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1. Ç‚Â‰ÂÌËÂ

 

àÁ‚ÂÒÚÌÓ, ˜ÚÓ ‚ ÒÎÛ˜‡Â ÔÓÒÚÓflÌÌÓÈ ˜‡ÒÚÓÚ˚ ÔÎ‡-
‚Û˜ÂÒÚË ÎËÌÂÈÌ‡fl ‚ÌÛÚÂÌÌflfl ‚ÓÎÌ‡ ÏÓÊÂÚ ‡ÒÔÓ-
ÒÚ‡ÌflÚ¸Òfl ‚ ÚÓÎ˘Û ÓÍÂ‡Ì‡ ·ÂÁ ÓÚ‡ÊÂÌËfl Ò ÌÂËÁÏÂÌ-
ÌÓÈ ‡ÏÔÎËÚÛ‰ÓÈ (‚ ÔË·ÎËÊÂÌËË ÅÛÒÒËÌÂÒÍ‡), Ë ·Ó-
ÎÂÂ ÚÓ„Ó, ÏÓÌÓıÓÏ‡ÚË˜ÂÒÍ‡fl ‚ÓÎÌ‡ fl‚ÎflÂÚÒfl
ÚÓ˜Ì˚Ï Â¯ÂÌËÂÏ ÌÂÎËÌÂÈÌ˚ı Û‡‚ÌÂÌËÈ „Ë‰Ó‰Ë-
Ì‡ÏËÍË ÒÚ‡ÚËÙËˆËÓ‚‡ÌÌÓÈ ÊË‰ÍÓÒÚË [5]. Ç Ó·˘ÂÏ
ÊÂ ÒÎÛ˜‡Â ÌÂÓ‰ÌÓÓ‰ÌÓ„Ó ÔÓ ‚ÂÚËÍ‡ÎË ‡ÒÔÂ‰ÂÎÂ-
ÌËfl ˜‡ÒÚÓÚ˚ ÇflÈÒflÎfl-ÅÂÌÚ‡ ‚ÌÛÚÂÌÌflfl ‚ÓÎÌ‡
‰ÓÎÊÌ‡ ÓÚ‡Ê‡Ú¸Òfl Ë ‚ ÚÓÎ˘Â ÓÍÂ‡Ì‡. åÂÊ‰Û ÚÂÏ
ÏÌÓ„Ó˜ËÒÎÂÌÌ˚Â ‰‡ÌÌ˚Â Ì‡·Î˛‰ÂÌËÈ Ò‚Ë‰ÂÚÂÎ¸-
ÒÚ‚Û˛Ú, ˜ÚÓ ‚ÌÛÚÂÌÌËÂ ‰ÎËÌÌ˚Â ‚ÓÎÌ˚ ÔËÎË‚ÌÓ„Ó
ÔÂËÓ‰‡ ıÓÓ¯Ó ‡ÒÔÓÒÚ‡Ìfl˛ÚÒfl ‚ÌÛÚË ÓÍÂ‡Ì‡
(ÔÛ˜ÍÓ‚ÓÂ ‡ÒÔÓÒÚ‡ÌÂÌËÂ) ·ÂÁ ‚Ë‰ËÏÓ„Ó ÓÚ‡ÊÂ-
ÌËfl, ˜ÚÓ ÔÓ‰Ú‚ÂÊ‰‡ÂÚÒfl Ú‡ÍÊÂ ˜ËÒÎÂÌÌ˚ÏË ‡Ò˜Â-
Ú‡ÏË [2, 6, 8–10, 12, 14, 16, 17]. Ç ‰‡ÌÌÓÈ ‡·ÓÚÂ ‚˚-
ÔÓÎÌÂÌ ÚÂÓÂÚË˜ÂÒÍËÈ ‡Ì‡ÎËÁ ÔÓÌËÍÌÓ‚ÂÌËfl ÎË-
ÌÂÈÌÓÈ ÌËÁÍÓ˜‡ÒÚÓÚÌÓÈ ‚ÓÎÌ˚ ‚ ÚÓÎ˘Û ÌÂÓ‰ÌÓÓ‰ÌÓ
ÒÚ‡ÚËÙËˆËÓ‚‡ÌÌÓ„Ó ÓÍÂ‡Ì‡ ÔÓ ˜‡ÒÚÓÚÂ ÔÎ‡‚Û˜Â-
ÒÚË ÒÔÂˆË‡Î¸ÌÓ„Ó ÔÓÙËÎfl (˜‡ÒÚÓÚ‡ ÅÂÌÚ‡-ÇflÈÒflÎfl
ÏÓÌÓÚÓÌÌÓ ÛÏÂÌ¸¯‡ÂÚÒfl Ò „ÎÛ·ËÌÓÈ). ÄÌ‡ÎËÁ ÔÓ‰-
Ú‚ÂÊ‰‡ÂÚ ÒÎ‡·ÓÒÚ¸ ÓÚ‡ÊÂÌËfl ‚ÓÎÌ˚ ‚ ÚÓÎ˘Â ÓÍÂ-
‡Ì‡ ÔÓ Ò‡‚ÌÂÌË˛ Ò ÓÚ‡ÊÂÌËflÏË ÓÚ ‰Ì‡ Ë Ò‚Ó·Ó‰ÌÓÈ
ÔÓ‚ÂıÌÓÒÚË. Ç ‡ÏÍ‡ı ÔÂ‰ÎÓÊÂÌÌÓÈ ÏÓ‰ÂÎË ‡Ò-
ÒÏÓÚÂÌÓ Ú‡ÍÊÂ ÓÚ‡ÊÂÌËÂ ‚ÓÎÌ˚ ÓÚ ÔËÍÌÓÍÎËÌ‡ Ë
‰‡ÌÓ ÓÔËÒ‡ÌËÂ ÏÓ‰˚ ‚ÌÛÚÂÌÌÂÈ ‚ÓÎÌ˚. 

 

2. éÒÌÓ‚Ì˚Â Û‡‚ÌÂÌËfl

 

ì‡‚ÌÂÌËfl ‰‚ÛÏÂÌÓÈ „Ë‰Ó‰ËÌ‡ÏËÍË Ë‰Â‡Î¸ÌÓÈ
ÒÚ‡ÚËÙËˆËÓ‚‡ÌÌÓÈ ÊË‰ÍÓÒÚË ‚ ÔË·ÎËÊÂÌËË ÅÛÒ-
ÒËÌÂÒÍ‡ ‚ ÒÎÛ˜‡Â ÎËÌÂÈÌÓÈ ÏÓÌÓıÓÏ‡ÚË˜ÂÒÍÓÈ ‚ÓÎ-
Ì˚ ˜‡ÒÚÓÚ˚ 

 

ω 

 

ÏÓ„ÛÚ ·˚Ú¸ Ò‚Â‰ÂÌ˚ Í ‚ÓÎÌÓ‚ÓÏÛ „Ë-
ÔÂ·ÓÎË˜ÂÒÍÓÏÛ Û‡‚ÌÂÌË˛ (ÒÏ., Ì‡ÔËÏÂ, [4]):

(1)

„‰Â 

 

W

 

(

 

x

 

, 

 

z

 

) – ‚ÂÚËÍ‡Î¸Ì‡fl ÒÍÓÓÒÚ¸ ˜‡ÒÚËˆ ÊË‰-
ÍÓÒÚË, 

 

N

 

(

 

z

 

) – ˜‡ÒÚÓÚ‡ ÔÎ‡‚Û˜ÂÒÚË (ÇflÈÒflÎfl-ÅÂÌ-

∂2W

∂z2
----------

N2 z( ) ω2–

ω2 f 2–
--------------------------∂2W

∂x2
----------– 0= ,

 

Ú‡), 

 

f

 

 – Ô‡‡ÏÂÚ äÓËÓÎËÒ‡, 

 

x

 

 – „ÓËÁÓÌÚ‡Î¸Ì‡fl Ë

 

z

 

 – ‚ÂÚËÍ‡Î¸Ì‡fl ÍÓÓ‰ËÌ‡Ú˚ ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ. ÉË-
ÔÂ·ÓÎË˜ÂÒÍËÈ ı‡‡ÍÚÂ Û‡‚ÌÂÌËfl (1) ÔÓÁ‚ÓÎflÂÚ
Ò‡ÁÛ ‚‚ÂÒÚË ı‡‡ÍÚÂËÒÚËÍË (ÎÛ˜Ë), ‚‰ÓÎ¸ ÍÓÚÓ-
˚ı ‡ÒÔÓÒÚ‡ÌflÂÚÒfl ‚ÓÎÌ‡,

(2)

