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ȼȼȿȾȿɇɂȿ 

 

Ⱦɢɫɰɢɩɥɢɧɚ «Эɥɟɤɬɪɨɧɢɤɚ ɢ ɦɢɤɪɨɷɥɟɤɬɪɨɧɢɤɚ» ɪɚɫɫɦɚɬ-
ɪɢɜɚɟɬ ɜɨɩɪɨɫɵ, ɫɜɹɡɚɧɧɵɟ ɫ ɮɢɡɢɤɨɣ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɦɚɬɟ-
ɪɢɚɥɨɜ, ɢ ɧɚ ɢɯ ɨɫɧɨɜɟ ɪɚɡɪɚɛɨɬɤɭ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɩɪɢɛɨɪɨɜ 

ɪɚɡɥɢɱɧɨɝɨ ɧɚɡɧɚɱɟɧɢɹ ɫ ɩɨɫɥɟɞɭɸɳɢɦ ɩɟɪɟɯɨɞɨɦ ɧɚ ɦɢɤɪɨɷɥɟɤ-

ɬɪɨɧɢɤɭ. 

ɍɱɟɛɧɨɟ ɩɨɫɨɛɢɟ ȼ. Ɇ. ɂɰɤɨɜɢɱ «Эɥɟɤɬɪɨɧɢɤɚ ɢ ɦɢɤɪɨ-

ɷɥɟɤɬɪɨɧɢɤɚ», Ɍɨɦɫɤ, 2016 ɨɛɟɫɩɟɱɢɜɚɟɬ ɧɟɨɛɯɨɞɢɦɵɣ ɨɛɴɟɦ ɦɚ-
ɬɟɪɢɚɥɨɜ ɞɥɹ ɩɨɥɧɨɝɨ ɢɡɭɱɟɧɢɹ ɭɱɟɛɧɨɣ ɞɢɫɰɢɩɥɢɧɵ. Ⱦɥɹ ɤɨɧ-

ɬɪɨɥɹ ɤɚɱɟɫɬɜɚ ɢɡɭɱɟɧɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɜ ɤɨɧɰɟ ɤɚɠɞɨɣ ɝɥɚɜɵ ɩɪɢ-

ɜɨɞɹɬɫɹ ɜɨɩɪɨɫɵ ɞɥɹ ɫɚɦɨɩɪɨɜɟɪɤɢ, ɤɨɬɨɪɵɟ ɜ ɤɚɤɨɣ-ɬɨ ɫɬɟɩɟɧɢ 

ɹɜɥɹɸɬɫɹ ɷɤɡɚɦɟɧɚɰɢɨɧɧɵɦɢ ɜɨɩɪɨɫɚɦɢ ɢ ɩɨɡɜɨɥɹɸɬ ɫɬɭɞɟɧɬɭ 

ɩɪɨɤɨɧɬɪɨɥɢɪɨɜɚɬɶ ɫɬɟɩɟɧɶ ɭɫɜɨɟɧɢɹ ɢɡɭɱɟɧɧɨɝɨ ɦɚɬɟɪɢɚɥɚ. 
Ⱦɚɧɧɨɟ ɭɱɟɛɧɨɟ ɦɟɬɨɞɢɱɟɫɤɨɟ ɩɨɫɨɛɢɟ ɩɪɟɞɧɚɡɧɚɱɟɧɨ ɞɥɹ 

ɨɪɝɚɧɢɡɚɰɢɢ ɫɚɦɨɫɬɨɹɬɟɥɶɧɨɣ ɪɚɛɨɬɵ ɫɬɭɞɟɧɬɨɜ, ɨɛɭɱɚɸɳɢɯɫɹ 

ɩɨ ɞɢɫɬɚɧɰɢɨɧɧɨɣ ɬɟɯɧɨɥɨɝɢɢ ɢɡɭɱɟɧɢɹ ɞɢɫɰɢɩɥɢɧɵ. 

ɂɡɭɱɟɧɢɟ ɞɢɫɰɢɩɥɢɧɵ «Эɥɟɤɬɪɨɧɢɤɚ ɢ ɦɢɤɪɨɷɥɟɤɬɪɨɧɢɤɚ» 

ɩɪɨɯɨɞɢɬ ɜ ɩɹɬɨɦ ɫɟɦɟɫɬɪɟ. 
Ⱦɥɹ ɩɨɥɭɱɟɧɢɹ ɡɚɱɟɬɨɜ ɧɟɨɛɯɨɞɢɦɨ ɜɵɩɨɥɧɢɬɶ ɬɪɢ ɤɨɧ-

ɬɪɨɥɶɧɵɟ ɪɚɛɨɬɵ, ɚ ɬɚɤɠɟ ɲɟɫɬɶ ɤɨɦɩɶɸɬɟɪɧɵɯ ɥɚɛɨɪɚɬɨɪɧɵɯ 

ɪɚɛɨɬ. ȼ ɩɹɬɨɦ ɫɟɦɟɫɬɪɟ ɫɞɚёɬɫɹ ɤɨɦɩɶɸɬɟɪɧɵɣ ɷɤɡɚɦɟɧ. 

Ⱦɥɹ ɫɞɚɱɢ ɷɤɡɚɦɟɧɚ ɧɟɨɛɯɨɞɢɦɨ ɢɡɭɱɢɬɶ ɫɥɟɞɭɸɳɢɟ ɪɚɡɞɟɥɵ. 

1. Ɍɟɨɪɢɹ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɦɚɬɟɪɢɚɥɨɜ. 

2. Ɍɟɨɪɟɬɢɱɟɫɤɢɟ ɨɫɧɨɜɵ ɨɛɪɚɡɨɜɚɧɢɹ ɩɟɪɟɯɨɞɨɜ. 

3. ɉɥɨɫɤɨɫɬɧɵɟ ɞɢɨɞɵ. 

4. Ɋɚɡɧɨɜɢɞɧɨɫɬɢ ɞɢɨɞɨɜ. 

5. Ɍɟɨɪɢɹ ɛɢɩɨɥɹɪɧɵɯ ɬɪɚɧɡɢɫɬɨɪɨɜ. 

6. ɉɨɥɟɜɵɟ ɬɪɚɧɡɢɫɬɨɪɵ. 

7. Ɍɪɚɧɡɢɫɬɨɪɧɵɟ ɤɥɸɱɢ. 

8. ɉɪɟɞɦɟɬ ɦɢɤɪɨɷɥɟɤɬɪɨɧɢɤɢ. 

9. Ɍɪɚɧɡɢɫɬɨɪɵ ɢɧɬɟɝɪɚɥɶɧɵɯ ɫɯɟɦ. 

10. ɉɚɫɫɢɜɧɵɟ ɷɥɟɦɟɧɬɵ. 

11. Ʌɨɝɢɱɟɫɤɢɟ ɷɥɟɦɟɧɬɵ ɧɚ ɛɢɩɨɥɹɪɧɵɯ ɬɪɚɧɡɢɫɬɨɪɚɯ. 

12. Ʌɨɝɢɱɟɫɤɢɟ ɷɥɟɦɟɧɬɵ ɧɚ ɩɨɥɟɜɵɯ ɬɪɚɧɡɢɫɬɨɪɚɯ. 

13. Ɍɟɯɧɨɥɨɝɢɹ ɢɡɝɨɬɨɜɥɟɧɢɹ ɢɧɬɟɝɪɚɥɶɧɵɯ ɫɯɟɦ. 

ɍɱɟɛɧɨɟ ɦɟɬɨɞɢɱɟɫɤɨɟ ɩɨɫɨɛɢɟ ɩɨ ɞɢɫɰɢɩɥɢɧɟ «Эɥɟɤɬɪɨɧɢɤɚ 
ɢ ɦɢɤɪɨɷɥɟɤɬɪɨɧɢɤɚ» ɫɨɞɟɪɠɢɬ 3 ɤɨɧɬɪɨɥɶɧɵɟ ɪɚɛɨɬɵ, ɜ ɤɚɠɞɨɣ 
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ɢɡ ɤɨɬɨɪɵɯ ɢɦɟɟɬɫɹ 10 ɜɚɪɢɚɧɬɨɜ. Ʉɚɠɞɵɣ ɜɚɪɢɚɧɬ ɫɨɫɬɨɢɬ ɢɡ 3–5 

ɡɚɞɚɱ. 

ȼɫɟ ɤɨɧɬɪɨɥɶɧɵɟ ɪɚɛɨɬɵ ɨɪɢɟɧɬɢɪɨɜɚɧɵ ɧɚ ɭɱɟɛɧɨɟ ɩɨɫɨ-

ɛɢɟ ȼ. Ɇ. ɂɰɤɨɜɢɱɚ «Эɥɟɤɬɪɨɧɢɤɚ ɢ ɦɢɤɪɨɷɥɟɤɬɪɨɧɢɤɚ». ȿɫɥɢ 

ɫɬɭɞɟɧɬ ɩɨɥɶɡɭɟɬɫɹ ɞɪɭɝɨɣ ɥɢɬɟɪɚɬɭɪɨɣ, ɬɨ ɩɪɢ ɪɟɲɟɧɢɢ ɧɟɤɨɬɨ-

ɪɵɯ ɡɚɞɚɱ ɦɨɝɭɬ ɜɨɡɧɢɤɧɭɬɶ ɡɚɬɪɭɞɧɟɧɢɹ. Ʉɪɨɦɟ ɬɨɝɨ, ɜɫɟ ɨɛɨ-

ɡɧɚɱɟɧɢɹ ɢ ɫɨɤɪɚɳɟɧɢɹ, ɢɫɩɨɥɶɡɭɟɦɵɟ ɜ ɤɨɧɬɪɨɥɶɧɵɯ ɪɚɛɨɬɚɯ, 

ɩɨɥɧɨɫɬɶɸ ɫɨɜɩɚɞɚɸɬ ɫ ɨɛɨɡɧɚɱɟɧɢɹɦɢ ɭɱɟɛɧɨɝɨ ɩɨɫɨɛɢɹ, ɱɬɨ 

ɡɧɚɱɢɬɟɥɶɧɨ ɭɩɪɨɳɚɟɬ ɪɟɲɟɧɢɟ ɡɚɞɚɱ. 

ɉɟɪɜɚɹ ɤɨɧɬɪɨɥɶɧɚɹ ɪɚɛɨɬɚ ɨɯɜɚɬɵɜɚɟɬ ɪɚɡɞɟɥɵ: ɮɢɡɢɤɚ ɩɨ-

ɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɦɚɬɟɪɢɚɥɨɜ, ɬɟɨɪɢɹ ɨɛɪɚɡɨɜɚɧɢɹ p-n-ɩɟɪɟɯɨɞɚ, 
ɤɨɧɬɚɤɬɵ ɦɟɬɚɥɥ-ɩɨɥɭɩɪɨɜɨɞɧɢɤ ɢ ɬɟɨɪɢɹ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ 

ɞɢɨɞɨɜ (ɭɱɟɛɧɨɟ ɩɨɫɨɛɢɟ ȼ. Ɇ. ɂɰɤɨɜɢɱɚ «Эɥɟɤɬɪɨɧɢɤɚ ɢ ɦɢɤɪɨ-

ɷɥɟɤɬɪɨɧɢɤɚ», ɫ. 7–108). 

ȼɬɨɪɚɹ ɤɨɧɬɪɨɥɶɧɚɹ ɪɚɛɨɬɚ ɩɨɡɜɨɥɹɟɬ ɡɚɤɪɟɩɢɬɶ ɦɚɬɟɪɢɚɥ, ɩɨ-

ɫɜɹɳɟɧɧɵɣ ɬɟɨɪɢɢ ɛɢɩɨɥɹɪɧɵɯ ɢ ɩɨɥɟɜɵɯ ɬɪɚɧɡɢɫɬɨɪɨɜ (ɫ. 109–172 

ɭɱɟɛɧɨɝɨ ɩɨɫɨɛɢɹ).  

Ɍɪɟɬɶɹ ɤɨɧɬɪɨɥɶɧɚɹ ɪɚɛɨɬɚ ɨɯɜɚɬɵɜɚɟɬ ɪɚɡɞɟɥ «Ɍɪɚɧɡɢɫɬɨɪ-

ɧɵɟ ɤɥɸɱɢ» ɢ ɪɚɡɞɟɥɵ ɦɢɤɪɨɷɥɟɤɬɪɨɧɢɤɢ (ɫ. 172–282 ɭɱɟɛɧɨɝɨ 

ɩɨɫɨɛɢɹ). 

 

Ɍɪɟɛɨɜɚɧɢɹ ɤ ɜɵɩɨɥɧɟɧɢɸ ɤɨɧɬɪɨɥɶɧɵɯ ɪɚɛɨɬ 

Ʉɨɧɬɪɨɥɶɧɵɟ ɪɚɛɨɬɵ ɧɟɨɛɯɨɞɢɦɨ ɩɪɟɞɫɬɚɜɥɹɬɶ ɜ ɤɨɦɩɶɸ-

ɬɟɪɧɨɦ ɜɚɪɢɚɧɬɟ. Ɉɬɫɤɚɧɢɪɨɜɚɧɧɵɟ ɤɨɧɬɪɨɥɶɧɵɟ ɪɚɛɨɬɵ ɩɪɟɩɨ-

ɞɚɜɚɬɟɥɟɦ ɧɟ ɩɪɨɜɟɪɹɸɬɫɹ. 

ɇɟ ɞɨɩɭɫɤɚɟɬɫɹ ɜɵɩɨɥɧɟɧɢɟ ɪɢɫɭɧɤɨɜ ɨɬ ɪɭɤɢ. 

ɉɪɢɧɰɢɩɢɚɥɶɧɵɟ ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɮɭɧɤɰɢɨɧɚɥɶɧɵɟ ɫɯɟɦɵ 

ɞɨɥɠɧɵ ɜɵɩɨɥɧɹɬɶɫɹ ɫ ɩɨɥɧɵɦ ɫɨɛɥɸɞɟɧɢɟɦ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɯ 

ɫɬɚɧɞɚɪɬɨɜ. 

ȼɵɜɨɞɵ ɤ ɡɚɞɚɱɟ ɫɱɢɬɚɸɬɫɹ ɨɞɧɢɦ ɢɡ ɜɚɠɧɟɣɲɢɯ ɩɭɧɤɬɨɜ 

ɪɟɲɟɧɧɨɣ ɡɚɞɚɱɢ.  

ȼɫɟ ɦɚɬɟɦɚɬɢɱɟɫɤɢɟ ɜɵɜɨɞɵ ɧɟɨɛɯɨɞɢɦɨ ɫɨɩɪɨɜɨɠɞɚɬɶ ɩɨ-

ɹɫɧɟɧɢɹɦɢ ɢ ɫɫɵɥɤɚɦɢ ɧɚ ɬɟɨɪɟɬɢɱɟɫɤɢɣ ɦɚɬɟɪɢɚɥ. 

ɉɪɢ ɧɚɩɢɫɚɧɢɢ ɜɵɜɨɞɨɜ ɧɟɨɛɯɨɞɢɦɨ ɫɫɵɥɚɬɶɫɹ ɧɚ ɮɢɡɢɱɟ-
ɫɤɢɟ ɩɪɢɧɰɢɩɵ ɩɪɨɰɟɫɫɨɜ, ɚ ɧɟ ɧɚ ɮɨɪɦɭɥɵ ɢɥɢ ɝɪɚɮɢɤɢ. 

ȼ ɫɥɭɱɚɟ ɟɫɥɢ ɤɨɧɬɪɨɥɶɧɚɹ ɪɚɛɨɬɚ ɧɟ ɡɚчɬɟɧɚ ɢ ɨɬɩɪɚɜɥɟɧɚ 

ɧɚ ɞɨɪɚɛɨɬɤɭ, ɩɨɫɥɟ ɭɫɬɪɚɧɟɧɢɹ ɨɲɢɛɨɤ ɧɚ ɩɨɜɬɨɪɧɭɸ ɩɪɨɜɟɪɤɭ 
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ɧɟɨɛɯɨɞɢɦɨ ɜɵɫɵɥɚɬɶ ɪɚɛɨɬɭ ɩɨɥɧɨɫɬɶɸ, ɚ ɧɟ ɢɫɩɪɚɜɥɟɧɢɹ ɢ ɭɬɨɱ-

ɧɟɧɢɹ. 
Ʉɨɧɬɪɨɥɶɧɵɟ ɪɚɛɨɬɵ, ɜɵɩɨɥɧɟɧɧɵɟ ɱɚɫɬɢɱɧɨ, ɧɟ ɩɪɨɜɟɪɹ-

ɸɬɫɹ ɢ ɜɨɡɜɪɚɳɚɸɬɫɹ ɫɬɭɞɟɧɬɭ. 
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ɍɄȺɁȺɇɂə ɉɈ ȼɕɉɈɅɇȿɇɂɘ 

ɄɈɇɌɊɈɅɖɇɕХ ɊȺȻɈɌ 

 

Ʉ ɜɵɩɨɥɧɟɧɢɸ ɤɨɧɬɪɨɥɶɧɨɣ ɪɚɛɨɬɵ ɰɟɥɟɫɨɨɛɪɚɡɧɨ ɩɪɢɫɬɭ-

ɩɚɬɶ ɩɨɫɥɟ ɬɨɝɨ, ɤɚɤ ɢɡɭɱɟɧɚ ɬɟɨɪɟɬɢɱɟɫɤɚɹ ɱɚɫɬɶ. ɉɪɢ ɢɡɭɱɟɧɢɢ 

ɬɟɨɪɟɬɢɱɟɫɤɨɝɨ ɦɚɬɟɪɢɚɥɚ ɨɫɧɨɜɧɨɟ ɜɧɢɦɚɧɢɟ ɧɟɨɛɯɨɞɢɦɨ ɭɞɟ-
ɥɹɬɶ ɮɢɡɢɱɟɫɤɢɦ ɩɪɨɰɟɫɫɚɦ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɯ ɢ ɩɪɢɛɨɪɚɯ ɧɚ ɢɯ 

ɨɫɧɨɜɟ. ɉɨɷɬɨɦɭ ɩɟɪɜɵɣ ɪɚɡɞɟɥ ɭɱɟɛɧɨɝɨ ɩɨɫɨɛɢɹ, ɩɨɫɜɹɳɟɧɧɵɣ 

ɮɢɡɢɤɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɦɚɬɟɪɢɚɥɨɜ, ɹɜɥɹɟɬɫɹ ɮɭɧɞɚɦɟɧɬɨɦ, 

ɧɚ ɤɨɬɨɪɨɦ ɛɚɡɢɪɭɟɬɫɹ ɩɨɫɥɟɞɭɸɳɟɟ ɢɡɭɱɟɧɢɟ ɜɫɟɯ ɩɨɥɭɩɪɨɜɨɞ-

ɧɢɤɨɜɵɯ ɩɪɢɛɨɪɨɜ. ɇɟɨɛɯɨɞɢɦɨ ɩɨɦɧɢɬɶ, ɱɬɨ ɮɨɪɦɭɥɵ ɩɨɡɜɨɥɹ-

ɸɬ ɫɞɟɥɚɬɶ ɤɨɥɢɱɟɫɬɜɟɧɧɭɸ ɨɰɟɧɤɭ ɬɨɝɨ ɢɥɢ ɢɧɨɝɨ ɩɪɨɰɟɫɫɚ, 
ɧɨ ɧɟ ɢɡɭɱɢɬɶ ɮɢɡɢɤɭ ɩɪɨɢɫɯɨɞɹɳɢɯ ɩɪɨɰɟɫɫɨɜ. 

Ɉɫɧɨɜɧɵɟ ɩɨɫɬɨɹɧɧɵɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɦɚɬɟɪɢɚɥɨɜ, ɤɨ-

ɬɨɪɵɟ ɩɨɬɪɟɛɭɸɬɫɹ ɩɪɢ ɪɟɲɟɧɢɢ ɡɚɞɚɱ, ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥ. 1, 

ɚ ɨɫɧɨɜɧɵɟ ɤɨɧɫɬɚɧɬɵ – ɜ ɬɚɛɥ. 2. 

 
Ɍɚɛɥɢɰɚ 1 – Ɉɫɧɨɜɧɵɟ ɩɚɪɚɦɟɬɪɵ ɧɟɤɨɬɨɪɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ 

  

ɉɚɪɚɦɟɬɪ 

ɉɨɥɭɩɪɨɜɨɞɧɢɤ 

Ʉɪɟɦɧɢɣ 
Ƚɟɪɦɚ-
ɧɢɣ 

ɋɨɟɞɢ-

ɧɟɧɢɟ 
GaAs 

ɋɨɟɞɢ-

ɧɟɧɢɟ 
InSb 

Ɂɚɪɹɞ ɹɞɪɚ 14 32 – – 

Ⱥɬɨɦɧɵɣ ɜɟɫ 28,1 72,6 – – 

Ⱦɢɷɥɟɤɬɪɢɱɟɫɤɚɹ ɩɪɨɧɢɰɚɟ-
ɦɨɫɬɶ (ɨɬɧ. ɟɞ.) 

12 16 11 16 

Ɍɟɦɩɟɪɚɬɭɪɚ ɩɥɚɜɥɟɧɢɹ, °ɋ 1420 940 1280 520 

Ʉɨɷɮɮɢɰɢɟɧɬ ɬɟɩɥɨɩɪɨɜɨɞɧɨ-

ɫɬɢ 
( )

ȼɬ, ɫɦ C
λ

⋅°
 1,2 0,55 – – 

ɍɞɟɥɶɧɚɹ ɬɟɩɥɨёɦɤɨɫɬɶ 

( )
Ⱦɠ

,  ɝ ɋc
⋅ °

 0,75 0,41 – – 

Эɮɮɟɤɬɢɜɧɚɹ ɦɚɫɫɚ ɷɥɟɤɬɪɨ-

ɧɨɜ nm  (ɨɬɧ. ɟɞ.) 
0,33 0,22 0,07 0,013 

Эɮɮɟɤɬɢɜɧɚɹ ɦɚɫɫɚ ɞɵɪɨɤ pm  

(ɨɬɧ. ɟɞ.) 
0,55 0,39 0,5 0,6 
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ɉɚɪɚɦɟɬɪ 

ɉɨɥɭɩɪɨɜɨɞɧɢɤ 

Ʉɪɟɦɧɢɣ 
Ƚɟɪɦɚ-
ɧɢɣ 

ɋɨɟɞɢ-

ɧɟɧɢɟ 
GaAs 

ɋɨɟɞɢ-

ɧɟɧɢɟ 
InSb 

ɒɢɪɢɧɚ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ 

ϕɁ , ȼ 
1,11 0,67 1,4 0,18 

Эɮɮɟɤɬɢɜɧɚɹ ɩɥɨɬɧɨɫɬɶ ɫɨ-

ɫɬɨɹɧɢɣ CN , 
3ɫɦ−
 

19
2,8 10⋅  19

10  – – 

Эɮɮɟɤɬɢɜɧɚɹ ɩɥɨɬɧɨɫɬɶ ɫɨ-

ɫɬɨɹɧɢɣ VN , 
3ɫɦ−
 

19
10  

19
0,61 10⋅

 
– – 

ɉɨɞɜɢɠɧɨɫɬɶ ɷɥɟɤɬɪɨɧɨɜ µn , 

( )
2ɫɦ
ȼ ɫ⋅  

1200–

1450 
3800 11000 65000 

ɉɨɞɜɢɠɧɨɫɬɶ ɞɵɪɨɤ µ p , 

( )
2ɫɦ
ȼ ɫ⋅  

500 1800 450 700 

ɋɨɛɫɬɜɟɧɧɨɟ ɭɞɟɥɶɧɨɟ ɫɨɩɪɨ-

ɬɢɜɥɟɧɢɟ ρi , Ɉɦ ɫɦ⋅  
5

2 10⋅  60 8
4 10⋅  – 

ɋɨɛɫɬɜɟɧɧɚɹ ɤɨɧɰɟɧɬɪɚɰɢɹ in , 

3ɫɦ−
 

10
2 10⋅  

13
2,5 10⋅  

8
1,5 10⋅  – 

Ʉɨɷɮɮɢɰɢɟɧɬ ɞɢɮɮɭɡɢɢ ɷɥɟɤ-

ɬɪɨɧɨɜ nD , 
2ɫɦ
ɫ  

36 100 290 1750 

Ʉɨɷɮɮɢɰɢɟɧɬ ɞɢɮɮɭɡɢɢ ɞɵ-

ɪɨɤ pD , 
2ɫɦ
ɫ  

13 45 12 17 

Ʉɪɢɬɢɱɟɫɤɚɹ ɧɚɩɪɹɠɟɧɧɨɫɬɶ 
ɩɨɥɹ ɄɊnE , ȼɫɦ  

2500 900 – – 

Ʉɪɢɬɢɱɟɫɤɚɹ ɧɚɩɪɹɠɟɧɧɨɫɬɶ 
ɩɨɥɹ ɄɊpE , ȼɫɦ  

7500 1400 – – 

Ɇɚɤɫɢɦɚɥɶɧɚɹ ɫɤɨɪɨɫɬɶ, ɫɦ ɫ  7
10  

6
6 10⋅  – – 

 

Ɉɤɨɧɱɚɧɢɟ ɬɚɛɥ. 1 



 
9

Ɍɚɛɥɢɰɚ 2 – Ɉɫɧɨɜɧɵɟ ɮɢɡɢɱɟɫɤɢɟ ɤɨɧɫɬɚɧɬɵ, ɢɫɩɨɥɶɡɭɟɦɵɟ ɜ ɬɟɨɪɢɢ   ɩɨ-

ɥɭɩɪɨɜɨɞɧɢɤɨɜ 

 

Ɉɫɧɨɜɧɵɟ ɮɢɡɢɱɟɫɤɢɟ ɤɨɧɫɬɚɧɬɵ ɉɪɢɛɥɢɠɟɧɧɵɟ ɡɧɚɱɟɧɢɹ 

Эɥɟɦɟɧɬɚɪɧɵɣ ɡɚɪɹɞ 
19

1,6 10 Ʉɥ−= ⋅q  

Ɇɚɫɫɚ ɫɜɨɛɨɞɧɨɝɨ ɷɥɟɤɬɪɨɧɚ 31
9 10 ɤɝ−= ⋅m  

ɉɨɫɬɨɹɧɧɚɹ ɉɥɚɧɤɚ 34 Ⱦɠ
6,6 10 ɋh

−= ⋅
°  

ɉɨɫɬɨɹɧɧɚɹ Ȼɨɥɶɰɦɚɧɚ 23 Ⱦɠ
1,37 10 ɄK

−= ⋅  

Эɥɟɤɬɪɢɱɟɫɤɚɹ ɩɨɫɬɨɹɧɧɚɹ (ɞɢɷɥɟɤɬɪɢ-

ɱɟɫɤɚɹ ɩɪɨɧɢɰɚɟɦɨɫɬɶ ɜɚɤɭɭɦɚ) 
14

0
Ɏ19 10 ɫɦ

−ς = ⋅  

Ɇɚɝɧɢɬɧɚɹ ɩɨɫɬɨɹɧɧɚɹ (ɦɚɝɧɢɬɧɚɹ 

ɩɪɨɧɢɰɚɟɦɨɫɬɶ ɜɚɤɭɭɦɚ) 
8

0
Ƚ1,25 10 ɫɦ

−µ = ⋅  

ɑɢɫɥɨ Ⱥɜɨɝɚɞɪɨ (ɤɨɥɢɱɟɫɬɜɨ ɚɬɨɦɨɜ ɜ 

1 ɝɪɚɦɦ-ɚɬɨɦɟ ɜɟɳɟɫɬɜɚ) 
23

0 6 10= ⋅N  

 

ɉɪɢ ɫɨɫɬɚɜɥɟɧɢɢ ɡɚɞɚɱ ɞɥɹ ɤɨɧɬɪɨɥɶɧɵɯ ɪɚɛɨɬ ɚɜɬɨɪ ɫɬɪɟ-
ɦɢɥɫɹ ɤ ɬɨɦɭ, ɱɬɨɛɵ ɱɢɫɥɟɧɧɵɟ ɪɚɫɱɟɬɵ ɛɵɥɢ ɦɢɧɢɦɢɡɢɪɨɜɚɧɵ. 

Ʉ ɪɟɲɟɧɢɸ ɡɚɞɚɱ ɧɟɨɛɯɨɞɢɦɨ ɩɨɞɯɨɞɢɬɶ ɬɜɨɪɱɟɫɤɢ, ɬ. ɟ. ɩɨ-

ɫɬɚɪɚɬɶɫɹ ɦɢɧɢɦɢɡɢɪɨɜɚɬɶ ɜɵɱɢɫɥɟɧɢɹ. Ⱦɥɹ ɷɬɨɝɨ ɜ ɪɹɞɟ ɡɚɞɚɱ 

ɫɥɟɞɭɟɬ ɩɪɟɠɞɟ ɩɪɟɨɛɪɚɡɨɜɚɬɶ ɨɫɧɨɜɧɭɸ ɮɨɪɦɭɥɭ ɤ ɞɪɭɝɨɦɭ ɜɢ-

ɞɭ. ɑɚɳɟ ɧɨɜɚɹ ɮɨɪɦɚ ɡɚɩɢɫɢ ɨɤɚɡɵɜɚɟɬɫɹ ɛɨɥɟɟ ɝɪɨɦɨɡɞɤɨɣ, 

ɧɨ ɫɨɤɪɚɳɚɟɬ ɜɪɟɦɹ, ɢɧɨɝɞɚ ɢ ɡɧɚɱɢɬɟɥɶɧɨ, ɧɚ ɜɵɱɢɫɥɟɧɢɹ. 

 

ɉɊɂɆȿɊ 1 

Ɍɪɟɛɭɟɬɫɹ ɪɚɫɫɱɢɬɚɬɶ ɡɧɚɱɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɩɨɬɟɧɰɢɚɥɚ 

ϕT  ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɨɬ –40° ɞɨ 50 °ɋ. 

ϕ =T

KT

q
,                                           (1) 

ɝɞɟ Ʉ – ɩɨɫɬɨɹɧɧɚɹ Ȼɨɥɶɰɦɚɧɚ; Ɍ – ɚɛɫɨɥɸɬɧɚɹ ɬɟɦɩɟɪɚɬɭɪɚ;             
q – ɡɚɪɹɞ ɷɥɟɤɬɪɨɧɚ. 

ɍɦɧɨɠɢɜ ɢ ɪɚɡɞɟɥɢɜ ɩɪɚɜɭɸ ɱɚɫɬɶ ɜɵɪɚɠɟɧɢɹ (1) ɧɚ Ɍ0 =  

= 300 Ʉ (ɤɨɦɧɚɬɧɚɹ ɬɟɦɩɟɪɚɬɭɪɚ), ɩɨɥɭɱɢɦ  

5
0

0

8,33 10
−ϕ = ϕ = ⋅T Ɍ

Ɍ
T

Ɍ
,                              (2) 
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ɝɞɟ 0 25 ɦȼϕ =Ɍ  – ɬɟɦɩɟɪɚɬɭɪɧɵɣ ɩɨɬɟɧɰɢɚɥ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦ-

ɩɟɪɚɬɭɪɟ. 
ɇɨɜɚɹ ɮɨɪɦɚ ɡɚɩɢɫɢ ɧɟ ɬɨɥɶɤɨ ɭɦɟɧɶɲɚɟɬ ɜɪɟɦɹ, ɤɨɬɨɪɨɟ 

ɬɪɟɛɭɟɬɫɹ ɞɥɹ ɩɪɨɜɟɞɟɧɢɹ ɪɚɫɱɟɬɨɜ, ɧɨ ɢ ɞɟɥɚɟɬ ɮɨɪɦɭɥɭ ɛɨɥɟɟ 
ɧɚɝɥɹɞɧɨɣ ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɡɚɜɢɫɢɦɨɫɬɢ ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɩɨɬɟɧɰɢ-

ɚɥɚ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ. 

Ɋɚɡɨɛɶɟɦ ɜɟɫɶ ɬɟɦɩɟɪɚɬɭɪɧɵɣ ɞɢɚɩɚɡɨɧ ɧɚ 10 ɬɨɱɟɤ. 

Ⱦɥɹ ɤɚɠɞɨɣ ɬɨɱɤɢ ɪɚɫɫɱɢɬɚɟɦ ɬɟɦɩɟɪɚɬɭɪɧɵɣ ɩɨɬɟɧɰɢɚɥ 

ɢ ɪɟɡɭɥɶɬɚɬɵ ɫɜɟɞɟɦ ɜ ɬɚɛɥɢɰɭ. 

 
 

T 230 240 250 260 270 2800 2900 300 310 320 

ϕT  19,1 20 20,8 20,6 22,5 23,3 24,2 25 25,7 26,5 

 

ɉɨ ɞɚɧɧɵɦ ɬɚɛɥɢɰɵ ɫɬɪɨɢɦ ɝɪɚɮɢɤ. 
 

 

19,1

26,5 

φɌ 

Ɍ, °ɋ 230 320
 

 

ɂɡ ɜɵɪɚɠɟɧɢɹ (2) ɫɥɟɞɭɟɬ, ɱɬɨ ɬɟɦɩɟɪɚɬɭɪɧɵɣ ɩɨɬɟɧɰɢɚɥ 

ɹɜɥɹɟɬɫɹ ɥɢɧɟɣɧɨɣ ɮɭɧɤɰɢɟɣ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɞɥɹ 

ɩɨɫɬɪɨɟɧɢɹ ɝɪɚɮɢɤɚ ɞɨɫɬɚɬɨɱɧɨ ɛɵɥɨ ɜɵɱɢɫɥɢɬɶ ɡɧɚɱɟɧɢɹ ɬɟɦɩɟ-
ɪɚɬɭɪɧɨɝɨ ɩɨɬɟɧɰɢɚɥɚ ɞɥɹ ɞɜɭɯ ɡɧɚɱɟɧɢɣ ɬɟɦɩɟɪɚɬɭɪɵ. 

 

ȼɵɜɨɞɵ 

ɋ ɮɢɡɢɱɟɫɤɨɣ ɬɨɱɤɢ ɡɪɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɧɵɣ ɩɨɬɟɧɰɢɚɥ ɯɚɪɚɤ-

ɬɟɪɢɡɭɟɬ ɜ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɟɞɢɧɢɰɚɯ ɫɬɚɬɢɫɬɢɱɟɫɤɭɸ ɬɟɦɩɟɪɚɬɭɪɭ 

ɢɥɢ ɤɢɧɟɬɢɱɟɫɤɭɸ ɷɧɟɪɝɢɸ ɷɥɟɤɬɪɨɧɚ ɜ ɜɚɤɭɭɦɟ ɢɥɢ ɷɥɟɤɬɪɨɧɧɨɦ 

ɝɚɡɟ. ɋ ɩɨɜɵɲɟɧɢɟɦ ɬɟɦɩɟɪɚɬɭɪɵ ɤɢɧɟɬɢɱɟɫɤɚɹ ɷɧɟɪɝɢɹ ɷɥɟɤɬɪɨɧɚ 
ɪɚɫɬɟɬ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɭɜɟɥɢɱɟɧɢɸ ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɩɨɬɟɧɰɢɚɥɚ. 
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Ʉɪɨɦɟ ɬɨɝɨ, ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɡɚɤɥɸɱɟɧɢɟ, ɱɬɨ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɩɨɥɭ-

ɩɪɨɜɨɞɧɢɤɚ T = 0 ɬɟɦɩɟɪɚɬɭɪɧɵɣ ɩɨɬɟɧɰɢɚɥ ɪɚɜɟɧ ɧɭɥɸ, ɚ ɫɥɟɞɨɜɚ-
ɬɟɥɶɧɨ, ɤɢɧɟɬɢɱɟɫɤɚɹ ɷɧɟɪɝɢɹ ɷɥɟɤɬɪɨɧɨɜ ɢ ɞɵɪɨɤ ɪɚɜɧɚ ɧɭɥɸ 

ɢ ɷɥɟɤɬɪɨɧɨɜ ɜ ɡɨɧɟ ɩɪɨɜɨɞɢɦɨɫɬɢ ɧɟɬ. ȼɚɥɟɧɬɧɵɟ ɭɪɨɜɧɢ ɜɫɟ ɡɚ-
ɩɨɥɧɟɧɵ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɧɟɬ ɫɜɨɛɨɞɧɵɯ ɩɨɞɜɢɠɧɵɯ ɡɚɪɹɞɨɜ ɜ ɩɨ-

ɥɭɩɪɨɜɨɞɧɢɤɟ ɢ ɟɝɨ ɩɪɨɜɨɞɢɦɨɫɬɶ ɪɚɜɧɚ ɧɭɥɸ. Эɬɨ ɡɚɤɥɸɱɟɧɢɟ 
ɫɩɪɚɜɟɞɥɢɜɨ ɞɥɹ ɥɸɛɨɝɨ ɬɢɩɚ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ. 

 

ɉɊɂɆȿɊ 2 

ɂɦɟɟɬɫɹ ɷɥɟɤɬɪɨɧɧɵɣ ɩɨɥɭɩɪɨɜɨɞɧɢɤ ɫ ɤɨɧɰɟɧɬɪɚɰɢɟɣ 

ɷɥɟɤɬɪɨɧɨɜ n. ɇɟɨɛɯɨɞɢɦɨ ɞɨɤɚɡɚɬɶ, ɱɬɨ ɜɵɩɨɥɧɹɟɬɫɹ ɭɫɥɨɜɢɟ 

ln
2

ϕ
ϕ = ϕ − + ϕɁ i

F C Ɍ
n

p
. 

Ⱦɥɹ ɧɟɜɵɪɨɠɞɟɧɧɨɝɨ ɷɥɟɤɬɪɨɧɧɨɝɨ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ ɭɪɨɜɟɧɶ 

Ɏɟɪɦɢ ɪɚɜɟɧ 

lnϕ = ϕ + ϕF C T

C

n

N
,                                   (1) 

ɝɞɟ lnϕ = χT

C

n

N
 – ɯɢɦɢɱɟɫɤɢɣ ɩɨɬɟɧɰɢɚɥ; ϕC  – ɩɨɬɟɧɰɢɚɥ «ɞɧɚ» 

ɡɨɧɵ ɩɪɨɜɨɞɢɦɨɫɬɢ; NC – ɷɮɮɟɤɬɢɜɧɚɹ ɩɥɨɬɧɨɫɬɶ ɫɨɫɬɨɹɧɢɣ ɜ 

ɡɨɧɟ ɩɪɨɜɨɞɢɦɨɫɬɢ. 

ɂɡ ɬɟɨɪɢɢ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɦɚɬɟɪɢɚɥɨɜ ɢɡɜɟɫɬɧɨ ɫɨɨɬ-
ɧɨɲɟɧɢɟ 

np = ni
2
,                                         (2)  

ɝɞɟ ni – ɤɨɧɰɟɧɬɪɚɰɢɹ ɧɨɫɢɬɟɥɟɣ ɜ ɫɨɛɫɬɜɟɧɧɨɦ ɩɨɥɭɩɪɨɜɨɞɧɢɤɟ; 
n ɢ p – ɤɨɧɰɟɧɬɪɚɰɢɢ ɨɫɧɨɜɧɵɯ ɢ ɧɟɨɫɧɨɜɧɵɯ ɧɨɫɢɬɟɥɟɣ ɡɚɪɹɞɚ ɜ 

ɩɪɢɦɟɫɧɨɦ ɩɨɥɭɩɪɨɜɨɞɧɢɤɟ. 
Ɉɛɪɚɬɢɬɟ ɜɧɢɦɚɧɢɟ ɧɚ ɬɨ, ɱɬɨ ɩɪɨɢɡɜɟɞɟɧɢɟ ɤɨɧɰɟɧɬɪɚɰɢɣ 

ɨɫɧɨɜɧɵɯ ɢ ɧɟɨɫɧɨɜɧɵɯ ɧɨɫɢɬɟɥɟɣ ɩɪɢ ɩɨɫɬɨɹɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ 
ɟɫɬɶ ɜɟɥɢɱɢɧɚ, ɡɚɜɢɫɹɳɚɹ ɬɨɥɶɤɨ ɨɬ ɬɢɩɚ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɝɨ 

ɦɚɬɟɪɢɚɥɚ. ɍɜɟɥɢɱɟɧɢɟ ɤɨɧɰɟɧɬɪɚɰɢɢ ɨɞɧɢɯ ɧɨɫɢɬɟɥɟɣ, ɧɚɩɪɢ-

ɦɟɪ ɷɥɟɤɬɪɨɧɨɜ, ɜɟɞɟɬ ɤ ɭɦɟɧɶɲɟɧɢɸ ɤɨɧɰɟɧɬɪɚɰɢɢ ɞɵɪɨɤ. Эɬɨ 

ɦɨɠɧɨ ɨɛɴɹɫɧɢɬɶ ɬɟɦ, ɱɬɨ ɭɜɟɥɢɱɟɧɢɟ ɤɨɧɰɟɧɬɪɚɰɢɢ ɷɥɟɤɬɪɨɧɨɜ 

ɞɨɫɬɢɝɚɟɬɫɹ ɜɜɟɞɟɧɢɟɦ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɞɨɧɨɪɨɜ. ɉɪɢ ɷɬɨɦ ɤɨɧ-

ɰɟɧɬɪɚɰɢɹ ɷɥɟɤɬɪɨɧɨɜ ɜ ɡɨɧɟ ɩɪɨɜɨɞɢɦɨɫɬɢ ɭɜɟɥɢɱɢɜɚɟɬɫɹ, 
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ɚ ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɢ ɭɪɨɜɧɢ ɜɛɥɢɡɢ «ɞɧɚ» ɡɨɧɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɨɤɚ-
ɡɵɜɚɸɬɫɹ ɡɚɧɹɬɵɦɢ. 

