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1. Ç‚Â‰ÂÌËÂ

 

å‡ÚÂÏ‡ÚË˜ÂÒÍÓÂ ÏÓ‰ÂÎËÓ‚‡ÌËÂ ‰Îfl „ÂÓ˝ÎÂÍ-
ÚËÍË, Í‡Í Ì‡ ÒÚ‡‰ËË ÔÓÂÍÚËÓ‚‡ÌËfl, Ú‡Í Ë ‚ ÔÓ-
ˆÂÒÒÂ Ó·‡·ÓÚÍË ÔÓÎÂ‚˚ı ‰‡ÌÌ˚ı ‰Ó ÒËı ÔÓ Û˜ËÚ˚-
‚‡ÎÓ ÚÓÎ¸ÍÓ Ó·˚˜ÌÛ˛ ‡ÌËÁÓÚÓÔË˛. èÂ‰ÔÓÎ‡„‡-
ÎÓÒ¸, ̃ ÚÓ „ÓËÁÓÌÚ‡Î¸ÌÓÂ ÒÓÔÓÚË‚ÎÂÌËÂ Ó‰ËÌ‡ÍÓ‚Ó
‚Ó ‚ÒÂı Ì‡Ô‡‚ÎÂÌËflı. åÂÊ‰Û ÚÂÏ, ËÏÂÂÚÒfl ÏÌÓ„Ó
ÛÍ‡Á‡ÌËÈ Ì‡ ÚÓ, ˜ÚÓ ÒÂ‰‡ ÏÓÊÂÚ Ó·Î‡‰‡Ú¸ ‰‡ÊÂ Ë
‰‚ÛıÓÒÌÓÈ ‡ÌËÁÓÚÓÔËÂÈ, Ú.Â. ÔÓ ‚ÒÂÏ ÚÂÏ Ì‡Ô‡‚-
ÎÂÌËflÏ – 

 

X

 

, 

 

Y

 

, 

 

Z

 

 ÒÓÔÓÚË‚ÎÂÌËfl ‡ÁÎË˜Ì˚. ëÓ·-
ÒÚ‚ÂÌÌÓ, ÂÒÎË ÔÓ‰ÛÏ‡Ú¸, ÚÓ Á‡‚ËÒËÏÓÒÚ¸ „ÓËÁÓÌ-
Ú‡Î¸ÌÓ„Ó ÒÓÔÓÚË‚ÎÂÌËfl ÓÚ Ì‡Ô‡‚ÎÂÌËfl fl‚ÎflÂÚÒfl
Í‡Í ‡Á ÂÒÚÂÒÚ‚ÂÌÌÓÈ. Ç ÔÓˆÂÒÒÂ ÓÒ‡‰ÍÓÌ‡ÍÓÔÎÂÌËfl
(Ó·‡ÁÓ‚‡ÌËfl ÙÓÏ‡ˆËÈ) ‚ÒÂ„‰‡ ÔËÒÛÚÒÚ‚Û˛Ú „ÓÒ-
ÔÓ‰ÒÚ‚Û˛˘ËÂ ÔÓ Ì‡Ô‡‚ÎÂÌË˛ Ù‡ÍÚÓ˚ – ‡ÚÏÓ-
ÒÙÂÌ˚Â ‰‚ËÊÂÌËfl, ÚÂ˜ÂÌËfl ‚Ó‰˚. í‡ÍÊÂ ÔÓÒÎÂ‰Û-
˛˘ËÂ ËÁÏÂÌÂÌËfl ÏÓ„ÎË ·˚Ú¸ ÌÂ ËÁÓÚÓÔÌ˚ÏË (ÚÂ-
˘ËÌÓ‚‡ÚÓÒÚ¸, Ì‡ÔËÏÂ). Ç ÏÌÓ„ÓÒÎÓÈÌÓÈ ÒÂ‰Â
Ì‡Ô‡‚ÎÂÌËÂ „ÓËÁÓÌÚ‡Î¸ÌÓÈ ‡ÌËÁÓÚÓÔËË, ‡ÁÛÏÂ-
ÂÚÒfl, ÏÓÊÂÚ ·˚Ú¸ ‡ÁÌ˚Ï ‚ Í‡Ê‰ÓÏ ÒÎÓÂ. í‡ÍÓÈ
‚Á„Îfl‰ ÛÊÂ fl‚ÎflÂÚÒfl ‚ÔÓÎÌÂ Ó·˚˜Ì˚Ï ‚ ̋ ÎÂÍÚÓÏ‡„-
ÌËÚÌÓÏ Í‡ÓÚ‡ÊÂ, „‰Â ÒÂ‰‡, ÂÂ ÒÎÓËÒÚÓÒÚ¸, ‡ÒÒÏ‡Ú-
Ë‚‡ÂÚÒfl ‚ÂÒ¸Ï‡ ÔÓ‰Ó·ÌÓ. 

èË Ì‡ÁÂÏÌ˚ı ˝ÎÂÍÚÓÏ‡„ÌËÚÌ˚ı ÁÓÌ‰ËÓ‚‡ÌË-
flı ÒÂ‰‡ Ô‡‡ÏÂÚËÁÛÂÚÒfl ÏÌÓ„Ó ·ÓÎÂÂ Ï‡Ò¯Ú‡·ÌÓ.
ê‡ÒÒÏ‡ÚË‚‡˛ÚÒfl Ó‰ÌÓÓ‰Ì˚Â ÏÌÓ„ÓÏÂÚÓ‚˚Â ÒÎÓË
(10–1000 Ï), ÍÓÚÓ˚Â fl‚Îfl˛ÚÒfl ÂÁÛÎ¸Ú‡ÚÓÏ ÌÂÍÓ-
ÚÓÓ„Ó ÓÒÂ‰ÌÂÌËfl Ë ‚ ÍÓÚÓ˚ı, ‚ÓÁÏÓÊÌÓ, „ÓËÁÓÌ-

Ú‡Î¸Ì‡fl ‡ÌËÁÓÚÓÔËfl ÌË‚ÂÎËÛÂÚÒfl, ÌÓ, Ú‡ÍÊÂ ‚ÓÁ-
ÏÓÊÌÓ, Ë ÓÒÚ‡ÂÚÒfl ÒÛ˘ÂÒÚ‚ÂÌÌÓÈ. çÂÍÓÚÓ˚Â Ù‡ÍÚ˚
ËÁ Ó·Î‡ÒÚË Ô‡ÍÚË˜ÂÒÍÓÈ ˝ÎÂÍÚÓ‡Á‚Â‰ÍË ÛÍ‡Á˚‚‡-
˛Ú Ì‡ ÒÛ˘ÂÒÚ‚Ó‚‡ÌËÂ Ú‡ÍÓÈ ‡ÌËÁÓÚÓÔËË. ç‡Ë·ÓÎÂÂ
ÔÓÒÚÓÈ Ë ËÁ‚ÂÒÚÌ˚È – Á‡‚ËÒËÏÓÒÚ¸ ÒË„Ì‡Î‡ ÓÚ ÓË-
ÂÌÚ‡ˆËË ÛÒÚ‡ÌÓ‚ÓÍ Ò Á‡ÁÂÏÎÂÌÌ˚ÏË ÎËÌËflÏË (ÂÒÎË,
ÍÓÌÂ˜ÌÓ, ËÒÍÎ˛˜ÂÌ˚ ‰Û„ËÂ Ù‡ÍÚÓ˚). 

í‡ÍËÏ Ó·‡ÁÓÏ, Ï˚ ËÏÂÂÏ ÚÂÔÂ¸ ÒÛ˘ÂÒÚ‚ÂÌÌÓ
·ÓÎÂÂ ÒÎÓÊÌÛ˛ „ÂÓ˝ÎÂÍÚË˜ÂÒÍÛ˛ ÏÓ‰ÂÎ¸ ÒÂ‰˚,
ıÓÚfl Ë ÔÓ-ÔÂÊÌÂÏÛ Ó‰ÌÓÏÂÌÛ˛. ä‡Ê‰˚È ÒÎÓÈ
ÓÔËÒ˚‚‡ÂÚÒfl ÔflÚ¸˛ Ô‡‡ÏÂÚ‡ÏË – ÏÓ˘ÌÓÒÚ¸, ÚË
ÁÌ‡˜ÂÌËfl ÒÓÔÓÚË‚ÎÂÌËfl (ÔÓ ÚÂÏ Ì‡Ô‡‚ÎÂÌËflÏ –

 

X

 

, 

 

Y

 

, 

 

Z

 

) Ë Û„ÓÎ Ì‡Ô‡‚ÎÂÌËfl „ÓËÁÓÌÚ‡Î¸Ì˚ı ÒÓÔÓ-
ÚË‚ÎÂÌËÈ. å‡ÚÂÏ‡ÚË˜ÂÒÍËÈ ‡ÔÔ‡‡Ú ÒÓÓÚ‚ÂÚÒÚ‚ÂÌ-
ÌÓ ÛÒÎÓÊÌflÂÚÒfl, Ë ‚ÓÁÏÓÊÌÓÒÚË ‡Ì‡ÎËÚË˜ÂÒÍÓ„Ó
ÔÓ‰ıÓ‰‡ ÓÍ‡Á˚‚‡˛ÚÒfl ÔÓ˜ÚË ËÒ˜ÂÔ‡ÌÌ˚ÏË.

