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�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, „Ê¡´ 

„²Ö ¶·¥¤μÉ¢· Ð¥´¨Ö · §¢¨É¨Ö ¶μ¶¥·¥Î´ÒÌ ´¥Ê¸Éμ°Î¨¢μ¸É¥° ¨ ¤²Ö ¤¥³¶Ë¨·μ¢ ´¨Ö μ¸É ÉμÎ´ÒÌ
±μ²¥¡ ´¨° ¶ÊÎ±  ¶μ¸²¥ ¨´¦¥±Í¨¨ ¢ ¸μ¢·¥³¥´´ÒÌ ¸¨´Ì·μÉ·μ´ Ì ¨¸¶μ²Ó§ÊÕÉ¸Ö ¸¨¸É¥³Ò ¶μ¤ ¢²¥´¨Ö
¶μ¶¥·¥Î´ÒÌ ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ± . �·¨¢μ¤ÖÉ¸Ö ¤ ´´Ò¥ ¶μ ¶·μ¥±É ³ ¸¨¸É¥³ ¶μ¤ ¢²¥´¨Ö ¤²Ö
¸μμ·Ê¦ ¥³μ£μ ±μ²² °¤¥·  LHC (CERN, †¥´¥¢ ) ¨ ¤²Ö ¶·μ¥±É¨·Ê¥³μ£μ Ê¸±μ·¨É¥²Ó´μ£μ ±μ³¶²¥±¸ 
FAIR (GSI, „ ·³ÏÉ ¤É). �·μ¥±É ¤²Ö LHC ¢Ò¶μ²´Ö¥É¸Ö ¢ ‹ ¡μ· Éμ·¨¨ Ë¨§¨±¨ Î ¸É¨Í �ˆŸˆ
¸μ¢³¥¸É´μ ¸ CERN. �·¨¢μ¤ÖÉ¸Ö ¤ ´´Ò¥ μ ¸μ¸ÉμÖ´¨¨ ¤¥² ¨ ¶² ´Ò ¶μ § ¢¥·Ï¥´¨Õ ¶·μ¥±É  ´ 
LHC. �·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¶¥·¢ÒÌ ¶·μ¥±É´ÒÌ · ¡μÉ ¶μ ¸¨¸É¥³ ³ ¶μ¤ ¢²¥´¨Ö ¶μ¶¥·¥Î´ÒÌ
±μ²¥¡ ´¨° ¶ÊÎ±  ´  ¸¨´Ì·μÉ·μ´ Ì SIS100 ¨ SIS300, ±μÉμ·Ò¥ ¡Ê¤ÊÉ ¸μ§¤ ¢ ÉÓ¸Ö ¢ · ³± Ì ´μ¢μ£μ
³¥¦¤Ê´ ·μ¤´μ£μ ¶·μ¥±É  FAIR.

Transverse damping systems for suppression of transverse beam instabilities and for damping of
residual oscillations of a beam after injection are used in modern synchrotrons. Damper systems for the
LHC (CERN, Geneva) and for the accelerating complex FAIR (GSI, Darmstadt) are considered. The
LHC Damper project is carried out at the Laboratory of Particle Physics (JINR) together with CERN.
Status of the project and plans for its completion are presented. Results of the ˇrst design works on
damper systems in SIS100 and SIS300 synchrotrons, which will be created within the framework of the
new international project FAIR, are discussed.

‚‚…„…�ˆ…

‘¨¸É¥³Ò ¶μ¤ ¢²¥´¨Ö ¶μ¶¥·¥Î´ÒÌ ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ±  (‘�) ¢ ¸μ¢·¥³¥´´ÒÌ
¸¨´Ì·μÉ·μ´ Ì ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö ¶·¥¤μÉ¢· Ð¥´¨Ö · §¢¨É¨Ö ¶μ¶¥·¥Î´ÒÌ ´¥Ê¸Éμ°Î¨¢μ¸É¥°
¨ ¤²Ö ¤¥³¶Ë¨·μ¢ ´¨Ö μ¸É ÉμÎ´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ±  ¶μ¸²¥ ¨´¦¥±Í¨¨. Š ± ¶· ¢¨²μ, ÔÉ¨
¸¨¸É¥³Ò ¸É·μÖÉ¸Ö ¶μ μ¤´μ± ´ ²Ó´μ° ¸Ì¥³¥ ¨ ¢ ´¨Ì ¶·¨³¥´ÖÕÉ¸Ö  ±É¨¢´Ò¥ ¸¶μ¸μ¡Ò ¢μ§-
¤¥°¸É¢¨Ö ´  ¶ÊÎμ± ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¥£μ ¸μ¸ÉμÖ´¨¥³ ¢ ¶·¥¤Ï¥¸É¢ÊÕÐ¨¥ ³μ³¥´ÉÒ ¢·¥-
³¥´¨ [1,2]. „²Ö ÔÉμ£μ ¢ ‘� (¸³. ·¨¸. 1) ¢ ± ¦¤μ³ ¨§ ¶μ¶¥·¥Î´ÒÌ ´ ¶· ¢²¥´¨° ±μ²¥¡ ´¨°
Î ¸É¨Í ¤²Ö ¨§³¥·¥´¨Ö μÉ±²μ´¥´¨Ö ¶ÊÎ±  μÉ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ ¨¸¶μ²Ó§Ê¥É¸Ö ¤ ÉÎ¨±
¶μ²μ¦¥´¨Ö Í¥´É·  ÉÖ¦¥¸É¨ ¶ÊÎ±  („�),   ¤²Ö ¨§³¥´¥´¨Ö Ê£²  ´ ±²μ´  É· ¥±Éμ·¨¨ Å ¤¨-
¶μ²Ó´Ò° μÉ±²μ´ÖÕÐ¨° ¤¥Ë²¥±Éμ·-Éμ²± É¥²Ó („Š). „� ¨ „Š ¸μ¥¤¨´¥´Ò Í¥¶ÓÕ μ¡· É´μ°
¸¢Ö§¨ (–�‘), ¢ ¸μ¸É ¢ ±μÉμ·μ° ¢±²ÕÎ¥´Ò Ê¸¨²¨É¥²¨, Ë¨²ÓÉ·Ò, ¡²μ± § ¤¥·¦¥± ¨ ¤·Ê£¨¥
· ¤¨μÉ¥Ì´¨Î¥¸±¨¥ Ô²¥³¥´ÉÒ. ‘¨£´ ² ¸ „� ¶μ ± ¡¥²Ó´Ò³ ²¨´¨Ö³ ¶¥·¥¤ ¥É¸Ö ´ ¢¸É·¥ÎÊ
¤¢¨¦¥´¨Õ ¶ÊÎ±  ¢ Ô²¥±É·μ´´Ò¥ ¡²μ±¨ –�‘, §¤¥¸Ó ¶·μ¢μ¤¨É¸Ö ¥£μ μ¡· ¡μÉ± , μ´ Ê¸¨-
²¨¢ ¥É¸Ö ¨ ¶¥·¥¤ ¥É¸Ö ¸ § ¤¥·¦±μ° τ ´  ¤¥Ë²¥±Éμ· „Š, μ¸ÊÐ¥¸É¢²ÖÕÐ¨° ±μ··¥±Í¨Õ
¶μ¶¥·¥Î´μ£μ ¨³¶Ê²Ó¸  Éμ° ¦¥ £·Ê¶¶Ò Î ¸É¨Í, ±μÉμ·Ò¥ ¨´¨Í¨¨·μ¢ ²¨ ¸¨£´ ² ¢ „�.
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�¨¸. 1. ‘Ì¥³  ¸¨¸É¥³Ò ¶μ¤ ¢²¥´¨Ö ¶μ¶¥·¥Î´ÒÌ ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨°

