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ÇÇÖÑÖçàÖ

 

è¸ÂÁÓ˝ÎÂÍÚË˜ÂÒÍËÂ ËÁÎÛ˜‡ÚÂÎË ¯ËÓÍÓ ÔË-
ÏÂÌfl˛ÚÒfl ‚ ÛÒÚÓÈÒÚ‚‡ı ‚ËÁÛ‡ÎËÁ‡ˆËË Ë ÛÎ¸Ú‡-
Á‚ÛÍÓ‚ÓÈ ÚÂ‡ÔËË, ÌÂ‡ÁÛ¯‡˛˘Â„Ó ÍÓÌÚÓÎfl Ë
‡ÍÛÒÚË˜ÂÒÍÓÈ ÏËÍÓÒÍÓÔËË. ÑÎfl ÚÂÓÂÚË˜ÂÒÍÓ„Ó
ÔÂ‰ÒÍ‡Á‡ÌËfl ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Ëı ‡ÍÛÒÚË˜ÂÒÍËı ÔÓ-
ÎÂÈ ÚÂ·ÛÂÚÒfl ÁÌ‡Ú¸ ‡ÒÔÂ‰ÂÎÂÌËÂ ÌÓÏ‡Î¸ÌÓÈ
ÍÓÏÔÓÌÂÌÚ˚ ÒÍÓÓÒÚË Ë ‡ÍÛÒÚË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl
Ì‡ ËÁÎÛ˜‡˛˘ÂÈ ÔÓ‚ÂıÌÓÒÚË. ç‡Ë·ÓÎÂÂ ˜‡ÒÚÓ ËÒ-
ÔÓÎ¸ÁÛÂÚÒfl ÔË·ÎËÊÂÌËÂ ËÌÚÂ„‡Î‡ ê˝ÎÂfl, ÒÓ„Î‡Ò-
ÌÓ ÍÓÚÓÓÏÛ ‡ÍÛÒÚË˜ÂÒÍÓÂ ‰‡‚ÎÂÌËÂ ‚ Á‡‰‡ÌÌÓÈ
ÚÓ˜ÍÂ ÔÓÒÚ‡ÌÒÚ‚‡ ‚˚‡Ê‡ÂÚÒfl ‚ ‚Ë‰Â ÒÛÔÂÔÓÁË-
ˆËË ÒÙÂË˜ÂÒÍËı ‚ÓÎÌ Ò ‡ÏÔÎËÚÛ‰‡ÏË, ÔÓÔÓˆË-
ÓÌ‡Î¸Ì˚ÏË ÌÓÏ‡Î¸ÌÓÈ ÍÓÏÔÓÌÂÌÚÂ ÒÍÓÓÒÚË ‚
ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Ëı ÚÓ˜Í‡ı ËÁÎÛ˜‡ÚÂÎfl [1]. é·˚˜ÌÓ
‰Îfl ÔÓÒÚÓÚ˚ ÔÂ‰ÔÓÎ‡„‡ÂÚÒfl, ̃ ÚÓ ÍÓÎÂ·‡ÌËÂ Ô¸Â-
ÁÓÔÎ‡ÒÚËÌ˚ ÓÔÂ‰ÂÎflÂÚÒfl ÚÓÎ˘ËÌÌÓÈ ÏÓ‰ÓÈ, Ú.Â.
Ó‰ÌÓÓ‰ÌÓ ‚‰ÓÎ¸ ËÁÎÛ˜‡˛˘ÂÈ ÔÓ‚ÂıÌÓÒÚË. é‰-
Ì‡ÍÓ ÚÓ˜ÌÓÒÚ¸ Ú‡ÍÓ„Ó ÔË·ÎËÊÂÌËfl ÌÂ‚ÂÎËÍ‡, Ú‡Í
Í‡Í ‚ Ô¸ÂÁÓÍÂ‡ÏË˜ÂÒÍËı ÔÂÓ·‡ÁÓ‚‡ÚÂÎflı ÚÓÎ-
˘ËÌÌ˚Â ÍÓÎÂ·‡ÌËfl ÒÓÔÓ‚ÓÊ‰‡˛ÚÒfl ‰Û„ËÏË
ÚÛ‰ÌÓ ÍÓÌÚÓÎËÛÂÏ˚ÏË ÏÓ‰‡ÏË, ‚ ˜‡ÒÚÌÓÒÚË
‚ÓÎÌ‡ÏË ã˝Ï·‡ [2, 3]. èÓ˝ÚÓÏÛ ‡ÒÔÂ‰ÂÎÂÌËÂ
ÌÓÏ‡Î¸ÌÓÈ ÒÍÓÓÒÚË ‚‰ÓÎ¸ ÔÓ‚ÂıÌÓÒÚË ËÁÎÛ˜‡-

ÚÂÎfl fl‚ÎflÂÚÒfl ÌÂÓ‰ÌÓÓ‰Ì˚Ï. íÂÓÂÚË˜ÂÒÍÓÂ
ÔÂ‰ÒÍ‡Á‡ÌËÂ ÒÚÛÍÚÛ˚ ÛÔÛ„Ëı ÍÓÎÂ·‡ÌËÈ Ô¸Â-
ÁÓÔÎ‡ÒÚËÌ˚ Á‡ÚÛ‰ÌÂÌÓ ÚÂÏ, ˜ÚÓ Í‡Â‚˚Â ÛÒÎÓ-
‚Ëfl, Á‡‚ËÒfl˘ËÂ ÓÚ ÓÒÓ·ÂÌÌÓÒÚÂÈ ÍÂÔÎÂÌËfl ÔÎ‡Ò-
ÚËÌ˚ Í ÍÓÔÛÒÛ, ‡ Ú‡ÍÊÂ ˝ÎÂÍÚÓÏÂı‡ÌË˜ÂÒÍËÂ
Ô‡‡ÏÂÚ˚ Ô¸ÂÁÓÍÂ‡ÏËÍË ËÁ‚ÂÒÚÌ˚ ÎË¯¸ Ò Ó„‡-
ÌË˜ÂÌÌÓÈ ÚÓ˜ÌÓÒÚ¸˛. ç‡ ÔÂ‚˚È ‚Á„Îfl‰, ËÒÔÓÎ¸-
ÁÛfl ÏÂÚÓ‰ ÓÔÚË˜ÂÒÍÓÈ ËÌÚÂÙÂÓÏÂÚËË, ÏÓÊÌÓ
ÔÓ‚ÂÒÚË ÔflÏ˚Â ËÁÏÂÂÌËfl ÌÓÏ‡Î¸ÌÓÈ ÒÍÓÓ-
ÒÚË ÍÓÎÂ·‡ÌËÈ ÔÓ‚ÂıÌÓÒÚË ËÁÎÛ˜‡ÚÂÎfl. é‰Ì‡ÍÓ
Ú‡ÍËÂ ËÁÏÂÂÌËfl ‚ÓÁÏÓÊÌ˚ ÎË¯¸ ‰Îfl ËÒÚÓ˜ÌËÍ‡,
Ì‡ıÓ‰fl˘Â„ÓÒfl ‚ ‚ÓÁ‰ÛıÂ, ÔË ËÁÎÛ˜ÂÌËË ÊÂ ‚ ‚Ó‰Û
·ÓÎ¸¯Û˛ ÓÎ¸ Ë„‡ÂÚ ‡ÍÛÒÚÓÓÔÚË˜ÂÒÍÓÂ ‚Á‡ËÏÓ-
‰ÂÈÒÚ‚ËÂ ‚ ÊË‰ÍÓÒÚË, ‚ ÂÁÛÎ¸Ú‡ÚÂ ÒË„Ì‡Î ËÌÚÂ-
ÙÂÓÏÂÚ‡ ÌÂ Û‰‡ÂÚÒfl fl‚ÌÓ Ò‚flÁ‡Ú¸ ÒÓ ÒÏÂ˘ÂÌËÂÏ
ÔÓ‚ÂıÌÓÒÚË [2]. í‡ÍËÏ Ó·‡ÁÓÏ, ÔË ËÒÔÓÎ¸ÁÓ‚‡-
ÌËË Ô¸ÂÁÓ˝ÎÂÍÚË˜ÂÒÍËı ËÒÚÓ˜ÌËÍÓ‚ ‡ÒÔÂ‰ÂÎÂ-
ÌËÂ ÌÓÏ‡Î¸ÌÓÈ ÒÍÓÓÒÚË (Ë, ÚÂÏ ·ÓÎÂÂ, ‡ÍÛÒÚË˜Â-
ÒÍÓ„Ó ‰‡‚ÎÂÌËfl) ‚‰ÓÎ¸ ÔÓ‚ÂıÌÓÒÚË Ù‡ÍÚË˜ÂÒÍË
fl‚ÎflÂÚÒfl ÌÂËÁ‚ÂÒÚÌ˚Ï.

Ç ‰‡ÌÌÓÈ ‡·ÓÚÂ ÔÂ‰Î‡„‡ÂÚÒfl ÏÂÚÓ‰ ‚ÓÒÒÚ‡-
ÌÓ‚ÎÂÌËfl ‡ÒÔÂ‰ÂÎÂÌËfl ÌÓÏ‡Î¸ÌÓÈ ÒÍÓÓÒÚË Ë
‡ÍÛÒÚË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl Ì‡ ÔÓ‚ÂıÌÓÒÚË ËÁÎÛ˜‡-
ÚÂÎfl. à‰Âfl ÏÂÚÓ‰‡ Á‡ÍÎ˛˜‡ÂÚÒfl ‚ ËÒÔÓÎ¸ÁÓ‚‡ÌËË
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Ç Ô¸ÂÁÓ˝ÎÂÍÚË˜ÂÒÍËı ËÒÚÓ˜ÌËÍ‡ı ÛÎ¸Ú‡Á‚ÛÍ‡, Ì‡fl‰Û Ò ÍÓÎÂ·‡ÌËflÏË ÔÓ ÚÓÎ˘ËÌÂ, ˜‡ÒÚÓ ‚ÓÁ·ÛÊ‰‡-
˛ÚÒfl ÚÛ‰ÌÓ ÍÓÌÚÓÎËÛÂÏ˚Â Ô‡‡ÁËÚÌ˚Â ‚ÓÎÌ˚ ã˝Ï·‡. ùÚÓ ÔË‚Ó‰ËÚ Í ÚÓÏÛ, ˜ÚÓ ‡ÒÔÂ‰ÂÎÂÌËÂ
ÌÓÏ‡Î¸ÌÓÈ ÒÍÓÓÒÚË Ì‡ ËÁÎÛ˜‡˛˘ÂÈ ÔÓ‚ÂıÌÓÒÚË ÓÍ‡Á˚‚‡ÂÚÒfl ÌÂËÁ‚ÂÒÚÌ˚Ï Ë, ÚÂÏ Ò‡Ï˚Ï, ÒÚ‡ÌÓ-
‚ËÚÒfl ÌÂ‚ÓÁÏÓÊÌ˚Ï ÚÓ˜ÌÓÂ ÔÂ‰ÒÍ‡Á‡ÌËÂ ËÁÎÛ˜‡ÂÏÓ„Ó ÛÎ¸Ú‡Á‚ÛÍÓ‚Ó„Ó ÔÓÎfl. ñÂÎ¸˛ Ì‡ÒÚÓfl˘ÂÈ ‡-
·ÓÚ˚ fl‚ÎflÂÚÒfl ‡Á‚ËÚËÂ Ë ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì‡fl ÔÓ‚ÂÍ‡ ÌÓ‚Ó„Ó ÏÂÚÓ‰‡ Ì‡ıÓÊ‰ÂÌËfl ‡ÒÔÂ‰ÂÎÂÌËfl
ÌÓÏ‡Î¸ÌÓÈ ÒÍÓÓÒÚË Ì‡ ÔÓ‚ÂıÌÓÒÚË ÛÎ¸Ú‡Á‚ÛÍÓ‚Ó„Ó ËÁÎÛ˜‡ÚÂÎfl. åÂÚÓ‰ ÒÓÒÚÓËÚ ‚ ËÁÏÂÂÌËË ‡ÏÔ-
ÎËÚÛ‰˚ Ë Ù‡Á˚ ‡ÍÛÒÚË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl ‚‰ÓÎ¸ ÌÂÍÓÚÓÓÈ ÍÓÌÚÓÎ¸ÌÓÈ ÔÓ‚ÂıÌÓÒÚË Ë ‡Ò˜ÂÚÂ ‡ÍÛÒ-
ÚË˜ÂÒÍÓ„Ó ÔÓÎfl Ì‡ ËÁÎÛ˜‡ÚÂÎÂ ÔÛÚÂÏ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Â„Ó ËÌÚÂ„ËÓ‚‡ÌËfl Ò ËÒÔÓÎ¸ÁÓ‚‡ÌËÂÏ ËÌÚÂ„‡-
Î‡ ê˝ÎÂfl. íÓ˜ÌÓÒÚ¸ Ë ÛÒÚÓÈ˜Ë‚ÓÒÚ¸ ÏÂÚÓ‰‡ ÔÓËÎÎ˛ÒÚËÓ‚‡Ì˚ ˜ËÒÎÂÌÌÓ. èÓ‚Â‰ÂÌ ˝ÍÒÔÂËÏÂÌÚ Ò
ÙÓÍÛÒËÛ˛˘ËÏ Ô¸ÂÁÓ˝ÎÂÍÚË˜ÂÒÍËÏ ÔÂÓ·‡ÁÓ‚‡ÚÂÎÂÏ. Ç Í‡˜ÂÒÚ‚Â ÍÓÌÚÓÎ¸ÌÓÈ ÔÓ‚ÂıÌÓÒÚË ËÒ-
ÔÓÎ¸ÁÓ‚‡Î‡Ò¸ ÔÎÓÒÍÓÒÚ¸, ÔÂÔÂÌ‰ËÍÛÎflÌ‡fl ÓÒË ‡ÍÛÒÚË˜ÂÒÍÓ„Ó ÔÛ˜Í‡. ìÎ¸Ú‡Á‚ÛÍÓ‚ÓÂ ÔÓÎÂ ‚ ÛÍ‡Á‡Ì-
ÌÓÈ ÔÎÓÒÍÓÒÚË ÒÍ‡ÌËÓ‚‡ÎÓÒ¸ Ë„ÓÎ¸˜‡Ú˚Ï „Ë‰ÓÙÓÌÓÏ, ÔÂÂÏÂ˘‡ÂÏ˚Ï Ò ÔÓÏÓ˘¸˛ ÒËÒÚÂÏ˚ ÏËÍÓ-
ÔÓÁËˆËÓÌËÓ‚‡ÌËfl. àÁÏÂÂÌËfl ÔÓÍ‡Á‡ÎË, ˜ÚÓ ÔÂ‰ÎÓÊÂÌÌ˚È ÏÂÚÓ‰ ÔÓÁ‚ÓÎflÂÚ Ò ıÓÓ¯ÂÈ ÚÓ˜ÌÓÒÚ¸˛
ÔÂ‰ÒÍ‡Á˚‚‡Ú¸ ÒÚÛÍÚÛÛ ‡ÍÛÒÚË˜ÂÒÍÓ„Ó ÔÓÎfl, ËÁÎÛ˜‡ÂÏÓ„Ó ËÒÚÓ˜ÌËÍÓÏ Ò Á‡‡ÌÂÂ ÌÂËÁ‚ÂÒÚÌ˚Ï ÌÂ-
Ó‰ÌÓÓ‰Ì˚Ï ‡ÒÔÂ‰ÂÎÂÌËÂÏ ÌÓÏ‡Î¸ÌÓÈ ÒÍÓÓÒÚË.
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Ó·‡ÚËÏÓÒÚË ‚ÓÎÌÓ‚Ó„Ó ÔÓˆÂÒÒ‡ ‚Ó ‚ÂÏÂÌË [4].
èÓˆÂÒÒ ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌËfl ÒÓÒÚÓËÚ ËÁ ‰‚Ûı ˝Ú‡ÔÓ‚.
ëÌ‡˜‡Î‡ ÔÓ‚Ó‰ËÚÒfl ËÁÏÂÂÌËÂ ‡ÏÔÎËÚÛ‰˚ Ë Ù‡-
Á˚ ‚ÓÎÌ˚ ‚‰ÓÎ¸ ÌÂÍÓÚÓÓÈ ÍÓÌÚÓÎ¸ÌÓÈ ÔÓ‚Âı-
ÌÓÒÚË, ‡ÒÔÓÎÓÊÂÌÌÓÈ ÔÂÂ‰ ËÁÎÛ˜‡ÚÂÎÂÏ. á‡ÚÂÏ
Ù‡Á‡ ‚ÓÎÌ˚ Ó·‡˘‡ÂÚÒfl Ë ÔÓ‚Ó‰ËÚÒfl ˜ËÒÎÂÌÌ˚È
‡Ò˜ÂÚ ‡ÍÛÒÚË˜ÂÒÍÓ„Ó ÔÓÎfl Ì‡ ÔÓ‚ÂıÌÓÒÚË ËÁÎÛ-
˜‡ÚÂÎfl Ò ËÒÔÓÎ¸ÁÓ‚‡ÌËÂÏ ËÌÚÂ„‡Î‡ ê˝ÎÂfl ÔÓ ÛÍ‡-
Á‡ÌÌÓÈ ÍÓÌÚÓÎ¸ÌÓÈ ÔÓ‚ÂıÌÓÒÚË. èÓıÓÊËÂ ÔÓ‰-
ıÓ‰˚ ÔÂ‰Î‡„‡ÎËÒ¸ ‡ÌÂÂ ‰Îfl ‡Ò˜ÂÚ‡ ‡ÍÛÒÚË˜ÂÒ-
ÍËı ÔÓÎÂÈ ÔÂÓ·‡ÁÓ‚‡ÚÂÎÂÈ. é‰ËÌ ËÁ ÌËı
ÓÒÌÓ‚‡Ì Ì‡ ÔÂ‰ÒÚ‡‚ÎÂÌËË ËÁÎÛ˜‡ÚÂÎfl ‚ ‚Ë‰Â ÏÌÓ-
„Ó˝ÎÂÏÂÌÚÌÓÈ ‡ÌÚÂÌÌÓÈ Â¯ÂÚÍË. àÁÏÂÂÌÌÓÂ ‚
˝ÍÒÔÂËÏÂÌÚÂ ‡ÍÛÒÚË˜ÂÒÍÓÂ ‰‡‚ÎÂÌËÂ ‚ ‡ÁÎË˜-
Ì˚ı ÚÓ˜Í‡ı ÍÓÌÚÓÎ¸ÌÓÈ ÔÎÓÒÍÓÒÚË ÔÂ‰ÒÚ‡‚Îfl-
ÂÚÒfl ‚ ‚Ë‰Â ÒÛÏÏ˚ ÒÙÂË˜ÂÒÍËı ‚ÓÎÌ ÓÚ ÓÚ‰ÂÎ¸-
Ì˚ı ˝ÎÂÏÂÌÚÓ‚ Â¯ÂÚÍË, ‡ Á‡ÚÂÏ Â¯‡ÂÚÒfl ÔÓÎÛ-
˜Ë‚¯‡flÒfl ÒËÒÚÂÏ‡ ‡Î„Â·‡Ë˜ÂÒÍËı ÎËÌÂÈÌ˚ı
Û‡‚ÌÂÌËÈ ÓÚÌÓÒËÚÂÎ¸ÌÓ ÁÌ‡˜ÂÌËÈ ÍÓÎÂ·‡ÚÂÎ¸-
ÌÓÈ ÒÍÓÓÒÚË Ì‡ ÛÍ‡Á‡ÌÌ˚ı ˝ÎÂÏÂÌÚ‡ı [5]. åÂÚÓ‰
ËÏÂÂÚ Ó˜Â‚Ë‰ÌÓÂ Ó„‡ÌË˜ÂÌËÂ, Ò‚flÁ‡ÌÌÓÂ Ò ÌÂÓ·-
ıÓ‰ËÏÓÒÚ¸˛ ˜ËÒÎÂÌÌÓ„Ó Â¯ÂÌËfl ÒËÒÚÂÏ ÍÓÏ-
ÔÎÂÍÒÌ˚ı ÎËÌÂÈÌ˚ı Û‡‚ÌÂÌËÈ Ó˜ÂÌ¸ ‚˚ÒÓÍËı ÔÓ-
fl‰ÍÓ‚. ç‡ÔËÏÂ, ÔË ÔÓ‚Â‰ÂÌËË ËÁÏÂÂÌËÈ Ì‡
ÒÂÚÍÂ ‡ÁÏÂÓÏ 100 

