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Œ¥Ï±μ¢ ˆ.�. „9-2013-53
Œ¥Éμ¤ ¡ ·Ó¥·´ÒÌ ´ ¶·Ö¦¥´¨° ¢ Í¨±²¨Î¥¸±¨Ì Ê¸±μ·¨É¥²ÖÌ

�·¥¤¸É ¢²¥´ ¶·¨´Í¨¶ ¤¥°¸É¢¨Ö ¸¨¸É¥³ ¡ ·Ó¥·´μ£μ ‚—-´ ¶·Ö¦¥´¨Ö, ±μÉμ·Ò¥
´ Ìμ¤ÖÉ ¶·¨³¥´¥´¨¥ ¤²Ö ´ ±μ¶²¥´¨Ö ¨ Ê¸±μ·¥´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ ¶·μ-
Éμ´´ÒÌ ¸¨´Ì·μÉ·μ´ Ì-´ ±μ¶¨É¥²ÖÌ. �¶¨¸ ´¨¥ ¤ ´μ ´  ¶·¨³¥·¥ ¤¢ÊÌ ³μ¤¥²¥°
É ±¨Ì ¸¨¸É¥³ Å ¸ ¶·Ö³μÊ£μ²Ó´Ò³¨ ¨ ±¢ §¨¸¨´Ê¸μ¨¤ ²Ó´Ò³¨ ¡ ·Ó¥· ³¨. ˆ¸-
¶μ²Ó§Ê¥É¸Ö ¤¢  · §²¨Î´ÒÌ ¸¶μ¸μ¡  μ¶¨¸ ´¨Ö ¤¨´ ³¨±¨ Î ¸É¨Í ¢ ¸¨´Ì·μÉ·μ´ Ì ¸
¡ ·Ó¥·´Ò³ ‚—-´ ¶·Ö¦¥´¨¥³. �¥·¢Ò° ¨§ ´¨Ì Å ®¶μÏ £μ¢Ò°¯  ´ ²¨§ ¤¢¨¦¥´¨Ö
Î ¸É¨ÍÒ ¢ ¶·μ¸É· ´¸É¢¥ ¨³¶Ê²Ó¸ÄË §  Å ¶μ§¢μ²Ö¥É ¤ ÉÓ Ö¸´μ¥ ¨ ¶·μ¸Éμ¥ μ¶¨-
¸ ´¨¥ Ë¨§¨Î¥¸±¨Ì ¶·¨´Í¨¶μ¢ ³¥Éμ¤  ¨ ¶μ²ÊÎ¨ÉÓ ¥£μ £² ¢´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¢
 ´ ²¨É¨Î¥¸±μ° Ëμ·³¥. 	ÉμÉ ¸¶μ¸μ¡, μ¤´ ±μ, ´¥ ¢¸¥£¤  ÔËË¥±É¨¢¥´. �μÔÉμ³Ê ¢
¸É ÉÓ¥ ¶·¥¤¸É ¢²¥´ ¨ Ï¨·μ±μ ¨¸¶μ²Ó§Ê¥É¸Ö ¸¶μ¸μ¡  ´ ²¨§  ¤¨´ ³¨±¨ Î ¸É¨Í ¢ ¡ -
·Ó¥·´ÒÌ ¸¨¸É¥³ Ì ¸ ¶μ³μÐÓÕ ·¥Ï¥´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° Ë §μ¢μ£μ
¤¢¨¦¥´¨Ö. 	ÉμÉ ¸¶μ¸μ¡ ¶μ§¢μ²Ö¥É ¶·μ¨§¢μ¤¨ÉÓ ± ± ¢ÒÎ¨¸²¥´¨Ö ¢  ´ ²¨É¨Î¥¸±μ°
Ëμ·³¥, É ± ¨ Î¨¸²¥´´μ¥ ³μ¤¥²¨·μ¢ ´¨¥, ÎÉμ ¨²²Õ¸É·¨·Ê¥É¸Ö ¶·¨¢¥¤¥´´Ò³¨ ¶·¨-
³¥· ³¨.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ë¨§¨±¨ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¨³. ‚.ˆ. ‚¥±¸²¥· 
¨ �.Œ. � ²¤¨´  �ˆŸˆ.
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Meshkov I. N. D9-2013-53
Barrier Bucket Method in Cyclic Accelerators

The paper describes the main principles of the Barrier Bucket Method of charge
particles stacking and acceleration in proton synchrotrons. The consideration is
done with two models of ®rectangular barriers¯ and ®quasi-sinusoidal¯ ones using
different approaches to analysis of particle motion. The ˇrst of them Å so-called
®step by step approach¯, allows us to give a very clear physical explanation of
the method and obtain easily the main characteristics of the method in analytical
form. However, that is not always an efˇcient way. Therefore, the general case of
the ®barriers¯ of an arbitrary form is considered as well and differential equations
of particle phase motion are derived. This approach gives ample opportunities for
analysis and numerical simulations of different phase dynamics regimes of particles
in cyclic accelerators. Numerical examples for the method illustration are presented.

The investigation has been performed at the Veksler and Baldin Laboratory of
High Energy Physics, JINR.
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Œ¥Éμ¤ ¡ ·Ó¥·´ÒÌ ‚—-´ ¶·Ö¦¥´¨° ¢ Í¨±²¨Î¥¸±¨Ì Ê¸±μ·¨É¥²ÖÌ ¡Ò² ¶·¥¤-
²μ¦¥´ „¦. ƒ·¨ËË¨´μ³ [1] ¨ ¸ É¥Ì ¶μ· ¤μ¸É ÉμÎ´μ Ê¸¶¥Ï´μ ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö
´ ±μ¶²¥´¨Ö ¨ Ê¸±μ·¥´¨Ö Î ¸É¨Í ¢ ¶·μÉμ´´ÒÌ ¸¨´Ì·μÉ·μ´ Ì (¸³., ´ ¶·¨³¥·,
μ¡§μ· [2]). ˆ¤¥Ö ³¥Éμ¤  μ¸´μ¢ ´  ´  £¥´¥· Í¨¨ ¶¥·¨μ¤¨Î¥¸±¨Ì ¨³¶Ê²Ó¸μ¢
‚—-´ ¶·Ö¦¥´¨Ö (´ ¶·¨³¥·, ¶·Ö³μÊ£μ²Ó´μ° Ëμ·³Ò), ¸¨´Ì·μ´¨§¨·μ¢ ´´ÒÌ ¸
Î ¸ÉμÉμ° μ¡· Ð¥´¨Ö Î ¸É¨Í, ÎÉμ ¶μ§¢μ²Ö¥É μ¸ÊÐ¥¸É¢²ÖÉÓ ´ ±μ¶²¥´¨¥ ¨ Ê¸±μ-
·¥´¨¥ Î ¸É¨Í ¢ Í¨±²¨Î¥¸±¨Ì Ê¸±μ·¨É¥²ÖÌ. ’ ±¨¥ ¨³¶Ê²Ó¸Ò ´ ¶·Ö¦¥´¨Ö £¥-
´¥·¨·ÊÕÉ¸Ö Ï¨·μ±μ¶μ²μ¸´μ° ‚—-¸¨¸É¥³μ° ¸ ·¥§μ´ Éμ· ³¨, ´ £·Ê¦¥´´Ò³¨
¢Ò¸μ±μÎ ¸ÉμÉ´Ò³ Ë¥··μ³ £´¥É¨±μ³ (Ë¥··¨ÉÒ,  ³μ·Ë´μ¥ ¦¥²¥§μ ¨ É. ¶.).

ˆ´É¥·¥¸ ± ¡ ·Ó¥·´Ò³ ‚—-¸¨¸É¥³ ³ §´ Î¨É¥²Ó´μ ¢μ§·μ¸ ¢ ¸¢Ö§¨ ¸ · §-
¢¨É¨¥³ ³¥Éμ¤μ¢ Ô²¥±É·μ´´μ£μ ¨ ¸ÉμÌ ¸É¨Î¥¸±μ£μ μÌ² ¦¤¥´¨Ö § ·Ö¦¥´´ÒÌ
Î ¸É¨Í ¢ ´ ±μ¶¨É¥²ÖÌ Å ®±Ê²¥· Ì¯. ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¤¢  ¶·μ¥±É  Å
®Nuclotron based Ion Collider fAcility¯ (NICA) [3] ¢ �¡Ñ¥¤¨´¥´´μ³ ¨´¸É¨-
ÉÊÉ¥ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ¢ „Ê¡´¥ ¨ ®Facility for Antiproton and Ion Re-
search¯ (FAIR) [4] ¢ „ ·³ÏÉ ¤É¥ (”�ƒ) μ¸ÊÐ¥¸É¢²ÖÕÉ ¸μμ·Ê¦¥´¨¥ Ê¸±μ·¨-
É¥²Ó´ÒÌ ±μ³¶²¥±¸μ¢, ¢ ±μÉμ·ÒÌ ³¥Éμ¤ ¡ ·Ó¥·´ÒÌ ‚—-¸¨¸É¥³ ¨¸¶μ²Ó§Ê¥É¸Ö
¤²Ö ´ ±μ¶²¥´¨Ö ¨ Ê¸±μ·¥´¨Ö ¨μ´μ¢.

„¨´ ³¨±  § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ Í¨±²¨Î¥¸±¨Ì Ê¸±μ·¨É¥²ÖÌ ¸ ¡ ·Ó¥·´Ò³¨
‚—-¸¨¸É¥³ ³¨ μ¶¨¸Ò¢ ¥É¸Ö ¢ Ê· ¢´¥´¨ÖÌ,  ´ ²μ£¨Î´ÒÌ Ê· ¢´¥´¨Ö³ Ë §μ¢μ£μ
¤¢¨¦¥´¨Ö Î ¸É¨Í ¢ Í¨±²¨Î¥¸±¨Ì Ê¸±μ·¨É¥²ÖÌ ¸ ±² ¸¸¨Î¥¸±¨³¨ Ê¸±μ·ÖÕÐ¨³¨
¸¨¸É¥³ ³¨ £ ·³μ´¨Î¥¸±μ£μ ‚—-´ ¶·Ö¦¥´¨Ö [5]. �¤´ ±μ μ¶·¥¤¥²¥´´ Ö ¸¶¥Í¨-
Ë¨±  ¤¨´ ³¨±¨ Î ¸É¨Í ¢ ¡ ·Ó¥·´ÒÌ ¸¨¸É¥³ Ì É·¥¡Ê¥É ¥¥ ¸¶¥Í¨ ²Ó´μ£μ  ´ -
²¨§ . ’¥Ì´¨±  Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö, · §¢¨É Ö ¤²Ö ÔÉμ° Í¥²¨ [2, 6Ä14],
μÎ¥´Ó ·¥§Ê²ÓÉ É¨¢´  ¨ ¤ ¥É ¶· ±É¨Î¥¸±¨ ¢ ¦´Ò¥ ·¥§Ê²ÓÉ ÉÒ. �·μ£· ³³´μ¥
μ¡¥¸¶¥Î¥´¨¥, ¸μ§¤ ´´μ¥ ¤²Ö ÔÉ¨Ì § ¤ Î, Ô±¸¶¥·¨³¥´É ²Ó´μ É¥¸É¨·μ¢ ´μ ´ 
¶ÊÎ± Ì Î ¸É¨Í ¢ ¸¨´Ì·μÉ·μ´ Ì-´ ±μ¶¨É¥²ÖÌ ± ± ¡¥§ ¨¸¶μ²Ó§μ¢ ´¨Ö ³¥Éμ¤μ¢
μÌ² ¦¤¥´¨Ö [8], É ± ¨ ¸ ¨Ì ¶·¨³¥´¥´¨¥³ [10, 14]. ’¥³ ´¥ ³¥´¥¥ Î¨¸²¥´´μ¥
³μ¤¥²¨·μ¢ ´¨¥ ³μ¦¥É ¤ ÉÓ μÉ¢¥ÉÒ ®¤ ¯ ¨²¨ ®´¥É¯, ¢ μÉ²¨Î¨¥ μÉ  ´ ²¨É¨Î¥-
¸±¨Ì ³¥Éμ¤μ¢, ±μÉμ·Ò¥ ¶μ§¢μ²ÖÕÉ ¶μ²ÊÎ¨ÉÓ · §²¨Î´μ£μ ·μ¤  ¶ · ³¥É·¨Î¥¸±¨¥
§ ¢¨¸¨³μ¸É¨, ÎÉμ μ¸μ¡¥´´μ ¢ ¦´μ ¶·¨ ¶·μ¥±É¨·μ¢ ´¨¨ ´μ¢ÒÌ Ê¸±μ·¨É¥²¥° ¨
³μ¤¥·´¨§ Í¨¨ ¤¥°¸É¢ÊÕÐ¨Ì.

„ ´´ Ö ¸É ÉÓÖ ¨³¥¥É Í¥²ÓÕ μ¶¨¸ ´¨¥ Ë¨§¨Î¥¸±¨Ì ¶·¨´Í¨¶μ¢ ³¥Éμ¤  ¡ -
·Ó¥·´ÒÌ ‚—-´ ¶·Ö¦¥´¨° ¨ · §²¨Î´ÒÌ ¢ ·¨ ´Éμ¢ ¥£μ ¶·¨³¥´¥´¨Ö,   É ±¦¥
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¶·¥¤¸É ¢²¥´¨¥ ³ É¥³ É¨Î¥¸±μ£μ Ëμ·³ ²¨§³ , Ê¤μ¡´μ£μ ¤²Ö  ´ ²¨É¨Î¥¸±¨Ì · ¸-
Î¥Éμ¢ ¡ ·Ó¥·´ÒÌ ¸¨¸É¥³.

˜¨·μ±μ ¶·¨´ÖÉ ¸¶μ¸μ¡ μ¶¨¸ ´¨Ö ¤¨´ ³¨±¨ Î ¸É¨Í ¢ Ê¸±μ·¨É¥²ÖÌ ¸ ¡ -
·Ó¥·´Ò³¨ ¸¨¸É¥³ ³¨, μ¸´μ¢ ´´Ò° ´   ´ ²¨§¥ ¨§³¥´¥´¨Ö Ô´¥·£¨¨ Î ¸É¨ÍÒ ¶·¨
¨§³¥´¥´¨¨ ¥¥ Ë §Ò ¢ ¶μÉ¥´Í¨ ²Ó´μ³ ¶μ²¥ ¡ ·Ó¥·´ÒÌ ´ ¶·Ö¦¥´¨° (¸³., ´ -
¶·¨³¥·, [6, 15]). �μ²¥¥ Ö¸´μ¥ Ë¨§¨Î¥¸±¨ μ¡ÑÖ¸´¥´¨¥ ¶·¨´Í¨¶  ³¥Éμ¤  ³μ¦¥É
¡ÒÉÓ ¤ ´μ, ´  ´ Ï ¢§£²Ö¤, ¸ ¶μ³μÐÓÕ  ´ ²¨§  ¤¢¨¦¥´¨Ö Î ¸É¨Í ¢ ¶·μ¸É· ´-
¸É¢¥ ¨³¶Ê²Ó¸ÄË § , ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ. �¡  ¸¶μ-
¸μ¡  · ¸¸³ É·¨¢ ÕÉ Éμ²Ó±μ ®¶·μ¤μ²Ó´μ¥¯ ¤¢¨¦¥´¨¥ Î ¸É¨Í, ¢¤μ²Ó · ¢´μ¢¥¸-
´μ° É· ¥±Éμ·¨¨, μ¶Ê¸± Ö  ´ ²¨§ ¤¨´ ³¨±¨ ¶μ¶¥·¥Î´μ£μ ± ´¥° ¤¢¨¦¥´¨Ö. �μ-
ÔÉμ³Ê ¢ ¸É ÉÓ¥ É¥·³¨´ ®¨³¶Ê²Ó¸¯ μ§´ Î ¥É, ¸É·μ£μ £μ¢μ·Ö, ¥£μ ¶·μ¤μ²Ó´ÊÕ
±μ³¶μ´¥´ÉÊ, ±μÉμ· Ö ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ ³´μ£μ ¡μ²ÓÏ¥ ¶μ¶¥·¥Î´ÒÌ ±μ³-
¶μ´¥´É.

‚ ¶·μ¸É¥°Ï¥³ ¸²ÊÎ ¥ ¸É Í¨μ´ ·´ÒÌ ¡ ·Ó¥·´ÒÌ ´ ¶·Ö¦¥´¨° (·¨¸. 1) ¢ ¶·μ-
¸É· ´¸É¢¥ ¨³¶Ê²Ó¸ÄË §  μ¡· §ÊÕÉ¸Ö ¤¢¥ §μ´Ò Å Ê¸Éμ°Î¨¢μ£μ ¨ ´¥Ê¸Éμ°Î¨¢μ£μ
¤¢¨¦¥´¨Ö. �´ ²¨§ Ê¸Éμ°Î¨¢μ¸É¨ Ë §μ¢μ£μ ¤¢¨¦¥´¨Ö ¶·μÐ¥ ¨ Ö¸´¥¥ ´ Î ÉÓ,
¨¸¶μ²Ó§ÊÖ ¶μ¤Ìμ¤ ®¶μÏ £μ¢μ£μ¯ μ¶¨¸ ´¨Ö, ÎÉμ ¨ ¸¤¥² ´μ ¢ · §¤. 1 ¤²Ö Î ¸É-
´μ£μ ¸²ÊÎ Ö ¡ ·Ó¥·´ÒÌ ¨³¶Ê²Ó¸μ¢ ¶·Ö³μÊ£μ²Ó´μ° Ëμ·³Ò. �¡Ð¨° ¸²ÊÎ °
¡ ·Ó¥·μ¢ ¶·μ¨§¢μ²Ó´μ° Ëμ·³Ò ¶·¥¤¸É ¢²¥´ ¢ μ¸É ²Ó´ÒÌ · §¤¥² Ì ¸É ÉÓ¨, £¤¥
· ¸¸³μÉ·¥´  ¤¨´ ³¨±  Î ¸É¨Í ¢ ·¥¦¨³ Ì ´ ±μ¶²¥´¨Ö ¨ Ê¸±μ·¥´¨Ö.

—¨¸²¥´´Ò¥ ¶·¨³¥·Ò, ¶·¨¢¥¤¥´´Ò¥ ¢ ¸É ÉÓ¥, · ¸¸Î¨É ´Ò ¤²Ö ¨μ´´μ£μ ±μ²-
² °¤¥· , · §· ¡ ÉÒ¢ ¥³μ£μ ¢ ¶·μ¥±É¥ NICA. �μ²ÓÏ¨´¸É¢μ ¶·¨³¥·μ¢ ¤ ´μ ¤²Ö
¡ ·Ó¥·´ÒÌ ¨³¶Ê²Ó¸μ¢ ¶·Ö³μÊ£μ²Ó´μ° Ëμ·³Ò, ¨¸¶μ²Ó§μ¢ ´¨¥ ±μÉμ·ÒÌ ¢ ¡ -
·Ó¥·´ÒÌ ‚—-¸¨¸É¥³ Ì ¨³¥¥É μ¶·¥¤¥²¥´´Ò¥ ¤μ¸Éμ¨´¸É¢  ¸ ÉμÎ±¨ §·¥´¨Ö É¥Ì-
´¨Î¥¸±μ£μ μ¸ÊÐ¥¸É¢²¥´¨Ö. Š·μ³¥ Éμ£μ, §´ Î¨É¥²Ó´μ Ê¶·μÐ ÕÉ¸Ö  ´ ²¨É¨-

�¨¸. 1. ‘Ì¥³  ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¢ Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥ p(ϕ) ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨
¡ ·Ó¥·´μ£μ ´ ¶·Ö¦¥´¨Ö ¶·Ö³μÊ£μ²Ó´μ° Ëμ·³Ò (¦¨·´ Ö ¸¶²μÏ´ Ö ±·¨¢ Ö); Éμ´± Ö
¸¶²μÏ´ Ö ±·¨¢ Ö Å ¸É ¡¨²Ó´ Ö Ë §μ¢ Ö É· ¥±Éμ·¨Ö p(ϕ); ÉμÎ¥Î´ Ö ±·¨¢ Ö Å ¸¥¶ · -
É·¨¸ ; ËÊ´±Í¨¨ p(ϕ) ¨ V (ϕ) ¤ ´Ò ¢ ¶·μ¨§¢μ²Ó´ÒÌ ¥¤¨´¨Í Ì; ϕs = 2ΔϕB + ΔϕBB
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Î¥¸±¨¥ · ¸Î¥ÉÒ. �¥¸±μ²Ó±μ ¶·¨³¥·μ¢ ¶·¨¢¥¤¥´Ò ¤²Ö ±¢ §¨¸¨´Ê¸μ¨¤ ²Ó´ÒÌ
¡ ·Ó¥·μ¢.

1. ‡��� ��Š��‹…�ˆŸ, ����Œ…’�› ‘…����’�ˆ‘›
„‹Ÿ ��ŸŒ�“ƒ�‹œ�›• ���œ…��‚

� ¸¸³μÉ·¨³ ¤¢¨¦¥´¨¥ Î ¸É¨Í ¢ Ë §μ¢μ³ ¨´É¥·¢ ²¥ {0, ϕs} (·¨¸. 1) ¢ μÉ-
¸ÊÉ¸É¢¨¥ Ê¸±μ·¥´¨Ö (É. ¥. ¢ ¶μ¸ÉμÖ´´μ³ ³ £´¨É´μ³ ¶μ²¥ B(t) = B = const).
Š ± ¡Ê¤¥É ¶μ± § ´μ ´¨¦¥, Ë §μ¢ Ö É· ¥±Éμ·¨Ö Î ¸É¨ÍÒ ¶·¨ μ¶·¥¤¥²¥´´ÒÌ
Ê¸²μ¢¨ÖÌ ¨³¥¥É Ëμ·³Ê § ³±´ÊÉμ° ¶¥É²¨, ¨ Î ¸É¨ÍÒ ³μ£ÊÉ ¡ÒÉÓ ´ ±μ¶²¥´Ò
¢´ÊÉ·¨ ÔÉμ£μ Ë §μ¢μ£μ ¨´É¥·¢ ² . ‚´ÊÉ·¨ ¡ ·Ó¥·  Î ¸É¨Í  ´  ± ¦¤μ³ μ¡μ·μÉ¥
¶μ²ÊÎ ¥É ¨§³¥´¥´¨¥ ¨³¶Ê²Ó¸ 

Δpturn (ϕ) =
ZeV (ϕ)

βc
, V (ϕ) = V f (ϕ) ,

f (ϕ) =

⎧⎪⎪⎨
⎪⎪⎩

1, 0 � ϕ � ΔϕB,

0, ΔϕB < ϕ � ΔϕB + ΔϕBB ,

−1, ΔϕB + ΔϕBB < ϕ � ϕs,

(1.1)

ϕs = 2ΔϕB + ΔϕBB .

‡¤¥¸Ó βc Å ¸±μ·μ¸ÉÓ · ¢´μ¢¥¸´μ° Î ¸É¨ÍÒ ¢ ¸¨´Ì·μÉ·μ´¥-´ ±μ¶¨É¥²¥; Ze Å
§ ·Ö¤ Î ¸É¨ÍÒ (¨μ´ ); c Å ¸±μ·μ¸ÉÓ ¸¢¥É ; e Å Ô²¥³¥´É ·´Ò° § ·Ö¤. ‡  n
μ¡μ·μÉμ¢ ¢ μÉ·¨Í É¥²Ó´μ³ ¡ ·Ó¥·¥ ¨³¶Ê²Ó¸ Î ¸É¨ÍÒ Ê³¥´ÓÏ ¥É¸Ö ´ 

Δpn = Δp − nδpB, δpB =
ZeV

βc
. (1.2)

‡¤¥¸Ó Δp Å μÉ±²μ´¥´¨¥ ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ μÉ · ¢´μ¢¥¸´μ£μ §´ Î¥´¨Ö ps

(Δps = 0). �¨¦¥, ±μ£¤  · ¸¸³ É·¨¢ ¥É¸Ö ¸²ÊÎ ° ±¢ §¨¸¨´Ê¸μ¨¤ ²Ó´ÒÌ ¡ ·Ó¥-
·μ¢, Ëμ·³Ê²  (1.2) É ±¦¥ ¨¸¶μ²Ó§Ê¥É¸Ö, ´μ ¸¨³¢μ² V ¢ ´¥° μ§´ Î ¥É  ³¶²¨ÉÊ¤Ê
¡ ·Ó¥·´μ£μ ´ ¶·Ö¦¥´¨Ö.

Š ± ¸²¥¤Ê¥É ¨§ (1.2), ¶·¨

n = N ≡ Δp

δpB
� 1 (1.3)

μÉ±²μ´¥´¨¥ ¨³¶Ê²Ó¸  Δpn ³¥´Ö¥É §´ ±, ¨ Î ¸É¨Í  ¨§³¥´Ö¥É ´ ¶· ¢²¥´¨¥ ¤¢¨-
¦¥´¨Ö ¢ Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥. �·¨ ¢Ìμ¤¥ ¢ ¶μ²μ¦¨É¥²Ó´Ò° ¡ ·Ó¥· Î ¸É¨Í 
Ê¸±μ·Ö¥É¸Ö ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ¥¥ μÉ±²μ´¥´¨¥ ¶μ ¨³¶Ê²Ó¸Ê  ²£¥¡· ¨Î¥¸±¨ ¢μ§-
· ¸É ¥É. �μ¸²¥ ¸²¥¤ÊÕÐ¨Ì N μ¡μ·μÉμ¢ Δpn ¸É ´μ¢¨É¸Ö ¶μ²μ¦¨É¥²Ó´Ò³, ¨
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¤¢¨¦¥´¨¥ Î ¸É¨ÍÒ ¸´μ¢  ³¥´Ö¥É ´ ¶· ¢²¥´¨¥. ‡  N μ¡μ·μÉμ¢ ¢´ÊÉ·¨ ± ¦¤μ£μ
¨§ ¤¢ÊÌ ¡ ·Ó¥·μ¢ ¸¤¢¨£ Î ¸É¨ÍÒ ¶μ Ë §¥ · ¢¥´

ΔϕN =
N∑

n=1

Δϕn,

Δϕn = ηωωs
Δpn

ps
Ts = 2πηω

Δpn

ps
, (1.4)

ηω =
1
γ2

− 1
γ2
tr

.

