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

„²Ö Ê¢¥²¨Î¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ´ ±μ¶²¥´´μ£μ ¶ÊÎ±  ¨μ´μ¢ §μ²μÉ  197Au31 ¸ Ô´¥·£¨¥° ¨´¦¥±Í¨¨
3,1 ŒÔ‚/´Ê±²μ´ ¢ ¡Ê¸É¥·¥ NICA ¶² ´¨·Ê¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ³´μ£μÍ¨±²μ¢ÊÕ ¨´¦¥±Í¨Õ ¨§ ²¨´¥°´μ£μ
Ê¸±μ·¨É¥²Ö. �·¨ ¨´É¥´¸¨¢´μ¸É¨ ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢ 5 · 108−109 ¨´É¥´¸¨¢´μ¸ÉÓ ´ ±μ¶²¥´´μ£μ
¶ÊÎ±  ³μ¦¥É ¡ÒÉÓ Ê¢¥²¨Î¥´  ¢ 3Ä5 · § ¶μ ¸· ¢´¥´¨Õ ¸ ¨´¦¥±Í¨μ´´μ° ¨´É¥´¸¨¢´μ¸ÉÓÕ. �·¨
´¨§±μ° ¨´É¥´¸¨¢´μ¸É¨ ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢ 108 ¨´É¥´¸¨¢´μ¸ÉÓ ´ ±μ¶²¥´´μ£μ ¶ÊÎ±  ¢μ§· ¸É ¥É
´  ¶μ·Ö¤μ±. Œ ±¸¨³ ²Ó´ Ö ¨´É¥´¸¨¢´μ¸ÉÓ ´ ±μ¶²¥´´μ£μ ¨μ´´μ£μ ¶ÊÎ±  μ£· ´¨Î¥´  ´¥±μ£¥·¥´É´Ò³
´ £·¥¢μ³ ¸É¥±  ¨§-§  ¥£μ ÏÊ³μ¢ ¨ ¢·¥³¥´¥³ ¦¨§´¨ ¨μ´μ¢. � ¸Î¥ÉÒ μ¤´μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¨ ¨μ´μ¢
197Au31 ¢Ò¶μ²´¥´Ò ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ±μ¤  BETACOOL. �·¨ ´ ±μ¶²¥´¨¨ ¨μ´´ÒÌ ¶ÊÎ±μ¢ ¢Ò¸μ±μ°
¨´É¥´¸¨¢´μ¸É¨ ¢ Ìμ¤¥ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö ¢μ§³μ¦´μ · §¢¨É¨¥ ±μ£¥·¥´É´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨.
ˆ´±·¥³¥´É · §¢¨É¨Ö ´¥Ê¸Éμ°Î¨¢μ¸É¨ ¸ÊÐ¥¸É¢¥´´μ § ¢¨¸¨É μÉ ¢Ò¡μ·  · ¡μÎ¥° ÉμÎ±¨.

The multicycling injection from the linear accelerator to the NICA booster is planned to use for
storage of 197Au31 ions at energy 3.1 MeV/u. The intensity of the stored ions is increased 3Ä5 times at
injection intensity of 5 ·108−109. The intensity of the stored beam is higher by one order of magnitude
compared with injection intensity at 108. The maximal intensity is restricted by the incoherent diffusion
heating of the stack and the ion life time. The simulations of the single turn injection were performed by
BETACOOL code. The coherent instability can be developed at a high ion intensity in presence of the
electron cooling. The increment of instability essentially depends on the choice of the working point.

PACS: 29.20.db
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‚ ¡Ê¸É¥·¥ NICA ¶² ´¨·Ê¥É¸Ö μ¸ÊÐ¥¸É¢¨ÉÓ μ¤´μμ¡μ·μÉ´ÊÕ ¨´¦¥±Í¨Õ ¸μ ¸É¥±¨·μ¢ -
´¨¥³ ¨μ´´μ£μ ¶ÊÎ±  ¢ Ìμ¤¥ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö c ¶μ¢Éμ·¥´¨¥³ Í¨±²μ¢ ¨´¦¥±Í¨¨
¸ Î ¸ÉμÉμ° ¤μ 10 ƒÍ. ‚ Ìμ¤¥ ÔÉμ° ¨´¦¥±Í¨¨ ¡ ³¶ μ·¡¨ÉÒ ¸³¥Ð ¥É¸Ö ¢ £μ·¨§μ´É ²Ó´μ³
´ ¶· ¢²¥´¨¨ ´  · ¸¸ÉμÖ´¨¥, μ¡¥¸¶¥Î¨¢ ÕÐ¥¥ μ¤´μμ¡μ·μÉ´ÊÕ ¨´¦¥±Í¨Õ ¶ÊÎ±  ¨ ´ ±μ¶-
²¥´¨¥ ¸É¥± . C·¥¤´¥±¢ ¤· É¨Î´Ò° Ô³¨ÉÉ ´¸ ¶ÊÎ±  ´  ¢ÒÌμ¤¥ ¨§ ²¨´¥°´μ£μ Ê¸±μ·¨É¥²Ö
· ¢¥´ εx/εy = 3π ³³ ·³· ¤. ˆ´É¥´¸¨¢´μ¸ÉÓ ¢Ò¢¥¤¥´´μ£μ ¶ÊÎ±  ¨§ ²¨´¥°´μ£μ Ê¸±μ·¨É¥²Ö
¸μ¸É ¢²Ö¥É 108−109 ¨μ´μ¢ §  μ¤¨´ Í¨±² ¨´¦¥±Í¨¨. ‚ ¡Ê¸É¥·¥ ¶·¥¤¶μ² £ ¥É¸Ö ¢ ±ÊÊ³ ´ 
Ê·μ¢´¥ 5 ·10−11 Éμ··,   £ §μ¢Ò° ¸μ¸É ¢ μ¸É ÉμÎ´μ£μ £ §  É ±μ¢, ÎÉμ ¶·¨ Ô´¥·£¨¨ ¨´¦¥±Í¨¨
3,1 ŒÔ‚/´Ê±²μ´ ¢·¥³Ö ¦¨§´¨ ¨μ´μ¢ 197Au31 ¸μ¸É ¢²Ö¥É 3Ä5 ¸.

�¸´μ¢´μ° Ì · ±É¥·¨¸É¨±μ° ¡Ê¸É¥·  ¢ ± Î¥¸É¢¥ ¨´¦¥±Éμ·  ¢ ´Ê±²μÉ·μ´ Ö¢²Ö¥É¸Ö ¸·¥¤-
´¨° ¶μÉμ±, Ì · ±É¥·¨§ÊÕÐ¨° μÉ´μÏ¥´¨¥ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ ± ¤²¨É¥²Ó´μ¸É¨ Í¨±²  · -
¡μÉÒ ¡Ê¸É¥· : R = N/τ . �·¨ ¨´É¥´¸¨¢´μ¸É¨ ¨μ´μ¢ N = 109, ¨´¦¥±É¨·Ê¥³ÒÌ ¢ Ìμ¤¥
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μ¤´μμ¡μ·μÉ´μ° μ¤´μÍ¨±²μ¢μ° ¨´¦¥±Í¨¨, ¨ ¤²¨É¥²Ó´μ¸É¨ Í¨±²  · ¡μÉÒ ¡Ê¸É¥·  τ = 5 ¸
¸·¥¤´¨° ¶μÉμ± R = 2 · 108 c−1. �¥ ²¨§ Í¨Ö ¸Ì¥³Ò ¨´¦¥±Í¨¨ ¸μ ¸É¥±¨·μ¢ ´¨¥³ ¨μ´-
´μ£μ ¶ÊÎ± , ¸ μ¤´μ° ¸Éμ·μ´Ò, ¶μ§¢μ²Ö¥É ¶μ¤´ÖÉÓ ¨´É¥´¸¨¢´μ¸ÉÓ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢, ¸
¤·Ê£μ° ¸Éμ·μ´Ò, ¶·¨¢μ¤¨É ± ·μ¸ÉÊ ¤²¨É¥²Ó´μ¸É¨ Í¨±²  · ¡μÉÒ ¡Ê¸É¥·  §  ¸Î¥É Ê¢¥²¨-
Î¥´¨Ö ¤²¨É¥²Ó´μ¸É¨ ¨´¦¥±Í¨¨. ‘·¥¤´¨° ¶μÉμ± ¨μ´μ¢ ¶·¨ ¨´¦¥±Í¨¨ ¸μ ¸É¥±¨·μ¢ ´¨¥³
¸μ¸É ¢²Ö¥É (7−8) · 108 c−1. �·¨ ¨´É¥´¸¨¢´μ¸É¨ ¨μ´μ¢ 5 · 108−109 §  ¨³¶Ê²Ó¸ ¨´¦¥±Í¨¨
¨´É¥´¸¨¢´μ¸ÉÓ ´ ±μ¶²¥´´μ£μ ¶ÊÎ±  ³μ¦¥É ¡ÒÉÓ Ê¢¥²¨Î¥´  ¢ 3Ä5 · §.

