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ê‡ÒÒÏÓÚÂÌ‡ ÏÓ‰ÂÎ¸ Ì‡ÍÎ‡‰ÌÓ„Ó ˝ÎÂÍÚÓÂÏÍÓÒÚÌÓ„Ó ÔÂÓ·‡ÁÓ‚‡ÚÂÎfl (ùè) Ò ˝Í‡-
ÌÓÏ. êÂ¯ÂÌ˚ ÔflÏ‡fl Ë Ó·‡ÚÌ˚Â Á‡‰‡˜Ë, ÓÔÂ‰ÂÎÂÌ˚ ÁÓÌ˚ ÍÓÌÚÓÎfl ÔÂÓ·‡ÁÓ‚‡ÚÂÎfl, ‡
Ú‡ÍÊÂ ÓÔÚËÏ‡Î¸Ì˚Â ÍÓÌÒÚÛÍÚË‚Ì˚Â Ô‡‡ÏÂÚ˚ ùè, Ó·ÂÒÔÂ˜Ë‚‡˛˘ËÂ ‚˚ÒÓÍÛ˛ ˜Û‚ÒÚ‚Ë-
ÚÂÎ¸ÌÓÒÚ¸ Í ‡ÌËÁÓÚÓÔËË ‰Ë˝ÎÂÍÚË˜ÂÒÍËı Ò‚ÓÈÒÚ‚ ÓÚÓÚÓÔÌ˚ı Ï‡ÚÂË‡ÎÓ‚. èÓ‚Â‰ÂÌ˚
ËÒÒÎÂ‰Ó‚‡ÌËfl ˝ÙÙÂÍÚË‚ÌÓÈ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË Î¸ÌÓ‚ÓÎÓÍÌ‡ ÔË ‡ÁÎË˜ÌÓÈ
‚Î‡ÊÌÓÒÚË ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ˜‡ÒÚÓÚ˚ ˝ÎÂÍÚÓÏ‡„ÌËÚÌÓ„Ó ÔÓÎfl ‚ Ì‡Ô‡‚ÎÂÌËË ‚ÓÎÓÍÌ‡ Ë
ÔÂÔÂÌ‰ËÍÛÎflÌÓÏ ÂÏÛ. ê‡Á‡·ÓÚ‡Ì ‰Ë˝Î¸ÍÓÏÂÚË˜ÂÒÍËÈ ÏÂÚÓ‰ ÓˆÂÌÍË Í‡˜ÂÒÚ‚‡ Î¸ÌÓ‚Ó-
ÎÓÍÌ‡.

äÎ˛˜Â‚˚Â ÒÎÓ‚‡: ÏÓ‰ÂÎ¸ Ì‡ÍÎ‡‰ÌÓ„Ó ˝ÎÂÍÚÓÂÏÍÓÒÚÌÓ„Ó ÔÂÓ·‡ÁÓ‚‡ÚÂÎfl Ò ˝Í‡ÌÓÏ,
‡ÌËÁÓÚÓÔËfl, ˜Û‚ÒÚ‚ËÚÂÎ¸ÌÓÒÚ¸.

ÇÇÖÑÖçàÖ

ã¸ÌÓ‚ÓÎÓÍÌÓ ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ Ôfl‰ËÎ¸ÌÓÈ ÒÔÓÒÓ·ÌÓÒÚË ‰ÂÎËÚÒfl Ì‡
˜ÂÒ‡ÌÓÂ ‚ÓÎÓÍÌÓ, Ó˜ÂÒ˚, ÍÓÓÚÍÓÂ ‚ÓÎÓÍÌÓ. í‡ÍÓÂ ‰ÂÎÂÌËÂ Ó·ÛÒÎÓ‚ÎÂÌÓ
ÓÒÓ·ÂÌÌÓÒÚflÏË ÏÂı‡ÌË˜ÂÒÍÓÈ ÚÂıÌÓÎÓ„ËË Â„Ó ÔÂ‚Ë˜ÌÓÈ Ó·‡·ÓÚÍË Ë ˜Â-
Ò‡ÌËfl. èËÒÛÚÒÚ‚ËÂ ÍÓÓÚÍËı ‚ÓÎÓÍÓÌ ‚ ˜ÂÒ‡ÌÓÏ Î¸ÌÓ‚ÓÎÓÍÌÂ ÁÌ‡˜ËÚÂÎ¸-
ÌÓ ÛıÛ‰¯‡ÂÚ ÔÓˆÂÒÒ Ôfl‰ÂÌËfl, Í‡˜ÂÒÚ‚Ó ÔÓÎÛ˜‡ÂÏÓÈ ÔflÊË. èË ÓˆÂÌÍÂ
Í‡˜ÂÒÚ‚‡ Î¸ÌÓ‚ÓÎÓÍÌ‡ ·ÓÎ¸¯ÓÂ ‚ÌËÏ‡ÌËÂ Û‰ÂÎflÂÚÒfl Ó‰ÌÓÓ‰ÌÓÒÚË ‚ÓÎÓÍ-
Ì‡, ÒÚÂÔÂÌË Ó˜ËÒÚÍË Â„Ó ÓÚ ÌÂÔfl‰ÓÏ˚ı ÔËÏÂÒÂÈ, ÍÓÚÓ˚Â ‚ÎËfl˛Ú Ì‡ Í‡-
˜ÂÒÚ‚Ó ÔflÊË, ÂÂ Ó·˚‚ÌÓÒÚ¸, ‡ÒıÓ‰ Ò˚¸fl Ì‡ Â‰ËÌËˆÛ Ï‡ÒÒ˚ ÔflÊË. ÇÓ-
ÔÓÒ˚ ÌÂ‡ÁÛ¯‡˛˘Â„Ó ÍÓÌÚÓÎfl Í‡˜ÂÒÚ‚‡ Î¸ÌÓ‚ÓÎÓÍÌ‡ ÌÂ‡Á˚‚ÌÓ
Ò‚flÁ‡Ì˚ Ò ÍÓÌÚÓÎÂÏ Â„Ó ÙËÁËÍÓ-ÏÂı‡ÌË˜ÂÒÍËı Ò‚ÓÈÒÚ‚. ã¸ÌÓ‚ÓÎÓÍÌÓ ı‡-
‡ÍÚÂËÁÛÂÚÒfl ‚˚ÒÓÍÓÓËÂÌÚËÓ‚‡ÌÌÓÈ ˆÂÎÎ˛ÎÓÁÓÈ Ë Ó·Î‡‰‡ÂÚ Ó‰ÌÓÓÒ-
ÌÓÈ ‡ÌËÁÓÚÓÔËÂÈ ‰Ë˝ÎÂÍÚË˜ÂÒÍËı Ò‚ÓÈÒÚ‚.