‡¤¥¸Ó ¨´¤¥±¸μ³ s μ¡μ§´ Î¥´Ò ¶ · ³¥É·Ò · ¢´μ¢¥¸´μ° Î ¸É¨ÍÒ; ηω Å ±μ-
ÔËË¨Í¨¥´É § ¢¨¸¨³μ¸É¨ Î ¸ÉμÉÒ μ¡· Ð¥´¨Ö μÉ ¥¥ Ô´¥·£¨¨ (É ± ´ §Ò¢ ¥³Ò°
slippage factor); γ Å ²μ·¥´Í-Ë ±Éμ· Î ¸É¨ÍÒ; γtr Å ¥£μ §´ Î¥´¨¥ ¤²Ö ±·¨É¨-
Î¥¸±μ° Ô´¥·£¨¨ Î ¸É¨ÍÒ (transition energy); ωs/2π ¨ Ts Å Î ¸ÉμÉ  ¨ ¶¥·¨μ¤
μ¡· Ð¥´¨Ö Î ¸É¨ÍÒ ¢ ´ ±μ¶¨É¥²¥ ¸μμÉ¢¥É¸É¢¥´´μ. ‡¤¥¸Ó · ¸¸³ É·¨¢ ¥É¸Ö ¤²Ö
μ¶·¥¤¥²¥´´μ¸É¨ ¸²ÊÎ ° Î ¸É¨Í ¸ Ô´¥·£¨¥° ´¨¦¥ ±·¨É¨Î¥¸±μ£μ §´ Î¥´¨Ö, É. ¥.

γ < γtr, ηω > 0.

�μ¤¸É ¢¨¢ ¢ (1.4) §´ Î¥´¨¥ Δpn (1.2) ¨ ¢ÒÎ¨¸²¨¢ ¸Ê³³Ê ¶μ n, ´ Ìμ¤¨³
Ë §μ¢Ò° ¸¤¢¨£ §  N μ¡μ·μÉμ¢:

ΔϕN =
2πηω

ps

(
NΔp − N(N + 1)

2
δpB

)
.

‚ ¤ ²Ó´¥°Ï¥³ Ê¤μ¡´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¶ · ³¥É·, · ¢´Ò° Ë §μ¢μ³Ê ¸¤¢¨£Ê, ¸μμÉ-
¢¥É¸É¢ÊÕÐ¥³Ê δpB:

δϕB = 2πηω
δpB

ps
= 2πηω

ZeV

β2γAmnc2
. (1.5)

‡¤¥¸Ó A Å  Éμ³´Ò° ¢¥¸ Î ¸É¨ÍÒ, mn Å ³ ¸¸  ´Ê±²μ´  ¢ Ö¤·¥ A. �μ¤¸É ¢¨¢
Δp = NδpB ¢ Ëμ·³Ê²Ê ¤²Ö ΔϕN ¢ÒÏ¥, ¨³¥¥³

ΔϕN = N (N + 1)
δϕB

2
. (1.6)

— ¸É¨Í  ´¥ ¶¥·¥¸¥± ¥É ¡ ·Ó¥· ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ¶·μ¤μ²¦ ¥É ¤¢¨¦¥´¨¥ ¶μ
¸É ¡¨²Ó´μ° (§ ³±´ÊÉμ°) É· ¥±Éμ·¨¨, ¥¸²¨

ΔϕN � ΔϕB .

	Éμ ´¥μ¡Ìμ¤¨³μ¥ Ê¸²μ¢¨¥ ¸ÊÐ¥¸É¢μ¢ ´¨Ö ¸¥¶ · É·¨¸Ò, ¢´ÊÉ·¨ ±μÉμ·μ° Ë §μ-
¢Ò¥ É· ¥±Éμ·¨¨ Î ¸É¨Í § ³±´ÊÉÒ. �μ¤¸É ¢²ÖÖ ¸Õ¤  ΔϕN ¨§ (1.6), ´ Ìμ¤¨³
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Î¨¸²μ μ¡μ·μÉμ¢ Î ¸É¨ÍÒ ´  ¸¥¶ · É·¨¸¥:

N =
1
2

(√
1 + 8

ΔϕB

δϕB
− 1

)
≈

√
2
ΔϕB

δϕB
, ΔϕB � δϕB . (1.7)

(‘³. § ³¥Î ´¨Ö ± Ëμ·³Ê²¥ (1.12) ´¨¦¥.) �É±²μ´¥´¨¥ ¨³¶Ê²Ó¸  ´  ¸¥¶ · É·¨¸¥
³¥¦¤Ê ¡ ·Ó¥· ³¨, μÎ¥¢¨¤´μ, · ¢´μ (¸³. ·¨¸. 1 ¨ Ê· ¢´¥´¨¥ (1.3))

|Δp|sep = NδpB. (1.8)

�É¸Õ¤ , ¸ ÊÎ¥Éμ³ §´ Î¥´¨Ö δpB (1.1), ¸²¥¤Ê¥É ¢Ò· ¦¥´¨¥ ¤²Ö μÉ´μ¸¨É¥²Ó-
´μ£μ μÉ±²μ´¥´¨Ö ¨³¶Ê²Ó¸  ´  ¸¥¶ · É·¨¸¥ ³¥¦¤Ê ¡ ·Ó¥· ³¨ (®¢Ò¸μÉ ¯ ¸¥¶ -
· É·¨¸Ò):

∣∣∣∣Δp

ps

∣∣∣∣
sep

=
1

πηω

√
ΔϕBδϕB

2
=

1
β

√
Z

A

eV

ηωγmnc2

ΔϕB

π
. (1.9)

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¶μ¸²¥¤´¥¥ ¢Ò· ¦¥´¨¥ ¢ (1.9) ³¥´ÓÏ¥ ¢
√

2 ±² ¸¸¨Î¥-
¸±μ£μ ¢Ò· ¦¥´¨Ö ¤²Ö ¸²ÊÎ Ö £ ·³μ´¨Î¥¸±μ£μ ‚—-´ ¶·Ö¦¥´¨Ö. �¥·¥¶¨¸ ¢ (1.9)
¤²Ö ¢Ò¸μÉÒ ¡ ·Ó¥·  V , ´ Ìμ¤¨³

V � A

Z
ηω β2γ

mnc2

e

π

ΔϕB

(
Δp

p

)2

sep

. (1.10)

‚ ¨´É¥·¢ ²¥ Ë § ΔϕBB Ë §μ¢Ò° ¸¤¢¨£ Î ¸É¨ÍÒ §  μ¡μ·μÉ, μÎ¥¢¨¤´μ,
¶μ¸ÉμÖ´¥´ ¨ · ¢¥´ (¸·. (1.4))

δϕBB = 2πηω

∣∣∣∣Δp

p

∣∣∣∣
sep

. (1.11)

‚ ·¥§Ê²ÓÉ É¥ ¶¥·¨μ¤ μ¡· Ð¥´¨Ö Î ¸É¨ÍÒ ¶μ ¸¥¶ · É·¨¸¥

Tsep = 2Ts

(
ΔϕBB

δϕBB
+ 2N

)
= Ts

√
2

ΔϕBδϕB
(4ΔϕB + ΔϕBB) . (1.12)

’ ±¨³ μ¡· §μ³, Tsep ¢ ¸¨¸É¥³¥ ¸ ¶·Ö³μÊ£μ²Ó´Ò³¨ ¡ ·Ó¥· ³¨ ¨³¥¥É ±μ´¥Î-
´ÊÕ ¢¥²¨Î¨´Ê, ¢ μÉ²¨Î¨¥ μÉ ¸²ÊÎ Ö £ ·³μ´¨Î¥¸±μ£μ ‚—-´ ¶·Ö¦¥´¨Ö [5]. 	Éμ
·¥§Ê²ÓÉ É ¨¸¶μ²Ó§μ¢ ´¨Ö ¨¤¥ ²¨§¨·μ¢ ´´μ° Ëμ·³Ò ¡ ·Ó¥·μ¢ Å ¡¥¸±μ´¥Î´μ
¡μ²ÓÏμ° ±·ÊÉ¨§´Ò Ë·μ´Éμ¢ (¸³. (1.1)). „²Ö ·¥ ²Ó´ÒÌ ¨³¶Ê²Ó¸μ¢ ¡ ·Ó¥·´μ£μ
´ ¶·Ö¦¥´¨Ö ¸ Ë·μ´É ³¨ ±μ´¥Î´μ° ¤²¨É¥²Ó´μ¸É¨ ¶¥·¨μ¤ ¤¢¨¦¥´¨Ö ¶μ ¸¥¶ -
· É·¨¸¥ ¨³¥¥É ¡¥¸±μ´¥Î´ÊÕ ¤²¨É¥²Ó´μ¸ÉÓ. ŒÒ ¢¥·´¥³¸Ö ± ÔÉμ° ¶·μ¡²¥³¥ ¢
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�¨¸. 2. ‡ ¢¨¸¨³μ¸ÉÓ ¶ · ³¥É·μ¢ ¸¥¶ · É·¨¸Ò μÉ Ô´¥·£¨¨ ¨μ´μ¢ (ƒÔ‚/´Ê±².):  )  ³¶²¨-
ÉÊ¤  ¡ ·Ó¥·´μ£μ ‚—-´ ¶·Ö¦¥´¨Ö V (E) (1.10); ¡) Î¨¸²μ μ¡μ·μÉμ¢ (¸¶²μÏ´ Ö ±·¨¢ Ö)
¨ ¶¥·¨μ¤ μ¡· Ð¥´¨Ö (ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö, ¸) ¨μ´μ¢ §μ²μÉ  197Au79+ ¶·¨ ¤¢¨¦¥´¨¨
¶μ ¸¥¶ · É·¨¸¥; ¶ · ³¥É·Ò ´ ±μ¶¨É¥²Ö ¨ ‚—-¸¨¸É¥³Ò: ¶¥·¨³¥É· CRing = 503 ³,
γtr = 7,09, |Δp/ps| = 5 · 10−4, ΔϕB = π/10, ΔϕBB = 1,3π∗

¶μ¤· §¤. 2.2 (¸³. (2.22)). ’¥³ ´¥ ³¥´¥¥ ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¤²Ö ¶·Ö³μ-
Ê£μ²Ó´ÒÌ ¡ ·Ó¥·μ¢ ¸ ¡¥¸±μ´¥Î´μ ±μ·μÉ±¨³¨ Ë·μ´É ³¨, ¶·¥¤¸É ¢²ÖÕÉ ¨´É¥·¥¸
¤²Ö ¶· ±É¨Î¥¸±¨Ì μÍ¥´μ± (·¨¸. 2).

„²Ö ¤ ²Ó´¥°Ï¥£μ ¶μ²¥§´μ ¶·¨¢¥¸É¨ ¥Ð¥ μ¤´μ ¢Ò· ¦¥´¨¥ ¤²Ö ¶ · ³¥-
É·  δϕB (1.5):

δϕB = π2η2
ω

2
ΔϕB

(
Δp

p

)2

sep

. (1.13)

2. ��™ˆ‰ ‘‹“—�‰ ���œ…��‚ ���ˆ‡‚�‹œ��‰ ”��Œ›

2.1. “· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¢ Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥. ˆ§ ¶·¥-
¤Ò¤ÊÐ¥£μ · ¸¸³μÉ·¥´¨Ö ´¥É·Ê¤´μ ¶μ²ÊÎ¨ÉÓ Ê· ¢´¥´¨Ö Ë §μ¢μ£μ ¤¢¨¦¥´¨Ö Î -
¸É¨ÍÒ ¢ ¸¨¸É¥³¥ ¡ ·Ó¥·´μ£μ ‚—-´ ¶·Ö¦¥´¨Ö,  ´ ²μ£¨Î´Ò¥ ¨§¢¥¸É´Ò³ Ê· ¢´¥-
´¨Ö³ ¤²Ö ¸¨¸É¥³Ò £ ·³μ´¨Î¥¸±μ£μ ´ ¶·Ö¦¥´¨Ö (¸³. (1.1) ¨ (1.4):

V (ϕ) = V f(ϕ), |f(ϕ)| � 1, (2.1)

dp(t)
dt

=
ZeV

CRing
f(ϕ), (2.2)

dϕ(t)
dt

= ω − ωs = ωsηω
p(t) − ps(t)

ps
. (2.3)

∗ 	É¨ ¶ · ³¥É·Ò ¨¸¶μ²Ó§μ¢ ´Ò ¢ ¤ ²Ó´¥°Ï¥³ ¢μ ¢¸¥Ì Î¨¸²¥´´ÒÌ ¶·¨³¥· Ì.
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‡¤¥¸Ó V = Vmax(ϕ), f(ϕ) Å ËÊ´±Í¨Ö ¡ ·Ó¥·´μ£μ ´ ¶·Ö¦¥´¨Ö (|f(ϕ)| � 1),
CRing = βcTs Å ¶¥·¨³¥É· ´ ±μ¶¨É¥²Ö. 	É¨ Ê· ¢´¥´¨Ö ¸¶· ¢¥¤²¨¢Ò ± ± ¢
¸²ÊÎ ¥ ¶μ¸ÉμÖ´´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ´ ±μ¶¨É¥²Ö, É ± ¨ ¶·¨ ¨§³¥´ÖÕÐ¥³¸Ö
¢μ ¢·¥³¥´¨ (´ ¶·¨³¥·, ¶·¨ Ê¸±μ·¥´¨¨ Î ¸É¨Í). �μ¸²¥¤´¨° ·¥¦¨³ · ¸¸³μÉ·¥´
¢ · §¤. 4.

‚¢¥¤Ö ¡¥§· §³¥·´Ò¥ ¶ · ³¥É·Ò

ψ =
√

δϕB
t

Ts
, Y(ψ) =

2πηω√
δϕB

Δp(ψ)
ps

, (2.4)

£¤¥ ¶ · ³¥É· δϕB μ¶·¥¤¥²¥´ ¢ (1.5), (1.13), ¶μ²ÊÎ¨³ ¨§ (2.2), (2.3) ¸²¥¤ÊÕÐ¨¥
Ê· ¢´¥´¨Ö:

dY
dψ

= f(ϕ), (2.5)

dϕ

dψ
= Y, (2.6)

d2ϕ

dψ2
= f(ϕ). (2.7)

�¥·¥³¥´´Ò¥ Y(ψ) ¨ ϕ(ψ) Ö¢²ÖÕÉ¸Ö ± ´μ´¨Î¥¸±¨ ¸μ¶·Ö¦¥´´Ò³¨, ¨ £ ³¨²ÓÉμ-
´¨ ´ ¨³¥¥É ¢¨¤

H =
Y2

2
−

∫
f(ϕ) dϕ. (2.8)

„·Ê£¨³¨ ¸²μ¢ ³¨,

W (ψ) = Y2/2 ¨ U(ϕ) = −
∫

f(ϕ) dϕ (2.9)

¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ±¨´¥É¨Î¥¸±ÊÕ ¨ ¶μÉ¥´Í¨ ²Ó´ÊÕ Ô´¥·£¨Õ Î ¸É¨ÍÒ ¢ ¶·μ-
¸É· ´¸É¢¥ ¶¥·¥³¥´´ÒÌ Y(ψ) ¨ ϕ(ψ), ±μÉμ·Ò¥ Ö¢²ÖÕÉ¸Ö  ´ ²μ£ ³¨ ¨³¶Ê²Ó¸ 
¨ ±μμ·¤¨´ ÉÒ ¸μμÉ¢¥É¸É¢¥´´μ,   ¶ · ³¥É· ψ Å  ´ ²μ£μ³ ¢·¥³¥´¨. ˆ§ Ê· ¢-
´¥´¨° (2.5)Ä(2.7) ¸²¥¤Ê¥É, ÎÉμ Y(ψ) ¨ ϕ(ψ) § ¢¨¸ÖÉ Éμ²Ó±μ μÉ Ëμ·³Ò ËÊ´±-
Í¨¨ f(ϕ), É. ¥. μÉ Ëμ·³Ò ¡ ·Ó¥·´μ£μ ´ ¶·Ö¦¥´¨Ö. ‚ ÔÉμ³ ¸³Ò¸²¥ ÔÉ¨ ËÊ´±-
Í¨¨ ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° Ê´¨¢¥·¸ ²Ó´μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨° (2.5)Ä(2.7). ‚Ò-
· ¦¥´¨¥ (2.8) ¶μ§¢μ²Ö¥É § ¶¨¸ ÉÓ μ¡Ð¥¥ ·¥Ï¥´¨¥ ÔÉ¨Ì Ê· ¢´¥´¨° ¢ ¶¥·¥³¥´-
´ÒÌ Y(ϕ), ϕ:

Y(ϕ) = ±

√√√√√Y2
0 + 2

ϕ∫
ϕ0

f(φ) dφ, 0 � ϕ � 2π. (2.10)

‡¤¥¸Ó Y0 = Y(ϕ0), §´ ± ®+¯ ¸²¥¤Ê¥É ¢Ò¡· ÉÓ ¶·¨ Y(ϕ0) > 0, ¨ ´ μ¡μ·μÉ.
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”μ·³Ê²Ê ¤²Ö £ ³¨²ÓÉμ´¨ ´  (2.8) ²¥£±μ ¶μ²ÊÎ¨ÉÓ, ¥¸²¨ § ¶¨¸ ÉÓ Ê· ¢´¥´¨¥ (2.5)
¢ ¢¨¤¥

dY

dϕ

dϕ

dψ
= f(ϕ)

¨ ¶μ¤¸É ¢¨ÉÓ ¸Õ¤  dϕ/dψ ¨§ (2.6). ’μ£¤ , ¶μ¸²¥ ¨´É¥£·¨·μ¢ ´¨Ö, ¶·¨Ìμ¤¨³ ± (2.8),
£¤¥ H Å ¶μ¸ÉμÖ´´ Ö ¨´É¥£·¨·μ¢ ´¨Ö.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¶ · ³¥É· δϕB (1.5) ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´ ¢ ¢¨¤¥ δϕB =

(Ωsynch Ts)
2, £¤¥ Ωsynch Å Î ¸ÉμÉ  ²¨´¥°´ÒÌ ¸¨´Ì·μÉ·μ´´ÒÌ ±μ²¥¡ ´¨° Î ¸É¨ÍÒ ¢

¶μ²¥ £ ·³μ´¨Î¥¸±μ° ‚—-¸¨¸É¥³Ò ¶·¨ ´μ³¥·¥ £ ·³μ´¨±¨ h = 1. �μÔÉμ³Ê ³μ¦´μ

¸± § ÉÓ, ÎÉμ ψ Ö¢²Ö¥É¸Ö Ë §μ° ¸¨´Ì·μÉ·μ´´ÒÌ ±μ²¥¡ ´¨° Î ¸É¨ÍÒ ¢ ¡ ·Ó¥·´μ° ‚—-

¸¨¸É¥³¥,   (2.7) Ö¢²Ö¥É¸Ö  ´ ²μ£μ³ ¨§¢¥¸É´μ£μ Ê· ¢´¥´¨Ö ¸¨´Ì·μÉ·μ´´ÒÌ ±μ²¥¡ ´¨° ¢
£ ·³μ´¨Î¥¸±μ° ‚—-¸¨¸É¥³¥ [5, £². IV].

”μ·³  ¶μÉ¥´Í¨ ²Ó´μ° ËÊ´±Í¨¨ U(ϕ) ´  ·¨¸. 3 ¶μ± §Ò¢ ¥É ¸ÊÐ¥¸É¢μ¢ -
´¨¥ ¶μÉ¥´Í¨ ²Ó´μ° Ö³Ò, £¤¥ ¢μ§³μ¦´μ ´ ±μ¶²¥´¨¥ Î ¸É¨Í. “¸²μ¢¨¥ § Ì¢ É 
Î ¸É¨Í ¢ ¶μÉ¥´Í¨ ²Ó´ÊÕ Ö³Ê μ¡² ¸É¨ ´ ±μ¶²¥´¨Ö, ¨²¨ Ê¸²μ¢¨¥ ¸É ¡¨²Ó´μ¸É¨
Ë §μ¢μ£μ ¤¢¨¦¥´¨Ö Î ¸É¨Í, μÎ¥¢¨¤´μ, ¥¸ÉÓ

H � 0.

” §μ¢Ò¥ É· ¥±Éμ·¨¨ § Ì¢ Î¥´´ÒÌ Î ¸É¨Í ¨³¥ÕÉ, ± ± Ê¦¥ ¡Ò²μ ¸± § ´μ ¢ÒÏ¥,
Ëμ·³Ê § ³±´ÊÉÒÌ ±·¨¢ÒÌ. 	Éμ ÊÉ¢¥·¦¤¥´¨¥ ¸¶· ¢¥¤²¨¢μ ¨ ¢ ¸²ÊÎ ¥ ¡ ·Ó¥·μ¢
¶·μ¨§¢μ²Ó´μ° Ëμ·³Ò. ’μÎ±Ê ¶μ¢μ·μÉ  ϕmax ³μ¦´μ ´ °É¨ ¨§ Ê· ¢´¥´¨Ö (2.10),

�¨¸. 3. ”Ê´±Í¨¨ f(ϕ) (¸¶²μÏ´Ò¥ ±·¨¢Ò¥) ¨ U(ϕ) (ÏÉ·¨Ìμ¢Ò¥ ±·¨¢Ò¥) ¤²Ö ¶·Ö³μ-
Ê£μ²Ó´ÒÌ (a) ¨ ±¢ §¨¸¨´Ê¸μ¨¤ ²Ó´ÒÌ (¡) ¡ ·Ó¥·μ¢; ΔϕB = π/10, ΔϕBB = 1,3π
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¢Ò¡· ¢ Y0 = 0. ‚ ÔÉμ³ ¸²ÊÎ ¥ Ê· ¢´¥´¨¥ ¤²Ö ϕmax ¨³¥¥É ¢¨¤

ϕmax∫
ϕ0

f(ϕ) dϕ = 0. (2.11)

„²Ö ¶·Ö³μÊ£μ²Ó´ÒÌ ¡ ·Ó¥·μ¢ μ¤¨´ ±μ¢μ°  ³¶²¨ÉÊ¤Ò V (·¨¸. 1, 3,  ) ÔÉμ ¤ ¥É

ϕmax = 2ΔϕB + ΔϕBB − ϕ0. (2.12)

�É¸Õ¤  ¸²¥¤Ê¥É Ë §μ¢Ò° · §³¥· ¸¥¶ · É·¨¸Ò (ϕ0 = 0)

ϕmax = 2ΔϕB + ΔϕBB ,

ÎÉμ ¸μ¢¶ ¤ ¥É ¸ ·¥§Ê²ÓÉ Éμ³ · §¤. 1.
�·¨ H > 0 Î ¸É¨Í , ¨´¦¥±É¨·μ¢ ´´ Ö ¢ ¨´É¥·¢ ² Ë § Δϕinj (U(ϕinj) = 0)

¸ ´¥´Ê²¥¢Ò³ ¨³¶Ê²Ó¸μ³ Yinj > 0, ¶·μÌμ¤¨É μ¡² ¸ÉÓ ´ ±μ¶²¥´¨Ö ¨ ¶·μ¤μ²¦ ¥É
¤¢¨£ ÉÓ¸Ö ¢¤μ²Ó  ¡¸Í¨¸¸Ò Ë §μ¢μ£μ ¶·μ¸É· ´¸É¢  ´¥μ¶·¥¤¥²¥´´μ ¤μ²£μ. „²Ö
§ Ì¢ É  É ±μ° Î ¸É¨ÍÒ ¢ ¶μÉ¥´Í¨ ²Ó´ÊÕ Ö³Ê μ¡² ¸É¨ ´ ±μ¶²¥´¨Ö ´¥μ¡Ìμ¤¨³μ
Ê³¥´ÓÏ¨ÉÓ ¥¥ ¶μ²´ÊÕ Ô´¥·£¨Õ ¤μ Ê·μ¢´Ö H < 0, É. ¥. ¶·¨³¥´¨ÉÓ ± ±μ°-²¨¡μ
³¥Ì ´¨§³ μÌ² ¦¤¥´¨Ö. 	É  ¶·μÍ¥¤Ê·  · ¸¸³μÉ·¥´  ¢ · §¤. 3.

