
”ˆ‡ˆŠ� �‹…Œ…�’���›• —�‘’ˆ– ˆ �’�Œ��ƒ� Ÿ„��
2018. ’. 49. ‚›�. 2. ‘. 229Ä269

ˆ‡�‚…Š’���›… ����›… Š���…‹Ÿ–ˆˆ
�“Š‹���‚ ‚ �’�Œ�›• Ÿ„��•:
ŒˆŠ��‘Š��ˆ—…‘Šˆ‰ ��„•�„,

��‡����… ��…„‘’�‚‹…�ˆ…
ˆ Š�‹‹…Š’ˆ‚��Ÿ Œ�„…‹œ

�. ‚. „¦μ²μ¸ 1, 2, ‚. ƒ. Š ·É ¢¥´±μ 1, …. �. Šμ²£ ´μ¢  1, 2,∗

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

2 ƒμ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É ®„Ê¡´ ¯, „Ê¡´ , �μ¸¸¨Ö

‚‚…„…�ˆ… 229

��‡����… ��…„‘’�‚‹…�ˆ… ”…�Œˆ���›•
��…��’���‚ ˆ ��ˆ�‹ˆ†…�ˆ…
•��’�ˆÄ”�Š�Ä��ƒ�‹	��‚� 235

‚‚…„…�ˆ… Š�‹‹…Š’ˆ‚�›• ����›• ‚…’‚…‰
‚�‡�“†„…�ˆŸ 241

Š�‹‹…Š’ˆ‚�›‰ ƒ�Œˆ‹œ’��ˆ�� „‹Ÿ ��ˆ‘��ˆŸ
����›• ˆ‡�‚…Š’���›• Š���…‹Ÿ–ˆ‰ 248

‘²ÊÎ ° ¸² ¡μ° ¸¢Ö§¨ 250
‘²ÊÎ ° ¸¨²Ó´μ° ¸¢Ö§¨ 250
‘²ÊÎ ° ¶·μ³¥¦ÊÉμÎ´μ° ¸¢Ö§¨ 256

�…�Š–ˆˆ „‚“•�“Š‹����‰ �…�…„�—ˆ
ˆ ‘�…Š’��‘Š��ˆ—…‘Šˆ… ”�Š’��› 262

‡�Š‹	—…�ˆ… 266

‘�ˆ‘�Š ‹ˆ’…��’“�› 267

∗E-mail: kea@theor.jinr.ru



”ˆ‡ˆŠ� �‹…Œ…�’���›• —�‘’ˆ– ˆ �’�Œ��ƒ� Ÿ„��
2018. ’. 49. ‚›�. 2. ‘. 229Ä269

ˆ‡�‚…Š’���›… ����›… Š���…‹Ÿ–ˆˆ
�“Š‹���‚ ‚ �’�Œ�›• Ÿ„��•:
ŒˆŠ��‘Š��ˆ—…‘Šˆ‰ ��„•�„,

��‡����… ��…„‘’�‚‹…�ˆ…
ˆ Š�‹‹…Š’ˆ‚��Ÿ Œ�„…‹œ

�. ‚. „¦μ²μ¸ 1, 2, ‚. ƒ. Š ·É ¢¥´±μ 1, …. �. Šμ²£ ´μ¢  1, 2,∗

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

2 ƒμ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É ®„Ê¡´ ¯, „Ê¡´ , �μ¸¸¨Ö

‚ · ³± Ì ³¨±·μ¸±μ¶¨Î¥¸±μ° ³μ¤¥²¨ Ö¤·  ¸ ¨§μ¢¥±Éμ·´Ò³¨ ¶ ·´Ò³¨ μ¸É ÉμÎ´Ò³¨
¸¨² ³¨  ´ ²¨§¨·ÊÕÉ¸Ö ¶ ·´Ò¥ ±μ··¥²ÖÍ¨¨ ´Ê±²μ´μ¢ ¢  Éμ³´ÒÌ Ö¤· Ì. „²Ö ¨Ì · ¸-
¸³μÉ·¥´¨Ö ¨¸¶μ²Ó§Ê¥É¸Ö ³¥Éμ¤ ¡μ§μ´´μ£μ ¶·¥¤¸É ¢²¥´¨Ö Ë¥·³¨μ´´ÒÌ μ¶¥· Éμ·μ¢, ¶μ-
§¢μ²ÖÕÐ¨° ¢Ò¤¥²¨ÉÓ ±μ²²¥±É¨¢´ÊÕ ¶ ·´ÊÕ ¢¥É¢Ó ¢μ§¡Ê¦¤¥´¨Ö, ´¥ ¢¢μ¤Ö μ£· ´¨Î¥´¨Ö
´  · §³¥· μ¤´μÎ ¸É¨Î´μ£μ ¡ §¨¸ . „ ´´Ò° ³¥Éμ¤ ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ · ¸¸³ É·¨¢ ÉÓ ± ±
μ¡² ¸ÉÓ Ë²Ê±ÉÊ Í¨° ´¥¸¢¥·ÌÉ¥±ÊÎ¥° Ë §Ò Ö¤¥·´μ£μ ¢¥Ð¥¸É¢ , É ± ¨ μ¡² ¸ÉÓ Ë §μ¢μ£μ
¶¥·¥Ìμ¤  ± ¸¢¥·ÌÉ¥±ÊÎ¥° Ë §¥ ¨ μ¡² ¸ÉÓ ¸¨²Ó´ÒÌ ¶ ·´ÒÌ ±μ··¥²ÖÍ¨°. � ¸¸³μÉ·¥´¨¥
¨²²Õ¸É·¨·Ê¥É¸Ö ·¥§Ê²ÓÉ É ³¨ · ¸Î¥Éμ¢, ¢Ò¶μ²´¥´´ÒÌ ¤²Ö μ¡² ¸É¨ Ö¤¥· ¢¡²¨§¨ ¤¢ ¦¤Ò
³ £¨Î¥¸±μ£μ Ö¤·  56Ni.

Pair correlations of nucleons in atomic nuclei are analyzed in the framework of the
microscopic nuclear model with isovector pairing. The method of the boson representations
of the fermion operators is used for this aim. The method gives a possibility to determine
a collective mode of the pair excitations without restricting a single particle basis. Using
this method it is possible to consider 	uctuations of the nonsuper	uid nuclear matter,
phase transition from nonsuper	uid to super	uid system and strong pair correlations. The
consideration is illustrated by the results of calculations obtained for nuclei around 56Ni.

PACS: 21.10.Re; 21.10.Dr

‚‚…„…�ˆ…

� Î ²μ³ · §· ¡μÉ±¨ ¸μ¢·¥³¥´´μ£μ ³¨±·μ¸±μ¶¨Î¥¸±μ£μ ¶μ¤Ìμ¤  ¢ É¥μ·¨¨
Ö¤·  ¸²¥¤Ê¥É ¸Î¨É ÉÓ ¸μ§¤ ´¨¥ μ¡μ²μÎ¥Î´μ° ³μ¤¥²¨ [1Ä4]. ‚ ¥¥ μ¸´μ¢¥ ²¥¦¨É
¶·¥¤¸É ¢²¥´¨¥ μ ´¥±μÉμ·μ³ ¸·¥¤´¥³ ¶μÉ¥´Í¨ ²¥ Ö¤· , ¢ ±μÉμ·μ³ ´ Ìμ¤ÖÉ¸Ö ´Ê-
±²μ´Ò. �·¥¤¶μ² £ ¥É¸Ö, ÎÉμ §´ Î¨É¥²Ó´ Ö Î ¸ÉÓ ¸¨²Ó´μ£μ ´Ê±²μ´-´Ê±²μ´´μ£μ
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¢§ ¨³μ¤¥°¸É¢¨Ö Ê¦¥ ÊÎÉ¥´  ¸·¥¤´¨³ ¶μÉ¥´Í¨ ²μ³ Ö¤· . Šμ´Í¥¶Í¨Ö ¸·¥¤´¥£μ
Ö¤¥·´μ£μ ¶μÉ¥´Í¨ ²  [5] ²¥¦¨É ¢ μ¸´μ¢¥ ¨ ¢¸¥Ì ¶μ¸²¥¤ÊÕÐ¨Ì ¶μ¸É·μ¥´¨° ¢
É¥μ·¨¨ ¸É·Ê±ÉÊ·Ò Ö¤· . �μ¸±μ²Ó±Ê ¢ μÉ²¨Î¨¥ μÉ  Éμ³  ¢ Ö¤·¥ ´¥É ¢Ò¤¥²¥´´μ£μ
Í¥´É·  ¨ ¸ ÉμÎ±¨ §·¥´¨Ö ¸¨²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢¸¥ ´Ê±²μ´Ò · ¢´μ¶· ¢´Ò,
¸·¥¤´¥¥ ¶μ²¥ Ö¤·  Ëμ·³¨·Ê¥É¸Ö ± ± ·¥§Ê²ÓÉ É ¸ ³μ¸μ£² ¸μ¢ ´¨Ö ¢±² ¤μ¢ ¢¸¥Ì
´Ê±²μ´μ¢. �¥§Ê²ÓÉ¨·ÊÕÐ¨° ¶μÉ¥´Í¨ ² ´ §Ò¢ ÕÉ ¥Ð¥ ¨ ¸ ³μ¸μ£² ¸μ¢ ´´Ò³
Ö¤¥·´Ò³ ¶μÉ¥´Í¨ ²μ³.

‚³¥¸É¥ ¸ É¥³ ¸ ³μ¸μ£² ¸μ¢ ´´Ò° ¶μÉ¥´Í¨ ² Ö¤·  ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ´¥ ¢¸¥
ÔËË¥±ÉÒ ´Ê±²μ´-´Ê±²μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. ’μ, ÎÉμ μ¸É ¥É¸Ö §  · ³± ³¨
Ö¤¥·´μ£μ ¶μÉ¥´Í¨ ² , ´ §Ò¢ ÕÉ μ¸É ÉμÎ´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³. …£μ ¢ ¦´¥°-
Ï¥° ±μ³¶μ´¥´Éμ° Ö¢²Ö¥É¸Ö É ± ´ §Ò¢ ¥³μ¥ ¶ ·´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ´Ê±²μ-
´μ¢, ´ Ìμ¤ÖÐ¨Ì¸Ö ¢ ¸·¥¤´¥³ ¶μÉ¥´Í¨ ²¥ Ö¤· . �Éμ ¢§ ¨³μ¤¥°¸É¢¨¥ Å ¨¸ÉμÎ-
´¨± ¶ ·´ÒÌ ±μ··¥²ÖÍ¨° ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥£μ É¨¶ . ‚±²ÕÎ¥´¨¥ É ±μ£μ ¢§ ¨³μ-
¤¥°¸É¢¨Ö ¢ É¥μ·¥É¨Î¥¸±ÊÕ ³μ¤¥²Ó ¶·¨¢¥²μ ± ¸μ§¤ ´¨Õ ¸¢¥·ÌÉ¥±ÊÎ¥° ³μ¤¥²¨
Ö¤·  [6Ä9].