ɉɟɪɟɯɨɞ ɷɥɟɤɬɪɨɧɨɜ ɢɡ ɜɚɥɟɧɬɧɨɣ ɡɨɧɵ ɧɚ ɛɨɥɟɟ ɜɵɫɨɤɢɟ 
ɭɪɨɜɧɢ ɩɪɚɤɬɢɱɟɫɤɢ ɢɫɤɥɸɱɚɟɬɫɹ. 

ȼɵɪɚɠɚɹ ɤɨɧɰɟɧɬɪɚɰɢɸ ɨɫɧɨɜɧɵɯ ɧɨɫɢɬɟɥɟɣ ɡɚɪɹɞɚ ɱɟɪɟɡ 
ɫɨɛɫɬɜɟɧɧɭɸ ɤɨɧɰɟɧɬɪɚɰɢɸ ɢ ɤɨɧɰɟɧɬɪɚɰɢɸ ɧɟɨɫɧɨɜɧɵɯ ɧɨɫɢ-

ɬɟɥɟɣ ɢ ɩɨɞɫɬɚɜɥɹɹ ɜ ɮɨɪɦɭɥɭ (1), ɩɨɥɭɱɚɟɦ 
2

ln i
F C T

C

n

pN
ϕ = ϕ + ϕ .                                    (3) 

ɂɡɜɟɫɬɧɨ, ɱɬɨ ɫɨɛɫɬɜɟɧɧɵɟ ɤɨɧɰɟɧɬɪɚɰɢɢ, ɷɮɮɟɤɬɢɜɧɵɟ 
ɩɥɨɬɧɨɫɬɢ ɫɨɫɬɨɹɧɢɣ Nɋ ɜ ɡɨɧɟ ɩɪɨɜɨɞɢɦɨɫɬɢ ɢ NV ɜ ɜɚɥɟɧɬɧɨɣ 

ɡɨɧɟ ɫɜɹɡɚɧɵ ɫɨɨɬɧɨɲɟɧɢɟɦ 

2
Ɂ

Ɍ
i i C Vn p N N e

ϕ
− ϕ= = .                                 (4) 

ɉɨɥɚɝɚɹ, ɱɬɨ NC≈NV, ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ 

2
ϕ

ϕ=
Ɂ

Ɍ
C iN n e .                                         (5) 

ɉɨɞɫɬɚɜɥɹɹ ɡɧɚɱɟɧɢɟ NC ɢɡ (5) ɜ (3), ɩɨɥɭɱɢɦ 

ln
2

ϕ
ϕ = ϕ − + ϕɁ i

F C Ɍ
n

p
; 

2

ϕ
ϕ − = ϕɁ

C Е  – ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɩɨɬɟɧɰɢɚɥ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɣ 

ɫɟɪɟɞɢɧɟ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ. 

Ɍɨɠɞɟɫɬɜɨ ɞɨɤɚɡɚɧɨ. 

 

ȼɵɜɨɞɵ 

1. ɍɱɢɬɵɜɚɹ, ɱɬɨ ɜ ɷɥɟɤɬɪɨɧɧɨɦ ɩɨɥɭɩɪɨɜɨɞɧɢɤɟ ɜɵɩɨɥɧɹ-

ɟɬɫɹ ɭɫɥɨɜɢɟ n > p, ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ: ɜ ɷɥɟɤɬɪɨɧɧɨɦ ɩɨɥɭ-

ɩɪɨɜɨɞɧɢɤɟ ɭɪɨɜɟɧɶ Ɏɟɪɦɢ ɫɞɜɢɧɭɬ ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɟɪɟɞɢɧɵ ɡɚ-
ɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ɜ ɫɬɨɪɨɧɭ ɡɨɧɵ ɩɪɨɜɨɞɢɦɨɫɬɢ. ɑɟɦ ɜɵɲɟ ɤɨɧ-

ɰɟɧɬɪɚɰɢɹ ɷɥɟɤɬɪɨɧɨɜ, ɬɟɦ ɛɥɢɠɟ ɭɪɨɜɟɧɶ Ɏɟɪɦɢ ɤ ɡɨɧɟ ɩɪɨɜɨɞɢ-

ɦɨɫɬɢ ɢ ɬɟɦ ɦɟɧɶɲɟ ɤɨɧɰɟɧɬɪɚɰɢɹ ɞɵɪɨɤ, ɧɟɨɫɧɨɜɧɵɯ ɧɨɫɢɬɟɥɟɣ. 

2. ȿɫɥɢ ɜɵɩɨɥɧɹɟɬɫɹ ɭɫɥɨɜɢɟ = Cn N , ɭɪɨɜɟɧɶ Ɏɟɪɦɢ ɪɚɜɟɧ
ϕ = ϕF C , ɬ. ɟ. ɪɚɫɩɨɥɨɠɟɧ ɧɚ ɭɪɨɜɧɟ «ɞɧɚ» ɡɨɧɵ ɩɪɨɜɨɞɢɦɨɫɬɢ. 

Эɬɨ ɭɫɥɨɜɢɟ ɦɨɠɧɨ ɩɪɢɧɹɬɶ ɡɚ ɤɪɢɬɟɪɢɣ ɜɵɪɨɠɞɟɧɢɹ ɩɨɥɭɩɪɨ-

ɜɨɞɧɢɤɚ. 
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Ɇɟɬɨɞɢɱɟɫɤɢɟ ɭɤɚɡɚɧɢɹ ɩɨ ɜɵɩɨɥɧɟɧɢɸ                                   

ɤɨɧɬɪɨɥɶɧɨɣ ɪɚɛɨɬɵ 

Ⱦɥɹ ɭɫɩɟɲɧɨɝɨ ɪɟɲɟɧɢɹ ɩɟɪɜɨɣ ɤɨɧɬɪɨɥɶɧɨɣ ɪɚɛɨɬɵ ɫɥɟɞɭ-

ɟɬ ɢɡɭɱɢɬɶ ɢ ɩɨɧɹɬɶ ɮɢɡɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɫɨɛɫɬɜɟɧɧɵɯ ɢ ɩɪɢɦɟɫ-
ɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ. Ⱦɥɹ ɤɚɤɨɣ ɰɟɥɢ ɜɜɨɞɹɬɫɹ ɩɪɢɦɟɫɢ ɢ ɤɚɤ 

ɢɡɦɟɧɹɸɬɫɹ ɩɪɢ ɷɬɨɦ ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ, 

ɢ ɜ ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ ɭɞɟɥɶɧɚɹ ɩɪɨɜɨɞɢɦɨɫɬɶ. 

ɑɟɬɤɨ ɩɪɟɞɫɬɚɜɥɹɬɶ ɮɢɡɢɱɟɫɤɢɣ ɫɦɵɫɥ ɩɨɬɟɧɰɢɚɥɚ Ɏɟɪɦɢ 

ϕF , ɷɥɟɤɬɪɨɫɬɚɬɢɱɟɫɤɨɝɨ ɩɨɬɟɧɰɢɚɥɚ ϕE , ɩɨɬɟɧɰɢɚɥɚ, ɯɚɪɚɤɬɟɪɢ-

ɡɭɸɳɟɝɨ ɲɢɪɢɧɭ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ Ɂϕ , ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɩɨɬɟɧ-

ɰɢɚɥɚ ϕT , ɯɢɦɢɱɟɫɤɨɝɨ ɩɨɬɟɧɰɢɚɥɚ χ  ɢ ɤɚɤ ɛɭɞɭɬ ɢɡɦɟɧɹɬɶɫɹ ɷɬɢ 

ɩɨɬɟɧɰɢɚɥɵ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɤɨɧɰɟɧɬɪɚɰɢɢ ɩɪɢɦɟɫɟɣ. Ɂɧɚɬɶ ɡɚɜɢ-

ɫɢɦɨɫɬɶ ɷɬɢɯ ɩɨɬɟɧɰɢɚɥɨɜ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ. ɇɟɨɛɯɨɞɢɦɨ ɩɨɦɧɢɬɶ, 
ɱɬɨ ɩɨɬɟɧɰɢɚɥ Ɏɟɪɦɢ ϕF  ɹɜɥɹɟɬɫɹ ɮɭɧɤɰɢɟɣ ɤɨɧɰɟɧɬɪɚɰɢɢ ɢ ɟɟ 
ɢɡɦɟɧɟɧɢɟ ɜɟɞɟɬ ɤ ɢɡɦɟɧɟɧɢɸ ɭɪɨɜɧɹ Ɏɟɪɦɢ. ɉɨɞɭɦɚɣɬɟ, ɩɨɱɟɦɭ. 

ɇɟɨɛɯɨɞɢɦɨ ɩɨɦɧɢɬɶ, ɱɬɨ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɟ ɢɥɢ ɫɢɫɬɟɦɟ 
ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ, ɧɚɯɨɞɹɳɢɯɫɹ ɜ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨɦ ɪɚɜɧɨɜɟ-
ɫɢɢ, ɩɨɬɟɧɰɢɚɥ Ɏɟɪɦɢ ɩɨɫɬɨɹɧɟɧ, ɚ ɟɝɨ ɝɪɚɞɢɟɧɬ ɪɚɜɟɧ ɧɭɥɸ, 

ɧɨ ɩɪɢ ɷɬɨɦ ɦɨɝɭɬ ɢɦɟɬɶ ɦɟɫɬɨ ɞɢɮɮɭɡɢɨɧɧɵɟ ɢ ɞɪɟɣɮɨɜɵɟ ɩɨ-

ɬɨɤɢ. Ɋɟɡɭɥɶɬɢɪɭɸɳɢɣ ɬɨɤ ɩɪɢ ɷɬɨɦ ɪɚɜɟɧ ɧɭɥɸ. ɉɨɱɟɦɭ? 

ɇɟɨɛɯɨɞɢɦɨ ɱɟɬɤɨ ɩɪɟɞɫɬɚɜɥɹɬɶ, ɩɨɱɟɦɭ ɜ ɩɪɢɦɟɫɧɨɦ ɩɨɥɭ-

ɩɪɨɜɨɞɧɢɤɟ ɤɨɧɰɟɧɬɪɚɰɢɹ ɨɫɧɨɜɧɵɯ ɧɨɫɢɬɟɥɟɣ ɧɟ ɡɚɜɢɫɢɬ ɨɬ ɬɟɦ-

ɩɟɪɚɬɭɪɵ ɜ ɪɚɛɨɱɟɦ ɞɢɚɩɚɡɨɧɟ ɬɟɦɩɟɪɚɬɭɪ, ɚ ɤɨɧɰɟɧɬɪɚɰɢɹ ɧɟɨɫ-
ɧɨɜɧɵɯ ɧɨɫɢɬɟɥɟɣ ɨɱɟɧɶ ɫɢɥɶɧɨ ɡɚɜɢɫɢɬ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ. 

ɂɡɭɱɚɹ ɡɨɧɧɵɟ, ɷɧɟɪɝɟɬɢчɟɫɤɢɟ, ɞɢɚɝɪɚɦɦɵ, ɨɛɪɚɬɢɬɟ ɨɫ-
ɧɨɜɧɨɟ ɜɧɢɦɚɧɢɟ ɧɚ ɢɯ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɜɚɠɧɨɫɬɶ ɤɚɤ ɞɥɹ ɩɨɧɢ-

ɦɚɧɢɹ ɮɢɡɢɤɢ ɩɪɨɰɟɫɫɨɜ, ɩɪɨɢɫɯɨɞɹɳɢɯ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɟ ɢɥɢ 

ɫɢɫɬɟɦɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ, ɬɚɤ ɢ ɞɥɹ ɤɨɥɢɱɟɫɬɜɟɧɧɵɯ ɨɰɟɧɨɤ. 

ɉɨɦɧɢɬɟ, ɱɬɨ ɜ ɡɨɧɧɵɯ ɞɢɚɝɪɚɦɦɚɯ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɭɪɨɜɧɢ ɫ ɩɨ-

ɥɨɠɢɬɟɥɶɧɵɦ ɩɨɬɟɧɰɢɚɥɨɦ ɧɚɯɨɞɹɬɫɹ ɧɢɠɟ. Ɍɚɤ, ɩɨɬɟɧɰɢɚɥ 

«ɞɧɚ» ɡɨɧɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ϕɋ  ɦɟɧɶɲɟ ɩɨɬɟɧɰɢɚɥɚ «ɩɨɬɨɥɤɚ» ɜɚ-
ɥɟɧɬɧɨɣ ɡɨɧɵ ϕV . ɇɚ ɪɢɫ. 1 ɩɪɢɜɟɞɟɧɵ ɡɨɧɧɵɟ ɞɢɚɝɪɚɦɦɵ ɩɨɥɭ-

ɩɪɨɜɨɞɧɢɤɚ. 
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ɉɨɬɟɧɰɢɚɥɶɧɚɹ ɷɧɟɪɝɢɹ 

Ʉɢɧɟɬɢɱɟɫɤɚɹ ɷɧɟɪɝɢɹ 

Ɋɢɫ. 1 

ɍɪɨɜɧɢ ɫɟɪɟɞɢɧɵ 

ɪɚɡɪɟɲɟɧɧɵɯ ɡɨɧ 

ɤ – ɫɜɨɛɨɞɧɵɟ ɭɪɨɜɧɢ 

 
 

ɂɡ ɚɧɚɥɢɡɚ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɞɢɚɝɪɚɦɦ ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɫɥɟɞɭɸ-

ɳɢɟ ɜɵɜɨɞɵ. 

1. ɉɥɨɬɧɨɫɬɶ ɭɪɨɜɧɟɣ ɜ ɝɥɭɛɶ ɪɚɡɪɟɲɟɧɧɵɯ ɡɨɧ ɭɜɟɥɢɱɢɜɚɟɬɫɹ.  
ɉɪɢ ɷɧɟɪɝɢɢ, ɨɬɥɢɱɚɸɳɟɣɫɹ ɨɬ ɝɪɚɧɢɱɧɵɯ ɷɧɟɪɝɢɣ, ɬ. ɟ. 

ɷɧɟɪɝɢɣ «ɞɧɚ» ɢ «ɩɨɬɨɥɤɚ» ɪɚɡɪɟɲɟɧɧɵɯ ɡɨɧ, ɧɚ 3ϕT , ɩɥɨɬɧɨɫɬɶ 

ɭɪɨɜɧɟɣ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɩɪɢɦɟɪɧɨ ɜ 2 ɪɚɡɚ, ɚ ɜɟɪɨɹɬɧɨɫɬɶ ɧɚɯɨɠ-

ɞɟɧɢɹ ɷɥɟɤɬɪɨɧɨɜ ɢ ɞɵɪɨɤ ɧɚ ɷɬɢɯ ɭɪɨɜɧɹɯ ɭɦɟɧɶɲɚɟɬɫɹ ɩɪɢɦɟɪ-

ɧɨ ɜ 20 ɪɚɡ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɤɨɥɢɱɟɫɬɜɨ ɷɥɟɤɬɪɨɧɨɜ ɢ ɞɵɪɨɤ 

ɧɚ ɭɪɨɜɧɹɯ ɜɞɚɥɢ ɨɬ «ɞɧɚ» ɡɨɧɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɢ «ɩɨɬɨɥɤɚ» ɜɚ-
ɥɟɧɬɧɨɣ ɡɨɧɵ ɩɪɟɧɟɛɪɟɠɢɦɨ ɦɚɥɨ. 

2. Эɥɟɤɬɪɨɧɵ (ɞɵɪɤɢ), ɧɚɯɨɞɹɳɢɟɫɹ ɧɚ ɝɪɚɧɢɱɧɵɯ ɭɪɨɜɧɹɯ, 

ɨɛɥɚɞɚɸɬ ɬɨɥɶɤɨ ɩɨɬɟɧɰɢɚɥɶɧɨɣ ɷɧɟɪɝɢɟɣ, ɚ ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɧɟ-
ɩɨɞɜɢɠɧɵ. 

3. Эɥɟɤɬɪɨɧɵ (ɞɵɪɤɢ), ɧɚɯɨɞɹɳɢɟɫɹ ɧɚ ɭɪɨɜɧɹɯ, ɨɬɥɢɱɧɵɯ 

ɨɬ ɝɪɚɧɢɱɧɵɯ, ɤɪɨɦɟ ɩɨɬɟɧɰɢɚɥɶɧɨɣ ɷɧɟɪɝɢɢ ɨɛɥɚɞɚɸɬ ɢ ɤɢɧɟɬɢ-

ɱɟɫɤɨɣ ɷɧɟɪɝɢɟɣ. 
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4. Ɇɚɤɫɢɦɚɥɶɧɨɣ ɤɢɧɟɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɟɣ ɨɛɥɚɞɚɸɬ ɷɥɟɤɬɪɨ-

ɧɵ (ɞɵɪɤɢ), ɧɚɯɨɞɹɳɢɟɫɹ ɧɚ ɭɪɨɜɧɹɯ ɫɟɪɟɞɢɧɵ ɪɚɡɪɟɲɟɧɧɵɯ ɡɨɧ. 

ȼɟɪɨɹɬɧɨɫɬɶ ɧɚɯɨɠɞɟɧɢɹ ɧɚ ɷɬɢɯ ɭɪɨɜɧɹɯ ɧɨɫɢɬɟɥɟɣ ɩɪɚɤ-

ɬɢɱɟɫɤɢ ɪɚɜɧɚ ɧɭɥɸ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɩɪɨɜɨɞɢɦɨɫɬɶ ɨɛɭɫɥɨɜɥɟɧɚ 
ɜ ɨɫɧɨɜɧɨɦ ɧɨɫɢɬɟɥɹɦɢ, ɧɚɯɨɞɹɳɢɦɢɫɹ ɧɚ ɭɪɨɜɧɹɯ ɜɛɥɢɡɢ ɝɪɚ-
ɧɢɱɧɵɯ ɡɧɚɱɟɧɢɣ. 

Ⱦɥɹ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ ɢ ɩɪɢɛɨɪɨɜ ɧɚ ɢɯ ɨɫɧɨɜɟ ɩɪɢɧɰɢɩɢ-

ɚɥɶɧɨ ɜɚɠɧɵɦ ɹɜɥɹɟɬɫɹ ɭɫɥɨɜɢɟ ɧɟɣɬɪɚɥɶɧɨɫɬɢ ɢ ɩɪɢɧɰɢɩ ɞɢ-

ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɪɟɥɚɤɫɚɰɢɢ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɯ. ɉɨɦɧɢɬɟ, ɱɬɨ ɮɢ-

ɡɢɱɟɫɤɢɣ ɫɦɵɫɥ ɭɫɥɨɜɢɹ ɧɟɣɬɪɚɥɶɧɨɫɬɢ ɜ ɬɨɦ, ɱɬɨ ɜ ɩɨɥɭɩɪɨɜɨɞ-

ɧɢɤɚɯ ɧɟɡɚɜɢɫɢɦɨ ɨɬ ɢɯ ɫɨɫɬɨɹɧɢɹ ɧɟ ɦɨɝɭɬ ɞɥɢɬɟɥɶɧɨɟ ɜɪɟɦɹ 

ɫɭɳɟɫɬɜɨɜɚɬɶ ɨɛɴɟɦɧɵɟ ɡɚɪɹɞɵ. ȼɪɟɦɹ ɫɭɳɟɫɬɜɨɜɚɧɢɹ ɨɛɴɟɦɧɨɝɨ 

ɡɚɪɹɞɚ ɨɰɟɧɢɜɚɟɬɫɹ ɧɚ ɭɪɨɜɧɟ ɜɪɟɦɟɧɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɪɟɥɚɤɫɚ-
ɰɢɢ 10

–11
 – 10

–13
 ɫ, ɱɬɨ ɧɚ 10

5
 ɛɨɥɶɲɟ ɜɪɟɦɟɧɢ ɠɢɡɧɢ ɧɨɫɢɬɟɥɟɣ. 

Ɋɚɫɫɦɚɬɪɢɜɚɹ ɩɪɢɧɰɢɩ ɨɛɪɚɡɨɜɚɧɢɹ ɩɟɪɟɯɨɞɚ, ɫɨɫɪɟɞɨɬɨɱɶɬɟ 
ɨɫɧɨɜɧɨɟ ɜɧɢɦɚɧɢɟ ɧɚ ɮɢɡɢɱɟɫɤɢɯ ɩɪɨɰɟɫɫɚɯ, ɩɪɨɢɫɯɨɞɹɳɢɯ ɩɪɢ 

ɨɛɴɟɞɢɧɟɧɢɢ ɞɜɭɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɦɚɬɟɪɢɚɥɨɜ ɫ ɪɚɡɧɵɦ ɬɢ-

ɩɨɦ ɩɪɨɜɨɞɢɦɨɫɬɢ. Ɉɛɴɟɞɢɧɟɧɢɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ ɫ ɪɚɡɧɵɦ ɬɢ-

ɩɨɦ ɩɪɨɜɨɞɢɦɨɫɬɟɣ ɩɪɢɜɨɞɢɬ ɤ ɞɢɮɮɭɡɢɢ ɧɨɫɢɬɟɥɟɣ ɜɫɥɟɞɫɬɜɢɟ 
ɪɚɡɧɨɫɬɢ ɯɢɦɢɱɟɫɤɢɯ ɩɨɬɟɧɰɢɚɥɨɜ ɨɞɧɨɢɦɟɧɧɵɯ ɧɨɫɢɬɟɥɟɣ ɜ ɩɨ-

ɥɭɩɪɨɜɨɞɧɢɤɚɯ ɪɚɡɧɨɝɨ ɬɢɩɚ ɩɪɨɜɨɞɢɦɨɫɬɢ. 

ɉɪɢ ɢɡɭɱɟɧɢɢ ɩɟɪɟɯɨɞɚ ɬɳɚɬɟɥɶɧɨ ɩɪɨɚɧɚɥɢɡɢɪɭɣɬɟ ɪɢɫ. 2.5 

ɭɱɟɛɧɨɝɨ ɩɨɫɨɛɢɹ. 

ɂɡ ɪɢɫɭɧɤɚ ɫɥɟɞɭɟɬ, ɱɬɨ ɜɟɥɢɱɢɧɚ ɞɢɮɮɭɡɢɨɧɧɨɝɨ ɩɨɬɟɧɰɢ-

ɚɥɚ ɪɚɜɧɚ:  
0∆ϕ = ϕ − ϕ

p nF F , 

ɝɞɟ ɢ  ϕ ϕ
p nF F  – ɩɨɬɟɧɰɢɚɥɵ Ɏɟɪɦɢ ɜ ɞɵɪɨɱɧɨɦ ɢ ɷɥɟɤɬɪɨɧɧɨɦ 

ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɯ ɞɨ ɨɛɪɚɡɨɜɚɧɢɹ ɩɟɪɟɯɨɞɚ. 
Ɉɛɴɹɫɧɢɬɶ ɩɪɢɧɰɢɩ ɨɛɪɚɡɨɜɚɧɢɹ p-n-ɩɟɪɟɯɨɞɚ ɦɨɠɧɨ ɬɨɥɶɤɨ 

ɫ ɩɨɡɢɰɢɣ ɷɧɟɪɝɢɢ, ɤɨɬɨɪɭɸ ɢɦɟɸɬ ɷɥɟɤɬɪɨɧɵ ɢ ɞɵɪɤɢ, ɱɬɨ ɞɟ-
ɦɨɧɫɬɪɢɪɭɟɬɫɹ ɫ ɩɨɦɨɳɶɸ ɡɨɧɧɵɯ ɞɢɚɝɪɚɦɦ (ɪɢɫ. 2). Ɍɪɟɛɨɜɚɧɢɟ 
ɩɨɫɬɨɹɧɫɬɜɚ ɭɪɨɜɧɹ Ɏɟɪɦɢ ɞɥɹ ɫɢɫɬɟɦɵ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ, ɧɚɯɨ-

ɞɹɳɢɯɫɹ ɜ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨɦ ɪɚɜɧɨɜɟɫɢɢ, ɩɪɢɜɨɞɢɬ ɤ ɢɫɤɪɢɜɥɟ-
ɧɢɸ ɭɪɨɜɧɟɣ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɯ ɢ ɨɛɪɚɡɨɜɚɧɢɸ ɩɨɬɟɧɰɢɚɥɶɧɨɝɨ 

ɛɚɪɶɟɪɚ. Ɉɛɪɚɬɢɬɟ ɜɧɢɦɚɧɢɟ ɧɚ ɬɨ, ɱɬɨ ɱɟɦ ɛɥɢɠɟ ɭɪɨɜɟɧɶ Ɏɟɪɦɢ 

ɤ ɪɚɡɪɟɲɟɧɧɨɣ ɡɨɧɟ, ɬɟɦ ɛɨɥɶɲɟ ɞɢɮɮɭɡɢɨɧɧɵɣ ɩɨɬɟɧɰɢɚɥ, ɬɟɦ 

ɛɨɥɶɲɟɣ ɷɧɟɪɝɢɟɣ ɞɨɥɠɧɵ ɨɛɥɚɞɚɬɶ ɞɵɪɤɢ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ p, 
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ɱɬɨɛɵ ɩɟɪɟɣɬɢ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤ n. Ⱥɧɚɥɨɝɢɱɧɨɟ ɡɚɤɥɸɱɟɧɢɟ 
ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɢ ɨɛ ɷɥɟɤɬɪɨɧɚɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ n. 

 
 

p ∆φ0 ∆φ0 

φF 

n 
Nɞ1 

ɚ ɛ 

Ɋɢɫ. 2 

p ∆φ0 ∆φ0 

φF 

n 
Nɞ2 Nɞ1< Nɞ

 
 

Ɉɛɪɚɬɢɬɟ ɜɧɢɦɚɧɢɟ ɧɚ ɬɨ, ɱɬɨ ɞɥɹ ɞɵɪɨɤ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ         
n-ɬɢɩɚ ɢ ɷɥɟɤɬɪɨɧɨɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ p-ɬɢɩɚ ɧɟɬ ɩɨɬɟɧɰɢɚɥɶɧɨɝɨ 

ɛɚɪɶɟɪɚ ɞɥɹ ɩɟɪɟɯɨɞɚ ɢɯ ɜ ɫɦɟɠɧɵɟ ɫɥɨɢ. ȼ ɞɵɪɨɱɧɨɦ ɢ ɷɥɟɤ-

ɬɪɨɧɧɨɦ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɯ ɟɫɬɶ ɞɵɪɤɢ ɢ ɷɥɟɤɬɪɨɧɵ, ɫɩɨɫɨɛɧɵɟ 
ɩɪɟɨɞɨɥɟɬɶ ɩɨɬɟɧɰɢɚɥɶɧɵɣ ɛɚɪɶɟɪ ɢ ɩɟɪɟɣɬɢ ɜ ɫɥɨɣ ɫ ɞɪɭɝɢɦ ɬɢ-

ɩɨɦ ɩɪɨɜɨɞɢɦɨɫɬɢ. ɉɨɬɨɤ ɞɵɪɨɤ ɫ ɜɵɫɨɤɨɣ ɷɧɟɪɝɢɟɣ ɢɡ p-ɩɨɥɭ-

ɩɪɨɜɨɞɧɢɤɚ ɭɪɚɜɧɨɜɟɲɢɜɚɟɬɫɹ ɩɨɬɨɤɨɦ ɞɵɪɨɤ ɢɡ n-ɩɨɥɭɩɪɨɜɨɞ-

ɧɢɤɚ, ɫɢɫɬɟɦɚ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ ɧɚɯɨɞɢɬɫɹ ɜ ɫɨɫɬɨɹɧɢɢ ɬɟɪɦɨɞɢɧɚ-
ɦɢɱɟɫɤɨɝɨ ɪɚɜɧɨɜɟɫɢɹ. Ⱥɧɚɥɨɝɢɱɧɵɣ ɩɪɨɰɟɫɫ ɨɬɧɨɫɢɬɫɹ ɢ ɤ ɷɥɟɤ-

ɬɪɨɧɚɦ. Ɋɟɡɭɥɶɬɢɪɭɸɳɢɣ ɬɨɤ ɪɚɜɟɧ ɧɭɥɸ. ɋɢɫɬɟɦɚ ɩɨɥɭɩɪɨɜɨɞɧɢ-

ɤɨɜ ɧɚɯɨɞɢɬɫɹ ɜ ɫɨɫɬɨɹɧɢɢ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɪɚɜɧɨɜɟɫɢɹ. 
ɉɪɢ ɢɡɭɱɟɧɢɢ ɫɢɫɬɟɦ ɦɟɬɚɥɥ – ɩɨɥɭɩɪɨɜɨɞɧɢɤ ɧɟɡɚɜɢɫɢɦɨ 

ɨɬ ɬɢɩɚ ɨɛɪɚɡɨɜɚɜɲɢɯɫɹ ɤɨɧɬɚɤɬɨɜ ɩɟɪɟɯɨɞ ɧɟ ɨɛɪɚɡɭɟɬɫɹ, ɚ ɫɥɟ-
ɞɨɜɚɬɟɥɶɧɨ, ɧɟɬ ɢɧɠɟɤɰɢɢ ɢɥɢ ɷɤɫɬɪɚɤɰɢɢ ɧɨɫɢɬɟɥɟɣ, ɱɬɨ ɢɫɤɥɸ-

ɱɚɟɬ ɪɟɠɢɦ ɧɚɤɨɩɥɟɧɢɹ ɢɥɢ ɪɚɫɫɚɫɵɜɚɧɢɹ ɡɚɪɹɞɨɜ. ȿɫɥɢ ɩɪɢ ɨɛ-

ɪɚɡɨɜɚɧɢɢ ɤɨɧɬɚɤɬɨɜ ɜ ɨɛɥɚɫɬɹɯ, ɩɪɢɥɟɝɚɸɳɢɯ ɤ ɦɟɬɚɥɥɭɪɝɢɱɟ-
ɫɤɨɣ ɝɪɚɧɢɰɟ, ɤɨɧɰɟɧɬɪɚɰɢɢ ɨɤɚɡɵɜɚɸɬɫɹ ɩɨɧɢɠɟɧɧɵɦɢ, ɤɨɧɬɚɤ-

ɬɵ ɧɚɡɵɜɚɸɬɫɹ ɜɵɩɪɹɦɥɹɸɳɢɦɢ, ɬ. ɟ. ɨɛɥɚɞɚɸɬ ɜɟɧɬɢɥɶɧɵɦɢ 

ɫɜɨɣɫɬɜɚɦɢ. ɉɪɢɛɨɪɵ ɧɚ ɨɫɧɨɜɟ ɜɵɩɪɹɦɥɹɸɳɢɯ ɤɨɧɬɚɤɬɨɜ ɢɦɟ-
ɸɬ ɨɱɟɧɶ ɜɵɫɨɤɨɟ ɛɵɫɬɪɨɞɟɣɫɬɜɢɟ, ɱɬɨ ɜɵɝɨɞɧɨ ɨɬɥɢɱɚɟɬ ɢɯ 

ɨɬ ɩɪɢɛɨɪɨɜ, ɪɚɛɨɬɚɸɳɢɯ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɟɪɟɯɨɞɨɜ. 

ɉɪɢ ɢɡɭɱɟɧɢɢ ɞɢɨɞɨɜ ɨɛɪɚɬɢɬɟ ɜɧɢɦɚɧɢɟ ɧɚ ɪɚɡɥɢɱɢɟ ɫɬɚɬɢ-

ɱɟɫɤɢɯ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɞɥɹ ɢɞɟɚɥɶɧɨɝɨ ɢ ɪɟɚɥɶɧɨ-

ɝɨ ɞɢɨɞɨɜ ɢ ɩɨɱɟɦɭ ɷɬɢ ɨɬɥɢɱɢɹ ɜɨɡɧɢɤɚɸɬ. 
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ɉɪɢ ɢɡɭɱɟɧɢɢ ɪɚɡɞɟɥɚ 3.2 «ɋɬɚɛɢɥɢɬɪɨɧɵ» (ɫ. 99 ɭɱɟɛɧɨɝɨ 

ɩɨɫɨɛɢɹ) ɨɫɧɨɜɧɨɟ ɜɧɢɦɚɧɢɟ ɫɥɟɞɭɟɬ ɨɛɪɚɬɢɬɶ ɧɚ ɪɚɛɨɬɭ ɷɬɢɯ 

ɩɪɢɛɨɪɨɜ ɤɚɤ ɫɬɚɛɢɥɢɡɚɬɨɪɨɜ ɧɚɩɪɹɠɟɧɢɹ ɜ ɢɫɬɨɱɧɢɤɚɯ ɩɢɬɚɧɢɹ 

ɢ ɤɚɤɢɦɢ ɫɜɨɣɫɬɜɚɦɢ ɞɨɥɠɧɚ ɨɛɥɚɞɚɬɶ ɫɬɚɬɢɱɟɫɤɚɹ ɜɨɥɶɬ-ɚɦɩɟɪ-

ɧɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ ɞɥɹ ɨɛɟɫɩɟɱɟɧɢɹ ɜɵɫɨɤɨɣ ɫɬɟɩɟɧɢ ɫɬɚɛɢɥɢɡɚ-
ɰɢɢ ɧɚɩɪɹɠɟɧɢɹ.  

Ɋɚɡɞɟɥ 3.3 «Ɍɭɧɧɟɥɶɧɵɟ ɞɢɨɞɵ» (ɫ. 102 ɭɱɟɛɧɨɝɨ ɩɨɫɨɛɢɹ) 

ɫɥɟɞɭɟɬ ɩɪɨɱɢɬɚɬɶ, ɫ ɰɟɥɶɸ ɨɡɧɚɤɨɦɥɟɧɢɹ ɫ ɩɪɢɛɨɪɚɦɢ, ɜ ɤɨɬɨ-

ɪɵɯ ɢɫɩɨɥɶɡɭɸɬɫɹ ɜɵɪɨɠɞɟɧɧɵɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɢ. 

 

ȼАɊɂАɇɌ 1 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɤɪɟɦɧɢɟɜɵɣ ɷɥɟɤɬɪɨɧɧɵɣ ɩɨɥɭɩɪɨɜɨɞɧɢɤ. 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɜɵɩɨɥɧɹɟɬɫɹ ɭɫɥɨɜɢɟ 2
Ɂ

Ɍ
in n e

ϕ
ϕ= , ɟɫɥɢ 

ɭɪɨɜɟɧɶ Ɏɟɪɦɢ ϕ = ϕF C  ɢ =CN NV. 

ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɤɨɧɰɟɧɬɪɚɰɢɸ ɷɥɟɤɬɪɨɧɨɜ ɞɥɹ ɩɭɧɤɬɚ ɚ) ɩɪɢ 

ɢɡɦɟɧɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɨɬ –50 ɞɨ 100
 °ɋ. ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ ɢ 

ɞɚɣɬɟ ɮɢɡɢɱɟɫɤɨɟ ɨɛɴɹɫɧɟɧɢɟ. 
 

Ɂɚɞɚɱɚ 2 

ɚ) ɉɨɤɚɠɢɬɟ, ɱɬɨ ɷɮɮɟɤɬɢɜɧɚɹ ɩɥɨɬɧɨɫɬɶ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ 

ɭɪɨɜɧɟɣ ɜ ɩɪɟɞɟɥɚɯ ɡɨɧɵ 1.2 ϕT  ɜɛɥɢɡɢ ɤɪɚɹ ɡɨɧɵ ɩɪɨɜɨɞɢɦɨɫɬɢ 

ɫɨɫɬɚɜɥɹɟɬ 

( )
3

2
3

11 14
2= ϕC T

.
N mq

h . 

ɛ) ɂɫɩɨɥɶɡɭɹ ɜɵɪɚɠɟɧɢɟ ɩɭɧɤɬɚ ɚ) ɪɚɫɫɱɢɬɚɣɬɟ ɷɮɮɟɤɬɢɜ-

ɧɭɸ ɩɥɨɬɧɨɫɬɶ ɫɨɫɬɨɹɧɢɣ NC ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɨɬ –60 

ɞɨ 110 °ɋ. ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ ɢ ɫɞɟɥɚɣɬɟ ɧɟɨɛɯɨɞɢɦɵɟ ɩɨɹɫɧɟɧɢɹ. 

 

Ɂɚɞɚɱɚ 3 

ɉɨɫɬɪɨɣɬɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɞɢɚɝɪɚɦɦɵ ɞɥɹ ɩɟɪɟɯɨɞɚ ɢɡ ɝɟɪ-

ɦɚɧɢɹ, ɩɪɢɧɹɜ ɡɚ ɧɭɥɟɜɨɣ ɩɨɬɟɧɰɢɚɥ ɩɨɬɟɧɰɢɚɥ «ɞɧɚ» ɡɨɧɵ ɩɪɨ-

ɜɨɞɢɦɨɫɬɢ ɞɵɪɨɱɧɨɝɨ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ. 
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ɉɨɬɟɧɰɢɚɥɵ Ɏɟɪɦɢ ɜ ɞɵɪɨɱɧɨɦ ɢ ɷɥɟɤɬɪɨɧɧɨɦ ɩɨɥɭɩɪɨ-

ɜɨɞɧɢɤɚɯ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɪɚɜɧɵ: 

ϕ = ϕ −Fn C 4ϕT ; 2ϕ = ϕ + ϕFp V T . 

Ɂɨɧɧɵɟ ɞɢɚɝɪɚɦɦɵ ɩɨɫɬɪɨɣɬɟ ɞɥɹ ɬɪёɯ ɡɧɚɱɟɧɢɣ ɧɚɩɪɹɠɟ-
ɧɢɣ ɜɧɟɲɧɟɝɨ ɢɫɬɨɱɧɢɤɚ: 

U = 0;   6= ϕTU ;   6= − ϕTU . 

Ɂɚɦɟɱɚɧɢɟ. ɇɟɨɛɯɨɞɢɦɨ ɩɨɫɬɪɨɢɬɶ ɡɨɧɧɵɟ ɞɢɚɝɪɚɦɦɵ, ɚ ɧɟ 
ɜɵɫɨɬɭ ɩɨɬɟɧɰɢɚɥɶɧɨɝɨ ɛɚɪɶɟɪɚ. 

Ɉɛɴɹɫɧɢɬɟ ɩɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ. 

 

Ɂɚɞɚɱɚ 4 

ɉɨɫɬɪɨɣɬɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɞɢɚɝɪɚɦɦɵ ɞɥɹ ɩɟɪɟɯɨɞɚ, ɨɛɪɚɡɨ-

ɜɚɧɧɨɝɨ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɦɢ ɢɡ ɝɟɪɦɚɧɢɹ. 
ɉɨɬɟɧɰɢɚɥɵ Ɏɟɪɦɢ ɞɥɹ ɷɥɟɤɬɪɨɧɧɨɝɨ ɢ ɞɵɪɨɱɧɨɝɨ ɩɨɥɭ-

ɩɪɨɜɨɞɧɢɤɨɜ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɪɚɜɧɵ: 

ϕ = ϕ −Fn C 4ϕT ; 2ϕ = ϕ + ϕFp V T . 

Ɂɨɧɧɵɟ ɞɢɚɝɪɚɦɦɵ ɩɨɫɬɪɨɣɬɟ ɞɥɹ ɬɪɟɯ ɡɧɚɱɟɧɢɣ ɜɧɟɲɧɢɯ 

ɧɚɩɪɹɠɟɧɢɣ, ɩɪɢɥɨɠɟɧɧɵɯ ɤ ɩɟɪɟɯɨɞɭ: 

U = 0;   6= ϕTU ;    6= − ϕTU . 

Ɂɚɦɟɱɚɧɢɟ. ɇɟɨɛɯɨɞɢɦɨ ɩɨɫɬɪɨɢɬɶ ɡɨɧɧɵɟ ɞɢɚɝɪɚɦɦɵ, ɚ ɧɟ 
ɜɵɫɨɬɭ ɩɨɬɟɧɰɢɚɥɶɧɨɝɨ ɛɚɪɶɟɪɚ. 

Ɉɛɴɹɫɧɢɬɟ ɩɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ. 

 

Ɂɚɞɚɱɚ 5 

ɂɦɟɸɬɫɹ ɞɢɨɞɵ, ɢɡɝɨɬɨɜɥɟɧɧɵɟ ɢɡ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɦɚ-
ɬɟɪɢɚɥɨɜ ɝɟɪɦɚɧɢɹ ɢ ɤɪɟɦɧɢɹ ɫ ɨɞɢɧɚɤɨɜɵɦɢ ɩɥɨɳɚɞɹɦɢ ɢ ɨɞɢ-

ɧɚɤɨɜɵɦɢ ɜɪɟɦɟɧɚɦɢ ɠɢɡɧɢ ∞τ  ɧɨɫɢɬɟɥɟɣ ɡɚɪɹɞɨɜ. 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɞɥɹ ɨɬɧɨɲɟɧɢɹ ɬɨɤɨɜ ɬɟɪɦɨɝɟɧɟɪɚɰɢɢ ɜɵ-

ɩɨɥɧɹɟɬɫɹ ɭɫɥɨɜɢɟ 
. .

.

.

ϕ −ϕ

ϕ=
Ɂ GE Ɂ SI

TG SI

G GE

I
e

I
, 

ɝɞɟ . .  ɢ   G SI G GEI I , . .  ɢ   Ɂ SI Ɂ GEϕ ϕ  – ɬɨɤɢ ɬɟɪɦɨɝɟɧɟɪɚɰɢɢ ɢ ɲɢɪɢ-

ɧɚ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ɜ ɤɪɟɦɧɢɟɜɨɦ ɢ ɝɟɪɦɚɧɢɟɜɨɦ ɩɨɥɭɩɪɨɜɨɞ-

ɧɢɤɚɯ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 

ɋɞɟɥɚɣɬɟ ɧɟɨɛɯɨɞɢɦɵɟ ɜɵɜɨɞɵ. 



