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‚ µ¡§µ·¥ · ¸¸³µÉ·¥´Ò ÔËË¥±ÉÒ ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ É¨¶  ¢µ ¢· Ð Õ-
Ð¨Ì¸Ö Ö¤· Ì ¨ ³¥É ²²¨Î¥¸±¨Ì §¥·´ Ì. �¡¸Ê¦¤ ÕÉ¸Ö µ¸´µ¢´Ò¥ É¥µ·¥É¨Î¥¸±¨¥ ¶µ¤Ìµ¤Ò, ¨¸¶µ²Ó-
§Ê¥³Ò¥ ¤²Ö µ¶¨¸ ´¨Ö ÔÉ¨Ì ÔËË¥±Éµ¢ ¢µ ¢· Ð ÕÐ¨Ì¸Ö Ö¤· Ì. �·µ¤¥³µ´¸É·¨·µ¢ ´  ¢ ¦´ Ö ·µ²Ó
±¢ ´Éµ¢ÒÌ Ë²Ê±ÉÊ Í¨° ¶·¨  ´ ²¨§¥ Ö¢²¥´¨Ö ¸¢¥·ÌÉ¥±ÊÎ¥¸É¨ ¢ ¤ ´´ÒÌ ¸¨¸É¥³ Ì.  ¸¸³µÉ·¥´ 
ÉµÎ´µ ·¥Ï ¥³ Ö ³µ¤¥²Ó ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ É¨¶ , Ê¸¶¥Ï´µ ¶·¨³¥´Ö¥³ Ö ± ±
¤²Ö  Éµ³´ÒÌ Ö¤¥·, É ± ¨ ¤²Ö ³¥É ²²¨Î¥¸±¨Ì §¥·¥´.

Effects of pairing correlations in rotating nuclei and metallic grains are considered. Main
theoretical approaches describing these effects in rotating nuclei are reviewed. The important role
of quantal buctuations for the description of the superbuidity is demonstrated. The exact model of
pairing correlations, which has been successfully emploied for the description of the superbuidity in
atomic nuclei and metallic grains, is discussed.

1. ‚‚…„…�ˆ…

Œ¨±·µ¸±µ¶¨Î¥¸± Ö É¥µ·¨Ö ¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨, ¸Ëµ·³Ê²¨·µ¢ ´´ Ö ¢ ±µ´-
Í¥ ¶ÖÉ¨¤¥¸ÖÉÒÌ £µ¤µ¢ [1, 2], ¡²¥¸ÉÖÐ¨³ µ¡· §µ³ ¶·µ¤¥³µ´¸É·¨·µ¢ ² , ´ -
¸±µ²Ó±µ ËÊ´¤ ³¥´É ²Ó´ÊÕ ·µ²Ó ¨£· ÕÉ ±¢ ´Éµ¢Ò¥ ÔËË¥±ÉÒ ¶·¨ µ¡ÑÖ¸´¥´¨¨
Ö¢²¥´¨°, ¶·µ¨¸Ìµ¤ÖÐ¨Ì ¢ ³ ±·µ¸±µ¶¨Î¥¸±¨Ì ¸¨¸É¥³ Ì, ³¥É ²²¨Î¥¸±¨Ì ¸¢¥·Ì-
¶·µ¢µ¤´¨± Ì. ‚ ¦´ÊÕ ·µ²Ó ¶·¨ ÔÉµ³ ¸Ò£· ²¨ · ¡µÉÒ ”·¥²¨Ì  [3], ±µÉµ·Ò°
¶·¥¤¶µ²µ¦¨², ÎÉµ ¸¢¥·Ì¶·µ¢µ¤¨³µ¸ÉÓ µ¶·¥¤¥²Ö¥É¸Ö ¢§ ¨³µ¤¥°¸É¢¨¥³ Ô²¥±É·µ-
´µ¢ ¸ Ëµ´µ´ ³¨ ·¥Ï¥É±¨. �¤´ ±µ ¶·¨´Í¨¶¨ ²Ó´Ò³ ³µ³¥´Éµ³ ¢ · §¢¨É¨¨
É¥µ·¨¨ ¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨ ¸É ²  ¨¤¥Ö µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¶ ·´µ£µ ¶·¨ÉÖ£¨¢ Õ-
Ð¥£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê Ô²¥±É·µ´ ³¨, ´ Ìµ¤ÖÐ¨³¨¸Ö ¢¡²¨§¨ ¶µ¢¥·Ì´µ¸É¨
”¥·³¨ [1]. �·¨ ÔÉµ³ ¸² ¡µ¥ ¶·¨ÉÖ¦¥´¨¥ ³¥¦¤Ê Ô²¥±É·µ´ ³¨ ¢µ§´¨± ¥É
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± ± ·¥§Ê²ÓÉ É ¨´É¥·Ë¥·¥´Í¨¨ Ô²¥±É·µ´-Ëµ´µ´´µ£µ ¨ ±Ê²µ´µ¢¸±µ£µ ¢§ ¨³µ-
¤¥°¸É¢¨° [2]. ˆ¸Ìµ¤Ö ¨§ ¶·¥¤¸É ¢²¥´¨Ö µ Éµ³, ÎÉµ Ô²¥±É·µ´Ò ¸ ¶·µÉ¨¢µ¶µ-
²µ¦´Ò³¨ ¨³¶Ê²Ó¸ ³¨ ¨ ¸¶¨´ ³¨ µ¡· §ÊÕÉ ¸¢Ö§ ´´Ò¥ ¶ ·Ò, ³ É¥³ É¨Î¥¸± Ö
¶·µ¡²¥³  É¥µ·¨¨ ¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨ ¸¢µ¤¨É¸Ö ± µÉÒ¸± ´¨Õ ¶ ·´ÒÌ ËÊ´±-
Í¨°, ¸µ¤¥·¦ Ð¨Ì ¶ · ³¥É·Ò, ±µÉµ·Ò¥ ³µ¦´µ µ¶·¥¤¥²¨ÉÓ ¨§ ¢ ·¨ Í¨µ´´µ£µ
¶·¨´Í¨¶ . ˆ§²µ¦¥´¨¥ ¶µ¸²¥¤µ¢ É¥²Ó´µ° ³¨±·µ¸±µ¶¨Î¥¸±µ° É¥µ·¨¨ ¸¢¥·Ì¶·µ-
¢µ¤¨³µ¸É¨ ³µ¦´µ ´ °É¨ ¢ ³µ´µ£· Ë¨¨ [4].

‚µ¶·µ¸ µ ¢µ§³µ¦´µ¸É¨ ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ É¨¶  ¢
 Éµ³´ÒÌ Ö¤· Ì ¢¶¥·¢Ò¥ µ¤´µ¢·¥³¥´´µ µ¡¸Ê¦¤ ²¸Ö ¢ · ¡µÉ Ì [5, 6]. iµ£µ-
²Õ¡µ¢, µ¸´µ¢Ò¢ Ö¸Ó ´  ¸¢µ¥³ ¶µ¤Ìµ¤¥ ± ¶·µ¡²¥³¥ ¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨ [2],
¸Ëµ·³Ê²¨·µ¢ ² ¢ · ¡µÉ¥ [5] ¢ ·¨ Í¨µ´´Ò° ³¥Éµ¤ ¤²Ö ¨§ÊÎ¥´¨Ö ¸¢¥·ÌÉ¥±ÊÎ¥¸É¨
Ö¤¥·´µ° ³ É¥·¨¨, µ¡µ¡Ð¨¢ ³¥Éµ¤ ”µ±  [7]. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ÔÉµÉ ¶µ¤Ìµ¤
Ö¢²Ö¥É¸Ö µ¤´¨³ ¨§ ´ ¨¡µ²¥¥ ÔËË¥±É¨¢´ÒÌ ³¨±·µ¸±µ¶¨Î¥¸±¨Ì ³¥Éµ¤µ¢ ¨¸¸²¥-
¤µ¢ ´¨Ö ¸É·Ê±ÉÊ·Ò Ö¤· . �¢Éµ·Ò · ¡µÉÒ [6], ¨¸Ìµ¤Ö ¨§ ¸ÊÐ¥¸É¢µ¢ ´¨Ö Ô´¥·£¥-
É¨Î¥¸±µ° Ð¥²¨ ³¥¦¤Ê µ¸´µ¢´Ò³ ¸µ¸ÉµÖ´¨¥³ ¨ ¶¥·¢Ò³ ¢µ§¡Ê¦¤¥´´Ò³ ¸µ¸Éµ-
Ö´¨¥³ ´¥±µ²²¥±É¨¢´µ° ¶·¨·µ¤Ò ¢ ¸¶¥±É· Ì  Éµ³´ÒÌ Ö¤¥·, ¶·µ¢¥²¨  ´ ²µ£¨Õ
¸ Ô²¥±É·µ´´Ò³ ¸¶¥±É·µ³ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¨Ì ³¥É ²²µ¢. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ É¥µ-
·¨¥° ¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨ [1,2] µ´¨ ¢Òc± § ²¨ ¶·¥¤¶µ²µ¦¥´¨¥ µ ¢µ§³µ¦´µ¸É¨
¸ÊÐ¥¸É¢µ¢ ´¨Ö ¶ ·´µ£µ ¶·¨ÉÖ£¨¢ ÕÐ¥£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ ³¥¦¤Ê ´Ê±²µ´ ³¨
¢  Éµ³´ÒÌ Ö¤· Ì. ‘·¥¤¨ ¢µ§³µ¦´ÒÌ ¶·µÖ¢²¥´¨° ÔÉµ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¡Ò²¨
Ê± § ´Ò: §´ Î¨É¥²Ó´µ¥ µÉ±²µ´¥´¨¥ ³µ³¥´Éµ¢ ¨´¥·Í¨¨ µÉ É¢¥·¤µÉ¥²Ó´µ£µ §´ -
Î¥´¨Ö ¨ · §²¨Î¨¥ ³ ¸¸ Î¥É´µ-Î¥É´ÒÌ ¨ ´¥Î¥É´ÒÌ Ö¤¥·. �É³¥Î ²µ¸Ó É ±¦¥, ÎÉµ
¶µ¤µ¡´Ò¥ ±µ··¥²ÖÍ¨¨ ´¥ ¢ ¦´Ò ¤²Ö ¸¢µ°¸É¢ ¡¥¸±µ´¥Î´µ° Ö¤¥·´µ° ³ É¥·¨¨,
µ¤´ ±µ µ´¨ ¡Ê¤ÊÉ ¨£· ÉÓ § ³¥É´ÊÕ ·µ²Ó ¢ ¸¶¥±É·¥ ´¨§±µ²¥¦ Ð¨Ì ¢µ§¡Ê¦-
¤¥´¨°  Éµ³´ÒÌ Ö¤¥·. �·¨³¥´ÖÖ ¢ ·¨ Í¨µ´´Ò° ³¥Éµ¤ iµ£µ²Õ¡µ¢ , ‘µ²µ¢Ó¥¢ ¢
· ¡µÉ¥ [8] ¢¶¥·¢Ò¥ ¶·µ¤¥³µ´¸É·¨·µ¢ ² ¸ÊÐ¥¸É¢µ¢ ´¨¥ Ô´¥·£¥É¨Î¥¸±µ° Ð¥²¨
¶·¨ ´ ²¨Î¨¨ ¶ ·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ É¨¶  ¢ ¸¶¥±É·¥ ¸¨-
¸É¥³Ò ¶·µÉµ´µ¢ (¨²¨ ´¥°É·µ´µ¢), ´ Ìµ¤ÖÐ¨Ì¸Ö ´  µ¤´µ° ¨ Éµ° ¦¥ µ¡µ²µÎ±¥
¸ · ¢´Ò³¨ ¨ ¶·µÉ¨¢µ¶µ²µ¦´Ò³¨ §´ Î¥´¨Ö³¨ ³ £´¨É´µ£µ ±¢ ´Éµ¢µ£µ Î¨¸² 
m, ¤µ± § ¢ ¢Ò£µ¤´µ¸ÉÓ ¸¢¥·ÌÉ¥±ÊÎ¥£µ ¸µ¸ÉµÖ´¨Ö Ö¤·  ¶µ ¸· ¢´¥´¨Õ ¸ ¸µ¸Éµ-
Ö´¨¥³ ¶µ²´µ¸ÉÓÕ ¢Ò·µ¦¤¥´´µ£µ Ë¥·³¨-£ §  (´µ·³ ²Ó´µ¥ ¸µ¸ÉµÖ´¨¥). i¥²Ö¥¢,
¨¸¶µ²Ó§ÊÖ ± ´µ´¨Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ iµ£µ²Õ¡µ¢ , ¢ · ¡µÉ¥ [9] · §¢¨² É¥µ-
·¨Õ ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ É¨¶  ¢ Ö¤·¥, ¶·µ¤¥³µ´¸É·¨·µ¢ ¢
¨Ì ¢²¨Ö´¨¥ ´  · ¢´µ¢¥¸´Ò¥ ¶ · ³¥É·Ò ¤¥Ëµ·³ Í¨¨, ¨´¥·Í¨µ´´Ò¥ ¶ · ³¥É·Ò
¨ ³µ³¥´ÉÒ ¨´¥·Í¨¨ Î¥É´µ-Î¥É´ÒÌ Ö¤¥·,   É ±¦¥ ´  ´¨§±µ²¥¦ Ð¨¥ ¢¨¡· Í¨-
µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö ¢ ¸Ë¥·¨Î¥¸±¨Ì Ö¤· Ì.

�¥¸³µÉ·Ö ´  ¥¸É¥¸É¢¥´´µ¸ÉÓ £¨¶µÉ¥§Ò µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¶ ·´ÒÌ ±µ··¥-
²ÖÍ¨° ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ É¨¶  ¢ Ö¤·¥, ¨Ì ³¨±·µ¸±µ¶¨Î¥¸± Ö ¶·¨·µ¤  ¶µ± 
´¥ ¶µ²ÊÎ¨²  Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ£µ µ¡ÑÖ¸´¥´¨Ö. ‚  Éµ³´µ³ Ö¤·¥ µÉ¸ÊÉ¸É¢Ê¥É
¸¢µÖ ®¨µ´´ Ö¯ ¶µ¤¸¨¸É¥³ , ±µ²¥¡²ÕÐ Ö¸Ö ¢µ±·Ê£ ¶µ²µ¦¥´¨Ö · ¢´µ¢¥¸¨Ö, ± ±
¢ ¸²ÊÎ ¥ ³¥É ²²¨Î¥¸±µ£µ ¸¢¥·Ì¶·µ¢µ¤´¨± . Š·µ³¥ Éµ£µ, ¶¥·¨µ¤¨Î¥¸±¨¥ ±· ¥-
¢Ò¥ Ê¸²µ¢¨Ö, ¨¸¶µ²Ó§Ê¥³Ò¥ ¶·¨ Ëµ·³Ê²¨·µ¢±¥ É¥µ·¨¨ ¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨ ¢
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³¥É ²² Ì, ´¥µ¡Ìµ¤¨³µ § ³¥´¨ÉÓ ±· ¥¢Ò³¨ Ê¸²µ¢¨Ö³¨ ´  ¶µ¢¥·Ì´µ¸É¨ Ö¤· ,
±µÉµ· Ö ¸ ³  Ö¢²Ö¥É¸Ö ¤¨´ ³¨Î¥¸±¨³ µ¡Ñ¥±Éµ³. �µÔÉµ³Ê ¤²Ö  Éµ³´µ£µ Ö¤· ,
£¤¥ É¥µ·¨Ö Ö¤¥·´ÒÌ ¸¨² ¥Ð¥ ´¥ ¶µ¸É·µ¥´ , ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ Ö¤¥·´Ò¥ ¸¨²Ò
Ëµ·³¨·ÊÕÉ ÔËË¥±É¨¢´µ¥ ¸·¥¤´¥¥ ¶µ²¥, £¤¥ ¶ ·´Ò¥ ±µ··¥²ÖÍ¨¨ ¸¢¥·Ì¶·µ¢µ¤Ö-
Ð¥£µ É¨¶ , ± ± ¶· ¢¨²µ, ¢±²ÕÎ¥´Ò Ö¢´Ò³ µ¡· §µ³. ’ ±µ° ¶µ¤Ìµ¤ µ¸´µ¢ ´ ´ 
·¥Ï¥´¨¨ Ê· ¢´¥´¨° • ·É·¨Å”µ± Åiµ£µ²Õ¡µ¢  (•”i) [5] ¤²Ö ´¥±µÉµ·µ£µ
ÔËË¥±É¨¢´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨²¨ ·¥Ï¥´¨¨ Ê· ¢´¥´¨° i ·¤¨´ ÅŠÊ¶¥· Å
˜·¨ËË¥·  (iŠ˜) [1] ¤²Ö Ë¥´µ³¥´µ²µ£¨Î¥¸±µ£µ µ¤´µÎ ¸É¨Î´µ£µ ¶µÉ¥´Í¨ ² 
¨ µ¸É ÉµÎ´µ£µ ¶·¨ÉÖ£¨¢ ÕÐ¥£µ ¶ ·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê ´Ê±²µ´ ³¨,
´ Ìµ¤ÖÐ¨³¨¸Ö ¢ ¸µ¸ÉµÖ´¨ÖÌ, ¸µ¶·Ö¦¥´´ÒÌ µÉ´µ¸¨É¥²Ó´µ µ¶¥· Í¨¨ µ¡· Ð¥-
´¨Ö ¢·¥³¥´¨.

ˆ¸¶µ²Ó§µ¢ ´¨¥ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¶µÉ¥´Í¨ ²µ¢ É¨¶  �¨²Ó¸¸µ´  ¨ ‚Ê¤-
¸ Å‘ ±¸µ´  ¢ ¸µÎ¥É ´¨¨ ¸ ¶µ¸ÉµÖ´´Ò³ ¶·¨ÉÖ£¨¢ ÕÐ¨³ ¶ ·´Ò³ ¢§ ¨³µ¤¥°-
¸É¢¨¥³ ¶µ§¢µ²¨²µ Ê¸¶¥Ï´µ ¨´É¥·¶·¥É¨·µ¢ ÉÓ · §´µµ¡· §´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò¥ ¤ ´´Ò¥ (¸³. [10Ä13]). Š ¦¥É¸Ö Ê¤¨¢¨É¥²Ó´Ò³, ´ ¶·¨³¥·, ÎÉµ, ¨¸¶µ²Ó§ÊÖ
Éµ²Ó±µ µ¤´µÎ ¸É¨Î´Ò° ¸¶¥±É· ²Õ¡µ£µ ¨§ ¢ÒÏ¥´ §¢ ´´ÒÌ Ë¥´µ³¥´µ²µ£¨Î¥-
¸±¨Ì ¶µÉ¥´Í¨ ²µ¢ ¤²Ö · ¸Î¥É  Ë²Ê±ÉÊ¨·ÊÕÐ¥° Î ¸É¨ ¶µ²´µ° Ô´¥·£¨¨ Ö¤· 
¶µ ³¥Éµ¤Ê ‘É·ÊÉ¨´¸±µ£µ (³¥Éµ¤ µ¡µ²µÎ¥Î´µ° ¶µ¶· ¢±¨) [14] ¨ ³µ¤¥²Ó ¦¨¤-
±µ° ± ¶²¨ ¤²Ö µ¶¨¸ ´¨Ö £² ¤±µ° Î ¸É¨ ¶µ²´µ° Ô´¥·£¨¨ Ö¤· , Ê¤ ¥É¸Ö ¶µ´ÖÉÓ
¸²µ¦´Ò¥ § ±µ´µ³¥·´µ¸É¨ Ë¨§¨±¨ ¤¥²¥´¨Ö. iµ²¥¥ Éµ£µ, § ¤µ²£µ ¤µ ¨Ì Ô±¸-
¶¥·¨³¥´É ²Ó´µ£µ µÉ±·ÒÉ¨Ö ¢ · ³± Ì ÔÉµ£µ ¶µ¤Ìµ¤  ¡Ò²¨ ¶·¥¤¸± § ´Ò É ±¨¥
§ ³¥Î É¥²Ó´Ò¥ Ö¢²¥´¨Ö, ± ± µ¡· §µ¢ ´¨¥ ¸¨²Ó´µ¤¥Ëµ·³¨·µ¢ ´´ÒÌ  Éµ³´ÒÌ
Ö¤¥· ¶·¨ ¡Ò¸É·µ³ ¢· Ð¥´¨¨ ¢ µ¡² ¸É¨ Ê£²µ¢ÒÌ ³µ³¥´Éµ¢, £¤¥ ¨Ì Ëµ·³¨·µ-
¢ ´¨¥ ± § ²µ¸Ó ´¥¢µ§³µ¦´Ò³ ¸ ÉµÎ±¨ §·¥´¨Ö ³µ¤¥²¨ ¦¨¤±µ° ± ¶²¨,   É ±¦¥
¸ÊÐ¥¸É¢µ¢ ´¨¥ ®µ¸É·µ¢  ¸É ¡¨²Ó´µ¸É¨¯ ¤²Ö ´µ¢ÒÌ, ¸µ§¤ ´´ÒÌ ¢ ² ¡µ· Éµ·-
´ÒÌ Ê¸²µ¢¨ÖÌ ¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢ ¶¥·¨µ¤¨Î¥¸±µ° ¸¨¸É¥³Ò Œ¥´¤¥²¥¥¢ .
iµ²¥¥ ¶µ¸²¥¤µ¢ É¥²Ó´Ò° ¶µ¤Ìµ¤, ±µÉµ·Ò° ¨¸¶µ²Ó§Ê¥É ·¥ ²¨¸É¨Î¥¸±µ¥ ¤¢ÊÌÎ -
¸É¨Î´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ É¨¶  ¸¨² ‘±¨·³  ¨²¨ ƒµ´¨ [13], ¢¢¨¤Ê É·Ê¤µ¥³±¨Ì
¢ÒÎ¨¸²¥´¨° ¨ ·Ö¤  µÉ±·ÒÉÒÌ ¢µ¶·µ¸µ¢ ¶µ±  Ê¸ÉÊ¶ ¥É ÔËË¥±É¨¢´µ¸É¨ Ê¶µ³Ö-
´ÊÉµ£µ ¢ÒÏ¥ ¶µ¤Ìµ¤ .

ˆ¸¸²¥¤µ¢ ´¨¥ ¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨ ¢ ³ £´¨É´ÒÌ ¶µ²ÖÌ ¶µ³µ£²µ ¶µ´ÖÉÓ
³´µ£¨¥ § ±µ´µ³¥·´µ¸É¨ ÔÉµ£µ Ö¢²¥´¨Ö ¢ ³¥É ²²¨Î¥¸±¨Ì ¸¢¥·Ì¶·µ¢µ¤´¨± Ì
(¸³., ´ ¶·¨³¥·, [15]). ‚· Ð¥´¨¥  Éµ³´ÒÌ Ö¤¥· ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ±
 ´ ²µ£ ¶µ¢¥¤¥´¨Ö ¸¢¥·Ì¶·µ¢µ¤´¨±  ¢ ³ £´¨É´µ³ ¶µ²¥. ‚ ÔÉµ° ¸É ÉÓ¥ ¡Ê-
¤ÊÉ · ¸¸³µÉ·¥´Ò ´¥±µÉµ·Ò¥  ¸¶¥±ÉÒ É¥µ·¨¨ ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ¢µ ¢· Ð -
ÕÐ¨Ì¸Ö Ö¤· Ì, ±µÉµ·Ò¥ ¶µ²ÊÎ¨²¨ ¸¢µ¥ · §¢¨É¨¥ ¢ µ¸´µ¢´µ³ ¢ ¶µ¸²¥¤´¥¥
¢·¥³Ö. Š·µ³¥ Éµ£µ, ³Ò ÌµÉ¨³ ¶·µ¤¥³µ´¸É·¨·µ¢ ÉÓ ÔËË¥±É¨¢´µ¸ÉÓ ¨¤¥°, ¶·¥¤-
²µ¦¥´´ÒÌ ¨ · §¢¨ÉÒÌ ¢ É¥µ·¨¨ ¸É·Ê±ÉÊ·Ò Ö¤· , ±µÉµ·Ò¥ ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó-
§µ¢ ´Ò ¶·¨ µ¶¨¸ ´¨¨ ¸¢µ°¸É¢ ¤·Ê£¨Ì ³´µ£µÎ ¸É¨Î´ÒÌ ±µ´¥Î´ÒÌ ±¢ ´Éµ¢ÒÌ
¸¨¸É¥³. ‚ ÔÉµ° ¸¢Ö§¨ Ê³¥¸É´µ ´ ¶µ³´¨ÉÓ, ÎÉµ ¶µ¸²¥¤´¨¥ ¤¥¸ÖÉ¨²¥É¨Ö Ì · ±-
É¥·¨§ÊÕÉ¸Ö ¡Ê·´Ò³ · §¢¨É¨¥³ Ë¨§¨±¨ ³¥§µ¸±µ¶¨Î¥¸±¨Ì ¸¨¸É¥³, É ±¨Ì, ± ±
³¥É ²²¨Î¥¸±¨¥ ±² ¸É¥·Ò, ±¢ ´Éµ¢Ò¥ ÉµÎ±¨ ¨ ³¥É ²²¨Î¥¸±¨¥ §¥·´ . �¥¸³µÉ·Ö
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´  Éµ, ÎÉµ · §³¥·Ò ÔÉ¨Ì ¸¨¸É¥³ ¤µ¸É ÉµÎ´µ ¢¥²¨±¨ ¶µ ¸· ¢´¥´¨Õ ¸  Éµ³-
´Ò³¨ Ö¤· ³¨, ±¢ ´Éµ¢Ò¥ ÔËË¥±ÉÒ, Ìµ·µÏµ ¨§¢¥¸É´Ò¥ ¢ Ö¤·¥, ³µ£ÊÉ ¨£· ÉÓ
§ ³¥É´ÊÕ ·µ²Ó É ±¦¥ ¨ ¢ ÔÉ¨Ì ¸¨¸É¥³ Ì. � ¶·¨³¥·, ÊÎ¥É µ¡µ²µÎ¥Î´µ° ¸É·Ê±-
ÉÊ·Ò Ö¢²Ö¥É¸Ö ¢ ¦´Ò³ Ô²¥³¥´Éµ³ ¶·¨ µ¶¨¸ ´¨¨ µ¤´µÎ ¸É¨Î´ÒÌ ¨ ±µ²²¥±É¨¢-
´ÒÌ ¸¢µ°¸É¢ ³¥É ²²¨Î¥¸±¨Ì ±² ¸É¥·µ¢ [16Ä18] ¨ ±¢ ´Éµ¢ÒÌ ÉµÎ¥± (¸³. [19] ¨
¸¸Ò²±¨ ¢ ´¨Ì). ‚µ¶·µ¸ µ ¢µ§³µ¦´µ¸É¨ ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ¢ ³¥É ²²¨Î¥¸±¨Ì
±² ¸É¥· Ì ¶µ±  µ¸É ¥É¸Ö µÉ±·ÒÉÒ³. �¥¤ ¢´¨¥ Ô±¸¶¥·¨³¥´ÉÒ [20] c ³¥É ²²¨-
Î¥¸±¨³¨ §¥·´ ³¨ Al ¶·µ¤¥³µ´¸É·¨·µ¢ ²¨ ´ ²¨Î¨¥ ¢ ´¨Ì ¸¶¥±É·µ¸±µ¶¨Î¥¸±µ°
Ð¥²¨. ‚ ÔÉ¨Ì Ô±¸¶¥·¨³¥´É Ì ¸ ¡¥¸¶·¥Í¥¤¥´É´µ° ÉµÎ´µ¸ÉÓÕ Ê¤ ¥É¸Ö ¨¸¸²¥¤µ-
¢ ÉÓ ¸¢µ°¸É¢  ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ¢ ³¨´¨ ÉÕ·´ÒÌ ¸¢¥·Ì¶·µ¢µ¤´¨± Ì.

