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1. Ç‚Â‰ÂÌËÂ

 

àÁ‚ÂÒÚÌÓ [1], ˜ÚÓ ÔË ÔÓıÓÊ‰ÂÌËË ‚ ÏÓÒÍÓÈ
ÒÂ‰Â Á‚ÛÍÓ‚ÓÈ ‚ÓÎÌ˚ ˜ÂÂÁ Ó·Î‡ÒÚ¸ Ò ÔÂÂÏÂÌ-
Ì˚Ï ˝ÎÂÍÚÓÏ‡„ÌËÚÌ˚Ï ÔÓÎÂÏ „ÂÌÂËÛ˛ÚÒfl ‰Ó-
·‡‚Ó˜Ì˚Â ‡ÍÛÒÚË˜ÂÒÍËÂ „‡ÏÓÌËÍË. é‰Ì‡ÍÓ ‚ Ì‡-
ÒÚÓfl˘ÂÂ ‚ÂÏfl ÌÂÚ ÔÓÎÌÓÈ flÒÌÓÒÚË ‚ ÓÚÌÓ¯ÂÌËË
ÏÂı‡ÌËÁÏ‡ ˝ÚÓÈ „ÂÌÂ‡ˆËË. Ç Î˛·ÓÏ ÒÎÛ˜‡Â ˝ÎÂÍ-
ÚÓÏ‡„ÌËÚÌÓÂ ÔÓÎÂ ‚ ÔÓ‚Ó‰fl˘ÂÈ ÒÂ‰Â ËÌ‰ÛˆË-
ÛÂÚ ˝ÎÂÍÚË˜ÂÒÍËÂ ÚÓÍË. åÓÊÌÓ ÔÂ‰ÔÓÎÓÊËÚ¸,
˜ÚÓ ˝ÚË ÚÓÍË ÒÔÓÒÓ·Ì˚ ÒÓÁ‰‡Ú¸ ÔÂËÓ‰Ë˜ÂÒÍÛ˛
ÚÂÔÎÓ‚Û˛ ÒÚÛÍÚÛÛ, ÍÓÚÓ‡fl, ‚ Ò‚Ó˛ Ó˜ÂÂ‰¸,
ÔË‚Â‰ÂÚ Í „ÂÌÂ‡ˆËË ‰ÓÔÓÎÌËÚÂÎ¸Ì˚ı Á‚ÛÍÓ‚˚ı
„‡ÏÓÌËÍ ÔË ÔÓıÓÊ‰ÂÌËË ‡ÍÛÒÚË˜ÂÒÍÓÈ ‚ÓÎÌ˚
[1]. ç‡ÁÓ‚ÂÏ ˝ÚÓÚ ‚ÓÁÏÓÊÌ˚È ÏÂı‡ÌËÁÏ „ÂÌÂ‡ˆËË
“Ô‡‡ÏÂÚË˜ÂÒÍËÏ”, ËÏÂfl ‚ ‚Ë‰Û, ˜ÚÓ ÔÂËÓ‰Ë˜Â-
ÒÍ‡fl ÚÂÔÎÓ‚‡fl ÒÚÛÍÚÛ‡ ÏÓÊÂÚ ÔË‚ÂÒÚË Í ÔÓ-
ÒÚ‡ÌÒÚ‚ÂÌÌÓÈ ÔÂËÓ‰Ë˜ÌÓÒÚË ÒÍÓÓÒÚË Á‚ÛÍ‡ – Ô‡-
‡ÏÂÚ‡ ‚ÓÎÌÓ‚Ó„Ó Û‡‚ÌÂÌËfl. Ç ‰‡ÌÌÓÈ ‡·ÓÚÂ
Ï˚ ËÒÒÎÂ‰ÛÂÏ ‚ÓÁÏÓÊÌÓÒÚ¸ „ÂÌÂ‡ˆËË ‡ÍÛÒÚË˜Â-
ÒÍËı „‡ÏÓÌËÍ ÔÓ Ô‡‡ÏÂÚË˜ÂÒÍÓÏÛ ÏÂı‡ÌËÁÏÛ,
ÔÂ‰ÔÓÎ‡„‡fl, ̃ ÚÓ ÒÂ‰‡ ·ÂÁ„‡ÌË˜Ì‡ Ë ‚ ÌÂÈ ÓÚÒÛÚ-
ÒÚ‚Û˛Ú Ï‡ÍÓÒÍÓÔË˜ÂÒÍËÂ ‰‚ËÊÂÌËfl. 

