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‚.�.�µ´µ³ ·¥¢
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‚ · ³± Ì ±¢ §¨Î ¸É¨Î´µ-Ëµ´µ´´µ° ³µ¤¥²¨ Ö¤·  ¨¸¸²¥¤µ¢ ´µ ¨§³¥´¥´¨¥ ¸É·Ê±ÉÊ·Ò ´¨§-
±µ²¥¦ Ð¨Ì ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° Î¥É´µ-Î¥É´ÒÌ ¸Ë¥·¨Î¥¸±¨Ì Ö¤¥· ¶·¨ Ê¤ ²¥´¨¨ µÉ Ö¤¥· ¸
§ ³±´ÊÉµ° µ¡µ²µÎ±µ° ± ¶¥·¥Ìµ¤´Ò³ Ö¤· ³. � ¸¸³µÉ·¥´Ò § ·Ö¤µ¢Ò¥ ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ÔÉ¨Ì
¸µ¸ÉµÖ´¨° ¨ · ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò Ô²¥±É·µ³ £´¨É´ÒÌ ¶¥·¥Ìµ¤µ¢ ¢ µ¡² ¸É¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö
¤µ 5 ŒÔ‚. �·µ ´ ²¨§¨·µ¢ ´Ò ¸¢µ°¸É¢  ´¨§±µ²¥¦ Ð¨Ì 1−-¸µ¸ÉµÖ´¨° ¨ ¸µ¸ÉµÖ´¨°, Ëµ·³¨·ÊÕ-
Ð¨Ì ¶¨£³¨-·¥§µ´ ´¸Ò. �¡ÑÖ¸´¥´Ò ¶·¨Î¨´Ò  ´µ³ ²Ó´µ£µ ¶µ¢¥¤¥´¨Ö ¸¥Î¥´¨Ö ËµÉµ¢µ§¡Ê¦¤¥´¨Ö
¨§µ³¥·µ¢ ¢ ´¥Î¥É´ÒÌ Ö¤· Ì. �¥§Ê²ÓÉ ÉÒ É¥µ·¥É¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨° ¶·¥¤¸É ¢²¥´Ò ¢ ¸· ¢´¥´¨¨
¸ ¨³¥ÕÐ¨³¨¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

The changes in the structure of the low-lying excited states in even-even spherical nuclei in
transition from closed-shell to transitional nuclei are investigated within Quasiparticle-Phonon model.
Their transition charge densities are considered together with the electromagnetic strength distribution
up to the excitation energy of 5 MeV. The properties of the low-lying 1− states and the states which
form pygmy-resonances are analyzed. The anomalous behavior of the isomer's photo-excitation cross
sections is explained. The results of theoretical investigations are presented in comparison with
experimental data available.

‚‚…„…�ˆ…

� §¢¨É¨¥ ¸µ¢·¥³¥´´ÒÌ É¥Ì´µ²µ£¨° ¸¶µ¸µ¡¸É¢µ¢ ²µ ¸µ§¤ ´¨Õ ´µ¢ÒÌ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ Ê¸É ´µ¢µ± ¨ ¤¥É¥±Éµ·µ¢ ¸ ·¥±µ·¤´Ò³¨ Ì · ±É¥·¨¸É¨± ³¨. ‚
·¥§Ê²ÓÉ É¥ §  ¶µ¸²¥¤´¥¥ ¤¥¸ÖÉ¨²¥É¨¥ ¡Ò² ¤µ¸É¨£´ÊÉ £· ´¤¨µ§´Ò° ¶·µ£·¥¸¸ ¢
É· ¤¨Í¨µ´´µ° ¤²Ö Ë¨§¨±¨ ¸É·Ê±ÉÊ·Ò  Éµ³´µ£µ Ö¤·  µ¡² ¸É¨ Ä Ö¤¥·´µ° ¸¶¥±-
É·µ¸±µ¶¨¨. Ÿ·±¨³ ¶·¨³¥·µ³ Éµ³Ê Ö¢²ÖÕÉ¸Ö Ô±¸¶¥·¨³¥´ÉÒ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
´µ¢µ£µ ¶µ±µ²¥´¨Ö £¥·³ ´¨¥¢ÒÌ ¤¥É¥±Éµ·µ¢, ¶µ§¢µ²¨¢Ï¨¥ µ¡´ ·Ê¦¨ÉÓ ¢ ± ¦-
¤µ³ ¨¸¸²¥¤Ê¥³µ³ ¨§µÉµ¶¥ ¡µ²¥¥ ¶ÖÉ¨¤¥¸ÖÉ¨ Ê·µ¢´¥°, ´¥ ¨§¢¥¸É´ÒÌ ¶·¥¦¤¥.
‘µ¢µ±Ê¶´ Ö ¨´Ëµ·³ Í¨Ö, ¶µ²ÊÎ¥´´ Ö ¢ · §²¨Î´ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ, ¤ ¥É
¢µ§³µ¦´µ¸ÉÓ £µ¢µ·¨ÉÓ µ ¶µ²´µ° Ö¤¥·´µ° ¸¶¥±É·µ¸±µ¶¨¨ ¢µ ³´µ£¨Ì Ö¤· Ì ¤µ
Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¢ ´¥¸±µ²Ó±µ ŒÔ‚. ‘· ¢´¥´¨¥ Ì · ±É¥·¨¸É¨± ¡²¨§²¥¦ -
Ð¨Ì ¨§µÉµ¶µ¢ ¤¥³µ´¸É·¨·Ê¥É ¶µ·µ° ± ·¤¨´ ²Ó´µ¥ ¨§³¥´¥´¨¥ ¸¢µ°¸É¢ ¸¨¸É¥³Ò
¶·¨ ¤µ¡ ¢²¥´¨¨ ¢¸¥£µ ²¨ÏÓ ¤¢ÊÌ ´Ê±²µ´µ¢, ÎÉµ ´¨± ± ´¥ ³µ¦¥É ¡ÒÉÓ ·¥§Ê²ÓÉ -
Éµ³ ¶² ¢´µ£µ ¨§³¥´¥´¨Ö £²µ¡ ²Ó´ÒÌ Ì · ±É¥·¨¸É¨± Ö¤· , É ±¨Ì, ± ± ¸·¥¤´¥¥
¶µ²¥.
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�µ²ÊÎ¥´´Ò° ¡µ²ÓÏµ° µ¡Ñ¥³ ´µ¢ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ µ ¸¢µ°-
¸É¢ Ì ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨°  Éµ³´ÒÌ Ö¤¥· ¸É¨³Ê²¨·µ¢ ² É¥µ·¥É¨Î¥¸±¨¥
¨¸¸²¥¤µ¢ ´¨Ö. ‚ ´ ¸ÉµÖÐ¥³ µ¡§µ·¥ ¸¨¸É¥³ É¨§¨·µ¢ ´Ò ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¨¸-
¸²¥¤µ¢ ´¨Ö, ¢Ò¶µ²´¥´´Ò¥ §  ¶µ¸²¥¤´¥¥ ¤¥¸ÖÉ¨²¥É¨¥ ¢ · ³± Ì ±¢ §¨Î ¸É¨Î´µ-
Ëµ´µ´´µ° ³µ¤¥²¨ Ö¤· . ‚ ¸¢Ö§¨ ¸ É¥³, ÎÉµ µ¡² ¸ÉÓ Ö¤¥·´µ° ¸¶¥±É·µ¸±µ¶¨¨
· ¸Ï¨·¨² ¸Ó ¤µ Ô´¥·£¨°, ¶·¨ ±µÉµ·ÒÌ · ¸¶µ²µ¦¥´Ò ´¥ Éµ²Ó±µ ¤¢ÊÌ-, ´µ ¨
É·¥Ì- ¨ Î¥ÉÒ·¥ÌËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨, ¸µ¢¥·Ï¥´´µ µÎ¥¢¨¤´µ, ÎÉµ ¡¥§ ÊÎ¥-
É  ¨´¤¨¢¨¤Ê ²Ó´ÒÌ µ¸µ¡¥´´µ¸É¥° ±µ´±·¥É´ÒÌ ±µ´Ë¨£Ê· Í¨° ¢ ±µ´±·¥É´ÒÌ
Ö¤· Ì, ¡¥§ ÊÎ¥É  ¨´¤¨¢¨¤Ê ²Ó´ÒÌ µ¸µ¡¥´´µ¸É¥° ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê ´¨³¨
´¥¢µ§³µ¦´µ ¶·¥É¥´¤µ¢ ÉÓ ´   ¤¥±¢ É´µ¥ µ¶¨¸ ´¨¥ ¢¸¥£µ ³´µ£µµ¡· §¨Ö Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. �µÔÉµ³Ê ¢§ ¨³µ¤¥°¸É¢¨Õ ¶·µ¸ÉÒÌ (µ¤´µËµ´µ´´ÒÌ)
¨ ¸²µ¦´ÒÌ (³´µ£µËµ´µ´´ÒÌ) ±µ³¶µ´¥´É ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ´¨§±µ²¥¦ Ð¨Ì
¸µ¸ÉµÖ´¨° ¡Ê¤¥É Ê¤¥²¥´µ µ¸µ¡µ¥ ¢´¨³ ´¨¥.

�¡§µ· ¸µ¸Éµ¨É ¨§ ¶ÖÉ¨ · §¤¥²µ¢. ‚ ¶¥·¢µ³ · §¤¥²¥ ±· É±µ ¨§²µ¦¥´ Ëµ·³ -
²¨§³ ±¢ §¨Î ¸É¨Î´µ-Ëµ´µ´´µ° ³µ¤¥²¨ Ö¤·  ¢ ¶·¨³¥´¥´¨¨ ± · ¸¸³ É·¨¢ ¥³µ°
¶·µ¡²¥³¥. ‚Éµ·µ° · §¤¥² ¶µ¸¢ÖÐ¥´ ¨§ÊÎ¥´¨Õ § ·Ö¤µ¢ÒÌ ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ-
´µ¸É¥° ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨°, ¨§¢²¥± ¥³ÒÌ ¨§ ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸-
¸¥Ö´¨Ö Ô²¥±É·µ´µ¢. ‚ ÔÉµ³ · §¤¥²¥ É ±¦¥ ¤¥É ²Ó´µ ¨¸¸²¥¤µ¢ ´Ò ¨§³¥´¥´¨Ö
¢ ¸É·Ê±ÉÊ·¥ ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¶·¨ Ê¤ ²¥´¨¨ µÉ § ³±´ÊÉµ° µ¡µ²µÎ-
±¨. ‚ · §¤. 3 · ¸¸³µÉ·¥´µ · ¸¶·¥¤¥²¥´¨¥ ¨§µ¸± ²Ö·´µ° ¸¨²Ò Ô²¥±É·µ³ £´¨É-
´ÒÌ ¶¥·¥Ìµ¤µ¢ · §²¨Î´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ ¢ µ¡² ¸É¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö
¤µ 5 ŒÔ‚. ‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ²ÊÎ¥´Ò ¢ ·¥ ±Í¨¨
´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¶·µÉµ´µ¢ ¨ ¤¥°É·µ´µ¢. �¡¸Ê¦¤¥´Ò ¶·¨Î¨´Ò ´¥Ê¤µ¢²¥-
É¢µ·¨É¥²Ó´µ£µ µ¶¨¸ ´¨Ö ÔÉ¨Ì ¤ ´´ÒÌ ¤²Ö ¸µ¸ÉµÖ´¨° ¶µ²µ¦¨É¥²Ó´µ° Î¥É´µ¸É¨
¸ ¶µ³µÐÓÕ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ° ³µ¤¥²¨ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¡µ§µ´µ¢. —¥É-
¢¥·ÉÒ° · §¤¥² ¶µ¸¢ÖÐ¥´ µ¶¨¸ ´¨Õ ´¨§±µ²¥¦ Ð¨Ì 1−-¸µ¸ÉµÖ´¨°. �·¥¤¸É ¢-
²¥´Ò · ¸Î¥ÉÒ Éµ´±µ° ¸É·Ê±ÉÊ·Ò ¶¨£³¨-·¥§µ´ ´¸µ¢. Š·µ³¥ Éµ£µ, · ¸¸³µÉ·¥´Ò
E1-¶¥·¥Ìµ¤Ò ³¥¦¤Ê ´¨§±µ²¥¦ Ð¨³¨ ¸µ¸ÉµÖ´¨Ö³¨, ±µÉµ·Ò¥ § ¶·¥Ð¥´Ò ¢ ³µ-
¤¥²¨ ¨¤¥ ²Ó´ÒÌ ¡µ§µ´µ¢. ‚ ¶ÖÉµ³ · §¤¥²¥ · ¸¸³µÉ·¥´Ò ¨§¡· ´´Ò¥ ¢µ¶·µ¸Ò
¸É·Ê±ÉÊ·Ò ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¢ ´¥Î¥É´ÒÌ Ö¤· Ì. �¸´µ¢´µ¥ ¢´¨³ ´¨¥
Ê¤¥²¥´µ É¥µ·¥É¨Î¥¸±µ° ¨´É¥·¶·¥É Í¨¨ ¶·µÍ¥¸¸  ËµÉµ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·µ¢.

1. ”��Œ�‹ˆ‡Œ Š‚�‡ˆ—�‘’ˆ—��-”������‰ Œ�„…‹ˆ Ÿ„��

ƒ ³¨²ÓÉµ´¨ ´ H ±¢ §¨Î ¸É¨Î´µ-Ëµ´µ´´µ° ³µ¤¥²¨ (Š”Œ) Ö¤·  [1Ä3] ¢Ò-
¡¨· ¥É¸Ö ´  µ¸´µ¢¥ Ë¨§¨Î¥¸±¨Ì ¶·¥¤¸É ¢²¥´¨° µ ´Ê±²µ´ Ì, ¤¢¨¦ÊÐ¨Ì¸Ö ¢
¸·¥¤´¥³ ¶µ²¥ ¨ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ³¥¦¤Ê ¸µ¡µ° ¶µ¸·¥¤¸É¢µ³ µ¸É ÉµÎ´µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö. ‘Ì¥³ É¨Î¥¸±¨ µ´ ³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´ ¢ ¢¨¤¥

H = Hs.p. +Hpair +Hr.i. . (1)
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�¥·¢Ò° Î²¥´ ¢Ò· ¦¥´¨Ö (1), Hs.p., ¸µµÉ¢¥É¸É¢Ê¥É ¸·¥¤´¥³Ê ¶µ²Õ ¤²Ö ´¥°É·µ-
´µ¢ (n) ¨ ¶·µÉµ´µ¢ (p). ‚Éµ·µ° Î²¥´, Hpair, ¥¸ÉÓ ¢§ ¨³µ¤¥°¸É¢¨¥, ¶·¨¢µ¤ÖÐ¥¥
± ¶ ·´Ò³ ±µ··¥²ÖÍ¨Ö³ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ É¨¶  ¢ ´¥³ £¨Î¥¸±¨Ì Ö¤· Ì. ‚
Š”Œ ÔÉµ ¢§ ¨³µ¤¥°¸É¢¨¥ µ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥ ³µ´µ¶µ²Ó´µ£µ ¸¶ ·¨¢ ´¨Ö ¸

¶µ¸ÉµÖ´´Ò³ ³ É·¨Î´Ò³ Ô²¥³¥´Éµ³ G
(0)
τ . �¸É ÉµÎ´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ Hr.i.

¢Ò¡¨· ¥É¸Ö ¢ Š”Œ ¢ ¸¥¶ · ¡¥²Ó´µ° Ëµ·³¥ ¢ ¢¨¤¥ · §²µ¦¥´¨Ö ¶µ ³Ê²ÓÉ¨¶µ-
²Ö³.

� §µ¢Ò¥ Ê· ¢´¥´¨Ö Š”Œ ¶µ²ÊÎ ÕÉ¸Ö ¶µ¸·¥¤¸É¢µ³ ¶µÔÉ ¶´µ° ¤¨ £µ´ ²¨-
§ Í¨¨ ³µ¤¥²Ó´µ£µ £ ³¨²ÓÉµ´¨ ´  (1). �  ¶¥·¢µ³ ÔÉ ¶¥ ¤¨ £µ´ ²¨§ÊÕÉ¸Ö ¥£µ
¶¥·¢Ò¥ ¤¢  Î²¥´ , ¶·¨ ÔÉµ³ ¶µ² £ ¥É¸Ö, ÎÉµ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ Î¥É´µ-Î¥É´µ£µ
Ö¤·  Ö¢²Ö¥É¸Ö ±¢ §¨Î ¸É¨Î´Ò³ ¢ ±ÊÊ³µ³ |〉q . „²Ö ÔÉµ£µ ¶·µ¨§¢µ¤¨É¸Ö ± ´µ´¨-
Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ �µ£µ²Õ¡µ¢  µÉ µ¶¥· Éµ·µ¢ ·µ¦¤¥´¨Ö (Ê´¨ÎÉµ¦¥´¨Ö)
Î ¸É¨Í ± µ¶¥· Éµ· ³ ·µ¦¤¥´¨Ö (Ê´¨ÎÉµ¦¥´¨Ö) ±¢ §¨Î ¸É¨Í α+

jm (αjm):

a+
jm = ujα

+
jm + (−1)j−mvjαj−m . (2)

�¥§Ê²ÓÉ Éµ³ ÔÉµ° ¤¨ £µ´ ²¨§ Í¨¨ Ö¢²ÖÕÉ¸Ö Ìµ·µÏµ ¨§¢¥¸É´Ò¥ Ê· ¢´¥´¨Ö
�Š˜, ·¥Ï Ö ±µÉµ·Ò¥, ³Ò ¶µ²ÊÎ ¥³ ¸¶¥±É· µ¤´µ±¢ §¨Î ¸É¨Î´ÒÌ ¢µ§¡Ê¦¤¥´¨°
εj ¨ ±µÔËË¨Í¨¥´ÉÒ ¶·¥µ¡· §µ¢ ´¨Ö �µ£µ²Õ¡µ¢  uj ¨ vj .

ŒÒ µ¶·¥¤¥²¨²¨ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ Î¥É´µ-Î¥É´µ£µ Ö¤·  ± ± ±¢ §¨Î ¸É¨Î-
´Ò° ¢ ±ÊÊ³. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¶·µ¸É¥°Ï¨³¨ ¢µ§¡Ê¦¤¥´´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ ÔÉµ£µ
Ö¤·  Ö¢²ÖÕÉ¸Ö ¤¢ÊÌ±¢ §¨Î ¸É¨Î´Ò¥ ¸µ¸ÉµÖ´¨Ö α+

jmα
+
j′m′ |〉q , ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥

¶¥·¥Ìµ¤Ê É¨¶  ¤Ò·± ÅÎ ¸É¨Í . „¢  ¶µ²ÊÍ¥²ÒÌ ³µ³¥´É  Ë¥·³¨µ´´ÒÌ µ¶¥· -
Éµ·µ¢ ±¢ §¨Î ¸É¨Í ¸±² ¤Ò¢ ÕÉ¸Ö ¢ ¶µ²´Ò° Í¥²Ò° ³µ³¥´É, ¸µµÉ¢¥É¸É¢ÊÕÐ¨°
¸É É¨¸É¨±¥ �µ§¥, ¶µÔÉµ³Ê ¶·µ¤Ê±É¨¢´µ ¸¶·µ¥±É¨·µ¢ ÉÓ ¡¨Ë¥·³¨µ´´Ò¥ µ¶¥-
· Éµ·Ò [α+

j α
+
j′ ]λµ, [αj′αj ]λ−µ ´  ¶·µ¸É· ´¸É¢µ ±¢ §¨¡µ§µ´´ÒÌ µ¶¥· Éµ·µ¢,

Ëµ´µ´µ¢. �·µ¨§¢¥¤Ö ÔÉµÉ, É ± ´ §Ò¢ ¥³Ò° ′′¡µ§µ´´Ò° ³Ô¶¶¨´£′′, ¢¢¥¤¥³ µ¶¥-
· Éµ·Ò Ëµ´µ´µ¢ ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ λ ¸ ¶·µ¥±Í¨¥° µ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

Q+
λµi =

1

2

n,p∑
τ

∑
jj′

{
ψλijj′ [α

+
j α

+
j′ ]λµ − (−1)λ−µϕλijj′ [αj′αj ]λ−µ

}
. (3)

Šµ²¨Î¥¸É¢µ Ëµ´µ´µ¢ ¤ ´´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ ¤µ²¦´µ ¶·¨ ÔÉµ³ ¸µ¢¶ ¤ ÉÓ ¸
¸Ê³³µ° ´¥°É·µ´´ÒÌ ¨ ¶·µÉµ´´ÒÌ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨°; ¨´¤¥±¸ i
¢¢µ¤¨É¸Ö ¤²Ö · §²¨Î¨Ö ³¥¦¤Ê Ëµ´µ´ ³¨ § ¤ ´´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨.

‘¶¥±É· µ¤´µËµ´µ´´ÒÌ ¢µ§¡Ê¦¤¥´¨° ωλi ¨ ±µÔËË¨Í¨¥´ÉÒ ψλijj′ ¨ ϕλijj′ ¶·¥-
µ¡· §µ¢ ´¨Ö (3) ³Ò ¶µ²ÊÎ¨³, ¤¨ £µ´ ²¨§µ¢ ¢ ´ Ï ³µ¤¥²Ó´Ò° £ ³¨²ÓÉµ´¨ ´
¢ ¶·µ¸É· ´¸É¢¥ µ¤´µËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨° Q+

λµi|〉ph. ‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ¨³
Ìµ·µÏµ ¨§¢¥¸É´Ò¥ Ê· ¢´¥´¨Ö ¶·¨¡²¨¦¥´¨Ö ¸²ÊÎ °´ÒÌ Ë § (�‘”).

‚¢¥¤¥´¨¥ µ¶¥· Éµ·µ¢ Ëµ´µ´µ¢ ¨ ¤¨ £µ´ ²¨§ Í¨Ö ³µ¤¥²Ó´µ£µ £ ³¨²ÓÉµ´¨-
 ´  ´  ¡ §¨¸¥ µ¤´µËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨° ¶µ§¢µ²Ö¥É ¶¥·¥¶¨¸ ÉÓ ¥£µ ¢ Ëµ·³¥
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H =
∑
λµi

ωλiQ
+
λµiQλµi +Hint , (4)

Hint = −1

2

∑
λµi

[(−1)λ−µQ+
λµi +Qλ−µi

]∑
jj′τ

fλjj′v
(−)
jj′√

2Yλiτ
Bτ (jj

′;λ− µ) + h.c.

 ,

(5)

Bτ (jj
′;λµ) =

∑
mm′

(−1)j
′+m′Cλµjmj′m′α

+
jmαj′−m′ , (6)

£¤¥ 1/
√

2Yλiτ ¥¸ÉÓ ´¥±¨° ´µ·³¨·µ¢µÎ´Ò° ±µÔËË¨Í¨¥´É. —²¥´ Hint ¢ ¢Ò· ¦¥-
´¨¨ (4) µ¡¥¸¶¥Î¨¢ ¥É ¢§ ¨³µ¤¥°¸É¢¨¥ ±µ´Ë¨£Ê· Í¨°, µÉ²¨Î ÕÐ¨Ì¸Ö ¤·Ê£ µÉ
¤·Ê£  ¶µ Î¨¸²Ê Ëµ´µ´µ¢.

‡ ¶¨Ï¥³ É¥¶¥·Ó ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö Î¥É´µ-
Î¥É´µ£µ Ö¤·  ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ Jπ ¢ ¢¨¤¥ ¸Ê¶¥·¶µ§¨Í¨¨ ±µ´Ë¨£Ê· Í¨°, ¸µ-
¤¥·¦ Ð¨Ì · §²¨Î´µ¥ Î¨¸²µ Ëµ´µ´µ¢:

Ψν(JM) =

{∑
α1

Sνα1
(J)Q+

α1
+

∑
α2β2

Dν
α2β2

(J)√
1 + δα2,β2

[Q+
α2
Q+
β2

]JM +

+
∑

α3β3γ3

T να3β3γ3
(J)√

1 + δα3,β3,γ3

[Q+
α3
Q+
β3
Q+
γ3

]JM + · · ·

 |〉ph , (7)

δα3,β3,γ3 = δα3,β3 + δα3,γ3 + δβ3,γ3 + 2δα3,β3δα3,γ3 .

ƒ·¥Î¥¸±¨³¨ ¡Ê±¢ ³¨ α, β, γ µ¡µ§´ Î¥´Ò ±µ³¡¨´ Í¨¨ ¨´¤¥±¸µ¢ {λi}; ¨´¤¥±¸
ν ´Ê³¥·Ê¥É · §²¨Î´Ò¥ ¸µ¸ÉµÖ´¨Ö, µ¶¨¸Ò¢ ¥³Ò¥ ¢µ²´µ¢µ° ËÊ´±Í¨¥° (7), ¸
§ ¤ ´´Ò³ §´ Î¥´¨¥³ ³µ³¥´É  ¨ Î¥É´µ¸É¨. ‚ ¢Ò· ¦¥´¨¨ (7) ¶µ¤· §Ê³¥¢ ¥É-
¸Ö, ÎÉµ ²Õ¡ Ö ±µ³¡¨´ Í¨Ö {α, β, γ} ¢¸É·¥Î ¥É¸Ö Éµ²Ó±µ µ¤¨´ · §. � Î¨´ Ö
¸ ¤¢ÊÌËµ´µ´´µ° Î ¸É¨, ¢µ²´µ¢ Ö ËÊ´±Í¨Ö (7) ¸µ¤¥·¦¨É Ëµ´µ´Ò ¶·µ¨§¢µ²Ó-
´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨; ¸ÊÐ¥¸É¢¥´´µ Éµ²Ó±µ, ÎÉµ µ´¨ ¸±² ¤Ò¢ ÕÉ¸Ö ¢ ¶µ²´Ò°
³µ³¥´É J .

�£· ´¨Î¨³¸Ö É·¥ÌËµ´µ´´Ò³¨ Î²¥´ ³¨ ¢ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´-
´µ£µ ¸µ¸ÉµÖ´¨Ö ¨, ¨¸¶µ²Ó§ÊÖ ³¨´¨³¨§ Í¨µ´´ÊÕ ¶·µÍ¥¤Ê·Ê:

δ
{
< Ψν(JM) | H | Ψν(JM) > −EJx < Ψν(JM) | Ψν(JM) >

}
= 0 , (8)
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¶µ²ÊÎ¨³ ¸¨¸É¥³Ê ²¨´¥°´ÒÌ Ê· ¢´¥´¨° µÉ´µ¸¨É¥²Ó´µ ±µÔËË¨Í¨¥´Éµ¢ Sνα1
(J),

Dν
α2β2

(J) ¨ T να3β3γ3
(J) ´  ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö

(ωα1 − EJx )Sνα1
(J) +

∑
α2,β2

Dν
α2β2

(J)Ũα1

α2β2
= 0 , (9)

∑
α1

Sνα1
(J)Ũα1

α2β2
+ (ωα2 + ωβ2 + ∆ωJα2β2

− EJx )Dν
α2β2

(J) +

+
∑

α3β3γ3

T να3β3γ3
(J)Ũα2β2

α3β3γ3
= 0 ,

∑
α2β2

Dν
α2β2

(J)Ũα2β2

α3β3γ3
+ (ωα3 +ωβ3 +ωγ3 +∆ωJα3β3γ3

−EJx )T να3β3γ3
(J)=0,

£¤¥

Ũα1

α2β2
=

1

2

√
1 + δα2,β2〈Qα1 | Hint | [Q+

α2
Q+
β2

]JM 〉 , (10)

Ũα2β2

α3β3γ3
=

1

2

√
1 + δα2,β2

√
1 + δα3,β3,γ3 ×

× 〈[Qα2Qβ2 ]JM | Hint | [Q+
α3
Q+
β3
Q+
γ3

]JM 〉

Ä ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¢§ ¨³µ¤¥°¸É¢¨Ö Ëµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°, · §²¨Î -
ÕÐ¨Ì¸Ö ¶µ Î¨¸²Ê Ëµ´µ´µ¢ ´  ¥¤¨´¨ÍÊ. �·¨ ¶µ²ÊÎ¥´¨¨ Ê· ¢´¥´¨° (9) ³Ò
¶·¥´¥¡·¥£²¨ ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö µ¤´µ- ¨ É·¥ÌËµ´µ´´ÒÌ
±µ´Ë¨£Ê· Í¨°, ±µÉµ·Ò¥ ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¢¥²¨Î¨´Ò ¸²¥¤ÊÕÐ¥£µ ¶µ·Ö¤± 
³ ²µ¸É¨ ¶µ ¸· ¢´¥´¨Õ ¸ ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨ µ¤´µËµ´µ´´µ£µ µ¡³¥´ .
‘¤¢¨£¨ ¢ Ô´¥·£¨ÖÌ ¤¢ÊÌ- ¨ É·¥ÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ∆ωJα2β2

¨ ∆ωJα3β3γ3

¸µµÉ¢¥É¸É¢¥´´µ µ¡Ê¸²µ¢²¥´Ò Ë¥·³¨µ´´µ° ¸É·Ê±ÉÊ·µ° Ëµ´µ´´ÒÌ µ¶¥· Éµ·µ¢.
’¥Ì´¨Î¥¸±¨ ÔÉµ µ§´ Î ¥É, ÎÉµ ¶·¨ · ¸Î¥É¥ ¸µ¡¸É¢¥´´ÒÌ Ô´¥·£¨° ÔÉ¨Ì ±µ´Ë¨£Ê-
· Í¨° ¨¸¶µ²Ó§µ¢ ²¨¸Ó ´¥ ¡µ§µ´´Ò¥,   ÉµÎ´Ò¥ ±µ³³ÊÉ Í¨µ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö:

[Qλµi, Q
+
λ′µ′i′ ] =

= δλ,λ′δµ,µ′δi,i′
1

2

∑
jj′

[ψλijj′ψ
λi′

jj′ − ϕλijj′ϕλi
′

jj′ ]−
∑
jj′j2

∑
mm′m2

α+
jmαj′m′×

×
{
ψλij′j2ψ

λ′i′

jj2 C
λµ
j′m′j2m2

Cλ
′µ′

jmj2m2
−(−)λ+λ′+µ+µ′ϕλijj2ϕ

λ′i′

j′j2C
λ−µ
jmj2m2

Cλ
′−µ′

j′m′j2m2

}
.

(11)

’¥ ¦¥ ¸ ³Ò¥ ±µ³³ÊÉ Í¨µ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö (11) ¨¸¶µ²Ó§ÊÕÉ¸Ö ¤²Ö ¶µ²ÊÎ¥-
´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ Ũα1

α2β2
¨ Ũα2β2

α3β3γ3
. Š ± ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ Ũ ,
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É ± ¨ ¸¤¢¨£¨ Ô´¥·£¨° ³´µ£µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ∆ωJ Ö¢²ÖÕÉ¸Ö ¸²µ¦´Ò-
³¨ ËÊ´±Í¨Ö³¨  ³¶²¨ÉÊ¤ ψ ¨ ϕ, ¢Ìµ¤ÖÐ¨Ì ¢ ´¨Ì Ëµ´µ´µ¢, ¨ ´¥ ¶·¨¢µ¤ÖÉ¸Ö
§¤¥¸Ó ¢¢¨¤Ê ¨Ì £·µ³µ§¤±µ¸É¨; ¨Ì Ö¢´µ¥ ¢Ò· ¦¥´¨¥ ³µ¦´µ ´ °É¨, ´ ¶·¨³¥·, ¢
µ¡§µ·¥ [3].

� ´£ ¸¨¸É¥³Ò (9) µ¶·¥¤¥²Ö¥É¸Ö ±µ²¨Î¥¸É¢µ³ µ¤´µ-, ¤¢ÊÌ- ¨ É·¥ÌËµ´µ´´ÒÌ
±µ´Ë¨£Ê· Í¨°, ¢±²ÕÎ¥´´ÒÌ ¢ ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ (7). �·¨ µ¶¨¸ ´¨¨ ¸¢µ°¸É¢
´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨°, ± ± ¶· ¢¨²µ, Ê¤ ¥É¸Ö, ·Ê±µ¢µ¤¸É¢ÊÖ¸Ó Ë¨§¨Î¥¸±¨³¨
¸µµ¡· ¦¥´¨Ö³¨, ¶·µ¢¥¸É¨ · §Ê³´µ¥ µ¡·¥§ ´¨¥ ¡ §¨¸  ³´µ£µËµ´µ´´ÒÌ ±µ´-
Ë¨£Ê· Í¨° ¨ µ£· ´¨Î¨ÉÓ¸Ö 1000÷2000 ²¨´¥°´ÒÌ Ê· ¢´¥´¨° ¸¨¸É¥³Ò (9). ‚
ÔÉµ³ ¸²ÊÎ ¥ ¸µ¢·¥³¥´´Ò¥ ±µ³¶ÓÕÉ¥·Ò ¶µ§¢µ²ÖÕÉ ·¥Ï¨ÉÓ ÔÉÊ ¸¨¸É¥³Ê ´  ¸µ¡-
¸É¢¥´´Ò¥ §´ Î¥´¨Ö ¶ÊÉ¥³ ¤¨ £µ´ ²¨§ Í¨¨ ³ É·¨ÍÒ ¨ ¶µ²ÊÎ¨ÉÓ ¢ ·¥§Ê²ÓÉ É¥
´ ¡µ· ¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨° Eνx ¸µ¸ÉµÖ´¨°, µ¶¨¸Ò¢ ¥³ÒÌ ¢µ²´µ¢µ° ËÊ´±Í¨-
¥° (7),   É ±¦¥ ¸µ¡¸É¢¥´´Ò¥ ¢¥±Éµ·Ò, ¨²¨ ±µÔËË¨Í¨¥´ÉÒ Sνα1

(J), Dν
α2β2

(J)
¨ T να3β3γ3

(J).
“· ¢´¥´¨Ö (9) Ö¢²ÖÕÉ¸Ö ¡ §µ¢Ò³¨ Ê· ¢´¥´¨Ö³¨ ¶·¨ · ¸Î¥É¥ ¸¶¥±É·µ¢ ¢µ§-

¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° Î¥É´µ-Î¥É´ÒÌ ¸Ë¥·¨Î¥¸±¨Ì Ö¤¥·, ¶·¥¤¸É ¢²¥´´ÒÌ ´¨¦¥.
‚Ò· ¦¥´¨Ö ¤²Ö · §²¨Î´ÒÌ Ë¨§¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨±, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì Ë¨-
§¨Î¥¸±¨³ ¶·µÍ¥¸¸ ³ ¢µ§¡Ê¦¤¥´¨Ö ÔÉ¨Ì ¸µ¸ÉµÖ´¨° ¢ Ô±¸¶¥·¨³¥´É¥ (É ±¨Ì, ± ±
¶·¨¢¥¤¥´´Ò¥ ¢¥·µÖÉ´µ¸É¨ Ô²¥±É·µ³ £´¨É´µ£µ ¢µ§¡Ê¦¤¥´¨Ö, ¸¥Î¥´¨Ö ·¥ ±Í¨°),
¡Ê¤ÊÉ ¶·¥¤¸É ¢²¥´Ò ´¨¦¥ ¶µ ³¥·¥ ´¥µ¡Ìµ¤¨³µ¸É¨.

„²Ö ¶·µ¢¥¤¥´¨Ö ±µ´±·¥É´ÒÌ · ¸Î¥Éµ¢ ³Ò ¤µ²¦´Ò µ¶·¥¤¥²¨ÉÓ ¶ · ³¥É·Ò
³µ¤¥²Ó´µ£µ £ ³¨²ÓÉµ´¨ ´ . ‚ Š”Œ ¸·¥¤´¥¥ ¶µ²¥ ¤²Ö ´¥°É·µ´µ¢ ¨ ¶·µÉµ´µ¢
µ¶¨¸Ò¢ ¥É¸Ö Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³ ¶µÉ¥´Í¨ ²µ³ ‚Ê¤¸  Å ‘ ±¸µ´ . �· ±É¨-
Î¥¸±¨ ¢¸¥ · ¸Î¥ÉÒ, ¶·¥¤¸É ¢²¥´´Ò¥ ¢ ´ ¸ÉµÖÐ¥³ µ¡§µ·¥, ¡Ò²¨ ¢Ò¶µ²´¥´Ò
¸ ¶ · ³¥É· ³¨ ÔÉµ£µ ¶µÉ¥´Í¨ ²  ¤²Ö · §²¨Î´ÒÌ ³ ¸¸µ¢ÒÌ §µ´, ¢§ÖÉÒ³¨ ¨§
· ¡µÉÒ [4]. ‚ ·Ö¤¥ ¸²ÊÎ ¥¢, ´ ¶·¨³¥·, ¢ · ¸Î¥É Ì ¤²Ö 208Pb, Ô´¥·£¨¨ µ¤-
´µÎ ¸É¨Î´ÒÌ Ê·µ¢´¥° ¢¡²¨§¨ ¶µ¢¥·Ì´µ¸É¨ ”¥·³¨ ¸²¥£±  ¢ ·Ó¨·µ¢ ²¨¸Ó ¤²Ö
¡µ²¥¥ ÉµÎ´µ£µ µ¶¨¸ ´¨Ö ¸¶¥±É·µ¢ ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¢ ¸µ¸¥¤´¨Ì ´¥-
Î¥É´ÒÌ Ö¤· Ì. ‚ · ¸Î¥É Ì ³Ò ¨¸¶µ²Ó§µ¢ ²¨ ¢¸¥ ¸¢Ö§ ´´Ò¥ ¨ ±¢ §¨¸¢Ö§ ´-
´Ò¥ ¸µ¸ÉµÖ´¨Ö ¸ ³ ²µ° Ï¨·¨´µ° ¶µÉ¥´Í¨ ²  ‚Ê¤¸  Å ‘ ±¸µ´ . � · ³¥É·Ò

³µ´µ¶µ²Ó´µ£µ ¸¶ ·¨¢ ´¨Ö ¤²Ö ´¥°É·µ´µ¢ ¨ ¶·µÉµ´µ¢ G(0)
τ µ¶·¥¤¥²Ö²¨¸Ó ¶µ

µ¶¨¸ ´¨Õ ¶ ·´ÒÌ Ô´¥·£¨°, ¨Ì §´ Î¥´¨Ö É ±¦¥ ¶·¨¢¥¤¥´Ò ¢ · ¡µÉ¥ [4]. � · -

³¥É·Ò æ
(λ)
0(1) ¸¨²Ò µ¸É ÉµÎ´µ£µ ¨§µ¸± ²Ö·´µ£µ (¨§µ¢¥±Éµ·´µ£µ) ¢§ ¨³µ¤¥°¸É¢¨Ö

¶µ¤¡¨· ²¨¸Ó É ±¨³ µ¡· §µ³, ÎÉµ¡Ò ¶· ¢¨²Ó´µ µ¶¨¸Ò¢ ² ¸Ó ±µ²²¥±É¨¢´µ¸ÉÓ,
É.¥. ¢¥²¨Î¨´  B(Eλ), ¤²Ö ´¨¦ °Ï¨Ì ¸µ¸ÉµÖ´¨° · §²¨Î´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ ¸

λ ≥ 2 ¢ Î¥É´µ-Î¥É´ÒÌ Ö¤· Ì; ¶·¨ ÔÉµ³ Ë¨±¸¨·µ¢ ²µ¸Ó æ
(λ)
1 = Ä 1,2 æ

(λ)
0 . „²Ö

λ = 1 ¶ · ³¥É·Ò æ
(1)
1 ¨ æ

(1)
0 µ¶·¥¤¥²Ö²¨¸Ó ¨§ ¸µµ¡· ¦¥´¨° µ¶¨¸ ´¨Ö ¶µ²µ-

¦¥´¨Ö £¨£ ´É¸±µ£µ ¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸  ¨ ¨¸±²ÕÎ¥´¨Ö ¤ÊÌµ¢µ£µ ¸µ¸ÉµÖ´¨Ö.
�¸´µ¢´ Ö É·Ê¤´µ¸ÉÓ ¢ Î¨¸²¥´´ÒÌ · ¸Î¥É Ì ¸ ¢µ²´µ¢Ò³¨ ËÊ´±Í¨Ö³¨ (7)

§ ±²ÕÎ ¥É¸Ö ¢ ¢Ò¸µ±µ° ¶²µÉ´µ¸É¨ ³´µ£µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°. �µÔÉµ³Ê
³Ò ¤µ²¦´Ò ·Ê±µ¢µ¤¸É¢µ¢ ÉÓ¸Ö Ë¨§¨Î¥¸±¨³¨ ¸µµ¡· ¦¥´¨Ö³¨ ¨ ¢±²ÕÎ ÉÓ ¢
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· ¸Î¥ÉÒ Éµ²Ó±µ É¥ ±µ´Ë¨£Ê· Í¨¨, ±µÉµ·Ò¥ ¨£· ÕÉ ¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó. �·¨
µÉ¡µ·¥ ³´µ£µËµ´µ´´ÒÌ ±µ³¶µ´¥´É ¢ ¢µ²´µ¢ÒÌ ËÊ´±Í¨ÖÌ (7) ³Ò ¡Ê¤¥³ ·Ê±µ-
¢µ¤¸É¢µ¢ ÉÓ¸Ö ¸²¥¤ÊÕÐ¨³¨ ¸µµ¡· ¦¥´¨Ö³¨. ‚µ-¶¥·¢ÒÌ, ³Ò ¡Ê¤¥³ ¨¸±²ÕÎ ÉÓ
É¥ ±µ´Ë¨£Ê· Í¨¨, ±µÉµ·Ò¥ · ¸¶µ²µ¦¥´Ò ¢¤ ²¥±¥ µÉ ¨¸¸²¥¤Ê¥³µ° Ô´¥·£¥É¨Î¥-
¸±µ° µ¡² ¸É¨. ‚µ-¢Éµ·ÒÌ, ³Ò ¡Ê¤¥³ ¨¸±²ÕÎ ÉÓ ¨§ · ¸Î¥Éµ¢ É¥ ³´µ£µËµ´µ´´Ò¥
±µ´Ë¨£Ê· Í¨¨, ±µÉµ·Ò¥ µ¡· §µ¢ ´Ò Éµ²Ó±µ ¨§ ´¥±µ²²¥±É¨¢´ÒÌ Ëµ´µ´µ¢. „²Ö
ÔÉµ£µ ³Ò ¤µ²¦´Ò ¢¢¥¸É¨ ´¥±¨° Î¨¸²¥´´Ò° ±·¨É¥·¨° ±µ²²¥±É¨¢´µ¸É¨ Ëµ´µ-
´µ¢. ŒÒ ¡Ê¤¥³ ´ §Ò¢ ÉÓ Ëµ´µ´ ´¥±µ²²¥±É¨¢´Ò³, ¥¸²¨ µ¤´  ¨§ ¤¢ÊÌ±¢ §¨Î -
¸É¨Î´ÒÌ ±µ³¶µ´¥´É, ¢Ìµ¤ÖÐ¨Ì ¢ ¥£µ ¸É·Ê±ÉÊ·Ê, ¤ ¥É ¢±² ¤ ¡µ²¥¥ 50Ä60 % ¢ ¥£µ
´µ·³¨·µ¢±Ê. Œ´µ£µËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨, µ¡· §µ¢ ´´Ò¥ Éµ²Ó±µ ¨§ ´¥±µ²-
²¥±É¨¢´ÒÌ Ëµ´µ´µ¢, ¨³¥ÕÉ ³ É·¨Î´Ò° Ô²¥³¥´É U ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¤·Ê£¨³¨
±µ´Ë¨£Ê· Í¨Ö³¨, ¢µ ³´µ£µ · § ³¥´ÓÏ¨°, Î¥³  ´ ²µ£¨Î´Ò¥ ±µ´Ë¨£Ê· Í¨¨, ¸µ-
¤¥·¦ Ð¨¥ ±µ²²¥±É¨¢´Ò¥ Ëµ´µ´Ò. �Éµ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ ´¥±µ²²¥±É¨¢´Ò¥
³´µ£µËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨ ¶· ±É¨Î¥¸±¨ ´¥ ¸³¥Ï¨¢ ÕÉ¸Ö ¸ µ¤´µËµ´µ´-
´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨ ¨ ´¥ µÉ· ¦ ÕÉ¸Ö ´  ¨Ì ¸¢µ°¸É¢ Ì.