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸µ ¸± § ´´Ò³ ¢ÒÏ¥ ¸É·Ê±ÉÊ·  ¸É ÉÓ¨ ¸²¥¤ÊÕÐ Ö. ‚
· §¤. 2 µ¡¸Ê¦¤ ¥É¸Ö Ô±¸¶¥·¨³¥´É ²Ó´µ¥ ¶·µÖ¢²¥´¨¥ Ô¢µ²ÕÍ¨¨ ¶ ·´ÒÌ ±µ·-
·¥²ÖÍ¨° ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ É¨¶  ¢  Éµ³´ÒÌ Ö¤· Ì ¸ ¢· Ð¥´¨¥³. ‚ · §¤. 3
¶·¥¤¸É ¢²¥´Ò µ¸´µ¢´Ò¥ Ô²¥³¥´ÉÒ É¥µ·¨¨ •”i, ¨¸¶µ²Ó§Ê¥³Ò¥ ¤²Ö µ¶¨¸ ´¨Ö
¢· Ð É¥²Ó´ÒÌ ¸µ¸ÉµÖ´¨°  Éµ³´ÒÌ Ö¤¥·, ¨ µ¡¸Ê¦¤ ¥É¸Ö ¸µ¢·¥³¥´´µ¥ ¸µ¸ÉµÖ-
´¨¥ ¤ ´´µ° ¶·µ¡²¥³Ò.  §¤¥² 4 ¶µ¸¢ÖÐ¥´ ¶·µ¡²¥³¥ ¶¥·¥¤ Î¨ ¤¢ÊÌ ´Ê±²µ´µ¢ ¨
Ô¢µ²ÕÍ¨¨ ±µ²²¥±É¨¢´ÒÌ ´¨§±µ²¥¦ Ð¨Ì ¢µ§¡Ê¦¤¥´¨° ± ± ¸·¥¤¸É¢Ê ¨§ÊÎ¥´¨Ö
¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ¶·¨ ´¥´Ê²¥¢ÒÌ Ê£²µ¢ÒÌ ³µ³¥´É Ì. ‚ · §¤. 5 µ¡¸Ê¦¤ -
¥É¸Ö ·µ²Ó ±¢ ´Éµ¢ÒÌ Ë²Ê±ÉÊ Í¨° ¢ ±µ´¥Î´ÒÌ ±¢ ´Éµ¢ÒÌ ¸¨¸É¥³ Ì ´  ¶·¨³¥·¥
¢· Ð ÕÐ¨Ì¸Ö  Éµ³´ÒÌ Ö¤¥·. ‚ · §¤. 6 ±· É±µ · ¸¸³µÉ·¥´Ò ·¥§Ê²ÓÉ ÉÒ, ¶µ-
²ÊÎ¥´´Ò¥ ¢ · §²¨Î´ÒÌ ¶µ¤Ìµ¤ Ì ¶·¨ µ¶¨¸ ´¨¨ ÔËË¥±Éµ¢ ¶ ·´ÒÌ ±µ··¥²ÖÍ¨°
¢ ³¥É ²²¨Î¥¸±¨Ì §¥·´ Ì. ‚ ÔÉµ³ ¦¥ · §¤¥²¥ ¶·¥¤¸É ¢²¥´  ÉµÎ´µ ·¥Ï ¥³ Ö
³µ¤¥²Ó [21,22], ±µÉµ· Ö ¢¶¥·¢Ò¥ ¡Ò²  ¶·¥¤²µ¦¥´  ¤²Ö µ¶¨¸ ´¨Ö ¶ ·´ÒÌ ±µ·-
·¥²ÖÍ¨° ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ É¨¶  ¢  Éµ³´ÒÌ Ö¤· Ì. ‚ § ±²ÕÎ¥´¨¨ ±· É±µ µ¡-
¸Ê¦¤ ÕÉ¸Ö ¶¥·¸¶¥±É¨¢Ò ¨¸¸²¥¤µ¢ ´¨° ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ¢  Éµ³´ÒÌ Ö¤· Ì ¨
¤·Ê£¨Ì ¸¨¸É¥³ Ì.

2. 	Š‘�…ˆŒ…�’�‹œ�›… ��Ÿ‚‹…�ˆŸ ���›• Š�…‹Ÿ–ˆ‰
‚� ‚�™��™ˆ•‘Ÿ Ÿ„�•

�·¨³¥·µ³ ¢²¨Ö´¨Ö ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ´  ·µÉ Í¨µ´´Ò¥ ¸¢µ°¸É¢   Éµ³-
´ÒÌ Ö¤¥· Ö¢²Ö¥É¸Ö ÉµÉ Ë ±É, ÎÉµ ¤¥°¸É¢¨¥ ¸¨² Šµ·¨µ²¨¸  ´  ¸¶ ·¥´´Ò¥ ´Ê-
±²µ´Ò §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥, Î¥³ ´  ´Ê±²µ´Ò ¶·¨ µÉ¸ÊÉ¸É¢¨¨ ¸¶ ·¨¢ ´¨Ö. ˆ§-
¢¥¸É´µ, ÎÉµ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ³µ³¥´Éµ¢ ¨´¥·Í¨¨ ¢ Î¥É´µ-Î¥É´ÒÌ
Ö¤· Ì ¶·¨ ´¨§±¨Ì ¸¶¨´ Ì ¢ 2Ä3 · §  ³¥´ÓÏ¥ É¢¥·¤µÉ¥²Ó´ÒÌ §´ Î¥´¨°, µ¦¨-
¤ ¥³ÒÌ ¢ µÉ¸ÊÉ¸É¢¨¥ ¸¶ ·¨¢ ´¨Ö. �Éµ ¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ ¢±² ¤  ·µÉ Í¨-
µ´´µ° Ô´¥·£¨¨ EI ∼ I(I+1)

2� (� Å ³µ³¥´É ¨´¥·Í¨¨) ¢ ¶µ²´ÊÕ Ô´¥·£¨Õ Ö¤· 
¶·¨ ¤ ´´µ³ Ê£²µ¢µ³ ³µ³¥´É¥ ¶µ ¸· ¢´¥´¨Õ ¸ É¢¥·¤µÉ¥²Ó´Ò³ ¢· Ð¥´¨¥³. �·¨
Ê¢¥²¨Î¥´¨¨ Ê£²µ¢µ£µ ³µ³¥´É  ·µÉ Í¨µ´´ Ö Ô´¥·£¨Ö ¡Ê¤¥É Ê³¥´ÓÏ ÉÓ ¢±² ¤
Ô´¥·£¨¨ ¶ ·´µ£µ ¶·¨ÉÖ£¨¢ ÕÐ¥£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. ‚ · ¡µÉ¥ [23] ¢¶¥·¢Ò¥
¡Ò²µ ¢Ò¸± § ´µ ¶·¥¤¶µ²µ¦¥´¨¥ µ · §·ÊÏ¥´¨¨ ¶ ·´µ£µ ¶µ²Ö ¢µ ¢· Ð ÕÐ¨Ì¸Ö
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Ö¤· Ì. �·µ¢µ¤Ö  ´ ²µ£¨Õ ³¥¦¤Ê Ê· ¢´¥´¨Ö³¨ ¤¢¨¦¥´¨Ö ¤²Ö ¸¢¥·Ì¶·µ¢µ¤´¨± 
¢ ³ £´¨É´µ³ ¶µ²¥ ¨ Ê· ¢´¥´¨Ö³¨ ¤¢¨¦¥´¨Ö ¤²Ö £ ³¨²ÓÉµ´¨ ´  Ö¤·  ¢µ ¢´Ê-
É·¥´´¥° ¢· Ð ÕÐ¥°¸Ö ¸¨¸É¥³¥ ±µµ·¤¨´ É,  ¢Éµ·Ò ¶·¨Ï²¨ ± ¢Ò¢µ¤Ê µ Éµ³,
ÎÉµ ¶ ·´Ò¥ ¸¨²Ò, ¸¢Ö§Ò¢ ÕÐ¨¥ Î ¸É¨ÍÒ ´  µ·¡¨É Ì ¸ ¶·µÉ¨¢µ¶µ²µ¦´Ò³¨
³ £´¨É´Ò³¨ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨, ¤µ²¦´Ò Ê³¥´ÓÏ ÉÓ¸Ö ¸ ¢· Ð¥´¨¥³. ‘¨²Ò
Šµ·¨µ²¨¸  ¸´¨³ ÕÉ ¢Ò·µ¦¤¥´¨¥ ¶µ ³ £´¨É´µ³Ê ±¢ ´Éµ¢µ³Ê Î¨¸²Ê ¨ ¢Ò¸É· -
¨¢ ÕÉ µ¤´µÎ ¸É¨Î´Ò¥ Ê£²µ¢Ò¥ ³µ³¥´ÉÒ ¢¤µ²Ó µ¸¨ ±µ²²¥±É¨¢´µ£µ ¢· Ð¥´¨Ö,
É¥³ ¸ ³Ò³ µ¸² ¡²ÖÖ ¸¶ ·¨¢ ´¨¥. �·¨ ´¥±µÉµ·µ³ ±·¨É¨Î¥¸±µ³ Ê£²µ¢µ³ ³µ-
³¥´É¥ I±· ¢· Ð¥´¨¥ ¤µ²¦´µ ¶µ²´µ¸ÉÓÕ · §·ÊÏ¨ÉÓ ¸¶ ·¨¢ ´¨¥ ¨ ¶·¨¢¥¸É¨
 Éµ³´µ¥ Ö¤·µ ¢ ³¥´¥¥ ±µ··¥²¨·µ¢ ´´µ¥ ¸µ¸ÉµÖ´¨¥, ¢ ±µÉµ·µ³ Ô´¥·£¥É¨Î¥¸± Ö
Ð¥²Ó µÉ¸ÊÉ¸É¢Ê¥É. Ÿ¤·µ ¶·¨ ÔÉµ³ ¤µ²¦´µ ¢¥¸É¨ ¸¥¡Ö ¶µ¤µ¡´µ ¸¢¥·Ì¶·µ¢µ¤-
´¨±Ê ¶¥·¢µ£µ ·µ¤ , ±µ£¤  ¶·¨ ´¥±µÉµ·µ³ ±·¨É¨Î¥¸±µ³ §´ Î¥´¨¨ ³ £´¨É´µ£µ
¶µ²Ö ¸¢¥·Ì¶·µ¢µ¤¨³µ¸ÉÓ ¨¸Î¥§ ¥É. �¥É·Ê¤´µ ¶·µ¢¥¸É¨ £·Ê¡ÊÕ µÍ¥´±Ê I±·, ¨¸-
Ìµ¤Ö ¨§ ¶·¥¤¶µ²µ¦¥´¨Ö, ÎÉµ ¢¥²¨Î¨´  Ô´¥·£¨¨ ¢· Ð¥´¨Ö ¤µ²¦´  ¡ÒÉÓ ¸· ¢-
´¨³  ¸ Ô´¥·£¨¥° ¸¶ ·¨¢ ´¨Ö ∆ ¢ µÉ¸ÊÉ¸É¢¨¥ ¢· Ð¥´¨Ö, ÎÉµ¡Ò ²¨±¢¨¤¨·µ¢ ÉÓ
Ô´¥·£¥É¨Î¥¸±ÊÕ Ð¥²Ó:

I±· ∼
√

2∆�. (1)

ˆ¸¶µ²Ó§ÊÖ ¶ · ³¥É· Ð¥²¨ ∆ ≈ 1 ŒÔ‚ ¨ É¢¥·¤µÉ¥²Ó´µ¥ §´ Î¥´¨¥ ³µ³¥´É 
¨´¥·Í¨¨ � ≈ 70 ŒÔ‚−1

�
2 ¤²Ö A ∼ 160, ³Ò ¶µ²ÊÎ ¥³ I±· ∼ 12�.

Œ´µ£µÎ¨¸²¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶µ¶ÒÉ±¨ ´ °É¨  ´µ³ ²¨¨ ¢ ·µÉ Í¨-
µ´´ÒÌ ¸¶¥±É· Ì, ¶µ²ÊÎ¥´´ÒÌ ¢ ·¥ ±Í¨ÖÌ ¸ ÉÖ¦¥²Ò³¨ ¨µ´ ³¨, ¨, ¢ Î ¸É´µ¸É¨,
¶·¨§´ ±¨ Ë §µ¢µ£µ ¶¥·¥Ìµ¤  ¨§ ¸¢¥·ÌÉ¥±ÊÎ¥£µ ¸µ¸ÉµÖ´¨Ö ¢ ´µ·³ ²Ó´µ¥, ´¥

¨¸. 1. [24]. �±¸¶¥·¨³¥´É ²Ó´Ò° ³µ-
³¥´É ¨´¥·Í¨¨ � = I/Ω ± ± ËÊ´±-
Í¨Ö ±¢ ¤· É  Ê£²µ¢µ° Î ¸ÉµÉÒ ¢· Ð¥-
´¨Ö �Ω ≡ �ω ¤²Ö µ¸´µ¢´µ° ·µÉ Í¨µ´-
´µ° ¶µ²µ¸Ò ¢ Ö¤·¥ 162Er

¤ ²¨ µ¤´µ§´ Î´µ£µ µÉ¢¥É . •µÉÖ ¢  Éµ³-
´µ³ Ö¤·¥ ¨ ¤µ¸É ÉµÎ´µ¥ Î¨¸²µ Î -
¸É¨Í ¤²Ö ´ ¡²Õ¤¥´¨Ö Ë §µ¢µ£µ ¶¥·¥Ìµ¤ ,
É¥³ ´¥ ³¥´¥¥ ¶ ·´Ò¥ ±µ··¥²ÖÍ¨¨ µ¸µ-
¡¥´´µ ¸¨²Ó´Ò Éµ²Ó±µ ¤²Ö ´Ê±²µ´µ¢, ´ -
Ìµ¤ÖÐ¨Ì¸Ö ¢¡²¨§¨ ¶µ¢¥·Ì´µ¸É¨ ”¥·³¨.
�·¨ Ê¸²µ¢¨¨, ÎÉµ ¸·¥¤´¥¥ Ô´¥·£¥É¨Î¥-
¸±µ¥ · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê µ¤´µÎ ¸É¨Î´Ò³¨
Ê·µ¢´Ö³¨ ¶µ·Ö¤±  ∼ 200 − 300 ±Ô‚,
´  Ì · ±É¥·´µ³ Ô´¥·£¥É¨Î¥¸±µ³ ¨´É¥·-
¢ ²¥ ¢ 1 ŒÔ‚ (¢¥²¨Î¨´  Ô´¥·£¥É¨Î¥¸±µ°
Ð¥²¨) ³µ¦´µ ´ °É¨ ´¥ ¡µ²¥¥ 3Ä5 ¶ ·
Î ¸É¨Í. ‚ Î ¸É´µ¸É¨, µ¡ ÔÉµ³ ¸¢¨¤¥É¥²Ó-
¸É¢Ê¥É Ö¢²¥´¨¥ ®backbending¯ [24]. � 
·¨¸. 1, ±µÉµ·Ò° ¨²²Õ¸É·¨·Ê¥É Ô±¸¶¥·¨-
³¥´É ²Ó´µ¥ ¶·µÖ¢²¥´¨¥ ®backbending¯,
¶µ± § ´  § ¢¨¸¨³µ¸ÉÓ ³µ³¥´É  ¨´¥·Í¨¨
µÉ ±¢ ¤· É  Ê£²µ¢µ° Î ¸ÉµÉÒ ¢· Ð¥´¨Ö
�Ω = dEI/dI . — ¸ÉµÉ  ¢· Ð¥´¨Ö ´ Î¨-
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´ ¥É Ê³¥´ÓÏ ÉÓ¸Ö ¶·¨ ¢µ§· ¸É ´¨¨ Ê£²µ¢µ£µ ³µ³¥´É , ¶·µ¨§¢µ¤Ö µ¡· É´Ò°
§ £¨¡ ³µ³¥´É  ¨´¥·Í¨¨. ‚ ·¥§Ê²ÓÉ É¥ ´ ¡²Õ¤ ¥É¸Ö Ö¢²¥´¨¥ ¡¨¸É ¡¨²Ó´µ¸É¨,
±µ£¤  µ¤´µ³Ê §´ Î¥´¨Õ Î ¸ÉµÉÒ ¢· Ð¥´¨Ö µÉ¢¥Î ÕÉ ¤¢  · §²¨Î´ÒÌ §´ Î¥´¨Ö
³µ³¥´É  ¨´¥·Í¨¨.

¨¸. 2. [26]. „¥°¸É¢¨¥ ¸¨² Šµ·¨µ²¨¸  ¨
Í¥´É·µ¡¥¦´ÒÌ ¸¨² ´  ´¨¦ °ÏÊÕ, ´ ¨¡µ-
²¥¥ ¢Ò¸É·µ¥´´ÊÕ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÊÕ ±µ´-
Ë¨£Ê· Í¨Õ. �±¸¶¥·¨³¥´É ²Ó´Ò¥ Ô´¥·£¨¨
(ÉµÎ±¨) µ¶·¥¤¥²¥´Ò ¢µ ¢´ÊÉ·¥´´¥° ¢· Ð -
ÕÐ¥°¸Ö ¸¨¸É¥³¥ ±µµ·¤¨´ É (¸³. ¤¥É ²¨ ¢
· ¡µÉ¥ [25]). ¥§Ê²ÓÉ ÉÒ · ¸Î¥É  (¸¶²µÏ-
´Ò¥ ²¨´¨¨), ¶µ²ÊÎ¥´´Ò¥ ¢ · ³± Ì ³µ¤¥²¨
¶·¨´Ê¤¨É¥²Ó´µ£µ ¢· Ð¥´¨Ö, ¸· ¢´¨¢ ÕÉ¸Ö
¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ Ô´¥·£¨Ö³¨ µ¸´µ¢-
´µ° (g) ¨ ¢Ò¸É·µ¥´´µ° ¤¢ÊÌ±¢ §¨Î ¸É¨Î-
´µ° (s) ·µÉ Í¨µ´´ÒÌ ¶µ²µ¸ ¤²Ö Ö¤·  168Hf.
‚ ÉµÎ±¥ ¶¥·¥¸¥Î¥´¨Ö ¶µ²µ¸ �Ωc = �ωc

¸¨²Ò Šµ·¨µ²¨¸  ¨ Í¥´É·µ¡¥¦´Ò¥ ¸¨²Ò
¶µ²´µ¸ÉÓÕ ±µ³¶¥´¸¨·ÊÕÉ ÔËË¥±ÉÒ ¶ ·´ÒÌ
±µ··¥²ÖÍ¨° ´  ¶ ·Ê ¢Ò¸É·µ¥´´ÒÌ ´¥°É·µ-
´µ¢, § ¸¥²ÖÕÐ¨Ì µ·¡¨ÉÊ i13/2

� ¤µ § ³¥É¨ÉÓ, ÎÉµ ¢´ Î ²¥
®backbending¯ ¨´É¥·¶·¥É¨·µ¢ ²¸Ö
± ± ¶·µÖ¢²¥´¨¥ Ë §µ¢µ£µ ¶¥·¥-
Ìµ¤  ¨§ ¸¢¥·ÌÉ¥±ÊÎ¥£µ ¸µ¸ÉµÖ´¨Ö
¢ ´µ·³ ²Ó´µ¥. �¤´ ±µ, ¢ ¸µµÉ¢¥É-
¸É¢¨¨ ¸ ¸µ¢·¥³¥´´Ò³¨ ¶·¥¤¸É ¢²¥-
´¨Ö³¨, ¶·¨Î¨´  ÔÉµ£µ Ö¢²¥´¨Ö ¸µ-
¸Éµ¨É ¢ ¸²¥¤ÊÕÐ¥³. ‘¨²Ò Šµ·¨µ-
²¨¸  ¨ Í¥´É·µ¡¥¦´Ò¥ ¸¨²Ò Ê³¥´Ó-
Ï ÕÉ µÉ´µ¸¨É¥²Ó´µ µ¸´µ¢´µ° ·µÉ -
Í¨µ´´µ° ¶µ²µ¸Ò Ô´¥·£¨Õ ±¢ §¨Î -
¸É¨Î´ÒÌ ±µ´Ë¨£Ê· Í¨°, ¢ ±µÉµ·ÒÌ
µ¤´µÎ ¸É¨Î´Ò¥ Ê£²µ¢Ò¥ ³µ³¥´ÉÒ µÉ-
¤¥²Ó´ÒÌ ´Ê±²µ´µ¢ ¨³¥ÕÉ ³ ±¸¨-
³ ²Ó´ÊÕ ¶·µ¥±Í¨Õ ´  µ¸Ó ¢· Ð¥-
´¨Ö Ö¤· . Š ± ¶· ¢¨²µ, ¢ µÉ¸ÊÉ¸É¢¨e
¢· Ð¥´¨Ö É ±¨¥ ¢Ò¸É·µ¥´´Ò¥ ±¢ §¨-
Î ¸É¨Î´Ò¥ ±µ´Ë¨£Ê· Í¨¨ ¨³¥ÕÉ ¢Ò-
¸µ±ÊÕ Ô´¥·£¨Õ ¢µ§¡Ê¦¤¥´¨Ö ¨ µÉ-
¤¥²¥´Ò µÉ µ¸´µ¢´µ£µ ±µ··¥²¨·µ¢ ´-
´µ£µ ¸µ¸ÉµÖ´¨Ö Î¥É´µ-Î¥É´µ£µ Ö¤· 
´  Ê¤¢µ¥´´ÊÕ Ô´¥·£¨Õ Ô´¥·£¥É¨Î¥-
¸±µ° Ð¥²¨, µ¡Ê¸²µ¢²¥´´µ° ¶ ·´Ò³¨
¸¨² ³¨. ‘ ·µ¸Éµ³ Ê£²µ¢µ£µ ³µ³¥´É 
(¸³. ·¨¸. 2) Ô´¥·£¨Ö ÔÉ¨Ì ±µ´Ë¨£Ê· -
Í¨° ¡Ò¸É·µ Ê³¥´ÓÏ ¥É¸Ö ¨ ¶·¨ ´¥-
±µÉµ·µ° Î ¸ÉµÉ¥ ¢· Ð¥´¨Ö µ´¨ ®¸²¨-
¢ ÕÉ¸Ö¯ ¸ ±¢ §¨Î ¸É¨Î´Ò³ ¢ ±ÊÊ-
³µ³. ’µ ¥¸ÉÓ Ô´¥·£¨Ö µ¸´µ¢´µ° ·µ-
É Í¨µ´´µ° ¶µ²µ¸Ò (¢ ±ÊÊ³) ¸µ¢¶ -
¤ ¥É ¸ Ô´¥·£¨¥° ¢Ò¸É·µ¥´´µ° ±¢ -
§¨Î ¸É¨Î´µ° ±µ´Ë¨£Ê· Í¨¨, ¢¸²¥¤-
¸É¢¨¥ Î¥£µ Ð¥²Ó ¢ Ô´¥·£¥É¨Î¥¸±µ³
¸¶¥±É·¥ ¨¸Î¥§ ¥É, ´¥¸³µÉ·Ö ´  Éµ,
ÎÉµ ¸É É¨Î¥¸±µ¥ ¸¶ ·¨¢ ´¨¥ ∆ ¨³¥¥É ´¥´Ê²¥¢µ¥ §´ Î¥´¨¥. �Éo · ¸¸³ É·¨-
¢ ¥É¸Ö ± ± ¶·µÖ¢²¥´¨¥ ¢  Éµ³´ÒÌ Ö¤· Ì ®¡¥¸Ð¥²¥¢µ° ¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨¯
[27], ±µÉµ· Ö ´ ¡²Õ¤ ¥É¸Ö ¢ ³¥É ²²¨Î¥¸±¨Ì ¸¢¥·Ì¶·µ¢µ¤´¨± Ì (¸³., ´ ¶·¨-
³¥·, [15]). �·¨ ¡µ²¥¥ ¢Ò¸µ±¨Ì Î ¸ÉµÉ Ì ¢· Ð¥´¨Ö ¢Ò¸É·µ¥´´ Ö ¤¢ÊÌ±¢ §¨Î -
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¸É¨Î´ Ö ±µ´Ë¨£Ê· Í¨Ö ¸É ´µ¢¨É¸Ö µ¸´µ¢´Ò³ ¸µ¸ÉµÖ´¨¥³ ¤²Ö ¢· Ð ÕÐ¥£µ¸Ö
Î¥É´µ-Î¥É´µ£µ Ö¤· .