ê‡ÌÂÂ ÔÓ·ÎÂÏ‡ ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl „‡ÏÓÌË˜ÂÒÍÓ-
„Ó ˝ÎÂÍÚÓÏ‡„ÌËÚÌÓ„Ó ÔÓÎfl Ë ‰‚ÛıÓÒÌÓÈ ‡ÌËÁÓÚÓ-
ÔÓÈ ÒÂ‰˚ ‡ÒÒÏ‡ÚË‚‡Î‡Ò¸, ‡ÁÛÏÂÂÚÒfl. èË‚Â‰ÂÏ,
Ì‡ÔËÏÂ, ‡·ÓÚ˚ [í‡·‡Ó‚ÒÍËÈ, ùÔÓ‚, 1977; 

 

Sheen

 

,
2005]. àÁÛ˜ÂÌËÂ Â¯ÂÌËÈ ‰Îfl ÒÎÓËÒÚÓÈ ‰‚ÛıÓÒÌÓ-
‡ÌËÁÓÚÓÔÌÓÈ Ò ÚÓ˜ÍË ÁÂÌËfl ˜ËÒÎÂÌÌÓÈ Â‡ÎËÁ‡-
ˆËË ÔË‚ÂÎÓ Ì‡Ò Í ÌÂÓ·ıÓ‰ËÏÓÒÚË ÔÓÒÚÓËÚ¸ Ò‚ÓÂ
ÒÓ·ÒÚ‚ÂÌÌÓÂ Â¯ÂÌËÂ.

 

2. é‰ÌÓÓ‰ÌÓÂ ÔÓÒÚ‡ÌÒÚ‚Ó

 

ê‡ÒÒÏÓÚËÏ „‡ÏÓÌË˜ÂÒÍÓÂ ˝ÎÂÍÚÓÏ‡„ÌËÚÌÓÂ
ÔÓÎÂ ‚ Ó‰ÌÓÓ‰ÌÓÈ ‡ÌËÁÓÚÓÔÌÓÈ ÒÂ‰Â Ò ‰‚ÛıÓÒÌÓÈ
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Ç ÔËÍÎ‡‰Ì˚ı ËÒÒÎÂ‰Ó‚‡ÌËflı ‰Îfl ˝ÎÂÍÚÓÏ‡„ÌËÚÌÓ„Ó Í‡ÓÚ‡Ê‡ Ë ˝ÎÂÍÚÓ‡Á‚Â‰ÍË ÒÂ‰‡ ÔÂ‰ÔÓÎ‡„‡ÂÚ-
Òfl, Í‡Í Ô‡‚ËÎÓ, ÎË·Ó ËÁÓÚÓÔÌÓÈ, ÎË·Ó Ò Ó·˚˜ÌÓÈ ‡ÌËÁÓÚÓÔËÂÈ ÔÓ‚Ó‰ËÏÓÒÚË. åÂÊ‰Û ÚÂÏ, ËÏÂÂÚÒfl
ÏÌÓ„Ó ÛÍ‡Á‡ÌËÈ Ì‡ ÚÓ, ˜ÚÓ ÒÂ‰‡ ÏÓÊÂÚ Ó·Î‡‰‡Ú¸ ‰‡ÊÂ Ë ‰‚ÛıÓÒÌÓÈ ‡ÌËÁÓÚÓÔËÂÈ, Ú.Â. ÔÓ ‚ÒÂÏ ÚÂÏ Ì‡-
Ô‡‚ÎÂÌËflÏ – 

 

X

 

, 

 

Y

 

, 

 

Z

 

 ÒÓÔÓÚË‚ÎÂÌËfl ‡ÁÎË˜Ì˚. Ç ‡·ÓÚÂ ‡ÒÒÏ‡ÚË‚‡ÂÚÒfl Ì‡ ÓÒÌÓ‚Â ‡Ì‡ÎËÚË˜ÂÒÍÓ„Ó Â-
¯ÂÌËfl ÏÂÚÓ‰ÓÏ ‡Á‰ÂÎÂÌËfl ÔÂÂÏÂÌÌ˚ı ‡Î„ÓËÚÏ ‰Îfl ‡Ò˜ÂÚ‡ ˝ÎÂÍÚÓÏ‡„ÌËÚÌÓ„Ó ÔÓÎfl ‚ ÒÎÓËÒÚÓÈ ÒÂ-
‰Â Ò ‰‚ÛıÓÒÌÓÈ ‡ÌËÁÓÚÓÔËÂÈ ÔÓ‚Ó‰ËÏÓÒÚË Ò ÔÓËÁ‚ÓÎ¸Ì˚Ï Ì‡Ô‡‚ÎÂÌËÂÏ „ÓËÁÓÌÚ‡Î¸Ì˚ı ÔÓ‚Ó‰ËÏÓ-
ÒÚÂÈ ‚ Í‡Ê‰ÓÏ ÒÎÓÂ. íÂÓÂÚË˜ÂÒÍÓÂ Â¯ÂÌËÂ Ë ‡Î„ÓËÚÏ ‚ ˝ÚÓÏ ÒÎÛ˜‡Â Ó·Î‡‰‡˛Ú ÒÛ˘ÂÒÚ‚ÂÌÌÓÈ
ÒÔÂˆËÙËÍÓÈ, Ë ˜ËÒÎÂÌÌ‡fl Â‡ÎËÁ‡ˆËfl Ò‚flÁ‡Ì‡ Ò fl‰ÓÏ ÔÓ·ÎÂÏ. ùÚË ÔÓ·ÎÂÏ˚ ‡ÒÒÏÓÚÂÌ˚ Ë Â¯ÂÌ˚ ‚
ÁÌ‡˜ËÚÂÎ¸ÌÓÈ ÏÂÂ ·Î‡„Ó‰‡fl ÔÓÒÚÓflÌÌÓÏÛ ÒÓÔÓÒÚ‡‚ÎÂÌË˛ Ò ‡Ò˜ÂÚ‡ÏË ÏÂÚÓ‰ÓÏ ÍÓÌÂ˜Ì˚ı ̋ ÎÂÏÂÌÚÓ‚ Ë
Ëı ‡Ì‡ÎËÁÛ. ëÓÁ‰‡Ì˚ ÔÓ„‡ÏÏ˚ ‡Ò˜ÂÚ‡ ̋ ÎÂÍÚÓÏ‡„ÌËÚÌ˚ı ÔÓÎÂÈ ‚ ̃ ‡ÒÚÓÚÌÓÈ Ë ‚ÂÏÂÌÌ

 

ó

 

È Ó·Î‡ÒÚflı, Ë
ÔÓÎÛ˜ÂÌ˚ ËÌÚÂÂÒÌ˚Â ÂÁÛÎ¸Ú‡Ú˚ Ò „ÂÓ˝ÎÂÍÚË˜ÂÒÍÓÈ ÚÓ˜ÍË ÁÂÌËfl. ç‡ÔËÏÂ, ÔÓfl‚ÎÂÌËÂ ‚ÂÚËÍ‡Î¸-
ÌÓÈ ˝ÎÂÍÚË˜ÂÒÍÓÈ ÍÓÏÔÓÌÂÌÚ˚ ÔÓÎfl ÔË ‚ÓÁ·ÛÊ‰ÂÌËË „ÓËÁÓÌÚ‡Î¸ÌÓ-ÒÎÓËÒÚÓ„Ó ‡ÁÂÁ‡ ‚ÂÚËÍ‡Î¸-
Ì˚Ï Ï‡„ÌËÚÌ˚Ï ‰ËÔÓÎÂÏ. 
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åÓ„ËÎ‡ÚÓ‚, ÅÂÒÔ‡ÎÓ‚

 

‡ÌËÁÓÚÓÔËÂÈ. ÉÓËÁÓÌÚ‡Î¸Ì˚Â Ì‡Ô‡‚ÎÂÌËfl ‡ÌËÁÓ-
ÚÓÔËË ÌÂ ÒÓ‚Ô‡‰‡˛Ú Ò Ì‡Ô‡‚ÎÂÌËflÏË ÓÒÂÈ ÒËÒÚÂ-
Ï˚ ÍÓÓ‰ËÌ‡Ú Ë ‡ÒıÓ‰flÚÒfl Ì‡ Û„ÓÎ 

 

α

 

 (ËÒ. 1). 

 

T

 

.

 

e

 

.

(1)

„‰Â

 

σ

 

xx

 

 = 

 

σ

 

1

 

cos

 

2

 

α

 

 + 

 

σ

 

2

 

sin

 

2

 

α

 

,

 

σ

 

yy

 

 = 

 

σ

 

1

 

sin

 

2

 

α

 

 + 

 

σ

 

2

 

cos

 

2

 

α

 

,

 

σ

 

xy

 

 = (

 

σ

 

1

 

 – 

 

σ

 

2

 

)cos

 

α

 

sin

 

α

 

,

 

σ

 

yx

 

 = 

 

σ

 

xy

 

,

 

σ

 

zz

 

 = 

 

σ

 

z

 

.

ê‡ÒÒÏÓÚËÏ Ó‰ÌÓÓ‰ÌÛ˛ ÒËÒÚÂÏÛ Û‡‚ÌÂÌËÈ
å‡ÍÒ‚ÂÎÎ‡ (‚ Í‚‡ÁËÒÚ‡ˆËÓÌ‡ÌÓÏ ÔË·ÎËÊÂÌËË):

(2)

‚Ò˛‰Û, ÍÓÏÂ ÚÓ˜ÂÍ ÒÓ ÒÚÓÓÌÌËÏ ÚÓÍÓÏ.

