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Ì‡ÒÚÓfl˘ÂÈ ‡·ÓÚÂ, ÌÂ ËÒÔÓÎ¸ÁÛÂÚ ÔÂ‰ÔÓÎÓÊÂÌËfl
Ó ÍÓÌÂ˜ÌÓÒÚË Ô‡‡ÏÂÚ‡ Á‡ÚÛı‡ÌËfl. 

çËÊÂ ÔÓ‚Ó‰ËÚÒfl ˜ËÒÎÂÌÌÓÂ ËÌÚÂ„ËÓ‚‡ÌËÂ
Û‡‚ÌÂÌËÈ ã‡Ì‰‡Û-ãËÙ¯Ëˆ‡ ‰Îfl ·ÂÁ‰ËÒÒËÔ‡ÚË‚ÌÓ-
„Ó ÒËÎ¸ÌÓ‡ÌËÁÓÚÓÔÌÓ„Ó Ó‰ÌÓÓÒÌÓ„Ó ÙÂÓÏ‡„ÌÂ-
ÚËÍ‡ ‚ Ó·Î‡ÒÚË ËÁÎÛ˜ÂÌËfl ÒÔËÌÓ‚˚ı ‚ÓÎÌ. ç‡·Î˛-
‰‡ÂÚÒfl, Í‡Í Ë ÒÎÂ‰ÛÂÚ ËÁ ‡Ì‡ÎËÚË˜ÂÒÍÓÈ ÚÂÓËË,
‡ÒËÏÏÂÚËfl ÔÓÎfl ËÁÎÛ˜ÂÌËfl ÓÚÌÓÒËÚÂÎ¸ÌÓ ÔÎÓÒ-
ÍÓÒÚË ÑÉ Ë Â„Ó Ó·‡ÚÌÓÂ ‰ÂÈÒÚ‚ËÂ Ì‡ ÑÉ, ‚˚Á˚‚‡-
˛˘ÂÂ ÂÂ ÔÓÒÚÛÔ‡ÚÂÎ¸ÌÓÂ ÔÂÂÏÂ˘ÂÌËÂ. óËÒÎÂÌ-
Ì˚Â ÂÁÛÎ¸Ú‡Ú˚ Ò‡‚ÌË‚‡˛ÚÒfl Ò ÚÂÓÂÚË˜ÂÒÍËÏË
‚˚‚Ó‰‡ÏË [1–3], ÓÒÌÓ‚‡ÌÌ˚ÏË Ì‡ ‚˚˜ËÒÎÂÌËflı
‡ÏÔÎËÚÛ‰ ÒÔËÌÓ‚˚ı ‚ÓÎÌ ‚ ÔÂ‚ÓÏ ÔÓfl‰ÍÂ ÔÓ
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˘ÂÌËÂ. Ç ÓÒÌÓ‚ÌÓÂ ÒÓÒÚÓflÌËÂ 

 

L

 

0

 

 = 

 

T

 

0

 

 – 

 

w

 

0

 

 ÔÓÒÎÂ‰Ó-
‚‡ÚÂÎ¸ÌÓ ‚ıÓ‰flÚ ÔÎÓÚÌÓÒÚË “ÍËÌÂÚË˜ÂÒÍÓÈ” Ë “ÔÓ-
ÚÂÌˆË‡Î¸ÌÓÈ” ˝ÌÂ„ËÈ:

(1)

(2)

Ç (2) ‚ÌÓÒflÚ ‚ÍÎ‡‰˚ ÌÂÓ‰ÌÓÓ‰Ì˚È Ó·ÏÂÌ (¯ÚËı-
‰ËÙÙÂÂÌˆËÓ‚‡ÌËÂ ÔÓ 

 

y

 

), Ó‰ÌÓÓÒÌ‡fl ‡ÌËÁÓÚÓ-
ÔËfl Ë ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËÂ Ò ‚ÌÂ¯ÌËÏ ÔÓÎÂÏ 

 

H

 

z

 

. Ç Í‡-
˜ÂÒÚ‚Â ‚ÓÁÏÛ˘ÂÌËfl ‚ ÔÂ‰ÂÎÂ 

 

Q

 

 

 

�

 

 1 ‚˚·Ë‡ÂÚÒfl
Ï‡„ÌËÚÓ‰ËÔÓÎ¸Ì‡fl ˝ÌÂ„Ëfl

(3)

Ç (1)–(3) ‚ıÓ‰flÚ ÒÎÂ‰Û˛˘ËÂ ·ÂÁ‡ÁÏÂÌ˚Â ‚ÂÎË-
˜ËÌ˚ (ÒÎÂ‚‡ ÓÚ ÒÚÂÎÓÍ):

(4)

T0 2m2
d
dt
-----

my

mx

------arctg ,–=

w0 m '2 mz
2– 2Hzmz.–=

L1 w1 my
2/Q.–≡=

L L/K ; y y/∆; t γ Hat;

Hz Hz/Ha,

„‰Â ∆ = (A/K)1/2 – Ô‡‡ÏÂÚ ¯ËËÌ˚ ÑÉ; A – ÍÓÌ-
ÒÚ‡ÌÚ‡ ÌÂÓ‰ÌÓÓ‰ÌÓ„Ó Ó·ÏÂÌ‡; ÓÒÚ‡Î¸Ì˚Â Ó·ÓÁÌ‡-
˜ÂÌËfl ·˚ÎË ‚‚Â‰ÂÌ˚ ‡ÌÂÂ. ì˜ËÚ˚‚‡fl ‚ ã‡„‡Ì-
ÊË‡ÌÂ ÔÓÒÚÓflÌÒÚ‚Ó ‰ÎËÌ˚ ‚ÂÍÚÓ‡ Ì‡Ï‡„ÌË˜ÂÌÌÓ-
ÒÚË m(y, t)2 = 1 Ò ÔÓÏÓ˘¸˛ ‡‰‰ËÚË‚ÌÓ„Ó ‚ÍÎ‡‰‡
L  L + λm2, „‰Â λ – ÏÌÓÊËÚÂÎ¸ ã‡„‡ÌÊ‡, ÔÓÒÎÂ
‚‡¸ËÓ‚‡ÌËfl Ë ‚ÂÍÚÓÌÓ„Ó ÛÏÌÓÊÂÌËfl Ì‡ m, ËÒ-
ÍÎ˛˜‡˛˘ÂÏÛ λ, ÔËıÓ‰ËÏ Í Û‡‚ÌÂÌËflÏ [m,
δL/δm] ≡ 2  – [m, δw/δm] = 0. ùÚË Û‡‚ÌÂÌËfl ˝Í‚Ë-
‚‡ÎÂÌÚ˚ Ó·˚˜Ì˚Ï Û‡‚ÌÂÌËflÏ ã‡Ì‰‡Û-ãËÙ¯Ëˆ‡

(5)

„‰Â ‚ ÒËÎÛ Á‡ÏÂÌ˚ (4) ˝ÙÙÂÍÚË‚ÌÓÂ ÔÓÎÂ Hef =
= −(δw/δm)/2. Ç Û„ÎÓ‚˚ı ÔÂÂÏÂÌÌ˚ı

mx, y(y, t) = sinθ(cosϕ, sinϕ), mz(y, t) = cosθ, (6)

ÍÓÚÓ˚Â Ú‡ÍÊÂ ÔÓÌ‡‰Ó·flÚÒfl ‚ ÔÓÒÎÂ‰Û˛˘ÂÏ,
Û‡‚ÌÂÌËfl (5) ËÏÂ˛Ú ‚Ë‰ 

(7)

ÚÓ˜ÍË Ì‡‰ ÔÂÂÏÂÌÌ˚ÏË Ó·ÓÁÌ‡˜‡˛Ú ‰ËÙÙÂÂÌ-
ˆËÓ‚‡ÌËÂ ÔÓ t.

éÔÂ‰ÂÎËÏ ÚÂÔÂ¸ ÌÛÎÂ‚ÓÂ ÔË·ÎËÊÂÌËÂ, ÓÚ-
‚Â˜‡˛˘ÂÂ L0. èÓ‰ÒÚ‡‚Îflfl (6) ‚ (1), (2), Ò ËÒÔÓÎ¸ÁÓ-
‚‡ÌËÂÏ (7) ÔÓÎÛ˜‡ÂÏ Û‡‚ÌÂÌËfl

(8.1)

(8.2)

êÂ¯ÂÌËÂ (8) ‰Îfl 180° ÑÉ Ò ‡ÁËÏÛÚ‡Î¸Ì˚Ï Û„ÎÓÏ
ϕ, ÍÓÚÓ˚È ÔÂˆÂÒÒËÛÂÚ ÔÓ‰ ‰ÂÈÒÚ‚ËÂÏ ‚ÌÂ¯ÌÂ-
„Ó ÔÓÎfl Hz, ËÏÂÂÚ ‚Ë‰:

(9)

„‰Â Y = y – q(t) – ÎÓÍ‡Î¸Ì‡fl ÍÓÓ‰ËÌ‡Ú‡, q(t) – ÔÓ-
ÎÓÊÂÌËÂ ˆÂÌÚ‡ ÑÉ Ì‡ ÓÒË 0y. á‡‚ËÒËÏÓÒÚ¸ ÔÓÎÓ-
ÊÂÌËfl ÑÉ ÓÚ ‚ÂÏÂÌË q = q(t) Û˜ËÚ˚‚‡ÂÚÒfl ‚ ÒÎÂ‰Û-
˛˘ÂÏ ÔË·ÎËÊÂÌËË.