‘Ê³³¨·ÊÖ, µÉ³¥É¨³, ÎÉµ ·µÉ Í¨µ´´µ¥ ¢Ò¸É· ¨¢ ´¨¥, · §·ÊÏ Ö ¶ ·´µ¥ ¢§ -
¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê ¤¢Ê³Ö ´Ê±²µ´ ³¨, ¨³¥ÕÐ¨³¨ ¡µ²ÓÏµ° µ¤´µÎ ¸É¨Î´Ò°
Ê£²µ¢µ° ³µ³¥´É, ¶·¨¢µ¤¨É ± Î ¸É¨Î´µ³Ê µ¸² ¡²¥´¨Õ ¶ ·´µ£µ ¶µ²Ö ¨ Ê³¥´Ó-
Ï¥´¨Õ Ô´¥·£¥É¨Î¥¸±µ° Ð¥²¨. ‚ ÔÉµ³ ¸²ÊÎ ¥ Ö¤·µ ¶µ¤µ¡´µ ¸¢¥·Ì¶·µ¢µ¤´¨±Ê
¢Éµ·µ£µ ·µ¤ , Ê ±µÉµ·µ£µ ¶·¨ Ê¢¥²¨Î¥´¨¨ ³ £´¨É´µ£µ ¶µ²Ö ¶·µ¨¸Ìµ¤¨É Î ¸É¨Î-
´µ¥ · §·ÊÏ¥´¨¥ ±Ê¶¥·µ¢¸±¨Ì ¶ ·. ‚ µ¡§µ·¥ [28] ¶·¨¢¥¤¥´Ò · §²¨Î´Ò¥ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ±µÉµ·Ò¥ ³µ¦´µ Ê¸¶¥Ï´µ ¨´É¥·¶·¥É¨·µ¢ ÉÓ ¢ · ³± Ì
³µ¤¥²¨ ´¥§ ¢¨¸¨³ÒÌ ±¢ §¨Î ¸É¨Í, ¤¢¨¦ÊÐ¨Ì¸Ö ¢ ÔËË¥±É¨¢´µ³ ¢· Ð ÕÐ¥³¸Ö
¸·¥¤´¥³ ¶µ²¥. ‚ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥ ¡Ê¤ÊÉ · ¸¸³µÉ·¥´Ò µ¸´µ¢´Ò¥ Ô²¥³¥´ÉÒ
¤ ´´µ° ³µ¤¥²¨.

3. Œ…’�„ ‘…„�…ƒ� ��‹Ÿ „‹Ÿ ‚�™��™ˆ•‘Ÿ Ÿ„…

ˆ§³¥´¥´¨¥ ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ É¨¶  ¢ ·¥§Ê²ÓÉ É¥ ¢· -
Ð¥´¨Ö Ê¤ ¥É¸Ö ¶·µ¸²¥¤¨ÉÓ, ·¥Ï Ö ´¥²¨´¥°´Ò¥ Ê· ¢´¥´¨Ö ³µ¤¥²¨ ¶·¨´Ê¤¨-
É¥²Ó´µ£µ ¢· Ð¥´¨Ö (Œ�‚) ´  µ¸´µ¢¥ ³¥Éµ¤  •”i. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¸ÊÐ¥-
¸É¢Ê¥É ³´µ£µ µ¡§µ·µ¢, ¶µ¸¢ÖÐ¥´´ÒÌ ¤ ´´µ³Ê ¶µ¤Ìµ¤Ê, ´ ¶·¨³¥· [13, 29Ä31].
�¸´µ¢´Ò¥ ¨¤¥¨ ¤ ´´µ£µ ¶µ¤Ìµ¤  ¸µ¸ÉµÖÉ ¢ ¸²¥¤ÊÕÐ¥³. ƒ ³¨²ÓÉµ´¨ ´ Œ�‚,
µ¶·¥¤¥²¥´´Ò° ¢µ ¢· Ð ÕÐ¥°¸Ö ¸¨¸É¥³¥ ±µµ·¤¨´ É, ¨³¥¥É ¢¨¤

H
′

= H −
∑
τ

λτ N̂τ − ΩĴx, (2)

H =
∑
kl

tklc
+
k cl +

1
4

∑
ijkl

Vijklc
+
k c

+
j clck. (3)

‡¤¥¸Ó H Å ³´µ£µÎ ¸É¨Î´Ò° Ö¤¥·´Ò° £ ³¨²ÓÉµ´¨ ´; N̂τ Å µ¶¥· Éµ· Î¨¸² 
¶·µÉµ´µ¢ (τ = Z) ¨²¨ ´¥°É·µ´µ¢ (τ = N ); λτ Å ¸µµÉ¢¥É¸É¢ÊÕÐ¨° Ì¨³¨Î¥-
¸±¨° ¶µÉ¥´Í¨ ²; Ω Å Ê£²µ¢ Ö Î ¸ÉµÉ  ¢· Ð¥´¨Ö; Ĵx Å x-±µ³¶µ´¥´É  ¶µ²´µ£µ
Ê£²µ¢µ£µ ³µ³¥´É  ¨ µ¶¥· Éµ·Ò c+k (ck) Å µ¶¥· Éµ·Ò ·µ¦¤¥´¨Ö (Ê´¨ÎÉµ¦¥´¨Ö)
Î ¸É¨Í. ‚ Œ�‚ ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ Ö¤·µ ¢· Ð ¥É¸Ö ¢µ±·Ê£ ¢Ò¤¥²¥´´µ£µ ´ -
¶· ¢²¥´¨Ö; µ¡ÒÎ´µ ÔÉµ µ¸Ó x ¢´ÊÉ·¥´´¥° ¨ ² ¡µ· Éµ·´µ° ¸¨¸É¥³ ±µµ·¤¨´ É.
�É³¥É¨³, ÎÉµ £ ³¨²ÓÉµ´¨ ´ H

′
¨´¢ ·¨ ´É¥´ µÉ´µ¸¨É¥²Ó´µ ¢· Ð¥´¨Ö ´  Ê£µ²

π ¢µ±·Ê£ µ¸¨ x:
[H

′
, S] = 0 , (4)

£¤¥ S = eiπĴx . �Éµ ¶µ§¢µ²Ö¥É Ê¶·µ¸É¨ÉÓ ·¥Ï¥´¨¥ Ê· ¢´¥´¨° Œ�‚ (¸³. ´¨¦¥),
¨¸¶µ²Ó§ÊÖ ¸¨³³¥É·¨§µ¢ ´´Ò° ¡ §¨¸:

|i >=
1√
2

(|k > +P |k̄ >) ,
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|̄i >=
1√
2
P (|k > −P |k̄ >) . (5)

‡¤¥¸Ó |k >= |Nljm > Å µ¤´µÎ ¸É¨Î´µ¥ ¸µ¸ÉµÖ´¨¥ ¸Ë¥·¨Î¥¸±µ£µ ¡ §¨¸  [11],
|k̄ >= T |k > (T Å µ¶¥· Éµ· µ¡· Ð¥´¨Ö ¢·¥³¥´¨), P = (−1)m−1/2. „ ´´ Ö
É· ´¸Ëµ·³ Í¨Ö, ¢¶¥·¢Ò¥ · ¸¸³µÉ·¥´´ Ö ƒÊ¤³ ´µ³ [29], ¶µ§¢µ²Ö¥É ·¥Ï¨ÉÓ § -
¤ ÎÊ ¢ ¡ §¨¸¥ ¸µ¸ÉµÖ´¨°, ±µÉµ·Ò¥ Ö¢²ÖÕÉ¸Ö ¸µ¡¸É¢¥´´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ µ¶¥-
· Éµ·  S:

S

(
c+
ī
c+i

)
S−1 = ±i

(
c+
ī
c+i

)
, (6)

£¤¥ ¸µ¡¸É¢¥´´µ¥ §´ Î¥´¨¥ ±i ´ §Ò¢ ¥É¸Ö ¸¨£´ ÉÊ·µ° (¸³. É ±¦¥ [12]). ‚¢¥-
¤¥³ ¡µ£µ²Õ¡µ¢¸±¨¥ ±¢ §¨Î ¸É¨ÍÒ, ¶·¥¤¸É ¢²ÖÕÐ¨¥ ²¨´¥°´ÊÕ ¸Ê¶¥·¶µ§¨Í¨Õ
Î ¸É¨Í ¨ ¤Ò·µ±:

α+
k =

∑
i

(Akic+i + Bkīcī) , (7)

¨ ·¥Ï¨³ ¢ ·¨ Í¨µ´´ÊÕ ¶·µ¡²¥³Ê

δ < Φ0|H |Φ0 >= 0 , (8)

ÎÉµ¡Ò µ¶·¥¤¥²¨ÉÓ ±µÔËË¨Í¨¥´ÉÒ É· ´¸Ëµ·³ Í¨¨ Aki, Bkī . ‡¤¥¸Ó |Φ0 > Å
±¢ §¨Î ¸É¨Î´Ò° ¢ ±ÊÊ³, αi|Φ0 >= 0. �É³¥É¨³, ÎÉµ ±¢ §¨Î ¸É¨Î´Ò¥ ¸µ¸ÉµÖ-
´¨Ö É ±¦¥ Ö¢²ÖÕÉ¸Ö ¸µ¡¸É¢¥´´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ µ¶¥· Éµ·  S:

S

(
α+
k̄

α+
k

)
S−1 = ±i

(
α+
k̄

α+
k

)
. (9)

‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ ¥³ Ê· ¢´¥´¨Ö Œ�‚ ¢ ¶·¨¡²¨¦¥´¨¨ •”i:(
H− λ− Ωjx ∆

∆† −(H− λ + Ωjx)†

)(
Ak
Bk

)
= Ek

(
Ak
Bk

)
, (10)

(
(H− λ + Ωjx)† ∆†

∆ −(H− λ− Ωjx)

)(
A†
k̄

−B†
k̄

)
= Ek̄

(
A†
k̄

−B†
k̄

)
. (11)

Œ É·¨Í  H ¨ ¶ ·´Ò° ¶µÉ¥´Í¨ ² ∆ ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤:

H = T + G , (12)

Tij ≡ tij , (13)

Gij =
∑
kl

< ik|V |jl >  lk , (14)

∆ij =
1
2

∑
kl

< ij|V |kl > kij , (15)
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£¤¥ ³ É·¨Í  ¶²µÉ´µ¸É¨  ¨ ¶ ·´Ò° É¥´§µ· k µ¶·¥¤¥²¥´Ò ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

 ij =< Φ0|c+i cj |Φ0 > , (16)

kij =< Φ0|cjci|Φ0 > (17)

µÉ´µ¸¨É¥²Ó´µ ±¢ §¨Î ¸É¨Î´µ£µ ¢ ±ÊÊ³  |Φ0 >. ‹¥£±µ ¶µ± § ÉÓ [29] ¢Ò¶µ²´¥-
´¨¥ ¸²¥¤ÊÕÐ¨Ì Ê¸²µ¢¨°:

Aki = B†
k̄i
, Bkī = A†

k̄ī
, Ek = −Ek̄ , (18)

ÎÉµ ¶µ§¢µ²Ö¥É, ·¥Ï¨¢ Ê· ¢´¥´¨Ö (10) Éµ²Ó±µ ¤²Ö ¶µ²µ¦¨É¥²Ó´µ° ¸¨£´ ÉÊ·Ò,
µ¶·¥¤¥²¨ÉÓ ¢¸¥ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° Œ�‚.

„ ¦¥ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¸¨³³¥É·¨§µ¢ ´´µ£µ ¡ §¨¸  ´¥µ¡Ìµ¤¨³µ ¢Ò¶µ²-
´¨ÉÓ ¤µ¸É ÉµÎ´µ É·Ê¤µ¥³±¨¥ ¢ÒÎ¨¸²¥´¨Ö, ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ ¨É¥· Í¨µ´´Ò¥ ·¥-
Ï¥´¨Ö Ê· ¢´¥´¨° Œ�‚.  §²¨Î´Ò¥  ¸¶¥±ÉÒ ÔÉµ° ¶·µ¡²¥³Ò µ¡¸Ê¦¤ ÕÉ¸Ö ¢
µ¡§µ·¥ [29]. �¤´¨³ ¨§ ÔËË¥±É¨¢´ÒÌ ³¥Éµ¤µ¢ ·¥Ï¥´¨Ö ¶µ¸É ¢²¥´´µ° ¶·µ-
¡²¥³Ò Ö¢²Ö¥É¸Ö ¨¸¶µ²Ó§µ¢ ´¨¥ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¶µÉ¥´Í¨ ²µ¢ ¸·¥¤´¥£µ
¶µ²Ö É¨¶  ¶µÉ¥´Í¨ ²  �¨²Ó¸¸µ´  ¨²¨ ‚Ê¤¸ Å‘ ±¸µ´ , ¢³¥¸Éµ ·¥Ï¥´¨Ö Ê· ¢-
´¥´¨° •”i. �·¨ ÔÉµ³ ·¥Ï ÕÉ¸Ö ¸ ³µ¸µ£² ¸µ¢ ´´µ Ê· ¢´¥´¨Ö Œ�‚ ¸ ¨¸¶µ²Ó-
§µ¢ ´¨¥³ ¶·¨¡²¨¦¥´¨Ö iŠ˜ [1] ¤²Ö ¶ ·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢¨¤  H¸¶ · =
= −G

∑
kk′>0 c

+
k c

+
k̄
ck̄′ ck′ , £¤¥ G Å ±µ´¸É ´É  ¶ ·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö

[10,13]. ‚ ÔÉµ³ ¸²ÊÎ ¥ Ê· ¢´¥´¨Ö (10) ¨³¥ÕÉ ¢¨¤(
εij − λδij − Ωjxij ∆δij̄

∆δīj −εīj̄ − λδīj̄ + Ωjx
īj̄

)(
Aki
Bkī

)
= Ek

(
Aki
Bkī

)
. (19)

‡¤¥¸Ó εij ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° µ¤´µÎ ¸É¨Î´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¢Ò¡· ´-
´µ£µ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² . �É¨ Ê· ¢´¥´¨Ö ¤µ²¦´Ò ·¥Ï ÉÓ¸Ö
¸µ¢³¥¸É´µ ¸ Ê¸²µ¢¨¥³ ¸µÌ· ´¥´¨Ö Î¨¸²  Î ¸É¨Í ¢ ¸·¥¤´¥³

N =< Φ0|N̂ |Φ0 >=
∑
i,Ek<0

(Aki)2 +
∑
i,Ek>0

(Bkī)
2 . (20)

’ ± ± ± ¢¥²¨Î¨´  ∆ = G <
∑
k c

+
k c

+
k̄

> ¸ ³  § ¢¨¸¨É µÉ ±µÔËË¨Í¨¥´Éµ¢
É· ´¸Ëµ·³ Í¨¨ iµ£µ²Õ¡µ¢  Aki, Bkī:

∆ = G
∑
i,Ek>0

AkiBkī , (21)

µÎ¥¢¨¤´µ, ÎÉµ ·¥Ï¥´¨¥ Ê· ¢´¥´¨° (19) ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ´¥²¨´¥°´ÊÕ ¶·µ-
¡²¥³Ê. �¤¨´ ¨§ ¢µ§³µ¦´ÒÌ ¸¶µ¸µ¡µ¢ ·¥Ï¥´¨Ö ¶·µ¡²¥³Ò ¸µ¸Éµ¨É ¢ ¨¸¶µ²Ó§µ-
¢ ´¨¨ ¶·µÍ¥¤Ê·Ò, ±µ³¡¨´¨·ÊÕÐ¥° Œ�‚ ¸ ³¥Éµ¤µ³ µ¡µ²µÎ¥Î´µ° ¶µ¶· ¢±¨
‘É·ÊÉ¨´¸±µ£µ [14] (¸³., ´ ¶·¨³¥·, [32]). ‚ ¤ ´´µ³ ¶µ¤Ìµ¤¥ ¢ ·¨ Í¨µ´-
´ Ö ¶·µ¡²¥³  •”i ¶µ¤³¥´Ö¥É¸Ö ·¥Ï¥´¨¥³ § ¤ Î¨ µ ³¨´¨³Ê³¥ ËÊ´±Í¨µ´ ² 
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¨¸. 3. [33].  ¢´µ¢¥¸´Ò¥ ±¢ ¤·Ê¶µ²Ó´Ò¥ ¤¥Ëµ·³ Í¨¨ 168Yb ¤²Ö · §²¨Î´ÒÌ §´ Î¥´¨°
Ê£²µ¢µ£µ ³µ³¥´É  (Í¨Ë·Ò Ê ÉµÎ¥±).  ¸Î¥ÉÒ ¢Ò¶µ²´¥´Ò ¤²Ö ¸É ´¤ ·É´ÒÌ ¶ · ³¥É·µ¢
µ¤´µÎ ¸É¨Î´µ£µ £ ³¨²ÓÉµ´¨ ´  �¨²Ó¸¸µ´  (´ ¡µ· A = 165 [34]). “· ¢´¥´¨Ö (19)
·¥Ï ²¨¸Ó µÉ¤¥²Ó´µ ¤²Ö ¶·µÉµ´µ¢ ¨ ´¥°É·µ´µ¢. ‚ · ¸Î¥É ¡Ò²¨ ¢±²ÕÎ¥´Ò ¶·µÉµ´´Ò¥ ¨
´¥°É·µ´´Ò¥ µ¡µ²µÎ±¨ ¤µ N = 7 ¢±²ÕÎ¨É¥²Ó´µ

Ô´¥·£¨¨, ¶·¥¤¸É ¢²ÖÕÐe³ ¸Ê³³Ê Ô´¥·£¨¨ ³ ±·µ¸±µ¶¨Î¥¸±µ° ¦¨¤±µ° ± ¶²¨ ¨
±¢ ´Éµ¢µ° µ¡µ²µÎ¥Î´µ° ¶µ¶· ¢±¨, ±µÉµ·Ò¥ § ¢¨¸ÖÉ µÉ ¶ · ³¥É·µ¢ ¤¥Ëµ·³ -
Í¨¨ Ö¤· . �¥±µÉµ·Ò¥ ¤¥É ²¨ ÔÉµ° ¶·µÍ¥¤Ê·Ò · ¸¸³µÉ·¥´Ò ¢ ¶·¨²µ¦¥´¨¨. � 
·¨¸. 3 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  · ¢´µ¢¥¸´ÒÌ ¶ · ³¥É·µ¢ ¤¥Ëµ·³ Í¨¨
¤²Ö Ö¤·  168Yb [33], ¢Ò¶µ²´¥´´Ò¥ ¸ ¶µ³µÐÓÕ ¤ ´´µ° ¶·µÍ¥¤Ê·Ò.  ¢´µ¢¥¸-
´Ò¥ ¶ · ³¥É·Ò ¤¥Ëµ·³ Í¨¨ µÉ¢¥Î ÕÉ ´¨¦ °Ï¨³ Ô´¥·£¥É¨Î¥¸±¨³ ¸µ¸ÉµÖ´¨Ö³
¶·¨ ¤ ´´µ³ Ê£²µ¢µ³ ³µ³¥´É¥, ±µÉµ·Ò¥ ¶·¨´ÖÉµ ´ §Ò¢ ÉÓ ¨· ¸É-¸µ¸ÉµÖ´¨Ö³¨.
�·¨ �Ω ≤ 0, 3 ŒÔ‚ ¤ ´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ³µ¦´µ ¸· ¢´¨ÉÓ ¸ ¸ ³µ¸µ£² ¸µ¢ ´-
´Ò³¨ · ¸Î¥É ³¨ ¢ · ³± Ì ³¥Éµ¤  •”i [35]. ‚¸¥ · ¸Î¥ÉÒ ¶·¥¤¸± §Ò¢ ÕÉ
¸Ìµ¤´Ò¥ ¨§³¥´¥´¨Ö ¸ ·µ¸Éµ³ Ê£²µ¢µ£µ ³µ³¥´É : ´¥ ±¸¨ ²Ó´ Ö ¤¥Ëµ·³ Í¨Ö
γ · §¢¨¢ ¥É¸Ö, ± ± µ¦¨¤ ¥É¸Ö, ¢ É¥²¥ ¸ ³µ³¥´Éµ³ ¨´¥·Í¨¨, § ¢¨¸ÖÐ¨³ µÉ
´¥ ±¸¨ ²Ó´µ¸É¨ ¸µ£² ¸´µ £¨¤·µ¤¨´ ³¨Î¥¸±µ° ³µ¤¥²¨ (¸¢¥·ÌÉ¥±ÊÎ¨° ·¥¦¨³);
¨³¥¥É ³¥¸Éµ ´¥±µÉµ·µ¥ · ¸ÉÖ¦¥´¨¥ ¶·¨ ´¨§±¨Ì ¸¶¨´ Ì, ¶·¨ ¡µ²¥¥ ¢Ò¸µ±¨Ì
¸¶¨´ Ì ¨³¥¥É¸Ö µ¡· É´ Ö É¥´¤¥´Í¨Ö. � ±µ´¥Í, ¶·¨ ¢Ò¸µ±¨Ì ¸¶¨´ Ì, ¸µµÉ-
¢¥É¸É¢ÊÕÐ¨Ì �Ω > 0, 3 ŒÔ‚, ´¥ ±¸¨ ²Ó´µ¸ÉÓ ³¥´Ö¥É §´ ±; ÔÉµ ¶µ± §Ò¢ ¥É,
ÎÉµ ¨´¥·Í¨µ´´Ò¥ ¸¢µ°¸É¢  Ö¤·  ¸µµÉ¢¥É¸É¢ÊÕÉ É¢¥·¤µ³Ê É¥²Ê.  ¸ÉÖ¦¥´¨¥
¢´µ¢Ó ¶µÖ¢²Ö¥É¸Ö ¢ ÔÉµ° µ¡² ¸É¨. Š ± ¢¨¤´µ ¨§ ·¨¸. 4, ¶·¨ I ≤ 12� ¸µ-
£² ¸¨¥ ·¥§Ê²ÓÉ Éµ¢ · ¸Î¥É  ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¤µ¸É ÉµÎ´µ Ìµ·µ-
Ï¥¥. �·¨ ¡µ²ÓÏ¨Ì Ê£²µ¢ÒÌ ³µ³¥´É Ì ³µ¤¥²Ó ¶¥·¥µÍ¥´¨¢ ¥É ´¥ ¤¨ ¡ É¨Î¥¸±¨¥
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ÔËË¥±ÉÒ, É ± ± ± · ¸¸Î¨É ´´Ò° ³µ³¥´É ¨´¥·Í¨¨ � =< Ix > /Ω Ê¢¥²¨Î¨-
¢ ¥É¸Ö §´ Î¨É¥²Ó´µ ¡Ò¸É·¥¥ ¶µ ¸· ¢´¥´¨Õ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨¥³.
�É  ¶·µ¡²¥³  µ¡Ê¸²µ¢²¥´  ´¥±µÉµ·Ò³¨ ´¥¤µ¸É É± ³¨ ¶µÉ¥´Í¨ ²  �¨²Ó¸¸µ´ ,
±µÉµ·Ò° ¨¸¶µ²Ó§µ¢ ²¸Ö ¢ · ¸Î¥É Ì. ‚ Î ¸É´µ¸É¨, ´ ²¨Î¨¥ l2-Î²¥´  ¢ ÔÉµ³
¶µÉ¥´Í¨ ²¥ ¶·¨¢µ¤¨É ± ´¥Ë¨§¨Î¥¸±µ³Ê ·µ¸ÉÊ ¢±² ¤  µ¤´µÎ ¸É¨Î´ÒÌ ¸µ¸ÉµÖ-
´¨° ¸ ¡µ²ÓÏ¨³ µ·¡¨É ²Ó´Ò³ ³µ³¥´Éµ³ (¸³., ´ ¶·¨³¥·,  ´ ²¨§ ¶µÉ¥´Í¨ ² 
�¨²Ó¸¸µ´  ¢ [36]). �  ·¨¸. 4 É ±¦¥ ¶µ± § ´Ò ´¨¦ °Ï¨¥ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´Ò¥
Ô´¥·£¨¨ ¤²Ö ¶·µÉµ´µ¢ ¨ ´¥°É·µ´µ¢. ’ ± ± ± ´¥°É·µ´´ Ö Ð¥²Ó Ê³¥´ÓÏ ¥É¸Ö
§´ Î¨É¥²Ó´µ ³¥¤²¥´´¥e ¶·µÉµ´´µ°, ´¥°É·µ´´Ò¥ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´Ò¥ Ô´¥·£¨¨
µ¸É ÕÉ¸Ö ¡µ²ÓÏ¨³¨ ¨ ¶·¨ ¢Ò¸µ±¨Ì ¸¶¨´ Ì. ‚ · ¸¸³µÉ·¥´´µ³ ¶·¨³¥·¥ ¶¥-
·¥Ìµ¤ µÉ ¸¢¥·ÌÉ¥±ÊÎ¥£µ ¸µ¸ÉµÖ´¨Ö ± ´µ·³ ²Ó´µ³Ê ¶·µ¨¸Ìµ¤¨É ¶·¨ É¥Ì ¦¥
§´ Î¥´¨ÖÌ Ê£²µ¢µ£µ ³µ³¥´É , ÎÉµ ¨ ¨§³¥´¥´¨¥ §´ ±  ¶ · ³¥É·  ´¥ ±¸¨ ²Ó´µ°
¤¥Ëµ·³ Í¨¨.

