢɦɨɫɬɶ ɚɡɢɦɭɬɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɨɬ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɩɪɟɞɫɬɚɜ-

ɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 4.18. Ⱦɥɹ ɫɥɭɱɚɹ r = 10 ɦɦ – ɚɡɢɦɭɬɚɥɶɧɚɹ ɫɤɨɪɨɫɬɶ ɭɜɟɥɢɱɢɜɚɟɬɫɹ 

ɞɨ ɦɚɤɫɢɦɭɦɚ (ɞɢɚɩɚɡɨɧ ɜɧɟɲɧɟɝɨ Ɇɉ Bz ~ 2×10-1–7×10-1
 Ɍɥ) ɢ ɡɚɬɟɦ ɭɦɟɧɶɲɚɟɬɫɹ. 

Ɍɚɤɚɹ ɠɟ ɫɢɬɭɚɰɢɹ ɢ ɞɥɹ ɫɥɭɱɚɹ r = 80 ɦɦ, ɧɨ ɞɢɚɩɚɡɨɧɵ ɦɚɤɫɢɦɭɦɚ ɚɡɢɦɭɬɚɥɶɧɨɣ 
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ɫɤɨɪɨɫɬɢ ɫɨɫɬɚɜɥɹɸɬ Bz ~ 8×10-3–2×10-2
 Ɍɥ. ɉɪɢ ɫɢɥɶɧɨɦ ɜɧɟɲɧɟɦ ɦɚɝɧɢɬɧɨɦ ɩɨɥɟ 

(~0.2 Ɍɥ) ɢɦɟɟɬɫɹ ɡɨɧɚ ɬɟɱɟɧɢɹ ɜɛɥɢɡɢ ɦɚɥɨɝɨ ɷɥɟɤɬɪɨɞɚ (ɝɞɟ ɬɟɱɟɧɢɟ ɞɨɫɬɚɬɨɱɧɨ 

ɢɧɬɟɧɫɢɜɧɨ) ɢ ɡɨɧɚ ɬɟɱɟɧɢɹ ɜɛɥɢɡɢ ɛɨɥɶɲɨɝɨ ɷɥɟɤɬɪɨɞɚ (ɬɟɱɟɧɢɟ ɩɨɞɚɜɥɟɧɨ ɜɧɟɲ-

ɧɢɦ ɦɚɝɧɢɬɧɵɦ ɩɨɥɟɦ). 
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ɛ) 
Ɋɢɫɭɧɨɤ 4.18 – ȼɥɢɹɧɢɟ ɜɧɟɲɧɟɝɨ Ɇɉ ɧɚ ɚɡɢɦɭɬɚɥɶɧɭɸ ɫɤɨɪɨɫɬɶ ɧɚ ɫɜɨɛɨɞɧɨɣ 

ɩɨɜɟɪɯɧɨɫɬɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ (z = 0 ɦɦ). ɚ) Ɋɚɫɫɬɨɹɧɢɟ ɨɬ ɨɫɢ ɫɢɦɦɟɬɪɢɢ r = 10 ɦɦ, 

ɛ) r = 80 ɦɦ. 1 – I = 100 Ⱥ, 2 – I = 200 Ⱥ, 3 – I = 400 Ⱥ, 

4 – I = 600 Ⱥ, 5 – I = 800 Ⱥ, 6 – I = 1000 Ⱥ. 

Ⱦɥɹ ɚɩɪɨɛɚɰɢɢ ɱɢɫɥɟɧɧɨɣ ɦɨɞɟɥɢ ɛɵɥ ɩɪɨɜɟɞɟɧ ɷɤɫɩɟɪɢɦɟɧɬ ɢ ɩɨɥɭɱɟɧɚ ɡɚɜɢ-

ɫɢɦɨɫɬɶ ɚɡɢɦɭɬɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɨɬ ɜɟɥɢɱɢɧɵ ɜɧɟɲɧɟɝɨ Ɇɉ ɩɪɢ ɷɥɟɤɬɪɢɱɟɫɤɨɦ ɬɨɤɟ 

I = 100 Ⱥ (S = 10
7
, St = 0.067, N = 7.8×107

). ɂɡɦɟɪɟɧɢɹ ɩɪɨɜɨɞɢɥɢɫɶ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢ-

ɟɦ ɜɨɞɨɪɨɞɧɵɯ ɦɟɬɨɤ ɜ ɬɨɱɤɟ z = 0 (ɩɨɜɟɪɯɧɨɫɬɶ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ) ɢ r = 80 ɦɦ. Ɋɟ-

ɡɭɥɶɬɚɬɵ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɟ ɧɚ ɪɢɫɭɧɤɟ 4.19, ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɤɚɤ ɱɢɫɥɟɧɧɨ, ɬɚɤ ɢ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɧɚɛɥɸɞɚɟɬɫɹ ɦɚɤɫɢɦɭɦ ɚɡɢɦɭɬɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɩɪɢ ɜɧɟɲɧɟɦ 

Ɇɉ ~10
-2

 Ɍɥ, ɚ ɡɚɬɟɦ ɫɤɨɪɨɫɬɶ ɧɚɱɢɧɚɟɬ ɭɦɟɧɶɲɚɬɶɫɹ ɜɫɥɟɞɫɬɜɢɟ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ 

ɬɨɪɦɨɠɟɧɢɹ ɬɟɱɟɧɢɹ. 
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Ɋɢɫɭɧɨɤ 4.19 – ɋɪɚɜɧɟɧɢɟ ɱɢɫɥɟɧɧɵɯ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɞɥɹ 

ɚɡɢɦɭɬɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɬɟɱɟɧɢɹ ɩɪɢ I = 100 Ⱥ, r = 80 ɦɦ. 1 – ɗɤɫɩɟɪɢɦɟɧɬ, 

2 – ɪɚɫɱɟɬ. 

4.5 Ɇɟɫɬɨ ɪɟɡɭɥɶɬɚɬɨɜ ɞɢɫɫɟɪɬɚɰɢɨɧɧɨɣ ɪɚɛɨɬɵ ɫɪɟɞɢ ɫɭɳɟɫɬɜɭɸɳɢɯ 
ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢ ɱɢɫɥɟɧɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ 

ȼ ɧɚɫɬɨɹɳɟɣ ɞɢɫɫɟɪɬɚɰɢɢ ɜɵɩɨɥɧɟɧɵ ɢɡɦɟɪɟɧɢɹ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɫ ɩɨɦɨɳɶɸ 

ɤɨɪɪɟɥɹɰɢɨɧɧɨɝɨ ɞɚɬɱɢɤɚ (ɪɢɫɭɧɨɤ 4.3). ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɪɨɜɨ-

ɞɢɥɢɫɶ ɜ ɞɜɭɯ ɪɟɠɢɦɚɯμ ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɟɫɬɟɫɬɜɟɧɧɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ Ɂɟɦɥɢ ɢ 

ɩɪɢ ɟɝɨ ɤɨɦɩɟɧɫɚɰɢɢ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɤɚɬɭɲɤɢ Ɇɚɤɫɜɟɥɥɚ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɤɨɪɪɟ-

ɥɹɰɢɨɧɧɵɣ ɦɟɬɨɞ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɛɵɥ ɚɞɚɩɬɢɪɨɜɚɧ ɞɥɹ ɢɡɦɟɪɟɧɢɣ ɜ ɫɪɟɞɟ ɫ 

ɩɪɨɬɟɤɚɸɳɢɦ ɷɥɟɤɬɪɢɱɟɫɤɢɦ ɬɨɤɨɦ. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɪɚɧɟɟ ɷɬɨɬ ɦɟɬɨɞ ɢɫ-

ɩɨɥɶɡɨɜɚɥɫɹ ɞɥɹ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɜ ɬɪɭɛɚɯ ɪɚɡɥɢɱɧɨɝɨ ɫɟɱɟɧɢɹ.  