�Ê¸ÉÓ ¶¥·¥¤ ÉμÎ´ Ö ËÊ´±Í¨Ö –�‘ f(x[n, s]) Ö¢²Ö¥É¸Ö ²¨´¥°´μ° ËÊ´±Í¨¥° μÉ±²μ´¥´¨°
¶ÊÎ±  x[n, s] μÉ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ ¢ ÉμÎ±¥ s ´  n-³ μ¡μ·μÉ¥. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¢¥²¨Î¨´ 
Ê¤ ·  Δx′[n, sK] ¢ ¤¥Ë²¥±Éμ·¥ „Š ¶·Ö³μ ¶·μ¶μ·Í¨μ´ ²Ó´  ¸³¥Ð¥´¨Õ Í¥´É·  ÉÖ¦¥¸É¨
¸£Ê¸É±  μÉ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ x[n, sP] ¢ ³¥¸É¥ · ¸¶μ²μ¦¥´¨Ö ¤ ÉÎ¨±  ¶μ²μ¦¥´¨Ö „�:

√
βPβK Δx′[n, sK] = g f(x[n, sP]) = g x[n, sP]. (1)

‡¤¥¸Ó βP ¨ βK Å §´ Î¥´¨Ö β-ËÊ´±Í¨° ³ £´¨É´μ° ¸¨¸É¥³Ò ¸¨´Ì·μÉ·μ´  ¢ ³¥¸É Ì · ¸¶μ-
²μ¦¥´¨Ö „� ¨ „Š; g Å ±μÔËË¨Í¨¥´É ¶¥·¥¤ Î¨ –�‘. �·¨ μ¶É¨³ ²Ó´μ³ · ¸¶μ²μ¦¥´¨¨
„� ¨ „Š, ±μ£¤  ´ ¡¥£ Ë §Ò ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ³¥¦¤Ê ´¨³¨ ψPK · ¢¥´ ´¥Î¥É´μ³Ê
Î¨¸²Ê π/2 · ¤¨ ´,  ³¶²¨ÉÊ¤  ¶μ¶¥·¥Î´ÒÌ ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° § ÉÊÌ ¥É ¸ ¤¥±·¥³¥´-
Éμ³ g/2 [2]. „²Ö ¶·¥¤μÉ¢· Ð¥´¨Ö · §¢¨É¨Ö ±μ£¥·¥´É´ÒÌ ¶μ¶¥·¥Î´ÒÌ ´¥Ê¸Éμ°Î¨¢μ¸É¥°
´¥μ¡Ìμ¤¨³μ, ÎÉμ¡Ò ¤¥±·¥³¥´É § ÉÊÌ ´¨Ö ±μ²¥¡ ´¨° ¶·¥¢μ¸Ìμ¤¨² ¨´±·¥³¥´É ´¥Ê¸Éμ°Î¨-
¢μ¸É¨:

Trev

τd
=

g

2
>

Trev

τinst
, (2)

£¤¥ Trev Å ¶¥·¨μ¤ μ¡· Ð¥´¨Ö Î ¸É¨Í ¢ Ê¸±μ·¨É¥²¥; τd Å ¶μ¸ÉμÖ´´ Ö ¢·¥³¥´¨ § ÉÊÌ ´¨Ö
±μ²¥¡ ´¨° ¶ÊÎ± , μ¡Ê¸²μ¢²¥´´ Ö ¢μ§¤¥°¸É¢¨¥³ ¸¨¸É¥³Ò ¶μ¤ ¢²¥´¨Ö; τinst Å ¶μ¸ÉμÖ´´ Ö
¢·¥³¥´¨ · §¢¨É¨Ö ´¥Ê¸Éμ°Î¨¢μ¸É¨.