éÚ‰ÂÎËÏ Î‡ÚÂ‡Î¸Ì˚Â ÍÓÓ‰ËÌ‡Ú˚, ÔËÏÂÌË‚ Í
Á‡‰‡˜Â ‰‚ÓÈÌÓÂ ÔÂÓ·‡ÁÓ‚‡ÌËÂ îÛ¸Â:

(3)

σ̂
σxx σxy 0

σyx σyy 0

0 0 σzz⎝ ⎠
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎛ ⎞

,=

rotH σ̂E,=

rotE iωµH,=

divH 0,=

div σ̂E( ) 0,=⎩
⎪
⎪
⎨
⎪
⎪
⎧

F x y z, ,( ) 1

2π( )2
------------- f ξ η z, ,( )eiηxeiηy ξd η.d

∞–

∞

∫
∞–

∞

∫=

 

Ç ÔÓÒÚ‡ÌÒÚ‚Â „‡ÏÓÌËÍ ËÏÂÂÏ Ó‰ÌÓÏÂÌÛ˛
Á‡‰‡˜Û:

(4)

êÂ¯‡ÂÏ ÒÌ‡˜‡Î‡ ÒËÒÚÂÏÛ (4) ‚ Ó‰ÌÓÓ‰ÌÓÈ Ó·Î‡-
ÒÚË, ÌÂ ÒÓ‰ÂÊ‡˘ÂÈ ËÒÚÓ˜ÌËÍË (Ó‰ÌÓÓ‰Ì‡fl Á‡‰‡-
˜‡). Ç˚·ÂÂÏ ËÁ ÒËÒÚÂÏ˚ Û‡‚ÌÂÌËÈ (4) ˜ÂÚ˚Â
Û‡‚ÌÂÌËfl

(5)

ÍÓÚÓ˚Â ‰‡˛Ú ‚˚‡ÊÂÌËfl „ÓËÁÓÌÚ‡Î¸Ì˚ı ÍÓÏÔÓ-
ÌÂÌÚ ˜ÂÂÁ ‚ÂÚËÍ‡Î¸Ì˚Â. àÎË, 

(6)
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f
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z

 

, Ë ÔË¯ÂÏ 

 

ξ

 

 Ë 

 

η

 

 ‚ÏÂÒÚÓ 

 

i

 

ξ

 

 Ë 

 

i

 

η

 

.

èÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ËÂ ‚˚‡ÊÂÌËfl ‰Îfl „ÓËÁÓÌ-
Ú‡Î¸Ì˚ı ÍÓÏÔÓÌÂÌÚ

(7)
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.

iηhz hy( )z
'– σxxex σxyey,+=
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' ,–=
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⎪
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⎧
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⎪
⎨
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êËÒ. 1. ëËÒÚÂÏ‡ ÍÓÓ‰ËÌ‡Ú Ë ÏÓ‰ÂÎ¸ ‡ÌËÁÓÚÓÔËË.
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í‡ÍËÏ Ó·‡ÁÓÏ, ÒÎÂ‰ÛÂÚ Ì‡ÈÚË ÒÌ‡˜‡Î‡ b Ë j, ‰Îfl
˜Â„Ó ‚ÓÁ¸ÏÂÏ ËÁ (4) ‰‚‡ ÌÂËÒÔÓÎ¸ÁÓ‚‡ÌÌ˚ı Â˘Â Û‡‚-
ÌÂÌËfl. ç‡ÔËÏÂ (‚ Ì‡¯Ëı Ó·ÓÁÌ‡˜ÂÌËflı), 

(8)

èÓ‰ÒÚ‡‚Îflfl Ò˛‰‡ ‚˚‡ÊÂÌËfl ‰Îfl „ÓËÁÓÌÚ‡Î¸-
Ì˚ı ÍÓÏÔÓÌÂÌÚ (7) Ë Û˜ËÚ˚‚‡fl, ˜ÚÓ ˜‡ÒÚÌÓÂ Â¯Â-
ÌËÂ ‰Îfl Î˛·ÓÈ ÍÓÏÔÓÌÂÌÚ˚ ÂÒÚ¸ Cexp(pz), ÔÓÎÛ˜ËÏ
Ó‰ÌÓÓ‰ÌÛ˛ ÒËÒÚÂÏÛ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl b Ë j:

(9)

éÔÂ‰ÂÎËÚÂÎ¸ ˝ÚÓÈ ÒËÒÚÂÏ˚ ‰ÓÎÊÂÌ ·˚Ú¸ ‡‚ÂÌ 0 Ë
˝ÚÓ ‰‡ÂÚ Û‡‚ÌÂÌËÂ ‰Îfl p:

(10)

èÓÎÛ˜‡ÂÏ Ú‡ÍÊÂ ÒÓÓÚÌÓ¯ÂÌËÂ ‰Îfl b Ë j: 

(11)

ì‡‚ÌÂÌËÂ (10) ÂÒÚ¸ Í‚‡‰‡ÚÌÓÂ Û‡‚ÌÂÌËÂ ‰Îfl p2

Ë Ï˚ ËÏÂÂÏ 4 Â¯ÂÌËfl – ±p1, ±p2, ̃ ÚÓ ‰‡ÂÚ Ì‡Ï Ú‡ÍÓÂ
Ó·˘ÂÂ Â¯ÂÌËÂ ‰Îfl Í‡Ê‰ÓÈ ÍÓÏÔÓÌÂÌÚ˚:

f = C1exp(p1z) + C2exp(–p1z) + C3exp(p2z) + C4exp(–p2z).

3. ìÒÎÓ‚Ëfl Ì‡ „‡ÌËˆÂ

ê‡ÒÒÏÓÚËÏ ÚÂÔÂ¸ „ÓËÁÓÌÚ‡Î¸ÌÛ˛ „‡ÌËˆÛ,
‡Á‰ÂÎfl˛˘Û˛ Ó‰ÌÓÓ‰Ì˚Â Ó·Î‡ÒÚË ÒÂ‰˚ Ò ‡ÁÌ˚Ï
ÚÂÌÁÓÓÏ ÔÓ‚Ó‰ËÏÓÒÚË. ç‡ Ú‡ÍÓÈ „‡ÌËˆÂ (ÌÂ ÒÓ-
‰ÂÊ‡˘ÂÈ ÒÚÓÓÌÌËı ÚÓÍÓ‚) ÌÂÔÂ˚‚Ì˚ „ÓËÁÓÌ-
Ú‡Î¸Ì˚Â ÍÓÏÔÓÌÂÌÚ˚ Ë ˝ÚÓ, Ò Û˜ÂÚÓÏ (4) Ë (7), ‰‡ÂÚ

ηb by'– kxxex kxyey,+=

ex' ξ j
kzz

------– by,=
⎩
⎪
⎨
⎪
⎧

bη λ2 λ2

t2
----- kxxkyy kxykyx–( ) p2+ + +

+ jpξ λ2

t2
-----k1 1–⎝ ⎠

⎛ ⎞ 0,=

bpη λ2

t2
-----k2 1–⎝ ⎠

⎛ ⎞ jξ λ2

t2
----- p2 1+ λ2

kz

-----+⎝ ⎠
⎛ ⎞+ 0.=

p4 b p2 c++ 0,=

b
t2

kz

---- λ2 λ2δ k1k2–

t2
------------------- k1 k2,+ + + +=

c
t2

kz

---- δ
kz

----+⎝ ⎠
⎛ ⎞ λ2 kz+( ) 0,= =

δ kxxkyy kxykyx.–=

j ξηp
kz k2 k1–( )

λ2 p2kz t2 λ2 kz+( )+
-----------------------------------------------b.–=

ÒÎÂ‰Û˛˘ËÂ ÛÒÎÓ‚Ëfl ÒÓÔflÊÂÌËfl ‰Îfl ‚‚Â‰ÂÌÌ˚ı Ì‡-
ÏË ÙÛÌÍˆËÈ b Ë j Ë Ëı ÔÓËÁ‚Ó‰Ì˚ı:

(12)

„‰Â kα Ë t2 ÓÔÂ‰ÂÎÂÌ˚ ‚˚¯Â, ‡ ËÌ‰ÂÍÒ˚ 1, 2 ÓÚÌÓÒflÚ-
Òfl Í ÌËÊÌÂÈ Ë ‚ÂıÌÂÈ ÒÂ‰Â ÔÓ ÓÚÌÓ¯ÂÌË˛ Í „‡ÌË-
ˆÂ (z = zi).

4. ì˜ÂÚ ËÒÚÓ˜ÌËÍ‡

ì˜ÚÂÏ ËÒÚÓ˜ÌËÍ, ÔÓÏÂ˘ÂÌÌ˚È ‚ÓÁÏÓÊÌÓ Ë Ì‡
„‡ÌËˆÂ ‡Á‰ÂÎ‡ ‰‚Ûı ÒÂ‰ ‚ ÚÓ˜ÍÂ z = z0. ç‡¯ ËÒÚÓ˜-
ÌËÍ – Ï‡„ÌËÚÌ˚È ‰ËÔÓÎ¸. ÖÒÎË ‰ËÔÓÎ¸ ‚ÂÚËÍ‡Î¸-
Ì˚È, ÚÓ Â„Ó ÏÓÊÌÓ ÔÂ‰ÒÚ‡‚ËÚ¸ Í‡Í ˜‡ÒÚÌ˚È ÒÎÛ˜‡È
ÔÓËÁ‚ÓÎ¸ÌÓ„Ó ‡ÒÔÂ‰ÂÎÂÌËfl ÔÓ‚ÂıÌÓÒÚÌÓ„Ó ÒÚÓ-
ÓÌÌÂ„Ó ÚÓÍ‡ ‚ ÔÎÓÒÍÓÒÚË z = z0 (‚ Ä/Ï). ìÒÎÓ‚Ëfl ÒÓ-
ÔflÊÂÌËfl ˝ÎÂÍÚÓÏ‡„ÌËÚÌÓ„Ó ÔÓÎfl Ì‡ Ú‡ÍÓÈ „‡ÌË-
ˆÂ ÙËÁË˜ÂÒÍË ÔÓÁ‡˜Ì˚:

(13)

ê‡ÒÒÏ‡ÚË‚‡fl ‚ÂÚËÍ‡Î¸Ì˚È Ï‡„ÌËÚÌ˚È ‰ËÔÓÎ¸
(ÇåÑ), Í‡Í Ï‡ÎÂÌ¸ÍÛ˛ ÚÓÍÓ‚Û˛ ÔÂÚÎ˛ ‚ ÔÓÎflÌÓÈ

ÒËÒÚÂÏÂ ÍÓÓ‰ËÌ‡Ú ËÏÂ˛˘Û˛ ÚÓÎ¸ÍÓ (r), ÔË˜ÂÏ

(r) = Iδ(r – a), ÌÂÚÛ‰ÌÓ ÔÓÎÛ˜ËÚ¸ ‚ ÔÓÒÚ‡ÌÒÚ‚Â
îÛ¸Â Ó·‡ÁÓ‚ ÛÒÎÓ‚ËÂ:

(14)

„‰Â Mz = πa2.

