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ÇÇÖÑÖçàÖ

 

ÑÎfl ‡Á‚ËÚËfl Ì‡ÌÓÚÂıÌÓÎÓ„ËË, Ì‡fl‰Û Ò ÏÌÓ„ËÏË
‰Û„ËÏË ÛÒÎÓ‚ËflÏË, ·ÓÎ¸¯ÓÂ ÁÌ‡˜ÂÌËÂ ËÏÂÂÚ Â‡ÎË-
Á‡ˆËfl ÙÓÍÛÒËÓ‚ÍË ÔÛ˜Í‡ ÊÂÒÚÍÓ„Ó ÒËÌıÓÚÓÌÌÓ„Ó
ËÁÎÛ˜ÂÌËfl ‡ÁÎË˜Ì˚ÏË ÙÓÍÛÒËÛ˛˘ËÏË ÒËÒÚÂÏ‡-
ÏË. á‡‰‡˜‡ ÒÓÒÚÓËÚ ‚ ÔÓÎÛ˜ÂÌËË ÒÛ·ÏËÍÓÌÌÓ„Ó, ‡ ‚
ÔÂÒÔÂÍÚË‚Â Ë Ì‡ÌÓÏÂÚÓ‚Ó„Ó ‡ÁÏÂ‡ ÔÛ˜Í‡. ÜÂÒÚ-
ÍÓÂ ÂÌÚ„ÂÌÓ‚ÒÍÓÂ ËÁÎÛ˜ÂÌËÂ ËÏÂÂÚ ‰ÎËÌÛ ‚ÓÎÌ˚ 

 

λ

 

ÏÂÌÂÂ 0.1 ÌÏ, ÌÓ ÔÓ·ÎÂÏ‡ ‚ ÚÓÏ, ̃ ÚÓ ÓÌÓ Ó˜ÂÌ¸ ÒÎ‡·Ó
‚Á‡ËÏÓ‰ÂÈÒÚ‚Û˛Ú Ò ‚Â˘ÂÒÚ‚ÓÏ, ‚ ˜‡ÒÚÌÓÒÚË Ó˜ÂÌ¸
ÒÎ‡·Ó ÔÂÎÓÏÎflÂÚÒfl Ò ÔÓÍ‡Á‡ÚÂÎÂÏ ÔÂÎÓÏÎÂÌËfl
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. àÌÚÛËÚË‚ÌÓ flÒÌÓ, ̃ ÚÓ ̋ ÚÓ ‰ÓÎÊ-
ÌÓ ÔË‚Ó‰ËÚ¸ Í ÓÔÂ‰ÂÎÂÌÌ˚Ï Ó„‡ÌË˜ÂÌËflÏ Ì‡ ÏË-
ÌËÏ‡Î¸Ì˚È ‡ÁÏÂ ÒÙÓÍÛÒËÓ‚‡ÌÌÓ„Ó ÔÛ˜Í‡. Ç ‡-
·ÓÚÂ [1] ·˚Î ÛÒÚ‡ÌÓ‚ÎÂÌ ÚÂÓÂÚË˜ÂÒÍËÈ ÔÂ‰ÂÎ
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1/2

 

 Ì‡ ‡ÁÏÂ ÔÛ˜Í‡, ÙÓÏËÛÂÏÓ„Ó Ò ÔÓÏÓ˘¸˛
‚ÓÎÌÓ‚Ó‰ÌÓÈ ÚÂıÌËÍË, ËÒÔÓÎ¸ÁÛ˛˘ÂÈ ˝ÙÙÂÍÚ ÔÓÎ-
ÌÓ„Ó ‚ÌÂ¯ÌÂ„Ó ÓÚ‡ÊÂÌËfl ÓÚ „Î‡‰ÍÓÈ ÔÓ‚ÂıÌÓÒÚË
Ï‡ÚÂË‡Î‡. èË˜ËÌÓÈ fl‚ÎflÂÚÒfl ÍÓÌÂ˜ÌÓÂ ÁÌ‡˜ÂÌËÂ
ÍËÚË˜ÂÒÍÓ„Ó Û„Î‡ ÔÓÎÌÓ„Ó ‚ÌÂ¯ÌÂ„Ó ÓÚ‡ÊÂÌËfl.
í‡Í, ‰Îfl 
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 = 20 ÌÏ.

èË ËÒÔÓÎ¸ÁÓ‚‡ÌËË ÁÓÌÌ˚ı ÔÎ‡ÒÚËÌÓÍ îÂÌÂÎfl,
Í‡Í ËÁ‚ÂÒÚÌÓ, ‡ÁÏÂ ÔÛ˜Í‡ ÔËÏÂÌÓ ‡‚ÂÌ ‡ÁÏÂÛ
Í‡ÈÌÂÈ ÁÓÌ˚. çÓ ˜ÚÓ·˚ Ó·ÂÒÔÂ˜ËÚ¸ ÌÂÓ·ıÓ‰ËÏ˚È
Ò‰‚Ë„ Ù‡Á˚ ‚ ÁÓÌ‡ı ÚÓÎ˘ËÌ‡ ÁÓÌ ÌÂ ÏÓÊÂÚ ·˚Ú¸
ÏÂÌ¸¯Â ÌÂÒÍÓÎ¸ÍËı ÏËÍÓÌ. Ç ÂÁÛÎ¸Ú‡ÚÂ Í‡ÈÌËÂ
ÁÓÌ˚ ËÏÂ˛Ú ‚Ë‰ ‰ÎËÌÌ˚ı ÛÁÍËı Í‡Ì‡ÎÓ‚. ÄÍÍÛ‡Ú-
Ì˚È ÚÂÓÂÚË˜ÂÒÍËÈ ‡Ò˜ÂÚ Ú‡ÍËı ÁÓÌÌ˚ı ÔÎ‡ÒÚËÌÓÍ
·˚Î ‚˚ÔÓÎÌÂÌ ‚ ‡·ÓÚ‡ı [2, 3], „‰Â ·˚ÎÓ ÔÓÍ‡Á‡ÌÓ,
˜ÚÓ ÙÓÍÛÒËÓ‚Í‡ ‚ ÔÛ˜ÓÍ ÏÂÌ¸¯Â„Ó ‡ÁÏÂ‡, ˜ÂÏ
ÛÍ‡Á‡ÌÓ ‚˚¯Â, ‚ÓÁÏÓÊÌ‡, ıÓÚfl ˜‡ÒÚ¸ ËÁÎÛ˜ÂÌËfl ‚ÒÂ

ÊÂ ÓÒÚ‡ÂÚÒfl ‚ Í‡Ì‡Î‡ı Í‡ÈÌËı ÁÓÌ Ë ÌÂ ÔÓıÓ‰ËÚ
ÁÓÌÌÛ˛ ÔÎ‡ÒÚËÌÍÛ.

óÚÓ Í‡Ò‡ÂÚÒfl ÒÓÒÚ‡‚Ì˚ı ÔÂÎÓÏÎfl˛˘Ëı ÎËÌÁ,
‡Á‚ËÚËÂ ÍÓÚÓ˚ı Ì‡˜‡ÎÓÒ¸ Ò‡‚ÌËÚÂÎ¸ÌÓ ÌÂ‰‡‚ÌÓ
[4], ÚÓ ‚ ‡·ÓÚÂ [5] ·˚ÎÓ ÔÓÍ‡Á‡ÌÓ, ̃ ÚÓ ÓÌË ÚÓÊÂ ÔÓÁ-
‚ÓÎfl˛Ú ÔÂÓ‰ÓÎÂÚ¸ ÛÍ‡Á‡ÌÌ˚È ‚˚¯Â ÔÂ‰ÂÎ, ‚ ˜‡ÒÚ-
ÌÓÒÚË ÏÓÊÌÓ ÔÓÎÛ˜ËÚ¸ ÔÛ˜ÓÍ ‡ÁÏÂÓÏ ‰Ó 2 ÌÏ, ıÓÚfl
˝ÚÓ Ë Ò‚flÁ‡ÌÓ Ò Â¯ÂÌËÂÏ ÒÎÓÊÌ˚ı ÚÂıÌÓÎÓ„Ë˜ÂÒÍËı
ÔÓ·ÎÂÏ ÒÓÁ‰‡ÌËfl ÎËÌÁ Ò Ó˜ÂÌ¸ Ï‡Î˚Ï ‡‰ËÛÒÓÏ
ÍË‚ËÁÌ˚ ÔÓ‚ÂıÌÓÒÚË. Ç ‡·ÓÚÂ [5] ·˚Î‡ ÔÂ‰ÎÓ-
ÊÂÌ‡ ‡‰Ë‡·‡ÚË˜ÂÒÍË ÙÓÍÛÒËÛ˛˘‡fl ÎËÌÁ‡ Í‡Í Ì‡-
·Ó ̋ ÎÂÏÂÌÚÓ‚, ‡ÔÂÚÛ‡ ÍÓÚÓ˚ı ÛÏÂÌ¸¯‡ÂÚÒfl ‚ÏÂ-
ÒÚÂ Ò ÛÏÂÌ¸¯ÂÌËÂÏ ‡ÁÏÂ‡ ÔÛ˜Í‡. ÇÏÂÒÚÂ Ò ÚÂÏ, ‡Ì‡-
ÎËÁ Ò‚ÓÈÒÚ‚ Ú‡ÍÓÈ ÎËÌÁ˚ Ë ‰‡ÊÂ ÂÂ ÍÓÌÒÚÛÍˆËfl,
ÔÂ‰ÒÚ‡‚ÎÂÌÌ˚Â ‚ [5], ÓÒÚ‡‚Îfl˛Ú ÏÌÓ„Ó ‚ÓÔÓÒÓ‚ ·ÂÁ
ÓÚ‚ÂÚÓ‚. î‡ÍÚË˜ÂÒÍË ÂÁÛÎ¸Ú‡Ú ÔÓÎÛ˜ÂÌ Ò ÔÓÏÓ˘¸˛
˜ËÒÎÂÌÌ˚ı ‡Ò˜ÂÚÓ‚ Ò ËÒÔÓÎ¸ÁÓ‚‡ÌËÂÏ ÔÓˆÂ‰Û˚,
ÚÓ˜ÌÓÒÚ¸ ÍÓÚÓÓÈ ÌÂ ÓˆÂÌË‚‡ÂÚÒfl.

ÑÎfl ‡Ì‡ÎËÁ‡ Ò‚ÓÈÒÚ‚ ÒÓÒÚ‡‚Ì˚ı ÔÂÎÓÏÎfl˛˘Ëı
ÎËÌÁ Ò Ô‡‡·ÓÎË˜ÂÒÍËÏ ÔÓÙËÎÂÏ ÔÓ‚ÂıÌÓÒÚË ‚ÂÒ¸-
Ï‡ ÔÓÎÂÁÌ˚ÏË fl‚Îfl˛ÚÒfl ‡Ì‡ÎËÚË˜ÂÒÍËÂ ÏÂÚÓ‰˚ Â-
¯ÂÌËfl Á‡‰‡˜Ë Ú‡ÌÒÔÓÚ‡ ËÁÎÛ˜ÂÌËfl ˜ÂÂÁ ÔÂÎÓÏ-
Îfl˛˘Û˛ ÒÂ‰Û Ë ‚ ‚ÓÁ‰ÛıÂ. Ç ‡·ÓÚ‡ı [6, 7] ·˚ÎÓ ÔÓ-
ÎÛ˜ÂÌÓ ÚÓ˜ÌÓÂ (‡Ì‡ÎËÚË˜ÂÒÍÓÂ) Â¯ÂÌËÂ Á‡‰‡˜Ë ‰Îfl
Ô‡‡·ÓÎË˜ÂÒÍÓÈ ÌÂÔÂ˚‚ÌÓ ÔÂÎÓÏÎfl˛˘ÂÈ ÎËÌ-
Á˚, ÍÓÚÓ‡fl ÒÓÒÚÓËÚ ËÁ Ó˜ÂÌ¸ ·ÓÎ¸¯Ó„Ó ̃ ËÒÎ‡ Ó‰ËÌ‡-
ÍÓ‚˚ı ̋ ÎÂÏÂÌÚÓ‚ Ò ·ÓÎ¸¯ËÏ ‡‰ËÛÒÓÏ ÍË‚ËÁÌ˚ ÔÓ-
‚ÂıÌÓÒÚË. ä‡Ê‰˚È ˝ÎÂÏÂÌÚ ÔÂÎÓÏÎflÂÚ Ó˜ÂÌ¸ ÒÎ‡-
·Ó, ˜ÚÓ ÔÓÁ‚ÓÎflÂÚ ÛÒÂ‰ÌËÚ¸ Â„Ó ÔÎÓÚÌÓÒÚ¸ ÔÓ
ÚÓÎ˘ËÌÂ ̋ ÎÂÏÂÌÚ‡ Ë ‚ ÂÁÛÎ¸Ú‡ÚÂ ‡ÒÒÏÓÚÂÚ¸ Ó‰ÌÓ-
Ó‰ÌÛ˛ ‚‰ÓÎ¸ ÔÛ˜Í‡ ÒÂ‰Û Ò Ô‡‡·ÓÎË˜ÂÒÍËÏ ËÁÏÂ-
ÌÂÌËÂÏ ÔÎÓÚÌÓÒÚË ‚ ÔÓÔÂÂ˜ÌÓÏ Ì‡Ô‡‚ÎÂÌËË.
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í‡Í‡fl ÎËÌÁ‡, ‰‡ÊÂ ÔË ÛÒÎÓ‚ËË, ̃ ÚÓ ÂÂ ‰ÎËÌ‡ Ò‡‚-
ÌËÏ‡ Ò ÂÂ ÙÓÍÛÒÌ˚Ï ‡ÒÒÚÓflÌËÂÏ, ÌÂ ËÏÂÂÚ ‡·Â‡-
ˆËÈ [8], ‚ ÓÚÎË˜ËÂ ÓÚ Ó‰ÌÓÍ‡ÚÌÓÈ ÎËÌÁ˚ Ò ÚÂÏË ÊÂ
‰ÎËÌÓÈ Ë ÙÓÍÛÒÌ˚Ï ‡ÒÒÚÓflÌËÂÏ. ÇÏÂÒÚÂ Ò ÚÂÏ, ‡Ì‡-
ÎËÁ ÔÓÍ‡Á‡Î, ˜ÚÓ ÔË ‰ÎËÌÂ, Ò‡‚ÌËÏÓÈ Ò ÙÓÍÛÒÌ˚Ï
‡ÒÒÚÓflÌËÂÏ, ÎËÌÁ‡, ÒÓÒÚ‡‚ÎÂÌÌ‡fl ËÁ Ó‰ËÌ‡ÍÓ‚˚ı
˝ÎÂÏÂÌÚÓ‚, ÌÂ fl‚ÎflÂÚÒfl ̋ ÙÙÂÍÚË‚ÌÓÈ, ÔÓÒÍÓÎ¸ÍÛ ÔÓ-
ÒÎÂ‰ÌËÂ ÂÂ ˝ÎÂÏÂÌÚ˚ Ó˜ÂÌ¸ ÒÎ‡·Ó ‚ÓÁ‰ÂÈÒÚ‚Û˛Ú Ì‡
ÔÛ˜ÓÍ. ÑÎfl ·ÓÎÂÂ ˝ÙÙÂÍÚË‚ÌÓÈ ÙÓÍÛÒËÓ‚ÍË ÌÂÓ·-
ıÓ‰ËÏÓ ËÒÔÓÎ¸ÁÓ‚‡Ú¸ ÒÓÒÚ‡‚ÌÛ˛ ÎËÌÁÛ, ËÏÂ˛˘Û˛
ÌÂÓ‰ËÌ‡ÍÓ‚˚Â ˝ÎÂÏÂÌÚ˚ [5, 9], ÍÓÚÓ˚Â Û˜ËÚ˚‚‡˛Ú
ËÁÏÂÌÂÌËÂ ÔÓÔÂÂ˜Ì˚ı ‡ÁÏÂÓ‚ ÔÛ˜Í‡.