ÑÛ„ÓÂ ‚ÓÁÏÓÊÌÓÂ ÔÂ‰ÔÓÎÓÊÂÌËÂ Ó ÏÂı‡ÌËÁ-
ÏÂ „ÂÌÂ‡ˆËË ‰ÓÔÓÎÌËÚÂÎ¸Ì˚ı Á‚ÛÍÓ‚˚ı „‡ÏÓ-
ÌËÍ, ÍÓÚÓÓÂ Ï˚ Ú‡ÍÊÂ ËÒÒÎÂ‰ÛÂÏ ‚ ‰‡ÌÌÓÈ ‡·ÓÚÂ,
Á‡ÍÎ˛˜‡ÂÚÒfl ‚ ÚÓÏ, ˜ÚÓ ‡ÍÛÒÚË˜ÂÒÍËÂ „‡ÏÓÌËÍË
ÒÓÁ‰‡˛ÚÒfl ÏÂı‡ÌË˜ÂÒÍËÏ ‚ÓÁ‰ÂÈÒÚ‚ËÂÏ ˝ÎÂÍÚÓ-
Ï‡„ÌËÚÌÓ„Ó ÔÓÎfl Ì‡ ËÌ‰ÛˆËÓ‚‡ÌÌ˚Â ÚÓÍË (ÔÓÌ‰Â-
ÓÏÓÚÓÌ˚Â ÒËÎ˚). í‡ÍÓÈ ÏÂı‡ÌËÁÏ Ï˚ ·Û‰ÂÏ Ì‡-
Á˚‚‡Ú¸ ‰ËÌ‡ÏË˜ÂÒÍËÏ. çËÊÂ Ï˚ ‡ÒÒÏ‡ÚË‚‡ÂÏ
„ÂÌÂ‡ˆË˛ „‡ÏÓÌËÍ ÔÓ ‰ËÌ‡ÏË˜ÂÒÍÓÏÛ ÏÂı‡ÌËÁ-
ÏÛ, ÔÂ‰ÔÓÎ‡„‡fl, ˜ÚÓ ÍÓÏÂ ÔÂÂÏÂÌÌÓ„Ó ˝ÎÂÍ-
ÚÓÏ‡„ÌËÚÌÓ„Ó ÔÓÎfl ‚ ÒÂ‰Â ÒÛ˘ÂÒÚ‚ÛÂÚ Ú‡ÍÊÂ Ë
ÔÓÒÚÓflÌÌÓÂ „ÂÓÏ‡„ÌËÚÌÓÂ ÔÓÎÂ. 

Ñ‡ÌÌ‡fl ‡·ÓÚ‡ fl‚ÎflÂÚÒfl ÔÓ‰ÓÎÊÂÌËÂÏ ‡ÌÂÂ
ÔÓ‚Â‰ÂÌÌ˚ı Ì‡ÏË ËÒÒÎÂ‰Ó‚‡ÌËÈ ˝ÎÂÍÚÓÏ‡„ÌËÚ-
Ì˚ı ÔÓˆÂÒÒÓ‚ ‚ ÓÍÂ‡ÌÂ [2, 3].

 

2. è‡‡ÏÂÚË˜ÂÒÍËÈ ÏÂı‡ÌËÁÏ 
„ÂÌÂ‡ˆËË Á‚ÛÍÓ‚˚ı ‚ÓÎÌ

 

ê‡ÒÒÏÓÚËÏ ·ÂÁ„‡ÌË˜ÌÛ˛ ÒÂ‰Û, ı‡‡ÍÚÂËÁÛ-
˛˘Û˛Òfl ÔÎÓÚÌÓÒÚ¸˛ 
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κ

 

. ÅÛ‰ÂÏ
Ò˜ËÚ‡Ú¸, ̃ ÚÓ ‚ ÒÂ‰Â ÓÚÒÛÚÒÚ‚ÛÂÚ ÚÂÔÎÓ‚‡fl ÍÓÌ‚ÂÍ-
ˆËfl Ë Ï‡ÍÓÒÍÓÔË˜ÂÒÍËÂ ‰‚ËÊÂÌËfl. íÓ„‰‡ ‡ÒÔÓ-
ÒÚ‡ÌÂÌËÂ ÚÂÔÎ‡ ÓÔËÒ˚‚‡ÂÚÒfl Û‡‚ÌÂÌËÂÏ ÚÂÔÎÓ-
ÔÓ‚Ó‰ÌÓÒÚË
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ÏÓ˘ÌÓÒÚ¸ ËÒÚÓ˜ÌËÍÓ‚ ÚÂÔÎ‡ ‚ Â‰ËÌËˆÂ Ó·˙ÂÏ‡. é·-
˘ÂÂ Â¯ÂÌËÂ Á‡‰‡˜Ë äÓ¯Ë ‰Îfl Û‡‚ÌÂÌËfl ÚÂÔÎÓ-
ÔÓ‚Ó‰ÌÓÒÚË Ò ÌÛÎÂ‚˚Ï Ì‡˜‡Î¸Ì˚Ï ÛÒÎÓ‚ËÂÏ
ËÏÂÂÚ ‚Ë‰ [4]:
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‚˚˜ËÒÎËÚ¸ ÚÓ˜ÌÓ. Ç˚‡ÊÂÌËÂ (5) ‚ ˝ÚÓÏ ÔÂ‰ÂÎÂ
ÔËÌËÏ‡ÂÚ ‚Ë‰

(7)

ÑÎfl ‰‡Î¸ÌÂÈ¯Â„Ó ‡Ì‡ÎËÁ‡ ËÒÔÓÎ¸ÁÛÂÏ ÒÎÂ‰Û˛-
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[7]. ÖÒÎË ‡ÁÏÂ˚ ‡ÌÚÂÌÌ˚ Ó„‡ÌË˜ÂÌ˚, ÏÓÊÌÓ
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Û́

‚ËÒËÏÓÒÚ¸ ÚÂÏÔÂ‡ÚÛ˚ ÒÂ‰˚ Á‡ ÔÂ‰ÂÎ‡ÏË ˝ÚÓÈ
Ó·Î‡ÒÚË. á‡ÏÂÌflfl ‚ (3) Ë (7) |r – r'| Ì‡ r, ÔÓÎÛ˜ËÏ

(8)

„‰Â W =  – ÔÓÎÌ‡fl ÏÓ˘ÌÓÒÚ¸ ÚÓÍÓ‚, ÒÓ-

Á‰‡‚‡ÂÏ˚ı ‡ÌÚÂÌÌÓÈ ‚ ÏÓÒÍÓÈ ÒÂ‰Â.