„²Ö ·¥§¨¸É¨¢´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨, ¢μ§´¨± ÕÐ¥° ¶·¨ ¤¢¨¦¥´¨¨ Î ¸É¨Í ¢ ± ³¥·¥ Ê¸±μ-
·¨É¥²Ö ¸ ¶μ¶¥·¥Î´Ò³ ¨³¶¥¤ ´¸μ³ ZT(ω), ¨³¥¥³ [3,4]:

τinst =
2C0mcγr

qIβav Re ZT(ω)
, (3)

£¤¥ C0 Å ¶¥·¨³¥É· · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ; mc2γr Å ¶μ²´ Ö Ô´¥·£¨Ö Î ¸É¨ÍÒ ¸ § ·Ö¤μ³ q;
βav Å ¸·¥¤´¥¥ §´ Î¥´¨¥ β-ËÊ´±Í¨¨; I Å Éμ± ¶ÊÎ± :

I = qKbNb/Trev. (4)

‡¤¥¸Ó Kb Å Î¨¸²μ ¸£Ê¸É±μ¢; Nb Å Î¨¸²μ Î ¸É¨Í ¢ ¸£Ê¸É±¥. �¨§Ï Ö Î ¸ÉμÉ  · §¢¨É¨Ö
·¥§¨¸É¨¢´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨ ¥¸ÉÓ

fmin =
1
2π

ωmin = min |k − Q|frev, (5)

£¤¥ Q Å Î¨¸²μ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° Î ¸É¨ÍÒ §  μ¡μ·μÉ; k Å ¡²¨¦ °Ï¥¥ Í¥²μ¥ ± Q
Î¨¸²μ; frev = 1/Trev Å Î ¸ÉμÉ  μ¡· Ð¥´¨Ö Î ¸É¨Í ¢ Ê¸±μ·¨É¥²¥. ’¨¶¨Î´ Ö § ¢¨¸¨³μ¸ÉÓ
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¤¥°¸É¢¨É¥²Ó´μ° Î ¸É¨ ¶μ¶¥·¥Î´μ£μ ¨³¶¥¤ ´¸  ZT μÉ Î ¸ÉμÉÒ, ¢ÒÎ¨¸²¥´´ Ö ¢ ¸μμÉ¢¥É-
¸É¢¨¨ ¸ Ëμ·³Ê²μ° ¤²Ö Re ZT(ω) ¨§ [3], ¶·¨¢¥¤¥´  ´  ·¨¸. 2. „²Ö ¢Ò¸μ±μÎ ¸ÉμÉ´ÒÌ ³μ¤
±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨°, Ô²¥±É·μ³ £´¨É´Ò¥ ¶μ²Ö ±μÉμ·ÒÌ Ô±· ´¨·ÊÕÉ¸Ö ³¥É ²²¨Î¥¸±¨³¨
¸É¥´± ³¨ ¢ ±ÊÊ³´μ° ± ³¥·Ò, Re ZT ∼ 1/

√
ω. �¤´ ±μ ¤²Ö ´¨§±μÎ ¸ÉμÉ´ÒÌ ³μ¤ ÔÉ¨ ¶μ²Ö

¶·μ´¨± ÕÉ ¸±¢μ§Ó ¸É¥´±¨ ± ³¥·Ò ¨ Re ZT ∼ 1/ω. �μÔÉμ³Ê ·¥§¨¸É¨¢´Ò¥ ´¥Ê¸Éμ°Î¨¢μ¸É¨
μ¸μ¡¥´´μ μ¶ ¸´Ò ¤²Ö ¡μ²ÓÏ¨Ì Ê¸±μ·¨É¥²¥°, ¢ ±μÉμ·ÒÌ ³¨´¨³ ²Ó´ Ö Î ¸ÉμÉ  ´¥Ê¸Éμ°Î¨-
¢μ¸É¨ ´¨¦¥ 10 ±ƒÍ.

�¨¸. 2. ‡ ¢¨¸¨³μ¸ÉÓ ¤¥°¸É¢¨É¥²Ó´μ° Î ¸É¨ ¶μ¶¥·¥Î´μ£μ ¨³¶¥¤ ´¸  μÉ Î ¸ÉμÉÒ

‚¥²¨Î¨´  ¶·¥¢ÒÏ¥´¨Ö ¤¥±·¥³¥´É  § ÉÊÌ ´¨Ö ±μ²¥¡ ´¨° ´ ¤ ¨´±·¥³¥´Éμ³ ´¥Ê¸Éμ°-
Î¨¢μ¸É¨ ³μ¦¥É ¡ÒÉÓ μ¶·¥¤¥²¥´  ¨§ ¤ ´´ÒÌ μ ·μ¸É¥ Ô³¨ÉÉ ´¸  ¶ÊÎ±  ¶μ¸²¥ ¶μ¤ ¢²¥´¨Ö
μ¸É ÉμÎ´ÒÌ ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° Î ¸É¨Í ¶μ¸²¥ ¨´¦¥±Í¨¨. ‚ [5] ¶μ± § ´μ, ÎÉμ ÔÉμÉ
·μ¸É Ô³¨ÉÉ ´¸  μ¡Ê¸²μ¢²¥´ ¶·μÍ¥¸¸ ³¨ ¶¥·¥Ìμ¤  ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ±  ¢ ´¥±μ£¥-
·¥´É´Ò¥ ¢¸²¥¤¸É¢¨¥ · §¡·μ¸  Î ¸É¨Í ¢ ¶ÊÎ±¥ ¶μ Î ¸ÉμÉ ³ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¨ · ¢¥´