ɗɮɮɟɤɬ ɭɦɟɧɶɲɟɧɢɹ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɜ ɦɚɝɧɢɬɧɨɦ ɩɨɥɟ ɤɨɫɜɟɧɧɨ ɨɛɧɚɪɭɠɟɧ ɜ 

ɪɚɛɨɬɟ Д82Ж ɩɨ ɪɟɡɭɥɶɬɚɬɚɦ ɢɡɦɟɪɟɧɢɹ ɩɪɢɞɨɧɧɨɝɨ ɞɚɜɥɟɧɢɹ ɫɬɪɭɢ, ɜɨɡɞɟɣɫɬɜɭɸɳɟɣ 

ɧɚ ɞɧɨ ɤɨɧɬɟɣɧɟɪɚ. ȼɧɟɲɧɟɟ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ ɫɨɡɞɚɜɚɥɨɫɶ ɫɨɥɟɧɨɢɞɨɦ (ɬɨɤ ɜ ɨɛɦɨɬɤɟ 

≤ 1000 Ⱥ). Ɍɚɤɠɟ ɷɬɨɬ ɷɮɮɟɤɬ ɩɨɥɭɱɟɧ ɩɪɢ ɱɢɫɥɟɧɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɗȼɌ ɜ ɰɢɥɢɧ-

ɞɪɢɱɟɫɤɨɦ ɤɨɧɬɟɣɧɟɪɟ Д89]. ɇɚ ɪɢɫɭɧɤɟ 4.20 ɩɪɟɞɫɬɚɜɥɟɧɨ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɫɤɨɪɨɫɬɢ 

ɜɞɨɥɶ ɥɭɱɚ ɍȾȺ ɩɪɢ ɪɚɡɥɢɱɧɨɣ ɜɟɥɢɱɢɧɟ Ɇɉ, ɞɚɧɧɵɟ ɩɨɤɚɡɵɜɚɸɬ ɭɦɟɧɶɲɟɧɢɟ ɫɤɨ-
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ɪɨɫɬɢ ɬɟɱɟɧɢɹ ɩɪɢ ɜɨɡɪɚɫɬɚɧɢɢ ɜɧɟɲɧɟɝɨ Ɇɉ. ɇɚ ɪɢɫɭɧɤɟ 4.21 ɩɪɢɜɟɞɟɧɵ ɪɚɫɱɟɬ-

ɧɵɟ ɤɨɧɬɭɪɵ ɫɤɨɪɨɫɬɢ ɜ ɨɛɴɟɦɟ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɢ ɩɨɥɨɠɟɧɢɟ ɥɭɱɚ ɍȾȺ. ɋ ɪɨɫɬɨɦ 

ɜɟɥɢɱɢɧɵ Ɇɉ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɢ ɞɥɢɧɚ ɫɬɪɭɢ ɭɦɟɧɶɲɚɸɬɫɹ. 

ȼ ɨɬɥɢɱɢɟ ɨɬ ɪɚɛɨɬɵ Д82Ж, ɝɞɟ ɛɵɥɨ ɢɡɦɟɪɟɧɨ ɬɨɥɶɤɨ ɞɚɜɥɟɧɢɟ ɬɪɭɛɤɨɣ ɉɢɬɨ-

ɉɪɚɧɞɬɥɹ, ɜ ɞɚɧɧɨɣ ɞɢɫɫɟɪɬɚɰɢɢ ɜɟɥɢɱɢɧɚ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɛɵɥɚ ɢɡɦɟɪɟɧɚ ɷɤɫɩɟɪɢ-

ɦɟɧɬɚɥɶɧɨ. Ⱥ ɜ ɨɬɥɢɱɢɟ ɨɬ ɪɚɛɨɬɵ Д89Ж, ɜ ɤɨɬɨɪɨɣ ɷɤɫɩɟɪɢɦɟɧɬ ɩɪɢɜɟɞɟɧ ɬɨɥɶɤɨ ɞɥɹ 

Ɇɉ Bz = 2.5×10
-5

 Ɍɥ, ɜ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ 

ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɬɨɤɚɯ ɢ ɡɧɚɱɟɧɢɹɯ Ɇɉ Bz = 3×10
-6

 ɢ 5×10
-5

 Ɍɥ. Ɍɚɤɢɦ 

ɨɛɪɚɡɨɦ, ɜɩɟɪɜɵɟ ɩɨɥɭɱɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɪɟɡɭɥɶɬɚɬɵ, ɤɨɝɞɚ ɝɟɨɦɚɝɧɢɬɧɨɟ ɩɨ-

ɥɟ (Ɇɉ Ɂɟɦɥɢ) ɛɵɥɨ ɤɨɦɩɟɧɫɢɪɨɜɚɧɨ. ɉɪɢ ɷɬɨɦ ɪɚɛɨɬɵ Д82; 89Ж ɢ ɬɟɤɭɳɚɹ ɞɢɫɫɟɪ-

ɬɚɰɢɹ ɜɡɚɢɦɨɞɨɩɨɥɧɹɸɬ ɞɪɭɝ ɞɪɭɝɚ ɢ ɩɨɞɬɜɟɪɠɞɚɸɬ ɷɮɮɟɤɬ ɭɦɟɧɶɲɟɧɢɹ ɨɫɟɜɨɣ 

ɫɤɨɪɨɫɬɢ ɩɪɢ ɜɥɢɹɧɢɢ Ɇɉ Ɂɟɦɥɢ.  
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Ɋɢɫɭɧɨɤ 4.20 – Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɫɤɨɪɨɫɬɢ ɜɞɨɥɶ ɥɭɱɚ ɍȾȺ (ɷɤɫɩɟɪɢɦɟɧɬ (1), 

ɪɚɫɱɟɬ (2 – 10)), 1 – Bz = 2.5×10
-5

 Ɍɥ, 2 – 0 Ɍɥ, 3 –10
-5

 Ɍɥ, 4 – 1.75×10
-5

 Ɍɥ, 

5 – 2×10
-5

 Ɍɥ, 6 – 2.25×10
-5

 Ɍɥ, 7 – 2.5×10
-5

 Ɍɥ, 8 – 2.75×10
-5

 Ɍɥ, 9 – 3×10
-5

 Ɍɥ, 

10 – 4×10
-5

 Ɍɥ 
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Ɋɢɫɭɧɨɤ 4.21 – Ʉɨɧɬɭɪɵ ɫɤɨɪɨɫɬɢ ɩɪɢ ɪɚɡɥɢɱɧɨɣ ɜɟɥɢɱɢɧɟ ɜɧɟɲɧɟɝɨ Ɇɉ. ɚ) 

Bz = 0 Ɍɥ, ɛ) 2×10
-5

 Ɍɥ, ɜ) 2.55×10
-5

 Ɍɥ, ɝ) 3×10
-5

 Ɍɥ, ɞ) 4×10
-5

 Ɍɥ. 

ɉɨɦɢɦɨ ɨɫɟɜɨɣ ɫɬɪɭɤɬɭɪɵ ɬɟɱɟɧɢɹ, ɜɚɠɧɨɣ ɨɫɨɛɟɧɧɨɫɬɶɸ ɗȼɌ ɩɪɢ ɜɥɢɹɧɢɢ 

ɜɧɟɲɧɟɝɨ Ɇɉ ɹɜɥɹɸɬɫɹ ɚɜɬɨɤɨɥɟɛɚɧɢɹ ɫɤɨɪɨɫɬɢ. ɋɭɳɟɫɬɜɨɜɚɧɢɟ ɚɜɬɨɤɨɥɟɛɚɧɢɣ ɜ 

ɠɢɞɤɨɦ ɦɟɬɚɥɥɟ ɭɩɨɦɢɧɚɟɬɫɹ ɜ ɪɚɛɨɬɟ Д102], ɨɞɧɚɤɨ ɛɨɥɟɟ ɩɨɞɪɨɛɧɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɚɜɬɨɤɨɥɟɛɚɧɢɣ ɩɪɢɜɟɞɟɧɨ ɧɟ ɛɵɥɨ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜ ɞɚɧɧɨɣ ɞɢɫɫɟɪ-

ɬɚɰɢɢ, ɜɩɟɪɜɵɟ ɢɡɭɱɟɧɵ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɚɜɬɨɤɨɥɟɛɚɧɢɣ ɜ ɠɢɞɤɨɦ ɦɟɬɚɥɥɟ ɢ ɩɨɥɭ-

ɱɟɧɚ ɡɚɜɢɫɢɦɨɫɬɶ ɩɟɪɢɨɞɚ ɤɨɥɟɛɚɧɢɣ ɨɬ ɜɟɥɢɱɢɧɵ ɜɧɟɲɧɟɝɨ Ɇɉ. 