Ç ‰‡ÌÌÓÈ ‡·ÓÚÂ ÔÂ‰ÒÚ‡‚ÎÂÌ‡ ÔÓÎÛ‡Ì‡ÎËÚË˜Â-
ÒÍ‡fl ÚÂÓËfl ÙÓÍÛÒËÓ‚ÍË ÒËÌıÓÚÓÌÌÓ„Ó ËÁÎÛ˜Â-
ÌËfl ÔÓËÁ‚ÓÎ¸ÌÓÈ ÒËÒÚÂÏÓÈ Ô‡‡·ÓÎË˜ÂÒÍËı ÔÂ-
ÎÓÏÎfl˛˘Ëı ÎËÌÁ. èÓÍ‡Á‡ÌÓ, ˜ÚÓ ÔË ‡ÒÔÓÒÚ‡ÌÂ-
ÌËË ÍÓ„ÂÂÌÚÌÓÈ ‚ÓÎÌ˚, ÓÔËÒ˚‚‡ÂÏÓÈ ‚ÓÎÌÓ‚ÓÈ
ÙÛÌÍˆËÂÈ ÒÔÂˆË‡Î¸ÌÓ„Ó „‡ÛÒÒÓ‚Ó„Ó ‚Ë‰‡ Ò ÚÂÏfl Ô‡-
‡ÏÂÚ‡ÏË, ˜ÂÂÁ ÓÔÚË˜ÂÒÍÛ˛ ÒËÒÚÂÏÛ, ÒÓÒÚÓfl˘Û˛
ËÁ Ô‡‡·ÓÎË˜ÂÒÍËı ÔÂÎÓÏÎfl˛˘Ëı ÎËÌÁ, ‡ÁÏÂ˘ÂÌ-
Ì˚ı ‚‰ÓÎ¸ ÓÔÚË˜ÂÒÍÓÈ ÓÒË Ì‡ ÔÓËÁ‚ÓÎ¸Ì˚ı ‡ÒÒÚÓ-
flÌËflı, ‚Ë‰ ‚ÓÎÌÓ‚ÓÈ ÙÛÌÍˆËË ÌÂ ÏÂÌflÂÚÒfl, ‡ ÚÓÎ¸ÍÓ
ËÁÏÂÌfl˛ÚÒfl ˜ËÒÎÂÌÌ˚Â ÁÌ‡˜ÂÌËfl Ô‡‡ÏÂÚÓ‚. ÑÎfl
ÔÓÒÎÂ‰ÌËı ÔÓÎÛ˜ÂÌ˚ ÂÍÛÂÌÚÌ˚Â ÙÓÏÛÎ˚, ÍÓÚÓ-
˚Â ÔÓÁ‚ÓÎfl˛Ú ‰ÓÒÚ‡ÚÓ˜ÌÓ ·˚ÒÚÓ Ë ÚÓ˜ÌÓ ‚˚˜ËÒ-
ÎËÚ¸ Ô‡‡ÏÂÚ˚ ÔÛ˜Í‡ ÒËÌıÓÚÓÌÌÓ„Ó ËÁÎÛ˜ÂÌËfl
ÔÓÒÎÂ ÙÓÍÛÒËÓ‚ÍË Ú‡ÍÓÈ ÒËÒÚÂÏÓÈ ÎËÌÁ.

Ç ÒÎÂ‰Û˛˘ÂÏ ‡Á‰ÂÎÂ ‚˚‚Ó‰flÚÒfl ÂÍÛÂÌÚÌ˚Â
ÙÓÏÛÎ˚ ‰Îfl Ô‡‡ÏÂÚÓ‚ ‚ÓÎÌÓ‚ÓÈ ÙÛÌÍˆËË ÍÓ„Â-
ÂÌÚÌÓ„Ó ËÁÎÛ˜ÂÌËfl Ë Ó·ÒÛÊ‰‡˛ÚÒfl Ó·˘ËÂ Ò‚ÓÈÒÚ‡
ÔÛ˜Í‡ Ì‡ ÓÒÌÓ‚Â ‡Ì‡ÎËÁ‡ ÛÍ‡Á‡ÌÌ˚ı Ô‡‡ÏÂÚÓ‚.
Ç ÚÂÚ¸ÂÏ ‡Á‰ÂÎÂ ÔÓ‚Ó‰ËÚÒfl Ò‡‚ÌÂÌËÂ ‰‡ÌÌÓÈ
ÚÂÓËË Ò ÚÂÓËÂÈ ÌÂÔÂ˚‚ÌÓ ÔÂÎÓÏÎfl˛˘ÂÈ ÎËÌ-
Á˚ [6, 7] Ë ‡Ì‡ÎËÁËÛÂÚÒfl Á‡‚ËÒËÏÓÒÚ¸ ÓÒÌÓ‚Ì˚ı
Ô‡‡ÏÂÚÓ‚ ÎËÌÁ˚ ÓÚ ˜ËÒÎ‡ ÂÂ ˝ÎÂÏÂÌÚÓ‚. Ñ‡ÎÂÂ
Ó·ÒÛÊ‰‡˛ÚÒfl ÔÓ·ÎÂÏ˚ ÙÓÍÛÒËÓ‚ÍË ÔÛ˜Í‡ ‚ Ì‡-
ÌÓÏÂÚÓ‚˚È ‡ÁÏÂ. Ç ÔÓÒÎÂ‰ÌÂÏ ‡Á‰ÂÎÂ ÔÂ‰-
ÒÚ‡‚ÎÂÌ˚ ÌÂÍÓÚÓ˚Â ÂÁÛÎ¸Ú‡Ú˚ ‡Ì‡ÎËÁ‡ ÓÔÚË˜Â-
ÒÍËı Ò‚ÓÈÒÚ‚ ‰‚ÛıÎËÌÁÓ‚ÓÈ ÒËÒÚÂÏ˚.

 

éëçéÇçõÖ îéêåìãõ íÖéêàà

 

ä‡Í ËÁ‚ÂÒÚÌÓ, ÒËÌıÓÚÓÌÌÓÂ ËÁÎÛ˜ÂÌËÂ ‚ ÁÌ‡˜Ë-
ÚÂÎ¸ÌÓÈ ÒÚÂÔÂÌË ÔÓÎflËÁÓ‚‡ÌÓ Ë, ÍÓÏÂ ÚÓ„Ó, ÔÓÎfl-
ËÁ‡ˆËfl ÌÂ ‚ÎËflÂÚ Ì‡ ÂÁÛÎ¸Ú‡Ú ÙÓÍÛÒËÓ‚ÍË, ÔÓ˝ÚÓ-
ÏÛ ‰ÓÒÚ‡ÚÓ˜ÌÓ ‡ÒÒÏÓÚÂÚ¸ ÒÍ‡ÎflÌÛ˛ ‚ÓÎÌÓ‚Û˛
ÙÛÌÍˆË˛ ËÁÎÛ˜ÂÌËfl 

 

Ψ

 

2

 

 (

 

x

 

, 

 

y

 

, 

 

z

 

). èÛÒÚ¸ ÓÒ¸ 

 

z

 

 ÍÓÓ‰Ë-
Ì‡ÚÌÓÈ ÒËÒÚÂÏ˚ Ì‡Ô‡‚ÎÂÌ‡ ‚‰ÓÎ¸ ÓÔÚË˜ÂÒÍÓÈ ÓÒË Ë
ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ ·ÓÎ¸¯ËÏ ‡ÒÒÚÓflÌËflÏ (ÓÚ ÏËÎÎËÏÂÚ-
‡ ‰Ó ÌÂÒÍÓÎ¸ÍËı ÏÂÚÓ‚), ‡ ÓÒË 

 

x

 

 Ë 

 

y

 

 Ì‡Ô‡‚ÎÂÌ˚
ÔÂÔÂÌ‰ËÍÛÎflÌÓ ÓÔÚË˜ÂÒÍÓÈ ÓÒË, Ë ı‡‡ÍÚÂÌ˚È
Ï‡Ò¯Ú‡· ËÁÏÂÌÂÌËfl ‚ÓÎÌÓ‚ÓÈ ÙÛÌÍˆËË ‚ ˝ÚËı Ì‡-
Ô‡‚ÎÂÌËflı – ‰ÂÒflÚÍË ÏËÍÓÌ. í‡Í Í‡Í Û„Î˚ ‡ÒÒÂfl-
ÌËfl ‰Îfl ÂÌÚ„ÂÌÓ‚ÒÍËı ÎÛ˜ÂÈ Ó˜ÂÌ¸ Ï‡Î˚, ÚÓ Ò ‰ÓÒÚ‡-
ÚÓ˜ÌÓÈ ÚÓ˜ÌÓÒÚ¸˛ ÏÓÊÌÓ ËÒÔÓÎ¸ÁÓ‚‡Ú¸ Ô‡‡ÍÒË‡Î¸-
ÌÓÂ ÔË·ÎËÊÂÌËÂ, ‚ ÍÓÚÓÓÏ ÒÙÂË˜ÂÒÍ‡fl ‚ÓÎÌ‡
Á‡ÏÂÌflÂÚÒfl Ì‡ ˆËÎËÌ‰Ë˜ÂÒÍÛ˛. àÁÏÂÌÂÌËÂ ‚ÓÎÌÓ-

‚ÓÈ ÙÛÌÍˆËË ÔË ÔÂÂÌÓÒÂ ËÁÎÛ˜ÂÌËfl ˜ÂÂÁ ÔÛÒÚÓÂ
ÔÓÒÚ‡ÌÒÚ‚Ó ÓÔËÒ˚‚‡ÂÚÒfl ÂÂ Ò‚ÂÚÍÓÈ Ò ÔÓÔ‡„‡ÚÓ-
ÓÏ äËÍ„ÓÙ‡ [10]:
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z

 

) = (1)
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λ

 

z
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–1/2

 

 

 

exp

 

(

 

i

 

π

 

x

 

2

 

/

 

λ

 

z

 

),

„‰Â 

 

λ

 

 – ‰ÎËÌ‡ ‚ÓÎÌ˚ ÏÓÌÓıÓÏ‡ÚËÁËÓ‚‡ÌÌÓ„Ó ËÁÎÛ-
˜ÂÌËfl.

ê‡ÒÒÏÓÚËÏ ÚÓÌÍËÂ ‰‚ÓflÍÓ‚Ó„ÌÛÚ˚Â Ô‡‡·ÓÎË˜Â-
ÒÍËÂ ÎËÌÁ˚, ÍÓÚÓ˚Â Ì‡ Ò‚ÓÂÈ ÚÓÎ˘ËÌÂ ÌÂ ÏÂÌfl˛Ú
ÔÓÔÂÂ˜ÌÛ˛ ÍÓÓ‰ËÌ‡ÚÛ Ú‡ÂÍÚÓËË ÎÛ˜ÂÈ. àı ‚ÎË-
flÌËÂ Ì‡ ‚ÓÎÌÓ‚Û˛ ÙÛÌÍˆË˛ Ò‚Ó‰ËÚÒfl Í Ò‰‚Ë„Û Ù‡Á˚
ÎÓÍ‡Î¸ÌÓ ‚ Í‡Ê‰ÓÈ ÚÓ˜ÍÂ, ‚ÍÎ˛˜‡fl Ë ÂÂ ÏÌËÏÛ˛
˜‡ÒÚ¸, Ò‚flÁ‡ÌÌÛ˛ Ò ÔÓ„ÎÓ˘ÂÌËÂÏ. í‡ÍÓÂ ËÁÏÂÌÂÌËÂ
ÓÔËÒ˚‚‡ÂÚÒfl ÒÚ‡Ì‰‡ÚÌ˚Ï ‚ ÏÂÚÓ‰Â Ù‡ÁÓ‚Ó„Ó ÍÓÌ-
Ú‡ÒÚ‡ ÏÂÚÓ‰ÓÏ ÛÏÌÓÊÂÌËfl ‚ÓÎÌÓ‚ÓÈ ÙÛÌÍˆËË ËÁÎÛ-
˜ÂÌËfl Ì‡ Ú‡ÌÒÔ‡‡ÌÚÌÛ˛ ÙÛÌÍˆË˛:

(2)

„‰Â 

 

R

 

 – ‡‰ËÛÒ ÍË‚ËÁÌ˚ Ô‡‡·ÓÎË˜ÂÒÍÓ„Ó ÔÓÙËÎfl
ÎËÌÁ˚, ‡ Ô‡‡ÏÂÚ˚ 

 

δ

 

 Ë 

 

β

 

 Ò‚flÁ‡Ì˚ Ò ‰Ë˝ÎÂÍÚË˜Â-
ÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚ¸˛ 

 

ε

 

 Ï‡ÚÂË‡Î‡ ÎËÌÁ˚ ÙÓÏÛÎÓÈ

 

ε

 

 = 1 – 2(

 

δ

 

 – 

 

i

 

β

 

). è‡‡ÏÂÚ 

 

f

 

c

 

 Ë„‡ÂÚ ÓÎ¸ ÍÓÏÔÎÂÍÒÌÓ-
„Ó ÙÓÍÛÒÌÓ„Ó ‡ÒÒÚÓflÌËfl ÎËÌÁ˚. ÇÓÓ·˘Â „Ó‚Ófl,
ÙÓÏÛÎ‡ (2) ÔËÏÂÌËÏ‡ ÚÓÎ¸ÍÓ ‚ÌÛÚË „ÂÓÏÂÚË˜Â-
ÒÍÓÈ ‡ÔÂÚÛ˚ ÎËÌÁ˚, ‡ ‚ÌÂ ÂÂ ÙÛÌÍˆËfl ‡‚Ì‡ ÍÓÌ-
ÒÚ‡ÌÚÂ. å˚ Ó„‡ÌË˜ËÏÒfl ‡ÒÒÏÓÚÂÌËÂÏ ÚÓÎ¸ÍÓ Ú‡-
ÍËı ÔÛ˜ÍÓ‚, ÔÓÔÂÂ˜Ì˚Â ‡ÁÏÂ˚ ÍÓÚÓ˚ı ÏÂÌ¸¯Â
„ÂÓÏÂÚË˜ÂÒÍÓÈ ‡ÔÂÚÛ˚, ÔÓ˝ÚÓÏÛ ÂÂ Û˜ÂÚ ÒÎ‡·Ó
‚ÎËflÂÚ Ì‡ ÂÁÛÎ¸Ú‡Ú Ë ˝ÚËÏ ‚ÎËflÌËÂÏ ÏÓÊÌÓ ÔÂÌÂ-
·Â˜¸. ÖÒÎË ÊÂ ̋ ÚÓ ÌÂ Ú‡Í, ÚÓ ‰ÓÒÚ‡ÚÓ˜ÌÓ ÏÓ‰ËÙËˆË-
Ó‚‡Ú¸ ‚ÓÎÌÓ‚Û˛ ÙÛÌÍˆË˛ Ì‡ ‚ıÓ‰Â Ú‡ÍËÏ Ó·‡ÁÓÏ,
˜ÚÓ·˚ ÂÂ ÔÓÎÛ¯ËËÌ‡ ‡‚ÌflÎ‡Ò¸ „ÂÓÏÂÚË˜ÂÒÍÓÈ
‡ÔÂÚÛÂ, ÔÓÒÍÓÎ¸ÍÛ ˜‡ÒÚ¸ ‚ÓÎÌÓ‚ÓÈ ÙÛÌÍˆËË Á‡
ÔÂ‰ÂÎ‡ÏË ‡ÔÂÚÛ˚ ‚ÒÂ ‡‚ÌÓ ÌÂ ÔÓÔ‡‰‡ÂÚ ‚ ÙÓÍÛÒ.

