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èÂ‰Î‡„‡ÂÚÒfl ‰ËÒÍÂÚÌ‡fl ÏÂı‡ÌË˜ÂÒÍ‡fl ÏÓ‰ÂÎ¸ ÒÎÓÊÌÓÈ ÍËÒÚ‡ÎÎË˜ÂÒÍÓÈ
Â¯ÂÚÍË, ÒÓ‰ÂÊ‡˘ÂÈ ˜‡ÒÚËˆ˚, Ó·Î‡‰‡˛˘ËÂ Í‡Í ÔÓÒÚÛÔ‡ÚÂÎ¸Ì˚ÏË, Ú‡Í Ë
‚‡˘‡ÚÂÎ¸Ì˚ÏË ÒÚÂÔÂÌflÏË Ò‚Ó·Ó‰˚ Ë ‚Á‡ËÏÓ‰ÂÈÒÚ‚Û˛˘ËÂ ÏÂÊ‰Û ÒÓ·ÓÈ ÔÓ-
ÒÂ‰ÒÚ‚ÓÏ ÒËÎ Ë ÏÓÏÂÌÚÓ‚. ë ËÒÔÓÎ¸ÁÓ‚‡ÌËÂÏ ‰ÎËÌÌÓ‚ÓÎÌÓ‚Ó„Ó ÔË·ÎËÊÂ-
ÌËfl ÓÒÛ˘ÂÒÚ‚ÎÂÌ ÔÂÂıÓ‰ Í ÍÓÌÚËÌÛ‡Î¸ÌÓÈ ÏÓ‰ÂÎË ÍËÒÚ‡ÎÎË˜ÂÒÍÓÈ Â¯ÂÚ-
ÍË; ÔË ˝ÚÓÏ ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ ‰ËÌ‡ÏËÍ‡ ÍÓÌÚËÌÛ‡Î¸ÌÓÈ ÏÓ‰ÂÎË ÓÔËÒ˚‚‡ÂÚÒfl
Û‡‚ÌÂÌËflÏË Ï‡ÍÓÒÍÓÔË˜ÂÒÍÓÈ ÏÓÏÂÌÚÌÓÈ ÚÂÓËË ÛÔÛ„ÓÒÚË. èÓÎÛ˜ÂÌ˚
‚˚‡ÊÂÌËfl ‰Îfl Ï‡ÍÓÒÍÓÔË˜ÂÒÍËı ÚÂÌÁÓÓ‚ ÊÂÒÚÍÓÒÚË, Á‡‚ËÒfl˘ËÂ ÓÚ ÚÂÌÁÓ-
Ó‚ ÊÂÒÚÍÓÒÚË ÏÂÊ‡ÚÓÏÌ˚ı Ò‚flÁÂÈ Ë ‚ÂÍÚÓÓ‚, ÓÔÂ‰ÂÎfl˛˘Ëı „ÂÓÏÂÚË˛
Â¯ÂÚÍË. éÒÛ˘ÂÒÚ‚ÎÂÌ ÔÂÂıÓ‰ Í ·ÂÁÏÓÏÂÌÚÌÓÈ ÚÂÓËË ÛÔÛ„ÓÒÚË Ë ÔÓÍ‡Á‡-
ÌÓ, ˜ÚÓ Ï‡ÍÓÒÍÓÔË˜ÂÒÍËÂ ÛÔÛ„ËÂ ÏÓ‰ÛÎË ·ÂÁÏÓÏÂÌÚÌÓÈ ÚÂÓËË Á‡‚ËÒflÚ Í‡Í
ÓÚ ÒËÎÓ‚˚ı, Ú‡Í Ë ÓÚ ÏÓÏÂÌÚÌ˚ı ı‡‡ÍÚÂËÒÚËÍ ÏÂÊ‡ÚÓÏÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈ-
ÒÚ‚Ëfl. Ç˚˜ËÒÎÂÌ˚ ÊÂÒÚÍÓÒÚË ÏÂÊ‡ÚÓÏÌ˚ı Ò‚flÁÂÈ ‚ ÒÎÓÂ „‡ÙËÚ‡ Ë ÔÓÍ‡Á‡ÌÓ,
˜ÚÓ ÔÓÔÂÂ˜Ì‡fl ÊÂÒÚÍÓÒÚ¸ ÏÂÊ‡ÚÓÏÌÓÈ Ò‚flÁË Ò‡‚ÌËÏ‡ Ò ÔÓ‰ÓÎ¸ÌÓÈ, Ú.Â. ÍÓ-
‚‡ÎÂÌÚÌ‡fl Ò‚flÁ¸ – ÒÛ˘ÂÒÚ‚ÂÌÌÓ ÌÂˆÂÌÚ‡Î¸Ì‡fl, ˜ÚÓ ‚ÓÁÏÓÊÌÓ ÚÓÎ¸ÍÓ ÔË Ì‡-
ÎË˜ËË ÏÓÏÂÌÚÌ˚ı ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËÈ Ì‡ ÏËÍÓÛÓ‚ÌÂ. 

 

è‡Ì˚Â ÔÓÚÂÌˆË‡Î˚ ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl, Ú‡ÍËÂ Í‡Í ÔÓÚÂÌˆË‡Î ãÂÌÌ‡‰‡–ÑÊÓÌÒ‡, åË ËÎË åÓ-
ÁÂ, ¯ËÓÍÓ ÔËÏÂÌfl˛ÚÒfl ÔË Â¯ÂÌËË Á‡‰‡˜ ÏÂı‡ÌËÍË ÒÔÎÓ¯ÌÓÈ ÒÂ‰˚ ÏÂÚÓ‰‡ÏË ÏÓÎÂÍÛÎfl-
ÌÓÈ ‰ËÌ‡ÏËÍË. ùÚË ÔÓÚÂÌˆË‡Î˚ ËÏÂ˛Ú flÒÌ˚È ÙËÁË˜ÂÒÍËÈ ÒÏ˚ÒÎ Ë ÔÓÁ‚ÓÎfl˛Ú Ì‡ Í‡˜ÂÒÚ‚ÂÌÌÓÏ
ÛÓ‚ÌÂ ÓÔËÒ‡Ú¸ ÚÂÏÓÏÂı‡ÌË˜ÂÒÍËÂ Ò‚ÓÈÒÚ‚‡ ÏÌÓ„Ëı Ï‡ÚÂË‡ÎÓ‚. é‰Ì‡ÍÓ ıÓÓ¯Ó ËÁ‚ÂÒÚÌÓ, ˜ÚÓ
Ô‡Ì˚Â ÔÓÚÂÌˆË‡Î˚, Í‡Í Ô‡‚ËÎÓ, ÏÓ„ÛÚ Ó·ÂÒÔÂ˜ËÚ¸ ÛÒÚÓÈ˜Ë‚ÓÒÚ¸ ÚÓÎ¸ÍÓ ÔÎÓÚÌÓÛÔ‡ÍÓ‚‡ÌÌ˚ı
ÍËÒÚ‡ÎÎË˜ÂÒÍËı Â¯ÂÚÓÍ. êÂ¯ÂÚÍË Ò ·ÓÎÂÂ ÌËÁÍÓÈ ÔÎÓÚÌÓÒÚ¸˛ ÛÔ‡ÍÓ‚ÍË ÓÍ‡Á˚‚‡˛ÚÒfl ÌÂ-
ÛÒÚÓÈ˜Ë‚˚ÏË ‰Îfl ·ÓÎ¸¯ËÌÒÚ‚‡ Ô‡Ì˚ı ÔÓÚÂÌˆË‡ÎÓ‚. çÂÛÒÚÓÈ˜Ë‚˚, Ì‡ÔËÏÂ, ÒÚÛÍÚÛ˚, ı‡-
‡ÍÚÂÌ˚Â ‰Îfl ÍÓ‚‡ÎÂÌÚÌ˚ı ÍËÒÚ‡ÎÎÓ‚ – ¯ÂÒÚËÛ„ÓÎ¸Ì‡fl Â¯ÂÚÍ‡ Ì‡ ÔÎÓÒÍÓÒÚË (ÒÚÛÍÚÛ‡ „‡-
ÙËÚ‡) Ë ÒÚÛÍÚÛ‡ ‡ÎÏ‡Á‡ ‚ ÔÓÒÚ‡ÌÒÚ‚Â. í‡‰ËˆËÓÌÌÓÂ Â¯ÂÌËÂ ˝ÚÓÈ ÔÓ·ÎÂÏ˚ ÒÓÒÚÓËÚ ‚ ÔË-
ÏÂÌÂÌËË ÏÌÓ„Ó˜‡ÒÚË˜Ì˚ı ÔÓÚÂÌˆË‡ÎÓ‚ ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl [1, 2], Á‡‚ËÒfl˘Ëı ÓÚ Û„ÎÓ‚ ÏÂÊ‰Û
Ò‚flÁflÏË, ˜ÚÓ ÔÓÁ‚ÓÎflÂÚ Ò‰ÂÎ‡Ú¸ ÛÒÚÓÈ˜Ë‚˚ÏË ÒÚÛÍÚÛ˚ Ò ÌËÁÍÓÈ ÔÎÓÚÌÓÒÚ¸˛ Á‡ÔÓÎÌÂÌËfl. é‰-
Ì‡ÍÓ ÙÓÏ‡ ÔÓ‰Ó·Ì˚ı ÔÓÚÂÌˆË‡ÎÓ‚ ÓÍ‡Á˚‚‡ÂÚÒfl ‚ÂÒ¸Ï‡ ÒÎÓÊÌÓÈ, ‡ ÙËÁË˜ÂÒÍËÈ ÒÏ˚ÒÎ ‚ıÓ‰fl-
˘Ëı ‚ ÌËı Ô‡‡ÏÂÚÓ‚ – ÚÛÏ‡ÌÌ˚Ï. 

ÄÎ¸ÚÂÌ‡ÚË‚Ì˚È ÔÓ‰ıÓ‰ ÒÓÒÚÓËÚ ‚Ó ‚‚Â‰ÂÌËË ‚ ‡ÒÒÏÓÚÂÌËÂ ‚‡˘‡ÚÂÎ¸Ì˚ı ÒÚÂÔÂÌÂÈ Ò‚Ó·Ó-
‰˚ Ë Û˜ÂÚÂ ÏÓÏÂÌÚÌÓ„Ó ‚ÍÎ‡‰‡ ‚ ÏÂÊ‡ÚÓÏÌÓÂ ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËÂ [3, 4]. ç‡ ÔËÏÂÂ ÔÓÒÚ˚ı ÍË-
ÒÚ‡ÎÎË˜ÂÒÍËı Â¯ÂÚÓÍ ·˚ÎÓ ÔÓÍ‡Á‡ÌÓ [3, 4], ˜ÚÓ Û˜ÂÚ Ô‡ÌÓ„Ó ÏÓÏÂÌÚÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl (‰Ó-
ÔÓÎÌËÚÂÎ¸ÌÓ Í Ô‡ÌÓÏÛ ÒËÎÓ‚ÓÏÛ) ÏÓÊÂÚ Ó·ÂÒÔÂ˜ËÚ¸ ÛÒÚÓÈ˜Ë‚ÓÒÚ¸ ÍËÒÚ‡ÎÎË˜ÂÒÍËı ÒÚÛÍÚÛ Ò
ÌËÁÍÓÈ ÔÎÓÚÌÓÒÚ¸˛ ÛÔ‡ÍÓ‚ÍË. ê‡Á‚Ë‚‡ÎÒfl Ë ‰Û„ÓÈ ÔÓ‰ıÓ‰ [5, 6], Ú‡ÍÊÂ Ò‚flÁ‡ÌÌ˚È Ò Û˜ÂÚÓÏ ‚‡-
˘‡ÚÂÎ¸Ì˚ı ÒÚÂÔÂÌÂÈ Ò‚Ó·Ó‰˚. çËÊÂ Ë‰ÂË ‡·ÓÚ [3, 4] ‡ÒÔÓÒÚ‡Ìfl˛ÚÒfl Ì‡ ÒÎÓÊÌ˚Â ÍËÒÚ‡Î-
ÎË˜ÂÒÍËÂ Â¯ÂÚÍË

 

1

 

. ê‡Á‡·‡Ú˚‚‡ÂÚÒfl ÏÂÚÓ‰ ÓÔËÒ‡ÌËfl ÍËÒÚ‡ÎÎË˜ÂÒÍÓÈ ÛÔ‡ÍÓ‚ÍË ˜‡ÒÚËˆ ÒÎÓÊ-

 

1

 

èÓÒÚÓÈ Ì‡Á˚‚‡ÂÚÒfl ÍËÒÚ‡ÎÎË˜ÂÒÍ‡fl Â¯ÂÚÍ‡, ‚ÒÂ ÛÁÎ˚ ÍÓÚÓÓÈ ‡‚ÌÓÁÌ‡˜Ì˚ (Ì‡ÔËÏÂ,
ÔÓÒÚ‡fl ÍÛ·Ë˜ÂÒÍ‡fl Â¯ÂÚÍ‡). àÌ˚ÏË ÒÎÓ‚‡ÏË, ‰Îfl ÔÓÒÚÓÈ Â¯ÂÚÍË ÔÂÂÏÂ˘ÂÌËÂ Ì‡ ‚ÂÍÚÓ,
ÒÓÂ‰ËÌfl˛˘ËÈ Î˛·˚Â ‰‚‡ ÛÁÎ‡, fl‚ÎflÂÚÒfl ÚÓÊ‰ÂÒÚ‚ÂÌÌ˚Ï ÔÂÓ·‡ÁÓ‚‡ÌËÂÏ. êÂ¯ÂÚÍ‡, ÌÂ Ó·Î‡‰‡-
˛˘‡fl Ú‡ÍËÏ Ò‚ÓÈÒÚ‚ÓÏ, Ì‡Á˚‚‡ÂÚÒfl ÒÎÓÊÌÓÈ (Ì‡ÔËÏÂ, Â¯ÂÚÍ‡ „‡ÙËÚ‡ ËÎË ‡ÎÏ‡Á‡.
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ÌÓÈ Â¯ÂÚÍË, ÔÓÁ‚ÓÎfl˛˘ËÈ ÔÓÎÛ˜ËÚ¸ ‚ ‰ÎËÌÌÓ‚ÓÎÌÓ‚ÓÏ ÔË·ÎËÊÂÌËË [7] Û‡‚ÌÂÌËfl ÎËÌÂÈÌÓÈ
ÏÓÏÂÌÚÌÓÈ ÚÂÓËË ÛÔÛ„ÓÒÚË. èË ˝ÚÓÏ ËÒÔÓÎ¸ÁÛÂÚÒfl ÔÓ‰ıÓ‰ [8–10] ‰Îfl ·ÂÁÏÓÏÂÌÚÌÓ„Ó ÒÎÛ˜‡fl.
èË ÓÔËÒ‡ÌËË ÏÓÏÂÌÚÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ÏÂÊ‰Û ˜‡ÒÚËˆ‡ÏË Ì‡Ë·ÓÎ¸¯Û˛ ÚÛ‰ÌÓÒÚ¸ ÒÓÒÚ‡‚ÎflÂÚ
‚‚Â‰ÂÌËÂ ÏÂ ‰ÂÙÓÏ‡ˆËË Ë ÔÓÎÛ˜ÂÌËÂ ÓÔÂ‰ÂÎfl˛˘Ëı Û‡‚ÌÂÌËÈ. 

çËÊÂ ÔË ÓÔÂ‰ÂÎÂÌËË ‚ÂÍÚÓÓ‚ ‰ÂÙÓÏ‡ˆËË Ë ÔÓÎÛ˜ÂÌËË ÓÔÂ‰ÂÎfl˛˘Ëı Û‡‚ÌÂÌËÈ ‚Á‡Ë-
ÏÓ‰ÂÈÒÚ‚Ëfl ˜‡ÒÚËˆ ËÒÔÓÎ¸ÁÛÂÚÒfl ÔÓ‰ıÓ‰, ‡Á‡·ÓÚ‡ÌÌ˚È è.Ä. ÜËÎËÌ˚Ï ‰Îfl ÔÓÒÚÓÂÌËfl ÏÓ-
ÏÂÌÚÌ˚ı ÚÂÓËÈ ÏÂı‡ÌËÍË ÒÔÎÓ¯Ì˚ı ÒÂ‰ [11–14]. 

 

1. éÔËÒ‡ÌËÂ ÏÂÊ‡ÚÓÏÌ˚ı ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËÈ Ì‡ ÓÒÌÓ‚Â ÏÓÏÂÌÚÌÓÈ ÚÂÓËË.

 

 ÄÚÓÏ˚ ÍË-
ÒÚ‡ÎÎË˜ÂÒÍÓÈ Â¯ÂÚÍË ·Û‰ÂÏ ÏÓ‰ÂÎËÓ‚‡Ú¸ ˜‡ÒÚËˆ‡ÏË, ÔÂ‰ÒÚ‡‚Îfl˛˘ËÏË ÒÓ·ÓÈ ÚÂÎ‡-
ÚÓ˜ÍË. èÓ‰ ÚÂÎÓÏ-ÚÓ˜ÍÓÈ ÔÓÌËÏ‡ÂÚÒfl [15] Ï‡ÚÂË‡Î¸Ì˚È Ó·˙ÂÍÚ ÌÛÎÂ‚Ó„Ó Ó·˙ÂÏ‡, ÔÓ-
ÎÓÊÂÌËÂ ÍÓÚÓÓ„Ó Ò˜ËÚ‡ÂÚÒfl ÓÔÂ‰ÂÎÂÌÌ˚Ï, ÂÒÎË Á‡‰‡Ì˚ ‚ÂÍÚÓ ÔÓÎÓÊÂÌËfl 

 

R

 

(

 

t

 

) Ë ÚÂÌ-
ÁÓ ÔÓ‚ÓÓÚ‡ 

 

P

 

(

 

t

 

). ÇÁ‡ËÏÓ‰ÂÈÒÚ‚ËÂ ÏÂÊ‰Û ÚÂÎ‡ÏË-ÚÓ˜Í‡ÏË ı‡‡ÍÚÂËÁÛÂÚÒfl ‚ÂÍÚÓÓÏ
ÒËÎ˚ Ë ‚ÂÍÚÓÓÏ ÏÓÏÂÌÚ‡. ÑËÌ‡ÏË˜ÂÒÍËÂ ÒÚÛÍÚÛ˚ Ë ËÌÂˆËÓÌÌ˚Â ı‡‡ÍÚÂËÒÚËÍË ÚÂ-
Î‡-ÚÓ˜ÍË ‚‚Ó‰flÚÒfl ÒÎÂ‰Û˛˘ËÏ Ó·‡ÁÓÏ. äËÌÂÚË˜ÂÒÍÓÈ ˝ÌÂ„ËÂÈ ÚÂÎ‡-ÚÓ˜ÍË Ì‡Á˚‚‡ÂÚÒfl
Í‚‡‰‡ÚË˜Ì‡fl ÙÓÏ‡ Â„Ó Ú‡ÌÒÎflˆËÓÌÌÓÈ Ë Û„ÎÓ‚ÓÈ ÒÍÓÓÒÚÂÈ 

 

v

 

, 

 

w

 

: 

(1.1)

íÂÌÁÓ˚ ‚ÚÓÓ„Ó ‡Ì„‡ 

 

J

 

, 

 

q

 

 Ì‡Á˚‚‡˛ÚÒfl ÚÂÌÁÓ‡ÏË ËÌÂˆËË ÚÂÎ‡-ÚÓ˜ÍË, 

 

m

 

 – Ï‡ÒÒ‡ ÚÂÎ‡-
ÚÓ˜ÍË. äÓÎË˜ÂÒÚ‚ÓÏ ‰‚ËÊÂÌËfl ÚÂÎ‡-ÚÓ˜ÍË Ì‡Á˚‚‡ÂÚÒfl ÎËÌÂÈÌ‡fl ÙÓÏ‡ ÒÍÓÓÒÚÂÈ 

(1.2)

ëÓ·ÒÚ‚ÂÌÌ˚Ï ÍËÌÂÚË˜ÂÒÍËÏ ÏÓÏÂÌÚÓÏ ÚÂÎ‡-ÚÓ˜ÍË Ì‡Á˚‚‡ÂÚÒfl ÎËÌÂÈÌ‡fl ÙÓÏ‡ 

(1.3)

äËÌÂÚË˜ÂÒÍËÏ ÏÓÏÂÌÚÓÏ ÚÂÎ‡-ÚÓ˜ÍË, ‚˚˜ËÒÎÂÌÌ˚Ï ÓÚÌÓÒËÚÂÎ¸ÌÓ ÓÔÓÌÓÈ ÚÓ˜ÍË 

 

Q

 

,
Ì‡Á˚‚‡ÂÚÒfl ‚ÂÎË˜ËÌ‡ 

(1.4)

çËÊÂ ÔË ÏÓ‰ÂÎËÓ‚‡ÌËË ÍËÒÚ‡ÎÎË˜ÂÒÍÓÈ Â¯ÂÚÍË ·Û‰ÂÏ ‡ÒÒÏ‡ÚË‚‡Ú¸ ÚÂÎ‡-ÚÓ˜ÍË, Û
ÍÓÚÓ˚ı 

 

J

 

 

 

≡

 

 0. ÑÎfl ÔÓÒÚÓÚ˚ ‰‡ÎÂÂ ·Û‰ÂÏ Ì‡Á˚‚‡Ú¸ Ëı ÔÓÒÚÓ ˜‡ÒÚËˆ‡ÏË. 
àÚ‡Í, ‡ÒÒÏÓÚËÏ ‰‚Â ‚Á‡ËÏÓ‰ÂÈÒÚ‚Û˛˘ËÂ ˜‡ÒÚËˆ˚ (1), ÏÓ‰ÂÎËÛ˛˘ËÂ ‡ÚÓÏ˚ ÍË-

ÒÚ‡ÎÎË˜ÂÒÍÓÈ Â¯ÂÚÍË. éÔÂ‰ÂÎËÏ Á‡‚ËÒËÏÓÒÚ¸ ÒËÎ˚ Ë ÏÓÏÂÌÚ‡ ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ˜‡ÒÚËˆ
ÓÚ Ëı ‚Á‡ËÏÌÓ„Ó ‡ÒÔÓÎÓÊÂÌËfl Ë ÓËÂÌÚ‡ˆËË, ÒÓ·Î˛‰‡fl ÔÓÎÌÛ˛ ‡Ì‡ÎÓ„Ë˛ Ò ÚÂÏ, Í‡Í ˝ÚÓ
‰ÂÎ‡ÂÚÒfl ‚ ÚÂÓËË Ó·ÓÎÓ˜ÂÍ Ë ÒÚÂÊÌÂÈ [11, 13].