Δε

ε
=

e2
inj

2σ2

(
1 +

τdec

τd
− τdec

τinst

)−2

, (6)

£¤¥ σ Å ¸·¥¤´¥±¢ ¤· É¨Î´Ò° · §³¥· ¨´¦¥±É¨·Ê¥³μ£μ ¶ÊÎ±  ¸ Ô³¨ÉÉ ´¸μ³ ε; τdec Å
¶μ¸ÉμÖ´´ Ö ¢·¥³¥´¨ ¶¥·¥Ìμ¤  ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° ¢ ´¥±μ£¥·¥´É´Ò¥. ‚ (6) ¶·¨´ÖÉμ,
ÎÉμ ¢ ÉμÎ±¥ ¨´¦¥±Í¨¨  ³¶²¨ÉÊ¤  ±μ£¥·¥´É´μ£μ ±μ²¥¡ ´¨Ö ¶ÊÎ±  · ¢´  einj,   β-ËÊ´±Í¨Ö
¶μ¸ÉμÖ´´ : β′(sinj) = 0. ’ ±¨³ μ¡· §μ³, ¤²Ö § ¤ ´´μ£μ ¤μ¶Ê¸±  ·μ¸É  Ô³¨ÉÉ ´¸  ¶ÊÎ± 
Δε/ε ¨ §´ Î¥´¨° τinst ¨ τdec ¨§ (6) ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ τd ¨, ÊÎ¨ÉÒ¢ Ö (2), g.

‡´ Ö ¢¥²¨Î¨´Ê ³ ±¸¨³ ²Ó´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ±  ¶μ¸²¥ ¨´¦¥±Í¨¨ einj ¨ ±μÔËË¨Í¨-
¥´É ¶¥·¥¤ Î¨ –�‘ g, ´¥É·Ê¤´μ ¶μ²ÊÎ¨ÉÓ ¨§ (1) ³ ±¸¨³ ²Ó´Ò° Ê£μ² μÉ±²μ´¥´¨Ö ¶ÊÎ±  ¢
¤¥Ë²¥±Éμ·¥:

θmax =
geinj√
βPβK

. (7)

“£μ² μÉ±²μ´¥´¨Ö, ¢ ¸¢μÕ μÎ¥·¥¤Ó, § ¢¨¸¨É μÉ ¢¥²¨Î¨´ Ô²¥±É·¨Î¥¸±μ£μ ¨ ³ £´¨É´μ£μ ¶μ²Ö
¢ ¤¥Ë²¥±Éμ·¥: l±∫

0

(E⊥ + βrcB⊥)ds =
geinj√
βPβK

mγrβ
2
r c2

q
, (8)

£¤¥ βrc Å ¸±μ·μ¸ÉÓ Î ¸É¨ÍÒ.
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„²Ö ¸¨¸É¥³Ò ¶μ¤ ¢²¥´¨Ö ¶μ¶¥·¥Î´ÒÌ ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ±  ¢ LHC [6] ¢Ò-
¡· ´  ¢¥²¨Î¨´  τd = 40 Trev. ƒ· Ë¨± § ¢¨¸¨³μ¸É¨ ·μ¸É  Ô³¨ÉÉ ´¸  Δε/ε μÉ τinst ¶·¨¢¥¤¥´
´  ·¨¸. 3. �·¨ · ¸Î¥É¥ ÔÉμ° § ¢¨¸¨³μ¸É¨ ÊÎ¨ÉÒ¢ ²μ¸Ó, ÎÉμ τdec = 750 Trev. �³¶²¨ÉÊ¤ 
±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ±  ¶μ¸²¥ ¨´¦¥±Í¨¨ einj · ¢´  4 ³³ ¨ ¸±² ¤Ò¢ ¥É¸Ö ¶μ·μ¢´Ê ¨§
¢¥²¨Î¨´, ¸¢Ö§ ´´ÒÌ ¸ ´¥μ¤´μ·μ¤´μ¸ÉÓÕ ¶μ²Ö ¨´¦¥±Í¨μ´´μ£μ Ê¤ ·´μ£μ ³ £´¨É  ¨ ¸ ´¥¸μ-
£² ¸μ¢ ´´μ¸ÉÓÕ ¢Ò¢μ¤´μ£μ ¢¥¤ÊÐ¥£μ ³ £´¨É´μ£μ ¶μ²Ö SPS ¨ ¢¥¤ÊÐ¥£μ ³ £´¨É´μ£μ ¶μ²Ö ¢
LHC ¢ ³μ³¥´É ¨´¦¥±Í¨¨. ‘·¥¤´¥±¢ ¤· É¨Î´Ò° · §³¥· ¨´¦¥±É¨·Ê¥³μ£μ ¶ÊÎ±  σ ¸μμÉ¢¥É-
¸É¢Ê¥É ´μ·³ ²¨§μ¢ ´´μ³Ê Ô³¨ÉÉ ´¸Ê ¶ÊÎ±  εn0 = 3,5 ³±³ (γr = 479,6, β(sinj) ≈ 183 ³). ˆ§
·¨¸. 3 ¢ÒÉ¥± ¥É, ÎÉμ ¶·¨ ´μ³¨´ ²Ó´μ° ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±  ¢ LHC, ±μ£¤  τinst = 308 Trev,
μÉ´μ¸¨É¥²Ó´Ò° ·μ¸É Ô³¨ÉÉ ´¸  Δε/ε · ¢¥´ 2 %. �·¨ ¶·¥¤¥²Ó´μ° ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±  ¢
LHC, ±μ£¤  τinst = 208 Trev, ÔÉμÉ ·μ¸É ¸μ¸É ¢²Ö¥É 2,3 %. „²Ö Ô´¥·£¨¨ ¶·μÉμ´μ¢ 450 ƒÔ‚
¶·¨ ¨´¦¥±Í¨¨ ¨ ¢¥²¨Î¨´ β-ËÊ´±Í¨° ¢ ³¥¸É Ì · ¸¶μ²μ¦¥´¨Ö ¤ ÉÎ¨±μ¢ ¶μ²μ¦¥´¨Ö ¨ ¤¥-
Ë²¥±Éμ·μ¢ βP = βK = 100 ³ ¨³¥¥³ ¨§ (8) ¤²Ö Ô²¥±É·μ¸É É¨Î¥¸±μ£μ ¤¥Ë²¥±Éμ· 

UK =

lK∫
0

E⊥ds = 900 ±‚.

