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�·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ É¥μ·¥É¨Î¥¸±μ£μ ¨¸¸²¥¤μ¢ ´¨Ö ·¥Ï¥´¨° ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ Ê· ¢´¥-
´¨Ö ¸ § ¶ §¤Ò¢ ÕÐ¨³  ·£Ê³¥´Éμ³, μ¶¨¸Ò¢ ÕÐ¥£μ ¢ ¸£² ¦¥´´μ³ ¶·¨¡²¨¦¥´¨¨ ¤¨´ ³¨±Ê ¶ÊÎ± 
§ ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ ¸¨´Ì·μÉ·μ´ Ì ¸ ¸¨¸É¥³μ° μ¡· É´μ° ¸¢Ö§¨. ‚ÒÖ¢²¥´Ò μ¸μ¡¥´´μ¸É¨ ·¥Ï¥´¨°
¤²Ö ¸¤¢¨£μ¢ Î ¸ÉμÉ ¨ ¤¥±·¥³¥´Éμ¢ § ÉÊÌ ÕÐ¨Ì ±μ£¥·¥´É´ÒÌ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°, μ¡Ê¸²μ¢²¥´-
´Ò¥ § ¤¥·¦±μ° ¸¨£´ ²  ¢ Í¥¶¨ μ¡· É´μ° ¸¢Ö§¨.

Results of theoretical research of decisions of the delay-differential equation describing in the
smoothed approach the dynamics of a bunch of the charged particles in synchrotrons with a feedback
system are presented. Features of decisions for frequency shifts and decrements of the coherent betatron
oscillation decay caused by a signal delay in a feedback chain are revealed.
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‘¨¸É¥³Ò μ¡· É´μ° ¸¢Ö§¨ Ï¨·μ±μ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢ ¸¨´Ì·μÉ·μ´ Ì ¤²Ö Ëμ·³¨·μ¢ ´¨Ö
±μ··¥±É¨·ÊÕÐ¨Ì ¢μ§¤¥°¸É¢¨° ´  ¶ÊÎμ± § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸ Í¥²ÓÕ ¶μ¤ ¢²¥´¨Ö ¨Ì ±μ£¥-
·¥´É´ÒÌ ¶μ¶¥·¥Î´ÒÌ (¡¥É É·μ´´ÒÌ) ¨ ¶·μ¤μ²Ó´ÒÌ (¸¨´Ì·μÉ·μ´´ÒÌ) ±μ²¥¡ ´¨°. � ¶·¨-
³¥·, ¢ ¸¨¸É¥³ Ì ¶μ¤ ¢²¥´¨Ö ±μ£¥·¥´É´ÒÌ ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° ²μ± ²Ó´ Ö ¸¨²  ±μ·-
·¥±É¨·ÊÕÐ¥£μ ¢μ§¤¥°¸É¢¨Ö, ¨§³¥´ÖÕÐ Ö É· ¥±Éμ·¨Õ ¶ÊÎ±  ¢ ³¥¸É¥ · ¸¶μ²μ¦¥´¨Ö ¤¥³¶-
Ë¨·ÊÕÐ¥£μ ¤¥Ë²¥±Éμ· , ¶·μ¶μ·Í¨μ´ ²Ó´  ²μ± ²Ó´μ³Ê μÉ±²μ´¥´¨Õ Í¥´É·  ÉÖ¦¥¸É¨ ÔÉ¨Ì
Î ¸É¨Í μÉ ¨Ì · ¢´μ¢¥¸´μ£μ ¸μ¸ÉμÖ´¨Ö, ¨§³¥·¥´´μ³Ê ¶·¨ ¶·μÌμ¦¤¥´¨¨ ¨³¨ ¤¥É¥±É¨·ÊÕ-
Ð¥£μ Ê¸É·μ°¸É¢ . ’ ±¨³ μ¡· §μ³, ¸¨²  ±μ··¥±É¨·ÊÕÐ¥£μ ¢μ§¤¥°¸É¢¨Ö ¶·μ¶μ·Í¨μ´ ²Ó´ 
¢¥²¨Î¨´¥ μÉ±²μ´¥´¨Ö, ¨§³¥·¥´´μ° ¢ ³μ³¥´É ¢·¥³¥´¨, ¶·¥¤Ï¥¸É¢ÊÕÐ¨° ±μ··¥±Í¨¨. ‚ [1]
¶μ± § ´μ, ÎÉμ ¸¤¢¨£¨ Î ¸ÉμÉ ¨ ¤¥±·¥³¥´ÉÒ § ÉÊÌ ÕÐ¨Ì ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨°, ¢ÒÎ¨-
¸²¥´´Ò¥ ¢ ²¨´¥°´μ³ ¶·¨¡²¨¦¥´¨¨ ¶μ ¢¥²¨Î¨´¥ ¸¨²Ò ±μ··¥±Í¨¨ ¤²Ö ¸£² ¦¥´´ÒÌ Ê· ¢-
´¥´¨° ¤¨´ ³¨±¨ ¶ÊÎ±  ¶·¨ ·¥Ï¥´¨¨ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¸ μÉ±²μ´ÖÕÐ¨³¸Ö
 ·£Ê³¥´Éμ³, ¸μ¢¶ ¤ ÕÉ ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ¢Ò· ¦¥´¨Ö³¨, ¢ÒÎ¨¸²¥´´Ò³¨ ¶·¨ ¨¸¶μ²Ó-
§μ¢ ´¨¨ ³¥Éμ¤μ¢ ¤¨¸±·¥É´μ£μ  ´ ²¨§ , £¤¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ²μ± ²Ó´Ò° Ì · ±É¥· ¨§³¥·¥´¨Ö
μÉ±²μ´¥´¨Ö ¨ ¤¥°¸É¢¨Ö ±μ··¥±É¨·ÊÕÐ¥° ¸¨²Ò. ‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ · ¸¸³ É·¨¢ ÕÉ¸Ö
¤·Ê£¨¥ μ¸μ¡¥´´μ¸É¨ ·¥Ï¥´¨° ¢ ¸£² ¦¥´´μ³ ¶·¨¡²¨¦¥´¨¨, ±μÉμ·Ò¥ μ¡Ê¸²μ¢²¥´Ò § ¤¥·¦-
±μ° ¸¨£´ ²  ¢ Í¥¶¨ μ¡· É´μ° ¸¢Ö§¨.

