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Œ¥Ï±μ¢ ˆ.�. „1-2019-40
‘¢¥É¨³μ¸ÉÓ ¨μ´´μ£μ ±μ²² °¤¥· 

�μ²ÊÎ¥´  Ëμ·³Ê²  ¸¢¥É¨³μ¸É¨ ±μ²² °¤¥·  ¶·¨ ¸Éμ²±´μ¢¥´¨¨ ¤¢ÊÌ ¶ÊÎ±μ¢,
μÉ²¨Î ÕÐ¨Ì¸Ö, ¢μμ¡Ð¥ £μ¢μ·Ö, ¸¢μ¨³¨ ¶ · ³¥É· ³¨ (® ¸¨³³¥É·¨Î´Ò¥ ±μ²² °-
¤¥·Ò¯). ”μ·³Ê²  ¸¶· ¢¥¤²¨¢  ¤²Ö ¢¸É·¥Î´ÒÌ ¨ ®¶μ¶ÊÉ´ÒÌ¯ ¶ÊÎ±μ¢, ¨³¥ÕÐ¨Ì ¸μ-
¢¶ ¤ ÕÐ¨¥ ¶·μ¤μ²Ó´Ò¥ μ¸¨. � ¸¸³μÉ·¥´Ò É·¨ Î ¸É´ÒÌ ¸²ÊÎ Ö Ëμ·³Ê²Ò: ¸Éμ²±-
´μ¢¥´¨¥ ¤¢ÊÌ ¨¤¥´É¨Î´ÒÌ  ±¸¨ ²Ó´μ-¸¨³³¥É·¨Î´ÒÌ ¸£Ê¸É±μ¢ ¸£·Ê¶¶¨·μ¢ ´´ÒÌ
¶ÊÎ±μ¢, ¸Éμ²±´μ¢¥´¨¥ ¸£Ê¸É±  ¸ · ¸¶ÊÐ¥´´Ò³ ¶ÊÎ±μ³ ¨ ¸Éμ²±´μ¢¥´¨¥ ¤¢ÊÌ · ¸-
¶ÊÐ¥´´ÒÌ ¶ÊÎ±μ¢. Š· É±μ · ¸¸³μÉ·¥´ ¢ ·¨ ´É ¶¥·¥¸¥± ÕÐ¨Ì¸Ö ¶ÊÎ±μ¢ ¨ ¸Ëμ·-
³Ê²¨·μ¢ ´ ¸¶μ¸μ¡ · ¸Î¥É  ¨Ì ¸¢¥É¨³μ¸É¨. � ¸¸³μÉ·¥´  ¶·μ¡²¥³  ¸¨´Ì·μ´¨§ Í¨¨
¸Éμ²±´μ¢¥´¨°  ¸¨³³¥É·¨Î´ÒÌ ¶ÊÎ±μ¢. �·¥¤¸É ¢²¥´ ³¥Éμ¤ μ¶É¨³¨§ Í¨¨ ¶ · ³¥-
É·μ¢ Í¨±²¨Î¥¸±μ£μ ±μ²² °¤¥·  ´  μ¸´μ¢¥ ³¨´¨³¨§ Í¨¨ §´ Î¥´¨° ¸¤¢¨£μ¢ ¡¥É -
É·μ´´ÒÌ Î ¸ÉμÉ, ¢Ò§¢ ´´ÒÌ ¤¥°¸É¢¨¥³ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  ¶ÊÎ±μ¢. �·¨¢¥-
¤¥´Ò Î¨¸²¥´´Ò¥ ¶·¨³¥·Ò · ¸Î¥É  ¸¢¥É¨³μ¸É¨ ´¥¸±μ²Ó±¨Ì ¢¨¤μ¢  ¸¨³³¥É·¨Î´ÒÌ
±μ²² °¤¥·μ¢.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ë¨§¨±¨ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¨³. ‚.ˆ. ‚¥±¸²¥· 
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Luminosity of an Ion Collider

A formula is obtained for the luminosity of a collider at the collision of two
beams that differ, generally speaking, by their parameters (©asymmetric collidersª).
The formula is valid for counterpropagating and merging beams with coincident
longitudinal axes. Three special cases of the formula are considered: collision of
two identical axially symmetric bunched beams, collision of a bunch with a coasting
beam, and collision of two coasting beams. Collision of intersecting beams is brie
y
considered, and the method for calculating their luminosity is formulated. The
synchronization problem is considered for collisions of asymmetric beams. A method
is presented for optimizing parameters of a cyclic collider by minimizing betatron
frequency shifts caused by the action of the space charge of the beams. Numerical
examples of luminosity calculations for several types of asymmetric colliders are
given.
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‡ ¤ Î  · ¸Î¥É  ¸¢¥É¨³μ¸É¨ ±μ²² °¤¥·  ¨§¢¥¸É´  ¸μ ¢·¥³¥´¨ ¶¥·¢ÒÌ ¶·¥¤-
²μ¦¥´¨° Ê¸±μ·¨É¥²¥° ´  ¢¸É·¥Î´ÒÌ ¶ÊÎ± Ì ∗. ’¥³ ´¥ ³¥´¥¥ ¤μ ¸¨Ì ¶μ· ´¥
¶·¥¤²μ¦¥´μ ¤μ¸É ÉμÎ´μ ±μ³¶ ±É´μ° Ëμ·³Ê²Ò, μ¶¨¸Ò¢ ÕÐ¥° ¸¢¥É¨³μ¸ÉÓ ±μ²-
² °¤¥·  ¢ μ¡Ð¥³ ¸²ÊÎ ¥ ¸Éμ²±´μ¢¥´¨Ö ¤¢ÊÌ ¶ÊÎ±μ¢ ¸ ¶·μ¨§¢μ²Ó´Ò³¨ ¶ · ³¥-
É· ³¨, ¶μ§¢μ²ÖÕÐ¥° ¶·μ¨§¢μ¤¨ÉÓ  ´ ²¨É¨Î¥¸±¨¥ ¨²¨ Î¨¸²¥´´Ò¥ · ¸Î¥ÉÒ, ´¥
¶·¨¡¥£ Ö ± ³¥Éμ¤ ³ ³ É¥³ É¨Î¥¸±μ£μ ³μ¤¥²¨·μ¢ ´¨Ö.

� ¡μÉ  ´ ¤ ¶·μ¥±Éμ³ NICA ¢ �¡Ñ¥¤¨´¥´´μ³ ¨´¸É¨ÉÊÉ¥ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ-
¢ ´¨° [1] ¶μÉ·¥¡μ¢ ²  ¨¸¶μ²Ó§μ¢ ´¨Ö · §²¨Î´ÒÌ ¢ ·¨ ´Éμ¢ ¢¸É·¥Î´ÒÌ ¨μ´-
´ÒÌ ¶ÊÎ±μ¢, ¢ Éμ³ Î¨¸²¥ μÉ²¨Î ÕÐ¨Ì¸Ö ¸μ·Éμ³ Î ¸É¨Í ¢μ ¢¸É·¥Î´ÒÌ ¶ÊÎ± Ì,
¸É·Ê±ÉÊ·μ° ¶ÊÎ±μ¢ Å ´ ¶·¨³¥·, ¸Éμ²±´μ¢¥´¨¥ ¸£·Ê¶¶¨·μ¢ ´´μ£μ ¶ÊÎ±  ¸ · ¸-
¶ÊÐ¥´´Ò³ ¨ É. ¶. ’ ± ¶μÖ¢¨²¸Ö ® ¸¨³³¥É·¨Î´Ò° ±μ²² °¤¥·¯. �·¨ ÔÉμ³ ¢ÒÖ¸-
´¨²μ¸Ó, ÎÉμ Ëμ·³Ê², Ê¤μ¡´ÒÌ ¤²Ö  ´ ²¨É¨Î¥¸±¨Ì · ¸Î¥Éμ¢ ¸¢¥É¨³μ¸É¨ É ±¨Ì
±μ²² °¤¥·μ¢, ´¥É ¢ ²¨É¥· ÉÊ·¥, ¢ Éμ³ Î¨¸²¥ ¨ ¢ μ¡§μ·´ÒÌ ¶Ê¡²¨± Í¨ÖÌ. Š ±
¶· ¢¨²μ, ¶·¨¢μ¤ÖÉ¸Ö Ëμ·³Ê²Ò, ¸É ¢Ï¨¥ ±² ¸¸¨Î¥¸±¨³¨, ¶·¨£μ¤´Ò¥ Éμ²Ó±μ
¤²Ö ®¸¨³³¥É·¨Î´ÒÌ¯ ±μ²² °¤¥·μ¢, ¨³¥ÕÐ¨Ì μ¤¨´ ±μ¢Ò¥ ¶ · ³¥É·Ò ¶ÊÎ±μ¢
¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í, μÉ²¨Î ÕÐ¨Ì¸Ö, ¡ÒÉÓ ³μ¦¥É, ²¨ÏÓ §´ ±μ³ Ô²¥±É·¨-
Î¥¸±μ£μ § ·Ö¤ , É. ¥. ¤²Ö Ô²¥±É·μ´-¶μ§¨É·μ´´ÒÌ ¨ ¶·μÉμ´- ´É¨¶·μÉμ´´ÒÌ ±μ²-
² °¤¥·μ¢ [2, 3]. �¥·¥¤±μ ¶·¨¢μ¤ÖÉ¸Ö Ê¶·μÐ¥´´Ò¥ Ëμ·³Ê²Ò [4, 5], ´¥ ¸μ¤¥·-
¦ Ð¨¥ É ± ´ §Ò¢ ¥³Ò° ®¶ · ³¥É· ¶¥¸μÎ´ÒÌ Î ¸μ¢¯ (¶. 1.2 ´¨¦¥).

�μ¶ÒÉ±¨ ¶μ²ÊÎ¨ÉÓ Ëμ·³Ê²Ê ¤²Ö ¤μ¸É ÉμÎ´μ μ¡Ð¥£μ ¸²ÊÎ Ö ¶·¨¢μ¤ÖÉ, ± ±
¶· ¢¨²μ, ± £·μ³μ§¤±¨³ ¢Ò· ¦¥´¨Ö³, ¸μ¤¥·¦ Ð¨³ ³´μ£μ±· É´Ò¥ ¨´É¥£· ²Ò
¶μ Ï¥¸É¨ ±μμ·¤¨´ É ³ ¶·μ¸É· ´¸É¢  ±μμ·¤¨´ É-¨³¶Ê²Ó¸μ¢ [6].

�¥μ¡Ìμ¤¨³μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö ¶μ¤μ¡´μ° Ëμ·³Ê²Ò μ¸É ¥É¸Ö, ´¥¸³μÉ·Ö ´ 
¢Ò¸μ±μ· §¢¨ÉÒ¥ ³¥Éμ¤Ò Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¤¨´ ³¨±¨ Î ¸É¨Í ¢ Ê¸±μ-
·¨É¥²ÖÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í. ’ ± Ö Ëμ·³Ê²  ´Ê¦´  ¤²Ö ¶·μ¢¥¤¥´¨Ö · ¸Î¥Éμ¢
´  Ê·μ¢´¥ μÍ¥´μ±, ÎÉμ ´¥μ¡Ìμ¤¨³μ ¤²Ö ¢Ò¡μ·  ¨¸Ìμ¤´ÒÌ §´ Î¥´¨° ¶ · ³¥É·μ¢
±μ²² °¤¥· .

∗�¥·¢ Ö Ëμ·³Ê²  ¤²Ö μÍ¥´±¨ ¸¢¥É¨³μ¸É¨ ¶·¥¤²μ¦¥´  „.Š¥·¸Éμ³ ¢ ¤μ±² ¤¥ 1956 £.
(Kerst D. W. Properties of an Intersecting-Beam Accelerating System // Proc. of Intern. Conf.
on High Energy Accel., Geneva, 1956. P. 37): Î¨¸²μ ¸μ¡ÒÉ¨° ¢ ¥¤¨´¨ÍÊ ¢·¥³¥´¨ ¤²Ö ¶·μÍ¥¸¸μ¢
¸ ¶μ¶¥·¥Î´Ò³ ¸¥Î¥´¨¥³ A ¢ ¸Éμ²±´μ¢¥´¨ÖÌ ¤¢ÊÌ ¸£Ê¸É±μ¢ ¸ Î¨¸²μ³ Î ¸É¨Í N1 ¨ N2 ¨ ¤²¨´μ° l
¶·¨ ¸±μ·μ¸É¨ Î ¸É¨Í v · ¢´μ n = 2N1N2vlA.
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� §¤. 1 ¤ ´´μ° ¸É ÉÓ¨ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° · ¸Ï¨·¥´´Ò° ¢ ·¨ ´É ¶Ê¡²¨± -
Í¨¨ [7]. � ¸¸³ É·¨¢ ¥É¸Ö ¸²ÊÎ ° ¸Éμ²±´μ¢¥´¨Ö ¤¢ÊÌ ¶ÊÎ±μ¢ ¢ ±μ²² °¤¥·¥, ¶ -
· ³¥É·Ò ±μÉμ·ÒÌ Å ¢¨¤ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í ¨ ¨Ì Î¨¸²μ ¢ ¶ÊÎ±¥ (¸£Ê¸É±¥),
¨Ì Ô´¥·£¨Ö,   É ±¦¥ · §³¥·Ò ¨ Ëμ·³  ±μ²¥Í ±μ²² °¤¥·  ¨ ¤·. Å ³μ£ÊÉ ¡ÒÉÓ
· §²¨Î´Ò. �μ¤·μ¡´μ μ¡¸Ê¦¤ ¥É¸Ö ¢ ·¨ ´É ±μ²² °¤¥· , ¢ ±μÉμ·μ³ μ¸¨ ¢¸É·¥Î-
´ÒÌ ¶ÊÎ±μ¢ ¸μ¢¶ ¤ ÕÉ ´  ÊÎ ¸É±¥ ¢¸É·¥Î¨ (®¸μÊ¤ ·¥´¨Ö ²μ¡ ¢ ²μ¡¯), É ± ÎÉμ
¶ÊÎ±¨ ³μ£ÊÉ ¨³¥ÉÓ μ¡Ð¨¥ ²¨´§Ò Ë¨´ ²Ó´μ£μ Ëμ±Ê¸ , ¨ ±· É±μ ¶·¥¤¸É ¢²¥´ ¢ -
·¨ ´É ¶¥·¥¸¥± ÕÐ¨Ì¸Ö ¶ÊÎ±μ¢ (intersecting storage rings). ˆ¸¶· ¢²¥´Ò É ±¦¥
®´¥¨§¡¥¦´Ò¥¯ μ¶¥Î É±¨, ¤μ¶ÊÐ¥´´Ò¥ ¢ ¶¥·¢μ° · ¡μÉ¥.

‚ · §¤. 2 μ¶¨¸ ´ ³¥Éμ¤ μ¶É¨³¨§ Í¨¨ ¶ · ³¥É·μ¢ Í¨±²¨Î¥¸±μ£μ ±μ²² °-
¤¥·  ´  μ¸´μ¢¥ ³¨´¨³¨§ Í¨¨ §´ Î¥´¨° ¸¤¢¨£μ¢ ¡¥É É·μ´´ÒÌ Î ¸ÉμÉ, ¢Ò§¢ ´-
´ÒÌ ¤¥°¸É¢¨¥³ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  ¶ÊÎ±μ¢. �¥·¢ Ö ¶μ¶ÒÉ±  É ±μ°
¶Ê¡²¨± Í¨¨ (´¥ ¢¶μ²´¥ Ê¤ Î´ Ö) ¸¤¥² ´   ¢Éμ·μ³ ¢ · ¡μÉ¥ [8]. ‚ · §¤. 2 ¤ ´-
´μ° · ¡μÉÒ ¨¸¶μ²Ó§μ¢ ´ ¶μ²ÊÎ¥´´Ò° ´¥¤ ¢´μ ÊÉμÎ´¥´´Ò° ¢ ·¨ ´É Ëμ·³Ê²Ò
ÔËË¥±É  ¢¸É·¥Î´ÒÌ ¶ÊÎ±μ¢ (beamÄbeam effect).

� §¤. 3 ¸μ¤¥·¦¨É Î¨¸²¥´´Ò¥ ¶·¨³¥·Ò · ¸Î¥É  ¸¢¥É¨³μ¸É¨ ´¥¸±μ²Ó±¨Ì ¢¨-
¤μ¢ ¸¨³³¥É·¨Î´ÒÌ ¨  ¸¨³³¥É·¨Î´ÒÌ ±μ²² °¤¥·μ¢, ¢±²ÕÎ Ö ±μ²² °¤¥· ´ 
®· ¢´μ¢¥¸´ÒÌ¯ ¶ÊÎ± Ì [9], ¶·¥¤¸É ¢²ÖÕÐ¨° ¨´É¥·¥¸ ¢ ¸μ¢·¥³¥´´μ° Ö¤¥·´μ°
Ë¨§¨±¥.

�μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶·¨³¥´¨³Ò ± ± ± ¢¸É·¥Î´μ-¢¸É·¥Î´Ò³ (counter-
propagating beams), É ± ¨ ± ¶μ¶ÊÉ´μ-¢¸É·¥Î´Ò³ (®¸²¨¢ ÕÐ¨³¸Ö¯ Å ®merging
beams¯) ¶ÊÎ± ³.

‚¸¥ Ëμ·³Ê²Ò ¸¢¥É¨³μ¸É¨ ¨ ¨Ì Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ¶·¨¢μ¤ÖÉ¸Ö ¤²Ö μ¤´μ°
ÉμÎ±¨ ¢¸É·¥Î¨ ±μ²² °¤¥·  (Interaction Point Å IP).

1. �‘ˆŒŒ…’�ˆ—�›… ‚‘’�…—�›… �“—Šˆ

1.1. ‘¢¥É¨³μ¸ÉÓ Å μ¡Ð¨° ¸²ÊÎ °. � ¸¶·¥¤¥²¥´¨¥ ¶²μÉ´μ¸É¨ Î ¸É¨Í
¸£·Ê¶¶¨·μ¢ ´´μ£μ ¶ÊÎ± , ®£ Ê¸¸μ¢μ£μ¯ ¶μ ¢¸¥³ É·¥³ ¨§³¥·¥´¨Ö³ (x, y, s),
¨³¥¥É ¢¨¤

ρi(t) =
Ni

(2π)3/2 σxi (t)σyi (t)σsi

exp

{
−1

2

(
x2

σ2
xi (t)

+
y2

σ2
yi (t)

+
s2

σ2
si

)}
.

(1.1)
‡¤¥¸Ó Ni Å Î¨¸²μ Î ¸É¨Í ¢ ¸£Ê¸É±¥ i-£μ ¶ÊÎ± ; i = 1, 2 Å ´μ³¥· ¶ÊÎ± ; σαi Å
£ Ê¸¸μ¢ ¶ · ³¥É· ¸£Ê¸É±  α-¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ¶ÊÎ±  (α = x, y, s). �´ ²μ£¨Î´ Ö
Ëμ·³Ê²  · ¸¶·¥¤¥²¥´¨Ö ¶²μÉ´μ¸É¨ ¢ · ¸¶ÊÐ¥´´μ³ (coasting) ¶ÊÎ±¥ ¸ · ¢´μ-
³¥·´Ò³ · ¸¶·¥¤¥²¥´¨¥³ ¶²μÉ´μ¸É¨ ¶μ ¶¥·¨³¥É·Ê ±μ²ÓÍ  ¨ Î¨¸²μ³ Î ¸É¨Í Ni

¸²¥¤ÊÕÐ Ö:

ρi(t) =
Ni

2πσxi (t)σyi (t)Cring
exp

{
−1

2

(
x2

σ2
xi (t)

+
y2

σ2
yi (t)

)}
. (1.2)

2



�¨¸. 1. ‘Ì¥³  ¸Éμ²±´μ¢¥´¨Ö ¤¢ÊÌ ¸£Ê¸É±μ¢ ¢ ¶²μ¸±μ¸É¨ y = 0. O1,2 Å Í¥´É·Ò ¸£Ê¸É±μ¢:
η1,2 Å · ¸¸ÉμÖ´¨Ö ÉμÎ±¨ ¸Éμ²±´μ¢¥´¨Ö ¤¢ÊÌ Î ¸É¨Í (®interaction point¯) IP μÉ Í¥´É·μ¢
¸£Ê¸É±μ¢; scoll Å Éμ ¦¥, μÉ ´ Î ²  ±μμ·¤¨´ É; B1,2 (s) Å μ£¨¡ ÕÐ¨¥ (¡¥É -ËÊ´±Í¨¨)
¶¥·¢μ£μ ¨ ¢Éμ·μ£μ ¶ÊÎ±μ¢

„²Ö Ê¶·μÐ¥´¨Ö μ¶¨¸ ´¨Ö ±¨´¥³ É¨±¨ ¸Éμ²±´μ¢¥´¨° (·¨¸. 1) ¢Ò¡¥·¥³ μÉ¸Î¥É
¢·¥³¥´¨ ¨ ´ Î ²μ ±μμ·¤¨´ É É ±, ÎÉμ ¶·¨ t = 0 Í¥´É·Ò μ¡μ¨Ì ¸£Ê¸É±μ¢ ¡Ê¤ÊÉ
´ Ìμ¤¨ÉÓ¸Ö ¢ ´ Î ²¥ ±μμ·¤¨´ É (x = y = s = 0): s0

1 (0) = s0
2(0) = 0. �Éμ

μ§´ Î ¥É, ÎÉμ ¢·¥³Ö ¸Éμ²±´μ¢¥´¨Ö t

−∞ < t =
s1

v1
< ∞.

Šμμ·¤¨´ ÉÒ Í¥´É·μ¢ ¸£Ê¸É±μ¢ s0
i ¨§³¥´ÖÕÉ¸Ö ¸μ ¢·¥³¥´¥³ ± ±

s0
i (t) = vit, x0

i = y0
i = 0. (1.3)

ŒÒ μ£· ´¨Î¨³¸Ö ¸²ÊÎ ¥³ É ± ´ §Ò¢ ¥³ÒÌ ²μ¡μ¢ÒÌ ¸Éμ²±´μ¢¥´¨°, ±μ£¤  μ¸¨
¸£Ê¸É±μ¢ ¸μ¢¶ ¤ ÕÉ ³¥¦¤Ê ¸μ¡μ° ¨ ¸ μ¸ÓÕ s (c³. ·¨¸. 1). � ³ ¶μÉ·¥¡ÊÕÉ¸Ö
É ±¦¥ ±μμ·¤¨´ ÉÒ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í ηi, μÉ¸Î¨ÉÒ¢ ¥³Ò¥ μÉ Í¥´É·μ¢ ¨Ì
¸£Ê¸É±μ¢ (¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥!). ’μ£¤  si Å ±μμ·¤¨´ É  i-° Î ¸É¨ÍÒ Å
¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ É ±μ¢  (c³. ·¨¸. 1):

si (t) = s0
i (t) + ηi. (1.4)

�μ¶¥·¥Î´Ò¥ ±μμ·¤¨´ ÉÒ Î ¸É¨ÍÒ ¶μ-¶·¥¦´¥³Ê μÉ¸Î¨ÉÒ¢ ¥³ μÉ μ¸¨ s
¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥. ‡ ¢¨¸¨³μ¸ÉÓ ¶μ¶¥·¥Î´ÒÌ · §³¥·μ¢ ¸£Ê¸É±μ¢ σxi (t),
σyi (t) μÉ ¢·¥³¥´¨ ¶μÖ¢²Ö¥É¸Ö ¢ ·¥§Ê²ÓÉ É¥ ¨Ì ¤¢¨¦¥´¨Ö ¢ Ëμ±Ê¸¨·ÊÕÐ¥°
¸¨¸É¥³¥:

σαi (t) =
√

εαiBαi(si (t)), α = x, y, i = 1, 2, (1.5)
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£¤¥ εαi= const Å Ô³¨ÉÉ ´¸ ¶ÊÎ± ,

Bαi (si(t)) = B∗
αi +

s2
i (t)
B∗

αi

(1.6)

Å ¡¥É É·μ´´ Ö (¡¥É -) ËÊ´±Í¨Ö Ëμ±Ê¸¨·ÊÕÐ¥° ¸¨¸É¥³Ò; B∗
αi Å ¥¥ ³¨´¨-

³ ²Ó´μ¥ §´ Î¥´¨¥, ±μÉμ·μ¥ ¤μ¸É¨£ ¥É¸Ö, ± ± ¶· ¢¨²μ, ¢ ÉμÎ±¥ ¢¸É·¥Î¨ s = 0
(IP); si(t) Å ±μμ·¤¨´ É  Î ¸É¨ÍÒ ¢ ³μ³¥´É ¢·¥³¥´¨ t.

ŒÒ ¶·¥¤¶μ² £ ¥³ É ±¦¥, ÎÉμ ¤¨¸¶¥·¸¨Ö ´  ÊÎ ¸É±¥ ¢¸É·¥Î¨ ¶ÊÎ±μ¢ · ¢´ 
´Ê²Õ, ÎÉμ ¨³¥¥É ³¥¸Éμ ¢ ¡μ²ÓÏ¨´¸É¢¥ ¶· ±É¨Î¥¸±¨Ì ¸²ÊÎ ¥¢.