�·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ 4-Ì ¤¥Ë²¥±Éμ·μ¢ ¸ ¤²¨´μ° ¶² ¸É¨´ lK = 1,5 ³ ¨  ¶¥·ÉÊ·μ° dK =
52 ³³ · ¸Î¥É´ Ö ¢¥²¨Î¨´  UK ¤μ¸É¨£ ¥É¸Ö ¶·¨ ³ ±¸¨³ ²Ó´μ³ ´ ¶·Ö¦¥´¨¨ ´  ¶² ¸É¨´ Ì
7,5 ±‚.

„²Ö ¸¨¸É¥³Ò ¶μ¤ ¢²¥´¨Ö ¶μ¶¥·¥Î´ÒÌ ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ±  ¢ LHC ¨¸¶μ²Ó-
§Ê¥É¸Ö É· ¤¨Í¨μ´´ Ö ¸Ì¥³  ‘� (¸³. ·¨¸. 1). ‚¸¥£μ ¡Ê¤¥É Ê¸É ´μ¢²¥´μ 16 ± ´ ²μ¢ ‘�.
�±μ´¥Î´Ò³ Ê¸É·μ°¸É¢μ³ ± ¦¤μ£μ ± ´ ²  Ö¢²Ö¥É¸Ö ³μÐ´Ò° Ï¨·μ±μ¶μ²μ¸´Ò° Ê¸¨²¨É¥²Ó,
´ £·Ê¦¥´´Ò° ´  ¤¥Ë²¥±Éμ·. ’ ±¨³ μ¡· §μ³, ¢ μ¤´μ³ ´ ¶· ¢²¥´¨¨ ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨°
¶ÊÎ±  ¨¸¶μ²Ó§ÊÕÉ¸Ö 4 ¤¥Ë²¥±Éμ·  ¤²Ö ± ¦¤μ£μ ¨§ ¤¢ÊÌ ¢¸É·¥Î´ÒÌ ¶ÊÎ±μ¢. 	²μ±-¸Ì¥³  μ¤-
´μ£μ ¨§ ± ´ ²μ¢ ‘� ¶·¨¢¥¤¥´  ´  ·¨¸. 4. �μ¤·μ¡´μ¥ μ¶¨¸ ´¨¥ Ê§²μ¢ ‘� ¶·¨¢¥¤¥´μ ¢ [7].
‘²¥¤Ê¥É Éμ²Ó±μ μÉ³¥É¨ÉÓ, ÎÉμ ¸ ÊÎ¥Éμ³ ´¥· ¢´μ³¥·´μ¸É¨ Î ¸ÉμÉ´μ° Ì · ±É¥·¨¸É¨±¨ ³μÐ-
´μ£μ Ï¨·μ±μ¶μ²μ¸´μ£μ Ê¸¨²¨É¥²Ö ¢ μ¡² ¸É¨ ´¨§Ï¨Ì Î ¸ÉμÉ ³¨´¨³ ²Ó´ Ö Î ¸ÉμÉ  ¢Ò¡· ´ 

�¨¸. 3. ‡ ¢¨¸¨³μ¸ÉÓ Δε/ε μÉ τinst/Trev
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�¨¸. 4. 	²μ±-¸Ì¥³  μ¤´μ£μ ± ´ ²  ¸¨¸É¥³Ò ¶μ¤ ¢²¥´¨Ö ´  LHC

· ¢´μ° 1 ±ƒÍ, ÎÉμ ¸ ´¥±μÉμ·Ò³ § ¶ ¸μ³ μ¡¥¸¶¥Î¨¢ ¥É ²¨´¥°´μ¸ÉÓ Î ¸ÉμÉ´μ° Ì · ±É¥·¨-
¸É¨±¨ ´  ³¨´¨³ ²Ó´μ° Î ¸ÉμÉ¥ ´¥Ê¸Éμ°Î¨¢μ¸É¨ (fmin ≈ 3 ±ƒÍ; frev = 11,245 ±ƒÍ).
ŒμÐ´Ò¥ Ï¨·μ±μ¶μ²μ¸´Ò¥ Ê¸¨²¨É¥²¨ ¨ ¤¥Ë²¥±Éμ·Ò Ö¢²ÖÕÉ¸Ö Ê´¨± ²Ó´Ò³ ´¥¸É ´¤ ·É-
´Ò³ μ¡μ·Ê¤μ¢ ´¨¥³, μ´¨ ¡Ò²¨ ¸¶·μ¥±É¨·μ¢ ´Ò ¢ ‹ ¡μ· Éμ·¨¨ Ë¨§¨±¨ Î ¸É¨Í �ˆŸˆ
¸μ¢³¥¸É´μ ¸ μÉ¤¥²μ³ AB-RF CERN. ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö § ¢¥·Ï¥´μ ¨§£μÉμ¢²¥´¨¥ ¢¸¥Ì
¤¥Ë²¥±Éμ·μ¢ ¨ § ¢¥·Ï ÕÉ¸Ö · ¡μÉÒ ¶μ ¸¥·¨°´μ³Ê ¶·μ¨§¢μ¤¸É¢Ê Ê¸¨²¨É¥²¥°. ‡ ¶Ê¸± ‘�
¢ Éμ´´¥²¥ LHC ¡¥§ ¶ÊÎ±  ¶² ´¨·Ê¥É¸Ö ´ Î ÉÓ ¢ ±μ´Í¥ 2006 £.