ç‡Ò ËÌÚÂÂÒÛÂÚ ÙÓÍÛÒËÓ‚Í‡ ÚÓ˜Â˜ÌÓ„Ó ËÒÚÓ˜-
ÌËÍ‡ Ò ÔÓÏÓ˘¸˛ ÒËÒÚÂÏ˚ Ú‡ÍËı ÎËÌÁ, ‡ÁÌÂÒÂÌÌ˚ı
‚‰ÓÎ¸ ÓÔÚË˜ÂÒÍÓÈ ÓÒË Ì‡ ÌÂÍÓÚÓ˚Â ‡ÒÒÚÓflÌËfl.
îÓÏÛÎ˚ (1) Ë (2) ÓÔÂ‰ÂÎfl˛Ú ÙÛÌÍˆËË, Ó·Î‡‰‡˛-
˘ËÂ ˆËÎËÌ‰Ë˜ÂÒÍÓÈ ÒËÏÏÂÚËÂÈ, ÔË ÍÓÚÓÓÈ ÍÓ-
Ó‰ËÌ‡Ú˚ 

 

x

 

 Ë 

 

y

 

 ÓÔËÒ˚‚‡˛ÚÒfl ÌÂÁ‡‚ËÒËÏÓ. é˜Â‚Ë‰-
ÌÓ, ˜ÚÓ ‚ÓÎÌÓ‚‡fl ÙÛÌÍˆËfl ËÁÎÛ˜ÂÌËfl ÚÓÊÂ ·Û‰ÂÚ
Ó·Î‡‰‡Ú¸ ÔÓ‰Ó·ÌÓÈ ÒËÏÏÂÚËÂÈ, ÚÓ ÂÒÚ¸ 
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2
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x

 

, 

 

y

 

, 

 

z

 

) =
= 
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x
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z

 

)

 

Ψ

 

(

 

y

 

, 

 

z

 

). èË ˝ÚÓÏ ‰ÓÒÚ‡ÚÓ˜ÌÓ Ó„‡ÌË˜ËÚ¸Òfl
‡Ì‡ÎËÁÓÏ ‚ Í‡ÍÓÈ-ÎË·Ó Ó‰ÌÓÈ ÔÎÓÒÍÓÒÚË, Ì‡ÔËÏÂ
(

 

x

 

, 

 

z

 

), Ú‡Í Í‡Í ‚ ‰Û„ÓÈ ÔÎÓÒÍÓÒÚË ‚ÒÂ ·Û‰ÂÚ ‡Ì‡ÎÓ-
„Ë˜ÌÓ. Ñ‡ÎÂÂ Ï˚ ÌÂ ·Û‰ÂÏ ‚˚ÔËÒ˚‚‡Ú¸ ÍÓÓ‰ËÌ‡ÚÛ

 

z

 

 Û ‚ÓÎÌÓ‚ÓÈ ÙÛÌÍˆËË, ‡ ‚ÏÂÒÚÓ ÌÂÂ ·Û‰ÂÏ ÒÚ‡‚ËÚ¸
ËÌ‰ÂÍÒ, ÔÓÍ‡Á˚‚‡˛˘ËÈ, ÒÍÓÎ¸ÍÓ Ô‡‡·ÓÎË˜ÂÒÍËı
ÎËÌÁ ÛÊÂ Ò‡·ÓÚ‡ÎÓ. ë ‰Û„ÓÈ ÒÚÓÓÌ˚, Ï˚ ·Û‰ÂÏ
fl‚ÌÓ Û˜ËÚ˚‚‡Ú¸ ÔÓÔÂÂ˜ÌÛ˛ ÍÓÓ‰ËÌ‡ÚÛ 

 

x

 

0

 

 ÚÓ˜Â˜-
ÌÓ„Ó ËÒÚÓ˜ÌËÍ‡.

àÚ‡Í, ÂÒÎË Ì‡Ï ËÁ‚ÂÒÚÌ‡ ‚ÓÎÌÓ‚‡fl ÙÛÌÍˆËfl
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0

 

(

 

x

 

, 

 

x

 

0

 

) ÔÂÂ‰ Ô‡‡·ÓÎË˜ÂÒÍÓÈ ÎËÌÁÓÈ Ò ÍÓÏÔÎÂÍÒ-
Ì˚Ï ÙÓÍÛÒÌ˚Ï ‡ÒÒÚÓflÌËÂÏ 

 

f

 

c

 

, ÚÓ ‚ÓÎÌÓ‚‡fl ÙÛÌÍ-

T2 x y f c, ,( ) T x f c,( )T y f c,( ),=

T x f,( ) iπx2/λf–( ), f cexp
R

2 δ iβ–( )
----------------------,= =
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äÓÌ

 

ˆËfl ÔÓÒÎÂ ÎËÌÁ˚ Ì‡ ‡ÒÒÚÓflÌËË 

 

z

 

 ÓÚ ÌÂÂ ·Û‰ÂÚ ÓÔË-
Ò˚‚‡Ú¸Òfl ËÌÚÂ„‡ÎÓÏ:

(3)

ëÙÓÏÛÎËÛÂÏ ÚÂÓÂÏÛ: ÂÒÎË Ô‡‰‡˛˘‡fl ‚ÓÎÌÓ-
‚‡fl ÙÛÌÍˆËfl 

 

Ψ

 

0

 

(

 

x

 

, 

 

x

 

0

 

) ËÏÂÂÚ „‡ÛÒÒÓ‚Û ÙÓÏÛ ‚ ‚Ë‰Â

(4)

Ò ÍÓÏÔÎÂÍÒÌ˚ÏË ÍÓ˝ÙÙËˆËÂÌÚ‡ÏË 

 

a

 

0

 

, 

 

b

 

0

 

 Ë c0, ÚÓ ‚ÓÎ-
ÌÓ‚‡fl ÙÛÌÍˆËfl Ψ1(x, x0), ÓÔÂ‰ÂÎÂÌÌ‡fl ÙÓÏÛÎÓÈ (3),
ËÏÂÂÚ Ú‡ÍÛ˛ ÊÂ ÙÓÏÛ:

(5)

‚ ÍÓÚÓÓÈ ÎË¯¸ ÍÓ˝ÙÙËˆËÂÌÚ˚ a, b Ë c ÔËÌËÏ‡˛Ú
‰Û„ËÂ ÁÌ‡˜ÂÌËfl. çÓ‚˚Â ÍÓ˝ÙÙËˆËÂÌÚ˚ ÓÔÂ‰ÂÎfl-
˛ÚÒfl ˜ÂÂÁ ÒÚ‡˚Â Ò ÔÓÏÓ˘¸˛ ÒÓÓÚÌÓ¯ÂÌËÈ

(6)

ÑÓÍ‡Á‡ÚÂÎ¸ÒÚ‚Ó ÚÂÓÂÏ˚ ÏÓÊÌÓ ÔÓÎÛ˜ËÚ¸ ÔÂÓ·-
‡ÁÓ‚‡ÌËÂÏ ËÌÚÂ„‡Î‡ (3) Í Ú‡·ÎË˜ÌÓÏÛ ËÌÚÂ„‡ÎÛ:

(7)

á‡ÏÂÚËÏ, ˜ÚÓ Ô‡‚˚È ÏÌÓÊËÚÂÎ¸ ‚ (4) Ë (5) ÌÂ ÓÔÂ-
‰ÂÎflÂÚ ÔÓÔÂÂ˜ÌÛ˛ ÒÚÛÍÚÛÛ ‚ÓÎÌÓ‚ÓÈ ÙÛÌÍˆËË,
Ú.Â. ÌÂ Á‡‚ËÒËÚ ÓÚ ÍÓÓ‰ËÌ‡Ú˚ x. éÌ ‚ ˜ËÒÚÓÏ ‚Ë‰Â
ÓÔËÒ˚‚‡ÂÚ Á‡‚ËÒËÏÓÒÚ¸ ÓÚ ÍÓÓ‰ËÌ‡Ú˚ ËÒÚÓ˜ÌËÍ‡.
èÓ ˝ÚÓÈ ÔË˜ËÌÂ ÍÓ˝ÙÙËˆËÂÌÚ˚ a Ë b ÌÂ Á‡‚ËÒflÚ ÓÚ
c0, ÌÓ c Á‡‚ËÒËÚ ÓÚ ‚ÒÂı ÚÂı ÍÓ˝ÙÙËˆËÂÌÚÓ‚ a0, b0 Ë c0.

ê‡ÒÒÏÓÚËÏ ˜‡ÒÚÌ˚Â ÒÎÛ˜‡Ë. ÖÒÎË z = 0 (Ò‡ÁÛ Á‡
ÎËÌÁÓÈ), ÚÓ b = b0, c = c0 Ë ËÁÏÂÌflÂÚÒfl ÚÓÎ¸ÍÓ ÍÓ˝Ù-
ÙËˆËÂÌÚ a, ÔË˜ÂÏ ÓÌ Û‰Ó‚ÎÂÚ‚ÓflÂÚ ÒÓÓÚÌÓ¯ÂÌË˛

a–1 =  +  ùÚÓ Ò‡ÁÛ ÒÎÂ‰ÛÂÚ ËÁ (3), ÂÒÎË Á‡ÏÂ-
ÌËÚ¸ ÔÓÔ‡„‡ÚÓ äËÍ„ÓÙ‡ Ì‡ ‰ÂÎ¸Ú‡-ÙÛÌÍˆË˛. ÖÒ-

ÎË  =  = 0, ÚÓ a–1 = 0, c = c0 , ‡ b = b0 + z. ùÚË ÒÓ-
ÓÚÌÓ¯ÂÌËfl Ò‡ÁÛ ÒÎÂ‰Û˛Ú ËÁ Ò‚ÓÈÒÚ‚ ÔÓÔ‡„‡ÚÓ‡
äËÍ„ÓÙ‡ [10]. Ç Ó·˘ÂÏ ÒÎÛ˜‡Â ÂÍÛÂÌÚÌ˚Â ÒÓÓÚ-
ÌÓ¯ÂÌËfl (6) ËÏÂ˛Ú ‰ÓÒÚ‡ÚÓ˜ÌÓ ÒÎÓÊÌ˚È Ë ÌÂ ‚ÔÓÎÌÂ
Ì‡„Îfl‰Ì˚È ‚Ë‰. íÂÏ ÌÂ ÏÂÌÂÂ, ÓÌË ÔÓÁ‚ÓÎfl˛Ú Ó˜ÂÌ¸
·˚ÒÚÓ ‚˚ÔÓÎÌËÚ¸ ‡Ò˜ÂÚ ‚ÓÎÌÓ‚ÓÈ ÙÛÌÍˆËË ‰Îfl
Î˛·ÓÈ, ÔÓËÁ‚ÓÎ¸ÌÓ ÒÎÓÊÌÓÈ ÒËÒÚÂÏ˚ Ô‡‡·ÓÎË˜Â-
ÒÍËı ÎËÌÁ. Ç Í‡˜ÂÒÚ‚Â ÔËÏÂ‡ ‡ÒÒÏÓÚËÏ ÔÓÒÚÂÈ-
¯Û˛ ÒËÚÛ‡ˆË˛ Ò Ó‰ÌÓÈ ÎËÌÁÓÈ. èÛÒÚ¸ ‡ÒÒÚÓflÌËÂ
ÏÂÊ‰Û ËÒÚÓ˜ÌËÍÓÏ ËÁÎÛ˜ÂÌËfl Ë ÎËÌÁÓÈ ‡‚ÌÓ z0. ç‡Ò
ËÌÚÂÂÒÛÂÚ ‚ÓÎÌÓ‚‡fl ÙÛÌÍˆËfl Ì‡ ‡ÒÒÚÓflÌËË z1 ÔÓ-

ÒÎÂ ÎËÌÁ˚. èÓÎ‡„‡fl  =  = 0, b0 = z0 Ë ÔËÏÂÌflfl
ÙÓÏÛÎ˚ (6), ÔÓÎÛ˜‡ÂÏ:

(8)

ùÚÓÚ ÂÁÛÎ¸Ú‡Ú ·˚Î ÔÓÎÛ˜ÂÌ ‡ÌÂÂ ‚ [7].

