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ÇÇÖÑÖçàÖ

 

àÁÛ˜ÂÌËÂ ÍËÌÂÚËÍË ÓÒÚ‡ Í‡ÔÎË ·ËÌ‡ÌÓ„Ó ‡Ò-
Ú‚Ó‡, Ì‡ıÓ‰fl˘ÂÈÒfl ‚ ÒÏÂÒË Ô‡Ó‚ ÒÓÒÚ‡‚Îfl˛˘Ëı ÂÂ
‚Â˘ÂÒÚ‚ Ë Ô‡ÒÒË‚ÌÓ„Ó „‡Á‡, ÔÂ‰ÒÚ‡‚ÎflÂÚ ÒÓ·ÓÈ ‚ Ó·-
˘ÂÏ ÒÎÛ˜‡Â ‚ÂÒ¸Ï‡ ÒÎÓÊÌÛ˛ Á‡‰‡˜Û. èË ÂÂ Â¯Â-
ÌËË, ‰‡ÊÂ ‚ ÓÚÌÓÒËÚÂÎ¸ÌÓ ÔÓÒÚÓÏ ÒÎÛ˜‡Â ‰ËÙÙÛÁË-
ÓÌÌÓ„Ó ÂÊËÏ‡ ÓÒÚ‡ Í‡ÔÎË, Ó·˚˜ÌÓ ËÒÔÓÎ¸ÁÛÂÚÒfl
ÔÂ‰ÔÓÎÓÊÂÌËÂ [1, 2] Ó ‰ÓÒÚ‡ÚÓ˜ÌÓ ·˚ÒÚÓÏ ‚˚ıÓ‰Â
ÍÓÌˆÂÌÚ‡ˆËË ‡ÒÚ‚Ó‡ ‚ Í‡ÔÎÂ Ì‡ ÒÚ‡ˆËÓÌ‡ÌÓÂ
ÁÌ‡˜ÂÌËÂ. Ç ÔÓ‰Ú‚ÂÊ‰ÂÌËÂ ÍÓÂÍÚÌÓÒÚË ˝ÚÓ„Ó
ÔÂ‰ÔÓÎÓÊÂÌËfl ‚ [2] ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ˜ËÒ-
ÎÂÌÌÓ„Ó ‡Ò˜ÂÚ‡ Á‡‚ËÒËÏÓÒÚË ÓÚ ‚ÂÏÂÌË ÍÓÌˆÂÌ-
Ú‡ˆËË Ë‰Â‡Î¸ÌÓ„Ó ·ËÌ‡ÌÓ„Ó ‡ÒÚ‚Ó‡ ‚ Í‡ÔÎÂ ‰Îfl
ÌÂÒÍÓÎ¸ÍËı ‚‡Ë‡ÌÚÓ‚ Ì‡˜‡Î¸ÌÓ„Ó ÂÂ ÒÓÒÚ‡‚‡. àÁ
ÔÂ‰ÒÚ‡‚ÎÂÌÌ˚ı ‚ [2] ˜ËÒÎÂÌÌ˚ı ‡Ò˜ÂÚÓ‚, Ó‰Ì‡ÍÓ,
‚Ë‰ÌÓ, ˜ÚÓ ÛÒÚ‡ÌÓ‚ÎÂÌËÂ ÒÚ‡ˆËÓÌ‡ÌÓÈ ÍÓÌˆÂÌÚ‡-
ˆËË ‡ÒÚ‚Ó‡ ‚ Í‡ÔÎÂ ÏÓÊÂÚ ÔÓËÒıÓ‰ËÚ¸ ‚ ÚÂ˜ÂÌËÂ
‰ÓÒÚ‡ÚÓ˜ÌÓ ‰ÎËÚÂÎ¸ÌÓ„Ó ÔÂËÓ‰‡ ‚ÂÏÂÌË. èÂÂıÓ‰
Í ÒÚ‡ˆËÓÌ‡ÌÓÏÛ ÁÌ‡˜ÂÌË˛ ÍÓÌˆÂÌÚ‡ˆËË Ë‰Â‡Î¸-
ÌÓ„Ó ·ËÌ‡ÌÓ„Ó ‡ÒÚ‚Ó‡ ‚ ‡ÒÚÛ˘ÂÈ ‚ ‰ËÙÙÛÁËÓÌ-
ÌÓÏ ÂÊËÏÂ Í‡ÔÎÂ ËÒÒÎÂ‰Ó‚‡ÎÒfl Ú‡ÍÊÂ ‚ ‡·ÓÚÂ [3].
á‡ÏÂÚËÏ, Ó‰Ì‡ÍÓ, ˜ÚÓ ‚ ‡·ÓÚ‡ı [1 – 3] Á‡ÍÓÌÓÏÂ-
ÌÓÒÚ¸ ÛÒÚ‡ÌÓ‚ÎÂÌËfl ÒÚ‡ˆËÓÌ‡ÌÓÈ ÍÓÌˆÂÌÚ‡ˆËË
‡ÒÚ‚Ó‡ ‚˚fl‚ÎÂÌ‡ ÌÂ ·˚Î‡.

ç‡ıÓÊ‰ÂÌËÂ ÍËÌÂÚËÍË ÓÒÚ‡ Í‡ÔÎË ·ËÌ‡ÌÓ„Ó
‡ÒÚ‚Ó‡ Ë ÛÒÚ‡ÌÓ‚ÎÂÌËfl ‚ ÌÂÈ ÒÚ‡ˆËÓÌ‡ÌÓÈ ÍÓÌ-
ˆÂÌÚ‡ˆËË fl‚Îfl˛ÚÒfl ÎË¯¸ ̃ ‡ÒÚ¸˛ Ó·˘ÂÈ ÔÓ·ÎÂÏ˚
ÓÔËÒ‡ÌËfl ÔÓˆÂÒÒ‡ ÍÓÌ‰ÂÌÒ‡ˆËË ·ËÌ‡ÌÓÈ ÒÏÂÒË Ì‡
‡ÒÚÛ˘ÂÈ Í‡ÔÎÂ. é‰ÌÓÈ ËÁ ÒÓÒÚ‡‚Îfl˛˘Ëı ˝ÚÓÈ ÔÓ-
·ÎÂÏ˚ fl‚ÎflÂÚÒfl ‡Ò˜ÂÚ ÌÂÒÚ‡ˆËÓÌ‡Ì˚ı ÔÓÎÂÈ ÍÓÌ-
ˆÂÌÚ‡ˆËË Ô‡Ó‚ ‚ÓÍÛ„ ‡ÒÚÛ˘ÂÈ Í‡ÔÎË ·ËÌ‡ÌÓ„Ó
‡ÒÚ‚Ó‡. ùÚ‡ Á‡‰‡˜‡ ·˚Î‡ ÌÂ‰‡‚ÌÓ ‡ÒÒÏÓÚÂÌ‡ ‚
‡·ÓÚÂ [4], „‰Â Ò ÔË‚ÎÂ˜ÂÌËÂÏ Ë‰ÂÈ ÔÓ‰Ó·Ëfl ·˚ÎÓ
ÔÓÎÛ˜ÂÌÓ ‡‚ÚÓÏÓ‰ÂÎ¸ÌÓÂ Â¯ÂÌËÂ ‰Îfl ÔÓÎÂÈ ÍÓÌ-
ˆÂÌÚ‡ˆËË ‚·ÎËÁË ‡ÒÚÛ˘ÂÈ ‚ ‰ËÙÙÛÁËÓÌÌÓÏ ÂÊË-
ÏÂ Í‡ÔÎË. ä‡Í ÔÓÍ‡Á‡ÌÓ ‚ [4], ‡‚ÚÓÏÓ‰ÂÎ¸ÌÓÂ Â¯Â-

ÌËÂ ÒÛ˘ÂÒÚ‚ÛÂÚ ÚÓÎ¸ÍÓ ÔË ÔÓÒÚÓflÌÌÓÏ ÁÌ‡˜ÂÌËË
ÍÓÌˆÂÌÚ‡ˆËË ‡ÒÚ‚Ó‡ ‚ Í‡ÔÎÂ, ÓÔÂ‰ÂÎflÂÏÓÏ ËÁ
ÓÚ‰ÂÎ¸ÌÓ„Ó Û‡‚ÌÂÌËfl. èÓÎÛ˜ÂÌÌÓÂ ËÁ Â¯ÂÌËfl
˝ÚÓ„Ó Û‡‚ÌÂÌËfl ÁÌ‡˜ÂÌËÂ ÍÓÌˆÂÌÚ‡ˆËË ·Û‰ÂÏ Ì‡-
Á˚‚‡Ú¸ ÒÚ‡ˆËÓÌ‡ÌÓÈ ÍÓÌˆÂÌÚ‡ˆËÂÈ. 