Ç ÚÂÍÛ˘ÂÈ ÍÓÌÙË„Û‡ˆËË ÔÓÎÓÊÂÌËÂ ˜‡ÒÚËˆ Á‡‰‡ÂÚÒfl ‡‰ËÛÒ-‚ÂÍÚÓ‡ÏË 
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, ‡ ÓË-
ÂÌÚ‡ˆËfl – ‚ÂÍÚÓ‡ÏË ÔÓ‚ÓÓÚÓ‚ 
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. Ç ‡‚ÌÓ‚ÂÒÌÓÏ ÔÓÎÓÊÂÌËË 

Ç‚Â‰ÂÏ ÒÎÂ‰Û˛˘ËÂ Ó·ÓÁÌ‡˜ÂÌËfl: 
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M

 

1

 

 – ÒËÎ‡ Ë ÏÓÏÂÌÚ, ‰ÂÈÒÚ‚Û˛˘ËÂ Ì‡ ˜‡ÒÚËˆÛ 1 ÒÓ
ÒÚÓÓÌ˚ ˜‡ÒÚËˆ˚ 2, 

 

F

 

2

 

, 

 

M

 

2

 

 – ÒËÎ‡ Ë ÏÓÏÂÌÚ, ‰ÂÈÒÚ‚Û˛˘ËÂ Ì‡ ˜‡ÒÚËˆÛ 2 ÒÓ ÒÚÓÓÌ˚ ˜‡-

ÒÚËˆ˚ 1, , , ,  – ‚ÌÂ¯ÌËÂ ‚ÓÁ‰ÂÈÒÚ‚Ëfl Ì‡ ˜‡ÒÚËˆ˚ 1 Ë 2 ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ. åÓ-

ÏÂÌÚ˚ 

 

M

 

1

 

 Ë  ‚˚˜ËÒÎÂÌ˚ ÓÚÌÓÒËÚÂÎ¸ÌÓ ˜‡ÒÚËˆ˚ 1, ÏÓÏÂÌÚ˚ 

 

M

 

2

 

 Ë  ‚˚˜ËÒÎÂÌ˚ ÓÚ-

ÌÓÒËÚÂÎ¸ÌÓ ˜‡ÒÚËˆ˚ 2. 

K
1
2
---mvv vJw 1

2
---wqw+ +=

K1
∂K
∂v
------- mv Jw+= =

K2
∂K
∂w
-------- vJ qw+= =

K2
Q R RQ–( ) ∂K

∂v
------- ∂K

∂w
--------+×=

r2 r1– r0, j1 0, j2 0= = =

F1
e M1

e F2
e M2

e

M1
e M2

e
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á‡ÔË¯ÂÏ Û‡‚ÌÂÌËfl ‰‚ËÊÂÌËfl ˜‡ÒÚËˆ˚ 1, ˜‡ÒÚËˆ˚ 2 Ë ÒËÒÚÂÏ˚, ÒÓÒÚÓfl˘ÂÈ ËÁ Ó·ÂËı
˜‡ÒÚËˆ: 

(1.5)

á‰ÂÒ¸ 

 

m

 

1

 

, 

 

m

 

2

 

, 

 

q

 

1

 

, 

 

q

 

2

 

 – Ï‡ÒÒ˚ Ë ÚÂÌÁÓ˚ ËÌÂˆËË ˜‡ÒÚËˆ, 

 

v

 

1

 

, 

 

v

 

2

 

, 

 

w

 

1

 

, 

 

w

 

2

 

 – Ëı ÎËÌÂÈÌ˚Â Ë Û„-
ÎÓ‚˚Â ÒÍÓÓÒÚË. ëÎÂ‰ÒÚ‚ËÂÏ Û‡‚ÌÂÌËÈ (1.5) fl‚ÎflÂÚÒfl ÚÂÚËÈ Á‡ÍÓÌ ç¸˛ÚÓÌ‡ ‰Îfl ÒËÎ Ë
‡Ì‡ÎÓ„ ÚÂÚ¸Â„Ó Á‡ÍÓÌ‡ ç¸˛ÚÓÌ‡ ‰Îfl ÏÓÏÂÌÚÓ‚ 

(1.6)

á‡ÔË¯ÂÏ Û‡‚ÌÂÌËÂ ·‡Î‡ÌÒ‡ ˝ÌÂ„ËË ‰Îfl ÒËÒÚÂÏ˚, ÒÓÒÚÓfl˘ÂÈ ËÁ ‰‚Ûı ˜‡ÒÚËˆ: 

(1.7)

„‰Â 

 

U

 

 – ‚ÌÛÚÂÌÌflfl ˝ÌÂ„Ëfl ÒËÒÚÂÏ˚ (˝ÌÂ„Ëfl ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ˜‡ÒÚËˆ 1 Ë 2). èÂ‰ÔÓÎ‡-
„‡fl ÒÏÂ˘ÂÌËfl ËÁ ÔÓÎÓÊÂÌËfl ‡‚ÌÓ‚ÂÒËfl Ï‡Î˚ÏË ‚ÂÎË˜ËÌ‡ÏË Ë ÔËÌËÏ‡fl ‚Ó ‚ÌËÏ‡ÌËÂ
Û‡‚ÌÂÌËfl (1.5), (1.6), Û‡‚ÌÂÌËÂ ·‡Î‡ÌÒ‡ ˝ÌÂ„ËË (1.7) ÏÓÊÌÓ ÔË‚ÂÒÚË Í ‚Ë‰Û 

(1.8)

á‰ÂÒ¸ 

 

M

 

 ËÏÂÂÚ ÒÏ˚ÒÎ ÏÓÏÂÌÚ‡, ‰ÂÈÒÚ‚Û˛˘Â„Ó Ì‡ ˜‡ÒÚËˆÛ 1 ÒÓ ÒÚÓÓÌ˚ ˜‡ÒÚËˆ˚ 2, ‚˚-
˜ËÒÎÂÌÌÓ„Ó ÓÚÌÓÒËÚÂÎ¸ÌÓ ÒÂÂ‰ËÌ˚ ÓÚÂÁÍ‡, ÒÓÂ‰ËÌfl˛˘Â„Ó ˝ÚË ˜‡ÒÚËˆ˚. ÇÂÍÚÓ˚ 

 

e

 

 Ë

 

k

 

, Ì‡ ÍÓÚÓ˚ı ÒÓ‚Â¯‡˛Ú ‡·ÓÚÛ ‚ÂÍÚÓ ÒËÎ˚ Ë ‚ÂÍÚÓ ÏÓÏÂÌÚ‡ (ÒÏ. ÙÓÏÛÎ˚ (1.8)), Ì‡-
ÁÓ‚ÂÏ ‚ÂÍÚÓ‡ÏË ‰ÂÙÓÏ‡ˆËË. 

Ñ‡ÎÂÂ ·Û‰ÂÏ ‡ÒÒÏ‡ÚË‚‡Ú¸ ÛÔÛ„ÓÂ ‰ÂÙÓÏËÓ‚‡ÌËÂ ÒËÒÚÂÏ˚. ÅÛ‰ÂÏ ÔÓÎ‡„‡Ú¸, ˜ÚÓ
‚ÌÛÚÂÌÌflfl ˝ÌÂ„Ëfl, ‚ÂÍÚÓ ÒËÎ˚ Ë ‚ÂÍÚÓ ÏÓÏÂÌÚ‡ Á‡‚ËÒflÚ ÚÓÎ¸ÍÓ ÓÚ ‚ÂÍÚÓÓ‚ ‰ÂÙÓ-
Ï‡ˆËË Ë ÌÂ Á‡‚ËÒflÚ ÓÚ ÒÍÓÓÒÚÂÈ. íÓ„‰‡ 

(1.9)

m1v̇1 F1 F1
e , q1w1( )

.
+ M1 M1

e , m2v̇2+ F2 F2
e , q2w2( )

.
+ M2 M2

e+= = = =

r1 m1v1 q1 w1 r2 m2v2 q2 w2⋅+×+⋅+×( )
.

r1 F1
e r2 F2

e M2
e+×+×=

F1 F2+ 0, r1 F1 M1 r2 F2 M2+×+ +× 0= =

1
2
--- m1v1v1 w1q1w1 m2v2v2 w2q2w2+ + +[ ] U+ 

 
.

 =

=  F1
e v1 M1

e w1 F2
e v2 M2

e w2⋅+⋅+⋅+⋅

U̇ F ė⋅ M k̇⋅+=
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1
2
--- r1 r2–( ) F1×+ M2–

1
2
--- r2 r1–( ) F2×–= = = =

e r r0–
1
2
---r0 j1 j2+( ), k×+ j2 j1, r– r2 r1–= = =

F
∂U
∂e
-------, M ∂U

∂k
-------= =

ϕ1

r2

ϕ2

r1_

_
_

_

îË„. 1
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èÓÒÍÓÎ¸ÍÛ ‰ÂÙÓÏ‡ˆËË Ò˜ËÚ‡˛ÚÒfl Ï‡Î˚ÏË, ‰Îfl ‚ÌÛÚÂÌÌÂÈ ˝ÌÂ„ËË ÏÓÊÌÓ ÔËÌflÚ¸
ÒÎÂ‰Û˛˘Û˛ ‡ÔÔÓÍÒËÏ‡ˆË˛: 

(1.10)

äÓ˝ÙÙËˆËÂÌÚ˚ A, B, C Ì‡Á˚‚‡˛ÚÒfl ÚÂÌÁÓ‡ÏË ÊÂÒÚÍÓÒÚË, ‡ F0, M0 – Ì‡˜‡Î¸Ì˚ÏË ÛÒË-
ÎËflÏË. Ç ÎËÌÂÈÌÓÈ ÚÂÓËË ÚÂÌÁÓ˚ ÊÂÒÚÍÓÒÚË – ÔÓÒÚÓflÌÌ˚Â ‚ÂÎË˜ËÌ˚, ÔË˜ÂÏ ÚÂÌÁÓ˚
A Ë C – ÒËÏÏÂÚË˜Ì˚Â, ‡ ÚÂÌÁÓ B – ÔÓËÁ‚ÓÎ¸Ì˚È. ëÓ„Î‡ÒÌÓ ÙÓÏÛÎ‡Ï (1.9), (1.10) ‚ÂÍ-
ÚÓ ÒËÎ˚ Ë ‚ÂÍÚÓ ÏÓÏÂÌÚ‡ ËÏÂ˛Ú ‚Ë‰ 

(1.11)

àÒıÓ‰fl ËÁ ÚÂÓËË ÒËÏÏÂÚËË ÚÂÌÁÓÌ˚ı ‚ÂÎË˜ËÌ [11], ÏÓÊÌÓ ÔÓÍ‡Á‡Ú¸, ˜ÚÓ ÂÒÎË ‚ÌÛÚ-
ÂÌÌflfl ÒÚÛÍÚÛ‡ ˜‡ÒÚËˆ Ú‡ÍÓ‚‡, ˜ÚÓ ‚ ÓÚÒ˜ÂÚÌÓÈ ÍÓÌÙË„Û‡ˆËË ÒËÒÚÂÏ‡ ÒËÏÏÂÚË˜Ì‡
ÓÚÌÓÒËÚÂÎ¸ÌÓ ‰‚Ûı ‚Á‡ËÏÌÓ ÔÂÔÂÌ‰ËÍÛÎflÌ˚ı ÔÎÓÒÍÓÒÚÂÈ, ÚÂÌÁÓ B Ó·‡˘‡ÂÚÒfl ‚ ÌÛÎ¸.
ÑÎfl ·ÓÎ¸¯ËÌÒÚ‚‡ ÔÓÒÚÂÈ¯Ëı ÍËÒÚ‡ÎÎË˜ÂÒÍËı Â¯ÂÚÓÍ ÛÍ‡Á‡ÌÌ‡fl ÒËÏÏÂÚËfl ËÏÂÂÚ
ÏÂÒÚÓ. 

Ç˚¯Â ÔË ÔÓÎÛ˜ÂÌËË ÒÓÓÚÌÓ¯ÂÌËÈ ÛÔÛ„ÓÒÚË ËÒÔÓÎ¸ÁÓ‚‡ÎÒfl ÏÓÏÂÌÚ ‚Á‡ËÏÓ‰ÂÈ-
ÒÚ‚Ëfl M, ‚˚˜ËÒÎÂÌÌ˚È ÓÚÌÓÒËÚÂÎ¸ÌÓ ÒÂÂ‰ËÌ˚ ÓÚÂÁÍ‡, ÒÓÂ‰ËÌfl˛˘Â„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Û-
˛˘ËÂ ˜‡ÒÚËˆ˚. èË ˝ÚÓÏ ÚÂÌÁÓ˚ ÊÂÒÚÍÓÒÚË B, C Ú‡ÍÊÂ ËÏÂÎË ÒÏ˚ÒÎ ÚÂÌÁÓÓ‚, ‚˚˜ËÒ-
ÎÂÌÌ˚ı ÓÚÌÓÒËÚÂÎ¸ÌÓ ÒÂÂ‰ËÌ˚ ÓÚÂÁÍ‡, ÒÓÂ‰ËÌfl˛˘Â„Ó ˜‡ÒÚËˆ˚. í‡ÍÓÈ ÔÓ‰ıÓ‰ Û‰Ó·ÂÌ
Ò ÚÓ˜ÍË ÁÂÌËfl ÔËÏÂÌÂÌËfl ÚÂÓËË ÒËÏÏÂÚËË ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÒÚÛÍÚÛ˚ ÚÂÌÁÓÓ‚
ÊÂÒÚÍÓÒÚË. é‰Ì‡ÍÓ ÔË ‚˚‚Ó‰Â Û‡‚ÌÂÌËÈ ‰‚ËÊÂÌËfl ‰ËÒÍÂÚÌÓÈ ÒÂ‰˚, Û‰Ó·ÌÂÂ ËÒÔÓÎ¸-
ÁÓ‚‡Ú¸ ÏÓÏÂÌÚ˚ ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl, ‚˚˜ËÒÎÂÌÌ˚Â ÓÚÌÓÒËÚÂÎ¸ÌÓ ˜‡ÒÚËˆ. ê‡ÒÒÛÊ‰ÂÌËfl, ‡Ì‡-
ÎÓ„Ë˜Ì˚Â ÔÓ‚Â‰ÂÌÌ˚Ï ‚˚¯Â, ÔÓÁ‚ÓÎfl˛Ú ÔÓÎÛ˜ËÚ¸ ÒÎÂ‰Û˛˘ËÂ ÓÔËÒ‡ÌËÂ ‚Á‡ËÏÓ‰ÂÈ-
ÒÚ‚Ëfl ˜‡ÒÚËˆ Ò ËÒÔÓÎ¸ÁÓ‚‡ÌËÂÏ ÏÓÏÂÌÚ‡ ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl M1, ı‡‡ÍÚÂËÁÛ˛˘Â„Ó ‚ÓÁ‰ÂÈ-
ÒÚ‚ËÂ ˜‡ÒÚËˆ˚ 2 Ì‡ ˜‡ÒÚËˆÛ 1 Ë ‚˚˜ËÒÎÂÌÌÓ„Ó ÓÚÌÓÒËÚÂÎ¸ÌÓ ˜‡ÒÚËˆ˚ 1: 

(1.12)

íÂÌÁÓ˚ ÊÂÒÚÍÓÒÚË , ,  Ë Ì‡˜‡Î¸Ì˚Â ÛÒËÎËfl ,  ÓÚÎË˜‡˛ÚÒfl ÓÚ ÚÂÌÁÓÓ‚

ÊÂÒÚÍÓÒÚË A, B, C Ë Ì‡˜‡Î¸Ì˚ı ÛÒËÎËÈ F0, M0. ãÂ„ÍÓ ÔÓÍ‡Á‡Ú¸, ˜ÚÓ ˝ÚË ‚ÂÎË˜ËÌ˚ Ò‚flÁ‡-
Ì˚ ÏÂÊ‰Û ÒÓ·ÓÈ ÒÓÓÚÌÓ¯ÂÌËflÏË 

(1.13)

2. ÉÂÓÏÂÚËfl ÍËÒÚ‡ÎÎË˜ÂÒÍÓÈ Â¯ÂÚÍË. ê‡ÒÒÏÓÚËÏ ÒÎÓÊÌÛ˛ ÍËÒÚ‡ÎÎË˜ÂÒÍÛ˛ Â-
¯ÂÚÍÛ (2). êÂ¯ÂÚÍÛ ÙÓÏËÛ˛Ú ˜‡ÒÚËˆ˚, ‚Á‡ËÏÓ‰ÂÈÒÚ‚Û˛˘ËÂ ÔÓÒÂ‰ÒÚ‚ÓÏ ÒËÎ Ë ÏÓ-
ÏÂÌÚÓ‚ (ÒÏ. ÙÓÏÛÎ˚ (1.12)). èÂ‰ÔÓÎ‡„‡ÂÚÒfl, ˜ÚÓ Í‡Ê‰‡fl ˜‡ÒÚËˆ‡ ‚Á‡ËÏÓ‰ÂÈÒÚ‚ÛÂÚ Ò
Ó„‡ÌË˜ÂÌÌ˚Ï ˜ËÒÎÓÏ ÒÓÒÂ‰ÂÈ. Ç˚‰ÂÎËÏ ‚ ÍËÒÚ‡ÎÎÂ Â¯ÂÚÍÛ Å‡‚Â, ÍÓÚÓ‡fl ‡Á·Ë‚‡-
ÂÚ ÔÓÒÚ‡ÌÒÚ‚Ó Ì‡ ˝ÎÂÏÂÌÚ‡Ì˚Â fl˜ÂÈÍË. ê‡ÒÒÏÓÚËÏ ÌÂÍÓÚÓÛ˛ ˝ÎÂÏÂÌÚ‡ÌÛ˛ fl˜ÂÈ-
ÍÛ, ÍÓÚÓÛ˛ ‰Îfl Û‰Ó·ÒÚ‚‡ ·Û‰ÂÏ Ì‡Á˚‚‡Ú¸ ËÒıÓ‰ÌÓÈ. èÓÌÛÏÂÛÂÏ ‚ÒÂ fl˜ÂÈÍË, ‚ ÍÓÚÓ-
˚ı ÂÒÚ¸ ‡ÚÓÏ˚, ‚Á‡ËÏÓ‰ÂÈÒÚ‚Û˛˘ËÂ Ò ‡ÚÓÏ‡ÏË ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË. àÒıÓ‰ÌÓÈ fl˜ÂÈÍÂ ÔË-
Ò‚ÓËÏ ÌÓÏÂ α = 0, ÓÒÚ‡Î¸Ì˚Ï – ÌÓÏÂ‡ α ± 1, ±2, ... ± N. èË ˝ÚÓÏ ÌÛÏÂ‡ˆËfl
ÔÓËÁ‚Ó‰ËÚÒfl Ú‡ÍËÏ Ó·‡ÁÓÏ, ˜ÚÓ·˚ fl˜ÂÈÍË, ‡ÒÔÓÎÓÊÂÌÌ˚Â ÒËÏÏÂÚË˜ÌÓ ÓÚÌÓÒËÚÂÎ¸-
ÌÓ ËÒıÓ‰ÌÓÈ, ËÏÂÎË ËÌ‰ÂÍÒ˚, ÔÓÚË‚ÓÔÓÎÓÊÌ˚Â ÔÓ ÁÌ‡ÍÛ. ó‡ÒÚËˆ˚, ‚ıÓ‰fl˘ËÂ ‚ Í‡Ê‰Û˛
fl˜ÂÈÍÛ, ÔÓÌÛÏÂÛÂÏ ËÌ‰ÂÍÒ‡ÏË ÓÚ 1 ‰Ó M, „‰Â M – ˜ËÒÎÓ ˜‡ÒÚËˆ ‚ ˝ÎÂÏÂÌÚ‡ÌÓÈ fl˜ÂÈÍÂ.