¨¸. 4. [33]. �¨¦ °Ï¨¥ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´Ò¥ Ô´¥·£¨¨ Eik = Ei + Ek ± ± ËÊ´±Í¨¨
Ê£²µ¢µ£µ ³µ³¥´É  ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ (1),   É ±¦¥ · ¸¸Î¨É ´´Ò¥ (2) Ô´¥·£¨¨ ¨· ¸É-
¸µ¸ÉµÖ´¨° ¢ 168Yb. ‘¶²µÏ´ Ö ±·¨¢ Ö Å Ô´¥·£¨Ö ¤²Ö ´¥°É·µ´µ¢, ÏÉ·¨Ìµ¢ Ö Å ¤²Ö
¶·µÉµ´µ¢

Œµ¦´µ ¶·µ¢¥¸É¨  ´ ²µ£¨Õ ³¥¦¤Ê ÔËË¥±É ³¨ ±¢ ¤·Ê¶µ²Ó´µ° ¤¥Ëµ·³ Í¨¨
¨ ®¤¥Ëµ·³ Í¨¥°¯, µ¡Ê¸²µ¢²¥´´µ° ¶ ·´Ò³ ¶µ²¥³ [12]. —²¥´ ¢· Ð¥´¨Ö −ΩĴx
¢ £ ³¨²ÓÉµ´¨ ´¥ (2), £¥´¥·¨·ÊÕÐ¨° ¸¨²Ò Šµ·¨µ²¨¸  ¨ Í¥´É·µ¡¥¦´Ò¥ ¸¨²Ò,
¸ ² £· ´¦¥¢¸±¨³ ³´µ¦¨É¥²¥³ Ω £ · ´É¨·Ê¥É ¸µÌ· ´¥´¨¥ Ê£²µ¢µ£µ ³µ³¥´É 
¢ ¸·¥¤´¥³. �·¨ ´ ²¨Î¨¨ ¸Ë¥·¨Î¥¸±µ° ¸¨³³¥É·¨¨ Ê£²µ¢µ° ³µ³¥´É Ö¢²Ö¥É¸Ö
¨´É¥£· ²µ³ ¤¢¨¦¥´¨Ö, Éµ£¤  ± ± ¶·¨ ¢µ§´¨±´µ¢¥´¨¨ ¤¥Ëµ·³ Í¨¨ ¸·¥¤´¥£µ
¶µ²Ö µ´ ¶¥·¥¸É ¥É ¡ÒÉÓ É ±µ¢Ò³. ‚¸²¥¤¸É¢¨¥ ÔÉµ£µ ¢µ²´µ¢ Ö ËÊ´±Í¨Ö Œ�‚
´¥ Ö¢²Ö¥É¸Ö ¸µ¡¸É¢¥´´µ° ËÊ´±Í¨¥° Ê£²µ¢µ£µ ³µ³¥´É . �¥µ¡Ìµ¤¨³µ ¶·µ¢µ¤¨ÉÓ
¶·µ¥±É¨·µ¢ ´¨¥ ´  ¶µ¤¶·µ¸É· ´¸É¢µ ¸µ¸ÉµÖ´¨° ¸ µ¶·¥¤¥²¥´´Ò³ §´ Î¥´¨¥³
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Ê£²µ¢µ£µ ³µ³¥´É , ÎÉµ¡Ò · ¸¸Î¨É ÉÓ, ´ ¶·¨³¥·, ¢¥·µÖÉ´µ¸É¨ ¶¥·¥Ìµ¤µ¢ ¶·¨
¤ ´´ÒÌ §´ Î¥´¨ÖÌ Ê£²µ¢µ£µ ³µ³¥´É  ´ Î ²Ó´µ£µ ¨ ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨° [37].
„·Ê£µ° Î²¥´, −λN̂ , ´¥µ¡Ìµ¤¨³ ¤²Ö ¸µÌ· ´¥´¨Ö ¢ ¸·¥¤´¥³ Î¨¸²  Î ¸É¨Í, · §-
·ÊÏ ¥³ÒÌ ¶ ·´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³. —¨¸²µ Î ¸É¨Í ¢ ¶·¨¡²¨¦¥´¨¨ •”i (¨²¨
iŠ˜) É ±¦¥ ´¥ Ö¢²Ö¥É¸Ö ¨´É¥£· ²µ³ ¤¢¨¦¥´¨Ö. iµ²¥¥ Éµ£µ, ÊÎ¥É Ë²Ê±ÉÊ Í¨¨
Î¨¸²  Î ¸É¨Í ³µ¦¥É ¸ÊÐ¥¸É¢¥´´µ ¶µ¢²¨ÖÉÓ ´  ± Î¥¸É¢µ µ¶¨¸ ´¨Ö Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢ Éµ° ¨²¨ ¨´µ° ³µ¤¥²¨ Ö¤·  (¸³. ´¨¦¥). �·µ¢µ¤Ö ÔÉÊ
 ´ ²µ£¨Õ ¤ ²ÓÏ¥, ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ Î²¥´ −λN̂ ± ± ¢§ ¨³µ¤¥°¸É¢¨¥,  ¸¸µ-
Í¨¨·Ê¥³µ¥ ¸ ¢· Ð¥´¨¥³ ¢ ± ²¨¡·µ¢µÎ´µ³ ¶·µ¸É· ´¸É¢¥, ¤²Ö ±µÉµ·µ£µ λ ¨ N
Ö¢²ÖÕÉ¸Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ± ´µ´¨Î¥¸±¨³¨ ¶¥·¥³¥´´Ò³¨. �·¨ ÔÉµ³ Î ¸ÉµÉ 
¢· Ð¥´¨Ö ¤¥Ëµ·³¨·µ¢ ´´µ£µ ¶ ·´µ£µ ¶µ²Ö ¤ ¥É¸Ö ± ´µ´¨Î¥¸±¨³ Ê· ¢´¥´¨¥³

φ̇ =
∂E

∂N
= λ . (22)

‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸³µÉ·¨³ ´  ·¨¸. 5 ¢Ò¸É· ¨¢ ´¨e Ê£²µ¢µ£µ ³µ³¥´É  Ix
¢ µ¡ÒÎ´µ³ ±µ´Ë¨£Ê· Í¨µ´´µ³ ¶·µ¸É· ´¸É¢¥ ¨ ®¢Ò¸É· ¨¢ ´¨¥¯ Î¨¸²  Î ¸É¨Í
¢ ± ²¨¡·µ¢µÎ´µ³ ¶·µ¸É· ´¸É¢¥ [38]. �  ·¨¸. 5,   ¨ ¡ ¶µ± § ´µ ¤µ¸É ÉµÎ´µ
·¥£Ê²Ö·´µ¥ ¶µ¢¥¤¥´¨¥ Î¨¸²  Î ¸É¨Í N ¨ Ê£²µ¢µ£µ ³µ³¥´É  Ix ± ± ËÊ´±Í¨°
¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ± ´µ´¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ λ ¨ Ω. �² ¢´µ¥ ¶µ¢¥¤¥´¨¥ ÔÉ¨Ì
¢¥²¨Î¨´ ³µ¦´µ ¸¢Ö§ ÉÓ ¸ ´ ²¨Î¨¥³ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ±µ··¥²ÖÍ¨° ¢ ¶µÉ¥´Í¨-
 ²¥ ¸·¥¤´¥£µ ¶µ²Ö. ’µ²Ó±µ ¶·¨ ¨§³¥´¥´¨¨ ¶ · ³¥É·µ¢ ¤¥Ëµ·³ Í¨¨ ¸·¥¤´¥£µ
¶µ²Ö: ¤¥Ëµ·³ Í¨¨ ¶ ·´µ£µ ¶µ²Ö ∆ ¨ ¶ · ³¥É·µ¢ ±¢ ¤·Ê¶µ²Ó´µ° ¤¥Ëµ·³ Í¨¨
´ ¡²Õ¤ ÕÉ¸Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¨§²µ³Ò. ˆ§²µ³ ¤²Ö ¨§µÉµ¶µ¢ Dy ¶·¨ N = 89
¶µ± §Ò¢ ¥É, ÎÉµ ¶·¨ ¤ ´´µ³ Î¨¸²¥ ´¥°É·µ´µ¢ ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨ ¸µ¸¥¤-
´¨Ì Î¥É´µ-Î¥É´ÒÌ Ö¤¥· ¶·µ¨¸Ìµ¤¨É µ¸² ¡²¥´¨¥ µ¶·¥¤¥²¥´´ÒÌ ±µ··¥²ÖÍ¨°,
ÎÉµ ¶·¨¢µ¤¨É ± ¶¥·¥Ìµ¤Ê µÉ ¸Ë¥·¨Î¥¸±µ° ± ¤¥Ëµ·³¨·µ¢ ´´µ° Ëµ·³¥ [39].
�Éµ ¶µ¢¥¤¥´¨¥ ¶µ¤µ¡´µ Ö¢²¥´¨Õ ®backbending¯, ±µÉµ·µ¥ µ¡¸Ê¦¤ ²µ¸Ó · ´¥¥,
¨ ¸¢Ö§ ´µ ¸ ¨§³¥´¥´¨¥³ ±¢ §¨Î ¸É¨Î´µ° ±µ´Ë¨£Ê· Í¨¨ (¸³. É ±¦¥ ·¨¸. 5, a).
�¥·¥£Ê²Ö·´µ¥ ¶µ¢¥¤¥´¨¥ Î¨¸²  Î ¸É¨Í N ¨ Ê£²µ¢µ£µ ³µ³¥´É  Ix ´  ·¨¸. 5, ¢, £
Ê± §Ò¢ ¥É ´  ´¥±µ··¥²¨·µ¢ ´´Ò° (µ¤´µÎ ¸É¨Î´Ò°) Ì · ±É¥· ¤¢¨¦¥´¨Ö ¢ ¶µ-
É¥´Í¨ ²¥ ¸·¥¤´¥£µ ¶µ²Ö. �·¨ ¡µ²ÓÏ¨Ì Î ¸ÉµÉ Ì ¢· Ð¥´¨Ö, ±µ£¤  ¸É É¨Î¥¸±µ¥
¸¶ ·¨¢ ´¨¥ ¶µ¤ ¢²¥´µ, ±µ··¥²ÖÍ¨¨ ³¥¦¤Ê µ¸´µ¢´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨ ¢ Î¥É-
´ÒÌ ¨§µÉµ¶ Ì Yb µ¸² ¡²¥´Ò. �´ ²µ£¨Î´µ ¢ ¸²ÊÎ ¥ 150

84Dy ¤¢ÊÌ ¢ ²¥´É´ÒÌ
´¥°É·µ´µ¢ ´¥¤µ¸É ÉµÎ´µ, ÎÉµ¡Ò ¢Ò§¢ ÉÓ ¸¶µ´É ´´µ¥ ´ ·ÊÏ¥´¨¥ ¸Ë¥·¨Î¥¸±µ°
¸¨³³¥É·¨¨ ¨ ¨´¤ÊÍ¨·µ¢ ÉÓ § ³¥É´ÊÕ ¸É É¨Î¥¸±ÊÕ ±¢ ¤·Ê¶µ²Ó´ÊÕ ¤¥Ëµ·³ -
Í¨Õ ¸·¥¤´¥£µ ¶µ²Ö. �·¨ ´¥±µ²²¥±É¨¢´µ³ ¢· Ð¥´¨¨ ¨§³¥´¥´¨¥ ¢Ò¸É·µ¥´´µ£µ
Ê£²µ¢µ£µ ³µ³¥´É  ¶·µ¨¸Ìµ¤¨É ¸± Î±µµ¡· §´µ, ± ± Éµ²Ó±µ ¶·¨§µÏ²µ µÎ¥·¥¤´µ¥
¶¥·¥¸¥Î¥´¨¥ µ¤´µÎ ¸É¨Î´ÒÌ Ê·µ¢´¥° ¨ ¨§³¥´¥´¨¥ · ¢´µ¢¥¸´µ° µ¤´µÎ ¸É¨Î´µ°
±µ´Ë¨£Ê· Í¨¨ Ö¤· .

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¸É ´µ¢ÖÉ¸Ö ¶µ¶Ê²Ö·´Ò³¨ · ¸Î¥ÉÒ Ê· ¢´¥´¨° •”i ¸
·¥ ²¨¸É¨Î¥¸±¨³¨ ¸¨² ³¨ ‘±¨·³  ¨ ƒµ´¨. �É¨ ¸¨²Ò ¤µ¸É ÉµÎ´µ ¶· ¢¤µ¶µ-
¤µ¡´µ ¶¥·¥¤ ÕÉ § ¢¨¸¨³µ¸ÉÓ Ö¤¥·´ÒÌ Ì · ±É¥·¨¸É¨± µÉ Î¨¸²  ´Ê±²µ´µ¢ ¢
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¨¸. 5. [38]. ‘· ¢´¥´¨¥ ¢Ò¸É· ¨¢ ´¨Ö Ê£²µ¢µ£µ ³µ³¥´É  Ix ¢ ±µ´Ë¨£Ê· Í¨µ´´µ³ ¶·µ-
¸É· ´¸É¢¥ ¨ ®¢Ò¸É· ¨¢ ´¨Ö¯ Î¨¸²  Î ¸É¨Í N ¢ ± ²¨¡·µ¢µÎ´µ³ ¶·µ¸É· ´¸É¢¥. — ¸ÉµÉ 
¢· Ð¥´¨Ö �Ω ≡ �ω

Ö¤·¥. �¤´ ±µ ´¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ·¥ ²¨¸É¨Î¥¸±¨Ì
¸¨² ¢µ§´¨± ¥É ¢µ¶·µ¸ µ ¢Ò¡µ·¥ ¶ ·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. � ¶·¨³¥·, ¢ ¶µ¤-
Ìµ¤ Ì ¸ ¸¨² ³¨ ‘±¨·³  Î ¸Éµ ¨¸¶µ²Ó§ÊÕÉ ¸É ´¤ ·É´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ É¨¶ 
iŠ˜ ¨²¨, ¢¢µ¤Ö Ë¥´µ³¥´µ²µ£¨Î¥¸±ÊÕ ¶ · ³¥É·¨§ Í¨Õ ¤²Ö ¶ ·´ÒÌ ¸¨², ¢Ò-
´Ê¦¤¥´Ò ¢ ·Ó¨·µ¢ ÉÓ ¶ · ³¥É·Ò ¶ ·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¤²Ö Éµ£µ, ÎÉµ¡Ò ¢µ¸-
¶·µ¨§¢¥¸É¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¢ ± ¦¤µ³ ±µ´±·¥É´µ³ ¸²ÊÎ ¥ [40]. „²Ö
¸¨² ƒµ´¨ ¨¸¶µ²Ó§ÊÕÉ Ë¥´µ³¥´µ²µ£¨Î¥¸±ÊÕ ¶ · ³¥É·¨§ Í¨Õ ¶ ·´µ£µ ¢§ ¨-
³µ¤¥°¸É¢¨Ö ¢ ¢¨¤¥ ¸¨² ±µ´¥Î´µ£µ · ¤¨Ê¸  ¤¥°¸É¢¨Ö:

V pp(1, 2) =
∑
i=1,2

e−[(r1−r2)/µi]
2 ×

×(Wi + BiP
σ −HiP

τ −MiP
σP τ ) (23)
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¸ ´ ¡µ·µ³ ¶ · ³¥É·µ¢ ¤²Ö ¢¥²¨Î¨´ µi, Wi, Bi, Hi ¨ Mi (i = 1, 2) (¸³. ¤¥-
É ²¨ ¢ [41]). Š·µ³¥ Éµ£µ, ¸ÊÐ¥¸É¢ÊÕÉ ¶µ¶ÒÉ±¨ ¨¸¶µ²Ó§µ¢ ´¨Ö ·¥²ÖÉ¨¢¨¸É¸±µ°
É¥µ·¨¨ ¸·¥¤´¥£µ ¶µ²Ö ¤²Ö µ¶¨¸ ´¨Ö ¸¢µ°¸É¢ ¢· Ð ÕÐ¨Ì¸Ö Ö¤¥· [42]. ‚ ÔÉµ°
É¥µ·¨¨ Ö¤·µ µ¶¨¸Ò¢ ¥É¸Ö ¸µ£² ¸´µ ³µ¤¥²¨ ‚ ²¥Î±¨ [43] ± ± ¸¨¸É¥³  ¤¨· ±µ¢-
¸±¨Ì ´Ê±²µ´µ¢, ±µÉµ·Ò¥ ¢§ ¨³µ¤¥°¸É¢ÊÕÉ ¶µ¸·¥¤¸É¢µ³ µ¡³¥´  ¢¨·ÉÊ ²Ó´ÒÌ
σ-, ω- ¨ ρ-³¥§µ´µ¢. ¥Ï ÕÉ¸Ö Ê· ¢´¥´¨Ö Œ�‚ É¨¶  (19)(

h− ΩxĴx ∆̂
−∆̂∗ −h∗ + ΩxĴ∗

x

)(
Uk
Vk

)
= Ek

(
Uk
Vk

)
, (24)

£¤¥ h = hD−λ Å µ¤´µÎ ¸É¨Î´Ò° £ ³¨²ÓÉµ´¨ ´ „¨· ± , Uk ¨ Vk Å ±¢ §¨Î -
¸É¨Î´Ò¥ ¸¶¨´µ·Ò „¨· ± . �·¨ ÔÉµ³ ¤²Ö ³¥§µ´´ÒÌ ¶µ²¥° ·¥Ï ÕÉ¸Ö Ê· ¢´¥´¨Ö
Š²¥°´ Åƒµ·¤µ´  ¢µ ¢· Ð ÕÐ¥°¸Ö ¸¨¸É¥³¥ ±µµ·¤¨´ É. � ·´Ò¥ ±µ··¥²ÖÍ¨¨
· ¸¸³ É·¨¢ ÕÉ¸Ö Éµ²Ó±µ ³¥¦¤Ê ¡ ·¨µ´ ³¨ ¨ ¶ · ³¥É·¨§ÊÕÉ¸Ö, ± ± ¨ ¢ · ¸Î¥-
É Ì ¸ ¸¨² ³¨ ƒµ´¨, ¢ ¢¨¤¥ ¸¨² ±µ´¥Î´µ£µ · ¤¨Ê¸  ¤¥°¸É¢¨Ö (23). �¥±µÉµ·Ò¥
·¥§Ê²ÓÉ ÉÒ, ¶µ²ÊÎ¥´´Ò¥ ¢ · ³± Ì ÔÉµ£µ ¶µ¤Ìµ¤ , ¶·¥¤¸É ¢²¥´Ò ¢ · §¤. 5.

‚ § ±²ÕÎ¥´¨¥ ÔÉµ£µ · §¤¥²  ´¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ ¶µ³¨³µ  ´ ²¨§ 
³µ´µ¶µ²Ó´µ£µ ¸¶ ·¨¢ ´¨Ö, ±µÉµ·µ¥ ¶·¨¢µ¤¨É ± µ¡· §µ¢ ´¨Õ ±Ê¶¥·µ¢¸±¨Ì ¶ ·
¢ s-¸µ¸ÉµÖ´¨ÖÌ ¸ ¶µ²´Ò³ ³µ³¥´Éµ³, · ¢´Ò³ ´Ê²Õ, ¸ÊÐ¥¸É¢ÊÕÉ É ±¦¥ É¥µ-
·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö µ ·µ²¨ ±¢ ¤·Ê¶µ²Ó´µ£µ ¸¶ ·¨¢ ´¨Ö (d-¸µ¸ÉµÖ´¨Ö)
[44, 45]. Š ± ¡Ò²µ ¶µ± § ´µ ¢ · ¡µÉ Ì [46Ä48], ÔÉµÉ É¨¶ ¸¶ ·¨¢ ´¨Ö ³¥´¥¥
¶µ¤¢¥·¦¥´ ¢²¨Ö´¨Õ ¢· Ð¥´¨Ö, Î¥³ ³µ´µ¶µ²Ó´µ¥ ¸¶ ·¨¢ ´¨¥, ¨ ³µ¦¥É ¸µ-
Ì· ´ÖÉÓ¸Ö ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì Ê£²µ¢ÒÌ ³µ³¥´É Ì. “Î¥É ±¢ ¤·Ê¶µ²Ó´µ£µ
¸¶ ·¨¢ ´¨Ö ¶µ§¢µ²Ö¥É Ê²ÊÎÏ¨ÉÓ µ¶¨¸ ´¨¥ Ö¢²¥´¨Ö ®backbending¯ [49] ¨, ´ -
¶·¨³¥·, µ¶¨¸ ´¨¥ ¸Ê¶¥·¤¥Ëµ·³¨·µ¢ ´´ÒÌ ¸µ¸ÉµÖ´¨° ¢ µ¡² ¸É¨ A ∼ 190 [50].

4. �……„�—� „‚“• �“Š‹���‚, Š�‹‹…Š’ˆ‚�›… ‚�‡"“†„…�ˆŸ
ˆ ‚�™…�ˆ…

�¤´¨³ ¨§ ¢µ§³µ¦´ÒÌ ¸¶µ¸µ¡µ¢ ¨¸¸²¥¤µ¢ ´¨Ö ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ¢µ ¢· -
Ð ÕÐ¨Ì¸Ö Ö¤· Ì Ö¢²Ö¥É¸Ö  ´ ²¨§ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢, ¸¢Ö§ ´´ÒÌ ¸ ¶¥·¥¤ -
Î¥° ¤¢ÊÌ ´Ê±²µ´µ¢:

P =< A + 2|S+|A > , (25)

£¤¥ S+ = (c+c+)I=0 Å µ¶¥· Éµ· ¶ ·Ò Î ¸É¨Í ¸ ¸Ê³³ ·´Ò³ ´Ê²¥¢Ò³ Ê£²µ¢Ò³
³µ³¥´Éµ³. �Î¥¢¨¤´µ, ÎÉµ ÔÉµÉ ³ É·¨Î´Ò° Ô²¥³¥´É ¸¢Ö§ ´ ¸ ¶ · ³¥É·µ³ Ð¥²¨
(21). ‚ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ (25) ¶µ§¢µ²ÖÕÉ ¨§¢²¥ÎÓ
¨´Ëµ·³ Í¨Õ µ ¸É¥¶¥´¨ Ö¤¥·´µ° ¸¢¥·ÌÉ¥±ÊÎ¥¸É¨. ˆ´É¥·¥¸´µ µÉ³¥É¨ÉÓ, ÎÉµ
¶·¨ ±µ´¥Î´ÒÌ §´ Î¥´¨ÖÌ Ê£²µ¢µ£µ ³µ³¥´É  ¶µ¢¥¤¥´¨¥ ³ É·¨Î´µ£µ Ô²¥³¥´É 
(25) ¨ ¶ · ³¥É·  Ð¥²¨ ¸¨²Ó´µ · §²¨Î ¥É¸Ö. ‚ · ¸Î¥É Ì ¸ ¶·µ¥±É¨·µ¢ ´¨¥³
¨ ¡¥§ ¶·µ¥±É¨·µ¢ ´¨Ö ´  ÉµÎ´µ¥ Î¨¸²µ Î ¸É¨Í ¶ ·´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É
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(25) Ê³¥´ÓÏ ¥É¸Ö §´ Î¨É¥²Ó´µ ¡Ò¸É·¥¥, Î¥³ ¶ · ³¥É· Ð¥²¨ (¸³. ·¨¸. 6). iµ-
²¥¥ Éµ£µ, ¢ µ¡² ¸É¨ ±·¨É¨Î¥¸±µ£µ Ê£²µ¢µ£µ ³µ³¥´É , ±µ£¤  ¨¸Î¥§ ¥É ¸É É¨-

¨¸. 6. [51]. � ·´Ò° ³ É·¨Î´Ò° Ô²¥-
³¥´É P , µ¶·¥¤¥²¥´´Ò° ¸µ£² ¸´µ ¸µ-
µÉ´µÏ¥´¨Õ (25) (¸¶²µÏ´ Ö ²¨´¨Ö), ¨
¶ · ³¥É· Ð¥²¨ ∆/G (¶Ê´±É¨·´ Ö ²¨-
´¨Ö) ¤²Ö Ö¤·  168Hf ± ± ËÊ´±Í¨Ö Ê£²µ-
¢µ£µ ³µ³¥´É . � · ³¥É· Ð¥²¨ µ¶·¥¤¥-
²¥´ ¡¥§ ¶·µ¥±É¨·µ¢ ´¨Ö (a) ¨ ¸ ¶µ-
³µÐÓÕ ¶·µ¥±É¨·µ¢ ´¨Ö (¡)

Î¥¸±µ¥ ¸¶ ·¨¢ ´¨¥ ¢ · ¸Î¥É Ì ¡¥§ ¶·µ¥±-
É¨·µ¢ ´¨Ö, ¶ ·´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É
³¥´Ö¥É ¸¢µ° §´ ± ¨ ³µ¦¥É µ¸Í¨²²¨·µ-
¢ ÉÓ. ‘µ£² ¸´µ [51], ¶ ·´Ò° ³ É·¨Î´Ò°
Ô²¥³¥´É µ± §Ò¢ ¥É¸Ö µÎ¥´Ó ÎÊ¢¸É¢¨É¥²Ó-
´Ò³ ± ÔËË¥±ÉÊ ¢Ò¸É· ¨¢ ´¨Ö ¤¢ÊÌ±¢ -
§¨Î ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨°, ±µÉµ·Ò¥ µÉ¢¥É-
¸É¢¥´´Ò §  ®backbending¯. ‚ ·¥§Ê²ÓÉ É¥
¢Ò¸É· ¨¢ ´¨Ö Ö¤·µ ¶·¨µ¡·¥É ¥É ±µ´Ë¨-
£Ê· Í¨Õ, £¤¥ ¡²µ±¨·µ¢ ´µ ¸¶ ·¨¢ ´¨¥
¤²Ö ¤¢ÊÌ ¢Ò¸É·µ¥´´ÒÌ Î ¸É¨Í, ÎÉµ ¢¥-
¤¥É ± Ê³¥´ÓÏ¥´¨Õ ¶ ·´µ° Ð¥²¨. �¤´ ±µ,
± ± ÔÉµ ¸²¥¤Ê¥É ¨§ ·¨¸. 6, ³ ²µ¥ ¨§³¥´¥-
´¨¥ ¶ ·´µ° Ð¥²¨ ¤· ³ É¨Î¥¸±¨³ µ¡· -
§µ³ ¸± §Ò¢ ¥É¸Ö ´  ¢¥²¨Î¨´¥ ¶ ·´µ£µ ³ -
É·¨Î´µ£µ Ô²¥³¥´É . ‡ ³¥É¨³, ÎÉµ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ¶µ¶ÒÉ±¨ ¢ ÔÉµ³ ´ ¶· ¢²¥-
´¨¨ ¶µ±  ´¥ ¤ ²¨ ¸ÊÐ¥¸É¢¥´´ÒÌ ·¥§Ê²Ó-
É Éµ¢ ¨§-§  ¸²µ¦´µ¸É¨ ´¥µ¡Ìµ¤¨³ÒÌ ¨§-
³¥·¥´¨°.