�·¨ ´ ±μ¶²¥´¨¨ ¨μ´´ÒÌ ¶ÊÎ±μ¢ ¢Ò¸μ±μ° ¨´É¥´¸¨¢´μ¸É¨ ¢ Ìμ¤¥ Ô²¥±É·μ´´μ£μ μÌ² -
¦¤¥´¨Ö ¢μ§³μ¦´μ · §¢¨É¨¥ ±μ£¥·¥´É´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨, É ± ´ §Ò¢ ¥³μ£μ Ô²¥±É·μ´´μ£μ
´ £·¥¢ . —Éμ¡Ò ¨§¡¥¦ ÉÓ · §¢¨É¨Ö ´¥Ê¸Éμ°Î¨¢μ¸É¨, ¶² ´¨·Ê¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ¶μ²Ò°
Ô²¥±É·μ´´Ò° ¶ÊÎμ± ¸ ´¨§±μ° ¨´É¥´¸¨¢´μ¸ÉÓÕ ¢ Í¥´É· ²Ó´μ° μ¡² ¸É¨, £¤¥ ¶·μ¨¸Ìμ¤¨É
´ ±μ¶²¥´¨¥ ¸É¥± , ¨ ¢Ò¸μ±μ° ¨´É¥´¸¨¢´μ¸ÉÓÕ ¢ ¶¥·¨Ë¥·¨°´μ° μ¡² ¸É¨, £¤¥ μ¸ÊÐ¥¸É¢²Ö-
¥É¸Ö μÌ² ¦¤¥´¨¥ ¢´μ¢Ó ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¨´±·¥³¥´É · §¢¨É¨Ö ´¥-
Ê¸Éμ°Î¨¢μ¸É¨ ³μ¦¥É ¡ÒÉÓ § ³¥É´μ ¸´¨¦¥´. �´ É ±¦¥ ¸ÊÐ¥¸É¢¥´´μ § ¢¨¸¨É μÉ ¢Ò¡μ· 
· ¡μÎ¥° ÉμÎ±¨. ˆ´±·¥³¥´É ´¥¸¨³³¥É·¨Î¥´ ¶μ μÉ´μÏ¥´¨Õ ± · §´μ¸É´μ³Ê Qx − Qy = 0
¨ ¸Ê³³μ¢μ³Ê Qx + Qy = 9 ·¥§μ´ ´¸ ³. ˆ´±·¥³¥´É ¨³¥¥É ³ ±¸¨³Ê³ ¢¡²¨§¨ · §´μ¸É´μ£μ
·¥§μ´ ´¸  ¨ ¡²¨§μ± ± ³¨´¨³Ê³Ê ¢ μ±·¥¸É´μ¸ÉÖÌ ¸Ê³³μ¢μ£μ ·¥§μ´ ´¸ . � ¡μÎ Ö ÉμÎ± 
¡Ê¸É¥·  Qx/Qy = 4,8/4,85 ´ Ìμ¤¨É¸Ö ¢ ´¥¶μ¸·¥¤¸É¢¥´´μ° ¡²¨§μ¸É¨ μÉ · §´μ¸É´μ£μ ·¥§μ-
´ ´¸ : Qx = Qy. ‚ ·¥§Ê²ÓÉ É¥ ¶·¨ § ¤ ´´ÒÌ ¶²μÉ´μ¸ÉÖÌ Ô²¥±É·μ´´μ£μ ¨ ¨μ´´μ£μ ¶ÊÎ±μ¢
¨´±·¥³¥´É ´¥Ê¸Éμ°Î¨¢μ¸É¨ ¡²¨§μ± ± ¸¢μ¥³Ê ³ ±¸¨³Ê³Ê. ‘ Í¥²ÓÕ ¸´¨¦¥´¨Ö ¨´±·¥³¥´É 
´¥Ê¸Éμ°Î¨¢μ¸É¨ ¶·¨ ¸μÌ· ´¥´¨¨ £μ·¨§μ´É ²Ó´μ£μ ¡¥É É·μ´´μ£μ Î¨¸²  Qx = 4,8 ¢Ò¡· ´ 
· ¡μÎ Ö ÉμÎ±  Qx/Qy = 4,8/4,15 ¸ ¢¥·É¨± ²Ó´Ò³ ¡¥É É·μ´´Ò³ Î¨¸²μ³ ¢¡²¨§¨ ¸Ê³³μ-
¢μ£μ ·¥§μ´ ´¸ . � ¸Î¥É´Ò° ¨´±·¥³¥´É · ¡μÎ¥° ÉμÎ±¨ ¢ μ¡² ¸É¨ ¸Ê³³μ¢μ£μ ·¥§μ´ ´¸ 
¢ ´¥¸±μ²Ó±μ · § ³¥´ÓÏ¥, Î¥³ ¤²Ö · ¡μÎ¥° ÉμÎ±¨ ¡Ê¸É¥·  Qx/Qy = 4,8/4,85.
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„²Ö ´ ±μ¶²¥´¨Ö ¨μ´μ¢ 197Au31 ¢ ¡Ê¸É¥·¥ ¶² ´¨·Ê¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ¸Ì¥³Ê μ¤´μμ¡μ-
·μÉ´μ° ¨´¦¥±Í¨¨ ¸μ ¸É¥±¨·μ¢ ´¨¥³ ¢ Ìμ¤¥ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö.