ÉÓËÁÓÌÚ‡Î¸Ì˚È Ï‡„ÌËÚÌ˚È ‰ËÔÓÎ¸ (ÉåÑ) ‡Ò-
ÒÏÓÚËÏ Í‡Í ˜‡ÒÚÌ˚È ÒÎÛ˜‡È ÔÓËÁ‚ÓÎ¸ÌÓ„Ó ‡Ò-
ÔÂ‰ÂÎÂÌËfl ÔÓ‚ÂıÌÓÒÚÌÓ„Ó ÒÚÓÓÌÌÂ„Ó Ï‡„ÌËÚÌÓ„Ó
ÚÓÍ‡ ‚ ÔÎÓÒÍÓÒÚË z = z0 (‚ ÄÏÔÂ‡ı). ìÒÎÓ‚Ëfl ÒÓÔfl-
ÊÂÌËfl ˝ÎÂÍÚÓÏ‡„ÌËÚÌÓ„Ó ÔÓÎfl Ì‡ Ú‡ÍÓÈ „‡ÌËˆÂ
ÂÒÚ¸:

(15)

b[ ]
z zi= 0,=

b '[ ]
z zi= 0,=

j[ ]
z zi= 0,=

j '/t2[ ]
z zi= ξη

k12k21 k11k22–

t1
2t2

2
---------------------------------b,=

Hx[ ]
z z0=

jy
E x y,( ),–=

Hy[ ]
z z0=

jx
E x y,( ),=

Ex[ ]
z z0=

0,=

Ey[ ]
z z0=

0.=

jϕ
cm

jϕ
cm

hz'[ ]
z zl=

Mzλ
2,–=

Ex[ ]
z z0=

iωµ jy
M x y,( ),=

Ey[ ]
z z0=

i– ωµ jx
M x y,( ),=

Hx[ ]
z z0=

0,=

Hy[ ]
z z0=

0.=

7*
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åÓ„ËÎ‡ÚÓ‚, ÅÂÒÔ‡ÎÓ‚

àÎË ‚ ÔÓÒÚ‡ÌÒÚ‚Â „‡ÏÓÌËÍ:

(16)

àÒıÓ‰fl ËÁ ˝ÚËı ÛÒÎÓ‚ËÈ Ë ÔÓÎ¸ÁÛflÒ¸ ‚˚‡ÊÂÌËfl-
ÏË „ÓËÁÓÌÚ‡Î¸Ì˚ı ÍÓÏÔÓÌÂÌÚ ̃ ÂÂÁ ‚ÂÚËÍ‡Î¸Ì˚Â
(7), ÔÓÎÛ˜ËÏ ÛÒÎÓ‚Ëfl ÒÓÔflÊÂÌËfl ‰Îfl ‚‚Â‰ÂÌÌ˚ı Ì‡-
ÏË ÙÛÌÍˆËÈ b Ë j (j = kzez, b = iωµhfl):

1) ‚ÂÚËÍ‡Î¸Ì˚È Ï‡„ÌËÚÌ˚È ‰ËÔÓÎ¸ (Mz)

(17)

2) „ÓËÁÓÌÚ‡Î¸Ì˚È Ï‡„ÌËÚÌ˚È ‰ËÔÓÎ¸ (Mx)

(18)

3) „ÓËÁÓÌÚ‡Î¸Ì˚È Ï‡„ÌËÚÌ˚È ‰ËÔÓÎ¸ (My)

(19)

ç‡ÔÓÏËÌ‡ÂÏ, ˜ÚÓ

kxy = kyx, kzz ≡ kz, j = kzzez, bα = iωµhα, kab = iωµσab, b = bz,
f ' – ÓÁÌ‡˜‡ÂÚ ÔÓËÁ‚Ó‰ÌÛ˛ ÔÓ z, Ë ÔË¯ÂÏ ξ Ë η ‚ÏÂÒÚÓ
iξ Ë iη.

îÓÏÛÎ˚ (17)–(19) ‚˚‡Ê‡˛Ú ÛÒÎÓ‚Ëfl ÒÓÔflÊÂ-
ÌËfl ‚ Ò‡ÏÓÏ Ó·˘ÂÏ ‚Ë‰Â, ÍÓ„‰‡ ËÒÚÓ˜ÌËÍ ÔÓÏÂ˘ÂÌ
Ì‡ Â‡Î¸ÌÛ˛ „‡ÌËˆÛ ‡Á‰ÂÎ‡ ÒÂ‰ Ò ‡ÁÌ˚ÏË Ô‡‡-
ÏÂÚ‡ÏË. ÖÒÎË ËÒÚÓ˜ÌËÍ‡ ÌÂÚ, ÚÓ Ï˚ ËÏÂÂÏ ÛÒÎÓ‚Ëfl
ÔÂÂıÓ‰‡ „‡ÌËˆ˚ ·ÂÁ ËÒÚÓ˜ÌËÍ‡, ÔÓÎÛ˜ÂÌÌ˚Â Ì‡ÏË
‚˚¯Â (12). ë ‰Û„ÓÈ ÒÚÓÓÌ˚, ÂÒÎË ËÒÚÓ˜ÌËÍ Ì‡ıÓ-

ex[ ]
z z0=

iωµMy,=

ey[ ]
z z0=

i– ωµMx.=

b[ ]
z z0= 0,=

b '[ ]
z z0= iωµλ2Mz,=

j[ ]
z z0= 0,=

j '/t2[ ]
z z0= ξη

k12k21 k11k22–

t1
2t2

2
---------------------------------b,=

1

t2
--- ηj ' ξk1b–( )

z z0=

iωµMx,=

b '[ ]
z z0= 0,=

j[ ]
z z0= 0,=

1

t2
--- ξj ' ηk2b+( )

z z0=

0.=

1

t2
--- ηj ' ξk1b–( )

z z0=

0,=

b '[ ]
z z0= 0,=

j[ ]
z z0= 0,=

1

t2
--- ξj ' ηk2b+( )

z z0=

iωµMy.–=

k1 kxx
η
ξ
---kyx, k2+

ξ
η
---kxy kyy+= =

‰ËÚÒfl ‚ Ó‰ÌÓÓ‰ÌÓÈ ÒÂ‰Â, ÚÓ ÛÒÎÓ‚Ëfl ÏÓÊÌÓ ÔÂ‰-
ÒÚ‡‚ËÚ¸ ‚ ÒÎÂ‰Û˛˘ÂÏ ‚Ë‰Â:

(20)

5. êÂÍÛÒËË

ê‡ÒÒÏÓÚËÏ Ó‰ËÌ ËÁ (i = 1, 2, 3, …, N) N ÒÎÓÂ‚
„ÓËÁÓÌÚ‡Î¸ÌÓ-ÒÎÓËÒÚÓÈ „ÂÓ˝ÎÂÍÚË˜ÂÒÍÓÈ ÏÓ‰Â-
ÎË. Ç Í‡Ê‰ÓÏ Ó‰ÌÓÓ‰ÌÓÏ ÒÎÓÂ (ËÌ‰ÂÍÒ i ÓÔÛÒÍ‡-
ÂÏ) Â¯‡ÂÏ Í‚‡‰‡ÚÌÓÂ Û‡‚ÌÂÌËÂ ‰Îfl p2 

p4 + bp2 + c = 0,

δ = kxxkyy – kxykyx.

Ë ËÏÂÂÏ 4 Â¯ÂÌËfl – ±p1, ±p2. ùÚÓ ÁÌ‡˜ËÚ, ˜ÚÓ ‚ Ó‰-
ÌÓÓ‰ÌÓÏ ÒÎÓÂ Ï˚ ‰ÓÎÊÌ˚ ËÒÍ‡Ú¸ Â¯ÂÌËÂ ‚ ‚Ë‰Â 

b = C1exp(p1z) + C2exp(–p1z) + C3exp(p2z) + C4exp(–p2z)

b' = C1p1exp(p1z) – C2p1exp(–p1z) + C3p2exp(p2z)
– C4p2exp(–p2z),

j = C1α1exp(p1z) – C2α1exp(–p1z) + C3α2exp(p2z)
– C4α2exp(–p2z),

j' = C1p1α1exp(p1z) + C2p1α1exp(–p1z)  
+ C3p2α2exp(p2z) + C4p2α2exp(–p2z),

„‰Â Ï˚ ‚ÓÒÔÓÎ¸ÁÓ‚‡ÎËÒ¸ Ò‚flÁ¸˛, ‚ÓÁÌËÍ‡˛˘ÂÈ ‚
‰‚ÛıÓÒÌÓ-‡ÌËÁÓÚÓÔÌÓÈ ÒÂ‰Â:

j = αb,

äÓ˝ÙÙËˆËÂÌÚ˚ C1, C2, C3, C4 ÏÓÊÌÓ ‚˚‡ÁËÚ¸
˜ÂÂÁ ÁÌ‡˜ÂÌËfl Ì‡¯Ëı ÙÛÌÍˆËÈ b, b', j, j' Ì‡ ÌËÊÌÂÈ
„‡ÌËˆÂ ÒÎÓfl ËÎË Ì‡ ‚ÂıÌÂÈ Ë ÔÓÎÛ˜ËÚ¸, Ú‡ÍËÏ Ó·-
‡ÁÓÏ, ‡Î„ÓËÚÏ ÔÂÂÒ˜ÂÚ‡ ÙÛÌÍˆËÈ Ò Ó‰ÌÓ„Ó ÛÓ‚-
Ìfl Ì‡ ‰Û„ÓÈ ÔË ‰‚ËÊÂÌËË ÔÓ Ó·Î‡ÒÚË ‚ÌËÁ ËÎË
‚‚Âı. àÚ‡Í

(21)

b[ ]
z z0= iωµ ξMx ηMy+( ),=

b '[ ]
z z0= iωµλ2Mz,=

j[ ]
z z0= 0,=

j '[ ]
z z0= iωµ ηk2Mx ξk1My–( ).–=

b
t2

kz

---- λ2 λ2δ k1k2–

t2
------------------- k1 k2,+ + + +=

c
t2

kz

---- δ
kz

----+⎝ ⎠
⎛ ⎞ λ2 kz+( ) 0,= =

–

–

+

α ξηp
kz k2 k1–( )