ˆ§³¥´¥´¨¥ ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ¸¢¥·Ì-
¶·µ¢µ¤ÖÐ¥£µ É¨¶  ¢µ ¢· Ð ÕÐ¨Ì¸Ö
Ö¤· Ì ³µ¦´µ ¶·µ¸²¥¤¨ÉÓ É ±¦¥ ¶·¨  ´ -
²¨§¥ ±µ²²¥±É¨¢´ÒÌ ´¨§±µ²¥¦ Ð¨Ì ¢µ§-
¡Ê¦¤¥´¨°. ’ ±¨¥ ¸µ¸ÉµÖ´¨Ö ³µ¦´µ µ¶¨-
¸Ò¢ ÉÓ ¢ · ³± Ì Œ�‚, ±µ³¡¨´¨·ÊÖ ¸
¶·¨¡²¨¦¥´¨¥³ ¸²ÊÎ °´ÒÌ Ë § (�‘”),
± ± ¸µ¸ÉµÖ´¨Ö µ¤´µËµ´µ´´µ° ¶·¨·µ¤Ò
(¸³., ´ ¶·¨³¥·, [30]). ‚ Î ¸É´µ¸É¨, · ¸-
Î¥ÉÒ ¢ · ³± Ì �‘” ¶µ§¢µ²ÖÕÉ ¶·µ¸²¥-
¤¨ÉÓ ¢²¨Ö´¨¥ ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ´  ±µ²-

²¥±É¨¢´Ò¥ γ- ¨ β-±µ²¥¡ ´¨Ö ¢· Ð ÕÐ¥£µ¸Ö Ö¤· . C ¨¸¶µ²Ó§µ¢ ´¨¥³ ³¥Éµ¤ 
¸¨²µ¢µ° ËÊ´±Í¨¨ (¸³. [30]) ¤²Ö £ ³¨²ÓÉµ´¨ ´  ³µ¤¥²¨

H =
∑
kk′

(ekk′ − λδkk′ )c
†
kck′ − ΩĴx −GP †P − κ

2

2∑
µ=−2

Q†
2µQ2µ , (26)

£¤¥ Qµ Å ±¢ ¤·Ê¶µ²Ó´Ò° µ¶¥· Éµ·, ¢ · ¡µÉ¥ [52] ¡Ò²µ ¢¶¥·¢Ò¥ ¶µ± § ´µ, ÎÉµ
µ¸² ¡²¥´¨¥ ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ¸ ¢· Ð¥´¨¥³ ¶·¨¢µ¤¨É ± µ¸² ¡²¥´¨Õ ±µ²²¥±-
É¨¢´ÒÌ ±µ²¥¡ ´¨°. �  ·¨¸. 7, 8 ¶µ± § ´Ò · ¸Î¥É´Ò¥ ±·¨¢Ò¥ ¸¨²µ¢µ° ËÊ´±Í¨¨



�…Š�’�›… �‘�…Š’› ���›• Š�…‹Ÿ–ˆ‰ 955

¨¸. 7. [52]. ‘¨²µ¢ Ö ËÊ´±Í¨Ö Ô²¥±É·¨Î¥¸±¨Ì ±¢ ¤·Ê¶µ²Ó´ÒÌ ¶¥·¥Ìµ¤µ¢ ´  µ¤´µ-
Ëµ´µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö ¶µ²µ¦¨É¥²Ó´µ° ¸¨£´ ÉÊ·Ò ¢ § ¢¨¸¨³µ¸É¨ µÉ Ê£²µ¢µ£µ ³µ³¥´É 
I . �µ µ¸¨ µ·¤¨´ É ¤ ´Ò §´ Î¥´¨Ö ¸¨²µ¢µ° ËÊ´±Í¨¨, ¶µ µ¸¨  ¡¸Í¨¸¸ Å §´ Î¥´¨Ö
Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨°. ‚ ± Î¥¸É¢¥ · ¢´µ¢¥¸´ÒÌ ¶ · ³¥É·µ¢ ¤¥Ëµ·³ Í¨¨ ¸·¥¤´¥£µ ¶µ²Ö
¨¸¶µ²Ó§µ¢ ²¨¸Ó ·¥§Ê²ÓÉ ÉÒ [33] (¸³. ·¨¸. 3)

¶·¨¢¥¤¥´´µ° ¢¥·µÖÉ´µ¸É¨ Ô²¥±É·¨Î¥¸±¨Ì ±¢ ¤·Ê¶µ²Ó´ÒÌ ¶¥·¥Ìµ¤µ¢ ´  ¸µ¸Éµ-
Ö´¨Ö ¶µ²µ¦¨É¥²Ó´µ° ¸¨£´ ÉÊ·Ò ¢ µ±·¥¸É´µ¸É¨ ¨· ¸É-¶µ²µ¸Ò. �µ²µ¦¥´¨¥ β-
¨ γ-¢¨¡· Í¨µ´´ÒÌ ¸µ¸ÉµÖ´¨° ¶·¨ I = 0 ´ Ìµ¤¨É¸Ö ¢ ¤µ¸É ÉµÎ´µ Ìµ·µÏ¥³
¸µ£² ¸¨¨ ¸ Ô±¸¶¥·¨³¥´Éµ³. �·¨ ÔÉµ³ ±µ´¸É ´ÉÒ µ¸É ÉµÎ´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°
µ¶·¥¤¥²Ö²¨¸Ó ¨§ Ê¸²µ¢¨Ö Ê¸É· ´¥´¨Ö ¤ÊÌµ¢ÒÌ ¸µ¸ÉµÖ´¨°. �·¨ I ≤ 12� ³µ¦´µ
Î¥É±µ ¶·µ¸²¥¤¨ÉÓ §  Ô¢µ²ÕÍ¨¥° β- ¨ γ-±µ²¥¡ ´¨° ± ± ´ ¨¡µ²¥¥ ±µ²²¥±É¨¢´ÒÌ
¸µ¸ÉµÖ´¨°. �·¨ Ê¢¥²¨Î¥´¨¨ Ê£²µ¢µ£µ ³µ³¥´É  ¨Ì ¨¤¥´É¨Ë¨± Í¨Ö Ê³¥´ÓÏ -
¥É¸Ö. ˆ¸Î¥§´µ¢¥´¨¥ ¸É É¨Î¥¸±µ£µ ¸¶ ·¨¢ ´¨Ö ¶·¨¢µ¤¨É ± ¶µÉ¥·¥ ¨Ì ±µ²²¥±-
É¨¢´µ¸É¨. �¥°É·µ´´µ¥ ¸¶ ·¨¢ ´¨¥ ¨¸Î¥§ ¥É ¶·¨ ¸¶¨´ Ì ∼ 30�, ¶·µÉµ´´µ¥ Å
¶·¨ I ≈ 15�. �¡· Ð¥´¨¥ ¢ ´Ê²Ó ¸¶ ·¨¢ ´¨Ö ¶·¨¢µ¤¨É ± Ê³¥´ÓÏ¥´¨Õ Ô´¥·£¨¨
¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨°, ÎÉµ µ¡Ê¸² ¢²¨¢ ¥É ·µ¸É ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¢
µ±·¥¸É´µ¸É¨ ¨· ¸É-²¨´¨¨. ‚ ·¥§Ê²ÓÉ É¥ ¶·µ¨¸Ìµ¤¨É ¸¨²Ó´µ¥ ¸³¥Ï¨¢ ´¨¥ ¸µ-
¸ÉµÖ´¨° ¸ · §²¨Î´Ò³¨ K ¨, ± ± ¸²¥¤¸É¢¨¥, Ê³¥´ÓÏ¥´¨¥ ¢±² ¤  ±µ³¶µ´¥´É
¢µ²´µ¢µ° ËÊ´±Í¨¨ ¸ µ¶·¥¤¥²¥´´Ò³ §´ Î¥´¨¥³ K ¢ ´¨§±µ²¥¦ Ð¨Ì ¢¨¡· Í¨-
µ´´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ.
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¨¸. 8. [52]. ’µ ¦¥, ÎÉµ ¨ ´  ·¨¸. 7

5. �‹œ Š‚��’�‚›• ”‹“Š’“�–ˆ‰ �ˆ ���‹ˆ‡…
���›• Š�…‹Ÿ–ˆ‰ ‚� ‚�™��™ˆ•‘Ÿ Ÿ„�•

�µ¦ ²Ê°, Éµ²Ó±µ µÉ±·ÒÉ¨¥ ¸Ê¶¥·¤¥Ëµ·³¨·µ¢ ´´ÒÌ ¸µ¸ÉµÖ´¨°  Éµ³´ÒÌ
Ö¤¥· ³µ¦´µ, ¸ ´¥±µÉµ·µ° ¤µ²¥° Ê¢¥·¥´´µ¸É¨, µÉ´¥¸É¨ ± Ë ±ÉÊ, ¶µ¤É¢¥·¦¤ Õ-
Ð¥³Ê £¨¶µÉ¥§Ê, ¢Ò¸± § ´´ÊÕ ¢ [23] (¸³. · §¤. 2). �É¨ ¸µ¸ÉµÖ´¨Ö Ëµ·³¨·ÊÕÉ
·¥£Ê²Ö·´Ò¥ ·µÉ Í¨µ´´Ò¥ ¶µ²µ¸Ò ¸ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨³¨ Ê£²µ¢Ò³¨ ³µ³¥´-
É ³¨ ¢¶²µÉÓ ¤µ I ∼ 60�. Š·µ³¥ Éµ£µ, µ´¨ Ì · ±É¥·¨§ÊÕÉ¸Ö ¶µÎÉ¨ É¢¥·¤µ-
É¥²Ó´Ò³¨ ³µ³¥´É ³¨ ¨´¥·Í¨¨ ¸ ¡µ²ÓÏµ° ±¢ ¤·Ê¶µ²Ó´µ° ¤¥Ëµ·³ Í¨¥°. …¸²¨
¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ Ö¤·µ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° É¢¥·¤µÉ¥²Ó´Ò° Ô²²¨¶¸µ¨¤ ¢· Ð¥-
´¨Ö, Éµ µÉ´µÏ¥´¨¥ ¶µ²Êµ¸¥° É ±µ£µ Ô²²¨¶¸µ¨¤  ¢µ ³´µ£¨Ì ¸Ê¶¥·¤¥Ëµ·³¨·µ-
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¢ ´´ÒÌ Ö¤· Ì ¡²¨§±µ ± 2 : 1. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¨§¢¥¸É´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ µ ¸Ê¶¥·¤¥Ëµ·³¨·µ¢ ´´ÒÌ ·µÉ Í¨µ´´ÒÌ ¸µ¸ÉoÖ´¨ÖÌ ¢ ³ ¸¸µ¢µ° µ¡² -
¸É¨ A ∼ 60 [53Ä56], 80, 130, 150 ¨ 190 [31,57Ä60].  §²¨Î´Ò¥ É¥µ·¥É¨Î¥¸±¨¥
¶µ¤Ìµ¤Ò,   ¨³¥´´µ: · ¸Î¥ÉÒ ¢ · ³± Ì ¶µ¤Ìµ¤ , ±µ³¡¨´¨·ÊÕÐ¥£µ Œ�‚ ´ 
¡ §¥ ¶µÉ¥´Í¨ ²  �¨²Ó¸¸µ´  ¨²¨ ¶µÉ¥´Í¨ ²  ‚Ê¤¸ Å‘ ±¸µ´  ¨ ³¥Éµ¤ µ¡µ-
²µÎ¥Î´µ° ¶µ¶· ¢±¨ ‘É·ÊÉ¨´¸±µ£µ [31, 61Ä63]; ¸ ³µ¸µ£² ¸µ¢ ´´Ò¥ · ¸Î¥ÉÒ ¢
· ³± Ì É¥µ·¨¨ •”i ¸ ·¥ ²¨¸É¨Î¥¸±¨³¨ ¸¨² ³¨ ‘±¨·³  [40] ¨²¨ ¸ ¸¨² ³¨
ƒµ´¨ [61, 64, 65]; ·¥²ÖÉ¨¢¨¸É¸± Ö É¥µ·¨Ö ¸·¥¤´¥£µ ¶µ²Ö [66] Å ¤µ¸É ÉµÎ´µ
Ê¸¶¥Ï´µ µ¶¨¸Ò¢ ÕÉ ¸Ê¶¥·¤¥Ëµ·³¨·µ¢ ´´Ò¥ ¸µ¸ÉµÖ´¨Ö.

�¡Ð¥¶·¨´ÖÉµ, ÎÉµ ¶ ·´Ò¥ ±µ··¥²ÖÍ¨¨ ¸¨²Ó´µ ¶µ¤ ¢²¥´Ò ¶·¨ ¡µ²ÓÏ¨Ì
Ê£²µ¢ÒÌ ³µ³¥´É Ì, ¨ ¸Ê¶¥·¤¥Ëµ·³¨·µ¢ ´´Ò¥ ¸µ¸ÉµÖ´¨Ö µ¶¨¸Ò¢ ÕÉ¸Ö ¡¥§ ÊÎ¥É 
¶ ·´µ£µ ¶µ²Ö ¤²Ö Ö¤¥· ¨§ ³ ¸¸µ¢µ° µ¡² ¸É¨ A ∼ 60 ¨ ∼ 150. ‚ Éµ ¦¥ ¢·¥³Ö
ÊÎ¥É ¶ ·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ É¨¶  ´¥µ¡Ìµ¤¨³ ¤²Ö µ¶¨¸ -
´¨Ö ¸Ê¶¥·¤¥Ëµ·³¨·µ¢ ´´ÒÌ ¸µ¸ÉµÖ´¨° ¤²Ö ³ ¸¸µ¢µ° µ¡² ¸É¨ A ∼ 190, É ±
± ± É ±¨¥ ¸µ¸ÉµÖ´¨Ö ´ ¡²Õ¤ ÕÉ¸Ö ¶·¨ ¸· ¢´¨É¥²Ó´µ ³ ²ÒÌ Î ¸ÉµÉ Ì ¢· Ð¥-
´¨Ö. ‚ · §²¨Î´ÒÌ É¥µ·¥É¨Î¥¸±¨Ì ³µ¤¥²ÖÌ (¸³., ´ ¶·¨³¥·, [40, 63, 64]) ¡Ò²µ
¶µ± § ´µ, ÎÉµ µ¶¨¸ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ µÉ´µ¸¨É¥²Ó´µ ¶µ¢¥¤¥´¨Ö
³µ³¥´É  ¨´¥·Í¨¨ ¢ ÔÉ¨Ì ¸µ¸ÉµÖ´¨ÖÌ É·¥¡Ê¥É ¢ÒÌµ¤  §  · ³±¨ ¶·¨¡²¨¦¥´¨Ö
¸·¥¤´¥£µ ¶µ²Ö. ’ ± ± ±  Éµ³´µ¥ Ö¤·µ Ö¢²Ö¥É¸Ö ±µ´¥Î´µ° ±¢ ´Éµ¢µ° ¸¨¸É¥³µ°,
¸²¥¤Ê¥É µ¦¨¤ ÉÓ § ³¥É´µ° ·µ²¨ ±¢ ´Éµ¢ÒÌ Ë²Ê±ÉÊ Í¨° ¶·¨ µ¶¨¸ ´¨¨ · §²¨Î-
´ÒÌ Ë¨§¨Î¥¸±¨Ì Ö¢²¥´¨°. Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó ¢ÒÏ¥, ¢ ¶·¨¡²¨¦¥´¨¨ •”i

¨¸. 9. [69]. �ËË¥±É¨¢´Ò° ¶ · -
³¥É· Ð¥²¨ ∆̃ ± ± ËÊ´±Í¨Ö Ê£²µ¢µ£µ
³µ³¥´É  I . �·¨ I = 0 ¢¸¥ · ¸Î¥ÉÒ
¶µ± §Ò¢ ÕÉ Ô±¸¶¥·¨³¥´É ²Ó´µ¥ §´ -
Î¥´¨¥ ∆

Î¨¸²µ Î ¸É¨Í ¸µÌ· ´Ö¥É¸Ö Éµ²Ó±µ ¢ ¸·¥¤-
´¥³. ‚ · ¡µÉ Ì [67,68] ¢¶¥·¢Ò¥ ¡Ò²µ ¶µ± -
§ ´µ, ÎÉµ ¶·µ¥±É¨·µ¢ ´¨¥ ´  ÉµÎ´µ¥ Î¨¸²µ
Î ¸É¨Í ¶¥·¥¤ ¢ ·Ó¨·µ¢ ´¨¥³ ¸ ¶µ³µÐÓÕ
³¥Éµ¤  £¥´¥· Éµ·´µ° ±µµ·¤¨´ ÉÒ [13], Éµ
¥¸ÉÓ ¢Ò¤¥²¥´¨¥ ±µ³¶µ´¥´É ¸ § ¤ ´´Ò³ Î¨-
¸²µ³ Î ¸É¨Í ¨§ ¶µ²´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨,
³µ¦¥É § ³¥É´µ ¸£² ¤¨ÉÓ ÉµÎ±Ê Ë §µ¢µ£µ ¶¥-
·¥Ìµ¤ , ¶·¥¤¸± §Ò¢ ¥³ÊÕ · §²¨Î´Ò³¨ ³µ-
¤¥²Ö³¨ ¸·¥¤´¥£µ ¶µ²Ö ¡¥§ ÊÎ¥É  ¶·µ¥±É¨-
·µ¢ ´¨Ö. ‚ ± Î¥¸É¢¥ ¶·¨³¥·  ´  ·¨¸. 9 ¶µ-
± § ´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ÔËË¥±É¨¢´µ£µ
¶ · ³¥É·  Ð¥²¨ ∆̃ = G(< S+S >)1/2

[69].  ¸Î¥ÉÒ ¶·µ¢µ¤¨²¨¸Ó ¢ · ³± Ì ³µ-
¤¥²¨ i · ´¤¦¥· ÅŠÊ³ ·  [70] ¤²Ö Ö¤· 
168Hf . ¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¢ Œ�‚ ¢ ¶·¨-
¡²¨¦¥´¨¨ •”i (HFB) ¶·¥¤¸± §Ò¢ ÕÉ ·¥§-
±µ¥ ¶µ¤ ¢²¥´¨¥ ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ¶·¨ ¸¶¨´¥ I = 22�. �¤´ ±µ ÊÎ¥É ¶·µ¥±-
É¨·µ¢ ´¨Ö ´  ¸µ¸ÉµÖ´¨Ö ¸ § ¤ ´´Ò³ Î¨¸²µ³ Î ¸É¨Í (NHFB) ¸£² ¦¨¢ ¥É ÉµÎ±Ê
Ë §µ¢µ£µ ¶¥·¥Ìµ¤ .  ¸Î¥ÉÒ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶ · ³¥É·  Ð¥²¨ ∆ ¢ ± Î¥¸É¢¥
£¥´¥· Éµ·´µ° ±µµ·¤¨´ ÉÒ + ¶·µ¥±É¨·µ¢ ´¨¥ (NGCM) ¶· ±É¨Î¥¸±¨ ¸µ¢¶ ¤ ÕÉ
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¸ ·¥§Ê²ÓÉ É ³¨, ¶µ²ÊÎ¥´´Ò³¨ ¸ ÊÎ¥Éµ³ ¶·µ¥±É¨·µ¢ ´¨Ö (NHFB), Éµ£¤  ± ±
· ¸Î¥ÉÒ ¢ · ³± Ì ³¥Éµ¤  £¥´¥· Éµ·´µ° ±µµ·¤¨´ ÉÒ (GCM) ¡¥§ ¶·µ¥±É¨·µ¢ -
´¨Ö ´¥³´µ£µ µÉ²¨Î ÕÉ¸Ö µÉ ´¨Ì.

‚µ ³´µ£¨Ì ·¥ ²¨¸É¨Î¥¸±¨Ì · ¸Î¥É Ì (¸³., ´ ¶·¨³¥·, [71Ä75]) ¨¸¶µ²Ó§ÊÕÉ
¡µ²¥¥ ¶·µ¸Éµ° ¸¶µ¸µ¡ Î ¸É¨Î´µ£µ ¶·µ¥±É¨·µ¢ ´¨Ö, ¢ µ¸´µ¢¥ ±µÉµ·µ£µ ²¥¦¨É
³¥Éµ¤ ‹¨¶±¨´ Å�µ£ ³¨ [76, 77]. �¸´µ¢´ Ö ¨¤¥Ö ³¥Éµ¤  ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ
ÔËË¥±É Ë²Ê±ÉÊ Í¨° Î¨¸²  Î ¸É¨Í ³µ¦¥É ¡ÒÉÓ ¶µ¤ ¢²¥´ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨
£ ³¨²ÓÉµ´¨ ´  Ĥ = Ĥ − λ1N̂ − λ2N̂

2 ¢³¥¸Éµ ¸É ´¤ ·É´µ£µ £ ³¨²ÓÉµ´¨ ´ 
Ĥ − λN̂ . � · ³¥É·Ò λ1 ¨ λ2 µ¶·¥¤¥²ÖÕÉ¸Ö ¶·¨ ³¨´¨³¨§ Í¨¨ § ¤ Î¨:

δ < Φ|Ĥ|Φ >= 0 . (27)

‡¤¥¸Ó |Φ > Å ¢ ±ÊÊ³ ±¢ §¨Î ¸É¨Í iŠ˜ (¤ ²¥¥ < .. > µ§´ Î ¥É Ê¸·¥¤´¥´¨¥
¶µ ÔÉµ³Ê ¸µ¸ÉµÖ´¨Õ < Φ|..|Φ >). � · ³¥É· λ1 Å µ¡ÒÎ´Ò° ² £· ´¦¥¢¸±¨°
³´µ¦¨É¥²Ó, ´¥µ¡Ìµ¤¨³Ò° ¤²Ö ¢Ò¶µ²´¥´¨Ö Ê¸²µ¢¨Ö ¸µÌ· ´¥´¨Ö Î¨¸²  Î ¸É¨Í ¢
¸·¥¤´¥³ N =< N̂ >. ‚¥²¨Î¨´  λ2 · ¸¸³ É·¨¢ ¥É¸Ö ± ± ¶µ¸ÉµÖ´´ Ö ¢µ ¢·¥³Ö
¢ ·¨ Í¨¨ ¨ µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²µ¢¨Ö

λ2 =
< Ĥ∆N̂2

2 >

< N̂2∆N̂2
2 >

, (28)

£¤¥ N̂2 ∼ (α+α+ + Ô.¸.) Å ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ Ö Î ¸ÉÓ µ¶¥· Éµ·  N̂ ¨ ∆N̂2
2 =

= N̂2
2− < N̂2

2 >. ‚ · ¡µÉ¥ [78] µ¡¸Ê¦¤ ÕÉ¸Ö µ¸µ¡¥´´µ¸É¨ ¶·¨³¥´¥´¨Ö ³¥-
Éµ¤  ‹¨¶±¨´ Å�µ£ ³¨ ¤²Ö § ¢¨¸ÖÐ¨Ì µÉ ¶²µÉ´µ¸É¨ ¸¨² ƒµ´¨. ‚ ± Î¥¸É¢¥
¶·¨³¥·  ´  ·¨¸. 10 ¶µ± § ´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¢ · ³± Ì ·¥²ÖÉ¨¢¨¸Éc±µ°
É¥µ·¨¨ ¸·¥¤´¥£µ ¶µ²Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ³¥Éµ¤  ‹¨¶±¨´ Å�µ£ ³¨ ¤²Ö ·Ö¤ 
Ö¤¥· ¨§ µ¡² ¸É¨ A ∼ 190.  ¸Î¥ÉÒ ¶·µ¢µ¤¨²¨¸Ó ¤²Ö ±¨´¥³ É¨Î¥¸±µ£µ ³µ³¥´É 
¨´¥·Í¨¨

�(1) =
I

Ω
≈ 2I

E γ
(29)

¨ ¤¨´ ³¨Î¥¸±µ£µ ³µ³¥´É  ¨´¥·Í¨¨

�(2) =
�

2

2

(
d2E

dI2

)−1

=
dI

dΩ
≈ 4

δEγ
. (30)

‡¤¥¸Ó �Ω = dEI/dI ≈ [E(I + 1) − E(I − 1)]/2 = Eγ(I)/2, Eγ Å Ô´¥·£¨Ö
¶¥·¥Ìµ¤  ¸ ¨§²ÊÎ¥´¨¥³ £ ³³ -±¢ ´É , δEγ Å · §´¨Í  Ô´¥·£¨° ³¥¦¤Ê ¤¢Ê³Ö ¶µ-
¸²¥¤µ¢ É¥²Ó´Ò³¨ £ ³³ -¶¥·¥Ìµ¤ ³¨. „ ¦¥ Î ¸É¨Î´Ò° ÊÎ¥É Ë²Ê±ÉÊ Í¨° Î¨¸² 
Î ¸É¨Í ¶µ§¢µ²Ö¥É § ³¥É´µ Ê²ÊÎÏ¨ÉÓ µ¶¨¸ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

„·Ê£µ° ¢ ¦´Ò°  ¸¶¥±É ¨¸¸²¥¤µ¢ ´¨Ö ÔËË¥±É  ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ¸¢Ö§ ´
¸ ÊÎ¥Éµ³ ´Ê²¥¢ÒÌ ±µ²¥¡ ´¨° ±¢ ´Éµ¢µ° ¸¨¸É¥³Ò,  ¸¸µÍ¨¨·µ¢ ´´ÒÌ ¸ · §²¨Î-
´Ò³ É¨¶µ³ ±µ··¥²ÖÍ¨° ¢ Ö¤·¥. ‘ ÔÉµ° ÉµÎ±¨ §·¥´¨Ö ¶ ·´Ò¥ ¢¨¡· Í¨¨ ¨£· ÕÉ
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¨¸. 10. [42]. „¨´ ³¨Î¥¸±¨° (�(2)) (¢¥·Ì´ÖÖ Î ¸ÉÓ) ¨ ±¨´¥³ É¨Î¥¸±¨° (�(1)) (´¨¦-
´ÖÖ Î ¸ÉÓ) ³µ³¥´ÉÒ ¨´¥·Í¨¨. �±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö (ÉµÎ±¨) ¸· ¢´¨¢ ÕÉ¸Ö ¸
·¥§Ê²ÓÉ É ³¨ · ¸Î¥É  (²¨´¨¨). ‘¶²µÏ´Ò¥ ¨ ÏÉ·¨Ìµ¢Ò¥ ²¨´¨¨ ¶µ± §Ò¢ ÕÉ ·¥§Ê²ÓÉ ÉÒ
· ¸Î¥É  ¸ ¶·µ¥±É¨·µ¢ ´¨¥³ ´  Î¨¸²µ Î ¸É¨Í ¢ · ³± Ì ¶µ¤Ìµ¤  ‹¨¶±¨´ Å�µ£ ³¨ ¨
¡¥§ ´¥£µ

¢ ¦´ÊÕ ·µ²Ó ¢ µ¡² ¸É¨, £¤¥ ¶·µ¶ ¤ ¥É ¸É É¨Î¥¸±µ¥ ¸¶ ·¨¢ ´¨¥ [79, 80]. ‚
µ¡² ¸É¨ Ê£²µ¢ÒÌ Î ¸ÉµÉ ¢· Ð¥´¨Ö, ³¥´ÓÏ¨Ì ±·¨É¨Î¥¸±µ° Î ¸ÉµÉÒ ¢· Ð¥´¨Ö,
¢±² ¤ ¶ ·´µ£µ ¶µ²Ö ¢ Ô´¥·£¨Õ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¶·µ¶µ·Í¨µ´ ²¥´ ±¢ ¤· ÉÊ
Î¨¸²  Î ¸É¨Í E¸¶ · ∼ GN2 [12,13]. ‚ Éµ ¦¥ ¢·¥³Ö ¢±² ¤ ´Ê²¥¢ÒÌ ±µ²¥¡ ´¨°,
µ¡Ê¸²µ¢²¥´´ÒÌ ¶ ·´Ò³¨ ¢¨¡· Í¨Ö³¨, ¥¸ÉÓ E¢¨¡ ∼ GN . �Î¥¢¨¤´µ, ÎÉµ ¨Ì
¢±² ¤ ´¥¢¥²¨±: r = E¢¨¡/E¸¶ · ∼ N−1 ¢ µ¡² ¸É¨ Ê£²µ¢ÒÌ ³µ³¥´Éµ¢ (Ê£²µ¢ÒÌ
Î ¸ÉµÉ ¢· Ð¥´¨Ö), £¤¥ ¸É É¨Î¥¸±µ¥ ¸¶ ·¨¢ ´¨¥ ´¥´Ê²¥¢µ¥. �¤´ ±µ ¶·¨ Î ¸Éµ-
É Ì ¢· Ð¥´¨Ö ¢ÒÏ¥ ±·¨É¨Î¥¸±µ° ¢±² ¤ ¶µ²Ö ¸¶ ·¨¢ ´¨Ö ¢ Ô´¥·£¨Õ µ¸´µ¢´µ£µ
¸µ¸ÉµÖ´¨Ö É ±µ£µ ¦¥ ¶µ·Ö¤±  E¸¶ · ∼ GN , ÎÉµ ¨ ¢±² ¤ ´Ê²¥¢ÒÌ ³µ¤, Éµ ¥¸ÉÓ
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r ∼ 1. ‘µµÉ¢¥É¸É¢¥´´µ ÊÎ¥É ´Ê²¥¢ÒÌ ±µ²¥¡ ´¨° ¨§-§  ¶ ·´ÒÌ ¢¨¡· Í¨° ³µ¦¥É
µ¡ÑÖ¸´¨ÉÓ, ´ ¶·¨³¥·, ´¨§±µ²¥¦ Ð¨¥ ¢µ§¡Ê¦¤¥´´Ò¥ ±µ´Ë¨£Ê· Í¨¨ ¢ ´¥±µÉµ-
·ÒÌ  Éµ³´ÒÌ Ö¤· Ì ¶·¨ ¢Ò¸µ±¨Ì ¸¶¨´ Ì, ±µÉµ·Ò¥ ¨³¥ÕÉ ³¥´ÓÏ¨° ³µ³¥´É
¨´¥·Í¨¨, Î¥³ µ¸´µ¢´ Ö ±µ´Ë¨£Ê· Í¨Ö ¶·¨ ¤ ´´µ³ Ê£²µ¢µ³ ³µ³¥´É¥ [26].