‡  ¢·¥³Ö ¸Éμ²±´μ¢¥´¨Ö ¤¢ÊÌ ¸£Ê¸É±μ¢ ¸²μ° Î ¸É¨Í ¶¥·¢μ£μ ¸£Ê¸É± 
ρ1 (x, y, η1, t) dη1 ¶¥·¥¸¥± ¥É ¸£Ê¸Éμ± 2, ¸É ²±¨¢ Ö¸Ó ¢ ± ¦¤μ° ÉμÎ±¥ s(t) ¸μ
¸²μ¥³ ρ2 (x, y, η2, t) dη2. Šμμ·¤¨´ ÉÒ ÔÉμ° ÉμÎ±¨ s(t), si(t), s0

i (t), ηi(t) ¸¢Ö-
§ ´Ò ³¥¦¤Ê ¸μ¡μ° · ¢¥´¸É¢ ³¨ (¸³. ·¨¸. 1)

s (t) = s1 (t) = s0
1 (t) + η1 = s2 (t) = s

0
2 (t) + η2. (1.7)

’¥¶¥·Ó ³μ¦´μ § ¶¨¸ ÉÓ ®μÎ¥¢¨¤´μ¥¯ ¢Ò· ¦¥´¨¥ ¤²Ö ¸¢¥É¨³μ¸É¨ ´  μ¤´Ê
ÉμÎ±Ê ¢¸É·¥Î¨:

L = nbunchf0

∞∫
−∞

dx

∞∫
−∞

dy

lD∫
−lD

dη1

lD∫
−lD

dη2 ρ1(x, y, η1(t)) ρ2(x, y, η2(t)), (1.8)

£¤¥ nbunch = min {nbunch1, nbunch2} Å ³¥´ÓÏ¥¥ ¨§ §´ Î¥´¨° Î¨¸²  ¸£Ê¸É±μ¢
¢ ¶ÊÎ± Ì 1 ¨ 2; f0 Å Î ¸ÉμÉ  μ¡· Ð¥´¨Ö Î ¸É¨Í ¶ÊÎ±  ¸ ³¥´ÓÏ¨³ Î¨¸²μ³
¸£Ê¸É±μ¢. �ÉμÉ ¢Ò¡μ· §´ Î¥´¨° nbunch ¨ f0 ¸²¥¤Ê¥É ¨§ Ê¸²μ¢¨Ö ¸¨´Ì·μ´¨§ Í¨¨
¸Éμ²±´μ¢¥´¨° (¶. 1.5). ˆ´É¥£· ²Ò ¶μ ¶·μ¤μ²Ó´Ò³ ±μμ·¤¨´ É ³ η1, η2 ¡¥·ÊÉ¸Ö
¶·¨¡²¨¦¥´´μ ¢ ±μ´¥Î´ÒÌ ¶·¥¤¥² Ì, §´ Î¥´¨Ö ±μÉμ·ÒÌ ±lD μ¶·¥¤¥²¥´Ò ´¨¦¥
¢ ¶μÖ¸´¥´¨¨ ± Ëμ·³Ê²¥ (1.11).

ˆ§ · ¢¥´¸É¢ (1.7) ¸ ÊÎ¥Éμ³ Ê¸²μ¢¨° (1.3), (1.4) ¸²¥¤Ê¥É ¸μμÉ´μÏ¥´¨¥ ³¥¦¤Ê
±μμ·¤¨´ É ³¨ η1 ¨ η2:

η2(t) = η1 +
(

1 − v2

v1

)
s0
1(t).

‡¤¥¸Ó v1,2 Å  ²£¥¡· ¨Î¥¸±¨¥ §´ Î¥´¨Ö ¸±μ·μ¸É¥° Î ¸É¨Í 1 ¨ 2.
‚¢¥¤Ö μ¡μ§´ Î¥´¨Ö s0(t) ≡ s0

1(t), η ≡ η1, § ¶¨Ï¥³

η2 = η + V s0, V ≡ 1 − v2

v1
. (1.9)

� · ³¥É· V ≥ 1 ¤²Ö ¢¸É·¥Î´μ-¢¸É·¥Î´ÒÌ ¶ÊÎ±μ¢ ¨ V ≤ 1 ¤²Ö ¶μ¶ÊÉ´μ-
¢¸É·¥Î´ÒÌ.
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�μ¸±μ²Ó±Ê ³Ò ¢¢¥²¨ ¶¥·¥³¥´´ÊÕ s0(t) = v1t ¨ ¢Ò· §¨²¨ η2 Î¥·¥§ η ¨
s0, Éμ ¨´É¥£·¨·μ¢ ´¨¥ ¢ (1.8) ¶μ ¢·¥³¥´¨ ¸Éμ²±´μ¢¥´¨Ö ³μ¦´μ § ³¥´¨ÉÓ ¨´-
É¥£·¨·μ¢ ´¨¥³ ¶μ s0 (±μμ·¤¨´ É  Í¥´É·  ¶¥·¢μ£μ ¸£Ê¸É± ),   ¨´É¥£·¨·μ¢ ´¨¥
¶μ ¤²¨´ ³ ¸£Ê¸É±μ¢ ¶·μ¢¥¸É¨ ¶μ ¶¥·¥³¥´´μ° η. Ÿ±μ¡¨ ´ § ³¥´Ò ¶¥·¥³¥´´ÒÌ
· ¢¥´

D(η1, η2)
D(s0, η)

= V. (1.10)

‚ ·¥§Ê²ÓÉ É¥ ¶·¨Ìμ¤¨³ ± ¢Ò· ¦¥´¨Õ

L =
nbunchN1N2f0

(2π)3 σs1σs2

V

lD∫
−lD

ds0

∞∫
−∞

dη

∞∫
−∞

ψx(x) dx

∞∫
−∞

ψy(y)dy×

× exp

[
−1

2

(
η2

σ2
s1

+
(η + V s0)

2

σ2
s2

)]
, (1.11)

£¤¥

ψx (x, s0, η1) =
1

σx1 (s0, η)σx2 (s0, η)
exp

[
−
(

1
σ2

x1 (s0, η)
+

1
σ2

x2 (s0, η)

)
x2

2

]
,

(1.12)
2lD Å ¶·μ¤μ²Ó´Ò° (s) · §³¥· ÊÎ ¸É± , ´  ±μÉμ·μ³ μ¸¨ μ¡μ¨Ì ¶ÊÎ±μ¢ ¸μ-
¢¶ ¤ ÕÉ ¨ £¤¥ · ¸¶μ²μ¦¥´ ¤¥É¥±Éμ·. ‹μ± ²Ó´ Ö ¸¢¥É¨³μ¸ÉÓ ¶·¨ s0 = ±lD
Ê³¥´ÓÏ ¥É¸Ö ´  ´¥¸±μ²Ó±μ ¶μ·Ö¤±μ¢ μÉ ³ ±¸¨³ ²Ó´μ£μ §´ Î¥´¨Ö ¶·¨ s0 = 0
¨§-§  ·μ¸É  ¡¥É -ËÊ´±Í¨¨, ÎÉμ ¶μ± § ´μ ¢ ¶. 1.5.

”Ê´±Í¨Õ ψy(y, s0, η1) ´ Ìμ¤¨³ § ³¥´μ° ¨´¤¥±¸  ¨  ·£Ê³¥´É  x ´  y.
ˆ´É¥£· ² μÉ ψx ¶μ dx ¤ ¥É

∞∫
−∞

ψx (x, s0, η1) dx =
√

2π√
σ2

x1 (s0, η) + σ2
x2 (s0, η)

. (1.13)

ˆ´É¥£· ²
∞∫

−∞
ψy (y, s0, η1) dy ¢ÒÎ¨¸²Ö¥É¸Ö  ´ ²μ£¨Î´μ ¸ § ³¥´μ° x ´  y.

ˆ¸¶μ²Ó§ÊÖ §´ Î¥´¨Ö (1.5) ¤²Ö σxi, § ¶¨Ï¥³√
σ2

x1 (s0, η) + σ2
x2 (s0, η) =

√
εx1Bx1 (s0, η) + εx2Bx2 (s0, η). (1.14)

”Ê´±Í¨¨ Bxi μ¶·¥¤¥²¥´Ò ¢ (1.6). �´ ²μ£¨Î´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö σyi ´ °¤¥³
§ ³¥´μ° x ´  y.

�μ¤¸É ¢²ÖÖ §´ Î¥´¨Ö ¨´É¥£· ²  (1.13) ¨ §´ ³¥´ É¥²Ö (1.14),   É ±¦¥ ¨Ì
y- ´ ²μ£μ¢ ¢ (1.11), ¶·¨Ìμ¤¨³ ± ¤μ¢μ²Ó´μ £·μ³μ§¤±μ³Ê ¢Ò· ¦¥´¨Õ ¤²Ö ¸¢¥-
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É¨³μ¸É¨ ±μ²² °¤¥·  ¸ ¶μ²´μ¸ÉÓÕ  ¸¨³³¥É·¨Î´Ò³¨ ¸£Ê¸É± ³¨:

L =
nbunchN1N2f0

(2π)2 σs1σs2

V

lD∫
−lD

ds0

∞∫
−∞

dη×

×
exp

{
−1

2

[
η2

σ2
s1

+
(

η + V s0

σs2

)2
]}

√
(εx1Bx1(s0, η) + εx2Bx2(s0, η)) (εy1By1(s0, η) + εy2By2(s0, η))

. (1.15)

�É³¥É¨³, ÎÉμ ÔÉμ ¥¸ÉÓ ¸¢¥É¨³μ¸ÉÓ ±μ²² °¤¥·  ´  μ¤´μ ³¥¸Éμ ¢¸É·¥Î¨. Š·μ³¥
Éμ£μ, ¡¥É -ËÊ´±Í¨¨ ¢ ÉμÎ± Ì ¸Éμ²±´μ¢¥´¨Ö Î ¸É¨Í ¨³¥ÕÉ · §´Ò¥ §´ Î¥´¨Ö
(Bx,y)1,2, ¥¸²¨ Î ¸É¨ÍÒ 1 ¨ 2 μÉ²¨Î ÕÉ¸Ö ÌμÉÖ ¡Ò ¶μ μ¤´μ³Ê ¨§ ¶ · ³¥É·μ¢ Å
§ ·Ö¤Ê, ³ ¸¸¥ ¨²¨ Ô´¥·£¨¨. �μÔÉμ³Ê ³μ¦´μ ¢¢¥¸É¨ ®¶ · ³¥É· μÉ´μ¸¨É¥²Ó´μ°
³ £´¨É´μ° ¦¥¸É±μ¸É¨¯ λ:

λ =
B∗

1

B∗
2

. (1.16)

�μ¸±μ²Ó±Ê §´ Î¥´¨Ö ¡¥É É·μ´´ÒÌ ËÊ´±Í¨° B1,2 ¶·μ¶μ·Í¨μ´ ²Ó´Ò ³ £´¨É-
´μ° ¦¥¸É±μ¸É¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í ( ´ ²μ£¨Î´μ Ëμ±Ê¸´Ò³ · ¸¸ÉμÖ´¨Ö³
³ £´¨É´ÒÌ ²¨´§), ³μ¦´μ μ¦¨¤ ÉÓ, ÎÉμ ¶ · ³¥É· λ μ¶¨¸Ò¢ ¥É¸Ö ¢Ò· ¦¥´¨¥³

λ =
p1

Z1

Z2

p2
. (1.17)

‡¤¥¸Ó Z1,2 Å § ·Ö¤ Éμ±  (¢ ¥¤¨´¨Í Ì § ·Ö¤  Ô²¥±É·μ´ ); p1,2 Å ¨³¶Ê²Ó¸
Î ¸É¨Í ¶ÊÎ±μ¢ 1 ¨ 2. �·¨ · ¢´ÒÌ ¸±μ·μ¸ÉÖÌ Î ¸É¨Í 1 ¨ 2 ¢Ò· ¦¥´¨¥ (1.17)
´¥ § ¢¨¸¨É μÉ ¸±μ·μ¸É¨ Î ¸É¨Í ¨ · ¢´μ

λ0 =
m1

m2

A1

Z1

Z2

A2
,

£¤¥ A1,2 Å  Éμ³´Ò¥ ¢¥¸  Î ¸É¨Í; m1,2 Å ³ ¸¸Ò ´Ê±²μ´μ¢ ¸É ²±¨¢ ÕÐ¨Ì¸Ö
Î ¸É¨Í 1 ¨ 2 (μÉ²¨Î¨¥ m2/m1 μÉ ¥¤¨´¨ÍÒ ´¥ ¶·¥¢ÒÏ ¥É 1 ·10−3 ¤²Ö ¢¸¥Ì Ö¤¥·
¶¥·¨μ¤¨Î¥¸±μ° É ¡²¨ÍÒ). �¤´ ±μ §´ Î¥´¨Ö λ (1.17) ¨ λ0 ¶·¨¡²¨¦¥´´Ò¥, É ±
± ± ´  ¢¥²¨Î¨´Ê ¡¥É -ËÊ´±Í¨¨ ´  μ¡Ð¥³ ÊÎ ¸É±¥ ±μ²¥Í ¸ÊÐ¥¸É¢¥´´μ ¢²¨ÖÕÉ
§´ Î¥´¨Ö ¶ · ³¥É·μ¢ Ëμ±Ê¸¨·ÊÕÐ¨Ì ¸¨¸É¥³ ´  ¨´¤¨¢¨¤Ê ²Ó´ÒÌ ÊÎ ¸É± Ì.

‚ ¸²ÊÎ ¥ ¶ÊÎ±μ¢ · §´ÒÌ Î ¸É¨Í ¶ · ³¥É· λ = 1 É ±¦¥, ¥¸²¨ Ëμ±Ê¸¨·Ê-
ÕÐ¨¥ ¸¨¸É¥³Ò ¤¢ÊÌ ±μ²¥Í ±μ²² °¤¥·  ´¥ ¨³¥ÕÉ ´  μ¡Ð¥³ ÊÎ ¸É±¥ (ÊÎ ¸É±¥
¢§ ¨³μ¤¥°¸É¢¨Ö Î ¸É¨Í) Ëμ±Ê¸¨·ÊÕÐ¨Ì Ô²¥³¥´Éμ¢, μ¶·¥¤¥²ÖÕÐ¨Ì §´ Î¥´¨Ö
¡¥É -ËÊ´±Í¨° ±μ²¥Í ±μ²² °¤¥· . �Éμ ¨³¥¥É ³¥¸Éμ, ¢ Î ¸É´μ¸É¨, ¢ ±μ²² °¤¥-
· Ì ¸ ¶¥·¥¸¥± ÕÐ¨³¨¸Ö ¶ÊÎ± ³¨ (¶. 1.6).

‚Ò· ¦¥´¨¥ (1.15) ¸ÊÐ¥¸É¢¥´´μ Ê¶·μÐ ¥É¸Ö ¢ É·¥Ì Î ¸É´ÒÌ ¸²ÊÎ ÖÌ, · ¸-
¸³μÉ·¥´´ÒÌ ´¨¦¥.
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1.2. �¤¨´ ±μ¢Ò¥ ¢¸É·¥Î´Ò¥ ¶ÊÎ±¨. ‚ · ¸¸³ É·¨¢ ¥³μ³ ¸²ÊÎ ¥ μ¤¨´ ±μ-
¢ÒÌ ¢¸É·¥Î´μ-¢¸É·¥Î´ÒÌ ¶ÊÎ±μ¢ ¨³¥¥³

v1 = −v2, V = 2, B∗
x1 = B∗

x2 ≡ B∗
x, B∗

y1 = B∗
y2 ≡ B∗

y ,

σs1 = σs2 ≡ σs, εx1 = εx2 ≡ εx, εy1 = εy2 ≡ εy.
(1.18)

ˆ§ (1.15) ¸ ÊÎ¥Éμ³ §´ Î¥´¨° Bαi (1.6) ¨ si(t) (1.9) ¶μ²ÊÎ¨³

L =
nbunchN1N2f0

8π2σ2
s

√
εxεyB∗

xB∗
y

× Int1 (Bx, By, σs),

Int1 = 2

lD∫
−lD

ds0

∞∫
−∞

dη
1√√√√[

1 +
(

s0 + η

B∗
x

)2
][

1 +
(

s0 + η

B∗
y

)2
]×

× exp

[
−η2 + (η + 2s0)

2

2σ2
s

]
.

�·¥μ¡· §ÊÖ Î¨¸²¨É¥²Ó ¶μ± § É¥²Ö Ô±¸¶μ´¥´ÉÒ

η2 + (η + 2s0)
2 = 2

[
(s0 + η)2 + s2

0

]
,

¶¥·¥Ìμ¤Ö § É¥³ μÉ ¶¥·¥³¥´´ÒÌ ¨´É¥£·¨·μ¢ ´¨Ö s0, η ± ¶¥·¥³¥´´Ò³ s0 ¨
φ = s0 + η ¨ ¢ÒÎ¨¸²¨¢ Ö±μ¡¨ ´ ¶¥·¥Ìμ¤  D (s0, η)/D (s0, φ) = 1, ´ Ìμ¤¨³

Int1 = 2

lD∫
−lD

e−s2
0/σ2

s ds0

∞∫
−∞

e−φ2/σ2
s√√√√[

1 +
(

φ

B∗
y

)2
][

1 +
(

φ

B∗
x

)2
] dφ.

’ ±¨³ μ¡· §μ³, ¤¢μ°´μ° ¨´É¥£· ² ¶·¥μ¡· §μ¢ ´ ¢ ¶·μ¨§¢¥¤¥´¨¥ ¤¢ÊÌ ¨´É¥-
£· ²μ¢. �¥·¢Ò° ¨§ ´¨Ì, ¨´É¥£· ² ¶μ s0, ¶·¨ σs � lD · ¢¥´ σs

√
π. ‚ ¸²ÊÎ ¥

B∗
x = B∗

y ≡ B∗ ¶μ²ÊÎ ¥³ ¨§¢¥¸É´μ¥ ¢Ò· ¦¥´¨¥ ¸¢¥É¨³μ¸É¨ ±μ²² °¤¥·  ´ 
 ±¸¨ ²Ó´μ-¸¨³³¥É·¨Î´ÒÌ ¶ÊÎ± Ì (¸³. [2], Ëμ·³Ê²Ò (6.134), (6.135)):

L =
nbunchN1N2f0

4π
√

εxεyB∗ ΦHG, ΦHG (α) =
2√
π

∞∫
0

e−u2
du

1 + (αu)2
, α =

σs

B∗ . (1.19)

‡¤¥¸Ó ΦHG(α) Å É ± ´ §Ò¢ ¥³Ò° ¶ · ³¥É· ¶¥¸μÎ´ÒÌ Î ¸μ¢ (hourglass effect),
μ¶¨¸Ò¢ ÕÐ¨° § ¢¨¸¨³μ¸ÉÓ ¸¢¥É¨³μ¸É¨ μÉ σs ¨ B∗.
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1.3. ‘Éμ²±´μ¢¥´¨¥ · ¸¶ÊÐ¥´´μ£μ ¶ÊÎ±  ¸μ ¸£·Ê¶¶¨·μ¢ ´´Ò³. �μ-¶·¥¦-
´¥³Ê ¸Î¨É ¥³ Ëμ±Ê¸¨·ÊÕÐÊÕ ¸¨¸É¥³Ê  ±¸¨ ²Ó´μ-¸¨³³¥É·¨Î´μ° ´  ÊÎ ¸É±¥
¢¸É·¥Î¨, ´μ É¥¶¥·Ó ¶ÊÎ±¨ ¸μ¤¥·¦ É Î ¸É¨ÍÒ · §´μ£μ ¢¨¤  ¨ μÉ²¨Î ÕÐ¨¥¸Ö,
¢μμ¡Ð¥ £μ¢μ·Ö, Ô´¥·£¨¥°. �μÔÉμ³Ê

B∗
x1 = B∗

y1 ≡ B∗
1 �= B∗

x2 = B∗
y2 ≡ B∗

2 . (1.20)

”μ·³Ê²  ¤²Ö ¸¢¥É¨³μ¸É¨, ±μ£¤  μ¤¨´ ¨§ ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¶ÊÎ±μ¢ (N2)
· ¸¶ÊÐ¥´ ¨ ¨³¥¥É · ¢´μ³¥·´ÊÕ ¶μ ¶¥·¨³¥É·Ê ±μ²ÓÍ  Cring ¶²μÉ´μ¸ÉÓ (1.2),
μÉ²¨Î ¥É¸Ö μÉ (1.15) ¢Ò· ¦¥´¨¥³ ¢ §´ ³¥´ É¥²¥ ¤·μ¡¨ ¶¥·¥¤ ¨´É¥£· ²μ³, · ¢-
´Ò³ É¥¶¥·Ó (2π)3/2σsCring. ‡¤¥¸Ó σs ≡ σs1 Å ®£ Ê¸¸μ¢ ¯ ¤²¨´  ¸£Ê¸É± 
¸£·Ê¶¶¨·μ¢ ´´μ£μ ¶ÊÎ± .

„²Ö  ±¸¨ ²Ó´μ-¸¨³³¥É·¨Î´ÒÌ ¶ÊÎ±μ¢ Ëμ·³Ê²  (1.15) ¶·¨´¨³ ¥É ¢¨¤

L =
nbunchN1N2f0

(2π)3/2σsCring
× Int2 (B1, B2, σs),

Int2 = V

lD∫
−lD

ds0

lD∫
−lD

dη ×

× 1

ε1B∗
1

[
1 +

(
s0 + η

B∗
1

)2
]

+ ε2B∗
2

[
1 +

(
s0 + η

B∗
2

)2
] exp

(
− η2

2σ2
s

)
. (1.21)

‡¤¥¸Ó nbunch ¨ f0 Å Î¨¸²μ ¸£Ê¸É±μ¢ ¸£·Ê¶¶¨·μ¢ ´´μ£μ ¶ÊÎ±  ¨ Î ¸ÉμÉ  μ¡· -
Ð¥´¨Ö ¥£μ Î ¸É¨Í. � · ³¥É· V , ¢μμ¡Ð¥ £μ¢μ·Ö, ³μ¦¥É μÉ²¨Î ÉÓ¸Ö μÉ 2.

�μ¢Éμ·¨³ ¶·¥μ¡· §μ¢ ´¨¥ ¶¥·¥³¥´´ÒÌ  ´ ²μ£¨Î´μ ¸¤¥² ´´μ³Ê ¢ÒÏ¥:

φ = s0 + η, ψ = η.

Ÿ±μ¡¨ ´ ¶¥·¥Ìμ¤  D (s0, η)/D (φ, ψ) = 1. ‚ ·¥§Ê²ÓÉ É¥ ¨´É¥£· ² (1.21) · §-
¡¨¢ ¥É¸Ö ´  ¤¢  ´¥§ ¢¨¸¨³ÒÌ:

Int2 = V

lD∫
−lD

exp
(
− ψ2

2σ2
s

)
dψ

2lD∫
−2lD

dφ

ε1B∗
1

[
1 +

(
φ

B∗
1

)2
]

+ ε2B∗
2

[
1 +

(
φ

B∗
2

)2
] ·

�·μ¨§¢¥¤Ö ¨´É¥£·¨·μ¢ ´¨¥, ´ Ìμ¤¨³

L =
nbunchN1N2f0

2πCring
V erf

(
lD√
2σs

)
×

×
√

B∗
1B∗

2

(ε1B∗
1 + ε2B∗

2)(ε1B∗
2 + ε2B∗

1 )
2 arctan (χD), (1.22)
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χD =

√
ε1B∗

2 + ε2B∗
1

ε1B∗
1 + ε2B∗

2

2lD√
B∗

1B∗
2

.

�·¨ Ê¸²μ¢¨¨
σs, B∗

1,2 � lD � Cring, χD 	 1 (1.23)

¢Ò· ¦¥´¨¥ (1.22) ¶·¨´¨³ ¥É ¡μ²¥¥ ±μ³¶ ±É´Ò° ¢¨¤:

L =
nbunchN1N2f0

2Cring
V

√
B∗

1B∗
2

(ε1B∗
1 + ε2B∗

2)(ε1B∗
2 + ε2B∗

1)
. (1.24)

‚Ò· ¦¥´¨¥ (1.24) ³μ¦´μ Ê¶·μ¸É¨ÉÓ, ¨¸¶μ²Ó§ÊÖ ¶ · ³¥É· λ (1.16):

L =
nbunchN1N2f0

2Cring
V

√
λ

λ(ε2
1 + ε2

2) + ε1ε2(1 + λ2)
. (1.25)

ˆ ¸μ¢¸¥³ ¶·μ¸Éμ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¸¢¥É¨³μ¸É¨ ¶μ²ÊÎ ¥É¸Ö ¶·¨ μ¤¨´ ±μ¢ÒÌ
Î ¸É¨Í Ì ¢¸É·¥Î´ÒÌ ¶ÊÎ±μ¢, μ¤¨´ ±μ¢ÒÌ §´ Î¥´¨ÖÌ ¨Ì Ô´¥·£¨¨ ¨ Ô³¨ÉÉ ´¸μ¢
¶ÊÎ±μ¢: λ = 1, V = 2, ε1 = ε2 ≡ ε,

L =
nbunchN1N2f0

2Cringε
. (1.26)

1.4. ‘Éμ²±´μ¢¥´¨¥ ¤¢ÊÌ · ¸¶ÊÐ¥´´ÒÌ ¶ÊÎ±μ¢. �·¨ Ê¸²μ¢¨ÖÌ (1.20) ¨
B∗

1,2 � C1,2 ¶μ²ÊÎ¨³ ¨§ (1.15)  ´ ²μ£¨Î´μ (1.21) §´ Î¥´¨¥ ¸¢¥É¨³μ¸É¨:

L =
N1N2f0

2C1C2
× Int3,

Int3 = V

lD∫
−lD

ds0

lD∫
−lD

dη
1

ε1B∗
1

[
1 +

(
s0 + η

B∗
1

)2
]

+ ε2B∗
2

[
1 +

(
s0 + η

B∗
2

)2
] .