àÁ ÒÚÛÍÚÛ˚ ‚˚‡ÊÂÌËfl (8) ‚Ë‰ÌÓ, ˜ÚÓ ÔÓÏË-
ÏÓ ÏÓÌÓÚÓÌÌÓ Û·˚‚‡˛˘ÂÈ Ò ‡ÒÒÚÓflÌËÂÏ ÒÓÒÚ‡‚-
Îfl˛˘ÂÈ ÚÂÏÔÂ‡ÚÛÌÓ„Ó ÔÓÎfl, ÂÒÚ¸ Ë ÔÂËÓ‰Ë˜Â-
ÒÍ‡fl Û·˚‚‡˛˘‡fl Â„Ó ÍÓÏÔÓÌÂÌÚ‡, ËÏÂ˛˘‡fl ‚Ë‰
·Â„Û˘ÂÈ ÚÂÔÎÓ‚ÓÈ ‚ÓÎÌ˚. ç‡ ÔÂ‚˚È ‚Á„Îfl‰, Ì‡-
ÎË˜ËÂ ˝ÚÓÈ ‚ÓÎÌ˚ ÔÓ‰Ú‚ÂÊ‰‡ÂÚ ÔÂ‰ÔÓÎÓÊÂÌËÂ
Ó ÒÛ˘ÂÒÚ‚Ó‚‡ÌËË ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓÈ ÔÂËÓ‰Ë˜ÌÓ-
ÒÚË ÚÂÏÔÂ‡ÚÛÌÓ„Ó ÔÓÎfl. ë‰ÂÎ‡ÂÏ, Ó‰Ì‡ÍÓ, ÍÓÎË-
˜ÂÒÚ‚ÂÌÌÛ˛ ÓˆÂÌÍÛ ‰ÎËÌ˚ ˝ÚÓÈ ÚÂÏÔÂ‡ÚÛÌÓÈ

‚ÓÎÌ˚ λ = a/(2π ) Ë Ù‡ÁÓ‚ÓÈ ÒÍÓÓÒÚË ÂÂ ‡Ò-

ÔÓÒÚ‡ÌÂÌËfl vÙ = 2a  ÇÁfl‚ ω0 ÔÓfl‰Í‡ 103 Ò–1,
ÔÓÎÛ˜ËÏ: λ ∼ 10–6 Ï, vÙ ∼ 10–2 Ï/Ò. í‡ÍËÏ Ó·‡ÁÓÏ,
ÔÓÏËÏÓ ÚÓ„Ó, ˜ÚÓ ‡ÏÔÎËÚÛ‰‡ ÚÂÏÔÂ‡ÚÛÌÓÈ ‚ÓÎ-
Ì˚ ˝ÍÒÔÓÌÂÌˆË‡Î¸ÌÓ ·˚ÒÚÓ Û·˚‚‡ÂÚ Ò ‡ÒÒÚÓflÌË-
ÂÏ, ÂÂ Ô‡‡ÏÂÚ˚ ÌÂ ÒÓËÁÏÂËÏÓ Ï‡Î˚ ÔÓ Ò‡‚ÌÂ-
ÌË˛ Ò Ô‡‡ÏÂÚ‡ÏË Á‚ÛÍÓ‚ÓÈ ‚ÓÎÌ˚ ˜‡ÒÚÓÚ˚ ÔÓ-
fl‰Í‡ ω0. àÌ˚ÏË ÒÎÓ‚‡ÏË, ‰‡ÊÂ ÂÒÎË ÔÂÌÂ·Â˜¸
ÍÓÌ‚ÂÍÚË‚Ì˚ÏË ‰‚ËÊÂÌËflÏË ‚ ÏÓÒÍÓÈ ÒÂ‰Â, ÒÔÓ-
ÒÓ·Ì˚ÏË ÎÂ„ÍÓ ‡ÁÛ¯ËÚ¸ Ú‡ÍÛ˛ ÔÂËÓ‰Ë˜ÌÓÒÚ¸,
Ï‡ÎÓ‚ÂÓflÚÌÓ, ˜ÚÓ ÔÂËÓ‰Ë˜ÌÓÒÚ¸ ÒÓ ÒÚÓÎ¸ Ï‡Î˚Ï
ÔÓÒÚ‡ÌÒÚ‚ÂÌÌ˚Ï ÔÂËÓ‰ÓÏ ÒÔÓÒÓ·Ì‡ ÔË‚ÂÒÚË Í
„ÂÌÂ‡ˆËË ‰ÓÔÓÎÌËÚÂÎ¸ÌÓÈ Á‚ÛÍÓ‚ÓÈ „‡ÏÓÌËÍË. 

2. ÑËÌ‡ÏË˜ÂÒÍËÈ ÏÂı‡ÌËÁÏ 
„ÂÌÂ‡ˆËË Á‚ÛÍÓ‚˚ı ‚ÓÎÌ

ê‡ÒÒÏÓÚËÏ ‚ÓÁÏÓÊÌÓÒÚ¸ „ÂÌÂ‡ˆËË ‰Ó·‡‚Ó˜-
Ì˚ı Á‚ÛÍÓ‚˚ı „‡ÏÓÌËÍ Á‡ Ò˜ÂÚ ÔÓÌ‰ÂÓÏÓÚÓÌ˚ı
ÒËÎ. èÂ‰ÔÓÎÓÊËÏ, ˜ÚÓ Á‚ÛÍÓ‚‡fl ‚ÓÎÌ‡, ÒÓÁ‰‡ÌÌ‡fl
‡ÍÛÒÚË˜ÂÒÍËÏ ËÒÚÓ˜ÌËÍÓÏ Ò ˜‡ÒÚÓÚÓÈ ω, ‡ÒÔÓ-
ÒÚ‡ÌflÂÚÒfl ‚ ÏÓÒÍÓÈ ÒÂ‰Â, „‰Â Ì‡ıÓ‰ËÚÒfl ËÒÍÛÒ-
ÒÚ‚ÂÌÌ˚È ËÒÚÓ˜ÌËÍ ˝ÎÂÍÚÓÏ‡„ÌËÚÌÓ„Ó ÔÓÎfl (‡Ì-
ÚÂÌÌ‡) Ò ˜‡ÒÚÓÚÓÈ ω0. ÅÛ‰ÂÏ ÓÒÌÓ‚˚‚‡Ú¸Òfl Ì‡ ÎËÌÂ-
‡ËÁÓ‚‡ÌÌ˚ı „Ë‰Ó‡ÍÛÒÚË˜ÂÒÍËı Û‡‚ÌÂÌËflı