‚ μ¸´μ¢´ÒÌ ¶μ²μ¦¥´¨ÖÌ ¨ μ¡μ²μÎ¥Î´μ° ³μ¤¥²¨ Ö¤· , ¨ ¸¢¥·ÌÉ¥±ÊÎ¥°
³μ¤¥²¨ Ö¤·  ¶·μ¸²¥¦¨¢ ¥É¸Ö μ¡Ð Ö ²μ£¨± . �´  ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ Î ¸ÉÓ
´Ê±²μ´-´Ê±²μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ±μÉμ· Ö ÊÎÉ¥´  ¢ ³μ¤¥²¨, ¢±²ÕÎ ¥É¸Ö ¢
¸É·Ê±ÉÊ·Ê ´¥±μÉμ·μ° Ô²¥³¥´É ·´μ° ³μ¤Ò Å ¡ §μ¢μ£μ ¨´£·¥¤¨¥´É  ¸É·Ê±ÉÊ·Ò
Ö¤· . ‘ ³¨ ¦¥ ÔÉ¨ ³μ¤Ò ¸Î¨É ÕÉ¸Ö ¶·¨¡²¨¦¥´´μ ´¥§ ¢¨¸¨³Ò³¨. ’ ±, ¢ μ¡μ-
²μÎ¥Î´μ° ³μ¤¥²¨ Ö¤·  ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ´Ê±²μ´Ò, ´ Ìμ¤ÖÐ¨¥¸Ö ¢ ¸·¥¤-
´¥³ ¶μÉ¥´Í¨ ²¥ Ö¤·  (  ÔÉμ Ë ±É¨Î¥¸±¨ ¶¥·¥´μ·³¨·μ¢ ´´Ò¥, É. ¥. ®μ¤¥ÉÒ¥¯
´Ê±²μ´Ò), ´¥§ ¢¨¸¨³Ò. Šμ´¥Î´μ, ¸²¥¤ÊÕÐ¨³ Ï £μ³ ¢ · §· ¡μÉ±¥ ³μ¤¥²¨
Ö¢²Ö¥É¸Ö ÊÎ¥É μ¸É ÉμÎ´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ´μ ¡ §μ¢Ò³ ¤²Ö É¥μ·¨¨ Ô²¥³¥´Éμ³
μ¸É ÕÉ¸Ö ´¥§ ¢¨¸¨³Ò¥ Î ¸É¨ÍÒ ¢ ¸·¥¤´¥³ ¶μÉ¥´Í¨ ²¥ Ö¤· .

‚ ¸¢¥·ÌÉ¥±ÊÎ¥° ³μ¤¥²¨ Ö¤·  ¢μ§´¨± ¥É ´μ¢Ò° ¸É·Ê±ÉÊ·´Ò° Ô²¥³¥´É, ¸
¶μ³μÐÓÕ ±μÉμ·μ£μ ¸É·μ¨É¸Ö ¢¥¸Ó ¸¶¥±É· ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨° Ö¤· . �Éμ
±¢ §¨Î ¸É¨ÍÒ. • · ±É¥·¨¸É¨±¨ ±¢ §¨Î ¸É¨Í ¢±²ÕÎ ÕÉ ¢ ¸¥¡Ö Éμ²Ó±μ Î ¸ÉÓ
μ¸É ÉμÎ´ÒÌ ¶ ·´ÒÌ ¸¨². ‚ ¶¥·¢μ³ ¶·¨¡²¨¦¥´¨¨ ±¢ §¨Î ¸É¨ÍÒ ¶·¥¤¶μ² £ -
ÕÉ¸Ö ´¥§ ¢¨¸¨³Ò³¨.

‚±²ÕÎ¥´¨¥ ¢ · ¸¸³μÉ·¥´¨¥ μ¸É ÉμÎ´μ£μ ¶ ·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ´Ê±²μ-
´μ¢ ¤¨±Éμ¢ ²μ¸Ó ´¥μ¡Ìμ¤¨³μ¸ÉÓÕ μ¡ÑÖ¸´¨ÉÓ ´ ²¨Î¨¥ Ô´¥·£¥É¨Î¥¸±μ° Ð¥²¨
¢ ¸¶¥±É·¥ ¢μ§¡Ê¦¤¥´¨Ö Î¥É´μ-Î¥É´ÒÌ Ö¤¥·, μÉ¤¥²ÖÕÐ¥° μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥
Ö¤·  μÉ ¥£μ ´¥±μ²²¥±É¨¢´ÒÌ ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨°. �´ ²μ£¨Î´Ò³ μ¡· §μ³
¶μÉ·¥¡μ¢ ²¸Ö ¨ ÊÎ¥É ³Ê²ÓÉ¨¶μ²Ó´ÒÌ (¢ μ¸´μ¢´μ³ ±¢ ¤·Ê¶μ²Ó´ÒÌ ¨ μ±ÉÊ¶μ²Ó-
´ÒÌ) μ¸É ÉμÎ´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° [10] ¤²Ö Éμ£μ, ÎÉμ¡Ò μ¡ÑÖ¸´¨ÉÓ ¶μÖ¢²¥´¨¥
´¨§±μ²¥¦ Ð¨Ì ±μ²²¥±É¨¢´ÒÌ ¢μ§¡Ê¦¤¥´¨° Ö¤¥· ¸μ ¸¢μ°¸É¢ ³¨, ·¥§±μ μÉ²¨Î -
ÕÐ¨³¨¸Ö μÉ μ¤´μÎ ¸É¨Î´ÒÌ ¢μ§¡Ê¦¤¥´¨°. �  ÔÉμ³ ÔÉ ¶¥ ¶μ¸É·μ¥´¨Ö É¥μ·¨¨
Ö¤·  ¢μ§´¨± ´μ¢Ò° μ¡· § Å Ô²¥³¥´É ·´ Ö ³μ¤  ¢μ§¡Ê¦¤¥´¨Ö,   ¨³¥´´μ Ëμ´μ´,
¶μ¤Î¨´ÖÕÐ¨°¸Ö ¡μ§μ´´μ° ¸É É¨¸É¨±¥. ‚ ¨Éμ£¥ ¸μ¸ÉμÖ´¨Ö ¸² ¡μ¢μ§¡Ê¦¤¥´´ÒÌ
Ö¤¥· ¸É ²¨ · ¸¸³ É·¨¢ ÉÓ ± ± ¸μ¸ÉμÖ´¨Ö, μ¡· §μ¢ ´´Ò¥ ´¥±μÉμ·Ò³ Î¨¸²μ³
±¢ §¨Î ¸É¨Í ¨ Ëμ´μ´μ¢ [11].
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‘É·Ê±ÉÊ·  Ëμ´μ´  ¨ ¥£μ Ì · ±É¥·¨¸É¨±¨ μ¶·¥¤¥²ÖÕÉ¸Ö μ¸É ÉμÎ´Ò³ ¢§ ¨-
³μ¤¥°¸É¢¨¥³ ´Ê±²μ´μ¢. �¥·¢μ´ Î ²Ó´μ ¢ É¥μ·¨¨ Ö¤·  ¢ · ¸¸³μÉ·¥´¨¥ ¡Ò²¨
¢¢¥¤¥´Ò Éμ²Ó±μ ±¢ ¤·Ê¶μ²Ó´Ò¥ ¨ μ±ÉÊ¶μ²Ó´Ò¥ Ëμ´μ´Ò. ‚ ¨Ì É¥·³¨´ Ì
μ¶¨¸Ò¢ ²¨¸Ó ¸¶¥±É·Ò ´¨§±μ²¥¦ Ð¨Ì ¸μ¸ÉμÖ´¨° μ¤´μ£μ ¨ Éμ£μ ¦¥ Ö¤· . �¤-
´ ±μ ¢ 1968 £. �. 
μ· [12] ¶μ± § ², ÎÉμ, μ¸´μ¢Ò¢ Ö¸Ó ´  ¶ ·´μ³ ´Ê±²μ´-
´Ê±²μ´´μ³ ¢§ ¨³μ¤¥°¸É¢¨¨ ¨ ¢¢μ¤Ö ¢ · ¸¸³μÉ·¥´¨¥ ¶ ·´Ò¥ ¢¨¡· Í¨μ´´Ò¥
Ëμ´μ´Ò, ³μ¦´μ ´  · ¢´ÒÌ ¢ ¥¤¨´μ³ ¸¶¥±É·¥ · ¸¸³ É·¨¢ ÉÓ ± ± μ¸´μ¢´Ò¥,
É ± ¨ ¢μ§¡Ê¦¤¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö Ö¤¥· ¸ · §´Ò³ Î¨¸²μ³ ´Ê±²μ´μ¢, ¨³¥ÕÐ¨¥
· ¢´Ò° ´Ê²Õ Ê£²μ¢μ° ³μ³¥´É ¨ ¶μ²μ¦¨É¥²Ó´ÊÕ Î¥É´μ¸ÉÓ. ‚ ¸²ÊÎ ¥ ÉÖ¦¥²ÒÌ
Ö¤¥· ¸ § ³¥É´μ · §²¨Î ÕÐ¨³¨¸Ö Î¨¸² ³¨ ¶·μÉμ´μ¢ ¨ ´¥°É·μ´μ¢ ¢ μ¤´μ ®¸¥-
³¥°¸É¢μ¯ μ¡Ñ¥¤¨´ÖÕÉ¸Ö ²¨¡μ μ¸´μ¢´Ò¥ ¨ ¢μ§¡Ê¦¤¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö ¨§μÉμ¶μ¢
(´¥°É·μ´´Ò¥ ¶ ·´Ò¥ ¢μ§¡Ê¦¤¥´¨Ö), ²¨¡μ μ¸´μ¢´Ò¥ ¨ ¢μ§¡Ê¦¤¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö
¨§μÉμ´μ¢ (¶·μÉμ´´Ò¥ ¶ ·´Ò¥ ¢μ§¡Ê¦¤¥´¨Ö).