U F0 e⋅ M0 k⋅ 1
2
---e A e e B e e B k⋅ ⋅ 1

2
---k C k⋅ ⋅+ +⋅ ⋅+⋅ ⋅+ +=

F F0 A e⋅ B k, M⋅+ + M0 e B⋅ C k⋅+ += =

F1 F̃
0

Ã e1 B̃ k1, M1 M̃
0

e1 B̃⋅ C̃ k1⋅++=⋅+⋅+=

e1 r r0– r0 j2, k1×+ j2 j1, r– r2 r1–= = =

Ã B̃ C̃ F̃
0

M̃
0

F̃
0

F0, M̃
0

M0 1
2
---r0 F0×+= =

Ã A, B̃ B
1
2
---A– r0, C̃× C

1
2
--- r0 B× BT r0×–( ) 1

4
---r0 A r0××–+= = =
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é·ÓÁÌ‡˜ËÏ  – ‡‰ËÛÒ-‚ÂÍÚÓ, ÓÔÂ‰ÂÎfl˛˘ËÈ ÔÓÎÓÊÂÌËÂ ˜‡ÒÚËˆ˚ γ fl˜ÂÈÍË α ÓÚÌÓÒË-

ÚÂÎ¸ÌÓ ˜‡ÒÚËˆ˚ β ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË ‚ ÓÚÒ˜ÂÚÌÓÈ ÍÓÌÙË„Û‡ˆËË. ÑÎfl Í‡ÚÍÓÒÚË Á‡ÔËÒË

·Û‰ÂÏ ËÒÔÓÎ¸ÁÓ‚‡Ú¸ Ó·ÓÁÌ‡˜ÂÌËÂ aα ≡ . ãÂ„ÍÓ ÔÓÍ‡Á‡Ú¸, ˜ÚÓ ËÏÂÂÚ ÏÂÒÚÓ Ò‚ÓÈÒÚ‚Ó

 = – . 

3. ì‡‚ÌÂÌËfl ‰ËÌ‡ÏËÍË ˜‡ÒÚËˆ Â¯ÂÚÍË. èÂ‰ÔÓÎ‡„‡fl ÔÂÂÏÂ˘ÂÌËfl Ë ÔÓ‚ÓÓÚ˚ Ï‡-
Î˚ÏË ‚ÂÎË˜ËÌ‡ÏË, Á‡ÔË¯ÂÏ Û‡‚ÌÂÌËfl ‰ËÌ‡ÏËÍË ùÈÎÂ‡ ‰Îfl ̃ ‡ÒÚËˆ˚ γ ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË 

(3.1)

á‰ÂÒ¸ uγ, jγ – ‚ÂÍÚÓ ÔÂÂÏÂ˘ÂÌËfl Ë ‚ÂÍÚÓ ÔÓ‚ÓÓÚ‡ ˜‡ÒÚËˆ˚, mγ Ë qγ – Ï‡ÒÒ‡ Ë ÚÂÌÁÓ

ËÌÂˆËË, ,  – ÒËÎ‡ Ë ÏÓÏÂÌÚ, ‰ÂÈÒÚ‚Û˛˘ËÂ Ì‡ ˜‡ÒÚËˆÛ γ ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË ÒÓ ÒÚÓ-

ÓÌ˚ ˜‡ÒÚËˆ˚ β fl˜ÂÈÍË α (ÙË„. 2), ‚ÂÍÚÓ˚  Ë  – ‚ÌÂ¯ÌËÂ ‚ÓÁ‰ÂÈÒÚ‚Ëfl. åÓÏÂÌÚ˚

 Ë  ‚˚˜ËÒÎÂÌ˚ ÓÚÌÓÒËÚÂÎ¸ÌÓ ˜‡ÒÚËˆ˚ γ ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË. ëÎÂ‰ÒÚ‚ËÂÏ Û‡‚ÌÂ-

ÌËÈ (3.1) fl‚Îfl˛ÚÒfl Û‡‚ÌÂÌËfl 

(3.2)

Ñ‡ÎÂÂ Û‡‚ÌÂÌËfl (3.2) ·Û‰ÂÏ Ì‡Á˚‚‡Ú¸ Û‡‚ÌÂÌËflÏË ‰‚ËÊÂÌËfl ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË. á‡ÏÂ-
ÚËÏ, Ó‰Ì‡ÍÓ, ˜ÚÓ Û‡‚ÌÂÌËfl (3.2) ÔÓÎÛ˜‡˛ÚÒfl ÔÛÚÂÏ ÙÓÏ‡Î¸ÌÓ„Ó ÒÛÏÏËÓ‚‡ÌËfl Û‡‚ÌÂ-
ÌËÈ (3.1); ÔË ˝ÚÓÏ ÔÂ‚ÓÂ Û‡‚ÌÂÌËÂ Ù‡ÍÚË˜ÂÒÍË ÔÂ‰ÒÚ‡‚ÎflÂÚ ÒÓ·ÓÈ ÙÓÏÛÎËÓ‚ÍÛ
ÔÂ‚Ó„Ó Á‡ÍÓÌ‡ ‰ËÌ‡ÏËÍË ùÈÎÂ‡, ‡ ‚ÚÓÓÂ Û‡‚ÌÂÌËÂ, ÒÚÓ„Ó „Ó‚Ófl, ÌÂ fl‚ÎflÂÚÒfl ÙÓ-
ÏÛÎËÓ‚ÍÓÈ ‚ÚÓÓ„Ó Á‡ÍÓÌ‡ ‰ËÌ‡ÏËÍË ùÈÎÂ‡ ‰Îfl ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË. 

4. éÔËÒ‡ÌËÂ ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ˜‡ÒÚËˆ Â¯ÂÚÍË. ê‡ÒÒÏÓÚËÏ ‰‚Â ‚Á‡ËÏÓ‰ÂÈÒÚ‚Û˛˘ËÂ
˜‡ÒÚËˆ˚: ˜‡ÒÚËˆÛ γ ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË, ÔÓÎÓÊÂÌËÂ ÍÓÚÓÓÈ ÓÔÂ‰ÂÎflÂÚÒfl ‚ÂÍÚÓÓÏ rγ, Ë
˜‡ÒÚËˆÛ β fl˜ÂÈÍË –α, ÔÓÎÓÊÂÌËÂ ÍÓÚÓÓÈ ÓÔÂ‰ÂÎflÂÚÒfl ‚ÂÍÚÓÓÏ rβ – aα. ç‡ ˜‡ÒÚËˆÛ γ

ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË ÒÓ ÒÚÓÓÌ˚ ˜‡ÒÚËˆ˚ β fl˜ÂÈÍË –α ‰ÂÈÒÚ‚Û˛Ú ÒËÎ‡ (rγ) Ë ÏÓÏÂÌÚ
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∑
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(rγ) (ÏÓÏÂÌÚ ‚˚˜ËÒÎÂÌ ÓÚÌÓÒËÚÂÎ¸ÌÓ ˜‡ÒÚËˆ˚ γ ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË). èÓ ÓÚÌÓ¯ÂÌË˛

Í fl˜ÂÈÍÂ –α ËÒıÓ‰Ì‡fl fl˜ÂÈÍ‡ fl‚ÎflÂÚÒfl fl˜ÂÈÍÓÈ α. ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, Ì‡ ˜‡ÒÚËˆÛ β fl˜ÂÈ-

ÍË –α ÒÓ ÒÚÓÓÌ˚ ˜‡ÒÚËˆ˚ γ ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË ‰ÂÈÒÚ‚Û˛Ú ÒËÎ‡ (rβ – aα) Ë ÏÓÏÂÌÚ

(rβ – aα) (ÏÓÏÂÌÚ ‚˚˜ËÒÎÂÌ ÓÚÌÓÒËÚÂÎ¸ÌÓ ˜‡ÒÚËˆ˚ β fl˜ÂÈÍË –α). ëÓ„Î‡ÒÌÓ ÚÂÚ¸ÂÏÛ

Á‡ÍÓÌÛ ç¸˛ÚÓÌ‡ ‰Îfl ÒËÎ Ë Â„Ó ‡Ì‡ÎÓ„Û ‰Îfl ÏÓÏÂÌÚÓ‚ (1.6) ËÏÂ˛Ú ÏÂÒÚÓ ÒÓÓÚÌÓ¯ÂÌËfl
(ÒÏ. ÙË„. 2) 

(4.1)

ÅÛ‰ÂÏ Ò˜ËÚ‡Ú¸, ˜ÚÓ ,  ÓÔÂ‰ÂÎÂÌ˚ ÌÂ ÚÓÎ¸ÍÓ Ì‡ ‰ËÒÍÂÚÌÓÏ ÏÌÓÊÂÒÚ‚Â ÁÌ‡˜Â-

ÌËÈ rβ ± aα, ÌÓ Ë Ì‡ ÌÂÔÂ˚‚ÌÓÏ ÏÌÓÊÂÒÚ‚Â r, „‰Â r ÓÔÂ‰ÂÎflÂÚ ÔÓÎÓÊÂÌËÂ ÔÓËÁ‚ÓÎ¸-

ÌÓÈ ÚÓ˜ÍË ÔÓÒÚ‡ÌÒÚ‚‡. ä‡Í ËÏÂÌÌÓ ‰ÓÓÔÂ‰ÂÎfl˛ÚÒfl ÙÛÌÍˆËË (r), (r) – ÌÂ ËÏÂ-

ÂÚ ÁÌ‡˜ÂÌËfl. é‰Ì‡ÍÓ ‚‡ÊÌÓ, ˜ÚÓ·˚ ˝ÚË ÙÛÌÍˆËË ·˚ÎË ‰ËÙÙÂÂÌˆËÛÂÏ˚ Ë Ï‡ÎÓ ËÁÏÂ-
ÌflÎËÒ¸ Ì‡ ÔÓÏÂÊÛÚÍ‡ı ÔÓfl‰Í‡ ÏÂÊ‡ÚÓÏÌ˚ı ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËÈ. 

èÂ‰ÔÓÎ‡„‡fl ÒÔ‡‚Â‰ÎË‚ÓÒÚ¸ ‰ÎËÌÌÓ‚ÓÎÌÓ‚Ó„Ó ÔË·ÎËÊÂÌËfl (ÒÏ. [7]), ËÏÂÂÏ 

(4.2)

„‰Â ∇β – ÓÔÂ‡ÚÓ ∇, ‚˚˜ËÒÎÂÌÌ˚È ‚ ÚÓ˜ÍÂ ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË, ÔÓÎÓÊÂÌËÂ ÍÓÚÓÓÈ ÓÔÂ-
‰ÂÎflÂÚÒfl ‚ÂÍÚÓÓÏ rβ. ëÎÂ‰ÒÚ‚ËÂÏ ÙÓÏÛÎ (4.1), (4.2) fl‚Îfl˛ÚÒfl ÒÓÓÚÌÓ¯ÂÌËfl 

(4.3)

„‰Â  =  –  ×  – ‚ÂÍÚÓ, ËÏÂ˛˘ËÈ ÒÏ˚ÒÎ ÏÓÏÂÌÚ‡, ‰ÂÈÒÚ‚Û˛˘Â„Ó Ì‡ ˜‡-

ÒÚËˆÛ β ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË ÒÓ ÒÚÓÓÌ˚ ˜‡ÒÚËˆ˚ γ fl˜ÂÈÍË α, ‚˚˜ËÒÎÂÌÌÓ„Ó ÓÚÌÓÒËÚÂÎ¸ÌÓ
˜‡ÒÚËˆ˚ γ fl˜ÂÈÍË α. àÒÔÓÎ¸ÁÛfl ÙÓÏÛÎ˚ (4.3), ÔÓ‚Â‰ÂÏ ÒÎÂ‰Û˛˘ËÂ ÔÂÓ·‡ÁÓ‚‡ÌËfl: 

(4.4)

áÌ‡Í ( )× – Ó·ÓÁÌ‡˜ÂÌËÂ ‚ÂÍÚÓÌÓ„Ó ËÌ‚‡Ë‡ÌÚ‡. Ç ÙÓÏÛÎ‡ı (4.4) ËÒÔÓÎ¸ÁÛÂÚÒfl ÔË·ÎË-
ÊÂÌËÂ ∇β ≈ ∇, ÓÔÂ‡ÚÓ ∇ ‚˚˜ËÒÎflÂÚÒfl ‚ ÚÓ˜ÍÂ ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË, ÔÓÎÓÊÂÌËÂ ÍÓÚÓÓÈ
ÓÔÂ‰ÂÎflÂÚÒfl ‚ÂÍÚÓÓÏ r. á‡ÏÂÚËÏ, ˜ÚÓ ÔË ÔÂÂıÓ‰Â Í ‰ÎËÌÌÓ‚ÓÎÌÓ‚ÓÏÛ ÔË·ÎËÊÂÌË˛
‚ÂÍÚÓ r ÏÓÊÌÓ ‡ÒÒÏ‡ÚË‚‡Ú¸ Í‡Í ‚ÂÍÚÓ, ÓÔÂ‰ÂÎfl˛˘ËÈ ÔÓÎÓÊÂÌËÂ ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË.
èË Û˜ÂÚÂ ÒÓÓÚÌÓ¯ÂÌËÈ (4.4) Û‡‚ÌÂÌËfl ‰‚ËÊÂÌËfl ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË 3.2) ‚ ‰ÎËÌÌÓ‚ÓÎÌÓ-
‚ÓÏ ÔË·ÎËÊÂÌËË Á‡ÔËÒ˚‚‡˛ÚÒfl Ú‡Í: 

(4.5)

M αβ–
γ

Fαγ
β

Mαγ
β

F αβ–
γ rγ( ) Fαβ
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í‡ÍËÏ Ó·‡ÁÓÏ, ÔÓÎÛ˜ÂÌ˚ ‰ËÙÙÂÂÌˆË‡Î¸Ì˚Â Û‡‚ÌÂÌËfl ‰‚ËÊÂÌËfl ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË. 
çËÊÂ ·Û‰ÂÚ ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ ÔË ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÏ ÓÔÂ‰ÂÎÂÌËË ÔÓÌflÚËÈ ÚÂÌÁÓÓ‚ Ì‡-

ÔflÊÂÌËÈ, ‚ÂÍÚÓÓ‚ Ó·˙ÂÏÌÓÈ ÔÎÓÚÌÓÒÚË ‚ÌÂ¯ÌËı Ì‡„ÛÁÓÍ Ë ‚ÂÍÚÓÓ‚ ÔÂÂÏÂ˘ÂÌËÈ
‰ËÙÙÂÂÌˆË‡Î¸Ì˚Â Û‡‚ÌÂÌËfl (4.5) ÒÓ‚Ô‡‰‡˛Ú Ò Û‡‚ÌÂÌËflÏË ‰‚ËÊÂÌËfl Ï‡ÍÓÒÍÓÔË˜Â-
ÒÍÓÈ ÏÓÏÂÌÚÌÓÈ ÚÂÓËË ÛÔÛ„ÓÒÚË. 

5. ÇÌÛÚÂÌÌËÂ Û‡‚ÌÂÌËfl ‡‚ÌÓ‚ÂÒËfl. ÑËÙÙÂÂÌˆË‡Î¸Ì˚Â Û‡‚ÌÂÌËfl (4.5) ÓÔËÒ˚‚‡-
˛Ú ‰‚ËÊÂÌËÂ ˝ÎÂÏÂÌÚ‡ÌÓÈ fl˜ÂÈÍË ‚ ˆÂÎÓÏ Ë ÌÂ ı‡‡ÍÚÂËÁÛ˛Ú ‰‚ËÊÂÌËÂ Í‡Ê‰ÓÈ ˜‡-
ÒÚËˆ˚ ‚ ÓÚ‰ÂÎ¸ÌÓÒÚË. Ñ‚ËÊÂÌËfl Í‡Ê‰ÓÈ ˜‡ÒÚËˆ˚ ˝ÎÂÏÂÌÚ‡ÌÓÈ fl˜ÂÈÍË ÓÔËÒ˚‚‡˛ÚÒfl
Û‡‚ÌÂÌËflÏË (3.1). é‰Ì‡ÍÓ, ÔÓÒÍÓÎ¸ÍÛ ‚ Û‡‚ÌÂÌËflı ‰‚ËÊÂÌËfl fl˜ÂÈÍË (4.5) ÒÓı‡ÌÂÌ˚
ÚÓÎ¸ÍÓ ‡ÒËÏÔÚÓÚË˜ÂÒÍË „Î‡‚Ì˚Â ˜ÎÂÌ˚, ‚ Û‡‚ÌÂÌËflı ˜‡ÒÚËˆ (3.1) Ú‡ÍÊÂ ËÏÂÂÚ ÒÏ˚ÒÎ
ÓÚ·ÓÒËÚ¸ ÔÓÔ‡‚Ó˜Ì˚Â ÒÎ‡„‡ÂÏ˚Â. 

àÚ‡Í, ÔÓ‚Â‰ÂÏ ÌÂÒÚÓ„ËÈ ‡ÒËÏÔÚÓÚË˜ÂÒÍËÈ ‡Ì‡ÎËÁ Û‡‚ÌÂÌËÈ ‰‚ËÊÂÌËfl ˜‡ÒÚËˆ ËÒ-
ıÓ‰ÌÓÈ fl˜ÂÈÍË (3.1). Ç Í‡˜ÂÒÚ‚Â Ï‡ÎÓ„Ó Ô‡‡ÏÂÚ‡ ÔËÏÂÏ ‚ÂÎË˜ËÌÛ aε · ∇ ~ ε, ÔË ˝ÚÓÏ
·Û‰ÂÏ Ò˜ËÚ‡Ú¸ εM � 1, „‰Â M – ˜ËÒÎÓ ˜‡ÒÚËˆ ‚ ˝ÎÂÏÂÌÚ‡ÌÓÈ fl˜ÂÈÍÂ. íÓ„‰‡ ËÁ Û‡‚ÌÂÌËÈ
(4.5) Ò Û˜ÂÚÓÏ ÚÓÊ‰ÂÒÚ‚‡ 

ÏÓÊÌÓ ÔÓÎÛ˜ËÚ¸ ÒÎÂ‰Û˛˘ËÂ ‡ÒËÏÔÚÓÚË˜ÂÒÍËÂ ÓˆÂÌÍË: 

(5.1)

èÂ‰ÔÓÎÓÊËÏ, ˜ÚÓ ‚ÌÂ¯ÌËÂ Ì‡„ÛÁÍË – ÏÂ‰ÎÂÌÌÓ ÏÂÌfl˛˘ËÂÒfl ÙÛÌÍˆËË ÔÓÒÚ‡Ì-
ÒÚ‚ÂÌÌ˚ı ÍÓÓ‰ËÌ‡Ú, Ú.Â. 