2. ‘’�“Š’“�� ˆ �…�…•�„�›… �‹�’��‘’ˆ
‚ —…’��-—…’�›• ‘”…�ˆ—…‘Šˆ• Ÿ„��•

�¥ ±Í¨Ö ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢ ´   Éµ³´ÒÌ Ö¤· Ì Ö¢²Ö¥É¸Ö µ¤-
´¨³ ¨§ ´ ¨¡µ²¥¥ ¶µ¤Ìµ¤ÖÐ¨Ì ¨´¸É·Ê³¥´Éµ¢ ¤²Ö ¨§ÊÎ¥´¨Ö ¸É·Ê±ÉÊ·Ò Ö¤· 
¡² £µ¤ ·Ö Î¨¸Éµ Ô²¥±É·µ³ £´¨É´µ³Ê Ì · ±É¥·Ê ¢§ ¨³µ¤¥°¸É¢¨Ö ¶ÊÎ±  Ô²¥±-
É·µ´µ¢ ¸ ³¨Ï¥´ÓÕ. ‡´ ´¨¥ ³¥Ì ´¨§³  ·¥ ±Í¨¨ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ¨§¢²¥± ÉÓ
¨§ ¸¥Î¥´¨° · ¸¸¥Ö´¨Ö ¨´Ëµ·³ Í¨Õ µ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ Ö¤·  ¸ ¶µ-
³µÐÓÕ ³µ¤¥²Ó´µ-´¥§ ¢¨¸¨³µ£µ  ´ ²¨§ . ˆ¸¶µ²Ó§µ¢ ´¨¥ ¸¶¥±É·µ³¥É·µ¢ ¸ ¢Ò-
¸µ±¨³ · §·¥Ï¥´¨¥³ ¢ (e, e′)-·¥ ±Í¨¨ ¶µ§¢µ²¨²µ ¢ ¶µ¸²¥¤´¥¥ ¤¥¸ÖÉ¨²¥É¨¥ ¤¥-
É ²Ó´µ ¨§ÊÎ ÉÓ ¸É·Ê±ÉÊ·Ê ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ÉÖ¦¥²ÒÌ Ö¤¥· ¤µ 3Å4 ŒÔ‚
¢ § ¢¨¸¨³µ¸É¨ µÉ ¶²µÉ´µ¸É¨ ¸µ¸ÉµÖ´¨° ¢ ± ¦¤µ³ ±µ´±·¥É´µ³ Ö¤·¥. �±¸¶¥·¨-
³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶·¨ ÔÉµ³  ´ ²¨§¨·ÊÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. �·µ¢µ¤ÖÉ¸Ö
¨§³¥·¥´¨Ö ¶·¨ ´¥¸±µ²Ó±¨Ì §´ Î¥´¨ÖÌ ¶¥·¥¤ ´´µ£µ ³µ³¥´É  (± ± ¶· ¢¨²µ, ÔÉµ
·¥£Ê²¨·Ê¥É¸Ö ¨§³¥´¥´¨¥³ Ô´¥·£¨¨ ¶ÊÎ±  Ô²¥±É·µ´µ¢ ¨ Ê£²  · ¸¸¥Ö´¨Ö). �µ ¶µ-
²µ¦¥´¨Õ ¶¥·¢µ£µ ³ ±¸¨³Ê³  ¸¥Î¥´¨Ö ·¥ ±Í¨¨ µ¶·¥¤¥²Ö¥É¸Ö ³Ê²ÓÉ¨¶µ²Ó´µ¸ÉÓ
± ¦¤µ£µ, · §·¥Ï¥´´µ£µ ¢ Ô±¸¶¥·¨³¥´É¥, ¢µ§¡Ê¦¤ ¥³µ£µ ¸µ¸ÉµÖ´¨Ö. „²Ö ± ¦-
¤µ£µ ¸µ¸ÉµÖ´¨Ö § ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ µÉ ¶¥·¥¤ ´´µ£µ ¨³¶Ê²Ó¸  Ë¨É¨-
·Ê¥É¸Ö ¶·¨ ¶µ³µÐ¨ · ¸Î¥Éµ¢ ¶µ ³¥Éµ¤Ê ¨¸± ¦¥´´ÒÌ ¢µ²´ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
¶ · ³¥É·¨Î¥¸±¨ § ¤ ´´µ° ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö ¢
¢¨¤¥

ρλ(r) =

{ ∑µmax

µ=1 Aµq
λ−1
µ jλ(q

λ−1
µ r) (r < Rc)

0 (r ≥ Rc) ,
(12)
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£¤¥ Aµ Ä Ë¨É¨·Ê¥³Ò¥ ¶ · ³¥É·Ò, jλ(qr) Ä ËÊ´±Í¨¨ �¥¸¸¥²Ö ¶µ·Ö¤±  λ. ‚¥-
²¨Î¨´Ò qλ−1

µ µ¶·¥¤¥²ÖÕÉ¸Ö ¨§ ¸µµÉ´µÏ¥´¨Ö jλ−1(q
λ−1
µ Rc) = 0. ‚ ± Î¥¸É¢¥

Rc ¢Ò¡¨· ¥É¸Ö ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ Ö ¢¥²¨Î¨´ , ¢ ´¥¸±µ²Ó±µ · § ¶·¥¢ÒÏ ÕÐ Ö
· ¤¨Ê¸ Ö¤· , ¨ µ¡ÒÎ´µ ¨¸¶µ²Ó§Ê¥É¸Ö ¢¥²¨Î¨´  µmax ≈ 15. � · ³¥É·Ò Aµ ¤²Ö
Í¥¶µÎ±¨ ¨§µÉµ¶µ¢ ´¥µ¤¨³  ¶·¨¢¥¤¥´Ò ¢ · ¡µÉ¥ [5].

ˆ§¢²¥Î¥´´Ò¥ ¨§ Ô±¸¶¥·¨³¥´É  É ±¨³ ³µ¤¥²Ó´µ-´¥§ ¢¨¸¨³Ò³ µ¡· §µ³ § -
·Ö¤µ¢Ò¥ ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ (12) ³µ¦´µ ´ ¶·Ö³ÊÕ ¸· ¢´¨¢ ÉÓ ¸ ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨³¨ Ì · ±É¥·¨¸É¨± ³¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°, ¶·¥¤¸± §Ò¢ ¥³Ò³¨
· §²¨Î´Ò³¨ ³µ¤¥²Ö³¨ Ö¤· . �¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°
 Éµ³´ÒÌ Ö¤¥· ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° Ì · ±É¥·¨¸É¨±Ê, ±µÉµ· Ö ¸¢¨¤¥É¥²Ó¸É¢Ê¥É
µ Éµ³, ± ± ³¥´Ö¥É¸Ö Ëµ·³  Ö¤·  ¶·¨ ¥£µ ¶¥·¥Ìµ¤¥ ¨§ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö
¢ ¢µ§¡Ê¦¤¥´´µ¥. ‘µµÉ¢¥É¸É¢¥´´µ, µ´¨ ¸µ¤¥·¦ É ¤¥É ²Ó´ÊÕ ¨´Ëµ·³ Í¨Õ µ¡
¨§³¥´¥´¨ÖÌ ¢ · ¤¨ ²Ó´µ° ¸É·Ê±ÉÊ·¥ Ö¤· , ¢ Éµ ¢·¥³Ö ± ± É ±¨¥ ¨´É¥£· ²Ó´Ò¥
Ì · ±É¥·¨¸É¨±¨, ± ± ¶·¨¢¥¤¥´´Ò¥ ¢¥·µÖÉ´µ¸É¨ ¶¥·¥Ìµ¤  B(Eλ) ¨ B(Mλ),
¸¢Ö§ ´´Ò¥ ¸ ¶¥·¥Ìµ¤´Ò³¨ ¶²µÉ´µ¸ÉÖ³¨ ¸²¥¤ÊÕÐ¨³ ¸µµÉ´µÏ¥´¨¥³:

B(Eλ) =
2Jf + 1

2Ji + 1

[∫ ∞
0

ρλ(r)r
λ+2dr

]2

, (13)

ÎÊ¢¸É¢¨É¥²Ó´Ò ¢ µ¸´µ¢´µ³ ²¨ÏÓ ± ¶µ¢¥¤¥´¨Õ ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° ¢¡²¨-
§¨ ¶µ¢¥·Ì´µ¸É¨ Ö¤· . “¦¥ ¶µ Ëµ·³¥ ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ ³µ¦´µ ¸Ê¤¨ÉÓ µ
±µ²²¥±É¨¢´µ¸É¨ ¤ ´´µ£µ ¸µ¸ÉµÖ´¨Ö. „²Ö ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ±µ²²¥±É¨¢-
´Ò³ ¢µ§¡Ê¦¤¥´¨Ö³ ¸µµÉ¢¥É¸É¢ÊÕÉ ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨, ¨³¥ÕÐ¨¥ Ìµ·µÏµ
¢Ò· ¦¥´´Ò° ³ ±¸¨³Ê³ ¢¡²¨§¨ ¶µ¢¥·Ì´µ¸É¨ Ö¤· , ¢ Éµ ¢·¥³Ö ± ± ¶¥·¥Ìµ¤´Ò¥
¶²µÉ´µ¸É¨ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÒÌ ¢µ§¡Ê¦¤¥´¨° ¨³¥ÕÉ ³ ±¸¨³Ê³ ¢´ÊÉ·¨ Ö¤· .
…¸É¥¸É¢¥´´µ, ¸· ¢´¥´¨¥ · ¸¸Î¨É ´´ÒÌ ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° ¸ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò³¨ ¤ ´´Ò³¨ Ö¢²Ö¥É¸Ö µÎ¥´Ó ÎÊ¢¸É¢¨É¥²Ó´Ò³ É¥¸Éµ³ ¤²Ö ¸ÊÐ¥¸É¢ÊÕÐ¨Ì
³µ¤¥²¥° Ö¤· .

Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó, § ·Ö¤µ¢ Ö ¶¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ µ¶·¥¤¥²Ö¥É¸Ö ± ±
¶¥·¥±·ÒÉ¨¥ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° Ö¤·  ¢ µ¸´µ¢´µ³ ¨ ¢µ§¡Ê¦¤¥´´µ³ ¸µ¸ÉµÖ´¨ÖÌ:

ρ(~r) = 〈Ψf |
∑
k

δ(~r − ~rk) | Ψi〉 , (14)

£¤¥ ¨´É¥£·¨·µ¢ ´¨¥ ¶·µ¢µ¤¨É¸Ö ¶µ ¢¸¥³ ¢´ÊÉ·¥´´¨³ ±µµ·¤¨´ É ³, ¨¸±²ÕÎ Ö
rk. �µ¸±µ²Ó±Ê ¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö Ö¤·  µ¡² ¤ ÕÉ µ¶·¥¤¥²¥´´Ò³ ³µ³¥´-
Éµ³ ¨ Î¥É´µ¸ÉÓÕ, ¶µ²¥§´µ ¶·µ¢¥¸É¨ ³Ê²ÓÉ¨¶µ²Ó´µ¥ · §²µ¦¥´¨¥ ¢Ò· ¦¥´¨Ö
(14) ¨ ¢¢¥¸É¨ ¶¥·¥Ìµ¤´ÊÕ ¶²µÉ´µ¸ÉÓ ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ λ:

ρ(~r) = e
∑
λµ

(−i)λ CJfMf

JiMi,λµ
Y †λµ(~r) ρλ(r) ,
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ρλ(r) = 〈Ψf ||
∑
k

r−2
k δ(r − rk)(−i)λY †λ (~rk) || Ψi〉 . (15)

“³´µ¦¨¢ ¢Ò· ¦¥´¨¥ (14) ´  iλ Yλµ(~r), ¶µ¤¸É ¢¨¢ ¢ ± Î¥¸É¢¥ ¢µ²´µ¢µ° ËÊ´±-
Í¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö Ëµ´µ´´Ò° ¢ ±ÊÊ³ ¨ ¢ ± Î¥¸É¢¥ ¢µ²´µ¢µ° ËÊ´±Í¨¨
¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö ¢Ò· ¦¥´¨¥ (7) ¨ ¶·µ¨´É¥£·¨·µ¢ ¢ ¶µ Ê£²µ¢Ò³ ±µ-
µ·¤¨´ É ³, ³Ò ¶µ²ÊÎ¨³ ³µ¤¥²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨,
¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¢µ§¡Ê¦¤¥´´µ³Ê ¸µ¸ÉµÖ´¨Õ Î¥É´µ-Î¥É´µ£µ Ö¤· , µ¶¨¸Ò¢ ¥³µ-
³Ê ¢µ²´µ¢µ° ËÊ´±Í¨¥° (7):

ρνλ(r) =
∑
i

Sνi (λ)ρiλ(r) +
∑

λ1i1λ2i2

Dν
λ1i1λ2i2

(λ)√
1 + δλ1i1,λ2i2

ρλ1i1λ2i2
λ (r) +

+
∑

α3β3γ3

T να3β3γ3
(λ)√

1 + δα3,β3,γ3

ρα3β3γ3

λ (r) . (16)

�¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ i-° µ¤´µËµ´µ´´µ° ±µ³¶µ´¥´ÉÒ ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ λ
¨³¥¥É ¢¨¤

ρiλ(r) =
∑
jj′

ρλjj′ (r)
u

(+)
jj′

2
(ψλijj′ + ϕλijj′ ) . (17)

„²Ö ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ ¤¢ÊÌËµ´µ´´µ° ±µ³¶µ´¥´ÉÒ [λ1i1 ⊗ λ2i2]λ ¨³¥¥³
¢Ò· ¦¥´¨¥

ρλ1i1λ2i2
λ (r) = −

∑
jj′j′′

∑
λ1i1λ2i2

√
(2λ1 + 1)(2λ2 + 1)

{
λ1 λ2 λ

j j′ j′′ }
×

× v
(−)
jj′

(
ψλ1i1
j′j′′ ϕ

λ2i2
j′′j + ϕλ1i1

j′j′′ ψ
λ2i2
j′′j

)
ρλjj′ (r) . (18)

‚Ò· ¦¥´¨Ö (17), (18) Ö¢²ÖÕÉ¸Ö ËÊ´±Í¨Ö³¨ Ëµ´µ´´ÒÌ  ³¶²¨ÉÊ¤ ψ ¨ ϕ,  
É ±¦¥ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÒÌ ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥°

ρλjj′ (r) = (−1)j−
1
2 il
′−l−λ ĵ ĵ′

λ̂ 4
√
π

(1+(−1)l+l
′+λ)Cλ0

j 1
2 j
′− 1

2
R†j(r)Rj′ (r) , (19)

£¤¥ R†j(r) Ä · ¤¨ ²Ó´ Ö Î ¸ÉÓ µ¤´µÎ ¸É¨Î´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨. ‡¤¥¸Ó ³Ò

¨¸¶µ²Ó§µ¢ ²¨ µ¡µ§´ Î¥´¨¥ λ̂ =
√

2λ+ 1. ŒÒ ´¥ ¶·¨¢µ¤¨³ ¢Ò· ¦¥´¨Ö ¤²Ö
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¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ É·¥ÌËµ´µ´´µ° ±µ³¶µ´¥´ÉÒ, ¶µ¸±µ²Ó±Ê µ´  Ö¢²Ö¥É¸Ö
¢¥²¨Î¨´µ° ¸²¥¤ÊÕÐ¥£µ ¶µ·Ö¤±  ³ ²µ¸É¨ ¤ ¦¥ ¶µ ¸· ¢´¥´¨Õ ¸ ¶¥·¥Ìµ¤´µ°
¶²µÉ´µ¸ÉÓÕ ¤¢ÊÌËµ´µ´´ÒÌ ±µ³¶µ´¥´É. ‘µµÉ¢¥É¸É¢¥´´µ, ¢ ´¥¶µ¸·¥¤¸É¢¥´´ÒÌ
Î¨¸²¥´´ÒÌ · ¸Î¥É Ì ³Ò ¶µ² £ ²¨, ÎÉµ ρα3β3γ3

λ (r) = 0.
„²Ö ¤¥É ²Ó´µ£µ ¨¸¸²¥¤µ¢ ´¨Ö ¨§³¥´¥´¨Ö ¸¢µ°¸É¢ ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ-

´¨° ¶·¨ ¶¥·¥Ìµ¤¥ µÉ Ö¤¥· ¸ § ³±´ÊÉµ° µ¡µ²µÎ±µ° ± ¶¥·¥Ìµ¤´Ò³ Ö¤· ³ ´ ¨²ÊÎ-
Ï¨³¨ ± ´¤¨¤ É ³¨ Ö¢²ÖÕÉ¸Ö Ö¤· , ¤²Ö ±µÉµ·ÒÌ ¨³¥ÕÉ¸Ö ¤µ¸É ÉµÎ´µ ¤²¨´´Ò¥
Í¥¶µÎ±¨ ¨§µÉµ¶µ¢, ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¢ ¶·¨·µ¤¥. � ²¨Î¨¥ É ±¨Ì Í¥¶µÎ¥± ¶µ§¢µ²Ö-
¥É ¶·µ¢µ¤¨ÉÓ ¸· ¢´¥´¨¥ É¥µ·¥É¨Î¥¸±¨Ì ¶·¥¤¸± § ´¨° ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨ ¶µ ¢¸¥³ ¨§ÊÎ ¥³Ò³ ¨§µÉµ¶ ³.

�¤´µ° ¨§ É ±¨Ì Í¥¶µÎ¥± Ö¢²Ö¥É¸Ö Í¥¶µÎ±  ¨§µÉµ¶µ¢ ´¥µ¤¨³  (Nd). �±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ´¥Ê¶·Ê£µ³Ê · ¸¸¥Ö´¨Õ Ô²¥±É·µ´µ¢ ¸ ¢µ§¡Ê¦¤¥´¨¥³
´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¤²Ö ÔÉµ° Í¥¶µÎ±¨ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ´  Ô²¥±É·µ´´µ³
Ê¸±µ·¨É¥²¥ ¢ NIKHEF (�³¸É¥·¤ ³) [6Ä9]. �´¥·£¨Ö ¶ÊÎ±  ¨§³¥´Ö² ¸Ó µÉ 112
¤µ 450 ŒÔ‚, ¶µ±·Ò¢ Ö µ¡² ¸ÉÓ ¶¥·¥¤ ´´µ£µ ¨³¶Ê²Ó¸  µÉ 0,5 ¤µ 2,8 Ë³−1.
‚ ± Î¥¸É¢¥ ³¨Ï¥´¥° ¨¸¶µ²Ó§µ¢ ²¨¸Ó µ¡µ£ Ð¥´´Ò¥ ¨§µÉµ¶Ò 142Nd, 144Nd ¨
146Nd. ‚ Ô±¸¶¥·¨³¥´É¥ ¡Ò²¨ · §·¥Ï¥´Ò ¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö ¤µ Ô´¥·-
£¨¨ 3,5 ŒÔ‚, ¸ ³µ³¥´Éµ³ ¨ Î¥É´µ¸ÉÓÕ µÉ 0+ ¤µ 9−. „²Ö ÔÉ¨Ì ¦¥ ¨§µÉµ¶µ¢
¡Ò²¨ ¢Ò¶µ²´¥´Ò É¥µ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¸É·Ê±ÉÊ·Ò ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°
¨ ¨Ì ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° ¢ · ³± Ì Ëµ·³ ²¨§³ , ¨§²µ¦¥´´µ£µ ¢ · §¤. 1.
�·¨ Î¨¸²¥´´ÒÌ · ¸Î¥É Ì ³Ò ¨¸¶µ²Ó§µ¢ ²¨ µ¤´µÎ ¸É¨Î´Ò° ¸¶¥±É· ¶µÉ¥´Í¨-
 ²  ‚Ê¤¸  Å ‘ ±¸µ´ : ¶ · ³¥É·Ò ÔÉµ£µ ¶µÉ¥´Í¨ ²  ¤²Ö ´¥°É·µ´´µ° ¸Ì¥³Ò
¡Ò²¨ ¢§ÖÉÒ ¨§ · ¡µÉÒ [4], ¤²Ö ¶·µÉµ´´µ° Ä ¨§ · ¡µÉÒ [10]; µ´¨ ¶µ¤µ¡· -
´Ò ¶µ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢ ´  Ö¤· Ì
Nd. ”µ´µ´´Ò° ¡ §¨¸ ¢ · ¸Î¥É Ì ¢Ò¡¨· ²¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³: ³Ò ÊÎ¨-
ÉÒ¢ ²¨ µ¤´µËµ´µ´´Ò¥ ±µ³¶µ´¥´ÉÒ ¢µ²´µ¢µ° ËÊ´±Í¨¨ (7), ±µ²²¥±É¨¢´Ò¥ ¨
´¥±µ²²¥±É¨¢´Ò¥, ¤µ 4,5 ŒÔ‚; ¤¢ÊÌËµ´µ´´Ò¥ ±µ³¶µ´¥´ÉÒ ¤µ 6,5 ŒÔ‚ ¨ É·¥Ì-
Ëµ´µ´´Ò¥ ±µ³¶µ´¥´ÉÒ, ¶µ¸É·µ¥´´Ò¥ ¨§ 2+

1 , 3−1 ¨ 4+
1 Ëµ´µ´µ¢.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ [7] ¸¶¥±É·  ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¨ ¶·¨¢¥¤¥´-
´ÒÌ ¢¥·µÖÉ´µ¸É¥° B(Eλ) ¶¥·¥Ìµ¤µ¢ ¢ ¶µ²Ê³ £¨Î¥¸±µ³ ¨§µÉµ¶¥ 142Nd, ¢Ò¶µ²-
´¥´´Ò¥ ¸ ¢µ²´µ¢µ° ËÊ´±Í¨¥° (7), ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 1. „²Ö ¸· ¢´¥´¨Ö
¢ ÔÉµ° É ¡²¨Í¥ É ±¦¥ ¶·¨¢¥¤¥´Ò · ¸Î¥ÉÒ, ¢Ò¶µ²´¥´´Ò¥ ¢ · ³± Ì µ¤´µËµ-
´µ´´µ£µ ¶·¨¡²¨¦¥´¨Ö, ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥. ‡ ·Ö¤µ¢Ò¥ ¶¥·¥Ìµ¤´Ò¥
¶²µÉ´µ¸É¨, ¶·¥¤¸± §Ò¢ ¥³Ò¥ ´ Ï¨³¨ · ¸Î¥É ³¨ ¨ ¶µ²ÊÎ¥´´Ò¥ ¢ ·¥§Ê²ÓÉ É¥
µ¡· ¡µÉ±¨ ¸¥Î¥´¨° (e, e′)-·¥ ±Í¨¨, ¨§µ¡· ¦¥´Ò ´  ·¨¸. 1.

�¥ ¤²Ö ¢¸¥Ì ¸µ¸ÉµÖ´¨°, ¨§¢²¥Î¥´´ÒÌ ¨§ Ô±¸¶¥·¨³¥´É , Ê¤ ¥É¸Ö ¢µ¸¸É -
´µ¢¨ÉÓ ¶¥·¥Ìµ¤´ÊÕ ¶²µÉ´µ¸ÉÓ ¸ ¶µ³µÐÓÕ ³µ¤¥²Ó´µ-´¥§ ¢¨¸¨³µ£µ  ´ ²¨§ .
�·µ¡²¥³Ò, ± ± ¶· ¢¨²µ, ¢µ§´¨± ÕÉ ¨§-§  ¶·¨³¥¸¥° ¸µ¸ÉµÖ´¨° ¤·Ê£µ° ³Ê²Ó-
É¨¶µ²Ó´µ¸É¨, ±µÉµ·Ò¥, ´¥¸³µÉ·Ö ´  ¢Ò¸µ±µ¥ · §·¥Ï¥´¨¥ ¸¶¥±É·µ³¥É·µ¢, ´¥
Ê¤ ¥É¸Ö µÉ¤¥²¨ÉÓ. ‚ ¶µ¤µ¡´ÒÌ ¸²ÊÎ ÖÌ ¸µ¸ÉµÖ´¨¥, µ¡´ ·Ê¦¥´´µ¥ ¢ Ô±¸¶¥-
·¨³¥´É¥, ¶·¨¢µ¤¨É¸Ö Éµ²Ó±µ ¢ É ¡²¨Í¥; µÎ¥´Ó Î ¸Éµ ÔÉµ ¸µ¸ÉµÖ´¨¥,   É ±¦¥
¥£µ ¸¶¨´ ¨ Î¥É´µ¸ÉÓ, ¨§¢¥¸É´Ò ¨§ ¤·Ê£¨Ì Ô±¸¶¥·¨³¥´Éµ¢,   ¶µ  ³¶²¨ÉÊ¤¥ ¥£µ
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’ ¡²¨Í  1. �´¥·£¨¨ ¨ ¶·¨¢¥¤¥´´Ò¥ ¢¥·µÖÉ´µ¸É¨ ¢µ§¡Ê¦¤¥´¨Ö B(Eλ) ¸µ¸ÉµÖ´¨°
· §²¨Î´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ ¢ 142Nd. � ¸Î¥ÉÒ ¢Ò¶µ²´¥´Ò ¢ · ³± Ì µ¤´µËµ´µ´´µ£µ
¶·¨¡²¨¦¥´¨Ö Ä �‘”, i Ä ¶µ·Ö¤±µ¢Ò° ´µ³¥· Ëµ´µ´ , ¨ ¸ ¢µ²´µ¢µ° ËÊ´±Í¨¥° (7) Ä
Š”Œ; ν Ä ¶µ·Ö¤±µ¢Ò° ´µ³¥· ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö ¤ ´´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨

’¥µ·¨Ö �±¸¶¥·¨³¥´É
λπ �‘” Š”Œ

i Ex, B(Eλ), ν Ex, B(Eλ), Ex, B(Eλ),
MÔ‚ e2 · Ë³2λ+2 MÔ‚ e2 · Ë³2λ+2 MÔ‚ e2 · Ë³2λ+2

1 1,90 0,382·104 1 1,63 0,406·104 1,58 0,281·104

2 2,48 0,124·103 2 2,42 0,248·103 2,39 0,309·103

2+ 3 2,60 0,269·103 3 2,53 0,173·103

4 3,30 0,133·104 4 3,05 0,705·103 2,85 0,498·103

5 3,83 0,330·101 5 3,32 0,990·102 3,05
6 3,94 0,500·100 6 3,92 0,398·102

1 2,50 0,200·106 1 2,05 0,185·106 2,08 0,262·106

3− 2 3,37 0,110·104 2 3,28 0,236·104

3 4,01 0,132·105 3,58 0,100·105

3 4,83 0,537·105 4 4,71 0,404·105

1 2,28 0,173·107 1 2,16 0,195·107 2,10 0,450·107

2 2,48 0,650·106 2 2,43 0,776·106 2,44 0,210·106

3 2,67 0,410·106 3 2,63 0,337·106 2,58 0,700·105

4+ 4 3,63 0,347·107 4 3,16 0,148·107 3,08 0,620·106

5 3,93 0,360·106 5 3,46 0,145·107 3,32 0,114·107

6 4,03 0,800·105 6 3,70 0,222·106

7 4,08 0,200·105 7 3,99 0,464·105

1 3,00 0,174·109 1 2,67 0,158·109 2,74 0,121·109

5− 2 3,34 0,100·108 2 3,25 0,190·109

3 4,58 0,750·108 3 3,84 0,950·106

1 2,30 0,863·1010 1 2,21 0,861·1010 2,21 0,940·1010

6+ 2 2,69 0,150·109 2 2,65 0,850·109 2,89 0,800·108

3 3,99 0,235·1010 3 3,73 0,226·1010 3,41 0,200·1010

7− 1 3,16 0,148·1012 1 2,92 0,135·1012 3,25 0,250·1012

2 3,34 0,650·1011 2 3,25 0,750·1011

Ëµ·³Ë ±Éµ·  ¢ (e, e′)-·¥ ±Í¨¨ ³µ¦´µ ¶·¨¶¨¸ ÉÓ ¢¥²¨Î¨´Ê B(Eλ), ¸µµÉ¢¥É-
¸É¢ÊÕÐÊÕ ¥£µ ¢µ§¡Ê¦¤¥´¨Õ ¢ ÔÉµ° ·¥ ±Í¨¨.

Š¢ §¨Î ¸É¨Î´µ-Ëµ´µ´´ Ö ³µ¤¥²Ó Ö¤·  ¶·¥¤¸± §Ò¢ ¥É ¢ 142Nd Ï¥¸ÉÓ
±¢ ¤·Ê¶µ²Ó´ÒÌ 2+-¸µ¸ÉµÖ´¨° ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö ´¨¦¥ 4 ŒÔ‚. ˆÌ Ô´¥·-
£¨¨ ¨ ¶·¨¢¥¤¥´´Ò¥ ¢¥·µÖÉ´µ¸É¨ B(E2)-¶¥·¥Ìµ¤µ¢ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 1.
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�¨¸. 1. ‡ ·Ö¤µ¢Ò¥ ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ´¥±µÉµ·ÒÌ ´¨§±µ²¥¦ Ð¨Ì ¢µ§¡Ê¦¤¥´´ÒÌ
¸µ¸ÉµÖ´¨° ¢ 142Nd. Š·¨¢Ò¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ µÏ¨¡± ³¨ ¸µµÉ¢¥É¸É¢ÊÕÉ ¶²µÉ-
´µ¸ÉÖ³, ¨§¢²¥Î¥´´Ò³ ¸ ¶µ³µÐÓÕ ³µ¤¥²Ó´µ-´¥§ ¢¨¸¨³µ£µ  ´ ²¨§  ¨§ ¸¥Î¥´¨° ·¥ ±Í¨¨
´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢; ¸¶²µÏ´Ò¥ ±·¨¢Ò¥ Ä ¶·¥¤¸± § ´¨Ö ´ Ï¨Ì · ¸Î¥Éµ¢.
“± § ´´Ò¥ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨Ö³

�µ¸±µ²Ó±Ê 142Nd ¨³¥¥É § ³±´ÊÉÊÕ ´¥°É·µ´´ÊÕ µ¡µ²µÎ±Ê, ³µ´µ¶µ²Ó´µ¥ ¸¶ -
·¨¢ ´¨¥ ¢ ´¥°É·µ´´µ° ¸¨¸É¥³¥ µÉ¸ÊÉ¸É¢Ê¥É. �Éµ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ ´¨-
¦ °Ï Ö Î ¸É¨Î´µ-¤Ò·µÎ´ Ö 2+-±µ´Ë¨£Ê· Í¨Ö ¨³¥¥É Ô´¥·£¨Õ ¡µ²¥¥ 5 ŒÔ‚.
‘µµÉ¢¥É¸É¢¥´´µ, ¶·µÉµ´´Ò¥ ±µ³¶µ´¥´ÉÒ Ö¢²ÖÕÉ¸Ö ¤µ³¨´¨·ÊÕÐ¨³¨ Ê ¢¸¥Ì
µ¤´µËµ´µ´´ÒÌ 2+-¸µ¸ÉµÖ´¨° ¢ É ¡². 1. � ¨¡µ²¥¥ ±µ²²¥±É¨¢´Ò³ Ö¢²Ö¥É¸Ö
2+

1 -¸µ¸ÉµÖ´¨¥. ‘µ¸ÉµÖ´¨Ö 2+
2 ¨ 2+

3 Ö¢²ÖÕÉ¸Ö ¶· ±É¨Î¥¸±¨ Î¨¸Éµ ¤¢ÊÌ±¢ §¨Î -
¸É¨Î´Ò³¨ ¨ Ì · ±É¥·¨§ÊÕÉ¸Ö £µ· §¤µ ³¥´ÓÏ¨³¨ §´ Î¥´¨Ö³¨ B(E2). �¤´ ±µ
2+

4 -¸µ¸ÉµÖ´¨¥ µ± §Ò¢ ¥É¸Ö ¸´µ¢  ±µ²²¥±É¨¢´Ò³ ¨ ¥£µ ¢¥²¨Î¨´  B(E2) ¢¸¥£µ
¢ É·¨ · §  ³¥´ÓÏ¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ §´ Î¥´¨Ö ¤²Ö 2+

1 -¸µ¸ÉµÖ´¨Ö. �µ¤µ¡-
´µ¥ · §²¨Î¨¥ ¢ ±µ²²¥±É¨¢´µ¸É¨ 2+-Ëµ´µ´µ¢ µÉ· ¦ ¥É¸Ö ¨ ´  ¨Ì § ·Ö¤µ¢ÒÌ
¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸ÉÖÌ. �¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ 2+

1 - ¨ 2+
4 -¸µ¸ÉµÖ´¨° ¨³¥ÕÉ

³ ±¸¨³Ê³Ò ¢¡²¨§¨ ¶µ¢¥·Ì´µ¸É¨ Ö¤· , ¢ Éµ ¢·¥³Ö ± ± ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨
2+

2 - ¨ 2+
3 -¸µ¸ÉµÖ´¨° Ì · ±É¥·¨§ÊÕÉ¸Ö ¢Ò· ¦¥´´Ò³¨ ¶¨± ³¨ ¢´ÊÉ·¨ Ö¤· . �·¨-

Î¨´  · ¸¶·¥¤¥²¥´¨Ö ±µ²²¥±É¨¢´µ¸É¨ ³¥¦¤Ê ´¨§±µ²¥¦ Ð¨³¨ 2+-¸µ¸ÉµÖ´¨Ö³¨
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±·µ¥É¸Ö ¢ µ¡µ²µÎ¥Î´µ° ¸É·Ê±ÉÊ·¥. „¢¥ ¶·µÉµ´´Ò¥ ¶µ¤µ¡µ²µÎ±¨ 1g7/2 ¨ 2d5/2

¢¡²¨§¨ ¶µ¢¥·Ì´µ¸É¨ ”¥·³¨ · ¸¶µ²µ¦¥´Ò ´¥¤ ²¥±µ ¤·Ê£ µÉ ¤·Ê£ , ¢ Éµ ¢·¥³Ö
± ± µ¸É ²Ó´Ò¥ ¶µ¤µ¡µ²µÎ±¨,   ¨³¥´´µ 1h11/2, 2d3/2 ¨ 3s1/2, ¨³¥ÕÉ §´ Î¥´¨¥
µ¤´µÎ ¸É¨Î´µ° Ô´¥·£¨¨ ¶·¨³¥·´µ ´  2 ŒÔ‚ ¡µ²ÓÏ¥. �Éµ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ
±¢ §¨Î ¸É¨Î´Ò¥ Ô´¥·£¨¨ ÔÉ¨Ì Ê·µ¢´¥° ¶·¨³¥·´µ ´  1 ŒÔ‚ ¢ÒÏ¥, Î¥³ Ê Ê·µ¢-
´¥° 1g7/2 ¨ 2d5/2. �ÉµÉ ÔËË¥±É É ±¦¥ ´ ¡²Õ¤ ¥É¸Ö ¨ ¢ ¸µ¸¥¤´¨Ì ´¥Î¥É´ÒÌ
Ö¤· Ì. ‘µ¸ÉµÖ´¨¥ 2+

4 ¢¡¨· ¥É ¢ ¸¥¡Ö £² ¢´Ò³ µ¡· §µ³ ¸¨²Ê ¤¢ÊÌ±¢ §¨Î ¸É¨Î-
´ÒÌ ±µ´Ë¨£Ê· Í¨°, · ¸¶µ²µ¦¥´´ÒÌ ¢ÒÏ¥ ¶µ Ô´¥·£¨¨, ¨ ¡² £µ¤ ·Ö Ô´¥·£¥É¨-
Î¥¸±µ° Ð¥²¨ Ö¢²Ö¥É¸Ö £µ· §¤µ ¡µ²¥¥ ±µ²²¥±É¨¢´Ò³, ´¥¦¥²¨ ¸µ¸ÉµÖ´¨Ö 2+

2 ¨
2+

3 . �¤´µËµ´µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö 2+
5 ¨ 2+

6 Ö¢²ÖÕÉ¸Ö ´¥±µ²²¥±É¨¢´Ò³¨.
�µ¸²¥ ¸³¥Ï¨¢ ´¨Ö µ¤´µ-, ¤¢ÊÌ- ¨ É·¥ÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ¢ ¢µ²-

´µ¢µ° ËÊ´±Í¨¨ (7) ³Ò ¸´µ¢  ¶µ²ÊÎ ¥³ Ï¥¸ÉÓ 2+-¸µ¸ÉµÖ´¨° ¸ Ô´¥·£¨¥° ³¥-
´¥¥ 4 ŒÔ‚ (¸³. É ¡². 1). Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê µ¤´µ-
¨ ¤¢ÊÌËµ´µ´´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨ ´¥¢¥²¨±¨ ¢ 142Nd,   ¸±µ²Ó±µ-´¨¡Ê¤Ó § -
³¥É´ÒÌ ¶·¨³¥¸¥° É·¥ÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ´¥ ´ ¡²Õ¤ ¥É¸Ö ¤µ Ô´¥·£¨¨
3 ŒÔ‚. �Éµ É¨¶¨Î´ Ö ¸¨ÉÊ Í¨Ö ¢ ¶µ²Ê³ £¨Î¥¸±¨Ì Ö¤· Ì [11]. �¨¦ °Ï Ö
¤¢ÊÌËµ´µ´´ Ö ±µ´Ë¨£Ê· Í¨Ö [2+

1 ⊗ 2+
1 ]2+ ¨³¥¥É Ô´¥·£¨Õ 3,8 ŒÔ‚,   µ¸É ²Ó-

´Ò¥ ¤¢ÊÌËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨ · ¸¶µ²µ¦¥´Ò ¢ÒÏ¥ 4 ŒÔ‚. ’¥³ ¸ ³Ò³
µ¤´µËµ´µ´´Ò¥ ±µ³¶µ´¥´ÉÒ (±µ²²¥±É¨¢´Ò¥ ¨ ´¥±µ²²¥±É¨¢´Ò¥) ¤µ³¨´¨·ÊÕÉ
¢ ¢µ²´µ¢ÒÌ ËÊ´±Í¨ÖÌ 2+-¸µ¸ÉµÖ´¨° ´¨¦¥ 3 ŒÔ‚. „¥°¸É¢¨É¥²Ó´µ, ¶·¨³¥¸Ó
¤¢ÊÌËµ´µ´´ÒÌ ±µ³¶µ´¥´É ´¥ ¶·¥¢ÒÏ ¥É ´¥¸±µ²Ó±¨Ì ¶·µÍ¥´Éµ¢ ¤²Ö Î¥ÉÒ-
·¥Ì ´¨¦ °Ï¨Ì 2+-¸µ¸ÉµÖ´¨°. �µ¸±µ²Ó±Ê  ¡¸µ²ÕÉ´Ò¥ ¢¥²¨Î¨´Ò ¶¥·¥Ìµ¤´ÒÌ
¶²µÉ´µ¸É¥° ¤¢ÊÌËµ´µ´´ÒÌ ±µ³¶µ´¥´É §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥, Î¥³ ¶¥·¥Ìµ¤´ÒÌ
¶²µÉ´µ¸É¥° µ¤´µËµ´µ´´ÒÌ ±µ³¶µ´¥´É, ¢±² ¤ ¶·¨³¥¸¨ ¤¢ÊÌËµ´µ´´ÒÌ ¶¥·¥-
Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° ¶· ±É¨Î¥¸±¨ ´¥§ ³¥É¥´. �µ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò³ Ö¢²Ö¥É¸Ö
¸³¥Ï¨¢ ´¨¥ · §²¨Î´ÒÌ µ¤´µËµ´µ´´ÒÌ ±µ³¶µ´¥´É ¢ ¢µ²´µ¢µ° ËÊ´±Í¨¨ (7) ¨
¶¥·¥´µ·³¨·µ¢±  ¨Ì ¢±² ¤ , ¶·µ¨¸Ìµ¤ÖÐ¨¥ §  ¸Î¥É ¤¢ÊÌËµ´µ´´µ° Î ¸É¨ ¢µ²-
´µ¢µ° ËÊ´±Í¨¨. �¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ´¨¦ °Ï¨Ì É·¥Ì 2+-¸µ¸ÉµÖ´¨°, µ¡´ -
·Ê¦¥´´ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥, ¸· ¢´¨¢ ÕÉ¸Ö ´  ·¨¸. 1 c ¶·¥¤¸± § ´¨Ö³¨ ´ Ï¨Ì
· ¸Î¥Éµ¢. ‘µ¸ÉµÖ´¨¥, ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ 2+

3 -¸µ¸ÉµÖ´¨Õ ¢ · ¸Î¥É¥, ¶µ ¢¸¥° ¢¨-
¤¨³µ¸É¨, ´¥ ¡Ò²µ µ¡´ ·Ê¦¥´µ ¢¢¨¤Ê ³ ²µ° ¢¥·µÖÉ´µ¸É¨ ¥£µ ¢µ§¡Ê¦¤¥´¨Ö.

�µ¸±µ²Ó±Ê Ëµ·³  § ·Ö¤µ¢ÒÌ ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° · §²¨Î´ÒÌ ¢µ§¡Ê-
¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î ¥É¸Ö ¤·Ê£ µÉ ¤·Ê£ , ³µ¦´µ £µ¢µ·¨ÉÓ µ
¶·Ö³µ³ ¸µ¶µ¸É ¢²¥´¨¨ ¸µ¸ÉµÖ´¨°, µ¡´ ·Ê¦¥´´ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥ ¨ ¶·¥¤¸± -
§Ò¢ ¥³ÒÌ É¥µ·¨¥°. �µÔÉµ³Ê ³Ò ³µ¦¥³ ÊÉ¢¥·¦¤ ÉÓ, ÎÉµ ´ Ï¨ · ¸Î¥ÉÒ ¶· -
¢¨²Ó´µ ¢µ¸¶·µ¨§¢µ¤ÖÉ ¸¨¸É¥³ É¨±Ê ¢µ§¡Ê¦¤¥´´ÒÌ 2+-¸µ¸ÉµÖ´¨°. �¥·¥Ìµ¤´Ò¥
¶²µÉ´µ¸É¨ µ¤´µËµ´µ´´ÒÌ 2+

1 - ¨ 2+
4 -±µ³¶µ´¥´É ¤µ³¨´¨·ÊÕÉ ¢ ¶¥·¥Ìµ¤´ÒÌ

¶²µÉ´µ¸ÉÖÌ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸µ¸ÉµÖ´¨°. „·Ê£¨¥ ±µ³¶µ´¥´ÉÒ ¤ ÕÉ ¢±² ¤, ´¥
¶·¥¢ÒÏ ÕÐ¨° 1 %, ¸µ¸É ¢²ÖÖ ¢ ¸Ê³³¥ §´ Î¥´¨¥ ¶µ·Ö¤±  10 %. ‚ ¸²ÊÎ ¥ ¸
2+

2 - ¨ 2+
3 -¸µ¸ÉµÖ´¨Ö³¨ ´ ¡²Õ¤ ¥É¸Ö ¤·Ê£ Ö ¸¨ÉÊ Í¨Ö. ‡¤¥¸Ó ¢§ ¨³µ¤¥°¸É¢¨¥ ¸

¤¢ÊÌËµ´µ´´Ò³¨ ±µ³¶µ´¥´É ³¨ ¶·¨¢µ¤¨É ± ¸³¥Ï¨¢ ´¨Õ µ¤´µËµ´µ´´ÒÌ 2+
2 -
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¨ 2+
3 -±µ³¶µ´¥´É ´  Ê·µ¢´¥ 10 %. ‚ ·¥§Ê²ÓÉ É¥ ¢¥²¨Î¨´  B(E2) ¤²Ö 2+

2 -
¸µ¸ÉµÖ´¨Ö ¢µ§· ¸É ¥É, ¢ Éµ ¢·¥³Ö ± ± ¤²Ö 2+

3 -¸µ¸ÉµÖ´¨Ö µ´  Ê³¥´ÓÏ ¥É¸Ö ¨§-
§  ¤¥¸É·Ê±É¨¢´µ° ¨´É¥·Ë¥·¥´Í¨¨. ‚µ§³µ¦´µ, ÔÉµ Ö¢²Ö¥É¸Ö ¶·¨Î¨´µ°, ¶µÎ¥³Ê
2+

3 -¸µ¸ÉµÖ´¨¥ ´¥ ¡Ò²µ Ô±¸¶¥·¨³¥´É ²Ó´µ µ¡´ ·Ê¦¥´µ. …¸²¨ ¨¸¶µ²Ó§µ¢ ÉÓ ¶¥-
·¥Ìµ¤´ÊÕ ¶²µÉ´µ¸ÉÓ 2+

3 -¸µ¸ÉµÖ´¨Ö ¤²Ö · ¸Î¥É  Ëµ·³Ë ±Éµ· , ¸¥Î¥´¨¥ (e, e′)-
·¥ ±Í¨¨ µ± §Ò¢ ¥É¸Ö ¢ ¶·¥¤¥² Ì Ô±¸¶¥·¨³¥´É ²Ó´µ° µÏ¨¡±¨ · ¤¨ Í¨µ´´µ£µ
Ì¢µ¸É  µÉ ¸¨²Ó´ÒÌ ¶¨±µ¢, · ¸¶µ²µ¦¥´´ÒÌ ¶·¨ ¡µ²¥¥ ´¨§±¨Ì Ô´¥·£¨ÖÌ. ‚ ¤¥°-
¸É¢¨É¥²Ó´µ¸É¨ ¸µ¸ÉµÖ´¨¥ ¸ Ô´¥·£¨¥° 2,550 ŒÔ‚ ¡Ò²µ µ¡´ ·Ê¦¥´µ [12], ¸¶¨´
¨ Î¥É´µ¸ÉÓ ¥£µ ¡Ò²¨ ¨¤¥´É¨Ë¨Í¨·µ¢ ´Ò ± ±, ¶·¥¤¶µ²µ¦¨É¥²Ó´µ, 2+.

‚ Í¥²µ³, Ëµ·³  ¢¸¥Ì É·¥Ì ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° 2+-¸µ¸ÉµÖ´¨°, µ¡´ -
·Ê¦¥´´ÒÌ ¢ ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢, Ìµ·µÏµ ¸µ£² ¸Ê¥É¸Ö
¸ ¶·¥¤¸± § ´¨Ö³¨ ´ Ï¨Ì · ¸Î¥Éµ¢. � ¨¡µ²¥¥ ¨´É¥·¥¸´Ò³ Ö¢²Ö¥É¸Ö ¶·¥¤¸± -
§ ´¨¥ ¨ µ¡´ ·Ê¦¥´¨¥ ±µ²²¥±É¨¢´µ£µ 2+

4 -¸µ¸ÉµÖ´¨Ö. Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó ¢Ò-
Ï¥, ÔÉµ Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ Ô´¥·£¥É¨Î¥¸±µ° Ð¥²¨ ¢ µ¤´µÎ ¸É¨Î´µ³ ¸¶¥±É·¥
(1g7/2, 2d5/2 ⇐⇒ 1h11/2, 2d3/2, 3s1/2). • · ±É¥·´µ° µ¸µ¡¥´´µ¸ÉÓÕ ´ ¸ÉµÖ-
Ð¨Ì · ¸Î¥Éµ¢ Ö¢²Ö¥É¸Ö ¶¥·¥µÍ¥´±   ³¶²¨ÉÊ¤ ¢´ÊÉ·¥´´¨Ì ¶¨±µ¢ ¶¥·¥Ìµ¤´ÒÌ
¶²µÉ´µ¸É¥°. ‘²¨Ï±µ³ ¸¨²Ó´Ò¥ ¢´ÊÉ·¥´´¨¥ ¶¨±¨ É ±¦¥ ¶·¨¸ÊÉ¸É¢ÊÕÉ ¨ ¢
¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸ÉÖÌ µ¤´µËµ´µ´´ÒÌ ±µ³¶µ´¥´É. �·¨Î¨´µ° ¨Ì Ö¢²Ö¥É¸Ö
¸²¨Ï±µ³ ¡µ²ÓÏµ° ¢±² ¤ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´µ° ±µ´Ë¨£Ê· Í¨¨ π(2d5/2, 2d5/2)
¢ ¸É·Ê±ÉÊ·Ê Ëµ´µ´µ¢. �ÉµÉ ÔËË¥±É ¥Ð¥ ¡µ²¥¥ Ö·±µ ¢Ò· ¦¥´ ¢ ¶¥·¥Ìµ¤´ÒÌ
¶²µÉ´µ¸ÉÖÌ 4+-¸µ¸ÉµÖ´¨°. �¥¤ ¢´µ ¡Ò²µ ¶µ± § ´µ, ÎÉµ ÊÎ¥É ±µ··¥²ÖÍ¨° ¢
µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨ ¶·¨ ¢ÒÌµ¤¥ §  · ³±¨ �‘” ¶·¨¢µ¤¨É ± Ê³¥´ÓÏ¥´¨Õ
¢±² ¤  £² ¢´ÒÌ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÒÌ ±µ´Ë¨£Ê· Í¨° ¢ ¸É·Ê±ÉÊ·Ê ´¨¦ °Ï¨Ì
±µ²²¥±É¨¢´ÒÌ Ëµ´µ´µ¢ ¨, ¸µµÉ¢¥É¸É¢¥´´µ, ¸ÊÐ¥¸É¢¥´´µ Ê²ÊÎÏ ¥É µ¶¨¸ ´¨¥
¢´ÊÉ·¥´´¥° Î ¸É¨ ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ ±µ²²¥±É¨¢´ÒÌ ¸µ¸ÉµÖ´¨° [13].