1E-mail: V.Zhabitsky@jinr.ru
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�Ê¸ÉÓ x Å ¸³¥Ð¥´¨¥ Î ¸É¨ÍÒ μÉ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ. ’μ£¤  ¸£² ¦¥´´μ¥ Ê· ¢´¥´¨¥
¤²Ö ¶μ¶¥·¥Î´μ° ¤¨´ ³¨±¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ ¸¨´Ì·μÉ·μ´¥ ¸ ¸¨¸É¥³μ° μ¡· É´μ° ¸¢Ö§¨
¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤ [1,2]:

ẍ(t) + Ω2x(t) =
gκΩ
T0

x(t − τ)u(t − τ) ≡ gF (x; τ), (1)

£¤¥ T0 Å ¶¥·¨μ¤ μ¡· Ð¥´¨Ö Î ¸É¨Í ¢ ¸¨´Ì·μÉ·μ´¥; Ω ≡ Q0ω0 Å Í¨±²¨Î¥¸± Ö Î ¸ÉμÉ 
¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°; Q0 Å Î¨¸²μ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° §  μ¡μ·μÉ; ω0 = 2π/T0 Å
Í¨±²¨Î¥¸± Ö Î ¸ÉμÉ  μ¡· Ð¥´¨Ö Î ¸É¨Í, g Å ±μÔËË¨Í¨¥´É μ¡· É´μ° ¸¢Ö§¨; κ = ±1 Å
¶μ²Ö·´μ¸ÉÓ μ¡· É´μ° ¸¢Ö§¨ (¶μ²μ¦¨É¥²Ó´ Ö ¨²¨ μÉ·¨Í É¥²Ó´ Ö μ¡· É´ Ö ¸¢Ö§Ó); τ > 0 Å
¢¥²¨Î¨´  § ¤¥·¦±¨ ¸¨£´ ²  ¢ Í¥¶¨ μ¡· É´μ° ¸¢Ö§¨. ‚ Ê· ¢´¥´¨¨ (1) ¸Î¨É ¥É¸Ö, ÎÉμ ¶ÊÎμ±
¨´¦¥±É¨·μ¢ ´ ¢ ¸¨´Ì·μÉ·μ´ ¢ ´Ê²¥¢μ° ³μ³¥´É ¢·¥³¥´¨, É ± ÎÉμ ¢¸¥ ËÊ´±Í¨μ´ ²Ó´Ò¥ § -
¢¨¸¨³μ¸É¨ § ¤ ´Ò ¶·¨ t � 0. „ ´´μ¥ ´ Î ²Ó´μ¥ Ê¸²μ¢¨¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ¸ ¶μ³μÐÓÕ ËÊ´±Í¨¨
•¥¢¨¸ °¤  u(t − τ) [3]. ˆ¸¶μ²Ó§ÊÖ ¶μ¤¸É ´μ¢±Ê �°²¥·  x = exp (λt/T0), μ¡ÒÎ´μ ¶·¨³¥-
´Ö¥³ÊÕ ¤²Ö ¢ÒÖ¢²¥´¨Ö ¸¢μ°¸É¢ ·¥Ï¥´¨° Ê· ¢´¥´¨° ¸ § ¶ §¤Ò¢ ÕÐ¨³  ·£Ê³¥´Éμ³ [4, 5],
¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ Ì · ±É¥·¨¸É¨Î¥¸±μ¥ Ê· ¢´¥´¨¥:

λ2 + 4π2Q2
0 − 2πgκQ0 e−λτ/T0 = 0. (2)

�·¨ g = 0 Ì · ±É¥·¨¸É¨Î¥¸±μ¥ Ê· ¢´¥´¨¥ (2) ¨³¥¥É ·¥Ï¥´¨Ö λ = ±j 2πQ0, ±μÉμ·Ò¥
μÉ¢¥Î ÕÉ Î ¸ÉμÉ ³ ¡¥É É·μ´´μ£μ ¤¢¨¦¥´¨Ö Î ¸É¨Í ¢ ¸¨´Ì·μÉ·μ´¥. ‚ [1] Ê¸É ´μ¢²¥´μ, ÎÉμ
¶·¨ g � 1 ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö (2) ¢¡²¨§¨ ¡¥É É·μ´´μ° Î ¸ÉμÉÒ Ω ¥¸ÉÓ

λ = −α ± j 2π(Q0 + ΔQ), (3)

£¤¥
α = gα1, α1 =

κ

2
sin η , ΔQ = gQ1, Q1 = − κ

4π
cos η . (4)

‡¤¥¸Ó η ≡ Ωτ = 2πQ0 τ/T0 Å ´ ¡¥£ Ë §Ò ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¶·¨ ¶·μ²¥É¥ Î ¸É¨ÍÒ
μÉ ¤¥É¥±Éμ·  ¤μ ¤¥Ë²¥±Éμ· . ’ ±¨³ μ¡· §μ³, ¢Ò· ¦¥´¨Ö ¤²Ö ¤¥±·¥³¥´É  α ¨ ¸¤¢¨£  Î¨¸² 
¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ΔQ ¸μ¢¶ ¤ ÕÉ ¸  ´ ²μ£¨Î´Ò³¨ ¶·¨¡²¨¦¥´´Ò³¨ ¢Ò· ¦¥´¨Ö³¨,
¶μ²ÊÎ¥´´Ò³¨ ¢ μ·¨£¨´ ²Ó´μ° ¤¨¸±·¥É´μ° ³μ¤¥²¨ ¤²Ö ¸¨¸É¥³Ò ¶μ¤ ¢²¥´¨Ö, £¤¥ ÊÎ¨ÉÒ¢ -
¥É¸Ö ²μ± ²Ó´Ò° Ì · ±É¥· ¨§³¥·¥´¨Ö μÉ±²μ´¥´¨Ö ¨ ¤¥°¸É¢¨Ö ±μ··¥±É¨·ÊÕÐ¥° ¸¨²Ò [6].
‘²¥¤Ê¥É ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ¤¥±·¥³¥´É ±μ²¥¡ ´¨° ³ ±¸¨³ ²¥´, ±μ£¤  κ sin η0 = 1, ÎÉμ
μÉ¢¥Î ¥É Ìμ·μÏμ ¨§¢¥¸É´μ³Ê ±·¨É¥·¨Õ μ¶É¨³ ²Ó´ÒÌ Ë §μ¢ÒÌ Ê¸²μ¢¨° ¤²Ö ¶μ¤ ¢²¥´¨Ö
±μ£¥·¥´É´ÒÌ ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨°.
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� ¸¸³μÉ·¨³ μ¸μ¡¥´´μ¸É¨ ·¥Ï¥´¨° ¨¸Ìμ¤´μ£μ Ê· ¢´¥´¨Ö (1) ¢¡²¨§¨ μ¶É¨³ ²Ó´ÒÌ Ê¸²μ-
¢¨° ¶·¨ η0 = (2k + 1)π/2, £¤¥ k Å Í¥²μ¥ Î¨¸²μ. �·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥ (3), ·¥Ï¥´¨¥
Ì · ±É¥·¨¸É¨Î¥¸±μ£μ Ê· ¢´¥´¨Ö (2) ³μ¦´μ ¨¸± ÉÓ ¢ ¢¨¤¥ · §²μ¦¥´¨Ö ¶μ ¸É¥¶¥´Ö³ ³ ²μ£μ
¶ · ³¥É·  g:

λ = −α± j 2πQ, α = gα1 + g2α2 + . . . , Q ≡ Q0 + ΔQ = Q0 + gQ1 + g2Q2 + . . . (5)



908 † ¡¨Í±¨° ‚. Œ., —¨¦μ¢  �.�.