çËÊÂ ·Û‰ÂÚ ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ ‰Îfl ÔÂÂÏÂ˘ÂÌËÈ Ë ÔÓ‚ÓÓÚÓ‚ ˜‡ÒÚËˆ fl˜ÂÈÍË ËÏÂ˛Ú ÏÂÒÚÓ
‡ÒËÏÔÚÓÚË˜ÂÒÍËÂ ÓˆÂÌÍË: 

(5.2)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, 

íÓ„‰‡ ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËÂ Ò ÓˆÂÌÍ‡ÏË (5.1) ÏÓÊÌÓ ÛÚ‚ÂÊ‰‡Ú¸, ˜ÚÓ 

(5.3)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ‡ÒËÏÔÚÓÚË˜ÂÒÍË „Î‡‚Ì˚Â ˜ÎÂÌ˚ Û‡‚ÌÂÌËÈ (3.1) ËÏÂ˛Ú ‚Ë‰ 

(5.4)

àÚ‡Í, ÔÓÎÛ˜ÂÌ˚ 2M ‚ÌÛÚÂÌÌËı Û‡‚ÌÂÌËÈ ‡‚ÌÓ‚ÂÒËfl. ì‡‚ÌÂÌËfl ÔÂ‚ÓÈ „ÛÔÔ˚
ÔÂ‰ÒÚ‡‚Îfl˛Ú ÒÓ·ÓÈ Û‡‚ÌÂÌËfl ·‡Î‡ÌÒ‡ ÒËÎ, ‡ Û‡‚ÌÂÌËfl ‚ÚÓÓÈ „ÛÔÔ˚, ÒÚÓ„Ó „Ó‚Ófl,
ÌÂ fl‚Îfl˛ÚÒfl Û‡‚ÌÂÌËflÏË ·‡Î‡ÌÒ‡ ÏÓÏÂÌÚÓ‚, ÔÓÒÍÓÎ¸ÍÛ ÔÂ‰ÒÚ‡‚Îfl˛Ú ÒÓ·ÓÈ ÒÛÏÏÛ ÏÓ-
ÏÂÌÚÓ‚, ‚˚˜ËÒÎÂÌÌ˚ı ÓÚÌÓÒËÚÂÎ¸ÌÓ ‡ÁÌ˚ı ÚÓ˜ÂÍ. á‡ÏÂÚËÏ, ˜ÚÓ ÒÂ‰Ë Û‡‚ÌÂÌËÈ (5.4)
ÚÓÎ¸ÍÓ 2(M – 1) ÌÂÁ‡‚ËÒËÏ˚ı. ÑÂÈÒÚ‚ËÚÂÎ¸ÌÓ, ËÒÔÓÎ¸ÁÛfl ‡ÒËÏÔÚÓÚË˜ÂÒÍË „Î‡‚Ì˚Â ˜ÎÂ-
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Ì˚ ÒÓÓÚÌÓ¯ÂÌËÈ (4.4), ÌÂÚÛ‰ÌÓ ÔÓÍ‡Á‡Ú¸, ˜ÚÓ  Û‡‚ÌÂÌËÈ (5.4) ÚÓÊ‰ÂÒÚ‚ÂÌÌÓ ‡‚Ì˚

ÌÛÎ˛. ùÚÓÚ Ù‡ÍÚ ÔÓ‰Ú‚ÂÊ‰‡ÂÚ Ô‡‚ËÎ¸ÌÓÒÚ¸ Û‡‚ÌÂÌËÈ (5.4). 
á‡ÏÂÚËÏ, ˜ÚÓ, ‚ÓÒÔÓÎ¸ÁÓ‚‡‚¯ËÒ¸ Û‡‚ÌÂÌËflÏË (5.4), ÏÓÊÌÓ ‰ÓÍ‡Á‡Ú¸ ‚‡ÊÌ˚Â ÚÓÊ‰Â-

ÒÚ‚‡ 

(5.5)

ãÂ„ÍÓ ÔÓÍ‡Á‡Ú¸ Ú‡ÍÊÂ, ˜ÚÓ ËÏÂ˛Ú ÏÂÒÚÓ ÚÓÊ‰ÂÒÚ‚‡ 

(5.6)

6. äÓÌÚËÌÛ‡Î¸Ì˚Â Û‡‚ÌÂÌËfl ‰‚ËÊÂÌËfl. èËÌËÏ‡fl ‚Ó ‚ÌËÏ‡ÌËÂ ÚÓÊ‰ÂÒÚ‚‡ (5.5), (5.6),
ÏÓÊÌÓ ÔÓÍ‡Á‡Ú¸, ˜ÚÓ Û‡‚ÌÂÌËfl ‰‚ËÊÂÌËfl ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË (4.5) ÒÓ‚Ô‡‰‡˛Ú Ò Û‡‚ÌÂÌË-
flÏ ‰ËÌ‡ÏËÍË Ï‡ÍÓÒÍÓÔË˜ÂÒÍÓÈ ÏÓÏÂÌÚÌÓÈ ÚÂÓËË ÛÔÛ„ÓÒÚË 

(6.1)

ùÍ‚Ë‚‡ÎÂÌÚÌÓÒÚ¸ Û‡‚ÌÂÌËÈ (4.5) Ë (6.1) ‰ÓÒÚË„‡ÂÚÒfl ÔË ËÒÔÓÎ¸ÁÓ‚‡Ì˚ ÒÎÂ‰Û˛˘Ëı Ó·Ó-
ÁÌ‡˜ÂÌËÈ: 

(6.2)

(6.3)

(6.4)

á‰ÂÒ¸ V∗ – Ó·˙ÂÏ ˝ÎÂÏÂÌÚ‡ÌÓÈ fl˜ÂÈÍË. íÂÌÁÓ t ·Û‰ÂÏ Ì‡Á˚‚‡Ú¸ ÚÂÌÁÓÓÏ Ì‡ÔflÊÂ-
ÌËÈ, ÚÂÌÁÓ m – ÚÂÌÁÓÓÏ ÏÓÏÂÌÚÌ˚ı Ì‡ÔflÊÂÌËÈ. ÇÂÍÚÓ u ÓÔÂ‰ÂÎflÂÚ ÔÂÂÏÂ˘ÂÌËÂ
ˆÂÌÚ‡ Ï‡ÒÒ ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË (Â„Ó ·Û‰ÂÏ Ì‡Á˚‚‡Ú¸ ‚ÂÍÚÓÓÏ ÔÂÂÏÂ˘ÂÌËÈ fl˜ÂÈÍË), ‚ÂÍ-
ÚÓ j ÔÂ‰ÒÚ‡‚ÎflÂÚ ÒÓ·ÓÈ ÓÒÂ‰ÌÂÌÌ˚È ÔÓ ˜‡ÒÚËˆ‡Ï ‚ÂÍÚÓ ÔÓ‚ÓÓÚ‡ (Â„Ó ·Û‰ÂÏ Ì‡Á˚-
‚‡Ú¸ ‚ÂÍÚÓÓÏ ÔÓ‚ÓÓÚ‡ fl˜ÂÈÍË), ρ – Ï‡ÒÒÓ‚‡fl ÔÎÓÚÌÓÒÚ¸, J – ÚÂÌÁÓ ËÌÂˆËË ÒÂ‰˚,
ÔËıÓ‰fl˘ËÈÒfl Ì‡ Â‰ËÌËˆÛ Ï‡ÒÒ˚ (ËÎË Ï‡ÒÒÓ‚‡fl ÔÎÓÚÌÓÒÚ¸ ÚÂÌÁÓ‡ ËÌÂˆËË), f – Ó·˙ÂÏ-
Ì‡fl ÔÎÓÚÌÓÒÚ¸ ‚ÌÂ¯ÌËı ÒËÎ, m – Ó·˙ÂÏÌ‡fl ÔÎÓÚÌÓÒÚ¸ ‚ÌÂ¯ÌËı ÏÓÏÂÌÚÓ‚. 

èÂÂÔË¯ÂÏ ‚ÌÛÚÂÌÌËÂ Û‡‚ÌÂÌËfl ‡‚ÌÓ‚ÂÒËfl (5.4) ‚ ‚Ë‰Â 

(6.5)

„‰Â ‚‚Â‰ÂÌ˚ Ó·ÓÁÌ‡˜ÂÌËfl 

(6.6)

ÇÂÍÚÓ  ·Û‰ÂÏ Ì‡Á˚‚‡Ú¸ ‚ÂÍÚÓÓÏ Ì‡ÔflÊÂÌËÈ, ‡ ‚ÂÍÚÓ  – ‚ÂÍÚÓÓÏ ÏÓÏÂÌÚÌ˚ı

Ì‡ÔflÊÂÌËÈ. 
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ρ 1
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ì‡‚ÌÂÌËfl (6.1), (6.5) ÔÂ‰ÒÚ‡‚Îfl˛Ú ÒÓ·ÓÈ ÍÓÌÚËÌÛ‡Î¸Ì˚Â Û‡‚ÌÂÌËfl ‰‚ËÊÂÌËfl fl˜ÂÈ-
ÍË Ò ÏËÍÓÒÚÛÍÚÛÓÈ. 

7. íÂÌÁÓ˚ ‰ÂÙÓÏ‡ˆËË Ë ‚ÂÍÚÓ˚ ÌÂ‚flÁÍË. ê‡ÒÒÏÓÚËÏ ‰‚Â ‚Á‡ËÏÓ‰ÂÈÒÚ‚Û˛˘ËÂ ˜‡-
ÒÚËˆ˚: ˜‡ÒÚËˆÛ γ ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË Ë ˜‡ÒÚËˆÛ β fl˜ÂÈÍË α. ÇÂÍÚÓ˚ ‰ÂÙÓÏ‡ˆËË ˝ÚÓÈ ÒË-

ÒÚÂÏ˚ ,  ÓÔÂ‰ÂÎfl˛ÚÒfl ÙÓÏÛÎ‡ÏË (1.12) Ë ËÏÂ˛Ú ‚Ë‰ 

(7.1)

àÒÔÓÎ¸ÁÛfl ‰ÎËÌÌÓ‚ÓÎÌÓ‚ÓÂ ÔË·ÎËÊÂÌËÂ (ÒÏ. [7]), Á‡ÔË¯ÂÏ ‚˚‡ÊÂÌËfl ‰Îfl ‚ÂÍÚÓÓ‚
‰ÂÙÓÏ‡ˆËË (7.1) 

(7.2)

á‰ÂÒ¸ ‚‚Â‰ÂÌ˚ ‚ ‡ÒÒÏÓÚÂÌËÂ ÚÂÌÁÓ˚ ‰ÂÙÓÏ‡ˆËË Â¯ÂÚÍË 

(7.3)

„‰Â E – Â‰ËÌË˜Ì˚È ÚÂÌÁÓ Ë ‚ÂÍÚÓ˚ ÌÂ‚flÁÍË 

(7.4)

ÇÒÂ ‚ÂÎË˜ËÌ˚ ‚ ÙÓÏÛÎ‡ı (7.3), (7.4) ‚˚˜ËÒÎfl˛ÚÒfl ÔË r = rγ + /2. 

á‡ÏÂÚËÏ, ˜ÚÓ ÒÓ„Î‡ÒÌÓ ÓˆÂÌÍ‡Ï (5.2), Ó·ÓÒÌÓ‚‡ÌËÂ ÍÓÚÓ˚Ï ·Û‰ÂÚ ‰‡ÌÓ ÌËÊÂ, Ë ÙÓ-
ÏÛÎ‡Ï (6.3), ÍÓÚÓ˚Â ‚‚Ó‰flÚ ‚ ‡ÒÒÏÓÚÂÌËÂ ‚ÂÍÚÓ˚ ÔÂÂÏÂ˘ÂÌËfl Ë ÔÓ‚ÓÓÚ‡ fl˜ÂÈÍË u,
j, ËÏÂ˛Ú ÏÂÒÚÓ ÔË·ÎËÊÂÌËfl 

‰ÓÔÛÒÍ‡˛˘ËÂ Ó¯Ë·ÍÛ O(ε) ‚ Ò‡‚ÌÂÌËË Ò „Î‡‚Ì˚Ï ˜ÎÂÌÓÏ. íÓ„‰‡ ÚÂÌÁÓ˚ ‰ÂÙÓÏ‡ˆËË
(7.3) ÏÓÊÌÓ ÔÂÂÔËÒ‡Ú¸ ‚ ‚Ë‰Â 

(7.5)

í‡ÍËÏ Ó·‡ÁÓÏ, ‡ÒËÏÔÚÓÚË˜ÂÒÍË „Î‡‚Ì˚Â ˜ÎÂÌ˚ ‚˚‡ÊÂÌËÈ (7.3), (7.5) ÒÓ‚Ô‡‰‡˛Ú. 
8. ëÓÓÚÌÓ¯ÂÌËfl ÛÔÛ„ÓÒÚË ‚ ÌÂfl‚ÌÓÈ ÙÓÏÂ. ê‡ÒÒÏÓÚËÏ ‰‚Â ‚Á‡ËÏÓ‰ÂÈÒÚ‚Û˛˘ËÂ ˜‡-

ÒÚËˆ˚: ˜‡ÒÚËˆÛ γ ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË Ë ˜‡ÒÚËˆÛ β fl˜ÂÈÍË α. ëÓ„Î‡ÒÌÓ ÙÓÏÛÎ‡Ï (1.12) ÒÓÓÚ-
ÌÓ¯ÂÌËfl ÛÔÛ„ÓÒÚË ‰Îfl ‡ÒÒÏ‡ÚË‚‡ÂÏÓÈ ÒËÒÚÂÏ˚ ˜‡ÒÚËˆ ËÏÂ˛Ú ‚Ë‰ 

(8.1)

èÓ‰ÒÚ‡‚Ë‚ ‚˚‡ÊÂÌËfl (7.2) ‚ ÒÓÓÚÌÓ¯ÂÌËfl ÛÔÛ„ÓÒÚË (8.1) Ë ‚ÓÒÔÓÎ¸ÁÓ‚‡‚¯ËÒ¸ ÒÓÓÚÌÓ-
¯ÂÌËflÏË ‰Îfl ÚÂÌÁÓÓ‚ ÊÂÒÚÍÓÒÚË (1.13), ÔÓÒÎÂ ÔÂÓ·‡ÁÓ‚‡ÌËÈ ÔÓÎÛ˜ËÏ ‚˚‡ÊÂÌËfl ‰Îfl
‚ÂÍÚÓÓ‚ ÒËÎ˚ Ë ÏÓÏÂÌÚ‡ ‚ ‚Ë‰Â ÙÛÌÍˆËÈ ÚÂÌÁÓÓ‚ ‰ÂÙÓÏ‡ˆËË Ë ‚ÂÍÚÓÓ‚ ÌÂ‚flÁÍË.
èÓ‰ÒÚ‡‚Ë‚ Ëı ‚ ÙÓÏÛÎ˚ (6.2), (6.6), ÔÓÎÛ˜ËÏ ‚˚‡ÊÂÌËfl ‰Îfl ÚÂÌÁÓÓ‚ Ë ‚ÂÍÚÓÓ‚ Ì‡-
ÔflÊÂÌËÈ 

(8.2)

eαβ
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íÂÌÁÓ˚ ÊÂÒÚÍÓÒÚË ‚˚˜ËÒÎfl˛ÚÒfl ÔÓ ÙÓÏÛÎ‡Ï 

(8.3)

í‡ÍËÏ Ó·‡ÁÓÏ, ÙÓÏÛÎ˚ (8.2) ÔÓÁ‚ÓÎfl˛Ú ‚˚‡ÁËÚ¸ ÚÂÌÁÓ˚ Ë ‚ÂÍÚÓ˚ Ì‡ÔflÊÂÌËÈ

˜ÂÂÁ ÚÂÌÁÓ˚ ‰ÂÙÓÏ‡ˆËË Â¯ÂÚÍË e, k Ë ‚ÂÍÚÓ˚ ÌÂ‚flÁÍË , . ÑÎfl ÓÔÂ‰ÂÎÂÌËfl

Ò‚flÁË ‚ÂÍÚÓÓ‚ ÌÂ‚flÁÍË Ò ÚÂÌÁÓ‡ÏË ‰ÂÙÓÏ‡ˆËË Â¯ÂÚÍË ÒÎÛÊ‡Ú ‚ÌÛÚÂÌÌËÂ Û‡‚ÌÂÌËfl
‡‚ÌÓ‚ÂÒËfl (6.5). èÓ‰ÒÚ‡‚Ë‚ ‚˚‡ÊÂÌËfl ‰Îfl ‚ÂÍÚÓÓ‚ Ì‡ÔflÊÂÌËÈ (8.2) ‚ Û‡‚ÌÂÌËfl
(6.5), ÔÓÎÛ˜ËÏ ÒËÒÚÂÏÛ 2M Û‡‚ÌÂÌËÈ (ËÁ ÍÓÚÓ˚ı 2(M – 1) ÌÂÁ‡‚ËÒËÏ˚ı) 

(8.4)

íÂÌÁÓ˚ ÊÂÒÚÍÓÒÚË ‚ÚÓÓ„Ó ‡Ì„‡ ÓÔÂ‰ÂÎfl˛ÚÒfl ‚˚‡ÊÂÌËflÏË (8.3), ‡ ÚÂÌÁÓ˚ ÊÂÒÚÍÓ-
ÒÚË ÚÂÚ¸Â„Ó ‡Ì„‡ ‚˚˜ËÒÎfl˛ÚÒfl ÔÓ ÙÓÏÛÎ‡Ï 

(8.5)

èË ‚˚‚Ó‰Â Û‡‚ÌÂÌËÈ (8.4) Û˜ÚÂÌÓ, ˜ÚÓ ‰Îfl Ì‡˜‡Î¸Ì˚ı Ì‡ÔflÊÂÌËÈ ‚˚ÔÓÎÌfl˛ÚÒfl
ÛÒÎÓ‚Ëfl ‡‚ÌÓ‚ÂÒËfl ÓÚÒ˜ÂÚÌÓÈ ÍÓÌÙË„Û‡ˆËË 

(8.6)

èËÌËÏ‡fl ‚Ó ‚ÌËÏ‡ÌËÂ ‚˚‡ÊÂÌËfl ‰Îfl ‚ÂÍÚÓÓ‚ ÌÂ‚flÁÍË (7.4), Á‡ÏÂÚËÏ, ˜ÚÓ ÒËÒÚÂÏ‡ (8.4)
Ù‡ÍÚË˜ÂÒÍË fl‚ÎflÂÚÒfl ÒËÒÚÂÏÓÈ Û‡‚ÌÂÌËÈ ÓÚÌÓÒËÚÂÎ¸ÌÓ ‚ÂÍÚÓÓ‚ ÔÂÂÏÂ˘ÂÌËfl Ë ÔÓ‚Ó-
ÓÚ‡ ug, jγ. 