 
19 

ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɡɚɜɢɫɢɦɨɫɬɢ ɬɨɤɨɜ ɬɟɪɦɨɝɟɧɟɪɚɰɢɢ ɞɥɹ 

ɤɪɟɦɧɢɟɜɨɝɨ ɢ ɝɟɪɦɚɧɢɟɜɨɝɨ ɞɢɨɞɨɜ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ 

ɨɬ −50 ɞɨ 100 °ɋ. Ɂɧɚɱɟɧɢɹ ɬɨɤɨɜ ɬɟɪɦɨɝɟɧɟɪɚɰɢɢ ɩɪɢ ɤɨɦɧɚɬɧɨɣ 

ɬɟɦɩɟɪɚɬɭɪɟ ɪɚɜɧɵ: 
6 5

0 010 Ⱥ ɢ 10 ȺG .SI G .GEI    I
− −= = . ɉɨɫɬɪɨɣɬɟ 

ɝɪɚɮɢɤ ɢ ɨɛɴɹɫɧɢɬɟ ɩɨɥɭɱɟɧɧɵɣ ɪɟɡɭɥɶɬɚɬ. 
 

ȼАɊɂАɇɌ 2 

 

Ɂɚɞɚɱɚ 1 

Ɋɚɫɫɱɢɬɚɣɬɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɨɫɢɬɟɥɟɣ ɩɪɢ 

ɦɨɧɨɩɨɥɹɪɧɨɣ ɞɢɮɮɭɡɢɢ ɜ ɤɪɟɦɧɢɟɜɨɦ ɢ ɝɟɪɦɚɧɢɟɜɨɦ ɩɨɥɭɩɪɨ-

ɜɨɞɧɢɤɚɯ ɩɪɢ 
15

10∆ =p  ɢ ɜɪɟɦɟɧɢ ɠɢɡɧɢ ɧɨɫɢɬɟɥɟɣ 5 ɦɤɫ ɜ ɢɧ-

ɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ –50 +150 °C. ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ ɢ ɞɚɣɬɟ ɮɢɡɢ-

ɱɟɫɤɨɟ ɨɛɴɹɫɧɟɧɢɟ. 
 

Ɂɚɞɚɱɚ 2 

ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ ɪɚɫɩɪɟɞɟɥɟɧɢɹ Ɏɟɪɦɢ-Ⱦɢɪɚɤɚ ɞɥɹ ɡɧɚɱɟ-
ɧɢɣ ɚɪɝɭɦɟɧɬɚ, ɛɥɢɡɤɢɯ ɭɪɨɜɧɸ Ɏɟɪɦɢ 1 ɷȼϕ =F . Ⱦɚɣɬɟ ɮɢɡɢɱɟ-
ɫɤɭɸ ɢɧɬɟɪɩɪɟɬɚɰɢɸ ɞɚɧɧɨɣ ɤɪɢɜɨɣ. 

 

Ɂɚɞɚɱɚ 3 

ɉɨɫɬɪɨɣɬɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɞɢɚɝɪɚɦɦɵ ɞɥɹ ɩɟɪɟɯɨɞɚ ɢɡ ɝɟɪ-

ɦɚɧɢɹ. ɉɪɢɦɢɬɟ ɡɚ ɧɨɥɶ ɩɨɬɟɧɰɢɚɥ «ɞɧɚ» ɡɨɧɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɜ 

ɞɵɪɨɱɧɨɦ ɩɨɥɭɩɪɨɜɨɞɧɢɤɟ. ɉɨɬɟɧɰɢɚɥɵ Ɏɟɪɦɢ ɞɥɹ ɞɵɪɨɱɧɨɝɨ ɢ 

ɷɥɟɤɬɪɨɧɧɨɝɨ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɪɚɜɧɵ: 

8 , 4ϕ = ϕ − ϕ ϕ = ϕ + ϕFn C T Fp FV T . 

Ⱦɢɚɝɪɚɦɦɵ ɩɨɫɬɪɨɣɬɟ ɞɥɹ ɬɪɟɯ ɫɥɭɱɚɟɜ. 

ɚ) ȼɧɟɲɧɟɟ ɧɚɩɪɹɠɟɧɢɟ U = 0. 

ɛ) ȼɧɟɲɧɟɟ ɧɚɩɪɹɠɟɧɢɟ U = 12ϕT . 

ɜ) ȼɧɟɲɧɟɟ ɧɚɩɪɹɠɟɧɢɟ U = 12− ϕT . 

ɋɪɚɜɧɢɬɟ ɩɨɥɭɱɟɧɧɵɟ ɞɢɚɝɪɚɦɦɵ ɢ ɫɞɟɥɚɣɬɟ ɜɵɜɨɞɵ. 

Ɂɚɦɟɱɚɧɢɟ. ɇɟɨɛɯɨɞɢɦɨ ɩɨɫɬɪɨɢɬɶ ɡɨɧɧɵɟ ɞɢɚɝɪɚɦɦɵ, 

ɚ ɧɟ ɜɵɫɨɬɭ ɩɨɬɟɧɰɢɚɥɶɧɨɝɨ ɛɚɪɶɟɪɚ. 
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Ɂɚɞɚɱɚ 4 

ɉɨɫɬɪɨɣɬɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɞɢɚɝɪɚɦɦɵ ɞɥɹ ɩɟɪɟɯɨɞɚ ɢɡ ɤɪɟɦ-

ɧɢɹ. 
ɉɨɬɟɧɰɢɚɥɵ Ɏɟɪɦɢ ɞɥɹ ɞɵɪɨɱɧɨɝɨ ɢ ɷɥɟɤɬɪɨɧɧɨɝɨ ɩɨɥɭ-

ɩɪɨɜɨɞɧɢɤɨɜ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɪɚɜɧɵ: 

ϕ = ϕ −Fn C 10ϕT ; 6ϕ = ϕ + ϕFp V T . 

Ɂɨɧɧɵɟ ɞɢɚɝɪɚɦɦɵ ɩɨɫɬɪɨɣɬɟ ɞɥɹ ɬɪɟɯ ɡɧɚɱɟɧɢɣ ɜɧɟɲɧɢɯ 

ɧɚɩɪɹɠɟɧɢɣ, ɩɪɢɥɨɠɟɧɧɵɯ ɤ ɩɟɪɟɯɨɞɭ: 

U = 0; 16= ϕTU ; =U 16− ϕT . 

Ɂɚɦɟɱɚɧɢɟ. ɇɟɨɛɯɨɞɢɦɨ ɩɨɫɬɪɨɢɬɶ ɡɨɧɧɵɟ ɞɢɚɝɪɚɦɦɵ, 

ɚ ɧɟ ɜɵɫɨɬɭ ɩɨɬɟɧɰɢɚɥɶɧɨɝɨ ɛɚɪɶɟɪɚ. 
Ɉɛɴɹɫɧɢɬɟ ɩɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ. 

 

Ɂɚɞɚɱɚ 5 

ɚ) Ⱦɨɤɚɠɢɬɟ ɫɩɪɚɜɟɞɥɢɜɨɫɬɶ ɨɬɧɨɲɟɧɢɹ 

( )0

ϕ ϕ
= ≈

+
ɞ Ɍ T

ɋɌ

r I

R I I U U
, 

ɝɞɟ ɞr  ɢ ɋɌR  ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɟ ɢ ɫɬɚɬɢɱɟɫɤɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɹ 

ɞɢɨɞɨɜ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ; I, I0  – ɩɪɹɦɨɣ ɢ ɬɟɩɥɨɜɨɣ ɬɨɤɢ ɞɢɨɞɚ. 

ɛ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɩɪɢ U = 0   1=ɞ

ɞ

r

R
. 

ɜ) Ɋɚɫɫɱɢɬɚɣɬɟ ɡɚɜɢɫɢɦɨɫɬɶ 
0 0

0

=

ɞ
ɋɌ

ɞ
ɋɌ

r
R T

r T
R

, ɝɞɟ 0ɞr  ɢ 0ɋɌR  – 

ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɟ ɢ ɫɬɚɬɢɱɟɫɤɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɩɪɢ ɤɨɦɧɚɬɧɨɣ 

ɬɟɦɩɟɪɚɬɭɪɟ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɨɬ  −40 ɞɨ 80 °ɋ, ɢ ɩɨ-

ɫɬɪɨɣɬɟ ɝɪɚɮɢɤ. 

 

ȼАɊɂАɇɌ 3 

 

Ɂɚɞɚɱɚ 1 

Ɋɚɫɫɱɢɬɚɣɬɟ ɜɟɥɢɱɢɧɭ ɞɟɦɛɟɪɨɜɫɤɨɝɨ ɧɚɩɪɹɠɟɧɢɹ ɜ ɤɪɟɦɧɢ-

ɟɜɨɦ ɩɨɥɭɩɪɨɜɨɞɧɢɤɟ, ɟɫɥɢ  

1
5 
Ɉɦ ɫɦ

σ =
⋅

; ( ) ( ) 14 16
0 0 10 10∆ = ∆ = −p n . 
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ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ ɢ ɞɚɣɬɟ ɮɢɡɢɱɟɫɤɨɟ ɨɛɴɹɫɧɟɧɢɟ. 
Ɉɛɴɹɫɧɢɬɟ, ɤɚɤɨɣ ɜɢɞ ɞɢɮɮɭɡɢɢ ɢɦɟɟɬ ɦɟɫɬɨ: ɦɨɧɨɩɨɥɹɪɧɚɹ 

ɢɥɢ ɛɢɩɨɥɹɪɧɚɹ ɞɢɮɮɭɡɢɹ. 

 

Ɂɚɞɚɱɚ 2 

ɚ) ɉɨɥɭɱɢɬɟ ɜɵɪɚɠɟɧɢɟ ɭɪɨɜɧɹ Ɏɟɪɦɢ ɜ ɫɨɛɫɬɜɟɧɧɨɦ ɩɨɥɭ-

ɩɪɨɜɨɞɧɢɤɟ ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɟɪɟɞɢɧɵ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ.  

ɛ) ɉɨɞɫɱɢɬɚɣɬɟ ɫɦɟɳɟɧɢɟ ɭɪɨɜɧɹ Ɏɟɪɦɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɟ-
ɪɟɞɢɧɵ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ɜ ɫɨɛɫɬɜɟɧɧɨɦ ɩɨɥɭɩɪɨɜɨɞɧɢɤɟ 
ɢɡ ɝɟɪɦɚɧɢɹ ɢ ɤɪɟɦɧɢɹ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ. 

 

Ɂɚɞɚɱɚ 3 

ɉɨɫɬɪɨɣɬɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɞɢɚɝɪɚɦɦɵ ɞɥɹ ɩɟɪɟɯɨɞɚ, ɨɛɪɚɡɨ-

ɜɚɧɧɨɝɨ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɦɢ ɢɡ ɤɪɟɦɧɢɹ. ɉɪɢɦɢɬɟ ɡɚ ɧɨɥɶ ɩɨɬɟɧ-

ɰɢɚɥ «ɞɧɚ» ɡɨɧɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɜ ɞɵɪɨɱɧɨɦ ɩɨɥɭɩɪɨɜɨɞɧɢɤɟ. ɉɨ-

ɬɟɧɰɢɚɥɵ Ɏɟɪɦɢ ɞɥɹ ɞɵɪɨɱɧɨɝɨ ɢ ɷɥɟɤɬɪɨɧɧɨɝɨ ɩɨɥɭɩɪɨɜɨɞɧɢ-

ɤɨɜ ɨɩɪɟɞɟɥɹɸɬɫɹ ɫɥɟɞɭɸɳɢɦɢ ɜɵɪɚɠɟɧɢɹɦɢ:  

8 , 4ϕ = ϕ − ϕ ϕ = ϕ + ϕFn C T Fp FV T . 

Ⱦɢɚɝɪɚɦɦɵ ɩɨɫɬɪɨɣɬɟ ɞɥɹ ɬɪɟɯ ɫɥɭɱɚɟɜ. 

ɚ) ȼɧɟɲɧɟɟ ɧɚɩɪɹɠɟɧɢɟ U = 0. 

ɛ) ȼɧɟɲɧɟɟ ɧɚɩɪɹɠɟɧɢɟ U = 12ϕT . 

ɜ) ȼɧɟɲɧɟɟ ɧɚɩɪɹɠɟɧɢɟ U = 12− ϕT . 

Ɂɚɦɟɱɚɧɢɟ. ɇɟɨɛɯɨɞɢɦɨ ɩɨɫɬɪɨɢɬɶ ɡɨɧɧɵɟ ɞɢɚɝɪɚɦɦɵ, ɚ ɧɟ 
ɜɵɫɨɬɭ ɩɨɬɟɧɰɢɚɥɶɧɨɝɨ ɛɚɪɶɟɪɚ. 

ɋɪɚɜɧɢɬɟ ɩɨɥɭɱɟɧɧɵɟ ɞɢɚɝɪɚɦɦɵ ɢ ɫɞɟɥɚɣɬɟ ɜɵɜɨɞɵ. 

 

Ɂɚɞɚɱɚ 4 

ɉɨɫɬɪɨɣɬɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɞɢɚɝɪɚɦɦɵ ɞɥɹ ɩɟɪɟɯɨɞɚ, ɨɛɪɚɡɨ-

ɜɚɧɧɨɝɨ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɦɢ  ɢɡ ɝɟɪɦɚɧɢɹ.  

ɉɨɬɟɧɰɢɚɥɵ ɭɪɨɜɧɹ Ɏɟɪɦɢ ɞɥɹ ɞɵɪɨɱɧɨɝɨ ɢ ɷɥɟɤɬɪɨɧɧɨɝɨ 

ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɪɚɜɧɵ: 

ϕ = ϕ −Fn C 10ϕT ; 2ϕ = ϕ + ϕFp V T . 

Ɂɨɧɧɵɟ ɞɢɚɝɪɚɦɦɵ ɩɨɫɬɪɨɣɬɟ ɞɥɹ ɬɪɟɯ ɡɧɚɱɟɧɢɣ ɜɧɟɲɧɢɯ 

ɧɚɩɪɹɠɟɧɢɣ, ɩɪɢɥɨɠɟɧɧɵɯ ɤ ɩɟɪɟɯɨɞɭ: 

U = 0; 12= ϕTU ; 12 TU = − ϕ . 



 
22 

Ɂɚɦɟɱɚɧɢɟ. ɇɟɨɛɯɨɞɢɦɨ ɩɨɫɬɪɨɢɬɶ ɡɨɧɧɵɟ ɞɢɚɝɪɚɦɦɵ, ɚ ɧɟ 
ɜɵɫɨɬɭ ɩɨɬɟɧɰɢɚɥɶɧɨɝɨ ɛɚɪɶɟɪɚ. 

 

Ɂɚɞɚɱɚ 5 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɨɬɧɨɲɟɧɢɟ ɬɨɤɨɜ ɬɟɪɦɨɝɟɧɟɪɚɰɢɢ ɢ ɬɟɩɥɨ-

ɜɨɝɨ ɞɥɹ ɝɟɪɦɚɧɢɟɜɨɝɨ ɢ ɤɪɟɦɧɢɟɜɨɝɨ ɞɢɨɞɨɜ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵ-

ɪɚɠɟɧɢɹɦɢ: 

( )

.
2

1

0

ϕ
ϕ⎛ ⎞

= =⎜ ⎟
ρ µ + µ⎝ ⎠

Ɂ GE

T
G

ɛ C n pGE

I e l
f

I LqN
; 

( )
2

2

0

ϕ
ϕ⎛ ⎞

= =⎜ ⎟
ρ µ + µ⎝ ⎠

ɁSI

T
G

ɛ C n pSI

I e l
f

I LqN
, 

ɝɞɟ l – ɲɢɪɢɧɚ ɩɟɪɟɯɨɞɚ; L  – ɞɢɮɮɭɡɢɨɧɧɚɹ ɞɥɢɧɚ. ɉɪɢ ɜɵɜɨɞɟ 
ɮɨɪɦɭɥ ɫɱɢɬɚɣɬɟ NC = NV. 

ɋɞɟɥɚɣɬɟ ɜɵɜɨɞ. 

ɛ) Ⱦɨɤɚɠɢɬɟ ɫɩɪɚɜɟɞɥɢɜɨɫɬɶ ɫɨɨɬɧɨɲɟɧɢɹ 

. .

1

2

ϕ −ϕ

ϕ=
Ɂ GT Ɂ SI

T
f

e
f

. 

Ɉɛɴɹɫɧɢɬɟ ɷɬɨ ɬɨɠɞɟɫɬɜɨ ɫ ɩɨɡɢɰɢɣ ɮɢɡɢɤɢ ɩɪɨɰɟɫɫɚ. 

ɜ) Ɋɚɫɫɱɢɬɚɣɬɟ ɨɬɧɨɲɟɧɢɟ ɩɭɧɤɬɚ ɚ) 1

2

f

f
 ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɬɟɦ-

ɩɟɪɚɬɭɪɵ ɨɬ −50
 
 ɞɨ 100 °ɋ. ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ ɢ ɫɞɟɥɚɣɬɟ ɜɵɜɨ-

ɞɵ. 

 

ȼАɊɂАɇɌ 4 

 

Ɂɚɞɚɱɚ 1 

ɚ) Ɋɚɫɫɱɢɬɚɣɬɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɨɫɢɬɟɥɟɣ ɩɪɢ 

ɦɨɧɨɩɨɥɹɪɧɨɣ ɞɢɮɮɭɡɢɢ ɜ ɤɪɟɦɧɢɟɜɨɦ ɢ ɝɟɪɦɚɧɢɟɜɨɦ ɩɨɥɭɩɪɨ-

ɜɨɞɧɢɤɚɯ ɩɪɢ 
14 16

10 10∆ = −p  ɢ ɜɪɟɦɟɧɢ ɠɢɡɧɢ ɧɨɫɢɬɟɥɟɣ 2 ɦɤɫ. 
Ɋɚɫɱɟɬ ɫɞɟɥɚɬɶ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ. ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ 

ɢ ɞɚɣɬɟ ɮɢɡɢɱɟɫɤɨɟ ɨɛɴɹɫɧɟɧɢɟ. 
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Ɂɚɞɚɱɚ 2 

ɚ) ɉɨɤɚɠɢɬɟ, ɱɬɨ ɜ ɫɥɚɛɨɥɟɝɢɪɨɜɚɧɧɨɦ ɩɨɥɭɩɪɨɜɨɞɧɢɤɟ             

p-ɬɢɩɚ ɭɞɟɥɶɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɦɚɤɫɢɦɚɥɶɧɨ, ɟɫɥɢ 1
µ

>
µ

n

p

. 

ɛ) ȼɵɱɢɫɥɢɬɟ ɤɨɧɰɟɧɬɪɚɰɢɸ ɚɤɰɟɩɬɨɪɧɵɯ ɚɬɨɦɨɜ Na, ɤɨɬɨ-

ɪɚɹ ɩɨɬɪɟɛɭɟɬɫɹ ɞɥɹ ɞɨɫɬɢɠɟɧɢɹ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɭɞɟɥɶɧɨɝɨ ɫɨ-

ɩɪɨɬɢɜɥɟɧɢɹ. ɉɪɢɦɢɬɟ ɞɥɹ ɤɪɟɦɧɢɹ 2,4
µ

=
µ

n

p

; 
10 3

1,4 10 ɫɦ−= ⋅in . 

 

Ɂɚɞɚɱɚ 3 

ɉɟɪɟɯɨɞ ɨɛɪɚɡɨɜɚɧ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɦɢ ɢɡ ɤɪɟɦɧɢɹ. 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɫɩɪɚɜɟɞɥɢɜɨ ɪɚɜɟɧɫɬɜɨ 

0
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2
0

0
0 0

0

0 0

ln

−
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−

ϕ

⎛ ⎞
⎜ ⎟⎛ ⎞ ⎝ ⎠∆ϕ = ϕ ⎜ ⎟

⎝ ⎠ Ɂ

Ɍ

n

T Ɍ
Ɍ

V C

T
n

TT
K

T
N N e

, 

ɝɞɟ Ɍ0 = 300 °ɋ;  
17

0 7 10= ⋅np ; 
0

0

7= =
p

n

p
K

n
; 0 0 0, ,ϕT C VN N  – ɡɧɚ-

ɱɟɧɢɹ ɩɚɪɚɦɟɬɪɨɜ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ. 
Ɉɛɨɫɧɭɣɬɟ ɫ ɮɢɡɢɱɟɫɤɢɯ ɩɨɡɢɰɢɣ ɫɩɪɚɜɟɞɥɢɜɨɫɬɶ ɩɪɢɜɟɞɟɧ-

ɧɨɝɨ ɜɵɲɟ ɜɵɪɚɠɟɧɢɹ. 

ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɡɚɜɢɫɢɦɨɫɬɶ ɞɢɮɮɭɡɢɨɧɧɨɝɨ ɩɨɬɟɧɰɢɚɥɚ ɩɪɢ 

ɢɡɦɟɧɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɨɬ –50 ɞɨ100 °ɋ. ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ. 

ɜ) Ɉɛɴɹɫɧɢɬɟ, ɩɨɱɟɦɭ ɜ ɜɵɪɚɠɟɧɢɢ ɩɭɧɤɬɟ ɚ) ɫɱɢɬɚɟɦ, ɱɬɨ 

0nn  ɧɟ ɡɚɜɢɫɢɬ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ. 

 

Ɂɚɞɚɱɚ 4 

ɉɨɫɬɪɨɣɬɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɞɢɚɝɪɚɦɦɵ ɞɥɹ ɩɟɪɟɯɨɞɚ ɢɡ 
ɤɪɟɦɧɢɹ, ɩɪɢɧɹɜ ɡɚ ɧɭɥɟɜɨɣ ɩɨɬɟɧɰɢɚɥ ɩɨɬɟɧɰɢɚɥ «ɞɧɚ» ɡɨɧɵ 

ɩɪɨɜɨɞɢɦɨɫɬɢ ɞɵɪɨɱɧɨɝɨ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ. Ⱦɢɚɝɪɚɦɦɵ ɩɨɫɬɪɨɣɬɟ 
ɞɥɹ ɬɪёɯ ɡɧɚɱɟɧɢɣ ɧɚɩɪɹɠɟɧɢɣ ɜɧɟɲɧɟɝɨ ɢɫɬɨɱɧɢɤɚ: 

U = 0; 12= ϕTU ; =U 12− ϕT . 

ɉɨɬɟɧɰɢɚɥɵ Ɏɟɪɦɢ ɜ ɞɵɪɨɱɧɨɦ ɢ ɷɥɟɤɬɪɨɧɧɨɦ ɩɨɥɭɩɪɨ-

ɜɨɞɧɢɤɟ ɨɩɪɟɞɟɥɹɸɬɫɹ ɮɨɪɦɭɥɚɦɢ:  

ϕ = ϕ −Fn C 10ϕT ; 2ϕ = ϕ + ϕFp V T . 
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Ɂɚɦɟɱɚɧɢɟ. ɇɟɨɛɯɨɞɢɦɨ ɩɨɫɬɪɨɢɬɶ ɡɨɧɧɵɟ ɞɢɚɝɪɚɦɦɵ, ɚ ɧɟ 
ɜɵɫɨɬɭ ɩɨɬɟɧɰɢɚɥɶɧɨɝɨ ɛɚɪɶɟɪɚ. 

 

Ɂɚɞɚɱɚ 5 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɞɥɹ ɪɟɚɥɶɧɨɝɨ ɞɢɨɞɚ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɟ 
ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

= +ɞ
ɞ ɛ

ɞ

dU
r r

dI
, 

ɝɞɟ ɞr  – ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɩɟɪɟɯɨɞɚ; ɛr  – ɫɨɩɪɨ-

ɬɢɜɥɟɧɢɟ ɛɚɡɵ. 

ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɢ ɩɨɫɬɪɨɣɬɟ ɫɬɚɬɢɱɟɫɤɭɸ ɜɨɥɶɬ-ɚɦɩɟɪɧɭɸ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤɭ ɞɥɹ ɪɟɚɥɶɧɨɝɨ ɞɢɨɞɚ: 6
0 10 A, 25 ɈɦɛI r

−= = . 

Ɉɛɴɹɫɧɢɬɟ, ɜ ɱɟɦ ɨɬɥɢɱɢɟ ɫɬɚɬɢɱɟɫɤɢɯ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɯ ɯɚ-
ɪɚɤɬɟɪɢɫɬɢɤ ɞɥɹ ɪɟɚɥɶɧɨɝɨ ɢ ɢɞɟɚɥɶɧɨɝɨ ɞɢɨɞɨɜ. 

ɜ) Ɉɩɪɟɞɟɥɢɬɟ ɜɟɥɢɱɢɧɭ ɬɨɤɚ, ɩɪɢ ɤɨɬɨɪɨɦ ɧɚɩɪɹɠɟɧɢɹ ɧɚ 
ɩɟɪɟɯɨɞɟ ɢ ɛɚɡɟ ɪɚɜɧɵ. 

 

ȼАɊɂАɇɌ 5 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɫɨɛɫɬɜɟɧɧɵɣ ɩɨɥɭɩɪɨɜɨɞɧɢɤ ɢɡ ɤɪɟɦɧɢɹ. 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɞɥɹ ɩɨɬɟɧɰɢɚɥɚ Ɏɟɪɦɢ ɜɵɩɨɥɧɹɟɬɫɹ ɫɨɨɬ-
ɧɨɲɟɧɢɟ 

3
* 2

*
ln

2

⎛ ⎞ϕ
ϕ = ϕ + ⎜ ⎟

⎜ ⎟
⎝ ⎠

pT
F E

n

m

m
, 

ɝɞɟ *
pm  ɢ 

*
nm  – ɷɮɮɟɤɬɢɜɧɵɟ ɦɚɫɫɵ ɞɵɪɨɤ ɢ ɷɥɟɤɬɪɨɧɨɜ ɫɨɨɬɜɟɬ-

ɫɬɜɟɧɧɨ. 

ɛ) Ɂɚɩɢɲɢɬɟ ɩɨɬɟɧɰɢɚɥ Ɏɟɪɦɢ ɩɪɢ 
*
pm  = 

*
nm . 

ɜ) Ʉɚɤɢɦ ɞɨɥɠɟɧ ɛɵɬɶ ɩɨɥɭɩɪɨɜɨɞɧɢɤ (ɷɥɟɤɬɪɨɧɧɵɣ ɢɥɢ 

ɞɵɪɨɱɧɵɣ), ɱɬɨɛɵ ɩɨɬɟɧɰɢɚɥ Ɏɟɪɦɢ ɧɚɯɨɞɢɥɫɹ ɬɨɱɧɨ ɜ ɫɟɪɟɞɢɧɟ 
ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ? 

ȼɵɱɢɫɥɢɬɟ ɤɨɧɰɟɧɬɪɚɰɢɸ ɥɟɝɢɪɭɸɳɟɝɨ ɜɟɳɟɫɬɜɚ, ɩɪɢ ɤɨ-

ɬɨɪɨɦ ɜɵɩɨɥɧɹɟɬɫɹ ɷɬɨ ɭɫɥɨɜɢɟ. 
 



 
25 

Ɂɚɞɚɱɚ 2 

ɂɦɟɟɬɫɹ ɩɨɥɭɩɪɨɜɨɞɧɢɤ ɢɡ ɝɟɪɦɚɧɢɹ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 400 Ʉ. 

ɚ) ȼɵɱɢɫɥɢɬɟ ɤɨɧɰɟɧɬɪɚɰɢɸ ɞɵɪɨɤ ɢ ɷɥɟɤɬɪɨɧɨɜ, ɟɫɥɢ ɨɛɪɚ-
ɡɟɰ ɥɟɝɢɪɨɜɚɧ ɚɬɨɦɚɦɢ ɫɭɪɶɦɵ (ɷɥɟɦɟɧɬ ɩɹɬɨɣ ɝɪɭɩɩɵ) ɫ ɤɨɧɰɟɧ-

ɬɪɚɰɢɟɣ 2,4⋅10
13 ɫɦ–3

.  

ɛ) Ɉɩɪɟɞɟɥɢɬɟ ɤɨɧɰɟɧɬɪɚɰɢɸ ɧɨɫɢɬɟɥɟɣ, ɤɨɬɨɪɚɹ ɭɫɬɚɧɨɜɢɬ-
ɫɹ ɩɨɫɥɟ ɬɨɝɨ, ɤɚɤ ɩɪɨɜɟɞɟɧɨ ɥɟɝɢɪɨɜɚɧɢɟ ɚɬɨɦɚɦɢ ɢɧɞɢɹ (ɷɥɟ-
ɦɟɧɬ ɬɪɟɬɶɟɣ ɝɪɭɩɩɵ) ɫ ɤɨɧɰɟɧɬɪɚɰɢɟɣ 4,8⋅10

13
 ɫɦ–3

. 

 

Ɂɚɞɚɱɚ 3 

ɉɟɪɟɯɨɞ ɨɛɪɚɡɨɜɚɧ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɦɢ ɢɡ ɝɟɪɦɚɧɢɹ. 
ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɜɵɫɨɬɚ ɩɨɬɟɧɰɢɚɥɶɧɨɝɨ ɛɚɪɶɟɪɚ ɪɚɜɧɚ: 

2
0

0 2
ln∆ϕ = ϕ n

T

i

n
K

n
, 

0

0

=
p

n

p
K

n
, 

ɝɞɟ 0, 0  ɢ p n ip n n  – ɢɫɯɨɞɧɵɟ ɤɨɧɰɟɧɬɪɚɰɢɢ ɨɫɧɨɜɧɵɯ ɧɨɫɢɬɟɥɟɣ 

ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɯ p- ɢ n-ɬɢɩɨɜ ɢ ɫɨɛɫɬɜɟɧɧɵɟ ɤɨɧɰɟɧɬɪɚɰɢɢ ɫɨ-

ɨɬɜɟɬɫɬɜɟɧɧɨ. 

ɑɟɦɭ ɛɭɞɟɬ ɪɚɜɟɧ ɩɨɬɟɧɰɢɚɥɶɧɵɣ ɛɚɪɶɟɪ, ɟɫɥɢ ɨɛɚ ɩɨɥɭɩɪɨ-

ɜɨɞɧɢɤɚ ɫɨɛɫɬɜɟɧɧɵɟ? 

ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɜɟɥɢɱɢɧɭ ɞɢɮɮɭɡɢɨɧɧɨɝɨ ɩɨɬɟɧɰɢɚɥɚ ɩɪɢ 

Ɍ = 300 °ɋ, K  = 6  ɢ 
16

0 6 10pp = ⋅ . 

 

Ɂɚɞɚɱɚ 4 

ɉɨɫɬɪɨɣɬɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɞɢɚɝɪɚɦɦɵ ɞɥɹ ɩɟɪɟɯɨɞɚ, ɨɛɪɚɡɨ-

ɜɚɧɧɨɝɨ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɦɢ ɢɡ ɝɟɪɦɚɧɢɹ, ɩɪɢɧɹɜ ɡɚ ɧɭɥɟɜɨɣ ɩɨ-

ɬɟɧɰɢɚɥ ɩɨɬɟɧɰɢɚɥ «ɞɧɚ» ɡɨɧɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɞɵɪɨɱɧɨɝɨ ɩɨɥɭ-

ɩɪɨɜɨɞɧɢɤɚ. Ⱦɢɚɝɪɚɦɦɵ ɩɨɫɬɪɨɣɬɟ ɞɥɹ ɬɪёɯ ɡɧɚɱɟɧɢɣ ɧɚɩɪɹɠɟ-
ɧɢɣ ɜɧɟɲɧɟɝɨ ɢɫɬɨɱɧɢɤɚ: 

U = 0; 12= ϕTU ; =U 12− ϕT . 

ɉɨɬɟɧɰɢɚɥɵ Ɏɟɪɦɢ ɜ ɞɵɪɨɱɧɨɦ ɢ ɷɥɟɤɬɪɨɧɧɨɦ ɩɨɥɭɩɪɨ-

ɜɨɞɧɢɤɟ ɨɩɪɟɞɟɥɹɸɬɫɹ ɮɨɪɦɭɥɚɦɢ:  

ϕ = ϕ −Fn C 12ϕT ; 4ϕ = ϕ + ϕFp V T . 

Ɂɚɦɟɱɚɧɢɟ. ɇɟɨɛɯɨɞɢɦɨ ɩɨɫɬɪɨɢɬɶ ɡɨɧɧɵɟ ɞɢɚɝɪɚɦɦɵ, ɚ ɧɟ 
ɜɵɫɨɬɭ ɩɨɬɟɧɰɢɚɥɶɧɨɝɨ ɛɚɪɶɟɪɚ. 
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Ɂɚɞɚɱɚ 5 

ɂɦɟɸɬɫɹ ɞɢɨɞɵ, ɜɵɩɨɥɧɟɧɧɵɟ ɢɡ ɝɟɪɦɚɧɢɟɜɵɯ ɢ ɤɪɟɦɧɢɟ-
ɜɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ. 

ɚ) Ⱦɨɤɚɠɢɬɟ ɫɩɪɚɜɟɞɥɢɜɨɫɬɶ ɜɵɪɚɠɟɧɢɹ 

0

1= −
ϕ − ϕFp Fn

Ul
l

, 

ɝɞɟ l – ɲɢɪɢɧɚ ɩɟɪɟɯɨɞɚ; l0 – ɲɢɪɢɧɚ ɩɟɪɟɯɨɞɚ ɜ ɪɚɜɧɨɜɟɫɧɨɦ ɫɨ-

ɫɬɨɹɧɢɢ; ,   ϕ ϕFp Fn  – ɭɪɨɜɧɢ Ɏɟɪɦɢ ɜ ɩɪɢɦɟɫɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢ-

ɤɚɯ ɞɨ ɨɛɪɚɡɨɜɚɧɢɹ ɩɟɪɟɯɨɞɚ. 
ɛ) ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ ɨɬɧɨɫɢɬɟɥɶɧɨɝɨ ɢɡɦɟɧɟɧɢɹ ɲɢɪɢɧɵ 

ɩɟɪɟɯɨɞɚ ɜ ɞɢɨɞɚɯ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɧɚɩɪɹɠɟɧɢɹ (ɨɛɪɚɬɧɨɟ ɫɦɟɳɟ-

ɧɢɟ): ;   ;   
2 1,5

ϕ ϕ
ϕ − ϕ = ϕɁ Ɂ

Fp Fn Ɂ . ɋɞɟɥɚɣɬɟ ɜɵɜɨɞɵ. 

 

ȼАɊɂАɇɌ 6 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɩɨɥɭɩɪɨɜɨɞɧɢɤ. 

ɚ) Ⱦɨɤɚɠɢɬɟ ɫɩɪɚɜɟɞɥɢɜɨɫɬɶ ɪɚɜɟɧɫɬɜɚ 

3
µ =

ϕ
ɋɊ T

T

l V
, 

ɝɞɟ lɋɊ  – ɫɪɟɞɧɹɹ ɞɥɢɧɚ ɫɜɨɛɨɞɧɨɝɨ ɩɪɨɛɟɝɚ. 
ɛ) Ⱦɨɤɚɠɢɬɟ ɫɩɪɚɜɟɞɥɢɜɨɫɬɶ ɪɚɜɟɧɫɬɜɚ 

0

0

µ
=

µ

T

T
, ɝɞɟ Ɍ0 = 300

 °ɋ. 

ɜ) Ɋɚɫɫɱɢɬɚɣɬɟ ɨɬɧɨɫɢɬɟɥɶɧɭɸ ɩɨɞɜɢɠɧɨɫɬɶ ɡɚɪɹɠɟɧɧɵɯ ɱɚ-

ɫɬɢɰ  
( )

0

Tµ

µ
 ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɨɬ –50 ɞɨ 100 °ɋ, ɝɞɟ 0µ  – 

ɩɨɞɜɢɠɧɨɫɬɶ ɡɚɪɹɠɟɧɧɵɯ ɱɚɫɬɢɰ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ. 
ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ ɢ ɫɞɟɥɚɣɬɟ ɜɵɜɨɞɵ. 

 

Ɂɚɞɚɱɚ 2 

ȼɵɱɢɫɥɢɬɟ ɜɟɪɨɹɬɧɨɫɬɶ ɧɚɯɨɠɞɟɧɢɹ ɷɥɟɤɬɪɨɧɨɜ ɧɚ ɭɪɨɜɧɹɯ 

0,1 ɷȼϕ +F  ɢ 0,1 ɷȼFϕ −  ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ 0, 150, 300, 1000 Ʉ. 
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ɉɪɟɞɫɬɚɜɶɬɟ ɪɟɡɭɥɶɬɚɬɵ ɜ ɬɚɛɥɢɱɧɨɣ ɮɨɪɦɟ ɢ ɫɞɟɥɚɣɬɟ ɧɟɨɛɯɨ-

ɞɢɦɵɟ ɜɵɜɨɞɵ. 

 

Ɂɚɞɚɱɚ 3 

ɉɟɪɟɯɨɞ ɨɛɪɚɡɨɜɚɧ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɦɢ ɢɡ ɤɪɟɦɧɢɹ. 

Ⱦɵɪɨɱɧɵɣ ɩɨɥɭɩɪɨɜɨɞɧɢɤ ɢɦɟɟɬ ɤɨɧɰɟɧɬɪɚɰɢɢ ɞɵɪɨɤ ɧɚ 
ɩɨɪɹɞɨɤ ɛɨɥɶɲɟ, ɱɟɦ ɷɥɟɤɬɪɨɧɧɵɣ ɤɨɧɰɟɧɬɪɚɰɢɸ ɷɥɟɤɬɪɨɧɨɜ. 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɜɵɩɨɥɧɹɟɬɫɹ ɫɨɨɬɧɨɲɟɧɢɟ 
0

0

∆ϕ
ϕ

=
T

n i

e
n n

K
, ɝɞɟ 0

0

=
p

n

p
K

n
. 

ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɨɫɢɬɟɥɟɣ ɜ p- ɢ n- ɩɨɥɭɩɪɨ-

ɜɨɞɧɢɤɚɯ ɩɪɢ Ɍ = 300 °ɋ, ɟɫɥɢ K  = 5, 0 2∆ϕ = ϕT , 0 8∆ϕ = ϕT . 

ɜ) Ɉɛɴɹɫɧɢɬɟ, ɤɚɤ ɛɭɞɭɬ ɢɡɦɟɧɹɬɶɫɹ ɤɨɧɰɟɧɬɪɚɰɢɢ ɨɫɧɨɜɧɵɯ 

ɢ ɧɟɨɫɧɨɜɧɵɯ ɧɨɫɢɬɟɥɟɣ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɯ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɬɟɦ-

ɩɟɪɚɬɭɪɵ. 

 

Ɂɚɞɚɱɚ 4 

ɂɦɟɟɦ ɩɟɪɟɯɨɞ, ɨɛɪɚɡɨɜɚɧɧɵɣ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɦɢ ɢɡ ɤɪɟɦɧɢɹ. 
ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɜɟɥɢɱɢɧɚ ɬɟɩɥɨɜɨɝɨ ɬɨɤɚ ɞɥɹ ɬɨɧɤɨɣ ɛɚɡɵ ɢ 

ɷɦɢɬɬɟɪɚ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

0 0 0

pɛ nЭ
T ɛ Э

ɛ Э
I qS p n

w w

µ⎛ ⎞µ
= ϕ +⎜ ⎟

⎝ ⎠
, 

ɝɞɟ S – ɩɥɨɳɚɞɶ ɩɟɪɟɯɨɞɚ; ,µ µpɛ nЭ  – ɩɨɞɜɢɠɧɨɫɬɢ ɞɵɪɨɤ ɢ ɷɥɟɤ-

ɬɪɨɧɨɜ ɜ ɛɚɡɟ ɢ ɷɦɢɬɬɟɪɟ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ; 0 0,ɛ Эp n  – ɧɚɱɚɥɶɧɵɟ 
ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɨɫɢɬɟɥɟɣ ɜ ɛɚɡɟ ɢ ɷɦɢɬɬɟɪɟ;   ɢ  ɛ Эw w  – ɲɢɪɢɧɚ 
ɛɚɡɵ ɢ ɷɦɢɬɬɟɪɚ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 

Ɉɛɴɹɫɧɢɬɟ, ɩɨɱɟɦɭ ɷɬɨɬ ɬɨɤ ɩɪɢɧɹɬɨ ɧɚɡɵɜɚɬɶ ɬɟɩɥɨɜɵɦ 

ɢ ɤɚɤɢɦɢ ɧɨɫɢɬɟɥɹɦɢ ɡɚɪɹɞɨɜ ɨɧ ɨɛɭɫɥɨɜɥɟɧ. 

ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɡɧɚɱɟɧɢɟ ɬɟɩɥɨɜɨɝɨ ɬɨɤɚ ɜ ɩɟɪɟɯɨɞɟ, ɢɦɟɸ-

ɳɟɦ ɫɥɟɞɭɸɳɢɟ ɩɚɪɚɦɟɬɪɵ: 
2 15 14

0 00,1 ɦɦ ;  10 ;   10Э ɛS p n= = = , wɛ = wɁ = 0,01 ɦɦ. 

Ɉɛɴɹɫɧɢɬɟ, ɩɨɱɟɦɭ ɜɟɥɢɱɢɧɚ ɬɟɩɥɨɜɨɝɨ ɬɨɤɚ ɡɚɜɢɫɢɬ ɨɬ 
ɩɥɨɳɚɞɢ ɩɟɪɟɯɨɞɚ ɢ ɬɟɦɩɟɪɚɬɭɪɵ. 
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Ɂɚɞɚɱɚ 5 

ɂɦɟɟɦ ɞɢɨɞɵ, ɜɵɩɨɥɧɟɧɧɵɟ ɢɡ ɦɚɬɟɪɢɚɥɨɜ ɤɪɟɦɧɢɹ ɢ ɝɟɪ-

ɦɚɧɢɹ. 

ɚ) Ɋɚɫɫɱɢɬɚɣɬɟ ɛɚɪɶɟɪɧɵɟ ɟɦɤɨɫɬɢ ɩɟɪɟɯɨɞɨɜ ɜ ɪɚɜɧɨɜɟɫɧɨɦ 

ɫɨɫɬɨɹɧɢɢ: l0 = 1 ɦɤɦ; S = 0,03 ɫɦ3
.
 