êÂ¯ÂÌËÂ Û‡‚ÌÂÌËÈ ËÁÎÛ˜ÂÌËfl ÔÂ‚Ó„Ó ÔÓfl‰-
Í‡ ÔÓ 1/Q Ë˘ÂÏ ‚ ‚Ë‰Â

m = R[θ(Y), ϕ(t)] , (10)

„‰Â m – ÍÓÏÔÓÌÂÌÚ˚ Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË ‚ ÌÂÔÓ-
‰‚ËÊÌÓÈ (Î‡·Ó‡ÚÓÌÓÈ) ÒËÒÚÂÏÂ ÍÓÓ‰ËÌ‡Ú, ‚
ÍÓÚÓÓÈ Á‡ÔËÒ‡Ì˚ (1)–(3). Ç ‰‚ËÊÛ˘ÂÈÒfl ‚ÏÂÒÚÂ Ò
ÌÛÎÂ‚˚Ï Â¯ÂÌËÂÏ (9) ÔÓ‰‚ËÊÌÓÈ ÒËÒÚÂÏÂ ÍÓÓ-
‰ËÌ‡Ú Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚ¸ ËÏÂÂÚ ‚Ë‰  = ( , ,

(1 –  – )1/2). éÚÓ„ÓÌ‡Î¸Ì‡fl Ï‡ÚËˆ‡

(11)

ṁ

ṁ m Hef,[ ],–=

θϑ̇sin δw/δϕ( )/2, θϕ̇sin– δw/δθ( )/2,= =

θϕ̇sin ϑ '' θ θ ϕ '2 1+( )cos Hz θsin–sin–+ 0,=

θϕ̇sin ϑϕ 'sin
2( ) '– 0.=

ϑ̇ 0, θcos Y ;th–= =

ϕ̇ Hz– 0 Ë ϕ Hzt onst,+= =

m̃

m̃ m̃x m̃y

m̃x
2 m̃y

2

R θ ϕ,[ ]
ϑ ϕcoscos ϕsin– ϑ ϕcossin

ϑ ϑsincos ϕcos ϑ ϕsinsin

ϕsin– 0 ϑcos 
 
 
 
 

,= =
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„‰Â Û„Î˚ θ Ë ϕ ÓÔÂ‰ÂÎÂÌ˚ (9), ÒÓı‡ÌflÂÚ Â‰ËÌË˜-
ÌÓÒÚ¸ ‰ÎËÌ ‚ÂÍÚÓÓ‚ Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË ‚ Ó·ÂËı ÒË-

ÒÚÂÏ‡ı m2 =  = 1. êÂ¯ÂÌËÂ ÔÂ‰ÒÚ‡‚ÎflÂÏ ‚ ‚Ë‰Â
ÒÎÂ‰Û˛˘Ëı fl‰Ó‚ ÔÓ 1/Q:

(12.1)

(12.2)

èÓ‰ÒÚ‡‚Îflfl (10) ‚ ÔÓÎÌ˚È ã‡„‡ÌÊË‡Ì L, ‚‡¸Ë-
ÛÂÏ Â„Ó ÔÓ ‰‚ÛÏ ÌÂÁ‡‚ËÒËÏ˚Ï ÔÂÂÏÂÌÌ˚Ï ,

 (ÔÓˆÂ‰Û‡ ‚‡¸ËÓ‚‡ÌËfl ‡Ì‡ÎÓ„Ë˜Ì‡ [2], „‰Â Ë
ÏÓÊÌÓ Ì‡ÈÚË ÌÂÓ·ıÓ‰ËÏ˚Â ÙÓÏÛÎ˚). Ç ÔÓÎÛ˜ÂÌ-
Ì˚Â Û‡‚ÌÂÌËfl ÔÓ‰ÒÚ‡‚ÎflÂÏ ‡ÁÎÓÊÂÌËfl (12) Ë Ì‡-
ıÓ‰ËÏ Ò Û˜ÂÚÓÏ (9) ‚ ÔÂ‚ÓÏ ÔÓfl‰ÍÂ ÔÓ 1/Q:

(13)

„‰Â ÌÂÓ‰ÌÓÓ‰Ì˚Â ˜‡ÒÚË (13) ‡‚Ì˚

(14)

ÑËÙÙÂÂÌˆËÓ‚‡ÌËÂ ÔÓ ‚ÂÏÂÌË ‚ (Y, t),

(Y, t) ‚˚ÔÓÎÌflÂÚÒfl ÚÓÎ¸ÍÓ ÔÓ ‚ÚÓÓÈ ÌÂÁ‡‚Ë-
ÒËÏÓÈ ÔÂÂÏÂÌÌÓÈ – t, Ú‡Í Í‡Í ‰ËÙÙÂÂÌˆËÓ‚‡-
ÌËÂ Y(t) ‚ÌÓÒËÚ ‚ÍÎ‡‰ ‚ÚÓÓ„Ó ÔÓfl‰Í‡. éÔÂ‡ÚÓ

 = –d2/dY2 – cos2ϑ(Y) ËÏÂÂÚ ÓÚÓÌÓÏËÓ‚‡Ì-
Ì˚È ÔÓÎÌ˚È Ì‡·Ó: ‰ËÒÍÂÚÌ‡fl ÏÓ‰‡ χtr(Y) (Ú‡ÌÒ-

ÎflˆËÓÌÌ˚È ÛÓ‚ÂÌ¸ ÒÔÂÍÚ‡), (Y) = 0, ÍÓÚÓ-

‡fl ‰ÂÎ‡ÂÚ  ÓÒÓ·˚Ï, Ë ÙÛÌÍˆËË ÌÂÔÂ˚‚ÌÓ„Ó

ÒÔÂÍÚ‡ χpr(Y, k) (ÔÂˆÂÒÒËÓÌÌ˚È ÒÔÂÍÚ), (Y,
k) = (1 + k2)χpr(Y)(–∞ > k > ∞). ëÓ·ÒÚ‚ÂÌÌ˚Â ÙÛÌÍ-
ˆËË ËÏÂ˛Ú ‚Ë‰

(15)

„‰Â ÓÔÂ‡ÚÓ  = d/dY – .
ì‡‚ÌÂÌËfl (13) ‚ Ó·˘ÂÏ ÒÎÛ˜‡Â [2] ÒÓ‰ÂÊ‡Ú

˜ÂÚ˚Â ÌÂËÁ‚ÂÒÚÌ˚ı ÙÛÌÍˆËË , q(t) Ë ϕ(t), ÌÓ
ÔÓÒÎÂ‰Ìflfl ‚ ‡ÒÒÏ‡ÚË‚‡ÂÏÓÏ ÒÎÛ˜‡Â ÛÊÂ ÓÔÂ‰Â-
ÎÂÌ‡ ÌÛÎÂ‚˚Ï ÔË·ÎËÊÂÌËÂÏ, ÒÏ. (9). îÛÌÍˆËfl
q(1)(t) ÓÔÂ‰ÂÎflÂÚÒfl ËÁ ÛÒÎÓ‚Ëfl ‡ÁÂ¯ËÏÓÒÚË
Û‡‚ÌÂÌËÈ (13), Ú.Â. ÓÚÓ„ÓÌ‡Î¸ÌÓÒÚË Ô‡‚ÓÈ ˜‡-
ÒÚË (13) ‰ËÒÍÂÚÌÓÈ ÏÓ‰Â χtr(Y). èË ˝ÚÓÏ ‚ ÎÂ‚ÓÈ

˜‡ÒÚË Ú‡ÌÒÎflˆËÓÌÌ˚Â ÒÓÒÚ‡‚Îfl˛˘ËÂ ,

Í‡Í Ë Ò‡ÏË ÙÛÌÍˆËË  ~ sinθ = ϑ', ÏÓÊÌÓ ÔÓ-
ÎÓÊËÚ¸ ‡‚Ì˚ÏË ÌÛÎ˛, Ú‡Í Í‡Í Ëı ‰ËÌ‡ÏËÍ‡ Ò‚Ó-
‰ËÚÒfl Í ‰ËÌ‡ÏËÍÂ ϕ(t) Ë q(1)(t). ÑÂÈÒÚ‚ËÚÂÎ¸ÌÓ,

m̃2

m̃x y, Y t,( ) m̃x y,
1( ) m̃x y,

2( ) …,+ +=

q t( ) q 0( ) q 1( ) t( ) ….+ +=

m̃x

m̃y

ṁ̃y
1( )

L̂Wm̃x
1( )– f x,=

ṁ̃x
1( )

L̂Wm̃y
1( )+ f y,=

f x θ θ ϕ/Q,sin
2

cossin=

f y θsin ϕcos ϕ/Q.sin–=

ṁ̃x
1( )

ṁ̃y
1( )

L̂W

L̂Wχtr

L̂W

L̂Wχpr

χtr Y( ) 1/ 21/2 Ych( )– θ 0( );sin≡=

χpr Y k,( ) L̂
+

ikY( )/ 2π 1 k2+( )[ ]1/2
,exp=

L̂
+

Yth

m̃x y,

ṁ̃x y,
1( )

( )tr

m̃x y,
1( )( )tr

Ò‡‚ÌËÏ ‚‡Ë‡ˆËË Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË ‚ Û„ÎÓ‚˚ı ÔÂ-
ÂÏÂÌÌ˚ı (6), ÍÓÚÓ˚Â ‡‚Ì˚ δθ = –ϑ'δq Ë δϕ, Ò ËÁ-
ÏÂÌÂÌËflÏË Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË ‚ ÒËÎÛ ÔÂÓ·‡ÁÓ‚‡-

ÌËfl (10), ‚˚‡Ê‡˛˘ËÏËÒfl ˜ÂÂÁ . í‡ÍËÏ
Ó·‡ÁÓÏ, ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ËÂ Ò‚flÁË ÏÂÊ‰Û ‰‚ÛÏfl