� ¸¸³µÉ·¨³ É¥¶¥·Ó ¢µ§¡Ê¦¤¥´´Ò¥ 3−-¸µ¸ÉµÖ´¨Ö ¢ 142Nd. ’µ²Ó±µ ¤¢¥ µ¤-
´µËµ´µ´´Ò¥ 3−-±µ´Ë¨£Ê· Í¨¨ ¨³¥ÕÉ Ô´¥·£¨Õ ³¥´ÓÏ¥ 4 ŒÔ‚. �´¥·£¨¨ ¨
¢¥²¨Î¨´Ò B(E3) ÔÉ¨Ì ¸µ¸ÉµÖ´¨° ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 1. Š ± ¨ ¢ ¸²ÊÎ ¥ ±¢ -
¤·Ê¶µ²Ó´ÒÌ ¸µ¸ÉµÖ´¨°, µ¸´µ¢´µ° ¢±² ¤ ¢ ¨Ì ¸É·Ê±ÉÊ·Ê ¤ ÕÉ ¶·µÉµ´´Ò¥ ¤¢ÊÌ-
±¢ §¨Î ¸É¨Î´Ò¥ ±µ´Ë¨£Ê· Í¨¨. �¥·¢µ¥ µ¤´µËµ´µ´´µ¥ 3−-¸µ¸ÉµÖ´¨¥ Ö¢²Ö¥É¸Ö
¸¨²Ó´µ±µ²²¥±É¨¢¨§¨·µ¢ ´´Ò³, ¢ µÉ²¨Î¨¥ µÉ ¢Éµ·µ£µ, ¶· ±É¨Î¥¸±¨ Î¨¸Éµ ¤¢ÊÌ-
±¢ §¨Î ¸É¨Î´µ£µ. �µ¸²¥ ÊÎ¥É  ¢§ ¨³µ¤¥°¸É¢¨Ö µ¤´µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°
¸ ³´µ£µËµ´µ´´Ò³¨ ³Ò ¶µ²ÊÎ ¥³ ¸¶¥±É· 3−-¢µ§¡Ê¦¤¥´¨°, É ±¦¥ ¶·¥¤¸É ¢²¥´-
´Ò° ¢ É ¡². 1.

‘µ¸ÉµÖ´¨¥ 3−1 µ± §Ò¢ ¥É¸Ö ¸¨²Ó´µ±µ²²¥±É¨¢¨§¨·µ¢ ´´Ò³, µ¤´µËµ´µ´´ Ö
3−1 -±µ´Ë¨£Ê· Í¨Ö ¤ ¥É ¢±² ¤, ¶·¨³¥·´µ · ¢´Ò° 84 %, ¨ ¶·¨³¥·´µ 10 % ¢±² -
¤  ¤ ÕÉ ¤¢ÊÌËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨. ‘µ¸ÉµÖ´¨¥ 3−2 µ¸É ¥É¸Ö ¶· ±É¨Î¥¸±¨
¤¢ÊÌ±¢ §¨Î ¸É¨Î´Ò³. ’·¥ÉÓ¥ 3−-¸µ¸ÉµÖ´¨¥ Ä ¸´µ¢  ±µ²²¥±É¨¢´µ¥, ´µ µ¸´µ¢-
´µ° ¢±² ¤ ¢ ¥£µ ¸É·Ê±ÉÊ·Ê ¤ ¥É ¤¢ÊÌËµ´µ´´ Ö ±µ´Ë¨£Ê· Í¨Ö [2+

1 ⊗ 3−1 ]3− .
Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó, ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ¤¢ÊÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°
§´ Î¨É¥²Ó´µ ³¥´ÓÏ¥ µ¤´µËµ´µ´´ÒÌ, ¶µÔÉµ³Ê ¨ ¶¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ Ê 3−3 -
¸µ¸ÉµÖ´¨Ö ¸ÊÐ¥¸É¢¥´´µ ¸² ¡¥¥, Î¥³ Ê ¸µ¸ÉµÖ´¨Ö 3−1 .
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‚ Ô±¸¶¥·¨³¥´É¥ (e, e′)142Nd ¡Ò²µ µ¡´ ·Ê¦¥´µ ¤¢  3−-¸µ¸ÉµÖ´¨Ö ¸ Ô´¥·-
£¨¥° 2,083 ¨ 3,580 ŒÔ‚. �¤´ ±µ ¨§-§  µÉ¸ÊÉ¸É¢¨Ö ¤¨Ë· ±Í¨µ´´ÒÌ ³¨´¨³Ê³µ¢
¢ Ëµ·³Ë ±Éµ·¥ ¢Éµ·µ£µ ¸µ¸ÉµÖ´¨Ö, ÎÉµ, ¶µ-¢¸¥° ¢¨¤¨³µ¸É¨, ¸¢¨¤¥É¥²Ó¸É¢Ê¥É
µ ´¥±µÉµ·µ° ¶·¨³¥¸¨ ¸µ¸ÉµÖ´¨° ¤·Ê£µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨, ¶¥·¥Ìµ¤´ÊÕ ¶²µÉ-
´µ¸ÉÓ ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ¨§¢²¥ÎÓ ´¥ Ê¤ ²µ¸Ó. �µÔÉµ³Ê ¸· ¢´¥´¨¥ É¥µ·¨¨ ¸ Ô±¸-
¶¥·¨³¥´Éµ³ ¤²Ö ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ¡Ò²µ ¶·µ¢¥¤¥´µ ´  Ê·µ¢´¥ Ëµ·³Ë ±Éµ·µ¢, ¨
¡Ò²µ ¶µ²ÊÎ¥´µ Ìµ·µÏ¥¥ ¸µµÉ¢¥É¸É¢¨¥. �·µ¡²¥³Ò ¸ ¨§¢²¥Î¥´¨¥³ ¶¥·¥Ìµ¤´µ°
¶²µÉ´µ¸É¨ ¤²Ö ´¨¦ °Ï¥£µ 3−-¸µ¸ÉµÖ´¨Ö ¡Ò²¨ ¸¢Ö§ ´Ò ¸ É¥³, ÎÉµ ´¨¦ °-
Ï¥¥ 4+-¸µ¸ÉµÖ´¨¥ ¢ 142Nd ¨³¥¥É Ô´¥·£¨Õ ¢µ§¡Ê¦¤¥´¨Ö 2,098 ŒÔ‚. �±¸¶¥-
·¨³¥´É ²Ó´µ£µ · §·¥Ï¥´¨Ö µ± § ²µ¸Ó ´¥¤µ¸É ÉµÎ´µ, ÎÉµ¡Ò · §¤¥²¨ÉÓ 3−1 - ¨
4+

1 -Ê·µ¢´¨, · ¸¶µ²µ¦¥´´Ò¥ ´  · ¸¸ÉµÖ´¨¨ 15 ±Ô‚. �±¸¶¥·¨³¥´É ²Ó´ Ö ¶¥·¥-
Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ 3−1 -¸µ¸ÉµÖ´¨Ö, ¶·¥¤¸É ¢²¥´´ Ö ´  ·¨¸. 1, ¶µ²ÊÎ¥´  Éµ²Ó±µ
¶µ¸²¥ ¢ÒÎ¨É ´¨Ö ¨§ ¸Ê³³ ·´µ£µ Ëµ·³Ë ±Éµ·  3−1 ¨ 4+

1 -Ê·µ¢´¥° Ëµ·³Ë ±Éµ· 
4+

1 -Ê·µ¢´Ö, · ¸¸Î¨É ´´µ£µ ¸ ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸ÉÓÕ ¢ ¢¨¤¥ ¶·µ¨§¢µ¤´µ° µÉ
¸·¥¤´¥£µ ¶µ²Ö.

� Ï¨ · ¸Î¥ÉÒ ¶·¥¤¸± §Ò¢ ÕÉ ¶ÖÉÓ µ¤´µËµ´µ´´ÒÌ 4+-¸µ¸ÉµÖ´¨° ¢ 142Nd
¸ Ô´¥·£¨¥° ³¥´¥¥ 4 ŒÔ‚. ˆÌ Ô´¥·£¨¨ ¨ ¢¥²¨Î¨´Ò B(E4) ¶·¥¤¸É ¢²¥´Ò ¢
É ¡². 1. ‚¸¥ ÔÉ¨ ¸µ¸ÉµÖ´¨Ö, ± ± ¨ ¸µ¸ÉµÖ´¨Ö ¤·Ê£¨Ì ³Ê²ÓÉ¨¶µ²Ó´µ¸É¥°, ¸µ¸Éµ-
ÖÉ ¶· ±É¨Î¥¸±¨ Éµ²Ó±µ ¨§ ¶·µÉµ´´ÒÌ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÒÌ ±µ´Ë¨£Ê· Í¨°. �¤-
´µËµ´µ´´µ¥ ¸µ¸ÉµÖ´¨¥ 4+

1 ³¥´¥¥ ±µ²²¥±É¨¢´µ, Î¥³ Ëµ´µ´Ò 2+
1 ¨ 3−1 , £² ¢´ Ö

¤¢ÊÌ±¢ §¨Î ¸É¨Î´ Ö ±µ´Ë¨£Ê· Í¨Ö π(2d5/2, 2d5/2) ¤ ¥É ¢±² ¤ ¢ ¥£µ ¸É·Ê±ÉÊ·Ê,
· ¢´Ò° ¶·¨³¥·´µ 90 %. �ÉµÉ Ë ±É ¶µ¤É¢¥·¦¤ ¥É¸Ö ·¥§Ê²ÓÉ É ³¨ Ô±¸¶¥·¨-
³¥´É  ¶µ ´¥Ê¶·Ê£µ³Ê · ¸¸¥Ö´¨Õ ¶·µÉµ´µ¢ [14], ¢ ±µÉµ·µ³ ´¥É¨¶¨Î´µ¥ Ê£²µ-
¢µ¥ · ¸¶·¥¤¥²¥´¨¥ 4+

1 -¸µ¸ÉµÖ´¨Ö ¸ Ô´¥·£¨¥° 2,098 ŒÔ‚ µ¡ÑÖ¸´¥´µ ´ ²¨Î¨¥³
¡µ²ÓÏµ£µ ¢±² ¤  ¤¢ÊÌ±¢ §¨Î ¸É¨Î´µ° ±µ³¶µ´¥´ÉÒ ¢ ¥£µ ¸É·Ê±ÉÊ·Ê. ‘µ¸Éµ-
Ö´¨Ö 4+

2 ¨ 4+
3 Ö¢²ÖÕÉ¸Ö ¶· ±É¨Î¥¸±¨ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´Ò³¨. ‘²¥¤ÊÕÐ¥¥ ¦¥

µ¤´µËµ´µ´´µ¥ ¸µ¸ÉµÖ´¨¥ 4+
4 , ± ± ¨ 2+

4 , ¶·µÖ¢²Ö¥É ¸¢µ°¸É¢  ¸¨²Ó´µ±µ²²¥±É¨-
¢¨§¨·µ¢ ´´µ£µ Ëµ´µ´ , ±µ£¤  ¡µ²ÓÏµ¥ Î¨¸²µ · §²¨Î´ÒÌ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÒÌ
±µ´Ë¨£Ê· Í¨° ¢´µ¸ÖÉ ¢±² ¤ ¢ ¥£µ ¸É·Ê±ÉÊ·Ê ±µ£¥·¥´É´Ò³ µ¡· §µ³, ¢ ·¥§Ê²Ó-
É É¥ §´ Î¥´¨¥ B(E4) ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ¶·¥¢ÒÏ ¥É ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ §´ Î¥´¨¥
¤²Ö ´¨¦ °Ï¥£µ 4+-Ëµ´µ´ . •µÉÖ ¡µ²ÓÏµ¥ Î¨¸²µ · §²¨Î´ÒÌ ¤¢ÊÌ±¢ §¨Î ¸É¨Î-
´ÒÌ ±µ´Ë¨£Ê· Í¨° ¤ ÕÉ ¢±² ¤ ¢ ¸É·Ê±ÉÊ·Ê ¨ 4+

5 -Ëµ´µ´ , ¨´É¥·Ë¥·¥´Í¨Ö ·Ö¤ 
¨§ ´¨Ì ´µ¸¨É ¤¥¸É·Ê±É¨¢´Ò° Ì · ±É¥·, ¢ ·¥§Ê²ÓÉ É¥ §´ Î¥´¨¥ B(E4), ¸µµÉ¢¥É-
¸É¢ÊÕÐ¥¥ ÔÉµ³Ê Ëµ´µ´Ê, § ³¥É´µ ³¥´ÓÏ¥.

‚§ ¨³µ¤¥°¸É¢¨¥ ¸µ ¸²µ¦´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨ ¶· ±É¨Î¥¸±¨ ´¥ ³¥´Ö¥É
¸¢µ°¸É¢ ´¨¦ °Ï¨Ì É·¥Ì 4+-¸µ¸ÉµÖ´¨°. Š ± B(E4), ¶·¥¤¸É ¢²¥´´Ò¥ ¢ É ¡². 1,
É ± ¨ ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ÔÉ¨Ì ¸µ¸ÉµÖ´¨° ¶· ±É¨Î¥¸±¨ ´¥ ¨§³¥´ÖÕÉ¸Ö.
�¤´ ±µ ¸¨²  Î¥É¢¥·Éµ£µ 4+-Ëµ´µ´  · ¸¶·¥¤¥²Ö¥É¸Ö ³¥¦¤Ê ¤¢Ê³Ö ¸µ¸ÉµÖ´¨Ö-
³¨ ¸ Ô´¥·£¨¥° 3,16 ¨ 3,46 ŒÔ‚. �·µ¨¸Ìµ¤¨É ÔÉµ £² ¢´Ò³ µ¡· §µ³ §  ¸Î¥É
¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¤¢ÊÌËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¥° [2+

1 ⊗ 2+
1 ]4+ , · ¸¶µ²µ¦¥´´µ°

¶µ Ô´¥·£¨¨ ¢¡²¨§¨ 4+
4 -Ëµ´µ´ . �¡  ¸µ¸ÉµÖ´¨Ö ¨³¥ÕÉ ¶µÌµ¦ÊÕ ¸É·Ê±ÉÊ·Ê:

¶·¨³¥·´µ 40 % µ¤´µËµ´µ´´µ° 4+
4 -±µ´Ë¨£Ê· Í¨¨, 40 % Ê¶µ³Ö´ÊÉµ° ¤¢ÊÌ-
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Ëµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨ ¨ 8 % ¢±² ¤  µÉ É·¥ÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°. ‚
·¥§Ê²ÓÉ É¥ µ¡  ¸µ¸ÉµÖ´¨Ö, 4+

4 ¨ 4+
5 , ¨³¥ÕÉ ¡²¨§±¨¥ §´ Î¥´¨Ö B(E4) ¨ Ëµ·³Ò

§ ·Ö¤µ¢ÒÌ ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° (¸³. É ¡². 1 ¨ ·¨¸. 1).
Š ± ³Ò Ê¦¥ µÉ³¥Î ²¨ ¢ÒÏ¥, ¨§-§  ¡²¨§µ¸É¨ 3−1 - ¨ 4+

1 -Ê·µ¢´¥° ¢ 142Nd
¶¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ, ¸µµÉ¢¥É¸É¢ÊÕÐ Ö 4+

1 -Ê·µ¢´Õ, ´¥ ¨§¢¥¸É´  ¨§ Ô±¸¶¥-
·¨³¥´É . �¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ 4+

2 -Ê·µ¢´Ö ¨³¥¥É ¶µ¢¥¤¥´¨¥, Ì · ±É¥·´µ¥ ¤²Ö
´¥±µ²²¥±É¨¢´µ£µ ¢µ§¡Ê¦¤¥´¨Ö, ¨ Ìµ·µÏµ ¸µµÉ¢¥É¸É¢Ê¥É ¶·¥¤¸± § ´¨Õ É¥µ·¨¨.
� ¨¡µ²¥¥ ¶·¨³¥Î É¥²Ó´Ò³ ¤²Ö ¢µ§¡Ê¦¤¥´´ÒÌ 4+-¸µ¸ÉµÖ´¨° Ö¢²Ö¥É¸Ö ¶·¨¸ÊÉ-
¸É¢¨¥ ¤¢ÊÌ ¡²¨§±µ²¥¦ Ð¨Ì Ê·µ¢´¥°, 4+

4 ¨ 4+
5 , ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ±µÉµ·ÒÌ

µÎ¥´Ó ¶µÌµ¦¨, ÎÉµ ¶µ²´µ¸ÉÓÕ ¸µµÉ¢¥É¸É¢Ê¥É É¥µ·¥É¨Î¥¸±¨³ ¶·¥¤¸± § ´¨Ö³ ¨
Ö¢²Ö¥É¸Ö ·¥§Ê²ÓÉ Éµ³ ¢§ ¨³µ¤¥°¸É¢¨Ö µ¤´µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ¸ ³´µ£µ-
Ëµ´µ´´Ò³¨.

�·¨ ¶¥·¥Ìµ¤¥ µÉ ¶µ²Ê³ £¨Î¥¸±¨Ì Ö¤¥· ± Ö¤· ³ ¸ ´¥§ ³±´ÊÉÒ³¨ ´¥°É·µ´-
´µ° ¨ ¶·µÉµ´´µ° ¶µ¤µ¡µ²µÎ± ³¨ ±µ²²¥±É¨¢´µ¸ÉÓ ´¨¦ °Ï¨Ì ¸µ¸ÉµÖ´¨° Ê¸¨-
²¨¢ ¥É¸Ö. ‚ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ÔÉµ µÉ´µ¸¨É¸Ö ± 2+

1 -¸µ¸ÉµÖ´¨Õ; ±·µ³¥ Éµ£µ, ¸Ê-
Ð¥¸É¢¥´´µ ¶µ´¨¦ ¥É¸Ö Ô´¥·£¨Ö ¥£µ ¢µ§¡Ê¦¤¥´¨Ö. “¸¨²¥´¨¥ ±µ²²¥±É¨¢´µ¸É¨
¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ ³ É·¨Î´µ£µ Ô²¥³¥´É  ¢§ ¨³µ¤¥°¸É¢¨Ö µ¤´µËµ´µ´´ÒÌ
±µ´Ë¨£Ê· Í¨° ¸ ¡µ²¥¥ ¸²µ¦´Ò³¨. ‚¸²¥¤¸É¢¨¥ Ê³¥´ÓÏ¥´¨Ö Ô´¥·£¨¨ ¢µ§¡Ê-
¦¤¥´¨Ö ´¨¦ °Ï¥° µ¤´µËµ´µ´´µ° 2+-±µ´Ë¨£Ê· Í¨¨ ¶·µ¨¸Ìµ¤¨É Ê³¥´ÓÏ¥´¨¥
Ô´¥·£¥É¨Î¥¸±µ£µ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ´¨¦ °Ï¨³¨ µ¤´µ- ¨ ¤¢ÊÌËµ´µ´´Ò³¨ ±µ´-
Ë¨£Ê· Í¨Ö³¨, ¨ É.¤. �¡  µÉ³¥Î¥´´ÒÌ ÔËË¥±É  · ¡µÉ ÕÉ ¢ µ¤´Ê ¸Éµ·µ´Ê ¨
¶·¨¢µ¤ÖÉ ± ¡µ²¥¥ ¸¨²Ó´µ³Ê ¸³¥Ï¨¢ ´¨Õ Ëµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° · §²¨Î´µ°
¸²µ¦´µ¸É¨ ¢ Ö¤· Ì ¸ ´¥§ ³±´ÊÉµ° µ¡µ²µÎ±µ°. �¸É ´µ¢¨³¸Ö ¡µ²¥¥ ¶µ¤·µ¡´µ
´  ¶µ²µ¦¥´¨¨, ¸É·Ê±ÉÊ·¥ ¨ § ·Ö¤µ¢ÒÌ ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸ÉÖÌ ´¨§±µ²¥¦ Ð¨Ì
¸µ¸ÉµÖ´¨° ´¥³ £¨Î¥¸±¨Ì Ö¤¥· ´  ¶·¨³¥·¥ ¨§µÉµ¶  144Nd [8].

‚ 144Nd ´ Ï¨ · ¸Î¥ÉÒ ¶·¥¤¸± §Ò¢ ÕÉ ´ ²¨Î¨¥ Ê¦¥ ¢µ¸Ó³¨ µ¤´µËµ´µ´´ÒÌ
2+-±µ´Ë¨£Ê· Í¨° ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö ´¨¦¥ 4 ŒÔ‚. � ¨¡µ²¥¥ ±µ²²¥±É¨¢-
´µ°, ±µ´¥Î´µ, Ö¢²Ö¥É¸Ö ¶¥·¢ Ö ¨§ ´¨Ì, ±µÉµ· Ö ¨³¥¥É Ô´¥·£¨Õ ¢µ§¡Ê¦¤¥´¨Ö
1,48 ŒÔ‚ ¨ B(E2) = 4, 4 ·103 e2 ·Ë³4. ’ ±¦¥ ±µ²²¥±É¨¢´µ° Ö¢²Ö¥É¸Ö ¨ ¶ÖÉ Ö
µ¤´µËµ´µ´´ Ö ±µ´Ë¨£Ê· Í¨Ö ¸ Ex = 3, 3 ŒÔ‚ ¨ B(E2) = 1, 1 · 103 e2 · Ë³4,
µ¸É ²Ó´Ò¥ µ¤´µËµ´µ´´Ò¥ 2+-±µ´Ë¨£Ê· Í¨¨ Ä ¶· ±É¨Î¥¸±¨ Î¨¸Éµ ¤¢ÊÌ±¢ §¨-
Î ¸É¨Î´Ò¥. Šµ²²¥±É¨¢´µ¸ÉÓ ´¨¦ °Ï¨Ì Î¥ÉÒ·¥Ì µ¤´µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· -
Í¨° Ìµ·µÏµ ¶·µ¸³ É·¨¢ ¥É¸Ö ¶µ Ëµ·³¥ ¨Ì ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥°. �¥·¥-
Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ µ¤´µËµ´µ´´µ° 2+

1 -±µ´Ë¨£Ê· Í¨¨ ¨³¥¥É § ³¥É´Ò° ¶¨± ´ 
¶µ¢¥·Ì´µ¸É¨ Ö¤· , µ¸É ²Ó´Ò¥ Ä Ëµ·³Ê, Ì · ±É¥·´ÊÕ ¤²Ö ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÒÌ
¶²µÉ´µ¸É¥°. �É³¥É¨³, ÎÉµ µ¤´µËµ´µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö 2+

3,4,7,8 ¶µ¸É·µ¥´Ò ¶· ±-
É¨Î¥¸±¨ ¨§ ¶·µÉµ´´ÒÌ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÒÌ ±µ´Ë¨£Ê· Í¨°, µ¸É ²Ó´Ò¥ É ±¦¥
¨³¥ÕÉ § ³¥É´Ò° ¢±² ¤ ¨ ´¥°É·µ´´ÒÌ ±µ³¶µ´¥´É. �Éµ Ê± §Ò¢ ¥É ´  ·µ²Ó ¤¢ÊÌ
¢ ²¥´É´ÒÌ ´¥°É·µ´µ¢ ¢´¥ § ³±´ÊÉµ° µ¡µ²µÎ±¨ N =82.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¸¶¥±É·  ´¨§±µ²¥¦ Ð¨Ì 2+-¸µ¸ÉµÖ´¨° ¸ ¢µ²´µ¢µ°
ËÊ´±Í¨¥°, ¸µ¤¥·¦ Ð¥° µ¤´µ-, ¤¢ÊÌ- ¨ É·¥ÌËµ´µ´´Ò¥ ±µ³¶µ´¥´ÉÒ, ¶·¥¤¸É ¢-
²¥´Ò ¢ É ¡². 2 ¢ ¸· ¢´¥´¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. ‚ ÔÉµ° É ¡²¨Í¥
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’ ¡²¨Í  2. �´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö, ¶·¨¢¥¤¥´´Ò¥ ¢¥·µÖÉ´µ¸É¨ B(E2)-¶¥·¥Ìµ¤µ¢ ¨
µ¸´µ¢´Ò¥ ±µ³¶µ´¥´ÉÒ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ´¨§±µ²¥¦ Ð¨Ì 2+ ¢ 144Nd

�±¸¶¥·¨³¥´É ’¥µ·¨Ö

λπν Ex, B(E2), Ex, B(E2), Q+ Q+Q+ Q+Q+Q+

MÔ‚ e2 · Ë³4 MÔ‚ e2 · Ë³4 ±µ³¶. ±µ³¶. ±µ³¶.

2+
1 0,696 4,60·103 0,708 3,8·103 2+

1 - 78% [2+
1 ⊗ 4+

1 ]2+ − 6% 2%

[3−1 ⊗ 3−1 ]2+ − 4%

[3−1 ⊗ 5−1 ]2+ − 4%

2+
2 1,575 7,9·101 2+

2 - 10% [2+
1 ⊗ 2+

1 ]2+ − 63% 19%

2+
4 - 4%

2+
3 2,073 6,31·102 2,105 1,5·102 2+

2 - 70% [2+
1 ⊗ 2+

1 ]2+ − 7% 5%

[2+
1 ⊗ 4+

1 ]2+ − 10%

[3−1 ⊗ 5−1 ]2+ − 2%

2+
4 2,368 2,38·102 2,440 2,0·102 2+

3 - 87% [2+
1 ⊗ 4+

1 ]2+ − 4% 2%

2+
4 - 2%

2+
5 2,527 3,47·102 2,528 2,2·102 2+

1 - 2% [2+
1 ⊗ 4+

1 ]2+ − 4% 2%

2+
3 - 6% [2+

1 ⊗ 4+
4 ]2+ − 3%

2+
4 - 77%

2+
5 - 3%

2+
6 2,864 1,0·102 2+

1 - 5% [2+
1 ⊗ 2+

1 ]2+ − 2% 15%

2+
2 - 10% [2+

1 ⊗ 4+
1 ]2+ − 40%

2+
3 - 3%

2+
4 - 11%

2+
5 - 13%

2+
7 3,013 1,1·102 2+

1 - 2% [2+
1 ⊗ 4+

1 ]2+ − 8% 14%

2+
2 - 3% [2+

1 ⊗ 4+
5 ]2+ − 3%

2+
5 - 44% [3−1 ⊗ 3−1 ]2+ − 21%

2+
8 3,354 3,6·102 2+

5 - 20% [2+
1 ⊗ 4+

1 ]2+ − 3% 25%

2+
6 - 2% [2+

1 ⊗ 4+
5 ]2+ − 4%

[3−1 ⊗ 3−1 ]2+ − 35%

[3−1 ⊗ 5−1 ]2+ − 6%

³Ò µ£· ´¨Î¨²¨¸Ó Éµ²Ó±µ É¥³¨ ¢µ§¡Ê¦¤¥´´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨, ¤²Ö ±µÉµ·ÒÌ ¡Ò-
²¨ ¨§¢²¥Î¥´Ò ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ¨§ ¤ ´´ÒÌ (e, e′)-·¥ ±Í¨¨. �´ ²µ£¨Î´Ò¥
·¥§Ê²ÓÉ ÉÒ ¤²Ö 3−- ¨ 4+-¸µ¸ÉµÖ´¨° ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 3.

‘µ¸ÉµÖ´¨¥ 2+
1 ¢ ´ Ï¨Ì · ¸Î¥É Ì ¸µ¸Éµ¨É ¶·¥¨³ÊÐ¥¸É¢¥´´µ ¨§ ´¨¦ °-

Ï¥° µ¤´µËµ´µ´´µ° 2+-±µ´Ë¨£Ê· Í¨¨ (78 %) ¸ ´¥±µÉµ·µ° ¶·¨³¥¸ÓÕ, ¸µµÉ-
¢¥É¸É¢¥´´µ, 14 % ¨ 2 % ¤¢ÊÌ- ¨ É·¥ÌËµ´µ´´ÒÌ ±µ³¶µ´¥´É. ‘µ¸ÉµÖ´¨¥ 2+

2

¸ Ô´¥·£¨¥° 1,575 ŒÔ‚ Ö¢²Ö¥É¸Ö ¢ µ¸´µ¢´µ³ 2+-±µ³¶µ´¥´Éµ° ¤¢ÊÌËµ´µ´´µ£µ
³Ê²ÓÉ¨¶²¥É  [2+

1 ⊗2+
1 ] ¸ ¶·¨³¥¸ÓÕ µ¤´µ- ¨ É·¥ÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°. �Éµ
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’ ¡²¨Í  3. ’µ ¦¥, ÎÉµ ¨ ¢ É ¡². 2, ¤²Ö ¸µ¸ÉµÖ´¨° ¸ ³µ³¥´Éµ³ ¨ Î¥É´µ¸ÉÓÕ 3− ¨ 4+.
�·¥¤¸É ¢²¥´Ò Éµ²Ó±µ É¥ ¸µ¸ÉµÖ´¨Ö, ¤²Ö ±µÉµ·ÒÌ § ·Ö¤µ¢Ò¥ ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨
¨§¢²¥Î¥´Ò ¨§ Ô±¸¶¥·¨³¥´É 

�±¸¶¥·¨³¥´É ’¥µ·¨Ö

λπν Ex, B(Eλ), Ex, B(Eλ), Q+ Q+Q+ Q+Q+Q+

MÔ‚ e2 · Ë³2λ+2 MÔ‚ e2 · Ë³2λ+2 ±µ³¶. ±µ³¶. ±µ³¶.

3−1 1, 510 2, 56 · 105 1, 265 1, 4 · 105 3−1 - 56% [2+
1 ⊗ 3−1 ]3− − 26% 7%

3−2 - 2% [2+
1 ⊗ 5−1 ]3− − 5%

3−2 2,779 4,46·104 2,787 2,6·104 3−1 - 12% [2+
1 ⊗ 3−1 ]3− − 36% 27%

[2+
1 ⊗ 5−1 ]3− − 22%

3−3 2,839 0,46·104 3,252 3,0·103 3−1 - 5% [2+
1 ⊗ 5−1 ]3− − 20% 26%

3−2 - 7% [3−1 ⊗ 4+
1 ]3− − 39%

3−4 2,967 8,1·103 3,359 4,1·104 3−1 - 13% [2+
1 ⊗ 3−3 ]3− − 3% 15%

3−2 - 33% [2+
2 ⊗ 3−1 ]3− − 2%

[2+
1 ⊗ 5−1 ]3− − 6%

[3−1 ⊗ 4+
3 ]3− − 25%

4+
1

1,315 1,93·106 1,368 1,6·106 4+
1

- 40% [2+
1
⊗ 2+

1
]4+ − 42% 12%

4+
2 - 2%

4+
2 2,109 3,14·106 2,039 2,1·106 4+

1 - 45% [2+
1 ⊗ 2+

1 ]4+ − 29% 12%

4+
2 - 5%

4+
3 2,207 2,4·105 4+

1 - 3% [2+
1 ⊗ 2+

1 ]4+ − 2% 2%

4+
2 - 84% [2+

1 ⊗ 4+
1 ]4+ − 4%

4+
4 2,451 1,13·106 2,449 4,9·105 4+

3 - 96%

4+
8 2,986 6,9·105 3,256 6,5·105 4+

5 - 43% [2+
1 ⊗ 2+

5 ]4+ − 2% 14%

[2+
1 ⊗ 6+

1 ]4+ − 8%

[2+
1 ⊗ 6+

4 ]4+ − 2%

[3−1 ⊗ 3−1 ]4+ − 22%

[3−1 ⊗ 5−1 ]4+ − 2%

¸µ¸ÉµÖ´¨¥ ´¥ ¡Ò²µ µ¡´ ·Ê¦¥´µ ¢ ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢
¨§-§  ³ ²µ£µ §´ Î¥´¨Ö B(E2)-¶¥·¥Ìµ¤ . �¤´ ±µ ÔÉµ ¸µ¸ÉµÖ´¨¥ ¨§¢¥¸É´µ ¨§
¤ ´´ÒÌ (p, p′)- ¨ (d, d′)-·¥ ±Í¨°, ¶·¨·µ¤µ° ¥£µ ¢µ§¡Ê¦¤¥´¨Ö, ± ± ¸¢¨¤¥É¥²Ó-
¸É¢Ê¥É ¶µ¢¥¤¥´¨¥ Ëµ·³Ë ±Éµ·µ¢, ¢ ÔÉ¨Ì ·¥ ±Í¨ÖÌ Ö¢²Ö¥É¸Ö ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒ°
¶·µÍ¥¸¸ Î¥·¥§ 2+

1 -Ê·µ¢¥´Ó. �Éµ Ê± §Ò¢ ¥É ´  ¡µ²ÓÏµ° ¢±² ¤ ¤¢ÊÌËµ´µ´´µ°
±µ³¶µ´¥´ÉÒ ¢ ¸É·Ê±ÉÊ·Ê ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö, ± ± ¨ ¶·¥¤¸± §Ò¢ ÕÉ ´ Ï¨ · ¸Î¥ÉÒ.

‚±² ¤ ¤¢ÊÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ¢ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ´¨§±µ²¥¦ Ð¨Ì
2+-¸µ¸ÉµÖ´¨° ¢ 144Nd ¶·¥¢ÒÏ ¥É 10 % §  ¨¸±²ÕÎ¥´¨¥³ ¶· ±É¨Î¥¸±¨ µ¤´µËµ-
´µ´´ÒÌ 2+

4 -, 2+
5 - ¨ 2+

9 -¸µ¸ÉµÖ´¨°. „²Ö ³´µ£¨Ì ´¨§±µ²¥¦ Ð¨Ì 2+-¸µ¸ÉµÖ´¨°
¢±² ¤ É·¥ÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° É ±¦¥ ¢¥²¨± (≥10 %). �Éµ ¸¨²Ó´µ µÉ-
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�¨¸. 2. ’µ ¦¥, ÎÉµ ¨ ´  ·¨¸. 1, ¤²Ö ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¢ 144Nd

²¨Î ¥É¸Ö µÉ ¸¨ÉÊ Í¨¨ ¸ ´¨§±µ²¥¦ Ð¨³¨ 2+-¸µ¸ÉµÖ´¨Ö³¨ ¢ 142Nd, µ¡¸Ê¦¤ ¢-
Ï¥°¸Ö ¢ÒÏ¥, £¤¥ ¢±² ¤ ¤¢ÊÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° µ£· ´¨Î¨¢ ¥É¸Ö ´¥¸±µ²Ó-
±¨³¨ ¶·µÍ¥´É ³¨,   ¶·¨³¥¸Ó É·¥ÌËµ´µ´´ÒÌ ±µ³¶µ´¥´É ¶·¥´¥¡·¥¦¨³µ ³ ² .
�Éµ Ö¢²Ö¥É¸Ö ¶·Ö³Ò³ ¸²¥¤¸É¢¨¥³ Ê¸¨²¥´¨Ö ¸¢Ö§¨ Ëµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°,
µÉ²¨Î ÕÐ¨Ì¸Ö ¶µ Î¨¸²Ê Ëµ´µ´µ¢, ¨§-§  ¤¢ÊÌ ¤µ¶µ²´¨É¥²Ó´ÒÌ ´¥°É·µ´µ¢ ¢´¥
§ ³±´ÊÉµ° µ¡µ²µÎ±¨. �¥§Ê²ÓÉ Éµ³ Ö¢²Ö¥É¸Ö ¡µ²¥¥ ¸¨²Ó´µ¥ ¸³¥Ï¨¢ ´¨¥, · ¸-
Ð¥¶²¥´¨¥ · §²¨Î´ÒÌ ±µ´Ë¨£Ê· Í¨° ¨ ¶µ´¨¦¥´¨¥ Ô´¥·£¨¨ ±¢ ¤·Ê¶µ²Ó´ÒÌ ¢µ§-
¡Ê¦¤¥´¨°.

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ¡Ò²¨ ¨§¢²¥Î¥´Ò ¤²Ö Î¥ÉÒ·¥Ì
2+-¸µ¸ÉµÖ´¨° ¢ 144Nd. �´¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 2 ¢ ¸· ¢´¥´¨¨ ¸ · ¸¸Î¨É ´-
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´Ò³¨. � Ï¨ · ¸Î¥ÉÒ ¶·¥¤¸± §Ò¢ ÕÉ ¤¥¢ÖÉÓ ¸µ¸ÉµÖ´¨° ¸ ¤ ´´Ò³ ³µ³¥´Éµ³
¨ Î¥É´µ¸ÉÓÕ ¨ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö ´¨¦¥ 4 ŒÔ‚, ÎÉµ ¸µ¢¶ ¤ ¥É ¸ ±µ²¨Î¥-
¸É¢µ³ 2+-¸µ¸ÉµÖ´¨°, µ¡´ ·Ê¦¥´´ÒÌ ¢ ÔÉµ° Ô´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨ ¢ ·¥ ±-
Í¨ÖÌ (p, p′) ¨ (d, d′). ”µ·³  ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ 2+

1 -¸µ¸ÉµÖ´¨Ö ¸ Ô´¥·£¨¥°
0,696 ŒÔ‚ Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É¸Ö ¢ · ¸Î¥É¥, ÌµÉÖ  ³¶²¨ÉÊ¤  ¢´ÊÉ·¥´´¥£µ
¶¨±  ¸²¥£±  ¶¥·¥µÍ¥´¥´ . ”µ·³  ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° ¤²Ö Ê·µ¢´¥° ¸ Ô´¥·-
£¨¥° 0,696 ¨ 2,073 ŒÔ‚ µÎ¥´Ó ¶µÌµ¦  ¨ ¸µ¢¶ ¤ ¥É ¸ · ¸¸Î¨É ´´µ° ¶²µÉ´µ¸ÉÓÕ
¤²Ö 2+

1 -¸µ¸ÉµÖ´¨Ö. �Éµ ¤ ¥É µ¸´µ¢ ´¨¥ ¶·¥¤¶µ² £ ÉÓ, ÎÉµ Ê·µ¢¥´Ó 2+
3 ¢µ§´¨-

± ¥É ¢ ·¥§Ê²ÓÉ É¥ · ¸Ð¥¶²¥´¨Ö ´¨¦ °Ï¥° µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨ ¨ ´¥
¶·µÖ¢²Ö¥É¸Ö ¢ · ¸Î¥É¥ ¨§-§  µ¡·¥§ ´¨Ö ¡ §¨¸´ÒÌ ±µ´Ë¨£Ê· Í¨°.

‘µ¸ÉµÖ´¨Ö 2+
4 ¨ 2+

5 , µ¡´ ·Ê¦¥´´Ò¥ ¢ ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ô²¥±-
É·µ´µ¢ ¶·¨ Ex = 2, 368 ¨ 2,527 ŒÔ‚, ´ Ìµ¤ÖÉ¸Ö ¢ ´¥¶²µÌµ³ ¸µµÉ¢¥É¸É¢¨¨
¶µ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¨ ¢¥·µÖÉ´µ¸É¨ B(E2) ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ¸µ¸ÉµÖ-
´¨Ö³¨ ¢ ´ Ï¨Ì · ¸Î¥É Ì. �Éµ£µ, µ¤´ ±µ, ´¥²Ó§Ö ¸± § ÉÓ µ Ëµ·³¥ ¶¥·¥Ìµ¤-
´ÒÌ ¶²µÉ´µ¸É¥°. …¸²¨ Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¶¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ ¸µ¸ÉµÖ´¨Ö
¸ Ô´¥·£¨¥° 2,527 ŒÔ‚ ´¥¶²µÌµ ¢µ¸¶·µ¨§¢µ¤¨É¸Ö · ¸¸Î¨É ´´µ° ¶²µÉ´µ¸ÉÓÕ
2+

4 -¸µ¸ÉµÖ´¨Ö, Éµ ¶¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ ¸µ¸ÉµÖ´¨Ö ¸ Ô´¥·£¨¥° 2,368 ŒÔ‚ ´ -
Ìµ¤¨É¸Ö ¢ ´¥±µÉµ·µ³ ¸µµÉ¢¥É¸É¢¨¨ ¸ · ¸¸Î¨É ´´Ò³¨ ¶²µÉ´µ¸ÉÖ³¨ ¸µ¸ÉµÖ´¨°,
· ¸¶µ²µ¦¥´´Ò³¨ ´  700 ±Ô‚ ¢ÒÏ¥ (³Ò ¨³¥¥³ ¢ ¢¨¤Ê 2+

7 - ¨ 2+
8 -¸µ¸ÉµÖ´¨Ö

¢ ´ Ï¨Ì · ¸Î¥É Ì, ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ±µÉµ·ÒÌ ¨§µ¡· ¦¥´Ò ´  ·¨¸. 2,
¸µµÉ¢¥É¸É¢¥´´µ, ¢ ¢¨¤¥ ¸¶²µÏ´µ° ¨ ÏÉ·¨Ì¶Ê´±É¨·´µ° ±·¨¢ÒÌ). ‘µ¸ÉµÖ´¨Ö
2+

7 ¨ 2+
8 ¢ · ¸Î¥É¥ ¢µ§´¨± ÕÉ ¢ ·¥§Ê²ÓÉ É¥ Ë· £³¥´É Í¨¨ ¶ÖÉµ° µ¤´µËµ´µ´-

´µ° ±µ³¶µ´¥´ÉÒ (´ ¨¡µ²¥¥ ±µ²²¥±É¨¢´µ° ¶µ¸²¥ ´¨¦ °Ï¥°) ¨§-§  ¢§ ¨³µ¤¥°-
¸É¢¨Ö ¸ ¤¢ÊÌËµ´µ´´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨ (£² ¢´Ò³ µ¡· §µ³, ¸ [3−1 ⊗ 5−1 ]2+ ).
� ¸Ï¨·¥´¨¥ Ëµ´µ´´µ£µ ¡ §¨¸  ¶µ ¸· ¢´¥´¨Õ ¸ ¨¸¶µ²Ó§Ê¥³Ò³ ¢ ´ ¸ÉµÖÐ¥³
· ¸Î¥É¥ µ± ¦¥É ¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´µ¥ ¢²¨Ö´¨¥ ´  ¸¢µ°¸É¢  ¸µ¸ÉµÖ´¨°, ¸µ¤¥·¦ -
Ð¨Ì ±µ²²¥±É¨¢´Ò¥ Ëµ´µ´Ò, ±µÉµ·Ò¥ ¸¨²Ó´¥¥ ¢§ ¨³µ¤¥°¸É¢ÊÕÉ ¸µ ¸²µ¦´Ò³¨
±µ´Ë¨£Ê· Í¨Ö³¨. ‚¶µ²´¥ ¢µ§³µ¦´µ, ÎÉµ ÔÉµ ¶·¨¢¥¤¥É ± · ¸Ð¥¶²¥´¨Õ ¶ÖÉµ°
µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨ ¨ Ê³¥´ÓÏ¥´¨Õ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö, ¶·¨¡²¨-
¦ Ö ± Ô´¥·£¨¨ 2+

4 -¸µ¸ÉµÖ´¨Ö ¢ Ô±¸¶¥·¨³¥´É¥.
„²Ö µ±ÉÊ¶µ²Ó´ÒÌ ¢µ§¡Ê¦¤¥´¨° ¢ 144Nd ³Ò ¨³¥¥³ Éµ²Ó±µ ¤¢¥ µ¤´µËµ-

´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨ ´¨¦¥ 4 ŒÔ‚. �¥·¢ Ö ¨§ ´¨Ì Ä ±µ²²¥±É¨¢´ Ö ¸
B(E3) = 2, 3 ·105 e2 ·Ë³6 ¨ ¨³¥¥É Ô´¥·£¨Õ ¢µ§¡Ê¦¤¥´¨Ö 2,350 ŒÔ‚; ¢Éµ· Ö, ¢
µ¸´µ¢´µ³ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ Ö, ¸ Ex = 3, 369 ŒÔ‚ ¨ B(E3) = 9, 8·102 e2 ·Ë³6.
�·¨ ÊÎ¥É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸µ ¸²µ¦´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨ Î¨¸²µ µ±ÉÊ¶µ²Ó´ÒÌ
¸µ¸ÉµÖ´¨° ´¨¦¥ 4 ŒÔ‚ ¢µ§· ¸É ¥É ¤µ ¶ÖÉ¨. ‘· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éµ¢ · ¸Î¥-
É  ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨§ (e, e′)-·¥ ±Í¨¨ ¶µ²µ¦¥´¨Ö ¨ §´ Î¥´¨°
B(E3) ¤²Ö µ±ÉÊ¶µ²Ó´ÒÌ ¸µ¸ÉµÖ´¨° ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 3. ‘É¥¶¥´Ó ¸³¥-
Ï¨¢ ´¨Ö µ¤´µ-, ¤¢ÊÌ- ¨ É·¥ÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ¢ ¢µ²´µ¢ÒÌ ËÊ´±Í¨ÖÌ
3−-¸µ¸ÉµÖ´¨° §´ Î¨É¥²Ó´ . „²Ö ´¨¦ °Ï¥£µ 3−-¸µ¸ÉµÖ´¨Ö µ¤´µËµ´µ´´ Ö ±µ³-
¶µ´¥´É  Ö¢²Ö¥É¸Ö ¤µ³¨´¨·ÊÕÐ¥° (56 %), ´µ ¢ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¤ ¦¥ ÔÉµ£µ
¸µ¸ÉµÖ´¨Ö ¶·¨¸ÊÉ¸É¢Ê¥É 31 % ¤¢ÊÌËµ´µ´´ÒÌ ¨ 7 % É·¥ÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê-
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· Í¨°. ‚ ¸É·Ê±ÉÊ·Ê ¢¸¥Ì µ¸É ²Ó´ÒÌ 3−-¸µ¸ÉµÖ´¨° µ¸´µ¢´µ° ¢±² ¤ ¤ ÕÉ ¤¢ÊÌ-
Ëµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨ (¤µ 60 % ¢ ¸²ÊÎ ¥ 3−2 ¨ 3−3 ) ¸ ¡µ²ÓÏµ° ¶·¨³¥¸ÓÕ,
¡µ²¥¥ 15 %, É·¥ÌËµ´µ´´ÒÌ.