ɛ) Ⱦɨɤɚɠɢɬɟ ɫɩɪɚɜɟɞɥɢɜɨɫɬɶ ɨɬɧɨɲɟɧɢɹ  

0

0 0

∆ϕ
=

∆ϕ −
ɛ

ɛ

ɋ
ɋ U

, 

ɝɞɟ ɋɛ0 – ɛɚɪɶɟɪɧɚɹ ɟɦɤɨɫɬɶ ɩɟɪɟɯɨɞɚ ɜ ɪɚɜɧɨɜɟɫɧɨɦ ɫɨɫɬɨɹɧɢɢ. 

ɜ) Ɋɚɫɫɱɢɬɚɣɬɟ 
0

ɛ
ɛ

C
ɋ  ɩɪɢ ɢɡɦɟɧɟɧɢɹɯ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɩɟɪɟ-

ɯɨɞɟ: 
0 0,3 ȼ∆ϕ =  ɞɥɹ ɝɟɪɦɚɧɢɹ, 0  0 5 ȼ ,∆ϕ =  ɞɥɹ ɤɪɟɦɧɢɹ. 

Ɋɚɫɱɟɬ ɫɞɟɥɚɣɬɟ ɞɥɹ ɨɛɪɚɬɧɵɯ ɫɦɟɳɟɧɢɣ. ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ. 

ɋɞɟɥɚɣɬɟ ɜɵɜɨɞɵ. 

 

ȼАɊɂАɇɌ 7 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɤɪɟɦɧɢɟɜɵɣ ɩɨɥɭɩɪɨɜɨɞɧɢɤ ɫ ɤɨɧɰɟɧɬɪɚɰɢɟɣ ɞɵ-

ɪɨɤ n = 10
17

, ɩɨɬɟɧɰɢɚɥ «ɞɧɚ» ɡɨɧɵ ɩɪɨɜɨɞɢɦɨɫɬɢ 3 ɷȼ. 

ɚ) ɇɚɱɟɪɬɢɬɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɞɢɚɝɪɚɦɦɵ ɞɥɹ ɞɚɧɧɨɝɨ ɩɨɥɭ-

ɩɪɨɜɨɞɧɢɤɚ. 
ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɩɥɨɬɧɨɫɬɶ ɭɪɨɜɧɟɣ ɜɛɥɢɡɢ «ɩɨɬɨɥɤɚ» ɜɚɥɟɧɬ-

ɧɨɣ ɡɨɧɵ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɩɨɬɟɧɰɢɚɥɚ ɨɬ ɡɧɚɱɟɧɢɹ ϕV  ɞɨ 10ϕ + ϕV T

. Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɨɜ ɫɜɟɞɢɬɟ ɜ ɬɚɛɥɢɰɭ ɢ ɩɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ. 

Ɋɚɫɱɟɬɵ ɩɪɨɜɟɞɢɬɟ ɞɥɹ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɵ. 

Ɉɛɴɹɫɧɢɬɟ ɩɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ. 

ɜ) Ɋɚɫɫɱɢɬɚɣɬɟ ɜɟɪɨɹɬɧɨɫɬɶ ɧɚɯɨɠɞɟɧɢɹ ɞɵɪɨɤ ɧɚ ɭɪɨɜɧɹɯ 

ɨɬ ɡɧɚɱɟɧɢɹ ϕV  ɞɨ 10ϕ + ϕV T . ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ. 

Ɉɛɴɹɫɧɢɬɟ ɩɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ. 

 

Ɂɚɞɚɱɚ 2 

ȼɵɱɢɫɥɢɬɟ ɷɮɮɟɤɬɢɜɧɭɸ ɩɥɨɬɧɨɫɬɶ ɭɪɨɜɧɟɣ NC ɢ NV ɞɥɹ 

ɤɪɟɦɧɢɹ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɨɬ –50 ɞɨ 70 °ɋ. ɉɨ ɪɟɡɭɥɶɬɚ-
ɬɚɦ ɪɚɫɱɟɬɨɜ ɩɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ. Ɉɛɴɹɫɧɢɬɟ ɩɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ. 
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Ɂɚɞɚɱɚ 3 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɲɢɪɢɧɚ ɩɟɪɟɯɨɞɚ ɡɚɜɢɫɢɬ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ 

ɢ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ: 

 

3

0
0 0 2

0

0

2 ln

1 1
,

a ɞ

Ɂ Ɍ
i

ɞ a

T
N N

TT

T n

l
q N N

−⎡ ⎤⎛ ⎞
⎢ ⎥⎜ ⎟⎛ ⎞⎢ ⎥⎝ ⎠ζ ζ ϕ + ϕ ⎜ ⎟⎢ ⎥

⎝ ⎠⎢ ⎥
⎢ ⎥ ⎛ ⎞⎣ ⎦= +⎜ ⎟

⎝ ⎠
 

 

ɝɞɟ Ɍ0 = 300 Ʉ; 0 0 0, ,ϕT C VN N  – ɬɟɩɥɨɜɨɣ ɩɨɬɟɧɰɢɚɥ ɢ ɷɮɮɟɤɬɢɜ-

ɧɵɟ ɩɥɨɬɧɨɫɬɢ ɫɨɫɬɨɹɧɢɣ ɩɪɢ Ɍ0. 

Ɉɛɴɹɫɧɢɬɟ ɩɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɫ ɮɢɡɢɱɟɫɤɢɯ ɩɨɡɢɰɢɣ. 

ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɡɚɜɢɫɢɦɨɫɬɶ ɲɢɪɢɧɵ ɩɟɪɟɯɨɞɚ ɨɬ ɬɟɦɩɟɪɚɬɭ-

ɪɵ ɜ ɞɢɚɩɚɡɨɧɟ ɨɬ –50 ɞɨ 100
 °ɋ, ɟɫɥɢ 

18 18 18
310 , 10 , 810= = = =a ɞ c vN N N N . 

ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ ɢ ɨɛɴɹɫɧɢɬɟ ɩɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ. 

 

Ɂɚɞɚɱɚ 4 

Ⱦɢɨɞ ɢɡɝɨɬɨɜɥɟɧ ɢɡ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɝɨ ɦɚɬɟɪɢɚɥɚ ɤɪɟɦɧɢɹ 

ɢ ɢɦɟɟɬ ɬɨɥɫɬɭɸ ɛɚɡɭ wɛ>>Lɛ. 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɫɩɪɚɜɟɞɥɢɜɨ ɪɚɜɟɧɫɬɜɨ 

( )
3

0 00

0

ϕ
− ϕ⎛ ⎞

= ⎜ ⎟
⎝ ⎠

Ɂ
ɌT

I T I e
T

, 

ɝɞɟ 0 0
00 =

τ
C V

ɞ

N ND
I qS

N
 – ɬɨɤ, ɧɟ ɡɚɜɢɫɹɳɢɣ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ; 

τ

D
 – ɧɟ ɡɚɜɢɫɢɬ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ; NC0 ɢ NV0 – ɷɮɮɟɤɬɢɜɧɵɟ ɩɥɨɬ-

ɧɨɫɬɢ ɫɨɫɬɨɹɧɢɣ ɩɪɢ Ɍ = 300 Ʉ; Na >> Nɞ. 

 



 
30 

ɛ) ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤɢ ɡɚɜɢɫɢɦɨɫɬɟɣ 

3

0

,

ϕ
− ϕ⎛ ⎞

⎜ ⎟
⎝ ⎠

Ɂ
ɌT

e
T

 ɩɪɢ ɢɡɦɟ-

ɧɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɨɬ −60 ɞɨ 100 °ɋ. ȼɵɱɢɫɥɢɬɟ ɦɚɤɫɢɦɚɥɶɧɭɸ 

ɩɨɝɪɟɲɧɨɫɬɶ, ɟɫɥɢ 

3

0

1
⎛ ⎞

=⎜ ⎟
⎝ ⎠

T

T
. 

 

Ɂɚɞɚɱɚ 5 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɞɥɹ ɬɨɧɤɨɣ ɛɚɡɵ ɞɢɮɮɭɡɢɨɧɧɚɹ ɟɦɤɨɫɬɶ 

ɪɚɜɧɚ 
2

2
2

τ
=

ϕ
ɞ

T

Iw
C

L
. 

ɛ) Ⱦɨɤɚɠɢɬɟ ɫɩɪɚɜɟɞɥɢɜɨɫɬɶ ɫɨɨɬɧɨɲɟɧɢɹ ɞɥɹ ɬɨɧɤɨɣ ɛɚɡɵ 
2

2

τ⎛ ⎞
= ⎜ ⎟
⎝ ⎠

ɞ ɞ
wɋ r
L

. 

ɜ) Ɋɚɫɫɱɢɬɚɣɬɟ ɢ ɩɨɫɬɪɨɣɬɟ ɡɚɜɢɫɢɦɨɫɬɶ ɞ ɞC r  ɞɥɹ ɫɥɭɱɚɹ 

0,5=
w

L
 ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɡɧɚɱɟɧɢɹɯ ( )0,5 10  ɦɤɫ.τ = −  

Ɉɛɴɹɫɧɢɬɟ ɩɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ. 

 

ȼАɊɂАɇɌ 8 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɤɪɟɦɧɢɟɜɵɣ ɩɨɥɭɩɪɨɜɨɞɧɢɤ ɫ ɤɨɧɰɟɧɬɪɚɰɢɟɣ ɷɥɟɤ-

ɬɪɨɧɨɜ n = 10
17

, ɩɨɬɟɧɰɢɚɥ «ɞɧɚ» ɡɨɧɵ ɩɪɨɜɨɞɢɦɨɫɬɢ 2 ɷȼ. 

ɚ) ɇɚɱɟɪɬɢɬɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɞɢɚɝɪɚɦɦɵ ɞɥɹ ɞɚɧɧɨɝɨ ɩɨɥɭ-

ɩɪɨɜɨɞɧɢɤɚ. 
ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɩɥɨɬɧɨɫɬɶ ɭɪɨɜɧɟɣ ɜɛɥɢɡɢ «ɞɧɚ» ɡɨɧɵ ɩɪɨ-

ɜɨɞɢɦɨɫɬɢ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɩɨɬɟɧɰɢɚɥɚ ɨɬ ϕC  ɞɨ 10ϕ + ϕC T . Ɋɟ-
ɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɨɜ ɫɜɟɞɢɬɟ ɜ ɬɚɛɥɢɰɭ ɢ ɩɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ. Ɋɚɫɱɟ-
ɬɵ ɩɪɨɜɟɞɢɬɟ ɞɥɹ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɵ. ɋɞɟɥɚɣɬɟ ɜɵɜɨɞɵ ɩɨ 

ɪɟɡɭɥɶɬɚɬɚɦ ɩɨɫɬɪɨɟɧɧɵɯ ɝɪɚɮɢɤɨɜ. 

ɜ) Ɋɚɫɫɱɢɬɚɣɬɟ ɜɟɪɨɹɬɧɨɫɬɶ ɧɚɯɨɠɞɟɧɢɹ ɷɥɟɤɬɪɨɧɨɜ ɧɚ 
ɭɪɨɜɧɹɯ ɨɬ  ϕC   ɞɨ 10ϕ + ϕC T . ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ. Ɉɛɴɹɫɧɢɬɟ ɩɨ-

ɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ. 
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Ɂɚɞɚɱɚ 2 

ɉɨɤɚɠɢɬɟ, ɱɬɨ ɜɟɪɨɹɬɧɨɫɬɶ ɧɚɯɨɠɞɟɧɢɹ ɷɥɟɤɬɪɨɧɚ ɢɥɢ ɞɵɪ-

ɤɢ ɧɚ ɭɪɨɜɧɹɯ ɫ ɷɧɟɪɝɢɟɣ, ɩɪɟɜɵɲɚɸɳɟɣ ɭɪɨɜɟɧɶ Ɏɟɪɦɢ ϕF  

ɧɚ ɜɟɥɢɱɢɧɭ ∆ϕ , ɜ ɬɨɱɧɨɫɬɢ ɫɨɜɩɚɞɚɟɬ ɫ ɜɟɪɨɹɬɧɨɫɬɶɸ ɢɦɟɬɶ ɫɜɨ-

ɛɨɞɧɨɟ ɫɨɫɬɨɹɧɢɟ, ɷɧɟɪɝɢɹ ɤɨɬɨɪɨɝɨ ɦɟɧɶɲɟ ϕF  ɧɚ ɬɭ  ɠɟ ɜɟɥɢ-

ɱɢɧɭ ∆ϕ . 

 

Ɂɚɞɚɱɚ 3 

Ⱦɥɹ ɨɛɪɚɡɨɜɚɧɢɹ ɩɟɪɟɯɨɞɚ ɢɫɩɨɥɶɡɨɜɚɧ ɤɪɟɦɧɢɣ. 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɲɢɪɢɧɚ ɩɟɪɟɯɨɞɚ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 
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Ɉɛɴɹɫɧɢɬɟ, ɤɚɤ ɛɭɞɟɬ ɢɡɦɟɧɹɬɶɫɹ ɲɢɪɢɧɚ ɩɟɪɟɯɨɞɚ ɩɪɢ ɢɡ-
ɦɟɧɟɧɢɢ ɤɨɧɰɟɧɬɪɚɰɢɢ ɩɪɢɦɟɫɟɣ ɜ ɨɞɧɨɦ ɢɡ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ. 

 

Ɂɚɞɚɱɚ 4 

Ⱦɢɨɞ ɢɡɝɨɬɨɜɥɟɧ ɢɡ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɝɨ ɦɚɬɟɪɢɚɥɚ ɝɟɪɦɚ-
ɧɢɹ ɢ ɢɦɟɟɬ ɬɨɥɫɬɭɸ ɛɚɡɭ wɛ>>Lɛ. 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɬɟɩɥɨɜɨɣ ɬɨɤ ɩɟɪɟɯɨɞɚ ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ 

ɭɪɚɜɧɟɧɢɟɦ ɜɢɞɚ 
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τ

D
 ɧɟ ɡɚɜɢ-

ɫɢɬ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ; NC0 ɢ NV0 – ɷɮɮɟɤɬɢɜɧɵɟ ɩɥɨɬɧɨɫɬɢ ɫɨɫɬɨɹ-

ɧɢɣ ɩɪɢ Ɍ = 300 Ʉ; Na >> Nɞ. 

ɛ) ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤɢ ɡɚɜɢɫɢɦɨɫɬɟɣ 

3
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ϕ
− ϕ⎛ ⎞

⎜ ⎟
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Ɂ
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e
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 ɩɪɢ ɢɡɦɟ-

ɧɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɨɬ −60 ɞɨ 100 °ɋ. ȼɵɱɢɫɥɢɬɟ ɦɚɤɫɢɦɚɥɶɧɭɸ 

ɩɨɝɪɟɲɧɨɫɬɶ, ɟɫɥɢ 
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⎝ ⎠

T

T
. 

 

 



 
32 

Ɂɚɞɚɱɚ 5 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɞɥɹ ɬɨɥɫɬɨɣ ɛɚɡɵ ɞɢɮɮɭɡɢɨɧɧɚɹ ɟɦɤɨɫɬɶ 

ɪɚɜɧɚ 
2

=
ϕ

ɞ
T

L I
C

D
. 

ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɞɢɮɮɭɡɢɨɧɧɵɟ ɟɦɤɨɫɬɢ ɞɥɹ ɬɨɥɫɬɨɣ ɛɚɡɵ 
6

8 10 ɫɦ−= ⋅L  ɞɥɹ ɝɟɪɦɚɧɢɟɜɨɝɨ ɢ ɤɪɟɦɧɢɟɜɨɝɨ ɞɢɨɞɨɜ  ɩɪɢ ɢɡɦɟ-
ɧɟɧɢɹɯ ɩɪɹɦɨɝɨ ɬɨɤɚ ( )0,1 2 ɦA.I = −  

ɜ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɞɥɹ ɝɟɪɦɚɧɢɟɜɨɝɨ ɢ ɤɪɟɦɧɢɟɜɨɝɨ ɞɢɨɞɨɜ 

ɫɩɪɚɜɟɞɥɢɜɨ ɜɵɪɚɠɟɧɢɟ .

.

ɞ Ge Ge

ɞ Si Si

C D

C D
= , ɝɞɟ ,Si GeD D  – ɤɨɷɮɮɢɰɢɟɧ-

ɬɵ ɞɢɮɮɭɡɢɢ. 

 

ȼАɊɂАɇɌ 9 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɫɨɛɫɬɜɟɧɧɵɣ ɩɨɥɭɩɪɨɜɨɞɧɢɤ. 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɜɵɩɨɥɧɹɸɬɫɹ ɫɨɨɬɧɨɲɟɧɢɹ 

2

ϕ
ϕ = ϕ + Ɂ

C E ;          
2

ϕ
ϕ = ϕ − Ɂ

V E . 

Ɉɛɴɹɫɧɢɬɟ, ɩɨɱɟɦɭ. 

ɛ) ɂɦɟɟɬɫɹ ɷɥɟɤɬɪɨɧɧɵɣ ɩɨɥɭɩɪɨɜɨɞɧɢɤ ɫ ɤɨɧɰɟɧɬɪɚɰɢɟɣ 

ɷɥɟɤɬɪɨɧɨɜ n, ɞɨɤɚɠɢɬɟ, ɱɬɨ ɜɵɩɨɥɧɹɟɬɫɹ ɭɫɥɨɜɢɟ 

ln
2

ϕ
ϕ = ϕ − + ϕɁ i

F C Ɍ
n

p
. 

Ɉɛɨɫɧɭɣɬɟ ɩɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ. 

 

Ɂɚɞɚɱɚ 2 

Ɉɛɪɚɡɟɰ ɤɪɟɦɧɢɹ ɧɚɯɨɞɢɬɫɹ ɜ ɫɨɫɬɨɹɧɢɢ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨ-

ɝɨ ɪɚɜɧɨɜɟɫɢɹ ɢ ɫɨɞɟɪɠɢɬ ɞɨɧɨɪɧɵɟ ɩɪɢɦɟɫɢ ɫ ɤɨɧɰɟɧɬɪɚɰɢɟɣ 

Nd = 10
16ɫɦ–3

. ɇɚɣɞɢɬɟ ɬɟɦɩɟɪɚɬɭɪɭ, ɩɪɢ ɤɨɬɨɪɨɣ p = 0,1n. ɉɨɤɚ-
ɠɢɬɟ, ɱɬɨ ɷɬɚ ɬɟɦɩɟɪɚɬɭɪɚ ɩɪɟɜɵɲɚɟɬ 50 Ʉ. 

 

Ɂɚɞɚɱɚ 3 

ɚ) ɉɨɥɭɱɢɬɟ ɡɚɜɢɫɢɦɨɫɬɶ ɞɢɮɮɭɡɢɨɧɧɨɝɨ ɩɨɬɟɧɰɢɚɥɚ ɜ ɩɟ-
ɪɟɯɨɞɟ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ. Ɉɛɨɫɧɭɣɬɟ ɩɨɥɭɱɟɧɧɵɣ ɪɟɡɭɥɶɬɚɬ. 
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ɛ) ɂɫɩɨɥɶɡɭɹ ɩɨɥɭɱɟɧɧɨɟ ɜ ɩɭɧɤɬɟ ɚ) ɜɵɪɚɠɟɧɢɟ, ɪɚɫɫɱɢɬɚɣ-

ɬɟ ɡɚɜɢɫɢɦɨɫɬɶ ɞɢɮɮɭɡɢɨɧɧɨɝɨ ɩɨɬɟɧɰɢɚɥɚ ɜ ɞɢɚɩɚɡɨɧɟ ɬɟɦɩɟɪɚ-
ɬɭɪ ɨɬ –30 ɞɨ 70 °ɋ. Ɋɚɫɱɟɬ ɫɞɟɥɚɣɬɟ ɜ ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰɚɯ. 

ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ ɢ ɫɞɟɥɚɣɬɟ ɜɵɜɨɞɵ. 

 

Ɂɚɞɚɱɚ 4 

ɂɦɟɸɬɫɹ ɝɟɪɦɚɧɢɟɜɵɣ ɢ ɤɪɟɦɧɢɟɜɵɣ ɞɢɨɞɵ. Ɂɚɜɢɫɢɦɨɫɬɶ 

ɬɟɩɥɨɜɨɝɨ ɬɨɤɚ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

( )0 00

ϕ
− ϕ=

Ɂ
TI T I e , 

ɝɞɟ 00I  – ɬɨɤ, ɧɟ ɡɚɜɢɫɹɳɢɣ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ. 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɨɬɧɨɫɢɬɟɥɶɧɨɟ ɢɡɦɟɧɟɧɢɟ ɬɟɩɥɨɜɨɝɨ ɬɨɤɚ 
ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

( )
( )

0

0

1

0

0 0

⎛ ⎞
ϕ −⎜ ⎟

⎝ ⎠
⎛ ⎞

ϕ ⎜ ⎟
⎝ ⎠=

Ɂ

T

T

T

T

TI T
e

I T
, 

ɝɞɟ ( )0 0I T   – ɬɟɩɥɨɜɨɣ ɬɨɤ ɩɪɢ Ɍ = 300 Ʉ. 

ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɨɬɧɨɫɢɬɟɥɶɧɵɟ ɢɡɦɟɧɟɧɢɹ ɬɟɩɥɨɜɨɝɨ ɬɨɤɚ 
ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɨɬ −50 ɞɨ 100 °ɋ ɞɥɹ ɨɛɨɢɯ ɞɢɨɞɨɜ. 

ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤɢ ɢ ɫɞɟɥɚɣɬɟ ɜɵɜɨɞɵ. 

 

Ɂɚɞɚɱɚ 5 

ɂɦɟɟɬɫɹ ɤɪɟɦɧɢɟɜɵɣ ɞɢɨɞ. 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɞɥɹ ɬɨɧɤɨɣ ɛɚɡɵ ɜɵɩɨɥɧɹɸɬɫɹ ɭɫɥɨɜɢɹ 

ϕ
= Ɍ

ɛ ɞ ɛC r ɋ
I

,  
2

2
=ɞ ɞ

w
C r

D
, ɝɞɟ ,ɛ ɞC ɋ  – ɛɚɪɶɟɪɧɚɹ ɢ ɞɢɮɮɭɡɢ-

ɨɧɧɚɹ ɟɦɤɨɫɬɢ ɞɢɨɞɚ; ɞr   – ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɩɟ-
ɪɟɯɨɞɚ. 

ɛ) ȼɵɱɢɫɥɢɬɟ ɜɟɥɢɱɢɧɭ ɬɨɤɚ ɱɟɪɟɡ ɩɟɪɟɯɨɞ, ɩɪɢ ɤɨɬɨɪɨɦ ɜɵ-

ɩɨɥɧɹɟɬɫɹ ɭɫɥɨɜɢɟ =ɛ ɞ ɞ ɞC r ɋ r . ɉɪɢɦɢɬɟ 5
10 ɩɎ,   10 ɫɦɛ ɛC w

−= = . 

ɜ) Ɋɚɫɫɱɢɬɚɣɬɟ ɡɧɚɱɟɧɢɹ ɩɨɫɬɨɹɧɧɨɣ ɜɪɟɦɟɧɢ ɛ ɞC r  ɩɪɢ ɢɡ-

ɦɟɧɟɧɢɢ ɬɨɤɚ ɱɟɪɟɡ ɞɢɨɞ ( )3 1
10 10  AI − −= −  ɢ ɩɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤɢ. 

Ɉɛɴɹɫɧɢɬɟ ɩɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ. 
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ȼАɊɂАɇɌ 10 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɸɬɫɹ ɞɜɚ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɦɚɬɟɪɢɚɥɚ ɫ ɫɨɛɫɬɜɟɧɧɵ-

ɦɢ ɤɨɧɰɟɧɬɪɚɰɢɹɦɢ ɧɨɫɢɬɟɥɟɣ ni1 ɢ ni2 ɢ ɲɢɪɢɧɨɣ ɡɚɩɪɟɳɟɧɧɵɯ 

ɡɨɧ 1 2 ɢ ϕ ϕɁ Ɂ , ɷɮɮɟɤɬɢɜɧɵɟ ɩɥɨɬɧɨɫɬɢ ɫɨɫɬɨɹɧɢɣ ɫɱɢɬɚɣɬɟ ɪɚɜ-

ɧɵɦɢ NC = NV. 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɜɵɩɨɥɧɹɟɬɫɹ ɫɨɨɬɧɨɲɟɧɢɟ 
2

1

2

ϕ
− ϕ=

ɁɋɊ
ɌC

i

i

N
n e

n
, ɝɞɟ 1 2

2

Ɂ Ɂ
ɁCɊ

ϕ + ϕ
ϕ = . 

ɛ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɜɵɩɨɥɧɹɟɬɫɹ ɭɫɥɨɜɢɟ 
2 1

2
1 2

ϕ −ϕ

ϕ=
Ɂ Ɂ

Ɍ
i nin n e . 

Ɉɛɨɫɧɭɣɬɟ ɩɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ. 

 

Ɂɚɞɚɱɚ 2 

ɂɦɟɟɬɫɹ ɩɨɥɭɩɪɨɜɨɞɧɢɤ p-ɬɢɩɚ. 
Ʉɚɤɢɦ ɛɭɞɟɬ ɩɨɥɨɠɟɧɢɟ ɭɪɨɜɧɹ Ɏɟɪɦɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɷɧɟɪ-

ɝɢɢ ɚɤɰɟɩɬɨɪɧɨɝɨ ɭɪɨɜɧɹ ɩɪɢ Ɍ = 0 ɢ ɩɪɢ ɧɟɤɨɬɨɪɨɣ ɬɟɦɩɟɪɚɬɭɪɟ 
Ɍ = Ɍmax? 

Ɉɛɨɫɧɭɣɬɟ ɫɜɨɢ ɜɵɜɨɞɵ. 

 

Ɂɚɞɚɱɚ 3 

ɂɦɟɟɬɫɹ ɩɟɪɟɯɨɞ ɢ ɜɵɩɨɥɧɹɟɬɫɹ ɭɫɥɨɜɢɟ p>>n. 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɫɩɪɚɜɟɞɥɢɜɨ ɪɚɜɟɧɫɬɜɨ 0∆ϕ = ϕ − ϕFp Fn , 

ɝɞɟ ɢ ϕ ϕ
P nF F  – ɭɪɨɜɧɢ Ɏɟɪɦɢ ɜ ɞɵɪɨɱɧɨɦ ɢ ɷɥɟɤɬɪɨɧɧɨɦ ɩɨɥɭ-

ɩɪɨɜɨɞɧɢɤɚɯ ɞɨ ɨɛɪɚɡɨɜɚɧɢɹ ɩɟɪɟɯɨɞɚ. 
ɛ) ɉɨɥɭɱɢɬɟ ɮɨɪɦɭɥɭ ɞɥɹ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɡɧɚɱɟɧɢɹ ɞɢɮɮɭ-

ɡɢɨɧɧɨɝɨ ɩɨɬɟɧɰɢɚɥɚ ɜ ɩɟɪɟɯɨɞɟ ɞɥɹ ɧɟɜɵɪɨɠɞɟɧɧɨɝɨ ɩɨɥɭɩɪɨ-

ɜɨɞɧɢɤɚ. 
Ɉɛɴɹɫɧɢɬɟ ɩɨɥɭɱɟɧɧɵɣ ɪɟɡɭɥɶɬɚɬ. 
ɜ) ɉɟɪɟɯɨɞ ɨɛɪɚɡɨɜɚɧ ɢɡ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ ɬɢɩɚ n ɢ p, ɩɪɢ-

ɱɟɦ ɤɨɧɰɟɧɬɪɚɰɢɢ ɩɪɢɦɟɫɟɣ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɝɪɚɧɢɰɚɦ ɜɵɪɨɠɞɟ-
ɧɢɹ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ. Ɉɛɴɹɫɧɢɬɟ, ɤɚɤɨɝɨ ɬɢɩɚ ɩɨɥɭɱɢɬɫɹ ɩɟɪɟɯɨɞ 

ɢ ɩɨɱɟɦɭ. 
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Ɂɚɞɚɱɚ 4 

ɂɦɟɟɦ ɞɢɨɞɵ, ɜɵɩɨɥɧɟɧɧɵɟ ɢɡ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɦɚɬɟɪɢ-

ɚɥɨɜ ɝɟɪɦɚɧɢɹ ɢ ɤɪɟɦɧɢɹ. 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɜɵɩɨɥɧɹɟɬɫɹ ɫɨɨɬɧɨɲɟɧɢɟ 
. .

.

.

,

Ɂ Si Ɂ Ge

Tɞ Si

ɞGe

r
e

r

ϕ −ϕ

ϕ=  

ɝɞɟ . .;   ɞ Si ɞ Ger r   – ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɟ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɩɟɪɟɯɨɞɨɜ. 

Ⱦɨɤɚɡɚɬɟɥɶɫɬɜɨ ɩɪɨɜɟɫɬɢ ɞɥɹ ɭɫɥɨɜɢɣ, ɱɬɨ ɫɨɫɬɚɜɥɹɸɳɢɟ ɬɟɩɥɨ-

ɜɵɯ ɬɨɤɨɜ ɢ ɜɧɟɲɧɢɟ ɧɚɩɪɹɠɟɧɢɹ, ɩɪɢɥɨɠɟɧɧɵɟ ɤ ɞɢɨɞɚɦ, ɨɞɢ-

ɧɚɤɨɜɵɟ. 
ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɬɟɦɩɟɪɚɬɭɪɧɭɸ ɡɚɜɢɫɢɦɨɫɬɶ ɨɬɧɨɲɟɧɢɹ 

ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɩɭɧɤɬɚ ɚ) ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɬɟɦ-

ɩɟɪɚɬɭɪɵ ɨɬ −40 ɞɨ 80 °ɋ. 

 

Ɂɚɞɚɱɚ 5 

ɂɦɟɟɬɫɹ ɞɢɨɞ, ɢɡɝɨɬɨɜɥɟɧɧɵɣ ɢɡ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɝɨ ɦɚɬɟ-
ɪɢɚɥɚ ɝɟɪɦɚɧɢɹ. 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɞɥɹ ɬɨɥɫɬɨɣ ɛɚɡɵ ɜɵɩɨɥɧɹɸɬɫɹ ɭɫɥɨɜɢɹ 

ϕ
= Ɍ

ɛ ɞ ɛC r ɋ
I

,  = τɞ ɞC r , ɝɞɟ ,ɛ ɞC ɋ  – ɛɚɪɶɟɪɧɚɹ ɢ ɞɢɮɮɭɡɢɨɧɧɚɹ 

ɟɦɤɨɫɬɢ ɞɢɨɞɚ; ɞr   – ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɩɟɪɟɯɨɞɚ. 
ɛ) ȼɵɱɢɫɥɢɬɟ ɜɟɥɢɱɢɧɭ ɬɨɤɚ ɱɟɪɟɡ ɩɟɪɟɯɨɞ, ɩɪɢ ɤɨɬɨɪɨɦ ɜɵ-

ɩɨɥɧɹɟɬɫɹ ɭɫɥɨɜɢɟ =ɛ ɞ ɞ ɞC r ɋ r . ɉɪɢɦɢɬɟ 5
23 ɩɎ, 10 ɫɦɛ ɛC w

−= = . 

ɜ) Ɋɚɫɫɱɢɬɚɣɬɟ ɡɧɚɱɟɧɢɹ ɩɨɫɬɨɹɧɧɨɣ ɜɪɟɦɟɧɢ ɛ ɞC r  ɩɪɢ ɢɡ-

ɦɟɧɟɧɢɢ ɬɨɤɚ ɱɟɪɟɡ ɞɢɨɞ ( )3 1
10 10  AI − −= −  ɢ ɩɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤɢ. 
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ɄɈɇɌɊɈɅɖɇȺə ɊȺȻɈɌȺ 2 

 

Ɇɟɬɨɞɢɱɟɫɤɢɟ ɭɤɚɡɚɧɢɹ ɩɨ ɜɵɩɨɥɧɟɧɢɸ                                   

ɤɨɧɬɪɨɥɶɧɨɣ ɪɚɛɨɬɵ 

ȼɬɨɪɚɹ ɤɨɧɬɪɨɥɶɧɚɹ ɪɚɛɨɬɚ ɞɨɥɠɧɚ ɡɚɤɪɟɩɢɬɶ ɢɡɭɱɟɧɧɵɣ 

ɦɚɬɟɪɢɚɥ ɩɨ ɬɟɨɪɢɢ ɛɢɩɨɥɹɪɧɵɯ ɢ ɩɨɥɟɜɵɯ ɬɪɚɧɡɢɫɬɨɪɨɜ. 

Ɍɪɚɧɡɢɫɬɨɪɵ ɹɜɥɹɸɬɫɹ ɭɧɢɜɟɪɫɚɥɶɧɵɦɢ ɩɪɢɛɨɪɚɦɢ, ɫɩɨ-

ɫɨɛɧɵɦɢ ɜɵɩɨɥɧɹɬɶ ɮɭɧɤɰɢɢ, ɩɪɚɤɬɢɱɟɫɤɢ, ɥɸɛɨɝɨ ɷɥɟɤɬɪɨɧɧɨɝɨ 

ɷɥɟɦɟɧɬɚ – ɪɟɡɢɫɬɨɪɚ, ɞɢɨɞɚ, ɟɦɤɨɫɬɢ, ɢɧɞɭɤɬɢɜɧɨɫɬɢ. 

Ɉɞɧɚɤɨ ɨɫɧɨɜɧɨɟ ɨɬɥɢɱɢɟ ɬɪɚɧɡɢɫɬɨɪɨɜ ɨɬ ɩɚɫɫɢɜɧɵɯ ɷɥɟɤ-

ɬɪɨɧɧɵɯ ɷɥɟɦɟɧɬɨɜ – ɷɬɨ ɭɫɢɥɟɧɢɟ ɦɨɳɧɨɫɬɢ. Ɇɨɳɧɨɫɬɶ ɫɢɝɧɚɥɚ 
ɧɚ ɜɵɯɨɞɟ ɬɪɚɧɡɢɫɬɨɪɚ ɩɨ ɨɬɧɨɲɟɧɢɸ ɤ ɦɨɳɧɨɫɬɢ ɜɯɨɞɧɨɝɨ ɫɢɝ-
ɧɚɥɚ ɦɨɠɟɬ ɛɵɬɶ ɜɨ ɦɧɨɝɨ ɪɚɡ ɛɨɥɶɲɟ. ɍɫɢɥɟɧɢɟ ɦɨɳɧɨɫɬɢ ɦɨ-

ɠɟɬ ɩɪɨɢɫɯɨɞɢɬɶ ɡɚ ɫɱɟɬ ɭɫɢɥɟɧɢɹ ɧɚ ɜɵɯɨɞɟ ɬɨɤɚ, ɧɚɩɪɹɠɟɧɢɹ 

ɢɥɢ ɨɛɨɢɯ ɨɞɧɨɜɪɟɦɟɧɧɨ. 

ɉɪɢ ɢɡɭɱɟɧɢɢ ɛɢɩɨɥɹɪɧɵɯ ɬɪɚɧɡɢɫɬɨɪɨɜ ɨɛɪɚɬɢɬɟ ɨɫɨɛɨɟ 
ɜɧɢɦɚɧɢɟ ɧɚ ɚɧɚɥɢɡ ɡɨɧɧɵɯ ɞɢɚɝɪɚɦɦ, ɤɨɬɨɪɵɟ ɨɱɟɧɶ ɧɚɝɥɹɞɧɨ 

ɨɛɴɹɫɧɹɸɬ ɨɫɧɨɜɧɵɟ ɮɢɡɢɱɟɫɤɢɟ ɩɪɨɰɟɫɫɵ ɜ ɬɪɚɧɡɢɫɬɨɪɚɯ. 

ɂɡɭɱɢɬɟ ɨɫɧɨɜɧɵɟ ɪɟɠɢɦɵ ɪɚɛɨɬɵ ɛɢɩɨɥɹɪɧɵɯ ɬɪɚɧɡɢɫɬɨ-

ɪɨɜ, ɨɛɪɚɬɢɜ ɨɫɧɨɜɧɨɟ ɜɧɢɦɚɧɢɟ ɧɚ ɚɤɬɢɜɧɵɣ ɪɟɠɢɦ ɪɚɛɨɬɵ ɤɚɤ 

ɨɫɧɨɜɧɨɣ ɩɪɢ ɪɚɛɨɬɟ ɫ ɚɧɚɥɨɝɨɜɵɦ ɫɢɝɧɚɥɨɦ. ɇɚ ɪɢɫ. 1 ɩɪɢɜɟɞɟ-
ɧɵ ɡɨɧɧɵɟ ɞɢɚɝɪɚɦɦɵ ɞɥɹ ɬɪɚɧɡɢɫɬɨɪɚ p-n-p ɩɪɢ ɜɤɥɸɱɟɧɢɢ ɫ 
ɨɛɳɟɣ ɛɚɡɨɣ ɞɥɹ ɚɤɬɢɜɧɨɝɨ ɪɟɠɢɦɚ. 
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Ⱥɧɚɥɢɡɢɪɭɹ ɡɨɧɧɵɟ ɞɢɚɝɪɚɦɦɵ ɬɪɚɧɡɢɫɬɨɪɚ ɦɨɠɧɨ ɫɞɟɥɚɬɶ 

ɫɥɟɞɭɸɳɢɟ ɜɵɜɨɞɵ. 

1. Ʉɨɧɰɟɧɬɪɚɰɢɹ ɨɫɧɨɜɧɵɯ ɧɨɫɢɬɟɥɟɣ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɯ          

p-ɬɢɩɚ ɜɵɲɟ, ɱɟɦ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɟ n-ɬɢɩɚ, ɷɬɨ ɩɪɢɜɨɞɢɬ ɤ ɨɛɪɚ-
ɡɨɜɚɧɢɸ ɪɟɡɤɢɯ ɩɟɪɟɯɨɞɨɜ. ɉɨɞɭɦɚɣɬɟ, ɢɡ ɤɚɤɢɯ ɫɨɨɛɪɚɠɟɧɢɣ 

ɫɞɟɥɚɧɨ ɬɚɤɨɟ ɡɚɤɥɸɱɟɧɢɟ. 
2. ɂɫɬɨɱɧɢɤ ɧɚɩɪɹɠɟɧɢɹ, ɜɤɥɸɱɟɧɧɵɣ ɦɟɠɞɭ ɷɦɢɬɬɟɪɨɦ 

ɢ ɛɚɡɨɣ, ɫɧɢɠɚɟɬ ɩɨɬɟɧɰɢɚɥɶɧɵɣ ɛɚɪɶɟɪ ɷɦɢɬɬɟɪɧɨɝɨ ɩɟɪɟɯɨɞɚ, 
ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɢɧɠɟɤɰɢɢ ɞɵɪɨɤ ɢɡ ɷɦɢɬɬɟɪɚ ɜ ɛɚɡɭ. Ⱦɥɹ ɞɵɪɨɤ 

ɛɚɡɵ ɤɨɥɥɟɤɬɨɪɧɵɣ ɩɟɪɟɯɨɞ ɧɟ ɫɨɡɞɚɟɬ ɩɨɬɟɧɰɢɚɥɶɧɵɣ ɛɚɪɶɟɪ, 

ɢ ɞɵɪɤɢ ɫɜɨɛɨɞɧɨ ɩɟɪɟɯɨɞɹɬ ɜ ɤɨɥɥɟɤɬɨɪ. ɉɟɪɟɲɟɞɲɢɟ ɜ ɤɨɥɥɟɤ-

ɬɨɪ ɞɵɪɤɢ ɢ ɨɛɪɚɡɭɸɬ ɤɨɥɥɟɤɬɨɪɧɵɣ ɬɨɤ. Ʉɨɧɟɱɧɨ, ɧɟɤɨɬɨɪɨɟ 
ɱɢɫɥɨ ɞɵɪɨɤ ɪɟɤɨɦɛɢɧɢɪɭɟɬ ɜ ɛɚɡɟ ɢ ɬɨɤ ɤɨɥɥɟɤɬɨɪɚ ɦɟɧɶɲɟ 
ɷɦɢɬɬɟɪɧɨɝɨ.  

3. ɉɪɨɬɟɤɚɧɢɟ ɬɨɤɚ ɜ ɰɟɩɢ ɤɨɥɥɟɤɬɨɪɚ ɫɨɡɞɚɟɬ ɩɚɞɟɧɢɟ 
ɧɚɩɪɹɠɟɧɢɹ, ɢ ɩɨɬɟɧɰɢɚɥɶɧɵɣ ɛɚɪɶɟɪ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɩɟɪɟɯɨɞɚ 
ɩɨɧɢɠɚɟɬɫɹ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɢɧɠɟɤɰɢɢ ɞɵɪɨɤ ɢɡ ɤɨɥɥɟɤɬɨɪɚ ɜ ɛɚ-
ɡɭ ɢ ɫɧɢɠɟɧɢɸ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɬɨɤɚ. Ⱦɥɹ ɢɫɤɥɸɱɟɧɢɹ ɢɧɠɟɤɰɢɢ 

ɫɨ ɫɬɨɪɨɧɵ ɤɨɥɥɟɤɬɨɪɚ ɩɨɬɟɧɰɢɚɥɶɧɵɣ ɛɚɪɶɟɪ ɩɨɜɵɲɚɸɬ ɜɤɥɸ-

ɱɟɧɢɟɦ ɜɧɟɲɧɟɝɨ ɢɫɬɨɱɧɢɤɚ ɦɟɠɞɭ ɛɚɡɨɣ ɢ ɤɨɥɥɟɤɬɨɪɨɦ. 