Ì‡·Ó‡ÏË Á‡‚ËÒËÏ˚ı ÔÂÂÏÂÌÌ˚ı: δθ = ,

δϕsinθ = . ÑËÌ‡ÏËÍ‡ Ú‡ÌÒÎflˆËÓÌÌ˚ı ÍÓÏ-
ÔÓÌÂÌÚ Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË ‚˚‡Ê‡ÂÚÒfl ˜ÂÂÁ Û„ÎÓ-
‚˚Â ÔÂÂÏÂÌÌ˚Â. Ç Ò‚Ó˛ Ó˜ÂÂ‰¸, Í‡Í ÒÎÂ‰ÛÂÚ ËÁ
ÛÒÎÓ‚Ëfl ‡ÁÂ¯ËÏÓÒÚË (14), ‰ËÌ‡ÏËÍ‡ Û„ÎÓ‚˚ı
ÔÂÂÏÂÌÌ˚ı (‚ ·ÂÁ‡ÁÏÂÌ˚ı ÔÂÂÏÂÌÌ˚ı (4))
ÔÓ‰˜ËÌflÂÚÒfl (‚ ‰‡ÌÌÓÏ ÍÓÌÍÂÚÌÓÏ ÒÎÛ˜‡Â) Û‡‚-
ÌÂÌËflÏ ëÎÓÌ˜Â‚ÒÍÓ„Ó ‚ Ëı ÔÓÒÚÂÈ¯ÂÏ ‚‡Ë‡ÌÚÂ
[2, 6, 7]:

(16)

ë ‰Û„ÓÈ ÒÚÓÓÌ˚, ÔÓÒÎÂ Û˜ÂÚ‡ (16) ‚ (13), ÔÓ-
ÎÛ˜‡ÂÏ ËÒÍÓÏ˚Â ÒÔËÌ-‚ÓÎÌÓ‚˚Â Û‡‚ÌÂÌËfl:

(17.1)

(17.2)

îÛÌÍˆËË  ~ ∂ϑ/∂∆ ~ ysinθ,  = 0 Û‰Ó‚ÎÂÚ‚Ófl-
˛Ú ÒÚ‡ÚË˜ÂÒÍËÏ Û‡‚ÌÂÌËflÏ (17) Ò Ô‡‚ÓÈ ˜‡ÒÚ¸˛,
ÒÏ. (9) Ë (4), ÔÓ˝ÚÓÏÛ ÏÓÊÌÓ Á‡ÍÎ˛˜ËÚ¸, ̃ ÚÓ ‚ ‰ËÌ‡-
ÏË˜ÂÒÍÓÏ ÒÎÛ˜‡Â Û‡‚ÌÂÌËfl (17) ÓÔËÒ˚‚‡˛Ú ÍÓÎÂ-
·‡ÌËfl ̄ ËËÌ˚ ÑÉ. Ç˚‰ÂÎË‚ ‚ Ô‡‚ÓÈ ̃ ‡ÒÚË (17) ÓÒ-
ˆËÎÎËÛ˛˘ËÈ ÒÓÏÌÓÊËÚÂÎ¸ –cos(2Hzt)/2, ÏÓÊÌÓ
ÔÂ‰ÒÚ‡‚ËÚ¸ Â¯ÂÌËÂ (17) ‚ ‚Ë‰Â ‰ÂÈÒÚ‚ËÚÂÎ¸ÌÓÈ
˜‡ÒÚË ‡ÁÎÓÊÂÌËfl 

(18)

(Ë ‡Ì‡ÎÓ„Ë˜ÌÓ ‰Îfl (Y, t)). ëÓ·ÒÚ‚ÂÌÌ‡fl ÙÛÌÍ-
ˆËfl Ú‡ÌÒÎflˆËÓÌÌÓ„Ó ÒÔÂÍÚ‡ χtr(Y) ÌÂ ‚ÌÓÒËÚ
‚ÍÎ‡‰‡ ‚ ËÁÎÛ˜ÂÌËÂ ‚ ÒËÎÛ ÒËÏÏÂÚËË Á‡‰‡˜Ë.

ÖÒÎË ÔÓÎ˛Ò˚ ÔÓ‰˚ÌÚÂ„‡Î¸ÌÓ„Ó ‚˚‡ÊÂÌËfl
(18) ÌÂ ÔÓÔ‡‰‡˛Ú Ì‡ ‚Â˘ÂÒÚ‚ÂÌÌÛ˛ ÓÒ¸ (Hz < 1/2),
ËÏÂ˛Ú ÏÂÒÚÓ ˝ÍÒÔÓÌÂÌˆË‡Î¸ÌÓ Á‡ÚÛı‡˛˘ËÂ ÍÓÎÂ-
·‡ÌËfl Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË ÔË Û‰‡ÎÂÌËË ÓÚ ˆÂÌÚ‡
ÑÉ. Ç ÒÎÛ˜‡Â Hz >1/2, ÍÓ„‰‡ ˜‡ÒÚÓÚ‡ Ë ‚ÓÎÌÓ‚˚Â
˜ËÒÎ‡ Û‰Ó‚ÎÂÚ‚Ófl˛Ú ÒÓÓÚÌÓ¯ÂÌËflÏ

(19)

m̃x y,
1( )( )tr

m̃x
1( )( )tr

m̃y
1( )( )tr

Hz ϕ̇– 0, q̇ 1( ) ϕ ϕ/Qsincos+ 0.= =

ṁ̃y
1( )

L̂Wm̃x
1( )– θ θ ϕ Hzt( )/Q;sin

2
cossin=

ṁ̃x
1( )

L̂Wm̃y
1( )+ 0.=

m̃x
1( ) m̃y

1( )

m̃x
1( ) Y t,( ) 2iHzt–( ) χk Y( )m̃x k( ) k  =d

∞–

∞

∫exp=

=  
L̂

+
–

2Q 2π( )1/2
------------------------ ikY( )exp 1 k2+( )

1/2 ϑ ϑcossin( )kdk

2Hz( )2 1 k2+( )2
–[ ]

----------------------------------------------------------------------------------- ×
∞–

∞

∫
× 2iHzt–( ),exp

θ θcossin( )k
π 1 k2+( )1/2

2 2π( )1/2 πk/2( )ch
-------------------------------------------=

m̃y
1( )

ω0 2Hz, k1 2, k0, k0± 2Hz 1–( )1/2,= = =



4

îàáàäÄ åÖíÄããéÇ à åÖíÄããéÇÖÑÖçàÖ      ÚÓÏ 107      ‹ 6      2009

ïÓ‰ÂÌÍÓ‚

ÔÓËÒıÓ‰ËÚ ËÁÎÛ˜ÂÌËÂ ÏÓÌÓıÓÏ‡ÚË˜ÂÒÍËı ÒÔË-

ÌÓ‚˚ı ‚ÓÎÌ Ò ω0 = 1 + . ÄÏÔÎËÚÛ‰Û ‡ÒıÓ‰fl˘Ëı-
Òfl ÓÚ ÑÉ ‚ Ó·Â ÒÚÓÓÌ˚ ÒÔËÌÓ‚˚ı ‚ÓÎÌ ÔÓÎÛ˜‡˛Ú
‚˚˜ËÒÎÂÌËÂÏ ËÌÚÂ„‡Î‡ (18) ‚ ÍÓÏÔÎÂÍÒÌÓÈ ÔÎÓÒ-
ÍÓÒÚË k. èË Y  ∞ ÍÓÌÚÛ ËÌÚÂ„ËÓ‚‡ÌËfl
‚‰ÓÎ¸ ‚Â˘ÂÒÚ‚ÂÌÌÓÈ ÓÒË Á‡Ï˚Í‡ÂÚÒfl ‚ ‚ÂıÌÂÈ
ÔÓÎÛÔÎÓÒÍÓÒÚË k Ë Óı‚‡Ú˚‚‡ÂÚ ÔÓÎ˛Ò k1 ÒÌËÁÛ,
ÓÒÚ‡‚Îflfl k2 ‚ÌÂ Á‡ÏÍÌÛÚÓ„Ó ÍÓÌÚÛ‡; ÔË Y  –∞
ÍÓÌÚÛ Á‡Ï˚Í‡ÂÚÒfl ‚ ÌËÊÌÂÈ ÔÓÎÛÔÎÓÒÍÓÒÚË Ë
Óı‚‡Ú˚‚‡ÂÚ ÔÓÎ˛Ò k2 ÒÌËÁÛ, ÓÒÚ‡‚Îflfl k1 ‚ÌÂ Á‡-
ÏÍÌÛÚÓ„Ó ÍÓÌÚÛ‡. óËÒÚÓ ÏÌËÏ˚Â ÔÓÎ˛Ò˚
ÔÓ‰˚ÌÚÂ„‡Î¸ÌÓ„Ó ‚˚‡ÊÂÌËfl ÌÂ Û˜ËÚ˚‚‡˛ÚÒfl,
Ú‡Í Í‡Í Ëı ‚ÍÎ‡‰ Á‡ÚÛı‡ÂÚ ˝ÍÒÔÓÌÂÌˆË‡Î¸ÌÓ ÔË
|Y|  ∞. èÓÒÎÂ ÓÚ‰ÂÎÂÌËfl ‰ÂÈÒÚ‚ËÚÂÎ¸Ì˚ı ˜‡-
ÒÚÂÈ ÔÓÎÛ˜‡ÂÏ ‡ÒıÓ‰fl˘ËÂÒfl ÒÔËÌÓ‚˚Â ‚ÓÎÌ˚ ‚
ÔÓ‰‚ËÊÌÓÈ ÒËÒÚÂÏÂ ÍÓÓ‰ËÌ‡Ú:

(20.1)

(20.2)

(20.3)

èÓÒÎÂ ÔÂÂıÓ‰‡ ‚ Î‡·Ó‡ÚÓÌÛ˛ ÒËÒÚÂÏÛ, ÔÓ‰-
ÒÚ‡‚Ë‚ (20) ‚ (11)), ÔÓÎÛ˜ËÏ:

(21.1)

(21.2)

(21.3)

(21.4)

á‡ÏÂÚËÏ, ˜ÚÓ ‡ÒıÓ‰fl˘ËÂÒfl ‚ÓÎÌ˚, Ó·Î‡‰‡˛˘ËÂ
ÒËÏÏÂÚËÂÈ ‚ ÔÓ‰‚ËÊÌÓÈ ÒËÒÚÂÏÂ ÍÓÓ‰ËÌ‡Ú, ÚÂ-
fl˛Ú ÂÂ ‚ ÌÂÔÓ‰‚ËÊÌÓÈ Ë ‡ÒÔÓÒÚ‡Ìfl˛ÚÒfl Ò ‡Á-
ÎË˜Ì˚ÏË Ù‡ÁÓ‚˚ÏË ÒÍÓÓÒÚflÏË

Vp+ = (dy/dt)p+ = Hz/k0 + , y  ∞; (22.1)

Vp– = (dy/dt)p– = –(3Hz/k0 – ) y  –∞, (22.2)

„‰Â  – ÔÓÒÚÛÔ‡ÚÂÎ¸Ì‡fl ÒÍÓÓÒÚ¸ ÑÉ ‚ ÔÂ‚ÓÏ
ÔË·ÎËÊÂÌËË, ÒÏ. (9).