Ψ1 x x0,( ) dx1P x x1 z,–( )T x1 f c,( )Ψ0 x1 x0,( ).∫=

Ψ0 x x0,( ) T x a0,( )P x x0 b0,–( )T x0 c0,( )=

Ψ1 x x0,( ) T x a,( )P x x0 b,–( )T x0 c,( ),=

a d
b
b0
-----, b b0 z 1
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d
-----–⎝ ⎠

⎛ ⎞ , c+
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1 zc0 bd⁄+
---------------------------,= = =

d
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1 a0 f c⁄+
-----------------------.=

dx iβx– iγ x2+( )exp∫ iπ
γ
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⎛ ⎞
1 2⁄

i
β2

4γ
------–⎝ ⎠

⎛ ⎞ .exp=

a0
1– f c

1– .

a0
1– f c

1–

a0
1– c0

1–

a1

f c

z0
-----b1, b1 z0 z1

z0z1

f c

---------, c1–+
f c

z1
-----b1.= = =

èÂ‰ÔÓÎÓÊËÏ, ˜ÚÓ Ï˚ Û˜ÎË ‚ÒÂ n Ô‡‡·ÓÎË˜Â-
ÒÍËı ÎËÌÁ Ì‡¯ÂÈ ÒËÒÚÂÏ˚ Ë ÔÓÎÛ˜ËÎË ‚ÓÎÌÓ‚Û˛
ÙÛÌÍˆË˛ Ψn(x, x0) Ò ÍÓ˝ÙÙËˆËÂÌÚ‡ÏË a, b, c. ùÍÒÔÂ-
ËÏÂÌÚ‡Î¸ÌÓ ËÁÏÂflÂÚÒfl ËÌÚÂÌÒË‚ÌÓÒÚ¸ ËÁÎÛ˜ÂÌËfl,
Ú.Â. Í‚‡‰‡Ú ÏÓ‰ÛÎfl ‚ÓÎÌÓ‚ÓÈ ÙÛÌÍˆËË. ç‡Ò ËÌÚÂÂ-
ÒÛÂÚ Á‡‚ËÒËÏÓÒÚ¸ ËÌÚÂÌÒË‚ÌÓÒÚË I(x, x0, z) ÓÚ x ÔË ËÁ-
ÏÂÌÂÌËË ‡ÒÒÚÓflÌËfl z ÏÂÊ‰Û ‰ÂÚÂÍÚÓÓÏ Ë ÔÓÒÎÂ‰-
ÌÂÈ, n-È, ÎËÌÁÓÈ ‚ ÒËÒÚÂÏÂ. ì‰Ó·ÌÓ ‚˚˜ËÒÎflÚ¸ ÓÚÌÓ-
ÒËÚÂÎ¸ÌÛ˛ ËÌÚÂÌÒË‚ÌÓÒÚ¸, ‰ÂÎfl ÂÂ Ì‡ ËÌÚÂÌÒË‚ÌÓÒÚ¸
ËÁÎÛ˜ÂÌËfl ËÒÚÓ˜ÌËÍ‡ Ì‡ ‡ÒÒÚÓflÌËË z ÏÂÊ‰Û ÌËÏ Ë
ÔÓÒÎÂ‰ÌÂÈ ÎËÌÁÓÈ. àÁ ‚Ë‰‡ ‚ÓÎÌÓ‚ÓÈ ÙÛÌÍˆËË (5)
‰Îfl ËÌÚÂÌÒË‚ÌÓÒÚË ËÏÂÂÏ ‚˚‡ÊÂÌËÂ

(9)

á‰ÂÒ¸ ‚‚Â‰ÂÌ˚ ÒÎÂ‰Û˛˘ËÂ Ô‡‡ÏÂÚ˚:

(10)

„‰Â

A = |a|–2Im(a), B = |b|–2Im(b), C = |c|–2Im(c). (11)

àÁ (9) ÒÎÂ‰ÛÂÚ, ˜ÚÓ Á‡‚ËÒËÏÓÒÚ¸ ËÌÚÂÌÒË‚ÌÓÒÚË ÓÚ
ÍÓÓ‰ËÌ‡Ú˚ x ÓÔËÒ˚‚‡ÂÚÒfl „‡ÛÒÒÓ‚ÓÈ ÙÛÌÍˆËÂÈ
ÔË ‚ÒÂı z, ÌÓ Ô‡‡ÏÂÚ˚ „‡ÛÒÒÓ‚ÓÈ ÍË‚ÓÈ, Ú‡ÍËÂ
Í‡Í ÔÓÎÛ¯ËËÌ‡ w(z) = Cwσ(z), ÔÓÎÓÊÂÌËÂ xm(z) Ë
‚˚ÒÓÚ‡ Im(z) ËÁÏÂÌfl˛ÚÒfl. á‰ÂÒ¸ Ë ‰‡ÎÂÂ ÍÓÌÒÚ‡ÌÚ‡
Cw = (8ln2)1/2 = 2.3548.

èËÌËÏ‡fl ‚Ó ‚ÌËÏ‡ÌËÂ ÌÂÍÓÚÓ˚Â Ó˜Â‚Ë‰Ì˚Â
ÙËÁË˜ÂÒÍËÂ Ò‚ÓÈÒÚ‚‡ ÒÙÓÍÛÒËÓ‚‡ÌÓ„Ó ÔÛ˜Í‡, ÏÓÊ-
ÌÓ Ò‰ÂÎ‡Ú¸ Ó·˘ËÂ ‚˚‚Ó‰˚ ÓÚÌÓÒËÚÂÎ¸ÌÓ Ô‡‡ÏÂÚ-
Ó‚. í‡Í, ‚˚ÒÓÚ‡ ÔËÍ‡ Á‡‚ËÒËÚ ÓÚ ÍÓÓ‰ËÌ‡Ú˚ z (˜Â-
ÂÁ Ô‡‡ÏÂÚ b) Ë ÓÚ ÍÓÓ‰ËÌ‡Ú˚ ËÒÚÓ˜ÌËÍ‡ x0. èË
˝ÚÓÏ Á‡‚ËÒËÏÓÒÚ¸ ÓÚ x0 ÓÚ‡Ê‡ÂÚ ÚÓÚ Ù‡ÍÚ, ˜ÚÓ ‰Îfl
ÚÓ˜ÂÍ Ì‡ ËÒÚÓ˜ÌËÍÂ, ÒËÎ¸ÌÓ ÓÚÍÎÓÌÂÌÌ˚ı ÓÚ ÓÔÚË-
˜ÂÒÍÓÈ ÓÒË, Ú‡ÂÍÚÓËË ÎÛ˜ÂÈ ÏÓ„ÛÚ ÌÂ ÔÓÈÚË ˜Â-
ÂÁ ‡ÔÂÚÛ˚ ‚ÒÂı ÎËÌÁ ÔÓ ˆÂÌÚÛ. í‡Í Í‡Í ÎËÌÁ˚
ÔÓ„ÎÓ˘‡˛Ú, ÚÓ ˝ÚÓ ÔË‚Â‰ÂÚ Í ÛÏÂÌ¸¯ÂÌË˛ Ï‡ÍÒË-
ÏÛÏ‡ ËÌÚÂÌÒË‚ÌÓÒÚË. é·‡ÁÌÓ „Ó‚Ófl, ÔÓÚflÊÂÌÌ‡fl
ÒËÒÚÂÏ‡ ÎËÌÁ ÓÔÂ‰ÂÎflÂÚ ˝ÙÙÂÍÚË‚ÌÓÒÚ¸ ‡ÁÎË˜-
Ì˚ı ÚÓ˜ÂÍ Ì‡ ËÒÚÓ˜ÌËÍÂ ‚ ‚Ë‰Â „‡ÛÒÒÓ‚ÓÈ ÙÛÌÍˆËË Ò
ÔÓÎÛ¯ËËÌÓÈ w0 = Cwσ0. é˜Â‚Ë‰ÌÓ, ˜ÚÓ Ú‡Í‡fl ˝Ù-
ÙÂÍÚË‚ÌÓÒÚ¸ ÌÂ ÏÓÊÂÚ Á‡‚ËÒÂÚ¸ ÓÚ z. éÚÒ˛‰‡ ÔÓÎÛ-
˜‡ÂÏ, ˜ÚÓ ‚ÂÎË˜ËÌ‡ (C – AM) ÌÂ Á‡‚ËÒËÚ ÓÚ z. ùÚÓ
Ò‚ÓÈÒÚ‚Ó ‰ÂÈÒÚ‚ËÚÂÎ¸ÌÓ ‚˚ÔÓÎÌflÂÚÒfl ‚ ˜ËÒÎÂÌÌ˚ı
‡Ò˜ÂÚ‡ı, ÌÓ ‰ÓÍ‡Á‡Ú¸ Â„Ó ‡Ì‡ÎËÚË˜ÂÒÍË ‰Îfl ÒËÒÚÂ-
Ï˚ ËÁ ·ÓÎ¸¯Ó„Ó ̃ ËÒÎ‡ ÎËÌÁ – Ó˜ÂÌ¸ ÒÎÓÊÌ‡fl Á‡‰‡˜‡.

I x x0 z, ,( ) Ψn x x0,( ) 2  ==

=  Im z x0,( )
x xm z( )–( )2

2σ2 z( )
-----------------------------–

⎝ ⎠
⎜ ⎟
⎛ ⎞

,exp

Im z x0,( ) Z
b
-----

x0
2

2σ0
2

---------–
⎝ ⎠
⎜ ⎟
⎛ ⎞

.exp=

σ z( ) 4π
λ

------ A B–[ ]⎝ ⎠
⎛ ⎞

1 2⁄–

, xm z( ) Mx0,–= =

M
B

A B–
-------------, σ0

4π
λ

------ C AM–[ ]⎝ ⎠
⎛ ⎞

1 2⁄–

,= =



èéÇÖêïçéëíú. êÖçíÉÖçéÇëäàÖ, ëàçïêéíêéççõÖ à çÖâíêéççõÖ àëëãÖÑéÇÄçàü      ‹ 5     2009

èéãìÄçÄãàíàóÖëäÄü íÖéêàü îéäìëàêéÇäà ëàçïêéíêéççéÉé 35

Ñ‡ÎÂÂ, ËÌÚÂ„‡Î¸Ì‡fl ÔÓ ÍÓÓ‰ËÌ‡ÚÂ x ËÌÚÂÌÒË‚-
ÌÓÒÚ¸ ËÁÎÛ˜ÂÌËfl ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ ÙÓÏÛÎÂ
S(x0) = 1.0645w(z)Im(z, x0), „‰Â ÍÓÌÒÚ‡ÌÚ‡ ‡‚Ì‡
(2π)1/2/Cw. àÁ ̋ ÌÂ„ÂÚË˜ÂÒÍËı ÒÓÓ·‡ÊÂÌËÈ flÒÌÓ, ̃ ÚÓ
ÓÌ‡ ÚÓÊÂ ÌÂ Á‡‚ËÒËÚ ÓÚ z, Ú‡Í Í‡Í ÔÓ„ÎÓ˘ÂÌËÂÏ ËÁÎÛ-
˜ÂÌËfl ‚ ‚ÓÁ‰ÛıÂ Ï˚ ÔÂÌÂ·Â„‡ÂÏ. ÑÎfl ËÒÚÓ˜ÌËÍ‡ Ì‡
ÓÔÚË˜ÂÒÍÓÈ ÓÒË ÔÓÎÛ˜‡ÂÏ, ÔÓ‰ÒÚ‡‚Îflfl ÙÓÏÛÎ˚:

(12)

ùÚÓÚ Ô‡‡ÏÂÚ Ï˚ ‰‡ÎÂÂ ·Û‰ÂÏ Ì‡Á˚‚‡Ú¸ ̋ ÙÙÂÍÚË‚-
ÌÓÈ ‡ÔÂÚÛÓÈ. éÌ ÔÓÍ‡Á˚‚‡ÂÚ, Í‡Í‡fl ‰ÓÎfl ÓÚ ÔÓÎ-
ÌÓÈ ËÌÚÂÌÒË‚ÌÓÒÚË ÔÛ˜Í‡ ÔÓ¯Î‡ ˜ÂÂÁ ÒËÒÚÂÏÛ
ÎËÌÁ Ë ·Û‰ÂÚ ÒÙÓÍÛÒËÓ‚‡Ì‡. ÖÒÎË ·˚ ÎËÌÁ˚ ÌÂ ÔÓ-
„ÎÓ˘‡ÎË, ÚÓ ˝Ú‡ ‰ÓÎfl ÓÔÂ‰ÂÎflÎ‡Ò¸ ·˚ Í‡Í ‡Á ‡ÔÂ-
ÚÛÓÈ. àÁ (12) ÒÎÂ‰ÛÂÚ, ̃ ÚÓ ‚ÂÎË˜ËÌ‡ G = |b|2(A – B) ÌÂ
Á‡‚ËÒËÚ ÓÚ z. çÓ ÚÓ„‰‡ Ò‡ÁÛ ÔÓÎÛ˜‡ÂÏ, ˜ÚÓ Ù‡ÍÚÓ
Û‚ÂÎË˜ÂÌËfl M = Im(b)/G ÎËÌÂÈÌÓ Á‡‚ËÒËÚ ÓÚ z. ì‰Ó·ÌÓ
Á‡ÔËÒ‡Ú¸ ˝ÚÛ Á‡‚ËÒËÏÓÒÚ¸ ‚ ‚Ë‰Â M = (z + Z1)/(z0 + Z0)
Ò ‰‚ÛÏfl Ô‡‡ÏÂÚ‡ÏË Z0 Ë Z1 , „‰Â z0 – ‡ÒÒÚÓflÌËÂ
ÏÂÊ‰Û ËÒÚÓ˜ÌËÍÓÏ Ë ÔÂ‚ÓÈ ÎËÌÁÓÈ. é˜Â‚Ë‰ÌÓ, ˜ÚÓ
‰Îfl Ó‰ÌÓÈ ÎËÌÁ˚ ËÏÂÂÏ Z0 = Z1 = 0. çÓ ‰Îfl ÒËÒÚÂÏ˚
ËÁ ‰‚Ûı Ë ·ÓÎÂÂ ÎËÌÁ ̋ ÚË ÍÓ˝ÙÙËˆËÂÌÚ˚ ÛÊÂ ÌÂ ‡‚-
Ì˚ ÌÛÎ˛, Ë ÏÓ„ÛÚ ·˚Ú¸ ÓÚËˆ‡ÚÂÎ¸Ì˚ÏË

îÓÏÛÎÛ ‰Îfl ÔÓÎÛ¯ËËÌ˚ ÔÛ˜Í‡ ÏÓÊÌÓ Á‡ÔË-
Ò‡Ú¸ ‚ ‚Ë‰Â w(z) = Cw(λ/(4πG))1/2|b|, ËÁ ÍÓÚÓÓ„Ó ÒÎÂ‰Û-
ÂÚ, ˜ÚÓ Á‡‚ËÒËÏÓÒÚ¸ ÓÚ z ÓÔÂ‰ÂÎflÂÚÒfl ÚÓÎ¸ÍÓ ÔÓ-
ÒÎÂ‰ÌËÏ ÏÌÓÊËÚÂÎÂÏ |b|. ä‡Í ÒÎÂ‰ÛÂÚ ËÁ ÙÓÏÛÎ (6),
b = B0 + zB1 ÂÒÚ¸ ÍÓÏÔÎÂÍÒÌ˚È Ô‡‡ÏÂÚ, ÎËÌÂÈÌÓ Á‡-
‚ËÒfl˘ËÈ ÓÚ z. äÓÏÔÎÂÍÒÌ˚Â ÍÓ˝ÙÙËˆËÂÌÚ˚ B0 Ë B1

ÏÓ„ÛÚ ·˚Ú¸ Ì‡È‰ÂÌ˚, Ì‡ÔËÏÂ, ËÁ ÂÍÛÂÌÚÌÓÈ
ÙÓÏÛÎ˚ (6) ÔË Û˜ÂÚÂ ÔÓÒÎÂ‰ÌÂÈ ÎËÌÁ˚. îÓÍÛÒ-
Ì˚Ï ‡ÒÒÚÓflÌËÂÏ zf Ì‡ÁÓ‚ÂÏ ‡ÒÒÚÓflÌËÂ, Ì‡ ÍÓÚÓÓÏ
ÔÛ˜ÓÍ ËÏÂÂÚ ÏËÌËÏ‡Î¸Ì˚Â ‡ÁÏÂ˚, Ú.Â. ÙÛÌÍˆËfl
|b|2 ËÏÂÂÚ ÏËÌËÏÛÏ. àÁ ˝ÚÓ„Ó ÛÒÎÓ‚Ëfl Ò‡ÁÛ ÔÓÎÛ˜‡-
ÂÏ zf = –Re(B0 )/|B1|2. Ç ˝ÚÓÈ ÊÂ ÚÓ˜ÍÂ, Ó˜Â‚Ë‰ÌÓ,

ÍË‚‡fl ÔÓÔÂÂ˜ÌÓ„Ó ‡ÒÔÂ‰ÂÎÂÌËfl ËÌÚÂÌÒË‚ÌÓÒÚË
ËÏÂÂÚ Ï‡ÍÒËÏ‡Î¸ÌÛ˛ ‚˚ÒÓÚÛ.