Ɍɚɤɠɟ, ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɨɝɨ ɞɚɬɱɢɤɚ ɫɤɨɪɨɫɬɢ, ɩɨɥɭɱɟɧɚ 

ɡɚɜɢɫɢɦɨɫɬɶ ɜɪɟɦɟɧɢ ɨɛɪɚɡɨɜɚɧɢɹ ɜɬɨɪɢɱɧɨɝɨ ɜɨɫɯɨɞɹɳɟɝɨ ɬɟɱɟɧɢɹ ɜ ɡɚɜɢɫɢɦɨɫɬɢ 

ɨɬ ɜɟɥɢɱɢɧɵ ɜɧɟɲɧɟɝɨ Ɇɉ. ȼ ɪɚɛɨɬɟ Д90] ɚɜɬɨɪɵ ɩɪɢɜɨɞɹɬ ɫɪɚɜɧɟɧɢɟ ɫɜɨɢɯ ɪɟɡɭɥɶ- 

 

Ɋɢɫɭɧɨɤ 4.22 – Ɉɫɰɢɥɥɨɝɪɚɦɦɵ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ I = 400 Ⱥ, Bz = 5×10-4
 Ɍɥ, r = 0 ɦɦ, 

z = 10 ɦɦ 1 – ɷɤɫɩɟɪɢɦɟɧɬ (ɬɟɤɭɳɚɹ ɪɚɛɨɬɚ) 2 – ɪɚɫɱɟɬ Д90]. 
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ɬɚɬɨɜ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ, ɩɨɥɭɱɟɧɧɵɦɢ ɜ 

ɧɚɫɬɨɹɳɟɣ ɞɢɫɫɟɪɬɚɰɢɢ. ɇɚ ɪɢɫɭɧɤɟ 4.22 ɩɪɢɜɟɞɟɧɨ ɫɪɚɜɧɟɧɢɟ ɞɥɹ ɪɟɠɢɦɚ I = 400 Ⱥ 

ɢ Bz = 5×10
-4

 Ɍɥ, ɩɪɢ ɷɬɨɦ ɪɟɡɭɥɶɬɚɬɵ ɤɚɱɟɫɬɜɟɧɧɨ ɫɨɝɥɚɫɭɸɬɫɹ. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, 

ɱɬɨ ɜ ɬɟɤɫɬɟ ɞɢɫɫɟɪɬɚɰɢɢ ɬɚɤɠɟ ɩɪɢɜɨɞɢɬɫɹ ɫɪɚɜɧɟɧɢɟ ɱɢɫɥɟɧɧɨɣ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶ-

ɧɨɣ ɨɫɰɢɥɥɨɝɪɚɦɦ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ, ɩɪɢ ɷɬɨɦ ɞɚɧɧɵɟ ɫɨɝɥɚɫɭɸɬɫɹ ɡɧɚɱɢɬɟɥɶɧɨ 

ɥɭɱɲɟ (ɪɢɫɭɧɨɤ 4.9). 

Ⱥɧɚɥɢɡ ɩɭɛɥɢɤɚɰɢɣ ɞɪɭɝɢɯ ɚɜɬɨɪɨɜ ɧɟ ɜɵɹɜɢɥ ɨɛɫɭɠɞɟɧɢɹ ɩɪɢɦɟɧɢɦɨɫɬɢ ɪɚɡ-

ɥɢɱɧɵɯ ɆȽȾ ɩɪɢɛɥɢɠɟɧɢɣ ɩɪɢɦɟɧɢɬɟɥɶɧɨ ɤ ɱɢɫɥɟɧɧɨɦɭ ɦɨɞɟɥɢɪɨɜɚɧɢɸ ɗȼɌ ɩɪɢ 

ɧɚɥɢɱɢɢ ɜɧɟɲɧɟɝɨ Ɇɉ. ȼ ɬɨ ɠɟ ɜɪɟɦɹ ɪɟɡɭɥɶɬɚɬɵ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɵ ɩɨɤɚɡɵɜɚɸɬ, 

ɱɬɨ ɞɥɹ ɫɩɥɚɜɚ In-Ga-Sn, ɩɪɢ ɜɥɢɹɧɢɢ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɫɜɵɲɟ  

1.25×10
-3

 Ɍɥ, ɩɪɢɦɟɧɟɧɢɟ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɩɪɢɛɥɢɠɟɧɢɹ ɩɪɢɜɨɞɢɬ ɤ ɫɭɳɟɫɬ-

ɜɟɧɧɨ ɡɚɜɵɲɟɧɧɵɦ ɪɚɫɱɟɬɧɵɦ ɩɨɥɹɦ ɫɤɨɪɨɫɬɢ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ. 

Ⱦɥɹ ɫɨɩɨɫɬɚɜɥɟɧɢɹ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɫ ɞɚɧɧɵɦɢ ɪɚɛɨɬɵ [86] (ɪɢɫɭɧɨɤ 

4.23ɚ), ɛɵɥɢ ɞɨɩɨɥɧɢɬɟɥɶɧɨ ɜɵɱɢɫɥɟɧɵ ɚɡɢɦɭɬɚɥɶɧɚɹ ɢ ɩɨɥɨɢɞɚɥɶɧɚɹ ɷɧɟɪɝɢɢ ɬɟɱɟ-

ɧɢɹ ɞɥɹ ɪɚɫɱɟɬɧɨɝɨ ɪɟɠɢɦɚ I = 1000 Ⱥ, ɩɪɢ ɪɚɡɥɢɱɧɨɣ ɜɟɥɢɱɢɧɟ ɜɧɟɲɧɟɝɨ Ɇɉ (ɪɢ-

ɫɭɧɨɤ 4.23ɛ).  

ȼɵɱɢɫɥɢɦ ɫɨɨɬɧɨɲɟɧɢɟ ɫɢɥ ɞɥɹ ɩɨɫɬɪɨɟɧɢɹ ɝɪɚɮɢɤɚ ɡɚɜɢɫɢɦɨɫɬɢ, ɞɥɹ ɷɬɨɝɨ 

ɡɚɩɢɲɟɦ ɭɪɚɜɧɟɧɢɟ Ɇɚɤɫɜɟɥɥɚ, ɜɵɪɚɡɢɦ ɩɥɨɬɧɨɫɬɶ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɢ ɩɨɞɫɬɚ-

ɜɢɦ ɜ ɜɵɪɚɠɟɧɢɟ ɞɥɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢɥɵμ 

∇                ∇             ∇         (4.4) 

ɉɨɫɤɨɥɶɤɭ ɜɵɱɢɫɥɟɧɢɹ ɩɪɨɢɡɜɨɞɹɬɫɹ ɜ ɨɫɟɫɢɦɦɟɬɪɢɱɧɨɣ ɐɋɄ, ɜɜɟɞɟɦ ɫɥɟɞɭɸɳɢɟ 

ɞɨɩɭɳɟɧɢɹμ Br = 0, Bφ = Bφ(r, z), Bz = const. Ɍɨɝɞɚ ɤɨɦɩɨɧɟɧɬɵ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɫɢ-

ɥɵ ɛɭɞɭɬ ɢɦɟɬɶ ɜɢɞμ 

                                                                 (4.5) 

Ɂɚɩɢɲɟɦ ɝɪɚɞɢɟɧɬ ɦɚɝɧɢɬɧɨɝɨ ɞɚɜɥɟɧɢɹμ 
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                                       (4.6) 

Ƚɪɚɞɢɟɧɬ ɦɚɝɧɢɬɧɨɝɨ ɞɚɜɥɟɧɢɹ – ɷɬɨ ɩɨɬɟɧɰɢɚɥɶɧɚɹ ɱɚɫɬɶ ɫɢɥɵ, ɩɨɷɬɨɦɭ ɟɝɨ ɦɨɠɧɨ 

ɩɟɪɟɧɟɫɬɢ ɩɨɞ ɡɧɚɤ ɝɪɚɞɢɟɧɬɚ ɞɚɜɥɟɧɢɹ, ɬɨɝɞɚ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɚɹ ɫɢɥɚ ɛɭɞɟɬ ɢɦɟɬɶ 