˜ÚÓ ÌÂÓ‰ÌÓÍ‡ÚÌÓ ÔË‚Ó‰ËÎÓÒ¸ ‚ ÎËÚÂ‡ÚÛÂ ÔÓ
‚ÌÛÚÂÌÌËÏ ‚ÓÎÌ‡Ï. ê‡ÁÛÏÂÂÚÒfl, ÔË ÙËÍÒËÓ‚‡Ì-
ÌÓÈ ˜‡ÒÚÓÚÂ ÙÓÏ‡Î¸ÌÓ ÌÂÎ¸Áfl „Ó‚ÓËÚ¸ Ó ‡ÒÔÓ-
ÒÚ‡ÌÂÌËË ‚ÓÎÌ˚ ËÎË ÔÂÂÏÂ˘ÂÌËË ÂÂ ÙÓÌÚ‡ (ÌÂÚ
‚ÂÏÂÌÌÓÈ ÍÓÓ‰ËÌ‡Ú˚), ÔÓ˝ÚÓÏÛ ‚ ÎËÚÂ‡ÚÛÂ
Ó·˚˜ÌÓ „Ó‚ÓflÚ Ó ÎÛ˜‡ı ‡ÒÔÓÒÚ‡ÌÂÌËfl ˝ÌÂ„ËË
‚ÌÛÚÂÌÌËı ‚ÓÎÌ. ùÚË ÎÛ˜Ë ıÓÓ¯Ó Á‡ÏÂÚÌ˚ Í‡Í
ÔË ‡Ì‡ÎËÁÂ ‰‡ÌÌ˚ı Ì‡·Î˛‰ÂÌËÈ, Ú‡Í Ë ‚ ̃ ËÒÎÂÌÌ˚ı
‡Ò˜ÂÚ‡ı (˝Ú‡ ÎËÚÂ‡ÚÛ‡ ˆËÚËÛÂÚÒfl ‚Ó Ç‚Â‰ÂÌËË).
î‡ÍÚË˜ÂÒÍË ‚Ó ‚ÒÂı ˝ÚËı ‡·ÓÚ‡ı ‰ÂÏÓÌÒÚËÛÂÚÒfl
ÔÛ˜ÍÓ‚˚È ı‡‡ÍÚÂ ‡ÒÔÓÒÚ‡ÌÂÌËfl ‚ÌÛÚÂÌÌËı
‚ÓÎÌ ‚ ÚÓÎ˘Â ÓÍÂ‡Ì‡ Ë ÒËÎ¸ÌÓÂ ÓÚ‡ÊÂÌËÂ ÓÚ Ò‚Ó-
·Ó‰ÌÓÈ ÔÓ‚ÂıÌÓÒÚË Ë ÌÂÓ‰ÌÓÓ‰ÌÓ„Ó ‰Ì‡ („‰Â Ò¯Ë-
‚‡˛ÚÒfl ÎÛ˜Ë Ò ‡ÁÌ˚Ï Ì‡ÍÎÓÌÓÏ). Ç ÚÓ ÊÂ ‚ÂÏfl ıÓ-
Ó¯Ó ËÁ‚ÂÒÚÌÓ, ̃ ÚÓ ‚ Ó·˘ÂÏ ÒÎÛ˜‡Â ‚ Î˛·ÓÈ ÌÂÓ‰ÌÓ-
Ó‰ÌÓÈ ÒÂ‰Â ‰ÓÎÊÌÓ ÔÓËÒıÓ‰ËÚ¸ ‡ÒÔÂ‰ÂÎÂÌÌÓÂ
ÓÚ‡ÊÂÌËÂ ‚ÓÎÌÓ‚ÓÈ ˝ÌÂ„ËË Ì‡ Í‡Ê‰ÓÏ „ÓËÁÓÌÚÂ
[1], ÍÓÚÓÓÂ, ÔÓ-‚Ë‰ËÏÓÏÛ, fl‚ÎflÂÚÒfl ‰ÓÒÚ‡ÚÓ˜ÌÓ ÒÎ‡-
·˚Ï ‰Îfl Â‡Î¸Ì˚ı ÓÍÂ‡ÌË˜ÂÒÍËı ÛÒÎÓ‚ËÈ. ê‡ÒÒÏÓÚ-
ËÏ ˝ÚÛ ÔÓ·ÎÂÏÛ ·ÓÎÂÂ ÔÓ‰Ó·ÌÓ. 

Ç ÒËÎÛ Ó‰ÌÓÓ‰ÌÓÒÚË Û‡‚ÌÂÌËfl (1) ÔÓ „ÓËÁÓÌÚ‡-
ÎË Û‰Ó·ÌÓ ‚˚‰ÂÎËÚ¸ ‚ÓÎÌÓ‚Û˛ ÍÓÏÔÓÌÂÌÚÛ 

 

exp

 

(

 

ikx

 

)
Ë ÔÂÂÔËÒ‡Ú¸ Û‡‚ÌÂÌËÂ (1) ‚ ‚Ë‰Â Ó·˚ÍÌÓ‚ÂÌÌÓ„Ó
‰ËÙÙÂÂÌˆË‡Î¸ÌÓ„Ó Û‡‚ÌÂÌËfl 

(3)

„‰Â ‰Îfl ÔÓÒÚÓÚ˚ Ï˚ Ó„‡ÌË˜ËÏÒfl ÒÎÛ˜‡ÂÏ ÌËÁÍÓ˜‡-
ÒÚÓÚÌ˚ı ‚ÓÎÌ ‚ ÌÂ‚‡˘‡˛˘ÂÏÒfl ÓÍÂ‡ÌÂ. á‰ÂÒ¸ 

 

Ò 

 

–
ÒÍÓÓÒÚ¸ ‡ÒÔÓÒÚ‡ÌÂÌËfl ‰ÎËÌÌ˚ı ‚ÓÎÌ ‚ „ÓËÁÓÌ-

dz
dx
------ ω2 f 2–

N2 z( ) ω2
–

--------------------------,±=

d2Φ
dz2
----------

N2 z( )
c2

--------------Φ+ 0,=

 

îËÁËÍ‡ ÏÓfl

 

é ÔÓÌËÍÌÓ‚ÂÌËË ‰ÎËÌÌÓÈ ‚ÌÛÚÂÌÌÂÈ
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í‡ÎËÔÓ‚‡ 

 

Ë ‰

 

.

 

Ú‡Î¸ÌÓÏ Ì‡Ô‡‚ÎÂÌËË (

 

c

 

 = 

 

ω

 

/

 

k

 

) Ë 

 

Φ

 

(

 

z

 

) – ‚ÂÚËÍ‡Î¸ÌÓÂ
‡ÒÔÂ‰ÂÎÂÌËÂ ‚ÂÚËÍ‡Î¸Ì˚ı ÒÏÂ˘ÂÌËÈ ËÁÓÔËÍÌ˚
(ÓÒ¸ 

 

z

 

 Ì‡Ô‡‚ÎÂÌ‡ ‚ÌËÁ). ÑÎfl ËÁÛ˜ÂÌËfl ÓÚ‡ÊÂÌËfl
‚ÌÛÚÂÌÌÂÈ ‚ÓÎÌ˚ Ï˚ ·Û‰ÂÏ Ò˜ËÚ‡Ú¸ ÓÍÂ‡Ì ÔÓÎÛ-
·ÂÒÍÓÌÂ˜Ì˚Ï, ‡ ‚ÓÎÌÛ – ‡ÒÔÓÒÚ‡Ìfl˛˘ÂÈÒfl ÒÓ
Ò‚Ó·Ó‰ÌÓÈ ÔÓ‚ÂıÌÓÒÚË (ËÎË Ò Î˛·Ó„Ó „ÓËÁÓÌÚ‡, ‚
˜‡ÒÚÌÓÒÚË, Ò ÔËÍÌÓÍÎËÌ‡) ‚ ÚÓÎ˘Û (‡ÒÔÓÒÚ‡ÌÂÌËÂ
‚ÓÎÌ˚ ÓÚ ‰Ì‡ ‡ÒÒÏ‡ÚË‚‡ÂÚÒfl ‡Ì‡ÎÓ„Ë˜ÌÓ). 

 

3. “ÅÂÁÓÚ‡Ê‡ÚÂÎ¸Ì˚Â” ‚ÓÎÌ˚

 

ì‡‚ÌÂÌËÂ (3) ÒÓ‰ÂÊËÚ ÔÂÂÏÂÌÌ˚Â ÍÓ˝ÙÙËˆË-
ÂÌÚ˚, ÔÓ˝ÚÓÏÛ Â„Ó ‡Ì‡ÎËÚË˜ÂÒÍËÂ Â¯ÂÌËfl ÏÓ„ÛÚ
·˚Ú¸ ÔÓÎÛ˜ÂÌ˚ ÚÓÎ¸ÍÓ ‰Îfl ÒÔÂˆËÙË˜ÂÒÍËı ÔÓÙË-
ÎÂÈ ˜‡ÒÚÓÚ˚ ÔÎ‡‚Û˜ÂÒÚË, Ë ÔÓ ÒÛ˘ÂÒÚ‚Û ·ÓÎ¸¯ËÌ-
ÒÚ‚Ó ËÁ ÌËı ÏÓ„ÛÚ ·˚Ú¸ ‚ÁflÚ˚ ËÁ ÒÔ‡‚Ó˜ÌËÍÓ‚ ÔÓ
‰ËÙÙÂÂÌˆË‡Î¸Ì˚Ï Û‡‚ÌÂÌËflÏ. ó‡ÒÚ¸ Â¯ÂÌËÈ
ÛÊÂ ÔË‚Ó‰ËÎ‡Ò¸ ‚ ÎËÚÂ‡ÚÛÂ ÔÓ ‚ÌÛÚÂÌÌËÏ ‚ÓÎ-
Ì‡Ï [2–3, 5]. ì‡‚ÌÂÌËÂ (3) Ú‡ÍÊÂ ÎÂ„ÍÓ Â¯‡ÂÚÒfl
˜ËÒÎÂÌÌÓ. ç‡¯ÂÈ Á‡‰‡˜ÂÈ fl‚ÎflÂÚÒfl ‚˚flÒÌÂÌËÂ ÓÚ‡-
Ê‡ÚÂÎ¸Ì˚ı Ò‚ÓÈÒÚ‚ ÌÂÓ‰ÌÓÓ‰ÌÓ„Ó ‡ÒÔÂ‰ÂÎÂÌËfl
˜‡ÒÚÓÚ˚ ÔÎ‡‚Û˜ÂÒÚË. èÓ˝ÚÓÏÛ Ï˚ ËÒÔÓÎ¸ÁÛÂÏ Á‰ÂÒ¸
ÚÂÓË˛ ·ÂÁÓÚ‡Ê‡ÚÂÎ¸Ì˚ı ÔÓÚÂÌˆË‡ÎÓ‚ [1], ˜ÚÓ·˚
‚˚flÒÌËÚ¸, Í‡ÍËÂ ‡ÒÔÂ‰ÂÎÂÌËfl ˜‡ÒÚÓÚ˚ ÔÎ‡‚Û˜Â-
ÒÚË ÌÂ ÔË‚Ó‰flÚ Í ÓÚ‡ÊÂÌË˛ ‚ÓÎÌ˚. ÑÎfl ˝ÚÓ„Ó ·Û-
‰ÂÏ ËÒÍ‡Ú¸ Â¯ÂÌËÂ Û‡‚ÌÂÌËfl (3) ‚ ‚Ë‰Â

î(

 

z

 

) = 

 

A

 

(

 

z

 

)

 

exp

 

[

 

i

 

Ψ

 

(

 

z

 

)], (4)