‡¤¥¸Ó N1, N2 Å Î¨¸²μ Î ¸É¨Í ¢ ¶ÊÎ± Ì 1 ¨ 2; C1, C2 Å ¶¥·¨³¥É·Ò ±μ²¥Í
´ ±μ¶¨É¥²¥°. — ¸ÉμÉ  ¸Éμ²±´μ¢¥´¨° f0 = max {v1/C1, v2/C2}.

�·μ¨§¢¥¤Ö ¨´É¥£·¨·μ¢ ´¨¥  ´ ²μ£¨Î´μ (1.21)Ä(1.25), ´ Ìμ¤¨³

L =
N1N2f0

πC1C2
V lD

√
B∗

1B∗
2

(ε1B∗
1 + ε2B∗

2 )(ε1B∗
2 + ε2B∗

1)
2 arctan (χD), (1.27)

¶ · ³¥É· χD μ¶·¥¤¥²¥´ ¢ (1.22). �·¨ Ê¸²μ¢¨¨ B∗
1,2 � lD, χD 	 1 ´ Ìμ¤¨³

L =
N1N2f0

C1C2
V lD

√
λ

(ε1λ + ε2)(ε1 + ε2λ)
. (1.28)
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„²Ö ¨¤¥´É¨Î´ÒÌ ±μ²¥Í ±μ²² °¤¥·  ¨ ¢¸É·¥Î´μ-¢¸É·¥Î´ÒÌ ¶ÊÎ±μ¢ V = 2,
λ = 1, ¨ Ëμ·³Ê²  (1.28) ¶·¨´¨³ ¥É ¢¨¤

L =
N2f0

C2ε
lD. (1.29)

1.5. � ¸¶·¥¤¥²¥´¨¥ ¸¢¥É¨³μ¸É¨ ¶μ ¤²¨´¥ ÊÎ ¸É±  ¢¸É·¥Î¨. Œμ¤Ê²ÖÍ¨Ö
¡¥É -ËÊ´±Í¨° ±μ²² °¤¥·  (1.6) ¢¡²¨§¨ ÉμÎ±¨ ¢¸É·¥Î¨ ´¥¨§¡¥¦´μ ¢Ò§Ò¢ ¥É
¨§³¥´¥´¨¥ ¸¢¥É¨³μ¸É¨ ¶μ ¤²¨´¥ ÊÎ ¸É±  ¢§ ¨³μ¤¥°¸É¢¨Ö. � ¨¡μ²¥¥ ¶·μ¸Éμ
¶μ± § ÉÓ ÔÉμ ¢ ¸²ÊÎ ¥ μ¤¨´ ±μ¢ÒÌ ¢¸É·¥Î´ÒÌ ¶ÊÎ±μ¢ (¶. 1.2). „¥°¸É¢¨É¥²Ó´μ,
¶·μ¨§¢μ¤´ Ö ¸¢¥É¨³μ¸É¨ ¶μ ±μμ·¤¨´ É¥ s0 ¶·μ¶μ·Í¨μ´ ²Ó´  ¶μ¤Ò´É¥£· ²Ó´μ°
ËÊ´±Í¨¨ ¢ ¢Ò· ¦¥´¨¨ ¤²Ö ΦHG(α) ¢ (1.19):

dL

ds0
=
(

dL

ds0

)
max

e−(s0/σs)2

1 + (s0/B∗)2
.

‚¢¥¤Ö ¶¥·¥³¥´´ÊÕ χ = s0/B∗, ¶μ²ÊÎ ¥³ ËÊ´±Í¨Õ · ¸¶·¥¤¥²¥´¨Ö ¸¢¥É¨³μ¸É¨,
´μ·³¨·μ¢ ´´ÊÕ ´  ³ ±¸¨³Ê³:

fL(χ) =
e−(χ/α)2

1 + χ2
, α =

σs

B∗ . (1.30)

ƒ· Ë¨±¨ ÔÉμ° ËÊ´±Í¨¨ (·¨¸. 2) ¶μ± §Ò¢ ÕÉ, ÎÉμ ¸ ·μ¸Éμ³ σs (¶ · ³¥É· α)
ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ¸¢¥É¨³μ¸É¨ ÊÏ¨·Ö¥É¸Ö, ¶μ±  ¥¥ Ï¨·¨´  ´¥ ¤μ¸É¨£´¥É
´ ¸ÒÐ¥´¨Ö (χ > 5).

�Éμ ´ ¸ÒÐ¥´¨¥ ¸μμÉ¢¥É¸É¢Ê¥É ¸Éμ²±´μ¢¥´¨Õ ¤¢ÊÌ · ¸¶ÊÐ¥´´ÒÌ ¶ÊÎ±μ¢
(¶. 1.4). Š·μ³¥ Éμ£μ, ·¥§Ê²ÓÉ ÉÒ, ¶·¥¤¸É ¢²¥´´Ò¥ ´  ·¨¸. 2, ¶μ§¢μ²ÖÕÉ ¢Ò¡· ÉÓ
§´ Î¥´¨¥

lD = 3B∗. (1.31)

�¨¸. 2. ”Ê´±Í¨¨ (1.30) · ¸¶·¥¤¥²¥´¨Ö ¸¢¥É¨³μ¸É¨ ¶μ ÊÎ ¸É±Ê ¢¸É·¥Î¨ ¶ÊÎ±μ¢: α =
10; 3; 1; 0,3
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1.6. ‘Éμ²±´μ¢¥´¨¥ ¶¥·¥¸¥± ÕÐ¨Ì¸Ö ¶ÊÎ±μ¢. „²Ö Ê¢¥²¨Î¥´¨Ö ¸¢¥É¨³μ-
¸É¨ ¢ ¸μ¢·¥³¥´´ÒÌ ±μ²² °¤¥· Ì ¨¸¶μ²Ó§Ê¥É¸Ö ³´μ£μ¸£Ê¸É±μ¢Ò° ·¥¦¨³, ÎÉμ
μ¡ÒÎ´μ ¶μ¤· §Ê³¥¢ ¥É ´ ²¨Î¨¥ ¤¢ÊÌ ´¥§ ¢¨¸¨³ÒÌ ±μ²¥Í ¢μ ¨§¡¥¦ ´¨¥ ¶ · -
§¨É´ÒÌ ¸Éμ²±´μ¢¥´¨° ´  μ¡Ð¨Ì ÊÎ ¸É± Ì É· ¥±Éμ·¨° ¨ ¸Éμ²±´μ¢¥´¨¥ ¶ÊÎ±μ¢
¶μ¤ Ê£²μ³. �Éμ ¨ ´ §Ò¢ ¥É¸Ö ®¶¥·¥¸¥± ÕÐ¨¥¸Ö ¶ÊÎ±¨¯ (®intersecting beams¯).
�·¨ ÔÉμ³ ¢´¥ ÊÎ ¸É±  ¢§ ¨³μ¤¥°¸É¢¨Ö ¶ÊÎ±¨ · §¢¥¤¥´Ò ¤μ¸É ÉμÎ´μ ¤ ²¥±μ, É ±
ÎÉμ ¨Ì Ëμ±Ê¸¨·ÊÕÐ¨¥ ¸¨¸É¥³Ò ´¥ ¨³¥ÕÉ μ¡Ð¨Ì Ô²¥³¥´Éμ¢, ÎÉμ ¤μ¶Ê¸± ¥É ´¥-
§ ¢¨¸¨³ÊÕ ·¥£Ê²¨·μ¢±Ê ¶ · ³¥É·μ¢ ¤¢ÊÌ ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¶ÊÎ±μ¢  ¸¨³³¥É·¨Î-
´μ£μ ±μ²² °¤¥· . �Éμ μ¸μ¡¥´´μ ¸ÊÐ¥¸É¢¥´´μ ¤²Ö Ô²¥±É·μ´-¨μ´´μ£μ ±μ²² °-
¤¥·  (¶. 3.3). �·μ¤μ²Ó´Ò¥ μ¸¨ ± ¦¤μ° ¨§ Ëμ±Ê¸¨·ÊÕÐ¨Ì ¸¨¸É¥³ ¤¢ÊÌ ±μ²¥Í
§ ¤ ÕÉ μ¸¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¶ÊÎ±μ¢, ¶·¨ ÔÉμ³ ²μ± ²Ó´Ò¥ §´ Î¥´¨Ö ¨Ì ¡¥É -
ËÊ´±Í¨° ¶μ-¶·¥¦´¥³Ê μ¶¨¸Ò¢ ÕÉ¸Ö ¸μμÉ´μÏ¥´¨Ö³¨ (1.6), ´μ É¥¶¥·Ó ¢ ®¸μ¡-
¸É¢¥´´ÒÌ¯ ±μμ·¤¨´ É Ì ±μ²¥Í xαi, μ¸¨ si ±μÉμ·ÒÌ ¶¥·¥¸¥± ÕÉ¸Ö ¢ IP ¶μ¤
Ê£²μ³ 2θ (®full crossing angle¯) (·¨¸. 3). � ¸¶μ²μ¦¥´¨¥ ±μ²¥Í ¢Ò¡· ´μ É ±,
ÎÉμ ¢¸¥ É·¨ μ¸¨ s1, s2, s0 ²¥¦ É ¢ μ¤´μ° ¶²μ¸±μ¸É¨. ‚ ÔÉμ° ¦¥ ¶²μ¸±μ¸É¨
²¥¦ É μ¸¨ yi,   μ¸¨ xi ¸μ¢¶ ¤ ÕÉ ¨ ´ ¶· ¢²¥´Ò μ·Éμ£μ´ ²Ó´μ ¶²μ¸±μ¸É¨ (si,
yi). ’ ±μ° ¢Ò¡μ· ´ ¶· ¢²¥´¨° μ¸¥° ´¥¸²ÊÎ ¥´: μ´ μ¡¥¸¶¥Î¨¢ ¥É ´ ¨¡μ²¥¥
¡Ò¸É·μ¥ · §¢¥¤¥´¨¥ ¶ÊÎ±μ¢, ÎÉμ ´Ê¦´μ, ¥¸²¨ σxi � σyi.

�ËË¥±É¨¢´μ¸ÉÓ · §¢¥¤¥´¨Ö ¶ÊÎ±μ¢ ´  ÊÎ ¸É±¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·¨´ÖÉμ
μÍ¥´¨¢ ÉÓ ¢¥²¨Î¨´μ° μÉ´μÏ¥´¨Ö y-±μμ·¤¨´ ÉÒ ÉμÎ±¨ ´  μ¸¨ ¸£Ê¸É± , μÉ¸ÉμÖ-
Ð¥° μÉ IP ´  σs(δy0 = σs sin(θ), ¸³. ·¨¸. 3), ± ¶·μ¥±Í¨¨ ¶μ¶¥·¥Î´μ£μ · §³¥· 
¸£Ê¸É±  σy ´  μ¸Ó y0(Δy0 = σy cos(θ)) Å É ± ´ §Ò¢ ¥³Ò° ¶ · ³¥É· �¨¢¨´-
¸±μ£μ (Piwinski angle):

φ =
σs

σy
tan θ. (1.32)

�·μÉÖ¦¥´´μ¸ÉÓ μ¡² ¸É¨ ¢§ ¨³μ¤¥°¸É¢¨Ö (§ ²¨É  Ëμ´μ³ ´  ·¨¸. 3) 2lD ³μ¦´μ
μÍ¥´¨ÉÓ ± ±

lθ =
σx

sin θ
, σx � σs. (1.33)

‚ μ¡Ð¥³ ¸²ÊÎ ¥ ÔÉ  ¢¥²¨Î¨´  · ¢´ 

lφ =
σs√

1 + φ2
. (1.34)

�¨¸. 3. ‘Ì¥³  ¸Éμ²±´μ¢¥´¨Ö ¶¥·¥¸¥± ÕÐ¨Ì¸Ö ¶ÊÎ±μ¢ ¤²Ö φ � 1; μ¢ ²Ó´Ò¥ £· ´¨ÍÒ
¶μ± §Ò¢ ÕÉ ®1-σ-· §³¥·Ò¯ ¸£Ê¸É±μ¢, Ëμ´μ³ § ²¨É  μ¡² ¸ÉÓ ¢§ ¨³μ¤¥°¸É¢¨Ö Î ¸É¨Í
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�É³¥É¨³, ÎÉμ ¶·¨ φ 	 1, θ � 1 Ëμ·³Ê²  (1.34) ¸μ¢¶ ¤ ¥É ¸ (1.33),   ¶·¨
φ � 1 lD ≈ σs.

‚ ±μ²² °¤¥· Ì, £¤¥ ¶·¨³¥´Ö¥É¸Ö ¸Ì¥³  ¶¥·¥¸¥± ÕÐ¨Ì¸Ö ¶ÊÎ±μ¢, Ê£μ²
θ � 1. ’ ±, ¢ LHC Ê£μ² θ (®the half crossing angle¯) ¢ ·Ó¨·Ê¥É¸Ö ¢ § ¢¨¸¨³μ-
¸É¨ μÉ ¢Ò¡μ·  ·¥¦¨³  ±μ²² °¤¥·  ¨ § ¶·μ¸μ¢ Ô±¸¶¥·¨³¥´É  μÉ 0,6 ³±· ¤ ¤μ
0,32 ³· ¤ [10], ¢ Š…Š‚ ÔÉμÉ Ê£μ² ¸μ¸É ¢²Ö¥É 11 ³· ¤ [11]. �μÔÉμ³Ê ¤²Ö μÍ¥-
´μ± ¸¢¥É¨³μ¸É¨ ±μ²² °¤¥·  ¸ ¶¥·¥¸¥± ÕÐ¨³¨¸Ö ¶ÊÎ± ³¨ ³μ¦´μ ¶μ-¶·¥¦´¥³Ê
¶μ²Ó§μ¢ ÉÓ¸Ö Ëμ·³Ê² ³¨, ¶·¨¢¥¤¥´´Ò³¨ ¢ÒÏ¥ (¶¶. 1.1Ä1.4), § ³¥´¨¢ σy ´ 

σy

√
1 + φ2 ¨ ¨¸¶μ²Ó§ÊÖ ¤²Ö §´ Î¥´¨Ö lD Ëμ·³Ê²Ò (1.33), (1.34).

’¥³ ´¥ ³¥´¥¥ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¸Ì¥³Ò ¶¥·¥¸¥± ÕÐ¨Ì¸Ö ¶ÊÎ±μ¢ ¢μ§´¨-
± ÕÉ ¤¢  ¤·Ê£¨Ì ´¥¦¥² É¥²Ó´ÒÌ ÔËË¥±É , ¤²Ö ±μ³¶¥´¸ Í¨¨ ±μÉμ·ÒÌ ¶·¨³¥-
´Ö¥É¸Ö É ± ´ §Ò¢ ¥³ Ö ±· ¡μ¢ Ö É¥Ì´¨±  ∗.

�¥·¢Ò° ÔËË¥±É Å ´¥´Ê²¥¢μ° Ê£μ² ¸Éμ²±´μ¢¥´¨Ö 2θ ¤¢ÊÌ ¢¸É·¥Î´ÒÌ ¸£Ê¸É-
±μ¢. „²Ö Ê¸É· ´¥´¨Ö ÔÉμ£μ ÔËË¥±É  ¨¸¶μ²Ó§Ê¥É¸Ö ¸Ì¥³  ®±· ¡μ¢μ£μ ¶¥·¥¸¥Î¥-
´¨Ö¯ (®crab crossing¯) [12]. �  É· ¥±Éμ·¨ÖÌ ± ¦¤μ£μ ¨§ ¶ÊÎ±μ¢, ¤μ ¨ ¶μ-
¸²¥ ¶·μÌμ¦¤¥´¨Ö IP, Ê¸É ´ ¢²¨¢ ÕÉ¸Ö ‚—-·¥§μ´ Éμ·Ò, ´ ¸É·μ¥´´Ò¥ ´  ³μ¤Ê
¸ ¶μ¶¥·¥Î´Ò³ ³ £´¨É´Ò³ ¶μ²¥³, ±μÉμ·μ¥ ³¥´Ö¥É §´ ± §  ¢·¥³Ö ¶·μÌμ¦¤¥-
´¨Ö ¸£Ê¸É±  ¨ · ¢´μ ´Ê²Õ ¶·¨ ¶·μÌμ¦¤¥´¨¨ Í¥´É· . ‚ ·¥§Ê²ÓÉ É¥ ®£μ²μ¢ ¯
¨ ®Ì¢μ¸É¯ ¶μ²ÊÎ ÕÉ Ê¤ ·Ò ¶μ²Ö ¢ ¶·μÉ¨¢μ¶μ²μ¦´ÒÌ ´ ¶· ¢²¥´¨ÖÌ, ¸£Ê¸É±¨
¶μ¢μ· Î¨¢ ÕÉ¸Ö ¢μ±·Ê£ μ¸¨ x (´  ·¨¸. 3) ¨ ¶·¨Ìμ¤ÖÉ ¢ IP ¢ Ë §¥ ¸ ´ ¶· ¢²¥-
´¨Ö³¨ ¸¢μ¨Ì μ¸¥° ´ ¢¸É·¥ÎÊ ¤·Ê£ ¤·Ê£Ê. �¥§μ´ Éμ·Ò, Ê¸É ´μ¢²¥´´Ò¥ §  IP,
¢μ§¢· Ð ÕÉ μ·¨¥´É Í¨Õ ¸£Ê¸É±μ¢ ¢ ¨¸Ìμ¤´μ¥ ¶μ²μ¦¥´¨¥.

–¥²Ó ÔÉμ° μ¶¥· Í¨¨ Å ¶μ¤ ¢¨ÉÓ ¸¨´Ì·μ¡¥É É·μ´´Ò¥ ·¥§μ´ ´¸Ò (ÉμÎ´¥¥,
´ ·ÊÏ¨ÉÓ Ê¸²μ¢¨¥ ¨Ì ¢μ§¡Ê¦¤¥´¨Ö), ±μÉμ·Ò¥ ¢μ§´¨± ÕÉ ¶·¨ ¸Éμ²±´μ¢¥´¨¨
¸£Ê¸É±μ¢ ¶μ¤ Ê£²μ³. �¥§μ´ ´¸Ò, ¢ Éμ³ Î¨¸²¥ ¨ ´¥¢Ò¸μ±μ£μ ¶μ·Ö¤± , ¶μÖ¢²ÖÕÉ¸Ö
¨§-§  ±μ··¥²ÖÍ¨¨ ³¥¦¤Ê ¶μ¶¥·¥Î´μ° ±μμ·¤¨´ Éμ° Î ¸É¨ÍÒ ¢ ¸¨¸É¥³¥ ¢¸É·¥Î-
´μ£μ ¶ÊÎ±  (É. ¥. ¶μ¶¥·¥Î´μ£μ Ê¤ · ) ¨ ¶·μ¤μ²Ó´μ° ±μμ·¤¨´ ÉÒ. ˆ Ê¸É· ´Ö-
ÕÉ¸Ö μ´¨ ¶·¨³¥´¥´¨¥³ crab crossing.

‚Éμ·μ° ÔËË¥±É ¸²μ¦´¥¥. �·¨ Ê³¥´ÓÏ¥´¨¨ ¡¥É É·μ´´μ° ËÊ´±Í¨¨ (¸ Í¥-
²ÓÕ ¶μ¢ÒÏ¥´¨Ö ¸¢¥É¨³μ¸É¨) ¤μ · §³¥·  μ¡² ¸É¨ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢μ§¡Ê¦¤ -
ÕÉ¸Ö ´¥²¨´¥°´Ò¥ ¡¥É É·μ´´Ò¥ ·¥§μ´ ´¸Ò ¨§-§  ¢§ ¨³μ¤¥°¸É¢¨Ö Î ¸É¨ÍÒ ¸ ¶μ-
²¥³ ¢¸É·¥Î´μ£μ ¸£Ê¸É±  (¸³. É ±¦¥ ®ÔËË¥±É ¢¸É·¥Î¨¯, ¶. 3.1). „²Ö Ê¸É· ´¥-
´¨Ö ÔÉμ£μ ÔËË¥±É  �. � °³μ´¤¨ ¡Ò² ¶·¥¤²μ¦¥´ ³¥Éμ¤, ¶μ²ÊÎ¨¢Ï¨° ´ §¢ -
´¨¥ ®±· ¡μ¢Ò¥ É ²¨¨¯ (®crab waist¯) [13Ä15]. „²Ö ÔÉμ£μ ¶¥·¥¤ ¨ §  IP ´ 
μ¡μ¨Ì ±μ²ÓÍ Ì Ê¸É ´ ¢²¨¢ ÕÉ¸Ö ¸¶¥Í¨ ²Ó´Ò¥ ¸¥±¸ÉÊ¶μ²Ó´Ò¥ ²¨´§Ò, É ± ÎÉμ
¶μ¤ ¢²ÖÕÉ¸Ö ¡¥É É·μ´´Ò¥ ·¥§μ´ ´¸Ò, ¢μ§´¨± ÕÐ¨¥ ¨§-§  Éμ£μ ¦¥ ÔËË¥±É 
¢¸É·¥Î¨ ¶ÊÎ±μ¢.

∗Œ¥Éμ¤ ¶μ²ÊÎ¨² ¸¢μ¥ ´ §¢ ´¨¥ ¶μ  ´ ²μ£¨¨ ¸ ¤¢¨¦¥´¨¥³ ¸£Ê¸É±  ³¥¦¤Ê ®±· ¡μ¢Ò³¨¯ ·¥§μ-
´ Éμ· ³¨ ¨ ±· ¡ , ±μÉμ·Ò°, ± ± ¨§¢¥¸É´μ, ¤¢¨¦¥É¸Ö ¡μ±μ³ (®Ë¨§¨±¨ ÏÊÉÖÉ¯).
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Š ¸μ¦ ²¥´¨Õ, crab crossing ¨ crab waist ´¥¸μ¢³¥¸É¨³Ò, ¶·¨Ìμ¤¨É¸Ö ¢Ò¡¨-
· ÉÓ μ¤¨´ ³¥Éμ¤ ¨§ ¤¢ÊÌ Å ÉμÉ, ±μÉμ·Ò° ¢ ±μ´±·¥É´μ³ ¸²ÊÎ ¥ ¤ ¥É ¡�o²ÓÏÊÕ
¸¢¥É¨³μ¸ÉÓ. Š· ¡μ¢ Ö É¥Ì´¨±  Å μÉ²¨Î´μ¥ ·¥Ï¥´¨¥ ¤²Ö Ô²¥±É·μ´-¶μ§¨É·μ´-
´ÒÌ ±μ²² °¤¥·μ¢, ´μ ´¥ ¢¸¥£¤  ¶μ¤Ìμ¤¨É ¤²Ö ¨μ´´ÒÌ.

�μ¤·μ¡´μ¥ ¨§²μ¦¥´¨¥ ®±· ¡μ¢μ° É¥Ì´¨±¨¯ ¢ÒÌμ¤¨É §  · ³±¨ ¤ ´´μ°
¸É ÉÓ¨ (¸³., ´ ¶·¨³¥·, [16]).

1.7. ‘¨´Ì·μ´¨§ Í¨Ö ¸Éμ²±´μ¢¥´¨°. �¸¨³³¥É·¨Î´Ò° ±μ²² °¤¥· ¢¸É·¥Î-
´ÒÌ ¸£·Ê¶¶¨·μ¢ ´´ÒÌ ¶ÊÎ±μ¢ Ö¢²Ö¥É¸Ö ´ ¨¡μ²¥¥ ¸²μ¦´Ò³ ¢ ·¨ ´Éμ³ ¸ ÉμÎ±¨
§·¥´¨Ö ¸¨´Ì·μ´¨§ Í¨¨ ¸Éμ²±´μ¢¥´¨° ¤¢ÊÌ ¸£Ê¸É±μ¢ ÔÉ¨Ì ¶ÊÎ±μ¢. ‘Éμ²±´μ¢¥-
´¨Ö ¸£·Ê¶¶¨·μ¢ ´´ÒÌ ¶ÊÎ±μ¢ ¶·μ¨¸Ìμ¤ÖÉ ´  μ¤´μ³ ¨ Éμ³ ¦¥ ÊÎ ¸É±¥, μ¡Ð¥³
¤²Ö μ¡μ¨Ì ±μ²¥Í, ¥¸²¨ Î ¸ÉμÉÒ μ¡· Ð¥´¨Ö Î ¸É¨Í f1,2 ¨ Î¨¸²μ ¸£Ê¸É±μ¢ ¢ ¶ÊÎ-
± Ì (nbunch)1, 2 Ê¤μ¢²¥É¢μ·ÖÕÉ · ¢¥´¸É¢Ê

n1nbunch1f1 = n2nbunch2f2, (1.35)

£¤¥ n1, 2 Å Í¥²Ò¥ Î¨¸² . ‚ μ¶É¨³ ²Ó´μ³ ¢ ·¨ ´É¥ · §³¥·Ò ±μ²¥Í ¨ Ô´¥·£¨Ö
Î ¸É¨Í ¢Ò¡· ´Ò É ±, ÎÉμ n1 = n2 = 1. �·¨ ÔÉμ³ Î ¸ÉμÉ  ¸Éμ²±´μ¢¥´¨°

fcoll = nbunch1f1 = nbunch2f2. (1.36)

�Éμ ¨ ¥¸ÉÓ ¶ · ³¥É· nbunch f0 ¶·¨ ¸Éμ²±´μ¢¥´¨¨ ¤¢ÊÌ ¸£·Ê¶¶¨·μ¢ ´´ÒÌ ¶ÊÎ-
±μ¢ (¸³. (1.8), (1.11), (1.15) ¨ ¤ ²¥¥). “¸²μ¢¨¥ ¸¨´Ì·μ´¨§ Í¨¨ (1.35) ¢Ò¶μ²´Ö-
¥É¸Ö Éμ²Ó±μ ¤²Ö μ¶·¥¤¥²¥´´ÒÌ §´ Î¥´¨° Ô´¥·£¨¨ (¸±μ·μ¸É¥° v1, v2) ¸É ²±¨¢ -
ÕÐ¨Ì¸Ö Î ¸É¨Í:

v2 = v1
n1nbunch1

n2nbunch2

C2

C1
. (1.37)

�μ¸±μ²Ó±Ê ¶ · ³¥É·Ò n1,2 ¨ nbunch1,2 Å Í¥²Ò¥ Î¨¸² , ³¨´¨³ ²Ó´μ¥ ¨§³¥-
´¥´¨¥ Ô´¥·£¨¨ Î ¸É¨Í ¢μ§³μ¦´μ Éμ²Ó±μ ¸± Î±μμ¡· §´μ, ¸ Ï £μ³ Δn = 1.
‘± ´¨·μ¢ ´¨¥ ¸ ¡μ²¥¥ ³¥²±¨³ Ï £μ³ É·¥¡Ê¥É ¸¶¥Í¨ ²Ó´ÒÌ ³¥· ¶μ ¨§³¥´¥-
´¨Õ ¤²¨´Ò μ·¡¨ÉÒ μ¤´μ£μ ¨§ ¶ÊÎ±μ¢.