1.1. �³¨ÉÉ ´¸ ¶ÊÎ±  ¶·¨ ¨´¦¥±Í¨¨ ¢ ¡Ê¸É¥·. C·¥¤´¥±¢ ¤· É¨Î´Ò° Ô³¨ÉÉ ´¸ ¶ÊÎ± 
ε = σ2/β ´  ¢ÒÌμ¤¥ ¨§ ²¨´¥°´μ£μ Ê¸±μ·¨É¥²Ö · ¢¥´ εx/εy = 3π ³³ ·³· ¤. „²Ö ´ -
±μ¶²¥´¨Ö ¨μ´μ¢ ¸É¥±  ¢Ò¸μ±μ° ¨´É¥´¸¨¢´μ¸É¨ £μ·¨§μ´É ²Ó´Ò°  ±¸¥¶É ´¸ ¸μ¸É ¢²Ö¥É
εac = 10π ³³ ·³· ¤. �¥·¥¤ ¨´¦¥±Í¨¥° · ¢´μ¢¥¸´ Ö μ·¡¨É  ¸É¥±  ¸³¥Ð¥´  μÉ´μ¸¨-
É¥²Ó´μ ¸¥¶ÉÊ³  ´  · ¸¸ÉμÖ´¨¥ (βinjεac)1/2, £¤¥ βinj Å £μ·¨§μ´É ²Ó´ Ö ¡¥É -ËÊ´±Í¨Ö ¢
μ¡² ¸É¨ ¨´¦¥±Í¨¨. �·¨ μ¤´μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¨ ¡ ³¶ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ ¸³¥Ð -
¥É¸Ö ´  · ¸¸ÉμÖ´¨¥ 2σx = 2(βinjεx)1/2. �μÉ¥·¨ ¨´¦¥±É¨·Ê¥³ÒÌ Î ¸É¨Í ´  ¸¥¶ÉÊ³¥

¢ ÔÉμ³ ¸²ÊÎ ¥ ¸μ¸É ¢²ÖÕÉ
∞∫

σ

exp (x2/2σ2
x) dx = 15,7 %. � ¤¨Ê¸ ¶ÊÎ± , ¨´¦¥±É¨·μ¢ ´-

´μ£μ ¢ ¡Ê¸É¥· ¶·¨ μ¤´μ³ Í¨±²¥ ¨´¦¥±Í¨¨, μÉ´μ¸¨É¥²Ó´μ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ ¸É¥± 
· ¢¥´ 2(βinjεx)1/2 + (βinjεac)1/2. “£²μ¢μ° · §¡·μ¸ ¨´¦¥±É¨·Ê¥³μ£μ ¶ÊÎ±  ¸μ¸É ¢²Ö¥É
(εx/βinj)1/2. �·¨ μ¤´μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¨ ¸μ ¸É¥±¨·μ¢ ´¨¥³ ´ Î ²Ó´Ò° £μ·¨§μ´É ²Ó-
´Ò° Ô³¨ÉÉ ´¸ ¶ÊÎ±  ¢ ¡Ê¸É¥·¥ εin−x = 2εx+(εxεac)1/2 = 11,5π ³³ ·³· ¤. �É´μ¸¨É¥²Ó´Ò°
¸·¥¤´¥±¢ ¤· É¨Î´Ò° · §¡·μ¸ ¶μ ¨³¶Ê²Ó¸Ê ¸μ¸É ¢²Ö¥É 5 · 10−4.
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1.2. ˆ´¦¥±Í¨Ö ¶·¨ μÌ² ¦¤¥´¨¨ μ¤´μ·μ¤´Ò³ ¶μ · ¤¨Ê¸Ê Ô²¥±É·μ´´Ò³ ¶ÊÎ±μ³.
„ ²Ó´¥°Ï¨¥ · ¸Î¥ÉÒ μ¤´μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¨ ¨μ´μ¢ 197Au31 ¢Ò¶μ²´¥´Ò ¸ ¨¸¶μ²Ó§μ¢ -
´¨¥³ ±μ¤  BETACOOL [1]. ’μ± Ô²¥±É·μ´´μ£μ ¶ÊÎ±  · ¢¥´ 0,1 �, · ¤¨Ê¸ ¶ÊÎ±  Å 2 ¸³,
¶ÊÎμ± ¨³¥¥É μ¤´μ·μ¤´ÊÕ ¶²μÉ´μ¸ÉÓ ¶μ · ¤¨Ê¸Ê, ¤²¨´  c¥±Í¨¨ μÌ² ¦¤¥´¨Ö Å 1,94 ³. �Ë-
Ë¥±É¨¢´μ¸ÉÓ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö · ¢´  μÉ´μÏ¥´¨Õ  ³¶²¨ÉÊ¤Ò ¢Éμ·μ£μ ¨³¶Ê²Ó¸ 
± ¶¥·¢μ³Ê ¨³¶Ê²Ó¸Ê ¨ ¸μ¸É ¢²Ö¥É 40% ¶·¨ Î ¸ÉμÉ¥ ¶μ¢Éμ·¥´¨Ö ¨³¶Ê²Ó¸μ¢ ¨´¦¥±Í¨¨
10 ƒÍ (·¨¸. 1). �·¨ ¨´É¥´¸¨¢´μ¸É¨ ¨´¦¥±É¨·μ¢ ´´μ£μ ¶ÊÎ±  109 ¨μ´μ¢ ³ ±¸¨³ ²Ó´ Ö
´ ±μ¶²¥´´ Ö ¨´É¥´¸¨¢´μ¸ÉÓ · ¢´  4,6 · 109 ¶·¨ ¢·¥³¥´¨ ¦¨§´¨ ¨μ´μ¢ 4,4 ¸.

�¨¸. 1. ‡ ¢¨¸¨³μ¸ÉÓ Î¨¸²  ´ ±μ¶²¥´´ÒÌ Î ¸É¨Í ¢ ¡Ê¸É¥·¥ ¶·¨ 10-Í¨±²μ¢μ° ¨´¦¥±Í¨¨

�¨¸. 2.  ) ‡ ¢¨¸¨³μ¸ÉÓ Î¨¸²  ´ ±μ¶²¥´´ÒÌ Î ¸É¨Í ¢ ¡Ê¸É¥·¥ ¶·¨ 20-Í¨±²μ¢μ° ¨´¦¥±Í¨¨ μÉ ¢·¥-

³¥´¨. ¡) ‡ ¢¨¸¨³μ¸ÉÓ Ô³¨ÉÉ ´¸  μÉ ¢·¥³¥´¨
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‘·¥¤´¨° ¶μÉμ± ¨μ´μ¢, Ì · ±É¥·¨§ÊÕÐ¨° μÉ´μÏ¥´¨¥ Î¨¸²  ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ ± ¤²¨-
É¥²Ó´μ¸É¨ Í¨±²  · ¡μÉÒ ¡Ê¸É¥·  ¢ ¸Ì¥³¥ ¨´¦¥±Í¨¨ ¸μ ¸É¥±¨·μ¢ ´¨¥³ ¨μ´μ¢ ¤²Ö N =
4,6 · 109 ¨ τ = 6 ¸, · ¢¥´ R = 7,6 · 108 c−1. �¥ ²¨§ Í¨Ö ¸Ì¥³Ò ¨´¦¥±Í¨¨ ¸μ ¸É¥±¨·μ¢ -
´¨¥³ ¶μ§¢μ²Ö¥É ¢ 3,8 · §  Ê¢¥²¨Î¨ÉÓ ¸·¥¤´¨° ¶μÉμ± ¨μ´μ¢ ¶μ ¸· ¢´¥´¨Õ ¸ μ¤´μμ¡μ·μÉ´μ°
μ¤´μÍ¨±²μ¢μ° ¨´¦¥±Í¨¥°.

�·¨ 20-Í¨±²μ¢μ° ¨´¦¥±Í¨¨ ¸ Î ¸ÉμÉμ° 10 ƒÍ ³ ±¸¨³ ²Ó´ Ö ¨´É¥´¸¨¢´μ¸ÉÓ ¨μ´μ¢
¸μ¸É ¢²Ö¥É N = 7,8 · 109 ¶·¨ ¤²¨É¥²Ó´μ¸É¨ ¸É¥±¨·μ¢ ´¨Ö 2 ¸ (·¨¸. 2). ‚ ÔÉμ³ ¸²ÊÎ ¥
¸·¥¤´¨° ¶μÉμ± ¨μ´μ¢ ¶·¨ τ = 7 ¸ · ¢¥´ 1,1 ·109 c−1. „ ²Ó´¥°Ï¥¥ Ê¢¥²¨Î¥´¨¥ ±μ²¨Î¥¸É¢ 
Í¨±²μ¢ ¢¥¤¥É ± ·μ¸ÉÊ ¸·¥¤´¥£μ ¶μÉμ± . Œ ±¸¨³ ²Ó´Ò° ¸·¥¤´¨° ¶μÉμ± ¨μ´μ¢ μ£· ´¨Î¥´
·Ö¤μ³ ÔËË¥±Éμ¢: ´¥±μ£¥·¥´É´Ò³¨ ÏÊ³ ³¨ ¸É¥± , Ê¸Éμ°Î¨¢μ¸ÉÓÕ μÌ² ¦¤¥´´μ£μ ¸É¥±  ¨
¢·¥³¥´¥³ ¦¨§´¨ ¨μ´μ¢ ¶·¨ ¨Ì ¢§ ¨³μ¤¥°¸É¢¨¨ ¸  Éμ³ ³¨ μ¸É ÉμÎ´μ£μ £ § .