4. ɍɜɟɥɢɱɟɧɢɟ ɬɨɤɚ ɷɦɢɬɬɟɪɚ ɛɭɞɟɬ ɩɪɢɜɨɞɢɬɶ ɤ ɭɜɟɥɢɱɟɧɢɸ 

ɬɨɤɚ ɤɨɥɥɟɤɬɨɪɚ ɢ ɩɚɞɟɧɢɸ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɤɨɥɥɟɤɬɨɪɧɨɦ ɪɟɡɢ-

ɫɬɨɪɟ. ɉɪɢ ɩɚɞɟɧɢɢ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɪɟɡɢɫɬɨɪɟ, ɪɚɜɧɨɦ ɧɚɩɪɹɠɟ-
ɧɢɸ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɢɫɬɨɱɧɢɤɚ, ɜɟɥɢɱɢɧɚ ɩɨɬɟɧɰɢɚɥɶɧɨɝɨ ɛɚɪɶɟɪɚ 
ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɩɟɪɟɯɨɞɚ ɩɨɧɢɡɢɬɫɹ ɢ ɫɬɚɧɟɬ ɜɨɡɦɨɠɧɵɦ ɢɧɠɟɤ-

ɰɢɹ ɞɵɪɨɤ ɫɨ ɫɬɨɪɨɧɵ ɤɨɥɥɟɤɬɨɪɚ. Ⱦɚɥɶɧɟɣɲɟɟ ɭɜɟɥɢɱɟɧɢɟ ɬɨɤɚ 
ɷɦɢɬɬɟɪɚ ɧɟ ɛɭɞɟɬ ɩɪɢɜɨɞɢɬɶ ɤ ɭɜɟɥɢɱɟɧɢɸ ɬɨɤɚ ɤɨɥɥɟɤɬɨɪɚ. 
Ɍɪɚɧɡɢɫɬɨɪ ɩɟɪɟɣɞɟɬ ɜ ɪɟɠɢɦ ɧɚɫɵɳɟɧɢɹ. 

ɉɨɦɧɢɬɟ, ɱɬɨ ɩɪɢ ɚɤɬɢɜɧɨɦ ɪɟɠɢɦɟ ɪɚɛɨɬɵ ɬɪɚɧɡɢɫɬɨɪɚ 
ɷɦɢɬɬɟɪɧɵɣ ɩɟɪɟɯɨɞ ɞɨɥɠɟɧ ɛɵɬɶ ɫɦɟɳɟɧ ɜ ɩɪɹɦɨɦ ɧɚɩɪɚɜɥɟɧɢɢ, 

ɚ ɤɨɥɥɟɤɬɨɪɧɵɣ ɩɟɪɟɯɨɞ – ɜ ɨɛɪɚɬɧɨɦ. ɉɪɢ ɫɦɟɳɟɧɢɢ ɨɛɨɢɯ ɩɟ-
ɪɟɯɨɞɨɜ ɜ ɩɪɹɦɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɢɦɟɟɬ ɦɟɫɬɨ ɪɟɠɢɦ ɞɜɨɣɧɨɣ ɢɧ-

ɠɟɤɰɢɢ, ɩɪɢ ɷɬɨɦ ɢɧɠɟɤɬɢɪɨɜɚɧɧɵɟ ɧɨɫɢɬɟɥɢ ɧɚɩɪɚɜɥɟɧɵ 

ɧɚɜɫɬɪɟɱɭ ɞɪɭɝ ɞɪɭɝɭ ɢ ɪɟɡɭɥɶɬɢɪɭɸɳɢɣ ɬɨɤ ɧɚ ɜɵɯɨɞɟ ɬɪɚɧɡɢ-

ɫɬɨɪɚ ɛɭɞɟɬ ɫɬɪɟɦɢɬɶɫɹ ɤ ɧɭɥɸ. 

ȼɧɢɦɚɬɟɥɶɧɨ ɩɪɨɚɧɚɥɢɡɢɪɭɣɬɟ ɤɨɷɮɮɢɰɢɟɧɬ ɩɟɪɟɞɚɱɢ ɬɨɤɚ 
ɷɦɢɬɬɟɪɚ α , ɩɨɦɧɹ, ɱɬɨ ɨɧ ɹɜɥɹɟɬɫɹ ɮɭɧɤɰɢɟɣ ɤɨɷɮɮɢɰɢɟɧɬɨɜ 

ɢɧɠɟɤɰɢɢ ɢ ɩɟɪɟɧɨɫɚ. 
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ȼɵɫɨɤɨɱɚɫɬɨɬɧɵɟ ɫɜɨɣɫɬɜɚ ɬɪɚɧɡɢɫɬɨɪɚ ɡɚɜɢɫɹɬ ɨɬ ɧɚɥɢɱɢɹ 

ɪɟɚɤɬɢɜɧɵɯ ɷɥɟɦɟɧɬɨɜ ɬɪɚɧɡɢɫɬɨɪɚ.  
Ɉɫɧɨɜɧɵɦɢ ɪɟɚɤɬɢɜɧɵɦɢ ɷɥɟɦɟɧɬɚɦɢ ɹɜɥɹɸɬɫɹ ɛɚɪɶɟɪɧɵɟ 

ɟɦɤɨɫɬɢ ɩɟɪɟɯɨɞɨɜ ɢ ɞɢɮɮɭɡɢɨɧɧɵɟ ɟɦɤɨɫɬɢ, ɨɛɭɫɥɨɜɥɟɧɧɵɟ 
ɢɧɠɟɤɰɢɟɣ ɧɨɫɢɬɟɥɟɣ ɜ ɛɚɡɭ. 

ȼ ɚɤɬɢɜɧɨɦ ɪɟɠɢɦɟ, ɤɚɤ ɩɪɚɜɢɥɨ, ɞɢɮɮɭɡɢɨɧɧɨɣ ɟɦɤɨɫɬɶɸ 

ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɩɟɪɟɯɨɞɚ ɦɨɠɧɨ ɩɪɟɧɟɛɪɟɱɶ, ɬɚɤ ɤɚɤ ɨɬɫɭɬɫɬɜɭɟɬ 
ɪɟɠɢɦ ɢɧɠɟɤɰɢɢ ɫɨ ɫɬɨɪɨɧɵ ɤɨɥɥɟɤɬɨɪɚ. 

ɋɬɪɨɝɨ ɝɨɜɨɪɹ, ɩɨɧɹɬɢɟ «ɞɢɮɮɭɡɢɨɧɧɚɹ ɟɦɤɨɫɬɶ» ɹɜɥɹɟɬɫɹ 

ɭɫɥɨɜɧɵɦ, ɬɚɤ ɤɚɤ ɮɢɡɢɱɟɫɤɢ ɷɬɨɣ ɟɦɤɨɫɬɢ ɧɟɬ. 
Ⱦɢɮɮɭɡɢɨɧɧɚɹ ɟɦɤɨɫɬɶ ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɢɧɟɪɰɢɨɧɧɨɫɬɶ ɩɪɨɰɟɫ-

ɫɚ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɜ ɛɚɡɟ ɢɧɠɟɤɬɢɪɨɜɚɧɧɵɯ ɷɦɢɬɬɟɪɨɦ ɧɨɫɢɬɟɥɟɣ. 

Ɋɚɫɫɦɚɬɪɢɜɚɹ ɫɯɟɦɵ ɜɤɥɸɱɟɧɢɹ ɛɢɩɨɥɹɪɧɵɯ ɬɪɚɧɡɢɫɬɨɪɨɜ, 

ɨɛɪɚɬɢɬɟ ɜɧɢɦɚɧɢɟ ɧɚ ɩɪɢɧɰɢɩɢɚɥɶɧɵɟ ɪɚɡɥɢɱɢɹ ɜ ɩɚɪɚɦɟɬɪɚɯ 

ɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɯ. 

ɉɨɦɧɢɬɟ, ɱɬɨ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ 

ɨɱɟɧɶ ɲɢɪɨɤɨ ɢɫɩɨɥɶɡɭɸɬɫɹ ɩɪɢ ɪɚɫɱɟɬɚɯ ɢ ɚɧɚɥɢɡɟ ɷɥɟɤɬɪɨɧɧɵɯ 

ɫɯɟɦ. 

Ɋɚɫɫɦɨɬɪɢɦ ɩɪɢɦɟɪ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɫɬɚɬɢɱɟɫɤɢɯ ɜɨɥɶɬ-
ɚɦɩɟɪɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɞɥɹ ɪɚɫɱɟɬɚ ɭɫɢɥɢɬɟɥɶɧɨɝɨ ɤɚɫɤɚɞɚ ɩɪɢ 

ɜɤɥɸɱɟɧɢɢ ɬɪɚɧɡɢɫɬɨɪɚ ɩɨ ɫɯɟɦɟ ɫ ɈЭ. 

ɋɯɟɦɚ ɭɫɢɥɢɬɟɥɶɧɨɝɨ ɤɚɫɤɚɞɚ ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫ. 2. 
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Ɋɚɫɫɦɨɬɪɢɦ ɧɚɡɧɚɱɟɧɢɟ ɷɥɟɦɟɧɬɨɜ ɫɯɟɦɵ. 

Ɋɟɡɢɫɬɨɪ KR  ɹɜɥɹɟɬɫɹ ɷɥɟɦɟɧɬɨɦ ɧɚɝɪɭɡɤɢ; ɞɟɥɢɬɟɥɟɦ, ɫɨ-

ɫɬɨɹɳɢɦ ɢɡ ɪɟɡɢɫɬɨɪɨɜ 1 ɢ 2R R , ɡɚɞɚɟɬɫɹ ɩɨɫɬɨɹɧɧɵɣ ɬɨɤ ɛɚɡɵ 
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(ɫɦɟɳɟɧɢɟ ɧɚ ɛɚɡɟ); C – ɪɚɡɞɟɥɢɬɟɥɶɧɚɹ ɟɦɤɨɫɬɶ, ɤɨɬɨɪɚɹ ɧɟ ɩɨɡ-
ɜɨɥɹɟɬ ɩɨɫɬɨɹɧɧɨɦɭ ɬɨɤɭ ɩɪɨɬɟɤɚɬɶ ɱɟɪɟɡ ɝɟɧɟɪɚɬɨɪ ɜɯɨɞɧɨɝɨ 

ɝɚɪɦɨɧɢɱɟɫɤɨɝɨ ɫɢɝɧɚɥɚ UȽ, ɬɪɚɧɡɢɫɬɨɪ VT – ɨɫɧɨɜɧɨɣ ɷɥɟɦɟɧɬ 
ɫɯɟɦɵ, ɤɨɬɨɪɵɣ ɢ ɨɛɟɫɩɟɱɢɜɚɟɬ ɭɫɢɥɟɧɢɟ ɦɨɳɧɨɫɬɢ ɜɯɨɞɧɨɝɨ 

ɫɢɝɧɚɥɚ. 
ɂɡ ɜɵɲɟɫɤɚɡɚɧɧɨɝɨ ɫɥɟɞɭɟɬ, ɱɬɨ ɬɨɤ ɛɚɡɵ ɢɦɟɟɬ ɩɟɪɟɦɟɧ-

ɧɭɸ ɢ ɩɨɫɬɨɹɧɧɭɸ ɫɨɫɬɚɜɥɹɸɳɢɟ: .Ȼ Ȼ ɉɈɋɌ Ȼ.ɉЕɊI I I= + . 

ɉɨɫɬɪɨɢɦ ɫɟɦɟɣɫɬɜɨ ɜɵɯɨɞɧɵɯ ɫɬɚɬɢɱɟɫɤɢɯ ɜɨɥɶɬ-ɚɦɩɟɪ-

ɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɬɪɚɧɡɢɫɬɨɪɚ ɢ ɩɪɨɜɟɞɟɦ ɧɚɝɪɭɡɨɱɧɭɸ ɩɪɹɦɭɸ 

KR  (ɪɢɫ. 3). 

1. ɋɬɪɨɢɦ ɫɟɦɟɣɫɬɜɨ ɜɵɯɨɞɧɵɯ ɫɬɚɬɢɱɟɫɤɢɯ ɜɨɥɶɬ – ɚɦɩɟɪ-

ɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɬɪɚɧɡɢɫɬɨɪɚ (ɪɢɫ. 3, ɚ). 

2. ȼɵɛɢɪɚɟɦ ɜɟɥɢɱɢɧɭ ɧɚɩɪɹɠɟɧɢɹ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɩɢɬɚɧɢɹ 

KE  (ɪɢɫ. 3, ɛ). 
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3. ɂɫɩɨɥɶɡɭɹ ɜɵɯɨɞɧɵɟ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤ-

ɬɟɪɢɫɬɢɤɢ, ɜɵɱɢɫɥɢɦ ɜɟɥɢɱɢɧɵ ɢɧɬɟɝɪɚɥɶɧɨɝɨ ɢ ɞɢɮɮɟɪɟɧɰɢ-

ɚɥɶɧɨɝɨ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɩɟɪɟɞɚɱɢ ɬɨɤɚ ɛɚɡɵ β ɩɪɢ ɧɚɩɪɹɠɟɧɢɹɯ 

ɧɚ ɤɨɥɥɟɤɬɨɪɟ ɬɪɚɧɡɢɫɬɨɪɚ UK ɢ EK ɢ ɬɨɤɟ ɛɚɡɵ 100 ɦɤȺ. 

Ⱦɥɹ ɧɚɩɪɹɠɟɧɢɣ UK ɢ EK ɢɧɬɟɝɪɚɥɶɧɵɟ ɡɧɚɱɟɧɢɹ ɤɨɷɮɮɢɰɢ-

ɟɧɬɨɜ ɩɟɪɟɞɚɱɢ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɪɚɜɧɵ: 
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Ⱦɢɮɮɟɪɟɧɰɢɚɥɶɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɩɟɪɟɞɚɱɢ ɬɨɤɚ ɛɚɡɵ 

ɜ ɧɚɲɟɦ ɫɥɭɱɚɟ ɧɟ ɡɚɜɢɫɢɬ ɨɬ ɧɚɩɪɹɠɟɧɢɹ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɩɢɬɚɧɢɹ 
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ɂɡ ɚɧɚɥɢɡɚ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɫɥɟɞɭɟɬ ɜɵɜɨɞ, ɱɬɨ ɜɟ-
ɥɢɱɢɧɚ ɞифβ  ɧɟ ɡɚɜɢɫɢɬ ɨɬ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɤɨɥɥɟɤɬɨɪɟ, ɚ ɫɥɟɞɨɜɚ-
ɬɟɥɶɧɨ, ɥɸɛɵɟ ɩɪɢɪɚɳɟɧɢɹ ɬɨɤɚ ɛɚɡɵ ɭɫɢɥɢɜɚɸɬɫɹ ɜ ɨɞɢɧɚɤɨɜɨɟ 
ɱɢɫɥɨ ɪɚɡ ɞифβ . 

4. ɋɬɪɨɢɦ ɧɚɝɪɭɡɨɱɧɭɸ ɯɚɪɚɤɬɟɪɢɫɬɢɤɭ (ɪɢɫ. 3, ɜ). 
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ɍɱɢɬɵɜɚɹ, ɱɬɨ ɧɚɝɪɭɡɨɱɧɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ ɩɪɟɞɫɬɚɜɥɹɟɬ 
ɫɬɚɬɢɱɟɫɤɭɸ ɜɨɥɶɬ-ɚɦɩɟɪɧɭɸ ɯɚɪɚɤɬɟɪɢɫɬɢɤɭ ɪɟɡɢɫɬɨɪɚ KR , ɤɨ-

ɬɨɪɚɹ ɨɩɢɫɵɜɚɟɬɫɹ ɡɚɤɨɧɨɦ Ɉɦɚ =
RK

KR

K

U
I

R
, ɞɥɹ ɩɨɫɬɪɨɟɧɢɹ 

ɧɚɝɪɭɡɨɱɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɞɨɫɬɚɬɨɱɧɨ ɧɚɣɬɢ ɞɜɟ ɬɨɱɤɢ, ɱɟɪɟɡ 
ɤɨɬɨɪɵɟ ɩɪɨɜɟɫɬɢ ɩɪɹɦɭɸ. 

Ɍɨɱɤɚ 1 ɩɨɥɭɱɚɟɬɫɹ ɩɪɢ ɬɨɤɟ ɱɟɪɟɡ ɪɟɡɢɫɬɨɪ, ɪɚɜɧɨɦ ɧɭɥɸ. 

Ɍɨɱɤɚ 2 ɩɨɥɭɱɟɧɚ ɩɪɢ ɩɚɞɟɧɢɢ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɪɟɡɢɫɬɨɪɟ RK, 

ɪɚɜɧɨɦ ЕɄ. 

5. ȼɵɛɢɪɚɟɦ ɬɨɤ ɪɚɛɨɱɟɣ ɬɨɱɤɢ (ɬɨɤ ɩɨɤɨɹ) (ɪɢɫ. 3, ɝ). 
ɍɫɥɨɜɢɹ ɜɵɛɨɪɚ ɪɚɛɨɱɟɣ ɬɨɱɤɢ. 

ɚ) Ⱥɦɩɥɢɬɭɞɚ ɜɵɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ ɦɧɨɝɨ ɦɟɧɶɲɟ ɧɚɩɪɹɠɟɧɢɹ 

ɩɢɬɚɧɢɹ ЕɄ.  

ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɫɥɟɞɭɟɬ ɜɵɛɪɚɬɶ ɩɨɫɬɨɹɧɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ 

ɬɨɤɚ ɛɚɡɵ ɦɧɨɝɨ ɦɟɧɶɲɟ 100 ɦɤȺ, ɱɬɨ ɨɛɟɫɩɟɱɢɬ ɦɚɥɨɟ ɩɨɬɪɟɛɥɟɧɢɟ 
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ɬɨɤɚ ɨɬ ɢɫɬɨɱɧɢɤɚ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɩɢɬɚɧɢɹ ɢ ɧɟɛɨɥɶɲɭɸ ɪɚɫɫɟɢ-

ɜɚɟɦɭɸ ɦɨɳɧɨɫɬɶ ɧɚ ɬɪɚɧɡɢɫɬɨɪɟ. 
ɛ) Ɇɚɤɫɢɦɚɥɶɧɚɹ ɚɦɩɥɢɬɭɞɚ ɜɵɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ ɞɨɥɠɧɚ 

ɛɵɬɶ ɛɥɢɡɤɚ ɤ ɩɨɥɨɜɢɧɟ ɧɚɩɪɹɠɟɧɢɹ ɢɫɬɨɱɧɢɤɚ ɤɨɥɥɟɤɬɨɪɧɨɝɨ 

ɩɢɬɚɧɢɹ ЕɄ. 

ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɩɨɫɬɨɹɧɧɚɹ ɫɨɫɬɚɜɥɹɸɳɚɹ ɬɨɤɚ ɛɚɡɵ ɪɚɜɧɚ 
100 ɦɤȺ – ɬɨɱɤɚ 3 ɞɥɹ ɢɫɩɨɥɶɡɭɟɦɨɝɨ ɧɚɦɢ ɬɪɚɧɡɢɫɬɨɪɚ. ɉɪɢ ɞɪɭ-

ɝɨɦ ɬɪɚɧɡɢɫɬɨɪɟ ɬɨɤ ɛɚɡɵ ɨɤɚɠɟɬɫɹ ɢɧɵɦ. 

ɂɡ ɪɢɫ. 3, ɝ ɫɥɟɞɭɟɬ, ɱɬɨ ɩɨɥɨɜɢɧɚ ɧɚɩɪɹɠɟɧɢɹ ЕɄ ɩɚɞɚɟɬ ɧɚ 
ɬɪɚɧɡɢɫɬɨɪɟ ɢ ɩɨɥɨɜɢɧɚ – ɧɚ ɪɟɡɢɫɬɨɪɟ RK. 
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6. ɇɚ ɪɢɫ. 3, ɞ ɩɨɤɚɡɚɧ ɩɪɢɧɰɢɩ ɭɫɢɥɟɧɢɹ ɫɢɝɧɚɥɚ ɫ ɩɨɦɨ-

ɳɶɸ ɛɢɩɨɥɹɪɧɨɝɨ ɬɪɚɧɡɢɫɬɨɪɚ. 
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Ⱥɦɩɥɢɬɭɞɚ ɜɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ ɪɚɜɧɚ 0,15 ȼ, ɚ ɜɵɯɨɞɧɨɝɨ – 

4,5 ȼ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɤɨɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢɹ ɭɫɢɥɢɬɟɥɹ ɩɨ ɧɚɩɪɹ-
ɠɟɧɢɸ ɪɚɜɟɧ 30, ɚ ɩɨ ɬɨɤɭ – 50. Ʉɨɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢɹ ɩɨ ɦɨɳ-

ɧɨɫɬɢ ɪɚɜɟɧ 1500. 

ɉɪɢ ɢɡɭɱɟɧɢɢ ɩɨɥɟɜɵɯ ɬɪɚɧɡɢɫɬɨɪɨɜ ɨɫɧɨɜɧɨɟ ɜɧɢɦɚɧɢɟ 
ɫɥɟɞɭɟɬ ɨɛɪɚɬɢɬɶ ɧɚ ɮɢɡɢɱɟɫɤɢɟ ɩɪɢɧɰɢɩɵ ɩɪɨɰɟɫɫɨɜ, ɤɨɬɨɪɵɟ 
ɜ ɩɪɢɧɰɢɩɟ ɨɬɥɢɱɚɸɬɫɹ ɨɬ ɩɪɨɰɟɫɫɨɜ ɜ ɛɢɩɨɥɹɪɧɵɯ ɬɪɚɧɡɢɫɬɨɪɚɯ. 

ɉɨɥɟɜɵɟ ɬɪɚɧɡɢɫɬɨɪɵ ɩɪɢ ɪɚɛɨɬɟ ɢɫɩɨɥɶɡɭɸɬ ɬɨɥɶɤɨ ɨɞɢɧ 

ɬɢɩ ɨɫɧɨɜɧɵɯ ɧɨɫɢɬɟɥɟɣ ɜ ɤɚɧɚɥɟ, ɩɪɢ ɷɬɨɦ n-ɤɚɧɚɥɶɧɵɟ ɬɪɚɧɡɢ-

ɫɬɨɪɵ, ɧɚɩɪɢɦɟɪ, ɢɡ GaAs ɡɚ ɫɱɟɬ ɜɵɫɨɤɨɣ ɩɨɞɜɢɠɧɨɫɬɢ ɷɥɟɤɬɪɨ-

ɧɨɜ ɦɚɬɟɪɢɚɥɚ ɤɚɧɚɥɚ ɨɛɟɫɩɟɱɢɜɚɟɬ ɫɭɳɟɫɬɜɟɧɧɨ ɛɨɥɶɲɟɟ ɛɵɫɬ-
ɪɨɞɟɣɫɬɜɢɟ, ɱɟɦ ɛɢɩɨɥɹɪɧɵɟ, ɢɫɩɨɥɶɡɭɸɳɢɟ ɞɜɚ ɬɢɩɚ ɧɨɫɢɬɟɥɟɣ 

ɨɞɧɨɜɪɟɦɟɧɧɨ. 

Ʉɪɨɦɟ ɬɨɝɨ, ɨɬɫɭɬɫɬɜɢɟ ɢɧɠɟɤɰɢɢ ɢɫɤɥɸɱɚɟɬ ɪɟɠɢɦ ɧɚɤɨɩ-

ɥɟɧɢɹ ɢ ɪɚɫɫɚɫɵɜɚɧɢɹ ɧɨɫɢɬɟɥɟɣ, ɱɬɨ ɭɜɟɥɢɱɢɜɚɟɬ ɛɵɫɬɪɨɞɟɣ-

ɫɬɜɢɟ ɩɨɥɟɜɵɯ ɬɪɚɧɡɢɫɬɨɪɨɜ. 

Ɉɛɪɚɬɢɬɟ ɜɧɢɦɚɧɢɟ, ɱɬɨ ɜ ɩɨɥɟɜɵɯ ɬɪɚɧɡɢɫɬɨɪɚɯ ɫ ɭɩɪɚɜɥɹ-

ɸɳɢɦ p-n-ɩɟɪɟɯɨɞɨɦ ɩɪɢ ɪɚɛɨɬɟ ɬɪɚɧɡɢɫɬɨɪɚ ɜ ɚɤɬɢɜɧɨɦ ɪɟɠɢɦɟ 
ɩɟɪɟɯɨɞ ɜɫɟɝɞɚ ɞɨɥɠɟɧ ɛɵɬɶ ɫɦɟɳɟɧ ɜ ɨɛɪɚɬɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ. 

ɉɪɢ ɢɡɭɱɟɧɢɢ ɩɨɥɟɜɵɯ ɬɪɚɧɡɢɫɬɨɪɨɜ ɫ ɢɡɨɥɢɪɨɜɚɧɧɵɦ ɡɚ-
ɬɜɨɪɨɦ ɨɛɪɚɬɢɬɟ ɜɧɢɦɚɧɢɟ ɧɚ ɩɪɨɰɟɫɫɵ, ɩɪɨɢɫɯɨɞɹɳɢɟ ɜ ɞɢɷɥɟɤ-

ɬɪɢɤɟ. 
Ɉɬɥɢɱɢɟ ɩɨɥɟɜɵɯ ɬɪɚɧɡɢɫɬɨɪɨɜ ɫɨ ɜɫɬɪɨɟɧɧɵɦ ɢ ɢɧɞɭɰɢɪɨ-

ɜɚɧɧɵɦ ɤɚɧɚɥɚɦɢ ɜ ɨɫɧɨɜɧɨɦ ɤɨɧɫɬɪɭɤɬɢɜɧɨɟ, ɱɬɨ ɩɪɢɜɨɞɢɬ 
ɤ ɩɪɢɧɰɢɩɢɚɥɶɧɨɦɭ ɨɬɥɢɱɢɸ ɩɟɪɟɞɚɬɨɱɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ. 

ɉɨɥɟɜɵɟ ɬɪɚɧɡɢɫɬɨɪɵ ɢɦɟɸɬ ɛɨɥɶɲɭɸ ɜɟɥɢɱɢɧɭ ɜɯɨɞɧɨɝɨ 

ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɧɚ ɩɨɫɬɨɹɧɧɨɦ ɬɨɤɟ, ɱɬɨ ɜɵɝɨɞɧɨ ɨɬɥɢɱɚɟɬ ɢɯ ɨɬ 
ɛɢɩɨɥɹɪɧɵɯ ɬɪɚɧɡɢɫɬɨɪɨɜ. 

ȼ ɪɟɡɭɥɶɬɚɬɟ ɛɨɥɶɲɨɣ ɜɟɥɢɱɢɧɵ ɜɯɨɞɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ 

ɜɯɨɞɧɚɹ ɜɨɥɶɬ-ɚɦɩɟɪɧɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ ɨɤɚɡɵɜɚɟɬɫɹ ɧɟɢɧɮɨɪɦɚ-
ɬɢɜɧɨɣ ɢ ɩɪɢ ɚɧɚɥɢɡɟ ɩɨɥɟɜɵɯ ɬɪɚɧɡɢɫɬɨɪɨɜ ɧɟ ɢɫɩɨɥɶɡɭɟɬɫɹ. 

Ⱦɥɹ ɚɧɚɥɢɡɚ ɩɨɥɟɜɵɯ ɬɪɚɧɡɢɫɬɨɪɨɜ ɢɫɩɨɥɶɡɭɸɬ ɜɵɯɨɞɧɵɟ 
ɢ ɩɟɪɟɞɚɬɨɱɧɵɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ. 

ɉɟɪɟɞɚɬɨɱɧɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ ɨɬɪɚɠɚɟɬ ɡɚɜɢɫɢɦɨɫɬɶ ɜɵɯɨɞ-

ɧɨɝɨ ɬɨɤɚ ɨɬ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɡɚɬɜɨɪɟ. 
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ɇɚ ɪɢɫ. 4 ɩɪɢɜɟɞɟɧɵ ɩɟɪɟɞɚɬɨɱɧɚɹ ɢ ɜɵɯɨɞɧɵɟ ɜɨɥɶɬ-ɚɦɩɟɪ-

ɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɨɥɟɜɨɝɨ ɬɪɚɧɡɢɫɬɨɪɚ ɫɨ ɜɫɬɪɨɟɧɧɵɦ n-ɤɚ-
ɧɚɥɨɦ. 
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ȼɵɯɨɞɧɵɟ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɛɢ-

ɩɨɥɹɪɧɵɯ ɢ ɩɨɥɟɜɵɯ ɬɪɚɧɡɢɫɬɨɪɨɜ ɜɧɟɲɧɟ ɨɱɟɧɶ ɩɨɯɨɠɢ, ɧɨ ɢɦɟ-
ɸɬ ɩɪɢɧɰɢɩɢɚɥɶɧɨɟ ɨɬɥɢɱɢɟ, ɨɛɭɫɥɨɜɥɟɧɧɨɟ ɮɢɡɢɱɟɫɤɢɦɢ ɩɪɨ-

ɰɟɫɫɚɦɢ. 

ȼɚɪɶɢɪɭɟɦɵɦ ɩɚɪɚɦɟɬɪɨɦ ɭ ɛɢɩɨɥяɪɧɵх ɬɪɚɧɡɢɫɬɨɪɨɜ 
яɜɥяɟɬɫя ɜхɨɞɧɨɣ ɬɨɤ, ɚ ɭ ɩɨɥɟɜɵх – ɧɚɩɪяɠɟɧɢɟ ɧɚ ɡɚɬɜɨɪɟ. 

Ⱦɪɭɝɨɟ ɫɭɳɟɫɬɜɟɧɧɨɟ ɨɬɥɢɱɢɟ ɜɵɯɨɞɧɵɯ ɫɬɚɬɢɱɟɫɤɢɯ ɜɨɥɶɬ-
ɚɦɩɟɪɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɩɨɥɟɜɨɝɨ ɬɪɚɧɡɢɫɬɨɪɚ ɡɚɤɥɸɱɚɟɬɫɹ 

ɜ ɬɨɦ, ɱɬɨ ɜɟɥɢɱɢɧɚ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɫɬɨɤɟ, ɩɪɢ ɤɨɬɨɪɨɦ ɬɨɤ ɫɬɨɤɚ 
ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɡɚɜɢɫɢɬ ɨɬ ɧɚɩɪɹɠɟɧɢɹ, ɡɧɚɱɢɬɟɥɶɧɨ ɛɨɥɶɲɟ, ɱɟɦ 

ɜ ɛɢɩɨɥɹɪɧɨɦ ɬɪɚɧɡɢɫɬɨɪɟ. 
ȼ ɩɨɥɟɜɵɯ ɬɪɚɧɡɢɫɬɨɪɚɯ ɷɬɨ ɧɚɩɪɹɠɟɧɢɟ ɞɨɫɬɢɝɚɟɬ  3–5 ȼ, 

ɚ ɜ ɛɢɩɨɥɹɪɧɵɯ – 0,2–0,7 ȼ ɞɥɹ ɬɪɚɧɡɢɫɬɨɪɨɜ ɦɚɥɨɣ ɦɨɳɧɨɫɬɢ. 

Эɬɨ ɨɬɥɢɱɢɟ ɩɨɡɜɨɥɹɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶ ɩɨɥɟɜɵɟ ɬɪɚɧɡɢɫɬɨɪɵ 

ɤɚɤ ɩɟɪɟɦɟɧɧɵɟ ɪɟɡɢɫɬɨɪɵ, ɭɩɪɚɜɥɹɟɦɵɟ ɧɚɩɪɹɠɟɧɢɟɦ. 

ɇɚ ɪɢɫ. 5 ɩɪɢɜɟɞɟɧɵ ɩɟɪɟɞɚɬɨɱɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɬɪɟɯ ɬɢ-

ɩɨɜ ɩɨɥɟɜɵɯ ɬɪɚɧɡɢɫɬɨɪɨɜ. 

ȼɫɟ ɩɟɪɟɞɚɬɨɱɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɨɬɧɨɫɹɬɫɹ ɤ ɩɨɥɟɜɵɦ 

ɬɪɚɧɡɢɫɬɨɪɚɦ ɫ n-ɤɚɧɚɥɨɦ. 

ɏɚɪɚɤɬɟɪɢɫɬɢɤɚ ɧɚ ɪɢɫ. 5, ɚ ɨɬɧɨɫɢɬɫɹ ɤ ɩɨɥɟɜɨɦɭ ɬɪɚɧɡɢɫɬɨ-

ɪɭ ɫɨ ɜɫɬɪɨɟɧɧɵɦ ɤɚɧɚɥɨɦ, ɤɨɬɨɪɵɣ ɪɚɛɨɬɚɟɬ ɤɚɤ ɜ ɪɟɠɢɦɟ ɨɛɨ-

ɝɚɳɟɧɢɹ, ɬɚɤ ɢ ɜ ɪɟɠɢɦɟ ɨɛɟɞɧɟɧɢɹ. ɏɚɪɚɤɬɟɪɢɫɬɢɤɚ ɧɚ ɪɢɫ. 5, ɛ 
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ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɬɪɚɧɡɢɫɬɨɪɭ ɫ ɢɧɞɭɰɢɪɨɜɚɧɧɵɦ ɢɥɢ ɧɚɜɟɞɟɧɧɵɦ 

ɤɚɧɚɥɨɦ, ɤɨɬɨɪɵɣ ɪɚɛɨɬɚɟɬ ɬɨɥɶɤɨ ɜ ɪɟɠɢɦɟ ɨɛɨɝɚɳɟɧɢɹ, ɚ ɯɚɪɚɤ-

ɬɟɪɢɫɬɢɤɚ ɧɚ ɪɢɫ. 5, ɜ ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɪɚɛɨɬɭ ɩɨɥɟɜɨɝɨ ɬɪɚɧɡɢɫɬɨɪɚ 
ɫ ɭɩɪɚɜɥɹɸɳɢɦ p-n-ɩɟɪɟɯɨɞɨɦ, ɤɨɬɨɪɵɣ ɜɫɟɝɞɚ ɞɨɥɠɟɧ ɛɵɬɶ 

ɫɦɟɳɟɧ ɜ ɨɛɪɚɬɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ. 

Ⱦɥɹ ɩɨɥɟɜɵɯ ɬɪɚɧɡɢɫɬɨɪɨɜ ɫ ɤɚɧɚɥɨɦ p-ɬɢɩɚ ɩɟɪɟɞɚɬɨɱɧɵɟ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɢɦɟɸɬ ɜɢɞ ɡɟɪɤɚɥɶɧɨɝɨ ɨɬɨɛɪɚɠɟɧɢɹ ɨɬɧɨɫɢɬɟɥɶ-

ɧɨ ɨɫɢ ɬɨɤɨɜ ɫɬɨɤɚ. 
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ȼАɊɂАɇɌ 1 

 

Ɂɚɞɚɱɚ 1 

ɇɚɱɟɪɬɢɬɟ ɡɨɧɧɵɟ ɞɢɚɝɪɚɦɦɵ ɞɥɹ ɬɪɚɧɡɢɫɬɨɪɚ n-p-n: 

ɚ) ɞɥɹ ɪɟɠɢɦɚ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɪɚɜɧɨɜɟɫɢɹ; 

ɛ) ɞɥɹ ɚɤɬɢɜɧɨɝɨ ɪɟɠɢɦɚ; 
ɜ) ɞɥɹ ɢɧɜɟɪɫɧɨɝɨ ɪɟɠɢɦɚ. 
ɋɪɚɜɧɢɬɟ ɞɢɚɝɪɚɦɦɵ ɢ ɫɞɟɥɚɣɬɟ ɜɵɜɨɞɵ. 

 

Ɂɚɞɚɱɚ 2 

ɂɦɟɸɬɫɹ ɞɜɚ ɬɪɚɧɡɢɫɬɨɪɚ ɫ ɨɞɢɧɚɤɨɜɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ 

ɢ ɟɦɤɨɫɬɹɦɢ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɩɟɪɟɯɨɞɚ. Ɉɞɢɧ ɬɪɚɧɡɢɫɬɨɪ ɜɤɥɸɱɟɧ 

ɩɨ ɫɯɟɦɟ ɫ ɈȻ, ɚ ɜɬɨɪɨɣ – ɩɨ ɫɯɟɦɟ ɫ ɈЭ. ɇɚ ɜɯɨɞɟ ɞɟɣɫɬɜɭɟɬ ɢɞɟ-
ɚɥɶɧɵɣ ɝɟɧɟɪɚɬɨɪ ɧɚɩɪɹɠɟɧɢɹ UȽ. 

Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɩɪɢ ɜɵɩɨɥɧɟɧɢɢ ɭɫɥɨɜɢɣ ( )1 ,K ɛr r− α >>   

( ) Э1Kr r− α >>  ɷɤɜɢɜɚɥɟɧɬɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɜ ɰɟɩɢ ɤɨɥɥɟɤɬɨɪɚ 
ɩɟɪɜɨɝɨ ɤɚɫɤɚɞɚ ɪɚɜɧɨ 
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( )ɛ Э Э
ЭɄȼ

ɛ Э

1

(1 ) (1 )

K K

K Э K

R r r R r
R

R r r r R

+ + β⎡ ⎤⎣ ⎦= ≈
+ + + β + − α

. 

ɋɞɟɥɚɣɬɟ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɜɵɜɨɞɵ. 
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Ɂɚɞɚɱɚ 3 

ɂɦɟɟɬɫɹ ɩɨɥɟɜɨɣ ɬɪɚɧɡɢɫɬɨɪ ɢɡ ɤɪɟɦɧɢɹ ɫ n-ɤɚɧɚɥɨɦ 

ɢ ɭɩɪɚɜɥɹɸɳɢɦ -p n -ɩɟɪɟɯɨɞɨɦ. 

Ɋɚɫɫɱɢɬɚɣɬɟ ɲɢɪɢɧɭ ɤɚɧɚɥɚ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɧɚɩɪɹɠɟɧɢɹ ɧɚ 

ɡɚɬɜɨɪɟ ( )0,5 10 ȼɁU = − − ; ɚ = 2 ɦɤɦ; 4 Ɉɦ ɫɦ.ρ = ⋅  ɉɨɫɬɪɨɣɬɟ 
ɝɪɚɮɢɤɢ ɢ ɫɞɟɥɚɣɬɟ ɜɵɜɨɞɵ. 

 

Ɂɚɞɚɱɚ 4 

Ɍɪɚɧɡɢɫɬɨɪ ɜɤɥɸɱɟɧ ɩɨ ɫɯɟɦɟ ɫ ɈȻ. 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɧɚɩɪɹɠɟɧɢɟ ɛɚɡɚ-ɷɦɢɬɬɟɪ ɩɪɢ ɜɵɩɨɥɧɟɧɢɢ 

ɭɫɥɨɜɢɹ → ∞Kr  ɨɩɪɟɞɟɥɹɟɬɫɹ ɫɥɟɞɭɸɳɢɦ ɜɵɪɚɠɟɧɢɟɦ: 

( )
1

0

ln 1 .= ϕ + − αЭ
ȻЭ Ɍ ɛ Э

Э

I
U r I

I
 

ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɜɟɥɢɱɢɧɭ UȻЭ  ɩɪɢ ɢɡɦɟɧɟɧɢɹɯ ɬɨɤɚ:  
( ) 1 3

01 20 ɦȺ,   10 ɦȺ,   10 Ɉɦ,  0,98.Э Э ɛI I r
== − = = α =  
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ȼАɊɂАɇɌ 2 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɬɪɚɧɡɢɫɬɨɪ p-n-p. 

ɚ) Ɋɚɫɫɱɢɬɚɣɬɟ ɜɯɨɞɧɵɟ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤɬɟ-
ɪɢɫɬɢɤɢ ɞɥɹ ɫɯɟɦɵ ɫ ɈȻ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɧɚɩɪɹɠɟɧɢɹɯ ɧɚ ɤɨɥɥɟɤɬɨɪɟ: 

UK = (0,5, 2, 4, 8) ȼ, 1
0 10 ɦɤȺ, 0,9.Э NI = α =  

ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɜɯɨɞɧɵɟ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤ-

ɬɟɪɢɫɬɢɤɢ ɞɥɹ ɫɯɟɦɵ ɫ ɈȻ ɩɪɢ ɧɚɩɪɹɠɟɧɢɢ ɧɚ ɤɨɥɥɟɤɬɨɪɟ 2 ȼ 

ɢ ɢɡɦɟɧɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɨɬ –50
 ɞɨ 100 °ɋ. 0 10 ɦɤȺ, 0,9.Э NI = α =  

 

Ɂɚɞɚɱɚ 2 

ɂɦɟɟɬɫɹ ɭɫɢɥɢɬɟɥɶ ɧɚ ɬɪɚɧɡɢɫɬɨɪɟ p-n-p ɜɤɥɸɱɟɧɧɨɦ ɩɨ 

ɫɯɟɦɟ ɫ ɈȻ. 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɤɨɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢɹ ɩɨ ɧɚɩɪɹɠɟɧɢɸ 

ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

( )

1
0

1
0

1

1 1

ϕ

ϕ

⎛ ⎞
α −⎜ ⎟⎜ ⎟

⎝ ⎠=
⎛ ⎞
⎜ ⎟ϕ + − α −
⎜ ⎟
⎝ ⎠

Э
Ɍ

Э

Ɍ

U

K Э

UɈȻ U

Ɍ ɛ Э

R I e

Ʉ

r e I

, >>K Kr R . 

ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɤɨɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢɹ ɭɫɢɥɢɬɟɥɹ ɩɨ ɧɚɩɪɹ-

ɠɟɧɢɸ ɩɪɢ ɫɥɟɞɭɸɳɢɯ ɩɚɪɚɦɟɬɪɚɯ: 

1
01 ɤɈɦ, 0,9, 10 ɦɤȺ, 100 ɈɦK Э ɛR I r= α = = =  ɩɪɢ ɢɡɦɟ-

ɧɟɧɢɢ 2 30= ϕ − ϕT tUэ . ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ ɢ ɫɞɟɥɚɣɬɟ ɜɵɜɨɞɵ. 

