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„²Ö Ëμ·³¨·μ¢ ´¨Ö ¨´É¥´¸¨¢´ÒÌ ¨μ´´ÒÌ ¶ÊÎ±μ¢ ¢ ¸¨´Ì·μÉ·μ´ Ì ¢ ± Î¥¸É¢¥ μ¤-
´μ° ¨§ ´ ¨¡μ²¥¥ · ¸¶·μ¸É· ´¥´´ÒÌ ¸Ì¥³ ¨´¦¥±Í¨¨ ¨¸¶μ²Ó§Ê¥É¸Ö ¸Ì¥³  ¸ Ô²¥±É·μ´-
´Ò³ μÌ² ¦¤¥´¨¥³ ¨ ´ ±μ¶²¥´¨¥³. Œ ±¸¨³ ²Ó´ Ö ¨´É¥´¸¨¢´μ¸ÉÓ Ëμ·³¨·Ê¥³ÒÌ ¨μ´-
´ÒÌ ¶ÊÎ±μ¢ μ¶·¥¤¥²Ö¥É¸Ö ¢·¥³¥´¥³ ¦¨§´¨ ¨μ´μ¢ ¢ ¸¨´Ì·μÉ·μ´¥ ¨ ÔËË¥±É¨¢´μ¸ÉÓÕ
¨Ì μÌ² ¦¤¥´¨Ö ¨ ´ ±μ¶²¥´¨Ö. ”μ·³¨·μ¢ ´¨¥ ¢Ò¸μ±μ¨´É¥´¸¨¢´ÒÌ μÌ² ¦¤¥´´ÒÌ ¨μ´-
´ÒÌ ¶ÊÎ±μ¢ μ£· ´¨Î¥´μ ¨Ì ´¥Ê¸Éμ°Î¨¢μ¸ÉÓÕ, ¶·¨¢μ¤ÖÐ¥° ± §´ Î¨É¥²Ó´μ³Ê ¸´¨¦¥´¨Õ
¢·¥³¥´¨ ¦¨§´¨ ¨μ´μ¢. ‚ · ¡μÉ¥ μ¡¸Ê¦¤ ÕÉ¸Ö ·¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ-
¢ ´¨° ¨ · ¸Î¥Éμ¢ ¨´¦¥±Í¨¨ ¨ Ê¸Éμ°Î¨¢μ¸É¨ ¢Ò¸μ±μ¨´É¥´¸¨¢´ÒÌ ¨μ´´ÒÌ ¶ÊÎ±μ¢ ¤²Ö
¸¨´Ì·μÉ·μ´μ¢ c Ô²¥±É·μ´´Ò³ μÌ² ¦¤¥´¨¥³.

The electron cooling stacking injection is one of most widely used injection method
applied for formation of a high-intensity cooled ion beams in the synchrotrons. The
maximal available ion intensity in the synchrotron is deˇned by the ion life time and the
cooling-stacking efˇciency. The formation of the cooled high-intensity beams is restricted
by their instability leading to strong ion life time reduction. The results of experimental
investigations and simulations of the cooling-stacking injection and stability of the high-
intensity cooled ion beams are discussed for synchrotrons with electron cooling.

PACS: 29.20.db

‚‚…„…�ˆ…

Œ¥Éμ¤ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö [1, 2], ¢¶¥·¢Ò¥ ¶·¥¤²μ¦¥´´Ò° ¨ ·¥ ²¨-
§μ¢ ´´Ò° ¢ ˆ´¸É¨ÉÊÉ¥ Ö¤¥·´μ° Ë¨§¨±¨ (�μ¢μ¸¨¡¨·¸±), ¶μ§¢μ²¨² ¨¸¶μ²Ó§μ¢ ÉÓ
É¥Ì´¨±Ê ¸É¥±¨·μ¢ ´¨Ö, ¶·¥¤´ §´ Î¥´´ÊÕ ¤²Ö ´ ±μ¶²¥´¨Ö Î ¸É¨Í ¢ Ô²¥±É·μ´-
´ÒÌ ¸¨´Ì·μÉ·μ´ Ì, ¤²Ö Ëμ·³¨·μ¢ ´¨Ö ¨´É¥´¸¨¢´ÒÌ ¨μ´´ÒÌ ¶ÊÎ±μ¢. ˆ´¦¥±-
Í¨Ö ¸ ¶·¨³¥´¥´¨¥³ É¥Ì´¨±¨ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö ¨ ´ ±μ¶²¥´¨Ö ¶·¨³¥-
´Ö¥É¸Ö ¢ ¨μ´´ÒÌ ¸¨´Ì·μÉ·μ´ Ì, ¤²Ö Éμ£μ ÎÉμ¡Ò Ê¢¥²¨Î¨ÉÓ ¢ ´¨Ì Éμ± ¢ 5Ä20 · §

∗E-mail: syresin@nusun.jinr.ru
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¶μ ¸· ¢´¥´¨Õ ¸ ¨´¦¥±Í¨μ´´Ò³ Éμ±μ³. �´  ÔËË¥±É¨¢´μ ¨¸¶μ²Ó§Ê¥É¸Ö ¢ ´ -
±μ¶¨É¥²Ó´ÒÌ ±μ²ÓÍ Ì ¨ ¸¨´Ì·μÉ·μ´ Ì, ¢ Î ¸É´μ¸É¨, ´  LEIR [3], SIS [4],
COSY [5], HIMAC [6, 7] ¨ S-LSR [8].

�·¨ ³´μ£μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¨ ´μ¢ Ö ¶μ·Í¨Ö ¨μ´μ¢ ¨´¦¥±É¨·Ê¥É¸Ö ¢
±μ²ÓÍμ ¸ ¡μ²ÓÏ¨³ £μ·¨§μ´É ²Ó´Ò³ Ô³¨ÉÉ ´¸μ³. ‚ ·¥§Ê²ÓÉ É¥ Ô²¥±É·μ´´μ£μ
μÌ² ¦¤¥´¨Ö  ³¶²¨ÉÊ¤  ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¨´¦¥±É¨·μ¢ ´´ÒÌ ¨μ´μ¢
Ê³¥´ÓÏ ¥É¸Ö, ¨ ¢ μ¸¢μ¡μ¤¨¢Ï¥¥¸Ö ¶·μ¸É· ´¸É¢μ § ¶Ê¸± ¥É¸Ö ¸²¥¤ÊÕÐ Ö ¶μ·-
Í¨Ö ¨μ´μ¢. ‘Ì¥³  ³´μ£μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¨ ¢ £μ·¨§μ´É ²Ó´μ° ¶²μ¸±μ¸É¨ ´ 
¶·¨³¥·¥ ³¥¤¨Í¨´¸±μ£μ ¸¨´Ì·μÉ·μ´  HIMAC [6, 7] ¶μ± § ´  ´  ·¨¸. 1. �²¥±-
É·μ´´μ¥ μÌ² ¦¤¥´¨¥ μ¡¥¸¶¥Î¨¢ ¥É  ¢Éμ³ É¨Î¥¸±μ¥ ¸É¥±¨·μ¢ ´¨¥ ¨μ´μ¢, ¢ ·¥-
§Ê²ÓÉ É¥ Î¥£μ ¨Ì Éμ± · ¸É¥É ¢μ ¢·¥³¥´¨ (·¨¸. 2).

�·¨ ¨´¦¥±Í¨¨ · ¢´μ¢¥¸´ Ö μ·¡¨É  ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ ¸³¥Ð¥´  ¢ £μ-
·¨§μ´É ²Ó´μ³ ´ ¶· ¢²¥´¨¨ ´  ´¥±μÉμ·μ¥ · ¸¸ÉμÖ´¨¥ μÉ´μ¸¨É¥²Ó´μ ¸¥¶ÉÊ³ ,

�¨¸. 1. ‘Ì¥³  ¢ ±ÊÊ³´μ° ± ³¥·Ò ¸¨´Ì·μÉ·μ´  HIMAC ¢ μ¡² ¸É¨ Ô²¥±É·μ¸É É¨Î¥¸±μ£μ
¨´Ë²¥±Éμ· , ¶·¥¤´ §´ Î¥´´μ£μ ¤²Ö ³´μ£μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¨

�¨¸. 2. ‡ ¢¨¸¨³μ¸ÉÓ Î¨¸²  ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ �r18+ ´  HIMAC μÉ ¢·¥³¥´¨. a) I =
120 ³A, R = 2, Tinj = 1,65 c, τchop = 225 ³±c; ¡) Ie = 150 ³A, R = 3,3, Tinj = 1,65 c
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  ¢´μ¢Ó ¨´¦¥±É¨·μ¢ ´´Ò¥ ¨μ´Ò ¸μ¢¥·Ï ÕÉ ¡¥É É·μ´´Ò¥ ±μ²¥¡ ´¨Ö μÉ´μ¸¨-
É¥²Ó´μ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ. Œ¨´¨³ ²Ó´Ò° § §μ· ³¥¦¤Ê ¸¥¶ÉÊ³μ³ ¨ · ¢´μ-
¢¥¸´μ° ¨μ´´μ° μ·¡¨Éμ° μ¶·¥¤¥²Ö¥É  ±¸¥¶É ´¸ ¤²Ö ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢. � ¸-
¸ÉμÖ´¨¥ ³¥¦¤Ê · ¢´μ¢¥¸´μ° μ·¡¨Éμ° ¨μ´μ¢ ¸É¥±  ¨ ¸¥¶ÉÊ³μ³ ¨§³¥´Ö¥É¸Ö ¶·¨
³´μ£μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¨, ¢ ·¥§Ê²ÓÉ É¥ Î¥£μ ¶·μ¨¸Ìμ¤¨É § ¶μ²´¥´¨¥ Ë §μ-
¢μ£μ ¶·μ¸É· ´¸É¢  ¢ £μ·¨§μ´É ²Ó´μ³ ´ ¶· ¢²¥´¨¨.

…¸²¨ ¢ Ìμ¤¥ μÌ² ¦¤¥´¨Ö  ³¶²¨ÉÊ¤  ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¨μ´μ¢ μ± -
§Ò¢ ¥É¸Ö ³¥´ÓÏ¥, Î¥³ £μ·¨§μ´É ²Ó´Ò° § §μ· ³¥¦¤Ê ¸¥¶ÉÊ³μ³ ¨ · ¢´μ¢¥¸´μ°
μ·¡¨Éμ°, Éμ μ´¨ § Ì¢ ÉÒ¢ ÕÉ¸Ö ¢ ¸É¥±. ‚ ¶·μÉ¨¢´μ³ ¸²ÊÎ ¥ ¨´¦¥±É¨·Ê¥³Ò¥
¨μ´Ò £¨¡´ÊÉ ´  ¸¥¶ÉÊ³¥ ¶·¨ ¸²¥¤ÊÕÐ¥³ Í¨±²¥ ¨´¦¥±Í¨¨, ±μ£¤  · ¢´μ¢¥¸´ Ö
μ·¡¨É  ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ ¢μ§¢· Ð ¥É¸Ö ¢ ´ Î ²Ó´μ¥ ¶μ²μ¦¥´¨¥.

�ËË¥±É¨¢´μ¸ÉÓ ¨´¦¥±Í¨¨ μ¶·¥¤¥²Ö¥É¸Ö ¤¢Ê³Ö ¶ · ³¥É· ³¨: ÔËË¥±É¨¢-
´μ¸ÉÓÕ μÌ² ¦¤¥´¨Ö ¨ ±μÔËË¨Í¨¥´Éμ³ ´ ±μ¶²¥´¨Ö. �ËË¥±É¨¢´μ¸ÉÓ μÌ² -
¦¤¥´¨Ö μ¶·¥¤¥²Ö¥É¸Ö μÉ´μÏ¥´¨¥³ ±μ²¨Î¥¸É¢  ¨μ´μ¢, μÌ² ¦¤¥´´ÒÌ §  ¶¥·¨μ¤
¨´¦¥±Í¨¨ ¤μ  ±¸¥¶É ´¸ , ¤μ¸ÉÊ¶´μ£μ ¤²Ö ¨μ´´μ£μ ¸É¥± , ± ¶μ²´μ³Ê ±μ²¨-
Î¥¸É¢Ê ¨μ´μ¢, ¨´¦¥±É¨·μ¢ ´´ÒÌ ¢ ¸¨´Ì·μÉ·μ´ ¢ ·¥§Ê²ÓÉ É¥ ³´μ£μμ¡μ·μÉ´μ°
¨´¦¥±Í¨¨. ‘±μ·μ¸ÉÓ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö ¸ÊÐ¥¸É¢¥´´Ò³ μ¡· §μ³ § ¢¨-
¸¨É μÉ Éμ±  Ô²¥±É·μ´´μ£μ ¶ÊÎ± . �ËË¥±É¨¢´μ¸ÉÓ μÌ² ¦¤¥´¨Ö ¢μ§· ¸É ¥É ¸
Ê¢¥²¨Î¥´¨¥³ Éμ±  Ô²¥±É·μ´´μ£μ ¶ÊÎ± . �¤´ ±μ ¶μ¶¥·¥Î´Ò¥ ´¥Ê¸Éμ°Î¨¢μ¸É¨
μ£· ´¨Î¨¢ ÕÉ Ëμ·³¨·μ¢ ´¨¥ ¨´É¥´¸¨¢´ÒÌ μÌ² ¦¤¥´´ÒÌ ¶ÊÎ±μ¢ ¨μ´μ¢. ’ -
±¨³ μ¡· §μ³, ¶·μ¡²¥³  Ëμ·³¨·μ¢ ´¨Ö ¨´É¥´¸¨¢´ÒÌ ¨μ´´ÒÌ ¶ÊÎ±μ¢ É¥¸´μ
¸¢Ö§ ´  ¸ ¶·μ¡²¥³μ° ¨Ì Ê¸Éμ°Î¨¢μ¸É¨.

ŠμÔËË¨Í¨¥´É ´ ±μ¶²¥´¨Ö ¨μ´μ¢ μ¶·¥¤¥²Ö¥É¸Ö μÉ´μÏ¥´¨¥³ ¢·¥³¥´¨
¦¨§´¨ ¨μ´μ¢ ± ¶¥·¨μ¤Ê ¨´¦¥±Í¨¨. ‚·¥³Ö ¦¨§´¨ ¨μ´μ¢ § ¢¨¸¨É μÉ ¨Ì ¢§ -
¨³μ¤¥°¸É¢¨Ö ¸ μ¸É ÉμÎ´Ò³ £ §μ³ ¢ ¢ ±ÊÊ³´μ° ± ³¥·¥ ¸¨´Ì·μÉ·μ´ ,   É ±¦¥
μÉ ¶μ¶¥·¥Î´μ° ¤¨ËËÊ§¨¨ ¨μ´μ¢, ¢μ§´¨± ÕÐ¥° ¶·¨ Ëμ·³¨·μ¢ ´¨¨ ¨´É¥´¸¨¢-
´ÒÌ ¨μ´´ÒÌ ¶ÊÎ±μ¢. ˆ§-§  ¶μ¶¥·¥Î´μ° ¤¨ËËÊ§¨¨ ¢·¥³Ö ¦¨§´¨ ¢´μ¢Ó ¨´-
¦¥±É¨·μ¢ ´´ÒÌ ¨μ´μ¢, ¨³¥ÕÐ¨Ì ¡μ²ÓÏ¨¥  ³¶²¨ÉÊ¤Ò ¡¥É É·μ´´ÒÌ ±μ²¥¡ -
´¨°, μ¡ÒÎ´μ ´¨¦¥, Î¥³ ¢·¥³Ö ¦¨§´¨ £²Ê¡μ±μμÌ² ¦¤¥´´ÒÌ ¨μ´μ¢, § Ì¢ Î¥´-
´ÒÌ ¢ ¸É¥±. ‚´μ¢Ó ¨´¦¥±É¨·Ê¥³Ò¥ ¨μ´Ò μ¡ÒÎ´μ É¥·ÖÕÉ¸Ö ¢ ¢¥·É¨± ²Ó´μ³
´ ¶· ¢²¥´¨¨, ¶μ¸±μ²Ó±Ê ¢¥·É¨± ²Ó´Ò°  ±¸¥¶É ´¸ ¸¨´Ì·μÉ·μ´  ¢ ´¥¸±μ²Ó±μ
· § ³¥´ÓÏ¥ £μ·¨§μ´É ²Ó´μ£μ. ‚ ¸²ÊÎ ¥, ±μ£¤  ¢¥·É¨± ²Ó´Ò° ¨ £μ·¨§μ´É ²Ó-
´Ò°  ±¸¥¶É ´¸Ò ¢μ ³´μ£μ · § ¶·¥¢μ¸Ìμ¤ÖÉ  ±¸¥¶É ´¸, ¤μ¸ÉÊ¶´Ò° ¤²Ö ¸É¥± ,
¶μ¶¥·¥Î´ Ö ¤¨ËËÊ§¨Ö ¢ £μ·¨§μ´É ²Ó´μ³ ´ ¶· ¢²¥´¨¨ ¶·¨¢μ¤¨É ± ¸´¨¦¥´¨Õ
ÔËË¥±É¨¢´μ¸É¨ μÌ² ¦¤¥´¨Ö ¨ Ê³¥´ÓÏ¥´¨Õ ¤μ²¨ Î ¸É¨Í, § Ì¢ Î¥´´ÒÌ ¢ ¸É¥±.
‘´¨¦¥´¨¥ ¢·¥³¥´¨ ¦¨§´¨ ¨μ´μ¢ ¶·¨¢μ¤¨É ¢ ±μ´¥Î´μ³ ¨Éμ£¥ ± Ê³¥´ÓÏ¥´¨Õ
¨Ì ¨´É¥´¸¨¢´μ¸É¨ ¢ ¸¨´Ì·μÉ·μ´¥. �·¨ · §¢¨É¨¨ ´¥Ê¸Éμ°Î¨¢μ¸É¨ ¢ ¶ÊÎ±¥ ¢·¥³Ö
¦¨§´¨ ¨μ´μ¢ ±·¨É¨Î¥¸±¨ ¸´¨¦ ¥É¸Ö,   ÔËË¥±É¨¢´μ¸ÉÓ ¨´¦¥±Í¨¨ ¶ ¤ ¥É.

�¨¦¥ μ¡¸Ê¦¤ ÕÉ¸Ö ·¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´Éμ¢ ¨ · ¸Î¥Éμ¢ ¶μ ¨μ´´μ° ¨´-
¦¥±Í¨¨ ¸ μÌ² ¦¤¥´¨¥³ ¨ ´ ±μ¶²¥´¨¥³,   É ±¦¥ Ê¸Éμ°Î¨¢μ¸ÉÓ μÌ² ¦¤¥´-
´ÒÌ ¨μ´´ÒÌ ¶ÊÎ±μ¢. �¸´μ¢´ Ö Î ¸ÉÓ μ¡¸Ê¦¤ ¥³ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ ¢Ò¶μ²´¥´ 
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´  ¸¨´Ì·μÉ·μ´ Ì HIMAC, ‘OSY, LEIR, CSR,   É ±¦¥ ´  ´ ±μ¶¨É¥²Ó´μ³
±μ²ÓÍ¥ S-LSR.

1. ����Œ…’�› ˆ�†…Š–ˆˆ
�� Œ…„ˆ–ˆ�‘Š�Œ ‘ˆ�•��’���… HIMAC

‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸³μÉ·¨³ ¶ · ³¥É·Ò ¨´¦¥±Í¨¨ ¢ ¸¨´Ì·μÉ·μ´¥
�IMAC. HIMAC Å ³¥¤¨Í¨´¸±¨° ¨μ´´Ò° ¸¨´Ì·μÉ·μ´ ¸ Ô²¥±É·μ´´Ò³ μÌ² -
¦¤¥´¨¥³ � Í¨μ´ ²Ó´μ£μ ¨´¸É¨ÉÊÉ  · ¤¨μ²μ£¨Î¥¸±¨Ì ¨¸¸²¥¤μ¢ ´¨° (Ÿ¶μ-
´¨Ö) [7]. –¥²Ó Ô±¸¶¥·¨³¥´Éμ¢ Å · §¢¨É¨¥ Ê¸±μ·¨É¥²Ó´μ° É¥Ì´¨±¨ ¤²Ö ·¥ ²¨-
§ Í¨¨ · ±μ¢μ° É¥· ¶¨¨ ¨μ´´Ò³¨ ¶ÊÎ± ³¨, ¶·¥¦¤¥ ¢¸¥£μ ¨μ´ ³¨ Ê£²¥·μ¤  [9].
�¸´μ¢´Ò¥ ¶ · ³¥É·Ò ¸¨´Ì·μÉ·μ´  HIMAC ¨ ¨´¦¥±É¨·μ¢ ´´ÒÌ ¶ÊÎ±μ¢ ¨μ-
´μ¢ Ar18+ ¶·¨¢¥¤¥´Ò ¢ É ¡²¨Í¥. ˆ´É¥´¸¨¢´μ¸ÉÓ ¨´¦¥±É¨·μ¢ ´´ÒÌ ¶ÊÎ±μ¢
¸μ¸É ¢²Ö¥É (0,3−1) ·109 Î ¸É¨Í §  ¨³¶Ê²Ó¸ (particles per pulse Å ppp) (·¨¸. 2).

� · ³¥É·Ò ¸¨´Ì·μÉ·μ´  HIMAC ¶·¨ ¨´¦¥±Í¨¨ ¸ Ô²¥±É·μ´´Ò³ μÌ² ¦¤¥´¨¥³

� · ³¥É· ‚¥²¨Î¨´ 

‘¨´Ì·μÉ·μ´

�¥·¨³¥É·, ³ 129

„ ¢²¥´¨¥, ’μ·· 10−10

�±¸¥¶É ´¸, π ·³³ ·³· ¤ 264/30

—¨¸²μ ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢, 108 ppp 2Ä10

Šμ²¨Î¥¸É¢μ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢, 109 ppp 0,5Ä2,5

’¨¶ ¨μ´μ¢ Ar18+

�´¥·£¨Ö ¨´¦¥±Í¨¨, MÔ‚/´Ê±²μ´ 6

	¥É É·μ´´Ò¥ Î ¸ÉμÉÒ Qx/Qy 3,69/3,13

�¥·¨μ¤ μ¡· Ð¥´¨Ö, ³±¸ 4

�¥·¨μ¤ ¸²¥¤μ¢ ´¨Ö ¨´¦¥±Í¨¨, ¸ 1, 1,65, 3,3

‚·¥³Ö ¦¨§´¨ ¨μ´μ¢, ¸ 8Ä10

	¥É -ËÊ´±Í¨¨ ³μ´¨Éμ·  βx/βy , ³ 9/7

	¥É -ËÊ´±Í¨¨ ¸¨¸É¥³Ò μÌ² ¦¤¥´¨Ö βx/βy , ³ 9,9/10,7

	¥É -ËÊ´±Í¨¨ ¨´¦¥±Í¨¨ βx/βy , ³ 14,1/4,4

‘¨¸É¥³  Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö

’μ± Ô²¥±É·μ´´μ£μ ¶ÊÎ± , ³A 25Ä150

„¨ ³¥É· ± Éμ¤ , ³³ 35

�·μ¡μÎ´μ¥ μÉ´μÏ¥´¨¥ 1,7Ä3,8

�μ²¥ ¸μ²¥´μ¨¤  ¢ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö, T² 0,05

„²¨´  ¸μ²¥´μ¨¤ , ³ 1,2



1706 ‘›�…‘ˆ� ….Œ.