�¤´ ±μ ¢ ¸²ÊÎ ¥ Ö¤¥· ¸ N ≈ Z ´¥°É·μ´Ò ¨ ¶·μÉμ´Ò § ¶μ²´ÖÕÉ μ¤´μÎ -
¸É¨Î´Ò¥ ¸μ¸ÉμÖ´¨Ö ¸ μ¤¨´ ±μ¢Ò³¨ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨. ‚ ÔÉμ³ ¸²ÊÎ ¥ ´ -
·Ö¤Ê ¸ ´¥°É·μ´-´¥°É·μ´´Ò³¨ ¨ ¶·μÉμ´-¶·μÉμ´´Ò³¨ ¶ ·´Ò³¨ ±μ··¥²ÖÍ¨Ö³¨
´¥μ¡Ìμ¤¨³μ ¢¢¥¸É¨ ¢ · ¸¸³μÉ·¥´¨¥ ¨ ´¥°É·μ´-¶·μÉμ´´Ò¥ ±μ··¥²ÖÍ¨¨. ’ ± ¢
É¥μ·¥É¨Î¥¸±¨°  ´ ²¨§ ¢Ìμ¤¨É ¨§μ¸¶¨´. � ¨¡μ²¥¥ ¸¨²Ó´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¸¢Ö-
§Ò¢ ¥É ´Ê±²μ´Ò, ´ Ìμ¤ÖÐ¨¥¸Ö ¢ μ¤¨´ ±μ¢ÒÌ ±¢ ´Éμ¢ÒÌ ¸μ¸ÉμÖ´¨ÖÌ, É ± ± ±
¢ ÔÉμ³ ¸²ÊÎ ¥ ¨Ì ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¶¥·¥±·Ò¢ ÕÉ¸Ö ¶μ²´μ¸ÉÓÕ. �μÔÉμ³Ê, ¢
¶¥·¢ÊÕ μÎ¥·¥¤Ó, ¢ · ¸¸³μÉ·¥´¨¥ ¡Ò²μ ¢¢¥¤¥´μ ¢§ ¨³μ¤¥°¸É¢¨¥ ¶ · ´Ê±²μ´μ¢,
¸¢Ö§ ´´ÒÌ ¢ ¶μ²´Ò° Ê£²μ¢μ° ³μ³¥´É I , · ¢´Ò° ´Ê²Õ.

‘μ§¤ ´¨¥ É¥μ·¨¨ ¶ ·´ÒÌ ±μ··¥²ÖÍ¨° ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥£μ É¨¶  ¨ Ê¸¶¥Ï-
´μ¥ ¶·¨³¥´¥´¨¥ ¥¥ ¤²Ö μ¡ÑÖ¸´¥´¨Ö ¸ ³ÒÌ · §´μμ¡· §´ÒÌ ¸¢μ°¸É¢ Ö¤¥· ¶·μ-
¤¥³μ´¸É·¨·μ¢ ²μ ·¥ ²Ó´μ¸ÉÓ ¶ ·´μ£μ μ¸É ÉμÎ´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê ´Ê-
±²μ´ ³¨. ˆ§ μ¡Ð¨Ì ¶·¨´Í¨¶μ¢ É¥μ·¨¨ ³´μ£¨Ì É¥² ¸²¥¤Ê¥É, ÎÉμ ÔÉμ ¢§ ¨³μ-
¤¥°¸É¢¨¥ ¤μ²¦´μ ¶·¨¢¥¸É¨ ¨ ± Ê¸¨²¥´¨Õ ¸¥Î¥´¨° ·¥ ±Í¨° ¤¢ÊÌ´Ê±²μ´´μ°
¶¥·¥¤ Î¨ [12, 13]. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶μ ·¥ ±Í¨Ö³ ¤¢ÊÌ´Ê±²μ´-
´μ° ¶¥·¥¤ Î¨ Ê¡¥¤¨É¥²Ó´μ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ É ±¨Ì ¢Ò¤¥²¥´-
´ÒÌ ¸¨²Ó´ÒÌ ¶¥·¥Ìμ¤μ¢ ³¥¦¤Ê μ¸´μ¢´Ò³¨ ¨ μ¶·¥¤¥²¥´´Ò³¨ ¢μ§¡Ê¦¤¥´´Ò³¨
0+-¸μ¸ÉμÖ´¨Ö³¨, ±μÉμ·Ò¥ ¶μ²ÊÎ¨²¨ ´ §¢ ´¨¥ ®¶ ·´ÒÌ¯ ¢¨¡· Í¨°.

�·¨ μ¡¸Ê¦¤¥´¨¨ μ¸´μ¢´ÒÌ ¸¢μ°¸É¢ ¶ ·´ÒÌ ±μ²²¥±É¨¢´ÒÌ ¢μ§¡Ê¦¤¥´¨°
¶μ²¥§´μ ¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö  ´ ²μ£¨¥° ¸ Ìμ·μÏμ ¨§¢¥¸É´μ° μ¡μ¡Ð¥´´μ° ³μ¤¥-
²ÓÕ Ö¤·  [14, 15]. ’ ±, ¶·¨´Í¨¶ μ¡Ñ¥¤¨´¥´¨Ö ¸μ¸ÉμÖ´¨° ¢ ±μ²²¥±É¨¢´ÊÕ
±¢ ¤·Ê¶μ²Ó´ÊÕ ¢¥É¢Ó ¢μ§¡Ê¦¤¥´¨° μ¸´μ¢ ´ ´  ´ ²¨Î¨¨ ¢Ò¤¥²¥´´ÒÌ ¸¨²Ó´ÒÌ
E2-¶¥·¥Ìμ¤μ¢ ³¥¦¤Ê μ¶·¥¤¥²¥´´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨ Î¥É´μ-Î¥É´ÒÌ Ö¤¥·. �´ -
²μ£μ³ μ¶¥· Éμ·  ±¢ ¤·Ê¶μ²Ó´μ£μ ³μ³¥´É  ¢ É¥μ·¨¨ ±μ²²¥±É¨¢´ÒÌ ¶ ·´ÒÌ
¢μ§¡Ê¦¤¥´¨° Ö¢²Ö¥É¸Ö μ¶¥· Éμ·
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·μ¦¤ ÕÐ¨° ¶ ·Ê ´Ê±²μ´μ¢. ‡¤¥¸Ó a+
sms

1
2 τ

(asms
1
2 τ ) Å μ¶¥· Éμ·Ò ·μ¦¤¥´¨Ö

(Ê´¨ÎÉμ¦¥´¨Ö) Ë¥·³¨μ´μ¢; js Å Ê£²μ¢μ° ³μ³¥´É μ¤´μÎ ¸É¨Î´μ£μ ¸μ¸ÉμÖ´¨Ö;
s, ms Å ±¢ ´Éμ¢Ò¥ Î¨¸²  μ¤´μÎ ¸É¨Î´ÒÌ ¸μ¸ÉμÖ´¨°; μ Å É·¥ÉÓÖ ¶·μ¥±Í¨Ö
¨§μ¸¶¨´  ¶ ·Ò,   τ, τ ′ Å ¶·μ¥±Í¨¨ ¨§μ¸¶¨´  ´Ê±²μ´μ¢; Cjm

j1m1j2m2
Å ±μÔË-

Ë¨Í¨¥´ÉÒ Š²¥¡Ï Äƒμ·¤ ´ . �μ¸±μ²Ó±Ê μ¶¥· Éμ·Ò A+
1μ, A1μ ³¥´ÖÕÉ Î¨¸²μ

´Ê±²μ´μ¢, Éμ ±μ²²¥±É¨¢´ÊÕ ¶ ·´ÊÕ ¢¥É¢Ó ¢μ§¡Ê¦¤¥´¨Ö μ¡· §ÊÕÉ ¸μ¸ÉμÖ´¨Ö ¸
· §´Ò³ Î¨¸²μ³ Î ¸É¨Í.

�μ¤μ¡´μ Éμ³Ê, ± ± ¸ÊÐ¥¸É¢μ¢ ´¨¥ ±μ²²¥±É¨¢´μ° ±¢ ¤·Ê¶μ²Ó´μ° ¢¥É¢¨
¢μ§¡Ê¦¤¥´¨Ö ¸¢Ö§Ò¢ ¥É¸Ö ¸ ±¢ ¤·Ê¶μ²Ó-±¢ ¤·Ê¶μ²Ó´Ò³ μ¸É ÉμÎ´Ò³ ¢§ ¨³μ-
¤¥°¸É¢¨¥³, μ¸´μ¢´Ò¥ ¸¢μ°¸É¢  ¶ ·´μ° ±μ²²¥±É¨¢´μ° ¢¥É¢¨ ¢μ§¡Ê¦¤¥´¨Ö μ¡Ê-
¸²μ¢²¥´Ò ¶ ·´Ò³¨ μ¸É ÉμÎ´Ò³¨ ¸¨² ³¨

Hpair = −G
∑

μ

A+
1μA1μ, (B.2)

£¤¥ G Å ±μ´¸É ´É  ¶ ·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. �·μÐ¥ ¢¸¥£μ ÊÎ¥¸ÉÓ Hpair ¨
¶·μ¤¥³μ´¸É·¨·μ¢ ÉÓ ¢μ§´¨± ÕÐ¨¥ ±μ²²¥±É¨¢´Ò¥ ÔËË¥±ÉÒ ¢ ¸²ÊÎ ¥ ÉÖ¦¥²ÒÌ
Ö¤¥·, £¤¥ ³μ¦´μ ¶·¥´¥¡·¥ÎÓ ¢§ ¨³μ¤¥°¸É¢¨¥³ ´¥°É·μ´´ÒÌ ¨ ¶·μÉμ´´ÒÌ ¸¨-
¸É¥³ Î¥·¥§ ¢§ ¨³μ¤¥°¸É¢¨¥ ¤ ´´μ£μ É¨¶ . �£· ´¨Î¨¢ Ö¸Ó · ¸¸³μÉ·¥´¨¥³ ¢μ§-
¡Ê¦¤¥´¨° ´¥°É·μ´´μ° ¸¨¸É¥³Ò, ¶μ²ÊÎ ¥³

Hpair = −GA+
11A11. (B.3)

�¡Ð¥¶·¨´ÖÉ Ö É· ±Éμ¢±  ¶ ·´ÒÌ ±μ··¥²ÖÍ¨° ¢ ¸¨¸É¥³¥ ´Ê±²μ´μ¢ μ¤´μ£μ
¸μ·É  μ¸´μ¢ ´  ´  ¢¢¥¤¥´¨¨ ¢¸¶μ³μ£ É¥²Ó´μ£μ ¸·¥¤´¥£μ ¶ ·´μ£μ ¶μÉ¥´Í¨-
 ²  [16,17]:

U = −(c1A11 + h. c.), (B.4)

£¤¥ c1 = G〈A+
11〉 (Ê¸·¥¤´¥´¨¥ ¢Ò¶μ²´¥´μ ¶μ μ¸´μ¢´μ³Ê ¸μ¸ÉμÖ´¨Õ ´¥°É·μ´-

´μ° ¸¨¸É¥³Ò). �μ¸±μ²Ó±Ê μ¶¥· Éμ· A+
11 ´¥Ô·³¨Éμ¢, Éμ c1 Å ±μ³¶²¥±¸´ Ö

¢¥²¨Î¨´  (c1 = |c1| e−iϕ1). Œμ¤Ê²Ó c1 (±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö, ¨²¨ Ô´¥·£¥-
É¨Î¥¸± Ö Ð¥²Ó ´¥°É·μ´´μ° ¸¨¸É¥³Ò) ¡Ê¤¥É  ´ ²μ£μ³ ¶ · ³¥É·  ¤¥Ëμ·³ Í¨¨ β
¢ μ¡μ¡Ð¥´´μ° ³μ¤¥²¨ Ö¤· . ” §μ¢Ò° Ê£μ² ϕ1 ¸¢Ö§ ´ ¸ μ¶¥· Éμ·μ³ Î¨¸²  ´¥°-
É·μ´μ¢:

N̂n = 〈N̂n〉 + 2i
∂

∂ϕ1
. (B.5)

� ·´Ò° ¶μÉ¥´Í¨ ² U ¨£· ¥É ÉÊ ¦¥ ·μ²Ó, ÎÉμ ¨ ¶μÉ¥´Í¨ ² �¨²Ó¸¸μ´ 
¢ μ¡μ¡Ð¥´´μ° ³μ¤¥²¨ Ö¤·  [18]. �μ¤μ¡´μ Éμ³Ê, ± ± ¢ ¤¥Ëμ·³¨·μ¢ ´´ÒÌ
Ö¤· Ì ¶μÉ¥´Í¨ ² �¨²Ó¸¸μ´  ´ ·ÊÏ ¥É § ±μ´ ¸μÌ· ´¥´¨Ö Ê£²μ¢μ£μ ³μ³¥´É , U
´ ·ÊÏ ¥É § ±μ´ ¸μÌ· ´¥´¨Ö Î¨¸²  ´¥°É·μ´μ¢.

�´ ²μ£μ³ ¸Ë¥·¨Î¥¸±¨Ì Ö¤¥· ¢ É¥μ·¨¨ ¶ ·´ÒÌ ¢μ§¡Ê¦¤¥´¨° Ö¢²ÖÕÉ¸Ö
³ £¨Î¥¸±¨¥ Ö¤· . ‚ μ¸´μ¢´ÒÌ ¸μ¸ÉμÖ´¨ÖÌ ³ £¨Î¥¸±¨Ì Ö¤¥· ±μ··¥²ÖÍ¨μ´´ Ö
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ËÊ´±Í¨Ö Ë²Ê±ÉÊ¨·Ê¥É μ±μ²μ §´ Î¥´¨Ö, · ¢´μ£μ ´Ê²Õ, ¨ ¶ ·´Ò¥ ¢μ§¡Ê¦¤¥´¨Ö
´μ¸ÖÉ ¢¨¡· Í¨μ´´Ò° Ì · ±É¥· (¶ ·´Ò¥ ¢¨¡· Í¨¨, ´¥¸¢¥·ÌÉ¥±ÊÎ¨¥ ¸μ¸ÉμÖ´¨Ö
 Éμ³´ÒÌ Ö¤¥·). Šμ£¤  ¸·¥¤´¥¥ §´ Î¥´¨¥ ±μ··¥²ÖÍ¨μ´´μ° ËÊ´±Í¨¨ |c1| ¶·¥-
¢ÒÏ ¥É  ³¶²¨ÉÊ¤Ê Ë²Ê±ÉÊ Í¨°, ´¥°É·μ´´ Ö ¸¨¸É¥³  μ¶¨¸Ò¢ ¥É¸Ö ¢ É¥·³¨´ Ì
¸É É¨Î¥¸±μ£μ ¶ ·´μ£μ ¶μ²Ö (¸¢¥·ÌÉ¥±ÊÎ¥¥ ¸μ¸ÉμÖ´¨¥ Ö¤¥·). ‚ ÔÉμ³ ¸²ÊÎ ¥
Ö¤¥·´μ¥ ¤¢¨¦¥´¨¥ ³μ¦¥É ¡ÒÉÓ · §¤¥²¥´μ ´  ¢´ÊÉ·¥´´¥¥, μ¶¨¸Ò¢ ¥³μ¥ ¢ É¥·-
³¨´ Ì ±¢ §¨Î ¸É¨Í, ¨ ±μ²²¥±É¨¢´μ¥ ¤¢¨¦¥´¨Ö. Šμ²²¥±É¨¢´μ¥ ¤¢¨¦¥´¨¥ ¸μμÉ-
¢¥É¸É¢Ê¥É ¢· Ð¥´¨Õ ¢ Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥ Î¨¸²  ´¥°É·μ´μ¢ (¶ ·´μ¥ ¢· Ð¥-
´¨¥) ¨ ¤¢¨¦¥´¨Õ, ±μÉμ·μ¥ μ¶¨¸Ò¢ ¥É Ë²Ê±ÉÊ Í¨¨ ¢ ¢¥²¨Î¨´¥ ±μ··¥²ÖÍ¨μ´´μ°
ËÊ´±Í¨¨ ¨ Ö¢²Ö¥É¸Ö  ´ ²μ£μ³ β-¢¨¡· Í¨° μ¡μ¡Ð¥´´μ° ³μ¤¥²¨ Ö¤· . � ·´μ¥
¢· Ð¥´¨¥ ¶·μÖ¢²Ö¥É¸Ö Ô±¸¶¥·¨³¥´É ²Ó´μ Î¥·¥§ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ μ¸´μ¢´ÒÌ
¸μ¸ÉμÖ´¨° Î¥É´μ-Î¥É´ÒÌ Ö¤¥· [19,20]. ˆ¸¸²¥¤μ¢ ´¨Õ ¶ ·´ÒÌ ¢· Ð¥´¨° ¶μ¸¢Ö-
Ð¥´μ ³´μ£μ ¨´É¥·¥¸´ÒÌ · ¡μÉ, μ¸μ¡¥´´μ ¢ ¸¢Ö§¨ ¸ ´¥°É·μ´´μ-¨§¡ÒÉμÎ´Ò³¨
Ö¤· ³¨ [21Ä25].

�¥·¥Ìμ¤ μÉ ´¥¸¢¥·ÌÉ¥±ÊÎ¥£μ ¸μ¸ÉμÖ´¨Ö ± ¸¢¥·ÌÉ¥±ÊÎ¥³Ê ¶·μ¨¸Ìμ¤¨É ¶·¨
´¥±μÉμ·μ³ ±·¨É¨Î¥¸±μ³ §´ Î¥´¨¨ ±μ´¸É ´ÉÒ ¶ ·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö G =
Gcr. �μÔÉμ³Ê μ¡² ¸ÉÓ G ∼ Gcr ¶·¨´ÖÉμ ´ §Ò¢ ÉÓ μ¡² ¸ÉÓÕ Ë §μ¢μ£μ ¶¥·¥-
Ìμ¤ .

‚ ¤ ´´μ³ μ¡§μ·¥ ³Ò μ£· ´¨Î¨³¸Ö · ¸¸³μÉ·¥´¨¥³ Éμ²Ó±μ ¶ ·´ÒÌ ¨§μÉμ¶-
¨´¢ ·¨ ´É´ÒÌ μ¸É ÉμÎ´ÒÌ ¸¨² ¸ ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨, ´¥ § ¢¨¸ÖÐ¨³¨ μÉ
±¢ ´Éμ¢ÒÌ Î¨¸¥² μ¤´μÎ ¸É¨Î´ÒÌ ¸μ¸ÉμÖ´¨°. ‚Ò¡μ· μ¸É ÉμÎ´μ£μ ¢§ ¨³μ¤¥°-
¸É¢¨Ö ¢ É ±μ° Ëμ·³¥ ¸¤¥² ´ ¶μÉμ³Ê, ÎÉμ μ¡Ñ¥±Éμ³ ¨§ÊÎ¥´¨Ö ¡Ê¤ÊÉ Éμ²Ó±μ ±μ²-
²¥±É¨¢´Ò¥ 0+-¸μ¸ÉμÖ´¨Ö ¶ ·´μ£μ É¨¶ , ¤²Ö μ¶¨¸ ´¨Ö ±μÉμ·ÒÌ ¸ÊÐ¥¸É¢¥´´Ò
´¥ μÉ¤¥²Ó´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ,   ¨´É¥£· ²Ó´Ò¥ Ì · ±É¥·¨¸É¨±¨ μ¸É ÉμÎ-
´ÒÌ ¸¨².

�¥·¥Î¨¸²¨³ É¥μ·¥É¨Î¥¸±¨¥ ³¥Éμ¤Ò, ±μÉμ·Ò¥ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¶·¨ ¨§ÊÎ¥-
´¨¨ ±μ²²¥±É¨¢´ÒÌ ®¶ ·´ÒÌ¯ ¢μ§¡Ê¦¤¥´¨°. �·¥¦¤¥ ¢¸¥£μ ÔÉμ ¶·¨¡²¨¦¥´¨¥
Ì μÉ¨Î¥¸±¨Ì Ë § ¤²Ö μ¶¥· Éμ·μ¢ ¶ · Î ¸É¨Í [26Ä28]. �ÉμÉ ³¥Éμ¤ ¶·¨³¥´¨³
Éμ²Ó±μ ¢ ¸²ÊÎ ¥ ¸² ¡ÒÌ ¶ ·´ÒÌ ±μ··¥²ÖÍ¨°. �·¨ §´ Î¥´¨ÖÌ G ∼ Gcr ¢μ-
μ¡Ð¥ ´¥²Ó§Ö μ¶·¥¤¥²¨ÉÓ É ±¨³ ¸¶μ¸μ¡μ³ ±μ²²¥±É¨¢´ÊÕ ¢¥É¢Ó ¢μ§¡Ê¦¤¥´¨Ö.
‚ ¸²ÊÎ ¥ ¸¨²Ó´ÒÌ ¶ ·´ÒÌ ±μ··¥²ÖÍ¨° (G � Gcr) ³μ¦´μ ¸ ¶μ³μÐÓÕ uÄv
¶·¥μ¡· §μ¢ ´¨Ö 
μ£μ²Õ¡μ¢  [11] ¶¥·¥°É¨ μÉ μ¶¥· Éμ·μ¢ Î ¸É¨Í ± μ¶¥· Éμ· ³
±¢ §¨Î ¸É¨Í,   § É¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ¶·¨¡²¨¦¥´¨¥ Ì μÉ¨Î¥¸±¨Ì Ë § (RPA) [10]
¤²Ö μ¶¥· Éμ·μ¢ ¶ · ±¢ §¨Î ¸É¨Í. ’μÎ´μ¸ÉÓ ÔÉμ£μ ¶·¨¡²¨¦¥´¨Ö É¥³ ¢ÒÏ¥, Î¥³
¸¨²Ó´¥¥ ¶ ·´Ò¥ ±μ··¥²ÖÍ¨¨.