1.3. �³¨ÉÉ ´¸ ¸É¥±  ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¥£μ ´¥±μ£¥·¥´É´μ£μ ÏÊ³ . ‚ ¶·¨¢¥¤¥´´ÒÌ ´ 
·¨¸. 2 · ¸Î¥É Ì Ô³¨ÉÉ ´¸ ¶ÊÎ±  μ¶·¥¤¥²Ö¥É¸Ö · ¢´μ¢¥¸¨¥³ ³¥¦¤Ê Ô²¥±É·μ´´Ò³ μÌ² ¦¤¥-
´¨¥³ ¨ ¢´ÊÉ·¨¶ÊÎ±μ¢Ò³ · ¸¸¥Ö´¨¥³. ‚ ¶·¨¸ÊÉ¸É¢¨¨ ´¥±μ£¥·¥´É´ÒÌ ÏÊ³μ¢ ¸É¥±  μÌ² -
¦¤¥´´Ò° Ô³¨ÉÉ ´¸ ¸É¥±  μ¶·¥¤¥²Ö¥É¸Ö Î¨¸²μ³ Î ¸É¨Í ¢ ´¥³ N ¨ ¡¥É É·μ´´Ò³ c¤¢¨£μ³
Î ¸ÉμÉÒ ΔQ:

εv =
rp

4π

Z2

A

N

β2 γ3 ΔQ
,

£¤¥ Z Å § ·Ö¤ Ö¤· ; A Å  Éμ³´Ò° ´μ³¥·; β ¨ γ Å ·¥²ÖÉ¨¢¨¸É¸±¨¥ Ë ±Éμ·Ò; rp Å
· ¤¨Ê¸ ¶·μÉμ´ . „²Ö ΔQ = 0,05, Î¨¸²  Î ¸É¨Í cÉ¥±  N = 3 · 109 Ô³¨ÉÉ ´¸ ¸É¥± 

�¨¸. 3.  ) ‡ ¢¨¸¨³μ¸ÉÓ Î¨¸²  ´ ±μ¶²¥´´ÒÌ Î ¸É¨Í ¢ ¡Ê¸É¥·¥ ¶·¨ 20-Í¨±²μ¢μ° ¨´¦¥±Í¨¨ μÉ ¢·¥³¥´¨

¢ ¶·¨¸ÊÉ¸É¢¨¨ ´¥±μ£¥·¥´É´μ£μ ´ £·¥¢ . ¡) ‡ ¢¨¸¨³μ¸ÉÓ Ô³¨ÉÉ ´¸  μÉ ¢·¥³¥´¨
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εv = 5,5π ³³ ·³· ¤. ‚ ·¥§Ê²ÓÉ É¥ ´¥±μ£¥·¥´É´ÒÌ ÏÊ³μ¢ ¶·μ¨¸Ìμ¤¨É ¤μ¶μ²´¨É¥²Ó´Ò°
¤¨ËËÊ§¨μ´´Ò° ´ £·¥¢ ¸É¥± , ¶·¨¢μ¤ÖÐ¨° ± ¸´¨¦¥´¨Õ ÔËË¥±É¨¢´μ¸É¨ μÌ² ¦¤¥´¨Ö,   ¢
±μ´¥Î´μ³ ¸Î¥É¥ ± ¸´¨¦¥´¨Õ ¨´É¥´¸¨¢´μ¸É¨ ¸É¥± . ‚ ¶·¨¸ÊÉ¸É¢¨¨ ¤¨ËËÊ§¨μ´´μ£μ ´ -
£·¥¢  Ô³¨ÉÉ ´¸ ¸É¥±  ε μ¶·¥¤¥²Ö¥É¸Ö ¤¥±·¥³¥´Éμ³ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö λ ¨ ·μ¸Éμ³
Ô³¨ÉÉ ´¸  ¶·¨ ´ £·¥¢¥ c ±μÔËË¨Í¨¥´Éμ³ ¤¨ËËÊ§¨¨ D: dε/dt = −λε + D. ‚ · ¢´μ¢¥¸-
´μ³ ¸μ¸ÉμÖ´¨¨ ±μÔËË¨Í¨¥´É ¤¨ËËÊ§¨¨ D = λε. �μ¸±μ²Ó±Ê ¢ ¶·¨¸ÊÉ¸É¢¨¨ ´¥±μ£¥·¥´É-
´ÒÌ ÏÊ³μ¢ Ô³¨ÉÉ ´¸ ¸É¥±  ¶·μ¶μ·Í¨μ´ ²¥´ Î¨¸²Ê Î ¸É¨Í N , ±μÔËË¨Í¨¥´É ¤¨ËËÊ§¨¨
¨ É¥³¶ ¤¨ËËÊ§¨μ´´μ£μ ´ £·¥¢  Ô³¨ÉÉ ´¸  É ±¦¥ ¶·μ¶μ·Í¨μ´ ²Ó´Ò Î¨¸²Ê Î ¸É¨Í ¸É¥± :
D ∼ N [2]. ‚ ¤ ²Ó´¥°Ï¨Ì · ¸Î¥É Ì É¥³¶ ¤¨ËËÊ§¨μ´´μ£μ ´ £·¥¢  Ô³¨ÉÉ ´¸ , ¶·μ¶μ·Í¨μ-
´ ²Ó´Ò° Î¨¸²Ê Î ¸É¨Í ¸É¥±  N , ¡Ê¤¥³ ´μ·³¨·μ¢ ÉÓ ´  ±μ²¨Î¥¸É¢μ ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢
Ninj: ε̇ = kN/Ninj. Œ ±¸¨³ ²Ó´ Ö ¨´É¥´¸¨¢´μ¸ÉÓ ¨μ´μ¢ ¸μ¸É ¢²Ö¥É N = 5,5 · 109 ¶·¨
¤²¨É¥²Ó´μ¸É¨ ¸É¥±¨·μ¢ ´¨Ö 2 ¸ (·¨¸. 3) ¢ ¶·¨¸ÊÉ¸É¢¨¨ ÏÊ³μ¢ ¸É¥±  ¸ É¥³¶μ³ ¤¨ËËÊ§¨-
μ´´μ£μ ´ £·¥¢  Ô³¨ÉÉ ´¸  ε̇h/ε̇v = 0,3N/Ninj ¸−1 ¤²Ö 20-Í¨±²μ¢μ° ¨´¦¥±Í¨¨ ¸ Î ¸ÉμÉμ°
10 ƒÍ. ˆ§-§  ´¥±μ£¥·¥´É´μ£μ ´ £·¥¢  ¨´É¥´¸¨¢´μ¸ÉÓ ¸É¥±  ¸´¨§¨² ¸Ó ¢ 1,4 · § . � ¢´μ¢¥¸-
´Ò° Ô³¨ÉÉ ´¸ ¸É¥±  ¢ Ìμ¤¥ ¤¨ËËÊ§¨μ´´μ£μ ´ £·¥¢  ¨ μÌ² ¦¤¥´¨Ö ¢μ§·μ¸ ¢ ´¥¸±μ²Ó±μ · §
¶μ ¸· ¢´¥´¨Õ ¸ · ¢´μ¢¥¸´Ò³ Ô³¨ÉÉ ´¸μ³, μ¶·¥¤¥²Ö¥³Ò³ ¢´ÊÉ·¨¶ÊÎ±μ¢Ò³ · ¸¸¥Ö´¨¥³ ¨
μÌ² ¦¤¥´¨¥³.