Œ ±¸¨³ ²Ó´μ¥ Î¨¸²μ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ · ¢´μ 2,5 ·109 (·¨¸. 2). Œ ±¸¨³ ²Ó-
´μ¥ ±μ²¨Î¥¸É¢μ Î ¸É¨Í, ´ ±μ¶²¥´´ÒÌ ¢ HIMAC, μ£· ´¨Î¥´μ · §¢¨É¨¥³ ´¥-
Ê¸Éμ°Î¨¢μ¸É¨ ¨´É¥´¸¨¢´μ£μ ¨μ´´μ£μ ¶ÊÎ± . Œ ±¸¨³ ²Ó´Ò° Ô³¨ÉÉ ´¸ ¨´¦¥±-
É¨·μ¢ ´´μ£μ ¶ÊÎ±  ¶·¨ ³´μ£μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¨ ¸μ¸É ¢²Ö¥É 260 π ·³³ ·³· ¤
¢ £μ·¨§μ´É ²Ó´μ³ ´ ¶· ¢²¥´¨¨ ¨ 10 π ·³³ ·³· ¤ Å ¢ ¢¥·É¨± ²Ó´μ³. ƒμ·¨§μ´-
É ²Ó´Ò° Ô³¨ÉÉ ´¸, É ± ¦¥, ± ± ¨ ±μ²¨Î¥¸É¢μ ¢´μ¢Ó ¨´¦¥±É¨·μ¢ ´´ÒÌ Î -
¸É¨Í, ¸´¨¦ ¥É¸Ö ¶·¨ ¸μ±· Ð¥´¨¨ ¤²¨É¥²Ó´μ¸É¨ ³´μ£μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¨.
�μ¶¥·¥Î´Ò¥ · §³¥·Ò ¨´É¥´¸¨¢´ÒÌ ¨μ´´ÒÌ ¶ÊÎ±μ¢ ¨§³¥·¥´Ò ¸ ¶μ³μÐÓÕ £ §μ-
¢μ£μ ³μ´¨Éμ·  [10]. �¨± ¶-Ô²¥±É·μ¤Ò ¶μ§¢μ²¨²¨ ¨§³¥·¨ÉÓ ± ± ±μ£¥·¥´É´Ò¥
³μ¤Ò ¤¨¶μ²Ó´ÒÌ ±μ²¥¡ ´¨° ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢, É ± ¨ ¢μ§³ÊÐ¥´¨Ö § ³±´Ê-
Éμ° μ·¡¨ÉÒ ¨μ´´μ£μ ¶ÊÎ± . �±¸¶¥·¨³¥´ÉÒ ¶μ ¨´¦¥±Í¨¨ c Ô²¥±É·μ´´Ò³ μÌ² -
¦¤¥´¨¥³ ¢Ò¶μ²´¥´Ò ¶·¥¨³ÊÐ¥¸É¢¥´´μ ¸ ¨μ´ ³¨  ·£μ´  Ar18+ ¶·¨ Ô´¥·£¨¨
6 ŒÔ‚/´Ê±²μ´.

�ËË¥±É¨¢´ Ö ¤²¨´  ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö HIMAC ¸μ¸É ¢²Ö¥É 1 ³, ³ £-
´¨É´μ¥ ¶μ²¥ ¢ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö · ¢´μ H = 0,5 ±ƒ¸, ³ £´¨É´μ¥ ¶μ²¥ ¢
μ¡² ¸É¨ ¶ÊÏ±¨ Hgun ¢ ·Ó¨·Ê¥É¸Ö ¢ § ¢¨¸¨³μ¸É¨ μÉ ¶·μ¡μÎ´μ£μ μÉ´μÏ¥´¨Ö
R = Hgun/H .

2. ��Š��‹…�ˆ… ˆ���‚ ��ˆ ˆ�†…Š–ˆˆ ‚ ‘ˆ�•��’���
‘ �‹…Š’����›Œ �•‹�†„…�ˆ…Œ

2.1. �ËË¥±É¨¢´μ¸ÉÓ μÌ² ¦¤¥´¨Ö. „²Ö Ê¢¥²¨Î¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ¨μ´μ¢
¢ ¸¨´Ì·μÉ·μ´¥ ¨¸¶μ²Ó§Ê¥É¸Ö ³´μ£μμ¡μ·μÉ´ Ö ¨´¦¥±Í¨Ö, ¢ ·¥§Ê²ÓÉ É¥ ±μÉμ·μ°
¨μ´Ò μ¡² ¤ ÕÉ ¡μ²ÓÏ¨³ £μ·¨§μ´É ²Ó´Ò³ Ô³¨ÉÉ ´¸μ³. �²¥±É·μ´´μ¥ μÌ² ¦¤¥-
´¨¥ ¶·¨¢μ¤¨É ± § ÉÊÌ ´¨Õ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¨μ´μ¢, ¢¸²¥¤¸É¢¨¥ Î¥£μ
¶μ¶¥·¥Î´Ò° · §³¥· ¨μ´´μ£μ ¶ÊÎ±  Ê³¥´ÓÏ ¥É¸Ö [11] (·¨¸. 3, a).

�ËË¥±É¨¢´μ¸ÉÓ μÌ² ¦¤¥´¨Ö Ì · ±É¥·¨§Ê¥É¸Ö μÉ´μÏ¥´¨¥³  ³¶²¨ÉÊ¤ ¨´-
¦¥±É¨·μ¢ ´´ÒÌ ¨μ´μ¢ ¤²Ö ¶¥·¢μ£μ ¨ ¢Éμ·μ£μ Í¨±²μ¢ ¨´¦¥±Í¨¨ (·¨¸. 2 ¨ 3, ¡).
�ËË¥±É¨¢´μ¸ÉÓ μÌ² ¦¤¥´¨Ö η ´  HIMAC ¸μ¸É ¢²Ö¥É 50 % ¶·¨ Éμ±¥ Ô²¥±É·μ´-
´μ£μ ¶ÊÎ±  25 ³�, ¸ ·μ¸Éμ³ Éμ±  μ´  ¶·¨¡²¨¦ ¥É¸Ö ± 100%.

‚ ¸¥±Í¨¨ ¨´¦¥±Í¨¨ HIMAC Ê¸É ´μ¢²¥´ ¸¥¶ÉÊ³´Ò° ³ £´¨É ¤²¨´μ° 0,7 ³,
Éμ²Ð¨´μ° ¸¥¶ÉÊ³  35 ³³ ¸ ³ ±¸¨³ ²Ó´Ò³ ¶μ²¥³ 0,5 ’² ¨ Ô²¥±É·μ¸É É¨Î¥¸±¨°
¨´Ë²¥±Éμ· ¤²¨´μ° 0,7 ³ ¨ ´ ¶·Ö¦¥´´μ¸ÉÓÕ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö 66,7 ±‚/¸³.
—¥ÉÒ·¥ ¡Ò¸É·ÒÌ ³ £´¨É  ¡ ³¶  ¢μ§³ÊÐ ÕÉ μ·¡¨ÉÊ μ±μ²μ Ô²¥±É·μ¸É É¨Î¥-
¸±μ£μ ¨´Ë²¥±Éμ· . ˆ´É¥´¸¨¢´μ¸ÉÓ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ ¶·¨ ¨´¦¥±Í¨¨ ¸ Ô²¥±-
É·μ´´Ò³ μÌ² ¦¤¥´¨¥³ § ¢¨¸¨É μÉ μ¶É¨³ ²Ó´μ£μ ¢Ò¡μ·  ³¨´¨³ ²Ó´μ£μ · ¸-
¸ÉμÖ´¨Ö ³¥¦¤Ê ¸¥¶ÉÊ³μ³ ¨ · ¢´μ¢¥¸´μ° μ·¡¨Éμ°. Œ ±¸¨³ ²Ó´μ¥ · ¸¸ÉμÖ´¨¥
³¥¦¤Ê ¸¥¶ÉÊ³μ³ ¨ · ¢´μ¢¥¸´μ° μ·¡¨Éμ° ¤²Ö HIMAC ¸μ¸É ¢²Ö¥É 65 ³³. �·¨
³ ²μ³ · ¸¸ÉμÖ´¨¨ ³¥¦¤Ê ¸¥¶ÉÊ³μ³ ¨ · ¢´μ¢¥¸´μ° μ·¡¨Éμ° ¶·μ¨¸Ìμ¤ÖÉ ¶μÉ¥·¨
¨μ´μ¢ ¸É¥± , ±μ£¤   ³¶²¨ÉÊ¤  ¨Ì ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¸· ¢´¨¢ ¥É¸Ö ¸ ÔÉ¨³
· ¸¸ÉμÖ´¨¥³. �·¨ Ê¢¥²¨Î¥´¨¨ · ¸¸ÉμÖ´¨Ö ³¥¦¤Ê ¸¥¶ÉÊ³μ³ ¨ · ¢´μ¢¥¸´μ° μ·-
¡¨Éμ° ¶·μ¨¸Ìμ¤¨É Ê¢¥²¨Î¥´¨¥  ³¶²¨ÉÊ¤Ò ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¤²Ö ¢´μ¢Ó
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�¨¸. 3.  ) �μ¶¥·¥Î´Ò° · §³¥· ¶ÊÎ±  ¶·¨ μÌ² ¦¤¥´¨¨; ¡) ·μ¸É Î¨¸²  ¨μ´μ¢ § 
1Ä3-° Í¨±²Ò ¨´¦¥±Í¨¨

�¨¸. 4. ‡ ¢¨¸¨³μ¸ÉÓ ¨´É¥´¸¨¢´μ¸É¨ ´ -
±μ¶²¥´´ÒÌ ¨μ´μ¢ μÉ ¸³¥Ð¥´¨Ö ¨μ´´μ°
μ·¡¨ÉÒ

¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢, ¢ ·¥§Ê²ÓÉ É¥
Î¥£μ ¢·¥³Ö ¨Ì μÌ² ¦¤¥´¨Ö Ê¢¥²¨Î¨-
¢ ¥É¸Ö. ˆ§-§  ÔÉμ£μ ¨μ´Ò ¸ ¡μ²Ó-
Ïμ°  ³¶²¨ÉÊ¤μ° ¡¥É É·μ´´ÒÌ ±μ²¥¡ -
´¨° ´¥ Ê¸¶¥¢ ÕÉ μÌ² ¤¨ÉÓ¸Ö ¤μ · §-
³¥· , ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ³¨´¨³ ²Ó´μ³Ê
§ §μ·Ê ³¥¦¤Ê ¸¥¶ÉÊ³μ³ ¨ · ¢´μ¢¥¸´μ°
μ·¡¨Éμ°. ‚ ¸²¥¤ÊÕÐ¥³ Í¨±²¥ ¨´¦¥±-
Í¨¨ ÔÉ¨ ¨μ´Ò £¨¡´ÊÉ ´  ¸¥¶ÉÊ³¥ ¶·¨
¢μ§¢· Ð¥´¨¨ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ ¢ ¨¸-
Ìμ¤´μ¥ ¸μ¸ÉμÖ´¨¥. ’ ±¨³ μ¡· §μ³, ¸Ê-
Ð¥¸É¢Ê¥É μ¶É¨³ ²Ó´Ò° ´ Î ²Ó´Ò° § §μ·
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³¥¦¤Ê ¸¥¶ÉÊ³μ³ ¨ · ¢´μ¢¥¸´μ° μ·¡¨Éμ° (μ¶É¨³ ²Ó´Ò° Éμ± ¢ ³ £´¨É Ì, μ¡¥¸-
¶¥Î¨¢ ÕÐ¨Ì ¸³¥Ð¥´¨¥ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ), ¶·¨ ±μÉμ·μ³ ¨´É¥´¸¨¢´μ¸ÉÓ ´ -
±μ¶²¥´´ÒÌ ¨μ´μ¢ ³ ±¸¨³ ²Ó´  (·¨¸. 4).

’ ±¨³ μ¡· §μ³, ÔËË¥±É¨¢´μ¸ÉÓ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö Ì · ±É¥·¨-
§Ê¥É¸Ö ¢¥²¨Î¨´μ° ¶μÉ¥·Ó ¨μ´μ¢ ´  ´μ¦¥ ¸¥¶ÉÊ³  §  μ¤¨´ Í¨±² ¨´¦¥±Í¨¨. �·¨
μ¶É¨³ ²Ó´μ³ ¢Ò¡μ·¥ ¶μ²μ¦¥´¨Ö · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ μÉ´μ¸¨É¥²Ó´μ ¸¥¶ÉÊ³ 
´¥ ¶·μ¨¸Ìμ¤¨É ¶μÉ¥·Ó ¨μ´μ¢ ¸É¥±  ´  ´¥³,   ¢´μ¢Ó ¨´¦¥±É¨·Ê¥³Ò¥ ¨μ´Ò Ê¸¶¥-
¢ ÕÉ μÌ² ¤¨ÉÓ¸Ö ¤μ ³ ²ÒÌ ¡¥É É·μ´´ÒÌ  ³¶²¨ÉÊ¤ ¨ ´¥ É¥·ÖÕÉ¸Ö ´  ¸¥¶ÉÊ³¥
¶·¨ ¢μ§¢· Ð¥´¨¨ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ. „²¨É¥²Ó´μ¸ÉÓ ¨³¶Ê²Ó¸  ¨´¦¥±Í¨¨
¢Ò¡¨· ¥É¸Ö É ±μ°, ÎÉμ¡Ò ¶·¨ μ¶É¨³ ²Ó´μ³ ¶μ²μ¦¥´¨¨ ¸¥¶ÉÊ³  §´ Î¨É¥²Ó´ Ö
Î ¸ÉÓ ¢´μ¢Ó ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢ Ê¸¶¥²  μÌ² ¤¨ÉÓ¸Ö §  ¢·¥³Ö ³¥¦¤Ê ¨³¶Ê²Ó-
¸ ³¨ ¨´¦¥±Í¨¨.

2.2. � ¢´μ¢¥¸´Ò° ¶μ¶¥·¥Î´Ò° · §³¥· ¸É¥± . � ¢´μ¢¥¸´Ò° ¶μ¶¥·¥Î´Ò°
· §³¥· ¶ÊÎ±  ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ Ar18+ ´  HIMAC μ¶·¥¤¥²Ö¥É¸Ö Ô²¥±É·μ´-
´Ò³ μÌ² ¦¤¥´¨¥³ ¨ ¢´ÊÉ·¨¶ÊÎ±μ¢Ò³ · ¸¸¥Ö´¨¥³ ¶·¨ ¨´É¥´¸¨¢´μ¸É¨, ³¥´Ó-
Ï¥° 108 Î ¸É¨Í (·¨¸. 5). �·¨ ´ ²¨Î¨¨ É ±μ£μ · ¢´μ¢¥¸¨Ö ¶·μ¨§¢¥¤¥´¨¥ £μ-
·¨§μ´É ²Ó´μ£μ X ¨ ¢¥·É¨± ²Ó´μ£μ Y · §³¥·μ¢ ¶ÊÎ±  ¶·μ¶μ·Í¨μ´ ²Ó´μ ¨´-
É¥´¸¨¢´μ¸É¨ Î ¸É¨Í N2/5 (·¨¸. 5). �·¨ Ê¢¥²¨Î¥´¨¨ ¨´É¥´¸¨¢´μ¸É¨ ¨μ´μ¢
¶·μ¨§¢¥¤¥´¨¥ ¶μ¶¥·¥Î´ÒÌ · §³¥·μ¢ ¸É¥±  X · Y · ¸É¥É ¶μ ²¨´¥°´μ³Ê § ±μ´Ê,
É ± ÎÉμ ¶²μÉ´μ¸ÉÓ ¨μ´μ¢ ¢ ¸É¥±¥ μ¸É ¥É¸Ö ´¥¨§³¥´´μ°. �¥·¥Ìμ¤ μÉ § ±μ´ 
X · Y ∝ N2/5 ± ²¨´¥°´μ° § ¢¨¸¨³μ¸É¨ X · Y ∝ N μ¡Ê¸²μ¢²¥´ ¤¨ËËÊ§¨μ´-

�¨¸. 5. ‡ ¢¨¸¨³μ¸ÉÓ ¶μ¶¥·¥Î´μ£μ · ¢´μ¢¥¸´μ£μ · §³¥·  μÉ ¨´É¥´¸¨¢´μ¸É¨ ¨μ´μ¢.
‘¶²μÏ´Ò¥ ²¨´¨¨ ¸μμÉ¢¥É¸É¢ÊÕÉ ¸μμÉ´μÏ¥´¨Õ XY/N = 1,110−7 ³³2 ¨ XY/N2/5 =
0,017 ³³2
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´Ò³ ´ £·¥¢μ³ ¨μ´μ¢, ¢ ·¥§Ê²ÓÉ É¥ ±μÉμ·μ£μ · ¢´μ¢¥¸´Ò¥ · §³¥·Ò ¸É¥±  · ¸ÉÊÉ
¶·¨ ¸μÌ· ´¥´¨¨ ´¥±μÉμ·μ° ±·¨É¨Î¥¸±μ° ¶²μÉ´μ¸É¨ ¨μ´μ¢. „²Ö ´ ±μ¶²¥´´μ£μ
¨μ´´μ£μ ¶ÊÎ±  ¢Ò¸μ±μ° ¨´É¥´¸¨¢´μ¸É¨ μÉ´μÏ¥´¨¥ ¥£μ Ô³¨ÉÉ ´¸  ± Î¨¸²Ê ´ -
±μ¶²¥´´ÒÌ Î ¸É¨Í Ö¢²Ö¥É¸Ö ±μ´¸É ´Éμ°, μ¶·¥¤¥²Ö¥³μ° ¸¤¢¨£μ³ ¡¥É É·μ´´μ°
Î ¸ÉμÉÒ ΔQsp:

εst

Nst
=

rp

2π

Z2/A

β2γ3ΔQsp
, (1)

£¤¥ rp Å · ¤¨Ê¸ ¶·μÉμ´ ; Z ¨ A Å § ·Ö¤ ¨  Éμ³´Ò° ´μ³¥· ¨μ´ ; β ¨ γ Å
·¥²ÖÉ¨¢¨¸É¸±¨¥ Ë ±Éμ·Ò. �²μÉ´μ¸ÉÓ ¸É¥±  nst = Nst/εst ¢ ÔÉμ³ ¸²ÊÎ ¥ ¶μ-
¸ÉμÖ´´ , ¨ ¥¥ ¶μ¢¥¤¥´¨¥ μ¡Ê¸²μ¢²¥´μ · ¢´μ¢¥¸¨¥³ ³¥¦¤Ê Ô²¥±É·μ´´Ò³ μÌ² ¦-
¤¥´¨¥³ ¨ ´ £·¥¢μ³ ¨μ´μ¢ §  ¸Î¥É ÏÊ³μ¢ ¸É¥±  ¨ ¢´ÊÉ·¨¶ÊÎ±μ¢μ£μ · ¸¸¥Ö´¨Ö.
�μ¢¥¤¥´¨¥ · ¢´μ¢¥¸´ÒÌ · §³¥·μ¢ ¸É¥±  ¢ § ¢¨¸¨³μ¸É¨ μÉ Î¨¸²  Î ¸É¨Í [12]
Ê± §Ò¢ ¥É ´  ´ £·¥¢ ¨μ´μ¢ ´  �IMAC.

�μ¶¥·¥Î´Ò° · §³¥· ¨μ´´μ£μ ¸É¥±  Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·μ¸Éμ³ ¨´É¥´¸¨¢´μ¸É¨
¨μ´μ¢. „¨ËËÊ§¨Ö ¶·¨¢μ¤¨É ± ¸´¨¦¥´¨Õ ¢·¥³¥´¨ ¦¨§´¨ ¨μ´μ¢ ¸É¥± , ±μ£¤  ¥£μ
¶μ¶¥·¥Î´Ò¥ · §³¥·Ò ¸· ¢´¨¢ ÕÉ¸Ö ¸ ¢¥·É¨± ²Ó´μ°  ¶¥·ÉÊ·μ° ¢ ±ÊÊ³´μ° ± -
³¥·Ò ¨²¨ ¸ £μ·¨§μ´É ²Ó´Ò³ § §μ·μ³ ³¥¦¤Ê ¸¥¶ÉÊ³μ³ ¨ · ¢´μ¢¥¸´μ° μ·¡¨Éμ°.

Šμ£¤  ÏÊ³Ò ¸É¥±  ¶·¥μ¡² ¤ ÕÉ ´ ¤ ¢´ÊÉ·¨¶ÊÎ±μ¢Ò³ · ¸¸¥Ö´¨¥³, · ¢´μ-
¢¥¸´Ò° Ô³¨ÉÉ ´¸ ¸É¥±  μ¶·¥¤¥²Ö¥É¸Ö É¥³¶μ³ μÌ² ¦¤¥´¨Ö λcool ¨ ±μÔËË¨Í¨¥´-
Éμ³ ¶μ¶¥·¥Î´μ° ¤¨ËËÊ§¨¨ D, μ¡Ê¸²μ¢²¥´´μ° ÔÉ¨³¨ ÏÊ³ ³¨, εst = D/λcool.
�μ¤¸É ¢¨¢ §´ Î¥´¨¥ · ¢´μ¢¥¸´μ£μ Ô³¨ÉÉ ´¸  ¢ Ëμ·³Ê²Ê (1), ¶μ²ÊÎ ¥³

D(Nst)
λcoolNst

=
1

nst
=

εst−inj

Ninj
,

£¤¥ Ninj Å ¨´É¥´¸¨¢´μ¸ÉÓ ¨´¦¥±É¨·Ê¥³μ£μ ¶ÊÎ± ; εst−inj Å · ¢´μ¢¥¸´Ò°
Ô³¨ÉÉ ´¸ μÌ² ¦¤¥´´μ£μ ¶ÊÎ±  ¸ ¨´É¥´¸¨¢´μ¸ÉÓÕ Ninj.

�ËË¥±ÉÒ, ¸¢Ö§ ´´Ò¥ ¸ ¢μ§³ÊÐ¥´¨Ö³¨ § ³±´ÊÉμ° μ·¡¨ÉÒ, É ±¦¥ ¢²¨ÖÕÉ
´  ¢·¥³Ö ¦¨§´¨ ¨μ´μ¢. ’ ±, ¤²Ö HIMAC ¢¥·É¨± ²Ó´Ò¥ ¢μ§³ÊÐ¥´¨Ö § ³±´ÊÉμ°
μ·¡¨ÉÒ ¸μ¸É ¢²ÖÕÉ −5 ÷ +2 ³³, ¨Ì ·μ¸É ¶·¨¢μ¤¨É ± ¸´¨¦¥´¨Õ ¢·¥³¥´¨
¦¨§´¨ ¨μ´μ¢.

2.3. �Ì² ¦¤¥´¨¥ ¢´μ¢Ó ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¤¨ËËÊ-
§¨μ´´μ£μ ´ £·¥¢ . ’¥³¶ μÌ² ¦¤¥´¨Ö ¢´μ¢Ó ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢ § ¢¨¸¨É
μÉ É¥±ÊÐ¥£μ £μ·¨§μ´É ²Ó´μ£μ Ô³¨ÉÉ ´¸  εx ¨´¦¥±É¨·Ê¥³μ£μ ¶ÊÎ± 

λ = λcoolε
3/2
1 /(ε1 + εx)3/2, §¤¥¸Ó ε1 = βxθ2

e Å ±μ´¸É ´É , μ¶·¥¤¥²Ö¥³ Ö
ÔËË¥±É¨¢´Ò³ Ê£²μ¢Ò³ · §¡·μ¸μ³ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  θe ¨ £μ·¨§μ´É ²Ó´μ°
¡¥É -ËÊ´±Í¨¥° ¢ ¸¨¸É¥³¥ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö. �¡ÒÎ´μ ±μ´¸É ´É  ε1

Ê¤μ¢²¥É¢μ·Ö¥É ¸²¥¤ÊÕÐ¥³Ê Ê¸²μ¢¨Õ: εst � ε1 � εx. ‚ ÔÉμ³ ¸²ÊÎ ¥ É¥³¶

μÌ² ¦¤¥´¨Ö ¢´μ¢Ó ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢ · ¢¥´ λ = λcoolε
3/2
1 /ε

3/2
x .

‚¥·É¨± ²Ó´Ò° ¨ £μ·¨§μ´É ²Ó´Ò° Ô³¨ÉÉ ´¸Ò ¤²Ö ¢´μ¢Ó ¨´¦¥±É¨·Ê¥³ÒÌ
¨μ´μ¢ ¢ ¶·¨¸ÊÉ¸É¢¨¨ μÌ² ¦¤¥´¨Ö ¨ ¶μ¶¥·¥Î´μ° ¤¨ËËÊ§¨¨ μ¶·¥¤¥²ÖÕÉ¸Ö
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¸¨¸É¥³μ° Ê· ¢´¥´¨° [13]
⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

dεx

dt
= −λcool

ε
3/2
1

ε
3/2
x

εx + D,

dεy

dt
= −λcool

ε
3/2
1

ε
3/2
x

εy + D.