—¥ÉÒ·¥ 3−-¸µ¸ÉµÖ´¨Ö ¢ 144Nd ¡Ò²¨ µ¡´ ·Ê¦¥´Ò ¢ Ô±¸¶¥·¨³¥´É¥ ¶µ ´¥-
Ê¶·Ê£µ³Ê · ¸¸¥Ö´¨Õ Ô²¥±É·µ´µ¢, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³ § ·Ö¤µ¢Ò¥ ¶¥·¥Ìµ¤´Ò¥
¶²µÉ´µ¸É¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 2. �¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ¢¸¥Ì ÔÉ¨Ì ¸µ-
¸ÉµÖ´¨° ¨³¥ÕÉ ¶µ¤µ¡´ÊÕ Ëµ·³Ê, ´µ · §´ÊÕ  ³¶²¨ÉÊ¤Ê. �Éµ Ö¢²Ö¥É¸Ö ¢¶µ²-
´¥ ¥¸É¥¸É¢¥´´Ò³, ¶·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ ÉµÉ Ë ±É, ÎÉµ Ëµ·³  ¶¥·¥Ìµ¤´ÒÌ
¶²µÉ´µ¸É¥° ¢¸¥Ì ÔÉ¨Ì ¸µ¸ÉµÖ´¨° µ¶·¥¤¥²Ö¥É¸Ö, ± ± ¶µ± §Ò¢ ÕÉ ´ Ï¨ · ¸Î¥-
ÉÒ, ²¨ÏÓ Ëµ·³µ° ´¨¦ °Ï¥° µ¤´µËµ´µ´´µ° 3−-±µ´Ë¨£Ê· Í¨¨,    ³¶²¨ÉÊ¤ 
¶·µ¶µ·Í¨µ´ ²Ó´  ¢±² ¤Ê ÔÉµ° ±µ´Ë¨£Ê· Í¨¨ ¢ ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ ± ¦¤µ£µ
¨§ ´¨Ì.

Š ± ¨ ¤²Ö ¸µ¸ÉµÖ´¨° ¤·Ê£¨Ì ³Ê²ÓÉ¨¶µ²Ó´µ¸É¥°, Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§¢¥¸É-
´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò £¥±¸ ¤¥± ¶µ²Ó´ÒÌ ¶¥·¥Ìµ¤µ¢ ¢ 144Nd ¢¥¸Ó³  ´¥¶²µÌµ
¢µ¸¶·µ¨§¢µ¤¨É¸Ö ¢ ´ Ï¥³ · ¸Î¥É¥ (¸³. É ¡². 3). ˆ§¢²¥Î¥´´Ò¥ ¨§ Ô±¸¶¥·¨³¥´-
É  § ·Ö¤µ¢Ò¥ ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ 4+-¸µ¸ÉµÖ´¨° ¢ ÔÉµ³ Ö¤·¥ ¶·¥¤¸É ¢²¥´Ò
´  ·¨¸. 2. ”µ·³  ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° Ê·µ¢´¥°, µ¡´ ·Ê¦¥´´ÒÌ ¶·¨ Ô´¥·-
£¨¨ ¢µ§¡Ê¦¤¥´¨Ö 1,305, 2,109 ¨ 2,451 ŒÔ‚, ´ Ìµ¤ÖÉ¸Ö ¢ ´¥¶²µÌµ³ ¸µ£² ¸¨¨ ¸
¶²µÉ´µ¸ÉÖ³¨ ¤²Ö ¶·¥¤¸± §Ò¢ ¥³ÒÌ, ¸µµÉ¢¥É¸É¢¥´´µ, 4+

1 -, 4+
2 - ¨ 4+

4 -¸µ¸ÉµÖ´¨°.
�¥·¢Ò¥ ¤¢  ¨§ ´¨Ì ¢ ± Î¥¸É¢¥ µ¸´µ¢´µ° ±µ³¶µ´¥´ÉÒ ¸µ¤¥·¦ É ´¨¦ °ÏÊÕ µ¤-
´µËµ´µ´´ÊÕ ±µ´Ë¨£Ê· Í¨Õ ¸ ¢±² ¤µ³, ¸µµÉ¢¥É¸É¢¥´´µ, 40 % ¨ 45 %. ‘¨² 
ÔÉµ° ±µ´Ë¨£Ê· Í¨¨ · ¸Ð¥¶²Ö¥É¸Ö, ¢ µ¸´µ¢´µ³, ¨§-§  ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¤¢ÊÌ-
Ëµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¥° [2+

1 ⊗2+
1 ]4+ . ‚ 142Nd ´¨¦ °Ï Ö ¶µ Ô´¥·£¨¨ ¤¢ÊÌËµ-

´µ´´ Ö ±µ´Ë¨£Ê· Í¨Ö [2+
1 ⊗2+

1 ]4+ · ¸¶µ²µ¦¥´  §´ Î¨É¥²Ó´µ ¢ÒÏ¥ ´¨¦ °Ï¥°
µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨ 4+; ¢ ·¥§Ê²ÓÉ É¥ ´¨¦ °Ï¥¥ 4+-¸µ¸ÉµÖ´¨¥ Ö¢²Ö-
¥É¸Ö ¶· ±É¨Î¥¸±¨ µ¤´µËµ´µ´´Ò³,   Ê± § ´´ Ö ¤¢ÊÌËµ´µ´´ Ö ±µ´Ë¨£Ê· Í¨Ö
¸³¥Ï¨¢ ¥É¸Ö, £² ¢´Ò³ µ¡· §µ³, ¸ Î¥É¢¥·Éµ° µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¥°,
· ¸¶µ²µ¦¥´´µ° ¡²¨§±µ ¶µ Ô´¥·£¨¨, Ëµ·³¨·ÊÖ 4+

4 - ¨ 4+
5 -¸µ¸ÉµÖ´¨Ö. ‚ 144Nd ¢

·¥§Ê²ÓÉ É¥ ¸ÊÐ¥¸É¢¥´´µ£µ Ê³¥´ÓÏ¥´¨Ö Ô´¥·£¨¨ ´¨¦ °Ï¥° µ¤´µËµ´µ´´µ° 2+-
±µ´Ë¨£Ê· Í¨¨ ¤¢ÊÌËµ´µ´´ Ö ±µ´Ë¨£Ê· Í¨Ö [2+

1 ⊗ 2+
1 ]4+ µ± §Ò¢ ¥É¸Ö ¢¡²¨§¨

µ¤´µËµ´µ´´µ° 4+
1 -±µ´Ë¨£Ê· Í¨¨, ¨§-§  ¸³¥Ï¨¢ ´¨Ö ¸ ±µÉµ·µ° ¢µ§´¨± ÕÉ 4+

1 -
¨ 4+

2 -¸µ¸ÉµÖ´¨Ö ¸ ¶µÌµ¦¥° Ëµ·³µ° § ·Ö¤µ¢µ° ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨.
�¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ Ê·µ¢´Ö ¸ Ô´¥·£¨¥° 2,451 ŒÔ‚ ´¥¶²µÌµ ¸µµÉ¢¥É-

¸É¢Ê¥É ¶²µÉ´µ¸ÉÓ 4+
4 -¸µ¸ÉµÖ´¨Ö, ¨³¥ÕÐ¥£µ ¶·¥¨³ÊÐ¥¸É¢¥´´µ ´¥±µ²²¥±É¨¢´ÊÕ

É·¥ÉÓÕ µ¤´µËµ´µ´´ÊÕ ±µ´Ë¨£Ê· Í¨Õ. ‘µ¸ÉµÖ´¨¥ 4+
3 , ¶µ ¢¸¥° ¢¨¤¨³µ¸É¨,

¶·µ¸Éµ ´¥ ¡Ò²µ µ¡´ ·Ê¦¥´µ ¢ · ¸¸³ É·¨¢ ¥³µ³ Ô±¸¶¥·¨³¥´É¥ ¨§-§  ´¥¡µ²Ó-
Ïµ£µ §´ Î¥´¨Ö B(E4). “·µ¢´Õ ¸ Ô´¥·£¨¥° 2,986 ŒÔ‚, ¸Ê¤Ö ¶µ Ëµ·³¥ ¥£µ
¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨, ¸µµÉ¢¥É¸É¢Ê¥É ¢µ¸Ó³µ¥ 4+-¸µ¸ÉµÖ´¨¥ ¢ ´ Ï¨Ì · ¸Î¥-
É Ì. �·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ ÉµÉ Ë ±É, ÎÉµ ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ ´¥Ê¶·Ê£µ³Ê
· ¸¸¥Ö´¨Õ ¶·µÉµ´µ¢ ¨ ¤¥°É·µ´µ¢, ¸¶µ¸µ¡´ÒÌ ¢Ò¤¥²ÖÉÓ ¡µ²¥¥ ¸² ¡Ò¥ ¸µ¸Éµ-
Ö´¨Ö, ¡Ò²µ µ¡´ ·Ê¦¥´µ ¸¥³Ó (¨²¨ ¢µ¸¥³Ó) 4+-¸µ¸ÉµÖ´¨° ¢ 144Nd ¸ Ô´¥·£¨¥°
³¥´ÓÏ¥ 3,7 ŒÔ‚, ¶µ¤µ¡´µ¥ ¸µµÉ¢¥É¸É¢¨¥ ¢Ò£²Ö¤¨É ¢¶µ²´¥ · §Ê³´Ò³.
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�¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ¤¢ÊÌ 5−- ¨ µ¤´µ£µ 6+-Ê·µ¢´¥°, µ¡´ ·Ê¦¥´´ÒÌ ¢
144Nd ¢ (e, e′)-·¥ ±Í¨¨, É ±¦¥ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 2. �¥·¢Ò° 5−-Ê·µ¢¥´Ó ¸
Ô´¥·£¨¥° 2,093 ŒÔ‚ ¨³¥¥É ¶µ¢¥·Ì´µ¸É´Ò° ¶¨± ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨, ¸¢¨-
¤¥É¥²Ó¸É¢ÊÕÐ¨° µ ¥£µ ±µ²²¥±É¨¢´µ° ¶·¨·µ¤¥, ¶¨± ¢Éµ·µ£µ Ê·µ¢´Ö ¸ Ô´¥·£¨¥°
3,053 ŒÔ‚ ¸¤¢¨´ÊÉ ¢´ÊÉ·Ó Ö¤·  ¶·¨³¥·´µ ´  1 Ë³. � Ï¨ · ¸Î¥ÉÒ ¶·¥¤¸± -
§Ò¢ ÕÉ Ï¥¸ÉÓ 5−-¸µ¸ÉµÖ´¨° ¸ Ô´¥·£¨¥° ³¥´ÓÏ¥ 4 ŒÔ‚. ”µ·³Ê ¶¥·¥Ìµ¤-
´ÒÌ ¶²µÉ´µ¸É¥° 5−1 -, 5−2 - ¨ 5−3 -¸µ¸ÉµÖ´¨° µ¶·¥¤¥²Ö¥É ¢ µ¸´µ¢´µ³ ¶²µÉ´µ¸ÉÓ
´¨¦ °Ï¥° µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨, ¸¨²Ó´µ · ¸Ë· £³¥´É¨·µ¢ ´´µ° ¶µ
ÔÉ¨³ ¸µ¸ÉµÖ´¨Ö³ ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ±µ´Ë¨£Ê· Í¨Ö³¨ [2+

1 ⊗3−1 ]5− ,
[2+

1 ⊗ 5−1 ]5− ¨ [3−1 ⊗ 4+
1 ]5− . ‘³¥Ð¥´¨¥ ³ ±¸¨³Ê³  ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨

¢Éµ·µ£µ ¸µ¸ÉµÖ´¨Ö ¢´ÊÉ·Ó Ö¤·  ¸¢Ö§ ´µ ¸ ¤¥¸É·Ê±É¨¢´µ° ¶·¨³¥¸ÓÕ ¢Éµ·µ° µ¤-
´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨ ¢ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö. …¤¨´¸É¢¥´-
´Ò° 6+-Ê·µ¢¥´Ó, µ¡´ ·Ê¦¥´´Ò° ¢ ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢,
¸µµÉ¢¥É¸É¢Ê¥É ¢Éµ·µ³Ê 6+-¸µ¸ÉµÖ´¨Õ ¢ ´ Ï¨Ì · ¸Î¥É Ì. ‘µ¸ÉµÖ´¨¥ ¦¥ 6+

1

¸ Ô´¥·£¨¥° 1,822 ŒÔ‚ ´ Ìµ¤¨É¸Ö ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ 6+
1 -Ê·µ¢´¥³ ¶·¨ Ô´¥·£¨¨

1,791 ŒÔ‚, § ·¥£¨¸É·¨·µ¢ ´´Ò³ ¢ ·¥ ±Í¨ÖÌ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¶·µÉµ´µ¢
¨ ¤¥°É·µ´µ¢ [15].

�¸´µ¢´Ò¥ É·Ê¤´µ¸É¨ ¶·¨ µ¶¨¸ ´¨¨ ¶¥·¥Ìµ¤´ÒÌ Ö¤¥·, ¶·¨³¥·µ³ ±µÉµ·ÒÌ
Ö¢²Ö¥É¸Ö ¨§µÉµ¶ 146Nd, ¢ ´ Ï¥³ ¶µ¤Ìµ¤¥ ¸¢Ö§ ´Ò ¸ µÎ¥´Ó ¸¨²Ó´Ò³ ¢§ ¨³µ¤¥°-
¸É¢¨¥³ ³¥¦¤Ê · §²¨Î´Ò³¨ µ¤´µ-, ¤¢ÊÌ- ¨ É·¥ÌËµ´µ´´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨.
‘¨²Ó´ Ö ¸¢Ö§Ó · §²¨Î´ÒÌ ±µ´Ë¨£Ê· Í¨° É·¥¡Ê¥É ´¥µ¡Ìµ¤¨³µ¸É¨ ¢±²ÕÎ¥´¨Ö ¢
· ¸Î¥É ´ ¸Éµ²Ó±µ ¡µ²ÓÏµ£µ ¨Ì Î¨¸² , ´ ¸±µ²Ó±µ ÔÉµ ¢µ§³µ¦´µ. �Éµ ´ É ²±¨¢ -
¥É¸Ö ´  ¶·µ¡²¥³Ò Î¨¸Éµ ¢ÒÎ¨¸²¨É¥²Ó´µ£µ Ì · ±É¥· . �µÔÉµ³Ê ¢ · ¸Î¥É Ì ¤²Ö
¶¥·¥Ìµ¤´ÒÌ Ö¤¥· ³Ò ¢Ò´Ê¦¤¥´Ò ¡Ò²¨ ¶·¨³¥´ÖÉÓ £µ· §¤µ ¡µ²¥¥ ¦¥¸É±µ¥ µ¡·¥-
§ ´¨¥ Ëµ´µ´´µ£µ ¡ §¨¸ , ¨¸¶µ²Ó§Ê¥³µ£µ ¶·¨ ¶µ¸É·µ¥´¨¨ ¢µ²´µ¢ÒÌ ËÊ´±Í¨°
¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°, ´¥¦¥²¨ ¢ · ¸Î¥É Ì, ¶·¥¤¸É ¢²¥´´ÒÌ ¢ ¶·¥¤Ò¤ÊÐ¨Ì
· §¤¥² Ì. �·µ¢µ¤Ö µ¡·¥§ ´¨¥ ¡ §¨¸ , ³Ò ¸É · ²¨¸Ó ¨¸¶µ²Ó§µ¢ ÉÓ ¢¸¥ µ¸´µ¢´Ò¥
±µ´Ë¨£Ê· Í¨¨, ±µÉµ·Ò¥ ³µ£ÊÉ ¤ ¢ ÉÓ § ³¥É´Ò° ¢±² ¤ ¢ ¸É·Ê±ÉÊ·Ê ¸µ¸ÉµÖ´¨°
¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö ³¥´ÓÏ¥ 3 ŒÔ‚. ‚ ·¥§Ê²ÓÉ É¥ ¶·¨ ¨§ÊÎ¥´¨¨ 146Nd [9]
¢¸¥ µ¤´µËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨ ¸ Ex ≤ 4, 0 ŒÔ‚, ±µÉµ·Ò¥ ¢´µ¸ÖÉ µ¸´µ¢´ÊÕ
Î ¸ÉÓ ³Ê²ÓÉ¨¶µ²Ó´µ° ¸¨²Ò ¢ ¨§ÊÎ ¥³ÊÕ Ô´¥·£¥É¨Î¥¸±ÊÕ µ¡² ¸ÉÓ,   É ±¦¥ ¢
¡µ²ÓÏµ° ¸É¥¶¥´¨ µ¶·¥¤¥²ÖÕÉ Ëµ·³Ê § ·Ö¤µ¢ÒÌ ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° ¢µ§-
¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°, ¨ ¤¢ÊÌËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨ ¸ Ex ≤ 5, 5(6, 0) ŒÔ‚,
µ¶·¥¤¥²ÖÕÐ¨¥ Ë· £³¥´É Í¨Õ µ¤´µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ¶µ ´¨§±µ²¥¦ -
Ð¨³ ¸µ¸ÉµÖ´¨Ö³, ¡Ò²¨ ¢±²ÕÎ¥´Ò ¢ ´¥¶µ¸·¥¤¸É¢¥´´Ò¥ · ¸Î¥ÉÒ. ŒÒ É ±¦¥
ÊÎ²¨ É·¥ÌËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨, ¶µ¸É·µ¥´´Ò¥ ¨§ ´¨¦ °Ï¨Ì ±µ²²¥±É¨¢-
´ÒÌ 2+, 3−, 4+ ¨ 5− µ¤´µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°. �Î¥¢¨¤´µ, ÎÉµ ¶µ¤µ¡´µ¥
µ¡·¥§ ´¨¥ Ëµ´µ´´µ£µ ¶·µ¸É· ´¸É¢  ¶·¨¢µ¤¨É ± µ£· ´¨Î¥´¨Ö³ ¶·¨³¥´¨³µ¸É¨
· ¸Î¥Éµ¢ ± Ö¤· ³ ¸ ¸¨²Ó´µ° ¸¢Ö§ÓÕ ±µ´Ë¨£Ê· Í¨°, µ¸µ¡¥´´µ ¤²Ö ¸µ¸ÉµÖ´¨°
¸ ¡µ²ÓÏ¥° Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö. ‘²¥¤¸É¢¨¥³ Ö¢²Ö¥É¸Ö ¶µÉ¥·Ö ´¥±µÉµ·ÒÌ
¸² ¡ÒÌ ¸µ¸ÉµÖ´¨° ¨ ´¥¤µµÍ¥´±  µ¡Ð¥£µ Î¨¸²  ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° · §-
²¨Î´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨. �¤´ ±µ ¢ ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢
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’ ¡²¨Í  4. �´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¨ ¶·¨¢¥¤¥´´Ò¥ ¢¥·µÖÉ´µ¸É¨ B(Eλ)-¶¥·¥Ìµ¤µ¢ ¢
146Nd

�±¸¶¥·¨³¥´É ’¥µ·¨Ö �±¸¶¥·¨³¥´É ’¥µ·¨Ö
Ex, B(Eλ), Ex, B(Eλ), Ex, B(Eλ), Ex, B(Eλ),
MÔ‚ e2 · Ë³2λ+2 MÔ‚ e2 · Ë³2λ+2 MÔ‚ e2 · Ë³2λ+2 MÔ‚ e2 · Ë³2λ+2

2+-¸µ¸ÉµÖ´¨Ö 4+-¸µ¸ÉµÖ´¨Ö

0,453 6,91·103 0,565 5,44·103 1,044 1,50·106 0,870 1,42·106

1,303 1,640 2,42·101 1,747 3,61·106 1,590 2,33·106

1,470 6,8·102 2,150 1,06·103 1,919

1,789 2,369 1,84·101 1,987 2,1·106 2,040 2,19·106

2,490 2,66·10−2 2,340 1,64·105

1,977 2·102 2,600 2,08·102 2,622 3·105 2,450 1,98·105

2,198 2,980 1,82·102 2,935 1,6·106 2,520 1,83·105

2,665 1,68·102 3,380 9,77·101 2,580 1,15·105

2,976 6·101 3,430 2,80·102 3,010 1,29·106

3−-¸µ¸ÉµÖ´¨Ö 5−-¸µ¸ÉµÖ´¨Ö

1,190 3,52·105 1,150 1,62·105 1,517 2,64·108 1,670 1,91·108

2,339 5,1·104 2,380 5,34·104 2,570 8,5·107 2,520 5,25·107

2,530 2·104 3,010 4,92·102 2,748 2,93·107 3,120 4,52·107

2,690 5·103 3,180 6,26·103 2,877 3,170 1,39·107

2,807 3,390 3,71·104 2,915 4,7·107 3,510 1,97·107

2,822 3,840 1,05·104 3,000 2,7·107 3,810 1,83·107

2,850 2·104

¢µ§¡Ê¦¤ ÕÉ¸Ö ¶·¥¨³ÊÐ¥¸É¢¥´´µ Ê·µ¢´¨ ¸ § ³¥É´Ò³ ¢±² ¤µ³ µ¤´µËµ´µ´´ÒÌ
±µ´Ë¨£Ê· Í¨°, É ±¨³ µ¡· §µ³, ¨¸¶µ²Ó§Ê¥³Ò¥ µ£· ´¨Î¥´¨Ö ¢Ò£²Ö¤ÖÉ · §Ê³´Ò-
³¨ ¶·¨ µ¶¨¸ ´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¶µ²ÊÎ¥´´ÒÌ ¢ (e, e′)-·¥ ±Í¨¨.

�É´µ¸¨É¥²Ó´µ ¶·µ¸É Ö ± ·É¨´  ¸É·Ê±ÉÊ·Ò Ö¤¥·´ÒÌ ¢µ§¡Ê¦¤¥´¨° ¢ É¥·³¨-
´ Ì µ¤´µ- ¨ ³´µ£µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°, ¨³¥ÕÐ Ö ³¥¸Éµ ¤²Ö ¶µ²Ê³ £¨-
Î¥¸±µ£µ ¨§µÉµ¶  142Nd, ¢ ¸²ÊÎ ¥ ¶¥·¥Ìµ¤´µ£µ Ö¤·  146Nd ¸¨²Ó´µ ¨§³¥´Ö¥É¸Ö.
‘¨²Ó´ Ö ¸¢Ö§Ó · §²¨Î´ÒÌ ±µ´Ë¨£Ê· Í¨° ¶·¨¢µ¤¨É ± ¸ÊÐ¥¸É¢¥´´µ° Ë· £³¥´-
É Í¨¨ ¸¨²Ò µ¤´µËµ´µ´´ÒÌ ±µ³¶µ´¥´É ¶µ ¡µ²ÓÏµ³Ê Î¨¸²Ê ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ-
¸ÉµÖ´¨°, ¢ ·¥§Ê²ÓÉ É¥ ¶· ±É¨Î¥¸±¨ ¢¸¥ ¸µ¸ÉµÖ´¨Ö ¢ ¶¥·¥Ìµ¤´ÒÌ Ö¤· Ì, · ¸-
¸³ É·¨¢ ¥³Ò¥ ´¨¦¥, ¨³¥ÕÉ µÎ¥´Ó ¸²µ¦´ÊÕ ¸É·Ê±ÉÊ·Ê. �µÔÉµ³Ê ³Ò µ¡¸Ê¤¨³
Éµ²Ó±µ µ¸´µ¢´Ò¥ ³µ³¥´ÉÒ ¶·¨ ¸· ¢´¥´¨¨ ·¥§Ê²ÓÉ Éµ¢ ´ Ï¨Ì · ¸Î¥Éµ¢ ¸ Ô±¸-
¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨, ¶·¨ ÔÉµ³ ¸¢Ö§Ó ¸ · ¸Î¥É ³¨, ¢Ò¶µ²´¥´´Ò³¨ ¢
· ³± Ì µ¤´µËµ´µ´´µ£µ ¶·¨¡²¨¦¥´¨Ö, ¡Ê¤¥É µ¶ÊÐ¥´ .

‚ É ¡². 4 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ´ Ï¨Ì · ¸Î¥Éµ¢ ¸¶¥±É·  ¨ ¶·¨¢¥¤¥´-
´ÒÌ ¢¥·µÖÉ´µ¸É¥° ¢µ§¡Ê¦¤¥´¨Ö B(Eλ) ¤²Ö ¸µ¸ÉµÖ´¨° ¸ ³µ³¥´Éµ³ ¨ Î¥É´µ¸ÉÓÕ
2+, 3−, 4+ ¨ 5− ¢ Ö¤·¥ 146Nd. „²Ö ¸· ¢´¥´¨Ö ¢ ÔÉµ° É ¡²¨Í¥ É ±¦¥ ¶·¨¢¥-
¤¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ¶µ²ÊÎ¥´´Ò¥ ¨§ ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö-
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�¨¸. 3. ’µ ¦¥, ÎÉµ ¨ ´  ·¨¸. 1, ¤²Ö ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¢ 146Nd

´¨Ö Ô²¥±É·µ´µ¢. ‡ ·Ö¤µ¢Ò¥ ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°,
¨§¢²¥Î¥´´Ò¥ ¨§ Ëµ·³Ë ±Éµ·µ¢ ¤ ´´µ° ·¥ ±Í¨¨, ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 3 ¢
¸· ¢´¥´¨¨ ¸ ·¥§Ê²ÓÉ É ³¨ · ¸Î¥Éµ¢.

�±¸¶¥·¨³¥´É ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò 2+-¸µ¸ÉµÖ´¨° ¢ Ö¤·¥ 146Nd ´¥-
¶²µÌµ ¶¥·¥¤ ¥É¸Ö ¢ ´ Ï¥³ · ¸Î¥É¥. ’¥µ·¨Ö ¶·¥¤¸± §Ò¢ ¥É ¸ÊÐ¥¸É¢µ¢ ´¨¥ É·¥Ì
¸¨²Ó´ÒÌ 2+-¸µ¸ÉµÖ´¨°,   ¨³¥´´µ 2+

1 , 2+
3 ¨ 2+

6 , ¨ É·¥Ì ¸² ¡ÒÌ, µ¡´ ·Ê¦¥´¨¥
±µÉµ·ÒÌ ¢ (e, e′)-·¥ ±Í¨¨ ±· °´¥ § É·Ê¤´¥´µ. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¨ · ¸¸Î¨É ´´ÒÌ ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° 2+

1 -¸µ¸ÉµÖ´¨Ö Ê± §Ò¢ ¥É ´  Éµ, ÎÉµ
¢ ¨§µÉµ¶¥ 146Nd ¶·¨¸ÊÉ¸É¢Ê¥É ÔËË¥±É ¤¥Ëµ·³ Í¨¨. •µÉÖ Ëµ·³  ¶¥·¥Ìµ¤´µ°
¶²µÉ´µ¸É¨ Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É¸Ö ¢ · ¸Î¥É¥, §  ¨¸±²ÕÎ¥´¨¥³ ´¥±µÉµ·µ° ¶¥-
·¥µÍ¥´±¨  ³¶²¨ÉÊ¤Ò ¢´ÊÉ·¥´´¥£µ ¶¨± , ¶·¨Î¨´  ±µÉµ·µ° ´ ³ Ìµ·µÏµ ¨§¢¥¸É-
´ , ³ ±¸¨³Ê³ ¶µ¢¥·Ì´µ¸É´µ£µ ¶¨±  ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ° ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ-
¸É¨ ¸¤¢¨´ÊÉ ´  0,15 Ë³ ¶µ ¸· ¢´¥´¨Õ ¸ · ¸¸Î¨É ´´µ°. �¶¨¸ ´¨¥ ¶¥·¥Ìµ¤´µ°
¶²µÉ´µ¸É¨ 2+

3 -Ê·µ¢´Ö É ±¦¥ Ìµ·µÏ¥¥. �¸´µ¢´µ° ¢±² ¤ ¢ ¸É·Ê±ÉÊ·Ê ÔÉµ£µ ¸µ-
¸ÉµÖ´¨Ö ¤ ¥É ¤¢ÊÌËµ´µ´´ Ö ±µ´Ë¨£Ê· Í¨Ö [2+

1 ⊗ 4+
1 ]2+ , ±µÉµ· Ö ¸³¥Ð ¥É¸Ö

¢ µ¡² ¸ÉÓ ¡µ²¥¥ ´¨§±¨Ì Ô´¥·£¨° ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ É·¥ÌËµ´µ´-
´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨. ‚±² ¤ ¤¢ÊÌËµ´µ´´µ° ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ ¢´ÊÉ·¨
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Ö¤·  ¶µ£ Ï ¥É¸Ö ¢ ·¥§Ê²ÓÉ É¥ ¤¥¸É·Ê±É¨¢´µ° ¨´É¥·Ë¥·¥´Í¨¨ ¸ ¤·Ê£¨³¨ ±µ³¶µ-
´¥´É ³¨, ¨ µ¶·¥¤¥²ÖÕÐ¨³ ¢±² ¤µ³ ¢ Ëµ·³Ê ¶²µÉ´µ¸É¨ Ö¢²ÖÕÉ¸Ö ´¥¡µ²ÓÏ¨¥
¶·¨³¥¸¨ µÉ ±µ²²¥±É¨¢´ÒÌ ¶¥·¢µ° ¨ ¢Éµ·µ° µ¤´µËµ´µ´´ÒÌ ±µ³¶µ´¥´É.

�¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ 2+
6 -Ê·µ¢´Ö ´¥ ¡Ò²  ¨§¢²¥Î¥´  ¨§ ¤ ´´ÒÌ (e, e′)-

· ¸¸¥Ö´¨Ö ¨§-§  ¡²¨§²¥¦ Ð¥£µ 4+-Ê·µ¢´Ö, É.±. ¥£µ Ëµ·³Ë ±Éµ· ¡Ò² ¢Ò¤¥²¥´
Éµ²Ó±µ ¤²Ö Î¥ÉÒ·¥Ì ´¨¦ °Ï¨Ì §´ Î¥´¨° ¶¥·¥¤ ´´µ£µ ¨³¶Ê²Ó¸ . �¤´ ±µ ¸· ¢-
´¥´¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³ ´  Ê·µ¢´¥ Ëµ·³Ë ±Éµ·µ¢ Ê± §Ò¢ ¥É ´  Ìµ·µÏ¥¥ ¸µµÉ-
¢¥É¸É¢¨¥ · ¸Î¥É  Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³. ‚ Í¥²µ³, µ¶¨¸ ´¨¥ ±¢ ¤·Ê¶µ²Ó-
´ÒÌ ¸µ¸ÉµÖ´¨° ¤µ Ô´¥·£¨¨ ¶µ·Ö¤±  2 ŒÔ‚ ¢¶µ²´¥ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ. •µÉÖ
´¥±µÉµ·Ò¥ Ê± § ´¨Ö ´  ¶·¨¸ÊÉ¸É¢¨¥ ¤¥Ëµ·³ Í¨¨ µÉ³¥Î ÕÉ¸Ö ¶µ ¶µ¢¥¤¥´¨Õ
¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ 2+

1 -Ê·µ¢´Ö, ¤·Ê£¨¥ ±¢ ¤·Ê¶µ²Ó´Ò¥ ¸µ¸ÉµÖ´¨Ö, ¢ µ¸µ-
¡¥´´µ¸É¨ 2+

6 -Ê·µ¢¥´Ó, µÉ¢¥Î ÕÉ Î¨¸Éµ ¢¨¡· Í¨µ´´µ° ± ·É¨´¥ ¢µ§¡Ê¦¤¥´¨Ö.
�¥±µÉµ· Ö ¶¥·¥µÍ¥´±  ¢ · ¸Î¥É¥ Ô´¥·£¨° ¡µ²¥¥ ¢Ò¸µ±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨°
¨³¥¥É ÉµÉ ¦¥ ¶µ·Ö¤µ± ¢¥²¨Î¨´Ò, ÎÉµ ¨ ¢ ¶µ²Ê³ £¨Î¥¸±µ³ Ö¤·¥ 142Nd.

„²Ö µ±ÉÊ¶µ²Ó´ÒÌ ¸µ¸ÉµÖ´¨° ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ Éµ²Ó±µ ¤¢ÊÌ Ê·µ¢-
´¥° ¸ Ô´¥·£¨¥° 1,190 ¨ 2,339 ŒÔ‚ ¡Ò²¨ ¨§¢²¥Î¥´Ò ¨§ Ëµ·³Ë ±Éµ·µ¢ (e, e′)-
· ¸¸¥Ö´¨Ö. �¡¥ ÔÉ¨ ¶²µÉ´µ¸É¨, ¨§µ¡· ¦¥´´Ò¥ ´  ·¨¸. 3, ¨³¥ÕÉ µÎ¥´Ó ¶µ-
Ìµ¦ÊÕ Ëµ·³Ê. ‘  ´ ²µ£¨Î´µ° ¸¨ÉÊ Í¨¥° ³Ò Ê¦¥ ¸É ²±¨¢ ²¨¸Ó ¶·¨ · ¸-
¸³µÉ·¥´¨¨ 3−-¸µ¸ÉµÖ´¨° ¢ 144Nd. �·¨Î¨´  §¤¥¸Ó É  ¦¥ ¸ ³ Ö,   ¨³¥´´µ
´ ²¨Î¨¥ ¥¤¨´¸É¢¥´´µ° ±µ²²¥±É¨¢´µ° 3−1 µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨ ¢ ´¨§-
±µÔ´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨, ¶·¨³¥¸Ó ±µÉµ·µ° Ö¢²Ö¥É¸Ö µ¶·¥¤¥²ÖÕÐ¥° ¤²Ö ·¥-
§Ê²ÓÉ¨·ÊÕÐ¨Ì ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° 3−-Ê·µ¢´¥°. ‚ Î ¸É´µ¸É¨, ¤²Ö 3−1 - ¨
3−2 -¸µ¸ÉµÖ´¨° ÔÉ  ±µ´Ë¨£Ê· Í¨Ö ´ ¨¡µ²¥¥ ¸¨²Ó´µ ¸³¥Ï¨¢ ¥É¸Ö ¸ ¤¢ÊÌËµ´µ´-
´µ° ±µ´Ë¨£Ê· Í¨¥° [2+

1 ⊗ 3−1 ]3− . � Ï · ¸Î¥É ¶·¥¤¸± §Ò¢ ¥É Éµ²Ó±µ Ï¥¸ÉÓ
3−-¸µ¸ÉµÖ´¨° ¸ Ô´¥·£¨¥° ´¨¦¥ 4 ŒÔ‚, §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥, Î¥³ ¨§¢¥¸É´µ
¨§ Ô±¸¶¥·¨³¥´É . ’  ¦¥ ´¥¤µµÍ¥´±  Î¨¸²  ¸µ¸ÉµÖ´¨° ¢ · ¸Î¥É¥ ¨³¥¥É ³¥¸Éµ
¨ ¢ 144Nd. �¤´¨³ ¨§ µ¡ÑÖ¸´¥´¨° ³µ¦¥É ¡ÒÉÓ Éµ, ÎÉµ ¤²Ö Ö¤¥· ¸ ´¥§ ³±´Ê-
Éµ° µ¡µ²µÎ±µ° · ¸Î¥ÉÒ ¸²¥¤Ê¥É ¶·µ¢µ¤¨ÉÓ ¤µ Ô´¥·£¨° ¢ÒÏ¥ 4 ŒÔ‚. „·Ê£¨³
µ¡ÑÖ¸´¥´¨¥³ ³µ¦¥É ¸²Ê¦¨ÉÓ Ë ±É µ¡·¥§ ´¨Ö ³´µ£µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°
¢ ´¥¶µ¸·¥¤¸É¢¥´´µ³ · ¸Î¥É¥. ‚ Í¥²µ³ · ¸Ï¨·¥´¨¥ Ëµ´µ´´µ£µ ¡ §¨¸  ¤µ²¦-
´µ ¶·¨¢¥¸É¨ ± ¢ÒÉ ²±¨¢ ´¨Õ ¶·µ¸ÉÒÌ ±µ´Ë¨£Ê· Í¨° ¢ µ¡² ¸ÉÓ ¡µ²¥¥ ´¨§±¨Ì
Ô´¥·£¨°. �Éµ ¶·¨¢¥¤¥É ± Ê¢¥²¨Î¥´¨Õ Î¨¸²  µ±ÉÊ¶µ²Ó´ÒÌ ¸µ¸ÉµÖ´¨° ¢ · ¸¸³ -
É·¨¢ ¥³µ° Ô´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ÔÉµ ´¥ ¤µ²¦´µ ¸¨²Ó´µ
¨§³¥´¨ÉÓ ¸É·Ê±ÉÊ·Ê ´¨¦ °Ï¨Ì µ±ÉÊ¶µ²Ó´ÒÌ ¸µ¸ÉµÖ´¨°, É ± ± ± ¢ µ¡² ¸É¨ ¨Ì
²µ± ²¨§ Í¨¨ ³Ò ÊÎ²¨ ¢¸¥ ¢µ§³µ¦´Ò¥ ±µ´Ë¨£Ê· Í¨¨.

ƒ¥±¸ ¤¥± ¶µ²Ó´Ò¥ ¸µ¸ÉµÖ´¨Ö ¢ 146Nd µ¡² ¤ ÕÉ ·Ö¤µ³ ²Õ¡µ¶ÒÉ´ÒÌ µ¸µ-
¡¥´´µ¸É¥°. ‚µ-¶¥·¢ÒÌ, § ·Ö¤µ¢ Ö ¶¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ 4+

1 -Ê·µ¢´Ö ¨³¥¥É ³ ±-
¸¨³Ê³ ¤ ¦¥ ¶·¨ ¡µ²ÓÏ¥³ §´ Î¥´¨¨ r, ´¥¦¥²¨ ¶²µÉ´µ¸ÉÓ 2+

1 -Ê·µ¢´Ö. �Éµ ¸´µ¢ 
Ê± §Ò¢ ¥É ´  ¶·¨¸ÊÉ¸É¢¨¥ ¶µ²µ¦¨É¥²Ó´µ£µ £¥±¸ ¤¥± ¶µ²Ó´µ£µ ³µ³¥´É  ÔÉµ£µ
Ö¤· , ÎÉµ ¸µ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ · ¸Î¥É  ¢ · ¡µÉ¥ [16], ¶·¥¤¸± §Ò¢ ÕÐ¨-
³¨ §´ Î¥´¨¥ β4 = 0, 056 ¤²Ö · ¸¸³ É·¨¢ ¥³µ£µ Ö¤· . ‚µ-¢Éµ·ÒÌ, ¶¥·¥Ìµ¤´ Ö
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¶²µÉ´µ¸ÉÓ 4+
2 -Ê·µ¢´Ö ¨³¥¥É Ëµ·³Ê, ¶µ¤µ¡´ÊÕ ¶²µÉ´µ¸É¨ 4+

1 -Ê·µ¢´Ö, ´µ ¥¥
³ ±¸¨³Ê³ ¸¤¢¨´ÊÉ ¢´ÊÉ·Ó Ö¤·  ´  ¢¥²¨Î¨´Ê 0,7 Ë³. ‚-É·¥ÉÓ¨Ì, £¥±¸ ¤¥± -
¶µ²Ó´ Ö ¸¨²  4+

2 -Ê·µ¢´Ö ¡µ²¥¥ Î¥³ ¢ ¤¢  · §  ¡µ²ÓÏ¥, Î¥³ Ê 4+
1 -Ê·µ¢´Ö. �µ-

¸±µ²Ó±Ê ¤¥Ëµ·³ Í¨Ö ¶µ¢¥·Ì´µ¸É¨ Ö¤·  ´¥ ¢±²ÕÎ¥´  ¢ ´ ÏÊ · ¸Î¥É´ÊÕ ¸Ì¥³Ê,
³Ò ´¥ ³µ¦¥³ ¶·¥É¥´¤µ¢ ÉÓ ´  ¶¥·¢Ò¥ ¤¢  ÔËË¥±É . —Éµ ± ¸ ¥É¸Ö É·¥ÉÓ¥£µ
¨§ ´¨Ì, Éµ · ¸Î¥É É ±¦¥ ¶·¥¤¸± §Ò¢ ¥É ¡µ²ÓÏ¥¥ §´ Î¥´¨¥ B(E4) ¤²Ö ¢Éµ-
·µ£µ 4+-¸µ¸ÉµÖ´¨Ö ¶µ ¸· ¢´¥´¨Õ ¸ ¶¥·¢Ò³. �·¨Î¨´  ±·µ¥É¸Ö ¢ ¸É·Ê±ÉÊ·¥
ÔÉ¨Ì ¸µ¸ÉµÖ´¨°. ‚ ·¥§Ê²ÓÉ É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ É·¥ÌËµ´µ´´Ò³¨ ±µ´Ë¨£Ê· -
Í¨Ö³¨ ¶µ²Õ¸ ¤¢ÊÌËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨ [2+

1 ⊗ 2+
1 ]4+ ¸¨²Ó´µ ¸¤¢¨£ ¥É¸Ö ¸

3,75 ¤µ 1,04 ŒÔ‚, É.¥. ´¨¦¥ Ô´¥·£¨¨ ´¨¦ °Ï¥° 4+ µ¤´µËµ´µ´´µ° ±µ´Ë¨-
£Ê· Í¨¨ 2,030 ŒÔ‚. �Éµ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ 4+

1 -¸µ¸ÉµÖ´¨¥ ¨³¥¥É 50 %
¤¢ÊÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ¨ 30 % É·¥ÌËµ´µ´´ÒÌ, ´¥¸³µÉ·Ö ´  ´¨§±ÊÕ
Ô´¥·£¨Õ ¢µ§¡Ê¦¤¥´¨Ö ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö. � ¶·µÉ¨¢, 4+

2 -¸µ¸ÉµÖ´¨¥ Ì · ±É¥·¨-
§Ê¥É¸Ö ¢±² ¤µ³, · ¢´Ò³ 20 % µÉ ´¨¦ °Ï¥° µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨,
45 % µÉ [2+

1 ⊗ 4+
1 ]4+-±µ´Ë¨£Ê· Í¨¨ (É ±¦¥ ¸³¥Ð¥´´µ° ¸ 3,46 ¤µ 1,81 ŒÔ‚) ¨

20 % ¢±² ¤µ³ µÉ É·¥ÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°. �¸´µ¢´ Ö Î ¸ÉÓ ¸¨²Ò ´¨¦ °-
Ï¥° µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨ ¸µ¸·¥¤µÉµÎ¥´  ´  É·¥ÉÓ¥³ 4+-¸µ¸ÉµÖ´¨¨.
�Éµ³Ê É·¥ÉÓ¥³Ê 4+-¸µ¸ÉµÖ´¨Õ ³µ¦¥É ¡ÒÉÓ ¸µ¶µ¸É ¢²¥´ Ê·µ¢¥´Ó ¸ Ô´¥·£¨¥°
1,987 ŒÔ‚. �¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ ¤²Ö ÔÉµ£µ Ê·µ¢´Ö ´¥ ¡Ò²  ¨§¢²¥Î¥´  ¨§
Ëµ·³Ë ±Éµ·  ·¥ ±Í¨¨ ¨§-§  ¶·¨³¥¸¨ ¡²¨§²¥¦ Ð¥£µ 2+

6 -Ê·µ¢´Ö, µ¤´ ±µ ¸· ¢-
´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ Ëµ·³Ë ±Éµ·  ¸ Ëµ·³Ë ±Éµ·µ³, · ¸¸Î¨É ´´Ò³ ¸
¨¸¶µ²Ó§µ¢ ´¨¥³ ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ 4+

3 -¸µ¸ÉµÖ´¨Ö, ¶µ²´µ¸ÉÓÕ ¸¢¨¤¥É¥²Ó-
¸É¢Ê¥É ¢ ¶µ²Ó§Ê ÔÉµ£µ ¸µ¶µ¸É ¢²¥´¨Ö.