2. � ��„�‚‹…�ˆˆ ���…�…—�›• Š�‹…���ˆ‰ �“—Š�
‚ ‘ˆ�•��’����• SIS100 ˆ SIS300

‚ · ³± Ì ´μ¢μ£μ ³¥¦¤Ê´ ·μ¤´μ£μ ¶·μ¥±É  FAIR (GSI) [8] ¢¥¤ÊÉ¸Ö · ¡μÉÒ ¶μ ¶·μ-
¥±É¨·μ¢ ´¨Õ ¸¨´Ì·μÉ·μ´μ¢ SIS100 ¨ SIS300, ¤²Ö ±μÉμ·ÒÌ ¸¶¥Í¨ ²¨¸É ³¨ ‹ ¡μ· Éμ·¨¨
Ë¨§¨±¨ Î ¸É¨Í �ˆŸˆ ¶μ¤£μÉμ¢²¥´μ ¶·¥¤²μ¦¥´¨¥ ¶μ ¸μ§¤ ´¨Õ ¸¨¸É¥³ ¶μ¤ ¢²¥´¨Ö ¶μ¶¥-
·¥Î´ÒÌ ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨°. �¸μ¡¥´´μ¸ÉÓÕ ÔÉ¨Ì ´μ¢ÒÌ ¸¨´Ì·μÉ·μ´μ¢ Ö¢²Ö¥É¸Ö ¢Ò¸μ-
± Ö ¨´É¥´¸¨¢´μ¸ÉÓ ¶ÊÎ±μ¢ Ê¸±μ·Ö¥³ÒÌ Î ¸É¨Í. ’ ±, ¤²Ö ¶·μÉμ´´μ£μ ¶ÊÎ±  ¶·¨ ¨´¦¥±Í¨¨
¢ SIS100 ¸ Ô´¥·£¨¥° 2,78 ƒÔ‚ μ¦¨¤ ¥É¸Ö ¨´É¥´¸¨¢´μ¸ÉÓ 2,5 · 1013 Î ¸É¨Í,   ¤²Ö ¶ÊÎ± 
¨μ´μ¢ Ê· ´  238U28+ ¸ Ô´¥·£¨¥° 92 ŒÔ‚/´Ê±²μ´ Å 1 · 1012 Î ¸É¨Í [9]. ˆ§ (3) ¸²¥¤Ê¥É,
ÎÉμ ¤²Ö É ±¨Ì ¶ · ³¥É·μ¢ ¨´¦¥±É¨·Ê¥³ÒÌ ¶ÊÎ±μ¢ ´ ¨¡μ²ÓÏ¨° ¨´±·¥³¥´É ´¥Ê¸Éμ°Î¨¢μ-
¸É¨ ¸²¥¤Ê¥É μ¦¨¤ ÉÓ ¶·¨ ¨´¦¥±Í¨¨ ¨μ´μ¢ 238U28+ ¢ SIS100. �μÔÉμ³Ê ¤ ²¥¥ μ¸´μ¢´μ¥
¢´¨³ ´¨¥ ¡Ê¤¥É Ê¤¥²¥´μ ¸¨¸É¥³¥ ¶μ¤ ¢²¥´¨Ö ¶μ¶¥·¥Î´ÒÌ ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ± 
¨μ´μ¢ Ê· ´  ¢ SIS100.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¸¨´Ì·μÉ·μ´ SIS100 Ö¢²Ö¥É¸Ö ¡Ò¸É·μÍ¨±²¨·ÊÕÐ¨³ Ê¸±μ·¨É¥-
²¥³. �μÔÉμ³Ê ¤²Ö Ê³¥´ÓÏ¥´¨Ö Éμ±μ¢ ”Ê±μ, ¢μ§¡Ê¦¤ ¥³ÒÌ ³ £´¨É´μ° ¸¨¸É¥³μ° ¸¨´Ì·μ-
É·μ´ , ¶·¥¤¶μ² £ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ Éμ´±μ¸É¥´´ÊÕ ¢ ±ÊÊ³´ÊÕ ± ³¥·Ê ¨§ ´¥·¦ ¢¥ÕÐ¥°



‘¨¸É¥³Ò ¶μ¤ ¢²¥´¨Ö ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ±  ¢ ¸μ¢·¥³¥´´ÒÌ ¸¨´Ì·μÉ·μ´ Ì 101