(9)

á‰ÂÒ¸ ρ0 – ‡‚ÌÓ‚ÂÒÌ‡fl ÔÎÓÚÌÓÒÚ¸ ÏÓÒÍÓÈ ‚Ó‰˚,
c – ÒÍÓÓÒÚ¸ Á‚ÛÍ‡, ρ Ë v – ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ ‡ÍÛÒÚË-

u0 r t,( ) W
8πκr
------------ 1

r ω0

a
-------------–⎝ ⎠

⎛ ⎞ ×exp+⎝
⎛=

×
r ω0

a
------------- 2ω0t–⎝ ⎠

⎛ ⎞cos ⎠
⎞ ,

j0
2 r'( )
σ

------------- r'd∫

ω0

ω0.

ρ∂
t∂

------ ρ0divv+ 0,=

ρ0
v∂
t∂

----- c2 ρ f .+∇–=
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˜ÂÒÍ‡fl ÔÎÓÚÌÓÒÚ¸ Ë ÒÍÓÓÒÚ¸. èÎÓÚÌÓÒÚ¸ ÔÓÌ‰ÂÓ-
ÏÓÚÓÌÓÈ ÒËÎ˚ f Á‡ÔË¯ÂÏ ‚ ÒÎÂ‰Û˛˘ÂÏ ‚Ë‰Â

(10)

„‰Â B – Ï‡„ÌËÚÌ‡fl ËÌ‰ÛÍˆËfl, E – Ì‡ÔflÊÂÌÌÓÒÚ¸
˝ÎÂÍÚË˜ÂÒÍÓ„Ó ÔÓÎfl, κ – ‰Ë˝ÎÂÍÚË˜ÂÒÍ‡fl ‚ÓÒ-
ÔËËÏ˜Ë‚ÓÒÚ¸ ÏÓÒÍÓÈ ‚Ó‰˚, ‡ ÔÎÓÚÌÓÒÚ¸ ÚÓÍ‡ j
ÓÔÂ‰ÂÎflÂÚÒfl Á‡ÍÓÌÓÏ éÏ‡ (σ – ÔÓ‚Ó‰ËÏÓÒÚ¸
ÏÓÒÍÓÈ ‚Ó‰˚)

(11)

å‡„ÌËÚÌÓÂ ÔÓÎÂ B fl‚ÎflÂÚÒfl ÒÛÔÂÔÓÁËˆËÂÈ ÔÓÒÚÓ-
flÌÌÓ„Ó „ÂÓÏ‡„ÌËÚÌÓ„Ó ÔÓÎfl F Ë ÓÒˆËÎÎËÛ˛˘Â„Ó
ÔÓÎfl ‡ÌÚÂÌÌ˚ B0. é„‡ÌË˜ËÏÒfl ÚÓÎ¸ÍÓ ‡ÒÒÏÓÚ-
ÂÌËÂÏ ‚ÎËflÌËfl Ï‡„ÌËÚÌÓÈ ÒÓÒÚ‡‚Îfl˛˘ÂÈ ˝ÎÂÍ-
ÚÓÏ‡„ÌËÚÌÓ„Ó ÔÓÎfl ‡ÌÚÂÌÌ˚. ëÚÓ„Ó „Ó‚Ófl, ÒÍÓ-
ÓÒÚ¸ v, ‚ıÓ‰fl˘‡fl ‚ (11) Ò‡Ï‡ ‰ÓÎÊÌ‡ ÓÔÂ‰ÂÎflÚ¸Òfl
ËÁ Â¯ÂÌËfl Á‡‰‡˜Ë. å˚ Ó„‡ÌË˜ËÏÒfl ÔË·ÎËÊÂÌË-
ÂÏ, ‚ ÍÓÚÓÓÏ v ÏÓÊÌÓ Ò˜ËÚ‡Ú¸ ‡‚Ì˚Ï V – ÒÍÓÓ-
ÒÚË Á‚ÛÍÓ‚˚ı ‚ÓÎÌ, ÒÓÁ‰‡‚‡ÂÏ˚ı ‡ÍÛÒÚË˜ÂÒÍËÏ ËÒ-
ÚÓ˜ÌËÍÓÏ. àÁ ÒËÒÚÂÏ˚ (9) ÔÓÎÛ˜ËÏ Û‡‚ÌÂÌËÂ ‰Îfl
‡ÍÛÒÚË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl P = ρc2

(12)

á‡ÔËÒ‡‚ ÔÓÎÂ ‡ÌÚÂÌÌ˚ ‚ ‚Ë‰Â B0 =  ×

×  Ë V = ueiωt Ë ÔÓ‰ÒÚ‡‚Îflfl ‚ (11) Ë (10),
ÔÓÎÛ˜ËÏ ‚˚‡ÊÂÌËÂ ‰Îfl ÔÎÓÚÌÓÒÚË ÔÓÌ‰ÂÓÏÓÚÓ-
ÌÓÈ ÒËÎ˚. ùÚÓ ‚˚‡ÊÂÌËÂ ·Û‰ÂÚ ÒÓ‰ÂÊ‡Ú¸ ÒÎ‡„‡Â-
Ï˚Â Ò ‡ÁÎË˜Ì˚ÏË ˜‡ÒÚÓÚ‡ÏË. é„‡ÌË˜ËÏÒfl ÚÂÏË
ÒÎ‡„‡ÂÏ˚ÏË, ˜‡ÒÚÓÚ˚ ÍÓÚÓ˚ı ‡‚Ì˚ ω± = ω ± ω0.