„²Ö ¤¢ÊÌ ¸µ¸ÉµÖ´¨° ¸ ³µ³¥´Éµ³ ¨ Î¥É´µ¸ÉÓÕ 5− ¡Ò²  ¶µ²ÊÎ¥´  Ô±¸¶¥·¨-
³¥´É ²Ó´ Ö § ·Ö¤µ¢ Ö ¶¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ. �¥·¢ Ö ¨§ ´¨Ì, ¸µµÉ¢¥É¸É¢ÊÕÐ Ö
¸µ¸ÉµÖ´¨Õ ¸ Ô´¥·£¨¥° 1,517 ŒÔ‚, ¨³¥¥É ³ ±¸¨³Ê³ ¶·¨ µÎ¥´Ó ¡µ²ÓÏµ³ §´ -
Î¥´¨¨ r, ± ± ¨ ¢ ¸²ÊÎ ¥ ´¨¦ °Ï¥£µ £¥±¸ ¤¥± ¶µ²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö. �²µÉ´µ¸ÉÓ
¦¥ ¸µ¸ÉµÖ´¨Ö ¸ Ô´¥·£¨¥° 2,748 ŒÔ‚ ¨³¥¥É ¶µ¢¥·Ì´µ¸É´Ò° ³ ±¸¨³Ê³ ¶·¨ §´ -
Î¥´¨¨ r, ¸µµÉ¢¥É¸É¢ÊÕÐ¥³ ¸Ë¥·¨Î¥¸±µ³Ê ¶·¥¤¸É ¢²¥´¨Õ µ¡ ¨§ÊÎ ¥³µ³ Ö¤·¥.
‘É·Ê±ÉÊ·  · ¸¸Î¨É ´´ÒÌ 5−-¸µ¸ÉµÖ´¨° µÎ¥´Ó ¸²µ¦´ . �¨¦ °Ï Ö µ¤´µËµ´µ´-
´ Ö 5−-±µ´Ë¨£Ê· Í¨Ö ¶· ±É¨Î¥¸±¨ ¶µ·µ¢´Ê · ¸¶·¥¤¥²¥´  ³¥¦¤Ê ¸µ¸ÉµÖ´¨Ö³¨
5−1 , 5−2 , 5−3 - ¨ 5−5 . �µ³¨³µ ÔÉµ£µ ± ¦¤µ¥ ¸µ¸ÉµÖ´¨¥ ¸µ¤¥·¦¨É ¶·¨³¥·´µ 50 %
¤¢ÊÌËµ´µ´´ÒÌ ¨ 20 % É·¥ÌËµ´µ´´ÒÌ ±µ³¶µ´¥´É. …¤¨´¸É¢¥´´Ò³ ¨¸±²ÕÎ¥´¨-
¥³ Ö¢²Ö¥É¸Ö ¸µ¸ÉµÖ´¨¥ 5−4 , ¶·¥¤¸É ¢²ÖÕÐ¥¥ ¸µ¡µ° ¶· ±É¨Î¥¸±¨ Î¨¸ÉÊÕ ¢Éµ-
·ÊÕ µ¤´µËµ´µ´´ÊÕ ±µ´Ë¨£Ê· Í¨Õ. �Î¥¢¨¤´µ, ÎÉµ É¥µ·¥É¨Î¥¸±µ¥ µ¶¨¸ ´¨¥
¸µ¸ÉµÖ´¨° 5− µÎ¥´Ó ÎÊ¢¸É¢¨É¥²Ó´µ ± ¢Ò¡µ·Ê ¡ §¨¸  µ¤´µ- ¨ ³´µ£µËµ´µ´´ÒÌ
±µ´Ë¨£Ê· Í¨° ¨ É¥³ ¸ ³Ò³ ¸²Ê¦¨É Ìµ·µÏ¨³ É¥¸Éµ³ ¶·¨³¥´¨³µ¸É¨ ¨¸¶µ²Ó§Ê-
¥³µ£µ ±µ´Ë¨£Ê· Í¨µ´´µ£µ ¶·µ¸É· ´¸É¢ . ‘µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³ µÉ´µ¸¨-
É¥²Ó´µ · ¸¶·¥¤¥²¥´¨Ö ¸¨²Ò E5-¶¥·¥Ìµ¤µ¢ ¶µ ´¨§±µ²¥¦ Ð¨³ 5−-¸µ¸ÉµÖ´¨Ö³
¢¶µ²´¥ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ. � ²¨Î¨¥ µÉ´µ¸¨É¥²Ó´µ ¸¨²Ó´µ£µ ´¨¦ °Ï¥£µ 5−-
¸µ¸ÉµÖ´¨Ö ¨ ´¥¸±µ²Ó±¨Ì ¡µ²¥¥ ¸² ¡ÒÌ, ¶·¨³¥·´µ ¸ · ¢´Ò³¨ B(E5), ¸µ¸ÉµÖ-
´¨° ¸ ¡µ²ÓÏ¥° Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö ¶¥·¥¤ ¥É¸Ö ¢ · ¸Î¥É¥. ’ ±¦¥ ´¥¶²µÌµ
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¶¥·¥¤ ¥É¸Ö ¨ Ëµ·³  ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ Ê·µ¢´Ö ¸
Ô´¥·£¨¥° 2,748 ŒÔ‚.

‚ Í¥²µ³ ³Ò ¶·µ¤¥³µ´¸É·¨·µ¢ ²¨, ÎÉµ ³¨±·µ¸±µ¶¨Î¥¸±¨¥ · ¸Î¥ÉÒ, ¡ §¨-
·ÊÕÐ¨¥¸Ö ´  ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´µ³ ¸·¥¤´¥³ ¶µ²¥, ³µ£ÊÉ ¡ÒÉÓ ¶·¨³¥´¥´Ò
¸ ´¥±µÉµ·Ò³¨ µ£µ¢µ·± ³¨ ¤²Ö · ¸Î¥É  ¸¢µ°¸É¢ ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¢ ¶¥-
·¥Ìµ¤´ÒÌ Ö¤· Ì. ‘É·Ê±ÉÊ·  ¶· ±É¨Î¥¸±¨ ¢¸¥Ì ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¶·¨
ÔÉµ³ ¶µ²ÊÎ ¥É¸Ö µÎ¥´Ó ¸²µ¦´µ°, ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ´¥±µÉµ·ÒÌ ¸µ¸ÉµÖ´¨°
Ê± §Ò¢ ÕÉ ´  ¶·¨¸ÊÉ¸É¢¨¥ ¤¥Ëµ·³ Í¨¨, ´µ µ¡Ð¨¥ Î¥·ÉÒ · ¸¶·¥¤¥²¥´¨Ö ¸¨²Ò
µ¤´µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° · §Ê³´µ ¶¥·¥¤ ÕÉ¸Ö ¢ · ¸Î¥É¥ ¶·¨ ¨¸¶µ²Ó§µ¢ -
´¨¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ£µ ¡ §¨¸  ³´µ£µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°.

�µ³¨³µ Í¥¶µÎ±¨ ¨§µÉµ¶µ¢ ´¥µ¤¨³  § ·Ö¤µ¢Ò¥ ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ´¨§-
±µ²¥¦ Ð¨Ì ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¡Ò²¨ · ¸¸Î¨É ´Ò ¢ · ³± Ì Š”Œ ¤²Ö
Ö¤¥· 118Sn [17], 140Ce [18], 142Ce [19] ¨ 196Pt [20]. � ¸Î¥ÉÒ ¤²Ö ÔÉ¨Ì Ö¤¥·
É ±¦¥ ¶µ± § ²¨, ÎÉµ ¨¸¶µ²Ó§Ê¥³ Ö ³µ¤¥²Ó ¤ ¥É Ìµ·µÏ¥¥ ±µ²¨Î¥¸É¢¥´´µ¥ µ¶¨-
¸ ´¨¥ ¨³¥ÕÐ¨Ì¸Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. ‘É·Ê±ÉÊ·  ¨ Ô²¥±É·µ³ £´¨É-
´Ò¥ ¸¢µ°¸É¢  ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¢ ¤·Ê£¨Ì ¶µ²Ê³ £¨Î¥¸±¨Ì Ö¤· Ì ¢ ³ ¸-
¸µ¢µ° µ¡² ¸É¨ A ∼ 140 ¨¸¸²¥¤µ¢ ²¨¸Ó É ±¦¥ ¢ · ¡µÉ¥ [21] ¢ · ³± Ì Š”Œ ¸
¨¸¶µ²Ó§µ¢ ´¨¥³ ¢µ²´µ¢µ° ËÊ´±Í¨¨ (7).

3. ��‘��…„…‹…�ˆ… ‘ˆ‹› ˆ‡�‘Š�‹Ÿ��›• Eλ-�…�…•�„�‚

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ¶µ²ÊÎ¥´´Ò¥ ¢ ·¥ ±Í¨ÖÌ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö-
´¨Ö ¶·µÉµ´µ¢ ¨ ¤¥°É·µ´µ¢, Ö¢²ÖÕÉ¸Ö ¢ ´¥±µÉµ·µ³ ¸³Ò¸²¥ ¤µ¶µ²´¨É¥²Ó´µ°
¨´Ëµ·³ Í¨¥° ¶µ µÉ´µÏ¥´¨Õ ± ¤ ´´Ò³, ¨§¢²¥Î¥´´Ò³ ¨§ ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ
· ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢. Š ± ¶µ± § ²¨ ¨¸¸²¥¤µ¢ ´¨Ö ¢ (e, e′)-·¥ ±Í¨¨ ¸ ¢Ò¸µ-
±¨³ · §·¥Ï¥´¨¥³, ¸¨²  Eλ-¶¥·¥Ìµ¤µ¢ ¢ ¸·¥¤´¨Ì ¨ ÉÖ¦¥²ÒÌ Ö¤· Ì § ³¥É´µ
· ¸Ë· £³¥´É¨·µ¢ ´ . ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¤¥É ²Ó´ Ö ¨´Ëµ·³ Í¨Ö µ ¸² ¡ÒÌ ¸µ-
¸ÉµÖ´¨ÖÌ, É.¥. ¸µ¸ÉµÖ´¨ÖÌ, Ì · ±É¥·¨§Ê¥³ÒÌ ´¥¡µ²ÓÏ¨³ §´ Î¥´¨¥³ B(Eλ),
´¥ ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´  ¨§ ¤ ´´ÒÌ (e, e′)-·¥ ±Í¨¨ ¨§-§  · ¤¨ Í¨µ´´µ£µ Ì¢µ-
¸É  µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¨ ¡²¨§²¥¦ Ð¨Ì ±µ²²¥±É¨¢´ÒÌ Ê·µ¢´¥°. � ¶·µÉ¨¢,
Ö¤¥·´Ò¥ ·¥ ±Í¨¨ ¸  ¤·µ´´Ò³¨ Î ¸É¨Í ³¨ (Î ¸É¨Í ³¨, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨³¨
¸ ³¨Ï¥´ÓÕ ¶µ¸·¥¤¸É¢µ³ Ö¤¥·´ÒÌ ¸¨²), ¶·¨¢µ¤ÖÐ¨¥ ± ¢µ§¡Ê¦¤¥´¨Õ Ö¤·  ¶µ-
·Ö¤±  ´¥¸±µ²Ó±¨Ì ŒÔ‚, ¢ ±µÉµ·ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¶¥±É·Ò ¶·¥¤¸É ¢²ÖÕÉ
¸µ¡µ° ´ ¡µ· ¤¨¸±·¥É´ÒÌ ²¨´¨°, ´¥ ¶µ¤¢¥·¦¥´Ò ¢²¨Ö´¨Õ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ-
´¨Ö, ¢µ§´¨± ÕÐ¥£µ ¨§ · §²¨Î´ÒÌ Ë¨§¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢. ’¥³ ¸ ³Ò³ ¤ ´´Ò¥ µ
· ¸¶·¥¤¥²¥´¨¨ ¸¨²Ò E3- ¨ E4-¶¥·¥Ìµ¤µ¢ ¶µ²ÊÎ¥´Ò £² ¢´Ò³ µ¡· §µ³ ¨§ · ¸-
¸¥Ö´¨Ö ¶µ¤µ¡´ÒÌ Î ¸É¨Í ¨ ¢ µ¸µ¡¥´´µ¸É¨ ¨§ (p, p′)-·¥ ±Í¨¨ [22Ä24]. ‘ ¤·Ê£µ°
¸Éµ·µ´Ò, ¶µ¸±µ²Ó±Ê Ö¤¥·´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê Î ¸É¨Í ³¨ ¶ÊÎ±  ¨ ³¨Ï¥-
´¨ ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ±µ³¶µ´¥´ÉÒ, µÉ´µ¸ÖÐ¨¥¸Ö ± ¶·µÉµ´´µ° ¨ ´¥°É·µ´´µ°
¸¨¸É¥³ ³ Ö¤· , ·¥ ±Í¨¨ ¸  ¤·µ´´Ò³¨ Î ¸É¨Í ³¨ ¤µ¶µ²´ÖÕÉ §´ ´¨Ö, ¶µ²ÊÎ¥´-
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´Ò¥ ¢ (e, e′)-·¥ ±Í¨¨, ¨´Ëµ·³ Í¨¥° µ ´¥°É·µ´´µ° ±µ³¶µ´¥´É¥ ¢µ§¡Ê¦¤¥´´ÒÌ
¸µ¸ÉµÖ´¨°  Éµ³´ÒÌ Ö¤¥·.

‚ ÔÉµ³ · §¤¥²¥ ³Ò ¶·µ¢¥¤¥³ ¸· ¢´¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö ¸¨²Ò ¶¥·¥Ìµ¤µ¢
B(Eλ) ¢ Í¥¶µÎ±¥ ¨§µÉµ¶µ¢ 142,144,146Nd, ¶·¥¤¸± §Ò¢ ¥³µ° Š”Œ ¨ ¶µ²Ê-
Î¥´´µ° ¸ É¥³¨ ¦¥ ¸ ³Ò³¨ ¢µ²´µ¢Ò³¨ ËÊ´±Í¨Ö³¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°,
±µÉµ·Ò¥ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ ¤²Ö · ¸Î¥É  § ·Ö¤µ¢ÒÌ ¶¥-
·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥°, ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.
�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ´  Í¨±²µÉ·µ´¥ KVI (ƒ·µ´¨´£¥´)
¢ ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¶·µÉµ´µ¢ ¨ ¤¥°É·µ´µ¢ ¶µ¤ · §´Ò³¨ Ê£² ³¨
¸ Ô´¥·£¨¥°, ¸µµÉ¢¥É¸É¢¥´´µ, 30,5 ¨ 50,6 ŒÔ‚. ‚ ÔÉ¨Ì Ô±¸¶¥·¨³¥´É Ì ¡Ò²µ
¤µ¸É¨£´ÊÉµ Ô´¥·£¥É¨Î¥¸±µ¥ · §·¥Ï¥´¨¥ 12÷15 ±Ô‚ ¢ (p, p′) ¨ 15÷22 ±Ô‚ ¢
(d, d′)-·¥ ±Í¨ÖÌ. ‘¶¨´ ¨ Î¥É´µ¸ÉÓ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° µ¶·¥¤¥²Ö²¨¸Ó ¨§
¸· ¢´¥´¨Ö ¶µ¢¥¤¥´¨Ö § ¢¨¸¨³µ¸É¨ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ µÉ ¶¥·¥¤ ´´µ£µ ³µ³¥´É  ¸
· ¸Î¥É ³¨ ¢ · ³± Ì ³¥Éµ¤  ¸¢Ö§ ´´ÒÌ ± ´ ²µ¢, ¢Ò¶µ²´¥´´Ò³¨ ¤²Ö · §²¨Î´ÒÌ
§´ Î¥´¨° ¶¥·¥¤ ´´µ£µ ³µ³¥´É  λ.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ · ¸¶·¥¤¥²¥´¨Ö ¸¨²Ò ¶·¨¢¥¤¥´´µ° ¢¥·µÖÉ´µ¸É¨ ¨§µ-
¸± ²Ö·´ÒÌ ¶¥·¥Ìµ¤µ¢, ± ± ËÊ´±Í¨¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¢ Ö¤· Ì 142,144,146Nd
¤²Ö ¸µ¸ÉµÖ´¨° · §²¨Î´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 4. �  ÔÉµ³
¦¥ ·¨¸Ê´±¥ ¶·¨¢¥¤¥´Ò É ±¦¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥,
¨§¢²¥Î¥´´Ò¥ ¨§ ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¶·µÉµ´µ¢ ¨ ¤¥°É·µ´µ¢. �±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨§µ¡· ¦¥´Ò ¢ ¢¨¤¥ ÉµÎ¥±,   É¥µ·¥É¨Î¥¸±¨¥ · ¸Î¥-
ÉÒ Ä ¢ ¢¨¤¥ ¢¥·É¨± ²Ó´ÒÌ ¶Ê´±É¨·´ÒÌ ²¨´¨°. ‘ Í¥²ÓÕ ²ÊÎÏ¥£µ ¢µ¸¶·¨ÖÉ¨Ö
¸µµÉ¢¥É¸É¢¨Ö £·µ¸¸-¸É·Ê±ÉÊ· ¢ · ¸¶·¥¤¥²¥´¨¨ ¸¨²Ò ¶¥·¥Ìµ¤µ¢ ± ± Ô±¸¶¥·¨-
³¥´É ²Ó´Ò¥, É ± ¨ É¥µ·¥É¨Î¥¸±¨¥ ¤ ´´Ò¥ É ±¦¥ ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥ ¸¨²µ¢ÒÌ
ËÊ´±Í¨°, ¶µ²ÊÎ¥´´ÒÌ ¸ ¶·µË¨²Ó´µ° ËÊ´±Í¨¥° ¢ ¢¨¤¥ · ¸¶·¥¤¥²¥´¨Ö ƒ Ê¸¸ 
¸ Ï¨·¨´µ° 200 ±Ô‚. �µ¸±µ²Ó±Ê ³Ò ¤¥É ²Ó´µ µ¡¸Ê¤¨²¨ ¸É·Ê±ÉÊ·Ê ´¨§±µ²¥-
¦ Ð¨Ì ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ÔÉ¨Ì ¨§µÉµ¶ Ì ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, ³Ò
µ£· ´¨Î¨³¸Ö §¤¥¸Ó ²¨ÏÓ ±µ³³¥´É ·¨Ö³¨ µ¡Ð¥£µ Ì · ±É¥·  µÉ´µ¸¨É¥²Ó´µ ¸µ-
µÉ¢¥É¸É¢¨Ö É¥µ·¥É¨Î¥¸±¨Ì ¶·¥¤¸± § ´¨° ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. „²Ö
¨§µÉµ¶µ¢ 144,146Nd, ¶µ³¨³µ · ¸Î¥Éµ¢ ¢ · ³± Ì Š”Œ, ¡Ò²¨ ¢Ò¶µ²´¥´Ò É ±¦¥
· ¸Î¥ÉÒ ¢ · ³± Ì ³µ¤¥²¨ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¡µ§µ´µ¢ (Œ‚�-1) [25]. �µ ³¥·¥
µ¡¸Ê¦¤¥´¨Ö ·¥§Ê²ÓÉ Éµ¢ ³Ò · ¸¸³µÉ·¨³ É ±¦¥ µ¡Ð¨¥ § ±µ´µ³¥·´µ¸É¨ ¨ · §-
²¨Î¨Ö ¢ ¶·¥¤¸± § ´¨ÖÌ ÔÉ¨Ì ¤¢ÊÌ ³µ¤¥²¥° Ö¤· , ÊÎ¨ÉÒ¢ ÕÐ¨Ì ¢§ ¨³µ¤¥°¸É¢¨¥
µ¤´µ- ¨ ³´µ£µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°.

� ¨¡µ²¥¥ ¢Ò· ¦¥´´Ò¥ ¶¨±¨ ¢ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É· Ì ¸µµÉ¢¥É¸É¢ÊÕÉ
¢µ§¡Ê¦¤¥´¨Õ ¸µ¸ÉµÖ´¨° 2+, 3− ¨ 4+. �µ²ÓÏ Ö Î ¸ÉÓ E2-¸¨²Ò ¸±µ´Í¥´É·¨·µ-
¢ ´  ´  2+

1 -¸µ¸ÉµÖ´¨¨ ¸ ¢¥²¨Î¨´µ° BS(E2), ¢µ§· ¸É ÕÐ¥° µÉ 20 ¥¤¨´¨Í ‚ °-
¸±µ¶Ë  ¢ 142Nd ¤µ 43 ¥¤.‚. ¢ 146Nd. ‚ ¸³Ò¸²¥ ¨¸Î¥·¶Ò¢ ´¨Ö Ô´¥·£¥É¨Î¥¸±¨
¢§¢¥Ï¥´´µ£µ ¶· ¢¨²  ¸Ê³³ (�‚�‘) ³ ¸¸µ¢ Ö § ¢¨¸¨³µ¸ÉÓ ·¥§Ê²ÓÉ Éµ¢ £µ· §¤µ
¡µ²¥¥ ¸² ¡ Ö. �  ¸ ³µ³ ¤¥²¥ 2+

1 -¸µ¸ÉµÖ´¨¥ ¢µ ¢¸¥Ì ¨§µÉµ¶ Ì ¨¸Î¥·¶Ò¢ ¥É
6÷7 % �‚�‘, ¢¸¥ µ¸É ²Ó´Ò¥ 2+-¸µ¸ÉµÖ´¨Ö ´¨¦¥ ´¥±µÉµ·µ° Ë¨±¸¨·µ¢ ´´µ°
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�¨¸. 4. � ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò ¨§µ¸± ²Ö·´ÒÌ Eλ-¶¥·¥Ìµ¤µ¢ ¢ ¨§µÉµ¶ Ì 142,144,146Nd ¢
¥¤¨´¨Í Ì ‚ °¸±µ¶Ë . �±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨§µ¡· ¦¥´Ò ¢ ¢¨¤¥ ÉµÎ¥± ¨
¸¶²µÏ´ÒÌ ²¨´¨°; É¥µ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ Ä ¢ ¢¨¤¥ ¶Ê´±É¨·´ÒÌ ²¨´¨° (¸³. ¶µ¤·µ¡-
´µ¸É¨ ¢ É¥±¸É¥)

Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö EΣ Å 4÷5 % �‚�‘. —Éµ¡Ò ¶·µ¢¥¸É¨ ´¥±µÉµ·ÊÕ ¸¨-
¸É¥³ É¨±Ê ¤²Ö · §²¨Î´ÒÌ ¨§µÉµ¶µ¢ ´  Ô±¢¨¢ ²¥´É´µ³ Ô´¥·£¥É¨Î¥¸±µ³ Ê·µ¢´¥,
³Ò ¢Ò¡· ²¨ ¢ ± Î¥¸É¢¥ EΣ ¢¥²¨Î¨´Ê, · ¢´ÊÕ E(3−1 ) + 2,1 ŒÔ‚.
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‚ · ¸¶·¥¤¥²¥´¨¨ ¸¨²Ò E3-¶¥·¥Ìµ¤µ¢ É ±¦¥ ¤µ³¨´¨·Ê¥É ´¨¦ °Ï¥¥ 3−-
¸µ¸ÉµÖ´¨¥ ¸ ¢¥·µÖÉ´µ¸ÉÓÕ ¶¥·¥Ìµ¤  µÉ 34 ¥¤.‚. ¢ 142Nd ¤µ 42 ¥¤.‚. ¢ 146Nd.
�·µÍ¥´É ¨¸Î¥·¶Ò¢ ´¨Ö �‚�‘ ´¨¦ °Ï¨³ 3−1 -¸µ¸ÉµÖ´¨¥³ Ê³¥´ÓÏ ¥É¸Ö ¸ 7 %
¢ 142Nd ¤µ 5 % ¢ 146Nd,   ¤²Ö ¤·Ê£¨Ì 3−-¸µ¸ÉµÖ´¨° ´¨¦¥ EΣ ¢µ§· ¸É ¥É
¸ 1,2 ¤µ 3 %. �µ¤µ¡´µ¥ ¶µ¢¥¤¥´¨¥ ¶µ¤É¢¥·¦¤ ¥É ·¥§Ê²ÓÉ ÉÒ ¶·¥¤Ò¤ÊÐ¨Ì
¨¸¸²¥¤µ¢ ´¨°: ¶·¨ Ê¢¥²¨Î¥´¨¨ Î¨¸²  ¢ ²¥´É´ÒÌ Î ¸É¨Í ±µ²²¥±É¨¢´µ¸ÉÓ ´¨§-
±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¢µ§· ¸É ¥É, ¨ ¸ÊÐ¥¸É¢¥´´ Ö Î ¸ÉÓ µ±ÉÊ¶µ²Ó´µ° ¸¨²Ò
¶¥·¥Ìµ¤¨É ¸ ´¨¦ °Ï¥£µ ´  ¸²¥¤ÊÕÐ¨¥ 3−-¸µ¸ÉµÖ´¨Ö. �Éµ ¶¥·¥· ¸¶·¥¤¥²¥´¨¥
¸¨²Ò ¶·µ¨¸Ìµ¤¨É Éµ²Ó±µ ³¥¦¤Ê 3−1 ¨ ¸µ¸¥¤´¨³¨ µ±ÉÊ¶µ²Ó´Ò³¨ ¸µ¸ÉµÖ´¨Ö-
³¨, ´¥ ¢±²ÕÎ Ö ¡µ²¥¥ ¢Ò¸µ±µ²¥¦ Ð¨¥, ± ±, ´ ¶·¨³¥·, ´¨§±µÔ´¥·£¥É¨Î¥¸±¨°
µ±ÉÊ¶µ²Ó´Ò° ·¥§µ´ ´¸. ’¥µ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¤ ÕÉ ¶·µ¸ÉÊÕ ¨´É¥·¶·¥É -
Í¨Õ ÔÉµ£µ Ö¢²¥´¨Ö: · ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò E3-¶¥·¥Ìµ¤µ¢ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ
¢µ§¡Ê¦¤¥´¨Ö ¶µ²´µ¸ÉÓÕ µ¡ÑÖ¸´Ö¥É¸Ö ± ± ·¥§Ê²ÓÉ É Ë· £³¥´É Í¨¨ ´¨¦ °Ï¥£µ
3−-Ëµ´µ´  ¨²¨ f -¡µ§µ´  ¢ Œ‚�.

� ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò E4-¶¥·¥Ìµ¤µ¢ ¨³¥¥É £µ· §¤µ ¡µ²¥¥ ¸²µ¦´ÊÕ ¸É·Ê±ÉÊ-
·Ê. ‘µ¸ÉµÖ´¨¥ 4+

1 µ¡² ¤ ¥É ´ ¨¡µ²ÓÏ¥° ¢¥²¨Î¨´µ° B(E4) ¢ 142Nd, ¢ Éµ ¢·¥³Ö
± ± ¢ 144Nd ÔÉ  ¢¥²¨Î¨´  ¸· ¢´¨³  ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¢¥²¨Î¨´µ° ¤²Ö ¢Éµ·µ£µ
¨ É·¥ÉÓ¥£µ 4+-¸µ¸ÉµÖ´¨Ö. ‚ 146Nd ´¨¦ °Ï¥¥ 4+-¸µ¸ÉµÖ´¨¥ Ê¦¥ ¢ ¤¢  · §  ¸² -
¡¥¥, Î¥³ ¸²¥¤ÊÕÐ¥¥. �µ¤µ¡´µ¥ ¶µ¢¥¤¥´¨¥ ¸¢Ö§ ´µ ¸ Ô¢µ²ÕÍ¨¥° ¢µ ¢§ ¨³µ¤¥°-
¸É¢¨¨ µ¤´µ- ¨ ¤¢ÊÌËµ´µ´´ÒÌ ±µ³¶µ´¥´É ¢ ¢µ²´µ¢µ° ËÊ´±Í¨¨ 4+-¸µ¸ÉµÖ´¨°.
”· £³¥´É Í¨Ö 4+-Ê·µ¢´¥° µÎ¥´Ó ¢Ò¸µ± ; ¢µ ¢¸¥Ì Ö¤· Ì ±µ²¨Î¥¸É¢µ ¸µ¸ÉµÖ´¨°
¸ ¤ ´´Ò³ ¸¶¨´µ³ ¨ Î¥É´µ¸ÉÓÕ Ö¢²Ö¥É¸Ö ´ ¨¡µ²ÓÏ¨³, ÎÉµ ¶µ²´µ¸ÉÓÕ ¸µµÉ¢¥É-
¸É¢Ê¥É É¥µ·¥É¨Î¥¸±¨³ ¶·¥¤¸± § ´¨Ö³. �µ²´ Ö ¸¨²  E4-¶¥·¥Ìµ¤µ¢ ´¨¦¥ EΣ

¸µ¸É ¢²Ö¥É ¶·¨³¥·´µ 2 % �‚�‘.
�±¸¶¥·¨³¥´É ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò ¨§µ¸± ²Ö·´ÒÌ ¶¥·¥Ìµ¤µ¢ ¢ 142Nd

¨ 144Nd ´ Ìµ¤¨É¸Ö ¢ Ìµ·µÏ¥³ ¸µµÉ¢¥É¸É¢¨¨ ¸ É¥µ·¥É¨Î¥¸±¨³¨ ¶·¥¤¸± § ´¨-
Ö³¨. �¥³´µ£µ ÌÊ¤Ï¨³, ´µ ¢¸¥ ¥Ð¥ ¶·¨¥³²¥³Ò³, Ö¢²Ö¥É¸Ö ¸µ£² ¸¨¥ ¢ 146Nd.
�·¨Î¨´µ° ÊÌÊ¤Ï¥´¨Ö ¸µ£² ¸¨Ö Ö¢²ÖÕÉ¸Ö É·Ê¤´µ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ Ê¸¨²¥´¨¥³
¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê µ¤´µ-, ¤¢ÊÌ- ¨ É·¥ÌËµ´µ´´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨ ¢µ²-
´µ¢µ° ËÊ´±Í¨¨ ¶·¨ ¶·¨¡²¨¦¥´¨¨ ± µ¡² ¸É¨ ¶¥·¥Ìµ¤´ÒÌ Ö¤¥·. �É  ¶·µ¡²¥³ 
Ê¦¥ µ¡¸Ê¦¤ ² ¸Ó ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥.

‚ · ³± Ì Œ‚� Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É¸Ö ¸¨²  Éµ²Ó±µ ¶¥·¢µ£µ ¨ ¢Éµ·µ£µ
¢µ§¡Ê¦¤¥´´ÒÌ 2+-¸µ¸ÉµÖ´¨°, ¢ Éµ ¢·¥³Ö ± ± ¸¨²  ¡µ²¥¥ ¢Ò¸µ±µ²¥¦ Ð¨Ì ¸Ê-
Ð¥¸É¢¥´´µ ´¥¤µµÍ¥´¨¢ ¥É¸Ö. �Éµ ´¥Ê¤¨¢¨É¥²Ó´µ, ¶µ¸±µ²Ó±Ê, ± ± ¶µ± §Ò¢ ÕÉ
· ¸Î¥ÉÒ ¢ · ³± Ì Š”Œ, ¶·¨ Ô´¥·£¨ÖÌ ¢ÒÏ¥ 2 ŒÔ‚ §  ¸¨²Ê E2-¶¥·¥Ìµ¤µ¢ µÉ-
¢¥É¸É¢¥´´Ò ¤·Ê£¨¥, ´¥¦¥²¨ 2+

1 , µ¤´µËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨. „²Ö Œ‚� ÔÉµ
Ô±¢¨¢ ²¥´É´µ ´¥µ¡Ìµ¤¨³µ¸É¨ ¢¢¥¤¥´¨Ö ¤µ¶µ²´¨É¥²Ó´ÒÌ d-¡µ§µ´µ¢.

Šµ²¨Î¥¸É¢µ 3−-¸µ¸ÉµÖ´¨° ¸ § ³¥É´µ° ¢¥²¨Î¨´µ° ¸¨²Ò E3-¶¥·¥Ìµ¤µ¢ ´¥-
¸±µ²Ó±µ ´¨¦¥, Î¥³ ¢ Ô±¸¶¥·¨³¥´É¥, µ¤´ ±µ £·µ¸¸-¸É·Ê±ÉÊ·  · ¸¶·¥¤¥²¥´¨Ö
Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É¸Ö ¢ · ¸Î¥É Ì. � ¨¡µ²¥¥ § ³¥É´Ò¥ ´¥¤µ¸É É±¨ · ¸Î¥-
É  ¸¢Ö§ ´Ò ¸ ´¨¦ °Ï¨³ 3−-¸µ¸ÉµÖ´¨¥³, ¸¨²  ±µÉµ·µ£µ ¸¨¸É¥³ É¨Î¥¸±¨ ´¥-
¤µµÍ¥´¨¢ ¥É¸Ö, ¶·¨Î¥³ ÔÉ  ´¥¤µµÍ¥´±  ´µ¸¨É ¶·µ£·¥¸¸¨¢´Ò° Ì · ±É¥· ¶·¨
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¶·µ¤¢¨¦¥´¨¨ ¶µ Í¥¶µÎ±¥ ¨§µÉµ¶µ¢. �·¨Î¨´  §¤¥¸Ó ¢ ¸²¥¤ÊÕÐ¥³. ‡ ³±´ÊÉ Ö
N =82 µ¡µ²µÎ±  ¢²¨Ö¥É ´ ¨¡µ²¥¥ ¸¨²Ó´µ ´  E3-¶¥·¥Ìµ¤Ò, ¶µ¸±µ²Ó±Ê ¨§ ¸µ-
µ¡· ¦¥´¨° ¸¶¨´-Î¥É´µ¸ÉÓ É ±¨¥ ¶¥·¥Ìµ¤Ò § ¶·¥Ð¥´Ò ¢´ÊÉ·¨ ¶µ¤µ¡µ²µÎ±¨.
�ÉÊ ¶·µ¡²¥³Ê ´¥ Ê¤ ¥É¸Ö Ê¸É· ´¨ÉÓ ¶·µ¸ÉÒ³ ¨§³¥´¥´¨¥³ ³µ¤¥²Ó´ÒÌ ¶ · -
³¥É·µ¢, ¨¸¶µ²Ó§Ê¥³ÒÌ ¢ · ¸Î¥É¥. �  ¸ ³µ³ ¤¥²¥, ¸ ¶µ³µÐÓÕ ¶ · ³¥É·µ¢ ³Ò
³µ¦¥³ Ê¸¨²¨ÉÓ ±µ²²¥±É¨¢´µ¸ÉÓ ´¨¦ °Ï¥° µ¤´µËµ´µ´´µ° 3−-±µ´Ë¨£Ê· Í¨¨
¨ Ê²ÊÎÏ¨ÉÓ É¥³ ¸ ³Ò³ ¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶µ ¸¨²¥
E3-¶¥·¥Ìµ¤µ¢, ´µ ÔÉµ ¶·¨¢¥¤¥É ± Éµ³Ê, ÎÉµ ´¨¦ °Ï¨¥ 2+- ¨ 4+-¸µ¸ÉµÖ´¨Ö
¡Ê¤ÊÉ ¨³¥ÉÓ ¸²¨Ï±µ³ ³ ²ÊÕ Ô´¥·£¨Õ ¢µ§¡Ê¦¤¥´¨Ö. �ÉµÉ ÔËË¥±É Ö¢²Ö¥É¸Ö ·¥-
§Ê²ÓÉ Éµ³ ¢§ ¨³µ¤¥°¸É¢¨Ö 2+

1 µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨ ¸ ¤¢ÊÌËµ´µ´´µ°
±µ´Ë¨£Ê· Í¨¥° [3−1 ⊗3−1 ]2+ . Œ É·¨Î´Ò° Ô²¥³¥´É ÔÉµ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ¨§µ-
Éµ¶ Ì ´¥µ¤¨³  µÎ¥´Ó ¢¥²¨± ¨ ¸¨²Ó´µ § ¢¨¸¨É µÉ ±µ²²¥±É¨¢´µ¸É¨ ± ± µ¤´µ-, É ±
¨ ¤¢ÊÌËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨. ’µ ¦¥ ¸ ³µ¥ ¶·µ¨¸Ìµ¤¨É ¨ ¸ ¸µ¸ÉµÖ´¨¥³ 4+

1 .
„²Ö 3− ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ´ Ï¨ · ¸Î¥ÉÒ ¨ Œ‚� ¤ ÕÉ ¡µ²¥¥-³¥´¥¥

Ô±¢¨¢ ²¥´É´µ¥ µ¶¨¸ ´¨¥, ÎÉµ ²¥£±µ µ¡ÑÖ¸´¨³µ. Œ‚�-1-sdf µ¶¨¸Ò¢ ¥É ´¨§-
±µ²¥¦ Ð¨¥ 3−-¸µ¸ÉµÖ´¨Ö ± ± Ë· £³¥´É Í¨Õ ¸¨²Ò ¥¤¨´¸É¢¥´´µ£µ f -¡µ§µ´  ¸
¶·¨³¥¸ÓÕ df ¨²¨ (sd · sf)-±µ´Ë¨£Ê· Í¨°. �´ ²µ£¨Î´µ Š”Œ µ¶¨¸Ò¢ ¥É É¥
¦¥ ¸µ¸ÉµÖ´¨Ö ± ± Ë· £³¥´É Í¨Õ ´¨¦ °Ï¥° 3− µ¤´µËµ´µ´´µ° ±µ³¶µ´¥´-
ÉÒ ¢ ·¥§Ê²ÓÉ É¥ ¸³¥Ï¨¢ ´¨Ö ¸ ¤¢ÊÌËµ´µ´´Ò³¨ ±µ³¶µ´¥´É ³¨ [2+

1 ⊗ 3−1 ]3− ,
[2+

1 ⊗ 5−1 ]3− , [3−1 ⊗ 4+
1 ]3− , [3−1 ⊗ 6+

1 ]3− ¨ É. ¤.
�¥§Ê²ÓÉ ÉÒ ¸· ¢´¥´¨Ö É¥µ·¥É¨Î¥¸±¨Ì · ¸Î¥Éµ¢, ¢Ò¶µ²´¥´´ÒÌ ¢ Š”Œ ¨

Œ‚�, ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¤²Ö · ¸¶·¥¤¥²¥´¨Ö ¸¨²Ò E4-¶¥·¥Ìµ¤µ¢
´µ¸ÖÉ ¸Ìµ¦¨° Ì · ±É¥· ¸ · ¸¶·¥¤¥²¥´¨¥³ ¸¨²Ò ±¢ ¤·Ê¶µ²Ó´ÒÌ ¶¥·¥Ìµ¤µ¢.
Œ‚�-1-sdg ¢µ¸¶·µ¨§¢µ¤¨É ¸¨²Ê ´¨§±µ²¥¦ Ð¨Ì 4+-¸µ¸ÉµÖ´¨°, ´µ ¸¨²Ó´µ ´¥-
¤µµÍ¥´¨¢ ¥É ¥¥ ¤²Ö Ô´¥·£¨° ¢ÒÏ¥ 2,2 ŒÔ‚. ‚ Í¥²µ³ ¸µ£² ¸¨¥ · ¸Î¥Éµ¢,
¢Ò¶µ²´¥´´ÒÌ ¢ · ³± Ì Š”Œ, ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ §´ Î¨É¥²Ó´µ
²ÊÎÏ¥. ‚ ´ Ï¨Ì · ¸Î¥É Ì · ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò E4-¶¥·¥Ìµ¤µ¢ µ¡Ê¸²µ¢²¥´µ ´¨-
¦ °Ï¨³¨ Ï¥¸ÉÓÕ 4+ µ¤´µËµ´µ´´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨. �Éµ ¸´µ¢  Ö¢²Ö¥É¸Ö
¸¢¨¤¥É¥²Ó¸É¢µ³ ´¥µ¡Ìµ¤¨³µ¸É¨ ¢¢¥¤¥´¨Ö ¤µ¶µ²´¨É¥²Ó´ÒÌ ¡µ§µ´µ¢, ¨³¥ÕÐ¨Ì
¡µ²¥¥ ¢Ò¸µ±ÊÕ Ô´¥·£¨Õ ¢µ§¡Ê¦¤¥´¨Ö, Î¥³ d- ¨ g-¡µ§µ´Ò.

4. �ˆ‡Š�‹…†�™ˆ… 1−-‘�‘’�Ÿ�ˆŸ ˆ E1-�…�…•�„› Œ…†„“
�ˆ‡Š�‹…†�™ˆŒˆ ‘�‘’�Ÿ�ˆŸŒˆ

4.1. �¨§±µ²¥¦ Ð¨¥ 1−-¸µ¸ÉµÖ´¨Ö ¢ ¸Ë¥·¨Î¥¸±¨Ì Ö¤· Ì. �¨§±µ²¥¦ Ð¨¥
¤¨¶µ²Ó´Ò¥ ¸µ¸ÉµÖ´¨Ö ¢ ¸Ë¥·¨Î¥¸±¨Ì Ö¤· Ì Ì · ±É¥·¨§ÊÕÉ¸Ö ¸¢µ°¸É¢ ³¨, ¢
±µ·´¥ µÉ²¨Î ÕÐ¨³¨¸Ö µÉ ¸¢µ°¸É¢ ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¤·Ê£¨Ì ³Ê²ÓÉ¨-
¶µ²Ó´µ¸É¥°. �Éµ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ, ¢ µÉ²¨Î¨¥ µÉ ¸µ¸ÉµÖ´¨° ¸ λ ≥ 2, ´¥
¸ÊÐ¥¸É¢Ê¥É ±µ²²¥±É¨¢´µ£µ ´¨§±µ²¥¦ Ð¥£µ µ¤´µËµ´µ´´µ£µ 1−-¸µ¸ÉµÖ´¨Ö, ±µ-
Éµ·µ¥ ¢µ ³´µ£µ³ µ¶·¥¤¥²Ö²µ ¡Ò ¸¢µ°¸É¢  · ¸¶·¥¤¥²¥´¨Ö ¸¨²Ò Ô²¥±É·µ³ £´¨É-
´ÒÌ ¶¥·¥Ìµ¤µ¢ ¤ ´´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ ¶·¨ ³ ²ÒÌ Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö.
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’µÎ´¥¥, ¶µ¤µ¡´µ¥ ¸µ¸ÉµÖ´¨¥ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¤ÊÌµ¢µ¥ ¸µ¸ÉµÖ´¨¥, ¸µµÉ-
¢¥É¸É¢ÊÕÐ¥¥ ¤¢¨¦¥´¨Õ Ö¤·  ± ± Í¥²µ£µ, ¨ ¡µ²ÓÏµ¥ ±µ²¨Î¥¸É¢µ · ¡µÉ ¡Ò²µ
¶µ¸¢ÖÐ¥´µ ¶·µ¡²¥³¥ ±µ··¥±É´µ£µ ¥£µ ¨¸±²ÕÎ¥´¨Ö (¸³., ´ ¶·¨³¥·, [26]). ‚
·¥§Ê²ÓÉ É¥ ¶¥·¢Ò¥ µ¤´µËµ´µ´´Ò¥ 1−-¸µ¸ÉµÖ´¨Ö ¶µÖ¢²ÖÕÉ¸Ö ¢ · ¸Î¥É Ì ¶·¨
Ô´¥·£¨ÖÌ ¢ÒÏ¥ 5 ŒÔ‚ ¨ µ¡² ¤ ÕÉ ¶· ±É¨Î¥¸±¨ Î¨¸Éµ° ¤¢ÊÌ±¢ §¨Î ¸É¨Î´µ°
¶·¨·µ¤µ°. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¤¢ÊÌËµ´µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö, ¶µ¸É·µ¥´´Ò¥ ¨§ µ¤´µ-
Ëµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° 2+

1 ¨ 3−1 , ¢µ§´¨± ÕÉ ¢ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É· Ì ¶·¨
¡µ²¥¥ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö, µ¸µ¡¥´´µ ¢ Ö¤· Ì ¸ µÉ±·ÒÉµ° µ¡µ²µÎ±µ°,
¢ ±µÉµ·ÒÌ Ô´¥·£¨¨ ¶¥·¢ÒÌ 2+- ¨ 3−-Ê·µ¢´¥° ¸¨²Ó´µ ¶µ´¨¦ ÕÉ¸Ö. �¤´ ±µ
¢¥·µÖÉ´µ¸ÉÓ ¢µ§¡Ê¦¤¥´¨Ö ¤¢ÊÌËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨° ±µ²²¥±É¨¢´µ° ¶·¨·µ¤Ò
[2+

1 ⊗ 3−1 ]1− ¢ Ö¤¥·´ÒÌ ¶·µÍ¥¸¸ Ì ¸¨²Ó´µ µ¸² ¡²¥´  µ¤´µÎ ¸É¨Î´µ° ¶·¨·µ¤µ°
µ¶¥· Éµ·  ¶¥·¥Ìµ¤ . „¥°¸É¢¨É¥²Ó´µ, ¶·Ö³µ° ¶¥·¥Ìµ¤ ´  ¤¢ÊÌËµ´µ´´ÊÕ, ¨²¨
2p2h-±µ´Ë¨£Ê· Í¨Õ ¶µ¸·¥¤¸É¢µ³ µ¤´µÎ ¸É¨Î´µ£µ µ¶¥· Éµ·  ¢´¥Ï´¥£µ ¶µ²Ö
Ö¢²Ö¥É¸Ö ¢¥²¨Î¨´µ° ¸²¥¤ÊÕÐ¥£µ ¶µ·Ö¤±  ³ ²µ¸É¨ ¶µ ¸· ¢´¥´¨Õ ¸ ¶¥·¥Ìµ¤µ³
´  µ¤´µËµ´µ´´ÊÕ, ¨²¨ 1p1h-±µ´Ë¨£Ê· Í¨Õ. ‚ ³µ¤¥²ÖÌ, ¢ ±µÉµ·ÒÌ ¢µ§¡Ê¦-
¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö É· ±ÉÊÕÉ¸Ö ´  Ö§Ò±¥ ¨¤¥ ²Ó´ÒÌ ¡µ§µ´µ¢, ¶µ¤µ¡´Ò° ¶¥·¥Ìµ¤
¢µµ¡Ð¥ § ¶·¥Ð¥´. �·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ Ë¥·³¨µ´´ÊÕ ¸É·Ê±ÉÊ·Ê Ëµ´µ´µ¢,
± ± ÔÉµ ¤¥² ¥É¸Ö ¢ Š”Œ, ¶·Ö³µ° ¶¥·¥Ìµ¤ g.s. → [2+

1 ⊗ 3−1 ]1− ¸É ´µ¢¨É¸Ö
¢µ§³µ¦´Ò³ ¡² £µ¤ ·Ö ±µ··¥²ÖÍ¨Ö³ ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨, ´µ, ±µ´¥Î´µ, µ´
¸¨²Ó´µ ¶µ¤ ¢²¥´ [27]. „¢ÊÌ¸ÉÊ¶¥´Î ÉÒ° ¶·µÍ¥¸¸ ¢µ§¡Ê¦¤¥´¨Ö [2+

1 ⊗ 3−1 ]1−
¸µ¸ÉµÖ´¨° ¥Ð¥ ¡µ²¥¥ ¸² ¡, ¶µ¸±µ²Ó±Ê µ´ ¢±²ÕÎ ¥É ³ É·¨Î´Ò° Ô²¥³¥´É E3-
¶¥·¥Ìµ¤ .