1.4. ˆ´¦¥±Í¨Ö ¶·¨ μÌ² ¦¤¥´¨¨ ¶μ²Ò³ Ô²¥±É·μ´´Ò³ ¶ÊÎ±μ³. �·¨ ´ ±μ¶²¥´¨¨ ¢Ò-
¸μ±μ¨´É¥´¸¨¢´ÒÌ ¨μ´´ÒÌ ¶ÊÎ±μ¢ ¢ ¶·¨¸ÊÉ¸É¢¨¨ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö · §¢¨¢ ¥É¸Ö
±μ£¥·¥´É´ Ö ´¥Ê¸Éμ°Î¨¢μ¸ÉÓ ¸É¥±  ¨ ·¥ ²¨§Ê¥É¸Ö ·¥¦¨³ É ± ´ §Ò¢ ¥³μ£μ Ô²¥±É·μ´´μ£μ
´ £·¥¢ . —Éμ¡Ò ¨§¡¥¦ ÉÓ · §¢¨É¨Ö ´¥Ê¸Éμ°Î¨¢μ¸É¨, ¶·¨³¥´ÖÕÉ ¶μ²Ò° Ô²¥±É·μ´´Ò° ¶Ê-

�¨¸. 4.  ) ‡ ¢¨¸¨³μ¸ÉÓ Î¨¸²  ´ ±μ¶²¥´´ÒÌ Î ¸É¨Í ¢ ¡Ê¸É¥·¥ ¶·¨ 15-Í¨±²μ¢μ° ¨´¦¥±Í¨¨ μÉ ¢·¥-
³¥´¨ ¤²Ö ¶μ²μ£μ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¢ ¶·¨¸ÊÉ¸É¢¨¨ ´¥±μ£¥·¥´É´μ£μ ´ £·¥¢  ¨μ´μ¢. ¡) ‡ ¢¨¸¨³μ¸ÉÓ

Ô³¨ÉÉ ´¸  μÉ ¢·¥³¥´¨
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Îμ± ¸ ´¨§±μ° ¨´É¥´¸¨¢´μ¸ÉÓÕ ¢ Í¥´É· ²Ó´μ° μ¡² ¸É¨, £¤¥ ¶·μ¨¸Ìμ¤¨É ´ ±μ¶²¥´¨¥ ¸É¥± ,
¨ ¢Ò¸μ±μ° ¨´É¥´¸¨¢´μ¸ÉÓÕ ¢ ¶¥·¨Ë¥·¨°´μ° μ¡² ¸É¨, £¤¥ ¶·μ¨¸Ìμ¤¨É μÌ² ¦¤¥´¨¥ ¢´μ¢Ó
¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¨´±·¥³¥´É · §¢¨É¨Ö ´¥Ê¸Éμ°Î¨¢μ¸É¨ ³μ¦¥É ¡ÒÉÓ
§ ³¥É´μ ¸´¨¦¥´.

‚´ÊÉ·¥´´¨° · ¤¨Ê¸ ¸ ¶μ´¨¦¥´´μ° ¶²μÉ´μ¸ÉÓÕ n = 5 · 106 ¸³−3 · ¢¥´ 0,5 ¸³. ‚ ¶¥-
·¨Ë¥·¨°´μ° μ¡² ¸É¨ ¶μ μÉ´μÏ¥´¨Õ ± · ¤¨Ê¸Ê 0,5 ¸³ ¶²μÉ´μ¸ÉÓ ¶ÊÎ±  ¸μ¸É ¢²Ö¥É n =
2 · 107 ¸³−3, ¶μ²´Ò° Éμ± ¶μ²μ£μ ¶ÊÎ±  · ¢¥´ 0,095 �. �μ²μ¸ÉÓ ¶ÊÎ±  ´¥ ¶·¨¢μ¤¨É ± ¸´¨-
¦¥´¨Õ ´ ±μ¶²¥´¨Ö ¶μ ¸· ¢´¥´¨Õ ¸ μ¤´μ·μ¤´Ò³ ¶ÊÎ±μ³. ‚ ¶·¨¸ÊÉ¸É¢¨¨ ´¥±μ£¥·¥´É´μ£μ
¤¨ËËÊ§¨μ´´μ£μ ´ £·¥¢  ¸É¥±  ¸ É¥³¶μ³ ε̇h/ε̇v = 0,1N/Ninj ¸−1 ¨´É¥´¸¨¢´μ¸ÉÓ ´ ±μ¶-
²¥´´μ£μ ¶ÊÎ±  ¸´¨¦ ¥É¸Ö ¸ 6,3 · 109 ¤μ 5,7 · 109. ‚ Ìμ¤¥ ´¥±μ£¥·¥´É´μ£μ ¤¨ËËÊ§¨μ´´μ£μ
´ £·¥¢  ¸É¥±  ¸ É¥³¶μ³ ε̇h/ε̇v = 0,3N/Ninj ¸−1 ¨´É¥´¸¨¢´μ¸ÉÓ ´ ±μ¶²¥´´μ£μ ¶ÊÎ±  ¸´¨-
¦ ¥É¸Ö ¸ 6,3 ·109 ¤μ 4,1 ·109 (·¨¸. 4). ‚ ¶·¨¸ÊÉ¸É¢¨¨ ´¥±μ£¥·¥´É´μ£μ ´ £·¥¢  · ¢´μ¢¥¸´Ò°
Ô³¨ÉÉ ´¸ ¸É¥±  μ¶·¥¤¥²Ö¥É¸Ö ¢´ÊÉ·¥´´¨³ · ¤¨Ê¸μ³ ¶μ²μ£μ ¶ÊÎ± .

’ ±¨³ μ¡· §μ³, ¸É¥±¨·μ¢ ´¨¥ ¨μ´μ¢ ¶·¨ ¨´¦¥±Í¨¨ ¸ Ô²¥±É·μ´´Ò³ μÌ² ¦¤¥´¨¥³ ¨
¶μ²Ò³ Ô²¥±É·μ´´Ò³ ¶ÊÎ±μ³ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ´¥±μ£¥·¥´É´ÒÌ ÏÊ³μ¢ ¸É¥±  ¶μ§¢μ²Ö¥É ¢ 4Ä
5 · § Ê¢¥²¨Î¨ÉÓ ¸·¥¤´¨° ¶μÉμ± ¨μ´μ¢ ¶μ ¸· ¢´¥´¨Õ ¸ μ¤´μÍ¨±²μ¢μ° μ¤´μμ¡μ·μÉ´μ°
¨´¦¥±Í¨¥°.

1.5. ‚·¥³Ö ¦¨§´¨ ¨μ´μ¢. —¨¸²μ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ § ¢¨¸¨É μÉ ¨Ì ¢·¥³¥´¨ ¦¨§´¨.
‚·¥³Ö ¦¨§´¨ ¨μ´μ¢ μ¶·¥¤¥²Ö¥É¸Ö ¨Ì ¢§ ¨³μ¤¥°¸É¢¨¥³ ¸  Éμ³ ³¨ ¨ ³μ²¥±Ê² ³¨ μ¸É ÉμÎ-
´μ£μ £ § . �´μ § ¢¨¸¨É μÉ ¤¢ÊÌ ¶ · ³¥É·μ¢: ¤ ¢²¥´¨Ö μ¸É ÉμÎ´μ£μ £ §  ¨ ¥£μ ³ ¸¸μ¢μ£μ
¸μ¸É ¢ .