ÑÎfl ‚˚˜ËÒÎÂÌËfl ÒÂ‰ÌÂÈ ÒÍÓÓÒÚË ÑÉ ‚ÒÎÂ‰-
ÒÚ‚ËÂ Ó·‡ÚÌÓ„Ó ‰ÂÈÒÚ‚Ëfl ËÁÎÛ˜‡ÂÏ˚ı Â˛ ÒÔËÌÓ-
‚˚ı ‚ÓÎÌ Vsw, Ó·‡ÚËÏÒfl Í Û‡‚ÌÂÌË˛ ·‡Î‡ÌÒ‡
˝ÌÂ„ËË, ÒÎÂ‰Û˛˘ÂÏÛ ËÁ Û‡‚ÌÂÌËÈ (5) 

(23)

k0
2

m̃x
1( ) Y ∞ t,( )  =

=  a k0 k0 Y 2Hzt–( )cos– k0 Y 2Hzt–( )sin+[ ];

m̃y
1( ) Y ∞ t,( )  =

=  a k0 k0 Y 2Hzt–( )sin k0 Y 2Hzt–( )cos+[ ];

a π/ 16Qk0 πk0/2( )ch[ ].=

mx
1( ) Y ∞ t,( )  =

=  a k0 k0Y Hzt–( )cos k0Y Hzt–( )sin–[ ];

mx
1( ) Y ∞– t,( )  =

=  a k0 k0Y 3Hzt+( )cos k0Y 3Hzt+( )sin+[ ];–

my
1( ) Y ∞ t,( )  =

=  a k0Y Hzt–( )cos k0 k0Y Hzt–( )sin+[ ];

my
1( ) Y ∞ t,( )  =

=  a k0Y 3Hzt+( )cos k0 k0Y 3Hzt+( )sin–[ ].

q̇

q̇

q̇

ẇ 2 ṁm '( ) '– 0=

Ë Á‡ÔËÒ‡ÌÌÓÏÛ ‚ ÌÂÔÓ‰‚ËÊÌÓÈ ÒËÒÚÂÏÂ ÓÚÒ˜ÂÚ‡.
àÌÚÂ„ËÛfl (23) ‚ ·ÂÒÍÓÌÂ˜Ì˚ı ÔÂ‰ÂÎ‡ı ÔÓ dy,
ÔÓÎÛ˜‡ÂÏ Ò ËÒÔÓÎ¸ÁÓ‚‡ÌËÂÏ ÔÂ‰ÒÚ‡‚ÎÂÌËfl (21)

(24)

é·‡ÚËÏ ‚ÌËÏ‡ÌËÂ Ì‡ ÚÓ, ˜ÚÓ ÔÓÚÓÍ ˝ÌÂ„ËË ‡Ò-
ÔÂ‰ÂÎÂÌ ÌÂÒËÏÏÂÚË˜ÌÓ ÓÚÌÓÒËÚÂÎ¸ÌÓ ÔÎÓÒÍÓ-
ÒÚË ÑÉ. àÌÚÂ„ËÓ‚‡ÌËÂ , ÔÓÒÎÂ ÛÒÂ‰ÌÂÌËfl ÔÓ
“·˚ÒÚ˚Ï” ÓÒˆËÎÎflˆËflÏ Ò ˜‡ÒÚÓÚÓÈ ~Ha, ÓÔÂ‰Â-
ÎflÂÚ ÏÓ˘ÌÓÒÚ¸, ÔÂÂ‰‡‚‡ÂÏÛ˛ ‚ÌÂ¯ÌËÏ ÔÓÎÂÏ Hz

Ï‡„ÌËÚÌÓÈ ÒËÒÚÂÏÂ: –4HzVsw. èÓÒÎÂ ˝ÚÓ„Ó Ò ÔÓÏÓ-
˘¸˛ (23) ÔÓÎÛ˜‡ÂÏ ÒÍÓÓÒÚ¸ ÑÉ, ÍÓÚÓÛ˛ ÔÂ‰-
ÒÚ‡‚ËÏ ÌËÊÂ ‚ ‡ÁÏÂÌ˚ı ÔÂÂÏÂÌÌ˚ı

(25)

(Á‰ÂÒ¸ ÚÂÔÂ¸ k0(Hz) = (2Hz/Ha – 1)1/2/∆). îÓÏÛÎ‡
(25) Ò Û˜ÂÚÓÏ Á‡ÚÛı‡ÌËfl ·˚Î‡ ‚ÔÂ‚˚Â ÔÓÎÛ˜ÂÌ‡ ‚
[3] (ÒÏ. ÙÓÏÛÎÛ (28) ˝ÚÓÈ ‡·ÓÚ˚) ‰Û„ËÏ ÏÂÚÓ-
‰ÓÏ, ÌÓ Ú‡Ï ÓÌ‡ ÒÓ‰ÂÊËÚ ‰ÓÔÓÎÌËÚÂÎ¸Ì˚È ÏÌÓ-
ÊËÚÂÎ¸ 2. Ç ÒÎÂ‰Û˛˘ÂÏ ‡Á‰ÂÎÂ ·Û‰ÂÚ ÔÓ‚Â‰ÂÌ‡
˜ËÒÎÂÌÌ‡fl ÔÓ‚ÂÍ‡ ˝ÚÓ„Ó Ë ‰Û„Ëı ÂÁÛÎ¸Ú‡ÚÓ‚
Ì‡ÒÚÓfl˘Â„Ó ‡Á‰ÂÎ‡.

3. óàëãÖççõâ ùäëèÖêàåÖçí, 
êÖáìãúíÄíõ

ÇÂËÙËÍ‡ˆËfl ‡Ì‡ÎËÚË˜ÂÒÍËı ÂÁÛÎ¸Ú‡ÚÓ‚, ËÁ-
ÎÓÊÂÌÌ˚ı ‚ ÔÂ‰˚‰Û˘ÂÏ ‡Á‰ÂÎÂ, ÓÒÛ˘ÂÒÚ‚ÎflÂÚ-
Òfl ÔÛÚÂÏ ÔflÏÓ„Ó ˜ËÒÎÂÌÌÓ„Ó ËÌÚÂ„ËÓ‚‡ÌËfl
ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓ Ó‰ÌÓÏÂÌ˚ı Û‡‚ÌÂÌËÈ ã‡Ì‰‡Û-
ãËÙ¯Ëˆ‡ (5). 

èÂÊ‰Â ‚ÒÂ„Ó Ì‡ ÓÒÌÓ‚‡ÌËË (5) ÓÔÂ‰ÂÎËÏ ÒÏÂ-
˘ÂÌËÂ Ò‡ÏÓÈ ÑÉ ÔÓ‰ ‰ÂÈÒÚ‚ËÂÏ ‚ÌÂ¯ÌÂ„Ó Ï‡„ÌËÚ-
ÌÓ„Ó ÔÓÎfl. ÑÎfl ˝ÚÓ„Ó ·Û‰ÂÏ ËÒÍ‡Ú¸ ÌÛÎË ˜ËÒÎÂÌÌÓ
‚˚˜ËÒÎflÂÏÓÈ ÍÓÏÔÓÌÂÌÚ˚ Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË mz(y,
t), ÍÓÚÓ˚Â Ë ·Û‰ÛÚ ÓÔÂ‰ÂÎflÚ¸ ÔÓÎÓÊÂÌËÂ ̂ ÂÌÚ‡
180° ÑÉ. ëÓ„Î‡ÒÌÓ Û‡‚ÌÂÌËflÏ ëÎÓÌ˜Â‚ÒÍÓ„Ó (6) Ë
‚˚‡ÊÂÌË˛ ‰Îfl ÒÍÓÓÒÚË ÑÉ (25), ÔÓÎÓÊÂÌËÂ
ˆÂÌÚ‡ ÑÉ ‚ Ó·Î‡ÒÚË ËÁÎÛ˜ÂÌËfl Hz >1/2 Á‡‰‡ÂÚÒfl
ÙÛÌÍˆËÂÈ (ÔË ‚˚·ÓÂ Ì‡˜‡Î¸ÌÓ„Ó ÛÒÎÓ‚Ëfl my(y,
0) = 0, Ú.Â. q(0) = 0)

q(t) = q(1)(t) + Vswt = [1 – cos(2Hzt)]/4QHz + Vswt. (26)

ëÔ‡‚‡ ‚ (26) ‚ıÓ‰flÚ: ÓÒˆËÎÎËÛ˛˘ËÈ ˜ÎÂÌ,
ÒÎÂ‰Û˛˘ËÈ ËÁ Û‡‚ÌÂÌËÈ ëÎÓÌ˜Â‚ÒÍÓ„Ó, ÒÏ. (6), Ë
ÒÎ‡„‡ÂÏÓÂ, ÓÔËÒ˚‚‡˛˘ÂÂ ÔÓÒÚÛÔ‡ÚÂÎ¸ÌÓÂ ÒÏÂ˘Â-
ÌËÂ ÑÉ ‚ÒÎÂ‰ÒÚ‚ËÂ Ó·‡ÚÌÓ„Ó ‰ÂÈÒÚ‚Ëfl ËÁÎÛ˜ÂÌËfl
ÒÔËÌÓ‚˚ı ‚ÓÎÌ (·ÂÁ‡ÁÏÂÌ‡fl ÒÍÓÓÒÚ¸ ‚ (26) ‡‚-
Ì‡ Vsw  Vsw/(∆γHa), ÒÏ. (4)). íËÔË˜Ì‡fl Í‡ÚËÌ‡
Á‡‚ËÒËÏÓÒÚË ÔÓÎÓÊÂÌËfl ˆÂÌÚ‡ ÑÉ ÓÚ ‚ÂÏÂÌË
q(t), ÔÓÎÛ˜ÂÌÌ‡fl ˜ËÒÎÂÌÌ˚Ï ËÌÚÂ„ËÓ‚‡ÌËÂÏ (5),