Ç ‰‡ÌÌÓÈ ÒÚ‡Ú¸Â ·Û‰ÂÚ ‰‡Ì ‚˚‚Ó‰ ÂÎ‡ÍÒ‡ˆËÓÌ-
ÌÓ„Ó Û‡‚ÌÂÌËfl, ÓÔÂ‰ÂÎfl˛˘Â„Ó ˝‚ÓÎ˛ˆË˛ ÍÓÌ-
ˆÂÌÚ‡ˆËË ·ËÌ‡ÌÓ„Ó ‡ÒÚ‚Ó‡ ‚ ‡ÒÚÛ˘ÂÈ ‚ ‰ËÙ-
ÙÛÁËÓÌÌÓÏ ÂÊËÏÂ Í‡ÔÎÂ. êÂ¯ÂÌËÂ ˝ÚÓ„Ó Û‡‚ÌÂ-
ÌËfl ÔÓÍ‡Á˚‚‡ÂÚ, ̃ ÚÓ ÍÓÌˆÂÌÚ‡ˆËfl ‡ÒÚ‚Ó‡ Í‡ÔÎË
ÌÂËÁ·ÂÊÌÓ Ò ÓÒÚÓÏ ‚ÂÏÂÌË ÒÚÂÏËÚÒfl Í ÒÚ‡ˆËÓ-
Ì‡ÌÓÈ ÍÓÌˆÂÌÚ‡ˆËË. Ç˚ıÓ‰ Ì‡ ÒÚ‡ˆËÓÌ‡ÌÓÂ
ÁÌ‡˜ÂÌËÂ ÒÎÂ‰ÛÂÚ ÒÚÂÔÂÌÌÓÏÛ Á‡ÍÓÌÛ. ç‡È‰ÂÌÌÓÂ
Â¯ÂÌËÂ ‚ Í‡˜ÂÒÚ‚Â ˜‡ÒÚÌÓ„Ó ÒÎÛ˜‡fl ‚ÓÒÔÓËÁ‚Ó-
‰ËÚ ÂÁÛÎ¸Ú‡Ú˚ ‡·ÓÚ˚ [5], ÔÓÎÛ˜ÂÌÌ˚Â ‚ ÔË·ÎË-
ÊÂÌËË ‚˚ÒÓÍÓ„Ó ÔÂÂÒ˚˘ÂÌËfl ÍÓÌ‰ÂÌÒËÛ˛˘ËıÒfl
Ô‡Ó‚. 

éÔÂ‰ÂÎÂÌ‡ ‰ÎËÚÂÎ¸ÌÓÒÚ¸ ‚ÂÏÂÌÌÓ„Ó ËÌÚÂ‚‡-
Î‡, ÔÓ ËÒÚÂ˜ÂÌËË ÍÓÚÓÓ„Ó Ò ÏÓÏÂÌÚ‡ Á‡ÓÊ‰ÂÌËfl
Í‡ÔÎË ‚ÒÚÛÔ‡˛Ú ‚ ÒËÎÛ ‰ËÙÙÛÁËÓÌÌ˚È ÂÊËÏ ÂÂ Ó-
ÒÚ‡ Ë ÔÓÎÛ˜ÂÌÌÓÂ ÂÎ‡ÍÒ‡ˆËÓÌÌÓÂ Û‡‚ÌÂÌËÂ. ç‡È-
‰ÂÌÓ ÒÚ‡ˆËÓÌ‡ÌÓÂ ÁÌ‡˜ÂÌËÂ ÍÓÌˆÂÌÚ‡ˆËË ‰Îfl ÏÓ-
‰ÂÎË Ë‰Â‡Î¸ÌÓ„Ó ‡ÒÚ‚Ó‡.
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ê‡ÒÒÏÓÚËÏ Í‡ÔÎ˛ ·ËÌ‡ÌÓ„Ó ‡ÒÚ‚Ó‡, Á‡Ó-
‰Ë‚¯Û˛Òfl ‚ ÔÂ‚ÓÌ‡˜‡Î¸ÌÓ Ó‰ÌÓÓ‰ÌÓÈ Ô‡Ó„‡ÁÓ-
‚ÓÈ ÒÂ‰Â, ÒÓÒÚÓfl˘ÂÈ ËÁ Ô‡ÒÒË‚ÌÓ„Ó „‡Á‡ Ë ‰‚ÛıÍÓÏ-
ÔÓÌÂÌÚÌÓÈ ÒÏÂÒË Ô‡Ó‚ ‚Â˘ÂÒÚ‚, Ó·‡ÁÛ˛˘Ëı Í‡Ô-
Î˛. èÓÒÎÂ Á‡ÓÊ‰ÂÌËfl Í‡ÔÎfl ‡ÒÚÂÚ Á‡ Ò˜ÂÚ
ÍÓÌ‰ÂÌÒ‡ˆËË Í‡Ê‰Ó„Ó ËÁ ‰‚Ûı ÍÓÏÔÓÌÂÌÚÓ‚ ÒÏÂÒË
Ô‡Ó‚. èËÌËÏ‡ÂÏ, ̃ ÚÓ ‰ÓÎfl Ô‡ÒÒË‚ÌÓ„Ó „‡Á‡ ‚ Ô‡Ó-
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„‡ÁÓ‚ÓÈ ÒÂ‰Â ÒÛ˘ÂÒÚ‚ÂÌÌÓ ÔÂ‚˚¯‡ÂÚ ‰ÓÎ˛ Ô‡Ó‚.
êÓÒÚ Í‡ÔÎË ·Û‰ÂÚ ÔÓËÒıÓ‰ËÚ¸ ‚ ‰ËÙÙÛÁËÓÌÌÓÏ Â-
ÊËÏÂ, ÍÓ„‰‡ ÂÂ ‡‰ËÛÒ 

 

R

 

 Á‡ÏÂÚÌÓ ÔÂ‚˚ÒËÚ ‰ÎËÌÛ
Ò‚Ó·Ó‰ÌÓ„Ó ÔÓ·Â„‡ 

 

λ 

 

ÏÓÎÂÍÛÎ Ô‡Ó‚ ‚ Ô‡ÒÒË‚ÌÓÏ
„‡ÁÂ, Ú.Â. ÔË

 

(1.1)

 

ÑÓÏËÌËÛ˛˘‡fl ‰ÓÎfl Ô‡ÒÒË‚ÌÓ„Ó „‡Á‡ ‚ Ô‡Ó„‡ÁÓ-
‚ÓÈ ÒÂ‰Â Ó·ÂÒÔÂ˜Ë‚‡ÂÚ Ú‡ÍÊÂ ËÁÓÚÂÏË˜ÌÓÒÚ¸
ÔÓˆÂÒÒ‡ ÍÓÌ‰ÂÌÒ‡ˆËË Ë ÔÓÁ‚ÓÎflÂÚ ÔÂÌÂ·Â˜¸ ÒÚÂ-
Ù‡ÌÓ‚ÒÍËÏ ÚÂ˜ÂÌËÂÏ Ô‡Ó„‡ÁÓ‚ÓÈ ÒÂ‰˚ Ë ‚Á‡ËÏÓ-
‰ÂÈÒÚ‚ËÂÏ ‰ËÙÙÛÁËÓÌÌ˚ı ÔÓÚÓÍÓ‚ ÏÓÎÂÍÛÎ Ô‡Ó‚.

é·ÓÁÌ‡˜ËÏ ˜ÂÂÁ 

 

x

 

i

 

 (

 

i

 

 = 1, 2) ˜ËÒÎÓ ÏÓÎÂÍÛÎ ÍÓÏ-
ÔÓÌÂÌÚ‡ 
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 ‚ Í‡ÔÎÂ ‚ ÚÂÍÛ˘ËÈ ÏÓÏÂÌÚ ‚ÂÏÂÌË, ‡ ˜Â-
ÂÁ 

 

v
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 = 1, 2) – Ô‡ˆË‡Î¸Ì˚È Ó·˙ÂÏ, Á‡ÌËÏ‡ÂÏ˚È
ÏÓÎÂÍÛÎÓÈ ÍÓÏÔÓÌÂÌÚ‡ 
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 ‚ Í‡ÔÎÂ. é‰ÌÓÓ‰ÌÓÒÚ¸
‡ÒÚ‚Ó‡ ‚ Í‡ÔÎÂ ·˚Î‡ Ó·ÓÒÌÓ‚‡Ì‡ ‚ [3]. Ç‚Â‰ÂÏ
ÍÓÌˆÂÌÚ‡ˆËË 

 

c
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 Ë 

 

c

 

2

 

 ÍÓÏÔÓÌÂÌÚÓ‚ 1 Ë 2 ‚ Í‡ÔÎÂ ˜Â-
ÂÁ ÒÓÓÚÌÓ¯ÂÌËfl

(1.2)