„‰Â ‚‚Â‰ÂÌ˚ ÔÓÍ‡ Â˘Â ÌÂ ËÁ‚ÂÒÚÌ˚Â ‰ÂÈÒÚ‚ËÚÂÎ¸Ì˚Â
ÙÛÌÍˆËË, ÍÓÚÓ˚Â Ï˚ Ì‡ÁÓ‚ÂÏ ‡ÏÔÎËÚÛ‰ÓÈ Ë Ù‡ÁÓÈ.
ì‡‚ÌÂÌËfl ‰Îfl ÌËı ÒÎÂ‰Û˛Ú ËÁ (3) ÔÓÒÎÂ ‡Á‰ÂÎÂÌËfl
Â„Ó Ì‡ ‰ÂÈÒÚ‚ËÚÂÎ¸ÌÛ˛ Ë ÏÌËÏÛ˛ ˜‡ÒÚË

(5)

(6)

„‰Â ‚‚Â‰ÂÌÓ ‚ÂÚËÍ‡Î¸ÌÓÂ ‚ÓÎÌÓ‚ÓÂ ˜ËÒÎÓ 

(7)

éÚÏÂÚËÏ Ò‡ÁÛ, ˜ÚÓ Û‡‚ÌÂÌËÂ (6) ËÌÚÂ„ËÛÂÚÒfl
‚ Ó·˘ÂÏ ‚Ë‰Â

 

A

 

2

 

(

 

z

 

)

 

κ

 

(

 

z

 

) = 

 

const

 

(8)

Ë ËÏÂÂÚ ÙÓÏÛ ÒÓı‡ÌÂÌËfl ÔÓÚÓÍ‡ ˝ÌÂ„ËË ‚ÓÎÌ˚ ‚
ÚÓÎ˘Û ÓÍÂ‡Ì‡. Ç ÂÁÛÎ¸Ú‡ÚÂ Û Ì‡Ò ÓÒÚ‡ÂÚÒfl Û‡‚ÌÂ-
ÌËÂ ‚ÚÓÓ„Ó ÔÓfl‰Í‡ (5) ‰Îfl Ì‡ıÓÊ‰ÂÌËfl ‡ÏÔÎËÚÛ‰˚
‚ÓÎÌ˚, ÍÓÚÓÓÂ ‚ ÒÏ˚ÒÎÂ ÔÓÒÚÓÚ˚ Â¯ÂÌËÈ ÌË˜ÂÏ
ÌÂ ÎÛ˜¯Â ËÒıÓ‰ÌÓ„Ó Û‡‚ÌÂÌËfl (3). á‰ÂÒ¸ Ú‡ÍÊÂ
ÏÓÊÌÓ ËÒÔÓÎ¸ÁÓ‚‡Ú¸ ÒÔ‡‚Ó˜ÌËÍË ‰Îfl Ì‡ıÓÊ‰ÂÌËfl
‡Ì‡ÎËÚË˜ÂÒÍËı Â¯ÂÌËÈ, ıÓÚfl ˝ÚË Â¯ÂÌËfl ÚÛ‰ÌÓ
ËÌÚÂÔÂÚËÓ‚‡Ú¸ Ò ÚÓ˜ÍË ÁÂÌËfl ÓÚ‡Ê‡ÚÂÎ¸Ì˚ı
Ò‚ÓÈÒÚ‚ ˜‡ÒÚÓÚ˚ ÔÎ‡‚Û˜ÂÒÚË. ç‡Ë·ÓÎÂÂ ÎÓ„Ë˜ÌÓ ËÒ-

d2A

dz2
--------- Aκ2 z( ) A

N2 z( )
c2

--------------+– 0,=

2κ z( )dA
dz
------- A

dκ
dz
------+ 0,=

κ z( ) dΨ
dz
--------.=

 

Í‡Ú¸ Â¯ÂÌËfl Û‡‚ÌÂÌËfl (5), ÍÓÚÓ˚Â ‚ ÒÎÛ˜‡Â ÒÂ-
‰˚ Ò ÔÓÒÚÓflÌÌ˚ÏË Ô‡‡ÏÂÚ‡ÏË ÔÂÂıÓ‰flÚ ‚ ËÁ‚ÂÒÚ-
Ì˚Â Â¯ÂÌËfl ‰Îfl ÔÎÓÒÍËı ‚ÓÎÌ. ÖÒÚÂÒÚ‚ÂÌÌÓ, ˜ÚÓ ‚
ÒÎÛ˜‡Â ÔÓÒÚÓflÌÌÓÈ ÔÓ ‚ÂÚËÍ‡ÎË ˜‡ÒÚÓÚ˚ ÇflÈÒflÎfl
‚ÓÎÌ‡ Ò ÔÓÒÚÓflÌÌÓÈ ‡ÏÔÎËÚÛ‰ÓÈ Ë ‚ÂÚËÍ‡Î¸Ì˚Ï
‚ÓÎÌÓ‚˚Ï ˜ËÒÎÓÏ

 

κ 

 

= 

 

N

 

/

 

c

 

,

 

Ψ

 

 = 

 

κ

 

z

 

 =

 

Nz

 

/

 

c

 

,

 

A

 

 = 

 

const

 

(8)

fl‚ÎflÂÚÒfl ÚÓ˜Ì˚Ï Â¯ÂÌËÂÏ, Ë ˝ÚÓÚ ÒÎÛ˜‡È ·ÂÁÓÚ‡-
Ê‡ÚÂÎ¸ÌÓ„Ó ‡ÒÔÓÒÚ‡ÌÂÌËfl ‚ÌÛÚÂÌÌÂÈ ‚ÓÎÌ˚ ‚
ÚÓÎ˘Û ÓÍÂ‡Ì‡ ıÓÓ¯Ó ËÁ‚ÂÒÚÂÌ ‚ ÎËÚÂ‡ÚÛÂ.

ëÎÂ‰Û˛˘ËÈ ÔËÏÂ – ̋ ÚÓ ÔÎ‡‚ÌÓÂ ËÁÏÂÌÂÌËfl ̃ ‡-
ÒÚÓÚ˚ ÔÎ‡‚Û˜ÂÒÚË, ÍÓ„‰‡ ÏÓÊÌÓ ÓÊË‰‡Ú¸, ˜ÚÓ ‡Ï-
ÔÎËÚÛ‰‡ Ë ‚ÂÚËÍ‡Î¸ÌÓÂ ‚ÓÎÌÓ‚ÓÂ ˜ËÒÎÓ Ú‡ÍÊÂ ÏÂ-
Ìfl˛ÚÒfl ‰ÓÒÚ‡ÚÓ˜ÌÓ ÏÂ‰ÎÂÌÌÓ. Ç ÂÁÛÎ¸Ú‡ÚÂ ‚ÚÓÓÈ
ÔÓËÁ‚Ó‰ÌÓÈ ÓÚ ‡ÏÔÎËÚÛ‰˚ ‚ Û‡‚ÌÂÌËË (5) ÏÓÊÌÓ
ÔÂÌÂ·Â˜¸ Ë Ì‡ÈÚË Â¯ÂÌËfl ‰Îfl ÏÂ‰ÎÂÌÌÓ ÏÂÌfl˛-
˘ËıÒfl ‡ÏÔÎËÚÛ‰˚ Ë ‚ÓÎÌÓ‚Ó„Ó ˜ËÒÎ‡:

(9)

ùÚË Â¯ÂÌËfl, ıÓÓ¯Ó ËÁ‚ÂÒÚÌ˚Â ‚ ‡ÏÍ‡ı ÏÂÚÓ‰‡
ÇÂÌˆÂÎfl-ä‡ÏÂÒ‡-ÅËÎÎ˛˝Ì‡ (ÇäÅ) ËÎË ÏÂÚÓ‰‡
ÏÂ‰ÎÂÌÌÓ ÏÂÌfl˛˘ÂÈÒfl ‡ÏÔÎËÚÛ‰˚, Ú‡ÍÊÂ ÓÔËÒ˚‚‡-
˛Ú ÔÓ˜ÚË ·ÂÁÓÚ‡Ê‡ÚÂÎ¸ÌÓÂ ‡ÒÔÓÒÚ‡ÌÂÌËÂ ‚ÌÛÚ-
ÂÌÌÂÈ ‚ÓÎÌ˚, ÌÓ ÔË ˝ÚÓÏ ‡ÏÔÎËÚÛ‰‡ Ë ˝ÌÂ„Ëfl
‚ÓÎÌ˚ ÏÂÌfl˛ÚÒfl Ò „ÎÛ·ËÌÓÈ (ÔÓÚÓÍ ̋ ÌÂ„ËË ‚ ‚ÂÚË-
Í‡Î¸ÌÓÏ ‡ÒÔÓÒÚ‡ÌÂÌËË ÓÒÚ‡ÂÚÒfl ÔÓÒÚÓflÌÌ˚Ï).
èÓ‰˜ÂÍÌÂÏ, ˜ÚÓ ‚ ˝ÚÓÏ ÒÎÛ˜‡Â ÎÛ˜Ë ‚ ‚ÂÚËÍ‡Î¸-
ÌÓÈ ÔÎÓÒÍÓÒÚË fl‚Îfl˛ÚÒfl ÍË‚ÓÎËÌÂÈÌ˚ÏË Ë ·Û‰ÛÚ
ÔÓ‚Ó‡˜Ë‚‡Ú¸Òfl ‚ÌËÁ, ÂÒÎË 

 

N

 

(

 

z

 

) ‚ÓÁ‡ÒÚ‡ÂÚ. ÖÒÎË ÊÂ

 

N

 

(

 

z

 

) Û·˚‚‡ÂÚ Ò „ÎÛ·ËÌÓÈ, ÚÓ ÎÛ˜Ë ÓÚÍÎÓÌfl˛ÚÒfl Í „Ó-
ËÁÓÌÚ‡ÎË Ë ÔË ‰ÓÒÚ‡ÚÓ˜ÌÓ ÁÌ‡˜ËÚÂÎ¸ÌÓÏ Û·˚‚‡-
ÌËË ˜‡ÒÚÓÚ˚ ÇflÈÒflÎfl ÏÓ„ÛÚ ÔÓ‚ÂÌÛÚ¸ ‚‚Âı (ÍÎ‡Ò-
ÒË˜ÂÒÍÓÂ Ó·˙flÒÌÂÌËÂ ‚ÓÁÌËÍÌÓ‚ÂÌËfl ‚ÓÎÌÓ‚Ó‰‡ ‚
‡ÏÍ‡ı ÏÂÚÓ‰‡ ÇäÅ). 