(2)

� ¸¸³μÉ·¨³ ¸²ÊÎ °, ±μ£¤  ¤¨ËËÊ§¨Ö Ê¦¥ ¨£· ¥É § ³¥É´ÊÕ ·μ²Ó ¢ ¶μ¢¥-
¤¥´¨¨ ¢¥·É¨± ²Ó´μ£μ Ô³¨ÉÉ ´¸ : D ≈ λcool(ε1/εx)3/2εy, ´μ ¥¥ ¢±² ¤μ³ ¢ £μ-
·¨§μ´É ²Ó´Ò° Ô³³¨É ´¸ ¶·¨ εx � εy ¥Ð¥ ³μ¦´μ ¶·¥´¥¡·¥ÎÓ. ‚ ·¥§Ê²ÓÉ É¥
£μ·¨§μ´É ²Ó´Ò° Ô³¨ÉÉ ´¸ ¢´μ¢Ó ¨´¦¥±É¨·Ê¥³μ£μ ¶ÊÎ±  ¸μ ¢·¥³¥´¥³ Ê³¥´Ó-
Ï ¥É¸Ö μÉ εx0 ¤μ εx ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ê· ¢´¥´¨¥³

ε3/2
x (t) = ε

3/2
x0 − 3

2
ε
3/2
1 λcoolt. (3)

�·¨ ÔÉμ³ ¢¥·É¨± ²Ó´Ò° Ô³¨ÉÉ ´¸ εy ¤²Ö ¢´μ¢Ó ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢
³¥´Ö¥É¸Ö ¢μ ¢·¥³¥´¨ ¶μ § ±μ´Ê

εy(t) = εy0
εx(t)
εx0

+ 2εx(t)
D(ε1/2

x0 − εx(t)1/2)

λcoolε
3/2
1

, (4)

£¤¥ εy0 Å ´ Î ²Ó´Ò° ¢¥·É¨± ²Ó´Ò° Ô³¨ÉÉ ´¸. �μ¢¥¤¥´¨¥ ¢μ ¢·¥³¥´¨ ¢¥·-
É¨± ²Ó´μ£μ Ô³¨ÉÉ ´¸  ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¶μ¶¥·¥Î´μ° ¤¨ËËÊ§¨¨ ¨ Ô²¥±É·μ´´μ£μ
μÌ² ¦¤¥´¨Ö ¶μ± § ´μ ´  ·¨¸. 6.

	² £μ¤ ·Ö ¤¨ËËÊ§¨¨ μÉ ÏÊ³μ¢ ¸É¥±  ¢¥·É¨± ²Ó´Ò° Ô³¨ÉÉ ´¸ ¢´μ¢Ó ¨´-
¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢ ¸´ Î ²  · ¸É¥É ¨§-§  ¸² ¡μ¸É¨ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö

�¨¸. 6. ‡ ¢¨¸¨³μ¸ÉÓ £μ·¨§μ´É ²Ó´μ£μ ¨ ¢¥·É¨± ²Ó´μ£μ Ô³¨ÉÉ ´¸μ¢ μÉ ¢·¥³¥´¨ ¤²Ö ¢´μ¢Ó
¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢ ¶·¨ μÌ² ¦¤¥´¨¨ ¨ ¶μ¶¥·¥Î´μ° ¤¨ËËÊ§¨¨
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¤²Ö ¨μ´μ¢ ¸ ¡μ²ÓÏμ° £μ·¨§μ´É ²Ó´μ° ¡¥É É·μ´´μ°  ³¶²¨ÉÊ¤μ°. �´ ¤μ¸É¨£ ¥É
³ ±¸¨³Ê³  ¶·¨ εy0 � εx0:

εy−max(Nst) =
8
27

D(Nst)
λcool

(
εx0

ε1

)3/2

, (5)

±μ£¤  £μ·¨§μ´É ²Ó´Ò° Ô³¨ÉÉ ´¸ Ê³¥´ÓÏ ¥É¸Ö ¶μ¤ ¤¥°¸É¢¨¥³ μÌ² ¦¤¥´¨Ö ¤μ
Ê·μ¢´Ö εx cool = 4εx0/9. „ ²Ó´¥°Ï¥¥ μÌ² ¦¤¥´¨¥ ¶·¨¢μ¤¨É ± Ê³¥´ÓÏ¥´¨Õ
¢¥·É¨± ²Ó´μ£μ Ô³¨ÉÉ ´¸  ¡² £μ¤ ·Ö ¸´¨¦¥´¨Õ £μ·¨§μ´É ²Ó´μ°  ³¶²¨ÉÊ¤Ò
¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°.

2.4. �¥±μ£¥·¥´É´Ò¥ ¢¥·É¨± ²Ó´Ò¥ ¶μÉ¥·¨ ¨μ´μ¢ ¨ ¨Ì ¢·¥³Ö ¦¨§´¨.
ˆμ´Ò, ¨´¦¥±É¨·Ê¥³Ò¥ ¸ ¡μ²ÓÏ¨³¨ ¡¥É É·μ´´Ò³¨  ³¶²¨ÉÊ¤ ³¨ ¢ £μ·¨§μ´-
É ²Ó´μ³ ´ ¶· ¢²¥´¨¨, É¥·ÖÕÉ¸Ö ¢ ¢¥·É¨± ²Ó´μ³ ´ ¶· ¢²¥´¨¨, ±μ£¤  ¨Ì Ô³¨É-
É ´¸ εy−max ¤μ¸É¨£ ¥É ¢¥·É¨± ²Ó´μ£μ  ±¸¥¶É ´¸ , εy−max = εya−c. „ ´´μ¥
Ê¸²μ¢¨¥ μ¶·¥¤¥²Ö¥É £μ·¨§μ´É ²Ó´Ò° Ô³¨ÉÉ ´¸ εx0−los(Nst), ¶·¨ ±μÉμ·μ³ ¨μ´Ò
¡Ê¤ÊÉ ¶μÉ¥·Ö´Ò ¢ ¢¥·É¨± ²Ó´μ³ ´ ¶· ¢²¥´¨¨:

εx0−los(Nst) =
9
4
ε1

(
εya−c

D(Nst)/λcool

)2/3

=
9
4
ε1

(
εya−c

εst−inj

)2/3 (
Ninj

Nst

)2/3

.

Šμ²¨Î¥¸É¢μ ¨μ´μ¢, É¥·Ö¥³ÒÌ ¢ ¢¥·É¨± ²Ó´μ³ ´ ¶· ¢²¥´¨¨, μ¶·¥¤¥²Ö¥É¸Ö ¸²¥-
¤ÊÕÐ¨³ ¸μμÉ´μÏ¥´¨¥³:

Ninj−los = Ninj
εm0 − εx0−los

εm0 − εst−ac
. (6)

‚·¥³Ö ¦¨§´¨ ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢ · ¢´μ

τinj = Tinj
Ninj

Ninj−los
= Tinj

εm0 − εst−ac

εm0 − εx0−los
. (7)

‡ ¢¨¸¨³μ¸ÉÓ · ¸Î¥É´μ£μ ¢·¥³¥´¨ ¦¨§´¨ ¨´¦¥±É¨·Ê¥³ÒÌ ¶·μÉμ´μ¢ ¤²Ö ´ -
±μ¶¨É¥²Ö S-LSR ¶·¨¢¥¤¥´  ´  ·¨¸. 7 ¨ ´ Ìμ¤¨É¸Ö ¢ ¸μ£² ¸¨¨ ¸ ¶μ²ÊÎ¥´´Ò³¨
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ·¥§Ê²ÓÉ É ³¨. � ¸Î¥ÉÒ ¢·¥³¥´¨ ¦¨§´¨ ¶·μÉμ´μ¢ ¶·¨¢¥-
¤¥´Ò ¤²Ö ¸²¥¤ÊÕÐ¨Ì ¶ · ³¥É·μ¢ S-LSR: εm0 = 80 π · ³³ · ³· ¤, εst−ac =
20 π · ³³ · ³· ¤, εy−ac = 30 π · ³³ · ³· ¤, ε1 = 3 π · ³³ · ³· ¤ ¨ εst−inj =
0,3 π · ³³ · ³· ¤. Šμ²¨Î¥¸É¢μ ¨μ´μ¢, § Ì¢ Î¥´´ÒÌ ¢ ¸É¥±, ¶·¨ μ¤´μ³ Í¨±²¥
¨´¦¥±Í¨¨ · ¢´μ

Ninj−cap = Ninj − Ninj−los = Ninj
εx0−los − εst−ac

εm0 − εst−ac
. (8)

Šμ²¨Î¥¸É¢μ ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢, § Ì¢ Î¥´´ÒÌ ¢ ¸É¥±, ¸É·¥³¨É¸Ö ± ´Ê²Õ,
±μ£¤  εx0−los = εst−ac, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ³ ±¸¨³ ²Ó´μ° ¨´É¥´¸¨¢´μ¸É¨
¸É¥±  [13]

Nst−max = Ninj

(
9ε1

4εst−ac

)2/3
εy−ac

εst−inj
. (9)
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�¨¸. 7. ‡ ¢¨¸¨³μ¸ÉÓ ¢·¥³¥´¨ ¦¨§´¨ ¢´μ¢Ó ¨´¦¥±É¨·Ê¥³ÒÌ ¶·μÉμ´μ¢ μÉ ¨´É¥´¸¨¢´μ¸É¨
¸É¥±  ¶·¨ ¨´¦¥±Í¨μ´´μ° ¨´É¥´¸¨¢´μ¸É¨ 4 · 108 ¶·μÉμ´μ¢ §  ¨³¶Ê²Ó¸, Tinj = 10 c,
Il = 100 ³� ¨ R = 2

‚ ÔÉμ³ ¸²ÊÎ ¥ ¢¸¥ ¢´μ¢Ó ¨´¦¥±É¨·Ê¥³Ò¥ ¨μ´Ò É¥·ÖÕÉ¸Ö ¢ ¢¥·É¨± ²Ó´μ³ ´ -
¶· ¢²¥´¨¨ ¡² £μ¤ ·Ö ÏÊ³ ³ ¸É¥±  §  Í¨±² ¨´¦¥±Í¨¨, É ± ÎÉμ ¨Ì ¢·¥³Ö ¦¨§´¨
· ¢´μ τinj = Tinj. ‚·¥³Ö ¦¨§´¨ ¸É¥±  ¢ ÔÉμ³ ·¥¦¨³¥ ´  ´¥¸±μ²Ó±μ ¶μ·Ö¤±μ¢
¶·¥¢ÒÏ ¥É ¢·¥³Ö ¦¨§´¨ ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢. ’ ±μ° ·¥¦¨³ ³´μ£μμ¡μ·μÉ-
´μ° ¨´¦¥±Í¨¨ ·¥ ²¨§Ê¥É¸Ö ¢ ´ ±μ¶¨É¥²¥ S-LSR (·¨¸. 7).

„²Ö ¸¨´Ì·μÉ·μ´  HIMAC [13] ·¥ ²¨§Ê¥É¸Ö ·¥¦¨³ ³´μ£μμ¡μ·μÉ´μ° ¨´-
¦¥±Í¨¨ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¢¥·É¨± ²Ó´ÒÌ ¶μÉ¥·Ó ¸ ³¥´ÓÏ¥° · §´¨Í¥° ¢μ ¢·¥³¥´¨
¦¨§´¨ ¨μ´μ¢ ¸É¥±  ¨ ¢´μ¢Ó ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢.

‚·¥³Ö ¦¨§´¨ ¨μ´μ¢ ¶·¨ Ô´¥·£¨¨ ¨´¦¥±Í¨¨ μ¶·¥¤¥²Ö¥É¸Ö ¨Ì ¢§ ¨³μ¤¥°-
¸É¢¨¥³ ¸  Éμ³ ³¨ μ¸É ÉμÎ´μ£μ £ §  ¨ μ¡Ê¸²μ¢²¥´μ ¶μ¤Ì¢ Éμ³ Ô²¥±É·μ´ . ‚·¥³Ö
¦¨§´¨ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢  ·£μ´  Ar18+ ¢ ¸É¥±¥ τst ¤²Ö HIMAC ¸μ¸É ¢²Ö¥É
8Ä10 ¸ ¶·¨ ¤ ¢²¥´¨¨ 10−10 ’μ·· (·¨¸. 8). ‚·¥³Ö ¦¨§´¨ ¨μ´μ¢ § ¢¨¸¨É μÉ ±μ´-

�¨¸. 8. ‡ ¢¨¸¨³μ¸ÉÓ ¢·¥³¥´¨ ¦¨§´¨ ´ ±μ¶²¥´´ÒÌ ¨ ¢´μ¢Ó ¨´¦¥±É¨·μ¢ ´´ÒÌ ¨μ´μ¢ μÉ
¨Ì ¨´É¥´¸¨¢´μ¸É¨ ¶·¨ Tinj = 1,65 ¸, Ie = 125 ³A ¨ R = 2
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Í¥´É· Í¨¨ ¶·¨³¥¸¥° ÉÖ¦¥²ÒÌ £ §μ¢ ¢ ¢ ±ÊÊ³´μ° ± ³¥·¥ ¸¨´Ì·μÉ·μ´ . �μ¸É
±μ´Í¥´É· Í¨¨ ¶·¨³¥¸¥° ÉÖ¦¥²ÒÌ £ §μ¢, É ±¨Ì ± ± ‘� ¨ �2�, ´  ´¥¸±μ²Ó±μ
¶·μÍ¥´Éμ¢ ¶·¨¢μ¤¨É ± § ³¥É´μ³Ê ¸´¨¦¥´¨Õ ¢·¥³¥´¨ ¦¨§´¨ ¨μ´μ¢.

‚·¥³Ö ¦¨§´¨ ¢´μ¢Ó ¨´¦¥±É¨·μ¢ ´´ÒÌ ¨μ´μ¢ ¤²Ö HIMAC · ¢´μ 4Ä5 ¸.
�´μ μ¶·¥¤¥²Ö¥É¸Ö ¢§ ¨³μ¤¥°¸É¢¨¥³ ¨μ´μ¢ ¸  Éμ³ ³¨ μ¸É ÉμÎ´μ£μ £ § . � -
·Ö¤Ê ¸ ÔÉ¨³ ¶·μÍ¥¸¸μ³ ¢·¥³Ö ¦¨§´¨ ¢´μ¢Ó ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢ ¸¢Ö§ ´μ ¸
¤μ¶μ²´¨É¥²Ó´Ò³ ¤¨ËËÊ§¨μ´´Ò³ ÊÌμ¤μ³, ¢μ§´¨± ÕÐ¨³ ¨§-§  ´ £·¥¢  ¨μ´´μ£μ
¶ÊÎ± . ‚²¨Ö´¨¥ ¤¨ËËÊ§¨μ´´μ£μ ÊÌμ¤  ¤²Ö ¢´μ¢Ó ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢ ¸ÊÐ¥-
¸É¢¥´´μ ¢ÒÏ¥, Î¥³ ¤²Ö ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢, ¢¸²¥¤¸É¢¨¥ · §´¨ÍÒ  ³¶²¨ÉÊ¤ ¨Ì
¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°. ‚ ·¥§Ê²ÓÉ É¥ ´  HIMAC ¢·¥³Ö ¦¨§´¨ ¢´μ¢Ó ¨´¦¥±-
É¨·Ê¥³ÒÌ ¨μ´μ¢ τinj ¢ 1,5Ä2 · §  ´¨¦¥, Î¥³ ¢·¥³Ö ¦¨§´¨ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢.

‡  μ¤¨´ Í¨±² ¨´¦¥±Í¨¨ ±μ²¨Î¥¸É¢μ ¨μ´μ¢, É¥·Ö¥³ÒÌ ¸É¥±μ³, · ¢´μ

Nst−los =
Tinj

τst
Nst. (10)

�·¨ · ¢´μ¢¥¸´μ° ¨´É¥´¸¨¢´μ¸É¨ ¸É¥±  ±μ²¨Î¥¸É¢μ ¨μ´μ¢, § Ì¢ Î¥´´ÒÌ ¢ ¸É¥±
§  Í¨±² ¨´¦¥±Í¨¨, Ninj−cap, ¸μμÉ¢¥É¸É¢Ê¥É ±μ²¨Î¥¸É¢Ê ¨μ´μ¢, É¥·Ö¥³ÒÌ ¸É¥-
±μ³ §  ÔÉμ ¢·¥³Ö, Ninj−cap = Nst−los. �·¨ Ê¸²μ¢¨¨, ÎÉμ εm0 � εst−ac ¨
εx0−los � εst−ac, · ¢´μ¢¥¸´ Ö ¨´É¥´¸¨¢´μ¸ÉÓ ¸É¥±  · ¢´  [13]

Nst−eq = Ninj

(
9
4

τst

Tinj

ε1

εm0

)3/5 (
εy−ac

εst−inj

)2/5

. (11)

�´  ¶·μ¶μ·Í¨μ´ ²Ó´  ¢¥·É¨± ²Ó´μ°  ¶¥·ÉÊ·¥ ay−ac, Nst−eq ∝ a
4/5
y−ac, ÎÉμ

´ Ìμ¤¨É¸Ö ¢ ¸μ£² ¸¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ·¥§Ê²ÓÉ É ³¨, ¶μ²ÊÎ¥´´Ò³¨ ¢
¸¨´Ì·μÉ·μ´¥ HIMAC. „²Ö ¤ ´´μ£μ ·¥¦¨³  Ì · ±É¥·´  ´¥²¨´¥°´ Ö § ¢¨¸¨-
³μ¸ÉÓ · ¢´μ¢¥¸´μ° ¨´É¥´¸¨¢´μ¸É¨ ¸É¥±  μÉ ¢·¥³¥´¨ ¦¨§´¨ ¨μ´μ¢ ¢ ´¥³,
Nst ∝ Ninj(τst/Tinj)3/5.

2.5. ŠμÔËË¨Í¨¥´É ´ ±μ¶²¥´¨Ö. � ·Ö¤Ê ¸ ¡Ò¸É·Ò³¨ ¶μÉ¥·Ö³¨ ¨μ´μ¢ ´ 
¸¥¶ÉÊ³¥ ¸ÊÐ¥¸É¢ÊÕÉ É ±¦¥ ¶μÉ¥·¨ ¨μ´μ¢, μ¡Ê¸²μ¢²¥´´Ò¥ ¨Ì ¢§ ¨³μ¤¥°¸É¢¨¥³
¸  Éμ³ ³¨ μ¸É ÉμÎ´μ£μ £ §  ¢ ¢ ±ÊÊ³´μ° ± ³¥·¥ ¨ ¤¨ËËÊ§¨¥° ¢ ¶μ¶¥·¥Î´μ³
´ ¶· ¢²¥´¨¨ ¨§-§  · §²¨Î´ÒÌ ³¥Ì ´¨§³μ¢ ´ £·¥¢  ¨μ´μ¢.

ŠμÔËË¨Í¨¥´É ´ ±μ¶²¥´¨Ö G = Nst/Ninj Ì · ±É¥·¨§Ê¥É¸Ö μÉ´μÏ¥´¨¥³
Î¨¸²  ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ Nst ± Î¨¸²Ê ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢ Ninj. �´ ¸Ê-
Ð¥¸É¢¥´´Ò³ μ¡· §μ³ § ¢¨¸¨É μÉ ¢·¥³¥´¨ ¦¨§´¨ ¨μ´μ¢ ¢ ¸¨´Ì·μÉ·μ´¥ ¨ ¶¥-
·¨μ¤  ¨´¦¥±Í¨¨ Tinj, a É ±¦¥ ÔËË¥±É¨¢´μ¸É¨ μÌ² ¦¤¥´¨Ö η. ‚·¥³¥´  ¦¨§´¨
£²Ê¡μ±μμÌ² ¦¤¥´´ÒÌ ¨μ´μ¢ ¸É¥±  τst ¨ ¢´μ¢Ó ¨´¦¥±É¨·μ¢ ´´ÒÌ ¨μ´μ¢ τinj

¸ ¡μ²ÓÏμ°  ³¶²¨ÉÊ¤μ° ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° μ¡ÒÎ´μ μÉ²¨Î ÕÉ¸Ö ¤·Ê£ μÉ
¤·Ê£  ¨§-§  · §²¨Î´μ° ¢¥²¨Î¨´Ò ¶μ¶¥·¥Î´μ° ¤¨ËËÊ§¨¨. ŠμÔËË¨Í¨¥´É ´ -
±μ¶²¥´¨Ö ¨μ´μ¢ ¢ ¸É Í¨μ´ ·´μ³ ·¥¦¨³¥ ¶μ¸²¥ ¡μ²ÓÏμ£μ ±μ²¨Î¥¸É¢  Í¨±²μ¢
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¨´¦¥±Í¨¨ · ¢¥´ [14]

G = 1 +
η exp (−Tinj/τinj)

1 − exp (−Tinj/τst)
. (12)

‘´¨¦¥´¨¥ ¢·¥³¥´¨ ¦¨§´¨ ¢´μ¢Ó ¨´¦¥±É¨·μ¢ ´´ÒÌ ¨μ´μ¢ ¶μ ¸· ¢´¥´¨Õ ¸μ
¢·¥³¥´¥³ ¦¨§´¨ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢,   É ±¦¥ Ê³¥´ÓÏ¥´¨¥ ÔËË¥±É¨¢´μ¸É¨
μÌ² ¦¤¥´¨Ö ¶·¨¢μ¤¨É ± § ³¥É´μ³Ê ¸´¨¦¥´¨Õ ±μÔËË¨Í¨¥´É  ´ ±μ¶²¥-
´¨Ö ¨μ´μ¢.

2.6. �±¸¶¥·¨³¥´ÉÒ ¶μ ´ ±μ¶²¥´¨Õ ¨μ´μ¢ ´  HIMAC. ‡ ¢¨¸¨³μ¸ÉÓ
Î¨¸²  ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ μÉ Éμ±  ¶ÊÎ±  ¨ Î ¸ÉμÉÒ ¶μ¢Éμ·¥´¨Ö ¨³¶Ê²Ó¸μ¢
¶·¨ ¨´¦¥±Í¨¨ ¸ Ô²¥±É·μ´´Ò³ μÌ² ¦¤¥´¨¥³ ¶μ± § ´  ´  ·¨¸. 9. Šμ²¨Î¥¸É¢μ
´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ μ¶·¥¤¥²Ö¥É¸Ö ¨´É¥´¸¨¢´μ¸ÉÓÕ ¨´¦¥±É¨·μ¢ ´´μ£μ ¶ÊÎ± ,
ÔËË¥±É¨¢´μ¸ÉÓÕ μÌ² ¦¤¥´¨Ö ¨ ±μÔËË¨Í¨¥´Éμ³ ´ ±μ¶²¥´¨Ö ¨μ´μ¢. Šμ²¨Î¥-
¸É¢μ ¨μ´μ¢, ¨´¦¥±É¨·Ê¥³ÒÌ §  Í¨±², ²¨´¥°´μ · ¸É¥É ¸ ¤²¨É¥²Ó´μ¸ÉÓÕ ³´μ-
£μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¨. �¤´ ±μ ¶·¨ ÔÉμ³ · ¸É¥É ¨ £μ·¨§μ´É ²Ó´Ò° Ô³¨ÉÉ ´¸
¢´μ¢Ó ¨´¦¥±É¨·μ¢ ´´ÒÌ ¨μ´μ¢. ‚ ·¥§Ê²ÓÉ É¥ Î¥£μ ¨μ´Ò ¸ ¡μ²ÓÏ¨³¨ ¡¥É É·μ´-
´Ò³¨  ³¶²¨ÉÊ¤ ³¨ ´¥ Ê¸¶¥¢ ÕÉ μÌ² ¤¨ÉÓ¸Ö §  Í¨±² ¨´¦¥±Í¨¨ ¨ É¥·ÖÕÉ¸Ö ´ 
¸¥¶ÉÊ³¥ ¶·¨ ´ Î ²¥ ¸²¥¤ÊÕÐ¥£μ Í¨±² . �ËË¥±É¨¢´μ¸ÉÓ μÌ² ¦¤¥´¨Ö ¸μ¸É -

�¨¸. 9. ‡ ¢¨¸¨³μ¸ÉÓ ¨´É¥´¸¨¢´μ¸É¨ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ μÉ Éμ±  Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¨
¶¥·¨μ¤  ¨´¦¥±Í¨¨:  ) R = 3,3 ¨ Tinj = 1,65 c; ¡) Ie = 100 ³A ¨ R = 3,3



ˆ�†…Š–ˆŸ ˆ “‘’�‰—ˆ‚�‘’œ ˆ�’…�‘ˆ‚�›• ˆ���›• �“—Š�‚ 1715

¢²Ö¥É μ±μ²μ 65 % (·¨¸. 9,  ) ¶·¨ ¤²¨É¥²Ó´μ¸É¨ ¨³¶Ê²Ó¸  ¨´¦¥±Í¨¨ 225 ³±¸,  
±μ²¨Î¥¸É¢μ ¨´¦¥±É¨·μ¢ ´´ÒÌ ¨μ´μ¢ §  Í¨±² · ¢´μ 109. �·¨ É ±μ° ÔËË¥±-
É¨¢´μ¸É¨ μÌ² ¦¤¥´¨Ö, ¢·¥³¥´¨ ¦¨§´¨ ¤²Ö ¢´μ¢Ó ¨´¦¥±É¨·μ¢ ´´ÒÌ Î ¸É¨Í ¨
¨μ´μ¢ ¸É¥± , · ¢´μ³ 4 ¨ 8 ¸ ¸μμÉ¢¥É¸É¢¥´´μ (·¨¸. 8), ±μÔËË¨Í¨¥´É ´ ±μ¶²¥´¨Ö
· ¢¥´ G = 2,5 ¨ ¸μ£² ¸Ê¥É¸Ö ¸ ¤ ´´Ò³¨ Ô±¸¶¥·¨³¥´É  (·¨¸. 9,  ). ‚ ·¥§Ê²ÓÉ É¥
Î¥£μ ¨´É¥´¸¨¢´μ¸ÉÓ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ ´  HIMAC ¸μ¸É ¢¨²  2,5 · 109. �·¨
¸´¨¦¥´¨¨ ¤²¨É¥²Ó´μ¸É¨ ¨³¶Ê²Ó¸  ¨´¦¥±Í¨¨, ±μ²¨Î¥¸É¢  ¨´¦¥±É¨·μ¢ ´´ÒÌ
Î ¸É¨Í ¨ ¨Ì Ô³¨ÉÉ ´¸  ÔËË¥±É¨¢´μ¸ÉÓ μÌ² ¦¤¥´¨Ö ¸É ´μ¢¨É¸Ö ¡²¨§±  ± 100 %,
  ±μÔËË¨Í¨¥´É ´ ±μ¶²¥´¨Ö ¨μ´μ¢ Ê¢¥²¨Î¨¢ ¥É¸Ö ¤μ G = 5 (·¨¸. 9, ¡).