‚ μ¡² ¸É¨ Ë §μ¢μ£μ ¶¥·¥Ìμ¤  (G ∼ Gcr) ´¨ μ¤¨´ ¨§ ¶¥·¥Î¨¸²¥´´ÒÌ ³¥-
Éμ¤μ¢ ´¥ ¶·¨³¥´¨³. Š·μ³¥ Éμ£μ, ³¥Éμ¤ uÄv ¶·¥μ¡· §μ¢ ´¨Ö 
μ£μ²Õ¡μ¢  ¨¸-
¶μ²Ó§Ê¥É¸Ö ²¨ÏÓ ¢ ÉÖ¦¥²ÒÌ Ö¤· Ì, £¤¥ ³μ¦´μ ¶·¥´¥¡·¥ÎÓ ¸¢Ö§ÓÕ ¶·μÉμ´´ÒÌ
¨ ´¥°É·μ´´ÒÌ ¸¨¸É¥³ Î¥·¥§ ¢§ ¨³μ¤¥°¸É¢¨¥ Hpair. ‚ ¸·¥¤´¨Ì ¨ ²¥£±¨Ì Ö¤· Ì,
£¤¥ ´¥°É·μ´Ò ¨ ¶·μÉμ´Ò § ¶μ²´ÖÕÉ μ¤´¨ ¨ É¥ ¦¥ μ¤´μÎ ¸É¨Î´Ò¥ Ê·μ¢´¨,
´¥μ¡Ìμ¤¨³ ÊÎ¥É ¨§μ¸¶¨´μ¢μ° ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò.
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ˆÉ ±, · ¸¸³μÉ·¥´¨¥ ¶ ·´ÒÌ ±μ··¥²ÖÍ¨° ¢ ¸¨¸É¥³ Ì, ¸μ¸ÉμÖÐ¨Ì ¨§ ´Ê±²μ-
´μ¢ μ¤´μ£μ ¸μ·É , ¡ §¨·Ê¥É¸Ö ´  ¸²¥¤ÊÕÐ¥³ £ ³¨²ÓÉμ´¨ ´¥:

H = −
∑

s

(Es − λ)Ns − G
∑
s,s′

√(
js +

1
2

) (
js′ +

1
2

)
A+

s As′ , (B.6)

£¤¥

s ≡ nlj, Ns =
∑
m

a+
smasm, A+

s =
1√
2

∑
m

C00
jsmjs−ma+

smas−m,

  a+
sm(asm) Å μ¶¥· Éμ·Ò ·μ¦¤¥´¨Ö (Ê´¨ÎÉμ¦¥´¨Ö) Ë¥·³¨μ´μ¢; Es Å Ô´¥·£¨¨

μ¤´μÎ ¸É¨Î´ÒÌ ¸μ¸ÉμÖ´¨°, λ Å Ì¨³¨Î¥¸±¨° ¶μÉ¥´Í¨ ². ‚ É ±μ° Ëμ·³Ê²¨-
·μ¢±¥ ¶ ·´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¢¢μ¤¨É¸Ö μÉ¤¥²Ó´μ ¤²Ö ¶·μÉμ´´μ° ¨ ´¥°É·μ´´μ°
¸¨¸É¥³.

‚¢¥¤Ö ¢ · ¸¸³μÉ·¥´¨¥ ¨§μ¸¶¨´, ³Ò ¢±²ÕÎ ¥³ ¢ · ¸¸³μÉ·¥´¨¥ ´ ·Ö¤Ê ¸
´¥°É·μ´-´¥°É·μ´´Ò³¨ ¨ ¶·μÉμ´-¶·μÉμ´´Ò³¨ ¶ ·´Ò³¨ ±μ··¥²ÖÍ¨Ö³¨ ´¥°-
É·μ´-¶·μÉμ´´Ò¥ ±μ··¥²ÖÍ¨¨. �¤´ ±μ ³Ò μ£· ´¨Î¨³¸Ö ²¨ÏÓ ¨§μ¢¥±Éμ·´Ò³¨
¶ ·´Ò³¨ ±μ··¥²ÖÍ¨Ö³¨, É ± ± ± Éμ²Ó±μ ¢ ÔÉμ³ ¸²ÊÎ ¥ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨¥
´Ê±²μ´´Ò¥ ¶ ·Ò ³μ£ÊÉ ¨³¥ÉÓ · ¢´Ò° ´Ê²Õ Ê£²μ¢μ° ³μ³¥´É. ‘μμÉ¢¥É¸É¢ÊÕ-
Ð¨° £ ³¨²ÓÉμ´¨ ´ ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

H =
∑

s

(Es − λ)Ns − G
∑
T

A+
1T A1T ,

A+
1T =

∑
s

√
js +

1
2
A+

sT ,

(B.7)

A+
sT =

1√
2

∑
m,m′

∑
τ,τ ′

C1T
1
2 τ 1

2 τ ′C
00
jsmjs m′a+

smτa+
sm′τ ′ ,

Ns =
∑
m,τ

a+
smτasmτ .

�μ ¸· ¢´¥´¨Õ ¸ ¶·¨¢¥¤¥´´Ò³¨ ¢ÒÏ¥ μ¶·¥¤¥²¥´¨Ö³¨ Ê μ¶¥· Éμ·  ·μ¦¤¥-
´¨Ö (Ê´¨ÎÉμ¦¥´¨Ö) ´Ê±²μ´  ¶μÖ¢¨²μ¸Ó ¤μ¶μ²´¨É¥²Ó´μ¥ ±¢ ´Éμ¢μ¥ Î¨¸²μ τ .

„ ²Ó´¥°Ï Ö · §· ¡μÉ±  ¸¢¥·ÌÉ¥±ÊÎ¥° ³μ¤¥²¨ Ö¤·  ¸¢Ö§ ´  ¸ ¥¥ ¶·¨³¥´¥-
´¨¥³ ± μ¶¨¸ ´¨Õ ²¥£±¨Ì Ö¤¥· ¸ ´¥°É·μ´´Ò³ £ ²μ [29Ä31], ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
¡μ²¥¥ ¸²μ¦´ÒÌ ¶ ·´ÒÌ μ¸É ÉμÎ´ÒÌ ¸¨² [32] ¨ ¸ ¶·¨¢²¥Î¥´¨¥³ ³¥Éμ¤  ËÊ´±-
Í¨μ´ ²  ¶²μÉ´μ¸É¨ Ô´¥·£¨¨ [33]. �¥ ¢ÒÖ¸´¥´´Ò³ ¤μ ±μ´Í  μ¸É ¥É¸Ö ¢μ¶·μ¸
μ¡ ¨§μ¸± ²Ö·´ÒÌ ¶ ·´ÒÌ ±μ··¥²ÖÍ¨ÖÌ [34,35].

„ ´´Ò° μ¡§μ· ¶μ¸¢ÖÐ¥´ · ¸¸³μÉ·¥´¨Õ ³μ¤¥²¨, μ¸´μ¢ ´´μ° ´  £ ³¨²ÓÉμ-
´¨ ´¥ (B.7). ‚ · §¤. 1 μ¡§μ·  · ¸¸³μÉ·¥´  ¸¢Ö§Ó ³¥Éμ¤  ¡μ§μ´´μ£μ ¶·¥¤¸É -
¢²¥´¨Ö Ë¥·³¨μ´´ÒÌ μ¶¥· Éμ·μ¢ ¨ ¶·¨¡²¨¦¥´¨Ö • ·É·¨Ä”μ± Ä
μ£μ²Õ¡μ¢ .
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‚ · §¤. 2 μ¶¨¸Ò¢ ¥É¸Ö ³¥Éμ¤ ¢Ò¤¥²¥´¨Ö ±μ²²¥±É¨¢´μ° ¢¥É¢¨ ¶ ·´ÒÌ ¢μ§¡Ê¦¤¥-
´¨°. ‚ · §¤. 3 · ¸¸³ É·¨¢ ¥É¸Ö ±μ²²¥±É¨¢´Ò° £ ³¨²ÓÉμ´¨ ´ ¨ ¶·¨¢μ¤ÖÉ¸Ö ·¥-
§Ê²ÓÉ ÉÒ · ¸Î¥É  Ô´¥·£¨° ±μ²²¥±É¨¢´ÒÌ ¶ ·´ÒÌ ¢μ§¡Ê¦¤¥´¨° ¢ μ¡² ¸É¨ Ö¤¥·
¸ Î¨¸²μ³ Î ¸É¨Í A ∼ 56. � §¤. 4 μ¡§μ·  ¶μ¸¢ÖÐ¥´ ·¥ ±Í¨Ö³ ¤¢ÊÌ´Ê±²μ´´μ°
¶¥·¥¤ Î¨.