�·¨ ÔÉμ³ Ì · ±É¥·¨¸É¨Î¥¸±μ¥ Ê· ¢´¥´¨¥ Ô±¢¨¢ ²¥´É´μ ¸²¥¤ÊÕÐ¥° ¸¨¸É¥³¥ Ê· ¢´¥´¨°:

α2 − 4π2Q2 + 4π2Q2
0 = 2πgQ0 eατ/T0

κ cos (2πQτ/T0),
(6)

α =
gQ0

2Q
eατ/T0

κ sin (2πQτ/T0).

�¥É·Ê¤´μ ¢¨¤¥ÉÓ, ÎÉμ ¢ ²¨´¥°´μ³ ¶·¨¡²¨¦¥´¨¨ ¶μ ³ ²μ³Ê ¶ · ³¥É·Ê g ¶·¨¢¥¤¥´´ Ö ¸¨-
¸É¥³  Ê· ¢´¥´¨° ¨³¥¥É ·¥Ï¥´¨Ö (4). ‚¥²¨Î¨´Ò α ¨ ΔQ ¶·μ¶μ·Í¨μ´ ²Ó´Ò g ¸μ£² ¸´μ (5).
�μÔÉμ³Ê ¤²Ö ¢Éμ·μ£μ Ê· ¢´¥´¨Ö ¸¨¸É¥³Ò (6) ¢μ ¢Éμ·μ³ ¶·¨¡²¨¦¥´¨¨ ¶μ g ³μ¦´μ § ¶¨-
¸ ÉÓ:

α = A2(g, ΔQ, η), A2(η = η0) =
g̃Q0

2Q
cos (Δη) ≈ g̃Q0

2Q
,

£¤¥ Δη ≡ (2πτ/T0)ΔQ ¨ g̃ ≡ g exp (ατ/T0). �´ ²μ£¨Î´μ ¤²Ö ¶¥·¢μ£μ Ê· ¢´¥´¨Ö
¸¨¸É¥³Ò (6) ³μ¦¥³ § ¶¨¸ ÉÓ:

α = A1(g, ΔQ, η), A2
1(η = η0) ≈ 4π2(2Q0 + ΔQ)ΔQ − 2πg̃Q0 sin (Δη).

�μ¸±μ²Ó±Ê ¸¨¸É¥³  ¶μ¤ ¢²¥´¨Ö ±μ£¥·¥´É´ÒÌ ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° ¤μ²¦´  μ¡¥¸¶¥Î¨¢ ÉÓ
´¥μ¡Ìμ¤¨³Ò° ¤¥±·¥³¥´É ¤²Ö § ¤ ´´ÒÌ ¢¥²¨Î¨´ g, Q0 ¨ η0, Éμ ·¥Ï¥´¨¥ Ê· ¢´¥´¨° (6) ¥¸ÉÓ
ÉμÎ±  ¶¥·¥¸¥Î¥´¨Ö ±·¨¢ÒÌ A1(ΔQ) = A2(ΔQ) ´  ¶²μ¸±μ¸É¨ (α, Qτ ), £¤¥

Qτ ≡ Δ
Q

Q20
, Q20 =

g2

32π2Q0
.

ƒ· Ë¨±¨ § ¢¨¸¨³μ¸É¥° A1(Qτ ) ¨ A2(Qτ ) ¶·¨ Q0 = 59, 31, g = 0, 05 ¨ μ¶É¨³ ²Ó´μ°
· ¸¸É ´μ¢±¥ η = η0 = 2π · 59, 25 ¶·¨¢¥¤¥´Ò ´  ·¨¸.  . ’ ±¨³ μ¡· §μ³, ÉμÎ±¥ ¶¥·¥¸¥Î¥´¨Ö
±·¨¢ÒÌ A1(Qτ ) ¨ A2(Qτ ) ¢μ ¢Éμ·μ³ ¶·¨¡²¨¦¥´¨¨ ¶μ g μÉ¢¥Î ¥É Qτ ≈ 1. �Éμ μ§´ Î ¥É,
ÎÉμ ¢μ§´¨± ¥É ¶μ²μ¦¨É¥²Ó´Ò° ¸¤¢¨£ ΔQ ≈ Q20 ¤²Ö Î ¸ÉμÉÒ ±μ£¥·¥´É´ÒÌ § ÉÊÌ ÕÐ¨Ì
±μ²¥¡ ´¨° ¢μ ¢Éμ·μ³ ¶·¨¡²¨¦¥´¨¨ ¶μ ¢¥²¨Î¨´¥ ±μÔËË¨Í¨¥´É  μ¡· É´μ° ¸¢Ö§¨, ÌμÉÖ ¶·¨
μ¶É¨³ ²Ó´μ° · ¸¸É ´μ¢±¥ ¢ ¶¥·¢μ³ ¶·¨¡²¨¦¥´¨¨ ¶μ g ¢¥²¨Î¨´  ΔQ · ¢´  ´Ê²Õ.