 

× 

 

100 ÚÓ˜ÂÍ ÍÓÎË˜ÂÒÚ‚Ó Û‡‚-
ÌÂÌËÈ ÒÓÒÚ‡‚ËÚ 10000, ˜ÚÓ ‰ÂÎ‡ÂÚ Â¯ÂÌËÂ Á‡‰‡˜Ë
Ì‡ ÔÂÒÓÌ‡Î¸ÌÓÏ ÍÓÏÔ¸˛ÚÂÂ Ô‡ÍÚË˜ÂÒÍË ÌÂ-
‚ÓÁÏÓÊÌ˚Ï. ÑÛ„ÓÈ ÏÂÚÓ‰ ÓÒÌÓ‚‡Ì Ì‡ ËÒÔÓÎ¸ÁÓ-
‚‡ÌËË Û„ÎÓ‚Ó„Ó ÒÔÂÍÚ‡, ‡ÒÒ˜ËÚ‡ÌÌÓ„Ó ÔÓ Â-
ÁÛÎ¸Ú‡Ú‡Ï ËÁÏÂÂÌËÈ Ô‡‡ÏÂÚÓ‚ ‚ÓÎÌ˚ ‚‰ÓÎ¸
ÍÓÌÚÓÎ¸ÌÓÈ ÔÎÓÒÍÓÒÚË, ÔÂÔÂÌ‰ËÍÛÎflÌÓÈ ‡ÍÛÒ-
ÚË˜ÂÒÍÓÈ ÓÒË. íÂÓÂÚË˜ÂÒÍË ÁÌ‡ÌËÂ Û„ÎÓ‚Ó„Ó ÒÔÂ-
ÍÚ‡ ÔÓÁ‚ÓÎflÂÚ ÚÓ˜ÌÓ ‡ÒÒ˜ËÚ‡Ú¸ ÔÓÎÂ ‚ ‰Û„Ëı
ÚÓ˜Í‡ı ÔÓÒÚ‡ÌÒÚ‚‡, ‚ ˜‡ÒÚÌÓÒÚË, ‚ÓÒÒÚ‡ÌÓ‚ËÚ¸
‡ÒÔÂ‰ÂÎÂÌËÂ ËÒÚÓ˜ÌËÍÓ‚ Ì‡ ËÁÎÛ˜‡˛˘ÂÈ ÔÓ-
‚ÂıÌÓÒÚË. èË Ô‡ÍÚË˜ÂÒÍÓÈ Â‡ÎËÁ‡ˆËË ÚÓ˜-
ÌÓÒÚ¸ ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌËfl ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓ„Ó ‡ÒÔÂ-
‰ÂÎÂÌËfl ËÒÚÓ˜ÌËÍÓ‚ ÏÓÊÂÚ ·˚Ú¸ Ó„‡ÌË˜ÂÌ‡ ÌÂ-
Ó‰ÌÓÓ‰ÌÓÒÚflÏË, ·ÓÎ¸¯ËÏË ‰ÎËÌ˚ ‚ÓÎÌ˚, Ú‡Í
Í‡Í ÏÂÎÍÓÏ‡Ò¯Ú‡·Ì˚Â ‰ÂÚ‡ÎË ‡ÒÔÂ‰ÂÎÂÌËfl ÒÓ-
ÓÚ‚ÂÚÒÚ‚Û˛Ú ˝ÍÒÔÓÌÂÌˆË‡Î¸ÌÓ Á‡ÚÛı‡˛˘ËÏ (ÌÂ-
Ó‰ÌÓÓ‰Ì˚Ï) ÍÓÏÔÓÌÂÌÚ‡Ï Û„ÎÓ‚Ó„Ó ÒÔÂÍÚ‡.
èË Û˜ÂÚÂ ÌÂÓ‰ÌÓÓ‰Ì˚ı ‚ÓÎÌ ÚÓ˜ÌÓÒÚ¸ ÓÍ‡Á˚‚‡-
ÂÚÒfl ‰Ó‚ÓÎ¸ÌÓ ‚˚ÒÓÍÓÈ. í‡ÍÓÈ ÔÓ‰ıÓ‰ ÒÓÒÚ‡‚ÎflÂÚ
ÓÒÌÓ‚Û Ú‡Í Ì‡Á˚‚‡ÂÏÓ„Ó ÏÂÚÓ‰‡ ‡ÍÛÒÚË˜ÂÒÍÓÈ „Ó-
ÎÓ„‡ÙËË ·ÎËÊÌÂ„Ó ÔÓÎfl (

 

Nearfield

 

 

 

Acoustic

 

 

 

Ho-
lography

 

) [6–8]. ä ÒÓÊ‡ÎÂÌË˛, Â„Ó ÔËÏÂÌËÏÓÒÚ¸
Ó„‡ÌË˜ÂÌ‡ Ò‡‚ÌËÚÂÎ¸ÌÓ ÌËÁÍÓ˜‡ÒÚÓÚÌ˚ÏË ‚ÓÎ-
Ì‡ÏË, ‰Îfl ÍÓÚÓ˚ı ‚ÓÁÏÓÊÌÓ ËÁÏÂÂÌËÂ ÔÓÎfl Ì‡
‡ÒÒÚÓflÌËflı ÓÚ ËÁÎÛ˜‡ÚÂÎfl, ÏÂÌ¸¯Ëı ËÎË Ò‡‚ÌË-
Ï˚ı Ò ‰ÎËÌÓÈ ‚ÓÎÌ˚. Ç ÏÂ„‡„ÂˆÓ‚ÓÏ ‰Ë‡Ô‡ÁÓÌÂ
˜‡ÒÚÓÚ (ÏÂ‰ËˆËÌÒÍËÂ ÔËÎÓÊÂÌËfl, ÌÂ‡ÁÛ¯‡˛-
˘ËÈ ÍÓÌÚÓÎ¸) ‡ÒÒÚÓflÌËÂ ÏÂÊ‰Û ÔÎÓÒÍÓÒÚ¸˛ ËÁ-
ÏÂÂÌËfl Ë ËÁÎÛ˜‡ÚÂÎÂÏ, Í‡Í Ô‡‚ËÎÓ, Ì‡ÏÌÓ„Ó
ÔÂ‚˚¯‡ÂÚ ‰ÎËÌÛ ‚ÓÎÌ˚. àÁ-Á‡ ˝ÚÓ„Ó ËÌÙÓÏ‡-
ˆËfl Ó ‚˚ÒÓÍÓ˜‡ÒÚÓÚÌ˚ı ÍÓÏÔÓÌÂÌÚ‡ı Û„ÎÓ‚Ó„Ó

ÒÔÂÍÚ‡ ÚÂflÂÚÒfl Ë ‰Îfl ÛÒÚÓÈ˜Ë‚ÓÒÚË ‡Î„ÓËÚÏ‡
‚ÓÒÒÚ‡ÌÓ‚ÎÂÌËfl ÌÂÓ‰ÌÓÓ‰Ì˚Â ÍÓÏÔÓÌÂÌÚ˚ Û„ÎÓ-
‚Ó„Ó ÒÔÂÍÚ‡ ÔËıÓ‰ËÚ¸Òfl ÔÓÎ‡„‡Ú¸ ‡‚Ì˚ÏË ÌÛ-
Î˛ [9–11]. ä‡Í ÛÊÂ ÓÚÏÂ˜‡ÎÓÒ¸, ˝ÚÓ ÔË‚Ó‰ËÚ Í
ÌÂÍÓÚÓÓÏÛ Ò„Î‡ÊË‚‡ÌË˛ ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌÌÓ„Ó ‡Ò-
ÔÂ‰ÂÎÂÌËfl ÔÓ Ò‡‚ÌÂÌË˛ Ò ËÒÚËÌÌ˚Ï. èÓ‰Ó·ÌÓÂ
Ó„‡ÌË˜ÂÌËÂ Ò‚ÓÈÒÚ‚ÂÌÌÓ Ë ÒÔÓÒÓ·Û, ‡ÒÒÏ‡ÚË‚‡-
ÂÏÓÏÛ ‚ ‰‡ÌÌÓÈ ‡·ÓÚÂ. é‰Ì‡ÍÓ ÒÚÓËÚ ÓÚÏÂÚËÚ¸,
˜ÚÓ, ÔÓ Ò‡‚ÌÂÌË˛ Ò ÏÂÚÓ‰ÓÏ Û„ÎÓ‚Ó„Ó ÒÔÂÍÚ‡, ‚
ÔÂ‰Î‡„‡ÂÏÓÏ ÔÓ‰ıÓ‰Â ÚÂ·ÛÂÚÒfl ÎË¯¸ Ó‰ÌÓÍ‡Ú-
ÌÓÂ ‚˚˜ËÒÎÂÌËÂ ‰‚ÓÈÌÓ„Ó ËÌÚÂ„‡Î‡ (‚ ÏÂÚÓ‰Â
Û„ÎÓ‚Ó„Ó ÒÔÂÍÚ‡ ÓÔÂ‡ˆËfl ‰‚ÓÈÌÓ„Ó ËÌÚÂ„ËÓ-
‚‡ÌËfl ÔÓ‚Ó‰ËÚÒfl ‰‚‡Ê‰˚). äÓÏÂ ÚÓ„Ó, ÔÓ‚Âı-
ÌÓÒÚ¸, Ì‡ ÍÓÚÓÓÈ ÔÓ‚Ó‰flÚÒfl ËÁÏÂÂÌËfl Ô‡‡ÏÂ-
ÚÓ‚ ‚ÓÎÌ˚, ‚ ÏÂÚÓ‰Â Ò Ó·‡˘ÂÌËÂÏ Ù‡Á˚ ÏÓÊÂÚ
·˚Ú¸ Ë ÌÂÔÎÓÒÍÓÈ. ùÚÓ ÔÂËÏÛ˘ÂÒÚ‚Ó ÏÓÊÂÚ ÓÍ‡-
Á‡Ú¸Òfl Ó˜ÂÌ¸ ÔÓÎÂÁÌ˚Ï ÔË ËÒÒÎÂ‰Ó‚‡ÌËË ÔÂÓ·-
‡ÁÓ‚‡ÚÂÎÂÈ, ËÁÎÛ˜‡˛˘Ëı ÒËÎ¸ÌÓ ‡ÒıÓ‰fl˘ËÂÒfl
‡ÍÛÒÚË˜ÂÒÍËÂ ÔÛ˜ÍË.