 

Ɂɚɞɚɱɚ 3 

ɂɦɟɟɦ ɭɫɢɥɢɬɟɥɶ ɧɚ ɬɪɚɧɡɢɫɬɨɪɟ, ɜɤɥɸɱɟɧɧɨɦ ɩɨ ɫɯɟɦɟ 
ɫ ɈȻ, ɜɯɨɞɧɵɟ ɢ ɜɵɯɨɞɧɵɟ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤɬɟ-
ɪɢɫɬɢɤɢ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ. ɇɚ ɜɵɯɨɞɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɯ 

ɩɪɨɜɟɞɟɧɚ ɧɚɝɪɭɡɨɱɧɚɹ ɩɪɹɦɚɹ. ɇɚɩɪɹɠɟɧɢɟ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɢɫ-
ɬɨɱɧɢɤɚ ɩɢɬɚɧɢɹ ЕɄ = 10 ȼ, 0,95α = . 

 



 
47 

 

 

 

 

 

 
 

 

 

 

ɚ) ɉɪɨɫɬɚɜɶɬɟ ɡɧɚɱɟɧɢɹ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɬɨɤɚ. 
ɛ) ȼɵɱɢɫɥɢɬɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɪɟɡɢɫɬɨɪɚ. 
ɜ) ɉɨɞɚɣɬɟ ɧɚ ɜɯɨɞ ɝɚɪɦɨɧɢɱɟɫɤɢɣ ɫɢɝɧɚɥ ɢ ɝɪɚɮɢɱɟɫɤɢ 

ɩɪɨɞɟɦɨɧɫɬɪɢɪɭɣɬɟ ɩɪɢɧɰɢɩ ɭɫɢɥɟɧɢɹ ɜɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ. 
 

Ɂɚɞɚɱɚ 4 

ɂɦɟɟɬɫɹ ɩɨɥɟɜɨɣ ɬɪɚɧɡɢɫɬɨɪ ɢɡ ɝɟɪɦɚɧɢɹ ɫ p-ɤɚɧɚɥɨɦ 

ɢ ɭɩɪɚɜɥɹɸɳɢɦ -p n -ɩɟɪɟɯɨɞɨɦ. 

Ɋɚɫɫɱɢɬɚɣɬɟ ɲɢɪɢɧɭ ɤɚɧɚɥɚ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɧɚɩɪɹɠɟɧɢɹ ɧɚ 

ɡɚɬɜɨɪɟ ( )0,5 10 ȼɁU = − ; ɚ = 1,4 ɦɤɦ; 2 Ɉɦ ɫɦ.ρ = ⋅  ɉɨɫɬɪɨɣɬɟ 
ɝɪɚɮɢɤɢ. 

 

ȼАɊɂАɇɌ 3 

 

Ɂɚɞɚɱɚ 1 

ɇɚɱɟɪɬɢɬɟ ɡɨɧɧɵɟ ɞɢɚɝɪɚɦɦɵ ɞɥɹ ɬɪɚɧɡɢɫɬɨɪɚ - -p n p : 

ɚ) ɞɥɹ ɪɟɠɢɦɚ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɪɚɜɧɨɜɟɫɢɹ; 

ɛ) ɞɥɹ ɚɤɬɢɜɧɨɝɨ ɪɟɠɢɦɚ; 
ɜ) ɞɥɹ ɢɧɜɟɪɫɧɨɝɨ ɪɟɠɢɦɚ. 
ɋɪɚɜɧɢɬɟ ɞɢɚɝɪɚɦɦɵ ɢ ɫɞɟɥɚɣɬɟ ɜɵɜɨɞɵ. 

 

Ɂɚɞɚɱɚ 2 

ɂɦɟɟɬɫɹ ɭɫɢɥɢɬɟɥɶ ɧɚ ɬɪɚɧɡɢɫɬɨɪɟ - -n p n , ɜɤɥɸɱɟɧɧɨɦ 

ɩɨ ɫɯɟɦɟ ɫ ɈЭ. 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɤɨɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢɹ ɩɨ ɧɚɩɪɹɠɟɧɢɸ 

ɜ ɨɛɥɚɫɬɢ ɧɢɡɤɢɯ ɱɚɫɬɨɬ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 
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ɩɪɢ ɜɵɩɨɥɧɟɧɢɢ ɭɫɥɨɜɢɹ >>K Kr R . 

ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɤɨɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢɹ ɩɨ ɧɚɩɪɹɠɟɧɢɸ ɩɪɢ 
1

01 ɤɈɦ;   0,9;   10 ɦɤȺ;   100 ɈɦK Э ɛR I r= α = = =  ɩɪɢ ɢɡɦɟɧɟɧɢɢ 

2 30Э T TU = ϕ − ϕ . ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ ɢ ɨɛɴɹɫɧɢɬɟ ɩɨɥɭɱɟɧɧɵɟ ɪɟ-
ɡɭɥɶɬɚɬɵ. 

 

Ɂɚɞɚɱɚ 3 

ɂɦɟɟɦ ɭɫɢɥɢɬɟɥɶ ɧɚ ɬɪɚɧɡɢɫɬɨɪɟ, ɜɤɥɸɱɟɧɧɨɦ ɩɨ ɫɯɟɦɟ 
ɫ ɈȻ, ɜɯɨɞɧɵɟ ɢ ɜɵɯɨɞɧɵɟ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤɬɟ-
ɪɢɫɬɢɤɢ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ. ɇɚɩɪɹɠɟɧɢɟ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɢɫ-
ɬɨɱɧɢɤɚ ɩɢɬɚɧɢɹ ЕɄ  = 10 ȼ. 

 

 

 

 

 

 

 

 

 

 

 

 

ɚ) ȼɵɱɢɫɥɢɬɟ ɤɨɷɮɮɢɰɢɟɧɬ ɩɟɪɟɞɚɱɢ ɬɨɤɚ ɷɦɢɬɬɟɪɚ α . 

ɛ) ȼɵɱɢɫɥɢɬɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɪɟɡɢɫɬɨɪɚ ɜ ɰɟɩɢ ɤɨɥɥɟɤɬɨɪɚ 
ɢ ɩɨɫɬɪɨɣɬɟ ɧɚɝɪɭɡɨɱɧɭɸ ɯɚɪɚɤɬɟɪɢɫɬɢɤɭ, ɟɫɥɢ ɢɡɜɟɫɬɧɨ, ɱɬɨ ɩɚ-
ɞɟɧɢɟ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɧɟɦ ɩɪɢ ɬɨɤɟ ɤɨɥɥɟɤɬɨɪɚ 2,7 ɦȺKI =  ɪɚɜɧɨ 

5,4 ȼ. 

ɜ) ɉɨɞɚɣɬɟ ɧɚ ɜɯɨɞ ɝɚɪɦɨɧɢɱɟɫɤɢɣ ɫɢɝɧɚɥ ɢ ɝɪɚɮɢɱɟɫɤɢ 

ɩɪɨɞɟɦɨɧɫɬɪɢɪɭɣɬɟ ɩɪɢɧɰɢɩ ɭɫɢɥɟɧɢɹ ɜɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ. 
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Ɂɚɞɚɱɚ 4 

ɂɦɟɟɬɫɹ ɩɨɥɟɜɨɣ ɬɪɚɧɡɢɫɬɨɪ ɢɡ ɤɪɟɦɧɢɹ ɫ n-ɤɚɧɚɥɨɦ 

ɢ ɭɩɪɚɜɥɹɸɳɢɦ -p n -ɩɟɪɟɯɨɞɨɦ. 

ɇɚɪɢɫɭɣɬɟ ɷɤɜɢɜɚɥɟɧɬɧɭɸ ɫɯɟɦɭ ɬɪɚɧɡɢɫɬɨɪɚ ɢ ɩɨɞɪɨɛɧɨ 

ɨɛɨɫɧɭɣɬɟ ɮɢɡɢɱɟɫɤɭɸ ɩɪɢɪɨɞɭ ɜɫɟɯ ɷɥɟɦɟɧɬɨɜ. 

 

ȼАɊɂАɇɌ 4 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɬɪɚɧɡɢɫɬɨɪ n-p-n. 

ɚ) Ɋɚɫɫɱɢɬɚɣɬɟ ɜɯɨɞɧɵɟ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤ-

ɬɟɪɢɫɬɢɤɢ ɞɥɹ ɫɯɟɦɵ ɫ ɈȻ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɤɨɥɥɟɤ-

ɬɨɪɟ: 
UK = (0,5, 2, 4, 8) ȼ; 

1
0 7 ɦɤȺ;   0,9.Э NI = α =  

ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɜɯɨɞɧɵɟ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤ-

ɬɟɪɢɫɬɢɤɢ ɬɪɚɧɡɢɫɬɨɪɚ ɩɪɢ ɟɝɨ ɜɤɥɸɱɟɧɢɢ ɩɨ ɫɯɟɦɟ ɫ ɈȻ 

ɢ ɧɚɩɪɹɠɟɧɢɢ ɧɚ ɤɨɥɥɟɤɬɨɪɟ 2 ȼ ɜ ɞɢɚɩɚɡɨɧɟ ɢɡɦɟɧɟɧɢɹ ɬɟɦɩɟɪɚ-
ɬɭɪɵ ɨɬ –50

 ɞɨ 100 °ɋ. 0 5 ɦɤȺ,   0,9.Э NI = α =  Ɉɛɴɹɫɧɢɬɟ ɩɨɥɭ-

ɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ. 

 

Ɂɚɞɚɱɚ 2 

ɂɦɟɟɦ ɞɜɭɯɤɚɫɤɚɞɧɵɣ ɭɫɢɥɢɬɟɥɶ, ɜ ɤɨɬɨɪɨɦ ɬɪɚɧɡɢɫɬɨɪɵ 

ɜɤɥɸɱɟɧɵ ɩɨ ɫɯɟɦɟ ɫ ɈȻ. ɇɚ ɜɯɨɞɟ ɜɤɥɸɱɟɧ ɢɞɟɚɥɶɧɵɣ ɝɟɧɟɪɚɬɨɪ 

ɧɚɩɪɹɠɟɧɢɹ. ɉɪɢɧɰɢɩɢɚɥɶɧɚɹ ɫɯɟɦɚ ɭɫɢɥɢɬɟɥɹ ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢ-

ɫɭɧɤɟ. 
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ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɨɬɧɨɲɟɧɢɟ ɤɨɷɮɮɢɰɢɟɧɬɚ ɭɫɢɥɟɧɢɹ 

ɩɨ ɧɚɩɪɹɠɟɧɢɸ ɜ ɞɜɭɯɤɚɫɤɚɞɧɨɦ ɭɫɢɥɢɬɟɥɟ ɤ ɤɨɷɮɮɢɰɢɟɧɬɭ ɭɫɢ-

ɥɟɧɢɹ ɩɟɪɜɨɝɨ ɤɚɫɤɚɞɚ ɩɪɢ ɨɬɤɥɸɱɟɧɧɨɦ ɜɬɨɪɨɦ ɤɚɫɤɚɞɟ ɨɩɪɟɞɟ-
ɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

1,2

1 (1 )

U ɈȻ K

U ɈȻ K Э ɛ

Ʉ RȺ
Ʉ R r r

α
= = ≈ α

+ + − α
, 

ɝɞɟ 1 2 1U , ɈȻ U .ɈȻK ,  K  – ɨɛɳɢɣ ɤɨɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢɹ ɩɨ ɧɚɩɪɹɠɟ-
ɧɢɸ ɞɜɭɯɤɚɫɤɚɞɧɨɝɨ ɭɫɢɥɢɬɟɥɹ ɢ ɤɨɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢɹ 

ɩɨ ɧɚɩɪɹɠɟɧɢɸ ɩɟɪɜɨɝɨ ɤɚɫɤɚɞɚ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 

ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɤɨɷɮɮɢɰɢɟɧɬ Ⱥ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɤɨɷɮɮɢɰɢɟɧ-

ɬɚ ɭɫɢɥɟɧɢɹ .1 1 30;   0,9U ɈȻK = − α = . ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤɢ ɢ ɫɞɟ-
ɥɚɣɬɟ ɜɵɜɨɞɵ ɨ ɰɟɥɟɫɨɨɛɪɚɡɧɨɫɬɢ ɞɜɭɯɤɚɫɤɚɞɧɨɝɨ ɭɫɢɥɢɬɟɥɹ 

ɩɨ ɫɯɟɦɟ ɫ ɈȻ. 

 

Ɂɚɞɚɱɚ 3 

Ɍɪɚɧɡɢɫɬɨɪ ɜɤɥɸɱɟɧ ɩɨ ɫɯɟɦɟ ɫ ɈЭ. 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɜɵɩɨɥɧɹɟɬɫɹ ɫɥɟɞɭɸɳɟɟ ɪɚɜɟɧɫɬɜɨ: 

( )
1

1
ln

Ȼ
ȻЭ Ɍ ɛ Ȼ

ЭɈ

I
U r I

I

+ β
= ϕ + , ɟɫɥɢ ɜɥɢɹɧɢɟɦ ɤɨɥɥɟɤɬɨɪɧɨɝɨ 

ɧɚɩɪɹɠɟɧɢɹ ɩɪɟɧɟɛɪɟɱɶ. 

ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɜɟɥɢɱɢɧɭ ȻЭU  ɩɪɢ ɢɡɦɟɧɟɧɢɹɯ ɬɨɤɚ ɛɚɡɵ               

IȻ = (10–100) ɦɤȺ, 
1 6

0 210 Ⱥ,  50 Ɉɦ,  50.Э ɛI r
−= = β =  

 

Ɂɚɞɚɱɚ 4 

ɂɦɟɟɬɫɹ ɩɨɥɟɜɨɣ ɬɪɚɧɡɢɫɬɨɪ ɢɡ ɤɪɟɦɧɢɹ ɫ n-ɤɚɧɚɥɨɦ 

ɢ ɭɩɪɚɜɥɹɸɳɢɦ -p n -ɩɟɪɟɯɨɞɨɦ. 

ɚ) ɇɚɱɟɪɬɢɬɟ ɫɬɨɤ-ɡɚɬɜɨɪɧɵɟ (ɩɟɪɟɞɚɬɨɱɧɵɟ) ɢ ɜɵɯɨɞɧɵɟ 
ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ. ɉɨɞɪɨɛɧɨ ɨɛɴɹɫɧɢɬɟ ɫ ɮɢɡɢɱɟ-
ɫɤɢɯ ɩɨɡɢɰɢɣ ɜɢɞ ɷɬɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ. 

ɛ) ɉɨ ɢɦɟɸɳɢɦɫɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦ ɜɵɱɢɫɥɢɬɟ ɡɧɚɱɟɧɢɟ 
ɤɪɭɬɢɡɧɵ ɧɚ ɥɢɧɟɣɧɨɦ ɭɱɚɫɬɤɟ ɩɟɪɟɞɚɬɨɱɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ 

ɢ ɜɵɯɨɞɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɧɚɩɪɹɠɟɧɢɹ ɋɂU . 
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ȼАɊɂАɇɌ 5 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɤɪɟɦɧɢɟɜɵɣ ɬɪɚɧɡɢɫɬɨɪ, - -n p n , ɜɤɥɸɱɟɧɧɵɣ 

ɩɨ ɫɯɟɦɟ ɫ ɈȻ. 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɩɪɢ IK = 0 ɫɩɪɚɜɟɞɥɢɜɨ ɪɚɜɟɧɫɬɜɨ 

1
0

1
0

ln 1 1
ϕ

⎡ ⎤⎛ ⎞α
= ϕ − +⎢ ⎥⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

Э
Ɍ

U

N Э
K T

K

I
U e

I
. 

ɛ) ɉɨɥɨɠɢɜ ɜ ɪɚɜɟɧɫɬɜɟ ɩɭɧɤɬɚ ɚ) 1 1
0 00,95; 0,2N Э KI Iα = = , 

ɪɚɫɫɱɢɬɚɣɬɟ ɧɚɩɪɹɠɟɧɢɟ ɧɚ ɤɨɥɥɟɤɬɨɪɟ ɩɪɢ IK = 0  ɢ ɢɡɦɟɧɟɧɢɹɯ 

ɧɚ ɷɦɢɬɬɟɪɟ 2 10Э Ɍ ɌU = ϕ − ϕ . 

 

Ɂɚɞɚɱɚ 2 

ɂɦɟɟɦ ɞɜɭɯɤɚɫɤɚɞɧɵɣ ɭɫɢɥɢɬɟɥɶ, ɜ ɤɨɬɨɪɨɦ ɬɪɚɧɡɢɫɬɨɪɵ 

ɜɤɥɸɱɟɧɵ ɩɨ ɫɯɟɦɟ ɫ ɈЭ. ɉɪɢɧɰɢɩɢɚɥɶɧɚɹ ɫɯɟɦɚ ɭɫɢɥɢɬɟɥɹ ɩɪɢ-

ɜɟɞɟɧɚ ɧɚ ɪɢɫɭɧɤɟ. 
 

 

RɄ 
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ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɨɬɧɨɲɟɧɢɟ ɤɨɷɮɮɢɰɢɟɧɬɚ ɭɫɢɥɟɧɢɹ ɩɨ 

ɧɚɩɪɹɠɟɧɢɸ ɞɜɭɯɤɚɫɤɚɞɧɨɝɨ ɭɫɢɥɢɬɟɥɹ ɤ ɤɨɷɮɮɢɰɢɟɧɬɭ ɭɫɢɥɟ-

ɧɢɹ ɩɟɪɜɨɝɨ ɤɚɫɤɚɞɚ ɪɚɜɧɨ 
1,2 1ɈЭ

11 1

U ɈЭ U

U ɈЭU ɈЭ

K K
A ɄɄ

= =

+
β

, ɝɞɟ 1,2U ɈЭɄ  – 

ɤɨɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢɹ ɞɜɭɯɤɚɫɤɚɞɧɨɝɨ ɭɫɢɥɢɬɟɥɹ; 1U ɈЭK  – ɤɨ-

ɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢɹ ɨɞɧɨɤɚɫɤɚɞɧɨɝɨ ɭɫɢɥɢɬɟɥɹ. 
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ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɤɨɷɮɮɢɰɢɟɧɬ Ⱥ ɩɪɢ ɢɡɦɟɧɟɧɢɹɯ ɄU.1ɈЭ = 5–50, 

50β = . ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤɢ ɢ ɫɞɟɥɚɣɬɟ ɜɵɜɨɞɵ. 

Ɂɚɞɚɱɚ 3 

ɂɦɟɟɦ ɭɫɢɥɢɬɟɥɶ ɧɚ ɬɪɚɧɡɢɫɬɨɪɟ, ɜɤɥɸɱɟɧɧɨɦ ɩɨ ɫɯɟɦɟ 
ɫ ɈЭ, ɜɯɨɞɧɵɟ ɢ ɜɵɯɨɞɧɵɟ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤɬɟ-
ɪɢɫɬɢɤɢ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ. ɇɚ ɜɵɯɨɞɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɯ 

ɩɨɫɬɪɨɟɧɚ ɧɚɝɪɭɡɨɱɧɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ. ɇɚɩɪɹɠɟɧɢɟ ɤɨɥɥɟɤɬɨɪ-

ɧɨɝɨ ɢɫɬɨɱɧɢɤɚ ɩɢɬɚɧɢɹ ЕɄ = 10 ȼ, 20β = . 

ɚ) ɉɪɨɫɬɚɜɶɬɟ ɡɧɚɱɟɧɢɹ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɬɨɤɚ. 
ɛ) ȼɵɱɢɫɥɢɬɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɪɟɡɢɫɬɨɪɚ. 
ɜ) ɉɨɞɚɣɬɟ ɧɚ ɜɯɨɞ ɝɚɪɦɨɧɢɱɟɫɤɢɣ ɫɢɝɧɚɥ ɢ ɝɪɚɮɢɱɟɫɤɢ 

ɩɪɨɞɟɦɨɧɫɬɪɢɪɭɣɬɟ ɩɪɢɧɰɢɩ ɭɫɢɥɟɧɢɹ ɜɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ. 
 

 

 

 

 

 

 

 

 

 

 

Ɂɚɞɚɱɚ 4 

ɂɦɟɟɬɫɹ ɭɫɢɥɢɬɟɥɶɧɵɣ ɤɚɫɤɚɞ ɧɚ ɩɨɥɟɜɨɦ ɬɪɚɧɡɢɫɬɨɪɟ ɆȾɉ 

ɫɨ ɜɫɬɪɨɟɧɧɵɦ ɤɚɧɚɥɨɦ ɬɢɩɚ n ɢ ɪɟɡɢɫɬɨɪɨɦ, ɜɤɥɸɱɟɧɧɨɦ ɜ ɰɟɩɢ 

ɫɬɨɤɚ CR . Ɍɪɚɧɡɢɫɬɨɪ ɜɤɥɸɱɟɧ ɩɨ ɫɯɟɦɟ ɫ Ɉɂ. 

ɚ) ɇɚɱɟɪɬɢɬɟ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɫɯɟɦɭ ɤɚɫɤɚɞɚ. ɍɤɚɠɢɬɟ 

ɧɚ ɫɯɟɦɟ ɬɨɤɢ, ɩɪɨɬɟɤɚɸɳɢɟ ɱɟɪɟɡ ɬɪɚɧɡɢɫɬɨɪ. 

ɛ) Ɂɚɩɢɲɢɬɟ ɤɨɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢɹ ɤɚɫɤɚɞɚ ɩɨ ɧɚɩɪɹɠɟ-
ɧɢɸ. ɋɱɢɬɚɣɬɟ, ɱɬɨ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɜ ɰɟɩɢ ɢɫɬɨɤɚ ɪɚɜɧɨ ɧɭɥɸ. 

ɜ) Ɂɚɩɢɲɢɬɟ ɡɧɚɱɟɧɢɟ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɫɬɨɤɟ ɩɪɢ ɡɧɚɱɟɧɢɹɯ 

5 ɦȺ; 5 ɤɈɦ; 30 B.C K CI R E= = =  
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ȼАɊɂАɇɌ 6 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɝɟɪɦɚɧɢɟɜɵɣ ɬɪɚɧɡɢɫɬɨɪ - -p n p . 

ɚ) ɉɨɫɬɪɨɣɬɟ ɜɵɯɨɞɧɵɟ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤ-

ɬɟɪɢɫɬɢɤɢ ɞɥɹ ɫɯɟɦɵ ɫ ɈȻ: 

1 5 1 6
0 00,9;   10 A;   0,1;    10 Ⱥ.N K i ЭI I

− −α = = α = =  

ɛ) ɉɨɜɬɨɪɢɬɟ ɩɭɧɤɬ ɚ) ɞɥɹ  
1 6 1 7

0 00,95;  10 Ⱥ;  10 Ⱥ;  0,2N K Э iI I
− −α = = = α = . 

Ɉɛɴɹɫɧɢɬɟ ɪɚɡɥɢɱɢɹ ɜ ɜɵɯɨɞɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɯ ɬɪɚɧɡɢ-

ɫɬɨɪɚ. 
 

Ɂɚɞɚɱɚ 2 

ɂɦɟɟɦ ɞɜɭɯɤɚɫɤɚɞɧɵɣ ɭɫɢɥɢɬɟɥɶ, ɜ ɤɨɬɨɪɨɦ ɩɟɪɜɵɣ ɬɪɚɧɡɢ-

ɫɬɨɪ ɜɤɥɸɱɟɧ ɩɨ ɫɯɟɦɟ ɫ ɈȻ, ɚ ɜɬɨɪɨɣ – ɩɨ ɫɯɟɦɟ ɫ ɈЭ. 
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ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɨɬɧɨɲɟɧɢɟ ɤɨɷɮɮɢɰɢɟɧɬɚ ɭɫɢɥɟɧɢɹ ɩɨ 

ɧɚɩɪɹɠɟɧɢɸ ɞɜɭɯɤɚɫɤɚɞɧɨɝɨ ɭɫɢɥɢɬɟɥɹ ɤ ɤɨɷɮɮɢɰɢɟɧɬɭ ɭɫɢɥɟ-
ɧɢɹ ɩɨ ɧɚɩɪɹɠɟɧɢɸ ɩɟɪɜɨɝɨ ɤɚɫɤɚɞɚ ɩɪɢ ɨɬɤɥɸɱɟɧɧɨɦ ɜɬɨɪɨɦ 

ɤɚɫɤɚɞɟ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

1,2

1 ɛ Э (1 )

U K

U ɈȻ K

K R
A

Ʉ R r r

β
= = < β

+ + + β
, ɝɞɟ 1,2UɄ  – ɤɨɷɮɮɢɰɢɟɧɬ 

ɭɫɢɥɟɧɢɹ ɞɜɭɯɤɚɫɤɚɞɧɨɝɨ ɭɫɢɥɢɬɟɥɹ; 2U ɈЭK  – ɤɨɷɮɮɢɰɢɟɧɬ ɭɫɢ-

ɥɟɧɢɹ ɨɞɧɨɤɚɫɤɚɞɧɨɝɨ ɭɫɢɥɢɬɟɥɹ. 
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ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɤɨɷɮɮɢɰɢɟɧɬ Ⱥ ɩɪɢ ɢɡɦɟɧɟɧɢɹɯ β = 5–50, 

RK = 1 ɤɈɦ, rɛ = 100 Ɉɦ, IЭ = 2 ɦȺ. ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤɢ ɢ ɫɞɟɥɚɣ-

ɬɟ ɜɵɜɨɞɵ. 

 

Ɂɚɞɚɱɚ 3 
ɂɦɟɟɦ ɭɫɢɥɢɬɟɥɶ ɧɚ ɬɪɚɧɡɢɫɬɨɪɟ, ɜɤɥɸɱɟɧɧɨɦ ɩɨ ɫɯɟɦɟ 

ɫ ɈЭ, ɜɯɨɞɧɵɟ ɢ ɜɵɯɨɞɧɵɟ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤɬɟ-
ɪɢɫɬɢɤɢ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ. ɇɚɩɪɹɠɟɧɢɟ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɢɫ-
ɬɨɱɧɢɤɚ ɩɢɬɚɧɢɹ ЕɄ = 10 ȼ. 

 

 

 

 

 

 

 

 

 

 

ɚ) Ɋɚɫɫɱɢɬɚɣɬɟ ɤɨɷɮɮɢɰɢɟɧɬ ɩɟɪɟɞɚɱɢ ɬɨɤɚ ɛɚɡɵ ɬɪɚɧɡɢɫɬɨ-

ɪɚ, ɢɫɩɨɥɶɡɭɹ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ. 

ɛ) ɉɨɫɬɪɨɣɬɟ ɧɚɝɪɭɡɨɱɧɭɸ ɯɚɪɚɤɬɟɪɢɫɬɢɤɭ, ɟɫɥɢ ɢɡɜɟɫɬɧɨ, 

ɱɬɨ ɩɪɢ ɬɨɤɟ ɤɨɥɥɟɤɬɨɪɚ 3 ɦȺ ɧɚ ɪɟɡɢɫɬɨɪɟ RK ɩɚɞɟɧɢɟ ɧɚɩɪɹɠɟ-
ɧɢɹ ɪɚɜɧɨ 5,1 ȼ. 

 

Ɂɚɞɚɱɚ 4 

ɂɦɟɟɬɫɹ ɭɫɢɥɢɬɟɥɶɧɵɣ ɤɚɫɤɚɞ ɧɚ ɩɨɥɟɜɨɦ ɬɪɚɧɡɢɫɬɨɪɟ ɆɈɉ 

ɫ ɢɧɞɭɰɢɪɨɜɚɧɧɵɦ ɤɚɧɚɥɨɦ ɬɢɩɚ n ɢ ɪɟɡɢɫɬɨɪɨɦ, ɜɤɥɸɱɟɧɧɨɦ 

ɜ ɰɟɩɢ ɫɬɨɤɚ CR . Ɍɪɚɧɡɢɫɬɨɪ ɜɤɥɸɱɟɧ ɩɨ ɫɯɟɦɟ ɫ Ɉɂ. 

ɚ) ɇɚɱɟɪɬɢɬɟ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɫɯɟɦɭ ɤɚɫɤɚɞɚ. Ɉɛɟɫɩɟɱɶɬɟ 
ɚɤɬɢɜɧɵɣ ɪɟɠɢɦ. ɍɤɚɠɢɬɟ ɧɚ ɫɯɟɦɟ ɬɨɤɢ, ɩɪɨɬɟɤɚɸɳɢɟ ɱɟɪɟɡ 
ɬɪɚɧɡɢɫɬɨɪ. 

ɛ) ɇɚɱɟɪɬɢɬɟ ɩɟɪɟɞɚɬɨɱɧɭɸ ɢ ɜɵɯɨɞɧɭɸ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-
ɚɦɩɟɪɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ. Ƚɪɚɮɢɱɟɫɤɢɦ ɦɟɬɨɞɨɦ ɩɨɤɚɠɢɬɟ ɜɨɡ-
ɦɨɠɧɨɫɬɶ ɭɫɢɥɟɧɢɹ ɫɢɝɧɚɥɚ ɩɨ ɧɚɩɪɹɠɟɧɢɸ. 

ɜ) Ɂɚɩɢɲɢɬɟ ɡɧɚɱɟɧɢɟ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɫɬɨɤɟ ɩɪɢ ɡɧɚɱɟɧɢɹɯ 

4 ɦȺ;  3 ɤɈɦ;   20 B.C C CI R E= = =  

10
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ȼАɊɂАɇɌ 7 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɬɪɚɧɡɢɫɬɨɪ - -n p n . 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɤɨɷɮɮɢɰɢɟɧɬ ɜɧɭɬɪɟɧɧɟɣ ɨɛɪɚɬɧɨɣ ɫɜɹɡɢ 

ɞɥɹ ɫɯɟɦɵ ɫ ɈȻ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

1
0

1 1

ϕ

ϕ

µ = =
⎛ ⎞

+ + α −⎜ ⎟⎜ ⎟
⎝ ⎠

K

T

K

T

U

Э
ЭɄ U

K Э
N

Э

dU ɟ
dU I

e
I

. 

ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɤɨɷɮɮɢɰɢɟɧɬ ɜɧɭɬɪɟɧɧɟɣ ɨɛɪɚɬɧɨɣ ɫɜɹɡɢ ɩɪɢ 

ɪɚɛɨɬɟ ɬɪɚɧɡɢɫɬɨɪɚ ɜ ɚɤɬɢɜɧɨɦ ɪɟɠɢɦɟ ɩɪɢ 

( ) 1
01 10 ɦȺ;   5 B;   10 ɦɤȺ;   0,9Э K Э NI U I= − = = α = .  

ɉɨ ɪɟɡɭɥɶɬɚɬɚɦ ɪɚɫɱɟɬɚ ɩɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ. 

 

Ɂɚɞɚɱɚ 2 

ɂɦɟɟɦ ɞɜɭɯɤɚɫɤɚɞɧɵɣ ɭɫɢɥɢɬɟɥɶ, ɜ ɤɨɬɨɪɨɦ ɩɟɪɜɵɣ ɬɪɚɧɡɢ-

ɫɬɨɪ ɜɤɥɸɱɟɧ ɩɨ ɫɯɟɦɟ ɫ ɈЭ, ɚ ɜɬɨɪɨɣ – ɩɨ ɫɯɟɦɟ ɈȻ. ɉɪɢɧɰɢɩɢ-

ɚɥɶɧɚɹ ɫɯɟɦɚ ɭɫɢɥɢɬɟɥɹ ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫɭɧɤɟ. 
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ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɨɬɧɨɲɟɧɢɟ ɤɨɷɮɮɢɰɢɟɧɬɚ ɭɫɢɥɟɧɢɹ 

ɩɨ ɧɚɩɪɹɠɟɧɢɸ ɞɜɭɯɤɚɫɤɚɞɧɨɝɨ ɭɫɢɥɢɬɟɥɹ ɤ ɤɨɷɮɮɢɰɢɟɧɬɭ ɭɫɢ-

ɥɟɧɢɹ ɜɬɨɪɨɝɨ ɤɚɫɤɚɞɚ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 
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( )
1,2

2 ɛ Э (1 )

U K

U ɈЭ K

K R
A

Ʉ r R r

β
= = < α

+ + + β
, ɝɞɟ 1,2UɄ  – ɤɨɷɮɮɢɰɢ-

ɟɧɬ ɭɫɢɥɟɧɢɹ ɞɜɭɯɤɚɫɤɚɞɧɨɝɨ ɭɫɢɥɢɬɟɥɹ; 1U ɈЭK  – ɤɨɷɮɮɢɰɢɟɧɬ 
ɭɫɢɥɟɧɢɹ ɜɬɨɪɨɝɨ ɤɚɫɤɚɞɚ. 

ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɤɨɷɮɮɢɰɢɟɧɬ Ⱥ ɩɪɢ ɢɡɦɟɧɟɧɢɹɯ β = 10–80, 

0 5 ɤOɦ 25 Ɉɦ 2 5 ɦȺ.K ɛ ЭR , ,  r ,  I ,= = =  ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤɢ ɢ ɫɞɟ-
ɥɚɣɬɟ ɜɵɜɨɞɵ. 

 

Ɂɚɞɚɱɚ 3 

ɂɦɟɟɦ ɭɫɢɥɢɬɟɥɶɧɵɣ ɤɚɫɤɚɞ. Ɍɪɚɧɡɢɫɬɨɪ ɜɤɥɸɱɟɧ ɩɨ ɫɯɟɦɟ 
ɫ ɈȻ. ȼɯɨɞɧɵɟ ɢ ɜɵɯɨɞɧɵɟ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤɬɟ-
ɪɢɫɬɢɤɢ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ. ɇɚ ɜɵɯɨɞɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɯ 

ɩɪɨɜɟɞɟɧɵ ɞɜɟ ɧɚɝɪɭɡɨɱɧɵɟ ɩɪɹɦɵɟ. 
 

 

 

 

 

 

 

 

 

 

 

 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɞɥɹ ɩɪɢɜɟɞɟɧɧɵɯ ɧɚ ɪɢɫɭɧɤɟ ɜɵɯɨɞɧɵɯ 

ɜɨɥɶɬ-ɚɦɩɟɪɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢɧɬɟɝɪɚɥɶɧɵɣ ɢ ɞɢɮɮɟɪɟɧɰɢɚɥɶ-

ɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬɵ ɩɟɪɟɞɚɱɢ ɬɨɤɚ ɷɦɢɬɬɟɪɚ ɪɚɜɧɵ ɦɟɠɞɭ ɫɨɛɨɣ. 

ȼɵɱɢɫɥɢɬɟ ɢɯ ɡɧɚɱɟɧɢɹ. Ɉɛɴɹɫɧɢɬɟ, ɜ ɤɚɤɢɯ ɫɥɭɱɚɹɯ ɷɬɨ ɜɵɩɨɥ-

ɧɹɟɬɫɹ. 

ɛ) ȼɵɱɢɫɥɢɬɟ ɡɧɚɱɟɧɢɹ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɪɟɡɢɫɬɨɪɨɜ RK1 ɢ RK2. 

ɜ) ɉɨɞɚɣɬɟ ɧɚ ɜɯɨɞ ɝɚɪɦɨɧɢɱɟɫɤɢɣ ɫɢɝɧɚɥ ɢ ɝɪɚɮɢɱɟɫɤɢ ɩɨ-

ɤɚɠɢɬɟ, ɱɬɨ ɤɨɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢɹ ɩɨ ɧɚɩɪɹɠɟɧɢɸ ɩɪɨɩɨɪɰɢɨ-

ɧɚɥɟɧ ɫɨɩɪɨɬɢɜɥɟɧɢɸ ɪɟɡɢɫɬɨɪɚ ɜ ɰɟɩɢ ɤɨɥɥɟɤɬɨɪɚ. 
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Ɂɚɞɚɱɚ 4 

ɂɦɟɟɬɫɹ ɭɫɢɥɢɬɟɥɶɧɵɣ ɤɚɫɤɚɞ ɧɚ ɩɨɥɟɜɨɦ ɬɪɚɧɡɢɫɬɨɪɟ ɆȾɉ 

ɫɨ ɜɫɬɪɨɟɧɧɵɦ ɤɚɧɚɥɨɦ ɬɢɩɚ p ɢ ɪɟɡɢɫɬɨɪɨɦ, ɜɤɥɸɱɟɧɧɨɦ ɜ ɰɟɩɢ 

ɫɬɨɤɚ CR . Ɍɪɚɧɡɢɫɬɨɪ ɜɤɥɸɱɟɧ ɩɨ ɫɯɟɦɟ ɫ Ɉɂ. 

ɚ) ɇɚɱɟɪɬɢɬɟ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɫɯɟɦɭ ɤɚɫɤɚɞɚ. ɍɤɚɠɢɬɟ 

ɧɚ ɫɯɟɦɟ ɬɨɤɢ, ɩɪɨɬɟɤɚɸɳɢɟ ɱɟɪɟɡ ɬɪɚɧɡɢɫɬɨɪ. 

ɛ) Ɂɚɩɢɲɢɬɟ ɤɨɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢɹ ɤɚɫɤɚɞɚ ɩɨ ɧɚɩɪɹɠɟ-
ɧɢɸ. ɋɱɢɬɚɣɬɟ, ɱɬɨ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɜ ɰɟɩɢ ɢɫɬɨɤɚ ɪɚɜɧɨ ɧɭɥɸ. 

ɜ) Ɂɚɩɢɲɢɬɟ ɡɧɚɱɟɧɢɟ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɫɬɨɤɟ ɩɪɢ ɡɧɚɱɟɧɢɹɯ 

7 ɦȺ;   2 ɤɈɦ;   20 B.C C CI R E= = =  

 

 

ȼАɊɂАɇɌ 8 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɬɪɚɧɡɢɫɬɨɪ - -n p n . 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɷɦɢɬ-
ɬɟɪɧɨɝɨ ɩɟɪɟɯɨɞɚ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

1
0 0

Э

1
   

1 1
ϕ

ϕ
= =

⎛ ⎞
+ α −⎜ ⎟⎜ ⎟

⎝ ⎠

K

T

Э T
ɞ U

Э Э K
i

dU
r

dI I I
e

I

. 

ɛ) ɉɨɥɭɱɢɬɟ  ɜɵɪɚɠɟɧɢɟ  ɞɥɹ  ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɝɨ ɫɨɩɪɨ-

ɬɢɜɥɟɧɢɹ ɷɦɢɬɬɟɪɧɨɝɨ ɩɟɪɟɯɨɞɚ ɩɪɢ ɜɵɩɨɥɧɟɧɢɢ ɭɫɥɨɜɢɣ 

0,   K K TU U< >> ϕ . 

ɜ) ɉɪɢ ɤɚɤɢɯ ɞɨɩɭɳɟɧɢɹɯ ɫɩɪɚɜɟɞɥɢɜɨ ɪɚɜɟɧɫɬɜɨ 

1
0

ϕ
=

+
Ɍ

ɞ
Ʉ Э

r
I I

? 

 

Ɂɚɞɚɱɚ 2 

ɂɦɟɟɬɫɹ ɨɞɧɨɤɚɫɤɚɞɧɵɣ ɭɫɢɥɢɬɟɥɶ ɧɚ ɬɪɚɧɡɢɫɬɨɪɟ - -n p n . ɇɚ 
ɜɯɨɞɟ ɞɟɣɫɬɜɭɟɬ ɢɞɟɚɥɶɧɵɣ ɝɟɧɟɪɚɬɨɪ ɬɨɤɚ ȼɏI . ɉɪɢɧɰɢɩɢɚɥɶɧɚɹ 

ɫɯɟɦɚ ɤɚɫɤɚɞɚ ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫɭɧɤɟ. 
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IȽ 

EɋɆ 

VT1 
C 

RK 

+EK 

R 

 
 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɜɟɥɢɱɢɧɚ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɬɨɤɚ ɩɪɢ ɜɤɥɸɱɟ-
ɧɢɢ ɬɪɚɧɡɢɫɬɨɪɚ ɩɨ ɫɯɟɦɟ ɫ ɈȻ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

. .
1

β
=

+ β
Ʉ ɈȻ ȼɏI I  

ɛ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɜɟɥɢɱɢɧɚ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɬɨɤɚ ɩɪɢ ɜɤɥɸɱɟ-
ɧɢɢ ɬɪɚɧɡɢɫɬɨɪɚ ɩɨ ɫɯɟɦɟ ɫ ɈЭ, ɩɪɢɧɰɢɩɢɚɥɶɧɚɹ ɫɯɟɦɚ ɤɨɬɨɪɨɝɨ 

ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫɭɧɤɟ, ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

. = βɄ ɈЭ ȼɏI I . 

 
 

IȽ 

VT1 

C 

RK 

+EK R1 

 
 

ɜ) ɂɫɩɨɥɶɡɭɹ ɩɭɧɤɬ ɚ) ɢ ɛ), ɪɚɫɫɱɢɬɚɣɬɟ ɨɬɧɨɲɟɧɢɟ  
.

.

1= + βɄ ɈЭ

Ʉ ɈȻ

I

I
,     2 50β = − . 

 

Ɂɚɞɚɱɚ 3 

ɂɦɟɟɦ ɭɫɢɥɢɬɟɥɶɧɵɣ ɤɚɫɤɚɞ. Ɍɪɚɧɡɢɫɬɨɪ ɜɤɥɸɱɟɧ ɩɨ ɫɯɟɦɟ 
ɫ ɈȻ. ȼɯɨɞɧɵɟ ɢ ɜɵɯɨɞɧɵɟ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤɬɟ-
ɪɢɫɬɢɤɢ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ. 
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ɚ) ɉɪɨɜɟɞɢɬɟ ɧɚɝɪɭɡɨɱɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɞɥɹ ɞɜɭɯ ɡɧɚɱɟ-
ɧɢɣ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɜ ɤɨɥɥɟɤɬɨɪɧɨɣ ɰɟɩɢ 1 2ɢ K KR R , ɟɫɥɢ ɢɡɜɟɫɬ-
ɧɨ: ɩɪɢ ɬɨɤɟ 5 ɦȺ.KI =  ɧɚɩɪɹɠɟɧɢɟ ɧɚ ɤɨɥɥɟɤɬɨɪɟ ɬɪɚɧɡɢɫɬɨɪɚ 

5 ȼ.KU =  ɉɚɞɟɧɢɹ ɧɚɩɪɹɠɟɧɢɣ ɧɚ ɪɟɡɢɫɬɨɪɚɯ ɩɪɢ ɷɬɨɦ ɬɨɤɟ ɪɚɜ-

ɧɵ 
1 2

5,4 B; 2,7 B.
K KR RU U= =  

ɛ) Ɂɚɩɢɲɢɬɟ, ɱɟɦɭ ɪɚɜɧɵ ɧɚɩɪɹɠɟɧɢɹ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɢɫɬɨɱ-

ɧɢɤɚ ɩɢɬɚɧɢɹ.  