2 ṁm '( ) y ∞–=
y ∞=– 2a2k0 1 k0

2+( ) Hz k0V sw+( ) –=

– 2a2k0 1 k0
2+( ) 3Hz– k0V sw+( ) 8a2k0 1 k0

2+( )Hz.=

ẇ

V sw
π
8
--- 

 
2 ∆γ Hz

Q2∆k0 Hz( )
--------------------------- ×=

× 1

π∆k0 Hz( )/2( )ch
2

------------------------------------------, Hz Ha/2>
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ÔÂ‰ÒÚ‡‚ÎÂÌ‡ Ì‡ ËÒ. 1 ëËÎ¸ÌÓ ÓÒˆËÎÎËÛ˛˘‡fl
‚ÂıÌflfl ÍË‚‡fl ÔÓÎÛ˜ÂÌ‡ ËÁ Û‡‚ÌÂÌËfl mfl(y, t) = 0;
ÌËÊÌflfl, Ò„Î‡ÊÂÌÌ‡fl – ‚˚˜ËÚ‡ÌËÂÏ ËÁ ‚ÂıÌÂÈ
ÒÛÏÏ‡ÌÓÈ ÍË‚ÓÈ ÓÒˆËÎÎflˆËÈ ÑÉ, ‚ÓÁÌËÍ‡˛˘Ëı
‚ ÒËÎÛ Û‡‚ÌÂÌËÈ ëÎÓÌ˜Â‚ÒÍÓ„Ó (16), Ú.Â. ËÁ Û‡‚-
ÌÂÌËfl mfl(y + q(1)(t), t) = 0. å‡ÎÓÒÚ¸ ‡ÏÔÎËÚÛ‰˚
Ò„Î‡ÊÂÌÌÓÈ ÍË‚ÓÈ ÛÍ‡Á˚‚‡ÂÚ Ì‡ ıÓÓ¯Û˛ ÔË-
ÏÂÌËÏÓÒÚ¸ ÚÂÓËË ëÎÓÌ˜Â‚ÒÍÓ„Ó. ùÚ‡ ÍË‚‡fl ÔÓÁ-
‚ÓÎflÂÚ ÓÔÂ‰ÂÎËÚ¸ ÔÓ Ú‡Ì„ÂÌÒÛ ÂÂ Û„Î‡ Ì‡ÍÎÓÌ‡ β
(ÒÏ. ËÒ. 1) ÔÓÒÚÛÔ‡ÚÂÎ¸ÌÛ˛ ÒÍÓÓÒÚ¸ ÒÏÂ˘ÂÌËfl
ÑÉ. Ç ‡ÒÒÏ‡ÚË‚‡ÂÏÓÏ ÒÎÛ˜‡Â Vsw = 8.2 × 10–4, ÚÓ-
„‰‡ Í‡Í ‚˚˜ËÒÎÂÌÌÓÂ ÔÓ (25) ÁÌ‡˜ÂÌËÂ – 7.2 × 10–4.
ê‡ÒıÓÊ‰ÂÌËÂ ÏÓÊÌÓ ÓÚÌÂÒÚË Í ÔÓÔ‡‚Í‡Ï ~1/Q,
ÍÓÚÓ˚Â ÌÂ Û˜ËÚ˚‚‡ÂÚÒfl ÓÒˆËÎÎflˆËflÏË ÑÉ ‚ ÒËÎÛ
Û‡‚ÌÂÌËÈ ëÎÓÌ˜Â‚ÒÍÓ„Ó (16) Ë ÒÏÂ˘ÂÌËÂÏ ÑÉ ‚
ÒËÎÛ ËÁÎÛ˜ÂÌËfl ÒÔËÌÓ‚˚ı ‚ÓÎÌ.

ç‡ ËÒ. 2 Ë 3 ÔÂ‰ÒÚ‡‚ÎÂÌ˚ Á‡‚ËÒËÏÓÒÚË ÒÍÓÓ-
ÒÚË ÑÉ Vsw(Q) ÔË Hz = const Ë Vsw(Hz) ÔË Q = const.
ëÍÓÓÒÚË ÑÉ ÓÔÂ‰ÂÎflÎËÒ¸ ÛÍ‡Á‡ÌÌ˚Ï ‚ ÔÂ‰˚-
‰Û˘ÂÏ Ô‡‡„‡ÙÂ ÒÔÓÒÓ·ÓÏ. ë‡‚ÌÂÌËÂ Ì‡ÌÂÒÂÌ-
Ì˚ı ÚÂÓÂÚË˜ÂÒÍËı ÍË‚˚ı (25) Ò ‚˚˜ËÒÎÂÌÌ˚ÏË
ÔÓ Â¯ÂÌËflÏ Û‡‚ÌÂÌËfl ã‡Ì‰‡Û-ãËÙ¯Ëˆ‡ ÁÌ‡˜Â-
ÌËflÏË ÒÍÓÓÒÚË ÔÓÍ‡Á˚‚‡ÂÚ Û‰Ó‚ÎÂÚ‚ÓËÚÂÎ¸ÌÓÂ
Ó·˘ÂÂ Í‡˜ÂÒÚ‚ÂÌÌÓÂ ÒÓ„Î‡ÒËÂ (Û˜ÂÚ ‰ÓÔÓÎÌËÚÂÎ¸-
ÌÓ„Ó ÏÌÓÊËÚÂÎfl 2, ÒÓ‰ÂÊ‡˘Â„ÓÒfl, ÒÓ„Î‡ÒÌÓ [3], ‚

Ô‡‚ÓÈ ˜‡ÒÚË (25), ÛıÛ‰¯‡ÂÚ ÒÓ„Î‡ÒËÂ). ê‡ÒıÓÊ‰Â-
ÌËÂ ‚ÓÁ‡ÒÚ‡ÂÚ Ò ÔË·ÎËÊÂÌËÂÏ ÔÓÎfl Í ÔÓÓ„Ó‚Ó-
ÏÛ ÁÌ‡˜ÂÌË˛ Hz = 1/2 Ë Ò ÛÏÂÌ¸¯ÂÌËÂÏ Q. ÇÓÁÏÓÊ-
ÌÓ, ˜ÚÓ ˜‡ÒÚ¸ ˝ÚËı ‡ÒıÓÊ‰ÂÌËÈ Ó·˙flÒÌflÂÚÒfl ÌÂ-
‰ÓÒÚ‡ÚÓ˜ÌÓÒÚ¸˛ ÎËÌÂÈÌ˚ı ÔÓ 1/Q ÔË·ÎËÊÂÌËÈ
(16) Ë (17), Ò ÔÓÏÓ˘¸˛ ÍÓÚÓ˚ı ÔÓÎÛ˜ÂÌ‡ ËÒÔÓÎ¸-
ÁÛÂÏ‡fl ‰Îfl Ò‡‚ÌÂÌËfl ÙÓÏÛÎ‡ (25). 

Ç Á‡ÍÎ˛˜ÂÌËÂ ˝ÚÓ„Ó ‡Á‰ÂÎ‡ Ó·‡ÚËÏÒfl Í ËÁÛ-
˜ÂÌË˛ ÒÚÛÍÚÛ˚ ÒÔËÌ-‚ÓÎÌÓ‚Ó„Ó ÔÓÎfl, ËÁÎÛ˜‡Â-
ÏÓ„Ó ÑÉ. èÓÒÍÓÎ¸ÍÛ ‚ ‡ÏÍ‡ı ̃ ËÒÎÂÌÌÓ„Ó ÏÓ‰ÂÎË-
Ó‚‡ÌËfl Û‡‚ÌÂÌËfl ã‡Ì‰‡Û-ãËÙ¯Ëˆ‡ (5) Â¯‡ÂÚ-
Òfl Á‡‰‡˜‡ Ò Ì‡˜‡Î¸Ì˚ÏË ÛÒÎÓ‚ËflÏË (Á‡‰‡˜‡ äÓ¯Ë),
ÚÓ Ì‡ ÔÎÓÒÍÓÒÚË y0t Ë‰Â‡Î¸ÌÓÂ ‚ÓÎÌÓ‚ÓÂ ÔÓÎÂ,
ÔÂ‰ÒÚ‡‚ÎflÂÏÓÂ ÙÓÏÛÎ‡ÏË (21), ÏÓÊÂÚ ÒÛ˘Â-
ÒÚ‚Ó‚‡Ú¸ ÎË¯¸ ‚ ÌÂÍÓÚÓ˚ı Ó„‡ÌË˜ÂÌÌ˚ı Ó·Î‡-
ÒÚflı, ‡ÒÔÓÎÓÊÂÌÌ˚ı ‚ÌÛÚË ‰‚Ûı ‚ÓÎÌÓ‚˚ı Ô‡ÍÂ-
ÚÓ‚, ËÁÎÛ˜‡ÂÏ˚ı ‚Ô‡‚Ó Ë ‚ÎÂ‚Ó ÓÚ ˆÂÌÚ‡ ÑÉ. Ç
Í‡Ê‰ÓÏ ÍÓÌÍÂÚÌÓÏ ÒÎÛ˜‡Â ËÏÂ˛˘ËÂÒfl ‚˚˜ËÒÎË-
ÚÂÎ¸Ì˚Â ‚ÓÁÏÓÊÌÓÒÚË ‚ ÚÓÈ ËÎË ËÌÓÈ ÒÚÂÔÂÌË
Ó„‡ÌË˜Ë‚‡˛Ú ‡ÁÏÂ˚ ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓ-‚ÂÏÂÌ-
ÌÓÈ Ó·Î‡ÒÚË y0t, ‰ÓÒÚÛÔÌÓÈ ‰Îfl Ò‡‚ÌÂÌËfl Ò (21).