àÒÒÎÂ‰Ó‚‡ÌËfl ‡ÌËÁÓÚÓÔËË ‚ÓÎÓÍÓÌ Ò‚flÁ‡Ì˚ Ò ËÁÏÂÂÌËÂÏ ÁÌ‡˜ÂÌËÈ
ÍÓÌÒÚ‡ÌÚ ÚÂÌÁÓ‡ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË εx, εy, εz. ê‡ÁÎË˜Ëfl ‚
ÁÌ‡˜ÂÌËflı ÍÓÌÒÚ‡ÌÚ ÌÂÁÌ‡˜ËÚÂÎ¸Ì˚, ÔÓ˝ÚÓÏÛ ÔÓ„Â¯ÌÓÒÚË, Ó·ÛÒÎÓ‚ÎÂÌ-
Ì˚Â ÌÂÔÎÓÚÌ˚Ï ÔËÊ‡ÚËÂÏ ˝ÎÂÍÚÓ‰Ó‚ Í ÍÓÌÚÓÎËÛÂÏÓÈ ÔÓ‚ÂıÌÓÒÚË,
‡ Ú‡ÍÊÂ Á‡ Ò˜ÂÚ Í‡Â‚Ó„Ó ˝ÙÙÂÍÚ‡ Ì‡ ÚÓˆ‡ı ˝ÎÂÍÚÓ‰Ó‚, „‰Â ÔÓÎÂ ÌÂ fl‚-
ÎflÂÚÒfl ÔÎÓÒÍÓÔ‡‡ÎÎÂÎ¸Ì˚Ï, ÏÓ„ÛÚ ÔË‚ÂÒÚË ÌÂ ÚÓÎ¸ÍÓ Í ÍÓÎË˜ÂÒÚ‚ÂÌ-
Ì˚Ï, ÌÓ Ë Í Í‡˜ÂÒÚ‚ÂÌÌ˚Ï ËÁÏÂÌÂÌËflÏ ‚ ÔÂ‰ÒÚ‡‚ÎÂÌËË Ó· ‡ÌËÁÓÚÓÔËË
ÍÓÌÚÓÎËÛÂÏÓ„Ó ‚ÓÎÓÍÌ‡. Ç ˝ÚÓÈ Ò‚flÁË ‚ÓÁÌËÍ‡ÂÚ ÌÂÓ·ıÓ‰ËÏÓÒÚ¸ ‚
ÓˆÂÌÍÂ ‡ÌËÁÓÚÓÔËË ·ÂÁ ÔÂÂÒÚ‡ÌÓ‚ÍË ùè. êÂ¯ÂÌËÂ ˝ÚÓÈ Á‡‰‡˜Ë Ò‚flÁ‡ÌÓ
Ò ÍÓÌÒÚÛËÓ‚‡ÌËÂÏ ‰ËÙÙÂÂÌˆË‡Î¸Ì˚ı ùè ‚ ‚Ë‰Â ÏÌÓ„ÓÒÂÍˆËÓÌÌ˚ı ˝Í-
‡ÌËÓ‚‡ÌÌ˚ı Ì‡ÍÎ‡‰Ì˚ı ËÁÏÂËÚÂÎ¸Ì˚ı ÍÓÌ‰ÂÌÒ‡ÚÓÓ‚ (åùçàä) [1],
Ó·ÂÒÔÂ˜Ë‚‡˛˘Ëı ÒÓÁ‰‡ÌËÂ ÔÓÎÂÈ ‚‰ÓÎ¸ Ë ÔÓÔÂÂÍ ‚ÓÎÓÍÓÌ Ë ËÁÏÂÂÌËÂ
‡ÁÌÓÒÚË ‰‚Ûı ÂÏÍÓÒÚÂÈ. Ç˚·Ó ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ„Ó ÒÔÓÒÓ·‡ ËÁÏÂÂÌËfl
Ò‚flÁ‡Ì Ò ÚÂÏ, ˜ÚÓ Ì‡ ÚÓˆ‡ı ùè ÔÓÎÂ ÓËÂÌÚËÓ‚‡ÌÓ ‚Ó ‚ÒÂı Ì‡Ô‡‚ÎÂÌË-
flı Ë ÂÏÍÓÒÚ¸, ‚ÌÓÒËÏ‡fl ÚÓˆ‡ÏË, fl‚ÎflÂÚÒfl ËÌÚÂ„‡Î¸ÌÓÈ ı‡‡ÍÚÂËÒÚËÍÓÈ
‡ÌËÁÓÚÓÔÌÓ„Ó Ï‡ÚÂË‡Î‡. ìÒÚ‡ÌËÚ¸ ˝ÚÓÚ ‚ÍÎ‡‰ ÏÓÊÌÓ ÚÓÎ¸ÍÓ Á‡ Ò˜ÂÚ
ÔËÏÂÌÂÌËfl ‡ÁÌÓÒÚÌÓ„Ó ÒË„Ì‡Î‡, Ú‡Í Í‡Í ÓÚÌÓ¯ÂÌËÂ ÒË„Ì‡ÎÓ‚ ÛÒÚ‡ÌËÚ¸
˝ÚÛ ÔÓ„Â¯ÌÓÒÚ¸ ÌÂ ÔÓÁ‚ÓÎflÂÚ. Ç ÒÎÛ˜‡Â ÓÔÂ‰ÂÎÂÌËfl Ò‡ÏËı ÁÌ‡˜ÂÌËÈ
ÍÓÌÒÚ‡ÌÚ ÚÂÌÁÓ‡ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË ÌÂÓ·ıÓ‰ËÏÓ ËÒÔÓÎ¸-
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ÁÓ‚‡Ú¸ ‰‚‡ Ë‰ÂÌÚË˜Ì˚ı ùè Ò ‡ÁÎË˜ÌÓÈ ‰ÎËÌÓÈ ˝ÎÂÍÚÓ‰Ó‚ L1 Ë L2. ê‡Á-
ÌÓÒÚ¸ ÂÏÍÓÒÚÂÈ ÔÂÓ·‡ÁÓ‚‡ÚÂÎÂÈ, ËÁÏÂÂÌÌ˚ı ‰Îfl ‡ÁÎË˜Ì˚ı ‰ÎËÌ ˝ÎÂ-
ÍÚÓ‰Ó‚ L1 Ë L2, ÔË ÓËÂÌÚ‡ˆËË Ëı ÔÓÎÂÈ ‚ Ó‰ÌÓÏ Ì‡Ô‡‚ÎÂÌËË ÒÚÛÍÚÛ-
˚ ÓÚ‡Ê‡ÂÚ ÔÓ„ÓÌÌÛ˛ ÂÏÍÓÒÚ¸ Ì‡ ‰ÎËÌÛ ˝ÎÂÍÚÓ‰Ó‚ ·ÂÁ Û˜ÂÚ‡ Í‡Â‚˚ı
˝ÙÙÂÍÚÓ‚ Ì‡ ÚÓˆ‡ı.

èÓÏËÏÓ ÛÒÚ‡ÌÂÌËfl ÔÓ„Â¯ÌÓÒÚË Á‡ Ò˜ÂÚ Í‡Â‚Ó„Ó ˝ÙÙÂÍÚ‡ ‰ËÙÙÂ-
ÂÌˆË‡Î¸Ì˚È ÒÔÓÒÓ· ËÁÏÂÂÌËfl ÔÓÁ‚ÓÎflÂÚ ÒÌËÁËÚ¸ ‚ÎËflÌËÂ Ô‡‡ÁËÚÌÓÈ
ÂÏÍÓÒÚË, ‚ÓÁÌËÍ‡˛˘ÂÈ ‚ ÔÓ‰ÎÓÊÍÂ åùçàä, ‡ Ú‡ÍÊÂ ‚ÓÁ‰Û¯Ì˚ı Á‡ÁÓÓ‚
ÏÂÊ‰Û Ó·‡ÁˆÓÏ Ë ËÁÏÂËÚÂÎ¸Ì˚ÏË ˝ÎÂÍÚÓ‰‡ÏË.

åéÑÖãú åùçàä

ëÂ˜ÂÌËÂ ÒÂÍˆËË åùçàä ÔÂ‰ÒÚ‡‚ÎÂÌÓ Ì‡ ËÒ. 1. ãÂÌÚÓ˜Ì˚Â ˝ÎÂÍÚÓ-
‰˚ 1 Ë 2 ÒÓÁ‰‡˛Ú ÔÎÓÒÍÓÔ‡‡ÎÎÂÎ¸ÌÓÂ ÔÓÎÂ Á‡ ËÒÍÎ˛˜ÂÌËÂÏ ÔÓÎfl Ì‡ ÚÓ-
ˆ‡ı ˝ÎÂÍÚÓ‰Ó‚. ÇÍÎ‡‰ ˝ÚÓÈ ˜‡ÒÚË ÔÓÎfl Ì‡ ÚÓˆ‡ı ˝ÎÂÍÚÓ‰Ó‚ ÒÚ‡ÌÓ‚ËÚÒfl
Ó˘ÛÚËÏ, ÍÓ„‰‡ ¯ËËÌ‡ åùçàä Nr (N — ˜ËÒÎÓ ÒÂÍˆËÈ, r — ¯ËËÌ‡ ÒÂÍ-
ˆËË) Ò‡‚ÌËÏ‡ Ò ‰ÎËÌÓÈ ˝ÎÂÍÚÓ‰Ó‚ L. äÓÌÚÓÎ˛ ‡ÌËÁÓÚÓÔËË ‰Ë˝ÎÂÍÚË-
˜ÂÒÍËı Ò‚ÓÈÒÚ‚ ÚÓÌÍËı ÔÓÎËÏÂÌ˚ı Ï‡ÚÂË‡ÎÓ‚ ÒÔÓÒÓ·ÒÚ‚ÛÂÚ ˝Í‡Ì 4 Ì‡‰
ÍÓÌÚÓÎËÛÂÏ˚Ï Ï‡ÚÂË‡ÎÓÏ. éÌ ‚˚ÔÓÎÌflÂÚ ‰‚Â ÙÛÌÍˆËË: ‚Ó-ÔÂ‚˚ı,
ÛÒÚ‡ÌflÂÚ ÍÛÏÛÎflÚË‚Ì˚È ˝ÙÙÂÍÚ, ‚Ó-‚ÚÓ˚ı, ÓÚÚfl„Ë‚‡ÂÚ ˜‡ÒÚ¸ ÔÓÚÓÍ‡
ÒËÎÓ‚˚ı ÎËÌËÈ Ì‡ ÒÂ·fl, Û‚ÂÎË˜Ë‚‡fl ‰ÓÎ˛ „ÓËÁÓÌÚ‡Î¸ÌÓÈ ÒÓÒÚ‡‚Îfl˛˘ÂÈ
Ì‡ÔflÊÂÌÌÓÒÚË ˝ÎÂÍÚË˜ÂÒÍÓ„Ó ÔÓÎfl, ˜ÚÓ ÛÒËÎË‚‡ÂÚ ˜Û‚ÒÚ‚ËÚÂÎ¸ÌÓÒÚ¸
åùçàä Í ‡ÌËÁÓÚÓÔËË ‰Ë˝ÎÂÍÚË˜ÂÒÍËı Ò‚ÓÈÒÚ‚ ‚ ÔÎÓÒÍÓÒÚË Ï‡ÚÂË‡Î‡.
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êËÒ. 1. ëÂ˜ÂÌËÂ ÒÂÍˆËË åùçàä.