ÇÓÁÏÓÊÌ˚ Ú‡ÍÊÂ ÒÎÛ˜‡Ë ÌÂÔÎ‡‚ÌÓ„Ó ‚ÂÚËÍ‡Î¸-
ÌÓ„Ó ‡ÒÔÂ‰ÂÎÂÌËfl ˜‡ÒÚÓÚ˚ ÇflÈÒflÎfl, ÍÓ„‰‡ ÓÚ‡-
ÊÂÌËÂ ‚ÒÂ ‡‚ÌÓ ÓÚÒÛÚÒÚ‚ÛÂÚ. èÂ‰ÔÓÎ‡„‡fl, ˜ÚÓ
ÒÚÛÍÚÛ‡ Â¯ÂÌËfl ‰ÓÎÊÌ‡ ÓÒÚ‡‚‡Ú¸Òfl Ú‡ÍÓÈ ÊÂ,
Í‡Í Ë ÔË ÔÓÒÚÓflÌÌÓÈ ˜‡ÒÚÓÚÂ ÇflÈÒflÎfl, Ï˚ ‡ÁÓ-
·¸ÂÏ Û‡‚ÌÂÌËÂ (5) Ì‡ ‰‚‡:

(10)

(11)

ì‡‚ÌÂÌËfl (8) Ë (10) ÒÓ‚Ô‡‰‡˛Ú Ò Û‡‚ÌÂÌËflÏË ÏÂÚÓ-
‰‡ ÇäÅ, ‡ Û‡‚ÌÂÌËÂ (11) fl‚ÎflÂÚÒfl ÌÓ‚˚Ï. Ç ÂÁÛÎ¸-
Ú‡ÚÂ ÒËÒÚÂÏ‡ Û‡‚ÌÂÌËÈ (8), (10) Ë (11) ÒÚ‡ÌÓ‚ËÚÒfl ÔÂ-
ÂÓÔÂ‰ÂÎÂÌÌÓÈ ‰Îfl ‡ÏÔÎËÚÛ‰˚ Ë ‚ÓÎÌÓ‚Ó„Ó ˜ËÒÎ‡,
Ë ‰Îfl ÂÂ ÓÔÂ‰ÂÎÂÌÌÓÒÚË ÌÛÊÌÓ ÔÂ‰ÔÓÎÓÊËÚ¸, ˜ÚÓ

κ z( ) N z( )
c

-----------, A z( ) 1
κ z( )
---------- 1

N z( )
-----------.∼ ∼=

κ2 z( ) N2 z( )
c2

--------------= ,

d2A

dz2
--------- 0.=
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ÙÛÌÍˆËfl N(z) Ú‡ÍÊÂ ÌÂËÁ‚ÂÒÚÌ‡ Ë ÔÓ‰ÎÂÊËÚ ÓÔÂ‰Â-
ÎÂÌË˛. ÇÒÂ ÙÛÌÍˆËË Ì‡ıÓ‰flÚÒfl ÚÓ„‰‡ ‚ fl‚ÌÓÏ ‚Ë‰Â

A(z) = A0(1 ± z/L),  (12)

(13)

Ë ‚ÒÂ ÓÌË Á‡‚ËÒflÚ ÓÚ ÚÂı ÔÓËÁ‚ÓÎ¸Ì˚ı ÍÓÌÒÚ‡ÌÚ
N0, L Ë A0, ËÏÂ˛˘Ëı flÒÌ˚È ÙËÁË˜ÂÒÍËÈ ÒÏ˚ÒÎ. ë
ÚÓ˜ÍË ÁÂÌËfl ÔËÎÓÊÂÌËÈ ËÒıÓ‰ÌÓÈ ÙÛÌÍˆËÂÈ fl‚Îfl-
ÂÚÒfl ˜‡ÒÚÓÚ‡ ÇflÈÒflÎfl, ÍÓÚÓ‡fl ÒÔ‡‰‡ÂÚ Ò „ÎÛ·ËÌÓÈ
ËÎË Ì‡‡ÒÚ‡ÂÚ, ˜ÚÓ ÓÔÂ‰ÂÎflÂÚÒfl ÁÌ‡ÍÓÏ ÔÂÂ‰ z/L Ë
‰‚ÛÏfl ÔÓËÁ‚ÓÎ¸Ì˚ÏË ÍÓÌÒÚ‡ÌÚ‡ÏË. ëÚ‡ÚËÙËÍ‡-
ˆËfl (13) ÔÂ‰ÒÚ‡‚ÎflÂÚÒfl ‚ÔÓÎÌÂ Â‡ÎËÒÚË˜ÂÒÍÓÈ ‰Îfl
ÓÔËÒ‡ÌËfl ÔÓ‚Â‰ÂÌËfl ˜‡ÒÚÓÚ˚ ÔÎ‡‚Û˜ÂÒÚË Í‡Í ‚˚¯Â,
Ú‡Í Ë ÌËÊÂ ÔËÍÌÓÍÎËÌ‡. ùÚÓÚ ÚÓ˜ÌÓ Â¯‡ÂÏ˚È ÔË-
ÏÂ ÛÊÂ ÔË‚Ó‰ËÎÒfl ‚ ÎËÚÂ‡ÚÛÂ (ÒÏ., Ì‡ÔËÏÂ, [2]
Ë ̂ ËÚËÛÂÏÛ˛ Ú‡Ï ÎËÚÂ‡ÚÛÛ), Ó‰Ì‡ÍÓ ÌÂ ·˚Î‡ Ò‰Â-
Î‡Ì‡ Â„Ó ËÌÚÂÔÂÚ‡ˆËfl Í‡Í ÒÎÛ˜‡fl ·ÂÁÓÚ‡Ê‡ÚÂÎ¸-
ÌÓ„Ó ÔÓÌËÍÌÓ‚ÂÌËfl ‚ÌÛÚÂÌÌÂÈ ‚ÓÎÌ˚ ‚ ÚÓÎ˘Û
ÓÍÂ‡Ì‡. 

àÚ‡Í, ‚ ‡ÒÒÏÓÚÂÌÌÓÏ ÔËÏÂÂ ‚ÌÛÚÂÌÌflfl ‚ÓÎ-
Ì‡ ‡ÒÔÓÒÚ‡ÌflÂÚÒfl ‚ ‚ÂÚËÍ‡Î¸ÌÓÏ Ì‡Ô‡‚ÎÂÌËË
·ÂÁ ÓÚ‡ÊÂÌËfl, Ó‰Ì‡ÍÓ ÂÂ ‡ÏÔÎËÚÛ‰‡ Ì‡‡ÒÚ‡ÂÚ Ò „ÎÛ-
·ËÌÓÈ. ÇÂÚËÍ‡Î¸ÌÓÂ ‚ÓÎÌÓ‚ÓÂ ̃ ËÒÎÓ ÛÏÂÌ¸¯‡ÂÚÒfl Ò
„ÎÛ·ËÌÓÈ (‚ÓÎÌ‡ ÒÚ‡ÌÓ‚ËÚÒfl ·ÓÎÂÂ ‰ÎËÌÌÓÈ ÔÓ ‚Â-
ÚËÍ‡ÎË), ÌÓ ÓÌÓ Â˘Â ÓÔÂ‰ÂÎflÂÚÒfl ÒÍÓÓÒÚ¸˛ ‡Ò-
ÔÓÒÚ‡ÌÂÌËfl ‚ÌÛÚÂÌÌÂÈ ‚ÓÎÌ˚ ‚ „ÓËÁÓÌÚ‡Î¸ÌÓÏ
Ì‡Ô‡‚ÎÂÌËË. ì˜ËÚ˚‚‡fl, ˜ÚÓ ÒÍÓÓÒÚ¸ ‡ÒÔÓÒÚ‡-
ÌÂÌËfl ‚ÌÛÚÂÌÌËı ‚ÓÎÌ ÔÓ „ÓËÁÓÌÚ‡ÎË ÂÒÚ¸ c = ω/k,
‚ÚÓÓÂ Û‡‚ÌÂÌËÂ (12) ÔÂ‰ÒÚ‡‚ÎflÂÚ ‰ËÒÔÂÒËÓÌÌÓÂ
ÒÓÓÚÌÓ¯ÂÌËÂ

(14)

„‰Â θ – Û„ÓÎ ‡ÒÔÓÒÚ‡ÌÂÌËfl ‚ÓÎÌ˚ Í ‚ÂÚËÍ‡ÎË.
èÓÒÍÓÎ¸ÍÛ ‰Îfl ÌËÁÍÓ˜‡ÒÚÓÚÌ˚ı ‚ÓÎÌ ‚ÒÂ„‰‡ k � κ
(Ï‡Î˚Â Û„Î˚ θ), ÚÓ (14) ÂÒÚ¸ ‰ÎËÌÌÓ‚ÓÎÌÓ‚˚È ÔÂ-
‰ÂÎ ËÁ‚ÂÒÚÌÓ„Ó ÚÓ˜ÌÓ„Ó ‰ËÒÔÂÒËÓÌÌÓ„Ó ÒÓÓÚÌÓ-
¯ÂÌËfl ‰Îfl ‚ÌÛÚÂÌÌËı ‚ÓÎÌ 

ω = Nsinθ, (15)