ç‡„Îfl‰ÌÓÂ ÔÂ‰ÒÚ‡‚ÎÂÌËÂ ÒÚÛÍÚÛ˚ ÔÓÎfl Ë
Ù‡ÁÓ‚˚ı ÒÓÓÚÌÓ¯ÂÌËÈ ÏÂÊ‰Û ‚ÓÎÌ‡ÏË ÏÓÊÌÓ ÔÓ-
ÎÛ˜ËÚ¸ Ò ÔÓÏÓ˘¸˛ ÙÛÌÍˆËË

Tj(y) = t00 + j(2π/3Hz) + sm0x(y, t00 + j(2π/3Hz)), (27)

0

0

q(t)/∆

γHat
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β
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0.10 Q = 19
Hz = 0.7

Vsw = tanβ = 8.2 × 10–3

êËÒ. 1. íËÔË˜Ì‡fl Á‡‚ËÒËÏÓÒÚ¸ ÒÍÓÓÒÚË ˆÂÌÚ‡ ÑÉ ÓÚ ‚ÂÏÂÌË (ÒËÎ¸ÌÓ ÓÒˆËÎÎËÛ˛˘‡fl ‚ÂıÌflfl ÍË‚‡fl) Ë Ú‡ ÊÂ Á‡‚Ë-
ÒËÏÓÒÚ¸ ÔÓÒÎÂ ËÒÍÎ˛˜ÂÌËfl ËÁ ÌÂÂ ÓÒˆËÎÎflˆËÈ ÔÓ ëÎÓÌ˜Â‚ÒÍÓÏÛ (ÌËÊÌflfl ÍË‚‡fl), ‚˚‰ÂÎfl˛˘‡fl ÒËÒÚÂÏ‡ÚË˜ÂÒÍÓÂ ÔÓ-
ÒÚÛÔ‡ÚÂÎ¸ÌÓÂ ÒÏÂ˘ÂÌËÂ ÑÉ. ëÂ‰Ìflfl ÒÍÓÓÒÚ¸ ÒÏÂ˘ÂÌËfl ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ Ó·˘ÂÏÛ Û„ÎÛ Ì‡ÍÎÓÌ‡ ÌËÊÌÂÈ ÍË‚ÓÈ β. 
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ÒÚÓ·ËÛ˛˘ÂÈ ‚ÓÎÌÓ‚ÓÂ ÔÓÎÂ mx(y, t) ˜ÂÂÁ ÏËÌË-
Ï‡Î¸Ì˚È ‚ÂÏÂÌÌÓÈ ÚÂÓÂÚË˜ÂÒÍËÈ ÔÂËÓ‰ ÔÓ
‚ÂÏÂÌË 2π/3Hz (ËÎË ‡Ì‡ÎÓ„Ë˜ÌÓ„Ó ‚˚‡ÊÂÌËfl
‰Îfl my(y, t)), Ë ÔÓÒÚÓËÚ¸ Tj(y) ‰Îfl j = 0–3 Ì‡ ÔÎÓÒ-
ÍÓÒÚË y0t. á‰ÂÒ¸ s – ‚˚·Ë‡ÂÏ˚È ËÁ ÒÓÓ·‡ÊÂÌËÈ
Û‰Ó·ÒÚ‚‡ Ï‡Ò¯Ú‡·Ì˚È ÏÌÓÊËÚÂÎ¸; t00 – Ì‡˜‡Î¸-
Ì˚È ÏÓÏÂÌÚ ‚ÂÏÂÌË; ‚˚·‡ÌÌ˚È ÔÓÎÌ˚È ‚Â-
ÏÂÌÌÓÈ ËÌÚÂ‚‡Î 2π/Hz Óı‚‡Ú˚‚‡ÂÚ Ó‰ËÌ ÔÂËÓ‰
ÔÓ ‚ÂÏÂÌË 2π/Hz ‚ÓÎÌ˚, ÛıÓ‰fl˘ÂÈ ‚Ô‡‚Ó, Ë ÚË
ÔÂËÓ‰‡ ‚ÓÎÌ˚ 2π/3Hz, ÛıÓ‰fl˘ÂÈ ‚ÎÂ‚Ó ÔÓ ÓÒË y,
ÒÏ. (21). ÑÎfl ÒÓ‚ÏÂ˘ÂÌËfl Ï‡Ò¯Ú‡·Ó‚ ÍË‚˚ı Ì‡
ËÒ. 4 ËÁ mx(y, t) Û‰‡ÎÂÌÓ ÌÛÎÂ‚ÓÂ Â¯ÂÌËÂ m0x(y,t) =
= mx(y, t) – cosHzt/ y + q(1)(t)) Ò Ï‡ÍÒËÏ‡Î¸ÌÓÈ ‡Ï-
ÔÎËÚÛ‰ÓÈ |mx, y(0, t)| ~ 1, ÒÏ. (9), (10), ÍÓÚÓÓÂ ÎÓÍ‡-
ÎËÁÓ‚‡ÌÓ ‚ Ó·Î‡ÒÚË ‚·ÎËÁË ˆÂÌÚ‡ ÑÉ. 

(ch

ç‡ ËÒ. 4 ËÁÓ·‡ÊÂÌ ÚËÔË˜Ì˚È Ù‡„ÏÂÌÚ ÒÔËÌ-
‚ÓÎÌÓ‚Ó„Ó ÔÓÎfl ‰Îfl ÚÂı ÊÂ ÁÌ‡˜ÂÌËÈ Ô‡‡ÏÂÚÓ‚
Q = 10, Hz = 0.7, ˜ÚÓ Ë Ì‡ ËÒ. 1, s = 30, ¯‡„ ‰ËÒÍÂ-
ÚËÁ‡ˆËË ÔÓ ‚ÂÏÂÌË 2π/3Hz (≈3). ÇÓÎÌÓ‚˚Â Ô‡ÍÂ-
Ú˚ ÒÓ ÒÂ‰ÌËÏË ÁÌ‡˜ÂÌËflÏË ‡ÏÔÎËÚÛ‰ |mx, y(y, t)| ~
~ 0.02–0.04 ËÁÎÛ˜‡˛ÚÒfl ‚Ô‡‚Ó Ë ‚ÎÂ‚Ó Ò „ÛÔÔÓ-
‚˚ÏË ÒÍÓÓÒÚflÏË Vg(+, –) = dω(+, –)/dk. á‰ÂÒ¸

(28)

– Á‡ÍÓÌ˚ ‰ËÒÔÂÒËË ÒÂ‰ ‚ ÌÂÔÓ‰‚ËÊÌÓÏ Ô‡‚ÓÏ
(y > 0) Ë ÎÂ‚ÓÏ (y < 0) ‰ÓÏÂÌ‡ı, Ï‡ÎÓ ÓÚÎË˜‡˛˘Ë-
ÂÒfl ‰Û„ ÓÚ ‰Û„‡ ÔË Q = 10 Ë ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Ëı
ÁÌ‡˜ÂÌËflı Vsw (ÒÏ. ËÒ. 2 Ë 3). îÓÌÚ˚ ËÁÎÛ˜ÂÌËfl

ω + –,( ) 1 k2 Hz+−+( ) 1 k2 Hz+− 1/Q+ +( )( )1/2
+=

+ V swk

4 6 8 10 12
Q

(1)

(2)

(3)

0.008

0.006

0.004

0.002

0

Vsw/∆γHa

(1) – Hz/Ha = 0.6

(2) – Hz/Ha = 0.7

(3) – Hz/Ha = 0.9

êËÒ. 2. á‡‚ËÒËÏÓÒÚË ÒÍÓÓÒÚË ÑÉ Vsw ÓÚ Ù‡ÍÚÓ‡ Í‡˜ÂÒÚ‚‡ Q.

0.60 0.65 0.75 0.80 0.90
Hz/Ha

(1)

(2)

(3)