�Î¥¢¨¤´μ, ÎÉμ ¶·¨ · ¢´ÒÌ ¶¥·¨³¥É· Ì ±μ²¥Í ¨ · ¢´ÒÌ Î¨¸² Ì n1 =
n2, nbunch1 = nbunch2 ¸±μ·μ¸É¨ Î ¸É¨Í ¸²¥¤Ê¥É ¢Ò¡· ÉÓ · ¢´Ò³¨, ¨ ¸± ´¨-
·μ¢ ´¨¥ ¶μ ¸±μ·μ¸É¨ (´μ ´¥ ¶μ Ô´¥·£¨¨!) ¤μ¶Ê¸± ¥É¸Ö ¸ ¶·μ¨§¢μ²Ó´Ò³, ´μ
μ¤¨´ ±μ¢Ò³ Ï £μ³. Š·μ³¥ Éμ£μ, ¥¸²¨ μ¤¨´ ¨§ ¶ÊÎ±μ¢ ¨²¨ μ¡  · ¸¶ÊÐ¥´-
´Ò¥, É ±μ° ¶·μ¡²¥³Ò ´¥ ¸ÊÐ¥¸É¢Ê¥É. ‘± § ´´μ¥ μ¸μ¡¥´´μ ¸ÊÐ¥¸É¢¥´´μ ¤²Ö
¢¸É·¥Î´ÒÌ ¶ÊÎ±μ¢ Ê³¥·¥´´μ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Î ¸É¨Í, ÎÉμ ¨³¥¥É ³¥¸Éμ, ´ ¶·¨-
³¥·, ¢ Ô²¥±É·μ´-¨μ´´ÒÌ ±μ²² °¤¥· Ì [17].

�·¨ ¸Éμ²±´μ¢¥´¨¨ · ¸¶ÊÐ¥´´μ£μ ¶ÊÎ±  ¸μ ¸£·Ê¶¶¨·μ¢ ´´Ò³ fcoll =
nbunch f0, £¤¥ nbunch ¨ f0 Å ¶ · ³¥É·Ò ¸£·Ê¶¶¨·μ¢ ´´μ£μ ¶ÊÎ± ,   ¶·¨ ¸Éμ²±-
´μ¢¥´¨¨ ¤¢ÊÌ · ¸¶ÊÐ¥´´ÒÌ ¶ÊÎ±μ¢

fcoll = max {f1, f2},
£¤¥ f1, 2 Å Î ¸ÉμÉÒ μ¡· Ð¥´¨Ö Î ¸É¨Í ¶¥·¢μ£μ ¨ ¢Éμ·μ£μ ¶ÊÎ±μ¢.
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2. ��’ˆŒˆ‡�–ˆŸ ‘‚…’ˆŒ�‘’ˆ –ˆŠ‹ˆ—…‘Š�ƒ� Š�‹‹�‰„…��

2.1. �ËË¥±ÉÒ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  ¶ÊÎ±μ¢. �·μ¡²¥³  Ê¸Éμ°Î¨-
¢μ¸É¨ ¤¢¨¦¥´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ Í¨±²¨Î¥¸±¨Ì Ê¸±μ·¨É¥²ÖÌ ¤μ¸É ÉμÎ´μ
Ìμ·μÏμ ¨§ÊÎ¥´ , ¨ · §· ¡μÉ ´Ò · §²¨Î´Ò¥ ³¥Éμ¤Ò ¢μ§³μ¦´μ£μ ¶μ¤ ¢²¥´¨Ö
· §·ÊÏ ÕÐ¥£μ ¤¥°¸É¢¨Ö ´¥Ê¸Éμ°Î¨¢μ¸É¥°. ‘·¥¤¨ ´ ¨¡μ²¥¥ ¸¨²Ó´ÒÌ ¨ É·Ê¤´μ
¶μ¤ ¢²Ö¥³ÒÌ ´¥Ê¸Éμ°Î¨¢μ¸É¥° Å ÔËË¥±ÉÒ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤ , ¶·¨¢μ-
¤ÖÐ¨¥ ± ¸¤¢¨£Ê Î ¸ÉμÉ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° Î ¸É¨Í ¶μ¤ ¤¥°¸É¢¨¥³ ¸μ¡-
¸É¢¥´´μ£μ Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ¶ÊÎ±  (ÔËË¥±É ‹ ¸²¥ÉÉ ) ¨ ¶μ²Ö ¢¸É·¥Î-
´μ£μ ¶ÊÎ±  ¢ ±μ²² °¤¥· Ì (®ÔËË¥±É ¢¸É·¥Î¨¯ Å ®beamÄbeam effect¯). Œ¥Éμ¤
¢Ò¡μ·  μ¶É¨³ ²Ó´ÒÌ §´ Î¥´¨° ¶ · ³¥É·μ¢ ¶ÊÎ± , ³¨´¨³¨§¨·ÊÕÐ¨° ¤¥°¸É¢¨¥
ÔÉ¨Ì ¤¢ÊÌ ÔËË¥±Éμ¢, · ¸¸³μÉ·¥´ ¢ ¤ ´´μ³ · §¤¥²¥.

�ËË¥±É ‹ ¸²¥ÉÉ . � ¸¶·¥¤¥²¥´¨¥ ¶²μÉ´μ¸É¨ § ·Ö¤  ®£ Ê¸¸μ¢ ¯ ¸£Ê¸É± 
Î ¸É¨Í ¸ § ·Ö¤μ³ Ze μ¶¨¸Ò¢ ¥É¸Ö ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ Ëμ·³Ê²μ°

ρZ (x, y, s) = Zeρ(x, y, s). (2.1)

‡¤¥¸Ó ρ(x, y, s) Å · ¸¶·¥¤¥²¥´¨¥ ¶²μÉ´μ¸É¨ Î ¸É¨Í ¸£Ê¸É±  (1.1). ‚ ¤ ²Ó-
´¥°Ï¥³ · ¸¸³ É·¨¢ ¥³ ¸²ÊÎ ° ¤²¨´´ÒÌ ¸£Ê¸É±μ¢ σs 	 σx, σy, ¤²Ö ±μÉμ·ÒÌ
Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥ £ Ê¸¸μ¢  ¸£Ê¸É±  Ô²²¨¶É¨Î¥¸±μ£μ ¸¥Î¥´¨Ö ¸ ¶μ²Êμ¸Ö³¨ σx,
σy ¢ μ¡² ¸É¨ x � σx, y � σy μ¶¨¸Ò¢ ¥É¸Ö Ëμ·³Ê²μ°

Ex,y (s) =
2ρ0 (s)
σx + σy

×

⎧⎪⎨
⎪⎩

x

σx
, x Å ±μ³¶μ´¥´É ,

y

σy
, y Å ±μ³¶μ´¥´É ,

ρ0 (s) =
ZeN√
2πσs

e−s2
/2σ2

s .

(2.2)
�μ¤μ¡´ Ö Ëμ·³Ê²  ¶μ²ÊÎ¥´ , ¸É·μ£μ £μ¢μ·Ö, ¤²Ö ¶ÊÎ±μ¢ Ô²²¨¶É¨Î¥¸±μ£μ ¸¥-
Î¥´¨Ö ¨ ¸ ¶μ¸ÉμÖ´´μ° ¶²μÉ´μ¸ÉÓÕ (¸³., ´ ¶·¨³¥·, [18]). ‘É·μ£¨° ¢Ò¢μ¤
Ëμ·³Ê²Ò ¤²Ö ¶ÊÎ±μ¢ ¸ Ô²²¨¶É¨Î¥¸±¨³ ¸¥Î¥´¨¥³ ¨ £ Ê¸¸μ¢Ò³ · ¸¶·¥¤¥²¥´¨¥³
¶²μÉ´μ¸É¨ ¸²¨Ï±μ³ £·μ³μ§¤±¨° ¨ É·¥¡Ê¥É ¨¸¶μ²Ó§μ¢ ´¨Ö ¸¶¥Í¨ ²Ó´ÒÌ ËÊ´±-
Í¨°. �μÔÉμ³Ê ³Ò μ£· ´¨Î¨²¨¸Ó §¤¥¸Ó Ëμ·³Ê²¨·μ¢±μ° ·¥§Ê²ÓÉ É  ¨ Ê± § ´¨¥³
´  ¸μ¢¶ ¤¥´¨¥ ¤ ´´μ° Ëμ·³Ê²Ò ¶·¨ σx = σy ¸ Ëμ·³Ê²μ° ¤²Ö  ±¸¨ ²Ó´μ-
¸¨³³¥É·¨Î´μ£μ £ Ê¸¸μ¢  ¶ÊÎ± , ±μÉμ· Ö · ¸¸Î¨ÉÒ¢ ¥É¸Ö  ´ ²¨É¨Î¥¸±¨ ¤μ¸É -
ÉμÎ´μ ¶·μ¸Éμ ¶μ É¥μ·¥³¥ ƒ Ê¸¸ .

Œ £´¨É´μ¥ ¶μ²¥ ¸£Ê¸É±  ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ ¸¢Ö§ ´μ ¸ Ô²¥±É·¨Î¥¸±¨³
¶μ²¥³ ¨§¢¥¸É´Ò³ ¸μμÉ´μÏ¥´¨¥³ B = 1/c [v,E]. ‡¤¥¸Ó ¨ ¤ ²¥¥ ¢¸¥ ¢¥±Éμ·´Ò¥
¢¥²¨Î¨´Ò μ¡μ§´ Î¥´Ò ¦¨·´Ò³ Ï·¨ËÉμ³, v Å ¸±μ·μ¸ÉÓ ¸£Ê¸É± , ´ ¶· ¢²¥´´ Ö
¢¤μ²Ó μ¸¨ s.

‘¨² , ¤¥°¸É¢ÊÕÐ Ö ´  Î ¸É¨ÍÊ ¸£Ê¸É±  ¸μ ¸Éμ·μ´Ò ¶μ²Ö ¥¥ ¸£Ê¸É± , μ¶¨-
¸Ò¢ ¥É¸Ö ¢Ò· ¦¥´¨¥³

F = Ze

(
E +

1
c

[v, B]
)

= Ze
(
E− β2E⊥

)
, (2.3)
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β = v/c, c Å ¸±μ·μ¸ÉÓ ¸¢¥É . �μ¶¥·¥Î´ Ö ±μ³¶μ´¥´É  ¸¨²Ò F · ¢´ 

F⊥ =
Ze

γ2
E⊥, γ =

(
1 − β2

)−1/2
. (2.4)

“· ¢´¥´¨¥ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° Î ¸É¨ÍÒ ³ ¸¸Ò M ¢ Ëμ±Ê¸¨·ÊÕÐ¥° ¸¨-
¸É¥³¥ ±μ²ÓÍ  ±μ²² °¤¥·  ¸ ÊÎ¥Éμ³ ¤¥°¸É¢¨Ö ´  ´¥¥ ¶μ²Ö ¸£Ê¸É±  μ¶¨¸Ò¢ ¥É¸Ö
¢Ò· ¦¥´¨¥³

γM

[
d2x

dt2
+ Q2

xω2
0x

]
=

ZeEx

γ2
, (2.5)

£¤¥ Qx Å Î¨¸²μ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¶μ μ¸¨ x §  μ¤¨´ μ¡μ·μÉ Î ¸É¨ÍÒ
¢ ±μ²ÓÍ¥ (®¡¥É É·μ´´μ¥ Î¨¸²μ¯), ω0 Å Î ¸ÉμÉ  μ¡· Ð¥´¨Ö. ‚¢¥¤¥³ ¸¤¢¨£
Î ¸ÉμÉÒ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° Δqxω0 ¶μ¤ ¤¥°¸É¢¨¥³ x-±μ³¶μ´¥´ÉÒ ¸¨²Ò
F⊥ (2.4) ¨ ¶¥·¥¶¨Ï¥³ Ê· ¢´¥´¨¥ (2.5) ¢ ¢¨¤¥

d2x

dt2
= −

(
Q2

xω
2

0x − ZeEx

γ3M

)
.

‡ É¥³ ¶·¥¤¸É ¢¨³ ¶· ¢ÊÕ Î ¸ÉÓ ¢ ¢¨¤¥ − (Qx + Δqx)2ω2
0x. ˆ§ · ¢¥´¸É¢  ¤¢ÊÌ

¢Ò· ¦¥´¨° ¤²Ö ¶· ¢ÒÌ Î ¸É¥° ¶·¨ Ê¸²μ¢¨¨ s � σs, Δqx � Qx ´ Ìμ¤¨³

Δqx ≈ − ZeEx

2Qxγ3Mω2
0x

= − Z2Nrp

γ3A〈σx(σx + σy)〉
1

Qxω2
0

√
2πσs

. (2.6)

‡¤¥¸Ó ³Ò ¨¸¶μ²Ó§μ¢ ²¨ · ¢¥´¸É¢  ω0 = 2π/T0 = 2π(Cring/βc) ¨ μ¡μ§´ Î¥´¨Ö:
N Å Î¨¸²μ Î ¸É¨Í ¢ ¸£Ê¸É±¥ (¶ÊÎ±¥); rp = e2/mpc

2 = 1,535 · 10−16 ¸³ Å
±² ¸¸¨Î¥¸±¨° · ¤¨Ê¸ ¶·μÉμ´ ; mp ≈ 938 ŒÔ‚/c2 Å ³ ¸¸  ¶·μÉμ´  (´Ê±²μ´ );
A Å ³ ¸¸  Î ¸É¨ÍÒ ¢  Éμ³´ÒÌ ¥¤¨´¨Í Ì. ‡ É¥³ ³Ò ¨¸¶μ²Ó§μ¢ ²¨ · ¢¥´¸É¢ ,
¢ ±μÉμ·ÒÌ 〈Bx〉 ¥¸ÉÓ ¸·¥¤´¥¥ ¶μ ¶¥·¨³¥É·Ê ±μ²ÓÍ  §´ Î¥´¨¥ x-¡¥É É·μ´´μ°
ËÊ´±Í¨¨, εx − x-Ô³¨ÉÉ ´¸¥ ¶ÊÎ± . �±μ´Î É¥²Ó´μ ¶μ²ÊÎ ¥³ (¸³. É ±¦¥ [19]) ∗

Δqx = − Z2Nrpkbunch〈Bx〉
2πβ2γ3A〈σx(σx + σy)〉 =

=
Z2Nrp

2πβ2γ3A

√
Bx√

εx(
√

εx〈Bx〉 +
√

εy〈By〉)
kbunch,

kbunch ≡ Cring√
2πσs

.

(2.7)

Δqy ´ Ìμ¤¨³ § ³¥´μ° x ↔ y.

∗�É  Ëμ·³Ê²  ¸¶· ¢¥¤²¨¢  ¤²Ö Ô²¥±É·μ´μ¢ (¶μ§¨É·μ´μ¢) ¶·¨ A = 1 ¨ § ³¥´¥ rp ´  re Å
±² ¸¸¨Î¥¸±¨° · ¤¨Ê¸ Ô²¥±É·μ´ .
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�·¨ Ê¸²μ¢¨ÖÌ Bx = By, εx = εy = ε ¶·¨Ìμ¤¨³ ± ±² ¸¸¨Î¥¸±μ° Ëμ·³Ê²¥
‹ ¸²¥ÉÉ  [20] ¤²Ö ±·Ê£²ÒÌ £ Ê¸¸μ¢ÒÌ ¶ÊÎ±μ¢:

Δq = −Z2

A

rpN

4πβ2γ3ε
kbunch. (2.8)

„²Ö · ¸¶ÊÐ¥´´ÒÌ ¶ÊÎ±μ¢ ¢ Ëμ·³Ê² Ì (2.7), (2.8) ¤μ¸É ÉμÎ´μ ¶μ²μ¦¨ÉÓ
kbunch = 1, ¢ Î¥³ ³μ¦´μ Ê¡¥¤¨ÉÓ¸Ö, ¶μ¢Éμ·¨¢ ¢Ò±² ¤±¨ (2.3)Ä(2.8) ¤²Ö ρ(x,
y, s) (1.2) ¶·¨ x � σx, y � σy.

�ËË¥±É ¢¸É·¥Î¨. — ¸É¨Í  1, ¶¥·¥¸¥± Ö ¢¸É·¥Î´Ò° ¸£Ê¸Éμ± Î ¸É¨Í 2, ²¥-
ÉÖÐ¨° ¥° ´ ¢¸É·¥ÎÊ, ¶μ²ÊÎ ¥É ¶μ¤ ¤¥°¸É¢¨¥³ Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ¸£Ê¸É± 
¶·¨· Ð¥´¨¥ ¨³¶Ê²Ó¸ 

Δp12 =

∞∫
−∞

F12(t) dt,

£¤¥ (¸³. (2.3))

F12 = Z1e

(
E2 +

1
c2

[v1 [v2,E2]]
)

= Z1e (E2 − (β1, β2)E⊥2) .

‡¤¥¸Ó ¢¥±Éμ·Ò β1,2 = v1,2/c; E2 Å ¢¥±Éμ· Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¸£Ê¸É±  2
¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ ¢ ÉμÎ±¥ ´ Ìμ¦¤¥´¨Ö Î ¸É¨ÍÒ 1; E⊥2 Å ¥£μ ±μ³¶μ-
´¥´É , ¶μ¶¥·¥Î´ Ö μ¸¨ s.

‡ ¢¨¸¨³μ¸ÉÓ ¶μ¶¥·¥Î´ÒÌ ±μμ·¤¨´ É Î ¸É¨ÍÒ 1 ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥-
³¥ xα1(t) μÉ ¢·¥³¥´¨ ´ Ìμ¤¨³, ¨¸¶μ²Ó§ÊÖ ¨´¢ ·¨ ´É (xα1(t))2/Bα1(s(t))
(¸³. ·¨¸. 1 ¨ Ëμ·³Ê²Ê (1.6)):

xα1 (s(t)) = xα1 (0)

√
1 +

(
s(t)
B∗

α1

)2

. (2.9)

�·μ¤μ²Ó´ Ö ±μμ·¤¨´ É  s(t) μ¶·¥¤¥²¥´  ¢ (1.7), B∗
α1 = Bα1(0) (1.6). Šμμ·-

¤¨´ ÉÒ Î ¸É¨ÍÒ 1 μÉ´μ¸¨É¥²Ó´μ Í¥´É·  ¸£Ê¸É±  2 ´ Ìμ¤¨³, ¢μ¸¶μ²Ó§μ¢ ¢Ï¨¸Ó
·¨¸. 1 ¨ · ¢¥´¸É¢ ³¨ (1.7) ¨ (1.9):

xα2 (t) = xα1 (t) , η2 (η, s0) = η + V s0. (2.10)

�·¨· Ð¥´¨¥ ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ ¢ ¶²μ¸±μ¸É¨ (x, s) μ¶·¥¤¥²ÖÉcÖ x-±μ³¶μ-
´¥´Éμ° ¸¨²Ò F12:

Fx12 = Z1e (1 − (β1, β2))Ex2(t). (2.11)

Šμ³¶μ´¥´ÉÊ Ex2 ¶μ²Ö ¸£Ê¸É±  2 ¢ ÉμÎ±¥ (x1, 0, s(t)) ´ Ìμ¤¨³ ¨§ (2.2):

Ex2 (t) =
2Z2eN2

σx2(t) (σx2(t) + σy2(t))
√

2πσs2

exp
(
−η2

2(t)
2σ2

s2

)
x1 (t) . (2.12)
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�μ¶¥·¥Î´Ò¥ ®σ-· §³¥·Ò¯ ¸£Ê¸É±  2 ´  ±μμ·¤¨´ É¥ s(t) Å σx2(t) ¨ σy2(t) Å
μ¶·¥¤¥²¥´Ò ¢ (1.5), (1.6) ¤²Ö §´ Î¥´¨° ¡¥É -ËÊ´±Í¨° Bα2(s) Î ¸É¨Í ¸£Ê¸É± 
2 ¢ ÉμÎ±¥ (x1(t), 0, s(t)) Å ±μμ·¤¨´ É¥ Î ¸É¨ÍÒ 1 (2.9) ¢ Éμ° ¦¥ ÉμÎ±¥.
�É³¥É¨³, ÎÉμ ¢ ÉμÎ±¥ s(t) Î ¸É¨ÍÒ 2 ¨ 1 ´ Ìμ¤ÖÉ¸Ö ¢ ³μ³¥´É ¢·¥³¥´¨

t (s, η) =
s − η

v1
.

�Éμ · ¢¥´¸É¢μ ¶μ§¢μ²Ö¥É ¶·¥μ¡· §μ¢ ÉÓ § ¢¨¸¨³μ¸ÉÓ ¶ · ³¥É·μ¢ μÉ ¢·¥³¥´¨
± § ¢¨¸¨³μ¸É¨ μÉ s.

‡  μ¤´μ ¸Éμ²±´μ¢¥´¨¥ Î ¸É¨Í  1 ¶μ²ÊÎ ¥É ¶μ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸ (Ê¸·¥¤-
´¥´´Ò° ¶μ ³´μ£¨³ μ¡μ·μÉ ³ (!))

Δpx12(η) =

t2∫
−t1

Fx12 (s(t)) dt =
4Z1Z2e

2N2

σs2

1 − (β1, β2)
β1c

Φ(η),

Φ(η) =
1√
2π

lD∫
−lD

x1(s)
σx2(s) (σx2(s) + σy2(s))

exp

[
−1

2

(
η2 (η, s)

σs2

)2
]

ds.

(2.13)

Šμμ·¤¨´ É  x1(s) μ¶·¥¤¥²¥´  ¢ (2.9), ¶ · ³¥É·Ò σα2(s) Å ¢ (1.5), (1.6).
�·¨ ³´μ£μ±· É´μ³ ¶¥·¥¸¥Î¥´¨¨ Î ¸É¨Í¥° 1 ¢¸É·¥Î´μ£μ ¸£Ê¸É±  2 ¢μ§´¨-

± ¥É ¸¤¢¨£ Î ¸ÉμÉÒ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ξ12 (¶·¨´ÖÉμ¥ μ¡μ§´ Î¥´¨¥). �Éμ
¨ ¥¸ÉÓ ®¶ · ³¥É· ÔËË¥±É  ¢¸É·¥Î¨¯, ¨²¨ ®beamÄbeam (BB) tune shift¯.