ÍÓÚÓÓÂ ‚˚‚Ó‰ËÎÓÒ¸ ‡ÌÂÂ ‰Îfl ÓÍÂ‡Ì‡ Ò ÔÓÒÚÓflÌÌÓÈ
˜‡ÒÚÓÚÓÈ ÇflÈÒflÎfl [7]. Ç ÂÁÛÎ¸Ú‡ÚÂ Û‡‚ÌÂÌËÂ (14)
ÓÔËÒ˚‚‡ÂÚ ÂÙ‡ÍˆË˛ ‚ÌÛÚÂÌÌËı ‚ÓÎÌ ‚ ÓÍÂ‡ÌÂ Ò
ÔÂÂÏÂÌÌÓÈ ÔÓ „ÎÛ·ËÌÂ ˜‡ÒÚÓÚÓÈ ÇflÈÒflÎfl Ë ÓÚÍÎÓ-
ÌÂÌËÂ ÎÛ˜ÂÈ Ò „ÎÛ·ËÌÓÈ ÓÚ ‚ÂÚËÍ‡ÎË. î‡ÍÚË˜ÂÒÍË
Û‡‚ÌÂÌËÂ (14), ÚÓ˜ÌÂÂ, “ÔÓÎÌÓÂ” Û‡‚ÌÂÌËÂ (15),
ÛÊÂ ËÒÔÓÎ¸ÁÓ‚‡ÎÓÒ¸ ‰Îfl ÓÔËÒ‡ÌËfl ÂÙ‡ÍˆËË ‚ÌÛÚ-
ÂÌÌËı ‚ÓÎÌ, ÔÓÒÍÓÎ¸ÍÛ ÓÌÓ ‚˚‚Ó‰ËÚÒfl Ú‡ÍÊÂ ‚ ÔË-
·ÎËÊÂÌËË ÇäÅ. é‰Ì‡ÍÓ ÔÓ‰˜ÂÍÌÂÏ Â˘Â ‡Á, ˜ÚÓ
Á‰ÂÒ¸ Ï˚ ÌÂ Ì‡ÍÎ‡‰˚‚‡ÂÏ ÛÒÎÓ‚ËÂ ÏÂ‰ÎÂÌÌÓÒÚË ËÁ-
ÏÂÌÂÌËfl ˜‡ÒÚÓÚ˚ ÇflÈÒflÎfl, Ë Û‡‚ÌÂÌËÂ (14) fl‚ÎflÂÚ-
Òfl ÚÓ˜Ì˚Ï (‚ ‡ÏÍ‡ı ÚÂÓËË ÌËÁÍÓ˜‡ÒÚÓÚÌ˚ı ‚ÓÎÌ),
‡ ÌÂ ÔË·ÎËÊÂÌÌ˚Ï. 

èËÏÂ˚ ‡ÔÔÓÍÒËÏ‡ˆËË ̃ ‡ÒÚÓÚ˚ ÇflÈÒflÎfl “·ÂÁ-
ÓÚ‡Ê‡ÚÂÎ¸Ì˚ÏË” ÔÓÙËÎflÏË (13) ÔÓ ‰‡ÌÌ˚Ï Ì‡-
ÚÛÌ˚ı Ì‡·Î˛‰ÂÌËÈ ÔË‚Â‰ÂÌ˚ Ì‡ ËÒ. 1 ‰Îfl íËıÓ-

κ z( ) N z( )
c

-----------
N0

c 1 z/L±( )2
---------------------------,= =

N z( )
N0

1 z/L±( )2
------------------------,=

ω N z( ) θ z( )tg ,=

„Ó, ÄÚÎ‡ÌÚË˜ÂÒÍÓ„Ó, ëÂ‚ÂÌÓ„Ó ãÂ‰Ó‚ËÚÓ„Ó Ë àÌ-
‰ËÈÒÍÓ„Ó ÓÍÂ‡ÌÓ‚. í‡Í, Ì‡ ËÒ. 1‡ ÔË‚Â‰ÂÌ ÔÓÙËÎ¸
˜‡ÒÚÓÚ˚ ÔÎ‡‚Û˜ÂÒÚË, ËÁÏÂÂÌÌ˚È Ì‡ ëÂ‚ÂÓ-Á‡Ô‡‰-
ÌÓÏ ¯ÂÎ¸ÙÂ Ä‚ÒÚ‡ÎËË [11–13], Ì‡ 20° ˛.¯. èÓ-
ÙËÎ¸ ˜‡ÒÚÓÚ˚ ÇflÈÒflÎfl, ÔÓÍ‡Á‡ÌÌ˚È Ì‡ ËÒ. 1·, ·˚Î
ÔÓÎÛ˜ÂÌ Ì‡ å‡ÎËÌ ¯ÂÎ¸ÙÂ Í Á‡Ô‡‰Û ÓÚ ÄÌ„ÎËË [15].
íÂÚËÈ ÔÓÙËÎ¸ ˜‡ÒÚÓÚ˚ ÇflÈÒflÎfl (ËÒ. 1‚) ËÁÏÂÂÌ
Ì‡ ¯ÂÎ¸ÙÂ ÏÓfl ã‡ÔÚÂ‚˚ı [7]. óÂÚ‚ÂÚ˚È ÔÓÙËÎ¸
(ËÒ. 1„) ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ ˜‡ÒÚÓÚÂ ÇflÈÒflÎfl Ì‡ É‡‚‡È-
ÒÍÓÏ ¯ÂÎ¸ÙÂ ‚ íËıÓÏ ÓÍÂ‡ÌÂ [14]. 

í‡ÍËÏ Ó·‡ÁÓÏ, ÒÛ˘ÂÒÚ‚Û˛Ú ÒÂÏÂÈÒÚ‚‡ ‰Ó‚ÓÎ¸ÌÓ
Â‡ÎËÒÚË˜ÂÒÍÓÈ ‚ÂÚËÍ‡Î¸ÌÓÈ ÔÎÓÚÌÓÒÚÌÓÈ ÒÚ‡ÚË-
ÙËÍ‡ˆËË ‚ ÓÍÂ‡ÌÂ Í‡Í ‚˚¯Â, Ú‡Í Ë ÌËÊÂ ÔËÍÌÓÍÎË-
Ì‡, ÍÓ„‰‡ ‚ÓÎÌ‡ ‡ÒÔÓÒÚ‡ÌflÂÚÒfl ‚ „ÎÛ·ËÌÛ ·ÂÁ ÓÚ-
‡ÊÂÌËfl, ‡ ÌÂ ÚÓÎ¸ÍÓ ‰Îfl Ë‰Â‡ÎËÒÚË˜ÂÒÍÓÈ ÒËÚÛ‡ˆËË
ÔÓÒÚÓflÌÌÓÈ ˜‡ÒÚÓÚ˚ ÇflÈÒflÎfl. íÂÏ Ò‡Ï˚Ï, ÏÓÊÌÓ
ÛÚ‚ÂÊ‰‡Ú¸, ˜ÚÓ ÓÚ‡ÊÂÌËÂ ‚ÌÛÚÂÌÌÂÈ ‚ÓÎÌ˚ Ì‡
ÏÓÌÓÚÓÌÌ˚ı Û˜‡ÒÚÍ‡ı ÔÓÙËÎfl ˜‡ÒÚÓÚ˚ ÇflÈÒflÎfl,
ÍÓÚÓÓÂ ÏÓÊÂÚ ·˚Ú¸ ‡ÔÔÓÍÒËÏËÓ‚‡ÌÓ ÔÓÙËÎÂÏ
(13), ÓÚÒÛÚÒÚ‚ÛÂÚ ËÎË ‰ÓÒÚ‡ÚÓ˜ÌÓ ÒÎ‡·Ó. èÓÎÛ˜ÂÌ-
ÌÓÂ Â¯ÂÌËÂ ‰ÂÏÓÌÒÚËÛÂÚ Ú‡ÍÊÂ ÓÒÌÓ‚Ì˚Â ÓÒÓ-
·ÂÌÌÓÒÚË ÂÙ‡ÍˆËË ‚ÌÛÚÂÌÌËı ‚ÓÎÌ ‚ ÓÍÂ‡ÌÂ Ò ÔÂ-
ÂÏÂÌÌÓÈ ˜‡ÒÚÓÚÓÈ ÇflÈÒflÎfl. ëËÎ¸ÌÓÂ ÓÚ‡ÊÂÌËÂ
‰ÓÎÊÌÓ ·˚Ú¸ ‚ ÓÍÂÒÚÌÓÒÚË Ó·Î‡ÒÚÂÈ Ï‡ÍÒËÏÛÏ‡ Ë
ÏËÌËÏÛÏ‡ ˜‡ÒÚÓÚ˚ ÇflÈÒflÎfl, ‡ Ú‡ÍÊÂ ‚ ÒÎÓflı Â„Ó
ÒÍ‡˜ÍÓÓ·‡ÁÌÓ„Ó ËÁÏÂÌÂÌËfl. 

4. ëÓ·ÒÚ‚ÂÌÌ˚Â ÏÓ‰˚

êÂ¯ÂÌËfl ‚ ‚Ë‰Â ·ÂÁÓÚ‡Ê‡ÚÂÎ¸Ì˚ı ÔÓÚÂÌˆË‡ÎÓ‚
ÏÓ„ÛÚ ·˚Ú¸ ÔÓÎÂÁÌ˚ Ë ÔË ‚˚˜ËÒÎÂÌËË ÒÓ·ÒÚ‚ÂÌ-
Ì˚ı ÏÓ‰ ‡ÒÔÓÒÚ‡ÌÂÌËfl ‰ÎËÌÌ˚ı ‚ÓÎÌ. Ç ˝ÚÓÏ
ÒÎÛ˜‡Â Û‡‚ÌÂÌËÂ (3) ‰ÓÎÊÌÓ ·˚Ú¸ ‰ÓÔÓÎÌÂÌÓ „‡-
ÌË˜Ì˚ÏË ÛÒÎÓ‚ËflÏË Ì‡ ÔÓ‚ÂıÌÓÒÚË Ë Ì‡ ‰ÌÂ:

Φ(z = 0) = Φ(z = H) = 0. (16)

íÓ„‰‡ ÒÛÔÂÔÓÁËˆËfl Â¯ÂÌËÈ (4), Û‰Ó‚ÎÂÚ‚Ófl˛-
˘‡fl „‡ÌË˜ÌÓÏÛ ÛÒÎÓ‚Ë˛ (16) Ì‡ Ò‚Ó·Ó‰ÌÓÈ ÔÓ-
‚ÂıÌÓÒÚË, ÂÒÚ¸

(17)

Ë, Ó·‡˘‡flÒ¸ ‚ ÌÛÎ¸ Ì‡ ‰ÌÂ (z = H), ÓÔÂ‰ÂÎflÂÚ ÒÓ·-
ÒÚ‚ÂÌÌ˚Â ÁÌ‡˜ÂÌËfl

n = 1, 2, 3, … . (18)

àÌÚÂÂÒÌÓ ÓÚÏÂÚËÚ¸, ̃ ÚÓ ÂÒÎË ‚‚ÂÒÚË ÒÂ‰Ì˛˛ ÔÓ
ÒÎÓ˛ ˜‡ÒÚÓÚÛ ÇflÈÒflÎfl 

(19)

Φ z( ) 1 z/L+( )
N0z

c 1 z/L+( )
-------------------------sin=

cn

N0H
nπ 1 H/L+( )
-------------------------------,=

N
1
H
---- N z( ) zd

0

H

∫
N0

1 H/L+
-------------------,= =

3*
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í‡ÎËÔÓ‚‡ Ë ‰.