0.0030

0.0020

0.0015

0.0010

0.0005

Vsw/∆γHa

(1) – Q = 6

(2) – Q = 8

(3) – Q = 10

0.70 0.85

0.0025

0.0035

êËÒ. 3. á‡‚ËÒËÏÓÒÚË ÒÍÓÓÒÚË ÑÉ Vsw ÓÚ ·ÂÁ‡ÁÏÂÌÓ„Ó ‚ÌÂ¯ÌÂ„Ó Ï‡„ÌËÚÌÓ„Ó ÔÓÎfl Hz/Ha.
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Ó„‡ÌË˜ÂÌ˚ ‰‚ÛÏfl ‚ÌÂ¯ÌËÏË Ì‡ÍÎÓÌÌ˚ÏË Ôfl-
Ï˚ÏË y = Vg(+, –)t, Í‡Í ÔÓÍ‡Á‡ÌÓ Ì‡ ËÒ. 4. á‰ÂÒ¸ ÊÂ
ËÁÓ·‡ÊÂÌ˚ Ú‡ÍÊÂ ‰‚Â ı‡‡ÍÚÂËÒÚËÍË y = Vg(+, –)t,
‡ÒÔÓÎÓÊÂÌÌ˚Â ‚ÌÛÚË ‚ÓÎÌÓ‚˚ı ÁÓÌ (Vp(+, –) – Ù‡-
ÁÓ‚˚Â ÒÍÓÓÒÚË (22), ‡ÁÎË˜‡˛˘ËÂÒfl ‰Îfl Ó·ÓËı
‰ÓÏÂÌÓ‚). íÂÓÂÚË˜ÂÒÍËÂ ÁÌ‡˜ÂÌËfl ‚ÂÏÂÌÌ˚ı
ÔÂËÓ‰Ó‚ ‚ Ô‡‚ÓÏ T+ = 2π/Hz ≈ 9 Ë ÎÂ‚ÓÏ T– =
= 2π/3Hz ≈ 3 ‰ÓÏÂÌ‡ı ÒÓÓÚ‚ÂÚÒÚ‚Û˛Ú ÒÂ‰ÌËÏ ÁÌ‡-
˜ÂÌËflÏ, ÓÔÂ‰ÂÎÂÌÌ˚Ï Ò ÔÓÏÓ˘¸˛ ËÒ. 4. ç‡ÔÓ-
ÚË‚, ‰ÎËÌ˚ ‚ÓÎÌ ËÁÎÛ˜ÂÌËfl ‚ ‚ÓÎÌÓ‚˚ı ÁÓÌ‡ı Ô‡-
‚Ó„Ó Ë ÎÂ‚Ó„Ó ‰ÓÏÂÌ‡ 2π/k0 (k0 = (2Hz – 1)1/2, ÒÏ.
(19)) Ó‰ËÌ‡ÍÓ‚˚ ~9.9, ˜ÚÓ Ú‡ÍÊÂ ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ
‰‡ÌÌ˚Ï Ì‡ ËÒÛÌÍÂ. ä‡Í ‚Ë‰ÌÓ ËÁ ËÒ. 2 Ë 3, ÒÍÓÓ-
ÒÚË ÑÉ Vsw ÒÎË¯ÍÓÏ Ï‡Î˚, ˜ÚÓ·˚ ÔË‚ÂÒÚË Í Á‡-
ÏÂÚÌÓÏÛ ËÁÏÂÌÂÌË˛ ‚ÓÎÌÓ‚ÓÈ Í‡ÚËÌ˚ Á‡ Ò˜ÂÚ
ÒÏÂ˘ÂÌËfl ˆÂÌÚ‡ ÑÉ ‚ ÚÂ˜ÂÌËÂ ËÒÔÓÎ¸ÁÓ‚‡ÌÌÓ„Ó
‰Îfl ÔÓÒÚÓÂÌËfl ËÒ. 4 ËÌÚÂ‚‡Î‡ ‚ÂÏÂÌË.

4. éÅëìÜÑÖçàÖ à áÄäãûóÖçàÖ

Ç Á‡ÍÎ˛˜ÂÌËÂ ÓÒÚ‡ÌÓ‚ËÏÒfl Ì‡ ÌÂÒÍÓÎ¸ÍËı ‚Ó-
ÔÓÒ‡ı, ÔÂ‰ÒÚ‡‚Îfl˛˘Ëı ËÌÚÂÂÒ ‚ Ò‚flÁË Ò Â-
ÁÛÎ¸Ú‡Ú‡ÏË Ì‡ÒÚÓfl˘ÂÈ ‡·ÓÚ˚. é‰ËÌ ËÁ ÌËı Ò‚fl-
Á‡Ì Ò ‚ÓÁÏÓÊÌÓÒÚ¸˛ ÔÓÌËÊÂÌËfl ÔÓÓ„Ó‚Ó„Ó ÔÓ-
Îfl Hz = Ha/2, ‰Ó‚ÓÎ¸ÌÓ ÁÌ‡˜ËÚÂÎ¸Ì‡fl ‚ÂÎË˜ËÌ‡
ÍÓÚÓÓ„Ó Á‡‚ËÒËÚ ÓÚ ÔÓfl‰Í‡ ÓÒË ÒËÏÏÂÚËË Ï‡„-
ÌËÚÓÒÚ‡ÚË˜ÂÒÍÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl (3) ÓÚÌÓÒËÚÂÎ¸-
ÌÓ ÔÓ‚ÓÓÚÓ‚ ‚ ·‡ÁËÒÌÓÈ ÔÎÓÒÍÓÒÚË Ó‰ÌÓÓÒÌÓ„Ó

ÙÂÓÏ‡„ÌÂÚËÍ‡. åÓÊÌÓ Á‡ÏÂÚËÚ¸, ˜ÚÓ ‡Ì‡ÎÓ„Ë˜-
Ì˚È ‡ÒÒÏÓÚÂÌÌÓÏÛ ‚˚¯Â ÏÂı‡ÌËÁÏ ËÁÎÛ˜ÂÌËfl
‚ÓÁÌËÍ‡ÂÚ, Ì‡ÔËÏÂ, ÂÒÎË, Ì‡fl‰Û Ò Ï‡„ÌËÚÓ‰Ë-
ÔÓÎ¸ÌÓÈ, ‚ÍÎ˛˜ËÚ¸ ‚ ‚ÓÁÏÛ˘ÂÌËÂ L1 ËÒıÓ‰ÌÓ„Ó
ã‡„‡ÌÊË‡Ì‡, ÒÏ. (3), ÍÛ·Ë˜ÂÒÍÛ˛ ‡ÌËÁÓÚÓÔË˛

wc = –Kc(  +  + )/2.

ÖÒÎË ÍÓÌÒÚ‡ÌÚ‡ ÍÛ·Ë˜ÂÒÍÓÈ ‡ÌËÁÓÚÓÔËË Kc > 0,
‚ÓÁÌËÍ‡˛˘ËÂ ÚË éãç ÍÓÎÎËÌÂ‡Ì˚ ÓÒflÏ ÌÂÔÓ-
‰‚ËÊÌÓÈ ÍÓÓ‰ËÌ‡ÚÌÓÈ ÒËÒÚÂÏ˚, ËÒÔÓÎ¸ÁÓ‚‡Ì-
Ì˚Ï ‚ Ì‡ÒÚÓfl˘ÂÈ ‡·ÓÚÂ. ÑÓ·‡‚ÍË Í Ô‡‚˚Ï ˜‡-
ÒÚflÏ fx Ë fy (14) ÔÓÎÛ˜‡ÂÏ ÚÂÏ ÊÂ ÒÔÓÒÓ·ÓÏ, ˜ÚÓ Ë
ÔË ‚˚‚Ó‰Â Û‡‚ÌÂÌËÈ (13)

(29)

„‰Â ÏÌÓ„ÓÚÓ˜Ëfl Ó·ÓÁÌ‡˜‡˛Ú ˜ÎÂÌ˚ ·ÓÎÂÂ ÌËÁÍÓ„Ó
ÔÓfl‰Í‡ ÔÓ ÒÚÂÔÂÌflÏ sinϕ ËÎË cosϕ Ë Qc4 = K/Kc > 1.
ÑÓ·‡‚ÍË (29), Í‡Í flÒÌÓ ËÁ (14), ‚Â‰ÛÚ Í ÔÓÓ„Ó‚ÓÈ
‚ÂÎË˜ËÌÂ ÔÓÎfl Hz = Ha/4. Ç ÒÎÛ˜‡Â ÓÚËˆ‡ÚÂÎ¸ÌÓ„Ó
ÁÌ‡Í‡ Kc ‡Ì‡ÎÓ„Ë˜Ì˚Â ÒÓÓ·‡ÊÂÌËfl ‚Â‰ÛÚ Í ÔÓÓ-
„Û Hz = Ha/3.

Ö˘Â Ó‰ËÌ ‚ÓÔÓÒ Ò‚flÁ‡Ì Ò Û˜ÂÚÓÏ Á‡ÚÛı‡ÌËfl Ì‡
ËÁÎÛ˜ÂÌËÂ ÒÔËÌÓ‚˚ı ‚ÓÎÌ, ˜ÚÓ ÓÒÓ·ÂÌÌÓ ‚‡ÊÌÓ
‚·ÎËÁË ÔÓÓ„‡, „‰Â ÒÍÓÓÒÚ¸ ÑÉ Vsw (25) Ó·‡˘‡-
ÂÚÒfl ‚ ·ÂÒÍÓÌÂ˜ÌÓÒÚ¸. ëÓ„Î‡ÒÌÓ [3], Á‡ÚÛı‡ÌËÂ
ÔË‚Ó‰ËÚ Í ÚÓÏÛ, ˜ÚÓ ÒÍÓÓÒÚ¸ ÑÉ ÒÚ‡ÌÓ‚ËÚÒfl ÍÓ-