‚ ± Î¥¸É¢¥ ¨²²Õ¸É· Í¨¨ · ¸¸³µÉ·¨³ ³µ¤¥²Ó ¶ ·´ÒÌ ¢¨¡· Í¨¨° ¢µ ¢· -
Ð ÕÐ¨Ì¸Ö Ö¤· Ì. ‚ ÔÉµ³ ¸²ÊÎ ¥ £ ³¨²ÓÉµ´¨ ´ ³µ¤¥²¨ Ö¤·  ¨³¥¥É ¢¨¤

H =
∑
kk′

(ekk′ − λδkk′ )c
†
kck′ − ΩĴx −GP †P = H0 − ΩĴx . (31)

‡¤¥¸Ó ekk′ Å µ¤´µÎ ¸É¨Î´Ò¥ Ô´¥·£¨¨, ck Å µ¶¥· Éµ· Ê´¨ÎÉµ¦¥´¨Ö Î ¸É¨ÍÒ,
µ¶·¥¤¥²¥´´Ò° µÉ´µ¸¨É¥²Ó´µ Î ¸É¨Î´µ£µ ¢ ±ÊÊ³  ck|0 >= 0. � ·´Ò° µ¶¥· Éµ·
P µ¶·¥¤¥²¥´ ¸É ´¤ ·É´Ò³ µ¡· §µ³:

P † =
∑
k>0

c†kc
†
k̄
. (32)

ˆ¸¶µ²Ó§ÊÖ É· ´¸Ëµ·³ Í¨Õ iµ£µ²Õ¡µ¢  (7), ¶¥·¥°¤¥³ ± ±¢ §¨Î ¸É¨Î´µ³Ê ¶·¥¤-
¸É ¢²¥´¨Õ, £¤¥ ´µ¢Ò° ¢ ±ÊÊ³ µ¶·¥¤¥²¥´ ± ± αi| >= 0. ‘µµÉ¢¥É¸É¢¥´´µ £ -
³¨²ÓÉµ´¨ ´ ¸·¥¤´¥£µ ¶µ²Ö (31)

h(∆, ω . . .) =
∑
kk′

(ekk′ − λδkk′ )c
†
kck′ − ΩJx − ∆(P † + P ) (33)

¢ ±¢ §¨Î ¸É¨Î´µ³ ¶·¥¤¸É ¢²¥´¨¨ ¨³¥¥É ¢¨¤

h =
∑
k

Eiα
†
iαi + U0 , (34)

£¤¥ Ô´¥·£¨Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¥¸ÉÓ

U0 =
∑
i,k

(ekk − λ)B2
ik −G < P >2

•”i . (35)

ˆ¸¶µ²Ó§ÊÖ Ê¸²µ¢¨¥ ¸ ³µ¸µ£² ¸µ¢ ´¨Ö ∆ = G < P > ¨ ¸µÌ· ´ÖÖ Éµ²Ó±µ Î²¥´Ò,
¡¨²¨´¥°´Ò¥ ¶µ α†α†, ¶µ²ÊÎ ¥³ ¤²Ö £ ³¨²ÓÉµ´¨ ´  (31)

H = U0 +
∑
i

Eiα
†
iαi −G(P †− < P >•”i)(P− < P >•”i) . (36)

„²Ö ¨§ÊÎ¥´¨Ö ¶ ·´ÒÌ ¢¨¡· Í¨° ¢ · ³± Ì �‘” ¢¢¥¤¥³ µ¶¥· Éµ·Ò

S+ ≡ 1√
2

(P † + P ), S− ≡ i√
2

(P † − P ) , (37)

±µÉµ·Ò¥ ¶µ§¢µ²ÖÕÉ ¶·¥¤¸É ¢¨ÉÓ µ¸É ÉµÎ´µ¥ ¶ ·´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¸²¥¤ÊÕ-
Ð¨³ µ¡· §µ³:

P †P =
1
2

(S+2
+ S−2

) . (38)
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�·¨ ÔÉµ³ µ¶¥· Éµ·Ò S± ¨³¥ÕÉ ¢¨¤

S+ =
∑
µ

S+
µ (b†µ + bµ)+ < S+ > ,

S− = i
∑
µ

S−
µ (b†µ − bµ) , (39)

S′+ = S+− < S+ > ,

£¤¥ ±¢ §¨¡µ§µ´Ò b+µ , bµ µ¶·¥¤¥²¥´Ò ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

b†µ ≡ α†
iα

†
j ,

bµ ≡ αjαi ,[
bµ, b

†
ν

]
= δµν , (40)

µ ≡ i > j .

Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ S±
µ ¨³¥ÕÉ ¢¨¤

S±
ij =

1√
2

∑
k

{
(AikAjk̂ ±BjkBik̂) − (AjkAik̂ ±BikBjk̂)

}
. (41)

‚ ±¢ §¨¡µ§µ´´µ³ ¶·¥¤¸É ¢²¥´¨¨ £ ³¨²ÓÉµ´¨ ´ (31) ³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´ ¢
Ëµ·³¥

H = U0 +
∑
µ

Eµb
†
µbµ −

G

2
(S+2

+ S−2
) , (42)

£¤¥ Eµ = Ei+Ej Å ¤¢ÊÌ±¢ §¨Î ¸É¨Î´Ò¥ Ô´¥·£¨¨. „²Ö µÉÒ¸± ´¨Ö ¢¨¡· Í¨µ´-
´ÒÌ ·¥Ï¥´¨°, µ¡Ê¸²µ¢²¥´´ÒÌ µ¸É ÉµÎ´Ò³ ¶ ·´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³, ¨¸¶µ²Ó-
§Ê¥³ Ëµ·³ ²¨§³ µ¡µ¡Ð¥´´ÒÌ ±µµ·¤¨´ É ¨ ³µ³¥´Éµ¢ (¸³. [30]).

‚¢¥¤¥³ µ¡µ¡Ð¥´´Ò¥ ±µµ·¤¨´ ÉÒ ¨ ³µ³¥´ÉÒ

P =
∑
µ

Pµ(b†µ + bµ) , (43)

X = −i
∑
µ

Xµ(b†µ − bµ) (44)

¨ ·¥Ï¨³ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¢ �‘”

[H,Xλ] = −iPλ , (45)

[H,Pλ] = iω2
λXλ . (46)

‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¨° £ ³¨²ÓÉµ´¨ ´:

H = U0 +
∑
λ>0

(
P 2
λ

2
+

1
2
ω2
λX

2
λ

)
+ ∆E�‘” . (47)
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�·¨ ÔÉµ³ ¸µ¡¸É¢¥´´Ò¥ Î ¸ÉµÉÒ ωλ µ¶·¥¤¥²ÖÕÉ¸Ö ¨§ ·¥Ï¥´¨Ö ¸¥±Ê²Ö·´µ£µ
Ê· ¢´¥´¨Ö

F(ω) =
∣∣∣∣ 2GS−− − 1 2Gω2S+−

2Gω2S+− 2GS++ − 1

∣∣∣∣ = 0 , (48)

£¤¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤:

S++(ω) ≡
∑
µ

S+2

µ Eµ

E2
µ − ω2

, (49)

S−−(ω) ≡
∑
µ

S−2

µ Eµ

E2
µ − ω2

, (50)

S+−(ω) ≡
∑
µ

S+
µ S

−
µ

E2
µ − ω2

. (51)

ˆ¸¶µ²Ó§µ¢ ´¨¥ �‘” ¶·¨¢µ¤¨É ± ¢Ò¨£·ÒÏÊ ¢ ¶µ²´µ° Ô´¥·£¨¨ ¸¨¸É¥³Ò, ±µ-
Éµ·Ò° ´ §Ò¢ ¥É¸Ö ±µ··¥²ÖÍ¨µ´´µ° Ô´¥·£¨¥° ∆E�‘” ¨ µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥-
´¨¥³ [13]

∆E�‘” =
1
2

[∑
ν

ων −
∑
µ

Eµ

]
. (52)

 ¸Î¥É ÔÉµ° ¢¥²¨Î¨´Ò ¶·¥¤¸É ¢²Ö¥É ¤µ¸É ÉµÎ´µ ¸²µ¦´ÊÕ ¨ É·Ê¤µ¥³±ÊÕ § -
¤ ÎÊ, É ± ± ± ¤ ¦¥ ¢ ¸·¥¤´¥³ Ö¤·¥ A ∼ 160 Î¨¸²µ ·¥Ï¥´¨° �‘” ¸µ¸É ¢²Ö¥É
¶µ·Ö¤µ± ∼ 104. Š·µ³¥ Éµ£µ, ± ¦¤µ¥ ·¥Ï¥´¨¥ ¤µ²¦´µ ¡ÒÉÓ µ¶·¥¤¥²¥´µ ¸
¤µ¸É ÉµÎ´µ Ìµ·µÏ¥° ¸É¥¶¥´ÓÕ ÉµÎ´µ¸É¨. �¤´ ±µ, ¨¸¶µ²Ó§ÊÖ É¥µ·¥³Ê ŠµÏ¨,
³µ¦´µ ¶µ± § ÉÓ [81], ÎÉµ ¢±² ¤ ±µ··¥²ÖÍ¨µ´´µ° Ô´¥·£¨¨ µ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤Ê-
ÕÐ¨³ ¢Ò· ¦¥´¨¥³:

1
2

(∑
ν

ων −
∑
µ

Eµ

)
=

1
4πi

∮
dzz

F ′
(z)

F(z)
. (53)

‡ ³¥Î É¥²Ó´µ° µ¸µ¡¥´´µ¸ÉÓÕ ¤ ´´µ£µ ·¥§Ê²ÓÉ É  Ö¢²Ö¥É¸Ö ÉµÉ Ë ±É, ÎÉµ ±µ´-
ÉÊ· ¨´É¥£·¨·µ¢ ´¨Ö ³µ¦¥É ¡ÒÉÓ ¢Ò¡· ´ ¤µ¸É ÉµÎ´µ ¤ ²¥±µ µÉ ¶µ²Õ¸µ¢

¶µ¤Ò´É¥£· ²Ó´µ° ËÊ´±Í¨¨ F
′
(z)

F(z) . �·¨ ÔÉµ³ ¶µ¤Ò´É¥£· ²Ó´ Ö ËÊ´±Í¨Ö ¡Ê-

¤¥É ¶² ¢´µ° ËÊ´±Í¨¥° ±µ³¶²¥±¸´µ° ¶¥·¥³¥´´µ° z, ÎÉµ ¸ÊÐ¥¸É¢¥´´µ µ¡²¥£-
Î ¥É ¶·µ¡²¥³Ê ¨´É¥£·¨·µ¢ ´¨Ö. �  ·¨¸. 11 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É 
ËÊ´±Í¨¨  Ê¸¸  R(Ω) =< H0 > −Ω < Ĵx > µ¸´µ¢´µ° ·µÉ Í¨µ´´µ° ¶µ²µ¸Ò
¤²Ö Ö¤·  178W ¢ · ³± Ì ¸É ´¤ ·É´µ° É¥µ·¨¨ ¸·¥¤´¥£µ ¶µ²Ö (HFB), ¸ ÊÎ¥Éµ³
¶·µ¥±É¨·µ¢ ´¨Ö ´  ÉµÎ´µ¥ Î¨¸²µ Î ¸É¨Í (PNP) ¨ ¸ ÊÎ¥Éµ³ ±µ··¥²ÖÍ¨µ´´µ°
Ô´¥·£¨¨ (RPA). �  ¢¸¥° µ¡² ¸É¨ ¨§³¥´¥´¨Ö Î ¸ÉµÉÒ ¢· Ð¥´¨Ö �Ω ≡ �ω ±µ·-
·¥²ÖÍ¨µ´´ Ö Ô´¥·£¨Ö ¸ÊÐ¥¸É¢¥´´µ Ê²ÊÎÏ ¥É µ¶¨¸ ´¨¥ µ¸´µ¢´µ° ¶µ²µ¸Ò ¶µ
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¸· ¢´¥´¨Õ ¸ ·¥§Ê²ÓÉ É ³¨ ¢ · ³± Ì ¸É ´¤ ·É´µ° É¥µ·¨¨ ¸·¥¤´¥£µ ¶µ²Ö ¡¥§ ¨
¤ ¦¥ ¸ ÊÎ¥Éµ³ ¶·µ¥±É¨·µ¢ ´¨Ö. •µÉÖ ¢µ²´µ¢ Ö ËÊ´±Í¨Ö, ¶µ²ÊÎ¥´´ Ö ¢ ·¥-
§Ê²ÓÉ É¥ ¶·µ¥±É¨·µ¢ ´¨Ö, ¨ ¸µ¤¥·¦¨É ÔËË¥±ÉÒ, µ¡Ê¸²µ¢²¥´´Ò¥ ±¢ ´Éµ¢Ò³¨
Ë²Ê±ÉÊ Í¨Ö³¨ Î¨¸²  Î ¸É¨Í, ¢µ²´µ¢ Ö ËÊ´±Í¨Ö �‘” ¶µ³¨³µ ÔÉ¨Ì ±µ··¥²Ö-
Í¨° ³µ¦¥É ¢±²ÕÎ ÉÓ ¨ ±µ··¥²ÖÍ¨¨ ¤·Ê£µ° ¶·¨·µ¤Ò, ´ ¶·¨³¥·, µ¡Ê¸²µ¢²¥´´Ò¥
Ë²Ê±ÉÊ Í¨Ö³¨ Ëµ·³Ò. �Î¥¢¨¤´µ, ÎÉµ ¶·¥¤² £ ¥³Ò° ³¥Éµ¤ Ö¢²Ö¥É¸Ö ¢¥¸Ó³ 
ÔËË¥±É¨¢´Ò³, µ¸µ¡¥´´µ ¤²Ö ¸²ÊÎ Ö ¸¥¶ · ¡¥²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°.

¨¸. 11. [81]. ‘· ¢´¥´¨¥ £ Ê¸¸¨ ´µ¢ ¤²Ö Ö¤·  178W ± ± ËÊ´±Í¨° Ê£²µ¢µ° Î ¸ÉµÉÒ
¢· Ð¥´¨Ö �Ω = �ω.  ¸Î¥ÉÒ ¢ · ³± Ì É¥µ·¨¨ •”i ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥ ¶Ê´±É¨·´µ°
²¨´¨¨, ÏÉ·¨Ìµ¢ Ö ²¨´¨Ö ¸µµÉ¢¥É¸É¢Ê¥É · ¸Î¥É ³ ¸ ÊÎ¥Éµ³ ¶·µ¥±É¨·µ¢ ´¨Ö, · ¸Î¥ÉÒ ¸
ÊÎ¥Éµ³ ¢Ò¨£·ÒÏ  ¢ Ô´¥·£¨¨ ¢ · ³± Ì �‘” ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥ ¸¶²µÏ´µ° ²¨´¨¨

6. ’�—�� …˜�…Œ�Ÿ Œ�„…‹œ ���›• ‚‡�ˆŒ�„…‰‘’‚ˆ‰
„‹Ÿ Š��…—�›• ”…Œˆ-‘ˆ‘’…Œ

Š ± ¸²¥¤Ê¥É ¨§ ·¥§Ê²ÓÉ Éµ¢ ¶·¥¤Ò¤ÊÐ¥£µ · §¤¥² , ±¢ ´Éµ¢Ò¥ Ë²Ê±ÉÊ Í¨¨
Î¨¸²  Î ¸É¨Í ¢  Éµ³´ÒÌ Ö¤· Ì ¨£· ÕÉ ¢ ¦´ÊÕ ·µ²Ó ¶·¨ µ¶¨¸ ´¨¨ · §²¨Î´ÒÌ
ÔËË¥±Éµ¢, µ¡Ê¸²µ¢²¥´´ÒÌ ¶ ·´Ò³¨ ±µ··¥²ÖÍ¨Ö³¨. ‚ Î ¸É´µ¸É¨, ¨¸¶µ²Ó§µ¢ -
´¨¥ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¸ ÉµÎ´Ò³ Î¨¸²µ³ Î ¸É¨Í (¶·µ¥±É¨·µ¢ ´´µ° ¢µ²´µ¢µ°
ËÊ´±Í¨¨) ¨²¨ ÊÎ¥É ±¢ ´Éµ¢ÒÌ Ë²Ê±ÉÊ Í¨° ¢ �‘” ¶·¨¢µ¤ÖÉ ± ¡µ²¥¥ ¶² ¢-
´µ³Ê ¶¥·¥Ìµ¤Ê ¨§ ¸¢¥·ÌÉ¥±ÊÎ¥£µ ¸µ¸ÉµÖ´¨Ö ¢ ´µ·³ ²Ó´µ¥, ¨, ± ± ¸²¥¤¸É¢¨¥,
¸ÊÐ¥¸É¢¥´´µ Ê²ÊÎÏ ÕÉ µ¶¨¸ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. �Î¥¢¨¤´µ, ÎÉµ
¶µ¤µ¡´Ò¥ ¶·µ¡²¥³Ò ¤µ²¦´Ò ¨³¥ÉÓ ³¥¸Éµ ¨ ¶·¨ ¨§ÊÎ¥´¨¨ ·µ²¨ ¶ ·´ÒÌ ±µ·-
·¥²ÖÍ¨° ¢ ¤·Ê£¨Ì, ±µ´¥Î´ÒÌ ³´µ£µÎ ¸É¨Î´ÒÌ ¸¨¸É¥³ Ì. ‘ ÔÉµ° ÉµÎ±¨ §·¥´¨Ö
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Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ¸¶¥±É·µ¢ ¶µÎÉ¨ ¨§µ²¨·µ¢ ´´ÒÌ, ¸¢¥·Ì¶·µ-
¢µ¤ÖÐ¨Ì ³¥É ²²¨Î¥¸±¨Ì §¥·¥´ Al [20] c · §³¥· ³¨ ¶µ·Ö¤±  r ≈ 5 · 10−9 ³
¶·¨ É¥³¶¥· ÉÊ· Ì ∼ 50 ³Š ¶·¥¤¸É ¢²ÖÕÉ ´¥¸µ³´¥´´Ò° ¨´É¥·¥¸. ˆ§³¥´ÖÖ
· §³¥·Ò §¥·¥´ ¨ Î¨¸²µ Î ¸É¨Í ¢ ´¨Ì, ³µ¦´µ ·¥£Ê²¨·µ¢ ÉÓ ¸·¥¤´¥¥ · ¸¸ÉµÖ´¨¥
³¥¦¤Ê µ¤´µÎ ¸É¨Î´Ò³¨ Ê·µ¢´Ö³¨, Ô´¥·£¥É¨Î¥¸±¨° ¨´É¥·¢ ² d. �É  ¢¥²¨Î¨´ 
¸É ´µ¢¨É¸Ö ´¥ Éµ²Ó±µ ¸· ¢´¨³µ° ¸ ¢¥²¨Î¨´µ° Ô´¥·£¥É¨Î¥¸±µ° Ð¥²¨ ∆̃, ±µ-
Éµ· Ö ¨§¢¥¸É´  ¤²Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ³ ±·µ¸±µ¶¨Î¥¸±µ£µ ¸¢¥·Ì¶·µ¢µ¤´¨± ,
´µ ¨ ³µ¦¥É § ³¥É´µ ¶·¥¢ÒÏ ÉÓ ¥¥. ‘µ£² ¸´µ ¶·¥¤¸± § ´¨Õ �´¤¥·¸µ´  [82],
¸¢¥·Ì¶·µ¢µ¤¨³µ¸ÉÓ ¤µ²¦´  ¶·µ¶ ¤ ÉÓ, ± ± Éµ²Ó±µ ¸·¥¤´¥¥ · ¸¸ÉµÖ´¨¥ d ¸É -
´µ¢¨É¸Ö ¡µ²ÓÏ¥, Î¥³ ¢¥²¨Î¨´  Ô´¥·£¥É¨Î¥¸±µ° Ð¥²¨ ∆̃. �¸É ¥É¸Ö ²¨ ¶·¨
ÔÉµ³ ³¥É ²²¨Î¥¸±µ¥ §¥·´µ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¨³ ¨²¨ ¶·¥¢· Ð ¥É¸Ö ¢ ´µ·³ ²Ó´Ò°
¶·µ¢µ¤´¨±? Š ±µ¢Ò ³¨´¨³ ²Ó´Ò¥ Ê¸²µ¢¨Ö ¤²Ö ¶·µÖ¢²¥´¨Ö ¸¢¥·Ì¶·µ¢µ¤¨³µ-
¸É¨ ¢ ¤ ´´µ³ É¥Ì´µ²µ£¨Î¥¸±µ³ ³ É¥·¨ ²¥? �É¨ ¢µ¶·µ¸Ò ¶·¥¤¸É ¢²ÖÕÉ µ¤´µ
¨§ ¢ ¦´ÒÌ ´ ¶· ¢²¥´¨° ¨¸¸²¥¤µ¢ ´¨° ¸¢µ°¸É¢ ³¥É ²²¨Î¥¸±¨Ì §¥·¥´.

‚ ¶¥·¢ÒÌ · ¸Î¥É Ì, ¨¸¶µ²Ó§ÊÕÐ¨Ì ¡µ²ÓÏµ° ± ´µ´¨Î¥¸±¨°  ´¸ ³¡²Ó ¨
¶·¨¡²¨¦¥´¨¥ ¸·¥¤´¥£µ ¶µ²Ö ¢ · ³± Ì ¶µ¤Ìµ¤  iŠ˜ [83, 84], ¡Ò²µ ¶µ± -
§ ´µ, ÎÉµ ¸¢¥·Ì¶·µ¢µ¤ÖÐ Ö Ð¥²Ó ¤µ²¦´  µ¡· É¨ÉÓ¸Ö ¢ ´Ê²Ó ¶·¨ ¤µ¸É¨¦¥´¨¨
±·¨É¨Î¥¸±µ£µ ³¥¦Ê·µ¢´¥¢µ£µ · ¸¸ÉµÖ´¨Ö d±·. �·¨Î¥³ ¢¥²¨Î¨´  d±· § ¢¨¸¨É
µÉ Î¨¸²  Ô²¥±É·µ´µ¢ ¢ §¥·´¥: ¤²Ö §¥·¥´ ¸ ´¥Î¥É´Ò³ Î¨¸²µ³ Ô²¥±É·µ´µ¢ µ´ 
¡Ò²  ³¥´ÓÏ¥ (d±· ≈ 0, 89∆̃), Î¥³ ¤²Ö §¥·¥´ ¸ Î¥É´Ò³ Î¨¸²µ³ Ô²¥±É·µ´µ¢
(d±· ≈ 3, 6∆̃). iµ²¥¥ ¶µ§¤´¨¥ · ¸Î¥ÉÒ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ³¥Éµ¤  ¨´É¥£· ² 
¶µ ¶ÊÉÖ³ ¤²Ö £ ³¨²ÓÉµ´¨ ´  iŠ˜ [85], · ¸Î¥ÉÒ ¢ · ³± Ì ± ´µ´¨Î¥¸±µ£µ  ´-
¸ ³¡²Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ÉµÎ´µ° ¤¨ £µ´ ²¨§ Í¨¨ [86,87] ¨ · ¸Î¥ÉÒ ¢ · ³± Ì
³¥Éµ¤  ·¥´µ·³£·Ê¶¶Ò ¤²Ö ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ [88] ¢¥²¨Î¨´Ò Î¥É´µ-´¥Î¥É´µ°
· §´µ¸É¨ ³ ¸¸

∆P = E0(2N + 1) − 1
2

[E0(2N) + E0(2N + 2)] , (54)

£¤¥ E0(M) ¥¸ÉÓ Ô´¥·£¨Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö §¥·´  ¸ M Ô²¥±É·µ´ ³¨, ¶µ-
± § ²¨, ÎÉµ Ë §µ¢Ò° ¶¥·¥Ìµ¤, µ¡Ê¸²µ¢²¥´´Ò° · §³¥· ³¨ ¸¨¸É¥³Ò, ¤µ²¦¥´
¡ÒÉÓ ¡µ²¥¥ ¶² ¢´Ò³. �¸´µ¢´µ° ¢Ò¢µ¤ ¨§ ÔÉ¨Ì · ¸Î¥Éµ¢ ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ
ÊÎ¥É ±¢ ´Éµ¢ÒÌ Ë²Ê±ÉÊ Í¨° Ö¢²Ö¥É¸Ö ´¥µ¡Ìµ¤¨³Ò³ Ô²¥³¥´Éµ³ É¥µ·¨¨ ¶·¨
d >> ∆̃. Š ± ¡Ò²µ ¸± § ´µ ¢ÒÏ¥, ¶µ¤µ¡´ Ö ¸¨ÉÊ Í¨Ö Ìµ·µÏµ ¨¸¸²¥¤µ¢ ´  ¢
É¥µ·¨¨ Ö¤· . iµ²¥¥ Éµ£µ, ÉµÎ´µ¸ÉÓ · ¸Î¥Éµ¢, ¢Ò¶µ²´¥´´ÒÌ ¢ · ³± Ì · §²¨Î-
´ÒÌ ³µ¤¥²¥°, ¨¸¶µ²Ó§Ê¥³ÒÌ ¢ É¥µ·¨¨ ±µ´¤¥´¸¨·µ¢ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¢¥Ð¥¸É¢ ,
¢ ¤ ´´µ³ ¸²ÊÎ ¥ ³µ¦¥É ¡ÒÉÓ ¶·µ¢¥·¥´  ¸ ¶µ³µÐÓÕ ÉµÎ´µ ·¥Ï ¥³µ° ³µ¤¥²¨,
¢¶¥·¢Ò¥ ¶·¥¤²µ¦¥´´µ° ¤²Ö · ¸Î¥É  ¸¶¥±É·  ¨ ¢µ²´µ¢ÒÌ ËÊ´±Í¨°  Éµ³´ÒÌ
Ö¤¥· ¸ ´¥¡µ²ÓÏ¨³ Î¨¸²µ³ · §µ·¢ ´´ÒÌ ¶ · [21,22].