ÖÒÎË ÔËÏÂÌËÚ¸ ÔÓÎÛ˜ÂÌÌÛ˛ ÙÓÏÛÎÛ Í ÒÎÛ˜‡˛
Ò Ó‰ÌÓÈ ÎËÌÁÓÈ, ÚÓ ÔÓÎÛ˜‡ÂÏ zf = f/F, „‰Â F = 1 –f/z0 +
+ γ2(1 – f/z0)–1, γ = β/δ Ë f – Â‡Î¸Ì‡fl ̃ ‡ÒÚ¸ ÍÓÏÔÎÂÍÒÌÓ-
„Ó ÙÓÍÛÒÌÓ„Ó ‡ÒÒÚÓflÌËfl, Ú.Â. ·ÂÁ Û˜ÂÚ‡ ÔÓ„ÎÓ˘ÂÌËfl.
éÚÒ˛‰‡ ÒÎÂ‰ÛÂÚ, ˜ÚÓ ÂÒÎË ÔÓ„ÎÓ˘ÂÌËfl ÌÂÚ, ÚÓ ÙÓ-
ÏÛÎ‡ ÒÓ‚Ô‡‰‡ÂÚ Ò ıÓÓ¯Ó ËÁ‚ÂÒÚÌ˚Ï ‚˚‡ÊÂÌËÂÏ.
èÓ„ÎÓ˘ÂÌËÂÏ ÔË ÙÓÍÛÒËÓ‚ÍÂ ‰‡ÎÂÍÓ ‡ÒÔÓÎÓ-
ÊÂÌÌÓ„Ó ËÒÚÓ˜ÌËÍ‡ ÍÓÓÚÍÓÙÓÍÛÒÌÓÈ ÎËÌÁÓÈ, ÍÓ-
„‰‡ f/z0 � 1 ÏÓÊÌÓ ÔÂÌÂ·Â˜¸, Ú‡Í Í‡Í γ2 � 1, ÌÓ ÔË
ËÒÔÓÎ¸ÁÓ‚‡ÌËË ÎËÌÁ˚ ‚ Í‡˜ÂÒÚ‚Â ÍÓÎÎËÏ‡ÚÓ‡ ÔÓ-
Ô‡‚Í‡, Ò‚flÁ‡ÌÌ‡fl Ò ÔÓ„ÎÓ˘ÂÌËÂÏ ÔÓÁ‚ÓÎflÂÚ Û˜ÂÒÚ¸
ÚÓÌÍËÂ ˝ÙÙÂÍÚ˚, Ò‚flÁ‡ÌÌ˚Â Ò ÍÓÌÂ˜ÌÓÈ ‡ÔÂÚÛÓÈ
ÎËÌÁ˚.

Aγ S 0( ) λ1 2⁄ Z

2 b 2 A B–( )[ ]1 2⁄-----------------------------------------.= =
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èÂÊ‰Â ‚ÒÂ„Ó ËÌÚÂÂÒÌÓ Ò‡‚ÌËÚ¸ ÂÁÛÎ¸Ú‡Ú˚,
ÔÓÎÛ˜‡ÂÏ˚Â ‚ ‡Á‚ËÚÓÏ ‚˚¯Â ÔÓ‰ıÓ‰Â Ò ÂÁÛÎ¸Ú‡Ú‡-
ÏË ÚÂÓËË Ô‡‡·ÓÎË˜ÂÒÍÓÈ ÌÂÔÂ˚‚ÌÓ ÔÂÎÓÏÎfl˛-
˘ÂÈ (èçè) ÎËÌÁ˚, ‡Á‚ËÚÓÈ ‚ ‡·ÓÚ‡ı [6, 7]. Ç ÚÂÓ-
ËË èçè ÎËÌÁ˚ ‡ÒÒÏ‡ÚË‚‡ÂÚÒfl ÒÓÒÚ‡‚Ì‡fl ÎËÌÁ‡ ËÁ
N Ó‰ËÌ‡ÍÓ‚˚ı ‰‚ÓflÍÓ‚Ó„ÌÛÚ˚ı ̋ ÎÂÏÂÌÚÓ‚, Í‡Ê‰˚È Ò
ÚÓÎ˘ËÌÓÈ p. èÓÎÌ‡fl ‰ÎËÌ‡ ÎËÌÁ˚ ‡‚Ì‡ L = pN. ÑÎfl
ÔÓÎÛ˜ÂÌËfl ‡Ì‡ÎËÚË˜ÂÒÍÓ„Ó Â¯ÂÌËfl ÓÔÚË˜ÂÒÍ‡fl
ÔÎÓÚÌÓÒÚ¸ ‚Â˘ÂÒÚ‚‡ ‚ Í‡Ê‰ÓÏ ̋ ÎÂÏÂÌÚÂ ÛÒÂ‰ÌflÂÚÒfl
ÔÓ Â„Ó ÚÓÎ˘ËÌÂ, ˜ÚÓ ÔË‚Ó‰ËÚ Í ÌÂÔÂ˚‚ÌÓ ÔÂ-
ÎÓÏÎfl˛˘ÂÈ ÒÂ‰Â. êÂ¯ÂÌËÂ Û‡‚ÌÂÌËfl åaÍÒ‚ÂÎÎ‡
‰Îfl Ú‡ÍÓÈ ÒÂ‰˚ ‰‡ÂÚ ‚˚‡ÊÂÌËÂ ‰Îfl ÔÓÔ‡„‡ÚÓ‡
ËÁÓ·‡ÊÂÌËfl Ò ÔÓÏÓ˘¸˛ ÎËÌÁ˚, ÍÓÚÓÓÂ ‚ ÚÓ˜ÌÓÒÚË
ÒÓ‚Ô‡‰‡ÂÚ Ò ‚˚‡ÊÂÌËÂÏ (5), ÌÓ Ò ÚÂÏ ÓÚÎË˜ËÂÏ, ˜ÚÓ
ÍÓ˝ÙÙËˆËÂÌÚ˚ ÓÔÂ‰ÂÎfl˛ÚÒfl ‡Ì‡ÎËÚË˜ÂÒÍËÏË
ÙÓÏÛÎ‡ÏË, ‡ ËÏÂÌÌÓ:

(13)

„‰Â ‚‚Â‰ÂÌ˚ Ó·ÓÁÌ‡˜ÂÌËfl: r0 – ‡ÒÒÚÓflÌËÂ ÓÚ ËÒÚÓ˜-
ÌËÍ‡ ‰Ó Ì‡˜‡Î‡ ÎËÌÁ˚, r1 – ‡ÒÒÚÓflÌËÂ ÓÚ ÍÓÌˆ‡ ÎËÌ-
Á˚ ‰Ó ‰ÂÚÂÍÚÓ‡, Ë

(14)

ÑÎfl Ò‡‚ÌÂÌËfl èçè-ÔË·ÎËÊÂÌËfl Ò ‡Á‚ËÚ˚Ï
‚˚¯Â ÔÓ‰ıÓ‰ÓÏ, ‚ ÍÓÚÓÓÏ Í‡Ê‰‡fl ÎËÌÁ‡, Ì‡Ó·ÓÓÚ,
Ò˜ËÚ‡ÂÚÒfl Ó˜ÂÌ¸ ÚÓÌÍÓÈ, ÌÂÓ·ıÓ‰ËÏÓ ‡ÒÒÏÓÚÂÚ¸
ÒËÒÚÂÏÛ ËÁ N Ó‰ËÌ‡ÍÓ‚˚ı ÎËÌÁ Ò ‡ÒÒÚÓflÌËÂÏ ÏÂÊ‰Û
ÌËÏË p. èË ˝ÚÓÏ ‡ÒÒÚÓflÌËÂ ÓÚ ËÒÚÓ˜ÌËÍ‡ ‰Ó ÔÂ-
‚ÓÈ ÎËÌÁ˚ z0 = r0 + p/2, ‡ ‡ÒÒÚÓflÌËÂ ÓÚ ÔÓÒÎÂ‰ÌÂÈ
ÎËÌÁ˚ ‰Ó ‰ÂÚÂÍÚÓ‡ z = r1 + p/2. Ç˚·Ë‡fl ÒÚ‡ÚÓ‚˚Â

ÍÓ˝ÙÙËˆËÂÌÚ˚  =  = 0, b0 = z0 Ë ÔËÏÂÌflfl Â-
ÍÛÂÌÚÌ˚Â ÒÓÓÚÌÓ¯ÂÌËfl (6) N ‡Á, ÔÓÎÛ˜‡ÂÏ ÓÚ‚ÂÚ.
ÑÎfl ˜ËÒÎÂÌÌ˚ı ‡Ò˜ÂÚÓ‚ ‚˚·‡Ì˚ Ô‡‡ÏÂÚ˚ Â-
‡Î¸Ì˚ı ÎËÌÁ [11, 12], ‡ ËÏÂÌÌÓ: Ï‡ÚÂË‡Î – ‡Î˛ÏË-
ÌËÈ, ‡‰ËÛÒ ÍË‚ËÁÌ˚ Ô‡‡·ÓÎË˜ÂÒÍÓÈ ÔÓ‚ÂıÌÓÒÚË
˝ÎÂÏÂÌÚÓ‚ R = 0.2 ÏÏ, ÚÓÎ˘ËÌ‡ ˝ÎÂÏÂÌÚÓ‚ p = 1 ÏÏ,
˝ÌÂ„Ëfl ÙÓÚÓÌÓ‚ E = 25 Í˝Ç, ‡ÒÒÚÓflÌËÂ r0 = 50 Ï.
ç‡Ë·ÓÎÂÂ ËÌÚÂÂÒÌ˚ÏË Ô‡‡ÏÂÚ‡ÏË fl‚Îfl˛ÚÒfl: ÙÓ-
ÍÛÒÌÓÂ ‡ÒÒÚÓflÌËÂ zf, ÔÓÎÛ¯ËËÌ‡ ÔÛ˜Í‡ ‚ ÙÓÍÛÒÂ
w(zf), Ë ˝ÙÙÂÍÚË‚Ì‡fl ‡ÔÂÚÛ‡ Aγ. å˚ ‡ÒÒÏ‡ÚË‚‡-
ÂÏ ÒÎÛ˜‡È, ÍÓ„‰‡ Â‡Î¸Ì‡fl ‡ÔÂÚÛ‡ ·ÓÎ¸¯Â ˝ÙÙÂÍ-
ÚË‚ÌÓÈ ‡ÔÂÚÛ˚, ÔÓ˝ÚÓÏÛ Ó·‡ ÔÓ‰ıÓ‰‡ ÔËÏÂÌËÏ˚.

ÑÎfl ‡Ò˜ÂÚÓ‚ ËÒÔÓÎ¸ÁÓ‚‡ÎËÒ¸ ÔÓ„‡ÏÏ˚ Ì‡
flÁ˚ÍÂ ACL [13] ‰Îfl ËÌÚÂÔÂÚ‡ÚÓ‡, Ì‡ÔËÒ‡ÌÌÓ„Ó
Ì‡ flÁ˚ÍÂ ÔÓ„‡ÏÏËÓ‚‡ÌËfl Java [14]. Å˚ÎË ‚˚˜ËÒ-
ÎÂÌ˚ ÍÓ˝ÙÙËˆËÂÌÚ˚ a, b, c ‰‚ÛÏfl ÒÔÓÒÓ·‡ÏË, ‡ ˜Â-
ÂÁ ÌËı – ÛÍ‡Á‡ÌÌ˚Â ‚˚¯Â Ô‡‡ÏÂÚ˚ ‚ ‰Ë‡Ô‡ÁÓÌÂ N
ÓÚ 30 ‰Ó 520. á‡ÏÂÚËÏ, ˜ÚÓ ÔË N = 527 ÎËÌÁ‡ ÙÓÍÛ-
ÒËÛÂÚ Ì‡ Ò‚ÓÂÏ ÍÓÌˆÂ, Ú.Â. zf = 0, Ë ÔË ‰‡Î¸ÌÂÈ¯ÂÏ

a b/g0, b r0 r1+( )cL zc

r0r1

zc

---------–⎝ ⎠
⎛ ⎞ sL,+= =

c b/g1, g0 1, 1 cL–
r0 1,

zc

--------sL,+= =

sL L/zc( ), cLsin L/zc( ),cos= =

zc p f c( )1 2⁄ .=

a0
1– c0

1–

3*
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äÓÌ

Û‚ÂÎË˜ÂÌËË N ‡ÒÒÏÓÚÂÌÌ˚È ‚˚¯Â ÏÂÚÓ‰ ÓÔÂ‰Â-
ÎÂÌËfl ÙÓÍÛÒÌÓ„Ó ‡ÒÒÚÓflÌËfl ÌÂÔËÏÂÌËÏ. éÍ‡Á‡-
ÎÓÒ¸, ̃ ÚÓ Ó·‡ ÒÔÓÒÓ·‡ ÔË‚Ó‰flÚ Í Û‰Ë‚ËÚÂÎ¸ÌÓ ·ÎËÁ-
ÍËÏ ÂÁÛÎ¸Ú‡Ú‡Ï ÔË ‚ÒÂı N ‰Îfl ‚ÒÂı ÚÂı Ô‡‡ÏÂÚ-
Ó‚, ÔË˜ÂÏ ‡ÁÌËˆ‡ ÛÏÂÌ¸¯‡ÂÚÒfl Ò ÓÒÚÓÏ N, ˜ÚÓ
Ú‡ÍÊÂ Û‰Ë‚ËÚÂÎ¸ÌÓ. éÚÌÓÒËÚÂÎ¸Ì‡fl ‡ÁÌËˆ‡ ËÏÂÂÚ
ÔÓfl‰ÓÍ ‚ÂÎË˜ËÌ˚ 10–6 ‰Îfl ÙÓÍÛÒÌÓ„Ó ‡ÒÒÚÓflÌËfl Ë
ËÌÚÂ„‡Î¸ÌÓÈ ËÌÚÂÌÒË‚ÌÓÒÚË Ë 10–7 ‰Îfl ÔÓÎÛ¯ËË-
Ì˚ ÔÛ˜Í‡ ‚ ÙÓÍÛÒÂ.