‡ ¢¨¸¨³μ¸ÉÓ Î¨¸²  ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ μÉ ¢·¥³¥´¨ ¨Ì ¦¨§´¨ ¤²Ö ¶ · ³¥É·μ¢, ¶·¨-
¢¥¤¥´´ÒÌ ´  ·¨¸. 4, ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 5. ‘´¨¦¥´¨¥ ¢·¥³¥´¨ ¦¨§´¨ ¸ 4,4 ¤μ 0,65 ¸
¶·¨¢μ¤¨É ± ¸´¨¦¥´¨Õ ¨´É¥´¸¨¢´μ¸É¨ ´ ±μ¶²¥´´μ£μ ¶ÊÎ±  ¸ 4,1 · 109 ¤μ 2,2 · 109.

�·¨³¥·Ò ¸¶¥±É·μ¢ μ¸É ÉμÎ´μ£μ £ §  ¢ É¥¶²ÒÌ ¸¨´Ì·μÉ·μ´ Ì LEAR [3] ¨ HIMAC [4]
¶·¥¤¸É ¢²¥´Ò ¢ É ¡²¨Í¥. ’ ³ ¦¥ ¤ ´ · ¸Î¥É´Ò° ¸¶¥±É· £ §μ¢μ£μ ¸μ¸É ¢  ¢ ¡Ê¸É¥·¥.
‚·¥³Ö ¦¨§´¨ ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸¨É μÉ ·¥±μ³¡¨´ Í¨¨ ¸ Ô²¥±É·μ´ ³¨ ¢ ¸¨¸É¥³¥ Ô²¥±-
É·μ´´μ£μ μÌ² ¦¤¥´¨Ö. �·¨ ±μÔËË¨Í¨¥´É¥ ·¥±μ³¡¨´ Í¨¨ 10−7 ¸³3· ¸−1 [3] ¨ Éμ±¥
Ô²¥±É·μ´´μ£μ ¶ÊÎ±  0,1 � ¢·¥³Ö ¦¨§´¨ ¨μ´μ¢ 197Au31, μ¶·¥¤¥²Ö¥³μ¥ ·¥±μ³¡¨´ Í¨¥°,
· ¢´μ 47,6 ¸.

�¨¸. 5. ‡ ¢¨¸¨³μ¸ÉÓ Î¨¸²  ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ ¢ ¡Ê¸É¥·¥ μÉ ¢·¥³¥´¨ ¨Ì ¦¨§´¨ ¶·¨ Î ¸ÉμÉ¥ ¸²¥¤μ-

¢ ´¨Ö Í¨±²μ¢ ¨´¦¥±Í¨¨ 10 ƒÍ
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Œ ¸¸μ¢Ò° ¸¶¥±É· μ¸É ÉμÎ´μ£μ £ §  ¢ É¥¶²ÒÌ ¸¨´Ì·μÉ·μ´ Ì LEAR ¨ HIMAC ¨ · ¸Î¥É´μ¥ ¢·¥³Ö
¦¨§´¨ ¨μ´μ¢ 197Au31 ¶·¨ ¤ ¢²¥´¨¨ 5 · 10−11 Éμ··

� · ³¥É·
LEAR

HIMAC 	Ê¸É¥·
¨Õ´Ó 1995 £. ¤¥± ¡·Ó 1995 £.  ¶·¥²Ó 1996 £.

ƒ §μ¢Ò° ¸μ¸É ¢ 70% �2, 87% �2, 60% H2, 50% H2, 73% H2,
10% He, 7% CH4, 5% He, 36% H2O, 15% He,

10% CH4, 4% H2O, 15% CH4, 10% CO, 7% CO,
10% H20 2% Ar 20% N2 4% CO2 5% Ar

‚·¥³Ö ¦¨§´¨
¨μ´μ¢ 197Au31, ¸ 10,4 8,4 3,1 1,9 4,4

1.6. � ±μ¶²¥´¨¥ ´¨§±μ¨´É¥´¸¨¢´ÒÌ ¶ÊÎ±μ¢. �·¨ ¨´¦¥±Í¨¨ ¨μ´´ÒÌ ¶ÊÎ±μ¢ 197Au31

¸ ´¨§±μ° ¨´É¥´¸¨¢´μ¸ÉÓÕ 108 Î ¸É¨Í §  ¨³¶Ê²Ó¸ μ¤´μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¨ ¢μ§³μ¦´μ
¨Ì ´ ±μ¶²¥´¨¥ ¸ ¡μ²ÓÏ¥° ¨´É¥´¸¨¢´μ¸ÉÓÕ ¢ 10Ä15 · § ¶·¨ 50-Í¨±²μ¢μ° ¨´¦¥±Í¨¨ ¸
Î ¸Éμ° 10Ä5 ƒÍ (·¨¸. 6, 7). ’μ± Ô²¥±É·μ´´μ£μ ¶ÊÎ±  · ¢¥´ 0,1 �, · ¤¨Ê¸ ¶ÊÎ±  Å 2 ¸³,

8

�¨¸. 6. ‡ ¢¨¸¨³μ¸ÉÓ Î¨¸²  ´ ±μ¶²¥´´ÒÌ Î ¸É¨Í ¢ ¡Ê¸É¥·¥ ¶·¨ 50-Í¨±²μ¢μ° ¨´¦¥±Í¨¨ ¸ Î ¸Éμ-
Éμ° 10 ƒÍ μÉ ¢·¥³¥´¨

�¨¸. 7. ‡ ¢¨¸¨³μ¸ÉÓ ¨´É¥´¸¨¢´μ¸É¨ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ μÉ É¥³¶  ¤¨ËËÊ§¨μ´´μ£μ ´ £·¥¢  ¸É¥± 
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¶ÊÎμ± ¨³¥¥É μ¤´μ·μ¤´ÊÕ ¶²μÉ´μ¸ÉÓ ¶μ · ¤¨Ê¸Ê. ‘´¨¦¥´¨¥ Î ¸ÉμÉÒ ¶μ¢Éμ·¥´¨Ö ¸ 10
¤μ 5 ƒÍ ¶·¨¢μ¤¨É ± ¸´¨¦¥´¨Õ ¨´É¥´¸¨¢´μ¸É¨ ´ ±μ¶²¥´´μ£μ ¶ÊÎ±  ¸ 1,3 · 109 ¤μ 109

§  ¸Î¥É ±μ´¥Î´μ£μ ¢·¥³¥´¨ ¦¨§´¨ ¨μ´μ¢, · ¢´μ£μ 4,4 ¸. ‡ ¢¨¸¨³μ¸ÉÓ ¨´É¥´¸¨¢´μ¸É¨
´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ μÉ É¥³¶  ·μ¸É  Ô³¨ÉÉ ´¸  ε̇h/ε̇v = kN/Ninj ¸−1 ¤²Ö ¤¨ËËÊ§¨μ´´μ£μ
´ £·¥¢  ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 7. �·¨ ¸±μ·μ¸É¨ ·μ¸É  Ô³¨ÉÉ ´¸  ε̇h/ε̇v = 0,3N/Ninj ¸−1

¨´É¥´¸¨¢´μ¸ÉÓ ´ ±μ¶²¥´´μ£μ ¶ÊÎ±  ¸´¨¦ ¥É¸Ö ¢ ¤¢  · § .