Ç˚‡ÊÂÌËfl ‰Îfl ̋ ÚËı ÒÎ‡„‡ÂÏ˚ı ËÏÂ˛Ú ‚Ë‰ f±

„‰Â

(13)

ÅÛ‰ÂÏ ËÒÍ‡Ú¸ Â¯ÂÌËÂ (12) Ò Ô‡‚ÓÈ ˜‡ÒÚ¸˛ (13) ‚
‚Ë‰Â P = P±  íÓ„‰‡ Û‡‚ÌÂÌËfl ‰Îfl P± ÂÒÚ¸
Û‡‚ÌÂÌËfl ÉÂÎ¸Ï„ÓÎ¸ˆ‡

(14)

ì‡‚ÌÂÌËÂ (14), ‚ÓÓ·˘Â „Ó‚Ófl, ‰ÓÎÊÌÓ ·˚Ú¸ ‰Ó-
ÔÓÎÌÂÌÓ Í‡Â‚˚ÏË ÛÒÎÓ‚ËflÏË Ì‡ ÔÓ‚ÂıÌÓÒÚË Ë
Ì‡ ‰ÌÂ ÓÍÂ‡Ì‡. é‰Ì‡ÍÓ, ‚ ÌÂÍÓÚÓ˚ı ÒÎÛ˜‡flı ËÏÂ-
ÂÚ ÒÏ˚ÒÎ ÔÓÒÚ‡ÌÓ‚Í‡ Á‡‰‡˜Ë Ó Ì‡ıÓÊ‰ÂÌËË Â¯Â-
ÌËÈ (14) ‚ ·ÂÁ„‡ÌË˜ÌÓÈ ÒÂ‰Â. ç‡ÔËÏÂ, ÂÒÎË
‡ÁÏÂ˚ ‡ÌÚÂÌÌ˚ Ï‡Î˚ ÔÓ Ò‡‚ÌÂÌË˛ Ò ‡ÒÒÚÓfl-
ÌËÂÏ ‰Ó ÔÓ‚ÂıÌÓÒÚË Ë ‰Ì‡ ÓÍÂ‡Ì‡, Â¯ÂÌËÂ (14)
ÏÓÊÌÓ ÔÂ‰ÒÚ‡‚ËÚ¸ ‚ ‚Ë‰Â [4]

(15)

f j B,[ ] κ E2,∇+=

j σ E v B,[ ]+( ).=

P2 1

c2
---- P2∂

t2∂
--------–∇ divf .=

1
2
---b0

e
iω0t

e
iω0t–

+( )

e
iω±t

,

f±
σ
2
--- u F,[ ] b0,[ ] u b0,[ ] F,[ ]+( ).=

e
iω±t

.

P2
±∇

ω±
2

c2
------P±+ divf±.=

P±
1

4π
------ e

ik±R–

R
------------ ivd f± r',d∫–=

„‰Â k± = ω±/c, R = |r – r'|. ÖÒÎË ÊÂ „ÎÛ·ËÌ‡ ÓÍÂ‡Ì‡ ç
ÁÌ‡˜ËÚÂÎ¸ÌÓ ÏÂÌ¸¯Â ‡ÒÒÚÓflÌËfl ÏÂÊ‰Û ˝ÎÂÍÚÓ-
Ï‡„ÌËÚÌ˚Ï ËÒÚÓ˜ÌËÍÓÏ Ë ÚÓ˜ÍÓÈ Ì‡·Î˛‰ÂÌËfl ‡ÍÛ-
ÒÚË˜ÂÒÍËı ‚ÓÎÌ, ÚÓ ‚ÏÂÒÚÓ Â¯ÂÌËfl Í‡Â‚ÓÈ Á‡‰‡˜Ë
Ò ÚÂıÏÂÌ˚Ï Û‡‚ÌÂÌËÂÏ (14) ÏÓÊÌÓ ËÒÍ‡Ú¸ Â-
¯ÂÌËÂ ‰‚ÛıÏÂÌÓ„Ó Û‡‚ÌÂÌËfl ÉÂÎ¸Ï„ÓÎ¸ˆ‡ 

 „‰Â (16)

êÂ¯ÂÌËÂ ˝ÚÓ„Ó Û‡‚ÌÂÌËfl ËÏÂÂÚ ÒÎÂ‰Û˛˘ËÈ ‚Ë‰ [4]:

(17)

ÖÒÎË Ï˚ ÔÂ‰ÔÓÎÓÊËÏ, ˜ÚÓ Ó·Î‡ÒÚ¸, „‰Â ÒÛ˘Â-
ÒÚ‚ÂÌÌÓ ˝ÎÂÍÚÓÏ‡„ÌËÚÌÓÂ ÔÓÎÂ ‡ÌÚÂÌÌ˚, Ï‡Î‡
ÔÓ Ò‡‚ÌÂÌË˛ Ò ‡ÒÒÚÓflÌËÂÏ ÓÚ ‡ÌÚÂÌÌ˚ ‰Ó ÚÓ˜ÍË