 

íÖéêàü

 

ê‡ÒÒÏÓÚËÏ ‡ÍÛÒÚË˜ÂÒÍËÈ ËÁÎÛ˜‡ÚÂÎ¸, ÔÓÏÂ-
˘ÂÌÌ˚È ‚ ÔÎÓÒÍËÈ ˝Í‡Ì. èÓ‚ÂıÌÓÒÚ¸ ËÁÎÛ˜‡ÚÂ-
Îfl Ò ˝Í‡ÌÓÏ Ó·ÓÁÌ‡˜ËÏ ˜ÂÂÁ 

 

Σ

 

1

 

 (ÒÏ. ËÒ. 1).
èÛÒÚ¸ 

 

Σ

 

2

 

 – ÌÂÍÓÚÓ‡fl ÔÎÓÒÍÓÒÚ¸, Ô‡‡ÎÎÂÎ¸Ì‡fl
˝Í‡ÌÛ, Ì‡ ÍÓÚÓÓÈ ËÁÏÂÂÌÓ ‡ÍÛÒÚË˜ÂÒÍÓÂ ‰‡‚ÎÂ-
ÌËÂ 

 

p

 

2

 

(

 

r

 

, 

 

t

 

) ÇÓÁÏÓÊÌÓ ÎË ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌËÂ ‡ÍÛÒÚË-
˜ÂÒÍÓ„Ó ÔÓÎfl 
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) Ì‡ ÔÓ‚ÂıÌÓÒÚË 

 

Σ

 

1

 

 ÔÓ ËÁ‚ÂÒÚ-
ÌÓÏÛ ‡ÒÔÂ‰ÂÎÂÌË˛ 

 

p
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(

 

r

 

, 

 

t

 

)? èÓÎÓÊËÚÂÎ¸Ì˚È ÓÚ-
‚ÂÚ Ì‡ ˝ÚÓÚ ‚ÓÔÓÒ ‚˚ÚÂÍ‡ÂÚ ËÁ Ó·‡ÚËÏÓÒÚË
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ë‡ÔÓÊÌËÍÓ‚ 

 

Ë ‰

 

.

 

‚ÓÎÌÓ‚Ó„Ó ÔÓˆÂÒÒ‡ ‚Ó ‚ÂÏÂÌË. ÑÂÈÒÚ‚ËÚÂÎ¸ÌÓ,
‚ÓÎÌÓ‚ÓÂ Û‡‚ÌÂÌËÂ ‚ ÌÂ‰ËÒÒËÔ‡ÚË‚ÌÓÈ ÒÂ‰Â 

 

∆

 

p

 

 –
–

 

 c

 

–2

 

∂

 

2

 

p

 

/

 

∂

 

t

 

2

 

 = 0 ÌÂ ÏÂÌflÂÚÒfl ÔË Á‡ÏÂÌÂ 

 

t

 

  –

 

t

 

. ÖÒ-
ÎË ÓÍÛÊËÚ¸ ËÁÎÛ˜‡ÚÂÎ¸ Á‡ÏÍÌÛÚÓÈ ÔÓ‚ÂıÌÓÒ-
Ú¸˛, fl‚Îfl˛˘ÂÈÒfl Ë‰Â‡Î¸Ì˚Ï ÁÂÍ‡ÎÓÏ Ò Ó·‡˘Â-
ÌËÂÏ ‚ÂÏÂÌË (ËÎË, ËÌ‡˜Â, Ò Ó·‡˘ÂÌËÂÏ ‚ÓÎÌÓ-
‚Ó„Ó ÙÓÌÚ‡), ÚÓ ÔÓÒÎÂ ÓÚ‡ÊÂÌËfl ÓÚ Ú‡ÍÓ„Ó
ÁÂÍ‡Î‡ ‚ÓÎÌ‡, ‚ÓÁ‚‡ÚË‚¯ËÒ¸ Í ËÁÎÛ˜‡ÚÂÎ˛, ‚ÓÒ-
ÒÚ‡ÌÓ‚ËÚ Ò‚ÓË ËÒıÓ‰Ì˚Â Ô‡‡ÏÂÚ˚. Ç Í‡˜ÂÒÚ‚Â
Ú‡ÍÓÈ Á‡ÏÍÌÛÚÓÈ ÔÓ‚ÂıÌÓÒÚË ÏÓÊÌÓ ‚ÁflÚ¸ ÔÓ-
‚ÂıÌÓÒÚ¸, ÒÓÒÚÓfl˘Û˛ ËÁ 

 

Σ

 

1

 

, 

 

Σ

 

2

 

 Ë Û‰‡ÎÂÌÌÓÈ Ì‡
·ÂÒÍÓÌÂ˜ÌÓÒÚ¸ ·ÓÍÓ‚ÓÈ ÔÓ‚ÂıÌÓÒÚË 

 

∆Σ

 

 (ËÒ. 1).
çÓ ‚ÍÎ‡‰ ÓÚ 

 

∆Σ

 

 ÓÚÒÛÚÒÚ‚ÛÂÚ, Ú‡Í Í‡Í ÚÂÎÂÒÌ˚È
Û„ÓÎ, ÔÓ‰ ÍÓÚÓ˚Ï ÓÌ‡ ‚Ë‰Ì‡, ÒÚÂÏËÚÒfl Í ÌÛÎ˛.
ÇÍÎ‡‰ÓÏ ÓÚ ÔÓ‚ÂıÌÓÒÚË 

 

Σ

 

1

 

 Ú‡ÍÊÂ ÏÓÊÌÓ ÔÂÌÂ-
·Â˜¸, Ú‡Í Í‡Í ËÁÎÛ˜ÂÌËÂ ‚ ˝ÚÓÏ Ì‡Ô‡‚ÎÂÌËË Ï‡-
ÎÓ. ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÏÓÊÌÓ Ò˜ËÚ‡Ú¸, ˜ÚÓ ÁÌ‡ÌËfl
‡ÍÛÒÚË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl Ì‡ ÔÎÓÒÍÓÒÚË 

 

Σ

 

2

 

 ‰ÓÒÚ‡-
ÚÓ˜ÌÓ ‰Îfl ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌËfl ÔÓÎfl Ì‡ ËÁÎÛ˜‡ÚÂÎÂ.
íÓ˜ÌÓÒÚ¸ ÏÂÚÓ‰‡ Ó„‡ÌË˜ÂÌ‡ ‡ÁÏÂÓÏ ÔÓfl‰Í‡
‰ÎËÌ˚ ‚ÓÎÌ˚, Ú.Â. ·ÓÎÂÂ ÏÂÎÍÓÏ‡Ò¯Ú‡·Ì˚Â ÌÂÓ‰-
ÌÓÓ‰ÌÓÒÚË Ò„Î‡ÊË‚‡˛ÚÒfl. ÑÂÈÒÚ‚ËÚÂÎ¸ÌÓ, ‚ÓÒ-
ÒÚ‡ÌÓ‚ÎÂÌËÂ ÔÓÎfl ‚ Á‡‰‡ÌÌÓÈ ÚÓ˜ÍÂ ËÁÎÛ˜‡ÚÂÎfl
ÏÓÊÂÚ ·˚Ú¸ ÔÂ‰ÒÚ‡‚ÎÂÌÓ Í‡Í ÔÓˆÂÒÒ ÙÓÍÛÒË-
Ó‚ÍË Ó·‡˘ÂÌÌÓ„Ó ÔÓ Ù‡ÁÂ ÔÓÎfl, Ú‡Í ˜ÚÓ ÌÂËÁ-
·ÂÊÌÓ ‚ÓÁÌËÍ‡ÂÚ ËÁ‚ÂÒÚÌÓÂ ‰ËÙ‡ÍˆËÓÌÌÓÂ Ó„‡-
ÌË˜ÂÌËÂ Ì‡ ‡ÁÏÂ ÙÓÍ‡Î¸ÌÓ„Ó ÔflÚÌ‡. 

é„‡ÌË˜ËÏÒfl ‡ÒÒÏÓÚÂÌËÂÏ ÏÓÌÓıÓÏ‡ÚË˜Â-
ÒÍÓ„Ó ËÒÚÓ˜ÌËÍ‡. ÄÍÛÒÚË˜ÂÒÍÓÂ ‰‡‚ÎÂÌËÂ ‚ ˝ÚÓÏ
ÒÎÛ˜‡Â ÏÓÊÂÚ ·˚Ú¸ ÔÂ‰ÒÚ‡‚ÎÂÌÓ ‚ ‚Ë‰Â 

 

p

 

(

 

r
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t

 

) =
=

 

 |

 

A

 

|

 

cos

 

(

 

ω

 

t

 

 – 

 

ϕ

 

) = (

 

Ae

 

–

 

i

 

ω

 

t

 

 + 

 

A

 

*

 

e

 

i

 

ω

 

t

 

)/2, „‰Â 

 

|

 

A

 

|

 

 Ë 

 

ϕ

 

 – ‡ÏÔ-
ÎËÚÛ‰‡ Ë Ù‡Á‡ ‚ÓÎÌ˚, 

 

ω

 

 – ˆËÍÎË˜ÂÒÍ‡fl ˜‡ÒÚÓÚ‡,

 

A

 

(

 

r

 

) = 

 

|

 

A

 

|

 

e

 

i

 

ϕ

 

 – ÍÓÏÔÎÂÍÒÌ‡fl ‡ÏÔÎËÚÛ‰‡ ‚ÓÎÌ˚. èÓ
ÔÂ‰ÔÓÎÓÊÂÌË˛, ‡ÍÛÒÚË˜ÂÒÍÓÂ ‰‡‚ÎÂÌËÂ Ì‡ ÍÓÌ-
ÚÓÎ¸ÌÓÈ ÔÎÓÒÍÓÒÚË 

 

Σ

 

2

 

 fl‚ÎflÂÚÒfl ËÁ‚ÂÒÚÌ˚Ï ËÁ ËÁ-
ÏÂÂÌËÈ. ÖÒÎË Ì‡ 

 

Σ

 

2

 

 Ï˚ÒÎÂÌÌÓ ÔÓÏÂÒÚËÚ¸ ÁÂÍ‡-
ÎÓ, Ó·‡˘‡˛˘ÂÂ ‚ÂÏfl, ÚÓ ‡ÍÛÒÚË˜ÂÒÍÓÂ ‰‡‚ÎÂ-
ÌËÂ ‚ ÓÚ‡ÊÂÌÌÓÈ ‚ÓÎÌÂ ·Û‰ÂÚ ËÏÂÚ¸ ‚Ë‰ 

 

p

 

(

 

r

 

, –

 

t

 

) =
= (

 

Ae

 

i

 

ω

 

t

 

 + 

 

A

 

*

 

e

 

–

 

i

 

ω

 

t

 

)/2 = (

 

A

 

Ó·

 

e

 

–

 

i

 

ω

 

t

 

 + 

 

e

 

i

 

ω

 

t

 

)/2, Ú.Â. ‡ÏÔ-
ÎËÚÛ‰‡ Ó·‡˘ÂÌÌÓÈ ‚Ó ‚ÂÏÂÌË ‚ÓÎÌ˚ ·Û‰ÂÚ ÍÓÏ-
ÔÎÂÍÒÌÓ ÒÓÔflÊÂÌ‡ Í ‡ÏÔÎËÚÛ‰Â ËÒıÓ‰ÌÓÈ ‚ÓÎÌ˚:

 

A

 

Ó·

 

 = 

 

A

 

*. ÑÎfl ‡Ò˜ÂÚ‡ ÓÚ‡ÊÂÌÌÓÈ ‚ÓÎÌ˚ ÒÎÂ‚‡ ÓÚ

 

Σ

 

2

 

 ÏÓÊÌÓ ‚ÓÒÔÓÎ¸ÁÓ‚‡Ú¸Òfl ËÌÚÂ„‡ÎÓÏ äËı„Ó-
Ù‡–ÉÂÎ¸Ï„ÓÎ¸ˆ‡, ‚˚‡Ê‡˛˘ËÏ ‡ÏÔÎËÚÛ‰Û ‡ÍÛ-
ÒÚË˜ÂÒÍÓ„Ó ÔÓÎfl, ËÁÎÛ˜‡ÂÏÓ„Ó ÌÂÍÓÚÓÓÈ ÔÓ-
‚ÂıÌÓÒÚ¸˛, ˜ÂÂÁ ‡ÒÔÂ‰ÂÎÂÌËÂ ÌÓÏ‡Î¸ÌÓÈ
ÒÍÓÓÒÚË Ë ‡ÍÛÒÚË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl ‚‰ÓÎ¸ ˝ÚÓÈ
ÔÓ‚ÂıÌÓÒÚË. ä‡Í ËÁ‚ÂÒÚÌÓ, ‚ ÒÎÛ˜‡Â ÔÎÓÒÍÓÈ ËÁ-
ÎÛ˜‡˛˘ÂÈ ÔÓ‚ÂıÌÓÒÚË ËÌÚÂ„‡Î äËı„ÓÙ‡–
ÉÂÎ¸Ï„ÓÎ¸ˆ‡ ÏÓÊÂÚ ·˚Ú¸ Ò‚Â‰ÂÌ Í ËÌÚÂ„‡Î‡Ï,
ÒÓ‰ÂÊ‡˘ËÏ ‡ÒÔÂ‰ÂÎÂÌËÂ ÎË·Ó ÚÓÎ¸ÍÓ ÌÓ-
Ï‡Î¸ÌÓÈ ÒÍÓÓÒÚË, ÎË·Ó ÚÓÎ¸ÍÓ ‡ÍÛÒÚË˜ÂÒÍÓ„Ó
‰‡‚ÎÂÌËfl [12]. Ç ˜‡ÒÚÌÓÒÚË, ÔË ËÒÔÓÎ¸ÁÓ‚‡ÌËË