‚¥²¨Î¨´Ê ξ12 ³μ¦´μ ´ °É¨ ¢ ¶·¨¡²¨¦¥´¨¨ Éμ´±μ° ²¨´§Ò, ¢ÒÎ¨¸²¨¢ ³ -
É·¨ÍÊ ¶¥·¥Ìμ¤  ¤²Ö μ¡μ·μÉ  Î ¸É¨ÍÒ ¢ ±μ²ÓÍ¥ ±μ²² °¤¥·  ¸ ÊÎ¥Éμ³ ¢μ§-
³ÊÐ¥´¨Ö ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ Ô²¥±É·μ³ £´¨É´Ò³ ¶μ²¥³ ¢¸É·¥Î´μ£μ ¸£Ê¸É±  2
(¸³. ¶·¨²μ¦¥´¨¥). ‡´ Ö ¶·¨· Ð¥´¨¥ ¶μ¶¥·¥Î´μ° ±μ³¶μ´¥´ÉÒ ¨³¶Ê²Ó¸  Î -
¸É¨ÍÒ Δpx12 (2.13) ¨ ¶·¥´¥¡·¥£ Ö ¨§³¥´¥´¨¥³ ±μμ·¤¨´ ÉÒ x1 §  μ¤¨´ ¶·μ²¥É
¸±¢μ§Ó ¸£Ê¸Éμ± 2, ³μ¦´μ § ³¥´¨ÉÓ ¸£Ê¸Éμ± 2 Éμ´±μ° ²¨´§μ° ¸ Ëμ±Ê¸´Ò³ · ¸-
¸ÉμÖ´¨¥³ fBB:

1
fBB

=
1

x1(0)
Δpx12

p1
, x1(0) =

√
εx1B∗

x1. (2.14)

‡¤¥¸Ó B∗
x1 Å §´ Î¥´¨¥ ¡¥É É·μ´´μ° ËÊ´±Í¨¨ ¢ ÉμÎ±¥ ¢¸É·¥Î¨ ¢ μÉ¸ÊÉ¸É¢¨¥

®¢μ§³ÊÐ ÕÐ¥°¯ Éμ´±μ° ²¨´§Ò. ‘¤¢¨£ Ë §Ò ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¶·¨ ± ¦-
¤μ³ ¶¥·¥¸¥Î¥´¨¨ ¸μ¸É ¢²Ö¥É (Ëμ·³Ê²  (�. 3) ¢ ¶·¨²μ¦¥´¨¨)

Δϕ =
B∗

x1

2fBB
. (2.15)

�Éμ³Ê ¸¤¢¨£Ê Ë §Ò ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¸μμÉ¢¥É¸É¢Ê¥É ¸¤¢¨£ ¨Ì Î ¸ÉμÉÒ

ξx12 =
Δϕ

2π
=

B∗
x1

4π

1
x1(0)

Δpx12

p1
.
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�μ¤¸É ¢²ÖÖ ¸Õ¤  §´ Î¥´¨¥ fBB (2.14) ¨ Δpx12 (2.13), ´ Ìμ¤¨³

ξx12(η) =
Z1Z2

A1

rpN2

2πεx2

1 − (β1, β2)
β2

1γ1

B∗
x1

B∗
x2

Φx12(η), (2.16)

Φx12(η) =

=
1√
2π

lD∫
−lD

√
1 +

(
s

B∗
x1

)2

√
1 +

(
s

B∗
x2

)2
⎛
⎝
√

1 +
(

s

B∗
x2

)2

+

√
εy2B

∗
y2

εx2B∗
x2

√√√√1+

(
s

B∗
y2

)2
⎞
⎠
×

× exp

[
−1

2

(
η2 (η, s)

σs2

)2
]

ds

σs2
.

�μ¤Î¥·±´¥³, ÎÉμ Ëμ·³Ê²  (2.16) ¤ ¥É  ¡¸μ²ÕÉ´μ¥ §´ Î¥´¨¥ BB-¶ · ³¥É-
· . � ¢Ò¡μ·¥ ¥£μ §´ ±  ¸± § ´μ ´¨¦¥, ¢ ´ Î ²¥ ¶. 2.2.

� · ³¥É· Φx12(η), ¢ μÉ²¨Î¨¥ μÉ Φ(η) (2.13), ¶·¨¢¥¤¥´ §¤¥¸Ó ± ¡¥§· §-
³¥·´μ³Ê ¢¨¤Ê. Š·μ³¥ Éμ£μ, μ´ § ¶¨¸ ´ Î¥·¥§ Ô³¨ÉÉ ´¸Ò ¨ ¡¥É -ËÊ´±Í¨¨
¶ÊÎ±μ¢, ÎÉμ Ê¤μ¡´μ ¶·¨ Î¨¸²¥´´ÒÌ · ¸Î¥É Ì. �ÉμÉ ¶ · ³¥É· Ö¢²Ö¥É¸Ö  ´ ²μ-
£μ³ ¨§¢¥¸É´μ£μ ®¶ · ³¥É·  ¶¥¸μÎ´ÒÌ Î ¸μ¢¯ (1.19) ¢ Ëμ·³Ê² Ì ¸¢¥É¨³μ¸É¨.
� · ³¥É·Ò ÔËË¥±É  ¢¸É·¥Î¨ ¤²Ö y-¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ξy12 ¨ Φy12 ¶μ²ÊÎ¨³ ¨§
(2.16) § ³¥´μ° x � y. „²Ö μÍ¥´±¨ ÔËË¥±É  ¢¸É·¥Î¨ ¤μ¸É ÉμÎ´μ · ¸¸³μÉ·¥ÉÓ
¸²ÊÎ ° η � σs. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¶ · ³¥É· Φx12 ´¥ § ¢¨¸¨É μÉ η ¨ ¸É ´μ¢¨É¸Ö
±μ´¸É ´Éμ°. ‡¤¥¸Ó, ± ± ¨ ¢ Ëμ·³Ê² Ì ¸¢¥É¨³μ¸É¨ ¢ · §¤. 1, ¸²¥¤Ê¥É ¶·¨´ÖÉÓ
lD = 3B∗ (1.31) ¤²Ö ¸μμ¸´ÒÌ ¶ÊÎ±μ¢ ¨ (1.33), (1.34) ¤²Ö ¶¥·¥¸¥± ÕÐ¨Ì¸Ö.

�É³¥É¨³, ÎÉμ Ëμ·³Ê²  (2.16) μÉ²¨Î ¥É¸Ö μÉ ¢¸É·¥Î ÕÐ¨Ì¸Ö ¢ ²¨É¥· ÉÊ·¥:
¢ ´¨Ì μÉ¸ÊÉ¸É¢Ê¥É ¶ · ³¥É· Φx12 (¶μ ±· °´¥° ³¥·¥,  ¢Éμ·Ê ´¥ Ê¤ ²μ¸Ó μ¡´ -
·Ê¦¨ÉÓ Ëμ·³Ê²Ò, ¸μ¤¥·¦ Ð¨¥ ÔÉμÉ ¶ · ³¥É·) (¸³., ´ ¶·¨³¥·, [21]).

‚ ¸²ÊÎ ¥ μ¤¨´ ±μ¢ÒÌ ¢¸É·¥Î´μ-¢¸É·¥Î´ÒÌ  ±¸¨ ²Ó´μ-¸¨³³¥É·¨Î´ÒÌ ¶ÊÎ-
±μ¢ ¸ Î ¸É¨Í ³¨ · ¢´ÒÌ ¸±μ·μ¸É¥° ¨ · ¢´ÒÌ Ô³¨ÉÉ ´¸μ¢ ¢  ±¸¨ ²Ó´μ-¸¨³³¥É-
·¨Î´μ° Ëμ±Ê¸¨·ÊÕÐ¥° ¸¨¸É¥³¥ ±μ²² °¤¥· 

Z1 = Z2 = Z, A1 = A2 = A, v1 = −v2, β1 = −β2 ≡ β, V = 2,

εx1 = εx2 = εy1 ≡ ε, σs1 = σs2 ≡ σs, (2.17)

B∗
x1 = B∗

y1 = B∗
x2 = B∗

y2 ≡ B∗,

¢Ò· ¦¥´¨Ö (2.15), (2.16) §´ Î¨É¥²Ó´μ Ê¶·μÐ ÕÉ¸Ö: ¶ · ³¥É·Ò ξ ¤²Ö μ¡μ¨Ì
¶ÊÎ±μ¢ ¸μ¢¶ ¤ ÕÉ ¨ · ¢´Ò

ξx (η) = ξy(η) =
Z2

A

rpN2

4πε

1 + β2

β2γ
λ0Φx(η),
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Φx,y12 (η = 0) =
1
α

1√
2π

lD/B∗∫
−lD/B∗

1√
1 + χ2

e−2(χ/α)2 dχ =

=
1√
2π

lD/σs∫
−lD/σs

1√
1 + (αu)2

e−2u2
du, (2.18)

α =
σs

B∗ , χ =
s0

B∗ , u =
s0

σs
.

�·¨ σs → 0 ¨³¥¥³ α → 0 ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ¶μ²ÊÎ ¥³

Φx,y12 (η = 0) → 1√
2π

∞∫
−∞

e−2u2
du = 1.

‘ ·μ¸Éμ³ Ô³¨ÉÉ ´¸  ËÊ´±Í¨Ö Φx,y12 ³μ´μÉμ´´μ Ê¡Ò¢ ¥É ¨ · ¢´  0,913 ¶·¨
α = 1 ¨ 0,554 ¶·¨ α = 5.

�ËË¥±É ¢¸É·¥Î¨ Î ¸É¨ÍÒ ¸ · ¸¶ÊÐ¥´´Ò³ ¶ÊÎ±μ³ μ¶¨¸Ò¢ ¥É¸Ö ¢Ò· ¦¥-
´¨Ö³¨ (2.16), (2.18), ¢ ±μÉμ·ÒÌ ¤²¨´  ¸£Ê¸É±  σs ¶·¨´ÖÉ  · ¢´μ° ¶¥·¨³¥É·Ê
±μ²ÓÍ  Cring (¸³. ¶. 3.2).

�É³¥É¨³, ÎÉμ ¡¥É É·μ´´Ò¥ ¸¤¢¨£¨ Δq ¨ ξ § ¢¨¸ÖÉ μÉ Ô´¥·£¨¨ Î ¸É¨Í Î¥·¥§
²μ·¥´Í-Ë ±Éμ·Ò β ¨ γ.

2.2. �¶É¨³¨§ Í¨Ö ¸¢¥É¨³μ¸É¨ ±μ²² °¤¥· . ‚ ¨μ´´ÒÌ ±μ²² °¤¥· Ì μ¡ 
¸¤¢¨£  ¡¥É É·μ´´ÒÌ Î ¸ÉμÉ, Δq ¨ ξ, ¨³¥ÕÉ μÉ·¨Í É¥²Ó´μ¥ §´ Î¥´¨¥. �ÉμÉ Ë ±É
¨³¥¥É ¶·μ¸Éμ° Ë¨§¨Î¥¸±¨° ¸³Ò¸²: Î ¸É¨ÍÒ μ¡μ¨Ì ¢¸É·¥Î´ÒÌ ¸£Ê¸É±μ¢ ¨³¥ÕÉ
¶μ²μ¦¨É¥²Ó´Ò° § ·Ö¤ (§  ¨¸±²ÕÎ¥´¨¥³ ®Ô±§μÉ¨Î¥¸±μ£μ¯ ¸²ÊÎ Ö μÉ·¨Í É¥²Ó´μ
§ ·Ö¦¥´´ÒÌ ¨μ´μ¢ μ¤´μ£μ ¨§ ¶ÊÎ±μ¢). �μÔÉμ³Ê ¸¨²  ¶·μ¸É· ´¸É¢¥´´μ£μ § -
·Ö¤  ± ± ¸μ¡¸É¢¥´´μ£μ ¸£Ê¸É± , É ± ¨ ¢¸É·¥Î´μ£μ μÉÉ ²±¨¢ ÕÐ Ö, ´ ¶· ¢²¥´ 
´ ·Ê¦Ê μÉ ¨Ì μ¸¨. �É¨³ ¨ μ¶·¥¤¥²Ö¥É¸Ö μÉ·¨Í É¥²Ó´Ò° §´ ± ¸¤¢¨£  Î ¸ÉμÉ
(¸³. Ëμ·³Ê²Ò (2.5), (2.6)). ˆ´ Î¥ μ¡¸Éμ¨É ¤¥²μ ¢ Ô²¥±É·μ´-¨μ´´ÒÌ, Ô²¥±É·μ´-
¶μ§¨É·μ´´ÒÌ ¨ ¶·μÉμ´- ´É¨¶·μÉμ´´ÒÌ ±μ²² °¤¥· Ì. ’ ³ ¸¨²  ¢¸É·¥Î´μ£μ
¶ÊÎ±  ¶·¨ÉÖ£¨¢ ÕÐ Ö, ¨ ¶ · ³¥É· ξ ¨³¥¥É ¶μ²μ¦¨É¥²Ó´μ¥ §´ Î¥´¨¥. ’¥³ ´¥
³¥´¥¥ μ¡  ÔËË¥±É  · ¡μÉ ÕÉ ´¥§ ¢¨¸¨³μ, ¨ ± ·É¨´  · §¢¨É¨Ö ´¥Ê¸Éμ°Î¨¢μ¸É¨
¶ÊÎ±  ¶·¨ ¶·¨¡²¨¦¥´¨¨ ¡¥É É·μ´´μ° Î ¸ÉμÉÒ ± ·¥§μ´ ´¸´μ³Ê §´ Î¥´¨Õ ¤μ-
¸É ÉμÎ´μ ¸²μ¦´ Ö. �μÔÉμ³Ê ¤²Ö ¶·μ¸ÉÒÌ μÍ¥´μ± ¢ ± Î¥¸É¢¥ ±·¨É¥·¨Ö Ê¸Éμ°-
Î¨¢μ¸É¨ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ³μ¦´μ ¢Ò¡· ÉÓ É·¥¡μ¢ ´¨¥, ÎÉμ¡Ò ¸Ê³³ 
³μ¤Ê²¥° ¸¤¢¨£μ¢ ¡¥É É·μ´´ÒÌ Î¨¸¥² ´¥ ¶·¥¢ÒÏ ²  ³ ±¸¨³ ²Ó´μ£μ §´ Î¥´¨Ö:

|Δq| + |ξ| � ΔQmax.

‚ ¤ ²Ó´¥°Ï¥³ ³Ò ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ, ¤²Ö ±· É±μ¸É¨ ¨§²μ¦¥´¨Ö, μ¡μ§´ Î¥´¨Ö
Δq ≡ |Δq| ξ ≡ |ξ|.
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ˆ§ ¶· ±É¨±¨ ¨§¢¥¸É´μ, ÎÉμ ¨´É¥´¸¨¢´Ò° ¶ÊÎμ± Ê¸Éμ°Î¨¢ (¶·¨ ¶·μÎ¨Ì
¢Ò¶μ²´¥´´ÒÌ Ê¸²μ¢¨ÖÌ), ¥¸²¨

ΔQ � 0,05. (2.19)

�Éμ ¶¥·¢Ò° ±·¨É¥·¨° μ¶É¨³¨§ Í¨¨. �·¨ ¢Ò¡μ·¥ μ¶É¨³ ²Ó´ÒÌ §´ Î¥´¨° ¶ · -
³¥É·μ¢ ¶ÊÎ±μ¢ ±μ²² °¤¥·  ¤μ¸É ÉμÎ´μ μ¡¥¸¶¥Î¨ÉÓ ¢Ò¶μ²´¥´¨¥ ÔÉμ£μ Ê¸²μ¢¨Ö
¤²Ö ´ ¨¡μ²ÓÏ¥° ¨§ ¤¢ÊÌ ¶ · ¶ · ³¥É·μ¢ Δqx, ξx ¨ Δqy, ξy. 	Ê¤¥³ ¸Î¨É ÉÓ,
ÎÉμ ´ ¨¡μ²ÓÏ¨¥ §´ Î¥´¨Ö ¨³¥ÕÉ x-¶ · ³¥É·Ò (¸²ÊÎ ° σx � σy), ¶μÔÉμ³Ê
¤ ²ÓÏ¥ · ¸¸³ É·¨¢ ¥³ § ¤ ÎÊ μ¶É¨³¨§ Í¨¨ ¨³¥´´μ ÔÉ¨Ì ¶ · ³¥É·μ¢.

�·¥¤¸É ¢¨³ ¶ · ³¥É·Ò ¶¥·¢μ£μ ¶ÊÎ±  Δq1 (2.7) ¨ ξ12 (2.15), (2.16) ¢ ¢¨¤¥

Δqx1 =
Z2

1

A1
N1ax1, ξx12 =

Z1Z2

A1
N2bx1,

ax1 =
rp

πβ2
1γ3

1

√
〈Bx1〉kbunch1

√
εx1

(√
εx1〈Bx1〉 +

√
εy1〈By1〉

) ,

bx1 =
rp

2πεx2

1 − (β1, β2)
β2

1γ1

B∗
x1

B∗
x2

Φx12(η)

(2.20)

¨,  ´ ²μ£¨Î´μ, ¶ · ³¥É·Ò ¢Éμ·μ£μ ¶ÊÎ±  Δq2 ¨ ξ21, § ³¥´¨¢ 1 � 2. ‡ É¥³
§ ¶¨Ï¥³ ¤¢  Ê· ¢´¥´¨Ö

Δqx1 + ξx12 = ΔQx1,

Δqx2 + ξx21 = ΔQx2.
(2.21)

’¥¶¥·Ó ³μ¦´μ, ± § ²μ¸Ó ¡Ò, ¶μÉ·¥¡μ¢ ¢ ¢Ò¶μ²´¥´¨Ö Ê¸²μ¢¨Ö (2.19) ¤²Ö μ¡μ¨Ì
¶ÊÎ±μ¢ (ΔQ1,2 � 0,05) ¨ § ¶¨¸ ¢ ¶ · ³¥É·Ò Δq ¨ ξ ¢ ¢¨¤¥ (2.20), ¶μ²ÊÎ¨ÉÓ
¸¨¸É¥³Ê ¤¢ÊÌ  ²£¥¡· ¨Î¥¸±¨Ì Ê· ¢´¥´¨° μÉ´μ¸¨É¥²Ó´μ ´¥¨§¢¥¸É´ÒÌ N1 ¨ N2:

Z2
1

A1
ax1N1 +

Z1Z2

A1
bx1N2 = ΔQx1,

Z2
2

A2
ax2N2 +

Z1Z2

A2
bx2N1 = ΔQx2.

(2.22)

�É³¥É¨³, ÎÉμ ÔÉ¨ Ê· ¢´¥´¨Ö ¸¢Ö§ ´Ò ³¥¦¤Ê ¸μ¡μ° Î¥·¥§ ¶ · ³¥É·Ò ÔË-
Ë¥±É  ¢¸É·¥Î¨ Å ξx12 ¨ ξx21. �¤´ ±μ ¶·¨ ¶μ¶ÒÉ±¥ ·¥Ï¨ÉÓ ®¢ ²μ¡¯ ÔÉÊ
¸¨¸É¥³Ê Ê· ¢´¥´¨° ¢ÒÖ¸´Ö¥É¸Ö, ÎÉμ ¶·¨ μ¶·¥¤¥²¥´´ÒÌ §´ Î¥´¨ÖÌ Ô´¥·£¨¨ ¤¥-
É¥·³¨´ ´É ¸¨¸É¥³Ò μ¡· Ð ¥É¸Ö ¢ ´Ê²Ó, ÎÉμ μ§´ Î ¥É μÉ¸ÊÉ¸É¢¨¥ ·¥Ï¥´¨Ö.
�μÔÉμ³Ê μ¶É¨³¨§ Í¨Õ ¶ · ³¥É·μ¢ ¶ÊÎ±μ¢ ¶·¨Ìμ¤¨É¸Ö ¶·μ¨§¢μ¤¨ÉÓ, ¨¸Ìμ¤Ö ¨§
Ë¨§¨Î¥¸±¨Ì ¨ μÎ¥¢¨¤´ÒÌ ³ É¥³ É¨Î¥¸±¨Ì ¸μμ¡· ¦¥´¨°.
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�·¨³¥³, ÎÉμ μ¡  ±μ²ÓÍ  ±μ²² °¤¥·  ¨ ¢¸É·¥Î´Ò¥ ¶ÊÎ±¨ 1 ¨ 2 ®´ ¸É·μ¥´Ò¯
É ±, ÎÉμ ¨Ì ² ¸²¥ÉÉμ¢¸±¨¥ ¸¤¢¨£¨ · ¢´Ò (¢Éμ·μ¥ Ê¸²μ¢¨¥ μ¶É¨³¨§ Í¨¨):

Δqx1 = Δqx2 ≡ Δqx. (2.23)

’μ£¤  Î¨¸²μ Î ¸É¨Í ¢ ¸£Ê¸É± Ì ÔÉ¨Ì ¶ÊÎ±μ¢ Ê¤μ¢²¥É¢μ·Ö¥É ¸μμÉ´μÏ¥´¨Õ
(¸³. (2.20))

N1

N2
=

A1

Z2
1

Z2
2

A2

ax2

ax1
. (2.24)

�μ¤¸É ¢¨¢ N1/N2 (2.24) ¢ μÉ´μÏ¥´¨¥ ¶ · ³¥É·μ¢ Δq/ξ, ´ °¤¥³

Δqx

ξx12
= λ0

ax2

bx1
,

Δqx

ξx21
=

1
λ0

ax1

bx2
. (2.25)

�É¨ ¸μμÉ´μÏ¥´¨Ö ¶μ§¢μ²ÖÕÉ ¨¸±²ÕÎ¨ÉÓ ¨§ Ê· ¢´¥´¨° (2.21) ¶ · ³¥É·Ò ξx12,
ξx21, ¨ ¸¨¸É¥³  Ê· ¢´¥´¨° (2.22) ¸μ¤¥·¦¨É Éμ²Ó±μ É·¨ ´¥¨§¢¥¸É´ÒÌ Å Δqx,
ΔQx1 ¨ ΔQx2:

Δqx

(
1 +

bx1

λ0ax2

)
= ΔQx1,

Δqx

(
1 +

λ0bx2

ax1

)
= ΔQx2.

(2.26)

�É¸Õ¤  ¸²¥¤Ê¥É É ±¦¥, ÎÉμ ¸¤¢¨£¨ ΔQx1 ¨ ΔQx2 ´¥ Ö¢²ÖÕÉ¸Ö ´¥§ ¢¨¸¨³Ò³¨
¶ · ³¥É· ³¨. ‚Ò¡· ¢, ´ ¶·¨³¥·, §´ Î¥´¨¥ ΔQx1, ³Ò μ¤´μ§´ Î´μ μ¶·¥¤¥²Ö¥³
§´ Î¥´¨Ö Δqx ¨ ΔQx2:

Δqx =
λ0ax2

λ0ax2 + bx1
ΔQx1, ΔQx2 =

ax1 + λ0bx2

λ0ax2 + bx1

λ0ax2

ax1
ΔQx1. (2.27)

‡ É¥³ ¨§ (2.25) ´ Ìμ¤¨³ ξx12, ξx21 ¨ ¨§ (2.20) §´ Î¥´¨Ö N1, N2. ’ ±¨³ μ¡· -
§μ³, μ¶·¥¤¥²¥´Ò ¢¸¥ ¶ · ³¥É·Ò, ´¥μ¡Ìμ¤¨³Ò¥ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¸¢¥É¨³μ¸É¨.

‚μμ¡Ð¥ £μ¢μ·Ö, ¶¥·¢Ò° ±·¨É¥·¨° ³μ¦¥É ´ ·ÊÏ ÉÓ¸Ö, É ± ÎÉμ ËÊ´±Í¨Ö
ΔQx2(Eion) ¶·¥¢Ò¸¨É ¢Ò¡· ´´μ¥ ¶·¥¤¥²Ó´μ¥ §´ Î¥´¨¥ (´ ¶·¨³¥·, 0,05).
‚ ÔÉμ³ ¸²ÊÎ ¥ ¶·¨Ìμ¤¨É¸Ö ¸´¨¦ ÉÓ §´ Î¥´¨¥ ΔQx1, ¶μ±  ΔQx2 ´¥ μ¶Ê¸É¨É¸Ö
´¨¦¥ 0,05.

�·¥¤¸É ¢²¥´´Ò° ¸¶μ¸μ¡ μ¶É¨³¨§ Í¨¨ ¶ · ³¥É·μ¢ ±μ²² °¤¥·  ´ ² £ ¥É
μ£· ´¨Î¥´¨Ö ´  ¨´É¥´¸¨¢´μ¸ÉÓ ¢¸É·¥Î´ÒÌ ¶ÊÎ±μ¢ ¨ É¥³ ¸ ³Ò³ ´  ¸¢¥É¨³μ¸ÉÓ
±μ²² °¤¥· . �μ ÔÉμ ´¥ §´ Î¨É, ÎÉμ ´¥É ¸¶μ¸μ¡  ¶μ¢Ò¸¨ÉÓ ¸¢¥É¨³μ¸ÉÓ. „¥°-
¸É¢¨É¥²Ó´μ, ¢¸Ö μ¶É¨³¨§ Í¨Ö ¢ÒÏ¥ ¡Ò²  ¶·μ¢¥¤¥´  ¤²Ö ¢Ò¡· ´´ÒÌ §´ Î¥´¨°
¶ · ³¥É·μ¢ Ëμ±Ê¸¨·ÊÕÐ¥° ¸¨¸É¥³Ò (B∗), Ô³¨ÉÉ ´¸μ¢ ¶ÊÎ±μ¢ (ε) ¨ ¶·μ¤μ²Ó-
´ÒÌ · §³¥·μ¢ ¨Ì ¸£Ê¸É±μ¢ (σs) ¤²Ö ¸£·Ê¶¶¨·μ¢ ´´ÒÌ ¶ÊÎ±μ¢. ” ±É¨Î¥¸±¨ É·¨
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´ ¡μ·  ÔÉ¨Ì ¶ · ³¥É·μ¢ μ¸É ÕÉ¸Ö ¸¢μ¡μ¤´Ò³¨. ˆÌ ¢Ò¡μ· μ¶·¥¤¥²Ö¥É ¢¥²¨-
Î¨´Ê ¸¢¥É¨³μ¸É¨ ¶μ¸²¥ ¶·μ¢¥¤¥´¨Ö μ¶É¨³¨§ Í¨¨. ˆ ¤²Ö ´¨Ì ¸ÊÐ¥¸É¢ÊÕÉ ¸¢μ¨
μ£· ´¨Î¥´¨Ö.