èÎÓÚÌÓÒÚ¸ ˜ËÒÎ‡ ÏÓÎÂÍÛÎ ÍÓÏÔÓÌÂÌÚ‡ 
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 ‚ ÔÂ‚Ó-
Ì‡˜‡Î¸ÌÓ Ó‰ÌÓÓ‰ÌÓÈ ‰‚ÛıÍÓÏÔÓÌÂÌÚÌÓÈ ÒÏÂÒË
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) ·Û‰ÂÏ ÔÓ‰‡ÁÛÏÂ‚‡Ú¸ ÔÎÓÚÌÓÒÚË ˜ËÒÎ‡
ÏÓÎÂÍÛÎ ÍÓÏÔÓÌÂÌÚÓ‚ 1 Ë 2 ÒÏÂÒË Ô‡Ó‚, Ì‡ıÓ‰fl-
˘ËıÒfl ‚ ‡‚ÌÓ‚ÂÒËË Ò Í‡ÔÎÂÈ. å˚ ÙÓÏ‡Î¸ÌÓ
ÔÂ‰ÒÚ‡‚ËÎË ÔÎÓÚÌÓÒÚË 
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ÙÛÌÍˆËË ÍÓÌˆÂÌÚ‡ˆËÈ 
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c
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 ÍÓÏÔÓÌÂÌÚÓ‚ 1
Ë 2 ‚ Í‡ÔÎÂ. ä‡Í Ë ‚ [4], Ò˜ËÚ‡ÂÏ ÒÏÂÒ¸ Ô‡Ó‚ ÏÂÚ‡-
ÒÚ‡·ËÎ¸ÌÓÈ ÔÓ ÓÚÌÓ¯ÂÌË˛ Í Í‡Ê‰ÓÏÛ ÂÂ ÍÓÏÔÓ-
ÌÂÌÚÛ, ÔÓ˝ÚÓÏÛ 

(1.3)

ä‡Í ·˚ÎÓ ÓÚÏÂ˜ÂÌÓ ‚Ó ‚‚Â‰ÂÌËË, ‡‚ÚÓÏÓ‰ÂÎ¸ÌÓÂ
Â¯ÂÌËÂ [4] ÒÛ˘ÂÒÚ‚ÛÂÚ ÔË ‚˚ÔÓÎÌÂÌËË ‡‚ÂÌÒÚ‚‡
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 – ÒÚ‡ˆËÓÌ‡Ì‡fl ÍÓÌˆÂÌÚ‡ˆËfl ÍÓÏÔÓ-
ÌÂÌÚ‡ 1 ‚ Í‡ÔÎÂ, ÓÔÂ‰ÂÎflÂÏ‡fl Û‡‚ÌÂÌËÂÏ

(1.4)

(Û‡‚ÌÂÌËÂ (34) ËÁ [4], ‚ ÍÓÚÓÓÏ ÔÓÎÓÊÂÌÓ 
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1

 

 = 

 

c

 

1

 

s

 

).
ëÓ„Î‡ÒÌÓ Û‡‚ÌÂÌË˛ (1.4), ÓÚÌÓ¯ÂÌËÂ ‰ËÙÙÛÁËÓÌ-
Ì˚ı ÔÓÚÓÍÓ‚ ÍÓÏÔÓÌÂÌÚÓ‚ 1 Ë 2 Í Í‡ÔÎÂ ‡‚ÌÓ ÓÚÌÓ-
¯ÂÌË˛ Ëı ÒÚ‡ˆËÓÌ‡Ì˚ı ÍÓÌˆÂÌÚ‡ˆËÈ ‚ Í‡ÔÎÂ.

èÓÍ‡ÊÂÏ, ˜ÚÓ Û‡‚ÌÂÌËÂ (1.4) Ó‰ÌÓÁÌ‡˜ÌÓ
ÓÔÂ‰ÂÎflÂÚ ÍÓÌˆÂÌÚ‡ˆË˛ 

 

c

 

1

 

s

 

. ÑÂÈÒÚ‚ËÚÂÎ¸ÌÓ, ÂÒ-
ÎË ÍÓÌˆÂÌÚ‡ˆËfl 

 

c

 

1

 

s

 

 ÍÓÏÔÓÌÂÌÚ‡ 1 ‚ Í‡ÔÎÂ Û‚ÂÎË-
˜ËÚÒfl, ÚÓ ÍÓÌˆÂÌÚ‡ˆËfl 

 

n

 

1

 

∞

 

(

 

c

 

1

 

s

 

) Ú‡ÍÊÂ Û‚ÂÎË˜ËÚÒfl,
‡ 

 

n

 

2

 

∞

 

(1 – 

 

c

 

1

 

s

 

), Ì‡Ó·ÓÓÚ, ÛÏÂÌ¸¯ËÚÒfl. ùÚÓ ÔË‚Â‰ÂÚ
Í ÛÏÂÌ¸¯ÂÌË˛ ÎÂ‚ÓÈ ˜‡ÒÚË Û‡‚ÌÂÌËfl (1.4). çÓ
ÔË ÓÒÚÂ ÍÓÌˆÂÌÚ‡ˆËË 

 

c

 

1

 

s

 

 Ô‡‚‡fl ˜‡ÒÚ¸ Û‡‚ÌÂ-
ÌËfl (1.4) Û‚ÂÎË˜Ë‚‡ÂÚÒfl. Ç ËÚÓ„Â Û‡‚ÌÂÌËÂ (1.4)
ÔÂÂÒÚ‡ÂÚ ‚˚ÔÓÎÌflÚ¸Òfl. ùÚËÏ Ó·ÓÒÌÓ‚˚‚‡ÂÚÒfl
Â‰ËÌÒÚ‚ÂÌÌÓÒÚ¸ Â¯ÂÌËfl Û‡‚ÌÂÌËfl (1.4). á‡ÏÂ-
ÚËÏ Ú‡ÍÊÂ, ˜ÚÓ ÔË ÒÓ·Î˛‰ÂÌËË ÌÂ‡‚ÂÌÒÚ‚ (1.3)
ÎÂ‚‡fl, ‡ Ò ÌÂÈ Ë Ô‡‚‡fl ̃ ‡ÒÚË Û‡‚ÌÂÌËfl (1.4) ·Û‰ÛÚ

R R0     R0 3–4( )λ.≅≥

c1 x1/ x1 x2+( ), c2 1 c1 x2/ x1 x2+( ).≡–≡≡

n1 n1∞ c1( ), n2 n2∞ 1 c1–( ).>>

D1 n1 n1∞ c1s( ) ]–[
D2 n2 n2∞ 1 c1s–( ) ]–[
----------------------------------------------------

c1s

1 c1s–
---------------=

 

ÔÓÎÓÊËÚÂÎ¸Ì˚ÏË. ùÚÓ, Ó˜Â‚Ë‰ÌÓ, ‚ÓÁÏÓÊÌÓ
ÎË¯¸ ‰Îfl 0 < 

 

c

 

1

 

s

 

 

 

< 1, ˜ÚÓ ÒÎÂ‰ÛÂÚ Ú‡ÍÊÂ ËÁ ÓÔÂ‰Â-
ÎÂÌËÈ (1.2).

ê‡ÒÒÏÓÚËÏ Û‡‚ÌÂÌËÂ

(1.5)

(Û‡‚ÌÂÌËÂ (41) ËÁ [4], ‚ ÍÓÚÓÓÏ ÔÓÎÓÊÂÌÓ 

 

c

 

1

 

 = 

 

c

 

1

 

s

 

).
ÇÂÏfl 

 

t

 

 ·Û‰ÂÏ ÓÚÒ˜ËÚ˚‚‡Ú¸ ÓÚ ÏÓÏÂÌÚ‡ Á‡ÓÊ‰ÂÌËfl
Í‡ÔÎË. íÓÎ¸ÍÓ ÔÓÒÎÂ Á‡ÓÊ‰ÂÌËfl Í‡ÔÎË Ì‡˜ËÌ‡ÂÚ
ÒÓ·Î˛‰‡Ú¸Òfl ·‡Î‡ÌÒ ˜ËÒÂÎ ÏÓÎÂÍÛÎ, ‚˚‚Â‰ÂÌÌ˚ı
‰ËÙÙÛÁËÓÌÌ˚ÏË ÔÓÚÓÍ‡ÏË ËÁ ÒÏÂÒË Ô‡Ó‚, Ë ˜Ë-
ÒÂÎ ÏÓÎÂÍÛÎ, ‚Ó¯Â‰¯Ëı ‚ ‡ÒÚÛ˘Û˛ Í‡ÔÎ˛. Ç‚Â-
‰ÂÏ ı‡‡ÍÚÂÌÓÂ ‚ÂÏfl 

 

t

 

0

 

, ÔË ÍÓÚÓÓÏ ‚˚ÔÓÎÌfl-
ÂÚÒfl ÛÒÎÓ‚ËÂ  = R0, Ë ÔÓÎÓÊËÏ 

(1.6)

„‰Â

(1.7)