AÓ·*

 

‡ÒÔÂ‰ÂÎÂÌËfl ‡ÍÛÒÚË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl ËÌÚÂ„‡Î
äËı„ÓÙ‡–ÉÂÎ¸Ï„ÓÎ¸ˆ‡ ËÏÂÂÚ ‚Ë‰

(1)

„‰Â 

 

G

 

(

 

r

 

, 

 

r

 

') = 

 

e

 

ik

 

|

 

r

 

 

 

–

 

 

 

r

 

'

 

|/4π|r – r'| – ÙÛÌÍˆËfl ÉËÌ‡ Ò‚Ó-
·Ó‰ÌÓ„Ó ÔÓÒÚ‡ÌÒÚ‚‡, k – ‚ÓÎÌÓ‚ÓÂ ˜ËÒÎÓ, n2(r') –
‚ÌÂ¯Ìflfl Â‰ËÌË˜Ì‡fl ÌÓÏ‡Î¸ Í ÔÓ‚ÂıÌÓÒÚË Σ2,
dS ' – ˝ÎÂÏÂÌÚ ˝ÚÓÈ ÔÓ‚ÂıÌÓÒÚË (ËÒ. 1). ÇÒÔÓÏË-
Ì‡fl, ˜ÚÓ AÓ· = A*, ÔËıÓ‰ËÏ Í ‚˚‡ÊÂÌË˛ ‰Îfl
‡ÏÔÎËÚÛ‰˚ ËÒıÓ‰ÌÓÈ ‚ÓÎÌ˚ ÒÎÂ‚‡ ÓÚ ÔÎÓÒÍÓÒÚË Σ2

˜ÂÂÁ ËÁ‚ÂÒÚÌÓÂ ÁÌ‡˜ÂÌËÂ ‡ÏÔÎËÚÛ‰˚ ‚ÓÎÌ˚ Ì‡ Σ2: 

(2)

èÓÏÂ˘‡fl ‡‰ËÛÒ-‚ÂÍÚÓ r Ì‡ ÔÓ‚ÂıÌÓÒÚ¸ Σ1, ÔÓ-
ÎÛ˜ËÏ ÓÚÒ˛‰‡ ËÒÍÓÏÛ˛ ‡ÏÔÎËÚÛ‰Û ‡ÍÛÒÚË˜ÂÒÍÓ„Ó
‰‡‚ÎÂÌËfl Ì‡ ËÁÎÛ˜‡ÚÂÎÂ Ë ˝Í‡ÌÂ. ÑÎfl Ì‡ıÓÊ‰Â-
ÌËfl ÌÓÏ‡Î¸ÌÓÈ ÍÓÏÔÓÌÂÌÚ˚ ÒÍÓÓÒÚË ËÒÔÓÎ¸ÁÛ-
ÂÏ Û‡‚ÌÂÌËÂ ‰‚ËÊÂÌËfl. èÛÒÚ¸ Vn(r) – ÍÓÏÔÎÂÍÒ-
Ì‡fl ‡ÏÔÎËÚÛ‰‡ ÌÓÏ‡Î¸ÌÓÈ ÍÓÏÔÓÌÂÌÚ˚ ÍÓÎÂ·‡-
ÚÂÎ¸ÌÓÈ ÒÍÓÓÒÚË v. àÁ Û‡‚ÌÂÌËfl ‰‚ËÊÂÌËfl
ρ0∂v/∂t = –∇ p ÒÎÂ‰ÛÂÚ: Vn(r) = –(i/ωρ0)∂A/∂n1, „‰Â
ρ0 – ÔÎÓÚÌÓÒÚ¸ ÒÂ‰˚, n1 – Â‰ËÌË˜Ì‡fl ÌÓÏ‡Î¸ Í
ÔÓ‚ÂıÌÓÒÚË Σ1. ë Û˜ÂÚÓÏ (2) ËÏÂÂÏ: 

(3)

Ç˚‡ÊÂÌËfl (2) Ë (3) ÔÂ‰ÒÚ‡‚Îfl˛Ú ÚÂÓÂÚË˜ÂÒ-
ÍÛ˛ ÓÒÌÓ‚Û ÏÂÚÓ‰‡. ä‡Í ‚Ë‰ÌÓ, ‡ÍÛÒÚË˜ÂÒÍÓÂ ‰‡‚-
ÎÂÌËÂ Ë ÌÓÏ‡Î¸Ì‡fl ÍÓÏÔÓÌÂÌÚ‡ ÒÍÓÓÒÚË Ì‡ ËÁ-
ÎÛ˜‡˛˘ÂÈ ÔÓ‚ÂıÌÓÒÚË ÏÓ„ÛÚ ·˚Ú¸ ‰Ó‚ÓÎ¸ÌÓ
ÔÓÒÚÓ ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌ˚ ÔÓ ËÁÏÂÂÌÌÓÏÛ ‡ÒÔÂ‰Â-
ÎÂÌË˛ ‡ÏÔÎËÚÛ‰˚ Ë Ù‡Á˚ ‡ÍÛÒÚË˜ÂÒÍÓ„Ó ‰‡‚ÎÂ-
ÌËfl ‚‰ÓÎ¸ ÌÂÍÓÚÓÓÈ ÍÓÌÚÓÎ¸ÌÓÈ ÔÎÓÒÍÓÒÚË Σ2.
ì‰‡ÎÂÌËÂ ÔÎÓÒÍÓÒÚË Σ2 ÓÚ ËÁÎÛ˜‡ÚÂÎfl ÚÂÓÂÚË˜Â-
ÒÍË ÏÓÊÂÚ ·˚Ú¸ ÔÓËÁ‚ÓÎ¸Ì˚Ï.

éÚÏÂÚËÏ, ˜ÚÓ ÙÓÏÛÎ‡ (3) ·˚Î‡ ÔÓÎÛ˜ÂÌ‡ ‚
ÔÂ‰ÔÓÎÓÊÂÌËË, ̃ ÚÓ ËÁÎÛ˜‡ÚÂÎ¸ fl‚ÎflÂÚÒfl ÔÎÓÒÍËÏ.
ÑÎfl ÌÂÔÎÓÒÍËı ËÁÎÛ˜‡ÚÂÎÂÈ ËÏÂÂÚÒfl ÔÓ„Â¯ÌÓÒÚ¸,
Ò‚flÁ‡ÌÌ‡fl Ò ÔÂÂÓÚ‡ÊÂÌËflÏË ‚ÓÎÌ˚ ÓÚ ËÒÍË‚ÎÂ-
ÌËÈ ËÁÎÛ˜‡˛˘ÂÈ ÔÓ‚ÂıÌÓÒÚË. é‰Ì‡ÍÓ ‰Îfl ËÁÎÛ˜‡-
ÚÂÎÂÈ Ò ÔÓ‚ÂıÌÓÒÚ¸˛ Ï‡ÎÓÈ ÍË‚ËÁÌ˚ Ë ·ÓÎ¸¯Ëı
‚ÓÎÌÓ‚˚ı ‡ÁÏÂÓ‚, ÍÓÚÓ˚Â Ë ÔÂ‰ÒÚ‡‚Îfl˛Ú ËÌ-
ÚÂÂÒ ‚ ·ÓÎ¸¯ËÌÒÚ‚Â Ô‡ÍÚË˜ÂÒÍËı ÔËÎÓÊÂÌËÈ,
ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ ÔÓÔ‡‚ÍË ÌÂ ‰ÓÎÊÌ˚ ·˚Ú¸ ÒÛ˘Â-
ÒÚ‚ÂÌÌ˚ÏË. 

AÓ· r( ) 2 AÓ· r'( )∂G r r',( )
∂n2 r'( )

---------------------- S ',d

Σ2

∫=

A r( ) 2 A r'( )∂G* r r',( )
∂n2 r'( )

------------------------- S '.d

Σ2

∫=

Vn r( ) 2i
ωρ0
--------- A r'( ) ∂2G* r r',( )

∂n1 r( )∂n2 r'( )
---------------------------------- S '.d

Σ2

∫–=
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àáãìóÄíÖãü

àÏÂfl ‚ ‚Ë‰Û ÓÔËÒ‡ÌÌ˚È ‚ ÒÎÂ‰Û˛˘ÂÏ ‡Á‰ÂÎÂ
˝ÍÒÔÂËÏÂÌÚ, ‡ÒÒÏÓÚËÏ ‡ÍÛÒÚË˜ÂÒÍËÈ ËÁÎÛ˜‡-
ÚÂÎ¸ ‚ ÙÓÏÂ ÒÙÂË˜ÂÒÍÓÈ ˜‡¯Ë (ÔÓ‚ÂıÌÓÒÚ¸ S
Ì‡ ËÒ. 1). í‡ÍËÂ ‚Ó„ÌÛÚ˚Â Ô¸ÂÁÓÔÎ‡ÒÚËÌ˚ ¯ËÓ-
ÍÓ ËÒÔÓÎ¸ÁÛ˛ÚÒfl ‰Îfl ÒÓÁ‰‡ÌËfl ÙÓÍÛÒËÓ‚‡ÌÌ˚ı
ÛÎ¸Ú‡Á‚ÛÍÓ‚˚ı ÔÛ˜ÍÓ‚ ‚ ÏÂ‰ËˆËÌÒÍËı ÔËÎÓÊÂ-
ÌËflı Ë ÔË ÌÂ‡ÁÛ¯‡˛˘ÂÏ ÍÓÌÚÓÎÂ. ÅÎ‡„Ó‰‡fl
‡ÍÒË‡Î¸ÌÓÈ ÒËÏÏÂÚËË ËÁÎÛ˜‡ÚÂÎfl ÌÂÚ ÌÂÓ·ıÓ‰Ë-
ÏÓÒÚË ÔÓ‚Ó‰ËÚ¸ ËÁÏÂÂÌËfl ‡ÏÔÎËÚÛ‰˚ Ë Ù‡Á˚
‡ÍÛÒÚË˜ÂÒÍÓ„Ó ÔÓÎfl ‚Ó ‚ÒÂÈ ÔÎÓÒÍÓÒÚË Σ2, ‰ÓÒÚ‡-
ÚÓ˜ÌÓ Ó‰ÌÓÏÂÌ˚ı ËÁÏÂÂÌËÈ ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ
ÔÓÔÂÂ˜ÌÓÈ ÍÓÓ‰ËÌ‡Ú˚.

ÅÛ‰ÂÏ ËÌÚÂÂÒÓ‚‡Ú¸Òfl ÎË¯¸ ÌÓÏ‡Î¸ÌÓÈ ÍÓÏ-
ÔÓÌÂÌÚÓÈ ÒÍÓÓÒÚË Ì‡ ÔÓ‚ÂıÌÓÒÚË ËÁÎÛ˜‡ÚÂÎfl.
é·ÓÁÌ‡˜Ë‚

(4)

ÔÂÂÔË¯ÂÏ ‚˚‡ÊÂÌËÂ (3) ‚ ‚Ë‰Â:

(5)

á‰ÂÒ¸ A – ËÁÏÂÂÌÌ‡fl ÍÓÏÔÎÂÍÒÌ‡fl ‡ÏÔÎËÚÛ‰‡ ÒË-
ÌÛÒÓË‰‡Î¸ÌÓÈ ‚ÓÎÌ˚ ‚ ÔÎÓÒÍÓÒÚË Σ2. ì˜ÚÂÏ ‡ÍÒË-
‡Î¸ÌÛ˛ ÒËÏÏÂÚË˛ Á‡‰‡˜Ë. èÓÎÓÊÂÌËÂ ÚÓ˜ÍË Ì‡-
·Î˛‰ÂÌËfl Ì‡ ÒÙÂË˜ÂÒÍÓÈ ÔÓ‚ÂıÌÓÒÚË ËÁÎÛ˜‡ÚÂ-
Îfl ·Û‰ÂÏ ı‡‡ÍÚÂËÁÓ‚‡Ú¸ Û„ÎÓÏ θ ÏÂÊ‰Û ÓÒ¸˛
ÒËÏÏÂÚËË Ë ÔflÏÓÈ, ÔÓıÓ‰fl˘ÂÈ ˜ÂÂÁ ÚÓ˜ÍÛ Ì‡-
·Î˛‰ÂÌËfl Ë ˆÂÌÚ ÍË‚ËÁÌ˚ ÔÓ‚ÂıÌÓÒÚË ËÁÎÛ˜‡-
ÚÂÎfl. ÑÎfl ‚˚˜ËÒÎÂÌËfl ËÌÚÂ„‡Î‡ (5) ‚ ÔÎÓÒÍÓÒÚË
Σ2 ‚‚Â‰ÂÏ ÔÓÎflÌÛ˛ ÒËÒÚÂÏÛ ÍÓÓ‰ËÌ‡Ú (ξ, ψ): r' =
= (ξcosψ, ξ sinψ, z0). èÓ‚Ó‰fl ‚ ‚˚‡ÊÂÌËË (4)
‰ËÙÙÂÂÌˆËÓ‚‡ÌËÂ ÔÓ ÌÓÏ‡ÎflÏ Ò Û˜ÂÚÓÏ Ëı Ì‡-
Ô‡‚ÎÂÌËÈ (ËÒ. 1), ÔËıÓ‰ËÏ Í ÒÎÂ‰Û˛˘ÂÏÛ ‚˚-
‡ÊÂÌË˛ ‰Îfl fl‰‡ (4):

(6)

„‰Â

R = 

– ‡ÒÒÚÓflÌËÂ ÏÂÊ‰Û ÚÓ˜ÍÓÈ Ì‡·Î˛‰ÂÌËfl r Ë ÚÓ˜ÍÓÈ
Ì‡ ÔÓ‚ÂıÌÓÒÚË r', Ú‡ÍÊÂ ‚‚Â‰ÂÌÓ Ó·ÓÁÌ‡˜ÂÌËÂ γ =
= [F(1 – cosθ) – z0][F – ξsinθcosψ – (F – z0)cosθ]/R2.
äÓÌÚÓÎ¸Ì‡fl ÔÎÓÒÍÓÒÚ¸ Σ2 ‡ÒÔÓÎÓÊÂÌ‡ Ì‡ ‡Ò-
ÒÚÓflÌËË z0, ‡ ˆÂÌÚ ÍË‚ËÁÌ˚ ËÁÎÛ˜‡˛˘ÂÈ ÔÓ-

‚ÂıÌÓÒÚË – Ì‡ ‡ÒÒÚÓflÌËË F ÓÚ ˆÂÌÚ‡ ËÒÚÓ˜ÌËÍ‡
(ËÒ. 1).