(a)

(·)

N
(z
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 c
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êËÒ. 1. ó‡ÒÚÓÚ‡ ÇflÈÒflÎfl Ë ÂÂ ‡ÔÔÓÍÒËÏ‡ˆËfl ·ÂÁÓÚ‡Ê‡ÚÂÎ¸Ì˚Ï ÔÓÙËÎÂÏ. (‡) – ÒÂ‚ÂÓ-Á‡Ô‡‰Ì˚È ¯ÂÎ¸Ù Ä‚ÒÚ‡ÎËË,
(·) – å‡ÎËÌ ¯ÂÎ¸Ù, ÄÌ„ÎËfl, (‚) – ¯ÂÎ¸Ù ÏÓfl ã‡ÔÚÂ‚˚ı, êÓÒÒËfl, („) – É‡‚‡ÈÒÍËÈ ¯ÂÎ¸Ù.
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í‡ÎËÔÓ‚‡ Ë ‰.

ÚÓ ‚˚‡ÊÂÌËÂ ‰Îfl ÒÍÓÓÒÚË ‡ÒÔÓÒÚ‡ÌÂÌËfl ËÏÂÂÚ
ÚÓÚ ÊÂ ‚Ë‰, ˜ÚÓ ‰Îfl ÓÍÂ‡Ì‡ Ò ÔÓÒÚÓflÌÌÓÈ (ÒÂ‰ÌÂÈ)
˜‡ÒÚÓÚÓÈ ÇflÈÒflÎfl

n = 1, 2, 3, … . (20)

ëÚÛÍÚÛ‡ ÔÂ‚˚ı ÚÂı ÏÓ‰ ÔÓÍ‡Á‡Ì‡ Ì‡ ËÒ. 2 (ÒÎÂ‚‡
‰Îfl H/L = 0.5 Ë ÒÔ‡‚‡ ‰Îfl H/L = 4). ÑÎfl ÒÎ‡·ÓÈ ÌÂÓ‰-
ÌÓÓ‰ÌÓÒÚË ÏÓ‰˚ ÒËÏÏÂÚË˜Ì˚, ‚ ÚÓ ‚ÂÏfl Í‡Í ‰Îfl
ÒËÎ¸ÌÓÈ ÌÂÓ‰ÌÓÓ‰ÌÓÒÚË ·˚ÒÚ˚Â ËÁÏÂÌÂÌËfl ÏÓ-
‰‡Î¸ÌÓÈ ÒÚÛÍÚÛ˚ ÔÓËÒıÓ‰flÚ ‚ ‚ÂıÌÂÏ ÒÎÓÂ.

ç‡ ËÒ. 3. Ò‡‚ÌË‚‡˛ÚÒfl ÒÚÛÍÚÛ˚ ÔÂ‚ÓÈ ÏÓ-
‰˚ ‰Îfl Â‡Î¸ÌÓÈ ÒÚ‡ÚËÙËÍ‡ˆËË ÓÍÂ‡Ì‡ Û É‡‚‡È-

cn
NH
nπ
---------,=

ÒÍËı Ó-‚Ó‚ ÔË „ÎÛ·ËÌÂ 4000 Ï (H/L = 4) Ë ÚÂÓÂÚË-
˜ÂÒÍÓÈ ÏÓ‰˚. ä‡Í ÏÓÊÌÓ ‚Ë‰ÂÚ¸, ÒÚÛÍÚÛ‡ Â‡Î¸-
ÌÓÈ ÏÓ‰˚ Í‡˜ÂÒÚ‚ÂÌÌÓ ‚ÔÓÎÌÂ ÓÔËÒ˚‚‡ÂÚÒfl ˝ÚÓÈ
ÔÓÒÚÓÈ ÚÂÓËÂÈ. 

4. éÚ‡ÊÂÌËÂ ÓÚ ÔËÍÌÓÍÎËÌ‡

ê‡ÒÒÏÓÚËÏ ÚÂÔÂ¸ ÓÚ‡ÊÂÌËÂ ‚ÌÛÚÂÌÌÂÈ
‚ÓÎÌ˚ ÓÚ ÔËÍÌÓÍÎËÌ‡, ÍÓÚÓ˚È ÔÂ‰ÒÚ‡‚ËÏ ‚ ‚Ë-
‰Â ÒÛÔÂÔÓÁËˆËÈ ‰‚Ûı “·ÂÁÓÚ‡Ê‡ÚÂÎ¸Ì˚ı” ÙÛÌÍ-
ˆËÈ (13):

(21)

Ò ‡ÁÌ˚ÏË “ÔÓÎÛ¯ËËÌ‡ÏË” ÔËÍÌÓÍÎËÌ‡. ä‡Í ÏÓÊ-
ÌÓ ‚Ë‰ÂÚ¸ ËÁ ËÒ. 1, Ú‡ÍËÏ ÔÓÙËÎÂÏ ÏÓÊÌÓ ‡ÔÔÓÍ-
ÒËÏËÓ‚‡Ú¸ ‡ÒÔÂ‰ÂÎÂÌËÂ ˜‡ÒÚÓÚ˚ ÇflÈÒflÎfl ‰Îfl
ÏÌÓ„Ëı ÒÎÛ˜‡Â‚ Ì‡ÚÛÌ˚ı Ì‡·Î˛‰ÂÌËÈ Ò ÚÓÈ ËÎË
ËÌÓÈ ÒÚÂÔÂÌ¸˛ ÔÓ„Â¯ÌÓÒÚË. è‡‡ÏÂÚ˚ ‡ÔÔÓÍÒË-
Ï‡ˆËÈ Ò‚Â‰ÂÌ˚ ‚ Ú‡·ÎËˆÛ. ùÚË ‡ÔÔÓÍÒËÏ‡ˆËË ·Û‰ÛÚ
ËÒÔÓÎ¸ÁÓ‚‡Ì˚ ‰Îfl ÓˆÂÌÓÍ ÓÚ‡ÊÂÌËfl ‚ÓÎÌ˚ ÓÚ ÔËÍ-
ÌÓÍÎËÌ‡.

èÛÒÚ¸ ‚ÓÎÌ‡ Ô‡‰‡ÂÚ Ì‡ ÔËÍÌÓÍÎËÌ ËÁ Ó·Î‡ÒÚË z <
< 0. èÂ‰ÒÚ‡‚Îflfl Í‡Í Ó·˚˜ÌÓ, Â¯ÂÌËÂ ‚ ‚Ë‰Â Ô‡‰‡-
˛˘ÂÈ Ë ÓÚ‡ÊÂÌÌÓÈ ‚ÓÎÌ ‚˚¯Â ÔËÍÌÓÍÎËÌ‡ Ë ÔÓ-
¯Â‰¯ÂÈ ‚ÓÎÌ˚ ÌËÊÂ ÔËÍÌÓÍÎËÌ‡, Ë ËÒÔÓÎ¸ÁÛfl Ó˜Â-
‚Ë‰Ì˚Â ÛÒÎÓ‚Ëfl ÌÂÔÂ˚‚ÌÓÒÚË ÙÛÌÍˆËË Φ Ë ÂÂ ÔÓ-

N z( ) N0

1

1 z+ /L1( )2
----------------------------- z 0<

1

1 z+ /L2( )2
-------------------------- z 0>

⎩
⎪
⎪
⎨
⎪
⎪
⎧

=

(a)

î
(z

)

1.0

0.5

0

–0.5

–1.0

0.2 0.4 0.6 0.8 1.0
z/H

(·)

î
(z

)

1.0

0.5

0

–0.5

–1.0

0.2 0.4 0.6 0.8 1.0
z/H

êËÒ. 2. ëÚÛÍÚÛ‡ ÔÂ‚˚ı ÚÂı ÏÓ‰ ‚ÌÛÚÂÌÌËı ‚ÓÎÌ
ç/L =0.5 (‡) Ë ç/L = 4 (·).