�·¨ Ë¨±¸¨·μ¢ ´´μ° ¤²¨É¥²Ó´μ¸É¨ ³´μ£μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¨ ÔËË¥±É¨¢-
´μ¸ÉÓ μÌ² ¦¤¥´¨Ö ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ±μ²¨Î¥¸É¢μ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ Ê¢¥²¨Î¨-
¢ ÕÉ¸Ö ¸ ·μ¸Éμ³ Éμ±  Ô²¥±É·μ´´μ£μ ¶ÊÎ±  (·¨¸. 9,  ) [7, 15]. ‘ ·μ¸Éμ³ ¶¥·¨μ¤ 
¸²¥¤μ¢ ´¨Ö ¨³¶Ê²Ó¸μ¢ ¨´¦¥±Í¨¨ ¸´¨¦ ¥É¸Ö ±μ²¨Î¥¸É¢μ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢
(·¨¸. 9, ¡) [7, 15].

Œ ±¸¨³ ²Ó´ Ö ¨´É¥´¸¨¢´μ¸ÉÓ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ Ar18+ ¶·¨ ³´μ£μμ¡μ-
·μÉ´μ° ¨´¦¥±Í¨¨ ¸ Ô²¥±É·μ´´Ò³ μÌ² ¦¤¥´¨¥³ ¢ HIMAC ¸μ¸É ¢¨² 
2,5 · 109 Î ¸É¨Í §  ¨³¶Ê²Ó¸. ’¨¶¨Î´μ¥ §´ Î¥´¨¥ ±μÔËË¨Í¨¥´É  ´ ±μ¶²¥-
´¨Ö · ¢´μ 3Ä5 ¤²Ö ¨´É¥´¸¨¢´μ¸É¨ ¸É¥±  (1,5−2,5) ·109 Î ¸É¨Í §  ¨³¶Ê²Ó¸ ¶·¨
¨´¦¥±Í¨μ´´μ° ¨´É¥´¸¨¢´μ¸É¨ (0,3−1) · 109 Î ¸É¨Í §  ¨³¶Ê²Ó¸. � ¢´μ¢¥¸´Ò°

Ô³¨ÉÉ ´¸ ¸É¥±  ¶·μ¶μ·Í¨μ´ ²¥´ εst ∝ N
2/5
st [1, 2] (·¨¸. 5) ¶·¨ ´¨§±μ° ¨´É¥´-

¸¨¢´μ¸É¨ ³¥´¥¥ 108 Î ¸É¨Í §  ¨³¶Ê²Ó¸. �·¨ ¨´É¥´¸¨¢´μ¸É¨ ¡μ²¥¥ 108 Î ¸É¨Í
§  ¨³¶Ê²Ó¸ Ô³¨ÉÉ ´¸ ¸É¥±  ¶·μ¶μ·Í¨μ´ ²¥´ Î¨¸²Ê Î ¸É¨Í εs ∝ Nst ¢ ¸μ-
μÉ¢¥É¸É¢¨¨ ¸ ³μ¤¥²ÓÕ, ¶·¨¢¥¤¥´´μ° ¢  ´ ²¨É¨Î¥¸±¨Ì · ¸Î¥É Ì. �·¨ ·μ¸É¥
Ô³¨ÉÉ ´¸  ¸ Î¨¸²μ³ Î ¸É¨Í ¶²μÉ´μ¸ÉÓ ¸É¥±  μ¸É ¥É¸Ö ¶μ¸ÉμÖ´´μ° ¨ · ¢´μ°
9 · 106 ¨μ´μ¢/³³2 [12]. ˆ´É¥´¸¨¢´μ¸ÉÓ ¸É¥±  ²¨´¥°´μ Ê³¥´ÓÏ ¥É¸Ö ¶·¨ ¸´¨-
¦¥´¨¨ ¢¥·É¨± ²Ó´μ°  ¶¥·ÉÊ·Ò ¢ ¤¨ ¶ §μ´¥ 5Ä15 ³³ (·¨¸. 10). ˆμ´´ Ö ¨´É¥´-
¸¨¢´μ¸ÉÓ ¸É ´μ¢¨É¸Ö · ¢´μ° ´Ê²Õ ¶·¨  ¶¥·ÉÊ·¥ ay−ac ∼ 5 ³³, ÎÉμ μ¡Ê¸²μ-

�¨¸. 10. ‡ ¢¨¸¨³μ¸ÉÓ ¨´É¥´¸¨¢´μ¸É¨ ¸É¥±  μÉ ¨§³¥´¥´¨Ö ¢¥·É¨± ²Ó´μ°  ¶¥·ÉÊ·Ò
HIMAC
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¢²¥´μ ¢μ§³ÊÐ¥´¨Ö³¨ § ³±´ÊÉμ° μ·¡¨ÉÒ. �·¨ ¡μ²ÓÏ¥°  ¶¥·ÉÊ·¥ ²¨´¥°´Ò°
·μ¸É ¨´É¥´¸¨¢´μ¸É¨ ¸É¥±  ¢ Ô±¸¶¥·¨³¥´É¥ Ìμ·μÏμ ¸μ£² ¸Ê¥É¸Ö ¸ · ¸Î¥É´μ°

§ ¢¨¸¨³μ¸ÉÓÕ ¥£μ ¨´É¥´¸¨¢´μ¸É¨ μÉ  ¶¥·ÉÊ·Ò Nst ∝ a
4/5
y−ac.

Œ´μ£μμ¡μ·μÉ´ Ö ¨´¦¥±Í¨Ö ¸ Ô²¥±É·μ´´Ò³ μÌ² ¦¤¥´¨¥³ ´  HIMAC ¨³¥¥É
¤¢¥ μ¸μ¡¥´´μ¸É¨: ¢·¥³Ö ¦¨§´¨ ¢´μ¢Ó ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢ ¢ ¤¢  · §  ³¥´ÓÏ¥,
Î¥³ ¢·¥³Ö ¦¨§´¨ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ (·¨¸. 8), · §³¥· ¸É¥±  ¢ ¤¢  · §  ¡μ²ÓÏ¥,
Î¥³ ÔÉμ ¸²¥¤Ê¥É ¨§ ¢´ÊÉ·¨¶ÊÎ±μ¢μ£μ · ¸¸¥Ö´¨Ö.

‚·¥³Ö ¦¨§´¨ ¨μ´μ¢ ¸É¥±  ¸μ¸É ¢²Ö¥É 6Ä8 ¸ ¶·¨ ¥£μ ¨´É¥´¸¨¢´μ¸É¨
(1,5−2,5) · 109 ¨μ´μ¢ §  ¨³¶Ê²Ó¸, ¢·¥³Ö ¦¨§´¨ ¢´μ¢Ó ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢
· ¢´μ 3Ä4 ¸. ‘´¨¦¥´¨¥ ¢·¥³¥´¨ ¦¨§´¨ ¢´μ¢Ó ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢ μ¡Ê-
¸²μ¢²¥´μ ¨Ì ¢¥·É¨± ²Ó´Ò³¨ ¶μÉ¥·Ö³¨ ¡² £μ¤ ·Ö ¶μ¶¥·¥Î´μ° ¤¨ËËÊ§¨¨ ¶·¨
¸² ¡μ³ Ô²¥±É·μ´´μ³ μÌ² ¦¤¥´¨¨ ¤²Ö ¨μ´μ¢ ¸ ¡μ²ÓÏ¨³¨ £μ·¨§μ´É ²Ó´Ò³¨
 ³¶²¨ÉÊ¤ ³¨ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°.

Œ´μ£μμ¡μ·μÉ´ Ö ¨´¦¥±Í¨Ö ¸ Ô²¥±É·μ´´Ò³ μÌ² ¦¤¥´¨¥³ ·¥ ²¨§μ¢ ´ 
´  S-LSR ¤²Ö Ëμ·³¨·μ¢ ´¨Ö ¨´É¥´¸¨¢´ÒÌ ¶·μÉμ´´ÒÌ ¶ÊÎ±μ¢. Œ ±¸¨³ ²Ó´ Ö
¨´É¥´¸¨¢´μ¸ÉÓ ´ ±μ¶²¥´´ÒÌ ¶·μÉμ´μ¢ ¸μ¸É ¢¨²  500 ³±� (2 · 109 ¶·μÉμ´μ¢)
¶·¨ ¨´¦¥±Í¨μ´´μ³ Éμ±¥ 100 ³±� [8]. ‚·¥³Ö ¦¨§´¨ ¶·μÉμ´μ¢ ¸É¥±  ¸μ¸É -
¢²Ö¥É 1500 ¸ ¨ ´  ¤¢  ¶μ·Ö¤±  ¡μ²ÓÏ¥, Î¥³ ¢·¥³Ö ¦¨§´¨ ¢´μ¢Ó ¨´¦¥±É¨·Ê¥³ÒÌ
¶·μÉμ´μ¢. ‚·¥³Ö ¦¨§´¨ ¨´¦¥±É¨·Ê¥³ÒÌ ¶·μÉμ´μ¢ μ£· ´¨Î¥´μ ¶·¥¦¤¥ ¢¸¥£μ
ÏÊ³ ³¨ ¸É¥± , ¶·¨¢μ¤ÖÐ¨³¨ ± ¢¥·É¨± ²Ó´μ° ¤¨ËËÊ§¨¨ ¶·μÉμ´μ¢ ¨ ¨Ì ¶μÉ¥-
·Ö³ ´   ¶¥·ÉÊ·¥ ´ ±μ¶¨É¥²Ó´μ£μ ±μ²ÓÍ . …Ð¥ μ¤´¨³ μ£· ´¨Î¥´¨¥³ ´  ³ ±-
¸¨³ ²Ó´ÊÕ ¨´É¥´¸¨¢´μ¸ÉÓ ¸É¥±  ¢ S-LSR Ö¢²Ö¥É¸Ö ¥£μ ±μ£¥·¥´É´ Ö ´¥Ê¸Éμ°-
Î¨¢μ¸ÉÓ. �·¨³¥´¥´¨¥ ¸¨¸É¥³Ò μ¡· É´μ° ¸¢Ö§¨ [8] ¶μ§¢μ²Ö¥É ¶μ¤ ¢¨ÉÓ ¢¥·É¨-
± ²Ó´Ò¥ ±μ£¥·¥´É´Ò¥ ±μ²¥¡ ´¨Ö ¨ Ê¢¥²¨Î¨ÉÓ ¨´É¥´¸¨¢´μ¸ÉÓ ¸É¥±  ¤μ 1,2 ³�
(4,5 · 109 ¶·μÉμ´μ¢). ˆ´É¥´¸¨¢´μ¸ÉÓ ¶·μÉμ´μ¢ ¸É¥±  ¢ S-LSR ´¥²¨´¥°´μ § ¢¨-
¸¨É μÉ ¢·¥³¥´¨ ¨Ì ¦¨§´¨ (·¨¸. 7).

2.7. � ¸Î¥ÉÒ ´ ±μ¶²¥´¨Ö ¨μ´μ¢ ¢ ¸¨´Ì·μÉ·μ´¥ c Ô²¥±É·μ´´Ò³ μÌ² -
¦¤¥´¨¥³. „ ´´Ò¥ · ¸Î¥ÉÒ ¶·μ¢¥¤¥´Ò ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶ ±¥É  ¶·μ£· ³³
BETACOOL [16] ¶·¨ ÊÎ¥É¥ ¸²¥¤ÊÕÐ¨Ì ÔËË¥±Éμ¢: μÌ² ¦¤¥´¨Ö ¨μ´μ¢, ¨Ì ¢´Ê-
É·¨¶ÊÎ±μ¢μ£μ · ¸¸¥Ö´¨Ö, ¢§ ¨³μ¤¥°¸É¢¨Ö ¨μ´μ¢ ¸  Éμ³ ³¨ μ¸É ÉμÎ´μ£μ £ § 
¢ ¢ ±ÊÊ³´μ° ± ³¥·¥ ¸¨´Ì·μÉ·μ´ , ÔËË¥±Éμ¢ ´ £·¥¢  ¨ ¤¨ËËÊ§¨¨ ¨μ´μ¢ ¶μ¤
¤¥°¸É¢¨¥³ ÏÊ³μ¢, ¢μ§´¨± ÕÐ¨Ì ¢ ¨´É¥´¸¨¢´ÒÌ ¨μ´´ÒÌ ¶ÊÎ± Ì, ¨μ´´ÒÌ ¶μ-
É¥·Ó ´  ¸¥¶ÉÊ³¥, ¶μÉ¥·Ó Î ¸É¨Í, ÊÌμ¤ÖÐ¨Ì §   ±¸¥¶É ´¸ ¸¨´Ì·μÉ·μ´ . ‡ ¢¨-
¸¨³μ¸ÉÓ ±μ²¨Î¥¸É¢  ¨μ´μ¢ μÉ ¢·¥³¥´¨ ¶·¨ ¨´¦¥±Í¨¨ ¨ · ¸¶ ¤¥ ¸É¥± , ±μ£¤ 
¢Ò±²ÕÎ¥´μ Ô²¥±É·μ´´μ¥ μÌ² ¦¤¥´¨¥, ¶μ± § ´μ ´  ·¨¸. 11.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢, ¶·¥¤¸É ¢²¥´´ÒÌ ´  ·¨¸. 11, ¸μ¢¶ ¤ ÕÉ ¸ ·¥§Ê²ÓÉ -
É ³¨ Ô±¸¶¥·¨³¥´Éμ¢, ¶·¨¢¥¤¥´´ÒÌ ´  ·¨¸. 9,  . ‚ · ¸Î¥É Ì ´ ·Ö¤Ê ¸μ ¢§ ¨-
³μ¤¥°¸É¢¨¥³ ¨μ´μ¢ ¸ μ¸É ÉμÎ´Ò³ £ §μ³ É ±¦¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ¤μ¶μ²´¨É¥²Ó´Ò°
´ £·¥¢ ¨μ´μ¢ ¸μ ¸±μ·μ¸ÉÓÕ ·μ¸É  Ô³¨ÉÉ ´¸  ε̇v/ε̇h = 4/2 π · ³³ · ³· ¤/¸, ¢
·¥§Ê²ÓÉ É¥ ±μÉμ·μ£μ ¢·¥³Ö ¦¨§´¨ ¤²Ö ¨μ´μ¢ ¸É¥±  ¨ ¢´μ¢Ó ¨´¦¥±É¨·μ¢ ´´ÒÌ
¨μ´μ¢ · §²¨Î ¥É¸Ö ¢ ¤¢  · §  (·¨¸. 8). ˆ§³¥·¥´¨Ö ¶μ¶¥·¥Î´ÒÌ · §³¥·μ¢ ¨
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�¨¸. 11.  ) ‡ ¢¨¸¨³μ¸ÉÓ ¨´É¥´¸¨¢´μ¸É¨ ¨μ´μ¢ μÉ ¢·¥³¥´¨ ¶·¨ Ie = 120 ³�, R = 2,
ε̇v/ε̇h = 4/2 π · ³³ · ³· ¤/¸. ¡) � ¸¶·¥¤¥²¥´¨¥ ¨μ´μ¢ ¢ ¶·μ¸É· ´¸É¢¥ dP/P−x

¨´É¥´¸¨¢´μ¸É¨ ¸É¥±  ¢³¥¸É¥ ¸ ¤ ´´Ò³¨ · ¸Î¥Éμ¢ ¶μ§¢μ²¨²¨ ¢Ò¤¥²¨ÉÓ ¤¨ËËÊ-
§¨μ´´Ò¥ É¥³¶Ò ´ £·¥¢  ¨μ´μ¢ ¢ Ô±¸¶¥·¨³¥´É Ì ´  HIMAC.

�¸μ¡¥´´μ¸ÉÓÕ ³´μ£μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¨ ¢ ´ ±μ¶¨É¥²¥ S-LSR Ö¢²Ö¥É¸Ö
¡μ²ÓÏ Ö · §´¨Í  ¢μ ¢·¥³¥´¨ ¦¨§´¨ ¤²Ö ¶·μÉμ´μ¢ ¸É¥±  ¨ ¨´¦¥±É¨·Ê¥³ÒÌ
¶·μÉμ´μ¢ [8]. � ¸Î¥É´ Ö ¢¥²¨Î¨´  ¢·¥³¥´¨ ¦¨§´¨ ¶·μÉμ´μ¢ ¢ ¸É¥±¥ · ¢´ 
1500 ¸, ¢ Éμ ¢·¥³Ö ± ± ¤²Ö ¨´¦¥±É¨·Ê¥³ÒÌ ¶·μÉμ´μ¢ μ´  ¸μ¸É ¢²Ö¥É ¢¸¥£μ
²¨ÏÓ 10 ¸ ¶·¨ ¢Ò¸μ±μ° ¨´É¥´¸¨¢´μ¸É¨ ¸É¥± . ‘´¨¦¥´¨¥ ¢·¥³¥´¨ ¦¨§´¨ ¢´μ¢Ó
¨´¦¥±É¨·Ê¥³ÒÌ ¶·μÉμ´μ¢ (·¨¸. 3) μ¡Ê¸²μ¢²¥´μ ¨Ì É¥³¶μ³ ¢¥·É¨± ²Ó´μ£μ ´ -
£·¥¢ , ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ ¸±μ·μ¸É¨ ·μ¸É  ¢¥·É¨± ²Ó´μ£μ Ô³¨É ´¸  dεV /dt =
5 · 10−3(Nst/Ninj) π ·³³ ·³· ¤/¸ ¶·¨ Ê¢¥²¨Î¥´¨¨ Î¨¸²  Î ¸É¨Í ¸É¥± . —¨¸²¥´-
´Ò¥ · ¸Î¥ÉÒ ¶·¨¢¥¤¥´Ò ¤²Ö ¸²¥¤ÊÕÐ¨Ì ¶ · ³¥É·μ¢ ´ ±μ¶¨É¥²Ö S-LSR ¢ £μ·¨-
§μ´É ²Ó´μ³ ¨ ¢¥·É¨± ²Ó´μ³ ´ ¶· ¢²¥´¨ÖÌ ¸μμÉ¢¥É¸É¢¥´´μ:  ±¸¥¶É ´¸ ±μ²ÓÍ ,
εst−ac = 20/30 π ·³³ ·³· ¤, εinj = 80/10 π ·³³ ·³· ¤. �²¥±É·μ´´μ¥ μÌ² ¦¤¥-
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�¨¸. 12. ‡ ¢¨¸¨³μ¸ÉÓ · ¸Î¥É´μ° ¨´É¥´¸¨¢´μ¸É¨ ¸É¥±  ¢ ´ ±μ¶¨É¥²Ó´μ³ ±μ²ÓÍ¥ S-LSR
μÉ ¢·¥³¥´¨ ¤²Ö Ie = 100 ³� ¨ R = 2

´¨¥ ¶·μÉμ´μ¢ · ¸¸Î¨É ´μ ´  μ¸´μ¢¥ ³μ¤¥²¨ � ·Ìμ³ÎÊ±  ¶·¨ ÔËË¥±É¨¢´μ°
É¥³¶¥· ÉÊ·¥ Ô²¥±É·μ´μ¢ 10 ³Ô‚. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ (·¨¸. 12) ´ Ìμ¤ÖÉ¸Ö ¢
Ìμ·μÏ¥³ ¸μ£² ¸¨¨ ¸ ¤ ´´Ò³¨ Ô±¸¶¥·¨³¥´Éμ¢ ´  S-LSR ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨
¸¨¸É¥³Ò μ¡· É´μ° ¸¢Ö§¨ ¤²Ö ¶μ¤ ¢²¥´¨Ö ´¥Ê¸Éμ°Î¨¢μ¸É¨ [8]. ‚¥²¨Î¨´  ³ ±-
¸¨³ ²Ó´μ° ¨´É¥´¸¨¢´μ¸É¨ ¸É¥±  μ¡Ê¸²μ¢²¥´  ¢¥·É¨± ²Ó´Ò³¨ ¶μÉ¥·Ö³¨ ¢´μ¢Ó
¨´¦¥±É¨·Ê¥³ÒÌ ¶·μÉμ´μ¢ ¨§-§  ÏÊ³μ¢ ¸É¥± , ¶·¨¢μ¤ÖÐ¨Ì ± ¨Ì ¶μ¶¥·¥Î´μ°
¤¨ËËÊ§¨¨.

2.8. Œ´μ£μÍ¨±²μ¢ Ö ¨´¦¥±Í¨Ö ¨μ´μ¢ �u31+ ¢ ¡Ê¸É¥· ±μ²² °¤¥·  NICA.
„²Ö Ê¢¥²¨Î¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ´ ±μ¶²¥´´μ£μ ¶ÊÎ±  ¨μ´μ¢ §μ²μÉ  Au31+ ¸
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 c ¶μ¢Éμ·¥´¨¥³
Í¨±²μ¢ ¨´¦¥±Í¨¨ ¸ Î ¸ÉμÉμ° ¤μ 10 ƒÍ. ˆ´É¥´¸¨¢´μ¸ÉÓ ¢Ò¢¥¤¥´´μ£μ ¶ÊÎ±  ¨§
²¨´¥°´μ£μ Ê¸±μ·¨É¥²Ö · ¢´  108Ä109 ¨μ´μ¢ §  μ¤¨´ Í¨±² ¨´¦¥±Í¨¨. ‚ ¡Ê¸-
É¥·¥ ¶·¥¤¶μ² £ ¥É¸Ö ¢ ±ÊÊ³ ´  Ê·μ¢´¥ 5 · 10−11 ’μ··,   £ §μ¢Ò° ¸μ¸É ¢ μ¸É -
ÉμÎ´μ£μ £ §  É ±μ¢, ÎÉμ ¶·¨ Ô´¥·£¨¨ ¨´¦¥±Í¨¨ 3,1 ŒÔ‚/´Ê±²μ´ ¢·¥³Ö ¦¨§´¨
¨μ´μ¢ Au31+ ¸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¥´¨¥ ±μ²¨Î¥¸É¢  ´ ±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¤¥ μ¤´μμ¡μ·μÉ´μ° μ¤´μÍ¨±²μ¢μ°
¨´¦¥±Í¨¨, ¨ ¤²¨É¥²Ó´μ¸É¨ Í¨±²  · ¡μÉÒ ¡Ê¸É¥·  τ = 5 ¸ ¸·¥¤´¨° ¶μÉμ±
¸μ¸É ¢²Ö¥É 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¨¨.