àÌÚÂ„‡Î (5) ÔËÌËÏ‡ÂÚ ‚Ë‰

(5‡)

„‰Â Vn(θ) – ‡ÏÔÎËÚÛ‰‡ ÌÓÏ‡Î¸ÌÓÈ ÒÍÓÓÒÚË Ì‡ ÔÓ-
‚ÂıÌÓÒÚË ËÁÎÛ˜‡ÚÂÎfl ‚ ÚÓ˜Í‡ı, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Ëı
Û„ÎÛ θ, A(ξ) – ‡ÏÔÎËÚÛ‰‡ ‰‡‚ÎÂÌËfl ‚ ÍÓÌÚÓÎ¸ÌÓÈ
ÔÎÓÒÍÓÒÚË Ì‡ ‡ÒÒÚÓflÌËË ξ ÓÚ ÓÒË ÒËÏÏÂÚËË, ‡
ξmax – ‡‰ËÛÒ Ó·Î‡ÒÚË ËÁÏÂÂÌËfl. á‡‚ËÒËÏÓÒÚ¸ Vn
Ë A ÎË¯¸ ÓÚ Ó‰ÌÓÈ ÔÂÂÏÂÌÌÓÈ ÓÚ‡Ê‡ÂÚ ‡ÍÒË‡Î¸-
ÌÛ˛ ÒËÏÏÂÚË˛. ÑÎfl ÔË·ÎËÊÂÌÌÓ„Ó ‚˚˜ËÒÎÂÌËfl
ËÌÚÂ„‡Î‡ (5‡) ÍÛ„ ËÁÏÂÂÌËfl ‡‰ËÛÒ‡ ξmax ‡Á·Ë-
‚‡ÂÚÒfl Ì‡ Ï‡Î˚Â Û˜‡ÒÚÍË ÔËÏÂÌÓ Ó‰ËÌ‡ÍÓ‚ÓÈ
ÔÎÓ˘‡‰Ë Ë ÔÓ‚Ó‰ËÚÒfl ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÂ ÒÛÏÏË-
Ó‚‡ÌËÂ.

èË Ô‡ÍÚË˜ÂÒÍÓÈ Â‡ÎËÁ‡ˆËË ÔÂ‰ÎÓÊÂÌÌÓ„Ó
ÏÂÚÓ‰‡ ‚ÓÁÌËÍ‡ÂÚ fl‰ ‚ÓÔÓÒÓ‚, ‚ ˜‡ÒÚÌÓÒÚË, „‰Â
ÎÛ˜¯Â ÔÓÏÂÒÚËÚ¸ ÍÓÌÚÓÎ¸ÌÛ˛ ÔÎÓÒÍÓÒÚ¸, ‚ Í‡-
ÍËı ÔÓÒÚ‡ÌÒÚ‚ÂÌÌ˚ı ÔÂ‰ÂÎ‡ı Ë Ò Í‡ÍËÏ ¯‡„ÓÏ
ÒÎÂ‰ÛÂÚ ËÁÏÂflÚ¸ ‡ÍÛÒÚË˜ÂÒÍÓÂ ‰‡‚ÎÂÌËÂ ‚ ÍÓÌ-
ÚÓÎ¸ÌÓÈ ÔÎÓÒÍÓÒÚË, Í‡Í ‚ÎËflÂÚ Ó¯Ë·Í‡ ÓÔÂ‰Â-
ÎÂÌËfl ÒÍÓÓÒÚË Á‚ÛÍ‡ Ì‡ ÚÓ˜ÌÓÒÚ¸ ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌËfl
Ë Ú.Ô. óÚÓ·˚ ÓÚ‚ÂÚËÚ¸ Ì‡ ˝ÚË ‚ÓÔÓÒ˚, ÔÓ‚Ó‰Ë-
ÎÓÒ¸ ˜ËÒÎÂÌÌÓÂ ÏÓ‰ÂÎËÓ‚‡ÌËÂ. ê‡ÒÒÏ‡ÚË‚‡ÎÒfl
ÙÓÍÛÒËÓ‚‡ÌÌ˚È ÏÓÌÓıÓÏ‡ÚË˜ÂÒÍËÈ ËÁÎÛ˜‡-
ÚÂÎ¸. àÒÔÓÎ¸ÁÛfl ËÌÚÂ„‡Î ê˝ÎÂfl [13]

(7)

˜ËÒÎÂÌÌÓ ÓÔÂ‰ÂÎflÎ‡Ò¸ ‡ÏÔÎËÚÛ‰‡ ‡ÍÛÒÚË˜ÂÒÍÓ„Ó
‰‡‚ÎÂÌËfl A(r') ‚ ‡ÁÎË˜Ì˚ı ÚÓ˜Í‡ı ÍÓÌÚÓÎ¸ÌÓÈ
ÔÎÓÒÍÓÒÚË. àÒıÓ‰ÌÓÂ ‡ÒÔÂ‰ÂÎÂÌËÂ ÌÓÏ‡Î¸ÌÓÈ
ÍÓÏÔÓÌÂÌÚ˚ ÒÍÓÓÒÚË ‚˚·Ë‡ÎÓÒ¸ Ó‰ÌÓÓ‰Ì˚Ï:
Vn(r) = 1. èÓÎ‡„‡fl, ˜ÚÓ ‰‡ÌÌ˚Â ‡Ò˜ÂÚ‡ A(r') ÔÂ‰-
ÒÚ‡‚Îfl˛Ú ÌÂÍÓÚÓ˚È ˝ÍÒÔÂËÏÂÌÚ, ÔÓ ÙÓÏÛÎÂ (5)
ÔÓ‚Ó‰ËÎÓÒ¸ ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌËÂ ‡ÒÔÂ‰ÂÎÂÌËfl ÌÓ-
Ï‡Î¸ÌÓÈ ÒÍÓÓÒÚË Ì‡ ÔÓ‚ÂıÌÓÒÚË ËÁÎÛ˜‡ÚÂÎfl. êÂ-
ÁÛÎ¸Ú‡Ú˚ Ò‡‚ÌË‚‡ÎËÒ¸ Ò ËÒıÓ‰Ì˚Ï (‡‚ÌÓÏÂ-
Ì˚Ï) ‡ÒÔÂ‰ÂÎÂÌËÂÏ Vn(r).

ç‡ ËÒ. 2 ÔÂ‰ÒÚ‡‚ÎÂÌ˚ ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌÌ˚Â ‡ÏÔ-
ÎËÚÛ‰‡ Ë Ù‡Á‡ ÒÍÓÓÒÚË Vn(r) Ì‡ ÔÓ‚ÂıÌÓÒÚË ËÁÎÛ-
˜‡ÚÂÎfl ÔË ‡ÁÎË˜Ì˚ı ÔÓÎÓÊÂÌËflı ÍÓÌÚÓÎ¸ÌÓÈ
ÔÎÓÒÍÓÒÚË. èÓ ÓÒË ‡·ÒˆËÒÒ ÓÚÎÓÊÂÌ Û„ÓÎ, ÔÓ‰ ÍÓ-
ÚÓ˚Ï ‚Ë‰Ì˚ ÚÓ˜ÍË ÔÓ‚ÂıÌÓÒÚË ËÁÎÛ˜‡ÚÂÎfl, ÔË
˝ÚÓÏ Û„ÓÎ θ = 0° ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ ˆÂÌÚÛ, ‡ θ = 14° –
Í‡˛ ËÁÎÛ˜‡ÚÂÎfl. è‡‡ÏÂÚ˚ ‡Ò˜ÂÚ‡ ‚˚·Ë‡ÎËÒ¸
ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÏË ̋ ÍÒÔÂËÏÂÌÚÛ: ̃ ‡ÒÚÓÚ‡ ÛÎ¸Ú‡-
Á‚ÛÍ‡ f = 1.1 åÉˆ, ÒÍÓÓÒÚ¸ Á‚ÛÍ‡ c0 = 1476 Ï/Ò, ÔÓ-
ÔÂÂ˜Ì˚È ‡‰ËÛÒ Ó·Î‡ÒÚË ËÁÏÂÂÌËfl ξmax = 6 ÒÏ,
‰Ë‡ÏÂÚ ËÁÎÛ˜‡ÚÂÎfl 10 ÒÏ, ‡‰ËÛÒ ÍË‚ËÁÌ˚ ÔÓ-
‚ÂıÌÓÒÚË ËÁÎÛ˜‡ÚÂÎfl F = 22 ÒÏ, ¯‡„ ËÁÏÂÂÌËfl

K r r',( ) 2i
ωρ0
--------- ∂2G* r r',( )

∂n1 r( )∂n2 r'( )
----------------------------------,–=

Vn r( ) A r'( )K r r',( ) S '.d

Σ2

∫=

K r r',( ) K̃ ξ ψ θ, ,( )  ==

=  
i

ωρ0
---------e ikR–

2π
---------- 3γ θcos+( ) 1

R3
----- ik

R2
-----+ 

  γk2

R
----–

 
 
 

,–

F2 ξ2 F z0–( )2 –+ +{

2Fξ θ ψcossin– 2F F z0–( ) θcos– } 1/2

Vn θ( ) ψ K̃ ξ ψ θ, ,( )A ξ( )ξ ξ ,d

0

ξmax

∫d

0

2π

∫=

A r'( ) i
ρ0ω
2π

---------
Vn r( )eik r r'–

r r'–
------------------------------ S,d

Σ1

∫–=
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ë‡ÔÓÊÌËÍÓ‚ Ë ‰.

‚‰ÓÎ¸ ÍÓÌÚÓÎ¸ÌÓÈ ÔÎÓÒÍÓÒÚË 0.3 ÏÏ. ä‡Í ‚Ë‰ÌÓ ËÁ
ÔË‚Â‰ÂÌÌ˚ı ÂÁÛÎ¸Ú‡ÚÓ‚, ‚˚·Ó ÏÂÒÚÓÔÓÎÓÊÂ-
ÌËfl ÍÓÌÚÓÎ¸ÌÓÈ ÔÎÓÒÍÓÒÚË, ‚ ÍÓÚÓÓÈ ÔÓ‚Ó‰flÚ-
Òfl ËÁÏÂÂÌËfl ‡ÍÛÒÚË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl, Ù‡ÍÚË˜ÂÒ-
ÍË ÌÂ ‚ÎËflÂÚ Ì‡ ÂÁÛÎ¸Ú‡Ú˚ ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌËfl ÌÓ-
Ï‡Î¸ÌÓÈ ÒÍÓÓÒÚË Ì‡ ÔÂÓ·‡ÁÓ‚‡ÚÂÎÂ.

ÑÛ„ËÏ ËÒÚÓ˜ÌËÍÓÏ Ó¯Ë·ÍË ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌËfl
‡ÒÔÂ‰ÂÎÂÌËfl Vn(r) ÏÓÊÂÚ fl‚ÎflÚ¸Òfl ÌÂÚÓ˜ÌÓÒÚ¸
ÓÔÂ‰ÂÎÂÌËfl ÒÍÓÓÒÚË Á‚ÛÍ‡. ÑÎfl ÚÓ„Ó ̃ ÚÓ·˚ ÓˆÂ-
ÌËÚ¸ Ì‡ÒÍÓÎ¸ÍÓ ÒËÎ¸ÌÓ ˝ÚÓ ÏÓÊÂÚ ÒÍ‡Á‡Ú¸Òfl Ì‡
‡·ÓÚÓÒÔÓÒÓ·ÌÓÒÚË ÔÂ‰ÎÓÊÂÌÌÓ„Ó ÏÂÚÓ‰‡, ÔÓ-
‚Ó‰ËÎÓÒ¸ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÂ ˜ËÒÎÂÌÌÓÂ ËÒÒÎÂ‰Ó‚‡-
ÌËÂ. ä‡Í ÛÊÂ ÓÔËÒ˚‚‡ÎÓÒ¸, ÔÓ ËÌÚÂ„‡ÎÛ ê˝ÎÂfl ‚
ÔÂ‰ÔÓÎÓÊÂÌËË ‡‚ÌÓÏÂÌÓ„Ó ‡ÒÔÂ‰ÂÎÂÌËfl ÍÓ-

ÎÂ·‡ÚÂÎ¸ÌÓÈ ÒÍÓÓÒÚË Ì‡ ÔÓ‚ÂıÌÓÒÚË ËÁÎÛ˜‡ÚÂ-
Îfl ‡ÒÒ˜ËÚ˚‚‡ÎÓÒ¸ ‡ÒÔÂ‰ÂÎÂÌËÂ ÔÓÎfl ‚ ÍÓÌ-
ÚÓÎ¸ÌÓÈ ÔÎÓÒÍÓÒÚË. àÒıÓ‰fl ËÁ ˝ÚÓ„Ó “ËÁÏÂÂÌ-
ÌÓ„Ó” ‡ÒÔÂ‰ÂÎÂÌËfl ÍÓÏÔÎÂÍÒÌÓÈ ‡ÏÔÎËÚÛ‰˚
‰‡‚ÎÂÌËfl ÔÓ‚Ó‰ËÎÓÒ¸ ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌËÂ ÒÍÓÓÒÚË
Ì‡ ËÁÎÛ˜‡ÚÂÎÂ ÔÓ ÙÓÏÛÎÂ (5), Ó‰Ì‡ÍÓ ÛÊÂ ÔË
‰Û„ÓÏ, ‚ÓÁÏÛ˘ÂÌÌÓÏ ÁÌ‡˜ÂÌËË ÒÍÓÓÒÚË Á‚ÛÍ‡.
ç‡ ËÒÛÌÍÂ 3 ÔÂ‰ÒÚ‡‚ÎÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‚ÓÒÒÚ‡-
ÌÓ‚ÎÂÌËfl ÌÓÏ‡Î¸ÌÓÈ ÒÍÓÓÒÚË ÔË ‚ÌÂÒÂÌËË ÔÓ-
„Â¯ÌÓÒÚË ÒÍÓÓÒÚË Á‚ÛÍ‡ ∆Ò = 25 Ï/Ò, ˜ÚÓ ÒÓÓÚ-
‚ÂÚÒÚ‚ÛÂÚ ËÁÏÂÌÂÌË˛ ÚÂÏÔÂ‡ÚÛ˚ ‚Ó‰˚ Ì‡ 10°C.
ÑÎfl Ò‡‚ÌÂÌËfl ÔÛÌÍÚËÌÓÈ ÎËÌËÂÈ ÓÚÓ·‡ÊÂÌ
‡Ò˜ÂÚ ‰Îfl ÌÂ‚ÓÁÏÛ˘ÂÌÌÓ„Ó ÁÌ‡˜ÂÌËfl ÒÍÓÓÒÚË
Á‚ÛÍ‡ c0 = 1476 Ï/Ò. í‡Í Í‡Í ÒÍÓÓÒÚ¸ Á‚ÛÍ‡ ËÁÏÂ-
ÌËÎ‡Ò¸, ÚÓ Ù‡Á‡ ÔËÓ·ÂÚ‡ÂÚ ÌÂÍÓÚÓ˚È Ò‰‚Ë„.
é‰Ì‡ÍÓ ‚Ë‰ÌÓ, ˜ÚÓ ËÒıÓ‰ÌÓÂ ‡‚ÌÓÏÂÌÓÂ ‡ÒÔÂ-
‰ÂÎÂÌËÂ ‡ÏÔÎËÚÛ‰˚ ÒÍÓÓÒÚË Ô‡ÍÚË˜ÂÒÍË ÌÂ ̃ Û‚-
ÒÚ‚ËÚÂÎ¸ÌÓ Í ‚‡Ë‡ˆËË ÒÍÓÓÒÚË Á‚ÛÍ‡ Ë ‚ÓÒÒÚ‡-
Ì‡‚ÎË‚‡ÂÚÒfl Ò ıÓÓ¯ÂÈ ÚÓ˜ÌÓÒÚ¸˛.