ê‡·Ó˜‡fl ÂÏÍÓÒÚ¸ åùçàä ÓÔÂ‰ÂÎflÂÚÒfl ‰‚ÛÏfl ÔÓÚÓÍ‡ÏË ÒËÎÓ‚˚ı ÎË-
ÌËÈ, Á‡Ï˚Í‡˛˘ËıÒfl Ì‡ ÌËÁÍÓÔÓÚÂÌˆË‡Î¸Ì˚È ˝ÎÂÍÚÓ‰ 2. èÂ‚˚È ÔÓÚÓÍ Á‡-
Ï˚Í‡ÂÚÒfl Ì‡‰ ÔÓ‚ÂıÌÓÒÚ¸˛ ˝ÎÂÍÚÓ‰Ó‚ ‚ Ó·Î‡ÒÚË ÍÓÌÚÓÎfl Ë ˜‡ÒÚË˜ÌÓ
ÔÓÌËÍ‡ÂÚ ‚ Ó·Î‡ÒÚ¸ ÔÓ‰ÎÓÊÍË, ‚ÚÓÓÈ — Á‡Ï˚Í‡ÂÚÒfl ‚ ÔÓ‰ÎÓÊÍÂ, ÔÓ˝ÚÓ-
ÏÛ Ô‡‡ÁËÚÌ‡fl ÒÓÒÚ‡‚Îfl˛˘‡fl ‡·Ó˜ÂÈ ÂÏÍÓÒÚË Á‡‚ËÒËÚ ÓÚ ‰Ë˝ÎÂÍÚË˜ÂÒÍËı
Ò‚ÓÈÒÚ‚ ÍÓÌÚÓÎËÛÂÏÓ„Ó Ó·‡Áˆ‡ Ë ÏÓÊÂÚ ·˚Ú¸ ÛÏÂÌ¸¯ÂÌ‡ Á‡ Ò˜ÂÚ Ì‡‰ÎÂ-
Ê‡˘Â„Ó ‚˚·Ó‡ Ï‡ÚÂË‡Î‡ Ë „ÂÓÏÂÚËË ‡ÁÏÂÓ‚ ÔÓ‰ÎÓÊÍË. ê‡·Ó˜‡fl Ó·-
Î‡ÒÚ¸ ÍÓÌÚÓÎfl ÌÂ Óı‚‡Ú˚‚‡ÂÚ ÍÓÌÚÓÎËÛÂÏ˚È Ó·‡ÁÂˆ ÔÓÎÌÓÒÚ¸˛. éÌ‡
ÓÔÂ‰ÂÎflÂÚÒfl „‡ÌËˆ‡ÏË ‡Á‰ÂÎ‡ ÔÓÚÓÍÓ‚, Á‡Ï˚Í‡˛˘ËÏËÒfl Ì‡ ˝Í‡Ì˚ 3, 4,
Ë ÚÂ·ÛÂÚ ‡Ò˜ÂÚ‡ „ÎÛ·ËÌ˚ Ë ¯ËËÌ˚ ÁÓÌ ÍÓÌÚÓÎfl. ê‡Ò˜ÂÚ ˝Í‚ËÔÓÚÂÌˆË‡-
ÎÂÈ ˝ÎÂÍÚË˜ÂÒÍÓ„Ó ÔÓÎfl ‚ ‚ÓÁ‰ÛıÂ (ε2 = ε3 = 1) ÔÓ‚Ó‰ËÎË ÔÓÒÎÂ Ì‡ıÓÊ‰Â-
ÌËfl ‰ËÒÍÂÚÌ˚ı ÁÌ‡˜ÂÌËÈ ‡ÒÔÂ‰ÂÎÂÌËfl ÔÓ‚ÂıÌÓÒÚÌÓÈ ÔÎÓÚÌÓÒÚË Á‡fl‰‡



Ì‡ Í‡Ê‰ÓÈ ËÁ ‰‚Ûı ÒÚÓÓÌ ˝ÎÂÍÚÓ‰Ó‚: ÔÂ‚ÓÏ σ1k(x), ‚ÚÓÓÏ σ2k(x) Ë Ì‡ ˝Í‡-

Ì‡ı σ3(x), σ4(x) ÒÓ„Î‡ÒÌÓ ÂÁÛÎ¸Ú‡Ú‡Ï ‡·ÓÚ˚ [1].

áÌ‡˜ÂÌËfl ÔÓÚÂÌˆË‡ÎÓ‚ ÚÓ˜ÂÍ ÔÓÎfl ‡ÒÒ˜ËÚ˚‚‡ÎË ÒÎÂ‰Û˛˘ËÏ Ó·‡ÁÓÏ.

Ç ÔÓ‰ÎÓÊÍÂ (0 < z ≤ b)

V(x, z) = 

Ç ‚ÓÁ‰Û¯ÌÓÏ Á‡ÁÓÂ (b + d < z ≤ b + d + h1)

V(x, z) = 
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Ç ÍÓÌÚÓÎËÛÂÏÓÈ ÒÂ‰Â z > b + d + h1

V(x, z) = 

„‰Â ψi(x, ϕ) — ‚ÒÔÓÏÓ„‡ÚÂÎ¸Ì‡fl ÙÛÌÍˆËfl.

ψi(x, ϕ) = 
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„‰Â N — ˜ËÒÎÓ ÒÂÍˆËÈ ÒÎÂ‚‡ Ë ÒÔ‡‚‡ ÓÚ ˆÂÌÚ‡Î¸ÌÓÈ ÒÂÍˆËË; αi, βi — „‡-
ÌËˆ˚ Û˜‡ÒÚÍÓ‚ ËÌÚÂ„ËÓ‚‡ÌËfl Á‡fl‰‡, ÒÓÁ‰‡˛˘Â„Ó ÔÓÎÂ ‚ ÚÓ˜ÍÂ x; T —
˜ËÒÎÓ ÓÚ‡ÊÂÌËÈ. äÓ˝ÙÙËˆËÂÌÚ˚ ÔÓÔÛÒÍ‡ÌËfl βij, ÍÓ˝ÙÙËˆËÂÌÚ˚ ÓÚ‡-
ÊÂÌËÈ λij Ë ÍÓ˝ÙÙËˆËÂÌÚ ‰‚ÓÈÌ˚ı ÓÚ‡ÊÂÌËÈ γ ‚˚˜ËÒÎflÎË ÒÓ„Î‡ÒÌÓ [2]:

βij = λij = γ = 

Ò Û˜ÂÚÓÏ, ˜ÚÓ ε3 = ÔË˜ÂÏ h = 

d = h′, h′1, d′ — ÚÓÎ˘ËÌ‡ ÍÓÌÚÓÎËÛÂÏÓ„Ó Ó·‡Áˆ‡, ‚ÓÁ‰Û¯-

ÌÓ„Ó Á‡ÁÓ‡ Ë ÚÓÎ˘ËÌ‡ ˝ÎÂÍÚÓ‰Ó‚ ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ ‚ ‚ÓÁ‰ÛıÂ.
ê‡Ò˜ÂÚÌ˚Â Í‡ÚËÌ˚ ÔÓÎÂÈ ‰Îfl Ó‰ÌÓÈ ÒÂÍˆËË åùçàä Ò ‡ÁÏÂÓÏ ÒÂÍ-