¸É ²¨. �μ¸±μ²Ó±Ê ³¨´¨³ ²Ó´ Ö Î ¸ÉμÉ  ¶μ¶¥·¥Î´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (5)
¸μ¸É ¢¨É μ±μ²μ 15 ±ƒÍ, Éμ ¶·¨ Éμ²Ð¨´¥ ¸É¥´μ± ± ³¥·Ò ³¥´¥¥ 0,3 ³³ ³ £´¨É´μ¥ ¶μ²¥,
¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ¶μ¶¥·¥Î´Ò³ ±μ£¥·¥´É´Ò³ ±μ²¥¡ ´¨Ö³ ¶ÊÎ±  ´  ÔÉμ° Î ¸ÉμÉ¥, ¡Ê¤¥É ¶·μ-
´¨± ÉÓ ¸±¢μ§Ó ¸É¥´±¨ ¢ ±ÊÊ³´μ° ± ³¥·Ò, ÎÉμ ¶·¨¢μ¤¨É ± ·μ¸ÉÊ ¶μ¶¥·¥Î´μ£μ ¨³¶¥¤ ´¸ .
‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¶·¥¤¸± §Ò¢ ¥É¸Ö · §¢¨É¨¥ ¶μ¶¥·¥Î´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨ ´  ¢Ò¸μ±¨Ì Î -
¸ÉμÉ Ì, ¢¶²μÉÓ ¤μ 20 ŒƒÍ. �μÔÉμ³Ê ¸ ÊÎ¥Éμ³ ´¥· ¢´μ³¥·´μ¸É¨ Î ¸ÉμÉ´μ° Ì · ±É¥·¨¸É¨±¨
³μÐ´μ£μ Ï¨·μ±μ¶μ²μ¸´μ£μ Ê¸¨²¨É¥²Ö ¢ μ¡² ¸É¨ ´¨§Ï¨Ì Î ¸ÉμÉ ¶·¥¤¶μ² £ ¥É¸Ö μ¡¥¸¶¥-
Î¨ÉÓ · ¡μÉμ¸¶μ¸μ¡´μ¸ÉÓ ¸¨¸É¥³Ò ¶μ¤ ¢²¥´¨Ö ¶μ¶¥·¥Î´ÒÌ ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ± 
¢ SIS100 ¢ μ¡² ¸É¨ Î ¸ÉμÉ μÉ 10 ±ƒÍ ¤μ 20 ŒƒÍ.

„²Ö ¸¨¸É¥³Ò ¶μ¤ ¢²¥´¨Ö ¶μ¶¥·¥Î´ÒÌ ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ±  ¢ SIS100 ¨¸¶μ²Ó-
§Ê¥É¸Ö É· ¤¨Í¨μ´´ Ö ¸Ì¥³  ‘� (¸³. ·¨¸. 1). �·¥¤¶μ² £ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö SIS100
¸¨¸É¥³Ê ¶μ¤ ¢²¥´¨Ö ±μ²¥¡ ´¨° ¸ É¥³¶μ³, ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ τd = 40Trev, ÎÉμ ¶·¨¢μ¤¨É
± μÉ´μ¸¨É¥²Ó´μ³Ê ·μ¸ÉÊ Ô³¨ÉÉ ´¸  Δε/ε = 1,3 % ¶·¨ ¢¥²¨Î¨´¥ μÏ¨¡μ± ¶·¨ ¨´¦¥±Í¨¨
¶ÊÎ±  ¨μ´μ¢ Ê· ´  6 ³³ (βinj = 19,1 ³; σ = 18 ³³). �É¨ ¶ · ³¥É·Ò ‘� ³μ£ÊÉ ¡ÒÉÓ
μ¡¥¸¶¥Î¥´Ò ¸ ¶μ³μÐÓÕ Ô²¥±É·μ¸É É¨Î¥¸±μ£μ ¤¥Ë²¥±Éμ·  ¸ ³ ±¸¨³ ²Ó´Ò³ ´ ¶·Ö¦¥´¨¥³
´  ¶² ¸É¨´ Ì UK = 2,4 ±‚ ¶·¨ ¤²¨´¥ ¶² ¸É¨´ lK = 1 ³ ¨  ¶¥·ÉÊ·¥ dK = 100 ³³, ¥¸²¨
¢¥²¨Î¨´  β-ËÊ´±Í¨° ¢ ³¥¸É Ì · ¸¶μ²μ¦¥´¨Ö ¤ ÉÎ¨±  ¶μ²μ¦¥´¨Ö ¨ ¤¥Ë²¥±Éμ·  · ¢´ 
19,1 ³.

‡�Š‹�—…�ˆ…

‘μ§¤ ´¨¥ ¸¨¸É¥³Ò ¶μ¤ ¢²¥´¨Ö ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ±  ¢ · ³± Ì ¶·μ¥±É  ¶μ ¸μ-
μ·Ê¦¥´¨Õ LHC ´ Ìμ¤¨É¸Ö ¢ § ¢¥·Ï ÕÐ¥° ¸É ¤¨¨. �¤¨´ ¨§ ¶μ¸²¥¤´¨Ì § ³Ò¸²μ¢
‚.�. ‘ · ´Í¥¢ , ·¥ ²¨§ Í¨Ö ±μÉμ·μ£μ ¡Ò²  ´ Î É  ¢³¥¸É¥ ¸ ˆ.�.ˆ¢ ´μ¢Ò³, ¥£μ ±μ²-
²¥£μ° ¢ É¥Î¥´¨¥ 35 ²¥É, ¡²¨§μ± ± ¢μ¶²μÐ¥´¨Õ. �É¨ · ¡μÉÒ É ±¦¥ ¸É ²¨ μ¸´μ¢μ° ¤²Ö
· §· ¡μÉ±¨ ¸¨¸É¥³ ¶μ¤ ¢²¥´¨Ö ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ±  ´  ¸¨´Ì·μÉ·μ´ Ì SIS100 ¨
SIS300, ±μÉμ·Ò¥ ¡Ê¤ÊÉ ¸μ§¤ ¢ ÉÓ¸Ö ¢ · ³± Ì ´μ¢μ£μ ³¥¦¤Ê´ ·μ¤´μ£μ ¶·μ¥±É  FAIR. �·μ-
¥±ÉÒ ¸¨¸É¥³ ¶μ¤ ¢²¥´¨Ö ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ±  ¸¥£μ¤´Ö ·¥ ²¨§ÊÕÉ ¸μÉ·Ê¤´¨±¨,
³´μ£¨¥ ¨§ ±μÉμ·ÒÌ ´¥ μ¤¨´ ¤¥¸ÖÉμ± ²¥É · ¡μÉ ²¨ ¢ É¥¸´μ³ ±μ´É ±É¥ ¸ ‚.�. ‘ · ´Í¥¢Ò³
¨ Ìμ·μÏμ ¶μ³´ÖÉ μ ¥£μ ¶μ¤Ìμ¤ Ì ± ·¥Ï¥´¨Õ ¶μ¸É ¢²¥´´ÒÌ § ¤ Î.