2. �…“‘’�‰—ˆ‚�‘’œ ˆ����ƒ� �“—Š�.
‚›��� ����—…‰ ’�—Šˆ

�·¨ ´ ±μ¶²¥´¨¨ ¨μ´´ÒÌ ¶ÊÎ±μ¢ ¢Ò¸μ±μ° ¨´É¥´¸¨¢´μ¸É¨ ¢ ¶·¨¸ÊÉ¸É¢¨¨ Ô²¥±É·μ´´μ£μ
μÌ² ¦¤¥´¨Ö ¢μ§³μ¦´μ · §¢¨É¨¥ ±μ£¥·¥´É´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨, É ± ´ §Ò¢ ¥³μ£μ Ô²¥±É·μ´-
´μ£μ ´ £·¥¢  [5]. �·¨ · §¢¨É¨¨ ´¥Ê¸Éμ°Î¨¢μ¸É¨ ¶μÉ¥·¨ ¨μ´μ¢ ¤· ³ É¨Î¥¸±¨ ¢μ§· ¸É ÕÉ,
±μ£¤  ¨μ´´ Ö ¨´É¥´¸¨¢´μ¸ÉÓ ¤μ¸É¨£ ¥É ±·¨É¨Î¥¸±μ° ¢¥²¨Î¨´Ò. �ËË¥±ÉÒ ¶·μ¸É· ´¸É¢¥´-
´μ£μ § ·Ö¤  Ô²¥±É·μ´´μ£μ ¨ ¨μ´´μ£μ ¶ÊÎ±μ¢,   É ±¦¥ ³ £´¨É´μ¥ ¶μ²¥ ¸μ²¥´μ¨¤  μÌ² -
¦¤¥´¨Ö μ¸ÊÐ¥¸É¢²ÖÕÉ ¸¢Ö§Ó ³¥¦¤Ê £μ·¨§μ´É ²Ó´Ò³¨ ¨ ¢¥·É¨± ²Ó´Ò³¨ ±μ£¥·¥´É´Ò³¨ ±μ-
²¥¡ ´¨Ö³¨. �μ¶¥·¥Î´μ¥ ¤¢¨¦¥´¨¥ Í¥´É·  £· ¢¨É Í¨¨ ¨μ´´μ£μ ¨ Ô²¥±É·μ´´μ£μ ¶ÊÎ±μ¢
μ¶¨¸Ò¢ ¥É¸Ö ¸²¥¤ÊÕÐ¨³¨ Ê· ¢´¥´¨Ö³¨ [5]:

z̈ + iωcż + ω2
i z = ω2

i ze,

że + iωdze = iωdz

¶·¨ ´ Î ²Ó´ÒÌ Ê¸²μ¢¨ÖÌ z(0) = z0, ż(0) = ż0, ze(0) = że(0) = 0, £¤¥ ωc = ZeB/γmi Å
¨μ´´ Ö Í¨±²μÉ·μ´´ Ö Î ¸ÉμÉ ; ω2

i = Ze2ne/2ε0γmi Å ¨μ´´ Ö ¶² §³¥´´ Ö Î ¸ÉμÉ  ¢
¶μ²¥ Ô²¥±É·μ´´μ£μ ¶ÊÎ± ; ωd = ω2

e/ωce Å ¤·¥°Ëμ¢ Ö Ô²¥±É·μ´´ Ö Î ¸ÉμÉ , ω2
e = Ze2ni/

2ε0γ
3me Å Ô²¥±É·μ´´ Ö ¶² §³¥´´ Ö Î ¸ÉμÉ , ωce = eB/γme Å Ô²¥±É·μ´´ Ö Í¨±²μ-

É·μ´´ Ö Î ¸ÉμÉ , B Å ³ £´¨É´μ¥ ¶μ²¥ ¸μ²¥´μ¨¤  μÌ² ¦¤¥´¨Ö, ne ¨ ni Å Ô²¥±É·μ´´ Ö
¨ ¨μ´´ Ö ¶²μÉ´μ¸ÉÓ ¸μμÉ¢¥É¸É¢¥´´μ. „¢¨¦¥´¨¥ Í¥´É·  £· ¢¨É Í¨¨ ¨μ´´μ£μ ¶ÊÎ±  ³μ¦¥É
¡ÒÉÓ ¶¥·¥¶¨¸ ´μ ¢ ³ É·¨Î´μ° Ëμ·³¥ X = McoolX0 [5], £¤¥ Mcool Å ³ É·¨Í  4 × 4
¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö. Œ É·¨Í  Mcool ¸μμÉ¢¥É¸É¢Ê¥É ´¥Ê¸Éμ°Î¨¢μ³Ê ¨μ´´μ³Ê ¤¢¨¦¥´¨Õ,
¶μÉμ³Ê ÎÉμ |Mcool| �= 1 [5]. ˆμ´´μ¥ ¤¢¨¦¥´¨¥ ¸´ ·Ê¦¨ ¸¥±Í¨¨ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö
Ì · ±É¥·¨§Ê¥É¸Ö ³ É·¨Í¥° ’¢¨¸¸ . �¤´μμ¡μ·μÉ´ Ö ³ É·¨Í  ¡Ê¸É¥·  Mring ¸ Ô²¥±É·μ´-
´Ò³ μÌ² ¦¤¥´¨¥³ · ¢´  Mring = Ldr RTwiss Ldr M−1

sol Mcool Msol [5], £¤¥ Ldr Å ³ É·¨Í 
¤·¥°Ëμ¢μ° ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö ¸ μÉ·¨Í É¥²Ó´μ° ¤²¨´μ° −L/2 ¨ Msol Å ³ É·¨Í  ¸μ²¥´μ-
¨¤ . �¸μ¡¥´´μ¸ÉÓ ³ É·¨ÍÒ ¡Ê¸É¥·  Mring § ±²ÕÎ ¥É¸Ö ¢ Éμ³, ÎÉμ ³μ¤Ê²¨ ¥¥ ¸μ¡¸É¢¥´´ÒÌ
Î¨¸¥² ´¥ · ¢´Ò 1: Δλ1,2,3,4 ≡ |λ1,2,3,4| − 1 �= 0 [5]. �·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ ¢¥²¨Î¨´ 
Δλ Ì · ±É¥·¨§Ê¥É ¨´±·¥³¥´É ´¥Ê¸Éμ°Î¨¢μ¸É¨ γin = |λ| − 1 ¢ ¥¤¨´¨Í Ì Î¨¸²  μ¡μ·μÉμ¢
¨μ´  ¢ ¡Ê¸É¥·¥. „¢¥ ¤¨¶μ²Ó´Ò¥ ³μ¤Ò ¢μ§¡Ê¦¤ ÕÉ¸Ö ¸ ¨´±·¥³¥´Éμ³ γ1,   ¤¢¥ ¤·Ê£¨¥ Å
¸ ¤¥±·¥³¥´Éμ³ γ2. Œμ¤Ò ¨³¥ÕÉ ·¥§μ´ ´¸´Ò° Ì · ±É¥· ¶·¨ Qx−Qy = 0. Š ± ¶μ± -
§ ´μ ´  ·¨¸. 8, §´ Î¥´¨Ö γ1 ¨ γ2 ³¥´ÖÕÉ ¸¢μ¨ §´ ±¨ ¶·¨ ¶·μÌμ¦¤¥´¨¨ Î¥·¥§ ·¥§μ´ ´¸
¸¢Ö§¨ Qx−Qy = 0. „²Ö ·¥§μ´ ´¸  ¸¢Ö§¨ Qx−Qy = 0 ¨´±·¥³¥´É ´¥Ê¸Éμ°Î¨¢μ¸É¨ ¢ Î¨¸²¥
μ¡μ·μÉμ¢ [5]