î
(z

)

1.0

0.5

0 0.2 0.4 0.6 0.8 1.0
z/H

êËÒ. 3. ë‡‚ÌÂÌËÂ ÒÚÛÍÚÛ˚ ÔÂ‚ÓÈ ÏÓ‰˚ ‰Îfl Â‡Î¸-
ÌÓÈ ÒÚ‡ÚËÙËÍ‡ˆËË (ÒÔÎÓ¯Ì‡fl ÎËÌËfl) Ë ÚÂÓÂÚË˜Â-
ÒÍÓÈ ÏÓ‰˚ (ç/L = 4) (ÔÛÌÍÚË).
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ËÁ‚Ó‰ÌÓÈ ‚ ÚÓ˜ÍÂ z = 0, Ì‡ıÓ‰ËÏ ÍÓ˝ÙÙËˆËÂÌÚ
ÓÚ‡ÊÂÌËfl ÓÚ ÔËÍÌÓÍÎËÌ‡ ‚ fl‚ÌÓÏ ‚Ë‰Â

(22)

„‰Â Lp = L1L2/(L1 + L2). á‰ÂÒ¸ ÍÓÏÔÎÂÍÒÌ˚È ÍÓ˝Ù-
ÙËˆËÂÌÚ ÓÚ‡ÊÂÌËfl R ÂÒÚ¸ ÓÚÌÓ¯ÂÌËÂ ‡ÏÔÎËÚÛ‰
ÓÚ‡ÊÂÌÌÓÈ Ë Ô‡‰‡˛˘ÂÈ ‚ÓÎÌ ‚ ÚÓ˜ÍÂ z = 0 (‚ÌÂ
ÔËÍÌÓÍÎËÌ‡ ‡ÏÔÎËÚÛ‰˚ ‚ÓÎÌ Ì‡‡ÒÚ‡˛Ú). Ö„Ó ÏÓ-
‰ÛÎ¸ ÂÒÚ¸

(23)

éÚÒ˛‰‡ ÒÎÂ‰ÛÂÚ, ˜ÚÓ ÂÒÎË ÔËÍÌÓÍÎËÌ ‰ÓÒÚ‡ÚÓ˜ÌÓ
ÚÓÌÍËÈ ÔÓ Ò‡‚ÌÂÌË˛ Ò „ÎÛ·ËÌÓÈ ÓÍÂ‡Ì‡, ÚÓ ÍÓ˝ÙÙË-
ˆËÂÌÚ ÓÚ‡ÊÂÌËfl (ÔÓ ÏÓ‰ÛÎ˛) ÏÓÊÂÚ ÔË·ÎËÊ‡Ú¸Òfl
Í Â‰ËÌËˆÂ. Ç “ÏÂÎÍÓÏ” ÓÍÂ‡ÌÂ ÚÓÎ˘ËÌ‡ ÔËÍÌÓÍÎËÌ‡

R
1

1
2iN0Lp

c
------------------+

---------------------------,–=

R
1

1
2N0Lp

c
----------------⎝ ⎠

⎛ ⎞
2

+

-------------------------------------.=

Ò‡‚ÌËÏ‡ Ò „ÎÛ·ËÌÓÈ ÓÍÂ‡Ì‡ H, Ë ‚ ̋ ÚÓÏ ÒÎÛ˜‡Â ÍÓ˝Ù-
ÙËˆËÂÌÚ ÓÚ‡ÊÂÌËfl ÏÓÊÂÚ ÒËÎ¸ÌÓ Ô‡‰‡Ú¸. 

ë ÚÓ˜ÍË ÁÂÌËfl ‡ÒÔÓÒÚ‡ÌÂÌËfl ˝ÌÂ„ËË ‚ÓÎÌ
·ÓÎÂÂ ËÌÙÓÏ‡ÚË‚Ì˚Ï fl‚ÎflÂÚÒfl Í‚‡‰‡Ú ÏÓ‰ÛÎfl
ÍÓ˝ÙÙËˆËÂÌÚ‡ ÓÚ‡ÊÂÌËfl, ÔÓÍ‡Á˚‚‡˛˘ËÈ ÔÓ-
ˆÂÌÚ ÓÚ‡Ê‡˛˘ÂÈÒfl ˝ÌÂ„ËË ‚ÓÎÌ˚. ê‡ÒÒÏÓÚËÏ
˝ÚÓ Ì‡ ÔË‚Â‰ÂÌÌ˚ı ‚˚¯Â ÔËÏÂ‡ı. êÂÁÛÎ¸Ú‡Ú˚
‡Ò˜ÂÚÓ‚ Í‚‡‰‡Ú‡ ÍÓ˝ÙÙËˆËÂÌÚ‡ ÓÚ‡ÊÂÌËfl
‚ÌÛÚÂÌÌÂÈ ‚ÓÎÌ˚ ÔÂ‚ÓÈ ÏÓ‰˚ ÓÚ ÔËÍÌÓÍÎËÌ‡ ÔÓ
ÙÓÏÛÎÂ (23) ‰Îfl ÔË‚Â‰ÂÌÌ˚ı ‚˚¯Â ÒÎÛ˜‡Â‚ ÔË-
‚Â‰ÂÌ˚ ‚ Ú‡·ÎËˆÂ.

ä‡Í ÏÓÊÌÓ ‚Ë‰ÂÚ¸, ‚ÂÎË˜ËÌ‡ Í‚‡‰‡Ú‡ ÏÓ‰ÛÎfl ÍÓ-
˝ÙÙËˆËÂÌÚ‡ ÓÚ‡ÊÂÌËfl ÓÚ ÔËÍÌÓÍÎËÌ‡ ÏÓÊÂÚ ·˚Ú¸
‰ÓÒÚ‡ÚÓ˜ÌÓ ·ÓÎ¸¯ÓÈ. èË ˝ÚÓÏ, ÔÓÒÍÓÎ¸ÍÛ ÒÚ‡ÚË-
ÙËÍ‡ˆËfl ‡ÁÎË˜Ì‡ ‚ ‡ÁÌ˚ı Â„ËÓÌ‡ı, ÚÓ ÔÓ ÔË‚Â-
‰ÂÌÌ˚Ï ‰‡ÌÌ˚Ï ÌÂ‚ÓÁÏÓÊÌÓ ÓˆÂÌËÚ¸ Á‡‚ËÒËÏÓÒÚ¸
Í‚‡‰‡Ú‡ ÍÓ˝ÙÙËˆËÂÌÚ‡ ÓÚ‡ÊÂÌËfl ÓÚ „ÎÛ·ËÌ˚.

í‡Í, Ì‡ ·ÓÎÂÂ ÏÂÎÍÓÏ ëÂ‚ÂÓ-Á‡Ô‡‰ÌÓÏ ¯ÂÎ¸ÙÂ
Ä‚ÒÚ‡ÎËË Í‚‡‰‡Ú ÍÓ˝ÙÙËˆËÂÌÚ‡ ÓÚ‡ÊÂÌËfl ÓÚ
ÔËÍÌÓÍÎËÌ‡ ·ÓÎ¸¯Â, ˜ÂÏ ‚ ·ÓÎÂÂ „ÎÛ·ÓÍÓÈ ÁÓÌÂ
¯ÂÎ¸Ù‡ É‡‚‡ÈÒÍËı Ó-‚Ó‚, ‡ Í‚‡‰‡Ú ÍÓ˝ÙÙËˆËÂÌÚ‡
ÓÚ‡ÊÂÌËfl ‚ ÏÂÎÍÓÈ ÁÓÌÂ ÏÓfl ã‡ÔÚÂ‚˚ı Ô‡ÍÚË˜Â-
ÒÍË Ú‡ÍÓÈ ÊÂ, Í‡Í ‚ „ÎÛ·ÓÍÓÈ ÁÓÌÂ É‡‚‡ÈÒÍÓ„Ó ̄ ÂÎ¸-
Ù‡, ÔÓÒÍÓÎ¸ÍÛ Ï‡ÍÒËÏÛÏ ̃ ‡ÒÚÓÚ˚ ÇflÈÒflÎfl ‚ ̋ ÚÓÈ Ó·-
Î‡ÒÚË ‡ÌÓÏ‡Î¸ÌÓ ‚ÂÎËÍ ËÁ-Á‡ Ì‡ÎË˜Ëfl ‡ÒÔÂÒÌÂÌÌÓÈ
‚Ó‰˚ ‚ ‚ÂıÌÂÏ ÒÎÓÂ, ˜ÚÓ ı‡‡ÍÚÂÌÓ ‰Îfl ‡ÍÚË˜Â-
ÒÍËı ‚Ó‰.

å˚ ‡ÒÒÏÓÚËÏ, Í‡Í ÏÂÌflÂÚÒfl Í‚‡‰‡Ú ÍÓ˝ÙÙË-
ˆËÂÌÚ‡ ÓÚ‡ÊÂÌËfl, ÂÒÎË ‚ÁflÚ‡ Ó‰Ì‡ ÒÚ‡ÚËÙËÍ‡ˆËfl,
Ì‡ÔËÏÂ, Â„ËÓÌ É‡‚‡ÈÒÍËı Ó-‚Ó‚, Ë ËÁÏÂÌflÂÚÒfl
ÚÓÎ¸ÍÓ „ÎÛ·ËÌ‡. ùÚÓ ËÁÏÂÌÂÌËÂ ÔÓÍ‡Á‡ÌÓ Ì‡ ËÒ. 4
‰Îfl ÔÂ‚˚ı ÚÂı ÏÓ‰. ç‡Ë·ÓÎ¸¯ËÈ Í‚‡‰‡Ú ÍÓ˝Ù-
ÙËˆËÂÌÚ‡ ÓÚ‡ÊÂÌËfl ÓÚ ÔËÍÌÓÍÎËÌ‡ ÔËıÓ‰ËÚÒfl Ì‡
ÔÂ‚Û˛ ÏÓ‰Û, ÓÌ ÏÂÌflÂÚÒfl ÓÚ 0.53 ÔË „ÎÛ·ËÌÂ 4 ÍÏ
‰Ó 0.13 ÔË „ÎÛ·ËÌÂ 350 Ï. ä‚‡‰‡Ú ÍÓ˝ÙÙËˆËÂÌÚ‡
ÓÚ‡ÊÂÌËfl ‚ÚÓÓÈ ÏÓ‰˚ ÔË·ÎËÁËÚÂÎ¸ÌÓ ‚ ‰‚‡ ‡Á‡
ÏÂÌ¸¯Â Í‚‡‰‡Ú‡ ÍÓ˝ÙÙËˆËÂÌÚ‡ ÓÚ‡ÊÂÌËfl ÔÂ‚ÓÈ
ÏÓ‰˚. Ö„Ó ÔÂ‰ÂÎ˚ ËÁÏÂÌÂÌËfl – ÓÚ 0.29 ‰Ó 0.08 Ò
ÛÏÂÌ¸¯ÂÌËÂÏ „ÎÛ·ËÌ˚. ä‚‡‰‡Ú ÍÓ˝ÙÙËˆËÂÌÚ‡ ÓÚ-
‡ÊÂÌËfl ÚÂÚ¸ÂÈ ÏÓ‰˚ ÔÓ˜ÚË ‚ ÚË ‡Á‡ ÏÂÌ¸¯Â
Í‚‡‰‡Ú‡ ÍÓ˝ÙÙËˆËÂÌÚ‡ ÓÚ‡ÊÂÌËfl ÔÂ‚ÓÈ ÏÓ‰˚,
ÓÌ ÏÂÌflÂÚÒfl ‚ ÔÂ‰ÂÎ‡ı ÓÚ 0.16 ‰Ó 0.02 Ò Ô‡‰ÂÌËÂÏ
„ÎÛ·ËÌ˚. 