λ2 p2kz t2 λ2 kz+( )+
-----------------------------------------------.–=

b– pc1 rs1– sc2 ts2,–+=

b–' p p1c1 r p1s1– s p2c2 t p2s2,–+=

j– pα1c1 rα1s1– sα2c2 tα2s2,–+=

j–' pα1 p1c1 rα1 p1s1– sα2 p2c2 tα2 p2s2,–+=
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„‰Â s1, 2 = u  c1, 2 =  u = 1, ÂÒÎË
“‚ÌËÁ”, Ú.Â. ‚˚‡Ê‡ÂÏ ÁÌ‡˜ÂÌËfl Ì‡ ÌËÊÌÂÏ ÛÓ‚ÌÂ
˜ÂÂÁ ÁÌ‡˜ÂÌËfl Ì‡ ‚ÂıÌÂÏ, u = –1, ÂÒÎË “‚‚Âı”, h –
¯‡„ ÔÂÂÒ˜ÂÚ‡ ÔÓ ÓÒË z (‚ ˜‡ÒÚÌÓÒÚË, ÏÓ˘ÌÓÒÚ¸
ÒÎÓfl) Ë

íÂÔÂ¸ Ï˚ ÏÓÊÂÏ “‰‚Ë„‡Ú¸Òfl” ÔÓ Ó·Î‡ÒÚË ‚‚Âı
Ë ‚ÌËÁ, ÔÓÎ¸ÁÛflÒ¸ ÔÂÂÒ˜ÂÚÓÏ Ì‡ ̄ ‡„ h (21) Ë ÔÂÂıÓ-
‰fl „‡ÌËˆ˚ Ò ÛÒÎÓ‚ËflÏË (12). Ñ‡ÎÂÂ ‡Î„ÓËÚÏ ÒÓÒÚÓ-
ËÚ ‚ ÚÓÏ, ̃ ÚÓ Ï˚ ÓÔÂ‰ÂÎflÂÏ Â¯ÂÌËÂ ‚ ‚ÂıÌÂÏ ÔÓ-
ÎÛÔÓÒÚ‡ÌÒÚ‚Â Í‡Í b = Aexp(p01z) + Bexp(p02z), ‡ ‚
ÌËÊÌÂÏ – Í‡Í b = Cexp(–pN1z) + Dexp(–pN2z) Ë ‰‚Ë-
ÊÂÏÒfl Í ËÒÚÓ˜ÌËÍÛ ÒÌËÁÛ Ë Ò‚ÂıÛ. äÓ˝ÙÙËˆËÂÌÚ˚
A, B, C, D Ì‡È‰ÂÏ, Û‰Ó‚ÎÂÚ‚Óflfl ÛÒÎÓ‚ËflÏ ‚ ËÒÚÓ˜ÌË-
ÍÂ (17)–(19) ËÎË (20). 

6. ê‡Ò˜ÂÚ˚ ‚ ˜‡ÒÚÓÚÌÓÈ Ó·Î‡ÒÚË 
Ë ÚÂÒÚËÓ‚‡ÌËÂ

èÓ ÔË‚Â‰ÂÌÌÓÏÛ ‚˚¯Â ‡Î„ÓËÚÏÛ ·˚Î‡ Ì‡ÔËÒ‡-
Ì‡ ÔÓ„‡ÏÏ‡ BIAMAG2 (FORTRAN). éÒÌÓ‚Ì˚Â
ÔÓ·ÎÂÏ˚ ÌÓ‚Ó„Ó ‡Î„ÓËÚÏ‡ ÔÓ Ò‡‚ÌÂÌË˛ Ò ‡Î„Ó-
ËÚÏ‡ÏË ‰Îfl Ó·˚˜ÌÓÈ ‡ÌËÁÓÚÓÔËË Ò‚flÁ‡Ì˚ Ò ‰‚ÛÏfl
Ó·ÒÚÓflÚÂÎ¸ÒÚ‚‡ÏË. èÂ‚ÓÂ ÒÓÒÚÓËÚ ‚ ÚÓÏ, ˜ÚÓ ‚ÏÂ-
ÒÚÓ Ó‰ÌÓÏÂÌÓ„Ó ÔÂÓ·‡ÁÓ‚‡ÌËfl ï‡ÌÍÂÎfl Ï˚ ‚˚-
ÌÛÊ‰ÂÌ˚ ÚÂÔÂ¸ ÔËÏÂÌflÚ¸ ‰‚ÓÈÌÓÂ ÔÂÓ·‡ÁÓ‚‡-
ÌËÂ îÛ¸Â. ùÚÓ ÚÂ·ÛÂÚ ÔËÌˆËÔË‡Î¸ÌÓ „Ó‡Á‰Ó
·ÓÎ¸¯Â ‚ÂÏÂÌË ‰Îfl ‡Ò˜ÂÚÓ‚. ÇÚÓ‡fl ÚÛ‰ÌÓÒÚ¸
‚ÓÁÌËÍ‡ÂÚ ËÁ-Á‡ Ò‚flÁË Ï‡„ÌËÚÌÓÈ Ë ˝ÎÂÍÚË˜ÂÒÍÓÈ
ÏÓ‰ (ÚÓ˜ÌÂÂ, ËÁ-Á‡ Ò‚flÁË hz Ë ez). óËÒÎÂÌÌ‡fl Â‡ÎËÁ‡-
ˆËfl ÂÍÛÒË‚Ì˚ı ‡Î„ÓËÚÏÓ‚ ‚ ÏÌÓ„ÓÒÎÓÈÌ˚ı ÒÂ-
‰‡ı ÔË ˝ÚÓÏ ÒÚ‡ÌÓ‚ËÚÒfl ÏÂÌÂÂ ÛÒÚÓÈ˜Ë‚ÓÈ Ë ÚÂ·Û-
ÂÚ ‰ÓÔÓÎÌËÚÂÎ¸Ì˚ı ÏÂ. 

ç‡ ̋ ÚÓÏ ̋ Ú‡ÔÂ ·ÓÎ¸¯ÓÂ ÁÌ‡˜ÂÌËÂ ËÏÂÎÓ ÔÓÒÚÓflÌ-
ÌÓÂ ÒÓÔÓÒÚ‡‚ÎÂÌËÂ ‡Ò˜ÂÚÓ‚ ÔÓ ÌÓ‚ÓÈ ÔÓ„‡ÏÏÂ Ò
‡Ò˜ÂÚ‡ÏË, ‚˚ÔÓÎÌflÂÏ˚ÏË ÏÂÚÓ‰ÓÏ ÍÓÌÂ˜Ì˚ı ˝ÎÂ-
ÏÂÌÚÓ‚ ‚ ÔÓ„‡ÏÏÂ FEMCYL3D. èÓ„‡ÏÏ‡
FEMCYL3D ÙËÏ˚ Baker Hughes ÔÂ‰Ì‡ÁÌ‡˜ÂÌ‡
‰Îfl ÚeıÏÂÌÓ„Ó Ï‡ÚÂÏ‡ÚË˜ÂÒÍÓ„Ó ÏÓ‰ÂÎËÓ‚‡ÌËfl
ÔË·ÓÓ‚ ˝ÎÂÍÚÓÏ‡„ÌËÚÌÓ„Ó Í‡ÓÚ‡Ê‡ [Bespalov,
2007]. éÌ‡ ÓÒÛ˘ÂÒÚ‚ÎflÂÚ ̃ ËÒÎÂÌÌÓÂ Â¯ÂÌËÂ „‡ÏÓ-
ÌË˜ÂÒÍËı ÔÓ ‚ÂÏÂÌË Û‡‚ÌÂÌËÈ å‡ÍÒ‚ÂÎÎ‡. ÑËÒ-
ÍÂÚËÁ‡ˆËfl Á‡‰‡˜Ë ÔÓËÁ‚Ó‰ËÚÒfl ÏÂÚÓ‰ÓÏ ÍÓÌÂ˜-
Ì˚ı ̋ ÎÂÏÂÌÚÓ‚ Ì‡ ̂ ËÎËÌ‰Ë˜ÂÒÍÓÈ ÒÂÚÍÂ, ‡‚ÌÓÏÂ-
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ÌÓÈ ÔÓ ‡ÁËÏÛÚÛ, Ò ËÒÔÓÎ¸ÁÓ‚‡ÌËÂÏ “Â·ÂÌ˚ı”
·‡ÁËÒÌ˚ı ÙÛÌÍˆËÈ çÂ‰ÂÎÂÍ‡, ‡‰‡ÔÚËÓ‚‡ÌÌ˚ı Í ̂ Ë-
ÎËÌ‰Ë˜ÂÒÍÓÈ „ÂÓÏÂÚËË. ÇÓÁÌËÍ‡˛˘‡fl ÔË ˝ÚÓÏ
‡Î„Â·‡Ë˜ÂÒÍ‡fl ÒËÒÚÂÏ‡ Â¯‡ÂÚÒfl ËÚÂ‡ˆËÓÌÌ˚Ï
ÏÂÚÓ‰ÓÏ ÏËÌËÏ‡Î¸Ì˚ı ÌÂ‚flÁÓÍ (Ó·Ó·˘ÂÌÌ˚Ï), Ò
ËÒÔÓÎ¸ÁÓ‚‡ÌËÂÏ ÔÂÂÓ·ÛÒÎ‡‚ÎË‚‡ÚÂÎfl ‰Îfl ÛÒÍÓÂ-
ÌËfl ÒıÓ‰ËÏÓÒÚË. Ç Í‡˜ÂÒÚ‚Â ÔÂÂÓ·ÛÒÎ‡‚ÎË‚‡ÚÂÎfl
ËÒÔÓÎ¸ÁÛÂÚÒfl ÒÂÚÓ˜Ì˚È ÓÔÂ‡ÚÓ, Ï‡ÍÒËÏ‡Î¸ÌÓ
·ÎËÁÍËÈ Í ÓÔÂ‡ÚÓÛ Á‡‰‡˜Ë, Ó‰Ì‡ÍÓ ÌÂ ËÏÂ˛˘ËÈ
‡ÁËÏÛÚ‡Î¸ÌÓÈ Á‡‚ËÒËÏÓÒÚË ˝ÎÂÏÂÌÚÓ‚. Ñ‡ÌÌÓÂ Ó·-
ÒÚÓflÚÂÎ¸ÒÚ‚Ó ÔÓÁ‚ÓÎflÂÚ ÔËÏÂÌËÚ¸ ‰Îfl Ó·‡˘ÂÌËfl
ÔÂÂÓ·ÛÒÎ‡‚ÎË‚‡ÚÂÎfl ·˚ÒÚÓÂ ‰ËÒÍÂÚÌÓÂ îÛ¸Â-
ÔÂÓ·‡ÁÓ‚‡ÌËÂ ÔÓ ‡ÁËÏÛÚÛ, ÔÂ‚‡˘‡˛˘ÂÂ ÚÂı-
ÏÂÌÛ˛ ÒÂÚÓ˜ÌÛ˛ Á‡‰‡˜Û ‚ Ì‡·Ó ÌÂÁ‡‚ËÒËÏ˚ı ‰Û„
ÓÚ ‰Û„‡ ‰‚ÛÏÂÌ˚ı Á‡‰‡˜. ùÚË ‰‚ÛÏÂÌ˚Â Á‡‰‡˜Ë
Â¯‡˛ÚÒfl ÔflÏ˚Ï ÏÂÚÓ‰ÓÏ É‡ÛÒÒ‡, Ò ËÒÔÓÎ¸ÁÓ‚‡ÌË-
ÂÏ ÓÔÚËÏ‡Î¸ÌÓ„Ó ÔÓfl‰Í‡ ËÒÍÎ˛˜ÂÌËfl ÔÓ ÏÂÚÓ‰Û
‚ÎÓÊÂÌÌ˚ı ‡Á·ËÂÌËÈ