 

Ɂɚɞɚɱɚ 4 

ɂɦɟɟɬɫɹ ɭɫɢɥɢɬɟɥɶɧɵɣ ɤɚɫɤɚɞ ɧɚ ɩɨɥɟɜɨɦ ɬɪɚɧɡɢɫɬɨɪɟ ɆȾɉ 

ɫɨ ɜɫɬɪɨɟɧɧɵɦ ɤɚɧɚɥɨɦ ɬɢɩɚ p ɢ ɪɟɡɢɫɬɨɪɨɦ, ɜɤɥɸɱɟɧɧɨɦ ɜ ɰɟɩɢ 

ɫɬɨɤɚ CR . Ɍɪɚɧɡɢɫɬɨɪ ɜɤɥɸɱɟɧ ɩɨ ɫɯɟɦɟ ɫ Ɉɂ. 

ɚ) ɇɚɱɟɪɬɢɬɟ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɫɯɟɦɭ ɤɚɫɤɚɞɚ. ɍɤɚɠɢɬɟ ɧɚ 
ɫɯɟɦɟ ɬɨɤɢ, ɩɪɨɬɟɤɚɸɳɢɟ ɱɟɪɟɡ ɬɪɚɧɡɢɫɬɨɪ. 

ɛ) ɇɚɱɟɪɬɢɬɟ ɩɟɪɟɞɚɬɨɱɧɭɸ ɢ ɜɵɯɨɞɧɭɸ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-
ɚɦɩɟɪɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ. Ƚɪɚɮɢɱɟɫɤɢɦ ɦɟɬɨɞɨɦ ɩɨɤɚɠɢɬɟ ɜɨɡ-
ɦɨɠɧɨɫɬɶ ɭɫɢɥɟɧɢɹ ɫɢɝɧɚɥɚ ɩɨ ɧɚɩɪɹɠɟɧɢɸ. 

ɜ) Ɂɚɩɢɲɢɬɟ ɡɧɚɱɟɧɢɟ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɫɬɨɤɟ ɩɪɢ  

2 ɦȺ;  6 ɤɈɦ;  24 B.C C CI R E= = =  

 

ȼАɊɂАɇɌ 9 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɬɪɚɧɡɢɫɬɨɪ - -p n p , ɤɨɬɨɪɵɣ ɜɤɥɸɱɟɧ ɩɨ ɫɯɟɦɟ ɫ ɈЭ. 

ɚ) Ɋɚɫɫɱɢɬɚɣɬɟ ɜɵɯɨɞɧɵɟ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚ-
ɪɚɤɬɟɪɢɫɬɢɤɢ ɩɪɢ  

2 2
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( ) 1 3
00,01 0,1  ɦȺ;  0,95;  10 ɦȺ;  2 ɦɈɦ.Ȼ K KI I r

−= − α = = =  

ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤɢ ɢ ɫɞɟɥɚɣɬɟ ɧɟɨɛɯɨɞɢɦɵɟ ɜɵɜɨɞɵ. 

ɛ) Ⱦɨɤɚɠɢɬɟ ɫɩɪɚɜɟɞɥɢɜɨɫɬɶ ɪɚɜɟɧɫɬɜɚ 
( )

1
0

1
ln 1 1

K

T

U
Ȼ

ɛЭ Ɍ
Э

I
U ɟ

I

ϕ
⎡ ⎤⎛ ⎞+ β

= ϕ + + α −⎢ ⎥⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
. 

ɜ) ɉɨ ɮɨɪɦɭɥɟ ɩ. ɛ) ɪɚɫɫɱɢɬɚɣɬɟ ɢ ɩɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤɢ 

( )ɛЭ ȻU f I=  ɩɪɢ 

0; 20K K T TU U< = ϕ ÷ ϕ . 

Ɂɚɞɚɱɚ 2 

ɂɦɟɟɦ ɨɞɧɨɤɚɫɤɚɞɧɵɣ ɭɫɢɥɢɬɟɥɶ, ɧɚ ɜɯɨɞɟ ɤɨɬɨɪɨɝɨ ɞɟɣ-

ɫɬɜɭɟɬ ɢɞɟɚɥɶɧɵɣ ɝɟɧɟɪɚɬɨɪ ɬɨɤɚ ȼɏI . ɉɪɢɦɢɬɟ → ∞Kr . 

ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɤɨɷɮɮɢɰɢɟɧɬɵ ɭɫɢɥɟɧɢɹ ɩɨ ɧɚɩɪɹɠɟɧɢɸ 

ɩɪɢ ɜɤɥɸɱɟɧɢɹɯ ɬɪɚɧɡɢɫɬɨɪɨɜ ɩɨ ɫɯɟɦɟ ɫ ɈȻ ɢ ɈЭ ɨɩɪɟɞɟɥɹɸɬɫɹ 

ɜɵɪɚɠɟɧɢɟɦ 

( )
.

1

K
UɈȻ UɈЭ

Э ɛ

R
K K

r r

β
= =

+ β +
 

ɛ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɨɬɧɨɲɟɧɢɟ ɜɵɯɨɞɧɵɯ ɧɚɩɪɹɠɟɧɢɣ ɞɥɹ ɫɯɟɦ 

ɜɤɥɸɱɟɧɢɹ ɬɪɚɧɡɢɫɬɨɪɚ ɫ ɈЭ ɢ ɈȻ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

.

.

1= + βȼЫɏ ɈЭ

ȼЫɏ ɈȻ

U

U
. 

 

Ɂɚɞɚɱɚ 3 

ɂɦɟɟɦ ɭɫɢɥɢɬɟɥɶɧɵɣ ɤɚɫɤɚɞ. Ɍɪɚɧɡɢɫɬɨɪ ɜɤɥɸɱɟɧ ɩɨ ɫɯɟɦɟ 
ɫ ɈȻ. ȼɯɨɞɧɵɟ ɢ ɜɵɯɨɞɧɵɟ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤɬɟ-
ɪɢɫɬɢɤɢ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ. ɇɚ ɜɵɯɨɞɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɯ 

ɩɪɨɜɟɞɟɧɵ ɞɜɟ ɧɚɝɪɭɡɨɱɧɵɟ ɩɪɹɦɵɟ. 
ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɜ ɞɚɧɧɨɦ ɫɥɭɱɚɟ ɢɧɬɟɝɪɚɥɶɧɵɣ ɢ ɞɢɮɮɟ-

ɪɟɧɰɢɚɥɶɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬɵ ɩɟɪɟɞɚɱɢ ɬɨɤɚ ɷɦɢɬɬɟɪɚ ɪɚɜɧɵ ɦɟɠ-

ɞɭ ɫɨɛɨɣ. ȼɵɱɢɫɥɢɬɟ ɢɯ ɡɧɚɱɟɧɢɹ. Ɉɛɴɹɫɧɢɬɟ, ɜ ɤɚɤɢɯ ɫɥɭɱɚɹɯ 

ɷɬɨ ɜɵɩɨɥɧɹɟɬɫɹ. 

ɛ) ȼɵɱɢɫɥɢɬɟ ɡɧɚɱɟɧɢɹ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɪɟɡɢɫɬɨɪɨɜ RK1 ɢ RK2. 

ɜ) ɉɨɞɚɣɬɟ ɧɚ ɜɯɨɞ ɝɚɪɦɨɧɢɱɟɫɤɢɣ ɫɢɝɧɚɥ ɢ ɝɪɚɮɢɱɟɫɤɢ ɩɨ-

ɤɚɠɢɬɟ, ɱɬɨ ɤɨɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢɹ ɩɨ ɧɚɩɪɹɠɟɧɢɸ ɩɪɨɩɨɪɰɢɨ-

ɧɚɥɟɧ ɫɨɩɪɨɬɢɜɥɟɧɢɸ ɪɟɡɢɫɬɨɪɚ ɜ ɰɟɩɢ ɤɨɥɥɟɤɬɨɪɚ. 
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Ɂɚɞɚɱɚ 4 

ɂɦɟɟɬɫɹ ɭɫɢɥɢɬɟɥɶɧɵɣ ɤɚɫɤɚɞ ɧɚ ɩɨɥɟɜɨɦ ɬɪɚɧɡɢɫɬɨɪɟ ɆɈɉ 

ɫ ɢɧɞɭɰɢɪɨɜɚɧɧɵɦ ɤɚɧɚɥɨɦ ɬɢɩɚ p ɢ ɪɟɡɢɫɬɨɪɨɦ, ɜɤɥɸɱɟɧɧɨɦ 

ɜ ɰɟɩɢ ɫɬɨɤɚ CR . Ɍɪɚɧɡɢɫɬɨɪ ɜɤɥɸɱɟɧ ɩɨ ɫɯɟɦɟ ɫ Ɉɂ. 

ɚ) ɇɚɱɟɪɬɢɬɟ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɫɯɟɦɭ ɤɚɫɤɚɞɚ. Ɉɛɟɫɩɟɱɶɬɟ 
ɚɤɬɢɜɧɵɣ ɪɟɠɢɦ. ɍɤɚɠɢɬɟ ɧɚ ɫɯɟɦɟ ɬɨɤɢ, ɩɪɨɬɟɤɚɸɳɢɟ ɱɟɪɟɡ 
ɬɪɚɧɡɢɫɬɨɪ. 

ɛ) ɇɚɱɟɪɬɢɬɟ ɩɟɪɟɞɚɬɨɱɧɭɸ ɢ ɜɵɯɨɞɧɭɸ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-
ɚɦɩɟɪɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ. Ƚɪɚɮɢɱɟɫɤɢɦ ɦɟɬɨɞɨɦ ɩɨɤɚɠɢɬɟ ɜɨɡ-
ɦɨɠɧɨɫɬɶ ɭɫɢɥɟɧɢɹ ɫɢɝɧɚɥɚ ɩɨ ɧɚɩɪɹɠɟɧɢɸ. 

ɜ) Ɂɚɩɢɲɢɬɟ ɡɧɚɱɟɧɢɟ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɫɬɨɤɟ ɩɪɢ 

                    2 ɦȺ;  6 ɤɈɦ;  24 B.C C CI R E= = =  

 

ȼАɊɂАɇɌ 10 

 

Ɂɚɞɚɱɚ 1 

ɇɚɱɟɪɬɢɬɟ ɡɨɧɧɵɟ ɞɢɚɝɪɚɦɦɵ ɞɥɹ ɬɪɚɧɡɢɫɬɨɪɚ - -p n p : 

ɚ) ɞɥɹ ɪɟɠɢɦɚ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɪɚɜɧɨɜɟɫɢɹ; 

ɛ) ɞɥɹ ɚɤɬɢɜɧɨɝɨ ɪɟɠɢɦɚ; 
ɜ) ɞɥɹ ɢɧɜɟɪɫɧɨɝɨ ɪɟɠɢɦɚ. 
ɋɪɚɜɧɢɬɟ ɞɢɚɝɪɚɦɦɵ ɢ ɫɞɟɥɚɣɬɟ ɜɵɜɨɞɵ. 

 

Ɂɚɞɚɱɚ 2 

ɂɦɟɸɬɫɹ ɝɟɪɦɚɧɢɟɜɵɣ ɢ ɤɪɟɦɧɢɟɜɵɣ ɞɢɨɞɵ. 

ɚ) Ⱦɨɤɚɠɢɬɟ ɫɩɪɚɜɟɞɥɢɜɨɫɬɶ ɜɵɪɚɠɟɧɢɹ 
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0

1= −
ϕ − ϕFp Fn

Ul
l

, ɝɞɟ l – ɲɢɪɢɧɚ ɩɟɪɟɯɨɞɚ; l0 – ɲɢɪɢɧɚ 

ɩɟɪɟɯɨɞɚ ɜ ɪɚɜɧɨɜɟɫɧɨɦ ɫɨɫɬɨɹɧɢɢ; ,Fp Fnϕ ϕ  − ɭɪɨɜɧɢ Ɏɟɪɦɢ 

ɜ ɩɪɢɦɟɫɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɯ ɞɨ ɨɛɪɚɡɨɜɚɧɢɹ ɩɟɪɟɯɨɞɚ. 
ɛ) ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ ɨɬɧɨɫɢɬɟɥɶɧɨɝɨ ɢɡɦɟɧɟɧɢɹ ɲɢɪɢɧɵ 

ɩɟɪɟɯɨɞɚ ɜ ɞɢɨɞɚɯ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɧɚɩɪɹɠɟɧɢɹ (ɨɛɪɚɬɧɨɟ ɫɦɟɳɟ-

ɧɢɟ) ; ;
2 1,5

ϕ ϕ
ϕ − ϕ = ϕɁ Ɂ

Fp Fn Ɂ . ɋɞɟɥɚɣɬɟ ɜɵɜɨɞɵ. 

 

Ɂɚɞɚɱɚ 3 

ɂɦɟɟɦ ɭɫɢɥɢɬɟɥɶɧɵɣ ɤɚɫɤɚɞ. Ɍɪɚɧɡɢɫɬɨɪ ɜɤɥɸɱɟɧ ɩɨ ɫɯɟɦɟ 
ɫ ɈȻ. ȼɯɨɞɧɵɟ ɢ ɜɵɯɨɞɧɵɟ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤɬɟ-
ɪɢɫɬɢɤɢ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ. ɇɚ ɜɵɯɨɞɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɯ 

ɩɪɨɜɟɞɟɧɵ ɞɜɟ ɧɚɝɪɭɡɨɱɧɵɟ ɩɪɹɦɵɟ. 
ɚ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɜ ɞɚɧɧɨɦ ɫɥɭɱɚɟ ɢɧɬɟɝɪɚɥɶɧɵɣ ɢ ɞɢɮɮɟ-

ɪɟɧɰɢɚɥɶɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬɵ ɩɟɪɟɞɚɱɢ ɬɨɤɚ ɷɦɢɬɬɟɪɚ ɪɚɜɧɵ ɦɟɠ-

ɞɭ ɫɨɛɨɣ. ȼɵɱɢɫɥɢɬɟ ɢɯ ɡɧɚɱɟɧɢɹ. Ɉɛɴɹɫɧɢɬɟ, ɜ ɤɚɤɢɯ ɫɥɭɱɚɹɯ 

ɷɬɨ ɜɵɩɨɥɧɹɟɬɫɹ. 

ɛ) ȼɵɱɢɫɥɢɬɟ ɡɧɚɱɟɧɢɹ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɪɟɡɢɫɬɨɪɨɜ RK1 ɢ RK2. 

ɜ) ɉɨɞɚɣɬɟ ɧɚ ɜɯɨɞ ɝɚɪɦɨɧɢɱɟɫɤɢɣ ɫɢɝɧɚɥ ɢ ɝɪɚɮɢɱɟɫɤɢ ɩɨ-

ɤɚɠɢɬɟ, ɱɬɨ ɤɨɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢɹ ɩɨ ɧɚɩɪɹɠɟɧɢɸ ɩɪɨɩɨɪɰɢɨ-

ɧɚɥɟɧ ɫɨɩɪɨɬɢɜɥɟɧɢɸ ɪɟɡɢɫɬɨɪɚ ɜ ɰɟɩɢ ɤɨɥɥɟɤɬɨɪɚ. 
 

 

 

 

 

 

 

 

 

 

Ɂɚɞɚɱɚ 4 

ɂɦɟɟɬɫɹ ɭɫɢɥɢɬɟɥɶɧɵɣ ɤɚɫɤɚɞ ɧɚ ɩɨɥɟɜɨɦ ɬɪɚɧɡɢɫɬɨɪɟ 
ɆɈɉ. ɉɟɪɟɞɚɬɨɱɧɚɹ ɢ ɜɵɯɨɞɧɵɟ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɫ ɧɚɝɪɭɡɨɱɧɨɣ ɩɪɹɦɨɣ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ. 
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ɚ) Ʉɚɤɨɣ ɬɢɩ ɤɚɧɚɥɚ ɢɦɟɟɬ ɬɪɚɧɡɢɫɬɨɪ, ɨɛɨɫɧɭɣɬɟ, ɩɨɱɟɦɭ? 

ɛ) ɇɚ ɫɬɚɬɢɱɟɫɤɢɯ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɯ ɩɪɨ-

ɫɬɚɜɶɬɟ ɡɧɚɱɟɧɢɹ ɬɨɤɨɜ ɋI , ɟɫɥɢ ɦȺ5 ȼS = . 

ɜ) Ɉɛɴɹɫɧɢɬɟ, ɩɨɱɟɦɭ ɩɪɢ ɧɟɛɨɥɶɲɢɯ ɧɚɩɪɹɠɟɧɢɹɯ ɧɚ ɫɬɨɤɟ 
ɬɨɤ ɫɬɨɤɚ ɡɚɜɢɫɢɬ ɨɬ ɷɬɨɝɨ ɧɚɩɪɹɠɟɧɢɹ. 

ɝ) ȼɵɱɢɫɥɢɬɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɪɟɡɢɫɬɨɪɚ CR . 

ɞ) ɉɪɨɫɬɚɜɶɬɟ ɡɧɚɱɟɧɢɹ ɧɚɩɪɹɠɟɧɢɣ ɧɚ ɜɵɯɨɞɧɨɣ ɜɨɥɶɬ-
ɚɦɩɟɪɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɟ, ɟɫɥɢ . 0,4Ɂɂ ɈɌɋU = . 
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ɄɈɇɌɊɈɅɖɇȺə ɊȺȻɈɌȺ 3 

 

Ɇɟɬɨɞɢɱɟɫɤɢɟ ɭɤɚɡɚɧɢɹ ɩɨ ɜɵɩɨɥɧɟɧɢɸ                                   

ɤɨɧɬɪɨɥɶɧɨɣ ɪɚɛɨɬɵ 

Ʉɨɧɬɪɨɥɶɧɚɹ ɪɚɛɨɬɚ ɫɨɫɬɨɢɬ ɢɡ ɬɪɟɯ ɡɚɞɚɱ. 

ɉɟɪɜɚɹ ɡɚɞɚɱɚ ɩɨɡɜɨɥɹɟɬ ɡɚɤɪɟɩɢɬɶ ɦɚɬɟɪɢɚɥ, ɨɬɧɨɫɹɳɢɣɫɹ 

ɤ ɚɧɚɥɢɡɭ ɩɟɪɟɯɨɞɧɵɯ ɩɪɨɰɟɫɫɨɜ ɜ ɬɪɚɧɡɢɫɬɨɪɧɵɯ ɤɥɸɱɚɯ. Ɍɪɚɧ-

ɡɢɫɬɨɪɧɵɟ ɤɥɸɱɢ ɹɜɥɹɸɬɫɹ ɨɫɧɨɜɨɣ ɜɫɟɯ ɥɨɝɢɱɟɫɤɢɯ ɷɥɟɦɟɧɬɨɜ, 

ɚ ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɨɫɧɨɜɨɣ ɰɢɮɪɨɜɨɣ ɬɟɯɧɢɤɢ. Ɂɧɚɧɢɹ ɩɟɪɟɯɨɞɧɵɯ 

ɩɪɨɰɟɫɫɨɜ ɢ ɦɟɬɨɞɨɜ ɢɯ ɫɨɤɪɚɳɟɧɢɹ ɩɨɡɜɨɥɹɟɬ ɜɵɛɪɚɬɶ ɨɩɬɢ-

ɦɚɥɶɧɨɟ ɫɯɟɦɧɨɟ ɪɟɲɟɧɢɟ ɞɥɹ ɩɨɫɬɪɨɟɧɢɹ ɢɧɬɟɝɪɚɥɶɧɵɯ ɫɯɟɦ 

ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɢɯ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɛɵɫɬɪɨɞɟɣɫɬɜɢɹ. 

Ɉɛɪɚɬɢɬɟ ɜɧɢɦɚɧɢɟ ɧɚ ɬɨ, ɱɬɨ ɬɪɚɧɡɢɫɬɨɪɧɵɟ ɤɥɸɱɢ ɦɨɝɭɬ 
ɩɪɢɦɟɧɹɬɶɫɹ ɢ ɞɥɹ ɫɨɤɪɚɳɟɧɢɹ ɞɥɢɬɟɥɶɧɨɫɬɢ ɮɪɨɧɬɨɜ ɜɯɨɞɧɨɝɨ 

ɫɢɝɧɚɥɚ ɢɥɢ ɮɨɪɦɢɪɨɜɚɧɢɹ ɢɦɩɭɥɶɫɨɜ ɩɨɱɬɢ ɩɪɹɦɨɭɝɨɥɶɧɨɣ 

ɮɨɪɦɵ ɢɡ ɝɚɪɦɨɧɢɱɟɫɤɨɝɨ ɜɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ. 
ɇɟɨɛɯɨɞɢɦɨ ɩɨɦɧɢɬɶ, ɱɬɨ ɫɨɤɪɚɳɟɧɢɟ ɨɞɧɨɣ ɫɬɚɞɢɢ ɩɟɪɟ-

ɯɨɞɧɨɝɨ ɩɪɨɰɟɫɫɚ, ɧɚɩɪɢɦɟɪ ɫɨɤɪɚɳɟɧɢɟ ɞɥɢɬɟɥɶɧɨɫɬɢ ɩɨɥɨɠɢ-

ɬɟɥɶɧɨɝɨ ɮɪɨɧɬɚ, ɜ ɧɚɫɵɳɟɧɧɨɦ ɬɪɚɧɡɢɫɬɨɪɧɨɦ ɤɥɸɱɟ ɧɚ ɛɢɩɨ-

ɥɹɪɧɨɦ ɬɪɚɧɡɢɫɬɨɪɟ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɬɨɤɚ ɛɚɡɵ ɩɪɢɜɨɞɢɬ ɤ ɭɜɟɥɢ-

ɱɟɧɢɸ ɧɚɤɨɩɥɟɧɢɹ ɢɡɛɵɬɨɱɧɵɯ ɧɨɫɢɬɟɥɟɣ ɜ ɛɚɡɟ. ɉɪɢ ɡɚɤɪɵɜɚ-
ɧɢɢ ɬɪɚɧɡɢɫɬɨɪɚ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɜɪɟɦɹ ɪɚɫɫɚɫɵɜɚɧɢɹ, ɢ ɫɭɦɦɚɪɧɨɟ 
ɜɪɟɦɹ ɩɟɪɟɯɨɞɧɨɝɨ ɩɪɨɰɟɫɫɚ ɦɨɠɟɬ ɞɚɠɟ ɭɜɟɥɢɱɢɬɶɫɹ. 

ȼɬɨɪɚɹ ɡɚɞɚɱɚ ɨɬɧɨɫɢɬɫɹ ɤ ɬɟɯɧɨɥɨɝɢɢ ɢɡɝɨɬɨɜɥɟɧɢɹ ɢɧɬɟ-
ɝɪɚɥɶɧɵɯ ɦɢɤɪɨɫɯɟɦ, ɢ ɞɥɹ ɟё ɪɟɲɟɧɢɹ ɬɪɟɛɭɸɬɫɹ ɡɧɚɧɢɹ ɩɪɚɤɬɢ-

ɱɟɫɤɢ ɜɫɟɯ ɨɫɧɨɜɧɵɯ ɨɩɟɪɚɰɢɣ ɩɪɢ ɢɡɝɨɬɨɜɥɟɧɢɢ ɢɧɬɟɝɪɚɥɶɧɵɯ 

ɫɯɟɦ. ɉɟɪɟɞ ɜɵɩɨɥɧɟɧɢɟɦ ɡɚɞɚɱɢ ɩɨɞɪɨɛɧɨ ɢɡɭɱɢɬɟ ɨɫɧɨɜɧɵɟ 
ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɟ ɨɩɟɪɚɰɢɢ, ɨɛɪɚɳɚɹ ɨɫɧɨɜɧɨɟ ɜɧɢɦɚɧɢɟ ɧɚ ɢɯ 

ɧɚɡɧɚɱɟɧɢɟ ɢ ɮɢɡɢɱɟɫɤɢɟ ɩɪɨɰɟɫɫɵ, ɤɨɬɨɪɵɟ ɩɪɢ ɷɬɨɦ ɩɪɨɢɫɯɨ-

ɞɹɬ. Ɉɛɪɚɬɢɬɟ ɨɫɨɛɨɟ ɜɧɢɦɚɧɢɟ ɧɚ ɫɨɜɪɟɦɟɧɧɵɟ ɬɟɯɧɨɥɨɝɢɢ ɢɡɝɨ-

ɬɨɜɥɟɧɢɹ ɢɧɬɟɝɪɚɥɶɧɵɯ ɫɯɟɦ. 

Ⱦɥɹ ɪɟɲɟɧɢɹ ɬɪɟɬɶɟɣ ɡɚɞɚɱɢ ɩɪɟɠɞɟ ɜɫɟɝɨ ɧɟɨɛɯɨɞɢɦɵ ɡɧɚ-
ɧɢɹ ɜɫɟɝɨ ɤɭɪɫɚ ɷɥɟɤɬɪɨɧɢɤɢ ɢ ɛɚɡɨɜɵɯ ɥɨɝɢɱɟɫɤɢɯ ɷɥɟɦɟɧɬɨɜ. 

Ȼɚɡɨɜɵɦɢ ɷɥɟɦɟɧɬɚɦɢ ɫɱɢɬɚɸɬɫɹ ɫɯɟɦɵ, ɤɨɬɨɪɵɟ ɹɜɥɹɸɬɫɹ 

ɨɫɧɨɜɨɣ ɢɧɬɟɝɪɚɥɶɧɵɯ ɫɯɟɦ ɦɚɫɫɨɜɨɝɨ ɩɪɨɢɡɜɨɞɫɬɜɚ. 
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Ⱦɥɹ ɌɌɅ-ɬɟɯɧɨɥɨɝɢɢ ɛɚɡɨɜɵɦɢ ɷɥɟɦɟɧɬɚɦɢ ɫɥɟɞɭɟɬ ɫɱɢɬɚɬɶ 

ɫɯɟɦɵ, ɩɪɢɜɟɞɟɧɧɵɟ ɧɚ ɪɢɫ. 8.13, ɆЭɋɅ – ɪɢɫ. 8.17, ɆȾɉ – 

ɪɢɫ. 9.1 ɢ ɄɆɈɉ – ɪɢɫ. 9 2 ɭɱɟɛɧɨɝɨ ɩɨɫɨɛɢɹ ȼ.Ɇ. ɂɰɤɨɜɢɱɚ. 
ɇɟɨɛɯɨɞɢɦɨ ɩɨɦɧɢɬɶ, ɱɬɨ ɨɛɴɹɫɧɹɬɶ ɩɪɢɧɰɢɩ ɞɟɣɫɬɜɢɹ ɪɚɡ-

ɪɚɛɨɬɚɧɧɨɝɨ ȼɚɦɢ ɭɫɬɪɨɣɫɬɜɚ ɬɪɟɛɭɟɬɫɹ ɧɚ ɭɪɨɜɧɟ ɩɪɢɧɰɢɩɢɚɥɶ-

ɧɨɣ, ɚ ɧɟ ɮɭɧɤɰɢɨɧɚɥɶɧɨɣ ɫɯɟɦɵ. ȼɫɟ ɩɟɪɟɤɥɸɱɟɧɢɹ, ɤɨɬɨɪɵɟ 
ɩɪɨɢɫɯɨɞɹɬ ɜ ɫɯɟɦɟ ɩɨɫɥɟ ɩɨɞɚɱɢ ɜɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ (ɥɨɝɢɱɟɫɤɢɣ 

ɧɨɥɶ ɢɥɢ ɥɨɝɢɱɟɫɤɚɹ ɟɞɢɧɢɰɚ), ɞɨɥɠɧɵ ɛɵɬɶ ɞɨɤɚɡɚɧɵ ɧɚ ɨɫɧɨɜɟ 
ɮɢɡɢɱɟɫɤɢɯ ɩɪɨɰɟɫɫɨɜ, ɩɪɨɢɫɯɨɞɹɳɢɯ ɜ ɚɤɬɢɜɧɵɯ ɷɥɟɦɟɧɬɚɯ. 

 

ɉɊɂɆȿɊ 1 

 

ɇɟɨɛɯɨɞɢɦɨ ɪɚɡɪɚɛɨɬɚɬɶ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɫɯɟɦɭ ɛɚɡɨɜɨɝɨ 

ɥɨɝɢɱɟɫɤɨɝɨ ɷɥɟɦɟɧɬɚ ɇȿ ɞɥɹ ɢɧɬɟɝɪɚɥɶɧɨɣ ɆɈɉ-ɬɟɯɧɨɥɨɝɢɢ. 

ɇɚ ɮɢɡɢɱɟɫɤɨɦ ɭɪɨɜɧɟ ɨɛɨɫɧɨɜɚɬɶ ɟɝɨ ɪɚɛɨɬɭ. 

ɉɪɢɧɰɢɩɢɚɥɶɧɚɹ ɫɯɟɦɚ ɷɥɟɦɟɧɬɚ ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫ. 1 

 

+Uɂɉ1 

-Uɂɉ1 

VTɉ 

VTȺ 

ȼхɨɞ 

ȼɵхɨɞ 

 
Ɋɢɫ. 1 

 

ȼ ɤɚɱɟɫɬɜɟ ɚɤɬɢɜɧɨɝɨ ɬɪɚɧɡɢɫɬɨɪɚ aVT  ɜɵɛɪɚɧ ɩɨɥɟɜɨɣ 

ɬɪɚɧɡɢɫɬɨɪ ɫ ɢɧɞɭɰɢɪɨɜɚɧɧɵɦ ɤɚɧɚɥɨɦ ɬɢɩɚ n . ɉɪɢɦɟɧɟɧɢɟ ɩɨ-

ɥɟɜɨɝɨ ɬɪɚɧɡɢɫɬɨɪɚ ɫ ɢɧɞɭɰɢɪɨɜɚɧɧɵɦ ɤɚɧɚɥɨɦ ɩɨɡɜɨɥɹɟɬ ɭɩɪɨ-

ɫɬɢɬɶ ɬɟɯɧɨɥɨɝɢɸ, ɬɚɤ ɤɚɤ ɭɦɟɧɶɲɚɟɬ ɤɨɥɢɱɟɫɬɜɨ ɨɩɟɪɚɰɢɣ ɩɪɢ 

ɟɝɨ ɢɡɝɨɬɨɜɥɟɧɢɢ ɢ ɩɨɜɵɲɚɟɬ ɩɨɦɟɯɨɡɚɳɢɳɟɧɧɨɫɬɶ ɥɨɝɢɱɟɫɤɨɝɨ 

ɷɥɟɦɟɧɬɚ. ȼɬɨɪɨɟ ɭɬɜɟɪɠɞɟɧɢɟ ɛɭɞɟɬ ɞɨɤɚɡɚɧɨ ɧɢɠɟ. 
ȼ ɤɚɱɟɫɬɜɟ ɪɟɡɢɫɬɨɪɚ ɜ ɰɟɩɢ ɢɫɬɨɤɚ ɜɤɥɸɱɟɧ ɩɨɥɟɜɨɣ ɬɪɚɧ-

ɡɢɫɬɨɪ ɫɨ ɜɫɬɪɨɟɧɧɵɦ ɤɚɧɚɥɨɦ n-ɬɢɩɚ ɉVT , ɩɚɫɫɢɜɧɵɣ. ɉɪɢɦɟɧɟɧɢɟ 
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ɬɪɚɧɡɢɫɬɨɪɚ ɜɦɟɫɬɨ ɪɟɡɢɫɬɨɪɚ ɨɛɭɫɥɨɜɥɟɧɨ ɞɜɭɦɹ ɩɪɢɱɢɧɚɦɢ. 

ɉɟɪɜɚɹ – ɭɩɪɨɳɟɧɢɟ ɬɟɯɧɨɥɨɝɢɢ, ɚ ɜɬɨɪɚɹ ɫɨɫɬɨɢɬ ɜ ɬɨɦ, ɱɬɨ ɩɨ-

ɥɟɜɨɣ ɬɪɚɧɡɢɫɬɨɪ ɡɚɧɢɦɚɟɬ ɦɟɧɶɲɭɸ ɩɥɨɳɚɞɶ, ɱɟɦ ɢɧɬɟɝɪɚɥɶɧɵɣ 

ɪɟɡɢɫɬɨɪ. ɉɪɢ ɚɧɚɥɢɡɟ ɫɱɢɬɚɟɦ, ɱɬɨ ɜɯɨɞɧɨɣ ɫɢɝɧɚɥ ɩɨɫɬɭɩɚɟɬ 
ɨɬ ɚɧɚɥɨɝɢɱɧɨɝɨ ɭɫɬɪɨɣɫɬɜɚ ɢ ɫɬɚɬɢɱɟɫɤɚɹ ɧɚɝɪɭɡɤɚ ɪɚɜɧɚ ɛɟɫɤɨ-

ɧɟɱɧɨɫɬɢ. Ⱦɥɹ ɩɨɹɫɧɟɧɢɹ ɪɚɛɨɬɵ ɫɯɟɦɵ ɪɚɫɫɦɨɬɪɢɦ ɩɟɪɟɞɚɬɨɱ-

ɧɵɟ ɫɬɚɬɢɱɟɫɤɢɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ (ɪɢɫ. 2). 
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Ɋɢɫ. 2 

 

ɉɚɫɫɢɜɧɵɣ ɬɪɚɧɡɢɫɬɨɪ ɫɨ ɜɫɬɪɨɟɧɧɵɦ ɤɚɧɚɥɨɦ ɦɨɠɟɬ ɪɚɛɨ-

ɬɚɬɶ ɜ ɪɟɠɢɦɚɯ ɨɛɟɞɧɟɧɢɹ ɢ ɨɛɨɝɚɳɟɧɢɹ. ɉɟɪɟɞɚɬɨɱɧɚɹ ɯɚɪɚɤɬɟ-
ɪɢɫɬɢɤɚ ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫ. 2, ɚ. ɍɱɢɬɵɜɚɹ, ɱɬɨ ɧɚɩɪɹɠɟɧɢɟ ɡɚɬɜɨɪ-

ɢɫɬɨɤ ɪɚɜɧɨ ɧɭɥɸ, ɬɚɤ ɤɚɤ ɡɚɬɜɨɪ ɢ ɢɫɬɨɤ ɫɨɟɞɢɧɟɧɵ ɦɟɠɞɭ ɫɨɛɨɣ, 

ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɤɚɧɚɥɚ ɩɪɢ ɢɡɦɟɧɟɧɢɹɯ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɡɚɬɜɨɪɟ ɚɤ-

ɬɢɜɧɨɝɨ ɬɪɚɧɡɢɫɬɨɪɚ ɨɫɬɚɟɬɫɹ ɩɨɫɬɨɹɧɧɵɦ. ɇɚ ɪɢɫ. 2, ɛ ɩɪɢɜɟɞɟɧɚ 
ɩɟɪɟɞɚɬɨɱɧɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ ɚɤɬɢɜɧɨɝɨ ɬɪɚɧɡɢɫɬɨɪɚ aVT . 

ȿɫɥɢ ɧɚ ɜɯɨɞɟ ɚɤɬɢɜɧɨɝɨ ɬɪɚɧɡɢɫɬɨɪɚ ɥɨɝɢɱɟɫɤɢɣ ɧɨɥɶ 

(ɧɚɩɪɹɠɟɧɢɟ ɧɢɡɤɨɝɨ ɭɪɨɜɧɹ), ɤɚɧɚɥ ɜ ɧɟɦ ɨɬɫɭɬɫɬɜɭɟɬ, ɢ ɫɨɩɪɨ-

ɬɢɜɥɟɧɢɟ ɦɟɠɞɭ ɢɫɬɨɤɨɦ ɢ ɫɬɨɤɨɦ ɦɨɠɧɨ ɫɱɢɬɚɬɶ ɪɚɜɧɵɦ ɛɟɫɤɨ-

ɧɟɱɧɨɫɬɢ. Эɬɨ ɫɥɟɞɭɟɬ ɢɡ ɩɟɪɟɞɚɬɨɱɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɬɪɚɧɡɢ-

ɫɬɨɪɚ, ɤɨɬɨɪɚɹ ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫ. 2, ɚ. Ɍɨɤ ɱɟɪɟɡ ɬɪɚɧɡɢɫɬɨɪɵ 

ɧɟ ɩɪɨɬɟɤɚɟɬ, ɧɚɩɪɹɠɟɧɢɟ ɧɚ ɜɵɯɨɞɟ ɪɚɜɧɨ ɧɚɩɪɹɠɟɧɢɸ ɢɫɬɨɱɧɢ-

ɤɚ ɩɢɬɚɧɢɹ, ɬ. ɟ. ɧɚ ɜɵɯɨɞɟ ɥɨɝɢɱɟɫɤɚɹ ɟɞɢɧɢɰɚ. 
ɉɪɢ ɩɨɞɚɱɟ ɧɚ ɜɯɨɞ ɚɤɬɢɜɧɨɝɨ ɬɪɚɧɡɢɫɬɨɪɚ ɧɚɩɪɹɠɟɧɢɹ ɜɵ-

ɫɨɤɨɝɨ ɭɪɨɜɧɹ 1ɉ ɈɌɋU U>  ɢɧɞɭɰɢɪɭɟɬɫɹ ɤɚɧɚɥ ɢ ɫɨɩɪɨɬɢɜɥɟɧɢɟ 
ɦɟɠɞɭ ɢɫɬɨɤɨɦ ɢ ɫɬɨɤɨɦ ɪɟɡɤɨ ɩɚɞɚɟɬ. ȿɫɥɢ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɤɚɧɚɥɚ 

CI
CI

ɁɂU ɁɂU

0
0

ɈɌɋU

ɇI



 
67 

ɚɤɬɢɜɧɨɝɨ ɬɪɚɧɡɢɫɬɨɪɚ ɦɧɨɝɨ ɦɟɧɶɲɟ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɤɚɧɚɥɚ              
ɩɚɫɫɢɜɧɨɝɨ ɬɪɚɧɡɢɫɬɨɪɚ, ɱɟɪɟɡ ɬɪɚɧɡɢɫɬɨɪɵ ɩɪɨɬɟɤɚɟɬ ɬɨɤ                

ɇI , ɧɚɩɪɹɠɟɧɢɟ ɧɚ ɜɵɯɨɞɟ ɪɚɜɧɨ ɥɨɝɢɱɟɫɤɨɦɭ ɧɭɥɸ. 

0 .

. .

ɄȺɇ ȺɄɌ
ȼЫɏ ɉ

ɄȺɇ ȺɄɌ ɄȺɇ ɉȺɋ

r
U U

r r
=

+
. ȿɫɥɢ ɜɵɩɨɥɧɹɟɬɫɹ ɭɫɥɨɜɢɟ 

. .ɄȺɇ ɇȺɋ ɄȺɇ ȺɄɌr r>> , ɬɨ  
0

0ȼЫɏU ≈ . 

ȼɵɫɨɤɚɹ ɩɨɦɟɯɨɡɚɳɢɳɟɧɧɨɫɬɶ ɨɛɭɫɥɨɜɥɟɧɚ ɜɢɞɨɦ ɩɟɪɟɞɚ-
ɬɨɱɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ. ɉɨɤɚ ɧɚɩɪɹɠɟɧɢɟ ɩɨɦɟɯɢ ɦɟɧɶɲɟ 
ɧɚɩɪɹɠɟɧɢɹ ɨɬɫɟɱɤɢ (ɛɨɥɶɲɟ), ɩɟɪɟɤɥɸɱɟɧɢɟ ɧɟ ɩɪɨɢɫɯɨɞɢɬ. 

Ɇɚɤɫɢɦɚɥɶɧɚɹ ɩɨɦɟɯɨɡɚɳɢɳɟɧɧɨɫɬɶ ɢɦɟɟɬ ɦɟɫɬɨ ɩɪɢ ɜɵ-

ɩɨɥɧɟɧɢɢ ɭɫɥɨɜɢɹ 1

2

ɂɉ
ɈɌɋ

U
U = . 

 

Ɉɛɪɚɬɢɬɟ ɜɧɢɦɚɧɢɟ ɧɚ ɬɨ, ɱɬɨ ɜ ɌɌɅ-ɥɨɝɢɤɟ ɛɚɡɨɜɵɣ ɷɥɟ-
ɦɟɧɬ ɜɵɩɨɥɧɹɟɬ ɥɨɝɢɱɟɫɤɭɸ ɮɭɧɤɰɢɸ ɂ-ɇȿ, ɜ ɆЭɋɅ – ɂɅɂ-ɇȿ 

ɢ ɂɅɂ, ɜ ɆȾɉ ɢ ɄɆɈɉ – ɥɨɝɢɱɟɫɤɭɸ ɮɭɧɤɰɢɸ ɇȿ. 

ɇɟɨɛɯɨɞɢɦɨ ɩɨɦɧɢɬɶ, ɥɨɝɢɱɟɫɤɢɟ ɷɥɟɦɟɧɬɵ ɂ ɢ ɂɅɂ ɨɛɥɚ-
ɞɚɸɬ ɫɜɨɣɫɬɜɚɦ ɞɜɨɣɫɬɜɟɧɧɨɫɬɢ, ɬ. ɟ., ɢɫɩɨɥɶɡɭɹ ɥɨɝɢɱɟɫɤɢɟ ɷɥɟ-
ɦɟɧɬɵ ɇȿ ɢ ɂ, ɦɨɠɧɨ ɪɟɚɥɢɡɨɜɚɬɶ ɥɨɝɢɱɟɫɤɭɸ ɫɯɟɦɭ ɂɅɂ 

ɢ ɧɚɨɛɨɪɨɬ. 
 