ˆËË r = 6 ÏÏ, ¯ËËÌÓÈ ÔÓÚÂÌˆË‡Î¸Ì˚ı ˝ÎÂÍÚÓ‰Ó‚ r0 = r – r1 = 1 ÏÏ, ÍÓ„-
‰‡ ˝Í‡Ì Ì‡ıÓ‰ËÚÒfl Ì‡ ‡ÒÒÚÓflÌËË h = 6,5 ÏÏ (h1 = 0), ÔÂ‰ÒÚ‡‚ÎÂÌ˚ Ì‡ 
ËÒ. 2. íÓÎ˘ËÌ‡ ÔÓ‰ÎÓÊÂÍ b = 2 ÏÏ (ËÒ. 2‡) Ë b = 1 ÏÏ (ËÒ. 2·). éÒÓ·˚Â
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êËÒ. 2. ê‡Ò˜ÂÚÌ‡fl Í‡ÚËÌ‡ ˝Í‚ËÔÓÚÂÌˆË‡ÎÂÈ ˝ÎÂÍÚË˜ÂÒÍÓ„Ó ÔÓÎfl 
‰‡Ú˜ËÍ‡ åùçàä.

ÚÓ˜ÍË Ì‡ „‡ÌËˆ‡ı ‡Á‰ÂÎ‡ ‚˚‰ÂÎÂÌ˚ ÍÓÎ¸ˆ‡ÏË, „ÎÛ·ËÌ˚ ÁÓÌ ÌÂÔÓÒÂ‰-
ÒÚ‚ÂÌÌÓ„Ó ÍÓÌÚÓÎfl — ¯ÚËıÓÏ. Ç ˜‡ÒÚÌÓÏ ÒÎÛ˜‡Â, ÂÒÎË Á‡ÁÂÏÎÂÌÌ˚È
˝Í‡Ì Û‰‡ÎÂÌ, åùçàä ÔÂ‰ÒÚ‡‚ÎflÂÚ ÒÓ·ÓÈ ÏÌÓ„ÓÒÂÍˆËÓÌÌ˚È Ì‡ÍÎ‡‰ÌÓÈ
ËÁÏÂËÚÂÎ¸Ì˚È ÍÓÌ‰ÂÌÒ‡ÚÓ, „ÎÛ·ËÌ‡ ÁÓÌ˚ ÍÓÌÚÓÎfl ÍÓÚÓÓ„Ó, ÒÓ„Î‡ÒÌÓ
[3], ÒÓÒÚ‡‚ÎflÂÚ z* ≈ 0,66 ÏÏ. èË ‚ÌÂÒÂÌËË ˝Í‡Ì‡ „ÎÛ·ËÌ‡ ÁÓÌ˚ ÍÓÌÚÓÎfl
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z* ÛÏÂÌ¸¯‡ÂÚÒfl Ë ‰ÓÒÚË„‡ÂÚ z* ≈ 0,42 ÏÏ (ÒÏ. ËÒ. 2). ìÏÂÌ¸¯ÂÌËÂ ÚÓÎ˘Ë-
Ì˚ ÔÓ‰ÎÓÊÍË ‚ ‰‚‡ ‡Á‡ (ËÒ. 2·) ÔË‚Ó‰ËÚ Í Û‚ÂÎË˜ÂÌË˛ ÁÌ‡˜ÂÌËfl „ÎÛ·Ë-
Ì˚ ÁÓÌ˚ ÍÓÌÚÓÎfl z* ≈ 0,44 ÏÏ. ùÍ‡Ì ÔÓ‰ÎÓÊÍË ÓÚÚfl„Ë‚‡ÂÚ ˜‡ÒÚ¸ ÔÓÚÓÍ‡
ÒËÎÓ‚˚ı ÎËÌËÈ Ì‡ ÒÂ·fl, ‚˚ÔÛ˜Ë‚‡fl ÔÓÎÂ ‚‚Âı, Ë ÒÓÁ‰‡ÂÚ ÚÂÏ Ò‡Ï˚Ï ‚ ÏÂ-
Ê˝ÎÂÍÚÓ‰ÌÓÏ Á‡ÁÓÂ ˝ÙÙÂÍÚ ‚ËÚÛ‡Î¸ÌÓ„Ó Óı‡ÌÌÓ„Ó ˝ÎÂÍÚÓ‰‡ [4]. í‡-
ÍËÏ Ó·‡ÁÓÏ, Ó·Î‡ÒÚ¸ ÍÓÌÚÓÎfl åùçàä ÒÓÒÚ‡‚ÎflÂÚ ÔË·ÎËÁËÚÂÎ¸ÌÓ ÔÓ-
ÎÓ‚ËÌÛ Ó·˙ÂÏ‡ ÏÂÊ˝ÎÂÍÚÓ‰ÌÓ„Ó ÔÓÒÚ‡ÌÒÚ‚‡.

ÑË‡ÏÂÚ ‚ÓÎÓÍÓÌ Ï‡Î — ÔÓfl‰Í‡ 10 ÏÍÏ. ÇÓÎÓÍÌ‡ Á‡ÔÓÎÌfl˛Ú ‚ÓÁ‰Û¯-
Ì˚Â Í‡Ï‡Ì˚ åùçàä ÔÓ‰Ó·ÌÓ “ÊË‰ÍÓÏÛ ‰Ë˝ÎÂÍÚËÍÛ”. áÌ‡˜ÂÌËfl ÍÓÌ-
ÒÚ‡ÌÚ ÚÂÌÁÓ‡ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË ÒÛıÓ„Ó ‚ÓÎÓÍÌ‡ (ıÎÓÔÓÍ,
ÎÂÌ) ÎÂÊ‡Ú ‚ ÔÂ‰ÂÎ‡ı 1,2—2 [5]. ÑÎfl ‡ÒÒÏ‡ÚË‚‡ÂÏÓ„Ó åùçàä ‚˚·Ó
ÚÓÎ˘ËÌ˚ ÔÓ‰ÎÓÊÍË b, ‡ÒÒÚÓflÌËfl h ‰Ó ˝Í‡Ì‡ ÓÒÛ˘ÂÒÚ‚ÎflÎË ËÒıÓ‰fl ËÁ
Ï‡ÍÒËÏ‡Î¸ÌÓÈ ˜Û‚ÒÚ‚ËÚÂÎ¸ÌÓÒÚË åùçàä Í ‡ÌËÁÓÚÓÔËË ‰Ë˝ÎÂÍÚË˜ÂÒ-
ÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË ‚ÓÎÓÍÌ‡, ‰Îfl ÍÓÚÓÓ„Ó ˝ÙÙÂÍÚË‚Ì‡fl ‰Ë˝ÎÂÍÚË˜ÂÒ-
Í‡fl ÔÓÌËˆ‡ÂÏÓÒÚ¸ ‚‰ÓÎ¸ ‚ÓÎÓÍÌ‡ ε|| = 1,9, ‡ ‚ Ì‡Ô‡‚ÎÂÌËË, ÔÂÔÂÌ‰ËÍÛ-
ÎflÌÓÏ ÂÏÛ, ε⊥ = 1,2.
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êËÒ. 3. á‡‚ËÒËÏÓÒÚ¸ ÓÚÌÓÒËÚÂÎ¸ÌÓÈ ‡ÁÌÓÒÚË ÂÏÍÓÒÚÂÈ (‰ËÙÙÂÂÌ-
ˆË‡Î¸ÌÓ„Ó ‰‡Ú˜ËÍ‡) ÓÚ ÓÚÌÓÒËÚÂÎ¸ÌÓ„Ó ÏÂÊ˝ÎÂÍÚÓ‰ÌÓ„Ó ‡ÒÒÚÓfl-

ÌËfl h/Δr.