èÓÎÓÊËÚÂÎ¸ÌÓÒÚ¸ ‚ÂÎË˜ËÌ˚ β2 ‚ (1.7) ÒÎÂ‰ÛÂÚ ËÁ
ÌÂ‡‚ÂÌÒÚ‚ (1.3). àÌÚÂ„ËÛfl ‡‚ÂÌÒÚ‚Ó (1.5) ÔÓ
‚ÂÏÂÌË ÔË Ì‡˜‡Î¸ÌÓÏ ÛÒÎÓ‚ËË  = R0, Û˜Ë-

Ú˚‚‡fl ÒÓÓÚÌÓ¯ÂÌËfl (1.6) Ë (1.7), ÔÓÎÛ˜‡ÂÏ ‚‡ÊÌÓÂ
Û‡‚ÌÂÌËÂ

(1.8)

ÒÔ‡‚Â‰ÎË‚ÓÂ Ì‡ ‚ÂÏÂÌ‡ı t ≥ t0, ÍÓ„‰‡ R ≥ R0 Ë,
ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, Í‡ÔÎfl ‡ÒÚÂÚ ‚ ‰ËÙÙÛÁËÓÌÌÓÏ Â-
ÊËÏÂ. á‡ÏÂÚËÏ, ˜ÚÓ v1, v2 Ë β2 ÌÂ Á‡‚ËÒflÚ, Í‡Í Ë
ÍÓÌˆÂÌÚ‡ˆËfl c1s, ÓÚ ‚ÂÏÂÌË. ä ‚ÂÏÂÌ‡Ï t ≥ t0 ·Û-
‰ÛÚ ÓÚÌÓÒËÚ¸Òfl Ë ‚ÒÂ ÔÓÒÎÂ‰Û˛˘ËÂ ÍËÌÂÚË˜ÂÒÍËÂ
ÒÓÓÚÌÓ¯ÂÌËfl. á‡ÏÂÚËÏ, ˜ÚÓ ‚Ó ‚ÒÂı ˝ÚËı ÒÓÓÚÌÓ-
¯ÂÌËflı ‚ÂÏfl t Ú‡ÍÊÂ ÓÚÒ˜ËÚ˚‚‡ÂÚÒfl ÓÚ ÏÓÏÂÌÚ‡
Á‡ÓÊ‰ÂÌËfl Í‡ÔÎË.

ì˜ËÚ˚‚‡fl ‡‚ÂÌÒÚ‚Ó c1 = c1s Ë ‚ÓÒÔÓÎ¸ÁÓ‚‡‚-
¯ËÒ¸ ÒÓÓÚÌÓ¯ÂÌËflÏË (38) ËÁ [4], ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸

(1.9)

„‰Â Ï˚ Û˜ÎË, ˜ÚÓ Ó·˙ÂÏ Í‡ÔÎË ‡‚ÂÌ 4πR3/3. èË-
‚ÎÂÍ‡fl ÒÓÓÚÌÓ¯ÂÌËfl (43) Ë (44) ËÁ [4] Ë ÒÌÓ‚‡ Û˜Ë-
Ú˚‚‡fl ‡‚ÂÌÒÚ‚Ó c1 = c1s, ÔÓÎÛ˜‡ÂÏ ‰Îfl ‡‚ÚÓÏÓ-
‰ÂÎ¸ÌÓ„Ó Â¯ÂÌËfl Û‡‚ÌÂÌËfl

(1.10)

(1.11)

dR2

dt
--------- 2D1

v 1c1s v 2 1 c1s–( )+
c1s

---------------------------------------------- n1 n1∞ c1s( ) ]–[=

R
t t0=

t0 R0
2/β2,=

β2 2D1

v 1c1s v 2 1 c1s–( )+
c1s

---------------------------------------------- n1 n1∞ c1s( ).–[=

R
t t0=

R2 β2t,=

x1
4πR3

3
------------

c1s

v 1c1s v 2 1 c1s–( )+
----------------------------------------------,=

x2
4πR3

3
------------

1 c1s–( )
v 1c1s v 2 1 c1s–( )+
----------------------------------------------,=

dx1

dt
-------- 4πD1 n1 n1∞ c1s( ) ]R,–[=

dx2

dt
-------- 4πD2 n1 n2∞ 1 c1s–( ) ]R.–[=
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 äÛÌË, ãÂÁÓ‚‡

éÔÂ‰ÂÎÂÌËfl (1.2) ÌËÍ‡Í ÌÂ Ò‚flÁ‡Ì˚ Ò ‡‚ÂÌ-
ÒÚ‚ÓÏ c1 = c1s. àÁ ˝ÚËı ÓÔÂ‰ÂÎÂÌËÈ ËÏÂÂÏ 

(1.12)

ÑËÙÙÂÂÌˆËÛfl ‡‚ÂÌÒÚ‚Ó (1.12) ÔÓ ‚ÂÏÂÌË, ÔÓ-
ÎÛ˜‡ÂÏ

(1.13)

Ç ˜‡ÒÚÌÓÒÚË, ÔË c1 = c1s, ÍÓ„‰‡ dc1s/dt = 0, ËÁ ‡‚ÂÌ-
ÒÚ‚‡ (1.13) Ë Û‡‚ÌÂÌËÈ (1.10) Ë (1.11) ÔÓÎÛ˜‡ÂÏ ÒÓÓÚ-
ÌÓ¯ÂÌËÂ (1.4), Ó‰ÌÓÁÌ‡˜ÌÓ ÓÔÂ‰ÂÎfl˛˘ÂÂ ÍÓÌˆÂÌ-
Ú‡ˆË˛ c1s. 

èË c1 ≠ c1s ‡‚ÂÌÒÚ‚Ó (1.13) ÏÓÊÌÓ ‡ÒÒÏ‡ÚË-
‚‡Ú¸ Í‡Í Û‡‚ÌÂÌËÂ ‰Îfl ÓÚÍÎÓÌÂÌËfl ÍÓÌˆÂÌÚ‡ˆËË
c1 ÓÚ ÒÚ‡ˆËÓÌ‡ÌÓ„Ó ÁÌ‡˜ÂÌËfl c1s. ùÚÓ ÓÚÍÎÓÌÂÌËÂ
ÏÓÊÌÓ ‡ÒÒÏ‡ÚË‚‡Ú¸ Í‡Í ‚ÓÁÏÛ˘ÂÌÌÓÂ, Ú.Â. Ï‡ÎÓÂ.
èË ˝ÚÓÏ ‰Îfl ‚ÂÎË˜ËÌ˚ x1 + x2 ‚ ÎÂ‚ÓÈ ˜‡ÒÚË (1.13)
ÏÓÊÂÏ ËÒÔÓÎ¸ÁÓ‚‡Ú¸ ÁÌ‡˜ÂÌËfl, ÓÚÌÓÒfl˘ËÂÒfl Í ÒÚ‡-
ˆËÓÌ‡ÌÓÈ ÍÓÌˆÂÌÚ‡ˆËË c1s Ë Á‡‰‡‚‡ÂÏ˚Â ÙÓÏÛ-
Î‡ÏË (1.7), (1.8) Ë (1.9). àÁ ˝ÚËı ÙÓÏÛÎ Ò Û˜ÂÚÓÏ ÌÂ-
‡‚ÂÌÒÚ‚‡ β2 > 0 ÒÎÂ‰ÛÂÚ, ˜ÚÓ

(1.14)

ÑÎfl ÔÓËÁ‚Ó‰Ì˚ı dx1/dt Ë dx2/dt ‚ Ô‡‚ÓÈ ˜‡ÒÚË
(1.13) Ú‡ÍÊÂ ÏÓÊÌÓ ËÒÔÓÎ¸ÁÓ‚‡Ú¸ ÙÓÏÛÎ˚ (1.8),
(1.11) Ë (1.10), ‚ ÍÓÚÓ˚Â ‚ıÓ‰ËÚ ÒÚ‡ˆËÓÌ‡Ì‡fl ÍÓÌ-
ˆÂÌÚ‡ˆËfl. ÇÓÒÔÓÎ¸ÁÓ‚‡‚¯ËÒ¸ ÒÓÓÚÌÓ¯ÂÌËÂÏ (1.4),
ÔÂÂÔË¯ÂÏ Û‡‚ÌÂÌËÂ (1.11) ‚ ‚Ë‰Â 

(1.15)

àÒÔÓÎ¸ÁÛfl ‡‚ÂÌÒÚ‚‡ (1.8), (1.15) Ë (1.10) Ë Û˜ËÚ˚-
‚‡fl ÌÂ‡‚ÂÌÒÚ‚Ó β2 > 0, ÔÓÎÛ˜‡ÂÏ

1 c1–( )x1 c1x2.=

x1 x2+( )
dc1

dt
-------- 1 c1–( )

dx1

dt
-------- c1

dx2

dt
--------.–=

x1 x2+
8π
3

------βt3/2 D1

c1s

------ n1 n1∞ c1s( ) ].–[=

dx2

dt
-------- 4π

1 c1s–
c1s

---------------D1 n1 n1∞ c1s( ) ]R.–[=

(1.16)