� Î´¥³ ¸ Ô³¨ÉÉ ´¸ . Š ± ¸²¥¤Ê¥É ¨§ μ¡Ð¥° Ëμ·³Ê²Ò ¤²Ö ¸¢¥É¨³μ¸É¨
(1.15) ¨ ¥¥ Î ¸É´ÒÌ ¸²ÊÎ ¥¢, ¸¢¥É¨³μ¸ÉÓ ¶·μ¶μ·Í¨μ´ ²Ó´  ¶·μ¨§¢¥¤¥´¨Õ Î¨-
¸²  Î ¸É¨Í ¢μ ¢¸É·¥Î´ÒÌ ¶ÊÎ± Ì (¨²¨ ¨Ì ¸£Ê¸É± Ì) N1, N2 ¨ μ¡· É´μ ¶·μ¶μ·-
Í¨μ´ ²Ó´  Ô³¨ÉÉ ´¸ ³ ¶ÊÎ±μ¢. ‚ ¸¢μÕ μÎ¥·¥¤Ó, ³ ±¸¨³ ²Ó´μ¥ Î¨¸²μ Î ¸É¨Í,
± ± ¸²¥¤Ê¥É ¨§ (2.20), ¶·Ö³μ ¶·μ¶μ·Í¨μ´ ²Ó´μ Ô³¨ÉÉ ´¸Ê. ‚ ·¥§Ê²ÓÉ É¥ ¸¢¥-
É¨³μ¸ÉÓ É ±¦¥ ¶·Ö³μ ¶·μ¶μ·Í¨μ´ ²Ó´  Ô³¨ÉÉ ´¸Ê:

L ∝ N1N2

ε
∝ ε. (2.28)

’ ±¨³ μ¡· §μ³, ¸¢¥É¨³μ¸ÉÓ ³μ¦´μ ¶μ¢Ò¸¨ÉÓ, Ê¢¥²¨Î¨¢ Ö Ô³¨ÉÉ ´¸Ò μ¡μ¨Ì
¢¸É·¥Î´ÒÌ ¶ÊÎ±μ¢ ¨, ¸μμÉ¢¥É¸É¢¥´´μ, Î¨¸²μ Î ¸É¨Í ¢ ´¨Ì (!). �μ §¤¥¸Ó · ´μ
¨²¨ ¶μ§¤´μ ´ ¸ÉÊ¶ ¥É μ£· ´¨Î¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨ ¢ ¨´¦¥±Í¨μ´´μ° ¸¨¸É¥³¥
±μ²² °¤¥·´μ£μ ±μ³¶²¥±¸ .

‚²¨Ö´¨¥ ¤¢ÊÌ ¤·Ê£¨Ì ¶ · ³¥É·μ¢ ´¥ ¸Éμ²Ó μÎ¥¢¨¤´μ. ‘¢¥É¨³μ¸ÉÓ (1.15)
μ¡· É´μ ¶·μ¶μ·Í¨μ´ ²Ó´  §´ Î¥´¨Õ ¡¥É -ËÊ´±Í¨¨ ¢ ÉμÎ±¥ ¢¸É·¥Î¨ B∗ ¨ § -
¢¨¸¨É μÉ μÉ´μÏ¥´¨Ö α = σs/B∗ Å É ± ´ §Ò¢ ¥³μ£μ ÔËË¥±É  ¶¥¸μÎ´ÒÌ Î ¸μ¢.
�¸μ¡¥´´μ Ö¸´μ ÔÉμÉ ÔËË¥±É ¶·μÖ¢²Ö¥É¸Ö ¢ ¸²ÊÎ ¥ ¤¢ÊÌ μ¤¨´ ±μ¢ÒÌ ¸£·Ê¶¶¨-
·μ¢ ´´ÒÌ ¶ÊÎ±μ¢ (1.19). ”Ê´±Í¨Ö ΦHG(α) ³μ´μÉμ´´μ ¸¶ ¤ ¥É μÉ 1 ¶·¨ α = 0
¤μ 0,287 ¶·¨ α = 5, ¨, ± ± μÉ¸Õ¤  ¸²¥¤Ê¥É, ¶·μ¤μ²Ó´μ¥ ¸¦ É¨¥ ¸£Ê¸É±  ¶·¨ ¶μ-
¸ÉμÖ´´μ³ Î¨¸²¥ Î ¸É¨Í ¢ ¶ÊÎ± Ì (¸£Ê¸É± Ì) ´¥ ¤ ¥É §´ Î¨É¥²Ó´μ£μ Ê¢¥²¨Î¥´¨Ö
¸¢¥É¨³μ¸É¨ ¶·¨ σs < B∗. ’ ±, ΦHG(1) = 0,7578.

‚ Éμ ¦¥ ¢·¥³Ö ³ ±¸¨³ ²Ó´μ¥ Î¨¸²μ Î ¸É¨Í ¢ ¸£·Ê¶¶¨·μ¢ ´´ÒÌ ¶ÊÎ± Ì
¶·Ö³μ ¶·μ¶μ·Í¨μ´ ²Ó´μ ¤²¨´¥ ¸£Ê¸É±  (1/kbunch). ‘²¥¤μ¢ É¥²Ó´μ, § ¢¨¸¨-
³μ¸ÉÓ ¸¢¥É¨³μ¸É¨ μÉ ¶·μ¤μ²Ó´μ£μ · §³¥·  ¸£Ê¸É±   ´ ²μ£¨Î´  ¥¥ § ¢¨¸¨³μ¸É¨
μÉ Ô³¨ÉÉ ´¸ : Ê¢¥²¨Î¨¢ Ö ¤²¨´Ê ¸£Ê¸É± , ³μ¦´μ ¶·μ¶μ·Í¨μ´ ²Ó´μ ¥£μ ¤²¨´¥
σs ¶μ¢Ò¸¨ÉÓ ¸¢¥É¨³μ¸ÉÓ, Ê¢¥²¨Î¨¢ Ö μ¤´μ¢·¥³¥´´μ Î¨¸²μ Î ¸É¨Í ¢ ¸£Ê¸É±¥.
�¤´ ±μ ¶·¨ ÔÉμ³, ±·μ³¥ ®É¥Ì´¨Î¥¸±¨Ì¯ μ£· ´¨Î¥´¨° ¨´É¥´¸¨¢´μ¸É¨, ¶μÖ¢²Ö-
¥É¸Ö μ£· ´¨Î¥´¨¥ ¤²¨´Ò ¸£Ê¸É±  É·¥¡μ¢ ´¨¥³ ²μ± ²¨§ Í¨¨ ÊÎ ¸É±  ¸Éμ²±´μ-
¢¥´¨Ö ¶ÊÎ±μ¢ (¸³. ¶. 1.5 ¨ ·¨¸. 2). ” ±É¨Î¥¸±¨ ¶·¨Ìμ¤¨É¸Ö ¢Ò¡¨· ÉÓ ³¥¦¤Ê
¢¥²¨Î¨´μ° ¸¢¥É¨³μ¸É¨ ¨  ±c¥¶É ´¸μ³ ¤¥É¥±Éμ· .

�·¨³¥·Ò ¶·¨³¥´¥´¨Ö ¶·¥¤¸É ¢²¥´´μ£μ ³¥Éμ¤  μ¶É¨³¨§ Í¨¨ ¶ · ³¥É·μ¢
±μ²² °¤¥·  ¶·¨¢¥¤¥´Ò ¢ · §¤. 3.

3. ��ˆŒ…�› ��’ˆŒˆ‡�–ˆˆ ‘‚…’ˆŒ�‘’ˆ
–ˆŠ‹ˆ—…‘Šˆ• Š�‹‹�‰„…��‚

‚ ÔÉμ³ · §¤¥²¥ ¶·¨¢¥¤¥´Ò Î¥ÉÒ·¥ ¶·¨³¥·  ¢Ò¡μ·  μ¶É¨³ ²Ó´ÒÌ §´ Î¥-
´¨° ¶ · ³¥É·μ¢ ¤²Ö · §²¨Î´ÒÌ ¢ ·¨ ´Éμ¢ Í¨±²¨Î¥¸±¨Ì ¨μ´´ÒÌ ±μ²² °¤¥·μ¢,
¢±²ÕÎ Ö Ô²¥±É·μ´-¨μ´´Ò° ±μ²² °¤¥· ¨ ±μ²² °¤¥· ´  ®¸²¨¢ ÕÐ¨Ì¸Ö¯ ¶ÊÎ± Ì.
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� · ³¥É·Ò ±μ²² °¤¥·  ¨ ¥£μ ¶ÊÎ±μ¢ Ëμ·³Ê²¨·ÊÕÉ¸Ö ¢ ± ¦¤μ³ ¨§ ¶·¨-
³¥·μ¢.

3.1. ˆμ´´Ò° ±μ²² °¤¥· NICA Å ¸¨³³¥É·¨Î´ Ö ³μ¤ . ‘¨³³¥É·¨Î´ Ö
³μ¤  ¨μ´´μ° Ë §Ò ±μ²² °¤¥·  NICA ¶·¥¤¶μ² £ ¥É ¸Éμ²±´μ¢¥´¨¥ ¢ μ¤´μ° IP
¤¢ÊÌ ¸£Ê¸É±μ¢ Ö¤¥· 197Au79+ (É ¡². 1).

‚ ÔÉμ³ ±μ´É¥±¸É¥ ¶ · ³¥É· λ · ¢¥´ ¥¤¨´¨Í¥ ¢¢¨¤Ê ¸¨³³¥É·¨¨ ± ± ¶ÊÎ±μ¢,
É ± ¨ Ëμ±Ê¸¨·ÊÕÐ¥° ¸¨¸É¥³Ò.

Š ± ¶μ± §Ò¢ ÕÉ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ (·¨¸. 4, a), ÔËË¥±Éμ³, μ¶·¥¤¥-
²ÖÕÐ¨³ §´ Î¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±μ¢ ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ¸¢¥É¨³μ¸É¨,
Ö¢²Ö¥É¸Ö ÔËË¥±É ‹ ¸²¥ÉÉ  (Δq (2.7), (2.8)). ‚²¨Ö´¨¥ ÔËË¥±É  ¢¸É·¥Î¨
(ξ (2.16), (2.18)) ¸É ´μ¢¨É¸Ö § ³¥É´Ò³ ¶·¨ Ô´¥·£¨¨ ¢ÒÏ¥ 3 ƒÔ‚/´Ê±²μ´. ‘Ê³³ 
¸¤¢¨£μ¢ ¡¥É É·μ´´ÒÌ Î ¸ÉμÉ Δq ¨ ξ μ¸É ¥É¸Ö ¶μ¸ÉμÖ´´μ° ¨ · ¢´μ° ΔQ1 =
ΔQ2 = 0,05. � · ³¥É· Φx12 (2.16) §¤¥¸Ó · ¢¥´ 0,457.

Œ ±¸¨³ ²Ó´ Ö ¸¢¥É¨³μ¸ÉÓ, · ¸¸Î¨É ´´ Ö ¶μ Ëμ·³Ê²¥ (1.19) (·¨¸. 4, ¡),
¶·¨ Ô´¥·£¨¨ 4,5 ƒÔ‚/´Ê±²μ´ ¤μ¸É¨£ ¥É §´ Î¥´¨Ö 5,7 · 1027 ¸³−2 · ¸−1. �μ
¤²Ö ÔÉμ£μ É·¥¡Ê¥É¸Ö ¤μ¢μ²Ó´μ ¢Ò¸μ± Ö ¨´É¥´¸¨¢´μ¸ÉÓ ¶ÊÎ± : ¢ ± ¦¤μ³ ¸£Ê¸É±¥
´Ê¦´μ ¨³¥ÉÓ ¶μ 6,9 · 109 ¨μ´μ¢.

’ ¡²¨Í  1. � · ³¥É·Ò ±μ²² °¤¥·  NICA ¶·¨ ¸Éμ²±´μ¢¥´¨¨ Ö¤¥· §μ²μÉ  (¸¨³³¥-
É·¨Î´ Ö ³μ¤ )

� · ³¥É· Šμ²ÓÍ  1 ¨ 2
�¥·¨³¥É·Ò ±μ²¥Í, ³ 503,04

ˆμ´Ò 197Au79+

�´¥·£¨Ö ¨μ´μ¢, ƒÔ‚/´Ê±²μ´ 1,0Ä4,5
Œ¨´¨³Ê³ ¡¥É -ËÊ´±Í¨¨ ¢ IP B∗, ¸³ 60
�³¨ÉÉ ´¸ ¸£Ê¸É±  ¨μ´μ¢, π ³³ ·³· ¤ 1,1
„²¨´  ¸£Ê¸É±  σs, ¸³ 60
	¥É É·μ´´ Ö Î ¸ÉμÉ  Qx 9,44

�¨¸. 4. ‡ ¢¨¸¨³μ¸ÉÓ μÉ Ô´¥·£¨¨ ¨μ´μ¢ Ei ¶ · ³¥É·μ¢ ¨μ´´μ£μ ±μ²² °¤¥·  ´  ¸£·Ê¶-
¶¨·μ¢ ´´ÒÌ ¶ÊÎ± Ì 197Au79+; ΔQ = 0,05:  ) ¶ · ³¥É·Ò ‹ ¸²¥ÉÉ  Δq (¸¶²μÏ´ Ö
±·¨¢ Ö) ¨ ÔËË¥±É  ¢¸É·¥Î¨ ξ (ÏÉ·¨Ìμ¢ Ö); ¡) ¸¢¥É¨³μ¸ÉÓ ±μ²² °¤¥·  Lii (¸¶²μÏ´ Ö
±·¨¢ Ö) ¨ Î¨¸²μ Î ¸É¨Í ¢ ¸£Ê¸É±¥ Ni (ÏÉ·¨Ìμ¢ Ö)
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�·¨ ¶μ¢ÒÏ¥´¨¨ Ô´¥·£¨¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í ÔËË¥±ÉÒ ¶·μ¸É· ´-
¸É¢¥´´μ£μ § ·Ö¤  ³¥´ÖÕÉ¸Ö ·μ²Ö³¨ Å ¶ · ³¥É· ÔËË¥±É  ¢¸É·¥Î¨ ¶·¥¢ÒÏ ¥É
¶ · ³¥É· ‹ ¸²¥ÉÉ . �Éμ ¢¨¤´μ ´  ¶·¨³¥·¥ ¢¸É·¥Î´ÒÌ ¶·μÉμ´´ÒÌ ¶ÊÎ±μ¢, ±μ-
Éμ·Ò¥ ¶² ´¨·ÊÕÉ¸Ö ¢ ¶·μ¥±É¥ NICA [1] ¸ ¶μ²Ö·¨§μ¢ ´´Ò³¨ ¶·μÉμ´ ³¨ ¨
¤¥°É·μ´ ³¨ (·¨¸. 5).

‘¨³³¥É·¨Î´ Ö ³μ¤  ¤¢ÊÌ ¨¤¥´É¨Î´ÒÌ · ¸¶ÊÐ¥´´ÒÌ ¶ÊÎ±μ¢ (·¨¸. 6) Ê¡¥¤¨-
É¥²Ó´μ ¶μ± §Ò¢ ¥É, ± ± ¢²¨Ö¥É μÉ¸ÊÉ¸É¢¨¥ ¨Ì £·Ê¶¶¨·μ¢±¨ ´  ¸¢¥É¨³μ¸ÉÓ: ¥¥
¢¥²¨Î¨´  (Ëμ·³Ê²  (1.29)) Ê³¥´ÓÏ ¥É¸Ö ´  ´¥¸±μ²Ó±μ ¶μ·Ö¤±μ¢. �Éμ ¶μÎÉ¨
μÎ¥¢¨¤´Ò° ·¥§Ê²ÓÉ É. Œ¥´¥¥ μÎ¥¢¨¤´μ, ÎÉμ £² ¢´Ò³ μ£· ´¨Î¥´¨¥³ ¢ ¤ ´´μ³
¸²ÊÎ ¥ Ö¢²Ö¥É¸Ö ÔËË¥±É ¢¸É·¥Î¨ (·¨¸. 6,  ).

‘¢¥É¨³μ¸ÉÓ · ¸¸Î¨É ´  ¶μ Ëμ·³Ê² ³ (1.28), (1.29). �³¨ÉÉ ´¸ · ¸¶ÊÐ¥´-
´ÒÌ ¶ÊÎ±μ¢ §¤¥¸Ó ¡Ò² Ê¢¥²¨Î¥´ ¤μ 11 π ·³³ ·³· ¤, ÎÉμ, ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (2.28),
¶·¨¢¥²μ ± ¶·μ¶μ·Í¨μ´ ²Ó´μ³Ê, ¢ 10 · §, Ê¢¥²¨Î¥´¨Õ ¸¢¥É¨³μ¸É¨.

�μ ¸· ¢´¥´¨Õ ¸ ¶·¥¤Ò¤ÊÐ¨³ ¸²ÊÎ ¥³ ¸£·Ê¶¶¨·μ¢ ´´ÒÌ ¨μ´´ÒÌ ¶ÊÎ±μ¢
197Au79+ (¸³. ·¨¸. 4) ¶ · ³¥É·Ò ÔËË¥±É  ¢¸É·¥Î¨ ¨ ÔËË¥±É  ‹ ¸²¥ÉÉ  ¶μ³¥´Ö-
²¨¸Ó ³¥¸É ³¨ Å É¥¶¥·Ó ¨´É¥´¸¨¢´μ¸ÉÓ ¶ÊÎ±μ¢ μ£· ´¨Î¨¢ ¥É ÔËË¥±É ¢¸É·¥Î¨.

�¨¸. 5. ‡ ¢¨¸¨³μ¸ÉÓ μÉ Ô´¥·£¨¨ ¶·μÉμ´μ¢ Ep ¶ · ³¥É·μ¢ ¶·μÉμ´-¶·μÉμ´´μ£μ ±μ²² °-
¤¥· ; ΔQ = 0,05:  ) ¶ · ³¥É·Ò ‹ ¸²¥ÉÉ  Δq (¸¶²μÏ´ Ö ±·¨¢ Ö) ¨ ÔËË¥±É  ¢¸É·¥Î¨
ξ (ÏÉ·¨Ìμ¢ Ö); ¡) ¸¢¥É¨³μ¸ÉÓ ±μ²² °¤¥·  Lpp (¸¶²μÏ´ Ö ±·¨¢ Ö) ¨ Î¨¸²μ Î ¸É¨Í ¢
¸£Ê¸É±¥ Np (ÏÉ·¨Ìμ¢ Ö)

�¨¸. 6. ‡ ¢¨¸¨³μ¸ÉÓ μÉ Ô´¥·£¨¨ ¨μ´μ¢ Ei ¶ · ³¥É·μ¢ ¨μ´-¨μ´´μ£μ ±μ²² °¤¥·  ´  · ¸-
¶ÊÐ¥´´ÒÌ ¶ÊÎ± Ì 197Au79+; Ô³¨ÉÉ ´¸Ò ¶ÊÎ±μ¢ 11 π ·³³ ·³· ¤:  ) ¶ · ³¥É·Ò ‹ ¸²¥ÉÉ 
Δq (¸¶²μÏ´ Ö ±·¨¢ Ö) ¨ ÔËË¥±É  ¢¸É·¥Î¨ ξ (ÏÉ·¨Ìμ¢ Ö); ¡) ¸¢¥É¨³μ¸ÉÓ ±μ²² °¤¥· 
Lii (¸¶²μÏ´ Ö ±·¨¢ Ö) ¨ Î¨¸²μ Î ¸É¨Í ¢ ¶ÊÎ±¥ Ni (ÏÉ·¨Ìμ¢ Ö)
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3.2. Šμ²² °¤¥· NICA Å  ¸¨³³¥É·¨Î´ Ö ³μ¤ . ‚ ± Î¥¸É¢¥ ¶·¨³¥· 
 ¸¨³³¥É·¨Î´μ£μ ±μ²² °¤¥·  · ¸¸³μÉ·¨³ ±μ²² °¤¥· NICA ´  ¢¸É·¥Î´ÒÌ ¶·μ-
Éμ´´ÒÌ ¨ ¤¥°É·μ´´ÒÌ ¶ÊÎ± Ì. ’ ± Ö § ¤ Î  ¶μÖ¢²Ö¥É¸Ö ¶·¨ ¨§ÊÎ¥´¨¨ Ë¨-
§¨±¨ ¸¶¨´  ´Ê±²μ´ , ±μ£¤  ³μ¦´μ · §²¨Î¨ÉÓ ¶·μÉμ´-¶·μÉμ´´Ò¥ ¨ ¶·μÉμ´-
´¥°É·μ´´Ò¥ ¸μÊ¤ ·¥´¨Ö. �·¨ ÔÉμ³ ¨´É¥·¥¸ ¶·¥¤¸É ¢²ÖÕÉ μ¡  ¸²ÊÎ Ö Å ¶μ±μ-
ÖÐ¥£μ¸Ö Í¥´É·  ³ ¸¸ (Í. ³.) ¤¢ÊÌ ¸É ²±¨¢ ÕÐ¨Ì¸Ö ´Ê±²μ´μ¢ (pp ¨²¨ pn) ¨ Í. ³.
¸¨¸É¥³Ò ¶·μÉμ´Ä¤¥°É·μ´. ‚ ¶¥·¢μ³ ¸²ÊÎ ¥ ¸±μ·μ¸É¨ ¶·μÉμ´μ¢ ¨ ¤¥°É·μ´μ¢
· ¢´Ò ¶μ ¢¥²¨Î¨´¥, ¢μ ¢Éμ·μ³ ¸±μ·μ¸ÉÓ ¤¥°É·μ´  ³¥´ÓÏ¥ ¸±μ·μ¸É¨ ¶·μÉμ´ :

βN =
βp√

A2
μ + β2

p

(
1 − A2

μ

) . (3.1)

‡¤¥¸Ó βN ¨ βp Å ¸±μ·μ¸É¨ Ö¤·  (¤¥°É·μ´ ) ¨ ¶·μÉμ´  ¢ ¥¤¨´¨Í Ì ¸±μ·μ¸É¨
¸¢¥É , Aμ = μAN , μ · ¢´μ μÉ´μÏ¥´¨Õ ³ ¸¸Ò ´Ê±²μ´  Ö¤·  ± ³ ¸¸¥ ¶·μÉμ´ ,
AN Å  Éμ³´Ò° ¢¥¸ Ö¤· . ’ ±μ° ·¥¦¨³ ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ¤²Ö ¨§ÊÎ¥´¨Ö
É¥´§μ·´μ° ¶μ²Ö·¨§ Í¨¨, ¢μ§³μ¦´μ° ¶·¨ pd-¸Éμ²±´μ¢¥´¨ÖÌ. „²Ö · ¸Î¥É  ·¥-
¦¨³μ¢ É ±¨Ì ¸Éμ²±´μ¢¥´¨° ´Ê¦´μ ¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ Ëμ·³Ê²Ò ¸¢¥É¨³μ¸É¨
¢¸É ¢¨ÉÓ

V = 1 +
βp

βN
,

  ¢ (2.16), (2.18) ¢³¥¸Éμ 1 + β2 § ¶¨¸ ÉÓ 1 + βNβp. Š·μ³¥ Éμ£μ, ¢ ÔÉμ° ³μ¤¥
¸Éμ²±´μ¢¥´¨° ¶·μÉμ´ÄÖ¤·μ ¨§-§  · §´μ¸É¨ ¸±μ·μ¸É¥° ¶·μÉμ´μ¢ ¨ ¤¥°É·μ´μ¢
¸¨´Ì·μ´¨§ Í¨Ö μ¶É¨³ ²Ó´ , ¥¸²¨ μ¤¨´ ¨§ ¶ÊÎ±μ¢ · ¸¶ÊÐ¥´.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¤²Ö ±μ²² °¤¥·  NICA ¸μ ¸£·Ê¶¶¨·μ¢ ´´Ò³¨ ¤¥°É·μ´-
´Ò³ ¨ ¶·μÉμ´´Ò³ ¶ÊÎ± ³¨ ¤²Ö ¶·μÉμ´-´Ê±²μ´´ÒÌ ¸μÊ¤ ·¥´¨° (É. ¥. ¢ ¸¨¸É¥³¥
Í¥´É·  ³ ¸¸ ¶·μÉμ´  ¨ ´Ê±²μ´  Ö¤· ) ¶·¨¢¥¤¥´Ò ´¨¦¥ (·¨¸. 7). ‘¢¥É¨³μ¸ÉÓ

�¨¸. 7. ‡ ¢¨¸¨³μ¸ÉÓ μÉ Ô´¥·£¨¨ ¶·μÉμ´μ¢ Ep ¶ · ³¥É·μ¢ ¨μ´´μ£μ ±μ²² °¤¥·  ¸μ ¸£·Ê¶-
¶¨·μ¢ ´´Ò³¨ ¤¥°É·μ´´Ò³ ¨ ¶·μÉμ´´Ò³ ¶ÊÎ± ³¨; Ô³¨ÉÉ ´¸Ò ¶ÊÎ±μ¢ 1,1 π · ³³ ·³· ¤,
B∗ = 3 ³:  ) ¶ · ³¥É·Ò ‹ ¸²¥ÉÉ  Δq (¸¶²μÏ´ Ö ±·¨¢ Ö), ¸Ê³³ ·´Ò° ¸¤¢¨£ ¡¥É -
É·μ´´μ£μ Î¨¸²  ¤²Ö ¶·μÉμ´μ¢ ΔQp (¶Ê´±É¨·´ Ö) ¨ ÔËË¥±É  ¢¸É·¥Î¨ ¤²Ö ¶·μÉμ´μ¢
´  ¤¥°É·μ´´μ³ ¸£Ê¸É±¥ ξpd (ÏÉ·¨Ìμ¢ Ö) ¨ ¤¥°É·μ´μ¢ ´  ¶·μÉμ´´μ³ ξdp (ÏÉ·¨Ì¶Ê´±-
É¨·´ Ö); ¡) ¸¢¥É¨³μ¸ÉÓ ±μ²² °¤¥·  Lpd (¸¶²μÏ´ Ö ±·¨¢ Ö) ¨ Î¨¸²μ Î ¸É¨Í ¢ ¸£Ê¸É± Ì
¤¥°É·μ´μ¢ Nd (ÏÉ·¨Ìμ¢ Ö) ¨ ¶·μÉμ´μ¢ Np (¶Ê´±É¨·´ Ö)
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¢ ¶·μÉμ´-´Ê±²μ´´ÒÌ ¸μÊ¤ ·¥´¨ÖÌ ¢ÒÎ¨¸²¥´  §¤¥¸Ó ¶μ Ëμ·³Ê²¥ (1.19). �ÊÎ±¨
¨³¥ÕÉ · ¢´Ò¥ Ô³¨ÉÉ ´¸Ò 1,1 π ·³³ ·³· ¤. �´¥·£¨Ö Î ¸É¨Í ¢ ±μ²² °¤¥·¥ ¸μ-
¸É ¢²Ö¥É 1Ä6 ƒÔ‚/´Ê±²μ´,

√
sNN = 3,87−13,87 ƒÔ‚. ‡´ Î¥´¨Ö μ¸É ²Ó´ÒÌ

¶ · ³¥É·μ¢ É¥ ¦¥, ÎÉμ ¨ ¢ É ¡². 1. � · ³¥É· λ ¶·¨´ÖÉ · ¢´Ò³ 1, É ± ± ±
¢ ±μ²² °¤¥·¥ NICA ¶·¥¤¶μ² £ ¥É¸Ö ¶·¨³¥´¥´¨¥ μ·¨£¨´ ²Ó´μ° ¸Ì¥³Ò ¸¢¥¤¥-
´¨Ö ¶ÊÎ±μ¢, £¤¥ ³ £´¨ÉÒ ¸¢¥¤¥´¨Ö Ê¸É ´μ¢²¥´Ò ¡²¨¦¥ ± ÉμÎ±¥ ¢¸É·¥Î¨, Î¥³
²¨´§Ò Ë¨´ ²Ó´μ£μ Ëμ±Ê¸ , ÎÉμ ¶μ§¢μ²Ö¥É ¨Ì ·¥£Ê²¨·μ¢ ÉÓ ´¥§ ¢¨¸¨³μ. ‚ ÔÉμ³
¶·¨³¥·¥ μ¸´μ¢´Ò³ μ£· ´¨Î¥´¨¥³ ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±μ¢ ¨, ¸μμÉ¢¥É¸É¢¥´´μ,
¸¢¥É¨³μ¸É¨ É ±¦¥ Ö¢²Ö¥É¸Ö ÔËË¥±É ‹ ¸²¥ÉÉ  ¤²Ö μ¡μ¨Ì ¶ÊÎ±μ¢.