Ì‡·Î˛‰ÂÌËfl, ÚÓ ÏÓÊÌÓ Ò˜ËÚ‡Ú¸  ≈  ×

×  ‚ (15), ‡ ‚ (17), ËÒÔÓÎ¸ÁÛfl ‡ÒËÏÔÚÓÚË˜Â-

ÒÍÓÂ ‚˚‡ÊÂÌËÂ K0(ia) ≈  [5], K0(ik±|r –

– r'|) ≈  íÓ„‰‡ Â¯ÂÌËfl

(15) Ë (17) ÔÂÂıÓ‰flÚ ‚ 

 Ë (18)

(19)

èÂÓ·‡ÁÛÂÏ ÔÓ‰˚ÌÚÂ„‡Î¸ÌÓÂ ‚˚‡ÊÂÌËÂ ‚ (18),
ËÒÔÓÎ¸ÁÛfl ÚÓÊ‰ÂÒÚ‚Ó ϕdiva = div(ϕa) – (a, gradϕ).
ÖÒÎË ÔÂ‰ÔÓÎÓÊËÚ¸, ˜ÚÓ f±(r) ÒÔ‡‰‡ÂÚ ·˚ÒÚÂÂ,
˜ÂÏ 1/r2, ÚÓ, ÔËÏÂÌflfl ÚÂÓÂÏÛ É‡ÛÒÒ‡, Û‡‚ÌÂÌËÂ
(18) ÏÓÊÌÓ ÔË‚ÂÒÚË Í ‚Ë‰Û:

(20)

Ç˚˜ËÒÎËÏ (er, f±), ËÒÔÓÎ¸ÁÛfl (13):

(21)

áÌ‡˜ÂÌËÂ ˝ÚÓ„Ó ‚˚‡ÊÂÌËfl Á‡‚ËÒËÚ ÓÚ ‚Á‡ËÏÌÓÈ
ÓËÂÌÚ‡ˆËË ‚ıÓ‰fl˘Ëı ‚ ÌÂ„Ó ‚ÂÍÚÓÓ‚. ê‡ÒÒÏÓÚ-
ËÏ ˜‡ÒÚÌ˚È ÒÎÛ˜‡È, ÍÓ„‰‡ F ÔÂÔÂÌ‰ËÍÛÎflÌÓ u Ë
er. (ÖÒÎË ÔÓÎ‡„‡Ú¸, ˜ÚÓ ‚ÂÍÚÓ‡ u Ë er ÎÂÊ‡Ú ‚ „ÓË-
ÁÓÌÚ‡Î¸ÌÓÈ ÔÎÓÒÍÓÒÚË, ˝ÚÓÚ ÒÎÛ˜‡È ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ
Û˜ÂÚÛ ÚÓÎ¸ÍÓ ‚ÂÚËÍ‡Î¸ÌÓÈ ÍÓÏÔÓÌÂÌÚ˚ Fz „ÂÓ-
Ï‡„ÌËÚÌÓ„Ó ÔÓÎfl.) Ç ˝ÚÓÏ ÒÎÛ˜‡Â (21) ÔÂÂıÓ‰ËÚ ‚

(22)

P2
±∇ k±

2 P±+ Q,= Q
1
H
---- ivd f± z.d

H /2–

H /2

∫=

P±
1

2π
------ K0 ik± r r'–( )Q x' y',( ) x'd y'.d∫–=

e
ik±R–

R
------------ e

ik±r–

r
-----------

e
ik± r r',( )/r

π
2a
------ e i a π/4+( )–

π
2k±r
----------- e

i k±r π/4+( )–
e

ik± r r',( )/r
.

P±
e

ik±r–

4πr
-----------– e

ik± r r',( )/r
ivd f± r'd∫=

P±
1

2π
------ π

2k±r
-----------e

i k±r π/4+( )–
e

ik± r r',( )/r
Q r'.d∫–=

P±
ik±e

i– k±r

4πr
------------------ e

ik± er r',( )
er f±,( ) r', erd∫ r/r.= =

er f±,( ) σ
2
--- er F,( ) u B0,( ) –(=

– 2 er u,( ) F B0,( ) er B0,( ) u F,( )+ ).

er f±,( ) uσ αFzB0z,cos–=

9
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ëÂÏÍËÌ Ë ‰.

„‰Â α – Û„ÓÎ ÏÂÊ‰Û ‚ÂÍÚÓ‡ÏË u Ë er. ÖÒÎË ÔÓÎÓ-
ÊËÚ¸ u = u0e–i(k, r), Ú.Â. Á‡‰‡Ú¸ „Ë‰Ó‡ÍÛÒÚË˜ÂÒÍÓÂ
ÔÓÎÂ Í‡Í ÔÎÓÒÍÛ˛ ·Â„Û˘Û˛ ‚ÓÎÌÛ, ÚÓ ËÁ (12) Ë (14)
ÔÓÎÛ˜ËÏ

(23)

 „‰Â (24)

á‡ÔË¯ÂÏ ËÌÚÂ„‡Î (24) ‚ ˆËÎËÌ‰Ë˜ÂÒÍÓÈ ÒËÒÚÂ-
ÏÂ ÍÓÓ‰ËÌ‡Ú, ÓÚÒ˜ËÚ˚‚‡fl ÔÓÎflÌ˚È Û„ÓÎ ÓÚ Ì‡-
Ô‡‚ÎÂÌËfl ‚ÂÍÚÓ‡ k1:

(25)

ê‡ÒÒÏÓÚËÏ ÚÂÔÂ¸ „ÂÌÂ‡ˆË˛ Á‚ÛÍÓ‚ÓÈ „‡-
ÏÓÌËÍË Ò ˜‡ÒÚÓÚÓÈ ω0. ì‡‚ÌÂÌËÂ ‰Îfl ‡ÏÔÎËÚÛ‰˚
‡ÍÛÒÚË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl ˝ÚÓÈ ‚ÓÎÌ˚ ËÏÂÂÚ ‚Ë‰,
‡Ì‡ÎÓ„Ë˜Ì˚È (14):

(26)

êÂ¯ÂÌËÂ Û‡‚ÌÂÌËfl (26) ËÏÂÂÚ ‚Ë‰

(27)

„‰Â k0 = ω0/c. èË r � r', Â¯ÂÌËÂ (27) ÔË·ÎËÊÂÌ-
ÌÓ ‡‚ÌÓ

(28)

ç‡È‰ÂÏ ‰Ë‚Â„ÂÌˆË˛ f0, ‚ıÓ‰fl˘Û˛ ‚ ˝ÚÓ ‚˚‡ÊÂ-
ÌËÂ. 