èÓ‰ÒÚ‡‚ËÏ ÔÓËÁ‚Ó‰Ì˚Â ËÁ (1.14) Ë (1.16) ‚ ÒÓ-
ÓÚÌÓ¯ÂÌËÂ (1.13). ëÓÍ‡˘‡fl Ó·˘ËÂ ÏÌÓÊËÚÂÎË,
ÔËıÓ‰ËÏ Í ÂÎ‡ÍÒ‡ˆËÓÌÌÓÏÛ Û‡‚ÌÂÌË˛

(1.17)

ì‡‚ÌÂÌËÂ (1.17) ·˚ÎÓ ÔÓÎÛ˜ÂÌÓ ‡ÌÂÂ ‚ [5] ÔË ·Ó-
ÎÂÂ ÊÂÒÚÍËı, ˜ÂÏ ÌÂ‡‚ÂÌÒÚ‚‡ (1.3), Ó„‡ÌË˜ÂÌËflı
n1 ≥ (4–5)n1∞(c1) Ë n2 ≥ (4–5)n2∞(1 – c1), ÓÔÂ‰ÂÎfl˛˘Ëı
ËÌÚÂÌÒË‚ÌÛ˛ ÍÓÌ‰ÂÌÒ‡ˆË˛ Í‡Ê‰Ó„Ó ‰‚Ûı ÍÓÏÔÓÌÂÌ-
ÚÓ‚ ÒÏÂÒË Ô‡Ó‚. Ç [5] ·˚ÎÓ ÔÓÎÛ˜ÂÌÓ fl‚ÌÓÂ ‚˚‡-
ÊÂÌËÂ Ë ‰Îfl ÒÚ‡ˆËÓÌ‡ÌÓÈ ÍÓÌˆÂÌÚ‡ˆËË c1s. éÌÓ
ÒÓ‚Ô‡‰‡ÂÚ Ò ‚˚ÚÂÍ‡˛˘ËÏ ËÁ Û‡‚ÌÂÌËfl (1.4) ‚ ÔÂ-
ÌÂ·ÂÊÂÌËË ‚ÂÎË˜ËÌ‡ÏË n1∞(c1s) Ë n2(1 – c1s) ÔÓ
Ò‡‚ÌÂÌË˛ Ò n1 Ë n2 ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ.

êÂ¯‡fl Û‡‚ÌÂÌËÂ (1.17) ÔË Ì‡˜‡Î¸ÌÓÏ ÛÒÎÓ‚ËË
 = c10, Ì‡ıÓ‰ËÏ

(1.18)

ÄÌ‡ÎËÚË˜ÂÒÍÓÂ Â¯ÂÌËÂ (1.18) ÔÓÍ‡Á˚‚‡ÂÚ, ˜ÚÓ
ÍÓÌˆÂÌÚ‡ˆËfl ‚˚ıÓ‰ËÚ Ì‡ ÒÚ‡ˆËÓÌ‡ÌÓÂ ÁÌ‡˜ÂÌËÂ
ÔÓ ÒÚÂÔÂÌÌÓÏÛ Á‡ÍÓÌÛ. ä‡Í ‚Ë‰ÌÓ ËÁ (1.18), ÓÚÍÎÓ-
ÌÂÌËÂ |c1 – c1s| ÏÓÌÓÚÓÌÌÓ Û·˚‚‡ÂÚ Ò ÓÒÚÓÏ ‚ÂÏÂ-
ÌË Í‡Í (t0/t)3/2 Ë, ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÒÚ‡ÌÓ‚ËÚÒfl ÔÂÌÂ-
·ÂÊËÏÓ Ï‡Î˚Ï Ô‡ÍÚË˜ÂÒÍË ÛÊÂ ÔË t/t0 ≥ 4–9.
í‡ÍËÏ Ó·‡ÁÓÏ, ‚˚ıÓ‰ Ì‡ ÒÚ‡ˆËÓÌ‡ÌÓÂ ÁÌ‡˜ÂÌËÂ
ÍÓÌˆÂÌÚ‡ˆËË ÔÓËÒıÓ‰ËÚ „Ó‡Á‰Ó ·˚ÒÚÂÂ, ˜ÂÏ
ÔÓËÒıÓ‰ËÚ Á‡ÏÂÚÌÓÂ ËÁÏÂÌÂÌËÂ ‡ÁÏÂ‡ Í‡ÔÎË,
Á‡‚ËÒËÏÓÒÚ¸ ÍÓÚÓÓ„Ó ÓÚ ‚ÂÏÂÌË, Í‡Í ‚Ë‰ÌÓ ËÁ
(1.8), Ú‡ÍÊÂ ÓÔÂ‰ÂÎflÂÚÒfl ÒÚÂÔÂÌÌ˚Ï Á‡ÍÓÌÓÏ

(1.19)

‚ ÍÓÚÓÓÏ ÔÓÍ‡Á‡ÚÂÎ¸ ÒÚÂÔÂÌË, Ó‰Ì‡ÍÓ, ‚ ÚË ‡Á‡
ÏÂÌ¸¯Â, ˜ÂÏ ‚ Á‡‚ËÒËÏÓÒÚË (1.18). é·‡ÚËÏ ‚ÌËÏ‡-
ÌËÂ, ˜ÚÓ ÒÚÂÔÂÌÌÓÈ (‡ ÌÂ ˝ÍÒÔÓÌÂÌˆË‡Î¸Ì˚È) ı‡-
‡ÍÚÂ ËÁÏÂÌÂÌËfl ÍÓÌˆÂÌÚ‡ˆËË ‚ÂÏÂÌË ËÒÍÎ˛-
˜‡ÂÚ ‚ÓÁÏÓÊÌÓÒÚ¸ ÔÓfl‚ÎÂÌËfl ı‡‡ÍÚÂÌÓ„Ó ‚ÂÏÂ-
ÌË ÂÎ‡ÍÒ‡ˆËË. 

ëÍ‡Á‡ÌÌÓÂ ÔÓËÎÎ˛ÒÚËÓ‚‡ÌÓ Ì‡ ËÒ. 1, 2 Ë 3.
ç‡ ÌËı ÔÓÍ‡Á‡Ì˚ Á‡‰‡‚‡ÂÏ˚Â ‚˚‡ÊÂÌËflÏË (1.18) Ë
(1.19) Á‡‚ËÒËÏÓÒÚË ÓÚ ·ÂÁ‡ÁÏÂÌÓ„Ó ‚ÂÏÂÌË t/t0 ‡-
‰ËÛÒ‡ Í‡ÔÎË R (ËÒ. 1) Ë ‡ÁÌÓÒÚË c1 – c1s (‰Îfl ÒÎÛ˜‡Â‚
c10 – c1s > 0 (ËÒ. 2) Ë c10 – c1s < 0 (ËÒ. 3)).

éÚÏÂÚËÏ, ˜ÚÓ ‡‚ÂÌÒÚ‚‡ (1.1), (1.6) Ë (1.7) ‚ Ò‚ÓÂÈ
ÒÓ‚ÓÍÛÔÌÓÒÚË ‰‡˛Ú ÍÓÌÍÂÚÌÓÂ ‚˚‡ÊÂÌËÂ ‰Îfl ‚Â-
ÏÂÌË t0, ÔÓ ËÒÚÂ˜ÂÌËË ÍÓÚÓÓ„Ó Ò ÏÓÏÂÌÚ‡ Á‡ÓÊ‰Â-
ÌËfl Í‡ÔÎË ÛÒÚ‡Ì‡‚ÎË‚‡ÂÚÒfl ‰ËÙÙÛÁËÓÌÌ˚È ÂÊËÏ
ÓÒÚ‡ Í‡ÔÎË Ë ‚ÒÚÛÔ‡˛Ú ‚ ÒËÎÛ ‡ÒÒÏÓÚÂÌÌ˚Â ‚˚¯Â
ÍËÌÂÚË˜ÂÒÍËÂ ÒÓÓÚÌÓ¯ÂÌËfl. Ç ‰‡Î¸ÌÂÈ¯ÂÏ ·Û‰ÂÚ
Û‰Ó·ÌÓ ‰Îfl Ô‡‡ÏÂÚ‡ β2, ‚ıÓ‰fl˘Â„Ó ‚ ‚˚‡ÊÂÌËÂ

1 c1–( )
dx1

dt
-------- c1

dx2

dt
--------  =–

=  4πβt1/2 c1 c1s–( )–
D1

c1s

------ n1 n1∞ c1s( ) ].–[

dc1

dt
--------

3 c1 c1s–( )
2t

-------------------------.–=

c1 t t0=

c1 c1s c10 c1s–( ) t0/t( )3/2.+=

R R0 t/t0( )1/2,=

0 1 2 3 4 5 6 7 8
t/t0

2R0

R

R0

êËÒ. 1. á‡‚ËÒËÏÓÒÚ¸ ‡‰ËÛÒ‡ ‡ÒÚÛ˘ÂÈ Í‡ÔÎË ÓÚ ·ÂÁ‡Á-
ÏÂÌÓ„Ó ‚ÂÏÂÌË t/t0.
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‰Îfl ‚ÂÏÂÌË t0, ‚ÏÂÒÚÓ ‡‚ÂÌÒÚ‚‡ (1.7) ËÒÔÓÎ¸ÁÓ‚‡Ú¸
ÒËÏÏÂÚË˜ÌÓÂ ÔÓ ÍÓÏÔÓÌÂÌÚ‡Ï ‚˚‡ÊÂÌËÂ 

(1.20)

ÍÓÚÓÓÂ Ò Ó˜Â‚Ë‰ÌÓÒÚ¸˛ ÒÎÂ‰ÛÂÚ ËÁ ÒÓÓÚÌÓ¯ÂÌËfl
(1.4). 