ëÎÂ‰ÛÂÚ ÓÚÏÂÚËÚ¸, ˜ÚÓ ‚ ÔÂÂ˜ËÒÎÂÌÌ˚ı ‚˚¯Â
‡·ÓÚ‡ı (ÒÏ. Ç‚Â‰ÂÌËÂ) Â˜¸ Ë‰ÂÚ, Í‡Í Ô‡‚ËÎÓ, Ó „Â-
ÌÂ‡ˆËË ·‡ÓÍÎËÌÌ˚ı ÚÂ˜ÂÌËÈ Ì‡ ¯ÂÎ¸ÙÓ‚˚ı ÒÍÎÓ-
Ì‡ı ËÎË ÔÓ‰‚Ó‰Ì˚ı ·‡ÌÍ‡ı ‚ „ÎÛ·ÓÍÓ‚Ó‰Ì˚ı Ó·Î‡-
ÒÚflı, „‰Â ÁÓÌ‡ „ÂÌÂ‡ˆËË ‡ÒÔÓÎÓÊÂÌ‡, Í‡Í Ô‡‚ËÎÓ,
ÌËÊÂ ÔËÍÌÓÍÎËÌ‡, ÍÓÚÓ˚È Ó·˚˜ÌÓ Ì‡ıÓ‰ËÚÒfl Ì‡
„ÎÛ·ËÌÂ ÏÂÌÂÂ 100 Ï. èÓÒÍÓÎ¸ÍÛ „ÎÛ·ÓÍÓ‚Ó‰Ì˚Â
‡ÈÓÌ˚ ıÓÓ¯Ó ÓÔËÒ˚‚‡˛ÚÒfl “·ÂÁÓÚ‡Ê‡ÚÂÎ¸Ì˚Ï”
ÔÓÙËÎÂÏ ̃ ‡ÒÚÓÚ˚ ÇflÈÒflÎfl, ÚÓ ̋ ÌÂ„Ëfl ‚ÓÎÌ˚ ‚ÌÛÚ-
Ë ÎÛ˜Â‚ÓÈ ÚÛ·ÍË Ô‡ÍÚË˜ÂÒÍË ·ÂÒÔÂÔflÚÒÚ‚ÂÌÌÓ
‰ÓıÓ‰ËÚ ‰Ó ‰Ì‡ Ë ÓÚ‡Ê‡ÂÚÒfl, ËÒÔ˚Ú˚‚‡fl ÒÎÂ‰Û˛˘ÂÂ
˜‡ÒÚË˜ÌÓÂ ÓÚ‡ÊÂÌËÂ ÓÚ ÔËÍÌÓÍÎËÌ‡, ÔËÊ‡ÚÓ„Ó Í
ÔÓ‚ÂıÌÓÒÚË Ë ÓÚ Ò‡ÏÓÈ ÔÓ‚ÂıÌÓÒÚË. èËÏÂ Ú‡ÍÓ-
„Ó ÎÛ˜Â‚Ó„Ó ‡ÒÔÓÒÚ‡ÌÂÌËfl ‚ÌÛÚÂÌÌËı ‚ÓÎÌ ‚
ÅËÒÍ‡ÈÒÍÓÏ Á‡ÎË‚Â ÔË‚Â‰ÂÌ ‚ ‡·ÓÚÂ [10]. 

 
äÓ˝ÙÙËˆËÂÌÚ ÓÚ‡ÊÂÌËfl ÌËÁÍÓ˜‡ÒÚÓÚÌÓÈ ‚ÌÛÚÂÌÌÂÈ
‚ÓÎÌ˚ ÓÚ ÔËÍÌÓÍÎËÌ‡

N0, Ò–1 H, Ï Lp, Ï Ò, Ï/Ò |R|2

ëÂ‚ÂÓ-Á‡Ô‡‰Ì˚È 
¯ÂÎ¸Ù Ä‚ÒÚ‡ÎËË

0.0236 1400 18.5 2.1 0.81

É‡‚‡ÈË 0.0113 4000 111.1 2.0 0.53

åÓÂ ã‡ÔÚÂ‚˚ı 0.1378 35 2.5 0.75 0.55

å‡ÎËÌ ¯ÂÎ¸Ù 0.0144 600 28 0.43 0.22

|R
|2

0
H, Ï

0.6

0.4

0.2

1000 2000 3000 4000

êËÒ. 4. àÁÏÂÌÂÌËÂ Í‚‡‰‡Ú‡ ÏÓ‰ÛÎfl ÍÓ˝ÙÙËˆËÂÌÚ‡
ÓÚ‡ÊÂÌËÂ ÓÚ ÔËÍÌÓÍÎËÌ‡ Ò „ÎÛ·ËÌÓÈ. ëÔÎÓ¯Ì‡fl ÎË-
ÌËfl – ‰Îfl ÔÂ‚ÓÈ ÏÓ‰˚, ̄ ÚËıÓ‚‡fl ÎËÌËfl – ‰Îfl ‚ÚÓÓÈ
ÏÓ‰˚, ¯ÚËıÔÛÌÍÚË – ‰Îfl ÚÂÚ¸ÂÈ ÏÓ‰˚.
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í‡ÎËÔÓ‚‡ Ë ‰.

6. á‡ÍÎ˛˜ÂÌËÂ

ÇÒÂ ÒÍ‡Á‡ÌÌÓÂ ÎÂ„ÍÓ ÔÂÂÌÓÒËÚÒfl Ì‡ ÒÎÛ˜‡È ‰ÎËÌ-
Ì˚ı ‚ÓÎÌ ‚Ó ‚‡˘‡˛˘ÂÏÒfl ÓÍÂ‡ÌÂ. Ç ˝ÚÓÏ ÒÎÛ˜‡Â
Û‡‚ÌÂÌËÂ (3) ÏÓ‰ËÙËˆËÛÂÚÒfl:

(24)

ëÚÛÍÚÛ‡ Â¯ÂÌËfl Ë ‚ÒÂ ÙÓÏÛÎ˚, ÔË‚Â‰ÂÌÌ˚Â
‚˚¯Â, ÌÂ ÏÂÌfl˛ÚÒfl, ÏÓ‰ËÙËˆËÛÂÚÒfl ÚÓÎ¸ÍÓ ‰ËÒ-
ÔÂÒËÓÌÌÓÂ ÒÓÓÚÌÓ¯ÂÌËÂ ‚ÌÛÚÂÌÌËı ‚ÓÎÌ ‚
ÓÍÂÒÚÌÓÒÚË Ï‡Î˚ı ‚ÓÎÌÓ‚˚ı ˜ËÒÂÎ:

(25)

àÚ‡Í, ÔË‚Â‰ÂÌÌ˚Â ‚˚¯Â ‡Ì‡ÎËÚË˜ÂÒÍËÂ Â¯Â-
ÌËfl ÔÓ‰Ú‚ÂÊ‰‡˛Ú ÒÛ˘ÂÒÚ‚Ó‚‡ÌËÂ ÌÂÓ‰ÌÓÓ‰ÌÓ„Ó
ÔÓ „ÎÛ·ËÌÂ ÔÓÙËÎfl ˜‡ÒÚÓÚ˚ ÇflÈÒflÎfl-ÅÂÌÚ‡, ÍÓ-
„‰‡ ÓÚ‡ÊÂÌËÂ ‚ ÚÓÎ˘Â ÓÍÂ‡Ì‡ ÓÚÒÛÚÒÚ‚ÛÂÚ ÔÓÎÌÓ-
ÒÚ¸˛. ê‡ÒÒÏÓÚÂÌÌ˚È ‚˚¯Â ÏÓ‰ÂÎ¸Ì˚È ÒÎÛ˜‡È
ÒÚ‡ÚËÙËÍ‡ˆËË ÔÂ‰ÒÚ‡‚ÎflÂÚÒfl Â‡ÎËÒÚË˜ÂÒÍËÏ ‰Îfl
ÓÔËÒ‡ÌËfl ˜‡ÒÚÓÚ˚ ÔÎ‡‚Û˜ÂÒÚË ÌËÊÂ ÔËÍÌÓÍÎËÌ‡.
àÏÂÌÌÓ ÔÓ˝ÚÓÏÛ Ë ÒÛ˘ÂÒÚ‚ÛÂÚ ˜‡ÒÚÓ Ì‡·Î˛‰‡ÂÏ‡fl
(‚ Ì‡ÚÛÌ˚ı Ë ˜ËÒÎÂÌÌ˚ı ˝ÍÒÔÂËÏÂÌÚ‡ı) ÒËÚÛ‡ˆËfl
ÔÛ˜ÍÓ‚Ó„Ó ‡ÒÔÓÒÚ‡ÌÂÌËfl ‚ÌÛÚÂÌÌËı ‚ÓÎÌ ‚ ÚÓÎ-
˘Û ÓÍÂ‡Ì‡ Ò Á‡ÏÂÚÌ˚Ï ÓÚ‡ÊÂÌËÂÏ ÚÓÎ¸ÍÓ Ì‡ Â„Ó
„‡ÌËˆ‡ı. 

ê‡·ÓÚ‡ ‚˚ÔÓÎÌÂÌ‡ ÔË ÙËÌ‡ÌÒÓ‚ÓÈ ÔÓ‰‰ÂÊÍÂ
êîîà (‹ 06-05-64232 Ë ‹ 07-05-92310-çÇé_‡) Ë
àçíÄë (‹ 06-1000013-9236).
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Penetration of Internal Wave into Depth of Ocean

T. G. Talipova, E. N. Pelinovsky, N. S. Petrykhin

Data of beam propagation of the internal waves into the ocean are confirmed by several analytical solutions of
the linear long wave theory. Obtained solutions are applied to calculate the mode of internal wave.

d2Φ
dz2
----------

N2 z( )
ω2 f 2–
-----------------k2Φ+ 0,=
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