Œ¥´ÖÖ ³¥¸Éμ · ¸¶μ²μ¦¥´¨Ö ¤¥É¥±Éμ·  μÉ´μ¸¨É¥²Ó´μ ¤¥Ë²¥±Éμ·  ¨ ¨§³¥´ÖÖ É¥³ ¸ ³Ò³
¢·¥³Ö § ¤¥·¦±¨ τ , ÎÉμ ¶·¨¢μ¤¨É ± ¨§³¥´¥´¨Õ ¢¥²¨Î¨´Ò ´ ¡¥£  Ë §Ò ¡¥É É·μ´´ÒÌ ±μ²¥¡ -
´¨° η, ³μ¦´μ ¶μ¤μ¡· ÉÓ · ¸¸É ´μ¢±Ê ÔÉ¨Ì Ê¸É·μ°¸É¢ É ±¨³ μ¡· §μ³, ÎÉμ¡Ò ¢Ò¶μ²´Ö²μ¸Ó

ƒ· Ë¨±¨ § ¢¨¸¨³μ¸É¥° A2(Qτ ) (¸¶²μÏ´ Ö ²¨´¨Ö) ¨ A1(Qτ ):  ) ¶·¨ μ¶É¨³ ²Ó´μ° · ¸¸É ´μ¢±¥
η0 (ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö) ¨ ¡) ¶·¨ ¢ ·¨ Í¨¨ η ¤²Ö ¢¥²¨Î¨´ η < η0 (¶Ê´±É¨·´ Ö ²¨´¨Ö) ¨ η > η0

(ÏÉ·¨Ì¶Ê´±É¨·´ Ö)
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·¥§μ´ ´¸´μ¥ Ê¸²μ¢¨¥ ΔQ = 0. �·¨³¥· £· Ë¨±μ¢ § ¢¨¸¨³μ¸É¥° A1(Qτ ) ¨ A2(Qτ ) ¤²Ö ´ -
Ìμ¦¤¥´¨Ö ·¥Ï¥´¨° Ì · ±É¥·¨¸É¨Î¥¸±μ£μ Ê· ¢´¥´¨Ö ¶·¨ ¢ ·¨ Í¨¨ ¢¥²¨Î¨´Ò ´ ¡¥£  Ë §Ò
¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° η ¶·¨¢¥¤¥´ ´  ·¨¸. ¡. ‘¶²μÏ´Ò¥ ²¨´¨¨, μÉ¢¥Î ÕÐ¨¥ § ¢¨¸¨³μ-
¸É¨ A2(Qτ ), ¶· ±É¨Î¥¸±¨ ´¥· §²¨Î¨³Ò ¤²Ö ¶·¨¢¥¤¥´´ÒÌ ¶ · ³¥É·μ¢ Q0, g ¨ η. �¤´ ±μ
£· Ë¨±¨ § ¢¨¸¨³μ¸É¥° A1(Qτ ) ¸ÊÐ¥¸É¢¥´´Ò³ μ¡· §μ³ § ¢¨¸ÖÉ μÉ ´ ¡¥£  Ë §Ò ±μ²¥¡ -
´¨° η. ’ ±, · ¸Î¥É´Ò° ¶μ²μ¦¨É¥²Ó´Ò° ¸¤¢¨£ ¤²Ö ΔQ, ¢μ§´¨± ÕÐ¨° ¢μ ¢Éμ·μ³ ¶μ·Ö¤±¥
¶μ g, ³μ¦¥É ¡ÒÉÓ ¸±μ³¶¥´¸¨·μ¢ ´ §  ¸Î¥É Ê³¥´ÓÏ¥´¨Ö · ¸¸ÉμÖ´¨Ö ³¥¦¤Ê ¤¥É¥±Éμ·μ³ ¨
¤¥Ë²¥±Éμ·μ³. ‚ ·¥§Ê²ÓÉ É¥ ´ ¡¥£ Ë §Ò ±μ²¥¡ ´¨° η ¶·¨ ¢Ò±²ÕÎ¥´´μ° ¸¨¸É¥³¥ μ¡· É´μ°
¸¢Ö§¨ ¡Ê¤¥É ³¥´ÓÏ¥ η0, μ¤´ ±μ ¶·¨ § ³±´ÊÉμ° Í¥¶¨ μ¡· É´μ° ¸¢Ö§¨ ¸É ´¥É μ¶É¨³ ²Ó´Ò³
§  ¸Î¥É ¶μ²μ¦¨É¥²Ó´μ£μ ¸¤¢¨£  ΔQ (ÉμÎ±  Qτ = 0 ´  ·¨¸. ¡, ¶Ê´±É¨·´ Ö ²¨´¨Ö). �·¨
Ê¢¥²¨Î¥´¨¨ · ¸¸ÉμÖ´¨Ö ³¥¦¤Ê ¤¥É¥±Éμ·μ³ ¨ ¤¥Ë²¥±Éμ·μ³ ¶μ ¸· ¢´¥´¨Õ ¸ μ¶É¨³ ²Ó´μ°
· ¸¸É ´μ¢±μ° η = η0 ¢¥²¨Î¨´  ¸¤¢¨£  Î ¸ÉμÉÒ Ê¢¥²¨Î¨¢ ¥É¸Ö (ÉμÎ±  Qτ > 2 ´  ·¨¸. ¡,
ÏÉ·¨Ì¶Ê´±É¨·´ Ö ²¨´¨Ö).