ˆ�†…Š–ˆŸ ˆ “‘’�‰—ˆ‚�‘’œ ˆ�’…�‘ˆ‚�›• ˆ���›• �“—Š�‚ 1719

C·¥¤´¥±¢ ¤· É¨Î´Ò° Ô³¨ÉÉ ´¸ ¶ÊÎ±  εx,y = σ2
x,y/βx,y ´  ¢ÒÌμ¤¥ ¨§ ²¨-

´¥°´μ£μ Ê¸±μ·¨É¥²Ö · ¢¥´ εx/εy = 3 π · ³³ · ³· ¤. ‡¤¥¸Ó σx,y Å ¶μ¶¥·¥Î´Ò°
· §³¥· ¶ÊÎ± ; βx,y Å ¡¥É -ËÊ´±Í¨Ö ¢ μ¡² ¸É¨ ¨´¦¥±Í¨¨. „²Ö ´ ±μ¶²¥´¨Ö
¨μ´μ¢ ¸É¥±  ¢Ò¸μ±μ° ¨´É¥´¸¨¢´μ¸É¨ £μ·¨§μ´É ²Ó´Ò°  ±¸¥¶É ´¸ ¤²Ö ´¨Ì ¸μ-
¸É ¢²Ö¥É εac = 10 π · 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.
“£²μ¢μ° · §¡·μ¸ ¨´¦¥±É¨·Ê¥³μ£μ ¶ÊÎ±  ¸μ¸É ¢²Ö¥É (εx/βinj)1/2. �·¨ μ¤´μ-
μ¡μ·μÉ´μ° ¨´¦¥±Í¨¨ ¸μ ¸É¥±¨·μ¢ ´¨¥³ ´ Î ²Ó´Ò° £μ·¨§μ´É ²Ó´Ò° Ô³¨ÉÉ ´¸
¶ÊÎ±  ¢ ¡Ê¸É¥·¥ · ¢¥´ εinj−x = 2εx + (εxεac)1/2 = 11,5 π · ³³ · ³· ¤.

� ¸Î¥ÉÒ μ¤´μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¨ ¨μ´μ¢ §μ²μÉ  Au31+ ¢Ò¶μ²´¥´Ò ¸
¨¸¶μ²Ó§μ¢ ´¨¥³ ±μ³¶ÓÕÉ¥·´μ£μ ±μ¤  BETACOOL [16]. ’μ± Ô²¥±É·μ´´μ£μ
¶ÊÎ±  · ¢¥´ 0,1 �, · ¤¨Ê¸ ¶ÊÎ±  2 ¸³, ¶ÊÎμ± ¨³¥¥É μ¤´μ·μ¤´ÊÕ ¶²μÉ´μ¸ÉÓ ¶μ
· ¤¨Ê¸Ê, ¤²¨´  c¥±Í¨¨ μÌ² ¦¤¥´¨Ö ¸μ¸É ¢²Ö¥É 1,94 ³.

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 £ § .

‚ ¶·¨¸ÊÉ¸É¢¨¨ ´¥±μ£¥·¥´É´ÒÌ ÏÊ³μ¢ ¸É¥±  μÌ² ¦¤¥´´Ò° Ô³¨ÉÉ ´¸ ¸É¥± 
μ¶·¥¤¥²Ö¥É¸Ö Î¨¸²μ³ Î ¸É¨Í ¢ ´¥³ Nst ¨ ¡¥É É·μ´´Ò³ c¤¢¨£μ³ Î ¸-
ÉμÉÒ ΔQ (1). ‚ ·¥§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¥ Å ± ¸´¨¦¥´¨Õ ¨´É¥´¸¨¢´μ¸É¨ ¸É¥± . ‚
¤ ²Ó´¥°Ï¨Ì · ¸Î¥É Ì, ¶·¨¢¥¤¥´´ÒÌ ¢ ÔÉμ³ ¶ · £· Ë¥, É¥³¶ ¤¨ËËÊ§¨μ´´μ£μ
´ £·¥¢  Ô³¨ÉÉ ´¸ , ¶·μ¶μ·Í¨μ´ ²Ó´Ò° Î¨¸²Ê Î ¸É¨Í ¸É¥±  Nst, ¡Ê¤¥³ ´μ·-
³¨·μ¢ ÉÓ ´  ±μ²¨Î¥¸É¢μ ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢ Ninj: dε/dt = kNst/Ninj.
Œ ±¸¨³ ²Ó´ Ö ¨´É¥´¸¨¢´μ¸ÉÓ ¨μ´μ¢ ¸É¥±  ¸μ¸É ¢²Ö¥É Nst = 5,5 · 109 ¶·¨
¤²¨É¥²Ó´μ¸É¨ ¸É¥±¨·μ¢ ´¨Ö 2 ¸ (·¨¸. 13) ¢ ¶·¨¸ÊÉ¸É¢¨¨ ÏÊ³μ¢ ¸É¥±  ¸ É¥³¶μ³
¤¨ËËÊ§¨μ´´μ£μ ´ £·¥¢  Ô³¨ÉÉ ´¸  ε̇h/ε̇v = 0,3Nst/Ninj ¸−1 ¤²Ö 20-Í¨±²μ¢μ°
¨´¦¥±Í¨¨ ¸ Î ¸ÉμÉμ° ¶μ¢Éμ·¥´¨Ö 10 ƒÍ. ˆ§-§  ´¥±μ£¥·¥´É´μ£μ ´ £·¥¢  ¨´É¥´-
¸¨¢´μ¸ÉÓ ¸É¥±  ¸´¨§¨² ¸Ó ¢ 1,4 · §  ¶μ ¸· ¢´¥´¨Õ ¸μ ¸²ÊÎ ¥³, ±μ£¤  ´¥É ¤¨Ë-
ËÊ§¨μ´´μ£μ ´ £·¥¢ . � ¢´μ¢¥¸´Ò° Ô³¨ÉÉ ´¸ ¸É¥±  ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¤¨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.

�·¨ ´ ±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 ´ £·¥¢  [17]. —Éμ¡Ò ¨§¡¥¦ ÉÓ
· §¢¨É¨Ö ´¥Ê¸Éμ°Î¨¢μ¸É¨, ¶·¨³¥´ÖÕÉ ¶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¨¸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 ¸´¨¦¥´ (¸³. ¶. 3.2).
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�¨¸. 13.  ) ‡ ¢¨¸¨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¥´¨

‚´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´μ¢
¶μ ¸· ¢´¥´¨Õ ¸ μ¤´μ·μ¤´Ò³ ¶ÊÎ±μ³. ‚ ¶·¨¸ÊÉ¸É¢¨¨ ´¥±μ£¥·¥´É´μ£μ ¤¨ËËÊ-
§¨μ´´μ£μ ´ £·¥¢  ¸É¥±  ¸ É¥³¶μ³ ·μ¸É  Ô³¨ÉÉ ´¸  ε̇h/ε̇v = 0,1Nst/Ninj ¸−1

¨´É¥´¸¨¢´μ¸ÉÓ ´ ±μ¶²¥´´μ£μ ¶ÊÎ±  ¸´¨¦ ¥É¸Ö ¸ 6,3 · 109 ¤μ 5,7 · 109. ‚ ¶·¨-
¸ÊÉ¸É¢¨¨ ´¥±μ£¥·¥´É´μ£μ ¤¨ËËÊ§¨μ´´μ£μ ´ £·¥¢  ¸É¥±  ¸ É¥³¶μ³ ·μ¸É  Ô³¨É-
É ´¸  ε̇h/ε̇v = 0,3Nst/Ninj ¸−1 ¨´É¥´¸¨¢´μ¸ÉÓ ´ ±μ¶²¥´´μ£μ ¶ÊÎ±  ¸´¨¦ ¥É¸Ö
¸ 6,3 · 109 ¤μ 4,1 · 109 (·¨¸. 14). ‚ ¶·¨¸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 ¢ 4Ä5 · § Ê¢¥²¨Î¨ÉÓ ¸·¥¤´¨° ¶μÉμ± ¨μ´μ¢ ¶μ ¸· ¢´¥´¨Õ ¸
μ¤´μÍ¨±²μ¢μ° μ¤´μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¥°.

—¨¸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-
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�¨¸. 14.  ) ‡ ¢¨¸¨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¥´¨

�¨¸. 15. ‡ ¢¨¸¨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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´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 ´  ·¨¸. 14, ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 15. ‘´¨¦¥´¨¥ ¢·¥³¥´¨
¦¨§´¨ ¸ 4,4 ¤μ 0,65 ¸ ¶·¨¢μ¤¨É ± ¸´¨¦¥´¨Õ ¨´É¥´¸¨¢´μ¸É¨ ´ ±μ¶²¥´´μ£μ
¶ÊÎ±  ¸ 4,1 · 109 ¤μ 2,2 · 109.

�·¨ ¨´¦¥±Í¨¨ ¨μ´´ÒÌ ¶ÊÎ±μ¢ Au31+ ¸ ´¨§±μ° ¨´É¥´¸¨¢´μ¸ÉÓÕ 108 Î -
¸É¨Í §  ¨³¶Ê²Ó¸ ¢μ§³μ¦´μ ¨Ì ´ ±μ¶²¥´¨¥ ¸ 10Ä15-±· É´Ò³ ·μ¸Éμ³ ¨´É¥´-
¸¨¢´μ¸É¨ ¶μ ¸· ¢´¥´¨Õ ¸ ¨´¦¥±Í¨μ´´μ° ¨´É¥´¸¨¢´μ¸ÉÓÕ ¶·¨ 50-Í¨±²μ¢μ°
¨´¦¥±Í¨¨ ¸ Î ¸ÉμÉμ° ¶μ¢Éμ·¥´¨Ö 5Ä10 ƒÍ (·¨¸. 16). ‘´¨¦¥´¨¥ Î ¸ÉμÉÒ ¶μ-

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

�¨¸. 17. ‡ ¢¨¸¨³μ¸ÉÓ ¨´É¥´¸¨¢´μ¸É¨ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ μÉ É¥³¶  ·μ¸É  Ô³¨ÉÉ ´¸ 
¶·¨ ¤¨ËËÊ§¨μ´´μ³ ´ £·¥¢¥ ¸É¥±  ¨ Î ¸ÉμÉ¥ ¨´¦¥±Í¨¨ 5 ƒÍ
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¢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¨É-
É ´¸  ε̇h/ε̇v = kNst/Ninj ¸−1 ¶·¨ Î ¸ÉμÉ¥ ¨´¦¥±Í¨¨ 5 ƒÍ ¤²Ö ¤¨ËËÊ§¨μ´-
´μ£μ ´ £·¥¢  ¶·¨¢¥¤¥´μ ´  ·¨¸. 17. �·¨ ¸±μ·μ¸É¨ ·μ¸É  Ô³¨ÉÉ ´¸  ε̇h/ε̇v =
0,3N/Ninj ¸−1 ¨´É¥´¸¨¢´μ¸ÉÓ ´ ±μ¶²¥´´μ£μ ¶ÊÎ±  ¸´¨¦ ¥É¸Ö ¢ ¤¢  · §  ¶μ
¸· ¢´¥´¨Õ ¸μ ¸²ÊÎ ¥³, ±μ£¤  ´¥É ¤¨ËËÊ§¨μ´´μ£μ ´ £·¥¢ .

3. “‘’�‰—ˆ‚�‘’œ �•‹�†„…��›• ˆ���›• �“—Š�‚

3.1. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö Ê¸Éμ°Î¨¢μ¸É¨ μÌ² ¦¤¥´´ÒÌ ¨μ´-
´ÒÌ ¶ÊÎ±μ¢. �¥Ê¸Éμ°Î¨¢μ¸ÉÓ μÌ² ¦¤¥´´ÒÌ ¨μ´´ÒÌ ¶ÊÎ±μ¢ ¢ ¸¨´Ì·μÉ·μ´ Ì
¢μ§´¨± ¥É ¶·¨ ¢Ò¸μ±¨Ì ¶²μÉ´μ¸ÉÖÌ Ô²¥±É·μ´´ÒÌ ¨ ¨μ´´ÒÌ ¶ÊÎ±μ¢. ‚¶¥·-
¢Ò¥  ´ ²μ£¨Î´ Ö ´¥Ê¸Éμ°Î¨¢μ¸ÉÓ ¡Ò²  § ·¥£¨¸É·¨·μ¢ ´  ¢ Ô±¸¶¥·¨³¥´É Ì ´ 
CELSIUS [17]; ¢ ¶·¨¸ÊÉ¸É¢¨¨ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¢·¥³Ö ¦¨§´¨ ¶·μÉμ´μ¢
·¥§±μ ¸μ±· Ð ²μ¸Ó. ’ ±, ¶·¨ ¢Ò±²ÕÎ¥´´μ³ Ô²¥±É·μ´´μ³ ¶ÊÎ±¥ ¢·¥³Ö ¦¨§´¨
¶·μÉμ´μ¢ ¸μ¸É ¢²Ö²μ 50Ä100 ¸, ¶·¨ ¢±²ÕÎ¥´´μ³ Ô²¥±É·μ´´μ³ ¶ÊÎ±¥ μ´μ ¸´¨-
¦ ²μ¸Ó ¤μ 1 ¸ [17]. �¤´ ±μ ¶·¨ ¸´¨¦¥´¨¨ ¨´É¥´¸¨¢´μ¸É¨ μÌ² ¦¤¥´´μ£μ
¶·μÉμ´´μ£μ ¶ÊÎ±  ¢ ¶·μÍ¥¸¸¥ ¥£μ · ¸¶ ¤  ¤μ Ê·μ¢´Ö ´¨¦¥ ´¥±μÉμ·μ£μ ¶μ·μ-
£μ¢μ£μ §´ Î¥´¨Ö ¢·¥³Ö ¦¨§´¨ ¸É ´μ¢¨²μ¸Ó ¸· ¢´¨³μ ¸ ¥£μ §´ Î¥´¨¥³ ¤²Ö ¢Ò-
±²ÕÎ¥´´μ£μ Ô²¥±É·μ´´μ£μ ¶ÊÎ± . �μ§¤´¥¥ ÔÉ  ´¥Ê¸Éμ°Î¨¢μ¸ÉÓ ¨¸¸²¥¤μ¢ ² ¸Ó
¢ Ô±¸¶¥·¨³¥´É Ì ´  SIS [18], COSY [5, 19, 20], HIMAC [6, 7, 15], LEIR [21],
S-LSR [8], CSR [21] ¨ ·Ö¤¥ ¤·Ê£¨Ì ¸¨´Ì·μÉ·μ´μ¢ ¸ Ô²¥±É·μ´´Ò³ μÌ² ¦¤¥-
´¨¥³. ˆ¸ÉμÎ´¨± ³¨ ¡Ò¸É·ÒÌ ¶μÉ¥·Ó ¨μ´μ¢ ¨²¨ É ± ´ §Ò¢ ¥³μ£μ Ô²¥±É·μ´´μ£μ
´ £·¥¢  ¢ ÔÉ¨Ì Ô±¸¶¥·¨³¥´É Ì ¡Ò²¨ ´¥²¨´¥°´Ò¥ ¶μ²Ö Ô²¥±É·μ´´μ£μ ¶ÊÎ±  [17]
¨ ±μ£¥·¥´É´Ò¥ ±μ²¥¡ ´¨Ö ¨μ´μ¢ [22].

‚ Ô±¸¶¥·¨³¥´É Ì ´  ‘OSY ¤¥É ²Ó´μ ¨¸¸²¥¤μ¢ ´Ò ³¥Ì ´¨§³Ò ¶μÉ¥·Ó ¶·μ-
Éμ´´ÒÌ ¶ÊÎ±μ¢ ¢ ¶·¨¸ÊÉ¸É¢¨¨ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö [5, 19, 20]. …¸²¨
¨´É¥·¢ ² ¢·¥³¥´¨ ³¥¦¤Ê ¤¢Ê³Ö ¶μ¸²¥¤μ¢ É¥²Ó´Ò³¨ ¨³¶Ê²Ó¸ ³¨ ¨´¦¥±Í¨¨
¡μ²ÓÏ¥ 20 ¸, Éμ μ¡ÒÎ´μ ´ ¡²Õ¤ ÕÉ¸Ö ¡Ò¸É·Ò¥ ¶μÉ¥·¨ Î ¸É¨Í, ÎÉμ μ£· ´¨-
Î¨¢ ¥É ¤μ¸É¨¦¨³ÊÕ ¨´É¥´¸¨¢´μ¸ÉÓ ´ ±μ¶²¥´´μ£μ ¶ÊÎ± . �  ·¨¸. 18 ¶·¨¢¥¤¥´
¶·¨³¥· ¨§³¥´¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±  ¶·¨ ¶¥·¨μ¤¥ ¶μ¢Éμ·¥´¨Ö ¨³¶Ê²Ó¸μ¢
¨´¦¥±Í¨¨ 30 ¸. �¨¦´ÖÖ ±·¨¢ Ö ¶·¥¤¸É ¢²Ö¥É § ¢¨¸¨³μ¸ÉÓ ¸¨£´ ²  ¤ ÉÎ¨± 
Éμ±  μÉ ¢·¥³¥´¨, ¢¥·Ì´ÖÖ Å ¶μ± § ´¨Ö ¤ ÉÎ¨±  É¥³¶  £¥´¥· Í¨¨ ´¥°É· ²Ó´ÒÌ
 Éμ³μ¢ H0, ±μÉμ·Ò° Ì · ±É¥·¨§Ê¥É ¶·μÍ¥¸¸ μÌ² ¦¤¥´¨Ö. ‚·¥³¥´´
 Ö Ï± ² 
´  ·¨¸. 18 ¸μμÉ¢¥É¸É¢Ê¥É 5 ¸/¤¥²., Éμ± ¶·μÉμ´´μ£μ ¶ÊÎ±  ¸μ¸É ¢²Ö¥É 0,5 ³A
(6 · 109 ¶·μÉμ´μ¢), É¥³¶ £¥´¥· Í¨¨ ´¥°É· ²Ó´ÒÌ  Éμ³μ¢ · ¢¥´ 3 ±ƒÍ.

Œμ¦´μ ¢Ò¤¥²¨ÉÓ Î¥ÉÒ·¥ Ì · ±É¥·´Ò¥ ¸É ¤¨¨ · §¢¨É¨Ö ¶·μÍ¥¸¸  μÌ² ¦-
¤¥´¨Ö ¨´¦¥±É¨·μ¢ ´´μ£μ ¶ÊÎ± . ‚ ¶¥·¢Ò¥ 10 ¸ μÌ² ¦¤¥´¨Ö ´ ¡²Õ¤ ¥É¸Ö
¡Ò¸É·μ¥ Ê³¥´ÓÏ¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ± , ¶·¨ ÔÉμ³ ±μ²¨Î¥¸É¢μ μÌ² ¦¤¥´-
´ÒÌ ¨μ´μ¢ Ê¢¥²¨Î¨¢ ¥É¸Ö Å ¸¨£´ ² ¤ ÉÎ¨±  ´¥°É· ²Ó´ÒÌ  Éμ³μ¢ ¢μ§· ¸É ¥É.
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�¨¸. 18. ‡ ¢¨¸¨³μ¸ÉÓ ¶μÉμ±  ´¥°É· ²Ó´ÒÌ  Éμ³μ¢ (¢¥·Ì´ÖÖ μ¸Í¨²²μ£· ³³ ) ¨ ¨´É¥´-
¸¨¢´μ¸É¨ ¶·μÉμ´´μ£μ ¶ÊÎ±  (´¨¦´ÖÖ μ¸Í¨²²μ£· ³³ ) μÉ ¢·¥³¥´¨ ¤²Ö ¶μ¢Éμ·ÖÕÐ¨Ì¸Ö
Í¨±²μ¢ ¨´¦¥±Í¨¨

�ÉμÉ ¶¥·¨μ¤ ¸μμÉ¢¥É¸É¢Ê¥É μÌ² ¦¤¥´¨Õ ¨ ´¥±μ£¥·¥´É´Ò³ ¶μÉ¥·Ö³ Î ¸É¨ ¨´-
¦¥±É¨·μ¢ ´´μ£μ ¶ÊÎ±  ¸  ³¶²¨ÉÊ¤ ³¨ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¡μ²ÓÏ¥ · -
¤¨Ê¸  Ô²¥±É·μ´´μ£μ ¶ÊÎ± . �μ¸²¥ ÔÉμ£μ ¢ É¥Î¥´¨¥ ¶·¨³¥·´μ 7 ¸ Éμ± ¶ÊÎ±  ¨
É¥³¶ £¥´¥· Í¨¨ ´¥°É· ²Ó´ÒÌ  Éμ³μ¢ μ¸É ÕÉ¸Ö ¶μ¸ÉμÖ´´Ò³¨, ÎÉμ Ê± §Ò¢ ¥É
´  § ¢¥·Ï¥´¨¥ ¶·μÍ¥¸¸  μÌ² ¦¤¥´¨Ö Î ¸É¨Í ¸ ¡μ²ÓÏ¨³¨  ³¶²¨ÉÊ¤ ³¨ ±μ²¥-
¡ ´¨°. —¥·¥§ 17 ¸ ¶μ¸²¥ ¨³¶Ê²Ó¸  ¨´¦¥±Í¨¨ ¸²¥¤Ê¥É ¡Ò¸É·μ¥ Ê³¥´ÓÏ¥´¨¥
¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±  ¶·¨³¥·´μ ´  50%. �μ¸²¥ ÔÉμ£μ ¶·μ¤μ²¦ ¥É¸Ö μÉ´μ¸¨-
É¥²Ó´μ ³¥¤²¥´´Ò° · ¸¶ ¤ ¶ÊÎ±  ¸ Ì · ±É¥·´Ò³ ¢·¥³¥´¥³ ¦¨§´¨ ¶μ·Ö¤±  10 ¸.

…¸²¨ ´¥±μ£¥·¥´É´Ò¥ ¶μÉ¥·¨ Î ¸É¨Í ´¥¶μ¸·¥¤¸É¢¥´´μ ¶μ¸²¥ ¨´¦¥±Í¨¨
¸¢Ö§ ´Ò ¸ ¡μ²ÓÏ¨³ · ¤¨Ê¸μ³ ¨´¦¥±É¨·μ¢ ´´μ£μ ¶ÊÎ± , Éμ ¶μ¢Éμ·´Ò¥ ¶μ-
É¥·¨ Î ¸É¨Í ¸¢Ö§ ´Ò ¸ Ê¢¥²¨Î¥´¨¥³ Ë §μ¢μ° ¶²μÉ´μ¸É¨ μÌ² ¦¤ ¥³μ£μ ¶ÊÎ± .
‚ μÌ² ¦¤¥´´μ³ ¶·μÉμ´´μ³ ¶ÊÎ±¥ ¢μ§´¨± ¥É ´¥Ê¸Éμ°Î¨¢μ¸ÉÓ, ÎÉμ ¨ ¶·¨¢μ¤¨É
± ¶μÉ¥·Ö³.

‚μ§´¨±´μ¢¥´¨¥ ´¥Ê¸Éμ°Î¨¢μ¸É¨ Ì · ±É¥·¨§Ê¥É¸Ö ·¥§±¨³ ¢μ§· ¸É ´¨¥³  ³-
¶²¨ÉÊ¤Ò ±μ£¥·¥´É´ÒÌ ¢¥·É¨± ²Ó´ÒÌ ±μ²¥¡ ´¨° ¨μ´μ¢. — ¸ÉμÉÒ ¢¥·É¨± ²Ó´ÒÌ
¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¸μμÉ¢¥É¸É¢ÊÕÉ £ ·³μ´¨± ³ ¢¥·É¨± ²Ó´μ£μ ¡¥É É·μ´-
´μ£μ Î¨¸² . „¨´ ³¨±  ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° ¢¶¥·¢Ò¥ ¨¸¸²¥¤μ¢ ´  ¢ Ô±¸¶¥-
·¨³¥´É Ì ´  COSY [5]. �¥·¢μ° μ¸μ¡¥´´μ¸ÉÓÕ ¶μ¢¥¤¥´¨Ö μÌ² ¦¤¥´´μ£μ ¶ÊÎ± 
¡Ò²μ ¶μÖ¢²¥´¨¥ É·¥Ì ¶¨±μ¢ ¢ ¸É·Ê±ÉÊ·¥ ¸¶¥±É·  ÏÊ³μ¢μ£μ ¸¨£´ ² . �  ·¨¸. 19
¶·¥¤¸É ¢²¥´Ò ÏμÉÉ±¨-¸¶¥±É·Ò ¶·μ¤μ²Ó´μ° ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò, ¢·¥³Ö ¨§³¥·¥´¨Ö
¸¶¥±É·  μÉ¸Î¨ÉÒ¢ ¥É¸Ö μÉ ¨³¶Ê²Ó¸  ¨´¦¥±Í¨¨.