“· ¢´¥´¨¥ (2.7) ¨³¥¥É ¨§¢¥¸É´μ¥ μ¡Ð¥¥ ·¥Ï¥´¨¥ ¤²Ö ¸²ÊÎ Ö ¶·μ¨§¢μ²Ó´μ°
ËÊ´±Í¨¨ f(ϕ):

ψ(ϕ) =

ϕ∫
ϕ0

dχ√
2

χ∫
ϕ0

f(ξ)dξ + (ϕ′(ϕ0))2
, ψ(ϕ0) = 0. (2.13)

‡¤¥¸Ó, ± ± ¨ ¶·¥¦¤¥, ϕ0 Å ´ Î ²Ó´μ¥ §´ Î¥´¨¥ Ë §Ò. ‚ ¸²ÊÎ ¥ ±Ê¸μÎ´μ-
£² ¤±μ° ËÊ´±Í¨¨ f(ϕ), ± ± ÔÉμ ¨³¥¥É ³¥¸Éμ ¤²Ö ¡ ·Ó¥·´μ£μ ‚—-´ ¶·Ö¦¥´¨Ö,
´Ê¦´μ ·¥Ï¨ÉÓ Ê· ¢´¥´¨¥ (2.7) ¶μ¸²¥¤μ¢ É¥²Ó´μ ¤²Ö ± ¦¤μ£μ ®£² ¤±μ£μ¯ μÉ-
·¥§± , ¸Ï¨¢ Ö ·¥Ï¥´¨¥ ´  £· ´¨Í Ì μÉ·¥§±μ¢. �·μ¸É¥°Ï¨° ¸¶μ¸μ¡ ¸¤¥² ÉÓ
ÔÉμ ¸μ¸Éμ¨É ¢ ¢ÒÎ¨¸²¥´¨¨ ¶¥·¢μ£μ ¨´É¥£· ²  Ê· ¢´¥´¨Ö (2.7), ±μÉμ·Ò°, ¢
¸¢μÕ μÎ¥·¥¤Ó, · ¢¥´ §´ ³¥´ É¥²Õ ¶μ¤Ò´É¥£· ²Ó´μ£μ ¢Ò· ¦¥´¨Ö ¢ (2.13). �¤-
´μ¢·¥³¥´´μ ÔÉμ ¥¸ÉÓ Ê· ¢´¥´¨¥ Ë §μ¢μ° É· ¥±Éμ·¨¨ (2.10) ¢ ¶¥·¥³¥´´ÒÌ (Y,
ϕ) ± ± ¢ ¸²ÊÎ ¥ H � 0, É ± ¨ ¶·¨ H > 0 ¢ (2.8). ‚ Î ¸É´μ¸É¨, ¶·¨ Y0 = 0
·¥Ï¥´¨¥ (2.10) ¤²Ö ¶·Ö³μÊ£μ²Ó´ÒÌ ¡ ·Ó¥·μ¢ ¢ μ¡² ¸É¨ ´ ±μ¶²¥´¨Ö (H � 0)
¨³¥¥É ¢¨¤

Y(ϕ) = ±

⎧⎪⎪⎨
⎪⎪⎩

√
2(ϕ − ϕ0), ϕ0 � ϕ � ΔϕB,√
2(ΔϕB − ϕ0), ΔϕB � ϕ � ΔϕB + ΔϕBB ,√
2(2ΔϕB + ΔϕBB − ϕ0 − ϕ), ΔϕB + ΔϕBB � ϕ � ϕs − ϕ0,

(2.14)
§´ Î¥´¨¥ ϕs μ¶·¥¤¥²¥´μ ¢ (1.1).
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”Ê´±Í¨Ö f(ϕ) ¤²Ö ±¢ §¨¸¨´Ê¸μ¨¤ ²Ó´ÒÌ ¡ ·Ó¥·μ¢ (·¨¸. 3, ¡) ¨³¥¥É ¢¨¤

f(ϕ) = ±

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

sin
(

π
ϕ

ΔϕB

)
, 0 � ϕ � ΔϕB;

0, ΔϕB � ϕ � ΔϕB + ΔϕBB;

− sin
(

π
ϕ − (ΔϕB + ΔϕBB)

ΔϕB

)
, ΔϕB + ΔϕBB � ϕ � Δϕs.

ˆ´É¥£·¨·μ¢ ´¨¥ (2.10) ¸ ÔÉμ° ËÊ´±Í¨¥° ¶·¨ Y0 = 0 ¤ ¥É

Y(ϕ) = ±
√

2ΔϕB

π

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

√
cos

πϕ0

ΔϕB
− cos

πϕ

ΔϕB
, ϕ0 � ϕ � ΔϕB ,√

cos
πϕ0

ΔϕB
+ 1, ΔϕB � ϕ � ΔϕB + ΔϕBB ,√

cos
πϕ0

ΔϕB
− cos

π(ϕ − ΔϕB − ΔϕBB)
ΔϕB

,

ΔϕB + ΔϕBB � ϕ � ϕs − ϕ0.

(2.15)

‚ ¸²ÊÎ ¥ ¸¥¶ · É·¨¸Ò (ϕ0 = 0, Y0 = 0) ËÊ´±Í¨Ö f(ϕ0) = 0 ¨ ¨§ (2.14), (2.15)
´ Ìμ¤¨³ ¢¥²¨Î¨´Ê Ysep Å Y(ϕ) ³¥¦¤Ê ¡ ·Ó¥· ³¨:

Ysep = ±

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

√
2ΔϕB, ¶·Ö³μÊ£μ²Ó´Ò¥ ¡ ·Ó¥·Ò,

ΔϕB � ϕ � ΔϕB + ΔϕBB .

2

√
ΔϕB

π
, ±¢ §¨¸¨´Ê¸μ¨¤ ²Ó´Ò¥ ¡ ·Ó¥·Ò,

(2.16)
�¥·¢μ¥ ¢Ò· ¦¥´¨¥ ¢ (2.16) ¶·¨¢μ¤¨É, ¶μ¸²¥ ¶μ¤¸É ´μ¢±¨ Y(ψ) ¨§ (2.4), ± Ëμ·-
³Ê²¥ (1.9). �´ ²μ£¨Î´μ, ¤²Ö ±¢ §¨¸¨´Ê¸μ¨¤ ²Ó´ÒÌ ¡ ·Ó¥·μ¢

∣∣∣∣Δp(ϕ)
ps

∣∣∣∣
sin

sep

=
√

δϕBΔϕB

π3/2ηω
=

1
βπ

√
Z

A

2eV

ηωγ mnc2
ΔϕB ,

Vsin � A

Z
ηωβ2γ

mnc2

e

π2

2ΔϕB

(
Δp

p

)2

sep

.

(2.17)

Š ± ¸²¥¤Ê¥É ¨§ (2.16), (2.17), §´ Î¥´¨¥ μÉ±²μ´¥´¨Ö ¨³¶Ê²Ó¸  ¶·¨ ¤¢¨¦¥´¨¨
¶μ ¸¥¶ · É·¨¸¥ ¶·¨ ±¢ §¨¸¨´Ê¸μ¨¤ ²Ó´ÒÌ ¡ ·Ó¥· Ì μÉ²¨Î ¥É¸Ö μÉ  ´ ²μ£¨Î-
´μ£μ §´ Î¥´¨Ö ¶·¨ ¶·Ö³μÊ£μ²Ó´ÒÌ ¡ ·Ó¥· Ì ³´μ¦¨É¥²¥³

√
2/π,   §´ Î¥´¨¥

 ³¶²¨ÉÊ¤Ò Vsin ¶·¥¢ÒÏ ¥É V (1.10) ¢ π/2 · § (ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É μÉ´μÏ¥´¨Õ
¨´É¥£· ²μ¢ μÉ f(ϕ) ¶μ ¨´É¥·¢ ²Ê ΔϕB ¤²Ö ËÊ´±Í¨° f(ϕ) ¤²Ö ÔÉ¨Ì ¡ ·Ó¥·μ¢).
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‚Ò· ¦¥´¨Ö (2.14), (2.15) ¶μ§¢μ²ÖÕÉ ¢ÒÎ¨¸²¨ÉÓ Ô³¨ÉÉ ´¸ ¶ÊÎ±  ´ ±μ¶²¥-
´¨Ö ³¥¦¤Ê ¡ ·Ó¥· ³¨:

εstack(ϕ0) = 2

2π−ϕ0∫
ϕ0

Y(φ) dφ, Y(ϕ) > 0. (2.18)

Œ´μ¦¨É¥²Ó ®2¯ ¶μÖ¢²Ö¥É¸Ö ¡² £μ¤ ·Ö ¸¨³³¥É·¨¨ Ë §μ¢μ° É· ¥±Éμ·¨¨ ¸£Ê¸É± 
´ ±μ¶²¥´´ÒÌ Î ¸É¨Í μÉ´μ¸¨É¥²Ó´μ  ¡¸Í¨¸¸Ò ´  ·¨¸. 1. „²Ö ¶·Ö³μÊ£μ²Ó´ÒÌ
¡ ·Ó¥·μ¢ ¨´É¥£·¨·μ¢ ´¨¥ ¤ ¥É

εstack(ϕ0) = 2
√

2
[
4
3
(ΔϕB − ϕ0)3/2 +

√
ΔϕB − ϕ0ΔϕBB

]
,

εstack(Ymax) = 2
(

4
3
Y3

max + YmaxΔϕBB

)
, Ymax ≡

√
2(ΔϕB − ϕ0).

(2.19)

‡¤¥¸Ó Ymax Å §´ Î¥´¨¥ Y(ϕ) ³¥¦¤Ê ¡ ·Ó¥· ³¨ ¤²Ö Ë §μ¢μ° É· ¥±Éμ·¨¨ Î -
¸É¨ÍÒ ¸£Ê¸É±  ¸ ³ ±¸¨³ ²Ó´Ò³ μÉ±²μ´¥´¨¥³ ¶μ ¨³¶Ê²Ó¸Ê.

‡´ Ö ·¥Ï¥´¨¥ Y(ϕ), ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ ¢Éμ·μ° ¨´É¥£· ² Ê· ¢´¥´¨Ö (2.7)
¨ ´ °É¨ ¢ ·¥§Ê²ÓÉ É¥ § ¢¨¸¨³μ¸É¨ Y(ψ) ¨ ϕ(ψ). 	Éμ ¶μ§¢μ²Ö¥É · ¸¸Î¨É ÉÓ
¶¥·¨μ¤ ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¶μ § ³±´ÊÉμ° É· ¥±Éμ·¨¨ ¢ μ¡² ¸É¨ ´ ±μ¶²¥´¨Ö
(¸³. ¶μ¤· §¤. 2.2 ¨ · §¤. 3).

2.2. ’· ¥±Éμ·¨Ö Î ¸É¨Í ¢´ÊÉ·¨ ¸¥¶ · É·¨¸Ò. �´ ²¨É¨Î¥¸±μ¥ ·¥Ï¥´¨¥
¢μ§³μ¦´μ, ± ± μ¡ÒÎ´μ, ¤²Ö μ£· ´¨Î¥´´μ£μ Î¨¸²  Î ¸É´ÒÌ ¸²ÊÎ ¥¢ ËÊ´±Í¨¨
f(ϕ), É ±¨Ì ± ± · ¸¸³μÉ·¥´´Ò¥ ¢ÒÏ¥ ¶·Ö³μÊ£μ²Ó´Ò¥ ¨ ±¢ §¨¸¨´Ê¸μ¨¤ ²Ó´Ò¥
¡ ·Ó¥·Ò, £ ·³μ´¨Î¥¸±μ¥ ‚—-´ ¶·Ö¦¥´¨¥ ¨ É. ¶. � ¨¡μ²¥¥ ÔËË¥±É¨¢´Ò³ ¸¶μ-
¸μ¡μ³  ´ ²¨§  ¤¨´ ³¨±¨ Î ¸É¨Í ¢ ¡ ·Ó¥·´μ° ‚—-¸¨¸É¥³¥ Ö¢²Ö¥É¸Ö Î¨¸²¥´´μ¥
·¥Ï¥´¨¥ Ê· ¢´¥´¨° (2.5)Ä(2.7) ¢ ¡¥§· §³¥·´ÒÌ ¶¥·¥³¥´´ÒÌ Y, ϕ, ψ. ˆ¸-
¶μ²Ó§ÊÖ ¶μ²ÊÎ¥´´Ò¥ É ±¨³ ¸¶μ¸μ¡μ³ Ê´¨¢¥·¸ ²Ó´Ò¥ ËÊ´±Í¨¨ Y(ψ) ¨ ϕ(ψ)
¤²Ö § ¤ ´´μ° ËÊ´±Í¨¨ f(ϕ), ³μ¦´μ · ¸¸Î¨É ÉÓ ±μ´±·¥É´Ò¥ Ì · ±É¥·¨¸É¨±¨
¡ ·Ó¥·´μ° ‚—-¸¨¸É¥³Ò ¢ ¨´É¥·¥¸ÊÕÐ¥³ ¤¨ ¶ §μ´¥ Ô´¥·£¨° Î ¸É¨Í.

‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸³μÉ·¨³ ¸²ÊÎ ° ¶·Ö³μÊ£μ²Ó´ÒÌ ¡ ·Ó¥·μ¢ (1.1)
¸ ¶ · ³¥É· ³¨ ËÊ´±Í¨¨ f(ϕ), ¶·¥¤¸É ¢²¥´´Ò³¨ ¢ ¶μ¤¶¨¸ÖÌ ± ·¨¸. 2 ¨ 4. Š ±
Ê± § ´μ ¢ÒÏ¥, ¶¥·¨μ¤ μ¡· Ð¥´¨Ö ¶μ ¸¥¶ · É·¨¸¥ ®¤μ²¦¥´ ¡ÒÉÓ¯ ´¥μ¶·¥-
¤¥²¥´´μ ¤²¨É¥²Ó´Ò³. „¥°¸É¢¨É¥²Ó´μ, ¥¸²¨ ¨´¦¥±É¨·μ¢ ÉÓ Î ¸É¨ÍÊ ¢ ÉμÎ±¥
ϕinj = 0 ¸ ´Ê²¥¢Ò³ μÉ±²μ´¥´¨¥³ ¶μ ¨³¶Ê²Ó¸Ê Δpinj = 0, μ´  ¶·μ¸Éμ ´¥ ¡Ê¤¥É
¸³¥Ð ÉÓ¸Ö ¢ Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥, É ± ± ± V (0) = 0. �¥¡μ²ÓÏ¨¥ ´¥´Ê²¥-
¢Ò¥ §´ Î¥´¨Ö Δpinj ¨²¨ ϕinj μ¡¥¸¶¥Î¨¢ ÕÉ ¤¢¨¦¥´¨¥ ¶μ Ë §μ¢μ° É· ¥±Éμ·¨¨,
¡²¨§±μ° ± ¸¥¶ · É·¨¸¥. …¤¨´¸É¢¥´´μ¥ ¨¸±²ÕÎ¥´¨¥ ¶·¥¤¸É ¢²ÖÕÉ ¶·Ö³μÊ£μ²Ó-
´Ò¥ ¡ ·Ó¥·Ò ¸ Ë·μ´É ³¨ ¡¥¸±μ´¥Î´μ ¡μ²ÓÏμ° ±·ÊÉ¨§´Ò, Ê¶μ³Ö´ÊÉÒ¥ ¢ÒÏ¥
(Ëμ·³Ê²  (1.12).
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�¨¸. 4. ” §μ¢Ò¥ É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ ¢´ÊÉ·¨ ¸¥¶ · É·¨¸Ò ¢ μ¡² ¸É¨ ´ ±μ¶²¥´¨Ö ( ) ¨
¢´ÊÉ·¨ μÉ·¨Í É¥²Ó´μ£μ ¡ ·Ó¥·  (¡) ¢ Ê¢¥²¨Î¥´´μ³ ³ ¸ÏÉ ¡¥ ¶μ ϕ; ´  μ¡μ¨Ì ·¨¸Ê´± Ì
ÉμÎ¥Î´Ò¥ ±·¨¢Ò¥ Å ËÊ´±Í¨Ö Y(ϕ), · ¸¸Î¨É ´´ Ö ¶μ ¸¨¸É¥³¥ Ê· ¢´¥´¨° (2.5), (2.6)
¢ Mathcad ¶·¨ ϕ0 = Y0 = 0 (¸¥¶ · É·¨¸ ), ¶μ ¤¢¥ ¸¶²μÏ´Ò¥ ±·¨¢Ò¥ ¨ ÏÉ·¨Ì-
¶Ê´±É¨·´Ò¥ ±·¨¢Ò¥ Å · ¸¸Î¨É ´´Ò¥ ¤²Ö ´ Î ²Ó´ÒÌ Ê¸²μ¢¨° (ϕ0, Y0), · ¢´ÒÌ (π/2,
0,6), (π, 0,3), (4,2, 0,15) ¸μμÉ¢¥É¸É¢¥´´μ; ¸É·¥²± ³¨ ¶μ± § ´Ò ´ ¶· ¢²¥´¨Ö ¤¢¨¦¥´¨Ö
Î ¸É¨Í ¶μ ¸¥¶ · É·¨¸¥; ¶·Ö³μÊ£μ²Ó´Ò¥ ¡ ·Ó¥·Ò (ÏÉ·¨Ìμ¢Ò¥ ±·¨¢Ò¥) ¸ ¶ · ³¥É· ³¨
ΔϕB = π/10, ΔϕBB = 1,3 π

	É  μ¸μ¡¥´´μ¸ÉÓ ¶·Ö³μÊ£μ²Ó´ÒÌ ¡ ·Ó¥·μ¢ μ¡´ ·Ê¦¨¢ ¥É¸Ö, ´ ¶·¨³¥·, ¶·¨ Î¨-
¸²¥´´μ³ ·¥Ï¥´¨¨ Ê· ¢´¥´¨° (2.5)Ä(2.6) ³¥Éμ¤μ³ �Ê´£¥ÄŠÊÉÉ  ¢ Mathcad: ¶·μÍ¥¸¸

¢ÒÎ¨¸²¥´¨° ¸ ´ Î ²Ó´Ò³¨ §´ Î¥´¨Ö³¨ Y0 = ϕ0 = 0 μ¸É ´ ¢²¨¢ ¥É¸Ö, ¥¸²¨ ¶μ²μ¦¨ÉÓ

f(ϕ) = 1 ¶·¨ ϕ > 0, ¨ ´μ·³ ²Ó´μ ¶·μÌμ¤¨É, ¥¸²¨ f(ϕ) = 1 ¶·¨ ϕ � 0.

„²Ö ¢ÒÎ¨¸²¥´¨Ö ¶¥·¨μ¤  ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¶μ Ë §μ¢μ° É· ¥±Éμ·¨¨ ³μ¦´μ
¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö Ê· ¢´¥´¨¥³ (2.6) ¶·¨ § ¤ ´´μ° ËÊ´±Í¨¨ Y(ϕ):

Δψperiod = 2

ϕs−ϕ0∫
ϕ0

dφ

Y(φ)
, Y(ϕ) > 0. (2.20)
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‡¤¥¸Ó μ¶ÖÉÓ ¨¸¶μ²Ó§μ¢ ´μ ¸¢μ°¸É¢μ ¸¨³³¥É·¨¨ Ë §μ¢μ° É· ¥±Éμ·¨¨ (³´μ¦¨-
É¥²Ó 2), ϕ0 Å ´ Î ²Ó´ Ö Ë § , ¢ ±μÉμ·μ° Y(ϕ0) ≡ Y0 = 0. „²Ö ¶·Ö³μÊ£μ²Ó´ÒÌ
¡ ·Ó¥·μ¢ (2.14) ¨´É¥£·¨·μ¢ ´¨¥ ¤ ¥É

Δψperiod =
√

2
ΔϕB − ϕ0

(4ΔϕB + ΔϕBB − 4ϕ0) = 4Ymax +
2ΔϕB

Ymax
,

Tperiod = Ts

√
2

ΔϕBδϕB
(ΔϕBB + 4ΔϕB − ϕ0).

(2.21)

„²Ö Î ¸É¨ÍÒ ´  ¸¥¶ · É·¨¸¥ ϕ0 = 0, ¨ ³Ò μ¶ÖÉÓ ¶μ²ÊÎ ¥³ ·¥§Ê²ÓÉ É (1.12).
’ ±¨³ μ¡· §μ³, μ±μ´Î É¥²Ó´μ ¶μ± § ´μ, ÎÉμ ®¶μÏ £μ¢Ò¥¯ ¢ÒÎ¨¸²¥´¨Ö (· §¤. 1)
¤ ÕÉ ÉμÉ ¦¥ ·¥§Ê²ÓÉ É, ÎÉμ ¨ ¨´É¥£·¨·μ¢ ´¨¥ μ¡Ð¨Ì Ê· ¢´¥´¨° (2.5)Ä(2.7).

‘²ÊÎ ° ±¢ §¨¸¨´Ê¸μ¨¤ ²Ó´ÒÌ ¡ ·Ó¥·μ¢ ¡μ²¥¥ ¸²μ¦´Ò°. „¥°¸É¢¨É¥²Ó´μ,
 ´ ²μ£¨Î´μ¥  ´ ²¨É¨Î¥¸±μ¥ ¨´É¥£·¨·μ¢ ´¨¥ (2.20) ¸ ËÊ´±Í¨¥° Y(ϕ) ¨§ (2.15)
¶·¨¢μ¤¨É ± ²μ£ ·¨Ë³¨Î¥¸±μ° § ¢¨¸¨³μ¸É¨ Δψperiod μÉ ϕ0. 	ÉμÉ ·¥§Ê²ÓÉ É
¶μ¤É¢¥·¦¤ ¥É ¨ Î¨¸²¥´´μ¥ ¨´É¥£·¨·μ¢ ´¨¥ Ê· ¢´¥´¨° (2.5), (2.6) ¤²Ö ±¢ §¨¸¨-
´Ê¸μ¨¤ ²Ó´μ° ËÊ´±Í¨¨ f(ϕ) (·¨¸. 5): ¨³¥¥É ³¥¸Éμ ²μ£ ·¨Ë³¨Î¥¸±¨° ·μ¸É ¶¥-
·¨μ¤  ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¶μ ¸¥¶ · É·¨¸¥ ¸ Ê³¥´ÓÏ¥´¨¥³ ´ Î ²Ó´μ° Ë §Ò ϕ0:

Δψperiod ≈ 13, 7− ln ϕ0. (2.22)

’ ±¨³ μ¡· §μ³, ´ ²¨Íμ ± Î¥¸É¢¥´´ Ö · §´¨Í  ³¥¦¤Ê ¸²ÊÎ Ö³¨ ±¢ §¨¸¨´Ê¸μ-
¨¤ ²Ó´ÒÌ ¨ ®¨¤¥ ²¨§¨·μ¢ ´´ÒÌ¯ ¶·Ö³μÊ£μ²Ó´ÒÌ ¡ ·Ó¥·μ¢, ÎÉμ ¸¢Ö§ ´μ ¸ μ¡-
¸Ê¦¤ ¢Ï¥°¸Ö ¢ÒÏ¥ ±·ÊÉ¨§´μ° Ë·μ´Éμ¢ ¨³¶Ê²Ó¸μ¢ ¡ ·Ó¥·´μ£μ ´ ¶·Ö¦¥´¨Ö (¨
ËÊ´±Í¨¨ f(ϕ) ¸μμÉ¢¥É¸É¢¥´´μ). „²Ö ±¢ §¨¸¨´Ê¸μ¨¤ ²Ó´ÒÌ ¡ ·Ó¥·μ¢ Î ¸É¨Í  ¢
ÉμÎ± Ì ϕ∗ = {0, ϕs} ´¥ ¤¢¨¦¥É¸Ö ¸μ¢¥·Ï¥´´μ, ¥¸²¨ ¥¥ ¨³¶Ê²Ó¸ ¢ ÔÉ¨Ì ÉμÎ± Ì

�¨¸. 5. ‡ ¢¨¸¨³μ¸ÉÓ Δψperiod μÉ §´ Î¥´¨Ö ´ Î ²Ó´μ° Ë §Ò ϕ0 ¢¡²¨§¨ ÉμÎ±¨ ϕ = 0,
¶μ²ÊÎ¥´´ Ö ¨§ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° (2.5), (2.6) ¢ Mathcad ¤²Ö ±¢ §¨¸¨´Ê¸μ¨¤ ²Ó´μ°
ËÊ´±Í¨¨ f(ϕ); ΔϕB = π/10, ΔϕBB = 1,3 π; Ëμ·³Ê²  É·¥´¤  (¸¶²μÏ´ Ö ²¨´¨Ö)
¶·¨¢¥¤¥´  ´  ·¨¸Ê´±¥
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· ¢¥´ ´Ê²Õ, ¶μ¸±μ²Ó±Ê f(ϕ∗) = 0 ÉμÎ´μ. „²Ö ®¨¤¥ ²¨§¨·μ¢ ´´ÒÌ¯ ¶·Ö³μ-
Ê£μ²Ó´ÒÌ ¡ ·Ó¥·μ¢, ± ± Ê¦¥ ¸± § ´μ ¢ÒÏ¥, ¨³¥¥É ³¥¸Éμ ´¥μ¶·¥¤¥²¥´´μ¸ÉÓ,
±μÉμ· Ö ´¥ ¢²¨Ö¥É ´  ·¥§Ê²ÓÉ É  ´ ²¨É¨Î¥¸±¨Ì, ¨²¨ ®¶μÏ £μ¢ÒÌ¯, ¢ÒÎ¨¸²¥-
´¨° ¨§-§  ±μ´¥Î´μ° ¢¥²¨Î¨´Ò Ï £  (Î ¸É¨Í  ®¶·μ¸± ±¨¢ ¥É¯ μ¸μ¡Ò¥ ÉμÎ±¨).