�μ¤¸É ¢²ÖÖ (5) ¢ (6), ´¥É·Ê¤´μ ¶μ²ÊÎ¨ÉÓ ¤²Ö α2 ¨ Q2:

g2α2 = 2πQ20 sin (2η) − g2 τ

4T0
cos (2η) g2Q2 = −Q20 cos (2η) − g2 τ

8πT0
sin (2η).

�É¸Õ¤  ¢¡²¨§¨ μ¶É¨³ ²Ó´μ° · ¸¸É ´μ¢±¨ δη ≡ η − η0 � 1 ¨³¥¥³

g2α2(η = η0 + δη) ≈ −2πQ20 sin (2δη) +
g2 τ

4T0

g2Q2(η = η0 + δη) ≈ Q20 +
g2 τ

8πT0
sin (2δη) .

’ ±¨³ μ¡· §μ³, ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ · §²μ¦¥´¨Ö (5) ¤²Ö ·¥Ï¥´¨Ö Ê· ¢´¥´¨° (6) ¢μ ¢Éμ·μ³
¶·¨¡²¨¦¥´¨¨ ¶μ ¢¥²¨Î¨´¥ ±μÔËË¨Í¨¥´É  μ¡· É´μ° ¸¢Ö§¨ g ¢¡²¨§¨ μ¶É¨³ ²Ó´μ° · ¸-
¸É ´μ¢±¨ η0 ¢μ§´¨± ¥É ¶μ²μ¦¨É¥²Ó´Ò° ¸¤¢¨£ Î¨¸²  ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°, Î¨¸²¥´´μ
· ¢´Ò° Q20. ‘μ¢¶ ¤¥´¨¥ Î ¸ÉμÉ § ÉÊÌ ÕÐ¨Ì ±μ²¥¡ ´¨° (¢±²ÕÎ¥´´ Ö ¸¨¸É¥³  μ¡· É´μ°
¸¢Ö§¨) ¨ ¸¢μ¡μ¤´ÒÌ ±μ²¥¡ ´¨° (¸¨¸É¥³  μ¡· É´μ° ¸¢Ö§¨ ¢Ò±²ÕÎ¥´ ) ³μ¦´μ μ¡¥¸¶¥Î¨ÉÓ
§  ¸Î¥É Ê³¥´ÓÏ¥´¨Ö ´ ¡¥£  Ë §Ò ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° μÉ ¤¥É¥±Éμ·  ¤μ ¤¥Ë²¥±Éμ· .
�¤´ ±μ ÉμÎ´μ¥ ¸μ¢¶ ¤¥´¨¥ Î ¸ÉμÉ ¢μ§³μ¦´μ Éμ²Ó±μ ¶·¨ Ë¨±¸¨·μ¢ ´´μ° ¢¥²¨Î¨´¥ g.
‚¸²¥¤¸É¢¨¥ ¢²¨Ö´¨Ö ±¢ ¤· É¨Î´μ° ¶μ¶· ¢±¨ ¶μ g ¢ ΔQ ¶·¨ Ê¢¥²¨Î¥´¨¨ g ´¥μ¡Ìμ¤¨³μ
¢´μ¢Ó ¶·μ¨§¢¥¸É¨ Éμ´±ÊÕ ´ ¸Éμ°±Ê. „ ´´Ò° ·¥§Ê²ÓÉ É ¸μ£² ¸Ê¥É¸Ö ¸ § ¢¨¸¨³μ¸ÉÖ³¨, ¶·¨-
¢¥¤¥´´Ò³¨ ´  ·¨¸Ê´±¥.