9. ëÓÓÚÌÓ¯ÂÌËfl ÛÔÛ„ÓÒÚË ‚ fl‚ÌÓÈ ÙÓÏÂ. èÂ‰ÒÚ‡‚ËÏ ‚ÂÍÚÓ˚ ÔÂÂÏÂ˘ÂÌËÈ Ë ÔÓ-
‚ÓÓÚÓ‚ ‚ ‚Ë‰Â 

(9.1)

íÂÌÁÓ˚ ÚÂÚ¸Â„Ó ‡Ì„‡ 3Uεγ, 
3Uκγ, 

3Fεγ, 
3Fκγ ·Û‰ÂÏ Ì‡Á˚‚‡Ú¸ ÚÂÌÁÓ‡ÏË ‚ÌÛÚÂÌÌËı Ò‚fl-

ÁÂÈ. á‡ÏÂÚËÏ, ˜ÚÓ ‚ÂÍÚÓ˚ uγ, jγ ‚ÒÂ„‰‡ ÏÓ„ÛÚ ·˚Ú¸ ÔÂ‰ÒÚ‡‚ÎÂÌ˚ ‚ ÙÓÏÂ (9.1), ÔÓÒÍÓÎ¸-
ÍÛ ˝ÚÓ Ó·˘‡fl ÎËÌÂÈÌ‡fl Á‡‚ËÒËÏÓÒÚ¸ ÏÂÊ‰Û ‚ÂÍÚÓ‡ÏË uγ, ϕγ Ë ÚÂÌÁÓ‡ÏË ‚ÚÓÓ„Ó ‡Ì„‡ e,
k. èÓ‰ÒÚ‡‚Ë‚ ‚˚‡ÊÂÌËfl (9.1) ‚ ÒÓÓÚÌÓ¯ÂÌËfl ‰Îfl ‚ÂÍÚÓÓ‚ ÌÂ‚flÁÍË (7.4), ÔÓÎÛ˜ËÏ 

(9.2)
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á‡ÏÂÚËÏ, ˜ÚÓ ‚˚‡ÊÂÌËfl ‰Îfl ‚ÂÍÚÓÓ‚ ÌÂ‚flÁÍË (7.4) ÌÂ Á‡‚ËÒflÚ ÓÚ ‚ÂÍÚÓÓ‚ u0, j0.
ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ‚ÂÍÚÓ˚ u0, j0 ÏÓ„ÛÚ ·˚Ú¸ ‚˚·‡Ì˚ ÔÓËÁ‚ÓÎ¸ÌÓ. åÓÊÌÓ ·˚ÎÓ ·˚ ÔÓ-
ÎÓÊËÚ¸ Ëı ‡‚Ì˚ÏË ÌÛÎ˛, Ó‰Ì‡ÍÓ Û‰Ó·ÌÂÂ ÓÔÂ‰ÂÎËÚ¸ Ëı ÒÎÂ‰Û˛˘ËÏ Ó·‡ÁÓÏ: 

(9.3)

èÓÎÛ˜ËÏ Û‡‚ÌÂÌËfl ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÚÂÌÁÓÓ‚ ‚ÌÛÚÂÌÌËı Ò‚flÁÂÈ. ÑÎfl ˝ÚÓ„Ó ÔÓ‰ÒÚ‡-
‚ËÏ ‚˚‡ÊÂÌËfl ‰Îfl ‚ÂÍÚÓÓ‚ ÌÂ‚flÁÍË (9.2) ‚ Û‡‚ÌÂÌËfl (8.4), ˜ÚÓ ÔË‚Â‰ÂÚ Í ÒËÒÚÂÏÂ ÎË-
ÌÂÈÌ˚ı Ó‰ÌÓÓ‰Ì˚ı ‡Î„Â·‡Ë˜ÂÒÍËı Û‡‚ÌÂÌËÈ ÓÚÌÓÒËÚÂÎ¸ÌÓ ÚÂÌÁÓÓ‚ ‰ÂÙÓÏ‡ˆËË.
ì‡‚ÌÂÌËfl ‰ÓÎÊÌ˚ ·˚Ú¸ ÒÔ‡‚Â‰ÎË‚˚ ÔË Î˛·˚ı ÁÌ‡˜ÂÌËflı ÚÂÌÁÓÓ‚ ‰ÂÙÓÏ‡ˆËË. ùÚÓ
‚ÓÁÏÓÊÌÓ, ÂÒÎË ÍÓ˝ÙÙËˆËÂÌÚ˚ ÔË ÚÂÌÁÓ‡ı ‰ÂÙÓÏ‡ˆËË ÚÓÊ‰ÂÒÚ‚ÂÌÌÓ ‡‚Ì˚ ÌÛÎ˛.
èË‡‚Ìfl‚ ÌÛÎ˛ ÍÓ˝ÙÙËˆËÂÌÚ˚ ÔË ÚÂÌÁÓ‡ı e Ë k, ÔÓÎÛ˜ËÏ ÒËÒÚÂÏÛ 4M Û‡‚ÌÂÌËÈ ‰Îfl
ÚÂÌÁÓÓ‚ ‚ÌÛÚÂÌÌËı Ò‚flÁÂÈ, ÒÂ‰Ë ÍÓÚÓ˚ı ÚÓÎ¸ÍÓ 4(M – 1) ÌÂÁ‡‚ËÒËÏ˚ı. óÚÓ·˚ Á‡-
ÏÍÌÛÚ¸ ˝ÚÛ ÒËÒÚÂÏÛ Û‡‚ÌÂÌËÈ, Á‡ÏÂÚËÏ, ˜ÚÓ ÒÎÂ‰ÒÚ‚ËÂÏ ÒÓÓÚÌÓ¯ÂÌËÈ (9.1), (9.3) fl‚Îfl-
˛ÚÒfl ‰‚‡ ÎËÌÂÈÌ˚ı Ó‰ÌÓÓ‰Ì˚ı Û‡‚ÌÂÌËfl, ÔÂ‰ÒÚ‡‚Îfl˛˘Ëı ÒÓ·ÓÈ „ÂÓÏÂÚË˜ÂÒÍËÂ Ò‚fl-
ÁË. èÓÒÍÓÎ¸ÍÛ ˝ÚË Û‡‚ÌÂÌËfl ‰ÓÎÊÌ˚ ‚˚ÔÓÎÌflÚ¸Òfl ÔË Î˛·˚ı e, k, ÓÌË ‡‚ÌÓÒËÎ¸Ì˚
˜ÂÚ˚ÂÏ Û‡‚ÌÂÌËflÏ, Ì‡ÍÎ‡‰˚‚‡˛˘ËÏ „ÂÓÏÂÚË˜ÂÒÍËÂ Ò‚flÁË Ì‡ ÚÂÌÁÓ˚ ‚ÌÛÚÂÌÌËı
Ò‚flÁÂÈ. ÑÓ·‡‚ÎÂÌËÂ ˝ÚËı Û‡‚ÌÂÌËÈ Í ÔÓÎÛ˜ÂÌÌÓÈ ‡ÌÂÂ ÒËÒÚÂÏÂ ‰‡ÂÚ Á‡ÏÍÌÛÚÛ˛ ÒËÒÚÂ-
ÏÛ 4M Û‡‚ÌÂÌËÈ ÓÚÌÓÒËÚÂÎ¸ÌÓ ÚÂÌÁÓÓ‚ ‚ÌÛÚÂÌÌËı Ò‚flÁÂÈ, ÍÓÚÓ‡fl ‡ÒÔ‡‰‡ÂÚÒfl Ì‡ ‰‚Â
ÌÂÁ‡‚ËÒËÏ˚Â ÒËÒÚÂÏ˚ 2M Û‡‚ÌÂÌËÈ 

(9.4)

ä‡Í ‚Ë‰ÌÓ ËÁ Û‡‚ÌÂÌËÈ (9.4), ÚÂÌÁÓ˚ ‚ÌÛÚÂÌÌËı Ò‚flÁÂÈ fl‚Îfl˛ÚÒfl ı‡‡ÍÚÂËÒÚËÍ‡-
ÏË Ï‡ÚÂË‡Î‡ Ë ÌÂ Á‡‚ËÒflÚ ÓÚ ‰‚ËÊÂÌËfl ˜‡ÒÚËˆ Â¯ÂÚÍË. á‡ÏÂÚËÏ, ˜ÚÓ ËÁ ÙÓÏÛÎ (9.1)
‰Îfl ÔÂÂÏÂ˘ÂÌËÈ uγ Ë ÔÓ‚ÓÓÚÓ‚ jγ, „‰Â ÚÂÌÁÓ˚ ‚ÌÛÚÂÌÌËı Ò‚flÁÂÈ ÓÔÂ‰ÂÎfl˛ÚÒfl Û‡‚-
ÌÂÌËflÏË (9.4), ÒÎÂ‰ÛÂÚ, ˜ÚÓ |uγ – u| – Ï‡Î‡fl ‚ÂÎË˜ËÌ‡ ÔÓfl‰Í‡ εu, ‡ |jγ – j| – Ï‡Î‡fl ‚ÂÎË˜Ë-
Ì‡ ÔÓfl‰Í‡ εj. 

éÔÂ‰ÂÎÂÌËÂ ÚÂÌÁÓÓ‚ ‚ÌÛÚÂÌÌËı Ò‚flÁÂÈ ‰‡ÂÚ ‚ÓÁÏÓÊÌÓÒÚ¸ Á‡ÔËÒ‡Ú¸ ÒÓÓÚÌÓ¯Â-
ÌËfl ÛÔÛ„ÓÒÚË ‚ fl‚ÌÓÈ ÙÓÏÂ. ÑÂÈÒÚ‚ËÚÂÎ¸ÌÓ, ÔÓ‰ÒÚ‡‚Ë‚ ‚˚‡ÊÂÌËfl ‰Îfl ‚ÂÍÚÓÓ‚
ÌÂ‚flÁÍË (9.2) ‚ ÒÓÓÚÌÓ¯ÂÌËfl ÛÔÛ„ÓÒÚË (8.2), ÔÓÎÛ˜ËÏ 

(9.5)

å‡ÍÓÒÍÓÔË˜ÂÒÍËÂ ÚÂÌÁÓ˚ ÊÂÒÚÍÓÒÚË 4A, 4B, , 4C ‚˚˜ËÒÎfl˛ÚÒfl ÔÓ ÙÓÏÛÎ‡Ï 

(9.6)
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éÔÂ‡ˆËfl Ú‡ÌÒÔÓÌËÓ‚‡ÌËfl ‰Îfl ÚÂÌÁÓ‡ ÚÂÚ¸Â„Ó ‡Ì„‡ ÓÔÂ‰ÂÎflÂÚÒfl ÒÎÂ‰Û˛˘ËÏ Ó·-
‡ÁÓÏ: 

(9.7)

10. ùÌÂ„ÂÚË˜ÂÒÍËÈ ÔÓ‰ıÓ‰ Í ÓÔÂ‰ÂÎÂÌË˛ ÚÂÌÁÓÓ‚ ‰ÂÙÓÏ‡ˆËË Ë ‚ÂÍÚÓÓ‚ ÌÂ‚flÁÍË.
á‡ÔË¯ÂÏ Û‡‚ÌÂÌËÂ ·‡Î‡ÌÒ‡ ˝ÌÂ„ËË ‰‚Ûı ‚Á‡ËÏÓ‰ÂÈÒÚ‚Û˛˘Ëı ˜‡ÒÚËˆ – ˜‡ÒÚËˆ˚ γ ËÒ-
ıÓ‰ÌÓÈ fl˜ÂÈÍË Ë ˜‡ÒÚËˆ˚ β fl˜ÂÈÍË α ‚ ÙÓÏÂ 

(10.1)

èÓÒÛÏÏËÓ‚‡‚ Û‡‚ÌÂÌËfl (10.1) ÔÓ ËÌ‰ÂÍÒ‡Ï α, β, γ ÔÓÎÛ˜ËÏ Û‡‚ÌÂÌËÂ ·‡Î‡ÌÒ‡
˝ÌÂ„ËË ‰Îfl ‚ÒÂÈ ÒËÒÚÂÏ˚ 

(10.2)

àÒÔÓÎ¸ÁÛfl ÒÓÓÚÌÓ¯ÂÌËfl (7.2), Ò‚flÁ˚‚‡˛˘ËÂ ‚ÂÍÚÓ˚ ‰ÂÙÓÏ‡ˆËË Ò ÚÂÌÁÓ‡ÏË ‰Â-
ÙÓÏ‡ˆËË (7.5) Ë ‚ÂÍÚÓ‡ÏË ÌÂ‚flÁÍË (7.4), Û‡‚ÌÂÌËÂ (10.2) ÔË‚Ó‰ËÏ Í ‚Ë‰Û 

(10.3)

Ç‚Â‰ÂÏ ‚ ‡ÒÒÏÓÚÂÌËÂ Ï‡ÒÒÓ‚Û˛ ÔÎÓÚÌÓÒÚ¸ ‚ÌÛÚÂÌÌÂÈ ˝ÌÂ„ËË 

(10.4)

íÓ„‰‡ Ò ËÒÔÓÎ¸ÁÓ‚‡ÌËÂÏ ‚˚‡ÊÂÌËÈ (6.2) ‰Îfl ÚÂÌÁÓÓ‚ Ì‡ÔflÊÂÌËÈ t, m Ë ‚˚‡ÊÂÌËÈ (6.6)

‰Îfl ‚ÂÍÚÓÓ‚ Ì‡ÔflÊÂÌËÈ , , Û‡‚ÌÂÌËÂ (10.3) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸ ‚ ÙÓÏÂ 

(10.5)

í‡ÍËÏ Ó·‡ÁÓÏ, ‰ÓÍ‡Á‡ÌÓ, ˜ÚÓ ‚‚Â‰ÂÌÌ˚Â ‚˚¯Â ‚ÂÎË˜ËÌ˚ e, k, ,  – ˝ÚÓ ËÏÂÌ-

ÌÓ ÚÂ ÏÂ˚ ‰ÂÙÓÏ‡ˆËÈ, Ì‡ ÍÓÚÓ˚ı ÒÓ‚Â¯‡˛Ú ‡·ÓÚÛ ÚÂÌÁÓ˚ Ì‡ÔflÊÂÌËÈ t, m Ë

‚ÂÍÚÓ˚ Ì‡ÔflÊÂÌËÈ , . éÚÏÂÚËÏ, ˜ÚÓ ÚÂÌÁÓ˚ ‰ÂÙÓÏ‡ˆËË (7.5) ‚ ÚÓ˜ÌÓÒÚË

ÒÓ‚Ô‡‰‡˛Ú Ò ÚÂÌÁÓ‡ÏË ‰ÂÙÓÏ‡ˆËË Ï‡ÍÓÒÍÓÔË˜ÂÒÍÓÈ ÏÓÏÂÌÚÌÓÈ ÚÂÓËË ÛÔÛ„Ó-
ÒÚË. íÓ„‰‡ ÒÓ„Î‡ÒÌÓ Û‡‚ÌÂÌË˛ ·‡Î‡ÌÒ‡ ˝ÌÂ„ËË (10.5) ÚÂÌÁÓ Ì‡ÔflÊÂÌËÈ t Ë ÚÂÌÁÓ
ÏÓÏÂÌÚÌ˚ı Ì‡ÔflÊÂÌËÈ m, ÓÔÂ‰ÂÎflÂÏ˚Â ÙÓÏÛÎ‡ÏË (6.2), ‰ÓÎÊÌ˚ ‚ ÚÓ˜ÌÓÒÚË ÒÓ‚-
Ô‡‰‡Ú¸ Ò ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÏË ‚ÂÎË˜ËÌ‡ÏË Ï‡ÍÓÒÍÓÔË˜ÂÒÍÓÈ ÏÓÏÂÌÚÌÓÈ ÚÂÓËË ÛÔÛ-
„ÓÒÚË. 

11. ëÓÓÚÌÓ¯ÂÌËfl äÓ¯Ë–ÉËÌ‡. èÓÎÛ˜ËÏ ÒÓÓÚÌÓ¯ÂÌËfl ÛÔÛ„ÓÒÚË, ËÒÔÓÎ¸ÁÛfl
˝ÌÂ„ÂÚË˜ÂÒÍËÈ ÔÓ‰ıÓ‰. èÓÒÍÓÎ¸ÍÛ ‡ÒÒÏ‡ÚË‚‡ÂÚÒfl ÛÔÛ„ÓÂ ‰ÂÙÓÏËÓ‚‡ÌËÂ ÒË-
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ÒÚÂÏ˚, ÒÓÓÚÌÓ¯ÂÌËfl äÓ¯Ë – ÉËÌ‡ ÒÓ„Î‡ÒÌÓ Û‡‚ÌÂÌË˛ ·‡Î‡ÌÒ‡ ˝ÌÂ„ËË (10.5) ËÏÂ-
˛Ú ‚Ë‰ 

(11.1)

í‡ÍËÏ Ó·‡ÁÓÏ, ‰Îfl ÔÓÎÛ˜ÂÌËfl ÒÓÓÚÌÓ¯ÂÌËÈ ÏÂÊ‰Û Ì‡ÔflÊÂÌËflÏË Ë ‰ÂÙÓÏ‡ˆËflÏË Ò
ÔÓÏÓ˘¸˛ ÙÓÏÛÎ (11.1) ÚÂ·ÛÂÚÒfl Á‡‰‡ÌËÂ ÔÎÓÚÌÓÒÚË ‚ÌÛÚÂÌÌÂÈ ˝ÌÂ„ËË Í‡Í ÙÛÌÍˆËË
ÚÂÌÁÓÓ‚ ‰ÂÙÓÏ‡ˆËË Ë ‚ÂÍÚÓÓ‚ ÌÂ‚flÁÍË. 

ùÌÂ„Ëfl ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ˜‡ÒÚËˆ˚ γ ËÒıÓ‰ÌÓÈ fl˜ÂÈÍË Ò ˜‡ÒÚËˆÂÈ β fl˜ÂÈÍË α ËÏÂÂÚ ‚Ë‰ 

(11.2)

èÓ‰ÒÚ‡‚Ë‚ ‚ ÙÓÏÛÎÛ ‰Îfl Ï‡ÒÒÓ‚ÓÈ ÔÎÓÚÌÓÒÚË ‚ÌÛÚÂÌÌÂÈ ˝ÌÂ„ËË ÒËÒÚÂÏ˚ (10.4) ‚˚‡-
ÊÂÌËÂ ‰Îfl ˝ÌÂ„ËË ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ‰‚Ûı ˜‡ÒÚËˆ (11.2) Ë ‚˚‡ÊÂÌËfl ‰Îfl ‚ÂÍÚÓÓ‚ ‰ÂÙÓ-
Ï‡ˆËË (7.2), ÔÓÎÛ˜ËÏ ‚˚‡ÊÂÌËÂ ‰Îfl ÔÎÓÚÌÓÒÚË ‚ÌÛÚÂÌÌÂÈ ˝ÌÂ„ËË ‚ ‚Ë‰Â Í‚‡‰‡ÚË˜-
ÌÓÈ ÙÓÏÂ ÚÂÌÁÓÓ‚ ‰ÂÙÓÏ‡ˆËË Ë ‚ÂÍÚÓÓ‚ ÌÂ‚flÁÍË 

(11.3)

èÓ‰ÒÚ‡‚Ë‚ ‚˚‡ÊÂÌËÂ ‰Îfl ÔÎÓÚÌÓÒÚË ‚ÌÛÚÂÌÌÂÈ ˝ÌÂ„ËË (11.3) ‚ ÒÓÓÚÌÓ¯ÂÌËfl äÓ¯Ë –
ÉËÌ‡ (11.1), ÔÓÎÛ˜ËÏ ÒÓÓÚÌÓ¯ÂÌËfl ÛÔÛ„ÓÒÚË ‚ ÌÂfl‚ÌÓÈ ÙÓÏÂ, ‚ ÚÓ˜ÌÓÒÚË ÒÓ‚Ô‡‰‡˛-
˘ËÂ Ò ÒÓÓÚÌÓ¯ÂÌËflÏË (8.2), ˜ÚÓ ÔÓ‰Ú‚ÂÊ‰‡ÂÚ ÎÓ„Ë˜ÂÒÍÛ˛ ÌÂÔÓÚË‚ÓÂ˜Ë‚ÓÒÚ¸ ÔÓÒÚÓ-
ÂÌÌÓÈ ÚÂÓËË. 