�μ ¨§¢¥¸É´μ° (¢ÒÎ¨¸²¥´´μ°) Ê´¨¢¥·¸ ²Ó´μ° ËÊ´±Í¨¨ ¨³¶Ê²Ó¸  Y(ϕ) ¤²Ö
§ ¤ ´´μ° ¡ ·Ó¥·´μ° ËÊ´±Í¨¨ f(ϕ) ³μ¦´μ ´ °É¨ §´ Î¥´¨Ö ±μ´±·¥É´ÒÌ ¶ · -
³¥É·μ¢. � ¶·¨³¥·,  ³¶²¨ÉÊ¤  ¡ ·Ó¥·´μ£μ ´ ¶·Ö¦¥´¨Ö ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´ ,
¸μ£² ¸´μ (2.4), Î¥·¥§ §´ Î¥´¨Ö Ymax ¨ ¤·Ê£¨Ì ¶ · ³¥É·μ¢ ± ±

V � A

Z
ηω β2γ

mnc2

e

2π

Y2
max

(
Δp

p

)2

sep

. (2.23)

‡´ Î¥´¨¥ Ymax μ¶·¥¤¥²¥´μ ¢ÒÏ¥ (Ëμ·³Ê²  (2.19)).

3. ��Š��‹…�ˆ… —�‘’ˆ– (��ŸŒ�“ƒ�‹œ�›… ���œ…�›)

„²Ö Ëμ·³¨·μ¢ ´¨Ö ¨´É¥´¸¨¢´ÒÌ ¶ÊÎ±μ¢ ¢ Í¨±²¨Î¥¸±¨Ì Ê¸±μ·¨É¥²ÖÌ Î -
¸Éμ ¨¸¶μ²Ó§Ê¥É¸Ö ³´μ£μ±· É´ Ö ¨´¦¥±Í¨Ö ¸ μ¶·¥¤¥²¥´´μ° ¶¥·¨μ¤¨Î´μ¸ÉÓÕ
¨ ´ ±μ¶²¥´¨¥ ¨´¦¥±É¨·μ¢ ´´ÒÌ Î ¸É¨Í (stacking,  ´£².). �·μÍ¥¸¸ ´ ±μ¶²¥-
´¨Ö ¤²Ö ¸²ÊÎ Ö ¶·Ö³μÊ£μ²Ó´ÒÌ ¡ ·Ó¥·μ¢ · ¸¸³μÉ·¥´ ´¨¦¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
·¥§Ê²ÓÉ Éμ¢ · §¤. 2.

3.1. ” §μ¢Ò¥ ±μ²¥¡ ´¨Ö Î ¸É¨Í ¶·¨ ´ ±μ¶²¥´¨¨. �·¥¦¤¥ ¢¸¥£μ, · ¸Ï¨-
·¨³ · ¸¸³ É·¨¢ ¥³ÊÕ μ¡² ¸ÉÓ Ë § μÉ ϕ = −0,2 ¤μ ϕ = 2π (·¨¸. 1, 6):

f(ϕ) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

1, 0 � ϕ � ΔϕB,

0, ΔϕB < ϕ � ΔϕB + ΔϕBB ,

−1, ΔϕB + ΔϕBB < ϕ < ϕs,

0, ϕs ≡ 2π − Δϕinj < ϕ � 2π.

(3.1)

Š ± Ê¦¥ ¸± § ´μ ¢ ¶μ¤· §¤. 2.1, Î ¸É¨Í , ¨´¦¥±É¨·μ¢ ´´ Ö ¢ ¨´É¥·¢ ² Ë §
Δϕinj (U(ϕinj) = 0), ¶ÊÉ¥Ï¥¸É¢Ê¥É ¢¤μ²Ó μ¸¨ ϕ ´¥μ£· ´¨Î¥´´μ ¤μ²£μ. ‚ ÔÉμ³
¸²ÊÎ ¥ ¥¥ ¨³¶Ê²Ó¸ Y(ϕ) É ±¦¥ ¨¸¶ÒÉÒ¢ ¥É ¶¥·¨μ¤¨Î¥¸±¨¥ ¨§³¥´¥´¨Ö ¶·¨
¶¥·¥¸¥Î¥´¨¨ ¡ ·Ó¥·μ¢ (·¨¸. 6). � · ³¥É·Ò Ë §μ¢μ° É· ¥±Éμ·¨¨ ³μ¦´μ · ¸-
¸Î¨É ÉÓ É ± ¦¥, ± ± ÔÉμ ¤¥² ²μ¸Ó ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥. ‚´ Î ²¥ ¢ÒÎ¨¸²Ö¥³
ËÊ´±Í¨Õ Y(ϕ), ¨´É¥£·¨·ÊÖ (2.10) ¶μ ¨´É¥·¢ ²Ê ϕ0 � ϕ � ϕ0 + 2π ¶·¨
Ê¸²μ¢¨¨, ÎÉμ ´ Î ²Ó´ Ö Ë §  ϕ0 ²¥¦¨É ¢ ¨´É¥·¢ ²¥ Δϕinj (·¨¸. 1, 6). ˆ³¶Ê²Ó¸
Î ¸É¨ÍÒ ¢ ÔÉμ³ ¨´É¥·¢ ²¥ ¶μ¸ÉμÖ´¥´ ¨ · ¢¥´ Y0. �μÔÉμ³Ê ¢Ò¡μ· §´ Î¥´¨Ö ϕ0

´¥ ¨§³¥´Ö¥É ¢¥²¨Î¨´Ò ËÊ´±Í¨¨ Y(ϕ), ¨ ¤²Ö ¨´É¥£·¨·μ¢ ´¨Ö ¢ (2.10) ³μ¦´μ
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�¨¸. 6. ” §μ¢Ò¥ É· ¥±Éμ·¨¨ ¨´¦¥±É¨·μ¢ ´´μ° Î ¸É¨ÍÒ (ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö, ϕinj =
−0,2, Yinj = 0,25) ¨ Î ¸É¨ÍÒ, § Ì¢ Î¥´´μ° ¢ ¶μÉ¥´Í¨ ²Ó´ÊÕ Ö³Ê μ¡² ¸É¨ ´ ±μ¶²¥´¨Ö
(ÉμÎ¥Î´ Ö ±·¨¢ Ö, Ymax = 0,5), f(ϕ) Å ¸¶²μÏ´ Ö ±·¨¢ Ö

¢Ò¡· ÉÓ ¨´É¥·¢ ² 0 � ϕ � 2π. ‚ ·¥§Ê²ÓÉ É¥ ´ Ìμ¤¨³

Y(ϕ) =
Y0

|Y0|

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

√
Y2

0 + 2ϕ, 0 � ϕ � ΔϕB ,√
Y2

0 + 2ΔϕB, ΔϕB < ϕ � ΔϕB + ΔϕBB ,√
Y2

0 + 2(ϕs − ϕ), ΔϕB + ΔϕBB < ϕ � ϕs,

|Y0| 2π − Δϕinj < ϕ � 2π.

(3.2)

ˆ¸¶μ²Ó§ÊÖ ÔÉμÉ ·¥§Ê²ÓÉ É, ³μ¦´μ · ¸¸Î¨É ÉÓ ¶¥·¨μ¤ ±μ²¥¡ ´¨° ¨³¶Ê²Ó¸  ¨´-
¦¥±É¨·μ¢ ´´μ° Î ¸É¨ÍÒ ¸ ¶μ³μÐÓÕ Ê· ¢´¥´¨Ö (2.6),  ´ ²μ£¨Î´μ Éμ³Ê, ± ± ÔÉμ
¸¤¥² ´μ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ (2.21). ‚Ò¡· ¢ ´ Î ²Ó´ÊÕ ÉμÎ±Ê ¢ ±μ´Í¥ ¨´É¥·¢ ² 
¨´¦¥±Í¨¨ Δϕinj (É. ¥. ϕ0 = 0), ¶μ²ÊÎ¨³:

Δψperiod =

2π∫
0

dφ

Y(φ)
=

= 2
√

Y2
0 + 2ΔϕB +

ΔϕB√
Y2

0 + 2ΔϕB

− 2Y0 +
Δϕinj

Y0
. (3.3)

3.2. „μ¸É ÉμÎ´μ¥ Ê¸²μ¢¨¥ ¤²Ö ´ ±μ¶²¥´¨Ö Î ¸É¨Í. ‘· ¢´¨¢ Ö ¢Ò· ¦¥-
´¨Ö (3.2) ¨ (2.16), ´¥É·Ê¤´μ ¢¨¤¥ÉÓ, ÎÉμ ¶·¨ ²Õ¡μ³ §´ Î¥´¨¨ ¨³¶Ê²Ó¸  ¨´¦¥±-
É¨·μ¢ ´´μ° Î ¸É¨ÍÒ Y0 ¥¥ ¨³¶Ê²Ó¸ ¢ Ë §μ¢μ³ ¨´É¥·¢ ²¥ ΔϕBB (¸³. ¢Éμ·μ¥
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¢Ò· ¦¥´¨¥ ¢ (3.2)) ¶·¥¢ÒÏ ¥É Ysep. 	Éμ μ§´ Î ¥É, ÎÉμ Ë §μ¢ Ö É· ¥±Éμ·¨Ö
¨´¦¥±É¨·μ¢ ´´μ° Î ¸É¨ÍÒ, ¨³¶Ê²Ó¸ ±μÉμ·μ° ¢ ¨´É¥·¢ ²¥ Δϕinj μÉ²¨Î¥´ μÉ
´Ê²Ö, Δpinj �= 0, ´¥ μ¡· §Ê¥É § ³±´ÊÉÊÕ ±·¨¢ÊÕ (·¨¸. 6, ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö).
—Éμ¡Ò § Ì¢ É¨ÉÓ Î ¸É¨ÍÊ ¢ μ¡² ¸ÉÓ ´ ±μ¶²¥´¨Ö

0 � ϕ � ϕs, (3.4)

´Ê¦´μ ± ±¨³-Éμ ¸¶μ¸μ¡μ³ μ¡¥¸¶¥Î¨ÉÓ ¢Ò¶μ²´¥´¨¥ Ê¸²μ¢¨Ö

|YBB| � |Ysep|, (3.5)

£¤¥ YBB Å §´ Î¥´¨¥ Y(ϕ) ¢ μ¡² ¸É¨ ´ ±μ¶²¥´¨Ö. 	Éμ ¨ ¥¸ÉÓ ¤μ¸É ÉμÎ´μ¥
Ê¸²μ¢¨¥ ¤²Ö § Ì¢ É  Î ¸É¨Í ´  § ³±´ÊÉÊÕ É· ¥±Éμ·¨Õ ¢ μ¡² ¸ÉÓ ´ ±μ¶²¥´¨Ö.

	Éμ Ê¸²μ¢¨¥, ± ± ¸± § ´μ ¢ÒÏ¥, ´¥ Ê¤μ¢²¥É¢μ·Ö¥É¸Ö ¤²Ö Î ¸É¨ÍÒ, ¨´-
¦¥±É¨·μ¢ ´´μ° ¢ ¨´É¥·¢ ² Δϕinj. ’ ±¨³ μ¡· §μ³, ¶·¨ ²Õ¡μ³ §´ Î¥´¨¨ Y0

Î ¸É¨Í , ¨´¦¥±É¨·μ¢ ´´ Ö ¢ ¨´É¥·¢ ²¥ Δϕinj, ´¥ ³μ¦¥É ¡ÒÉÓ § Ì¢ Î¥´  ¢ §μ´Ê
´ ±μ¶²¥´¨Ö (3.4). „²Ö § Ì¢ É  Î ¸É¨ÍÒ ´Ê¦´μ, ÎÉμ¡Ò ¥¥ ¨³¶Ê²Ó¸ ¢ ´¥±μÉμ-
·μ° Ë §¥ ¢´ÊÉ·¨ ¡ ·Ó¥·  (¶μ²μ¦¨É¥²Ó´μ£μ ¨²¨ μÉ·¨Í É¥²Ó´μ£μ, ¡¥§· §²¨Î´μ)
¶·¨´¨³ ² ´Ê²¥¢μ¥ §´ Î¥´¨¥. ‚ ÔÉμ³ ¸²ÊÎ ¥ Î ¸É¨Í  ¤¢¨¦¥É¸Ö ¢´ÊÉ·¨ ¸¥¶ · -
É·¨¸Ò. …¤¨´¸É¢¥´´Ò° ¸¶μ¸μ¡ μ¡¥¸¶¥Î¨ÉÓ ÔÉμ Ê¸²μ¢¨¥ (¢ ¸²ÊÎ ¥ ¸É Í¨μ´ ·´ÒÌ
¡ ·Ó¥·μ¢, ¸·. · §¤. 5) Å Ê³¥´ÓÏ¥´¨¥ ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ ¶μ¸²¥ ¨´¦¥±Í¨¨ ¢μ
¢·¥³Ö ¤¢¨¦¥´¨Ö ¢ Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥, É. ¥. ¶·¨³¥´¥´¨¥ ³¥Éμ¤μ¢ μÌ² ¦¤¥-
´¨Ö, Ô²¥±É·μ´´μ£μ ¨²¨ ¸ÉμÌ ¸É¨Î¥¸±μ£μ.

�μ¸²¥¤´¥¥ ÊÉ¢¥·¦¤¥´¨¥ ´ £²Ö¤´μ ¨²²Õ¸É·¨·Ê¥É ·¨¸. 3. „¥°¸É¢¨É¥²Ó´μ,
Î ¸É¨Í , ¨´¦¥±É¨·μ¢ ´´ Ö ¢ Ë §μ¢ÊÕ μ¡² ¸ÉÓ Δϕinj, ¨³¥¥É ´Ê²¥¢ÊÕ ¶μÉ¥´Í¨-
 ²Ó´ÊÕ Ô´¥·£¨Õ ¨ ¶μ²μ¦¨É¥²Ó´ÊÕ ¶μ²´ÊÕ Ô´¥·£¨Õ H > 0. �μ ÔÉμ° ¶·¨Î¨´¥
μ´  ´¥ ³μ¦¥É ¡ÒÉÓ § Ì¢ Î¥´  ¢ ¶μÉ¥´Í¨ ²Ó´ÊÕ Ö³Ê ¢ μ¡² ¸É¨ ΔϕBB .

Œμ¦´μ ¸Ëμ·³Ê²¨·μ¢ ÉÓ É·¥¡μ¢ ´¨¥ ± ¸±μ·μ¸É¨ μÌ² ¦¤¥´¨Ö τ−1
cool:

§  ¢·¥³Ö ¶¥·¨μ¤  ¨´¦¥±Í¨¨ Tinj μÉ±²μ´¥´¨¥ ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ ΔpBB ¤μ²¦´μ
Ê³¥´ÓÏ¨ÉÓ¸Ö ´ ¸Éμ²Ó±μ, ÎÉμ¡Ò Î ¸É¨Í  ¢μÏ²  ¢´ÊÉ·Ó ¸¥¶ · É·¨¸Ò μ¡² ¸É¨
´ ±μ¶²¥´¨Ö. �·¥¤¶μ² £ Ö Ô±¸¶μ´¥´Í¨ ²Ó´ÊÕ § ¢¨¸¨³μ¸ÉÓ ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ
μÉ ¢·¥³¥´¨, ³μ¦¥³ § ¶¨¸ ÉÓ

Δp(t) = Δp(0) exp (−t/τcool), Δp(0) ≡ ΔpBB.

‡¤¥¸Ó ΔpBB Å μÉ±²μ´¥´¨¥ ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ ¢´ÊÉ·¨ μ¡² ¸É¨ ´ ±μ¶²¥´¨Ö
¶·¨ ¶¥·¢μ³, ¶μ¸²¥ ¨´¦¥±Í¨¨, ¥¥ ¶¥·¥¸¥Î¥´¨¨. �É¸Õ¤  ¸²¥¤Ê¥É ¤μ¸É ÉμÎ´μ¥
Ê¸²μ¢¨¥ ¤²Ö § Ì¢ É  Î ¸É¨ÍÒ ¢ μ¡² ¸ÉÓ ´ ±μ¶²¥´¨Ö:

τcool

Tinj
�

[
ln

∣∣∣∣ΔpBB

Δpsep

∣∣∣∣
]−1

=
[
ln

∣∣∣∣YBB

Ysep

∣∣∣∣
]−1

. (3.6)

‡¤¥¸Ó YBB μ¶¨¸Ò¢ ¥É¸Ö ¢Éμ·Ò³ ¢Ò· ¦¥´¨¥³ (3.2), Ysep =
√

2ΔϕB (¸³. (2.16)).
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�μ¤¸É ¢¨¢ ÔÉ¨ §´ Î¥´¨Ö ¢ (3.6), ´ Ìμ¤¨³

τcool

Tinj
� 2

[
ln

(
1 +

Y2
0

2ΔϕB

)]−1

∼

⎧⎪⎨
⎪⎩

2/ ln 2, Y0 ∼ Ysep,

4
(

Ysep

Y0

)2

, Y0 � Ysep.
(3.7)

’ ±¨³ μ¡· §μ³, ´ ¨¡μ²¥¥ ¦¥¸É±μ¥ É·¥¡μ¢ ´¨¥ ± §´ Î¥´¨Õ τcool ¨³¥¥É ³¥¸Éμ
¤²Ö ¡μ²ÓÏ¨Ì ¢¥²¨Î¨´ Y0. ˆ ´ μ¡μ·μÉ, ¤²Ö ³ ²ÒÌ Y0 É·¥¡μ¢ ´¨¥ (3.7) μÎ¥´Ó
³Ö£±μ¥. 	Éμ ¶μÎÉ¨ μÎ¥¢¨¤´μ: Î¥³ ³¥´ÓÏ¥ §´ Î¥´¨¥ Y0, É¥³ ¡²¨¦¥ É· ¥±Éμ·¨Ö
¨´¦¥±É¨·μ¢ ´´μ° Î ¸É¨ÍÒ ± ¸¥¶ · É·¨¸¥ ¶·¨ ¶·μÌμ¦¤¥´¨¨ μ¡² ¸É¨ ´ ±μ¶-
²¥´¨Ö. ‘μμÉ¢¥É¸É¢¥´´μ, É¥³ ¡Ò¸É·¥¥ ¶·μ¨¸Ìμ¤¨É § Ì¢ É.

3.3. �¥μ¡Ìμ¤¨³μ¥ Ê¸²μ¢¨¥ ¤²Ö ´ ±μ¶²¥´¨Ö Î ¸É¨Í. �·¨ ³ ²ÒÌ Y0 ¶μ-
Ö¢²Ö¥É¸Ö ¥Ð¥ μ¤´μ É·¥¡μ¢ ´¨¥ ± ÔÉμ³Ê ¶ · ³¥É·Ê. „¥°¸É¢¨É¥²Ó´μ, §´ Î¥-
´¨¥ Y0 ¤μ²¦´μ ¡ÒÉÓ ¤μ¸É ÉμÎ´μ ¢¥²¨±μ, ÎÉμ¡Ò ¶μ§¢μ²¨ÉÓ Î ¸É¨Í¥ ¸μ¢¥·Ï¨ÉÓ
¶μ ±· °´¥° ³¥·¥ μ¤´μ ¸¨´Ì·μÉ·μ´´μ¥ ±μ²¥¡ ´¨¥ §  ¢·¥³Ö ³¥¦¤Ê ¤¢Ê³Ö ¨³-
¶Ê²Ó¸ ³¨ ¨´¦¥±Í¨¨, Tinj:

Tperiod < Tinj. (3.8)

‚ ¶·μÉ¨¢´μ³ ¸²ÊÎ ¥ Î ¸É¨Í  ¡Ê¤¥É ¶μÉ¥·Ö´  ¶·¨ ¸²¥¤ÊÕÐ¥³ ¨³¶Ê²Ó¸¥ ¨´¦¥±-
Í¨¨, ±μ£¤  μ¡² ¸ÉÓ Δϕinj § ¶μ²´Ö¥É¸Ö μÎ¥·¥¤´μ° ¶μ·Í¨¥° Î ¸É¨Í. ˆ¸¶μ²Ó§ÊÖ
§´ Î¥´¨¥ Δψperiod (3.3) ¸ ÊÎ¥Éμ³ ¢Ò· ¦¥´¨Ö ¤²Ö ψ ¨§ (2.4), ¶·¨Ìμ¤¨³ ±
´¥²¨´¥°´μ³Ê  ²£¥¡· ¨Î¥¸±μ³Ê Ê· ¢´¥´¨Õ ¤²Ö ³¨´¨³ ²Ó´μ ¤μ¶Ê¸É¨³μ£μ §´ -
Î¥´¨Ö Y0:

Δψperiod (Y0) =
Tinj

Ts

√
δϕB . (3.9)

	ÉÊ Ëμ·³Ê²Ê ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥, ¸μ¤¥·¦ Ð¥³ (Δp/p)sep Å ¶ · ³¥É·,
Ì · ±É¥·¨§ÊÕÐ¨° Ë §μ¢ÊÕ μ¡² ¸ÉÓ ´ ±μ¶²¥´¨Ö:

Δψperiod (Y0) = πηω
Tinj

Ts

√
2

ΔϕB

∣∣∣∣Δp

p

∣∣∣∣
sep

. (3.10)

�¥Ï¥´¨¥ ¶μ²ÊÎ¥´´μ£μ Ê· ¢´¥´¨Ö ¤²Ö Y0 (¸·. (3.10) ¸ (3.3)) ³μ¦´μ ´ °É¨ Î¨-
¸²¥´´μ ¨, §´ Ö ³¨´¨³ ²Ó´μ ¤μ¶Ê¸É¨³μ¥ §´ Î¥´¨¥ Y0, · ¸¸Î¨É ÉÓ ³¨´¨³ ²Ó´μ
¤μ¶Ê¸É¨³μ¥ §´ Î¥´¨¥ ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ ¶·¨ ¨´¦¥±Í¨¨:

|Δpinj|min

ps
=

Y0min√
2ΔϕB

. (3.11)

�·¨³¥· É ±¨Ì · ¸Î¥Éμ¢ ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 7.
‚ÒÎ¨¸²¥´¨Ö ¸ÊÐ¥¸É¢¥´´μ Ê¶·μÐ ÕÉ¸Ö ¶·¨ Y0 � 1, ±μ£¤  Δψperiod (Y0) ≈

Δϕinj/Y0. �μ¤¸É ¢¨¢ ÔÉμ §´ Î¥´¨¥ ¢ (3.9) ¸ ÊÎ¥Éμ³ ¢Ò· ¦¥´¨Ö ¤²Ö Y ¨§ (2.4),
¶μ²ÊÎ ¥³ ¶·¨¡²¨¦¥´´μ

|Δpinj|
ps

� Δϕinj

2πηω

Ts

Tinj

∣∣∣∣Δp

ps

∣∣∣∣
sep

. (3.12)
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�¨¸. 7. ‡ ¢¨¸¨³μ¸ÉÓ |Δpinj|/ps (¢ ¥¤¨´¨Í Ì 10−6) μÉ Ô´¥·£¨¨ Î ¸É¨ÍÒ; ·μ³¡¨± ³¨
¶μ± § ´Ò ·¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö (3.10), (3.11) ¤²Ö ¸²ÊÎ Ö ¶·Ö³μ-
Ê£μ²Ó´ÒÌ ¡ ·Ó¥·μ¢,   ¸¢¥É²Ò¥ ±¢ ¤· ÉÒ Å ¶·¨¡²¨¦¥´´Ò¥ §´ Î¥´¨Ö ¶μ Ëμ·³Ê²¥ (3.12);
¶ · ³¥É·Ò ´ ±μ¶¨É¥²Ö ¨ ¡ ·Ó¥·´μ° ¸¨¸É¥³Ò É¥ ¦¥, ÎÉμ ¨ ¢ ¶·¥¤Ò¤ÊÐ¨Ì ¶·¨³¥· Ì,
|Δp/ps|sep = 5 · 10−4, Tinj = 10 ¸; Ëμ·³Ê²   ¶¶·μ±¸¨³ Í¨¨ ¶μ± § ´  ´  ·¨¸Ê´±¥

� · ³¥É· |Δp/ps|sep Ö¢²Ö¥É¸Ö Ë ±É¨Î¥¸±¨ Ì · ±É¥·¨¸É¨±μ° ¡ ·Ó¥·´μ° ‚—-
¸¨¸É¥³Ò. �¥§Ê²ÓÉ ÉÒ ¶·¨¡²¨¦¥´´μ£μ · ¸Î¥É  ¶μ Ëμ·³Ê²¥ (3.12) Ìμ·μÏμ ¸μ-
£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö (3.10), μ¶¨¸ ´´μ£μ
¢ÒÏ¥. ’ ±, ¤²Ö §´ Î¥´¨° ¶ · ³¥É·μ¢, Ê± § ´´ÒÌ ¢ ¶μ¤¶¨¸¨ ± ·¨¸. 7, · ¸-
Ìμ¦¤¥´¨¥ ´¥ ¶·¥¢ÒÏ ¥É 1Ä5 %, ¢ § ¢¨¸¨³μ¸É¨ μÉ Ô´¥·£¨¨. ’ ±¨³ μ¡· §μ³,
¶·¨¡²¨¦¥´´ Ö Ëμ·³Ê²  (3.12) ¶·¨£μ¤´  ¤²Ö ¶·μ¸ÉÒÌ μÍ¥´μ±.

�  ·¨¸. 8 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´É  ¶μ ´ ±μ¶²¥´¨Õ ¨μ´μ¢ ¢
´ ±μ¶¨É¥²¥ ESR ¸ Ô²¥±É·μ´´Ò³ μÌ² ¦¤¥´¨¥³ ¨ ¡ ·Ó¥·´μ° ‚—-¸¨¸É¥³μ° [10].