1. ��‡����… ��…„‘’�‚‹…�ˆ… ”…�Œˆ���›• ��…��’���‚
ˆ ��ˆ�‹ˆ†…�ˆ… •��’�ˆÄ”�Š�Ä��ƒ�‹���‚�

�·¨ ¢±²ÕÎ¥´¨¨ ¢ · ¸¸³μÉ·¥´¨¥ ´μ¢μ£μ É¨¶  ¢§ ¨³μ¤¥°¸É¢¨Ö, ±μÉμ·μ¥,
± ± ¶·¥¤¶μ² £ ¥É¸Ö, ¶μ·μ¦¤ ¥É ¸¨²Ó´Ò¥ ±μ··¥²ÖÍ¨¨, ¢μ§´¨± ¥É ¤¢  μ¸´μ¢-
´ÒÌ ¢μ¶·μ¸ . ‚μ-¶¥·¢ÒÌ, ¢²¨Ö´¨¥ ´μ¢μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ´  ¸¢μ°¸É¢  μ¸´μ¢-
´μ£μ ¸μ¸ÉμÖ´¨Ö Ö¤· . ‚μ-¢Éμ·ÒÌ, ¢μ§´¨±´μ¢¥´¨¥ ±μ²²¥±É¨¢´μ° ³μ¤Ò ¢μ§¡Ê-
¦¤¥´¨Ö, £¥´¥·¨·Ê¥³μ° ¤ ´´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³. �É· ¡μÉ ´´μ° (μ¡Ð¥°) ¸Ì¥-
³μ°  ´ ²¨§  ¸¢μ°¸É¢ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö Ö¤·  Ö¢²Ö¥É¸Ö ³¥Éμ¤ • ·É·¨Ä”μ± Ä

μ£μ²Õ¡μ¢  [36, 37]. ‚ ÔÉμ³ ³¥Éμ¤¥ ¨¸¶μ²Ó§Ê¥É¸Ö £ ³¨²ÓÉμ´¨ ´, § ¶¨¸ ´´Ò°
´  Ö§Ò±¥ Ë¥·³¨μ´´ÒÌ μ¶¥· Éμ·μ¢. �¤´ ±μ ¤²Ö  ´ ²¨§  ¸¢μ°¸É¢ ±μ²²¥±É¨¢-
´ÒÌ ¢μ§¡Ê¦¤¥´¨° ¡μ²¥¥ ¢¸¥£μ ¶μ¤Ìμ¤ÖÉ ¡μ§μ´´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö Ë¥·³¨μ´-
´ÒÌ μ¶¥· Éμ·μ¢. Šμ´¥Î´μ, ¨¸¶μ²Ó§μ¢ ´¨¥ ¥¤¨´μ£μ ¶μ¤Ìμ¤  ¤²Ö · ¸¸³μÉ·¥´¨Ö
¸¢μ°¸É¢ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö Ö¤·  ¨ ±μ²²¥±É¨¢´μ° ³μ¤Ò ¢μ§¡Ê¦¤¥´¨Ö ¶·¥¤-
¸É ¢²Ö¥É¸Ö ¶·¥¤¶μÎÉ¨É¥²Ó´Ò³. �μ, ÎÉμ¡Ò ¥£μ ·¥ ²¨§μ¢ ÉÓ, ´Ê¦´μ ´ °É¨  ´ ²μ£
¶·¨¡²¨¦¥´¨Ö • ·É·¨Ä”μ± Ä
μ£μ²Õ¡μ¢ , ¸Ëμ·³Ê²¨·μ¢ ´´Ò° ´  Ö§Ò±¥ ¡μ§μ´-
´ÒÌ μ¶¥· Éμ·μ¢. �Éμ³Ê ¢μ¶·μ¸Ê ¨ ¶μ¸¢ÖÐ¥´ ¤ ´´Ò° · §¤¥².

ˆ§¢¥¸É´Ò ´¥¸±μ²Ó±μ ¢¨¤μ¢ ¡μ§μ´´ÒÌ ¶·¥¤¸É ¢²¥´¨° Ë¥·³¨μ´´ÒÌ μ¶¥· -
Éμ·μ¢. �¤´¨ ¨§ ´¨Ì ¢¥¤ÊÉ ± ¡μ§μ´´μ³Ê μ¡· §Ê £ ³¨²ÓÉμ´¨ ´ , Ô·³¨Éμ¢μ³Ê
¢ μ¡ÒÎ´μ° ¡μ§μ´´μ° ³¥É·¨±¥, ¢ ±μÉμ·μ° ¸± ²Ö·´μ¥ ¶·μ¨§¢¥¤¥´¨¥ ¢¥±Éμ·μ¢
¸μ¸ÉμÖ´¨° μ¶·¥¤¥²Ö¥É¸Ö ¡¥§ ¢¢¥¤¥´¨Ö ± ±¨Ì-²¨¡μ ¢¥¸μ¢ÒÌ ËÊ´±Í¨°. ˆÌ ´¥¤μ-
¸É É±μ³ Ö¢²Ö¥É¸Ö Éμ, ÎÉμ, §  ¨¸±²ÕÎ¥´¨¥³ ¶·μ¸ÉÒÌ Ë¥·³¨μ´´ÒÌ  ²£¥¡·, ÔÉ¨
¶·¥¤¸É ¢²¥´¨Ö ¤ ÕÉ¸Ö ¡¥¸±μ´¥Î´Ò³¨ ·Ö¤ ³¨ ¶μ ¸É¥¶¥´Ö³ ¡μ§μ´´ÒÌ μ¶¥· Éμ-
·μ¢. ˆ§¢¥¸É´μ μ¤´μ μ¡Ð¥¥ ¡μ§μ´´μ¥ ¶·¥¤¸É ¢²¥´¨¥, ±μÉμ·μ¥ Ö¢²Ö¥É¸Ö ±μ´¥Î-
´Ò³ ¡μ§μ´´Ò³ ·Ö¤μ³ [38], ¨ ¶μÔÉμ³Ê ´¥ ¢μ§´¨± ¥É ¢μ¶·μ¸  μ ¸Ìμ¤¨³μ¸É¨. �Éμ
 ´ ²μ£ ¶·¥¤¸É ¢²¥´¨Ö „ °¸μ´  ¤²Ö ¸¶¨´μ¢μ°  ²£¥¡·Ò [39]. �¤´ ±μ ¶·¨ ÔÉμ³
´¥ ¸μÌ· ´ÖÕÉ¸Ö ¸μμÉ´μÏ¥´¨Ö Ô·³¨Éμ¢μ° ¸μ¶·Ö¦¥´´μ¸É¨. � ¨³¥´´μ, ¥¸²¨ ¤¢ 
Ë¥·³¨μ´´ÒÌ μ¶¥· Éμ·  Â ¨ B̂ ¸¢Ö§ ´Ò ¸μμÉ´μÏ¥´¨¥³ Â+ = B̂, Éμ ¡μ§μ´´Ò¥
μ¡· §Ò ÔÉ¨Ì μ¶¥· Éμ·μ¢ Âb ¨ B̂b ´¥ ¸¢Ö§ ´Ò É ±¨³ ¸μμÉ´μÏ¥´¨¥³, ¥¸²¨ · ¸-
¸³μÉ·¥´¨¥ ¢¥¤¥É¸Ö ¢ μ¡ÒÎ´μ° ¡μ§μ´´μ° ³¥É·¨±¥,   ¨³¥´´μ Â+

b 	= B̂b. ‚ μ¡μ¡-
Ð¥´´μ³ ¶·¥¤¸É ¢²¥´¨¨ „ °¸μ´  ³Ò ¶μ²ÊÎ ¥³ £ ³¨²ÓÉμ´¨ ´ ¢ ´¥¶·¨¢ÒÎ´μ³
®´¥Ô·³¨Éμ¢μ³¯ ¢¨¤¥. �¤´ ±μ ÔÉμ ´¥ ¢´μ¸¨É ¶·¨´Í¨¶¨ ²Ó´ÒÌ μ¸²μ¦´¥´¨°,
¶μ¸±μ²Ó±Ê, ± ± ³μ¦´μ ¶μ± § ÉÓ, ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ¶·¥μ¡· §μ¢ ´´μ£μ £ -
³¨²ÓÉμ´¨ ´  ¢¥Ð¥¸É¢¥´´Ò [38, 48]. �¥·¥Ìμ¤ μÉ μ¡μ¡Ð¥´´μ£μ ¶·¥¤¸É ¢²¥´¨Ö
„ °¸μ´  ± ¶·¥¤¸É ¢²¥´¨Õ, ¸μÌ· ´ÖÕÐ¥³Ê ¸¢μ°¸É¢  Ô·³¨Éμ¢μ° ¸μ¶·Ö¦¥´´μ-
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¸É¨, μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ¶μ³μÐÓÕ ´¥±μÉμ·μ£μ ± ´μ´¨Î¥¸±μ£μ, ´μ ´¥ Ê´¨É ·´μ£μ
¶·¥μ¡· §μ¢ ´¨Ö Û−1ÔDÛ ,   μ¶¥· Éμ· Û ¸¢Ö§ ´ ¸ ³¥É·¨Î¥¸±¨³ μ¶¥· Éμ·μ³
F̂ , Û = F̂ 1/2, £¤¥ μ¶¥· Éμ· F̂ μ¶·¥¤¥²Ö¥É ´μ¢ÊÕ ³¥É·¨±Ê

〈Φα′ , Φα〉 = (Φα′ , F̂Φα)

É ±, ÎÉμ ¢Ò¶μ²´ÖÕÉ¸Ö ¸μμÉ´μÏ¥´¨Ö

〈Φα′ , Ô+
DΦα〉 = 〈ÔDΦα′ , Φα〉.

‡¤¥¸Ó (Φα′ , Φα) Å μ¡ÒÎ´μ¥ ¸± ²Ö·´μ¥ ¶·μ¨§¢¥¤¥´¨¥ ¡μ§μ´´ÒÌ ¢¥±Éμ·μ¢ ¸μ-
¸ÉμÖ´¨Ö |Φα).

� Î´¥³ · ¸¸³μÉ·¥´¨¥ ¸ μ¡Ð¥£μ ¸²ÊÎ Ö ´Ê±²μ´-´Ê±²μ´´μ£μ ¢§ ¨³μ¤¥°-
¸É¢¨Ö:

H =
∑
αβ

Eαβa+
α aβ +

∑
αβγδ

G(αβ; γδ)a+
α a+

β aδaγ . (1.1)


μ§μ´´μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤ °¸μ´μ¢¸±μ£μ É¨¶  ¤²Ö Ë¥·³¨μ´´ÒÌ μ¶¥· Éμ·μ¢
¨³¥¥É ¢¨¤

a+
α a+

β → b+
αβ −

∑
γ,δ

b+
αγb+

βδbγδ ≡ B+
αβ ,

aβaα → bαβ , (1.2)

a+
α aβ →

∑
γ

b+
αγbβγ .

‡¤¥¸Ó b+
αβ(bαβ) Å ¡μ§μ´´Ò¥ μ¶¥· Éμ·Ò, Ê¤μ¢²¥É¢μ·ÖÕÐ¨¥ ¸²¥¤ÊÕÐ¨³ ±μ³-

³ÊÉ Í¨μ´´Ò³ ¸μμÉ´μÏ¥´¨Ö³:

[bαβ, b+
γδ] = δαγδβδ − δαδδβγ ,

(1.3)
[bαβ, bγδ] = [b+

αβ, b+
γδ] = 0.