γin =
2π2neniβx,yreriL

2

γ5β3

c

ωci
,
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�¨¸. 8. ‡ ¢¨¸¨³μ¸ÉÓ ¨´±·¥³¥´É  ¨ ¤¥±·¥³¥´É  ´ · ¸É ´¨Ö ´¥Ê¸Éμ°Î¨¢μ¸É¨ μÉ ¢¥·É¨± ²Ó´μ£μ ¡¥É -
É·μ´´μ£μ Î¨¸²  ¶·¨ ¶μ¸ÉμÖ´´μ³ §´ Î¥´¨¨ £μ·¨§μ´É ²Ó´μ£μ ¡¥É É·μ´´μ£μ Î¨¸²  Qx = 4,8

£¤¥ ne ¨ ni Å Ô²¥±É·μ´´ Ö ¨ ¨μ´´ Ö ¶²μÉ´μ¸ÉÓ; L Å ¤²¨´  μ¡² ¸É¨ ¢§ ¨³μ¤¥°¸É¢¨Ö
Ô²¥±É·μ´´μ£μ ¨ ¨μ´´μ£μ ¶ÊÎ±μ¢; βx,y Å ¡¥É -ËÊ´±Í¨Ö ¢ ¸¨¸É¥³¥ Ô²¥±É·μ´´μ£μ μÌ² -
¦¤¥´¨Ö; ωci Å ¨μ´´ Ö Í¨±²μÉ·μ´´ Ö Î ¸ÉμÉ . �¥Ê¸Éμ°Î¨¢ Ö ³μ¤  ¢μ§¡Ê¦¤ ¥É¸Ö ¤μ ·¥-
§μ´ ´¸  ¨ § ÉÊÌ ¥É ¶μ¸²¥ ¥£μ ¶·μÌμ¦¤¥´¨Ö, ¨ ´ μ¡μ·μÉ, § ÉÊÌ ÕÐ Ö ³μ¤  ¶μ¸²¥ ·¥-
§μ´ ´¸  ¢μ§¡Ê¦¤ ¥É¸Ö. ’ ±¨³ μ¡· §μ³, ¢ ¸¨¸É¥³¥ ¢¸¥£¤  ¨³¥¥É¸Ö ¢μ§¡Ê¦¤¥´´ Ö ³μ¤ .
ˆ´±·¥³¥´É ´¥¸¨³³¥É·¨Î¥´ ¶μ μÉ´μÏ¥´¨Õ ± · §´μ¸É´μ³Ê Qx−Qy = 0 ¨ ¸Ê³³μ¢μ³Ê
Qx + Qy = 9 ·¥§μ´ ´¸ ³. ˆ´±·¥³¥´É ¨³¥¥É ³ ±¸¨³Ê³ ¢¡²¨§¨ · §´μ¸É´μ£μ ·¥§μ´ ´¸ 
¨ ¡²¨§μ± ± ³¨´¨³Ê³Ê ¢ μ±·¥¸É´μ¸ÉÖÌ ¸Ê³³μ¢μ£μ ·¥§μ´ ´¸  [4]. ‡ ¢¨¸¨³μ¸ÉÓ ¨´±·¥-
³¥´É  ¨ ¤¥±·¥³¥´É  μÉ ¢¥·É¨± ²Ó´μ£μ ¡¥É É·μ´´μ£μ Î¨¸²  ¶·¨ Ë¨±¸¨·μ¢ ´´μ³ §´ Î¥-
´¨¨ £μ·¨§μ´É ²Ó´μ£μ ¡¥É É·μ´´μ£μ Î¨¸²  Qx = 4,8 ¤²Ö ¶μ²μ£μ Ô²¥±É·μ´´μ£μ ¶ÊÎ± 
¸ ¶²μÉ´μ¸ÉÓÕ ¢ Í¥´É·¥ ne = 5 · 106 c³−3 ¨ Î¨¸²μ³ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ 197Au31

3 · 109 ¶·¨¢¥¤¥´  ´  ·¨¸. 8. „²Ö ¸´¨¦¥´¨Ö ¨´±·¥³¥´É  ´¥Ê¸Éμ°Î¨¢μ¸É¨ ¶² ´¨·Ê¥É¸Ö
¨¸¶μ²Ó§μ¢ ÉÓ ¶μ²Ò° Ô²¥±É·μ´´Ò° ¶ÊÎμ±, ¢ ±μÉμ·μ³ ¶²μÉ´μ¸ÉÓ Ô²¥±É·μ´μ¢ ¢ Í¥´É· ²Ó-
´μ° μ¡² ¸É¨ ¢ 4 · §  ´¨¦¥, Î¥³ ¢ ¶¥·¨Ë¥·¨°´μ° μ¡² ¸É¨. �¤´ ±μ ¨ ¤²Ö ¶μ²μ£μ Ô²¥±-
É·μ´´μ£μ ¶ÊÎ±  ¢μ§³μ¦´μ · §¢¨É¨¥ ´¥Ê¸Éμ°Î¨¢μ¸É¨ ¶·¨ ¢Ò¸μ±μ° ¨´É¥´¸¨¢´μ¸É¨ ¨μ´-
´μ£μ ¶ÊÎ± . ˆ´±·¥³¥´É · §¢¨É¨Ö ´¥Ê¸Éμ°Î¨¢μ¸É¨ ¸ÊÐ¥¸É¢¥´´μ § ¢¨¸¨É μÉ ¢Ò¡μ·  · ¡μÎ¥°
ÉμÎ±¨ [4].

‚Ò¡· ´´ Ö ¤²Ö ¡Ê¸É¥·  · ¡μÎ Ö ÉμÎ±  Qx/Qy = 4,8/4,85 ¡²¨§±  ± · §´μ¸É´μ³Ê ·¥-
§μ´ ´¸Ê Qx − Qy = 0 ¨ ¸μμÉ¢¥É¸É¢Ê¥É ´ · ¸É ´¨Õ ¨´±·¥³¥´É  ´¥Ê¸Éμ°Î¨¢μ¸É¨, ¡²¨§±μ£μ
± ¥£μ ³ ±¸¨³ ²Ó´μ³Ê §´ Î¥´¨Õ. �·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ¢ ¡Ê¸É¥·¥ £μ·¨§μ´É ²Ó´μ¥ §´ Î¥-
´¨¥ ¡¥É É·μ´´μ£μ Î¨¸²  ¡Ê¤¥É § Ë¨±¸¨·μ¢ ´μ,   ¢¥·É¨± ²Ó´μ¥ §´ Î¥´¨¥ Qy ³μ¦¥É ¡ÒÉÓ
¨§³¥´¥´μ ¶·¨ ¢ ·¨ Í¨¨ Éμ±μ¢ ¢ ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ Ì. Š ·¤¨´ ²Ó´Ò³ ·¥Ï¥´¨¥³ ¶·¨
¸´¨¦¥´¨¨ ¨´±·¥³¥´É  Ö¢²Ö¥É¸Ö ¢Ò¡μ· · ¡μÎ¥° ÉμÎ±¨ ¢ μ±·¥¸É´μ¸É¨ ¸Ê³³μ¢μ£μ ·¥§μ-
´ ´¸ . � ¡μÎ Ö ÉμÎ±  Qx/Qy = 4,8/4,15 ´ Ìμ¤¨É¸Ö ¢ ±¢ ¤· ´É¥, μ¡· §μ¢ ´´μ³ ·¥§μ´ ´-
¸ ³¨ Qx + Qy = 9, 2Qy + Qx = 13 ¨ 4Qx = 19. � ¸Î¥É´Ò° ¨´±·¥³¥´É ¤²Ö · ¡μÎ¥°
ÉμÎ±¨ ¢ μ¡² ¸É¨ ¸Ê³³μ¢μ£μ ·¥§μ´ ´¸  ¢ ´¥¸±μ²Ó±μ · § ³¥´ÓÏ¥, Î¥³ ¤²Ö · ¡μÎ¥° ÉμÎ±¨
¡Ê¸É¥·  Qx/Qy = 4,8/4,85.
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