�¨¸. 8. � ±μ¶²¥´¨¥ ¨μ´μ¢ 124Xe54+ ¢ ESR [10] ¸ ¡ ·Ó¥·´μ° ‚—-¸¨¸É¥³μ° ¨ Ô²¥±-
É·μ´´Ò³ μÌ² ¦¤¥´¨¥³. � ¸ÒÐ¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨ ´ ±μ¶²¥´´ÒÌ Î ¸É¨Í ¸¢Ö§ ´μ, ¶μ-
¢¨¤¨³μ³Ê, ¸ ´¥¸μ¢¥·Ï¥´¸É¢μ³ ¶·¨³¥´Ö¥³μ° ‚— (¶μ¤· §¤. 3.5)
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3.4. � ±μ¶²¥´¨¥ Î ¸É¨Í ¢ ¶·¨¸ÊÉ¸É¢¨¨ ´ ¶·Ö¦¥´¨Ö ¢ ¨´¦¥±Í¨μ´´μ°
Ë §μ¢μ° μ¡² ¸É¨. ‚μ ¨§¡¥¦ ´¨¥ ¶·¨ ´ ±μ¶²¥´¨¨ ¶μÉ¥·Ó Î ¸É¨Í, ¨³¥ÕÐ¨Ì
¸³¥Ð¥´¨¥ ¶μ ¨³¶Ê²Ó¸Ê ³¥´ÓÏ¥ ¤μ¶Ê¸É¨³μ£μ ³¨´¨³Ê³  (3.11), (3.12), ³μ¦´μ
¶·¨²μ¦¨ÉÓ ¢ Ë §μ¢μ° μ¡² ¸É¨ Δϕinj (·¨¸. 1, 6) ´¥¡μ²ÓÏμ¥ ‚—-´ ¶·Ö¦¥´¨¥
¸  ³¶²¨ÉÊ¤μ° Vinj ≡ kinj V � V [16]. � ¶·¨³¥·, ¢ ¸²ÊÎ ¥ ¶·Ö³μÊ£μ²Ó´ÒÌ
¡ ·Ó¥·μ¢ ËÊ´±Í¨Ö f(ϕ) Éμ£¤  ¨³¥¥É ¢¨¤

f(ϕ) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

1, 2πn � ϕ � 2πn + ΔϕB ,

0, 2πn + ΔϕB < ϕ � 2πn + ΔϕB + ΔϕBB ,

k, 2πn + ΔϕB + ΔϕBB < ϕ � 2πn + ϕs,

kinj, 2πn + ϕs < ϕ � 2π(n + 1).

(3.13)

�Î¥¢¨¤´μ, ËÊ´±Í¨Ö f(ϕ) ¤μ²¦´  Ê¤μ¢²¥É¢μ·ÖÉÓ Ê¸²μ¢¨Õ

2π∫
0

f(ϕ) dϕ = 0. (3.14)

‚ ¶·μÉ¨¢´μ³ ¸²ÊÎ ¥ Î ¸É¨Í , ´¥ § Ì¢ Î¥´´ Ö ¢ μ¡² ¸ÉÓ ´ ±μ¶²¥´¨Ö, Ê¸±μ·Ö-
¥É¸Ö, ¶·μÌμ¤Ö ¢¥¸Ó ¨´É¥·¢ ² Ë § 0 � ϕ � 2π ∗. “¸²μ¢¨¥ (3.14) ¤ ¥É §´ Î¥´¨¥
¶ · ³¥É·  k ¶·¨ § ¤ ´´μ³ kinj

k = −
(

1 +
Δϕinj

ΔϕB
kinj

)
. (3.15)

‚Ò¡μ· §´ Î¥´¨Ö kinj μ¶·¥¤¥²Ö¥É¸Ö É¥³ ¦¥ ±·¨É¥·¨¥³ (3.8), ÎÉμ, ¢ ¸¢μÕ μÎ¥-
·¥¤Ó, É·¥¡Ê¥É ¢ÒÎ¨¸²¥´¨Ö §´ Î¥´¨Ö Tperiod ± ± ËÊ´±Í¨¨ ¶ · ³¥É·  kinj. 	É¨
¢ÒÎ¨¸²¥´¨Ö  ´ ²μ£¨Î´Ò É¥³, ÎÉμ ¢Ò¶μ²´¥´Ò ¶·¨ ¢Ò¢μ¤¥ Ëμ·³Ê²Ò (3.3), ´μ
¥Ð¥ ¡μ²¥¥ £·μ³μ§¤±¨. �¤´ ±μ ¤²Ö ¶·Ö³μÊ£μ²Ó´ÒÌ ¡ ·Ó¥·μ¢ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ
¶·μ¸ÉÊÕ μÍ¥´±Ê, · ¸¸³μÉ·¥¢ ±· °´¨° ¸²ÊÎ ° Î ¸É¨ÍÒ, ¨´¦¥±É¨·μ¢ ´´μ° ¸ ´Ê-
²¥¢Ò³ μÉ±²μ´¥´¨¥³ ¶μ ¨³¶Ê²Ó¸Ê ¢ Ë §μ¢ÊÕ ÉμÎ±Ê ϕinj ¢ ¸ ³μ³ ´ Î ²¥ Ë §μ¢μ°
μ¡² ¸É¨ Δϕinj (·¨¸. 9):

Y0 = 0, ϕinj = −Δϕinj. (3.16)

�¡· É¨³ ¢´¨³ ´¨¥, ÎÉμ ´  ·¨¸. 9 μ¡² ¸ÉÓ ¨´¦¥±Í¨¨ Δϕinj ¸¤¢¨´ÊÉ  ¢ μÉ·¨-
Í É¥²Ó´Ò¥ §´ Î¥´¨Ö Ë §. 	Éμ ¸¤¥² ´μ, ÎÉμ¡Ò ¸μÌ· ´¨ÉÓ ¶μ²μ¦¥´¨¥ μ¡² ¸É¨
´ ±μ¶²¥´¨Ö ¢ ¶·¥¦´¥³ ¨´É¥·¢ ²¥ Ë § (3.4).

∗„·Ê£ Ö ¶·¨Î¨´ , ¶μ ±μÉμ·μ° ´¥μ¡Ìμ¤¨³μ Ê¤μ¢²¥É¢μ·¨ÉÓ Ê¸²μ¢¨¥ (3.14), μ¡¸Ê¦¤ ¥É¸Ö ¢
· §¤. 6.
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�¨¸. 9. ” §μ¢ Ö É· ¥±Éμ·¨Ö Î ¸É¨ÍÒ ¶·¨ ´ ±μ¶²¥´¨¨ ¢ ¶·Ö³μÊ£μ²Ó´μ° ¡ ·Ó¥·´μ° ‚—-
¸¨¸É¥³¥ ¨ ¤μ¶μ²´¨É¥²Ó´μ³ Ê¸±μ·ÖÕÐ¥³ ´ ¶·Ö¦¥´¨¨ ¢ Ë §μ¢μ° μ¡² ¸É¨ Δϕinj; ¸¶²μÏ-
´ Ö ±·¨¢ Ö Å f(ϕ) (3.13) ¶·¨ kinj = 0,04, k = −1,2; ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö Å ËÊ´±Í¨Ö
U(ϕ) (3.19); ÉμÎ¥Î´ Ö ±·¨¢ Ö Å ËÊ´±Í¨Ö Y(ϕ) (2.4) (Ë §μ¢ Ö É· ¥±Éμ·¨Ö), ¶μ²ÊÎ¥´´ Ö
Î¨¸²¥´´Ò³ ·¥Ï¥´¨¥³ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (2.5), (2.6); ΔϕB = π/10, ΔϕBB = 1,3π,
Y0 = 0, ϕinj = −Δϕinj

�¸´μ¢´μ° ¢±² ¤ ¢ §´ Î¥´¨¥ ¶¥·¨μ¤  ¸¨´Ì·μÉ·μ´´ÒÌ ±μ²¥¡ ´¨° Î ¸É¨ÍÒ
¤ ¥É ¢·¥³Ö ¶¥·¥¸¥Î¥´¨Ö ¥Õ μ¡² ¸É¨ Δϕinj, £¤¥ μÉ±²μ´¥´¨¥ ¨³¶Ê²Ó¸  μÉ · ¢-
´μ¢¥¸´μ£μ §´ Î¥´¨Ö ³¨´¨³ ²Ó´μ. 	Éμ §´ Î¥´¨¥ ¨ ´ ¡¥£ ¶ · ³¥É·  ψ ¢ μ¡² -
¸É¨ Δϕinj ´¥É·Ê¤´μ ´ °É¨, ¢μ¸¶μ²Ó§μ¢ ¢Ï¨¸Ó ·¥§Ê²ÓÉ É ³¨ · §¤. 2 ¤²Ö ¶·Ö³μ-
Ê£μ²Ó´ÒÌ ¡ ·Ó¥·μ¢ (¸³. (2.14)):

Y(ϕ∗) =
√

2kinjϕ∗, Δψinj ≈
√

2
Δϕinj

kinj
,

kinj � 1, 0 � ϕ∗ � Δϕinj.

(3.17)

‡ É¥³ ¨§ Ê¸²μ¢¨Ö (3.8) ¸ ÊÎ¥Éμ³ (3.10) ´ Ìμ¤¨³ ³¨´¨³ ²Ó´μ ¤μ¶Ê¸É¨³μ¥ §´ -
Î¥´¨¥ ¶ · ³¥É·  kinj:

kinj � ΔϕinjΔϕB

π2η2
ω

(
Ts

Tinj

)2 (
Δp

p

)−2

sep

. (3.18)

—¨¸²¥´´Ò° ¶·¨³¥·, ¶·¥¤¸É ¢²¥´´Ò° ´  ·¨¸. 10, ¶μ± §Ò¢ ¥É, ÎÉμ kinj ¢μ§-
· ¸É ¥É Ô±¸¶μ´¥´Í¨ ²Ó´μ ¸ Ô´¥·£¨¥° Î ¸É¨ÍÒ ¶μ ³¥·¥ ¶·¨¡²¨¦¥´¨Ö Ô´¥·£¨¨
± ±·¨É¨Î¥¸±μ³Ê §´ Î¥´¨Õ.
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�¨¸. 10. ‡ ¢¨¸¨³μ¸ÉÓ ¶ · ³¥É·  kinj (¢ ¥¤¨´¨Í Ì 10−6) μÉ Ô´¥·£¨¨ Î ¸É¨ÍÒ (ƒÔ‚/´Ê±².).
� · ³¥É·Ò ´ ±μ¶¨É¥²Ö ¨ ¡ ·Ó¥·´μ° ‚—-¸¨¸É¥³Ò É¥ ¦¥, ÎÉμ ¨ ¢ ¶·¥¤Ò¤ÊÐ¨Ì ¶·¨³¥· Ì,
Tinj = 10 ¸; ¡μ²ÓÏ¨¥ ±¢ ¤· ÉÒ Å ·¥§Ê²ÓÉ É Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° (2.5), (2.6)
¤²Ö ¶·Ö³μÊ£μ²Ó´ÒÌ ¡ ·Ó¥·μ¢ (3.13), ³ ²¥´Ó±¨¥ ¸¢¥É²Ò¥ ±¢ ¤· ÉÒ Å · ¸Î¥É ¶μ ¶·¨-
¡²¨¦¥´´μ° Ëμ·³Ê²¥ (3.18); É·¥Ê£μ²Ó´¨±¨ Å Î¨¸²¥´´μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨° (2.5), (2.6)
¤²Ö ¸¨´Ê¸μ¨¤ ²Ó´ÒÌ ¡ ·Ó¥·μ¢; ¸¶²μÏ´Ò¥ ²¨´¨¨ Å  ¶¶·μ±¸¨³ Í¨¨, Ëμ·³Ê²Ò ±μÉμ·ÒÌ
¶·¨¢¥¤¥´Ò ´  ·¨¸Ê´±¥

�Í¥´±  (3.18) ¤ ¥É ´¨¦´¨° ¶·¥¤¥² §´ Î¥´¨° kinj. �  ¶· ±É¨±¥ ³μ¦¥É
¶μ´ ¤μ¡¨ÉÓ¸Ö ¢ ´¥¸±μ²Ó±μ · § ¡μ²ÓÏ Ö ¢¥²¨Î¨´ . 	Éμ ¸¢Ö§ ´μ ¸ μÉ´μ¸¨É¥²Ó´μ
¡Ò¸É·Ò³ ¶¥·¥¸¥Î¥´¨¥³ Î ¸É¨Í¥° μ¡² ¸É¨ ΔϕBB , £¤¥ μÉ±²μ´¥´¨¥ ¨³¶Ê²Ó¸ 
μÉ · ¢´μ¢¥¸´μ£μ §´ Î¥´¨Ö ¢¥²¨±μ. ‚ ·¥§Ê²ÓÉ É¥ μÌ² ¦¤¥´¨¥ ³μ¦¥É ´¥ Ê¸¶¥ÉÓ
®μ¶Ê¸É¨ÉÓ¯ Î ¸É¨ÍÊ ¢ ¶μÉ¥´Í¨ ²Ó´ÊÕ Ö³Ê ´¨¦¥ ¸¥¶ · É·¨¸Ò, ¨ ¶μÉ·¥¡Ê¥É¸Ö
³´μ£μ±· É´μ¥ ¶μ¢Éμ·¥´¨¥ ¸¨´Ì·μÉ·μ´´ÒÌ ±μ²¥¡ ´¨° ¸ ¶μ²´Ò³ · §³ Ìμ³ ¶μ
Ë §¥. Šμ··¥±É´μ¥ §´ Î¥´¨¥ Δkinj ¤ ¥É Î¨¸²¥´´μ¥ ³μ¤¥²¨·μ¢ ´¨¥ ¶·μÍ¥¸¸ 
´ ±μ¶²¥´¨Ö.

�¸μ¡¥´´μ¸ÉÓ · ¸¸³μÉ·¥´´μ£μ ·¥¦¨³  ´ ±μ¶²¥´¨Ö/§ Ì¢ É  ¨²²Õ¸É·¨·Ê¥É
ËÊ´±Í¨Ö ¶μÉ¥´Í¨ ²  (·¨¸. 9)

U(ϕ) = −
ϕs∫

−Δϕinj

f(φ) dφ =

=

⎧⎪⎪⎨
⎪⎪⎩
−kinj (ϕ + Δϕinj) , −Δϕinj � ϕ � 0,

− (kinjΔϕinj + ϕ) , 0 < ϕ � ΔϕB, (3.19)

− (kinjΔϕinj + ΔϕB) , ΔϕB < ϕ � ΔϕB + ΔϕBB ,

− [kinjΔϕinj + ΔϕB + k (ϕ − ΔϕB − ΔϕBB)], ΔϕB + ΔϕBB <ϕ �ϕs,

U(−Δϕinj) = 0.

	É  ËÊ´±Í¨Ö μ¡· §Ê¥É ¶μÉ¥´Í¨ ²Ó´ÊÕ Ö³Ê ¢μ ¢¸¥° μ¡² ¸É¨ Ë §

−Δϕinj � ϕ � 2π − Δϕinj. (3.20)
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3.5. �Ê²Ó¸ Í¨¨ ¡ ·Ó¥·´μ£μ ‚—-´ ¶·Ö¦¥´¨Ö ¨ ¶ · §¨É´Ò¥ ¸¥¶ · É·¨¸Ò.
�¥¸μ¢¥·Ï¥´¸É¢μ ¸¨¸É¥³Ò £¥´¥· Í¨¨ ¡ ·Ó¥·´ÒÌ ‚—-´ ¶·Ö¦¥´¨° ³μ¦¥É ¶·μ-
Ö¢²ÖÉÓ¸Ö ¢ ¶Ê²Ó¸ Í¨ÖÌ ´ ¶·Ö¦¥´¨Ö, ¸μ¶·μ¢μ¦¤ ÕÐ¨Ì μ¸´μ¢´Ò¥ ¡ ·Ó¥·´Ò¥
¨³¶Ê²Ó¸Ò. „¢  É¨¶¨Î´ÒÌ ¶·¨³¥·  É ±¨Ì ¶Ê²Ó¸ Í¨° ¨ ¨Ì ¶μ¸²¥¤¸É¢¨Ö ¤¥³μ´-
¸É·¨·Ê¥É ·¨¸. 11. �Ê²Ó¸ Í¨¨ ³μ£ÊÉ Ëμ·³¨·μ¢ ÉÓ μ¡² ¸É¨ ®¶ · §¨É´ÒÌ ¸¥¶ -

�¨¸. 11. „¢  ¶·¨³¥·  ¶Ê²Ó¸ Í¨° ¡ ·Ó¥·´μ£μ ‚—-´ ¶·Ö¦¥´¨Ö ¨ Ë §μ¢Ò¥ É· ¥±Éμ·¨¨
Î ¸É¨Í, ¶μ²ÊÎ¥´´Ò¥ Î¨¸²¥´´Ò³ ·¥Ï¥´¨¥³ Ê· ¢´¥´¨° (2.5), (2.6); £² ¢´Ò¥ ¡ ·Ó¥·´Ò¥
¨³¶Ê²Ó¸Ò ¨³¥ÕÉ ±¢ §¨¸¨´Ê¸μ¨¤ ²Ó´ÊÕ Ëμ·³Ê ¸ Ô±¸¶μ´¥´Í¨ ²Ó´μ § ÉÊÌ ÕÐ¨³¨ ±μ²¥-
¡ ´¨Ö³¨ ( ) ¨²¨ ¸μ¶·μ¢μ¦¤ ÕÉ¸Ö (¡) ¤¢Ê³Ö ¸¨´Ê¸μ¨¤ ²Ó´Ò³¨ ¨³¶Ê²Ó¸ ³¨ Ê³¥´ÓÏ -
ÕÐ¥°¸Ö  ³¶²¨ÉÊ¤Ò; ¶ · ³¥É·Ò ¨´¦¥±Í¨¨ Î ¸É¨ÍÒ ´  n-° Ë §μ¢μ° É· ¥±Éμ·¨¨ (ϕinj,
Yinj)n:  ) (4,75; 0,0)1, (5,4; 0,0)2, (5,0; 0,12)3, (4,95; 0,0)4; ¡) (4,95; 0,0)1, (5,0; 0,0)2,
(5,1; 0,0)3, (5,2; 0,1)4
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· É·¨¸¯, ¢ ±μÉμ·ÒÌ ´ ± ¶²¨¢ ÕÉ¸Ö ¨´¦¥±É¨·μ¢ ´´Ò¥ Î ¸É¨ÍÒ. 	ÉμÉ ÔËË¥±É
Ô±¸¶¥·¨³¥´É ²Ó´μ ´ ¡²Õ¤ ²¸Ö ¢ · ¡μÉ¥ [10]. ’· ¥±Éμ·¨¨ Î ¸É¨Í ¢´ÊÉ·¨ É ±¨Ì
¸¥¶ · É·¨¸ ¨³¥ÕÉ Ëμ·³Ê § ³±´ÊÉÒÌ ±·¨¢ÒÌ (·¨¸. 11,  , ¡, ±·¨¢Ò¥ 3, 4).

ƒ·Ê¡μ μÍ¥´¨ÉÓ ÔËË¥±É § Ì¢ É  Î ¸É¨Í ¢ ¶ · §¨É´Ò¥ ¸¥¶ · É·¨¸Ò ³μ¦´μ,
¸· ¢´¨¢ Ö ¶²μÐ ¤¨ Ë §μ¢μ£μ ¶·μ¸É· ´¸É¢ , μÌ¢ ÉÒ¢ ¥³Ò¥ ¶μ²¥§´μ° ¸¥¶ · É-
·¨¸μ°, Ssep, ¨ ¶ · §¨É´μ°, Sripp:

Ssep =
∣∣∣∣Δp

ps

∣∣∣∣
sep

ϕs ∝
√

V ΔϕBϕs;

Sripp =
∣∣∣∣Δp

ps

∣∣∣∣
ripp

sep

Δripp ∝
√

Vripp Δϕripp Δripp.

‡¤¥¸Ó Vripp Å  ³¶²¨ÉÊ¤  ¨³¶Ê²Ó¸  ¶Ê²Ó¸ Í¨°; Δϕripp Å ¥¥ Ë §μ¢ Ö ¶·μ-
ÉÖ¦¥´´μ¸ÉÓ; Δripp Å Ë §μ¢ Ö ¶·μÉÖ¦¥´´μ¸ÉÓ μ¡² ¸É¨, § ´ÖÉμ° ¶Ê²Ó¸ Í¨Ö³¨.
�μ²μ¦¨¢ Δϕripp = ΔϕB , ³μ¦´μ ´ ¶¨¸ ÉÓ μÍ¥´±Ê ¤μ²¨ Î ¸É¨Í ε, § Ì¢ Î¥´´ÒÌ
¢ ¸¥¶ · É·¨¸Ê, ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ¶·¨ ¸²¥¤ÊÕÐ¥³ ¨³¶Ê²Ó¸¥ ¨´¦¥±Í¨¨:

ε ≡ Sripp

Ssep
∼

√
Vripp

V

Δripp

ϕs
. (3.21)

�É¸Õ¤  ¸²¥¤Ê¥É É·¥¡μ¢ ´¨¥ ± Ê·μ¢´Õ ¶Ê²Ó¸ Í¨° ¡ ·Ó¥·´μ£μ ´ ¶·Ö¦¥´¨Ö

Vripp

V
<

(
ε

ϕs

Δripp

)2

∼ ε2. (3.22)

� ¶·¨³¥·, ¤²Ö ¶ · ³¥É·μ¢, ¶·¨¢¥¤¥´´ÒÌ ´  ·¨¸. 11, ¡ (ϕs = 4,71 · ¤, Δripp ≈
1 · ¤), ´Ê¦´μ μ¡¥¸¶¥Î¨ÉÓ Vripp/V < 2,2 · 10−3 ¶·¨ ε = 1 %.

4. “‘Š��…�ˆ… —�‘’ˆ– ���œ…��›Œ ����Ÿ†…�ˆ…Œ

„²Ö Ê¸±μ·¥´¨Ö Î ¸É¨Í ¸ ¶μ³μÐÓÕ ¡ ·Ó¥·´μ° ‚—-¸¨¸É¥³Ò ´Ê¦´μ ¶·¨²μ-
¦¨ÉÓ Ê¸±μ·ÖÕÐ¥¥ ´ ¶·Ö¦¥´¨¥ ¢ Ë §μ¢μ° μ¡² ¸É¨ ´ ±μ¶²¥´¨Ö ΔϕBB (·¨¸. 6).
ˆ³¶Ê²Ó¸ · ¢´μ¢¥¸´μ° Î ¸É¨ÍÒ ¤μ²¦¥´ Ê¢¥²¨Î¨¢ ÉÓ¸Ö ¶·¨ Ê¸±μ·¥´¨¨, ¸²¥¤ÊÖ
Ìμ·μÏμ ¨§¢¥¸É´μ³Ê ¸μμÉ´μÏ¥´¨Õ

ps(t) =
ZeBs(t)Rs

c
. (4.1)

‡¤¥¸Ó Bs(t) ¨ Rs Å ³ £´¨É´μ¥ ¶μ²¥ ¨ · ¤¨Ê¸ É· ¥±Éμ·¨¨, Ê¸·¥¤´¥´´Ò¥ ¶μ · ¢-
´μ¢¥¸´μ° É· ¥±Éμ·¨¨. �É¸Õ¤  ¸²¥¤Ê¥É · ¢¥´¸É¢μ, ¸¢Ö§Ò¢ ÕÐ¥¥ ³¥¦¤Ê ¸μ¡μ°
§ ±μ´ ¨§³¥´¥´¨Ö ¶μ²Ö ¨ Ê¸±μ·ÖÕÐ¥¥ ´ ¶·Ö¦¥´¨¥. „¥°¸É¢¨É¥²Ó´μ, ¶μ¤¸É ¢¨¢

dps

dt
=

ZeRs

c

dBs

dt

23



¢ · ¢¥´¸É¢μ
dps

dt
=

δpB

Ts

¨ δpB ¨§ (1.2), ´ Ìμ¤¨³

Vacc =
ρ CRing

c

dBρ

dt
. (4.2)

‡¤¥¸Ó Bρ = BsRs/ρ ¨ ρ Å ³ £´¨É´μ¥ ¶μ²¥ ¨ · ¤¨Ê¸ ±·¨¢¨§´Ò É· ¥±Éμ·¨¨
· ¢´μ¢¥¸´μ° Î ¸É¨ÍÒ ¢ ¤¨¶μ²ÖÌ ¸μμÉ¢¥É¸É¢¥´´μ. �·¨ CRing = 503 ³, ρ = 25 ³
¨ ¸±μ·μ¸É¨ dBs/dt = 0,1 ’²/¸ ´ Ìμ¤¨³ Vacc = 1,26 ±‚.