àÁ Û‡‚ÌÂÌËfl å‡ÍÒ‚ÂÎÎ‡ rotE =  Ì‡ıÓ‰ËÏ

rotE0 = –iω0B0. Ç‚Â‰ÂÏ ‚ÂÍÚÓÌ˚È ÔÓÚÂÌˆË‡Î A,
Ú‡Í ˜ÚÓ B = rotA. íÓ„‰‡ divf0 = –iω0σdiv[A0, F].
áÌ‡˜ËÚ, (28) ÏÓÊÌÓ ÔÂÂÔËÒ‡Ú¸ ‚ ‚Ë‰Â

(29)

àÒÔÓÎ¸ÁÛfl ÚÓÊ‰ÂÒÚ‚Ó ϕdiva = div(ϕa) – (a, gradϕ)
Ë ÔËÏÂÌflfl ÚÂÓÂÏÛ É‡ÛÒÒ‡ ËÁ (29) ÔÓÎÛ˜ËÏ

(30)

í‡ÍËÏ Ó·‡ÁÓÏ, ÙÓÏÛÎ˚ (23)–(25) Ë (30) ‰‡˛Ú
‚ÓÁÏÓÊÌÓÒÚ¸ ‡ÒÒ˜ËÚ‡Ú¸ ‰ÓÔÓÎÌËÚÂÎ¸Ì˚Â ‡ÍÛÒÚË-
˜ÂÒÍËÂ „‡ÏÓÌËÍË ‰Îfl ËÁ‚ÂÒÚÌÓ„Ó ˝ÎÂÍÚÓÏ‡„ÌËÚ-
ÌÓ„Ó ÔÓÎfl ËÒÚÓ˜ÌËÍ‡.

P±
iσk±u0Fz αcos

4πr
-----------------------------------e

ik±r–
I ,–=

I B0ze
i k1 r',( )

r',d∫= k1 k±er k.–=

I ρB0z ρ z ϕ, ,( )e
ik1ρ ϕcos

ρd zd ϕ.d∫=

P2
0∇

ω0
2

c2
------P0+ divf0.=

P0
1

4π
------ e

ik0R–

R
------------ ivd f0 r',d∫–=

P0
e

ik0r–

4πr
----------- e

ik0 er r',( )
ivd f0 r'.d∫–=

ivd f0 σdiv E0 F,[ ] σ F rot E0,( ).= =

B∂
t∂

------–

P0

iσω0

4πr
------------e

ik0r–
e

ik0 er r',( )
ivd A0 F,[ ] r'.d∫=

P0

σω0k0

4πr
---------------e

ik0r–
e

ik0 er r',( )
er A0 F,[ ],( ) r'.d∫=

3. å‡„ÌËÚÌ˚È ‰ËÔÓÎ¸ Ò ÔÂÂÏÂÌÌ˚Ï 
Ï‡„ÌËÚÌ˚Ï ÏÓÏÂÌÚÓÏ

ê‡Ò˜ÂÚ ËÌÚÂ„‡Î‡ (25) ÔÓ‚Â‰ÂÏ ‰Îfl ÒÎÛ˜‡fl, ÍÓ-
„‰‡ Ï‡„ÌËÚÌÓÂ ÔÓÎÂ B0 fl‚ÎflÂÚÒfl ÔÓÎÂÏ Ï‡„ÌËÚÌÓ-

„Ó ‰ËÔÓÎfl Ò ÏÓÏÂÌÚÓÏ m = m0  ÓËÂÌÚËÓ‚‡Ì-
Ì˚Ï ÔÓ Ì‡Ô‡‚ÎÂÌË˛ ‚ÂÍÚÓ‡ F. èËÏÂÏ ‚ÂÍÚÓ-

Ì˚È ÔÓÚÂÌˆË‡Î ‰ËÔÓÎfl ‡‚Ì˚Ï A0 = µ0  ÚÓ

ÂÒÚ¸ ‚ ‚Ë‰Â ‚ÂÍÚÓÌÓ„Ó ÔÓÚÂÌˆË‡Î‡ ÒÚ‡ˆËÓÌ‡ÌÓ-
„Ó ‰ËÔÓÎfl Ò ÔÂÂÏÂÌÌ˚Ï Ï‡„ÌËÚÌ˚Ï ÏÓÏÂÌÚÓÏ m.
ùÚÓ ÔÂ‰ÔÓÎÓÊÂÌËÂ ÓÔ‡‚‰‡ÌÓ ‰Îfl ‰ÓÒÚ‡ÚÓ˜ÌÓ
Ï‡Î˚ı ˜‡ÒÚÓÚ ω0, ÍÓ„‰‡ ÏÓÊÌÓ ÔÂÌÂ·Â˜¸ ÚÓÍ‡-
ÏË ÒÏÂ˘ÂÌËfl Ë ÔÓˆÂÒÒÓÏ ËÁÎÛ˜ÂÌËfl ùå ‚ÓÎÌ. B0z