ê‡Ò˜ÂÚÌ˚Â Í‡ÚËÌ˚ ÓÚÌÓÒËÚÂÎ¸ÌÓÈ ‡ÁÌÓÒÚË ÂÏÍÓÒÚÂÈ ‰ËÙÙÂÂÌˆË-
‡Î¸ÌÓ„Ó ÔÂÓ·‡ÁÓ‚‡ÚÂÎfl C||/C0 Ë C⊥/C0 ÓÚ ÓÚÌÓÒËÚÂÎ¸ÌÓ„Ó ‡ÒÒÚÓflÌËfl
h/Δr (Δr = r1 – r0) ‰Ó ˝Í‡Ì‡ ÔÂ‰ÒÚ‡‚ÎÂÌ˚ Ì‡ ËÒ. 3, „‰Â C|| — ÂÏÍÓÒÚ¸ ‰‡Ú-
˜ËÍ‡, ÔÓÎÂ ÍÓÚÓÓ„Ó ÓËÂÌÚËÓ‚‡ÌÓ ‚‰ÓÎ¸ ‚ÓÎÓÍÌ‡; C⊥ — ÂÏÍÓÒÚ¸ ‰‡Ú˜Ë-
Í‡, ÔÓÎÂ ÍÓÚÓÓ„Ó ÓËÂÌÚËÓ‚‡ÌÓ ÔÂÔÂÌ‰ËÍÛÎflÌÓ ‚ÓÎÓÍÌÛ; C0 — ÂÏ-
ÍÓÒÚ¸ åùçàä ‚ ‚ÓÁ‰ÛıÂ.
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ê‡ÒÒÏ‡ÚË‚‡ÎË ÒÎÂ‰Û˛˘ËÂ ÒÎÛ˜‡Ë: ÔÂ‚˚È — ‚ ÔÎÂ˜Ë ‰ËÙÙÂÂÌˆË-
‡Î¸ÌÓ„Ó ‰‡Ú˜ËÍ‡ åùçàä ÔÓÏÂ˘ÂÌ˚ ËÁÓÚÓÔÌ˚Â Ï‡ÚÂË‡Î˚, ÁÌ‡˜ÂÌËfl
‰Ë˝ÎÂÍÚË˜ÂÒÍËı ÔÓÌËˆ‡ÂÏÓÒÚÂÈ ÍÓÚÓ˚ı ε1 = 1,9 Ë ε2 = 1,2; ‚ÚÓÓÈ —
‰‚‡ ÔÎÓÒÍËı ÍÓÌ‰ÂÌÒ‡ÚÓ‡ Maxwell Á‡ÔÓÎÌÂÌ˚ ‡ÌËÁÓÚÓÔÌ˚ÏË Ï‡ÚÂË‡-
Î‡ÏË ε1 = 1,9 Ë ε2 = 1,2; ÚÂÚËÈ ÒÎÛ˜‡È ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ ‰‡Ú˜ËÍ‡Ï åùçàä Ò
ÚÓÎ˘ËÌÓÈ ÔÓ‰ÎÓÊÍË b = 1 ÏÏ; ˜ÂÚ‚ÂÚ˚È — ‰‡Ú˜ËÍ‡Ï åùçàä Ò ÚÓÎ˘Ë-
ÌÓÈ ÔÓ‰ÎÓÊÍË b = 2 ÏÏ; ÔflÚ˚È — ‰‡Ú˜ËÍ‡Ï åùçàä Ò ÚÓÎ˘ËÌÓÈ ÔÓ‰ÎÓÊ-
ÍË 4 ÏÏ. ÑÎfl ‚ÒÂı ÚÂı ÔÓÒÎÂ‰ÌËı ÒÎÛ˜‡Â‚ ÍÓÌÚÓÎËÛÂÏ˚È Ï‡ÚÂË‡Î (‚Ó-
ÎÓÍÌÓ) ËÏÂÎ ÒÎÂ‰Û˛˘ËÂ ‰Ë˝ÎÂÍÚË˜ÂÒÍËÂ ı‡‡ÍÚÂËÒÚËÍË: ε|| = 1,9;
ε⊥ = 1,2; σx = σy = σz = 0.

àÁ „‡ÙËÍÓ‚ Ì‡ ËÒ. 3 ÒÎÂ‰ÛÂÚ:
ÓÚÌÓÒËÚÂÎ¸Ì‡fl ‡ÁÌÓÒÚ¸ ÂÏÍÓÒÚÂÈ ‰Îfl ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ„Ó ‰‡Ú˜ËÍ‡,

ÔÎÂ˜‡ÏË ÍÓÚÓÓ„Ó fl‚Îfl˛ÚÒfl ‰‚‡ ÔÎÓÒÍËı ÍÓÌ‰ÂÌÒ‡ÚÓ‡ Maxwell, ‡‚Ì‡ 
70 % (ÔflÏ‡fl 2);

ÂÒÎË ‚ ÔÎÂ˜Ë ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ„Ó ‰‡Ú˜ËÍ‡, ‚˚ÔÓÎÌÂÌÌÓ„Ó ‚ ‚Ë‰Â 
‰‚Ûı åùçàä, ÔÓÏÂ˘ÂÌ˚ ËÁÓÚÓÔÌ˚Â Ï‡ÚÂË‡Î˚ Ò ε1 = 1,9 Ë ε2 = 1,2 
(ÍË‚‡fl 1), ÚÓ ÔÓ ÏÂÂ ÛÏÂÌ¸¯ÂÌËfl h ÓÚÌÓÒËÚÂÎ¸Ì‡fl ‡ÁÌÓÒÚ¸ ÂÏÍÓÒÚÂÈ
Ô‡‰‡ÂÚ ÏÓÌÓÚÓÌÌÓ;

‰Îfl ÒÎÛ˜‡Â‚ Á‡ÔÓÎÌÂÌËfl ‰ËÙÙÂÂÌˆË‡Î¸Ì˚ı ‰‡Ú˜ËÍÓ‚, ‚˚ÔÓÎÌÂÌÌ˚ı
‚ ‚Ë‰Â ‰‚Ûı åùçàä, Á‡ÔÓÎÌÂÌÌ˚ı ‡ÌËÁÓÚÓÔÌ˚Ï Ï‡ÚÂË‡ÎÓÏ, Ì‡·Î˛‰‡-
ÂÚÒfl Ï‡ÍÒËÏÛÏ ˜Û‚ÒÚ‚ËÚÂÎ¸ÌÓÒÚË ÓÚÌÓÒËÚÂÎ¸ÌÓ„Ó ËÁÏÂÌÂÌËfl ÂÏÍÓÒÚË Ò
Ì‡Ô‡‚ÎÂÌËÂÏ ÔÓÎfl (ÍË‚˚Â 3—5);

˜ÂÏ ÚÓÎ˘Â ÔÓ‰ÎÓÊÍ‡, ÚÂÏ ÏÂÌ¸¯Â ˜Û‚ÒÚ‚ËÚÂÎ¸ÌÓÒÚ¸ ‰‡Ú˜ËÍ‡ åùçàä
Í ‡ÌËÁÓÚÓÔËË ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË;

Ï‡ÍÒËÏÛÏ˚ ˜Û‚ÒÚ‚ËÚÂÎ¸ÌÓÒÚË ‰‡Ú˜ËÍÓ‚ Í ‡ÌËÁÓÚÓÔËË ‰Ë˝ÎÂÍÚË˜ÂÒ-
ÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË ÒÏÂ˘ÂÌ˚ ‰Û„ ÓÚÌÓÒËÚÂÎ¸ÌÓ ‰Û„‡: ˜ÂÏ ÚÓÎ˘Â ÔÓ‰-
ÎÓÊÍ‡, ÚÂÏ ·ÓÎ¸¯Â ÓÚÌÓÒËÚÂÎ¸ÌÓÂ ÏÂÊ˝ÎÂÍÚÓ‰ÌÓÂ ‡ÒÒÚÓflÌËÂ h/Δr, ÒÓ-
ÓÚ‚ÂÚÒÚ‚Û˛˘ÂÂ Ï‡ÍÒËÏÛÏÛ ˜Û‚ÒÚ‚ËÚÂÎ¸ÌÓÒÚË ‰‡Ú˜ËÍÓ‚ Í ‡ÌËÁÓÚÓÔËË
‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË.