‘É·Ê±ÉÊ·  ¸¶¥±É·  ¸ ¤¢Ê³Ö ¶¨± ³¨ Ëμ·³¨·Ê¥É¸Ö ¶·¨ ¤μ¸É ÉμÎ´μ £²Ê¡μ±μ³
μÌ² ¦¤¥´¨¨ ¶ÊÎ± , ¨ § É¥³ (Î¥·¥§ 8 ¸ ¶μ¸²¥ ¨³¶Ê²Ó¸  ¨´¦¥±Í¨¨) ¶μÖ¢²Ö¥É¸Ö
¤μ¶μ²´¨É¥²Ó´Ò° É·¥É¨° ¶¨± ¢ Í¥´É·¥ ¸¶¥±É· . �ÉμÉ Í¥´É· ²Ó´Ò° ¶¨± ¢ ÉμÎ´μ-
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�¨¸. 19. ‘¶¥±É· ¶·μ¤μ²Ó´μ£μ ÏÊ³  ˜μÉÉ±¨, Ï± ²  Î ¸ÉμÉ ¸μμÉ¢¥É¸É¢Ê¥É 62,5 ƒÍ/¤¥².,
Î ¸ÉμÉ  Í¥´É· ²Ó´μ£μ ¶¨±  · ¢´  488,7 ±ƒÍ

¸É¨ ¸μμÉ¢¥É¸É¢Ê¥É Î ¸ÉμÉ¥ μ¡· Ð¥´¨Ö. �μ¸²¥ ¸¢μ¥£μ ¢μ§´¨±´μ¢¥´¨Ö ¸É·Ê±ÉÊ· 
¸¶¥±É·  ¸ É·¥³Ö ¶¨± ³¨ ¸μÌ· ´Ö¥É¸Ö ¤μ ¸²¥¤ÊÕÐ¥£μ ¨³¶Ê²Ó¸  ¨´¦¥±Í¨¨.

�¤´μ¢·¥³¥´´μ ¸ ´ ¡²Õ¤¥´¨¥³ ¸¶¥±É·  ÏÊ³μ¢ ¶·μ¤μ²Ó´μ° ¸É¥¶¥´¨ ¸¢μ-
¡μ¤Ò ¸ ¶μ³μÐÓÕ ¢¥±Éμ·´μ£μ  ´ ²¨§ Éμ·  ´ ¡²Õ¤ ²¨¸Ó ¨ ¶μ¶¥·¥Î´Ò¥ ÏÊ³Ò
¶ÊÎ±  (·¨¸. 20). ƒ· Ë¨± ¶·¨¢¥¤¥´ ¢ ·¥¦¨³¥ ¸¶¥±É·μ£· ³³Ò, É. ¥. ¸É¥¶¥´Ó Ö·-
±μ¸É¨ ¸μμÉ¢¥É¸É¢Ê¥É  ³¶²¨ÉÊ¤¥ ¸¨£´ ² . ‘¶¥±É· ¶μ¶¥·¥Î´μ£μ ÏÊ³  ˜μÉÉ±¨
¢ μ¡² ¸É¨ Î ¸ÉμÉ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° μÉÎ¥É²¨¢μ ¤¥³μ´¸É·¨·Ê¥É ¶·μÍ¥¸¸
· §¢¨É¨Ö ´¥Ê¸Éμ°Î¨¢μ¸É¨. �μÖ¢²ÖÕÐ¨°¸Ö ´¥¶μ¸·¥¤¸É¢¥´´μ ¶μ¸²¥ ¨³¶Ê²Ó¸ 

�¨¸. 20. ‘¶¥±É·μ£· ³³  ¶μ¶¥·¥Î´μ£μ ÏÊ³  ˜μÉÉ±¨, fx = 676,92 ±ƒÍ, fy =
662,19 ±ƒÍ Å ¢¥·É¨± ²Ó´ Ö ¨ £μ·¨§μ´É ²Ó´ Ö ¡¥É É·μ´´Ò¥ Î ¸ÉμÉÒ, ¸μμÉ¢¥É¸É¢ÊÕ-
Ð¨¥ ¡¥É É·μ´´Ò³ Î¨¸² ³ Qx = 3,620, Qy = 3,645
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¨´¦¥±Í¨¨ ¸² ¡Ò° ¸¨£´ ², ¸μμÉ¢¥É¸É¢ÊÕÐ¨° Î ¸ÉμÉ¥ £μ·¨§μ´É ²Ó´ÒÌ ±μ²¥¡ -
´¨°, Î¥·¥§ 8 ¸ ´¥§´ Î¨É¥²Ó´μ ¸³¥Ð ¥É¸Ö ¶μ Î ¸ÉμÉ¥ (ΔQx = +0,003) ¨ ·¥§±μ
Ê¢¥²¨Î¨¢ ¥É¸Ö ¶μ  ³¶²¨ÉÊ¤¥. �Éμ ¶·μ¨¸Ìμ¤¨É ¢ ÉμÎ´μ¸É¨ ¢ ³μ³¥´É ¢·¥³¥´¨,
¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¶μÖ¢²¥´¨Õ É·¥ÉÓ¥£μ ¶¨±  ¢ ¸¶¥±É·¥ ¶·μ¤μ²Ó´ÒÌ ÏÊ³μ¢. ‡ -
É¥³ Î¥·¥§ 17 ¸ ¶μ¸²¥ ¨´¦¥±Í¨¨ ¸¨£´ ² £μ·¨§μ´É ²Ó´ÒÌ ±μ²¥¡ ´¨° ¢ É¥Î¥´¨¥
¶·¨³¥·´μ 0,5 ¸ § ÉÊÌ ¥É,   ¸¨£´ ², ¸μμÉ¢¥É¸É¢ÊÕÐ¨° Î ¸ÉμÉ¥ ¢¥·É¨± ²Ó´ÒÌ
±μ²¥¡ ´¨°, ¶μÖ¢²Ö¥É¸Ö ¢ Éμ ¦¥ ¸ ³μ¥ ¢·¥³Ö ¨ ·¥§±μ ¢μ§· ¸É ¥É ¶μ  ³¶²¨ÉÊ¤¥.
�Éμ ¸μμÉ¢¥É¸É¢Ê¥É ³μ³¥´ÉÊ, ±μ£¤  ´ Î¨´ ÕÉ¸Ö ¡Ò¸É·Ò¥ ¶μÉ¥·¨ Î ¸É¨Í. —¥·-
´ Ö ÉμÎ±  ´  ·¨¸. 20 ¸μμÉ¢¥É¸É¢Ê¥É ¢·¥³¥´¨ ¨´¦¥±Í¨¨ ¨ ´ Î ²Ó´μ° £μ·¨§μ´-
É ²Ó´μ° ¡¥É É·μ´´μ° Î ¸ÉμÉ¥. ‘¤¢¨£ Î ¸ÉμÉÒ ¶·¨ μÌ² ¦¤¥´¨¨ ¸μμÉ¢¥É¸É¢Ê¥É
¸¤¢¨£Ê £μ·¨§μ´É ²Ó´μ£μ ¡¥É É·μ´´μ£μ Î¨¸²  ΔQx = 0,003.

„²Ö HIMAC  ³¶²¨ÉÊ¤  ±μ£¥·¥´É´ÒÌ ¢¥·É¨± ²Ó´ÒÌ ±μ²¥¡ ´¨° ¸μμÉ¢¥É-
¸É¢Ê¥É 10 ³³ [6]. �·¨ ´¥¡μ²ÓÏμ³ ¢¥·É¨± ²Ó´μ³  ±¸¥¶É ´¸¥ ¸¨´Ì·μÉ·μ´  ÔÉμ
¶·¨¢μ¤¨É ± ¶μÉ¥·Ö³ ¨μ´μ¢ ¢ ÔÉμ³ ´ ¶· ¢²¥´¨¨ (·¨¸. 21, a).

�μ·μ£μ¢Ò° Ô²¥±É·μ´´Ò° Éμ±, ¶·¨ ±μÉμ·μ³ · §¢¨¢ ¥É¸Ö ´¥Ê¸Éμ°Î¨¢μ¸ÉÓ,
¸μμÉ¢¥É¸É¢Ê¥É 140 ³� ¶·¨ R = 2. �μ¶¥·¥Î´ Ö ´¥Ê¸Éμ°Î¨¢μ¸ÉÓ ¢ Ô±¸¶¥·¨³¥´-

�¨¸. 21. ‡ ¢¨¸¨³μ¸ÉÓ  ³¶²¨ÉÊ¤Ò ¢¥·É¨± ²Ó´ÒÌ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¨ ¨´É¥´¸¨¢-
´μ¸É¨ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ μÉ ¢·¥³¥´¨: a) Qx/Qy = 3,7/2,88 Å · ¡μÎ Ö ÉμÎ±  ¢¡²¨§¨
· §´μ¸É´μ£μ ·¥§μ´ ´¸ , Ie = 150 ³A ¨ R = 3,3; ¡) Qx/Qy = 3,69/3,13 Å · ¡μÎ Ö
ÉμÎ±  ¢¡²¨§¨ ¸Ê³³μ¢μ£μ ·¥§μ´ ´¸ , Ie = 150 ³A ¨ R = 3,3
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É Ì ´  HIMAC § ¢¨¸¨É μÉ ¢Ò¡μ·  · ¡μÎ¥° ÉμÎ±¨. �³¶²¨ÉÊ¤  ±μ²¥¡ ´¨° ¡Ò-
¸É·μ ´ · ¸É ¥É ¶·¨ ¶·¨¡²¨¦¥´¨¨ ± · §´μ¸É´μ³Ê ·¥§μ´ ´¸Ê Qx −Qy = n [23].
�É³¥É¨³, ÎÉμ ¢ Ô±¸¶¥·¨³¥´É Ì ´  HIMAC ¡Ò²  § ·¥£¨¸É·¨·μ¢ ´  § ³¥É´ Ö
 ¸¨³³¥É·¨Ö ³¥¦¤Ê  ³¶²¨ÉÊ¤μ° ¢¥·É¨± ²Ó´ÒÌ ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° ¶·¨
¶·¨¡²¨¦¥´¨¨ ± · §´μ¸É´μ³Ê Qx−Qy = 1 (·¨¸. 21,  ) ¨ ¸Ê³³μ¢μ³Ê Qx+Qy = 7
(·¨¸. 21, ¡) ·¥§μ´ ´¸ ³ [6, 7, 15]. �³¶²¨ÉÊ¤  ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° ¶·¨
μÉ¸É·μ°±¥ ´  δQ μÉ · §´μ¸É´μ£μ ·¥§μ´ ´¸  §´ Î¨É¥²Ó´μ ¢ÒÏ¥, Î¥³  ³¶²¨-
ÉÊ¤  ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¶·¨ Éμ° ¦¥ μÉ¸É·μ°±¥ ¤²Ö ¸Ê³³μ¢μ£μ ·¥§μ´ ´¸ 
(·¨¸. 8). �Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ¡Ò²μ μ¡´ ·Ê¦¥´μ · ´¥¥ ¶·¨ ¶·μ¢¥¤¥´¨¨ · ¸-
Î¥Éμ¢ ¶μ¶¥·¥Î´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨ [24, 6] ¨ ¶μ§¤´¥¥ ¶μ¤É¢¥·¦¤¥´μ Ô±¸¶¥·¨-
³¥´É ²Ó´μ [6, 7, 15]. ‚ ·¥§Ê²ÓÉ É¥ ¶·μ¢¥¤¥´´ÒÌ · ¸Î¥Éμ¢ ¨ Ô±¸¶¥·¨³¥´Éμ¢ ´ 
HIMAC ¡Ò²  ¢Ò¡· ´  · ¡μÎ Ö ÉμÎ±  ¸ Qx/Qy = 3,69/3,13, μÉ¸É·μ¥´´ Ö μÉ
¸Ê³³μ¢μ£μ ·¥§μ´ ´¸  ¨ ·¥§μ´ ´¸  É·¥ÉÓ¥£μ ¶μ·Ö¤±  2Qy + Qx = 10.

3.2. � ¸Î¥ÉÒ ¶μ¶¥·¥Î´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨ μÌ² ¦¤¥´´ÒÌ ¨μ´´ÒÌ ¶ÊÎ-
±μ¢. �μ¶¥·¥Î´ Ö ´¥Ê¸Éμ°Î¨¢μ¸ÉÓ ¶·¨ ¨´¦¥±Í¨¨ ¢ ¸¨´Ì·μÉ·μ´Ò ¸ Ô²¥±É·μ´-
´Ò³ μÌ² ¦¤¥´¨¥³ ¸¢Ö§ ´  ¸ É ± ´ §Ò¢ ¥³Ò³ Ö¢²¥´¨¥³ Ô²¥±É·μ´´μ£μ ´ -
£·¥¢  [17]. �·μ¸É· ´¸É¢¥´´Ò° § ·Ö¤ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¨ ¶·μ¤μ²Ó´μ¥ ³ £-
´¨É´μ¥ ¶μ²¥ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö μ¸ÊÐ¥¸É¢²ÖÕÉ ¸¢Ö§Ó ³¥¦¤Ê ¢¥·É¨± ²Ó´Ò³¨ ¨
£μ·¨§μ´É ²Ó´Ò³¨ ¤¨¶μ²Ó´Ò³¨ ±μ£¥·¥´É´Ò³¨ ±μ²¥¡ ´¨Ö³¨ ¨μ´μ¢. �³¶²¨ÉÊ¤ 
¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° ¨μ´μ¢ ¢μ§· ¸É ¥É ¶μ·μ£μ¢Ò³ μ¡· §μ³, ±μ£¤  ¶·μ¨§-
¢¥¤¥´¨¥ ¶²μÉ´μ¸É¥° Ô²¥±É·μ´μ¢ ¨ μÌ² ¦¤¥´´ÒÌ ¨μ´μ¢ ¤μ¸É¨£ ¥É ´¥±μÉμ·μ°
±·¨É¨Î¥¸±μ° ¢¥²¨Î¨´Ò [22, 23].

�μ¶¥·¥Î´μ¥ ¤¢¨¦¥´¨¥ Í¥´É·μ¢ £· ¢¨É Í¨¨ Ô²¥±É·μ´´μ£μ ¨ ¨μ´´μ£μ ¶ÊÎ-
±μ¢ ¢ ¸¥±Í¨¨ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö μ¶¨¸Ò¢ ¥É¸Ö Ê· ¢´¥´¨Ö³¨ [23Ä25]

z̈ + iωcż + ω2
i z = ω2

i ze, że + iωdze = iωdz (13)

¶·¨ ´ Î ²Ó´ÒÌ Ê¸²μ¢¨ÖÌ (z, ż, ze, że) = (z0, ż0, 0, 0) ¶·¨ t = 0. ‡¤¥¸Ó z =
x + iy Å ±μμ·¤¨´ ÉÒ Í¥´É·μ¢ £· ¢¨É Í¨¨ ¢ ¶μ¶¥·¥Î´μ³ ´ ¶· ¢²¥´¨¨ ¨μ´-
´μ£μ (z) ¨ Ô²¥±É·μ´´μ£μ (ze) ¶ÊÎ±μ¢; ωc = ZeB/γmi Å Í¨±²μÉ·μ´´ Ö Î ¸ÉμÉ 
¨μ´μ¢; ω2

i = Ze2ne/2ε0γmi Å ¶² §³¥´´ Ö Î ¸ÉμÉ  ¨μ´μ¢; ωd = ω2
e/ωce Å

¤·¥°Ëμ¢ Ö Î ¸ÉμÉ  Ô²¥±É·μ´μ¢; ω2
e = Ze2ni/2ε0γ

3me Å ¶² §³¥´´ Ö Î ¸ÉμÉ 
Ô²¥±É·μ´μ¢; ωce = eB/γme Å Í¨±²μÉ·μ´´ Ö Î ¸ÉμÉ  Ô²¥±É·μ´μ¢; B Å ³ £-
´¨É´μ¥ ¶μ²¥ ¢ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö; ne ¨ ni Å ¶²μÉ´μ¸É¨ Ô²¥±É·μ´μ¢ ¨ ¨μ´μ¢
¸μμÉ¢¥É¸É¢¥´´μ.

Šμ£¥·¥´É´μ¥ ¤¢¨¦¥´¨¥ ¨μ´μ¢ ³μ¦¥É ¡ÒÉÓ ¶¥·¥¶¨¸ ´μ ¢ ³ É·¨Î´μ° Ëμ·³¥
X = Mring · X0 [23], §¤¥¸Ó Mring = L−1

dr · RTwiss · L−1
dr · M−1

sol · Mcool · Msol Å
³ É·¨Í , ¸μμÉ¢¥É¸É¢ÊÕÐ Ö μ¤´μ³Ê μ¡μ·μÉÊ ¨μ´μ¢ ¢ ¸¨´Ì·μÉ·μ´¥, Ldr Å ³ -
É·¨Í  ¸¥±Í¨¨ ¤·¥°Ë  ¸ ¤²¨´μ°, · ¢´μ° ¶μ²μ¢¨´¥ ¤²¨´Ò ¸¥±Í¨¨ μÌ² ¦¤¥-
´¨Ö, RTwiss Å ³ É·¨Í  ¸¨´Ì·μÉ·μ´  ¶·¨ ¢Ò±²ÕÎ¥´´μ° ¸¨¸É¥³¥ μÌ² ¦¤¥´¨Ö
¨ Msol Å ³ É·¨Í  ¸μ²¥´μ¨¤  ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö. Mcool Å ³ É·¨Í  ¸¥±-
Í¨¨ μÌ² ¦¤¥´¨Ö, ¥¥ μ¸μ¡¥´´μ¸ÉÓ § ±²ÕÎ ¥É¸Ö ¢ Éμ³, ÎÉμ μ´  ¸μμÉ¢¥É¸É¢Ê¥É
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´¥Ê¸Éμ°Î¨¢μ³Ê ¤¢¨¦¥´¨Õ ¨μ´μ¢, ¶μ¸±μ²Ó±Ê |Mcool| �= 1 [23]. —¥ÉÒ·¥ ¸μ¡-
¸É¢¥´´ÒÌ Î¨¸²  (λ1,2,3,4) ¸μμÉ¢¥É¸É¢ÊÕÉ ¨´±·¥³¥´É ³ ´ · ¸É ´¨Ö ¨ ¤¥±·¥³¥´-
É ³ § ÉÊÌ ´¨Ö ¢ ¥¤¨´¨Í Ì Î ¸ÉμÉÒ μ¡· Ð¥´¨Ö ¨μ´μ¢. „¢¥ ¤¨¶μ²Ó´Ò¥ ³μ¤Ò ¢μ§-
¡Ê¦¤ ÕÉ¸Ö ¸ ¨´±·¥³¥´Éμ³ γ1 ¨ ¤¥±·¥³¥´Éμ³ γ2 ¨ ¨³¥ÕÉ ·¥§μ´ ´¸´Ò° Ì · ±-
É¥· (¢ Ê¸²μ¢¨ÖÌ Ô±¸¶¥·¨³¥´É  HIMAC ¶·¨ ²¨´¥°´ÒÌ ·¥§μ´ ´¸ Ì Qx−Qy = 1
¨ Qx +Qy = 7). „²Ö ·¥§μ´ ´¸  ¸¢Ö§¨ Qx−Qy = 0 ¨´±·¥³¥´É ´¥Ê¸Éμ°Î¨¢μ¸É¨
¢ Î¨¸²¥ μ¡μ·μÉμ¢ · ¢¥´ [23]

γinst =
2π2neniβx,yreriL

2

γ5β3

c

ωc
, (14)

£¤¥ 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; re Å · ¤¨Ê¸
Ô²¥±É·μ´ ; ri Å · ¤¨Ê¸ ¨μ´ ; γ, β Å ·¥²ÖÉ¨¢¨¸É¸±¨¥ Ë ±Éμ·Ò; c Å ¸±μ-
·μ¸ÉÓ ¸¢¥É . � ¸Î¥É´Ò° ¨´±·¥³¥´É ´¥Ê¸Éμ°Î¨¢μ¸É¨ ¢¡²¨§¨ ·¥§μ´ ´¸μ¢ ¸¢Ö§¨
¶·μ¶μ·Í¨μ´ ²¥´ ¶·μ¨§¢¥¤¥´¨Õ ¶²μÉ´μ¸É¥° Ô²¥±É·μ´´μ£μ ¨ ¨μ´´μ£μ ¶ÊÎ±μ¢
γ ∝ ne · ni [23]. � · ¸É ÕÐ Ö ¨ § ÉÊÌ ÕÐ Ö ³μ¤Ò É· ´¸Ëμ·³¨·ÊÕÉ¸Ö μ¤´  ¢
¤·Ê£ÊÕ ¶·¨ ¶¥·¥Ìμ¤¥ Î¥·¥§ ²¨´¥°´Ò¥ ·¥§μ´ ´¸Ò ¨ ·¥§μ´ ´¸Ò ¢Ò¸μ±¨Ì ¶μ·Ö¤-
±μ¢, £¤¥ ¶·μ¨¸Ìμ¤¨É ¸³¥´  §´ ±μ¢ Ê γ1 ¨ γ2. �É³¥É¨³, ÎÉμ ¨´±·¥³¥´É ´ · ¸É -
´¨Ö ´¥Ê¸Éμ°Î¨¢μ¸É¨ ¤²Ö · §´μ¸É´μ£μ ·¥§μ´ ´¸  Qx−Qy = 1 §´ Î¨É¥²Ó´μ ¶·¥-
¢μ¸Ìμ¤¨É ¨´±·¥³¥´É ´ · ¸É ´¨Ö ¤²Ö ¸Ê³³μ¢μ£μ ·¥§μ´ ´¸  (·¨¸. 22) [6, 7, 15].
‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¶·¨ ´¥±μÉμ·μ³ Ë¨±¸¨·μ¢ ´´μ³ §´ Î¥´¨¨ £μ·¨§μ´É ²Ó´μ£μ ¡¥-
É É·μ´´μ£μ Î¨¸² , ¤²Ö HIMAC · ¢´μ£μ Qx

∼= 3,7, ¢¥·É¨± ²Ó´μ¥ ¡¥É É·μ´´μ¥
Î¨¸²μ ¤μ²¦´μ ¡ÒÉÓ ¢¡²¨§¨ ¸Ê³³μ¢μ£μ ²¨´¥°´μ£μ ·¥§μ´ ´¸  ¨ μÉ¸É·μ¥´μ μÉ
·¥§μ´ ´¸μ¢ ¡μ²¥¥ ¢Ò¸μ±¨Ì ¶μ·Ö¤±μ¢. ‚ ·¥§Ê²ÓÉ É¥ · ¸Î¥Éμ¢ ´  HIMAC ¡Ò²μ
¢Ò¡· ´μ ¢¥·É¨± ²Ó´μ¥ ¡¥É É·μ´´μ¥ Î¨¸²μ Qy = 3,13, μÉ¸É·μ¥´´μ¥ μÉ ·¥§μ-
´ ´¸  É·¥ÉÓ¥£μ ¶μ·Ö¤±  2Qy + Qx = 10 (Qy = 3,1375).

�¨¸. 22. � ¸Î¥É´ Ö § ¢¨¸¨³μ¸ÉÓ ¨´±·¥³¥´É  ±μ£¥·¥´É´ÒÌ ¤¨¶μ²Ó´ÒÌ ±μ²¥¡ ´¨° ¨μ´μ¢
μÉ ¢¥·É¨± ²Ó´μ£μ ¡¥É É·μ´´μ£μ Î¨¸²  ¶·¨ Qx = 3,275, Ie = 150 ³�, Ni = 109 ppp
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� ·Ö¤Ê ¸ ¨μ´ ³¨, Í¨·±Ê²¨·ÊÕÐ¨³¨ ¢ ¸¨´Ì·μÉ·μ´¥, ¶·¨ μ¶·¥¤¥²¥´´ÒÌ
Ê¸²μ¢¨ÖÌ ³μ£ÊÉ ¶·¨¸ÊÉ¸É¢μ¢ ÉÓ ¢Éμ·¨Î´Ò¥ ¨μ´Ò, μ¡· §ÊÕÐ¨¥¸Ö ¶·¨ ¨μ´¨§ -
Í¨¨  Éμ³μ¢ μ¸É ÉμÎ´μ£μ £ §  Ô²¥±É·μ´´Ò³ ¶ÊÎ±μ³ ¢ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö. ’ ±,
¢ Ê¸²μ¢¨ÖÌ Ô±¸¶¥·¨³¥´Éμ¢ HIMAC [26, 27] ¨ COSY [20] ¡² £μ¤ ·Ö · §´Ò³
¤¨ ³¥É· ³ ¢ ±ÊÊ³´μ° ± ³¥·Ò ¢ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö ¨ ¢ ¸¥±Í¨ÖÌ ±μ²²¥±Éμ· 
¨ ¶ÊÏ±¨ μ¡· §Ê¥É¸Ö ²μ¢ÊÏ±  ¤²Ö ´ ±μ¶²¥´´ÒÌ ¢Éμ·¨Î´ÒÌ ¨μ´μ¢ ¸ Ê·μ¢´¥³
±μ´Í¥´É· Í¨¨ ¶μ·Ö¤±  20% μÉ ±μ´Í¥´É· Í¨¨ Ô²¥±É·μ´´μ£μ ¶ÊÎ± . ‘μ£² ¸´μ
· ¸Î¥É ³ [28] ´ ²¨Î¨¥ ¢Éμ·¨Î´ÒÌ ¨μ´μ¢ ¢ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö ¶·¨¢μ¤¨É ±
¤μ¶μ²´¨É¥²Ó´μ³Ê ·μ¸ÉÊ ¨´±·¥³¥´É  ´¥Ê¸Éμ°Î¨¢μ¸É¨ ¨μ´´μ£μ ¶ÊÎ± , Í¨·±Ê²¨-
·ÊÕÐ¥£μ ¢ ¸¨´Ì·μÉ·μ´¥.