‚ ˝ÚÓÏ ÒÎÛ˜‡Â ‡‚ÌÓ B0z = µ0m0  Ë ‚ (25)

ÏÓÊÌÓ ÔÓ‚ÂÒÚË ËÌÚÂ„ËÓ‚‡ÌËÂ ÔÓ ϕ ËÒÔÓÎ¸ÁÛfl
ËÌÚÂ„‡Î¸ÌÓÂ ÔÂ‰ÒÚ‡‚ÎÂÌËÂ ‰Îfl ÙÛÌÍˆËË ÅÂÒÒÂ-

Îfl J0(t) = dϕ [5]:

(31)

ÇÓÒÔÓÎ¸ÁÓ‚‡‚¯ËÒ¸ ËÌÚÂ„‡ÎÓÏ  ×

×  =  ‚ÁflÚ˚Ï ËÁ [6], Ì‡ıÓ‰ËÏ, ˜ÚÓ I =

= –4πµ0m0. èÓ‰ÒÚ‡‚Îflfl ̋ ÚÓÚ ÂÁÛÎ¸Ú‡Ú ‚ (23) ÓÍÓÌ-
˜‡ÚÂÎ¸ÌÓ ÔÓÎÛ˜ËÏ

(32)

ê‡ÒÒ˜ËÚ‡ÂÏ ÚÂÔÂ¸ P0 – ‡ÏÔÎËÚÛ‰Û ‡ÍÛÒÚË˜ÂÒÍÓ-
„Ó ‰‡‚ÎÂÌËfl Ò ˜‡ÒÚÓÚÓÈ ω0. èÓ‰ÒÚ‡‚Îflfl ÔÓÚÂÌˆË‡Î
‰ËÔÓÎfl ‚ (30) Ë ÔÂÓ·‡ÁÛfl ‚˚‡ÊÂÌËÂ ÔÓ‰ ÁÌ‡ÍÓÏ
ËÌÚÂ„‡Î‡, ÔÓÎÛ˜ËÏ

(33)

èÛÒÚ¸ ÚÓ˜Í‡ Ì‡·Î˛‰ÂÌËfl ÎÂÊËÚ ‚ ÔÎÓÒÍÓÒÚË, ÔÓ-
ıÓ‰fl˘ÂÈ ˜ÂÂÁ ‰ËÔÓÎ¸, ÔÂÔÂÌ‰ËÍÛÎflÌÓ Â„Ó Ï‡„-
ÌËÚÌÓÏÛ ÏÓÏÂÌÚÛ. íÓ„‰‡ ‚ÚÓÓÂ ÒÎ‡„‡ÂÏÓÂ ‚
ÔÓ‰˚ÌÚÂ„‡Î¸ÌÓÏ ‚˚‡ÊÂÌËË (33) Ó·‡˘‡ÂÚÒfl ‚
ÌÛÎ¸, Ë ËÌÚÂ„‡Î (33) ÏÓÊÌÓ ‚˚˜ËÒÎËÚ¸ ‡Ì‡ÎËÚË˜Â-

e
iω0t

,

m0 r,[ ]
r3

-----------------,

ρ2 2z2–

ρ2 z2+( )5/2
--------------------------
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ÒÍË. á‡ÔË¯ÂÏ (33) ‚ ̂ ËÎËÌ‰Ë˜ÂÒÍÓÈ ÒËÒÚÂÏÂ ÍÓÓ-
‰ËÌ‡Ú, ‚˚·‡‚ ÓÒ¸ z ÔÓ Ì‡Ô‡‚ÎÂÌË˛ ‚ÂÍÚÓ‡ m Ë
ÓÚÒ˜ËÚ˚‚‡fl ÔÓÎflÌ˚È Û„ÓÎ ÓÚ Ì‡Ô‡‚ÎÂÌËfl er:

(34)

àÒÔÓÎ¸ÁÛfl ËÌÚÂ„‡Î¸ÌÓÂ ÔÂ‰ÒÚ‡‚ÎÂÌËÂ ÙÛÌÍˆËË
ÅÂÒÒÂÎfl [5]:

Ë ÂÍÛÂÌÚÌÓÂ ÒÓÓÚÌÓ¯ÂÌËÂ J1(t) = (t), ‚˚˜ËÒ-
ÎËÏ ËÌÚÂ„‡Î (34)

(35)

îÓÏÛÎ˚ (32) Ë (35) ÔÓÁ‚ÓÎfl˛Ú ÓˆÂÌËÚ¸ ‡ÍÛÒÚË-
˜ÂÒÍËÂ ‰‡‚ÎÂÌËfl „‡ÏÓÌËÍ, „ÂÌÂËÓ‚‡ÌÌ˚ı ÔÓ ‰Ë-

Ì‡ÏË˜ÂÒÍÓÏÛ ÏÂı‡ÌËÁÏÛ ÓÒˆËÎÎËÛ˛˘ËÏ Ï‡„ÌËÚ-
Ì˚Ï ‰ËÔÓÎÂÏ.
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Generation of Acoustic Waves during Nonlinear Interaction of Hydroacoustic

and Electromagnetic Fields in the Marine Environment

S. V. Semkin, V. P. Smagin, and V. N. Savchenko
Vladivostok State University of Economy and Service, ul. Gogolya 41, Vladivostok, 690990 Russia

e-mail: Li15@rambler.ru

Abstract—The feasibility of generating additional acoustic harmonics in the geomagnetic field during the
propagation of an acoustic wave in a conducting medium through a region with a variable electromagnetic field
is considered. Two possible mechanisms of such generation are analyzed: a parametric mechanism and a mech-
anism associated with ponderomotive forces (dynamic). Expressions are derived for three acoustic harmonics
generated by a magnetic dipole with a variable magnetic moment.
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