èÓ‰ÒÚ‡‚Ë‚ ‚ ÙÓÏÛÎÛ (11.3) ‚˚‡ÊÂÌËfl ‰Îfl ‚ÂÍÚÓÓ‚ ÌÂ‚flÁÍË (9.2), ÔÓÒÎÂ ÔÂÓ·‡ÁÓ-
‚‡ÌËÈ Ò Û˜ÂÚÓÏ Û‡‚ÌÂÌËÈ (8.6) ÔÓÎÛ˜ËÏ ‚˚‡ÊÂÌËÂ ‰Îfl ÔÎÓÚÌÓÒÚË ‚ÌÛÚÂÌÌÂÈ ˝ÌÂ„ËË ‚
‚Ë‰Â Í‚‡‰‡ÚË˜ÌÓÈ ÙÓÏ˚ ÚÂÌÁÓÓ‚ ‰ÂÙÓÏ‡ˆËË 

(11.4)

íÂÌÁÓ˚ ÊÂÒÚÍÓÒÚË Ë ÚÂÌÁÓ˚ Ì‡˜‡Î¸Ì˚ı Ì‡ÔflÊÂÌËÈ ÓÔÂ‰ÂÎfl˛ÚÒfl ÙÓÏÛÎ‡ÏË (9.6). 
ÇÓÒÔÓÎ¸ÁÓ‚‡‚¯ËÒ¸ ÙÓÏÛÎ‡ÏË (9.4), (9.6), ÏÓÊÌÓ ÔÓÍ‡Á‡Ú¸, ˜ÚÓ ËÏÂÂÚ ÏÂÒÚÓ ÚÓÊ‰Â-

ÒÚ‚Ó 

(11.5)

èÓ‰ÒÚ‡‚Ë‚ ‚˚‡ÊÂÌËÂ ‰Îfl ÔÎÓÚÌÓÒÚË ‚ÌÛÚÂÌÌÂÈ ˝ÌÂ„ËË (11.4) ‚ ÒÓÓÚÌÓ¯ÂÌËfl äÓ¯Ë –
ÉËÌ‡ (11.1), ÔÓÎÛ˜ËÏ ÒÓÓÚÌÓ¯ÂÌËfl ÛÔÛ„ÓÒÚË ‚ fl‚ÌÓÈ ÙÓÏÂ, ‚ ÚÓ˜ÌÓÒÚË ÒÓ‚Ô‡‰‡˛˘ËÂ
Ò ÒÓÓÚÌÓ¯ÂÌËflÏË (9.5), ˜ÚÓ Ú‡ÍÊÂ ÔÓ‰Ú‚ÂÊ‰‡ÂÚ ÎÓ„Ë˜ÂÒÍÛ˛ ÌÂÔÓÚË‚ÓÂ˜Ë‚ÓÒÚ¸ ÔÓ-
ÒÚÓÂÌÌÓÈ ÚÂÓËË. éÚÏÂÚËÏ, ˜ÚÓ ÚÂÌÁÓ˚ ‰ÂÙÓÏ‡ˆËË Â¯ÂÚÍË (7.5) ‚ ÚÓ˜ÌÓÒÚË ÒÓ‚-
Ô‡‰‡˛Ú Ò ÚÂÌÁÓ‡ÏË ‰ÂÙÓÏ‡ˆËË Ï‡ÍÓÒÍÓÔË˜ÂÒÍÓÈ ÏÓÏÂÌÚÌÓÈ ÚÂÓËË ÛÔÛ„ÓÒÚË. ëÓ-
ÓÚÌÓ¯ÂÌËfl ÛÔÛ„ÓÒÚË (9.5) Ú‡ÍÊÂ ÒÓ‚Ô‡‰‡˛Ú Ò ÒÓÓÚÌÓ¯ÂÌËflÏË ÛÔÛ„ÓÒÚË Ï‡ÍÓÒÍÓÔË-
˜ÂÒÍÓÈ ÚÂÓËË. íÓ„‰‡ ÚÂÌÁÓ Ì‡ÔflÊÂÌËÈ t Ë ÚÂÌÁÓ ÏÓÏÂÌÚÌ˚ı Ì‡ÔflÊÂÌËÈ m,
ÓÔÂ‰ÂÎflÂÏ˚Â ÙÓÏÛÎ‡ÏË (6.2), ‰ÓÎÊÌ˚ ÒÓ‚Ô‡‰‡Ú¸ Ò ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÏË ‚ÂÎË˜ËÌ‡ÏË
Ï‡ÍÓÒÍÓÔË˜ÂÒÍÓÈ ÏÓÏÂÌÚÌÓÈ ÚÂÓËË ÛÔÛ„ÓÒÚË. 
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∑
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1
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4
 ·· e k ·· C4

 ·· k+ + +( )+ +
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 ·· k kT  ·· B̃

4
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12. éÔÂ‰ÂÎÂÌËÂ ÚÂÌÁÓÓ‚ ÊÂÒÚÍÓÒÚË ‰‚Ûı‡ÚÓÏÌ˚ı ÍËÒÚ‡ÎÎË˜ÂÒÍËı Â¯ÂÚÓÍ. ê‡Ò-
ÒÏÓÚËÏ ÒÎÓÊÌÛ˛ ÍËÒÚ‡ÎÎË˜ÂÒÍÛ˛ Â¯ÂÚÍÛ, ˝ÎÂÏÂÌÚ‡Ì‡fl fl˜ÂÈÍ‡ ÍÓÚÓÓÈ ÒÓ‰ÂÊËÚ
‰‚‡ ‡ÚÓÏ‡: Ì‡ÔËÏÂ ‰‚ÛÏÂÌ‡fl ¯ÂÒÚËÛ„ÓÎ¸Ì‡fl Â¯ÂÚÍ‡, ÚÂıÏÂÌ‡fl Â¯ÂÚÍ‡ „‡ÙËÚ‡ Ë
‡ÎÏ‡Á‡, ÍÛ·Ë˜ÂÒÍ‡fl Â¯ÂÚÍ‡ NaCl Ë ‰. ÑÎfl Ú‡ÍËı Â¯ÂÚÓÍ ÒËÒÚÂÏ‡ Û‡‚ÌÂÌËÈ ‰Îfl ÓÔÂ-
‰ÂÎÂÌËfl ÚÂÌÁÓ‡ ÊÂÒÚÍÓÒÚË ÏÓÊÂÚ ·˚Ú¸ Â¯ÂÌ‡ ‚ fl‚ÌÓÏ ‚Ë‰Â. çËÊÂ Ó„‡ÌË˜ËÏÒfl ÒÎÛ˜‡-
ÂÏ, ÍÓ„‰‡ Û‡‚ÌÂÌËfl ‰Îfl ÒËÎÓ‚˚ı Ë ÏÓÏÂÌÚÌ˚ı ÚÂÌÁÓÓ‚ ÊÂÒÚÍÓÒÚË ‡Á‰ÂÎfl˛ÚÒfl, Ó‰Ì‡ÍÓ
ÏÓÊÌÓ ÔÓÍ‡Á‡Ú¸, ˜ÚÓ fl‚ÌÓÂ Â¯ÂÌËÂ ÒÛ˘ÂÒÚ‚ÛÂÚ Ë ‰Îfl Ó·˘Â„Ó ÒÎÛ˜‡fl, ÍÓ„‰‡ ËÏÂ˛ÚÒfl ÔÂ-
ÂÍÂÒÚÌ˚Â ÚÂÌÁÓ˚ ÊÂÒÚÍÓÒÚË. 

ëÓ„Î‡ÒÌÓ ÒÓÓÚÌÓ¯ÂÌËflÏ (9.4) Ë (9.6), ÔË ÓÚÒÛÚÒÚ‚ËË ÔÂÂÍÂÒÚÌ˚ı ÊÂÒÚÍÓÒÚÂÈ Ï‡Í-
ÓÒÍÓÔË˜ÂÒÍËÂ ÚÂÌÁÓ˚ ÊÂÒÚÍÓÒÚË 4A Ë 4C ‚˚˜ËÒÎfl˛ÚÒfl ÔÓ ÙÓÏÛÎ‡Ï 

(12.1)

„‰Â ÔÓÏÂÊÛÚÓ˜Ì˚Â ÔÂÂÏÂÌÌ˚Â – ÚÂÌÁÓ˚ ÌÂ‚flÁÍË  Ë , ÓÔÂ‰ÂÎfl˛ÚÒfl ‚ ÂÁÛÎ¸-

Ú‡ÚÂ Â¯ÂÌËfl ‰‚Ûı ÌÂÁ‡‚ËÒËÏ˚ı ÒËÒÚÂÏ M Û‡‚ÌÂÌËÈ 

(12.2)

Ç ‰‡ÌÌÓÏ ÒÎÛ˜‡Â M = 2, ‡ ËÌ‰ÂÍÒ˚ β Ë γ ÔËÌËÏ‡˛Ú ÁÌ‡˜ÂÌËfl 1 Ë 2. äÓÏÂ ÚÓ„Ó, ‰Îfl
ÚÂÌÁÓÓ‚ ÌÂ‚flÁÍË ‚˚ÔÓÎÌfl˛ÚÒfl ÚÓÊ‰ÂÒÚ‚‡ (9.4), Ú.Â. 

(12.3)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ËÁ ˜ÂÚ˚Âı Û‡‚ÌÂÌËÈ (12.2) ÚÓÎ¸ÍÓ ‰‚‡ ÌÂÁ‡‚ËÒËÏ˚Â, Ì‡ÔËÏÂ Û‡‚ÌÂ-
ÌËfl ÔË γ = 1. 

ëÓ‚ÏÂÒÚÌÓÂ Â¯ÂÌËÂ Û‡‚ÌÂÌËÈ (12.2) ÔË γ = 1 Ë Û‡‚ÌÂÌËÈ (12.3) ÔÓÁ‚ÓÎflÂÚ Ì‡ÈÚË
ÚÂÌÁÓ˚ ÌÂ‚flÁÍË ‚ fl‚ÌÓÏ ‚Ë‰Â 

(12.4)

‡ Ëı ÔÓ‰ÒÚ‡ÌÓ‚Í‡ ‚ ÙÓÏÛÎ˚ (12.1) ÔÓÁ‚ÓÎflÂÚ ÔÓÎÛ˜ËÚ¸ fl‚Ì˚Â ‚˚‡ÊÂÌËfl ‰Îfl ÚÂÌÁÓÓ‚
ÊÂÒÚÍÓÒÚË 

(12.5)

á‰ÂÒ¸ Ó·ÓÁÌ‡˜ÂÌÓ A–T  (A–1)T Ë ËÒÔÓÎ¸ÁÓ‚‡Ì˚ ÚÓÊ‰ÂÒÚ‚‡ 

(12.6)

13. Ç˚˜ËÒÎÂÌËÂ ÚÂÌÁÓÓ‚ ÊÂÒÚÍÓÒÚË ¯ÂÒÚËÛ„ÓÎ¸ÌÓÈ Â¯ÂÚÍË. Ç ˝ÚÓÏ ‡Á‰ÂÎÂ ‰Îfl ¯Â-
ÒÚËÛ„ÓÎ¸ÌÓÈ Â¯ÂÚÍË (‰‚ÛÏÂÌÓÈ Â¯ÂÚÍË „‡ÙËÚ‡) ‡ÒÒ˜ËÚ˚‚‡˛ÚÒfl ÚÂÌÁÓ˚ ÊÂÒÚÍÓ-
ÒÚË Ë ÓÔÂ‰ÂÎflÂÚÒfl Ò‚flÁ¸ Ï‡ÍÓÒÍÓÔË˜ÂÒÍËı ÏÓ‰ÛÎÂÈ ÛÔÛ„ÓÒÚË Ò ÊÂÒÚÍÓÒÚflÏË ÏÂÊ-
‡ÚÓÏÌ˚ı Ò‚flÁÂÈ. 

ÜÂÒÚÍÓÒÚË ÏÂÊ‡ÚÓÏÌ˚ı Ò‚flÁÂÈ. í‡Í Í‡Í ‡ÒÒÏ‡ÚË‚‡ÂÚÒfl ‰‚ÛÏÂÌ‡fl Â¯ÂÚÍ‡, ÚÓ
·Û‰ÂÏ Ò˜ËÚ‡Ú¸, ˜ÚÓ ‚ÒÂ ‡ÚÓÏ˚ ÔÂÂÏÂ˘‡˛ÚÒfl ‚ ÔÎÓÒÍÓÒÚË, ÔÂÔÂÌ‰ËÍÛÎflÌÓÈ Â‰ËÌË˜ÌÓ-
ÏÛ ‚ÂÍÚÓÛ k, ‡ ÔÓ‚ÓÓÚ˚ ÓÒÛ˘ÂÒÚ‚Îfl˛ÚÒfl ‚ÓÍÛ„ ‚ÂÍÚÓ‡ k. èÂ‰ÒÚ‡‚ËÏ ÚÂÌÁÓ˚ ÊÂÒÚ-
ÍÓÒÚË ÏÂÊ‡ÚÓÏÌ˚ı Ò‚flÁÂÈ ‚ ‚Ë‰Â 

(13.1)

ëÓ„Î‡ÒÌÓ ÔÂ‚ÓÈ ÙÓÏÛÎÂ (13.1) ÚÂÌÁÓ  ÌÂ ÒÓ‰ÂÊËÚ ÒÎ‡„‡ÂÏÓ„Ó, ÔÓÔÓˆËÓÌ‡Î¸-

ÌÓ„Ó ÚÂÌÁÓÛ  +  (ÔÂÂÍÂÒÚÌ˚È ˜ÎÂÌ), ˜ÚÓ ÒÔ‡‚Â‰ÎË‚Ó ÔË Ì‡ÎË˜ËË

A4 A4
* A4 γ

β U3 ε
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γ–[ ]
T
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β γ,
∑+ C4 γ

β F3 κ
β F3 κ

γ–[ ]
T

β γ,
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A3 γ U3 ε
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ÓÔÂ‰ÂÎÂÌÌ˚ı ÒËÏÏÂÚËÈ, ÒÛ˘ÂÒÚ‚Û˛˘Ëı Û ÏÌÓ„Ëı ÍËÒÚ‡ÎÎË˜ÂÒÍËı Â¯ÂÚÓÍ, ‚ ÚÓÏ

˜ËÒÎÂ Û ¯ÂÒÚËÛ„ÓÎ¸ÌÓÈ. èÓËÁ‚Â‰ÂÌËfl ( )2 Ë ( )2 – ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ ÔÓ-

‰ÓÎ¸Ì‡fl Ë ÔÓÔÂÂ˜Ì‡fl ÊÂÒÚÍÓÒÚ¸ ÏÂÊ‡ÚÓÏÌ˚ı Ò‚flÁÂÈ. éÚÏÂÚËÏ, ˜ÚÓ Ì‡ÎË˜ËÂ ÔÓÔÂÂ˜-
Ì˚ı ÊÂÒÚÍÓÒÚÂÈ Ò‚Ë‰ÂÚÂÎ¸ÒÚ‚ÛÂÚ Ó ÌÂˆÂÌÚ‡Î¸ÌÓÒÚË ÏÂÊ‡ÚÓÏÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl.
àÁ‚ÂÒÚÌÓ, ˜ÚÓ ÌÂˆÂÌÚ‡Î¸ÌÓÂ ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËÂ ËÏÂÂÚ ÏÂÒÚÓ ÚÓÎ¸ÍÓ ‚ ÏÓÏÂÌÚÌ˚ı ÚÂÓ-
Ëflı [15]. 

èÓ‰ÒÚ‡ÌÓ‚Í‡ ‚˚‡ÊÂÌËÈ (13.1) ‚ ÒÓÓÚÌÓ¯ÂÌËfl (8.3) ÔË‚Ó‰ËÚ Í ÒÎÂ‰Û˛˘ËÏ ‚˚‡ÊÂ-
ÌËflÏ ‰Îfl ÚÂÌÁÓÓ‚ ÊÂÒÚÍÓÒÚË: 

(13.2)

Ç ÒËÎÛ ÔÓÒÎÂ‰ÌÂÈ ÙÓÏÛÎ˚ (13.1) ÒÔ‡‚Â‰ÎË‚Ó ÚÓÊ‰ÂÒÚ‚Ó 

(13.3)

„‰Â E – ‰‚ÛÏÂÌ˚È Â‰ËÌË˜Ì˚È ÚÂÌÁÓ. íÓÊ‰ÂÒÚ‚Ó (13.3) ÔÓÁ‚ÓÎflÂÚ ËÒÍÎ˛˜ËÚ¸ ‚ÂÍÚÓ˚

 ËÁ ÙÓÏÛÎ (13.2). 

éÚÏÂÚËÏ, ˜ÚÓ ÔÓÎÛ˜ÂÌÌ˚Â ÙÓÏÛÎ˚ ‰Îfl ÚÂÌÁÓÓ‚ ÊÂÒÚÍÓÒÚÂÈ ÒÔ‡‚Â‰ÎË‚˚ ÔË Î˛-
·ÓÏ ˜ËÒÎÂ ‡ÚÓÏÓ‚, ‚ıÓ‰fl˘Ëı ‚ ˝ÎÂÏÂÌÚ‡ÌÛ˛ fl˜ÂÈÍÛ. 

àÒÔÓÎ¸ÁÓ‚‡ÌËÂ ÒËÏÏÂÚËË ÍËÒÚ‡ÎÎË˜ÂÒÍÓÈ Â¯ÂÚÍË. Ç˚˜ËÒÎÂÌËÂ ÚÂÌÁÓÓ‚ ÊÂÒÚ-
ÍÓÒÚË ÒËÎ¸ÌÓ ÛÔÓ˘‡ÂÚÒfl ÔË ËÒÔÓÎ¸ÁÓ‚‡ÌËË ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓÈ ÒËÏÏÂÚËË. òÂÒÚË-
Û„ÓÎ¸Ì‡fl Â¯ÂÚÍ‡ ÓÚÌÓÒËÚÂÎ¸ÌÓ Í‡Ê‰Ó„Ó ÛÁÎ‡ Ó·Î‡‰‡ÂÚ ÒËÏÏÂÚËÂÈ ÚÂÚ¸Â„Ó ÔÓfl‰Í‡
(ÒËÏÏÂÚËÂÈ ÓÚÌÓÒËÚÂÎ¸ÌÓ ÔÓ‚ÓÓÚ‡ Ì‡ Û„ÓÎ 2π/3), ˝ÚËÏ ÊÂ Ò‚ÓÈÒÚ‚ÓÏ ‰ÓÎÊÌ˚ Ó·Î‡‰‡Ú¸
ÔÓÏÂÊÛÚÓ˜Ì˚Â ÚÂÌÁÓ˚ ÊÂÒÚÍÓÒÚË, Ò‚flÁ‡ÌÌ˚Â Ò ÛÁÎ‡ÏË Â¯ÂÚÍË. ÑÎfl ÚÂÌÁÓÓ‚ 1-„Ó,
2-„Ó Ë 4-„Ó ‡Ì„Ó‚ ˝ÚÓ ÔË‚Ó‰ËÚ Í ËÁÓÚÓÔËË ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Ëı ÚÂÌÁÓÓ‚. ÑÎfl ÚÂÌÁÓ‡ 1-„Ó
‡Ì„‡ (‚ÂÍÚÓ‡) ˝ÚÓ ÓÁÌ‡˜‡ÂÚ, ˜ÚÓ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÈ ÚÂÌÁÓ ‰ÓÎÊÂÌ ·˚Ú¸ ÌÛÎÂ‚˚Ï, ‰Îfl
2-„Ó ‡Ì„‡ – ¯‡Ó‚˚Ï. àÒÔÓÎ¸ÁÓ‚‡ÌËÂ ÛÍ‡Á‡ÌÌ˚ı ÒÓÓ·‡ÊÂÌËÈ ÔÓÁ‚ÓÎflÂÚ ÔÓÎÛ˜ËÚ¸
ÛÔÓ˘ÂÌÌ˚Â ÙÓÏÛÎ˚ ‰Îfl ÚÂÌÁÓÓ‚ ÊÂÒÚÍÓÒÚË (13.2) 

(13.4)

„‰Â i, j, k – ‚ÂÍÚÓ˚, Ó·‡ÁÛ˛˘ËÂ ÓÚÓÌÓÏËÓ‚‡ÌÌ˚È ·‡ÁËÒ. èË ‚˚‚Ó‰Â ÙÓÏÛÎ (13.4)
ËÒÔÓÎ¸ÁÓ‚‡ÌÓ ÚÓÊ‰ÂÒÚ‚Ó A = (trA/2)E, ‚˚ÔÓÎÌfl˛˘ÂÂÒfl ‰Îfl Î˛·Ó„Ó ¯‡Ó‚Ó„Ó ÚÂÌÁÓ‡, ‡
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Ú‡ÍÊÂ ÚÓÊ‰ÂÒÚ‚Ó (13.3). ë Û˜ÂÚÓÏ ÔÓÎÛ˜ÂÌÌ˚ı ÙÓÏÛÎ ÒÓÓÚÌÓ¯ÂÌËfl ÛÔÛ„ÓÒÚË (12.5)
ÔÂ‰ÒÚ‡‚ËÏ ‚ ‚Ë‰Â 

éÔÂ‰ÂÎÂÌËÂ ÍÓÏÔÓÌÂÌÚ ÚÂÌÁÓ‡ ÊÂÒÚÍÓÒÚË. êÂÁÛÎ¸ÚËÛ˛˘ËÂ ÚÂÌÁÓ˚ ÊÂÒÚÍÓÒÚË
4Ä, 4Ä* ‰Îfl ¯ÂÒÚËÛ„ÓÎ¸ÌÓÈ Â¯ÂÚÍË ‰ÓÎÊÌ˚ Ó·Î‡‰‡Ú¸ ÒËÏÏÂÚËÂÈ 6-„Ó ÔÓfl‰Í‡, ‡ ˝ÚÓ
‚ÓÁÏÓÊÌÓ ÚÓÎ¸ÍÓ ‚ ÒÎÛ˜‡Â Ëı ËÁÓÚÓÔËË. èÓËÁ‚ÓÎ¸Ì˚È ËÁÓÚÓÔÌ˚È ÚÂÌÁÓ 4-„Ó ‡Ì„‡
ÏÓÊÂÚ ·˚Ú¸ ÔÂ‰ÒÚ‡‚ÎÂÌ ‚ ‚Ë‰Â ÎËÌÂÈÌÓÈ ÍÓÏ·ËÌ‡ˆËË ÚÂı ÚÂÌÁÓÓ‚ [16] 