èÓ„‡ÏÏ‡ FEMCYL3D ÌÂ Ó„‡ÌË˜Ë‚‡ÂÚ Í‡ÍËÏ-
ÎË·Ó Ó·‡ÁÓÏ ı‡‡ÍÚÂ Ë ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓÂ ‡ÒÔÂ-
‰ÂÎÂÌËÂ ˝ÎÂÍÚÓÏ‡„ÌËÚÌ˚ı ÍÓ˝ÙÙËˆËÂÌÚÓ‚ ÒÂ‰˚:
‚ Í‡Ê‰ÓÈ ÚÓ˜ÍÂ ÔÓ‚Ó‰ËÏÓÒÚ¸, ‡ Ú‡ÍÊÂ ‰Ë˝ÎÂÍÚË-
˜ÂÒÍ‡fl Ë ‰Ë‡Ï‡„ÌËÚÌ‡fl ÔÓÌËˆ‡ÂÏÓÒÚË ÏÓ„ÛÚ ·˚Ú¸
ÔÓËÁ‚ÓÎ¸Ì˚ÏË ÔÓÎÌ˚ÏË ÚÂÌÁÓ‡ÏË.

í‡ÍËÏ Ó·‡ÁÓÏ, ÓÚÎ‡‰Í‡ Ë ÚÂÒÚËÓ‚‡ÌËÂ ÔÓ-
„‡ÏÏ˚ BIAMAG2 ÔÓËÁ‚Ó‰ËÎËÒ¸ Ì‡ ÓÒÌÓ‚Â Ò‡‚-
ÌÂÌËÈ ‡Ò˜ÂÚÓ‚ Ò ‡Ò˜ÂÚ‡ÏË ÔÓ ÏÂÚÓ‰Û ÍÓÌÂ˜Ì˚ı
˝ÎÂÏÂÌÚÓ‚ (the finite element discretization – FED),
ÔÓËÁ‚Â‰ÂÌÌ˚ÏË ‰Îfl ÚÂıÒÎÓÈÌÓÈ ÒÂ‰˚ Ò ‡ÁÌ˚-
ÏË Ì‡Ô‡‚ÎÂÌËflÏË ‡ÌËÁÓÚÓÔËË ‚ Í‡Ê‰ÓÏ ÒÎÓÂ
(Ú‡·Î. 1). 

ç‡ ËÒ. 2 Ë ËÒ. 3 ÔË‚Ó‰ËÚÒfl ˝ÚÓ Ò‡‚ÌÂÌËÂ ‰Îfl
‰‚Ûı ˜‡ÒÚÓÚ ‰Îfl ÏÌËÏ˚ı ˜‡ÒÚÂÈ Ï‡„ÌËÚÌ˚ı ÍÓÏÔÓ-
ÌÂÌÚ Hx ÓÚ „ÓËÁÓÌÚ‡Î¸ÌÓ„Ó (Mx) Ë Hz ÓÚ ‚ÂÚËÍ‡Î¸-
ÌÓ„Ó (Mz) Ï‡„ÌËÚÌ˚ı ‰ËÔÓÎÂÈ (ÉåÑ Ë ÇåÑ). ç‡ „Ó-
ËÁÓÌÚ‡Î¸ÌÓÈ ÓÒË ÓÚÎÓÊÂÌ˚ ÔÓÎÓÊÂÌËfl ËÒÚÓ˜ÌËÍ‡,
ÍÓÚÓ˚È ‡ÒÔÓÎ‡„‡ÂÚÒfl Ì‡ 1Ï ÌËÊÂ ÚÓ˜ÍË Ì‡·Î˛‰Â-
ÌËfl ÔÓ ‚ÂÚËÍ‡ÎË. èÂ‚‡fl „‡ÌËˆ‡ ÒÂ‰˚ ‡ÒÔÓÎÓ-
ÊÂÌ‡ Ì‡ ÛÓ‚ÌÂ 0. 

êÂÁÛÎ¸Ú‡Ú˚ ÚÂÒÚËÓ‚‡ÌËfl ÔÓÍ‡Á˚‚‡˛Ú, ˜ÚÓ ‡Á-
‡·ÓÚ‡ÌÌ˚È ‡Î„ÓËÚÏ ‚ÔÓÎÌÂ Û‰Ó‚ÎÂÚ‚ÓËÚÂÎ¸ÌÓ (‚
ÔËÍÎ‡‰ÌÓÏ ÒÏ˚ÒÎÂ), ‰‡ÊÂ ÂÒÎË ÓÚÌÂÒÚË ‚ÒÂ ‡ÒıÓÊ-
‰ÂÌËfl Ì‡ Ò˜ÂÚ ÔÓ„‡ÏÏ˚ BIAMAG2, Ó·ÂÒÔÂ˜Ë‚‡ÂÚ
‡Ò˜ÂÚ ‚ÒÂı ÍÓÏÔÓÌÂÌÚ „‡ÏÓÌË˜ÂÒÍÓ„Ó ˝ÎÂÍÚÓ-
Ï‡„ÌËÚÌÓ„Ó ÔÓÎfl Ì‡ÍÎÓÌÌÓ„Ó Ï‡„ÌËÚÌÓ„Ó ‰ËÔÓÎfl ‚
‰‚ÛıÓÒÌÓ-‡ÌËÁÓÚÓÔÌÓÈ ÒÂ‰Â. èË˜ÂÏ, ‡Ò˜ÂÚ˚
(BIAMAG2 Ë FED) Ò‰ÂÎ‡Ì˚ ËÏÂÌÌÓ ‚ ÍÎ‡ÒÒÂ “‰‚Ûı-
ÓÒÌ˚ı” ÏÓ‰ÂÎÂÈ Ë ‡ÒıÓÊ‰ÂÌËÂ ÏÂÊ‰Û ÌËÏË ÏÌÓ„Ó
ÏÂÌ¸¯Â ‚ÎËflÌËfl Ò‡ÏÓ„Ó Ù‡ÍÚ‡ „ÓËÁÓÌÚ‡Î¸ÌÓÈ ‡ÌË-
ÁÓÚÓÔËË.

í‡·ÎËˆ‡ 1

çÓÏÂ ÒÎÓfl ρx, éÏ Ï ρy, éÏ Ï ρz, éÏ Ï ì„ÓÎ, „‡‰. åÓ˘ÌÓÒÚ¸, Ï

0 1 2 4 30 ÇÂıÌÂÂ ÔÓÎÛÔÓÒÚ‡ÌÒÚ‚Ó 

1 2 3 20 0 3

2 0.1 0.2 0.3 –30 çËÊÌÂÂ ÔÓÎÛÔÓÒÚ‡ÌÒÚ‚Ó
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åÓ„ËÎ‡ÚÓ‚, ÅÂÒÔ‡ÎÓ‚

ÑÛ„ÓÂ ÚÂÒÚÓ‚ÓÂ Ò‡‚ÌÂÌËÂ, ËÌÚÂÂÒÌÓÂ Ò ÚÓ˜ÍË
ÁÂÌËfl ÔËÏÂÌËÏÓÒÚË ‡Á‚ËÚÓ„Ó ‡Î„ÓËÚÏ‡ ‚ ÛÒÎÓ-
‚Ëflı Ì‡ÁÂÏÌÓÈ „ÂÓ˝ÎÂÍÚËÍË, ·˚ÎÓ ÔÓ‚Â‰ÂÌÓ ‰Îfl
ÏÓ‰ÂÎË, ÔÓÍ‡Á‡ÌÌÓÈ Ì‡ ËÒ. 4. 