‚³¥¸É¥ ¸ É¥³ ¸²¥¤Ê¥É ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ¢¸²¥¤¸É¢¨¥ ³ ²μ¸É¨ ¶μ¶· ¢±¨, ¶·μ¶μ·Í¨μ´ ²Ó-
´μ° g2, ¸μÌ· ´Ö¥É¸Ö ¶·¨³¥·´μ ²¨´¥°´ Ö § ¢¨¸¨³μ¸ÉÓ ¸¤¢¨£  Î ¸ÉμÉÒ μÉ ¢¥²¨Î¨´Ò μÉ±²μ-
´¥´¨Ö ´ ¡¥£  Ë §Ò μÉ μ¶É¨³ ²Ó´μ£μ §´ Î¥´¨Ö. �Éμ μ§´ Î ¥É, ÎÉμ ¨¸¶μ²Ó§μ¢ ´¨¥ ¤ ´´μ£μ
ÔËË¥±É  Ö¢²Ö¥É¸Ö ¡μ²¥¥ ÉμÎ´Ò³ ³¥Éμ¤μ³ ´ ¸É·μ°±¨ ¶μ ¸· ¢´¥´¨Õ ¸ ¢ÒÖ¢²¥´¨¥³ Ê¸²μ¢¨°
¤²Ö ³ ±¸¨³ ²Ó´μ° ¢¥²¨Î¨´Ò ¤¥±·¥³¥´É  ±μ²¥¡ ´¨° ¸£Ê¸É±  ¶μ¸²¥ ±μ·μÉ±μ£μ ¨³¶Ê²Ó¸´μ£μ
Éμ²Î± , £¤¥ ¢μ§´¨± ¥É ¶·¨³¥·´μ ±¢ ¤· É¨Î´ Ö § ¢¨¸¨³μ¸ÉÓ ¤¥±·¥³¥´É  μÉ ¢¥²¨Î¨´Ò μÉ-
±²μ´¥´¨Ö Ë §Ò ±μ²¥¡ ´¨° μÉ μ¶É¨³ ²Ó´μ£μ §´ Î¥´¨Ö. �μÔÉμ³Ê ÔËË¥±É ²¨´¥°´μ£μ ¸¤¢¨£ 
Î ¸ÉμÉÒ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö Éμ´±μ° ´ ¸É·μ°±¨ μ¶É¨³ ²Ó´μ£μ ¡ ² ´¸  Ë §, ¨§³¥´ÖÖ,
´ ¶·¨³¥·, ¶μ²μ¦¥´¨¥ · ¡μÎ¥° ÉμÎ±¨ ¢ ¸¨´Ì·μÉ·μ´¥ ¶μ Î¨¸²Ê ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°
Q0 ¶·¨ Ë¨±¸¨·μ¢ ´´μ° ¢¥²¨Î¨´¥ ±μÔËË¨Í¨¥´É  μ¡· É´μ° ¸¢Ö§¨. �¶É¨³ ²Ó´Ò¥ Ê¸²μ¢¨Ö
¤²Ö ¤¥³¶Ë¨·μ¢ ´¨Ö ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° ¡Ê¤ÊÉ μÉ¢¥Î ÉÓ É ±μ° ¢¥²¨Î¨´¥ Q0, ±μ£¤ 
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Î ¸ÉμÉÒ ¸¢μ¡μ¤´ÒÌ ±μ²¥¡ ´¨° (¢Ò±²ÕÎ¥´´ Ö ¸¨¸É¥³  μ¡· É´μ° ¸¢Ö§¨) ¨ § ÉÊÌ ÕÐ¨Ì ±μ-
²¥¡ ´¨° (¸¨¸É¥³  μ¡· É´μ° ¸¢Ö§¨ ¢±²ÕÎ¥´ ) ¸μ¢¶ ¤ ÕÉ. ˆ§³¥·¥´¨Ö Î ¸ÉμÉ ¡¥É É·μ´´ÒÌ
±μ²¥¡ ´¨°, ¢Ò¶μ²´¥´´Ò¥ ¶·¨ ´ ² ¤±¥ ¸¨¸É¥³Ò ¶μ¤ ¢²¥´¨Ö ±μ£¥·¥´É´ÒÌ ¶μ¶¥·¥Î´ÒÌ ±μ-
²¥¡ ´¨° ¶ÊÎ±  ¢ LHC [7], ¶μ¤É¢¥·¦¤ ÕÉ ´ ²¨Î¨¥ Ê± § ´´μ£μ ÔËË¥±É  ¨ ¢μ§³μ¦´μ¸ÉÓ ¥£μ
¨¸¶μ²Ó§μ¢ ´¨Ö ¤²Ö Éμ´±μ° ´ ¸É·μ°±¨ ¸¨¸É¥³Ò μ¡· É´μ° ¸¢Ö§¨ ¢ ¸¨´Ì·μÉ·μ´¥.