mx
4 my

4 mz
4

δ f x θcos θ ϕ/Qc4 …+cos
4

sin–=

Ë δ f y θ ϕ ϕ/Qc4cos
3

sinsin
3 …,+=

30

0–60

γHat, Tj

y/∆
–40 –20 20 40 60

j = 0

j = 1
32

34

36

38

40

j = 2

j = 3

êËÒ. 4. î‡„ÏÂÌÚ ‡ÒËÏÏÂÚË˜ÌÓ„Ó ÒÔËÌ-‚ÓÎÌÓ‚Ó„Ó ÔÓÎfl Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË mx(y, t) Ì‡ ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓ-‚ÂÏÂÌÌÓÈ ÔÎÓÒ-
ÍÓÒÚË (ÌÛÎÂ‚ÓÂ ÔË·ÎËÊÂÌËÂ, ÎÓÍ‡ÎËÁÓ‚‡ÌÌÓÂ ‚·ÎËÁË Ó·Î‡ÒÚË y = 0, Û‰‡ÎÂÌÓ). ò‡„ ËÁÏÂÌÂÌËfl ÔÓ ‚ÂÏÂÌË 2π/3Hz ≈ 3
(j = 0–3). ÇÓÎÌÓ‚˚Â Ô‡ÍÂÚ˚ ÒÎÂ‚‡ Ë ÒÔ‡‚‡ ÓÚ ÑÉ y = 0 Ó„‡ÌË˜ÂÌ˚ ‚ÌÂ¯ÌËÏË ÔflÏ˚ÏË y = Vg(+, –)t, „‰Â Vg(+, –) – ÒÓÓÚ-
‚ÂÚÒÚ‚Û˛˘ËÂ „ÛÔÔÓ‚˚Â ÒÍÓÓÒÚË. èË ÔÓÒÚÓflÌÌÓÏ y ÒÂ‰ÌËÂ ÁÌ‡˜ÂÌËfl Ù‡Á ‚ ÎÂ‚ÓÏ ‰ÓÏÂÌÂ ÒÓ‚Ô‡‰‡˛Ú ˜ÂÂÁ 2π/3Hz,
‚ Ô‡‚ÓÏ – ˜ÂÂÁ 2π/Hz. ÇÌÛÚË Ô‡ÍÂÚÓ‚ ÔÓÒÚÓÂÌ˚ ‰‚Â ı‡‡ÍÚÂËÒÚËÍË Ò ‡ÁÎË˜‡˛˘ËÏËÒfl Ù‡ÁÓ‚˚ÏË ÒÍÓÓÒÚflÏË.
ëÂ‰Ìflfl ‡ÏÔÎËÚÛ‰‡ ÓÒˆËÎÎflˆËÈ Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË ‚ Ô‡ÍÂÚÂ ~(0.02–0.04)M (s – ÍÓ˝ÙÙËˆËÂÌÚ Ï‡Ò¯Ú‡·ËÓ‚‡ÌËfl mx(y, t)
‡‚ÂÌ 30).
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ÌÂ˜ÌÓÈ ‚ ÚÓ˜ÍÂ ÔÓÓ„‡ Ë ÓÚÎË˜ÌÓÈ ÓÚ ÌÛÎfl ‚ Ó·Î‡-
ÒÚË Hz < 1/2. á‰ÂÒ¸ ‰ÓÔÓÎÌËÚÂÎ¸ÌÓ Í ̋ ÚÓÏÛ ̋ ÙÙÂÍ-
ÚÛ ‡ÒÒÏÓÚÂÌ Â˘Â ‡‰‰ËÚË‚Ì˚È ‚ÍÎ‡‰ ‚ ‰ËÌ‡ÏËÍÛ
ÑÉ Á‡Ú‡‚Ó˜ÌÓ„Ó Á‡ÚÛı‡ÌËfl ÉËÎ¸·ÂÚ‡. ÑÓÔÓÎÌËÏ
Ô‡‚Û˛ ̃ ‡ÒÚ¸ Û‡‚ÌÂÌËÂ ·‡Î‡ÌÒ‡ ̋ ÌÂ„ËË (23) ÒÎ‡-
„‡ÂÏ˚Ï, Û˜ËÚ˚‚‡˛˘ËÏ ‰ËÒÒËÔ‡ˆË˛ ÔÓ ê˝ÎÂ˛:

, „‰Â α – ·ÂÁ‡ÁÏÂÌ˚È Ô‡‡ÏÂÚ Á‡ÚÛı‡ÌËfl
ÉËÎ¸·ÂÚ‡. ÖÒÎË Û˜ÂÒÚ¸ ‰ÓÔÓÎÌËÚÂÎ¸ÌÓÂ ÒÎ‡„‡Â-
ÏÓÂ ‚ ÌÛÎÂ‚ÓÏ ÔË·ÎËÊÂÌËË (ÒÏ. (9) Ë (10)), ÚÓ ‰Îfl
ÔÓÎÌÓÈ ÒÍÓÓÒÚË ÑÉ ÔÓÎÛ˜ËÏ ‚˚‡ÊÂÌËÂ

V = Vsw + α∆γHz, (30)

ÓÚÎË˜‡˛˘ÂÂÒfl ÓÚ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Â„Ó ‚˚‡ÊÂÌËfl
‚ [3] Ì‡ÎË˜ËÂÏ ‚ÚÓÓ„Ó ÒÎ‡„‡ÂÏÓ„Ó ÒÔ‡‚‡.

ÑÎfl ÛÒÚ‡ÌÂÌËfl ‡ÒıÓ‰ËÏÓÒÚË Vsw (25) ‚ ÚÓ˜ÍÂ
ÔÓÓ„‡ ‰ÓÒÚ‡ÚÓ˜ÌÓ ÓÔÂ‰ÂÎËÚ¸ ÍÓÏÔÎÂÍÒÌÓÂ k ËÁ
Á‡ÍÓÌ‡ ‰ËÒÔÂÒËË ω = 1 + k2 – iαω ÔË ω = 2Hz, „‰Â
α � 1, Ë ÔÓ‰ÒÚ‡‚ËÚ¸ ‚Â˘ÂÒÚ‚ÂÌÌÛ˛ ˜‡ÒÚ¸ ÍÓÌfl ‚
(25). èË ÌÂÁÌ‡˜ËÚÂÎ¸ÌÓÏ ÓÚÒÚÛÔÎÂÌËË ÓÚ ÔÓÓ„‡
‚Â˘ÂÒÚ‚ÂÌÌ‡fl ˜‡ÒÚ¸ k ‡‚Ì‡

∆k0(Hz) = ((2Hz/Ha – 1)2 + (2αHz/Ha)2)1/2. (31)

ï‡‡ÍÚÂÌ˚È ‚Ë‰ Á‡‚ËÒËÏÓÒÚÂÈ (30) ÔË ‡ÁÎË˜-
Ì˚ı ÁÌ‡˜ÂÌËflı Ô‡‡ÏÂÚ‡ α ËÁÓ·‡ÊÂÌ Ì‡ ËÒ. 5.
ä‡Í Ë ‚ [3], ‰ÂÒflÚËÍ‡ÚÌÓÂ Û‚ÂÎË˜ÂÌËÂ α ‚Â‰ÂÚ Í
ÔËÏÂÌÓ ÚÓÏÛ ÊÂ Ô‡‰ÂÌË˛ ÔËÍÓ‚Ó„Ó ÁÌ‡˜ÂÌËfl
ÒÍÓÓÒÚË (3.5 ‡Á‡).

èÓ‚Â‰ÂÌÌÓÂ ‚ Ì‡ÒÚÓfl˘ÂÈ ‡·ÓÚÂ Ò‡‚ÌÂÌËÂ
˜ËÒÎÂÌÌ˚ı ÂÁÛÎ¸Ú‡ÚÓ‚, ÔÓÎÛ˜ÂÌÌ˚ı ËÌÚÂ„ËÓ-
‚‡ÌËÂÏ Û‡‚ÌÂÌËfl ã‡Ì‰‡Û-ãËÙ¯Ëˆ‡ (5), Ò ÂÁÛÎ¸-
Ú‡Ú‡ÏË ‡Ì‡ÎËÚË˜ÂÒÍÓÈ ÚÂÓËË, ËÁÎÓÊÂÌÌÓÈ ‚

2αṁ2

‡Á‰. 2, ÔÓÍ‡Á˚‚‡ÂÚ Ó·˘ÂÂ Û‰Ó‚ÎÂÚ‚ÓËÚÂÎ¸ÌÓÂ
ÒÓ„Î‡ÒËÂ. Ç˚fl‚ÎÂÌ‡ ‡ÒËÏÏÂÚË˜Ì‡fl ‚ Î‡·Ó‡ÚÓ-
ÌÓÈ ÒËÒÚÂÏÂ ÒÚÛÍÚÛ‡ ÔÓÎfl ÒÔËÌÓ‚˚ı ‚ÓÎÌ, ËÁÎÛ-
˜‡ÂÏ˚ı ÑÉ (ÒÏ. (21) Ë ËÒ. 4). ëÍÓÓÒÚ¸, ÔËÓ·Â-
Ú‡ÂÏ‡fl ÑÉ ‚ÒÎÂ‰ÒÚ‚ËÂ Ó·‡ÚÌÓ„Ó ‰ÂÈÒÚ‚Ëfl ËÁÎÛ˜Â-
ÌËfl (ÒÏ. (25)), Ú‡ÍÊÂ ÒÓ„Î‡ÒÛÂÚÒfl Ò ˜ËÒÎÂÌÌ˚ÏË
ÂÁÛÎ¸Ú‡Ú‡ÏË, ÔÂ‰ÒÚ‡‚ÎÂÌÌ˚ÏË Ì‡ ËÒ. 2, 3. çÂ-
Ó·ıÓ‰ËÏÓ ÓÚÏÂÚËÚ¸ Ó‰Ì‡ÍÓ, ˜ÚÓ ËÏÂ˛˘ÂÂÒfl ‡Ò-
ıÓÊ‰ÂÌËÂ ‡Ì‡ÎËÚË˜ÂÒÍËı Ë ˜ËÒÎÂÌÌ˚ı ÂÁÛÎ¸Ú‡-
ÚÓ‚ ‚ÓÁ‡ÒÚ‡ÂÚ Í‡Í Ò ÛÏÂÌ¸¯ÂÌËÂÏ Q = Ha/4πM,
Ú‡Í Ë Ò ÔË·ÎËÊÂÌËÂÏ ÔÓÎfl Hfl Í ÔÓÓ„Ó‚ÓÏÛ ÁÌ‡-
˜ÂÌË˛ Ha/2. ä‡Í ÏÓÊÌÓ ÔÂ‰ÔÓÎ‡„‡Ú¸, Ú‡ÍÓÂ ‡Ò-
ıÓÊ‰ÂÌËÂ ÏÓÊÂÚ ·˚Ú¸ ÛÏÂÌ¸¯ÂÌÓ ÔË Û˜ÂÚÂ ÒÎÂ-
‰Û˛˘Ëı ÔÓ ÓÚÌÓ¯ÂÌË˛ Í Û‡‚ÌÂÌËflÏ (13), (14)
ÔË·ÎËÊÂÌËÈ ÔÓ 1/Q, ÍÓÚÓ˚Â ·Û‰ÛÚ ‚ÍÎ˛˜‡Ú¸
˝ÙÙÂÍÚ˚ ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËÂ ÒÔËÌÓ‚˚ı ‚ÓÎÌ, ÌÂÎË-
ÌÂÈÌ˚È Ò‰‚Ë„ ÔÓÓ„Ó‚Ó„Ó ÁÌ‡˜ÂÌËfl ÔÓÎfl Ë ‰.
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