Ç ˝ÚÓÏ ÒÎÛ˜‡Â ÛÒÚ‡ÌÓ‚Í‡ ·˚Î‡ ÌÂÔÓ‰‚ËÊÌÓÈ, ‡
‡Ò˜ÂÚ˚ ·˚ÎË ÔÓ‚Â‰ÂÌ˚ ‰Îfl ÒÂËË ˜‡ÒÚÓÚ. àÒÚÓ˜-
ÌËÍ (ÇåÑ) ‡ÒÔÓÎ‡„‡ÎÒfl Ì‡ „‡ÌËˆÂ ÏÂÊ‰Û Ô‡ÍÚË-
˜ÂÒÍË ËÁÓÎËÛ˛˘ËÏ ÔÓÎÛÔÓÒÚ‡ÌÒÚ‚ÓÏ Ë ÔÓ‚Ó‰fl-
˘ËÏ ‰‚ÛıÓÒÌÓ ‡ÌËÁÓÚÓÔÌ˚Ï ÒÎÓÂÏ, ÔÓ‰ÒÚËÎ‡ÂÏ˚Ï
ÔÓ‚Ó‰fl˘ËÏ ËÁÓÚÓÔÌ˚Ï ÔÓÎÛÔÓÒÚ‡ÌÒÚ‚ÓÏ. èÓ-
ÎÂ (Hz) Ì‡·Î˛‰‡ÎÓÒ¸ Ì‡ ‚ÚÓÓÈ „‡ÌËˆÂ. ä‡Í Ë ‚
ÔÂ‰˚‰Û˘ÂÏ ÔËÏÂÂ, ‡Ò˜ÂÚ˚ Ò‡‚ÌË‚‡ÎËÒ¸ Ò ‡Ò-
˜ÂÚ‡ÏË ÔÓ ÏÂÚÓ‰Û ÍÓÌÂ˜Ì˚ı ˝ÎÂÏÂÌÚÓ‚. 

7. ê‡Ò˜ÂÚ˚ ‚Ó ‚ÂÏÂÌÌÓÈ Ó·Î‡ÒÚË

èÓ„‡ÏÏ‡ BIAMAG2 ·˚Î‡ Ì‡ÔËÒ‡Ì‡ ÔÂÊ‰Â
‚ÒÂ„Ó ‰Îfl ˆÂÎÂÈ ËÌ‰ÛÍˆËÓÌÌÓ„Ó Í‡ÓÚ‡Ê‡. ç‡ ÂÂ ÓÒ-
ÌÓ‚Â ÌÂÒÎÓÊÌÓ ÒÓÁ‰‡Ú¸ ÔÓˆÂ‰ÛÛ ‡Ò˜ÂÚ‡ ÔÓÎfl
ÛÒÚ‡ÌÓ‚ÎÂÌËfl. ÇÓ ‚ÂÏÂÌÌóÈ Ó·Î‡ÒÚË Ï˚ ÌÂ ËÏÂÎË
‚ÓÁÏÓÊÌÓÒÚË ÔÓ‚ÂÒÚË ÌÂÚË‚Ë‡Î¸ÌÓÂ (Ú.Â., ËÏÂÌÌÓ
‰Îfl ‰‚ÛıÓÒÌÓ ‡ÌËÁÓÚÓÔÌÓÈ ÏÓ‰ÂÎË) ÚÂÒÚËÓ‚‡ÌËÂ.
é‰Ì‡ÍÓ, ËÒÔÓÎ¸ÁÛfl ıÓÓ¯Ó ÔÓ‚ÂÂÌÌÛ˛ ÔÓˆÂ‰ÛÛ
‚ ˜‡ÒÚÓÚÌÓÈ Ó·Î‡ÒÚË Ë ÔËÏÂÌflfl ÒÓ‚Â¯ÂÌÌÓ ÒÚ‡Ì-
‰‡ÚÌ˚Â ÔÓˆÂ‰Û˚ ˜ËÒÎÂÌÌÓÈ Ú‡ÌÒÙÓÏ‡ˆËË îÛ-
¸Â, ‰‡‚ÌÓ ËÒÔÓÎ¸ÁÛÂÏ˚Â Ì‡ÏË ‚ ËÁ‚ÂÒÚÌ˚ı ÒËÒÚÂ-
Ï‡ı Ó·‡·ÓÚÍË ˝ÎÂÍÚÓ‡Á‚Â‰Ó˜Ì˚ı ‰‡ÌÌ˚ı (“èÓ‰-
·Ó”, “Ç˚·Ó-áë”), Ï˚ ‚ÔÓÎÌÂ Û‚ÂÂÌ˚ ‚ ÂÁÛÎ¸-
Ú‡Ú‡ı. àÏÂÌÌÓ ‚ ÔÂÂıÓ‰ÌÓÏ ÂÊËÏÂ Ï˚ Ì‡ÏÂÂÌ˚
ÔÓ‰ÂÏÓÌÒÚËÓ‚‡Ú¸ ÌÓ‚˚È ÙÂÌÓÏÂÌ, ‚ÓÁÌËÍ‡˛-
˘ËÈ ‚ ‰‚ÛıÓÒÌÓ ‡ÌËÁÓÚÓÔÌÓÈ ÒÂ‰Â. 

Ç Ú‡·Î. 2 ÔÂ‰ÒÚ‡‚ÎÂÌ ÚÂıÒÎÓÈÌ˚È ‡ÁÂÁ, ‚ÚÓ-
ÓÈ ÒÎÓÈ ÍÓÚÓÓ„Ó Ó·Î‡‰‡ÂÚ ‰‚ÛıÓÒÌÓÈ ‡ÌËÁÓÚÓÔË-
ÂÈ. àÒÚÓ˜ÌËÍÓÏ ÒÎÛÊËÚ ‚ÂÚËÍ‡Î¸Ì˚È Ï‡„ÌËÚÌ˚È
‰ËÔÓÎ¸ (Mz = 1013 Ä Ï Ï), ÔÓÏÂ˘ÂÌÌ˚È Ì‡ ‰ÌÂ‚ÌÓÈ
ÔÓ‚ÂıÌÓÒÚË. ç‡·Î˛‰ÂÌËÂ ‚Â‰ÂÏ Ì‡ „ÎÛ·ËÌÂ 200 Ï,
Ú.Â Ì‡ ‚ÚÓÓÈ „‡ÌËˆÂ ‚ ÚÓ˜ÍÂ Ò ÍÓÓ‰ËÌ‡Ú‡ÏË
x = 200 Ï, y = 200 Ï (ÔÓÒÍÓÎ¸ÍÛ ‚ÂÚËÍ‡Î¸Ì˚Â ÒÓÔÓ-
ÚË‚ÎÂÌËfl Ó‰ËÌ‡ÍÓ‚˚, ÌÂ‚‡ÊÌÓ – ÒÌËÁÛ ËÎË Ò‚ÂıÛ
„‡ÌËˆ˚). ÑË‡Ô‡ÁÓÌ Â„ËÒÚ‡ˆËË ÓÚÍÎËÍ‡ ÓÚ 1ÏÒ ‰Ó
5 ÒÂÍÛÌ‰. ç‡ ËÒ. 5 ÔÂ‰ÒÚ‡‚ÎÂÌ˚ ÍË‚˚Â ÒÚ‡ÌÓ‚ÎÂ-
ÌËfl ‰Îfl ‚ÒÂı ÚÂı ÍÓÏÔÓÌÂÌÚ ̋ ÎÂÍÚË˜ÂÒÍÓ„Ó ÔÓÎfl –
Ex, Ey, Ez. ä‡Í ‚Ë‰ËÏ, ‚ÂÚËÍ‡Î¸Ì‡fl ÍÓÏÔÓÌÂÌÚ‡, ÍÓ-
ÚÓ‡fl ‚ Ó·˚˜ÌÓÈ ËÁÓÚÓÔÌÓÈ ËÎË ‡ÌËÁÓÚÓÔÌÓÈ Ò
Ó‰ÌÓÈ ÓÒ¸˛ ÒÂ‰Â ÓÚÒÛÚÒÚ‚ÛÂÚ, Á‰ÂÒ¸ ‚ÔÓÎÌÂ Ò‡‚ÌË-
Ï‡ Ò „ÓËÁÓÌÚ‡Î¸Ì˚ÏË. 

ÉÂÓÙËÁËÍË, ‰‡ÊÂ Ë ÌÂ ˝ÎÂÍÚÓ‡Á‚Â‰˜ËÍË, ıÓÓ-
¯Ó ÁÌ‡˛Ú ÌÂÍÓÚÓ˚Â Ù‡ÍÚ˚ ˝ÎÂÍÚÓ‡Á‚Â‰ÍË áë
Ú‡ÍËÂ, Í‡Í ‚ÓÁ·ÛÊ‰ÂÌËÂ ÚÓÎ¸ÍÓ „ÓËÁÓÌÚ‡Î¸ÌÓÈ ÒË-
ÒÚÂÏ˚ ‚ÚÓË˜Ì˚ı ÚÓÍÓ‚ ‚ ÁÂÏÎÂ, ÂÒÎË ËÒÚÓ˜ÌËÍ –
ÚÓÍÓ‚‡fl ÔÂÚÎfl, ‡ÒÔÓÎ‡„‡ÂÏ‡fl Ì‡ „ÓËÁÓÌÚ‡Î¸ÌÓÈ
ÔÓ‚ÂıÌÓÒÚË (‰ÌÂ‚ÌÓÈ, Ì‡ÔËÏÂ). çÓ ‰Îfl ‰‚ÛıÓÒÌÓ
‡ÌËÁÓÚÓÔÌÓÈ ÒÂ‰˚ ̋ ÚÓ, Í‡Í ‚Ë‰ËÏ, ÌÂÒÔ‡‚Â‰ÎË‚Ó.
íÂÓÂÚË˜ÂÒÍË ˝ÚÓÚ ÂÁÛÎ¸Ú‡Ú, ÍÓÌÂ˜ÌÓ, ÌÂÚÛ‰ÌÓ
ÔÓÎÛ˜ËÚ¸, ÌÓ Ì‡¯Ë ‡Ò˜ÂÚ˚ ‰‡˛Ú ÍÓÎË˜ÂÒÚ‚ÂÌÌÛ˛
ÓˆÂÌÍÛ, ÍÓÚÓ‡fl ÔÓÍ‡Á˚‚‡ÂÚ, ˜ÚÓ ˝ÙÙÂÍÚ ÏÓÊÂÚ
·˚Ú¸ ‚ÂÒ¸Ï‡ ÒÛ˘ÂÒÚ‚ÂÌÌ˚Ï. 
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êËÒ. 2. ë‡‚ÌÂÌËÂ ‡Ò˜ÂÚÓ‚ ÔÓ ÔÓ„‡ÏÏÂ BIAMAG2 Ë
ÏÂÚÓ‰ÓÏ FED. 