ùäëèÖêàåÖçí

ÇÓ„ÌÛÚ˚È Ô¸ÂÁÓÍÂ‡ÏË˜ÂÒÍËÈ ÔÂÓ·‡ÁÓ‚‡-
ÚÂÎ¸ Ò ‡‰ËÛÒÓÏ ÍË‚ËÁÌ˚ F = 22 ÒÏ, ‰Ë‡ÏÂÚÓÏ
10 ÒÏ Ë ÂÁÓÌ‡ÌÒÌÓÈ ˜‡ÒÚÓÚÓÈ f = 1.1 åÉˆ ÔÓÏÂ-
˘‡ÎÒfl ‚ Í˛‚ÂÚÛ ‡ÁÏÂÓÏ 60 × 24 × 30 ÒÏ, Á‡ÔÓÎ-
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êËÒ. 2. ÇÓÒÒÚ‡ÌÓ‚ÎÂÌÌ˚Â ‡ÒÔÂ‰ÂÎÂÌËfl ÌÓÏËÓ‚‡Ì-
ÌÓÈ ‡ÏÔÎËÚÛ‰˚ |Vn|/V0 Ë Ù‡Á˚ ϕV (‚ ‡‰Ë‡Ì‡ı) ÌÓ-
Ï‡Î¸ÌÓÈ ÍÓÏÔÓÌÂÌÚ˚ ÒÍÓÓÒÚË Ì‡ ÔÓ‚ÂıÌÓÒÚË ËÁÎÛ-
˜‡ÚÂÎfl ÔË ‡ÁÎË˜Ì˚ı ÔÓÎÓÊÂÌËflı ÍÓÌÚÓÎ¸ÌÓÈ ÔÎÓ-
ÒÍÓÒÚË: z0 = 5, 10, 15, 23 Ë 30 ÒÏ ÓÚ ÔÓ‚ÂıÌÓÒÚË
ÔÂÓ·‡ÁÓ‚‡ÚÂÎfl. èÓ ÓÒË ‡·ÒˆËÒÒ ÓÚÎÓÊÂÌ Û„ÓÎ, ÔÓ‰
ÍÓÚÓ˚Ï ‚Ë‰Ì˚ ËÁ ÙÓÍÛÒ‡ ÚÓ˜ÍË ÔÓ‚ÂıÌÓÒÚË ËÁÎÛ˜‡-
ÚÂÎfl, ÔË ˝ÚÓÏ Û„ÓÎ θ = 0° ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ ˆÂÌÚÛ, ‡ θ =
= 14° – Í‡˛ ËÁÎÛ˜‡ÚÂÎfl.

0.5

0

|Vn|/V0

ϕV

5 10 θ°

0.5

0
5 10

1.0

1.0

θ°

êËÒ. 3. àÁÏÂÌÂÌËÂ ‡ÒÔÂ‰ÂÎÂÌËÈ ÌÓÏËÓ‚‡ÌÌÓÈ
‡ÏÔÎËÚÛ‰˚ |Vn|/V0 Ë Ù‡Á˚ ϕV (‚ ‡‰Ë‡Ì‡ı) ÌÓÏ‡Î¸ÌÓÈ
ÍÓÏÔÓÌÂÌÚ˚ ÒÍÓÓÒÚË Ì‡ ÔÓ‚ÂıÌÓÒÚË ËÁÎÛ˜‡ÚÂÎfl ÔË
‚ÌÂÒÂÌËË Ó¯Ë·ÍË ÒÍÓÓÒÚË Á‚ÛÍ‡ Ò0 = 1476 Ï/Ò Ì‡ ∆Ò =
= 25 Ï/Ò, ˜ÚÓ ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ ËÁÏÂÌÂÌË˛ ÚÂÏÔÂ‡ÚÛ˚
‚Ó‰˚ Ì‡ 10°ë.
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ÌÂÌÌÛ˛ ÓÚÒÚÓfl‚¯ÂÈÒfl ‚Ó‰ÓÔÓ‚Ó‰ÌÓÈ ‚Ó‰ÓÈ.
ÄÍÛÒÚË˜ÂÒÍÓÂ ‰‡‚ÎÂÌËÂ ËÁÏÂflÎÓÒ¸ Ë„ÓÎ¸˜‡Ú˚Ï
„Ë‰ÓÙÓÌÓÏ Ò ‰Ë‡ÏÂÚÓÏ ˜Û‚ÒÚ‚ËÚÂÎ¸ÌÓ„Ó Û˜‡ÒÚ-
Í‡ 0.4 ÏÏ (PVDFZ44-0400, SEA). èÓÒÎÂ ÔÂ‰‚‡Ë-
ÚÂÎ¸ÌÓ„Ó ÛÒËÎÂÌËfl ÒË„Ì‡Î „Ë‰ÓÙÓÌ‡ Â„ËÒÚËÓ-
‚‡ÎÒfl ˆËÙÓ‚˚Ï ÓÒˆËÎÎÓ„‡ÙÓÏ (Tektronix 520A,
Beaverton, Oregon). ÉË‰ÓÙÓÌ ÏÓ„ ÔÂÂÏÂ˘‡Ú¸Òfl Ò
ÚÓ˜ÌÓÒÚ¸˛ 0.01 ÏÏ ‚ ÚÂı ÓÚÓ„ÓÌ‡Î¸Ì˚ı Ì‡Ô‡‚-
ÎÂÌËflı Ò ÔÓÏÓ˘¸˛ ÒËÒÚÂÏ˚ ÏËÍÓÔÓÁËˆËÓÌËÓ-
‚‡ÌËfl (Velmex-Unislide, Bloomfield, NY). ìÔ‡‚ÎÂ-
ÌËÂ ÒËÒÚÂÏÓÈ ÏËÍÓÔÓÁËˆËÓÌËÓ‚‡ÌËfl Ë Ò˜ËÚ˚-
‚‡ÌËÂ ÒË„Ì‡ÎÓ‚ ÓÒˆËÎÎÓ„‡Ù‡ ÓÒÛ˘ÂÒÚ‚ÎflÎËÒ¸
ÍÓÏÔ¸˛ÚÂÓÏ Ò ÔÓÏÓ˘¸˛ ÔÓ„‡ÏÏ, Ì‡ÔËÒ‡ÌÌ˚ı
Ì‡ flÁ˚ÍÂ LabVIEW (National Instruments, Austin,
TX). ÑÎfl ÚÓ„Ó ˜ÚÓ·˚ ËÁ·ÂÊ‡Ú¸ ‚ÎËflÌËfl Â‚Â·Â-
‡ˆËË, ËÁÏÂÂÌËfl ÔÓ‚Ó‰ËÎËÒ¸ ‚ ËÏÔÛÎ¸ÒÌÓÏ Â-
ÊËÏÂ. ç‡ ËÁÎÛ˜‡ÚÂÎ¸ ÓÚ „ÂÌÂ‡ÚÓ‡ (Hewlett-
Packard 33120Ä) ÔÓ‰‡‚‡ÎÒfl ‚˚ÒÓÍÓ˜‡ÒÚÓÚÌ˚È ̋ ÎÂ-
ÍÚË˜ÂÒÍËÈ ËÏÔÛÎ¸Ò Ò ÔflÏÓÛ„ÓÎ¸ÌÓÈ Ó„Ë·‡˛-
˘ÂÈ. ÑÎfl ÏÓ‰ÂÎËÓ‚‡ÌËfl ÂÊËÏ‡ ÌÂÔÂ˚‚ÌÓÈ
‚ÓÎÌ˚ ‰ÎËÚÂÎ¸ÌÓÒÚ¸ ËÏÔÛÎ¸ÒÓ‚ Ë ‚ÂÏÂÌÌóÂ ÓÍÌÓ
ËÁÏÂÂÌËÈ ‚˚·Ë‡ÎËÒ¸ Ú‡Í, ˜ÚÓ·˚ ÛÊÂ Á‡‚Â¯Ë-
ÎËÒ¸ ÔÂÂıÓ‰Ì˚Â ÔÓˆÂÒÒ˚ ‚ ËÁÎÛ˜‡ÚÂÎÂ Ë „Ë‰Ó-
ÙÓÌÂ, ÌÓ Â˘Â ÌÂ ÔË¯ÎË ÓÚ‡ÊÂÌÌ˚Â ÒË„Ì‡Î˚ ÓÚ
ÍÓÔÛÒ‡ „Ë‰ÓÙÓÌ‡, ÒÚÂÌÓÍ Í˛‚ÂÚ˚ Ë Ú.Ô.

ùÍÒÔÂËÏÂÌÚ ÔÓ‚Ó‰ËÎÒfl ÒÎÂ‰Û˛˘ËÏ Ó·‡ÁÓÏ.
ëÌ‡˜‡Î‡ Ì‡ıÓ‰ËÎÓÒ¸ ÔÓÎÓÊÂÌËÂ ÓÒË ÒËÏÏÂÚËË ËÁ-
ÎÛ˜‡ÚÂÎfl (ÓÒ¸ 0z Ì‡ ËÒ. 1), Ì‡Ô‡‚ÎÂÌËÂ ÍÓÚÓÓÈ ‚
Ó·˘ÂÏ ÒÎÛ˜‡Â ÌÂ ÒÓ‚Ô‡‰‡ÎÓ Ò Ì‡Ô‡‚ÎÂÌËÂÏ ÌË Ó‰-
ÌÓÈ ËÁ ÓÒÂÈ ÒËÒÚÂÏ˚ ÏËÍÓÔÓÁËˆËÓÌËÓ‚‡ÌËfl.
ÑÎfl ˝ÚÓ„Ó Ì‡ ÌÂÍÓÚÓÓÏ ‡ÒÒÚÓflÌËË ÓÚ ÔÂÓ·‡-
ÁÓ‚‡ÚÂÎfl ÔÓ‚Ó‰ËÎÓÒ¸ ÒÍ‡ÌËÓ‚‡ÌËÂ ‡ÒÔÂ‰ÂÎÂ-
ÌËfl ‡ÏÔÎËÚÛ‰˚ ‰‡‚ÎÂÌËfl ‡ÍÛÒÚË˜ÂÒÍÓ„Ó ÔÓÎfl ‚
ÔÎÓÒÍÓÒÚË, ÔËÏÂÌÓ ÓÚÓ„ÓÌ‡Î¸ÌÓÈ ÓÒË ËÁÎÛ˜‡-
ÚÂÎfl. èÓ ÂÁÛÎ¸Ú‡Ú‡Ï ËÁÏÂÂÌËÈ ÔÓ„‡ÏÏ‡ ÒÚÓ-
ËÎ‡ Ì‡ ˝Í‡ÌÂ ÏÓÌËÚÓ‡ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ ÎËÌËË
‡‚Ì˚ı ‡ÏÔÎËÚÛ‰. éÌË ËÏÂÎË ‚Ë‰ ÍÓÌˆÂÌÚË˜ÂÒ-
ÍËı ÓÍÛÊÌÓÒÚÂÈ, ˆÂÌÚ ÍÓÚÓ˚ı, ÔÓ ÔÂ‰ÔÓÎÓ-
ÊÂÌË˛, ÎÂÊ‡Î Ì‡ ÓÒË ÒËÏÏÂÚËË ÔÂÓ·‡ÁÓ‚‡ÚÂ-
Îfl. Ñ‡ÎÂÂ „Ë‰ÓÙÓÌ ÔÓÏÂ˘‡ÎÒfl ‚ ÛÍ‡Á‡ÌÌÛ˛ ÚÓ˜-
ÍÛ (ˆÂÌÚ), Ë ÔÓ‚Ó‰ËÎÓÒ¸ ËÁÏÂÂÌËÂ ‚ÂÏÂÌÌóÈ
Á‡‰ÂÊÍË ÔËıÓ‰‡ ÙÓÌÚ‡ ÒË„Ì‡Î‡. á‡ÚÂÏ „Ë‰Ó-
ÙÓÌ Ò‰‚Ë„‡ÎÒfl Ì‡ ÌÂÍÓÚÓÓÂ ‡ÒÒÚÓflÌËÂ ÓÚ ËÁÎÛ-
˜‡ÚÂÎfl, ÓÔflÚ¸ ÔÓ‚Ó‰ËÎ‡Ò¸ ÔÓˆÂ‰Û‡ ÒÍ‡ÌËÓ‚‡-
ÌËfl, Ì‡ıÓ‰ËÎ‡Ò¸ ‚ÚÓ‡fl ÚÓ˜Í‡, ÎÂÊ‡˘‡fl Ì‡ ÓÒË,
ËÁÏÂflÎ‡Ò¸ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘‡fl Á‡‰ÂÊÍ‡ ÙÓÌÚ‡
ÒË„Ì‡Î‡. äÓÓ‰ËÌ‡Ú˚ ‰‚Ûı ÛÍ‡Á‡ÌÌ˚ı ÚÓ˜ÂÍ Ó‰ÌÓ-
ÁÌ‡˜ÌÓ Á‡‰‡‚‡ÎË ÔÓÎÓÊÂÌËÂ ÓÒË ÒËÏÏÂÚËË, ‡ ÔÓ
ËÁÏÂÂÌÌ˚Ï ‚ÂÏÂÌÌ˚Ï Á‡‰ÂÊÍ‡Ï Ë ‡ÒÒÚÓfl-
ÌË˛ ÏÂÊ‰Û ÚÓ˜Í‡ÏË ÓÔÂ‰ÂÎflÎ‡Ò¸ ÒÍÓÓÒÚ¸ Á‚ÛÍ‡
‚ ‚Ó‰Â. Ñ‡ÎÂÂ Ò ÔÓÏÓ˘¸˛ ÒÔÂˆË‡Î¸ÌÓ Ì‡ÔËÒ‡ÌÌ˚ı
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êËÒ. 4. àÁÏÂÂÌÌ˚Â ‡ÒÔÂ‰ÂÎÂÌËfl ÌÓÏËÓ‚‡ÌÌÓÈ ‡ÏÔÎËÚÛ‰˚  = |A|/A0 Ë Ù‡Á˚ ϕ ‡ÍÛÒÚË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl ‚ ÙÓÍ‡Î¸-
ÌÓÈ ÔÎÓÒÍÓÒÚË z = 220 ÏÏ. ç‡ ‚ÂıÌËı „‡ÙËÍ‡ı ÔË‚Â‰ÂÌ˚ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ ‰‚ÛÏÂÌ˚Â ‡ÒÔÂ‰ÂÎÂÌËfl ‚ ÔÓÔÂÂ˜Ì˚ı
ÍÓÓ‰ËÌ‡Ú‡ı (x, y), „‡‰‡ˆËË ÒÂÓ„Ó ˆ‚ÂÚ‡ ı‡‡ÍÚÂËÁÛ˛Ú ÁÌ‡˜ÂÌËfl ‡ÏÔÎËÚÛ‰˚ Ë Ù‡Á˚, ÔË ˝ÚÓÏ ·ÓÎÂÂ Ò‚ÂÚÎ˚Â Ó·Î‡ÒÚË
ÒÓÓÚ‚ÂÚÒÚ‚Û˛Ú ·ÓÎ¸¯ËÏ ÁÌ‡˜ÂÌËflÏ. íÓ˜Í‡ (x, y) = (0, 0) ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ ÔÓÎÓÊÂÌË˛ „Ë‰ÓÙÓÌ‡ Ì‡ ÓÒË ËÁÎÛ˜‡ÚÂÎfl. ç‡ ÌË-
ÊÌËı „‡ÙËÍ‡ı ÔÓÍ‡Á‡Ì˚ Ó‰ÌÓÏÂÌ˚Â Á‡‚ËÒËÏÓÒÚË ‡ÏÔÎËÚÛ‰˚ Ë Ù‡Á˚ (‚ ‡‰Ë‡Ì‡ı) ÓÚ ÔÓÔÂÂ˜ÌÓÈ ÍÓÓ‰ËÌ‡Ú˚ x. 
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ë‡ÔÓÊÌËÍÓ‚ Ë ‰.