ɜɢɞμ  

                                 (4.7) 

ɉɪɢ ɷɬɨɦ ɢɡ ɭɪɚɜɧɟɧɢɹ Ɇɚɤɫɜɟɥɥɚμ 

             (4.8) 

Ɍɨɝɞɚ, ɟɫɥɢ ɜɵɱɢɫɥɹɬɶ ɫɪɟɞɧɟɨɛɴɟɦɧɨɟ ɫɨɨɬɧɨɲɟɧɢɟ ɫɢɥμ 

                                     (4.9) 

ɋɪɚɜɧɟɧɢɟ ɫ ɪɟɡɭɥɶɬɚɬɚɦɢ ɪɚɛɨɬɵ Д86Ж (ɪɢɫɭɧɨɤ 4.23ɚ) ɩɨɤɚɡɵɜɚɟɬ ɯɨɪɨɲɟɟ 

ɫɨɝɥɚɫɨɜɚɧɢɟ ɞɚɧɧɵɯ. Ɉɬɥɢɱɢɹ ɨɛɭɫɥɨɜɥɟɧɵ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɢɧɨɣ ɦɨɞɟɥɢ ɬɭɪɛɭ-

ɥɟɧɬɧɨɫɬɢ (k-Ȧ SST ɜɦɟɫɬɨ k-ε) ɢ ɪɚɡɥɢɱɧɵɦ ɩɨɞɜɨɞɨɦ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ. ɉɪɢ 

ɷɬɨɦ ɨɛɪɚɡɨɜɚɧɢɟ ɜɬɨɪɢɱɧɨɝɨ ɬɟɱɟɧɢɹ ɢ ɭɦɟɧɶɲɟɧɢɟ ɩɨɥɨɢɞɚɥɶɧɨɣ ɷɧɟɪɝɢɢ ɧɚ ɧɟ-

ɫɤɨɥɶɤɨ ɩɨɪɹɞɤɨɜ ɩɪɨɢɫɯɨɞɢɬ ɩɪɢ ɨɬɧɨɲɟɧɢɢ ɚɡɢɦɭɬɚɥɶɧɨɣ ɢ ɩɨɥɨɢɞɚɥɶɧɨɣ ɫɢɥ 

~0.01. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɨɫɨɛɟɧɧɨɫɬɹɦɢ ɧɚɫɬɨɹɳɟɣ ɞɢɫɫɟɪɬɚɰɢɢ ɹɜɥɹɸɬɫɹ ɞɚɧɧɵɟ, ɩɨ-

ɥɭɱɟɧɧɵɟ ɜ ɛɨɥɟɟ ɲɢɪɨɤɨɦ ɞɢɚɩɚɡɨɧɟ ɜɧɟɲɧɟɝɨ Ɇɉ (ɞɨ 1 Ɍɥ), ɢ ɭɱɟɬ ɜɥɢɹɧɢɹ ɢɧɞɭ-

ɰɢɪɨɜɚɧɧɵɯ ɬɨɤɨɜ, ɱɬɨ ɩɨɡɜɨɥɢɥɨ ɨɛɧɚɪɭɠɢɬɶ ɷɮɮɟɤɬ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɬɨɪɦɨɠɟ-

ɧɢɹ ɬɟɱɟɧɢɹ ɩɪɢ ɜɥɢɹɧɢɢ ɫɢɥɶɧɨɝɨ ɜɧɟɲɧɟɝɨ Ɇɉ (ɛɨɥɟɟ 0.01 Ɍɥ). 



111 

1E-3 1E-2 1E-1 1
1E-7

1E-6

1E-5

1E-4

1E-3

Fφ/Frz

E, Ⱦɠ

ɚ) ɛ)

Ep

Eφ 

Eφ=Fφ
10/9

E
φ=

F
φ

2

0.01 0.1 1 10 100
1E-4

0.001

0.01

0.1

1

10

100

 1
 2
 3

Bz , Ɍɥ

1E-4 0.001 0.01 0.1 15E-5

Fφ/Frz

 

Ɋɢɫɭɧɨɤ 4.23 – Ɂɚɜɢɫɢɦɨɫɬɢ ɤɢɧɟɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ɨɬ ɜɟɥɢɱɢɧɵ ɜɧɟɲɧɟɝɨ Ɇɉ. 

ɚ) Д86Ж, ɛ) ɬɟɤɭɳɚɹ ɪɚɛɨɬɚ. 1 – ɚɡɢɦɭɬɚɥɶɧɚɹ ɤɢɧɟɬɢɱɟɫɤɚɹ ɷɧɟɪɝɢɹ, 

2 – ɩɨɥɨɢɞɚɥɶɧɚɹ, 3 – ɩɨɥɧɚɹ. 

4.6 ȼɵɜɨɞɵ ɤ ɝɥɚɜɟ 4 

ɋ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɤɨɪɪɟɥɹɰɢɨɧɧɨɝɨ ɞɚɬɱɢɤɚ ɫɤɨɪɨɫɬɢ ɩɨɥɭɱɟɧɚ ɡɚɜɢɫɢɦɨɫɬɶ 

ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɨɬ ɡɧɚɱɟɧɢɹ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ. ɂɫɫɥɟɞɨɜɚɧɢɹ ɩɪɨɜɟɞɟɧɵ ɫ ɤɨɦ-

ɩɟɧɫɚɰɢɟɣ Ɇɉ Ɂɟɦɥɢ. 

ɂɫɫɥɟɞɨɜɚɧɚ ɫɬɪɭɤɬɭɪɚ ɗȼɌ ɩɪɢ ɧɚɥɢɱɢɢ ɜɧɟɲɧɟɝɨ Ɇɉ ɞɨ Bz = 10
-3

 Ɍɥ. ɉɨɤɚ-

ɡɚɧɨ, ɱɬɨ ɜ ɞɢɚɩɚɡɨɧɟ Bz = 10
-4–10

-3
 Ɍɥ ɩɪɢ ɷɥɟɤɬɪɢɱɟɫɤɨɦ ɬɨɤɟ I = 400 Ⱥ, ɬɟɱɟɧɢɟ 

ɦɨɠɟɬ ɢɦɟɬɶ ɞɜɭɜɢɯɪɟɜɭɸ ɫɬɪɭɤɬɭɪɭ, ɫɨɩɪɨɜɨɠɞɚɸɳɭɸɫɹ ɚɜɬɨɤɨɥɟɛɚɧɢɹɦɢ ɫɤɨɪɨ-

ɫɬɢ, ɜɵɡɜɚɧɧɵɦɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟɦ ɞɜɭɯ ɜɢɯɪɟɣ. ɉɪɢ ɷɬɨɦ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɜɧɟɲɧɟɝɨ 

Ɇɉ ɩɟɪɢɨɞ ɢ ɚɦɩɥɢɬɭɞɚ ɚɜɬɨɤɨɥɟɛɚɧɢɣ ɭɦɟɧɶɲɚɸɬɫɹ. ɉɪɢ ɦɚɥɵɯ Bz (ɫɨɩɨɫɬɚɜɢɦɵɯ 

ɫ Ɇɉ Ɂɟɦɥɢ) ɫɨɯɪɚɧɹɟɬɫɹ ɨɞɧɨɜɢɯɪɟɜɚɹ ɫɬɪɭɤɬɭɪɚ. 

ɋ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɢ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɨɝɨ ɞɚɬ-

ɱɢɤɚ ɫɤɨɪɨɫɬɢ ɢɫɫɥɟɞɨɜɚɧɨ ɨɛɪɚɡɨɜɚɧɢɟ ɜɨɫɯɨɞɹɳɟɝɨ ɬɨɪɨɢɞɚɥɶɧɨɝɨ ɜɢɯɪɹ, ɩɨɤɚɡɚ-

ɧɨ, ɱɬɨ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɜɧɟɲɧɟɝɨ Ɇɉ ɜɪɟɦɹ ɨɛɪɚɡɨɜɚɧɢɹ ɭɦɟɧɶɲɚɟɬɫɹ.  