’ ±¨³ µ¡· §µ³, Ô²¥±É·¨Î¥¸±¨¥ ¤¨¶µ²Ó´Ò¥ ¶¥·¥Ìµ¤Ò ¶·¨ ´¥¡µ²ÓÏ¨Ì Ô´¥·-
£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¸¶¥Í¨Ë¨Î¥¸±¨° µ¡Ñ¥±É ¤²Ö ¨¸¸²¥¤µ¢ -
´¨Ö Ö¤¥·´µ° ¸É·Ê±ÉÊ·Ò. ‚ ÔÉ¨Ì ¨¸¸²¥¤µ¢ ´¨ÖÌ ³Ò ¸É ²±¨¢ ¥³¸Ö ¸ ¶·µ¡²¥-
³µ° µÎ¥´Ó ÎÊ¢¸É¢¨É¥²Ó´µ£µ ¡ ² ´¸  ³¥¦¤Ê ¸² ¡Ò³¨ ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨
µ¸´µ¢´ÒÌ ±µ³¶µ´¥´É ¢µ²´µ¢µ° ËÊ´±Í¨¨, ¸ µ¤´µ° ¸Éµ·µ´Ò, ¨ ¸¨²Ó´Ò³¨ ³ É-
·¨Î´Ò³¨ Ô²¥³¥´É ³¨ E1-¶¥·¥Ìµ¤µ¢ ´  ¸² ¡Ò¥ ¶·¨³¥¸¨ µ¤´µËµ´µ´´ÒÌ ±µ´-
Ë¨£Ê· Í¨°, ¶·¨´ ¤²¥¦ Ð¨Ì £¨£ ´É¸±µ³Ê ¤¨¶µ²Ó´µ³Ê ·¥§µ´ ´¸Ê, Å ¸ ¤·Ê£µ°.
�¤´ ±µ, ´¥¸³µÉ·Ö ´  ³ ²Ò¥ §´ Î¥´¨Ö ¶·¨¢¥¤¥´´µ° ¢¥·µÖÉ´µ¸É¨ ¶¥·¥Ìµ¤µ¢
B(E1, g.s.→ [2+

1 ⊗3−1 ]1−), ´¨§±µ²¥¦ Ð¨¥ 1−-¸µ¸ÉµÖ´¨Ö ¨§¢¥¸É´Ò ¤ ¢´µ (¸³.,
´ ¶·¨³¥·, [28Ä30]), ¨ ¸É·Ê±ÉÊ·  ÔÉ¨Ì ¸µ¸ÉµÖ´¨° ¡Ò²  Ê¸¶¥Ï´µ ¨´É¥·¶·¥É¨-
·µ¢ ´ , ± ± ¨³¥ÕÐ Ö ¤¢ÊÌËµ´µ´´ÊÕ ¶·¨·µ¤Ê [27, 31, 32]. �µ Éµ²Ó±µ ¶µ-
Ö¢²¥´¨¥ ¸µ¢·¥³¥´´ÒÌ ¢Ò¸µ±µÔËË¥±É¨¢´ÒÌ Ge-¤¥É¥±Éµ·µ¢ ¤ ²µ ¢µ§³µ¦´µ¸ÉÓ
§ ·¥£¨¸É·¨·µ¢ ÉÓ ¢ Ô±¸¶¥·¨³¥´É¥ 1−-¸µ¸ÉµÖ´¨Ö ¶·¨ ¡µ²¥¥ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ
¢µ§¡Ê¦¤¥´¨Ö.

�¥·¢Ò¥ ¤ ´´Ò¥ ¶µ ¨§ÊÎ¥´¨Õ · ¸¶·¥¤¥²¥´¨Ö ¸¨²Ò E1-¶¥·¥Ìµ¤µ¢ ¶µ ´¨§±µ-
²¥¦ Ð¨³ 1−-¸µ¸ÉµÖ´¨Ö³ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¤²Ö ¶µ²Ê³ £¨Î¥¸±µ£µ ¨§µÉµ¶  140Ce
¢ ·¥ ±Í¨¨ ·¥§µ´ ´¸´µ£µ · ¸¸¥Ö´¨Ö ËµÉµ´µ¢ [33]. �´¥·£¥É¨Î¥¸±¨° ¨´É¥·¢ ²
4,8÷8,9 ŒÔ‚ ¢ 140Ce ¨¸¸²¥¤µ¢ ²¸Ö · ´¥¥ ¢ Ô±¸¶¥·¨³¥´É Ì ¸ ³¥Î¥´Ò³¨ ËµÉµ-
´ ³¨ [34]. �¤´ ±µ ¨§-§  µ£· ´¨Î¥´¨° ¢ Ô´¥·£¥É¨Î¥¸±µ³ · §·¥Ï¥´¨¨ ¨´¤¨¢¨¤Ê-
 ²Ó´Ò¥ ¸µ¸ÉµÖ´¨Ö ´¥ ¡Ò²¨ ¢Ò¤¥²¥´Ò ¢ Ê¶µ³Ö´ÊÉµ³ ¶µ¸²¥¤´¥³ Ô±¸¶¥·¨³¥´É¥,
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�¨¸. 5.  ) � ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò B(E1)-¶¥·¥Ìµ¤µ¢, ¶µ²ÊÎ¥´´µ¥ ¢ Ô±¸¶¥·¨³¥´É¥; ¡Ä£)
·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¸ ¢µ²´µ¢µ° ËÊ´±Í¨¥°, ¸µ¤¥·¦ Ð¥° µ¤´µ-, ¤¢ÊÌ- ¨ É·¥ÌËµ´µ´-
´Ò¥ ±µ´Ë¨£Ê· Í¨¨; ¢) µ¤´µËµ´µ´´ Ö Î ¸ÉÓ E1-¶¥·¥Ìµ¤µ¢; £) ¤¢ÊÌËµ´µ´´ Ö Î ¸ÉÓ
E1-¶¥·¥Ìµ¤µ¢. ’·¥ÌËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨ µÉ¢¥É¸É¢¥´´Ò ¢ ÔÉµ³ · ¸Î¥É¥ £² ¢´Ò³
µ¡· §µ³ §  Ë· £³¥´É Í¨Õ

  ²¨ÏÓ µ¡´ ·Ê¦¥´Ò £·µ¸¸-¸É·Ê±ÉÊ·Ò ¢ ¸¥Î¥´¨¨ ËµÉµ¶µ£²µÐ¥´¨Ö, ¶µ²ÊÎ¨¢Ï¨¥
´ §¢ ´¨¥ ¶¨£³¨-·¥§µ´ ´¸µ¢. ‘¢µ°¸É¢  ¶¨£³¨-·¥§µ´ ´¸µ¢ ¨§ÊÎ ²¨¸Ó ¢ · ³± Ì
Š”Œ ¢ · ¸Î¥É Ì ¸¨²µ¢µ° ËÊ´±Í¨¨ E1-¶¥·¥Ìµ¤µ¢ ¢ · ¸¸³ É·¨¢ ¥³µ° Ô´¥·£¥-
É¨Î¥¸±µ° µ¡² ¸É¨, ¶·¨ ÔÉµ³ 1−-¸µ¸ÉµÖ´¨Ö µ¶¨¸Ò¢ ²¨¸Ó ¢µ²´µ¢µ° ËÊ´±Í¨¥°,
¸µ¤¥·¦ Ð¥° µ¤´µ- ¨ ¤¢ÊÌËµ´µ´´Ò¥ ±µ³¶µ´¥´ÉÒ [35]. Šµ´¥Î´µ, ¶·¨³¥´¥´¨¥
³¥Éµ¤  ¸¨²µ¢µ° ËÊ´±Í¨¨ ´¥ ¶µ§¢µ²Ö¥É ¶µ²ÊÎ ÉÓ ¨´Ëµ·³ Í¨Õ µ ¸É·Ê±ÉÊ·¥
¸µ¸ÉµÖ´¨°, Ëµ·³¨·ÊÕÐ¨Ì ÔÉ¨ ·¥§µ´ ´¸Ò.

�±¸¶¥·¨³¥´É ¡Ò² ¢Ò¶µ²´¥´ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Éµ·³µ§´ÒÌ £ ³³ -±¢ ´Éµ¢,
¶µ²ÊÎ¥´´ÒÌ ´  ²¨´¥°´µ³ Ê¸±µ·¨É¥²¥ S-DALINAC ¢ „ ·³ÏÉ ¤É¥. ‚ ´¥³ ¡Ò-
²  ¨§ÊÎ¥´  µ¡² ¸ÉÓ ¢µ§¡Ê¦¤¥´¨Ö ¤µ Ô´¥·£¨° ¶µ·Ö¤±  6,7 ŒÔ‚. ˆ§¢²¥Î¥´´µ¥
¨§ Ô±¸¶¥·¨³¥´É  · ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò B(E1)-¶¥·¥Ìµ¤µ¢ ¢ 140Ce ¶·¥¤¸É ¢²¥-
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´µ ´  ·¨¸. 5, . ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢ ¤ ´´µ³ Ô±¸¶¥·¨³¥´É¥ ´¥ Ê¤ ²µ¸Ó
µ¶·¥¤¥²¨ÉÓ Î¥É´µ¸ÉÓ ¶¥·¥Ìµ¤ ,   Éµ²Ó±µ ¸¶¨´; É ±¨³ µ¡· §µ³, · ¸¶·¥¤¥²¥´¨¥,
¶·¥¤¸É ¢²¥´´µ¥ ´  ·¨¸. 5, , ¶µ²ÊÎ¥´µ ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ ¢¸¥ ¢µ§¡Ê¦¤ ¥-
³Ò¥ ¸µ¸ÉµÖ´¨Ö Ö¢²ÖÕÉ¸Ö 1−-¸µ¸ÉµÖ´¨Ö³¨. ‚¥·µÖÉ´µ¸ÉÓ Éµ£µ, ÎÉµ ´¥±µÉµ·Ò¥
¨§ ´¨Ì Ö¢²ÖÕÉ¸Ö 1+-¸µ¸ÉµÖ´¨Ö³¨ ³Ò µ¡¸Ê¤¨³ ´¨¦¥.

‚ Ô±¸¶¥·¨³¥´É¥ § ·¥£¨¸É·¨·µ¢ ´µ · ´¥¥ ¨§¢¥¸É´µ¥ ¸µ¸ÉµÖ´¨¥ 1−1 ¸ Ô´¥·-
£¨¥° 3,643 ŒÔ‚, Ö¢²ÖÕÐ¥¥¸Ö 1−-±µ³¶µ´¥´Éµ° ¤¢ÊÌËµ´µ´´µ£µ ³Ê²ÓÉ¨¶²¥É 
[2+

1 ⊗ 3−1 ], ¨ §´ Î¥´¨¥³ B(E1; 0+ → 1−) = (18, 2± 2, 2) · 10−3e2 · Ë³2. �Ò²µ
§ ·¥£¨¸É·¨·µ¢ ´µ 1−-¸µ¸ÉµÖ´¨¥ ¸ Ô´¥·£¨¥° 5,66 ŒÔ‚, É ±¦¥ ¨§¢¥¸É´µ¥ · -
´¥¥ [36, 37]. C ¨¸¶µ²Ó§µ¢ ´¨¥³ ¨§¢¥¸É´µ£µ µÉ´µÏ¥´¨Ö Γ0/Γ = 0, 95(5) ¨§
· ¡µÉÒ [36] ¤²Ö ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ¡Ò²  µ¶·¥¤¥²¥´  ´¥µ¦¨¤ ´´µ ¡µ²ÓÏ Ö ¸¨² 
E1-¶¥·¥Ìµ¤  ¸ B(E1; 0+ → 1−) = (24, 8±4, 9) ·10−3e2 ·Ë³2. Š·µ³¥ Éµ£µ, ¡Ò-
²µ µ¡´ ·Ê¦¥´µ ¡µ²ÓÏµ¥ Î¨¸²µ ¡µ²¥¥ ¸² ¡ÒÌ ¶¥·¥Ìµ¤µ¢ (¢ ¸Ê³³¥ 52 ¶¥·¥Ìµ¤ )
´  ¸µ¸ÉµÖ´¨Ö, · ´¥¥ ´¥¨§¢¥¸É´ÒÌ.

„²Ö  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¸¨²Ò E1-¶¥·¥Ìµ¤µ¢ ¡Ò-
²¨ ¢Ò¶µ²´¥´Ò · ¸Î¥ÉÒ ¸ ¢µ²´µ¢µ° ËÊ´±Í¨¥° (7), ¸µ¤¥·¦ Ð¥° µ¤´µ-, ¤¢ÊÌ- ¨
É·¥ÌËµ´µ´´Ò¥ ±µ³¶µ´¥´ÉÒ. �Ò²¨ · ¸¸Î¨É ´Ò ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´-
´ÒÌ ¸µ¸ÉµÖ´¨° ¨ ¢¥·µÖÉ´µ¸É¨ ¶¥·¥Ìµ¤  B(E1; 0+ → 1−) ¨ B(M1; 0+ → 1+)
¢ 140Ce. ‚ · ¸Î¥É ¡Ò²¨ ¢±²ÕÎ¥´Ò ¢¸¥ µ¤´µËµ´µ´´Ò¥ 1−-±µ´Ë¨£Ê· Í¨¨ ¤µ
Ô´¥·£¨¨ 20 ŒÔ‚. �¡ÒÎ´µ ¢²¨Ö´¨¥ ¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸  ´  ´¨§±µ²¥¦ Ð¨¥
E1-¶¥·¥Ìµ¤Ò ´ §Ò¢ ÕÉ ÔËË¥±Éµ³ ¤¨¶µ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ ±µ·  [38], ¨ µ´µ
µ¶¨¸Ò¢ ¥É¸Ö ¢¢¥¤¥´¨¥³ ÔËË¥±É¨¢´ÒÌ § ·Ö¤µ¢ E1-¶¥·¥Ìµ¤µ¢. �µ¸±µ²Ó±Ê ¢¸¥
µ¤´µËµ´µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö, Ëµ·³¨·ÊÕÐ¨¥ £¨£ ´É¸±¨° ¤¨¶µ²Ó´Ò° ·¥§µ´ ´¸,
¡Ò²¨ ÊÎÉ¥´Ò Ö¢´Ò³ µ¡· §µ³, ´¥µ¡Ìµ¤¨³µ¸É¨ ¢¢¥¤¥´¨Ö ¸É É¨Î¥¸±µ° ¶µ²Ö·¨§Ê¥-
³µ¸É¨ χ ¢ ´ ¸ÉµÖÐ¨Ì · ¸Î¥É Ì ´¥ ¢µ§´¨± ¥É. ‚ · ¸Î¥ÉÒ ¡Ò²¨ ¢±²ÕÎ¥´Ò ¤¢ÊÌ-
¨ É·¥ÌËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨, µ¡· §µ¢ ´´Ò¥ ¨§ Ëµ´µ´µ¢ ´ ÉÊ· ²Ó´µ° Î¥É-
´µ¸É¨ ¸ Jπ = 1− - 6+ ¤µ Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö 9 ŒÔ‚. �µ¸±µ²Ó±Ê ¶²µÉ´µ¸ÉÓ
³´µ£µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ¸¨²Ó´µ ¢µ§· ¸É ¥É ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö,
³Ò ¨¸±²ÕÎ¨²¨ ¨§ · ¸Î¥É  É¥ ¨§ ´¨Ì, ±µÉµ·Ò¥ ´¥ ¨£· ÕÉ ¸ÊÐ¥¸É¢¥´´µ° ·µ²¨
¢ · ¸¶·¥¤¥²¥´¨¨ ¸¨²Ò E1-¶¥·¥Ìµ¤µ¢ ¤µ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö 7 ŒÔ‚.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 5,¡. ‘µ£² ¸¨¥ ¸ · ¸¶·¥¤¥²¥´¨¥³
¸¨²Ò B(E1)-¶¥·¥Ìµ¤µ¢ ¢ Ô±¸¶¥·¨³¥´É¥, ¶µ± § ´´Ò³ ´  ·¨¸.5, , ¢¥¸Ó³  ´¥-
¶²µÌµ¥. �µ¢Éµ·¨³ ¥Ð¥ · §, ÎÉµ ¢ ¸Ë¥·¨Î¥¸±¨Ì Ö¤· Ì ¢ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ°
µ¡² ¸É¨ µÉ¸ÊÉ¸É¢ÊÕÉ ±µ²²¥±É¨¢´Ò¥ µ¤´µËµ´µ´´Ò¥ 1−-±µ´Ë¨£Ê· Í¨¨. �µÔÉµ-
³Ê ¸ÊÐ¥¸É¢ÊÕÉ É·¨ µ¸´µ¢´ÒÌ ³¥Ì ´¨§³  ¤²Ö µ¡ÑÖ¸´¥´¨Ö ¸¨²Ò E1-¶¥·¥Ìµ¤µ¢,
¶µ²ÊÎ¥´´µ° ¢ Ô±¸¶¥·¨³¥´É¥. �¥·¢Ò³ Ö¢²Ö¥É¸Ö ¢²¨Ö´¨¥ £¨£ ´É¸±µ£µ ¤¨¶µ²Ó´µ-
£µ ·¥§µ´ ´¸ . ‚ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¶µ¤Ìµ¤ Ì ÔÉµÉ ÔËË¥±É µ¶¨¸Ò¢ ¥É¸Ö Ô±¸-
É· ¶µ²ÖÍ¨¥° ¥£µ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ£µ Ì¢µ¸É . ‚ ³¨±·µ¸±µ¶¨Î¥¸±¨Ì É¥µ·¨ÖÌ
µ´ · ¸¸³ É·¨¢ ¥É¸Ö ¥¸É¥¸É¢¥´´Ò³ ¶ÊÉ¥³, ± ± ·¥§Ê²ÓÉ É ¸¢Ö§¨ µ¤´µ- ¨ ¤¢ÊÌ-
Ëµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°. �µ¸±µ²Ó±Ê £¨£ ´É¸±¨° ¤¨¶µ²Ó´Ò° ·¥§µ´ ´¸ · ¸¶µ-
²µ¦¥´ ¶·¨³¥·´µ ´  10 ŒÔ‚ ¢ÒÏ¥ · ¸¸³ É·¨¢ ¥³µ° Ô´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨,
²¨ÏÓ µÎ¥´Ó ³ ² Ö Î ¸ÉÓ ¥£µ ¶µ²´µ° ¸¨²Ò µ± §Ò¢ ¥É¸Ö ¶·¨ Ô´¥·£¨ÖÌ ¢ ´¥-
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¸±µ²Ó±µ ŒÔ‚. ‚Éµ·µ° ³¥Ì ´¨§³ ¸¢Ö§ ´ ¸ ¢µ§¡Ê¦¤¥´¨¥³ ´¥±µ²²¥±É¨¢´ÒÌ ¨
¸² ¡µ ±µ²²¥±É¨¢¨§¨·µ¢ ´´ÒÌ 1−-¸µ¸ÉµÖ´¨°, ¨³¥ÕÐ¨Ì µÉ´µ¸¨É¥²Ó´µ ´¥¡µ²Ó-
Ï¨¥ §´ Î¥´¨Ö ¢¥²¨Î¨´Ò B(E1), ´µ · ¸¶µ²µ¦¥´´ÒÌ ¢ ¨§ÊÎ ¥³µ° µ¡² ¸É¨.
�µ¸²¥¤´¨° ³¥Ì ´¨§³ ¸¢Ö§ ´ ¸ ¶·Ö³Ò³ ¢µ§¡Ê¦¤¥´¨¥³ ¤¢ÊÌËµ´µ´´ÒÌ ±µ´Ë¨-
£Ê· Í¨° ¨§ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö. •µÉÖ ¶·Ö³µ¥ ¢µ§¡Ê¦¤¥´¨¥ ¤¢ÊÌËµ´µ´´ÒÌ
±µ´Ë¨£Ê· Í¨° ¨ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ÔËË¥±É ¸²¥¤ÊÕÐ¥£µ ¶µ·Ö¤±  ³ ²µ¸É¨ ¶µ
¸· ¢´¥´¨Õ ¸ ¢µ§¡Ê¦¤¥´¨¥³ µ¤´µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°, ¢µ§¡Ê¦¤¥´¨¥ ´¥-
±µÉµ·ÒÌ ±µ²²¥±É¨¢´ÒÌ ±µ´Ë¨£Ê· Í¨°, ¨ ¢ µ¸µ¡¥´´µ¸É¨ [2+

1 ⊗ 3−1 ]1− , ¨£· ¥É
¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó, É ± ± ± ¤¢  ¤·Ê£¨Ì ³¥Ì ´¨§³  É ±¦¥ ¤ ÕÉ ³ ²Ò¥ §´ Î¥´¨Ö
¸¨²Ò E1-¶¥·¥Ìµ¤µ¢.

‚¸¥ ÔÉ¨ ³¥Ì ´¨§³Ò ¢µ§¡Ê¦¤¥´¨Ö 1−-¸µ¸ÉµÖ´¨° ¡Ò²¨ ¢±²ÕÎ¥´Ò ¢ · ¸Î¥É,
·¥§Ê²ÓÉ É ±µÉµ·µ£µ ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 5,¡. �¶¥· Éµ· E1-¶¥·¥Ìµ¤  ¸µ¸Éµ¨É
¨§ ¤¢ÊÌ Î²¥´µ¢, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¢µ§¡Ê¦¤¥´¨Õ, ¸µµÉ¢¥É¸É¢¥´´µ, µ¤´µ- ¨ ¤¢ÊÌ-
Ëµ´µ´´ÒÌ ±µ³¶µ´¥´É. �·¨¢¥¤¥´´ Ö ¢¥·µÖÉ´µ¸ÉÓ ¶·Ö³µ£µ Ô²¥±É·µ³ £´¨É´µ£µ
¢µ§¡Ê¦¤¥´¨Ö ¨§ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö Ö¤·  |0+

g.s. > ¤¢ÊÌËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨°
[λπ1

i1
⊗ λπ2

i2
]λπ , ¸µ¸ÉµÖÐ¨Ì ¨§ i1-Ëµ´µ´  ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ λπ1 ¨ i2-Ëµ´µ´ 

³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ λπ2 , ¢ ´ Ï¥³ ¶µ¤Ìµ¤¥ ¨³¥¥É ¢¨¤

B(Eλ; 0+
g.s. → [λπ1

i1
⊗ λπ2

i2
]λπ) = (2λ1 + 1)(2λ2 + 1)

∣∣∣∣∣∣
∑

j1j2j3τ

e(λ)
τ fλj1j2(τ)v

(−)
j1j2
×

×
{
λ2 λ1 λ
j1 j2 j3

}(
ψλ2i2
j2j3

ϕλ1i1
j3j1

+ ψλ1i1
j3j1

ϕλ2i2
j2j3

)∣∣∣∣2 . (20)

� ¨¡µ²¥¥ ¶·µ¸Éµ° ¸¶µ¸µ¡ ¢ÒÎ¨¸²¨ÉÓ ³ É·¨Î´Ò° Ô²¥³¥´É ¶¥·¥Ìµ¤  ¨§ µ¸´µ¢-
´µ£µ ¸µ¸ÉµÖ´¨Ö ´  ¤¢ÊÌËµ´µ´´µ¥ ¸µ¸Éµ¨É ¢ ¨¸¶µ²Ó§µ¢ ´¨¨ · §²µ¦¥´¨Ö Œ -
·Ê³µ·¨ [39] ¤²Ö µ¤´µÎ ¸É¨Î´µ£µ Ë¥·³¨µ´´µ£µ µ¶¥· Éµ·  Ô²¥±É·µ³ £´¨É´µ£µ
¶¥·¥Ìµ¤  a+

jmaj′m′ ¢ ¡¥¸±µ´¥Î´ÊÕ ¸Ê³³Ê ¡µ§µ´´ÒÌ (Ëµ´µ´´ÒÌ) µ¶¥· Éµ·µ¢.
—Éµ¡Ò ¶·µ¤¥³µ´¸É·¨·µ¢ ÉÓ ·µ²Ó ± ¦¤µ£µ ¨§ ³¥Ì ´¨§³µ¢ ¢µ§¡Ê¦¤¥´¨Ö 1−-

¸µ¸ÉµÖ´¨° ¨ ·¥§Ê²ÓÉ É ¨Ì ¨´É¥·Ë¥·¥´Í¨¨ ¢ · §²¨Î´ÒÌ µ¡² ¸ÉÖÌ Ô´¥·£¥É¨Î¥-
¸±µ£µ ¸¶¥±É· , ³Ò ¶·¥¤¸É ¢¨²¨ ´  ·¨¸. 5,¢ ¢±² ¤ µ¤´µËµ´µ´´µ° ¨ ¢ Î ¸É¨ £
Å ¤¢ÊÌËµ´µ´´µ° ±µ³¶µ´¥´É µ¶¥· Éµ·  E1-¶¥·¥Ìµ¤  ¢ ¶µ²´µ¥ · ¸¶·¥¤¥²¥´¨¥
E1-¸¨²Ò ¶µ ´ ¡µ·Ê É¥Ì ¦¥ ¸ ³ÒÌ ¸µ¸ÉµÖ´¨°, ÎÉµ ¨ ¢ Î ¸É¨ ¡.

�±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö Ô´¥·£¨¨ ¨ ¢¥·µÖÉ´µ¸É¨ ¢µ§¡Ê¦¤¥´¨Ö ¸µ¸Éµ-
Ö´¨Ö 1−1 ¢ 140Ce ¶µ²´µ¸ÉÓÕ ¢µ¸¶·µ¨§¢µ¤ÖÉ¸Ö ¢ ¤ ´´µ³ · ¸Î¥É¥. ˆ´É¥·Ë¥-
·¥´Í¨Ö ³¥¦¤Ê µ¤´µ- ¨ ¤¢ÊÌËµ´µ´´Ò³¨ ±µ³¶µ´¥´É ³¨ ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ´µ¸¨É
¤¥¸É·Ê±É¨¢´Ò° Ì · ±É¥·. � ¸Î¥É ¤ ¥É 85 % ¢±² ¤  [2+

1 ⊗3−1 ]1−-±µ´Ë¨£Ê· Í¨¨
¢ ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö.

�¡´ ·Ê¦¥´´ Ö ¢ Ô±¸¶¥·¨³¥´É¥ ¸¨²  E1-¶¥·¥Ìµ¤µ¢ ¢ · °µ´¥ 4,5 ŒÔ‚ ¢
· ¸Î¥É¥ µ± §Ò¢ ¥É¸Ö ´¥¤µµÍ¥´¥´´µ°. Šµ²²¥±É¨¢´ Ö ¤¢ÊÌËµ´µ´´ Ö ±µ´Ë¨£Ê-
· Í¨Ö [3−1 ⊗ 4+

1 ]1− , · ¸¶µ²µ¦¥´´ Ö ¶·¨¡²¨§¨É¥²Ó´µ ¶·¨ ÔÉµ° Ô´¥·£¨¨ ¢µ§¡Ê¦-
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¤¥´¨Ö, ¨³¥¥É ³ É·¨Î´Ò° Ô²¥³¥´É ¢µ§¡Ê¦¤¥´¨Ö ¨§ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö £µ-
· §¤µ ¸² ¡¥¥, Î¥³ [2+

1 ⊗ 3−1 ]1−-±µ´Ë¨£Ê· Í¨Ö. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ³ É·¨Î´Ò°
Ô²¥³¥´É ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ µ¤´µËµ´µ´´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨, Ëµ·³¨·ÊÕÐ¨³¨
¤¨¶µ²Ó´Ò° ·¥§µ´ ´¸, ´¥¤µ¸É ÉµÎ´µ ¢¥²¨±, ÎÉµ¡Ò ¶·¨³¥Ï ÉÓ ¸±µ²Ó±µ-´¨¡Ê¤Ó
§ ³¥É´ÊÕ Î ¸ÉÓ ¥£µ ¤¨¶µ²Ó´µ° ¸¨²Ò.

‚ µ¡² ¸É¨ Ô´¥·£¨° Ex ≈ 5, 5÷ 6, 5 ŒÔ‚ ´ ¡²Õ¤ ¥É¸Ö ¸ÊÐ¥¸É¢¥´´ Ö ±µ´-
¸É·Ê±É¨¢´ Ö ¨´É¥·Ë¥·¥´Í¨Ö ³¥¦¤Ê µ¤´µ- ¨ ¤¢ÊÌËµ´µ´´Ò³¨ ±µ³¶µ´¥´É ³¨,
±µÉµ· Ö ¶· ±É¨Î¥¸±¨ Ê¤¢ ¨¢ ¥É ¸¨²Ê B(E1)-¶¥·¥Ìµ¤µ¢ ¢ · °µ´¥ 6 ŒÔ‚ ¶µ
¸· ¢´¥´¨Õ ¸ Î¨¸Éµ µ¤´µËµ´µ´´µ° ¸¨²µ° ¨ Ö¢²Ö¥É¸Ö ¸ÊÐ¥¸É¢¥´´µ° ¤²Ö µ¶¨¸ -
´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éµ¢.

ŒÒ É ±¦¥ · ¸¸Î¨É ²¨ · ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò M1-¶¥·¥Ìµ¤µ¢ ¤µ Ô´¥·£¨¨ ¢µ§-
¡Ê¦¤¥´¨Ö 7,5 ŒÔ‚. �¸´µ¢´ Ö Î ¸ÉÓ ¸¨²Ò ¸¢Ö§ ´  ¸ ¶·Ö³Ò³ ¢µ§¡Ê¦¤¥´¨¥³
¤¢ÊÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°. �µ²´ Ö ¸¨² :

∑
B(M1; 0+

1 → 1+) = 0, 87µ2
N .

…¸²¨ ¶¥·¥¸Î¨É ÉÓ ÔÉÊ ¸¨²Ê ¢ ¢¥²¨Î¨´Ê ¸¥Î¥´¨Ö ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö-
´¨Ö ËµÉµ´µ¢, ÔÉ  ¸Ê³³ ·´ Ö B(M1)-¢¥²¨Î¨´  ¸µµÉ¢¥É¸É¢Ê¥É ³¥´¥¥ Î¥³ 5 %
µÉ ¶µ²´µ£µ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¸¥Î¥´¨Ö ·¥ ±Í¨¨, ÎÉµ ¤ ¥É ´¥±µÉµ·ÊÕ µÍ¥´±Ê
¸¶· ¢¥¤²¨¢µ¸É¨ ¶·¥¤¶µ²µ¦¥´¨Ö µ Éµ³, ÎÉµ ¢¸¥ ¸µ¸ÉµÖ´¨Ö ¸µ ¸¶¨´µ³, · ¢´Ò³
¥¤¨´¨Í¥, µ¡´ ·Ê¦¥´´Ò¥ ¢ Ô±¸¶¥·¨³¥´É¥, ¨³¥ÕÉ µÉ·¨Í É¥²Ó´ÊÕ Î¥É´µ¸ÉÓ.

4.2. ‚µ§³µ¦´µ¸ÉÓ µ¡´ ·Ê¦¥´¨Ö 2+-±µ³¶µ´¥´ÉÒ ¤¢ÊÌËµ´µ´´µ£µ ³Ê²ÓÉ¨-
¶²¥É  [3−1 ⊗3−1 ] ¢ ·¥ ±Í¨¨ ¸ £ ³³ -±¢ ´É ³¨. ‚Ò¸µ± Ö ÔËË¥±É¨¢´µ¸ÉÓ ´µ¢µ£µ
¶µ±µ²¥´¨Ö £¥·³ ´¨¥¢ÒÌ ¤¥É¥±Éµ·µ¢, ¶·µ¤¥³µ´¸É·¨·µ¢ ´´ Ö ¢ Ô±¸¶¥·¨³¥´É¥
¶µ · ¸¶·¥¤¥²¥´¨Õ ¸¨²Ò E1-¶¥·¥Ìµ¤µ¢ ¢ ´¨§±µ²¥¦ Ð¥° µ¡² ¸É¨, ¤ ²  ¢µ§³µ¦-
´µ¸ÉÓ ¶·¥¤²µ¦¨ÉÓ ´µ¢Ò° Ô±¸¶¥·¨³¥´É ¶µ µ¡´ ·Ê¦¥´¨Õ 2+-±µ³¶µ´¥´ÉÒ ¤¢ÊÌ-
Ëµ´µ´´µ£µ ³Ê²ÓÉ¨¶²¥É  [3−1 ⊗3−1 ] ¢ Ö¤·¥ 208Pb, ¨¸¶µ²Ó§ÊÖ (γ,γ′)-·¥ ±Í¨Õ [40].

�µ¨¸± ¤¢ÊÌËµ´µ´´ÒÌ µ±ÉÊ¶µ²Ó´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ¤¢ ¦¤Ò ³ £¨Î¥¸±µ³ Ö¤·¥
208Pb Ö¢²Ö¥É¸Ö µ¤´µ° ¨§ ¨´É¥·¥¸´¥°Ï¨Ì ¶·µ¡²¥³ ¢ Ë¨§¨±¥ ¸É·Ê±ÉÊ·Ò Ö¤· 
¨ ¨³¥¥É ¤µ¸É ÉµÎ´µ ¤²¨´´ÊÕ ¨¸Éµ·¨Õ. ‚ ¸Ë¥·¨Î¥¸±¨Ì Ö¤· Ì, É ±¨Ì, ± ±
208Pb, ±µ²²¥±É¨¢´Ò¥ ¢µ§¡Ê¦¤¥´¨Ö Ö¤¥·´µ° ¶µ¢¥·Ì´µ¸É¨ Ëµ·³¨·ÊÕÉ ´¨¦ °-
Ï¨¥ ³µ¤Ò ¢µ§¡Ê¦¤¥´¨Ö, Ìµ·µÏµ µ¶¨¸Ò¢ ¥³Ò¥ ¢ Ëµ´µ´´µ³ ¶µ¤Ìµ¤¥. ‚ ÔÉµ³
¶µ¤Ìµ¤¥ ¥¸É¥¸É¢¥´´Ò³ µ¡· §µ³ ¢µ§´¨± ÕÉ ³Ê²ÓÉ¨¶²¥ÉÒ ³´µ£µËµ´µ´´ÒÌ ¸µ-
¸ÉµÖ´¨°, · ¸¶µ²µ¦¥´´Ò¥ ¶·¨ Ô´¥·£¨¨, · ¢´µ° ¸Ê³³¥ Ô´¥·£¨° ¨Ì Ëµ´µ´´ÒÌ
±µ³¶µ´¥´É. ˆ§ÊÎ¥´¨¥ ¸¢µ°¸É¢ ¶µ¤µ¡´ÒÌ ³Ê²ÓÉ¨¶²¥Éµ¢ ¶µ§¢µ²Ö¥É µÉ¢¥É¨ÉÓ ´ 
¢µ¶·µ¸, ´ ¸±µ²Ó±µ Ìµ·µÏµ ¶·¨³¥´¨³  ±µ´Í¥¶Í¨Ö £ ·³µ´¨Î¥¸±µ° ± ·É¨´Ò ¢
·¥ ²Ó´ÒÌ Ö¤· Ì. �´¥·£¥É¨Î¥¸±µ¥ · ¸Ð¥¶²¥´¨¥ ³Ê²ÓÉ¨¶²¥Éµ¢, ±·µ³¥ Éµ£µ, ¤ -
¥É ¢µ§³µ¦´µ¸ÉÓ · ¸¸³µÉ·¥ÉÓ ·µ²Ó ÔËË¥±Éµ¢, ¢Ò§¢ ´´ÒÌ ¶·¨´Í¨¶µ³ � Ê²¨, ¨
µ¡Ð¨¥ ¸¢µ°¸É¢ , ¸¢Ö§ ´´Ò¥ ¸ Ëµ´µ´-Ëµ´µ´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³.

‘µ¸ÉµÖ´¨Ö, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¤¢ÊÌËµ´µ´´Ò³ ±µ´Ë¨£Ê· Í¨Ö³ [2+
1 ⊗

2+
1 ]0+,2+,4+ , Ìµ·µÏµ ¨§¢¥¸É´Ò ¢µ ³´µ£¨Ì ¸Ë¥·¨Î¥¸±¨Ì Ö¤· Ì. ˆ³¥ÕÉ¸Ö ¤µ± -

§ É¥²Ó¸É¢  ¸ÊÐ¥¸É¢µ¢ ´¨Ö 1− − 5− ±¢¨´É¨¶²¥É  [2+
1 ⊗ 3−1 ]-¸µ¸ÉµÖ´¨° ¢ Ö¤· Ì

¸ § ³±´ÊÉµ° µ¡µ²µÎ±µ° ¨ ¸µ¸¥¤´¨Ì ¸ ´¨³¨. ‚ µ¸µ¡¥´´µ¸É¨ ÔÉµ µÉ´µ¸¨É-
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¸Ö ± 1−-±µ³¶µ´¥´É¥ ÔÉµ£µ ³Ê²ÓÉ¨¶²¥É , ¸¥²¥±É¨¢´µ ¢µ§¡Ê¦¤ ¥³µ° ¢ (γ,γ′)-
Ô±¸¶¥·¨³¥´É Ì (¸³. ¶·¥¤Ò¤ÊÐ¨° · §¤¥²), ¨ ¤µ¸É ÉµÎ´µ ¶µ²´ Ö ¨´Ëµ·³ Í¨Ö
µ¡ ÔÉµ³ ³Ê²ÓÉ¨¶²¥É¥ ¶µ²ÊÎ¥´  ¤²Ö Ö¤·  144Nd [41]. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, Ô±¸-
¶¥·¨³¥´É ²Ó´Ò¥ Ê± § ´¨Ö ´  ¸ÊÐ¥¸É¢µ¢ ´¨¥ [3−1 ⊗3−1 ]0+,2+,4+,6+ ³Ê²ÓÉ¨¶²¥É 
±· °´¥ ¸±Ê¤´Ò [42Ä46]. „¢  Ö¤· , 146Gd ¨ 208Pb, Ö¢²ÖÕÉ¸Ö ´ ¨¡µ²¥¥ ¶µ¤Ìµ¤Ö-
Ð¨³¨ ± ´¤¨¤ É ³¨, ¶µ¸±µ²Ó±Ê ¨Ì ´¨¦ °Ï¨¥ ¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö ¨³¥ÕÉ
¸¶¨´ ¨ Î¥É´µ¸ÉÓ 3−, É¥³ ¸ ³Ò³ Î²¥´Ò ÔÉµ£µ ³Ê²ÓÉ¨¶²¥É  µ± §Ò¢ ÕÉ¸Ö ´¨¦ °-
Ï¨³¨ ¶µ Ô´¥·£¨¨ ¸µ¸ÉµÖ´¨Ö³¨ ¤¢ÊÌËµ´µ´´µ° ¶·¨·µ¤Ò ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
Ö¤· Ì.

�  ¶¥·¢µ³ ÔÉ ¶¥ ¶·¥¤¶µ²µ¦¨³, ÎÉµ ¸³¥Ï¨¢ ´¨¥ µ¤´µ- ¨ ¤¢ÊÌËµ´µ´´ÒÌ
±µ´Ë¨£Ê· Í¨° ¢ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨ ¶·¥´¥¡·¥¦¨³µ ³ ²µ. ’µ£¤  E1-
¶¥·¥Ìµ¤ ³¥¦¤Ê ¤¢ÊÌËµ´µ´´Ò³ ¸µ¸ÉµÖ´¨¥³ |2+ >= [3−1 ⊗ 3−1 ]2+ ¨ µ¤´µËµ´µ´-
´Ò³ ¸µ¸ÉµÖ´¨¥³ 3−1 , É ± ¦¥, ± ± ¨ ¶·Ö³µ° · ¸¶ ¤ ¤¢ÊÌËµ´µ´´µ£µ ¸µ¸ÉµÖ´¨Ö
|2+ > ¢ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥, § ¶·¥Ð¥´ ¢ ³µ¤¥²ÖÌ, É· ±ÉÊÕÐ¨Ì ¢µ§¡Ê¦¤¥´´Ò¥
¸µ¸ÉµÖ´¨Ö ± ± ¨¤¥ ²Ó´Ò¥ ¡µ§µ´Ò. ’µ²Ó±µ ¨¸¶µ²Ó§ÊÖ ÉµÎ´Ò¥ ±µ³³ÊÉ Í¨µ´´Ò¥
¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê Ëµ´µ´ ³¨ ¨ ±¢ §¨Î ¸É¨Í ³¨, É.¥., ¶·¨´¨³ Ö ¢µ ¢´¨³ -
´¨¥ Ë¥·³¨µ´´ÊÕ ¸É·Ê±ÉÊ·Ê Ëµ´µ´µ¢, ³Ò ¶µ²ÊÎ ¥³ ´¥´Ê²¥¢Ò¥ §´ Î¥´¨Ö ÔÉ¨Ì
¶¥·¥Ìµ¤µ¢. �·¨¢¥¤¥´´ Ö ¢¥·µÖÉ´µ¸ÉÓ E2-· ¸¶ ¤  ¤¢ÊÌËµ´µ´´µ£µ ¸µ¸ÉµÖ´¨Ö
|2+ > ¢ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ µ¶¨¸Ò¢ ¥É¸Ö ¢Ò· ¦¥´¨¥³ (20). „²Ö ¶·¨¢¥¤¥´´µ°
¢¥·µÖÉ´µ¸É¨ E1-· ¸¶ ¤  ([3−1 ⊗ 3−1 ]2+ → 3−1 ) ³Ò ¶µ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥

B(E1) = 171, 5

∣∣∣∣∣∣
∑

j1j2j′j′′

〈j2‖M(E1)‖j1〉u(+)
j1j2

∑
J

(−1)J

j2 j1 1
j′′ j′ 3
3 3 J

 ×
× ep(n)

[(
ψ

3−1
j1j′

ψ
3−1
j2j′′

ψ
3−1
j′′j′ + ϕ

3−1
j1j′

ϕ
3−1
j2j′′

ϕ
3−1
j′′j′

)
δJ,2 + (21)

+
(
ψ

3−1
j1j′

ϕ
3−1
j2j′′

ϕ
3−1
j′′j′ + ϕ

3−1
j1j′

ψ
3−1
j2j′′

ψ
3−1
j′′j′

)
(2 J + 1)

{
1 3 2
3 3 J

}]∣∣∣∣2 ,
£¤¥ 〈j2‖M(E1)‖j1〉 Ä ¶·¨¢¥¤¥´´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É Ô²¥±É·µ³ £´¨É´µ£µ ¶¥-
·¥Ìµ¤ . —¨¸²¥´´Ò° Ë ±Éµ· ¢ ¢Ò· ¦¥´¨¨ (21) ¶µÖ¢²Ö¥É¸Ö, ± ± ·¥§Ê²ÓÉ É Ë ±-
Éµ·µ¢ (2λ+1) Ëµ´µ´´ÒÌ µ¶¥· Éµ·µ¢, ¢±²ÕÎ¥´´ÒÌ ¢ · ¸¸³µÉ·¥´¨¥. ‚ · ¸Î¥É Ì
³Ò ¨¸¶µ²Ó§µ¢ ²¨ §´ Î¥´¨Ö ÔËË¥±É¨¢´ÒÌ § ·Ö¤µ¢ ep(n) = 1(0) ¨ N/A(−Z/A),
¸µµÉ¢¥É¸É¢¥´´µ, ¤²Ö E2- ¨ E1-¶¥·¥Ìµ¤µ¢.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¶·¥¤¸É ¢²¥´Ò ¢ ±µ²µ´±¥ I É ¡². 5. ‚¥·µÖÉ´µ¸ÉÓ
B(E2)-¢µ§¡Ê¦¤¥´¨Ö ¸µ¸ÉµÖ´¨Ö [3−1 ⊗3−1 ]2+ ¨§ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¶·¨³¥·´µ
¢ 300 · § ¸² ¡¥¥ ¨§¢¥¸É´µ° ¨§ Ô±¸¶¥·¨³¥´É  ¢¥²¨Î¨´Ò B(E2) ¤²Ö ´¨¦ °Ï¥£µ
2+-¸µ¸ÉµÖ´¨Ö. � ¸Î¥É ¶µ± §Ò¢ ¥É § ³¥É´Ò° ¶ ·Í¨ ²Ó´Ò° ¶¥·¥Ìµ¤ ¤²Ö · ¸¶ ¤ 
ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ´  ´¨¦ °Ï¨° 3−-Ê·µ¢¥´Ó. „²Ö ¶µ¸²¥¤´¥£µ ¶¥·¥Ìµ¤  ¸ÊÐ¥-
¸É¢Ê¥É É ±¦¥ ¨ ±µ²²¥±É¨¢´Ò° E3-¶¥·¥Ìµ¤ ¸ ¡µ²ÓÏ¨³ ³ É·¨Î´Ò³ Ô²¥³¥´Éµ³
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’ ¡²¨Í  5. ‘¢µ°¸É¢  ¢µ§¡Ê¦¤¥´¨Ö ¨ · ¸¶ ¤  2+-±µ³¶µ´¥´ÉÒ ¤¢ÊÌËµ´µ´´µ£µ [3−1 ⊗
3−1 ]-³Ê²ÓÉ¨¶²¥É  ¢ 208Pb (¸³. ¶µ¤·µ¡´µ¸É¨ ¢ É¥±¸É¥)

I (Ia, Ib) II (IIa, IIb)

B(E2, g.s.→ [3−1 ⊗ 3−1 ]2+ ), ¥2·Ë³4 10,4 (5,1, 17,7) 40,2 (19,0, 54,6)

Γ0(E2, [3−1 ⊗ 3−1 ]2+ → g.s.), ³Ô‚ 6,58 (3,21, 11,2) 25,4 (12,0, 34,5)

Γ
3−
1

(E1, [3−1 ⊗ 3−1 ]2+ → 3−1 ), ³Ô‚ 14,0 (12,6, 17,0) 13,7 (12,9, 14,3)

Γ
3−
1

/Γ0 2,13 (3,93, 1,52) 0,54 (1,08, 0,41)

〈3−1 ||E3||[3−1 ⊗ 3−1 ]2+〉, ¸µµÉ¢¥É¸É¢ÊÕÐ¨°  ´´¨£¨²ÖÍ¨¨ Ëµ´µ´ . �¤´ ±µ ¨§-§ 
¢Ò¸µ±µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ ¥£µ ¢±² ¤ ¢ ¶ ·Í¨ ²Ó´ÊÕ Ï¨·¨´Ê · ¸¶ ¤  ¶·¥´¥-
¡·¥¦¨³µ ³ ².