ˆ´¤¥±¸Ò α, β, γ, δ Å ÔÉμ ¸μ¢μ±Ê¶´μ¸É¨ ±¢ ´Éμ¢ÒÌ Î¨¸¥², Ì · ±É¥·¨§ÊÕÐ¨Ì
μ¤´μÎ ¸É¨Î´μ¥ Ë¥·³¨μ´´μ¥ ¸μ¸ÉμÖ´¨¥. ’ ±¨³ μ¡· §μ³, μ¶¥· Éμ·Ò b+

αβ(bαβ)
¤¥°¸É¢ÊÕÉ ¢ ¶·μ¸É· ´¸É¢¥ ¡μ§μ´´ÒÌ ¸μ¸ÉμÖ´¨°.

�¥·¥Ìμ¤ ± ¶·¨¡²¨¦¥´¨Õ • ·É·¨Ä”μ± Ä
μ£μ²Õ¡μ¢  μ§´ Î ¥É ¶·¥´¥¡·¥-
¦¥´¨¥ Ë²Ê±ÉÊ Í¨Ö³¨. �  Ö§Ò±¥ ¡μ§μ´´ÒÌ μ¶¥· Éμ·μ¢ ÔÉμ ¸μμÉ¢¥É¸É¢Ê¥É § -
³¥´¥ ¡μ§μ´´ÒÌ μ¶¥· Éμ·μ¢ c-Î¨¸² ³¨. ‚ ¸²ÊÎ ¥ ¤ °¸μ´μ¢¸±μ£μ ¡μ§μ´´μ£μ
¶·¥¤¸É ¢²¥´¨Ö ÔÉ¨ c-Î¨¸²  · §²¨Î´Ò ¤²Ö μ¶¥· Éμ·μ¢ ·μ¦¤¥´¨Ö ¨ Ê´¨ÎÉμ¦¥´¨Ö

b+
αβ → Γαβ , bαβ → Λαβ. (1.4)
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�μ¤¸É ¢²ÖÖ (1.4) ¢ (1.2), ¶μ²ÊÎ ¥³

a+
α a+

β → Γαβ −
∑
γ,δ

ΓαγΓβδΛγδ ≡ Kαβ ,

aβaα → Λαβ ≡ Kαβ , (1.5)

a+
β aα →

∑
γ

ΓβγΛαγ ≡ ραβ .

‘ ¶μ³μÐÓÕ (1.5) ²¥£±μ ¶μ± § ÉÓ ´¥¶μ¸·¥¤¸É¢¥´´μ ¸¶· ¢¥¤²¨¢μ¸ÉÓ ¸²¥¤ÊÕÐ¨Ì
³ É·¨Î´ÒÌ ¸μμÉ´μÏ¥´¨°:

ρ̂ × ρ̂ − K̂ × K̂ = ρ̂, ρ̂ × K̂ = K̂ × ρ̂∗,
(1.6)

ρ̂∗ × ρ̂∗ − K̂ × K̂ = ρ̂∗, ρ̂∗ × K̂ = K̂ × ρ̂.

�É±Ê¤  ¸²¥¤Ê¥É, ÎÉμ ³ É·¨Í  K̂:

Kαβ =

(
ραβ Kαβ̄(−1)jβ−mβ

−Kᾱβ(−1)jα−mα δαβ − ρ∗
ᾱβ̄

(−1)jα−mα+jβ−mβ

)
Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Õ

K̂ × K̂ = K̂. (1.7)

‘μ¸ÉμÖ´¨Ö α ¨ ᾱ Ö¢²ÖÕÉ¸Ö ¸μ¸ÉμÖ´¨Ö³¨, ¸μ¶·Ö¦¥´´Ò³¨ μÉ´μ¸¨É¥²Ó´μ μ¶¥· -
Í¨¨ μÉ· ¦¥´¨Ö ¢·¥³¥´¨. ‚ Ë¥·³¨μ´´μ³ ¶·μ¸É· ´¸É¢¥ ³ É·¨Í¥ Kαβ ¸μμÉ¢¥É-
¸É¢Ê¥É ¸²¥¤ÊÕÐ Ö ³ É·¨Í :

K
(F )
αβ =

(
〈a+

β aα〉 〈aβ̄aα〉(−1)jβ−mβ

−〈a+
ᾱ a+

β 〉(−1)jα−mα δαβ − 〈a+
ᾱ aβ̄〉(−1)jα−mα+jβ−mβ

)
, (1.8)

Ö¢²ÖÕÐ Ö¸Ö ³ É·¨Í¥° ¶²μÉ´μ¸É¨. ’ ±¨³ μ¡· §μ³, ¶·¨ ¡μ§μ´´μ° ¶ · ³¥É·¨§ -
Í¨¨ ³ É·¨ÍÒ ¶²μÉ´μ¸É¨  ¢Éμ³ É¨Î¥¸±¨ ¢Ò¶μ²´Ö¥É¸Ö Ê¸²μ¢¨¥ (1.7). �É³¥É¨³,
ÎÉμ ¶·¨ § ³¥´¥ μ¶¥· Éμ·μ¢ b+

αβ , bαβ c-Î¨¸² ³¨ ¸μÌ· ´ÖÕÉ¸Ö ±μ³³ÊÉ Í¨μ´´Ò¥
¸μμÉ´μÏ¥´¨Ö ¶ ·´ÒÌ Ë¥·³¨μ´´ÒÌ μ¶¥· Éμ·μ¢, ¥¸²¨ ±¢ ´Éμ¢Ò¥ ¸±μ¡±¨ �Ê ¸-
¸μ´  § ³¥´¨ÉÓ ±² ¸¸¨Î¥¸±¨³¨:

[A, B] ⇒ 1
2

∑
α,β

(
∂A

∂Λαβ

∂B

∂Γαβ
− ∂B

∂Λαβ

∂A

∂Γαβ

)
. (1.9)

‚ÒÎ¨¸²ÖÖ É ±¨³ μ¡· §μ³ ±μ³³ÊÉ Éμ·Ò [ραβ , Kγδ], [Kαβ, Kγδ] ¨ É. ¤., ¶μ²ÊÎ ¥³
¸²¥¤ÊÕÐ¨¥ ·¥§Ê²ÓÉ ÉÒ:

[ραβ , Kγδ] = δαγKβδ − δαδKβγ ,
(1.10)

[Kαβ, Kγδ] = δαγδβδ − δαδδβγ − δαγρβδ + δαδρβγ + δβγραδ − δβδραγ . . .
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‚¢¥¤¥³ ¢ · ¸¸³μÉ·¥´¨¥ ¸²¥¤ÊÕÐ¨¥ ³ É·¨ÍÒ:

hαβ = Eαβ + 4
∑
η,η′

G(αη′|βη)ρηη′ ,

Δαβ = 2
∑
η,η′

G(αβ|ηη′)Kηη′ , (1.11)

Δαβ = 2
∑
η,η′

Kηη′G(ηη′|αβ).

Œ É·¨Í 

Sαβ =

(
hαβ Δαβ̄(−1)jβ−mβ

−Δᾱβ(−1)jα−mα −h∗
ᾱβ̄

(−1)jα−mα+jβ−mβ

)
(1.12)

Å ÔÉμ ¡μ§μ´´Ò° μ¡· § £ ³¨²ÓÉμ´¨ ´  Ö¤·  ¢ ¶·¨¡²¨¦¥´¨¨ • ·É·¨Ä”μ± Ä

μ£μ²Õ¡μ¢ . Œ É·¨Í  Sαβ ´¥Ô·³¨Éμ¢ . �μ¸±μ²Ó±Ê ¢ ·¨ Í¨μ´´Ò¥ ¶ · ³¥É·Ò
Λαβ , Γαβ μ¶·¥¤¥²ÖÕÉ¸Ö ¨§ Ê¸²μ¢¨Ö ³¨´¨³¨§ Í¨¨ £ ³¨²ÓÉμ´¨ ´ 

∂H

∂Λαβ
= 0,

∂H

∂Γαβ
= 0,

Éμ ±μ³³ÊÉ Éμ· [H, Kαβ ], ¢ÒÎ¨¸²¥´´Ò° ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (1.9), · ¢¥´ ´Ê²Õ,
ÎÉμ, ± ± ³μ¦´μ ¶μ± § ÉÓ, ¶·¨¢μ¤¨É ± ¸μμÉ´μÏ¥´¨Õ∑

γ

(SαγKγβ − KαγSγβ) = 0.

�μ¸²¥¤´¨° ·¥§Ê²ÓÉ É Å ÔÉμ Ê· ¢´¥´¨¥ ¶·¨¡²¨¦¥´¨Ö • ·É·¨Ä”μ± Ä
μ£μ-
²Õ¡μ¢ .

� ¸¸³μÉ·¨³ ¡μ²¥¥ ¶·μ¸Éμ° ¸²ÊÎ °,   ¨³¥´´μ £ ³¨²ÓÉμ´¨ ´ (B.6). �·¥¤-
¸É ¢²¥´¨¥ „ °¸μ´  ¤²Ö Ë¥·³¨μ´´ÒÌ μ¶¥· Éμ·μ¢, ¨§ ±μÉμ·ÒÌ ¶μ¸É·μ¥´ ÔÉμÉ
£ ³¨²ÓÉμ´¨ ´, ¨³¥¥É ¢¨¤ [40]

A+
s → b+

s

(
1 − 2b+

s bs

2js + 1

)
,

As → bs, (1.13)

Ns → 2b+
s bs.