ç‡ÎË˜ËÂ Ï‡ÍÒËÏÛÏ‡ Û ÍË‚˚ı Á‡‚ËÒËÏÓÒÚË ÓÚÌÓÒËÚÂÎ¸ÌÓÈ ‡ÁÌÓÒÚË
ÂÏÍÓÒÚÂÈ ((C||—C⊥)/C0)/(h/(r1—r0)) „Ó‚ÓËÚ Ó ÚÓÏ, ˜ÚÓ Ò ÛÏÂÌ¸¯ÂÌËÂÏ ‡Ò-
ÒÚÓflÌËfl h ÓÚ ˝Í‡Ì‡ 4 ‰Ó ÔÎÓÒÍÓÒÚË ˝ÎÂÍÚÓ‰Ó‚ åùçàä ˜Û‚ÒÚ‚ËÚÂÎ¸-
ÌÓÒÚ¸ Í ‡ÌËÁÓÚÓÔËË ‚ÓÁ‡ÒÚ‡ÂÚ ‰Ó ÓÔÂ‰ÂÎÂÌÌÓ„Ó ÔÂ‰ÂÎ‡. ùÚÓ ‚˚Á‚‡ÌÓ
Û‚ÂÎË˜ÂÌËÂÏ ‰ÓÎË „ÓËÁÓÌÚ‡Î¸ÌÓÈ ÒÓÒÚ‡‚Îfl˛˘ÂÈ Ì‡ÔflÊÂÌÌÓÒÚË ÔÓÎfl.
á‡ÚÂÏ Ì‡˜ËÌ‡ÂÚ ÔÓfl‚ÎflÚ¸ ÒÂ·fl ˝Í‡Ì 4 (ÒÏ. ËÒ. 1), ÓÌ ÓÚÚfl„Ë‚‡ÂÚ ˜‡ÒÚ¸
ÔÓÚÓÍ‡ Ì‡ÔflÊÂÌÌÓÒÚË ÔÓÎfl Ì‡ ÒÂ·fl, ÛÏÂÌ¸¯‡fl ‰ÓÎ˛ „ÓËÁÓÌÚ‡Î¸ÌÓÈ ÒÓ-
ÒÚ‡‚Îfl˛˘ÂÈ, Ë ˜Û‚ÒÚ‚ËÚÂÎ¸ÌÓÒÚ¸ Ô‡‰‡ÂÚ. èË Û‚ÂÎË˜ÂÌËË ÓÚÌÓÒËÚÂÎ¸ÌÓ-
„Ó ‡ÒÒÚÓflÌËfl h/(r1—r0) → ∞ ÓÚÌÓÒËÚÂÎ¸Ì‡fl ‡ÁÌÓÒÚ¸ ÂÏÍÓÒÚÂÈ åùçàä
ÒÚÂÏËÚÒfl Í ÁÌ‡˜ÂÌË˛ ÓÚÌÓÒËÚÂÎ¸ÌÓÈ ‡ÁÌÓÒÚË ÂÏÍÓÒÚÂÈ ÏÌÓ„ÓÒÂÍˆËÓÌ-
Ì˚ı Ì‡ÍÎ‡‰Ì˚ı ËÁÏÂËÚÂÎ¸Ì˚ı ÍÓÌ‰ÂÌÒ‡ÚÓÓ‚. éÌ‡ ÌÂ Á‡‚ËÒËÚ ÓÚ Á‡ÁÓ‡
h Ë Ì‡ ËÒ. 3 ‚˚‰ÂÎÂÌ‡ ÔflÏ˚ÏË. éÚ‰ÂÎ¸ÌÓ ¯ÚËıÓÏ ‚˚‰ÂÎÂÌ‡ Á‡‚ËÒË-
ÏÓÒÚ¸ ÓÚÌÓÒËÚÂÎ¸ÌÓÈ ‡ÁÌÓÒÚË ÂÏÍÓÒÚÂÈ ‰Îfl ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ„Ó ‰‡Ú˜Ë-
Í‡, ÔÎÂ˜‡ÏË ÍÓÚÓÓ„Ó fl‚Îfl˛ÚÒfl ‰‚‡ ÔÎÓÒÍËı ÍÓÌ‰ÂÌÒ‡ÚÓ‡ Maxwell (ÎË-
ÌËfl 2). ç‡Ë·ÓÎÂÂ ÓÔÚËÏ‡Î¸Ì˚Ï ‡ÒÒÚÓflÌËÂÏ h ÓÚ ˝Í‡Ì‡ 4 ‰Ó ÔÎÓÒÍÓÒÚË
˝ÎÂÍÚÓ‰Ó‚ ÒÎÂ‰ÛÂÚ Ò˜ËÚ‡Ú¸ ‡ÒÒÚÓflÌËÂ ‚ ËÌÚÂ‚‡ÎÂ ÓÚ r1—r0 ‰Ó 2(r1—r0).

ÑË˝ÎÂÍÚË˜ÂÒÍ‡fl ÔÓÌËˆ‡ÂÏÓÒÚ¸ Ó·ÛÒÎÓ‚ÎÂÌ‡ ÔÓˆÂÒÒ‡ÏË ÔÓÎflËÁ‡-
ˆËË ‚Â˘ÂÒÚ‚‡, ÔÓËÒıÓ‰fl˘ËÏË ÔË ÔÓÏÂ˘ÂÌËË ÔÓÒÎÂ‰ÌÂ„Ó ‚ ˝ÎÂÍÚË˜ÂÒ-
ÍÓÂ ÔÓÎÂ. Ç Ò‚flÁË Ò ÚÂÏ, ˜ÚÓ ‰ËÔÓÎ¸Ì˚È ÏÓÏÂÌÚ ÔÓÎflÌ˚ı ÏÓÎÂÍÛÎ ‚Ó‰˚
(‰ËÔÓÎ¸Ì˚È ÏÓÏÂÌÚ ÏÓÎÂÍÛÎ˚ ‚Ó‰˚  = 6,2 ⋅ 10–30 äÎ⋅Ï), Ì‡ıÓ‰fl˘ÂÈÒfl ‚
Ò‚Ó·Ó‰ÌÓÏ ÒÓÒÚÓflÌËË, Ì‡ ÌÂÒÍÓÎ¸ÍÓ ÔÓfl‰ÍÓ‚ ‚˚¯Â ‰ËÔÓÎ¸ÌÓ„Ó ÏÓÏÂÌÚ‡
ÌÂÔÓÎflÌ˚ı ÏÓÎÂÍÛÎ, ÒÓÒÚ‡‚Îfl˛˘Ëı ‚ ÓÒÌÓ‚ÌÓÏ ÒÍÂÎÂÚ ÍÓÌÚÓÎËÛÂÏ˚ı
Ï‡ÚÂË‡ÎÓ‚ (Ï‡ÚÂË‡Î˚ ÚÂÍÒÚËÎ¸ÌÓÈ ÔÓÏ˚¯ÎÂÌÌÓÒÚË, ÒÚÓËÚÂÎ¸Ì˚Â
Ï‡ÚÂË‡Î˚), ˝ÙÙÂÍÚË‚Ì‡fl ‰Ë˝ÎÂÍÚË˜ÂÒÍ‡fl ÔÓÌËˆ‡ÂÏÓÒÚ¸ ‚Î‡ÊÌÓ„Ó
Ï‡ÚÂË‡Î‡ fl‚ÎflÂÚÒfl ÙÛÌÍˆËÂÈ ‚Î‡ÊÌÓÒÚË. ùÚÓ Ò‚ÓÈÒÚ‚Ó ÏÓÎÂÍÛÎ ‚Ó‰˚
Â˘Â ·ÓÎÂÂ ÛÒËÎË‚‡ÂÚÒfl ÔË ÍÓÌÚÓÎÂ ‡ÌËÁÓÚÓÔÌ˚ı Ï‡ÚÂË‡ÎÓ‚. ÑËÔÓÎË
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‚Ó‰˚ ‚˚ÒÚ‡Ë‚‡˛ÚÒfl ‚ ˝ÎÂÍÚË˜ÂÒÍÓÏ ÔÓÎÂ Ï‡ÚÂË‡Î‡ ‚ Ì‡Ô‡‚ÎÂÌËË
ÒÚÛÍÚÛ˚. ÖÒÎË ‚ÌÂ¯ÌÂÂ ˝ÎÂÍÚË˜ÂÒÍÓÂ ÔÓÎÂ ÒÓ‚Ô‡‰‡ÂÚ Ò Ì‡Ô‡‚ÎÂÌËÂÏ
ÒÚÛÍÚÛ˚, ‰ËÔÓÎË ÏÓÎÂÍÛÎ ‚Ó‰˚ ÛÒËÎË‚‡˛Ú ÔÓÎflËÁ‡ˆË˛ ‚Â˘ÂÒÚ‚‡. ëÓ
ÒÏÂÌÓÈ Ì‡Ô‡‚ÎÂÌËfl ‚ÌÂ¯ÌÂ„Ó ÔÓÎfl ‰ËÔÓÎË ÏÓÎÂÍÛÎ ‚Ó‰˚ ÒÚÂÏflÚÒfl ÒÎÂ-
‰Ó‚‡Ú¸ Á‡ ÌËÏ. é·Î‡‰‡fl ·ÓÎ¸¯ÓÈ ËÌÂÚÌÓÒÚ¸˛ Á‡ Ò˜ÂÚ Ï‡ÒÒ˚, ‰ËÔÓÎË ÌÂ
‚ÒÂ„‰‡ ÛÒÔÂ‚‡˛Ú ÔÂÂÒÚÓËÚ¸Òfl. ùÚÓ ‚Â‰ÂÚ Í ÛÒËÎÂÌË˛ ‡ÌËÁÓÚÓÔËË ‰Ë˝-
ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË Ì‡ ÌËÁÍËı ˜‡ÒÚÓÚ‡ı (1—10 ÍÉˆ) Ë ÓÒÎ‡·ÎÂ-
ÌË˛ ˝ÚÓ„Ó ˝ÙÙÂÍÚ‡ Ì‡ ‚˚ÒÓÍËı ˜‡ÒÚÓÚ‡ı (100—500 ÍÉˆ).