äË‚˚Â Á‡‚ËÒËÏÓÒÚË Ô‡‡ÏÂÚÓ‚ zf, w(zf) Ë Aγ ÓÚ N
ÔÓÍ‡Á‡Ì˚ Ì‡ pËÒ. 1. ä‡Í ÏÓÊÌÓ Á‡ÏÂÚËÚ¸, ÔË Ï‡Î˚ı
ÁÌ‡˜ÂÌËflı N < 200 ‚ÒÂ ÚË Ô‡‡ÏÂÚ‡ ËÁÏÂÌfl˛ÚÒfl ‰Ó-
ÒÚ‡ÚÓ˜ÌÓ ·˚ÒÚÓ: ÙÓÍÛÒÌÓÂ ‡ÒÒÚÓflÌËÂ ÒÓÍ‡˘‡ÂÚ-
Òfl, ÔÓÎÛ¯ËËÌ‡ ÔÛ˜Í‡ ‚ ÙÓÍÛÒÂ ÛÏÂÌ¸¯‡ÂÚÒfl. é‰ÌÓ-
‚ÂÏÂÌÌÓ ÛÏÂÌ¸¯‡ÂÚÒfl Ë ˝ÙÙÂÍÚË‚Ì‡fl ‡ÔÂÚÛ‡.
é‰Ì‡ÍÓ ÔË N > 200 ˝ÚË Á‡‚ËÒËÏÓÒÚË ÒÚ‡ÌÓ‚flÚÒfl ·Ó-
ÎÂÂ ÒÎ‡·˚ÏË. ìÏÂÌ¸¯ÂÌËÂ ÙÓÍÛÒÌÓ„Ó ‡ÒÒÚÓflÌËfl
ÓÔËÒ˚‚‡ÂÚÒfl ÔÓ˜ÚË ÎËÌÂÈÌÓÈ ÍË‚ÓÈ Ò ÓÚÌÓÒËÚÂÎ¸ÌÓ

ÒÎ‡·˚Ï Ì‡ÍÎÓÌÓÏ, ‡ ÛÏÂÌ¸¯ÂÌËÂ ÔÓÎÛ¯ËËÌ˚ ÔÛ˜-
Í‡ Ë ‡ÔÂÚÛ˚ Ô‡ÍÚË˜ÂÒÍË ÓÒÚ‡Ì‡‚ÎË‚‡ÂÚÒfl. àÌÚÂ-
ÂÒÌÓ Ò‡‚ÌËÚ¸ Ú‡ÍÊÂ ÙÓÍÛÒÌÓÂ ‡ÒÒÚÓflÌËÂ ‰ÎËÌÌÓÈ
ÎËÌÁ˚ Ò ÙÓÏÛÎÓÈ, Û˜ËÚ˚‚‡˛˘ÂÈ ÔÓÔ‡‚ÍÛ Í ÁÌ‡˜Â-
ÌË˛ ‰Îfl ÚÓÌÍÓÈ ÎËÌÁ˚. èÓÒÎÂ‰Ìflfl ·˚Î‡ ‚˚‚Â‰ÂÌ‡ ‚
‡·ÓÚ‡ı [7, 15, 16]. èÓÔ‡‚Í‡ Í ÙÓÍÛÒÌÓÏÛ ‡ÒÒÚÓfl-
ÌË˛ Û˜ËÚ˚‚‡ÂÚ ‰ÎËÌÛ ÎËÌÁ˚ L. îÓÍÛÒÌÓÂ ‡ÒÒÚÓflÌËÂ
ÓÚÒ˜ËÚ˚‚‡ÂÚÒfl ÓÚ ÒÂ‰ÌÂÈ ÚÓ˜ÍË ÎËÌÁ˚ Ë ‰Îfl Ô‡‡Î-
ÎÂÎ¸ÌÓ„Ó ÔÛ˜Í‡ ‡‚ÌÓ f0 = R/(2Nδ) + L/6. ê‡ÒÒÚÓflÌËÂ
‰Ó ËÁÓ·‡ÊÂÌËfl ËÒÚÓ˜ÌËÍ‡ ‚˚˜ËÒÎflÂÚÒfl ÔÓ ÙÓÏÛÎÂ
ÚÓÌÍÓÈ ÎËÌÁ˚ zf0 = f0/(1 – f0/(r0 + L/2)). ç‡ pËÒ. 1 ÔÓÍ‡-
Á‡Ì‡ Á‡‚ËÒËÏÓÒÚ¸ zf/zf0 ÓÚ N, „‰Â zf  = zf + L/2. ÇË‰ÌÓ,
˜ÚÓ ÔË N < 200 ˝ÚÓ ÓÚÌÓ¯ÂÌËÂ Ô‡ÍÚË˜ÂÒÍË ‡‚ÌÓ
Â‰ËÌËˆÂ, ‡ Á‡ÚÂÏ ÓÌÓ ÛÏÂÌ¸¯‡ÂÚÒfl ‚ÒÂ„Ó Ì‡ 10%.
ìÏÂÌ¸¯ÂÌËÂ Ó·˙flÒÌflÂÚÒfl ÚÂÏ, ̃ ÚÓ ÔÓÔ‡‚Í‡ L2 ‚ ‡Á-
ÎÓÊÂÌËË ÙÓÍÛÒÌÓ„Ó ‡ÒÒÚÓflÌËfl ÔÓ L ËÏÂÂÚ ÓÚËˆ‡-
ÚÂÎ¸Ì˚È ÁÌ‡Í. àÌÚÂÂÒÌÓ, ̃ ÚÓ ‰‡ÊÂ ‰Îfl ÎËÌÁ˚, ÙÓÍÛ-
ÒËÛ˛˘ÂÈ Ì‡ Ò‚ÓÂÏ ÍÓÌˆÂ, Ú.Â. ÍÓ„‰‡ zf = L/2, ÙÓÍÛÒ-
ÌÓÂ ‡ÒÒÚÓflÌËÂ ‚ ÔË·ÎËÊÂÌËË ÚÓÌÍÓÈ ÎËÌÁ˚ Ò
ÔÓÔ‡‚ÍÓÈ ÌÂ Ì‡ÏÌÓ„Ó ÔÂ‚˚¯‡ÂÚ ÚÓ˜ÌÓÂ ÁÌ‡˜ÂÌËÂ.

êÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚ‡ ÔÓÍ‡Á‡ÎË, ˜ÚÓ ‰ÂÎ‡Ú¸ ÎËÌÁÛ
ËÁ ·ÓÎ¸¯Ó„Ó ˜ËÒÎ‡ Ó‰ËÌ‡ÍÓ‚˚ı ˝ÎÂÏÂÌÚÓ‚ ‚˚„Ó‰ÌÓ
ÚÓÎ¸ÍÓ ‰Ó ÚÂı ÔÂ‰ÂÎÓ‚, ÍÓ„‰‡ ÂÂ Â˘Â ÏÓÊÌÓ Ò˜Ë-
Ú‡Ú¸ ÚÓÌÍÓÈ, Ú.Â. ÂÂ ‰ÎËÌ‡ ÏÂÌ¸¯Â ÙÓÍÛÒÌÓ„Ó ‡Ò-
ÒÚÓflÌËfl. Ç ÔÓÚË‚ÌÓÏ ÒÎÛ˜‡Â ÔÛ˜ÓÍ ÒÊËÏ‡ÂÚÒfl ‚ Ò‡-
ÏÓÈ ÎËÌÁÂ Ë ‰ÓÔÓÎÌËÚÂÎ¸Ì˚Â ˝ÎÂÏÂÌÚ˚ Ò ·ÓÎ¸¯ËÏ
‡‰ËÛÒÓÏ ÍË‚ËÁÌ˚ ÌÂ˝ÙÙÂÍÚË‚Ì˚. 

é îéäìëàêéÇäÖ 
Ç çÄçéåÖíêéÇõâ êÄáåÖê

ê‡ÒÒÏÓÚËÏ Ó‰ÌÛ ÚÓÌÍÛ˛ ÔÓ„ÎÓ˘‡˛˘Û˛ ÎËÌÁÛ,
ÙÓÍÛÒËÛ˛˘Û˛ Ô‡‡ÎÎÂÎ¸Ì˚È ÔÛ˜ÓÍ, Ú.Â. ‚ ÔÂ‰ÂÎÂ
z0  ∞. àÒÔÓÎ¸ÁÛfl ÙÓÏÛÎ˚ (8)–(12) ‚ ÎËÌÂÈÌÓÏ ÔÓ
Ô‡‡ÏÂÚÛ γ = β/δ ÔË·ÎËÊÂÌËË Ë ‚˚ÔÓÎÌflfl ÔÂ‰ÂÎ¸-
Ì˚È ÔÂÂıÓ‰, ÔÓÎÛ˜‡ÂÏ, ˜ÚÓ ÙÓÍÛÒÌÓÂ ‡ÒÒÚÓflÌËÂ
f = R/(2δ), ÔÓÎÛ¯ËËÌ‡ ÔÛ˜Í‡ ‚ ÙÓÍÛÒÂ
w(f) = 0.6643(λfγ)1/2, „‰Â ÍÓÌÒÚ‡ÌÚ‡ ‡‚Ì‡ ëw/(4π)1/2, ‡
˝ÙÙÂÍÚË‚Ì‡fl ‡ÔÂÚÛ‡ Aγ = Csw(f)/γ, „‰Â Cs = 1.0645 =
= (2π)1/2/Cw. àÁ ÔÓÒÎÂ‰ÌÂÈ ÙÓÏÛÎ˚ ÒÎÂ‰ÛÂÚ, ˜ÚÓ, ÌÂ-
Á‡‚ËÒËÏÓ ÓÚ ÙÓÍÛÒÌÓ„Ó ‡ÒÒÚÓflÌËfl ÎËÌÁ˚, ÂÂ ‡‰ËÛ-
Ò‡ ÍË‚ËÁÌ˚ Ë ‰Û„Ëı Ô‡‡ÏÂÚÓ‚, ÔÓÎÛ¯ËËÌ‡ ÔÛ˜-
Í‡ ‚ ÙÓÍÛÒÂ ‚ÒÂ„‰‡ ‚ γ ‡Á ÏÂÌ¸¯Â ÔÓÎÛ¯ËËÌ˚ ÔÛ˜-
Í‡ Ò‡ÁÛ Á‡ ÎËÌÁÓÈ w(0) = Aγ/Cs. ùÚÓ Ô‡‚ËÎÓ, ÍÒÚ‡ÚË,
ıÓÓ¯Ó ‚˚ÔÓÎÌflÂÚÒfl ‚ ÔÂ‰ÒÚ‡‚ÎÂÌÌ˚ı Ì‡ pËÒ. 1 Â-
ÁÛÎ¸Ú‡Ú‡ı ‡Ò˜ÂÚ‡. éÚÌÓ¯ÂÌËÂ w(zf)/Aγ Ò ÓÒÚÓÏ N
ÏÓÌÓÚÓÌÌÓ ÛÏÂÌ¸¯‡ÂÚÒfl ÒÓ ÁÌ‡˜ÂÌËfl 0.002 ‰Ó ÁÌ‡˜Â-
ÌËfl 0.0015, ‚ ÚÓ ‚ÂÏfl Í‡Í γ = 0.002. éÚÏÂÚËÏ Ú‡ÍÊÂ,
˜ÚÓ ‚˚ÔÓÎÌflÂÚÒfl ÒÓÓÚÌÓ¯ÂÌËÂ w(f) = 0.4697λf/Aγ , „‰Â
ÍÓ˝ÙÙËˆËÂÌÚ ‡‚ÂÌ 1/(2Cs). íÓ ÂÒÚ¸ ‚ ‰‡ÌÌÓÏ ÒÎÛ˜‡Â
‡ÁÏÂ ÙÓÍÛÒ‡ ÔÓ˜ÚË ‚ ‰‚‡ ‡Á‡ ÏÂÌ¸¯Â, ˜ÂÏ ‚ ÒÎÛ-
˜‡Â ÌÂÔÓ„ÎÓ˘‡˛˘ÂÈ ÎËÌÁ˚, ÍÓ„‰‡ w(f) = λf/A.

èÓ‰ÒÚ‡‚Îflfl ÙÓÏÛÎÛ ‰Îfl ÙÓÍÛÒÌÓ„Ó ‡ÒÒÚÓflÌËfl
‚ ÙÓÏÛÎÛ ‰Îfl ÔÓÎÛ¯ËËÌ˚ ÔÛ˜Í‡ ‚ ÙÓÍÛÒÂ, ÔÓÎÛ-
˜‡ÂÏ ÛÒÎÓ‚ËÂ Ì‡ ‡‰ËÛÒ ÍË‚ËÁÌ˚, ÔË ÍÓÚÓÓÏ ‚ÓÁ-
ÏÓÊÌ‡ ÙÓÍÛÒËÓ‚Í‡ ‚ Á‡‰‡ÌÌ˚È ‡ÁÏÂ w1, ‡ ËÏÂÌ-

ÌÓ R1 = 4.532 δ/(λγ), „‰Â ÍÓÌÒÚ‡ÌÚ‡ ‡‚Ì‡ 8π/
àÁ ˝ÚÓÈ ÙÓÏÛÎ˚ ÒÎÂ‰ÛÂÚ, ˜ÚÓ ÔÓÎÛ˜ËÚ¸ ÔÛ˜ÓÍ Ï‡-
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Î˚ı ‡ÁÏÂÓ‚ – ˝ÚÓ Ó˜ÂÌ¸ ÒÎÓÊÌ‡fl ÚÂıÌË˜ÂÒÍ‡fl Á‡-
‰‡˜‡. èË Í‡Ê‰ÓÏ ÛÏÂÌ¸¯ÂÌËË ‡ÁÏÂ‡ ÔÛ˜Í‡ ‚‰‚ÓÂ
‡‰ËÛÒ ÍË‚ËÁÌ˚ ÌÂÓ·ıÓ‰ËÏÓ ÛÏÂÌ¸¯‡Ú¸ ‚˜ÂÚ‚ÂÓ.
êÂ‡Î¸Ì‡fl ÎËÌÁ‡ ËÏÂÂÚ ÍÓÌÍÂÚÌÛ˛ ‰ÎËÌÛ L Ë „ÂÓ-
ÏÂÚË˜ÂÒÍÛ˛ ‡ÔÂÚÛÛ A, Ò ˝ÚÓÈ ‰ÎËÌÓÈ Ò‚flÁ‡ÌÌÛ˛.
ÖÒÎË ÔÂÌÂ·Â˜¸ ÚÓÎ˘ËÌÓÈ Ï‡ÚÂË‡Î‡ Ì‡ ÓÔÚË˜Â-
ÒÍÓÈ ÓÒË, ÚÓ A = 2(RL)1/2. èÓ ÛÒÎÓ‚Ë˛ Ì‡¯Â„Ó ÔË-
·ÎËÊÂÌËfl ‰ÎËÌ‡ ÎËÌÁ˚ ‰ÓÎÊÌ‡ ·˚Ú¸ ÏÂÌ¸¯Â ÙÓ-
ÍÛÒÌÓ„Ó ‡ÒÒÚÓflÌËfl. ê‡ÒÒÏÓÚËÏ ÔÂ‰ÂÎ¸Ì˚È ÒÎÛ-
˜‡È L1 = f1 = R1/(2δ). íÓ„‰‡ „ÂÓÏÂÚË˜ÂÒÍ‡fl ‡ÔÂÚÛ‡
A1 = R1(2/δ)1/2, ‡ ˝ÙÙÂÍÚË‚Ì‡fl ‡ÔÂÚÛ‡ Aγ = Csw1/γ.
ÑÎfl ÒÔ‡‚Â‰ÎË‚ÓÒÚË ËÒÔÓÎ¸ÁÛÂÏ˚ı ÙÓÏÛÎ ‰ÓÎÊÌÓ
‚˚ÔÓÎÌflÚ¸Òfl ÛÒÎÓ‚ËÂ Aγ < A1/2, ÍÓÚÓÓÂ ÏÓÊÌÓ ÔÂ-
ÂÔËÒ‡Ú¸ ‚ ‚Ë‰Â w1 > wc = 0.3321λ/δ1/2.