‡�Š‹�—…�ˆ…

ˆ¸¸²¥¤μ¢ ´Ò μ¸μ¡¥´´μ¸É¨ ·¥Ï¥´¨° ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ Ê· ¢´¥´¨Ö ¸ § ¶ §¤Ò¢ ÕÐ¨³
 ·£Ê³¥´Éμ³, μ¶¨¸Ò¢ ÕÐ¥£μ ¢ ¸£² ¦¥´´μ³ ¶·¨¡²¨¦¥´¨¨ ¤¨´ ³¨±Ê ¶ÊÎ±  § ·Ö¦¥´´ÒÌ Î -
¸É¨Í ¢ ¸¨´Ì·μÉ·μ´ Ì ¸ ¸¨¸É¥³μ° μ¡· É´μ° ¸¢Ö§¨, ¢μ ¢Éμ·μ³ ¶·¨¡²¨¦¥´¨¨ ¶μ ¢¥²¨Î¨´¥
±μÔËË¨Í¨¥´É  μ¡· É´μ° ¸¢Ö§¨, Ö¢²ÖÕÐ¥£μ¸Ö ³ ²Ò³ ¶ · ³¥É·μ³. “¸É ´μ¢²¥´μ, ÎÉμ ¤²Ö
¸¤¢¨£  Î ¸ÉμÉÒ § ÉÊÌ ÕÐ¨Ì ±μ²¥¡ ´¨° μ¶·¥¤¥²ÖÕÐ¨³ Ë ±Éμ·μ³ Ö¢²Ö¥É¸Ö ´ ¡¥£ Ë §Ò
¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°, ¢μ§´¨± ÕÐ¨° ¶·¨ ¶·μ²¥É¥ Î ¸É¨ÍÒ μÉ ¤¥É¥±Éμ·  ¤μ ¤¥Ë²¥±-
Éμ· . „ ´´Ò° ÔËË¥±É ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö Éμ´±μ° ´ ¸É·μ°±¨ ¡ ² ´¸  Ë § ¸¨¸É¥³Ò
μ¡· É´μ° ¸¢Ö§¨ ¢ ¸¨´Ì·μÉ·μ´¥.

‘�ˆ‘�Š ‹ˆ’…��’“�›

1. † ¡¨Í±¨° ‚. Œ. „¨´ ³¨±  ¶ÊÎ±  ¢ ¸¨´Ì·μÉ·μ´ Ì ¸ ¸¨¸É¥³ ³¨ μ¡· É´μ° ¸¢Ö§¨ // �¨¸Ó³  ¢ �—�Ÿ.
2013. ’. 10, º6(183). C. 947Ä957.

2. ‹¥¡¥¤¥¢ �. �., ˜ ²Ó´μ¢ �. ‚. �¸´μ¢Ò Ë¨§¨±¨ ¨ É¥Ì´¨±¨ Ê¸±μ·¨É¥²¥°. Œ.: �´¥·£μ Éμ³¨§¤ É,
1991. 528 ¸.

3. Šμ·´ ƒ., Šμ·´ ’. ‘¶· ¢μÎ´¨± ¶μ ³ É¥³ É¨±¥ ¤²Ö ´ ÊÎ´ÒÌ · ¡μÉ´¨±μ¢ ¨ ¨´¦¥´¥·μ¢. Œ.: � Ê± ,
1978. 832 ¸.

4. �²Ó¸£μ²ÓÍ ‹. �., �μ·±¨´ ‘. �. ‚¢¥¤¥´¨¥ ¢ É¥μ·¨Õ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¸ μÉ±²μ´ÖÕ-
Ð¨³¸Ö  ·£Ê³¥´Éμ³. Œ.: � Ê± , 1971. 296 ¸.

5. —¨¦μ¢  �.�. Œ¥Éμ¤Ò ¨¸¸²¥¤μ¢ ´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¸ § ¶ §¤Ò¢ ÕÐ¨³  ·£Ê³¥´-
Éμ³: “Î¥¡. ¶μ¸μ¡¨¥. ” ±-É ¶·¨±². ³ É¥³ É¨±¨ Å ¶·μÍ¥¸¸μ¢ Ê¶· ¢²¥´¨Ö, ‘ ´±É-�¥É¥·¡Ê·£¸±¨°
£μ¸. Ê´-É. 2011. 47 ¸.

6. † ¡¨Í±¨° ‚. Œ. �É±²¨± ¶ÊÎ±  ´  ¶¥·¥Ìμ¤´Ò° ¶·μÍ¥¸¸ ¢ ¸¨´Ì·μÉ·μ´ Ì ¸ Í¨Ë·μ¢μ° ¸¨¸É¥-
³μ° ¶μ¤ ¢²¥´¨Ö ±μ£¥·¥´É´ÒÌ ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° // �¨¸Ó³  ¢ �—�Ÿ. 2013. ’. 10, º1(178).
C. 120Ä129.

7. Héo�e W. et al. LHC Transverse Damper Observations versus Expectations // Proc. of the LHC Beam

Operation Workshop, Evian, France, Dec. 7Ä9, 2010. CERN-ATS-2011-017, 2011. P. 107Ä114.