�¡¸Ê¤¨³ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¶μ¶¥·¥Î´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨ ´ ±μ¶²¥´´μ£μ
¶ÊÎ±  ¨μ´μ¢ §μ²μÉ  Au31+ ¢ ¡Ê¸É¥·¥ ±μ²² °¤¥·  NICA. ‡ ¢¨¸¨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¢ Au31+ 3 · 109 ¶·¨¢¥¤¥´  ´  ·¨¸. 23. „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¨ ¢ Î¥ÉÒ·¥ · §  ´¨¦¥, Î¥³
¤²Ö ¶¥·¨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±¨ [7].

�¨¸. 23. ‡ ¢¨¸¨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
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‚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 μÉ¸É·μ¥´  μÉ ·¥§μ´ ´¸μ¢ 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.

4. Œ…’�„› ��„�‚‹…�ˆŸ ���…�…—��‰ �…“‘’�‰—ˆ‚�‘’ˆ
�•‹�†„…��›• ˆ���›• �“—Š�‚

Œ¥Éμ¤Ò ¶μ¤ ¢²¥´¨Ö ¤¨¶μ²Ó´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨ ¶·¨ μ¶É¨³ ²Ó´μ ¢Ò¡· ´-
´μ° · ¡μÎ¥° ÉμÎ±¥ ¢ μ¸´μ¢´μ³ ´ ¶· ¢²¥´Ò ´  ¸´¨¦¥´¨¥ ¶²μÉ´μ¸É¥° μÌ² -
¦¤¥´´ÒÌ ¨μ´μ¢ ¨ Ô²¥±É·μ´μ¢, ¶μ¸±μ²Ó±Ê ¨´±·¥³¥´É ´ · ¸É ´¨Ö ´¥Ê¸Éμ°Î¨¢μ-
¸É¨ ²¨´¥°´μ · ¸É¥É ¸ ¶²μÉ´μ¸ÉÓÕ ¨μ´μ¢ ¨ Ô²¥±É·μ´μ¢ γ ∝ ne · ni [23].

Š ± ¶· ¢¨²μ, ÔÉ¨ ³¥Éμ¤Ò ¸¢Ö§ ´Ò ¸ ´¥±μÉμ·Ò³ ¤¨ËËÊ§¨μ´´Ò³ ´ £·¥¢μ³
¨μ´μ¢ ¨ Ê¢¥²¨Î¥´¨¥³ ¶μ¶¥·¥Î´ÒÌ · §³¥·μ¢ ¨μ´´μ£μ ¶ÊÎ± . �Éμ ¶μ³μ£ ¥É ¨§-
¡¥¦ ÉÓ ¡Ò¸É·ÒÌ ¶μÉ¥·Ó ¶·¨ · §¢¨É¨¨ ´¥Ê¸Éμ°Î¨¢μ¸É¨. �¤´ ±μ ÔÉ¨ ³¥Éμ¤Ò
¶·¨¢μ¤ÖÉ ± ¸´¨¦¥´¨Õ ¢·¥³¥´¨ ¦¨§´¨ Í¨·±Ê²¨·ÊÕÐ¨Ì ¨μ´μ¢. �¶É¨³ ²Ó´Ò³¨
¤²Ö ´ ±μ¶²¥´¨Ö ¨μ´μ¢ Ö¢²ÖÕÉ¸Ö ·¥¦¨³Ò, ¶·¨ ±μÉμ·ÒÌ Ê¤ ¥É¸Ö ¨§¡¥¦ ÉÓ ¡Ò-
¸É·ÒÌ ¶μÉ¥·Ó ¨μ´μ¢,   ¶·¨³¥´Ö¥³Ò¥ ³¥Éμ¤Ò ¶μ¤ ¢²¥´¨Ö ´¥Ê¸Éμ°Î¨¢μ¸É¨ ´¥
¶·¨¢μ¤ÖÉ ± § ³¥É´μ³Ê ¸´¨¦¥´¨Õ ¢·¥³¥´¨ ¦¨§´¨ ¨μ´μ¢. �¤´¨³ ¨§ ´ ¨¡μ²¥¥
ÔËË¥±É¨¢´ÒÌ ³¥Éμ¤μ¢ ¶μ¤ ¢²¥´¨Ö ¶μ¶¥·¥Î´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨ μÌ² ¦¤¥´´ÒÌ
¨μ´´ÒÌ ¶ÊÎ±μ¢ Ö¢²Ö¥É¸Ö ¶·¨³¥´¥´¨¥ ¸¨¸É¥³ μ¡· É´μ° ¸¢Ö§¨. ˆ¸¶μ²Ó§μ¢ ´¨¥
¶μ²μ£μ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¸ ¶μ´¨¦¥´´μ° ¶²μÉ´μ¸ÉÓÕ Ô²¥±É·μ´μ¢ ¢ μ¡² ¸É¨
¸É¥±  ¶·¨¢μ¤¨É ± ¸´¨¦¥´¨Õ  ³¶²¨ÉÊ¤Ò ÏÊ³μ¢ ¸É¥±  ¨ Ê¢¥²¨Î¥´¨Õ ¢·¥³¥´¨
¦¨§´¨ ¨μ´μ¢ ¶μ ¸· ¢´¥´¨Õ ¸ μ¤´μ·μ¤´Ò³ Ô²¥±É·μ´´Ò³ ¶ÊÎ±μ³. �μ¸±μ²Ó±Ê
¨´±·¥³¥´É ¤¨¶μ²Ó´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨ · ¸É¥É ¸ Ê¢¥²¨Î¥´¨¥³ ±μ´Í¥´É· Í¨¨
¢Éμ·¨Î´ÒÌ ¨μ´μ¢ ¢ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö, · §²¨Î´Ò¥ ³¥Éμ¤Ò ¶μ ¨Ì Ê¤ ²¥´¨Õ
É ±¦¥ ¶·¨¢μ¤ÖÉ ± ¸É ¡¨²¨§ Í¨¨ ¶¥·¢¨Î´ÒÌ ¨μ´´ÒÌ ¶ÊÎ±μ¢ ¨²¨ ¶μ§¢μ²ÖÕÉ
¶μ¢Ò¸¨ÉÓ ¨Ì ¨´É¥´¸¨¢´μ¸ÉÓ.

4.1. �¡· É´ Ö ¸¢Ö§Ó. ‘¨¸É¥³Ò ¸ μ¡· É´μ° ¸¢Ö§ÓÕ ÔËË¥±É¨¢´μ ¨¸¶μ²Ó-
§ÊÕÉ¸Ö ¢ ¸¨´Ì·μÉ·μ´ Ì ¤²Ö ¶μ¤ ¢²¥´¨Ö ¶μ¶¥·¥Î´ÒÌ ±μ£¥·¥´É´ÒÌ ±μ²¥¡ -
´¨° ¨μ´μ¢ ¨ §´ Î¨É¥²Ó´μ£μ Ê¢¥²¨Î¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ´ ±μ¶²¥´´μ£μ ¶ÊÎ± .
�¸´μ¢´Ò³¨ Ô²¥³¥´É ³¨ ¸¨¸É¥³ μ¡· É´μ° ¸¢Ö§¨ Ö¢²ÖÕÉ¸Ö ¤¨ËË¥·¥´Í¨ ²Ó´Ò°
¶¨± ¶, ¶·¥¤´ §´ Î¥´´Ò° ¤²Ö ¨§³¥·¥´¨Ö ¶μ¶¥·¥Î´μ£μ ¸³¥Ð¥´¨Ö Í¥´É·  ÉÖ-
¦¥¸É¨ ¨μ´´μ£μ ¶ÊÎ± , ¨ ±¨±¥·, · ¸¶μ²μ¦¥´´Ò° ´  · ¸¸ÉμÖ´¨¨ μÉ ¶¨± ¶ ,
¸μμÉ¢¥É¸É¢ÊÕÐ¥³ ¸¤¢¨£Ê Ë § ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ³¥¦¤Ê ´¨³¨ π/2.
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�¨¸. 24. � ±μ¶²¥´¨¥ ¶·μÉμ´μ¢ ´  COSY ¸ ¢±²ÕÎ¥´´μ° ¨ ¢Ò±²ÕÎ¥´´μ° ¸¨¸É¥³μ°
μ¡· É´μ° ¸¢Ö§¨

ˆ¸¶μ²Ó§μ¢ ´¨¥ ¸¨¸É¥³Ò μ¡· É´μ° ¸¢Ö§¨ ´  ´ ±μ¶¨É¥²¥ LEAR ¸ ¶μ²μ¸μ°
¶·μ¶Ê¸± ´¨Ö 500 ŒƒÍ ¶μ§¢μ²¨²μ ´ ±μ¶¨ÉÓ ¢ ´¥³ 8·1010  ´É¨¶·μÉμ´μ¢ ¡¥§ · §-
¢¨É¨Ö ¶μ¶¥·¥Î´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨ [3]. ‘¨¸É¥³  μ¡· É´μ° ¸¢Ö§¨ ¤²Ö ¶μ¤ ¢²¥-

�¨¸. 25. ‡ ¢¨¸¨³μ¸ÉÓ ¨´É¥´¸¨¢´μ¸É¨ ¨μ´μ¢ ¨  ³¶²¨ÉÊ¤Ò ¢¥·É¨± ²Ó´ÒÌ ¡¥É É·μ´´ÒÌ
±μ²¥¡ ´¨° μÉ ¢·¥³¥´¨:  ) ¸ μ¡· É´μ° ¸¢Ö§ÓÕ; ¡) ¡¥§ μ¡· É´μ° ¸¢Ö§¨
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´¨Ö ¢¥·É¨± ²Ó´ÒÌ ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° ´  COSY ¸ ¶μ²μ¸μ° ¶·μ¶Ê¸± ´¨Ö
100 ŒƒÍ [19] ¶μ§¢μ²¨²  ¢ Î¥ÉÒ·¥ · §  Ê¢¥²¨Î¨ÉÓ ±μ²¨Î¥¸É¢μ ´ ±μ¶²¥´´ÒÌ
¶·μÉμ´μ¢ (·¨¸. 24). ‚ ·¥§Ê²ÓÉ É¥ ¶·¨³¥´¥´¨Ö ¸¨¸É¥³Ò μ¡· É´μ° ¸¢Ö§¨ ¡Ò²μ
´ ±μ¶²¥´μ 1011 ¶·μÉμ´μ¢ ¶·¨ Ô´¥·£¨¨ ¨´¦¥±Í¨¨ 45 ŒÔ‚.

ˆ¸¶μ²Ó§μ¢ ´¨¥ ¸¨¸É¥³Ò μ¡· É´μ° ¸¢Ö§¨ ¤²Ö ¶μ¤ ¢²¥´¨Ö ±μ£¥·¥´É´ÒÌ ¢¥·-
É¨± ²Ó´ÒÌ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ´  ´ ±μ¶¨É¥²¥ S-LSR ¶·¨¢μ¤¨²μ ± ¨Ì
§ ÉÊÌ ´¨Õ ¨ μ¤´μ¢·¥³¥´´μ³Ê ¢μ§¡Ê¦¤¥´¨Õ ±μ£¥·¥´É´ÒÌ £μ·¨§μ´É ²Ó´ÒÌ ¡¥-
É É·μ´´ÒÌ ±μ²¥¡ ´¨° [30]. �Éμ, ¶μ-¢¨¤¨³μ³Ê, μ¡Ê¸²μ¢²¥´μ ¸¢Ö§ÓÕ ³¥¦¤Ê
¡¥É É·μ´´Ò³¨ ¢¥·É¨± ²Ó´Ò³¨ ¨ £μ·¨§μ´É ²Ó´Ò³¨ ±μ²¥¡ ´¨Ö³¨ ¢¸²¥¤¸É¢¨¥
¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¨ ¸μ²¥´μ¨¤ ²Ó´μ£μ ³ £´¨É´μ£μ
¶μ²Ö ¢ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö.

‘¨¸É¥³  μ¡· É´μ° ¸¢Ö§¨ ´  HIMAC [29] ¶μ§¢μ²¨²  ´ ±μ¶¨ÉÓ
2,3 · 109 ¨μ´μ¢ Ar18+ ¶·¨ ¨´É¥·¢ ²¥ ³¥¦¤Ê Í¨±² ³¨ ¨´¦¥±Í¨¨ 3,3 ¸ (·¨¸. 25).

4.2. �μ²Ò° Ô²¥±É·μ´´Ò° ¶ÊÎμ±. �μ¸±μ²Ó±Ê ¨´±·¥³¥´É ¤¨¶μ²Ó´μ° ´¥-
Ê¸Éμ°Î¨¢μ¸É¨ μÌ² ¦¤¥´´μ£μ ¨μ´´μ£μ ¶ÊÎ±  ¶·μ¶μ·Í¨μ´ ²¥´ ¶²μÉ´μ¸É¨ Ô²¥±-
É·μ´´μ£μ ¶ÊÎ± , ¥£μ ¸´¨¦¥´¨¥ ³μ¦¥É ¶·¨¢μ¤¨ÉÓ ± ¸É ¡¨²¨§ Í¨¨ ¶μ¶¥·¥Î-
´ÒÌ ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° μÌ² ¦¤¥´´ÒÌ ¨μ´μ¢. ‚ Éμ ¦¥ ¢·¥³Ö ¸´¨¦¥´¨¥
¶²μÉ´μ¸É¨ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¶·¨¢μ¤¨É ± Ê¢¥²¨Î¥´¨Õ ¢·¥³¥´¨ μÌ² ¦¤¥´¨Ö.
‚ [31] ¶·¥¤²μ¦¥´μ ¨¸¶μ²Ó§μ¢ ÉÓ É·Ê¡Î ÉÒ° Ô²¥±É·μ´´Ò° ¶ÊÎμ±, ÎÉμ¡Ò ¨§¡¥-
¦ ÉÓ ± ± Ê¢¥²¨Î¥´¨Ö ¢·¥³¥´¨ μÌ² ¦¤¥´¨Ö ¤²Ö ¢´μ¢Ó ¨´¦¥±É¨·μ¢ ´´ÒÌ ¨μ´μ¢
¸ ¡μ²ÓÏμ°  ³¶²¨ÉÊ¤μ° ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°, É ± ¨ ´¥Ê¸Éμ°Î¨¢μ¸É¨ μÌ² ¦-
¤¥´´ÒÌ ¨μ´μ¢. �·¨³¥´¥´¨¥ Ô²¥±É·μ´´ÒÌ ¶ÊÎ±μ¢ ¸ ¢ ·Ó¨·Ê¥³μ° Ëμ·³μ° ¢Ò-
¶μ²´¥´μ ´  ¸¨´Ì·μÉ·μ´¥ LEIR [21]. �  ·¨¸. 26,   ¶μ± § ´μ ´ ±μ¶²¥´¨¥ ¨μ´μ¢
¸¢¨´Í  Pb54+ ¤²Ö Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¶ · ¡μ²¨Î¥¸±μ° Ëμ·³Ò, Ëμ·³¨·Ê¥³μ£μ
Ô²¥±É·μ´´μ° ¶ÊÏ±μ° ¸ ¶μÉ¥´Í¨ ² ³¨  ´μ¤  Uanode = 1800 ‚ ¨ Ê¶· ¢²ÖÕÐ¥£μ
Ô²¥±É·μ¤  Ucontr = 0 ‚. ˆ´É¥´¸¨¢´μ¸ÉÓ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ · ¢´  7 · 108,
¢·¥³Ö ¦¨§´¨ ¨μ´μ¢ ¸É¥±  ¸μ¸É ¢²Ö¥É 6 ¸,   ¢·¥³Ö ¦¨§´¨ ¢´μ¢Ó ¨´¦¥±É¨·Ê¥³ÒÌ
¨μ´μ¢ · ¢´μ 1Ä2 ¸ ¶·¨ ³ ±¸¨³ ²Ó´μ° ¨´É¥´¸¨¢´μ¸É¨ ¸É¥± . �·¨ ¨¸¶μ²Ó§μ¢ -
´¨¨ ¶μ²μ£μ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¸ ¶²μÉ´μ¸ÉÓÕ ¢ Í¥´É· ²Ó´μ° μ¡² ¸É¨ ´  20 %
´¨¦¥, Î¥³ ¸·¥¤´ÖÖ ¶²μÉ´μ¸ÉÓ, ¸Ëμ·³¨·μ¢ ´´μ£μ ¶·¨ ¶μÉ¥´Í¨ ² Ì ´   ´μ¤¥
¶ÊÏ±¨ Uanode = 900 ‚ ¨ Ê¶· ¢²ÖÕÐ¥³ Ô²¥±É·μ¤¥ Ucontr = 200 ‚, Ê¤ ¥É¸Ö
Ê¢¥²¨Î¨ÉÓ ¨´É¥´¸¨¢´μ¸ÉÓ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ ¤μ 1,3 · 109 (·¨¸. 26, ¡) §  ¸Î¥É
Ê¢¥²¨Î¥´¨Ö ¢·¥³¥´¨ ¦¨§´¨ ¸É¥±  ¤μ 12 ¸.

‚·¥³Ö ¦¨§´¨ ¢´μ¢Ó ¨´¦¥±É¨·Ê¥³ÒÌ ¨μ´μ¢ ¢ ÔÉμ³ ¸²ÊÎ ¥ ¸μ¸É ¢²Ö¥É 13,8 ¸.
‚ · ¸¸³μÉ·¥´´ÒÌ ¢ÒÏ¥ ¸²ÊÎ ÖÌ ¶ · ¡μ²¨Î¥¸±μ£μ ¨ ¶μ²μ£μ ¶ÊÎ±μ¢ Éμ±¨ ¡²¨§±¨
³¥¦¤Ê ¸μ¡μ° ¨ · ¢´Ò 0,1 �. �¸´μ¢´μ¥ ¶·¥¨³ÊÐ¥¸É¢μ ¶μ²μ£μ ¶ÊÎ±  ¢ Éμ³, ÎÉμ
μ´ ¶μ§¢μ²Ö¥É ¸´¨§¨ÉÓ ÏÊ³Ò ¸É¥±  ¨§-§  É ± ´ §Ò¢ ¥³μ£μ Ô²¥±É·μ´´μ£μ ´ £·¥¢ ,
¢ ·¥§Ê²ÓÉ É¥ Î¥£μ ¸´¨¦ ¥É¸Ö É¥³¶ ´ £·¥¢  ¨μ´μ¢ ¨ · ¸É¥É ¨Ì ¢·¥³Ö ¦¨§´¨, ÎÉμ
¢ ±μ´¥Î´μ³ ¨Éμ£¥ ¶·¨¢μ¤¨É ± ·μ¸ÉÊ ¨´É¥´¸¨¢´μ¸É¨ ´ ±μ¶²¥´´μ£μ ¶ÊÎ± .

‡ ¢¨¸¨³μ¸ÉÓ ¨´É¥´¸¨¢´μ¸É¨ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ ‘4+ ¨ ‘6+ μÉ Ëμ·³Ò
Ô²¥±É·μ´´μ£μ ¶ÊÎ±  É ±¦¥ ¨¸¸²¥¤μ¢ ´  ¢ ´ ±μ¶¨É¥²¥ ‘SR [21]. �  ·¨¸. 27
¶·¨¢¥¤¥´  § ¢¨¸¨³μ¸ÉÓ ¨´É¥´¸¨¢´μ¸É¨ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ ¶·¨ 10 Í¨±² Ì
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�¨¸. 26. � ±μ¶²¥´¨¥ ¨μ´μ¢ ¸¢¨´Í  Pb54+ ¤²Ö ¶ · ¡μ²¨Î¥¸±μ£μ ( ) ¨ ¶μ²μ£μ (¡) Ô²¥±-
É·μ´´ÒÌ ¶ÊÎ±μ¢

�¨¸. 27. ‡ ¢¨¸¨³μ¸ÉÓ ³ ±¸¨³ ²Ó´μ£μ ¨μ´´μ£μ Éμ±  μÉ μÉ´μÏ¥´¨Ö ¶μÉ¥´Í¨ ²μ¢ ´ 
Ê¶· ¢²ÖÕÐ¥³ ¨  ´μ¤´μ³ Ô²¥±É·μ¤ Ì ¶ÊÏ±¨. ˜É·¨Ìμ¢ Ö ±·¨¢ Ö ¸μμÉ¢¥É¸É¢Ê¥É μÉ´μ-
Ï¥´¨Õ ¶²μÉ´μ¸É¨ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¢ Í¥´É·¥ ± ¸·¥¤´¥° ¶²μÉ´μ¸É¨ ¶ÊÎ± 
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¨´¦¥±Í¨¨ μÉ μÉ´μÏ¥´¨Ö ¶μÉ¥´Í¨ ²μ¢ ´  Ê¶· ¢²ÖÕÐ¥³ ¨  ´μ¤´μ³ Ô²¥±É·μ¤ Ì
¶ÊÏ±¨. ˆ§ ·¨¸. 27 ¢¨¤´μ, ÎÉμ μ¶É¨³ ²Ó´μ¥ ´ ±μ¶²¥´¨¥ ¢ ‘SR ·¥ ²¨§Ê¥É¸Ö ¶·¨
μÉ´μÏ¥´¨¨ Ucontr/Uanode = 0,4, ±μ£¤  ¶²μÉ´μ¸ÉÓ Éμ±  Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¢
Í¥´É·¥ ¢ ¤¢  · §  ´¨¦¥, Î¥³ ¸·¥¤´ÖÖ ¶²μÉ´μ¸ÉÓ.

�·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ μ¤´μ·μ¤´μ£μ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  Éμ± ´ ±μ¶²¥´´ÒÌ
¨μ´μ¢ Ê£²¥·μ¤  ‘6+ · ¢¥´ 0,6 ³�, ¢·¥³Ö ¦¨§´¨ ¨μ´μ¢ ¸É¥±  ¸μ¸É ¢²Ö¥É 10 ¸,
  ¢´μ¢Ó ¨´¦¥±É¨·μ¢ ´´ÒÌ ¨μ´μ¢ 0,2 ¸. „²Ö ¶μ²μ£μ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¸ ¶μ-
É¥´Í¨ ²μ³ ´  Ê¶· ¢²ÖÕÐ¥³ Ô²¥±É·μ¤¥ 217 ‚ ¨ ´   ´μ¤¥ 586 ‚ ³ ±¸¨³ ²Ó´ Ö
¨´É¥´¸¨¢´μ¸ÉÓ ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ · ¢´  1,5 ³� [21].

�μ¸²¥ ¶·¥±· Ð¥´¨Ö ¨´¦¥±Í¨¨ ¨ ¶·¨ · ¸¶ ¤¥ ¸É¥±  ¤μ Ê·μ¢´Ö Éμ±  0,6 ³�
¢·¥³Ö ¦¨§´¨ ¨μ´μ¢ ¸É¥±  ·¥§±μ ¢μ§· ¸É ¥É ¤μ 400 ¸. �É¸Õ¤  ¸²¥¤Ê¥É, ÎÉμ
¶·¨ ¢Ò¸μ±μ° ¨´É¥´¸¨¢´μ¸É¨ ¸É¥±  1,5 ³� ¡Ò¸É·Ò¥ ¶μÉ¥·¨ ¸¢Ö§ ´Ò ¸ Ë²Ê±-
ÉÊ Í¨Ö³¨ ¥£μ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤ . „¨ËËÊ§¨μ´´Ò° ÊÌμ¤ ¨μ´μ¢ ¸É¥±  ¨
¢´μ¢Ó ¨´¦¥±É¨·μ¢ ´´ÒÌ ¨μ´μ¢ ¸¢Ö§ ´ ¸ ¶² §³¥´´Ò³¨ μ¸Í¨²²ÖÍ¨Ö³¨ ¸É¥±  ¢
¶·¨¸ÊÉ¸É¢¨¨ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  Ô²¥±É·μ´´μ£μ ¶ÊÎ± . �·¨ ¶²μÉ´μ¸É¨
¨μ´μ¢ ¸É¥±  ´¨¦¥ ´¥±μÉμ·μ° ±·¨É¨Î¥¸±μ° ´¥Ê¸Éμ°Î¨¢μ¸ÉÓ ´¥ · §¢¨¢ ¥É¸Ö, ¢
·¥§Ê²ÓÉ É¥ ¢·¥³Ö ¦¨§´¨ ¨μ´μ¢ ¸É¥±  ·¥§±μ ¢μ§· ¸É ¥É.