 ¸¸³µÉ·¨³ ¢§ ¨³µ¤¥°¸É¢¨¥ n Î ¸É¨Í, µ¶¨¸Ò¢ ¥³ÒÌ £ ³¨²ÓÉµ´¨ ´µ³

H =
∑
j,σ=±

εjσc
†
jσcjσ −G

∑
jj′

c†j+c
†
j−cj′−cj′+ , (55)
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£¤¥ c†jσ , cjσ Å µ¶¥· Éµ·Ò ·µ¦¤¥´¨Ö ¨ ¶µ£²µÐ¥´¨Ö Ë¥·³¨µ´µ¢ (Ô²¥±É·µ´µ¢
¨²¨ ´Ê±²µ´µ¢) ¢ ¸µ¸ÉµÖ´¨ÖÌ ¸ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ j, σ(j = 1, ...,Ω, σ = ±1);
εjσ Å Ô´¥·£¨Ö ¤¢ ¦¤Ò ¢Ò·µ¦¤¥´´µ£µ Ê·µ¢´Ö ¸·¥¤´¥£µ ¶µ²Ö ¨ G Å ±µ´¸É ´É 
¶ ·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. �ÉµÉ £ ³¨²ÓÉµ´¨ ´ ¶·¥¤¸É ¢²Ö¥É ¸É ´¤ ·É´ÊÕ ³µ-
¤¥²Ó ¶ ·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, ¤¥É ²Ó´µ ¨§ÊÎ¥´´ÊÕ ¢ É¥µ·¨¨ Ö¤·  [10,13]. �µ-
² £ Ö G ≡ λd, £¤¥ d Å ¸·¥¤´¨° Ô´¥·£¥É¨Î¥¸±¨° ¨´É¥·¢ ² ¨ λ Å ¡¥§· §³¥·´aÖ
±µ´¸É ´É , ³Ò ¶·¨Ìµ¤¨³ ± £ ³¨²ÓÉµ´¨ ´Ê, ¨¸¶µ²Ó§Ê¥³µ³Ê ¶·¨ ¨§ÊÎ¥´¨¨ ³ -
²ÒÌ ³¥É ²²¨Î¥¸±¨Ì §¥·¥´ (¸³., ´ ¶·¨³¥·, [83Ä88]). i¥§ µ£· ´¨Î¥´¨Ö µ¡Ð´µ-
¸É¨ ¶·¥¤¶µ²µ¦¨³, ÎÉµ Î¨¸²µ Î ¸É¨Í n ¢ ´ Ï¥° ¸¨¸É¥³¥ Î¥É´µ¥. iÊ¤¥³ ·¥Ï ÉÓ
§ ¤ ÎÊ ¢ ¶·¥¤¸É ¢²¥´¨¨ ¢µ²´µ¢ÒÌ ËÊ´±Í¨°, ±µÉµ·Ò¥ ¸µµÉ¢¥É¸É¢ÊÕÉ ¸µ¸ÉµÖ-
´¨Ö³ n ´¥¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í:

|j1σ1...jnσn >= c†j1σ1
...c†jnσn

|0 > , (56)

£¤¥ |0 > Å ¸µ¸ÉµÖ´¨¥ ¢ ±ÊÊ³ . ‚ ÔÉµ³ ¶·¥¤¸É ¢²¥´¨¨, ¥¸²¨ ´¥¸¶ ·¥´´ Ö
Î ¸É¨Í  § ´¨³ ¥É Ê·µ¢¥´Ó ¸ ±¢ ´Éµ¢Ò³ Î¨¸²µ³ k ≡ j,+, Éµ Ê·µ¢¥´Ó k̄ ≡ j,−,
¸µ¶·Ö¦¥´´Ò° ÔÉµ³Ê Ê·µ¢´Õ ¶µ µÉ´µÏ¥´¨Õ µ¶¥· Í¨¨ µ¡· Ð¥´¨Ö ¢·¥³¥´¨,
¸¢µ¡µ¤¥´, ¨²¨ ´ µ¡µ·µÉ. „²Ö Î¨¸²  ´¥¸¢Ö§ ´´ÒÌ Î ¸É¨Í ³µ¦´µ µ¶·¥¤¥²¨ÉÓ
±¢ ´Éµ¢µ¥ Î¨¸²µ νk, Ì · ±É¥·¨§ÊÕÐ¥¥ ¢Ò¡· ´´ÊÕ ±µ´Ë¨£Ê· Í¨Õ, ±µÉµ·µ¥
Ö¢²Ö¥É¸Ö ¸µ¡¸É¢¥´´Ò³ §´ Î¥´¨¥³ µ¶¥· Éµ· 

ν̂k = c†kck − c†
k̄
ck̄ . (57)

�¥É·Ê¤´µ ¶·µ¢¥·¨ÉÓ, ÎÉµ ÔÉµÉ µ¶¥· Éµ· ±µ³³ÊÉ¨·Ê¥É ¸ £ ³¨²ÓÉµ´¨ ´µ³ H :

[H, ν̂k] = 0 . (58)

’ ± ± ± ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö µ¶¥· Éµ·  Î¨¸²  Î ¸É¨Í c†kck (c
†
k̄
ck̄) ¶·¨´¨³ ÕÉ

§´ Î¥´¨Ö 1 ¨ 0, Éµ ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö νk = +1(−1) Ì · ±É¥·¨§ÊÕÉ ±¢ ´-
Éµ¢Ò¥ Î¨¸²  § ´ÖÉµ£µ ¸µ¸ÉµÖ´¨Ö j,+(j,−), Éµ ¥¸ÉÓ ¶ ·´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ´¥
Éµ²Ó±µ ´¥ ³¥´Ö¥É Î¨¸²  Î ¸É¨Í, ´µ ¨ ¸µÌ· ´Ö¥É ¨Ì ±¢ ´Éµ¢Ò¥ Î¨¸² .

‚¢¥¤¥³ µ¶¥· Éµ· ®¸¥´Óµ·¨É¨¯

ν̂ =
∑
k

ν2
k . (59)

‹¥£±µ Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö µ¶¥· Éµ·  ν̂ · ¢´Ò Î¨¸²Ê Ê·µ¢´¥°,
´  ±µÉµ·ÒÌ ´ Ìµ¤¨É¸Ö Éµ²Ó±µ µ¤´  Î ¸É¨Í . ˆ¸¶µ²Ó§ÊÖ ´ °¤¥´´Ò¥ ¨´É¥£· ²Ò
¤¢¨¦¥´¨Ö, ³µ¦´µ ¸ÊÐ¥¸É¢¥´´µ Ê¶·µ¸É¨ÉÓ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥· 

H |E >= E|E > . (60)

¥Ï¥´¨¥ § ¤ Î¨ ´  ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ¤²Ö £ ³¨²ÓÉµ´¨ ´  (55) ¢ ±µ´-
Ë¨£Ê· Í¨µ´´µ³ ¶·µ¸É· ´¸É¢¥ ¸µ¸ÉµÖ´¨° (56) · §¡¨¢ ¥É¸Ö ´  § ¤ ÎÊ ·¥Ï¥-
´¨Ö µÉ¤¥²Ó´ÒÌ ´¥§ ¢¨¸¨³ÒÌ ¸¨¸É¥³ Ê· ¢´¥´¨° ¢ ¶µ¤¶·µ¸É· ´¸É¢ Ì ¸ § ¤ ´-
´Ò³ Î¨¸²µ³ ¸¥´Óµ·¨É¨ ν. „²Ö n Î ¸É¨Í, ´ Ìµ¤ÖÐ¨Ì¸Ö ´  Ω ¤¢ ¦¤Ò ¢Ò-
·µ¦¤¥´´ÒÌ Ê·µ¢´ÖÌ, ±¢ ´Éµ¢µ¥ Î¨¸²µ ¸¥´Óµ·¨É¨ ³µ¦¥É ¶·¨´¨³ ÉÓ §´ Î¥´¨Ö
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0, 2, 4, ...,min (2Ω−n, n), ±µÉµ·Ò¥ ¸µµÉ¢¥É¸É¢ÊÕÉ Î¨¸²Ê ´¥¸¶ ·¥´´ÒÌ Î ¸É¨Í.
�·¨ ÔÉµ³ Î¨¸²µ ´¥§ ¢¨¸¨³ÒÌ ¸¨¸É¥³ Ê· ¢´¥´¨° ¡Ê¤¥É · ¢´µ min (Ω − n

2 + 1,
n
2 + 1). ‚ ¸¢µÕ µÎ¥·¥¤Ó, ± ¦¤ Ö ´¥§ ¢¨¸¨³ Ö ¸¨¸É¥³  Ê· ¢´¥´¨° ¸ µ¶·¥¤¥²¥´-
´Ò³ Î¨¸²µ³ ¸¥´Óµ·¨É¨ · ¸¶ ¤ ¥É¸Ö ´  ´¥§ ¢¨¸¨³Ò¥ ¶µ¤¸¨¸É¥³Ò ¸ § ¤ ´´Ò³
Î¨¸²µ³ νk. —¨¸²µ ÔÉ¨Ì ¶µ¤¸¨¸É¥³ ¤²Ö ¤ ´´µ£µ ¸¥´Óµ·¨É¨ ν

CΩ
ν =

Ω!
(Ω − ν)!ν!

(61)

µ¶·¥¤¥²Ö¥É¸Ö ¢µ§³µ¦´µ¸ÉÓÕ · §²¨Î´µ£µ · ¸¶µ²µ¦¥´¨Ö ´¥¸¶ ·¥´´ÒÌ ν Î ¸É¨Í
´  Ω Ê·µ¢´ÖÌ (ÔËË¥±É ¡²µ±¨·µ¢±¨). Š ¦¤ Ö ¶µ¤¸¨¸É¥³  ¸ § ¤ ´´Ò³ νk ¸µ-
¸Éµ¨É ¨§ CΩ−ν

n/2−ν/2 Ê· ¢´¥´¨°.
�·¥¤¶µ²µ¦¨³, ÎÉµ Ê ´ ¸ ¨³¥¥É¸Ö 6 Ë¥·³¨µ´µ¢, ±µÉµ·Ò¥ ´ ¤µ · §³¥¸É¨ÉÓ

´  5 ¤¢ ¦¤Ò ¢Ò·µ¦¤¥´´ÒÌ Ê·µ¢´ÖÌ. ’µ£¤ , ¸µ£² ¸´µ ¢ÒÏ¥¸± § ´´µ³Ê, ³ ±-
¸¨³ ²Ó´µ¥ §´ Î¥´¨¥ ¸¥´Óµ·¨É¨ ν = min (10 − 6, 6) = 4 ¨, ¸µµÉ¢¥É¸É¢¥´´µ,
¨³¥¥É¸Ö 3 ´¥§ ¢¨¸¨³Ò¥ ¸¨¸É¥³Ò Ê· ¢´¥´¨° ¸ ν = 0, 2, 4. ‘¨¸É¥³  ¸ Î¨¸²µ³
¸¥´Óµ·¨É¨ ν = 0 ¸µ¸Éµ¨É ¨§ µ¤´µ° ¶µ¤¸¨¸É¥³Ò (C5

0 = 1), ±µÉµ· Ö ¸µ¤¥·¦¨É
C5

3 = 10 ²¨´¥°´ÒÌ µ¤´µ·µ¤´ÒÌ Ê· ¢´¥´¨°. „²Ö ¸¨¸É¥³Ò ¸ ν = 2 ¨³¥¥É¸Ö
10 ¶µ¤¸¨¸É¥³ É·¥ÉÓ¥£µ ¶µ·Ö¤± , ¨ É·¥ÉÓÖ ¸¨¸É¥³  ¸ ν = 4 · ¸¶ ¤ ¥É¸Ö ´  5
¶µ¤¸¨¸É¥³ ¶¥·¢µ£µ ¶µ·Ö¤± . ‚ µ¡Ð¥³ ¸²ÊÎ ¥ § ¤ Î  ´  ¸µ¡¸É¢¥´´Ò¥ §´ Î¥-
´¨Ö ¸¢µ¤¨É¸Ö ± ¡²µÎ´µ° ¤¨ £µ´ ²¨§ Í¨¨ ³ É·¨ÍÒ £ ³¨²ÓÉµ´¨ ´  (55) ¢ ¡ -
§¨¸¥ ¸µ¸ÉµÖ´¨° (56). Š ¦¤Ò° ¡²µ± Ì · ±É¥·¨§Ê¥É¸Ö ¸¢µ¨³ ±¢ ´Éµ¢Ò³ Î¨¸²µ³
¸¥´Óµ·¨É¨ ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¤¨ £µ´ ²¨§Ê¥É¸Ö µÉ¤¥²Ó´µ.

i §¨¸´Ò¥ ¸µ¸ÉµÖ´¨Ö ¸ ±¢ ´Éµ¢Ò³ Î¨¸²µ³ ¸¥´Óµ·¨É¨ ν = 0 ¨³¥ÕÉ ¢¨¤

|k1, ..., kn/2 >≡ |k1, k̄1, ..., kn/2, k̄n/2 > , (62)

k1 < k2 < .... < kn/2 .

Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ £ ³¨²ÓÉµ´¨ ´  ¢ ÔÉµ³ ¶µ¤¶·µ¸É· ´¸É¢¥ µ¶·¥¤¥²ÖÕÉ¸Ö
¢Ò· ¦¥´¨¥³

< k1, ..., kn/2|H |l1, ..., ln/2 >=

= 2
n/2∑
i=1

εkiΠ
n/2
j=1δkj lj −G

n/2∑
i=1

ψi(k1, ...., kn/2; l1, ..., ln/2) , (63)

ψi(k1, ...., kn/2; l1, ..., ln/2) =
∑
P

P
(

Πn/2j �=iδkj lj

)
, (64)

£¤¥ P µ§´ Î ¥É ¢¸¥¢µ§³µ¦´Ò¥ ¶¥·¥¸É ´µ¢±¨ ¨´¤¥±¸µ¢ l1, ..., ln/2. „²Ö ¶µ¤-
¶·µ¸É· ´¸É¢ , Ì · ±É¥·¨§Ê¥³µ£µ ±¢ ´Éµ¢Ò³ Î¨¸²µ³ ¸¥´Óµ·¨É¨ ν = 2, ¡ §¨¸-
´Ò¥ ¢¥±Éµ·Ò ¨³¥¥ÕÉ ¢¨¤

|k1, ..., kn/2−1; t1σ1, t2σ2 >≡ |k1, k̄1, ..., kn/2−1, k̄n/2−1; νt1νt2 > , (65)

k1 < k2 < .... < kn/2−1, t1 < t2, ki �= t1, ki �= t2 .
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Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ £ ³¨²ÓÉµ´¨ ´  ¢ ¶µ¤¶·µ¸É· ´cÉ¢¥ ¢µ²´µ¢ÒÌ ËÊ´±Í¨°
(65) µ¶·¥¤¥²ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ ¢Ò· ¦¥´¨¥³ ¸ ÊÎ¥Éµ³ ±¢ ´Éµ¢ÒÌ Î¨¸¥² νt, Ì -
· ±É¥·¨§ÊÕÐ¨Ì ±¢ ´Éµ¢Ò¥ Î¨¸²  ¤¢ÊÌ § ¡²µ±¨·µ¢ ´´ÒÌ ¸µ¸ÉµÖ´¨°:

< k1, ..., kn/2−1; νt1νt2 |H |l1, ..., ln/2−1; νt1νt2 >=

= (εt1 + εt2 + 2
n/2−1∑
i=1

εki)Π
n/2−1
j=1 δkj lj−

−G

n/2−1∑
i=1

ψi(k1, ...., kn/2−1; l1, ..., ln/2−1) , (66)

£¤¥ ¢¥²¨Î¨´  ψi(k1, ...., kn/2−1; l1, ..., ln/2−1) µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ (64).
�´ ²µ£¨Î´Ò¥ ¢Ò· ¦¥´¨Ö ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¨ ¤²Ö ¤·Ê£¨Ì §´ Î¥´¨° ¸¥´Óµ·¨É¨.
�·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ É ±¦¥ ¸·¥¤´¥¥ §´ Î¥´¨¥ µ¶¥· Éµ·  Î¨¸²  Î ¸É¨Í N̂j =
= c†jσcjσ ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨:

< Ψ0|N̂j |Ψ0 >=
∑

k1,...,kn/2

c2k1,...,kn/2
(δj,k1 + ... + δj,kn/2) , (67)

£¤¥ ±µÔËË¨Í¨¥´ÉÒ ck1,...,kn/2 µ¶·¥¤¥²ÖÕÉ¸Ö ± ±

ck1,...,kn/2 =< k1, ..., kn/2|Ψ0 > . (68)

‡¤¥¸Ó |Ψ0 > Å µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ¸¨¸É¥³Ò, Ì · ±É¥·¨§Ê¥³µ¥ ±¢ ´Éµ¢Ò³ Î¨-
¸²µ³ ¸¥´Óµ·¨É¨ ν = 0. �·¨ ÔÉµ³ Ô´¥·£¨Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö µ¶·¥¤¥²Ö¥É¸Ö
± ± ´ ¨³¥´ÓÏ¥¥ ¸µ¡¸É¢¥´´µ¥ §´ Î¥´¨¥ µ¶·¥¤¥²¨É¥²Ö ³ É·¨ÍÒ (63). ’ ±¨³
µ¡· §µ³, ¨¸¶µ²Ó§ÊÖ ·¥§Ê²ÓÉ ÉÒ (63), (64), (66), ³µ¦´µ ÉµÎ´µ ·¥Ï¨ÉÓ § ¤ ÎÊ µ
¶ ·´µ³ ¢§ ¨³µ¤¥°¸É¢¨¨ ¤²Ö n-Ë¥·³¨µ´´µ° ¸¨¸É¥³Ò, µ¶¨¸Ò¢ ¥³µ° £ ³¨²ÓÉµ-
´¨ ´µ³ (55).

ˆ¸¶µ²Ó§ÊÖ ·¥§Ê²ÓÉ ÉÒ · ¡µÉÒ [21], ¨Î ·¤¸µ´ ¶µ± § ² [22], ÎÉµ § ¤ ÎÊ
¤¨ £µ´ ²¨§ Í¨¨ ¤²Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¸ ±¢ ´Éµ¢Ò³ Î¨¸²µ³ ¸¥´Óµ·¨É¨
ν = 0 ³µ¦´µ ¸¢¥¸É¨ ± ·¥Ï¥´¨Õ ¸¢Ö§ ´´ÒÌ  ²£¥¡· ¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¢¨¤ 

1
G

+
n∑

i=1, �=m

2
Ei − Em

=
2n∑
k=1

1
εk − Em

, m = 1, ..., n , (69)

±µÉµ· Ö ¶µ§¢µ²Ö¥É µ¶·¥¤¥²¨ÉÓ Ô´¥·£¨Õ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ± ± E′ =
∑
mEm.

‚ · ¡µÉ¥ [89] ¶·¥¤¸É ¢²¥´Ò µ¸´µ¢´Ò¥ Ô²¥³¥´ÉÒ ¶µ¤Ìµ¤  ¨Î ·¤¸µ´  ¨ ¶·¨-
¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¸· ¢´¥´¨Ö · §²¨Î´ÒÌ ¶·¨¡²¨¦¥´¨° ¶·¨ µ¶¨¸ ´¨¨ ¸¢¥·Ì-
¶·µ¢µ¤¨³µ¸É¨ ¢ ³¥É ²²¨Î¥¸±¨Ì §¥·´ Ì ¸ ·¥§Ê²ÓÉ É ³¨ ÉµÎ´µ£µ ·¥Ï¥´¨Ö.
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‚ § ±²ÕÎ¥´¨e ÔÉµ£µ · §¤¥²  µÉ³¥É¨³, ÎÉµ ¨¸¶µ²Ó§µ¢ ´¨¥ ÉµÎ´µ° ³µ¤¥²¨
¶µ§¢µ²¨²µ ¶·µ¤¥³µ´¸É·¨·µ¢ ÉÓ µÉ¸ÊÉ¸É¢¨¥ ·¥§±µ£µ ¶µ¤ ¢²¥´¨Ö ¸¢¥·Ì¶·µ¢µ-
¤¨³µ¸É¨ ¤²Ö Ê²ÓÉ· ³ ²ÒÌ ³¥É ²²¨Î¥¸±¨Ì §¥·¥´. ‘ Ê¢¥²¨Î¥´¨¥³ ¢¥²¨Î¨´Ò d
¶ ·´Ò¥ ±µ··¥²ÖÍ¨¨ Ô¢µ²ÕÍ¨µ´¨·ÊÕÉ µÉ ¸É·µ£µ ²µ± ²¨§µ¢ ´´ÒÌ ¢ Ô´¥·£¥É¨-
Î¥¸±µ³ ¨´É¥·¢ ²¥ ∆̃ ¢¡²¨§¨ Ô´¥·£¨¨ εF ± ·¥¦¨³Ê ¸² ¡µ° ²µ± ²¨§ Í¨¨, ¤²Ö
±µÉµ·µ£µ Ì · ±É¥·´µ ´ ²¨Î¨¥ ±¢ ´Éµ¢ÒÌ Ë²Ê±ÉÊ Í¨°. �Éµ ¶·¨¢µ¤¨É ± · §³Ò-
É¨Õ µ¡² ¸É¨ Ë §µ¢µ£µ ¶¥·¥Ìµ¤  µÉ ¸¢¥·ÌÉ¥±ÊÎ¥£µ ¸µ¸ÉµÖ´¨Ö ± ´µ·³ ²Ó´µ³Ê.

7. ‡�Š‹�—…�ˆ…

�Éµ³´µ¥ Ö¤·µ Å ÔÉµ Ê´¨± ²Ó´ Ö ³´µ£µÎ ¸É¨Î´ Ö ¸¨¸É¥³ . ‚¸²¥¤¸É¢¨¥ ¥¥
±µ´¥Î´µ¸É¨, ¶·¨³¥´¥´¨¥ ¶µ¤Ìµ¤µ¢ ¨ ³µ¤¥²¥°, · §· ¡µÉ ´´ÒÌ ¤²Ö ¡¥¸±µ´¥Î-
´ÒÌ ¸¨¸É¥³, ¶·¨ ¨§ÊÎ¥´¨¨ ¸¢µ°¸É¢  Éµ³´µ£µ Ö¤·  É·¥¡Ê¥É ¨Ì ¶¥·¥µ¸³Ò¸²¥´¨Ö,
¨, ± ± ·¥§Ê²ÓÉ É, ÔÉµ ¢¥¤¥É ± ¤ ²Ó´¥°Ï¥³Ê · §¢¨É¨Õ µ¸´µ¢´ÒÌ ±µ´Í¥¶Í¨°
É¥µ·¨¨ ³´µ£¨Ì É¥². iµ²¥¥ Éµ£µ, ´µ¢Ò¥ ±µ´Í¥¶Í¨¨, ± ±, ´ ¶·¨³¥·, É¥µ·¨Ö
¸²ÊÎ °´ÒÌ ³ É·¨Í, Ï¨·µ±µ ¨c¶µ²Ó§Ê¥³ Ö ¢ É¥µ·¨¨ Ì µ¸  ¨²¨ ¶·¨ ¨§ÊÎ¥´¨¨
¸¢µ°¸É¢ ³¥§µ¸±µ¶¨Î¥¸±¨Ì ¸¨¸É¥³, ¢µ§´¨±²¨ ¢ ·¥§Ê²ÓÉ É¥ ¶µ¶ÒÉµ± ¶µ´ÖÉÓ § -
±µ´µ³¥·´µ¸É¨ ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°  Éµ³´ÒÌ Ö¤¥· (¸³. µ¡§µ· [90]).
‘ ÔÉµ° ÉµÎ±¨ §·¥´¨Ö  ´ ²¨§ Ö¤¥·´ÒÌ ÔËË¥±Éµ¢, µ¡Ê¸²µ¢²¥´´ÒÌ ¶ ·´Ò³¨ ±µ·-
·¥²ÖÍ¨Ö³¨ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ É¨¶ , ¶·¥¤¸É ¢²Ö¥É É ±¦¥ ¨´É¥·¥¸´ÊÕ µ¡² ¸ÉÓ
¨¸¸²¥¤µ¢ ´¨°, É ± ± ± ¶µ§¢µ²Ö¥É ¢ÒÖ¸´¨ÉÓ, ´ ¶·¨³¥·, ·µ²Ó ±¢ ´Éµ¢ÒÌ Ë²Ê±-
ÉÊ Í¨° ¶·¨ µ¶¨¸ ´¨¨ Ë §µ¢ÒÌ ¶¥·¥Ìµ¤µ¢.