�·μ¡²¥³  ´¥ ¸Éμ²Ó É·¨¢¨ ²Ó´  ¤²Ö ´¥· ¢´μ¢¥¸´μ° Î ¸É¨ÍÒ: p(t) = ps(t)+
Δp. …¸²¨ ¢Ò¶μ²´¥´μ Ê¸²μ¢¨¥ (4.2) ¤²Ö Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö, Î ¸É¨Í 
¤·¥°ËÊ¥É ¢ Ë §μ¢μ° μ¡² ¸É¨ ΔϕBB ³¥¦¤Ê ¡ ·Ó¥· ³¨, ¨³¥Ö ¶μ¸ÉμÖ´´μ¥ μÉ-
±²μ´¥´¨¥ ¶μ ¨³¶Ê²Ó¸Ê μÉ · ¢´μ¢¥¸´μ£μ §´ Î¥´¨Ö, Δp = Δp(0). 	Éμ ¢Ò£²Ö¤¨É
É ±, ± ± ¡Ê¤Éμ ¡Ò Î ¸É¨Í  ®´¥ ÎÊ¢¸É¢Ê¥É¯ ¶·¨¸ÊÉ¸É¢¨Ö Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö-
¦¥´¨Ö Vacc, ¶μ¸±μ²Ó±Ê ± ± · ¢´μ¢¥¸´ Ö, É ± ¨ ´¥· ¢´μ¢¥¸´ Ö Î ¸É¨ÍÒ ¶μ-
²ÊÎ ÕÉ §  μ¡μ·μÉ μ¤¨´ ±μ¢Ò¥ ¶·¨·μ¸ÉÒ Ô´¥·£¨¨ ZeVacc ¨, ¸μμÉ¢¥É¸É¢¥´´μ,
¨³¶Ê²Ó¸  δpacc. ‚ ·¥§Ê²ÓÉ É¥ · §´μ¸ÉÓ ¨³¶Ê²Ó¸μ¢ ÔÉ¨Ì Î ¸É¨Í μ¸É ¥É¸Ö ¶μ-
¸ÉμÖ´´μ°. �μÔÉμ³Ê ¢ ¶¥·¢μ³ ¶·¨¡²¨¦¥´¨¨ ¸¥¶ · É·¨¸  Ë §μ¢ÒÌ É· ¥±Éμ·¨°
Î ¸É¨Í μ¶¨¸Ò¢ ¥É¸Ö, ´ ¶·¨³¥·, É¥³¨ ¦¥ Ëμ·³Ê² ³¨ (1.9), (2.13), (2.14), ÎÉμ
¨ ¢ μÉ¸ÊÉ¸É¢¨¥ Ê¸±μ·¥´¨Ö. ‚μ ¢Éμ·μ³ ¶·¨¡²¨¦¥´¨¨ ¸²¥¤Ê¥É ÊÎ¥¸ÉÓ ¢²¨Ö-
´¨¥ ·μ¸É  ³ £´¨É´μ£μ ¶μ²Ö, ±μ£¤  ´¥· ¢´μ¢¥¸´ Ö Î ¸É¨Í  ´ Ìμ¤¨É¸Ö ¢´ÊÉ·¨
¡ ·Ó¥·μ¢. 	ÉμÉ ÔËË¥±É ³μ¦´μ ¢±²ÕÎ¨ÉÓ ¢ · ¸Î¥É Ë §μ¢μ£μ ¤¢¨¦¥´¨Ö ´¥-
· ¢´μ¢¥¸´μ° Î ¸É¨ÍÒ, ¢¢¥¤Ö Ô±¢¨¢ ²¥´É´μ¥ Éμ·³μ§ÖÐ¥¥ ´ ¶·Ö¦¥´¨¥ Vdec ¨
¸μμÉ¢¥É¸É¢ÊÕÐÊÕ ¥³Ê ¤μ¡ ¢±Ê fdec (ϕ) ± ËÊ´±Í¨¨ f(ϕ):

Vdec = −ρ CRing

C

dBρ

dt
, fdec =

Vdec

V
< 0, 0 � ϕ � ϕs. (4.3)

�¡¥ ËÊ´±Í¨¨, ¢μμ¡Ð¥ £μ¢μ·Ö, § ¢¨¸ÖÉ μÉ ϕ. ”Ê´±Í¨Õ f(ϕ), ¨¸¶μ²Ó§μ¢ ¢ÏÊ-
Õ¸Ö ¤μ ¸¨Ì ¶μ·, ¸²¥¤Ê¥É § ¶¨¸ ÉÓ ¢ ¢¨¤¥

f(ϕ) = fB(ϕ) + fdec(ϕ), (4.4)

£¤¥ fB(ϕ) Å É  ¦¥, ÎÉμ ¨ · ´¥¥, ËÊ´±Í¨Ö ¡ ·Ó¥·´μ£μ ‚—-´ ¶·Ö¦¥´¨Ö, μ¶·¥-
¤¥²¥´´ Ö ¢ (2.1). “¸²μ¢¨¥ ¸É ¡¨²Ó´μ¸É¨ Ë §μ¢μ£μ ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ (2.11)
É¥¶¥·Ó ¶·¨´¨³ ¥É ¢¨¤

ϕs∫
0

f(ϕ) dϕ = 0, ¨²¨

ϕs∫
0

fB(ϕ) dϕ = −
ϕs∫
0

fequi(ϕ) dϕ. (4.5)

‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸³μÉ·¨³ §¤¥¸Ó ¸²ÊÎ ° ²¨´¥°´μ° § ¢¨¸¨³μ¸É¨ ³ £-
´¨É´μ£μ ¶μ²Ö Bρ(t) μÉ ¢·¥³¥´¨ ¨ ¶·Ö³μ²¨´¥°´ÒÌ ¡ ·Ó¥·μ¢. ’μ£¤  μ¡¥ ËÊ´±-
Í¨¨ Vacc(ϕ) ¨ fdec(ϕ) ¶μ¸ÉμÖ´´Ò.
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�·μ¸É¥°Ï¥¥ ·¥Ï¥´¨¥ ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ¡Ò ¢¢¥¸É¨ Ê¸±μ·ÖÕÐ¥¥ ´ ¶·Ö¦¥-
´¨¥ Vacc (É. ¥. ΔfB = −fdec = const) ¢μ ¢¸¥° μ¡² ¸É¨ ¸É ¡¨²Ó´μ£μ ¤¢¨¦¥-
´¨Ö (3.4). ’ ± Ö ¤μ¡ ¢±  μ¡¥¸¶¥Î¨¢ ¥É Ê¸±μ·¥´¨¥ Î ¸É¨ÍÒ, ±μ³¶¥´¸¨·ÊÖ ¢²¨-
Ö´¨¥ ·μ¸É  Bρ(t),   É· ¥±Éμ·¨Ö ´¥· ¢´μ¢¥¸´μ° Î ¸É¨ÍÒ ¨³¥¥É ÉÊ ¦¥ Ëμ·³Ê,
ÎÉμ ¨ ¢ μÉ¸ÊÉ¸É¢¨¥ Ê¸±μ·¥´¨Ö (·¨¸. 4). �¸μ¡¥´´μ¸ÉÓ É ±μ£μ ·¥¦¨³  Å ¶μ²μ-
¦¥´¨¥ · ¢´μ¢¥¸´μ° Ë §Ò: ÔÉμ £¥μ³¥É·¨Î¥¸±μ¥ ³¥¸Éμ ÉμÎ¥±, · ¸¶μ²μ¦¥´´ÒÌ
´  μ¸¨ ϕ ¢ μ¡² ¸É¨ Ë § ΔϕB < ϕ < ΔϕB + ΔϕBB . …Ð¥ μ¤´Ê μ¸μ¡¥´´μ¸ÉÓ
ÔÉμ£μ ·¥¦¨³  · ¡μÉÒ ¡ ·Ó¥·´μ° ‚—-¸¨¸É¥³Ò ³Ò μ¡¸Ê¤¨³ ¢ · §¤. 6 (¸³. Ê¸²μ-
¢¨¥ (6.1)).

„·Ê£μ¥ ¢μ§³μ¦´μ¥ ·¥Ï¥´¨¥ (±μÉμ·μ¥ ³μ¦¥É ¡ÒÉÓ Ê¤μ¡´Ò³ ¶μ ±μ´¸É·Ê±-
É¨¢´Ò³ ¶·¨Î¨´ ³) Å Ê¢¥²¨Î¨ÉÓ Ê¸±μ·ÖÕÐ¥¥ ´ ¶·Ö¦¥´¨¥ Vacc ¢ Ë §μ¢μ°
μ¡² ¸É¨ ΔϕBB ´  ¢¥²¨Î¨´Ê

ΔVacc =
2ΔϕB

ΔϕBB
Vacc, ΔfB =

ΔVacc

V
, ΔϕB < ϕ � ΔϕB + ΔϕBB. (4.6)

	Éμ μ¡¥¸¶¥Î¨¢ ¥É ¢Ò¶μ²´¥´¨¥ Ê¸²μ¢¨Ö (4.5),   Ë §μ¢ Ö É· ¥±Éμ·¨Ö Î ¸É¨ÍÒ
³μ¦¥É ¡ÒÉÓ μ¶¨¸ ´  ¸ ¶μ³μÐÓÕ Ê· ¢´¥´¨° (2.5), (2.6) ¸ § ³¥´μ° f(ϕ) ´ 

fequi(ϕ) = fB(ϕ) + ΔfB(ϕ) + fdec(ϕ).

„²Ö ¶·Ö³μÊ£μ²Ó´ÒÌ ¡ ·Ó¥·μ¢

fequi(ϕ) =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

1 + fdec, 0 � ϕ � ΔϕB ;

ΔfB, ΔϕB < ϕ � ΔϕB + ΔϕBB;

−1 + fdec, ΔϕB + ΔϕBB < ϕ � ϕs;

0, ϕs < ϕ � 2π.

(4.7)

�  ·¨¸. 12 ¶·¨¢¥¤¥´Ò Ë §μ¢Ò¥ É· ¥±Éμ·¨¨ Ê¸±μ·Ö¥³ÒÌ Î ¸É¨Í ¶·¨ · §-
²¨Î´ÒÌ ´ Î ²Ó´ÒÌ Ê¸²μ¢¨ÖÌ, Ê± § ´´ÒÌ ¢ ¶μ¤¶¨¸¨ ± ·¨¸Ê´±Ê. �μ ¸¢μ¥° Ëμ·³¥
É· ¥±Éμ·¨¨ ¢ ÔÉμ³ ¸²ÊÎ ¥ ¡²¨§±¨ ± Ë §μ¢Ò³ É· ¥±Éμ·¨Ö³ Î ¸É¨Í ¶·¨ Ê¸±μ·¥-
´¨¨ ¸ ¶μ³μÐÓÕ ±² ¸¸¨Î¥¸±μ° ‚—-¸¨¸É¥³Ò £ ·³μ´¨Î¥¸±μ£μ ´ ¶·Ö¦¥´¨Ö [5],
¨, ± ± ¨ ¤²Ö ÔÉμ° ¸¨¸É¥³Ò, §¤¥¸Ó ¸ÊÐ¥¸É¢Ê¥É ¥¤¨´¸É¢¥´´ Ö · ¢´μ¢¥¸´ Ö ÉμÎ± 
Yequi = 0, ϕequi = ΔϕB + ΔϕBB . �¥É²¨ Ë §μ¢ÒÌ É· ¥±Éμ·¨° ¸¦¨³ ÕÉ¸Ö ¢
ÔÉÊ ÉμÎ±Ê ¶μ ³¥·¥ Éμ£μ, ± ± ´ Î ²Ó´ Ö Ë §  ϕinj ¶·¨¡²¨¦ ¥É¸Ö ± ϕequi.

�É³¥É¨³, ÎÉμ ¶ · ³¥É·Ò Y(ψ), ϕ(ψ) Ë §μ¢ÒÌ É· ¥±Éμ·¨°, ¨³¥ÕÐ¨Ì
Ëμ·³Ê § ³±´ÊÉμ° ¶¥É²¨, ´¥ ÎÊ¢¸É¢¨É¥²Ó´Ò ´ ¶·Ö³ÊÕ ± ¨§³¥´¥´¨Õ Ô´¥·£¨¨
Î ¸É¨Í. 	Éμ μ§´ Î ¥É, ÎÉμ ËÊ´±Í¨Ö Y(ψ) ¤²Ö ± ¦¤μ° É· ¥±Éμ·¨¨ Ö¢²Ö¥É¸Ö
¨´¢ ·¨ ´Éμ³ Ô´¥·£¨¨. �μÔÉμ³Ê ¤²Ö ± ¦¤μ° É· ¥±Éμ·¨¨ ³μ¦´μ ¨§ (2.4) (¸ ÊÎ¥-
Éμ³ (1.5)) § ¶¨¸ ÉÓ § ¢¨¸¨³μ¸ÉÓ ¸³¥Ð¥´¨Ö Î ¸É¨ÍÒ ¶μ ¨³¶Ê²Ó¸Ê μÉ Ô´¥·£¨¨
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�¨¸. 12. ” §μ¢Ò¥ É· ¥±Éμ·¨¨ Î ¸É¨Í ¢ μ¡² ¸É¨ ¸É ¡¨²Ó´μ£μ Ë §μ¢μ£μ ¤¢¨¦¥´¨Ö
(μ¡² ¸ÉÓ ´ ±μ¶²¥´¨Ö (3.4)) ¶·¨ Ê¸±μ·¥´¨¨ ¢ ¸¨¸É¥³¥ ¶·Ö³μÊ£μ²Ó´μ£μ ¡ ·Ó¥·´μ£μ ´ -
¶·Ö¦¥´¨Ö, · ¸¸Î¨É ´´Ò¥ ¸ ¶μ³μÐÓÕ Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° (2.5), (2.6) ¤²Ö
fequi(ϕ) (4.7): a) ¶μ²´μ· §³¥·´Ò¥ Ë §μ¢Ò¥ É· ¥±Éμ·¨¨, ¡) Î ¸É¨ Ë §μ¢ÒÌ É· ¥±Éμ·¨°
μ±μ²μ ¨ ¢´ÊÉ·¨ μÉ·¨Í É¥²Ó´μ£μ ¡ ·Ó¥· ; ÉμÎ¥Î´Ò¥ ±·¨¢Ò¥ Å É· ¥±Éμ·¨Ö Y(ϕ) ¢¡²¨§¨
¸¥¶ · É·¨¸Ò, · ¸¸Î¨É ´´ Ö ¶·¨ ϕinj = 0,001, Y0 = 0, ¸É·¥²±¨ ¶μ± §Ò¢ ÕÉ ´ ¶· ¢²¥-
´¨Ö ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¶μ É· ¥±Éμ·¨¨; É·¨ ¸¶²μÏ´Ò¥ ²¨´¨¨ Å Y(ϕ) ¶·¨ ϕinj = π/2,
π ¨ 1,38π, ¤²Ö ¢¸¥Ì É·¥Ì É· ¥±Éμ·¨° Y0 = 0; ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö Å ¡ ·Ó¥·´ Ö ËÊ´±Í¨Ö
fequi(ϕ) (4.7), ΔϕB = π/10, ΔϕBB = 1,3π

¶·¨ Ê¸±μ·¥´¨¨:

Δp(E, ψ)
ps(E)

=
Y (ψ)
β(E)

√
ZeV

2πηω (E)γ(E)Amc2
(4.8)

(¸·. [5, ¸. 159]).
„¢  ¶·¨³¥·  Ê¸±μ·¥´¨Ö Î ¸É¨Í ¢ ¸¨¸É¥³¥ ¡ ·Ó¥·´μ£μ ‚—-´ ¶·Ö¦¥´¨Ö · ¸-

¸³μÉ·¥´Ò ¶·¨ ¨¤¥ ²¨§¨·μ¢ ´´ÒÌ Ê¸²μ¢¨ÖÌ, ±μ£¤  ËÊ´±Í¨¨ Vacc(ϕ) ¨ Vdec(ϕ)
¸μ¢¶ ¤ ÕÉ ¸  ¡¸μ²ÕÉ´μ° ÉμÎ´μ¸ÉÓÕ. ‚ ·¥ ²Ó´μ¸É¨ ¢¸¥£¤  ¸ÊÐ¥¸É¢Ê¥É ´¥±μ-
Éμ·μ¥ · §²¨Î¨¥ §´ Î¥´¨° ÔÉ¨Ì ËÊ´±Í¨°, ÎÉμ ¢¥¤¥É ± ¤¥Ëμ·³ Í¨¨ Ë §μ¢ÒÌ
É· ¥±Éμ·¨° ¨ ¨Ì ¸¥¶ · É·¨¸Ò (·¨¸. 13). �£· ´¨Î¥´¨¥ ¢¥²¨Î¨´Ò É ±μ£μ · §²¨-
Î¨Ö ³μ¦´μ ¶μ²ÊÎ¨ÉÓ, ¨¸¶μ²Ó§ÊÖ Ê¸²μ¢¨Ö (2.11) ¨ (4.5). ” ±É¨Î¥¸±¨ ±· °´¨°
¸²ÊÎ ° ¨³¥¥É ³¥¸Éμ, ±μ£¤  μ¤´  ¨§ £· ´¨Í ¸¥¶ · É·¨¸Ò ¤μ¸É¨£ ¥É £· ´¨ÍÒ
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§μ´Ò ¸É ¡¨²Ó´μ£μ ¤¢¨¦¥´¨Ö (3.4). …¸²¨ · §²¨Î¨¥ ¶·¥¢ÒÏ ¥É ÔÉμÉ Ê·μ¢¥´Ó,
¶·μ¨¸Ìμ¤¨É ¶μÉ¥·Ö Î ¸É¨Í ¶·¨ Ê¸±μ·¥´¨¨. “¸²μ¢¨¥ Ê¸Éμ°Î¨¢μ£μ Ê¸±μ·¥´¨Ö
³μ¦´μ § ¶¨¸ ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

ϕmax∫
ϕ0

f(ϕ) dϕ = 0, £¤¥

ϕ0 =
{
ΔϕB,
0,

ϕmax =
{
ϕs,
ΔϕB + ΔϕBB , ¥¸²¨

ΔϕB+ΔϕBB∫
ΔϕB

f(ϕ) dϕ ⇒
{
> 0,
< 0.

(4.9)
� ¶·¨³¥·, ¢ ¶¥·¢μ³ ¶·¨³¥·¥ ¢ÒÏ¥ μ£· ´¨Î¥´¨¥ · §´μ¸É¨ §´ Î¥´¨° Vacc ¨
|Vdec| ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

δfB ≡ |ΔfB + fdec| � ΔϕB

ΔϕBB + ΔϕB
. (4.10)

	ÉμÉ ¸²ÊÎ ° ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 13,  . „·Ê£μ° ¸²ÊÎ ° Å μ¸Í¨²²¨·ÊÕÐ Ö · §-
´μ¸ÉÓ ´ ¶·Ö¦¥´¨° ΔVacc ¨ |Vdec| (·¨¸. 13, ¡).

�¨¸. 13. ‚²¨Ö´¨¥ · §´μ¸É¥° §´ Î¥´¨° Vacc(ϕ) ¨ |Vdec(ϕ)| ´  Ë §μ¢μ¥ ¤¢¨¦¥´¨¥ Î -
¸É¨Í ¶·¨ Ê¸±μ·¥´¨¨: a) δfB(ϕ) = const ¢μ ¢¸¥° Ë §μ¢μ° μ¡² ¸É¨ (3.4), ÉμÎ¥Î´ Ö
±·¨¢ Ö Å δfB(ϕ) > 0, ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö Å δfB(ϕ) < 0, ¤¢¥ ¶· ¢Ò¥ ¸¶²μÏ´Ò¥
±·¨¢Ò¥ Å ¸¥¶ · É·¨¸  ¨ ¶·μ³¥¦ÊÉμÎ´ Ö Ë §μ¢ Ö É· ¥±Éμ·¨Ö ¶·¨ δfB(ϕ) > 0, ²¥-
¢ Ö ¸¶²μÏ´ Ö ±·¨¢ Ö Å ¸¥¶ · É·¨¸  ¶·¨ δfB(ϕ) < 0; ¡) ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö Å

δfB(ϕ) = fd

(
1 − cos 8π

ϕ − ΔϕB

ΔϕBB

)
, fd = ΔϕB/ΔϕBB , ¸¶²μÏ´Ò¥ ±·¨¢Ò¥ Å ¸¥-

¶ · É·¨¸  ¨ ¶·μ³¥¦ÊÉμÎ´ Ö Ë §μ¢ Ö É· ¥±Éμ·¨Ö; Ê¸²μ¢¨¥ (4.10) ¢Ò¶μ²´Ö¥É¸Ö ¢μ ¢¸¥Ì
¸²ÊÎ ÖÌ
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‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ËÊ´±Í¨¨ fB(ϕ) ¨ fB(ϕ) + ΔfB(ϕ) ¢ μ¡μ¨Ì ¶·¨-
³¥· Ì ´¥ Ê¤μ¢²¥É¢μ·ÖÕÉ ®Ê¸²μ¢¨Õ ´¥´ ¸ÒÐ¥´¨Ö¯, ¸Ëμ·³Ê²¨·μ¢ ´´μ³Ê ´¨¦¥
(¸³. (6.1)). Š ± ¶μ± § ´μ ¢ · §¤. 6, ÔÉμÉ ¤¥Ë¥±É ³μ¦´μ ²¥£±μ ¨¸¶· ¢¨ÉÓ, ¤μ-
¡ ¢¨¢ ´¥μ¡Ìμ¤¨³μ¥ ´ ¶·Ö¦¥´¨¥ ¢ μ¡² ¸ÉÓ ¨´¦¥±Í¨¨.

5. „‚ˆ†“™ˆ…‘Ÿ ���œ…�›
‚ Œ…’�„… ���œ…��›• ‚—-����Ÿ†…�ˆ‰

‘μ¢·¥³¥´´ Ö Í¨Ë·μ¢ Ö Ô²¥±É·μ´¨±  ¶μ§¢μ²Ö¥É ¤μ¸É ÉμÎ´μ ¸¢μ¡μ¤´μ ³ -
´¨¶Ê²¨·μ¢ ÉÓ ¢ Ï¨·μ±¨Ì ¶·¥¤¥² Ì ¶ · ³¥É· ³¨ ¡ ·Ó¥·´μ£μ ´ ¶·Ö¦¥´¨Ö Å
 ³¶²¨ÉÊ¤μ°, Ë §μ°, Ëμ·³μ° ¨³¶Ê²Ó¸μ¢ ¨ ¨Ì Ï¨·¨´μ°. ‘Ì¥³  ¸ ¨§³¥´ÖÕÐ¨-
³¨¸Ö ¶ · ³¥É· ³¨ ´ ¶·Ö¦¥´¨Ö ´μ¸¨É ´ §¢ ´¨¥ ®£¥´¥· Éμ· ¤¢¨¦ÊÐ¨Ì¸Ö ¡ -
·Ó¥·μ¢¯. �·¨³¥´¥´¨¥ ¡Ò¸É·ÒÌ Ô²¥±É·μ´´ÒÌ ±²ÕÎ¥° μ¡¥¸¶¥Î¨¢ ¥É ¨§³¥´¥´¨¥
·¥¦¨³μ¢ ¥£μ · ¡μÉÒ. �μÔÉμ³Ê ¶·μ¸É¥°Ï¨° ¢ ·¨ ´É ËÊ´±Í¨¨ f(ϕ), · ¸¸³μ-
É·¥´´Ò° ¢ÒÏ¥, ¤ ²¥±μ ´¥ ¨¸Î¥·¶Ò¢ ¥É ¢¸¥ ¢μ§³μ¦´Ò¥ ¸Ì¥³Ò ´ ±μ¶²¥´¨Ö ¨
Ê¸±μ·¥´¨Ö ¢ Í¨±²¨Î¥¸±¨Ì Ê¸±μ·¨É¥²ÖÌ ¸ ¡ ·Ó¥·´Ò³ ‚—-´ ¶·Ö¦¥´¨¥³. � ¨¡μ-
²¥¥ · §¢¨ÉÒ¥ ¸Ì¥³Ò ¸ ¤¢¨¦ÊÐ¨³¨¸Ö ¡ ·Ó¥· ³¨ ¡Ò²¨ · §· ¡μÉ ´Ò ¢ ‹ ¡μ· -
Éμ·¨¨ ¨³. 	.”¥·³¨ (Fermilab, ‘˜�) ¨ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¤²Ö ´ ±μ¶²¥´¨Ö  ´É¨-
¶·μÉμ´μ¢ ¨ Ëμ·³¨·μ¢ ´¨Ö ¶ÊÎ±μ¢ Î ¸É¨Í ¢ ´ ±μ¶¨É¥²Ó´ÒÌ ±μ²ÓÍ Ì Ê¸±μ·¨-
É¥²Ó´μ£μ ±μ³¶²¥±¸  ÔÉμ° ² ¡μ· Éμ·¨¨ [1, 2, 6Ä9]. �·¥¤²μ¦¥´´Ò¥ ¢ 1980-Ì ££.
¸Ì¥³Ò ¤¢¨¦ÊÐ¨Ì¸Ö ¡ ·Ó¥·μ¢ [1] ¸ÊÐ¥¸É¢¥´´μ · §¢¨ÉÒ ¡² £μ¤ ·Ö ¶·¨³¥´¥´¨Õ
¸ÉμÌ ¸É¨Î¥¸±μ£μ ¨ Ô²¥±É·μ´´μ£μ ³¥Éμ¤μ¢ μÌ² ¦¤¥´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í.

‡¤¥¸Ó ³Ò · ¸¸³μÉ·¨³ ¶·¨³¥· ¸Ì¥³Ò ¸ ¤¢¨¦ÊÐ¨³¨¸Ö ¡ ·Ó¥· ³¨ (Moving
Barriers Å MB), ±μÉμ·ÊÕ ¶·¥¤¶μ² £ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ¢ ±μ²² °¤¥·¥
NICA [13].