ÔÓ„‡ÏÏ ÔÓ‚Ó‰ËÎÓÒ¸ ÒÍ‡ÌËÓ‚‡ÌËÂ ÔÓÎfl ‚ ÔÎÓ-
ÒÍÓÒÚË, ÌÓÏ‡Î¸ÌÓÈ Í Ì‡È‰ÂÌÌÓÏÛ Ì‡Ô‡‚ÎÂÌË˛
ÓÒË ÒËÏÏÂÚËË. é‰ÌÓ ËÁ Ú‡ÍËı ËÁÏÂÂÌÌ˚ı ‡Ò-
ÔÂ‰ÂÎÂÌËÈ ‡ÏÔÎËÚÛ‰˚ Ë Ù‡Á˚ ‡ÍÛÒÚË˜ÂÒÍÓ„Ó
‰‡‚ÎÂÌËfl ÔÓÍ‡Á‡ÌÓ Ì‡ ËÒÛÌÍÂ 4. Ñ‚ÛÏÂÌ˚Â ËÁÓ-
·‡ÊÂÌËfl Ò‚ÂıÛ ÔÓÍ‡Á˚‚‡˛Ú ı‡‡ÍÚÂ ‡ÒÔÂ‰Â-
ÎÂÌËfl ‡ÏÔÎËÚÛ‰˚ (ÒÎÂ‚‡) Ë Ù‡Á˚ (ÒÔ‡‚‡) ‡ÍÛÒÚË-
˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl. î‡Á‡ ËÁÏÂflÎ‡Ò¸ ÓÚÌÓÒËÚÂÎ¸ÌÓ
ÒË„Ì‡Î‡, ÔÓ‰‡‚‡ÂÏÓ„Ó Ì‡ ËÁÎÛ˜‡ÚÂÎ¸ ÓÚ „ÂÌÂ‡ÚÓ-
‡. àÁ ËÁÏÂÂÌÌ˚ı ‡ÒÔÂ‰ÂÎÂÌËÈ ‚Ë‰ÌÓ, ˜ÚÓ ‡ÍÛ-
ÒÚË˜ÂÒÍÓÂ ÔÓÎÂ Ó·Î‡‰‡ÂÚ ıÓÓ¯ÂÈ ‡ÍÒË‡Î¸ÌÓÈ
ÒËÏÏÂÚËÂÈ. ùÚÓ ÓÁÌ‡˜‡ÂÚ, ˜ÚÓ ‚ÂÏfl ˝ÍÒÔÂË-
ÏÂÌÚ‡ ÏÓÊÌÓ ÒÛ˘ÂÒÚ‚ÂÌÌÓ ÒÓÍ‡ÚËÚ¸, Á‡ÏÂÌË‚

‰‚ÛÏÂÌÓÂ ÒÍ‡ÌËÓ‚‡ÌËÂ ‚ ÔÎÓÒÍÓÒÚË Ó‰ÌÓÏÂ-
Ì˚Ï ÒÍ‡ÌËÓ‚‡ÌËÂÏ ‚‰ÓÎ¸ Î˛·Ó„Ó Ì‡Ô‡‚ÎÂÌËfl,
ÓÚÓ„ÓÌ‡Î¸ÌÓ„Ó ÓÒË ÒËÏÏÂÚËË. ëÓÓÚ‚ÂÚÒÚ‚Û˛-
˘ËÂ Ó‰ÌÓÏÂÌ˚Â ‡ÒÔÂ‰ÂÎÂÌËfl ‡ÏÔÎËÚÛ‰˚ Ë Ù‡-
Á˚ ÔË‚Â‰ÂÌ˚ ‚ ÌËÊÌÂÈ ˜‡ÒÚË ËÒÛÌÍ‡ 4.

èÓÒÎÂ ËÁÏÂÂÌËÈ ÔÓÔÂÂ˜ÌÓ„Ó ‡ÒÔÂ‰ÂÎÂÌËfl
‡ÏÔÎËÚÛ‰˚ Ë Ù‡Á˚ ‡ÍÛÒÚË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl ‚ ÍÓÌ-
ÚÓÎ¸ÌÓÈ ÔÎÓÒÍÓÒÚË ‡ÒÒ˜ËÚ˚‚‡ÎËÒ¸ ÒÓÓÚ‚ÂÚÒÚ-
‚Û˛˘ËÂ ÁÌ‡˜ÂÌËfl ÍÓÏÔÎÂÍÒÌÓÈ ‡ÏÔÎËÚÛ‰˚ ÔÓÎfl.
ëÎÂ‰Ûfl ÔÂ‰ÎÓÊÂÌÌÓÏÛ ÏÂÚÓ‰Û, ÔÓ ÙÓÏÛÎ‡Ï (5‡)
Ë (6) ˜ËÒÎÂÌÌÓ ‚ÓÒÒÚ‡Ì‡‚ÎË‚‡ÎÓÒ¸ ‡ÒÔÂ‰ÂÎÂÌËÂ
ÍÓÏÔÎÂÍÒÌÓÈ ‡ÏÔÎËÚÛ‰˚ ÒÍÓÓÒÚË Ì‡ ÔÓ‚ÂıÌÓÒ-
ÚË ËÁÎÛ˜‡ÚÂÎfl. ç‡ ËÒÛÌÍÂ 5 ÔË‚Â‰ÂÌ ÔÓÎÛ˜ÂÌ-
Ì˚È ÂÁÛÎ¸Ú‡Ú ‚ ‚Ë‰Â Á‡‚ËÒËÏÓÒÚË ‡ÏÔÎËÚÛ‰˚ Ë
Ù‡Á˚ ÌÓÏ‡Î¸ÌÓÈ ÍÓÏÔÓÌÂÌÚ˚ ÍÓÎÂ·‡ÚÂÎ¸ÌÓÈ
ÒÍÓÓÒÚË Ì‡ ÔÓ‚ÂıÌÓÒÚË ËÁÎÛ˜‡ÚÂÎfl ‚ Á‡‚ËÒËÏÓÒ-
ÚË ÓÚ Û„Î‡ θ. ÇÓÒÒÚ‡ÌÓ‚ÎÂÌÌËÂ ÔÓ‚Ó‰ËÎÓÒ¸ ÔÓ ËÁ-
ÏÂÂÌËflÏ ‡ÍÛÒÚË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl Ì‡ ‡ÒÒÚÓflÌËË
z0 = 214 ÏÏ ÓÚ ËÁÎÛ˜‡ÚÂÎfl. ä‡Í ‚Ë‰ÌÓ, Ì‡È‰ÂÌÌ˚Â
‡ÒÔÂ‰ÂÎÂÌËfl ‡ÏÔÎËÚÛ‰˚ Ë Ù‡Á˚ ÍÓÎÂ·‡ÚÂÎ¸ÌÓÈ
ÒÍÓÓÒÚË ÓÍ‡Á‡ÎËÒ¸ ÌÂ‡‚ÌÓÏÂÌ˚ÏË. ç‡·Î˛‰‡-
˛ÚÒfl fl‚ÌÓ ‚˚‡ÊÂÌÌ˚Â Ï‡ÍÒËÏÛÏ˚ Ë ÏËÌËÏÛÏ˚,
Ó·ÛÒÎÓ‚ÎÂÌÌ˚Â ‚ÓÎÌ‡ÏË ã˝Ï·‡ ‚ Ô¸ÂÁÓÔÎ‡ÒÚËÌÂ
[2]. Ç ˜‡ÒÚÌÓÒÚË, ËÏÂÂÚ ÏÂÒÚÓ Ï‡ÍÒËÏÛÏ ‡ÏÔÎËÚÛ-
‰˚ ÒÍÓÓÒÚË ‚ ˆÂÌÚÂ ÔÂÓ·‡ÁÓ‚‡ÚÂÎfl (θ = 0°),
ÍÓÚÓ˚È ÔÓ˜ÚË ‚ ‰‚‡ ‡Á‡ ÔÂ‚˚¯‡ÂÚ “ÒÂ‰Ì˛˛”
‡ÏÔÎËÚÛ‰Û ÍÓÎÂ·‡ÚÂÎ¸ÌÓÈ ÒÍÓÓÒÚË. ÑÎfl Ò‡‚ÌÂ-
ÌËfl ÚÓÌÍÓÈ ÎËÌËÂÈ ÔÓÍ‡Á‡Ì˚ ÂÁÛÎ¸Ú‡Ú˚ ˜ËÒÎÂÌ-
ÌÓ„Ó ÏÓ‰ÂÎËÓ‚‡ÌËfl ‚ ÔÂ‰ÔÓÎÓÊÂÌËË Ó‰ÌÓÓ‰-
ÌÓ„Ó ËÒıÓ‰ÌÓ„Ó ‡ÒÔÂ‰ÂÎÂÌËfl ÒÍÓÓÒÚË (ÒÏ. ÔÂ-
‰˚‰Û˘ËÈ ‡Á‰ÂÎ).

éÚÏÂÚËÏ, ˜ÚÓ ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌËÂ ÒÍÓÓÒÚË, ‚˚-
ÔÓÎÌÂÌÌÓÂ Ì‡ ÓÒÌÓ‚Â ËÁÏÂÂÌËÈ ‡ÍÛÒÚË˜ÂÒÍÓ„Ó
‰‡‚ÎÂÌËfl Ì‡ ‰Û„Ëı ‡ÒÒÚÓflÌËflı ÓÚ ÔÂÓ·‡ÁÓ‚‡-
ÚÂÎfl, ‰‡ÎÓ ‡Ì‡ÎÓ„Ë˜Ì˚Â ÂÁÛÎ¸Ú‡Ú˚. ç‡ ËÒÛÌÍÂ 6
ÔË‚Â‰ÂÌ˚ ‡ÒÔÂ‰ÂÎÂÌËfl ÌÓÏ‡Î¸ÌÓÈ ÒÍÓÓÒÚË,
‚ÓÒÒÚ‡ÌÓ‚ÎÂÌÌ˚Â ÔÓ ËÁÏÂÂÌËflÏ ‰‡‚ÎÂÌËfl Ì‡ ‡Ò-
ÒÚÓflÌËflı 136, 165 Ë 214 ÏÏ ÓÚ ËÁÎÛ˜‡ÚÂÎfl. èÓÎÛ-
˜ÂÌÌ˚Â ÍË‚˚Â Í‡˜ÂÒÚ‚ÂÌÌÓ Ó‰ËÌ‡ÍÓ‚Ó ÓÔËÒ˚-
‚‡˛Ú Í‡ÚËÌÛ ÒÍÓÓÒÚË Ì‡ ÔÂÓ·‡ÁÓ‚‡ÚÂÎÂ, ‚
˜‡ÒÚÌÓÒÚË, ÔËÏÂÌÓ ÒÓ‚Ô‡‰‡˛Ú ÔÓÎÓÊÂÌËfl Ë
‡ÏÔÎËÚÛ‰˚ Ï‡ÍÒËÏÛÏÓ‚ Ë ÏËÌËÏÛÏÓ‚ ‡ÒÔÂ‰Â-
ÎÂÌËfl. çÂÁÌ‡˜ËÚÂÎ¸Ì˚Â ‡ÒıÓÊ‰ÂÌËfl Ó·ÛÒÎÓ‚ÎÂ-
Ì˚ ÚÂÏ, ˜ÚÓ Â‡Î¸Ì˚Â ËÁÎÛ˜‡ÚÂÎË ÌÂ fl‚Îfl˛ÚÒfl
ÒÚÓ„Ó ‡ÍÒË‡Î¸ÌÓ-ÒËÏÏÂÚË˜Ì˚ÏË, Ë ÔÓÚÓÏÛ, ‚Ó-
Ó·˘Â „Ó‚Ófl, ‰Îfl ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌËfl ÌÛÊÌÓ ÔÓ‚Ó-
‰ËÚ¸ ËÁÏÂÂÌËfl ‡ÍÛÒÚË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl ÌÂ ‚‰ÓÎ¸
Ó‰ÌÓÈ ÔflÏÓÈ, ‡ ‚ ˆÂÎÓÈ ÔÎÓÒÍÓÒÚË.