èÓÒÎÂ‰ÌÂÂ ÛÒÎÓ‚ËÂ ÔÓÍ‡Á˚‚‡ÂÚ, ˜ÚÓ ÚÓÌÍ‡fl ÎËÌ-
Á‡, ‡ÔÂÚÛ‡ ÍÓÚÓÓÈ ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ„ÎÓ˘ÂÌËÂÏ, ÌÂ
ÏÓÊÂÚ ÒÙÓÍÛÒËÓ‚‡Ú¸ Ô‡‡ÎÎÂÎ¸Ì˚È ÔÛ˜ÓÍ ‚ ‡Á-
ÏÂ, ÏÂÌ¸¯Â ÌÂÍÓÚÓÓ„Ó Á‡‰‡ÌÌÓ„Ó ‡ÁÏÂ‡ wc. èÓ-
ÎÛ˜ÂÌÌ˚È ÔÂ‰ÂÎ¸Ì˚È ‡ÁÏÂ ÌÂ Á‡‚ËÒËÚ ÓÚ ‰ÎËÌ˚
‚ÓÎÌ˚ Ë ÔÓ˜ÚË ÚÓ˜ÌÓ ‡‚ÂÌ Ô‡‡ÏÂÚÛ Wc = λ/(8δ)1/2,
‚‚Â‰ÂÌÌÓÏÛ ‚ ÒÚ‡Ú¸Â [1] Í‡Í ÛÌË‚ÂÒ‡Î¸Ì˚È ÌËÊÌËÈ
ÔÂ‰ÂÎ Ì‡ ‡ÁÏÂ ÂÌÚ„ÂÌÓ‚ÒÍÓ„Ó ÔÛ˜Í‡. àÌÚÂÂÒÌÓ,
˜ÚÓ ÓÌ Ú‡ÍÊÂ ÌÂ Á‡‚ËÒËÚ ÓÚ ÍÓ˝ÙÙËˆËÂÌÚ‡ ÔÓ„ÎÓ˘Â-
ÌËfl Ï‡ÚÂË‡Î‡, ‡ ÚÓÎ¸ÍÓ ÓÚ Â„Ó ÔÂÎÓÏÎfl˛˘Ëı
Ò‚ÓÈÒÚ‚. ç‡ÔËÏÂ, wc = 15.2 ÌÏ ‰Îfl ‡ÎÏ‡Á‡, 16.8 ÌÏ
‰Îfl ‡Î˛ÏËÌËfl, 18.6 ÌÏ ‰Îfl ÍÂÏÌËfl, 22.3 ÌÏ ‰Îfl ·Â-
ËÎÎËfl Ë 42.2 ÌÏ ‰Îfl ÎËÚËfl. ç‡Ë·ÓÎÂÂ ÌËÁÍËÂ ÁÌ‡˜Â-
ÌËfl ËÏÂ˛Ú ÔÎÓÚÌ˚Â ‚Â˘ÂÒÚ‚‡, Ì‡ÔËÏÂ, wc = 9.8 ÌÏ
‰Îfl ÌËÍÂÎfl Ë 7.3 ÌÏ ‰Îfl ‚ÓÎ¸Ù‡Ï‡. Ç ÛÒÎÓ‚Ëflı ‰Ó-
ÒÚËÊÂÌËfl ÔÂ‰ÂÎ¸ÌÓ„Ó ‡ÁÏÂ‡ ÙÓÍÛÒ‡ wc ‡‰ËÛÒ
ÍË‚ËÁÌ˚ ÎËÌÁ˚ Rc = λ/(2γ), ‡ ÙÓÍÛÒÌÓÂ ‡ÒÒÚÓflÌËÂ
fÒ = λ/(4β). óÚÓ Í‡Ò‡ÂÚÒfl ˝ÙÙÂÍÚË‚ÌÓÈ ‡ÔÂÚÛ˚, ÚÓ
ÓÌ‡ ‚ÒÂ„Ó ÎË¯¸ ‚ 1/γ ‡Á ·ÓÎ¸¯Â ‡ÁÏÂ‡ ÙÓÍÛÒ‡.
ùÚË Ô‡‡ÏÂÚ˚ ÛÊÂ Á‡‚ËÒflÚ ÓÚ ‰ÎËÌ˚ ‚ÓÎÌ˚ ËÁÎÛ˜Â-
ÌËfl Ë Â„Ó ÔÓ„ÎÓ˘ÂÌËfl ‚ Ï‡ÚÂË‡ÎÂ.

àÌÚÂÂÒÌÓ Ò‡‚ÌËÚ¸ ˝ÚÓÚ ÂÁÛÎ¸Ú‡Ú Ò ‰Û„ËÏ
ÔÂ‰ÂÎ¸Ì˚Ï ÒÎÛ˜‡ÂÏ Ó˜ÂÌ¸ ÚÓÌÍÓÈ ÎËÌÁ˚, ÍÓ„‰‡ Ì‡
‚ÒÂÈ ‰ÎËÌÂ ÎËÌÁ˚ L ÔÓ„ÎÓ˘ÂÌËÂÏ ÏÓÊÌÓ ÔÂÌÂ-
·Â˜¸. Ç˚·Ë‡fl ‡‰ËÛÒ ÍË‚ËÁÌ˚ ËÁ ÛÒÎÓ‚Ëfl L = f
‰Îfl „ÂÓÏÂÚË˜ÂÒÍÓÈ ‡ÔÂÚÛ˚ A ÔÓÎÛ˜‡ÂÏ ÚÛ ÊÂ

ÙÓÏÛÎÛ, ˜ÚÓ Ë ‚˚¯Â, Ú.Â. A = R(2/δ)1/2, ‡ ÔÓÎÛ¯ËË-
Ì‡ ÔÛ˜Í‡ ‚ ÙÓÍÛÒÂ ÓÔÂ‰ÂÎflÂÚÒfl ÚÂÔÂ¸ ÙÓÏÛÎÓÈ
w(f) = λf/A = Wc. Ç ‰‡ÌÌÓÏ ÒÎÛ˜‡Â ÂÁÛÎ¸Ú‡Ú ÌÂ Á‡‚Ë-
ÒËÚ ÓÚ ‡‰ËÛÒ‡ ÍË‚ËÁÌ˚, Ú‡Í Í‡Í ÙÓÍÛÒÌÓÂ ‡ÒÒÚÓ-
flÌËÂ ÔÓÔÓˆËÓÌ‡Î¸ÌÓ ‡ÔÂÚÛÂ, ÌÓ ‰ÂÎ‡Ú¸ ‡‰ËÛÒ
ÍË‚ËÁÌ˚ ·ÓÎ¸¯ËÏ ÌÂÎ¸Áfl, Ú‡Í Í‡Í ËÌ‡˜Â ÔÓ„ÎÓ˘Â-
ÌËÂ ÒÚ‡ÌÂÚ ÒÛ˘ÂÒÚ‚ÂÌÌÓ ‚ÎËflÚ¸ Ì‡ ‡ÔÂÚÛÛ. ë ‰Û-
„ÓÈ ÒÚÓÓÌ˚, ÔË ÙÓÍÛÒÌÓÏ ‡ÒÒÚÓflÌËË ÔÓfl‰Í‡
‰ÎËÌ˚ ÎËÌÁ˚ ‚ÓÁÌËÍ‡˛Ú ‡·Â‡ˆËË [8], ‡ ÂÒÎË ËÒ-
ÔÓÎ¸ÁÓ‚‡Ú¸ ÒÓÒÚ‡‚ÌÛ˛ ÎËÌÁÛ, ÚÓ ÙÓÍÛÒÌÓÂ ‡ÒÒÚÓfl-
ÌËÂ Û‚ÂÎË˜ËÚÒfl. åÓÊÌÓ ÔÂ‰ÔÓÎÓÊËÚ¸, ˜ÚÓ ‚ ÔÓ-
ÏÂÊÛÚÓ˜ÌÓÏ ÒÎÛ˜‡Â, ÍÓ„‰‡ „ÂÓÏÂÚË˜ÂÒÍ‡fl ‡ÔÂÚÛ‡
Ë ˝ÙÙÂÍÚË‚Ì‡fl ‡ÔÂÚÛ‡ ËÏÂ˛Ú ·ÎËÁÍËÂ ÁÌ‡˜ÂÌËfl,
ÒËÚÛ‡ˆËfl Í‡‰ËÌ‡Î¸ÌÓ ÌÂ ËÁÏÂÌËÚÒfl.

íÂ ÊÂ ‚˚‚Ó‰˚ ÒÔ‡‚Â‰ÎË‚˚ Ë ‰Îfl ÒÓÒÚ‡‚ÌÓÈ ÎËÌ-
Á˚ ‚ ‚Ë‰Â ÔÎÓÚÌÓÛÔ‡ÍÓ‚‡ÌÌÓ„Ó Ì‡·Ó‡ Ó‰ËÌ‡ÍÓ‚˚ı
˝ÎÂÏÂÌÚÓ‚ ÔË ÛÒÎÓ‚ËË, ̃ ÚÓ ÂÂ ‰ÎËÌ‡ ÏÂÌ¸¯Â ÙÓÍÛÒ-
ÌÓ„Ó ‡ÒÒÚÓflÌËfl. ä‡Í ÒÎÂ‰ÛÂÚ ËÁ ÔÓ‚Â‰ÂÌÌÓ„Ó ‡Ì‡-
ÎËÁ‡, ÙÓÍÛÒËÓ‚Í‡ ‚ ÔÛ˜ÓÍ Ò ÔÂ‰ÂÎ¸ÌÓ Ï‡Î˚ÏË ‡Á-
ÏÂ‡ÏË Â‡ÎËÁÛÂÚÒfl ÎËÌÁÓÈ Ò Ó˜ÂÌ¸ Ï‡ÎÓÈ ‡ÔÂÚÛ-
ÓÈ, ˜ÚÓ ÔË‚Ó‰ËÚ Í Ï‡ÎÓÏÛ ˜ËÒÎÛ ÙÓÚÓÌÓ‚ ‚
ÙÓÍÛÒÂ. ë ÚÓ˜ÍË ÁÂÌËfl Û‚ÂÎË˜ÂÌËfl ̃ ËÒÎ‡ ÙÓÚÓÌÓ‚ ‚
ÙÓÍÛÒÂ Ë ÛÏÂÌ¸¯ÂÌËfl ‡ÁÏÂ‡ ÔÛ˜Í‡ ‚ ‡·ÓÚÂ [5]
·˚Î‡ ‡ÒÒÏÓÚÂÌ‡ ‡‰Ë‡·‡ÚË˜ÂÒÍ‡fl ÎËÌÁ‡, ÌÓ ËÁ„Ó-
ÚÓ‚ÎÂÌËÂ Ú‡ÍËı ÎËÌÁ ‚ Ì‡ÒÚÓfl˘ÂÂ ‚ÂÏfl fl‚ÎflÂÚÒfl
Ô‡ÍÚË˜ÂÒÍË ÌÂ‰ÓÒÚËÊËÏÓÈ Á‡‰‡˜ÂÈ. ÅÓÎÂÂ Â‡Î¸-
ÌÓÈ ‰Îfl Â‡ÎËÁ‡ˆËË fl‚ÎflÂÚÒfl ‰‚ÛıÎËÌÁÓ‚‡fl ÒËÒÚÂÏ‡,
‚ ÍÓÚÓÓÈ ÔÂ‚‡fl ÎËÌÁ‡ ËÏÂÂÚ ·ÓÎ¸¯Û˛ ‡ÔÂÚÛÛ Ë
ÔÓËÁ‚Ó‰ËÚ ÒÊ‡ÚËÂ ÔÛ˜Í‡ ‚ Ï‡ÎÛ˛ ‡ÔÂÚÛÛ ‚ÚÓÓÈ
ÎËÌÁ˚ (pËÒ. 2‡). èË ˝ÚÓÏ Ó·Â ÎËÌÁ˚ ÒÓÒÚÓflÚ ËÁ Ó‰Ë-
Ì‡ÍÓ‚˚ı ˝ÎÂÏÂÌÚÓ‚ Ë ‡·ÓÚ‡˛Ú Í‡Í ÚÓÌÍËÂ ÔÓ„ÎÓ-
˘‡˛˘ËÂ ÎËÌÁ˚. óËÒÎÓ ˝ÎÂÏÂÌÚÓ‚ ‚ Í‡Ê‰ÓÈ ÎËÌÁÂ
ÏÓÊÂÚ ·˚Ú¸ ÓÚÌÓÒËÚÂÎ¸ÌÓ ÌÂ‚ÂÎËÍÓ, Ë, ÁÌ‡˜ËÚ, Ô‡‡-
ÁËÚÌÓÂ ÔÓ„ÎÓ˘ÂÌËÂ ‚ Ï‡ÚÂË‡ÎÂ Ì‡ ÓÔÚË˜ÂÒÍÓÈ ÓÒË
·Û‰ÂÚ ÏËÌËÏ‡Î¸ÌÓ, ‚ ÚÓ ‚ÂÏfl Í‡Í ÒÊ‡ÚËÂ ÔÛ˜Í‡ ÔÓ-
ÒÎÂ Í‡Ê‰ÓÈ ÎËÌÁ˚ ÔÓËÒıÓ‰ËÚ ‚ ‚ÓÁ‰ÛıÂ, „‰Â ÔÓ„ÎÓ-
˘ÂÌËÂ ÌÂ‚ÂÎËÍÓ. 

z0 L1 z1 L2 zf

p
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êËÒ. 2. ëıÂÏ‡ ‰‚ÛıÎËÌÁÓ‚ÓÈ ÒËÒÚÂÏ˚ (‡); Ô‡‡ÏÂÚ˚ Ó‰ÌÓ„Ó ˝ÎÂÏÂÌÚ‡ (·).