�·¨ ´ ±μ¶²¥´¨¨ Î ¸É¨Í ¢ ±μ²² °¤¥·¥ NICA ¢¥¸Ó 2π-¨´É¥·¢ ² Ë § · §-
¤¥²¥´ ´  ¤¢¥ μ¡² ¸É¨ ¸É ¡¨²Ó´μ£μ ¤¢¨¦¥´¨Ö Î ¸É¨Í Å μ¡² ¸ÉÓ ´ ±μ¶²¥´¨Ö
ΔϕBB ¨ μ¡² ¸ÉÓ ¨´¦¥±Í¨¨ Δϕinj, ¤²Ö Î¥£μ ¢¢¥¤¥´  ¤μ¶μ²´¨É¥²Ó´ Ö ¶ ·  ¡ -
·Ó¥·μ¢ ¶·μÉ¨¢μ¶μ²μ¦´μ£μ §´ ±  (·¨¸. 14,  , �). ”Ê´±Í¨Ö f(ϕ) ¢ ÔÉμ³ ¸²ÊÎ ¥
¨³¥¥É ¢¨¤

fMB(ϕ) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

1, 0 � ϕ � ΔϕB ;
0, ΔϕB < ϕ � ΔϕB + ΔϕBB;
−k, ΔϕB + ΔϕBB < ϕ � ϕs;
k, ϕs < ϕ � 3ΔϕB + ΔϕBB ;
0, 3ΔϕB + ΔϕBB < ϕ � 3ΔϕB + ΔϕBB + Δϕinj;
1, 3ΔϕB + ΔϕBB + Δϕinj < ϕ � 2π;

0 � k � 1.

(5.1)
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�¨¸. 14. „¨´ ³¨±  ¸²¨Ö´¨Ö ¸£Ê¸É±μ¢ ´ ±μ¶²¥´´ÒÌ ¨ ¨´É¥£·¨·μ¢ ´´ÒÌ Î ¸É¨Í; Ë §μ-
¢Ò¥ É· ¥±Éμ·¨¨ · ¸¸Î¨É ´Ò Î¨¸²¥´´Ò³ ·¥Ï¥´¨¥³ Ê· ¢´¥´¨° (2.5), (2.6); μ¶¨¸ ´¨¥ ¢
É¥±¸É¥, ¸É·¥²± ³¨ ¶μ± § ´Ò ´ ¶· ¢²¥´¨Ö ¤¢¨¦¥´¨Ö Î ¸É¨Í ¶μ É· ¥±Éμ·¨Ö³. �Ò¸É·μ¥
Ê³¥´ÓÏ¥´¨¥ ¡ ·Ó¥·μ¢:  ) ¨´¦¥±Í¨Ö ´μ¢μ° ¶μ·Í¨¨ Î ¸É¨Í: k = 1,0; Ystack = 0,3;
Yinj1 = 0,6; Yinj2 = 0,45; ¡) ¶·μ³¥¦ÊÉμÎ´μ¥ ¸μ¸ÉμÖ´¨¥ ®¡¯: k = 0,2; Ystack = 0,3;
Y¡1 = Yinj1, Y¡2 = Yinj2; ¢) ¶·μ³¥¦ÊÉμÎ´μ¥ ¸μ¸ÉμÖ´¨¥ ®¢¯: k = 0, Ystack = 0,3;
Y¢1 = Yinj1, Y¢2 = Yinj2; £) μ±μ´Î ´¨¥ Í¨±² : k = 1, Ystack £ = 0,702. �¤¨ -
¡ É¨Î¥¸±μ¥ Ê³¥´ÓÏ¥´¨¥ ¡ ·Ó¥·μ¢: �) ¨´¦¥±Í¨Ö ´μ¢μ° ¶μ·Í¨¨ Î ¸É¨Í: k = 1,0;
Ystack = 0,3; Yinj1 = 0,6; Yinj2 = 0,4; �) ¶·μ³¥¦ÊÉμÎ´μ¥ ¸μ¸ÉμÖ´¨¥ ®�¯: k = 0,506;
Ystack = 0,298; Y�1 = 0,564; Y�2 = 0,385; ‚) ¶·μ³¥¦ÊÉμÎ´μ¥ ¸μ¸ÉμÖ´¨¥ ®‚¯:
k = 0,288; Ystack = Ystack penetr = 0,288; Y‚1 = Y�1, Y‚2 = Y2 penetr = 0,352;
ƒ) μ±μ´Î ´¨¥ Í¨±² : k = 1, Ystack ƒ = 0,661
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‹¥¢ Ö μ¡² ¸ÉÓ ΔϕBB ¶·¥¤´ §´ Î¥´  ¤²Ö ´ ±μ¶²¥´¨Ö Î ¸É¨Í, ¶· ¢ Ö Å
¤²Ö ¶¥·¨μ¤¨Î¥¸±μ° ¨´¦¥±Í¨¨ ¸¢¥¦¨Ì ¶μ·Í¨° Î ¸É¨Í. � ·Ó¥·Ò, · §¤¥²ÖÕ-
Ð¨¥ ÔÉ¨ μ¡² ¸É¨, ¨³¥ÕÉ μ¤¨´ ±μ¢Ò¥  ³¶²¨ÉÊ¤Ò k ¨ Ë §μ¢Ò¥ ¶·μÉÖ¦¥´´μ¸É¨.
�μ¸²¥ ¨´¦¥±Í¨¨ ¶μ·Í¨¨ Î ¸É¨Í ¢ ¶·¥¤¢ ·¨É¥²Ó´ÊÕ ¶Ê¸ÉÊÕ §μ´Ê Δϕinj  ³-
¶²¨ÉÊ¤Ò μ¡μ¨Ì ¸·¥¤´¨Ì ¡ ·Ó¥·μ¢ ¸¨´Ì·μ´´μ ¸´¨¦ ÕÉ¸Ö, É. ¥. k → 0. �·¨
´¥±μÉμ·μ³ §´ Î¥´¨¨ k Î ¸É¨ÍÒ ¨§ μ¡² ¸É¨ ¨´¦¥±Í¨¨ ¶·μ´¨± ÕÉ ¢ μ¡² ¸ÉÓ
´ ±μ¶²¥´¨Ö (·¨¸. 14, ¡, �). ‚ Éμ ¦¥ ¢·¥³Ö ´ ±μ¶²¥´´Ò¥ Î ¸É¨ÍÒ ´¥ ¶μ±¨¤ ÕÉ
¸¢μ¥° μ¡² ¸É¨ ΔϕBB , ¶μ±  ¸·¥¤´¨¥ ¡ ·Ó¥·Ò ´¥ ¸´¨§ÖÉ¸Ö ¤μ ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ
Ê·μ¢´Ö. � ±μ´¥Í, μ¡  ¸£Ê¸É±  ¸²¨¢ ÕÉ¸Ö, ¨ Î ¸É¨ÍÒ § ´¨³ ÕÉ ¢¸Õ μ¡² ¸ÉÓ
Ë § ΔϕBB +2ΔϕB +Δϕinj (·¨¸. 14, ¢, ‚). ‚μμ¡Ð¥ £μ¢μ·Ö, ¡μ±μ¢Ò¥ ¡ ·Ó¥·Ò (¸
 ³¶²¨ÉÊ¤ ³¨, · ¢´Ò³¨ ¥¤¨´¨Í¥) É ±¦¥ ³μ¦´μ ¸´¨§¨ÉÓ ¤μ ´Ê²Ö, ¨ ¸²¨¢Ï¨¥¸Ö
¸£Ê¸É±¨ § °³ÊÉ ¢¥¸Ó ¶¥·¨³¥É· ´ ±μ¶¨É¥²Ö, É. ¥. μ¡² ¸ÉÓ Ë § 2π. �¤´ ±μ ¶μ
É¥Ì´¨Î¥¸±¨³ ¶·¨Î¨´ ³ ¨´μ£¤  μ± §Ò¢ ¥É¸Ö Ê¤μ¡´¥¥ ¤¥·¦ ÉÓ  ³¶²¨ÉÊ¤Ò ÔÉ¨Ì
¡ ·Ó¥·μ¢ ¶μ¸ÉμÖ´´Ò³¨.

‘²¥¤ÊÕÐ¨° Ï £ ¸μ¸Éμ¨É ¢  ¤¨ ¡ É¨Î¥¸±μ³ ¸³¥Ð¥´¨¨ ¶· ¢μ£μ ¡ ·Ó¥· 
¢ ¶μ²μ¦¥´¨¥ ¡Ò¢Ï¥£μ ¸·¥¤´¥£μ μÉ·¨Í É¥²Ó´μ£μ ¡ ·Ó¥·  ¨ ¢μ¸¸É ´μ¢²¥´¨¨
¢¸¥Ì Î¥ÉÒ·¥Ì ¡ ·Ó¥·μ¢ ¢ ¨¸Ìμ¤´μ¥ ¸μ¸ÉμÖ´¨¥. ‚ ·¥§Ê²ÓÉ É¥ Ë §μ¢ Ö ¶·μ-
ÉÖ¦¥´´μ¸ÉÓ ¸£Ê¸É±  Ê³¥´ÓÏ ¥É¸Ö,   · §¡·μ¸ ¥£μ Î ¸É¨Í ¶μ ¨³¶Ê²Ó¸Ê ¢μ§· -
¸É ¥É (·¨¸. 14, £, ƒ).

“³¥´ÓÏ¥´¨¥ ¸·¥¤´¨Ì · §³¥·μ¢ ¡ ·Ó¥·μ¢ ³μ¦´μ ¶·μ¨§¢μ¤¨ÉÓ ¸ · §²¨Î´μ°
¸±μ·μ¸ÉÓÕ Å μÉ ¡Ò¸É·μ£μ, É. ¥. §  ¢·¥³Ö, ³´μ£μ ³¥´ÓÏ¥¥ ¶¥·¨μ¤  ¤¢¨¦¥´¨Ö
Î ¸É¨Í ¶μ Ë §μ¢μ° É· ¥±Éμ·¨¨ (1.12), (2.21), ¤μ  ¤¨ ¡ É¨Î¥¸±μ£μ, Å ³´μ£μ
¡μ²ÓÏ¥¥ ÔÉμ£μ ¶¥·¨μ¤ .

5.1. �Ò¸É·μ¥ Ê³¥´ÓÏ¥´¨¥ ¡ ·Ó¥·μ¢. �·¨ ¡Ò¸É·μ³ (®³£´μ¢¥´´μ³¯) Ê³¥´Ó-
Ï¥´¨¨ ¸·¥¤´¨Ì ¡ ·Ó¥·μ¢ Î ¸É¨Í  ¶·μ¤μ²¦ ¥É ¸¢μ¥ ¤¢¨¦¥´¨¥ ¢ Ë §μ¢μ³ ¶·μ-
¸É· ´¸É¢¥ ¶μ É· ¥±Éμ·¨¨, μ¶·¥¤¥²¥´´μ° ¶ · ³¥É· ³¨ Yswitch, ϕswitch É· ¥±-
Éμ·¨¨ ¢ ³μ³¥´É ®¢Ò±²ÕÎ¥´¨Ö¯ ¡ ·Ó¥·μ¢. 	Éμ μ§´ Î ¥É, ÎÉμ ¢´¥Ï´¨¥ É· ¥±Éμ-
·¨¨ Î ¸É¨Í ¨´¦¥±É¨·μ¢ ´´μ° ¶μ·Í¨¨ (Éμ´± Ö ¢´¥Ï´ÖÖ ±·¨¢ Ö ´  ·¨¸. 14, ¡)
¨ ¸²¨¢Ï¨Ì¸Ö ¸£Ê¸É±μ¢ (Éμ´± Ö ¢´¥Ï´ÖÖ ±·¨¢ Ö ´  ·¨¸. 14, ¢) μ¶·¥¤¥²ÖÕÉ¸Ö
§´ Î¥´¨Ö³¨ Yswitch = Yinj1 (·¨¸. 14,  ). ’ ±¨³ μ¡· §μ³, Ô³¨ÉÉ ´¸ ¸£Ê¸É±  ε¢

´  ·¨¸. 14, ¢ μ¶¨¸Ò¢ ¥É¸Ö Ëμ·³Ê²μ° (2.19) ¸ Ymax = Yinj1. ‡ É¥³, ¶μ-
¸²¥  ¤¨ ¡ É¨Î¥¸±μ£μ ¸¦ É¨Ö ¸²¨¢Ï¨Ì¸Ö ¸£Ê¸É±μ¢, §´ Î¥´¨¥ Yfnl ¢´¥Ï´¥°
Ë §μ¢μ° É· ¥±Éμ·¨¨ μ¶·¥¤¥²Ö¥É¸Ö μ¶ÖÉÓ-É ±¨ Ê· ¢´¥´¨¥³ (2.19), ¢ ±μÉμ·μ³
ε (Ymax) = ε¢ Å Ô³¨ÉÉ ´¸ ¸²¨¢Ï¨Ì¸Ö ¸£Ê¸É±μ¢ ¤μ ±μ³¶·¥¸¸¨¨. �·¨ ÔÉμ³
Yfnl Å ±μ·¥´Ó ±Ê¡¨Î¥¸±μ£μ Ê· ¢´¥´¨Ö (2.19). —¨¸²¥´´μ¥ ·¥Ï¥´¨¥ ÔÉμ£μ Ê· ¢-
´¥´¨Ö ¤²Ö ¶ · ³¥É·μ¢ É· ¥±Éμ·¨° ·¨¸. 14,  Ä£ ¤ ¥É Ystack £ = 0,702.

5.2. �¤¨ ¡ É¨Î¥¸±μ¥ Ê³¥´ÓÏ¥´¨¥ ¡ ·Ó¥·μ¢. �·¥¦¤¥ Î¥³ ¤¥É ²Ó´μ  ´ ²¨-
§¨·μ¢ ÉÓ  ¤¨ ¡ É¨Î¥¸±¨-³¥¤²¥´´Ò° ·¥¦¨³ Ê³¥´ÓÏ¥´¨Ö ¡ ·Ó¥·μ¢, ´ ³ ´¥μ¡Ìμ-
¤¨³μ ¶μ²ÊÎ¨ÉÓ μ¶¨¸ ´¨¥ ¤¨´ ³¨±¨ Î ¸É¨Í ¢ ‚—-¸¨¸É¥³¥ ¸ · §´Ò³¨  ³¶²¨ÉÊ-
¤ ³¨ ¡ ·Ó¥·´μ£μ ´ ¶·Ö¦¥´¨Ö. � Î´¥³ ÔÉμ μ¶¨¸ ´¨¥ ¸ Î ¸É¨Í, ´ Ìμ¤ÖÐ¨Ì¸Ö ¢
μ¡² ¸É¨ ¨´¦¥±Í¨¨ Δϕinj (·¨¸. 15). �·μ¢¥¤Ö ¢ÒÎ¨¸²¥´¨Ö,  ´ ²μ£¨Î´Ò¥ (2.14)Ä
(2.19) ¤²Ö ¶·Ö³μÊ£μ²Ó´ÒÌ ¡ ·Ó¥·μ¢, ´ Ìμ¤¨³ ¶ · ³¥É·Ò Ë §μ¢μ° É· ¥±Éμ·¨¨
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¢ μ¡² ¸É¨ ¨´¦¥±Í¨¨ Δϕinj:

Yinj(ϕ) =

⎧⎪⎪⎨
⎪⎪⎩

√
2k(ϕ − ϕmin), ϕmin � ϕ � 3ΔϕB + ΔϕBB ,

√
2kΔϕ0 ≡ Y, 3ΔϕB + ΔϕBB � ϕ � 3ΔϕB + ΔϕBB + Δϕinj,√
2k(ϕmax − ϕ), 3ΔϕB + ΔϕBB + Δϕinj � ϕ � 2π − Δϕ.

(5.2)
‡¤¥¸Ó (¸³. μ¡μ§´ Î¥´¨Ö ´  ·¨¸. 15)

ϕmin = 3ΔϕB + ΔϕBB − Δϕ0, ϕmax = 2π − Δϕ. (5.3)

Œμ¦´μ § ¶¨¸ ÉÓ ¤¢  μÎ¥¢¨¤´ÒÌ · ¢¥´¸É¢ . �¥·¢μ¥ ¸²¥¤Ê¥É ¨§ Ê¸²μ¢¨Ö

3ΔϕB+ΔϕBB∫
ϕmin

f(ϕ) dϕ =

ϕmax∫
ϕmax−Δϕ

f(ϕ) dϕ,

ÎÉμ ¤ ¥É
kΔϕ0 = Δϕ. (5.4)

‚Éμ·μ¥ · ¢¥´¸É¢μ ¥¸ÉÓ Ê¸²μ¢¨¥ ¶·μ´¨±´μ¢¥´¨Ö Î ¸É¨ÍÒ ¨§ μ¡² ¸É¨ ¨´¦¥±Í¨¨
¢ μ¡² ¸ÉÓ ´ ±μ¶²¥´¨Ö:

Δϕ0 = ΔϕB . (5.5)

�μ¤¸É ¢¨¢ ÔÉμ §´ Î¥´¨¥ Δϕ0 ¢μ ¢Éμ·μ¥ · ¢¥´¸É¢μ ¢ (5.2), ´ Ìμ¤¨³ §´ Î¥´¨¥
¸¤¢¨£  Î ¸É¨ÍÒ ¶μ ¨³¶Ê²Ó¸Ê ¢ ´ Î ²¥ ¶·μ´¨±´μ¢¥´¨Ö ¢ μ¡² ¸ÉÓ ´ ±μ¶²¥´¨Ö:

Ypenetr =
√

2kΔϕB. (5.6)

‚ ¤ ²Ó´¥°Ï¥³ ´ ³ ¶μÉ·¥¡ÊÕÉ¸Ö Ëμ·³Ê²Ò ¤²Ö Ô³¨ÉÉ ´¸μ¢ ¸£Ê¸É±μ¢ Î ¸É¨Í,
Ê¤¥·¦¨¢ ¥³ÒÌ ³¥¦¤Ê ¡ ·Ó¥· ³¨ · §´ÒÌ  ³¶²¨ÉÊ¤. �·μ¨§¢μ¤Ö ¢ÒÎ¨¸²¥´¨Ö,
 ´ ²μ£¨Î´Ò¥ (2.18), (2.19) ¤²Ö Yinj(ϕ) ¨§ (5.2), ´ Ìμ¤¨³ Ëμ·³Ê²Ò ¤²Ö Ô³¨É-
É ´¸  ¸£Ê¸É±  ¨´¦¥±É¨·μ¢ ´´ÒÌ Î ¸É¨Í

εinj(k) =
√

2k

[
4
3
(1 + k)Δϕ

3/2
0 + 2

√
Δϕ0Δϕinj

]
=

=
2
3

1 + k

k
Y3 + 2 YΔϕinj. (5.7)

‡¤¥¸Ó Y Å §´ Î¥´¨¥ Yinj(ϕ) ³¥¦¤Ê ¡ ·Ó¥· ³¨ (¢Éμ·μ¥ ¢Ò· ¦¥´¨¥ ¢ (5.2)).
‚Ò· ¦¥´¨¥ ¤²Ö Ystack(ϕ) (μ¡² ¸ÉÓ ´ ±μ¶²¥´¨Ö) ¨ Ô³¨ÉÉ ´¸  ¸£Ê¸É±  ´ -

±μ¶²¥´´ÒÌ Î ¸É¨Í εstack ¶μ²ÊÎ¨³  ´ ²μ£¨Î´μ (5.2) ¨ (5.7). „²Ö ¸£Ê¸É±  ´ -
±μ¶²¥´´ÒÌ Î ¸É¨Í Ô³¨ÉÉ ´¸ μ¶¨¸Ò¢ ¥É¸Ö Éμ° ¦¥ Ëμ·³Ê²μ° (5.7), ¢ ±μÉμ·μ°
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´Ê¦´μ ¶·μ¨§¢¥¸É¨ § ³¥´Ê Δϕinj ´  ΔϕBB . ‚ ·¥§Ê²ÓÉ É¥ ´ Ìμ¤¨³

Ystack(ϕ) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

√
2k(ϕ − ϕmin), ϕstackmin � ϕ � ΔϕB ,

√
2kΔϕstack1 ≡ Y, ΔϕB � ϕ � ΔϕB + ΔϕBB ,√
2k(ϕmax − ϕ), ΔϕB + ΔϕBB � ϕ � ΔϕB+

+ΔϕBB + ϕstackmax,

(5.8)

ϕmin stack = ΔϕB − Δϕstack1,

ϕmax stack = ΔϕB + ΔϕBB + Δϕstack2,

εstack(k) =
√

2k

[
4
3
(1 + k)Δϕ

3/2
0 + 2

√
Δϕ0ΔϕBB

]
=

=
2
3

1 + k

k
Y3 + 2YΔϕBB . (5.9)

� · ³¥É· Y §¤¥¸Ó μ¶·¥¤¥²¥´ ¢μ ¢Éμ·μ³ ¢Ò· ¦¥´¨¨ ¤²Ö Ystack(ϕ) (5.8). ‡´ Î¥-
´¨¥ Δϕstack2 μ¡ÑÖ¸´Ö¥É¸Ö ´  ·¨¸. 15,   ¶ · ³¥É· Δϕstack1 ¨³¥¥É  ´ ²μ£¨Î´μ¥
§´ Î¥´¨¥ ¤²Ö É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ ¢ μ¡² ¸É¨ ΔϕB ¶¥·¢μ£μ ¡ ·Ó¥· . �Î¥¢¨¤´μ,
É¥¶¥·Ó ¢³¥¸Éμ (5.4), (5.5) ³μ¦´μ § ¶¨¸ ÉÓ

Δϕstack 1 = kΔϕstack 2, Δϕstack 2 = ΔϕB . (5.10)

’¥¶¥·Ó ³Ò £μÉμ¢Ò ¸Ëμ·³Ê²¨·μ¢ ÉÓ  ²£μ·¨É³ · ¸Î¥É  Ë §μ¢μ£μ ¤¢¨¦¥´¨Ö Î -
¸É¨Í ¶·¨  ¤¨ ¡ É¨Î¥¸±μ³ Ê³¥´ÓÏ¥´¨¨ ¸·¥¤´¨Ì ¡ ·Ó¥·μ¢ (·¨¸. 14, �Äƒ).

�¨¸. 15. ’· ¥±Éμ·¨¨ Î ¸É¨Í ¢ μ¡² ¸É¨ ´ ±μ¶²¥´¨Ö (²¥¢ Ö ±·¨¢ Ö, ¶μ± § ´  Î -
¸É¨Î´μ) ¨ ¢ μ¡² ¸É¨ ¨´¦¥±Í¨¨ (¶· ¢ Ö ±·¨¢ Ö); ¡ ·Ó¥·Ò ¨³¥ÕÉ μ¤¨´ ±μ¢ÊÕ Ë §μ-
¢ÊÕ ¶·μÉÖ¦¥´´μ¸ÉÓ ΔϕB = π/10 ¨ ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö  ³¶²¨ÉÊ¤: V = −V4 = 1,
V2 = −V3 = −0,4; ΔϕBB = 1,3π; É· ¥±Éμ·¨¨ · ¸¸Î¨É ´Ò Î¨¸²¥´´Ò³ ¨´É¥£·¨·μ-
¢ ´¨¥³ Ê· ¢´¥´¨° (2.5), (2.6); μ¶¨¸ ´¨¥ ¢ É¥±¸É¥; ¸É·¥²± ³¨ ¶μ± § ´Ò ´ ¶· ¢²¥´¨Ö
¤¢¨¦¥´¨Ö Î ¸É¨Í ¶μ É· ¥±Éμ·¨Ö³
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‘É ¤¨Ö � (·¨¸. 14, �) Å ´ Î ²Ó´μ¥ ¸μ¸ÉμÖ´¨¥, § ¤ ´Ò §´ Î¥´¨Ö Y ¤²Ö
É·¥Ì Ë §μ¢ÒÌ É· ¥±Éμ·¨°: Ystack Å ¢´¥Ï´ÖÖ É· ¥±Éμ·¨Ö Î ¸É¨ÍÒ ¨§ ¸£Ê¸É± 
´ ±μ¶²¥´´ÒÌ Î ¸É¨Í, Yinj1 ¨ Yinj2 Å ¢´¥Ï´ÖÖ ¨ ¶·μ³¥¦ÊÉμÎ´ Ö É· ¥±Éμ·¨¨
¨´¦¥±É¨·μ¢ ´´ÒÌ Î ¸É¨Í; ¶μ ÔÉ¨³ §´ Î¥´¨Ö³ · ¸¸Î¨ÉÒ¢ ¥³ ¶²μÐ ¤¨ É· ¥±-
Éμ·¨° (®Ô³¨ÉÉ ´¸Ò¯), ¨¸¶μ²Ó§ÊÖ Ëμ·³Ê²Ò (5.7), (5.9): εstack, εinj1, εinj2.