4.3. �μ¤ ¢²¥´¨¥ ¶μ¶¥·¥Î´μ° ¤¨¶μ²Ó´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨ ‚—-±¢ ¤·Ê-
¶μ²¥³. �¤´¨³ ¨§ ³¥Éμ¤μ¢, ¶·¨³¥´Ö¥³ÒÌ ´  HIMAC ¤²Ö ¶μ¤ ¢²¥´¨Ö ¶μ¶¥-
·¥Î´μ° ¤¨¶μ²Ó´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨, Ö¢²Ö¥É¸Ö ³¥Éμ¤ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¢Ò¸μ-

�¨¸. 28. ‡ ¢¨¸¨³μ¸ÉÓ ¨´É¥´¸¨¢´μ¸É¨ ¨μ´μ¢ ¨  ³¶²¨ÉÊ¤Ò ¢¥·É¨± ²Ó´ÒÌ ±μ£¥·¥´É´ÒÌ
±μ²¥¡ ´¨° μÉ ¢·¥³¥´¨ ¸ ¶μ¤¸É·μ¥´´μ° ¨ μÉ¸É·μ¥´´μ° Î ¸ÉμÉμ° ‚—-±¢ ¤·Ê¶μ²Ö:  ) f =
825 ±ƒÍ; ¡) μÉ¸É·μ¥´´ Ö Î ¸ÉμÉ  ‚—-±¢ ¤·Ê¶μ²Ö
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±μÎ ¸ÉμÉ´μ£μ ±¢ ¤·Ê¶μ²Ö, ¶·¨³¥´Ö¥³μ£μ μ¡ÒÎ´μ ¤²Ö ³¥¤²¥´´μ£μ ¢Ò¢μ¤  ³μ-
¤Ê²¨·μ¢ ´´μ£μ ¶μ Éμ±Ê ¨μ´´μ£μ ¶ÊÎ± . �·¨³¥´¥´¨¥ ‚—-±¢ ¤·Ê¶μ²Ö [7, 26]
¶·¨ Î ¸ÉμÉ¥ 825 ±ƒÍ, ´¥³´μ£μ ¸¤¢¨´ÊÉμ° ¶μ μÉ´μÏ¥´¨Õ ± ¸μμÉ¢¥É¸É¢ÊÕÐ¥°
£ ·³μ´¨±¥ ¢¥·É¨± ²Ó´ÒÌ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ´  Î ¸ÉμÉ¥ 814 ±ƒÍ, ¶·¨¢μ-
¤¨É ± ¸´¨¦¥´¨Õ  ³¶²¨ÉÊ¤Ò ±μ£¥·¥´É´ÒÌ ¢¥·É¨± ²Ó´ÒÌ ±μ²¥¡ ´¨° (·¨¸. 28,  ).
� ¶·Ö¦¥´¨¥ ´  ‚—-±¢ ¤·Ê¶μ²¥ ¸μ¸É ¢²Ö¥É 1 ‚, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É μÉ±²μ-
´¥´¨Õ ¨μ´μ¢ ´  Ê£μ² 0,1 ³±· ¤. ‚—-±¢ ¤·Ê¶μ²Ó, · ¡μÉ ÕÐ¨° ´  Î ¸ÉμÉ¥,
¸μμÉ¢¥É¸É¢ÊÕÐ¥° £ ·³μ´¨±¥ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°, ¶·¨¢μ¤¨É ± ´ £·¥¢Ê ¨μ´-
´μ£μ ¶ÊÎ± , ¢ ·¥§Ê²ÓÉ É¥ Î¥£μ · ¸É¥É ¥£μ ¶μ¶¥·¥Î´Ò° · §³¥· ¨ ¸´¨¦ ¥É¸Ö
¶²μÉ´μ¸ÉÓ. �Éμ ¢ ±μ´¥Î´μ³ ¨Éμ£¥ ¶·¨¢μ¤¨É ± ¸´¨¦¥´¨Õ ¨´±·¥³¥´É  ´¥Ê¸Éμ°-
Î¨¢μ¸É¨ ¨ Ê³¥´ÓÏ¥´¨Õ  ³¶²¨ÉÊ¤Ò ±μ£¥·¥´É´ÒÌ ¢¥·É¨± ²Ó´ÒÌ ±μ²¥¡ ´¨°.

4.4. �Î¨¸É±  ¢Éμ·¨Î´ÒÌ ¨μ´μ¢. ˆ´±·¥³¥´É ¤¨¶μ²Ó´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨
· ¸É¥É ¸ ±μ´Í¥´É· Í¨¥° ¢Éμ·¨Î´ÒÌ ¨μ´μ¢ ¢ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö [28]. „²Ö ·Ö¤ 
¸¨¸É¥³ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö [20, 7] · ¤¨Ê¸ ¢ ±ÊÊ³´μ° ± ³¥·Ò b2 ¢ ¸¥±Í¨¨
μÌ² ¦¤¥´¨Ö μÉ²¨Î ¥É¸Ö μÉ · ¤¨Ê¸  ± ³¥·Ò ¢ ¸¥±Í¨ÖÌ ¸ Ô²¥±É·μ´´μ° ¶ÊÏ±μ°
¨ ±μ²²¥±Éμ·μ³ b1, ÔÉμ ¶·¨¢μ¤¨É ± ¢μ§´¨±´μ¢¥´¨Õ ²μ¢ÊÏ±¨ ¤²Ö ¢Éμ·¨Î´ÒÌ
¨μ´μ¢, ¢μ§´¨± ÕÐ¨Ì ¶·¨ ¨μ´¨§ Í¨¨  Éμ³μ¢ μ¸É ÉμÎ´μ£μ £ §  Ô²¥±É·μ´´Ò³
¶ÊÎ±μ³. CÉ¥¶¥´Ó ´¥°É· ²¨§ Í¨¨ ¢Éμ·¨Î´Ò³¨ ¨μ´ ³¨ ¸μ¸É ¢²Ö¥É

ηneut =
2 ln b2/b1

1 + 2 ln b1/a
, (15)

§¤¥¸Ó a Å · ¤¨Ê¸ Ô²¥±É·μ´´μ£μ ¶ÊÎ± . ’¨¶¨Î´ Ö ¢¥²¨Î¨´  ´¥°É· ²¨§ Í¨¨ ¢
¸¨¸É¥³ Ì Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö [20, 7] cμ¸É ¢²Ö¥É μ±μ²μ 20%. ‚Éμ·¨Î´Ò¥
¨μ´Ò μ¸Í¨²²¨·ÊÕÉ ¢ ¸μ²¥´μ¨¤ ²Ó´μ³ ³ £´¨É´μ³ ¶μ²¥ ¨ Ô²¥±É·¨Î¥¸±μ³ ¶μ²¥
Î ¸É¨Î´μ ´¥°É· ²¨§μ¢ ´´μ£μ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¸ ´¥±μ£¥·¥´É´μ° Î ¸ÉμÉμ°

ωinc =

√
ω2

i (1 − ηneut) +
ω2

c

4
± ωc

2
. (16)

“¤ ²¥´¨¥ ¢Éμ·¨Î´ÒÌ ¨μ´μ¢ ¨§ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö ¶μ§¢μ²Ö¥É ¸É ¡¨²¨§¨·μ-
¢ ÉÓ Ê¸Éμ°Î¨¢μ¸ÉÓ ¶¥·¢¨Î´ÒÌ ¨μ´´ÒÌ ¶ÊÎ±μ¢, Í¨·±Ê²¨·ÊÕÐ¨Ì ¢ ¸¨´Ì·μÉ·μ´¥
(·¨¸. 29). „²Ö Ê¤ ²¥´¨Ö ¢Éμ·¨Î´ÒÌ ¨μ´μ¢ ¨¸¶μ²Ó§Ê¥É¸Ö ¶¨± ¶ ¸ ¶μ¶¥·¥Î´Ò³
£ ·³μ´¨Î¥¸±¨³ ¶μ²¥³ [32]. Šμ£¤  Î ¸ÉμÉ  ¶μ¶¥·¥Î´μ£μ ¶μ²Ö ¶¨± ¶  ¸μ¢¶ -
¤ ¥É ¸ ´¥±μ£¥·¥´É´μ° Î ¸ÉμÉμ° ¢Éμ·¨Î´ÒÌ ¨μ´μ¢ fsh = ωinc/2π, ¶·μ¨¸Ìμ¤¨É
¨Ì ·¥§μ´ ´¸´μ¥ Ê¤ ²¥´¨¥.

‚ Ô±¸¶¥·¨³¥´É Ì ´  HIMAC ´ ¶·Ö¦¥´¨¥ ´  Ô²¥±É·μ¤ Ì ¶¨± ¶  ¸ ¶μ¶¥·¥Î-
´Ò³ £ ·³μ´¨Î¥¸±¨³ ¶μ²¥³ ¸μ¸É ¢²Ö¥É 10 ‚,   ¤¨ ¶ §μ´ ·¥§μ´ ´¸´ÒÌ Î ¸ÉμÉ,
±μ£¤  ¶·μ¨¸Ìμ¤¨É ÔËË¥±É¨¢´μ¥ Ê¤ ²¥´¨¥ ¢Éμ·¨Î´ÒÌ ¨μ´μ¢, ²¥¦¨É ¢ ¨´É¥·-
¢ ² Ì 50Ä100 ¨ 220Ä240 ±ƒÍ [7, 15]. ‡ ¢¨¸¨³μ¸ÉÓ  ³¶²¨ÉÊ¤Ò ±μ£¥·¥´É´ÒÌ
¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° ´ ±μ¶²¥´´ÒÌ ¨μ´μ¢ μÉ ¢·¥³¥´¨ ¶μ± § ´  ´  ·¨¸. 29.
�Î¨¸É±  ¢Éμ·¨Î´ÒÌ ¨μ´μ¢ ¢±²ÕÎ¥´  ¶μ¸²¥ 4,5 ¸. �μ¸²¥ Ô±¸¶¥·¨³¥´Éμ¢ ´ 
HIMAC [7] ¡Ò²¨ ¶·μ¢¥¤¥´Ò ¨¸¸²¥¤μ¢ ´¨Ö ¶μ μÎ¨¸É±¥ ¢Éμ·¨Î´ÒÌ ¨μ´μ¢ ´ 
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�¨¸. 29. ‡ ¢¨¸¨³μ¸ÉÓ  ³¶²¨ÉÊ¤Ò ¢¥·É¨± ²Ó´ÒÌ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° μÉ ¢·¥³¥´¨,
μÎ¨¸É±  ¢Éμ·¨Î´ÒÌ ¨μ´μ¢ ¢Ò±²ÕÎ¥´  ¶μ¸²¥ 4,5 ¸

´ ±μ¶¨É¥²¥ COSY [20]. ‚ ´¨Ì ¶μ± § ´μ §´ Î¨É¥²Ó´μ¥ Ê¢¥²¨Î¥´¨¥ ¤²¨É¥²Ó´μ-
¸É¨ ¨³¶Ê²Ó¸  Ê¸Éμ°Î¨¢μ£μ ¶·μÉμ´´μ£μ ¶ÊÎ±  (·¨¸. 30) ¶·¨ Ê¤ ²¥´¨¨ ¢Éμ·¨Î-
´ÒÌ ¨μ´μ¢ ¨§ ¸¨¸É¥³Ò Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö ¶·¨ ·¥§μ´ ´¸´μ° Î ¸ÉμÉ¥
¶¨± ¶  ¸ £ ·³μ´¨Î¥¸±¨³ Ô²¥±É·¨Î¥¸±¨³ ¶μ²¥³, ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ´¥±μ£¥·¥´É-
´μ° Î ¸ÉμÉ¥ ¨μ´μ¢ ³μ²¥±Ê²Ö·´μ£μ  §μÉ  fsh = 114 ±ƒÍ. �·¨ ¢Ò±²ÕÎ¥´´μ³
£ ·³μ´¨Î¥¸±μ³ ¶μ²¥ ´ ¡²Õ¤ ÕÉ¸Ö ¡Ò¸É·Ò¥ ¶μÉ¥·¨ ¶·μÉμ´´μ£μ ¶ÊÎ±  Î¥·¥§
25 ¸ ¶μ¸²¥ ´ Î ²  ¨´¦¥±Í¨¨. �·¨ μÎ¨¸É±¥ ¢Éμ·¨Î´ÒÌ ¨μ´μ¢ ¤²¨É¥²Ó´μ¸ÉÓ
¨³¶Ê²Ó¸  ¶·μÉμ´´μ£μ ¶ÊÎ±  Ê¢¥²¨Î¨¢ ¥É¸Ö ¤μ 70 ¸. C¶¥±É· ´¥±μ£¥·¥´É´ÒÌ
¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° ´  COSY ¨³¥¥É ´¥¸±μ²Ó±μ ¶¨±μ¢ ¢ ¤¨ ¶ §μ´¥ Î ¸ÉμÉ
70Ä160 ±ƒÍ, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¨μ´ ³ Xe+, CO+, N+

2 ¨ N+.

�¨¸. 30. ‡ ¢¨¸¨³μ¸ÉÓ Éμ±  ¶·μÉμ´´μ£μ ¶ÊÎ±  μÉ ¢·¥³¥´¨ ¤²Ö ¢Ò±²ÕÎ¥´´μ£μ ¶μ¶¥·¥Î-
´μ£μ £ ·³μ´¨Î¥¸±μ£μ ¶μ²Ö ( ) ¨ ¤²Ö ¢±²ÕÎ¥´´μ£μ ¸ Î ¸ÉμÉμ° 114 ±ƒÍ (¡)
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”μ·³¨·μ¢ ´¨¥ ¨´É¥´¸¨¢´ÒÌ ¨μ´´ÒÌ ¶ÊÎ±μ¢ ¢ ¸Ì¥³ Ì ¸ ´ ±μ¶²¥´¨¥³
¨μ´μ¢ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö μ£· ´¨Î¥´μ ¤¢Ê³Ö ÔËË¥±-
É ³¨: ¢μ§´¨±´μ¢¥´¨¥³ ¶μ¶¥·¥Î´ÒÌ ±μ£¥·¥´É´ÒÌ ¤¨¶μ²Ó´ÒÌ ±μ²¥¡ ´¨° ¨μ´μ¢
¨ ¸´¨¦¥´¨¥³ ¨Ì ¢·¥³¥´¨ ¦¨§´¨. �μ¶¥·¥Î´Ò¥ ±μ£¥·¥´É´Ò¥ ±μ²¥¡ ´¨Ö ¨μ´μ¢
³μ£ÊÉ ¡ÒÉÓ ÔËË¥±É¨¢´μ ¶μ¤ ¢²¥´Ò ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ μ¡¸Ê¦¤ ¥³ÒÌ ¢ÒÏ¥ ³¥-
Éμ¤μ¢. � ²¨Î¨¥ ´¥±μ£¥·¥´É´μ£μ ¤¨ËËÊ§¨μ´´μ£μ ´ £·¥¢  ¨μ´μ¢ ¶·¨¢μ¤¨É ±
¸´¨¦¥´¨Õ ¨Ì ¢·¥³¥´¨ ¦¨§´¨ ¨ μ¶·¥¤¥²Ö¥É ÔËË¥±É¨¢´μ¸ÉÓ ¨Ì ´ ±μ¶²¥´¨Ö ¢
¸¨´Ì·μÉ·μ´ Ì. �¶É¨³ ²Ó´Ò³¨ ¤²Ö ´ ±μ¶²¥´¨Ö ¨μ´μ¢ Ö¢²ÖÕÉ¸Ö ·¥¦¨³Ò, ¶·¨
±μÉμ·ÒÌ Ê¤ ¥É¸Ö ¨§¡¥¦ ÉÓ ¡Ò¸É·ÒÌ ¶μÉ¥·Ó ¨μ´μ¢ ¶·¨ ¢μ§´¨±´μ¢¥´¨¨ ´¥Ê¸Éμ°-
Î¨¢μ¸É¨,   ¶·¨³¥´Ö¥³Ò¥ ³¥Éμ¤Ò ¶μ¤ ¢²¥´¨Ö ´¥Ê¸Éμ°Î¨¢μ¸É¨ ´¥ ¶·¨¢μ¤ÖÉ ±
§ ³¥É´μ³Ê ¸´¨¦¥´¨Õ ¢·¥³¥´¨ ¦¨§´¨ ¨μ´μ¢.

‘�ˆ‘�Š ‹ˆ’…��’“�›

1. �Ê¤±¥· ƒ.ˆ., ‘±·¨´¸±¨° �.�. �²¥±É·μ´´μ¥ μÌ² ¦¤¥´¨¥ ¨ ´μ¢Ò¥ ¢μ§³μ¦´μ¸É¨ ¢
Ë¨§¨±¥ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í // “”�. 1978. ’. 124. ‘. 561Ä595.

2. Œ¥Ï±μ¢ ˆ.�. �²¥±É·μ´´μ¥ μÌ² ¦¤¥´¨¥: ¸É ÉÊ¸ ¨ ¶¥·¸¶¥±É¨¢Ò // �—�Ÿ. 1994.
T. 25, ¢Ò¶. 6. C. 1478Ä1560.

3. Bosser J. Electron Cooling // CERN Accelerator School. CERN 92-01. Geneva, 1992.
P. 147Ä203.

4. Groening L. et al. Analysis of First Measurements on SIS Electron Cooling of Heavy
Ions // Proc. of the 4th Workshop on Medium-Energy Electron Cooling. Dubna,
1999. P. 240Ä243.

5. Œ¥Ï±μ¢ ˆ.�. ¨ ¤·. ’¥±ÊÐ¥¥ ¸μ¸ÉμÖ´¨¥ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö ´  COSY
(�²¨Ì, ƒ¥·³ ´¨Ö) // ��. 2003. T. 94, ¢Ò¶. 1. C. 57Ä59.

6. Syresin E. et al. Transverse Ion Beam Instability in HIMAC Synchrotron //
HIMAC-071. 2003. P. 24.

7. Uesugi T. et al. Cool-Stacking Injection and Damping of a Transverse Ion-Beam
Instability at the HIMAC Synchrotron // Nucl. Instr. Meth. A. 2005. V. 545.
P. 45Ä56.

8. Shirai T. et al. Commissioning of Electron Beam Cooling at S-LSR // ICFA HB2006
Workshop. KEK 2006. WEBY01. P. 247Ä249.

9. Noda K. et al. HIMAC and New Facility Design for Wide Spread Use of Carbon
Cancer Therapy // Proc. of APAC 04. Gyeongju, Korea, 2004. P. 552Ä556.

10. Fujisawa T. et al. Multi-Pole Magnets to Focus an O2 Sheet Beam for a Non-
Destructive Beam-Proˇle Monitor // Nucl. Instr. Meth. A. 2003. V. 506. P. 50Ä59.

11. Noda K. et al. Electron Cooling Experiment at HIMAC Synchrotron // Proc. of
EPAC. 2002.

12. Uesugi T. et al. Dynamics of a High Density Ion-Beam with Electron Cooling in the
HIMAC Synchrotron // Proc. of PAC. 2005.

13. CÒ·¥¸¨´ …. Œ. �¥±μ£¥·¥´É´Ò¥ ¢¥·É¨± ²Ó´Ò¥ ¶μÉ¥·¨ ¨μ´μ¢ ¶·¨ ³´μ£μμ¡μ·μÉ´μ°
¨´¦¥±Í¨¨ ¶ÊÎ±  ¸ ´ ±μ¶²¥´¨¥³ ¨ Ô²¥±É·μ´´Ò³ μÌ² ¦¤¥´¨¥³ // �¨¸Ó³  ¢ �—�Ÿ.
2014. ’. 11, º4. ‘. 497Ä501.



1738 ‘›�…‘ˆ� ….Œ.

14. Syresin E. et al. Numerical and Experimental Study of CoolingÄStacking Injection
in HIMAC Synchrotron // Proc. of EPAC. 2006. �. 2907Ä2909.

15. ‘Ò·¥¸¨´ ….Œ., �μ¤  Š. ”μ·³¨·μ¢ ´¨¥ ¨ Ê¸Éμ°Î¨¢μ¸ÉÓ μÌ² ¦¤¥´´ÒÌ ¨´É¥´¸¨¢-
´ÒÌ ¶ÊÎ±μ¢ ¢ ¸¨´Ì·μÉ·μ´¥ ¶·¨ Ô´¥·£¨¨ ¨´¦¥±Í¨¨ // �·¨±². Ë¨§¨± . 2008. º2.
‘. 14Ä24.

16. Sidorin �. et al. BETACOOL Program for Simulation of Beam Dynamics in Storage
Rings // Nucl. Instr. Meth. A. 2006. V. 558. P. 325Ä328.

17. Reistad D. et al. Measurements of Electron Cooling and Electron Heating at
CELSIUS // Proc. of Workshop on Beam Cooling and Related Topics, Montreux,
1993. CERN 94-03. 1994. P. 183Ä187.

18. Steck M. et al. Beam Accumulation with SIS Electron Cooler // Nucl. Instr. Meth. A.
2000. V. 441. P. 175Ä182.

19. Kamerdzhiev V. et al. Instability Phenomena of Electron-Cooled Ion Beams at
COSY // Nucl. Instr. Meth. A. 2004. V. 532. P. 285Ä290.

20. Dietrich J. et al. Electron Cooling of Intense Ion Beams // Proc. of COOL05. Galena,
USA, 2005.

21. Parkhomchuk V. Comparison of the Hollow Electron Beam Devices and Electron
Heating // Proc. of COOL07. TUM1I03. Bad Kreuznach, Germany, 2007. P. 64Ä67.

22. Parkhomchuk V., Pestrikov D. Coherent Instability at Electron Cooling // Proc. of
Workshop on Beam Cooling and Related Topics, Montreux, 1993. CERN 94-03.
1994. P. 327Ä329.

23. � ·Ìμ³ÎÊ± ‚. ‚., �¥¢  ‚. �. Šμ£¥·¥´É´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¨μ´´ÒÌ ¨ Ô²¥±É·μ´´ÒÌ
¶ÊÎ±μ¢ ¢ ¸¨¸É¥³ Ì ¸ Ô²¥±É·μ´´Ò³ μÌ² ¦¤¥´¨¥³ // †�’”. 2000. ’. 118, ¢Ò¶. 5.
‘. 1125Ä1133.

24. Burov A. Electron Drift Instability in Storage Rings with Electron Cooling // Nucl.
Instr. Meth. A. 2000. V. 441. P. 23Ä27.

25. Zenkevich P. R., Bolshakov A. E. In�uence of Electron Cooler on Dipole Ion Oscilla-
tions in High Current Storage Ring // Ibid. P. 36Ä39.

26. Syresin E., Noda K. Neutralized Electron Beam in HIMAC and NIRS S-Ring
Coolers // HIMAC-033. 2001. P.12.

27. Noda K. et al. Electron Cooling Experiments at the HIMAC Synchrotron // Proc. of
EPAC. 2004. P. 2089Ä2091.

28. Zenkevich P., Dolinskii A., Hofman I. Dipole Instability of a Circulating Beam Due
to the Ion Cloud in an Electron Cooling System // Nucl. Instr. Meth. A. 2004. V. 532.
P. 454Ä458.

29. Noda K. et al. Experimental Studies of Stability Issues at HIMAC Cooler // ICFA
HB2006 Workshop KEK. 2006. WEAY03.

30. Fujimoto Shinji et al. Feedback Damping of a Coherent Instability at Small-
Laser Equipped Storage Ring S-LSR // Japan J. Appl. Phys. 2006. V. 45, No. 49.
P. 1307Ä1310.

31. Bocharov A. et al. HIRFL-CSR Electron Cooler Commissioning // Nucl. Instr.
Meth. A. 2004. V. 532. P. 144Ä149.

32. Bosser J. et al. Active Methods of Instability Suppression in a Neutralized Electron
Beam // Nucl. Instr. Meth. A. 1997. V. 391. P. 110Ä113.