Ɋɚɫɱɟɬɧɵɦ ɦɟɬɨɞɨɦ ɩɨɥɭɱɟɧɚ ɝɪɚɧɢɰɚ ɪɚɡɞɟɥɚ ɡɨɧ ɫ ɨɞɧɨɜɢɯɪɟɜɨɣ ɢ ɞɜɭɜɢɯ-

ɪɟɜɨɣ ɫɬɪɭɤɬɭɪɨɣ ɬɟɱɟɧɢɹ. ɑɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɛɵɥɨ ɜɵɩɨɥɧɟɧɨ ɞɥɹ ɪɚɡɧɵɯ 
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ɪɚɡɦɟɪɨɜ ɦɚɥɨɝɨ ɷɥɟɤɬɪɨɞɚ. ȼɵɹɜɥɟɧɨ, ɱɬɨ ɩɪɢ ɧɟɤɨɬɨɪɵɯ ɞɨɫɬɚɬɨɱɧɨ ɦɚɥɵɯ ɜɧɟɲ-

ɧɢɯ Ɇɉ ɜɨɫɯɨɞɹɳɢɣ ɜɢɯɪɶ ɧɟ ɨɛɪɚɡɭɟɬɫɹ. ɉɪɢ ɷɬɨɦ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɩɪɢ ɦɚɥɵɯ ɷɥɟɤ-

ɬɪɢɱɟɫɤɢɯ ɬɨɤɚɯ (I < 200 Ⱥ), Ɇɉ Ɂɟɦɥɢ ɩɪɢɜɨɞɢɬ ɤ ɨɛɪɚɡɨɜɚɧɢɸ ɜɨɫɯɨɞɹɳɟɝɨ ɜɢɯɪɹ. 

ɂɫɫɥɟɞɨɜɚɧɚ ɩɪɢɦɟɧɢɦɨɫɬɶ ɪɚɡɥɢɱɧɵɯ ɆȽȾ ɩɪɢɛɥɢɠɟɧɢɣ ɩɪɢ ɪɚɫɱɟɬɟ ɗȼɌ. 

ɉɨɤɚɡɚɧɨ, ɱɬɨ ɩɪɢ ɜɧɟɲɧɢɯ Ɇɉ > 1.25×10-3
 Ɍɥ, ɫɥɟɞɭɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶ Ȼɂ ɩɪɢɛɥɢɠɟ-

ɧɢɟ, ɥɢɛɨ ɪɟɲɚɬɶ ɩɨɥɧɭɸ ɆȽȾ ɡɚɞɚɱɭ. Ɍɚɤɠɟ ɩɨɥɭɱɟɧɨ, ɱɬɨ ɢɫɩɨɥɶɡɨɜɚɧɢɟ Ȼɂ ɩɪɢ-

ɛɥɢɠɟɧɢɹ ɞɨɫɬɚɬɨɱɧɨ ɩɪɢ ɱɢɫɥɟɧɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɛɨɥɶɲɢɧɫɬɜɚ ɥɚɛɨɪɚɬɨɪɧɵɯ ɢ 

ɩɪɨɦɵɲɥɟɧɧɵɯ ɡɚɞɚɱ. 

ɉɨɥɭɱɟɧɚ ɫɬɪɭɤɬɭɪɚ ɗȼɌ ɜ ɲɢɪɨɤɨɦ ɞɢɚɩɚɡɨɧɟ ɜɧɟɲɧɢɯ Ɇɉ 

(5×10-5–1 Ɍɥ). ȼɵɹɜɥɟɧɨ, ɱɬɨ ɢɦɟɟɬɫɹ ɞɜɚ ɦɢɧɢɦɭɦɚ ɤɢɧɟɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ, ɩɟɪɜɵɣ 

ɫɜɹɡɚɧ ɫ ɚɡɢɦɭɬɚɥɶɧɨɣ ɡɚɤɪɭɬɤɨɣ ɬɟɱɟɧɢɹ ɢ ɫɜɹɡɚɧɧɨɣ ɫ ɧɟɣ ɷɤɦɚɧɨɜɫɤɨɣ ɩɨɞɤɚɱɤɨɣ, 

ɚ ɜɬɨɪɨɣ ɫ ɜɥɢɹɧɢɟɦ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɬɨɤɨɜ, ɢɧɞɭɰɢɪɨɜɚɧɧɵɯ ɞɜɢɠɟɧɢɟɦ ɷɥɟɤɬɪɨɩɪɨ-

ɜɨɞɹɳɟɣ ɫɪɟɞɵ (ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɟ ɬɨɪɦɨɠɟɧɢɟ ɬɟɱɟɧɢɹ). 
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Ɂɚɤɥɸɱɟɧɢɟ 

ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɢɫɫɥɟɞɨɜɚɧɨ ɗȼɌ ɫ ɤɨɦɩɟɧɫɚɰɢɟɣ ɢ ɛɟɡ Ɇɉ Ɂɟɦɥɢ, ɢɡɦɟ-

ɪɟɧɢɹ ɩɪɨɜɟɞɟɧɵ ɞɥɹ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɬɨɤɨɜ 100–450 Ⱥ (S = 10
7–2×108

, 

N = 1.6×104–1.8×106). ɉɨɥɭɱɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɨɬ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨ-

ɤɚ. ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɩɪɢ ɧɚɥɢɱɢɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ Ɂɟɦɥɢ ɨɫɟɜɚɹ 

ɫɤɨɪɨɫɬɶ ɠɢɞɤɨɝɨ ɦɟɬɚɥɥɚ ɜ ɨɛɥɚɫɬɢ ɫɬɪɭɢ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɧɵɯ ɪɟɠɢɦɨɜ ɭɦɟɧɶɲɚɟɬ-

ɫɹ ɩɪɢɦɟɪɧɨ ɧɚ 30–50 %. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɭɦɟɧɶɲɟɧɢɟ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ ɦɨɠɟɬ ɛɵɬɶ 

ɜɵɡɜɚɧɨ ɧɟ ɬɨɥɶɤɨ Ɇɉ ɢɫɤɭɫɫɬɜɟɧɧɨɝɨ ɩɪɨɢɫɯɨɠɞɟɧɢɹ, ɧɨ ɢ Ɇɉ Ɂɟɦɥɢ (ɫɨɨɬɜɟɬɫɬ-

ɜɭɟɬ ɩɨɥɨɠɟɧɢɸ 1).  

ɂɫɫɥɟɞɨɜɚɧɵ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɚɜɬɨɤɨɥɟɛɚɧɢɣ ɜ ɠɢɞɤɨɦ ɦɟɬɚɥɥɟ, ɤɨɬɨɪɵɟ ɜɵ-

ɡɜɚɧɵ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟɦ ɩɟɪɜɢɱɧɨɝɨ ɢ ɩɪɨɬɢɜɨɧɚɩɪɚɜɥɟɧɧɨɝɨ ɜɬɨɪɢɱɧɨɝɨ ɬɨɪɨɢ-

ɞɚɥɶɧɨɝɨ ɜɢɯɪɹ. Ɋɚɫɱɟɬɵ ɢ ɷɤɫɩɟɪɢɦɟɧɬɵ ɩɪɨɜɨɞɢɥɢɫɶ ɞɥɹ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ 

400 Ⱥ ɢ Ɇɉ 10-4–10
-3

 Ɍɥ (S = 1.7×108
, N = 3.2×106

 – 3.2×107
). ɉɨɤɚɡɚɧɨ, ɱɬɨ ɫ ɭɜɟɥɢ-

ɱɟɧɢɟɦ ɜɧɟɲɧɟɝɨ ɨɫɟɜɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ Bz ɩɟɪɢɨɞ ɢ ɚɦɩɥɢɬɭɞɚ ɚɜɬɨɤɨɥɟɛɚɧɢɣ 

ɭɦɟɧɶɲɚɸɬɫɹ. Ɍɚɤɠɟ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɩɪɢ Bz ≈ 7×10
-5