„‰Â Âk – ‚ÂÍÚÓ˚ ÌÂÍÓÚÓÓ„Ó ÓÚÓÌÓÏËÓ‚‡ÌÌÓ„Ó ·‡ÁËÒ‡; ‚ ÙÓÏÛÎÂ (13.6) ËÒÔÓÎ¸ÁÛÂÚ-
Òfl ÒÛÏÏËÓ‚‡ÌËÂ ÔÓ ÔÓ‚ÚÓfl˛˘ÂÏÛÒfl ËÌ‰ÂÍÒÛ. äÓ˝ÙÙËˆËÂÌÚ˚ Ak ‚ ‰‚ÛÏÂÌÓÏ ÒÎÛ˜‡Â
ÏÓ„ÛÚ ·˚Ú¸ ‚˚˜ËÒÎÂÌ˚ ÔÓ ÙÓÏÛÎ‡Ï 

„‰Â ÒËÏ‚ÓÎ � ÓÁÌ‡˜‡ÂÚ Ò‚ÂÚÍÛ ÚÂÌÁÓÓ‚: A � B = AknpqBqpnk. àÌ˚ÏË ÒÎÓ‚‡ÏË, ‚ÂÎË˜Ë-
Ì˚ Ak ÔÂ‰ÒÚ‡‚Îfl˛Ú ÒÓ·ÓÈ Ò‚ÂÚÍË ÚÂÌÁÓ‡ A ÔÓ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÏ Ô‡‡Ï ‚ÂÍÚÓÓ‚; Ì‡-
ÔËÏÂ 

èÂÂÈ‰ÂÏ Í ‚˚˜ËÒÎÂÌË˛ ÚÂÌÁÓ‡ 4A (ÒÏ. ÙÓÏÛÎÛ (13.5)). àÏÂÂÏ

(13.8)

Ç˚˜ËÒÎÂÌËÂ ÍÓÏÔÓÌÂÌÚ ‡ÁÎÓÊÂÌËfl ÚÂÌÁÓ‡ 4A* (13.4) ‰‡ÂÚ

(13.9)

ÇÚÓÓÂ ÒÎ‡„‡ÂÏÓÂ ‚ ÔÂ‚ÓÈ ÙÓÏÛÎÂ (13.8) ÔÓÔÓˆËÓÌ‡Î¸ÌÓ ÚÂÌÁÓÛ 4-„Ó ‡Ì„‡,
ÔÂ‰ÒÚ‡‚Îfl˛˘Â„Ó ÒÓ·ÓÈ ÔÓËÁ‚Â‰ÂÌËÂ ‰‚Ûı ÚÂÌÁÓÓ‚ 3-„Ó ‡Ì„‡. ÑÎfl ÚÂÌÁÓÓ‚ 3-„Ó ‡Ì-
„‡ ÒËÏÏÂÚËfl ÚÂÚ¸Â„Ó ÔÓfl‰Í‡ ÌÂ ÔË‚Ó‰ËÚ Í ËÁÓÚÓÔËË, Ó‰Ì‡ÍÓ Ëı ÔÓËÁ‚Â‰ÂÌËÂ, fl‚Îfl-
˛˘ÂÂÒfl ÚÂÌÁÓÓÏ 4-„Ó ‡Ì„‡, Ó·flÁ‡ÌÓ ·˚Ú¸ ËÁÓÚÓÔÌ˚Ï, ˜ÚÓ ÔÓÁ‚ÓÎflÂÚ ‰Îfl ÚÂÌÁÓ‡ 4Q

ËÒÔÓÎ¸ÁÓ‚‡Ú¸ ‡ÁÎÓÊÂÌËÂ (13.6), (13.7). ÇË‰ÌÓ, ˜ÚÓ E ··  ≡ 0 (ÔÓËÁ‚Â‰ÂÌËÂ fl‚ÎflÂÚÒfl

‚ÂÍÚÓÓÏ, ÍÓÚÓ˚È ‚ ÒËÎÛ ÒËÏÏÂÚËË ÚÂÚ¸Â„Ó ÔÓfl‰Í‡ ‰ÓÎÊÂÌ ·˚Ú¸ ÌÛÎÂ‚˚Ï), ‡ ÒÎÂ‰Ó-
‚‡ÚÂÎ¸ÌÓ, ‚˚ÔÓÎÌflÂÚÒfl ‡‚ÂÌÒÚ‚Ó 

(13.10)

ÑÎfl ‚˚˜ËÒÎÂÌËfl ÓÒÚ‡Î¸Ì˚ı ÍÓ˝ÙÙËˆËÂÌÚÓ‚ ‚ÓÒÔÓÎ¸ÁÛÂÏÒfl ÔÂ‰ÒÚ‡‚ÎÂÌËÂÏ (13.4) ‰Îfl

ÚÂÌÁÓ‡ , ˜ÚÓ ÔÓÁ‚ÓÎflÂÚ Á‡ÔËÒ‡Ú¸ ÚÂÌÁÓ 4Q ‚ ‚Ë‰Â 

(13.11)

A4 A4
* 4

trA2
1

----------– A3 1
2( ) A3 1

2( )
T
, C4⋅ C4

*= =

A A1J1 A2J2 A3J3; J1+ + ekekenen, J2 ekenenek, J3 ekeneken= = = =def def def def

Ak
1
8
--- 4Ak An

n 1=

3

∑–
 
 
 

, Ak A � Jk= =def

A1 Akknn

k n, 1=

3

∑ E ·· A ·· E= =

A4 A4
*

4

trA2
1

---------- Q4
, Q4

– A3 1
2( ) A3 1

2( )
T

⋅= =
def

A1* A3*
1

16V*
------------- Aαβ

γ Dαβ
γ–( ) aαβ

γ( )
4
, A2*

α β γ, ,
∑ 1

16V*
------------- Aαβ

γ 3Dαβ
γ+( ) aαβ

γ( )
4

α β γ, ,
∑= = =

A3 1
2

Q1 E ·· Q4
 ·· E E ·· A3 1

2( )
2

0= = =

A3 1
2

Q4 1

4V*
2

---------- Aµ Dµ–( ) Aν Dν–( )aµaµaµ
µ ν,
∑ aνaνaν⋅=
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„‰Â Ó·ÓÁÌ‡˜ÂÌÓ 

íÓ„‰‡, ËÒÔÓÎ¸ÁÛfl ÙÓÏÛÎ˚ (13.7) ‰Îfl ÍÓÏÔÓÌÂÌÚ ÚÂÌÁÓ‡ 4Q, ÔÓÎÛ˜ËÏ 

(13.12)

èÓ‰ÒÚ‡‚Îflfl ‚˚‡ÊÂÌËfl (13.9), (13.12) ‚ ÒÓÓÚÌÓ¯ÂÌËfl ÛÔÛ„ÓÒÚË (13.5), Á‡ÍÎ˛˜‡ÂÏ, ˜ÚÓ
ÚÂÌÁÓ ÊÂÒÚÍÓÒÚË ÒËÎÓ‚Ó„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl 4A ËÏÂÂÚ ‚Ë‰ 

(13.13)

äÓ˝ÙÙËˆËÂÌÚ˚ Ak ÓÔÂ‰ÂÎfl˛ÚÒfl ÙÓÏÛÎ‡ÏË 

(13.14)

íÂÌÁÓ˚ Jk ‚ ‰‚ÛÏÂÌÓÏ ÒÎÛ˜‡Â ËÏÂ˛Ú ‚Ë‰ 

(13.15)

˜ÚÓ ÔÓÁ‚ÓÎflÂÚ ‚˚‡ÁËÚ¸ ÔÓÂÍˆËË ÚÂÌÁÓ‡ 4A ‚ ÓÚÓÌÓÏËÓ‚‡ÌÌÓÏ ·‡ÁËÒÂ (ÍÓ˝ÙÙË-
ˆËÂÌÚ˚ ÊÂÒÚÍÓÒÚË ÛÔÛ„ÓÈ ÒÂ‰˚) ˜ÂÂÁ ÍÓ˝ÙÙËˆËÂÌÚ˚ Ak ÒÎÂ‰Û˛˘ËÏ Ó·‡ÁÓÏ:

(13.16)

äÓ˝ÙÙËˆËÂÌÚ Ó·˙ÂÏÌÓ„Ó ÒÊ‡ÚËfl K, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÈ ÚÂÌÁÓÛ Ä, ‚ ‰‚ÛÏÂÌÓÏ ÒÎÛ-
˜‡Â ÏÓÊÂÚ ·˚Ú¸ ÓÔÂ‰ÂÎÂÌ ÔÓ Ó‰ÌÓÈ ËÁ ÒÎÂ‰Û˛˘Ëı ÙÓÏÛÎ: 

(13.17)

˜ÚÓ ‰‡ÂÚ ÁÌ‡˜ÂÌËÂ 

(13.18)

ä‡Í Ë ÒÎÂ‰Ó‚‡ÎÓ ÓÊË‰‡Ú¸, ÍÓ˝ÙÙËˆËÂÌÚ Ó·˙ÂÏÌÓ„Ó ÒÊ‡ÚËfl Á‡‚ËÒËÚ ÚÓÎ¸ÍÓ ÓÚ ÍÓ˝ÙÙË-

ˆËÂÌÚÓ‚  (ı‡‡ÍÚÂËÁÛ˛˘Ëı ÔÓ‰ÓÎ¸ÌÛ˛ ÊÂÒÚÍÓÒÚ¸ Ò‚flÁË) Ë ÌÂ Á‡‚ËÒËÚ ÓÚ ÍÓ˝ÙÙË-

ˆËÂÌÚÓ‚  (ı‡‡ÍÚÂËÁÛ˛˘Ëı ÔÓÔÂÂ˜ÌÛ˛ ÊÂÒÚÍÓÒÚ¸). 

Aµ A
µ2
1 , Dµ D

µ2
1 , aµ a

µ2
1= = =

Q1– Q2 Q3
1

16V*
2

------------- Aµ Dµ–( ) Aν Dν–( ) aµ aν⋅( )3

µ ν,
∑= = =

A A1J1 A2J2 A3J3+ +=

A1 3,
1

16V*
------------- Aαβ

γ Dαβ
γ–( ) aαβ

γ( )
4

α β γ, ,
∑ 8R±=

A2
1

16V*
------------- Aαβ

γ 3Dαβ
γ+( ) aαβ

γ( )
4

α β γ, ,
∑ 8R–=

R

Aµ Dµ–( ) Aν Dν–( ) aµ aν⋅( )3

µ ν,
∑

Aα Dα+( ) aα( )2

α

 

∑
-------------------------------------------------------------------------------=

J1 ekekenen iiii jjjj iijj jjii+ + + EE= = =

J2 ekenenek iiii jjjj ijji jiij+ + += = iEi jEj+=

J3 ekeneken iiii jjjj ijij jiji+ + += =

A1111 A2222 A1 A2 A3, A1122+ + A2211 A1,= = = =

A1221 A2112 A2, A1212 A2121 A3= = = =

4K E··A··E A1 2 2A1 A2 A3+ +( ) A1111 A2222 A1122 A2211+ + += = = =

K
1

8V*
---------- Aαβ

γ aαβ
γ( )

4

α β γ, ,
∑=

Aαβ
γ

Dαβ
γ
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ÇÁ‡ËÏÓ‰ÂÈÒÚ‚ËÂ ·ÎËÊ‡È¯Ëı ÒÓÒÂ‰ÂÈ. ê‡ÒÒÏÓÚËÏ ¯ÂÒÚËÛ„ÓÎ¸ÌÛ˛ Â¯ÂÚÍÛ Ò ‚Á‡ËÏÓ-
‰ÂÈÒÚ‚ËÂÏ ·ÎËÊ‡È¯Ëı ÒÓÒÂ‰ÂÈ. íÓ„‰‡ ‚ÒÂ ÌÂÌÛÎÂ‚˚Â ÍÓ˝ÙÙËˆËÂÌÚ˚ ÊÂÒÚÍÓÒÚË ÏÂÊ-
‡ÚÓÏÌ˚ı Ò‚flÁÂÈ ‡‚Ì˚ ÏÂÊ‰Û ÒÓ·ÓÈ, ˜ÚÓ ÔÓÁ‚ÓÎflÂÚ Ó·ÓÁÌ‡˜ËÚ¸ 

(13.19)

ê‡ÒÒÚÓflÌËÂ ÏÂÊ‰Û ·ÎËÊ‡È¯ËÏË ÒÓÒÂ‰flÏË Ó·ÓÁÌ‡˜ËÏ a, ÚÓ„‰‡ Ó·˙ÂÏ ˝ÎÂÏÂÌÚ‡ÌÓÈ fl˜ÂÈ-
ÍË ‡‚ÂÌ 

(13.20)

ä‡Ê‰˚È ‡ÚÓÏ ËÏÂÂÚ ÚË ·ÎËÊ‡È¯Ëı ÒÓÒÂ‰‡, ‡ ˝ÎÂÏÂÌÚ‡Ì‡fl fl˜ÂÈÍ‡ ÒÓ‰ÂÊËÚ ‰‚‡ ‡ÚÓÏ‡;

ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ‚ ÙÓÏÛÎ‡ı (13.14) ÒÛÏÏ˚  ÒÓ‰ÂÊËÚ ÔÓ ¯ÂÒÚ¸ ÒÎ‡„‡ÂÏ˚ı, ‡ ÒÛÏÏ˚

 – ÔÓ ÚË ÒÎ‡„‡ÂÏ˚ı. íÓ„‰‡ 

(13.21)

èÓ‰ÒÚ‡ÌÓ‚Í‡ ‚˚‡ÊÂÌËÈ (13.19)–(13.21) ‚ ÙÓÏÛÎ˚ (13.14) ‰‡ÂÚ 

(13.22)

äÓ˝ÙÙËˆËÂÌÚ Ó·˙ÂÏÌÓ„Ó ÒÊ‡ÚËfl, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÈ ÚÂÌÁÓÛ Ä, ‡‚ÂÌ 

(13.23)

ÑÎfl ÏÓÏÂÌÚÌÓ„Ó ÚÂÌÁÓ‡ ÊÂÒÚÍÓÒÚË 4C ÔË ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËË ·ÎËÊ‡È¯Ëı ÒÓÒÂ‰ÂÈ ËÁ ÒÓ-
ÓÚÌÓ¯ÂÌËÈ (13.4), (13.5) ÔÓÎÛ˜‡ÂÏ 

(13.24)

Ç ·ÂÁÏÓÏÂÌÚÌÓÏ ÒÎÛ˜‡Â (D = 0) ÙÓÏÛÎ˚ (13.22) ÔËÌËÏ‡˛Ú ‚Ë‰ 

(13.25)

í‡ÍËÏ Ó·‡ÁÓÏ, ‚ ·ÂÁÏÓÏÂÌÚÌÓÏ ÒÎÛ˜‡Â ÚÂÌÁÓ ÊÂÒÚÍÓÒÚË ¯ÂÒÚËÛ„ÓÎ¸ÌÓÈ Â¯ÂÚÍË, ‚
ÍÓÚÓÓÈ ‚Á‡ËÏÓ‰ÂÈÒÚ‚Û˛Ú ÚÓÎ¸ÍÓ ·ÎËÊ‡È¯ËÂ ÒÓÒÂ‰Ë, ËÏÂÂÚ ÚÓÎ¸ÍÓ ¯‡Ó‚Û˛ ˜‡ÒÚ¸: 

(13.26)

‡ ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, Ú‡Í‡fl Â¯ÂÚÍ‡ ÌÂ ÏÓÊÂÚ ÒÓÔÓÚË‚ÎflÚ¸Òfl Ò‰‚Ë„Ó‚ÓÈ Ì‡„ÛÁÍÂ. 
èÂÂıÓ‰ Í ·ÂÁÏÓÏÂÌÚÌÓÈ ÚÂÓËË ÛÔÛ„ÓÒÚË. Ç ‡ÏÍ‡ı ·ÂÁÏÓÏÂÌÚÌÓÈ ÚÂÓËË ÛÔÛ„Ó-

ÒÚË ÚÂÌÁÓ˚ Ì‡ÔflÊÂÌËÈ Ë ‰ÂÙÓÏ‡ˆËÈ ÒËÏÏÂÚË˜Ì˚, ˜ÚÓ ÔÓÁ‚ÓÎflÂÚ ËÁ ÒÓÓÚÌÓ¯ÂÌËÈ
ÛÔÛ„ÓÒÚË ÓÔÂ‰ÂÎËÚ¸ ÏÓ‰ÛÎ¸ A1 Ë ÒÛÏÏÛ ÏÓ‰ÛÎÂÈ A2 + A3. çËÍ‡ÍÓÈ ÙËÁË˜ÂÒÍËÈ ˝ÍÒÔÂË-
ÏÂÌÚ, Ó·‡·ÓÚÍ‡ ÂÁÛÎ¸Ú‡ÚÓ‚ ÍÓÚÓÓ„Ó ÔÓ‚Ó‰ËÚÒfl ‚ ‡ÏÍ‡ı ·ÂÁÏÓÏÂÌÚÌÓÈ ÚÂÓËË ÛÔÛ-
„ÓÒÚË, ÌÂ ÔÓÁ‚ÓÎËÚ Ì‡ÈÚË ÔÓ ÓÚ‰ÂÎ¸ÌÓÒÚË ÏÓ‰ÛÎË A2 Ë A3. Ä Ú‡Í Í‡Í ÔÓ‰‡‚Îfl˛˘ÂÂ ·ÓÎ¸-
¯ËÌÒÚ‚Ó ˝ÍÒÔÂËÏÂÌÚÓ‚ Ó·‡·‡Ú˚‚‡ÂÚÒfl ËÏÂÌÌÓ Ú‡ÍËÏ Ó·‡ÁÓÏ, ÚÓ ÓÒÌÓ‚ÌÓÈ ËÌÚÂÂÒ
ÔÂ‰ÒÚ‡‚Îfl˛Ú ÏÓ‰ÛÎË 

(13.27)

Aαβ
γ Aα A, Dαβ

γ Dα D, Cαβ
γ C= = = = =

V*
3 3

2
----------a2=

α β γ, ,
∑

α
∑

aµ aν⋅( )3

µ ν,
∑ 9

4
---a6=

A1
3

6
-------a2A

A D–
A D+
--------------, A2

3
6

-------a2D
3A D+
A D+

------------------, A3
3

6
-------a2D

A D–
A D+
--------------= = =

K
1
2
--- 2A1 A2 A3+ +( ) 3

6
-------a2A= =

C4
3C ikki jkkj+( )=

A1
3

6
-------a2A, A2 A3 0= = =

A A1EE KEE+=

A1
3

6
-------a2A

A D–
A D+
--------------, A2 A3+ 2

3
3

-------a2 AD
A D+
--------------= =
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ä‡Í ËÁ‚ÂÒÚÌÓ, ‚ ·ÂÁÏÓÏÂÌÚÌÓÈ ÚÂÓËË ÛÔÛ„ÓÒÚË ÏÓÊÂÚ ÒÛ˘ÂÒÚ‚Ó‚‡Ú¸ ÚÓÎ¸ÍÓ ‰‚‡ ÌÂ-
Á‡‚ËÒËÏ˚ı ÏÓ‰ÛÎfl ÛÔÛ„ÓÒÚË, ‚ Í‡˜ÂÒÚ‚Â ÍÓÚÓ˚ı ÏÓ„ÛÚ ·˚Ú¸ ‚˚·‡Ì˚ ÏÓ‰ÛÎË (13.27).
ÖÒÎË ‰Îfl ‡ÒÒÏ‡ÚË‚‡ÂÏÓ„Ó Ï‡ÚÂË‡Î‡ ÁÌ‡˜ÂÌËfl ÛÍ‡Á‡ÌÌ˚ı ÏÓ‰ÛÎÂÈ ËÁ‚ÂÒÚÌ˚, ÚÓ ÔË
ËÁ‚ÂÒÚÌÓÏ ÏÂÊ‡ÚÓÏÌÓÏ ‡ÒÒÚÓflÌËË a ÙÓÏÛÎ˚ (13.27) ÔÓÁ‚ÓÎfl˛Ú ÓÔÂ‰ÂÎËÚ¸ ÏËÍÓ-
ÒÍÓÔË˜ÂÒÍËÂ ı‡‡ÍÚÂËÒÚËÍË ÏÂÊ‡ÚÓÏÌ˚ı Ò‚flÁÂÈ – ÍÓ˝ÙÙËˆËÂÌÚ˚ A Ë D. í‡ÍËÏ Ó·‡-
ÁÓÏ, ·ÂÁÏÓÏÂÌÚÌ˚Â Ï‡ÍÓÒÍÓÔË˜ÂÒÍËÂ ı‡‡ÍÚÂËÒÚËÍË Ï‡ÚÂË‡Î‡ ÔÓÁ‚ÓÎfl˛Ú ÓÔÂ‰Â-
ÎËÚ¸ ÌÂ ÚÓÎ¸ÍÓ ˜ËÒÚÓ ÒËÎÓ‚Û˛ ı‡‡ÍÚÂËÒÚËÍÛ ÏÂÊ‡ÚÓÏÌÓÈ Ò‚flÁË A, ÌÓ Ë ÍÓ˝ÙÙËˆË-
ÂÌÚ D, ı‡‡ÍÚÂËÁÛ˛˘ËÈ ÔÓÔÂÂ˜ÌÛ˛ ÊÂÒÚÍÓÒÚ¸ ÏÂÊ‡ÚÓÏÌÓÈ Ò‚flÁË Ë ÔËÒÛÚÒÚ‚Û˛˘ËÈ
ÚÓÎ¸ÍÓ ÔË Ì‡ÎË˜ËË ÏÓÏÂÌÚÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl Ì‡ ÏÂÊ‡ÚÓÏÌÓÏ ÛÓ‚ÌÂ. 