‘É ¤¨Ö � (·¨¸. 14, �) Å ¸·¥¤´¨¥ ¡ ·Ó¥·Ò Ê³¥´ÓÏ¨²¨¸Ó ´ ¸Éμ²Ó±μ, ÎÉμ
Î ¸É¨ÍÒ Yinj1 ´ Î¨´ ÕÉ ¶·μ´¨± ÉÓ ¢ μ¡² ¸ÉÓ ´ ±μ¶²¥´¨Ö. �·¥¦¤¥ ¢¸¥£μ,
´Ê¦´μ μ¶·¥¤¥²¨ÉÓ ¤¥Ëμ·³ Í¨Õ Ë §μ¢μ° É· ¥±Éμ·¨¨ ¢ ·¥§Ê²ÓÉ É¥ Ê³¥´ÓÏ¥´¨Ö
¸·¥¤´¨Ì ¡ ·Ó¥·μ¢. 	ÉμÉ ¶·μÍ¥¸¸ ¸μ¶·μ¢μ¦¤ ¥É¸Ö · ¸Ï¨·¥´¨¥³ É· ¥±Éμ·¨¨
¢¤μ²Ó μ¸¨  ¡¸Í¨¸¸ ´  ·¨¸. 15, ÎÉμ ¢¥¤¥É ± ¸³¥Ð¥´¨Õ ÉμÎ¥± ϕmin ¨ ϕmax ¢²¥¢μ
¨ ¢¶· ¢μ ¢¤μ²Ó μ¸¨ ¸μμÉ¢¥É¸É¢¥´´μ. �μ¸±μ²Ó±Ê ¶²μÐ ¤Ó Ë §μ¢μ° É· ¥±Éμ·¨¨
¶·¨ ÔÉμ³ ¸μÌ· ´Ö¥É¸Ö ( ¤¨ ¡ É¨Î¥¸±¨° ¨´¢ ·¨ ´É!), μ´  ¸¦¨³ ¥É¸Ö ¢¤μ²Ó μ¸¨
μ·¤¨´ É, É. ¥. Ê³¥´ÓÏ ¥É¸Ö ¢¥²¨Î¨´  ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ Y. Šμ£¤  ϕmin ¨
ϕmax ¤μ¸É¨£ ÕÉ ´ ·Ê¦´ÒÌ £· ´¨Í ¡ ·Ó¥·μ¢ (É. ¥. ¢Ò¶μ²´Ö¥É¸Ö Ê¸²μ¢¨¥ (5.5)),
Î ¸É¨Í  ¶·μ´¨± ¥É ¢ ¸μ¸¥¤´ÕÕ Ë §μ¢ÊÕ μ¡² ¸ÉÓ.

—Éμ¡Ò ´ °É¨ §´ Î¥´¨¥ k�, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ÔÉμ³Ê ¸μ¸ÉμÖ´¨Õ, ´Ê¦´μ ·¥-
Ï¨ÉÓ ±Ê¡¨Î¥¸±μ¥ Ê· ¢´¥´¨¥ ¤²Ö k� (¶¥·¢μ¥ ¢Ò· ¦¥´¨¥ ¢ (5.7)) ¶·¨ § ¤ ´´μ³
§´ Î¥´¨¨ εinj1 ¨ Δϕ0 = ΔϕB . ‡ É¥³ ¨§ (5.6) ¶·¨ k = k� ´ Ìμ¤¨³ §´ Î¥´¨¥
Y�1. —Éμ¡Ò ´ °É¨ Ystack ¨ Y�2, ·¥Ï ¥³ ±Ê¡¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö ¤²Ö Y (¢Éμ·Ò¥
¢Ò· ¦¥´¨Ö ¢ (5.7) ¨ (5.9)) ¶·¨ k = k� ¨ § ¤ ´´ÒÌ §´ Î¥´¨ÖÌ εstack ¨ εinj2

¸μμÉ¢¥É¸É¢¥´´μ.
‘É ¤¨Ö ‚ (·¨¸. 14, ‚) Å ´ Î ²μ ¶·μ´¨±´μ¢¥´¨Ö ´ ±μ¶²¥´´ÒÌ Î ¸É¨Í ¢

μ¡² ¸ÉÓ ¨´¦¥±Í¨¨. �·μÍ¥¤Ê·  ¢ÒÎ¨¸²¥´¨° É  ¦¥, ÎÉμ ¨ ¤²Ö ¸É ¤¨¨ �: ´ Ìμ¤¨³
§´ Î¥´¨Ö ¶ · ³¥É·μ¢ k‚ ¨ Y. ‚¸¥ É·¨ Ë §μ¢Ò¥ É· ¥±Éμ·¨¨ ¸²¨¢ ÕÉ¸Ö ¢³¥¸É¥,
μÌ¢ ÉÒ¢ Ö μ¡¥ μ¡² ¸É¨ Å ´ ±μ¶²¥´¨Ö ¨ ¨´¦¥±Í¨¨.

‘²¥¤Ê¥É ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ¢¸¥ É·¨ Ô³¨ÉÉ ´¸ , εstack, εinj1 ¨ εinj2, ´¥ μ¸É -
ÕÉ¸Ö ¶μ¸ÉμÖ´´Ò³¨,   Ê¢¥²¨Î¨¢ ÕÉ¸Ö ¶μ¸²¥ ¶·μ´¨±´μ¢¥´¨Ö ¨Ì Î ¸É¨Í ¢ ¸μ¸¥¤-
´ÕÕ Ë §μ¢ÊÕ μ¡² ¸ÉÓ ¢ ¸É ¤¨ÖÌ � ¨ ‚, É ± ± ± Î ¸É¨ÍÒ ¶μ¸²¥ ¶¥·¥¸¥Î¥´¨Ö
¡ ·Ó¥·μ¢ ¤¢¨¦ÊÉ¸Ö ¸¢μ¡μ¤´μ ¢ Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥, ¶·¥´¥¡·¥¦¨³μ ¸² ¡μ
¢§ ¨³μ¤¥°¸É¢ÊÖ ¸ Ê³¥´ÓÏ ÕÐ¨³¨¸Ö ¸·¥¤´¨³¨ ¡ ·Ó¥· ³¨. ‚ ·¥§Ê²ÓÉ É¥ ¶ · -
³¥É· Y ÔÉ¨Ì Î ¸É¨Í ´¥ ¨§³¥´Ö¥É¸Ö ¶·¨ ¤ ²Ó´¥°Ï¥³ Ê³¥´ÓÏ¥´¨¨ ¡ ·Ó¥·μ¢ ¤μ
´Ê²Ö. � ¶·¨³¥·, ¶μ ÔÉμ° ¶·¨Î¨´¥ ¢ ¸É ¤¨¨ ‚ (´ Î ²μ ¶·μ´¨±´μ¢¥´¨Ö ´ ±μ¶-
²¥´´ÒÌ Î ¸É¨Í ¢ μ¡² ¸ÉÓ ¨´¦¥±Í¨¨) ¨³¥¥³ Ystack = Ystack penetr = 0,288;
YC1 = YB1, Y‚2 = Y2 penetr = 0,352. �μ¸²¥¤´¥¥ · ¢¥´¸É¢μ ¤μ¸É¨£ ¥É¸Ö ¶·¨
k = 0,197 ¨ ¢Ò¶μ²´Ö¥É¸Ö ¢ ¤ ²Ó´¥°Ï¥³.

‘É ¤¨Ö ƒ (·¨¸. 14, ƒ) Å  ¤¨ ¡ É¨Î¥¸±μ¥ ¸¦ É¨¥ ¢¸¥Ì Î ¸É¨Í. �±μ´Î -
É¥²Ó´Ò° · §³¥· ´ Ìμ¤¨³ ¨§ Ê¸²μ¢¨Ö ¸μÌ· ´¥´¨Ö ¶²μÐ ¤¨ ¢´¥Ï´¥° É· ¥±Éμ-
·¨¨: Ystack ƒ = 0,661. 	Éμ §´ Î¥´¨¥ ´¥¸±μ²Ó±μ ³¥´ÓÏ¥ Ystack £ = 0,702,
¶μ²ÊÎ¥´´μ£μ ¶·¨ ¡Ò¸É·μ³ Ê³¥´ÓÏ¥´¨¨ ¸·¥¤´¨Ì ¡ ·Ó¥·μ¢. ‘Éμ²Ó ³ ² Ö · §-
´¨Í  Ö¢²Ö¥É¸Ö ·¥§Ê²ÓÉ Éμ³ ¢Ò¡μ·  ¤μ¢μ²Ó´μ ³ ²μ° Ë §μ¢μ° ¶·μÉÖ¦¥´´μ¸É¨
¡ ·Ó¥·μ¢ (ΔϕB = π/10), ±μ£¤  ¢±² ¤ ¶²μÐ ¤¨ ¸·¥¤´¨Ì ¡ ·Ó¥·μ¢ ´¥§´ Î¨-
É¥²¥´.
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�´ ²μ£¨Î´ Ö ¶·μÍ¥¤Ê·  μ¶¨¸ ´  ¢ · ¡μÉ¥ [2] ´  Ö§Ò±¥ ¨§³¥´¥´¨Ö Ô´¥·£¨¨
Î ¸É¨Í. ’ ±μ° ¸¶μ¸μ¡ μ¶¨¸ ´¨Ö ¸±·Ò¢ ¥É, ´  ´ Ï ¢§£²Ö¤, ± ·É¨´Ê ¤¨´ ³¨±¨
Î ¸É¨Í ¢ Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥.

‚ ¸²ÊÎ ¥ ¨¸¶μ²Ó§μ¢ ´¨Ö ³¥Éμ¤μ¢ μÌ² ¦¤¥´¨Ö ¸Ì¥³  ´ ±μ¶²¥´¨Ö ¸ ¤¢¨-
¦ÊÐ¨³¨¸Ö ¡ ·Ó¥· ³¨ ¨³¥¥É §´ Î¨É¥²Ó´Ò¥ ¶·¥¨³ÊÐ¥¸É¢  ¶μ ¸· ¢´¥´¨Õ ¸μ
¸Ì¥³μ°, · ¸¸³μÉ·¥´´μ° ¢ · §¤. 3. ƒ² ¢´μ¥ ¨§ ´¨Ì Å ¸ÊÐ¥¸É¢¥´´μ ¸³Ö£Î ¥É¸Ö
É·¥¡μ¢ ´¨¥ ± ¢·¥³¥´¨ μÌ² ¦¤¥´¨Ö (3.6), (3.7). „¥°¸É¢¨É¥²Ó´μ, ¢ ¸Ì¥³¥ ¸ ¤¢¨-
¦ÊÐ¨³¨¸Ö ¡ ·Ó¥· ³¨ ¤μ¸É ÉμÎ´μ μÌ² ¤¨ÉÓ ¨´¦¥±É¨·μ¢ ´´Ò¥ Î ¸É¨ÍÒ Éμ²Ó±μ
¤μ É ±μ£μ Ê·μ¢´Ö, ±μ£¤  ¨Ì ¸¤¢¨£ ¶μ ¨³¶Ê²Ó¸Ê ¢ ¸É ¤¨¨ ®¡¯ ¨²¨ ®�¯ (·¨¸. 14)
³¥´ÓÏ¥ Ysep ¢ μ¡² ¸É¨ ´ ±μ¶²¥´¨Ö ΔϕBB . �μ¸²¥ ¸²¨Ö´¨Ö ¨´¦¥±É¨·μ¢ ´´ÒÌ
¨ ´ ±μ¶²¥´´ÒÌ Î ¸É¨Í ¨ Ëμ·³¨·μ¢ ´¨Ö ±μ´¥Î´μ° ¸É ¤¨¨ ®£¯ ¨²¨ ®ƒ¯ ³μ¦´μ
¶·μ¤μ²¦¨ÉÓ μÌ² ¦¤¥´¨¥, ¨³¥Ö ¡μ²ÓÏ¥ ¢·¥³¥´¨ ¤²Ö ÔÉμ° Í¥²¨.

‡´ Î¨É¥²Ó´Ò° ¢Ò¨£·ÒÏ ÔÉ  ¸Ì¥³  ¤ ¥É ¢ ¸±μ·μ¸É¨ ¸ÉμÌ ¸É¨Î¥¸±μ£μ μÌ² -
¦¤¥´¨Ö, ±μ£¤  Î ¸É¨ÍÒ ¸²¨²¨¸Ó ¨ § ´¨³ ÕÉ ¶· ±É¨Î¥¸±¨ ¢¥¸Ó ¶¥·¨³¥É· ´ -
±μ¶¨É¥²Ö. �μ¸±μ²Ó±Ê ¸±μ·μ¸ÉÓ ¸ÉμÌ ¸É¨Î¥¸±μ£μ μÌ² ¦¤¥´¨Ö μ¡· É´μ ¶·μ¶μ·-
Í¨μ´ ²Ó´  ²¨´¥°´μ° ¶²μÉ´μ¸É¨ Î ¸É¨Í, Éμ ¢Ò¨£·ÒÏ ¶μ·Ö¤±  2π/Δϕinj [17].
„²Ö Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö ¢Ò¨£·ÒÏ ´¥ ¸Éμ²Ó μÎ¥¢¨¤¥´. ’¥³ ´¥ ³¥´¥¥ ¸´¨-
¦¥´¨¥ ²¨´¥°´μ° ¶²μÉ´μ¸É¨ ¶ÊÎ±  ¨ ¢ ÔÉμ³ ¸²ÊÎ ¥ ¶·¥¤¶μÎÉ¨É¥²Ó´μ, É ± ± ±
Ê³¥´ÓÏ ÕÉ¸Ö ÔËË¥±ÉÒ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤ .

6. ’…•�ˆŠ� ���œ…��›• ‚—-����Ÿ†…�ˆ‰

‘μ¢·¥³¥´´Ò¥ ‚—-¸¨¸É¥³Ò ¡ ·Ó¥·´μ£μ ´ ¶·Ö¦¥´¨Ö ±μ´¸É·Ê¨·ÊÕÉ¸Ö ´ 
μ¸´μ¢¥ £¥´¥· Éμ·μ¢ ¸ Í¨Ë·μ¢Ò³ Ê¶· ¢²¥´¨¥³ ¨ Ê¸¨²¨É¥²Ö³¨ ³μÐ´μ¸É¨ ¸
¶μ²Ê¶·μ¢μ¤´¨±μ¢Ò³¨ ¶¥·¥±²ÕÎ É¥²Ö³¨. �μ¤μ¡´Ò° £¥´¥· Éμ· ¶μ§¢μ²Ö¥É Ëμ·-
³¨·μ¢ ÉÓ ±μ·μÉ±¨¥ ¶·Ö³μÊ£μ²Ó´Ò¥ ¨³¶Ê²Ó¸Ò ¢Ò¸μ±μ£μ ´ ¶·Ö¦¥´¨Ö ¸ ±·Ê-
ÉÒ³¨ Ë·μ´É ³¨ ¨ ³¨´¨³ ²Ó´μ°  ³¶²¨ÉÊ¤μ° ¶Ê²Ó¸ Í¨°. ƒ¥´¥· Éμ· ¶¨É ¥É ‚—-
·¥§μ´ Éμ·, ´ £·Ê¦¥´´Ò° Ë¥··μ³ £´¥É¨±μ³ (Ë¥··¨É,  ³μ·Ë´μ¥ ¦¥²¥§μ ¨ É. ¤.).

ˆ¸¶μ²Ó§μ¢ ´¨¥ Ë¥··μ³ £´¥É¨±  ´ ² £ ¥É ¤μ¶μ²´¨É¥²Ó´μ¥ Ê¸²μ¢¨¥ ´  ËÊ´±-
Í¨Õ ¡ ·Ó¥·´μ£μ ´ ¶·Ö¦¥´¨Ö f(ϕ) Å ®Ê¸²μ¢¨¥ ´¥´ ¸ÒÐ¥´¨Ö¯ Ë¥··μ³ £´¥-
É¨± :

2π∫
0

f(ϕ) dϕ = 0. (6.1)

‚ ¶·μÉ¨¢´μ³ ¸²ÊÎ ¥ Ë¥··μ³ £´¥É¨± ´ ¸ÒÐ ¥É¸Ö ¶μ¸²¥ ´¥±μÉμ·μ£μ (´¥¡μ²Ó-
Ïμ£μ) ±μ²¨Î¥¸É¢  ¨³¶Ê²Ó¸μ¢ ¡ ·Ó¥·´μ£μ ´ ¶·Ö¦¥´¨Ö (¶μÉμ± ³ £´¨É´μ£μ ¶μ²Ö
¶·μ¶μ·Í¨μ´ ²¥´ ¨´É¥£· ²Ê ¶μ ¢·¥³¥´¨ μÉ ´ ¶·Ö¦¥´¨Ö V (t)).

� ¨¡μ²¥¥ ¸μ¢¥·Ï¥´´Ò¥ ¨ ³´μ£μËÊ´±Í¨μ´ ²Ó´Ò¥ ¡ ·Ó¥·´Ò¥ ‚—-¸¨¸É¥³Ò
¡Ò²¨ ¸μ§¤ ´Ò ¢ ”¥·³¨² ¡, ´ Î¨´ Ö ¸ ¶¨μ´¥·¸±¨Ì · ¡μÉ, ¢Ò¶μ²´¥´´ÒÌ É ³
(É ¡². 1). � · ³¥É·Ò ´¥±μÉμ·ÒÌ ¡ ·Ó¥·´ÒÌ ‚—-¸¨¸É¥³, · §· ¡μÉ ´´ÒÌ ¢ ¶μ-
¸²¥¤´¨¥ £μ¤Ò, ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 2.
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’ ¡²¨Í  1. � · ³¥É·Ò ¡ ·Ó¥·´ÒÌ ‚—-¸¨¸É¥³ Ê¸±μ·¨É¥²Ó´μ£μ ±μ³¶²¥±¸  ”¥·³¨-
² ¡ [2]

“¸±μ·¨É¥²Ó/
´ ±μ¶¨É¥²Ó

’¨¶ Ë¥··¨É  (· §³¥·Ò
·¥§μ´ Éμ· )

� · ³¥É·Ò: ³μÐ´μ¸ÉÓ;
 ³¶²¨ÉÊ¤ ; ÏÊ´Éμ¢μ¥

¸μ¶·μÉ¨¢²¥´¨¥; ¶μ²μ¸  Î ¸ÉμÉ
Debuncher MnZn+NiZn (∼ 1 ³) 2,4 ±‚É; 700 ‚; 104 �³;

10 ±ƒÍ Ä 10 ŒƒÍ
Accumulator MnZn+NiZn (∼ 1 ³) 100 ‚É; 70 ‚; 50 �³;

10 ±ƒÍ Ä 10 ŒƒÍ
Recycler Š¥· ³¨Î¥¸±¨° ³ £´¥É¨± 4 × 3,5 ±‚É; 4 × 500 ‚;

MN60, CMD10 (∼ 1 ³) 4 × 50 �³; 10 ±ƒÍ Ä 10 ŒƒÍ
MI Å É¥¸Éμ¢Ò° Finemet Rcore (∼ 0,75 ³) 150 ±‚É; 10 ±‚; 500 �³;
·¥§μ´ Éμ· ¡Ò¸É·Ò° ±²ÕÎ
MI Å ¤Ô³¶¥·- MnZn+NiZn (∼ 1 ³) 3 × 3,5 ±‚É; 3 × 500 ‚;
·¥§μ´ Éμ· 3 × 50 �³; 10 ±ƒÍ Ä 100 ŒƒÍ

’ ¡²¨Í  2. � · ³¥É·Ò ´¥±μÉμ·ÒÌ ¡ ·Ó¥·´ÒÌ ‚—-¸¨¸É¥³

� · ³¥É·
‹ ¡μ· Éμ·¨Ö (Ê¸±μ·¨É¥²Ó)

BNL/KEK KEL ¤²Ö BNL ˆŸ” ¨³. ƒ.ˆ. �Ê¤±¥·  ‘� ���
(AGS) [18] (AGS) [19] ¤²Ö �ˆŸˆ (±μ²² °¤¥· NICA)

Œ É¥·¨ ² ”¥··¨É Finemet ∗ �³μ·Ë´μ¥
¸¥·¤¥Î´¨±  ¦¥²¥§μ
Šμ²¨Î¥¸É¢μ 4 4 14
Ê¸±μ·ÖÕÐ¨Ì § §μ·μ¢
— ¸ÉμÉ , ŒƒÍ 2,6 1,1 0,579Ä0,587
„μ¡·μÉ´μ¸ÉÓ, Q 30 0,6 Å
R/Q ´  § §μ·, �³ 180 1500 Å
ŒμÐ´μ¸ÉÓ 600 120 22
Ê¸¨²¨É¥²Ö, ±‚É
ÅÅÅÅÅÅÅÅÄ
∗ Šμ³³¥·Î¥¸± Ö ³ ·± , Hitachi Metals, Ltd.

� ·Ó¥·´Ò¥ ‚—-¸¨¸É¥³Ò ¸É ´μ¢ÖÉ¸Ö ¢¸¥ ¡μ²¥¥ ¶μ¶Ê²Ö·´Ò³¨ ¢ Ê¸±μ·¨É¥²Ó-
´μ° É¥Ì´¨±¥ ¶μ ³¥·¥ · §¢¨É¨Ö É¢¥·¤μÉ¥²Ó´μ° ¸¨²μ¢μ° ‚—-Ô²¥±É·μ´¨±¨.

‡�Š‹	—…�ˆ…

�·¨³¥´¥´¨¥ ¸¨¸É¥³ ¡ ·Ó¥·´μ£μ ‚—-´ ¶·Ö¦¥´¨Ö ¤²Ö ´ ±μ¶²¥´¨Ö ¨ Ê¸±μ-
·¥´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¨³¥¥É §´ Î¨É¥²Ó´Ò¥ ¶·¥¨³ÊÐ¥¸É¢  ¶μ ¸· ¢´¥´¨Õ
¸ ±² ¸¸¨Î¥¸±¨³¨ ‚—-¸¨¸É¥³ ³¨. 	É¨ ¶·¥¨³ÊÐ¥¸É¢  μ¸μ¡¥´´μ ¸ÊÐ¥¸É¢¥´´Ò ¢
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¸²ÊÎ ¥ ´ ±μ¶¨É¥²¥° ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í Å ¶·μÉμ´μ¢,  ´É¨¶·μÉμ´μ¢
¨ ¨μ´μ¢, £¤¥ ¨¸¶μ²Ó§μ¢ ´¨¥ ³¥Éμ¤μ¢ μÌ² ¦¤¥´¨Ö ¶· ±É¨Î¥¸±¨ ´¥¨§¡¥¦´μ.

Œ¥Éμ¤ ¡ ·Ó¥·´ÒÌ ´ ¶·Ö¦¥´¨° ¡Ò² §´ Î¨É¥²Ó´μ · §¢¨É ¸ ³μ³¥´É  ¥£μ
¶¥·¢μ£μ ¶·¥¤²μ¦¥´¨Ö, ¨ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö, ¡² £μ¤ ·Ö ¤μ¸É¨¦¥´¨Ö³ ³μÐ´μ°
É¢¥·¤μÉ¥²Ó´μ° ‚—-Ô²¥±É·μ´¨±¨, ¸É ²μ ¢μ§³μ¦´Ò³ ¸μ§¤ ´¨¥ ³´μ£μËÊ´±Í¨μ-
´ ²Ó´ÒÌ ¡ ·Ó¥·´ÒÌ ‚—-¸¨¸É¥³.

Œ¥Éμ¤  ´ ²¨§  ¤¨´ ³¨±¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ Í¨±²¨Î¥¸±¨Ì Ê¸±μ·¨É¥²ÖÌ
¸ ¡ ·Ó¥·´Ò³ ‚—-´ ¶·Ö¦¥´¨¥³, ¶·¥¤¸É ¢²¥´´Ò° ¢ ¤ ´´μ° · ¡μÉ¥, ¶μ§¢μ²Ö¥É
¤μ¢μ²Ó´μ ¶·μ¸Éμ ¶·μ¨§¢¥¸É¨  ´ ²¨É¨Î¥¸±¨¥ ¢ÒÎ¨¸²¥´¨Ö ¨ μÍ¥´±¨ ¨ ¶μ²ÊÎ¨ÉÓ
¶μ²´μ¥ μ¶¨¸ ´¨¥ ¤¨´ ³¨±¨ Î ¸É¨Í ¢ Ï¨·μ±μ° μ¡² ¸É¨ ¶ · ³¥É·μ¢. „μ¶μ²-
´¥´´Ò° Î¨¸²¥´´Ò³ ³μ¤¥²¨·μ¢ ´¨¥³, ÔÉμÉ ³¥Éμ¤ μ¡¥¸¶¥Î¨¢ ¥É μ¶É¨³ ²Ó´Ò°
¢Ò¡μ· ¶ · ³¥É·μ¢ ¡ ·Ó¥·´μ° ¸¨¸É¥³Ò ¶·¨ ¥¥ ¶·μ¥±É¨·μ¢ ´¨¨.

�¢Éμ· ¶μ²Ó§Ê¥É¸Ö ¶·¨ÖÉ´μ° ¢μ§³μ¦´μ¸ÉÓÕ ¢Ò· §¨ÉÓ ¡² £μ¤ ·´μ¸ÉÓ ’.Š -
É Ö³¥ §  ³´μ£μ²¥É´¥¥ ¶²μ¤μÉ¢μ·´μ¥ ¸μÉ·Ê¤´¨Î¥¸É¢μ,   É ±¦¥ ‚.�. ‹¥¡¥¤¥¢Ê,
�. ‚. …²¨¸¥¥¢Ê, ‚.Œ.�¥É·μ¢Ê, �.�. ‘¨¤μ·¨´Ê ¨ �.‚.‘³¨·´μ¢Ê §  Í¥´´Ò¥ μ¡-
¸Ê¦¤¥´¨Ö ¨ § ³¥Î ´¨Ö ¶·¨ ´ ¶¨¸ ´¨¨ ¤ ´´μ° · ¡μÉÒ. �¢Éμ· ¡² £μ¤ ·¨É
’. �.‘É¥¶ ´μ¢Ê §  ÉÐ É¥²Ó´ÊÕ ¶μ¤£μÉμ¢±Ê · ¡μÉÒ ± ¶Ê¡²¨± Í¨¨.
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