 Ɍɥ ɜɬɨɪɢɱɧɵɣ ɜɢɯɪɶ ɧɟ ɮɨɪ-

ɦɢɪɭɟɬɫɹ ɢ ɚɜɬɨɤɨɥɟɛɚɧɢɹ ɨɬɫɭɬɫɬɜɭɸɬ, ɚ ɩɪɢ Ɇɉ Bz 10×5 ذ
-3

 Ɍɥ ɜɬɨɪɢɱɧɵɣ ɜɢɯɪɶ 

ɜɵɬɟɫɧɹɟɬ ɩɟɪɜɢɱɧɵɣ ɤ ɩɟɪɢɮɟɪɢɢ, ɜɫɥɟɞɫɬɜɢɟ ɱɟɝɨ ɚɜɬɨɤɨɥɟɛɚɧɢɹ ɩɪɟɤɪɚɳɚɸɬɫɹ. ɋ 

ɩɨɦɨɳɶɸ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɨɝɨ ɞɚɬɱɢɤɚ ɫɤɨɪɨɫɬɢ ɢɫɫɥɟɞɨɜɚɧɨ ɜɪɟɦɹ ɨɛɪɚɡɨɜɚɧɢɹ 

ɜɨɫɯɨɞɹɳɟɝɨ ɜɢɯɪɹ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɜɟɥɢɱɢɧɵ ɜɧɟɲɧɟɝɨ Ɇɉ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɜɪɟɦɹ 

ɨɛɪɚɡɨɜɚɧɢɹ ɜɬɨɪɢɱɧɨɝɨ ɜɢɯɪɹ ɭɦɟɧɶɲɚɟɬɫɹ ɫ ɪɨɫɬɨɦ ɡɧɚɱɟɧɢɹ ɜɧɟɲɧɟɝɨ Ɇɉ (ɫɨɨɬ-

ɜɟɬɫɬɜɭɟɬ ɩɨɥɨɠɟɧɢɸ 2). 

Ɇɟɬɨɞɨɦ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɨɥɭɱɟɧɚ ɝɪɚɧɢɰɚ ɪɚɡɞɟɥɚ ɡɨɧ ɨɞɧɨɜɢɯ-

ɪɟɜɨɝɨ ɢ ɞɜɭɜɢɯɪɟɜɨɝɨ ɬɟɱɟɧɢɹ ɞɥɹ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɬɨɤɨɜ 1–1000 Ⱥ 

(Bz = 10
-5–1.4×10

-4
 Ɍɥ, S = 10

3–10
9
, N = 788–1.1×107

). ȼɵɹɜɥɟɧɨ, ɱɬɨ ɩɪɢ ɷɥɟɤɬɪɢɱɟ-

ɫɤɢɯ ɬɨɤɚɯ ɩɨɪɹɞɤɚ 100–200 Ⱥ, Ɇɉ Ɂɟɦɥɢ ɩɪɢɜɨɞɢɬ ɤ ɨɛɪɚɡɨɜɚɧɢɸ ɜɬɨɪɢɱɧɨɝɨ ɜɢɯ-

ɪɹ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɨɤɚɡɚɧɨ, ɱɬɨ ɩɪɢɱɢɧɨɣ ɨɛɪɚɡɨɜɚɧɢɹ ɜɬɨɪɢɱɧɨɝɨ ɜɢɯɪɹ ɦɨɠɟɬ 

ɛɵɬɶ ɤɚɤ Ɇɉ Ɂɟɦɥɢ, ɬɚɤ ɢ Ɇɉ ɢɫɤɭɫɫɬɜɟɧɧɨɝɨ ɩɪɨɢɫɯɨɠɞɟɧɢɹ (ɫɨɡɞɚɧɧɨɟ ɫɨɥɟɧɨɢ-

ɞɨɦ). 
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Ɋɚɡɪɚɛɨɬɚɧɚ ɦɟɬɨɞɢɤɚ ɪɚɫɱɟɬɚ ɗȼɌ ɜ ɛɟɡɵɧɞɭɤɰɢɨɧɧɨɦ ɩɪɢɛɥɢɠɟɧɢɢ ɢ ɪɟɲɟ-

ɧɢɹ ɩɨɥɧɨɣ ɆȽȾ ɡɚɞɚɱɢ. ȼɵɹɜɥɟɧɨ, ɱɬɨ ɩɪɢ ɜɧɟɲɧɟɦ Ɇɉ 1.25×10
-3

 Ɍɥ (S = 10
5
, 

St = 7.1×10−3
, N = 9.8×105

) ɢ ɛɨɥɟɟ ɬɪɟɛɭɟɬɫɹ ɢɫɩɨɥɶɡɨɜɚɬɶ Ȼɂ ɩɪɢɛɥɢɠɟɧɢɟ, ɥɢɛɨ 

ɪɟɲɚɬɶ ɩɨɥɧɭɸ ɆȽȾ ɡɚɞɚɱɭ, ɩɨɫɤɨɥɶɤɭ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɨɟ ɩɪɢɛɥɢɠɟɧɢɟ ɞɚɟɬ 

ɫɭɳɟɫɬɜɟɧɧɨ ɡɚɜɵɲɟɧɧɵɟ ɪɚɫɱɟɬɧɵɟ ɡɧɚɱɟɧɢɹ ɚɡɢɦɭɬɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ (ɫɨɨɬɜɟɬɫɬɜɭ-

ɟɬ ɩɨɥɨɠɟɧɢɸ 3). 

Ɍɚɤɠɟ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɞɥɹ ɛɨɥɶɲɢɧɫɬɜɚ ɩɪɨɦɵɲɥɟɧɧɵɯ ɢ ɥɚɛɨɪɚɬɨɪɧɵɯ ɡɚɞɚɱ 

ɞɨɫɬɚɬɨɱɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɛɟɡɵɧɞɭɤɰɢɨɧɧɨɟ ɩɪɢɛɥɢɠɟɧɢɟ, ɩɨɫɤɨɥɶɤɭ ɧɟɨɛɯɨɞɢɦɨɫɬɶ 

ɪɟɲɟɧɢɹ ɩɨɥɧɨɣ ɆȽȾ ɡɚɞɚɱɢ ɜɨɡɧɢɤɚɟɬ ɩɪɢ Reɦ ≈ 1. ȼɦɟɫɬɟ ɫ ɬɟɦ, ɞɥɹ ɛɨɥɶɲɢɧɫɬɜɚ 

ɦɟɬɚɥɥɭɪɝɢɱɟɫɤɢɯ ɢ ɥɚɛɨɪɚɬɨɪɧɵɯ ɭɫɬɚɧɨɜɨɤ ɦɚɝɧɢɬɧɨɟ ɱɢɫɥɨ Ɋɟɣɧɨɥɶɞɫɚ, ɤɚɤ ɩɪɚ-

ɜɢɥɨ, ɨɫɬɚɟɬɫɹ ɦɟɧɶɲɟ ɟɞɢɧɢɰɵ, ɱɬɨ ɞɟɥɚɟɬ ɩɪɢɦɟɧɟɧɢɟ ɛɟɡɵɧɞɭɤɰɢɨɧɧɨɝɨ ɩɪɢɛɥɢ-

ɠɟɧɢɹ ɨɛɨɫɧɨɜɚɧɧɵɦ. 