(a) (·)
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ÑÎfl ˜ËÒÎÂÌÌÓ„Ó ‡Ì‡ÎËÁ‡ ÓÔÚË˜ÂÒÍËı Ò‚ÓÈÒÚ‚
‰‚ÛıÎËÌÁÓ‚ÓÈ ÒËÒÚÂÏ˚, ‚ ÍÓÚÓÓÈ Í‡Ê‰‡fl ËÁ ÎËÌÁ
ÒÓÒÚÓËÚ ËÁ ÔÓËÁ‚ÓÎ¸ÌÓ„Ó ˜ËÒÎ‡ Ó‰ËÌ‡ÍÓ‚˚ı ˝ÎÂ-
ÏÂÌÚÓ‚, ‡Á‡·ÓÚ‡Ì‡ ÛÌË‚ÂÒ‡Î¸Ì‡fl ÍÓÏÔ¸˛ÚÂÌ‡fl
ÔÓ„‡ÏÏ‡ Ì‡ ÓÒÌÓ‚Â ÂÍÛÂÌÚÌ˚ı ÙÓÏÛÎ (6). ïÓ-
Úfl ˝ÚË ÙÓÏÛÎ˚ ÔÂ‰ÔÓÎ‡„‡˛Ú ÌÛÎÂ‚Û˛ ÚÓÎ˘ËÌÛ
˝ÎÂÏÂÌÚÓ‚, Â‡Î¸Ì‡fl ÎËÌÁ‡ ËÏÂÂÚ Á‡‰‡ÌÌÛ˛ ‰ÎËÌÛ L,
ÚÓÎ˘ËÌ‡ Ó‰ÌÓ„Ó ̋ ÎÂÏÂÌÚ‡ p = L/N, „‰Â N – ̃ ËÒÎÓ ̋ ÎÂ-
ÏÂÌÚÓ‚, ‡ „ÂÓÏÂÚË˜ÂÒÍ‡fl ‡ÔÂÚÛ‡ A = 2(R(p – d))1/2,
„‰Â d – ÚÓÌÍ‡fl ˜‡ÒÚ¸ Ó‰ÌÓ„Ó ‰‚ÓflÍÓ‚Ó„ÌÛÚÓ„Ó ˝ÎÂ-
ÏÂÌÚ‡ (pËÒ. 2, Ô‡‚˚È Ù‡„ÏÂÌÚ). ÉÂÓÏÂÚË˜ÂÒÍ‡fl
‡ÔÂÚÛ‡ Á‡‰‡ÂÚ Ï‡ÍÒËÏ‡Î¸Ì˚È ‡ÁÏÂ ÔÛ˜Í‡, ÍÓÚÓ-
˚È Â‡Î¸ÌÓ ÏÓÊÂÚ ·˚Ú¸ ÒÙÓÍÛÒËÓ‚‡Ì. Ç ‡ÏÍ‡ı
‡ÒÒÏ‡ÚË‚‡ÂÏÓÈ ÏÓ‰ÂÎË ÂÂ ÏÓÊÌÓ Û˜ÂÒÚ¸ ÔÛÚÂÏ
‚ÒÚ‡‚ÍË ‚ Ì‡˜‡ÎÓ Í‡Ê‰ÓÈ ÎËÌÁ˚ ÌÓ‚Ó„Ó ˝ÎÂÏÂÌÚ‡,
ÍÓÚÓ˚È, ÌÂ ÏÂÌflfl Ù‡ÁÛ ‚ÓÎÌ˚, Ó„‡ÌË˜Ë‚‡ÂÚ ‡Ï-
ÔÎËÚÛ‰Û ÔÓ „‡ÛÒÒÓ‚ÓÏÛ Á‡ÍÓÌÛ Ò ÔÓÎÛ¯ËËÌÓÈ, ‡‚-
ÌÓÈ „ÂÓÏÂÚË˜ÂÒÍÓÈ ‡ÔÂÚÛÂ. í‡Í‡fl ÔÓˆÂ‰Û‡ ÌË-
Í‡Í ÌÂ ‚ÎËflÂÚ Ì‡ ÂÁÛÎ¸Ú‡Ú, ÂÒÎË ̋ ÙÙÂÍÚË‚Ì‡fl ‡ÔÂ-

ÚÛ‡ ÎËÌÁ˚ ËÎË ‡ÁÏÂ ÔÛ˜Í‡ ÏÂÌ¸¯Â
„ÂÓÏÂÚË˜ÂÒÍÓÈ ‡ÔÂÚÛ˚. çÓ ÂÒÎË ˝ÚË ÛÒÎÓ‚Ëfl ÌÂ
‚˚ÔÓÎÌflÂÚÒfl, ÚÓ ÂÂ ËÒÔÓÎ¸ÁÓ‚‡ÌËÂ ÔË‚Ó‰ËÚ Í ÏÓ‰Â-
ÎË, ·ÓÎÂÂ Ô‡‚ËÎ¸ÌÓ ÓÚ‡Ê‡˛˘ÂÈ Â‡Î¸ÌÛ˛ ÎËÌÁÛ.

êÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ÔÓ„‡ÏÏÂ ÏÓÊÌÓ ÒÙÓ-
ÏÛÎËÓ‚‡Ú¸ ÒÎÂ‰Û˛˘ËÏ Ó·‡ÁÓÏ. ë ÔÓÏÓ˘¸˛ ‰‚Ûı-
ÎËÌÁÓ‚ÓÈ ÒËÒÚÂÏ˚ ÌÂ Û‰‡ÂÚÒfl Ò‰ÂÎ‡Ú¸ ‡ÁÏÂ ÒÙÓÍÛ-
ÒËÓ‚‡ÌÌÓ„Ó ÔÛ˜Í‡ ÏÂÌ¸¯Â, ˜ÂÏ ‚ ÒÎÛ˜‡Â Ò Ó‰ÌÓÈ
(‚ÚÓÓÈ) ÎËÌÁÓÈ. ê‡ÁÏÂ ÔÛ˜Í‡ ÎË·Ó ÒÓı‡ÌflÂÚÒfl, ÎË-
·Ó Û‚ÂÎË˜Ë‚‡ÂÚÒfl ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ‡ÒÒÚÓflÌËfl ÏÂÊ-
‰Û ÎËÌÁ‡ÏË. Ç ÚÓ ÊÂ ‚ÂÏfl ËÌÚÂÌÒË‚ÌÓÒÚ¸ ‚ ÙÓÍÛÒÂ
ÏÓÊÂÚ ·˚Ú¸ Û‚ÂÎË˜ÂÌ‡ ‚ ÌÂÒÍÓÎ¸ÍÓ ‡Á. å‡ÍÒËÏ‡Î¸-
ÌÓ ‚˚ÒÓÍ‡fl ËÌÚÂÌÒË‚ÌÓÒÚ¸ ÔÓÎÛ˜‡ÂÚÒfl Ì‡ Ú‡ÍÓÏ ‡Ò-
ÒÚÓflÌËË ÏÂÊ‰Û ÎËÌÁ‡ÏË, ÔË ÍÓÚÓÓÏ ¯ËËÌ‡ ÔÛ˜Í‡
ÔÂÂ‰ ‚ÚÓÓÈ ÎËÌÁÓÈ ÒÓ‚Ô‡‰‡ÂÚ Ò ÂÂ ˝ÙÙÂÍÚË‚ÌÓÈ
‡ÔÂÚÛÓÈ. ùÚÓ ËÏÂÂÚ ÏÂÒÚÓ Ì‡ ‡ÒÒÚÓflÌËflı Í‡Í
ÏÂÌ¸¯Â, Ú‡Í Ë ·ÓÎ¸¯Â ÙÓÍÛÒÌÓ„Ó ‡ÒÒÚÓflÌËfl ÔÂ‚ÓÈ
ÎËÌÁ˚.

Ç Í‡˜ÂÒÚ‚Â ÔËÏÂ‡ Ì‡ pËÒ. 3 ÔÓÍ‡Á‡Ì˚ ÂÁÛÎ¸Ú‡-
Ú˚ ‡Ò˜ÂÚ‡ ‰Îfl ÒËÒÚÂÏ˚, ÍÓÚÓ‡fl Â‡Î¸ÌÓ ÏÓÊÂÚ
·˚Ú¸ ‚˚ÔÓÎÌÂÌ‡ ‚ ÔÎ‡Ì‡ÌÓÏ ‚‡Ë‡ÌÚÂ. é·Â ÎËÌÁ˚
ËÁ ÍÂÏÌËfl, Ô‡‡ÏÂÚ˚ ÔÂ‚ÓÈ ÎËÌÁ˚: N = 25,
L1 = 1 ÒÏ, R = 100 ÏÍÏ, d = 2 ÏÍÏ, Ô‡‡ÏÂÚ˚ ‚ÚÓÓÈ
ÎËÌÁ˚: N = 100, L2 = 0.1 ÒÏ, R = 5 ÏÍÏ, d = 1 ÏÍÏ, ‰ÎËÌ‡
‚ÓÎÌ˚ ËÁÎÛ˜ÂÌËfl λ = 0.1 ÌÏ. èË ˝ÚÓÏ ÔÂ‚‡fl ÎËÌÁ‡
ËÏÂÂÚ ̋ ÙÙÂÍÚË‚ÌÛ˛ ‡ÔÂÚÛÛ Aγ = 55.5 ÏÍÏ Ë ÙÓÍÛÒ-
ÌÓÂ ‡ÒÒÚÓflÌËÂ zf = 63.6 ÒÏ. å‡ÍÒËÏÛÏ ÓÚÌÓÒËÚÂÎ¸-
ÌÓÈ ËÌÚÂÌÒË‚ÌÓÒÚË ‚ ÙÓÍÛÒÂ If(0)/I0 = 95.9, ‡ ÔÓÎÛ¯Ë-
ËÌ‡ ÙÓÍÛÒ‡ w(zf) = 543 ÌÏ. ÇÚÓ‡fl ÎËÌÁ‡ ËÏÂÂÚ ˝Ù-
ÙÂÍÚË‚ÌÛ˛ ‡ÔÂÚÛÛ Aγ = 6.0 ÏÍÏ Ë ÙÓÍÛÒÌÓÂ
‡ÒÒÚÓflÌËÂ zf = 0.72 ÒÏ. å‡ÍÒËÏÛÏ ÓÚÌÓÒËÚÂÎ¸ÌÓÈ ËÌ-
ÚÂÌÒË‚ÌÓÒÚË ‚ ÙÓÍÛÒÂ If(0)/I0 = 87.0, ‡ ÔÓÎÛ¯ËËÌ‡
ÙÓÍÛÒ‡ w(zf) = 65 ÌÏ. á‰ÂÒ¸ Ë ‰‡ÎÂÂ ÙÓÍÛÒÌ˚Â ‡ÒÒÚÓ-
flÌËfl ÓÚÒ˜ËÚ˚‚‡˛ÚÒfl ÓÚ ÍÓÌˆ‡ ÒÓÒÚ‡‚ÌÓÈ ÎËÌÁ˚ ‚ ‚Ë-
‰Â ·ÎÓÍ‡ Ó‰ËÌ‡ÍÓ‚˚ı ˝ÎÂÏÂÌÚÓ‚, Ú‡Í ÊÂ Í‡Í Ë ‡Ò-
ÒÚÓflÌËÂ ÏÂÊ‰Û ÎËÌÁ‡ÏË z1 (pËÒ. 2).

ä‡Í ıÓÓ¯Ó ‚Ë‰ÌÓ Ì‡ ËÒÛÌÍÂ, ‚ÚÓ‡fl ÎËÌÁ‡ ÒÚ‡-
ÌÓ‚ËÚÒfl ÌÂ˝ÙÙÂÍÚË‚ÌÓÈ, ÂÒÎË ÂÂ ÔÓÏÂÒÚËÚ¸ ‚ ÙÓÍÛÒ
ÔÂ‚ÓÈ ÎËÌÁ˚. ë ‰Û„ÓÈ ÒÚÓÓÌ˚, ÂÒÎË ÓÌ‡ Ì‡ıÓ‰ËÚÒfl
‚‰‡ÎË ÓÚ ÙÓÍÛÒ‡ ÔÂ‚ÓÈ ÎËÌÁ˚, ÚÓ ‡ÁÏÂ ÔÛ˜Í‡ Ë
ÙÓÍÛÒÌÓÂ ‡ÒÒÚÓflÌËÂ Ô‡ÍÚË˜ÂÒÍË ÌÂ Á‡‚ËÒflÚ ÓÚ
ÔÂ‚ÓÈ ÎËÌÁ˚. íÓÎ¸ÍÓ ËÌÚÂÌÒË‚ÌÓÒÚ¸ ‚ ÙÓÍÛÒÂ ÏÓ-
ÌÓÚÓÌÌÓ ËÁÏÂÌflÂÚÒfl ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ‡ÒÒÚÓflÌËfl
ÏÂÊ‰Û ÎËÌÁ‡ÏË z1. í‡ÍËÏ Ó·‡ÁÓÏ, ‚˚Ë„˚¯ ‚ ËÌ-
ÚÂÌÒË‚ÌÓÒÚË ÏÓÊÌÓ ÔÓÎÛ˜ËÚ¸ ‚ ¯ËÓÍÓÏ ‰Ë‡Ô‡ÁÓÌÂ
‡ÒÒÚÓflÌËÈ, ̃ ÚÓ Û‰Ó·ÌÓ ‰Îfl Ô‡ÍÚË˜ÂÒÍÓÈ Ì‡ÒÚÓÈÍË
‰‚ÛıÎËÌÁÓ‚ÓÈ ÒËÒÚÂÏ˚.

ê‡·ÓÚ‡ ÔÓ‰‰ÂÊ‡Ì‡ êîîà („‡ÌÚ˚ ‹ 05-02-
16702, ‹ 07-02-00067a) Ë „‡ÌÚÓÏ çò 6869.2006.2.
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Semianalytic Theory of Focusing Synchrotron Radiation by Arbitrary System 

of Parabolic Refractive Lenses and the Problem of Nanofocusing

V. G. Kohn

We show that an arbitrary system of parabolic refractive lenses does not change a shape of gauss wave function
of synchrotron radiation beam. Only three parameters are changed, for which a recurrent formulae is derived.
These formulae allow one to perform guickly and accurately a calculation of optical properties of arbitrary sys-
tem of lenses. A comparison of parameters of radiation beam obtained by developed method with the results of
the theory of continuously refracting lens is made. It is shown that both approaches give a surprisingly close
values. The problem of focusing the beam to nanometer size is discussed. We propose to use a two-lenses sys-
tem which can provide five-fold increasing the number of photons inside the focus, although the size of the fo-
cus is not decreased.
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