� ¸¸³ É·¨¢ Ö ¶µ¤µ¡´Ò¥ ¸² ¡Ò¥ ¶¥·¥Ìµ¤Ò, ¸²¥¤Ê¥É É ±¦¥ ¶·¨´¨³ ÉÓ ¢µ
¢´¨³ ´¨¥ ¢µ§³µ¦´Ò¥ ¸² ¡Ò¥ ¶·¨³¥¸¨ ¤·Ê£¨Ì ±µ´Ë¨£Ê· Í¨°, ±µÉµ·Ò¥ ³µ-
£ÊÉ ¡ÒÉÓ ¢µ§¡Ê¦¤¥´Ò ¶µ¸·¥¤¸É¢µ³ ¸¨²Ó´ÒÌ ±µ²²¥±É¨¢´ÒÌ ¶¥·¥Ìµ¤µ¢, · §·¥-
Ï¥´´ÒÌ ¢ ¡µ§µ´´µ³ ¶·µ¸É· ´¸É¢¥. „²Ö µ¡² ¸É¨ ¤¢ÊÌËµ´µ´´µ£µ µ±ÉÊ¶µ²Ó´µ£µ
³Ê²ÓÉ¨¶²¥É  ¢ 208Pb É ±µ° ±µ´Ë¨£Ê· Í¨¥° µÎ¥¢¨¤´µ Ö¢²Ö¥É¸Ö µ¤´µËµ´µ´´ Ö
2+

1 -±µ´Ë¨£Ê· Í¨Ö, ¶µ¸±µ²Ó±Ê · §´¨Í  ¢ Ô´¥·£¨¨ ³¥¦¤Ê ÔÉ¨³¨ ±µ´Ë¨£Ê· Í¨Ö-
³¨ ²¨ÏÓ ¸²¥£±  ¶·¥¢ÒÏ ¥É 1 ŒÔ‚. ‘³¥Ï¨¢ ´¨¥ · §²¨Î´ÒÌ ±µ´Ë¨£Ê· Í¨° ¢
¢µ²´µ¢µ° ËÊ´±Í¨¨ ¸µ¸ÉµÖ´¨Ö [3−1 ⊗ 3−1 ]2+ ¡Ò²µ ÊÎÉ¥´µ ¶µ¸·¥¤¸É¢µ³ ¤¨ £µ´ -
²¨§ Í¨¨ ³µ¤¥²Ó´µ£µ £ ³¨²ÓÉµ´¨ ´  ´  ¡ §¨¸¥ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¸µ¸ÉµÖ´¨°
2+, ¨³¥ÕÐ¨Ì ¢¨¤

|Ψ2+〉 =

{∑
i

SiQ
+
2+i

+
∑

λ1i1λ2i2

Dλ2i2
λ1i1

[
Q+
λ1i1

Q+
λ2i2

]
2+√

1 + δλ1,λ2δi1,i2

}
|Ψg.s.〉 , (22)

£¤¥ i ´Ê³¥·Ê¥É ±µ·´¨ Ê· ¢´¥´¨Ö �‘” ¤²Ö ± ¦¤µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ λπ .
‚ ÔÉµ³ · ¸Î¥É¥ ¡Ò²¨ ÊÎÉ¥´Ò ¢¸¥ µ¤´µ- ¨ ¤¢ÊÌËµ´µ´´Ò¥ (¶µ¸É·µ¥´´Ò¥ ¨§
λπ = 2+, 3−, 4+ Ëµ´µ´µ¢) ±µ´Ë¨£Ê· Í¨¨ ¤µ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö 13 ŒÔ‚,
É.¥. ¢±²ÕÎ Ö ¨§µ¸± ²Ö·´Ò° ±¢ ¤·Ê¶µ²Ó´Ò° ·¥§µ´ ´¸. �¥§Ê²ÓÉ Éµ³ ¤¨ £µ´ -
²¨§ Í¨¨ Ö¢²ÖÕÉ¸Ö Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· 2+-¸µ¸ÉµÖ´¨° ¨ ±µÔËË¨Í¨¥´ÉÒ Si
¨ Dλ2i2

λ1i1
, µÉ· ¦ ÕÐ¨¥, ¸µµÉ¢¥É¸É¢¥´´µ, ¢±² ¤ ± ¦¤µ° µ¤´µ- ¨ ¤¢ÊÌËµ´µ´´µ°

±µ´Ë¨£Ê· Í¨¨ ¢ ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° (22).
‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ ÔÉµ³Ê · ¸Î¥ÉÊ ¢¥·µÖÉ´µ¸É¨ ¶¥·¥Ìµ¤µ¢ ¶·¥¤¸É ¢²¥´Ò ¢

±µ²µ´±¥ II É ¡². 5. � ¸Î¥É ¶µ± §Ò¢ ¥É ¶·¥´¥¡·¥¦¨³µ ³ ²Ò° ¢±² ¤ ¨§µ¸± ²Ö·-
´µ£µ ±¢ ¤·Ê¶µ²Ó´µ£µ ·¥§µ´ ´¸  ¢ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨, ´µ ¢±² ¤ ´ 
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Ê·µ¢´¥ ´¥¸±µ²Ó±¨Ì ¶·µÍ¥´Éµ¢ µÉ µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨ 2+
1 ¢ ¢µ²´µ-

¢ÊÕ ËÊ´±Í¨Õ ¸µ¸ÉµÖ´¨Ö [3−1 ⊗3−1 ]2+ Ê¢¥²¨Î¨¢ ¥É ¢¥·µÖÉ´µ¸ÉÓ ¥£µ ¢µ§¡Ê¦¤¥´¨Ö
¶·¨³¥·´µ ¢ Î¥ÉÒ·¥ · § . ˜¨·¨´  · ¸¶ ¤  ´  ¸µ¸ÉµÖ´¨¥ 3−1 ¶·¨ ÔÉµ³ ¶· ±É¨-
Î¥¸±¨ ´¥ ¨§³¥´Ö¥É¸Ö, ¶µ¸±µ²Ó±Ê  ³¶²¨ÉÊ¤  ³ É·¨Î´µ£µ Ô²¥³¥´É  E1-¶¥·¥Ìµ¤ 
〈3−1 ‖M(E1)‖2+

1 〉 ¨³¥¥É ÉµÉ ¦¥ ¶µ·Ö¤µ± ¢¥²¨Î¨´Ò, ÎÉµ ¨ ³ É·¨Î´Ò° Ô²¥³¥´É
〈3−1 ‖M(E1)‖[3−1 ⊗ 3−1 ]2+〉.

�·¨¢¥¤¥´´ Ö ¢¥·µÖÉ´µ¸ÉÓ E1-· ¸¶ ¤  [3−1 ⊗ 3−1 ]2+ → 3−1 · ¢´  0, 73 ·
10−3 e2 · Ë³2. �É  ¢¥²¨Î¨´  ´ Ìµ¤¨É¸Ö ¢ Ìµ·µÏ¥³ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ô±¸¶¥-
·¨³¥´É ²Ó´µ° ¢¥²¨Î¨´µ° B(E1,[3−1 ⊗ 3−1 ]2+ → 3−1 ) = 0, 95 · 10−3 e2 · Ë³2 ¨
1, 20 · 10−3 e2 · Ë³2 ¤²Ö ¢µ§³µ¦´ÒÌ ± ´¤¨¤ Éµ¢, ¸µµÉ¢¥É¸É¢¥´´µ, ¢ 96Zr [44]
¨ 144Sm [46]. �¥Ê¤¨¢¨É¥²Ó´µ, ÎÉµ · ¸Î¥ÉÒ ¢ 208Pb ¤ ÕÉ ´¥¸±µ²Ó±µ ³¥´ÓÏÊÕ
¢¥²¨Î¨´Ê ¤²Ö ¶¥·¥Ìµ¤ , Î¥³ ¢ ¡µ²¥¥ ²¥£±¨Ì ¨§µÉµ¶ Ì. �Éµ ¸¢Ö§ ´µ ¸ É¥³,
ÎÉµ ±µ··¥²ÖÍ¨¨ ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨, µÉ¢¥É¸É¢¥´´Ò¥ §  ³ É·¨Î´Ò° Ô²¥³¥´É
¶¥·¥Ìµ¤ , Ö¢²ÖÕÉ¸Ö ¡µ²¥¥ ¸² ¡Ò³¨ ¢ ¤¢ ¦¤Ò ³ £¨Î¥¸±µ³ ¨§µÉµ¶¥ ¸¢¨´Í . �Éµ
ÊÉ¢¥·¦¤¥´¨¥ ¶µ¤É¢¥·¦¤ ¥É¸Ö ·¥§Ê²ÓÉ É ³¨ É¥¸Éµ¢µ£µ · ¸Î¥É  ¢¥²¨Î¨´Ò ÔÉµ£µ
¶¥·¥Ìµ¤ , ¢Ò¶µ²´¥´´µ£µ ¢ ¨§µÉµ¶¥ 144Sm. �´¨ ´ Ìµ¤ÖÉ¸Ö ¢ Ìµ·µÏ¥³ ¸µ£² -
¸¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¨§ · ¡µÉÒ [46] ¨  ´ ²µ£¨Î´Ò³ · ¸Î¥Éµ³
¢ ÔÉµ³ ¨§µÉµ¶¥, ¢Ò¶µ²´¥´´Ò³ ¢ · ³± Ì É¥µ·¨¨ Ö¤¥·´ÒÌ ¶µ²¥° [47].

�·¥¤¸É ¢²¥´´Ò¥ · ¸Î¥ÉÒ Ö¢²ÖÕÉ¸Ö ´ ¨¡µ²¥¥ ÎÊ¢¸É¢¨É¥²Ó´Ò³¨ ± ±µ²-
²¥±É¨¢´µ¸É¨ ¸µ¸ÉµÖ´¨Ö 3−1 , ±µÉµ· Ö § ¢¨¸¨É µÉ ¢¥²¨Î¨´Ò ¸¨²µ¢µ£µ ¶ · -
³¥É·  µ¸É ÉµÎ´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. —Éµ¡Ò µÍ¥´¨ÉÓ ´ ¤¥¦´µ¸ÉÓ ¶·¥¤¸± § -
´¨°, ³Ò ¶·µ¢¥²¨ ¤µ¶µ²´¨É¥²Ó´Ò¥ · ¸Î¥ÉÒ, ¢ ±µÉµ·ÒÌ §´ Î¥´¨¥ ¢¥·µÖÉ´µ¸É¨
B(E3, g.s.→ 3−1 ) ¶¥·¥Ìµ¤ , Ö¢²ÖÕÐ¥°¸Ö ¢Ìµ¤´µ° ¨´Ëµ·³ Í¨¥° ¢ · ¸Î¥É¥ ¤²Ö
µ¶·¥¤¥²¥´¨Ö ¸¨²Ò µ¸É ÉµÎ´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¨¸±Ê¸¸É¢¥´´µ ¢ ·Ó¨·µ¢ ²µ¸Ó
´  ±30 % ¶µ µÉ´µÏ¥´¨Õ ± Ô±¸¶¥·¨³¥´É ²Ó´µ³Ê §´ Î¥´¨Õ. �¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì
· ¸Î¥Éµ¢ ¢±²ÕÎ¥´Ò, ¸µµÉ¢¥É¸É¢¥´´µ, ¢ ±µ²µ´±¨ Ia, IIa ¨ I¡, II¡ É ¡². 5. ˜¨·¨-
´  γ-· ¸¶ ¤  ¸µ¸ÉµÖ´¨Ö [3−1 ⊗ 3−1 ]2+ ¢ µ¸´µ¢´µ¥ ³¥´Ö¥É¸Ö ¶·¨ É ±µ° ¢ ·¨ Í¨¨
¸¨²µ¢µ£µ ¶ · ³¥É·  ¶·¨³¥·´µ ¢ ¤¢  · § , ¢ Éµ ¢·¥³Ö ± ± Ï¨·¨´  · ¸¶ ¤  ´ 
¸µ¸ÉµÖ´¨¥ 3−1 ¸É ¡¨²Ó´  ¢ ¶·¥¤¥² Ì 20 %.

‚¥²¨Î¨´Ò, ¶·¥¤¸É ¢²¥´´Ò¥ ¢ É ¡². 5, ³µ£ÊÉ ¡ÒÉÓ ²¥£±µ ¶¥·¥¸Î¨É ´Ò ¢
¸¥Î¥´¨Ö (γ,γ′)-·¥ ±Í¨¨. –¥²ÓÕ ¶·¥¤² £ ¥³µ£µ Ô±¸¶¥·¨³¥´É  Ö¢²Ö¥É¸Ö § ·¥£¨-
¸É·¨·µ¢ ÉÓ ¶¥·¥Ìµ¤Ò ¢ µ¸´µ¢´µ¥ ¨ ´  ¢µ§¡Ê¦¤¥´´µ¥ ¸µ¸ÉµÖ´¨Ö ¨ µ¶·¥¤¥²¨ÉÓ
¨Ì ¸¶¨´ ¶µ Ê£²µ¢Ò³ ±µ··¥²ÖÍ¨Ö³ (0+

g.s. → 2+ → 0+
g.s. ¨ 0+

g.s. → 2+ → 3−1 ) ¢
¨§³¥·¥´¨¨ ¶µ¤ ¤¢Ê³Ö Ê£² ³¨ (90◦ ¨ 130◦). �¸´µ¢Ò¢ Ö¸Ó ´  µ¶ÒÉ¥ ¶·¥¤Ï¥¸É¢Ê-
ÕÐ¨Ì ¨¸¸²¥¤µ¢ ´¨° [48], ³Ò ¸ µ¶·¥¤¥²¥´´µ¸ÉÓÕ ³µ¦¥³ ¸± § ÉÓ, ÎÉµ ¶¥·¥Ìµ¤
¨§ ¤¢ÊÌËµ´µ´´µ£µ 2+-¸µ¸ÉµÖ´¨Ö ´  µ¸´µ¢´µ¥ ³µ¦¥É ¡ÒÉÓ ²¥£±µ ¨§³¥·¥´ ¶·¨
¨¸¶µ²Ó§µ¢ ´¨¨ ±² ¸É¥·´µ£µ ¤¥É¥±Éµ·  ¤²Ö EUROBALL ¤ ¦¥ ¢ ´ ¨³¥´¥¥ ¡² -
£µ¶·¨ÖÉ´µ³ ¸²ÊÎ ¥ (±µ²µ´±  Ia). � ¡²Õ¤¥´¨¥ ¶¥·¥Ìµ¤  2+ → 3−, ¨³¥ÕÐ¥£µ
¶·¨³¥·´µ ¶µ²µ¢¨´´ÊÕ Ô´¥·£¨Õ γ-¶¥·¥Ìµ¤ , ¡µ²¥¥ ¶·µ¡²¥³ É¨Î´µ ¨§-§  ·¥§±µ
· ¸ÉÊÐ¥£µ ¢±² ¤  Ëµ´  ·¥ ±Í¨¨ ¶µ ´ ¶· ¢²¥´¨Õ ± ´¨§±¨³ Ô´¥·£¨Ö³ γ-±¢ ´Éµ¢
¢ ·¥ ±Í¨¨ Ö¤¥·´µ° ·¥§µ´ ´¸´µ° Ë²Êµ·¥¸Í¥´Í¨¨.
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�¨¸. 6. � ¸Î¥É ¶µ ³¥Éµ¤Ê Œµ´É¥-Š ·²µ ¸¶¥±É·  208Pb(γ,γ′)-·¥ ±Í¨¨ ¶µ¤ Ê£²µ³ 130◦.
‘É É¨¸É¨±  ¤ ´´ÒÌ, ¶·¥¤¸É ¢²¥´´ÒÌ ¢ ¢¨¤¥ £¨¸Éµ£· ³³Ò, ¸µµÉ¢¥É¸É¢Ê¥É Ô±¸¶¥·¨³¥´ÉÊ
´¥¤¥²Ó´µ° ¤²¨É¥²Ó´µ¸É¨ ¢ Ê¸²µ¢¨ÖÌ [48]. ”µ´ ·¥ ±Í¨¨ Ìµ·µÏµ µ¶¨¸Ò¢ ¥É¸Ö Ô±¸¶µ´¥´-
Í¨ ²Ó´µ° ËÊ´±Í¨¥° (´ ±²µ´´ Ö ²¨´¨Ö). �¨± ¢ ¸¥Î¥´¨¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¶¥·¥Ìµ¤Ê
B(E1, [3−1 ⊗3−1 ]2+ → 3−1 ) (ÉµÎ±¨), µ¶¨¸ ´ ¢ ¢¨¤¥ · ¸¶·¥¤¥²¥´¨Ö ƒ Ê¸¸  ¸  ³¶²¨ÉÊ¤µ°,
´µ·³¨·µ¢ ´´µ° ´  ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É 

� ¸Î¥ÉÒ Ëµ´  ·¥ ±Í¨¨, µ¦¨¤ ¥³µ£µ ¢ Ô±¸¶¥·¨³¥´É¥ 208Pb(γ,γ′) ¶·¨ £· -
´¨Î´µ° Ô´¥·£¨¨ Éµ·³µ§´µ£µ ¸¶¥±É·  7 ŒÔ‚, ¡Ò²¨ ¢Ò¶µ²´¥´Ò ¶µ ³¥Éµ¤Ê
Œµ´É¥-Š ·²µ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·µ£· ³³Ò GEANT [49]. „¢  ±² ¸É¥·  µÉ
EUROBALL ¡Ò²¨ ¶µ³¥Ð¥´Ò ¶µ¤ Ê£² ³¨ 90◦ ¨ 130◦, ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ £¥µ-
³¥É·¨¨,  ´ ²µ£¨Î´µ° µ¶¨¸ ´´µ° ¢ · ¡µÉ¥ [48]. �µÉµ± ËµÉµ´´µ£µ ¶ÊÎ±  ¡Ò²
´µ·³¨·µ¢ ´ É ±, ÎÉµ¡Ò µ´ ¸µµÉ¢¥É¸É¢µ¢ ² Ô±¸¶¥·¨³¥´ÉÊ ´¥¤¥²Ó´µ° ¤²¨É¥²Ó-
´µ¸É¨ ¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ, µ¶¨¸ ´´ÒÌ ¢ · ¡µÉ¥ [48]. ‘¶¥±É· Ëµ´ 
µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö, ¶µ¸²¥ ÊÎ¥É  ÔËË¥±É¨¢´µ¸É¨ ±² ¸É¥·´ÒÌ ¤¥É¥±Éµ·µ¢ ¨
¨Ì ¸É É¨¸É¨Î¥¸±¨Ì Ë²Ê±ÉÊ Í¨°, ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 6 ¤²Ö ¨´É¥·¢ ²  Ô´¥·£¨°
ËµÉµ´  Eγ = 2, 52 − 2, 58 ŒÔ‚. �´ ³µ¦¥É ¡ÒÉÓ µ¶¨¸ ´ ¶·µ¸Éµ° Ô±¸¶µ´¥´-
Í¨ ²Ó´µ° ²¨´¨¥° (´ ±²µ´´ Ö ²¨´¨Ö). �ËË¥±É ¶¥·¥Ìµ¤  [3−1 ⊗ 3−1 ]2+ → 3−1
¸ Ô´¥·£¨¥° ËµÉµ´  5, 16 − 2, 62 = 2, 54 ŒÔ‚ ¶µ± § ´ ¢ ¢¨¤¥ ²¨´¨¨ ¢ Ëµ·³¥
ƒ Ê¸¸  (ÉµÎ¥Î´ Ö ²¨´¨Ö). …¥ Ï¨·¨´  ¢§ÖÉ  ¨§ Ô±¸¶¥·¨³¥´É ²Ó´µ µ¶·¥¤¥²¥´-
´µ£µ · §·¥Ï¥´¨Ö ±² ¸É¥·´µ£µ ³µ¤Ê²Ö,   ¢Ò¸µÉ  ´µ·³¨·µ¢ ´  ´  ¶ ·Í¨ ²Ó´ÊÕ
Ï¨·¨´Ê · ¸¶ ¤  ¨§ ±µ²µ´±¨ II É ¡². 5. ŒÒ ³µ¦¥³ § ±²ÕÎ¨ÉÓ, ÎÉµ ¶¥·¥Ìµ¤
Ö¢´µ ³µ¦¥É ¡ÒÉÓ µÉ¤¥²¥´ µÉ Ëµ´  ·¥ ±Í¨¨. ‚ ¨§³¥·¥´¨ÖÌ ¶µ¤ Ê£²µ³ 90◦,
´¥¸³µÉ·Ö ´  ´¥¸±µ²Ó±µ ÌÊ¤Ï¥¥ µÉ´µÏ¥´¨¥ ¶¨±/Ëµ´, ÔÉµ É ±¦¥ ¸¶· ¢¥¤²¨¢µ ¢
¶·¥¤¥² Ì 3σ-µÏ¨¡±¨.
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�·µ¡²¥³  ËµÉµ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·µ¢∗ ¢Ò§¢ ²  ´¥¤ ¢´µ ´µ¢Ò° ¶µ¢ÒÏ¥´-
´Ò° ¨´É¥·¥¸ [50Ä54]. �¸´µ¢´µ° ¶·¨Î¨´µ° ¨¸¸²¥¤µ¢ ´¨° ¢ ÔÉµ° µ¡² ¸É¨
Ö¢¨²µ¸Ó ¶·¥¤²µ¦¥´¨¥ ¨¸¶µ²Ó§µ¢ ÉÓ § ¸¥²¥´¨¥ ¨²¨ · §·Ö¤±Ê ¨§µ³¥·µ¢ ¸ ¶µ-
³µÐÓÕ ·¥§µ´ ´¸´µ£µ ËµÉµ¶µ£²µÐ¥´¨Ö ± ± µ¸´µ¢´µ° ³¥Ì ´¨§³ Ê¶· ¢²¥´¨Ö
γ-² §¥·µ³ [55]. •µÉÖ Ô±¸¶¥·¨³¥´ÉÒ ¶µ ËµÉµ¢µ§¡Ê¦¤¥´¨Õ ¨§µ³¥·µ¢ ¨³¥ÕÉ
¶ÖÉ¨¤¥¸ÖÉ¨²¥É´ÕÕ ¨¸Éµ·¨Õ, Ê¤¨¢¨É¥²Ó´µ ³ ²µ ¨§¢¥¸É´µ µ ¸É·Ê±ÉÊ·¥ ¸µ¸Éµ-
Ö´¨° ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨ÖÌ, ´ §Ò¢ ¥³ÒÌ É ±¦¥  ±É¨¢ Í¨µ´´Ò³¨ ¸µ-
¸ÉµÖ´¨Ö³¨ (�‘), µÉ¢¥É¸É¢¥´´ÒÌ §  § ¸¥²¥´¨¥ ¨§µ³¥·µ¢. �µ¤·µ¡´µ¥ ¨§²µ¦¥-
´¨¥ Ë¨§¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨°, ¶µ¸¢ÖÐ¥´´ÒÌ ¶·µ¡²¥³¥ ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨°,
³µ¦´µ ´ °É¨ ¢ µ¡§µ·¥ [56].

‚ ¡µ²ÓÏ¨´¸É¢¥ ËµÉµ ±É¨¢ Í¨µ´´ÒÌ · ¡µÉ ¨¸¸²¥¤µ¢ ²¨ ²¨¡µ ´¨§±µÔ´¥·-
£¥É¨Î¥¸±ÊÕ µ¡² ¸ÉÓ (E ≤ 2 ŒÔ‚ ¸³. ´ ¶·¨³¥·, [57, 58]), ²¨¡µ µ¡² ¸ÉÓ £¨-
£ ´É¸±¨Ì ·¥§µ´ ´¸µ¢ [59Ä61], ¢ ±µÉµ·ÒÌ ¶·µ¢¥·Ö²¨¸Ó ¸É É¨¸É¨Î¥¸±¨¥ ¸¢µ°-
¸É¢  γ-· ¸¶ ¤  ¨ ±µ´±Ê·¥´Í¨Ö ¸ ¤·Ê£¨³¨ ± ´ ² ³¨ · ¸¶ ¤ . ‘ ¤·Ê£µ° ¸Éµ·µ-
´Ò, Ô±¸¶¥·¨³¥´ÉÒ ¢ ¶·µ³¥¦ÊÉµÎ´µ° µ¡² ¸É¨ Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö ¢ÒÖ¢¨²¨
¢¥¸Ó³  ¨´É¥·¥¸´Ò¥ § ±µ´µ³¥·´µ¸É¨. �É³¥É¨³, ÎÉµ ¨³¥´´µ ÔÉ  Ô´¥·£¥É¨Î¥¸± Ö
µ¡² ¸ÉÓ Ö¢²Ö¥É¸Ö ´ ¨¡µ²¥¥ ¶·¨¢²¥± É¥²Ó´µ° ¢ ¶² ´¥ ¸µ§¤ ´¨Ö γ-² §¥· . „²Ö
¸Ë¥·¨Î¥¸±¨Ì Ö¤¥· Ê¶µ³Ö´ÊÉÒ¥ § ±µ´µ³¥·´µ¸É¨ ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° Ì · ±É¥·.
�µ± § ´µ, ÎÉµ § ¢¨¸¨³µ¸ÉÓ ¢ÒÌµ¤  ¨§µ³¥·  µÉ £· ´¨Î´µ° Ô´¥·£¨¨ ¸¶¥±É· 
Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö ¨³¥¥É ²¨´¥°´Ò° Ì · ±É¥· ´  ¨´É¥·¢ ²¥ Ô´¥·£¨° ¶µ-
·Ö¤±  1 ŒÔ‚, § É¥³ ´ ¡²Õ¤ ¥É¸Ö ·¥§±¨° ¨§²µ³ ¨ ¸´µ¢  ²¨´¥°´µ¥ ¶µ¢¥¤¥´¨¥
´  Ï¨·µ±µ³ ¨´É¥·¢ ²¥ Ô´¥·£¨°. �Éµ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ Éµ³, ÎÉµ ¸ÊÐ¥¸É¢ÊÕÉ
´¥±µÉµ·Ò¥ �‘, ¸¢Ö§ ´´Ò¥ ¤µ¸É ÉµÎ´µ ¶·µ¸Éµ° ¸Ì¥³µ° ¶¥·¥Ìµ¤  ´  ¨§µ³¥·.
„µ¸É¨¦¥´¨¥ ¨Ì ·¥§±µ Ê¢¥²¨Î¨¢ ¥É ¢ÒÌµ¤ ¨§µ³¥· , ¶·¨ ÔÉµ³, ´¥¸³µÉ·Ö ´  µÉ-
´µ¸¨É¥²Ó´µ ¢Ò¸µ±ÊÕ ¶²µÉ´µ¸ÉÓ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¶·¨ ÔÉ¨Ì Ô´¥·£¨ÖÌ
¢µ§¡Ê¦¤¥´¨Ö, ±µ²¨Î¥¸É¢µ �‘ ¢¥¸Ó³  µ£· ´¨Î¥´µ.

�·µÍ¥¸¸ ËµÉµ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·  Î¥·¥§ �‘ ¸Ì¥³ É¨Î¥¸±¨ ¶·¥¤¸É ¢²¥´
´  ·¨¸. 7. ˆ¸¸²¥¤µ¢ ´¨Õ ¶·¨·µ¤Ò �‘ ¢ ¨§µÉµ¶ Ì 79Br [62], 81Br [63] ¨
89Y [64] ¶µ¸¢ÖÐ¥´ ´ ¸ÉµÖÐ¨° · §¤¥².

� Î´¥³ ´ Ï¥ µ¡¸Ê¦¤¥´¨¥ ¸ ¨§µÉµ¶  89Y. …£µ ¶·¨¢²¥± É¥²Ó´µ¸ÉÓ ¸¢Ö§ ´ ,
¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ¸ É¥³, ÎÉµ ¤²Ö ÔÉµ£µ ¨§µÉµ¶  ¸ÊÐ¥¸É¢ÊÕÉ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò¥ ¤ ´´Ò¥ ´¥ Éµ²Ó±µ ¶µ ËµÉµ ±É¨¢ Í¨¨ ¨§µ³¥· , ´µ ¨ ¤ ´´Ò¥ ¨§ ·¥ ±Í¨¨
Ö¤¥·´µ° ·¥§µ´ ´¸´µ° Ë²Êµ·¥¸Í¥´Í¨¨; ¸µ¢µ±Ê¶´µ¥ · ¸¸³µÉ·¥´¨¥ ÔÉ¨Ì ¤ ´´ÒÌ
¶·¥¤¸É ¢²Ö¥É Ìµ·µÏÊÕ ¢µ§³µ¦´µ¸ÉÓ ¤²Ö µÍ¥´±¨ ´ ¤¥¦´µ¸É¨ É¥µ·¥É¨Î¥¸±¨Ì

∗ˆ§µ³¥· ³¨ ´ §Ò¢ ÕÉ ¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö, · ¸¶µ²µ¦¥´´Ò¥ ¢¡²¨§¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ-
´¨Ö Ö¤· , ´µ ¸¨²Ó´µ µÉ²¨Î ÕÐ¨¥¸Ö ¶µ ¢¥²¨Î¨´¥ ¶µ²´µ£µ ³µ³¥´É . ‚ ·¥§Ê²ÓÉ É¥ · ¸¶ ¤ ¨§µ³¥· 
¢ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ¸¨²Ó´µ ¶µ¤ ¢²¥´ ¢Ò¸µ±µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸ÉÓÕ Ô²¥±É·µ³ £´¨É´µ£µ ¶¥·¥Ìµ¤ ,
ÎÉµ ¢Ò· ¦ ¥É¸Ö ¢ µÉ´µ¸¨É¥²Ó´µ ¡µ²ÓÏµ³ ¢·¥³¥´¨ ¥£µ ¦¨§´¨.
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�¨¸. 7. ‘Ì¥³ É¨Î¥¸±µ¥ ¶·¥¤¸É ¢²¥´¨¥ ·¥§µ´ ´¸´µ£µ ³¥Ì ´¨§³ , ¢ ±µÉµ·µ³ ¨§µ³¥· ¸
Ô´¥·£¨¥° Eiso § ¸¥²Ö¥É¸Ö Î¥·¥§ ¸µ¸ÉµÖ´¨Ö ¶·¨ ¶·µ³¥¦ÊÉµÎ´µ° Ô´¥·£¨¨ (§ ÏÉ·¨Ìµ¢ ´-
´ Ö µ¡² ¸ÉÓ). �·µ³¥¦ÊÉµÎ´Ò¥ ¸µ¸ÉµÖ´¨Ö Ì · ±É¥·¨§ÊÕÉ¸Ö Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö Ej
¨ Ï¨·¨´µ° · ¸¶ ¤  Γ. � ·Í¨ ²Ó´Ò¥ Ï¨·¨´Ò b0 ¨ biso µ¶¨¸Ò¢ ÕÉ · ¸¶ ¤ ¶·µ³¥-
¦ÊÉµÎ´µ£µ ¸µ¸ÉµÖ´¨Ö, ¸µµÉ¢¥É¸É¢¥´´µ, ¢ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ¨ ´  ¨§µ³¥·. ‚¥²¨Î¨´ 
biso Ö¢²Ö¥É¸Ö ¸Ê³³µ° ¢¸¥Ì ´¥¨§¢¥¸É´ÒÌ ± ¸± ¤µ¢, ¶µ¸·¥¤¸É¢µ³ ±µÉµ·ÒÌ ¶·µ³¥¦ÊÉµÎ´µ¥
¸µ¸ÉµÖ´¨¥ · ¸¶ ¤ ¥É¸Ö ´  ¨§µ³¥· Î¥·¥§ Ê·µ¢´¨, µ¡µ§´ Î¥´´Ò¥ ¶Ê´±É¨·µ³

¶·¥¤¸± § ´¨°. „¥²µ ¢ Éµ³, ÎÉµ ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨Ö Ô´¥·£¨¨ ¢µ§¡Ê¦¤ ¥³ÒÌ
Ê·µ¢´¥° ¢ ·¥ ±Í¨¨ Ö¤¥·´µ° ·¥§µ´ ´¸´µ° Ë²Êµ·¥¸Í¥´Í¨¨ µÎ¥´Ó ¢Ò¸µ± , ¢ Éµ
¢·¥³Ö ± ± ¢ ËµÉµ ±É¨¢ Í¨µ´´ÒÌ Ô±¸¶¥·¨³¥´É Ì µ´  ¸µ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê ¶µ-
·Ö¤±  200 ±Ô‚. Š·µ³¥ Éµ£µ, ± ± ³Ò Ê¢¨¤¨³ ´¨¦¥, ¸¥Î¥´¨Ö ÔÉ¨Ì ¤¢ÊÌ ·¥ ±Í¨°
¸¢Ö§ ´Ò ¤·Ê£ ¸ ¤·Ê£µ³. ˆ§µÉµ¶ 89Y É ±¦¥ ¨´É¥·¥¸¥´ ¸¢µ¥° ¶µ²Ê³ £¨Î¥¸±µ°
¶·¨·µ¤µ°. �£· ´¨Î¥´´µ¸ÉÓ ±µ´Ë¨£Ê· Í¨µ´´µ£µ ¶·µ¸É· ´¸É¢  µ¡²¥£Î ¥É ¢Ò-
¤¥²¥´¨¥ ´ ¨¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´ÒÌ ³µ³¥´Éµ¢ Ö¤¥·´µ° ¸É·Ê±ÉÊ·Ò. Š·µ³¥ Éµ£µ,
¤µ¶µ²´¨É¥²Ó´ Ö ¨´Ëµ·³ Í¨Ö ¨§ ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨° [65] Ö¢²Ö-
¥É¸Ö ¤µ¸ÉÊ¶´µ° ¤µ µÉ´µ¸¨É¥²Ó´µ ¢Ò¸µ±¨Ì Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö. �¸´µ¢´µ¥
¸µ¸ÉµÖ´¨¥ 89Y Ì · ±É¥·¨§Ê¥É¸Ö ¸¶¨´µ³ ¨ Î¥É´µ¸ÉÓÕ Jπ = 1/2−, ¨§µ³¥·´µ¥
¸µ¸ÉµÖ´¨¥ ¸ Jπ = 9/2+ ¨³¥¥É Ô´¥·£¨Õ ¢µ§¡Ê¦¤¥´¨Ö Eiso = 0, 909 ŒÔ‚. Š ± Ê
³´µ£¨Ì Ö¤¥· ¨§ ÔÉµ° ³ ¸¸µ¢µ° µ¡² ¸É¨, · ¸¶ ¤ ¨§µ³¥·  ¢ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥
¢ 89Y ¸¢Ö§ ´ ¸ M4-¶¥·¥Ìµ¤µ³ 1/2− → 9/2+.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¢¥²¨Î¨´Ò ¸¥Î¥´¨Ö ËµÉµ¢µ§¡Ê¦¤¥´¨Ö (σΓ)i0 ´¨§±µ²¥-
¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¢ ¨§µÉµ¶¥ 89Y ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´-
´Ò¥ ¨§ ·¥ ±Í¨¨ Ö¤¥·´µ° ·¥§µ´ ´¸´µ° Ë²Êµ·¥¸Í¥´Í¨¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 8.
� ¸Î¥ÉÒ ¡Ò²¨ ¢Ò¶µ²´¥´Ò ¸ ¢µ²´µ¢µ° ËÊ´±Í¨¥°, ¸µ¤¥·¦ Ð¥° ±¢ §¨Î ¸É¨Î´ÊÕ
¨ ′′±¢ §¨Î ¸É¨Í  ⊗ Ëµ´µ´′′ ±µ³¶µ´¥´ÉÒ. „²Ö · ¸Î¥É  Î ¸É¨Î´ÒÌ Ê·µ¢´¥° ¨¸-
¶µ²Ó§µ¢ ²¨¸Ó Ëµ´µ´Ò µ¸Éµ¢  88Sr, ¤²Ö ¤Ò·µÎ´ÒÌ Ê·µ¢´¥° Ä 90Zr. ŒÒ ¢±²ÕÎ¨-
²¨ ¢ · ¸Î¥É Ëµ´µ´Ò ´ ÉÊ· ²Ó´µ° Î¥É´µ¸É¨ ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ λπ = 1−, . . . , 6+

¤µ Ô´¥·£¨¨ 12 ŒÔ‚, µ¤´ ±µ ¸ ³¨ · ¸Î¥ÉÒ ¶µ± § ²¨, ÎÉµ Éµ²Ó±µ ±µ²²¥±É¨¢´Ò¥
2+-Ëµ´µ´Ò ¨£· ÕÉ ¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó ¤²Ö µ¶¨¸ ´¨Ö ¶·µÍ¥¸¸  ËµÉµ¢µ§¡Ê¦-
¤¥´¨Ö ¤µ Ô´¥·£¨° ¶µ·Ö¤±  5 ŒÔ‚, ¶µ¸±µ²Ó±Ê ¢§ ¨³µ¤¥°¸É¢¨¥ · §²¨Î´ÒÌ ±µ´-
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�¨¸. 8. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ (a) ¸¥Î¥´¨° (σΓ)0 ¢ ·¥ ±Í¨¨ 89Y(γ, γ′) ¤²Ö
· ¸¶ ¤  ¢ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ¸ ·¥§Ê²ÓÉ É ³¨ · ¸Î¥É  (¡). ‘¶¨´ ¨ Î¥É´µ¸ÉÓ ¤²Ö Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢§ÖÉÒ ¨§ · ¡µÉÒ [65]

Ë¨£Ê· Í¨° Ö¢²Ö¥É¸Ö ¤µ¸É ÉµÎ´µ ¸² ¡Ò³ ¢ ÔÉµ³ Ö¤·¥. —¨¸²¥´´Ò¥ · ¸Î¥ÉÒ ¡Ò²¨
¢Ò¶µ²´¥´Ò ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·µ£· ³³Ò PHOQUS [66].

’ ± ± ± ¶·¨ ËµÉµ¢µ§¡Ê¦¤¥´¨¨ § ³¥É´Ò° ¢±² ¤ ¢ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¤ ÕÉ
¶¥·¥Ìµ¤Ò ³ ²µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨, ³Ò · ¸¸Î¨É ²¨ Éµ²Ó±µ ¸¶¥±É·Ò ¢µ§¡Ê¦¤¥´-
´ÒÌ ¸µ¸ÉµÖ´¨° ¢ 89Y, ¸¢Ö§ ´´Ò¥ ¸ µ¸´µ¢´Ò³ ¸µ¸ÉµÖ´¨¥³ ¶µ¸·¥¤¸É¢µ³ E1-,
E2- ¨ M1-¶¥·¥Ìµ¤µ¢. ŒÒ µ¡´ ·Ê¦¨²¨ Éµ²Ó±µ Ï¥¸ÉÓ ¶¥·¥Ìµ¤µ¢ ¸ Ô´¥·£¨¥°
´¨¦¥ 4,5 ŒÔ‚, µ¡² ¤ ÕÐ¨Ì ¸ÊÐ¥¸É¢¥´´µ° ¢¥²¨Î¨´µ° ³ É·¨Î´µ£µ Ô²¥³¥´É .
�µ²ÊÎ¥´´ Ö ¸É¥¶¥´Ó Ë· £³¥´É Í¨¨ ¸µ¸ÉµÖ´¨° § ³¥É´µ ¸² ¡¥¥, Î¥³ ´ ¡²Õ¤ ¥-
³ Ö ¢ Ô±¸¶¥·¨³¥´É¥, ¨ ¶·¨Î¨´µ° ÔÉµ£µ Ö¢²Ö¥É¸Ö µ£· ´¨Î¥´¨¥ ³µ¤¥²Ó´µ£µ ¶·µ-
¸É· ´¸É¢ . �¤´ ±µ, ¶µ¸±µ²Ó±Ê ¢±² ¤ ³´µ£µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ¢ ¸¥Î¥´¨¥
¢µ§¡Ê¦¤¥´¨Ö ¶·¥´¥¡·¥¦¨³µ ³ ², µ¸´µ¢´Ò¥ Î¥·ÉÒ ·¥§Ê²ÓÉ Éµ¢ (γ, γ′)-·¥ ±Í¨¨
³µ£ÊÉ ¡ÒÉÓ µ¡ÑÖ¸´¥´Ò Ê¦¥ ´  Ê·µ¢´¥ µ¤´µËµ´µ´´µ£µ ¶·¨¡²¨¦¥´¨Ö.

„¢  ´¨¦ °Ï¨Ì ¸µ¸ÉµÖ´¨Ö ¢ · ¸Î¥É Ì ¨³¥ÕÉ Ô´¥·£¨Õ 1,540 ¨ 1,838 ŒÔ‚
¨ ¸µµÉ¢¥É¸É¢ÊÕÉ Ìµ·µÏµ ¨§¢¥¸É´Ò³ ´¨¦ °Ï¨³ Ê·µ¢´Ö³ ¸ Jπ = 3/2− ¨ 5/2−,
±µÉµ·Ò¥, ± ± ¡Ò²µ ¶µ± § ´µ ¢ · ¡µÉ¥ [67], Ì · ±É¥·¨§ÊÕÉ¸Ö, ¸µµÉ¢¥É¸É¢¥´-
´µ, p3/2 ¨ f5/2 µ¤´µÎ ¸É¨Î´µ° ¶·¨·µ¤µ°. �¥§Ê²ÓÉ É · ¸Î¥É  ¤²Ö Ê·µ¢´Ö 3/2−

¢¥²¨Î¨´Ò (σΓ)0 = 70,2 Ô‚·¡ ´ Ìµ¤¨É¸Ö ¢ µÉ²¨Î´µ³ ¸µ£² ¸¨¨ ¸ Ô±¸¶¥·¨-
³¥´Éµ³. ‘²¥£±  § ¢ÒÏ¥´´Ò³ µ± §Ò¢ ¥É¸Ö ±µÔËË¨Í¨¥´É ¸³¥Ï¨¢ ´¨Ö E2/M1:
δ = −0, 254 ¶µ ¸· ¢´¥´¨Õ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨¥³ δ = −0, 139,
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ÎÉµ, ¶µ ¢¸¥° ¢¨¤¨³µ¸É¨, Ê± §Ò¢ ¥É ´  § ¢ÒÏ¥´´ÊÕ ¢¥²¨Î¨´Ê ¶·¨³¥¸¨ ±µ´-
Ë¨£Ê· Í¨¨ [p1/2 ⊗ 2+

1 ]3/2− , ±µÉµ· Ö Ê¸¨²¨¢ ¥É ¢±² ¤ E2-¶¥·¥Ìµ¤ . ‘µ¸ÉµÖ´¨¥
5/2− ¢µ§¡Ê¦¤ ¥É¸Ö £µ· §¤µ ¸² ¡¥¥ ¨ ´¥ µ¡´ ·Ê¦¨¢ ¥É¸Ö ¢ Ô±¸¶¥·¨³¥´É¥. ˆ§
¨³¥ÕÐ¨Ì¸Ö ¤ ´´ÒÌ [65] ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¤²Ö ´¥£µ (σΓ)0 = 4,67 Ô‚·¡, ÎÉµ É ±-
¦¥ ´¥¶²µÌµ ¸µµÉ¢¥É¸É¢Ê¥É ´ ¸ÉµÖÐ¥³Ê · ¸Î¥ÉÊ, Ö¢²ÖÖ¸Ó ¶·¨ ÔÉµ³ ¢¥²¨Î¨´µ°,
³¥´ÓÏ¥° Ë²Ê±ÉÊ Í¨¨ Ëµ´  ·¥ ±Í¨¨.

‘²¥¤ÊÕÐ¨¥ ¶¥·¥Ìµ¤Ò ¸µµÉ¢¥É¸É¢ÊÕÉ £·Ê¶¶¥ ¶· ±É¨Î¥¸±¨ ¢Ò·µ¦¤¥´´ÒÌ
¸µ¸ÉµÖ´¨°, ¶·¨·µ¤µ° ±µÉµ·ÒÌ Ö¢²Ö¥É¸Ö ¸¶ ·¨¢ ´¨¥ ±¢ §¨Î ¸É¨Î´µ° ±µ´Ë¨-
£Ê· Í¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¸ ´¨§±µ²¥¦ Ð¨³¨ ±µ²²¥±É¨¢´Ò³¨ ±¢ ¤·Ê¶µ²Ó-
´Ò³¨ Ëµ´µ´ ³¨ ¸µ¸¥¤´¥£µ Î¥É´µ-Î¥É´µ£µ Ö¤·  90Zr, É.¥. ¸µ¸ÉµÖ´¨°, µ¡² ¤ -
ÕÐ¨Ì ¸É·Ê±ÉÊ·µ° [p1/2 ⊗ 2+

1,3]3/2−,5/2− . ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢Ò·µ¦¤¥-
´¨¥ ¶µ Ô´¥·£¨¨ ¤²Ö ÔÉ¨Ì ¸µ¸ÉµÖ´¨° Ö¢²Ö¥É¸Ö ·¥§Ê²ÓÉ Éµ³ ¶·¥´¥¡·¥¦¥´¨Ö ¢
· ¸Î¥É¥ ±µ´Ë¨£Ê· Í¨Ö³¨ ¡µ²¥¥ ¢Ò¸µ±µ° ¸²µ¦´µ¸É¨, ±µÉµ·µ¥, ¸±µ·¥¥ ¢¸¥£µ,
¡Ê¤¥É Ê¸É· ´¥´µ ¶·¨ ÊÎ¥É¥ ¤¢ÊÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°. ‘µ¸ÉµÖ´¨¥ ¸ Ô´¥·-
£¨¥° 3,147 ŒÔ‚ ¨ Jπ = 3/2− ¸µµÉ¢¥É¸É¢Ê¥É Ô±¸¶¥·¨³¥´É ²Ó´µ³Ê ¸µ¸ÉµÖ´¨Õ ¸
Ô´¥·£¨¥° 2,881 ŒÔ‚ ¨, ¢µ§³µ¦´µ, ¸µ¸ÉµÖ´¨Õ ¸ Ô´¥·£¨¥° 3,067 ŒÔ‚. �µ ±· °-
´¥° ³¥·¥,  ³¶²¨ÉÊ¤Ò ¸¥Î¥´¨° ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ ¢ ¶µ²Ó§Ê ÔÉµ£µ ¸µ¶µ¸É ¢²¥´¨Ö.
‘µ¸ÉµÖ´¨¥ 5/2− ¢ · ¸Î¥É¥ · §Ê³´Ò³ µ¡· §µ³ ³µ¦´µ ¸µ¶µ¸É ¢¨ÉÓ ¸ £·Ê¶¶µ°
¸µ¸ÉµÖ´¨°, · ¸Ë· £³¥´É¨·µ¢ ´´ÒÌ ¤µ Ô´¥·£¨¨ 3,5 ŒÔ‚. ‘µ¸ÉµÖ´¨Ö, µ¡· §µ-
¢ ´´Ò¥ ¢ ·¥§Ê²ÓÉ É¥ ¸¶ ·¨¢ ´¨Ö ¸ 2+

3 µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¥°, ³µ£ÊÉ
¡ÒÉÓ ¨¤¥´É¨Ë¨Í¨·µ¢ ´Ò ± ± Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ Ê·µ¢´¨ ¸ Ô´¥·£¨¥° 3,992 ¨
4,170 ŒÔ‚.