2. êÖòÖçàÖ ìêÄÇçÖçàü 
Ñãü ëíÄñàéçÄêçéâ äéçñÖçíêÄñàà 

àÑÖÄãúçéÉé êÄëíÇéêÄ Ç äÄèãÖ

éÚÏÂÚËÏ, ̃ ÚÓ ‚ ÔÂ‰˚‰Û˘ÂÏ ‡Á‰ÂÎÂ Ï˚ ÌÂ ‰ÂÎ‡-
ÎË Í‡ÍËı-ÎË·Ó ÔÂ‰ÔÓÎÓÊÂÌËÈ Ó Ò‚ÓÈÒÚ‚‡ı ‡ÒÚ‚Ó-
‡ Í‡ÔÎË. èÂ‰ÔÓÎ‡„‡fl ÊÂ ‡ÒÚ‚Ó ‚ Í‡ÔÎÂ Ë‰Â‡Î¸-
Ì˚Ï Ë ËÒÔÓÎ¸ÁÛfl ÙÓÏÛÎ˚ (5) ËÁ [3], ÔÓÎÛ˜‡ÂÏ

(2.1)

„‰Â ‚ÂÎË˜ËÌ˚ n1∞ Ë n2∞, Á‡ÔËÒ‡ÌÌ˚Â ·ÂÁ ÛÍ‡Á‡ÌËfl
‡„ÛÏÂÌÚÓ‚, ÔÂ‰ÒÚ‡‚Îfl˛Ú ÒÓ·ÓÈ ÔÎÓÚÌÓÒÚË ˜ËÒÎ‡
ÏÓÎÂÍÛÎ Ì‡Ò˚˘ÂÌÌ˚ı Ô‡Ó‚ ˜ËÒÚ˚ı ÊË‰ÍÓÒÚÂÈ ËÁ
ÍÓÏÔÓÌÂÌÚÓ‚ 1 Ë 2, ‡ ‡„ÛÏÂÌÚ ‚ ÙÛÌÍˆËË n2∞(1 – c1),
Í‡Í Ë ‚ ‡Á‰ÂÎÂ 1, ÔÂ‰ÒÚ‡‚ÎflÂÚ ÍÓÌˆÂÌÚ‡ˆË˛
ÍÓÏÔÓÌÂÌÚ‡ 2 ‚ Í‡ÔÎÂ. çËÊÂ Ï˚ Ó„‡ÌË˜ËÏÒfl ‡Ò-
ÒÏÓÚÂÌËÂÏ ÒÚ‡ˆËÓÌ‡ÌÓÈ ÍÓÌˆÂÌÚ‡ˆËË ÚÓÎ¸ÍÓ
ÍÓÏÔÓÌÂÌÚ‡ 1 Ë ‰Îfl ÛÔÓ˘ÂÌËfl Á‡ÔËÒË ÓÔÛÒÚËÏ ËÌ-
‰ÂÍÒ s. ëÚ‡ˆËÓÌ‡ÌÛ˛ ÍÓÌˆÂÌÚ‡ˆË˛ ÍÓÏÔÓÌÂÌÚ‡ 2
Ì‡È‰ÂÏ ‚ ÍÓÌˆÂ ÒÚ‡Ú¸Ë.

àÒÔÓÎ¸ÁÛfl ÒÓÓÚÌÓ¯ÂÌËfl (2.1), Ò‚Â‰ÂÏ Û‡‚ÌÂÌËÂ
(1.4) ‰Îfl ÒÚ‡ˆËÓÌ‡ÌÓÈ ÍÓÌˆÂÌÚ‡ˆËË c1 � c1s ÍÓÏ-
ÔÓÌÂÌÚ‡ 1 ‚ Í‡ÔÎÂ Í Í‚‡‰‡ÚÌÓÏÛ Û‡‚ÌÂÌË˛ 

(2.2)

β2 2D1v 1 n1 n1∞ c1s( ) ] +–[=

+ 2D2v 2 n2 n2∞ 1 c1s–( ) ],–[

n1∞ c1( ) c1n1∞, n2∞ 1 c1–( ) = 1 c1–( )n2∞,=

pc1
2 qc1– D1n1+ 0,=

„‰Â

(2.3)

á‡ÏÂÚËÏ, ̃ ÚÓ Û‡‚ÌÂÌËÂ ‰Îfl ÍÓÌˆÂÌÚ‡ˆËË c2 = 1 – c1
ÍÓÏÔÓÌÂÌÚ‡ 2 ËÏÂÂÚ Ú‡ÍÓÈ ÊÂ ‚Ë‰: ÒÎÂ‰ÛÂÚ ÚÓÎ¸ÍÓ
ÔÓÏÂÌflÚ¸ ÏÂÒÚ‡ÏË ËÌ‰ÂÍÒ˚ 1 Ë 2. ì‡‚ÌÂÌËÂ (2.2)
ÒÓ‚Ô‡‰‡ÂÚ Ò Û‡‚ÌÂÌËÂÏ (12) ËÁ ‡·ÓÚ˚ [2].

èËÏÂÏ ‚ ‰‡Î¸ÌÂÈ¯ÂÏ ÒÔ‡‚Â‰ÎË‚˚ÏË ÌÂ‡‚ÂÌ-
ÒÚ‚‡

(2.4)

(2.5)

ÍÓÚÓ˚Â ‚‚Ë‰Û ‚˚ÚÂÍ‡˛˘Ëı ËÁ (2.1) ÔË 0 < c1 < 1 ÌÂ-
‡‚ÂÌÒÚ‚ n1(c1) < n1∞ Ë n2∞(1 – c1) < n2∞ ‚‚Ó‰flÚ ·ÓÎÂÂ
ÒÚÓ„ËÂ ˜ÂÏ ÌÂ‡‚ÂÌÒÚ‚‡ (1.3) Ó„‡ÌË˜ÂÌËfl.

ä‚‡‰‡ÚÌÓÂ Û‡‚ÌÂÌËÂ (2.2) ËÏÂÂÚ ‰‚‡ ÍÓÌfl

(2.6)

èÓËÁ‚Â‰ÂÏ ‚˚·Ó ÍÓÏÔÓÌÂÌÚ‡ 1 Ú‡ÍËÏ Ó·‡ÁÓÏ,
˜ÚÓ·˚ ‚ÂÎË˜ËÌ‡ p ËÁ (2.3) ·˚Î‡ ÔÓÎÓÊËÚÂÎ¸ÌÓÈ,
p > 0. íÓ„‰‡ ÔÓÎÓÊËÚÂÎ¸ÌÓÈ ·Û‰ÂÚ Ë ‚ÂÎË˜ËÌ‡ q.
ùÚÓÚ ‚˚·Ó ÁÌ‡˜ËÚÂÎ¸ÌÓ ÛÔÓ˘‡ÂÚ ‚ÒÂ Ì‡¯Â ‡Ò-
ÒÏÓÚÂÌËÂ, ÔÓ˝ÚÓÏÛ ‚Ò˛‰Û ÌËÊÂ ·Û‰ÂÏ Ò˜ËÚ‡Ú¸
ÒÔ‡‚Â‰ÎË‚˚ÏË ÌÂ‡‚ÂÌÒÚ‚‡ p > 0 Ë q > 0.