3.3. �²¥±É·μ´-¨μ´´Ò° ±μ²² °¤¥· ¸ · ¢´μ¢¥¸´Ò³ ¨μ´´Ò³ ¶ÊÎ±μ³. �¤-
´¨³ ¨§ ¢ ¦´ÒÌ ¶·¨³¥´¥´¨° ¢ Ö¤¥·´μ° Ë¨§¨±¥ ¶·¨ ¨¸¸²¥¤μ¢ ´¨¨ ·¥¤±¨Ì ¨
· ¤¨μ ±É¨¢´ÒÌ ¨§μÉμ¶μ¢ ³μ¦¥É ¸É ÉÓ Ô²¥±É·μ´-¨μ´´Ò° ±μ²² °¤¥· ¸ · ¸¶Ê-
Ð¥´´Ò³¨ ¨μ´´Ò³¨ ¨ ¸£·Ê¶¶¨·μ¢ ´´Ò³¨ Ô²¥±É·μ´´Ò³¨ ¶ÊÎ± ³¨. Š ± ³μ¦´μ
μ¦¨¤ ÉÓ, É ±μ° ±μ²² °¤¥· ¡Ê¤¥É ¤ ¢ ÉÓ μÎ¥´Ó ´¨§±ÊÕ ¨´É¥´¸¨¢´μ¸ÉÓ ¨μ´´μ£μ
¶ÊÎ± . �¥Ï¨ÉÓ ¶·μ¡²¥³Ê ¥£μ ¸¢¥É¨³μ¸É¨ ¶·¥¤² £ ²μ¸Ó, ¶·¨³¥´ÖÖ É ± ´ §Ò¢ -
¥³Ò° ±·¨¸É ²²¨Î¥¸±¨°, ¨²¨ Ê¶μ·Ö¤μÎ¥´´Ò°, ¨μ´´Ò° ¶ÊÎμ±.

ˆ¤¥Ö É ±μ£μ ¶ÊÎ±  ¡Ò²  ¶·¥¤²μ¦¥´  ¢ 1985 £. ‚. ‚.� ·Ìμ³ÎÊ±μ³ ¶μ¸²¥
Ê¸¶¥Ï´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ ¶μ ¶μ¤ ¢²¥´¨Õ ÏÊ³  ¶·μÉμ´´μ£μ ¶ÊÎ±  ¨ ¥£μ ¸¦ -
É¨Õ ¢ ´ ±μ¶¨É¥²¥ ¸ Ô²¥±É·μ´´Ò³ μÌ² ¦¤¥´¨¥³ ���-Œ ¢ ˆ´¸É¨ÉÊÉ¥ Ö¤¥·´μ°
Ë¨§¨±¨ ‘� �� ‘‘‘�. ‚ 1990-Ì ££. ¢ ´¥¸±μ²Ó±¨Ì ² ¡μ· Éμ·¨ÖÌ ³¨·  Ô±¸-
¶¥·¨³¥´ÉÒ ¡Ò²¨ ¶μ¢Éμ·¥´Ò ¨ ¶·μÍ¥¸¸ ¸¦ É¨Ö ¶ÊÎ±  ¤¥É ²Ó´μ ¨¸¸²¥¤μ¢ ´.
‚¸±μ·¥ ¶μÖ¢¨²¨¸Ó ¨ ¶¥·¢Ò¥ ¶·¥¤²μ¦¥´¨Ö ±μ²² °¤¥·μ¢ ´  ±·¨¸É ²²¨Î¥¸±¨Ì
¶ÊÎ± Ì [22, 23]. �¤´ ±μ ¤ ²Ó´¥°Ï¨°  ´ ²¨§ ¶μ± § ², ÎÉμ ¨´É¥´¸¨¢´μ¸ÉÓ ±·¨-
¸É ²²¨Î¥¸±¨Ì ¶ÊÎ±μ¢ μÎ¥´Ó ´¥¢¥²¨±  ¨ ¸¢¥É¨³μ¸ÉÓ É ±μ£μ ±μ²² °¤¥·  ¡Ê¤¥É
μÎ¥´Ó ´¨§±μ° (¸³. ¤¥É ²¨ ¢ [9]). ‚ ´¥¸±μ²Ó±¨Ì ´¥§ ¢¨¸¨³ÒÌ Ô±¸¶¥·¨³¥´É Ì
μ¡´ ·Ê¦¥´μ, ÎÉμ ±·¨¸É ²²¨Î¥¸±¨° (®Ê¶μ·Ö¤μÎ¥´´Ò°¯) ¶ÊÎμ±, ¶·¥¤¸É ¢²ÖÕ-
Ð¨° ¸μ¡μ° Í¥¶μÎ±Ê ¨μ´μ¢, Í¨·±Ê²¨·ÊÕÐ¨Ì ¢ ±μ²ÓÍ¥¢μ³ ´ ±μ¶¨É¥²¥, ¨³¥¥É
²¨´¥°´ÊÕ ¶²μÉ´μ¸ÉÓ, ´¥ ¶·¥¢ÒÏ ÕÐÊÕ(

dN ion

ds

)
� 3 · 105 ¨μ´μ¢/³. (3.2)

ƒ² ¢´Ò³¨ ¤μ¸Éμ¨´¸É¢ ³¨ Ê¶μ·Ö¤μÎ¥´´ÒÌ ¶ÊÎ±μ¢ Ö¢²ÖÕÉ¸Ö ¨Ì Î·¥§¢ÒÎ °´μ
³ ²Ò¥ Ô³¨ÉÉ ´¸ ¨ · §¡·μ¸ Î ¸É¨Í ¶μ ¨³¶Ê²Ó¸Ê:

ε ∼ 0,1−1,8 ´³, Δp/p ∼ (1−5) · 10−6 (1σ).

�¥·¥Ìμ¤ ¶ÊÎ±  ¢ Ê¶μ·Ö¤μÎ¥´´μ¥ ¸μ¸ÉμÖ´¨¥ ¶·μ¨¸Ìμ¤¨É ¸± Î±μ³ ¶·¨
Ê³¥´ÓÏ¥´¨¨ ¶²μÉ´μ¸É¨ ¶ÊÎ±  ¤μ ±·¨É¨Î¥¸±μ£μ §´ Î¥´¨Ö μ±μ²μ 90 ¨μ´μ¢/³.
�·¨ ÔÉμ³ ¶μ¶¥·¥Î´Ò° · §³¥· ¶ÊÎ±  ¨ · §¡·μ¸ ¶μ ¨³¶Ê²Ó¸Ê Ê³¥´ÓÏ ÕÉ¸Ö ¶μ-
ÎÉ¨ ´  ¶μ·Ö¤μ±. �Éμ ¸¢μ¥£μ ·μ¤  Ë §μ¢Ò° ¶¥·¥Ìμ¤ ¨§ ±¢ §¨Ê¶μ·Ö¤μÎ¥´´μ£μ
¸μ¸ÉμÖ´¨Ö ¢ Ê¶μ·Ö¤μÎ¥´´μ¥ (·¨¸. 8).

„²Ö ¸£·Ê¶¶¨·μ¢ ´´ÒÌ Ê¶μ·Ö¤μÎ¥´´ÒÌ ¶ÊÎ±μ¢ Ê¸²μ¢¨¥ (3.2) ¢Ò¶μ²´Ö¥É¸Ö
É ±¦¥, Éμ²Ó±μ É¥¶¥·Ó ÔÉμ ²¨´¥°´ Ö ¶²μÉ´μ¸ÉÓ ¸£Ê¸É± ,   ´¥ ¸·¥¤´ÖÖ ¶²μÉ´μ¸ÉÓ
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�¨¸. 8. ‡ ¢¨¸¨³μ¸ÉÓ · §¡·μ¸  ¶μ ¨³¶Ê²Ó¸Ê (1σ) μÉ Î¨¸²  Î ¸É¨Í ¶ÊÎ±  ¢ ´ ±μ¶¨É¥²ÖÌ
¸ Ô²¥±É·μ´´Ò³ μÌ² ¦¤¥´¨¥³:  ) 238U92+ ¢ ESR [24]; ¡) 129Xe36+ ¢ CRYRING [25];
¢) ¶·μÉμ´Ò ¢ S-LSR [26]

¶ÊÎ± . �μÔÉμ³Ê ¶·¨³¥´¥´¨¥ ¸£·Ê¶¶¨·μ¢ ´´μ£μ ¶ÊÎ±  ¨³¥¥É ¸³Ò¸² ²¨ÏÓ ¶·¨
§´ Î¨É¥²Ó´μ³ ¤¥Ë¨Í¨É¥ ¨μ´μ¢.

�· ±É¨Î¥¸±¨° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É ¤·Ê£μ¥ ¸¢μ°¸É¢μ É ±¨Ì £²Ê¡μ±μ μÌ² -
¦¤¥´´ÒÌ ¨μ´´ÒÌ ¶ÊÎ±μ¢: ¢ ´ ¤±·¨É¨Î¥¸±μ³ ¸μ¸ÉμÖ´¨¨ ¨Ì ¶μ¶¥·¥Î´Ò° · §³¥·
¨ · §¡·μ¸ ¶μ ¨³¶Ê²Ó¸Ê Ê¢¥²¨Î¨¢ ÕÉ¸Ö μÉ §´ Î¥´¨Ö (3.2) ¸ ·μ¸Éμ³ ²¨´¥°´μ°
¶²μÉ´μ¸É¨ ¶μ § ±μ´Ê

σ⊥(Ni) = σtransition

(
N

Ntransition

)1/3

. (3.3)

ˆ ÔÉμÉ § ±μ´ ¢Ò¶μ²´Ö¥É¸Ö ¢¶²μÉÓ ¤μ ³ ±¸¨³ ²Ó´μ° ²¨´¥°´μ° ¶²μÉ´μ¸É¨ ¶μ-
·Ö¤±  5 · 105 ¨μ´μ¢/³ [9]. ’ ±μ° § ±μ´ Ö¢²Ö¥É¸Ö ·¥§Ê²ÓÉ Éμ³ · ¢´μ¢¥¸¨Ö
¢´¥Ï´¥£μ μÌ² ¦¤¥´¨Ö ¨μ´μ¢ Ô²¥±É·μ´´Ò³ ¶ÊÎ±μ³ ¨ ¢´ÊÉ·¥´´¥£μ ´ £·¥¢  É ±
´ §Ò¢ ¥³Ò³ ¢´ÊÉ·¨¶ÊÎ±μ¢Ò³ · ¸¸¥Ö´¨¥³ Å ±Ê²μ´μ¢¸±¨³ · ¸¸¥Ö´¨¥³ ¨μ´μ¢
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’ ¡²¨Í  2. � · ³¥É·Ò Ô²¥±É·μ´-¨μ´´μ£μ ±μ²² °¤¥· 

— ¸É¨ÍÒ ¶ÊÎ±μ¢ ±μ²² °¤¥·  ˆμ´Ò 238U92+ �²¥±É·μ´Ò

�ÊÎμ± ®� ¢´μ¢¥¸´Ò°¯ · ¸¶ÊÐ¥´´Ò° ‘£·Ê¶¶¨·μ¢ ´´Ò°

�¥·¨³¥É· ±μ²ÓÍ , ³ 18,56∗ 16,0

�´¥·£¨Ö Î ¸É¨Í, ŒÔ‚/´Ê±²μ´, ŒÔ‚ 300 500

— ¸ÉμÉ  μ¡· Ð¥´¨Ö, ŒƒÍ 10,547 18,75

—¨¸²μ Î ¸É¨Í ¢ ¶ÊÎ±¥/¢ ¸£Ê¸É±¥ 1 · 103−1 · 107 1010

—¨¸²μ ¸£Ê¸É±μ¢ Å 9

„²¨´  ¸£Ê¸É± , ¸³ Å 4

�³¨ÉÉ ´¸ ¶ÊÎ± , ´³ 0,01Ä170 50

�μ¶¥·¥Î´Ò° · §³¥· ¸£Ê¸É± , ³±³ � 220 220

‹ ¸²¥ÉÉμ¢¸±¨° ¸¤¢¨£ Δq � 0,004 7,6 · 10−5

�ËË¥±É ¢¸É·¥Î¨ ξie, ξei 0,08 � 0,01

‡´ Î¥´¨¥ ¡¥É -ËÊ´±Í¨¨ B∗ ¢ IP, ³ 1,0 1,0

‘¢¥É¨³μ¸ÉÓ, ¸³−2 · ¸−1 7,5 · 1023−1,7 · 1027

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
∗�¥·¨³¥É· ±μ²ÓÍ  ¢Ò¡· ´ É ±, ÎÉμ¡Ò ¢Ò¶μ²´Ö²μ¸Ó Ê¸²μ¢¨¥ ¸¨´Ì·μ´¨§ Í¨¨ (1.35), ´¥μ¡Ìμ-

¤¨³μ¥ ¤²Ö ¸£·Ê¶¶¨·μ¢ ´´μ£μ ¨μ´´μ£μ ¶ÊÎ± .

¶ÊÎ±  μ¤¨´ ´  ¤·Ê£μ³. ‡ ±μ´ (3.3) ¡Ò² Ô±¸¶¥·¨³¥´É ²Ó´μ ¶·μ¢¥·¥´ ¤²Ö · ¸-
¶ÊÐ¥´´ÒÌ ¶ÊÎ±μ¢.

®� ¢´μ¢¥¸´Ò°¯ ¶ÊÎμ± ¨μ´μ¢ (3.3) ¶² ´¨·Ê¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ¢ Ô²¥±É·μ´-
¨μ´´μ³ ±μ²² °¤¥·¥ ¶·μ¥±É  DERICA (Dubna Electron-Radioactive Isotope Col-
lider fAcility) [27]. ‚ É ¡². 2 ¶·¨¢¥¤¥´Ò ¢μ§³μ¦´Ò¥ ¶ · ³¥É·Ò ±μ²² °¤¥· 
¨ ¥£μ ¸¢¥É¨³μ¸ÉÓ ¶·¨ ¸Éμ²±´μ¢¥´¨¨ Ô²¥±É·μ´´ÒÌ ¸£Ê¸É±μ¢ ¸ ®· ¢´μ¢¥¸´Ò³¯
¨μ´´Ò³ ¶ÊÎ±μ³ (¸³. ¤¥É ²¨ ¢ [9]). �·¨´ÖÉμ, ÎÉμ ¢ ±μ²² °¤¥·¥ ¨¸¶μ²Ó§μ¢ ´ 
¸Ì¥³  ¶¥·¥¸¥± ÕÐ¨Ì¸Ö ¶ÊÎ±μ¢ (¶. 1.6). �μÔÉμ³Ê λ = 1. “£μ² φ (1.32) ¶·¨´ÖÉ
¶·¥´¥¡·¥¦¨³μ ³ ²Ò³. ‘¢¥É¨³μ¸ÉÓ · ¸¸Î¨É ´  ¶μ Ëμ·³Ê²¥ (1.25).

�¥§Ê²ÓÉ ÉÒ μÍ¥´μ± (·¨¸. 9) ¶μ± §Ò¢ ÕÉ, ÎÉμ ®· ¢´μ¢¥¸´Ò°¯ ¶ÊÎμ± (¸¶²μ-
Ï´Ò¥ ±·¨¢Ò¥) ¨³¥¥É ´¥¸±μ²Ó±μ ¡μ²ÓÏÊÕ ¸¢¥É¨³μ¸ÉÓ, Î¥³ ¸£·Ê¶¶¨·μ¢ ´´Ò°
¶ÊÎμ± ¸ ¶μ¸ÉμÖ´´Ò³ Ô³¨ÉÉ ´¸μ³ (ÏÉ·¨Ìμ¢Ò¥), ´μ ¤μ É¥Ì ¶μ· ¶μ±  ¨Ì ¶μ¶¥·¥Î-
´Ò¥ · §³¥·Ò ´¥ ¸· ¢´Ö²¨¸Ó, ¨ ®¶·μ¨£·Ò¢ ¥É¯ ¶μ¸²¥¤´¥³Ê, ±μ£¤  · §³¥· · ¢´μ-
¢¥¸´μ£μ ¨μ´´μ£μ ¶ÊÎ±  ¶·¥¢Ò¸¨² ¶μ¶¥·¥Î´Ò¥ · §³¥·Ò Ô²¥±É·μ´´μ£μ. ˆμ´´Ò°
¶ÊÎμ±, ¶μ¶¥·¥Î´Ò° · §³¥· ±μÉμ·μ£μ μ£· ´¨Î¥´ ÔËË¥±Éμ³ ‹ ¸²¥ÉÉ  (¶Ê´±É¨·-
´Ò¥ ±·¨¢Ò¥), ¨³¥¥É ´ ¨³¥´ÓÏÊÕ ¨Ì É·¥Ì ¢ ·¨ ´Éμ¢ ¸¢¥É¨³μ¸ÉÓ, É ± ± ± ¢
ÔÉμ³ ¸²ÊÎ ¥ μ´  μ¶·¥¤¥²Ö¥É¸Ö ¶μ¶¥·¥Î´Ò³ · §³¥·μ³ Ô²¥±É·μ´´μ£μ ¶ÊÎ± .

�£· ´¨Î¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨ ¨μ´´μ£μ ¨ Ô²¥±É·μ´´μ£μ ¶ÊÎ±μ¢ ¨³¥¥É ¢ ÔÉμ³
±μ²² °¤¥·¥ · §´Ò¥ ¶·¨Î¨´Ò. Œ ±¸¨³ ²Ó´μ¥ Î¨¸²μ Î ¸É¨Í ¢ ¨μ´´μ³ ¢ ¶ÊÎ±¥
μ¶·¥¤¥²Ö¥É¸Ö Ê¸²μ¢¨¥³ ¸μÌ· ´¥´¨Ö ³ ²μ£μ ¶μ¶¥·¥Î´μ£μ · §³¥·  ¸£Ê¸É±  (3.3).
ˆ´É¥´¸¨¢´μ¸ÉÓ Ô²¥±É·μ´´μ£μ ¸£Ê¸É±  ¤¨±ÉÊ¥É¸Ö ÔËË¥±Éμ³ ¢¸É·¥Î¨, ±μÉμ·Ò°
ÔÉμÉ ¸£Ê¸Éμ± ¸μ§¤ ¥É ¤²Ö ¨μ´μ¢. ‚ Î¨¸²¥´´μ³ ¶·¨³¥·¥ ¶ · ³¥É· ξie ¨³¥¥É §´ -
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�¨¸. 9. ‡ ¢¨¸¨³μ¸ÉÓ μÉ Î¨¸²  Î ¸É¨Í ¨μ´´μ£μ ¶ÊÎ±  ¸¢¥É¨³μ¸É¨ Ô²¥±É·μ´-¨μ´´μ£μ
±μ²² °¤¥·  L ( ) ¨ ¶μ¶¥·¥Î´μ£μ · §³¥·  σx (¡) ¨μ´´μ£μ ¶ÊÎ±  (¸£Ê¸É± ): ¸¶²μÏ´ Ö
²¨´¨Ö Å · ¸¶ÊÐ¥´´Ò° μÌ² ¦¤¥´´Ò° ¨μ´´Ò° ¶ÊÎμ± ´¨¦¥ ¨ ¢ÒÏ¥ Ë §μ¢μ£μ ¶¥·¥Ìμ¤ ;
ÏÉ·¨Ìμ¢ Ö Å ¸£·Ê¶¶¨·μ¢ ´´Ò° ¨μ´´Ò° ¶ÊÎμ± ¸ ¶μ¸ÉμÖ´´Ò³ Ô³¨ÉÉ ´¸μ³, · ¢´Ò³
Ô³¨ÉÉ ´¸Ê Ô²¥±É·μ´´μ£μ ¶ÊÎ±  (50 ´³); ¶Ê´±É¨·´ Ö Å ¸£·Ê¶¶¨·μ¢ ´´Ò° ¨μ´´Ò° ¶Ê-
Îμ±, Ô³¨ÉÉ ´¸ ±μÉμ·μ£μ μ£· ´¨Î¥´ ¶·μ¸É· ´¸É¢¥´´Ò³ § ·Ö¤μ³ (¶ · ³¥É· ‹ ¸²¥ÉÉ )

Î¥´¨¥, ±μÉμ·μ¥ ¤μ¸É¨¦¨³μ Éμ²Ó±μ ¶·¨ ÔËË¥±É¨¢´μ³ ¢μ§¤¥°¸É¢¨¨ ´  ¨μ´´Ò°
¶ÊÎμ± Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö, ÎÉμ, ¢¶·μÎ¥³, ´¥μ¡Ìμ¤¨³μ ¨ ¤²Ö Ëμ·³¨·μ-
¢ ´¨Ö · ¢´μ¢¥¸´μ£μ ¨μ´´μ£μ ¶ÊÎ± .