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

Im Hx

–10 –5 0 5 10 15
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0

êËÒ. 3. ë‡‚ÌÂÌËÂ ‡Ò˜ÂÚÓ‚ ÔÓ ÔÓ„‡ÏÏÂ BIAMAG2 Ë
ÏÂÚÓ‰ÓÏ FED.

Rx = Ry = Rz = 1000000 éÏ Ï

åz

Hz

1 Ï

Rx = Ry = Rz = 10 éÏ Ï

Rx = 1, Ry = 5, Rz = 0.5 éÏ Ï

êËÒ. 4. åÓ‰ÂÎ¸ ÒÂ‰˚, ÔÓÎÓÊÂÌËÂ ËÒÚÓ˜ÌËÍ‡ Ë ÚÓ˜ÍË
Ì‡·Î˛‰ÂÌËfl ‚ ÚÂÒÚÓ‚ÓÏ ‡Ò˜ÂÚÂ.
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8. á‡ÍÎ˛˜ÂÌËÂ

éÔËÒ‡ÌÌÓÂ ‚ ‡·ÓÚÂ Ï‡ÚÂÏ‡ÚË˜ÂÒÍÓÂ Ó·ÂÒÔÂ˜Â-
ÌËÂ ‰Îfl „ÂÓ˝ÎÂÍÚËÍË ‚ ÒÂ‰‡ı Ò ‰‚ÛıÓÒÌÓÈ ÔÓ‚Ó‰Ë-
ÏÓÒÚ¸˛ ‚ ÙÓÏ‡ÚÂ ÁÓÌ‰ËÓ‚‡ÌËÈ ÒÚ‡ÌÓ‚ÎÂÌËÂÏ, ÓÒ-
ÌÓ‚‡ÌÌÓÂ Ì‡ ‡Ì‡ÎËÚË˜ÂÒÍÓÏ Â¯ÂÌËË, ÌÂÒÏÓÚfl Ì‡
ÚÛ‰ÌÓÒÚË ˜ËÒÎÂÌÌÓÈ Â‡ÎËÁ‡ˆËË, ‚ÔÓÎÌÂ ÍÓÏÔ‡ÍÚ-
ÌÓ, ÌÂ ÚÂ·ÛÂÚ ·ÓÎ¸¯Ëı ÂÒÛÒÓ‚ ÍÓÏÔ¸˛ÚÂ‡, ‡‚ÚÓ-
ÌÓÏÌÓ Ë ‰ÓÒÚÛÔÌÓ ¯ËÓÍÓÏÛ ÍÛ„Û ˝ÎÂÍÚÓ‡Á‚Â‰-

˜ËÍÓ‚. éÚÏÂ˜ÂÌÌ˚È ‚ ÒÚ‡Ú¸Â Ó‰ËÌ ËÁ ˝ÙÙÂÍÚÓ‚
‰‚ÛıÓÒÌÓÈ ‡ÌËÁÓÚÓÔËË – ÔÓfl‚ÎÂÌËÂ ‚ÂÚËÍ‡Î¸ÌÓÈ
ÍÓÏÔÓÌÂÌÚ˚ ˝ÎÂÍÚË˜ÂÒÍÓ„Ó ÔÓÎfl, ÔËÚÓÏ ÒÛ˘Â-
ÒÚ‚ÂÌÌÓÈ, ÔË ‚ÓÁ·ÛÊ‰ÂÌËË „ÓËÁÓÌÚ‡Î¸Ì˚Ï ÚÓÍÓ-
‚˚Ï ÍÓÌÚÛÓÏ – ÏÓÊÂÚ ËÏÂÚ¸ ‡ÁÌÓÓ·‡ÁÌ˚Â Ë ÌÂ-
ÓÊË‰‡ÌÌ˚Â ÔÓÒÎÂ‰ÒÚ‚Ëfl, ÍÓÚÓ˚Â ÔÓÎÂÁÌÓ ËÏÂÚ¸ ‚
‚Ë‰Û ÔË Í‡˜ÂÒÚ‚ÂÌÌÓÈ ËÌÚÂÔÂÚ‡ˆËË ‰‡ÌÌ˚ı ÁÓÌ-
‰ËÓ‚‡ÌËÈ ÒÚ‡ÌÓ‚ÎÂÌËÂÏ, Ì‡ÔËÏÂ. ÇÔÓ˜ÂÏ, ‚Ó-
ÔÓÒ ˝ÚÓÚ ‚ÂÒ¸Ï‡ Á‡‚ËÒËÚ ÓÚ Ì‡ÎË˜Ëfl Ë ‡ÒÔÓÒÚ‡-
ÌÂÌÌÓÒÚË ‰‚ÛıÓÒÌÓÈ ‡ÌËÁÓÚÓÔËË ÔÓ‚Ó‰ËÏÓÒÚË ‚
Â‡Î¸ÌÓÈ „ÂÓÒÂ‰Â.

Ç ‰‡ÌÌÓÈ ‡·ÓÚÂ Ï˚ ‡ÒÒÏ‡ÚË‚‡ÎË ËÌ‰ÛÍÚË‚ÌÓÂ
‚ÓÁ·ÛÊ‰ÂÌËÂ. üÒÌÓ, ˜ÚÓ ‚ÓÔÓÒ Ó ‚ÎËflÌËË „ÓËÁÓÌ-
Ú‡Î¸ÌÓÈ ‡ÌËÁÓÚÓÔËË Ì‡ ÔÓÎÂ Á‡ÁÂÏÎÂÌÌÓÈ ̋ ÎÂÍÚË-
˜ÂÒÍÓÈ ÎËÌËË ËÏÂÂÚ Â˘Â ·ÓÎ¸¯ÂÂ Ô‡ÍÚË˜ÂÒÍÓÂ
ÁÌ‡˜ÂÌËÂ. å˚ Ì‡ÏÂÂÌ˚ ‚ Ò‡ÏÓÂ ·ÎËÊ‡È¯ÂÂ ‚ÂÏfl
Ë ‚ÒÎÂ‰ ˝ÚÓÈ ‡·ÓÚÂ ÔÂ‰ÒÚ‡‚ËÚ¸ ÂÁÛÎ¸Ú‡Ú˚ ‰Îfl Á‡-
ÁÂÏÎflÂÏ˚ı ËÒÚÓ˜ÌËÍÓ‚.

éÚÏÂ˜‡ÂÏ, ˜ÚÓ ÔÂ‚ÓÌ‡˜‡Î¸ÌÓ ‡·ÓÚ˚ ·˚ÎË
ËÌËˆËËÓ‚‡Ì˚ ‚ ‡ÏÍ‡ı ÔÓÂÍÚ‡ 3DEX (ÏÌÓ„Ó˜‡-
ÒÚÓÚÌ˚Â, ÏÌÓ„ÓÍÓÏÔÓÌÂÌÚÌ˚Â, Í‡ÓÚ‡ÊÌ˚Â ˝ÎÂÍ-
ÚÓÏ‡„ÌËÚÌ˚Â ÁÓÌ‰ËÓ‚‡ÌËfl) ÍÓÏÔ‡ÌËË “Å˝ÈÍÂ
ï¸˛Á”. å˚ ·Î‡„Ó‰‡Ì˚ ÒÓÚÛ‰ÌËÍÛ ˝ÚÓÈ ÍÓÏÔ‡ÌËË
åËı‡ËÎÛ ê‡·ËÌÓ‚Ë˜Û Á‡ ‡ÍÚË‚ÌÓÂ ÒÓ‰ÂÈÒÚ‚ËÂ ˝ÚÓÈ
‡·ÓÚÂ.

ëÔËÒÓÍ ÎËÚÂ‡ÚÛ˚
í‡·‡Ó‚ÒÍËÈ ã.Ä., ùÔÓ‚ å.à. ùÎÂÍÚÓÏ‡„ÌËÚÌÓÂ ÔÓÎÂ 
„‡ÏÓÌË˜ÂÒÍËı ËÒÚÓ˜ÌËÍÓ‚ ‚ ÒÎÓËÒÚÓÈ ‡ÌËÁÓÚÓÔÌÓÈ
ÒÂ‰Â // ÉÂÓÎÓ„Ëfl Ë „ÂÓÙËÁËÍ‡. 1977. ‹ 1. ë. 101–109.
Bespalov A. Simulation of electromagnetic well-logging tools by 
the Nedelec edge finite elements. SEG Expanded Abstracts. 26,
673. 2007. ê. 673–677.
Sheen J. Time Harmonic Electromagnetic fields in an Biaxial 
Anisotropic Medium. J. of Electromagn // Waves and Appl.
2005. V. 19. N. 6. ê. 753–767.

í‡·ÎËˆ‡ 2

‹ ÒÎÓfl åÓ˘ÌÓÒÚ¸, Ï ρx, éÏ Ï ρy, éÏ Ï ρz, éÏ Ï

1 200 5 5 5

2 100 0.1 1 5

3 ∞ 100 100 100

êËÒ. 5. äË‚˚Â ÒÚ‡ÌÓ‚ÎÂÌËfl ‚ÒÂı ÍÓÏÔÓÌÂÌÚ „‡‰ËÂÌ-
Ú‡ ˝ÎÂÍÚË˜ÂÒÍÓ„Ó ÔÓÎfl.

400

300

200

100

0

–100

–200

–300

E, Ç/Ï

ÇÂÏfl, ÏÒ
1 10 100 1000

'Ex'
'Ey'
'Ez'



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