àÁ ‡‚ÂÌÒÚ‚ (2.3) ËÏÂÂÏ

(2.7)

p D1n1∞ D2n2∞,  –≡
q D1 n1 n1∞+( ) D2 n2 n2∞–( ).+≡

n1 n1∞,>

n2 n2∞,>

c1
1( ) q

2 p
------

q
2 p
------ 1

4 pD1n1

q2
-------------------–⎝ ⎠

⎛ ⎞ 1/2

,–=

c1
2( ) q

2 p
------

q
2 p
------ 1

4 pD1n1

q2
-------------------–⎝ ⎠

⎛ ⎞ 1/2

.+=

q p– D1n1 D2n2,+=

0 1 2 3 4 5 6 7 8
t/t0

c10–c1s

c1–c1s

(c10–c1s)/8

9 10

1

êËÒ. 2. á‡‚ËÒËÏÓÒÚ¸ ÓÚ ·ÂÁ‡ÁÏÂÌÓ„Ó ‚ÂÏÂÌË t/t0 ÓÚ-
ÍÎÓÌÂÌËfl ÍÓÌˆÂÌÚ‡ˆËË ÔÂ‚Ó„Ó ÍÓÏÔÓÌÂÌÚ‡ ÓÚ ÒÚ‡ˆËÓ-
Ì‡ÌÓ„Ó ÁÌ‡˜ÂÌËfl ÔË c10 – c1s > 0.

0 1 2 3 4 5 6 7 8
t/t0

c10–c1s

c1–c1s

(c10–c1s)/8

9 10

–1

êËÒ. 3. á‡‚ËÒËÏÓÒÚ¸ ÓÚ ·ÂÁ‡ÁÏÂÌÓ„Ó ‚ÂÏÂÌË t/t0 ÓÚ-
ÍÎÓÌÂÌËfl ÍÓÌˆÂÌÚ‡ˆËË ÔÂ‚Ó„Ó ÍÓÏÔÓÌÂÌÚ‡ ÓÚ ÒÚ‡-
ˆËÓÌ‡ÌÓ„Ó ÁÌ‡˜ÂÌËfl ÔË c10 – c1s < 0.
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 äÛÌË, ãÂÁÓ‚‡

‡ ËÁ ÌÂ‡‚ÂÌÒÚ‚‡ (2.4) ËÏÂÂÏ 

(2.8)

ãÂ„ÍÓ Û·Â‰ËÚ¸Òfl, ˜ÚÓ ÔË ÒÓ·Î˛‰ÂÌËË ÌÂ‡-
‚ÂÌÒÚ‚‡

(2.9)

‚˚ÚÂÍ‡˛˘Â„Ó ËÁ ÒÓÓÚÌÓ¯ÂÌËfl (2.7), ·Û‰ÂÚ ÒÔ‡-
‚Â‰ÎË‚Ó Ë ÌÂ‡‚ÂÌÒÚ‚Ó

(2.10)

íÓ„‰‡ q2 – 4pD1n1 > 0, Ë Ó·‡ ÍÓÌfl  Ë  ‚Â˘Â-
ÒÚ‚ÂÌÌ˚. èË ˝ÚÓÏ ËÁ ÌÂ‡‚ÂÌÒÚ‚ (2.10) Ë (2.8)
ËÏÂÂÏ Ò Ó˜Â‚Ë‰ÌÓÒÚ¸˛

(2.11)

Ë

(2.12)

àÁ ‚˚‡ÊÂÌËfl (2.6) Ë ÌÂ‡‚ÂÌÒÚ‚‡ (2.12) ÔÓÎÛ-

˜‡ÂÏ ‰Îfl ÍÓÌfl  ÒÎÂ‰Û˛˘ËÂ Ó„‡ÌË˜ÂÌËfl

(2.13)

çÂ‡‚ÂÌÒÚ‚Ó ÊÂ (2.11) ÔÓÁ‚ÓÎflÂÚ ÛÒÚ‡ÌÓ‚ËÚ¸ ‰Îfl

ÍÓÌfl  ÒÎÂ‰Û˛˘ËÂ „‡ÌËˆ˚

(2.14)

àÁ ‚˚‡ÊÂÌËÈ (2.3)–(2.5) Ë (2.7) ÎÂ„ÍÓ ÛÒÚ‡ÌÓ‚ËÚ¸,

˜ÚÓ (q – p)/p > 1, ÚÓ ÂÒÚ¸  Ë ÍÓÂÌ¸  ÌÂ
Û‰Ó‚ÎÂÚ‚ÓflÂÚ ÌÂÓ·ıÓ‰ËÏÓÏÛ ‰Îfl ÍÓÌˆÂÌÚ‡ˆËË
Ó„‡ÌË˜ÂÌË˛ 0 < c1 < 1. í‡ÍËÏ Ó·‡ÁÓÏ, ÙËÁË˜Â-

ÒÍË ÍÓÂÍÚÌ˚Ï fl‚ÎflÂÚÒfl ÚÓÎ¸ÍÓ ÍÓÂÌ¸  Ë
Û‡‚ÌÂÌËÂ (2.2) ‰‡ÂÚ ÚÓÎ¸ÍÓ Ó‰ÌÓ ÁÌ‡˜ÂÌËÂ ÒÚ‡ˆË-
ÓÌ‡ÌÓÈ ÍÓÌˆÂÌÚ‡ˆËË. ÄÌ‡ÎÓ„Ë˜Ì˚È ÂÁÛÎ¸Ú‡Ú
·˚Î ‡ÌÂÂ ÔÓÎÛ˜ÂÌ ‚ ‡·ÓÚÂ [2]. Ç˚¯Â Ï˚ ÔÓÍ‡Á‡-
ÎË, ˜ÚÓ Â‰ËÌÒÚ‚ÂÌÌÓÒÚ¸ Â¯ÂÌËfl ÒÎÂ‰ÛÂÚ Ë ËÁ ·Ó-
ÎÂÂ Ó·˘Â„Ó Û‡‚ÌÂÌËfl (1.4), ÌÂ ÔÂ‰ÔÓÎ‡„‡˛˘Â„Ó
Ë‰Â‡Î¸ÌÓÒÚ¸ ‡ÒÚ‚Ó‡ ‚ Í‡ÔÎÂ. 

Ç˚‡ÊÂÌËÂ (2.6) ‰Îfl ÍÓÌfl  ÏÓÊÂÚ ·˚Ú¸ Á‡-
ÔËÒ‡ÌÓ ·ÓÎÂÂ ÔÓÒÚÓ Ë Ì‡„Îfl‰ÌÓ ‚ ÛÒÎÓ‚Ëflı, ÍÓ„‰‡

(2.15)

ì‰ÂÊË‚‡fl ÔÂ‚˚ı ‰‚‡ ˜ÎÂÌ‡ ‡ÁÎÓÊÂÌËfl ÔÓ Ï‡-
ÎÓÏÛ Ô‡‡ÏÂÚÛ ËÁ (2.15), ÔÓÎÛ˜‡ÂÏ ËÁ (2.6)

(2.16)

q 2 p 0.>–

q p D1n1,>–

q2 4 pD1n1 q 2 p–( )2.>–

c1
1( ) c1

2( )

1 1
4 pD1n1

q2
-------------------–⎝ ⎠

⎛ ⎞ 1/2 q 2 p–
q

---------------> >

1 1
4 pD1n1

q2
-------------------–⎝ ⎠

⎛ ⎞ 1/2 q 2 p–
q

---------------.–<–<–

c1
1( )

0 c1
1( ) 1.< <

c1
2( )

q
p
--- c1

2( ) q p–
p

------------.> >

c1
2( ) 1> c1

2( )

c1
1( )

c1
1( )

pD1n1/q2
 � 1.

c1
1( ) D1n1

q
------------ 1

pD1n1

q2
---------------+⎝ ⎠

⎛ ⎞ ( pD1n1/q2
 � 1).=

ÑÎfl ÒÓ·Î˛‰ÂÌËfl ÌÂ‡‚ÂÌÒÚ‚‡ (2.15), Ó˜Â‚Ë‰ÌÓ, ‰Ó-
ÒÚ‡ÚÓ˜ÌÓ ‚˚ÔÓÎÌÂÌËfl ÒÎÂ‰Û˛˘Ëı ÛÒÎÓ‚ËÈ

(2.17)

Ë 

(2.18)

àÁ ‚˚‡ÊÂÌËÈ (2.3) Ò Û˜ÂÚÓÏ ÌÂ‡‚ÂÌÒÚ‚‡ (2.17)
ÏÓÊÌÓ ÔÓÎÛ˜ËÚ¸ Ò ‚˚ÒÓÍÓÈ ÚÓ˜ÌÓÒÚ¸˛ ÒÎÂ‰Û˛-
˘ÂÂ ‚˚‡ÊÂÌËÂ

(2.19)

Ó·ÂÒÔÂ˜Ë‚‡˛˘ÂÂ ÌÂ‡‚ÂÌÒÚ‚Ó (2.18) Ë ÔÓÁ‚ÓÎfl˛-
˘ÂÂ ÔÂ‰ÒÚ‡‚ËÚ¸ ÌÂ‡‚ÂÌÒÚ‚Ó (2.17) ‚ ‚Ë‰Â

(2.20)