ε
4,0

3,5

3,0

2,5

2,0

1,5

1,0
2,6        3,0           3,5              4,0               4,5            5,0   log10ν

˜ÂÒε||   , W = 4 %

ε||   , W = 3,68 %
ıÎ

˜ÂÒε||   , W = 0 %

ε⊥, W = 0 %

ε||   , ε||   , W = 0 %
ÍÓ ıÎ

ε⊥, W = 4 %

êËÒ. 4. àÁÏÂÌÂÌËfl ˝ÙÙÂÍÚË‚ÌÓÈ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡Â-
ÏÓÒÚË ÔË ‡ÁÎË˜ÌÓÈ ‚Î‡ÊÌÓÒÚË W Î¸ÌflÌÓ„Ó Ë ıÎÓÔÍÓ‚Ó„Ó
‚ÓÎÓÍÓÌ ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ˜‡ÒÚÓÚ˚ ˝ÎÂÍÚÓÏ‡„ÌËÚÌÓ„Ó ÔÓÎfl ν.

ç‡ ËÒ. 4 ÔÂ‰ÒÚ‡‚ÎÂÌ˚ Á‡‚ËÒËÏÓÒÚË ˝ÙÙÂÍÚË‚ÌÓÈ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ
ÔÓÌËˆ‡ÂÏÓÒÚË ÔË ‡ÁÎË˜ÌÓÈ ‚Î‡ÊÌÓÒÚË W Î¸ÌÓ‚ÓÎÓÍÌ‡ ‚ Á‡‚ËÒËÏÓÒÚË
ÓÚ ˜‡ÒÚÓÚ˚ ˝ÎÂÍÚÓÏ‡„ÌËÚÌÓ„Ó ÔÓÎfl ‚ Ì‡Ô‡‚ÎÂÌËË ‚ÓÎÓÍÌ‡ ε|| Ë ÔÂÔÂÌ-
‰ËÍÛÎflÌÓÏ ÂÏÛ ε⊥. èÓ‰ ˝ÙÙÂÍÚË‚ÌÓÈ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒ-
Ú¸˛ ‚ÓÎÓÍÌ‡ ÔÓÌËÏ‡˛Ú ÂÁÛÎ¸ÚËÛ˛˘Û˛ ÔÓÌËˆ‡ÂÏÓÒÚ¸ Ò‡ÏÓ„Ó ‚ÓÎÓÍ-
Ì‡, ‚ÓÁ‰Ûı‡, Á‡ÌËÏ‡˛˘Â„Ó ˜‡ÒÚ¸ ÔÓÒÚ‡ÌÒÚ‚‡, Ë ‚Ó‰˚.

ÑÎfl ‰‡Ú˜ËÍ‡ åùçàä, ‚˚ÔÓÎÌÂÌÌÓ„Ó Ì‡ ÔÓ‰ÎÓÊÍÂ ËÁ ÚÂÙÎÓÌ‡
(ε1 = 2,1) ÚÓÎ˘ËÌÓÈ 2 ÏÏ, ËÏÂ˛˘Â„Ó „ÂÓÏÂÚË˜ÂÒÍËÂ ‡ÁÏÂ˚ r = 6,82 ÏÏ,
r0 = 1,60 ÏÏ, r1 = 5,22 ÏÏ, h = 6,50 ÏÏ, μ = 0,035 ÏÏ, Â¯‡ÎË Ó·‡ÚÌÛ˛ Á‡-
‰‡˜Û. áÌ‡fl „ÂÓÏÂÚË˜ÂÒÍËÂ ‡ÁÏÂ˚ ‰‡Ú˜ËÍ‡ Ë ËÁÏÂÂÌÌÛ˛ ÂÏÍÓÒÚ¸, ÓÔ-
Â‰ÂÎflÎË ‰Ë˝ÎÂÍÚË˜ÂÒÍËÂ ÔÓÌËˆ‡ÂÏÓÒÚË ε|| Ë ε⊥. áÌ‡˜ÂÌËÂ ˝ÙÙÂÍÚË‚-
ÌÓÈ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË ε|| ÓÔÂ‰ÂÎflÎË ÔÓÒÎÂ ‚˚˜ËÒÎÂÌËfl ε⊥
Ò Û˜ÂÚÓÏ ËÁÏÂÂÌÌÓÈ ÂÏÍÓÒÚË C||:

ε⊥ = f(C⊥, r, r0, r1, h, d, b, ε1) =



= –0,1668C⊥
4 + 0,6838C⊥

3 – 1,1652C⊥
2 + 4,6775C⊥ – 0,3481;

ε|| = f(C||, C⊥, r, r0, r1, h, d, b, ε1) =

= (0,048372C⊥
4 – 0,198302C⊥

3 + 0,337908C⊥
2 – 1,356475C⊥ + 0,535049)C| |

4 – 

– (0,2533692C⊥
4 – 1,0386922C⊥

3 + 1,7699388C⊥
2 – 7,105122C⊥ + 

+ 2,9781639)C| |
3 + (0,7654452C⊥

4 – 3,1379582C⊥
3 + 5,3471028C⊥

2 – 

– 21,4650475C⊥ + 11,0427309)C| |
2 + (–0,1089204C⊥

4 + 0,4465214C⊥
3 – 

– 0,7608756C⊥
2 + 3,0544075C⊥ + 1,3047907)C|| – 0,0128436C⊥

4 + 

+ 0,0526526C⊥
3 – 0,0897204C⊥

2 + 0,3601675C⊥ – 0,2183037.

ÑÓÒÚÓ‚ÂÌÓÒÚ¸ ‡ÔÔÓÍÒËÏ‡ˆËË R2 = 0,9999.
àÁ „‡ÙËÍÓ‚ ËÒ. 4 ‚Ë‰ÌÓ, ˜ÚÓ ˝ÙÙÂÍÚË‚Ì˚Â ‰Ë˝ÎÂÍÚË˜ÂÒÍËÂ ÔÓÌË-

ˆ‡ÂÏÓÒÚË ‚ Ì‡Ô‡‚ÎÂÌËË, ÔÂÔÂÌ‰ËÍÛÎflÌÓÏ ‚ÓÎÓÍÌÛ ε⊥, Ô‡ÍÚË˜ÂÒÍË ÌÂ
Á‡‚ËÒflÚ ÓÚ ˜‡ÒÚÓÚ˚ ˝ÎÂÍÚÓÏ‡„ÌËÚÌÓ„Ó ÔÓÎfl ‚ ˜‡ÒÚÓÚÌÓÏ ËÌÚÂ‚‡ÎÂ 0,5—
100 ÍÉˆ Ë ÒÓı‡Ìfl˛Ú ÔÓÒÚÓflÌÌ˚Â ÁÌ‡˜ÂÌËfl: ‰Îfl ÒÛıÓ„Ó ˜ÂÒ‡ÌÓ„Ó (‚ÓÎÓÍÌ‡
‰ÎËÌÓÈ ·ÓÎÂÂ 200 ÏÏ) Ë ÍÓÚÓÌËÁËÓ‚‡ÌÌÓ„Ó Î¸ÌÓ‚ÓÎÓÍÓÌ (‚ÓÎÓÍÌ‡ ‰ÎË-
ÌÓÈ 30—70 ÏÏ) ε ⊥