èË‚Â‰ÂÏ ÙÓÏÛÎ˚ Ò‚flÁË ÏÓ‰ÛÎÂÈ (13.27) Ò ÍÓ˝ÙÙËˆËÂÌÚ‡ÏË ÊÂÒÚÍÓÒÚË ÛÔÛ„ÓÈ
ÒÂ‰˚ 

(13.28)

ÏÓ‰ÛÎÂÏ Ò‰‚Ë„‡ G, ÏÓ‰ÛÎÂÏ ûÌ„‡ E Ë ÍÓ˝ÙÙËˆËÂÌÚÓÏ èÛ‡ÒÒÓÌ‡ ν 

(13.29)

àÁ ÙÓÏÛÎ (13.27), (13.28) ÌÂÒÎÓÊÌÓ ÔÓÎÛ˜ËÚ¸ ÙÓÏÛÎ˚ ‰Îfl ÍÓ˝ÙÙËˆËÂÌÚÓ‚ ÏÂÊ-
‡ÚÓÏÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl 

(13.30)

Ç Í‡˜ÂÒÚ‚Â ÔËÏÂ‡ ‡ÒÒÏÓÚËÏ ÍËÒÚ‡ÎÎË˜ÂÒÍÛ˛ Â¯ÂÚÍÛ „‡ÙËÚ‡. ÑÎfl ÌÂÂ [17, 18] 

(13.31)

„‰Â h – ‡ÒÒÚÓflÌËÂ ÏÂÊ‰Û „‡ÙÂÌÓ‚˚ÏË ÔÎÓÒÍÓÒÚflÏË ‚ ÍËÒÚ‡ÎÎ‡ı „‡ÙËÚ‡. ç‡ÔÓÏÌËÏ,
˜ÚÓ ÍÓ˝ÙÙËˆËÂÌÚ˚ ÊÂÒÚÍÓÒÚË (13.29)–(13.31) ÒÓÓÚ‚ÂÚÒÚ‚Û˛Ú ‰‚ÛÏÂÌÓÈ ÚÂÓËË, Ú.Â. ËÁ-
ÏÂfl˛ÚÒfl ‚ ç/Ï, ‚ ÚÓ ‚ÂÏfl Í‡Í ˝ÍÒÔÂËÏÂÌÚ‡Î¸ÌÓ ÓÔÂ‰ÂÎÂÌÌ˚Â ÁÌ‡˜ÂÌËfl ÊÂÒÚÍÓÒÚÂÈ
„‡ÙËÚ‡ ÒÓÓÚ‚ÂÚÒÚ‚Û˛Ú ÚÂıÏÂÌÓÈ ÚÂÓËË, ‡ ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ËÁÏÂfl˛ÚÒfl ‚ è‡ = ç/Ï2.
ê‡ÒÒÚÓflÌËÂ h – ÍÓ˝ÙÙËˆËÂÌÚ ÔÓÔÓˆËÓÌ‡Î¸ÌÓÒÚË ÏÂÊ‰Û ‰‚ÛÏÂÌ˚ÏË Ë ÚÂıÏÂÌ˚ÏË
ÏÓ‰ÛÎflÏË ÛÔÛ„ÓÒÚË (Ú‡Í Í‡Í Ó·˙ÂÏ ÚÂıÏÂÌÓÈ ˝ÎÂÏÂÌÚ‡ÌÓÈ fl˜ÂÈÍË ÍËÒÚ‡ÎÎ‡ „‡-
ÙËÚ‡ ‡‚ÂÌ ÔÓËÁ‚Â‰ÂÌË˛ h Ì‡ Ó·˙ÂÏ ‰‚ÛÏÂÌÓÈ ˝ÎÂÏÂÌÚ‡ÌÓÈ fl˜ÂÈÍË „‡ÙÂÌÓ‚Ó„Ó
ÒÎÓfl). 

àÁ ÙÓÏÛÎ (13.28) ÔÓÎÛ˜‡ÂÏ ÁÌ‡˜ÂÌËfl ÏÓ‰ÛÎÂÈ ÛÔÛ„ÓÒÚË ‰Îfl „‡ÙËÚ‡ 

(13.32)

‡ ËÁ ÙÓÏÛÎ (13.30) ÒÎÂ‰Û˛Ú ÁÌ‡˜ÂÌËfl ÊÂÒÚÍÓÒÚÂÈ ÏÂÊ‡ÚÓÏÌ˚ı Ò‚flÁÂÈ ‚ ÍËÒÚ‡ÎÎ‡ı
„‡ÙËÚ‡ 

(13.33)

éÚÏÂÚËÏ, ˜ÚÓ ËÏÂÌÌÓ ‚ÂÎË˜ËÌ˚ Aa2 Ë Da2, ‡ ÌÂ ÍÓ˝ÙÙËˆËÂÌÚ˚ A Ë D, ËÏÂ˛Ú ÙËÁË˜Â-
ÒÍËÈ ÒÏ˚ÒÎ Ë fl‚Îfl˛ÚÒfl ÊÂÒÚÍÓÒÚflÏË ÏÂÊ‡ÚÓÏÌ˚ı Ò‚flÁÂÈ. ëÓ„Î‡ÒÌÓ ÔÓÎÛ˜ÂÌÌ˚Ï ÁÌ‡˜Â-
ÌËflÏ (13.33) ÓÚÌÓ¯ÂÌËÂ ÔÓÔÂÂ˜ÌÓÈ ÊÂÒÚÍÓÒÚË Í ÔÓ‰ÓÎ¸ÌÓÈ ‰Îfl Ò‚flÁË ‡ÚÓÏÓ‚ Û„ÎÂÓ‰‡
‚ ÍËÒÚ‡ÎÎ‡ı „‡ÙËÚ‡ ‡‚ÌÓ 

í‡ÍËÏ Ó·‡ÁÓÏ, ÔÓÔÂÂ˜Ì‡fl ÊÂÒÚÍÓÒÚ¸ ÍÓ‚‡ÎÂÌÚÌÓÈ Ò‚flÁË Ò‡‚ÌËÏ‡ Ò ÔÓ‰ÓÎ¸ÌÓÈ ÊÂÒÚ-
ÍÓÒÚ¸˛ Ë Û˜ÂÚ ÂÂ ÌÂÓ·ıÓ‰ËÏ ‰Îfl ‡Ò˜ÂÚ‡ ÍÓ‚‡ÎÂÌÚÌ˚ı ÍËÒÚ‡ÎÎÓ‚. 

A1111 A2222 A1 A2 A3, A1122+ + A2211 A1= = = =

G A1212 A2 A3, E+
A1 A2 A3+ +( )2 A1

2–

A1 A2 A3+ +
---------------------------------------------------, ν

A1

A1 A2 A3+ +
-------------------------------= = = =

A
3

a2
------- A1111 A1122+( ), D

3

a2
-------

A1111
2 A1122

2–

A1111 3A1122+
----------------------------------= =

A1111/h 1060 Éè‡, A1122/h 180 Éè‡; a 0.142 ÌÏ, h 0.34 ÌÏ= = = =

A1 61.2 ç/Ï, A2 A3+ 299 ç/Ï= =

Aa2 730 ç/Ï, Da2 402 ç/Ï= =

D/A 0.55=
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14. éÒÌÓ‚Ì˚Â ÂÁÛÎ¸Ú‡Ú˚ Ë ‚˚‚Ó‰˚. èÂ‰ÎÓÊÂÌ‡ ‰ËÒÍÂÚÌ‡fl ÏÂı‡ÌË˜ÂÒÍ‡fl ÏÓ‰ÂÎ¸
ÒÎÓÊÌÓÈ ÍËÒÚ‡ÎÎË˜ÂÒÍÓÈ Â¯ÂÚÍË, ‡ÚÓÏ˚ ÍÓÚÓÓÈ ÓÚÓÊ‰ÂÒÚ‚Îfl˛ÚÒfl Ò ˜‡ÒÚËˆ‡ÏË Ó·-
˘Â„Ó ‚Ë‰‡, Ó·Î‡‰‡˛˘ËÏË Í‡Í ÔÓÒÚÛÔ‡ÚÂÎ¸Ì˚ÏË, Ú‡Í Ë ‚‡˘‡ÚÂÎ¸Ì˚ÏË ÒÚÂÔÂÌflÏË Ò‚Ó-
·Ó‰˚, Ë ‚Á‡ËÏÓ‰ÂÈÒÚ‚Û˛˘ËÏË ÏÂÊ‰Û ÒÓ·ÓÈ ÔÓÒÂ‰ÒÚ‚ÓÏ ÒËÎ Ë ÏÓÏÂÌÚÓ‚. Ç ‡ÏÍ‡ı ÎË-
ÌÂÈÌÓÈ ÚÂÓËË ı‡‡ÍÚÂËÒÚËÍ‡ÏË ÏÂÊ‡ÚÓÏÌ˚ı Ò‚flÁÂÈ fl‚Îfl˛ÚÒfl ÚÂÌÁÓ˚ ÊÂÒÚÍÓÒÚË
‚ÚÓÓ„Ó ‡Ì„‡, ÒÚÛÍÚÛ‡ ÍÓÚÓ˚ı ÓÔÂ‰ÂÎflÂÚÒfl „ÂÓÏÂÚËÂÈ Â¯ÂÚÍË, ‡ ÛÔÛ„ËÂ ÏÓ‰ÛÎË
‰ÓÎÊÌ˚ Ì‡ıÓ‰ËÚ¸Òfl ˝ÍÒÔÂËÏÂÌÚ‡Î¸ÌÓ. 

ë ËÒÔÓÎ¸ÁÓ‚‡ÌËÂÏ ‰ÎËÌÌÓ‚ÓÎÌÓ‚Ó„Ó ÔË·ÎËÊÂÌËfl ÓÒÛ˘ÂÒÚ‚ÎÂÌ ÔÂÂıÓ‰ Í ÍÓÌÚËÌÛ-
‡Î¸ÌÓÈ ÏÓ‰ÂÎË ÒÎÓÊÌÓÈ ÍËÒÚ‡ÎÎË˜ÂÒÍÓÈ Â¯ÂÚÍË. ì‡‚ÌÂÌËfl, ÓÔËÒ˚‚‡˛˘ËÂ ‰ËÌ‡ÏË-
ÍÛ ÍÓÌÚËÌÛ‡Î¸ÌÓÈ ÏÓ‰ÂÎË, ÒÓ‚Ô‡ÎË Ò Û‡‚ÌÂÌËflÏË Ï‡ÍÓÒÍÓÔË˜ÂÒÍÓÈ ÏÓÏÂÌÚÌÓÈ ÚÂÓËË
ÛÔÛ„ÓÒÚË. ìÔÛ„ËÂ Ò‚ÓÈÒÚ‚‡ Â¯ÂÚÍË ı‡‡ÍÚÂËÁÛ˛ÚÒfl Ï‡ÍÓÒÍÓÔË˜ÂÒÍËÏË ÚÂÌÁÓ‡ÏË
ÊÂÒÚÍÓÒÚË ˜ÂÚ‚ÂÚÓ„Ó ‡Ì„‡. èÓÎÛ˜ÂÌ˚ ‚˚‡ÊÂÌËfl ‰Îfl Ï‡ÍÓÒÍÓÔË˜ÂÒÍËı ÚÂÌÁÓÓ‚
ÊÂÒÚÍÓÒÚË, Á‡‚ËÒfl˘ËÂ ÓÚ ÚÂÌÁÓÓ‚ ÊÂÒÚÍÓÒÚË ÏÂÊ‡ÚÓÏÌ˚ı Ò‚flÁÂÈ Ë ‚ÂÍÚÓÓ‚, ÓÔÂ‰ÂÎfl˛-
˘Ëı „ÂÓÏÂÚË˛ Â¯ÂÚÍË. í‡ÍËÏ Ó·‡ÁÓÏ, ÂÒÎË ËÁ Í‡ÍËı-ÎË·Ó ÙËÁË˜ÂÒÍËı ˝ÍÒÔÂËÏÂÌÚÓ‚
Ì‡È‰ÂÌ˚ ÏËÍÓÒÍÓÔË˜ÂÒÍËÂ ı‡‡ÍÚÂËÒÚËÍË ÏÂÊ‡ÚÓÏÌ˚ı Ò‚flÁÂÈ, ÙÓÏÛÎ˚ (8.3), (8.5),
(9.4), (9.6) ÔÓÁ‚ÓÎfl˛Ú ÓÔÂ‰ÂÎËÚ¸ ‚ÒÂ ÛÔÛ„ËÂ ÏÓ‰ÛÎË ÏÓÏÂÌÚÌÓÈ ÚÂÓËË ÛÔÛ„ÓÒÚË. 

éÒÛ˘ÂÒÚ‚ÎÂÌ ÔÂÂıÓ‰ Í ·ÂÁÏÓÏÂÌÚÌÓÈ ÚÂÓËË ÛÔÛ„ÓÒÚË Ë Ì‡ ÔËÏÂÂ ‰‚Ûı‡ÚÓÏÌ˚ı
ÍËÒÚ‡ÎÎË˜ÂÒÍËı Â¯ÂÚÓÍ ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ Ï‡ÍÓÒÍÓÔË˜ÂÒÍËÂ ÏÓ‰ÛÎË ÛÔÛ„ÓÒÚË ·ÂÁÏÓ-
ÏÂÌÚÌÓÈ ÚÂÓËË Á‡‚ËÒflÚ Í‡Í ÓÚ ÒËÎÓ‚˚ı, Ú‡Í Ë ÓÚ ÏÓÏÂÌÚÌ˚ı ı‡‡ÍÚÂËÒÚËÍ ÏÂÊ‡ÚÓÏ-
ÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl. ùÚ‡ Á‡‚ËÒËÏÓÒÚ¸ ÔÓÁ‚ÓÎflÂÚ ÓÔÂ‰ÂÎËÚ¸ ÏËÍÓÒÍÓÔË˜ÂÒÍËÂ ı‡‡Í-
ÚÂËÒÚËÍË ÏÂÊ‡ÚÓÏÌ˚ı Ò‚flÁÂÈ – ÍÓ˝ÙÙËˆËÂÌÚ˚ A Ë D. í‡ÍËÏ Ó·‡ÁÓÏ, ÏÓ‰ÛÎË ÛÔÛ„Ó-
ÒÚË ·ÂÁÏÓÏÂÌÚÌÓÈ Ï‡ÍÓÒÍÓÔË˜ÂÒÍÓÈ ÚÂÓËË ÔÓÁ‚ÓÎfl˛Ú ÓÔÂ‰ÂÎËÚ¸ ÌÂ ÚÓÎ¸ÍÓ ˜ËÒÚÓ
ÒËÎÓ‚Û˛ ı‡‡ÍÚÂËÒÚËÍÛ ÏÂÊ‡ÚÓÏÌÓÈ Ò‚flÁË A, ÌÓ Ë ÍÓ˝ÙÙËˆËÂÌÚ D, ı‡‡ÍÚÂËÁÛ˛˘ËÈ
ÔÓÔÂÂ˜ÌÛ˛ ÊÂÒÚÍÓÒÚ¸ ÏÂÊ‡ÚÓÏÌÓÈ Ò‚flÁË Ë ÔËÒÛÚÒÚ‚Û˛˘ËÈ ÚÓÎ¸ÍÓ ÔË Ì‡ÎË˜ËË ÏÓ-
ÏÂÌÚÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl Ì‡ ÏÂÊ‡ÚÓÏÌÓÏ ÛÓ‚ÌÂ. Ç Ò‚Ó˛ Ó˜ÂÂ‰¸, ÍÓ˝ÙÙËˆËÂÌÚ˚ A Ë
D ÔÓÁ‚ÓÎfl˛Ú ÓÔÂ‰ÂÎËÚ¸ Ô‡‡ÏÂÚ˚ Ô‡Ì˚ı ÏÓÏÂÌÚÌ˚ı ÔÓÚÂÌˆË‡ÎÓ‚ ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl.
èÓÒÎÂ‰ÌËÂ ÏÓ„ÛÚ ËÒÔÓÎ¸ÁÓ‚‡Ú¸Òfl ‚ Í‡˜ÂÒÚ‚Â ‡Î¸ÚÂÌ‡ÚË‚˚ ÏÌÓ„Ó˜‡ÒÚË˜Ì˚ı ÔÓÚÂÌˆË‡-
ÎÓ‚ ‚ Á‡‰‡˜‡ı ÍÓÏÔ¸˛ÚÂÌÓ„Ó ÏÓ‰ÂÎËÓ‚‡ÌËfl ÚÂÏÓÏÂı‡ÌË˜ÂÒÍËı ÔÓˆÂÒÒÓ‚ ÏÂÚÓ‰‡ÏË
ÏÓÎÂÍÛÎflÌÓÈ ‰ËÌ‡ÏËÍË. 

Ç˚˜ËÒÎÂÌ˚ ÊÂÒÚÍÓÒÚË ÏÂÊ‡ÚÓÏÌ˚ı Ò‚flÁÂÈ ‚ ÒÎÓÂ „‡ÙËÚ‡ Ë ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ ÔÓÔÂÂ˜-
Ì‡fl ÊÂÒÚÍÓÒÚ¸ ÏÂÊ‡ÚÓÏÌÓÈ Ò‚flÁË ÒÓÒÚ‡‚ÎflÂÚ 55% ÓÚ ÔÓ‰ÓÎ¸ÌÓÈ. Ñ‡ÌÌ˚È ÂÁÛÎ¸Ú‡Ú ÔÓ-
Í‡Á˚‚‡ÂÚ, ˜ÚÓ ÍÓ‚‡ÎÂÌÚÌ‡fl Ò‚flÁ¸ fl‚ÎflÂÚÒfl ÒÛ˘ÂÒÚ‚ÂÌÌÓ ÌÂˆÂÌÚ‡Î¸ÌÓÈ, ˜ÚÓ ‚ÓÁÏÓÊÌÓ
ÚÓÎ¸ÍÓ ÔË Ì‡ÎË˜ËË ÏÓÏÂÌÚÌ˚ı ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËÈ Ì‡ ÏËÍÓÛÓ‚ÌÂ. 

Ñ‡ÌÌ‡fl ‡·ÓÚ‡ fl‚ÎflÂÚÒfl ‡Á‚ËÚËÂÏ Ë‰ÂÈ è.Ä. ÜËÎËÌ‡, ÍÓÚÓÓÏÛ ‡‚ÚÓ˚ ‚˚‡Ê‡˛Ú
ËÒÍÂÌÌ˛˛ ·Î‡„Ó‰‡ÌÓÒÚ¸. 

ê‡·ÓÚ‡ ‚˚ÔÓÎÌÂÌ‡ ÔË ÔÓ‰‰ÂÊÍÂ îÂ‰Â‡Î¸ÌÓÈ ˆÂÎÂ‚ÓÈ Ì‡Û˜ÌÓ-ÚÂıÌË˜ÂÒÍÓÈ
ÔÓ„‡ÏÏ˚ (02.442.11.7398), „‡ÌÚ‡ èÂÁË‰ÂÌÚ‡ êî ‰Îfl ÏÓÎÓ‰˚ı ‰ÓÍÚÓÓ‚ Ì‡ÛÍ
(åÑ-4829.2007.1) Ë êÓÒÒËÈÒÍÓ„Ó ÙÓÌ‰‡ ÙÛÌ‰‡ÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ‰Ó‚‡ÌËÈ (05-01-00094a). 
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