ç‡ÔÓÏÌËÏ, ˜ÚÓ ÍÓÏÔÓÌÂÌÚ 1 ‚˚·‡Ì ËÁ ÛÒÎÓ‚Ëfl p >
> 0, Ú.Â. D1n1∞ > D2n2∞. ìÒËÎÂÌËÂ ÌÂ‡‚ÂÌÒÚ‚ (2.4) Ë
(2.5) ÒÔÓÒÓ·ÒÚ‚ÛÂÚ ÎÛ˜¯ÂÏÛ ‚˚ÔÓÎÌÂÌË˛ ÌÂ‡‚ÂÌ-
ÒÚ‚‡ (2.20). ÑÎfl ·ÎËÁÍËı ÔÓ Ò‚ÓÈÒÚ‚‡Ï ÍÓÏÔÓÌÂÌÚÓ‚,
‰Îfl ÍÓÚÓ˚ı ÒÔ‡‚Â‰ÎË‚Ó Ó„‡ÌË˜ÂÌËÂ

 (2.21)

ÛÒÎÓ‚ËÂ (2.20) ·Û‰ÂÚ ‚˚ÔÓÎÌflÚ¸Òfl Ë ‚ ÚÓÏ ÒÎÛ˜‡Â, ÍÓ-
„‰‡ Ó‰ÌÓ ËÎË ‰‡ÊÂ Ó·‡ ËÁ ÌÂ‡‚ÂÌÒÚ‚ (2.4) Ë (2.5) ‡-
·ÓÚ‡˛Ú Ì‡ ÔÂ‰ÂÎÂ.

í‡ÍËÏ Ó·‡ÁÓÏ, ‚˚ÔÓÎÌÂÌËÂ ÌÂ‡‚ÂÌÒÚ‚‡ (2.20), Í‡Í
ÌÂÚÛ‰ÌÓ ÛÒÚ‡ÌÓ‚ËÚ¸ Ò ÔÓÏÓ˘¸˛ ÒÓÓÚÌÓ¯ÂÌËÈ (2.3),
(2.16) Ë (2.19), Ó·ÂÒÔÂ˜Ë‚‡ÂÚ Ë ‚˚ÔÓÎÌÂÌËÂ ÌÂ‡-
‚ÂÌÒÚ‚ (2.15), (2.17) Ë (2.18). èÓ˝ÚÓÏÛ ÌÂ‡‚ÂÌÒÚ‚Ó
(2.20) Ï˚ ÔËÏÂÏ ‚ Í‡˜ÂÒÚ‚Â ÓÒÌÓ‚ÌÓ„Ó. óÚÓ·˚ ÔÂ‰-
ÒÚ‡‚ËÚ¸ ‚˚‡ÊÂÌËÂ (2.16) ‚ ‚Ë‰Â ‡ÁÎÓÊÂÌËfl ÔÓ Ï‡-
ÎÓÏÛ Ô‡‡ÏÂÚÛ, ÔÂ‰ÒÚ‡‚Îfl˛˘ÂÏÛ ÒÓ·ÓÈ ÎÂ‚Û˛
˜‡ÒÚ¸ ÌÂ‡‚ÂÌÒÚ‚‡ (2.20), ‚˚‰ÂÎËÏ ÒÓÓÚ‚ÂÚÒÚ‚Û˛-
˘Û˛ ÍÓÏ·ËÌ‡ˆË˛ ‚ ÔÂ‚ÓÏ ‡ÁÎÓÊÂÌËfl (2.16). àÒ-
ÔÓÎ¸ÁÛfl ‚˚‡ÊÂÌËfl (2.3), ËÏÂÂÏ 

(2.22)

èË D1n1/D2n2 � 1 ‚ÂÎË˜ËÌ‡ , Í‡Í ‚Ë‰ÌÓ ËÁ
(2.22), ·ÎËÁÍ‡ Í 1, ‡ ÔË D1n1/D2n2 � 1 ÓÌ‡ ·ÎËÁÍ‡
Í 0. í‡ÍËÏ Ó·‡ÁÓÏ, ÙÓÏÛÎ‡ (2.22) Óı‚‡Ú˚‚‡ÂÚ
‚ÂÒ¸ ÙËÁË˜ÂÒÍË ‚ÓÁÏÓÊÌ˚È ‰Ë‡Ô‡ÁÓÌ ÁÌ‡˜ÂÌËÈ
ÍÓÌˆÂÌÚ‡ˆËË ‡ÒÚ‚Ó‡ ‚ Í‡ÔÎÂ. á‡ÏÂÚËÏ, ˜ÚÓ
ÙÓÏÛÎ‡ (2.22) ÛÚÓ˜ÌflÂÚ ÔÓÎÛ˜ÂÌÌÓÂ ‚ [4] ‚˚‡-
ÊÂÌËÂ ‰Îfl ÒÚ‡ˆËÓÌ‡ÌÓÈ ÍÓÌˆÂÌÚ‡ˆËË.

îÓÏÛÎ‡ (2.22) ‰Îfl ÍÓÌˆÂÌÚ‡ˆËË  ÍÓÏÔÓÌÂÌ-
Ú‡ 1 ÔÓÁ‚ÓÎflÂÚ Ì‡ÈÚË ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Û˛ ÍÓÌˆÂÌÚ‡-

p/q � 1

D1n1/q < 1.

q D1n1 D2n2,+=

D1n1∞ D2n2∞–( )/ D1n1 D2n2+( ) �1

D1n1∞ D2n2∞>( ).

D1n1∞ D2n2∞–( )/ D1n1∞ D2n2∞+( ) � 1

D1n1∞ D2n2∞>( ),

c1
1( ) D1n1

D1n1 D2n2+
------------------------------ 1

D1n1∞ D2n2∞–( )D2n2

D1n1 D2n2+( )
-----------------------------------------------------–=

D1n1∞ D2n2∞>( ).

c1
1( )

c1
1( )
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ˆË˛  ÍÓÏÔÓÌÂÌÚ‡ 2. ÇÓÒÔÓÎ¸ÁÓ‚‡‚¯ËÒ¸ ‡‚ÂÌ-

ÒÚ‚ÓÏ  = 1 –  Ì‡ıÓ‰ËÏ

 (2.23)

åÓÊÌÓ ·˚ÎÓ ·˚ ÎÂ„ÍÓ ÔÓ‚ÚÓËÚ¸ ‚ÒÂ ÔË‚Â‰ÂÌ-
Ì˚Â ‚˚¯Â ‚˚ÍÎ‡‰ÍË ‰Îfl ÒÎÛ˜‡fl, ÍÓ„‰‡ D1n1∞ < D2n2∞.
èË ˝ÚÓÏ ‚˚‡ÊÂÌËfl (2.22) Ë (2.23) ÓÒÚ‡ÎËÒ¸ ·˚ ÌÂ-
ËÁÏÂÌÌ˚ÏË, ‡ ‚ ÌÂ‡‚ÂÌÒÚ‚‡ı (2.20) Ë (2.21) ÔÓÚÂ·Ó-
‚‡ÎÓÒ¸ ·˚ Á‡ÏÂÌËÚ¸ ‚ÂÎË˜ËÌÛ D1n1∞ – D2n2∞ Ì‡ ÂÂ ÏÓ-
‰ÛÎ¸. ùÚÓÚ ÂÁÛÎ¸Ú‡Ú Ò Ó˜Â‚Ë‰ÌÓÒÚ¸˛ ÒÎÂ‰ÛÂÚ ËÁ
ÒËÏÏÂÚËË ‚˚‡ÊÂÌËÈ (2.22) Ë (2.23) ÔÓ ÓÚÌÓ¯ÂÌË˛
Í ÍÓÏÔÓÌÂÌÚ‡Ï 1 Ë 2.

ê‡·ÓÚ‡ ‚˚ÔÓÎÌÂÌ‡ ÔË ÙËÌ‡ÌÒÓ‚ÓÈ ÔÓ‰‰ÂÊÍÂ
‡Ì‡ÎËÚË˜ÂÒÍÓÈ ‚Â‰ÓÏÒÚ‚ÂÌÌÓÈ ˆÂÎÂ‚ÓÈ ÔÓ„‡ÏÏ˚
“ê‡Á‚ËÚËÂ Ì‡Û˜ÌÓ„Ó ÔÓÚÂÌˆË‡Î‡ ‚˚Ò¯ÂÈ ¯ÍÓÎ˚
(2006–2008 „Ó‰˚)” (ÔÓÂÍÚ êçè.2.1.1.1712. îÛÌ‰‡-
ÏÂÌÚ‡Î¸Ì˚Â ÔÓ·ÎÂÏ˚ ÙËÁËÍË Ë ıËÏËË ÛÎ¸Ú‡‰ËÒ-
ÔÂÒÌ˚ı ÒËÒÚÂÏ Ë ÏÂÊÙ‡ÁÌ˚ı „‡ÌËˆ).
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