ɂɫɫɥɟɞɨɜɚɧɚ ɫɬɪɭɤɬɭɪɚ ɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɗȼɌ ɜ ɲɢɪɨɤɨɦ ɞɢɚɩɚɡɨɧɟ ɜɧɟɲɧɢɯ 

Ɇɉ ɨɬ 5×10
-5

 ɞɨ 1 Ɍɥ (S = 10
7–10

9
, N = 4×10

5–7.8×10
10

, St = 4×10
-5–5×10

4
). ȼɵɹɜɥɟɧɨ, 

ɱɬɨ ɩɪɢ ɫɥɚɛɵɯ Ɇɉ, ɧɢɠɟ ɝɪɚɧɢɰɵ ɩɟɪɟɯɨɞɚ, ɡɚɜɢɫɹɳɟɣ ɨɬ ɜɟɥɢɱɢɧɵ ɷɥɟɤɬɪɢɱɟɫɤɨ-

ɝɨ ɬɨɤɚ, ɢɦɟɟɬ ɦɟɫɬɨ ɨɞɧɨɜɢɯɪɟɜɚɹ ɫɬɪɭɤɬɭɪɚ ɬɟɱɟɧɢɹ, ɩɪɢ ɞɨɫɬɢɠɟɧɢɢ ɷɬɨɣ ɝɪɚɧɢ-

ɰɵ ɮɨɪɦɢɪɭɟɬɫɹ ɞɜɭɜɢɯɪɟɜɚɹ ɫɬɪɭɤɬɭɪɚ ɬɟɱɟɧɢɹ. ȼ ɞɢɚɩɚɡɨɧɟ ɜɧɟɲɧɢɯ Ɇɉ ɨɬ 

~10
-4

 Ɍɥ ɞɨ з10-3
 Ɍɥ ɬɟɱɟɧɢɟ ɢɦɟɟɬ ɞɜɭɜɢɯɪɟɜɭɸ ɫɬɪɭɤɬɭɪɭ, ɩɪɢ ɷɬɨɦ ɜɨɡɦɨɠɧɨ ɨɛ-

ɪɚɡɨɜɚɧɢɟ ɧɟɛɨɥɶɲɢɯ ɥɨɤɚɥɶɧɵɯ ɜɢɯɪɟɣ. Ɍɚɤɠɟ ɜ ɷɬɨɦ ɞɢɚɩɚɡɨɧɟ ɜɧɟɲɧɢɯ Ɇɉ ɧɚ-

ɛɥɸɞɚɟɬɫɹ ɦɢɧɢɦɭɦ ɩɨɥɧɨɣ ɤɢɧɟɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ, ɢ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɫɥɚɛɚɹ ɢɧɬɟɧ-

ɫɢɜɧɨɫɬɶ ɬɟɱɟɧɢɹ. ɉɪɢ ɞɚɥɶɧɟɣɲɟɦ ɭɜɟɥɢɱɟɧɢɢ Ɇɉ ɜɩɥɨɬɶ ɞɨ ∼ 10
−2

 Ɍɥ ɢɧɬɟɧɫɢɜ-

ɧɨɫɬɶ ɬɟɱɟɧɢɹ ɜɨɡɪɚɫɬɚɟɬ ɜ ɫɜɹɡɢ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɚɡɢɦɭɬɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɬɟɱɟɧɢɹ. 

ɉɪɢ ɷɬɨɦ ɜɨɫɯɨɞɹɳɢɣ ɜɢɯɪɶ ɨɬɬɟɫɧɹɟɬ ɩɟɪɜɢɱɧɵɣ ɧɚ ɩɟɪɢɮɟɪɢɸ ɤɨɧɬɟɣɧɟɪɚ ɫ ɠɢɞ-

ɤɢɦ ɦɟɬɚɥɥɨɦ.  

ȼɧɟɲɧɟɟ Ɇɉ Bz ≈ 10
-2

 Ɍɥ (St ≈  0.067, N ≈ 7.8×107) ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɦɚɤɫɢɦɭɦɭ 

ɩɨɥɧɨɣ ɤɢɧɟɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ɬɟɱɟɧɢɹ. ɉɪɢ ɞɚɥɶɧɟɣɲɟɦ ɜɨɡɪɚɫɬɚɧɢɢ Ɇɉ ɧɚɱɢɧɚɟɬ-

ɫɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɟ ɬɨɪɦɨɠɟɧɢɟ ɬɟɱɟɧɢɹ (ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɩɨɥɨɠɟɧɢɸ 4). ɉɪɢ ɷɬɨɦ 

ɜɨɫɯɨɞɹɳɢɣ ɜɢɯɪɶ ɪɚɞɢɚɥɶɧɨ ɫɠɢɦɚɟɬɫɹ, ɚ ɜ ɨɫɬɚɥɶɧɨɦ ɨɛɴɟɦɟ ɮɨɪɦɢɪɭɟɬɫɹ ɡɚɫɬɨɣ-

ɧɚɹ ɡɨɧɚ ɫ ɦɢɧɢɦɚɥɶɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɶɸ ɬɟɱɟɧɢɹ.  
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Ȼɥɚɝɨɞɚɪɧɨɫɬɢ 

Ⱥɜɬɨɪ ɜɵɪɚɠɚɟɬ ɨɝɪɨɦɧɭɸ ɛɥɚɝɨɞɚɪɧɨɫɬɶ ɧɚɭɱɧɨɦɭ ɪɭɤɨɜɨɞɢɬɟɥɸ ɤ.ɬ.ɧ. Ɍɟɩ-

ɥɹɤɨɜɭ ɂ.Ɉ. ɡɚ ɩɪɨɮɟɫɫɢɨɧɚɥɶɧɨɟ ɪɭɤɨɜɨɞɫɬɜɨ, ɩɨɦɨɳɶ ɩɪɢ ɩɪɨɜɟɞɟɧɢɢ ɱɢɫɥɟɧɧɨɝɨ 

ɢ ɮɢɡɢɱɟɫɤɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɗȼɌ ɢ ɩɨɞɞɟɪɠɤɭ ɜɨ ɜɪɟɦɹ ɩɨɞɝɨɬɨɜɤɢ ɞɢɫɫɟɪɬɚɰɢɢ. 

Ⱥɜɬɨɪ ɨɫɨɛɨ ɛɥɚɝɨɞɚɪɟɧ ɞ.ɬ.ɧ. ɂɜɨɱɤɢɧɭ ɘ.ɉ. ɡɚ ɩɨɫɬɨɹɧɧɭɸ ɩɨɞɞɟɪɠɤɭ ɢ 

ɩɨɦɨɳɶ ɧɚ ɜɫɟɯ ɷɬɚɩɚɯ ɜɵɩɨɥɧɟɧɢɹ ɞɢɫɫɟɪɬɚɰɢɢ. 

Ⱥɜɬɨɪ ɛɥɚɝɨɞɚɪɢɬ ɤɨɥɥɟɝ ɡɚ ɩɨɦɨɳɶ ɜ ɪɚɛɨɬɟ ɧɚ ɪɚɡɥɢɱɧɵɯ ɷɬɚɩɚɯμ 

Ʉɭɛɪɢɤɨɜɚ Ʉ.Ƚ., Ɋɚɡɭɜɚɧɨɜɚ ɇ.Ƚ., Ʉɥɟɦɟɧɬɶɟɜɭ ɂ.Ȼ., ɂɝɭɦɧɨɜɚ ȼ.ɋ., Ƚɥɚɡɤɨɜɚ ȼ.ȼ., 

ɋɢɧɤɟɜɢɱɚ Ɉ.Ⱥ., ɀɢɞɤɨɜɚ Ⱥ.ȼ., ɒɢɯɨɜɚ Ʉ.Ⱥ., Ⱦɨɦɚɱɭɤɚ Ⱥ., ɉɨɥɹɤɨɜɚ ɉ.ɂ. 
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ɋɩɢɫɨɤ ɨɛɨɡɧɚɱɟɧɢɣ ɢ ɫɨɤɪɚɳɟɧɢɣ 