 ³±¨ ¤ ´´µ£µ µ¡§µ·  ´¥ ¶µ§¢µ²ÖÕÉ · ¸¸³µÉ·¥ÉÓ ³´µ£µÎ¨¸²¥´´Ò¥ ¢µ-
¶·µ¸Ò, ¸¢Ö§ ´´Ò¥ ¸ ¢²¨Ö´¨¥³ · §²¨Î´µ£µ É¨¶  ¸¶ ·¨¢ ´¨Ö ´  ¸¢¥·ÌÉ¥±Ê-
Î¨¥ ¸¢µ°¸É¢  Ö¤· . ’ ±, ´ ¶·¨³¥·, ¢ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¤µ¸É ÉµÎ´µ µ¦¨¢²¥´´µ
µ¡¸Ê¦¤ ¥É¸Ö ±µ´±Ê·¥´Í¨Ö T = 0 ¨ T = 1 ¸¶ ·¨¢ ´¨Ö ¤²Ö Ö¤¥· ¸ ¨§¡ÒÉ-
±µ³ ¶·µÉµ´µ¢, µ¸µ¡¥´´µ ¤²Ö Ö¤¥· ¸ · ¢´Ò³ Î¨¸²µ³ ¶·µÉµ´µ¢ ¨ ´¥°É·µ´µ¢
N = Z. µ²Ó ´¥°É·µ´-¶·µÉµ´´ÒÌ ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ¤µ²¦´  ¢µ§· ¸É ÉÓ ¢
²¥£±¨Ì Ö¤· Ì [29]. �·¨ ÔÉµ³ ¸ ·µ¸Éµ³ Ê£²µ¢µ£µ ³µ³¥´É  ¶ ·´Ò¥ ±µ··¥²ÖÍ¨¨
¢ T = 1 Ë §¥, ¢ ±µÉµ·µ° Ê£²µ¢Ò¥ ³µ³¥´ÉÒ ¶ · Î ¸É¨Í  ´É¨¶ · ²²¥²Ó´Ò, ¡Ê-
¤ÊÉ µ¸² ¡¥¢ ÉÓ, É ± ± ± ¡Ê¤¥É ¢µ§· ¸É ÉÓ Î¨¸²µ Î ¸É¨Í ¸ Ê£²µ¢Ò³ ³µ³¥´Éµ³,
µ·¨¥´É¨·µ¢ ´´Ò³ ¢¤µ²Ó µ¸¨ ±µ²²¥±É¨¢´µ£µ ¢· Ð¥´¨Ö. �µÔÉµ³Ê ¡Ê¤¥É Ê¸¨²¨-
¢ ÉÓ¸Ö Ë §  T = 0, ¢ ±µÉµ·µ° Ê£²µ¢Ò¥ ³µ³¥´ÉÒ ¶ · Î ¸É¨Í µ·¨¥´É¨·µ¢ ´Ò
¶ · ²²¥²Ó´µ [91].

‚ ¸¢Ö§¨ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢Éµ·¨Î´ÒÌ · ¤¨µ ±É¨¢´ÒÌ ¶ÊÎ±µ¢ ¸É ´µ¢¨É¸Ö
¢µ§³µ¦´Ò³ ¨¸¸²¥¤µ¢ ´¨¥ ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ¢ Ö¤· Ì, ¤ ²¥±¨Ì µÉ ²¨´¨¨ ¡¥É -
¸É ¡¨²Ó´µ¸É¨. ‚ ÔÉ¨Ì Ö¤· Ì ³µ£ÊÉ ¶·µÖ¢¨ÉÓ¸Ö ´µ¢Ò¥  ¸¶¥±ÉÒ ¶ ·´ÒÌ ±µ··¥-
²ÖÍ¨° ¢ ¸² ¡µ¸¢Ö§ ´´ÒÌ ¸¨¸É¥³ Ì. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¸µ¢·¥³¥´´Ò¥ ¶µ±µ²¥-
´¨Ö ¤¥É¥±Éµ·µ¢ ¶µ§¢µ²ÖÕÉ ¨§ÊÎ ÉÓ ¸¢µ°¸É¢  ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ¶·¨ ¢Ò¸µ±¨Ì
Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ¢ Ï¨·µ±µ° µ¡² ¸É¨ ¨§³¥´¥´¨Ö Ê£²µ¢µ£µ ³µ³¥´É  Ö¤· .
�·¨ ÔÉµ³ ¨§³¥´¥´¨¥ ¶ · ³¥É·µ¢ ¤¥Ëµ·³ Í¨¨ Ëµ·³Ò Ö¤·  ¸ ·µ¸Éµ³ Ô´¥·-
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£¨¨ ¢µ§¡Ê¦¤¥´¨Ö, µ¡Ê¸²µ¢²¥´´µ¥ µ¡µ²µÎ¥Î´Ò³¨ ÔËË¥±É ³¨, ³µ¦¥É ¢²¨ÖÉÓ ´ 
Ì · ±É¥· ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ¢ Ö¤·¥. Š ± ¸²¥¤¸É¢¨¥, ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ
¢µ§¡Ê¦¤¥´¨Ö ³µ£ÊÉ ¢µ§´¨±´ÊÉÓ Ô±§µÉ¨Î¥¸±¨¥ ¸µ¸ÉµÖ´¨Ö, ¨§µ³¥·Ò Ëµ·³Ò, ¢
±µÉµ·ÒÌ ¸¢¥·ÌÉ¥±ÊÎ Ö Ë §  ¢¸¥ ¥Ð¥ ³µ¦¥É ¸ÊÐ¥¸É¢µ¢ ÉÓ §  ¸Î¥É · §²¨Î´ÒÌ
É¨¶µ¢ ¸¶ ·¨¢ ´¨Ö. �Î¥¢¨¤´µ É ±¦¥, ÎÉµ µ¶¨¸ ´¨¥ Ô´¥·£¥É¨Î¥¸±¨Ì Ì · ±É¥-
·¨¸É¨± ±µ´¥Î´ÒÌ ±¢ ´Éµ¢ÒÌ ¸¨¸É¥³ ¢ · ³± Ì ¶·¨¡²¨¦¥´¨Ö ¸·¥¤´¥£µ ¶µ²Ö
´¥µ¡Ìµ¤¨³µ ¤µ¶µ²´¨ÉÓ ÊÎ¥Éµ³ ±¢ ´Éµ¢ÒÌ Ë²Ê±ÉÊ Í¨° ¢ ¶·¨¡²¨¦¥´¨¨ ¸²Ê-
Î °´ÒÌ Ë §. �µ¸²¥¤´¨¥ ¶µ§¢µ²ÖÕÉ ¶µ¸²¥¤µ¢ É¥²Ó´µ ÊÎ¥¸ÉÓ ¢±² ¤ ± ± ¶ ·´µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö, É ± ¨ ¤·Ê£¨Ì ¢µ§³µ¦´ÒÌ ±µ··¥²ÖÍ¨°. ‚ Éµ ¦¥ ¢·¥³Ö ¸É·¥-
³¨É¥²Ó´µ¥ · §¢¨É¨¥ ¢ÒÎ¨¸²¨É¥²Ó´µ° É¥Ì´¨±¨ ¶µ§¢µ²¨É ¨¸¸²¥¤µ¢ ÉÓ ¢ ¡²¨-
¦ °Ï¥³ ¡Ê¤ÊÐ¥³ ¶ ·´Ò¥ ±µ··¥²ÖÍ¨¨ ¶·¨ · §²¨Î´ÒÌ Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö
¨ Ê£²µ¢ÒÌ ³µ³¥´É Ì ¢ · ³± Ì ³¨±·µ¸±µ¶¨Î¥¸±µ° µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨ Ö¤· 
(¸³., ´ ¶·¨³¥·, [92]).

�·µ¢µ¤Ö  ´ ²µ£¨Õ ³¥¦¤Ê  Éµ³´Ò³ Ö¤·µ³ ¨ ³¥É ²²¨Î¥¸±¨³¨ §¥·´ ³¨,
³µ¦´µ µ¦¨¤ ÉÓ ¢ ¶µ¸²¥¤´¨Ì ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì ¤²Ö ¢¥²¨Î¨´Ò ³ £-
´¨É´µ° ¢µ¸¶·¨¨³Î¨¢µ¸É¨

χ ∼ ∂2F

∂B2
(70)

Ö¢²¥´¨¥, ¶µ¤µ¡´µ¥ Ö¤¥·´µ³Ê ®backbending¯. ‡¤¥¸Ó F Å ¸¢µ¡µ¤´ Ö Ô´¥·-
£¨Ö ¨ B Å ´ ¶·Ö¦¥´´µ¸ÉÓ ³ £´¨É´µ£µ ¶µ²Ö. �Éµ ¸É ´µ¢¨É¸Ö µÎ¥¢¨¤´Ò³,
¥¸²¨ ¢¸¶µ³´¨ÉÓ, ÎÉµ ¢¥²¨Î¨´  ³ £´¨É´µ° ´ ¶·Ö¦¥´´µ¸É¨ B ¸¢Ö§ ´  ¸ Î ¸Éµ-
Éµ° ‹ ·³µ·  ωL = µBB (µB Å ³ £´¥Éµ´ iµ· ), ±µÉµ· Ö Ö¢²Ö¥É¸Ö  ´ ²µ£µ³
Ê£²µ¢µ° Î ¸ÉµÉÒ ¢· Ð¥´¨Ö Ω ¤²Ö £ ³¨²ÓÉµ´¨ ´  ¢· Ð ÕÐ¥£µ¸Ö Ö¤· . ‘µµÉ-
¢¥É¸É¢¥´´µ ³ £´¨É´ Ö ¢µ¸¶·¨¨³Î¨¢µ¸ÉÓ §¥·´  Ëµ·³ ²Ó´µ ¢Ò· ¦ ¥É É ±ÊÕ ¦¥

ËÊ´±Í¨µ´ ²Ó´ÊÕ § ¢¨¸¨³µ¸ÉÓ, ± ± ¨ ³µ³¥´É ¨´¥·Í¨¨ Ö¤·  � ∼ ∂2E
∂Ω2 . ‘µ-

£² ¸´µ µÍ¥´± ³ · ¡µÉÒ [93], ³ £´¨É´ Ö ¢µ¸¶·¨¨³Î¨¢µ¸ÉÓ ±µ´¥Î´ÒÌ ¸¨¸É¥³ ¸
´¥§ ¶µ²´¥´´µ° µ¡µ²µÎ±µ°, ¶·¨ ´ ²¨Î¨¨ ¶ ·´ÒÌ ±µ··¥²ÖÍ¨°, Ö¢²Ö¥É¸Ö ¶µ²-
´µ¸ÉÓÕ ¤¨ ³ £´¨É´µ°. ‚ µÉ¸ÊÉ¸É¢¨e ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ³ £´¨É´ Ö ¢µ¸¶·¨-
¨³Î¨¢µ¸ÉÓ É ±¨Ì ¸¨¸É¥³ Ì · ±É¥·¨§Ê¥É¸Ö ¡µ²ÓÏ¨³¨ ¶ · ³ £´¨É´Ò³¨ §´ Î¥-
´¨Ö³¨ [94]. ˆ§³¥´¥´¨¥ ³ £´¨É´µ£µ ¶µ²Ö ¤²Ö ³¥É ²²¨Î¥¸±µ£µ §¥·´  ¤µ²¦´µ
¶·¨¢µ¤¨ÉÓ ± · §·ÊÏ¥´¨Õ ¶ ·´ÒÌ ±µ··¥²ÖÍ¨° ¤²Ö µÉ¤¥²Ó´ÒÌ ¶ · Ô²¥±É·µ´µ¢
¢¡²¨§¨ ¶µ¢¥·Ì´µ¸É¨ ”¥·³¨ ¨ ¶µÖ¢²¥´¨Õ ¡¨¸É ¡¨²Ó´µ¸É¨ ¢ ³ £´¨É´µ° ¢µ¸¶·¨-
¨³Î¨¢µ¸É¨ ± ± ËÊ´±Í¨¨ ±¢ ¤· É  Î ¸ÉµÉÒ ‹ ·³µ·  ωL . �µ¢Ò¥ Ô±¸¶¥·¨³¥´ÉÒ
¸ ³¥É ²²¨Î¥¸±¨³¨ §¥·´ ³¨ ¶µ³µ£ÊÉ ¶·µÖ¸´¨ÉÓ ¢µ¶·µ¸ µ Éµ³, ´ ¸±µ²Ó±µ ÔÉo
µ¦¨¤ ´¨¥ Ö¢²Ö¥É¸Ö ·¥ ²¨¸É¨Î´Ò³.

‚ § ±²ÕÎ¥´¨¥ µ¤¨´ ¨§  ¢Éµ·µ¢ (.ƒ.�.) ¢Ò· ¦ ¥É ¶·¨§´ É¥²Ó´µ¸ÉÓ Š. �µ-
³µ·¸±µ³Ê, ‹. Œµ²¨´ , Ÿ. Š¢ ¸¨²Ê, ˆ.�. Œ¨Ì °²µ¢Ê, ”. „Ô´ Ê ¨ „. �²Ó³¥-
Ì¥¤Ê, ¢ ¸µ¢³¥¸É´µ° · ¡µÉ¥ ¸ ±µÉµ·Ò³¨ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ·¥§Ê²ÓÉ ÉÒ, ¶·¥¤¸É ¢-
²¥´´Ò¥ ¢ µ¡§µ·¥. �´ É ±¦¥ ¡² £µ¤ ·¥´ §  É¥¶²µ¥ £µ¸É¥¶·¨¨³¸É¢µ, µ± § ´´µ¥
¥³Ê ¢ ˆ´¸É¨ÉÊÉ¥ É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ‚·µÍ² ¢¸±µ£µ Ê´¨¢¥·¸¨É¥É  ¢µ ¢·¥³Ö
¥£µ ¶·¥¡Ò¢ ´¨Ö ¢µ ‚·µÍ² ¢¥. „ ´´ Ö · ¡µÉ  ¡Ò²  ¢Ò¶µ²´¥´  ¶·¨ Î ¸É¨Î´µ°
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Ë¨´ ´¸µ¢µ° ¶µ¤¤¥·¦±¥ Ëµ´¤  iµ£µ²Õ¡µ¢Åˆ´Ë¥²Ó¤ ‹ ¡µ· Éµ·¨¨ É¥µ·¥É¨Î¥-
¸±µ° Ë¨§¨±¨ �ˆŸˆ ¨ ¶·¨ ¶µ¤¤¥·¦±¥ ””ˆ, £· ´É 00-02-17194.

8. �ˆ‹�†…�ˆ…

„²Ö ¤ ´´µ° Î ¸ÉµÉÒ ¢· Ð¥´¨Ö �Ω Î¨¸²µ Î ¸É¨Í N ¨ ±µ´¸É ´ÉÊ ¶ ·´µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö G ³µ¦´µ Ëµ·³ ²Ó´µ · ¸¸³ É·¨¢ ÉÓ ± ± ËÊ´±Í¨¨ Ì¨³¨Î¥-
¸±µ£µ ¶µÉ¥´Í¨ ²  λ ¨ Ô´¥·£¥É¨Î¥¸±µ° Ð¥²¨ ∆. ’µ£¤  ¨³¥¥³

dN =
∂N

∂λ
dλ +

∂N

∂∆
d∆ ,

dG =
∂G

∂λ
dλ +

∂G

∂∆
d∆ . (�.1)

Š·µ³¥ Éµ£µ, Î¨¸²µ Î ¸É¨Í N ¨ ¸¨²Ê ¸¶ ·¨¢ ´¨Ö G ³µ¦´µ É ±¦¥ µ¶·¥¤¥²¨ÉÓ
¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

N = NÔËË + dN , (�.2)

G = GÔËË + dG . (�.3)

‚¢µ¤Ö ËÊ´±Í¨Õ

F = ∆/G =
∑
Ek>0

∑
i

AkiBkī , (�.4)

³µ¦´µ µ¶·¥¤¥²¨ÉÓ Î ¸É´Ò¥ ¶·µ¨§¢µ¤´Ò¥:

∂G

∂∆
=

1
FÔËË

2

(
FÔËË − ∆ÔËË

∂F

∂∆

)
, (�.5)

∂G

∂λ
=

∆ÔËË

FÔËË
2

∂F

∂λ
. (�.6)

ˆ¸¶µ²Ó§ÊÖ ¤ ´´Ò° ·¥§Ê²ÓÉ É, ¶µ²ÊÎ¨³ ¤²Ö µ¶·¥¤¥²¨É¥²Ö ¸¨¸É¥³Ò Ê· ¢´¥´¨°
(�.1)

W =
1

FÔËË
2

[
∂N

∂λ

(
FÔËË − ∆ÔËË

∂F

∂∆

)
+

∂N

∂∆
∆ÔËË

∂F

∂λ

]
=

ω̄

FÔËË
2 . (�.7)

’µ£¤ , ÊÎ¨ÉÒ¢ Ö ¸µµÉ´µÏ¥´¨Ö (�.2), ¨§³¥´¥´¨¥ Ì¨³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  dλ
¨ ¨§³¥´¥´¨¥ ¶ · ³¥É·  Ð¥²¨ d∆ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

dλ =
1
ω̄

[(
FÔËË − ∆ÔËË

∂F

∂∆

)
(N −NÔËË) − ∂N

∂∆
(GFÔËË − ∆ÔËË)FÔËË

]
,

d∆ =
1
ω̄

[
∂N

∂λ
(GFÔËË − ∆ÔËË)FÔËË + ∆ÔËË (N −NÔËË)

∂F

∂λ

]
. (�.8)
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�µ²Ó§ÊÖ¸Ó µ¶·¥¤¥²¥´¨¥³ Î¨¸²  Î ¸É¨Í (20), ´ °¤¥³ Î ¸É´Ò¥ ¶·µ¨§¢µ¤´Ò¥:

∂N

∂λ
= 2

∑
Ek<0

∑
i

Aki
∂Aki
dλ

+
∑
Ek>0

∑
i

Bkī
∂Bkī
dλ

,

∂N

∂∆
= 2

∑
Ek<0

∑
i

Aki
∂Aki
d∆

+
∑
Ek>0

∑
i

Bkī
∂Bkī
d∆

. (�.9)

—Éµ¡Ò µ¶·¥¤¥²¨ÉÓ ´¥¨§¢¥¸É´Ò¥ ¶·µ¨§¢µ¤´Ò¥ ∂Aki

dλ , ∂Bkī

dλ , ∂Aki

d∆ ¨ ∂Bkī

d∆ , ¨¸-
¶µ²Ó§Ê¥³ É¥µ·¨Õ ¢µ§³ÊÐ¥´¨°. „µ¡ ¢¨³ ± ¨¸Ìµ¤´µ³Ê £ ³¨²ÓÉµ´¨ ´Ê ³ ²µ¥

¢µ§³ÊÐ¥´¨¥ Vλ = −
(
λ

′ − λ
)
δiisign(i), ±µÉµ·µ¥ ¶·¨¢µ¤¨É ± ´¥§´ Î¨É¥²Ó´µ³Ê

¨§³¥´¥´¨Õ Ì¨³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² . ‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ ¥³ ¢µ§³ÊÐ¥´´ÊÕ
¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ

|νk
′
>= |νk > −(λ

′
− λ)

∑
m �=k

< νm|(δiisign(i)|νk >
Ek − Em

|νm > , (�.10)

£¤¥ ´¥¢µ§³ÊÐ¥´´ Ö ¢µ²´µ¢ Ö ËÊ´±Í¨Ö |νk >= |Aki=1...Aki=n, Bkī=1...Bkī=n >
¨³¥¥É · §³¥·´µ¸ÉÓ 2n. ’µ£¤ 

∂|νk >
∂λ

= −
∑
m �=k

< νm|δiisign(i)|νk >
Ek − Em

|νm >=

=
∑
m �=k

∑
i(AkiAmi −BkīBmī)

Em − Ek
|νm > . (�.11)

‚ ¸²ÊÎ ¥ ¢µ§³ÊÐ¥´¨Ö, ¢´µ¸¨³µ£µ ¨§³¥´¥´¨¥³ Ô´¥·£¥É¨Î¥¸±µ° Ð¥²¨ V =
= (∆

′ − ∆)δīi, ¤¥°¸É¢ÊÖ  ´ ²µ£¨Î´µ, ¶µ²ÊÎ ¥³

∂|νk >
∂∆

=
∑
m �=k

< νm|δīi|νk >
Ek − Em

|νm >=
∑
m �=k

∑
i(AmiBkī + AkiBmī)

Ek − Em
|νm > .

(�.12)
�µ²Ó§ÊÖ¸Ó ¢Ò· ¦¥´¨Ö³¨ (�.11), (�.12), ´¥ ¸µ¸É ¢²Ö¥É É·Ê¤  µ¶·¥¤¥²¨ÉÓ ¶·µ-
¨§¢µ¤´Ò¥ (�.9):

∂N

∂λ
= 2




∑
i,Ek<0

∑
m �=k

∑
j(AkjAmj −Bkj̄Bmj̄)

Em − Ek
AkiAmi+

+
∑
i,Ek>0

∑
m �=k

∑
j(AkjAmj −Bkj̄Bmj̄)

Em − Ek
BkīBmī


 , (�.13)
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∂N

∂∆
= 2




∑
i,Ek<0

∑
m �=k

∑
j(AmjBkj̄ + Bmj̄Akj)

Ek − Em
AkiAmi+

+
∑
i,Ek>0

∑
m �=k

∑
j(AmjBkj̄ + Bmj̄Akj)

Ek − Em
BkīBmī


 . (�.14)

ˆ¸¶µ²Ó§ÊÖ ¢Ò· ¦¥´¨Ö (�.11), (�.12) ¨ Ö¢´Ò° ¢¨¤ ËÊ´±Í¨¨ F (�.4), ³Ò É ±¦¥
¶µ²ÊÎ ¥³

∂F

∂λ
=

∑
i,Ek>0

∑
m �=k

∑
j(AkjAmj −Bkj̄Bmj̄)

Em − Ek
(BkīAmī + BmīAki) , (�.15)

∂F

∂∆
=

∑
i,Ek>0

∑
m �=k

∑
j(Bkj̄Amj + Bkj̄Bmj̄)

Em − Ek
(BkīAmī + BmīAki) . (�.16)

�µ²ÊÎ¥´´Ò¥ ¢Ò· ¦¥´¨Ö ¶µ§¢µ²¨²¨ ¸ÊÐ¥¸É¢¥´´µ Ê¶·µ¸É¨ÉÓ § ¤ ÎÊ µ ´ Ìµ¦¤¥-
´¨¨ ¸ ³µ¸µ£² ¸µ¢ ´´ÒÌ §´ Î¥´¨° ¶ · ³¥É·  Ð¥²¨ ∆ ¨ Ì¨³¨Î¥¸±µ£µ ¶µÉ¥´Í¨-
 ²  λ ¤²Ö ¤ ´´µ£µ ´ ¡µ·  ¶ · ³¥É·µ¢ ¤¥Ëµ·³ Í¨¨ ¸·¥¤´¥£µ ¶µ²Ö. �  ¶¥·¢µ³
ÔÉ ¶¥ ·¥Ï ²¨¸Ó Ê· ¢´¥´¨Ö Œ�‚ (19) ¸ ´ Î ²Ó´Ò³¨ §´ Î¥´¨Ö³¨ ∆0 ¨ λ0,
µ¶·¥¤¥²¥´´Ò³¨ ¨§ · ¸Î¥Éµ¢ ¢ · ³± Ì ³µ¤¥²¨ ´¥§ ¢¨¸¨³ÒÌ ±¢ §¨Î ¸É¨Í. � °-
¤¥´´Ò¥ ¢¥±Éµ·Ò (Aki, Bkī) ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¤²Ö ¢ÒÎ¨¸²¥´¨Ö Î¨¸²  Î ¸É¨Í N
(¸³. (20)) ¨ ∆ (¸³. (21)). ‡ É¥³ ¨§ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (�.8) µ¶·¥¤¥²Ö²¨¸Ó
¶·¨· Ð¥´¨Ö d∆ ¨ dλ, ±µÉµ·Ò¥ ¶·¨¡ ¢²Ö²¨¸Ó ± ´ Î ²Ó´Ò³ §´ Î¥´¨Ö³ ∆0 ¨
λ0. ‘´µ¢  ·¥Ï ² ¸Ó ¸¨¸É¥³  Ê· ¢´¥´¨° Œ�‚ (19). „ ´´ Ö ¸Ì¥³  ¶µ¢Éµ-
·Ö² ¸Ó ´¥¸±µ²Ó±µ · §, ¶µ±  ¢¥²¨Î¨´Ò d∆ ¨ dλ ´¥ ¤µ¸É¨£ ²¨ ´¥µ¡Ìµ¤¨³µ°
¸É¥¶¥´¨ ³ ²µ¸É¨ (∼ 0, 001). �¡ÒÎ´µ ¤µ¸É ÉµÎ´µ ¡Ò²µ 2Ä3 ¨É¥· Í¨° ¤²Ö Éµ£µ,
ÎÉµ¡Ò ·¥Ï¥´¨¥ ¸µÏ²µ¸Ó. ‚ µ¡² ¸É¨, £¤¥ ¸¶ ·¨¢ ´¨¥ ·¥§±µ Ê³¥´ÓÏ ²µ¸Ó, ³Ò
¶µ² £ ²¨ ¢¥²¨Î¨´Ê Ð¥²¨ · ¢´µ° ´Ê²Õ. „²Ö Éµ£µ ÎÉµ¡Ò µ¶·¥¤¥²¨ÉÓ ¡µ²¥¥
ÉµÎ´µ µ¡² ¸ÉÓ Ë §µ¢µ£µ ¶¥·¥Ìµ¤ , ±µ£¤  Ë²Ê±ÉÊ Í¨¨ Î¨¸²  Î ¸É¨Í ¸É ´µ¢ÖÉ¸Ö
¸¨²Ó´Ò³¨, ´¥µ¡Ìµ¤¨³µ ¨¸¶µ²Ó§µ¢ ÉÓ ³¥Éµ¤ ¶·µ¥±É¨·µ¢ ´¨Ö ´  ÉµÎ´µ¥ Î¨¸²µ
Î ¸É¨Í. Š ± Éµ²Ó±µ ¤µ¸É¨£ ²µ¸Ó ¸ ³µ¸µ£² ¸µ¢ ´¨¥ ¶µ Ô´¥·£¥É¨Î¥¸±µ° Ð¥²¨
¨ Î¨¸²Ê Î ¸É¨Í, µ¶·¥¤¥²Ö² ¸Ó µ¡µ²µÎ¥Î´ Ö ¶µ¶· ¢±  δE‘É· ¸µ£² ¸´µ ³¥Éµ¤Ê
‘É·ÊÉ¨´¸±µ£µ [14] ¤²Ö ¤ ´´ÒÌ §´ Î¥´¨° ¶ · ³¥É·µ¢ ¤¥Ëµ·³ Í¨¨ (ε, γ). �±µ´-
Î É¥²Ó´µ · ¢´µ¢¥¸´Ò¥ ¶ · ³¥É·Ò ¤¥Ëµ·³ Í¨¨ µ¶·¥¤¥²Ö²¨¸Ó ´  ¸¥É±¥ §´ Î¥-
´¨° ¶ · ³¥É·µ¢ ¤¥Ëµ·³ Í¨¨ ¨§ Ê¸²µ¢¨Ö ³¨´¨³Ê³  ËÊ´±Í¨µ´ ² 

E(ε, γ,Ω) = E¦±(ε, γ,Ω) + δE‘É· , (�.17)

£¤¥ ¢¥²¨Î¨´  E¦± Å Ô´¥·£¨Ö ¢· Ð ÕÐ¥°¸Ö ¦¨¤±µ° ± ¶²¨ (¸³., ´ ¶·¨³¥·,
[10]).
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