ɉɊɂɆȿɊ 2 

 

ɂɦɟɹ ɛɚɡɨɜɵɣ ɷɥɟɦɟɧɬ ɂ ɫ ɞɜɭɦɹ ɜɯɨɞɚɦɢ ɪɟɚɥɢɡɭɟɦ ɥɨɝɢ-

ɱɟɫɤɭɸ ɫɯɟɦɭ ɂɅɂ. 

ɇɚ ɪɢɫ. 3 ɩɪɢɜɟɞɟɧɚ ɮɭɧɤɰɢɨɧɚɥɶɧɚɹ ɫɯɟɦɚ ɷɥɟɦɟɧɬɚ ɂɅɂ. 

 
 

Y=X1X2 

X1 

X2 

1 

1 

& 1 

 
 

Ɋɢɫ. 3 

 

Ⱦɥɹ ɞɨɤɚɡɚɬɟɥɶɫɬɜɚ, ɱɬɨ ɩɪɟɞɥɨɠɟɧɧɚɹ ɫɯɟɦɚ ɪɟɚɥɢɡɭɟɬ ɥɨɝɢ-

ɱɟɫɤɭɸ ɮɭɧɤɰɢɸ ɂɅɂ, ɢɫɩɨɥɶɡɭɟɦ ɩɟɪɟɤɥɸɱɚɬɟɥɶɧɭɸ ɬɚɛɥɢɰɭ 1. 
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Ɍɚɛɥɢɰɚ 1 – ɉɟɪɟɤɥɸɱɚɬɟɥɶɧɚɹ ɬɚɛɥɢɰɚ 
 

ɏ1 ɏ2 

 

X1 

 

X2 

 

X1X2 

 

X1X2 

0 0 1 1 1 0 

1 0 0 1 0 1 

1 1 1 0 0 1 

1 1 0 0 0 1 

 

ɂɡ ɚɧɚɥɢɡɚ ɩɟɪɟɤɥɸɱɚɬɟɥɶɧɨɣ ɬɚɛɥɢɰɵ ɫɥɟɞɭɟɬ, ɱɬɨ ɩɪɢɜɟ-
ɞɟɧɧɚɹ ɧɚ ɪɢɫ. 3 ɮɭɧɤɰɢɨɧɚɥɶɧɚɹ ɫɯɟɦɚ ɪɟɚɥɢɡɭɟɬ ɥɨɝɢɱɟɫɤɭɸ 

ɮɭɧɤɰɢɸ ɂɅɂ. 

ɇɚ ɪɢɫ. 4 ɩɪɢɜɟɞɟɧɚ ɩɪɢɧɰɢɩɢɚɥɶɧɚɹ ɫɯɟɦɚ ɥɨɝɢɱɟɫɤɨɝɨ 

ɷɥɟɦɟɧɬɚ ɂɅɂ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɛɚɡɨɜɨɝɨ ɷɥɟɦɟɧɬɚ ɌɌɅ. 

 

 

VT5 

VT4 

VT3 

+Uɂɉ 

R1 
R2 

R3 

R4 

VT1 

VT2 

Y=X1+X2 

X1 
& 

X2 
& 

ɅЭ1 

ɅЭ2 ɅЭ3 

 
 

Ɋɢɫ. 4 

 

 

ȼɫɟ ɥɨɝɢɱɟɫɤɢɟ ɷɥɟɦɟɧɬɵ ɨɞɧɨɝɨ ɬɢɩɚ. ɂɫɩɨɥɶɡɭɹ ɥɨɝɢɱɟ-
ɫɤɢɣ ɷɥɟɦɟɧɬ ɅЭ3, ɧɟɨɛɯɨɞɢɦɨ ɧɚ ɮɢɡɢɱɟɫɤɨɦ ɭɪɨɜɧɟ ɨɛɴɹɫɧɢɬɶ 

ɪɚɛɨɬɭ ɛɚɡɨɜɨɝɨ ɥɨɝɢɱɟɫɤɨɝɨ ɷɥɟɦɟɧɬɚ ɌɌɅ. 
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ȼАɊɂАɇɌ 1 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɧɚɫɵɳɟɧɧɵɣ ɤɥɸɱ ɧɚ ɛɢɩɨɥɹɪɧɨɦ ɬɪɚɧɡɢɫɬɨɪɟ. 
ɚ) ɇɚɱɟɪɬɢɬɟ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɫɯɟɦɭ ɧɚɫɵ-

ɳɟɧɧɨɝɨ ɤɥɸɱɚ ɢ ɨɛɴɹɫɧɢɬɟ ɟɝɨ ɪɚɛɨɬɭ. 

ɛ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɞɥɢɬɟɥɶɧɨɫɬɶ ɩɨɥɨɠɢɬɟɥɶɧɨɝɨ ɮɪɨɧɬɚ              

ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ ln
0,9

+
β= τ

−
ɛ

Ɏ
ɛ ɛн

I
t

I I
. Ёɦɤɨɫɬɶɸ ɤɨɥ-

ɥɟɤɬɨɪɧɨɝɨ ɩɟɪɟɯɨɞɚ ɩɪɟɧɟɛɪɟɱɶ.  

ɜ) ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɞɥɢɬɟɥɶɧɨɫɬɢ ɩɨɥɨɠɢɬɟɥɶ-

ɧɨɝɨ ɮɪɨɧɬɚ ɨɬ ɬɨɤɚ  
( ) 6
0,3 1,2  ɦȺ;  0,2 ɦȺ;  10 ɫ.ɛ ɛнI I

−
β= − = τ =  

 

Ɂɚɞɚɱɚ 2 

Ɉɩɢɲɢɬɟ ɩɨɞɪɨɛɧɨ ɬɟɯɧɨɥɨɝɢɱɟɫɤɭɸ ɨɩɟɪɚɰɢɸ ɷɩɢɬɚɤɫɢɢ 

ɩɪɢ ɢɡɝɨɬɨɜɥɟɧɢɢ ɢɧɬɟɝɪɚɥɶɧɵɯ ɦɢɤɪɨɫɯɟɦ, ɫɜɨɣɫɬɜɚ ɢ ɧɚɡɧɚɱɟ-
ɧɢɟ ɷɬɨɣ ɨɩɟɪɚɰɢɢ. 

 

Ɂɚɞɚɱɚ 3 

ɂɫɩɨɥɶɡɭɹ ɛɚɡɨɜɵɟ ɷɥɟɦɟɧɬɵ ɌɌɅ, ɪɟɚɥɢɡɭɣɬɟ ɥɨɝɢɱɟɫɤɭɸ 

ɮɭɧɤɰɢɸ 1 2 3 4= + +y x x x x . ɇɚɱɟɪɬɢɬɟ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɫɯɟɦɭ. 

ɇɚ ɮɢɡɢɱɟɫɤɨɦ ɭɪɨɜɧɟ ɨɛɨɫɧɭɣɬɟ ɟё ɪɚɛɨɬɭ. 

 

ȼАɊɂАɇɌ 2 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɧɚɫɵɳɟɧɧɵɣ ɤɥɸɱ ɧɚ ɛɢɩɨɥɹɪɧɨɦ ɬɪɚɧɡɢɫɬɨɪɟ. 
ɚ) ɇɚɱɟɪɬɢɬɟ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɫɯɟɦɭ ɧɚɫɵ-

ɳɟɧɧɨɝɨ ɤɥɸɱɚ ɢ ɨɛɴɹɫɧɢɬɟ ɟɝɨ ɪɚɛɨɬɭ. 

ɛ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɞɥɢɬɟɥɶɧɨɫɬɶ ɩɨɥɨɠɢɬɟɥɶɧɨɝɨ ɮɪɨɧɬɚ               
ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ  

ln

0,9

+
β= τ

−
β

ɛ
Ɏ

K
ɛ

K

I
t

E
I

R

. 

Ёɦɤɨɫɬɶɸ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɩɟɪɟɯɨɞɚ ɩɪɟɧɟɛɪɟɱɶ.  
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ɜ) Ɋɚɫɫɱɢɬɚɣɬɟ ɢ ɩɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ ɞɥɢɬɟɥɶɧɨɫɬɢ ɩɨɥɨɠɢ-

ɬɟɥɶɧɨɝɨ ɮɪɨɧɬɚ ɩɪɢ ɢɡɦɟɧɟɧɢɹɯ ɧɚɩɪɹɠɟɧɢɹ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɩɢ-

ɬɚɧɢɹ ( )1 15 ɦȺKE = − ; 3
1 ɦȺ;   20;  10  Ɉɦ;   0 5 ɦc.ɛ KI R ,β= β = = τ =  

 

Ɂɚɞɚɱɚ 2 

Ɉɩɢɲɢɬɟ ɬɟɯɧɨɥɨɝɢɱɟɫɤɭɸ ɨɩɟɪɚɰɢɸ ɩɨɥɭɱɟɧɢɹ ɫɬɪɭɤɬɭɪ 

2Si-SiO -Si , ɫɜɨɣɫɬɜɚ ɢ ɧɚɡɧɚɱɟɧɢɟ ɷɬɢɯ ɫɬɪɭɤɬɭɪ ɜ ɬɟɯɧɨɥɨɝɢɢ ɢɡ-
ɝɨɬɨɜɥɟɧɢɹ ɢɧɬɟɝɪɚɥɶɧɵɯ ɦɢɤɪɨɫɯɟɦ. 

 

Ɂɚɞɚɱɚ 3 

ɂɫɩɨɥɶɡɭɹ ɛɚɡɨɜɵɟ ɷɥɟɦɟɧɬɵ ɌɌɅ, ɪɟɚɥɢɡɭɣɬɟ ɥɨɝɢɱɟɫɤɭɸ 

ɮɭɧɤɰɢɸ 1 2 3= + +y x x x . ɇɚɱɟɪɬɢɬɟ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɫɯɟɦɭ. 

ɇɚ ɮɢɡɢɱɟɫɤɨɦ ɭɪɨɜɧɟ ɨɛɨɫɧɭɣɬɟ ɟё ɪɚɛɨɬɭ. 

 

ȼАɊɂАɇɌ 3 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɧɚɫɵɳɟɧɧɵɣ ɤɥɸɱ ɧɚ ɛɢɩɨɥɹɪɧɨɦ ɬɪɚɧɡɢɫɬɨɪɟ. 
ɚ) ɇɚɱɟɪɬɢɬɟ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɫɯɟɦɭ ɧɚɫɵ-

ɳɟɧɧɨɝɨ ɤɥɸɱɚ ɢ ɨɛɴɹɫɧɢɬɟ ɟɝɨ ɪɚɛɨɬɭ. 

ɛ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɞɥɹ ɜɪɟɦɟɧɢ ɪɚɫɫɚɫɵɜɚɧɢɹ ɢɡɛɵɬɨɱɧɵɯ ɧɨ-

ɫɢɬɟɥɟɣ ɭ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɩɟɪɟɯɨɞɚ ɫɩɪɚɜɟɞɥɢɜɨ ɜɵɪɚɠɟɧɢɟ 

ln ɛ
ɊȺɋ i

ɛ ɛ ɛɇ

I
t

I I I
β

∆
= τ

∆ − +
. 

Ёɦɤɨɫɬɶɸ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɩɟɪɟɯɨɞɚ ɩɪɟɧɟɛɪɟɱɶ.  

ɜ) Ɋɚɫɫɱɢɬɚɣɬɟ ɜɪɟɦɹ ɪɚɫɫɚɫɵɜɚɧɢɹ ɢɡɛɵɬɨɱɧɨɝɨ ɡɚɪɹɞɚ 
ɭ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɩɟɪɟɯɨɞɚ ɩɪɢ ɢɡɦɟɧɟɧɢɹɯ ɬɨɤɚ ( )1 10 ɦȺ.ɛI∆ = −  

7
1 ɦȺ;   0,2 ɦȺ;   10 c.ɛ ɛɇ iI I

−
β= = τ =  

ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤɢ ɢ ɫɞɟɥɚɣɬɟ ɜɵɜɨɞɵ. 

 

Ɂɚɞɚɱɚ 2 

Ɉɩɢɲɢɬɟ ɬɟɯɧɨɥɨɝɢɸ ɢɡɝɨɬɨɜɥɟɧɢɹ ɢɧɬɟɝɪɚɥɶɧɨɝɨ ɬɪɚɧɡɢ-

ɫɬɨɪɚ. ɍɤɚɠɢɬɟ ɩɪɢɧɰɢɩɢɚɥɶɧɵɟ ɨɬɥɢɱɢɹ ɬɪɚɧɡɢɫɬɨɪɚ, ɢɡɝɨɬɨɜ-

ɥɟɧɧɨɝɨ ɩɨ ɢɧɬɟɝɪɚɥɶɧɨɣ ɬɟɯɧɨɥɨɝɢɢ, ɨɬ ɞɢɫɤɪɟɬɧɨɝɨ ɬɪɚɧɡɢɫɬɨɪɚ. 
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Ɂɚɞɚɱɚ 3 

ɂɫɩɨɥɶɡɭɹ ɛɚɡɨɜɵɟ ɥɨɝɢɱɟɫɤɢɟ ɷɥɟɦɟɧɬɵ ЭɆɋɅ, ɪɟɚɥɢɡɭɣɬɟ 
ɥɨɝɢɱɟɫɤɭɸ ɮɭɧɤɰɢɸ 1 2 3= +y x x x . ȼɵɯɨɞ ɫɯɟɦɵ ɞɨɥɠɟɧ ɢɦɟɬɶ 

ɩɨɜɵɲɟɧɧɭɸ ɩɨɦɟɯɨɡɚɳɢɳɟɧɧɨɫɬɶ. ɇɚɱɟɪɬɢɬɟ ɩɪɢɧɰɢɩɢɚɥɶ-

ɧɭɸ ɫɯɟɦɭ ɥɨɝɢɱɟɫɤɨɝɨ ɷɥɟɦɟɧɬɚ ɢ ɧɚ ɮɢɡɢɱɟɫɤɨɦ ɭɪɨɜɧɟ ɨɛɴɹɫ-
ɧɢɬɟ ɟɝɨ ɪɚɛɨɬɭ. 

 

ȼАɊɂАɇɌ 4 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɧɚɫɵɳɟɧɧɵɣ ɤɥɸɱ ɧɚ ɛɢɩɨɥɹɪɧɨɦ ɬɪɚɧɡɢɫɬɨɪɟ. 
ɚ) ɇɚɱɟɪɬɢɬɟ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɫɯɟɦɭ ɧɚɫɵ-

ɳɟɧɧɨɝɨ ɤɥɸɱɚ ɢ ɨɛɴɹɫɧɢɬɟ ɟɝɨ ɪɚɛɨɬɭ. 

ɛ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɞɥɹ ɜɪɟɦɟɧɢ ɪɚɫɫɚɫɵɜɚɧɢɹ ɢɡɛɵɬɨɱɧɵɯ ɧɨ-

ɫɢɬɟɥɟɣ ɭ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɩɟɪɟɯɨɞɚ ɫɩɪɚɜɟɞɥɢɜɨ ɜɵɪɚɠɟɧɢɟ 

ln

ɋɆ
ɛ

ɋɆ
ɊȺɋ i

ɋɆ
ɛɇ

ɋɆ

E
I

R
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I
R
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+
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+
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Ёɦɤɨɫɬɶɸ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɩɟɪɟɯɨɞɚ ɩɪɟɧɟɛɪɟɱɶ. 

ɜ) Ɋɚɫɫɱɢɬɚɣɬɟ ɜɪɟɦɹ ɪɚɫɫɚɫɵɜɚɧɢɹ ɢɡɛɵɬɨɱɧɨɝɨ ɡɚɪɹɞɚ 
ɭ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɩɟɪɟɯɨɞɚ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɬɨɤɚ ɛɚɡɵ 

( ) 7
1 10  ɦȺ;   0,2 ɦȺ;   10 c;ɛ ɛɇ iI I

−
β= − = τ =  0,2 ɦȺɋɆ

ɋɆ

Е
R

= . 

ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤɢ ɢ ɫɞɟɥɚɣɬɟ ɜɵɜɨɞɵ. 

 

Ɂɚɞɚɱɚ 2 

Ɉɩɢɲɢɬɟ ɦɟɬɨɞɵ ɢɡɨɥɹɰɢɢ ɷɥɟɦɟɧɬɨɜ ɫɯɟɦɵ ɩɪɢ ɢɧɬɟɝɪɚɥɶ-

ɧɨɣ ɬɟɯɧɨɥɨɝɢɢ ɢɡɝɨɬɨɜɥɟɧɢɹ ɦɢɤɪɨɫɯɟɦ, ɞɨɫɬɨɢɧɫɬɜɚ ɢ ɧɟɞɨ-

ɫɬɚɬɤɢ ɤɚɠɞɨɝɨ ɦɟɬɨɞɚ. 
 

Ɂɚɞɚɱɚ 3 

ɂɫɩɨɥɶɡɭɹ ɛɚɡɨɜɵɟ ɞɜɭɯɜɯɨɞɨɜɵɟ ɷɥɟɦɟɧɬɵ ɌɌɅ, ɪɚɡɪɚɛɨ-

ɬɚɣɬɟ ɥɨɝɢɱɟɫɤɢɣ ɷɥɟɦɟɧɬ, ɪɟɚɥɢɡɭɸɳɢɣ ɮɭɧɤɰɢɸ 1 2 3= +y x x x . 

ɉɪɢɜɟɞɢɬɟ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɫɯɟɦɭ ɭɫɬɪɨɣɫɬɜɚ ɢ ɧɚ ɮɢɡɢɱɟɫɤɨɦ 

ɭɪɨɜɧɟ ɨɛɴɹɫɧɢɬɟ ɟɝɨ ɪɚɛɨɬɭ. 
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ȼАɊɂАɇɌ 5 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɧɚɫɵɳɟɧɧɵɣ ɤɥɸɱ ɧɚ ɛɢɩɨɥɹɪɧɨɦ ɬɪɚɧɡɢɫɬɨɪɟ. 
ɚ) ɇɚɱɟɪɬɢɬɟ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɫɯɟɦɭ ɧɚɫɵ-

ɳɟɧɧɨɝɨ ɤɥɸɱɚ ɢ ɨɛɴɹɫɧɢɬɟ ɟɝɨ ɪɚɛɨɬɭ. 

ɛ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɞɥɹ ɜɪɟɦɟɧɢ ɪɚɫɫɚɫɵɜɚɧɢɹ ɢɡɛɵɬɨɱɧɵɯ ɧɨ-

ɫɢɬɟɥɟɣ ɭ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɩɟɪɟɯɨɞɚ ɫɩɪɚɜɟɞɥɢɜɨ ɜɵɪɚɠɟɧɢɟ 

( )
ln Ƚ

ɊȺɋ i
ɋɆ

ɛ ɛ ɛɇ
ɋɆ

U
t

Е
R r I

R

β= τ
⎡ ⎤+ +⎢ ⎥⎣ ⎦

. 

ȿɦɤɨɫɬɶ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɧɚɩɪɹɠɟɧɢɹ ɩɪɢɦɢɬɟ ɪɚɜɧɨɣ ɧɭɥɸ. 

ɜ) Ɋɚɫɫɱɢɬɚɣɬɟ ɜɪɟɦɹ ɪɚɫɫɚɫɵɜɚɧɢɹ ɢɡɛɵɬɨɱɧɨɝɨ ɡɚɪɹɞɚ ɭ 

ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɩɟɪɟɯɨɞɚ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɧɚɩɪɹɠɟɧɢɹ ɝɟɧɟɪɚɬɨɪɚ 
( )1 12 ȼ.ȽU = −  

7 3
0,33 ɦȺ;   10 c;   10 Ɉɦ;   100 Ɉɦ;ɛɇ i ɛ ɛI R r

−
β= τ = = =

0,12 ɦȺɋɆ
ɋɆ

Е
R

= . 

ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤɢ ɢ ɫɞɟɥɚɣɬɟ ɜɵɜɨɞɵ. 

 

Ɂɚɞɚɱɚ 2 

Ɉɩɢɲɢɬɟ ɬɟɯɧɨɥɨɝɢɸ ɢɡɝɨɬɨɜɥɟɧɢɹ ɢɧɬɟɝɪɚɥɶɧɨɝɨ ɬɪɚɧɡɢ-

ɫɬɨɪɚ ɫ ɞɢɨɞɨɦ ɒɨɬɬɤɢ. Ɉɛɨɫɧɭɣɬɟ ɰɟɥɟɫɨɨɛɪɚɡɧɨɫɬɶ ɩɪɢɦɟɧɟ-
ɧɢɹ ɞɢɨɞɚ ɒɨɬɬɤɢ. 

 

Ɂɚɞɚɱɚ 3 

ɂɫɩɨɥɶɡɭɹ ɛɚɡɨɜɵɣ ɥɨɝɢɱɟɫɤɢɣ ɷɥɟɦɟɧɬ ɆɈɉ-ɥɨɝɢɤɢ, ɪɟɚ-
ɥɢɡɭɣɬɟ ɥɨɝɢɱɟɫɤɭɸ ɮɭɧɤɰɢɸ 1 3 4 2 5 6= +y x x x x x x . ɇɚɱɟɪɬɢɬɟ 
ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɫɯɟɦɭ ɭɫɬɪɨɣɫɬɜɚ ɢ ɧɚ ɮɢɡɢɱɟɫɤɨɦ ɭɪɨɜɧɟ ɨɛɴ-

ɹɫɧɢɬɟ ɟɝɨ ɪɚɛɨɬɭ. 
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ȼАɊɂАɇɌ 6 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɤɥɸɱ ɫ ɭɫɤɨɪɹɸɳɟɣ ɟɦɤɨɫɬɶɸ. 

ɚ) ɇɚɱɟɪɬɢɬɟ ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɫɯɟɦɭ ɤɥɸɱɚ 

ɫ ɭɫɤɨɪɹɸɳɟɣ ɟɦɤɨɫɬɶɸ ɢ ɨɛɴɹɫɧɢɬɟ ɟɟ ɪɚɛɨɬɭ. 

ɛ) ɇɚɱɟɪɬɢɬɟ ɷɩɸɪɵ ɩɟɪɟɯɨɞɧɨɝɨ ɩɪɨɰɟɫɫɚ ɜ ɤɥɸɱɟ ɫ ɭɫɤɨ-

ɪɹɸɳɟɣ ɟɦɤɨɫɬɶɸ. 

ɜ) Ɂɚɩɢɲɢɬɟ ɡɧɚɱɟɧɢɹ ɬɨɤɨɜ ɛɚɡɵ ɜ ɦɨɦɟɧɬ ɜɤɥɸɱɟɧɢɹ ɧɚ ɜɯɨ-

ɞɟ ɢɞɟɚɥɶɧɨɝɨ ɩɟɪɟɩɚɞɚ ɧɚɩɪɹɠɟɧɢɹ ɢ ɜ ɭɫɬɚɧɨɜɢɜɲɟɦɫɹ ɪɟɠɢɦɟ. 
ɝ) Ɉɛɴɹɫɧɢɬɟ, ɩɨɱɟɦɭ ɞɥɢɬɟɥɶɧɨɫɬɶ ɨɬɪɢɰɚɬɟɥɶɧɨɝɨ ɮɪɨɧɬɚ 

ɜ ɤɥɸɱɟ ɫ ɭɫɤɨɪɹɸɳɟɣ ɟɦɤɨɫɬɶɸ ɦɟɧɶɲɟ, ɱɟɦ ɜ ɧɚɫɵɳɟɧɧɨɦ ɤɥɸɱɟ. 
 

Ɂɚɞɚɱɚ 2 

Ɉɩɢɲɢɬɟ ɬɟɯɧɨɥɨɝɢɸ ɢɡɝɨɬɨɜɥɟɧɢɹ Ɇȿɉ-ɬɪɚɧɡɢɫɬɨɪɚ. Ɉɛɴ-

ɹɫɧɢɬɟ ɩɪɢɧɰɢɩ ɟɝɨ ɪɚɛɨɬɵ ɢ ɨɫɧɨɜɧɵɟ ɞɨɫɬɨɢɧɫɬɜɚ. ȼ ɱɟɦ ɨɬɥɢ-

ɱɢɹ ɜ ɪɚɛɨɬɟ Ɇȿɉ-ɬɪɚɧɡɢɫɬɨɪɚ ɢ ɛɢɩɨɥɹɪɧɨɝɨ ɬɪɚɧɡɢɫɬɨɪɚ? 

 

Ɂɚɞɚɱɚ 3 

ɂɫɩɨɥɶɡɭɹ ɛɚɡɨɜɵɣ ɥɨɝɢɱɟɫɤɢɣ ɷɥɟɦɟɧɬ ɆɈɉ-ɥɨɝɢɤɢ, ɪɟɚ-
ɥɢɡɭɣɬɟ ɥɨɝɢɱɟɫɤɭɸ ɮɭɧɤɰɢɸ 1 2 3 3 4 5= +y x x x x x x . ɇɚɱɟɪɬɢɬɟ 
ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɫɯɟɦɭ ɭɫɬɪɨɣɫɬɜɚ ɢ ɧɚ ɮɢɡɢɱɟɫɤɨɦ ɭɪɨɜɧɟ ɨɛɴ-

ɹɫɧɢɬɟ ɟɝɨ ɪɚɛɨɬɭ. 

 

ȼАɊɂАɇɌ 7 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɧɚɫɵɳɟɧɧɵɣ ɤɥɸɱ ɧɚ ɛɢɩɨɥɹɪɧɨɦ ɬɪɚɧɡɢɫɬɨɪɟ. 
ɚ) ɇɚɱɟɪɬɢɬɟ ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɫɯɟɦɭ ɧɚɫɵ-

ɳɟɧɧɨɝɨ ɤɥɸɱɚ ɢ ɨɛɴɹɫɧɢɬɟ ɟɝɨ ɪɚɛɨɬɭ. 

ɛ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɞɥɢɬɟɥɶɧɨɫɬɶ ɨɬɪɢɰɚɬɟɥɶɧɨɝɨ ɮɪɨɧɬɚ               
ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

ln
0,9

−
β

∆
= τ

∆ −
ɛ

Ɏ
ɛ ɛн

I
t

I I
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Ёɦɤɨɫɬɶɸ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɩɟɪɟɯɨɞɚ ɩɪɟɧɟɛɪɟɱɶ. 

ɜ) Ɋɚɫɫɱɢɬɚɣɬɟ ɢ ɩɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɞɥɢɬɟɥɶɧɨɫɬɢ 

ɨɬɪɢɰɚɬɟɥɶɧɨɝɨ ɮɪɨɧɬɚ ɨɬ ɬɨɤɚ ɛɚɡɵ. ɋɞɟɥɚɣɬɟ ɜɵɜɨɞɵ. 
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( ) 6
0,11 1,7  ɦȺ;   0,25 ɦȺ;   10 ɫ.ɛ ɛнI I

−
β∆ = − = τ =  

 

Ɂɚɞɚɱɚ 2 

ɉɪɢɜɟɞɢɬɟ ɷɤɜɢɜɚɥɟɧɬɧɭɸ ɫɯɟɦɭ (ɦɨɞɟɥɶ) ɢɧɬɟɝɪɚɥɶɧɨɝɨ 

- -p n p -ɬɪɚɧɡɢɫɬɨɪɚ, ɫɪɚɜɧɢɬɟ ɟё ɫ ɷɤɜɢɜɚɥɟɧɬɧɨɣ ɫɯɟɦɨɣ ɞɢɫɤɪɟɬ-
ɧɨɝɨ - -p n p -ɬɪɚɧɡɢɫɬɨɪɚ ɢ ɫɞɟɥɚɣɬɟ ɜɵɜɨɞɵ. 

 

Ɂɚɞɚɱɚ 3 

ɂɫɩɨɥɶɡɭɹ ɛɚɡɨɜɵɣ ɥɨɝɢɱɟɫɤɢɣ ɷɥɟɦɟɧɬ ɄɆɈɉ-ɥɨɝɢɤɢ, ɪɟɚ-
ɥɢɡɭɣɬɟ ɥɨɝɢɱɟɫɤɭɸ ɮɭɧɤɰɢɸ 1 2 1 3= +y x x x x . ɇɚɱɟɪɬɢɬɟ ɩɪɢɧɰɢ-

ɩɢɚɥɶɧɭɸ ɫɯɟɦɭ ɭɫɬɪɨɣɫɬɜɚ ɢ ɧɚ ɮɢɡɢɱɟɫɤɨɦ ɭɪɨɜɧɟ ɨɛɴɹɫɧɢɬɟ 
ɟɝɨ ɪɚɛɨɬɭ. 

 

ȼАɊɂАɇɌ 8 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɧɚɫɵɳɟɧɧɵɣ ɤɥɸɱ ɧɚ ɛɢɩɨɥɹɪɧɨɦ ɬɪɚɧɡɢɫɬɨɪɟ. 
ɚ) ɇɚɱɟɪɬɢɬɟ ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɫɯɟɦɭ ɧɚɫɵ-

ɳɟɧɧɨɝɨ ɤɥɸɱɚ ɢ ɨɛɴɹɫɧɢɬɟ ɟɝɨ ɪɚɛɨɬɭ. 

ɛ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɞɥɢɬɟɥɶɧɨɫɬɶ ɨɬɪɢɰɚɬɟɥɶɧɨɝɨ ɮɪɨɧɬɚ             
ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

ln

0,9

ɛ
Ɏ

K
ɛ

K

I
t

E
I

R

−
β

∆ β
= τ

∆ β −
. 

Ёɦɤɨɫɬɶɸ ɤɨɥɥɟɤɬɨɪɧɨɝɨ ɩɟɪɟɯɨɞɚ ɩɪɟɧɟɛɪɟɱɶ.  

ɜ) Ɋɚɫɫɱɢɬɚɣɬɟ ɢ ɩɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɞɥɢɬɟɥɶɧɨɫɬɢ 

ɨɬɪɢɰɚɬɟɥɶɧɨɝɨ ɮɪɨɧɬɚ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɤɨɥɥɟɤɬɨɪɟ 
( )1 10 B;KE = −   

6 3
0,5 ɦȺ;   20;   0,510 ɫ;   10 Ɉɦɛ KI R

−
β∆ = β = τ = = .  

ɋɞɟɥɚɣɬɟ ɜɵɜɨɞɵ. 

 

Ɂɚɞɚɱɚ 2 

ȿɫɥɢ ɧɟ ɩɪɢɧɹɬɶ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɦɟɪ, ɬɨ ɩɪɢ ɢɡɝɨɬɨɜɥɟɧɢɢ 

ɤɨɧɬɚɤɬɚ ɢɡ ɚɥɸɦɢɧɢɹ ɫ ɤɪɟɦɧɢɟɦ n -ɬɢɩɚ ɜ ɤɨɥɥɟɤɬɨɪɧɨɣ ɨɛɥɚ-
ɫɬɢ - -n p n -ɬɪɚɧɡɢɫɬɨɪɚ ɨɛɪɚɡɭɟɬɫɹ ɧɟ ɨɦɢɱɟɫɤɢɣ ɤɨɧɬɚɤɬ, ɚ ɞɢɨɞ 
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ɒɨɬɬɤɢ. ɉɨɹɫɧɢɬɟ, ɩɨɱɟɦɭ ɷɬɨ ɩɪɨɢɫɯɨɞɢɬ ɢ ɤɚɤɭɸ ɬɟɯɧɨɥɨɝɢɱɟ-
ɫɤɭɸ ɨɩɟɪɚɰɢɸ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨ ɧɟɨɛɯɨɞɢɦɨ ɩɪɨɜɟɫɬɢ, ɱɬɨɛɵ 

ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ 2Al-SiO  ɨɛɪɚɡɨɜɚɥɫɹ ɨɦɢɱɟɫɤɢɣ ɤɨɧɬɚɤɬ. 
 

Ɂɚɞɚɱɚ 3 

ɂɫɩɨɥɶɡɭɹ ɛɚɡɨɜɵɣ ɥɨɝɢɱɟɫɤɢɣ ɷɥɟɦɟɧɬ ɄɆɈɉ-ɥɨɝɢɤɢ, ɪɟɚ-
ɥɢɡɭɣɬɟ ɥɨɝɢɱɟɫɤɭɸ ɮɭɧɤɰɢɸ 1 2 3y x x x= + + . ɇɚɱɟɪɬɢɬɟ ɩɪɢɧɰɢ-

ɩɢɚɥɶɧɭɸ ɫɯɟɦɭ ɭɫɬɪɨɣɫɬɜɚ ɢ ɧɚ ɮɢɡɢɱɟɫɤɨɦ ɭɪɨɜɧɟ ɨɛɴɹɫɧɢɬɟ 
ɟɝɨ ɪɚɛɨɬɭ. 

 

ȼАɊɂАɇɌ 9 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɧɚɫɵɳɟɧɧɵɣ ɤɥɸɱ ɧɚ ɛɢɩɨɥɹɪɧɨɦ ɬɪɚɧɡɢɫɬɨɪɟ. 
ɚ) ɇɚɱɟɪɬɢɬɟ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɫɯɟɦɭ ɧɚɫɵ-

ɳɟɧɧɨɝɨ ɤɥɸɱɚ ɢ ɨɛɴɹɫɧɢɬɟ ɟɝɨ ɪɚɛɨɬɭ. 

ɛ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɪɚɡɧɨɫɬɶ ɞɥɢɬɟɥɶɧɨɫɬɟɣ ɨɬɪɢɰɚɬɟɥɶɧɵɯ 

ɮɪɨɧɬɨɜ ɩɪɢ ɪɚɡɧɵɯ ɤɨɥɥɟɤɬɨɪɧɵɯ ɬɨɤɚɯ ɧɚɫɵɳɟɧɢɹ ɨɩɪɟɞɟɥɹɟɬ-
ɫɹ ɜɵɪɚɠɟɧɢɟɦ 

2
1 2

1

0,9
ln

0,9

ɛ Ʉɇ
Ɏ Ɏ

ɛ Ʉɇ

I I
t t

I I

−
β

∆ β −
− = τ

∆ β −
. 

ɜ) Ɋɚɫɫɱɢɬɚɣɬɟ ɪɚɡɧɨɫɬɶ ɞɥɢɬɟɥɶɧɨɫɬɟɣ ɨɬɪɢɰɚɬɟɥɶɧɵɯ 

ɮɪɨɧɬɨɜ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɬɨɤɚ ɤɨɥɥɟɤɬɨɪɚ ɧɚɫɵɳɟɧɢɹ 

( )1 2 15 ɦȺ;ɄɇI = −    

6
21,510 ɫ;   0,5 ɦȺ;   50;   2 ɦȺ.ɛ ɄɇI I

−
βτ = ∆ = β = =  

ɉɨɫɬɪɨɣɬɟ ɝɪɚɮɢɤ ɢ ɫɞɟɥɚɣɬɟ ɜɵɜɨɞɵ. 

 

Ɂɚɞɚɱɚ 2 

ɇɚ ɩɨɞɥɨɠɤɟ ɜɵɩɨɥɧɟɧ ɬɪɚɧɡɢɫɬɨɪ 1VT  ɬɢɩɚ - -n p n . Ⱦɥɹ           

ɦɟɠɷɥɟɦɟɧɬɧɨɣ ɢɡɨɥɹɰɢɢ ɢɫɩɨɥɶɡɨɜɚɧ ɦɟɬɨɞ ɢɡɨɥɹɰɢɢ -p n -ɩɟɪɟ-
ɯɨɞɨɦ. 

ɚ) Ɉɛɴɹɫɧɢɬɟ, ɩɨɱɟɦɭ ɨɛɪɚɡɭɟɬɫɹ ɩɚɪɚɡɢɬɧɵɣ ɬɪɚɧɡɢɫɬɨɪ 

2VT  - -p n p -ɬɢɩɚ. 
ɛ) ɉɪɢɜɟɞɢɬɟ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɫɯɟɦɭ ɫɨɟɞɢɧɟɧɢɹ ɷɬɢɯ ɬɪɚɧ-

ɡɢɫɬɨɪɨɜ ɢ ɩɨɹɫɧɢɬɟ, ɧɚ ɤɚɤɢɟ ɩɚɪɚɦɟɬɪɵ ɨɫɧɨɜɧɨɝɨ ɬɪɚɧɡɢɫɬɨɪɚ 
ɜɥɢɹɟɬ ɩɚɪɚɡɢɬɧɵɣ ɬɪɚɧɡɢɫɬɨɪ. 
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Ɂɚɞɚɱɚ 3 

ɂɫɩɨɥɶɡɭɹ ɛɚɡɨɜɵɣ ɥɨɝɢɱɟɫɤɢɣ ɷɥɟɦɟɧɬ ɄɆɈɉ-ɥɨɝɢɤɢ, ɪɟɚ-
ɥɢɡɭɣɬɟ ɥɨɝɢɱɟɫɤɭɸ ɮɭɧɤɰɢɸ 1 2 3 4y x x x x= . ɇɚɱɟɪɬɢɬɟ ɩɪɢɧɰɢɩɢ-

ɚɥɶɧɭɸ ɫɯɟɦɭ ɭɫɬɪɨɣɫɬɜɚ ɢ ɧɚ ɮɢɡɢɱɟɫɤɨɦ ɭɪɨɜɧɟ ɨɛɴɹɫɧɢɬɟ ɟɝɨ 

ɪɚɛɨɬɭ. 

 

ȼАɊɂАɇɌ 10 

 

Ɂɚɞɚɱɚ 1 

ɂɦɟɟɬɫɹ ɤɥɸɱ ɫ ɨɬɪɢɰɚɬɟɥɶɧɨɣ ɧɟɥɢɧɟɣɧɨɣ ɨɛɪɚɬɧɨɣ ɫɜɹ-

ɡɶɸ. ȼ ɰɟɩɶ ɨɛɪɚɬɧɨɣ ɫɜɹɡɢ ɜɤɥɸɱɟɧ ɞɢɨɞ ɒɨɬɬɤɢ. 

ɚ) ɉɪɢɜɟɞɢɬɟ ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɫɯɟɦɭ ɤɥɸɱɚ 
ɢ ɨɛɴɹɫɧɢɬɟ ɩɪɢɧɰɢɩ ɪɚɛɨɬɵ. 

ɛ) Ɋɚɫɫɱɢɬɚɣɬɟ ɧɚɩɪɹɠɟɧɢɟ ɧɚ ɤɨɥɥɟɤɬɨɪɟ, ɩɪɢ ɤɨɬɨɪɨɦ ɞɢ-

ɨɞ ɨɬɤɪɵɬ. ɉɚɞɟɧɢɟ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɞɢɨɞɟ ɩɪɢ ɩɪɹɦɨɦ ɫɦɟɲɟɧɢɢ 

. 0,2 ȼ;   0,5 Bɞ ɉɊ ȻЭU U= = . 

ɜ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɜ ɤɥɸɱɟ ɫ ɨɬɪɢɰɚɬɟɥɶɧɨɣ ɧɟɥɢɧɟɣɧɨɣ ɨɛ-

ɪɚɬɧɨɣ ɫɜɹɡɶɸ ɦɨɠɧɨ ɫɭɳɟɫɬɜɟɧɧɨ ɭɦɟɧɶɲɢɬɶ ɜɫɟ ɫɬɚɞɢɢ ɩɟɪɟ-
ɯɨɞɧɨɝɨ ɩɪɨɰɟɫɫɚ. 

ɝ) Ⱦɨɤɚɠɢɬɟ, ɱɬɨ ɜ ɦɨɦɟɧɬ ɜɤɥɸɱɟɧɢɹ ɨɬɪɢɰɚɬɟɥɶɧɨɣ ɨɛɪɚɬ-
ɧɨɣ ɫɜɹɡɢ ɬɨɤ ɤɨɥɥɟɤɬɨɪɚ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

.K ȻЭ ɞ ɉɊ
K

K

E U U
I

R

− −
= . 

 

Ɂɚɞɚɱɚ 2 

Ɉɩɢɲɢɬɟ ɢɡɨɩɥɚɧɚɪɧɭɸ ɬɟɯɧɨɥɨɝɢɸ ɢɡɨɥɹɰɢɢ ɷɥɟɦɟɧɬɨɜ 

ɞɪɭɝ ɨɬ ɞɪɭɝɚ ɜ ɢɧɬɟɝɪɚɥɶɧɵɯ ɦɢɤɪɨɫɯɟɦɚɯ. ɍɤɚɠɢɬɟ ɟё ɨɫɧɨɜɧɵɟ 
ɞɨɫɬɨɢɧɫɬɜɚ ɢ ɧɟɞɨɫɬɚɬɤɢ. 

 

Ɂɚɞɚɱɚ 3 

ɂɫɩɨɥɶɡɭɹ ɛɚɡɨɜɵɣ ɥɨɝɢɱɟɫɤɢɣ ɷɥɟɦɟɧɬ ɆɈɉ-ɥɨɝɢɤɢ, ɪɟɚ-
ɥɢɡɭɣɬɟ ɥɨɝɢɱɟɫɤɭɸ ɮɭɧɤɰɢɸ 1 2 3 4y x x x x= + . ɇɚɱɟɪɬɢɬɟ ɩɪɢɧɰɢ-

ɩɢɚɥɶɧɭɸ ɫɯɟɦɭ ɭɫɬɪɨɣɫɬɜɚ ɢ ɧɚ ɮɢɡɢɱɟɫɤɨɦ ɭɪɨɜɧɟ ɨɛɴɹɫɧɢɬɟ 
ɟɝɨ ɪɚɛɨɬɭ. 

 