àÒÔÓÎ¸ÁÛfl ËÌÚÂ„‡Î ê˝ÎÂfl (7), ÔÓ ‚ÓÒÒÚ‡ÌÓ‚-
ÎÂÌÌÓÏÛ ‡ÒÔÂ‰ÂÎÂÌË˛ ÌÓÏ‡Î¸ÌÓÈ ÍÓÏÔÓÌÂÌ-
Ú˚ ÒÍÓÓÒÚË Ì‡ ÔÂÓ·‡ÁÓ‚‡ÚÂÎÂ ÏÓÊÌÓ ‡ÒÒ˜Ë-
Ú‡Ú¸ ‡ÍÛÒÚË˜ÂÒÍÓÂ ÔÓÎÂ ‚ Î˛·ÓÈ ÚÓ˜ÍÂ ÔÓÒÚ‡Ì-
ÒÚ‚‡. ë‡‚ÌË‚‡fl ˝ÚÓ ÔÓÎÂ Ò ËÁÏÂÂÌÌ˚Ï ‚
˝ÍÒÔÂËÏÂÌÚÂ, ÏÓÊÌÓ ÍÓÒ‚ÂÌÌ˚Ï Ó·‡ÁÓÏ ÔÓ‚Â-
ËÚ¸ Ô‡‚ËÎ¸ÌÓÒÚ¸ ÍË‚˚ı ËÒÛÌÍ‡ 5. ë ˝ÚÓÈ ˆÂ-
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êËÒ. 5. ê‡ÒÔÂ‰ÂÎÂÌËfl ÌÓÏËÓ‚‡ÌÌÓÈ ‡ÏÔÎËÚÛ‰˚
|Vn|/V0 Ë Ù‡Á˚ ϕV ÍÓÎÂ·‡ÚÂÎ¸ÌÓÈ ÒÍÓÓÒÚË ‚‰ÓÎ¸ ÔÓ-
‚ÂıÌÓÒÚË ËÁÎÛ˜‡ÚÂÎfl, ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌÌ˚Â Ì‡ ÓÒÌÓ‚Â ËÁ-
ÏÂÂÌÌÓÈ Á‡‚ËÒËÏÓÒÚË ‡ÍÛÒÚË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl ÓÚ ÔÓ-
ÔÂÂ˜ÌÓÈ ÍÓÓ‰ËÌ‡Ú˚ x Ì‡ ‡ÒÒÚÓflÌËË z0 = 214 ÏÏ ÓÚ
ËÁÎÛ˜‡ÚÂÎfl (ÍË‚‡fl a). íÓÌÍÓÈ ÎËÌËÂÈ (ÍË‚‡fl b) ÔÓ-
Í‡Á‡Ì˚ ‡ÒÔÂ‰ÂÎÂÌËfl, ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌÌ˚Â Ì‡ ÓÒÌÓ‚Â
ÚÂÓÂÚË˜ÂÒÍÓ„Ó ‡ÒÔÂ‰ÂÎÂÌËfl ‰‡‚ÎÂÌËfl, ÒÓÁ‰‡‚‡ÂÏÓ-
„Ó Ì‡ ̋ ÚÓÏ ‡ÒÒÚÓflÌËË ÔÓ¯ÌÂ‚˚Ï ËÁÎÛ˜‡ÚÂÎÂÏ. ì„ÓÎ
θ = 0° ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ ˆÂÌÚÛ ËÁÎÛ˜‡ÚÂÎfl, θ = 14° – Â„Ó
Í‡˛.

1

0 5

|Vn|/V0
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z0 = 136 ÏÏ

165 ÏÏ
214 ÏÏ

êËÒ. 6. ë‡‚ÌÂÌËÂ ‡ÒÔÂ‰ÂÎÂÌËÈ ‡ÏÔÎËÚÛ‰˚ ÒÍÓÓ-
ÒÚË Ì‡ ÔÓ‚ÂıÌÓÒÚË ÔÂÓ·‡ÁÓ‚‡ÚÂÎfl, ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌ-
Ì˚ı ÔÓ ËÁÏÂÂÌËflÏ ‰‡‚ÎÂÌËfl ‚‰ÓÎ¸ ÌÓÏ‡ÎË Í ‡ÍÛÒÚË-
˜ÂÒÍÓÈ ÓÒË Ì‡ ‡ÒÒÚÓflÌËflı z0 = 136, 165 Ë 214 ÏÏ ÓÚ ËÁ-
ÎÛ˜‡ÚÂÎfl. 
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Î¸˛ ·˚ÎË ÔÓ‚Â‰ÂÌ˚ ‰ÓÔÓÎÌËÚÂÎ¸Ì˚Â ËÁÏÂÂÌËfl
‡ÏÔÎËÚÛ‰˚ ‚ÓÎÌ˚. ç‡ ËÒÛÌÍÂ 7 ‚‚ÂıÛ ÔË‚Â‰Â-
ÌÓ ‡ÒÔÂ‰ÂÎÂÌËÂ ‡ÍÛÒÚË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl ‚‰ÓÎ¸
ÓÒË ËÁÎÛ˜‡ÚÂÎfl, ‡ Ì‡ ÌËÊÌÂÏ ËÒÛÌÍÂ – ÒÓÓÚ‚ÂÚÒÚ-
‚Û˛˘ÂÂ ‡ÒÔÂ‰ÂÎÂÌËÂ ‰‡‚ÎÂÌËfl ÔÓ ÌÓÏ‡ÎË Í
ÓÒË Ì‡ ‡ÒÒÚÓflÌËË z0 = 165 ÏÏ ÓÚ ËÁÎÛ˜‡ÚÂÎfl. íÓÎ-
ÒÚÓÈ ÒÔÎÓ¯ÌÓÈ ÎËÌËÂÈ ÔÓÍ‡Á‡Ì ‡Ò˜ÂÚ ‰‡‚ÎÂÌËfl,
‚˚ÔÓÎÌÂÌÌ˚È ÔÓ ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌÌÓÏÛ ‡ÒÔÂ‰ÂÎÂ-
ÌË˛ ÍÓÎÂ·‡ÚÂÎ¸ÌÓÈ ÒÍÓÓÒÚË Ì‡ ËÁÎÛ˜‡ÚÂÎÂ, ‡
ÚÓ˜Í‡ÏË Ì‡ÌÂÒÂÌ˚ ˝ÍÒÔÂËÏÂÌÚ‡Î¸ÌÓ ËÁÏÂÂÌ-
Ì˚Â ÁÌ‡˜ÂÌËfl. éÚÏÂÚËÏ, ˜ÚÓ ÔË ‡Ò˜ÂÚÂ ËÒÔÓÎ¸-
ÁÓ‚‡ÎÓÒ¸ ‡ÒÔÂ‰ÂÎÂÌËÂ, ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌÌÓÂ Ì‡ ÓÒ-
ÌÓ‚Â ËÁÏÂÂÌËÈ ‰‡‚ÎÂÌËfl Ì‡ ‰Û„ÓÏ ‡ÒÒÚÓflÌËË
(z0 = 214 ÏÏ) ÓÚ ÔÂÓ·‡ÁÓ‚‡ÚÂÎfl. ÑÎfl Ò‡‚ÌÂÌËfl
¯ÚËıÓ‚ÓÈ ÎËÌËÂÈ ÔË‚Â‰ÂÌ ‡Ò˜ÂÚ ‰Îfl ‡‚ÌÓ-
ÏÂÌÓ„Ó ‡ÒÔÂ‰ÂÎÂÌËfl ÌÓÏ‡Î¸ÌÓÈ ÍÓÎÂ·‡ÚÂÎ¸-
ÌÓÈ ÒÍÓÓÒÚË Ì‡ ÔÓ‚ÂıÌÓÒÚË ËÁÎÛ˜‡ÚÂÎfl. ÇË‰ÌÓ,

˜ÚÓ ‡Ò˜ÂÚ, ‚˚ÔÓÎÌÂÌÌ˚È ‰Îfl ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌÌÓ„Ó
‡ÒÔÂ‰ÂÎÂÌËfl ÒÍÓÓÒÚË, „Ó‡Á‰Ó ÎÛ˜¯Â ÓÔËÒ˚‚‡-
ÂÚ Â‡Î¸ÌÛ˛ Í‡ÚËÌÛ ÔÓÎfl. çÂÁÌ‡˜ËÚÂÎ¸Ì˚Â ‡Ò-
ıÓÊ‰ÂÌËfl ÏÂÊ‰Û ‡Ò˜ÂÚÓÏ Ë ˝ÍÒÔÂËÏÂÌÚÓÏ ÏÓ-
„ÛÚ ·˚Ú¸ Ó·˙flÒÌÂÌ˚ Ì‡Û¯ÂÌËÂÏ ‡ÍÒË‡Î¸ÌÓÈ
ÒËÏÏÂÚËË ÔÓÎfl ÔÂÓ·‡ÁÓ‚‡ÚÂÎfl (ËÒ. 4), ˜ÚÓ,
Í‡Í ÛÊÂ ÓÚÏÂ˜‡ÎÓÒ¸, ÌÂ Û˜ËÚ˚‚‡ÎÓÒ¸ Ì‡ÏË ‚ ˝ÚÓÈ
‡·ÓÚÂ. éÚÏÂÚËÏ, ˜ÚÓ ÓÔËÒ‡ÌÌ˚È ‚˚¯Â ÏÂÚÓ‰
·˚Î Â‡ÎËÁÓ‚‡Ì Ë ‰Îfl ‰Û„Ëı ËÁÎÛ˜‡ÚÂÎÂÈ. êÂ-
ÁÛÎ¸Ú‡Ú˚ ÔÓÎÛ˜ËÎËÒ¸ ‡Ì‡ÎÓ„Ë˜Ì˚ÏË, ˜ÚÓ ÔÓÁ‚Ó-
ÎflÂÚ Ò‰ÂÎ‡Ú¸ ‚˚‚Ó‰ Ó ‚ÓÁÏÓÊÌÓÒÚË ‚ÓÒÒÚ‡ÌÓ‚ÎÂ-
ÌËfl ‡ÒÔÂ‰ÂÎÂÌËfl ÌÓÏ‡Î¸ÌÓÈ ÒÍÓÓÒÚË Ì‡ ÔÓ-
‚ÂıÌÓÒÚË ÔÂÓ·‡ÁÓ‚‡ÚÂÎfl ‡Á‚ËÚ˚Ï ‚ ˝ÚÓÈ
‡·ÓÚÂ ÏÂÚÓ‰ÓÏ.
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êËÒ. 7. ë‡‚ÌÂÌËÂ ËÁÏÂÂÌÌÓ„Ó ‡ÍÛÒÚË˜ÂÒÍÓ„Ó ‰‡‚ÎÂ-
ÌËfl Ò ‡Ò˜ÂÚÓÏ. ç‡ ‚ÂıÌÂÏ „‡ÙËÍÂ ÔË‚Â‰ÂÌ‡ Á‡‚Ë-
ÒËÏÓÒÚ¸ ÌÓÏËÓ‚‡ÌÌÓÈ ‡ÏÔÎËÚÛ‰˚ ‡ÍÛÒÚË˜ÂÒÍÓ„Ó

‰‡‚ÎÂÌËfl  = |A|/AF ‚‰ÓÎ¸ ÓÒË ËÁÎÛ˜‡ÚÂÎfl. ç‡ ÌË-
ÊÌÂÏ ËÒÛÌÍÂ ÔÓÍ‡Á‡Ì‡ Á‡‚ËÒËÏÓÒÚ¸ ÌÓÏËÓ‚‡ÌÌÓÈ

‡ÏÔÎËÚÛ‰˚ ‰‡‚ÎÂÌËfl  = |A|/A∗  ÓÚ ÔÓÔÂÂ˜ÌÓÈ ÍÓÓ-
‰ËÌ‡Ú˚ x ‰Îfl z = z∗  = 165 ÏÏ. á‰ÂÒ¸ AF = A(z = F) Ë
A∗  = A(z = z∗ ) – ÁÌ‡˜ÂÌËfl ‡ÏÔÎËÚÛ‰˚ ‡ÍÛÒÚË˜ÂÒÍÓ„Ó
‰‡‚ÎÂÌËfl ‚ ÙÓÍÛÒÂ Ë Ì‡ ÓÒË ËÁÎÛ˜‡ÚÂÎfl ÔË z = z∗  ÒÓ-
ÓÚ‚ÂÚÒÚ‚ÂÌÌÓ. àÁÏÂÂÌÌ˚Â ÁÌ‡˜ÂÌËfl ‡ÏÔÎËÚÛ‰˚ ‡ÍÛ-
ÒÚË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl ÓÚÏÂ˜ÂÌ˚ ÍÂÒÚ‡ÏË. ëÔÎÓ¯Ì‡fl
ÎËÌËfl ‡ÒÒ˜ËÚ‡Ì‡ Ì‡ ÓÒÌÓ‚Â ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌÌÓ„Ó ‡Ò-
ÔÂ‰ÂÎÂÌËfl ÌÓÏ‡Î¸ÌÓÈ ÍÓÎÂ·‡ÚÂÎ¸ÌÓÈ ÒÍÓÓÒÚË Ì‡
ÔÓ‚ÂıÌÓÒÚË ËÁÎÛ˜‡ÚÂÎfl, ‚˚ÔÓÎÌÂÌÌÓ„Ó ÔÓ ËÁÏÂÂÌË-
flÏ ‰‡‚ÎÂÌËfl ÔË z0 = 214 ÏÏ. òÚËıÓ‚‡fl ÎËÌËfl – ‡Ò-
˜ÂÚ ‰Îfl ÔÓ¯ÌÂ‚Ó„Ó ‡ÒÔÂ‰ÂÎÂÌËfl. 
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ë‡ÔÓÊÌËÍÓ‚ Ë ‰.

Reconstruction of the Normal Velocity Distribution on the Surface
of an Ultrasonic Transducer from the Acoustic Pressure Measured

on a Reference Surface
 O. A. Sapozhnikov, Yu. A. Pishchal’nikov, and A. V. Morozov

Physics Faculty, Moscow State University, Moscow, 119992 Russia
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In piezoceramic ultrasonic transducers, the thickness vibrations are usually accompanied by the excitation of
Lamb waves, which are difficult to control. Therefore, the normal velocity distribution over the radiating sur-
face is unknown. As a result, the ultrasonic field generated by the transducer cannot be predicted with the de-
sired accuracy. The purpose of this study is to develop and experimentally validate a new method for evaluating
the normal velocity distribution over the surface of an ultrasonic transducer. The method consists in measuring
the amplitude and phase of the acoustic pressure field over a certain reference surface and then calculating the
acoustic field at the transducer by using the Rayleigh integral. The accuracy and stability of the method are il-
lustrated numerically. The method is tested experimentally with a focused piezoceramic transducer. In the ex-
periment, the reference surface is represented by a plane perpendicular to the axis of the acoustic beam. The
ultrasonic field is scanned by a needle microphone, which is moved by a micropositioner. The measurements
show that the method provides an accurate prediction of the acoustic field generated by a source with an un-
known nonuniform normal velocity distribution.