ɋɨɤɪɚɳɟɧɢɹ 

Ⱥɐɉ – ɚɧɚɥɨɝɨɜɨ-ɰɢɮɪɨɜɨɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ 

ȼɈɉɋ – ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ ɫɤɨɪɨɫɬɢ 

Ƚɉɍ – ɝɪɚɮɢɱɟɫɤɨɟ ɩɪɨɰɟɫɫɨɪɧɨɟ ɭɫɬɪɨɣɫɬɜɨ 

ȾɋɄ – ɞɟɤɚɪɬɨɜɚɹ ɫɢɫɬɟɦɚ ɤɨɨɪɞɢɧɚɬ 

ɀɆȻ – ɠɢɞɤɨɦɟɬɚɥɥɢɱɟɫɤɚɹ ɛɚɬɚɪɟɹ 

Ʉɍ – ɤɨɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢɹ 

ɅȺɌɊ – ɥɚɛɨɪɚɬɨɪɧɵɣ ɚɜɬɨɬɪɚɧɫɮɨɪɦɚɬɨɪ 

ɆȽȾ – ɦɚɝɧɢɬɨɝɢɞɪɨɞɢɧɚɦɢɱɟɫɤɢɣ 

Ɇɉ – ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ 

ɋɋɄ – ɫɮɟɪɢɱɟɫɤɚɹ ɫɢɫɬɟɦɚ ɤɨɨɪɞɢɧɚɬ 

Ɏȼɑ – ɮɢɥɶɬɪ ɜɵɫɨɤɨɣ ɱɚɫɬɨɬɵ 

Ɏɇɑ – ɮɢɥɶɬɪ ɧɢɡɤɨɣ ɱɚɫɬɨɬɵ 

ɐɉɍ – ɰɟɧɬɪɚɥɶɧɨɟ ɩɪɨɰɟɫɫɨɪɧɨɟ ɭɫɬɪɨɣɫɬɜɨ 

ɐɋɄ – ɰɢɥɢɧɞɪɢɱɟɫɤɚɹ ɫɢɫɬɟɦɚ ɤɨɨɪɞɢɧɚɬ 

ɗȼɆ – ɷɥɟɤɬɪɨɧɧɨ-ɜɵɱɢɫɥɢɬɟɥɶɧɚɹ ɦɚɲɢɧɚ 

ɗȼɌ – ɷɥɟɤɬɪɨɜɢɯɪɟɜɨɟ ɬɟɱɟɧɢɟ 

ɗȾɉ – ɷɥɟɤɬɪɨɞɭɝɨɜɨɣ ɩɟɪɟɩɥɚɜ 

ɗȾɉɉɌ – ɷɥɟɤɬɪɨɞɭɝɨɜɚɹ ɩɟɱɶ ɩɨɫɬɨɹɧɧɨɝɨ ɬɨɤɚ 

ɗɒɉ – ɷɥɟɤɬɪɨɲɥɚɤɨɜɵɣ ɩɟɪɟɩɥɚɜ 

ɗɒɋ – ɷɥɟɤɬɪɨɲɥɚɤɨɜɚɹ ɫɜɚɪɤɚ 

Ɉɛɨɡɧɚɱɟɧɢɹ 

A – ɤɨɷɮɮɢɰɢɟɧɬ 

aɷ, bɷ – ɩɨɥɭɨɫɢ ɷɥɥɢɩɫɚ, ɦ 

Bz – ɜɧɟɲɧɟɟ ɨɫɟɜɨɟ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ, Ɍɥ 

BɁɟɦ – ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ Ɂɟɦɥɢ, Ɍɥ 

Bɷɜɬ – ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ, ɫɨɡɞɚɧɧɨɟ ɬɨɤɨɦ I, Ɍɥ 

d – ɞɢɚɦɟɬɪ, ɦ 
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E – ɧɚɩɪɹɠɟɧɧɨɫɬɶ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ, ȼ/ɦ 

Eɤ – ɩɨɥɧɚɹ ɤɢɧɟɬɢɱɟɫɤɚɹ ɷɧɟɪɝɢɹ, Ⱦɠ 

F – ɫɢɥɚ, H 

f – ɱɚɫɬɨɬɚ, Ƚɰ 

Fɷɥ – ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɚɹ ɫɢɥɚ, H 

g – ɭɫɤɨɪɟɧɢɟ ɫɜɨɛɨɞɧɨɝɨ ɩɚɞɟɧɢɹ, ɦ/М2
 

H – ɜɵɫɨɬɚ, ɦ 

I – ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɬɨɤ, Ⱥ 

J – ɩɥɨɬɧɨɫɬɶ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ, Ⱥ/ɦ2
 

k – ɤɨɷɮɮɢɰɢɟɧɬ 

lɞɝ – ɞɥɢɧɚ ɞɭɝɢ, ɦ 

L – ɪɚɫɫɬɨɹɧɢɟ, ɦ 

n – ɱɢɫɥɨ ɢɡɦɟɪɟɧɢɣ 

M – ɤɨɥɢɱɟɫɬɜɨ ɹɱɟɟɤ ɫɟɬɤɢ 

p – ɞɚɜɥɟɧɢɟ, ɉɚ 

pɞ – ɞɨɜɟɪɢɬɟɥɶɧɚɹ ɜɟɪɨɹɬɧɨɫɬɶ (ɞɜɭɫɬɨɪɨɧɧɢɣ ɢɧɬɟɪɜɚɥ) 

r – ɪɚɞɢɭɫ ɜ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɤɨɨɪɞɢɧɚɬɚɯ, ɦ 

R – ɪɚɞɢɭɫ (ɨɛɳɟɟ ɨɛɨɡɧɚɱɟɧɢɟ), ɦ  

Re – ɱɢɫɥɨ Ɋɟɣɧɨɥɶɞɫɚ 

T – ɬɟɦɩɟɪɚɬɭɪɚ, K ɢ °C 

Э, Ĳ – ɜɪɟɦɹ, ɫ 

tɫɬ(pɞ,υ) – ɤɨɷɮɮɢɰɢɟɧɬ ɋɬɶɸɞɟɧɬɚ 

Tɤɨɥɥ – ɩɟɪɢɨɞ ɤɨɥɟɛɚɧɢɣ, ɫ 

U – ɫɤɨɪɨɫɬɶ, ɦ/М 

V – ɨɛɴɟɦ, ɦ3
 

Vɧ – ɧɚɩɪɹɠɟɧɢɟ, ɦȼ ɢ ȼ 

x, y, z – ɤɨɨɪɞɢɧɚɬɵ ɜ ɞɟɤɚɪɬɨɜɨɣ ɫɢɫɬɟɦɟ, ɦ 

α – ɭɝɨɥ, ɪɚɞ 

θ – ɭɝɨɥ, ɪɚɞ 

ȝ – ɦɚɝɧɢɬɧɚɹ ɩɪɨɧɢɰɚɟɦɨɫɬɶ, Ƚɧ/ɦ 
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ȝ0 – ɦɚɝɧɢɬɧɚɹ ɩɨɫɬɨɹɧɧɚɹ, Ƚɧ/ɦ 

Ȟ – ɤɢɧɟɦɚɬɢɱɟɫɤɚɹ ɜɹɡɤɨɫɬɶ, ɦ2/ɫ 

ρ – ɩɥɨɬɧɨɫɬɶ, ɤɝ/ɦ3
 

ı – ɷɥɟɤɬɪɨɩɪɨɜɨɞɧɨɫɬɶ, ɋɦ/ɦ 

Ĳɦɚɤɫ. – ɫɪɟɞɧɟɟ ɜɪɟɦɹ ɡɚɞɟɪɠɤɢ ɫɢɝɧɚɥɨɜ ɦɟɠɞɭ ɬɟɪɦɨɩɚɪɚɦɢ, ɫ 

Φ – ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɩɨɬɟɧɰɢɚɥ, ȼ 

φ – ɚɡɢɦɭɬɚɥɶɧɵɣ ɭɝɨɥ ɜ ɐɋɄ 

ȥ – ɪɚɡɧɨɫɬɶ ɚɡɢɦɭɬɚɥɶɧɵɯ ɭɝɥɨɜ 

Ȧ – ɰɢɤɥɢɱɟɫɤɚɹ ɱɚɫɬɨɬɚ ɩɭɥɶɫɚɰɢɣ 

ɂɧɞɟɤɫɵ 

i, j – ɧɨɦɟɪɚ 

z – ɨɫɟɜɚɹ ɤɨɦɩɨɧɟɧɬɚ 

φ – ɚɡɢɦɭɬɚɥɶɧɚɹ ɤɨɦɩɨɧɟɧɬɚ  

ɜ – ɜɨɡɞɭɯ 

ɞɝ – ɞɭɝɚ 

ɢ – ɢɧɫɬɪɭɦɟɧɬɚɥɶɧɚɹ 

ɤ – ɤɢɧɟɬɢɱɟɫɤɚɹ  

ɦ – ɠɢɞɤɢɣ ɦɟɬɚɥɥ 

ɦɧ – ɦɚɧɨɦɟɬɪ 

ɩɭɥɶɫ – ɩɭɥɶɫɚɰɢɹ 

ɫɥ – ɫɥɭɱɚɣɧɵɣ 

ɫɪ – ɫɪɟɞɧɢɣ 

ɬɪ – ɬɪɚɩɟɰɢɹ 

ɭɫɢɥ – ɭɫɢɥɢɬɟɥɶ 

ɷ – ɷɥɥɢɩɫ  

ɷɥ – ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɣ  
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