‘É·Ê±ÉÊ·  ÔÉ¨Ì ¸µ¸ÉµÖ´¨° Ê± §Ò¢ ¥É ´  Éµ, ÎÉµ ·µ¦¤¥´¨¥ ±¢ ¤·Ê¶µ²Ó´µ£µ
Ëµ´µ´  µÉ¢¥É¸É¢¥´´µ §  ¸¨²Ê (γ, γ′)-¶¥·¥Ìµ¤µ¢. ‘µµÉ¢¥É¸É¢¥´´µ ¶¥·¥Ìµ¤ 1/2−

→ 3/2− ¨³¥¥É ¶·¥¨³ÊÐ¥¸É¢¥´´µ E2-¶·¨·µ¤Ê. �¨¦ °Ï¥¥ 3/2−-¸µ¸ÉµÖ´¨¥ É ±-
¦¥ µ¡² ¤ ¥É ´¥±µÉµ·µ° ¸¨²µ° M1-¢µ§¡Ê¦¤¥´¨Ö ¨§-§  8 % ¶·¨³¥¸¨ µ¤´µÎ ¸-
É¨Î´µ° ±µ³¶µ´¥´ÉÒ p1/2 ¢µ²´µ¢µ° ËÊ´±Í¨¨. „µ³¨´¨·µ¢ ´¨¥ ±µ²²¥±É¨¢´ÒÌ
E2-¶¥·¥Ìµ¤µ¢ µ¡ÑÖ¸´Ö¥É Ìµ·µÏ¥¥ ¸µµÉ¢¥É¸É¢¨¥ ¤ ´´Ò³, ¶µ²ÊÎ¥´´Ò³ ¢ ·¥ ±-
Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ´Ê±²µ´µ¢.

‚ Ô±¸¶¥·¨³¥´É¥ ¶µ ËµÉµ ±É¨¢ Í¨¨ ¨§µ³¥·  ¢ 89Y ¡Ò²¨ µ¡´ ·Ê¦¥´Ò ¤¢ 
¨§²µ³  ¢ § ¢¨¸¨³µ¸É¨ ¢ÒÌµ¤  ¨§µ³¥·  µÉ £· ´¨Î´µ° Ô´¥·£¨¨ Éµ·³µ§´µ£µ ¸¶¥±-
É· . �É¨ ¨§²µ³Ò ¶·¨ Ô´¥·£¨¨ 2,9 ¨ 4,0 ŒÔ‚ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ Éµ³, ÎÉµ ¢
· ¸¸³ É·¨¢ ¥³µ³ Ö¤·¥ ´  Ô´¥·£¥É¨Î¥¸±µ³ ¨´É¥·¢ ²¥ 2,2÷5,0 ŒÔ‚ ¸ÊÐ¥¸É¢ÊÕÉ
Éµ²Ó±µ ¤¢  �‘, µÉ¢¥É¸É¢¥´´Ò¥ §  ËµÉµ¢µ§¡Ê¦¤¥´¨¥ ¨§µ³¥· . ’ ± ± ± ÉµÎ´µ¸ÉÓ
¶µ Ô´¥·£¨¨ ¢ ËµÉµ ±É¨¢ Í¨µ´´ÒÌ Ô±¸¶¥·¨³¥´É Ì ´¥¢Ò¸µ± , ÔÉµ, ¢ ¶·¨´Í¨¶¥,
³µ¦¥É É ±¦¥ ¸¢¨¤¥É¥²Ó¸É¢µ¢ ÉÓ µ ¤¢ÊÌ £·Ê¶¶ Ì ¡²¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨°,
´¥· §·¥Ï¥´´ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥, ´µ ¶·¥Í¨§¨µ´´Ò¥ ¤ ´´Ò¥ ·¥ ±Í¨¨ Ö¤¥·´µ°
·¥§µ´ ´¸´µ° Ë²Êµ·¥¸Í¥´Í¨¨ µÉ¢¥·£ ÕÉ ÔÉÊ ¢µ§³µ¦´µ¸ÉÓ. �µ¸±µ²Ó±Ê ¸¶¥±É·
(γ, γ′)-·¥ ±Í¨¨ ¶µ²´µ¸ÉÓÕ µ¡ÑÖ¸´Ö¥É¸Ö M1- ¨ E2-¶¥·¥Ìµ¤ ³¨, ¤²Ö ¶µ²´µ-
£µ ¨§³¥´¥´¨Ö ¸¶¨´  ¨ Î¥É´µ¸É¨ ∆Jπ = 4+ ¶·¨ ¶¥·¥Ìµ¤¥ ´  ±µ´¥Î´µ¥ ¨§µ-
³¥·´µ¥ ¸µ¸ÉµÖ´¨¥ ´¥µ¡Ìµ¤¨³ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒ° ± ¸± ¤, ±µÉµ·Ò° ¢±²ÕÎ ² ¡Ò
E1-¶¥·¥Ìµ¤ ¤²Ö ¨§³¥´¥´¨Ö Î¥É´µ¸É¨. �  ·¨¸. 9 ¶·¥¤¸É ¢²¥´  ¸Ì¥³  ¨§¡· ´´ÒÌ
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�¨¸. 9. � ¸¸Î¨É ´´ Ö ¸Ì¥³  Ê·µ¢´¥° ¨ ¨Ì · ¸¶ ¤´ÒÌ Ï¨·¨´ ¤²Ö ¨§µÉµ¶  89Y. ‘Ì¥³ 
µ£· ´¨Î¥´  Éµ²Ó±µ ¸µ¸ÉµÖ´¨Ö³¨, µÉ´µ¸ÖÐ¨³¨¸Ö ± µ¶¨¸ ´¨Õ ¶·µÍ¥¸¸  ËµÉµ¢µ§¡Ê¦¤¥-
´¨Ö ¨§µ³¥· . ‘µ¸ÉµÖ´¨Ö 3/2− · ¸¶µ²µ¦¥´Ò ¸²¥¢ , ¸µ¸ÉµÖ´¨Ö 5/2− Ä ¸¶· ¢ , ¸µ¸ÉµÖ´¨Ö
5/2+ Ä ¢ Í¥´É·¥. �´¥·£¨¨ ¸µ¸ÉµÖ´¨° ¶·¨¢¥¤¥´Ò ¢ ¥¤¨´¨Í Ì ŒÔ‚, Ï¨·¨´Ò · ¸¶ ¤  Ä ¢
¥¤¨´¨Í Ì ³Ô‚. ‘² ¡Ò¥ ¶¥·¥Ìµ¤Ò ¨§µ¡· ¦¥´Ò ¶Ê´±É¨·µ³

Ê·µ¢´¥°, ¢µ§´¨± ÕÐ¨Ì ¢ · ¸Î¥É¥ ¨ Ê¤µ¢²¥É¢µ·ÖÕÐ¨Ì ÔÉµ³Ê Ê¸²µ¢¨Õ. „²Ö ¶¥·-
¢µ° ¸ÉÊ¶¥´¨ ± ¸± ¤  · ¸¶ ¤  ´  ¨§µ³¥· ³Ò µ£· ´¨Î¨²¨¸Ó ¸µ¸ÉµÖ´¨Ö³¨ 5/2+,
¨ ¤¢  ¨§ ´¨Ì ¡Ò²¨ µ¡´ ·Ê¦¥´Ò ¢ · ¸¸³ É·¨¢ ¥³µ° Ô´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨.
�¥·¥Ìµ¤Ò ¨§ ¸µ¸ÉµÖ´¨° 3/2− ¨ 5/2− ´  ¶·µ³¥¦ÊÉµÎ´Ò¥ ¸µ¸ÉµÖ´¨Ö ¸ ¤·Ê£¨-
³¨ §´ Î¥´¨Ö³¨ ¸¶¨´  ¨ Î¥É´µ¸É¨, ±µÉµ·Ò¥ É ±¦¥, ¢ ¶·¨´Í¨¶¥, ³µ£ÊÉ ¡ÒÉÓ
¢±²ÕÎ¥´Ò ¢ ¶·µÍ¥¸¸ µ±µ´Î É¥²Ó´µ£µ · ¸¶ ¤  ´  ¨§µ³¥·, ´ ¸Éµ²Ó±µ ¸² ¡Ò ¶µ
¸· ¢´¥´¨Õ ¸ ¶¥·¥Ìµ¤µ³ ¢ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥, ÎÉµ µ´¨ ¡Ò²¨ ¨¸±²ÕÎ¥´Ò ¨§
¤ ²Ó´¥°Ï¥£µ · ¸¸³µÉ·¥´¨Ö.

…¸²¨ Ï¨·¨´Ò ¶ ·Í¨ ²Ó´µ£µ · ¸¶ ¤  ¸µ¸ÉµÖ´¨° 3/2− ¨ 5/2− ¢ µ¸´µ¢-
´µ³ ¸· ¢´¨³Ò, ´ ¡²Õ¤ ¥É¸Ö µ£·µ³´ Ö · §´¨Í  ¢ ¢¥·µÖÉ´µ¸É¨ ¨Ì ÊÎ ¸É¨Ö ¢
¶·µÍ¥¸¸¥ § ¸¥²¥´¨Ö ¸µ¸ÉµÖ´¨Ö 5/2+. � ¸¶ ¤ ´  ¸µ¸ÉµÖ´¨¥ ¸ ¡µ²ÓÏ¥° Ô´¥·-
£¨¥° (3,308 ŒÔ‚) ¢ ³µ¤¥²Ó´µ³ ¶·µ¸É· ´¸É¢¥ ±· °´¥ ¸² ¡ ¨§-§  ¶· ±É¨Î¥¸±¨
Î¨¸Éµ° ¸É·Ê±ÉÊ·Ò [p1/2 ⊗ 3−1 ]5/2+ ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ¨ ¢µ§³µ¦¥´ Éµ²Ó±µ ¡² -
£µ¤ ·Ö ¶¥·¥Ìµ¤Ê 2+

1 → 3−1 , ±µÉµ·Ò°, ± ± ´ ³ ¨§¢¥¸É´µ ¨§ · ¸¸³µÉ·¥´¨Ö ¢
¶·¥¤Ò¤ÊÐ¨Ì · §¤¥² Ì, Ö¢²Ö¥É¸Ö ¶¥·¥Ìµ¤µ³ ¸²¥¤ÊÕÐ¥£µ ¶µ·Ö¤±  ³ ²µ¸É¨ ¶µ
¸· ¢´¥´¨Õ ¸ ±µ²²¥±É¨¢´Ò³ ¶¥·¥Ìµ¤µ³ µ¤´µËµ´µ´´µ£µ µ¡³¥´ . ‘µ¸ÉµÖ´¨Ö ¸
³µ³¥´Éµ³ ¨ Î¥É´µ¸ÉÓÕ 3/2− ¨³¥ÕÉ ´¥¡µ²ÓÏ¨¥, ´µ § ³¥É´Ò¥ ¢¥²¨Î¨´Ò · ¸-
¶ ¤  ´  ´¨¦ °Ï¥¥ ¸µ¸ÉµÖ´¨¥ 5/2+. ˜¨·¨´Ò · ¸¶ ¤  ¸µ¸ÉµÖ´¨° 5/2− ´  Éµ
¦¥ ¸µ¸ÉµÖ´¨¥ 5/2+ §´ Î¨É¥²Ó´µ ¸² ¡¥¥ ¶µ ¸· ¢´¥´¨Õ ¸ · ¸¶ ¤µ³ ¸µ¸ÉµÖ´¨°
3/2−, É ± ± ± ¨³¥ÕÉ ³ É·¨Î´Ò° Ô²¥³¥´É E1-¶¥·¥Ìµ¤  ¶·¨³¥·´µ ´  ¶µ·Ö¤µ±
³¥´ÓÏ¥. �¨¦ °Ï¥¥ ¸µ¸ÉµÖ´¨¥ 5/2+ ¸¨²Ó´µ ¸¢Ö§ ´µ ¸ ¨§µ³¥·µ³ ¶µ¸·¥¤¸É¢µ³
[g9/2⊗ 2+

1 ]-±µ³¶µ´¥´ÉÒ ¸¢µ¥° ¢µ²´µ¢µ° ËÊ´±Í¨¨, É ±¨³ µ¡· §µ³, ¶¥·¥Ìµ¤Ò ¸
¸µ¸ÉµÖ´¨° 3/2− Ö¢²ÖÕÉ¸Ö ³¥Ì ´¨§³µ³, µÉ¢¥É¸É¢¥´´Ò³ §  § ¸¥²¥´¨¥ ¨§µ³¥· .
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�ÉµÉ ·¥§Ê²ÓÉ É ´ Ìµ¤¨É¸Ö ¢ ¶µ²´µ³ ¸µ£² ¸¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò-
³¨, ¸¢¨¤¥É¥²Ó¸É¢ÊÕÐ¨³¨ µ ´ ²¨Î¨¨ Éµ²Ó±µ ¤¢ÊÌ �‘ ¶·¨³¥·´µ · ¢´µ° ¸¨²Ò,
¶·¨ ÔÉµ³ ¢ · ¸Î¥É¥ Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É¸Ö Ô´¥·£¥É¨Î¥¸±µ¥ ¶µ²µ¦¥´¨¥ �‘.

ŒÒ ¶·µ¢¥²¨ É ±¦¥ ¨¸¸²¥¤µ¢ ´¨Ö ¶·µÍ¥¸¸µ¢, µÉ¢¥É¸É¢¥´´ÒÌ §  ËµÉµ¢µ§-
¡Ê¦¤¥´¨¥ ¨§µ³¥·µ¢ ¢ Ö¤· Ì ¸ µÉ±·ÒÉµ° µ¡µ²µÎ±µ° 79,81Br. „ ´´Ò¥ ¨§ ·¥-
 ±Í¨¨ Ö¤¥·´µ° ·¥§µ´ ´¸´µ° Ë²Êµ·¥¸Í¥´Í¨¨ µÉ¸ÊÉ¸É¢ÊÕÉ ¤²Ö ÔÉ¨Ì ¨§µÉµ¶µ¢,
´µ, ± ± ³Ò Ê¢¨¤¨³ ¢ ¤ ²Ó´¥°Ï¥³, É¥µ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¶µ§¢µ²ÖÕÉ ¸¤¥² ÉÓ
¤µ¸É ÉµÎ´µ µ¤´µ§´ Î´Ò° ¢Ò¢µ¤ µÉ´µ¸¨É¥²Ó´µ ¸É·Ê±ÉÊ·Ò �‘, µÉ¢¥É¸É¢¥´´ÒÌ
§  § ¸¥²¥´¨¥ ¨§µ³¥· .

‚ ¨§µÉµ¶¥ 81Br ¢ÒÌµ¤ ¨§µ³¥· , ± ± ËÊ´±Í¨Ö £· ´¨Î´µ° Ô´¥·£¨¨ Éµ·³µ§-
´µ£µ ¸¶¥±É· , Ô±¸¶¥·¨³¥´É ²Ó´µ ¡Ò² ¨§³¥·¥´ ¢ Ô´¥·£¥É¨Î¥¸±µ³ ¨´É¥·¢ ²¥
3÷4,2 ŒÔ‚. ‚ ±·¨¢µ° ¢ÒÌµ¤  ¡Ò² µ¡´ ·Ê¦¥´ ¥¤¨´¸É¢¥´´Ò° ¨§²µ³ ¶·¨ Ô´¥·-
£¨¨ (3,45±0,15) ŒÔ‚. �É¸ÊÉ¸É¢¨¥ ¤ ´´ÒÌ ¨§ (γ, γ′)-·¥ ±Í¨¨ ´¥ ¶µ§¢µ²Ö¥É ¢
ÔÉµ³ ¸²ÊÎ ¥ ¸ µ¶·¥¤¥²¥´´µ¸ÉÓÕ ÊÉ¢¥·¦¤ ÉÓ, ¨³¥¥³ ³Ò ¤¥²µ ¸ µ¤¨´µÎ´Ò³ �‘
¨²¨ ¸ £·Ê¶¶µ° ¡²¨§±µ · ¸¶µ²µ¦¥´´ÒÌ Ê·µ¢´¥°. �µ¸²¥¤´¥¥ É ±¦¥ ¢ ¶·¨´Í¨¶¥
¢µ§³µ¦´µ, µ¸µ¡¥´´µ ¶·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ ÉµÉ Ë ±É, ÎÉµ ³Ò ³µ¦¥³ µ¦¨-
¤ ÉÓ ¡µ²¥¥ ¸¨²Ó´ÊÕ Ë· £³¥´É Í¨Õ ±µ´Ë¨£Ê· Í¨° ¢ ¶¥·¥Ìµ¤´µ³ Ö¤·¥ ¡·µ³ ,
´¥¦¥²¨ ¢ ¨§µÉµ¶¥ 89Y.

„²Ö µ¶·¥¤¥²¥´¨Ö ¸É·Ê±ÉÊ·Ò �‘ 81Br ³Ò · ¸¸Î¨É ²¨ ¸¶¥±É· ¢µ§¡Ê¦¤¥´-
´ÒÌ ¸µ¸ÉµÖ´¨° ¢ Ô´¥·£¥É¨Î¥¸±µ³ ¨´É¥·¢ ²¥ 3÷4,5 ŒÔ‚ ¸ ¢µ²´µ¢µ° ËÊ´±Í¨¥°,
¸µ¤¥·¦ Ð¥° ±¢ §¨Î ¸É¨Î´ÊÕ ¨ ′′±¢ §¨Î ¸É¨Í  ⊗ Ëµ´µ´′′ ±µ³¶µ´¥´ÉÒ. �¸´µ¢-
´Ò³ ¸µ¸ÉµÖ´¨¥³ 81Br Ö¢²Ö¥É¸Ö Ê·µ¢¥´Ó ¸ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ 3/2−. �µÔÉµ³Ê
¡Ò² · ¸¸Î¨É ´ ¸¶¥±É· ¸µ¸ÉµÖ´¨° ¸ Jπ = 1/2±, 3/2± ¨ 5/2±, ¢µ§¡Ê¦¤¥-
´¨¥ ±µÉµ·ÒÌ ¨§ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö Ö¤·  ¢µ§³µ¦´µ ¶µ¸·¥¤¸É¢µ³ E1-, M1-
¨²¨ E2-±µ³¶µ´¥´É Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö. �µ³¨³µ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¨
¸É·Ê±ÉÊ·Ò ¢µ§¡Ê¦¤ ¥³ÒÌ ¸µ¸ÉµÖ´¨° ³Ò É ±¦¥ · ¸¸Î¨É ²¨ ¸¥Î¥´¨Ö ¨Ì ËµÉµ-
¢µ§¡Ê¦¤¥´¨Ö ¨§ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö Ö¤· . ‘µ¸ÉµÖ´¨Ö, ¨³¥ÕÐ¨¥ ´¥¨¸Î¥§ ÕÐ¥
³ ²Ò¥ ¢¥²¨Î¨´Ò ¸¥Î¥´¨Ö σ3/2−→Jf , ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 6. ‚ É ¡²¨Í¥ É ±¦¥
¶·¨¢¥¤¥´Ò ¢±² ¤Ò ±¢ §¨Î ¸É¨Î´µ° (α+) ¨ µ¸´µ¢´µ° ′′±¢ §¨Î ¸É¨Í  ⊗ Ëµ´µ´′′

(α+Q+) ±µ³¶µ´¥´É ¢ ¸É·Ê±ÉÊ·Ê ÔÉ¨Ì ¸µ¸ÉµÖ´¨°.
Š ± ¶µ± §Ò¢ ÕÉ ´ Ï¨ · ¸Î¥ÉÒ, ¢ Ô´¥·£¥É¨Î¥¸±µ³ ¨´É¥·¢ ²¥ 3,0÷4,5 ŒÔ‚

¢ 81Br · ¸¶µ²µ¦¥´Ò ¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö, Ì · ±É¥·¨§Ê¥³Ò¥ ³ ²µ° ¶·¨-
³¥¸ÓÕ µ¤´µ±¢ §¨Î ¸É¨Î´µ° ±µ³¶µ´¥´ÉÒ ¢ ´µ·³¨·µ¢±Ê ¢µ²´µ¢µ° ËÊ´±Í¨¨.
�µÔÉµ³Ê ¢ ²¥´É´Ò¥ ¶¥·¥Ìµ¤Ò ´  ÔÉ¨ ¸µ¸ÉµÖ´¨Ö ¨§ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö Ö¤· 
¸¨²Ó´µ ¶µ¤ ¢²¥´Ò. ’ ±¦¥ ¶µ¤ ¢²¥´´Ò³¨ Ö¢²ÖÕÉ¸Ö ¨ ¶¥·¥Ìµ¤Ò ¸ µ¡³¥´µ³
±µ²²¥±É¨¢´Ò³¨ Ëµ´µ´ ³¨, µ¡² ¤ ÕÐ¨¥ ¡µ²ÓÏ¨³¨ B(E(M)λ). �·¨Î¨´Ò ¶µ-
¤ ¢²¥´¨Ö Î¨¸Éµ Ô´¥·£¥É¨Î¥¸±¨¥. Šµ²²¥±É¨¢´Ò° 2+

1 -Ëµ´µ´ ¨³¥¥É ¸²¨Ï±µ³ ³ -
²ÊÕ Ô´¥·£¨Õ ¤²Ö ¨¸¸²¥¤Ê¥³µ£µ Ô´¥·£¥É¨Î¥¸±µ£µ ¨´É¥·¢ ² , ¢ Éµ ¢·¥³Ö ± ±
1+-Ëµ´µ´, Ëµ·³¨·ÊÕÐ¨° M1-·¥§µ´ ´¸, · ¸¶µ²µ¦¥´ ¸²¨Ï±µ³ ¢Ò¸µ±µ, É ±
¦¥, ± ± ¨ ¤ ¦¥ ´¥±µ²²¥±É¨¢´Ò¥ 1−-Ëµ´µ´Ò. ˆ¸±²ÕÎ¥´¨¥ ¸µ¸É ¢²ÖÕÉ ¸µ-
¸ÉµÖ´¨¥ ¸ ³µ³¥´Éµ³ ¨ Î¥É´µ¸ÉÓÕ Jπ = 5/2+ ¨ ¨³¥ÕÐ¥¥ Ô´¥·£¨Õ ¢µ§¡Ê-
¦¤¥´¨Ö Ex = 3, 18 ŒÔ‚ ¨ ¢ ´¥±µÉµ·µ° ¸É¥¶¥´¨ ¸µ¸ÉµÖ´¨¥ ¸ Jπ = 1/2+ ¨
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’ ¡²¨Í  6. ‚µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö 81Br ¨§ Ô´¥·£¥É¨Î¥¸±µ£µ ¨´É¥·¢ ²  3÷4,5 ŒÔ‚
¸ ´ ¨¡µ²ÓÏ¨³¨ §´ Î¥´¨Ö³¨ ¸¥Î¥´¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¨§ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö σ3/2−→Jf
¨ ¢±² ¤ ±¢ §¨Î ¸É¨Î´µ° (α+) ¨ µ¸´µ¢´µ° ′′±¢ §¨Î ¸É¨Í  ⊗Ëµ´µ´′′ (α+Q+) ±µ³¶µ-
´¥´É ¢ ¸É·Ê±ÉÊ·Ê ÔÉ¨Ì ¸µ¸ÉµÖ´¨°

Jf Ex, �¥·¥Ìµ¤ σ3/2−→Jf , α+ α+Q+

ŒÔ‚ ³¡ ·ŒÔ‚

5/2+ 3, 18 E1 0, 375 2d5/2(12, 9%) 1g9/22+
1 (83, 0%)

1/2+ 3, 65 E1 0, 094 2s1/2(4, 34%) 1f5/23−1 (94, 9%)

3/2+ 3, 75 E1 0, 002 1d3/2(2, 11%) 2f5/23−1 (66, 6%)

5/2+ 3, 91 E1 0, 007 1d5/2(0, 49%) 1f5/23−1 (83, 9%)

1/2− 3, 97 E2 0, 002 2p1/2(0, 01%) 2p3/22+
5 (99, 9%)

3/2− 3, 97 E2 0, 005 2p3/2(0, 01%) 2p3/22+
5 (99, 9%)

3/2− 4, 04 M1 0, 043 2p3/2(0, 38%) 2p3/21+
1 (99, 0%)

1/2− 4, 18 M1 0, 014 2p1/2(0, 78%) 2p3/21+
1 (99, 0%)

3/2− 4, 27 M1 0, 002 2p3/2(0, 21%) 2p1/21+
1 (99, 3%)

3/2+ 4, 28 E1 0, 003 2d3/2(0, 97%) 2p3/23−1 (60, 8%)

5/2+ 4, 29 E1 0, 018 2d5/2(0, 46%) 1p3/23−1 (51, 7%)

Ex = 3, 65 ŒÔ‚, µ¡² ¤ ÕÐ¨¥ § ³¥É´Ò³ ¢±² ¤µ³ ±¢ §¨Î ¸É¨Î´µ° ±µ³¶µ´¥´ÉÒ
¢ ´µ·³¨·µ¢±Ê ¨Ì ¢µ²´µ¢ÒÌ ËÊ´±Í¨°.

�¸É ´µ¢¨³¸Ö ¡µ²¥¥ ¶µ¤·µ¡´µ ´  ¸µ¸ÉµÖ´¨¨ ¸ Jπ = 5/2+ ¨ Ex =
3, 18 ŒÔ‚. �·¨¢¥¤¥´´ Ö ¢¥·µÖÉ´µ¸ÉÓ ¥£µ ¢µ§¡Ê¦¤¥´¨Ö ¨§ µ¸´µ¢´µ£µ ¸µ¸Éµ-
Ö´¨Ö ¸µ¸É ¢²Ö¥É 0, 03 e2 · Ë³2 ¨ µ¶·¥¤¥²Ö¥É¸Ö ¨¸±²ÕÎ¨É¥²Ó´µ ¢ ²¥´É´Ò³ E1-
¶¥·¥Ìµ¤µ³ 3/2− → 5/2+. “¤¨¢¨É¥²Ó´Ò³ ¤²Ö ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö Ö¢²Ö¥É¸Ö ´ ²¨-
Î¨¥ § ³¥É´µ° ¶·¨³¥¸¨ µ¤´µÎ ¸É¨Î´µ° ±µ³¶µ´¥´ÉÒ ¢ ¥£µ ¢µ²´µ¢µ° ËÊ´±Í¨¨.
�¤´µ±¢ §¨Î ¸É¨Î´Ò° Ê·µ¢¥´Ó π(2d5/2) · ¸¶µ²µ¦¥´ §´ Î¨É¥²Ó´µ ¢ÒÏ¥, ¢ ´ -
Ï¨Ì · ¸Î¥É Ì µ´ ¨³¥¥É Ô´¥·£¨Õ 7,1 ŒÔ‚, ´µ ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö
±¢ §¨Î ¸É¨Î´µ° ¨ ′′±¢ §¨Î ¸É¨Í  ⊗ Ëµ´µ´′′ ±µ´Ë¨£Ê· Í¨° Î ¸ÉÓ ¸¨²Ò ÔÉµ£µ
Ê·µ¢´Ö, ¨ ¶·¨ ÔÉµ³ § ³¥É´ Ö Î ¸ÉÓ, ¢ÒÉ ²±¨¢ ¥É¸Ö ¢ µ¡² ¸ÉÓ ¡µ²¥¥ ´¨§±¨Ì
Ô´¥·£¨°. �ÉµÉ ÔËË¥±É ´ £²Ö¤´µ ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 10, ´  ±µÉµ·µ³ ¨§µ¡· -
¦¥´  Ë· £³¥´É Í¨Ö π(2d5/2) µ¤´µ±¢ §¨Î ¸É¨Î´µ° ±µ³¶µ´¥´ÉÒ ¶µ ¸µ¸ÉµÖ´¨Ö³
¸ ³µ³¥´Éµ³ ¨ Î¥É´µ¸ÉÓÕ Jπ = 5/2+. �¨§±µÔ´¥·£¥É¨Î¥¸±¨° ¶¨± ¢ ÔÉµ³ · ¸-
¶·¥¤¥²¥´¨¨ ¨ Ëµ·³¨·Ê¥É �‘, µ¡´ ·Ê¦¥´´µ¥ ¢ Ô±¸¶¥·¨³¥´É¥. „µ¶µ²´¨É¥²Ó-
´Ò³  ·£Ê³¥´Éµ³ (¶µ³¨³µ ¡µ²ÓÏµ° ¢¥²¨Î¨´Ò ¸¥Î¥´¨Ö ¢µ§¡Ê¦¤¥´¨Ö σJi→Jf )
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�¨¸. 10. � ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò ±¢ §¨Î ¸É¨Î´µ° ±µ³¶µ´¥´ÉÒ π(2d5/2) ¶µ ¢µ§¡Ê¦¤¥´´Ò³
¸µ¸ÉµÖ´¨Ö³ ¸ ³µ³¥´Éµ³ ¨ Î¥É´µ¸ÉÓÕ Jπ = 5/2+ ¢ 81Br. ‹¨´¨Ö ¸µ ¸É·¥²±µ° Ê± §Ò¢ ¥É
¶µ²µ¦¥´¨¥ µ¤´µ±¢ §¨Î ¸É¨Î´µ£µ Ê·µ¢´Ö π(2d5/2)

¢ ¶µ²Ó§Ê ¶µ¸²¥¤´¥£µ ÊÉ¢¥·¦¤¥´¨Ö ¸²Ê¦¨É µ¸´µ¢´ Ö, ′′±¢ §¨Î ¸É¨Í  ⊗ Ëµ´µ´′′

±µ³¶µ´¥´É , ¢±² ¤ ±µÉµ·µ° ¢ ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ¶·¥¢ÒÏ ¥É
80 %. Š¢ §¨Î ¸É¨Î´ Ö Î ¸ÉÓ ÔÉµ° ±µ³¶µ´¥´ÉÒ ¨³¥¥É ±¢ ´Éµ¢Ò¥ Î¨¸²  9/2+,
¨, É ±¨³ µ¡· §µ³, ÔÉ  ±µ³¶µ´¥´É  ¸¢Ö§ ´  ¶µ¸·¥¤¸É¢µ³ ±µ²²¥±É¨¢´µ£µ E2-
· ¸¶ ¤  ¸ ¨§µ³¥·µ³ 9/2+, ¢ÒÌµ¤ ±µÉµ·µ£µ ·¥£¨¸É·¨·µ¢ ²¸Ö ¢ Ô±¸¶¥·¨³¥´É¥.

� ¸¸³µÉ·¨³ É¥¶¥·Ó · ¸¶ ¤ ¸µ¸ÉµÖ´¨Ö c Jπ = 5/2+ ¨ Ex = 3, 18 ŒÔ‚
´  ¨§µ³¥·´µ¥ ¸µ¸ÉµÖ´¨¥ 9/2+. ‚ ´ Ï¨Ì · ¸Î¥É Ì ´¨¦ °Ï¥¥ 9/2+-¸µ¸ÉµÖ´¨¥
¨³¥¥É Ô´¥·£¨Õ ¢µ§¡Ê¦¤¥´¨Ö, · ¢´ÊÕ 1,63 ŒÔ‚, ¨ ¸µ¸Éµ¨É ´  64 % ¨§ µ¤´µ±¢ -
§¨Î ¸É¨Î´µ° ±µ´Ë¨£Ê· Í¨¨ 1g9/2 ¨ ´  30 % ¨§ ±µ´Ë¨£Ê· Í¨¨ [1g9/2⊗2+

1 ]9/2+ .
�±¸¶¥·¨³¥´É ²Ó´µ¥ §´ Î¥´¨¥ ¤²Ö Ô´¥·£¨¨ ¨§µ³¥·  ¢ 81Br · ¢´µ 536 ±Ô‚. “Î¥É
±µ´Ë¨£Ê· Í¨° É¨¶  ′′±¢ §¨Î ¸É¨Í  ⊗ 2 Ëµ´µ´ ′′ ´  ¸¢µ°¸É¢  ´¨§±µ²¥¦ Ð¨Ì
¸µ¸ÉµÖ´¨° ¢ ´¥Î¥É´ÒÌ Ö¤· Ì · ¸¸³µÉ·¥´ ¢ · ¡µÉ¥ [68]. �µ± § ´µ, ÎÉµ ¢±²ÕÎ¥-
´¨¥ ¢ · ¸¸³µÉ·¥´¨¥ ¸²µ¦´ÒÌ ±µ´Ë¨£Ê· Í¨° ¸ÊÐ¥¸É¢¥´´µ Ê²ÊÎÏ ¥É µ¶¨¸ ´¨¥
Ô´¥·£¥É¨Î¥¸±µ£µ ¶µ²µ¦¥´¨Ö ´¨§±µ²¥¦ Ð¨Ì Ê·µ¢´¥°. ‚ Î ¸É´µ¸É¨, ¨Ì ÊÎ¥É ¢
81Br ¶·¨¢µ¤¨É ± ¶µ´¨¦¥´¨Õ Ô´¥·£¨¨ ´¨¦ °Ï¥£µ 9/2+-¸µ¸ÉµÖ´¨Ö ¤µ ¢¥²¨Î¨´Ò
0,87 ŒÔ‚, ¸ÊÐ¥¸É¢¥´´µ ¶·¨¡²¨¦ Ö¸Ó ± Ô±¸¶¥·¨³¥´É ²Ó´µ³Ê §´ Î¥´¨Õ, ¶·¨
ÔÉµ³ ¶µ²µ¦¥´¨¥ �‘ 5/2+ ¸ÊÐ¥¸É¢¥´´µ ´¥ ¨§³¥´Ö¥É¸Ö. �·Ö³µ° ¶¥·¥Ìµ¤ ³¥¦¤Ê
· ¸¸³ É·¨¢ ¥³Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ 5/2+ ¨ 9/2+ ¨¤¥É ´  ∼ 90 % §  ¸Î¥É µ¡³¥´ 
±µ²²¥±É¨¢´Ò³ 2+

1 -Ëµ´µ´µ³ ¨ ¸µ¸É ¢²Ö¥É B(E2 ↓) = 386 e2 · Ë³4. ˆ¸¶µ²Ó-
§ÊÖ ÔÉÊ ¢¥²¨Î¨´Ê, ³µ¦´µ µÍ¥´¨ÉÓ ¨§µ³¥·´µ¥ µÉ´µÏ¥´¨¥, ¶µ² £ Ö, ÎÉµ ¢ Γiso

µ¸´µ¢´µ° ¢±² ¤ ¤ ¥É ¶·Ö³µ° ±µ²²¥±É¨¢´Ò° ¶¥·¥Ìµ¤ ´  ¨§µ³¥·´µ¥ ¸µ¸ÉµÖ´¨¥,
  ¢ Γ Ä ¶¥·¥Ìµ¤ ¢ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥, É.¥. Γ = Γ0. ‚ ÔÉ¨Ì ¶·¥¤¶µ²µ¦¥´¨ÖÌ
¶µ²ÊÎ ¥³ Γiso/Γ = 6 · 10−2. �Í¥´±  ¢¥²¨Î¨´Ò ¶µ²´µ£µ ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö
Ö¤·  ¢ ¨§µ³¥·´µ³ ¸µ¸ÉµÖ´¨¨ Î¥·¥§ Ê·µ¢¥´Ó 5/2+ ¸ Ex = 3, 18 ŒÔ‚ ¸ ÔÉ¨³
Γiso/Γ ¸µ¸É ¢²Ö¥É 20 ³±¡·ŒÔ‚, ÎÉµ ´¥¶²µÌµ ¸µ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³
§´ Î¥´¨¥³ 5 ³±¡·ŒÔ‚, ¶·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ ÉµÉ Ë ±É, ÎÉµ Ô±¸¶¥·¨³¥´É ²Ó-
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´µ¥ §´ Î¥´¨¥ ¨³¥¥É ¶µ£·¥Ï´µ¸ÉÓ ¶µ·Ö¤±  Ë ±Éµ·  3, £² ¢´Ò³ µ¡· §µ³, ¨§-§ 
´¥µ¶·¥¤¥²¥´´µ¸É¨ ¢ ¨´É¥´¸¨¢´µ¸É¨ ¶ÊÎ±  ËµÉµ´µ¢.

—Éµ ± ¸ ¥É¸Ö ¸µ¸ÉµÖ´¨Ö ¸ Jπ = 1/2+ ¨ Ex = 3, 65 ŒÔ‚, ¢¥·µÖÉ´µ¸ÉÓ
¢µ§¡Ê¦¤¥´¨Ö ±µÉµ·µ£µ ¢¸¥£µ ¢ Î¥ÉÒ·¥ · §  ³¥´ÓÏ¥ ¶µ ¸· ¢´¥´¨Õ ¸ ¸µ¸ÉµÖ´¨¥³
¸ Ô´¥·£¨¥° Ex = 3, 18 ŒÔ‚, ¥£µ ¢±² ¤ ¢ ¶µ²´µ¥ ¸¥Î¥´¨¥ ËµÉµ¢µ§¡Ê¦¤¥´¨Ö
¨§µ³¥·  ¶·¥´¥¡·¥¦¨³µ ³ ² ¨§-§  ¡µ²ÓÏµ° · §´¨ÍÒ ¶µ ¸¶¨´Ê ¸ ¨§µ³¥·µ³
(∆J = 4) ¨ ¶µ ¸É·Ê±ÉÊ·¥ ¥£µ ¢µ²´µ¢µ° ËÊ´±Í¨¨.

‚ ¨§µÉµ¶¥ 79Br ± ·É¨´  ËµÉµ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·  9/2+ µÎ¥´Ó ´ ¶µ³¨-
´ ¥É  ´ ²µ£¨Î´ÊÕ ± ·É¨´Ê ¢ ¸µ¸¥¤´¥³ ¨§µÉµ¶¥ 81Br. � ¸Î¥É ¶·¥¤¸± §Ò¢ ¥É
´ ²¨Î¨¥ ¤¢ÊÌ �‘ ¢ Ô´¥·£¥É¨Î¥¸±µ³ ¨´É¥·¢ ²¥ 0÷4 ŒÔ‚. �¥·¢µ¥ ¸µ¸ÉµÖ´¨¥ ¸
³µ³¥´Éµ³ ¨ Î¥É´µ¸ÉÓÕ Jπ = 7/2−, · ¸¶µ²µ¦¥´´µ¥ ¶·¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö
1,1 ŒÔ‚, ¨³¥¥É ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ

Ψ(
7

2

−
) = (0, 34)2f7/2 + (0, 85)[2p3/2 ⊗ 2+

1 ]7/2− + · · · (23)

‚µ§¡Ê¦¤¥´¨¥ ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ¶·µ¨¸Ìµ¤¨É §  ¸Î¥É ±µ²²¥±É¨¢´µ£µ 2+
1 -Ëµ´µ´ ,

¸¢Ö§Ò¢ ÕÐ¥£µ ¸µ¸ÉµÖ´¨¥ (23) ¸ µ¸´µ¢´Ò³ ¸µ¸ÉµÖ´¨¥³ Ö¤·  3/2−. …£µ · ¸¶ ¤
´  ¨§µ³¥· µ¡Ê¸²µ¢²¥´ ¢ ²¥´É´Ò³ E1-¶¥·¥Ìµ¤µ³ 2f7/2 → 1g9/2. �±¸¶¥·¨-
³¥´É ²Ó´µ ¨§¢¥¸É¥´ 7/2−-Ê·µ¢¥´Ó ¸ Ô´¥·£¨¥° 0,761 ŒÔ‚,   É ±¦¥ Ê·µ¢¥´Ó ¸
Ô´¥·£¨¥° 1,8 ŒÔ‚, ±µÉµ·Ò°, ¶·¥¤¶µ²µ¦¨É¥²Ó´µ, ¨³¥¥É É¥ ¦¥ ¸¶¨´ ¨ Î¥É´µ¸ÉÓ.
�·¥¤¶µ² £ Ö, ÎÉµ ¸µ¸ÉµÖ´¨¥ (23) (±µÉµ·µ¥, ¥¸É¥¸É¢¥´´µ, ¡Ê¤¥É Ë· £³¥´É¨·µ-
¢ ÉÓ ¶·¨ ÊÎ¥É¥ ¸¢Ö§¨ ¸ ¡µ²¥¥ ¸²µ¦´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨) ¸µµÉ¢¥É¸É¢Ê¥É ÔÉ¨³
¤¢Ê³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ Ê·µ¢´Ö³, ³Ò ¶µ²ÊÎ ¥³ µÎ¥´Ó Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ ¶µ
 ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´¥ ¸¥Î¥´¨Ö ËµÉµ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·  ¢ µ¡² ¸É¨ ¶·¥¤¥²Ó-
´µ° Ô´¥·£¨¨ Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö ¤µ 2 ŒÔ‚ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

‘¨²Ó´µ¥ �‘ ¢ · °µ´¥ 3,2 ŒÔ‚ ¸ Jπ = 5/2+ Ö¢²Ö¥É¸Ö  ´ ²µ£µ³ ¸µµÉ-
¢¥É¸É¢ÊÕÐ¥£µ ¸µ¸ÉµÖ´¨Ö ¢ 81Br, ¶µ¤·µ¡´µ µ¡¸Ê¦¤ ¢Ï¥£µ¸Ö ¢ÒÏ¥. ‚ 79Br ¥£µ
¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¨³¥¥É ¢¨¤

Ψ

(
5

2

+)
= (0, 38)2d5/2 + (0, 90)[1g9/2 ⊗ 2+

1 ]5/2+ + · · · , (24)

¨ ¥£µ ¢µ§¡Ê¦¤¥´¨¥ ¨ · ¸¶ ¤ ´  ¨§µ³¥· Ì · ±É¥·¨§ÊÕÉ¸Ö ¶·µÉ¨¢µ¶µ²µ¦´µ°
¶·¨·µ¤µ° ¶µ ¸· ¢´¥´¨Õ ¸ ¸µ¸ÉµÖ´¨¥³ (23): ¢ ²¥´É´Ò° E1-¶¥·¥Ìµ¤ 2p3/2 →
2d5/2 ¶·¨ ¢µ§¡Ê¦¤¥´¨¨ ¨ ±µ²²¥±É¨¢´Ò° E2-· ¸¶ ¤ ´  ¨§µ³¥·.

‡�Š‹�—…�ˆ…

‚ µ¡§µ·¥ ¶·¥¤¸É ¢²¥´Ò É¥µ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ¸É·Ê±ÉÊ·Ò ´¨§-
±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¢ ¸Ë¥·¨Î¥¸±¨Ì Ö¤· Ì, ¢Ò¶µ²´¥´´ÒÌ ¢ · ³± Ì
±¢ §¨Î ¸É¨Î´µ-Ëµ´µ´´µ° ³µ¤¥²¨ Ö¤· , ¨ ¸· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éµ¢ · ¸Î¥Éµ¢ ¸
¨³¥ÕÐ¨³¨¸Ö ¸µ¢·¥³¥´´Ò³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨, ¶µ²ÊÎ¥´´Ò³¨ ¢
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· §²¨Î´ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ. „¥É ²Ó´µ ¨§ÊÎ¥´µ ¢§ ¨³µ¤¥°¸É¢¨¥ ¶·µ¸ÉÒÌ
(µ¤´µËµ´µ´´ÒÌ) ¨ ¸²µ¦´ÒÌ (³´µ£µËµ´µ´´ÒÌ) ±µ³¶µ´¥´É ¢µ²´µ¢ÒÌ ËÊ´±Í¨°
¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¨ ¨§³¥´¥´¨¥ ·µ²¨ ÔÉµ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ µ¶·¥¤¥-
²¥´¨¨ ¸¢µ°¸É¢ · ¸¸³ É·¨¢ ¥³ÒÌ ¸µ¸ÉµÖ´¨° ¶·¨ ¶¥·¥Ìµ¤¥ µÉ Ö¤¥· ¸ § ³±´Ê-
Éµ° µ¡µ²µÎ±µ° ± ¶¥·¥Ìµ¤´Ò³ Ö¤· ³. �·µ¤¥³µ´¸É·¨·µ¢ ´µ, ÎÉµ ¨¸¶µ²Ó§Ê¥³ Ö
³µ¤¥²Ó µ¶¨¸Ò¢ ¥É ´  Ìµ·µÏ¥³ ±µ²¨Î¥¸É¢¥´´µ³ Ê·µ¢´¥ ¡µ²ÓÏµ° µ¡Ñ¥³ ¸µ¢·¥-
³¥´´µ° Ô±¸¶¥·¨³¥´É ²Ó´µ° ¨´Ëµ·³ Í¨¨ µ ¸¢µ°¸É¢ Ì ¨§ÊÎ ¥³ÒÌ ¸µ¸ÉµÖ´¨°,
¶µ²ÊÎ¥´´ÒÌ ¢ · §²¨Î´ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ.
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