�¥μ¡Ìμ¤¨³μ¸ÉÓ ¶·¨³¥´¥´¨Ö · ¸¶ÊÐ¥´´μ£μ ¨μ´´μ£μ ¶ÊÎ±  ¢Ò§¢ ´  É·¥-
¡μ¢ ´¨Ö³¨ ¸¨´Ì·μ´¨§ Í¨¨ ¸Éμ²±´μ¢¥´¨°, ¨ ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ÔÉ¨ É·¥¡μ¢ ´¨Ö
´μ¸ÖÉ ¶·¨´Í¨¶¨ ²Ó´Ò° Ì · ±É¥·. ‘±μ·μ¸É¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ô²¥±É·μ´μ¢ ¨ ¨μ-
´μ¢ §´ Î¨É¥²Ó´μ μÉ²¨Î ÕÉ¸Ö, ÎÉμ É·¥¡Ê¥É¸Ö ¸ ³μ° ¶μ¸É ´μ¢±μ° Ô±¸¶¥·¨³¥´É 
´  É ±μ³ ±μ²² °¤¥·¥ [17]. �μ ¶μÔÉμ³Ê Ê¤μ¢²¥É¢μ·¨ÉÓ Ê¸²μ¢¨Õ (1.35) ¤²Ö
¸£·Ê¶¶¨·μ¢ ´´ÒÌ Ô²¥±É·μ´´μ£μ ¨ ¨μ´´μ£μ ¶ÊÎ±μ¢ ³μ¦´μ ²¨ÏÓ ¶·¨ ¸É·μ£μ
μ¶·¥¤¥²¥´´ÒÌ (¤¨¸±·¥É´ÒÌ) §´ Î¥´¨ÖÌ ¶ · ³¥É·μ¢ Î ¸É¨Í ¨ · §³¥·μ¢ ±μ²¥Í.
� ÔÉμ ¨¸±²ÕÎ ¥É ¢μ§³μ¦´μ¸ÉÓ ¶² ¢´μ£μ ¸± ´¨·μ¢ ´¨Ö ¶μ Ô´¥·£¨¨ Î ¸É¨Í, ÎÉμ
´Ê¦´μ, ± ± ¶· ¢¨²μ, ¢ Ö¤¥·´μ-Ë¨§¨Î¥¸±¨Ì ¨¸¸²¥¤μ¢ ´¨ÖÌ. �·μ¡²¥³  ¸´¨-
³ ¥É¸Ö ¤²Ö Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ô²¥±É·μ´-¨μ´´ÒÌ ±μ²² °¤¥·μ¢, £¤¥ ¸±μ·μ-
¸É¨ Ô²¥±É·μ´μ¢ ¨ ÉÖ¦¥²ÒÌ Î ¸É¨Í ¶· ±É¨Î¥¸±¨ ´¥ μÉ²¨Î ÕÉ¸Ö μÉ ¸±μ·μ¸É¨
¸¢¥É . ’ ±¨¥ ±μ²² °¤¥·Ò · §· ¡ ÉÒ¢ ÕÉ¸Ö ¢ –…�� (Large HadronÄElectron
Collider Å LHeC) ¨ ¢ ¤¢ÊÌ ² ¡μ· Éμ·¨ÖÌ ‘˜� Å 	·Ê±Ì¥°¢¥´¸±μ° (Rela-
tivistic ElectronÄHadron Collider Å eRHIC) ¨ ² ¡μ· Éμ·¨¨ ¨³. „¦¥ËË¥·¸μ´ 
(Medium energy ElectronÄIon Collider Å MEIC).

�¨§± Ö ¨´É¥´¸¨¢´μ¸ÉÓ · ¢´μ¢¥¸´ÒÌ ¶ÊÎ±μ¢ μ£· ´¨Î¨¢ ¥É μ¡² ¸ÉÓ ¨Ì ¶·¨-
³¥´¥´¨° ¨§ÊÎ¥´¨¥³ Ë¨§¨±¨ ·¥¤±¨Ì (®Ô±§μÉ¨Î¥¸±¨Ì¯) ¨ · ¤¨μ ±É¨¢´ÒÌ ¨§μ-
Éμ¶μ¢ [27].

3.4. ®‘²¨¢ ÕÐ¨¥¸Ö¯ ¨μ´´Ò¥ ¶ÊÎ±¨. �¥·¢μ¥ ¶·¥¤²μ¦¥´¨¥ ¶μ ¶·¨³¥´¥-
´¨Õ ¨μ´´ÒÌ ´ ±μ¶¨É¥²¥° ¸ Ô²¥±É·μ´´Ò³ μÌ² ¦¤¥´¨¥³ (®±Ê²¥·Ò-´ ±μ¶¨É¥-
²¨¯) ¢ Ô±¸¶¥·¨³¥´É Ì ¶μ Ö¤¥·´μ° Ë¨§¨±¥ [28] ¶μÖ¢¨²μ¸Ó ¢ ±μ´Í¥ 1970-Ì ££.
¢ · ¡μÉ Ì, ¶·μ¢μ¤¨¢Ï¨Ì¸Ö ¢ ˆŸ” ‘� �� ‘‘‘� ¶μ · §¢¨É¨Õ ³¥Éμ¤  Ô²¥±-
É·μ´´μ£μ μÌ² ¦¤¥´¨Ö. ’ ±¨¥ Ô±¸¶¥·¨³¥´ÉÒ ¡Ò²¨ ´ Î ÉÒ ¸¶Ê¸ÉÖ ¶μÎÉ¨ 10 ²¥É,
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’ ¡²¨Í  3. � · ³¥É·Ò ±μ²² °¤¥·  ¸μ ¸²¨¢ ÕÐ¨³¨¸Ö ¶ÊÎ± ³¨

— ¸É¨ÍÒ ¶ÊÎ±μ¢ ±μ²² °¤¥·  238U92+ 235U92+

�ÊÎμ± � ¸¶ÊÐ¥´´Ò° � ¸¶ÊÐ¥´´Ò°

�¥·¨³¥É· ±μ²ÓÍ , ³ 76,22 62,86

�´¥·£¨Ö Î ¸É¨Í, ŒÔ‚/´Ê±²μ´ 785 500

Œ £´¨É´μ¥ ¶μ²¥ ¤¨¶μ²¥°, ’² 1,5 1,5

—¨¸²μ Î ¸É¨Í ¢ ¶ÊÎ±¥ 4,9 · 1010 2,35 · 1010

�³¨ÉÉ ´¸ ¶ÊÎ± , π ·³³·³· ¤ 1,1 1,1

‹ ¸²¥ÉÉμ¢¸±¨° ¸¤¢¨£ Δq 0,043 0,043

�ËË¥±É ¢¸É·¥Î¨ ξ12, ξ21 0,007 0,002

‡´ Î¥´¨¥ ¡¥É -ËÊ´±Í¨¨ B∗ ¢ IP, ³ 2,0 2,0

„²¨´  ÊÎ ¸É±  ¢§ ¨³μ¤¥°¸É¢¨Ö, ³ 6,0

‘¢¥É¨³μ¸ÉÓ, ¸³−2· ¸−1 2,4 · 1025

±μ£¤  ¢ ´¥¸±μ²Ó±¨Ì Ö¤¥·´μ-Ë¨§¨Î¥¸±¨Ì ² ¡μ· Éμ·¨ÖÌ ¡Ò²¨ ¶μ¸É·μ¥´Ò ´ ±μ-
¶¨É¥²¨ ¸ Ô²¥±É·μ´´Ò³ μÌ² ¦¤¥´¨¥³. � ¨¡μ²¥¥  ±É¨¢´μ ¨¸¸²¥¤μ¢ ´¨Ö ¢¥²¨¸Ó
´  ´ ±μ¶¨É¥²¥ Experimental Storage Ring (ESR) ¢ ¨¸¸²¥¤μ¢ É¥²Ó¸±μ³ Í¥´-
É·¥ GSI („ ·³ÏÉ ¤É, ”�ƒ). ’μ£¤  ¦¥ ¡Ò²μ ¢Ò¸± § ´μ ¶·¥¤²μ¦¥´¨¥ [29]
μ ¶μ¸É ´μ¢±¥ Ô±¸¶¥·¨³¥´Éμ¢ ´  ±μ²² °¤¥·¥ ¸μ ®¸²¨¢ ÕÐ¨³¨¸Ö¯ (®merging¯),
¨²¨ ®¤μ£μ´ÖÕÐ¨³¨¯, ¶ÊÎ± ³¨, Î ¸É¨ÍÒ ±μÉμ·ÒÌ ´  ÊÎ ¸É±¥ ¢¸É·¥Î¨ ¤¢¨¦ÊÉ¸Ö
¢ μ¤´μ³ ¨ Éμ³ ¦¥ ´ ¶· ¢²¥´¨¨, ¨³¥Ö · §´ÊÕ ¸±μ·μ¸ÉÓ (Ô´¥·£¨Õ). ’ ± Ö ¶μ¸É -
´μ¢±  Ô±¸¶¥·¨³¥´É  μÉ±·Ò¢ ¥É ¤μ¶μ²´¨É¥²Ó´Ò¥ ¢μ§³μ¦´μ¸É¨ ¢ ¨¸¸²¥¤μ¢ ´¨¨
¸É·Ê±ÉÊ·Ò · ¤¨μ ±É¨¢´ÒÌ Ö¤¥·.

�¤´μ ¨§ ¢μ§³μ¦´ÒÌ ¶·¨³¥´¥´¨° ±μ²² °¤¥·  ´  ¸²¨¢ ÕÐ¨Ì¸Ö ¶ÊÎ± Ì,
¶·¥¤²μ¦¥´´μ¥ ¢ · ¡μÉ¥ [30], Å ¨§ÊÎ¥´¨¥ Ë¨§¨±¨ ¢ ±ÊÊ³  ¢ ¸Éμ²±´μ¢¥´¨ÖÌ
ÉÖ¦¥²ÒÌ Ö¤¥·, ¸μ§¤ ÕÐ¨Ì ®¸¢¥·Ì±·¨É¨Î¥¸±μ¥¯ Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥, · §¤¥-
²ÖÕÐ¥¥ Î ¸É¨ÍÒ ¢¨·ÉÊ ²Ó´μ° Ô²¥±É·μ´-¶μ§¨É·μ´´μ° ¶ ·Ò. �μ¤μ¡´ Ö § -
¤ Î  μ¡¸Ê¦¤ ¥É¸Ö ¤μ¢μ²Ó´μ ¤ ¢´μ. ‚ ±μ´±·¥É´μ° ¸Ì¥³¥ Ô±¸¶¥·¨³¥´É  (É ¡². 3)
¸É ²±¨¢ ÕÉ¸Ö Ö¤·  ¤¢ÊÌ ¨§μÉμ¶μ¢ Ê· ´  238U92+ ¨ 235U92+, Ô´¥·£¨Ö ±μÉμ-
·ÒÌ ¢Ò¡· ´  É ±, ÎÉμ ¨Ì ¶μ²´ Ö Ô´¥·£¨Ö ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ¸μ¸É ¢²Ö¥É
6 ŒÔ‚/´Ê±²μ´. �Éμ£μ ¤μ¸É ÉμÎ´μ ¤²Ö ¶·¥μ¤μ²¥´¨Ö ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥· .
�·¥¤² £ ¥É¸Ö É ±¦¥ ¨¸¶μ²Ó§μ¢ ÉÓ ¸Ì¥³Ê ¶¥·¥¸¥± ÕÐ¨Ì¸Ö ¶ÊÎ±μ¢ (¶. 1.6) ¨²¨
¸Ì¥³Ê ±μ²² °¤¥·  NICA Å É ±ÊÕ ¦¥, ± ± ¢ ¢ ·¨ ´É¥ ¢¸É·¥Î´ÒÌ ¤¥°É·μ´-
¶·μÉμ´´ÒÌ ¶ÊÎ±μ¢ (¶. 3.2).

�·μ¡²¥³  ¸¨´Ì·μ´¨§ Í¨¨ ¸Éμ²±´μ¢¥´¨°, É ± ¦¥, ± ± μ¶¨¸ ´μ ¢ÒÏ¥, ·¥-
Ï ¥É¸Ö ¶·¨³¥´¥´¨¥³ ¤¢ÊÌ · ¸¶ÊÐ¥´´ÒÌ ¶ÊÎ±μ¢.

‘¢¥É¨³μ¸ÉÓ ±μ²² °¤¥·  μ£· ´¨Î¥´  ÔËË¥±Éμ³ ‹ ¸²¥ÉÉ , ÎÉμ μ¡ÑÖ¸´Ö¥É¸Ö
¸· ¢´¨É¥²Ó´μ ´¥¢Ò¸μ±μ° Ô´¥·£¨¥° ÉÖ¦¥²ÒÌ Ö¤¥·. …¥ §´ Î¥´¨¥ · ¸¸Î¨É ´μ ¶μ
Ëμ·³Ê² ³ (1.28), (1.29), ¨, ± ± ¶·¥¤¶μ² £ ¥É¸Ö ¢ [30], μ´μ ¢¶μ²´¥ ¤μ¸É ÉμÎ´μ
¤²Ö ¶·μ¢¥¤¥´¨Ö ¶·¥¤²μ¦¥´´μ£μ Ô±¸¶¥·¨³¥´É .
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�·¨¢¥¤¥´´Ò¥ Ëμ·³Ê²Ò ¸¢¥É¨³μ¸É¨ ±μ²² °¤¥·  ¢ É·¥Ì · §²¨Î´ÒÌ ·¥¦¨-
³ Ì ¸Éμ²±´μ¢¥´¨° Å ¤¢ÊÌ ¸£·Ê¶¶¨·μ¢ ´´ÒÌ ¶ÊÎ±μ¢, ¤¢ÊÌ · ¸¶ÊÐ¥´´ÒÌ ¨
¸£·Ê¶¶¨·μ¢ ´´μ£μ ¸ · ¸¶ÊÐ¥´´Ò³ μ¶¨¸Ò¢ ÕÉ ¢¸¥ ¢μ§³μ¦´Ò¥ ¢ ·¨ ´ÉÒ ¶·¨-
³¥´¥´¨Ö Í¨±²¨Î¥¸±¨Ì ±μ²² °¤¥·μ¢. �·¥¤²μ¦¥´´Ò° ³¥Éμ¤ μ¶É¨³¨§ Í¨¨ ¶ · -
³¥É·μ¢ ¨μ´´μ£μ ±μ²² °¤¥·  ¶μ§¢μ²Ö¥É μ¶·¥¤¥²¨ÉÓ ¨Ì ¶·¥¤¥²Ó´Ò¥ §´ Î¥´¨Ö ¨,
¸μμÉ¢¥É¸É¢¥´´μ, ´ °É¨ ³ ±¸¨³ ²Ó´μ ¢μ§³μ¦´ÊÕ ¸¢¥É¨³μ¸ÉÓ ±μ²² °¤¥· . ‚ ± -
Î¥¸É¢¥ £² ¢´ÒÌ ±·¨É¥·¨¥¢, μ£· ´¨Î¨¢ ÕÐ¨Ì ¶·¥¤¥²Ó´Ò¥ §´ Î¥´¨Ö ¸¢¥É¨³μ¸É¨,
¶·¥¤²μ¦¥´Ò ¨ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢ Î¨¸²¥´´ÒÌ ¶·¨³¥· Ì ¤¢  ÔËË¥±É  ¶·μ¸É· ´-
¸É¢¥´´μ£μ § ·Ö¤  ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¶ÊÎ±μ¢ ±μ²² °¤¥·  Å ¸¤¢¨£¨ Î ¸ÉμÉ ¶μ¶¥-
·¥Î´ÒÌ (¡¥É É·μ´´ÒÌ) ±μ²¥¡ ´¨° Î ¸É¨Í ¶μ¤ ¤¥°¸É¢¨¥³ ¸μ¡¸É¢¥´´μ£μ Ô²¥±-
É·μ³ £´¨É´μ£μ ¶μ²Ö ¸£Ê¸É±  (ÔËË¥±É ‹ ¸²¥ÉÉ ) ¨ ¶μ²Ö ¢¸É·¥Î´μ£μ ¸£Ê¸É± 
(ÔËË¥±É ¢¸É·¥Î¨). ‘Ëμ·³Ê²¨·μ¢ ´Ò Ê¸²μ¢¨Ö ¸¨´Ì·μ´¨§ Í¨¨ ¸Éμ²±´μ¢¥´¨°,
¶μ± §Ò¢ ÕÐ¨¥ ¶·¥¨³ÊÐ¥¸É¢μ · ¸¶ÊÐ¥´´μ£μ ¶ÊÎ±  ¢ ¸²ÊÎ ¥  ¸¨³³¥É·¨Î´μ£μ
±μ²² °¤¥·  (¶. 3.2). �  Î¨¸²¥´´ÒÌ ¶·¨³¥· Ì ¶μ± § ´Ò ¸²ÊÎ ¨, ±μ£¤  μ¶·¥-
¤¥²ÖÕÐ¨³ Ö¢²Ö¥É¸Ö ² ¸²¥ÉÉ-ÔËË¥±É (¶¶. 3.1, 3.2 Å ¸£·Ê¶¶¨·μ¢ ´´Ò¥ ¨μ´´Ò¥
¶ÊÎ±¨, ¶. 3.3 Å Ô²¥±É·μ´´Ò° ¶ÊÎμ± ¨ ¶. 3.4 Å · ¸¶ÊÐ¥´´Ò¥ ¨μ´´Ò¥ ¶ÊÎ±¨),
¨ ¸²ÊÎ ¨ μ£· ´¨Î¥´¨Ö ¸¢¥É¨³μ¸É¨ ÔËË¥±Éμ³ ¢¸É·¥Î¨ (¶. 3.1, · ¸¶ÊÐ¥´´Ò¥
¨μ´´Ò¥ ¶ÊÎ±¨, ¶¶. 3.2, 3.3). ‚ ¶. 3.1 ¤²Ö ¶·μÉμ´´ÒÌ ¢¸É·¥Î´ÒÌ ¶ÊÎ±μ¢ ¶μ± -
§ ´ ¶·μ³¥¦ÊÉμÎ´Ò° ¸²ÊÎ °, ±μ£¤  ÔËË¥±É ¢¸É·¥Î¨ ¶·¥μ¡² ¤ ¥É ¶·¨ ¡μ²ÓÏμ°
Ô´¥·£¨¨.

�¢Éμ· ¢Ò· ¦ ¥É ¡² £μ¤ ·´μ¸ÉÓ ‚.�. ‹¥¡¥¤¥¢Ê, ‘.‘.� £ °Í¥¢Ê ¨ …. 	. ‹¥-
¢¨Î¥¢Ê §  ¶μ²¥§´Ò¥ μ¡¸Ê¦¤¥´¨Ö, „. „¦μ¢¥ÉÉÊ ¨ ‘. Ÿ³ £ÊÎ¨ §  ¶·¥¤¸É ¢²¥´´ÊÕ
Í¥´´ÊÕ ¨´Ëμ·³ Í¨Õ, „. �.˜ É¨²μ¢Ê ¨ �.�. ‘¨¤μ·¨´Ê, μ§´ ±μ³¨¢Ï¨³¸Ö ¸
·Ê±μ¶¨¸ÓÕ ¸É ÉÓ¨ ¨ ¤ ¢Ï¨³ ³´μ£μÎ¨¸²¥´´Ò¥ ±·¨É¨Î¥¸±¨¥ § ³¥Î ´¨Ö ¨ ·¥-
±μ³¥´¤ Í¨¨, †. ‹.Œ ²ÓÍ¥¢μ° §  Í¥´´Ò¥ ¸μ¢¥ÉÒ ¶·¨ ¶·μ¢¥¤¥´¨¨ Î¨¸²¥´´ÒÌ
· ¸Î¥Éμ¢ ¨ ‘.�.Œ¥²Ó´¨±μ¢Ê, ÉÐ É¥²Ó´μ ¶·μ¢¥·¨¢Ï¥³Ê ¢ÒÎ¨¸²¥´¨Ö ¨ ¢´¥¸-
Ï¥³Ê ´¥μ¡Ìμ¤¨³Ò¥ ¨¸¶· ¢²¥´¨Ö.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ¸¢Ö§¨ ¸ μ¸ÊÐ¥¸É¢²¥´¨¥³ ¶·μ¥±Éμ¢ NICA [1] ¨
DERICA [24] ¢ �ˆŸˆ. �¢Éμ· ¶·¨´μ¸¨É ¨¸±·¥´´ÕÕ ¡² £μ¤ ·´μ¸ÉÓ ±μ²²¥-
£ ³ §  ¸μ¢³¥¸É´ÊÕ · ¡μÉÊ ´ ¤ ÔÉ¨³¨ ¶·μ¥±É ³¨.

�·¨²μ¦¥´¨¥

��ˆ
‹ˆ†…�ˆ… ’��Š�‰ ‹ˆ�‡›

‘¤¢¨£ Î ¸ÉμÉÒ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ξ12 ¶μ¤ ¤¥°¸É¢¨¥³ beamÄbeam
ÔËË¥±É  ´ °¤¥³, Ê³´μ¦¨¢ ³ É·¨ÍÊ ¶¥·¥Ìμ¤  ¤²Ö μ¡μ·μÉ  Î ¸É¨ÍÒ ¢ ±μ²ÓÍ¥
±μ²² °¤¥·  (É ± ´ §Ò¢ ¥³ Ö ³ É·¨Í  ’¢¨¸¸ )

Mring =
(

cosϕ0 + α sin ϕ0 β sin ϕ0

−γ sin ϕ0 cosϕ0 − α sinϕ0

)
, ϕ0 = 2πQ,
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Mf =

⎛
⎝ 1 0

− 1
f

1

⎞
⎠ ,

Ëμ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥ ±μÉμ·μ° f ´Ê¦´μ ¸¢Ö§ ÉÓ ¸μ ¸¤¢¨£μ³ Ë §Ò ¡¥É É·μ´´ÒÌ
±μ²¥¡ ´¨°.

Œ É·¨ÍÊ ¶¥·¥Ìμ¤  M∗ ¸ ÊÎ¥Éμ³ ¢μ§³ÊÐ¥´¨Ö, ¢´μ¸¨³μ£μ Éμ´±μ° ²¨´§μ°,
´ °¤¥³, ¶¥·¥³´μ¦¨¢ ³ É·¨ÍÒ Mring ¨ Mf :

M∗ = MringMf =

⎛
⎜⎝ cosϕ0 + α0 sin ϕ0 −

β0

f
sin ϕ0 β0 sin ϕ0

− γ0 sinϕ0 −
1
f

cosϕ0 +
α0

f
sin ϕ0 cosϕ0 − α0 sin ϕ0

⎞
⎟⎠.

(�.1)
�·¥¤¸É ¢¨¢ Î²¥´Ò ³ É·¨ÍÒ M∗ ¢ ¢¨¤¥

ϕ∗ = ϕ0 + Δϕ, Δϕ � ϕ0; β = β0 + Δβ; α = α0 + Δα, γ = γ0 + Δγ,

£¤¥ Δϕ, Δα, Δβ, Δγ Å ¢μ§³ÊÐ¥´¨Ö, ¢´μ¸¨³Ò¥ Éμ´±μ° ²¨´§μ°, § ¶¨Ï¥³
³ É·¨ÍÊ M∗:

M∗ ≡ MΔ =
(

cosϕ∗ + α sin ϕ∗ β sin ϕ∗

− γ sin ϕ∗ cosϕ∗ − α sinϕ∗

)
. (�.2)

�·¨· ¢´Ö¢ § É¥³ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ Î²¥´Ò ³ É·¨Í (�.1) ¨ (�.2), ´ °¤¥³ ¢
²¨´¥°´μ³ ¶·¨¡²¨¦¥´¨¨ ¶μ Δ-Î²¥´ ³

m∗
11 = mΔ

11 → −β0

f
sin ϕ0 = −Δϕ (sin ϕ0 − α0 cosϕ0) + Δα sin ϕ0,

m∗
12 = mΔ

12 → 0 = β0 cosϕ0Δϕ + Δβ sin ϕ0,

m∗
21 = mΔ

21 → −cosϕ0

f
+

α0 sin ϕ0

f
= γ0Δϕ cos ϕ0 − Δγ sin ϕ0,

m∗
22 = mΔ

22 → 0 = −Δϕ (sinϕ0 + α0 cosϕ0) − Δα sin ϕ0.

’ ±¨³ μ¡· §μ³, ³Ò ¶μ²ÊÎ¨²¨ Î¥ÉÒ·¥ Ê· ¢´¥´¨Ö ¤²Ö ´¥¨§¢¥¸É´ÒÌ Δϕ, Δα,
Δβ ¨ Δγ:

Δϕ (sin ϕ0 − α0 cosϕ0) − Δα sin ϕ0 =
β0

f
sin ϕ0,

Δϕβ0 cosϕ0 + Δβ sin ϕ0 = 0,

−Δϕγ0 cosϕ0 − Δγ sinϕ0 = − 1
f

(cosϕ0 − α0 sin ϕ0) ,

Δϕ (sin ϕ0 + α0 cosϕ0) + Δα sin ϕ0 = 0.
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�¥Ï Ö ÔÉÊ ¸¨¸É¥³Ê ²¨´¥°´ÒÌ Ê· ¢´¥´¨Ö ¨§¢¥¸É´Ò³ ³¥Éμ¤μ³ ¢ÒÎ¨¸²¥´¨Ö ¤¥-
É¥·³¨´ ´Éμ¢, ´ Ìμ¤¨³ μ¶·¥¤¥²¨É¥²Ó ¸¨¸É¥³Ò DetΔ = −2 sin4ϕ0 ¨ μ¶·¥¤¥²¨-
É¥²Ó ¸ § ³¥´μ° ¶¥·¢μ£μ ¸Éμ²¡Í  ¢ DetΔ ´  ±μÔËË¨Í¨¥´ÉÒ ¶· ¢μ° Î ¸É¨ ¸¨-
¸É¥³Ò Detϕ = −(β0/f) sin4ϕ0 . ˆÌ μÉ´μÏ¥´¨¥ ¤ ¥É ¨¸±μ³μ¥ §´ Î¥´¨¥ ¸¤¢¨£ 
Ë §Ò ϕ ¢ ¶·¨¸ÊÉ¸É¢¨¨ Éμ´±μ° ²¨´§Ò:

Δϕ =
Detϕ

DetΔ
=

β0

2f
. (�.3)

�Éμ ¢Ò· ¦¥´¨¥ ¤²Ö Δϕ ¢ ÉμÎ´μ¸É¨ ¸μ¢¶ ¤ ¥É ¸ (2.15), ¶μ¸±μ²Ó±Ê β0 ≡ B∗
x1 Å

§´ Î¥´¨¥ ¡¥É É·μ´´μ° ËÊ´±Í¨¨ ¢ ÉμÎ±¥ · ¸¶μ²μ¦¥´¨Ö ®¢μ§³ÊÐ ÕÐ¥°¯ Éμ´-
±μ° ²¨´§Ò (¢ ¥¥ μÉ¸ÊÉ¸É¢¨¥),   Ëμ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥ f ≡ fBB.
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