‚² ¤¨¸² ¢ � ¢²μ¢¨Î ¢¸¥£¤  ¸É·¥³¨²¸Ö ¢´¨±´ÊÉÓ ¢ ¸ÊÐ¥¸É¢μ ·¥Ï ¥³μ° ¶·μ¡²¥³Ò, § -
·Ö¦ Ö ¶·¨ ÔÉμ³ ¢¸¥Ì ¸¢μ¥° Ê¡¥¦¤¥´´μ¸ÉÓÕ ¢ ¢μ§³μ¦´μ¸É¨ ¥¥ ¢μ¶²μÐ¥´¨Ö. �´ ¨³¥²
μ¡Ï¨·´Ò¥ §´ ´¨Ö ¶μ É¥μ·¥É¨Î¥¸±¨³  ¸¶¥±É ³ ·¥Ï ¥³ÒÌ ¶·μ¡²¥³ ¢ μ¡² ¸É¨ Ê¸±μ·¨É¥²Ó-
´μ° É¥Ì´¨±¨, ¶μ· §¨É¥²Ó´Ò³¨ §´ ´¨Ö³¨ ¤¥É ²¥° ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´μ° ·¥ ²¨§ Í¨¨; μ´
Ê¤¨¢¨É¥²Ó´μ ²¥£±μ ¢ÒÎ²¥´Ö² £² ¢´Ò°  ¸¶¥±É ·¥Ï ¥³μ° § ¤ Î¨, É·¥¡ÊÖ Ö¸´μ£μ ¨ ± Î¥¸É¢¥´-
´μ£μ ¥¥ μ¡ÑÖ¸´¥´¨Ö Å ´  ¡ §¥ ¶·μ¸ÉÒÌ ¨ ²¥£±μ ¢μ¸¶·¨´¨³ ¥³ÒÌ É¥μ·¥É¨Î¥¸±¨Ì ¢Ò±² ¤μ±.
�¥£Ê²Ö·´Ò¥ μ¶¥· É¨¢±¨ ³¥¦¤Ê ¸³¥´ ³¨ ´  ³μ¤¥²¨ ±μ²²¥±É¨¢´μ£μ Ê¸±μ·¨É¥²Ö, ÊÎ ¸É´¨±μ³
±μÉμ·ÒÌ ³´¥ ¤μ¢¥²μ¸Ó ¡ÒÉÓ, ¢¸¥£¤  ¸μ¶·μ¢μ¦¤ ²¨¸Ó μ¡¸Ê¦¤¥´¨¥³ ¤¥É ²¥° ¢μ¶·μ¸μ¢ ¶μ
¤¨´ ³¨±¥ ¶ÊÎ±  ¢ · §²¨Î´ÒÌ ¸¨¸É¥³ Ì. ‚ Ìμ¤¥ ÔÉ¨Ì μ¡¸Ê¦¤¥´¨° ‚.�. ‘ · ´Í¥¢ ¸ ³¥²μ³
¢ ·Ê±¥ Ê ¤μ¸±¨ ´ ¶μ·¨¸Éμ μÉ¸É ¨¢ ² ¸¢μ¥ ¢¨¤¥´¨¥ ¶·μ¡²¥³Ò. ‚ Éμ ¦¥ ¢·¥³Ö μ´ μ¡² ¤ ²
¶μ· §¨É¥²Ó´Ò³ Ê³¥´¨¥³ ¶μ´ÖÉÓ ¡Ò¸É·¥¥ ¸μ¡¥¸¥¤´¨±  ¢¸Õ £²Ê¡¨´Ê ¢μ§´¨± ÕÐ¨Ì ¨¤¥°,
ÎÉμ § ¢μ· ¦¨¢ ²μ ¨ ¡Ò²μ Ë ´É ¸É¨Î¥¸±¨³ ¶μ ¸¨²¥ ¢μ§¤¥°¸É¢¨Ö ´  μ±·Ê¦ ÕÐ¨Ì. �Éμ
± Î¥¸É¢μ, ´¥¸μ³´¥´´μ, ¶·¨¸ÊÐ¥ Éμ²Ó±μ ¢¥²¨±¨³ ÊÎ¥´Ò³. ‚² ¤¨¸² ¢ � ¢²μ¢¨Î μ¡² ¤ ²
ÔÉ¨³ ¤ ·μ³.
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�² £μ¤ ·´μ¸É¨. �¢Éμ· ¢Ò· ¦ ¥É ¡² £μ¤ ·´μ¸É¨ ¢¸¥³ ±μ²²¥£ ³-ÊÎ ¸É´¨± ³ · ¡μÉ ¶μ
¸μ§¤ ´¨Õ ¸¨¸É¥³ ¶μ¤ ¢²¥´¨Ö ¶μ¶¥·¥Î´ÒÌ ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ±  ´  ¸¨´Ì·μÉ·μ´ Ì
CERN ¨ GSI, ¢ μ¸μ¡¥´´μ¸É¨ �.ˆ. ‹¥¡¥¤¥¢Ê (�ˆŸˆ), ‚.•ßË²¥ ¨ ’. ‹¨´´¥±¥·Ê (CERN),
“. 	²¥²²Ê ¨ �.˜¶¨²²¥·Ê (GSI) §  ¶μ²¥§´Ò¥ μ¡¸Ê¦¤¥´¨Ö.
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