˜ÂÒ = ε ⊥
ÍÓ = 1,20 ± 0,03. çÂÁÌ‡˜ËÚÂÎ¸Ì‡fl ‰ËÒÔÂÒËfl Ì‡·Î˛-

‰‡ÂÚÒfl ‰Îfl ˝ÙÙÂÍÚË‚ÌÓÈ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË ‚ Ì‡Ô‡‚ÎÂÌËË
‚ÓÎÓÍÌ‡ (ËÒ. 4). ìÏÂÌ¸¯ÂÌËÂ ‰ÎËÌ˚ ‚ÓÎÓÍÌ‡ ÔË‚Ó‰ËÚ Í ÛÏÂÌ¸¯ÂÌË˛
ÁÌ‡˜ÂÌËÈ ˝ÙÙÂÍÚË‚ÌÓÈ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË ε||: ‰Îfl ÒÛıÓ„Ó
˜ÂÒ‡ÌÓ„Ó Î¸ÌÓ‚ÓÎÓÍÌ‡ ε ⊥

˜ÂÒ = 1,97 ± 0,06 Ë ÍÓÚÓÌËÁËÓ‚‡ÌÌÓ„Ó Î¸ÌÓ‚ÓÎÓÍ-
Ì‡ ε ||

ÍÓ = 1,84 ± 0,05. Ñ‡ÌÌ‡fl Á‡‚ËÒËÏÓÒÚ¸ ÔÓÁ‚ÓÎflÂÚ ÔÓ‚Ó‰ËÚ¸ ÓˆÂÌÍÛ Ó‰-
ÌÓÓ‰ÌÓÒÚË Î¸ÌflÌÓ„Ó ‚ÓÎÓÍÌ‡ ÔÓ ÁÌ‡˜ÂÌËflÏ ‰Ë˝ÎÂÍÚË˜ÂÒÍËı ı‡‡ÍÚÂË-
ÒÚËÍ ε|| Ë ε⊥. ë Û‚ÂÎË˜ÂÌËÂÏ ÁÌ‡˜ÂÌËÈ ε|| Í‡˜ÂÒÚ‚Ó ‚ÓÎÓÍÌ‡ ‚ÓÁ‡ÒÚ‡ÂÚ.

ÑÎfl ÒÛıÓ„Ó ‚ÓÎÓÍÌ‡ Ô‡ÍÚË˜ÂÒÍË ÌÂ Ì‡·Î˛‰‡ÂÚÒfl ‰ËÒÔÂÒËfl ‰Ë˝ÎÂÍÚ-
Ë˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË. èÓ ÏÂÂ ÓÒÚ‡ ‚Î‡ÊÌÓÒÚË ÍÓÌÚÓÎËÛÂÏÓ„Ó
‚ÓÎÓÍÌ‡ ÔÓËÒıÓ‰ËÚ Û‚ÂÎË˜ÂÌËÂ ‡ÌËÁÓÚÓÔËË ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡-
ÂÏÓÒÚË. èË˜ÂÏ ÓÒÚ ‡ÌËÁÓÚÓÔËË ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË ÍÓÌ-
ÚÓÎËÛÂÏÓ„Ó ‚ÓÎÓÍÌ‡ Ì‡ ˜‡ÒÚÓÚÂ 0,5 ÍÉˆ Ì‡ÏÌÓ„Ó ·ÓÎ¸¯Â ÓÒÚ‡ ‡ÌËÁÓÚ-
ÓÔËË ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË Ì‡ ˜‡ÒÚÓÚÂ 100 ÍÉˆ. ÑÎfl ˜ÂÒ‡ÌÓ„Ó
Î¸ÌÓ‚ÓÎÓÍÌ‡ ÔË ‚Î‡ÊÌÓÒÚË W = 4,0 % ÓÚÌÓÒËÚÂÎ¸Ì‡fl ‡ÌËÁÓÚÓÔËfl ‰Ë˝ÎÂ-
ÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË ‡‚Ì‡ (ε ||

˜ÂÒ – ε⊥)0,5/(ε ||
˜ÂÒ – ε⊥)100 = 4,8; ‰Îfl ÒÛıÓ„Ó

Î¸ÌÓ‚ÓÎÓÍÌ‡ (W = 0 %) (ε ||
˜ÂÒ – ε⊥)0,5/(ε ||

˜ÂÒ – ε⊥)100 = 1,1. éÚÌÓÒËÚÂÎ¸Ì‡fl ‡ÌË-
ÁÓÚÓÔËfl ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË ıÎÓÔÍÓ‚Ó„Ó ‚ÓÎÓÍÌ‡ ÔË
‚Î‡ÊÌÓÒÚË W = 3,7 % ÒÓÒÚ‡‚ÎflÂÚ (ε ||

ıÎ – ε⊥)0,5/(ε ||
ıÎ – ε⊥)100 = 2,3, ‰Îfl ÒÛıÓ„Ó

ıÎÓÔÍÓ‚Ó„Ó ‚ÓÎÓÍÌ‡ (W = 0 %) (ε ||
ıÎ – ε⊥)0,5/(ε ||

ıÎ – ε⊥)100 = 1,1. éÚÌÓÒËÚÂÎ¸Ì‡fl
‡ÌËÁÓÚÓÔËfl ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË (ε|| – ε⊥)0,5/(ε|| – ε⊥)100 fl‚ÎflÂÚ-
Òfl Ô‡‡ÏÂÚÓÏ ‰Îfl ÓˆÂÌÍË ‚Î‡„ÓÒÓ‰ÂÊ‡ÌËfl ‚ÓÎÓÍÓÌ Î¸Ì‡.

áÄäãûóÖçàÖ

ëÛıÓÂ ‚ÓÎÓÍÌÓ ÌÂ Ó·Î‡‰‡ÂÚ ‰ËÒÔÂÒËÂÈ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓ-
ÒÚË ‚ Ì‡Ô‡‚ÎÂÌËË, ÔÂÔÂÌ‰ËÍÛÎflÌÓÏ ‚ÓÎÓÍÌÛ. çÂÁÌ‡˜ËÚÂÎ¸Ì‡fl ‰ËÒÔÂ-
ÒËfl Ì‡·Î˛‰‡ÂÚÒfl ‰Îfl ÍÓÌÒÚ‡ÌÚ ÚÂÌÁÓ‡ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË
‚ Ì‡Ô‡‚ÎÂÌËË ‚ÓÎÓÍÌ‡. ë ÓÒÚÓÏ ‚Î‡„ÓÒÓ‰ÂÊ‡ÌËfl ‚ÓÎÓÍÓÌ ‚ Ó·Î‡ÒÚË
ÌËÁÍËı ˜‡ÒÚÓÚ Ì‡·Î˛‰‡ÂÚÒfl ÒÛ˘ÂÒÚ‚ÂÌÌ˚È ÓÒÚ ‡ÌËÁÓÚÓÔËË ‰Ë˝ÎÂÍÚË-
˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË ‚ÓÎÓÍÓÌ. á‡‚ËÒËÏÓÒÚ¸ ÓÚÌÓÒËÚÂÎ¸ÌÓÈ ‡ÌËÁÓÚÓ-
ÔËË ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË ÓÚ ‚Î‡ÊÌÓÒÚË ÒÎÛÊËÚ ÓÒÌÓ‚ÓÈ ‰Îfl
‚Î‡„ÓÏÂÚËË ‚ÓÎÓÍÓÌ Î¸Ì‡, ıÎÓÔÍ‡, ÒÏÂÒÂÈ. éˆÂÌÍ‡ Í‡˜ÂÒÚ‚‡ ‚ÓÎÓÍÌ‡ ÏÓ-
ÊÂÚ ÓÒÛ˘ÂÒÚ‚ÎflÚ¸Òfl ÔÓ ÁÌ‡˜ÂÌËflÏ ‰Ë˝ÎÂÍÚË˜ÂÒÍËı ı‡‡ÍÚÂËÒÚËÍ ÍÓÌ-
ÒÚ‡ÌÚ ÚÂÌÁÓ‡ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË ε|| Ë ε⊥. óÂÏ ‚˚¯Â Í‡˜ÂÒÚ-
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‚Ó ‚ÓÎÓÍÌ‡, ÚÂÏ ‚˚¯Â ÁÌ‡˜ÂÌËÂ ÍÓÌÒÚ‡ÌÚ˚ ÚÂÌÁÓ‡ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ
ÔÓÌËˆ‡ÂÏÓÒÚË ‚ Ì‡Ô‡‚ÎÂÌËË ‚ÓÎÓÍÓÌ.
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