�μ¤¸É ¢¨¢ (1.13) ¢ £ ³¨²ÓÉμ´¨ ´ (B.6), ¶μ²ÊÎ ¥³ ¡μ§μ´´Ò° μ¡· § ÔÉμ£μ £ -
³¨²ÓÉμ´¨ ´ 

H →
∑

s

(Es − λ)2b+
s bs − G

∑
s

√
js +

1
2
b+
s

(
1 − 2b+

s bs

2js + 1

)
×

×
∑
s′

bs′

√
js′ +

1
2
. (1.14)
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‡ ³¥´¨³ ¡μ§μ´´Ò¥ μ¶¥· Éμ·Ò ¢ ÔÉμ³ ¢Ò· ¦¥´¨¨ c-Î¨¸² ³¨

b+
s → Γs, bs → Λs. (1.15)

�μ¸²¥ ¶μ¤¸É ´μ¢±¨ (1.15) ¢ £ ³¨²ÓÉμ´¨ ´ ¶μ²ÊÎ ¥³

H →
∑

s

(Es − λ)2ΓsΛs − G
∑

s

√
js +

1
2
Γs

(
1 − 2ΓsΛs

2js + 1

)
×

×
∑
s′

Λs′

√
js′ +

1
2
. (1.16)

�·¥¦¤¥ Î¥³ ³¨´¨³¨§¨·μ¢ ÉÓ £ ³¨²ÓÉμ´¨ ´ ¶μ Γs ¨ Λs, Ê¤μ¡´μ ¸¤¥² ÉÓ ¸²¥-
¤ÊÕÐÊÕ § ³¥´Ê ¶¥·¥³¥´´ÒÌ ¢ (1.16):

Γs =

√(
js +

1
2

)
v2

s

1
fs

, Λs =

√(
js +

1
2

)
v2

s fs. (1.17)

�·¨ ¶¥·¥Ìμ¤¥ μÉ ¡μ§μ´´ÒÌ μ¶¥· Éμ·μ¢ ± c-Î¨¸² ³ μ¶¥· Éμ· Î¨¸²  Î ¸É¨Í ¢
¸μ¸ÉμÖ´¨¨ s ¶·¨μ¡·¥É ¥É ¢¨¤

Ns → (2js + 1)v2
s . (1.18)

�É¸Õ¤  ¢¨¤´μ, ÎÉμ v2
s Å ÔÉμ ¢¥·μÖÉ´μ¸ÉÓ § ¶μ²´¥´¨Ö ´Ê±²μ´ ³¨ ¸μ¸ÉμÖ´¨Ö s.

�·¨ ¶μ¤¸É ´μ¢±¥ (1.17) ¢ H ³Ò ¢¨¤¨³, ÎÉμ, ¢Ò¡· ¢ fs ¢ ¢¨¤¥ fs =
√

1 − v2
s ,

³Ò ¶·¨Ìμ¤¨³ ± ¢Ò· ¦¥´¨Õ ¤²Ö H É ±μ³Ê ¦¥, ± ± ¥¸²¨ ¡Ò ³Ò ¨¸¶μ²Ó§μ¢ ²¨
Ô·³¨Éμ¢μ¥ ¡μ§μ´´μ¥ ¶·¥¤¸É ¢²¥´¨¥ É¨¶  •μ²¸É¥°´ Ä�·¨³ ±μ¢  [41]. ˆÉ ±,
³Ò ¶μ²ÊÎ ¥³

H →
∑

s

(Es − λ)(2js + 1)v2
s − G

(∑
s

(
js +

1
2

)
vs

√
1 − v2

s

)2

. (1.19)

ˆ§ Ê¸²μ¢¨Ö ∂H/∂vs = 0 ¸²¥¤Ê¥É

(Es − λ)(2js + 1)vs = G
∑
s′

(
js′ +

1
2

)
vs′

√
1 − v2

s′

(
js +

1
2

)
1 − 2v2

s√
1 − v2

s

.

‚¢¥¤Ö μ¡μ§´ Î¥´¨¥

Δ = G
∑
s′

√
js′ +

1
2
vs′

√
1 − v2

s′ ,

¶μ²ÊÎ ¥³, ÎÉμ

v2
s =

1
2

(
1 − Es − λ√

(Es − λ)2 + Δ2

)
, (1.20)
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  ¶ · ³¥É· Δ μ¶·¥¤¥²Ö¥É¸Ö Ê· ¢´¥´¨¥³

1 = G
∑

s

(2js + 1)
1√

(Es − λ)2 + Δ2
. (1.21)

‚Ò· ¦¥´¨Ö (1.20) ¨ (1.21) ¨ Ê· ¢´¥´¨¥ ´  Î¨¸²μ Î ¸É¨Í ¤²Ö μ¶·¥¤¥²¥-
´¨Ö λ Å ÔÉμ Ìμ·μÏμ ¨§¢¥¸É´Ò¥ ·¥§Ê²ÓÉ ÉÒ ®¸¢¥·ÌÉ¥±ÊÎ¥°¯ ³μ¤¥²¨ Ö¤-
·  [8, 9]. � · ³¥É· Δ ´¥¶μ¸·¥¤¸É¢¥´´μ ¸¢Ö§ ´ ¸ Î¥É´μ-´¥Î¥É´μ° · §´μ¸ÉÓÕ
³ ¸¸ [42Ä46].

�¥·¥°¤¥³ ± · ¸¸³μÉ·¥´¨Õ £ ³¨²ÓÉμ´¨ ´  (B.7). 
μ§μ´´μ¥ ¶·¥¤¸É ¢²¥-
´¨¥ μ¶¥· Éμ·μ¢, ¨§ ±μÉμ·ÒÌ ¶μ¸É·μ¥´ ÔÉμÉ £ ³¨²ÓÉμ´¨ ´, ¨³¥¥É ¸²¥¤ÊÕÐ¨°
¢¨¤ [47]:

Ns → 2
∑

μ

b+
sμbsμ,

A+
sμ → b+

sμ − 1
2(2js + 1)

b+
sμNs −

1
√

2
(

js +
1
2

) ∑
ν,ν′

C1μ
1ν1ν′b

+
sνTsν′ ,

(1.22)
Asμ → bsμ,

Tsμ →
√

2
∑
ν,ν′

(−1)1−ν′
C1μ

1ν1ν′b
+
sνbs−ν′ .

Š ± ¨ ¢ÒÏ¥ ¢ ¶·¨¡²¨¦¥´¨¨ ¸·¥¤´¥£μ ¶μ²Ö, § ³¥´¨³ μ¶¥· Éμ·Ò ·μ¦¤¥´¨Ö ¨
Ê´¨ÎÉμ¦¥´¨Ö ¡μ§μ´μ¢ c-Î¨¸² ³¨. “Î¨ÉÒ¢ Ö ´¥Ô·³¨Éμ¢μ¸ÉÓ ¡μ§μ´´μ£μ ¶·¥¤¸É -
¢²¥´¨Ö (1.22) ¢ μ¡ÒÎ´μ° ¡μ§μ´´μ° ³¥É·¨±¥, ¡Ê¤¥³ ¶·¥¤¶μ² £ ÉÓ ÔÉ¨ c-Î¨¸² 
· §²¨Î´Ò³¨:

b+
sν → Γsν , bsν → Λsν . (1.23)

Γsν(Λsν) Ö¢²ÖÕÉ¸Ö ±μμ·¤¨´ É ³¨ ¢¥±Éμ·μ¢, ±μÉμ·Ò¥ ³Ò μ¡μ§´ Î¨³ Γs(Λs), ¢
¨§μÉμ¶¨Î¥¸±μ³ ¶·μ¸É· ´¸É¢¥. �É¤¥²¨³ Ê£²Ò, μÉ¢¥Î ÕÐ¨¥ ¶μ¢μ·μÉÊ ¢ ¨§μÉμ-
¶¨Î¥¸±μ³ ¶·μ¸É· ´¸É¢¥, ¶μ²ÊÎ ¥³

Γsν =

√
4π

3
Y1νΓs, Λsν =

√
4π

3
Y ∗

1νΛs, (1.24)

£¤¥ Y1ν Å ¸Ë¥·¨Î¥¸± Ö ËÊ´±Í¨Ö, § ¢¨¸ÖÐ Ö μÉ Ê£²μ¢, μÉ¢¥Î ÕÐ¨Ì ¢· Ð¥´¨Õ
¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·μ¸É· ´¸É¢¥. �μ¸²¥ ¶μ¤¸É ´μ¢±¨ ÔÉ¨Ì ¢Ò· ¦¥´¨° ¢ £ ³¨²Ó-
Éμ´¨ ´, ¶μ²ÊÎ ¥³

H → 2
∑

s

(Es − λ)ΓsΛs − G
∑

s

√
js +

1
2
Γs

(
1 − ΓsΛs

2js + 1

)
×

×
∑
s′

√
js′ +

1
2
Λs′ . (1.25)
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�·μ¨§¢¥¤Ö § ³¥´Ê ¶ · ³¥É·μ¢

Γs → ys

√
2js + 1

1
fs

, Λs → ys

√
2js + 1fs, fs =

√
1 − y2

s , (1.26)

¶μ²ÊÎ ¥³

H → 2
∑

s

(2js + 1)(Es − λ)y2
s − 1

4
G

(∑
s

(2js + 1)ys

√
1 − y2

s

)2

. (1.27)

Œ¨´¨³¨§¨·ÊÖ H ¶μ ys, ´ Ìμ¤¨³

y2
s =

1
2

(
1 − Es − λ√

(Es − λ)2 + Δ2

)
, (1.28)

£¤¥ Δ μ¶·¥¤¥²¥´μ ¸μμÉ´μÏ¥´¨¥³

Δ =
1
2
G

∑
s

(
js +

1
2

)
ys

√
1 − y2

s . (1.29)

�μ¤¸É ¢²ÖÖ (1.28) ¢ (1.29), ¶·¨Ìμ¤¨³ ± Ê· ¢´¥´¨Õ ¤²Ö μ¶·¥¤¥²¥´¨Ö Δ

1 =
1
2
G

∑
s

js +
1
2√

(Es − λ)2 + Δ2
. (1.30)

„ ²¥¥ ´ Ìμ¤¨³

A+
sμ →

√
4π

3
Y1μ

√√√√ js +
1
2

2
Δ√

(Es − λ)2 + Δ2
, (1.31)

Ns → (2js + 1)

(
1 − Es − λ√

(Es − λ)2 + Δ2

)
. (1.32)

� · ³¥É· λ μ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²μ¢¨Ö ¸μÌ· ´¥´¨Ö Î¨¸²  ´Ê±²μ´μ¢ ¢ ¸·¥¤´¥³.

2. ‚‚…„…�ˆ… Š�‹‹…Š’ˆ‚�›• ����›• ‚…’‚…‰ ‚�‡�“†„…�ˆŸ

� Ï ¤ ²Ó´¥°Ï¨°  ´ ²¨§ ¸¢μ°¸É¢ ¨§μ¢¥±Éμ·´ÒÌ ±μ²²¥±É¨¢´ÒÌ ¶ ·´ÒÌ ¢¥-
É¢¥° ¢μ§¡Ê¦¤¥´¨Ö μ¸´μ¢Ò¢ ¥É¸Ö ´  £ ³¨²ÓÉμ´¨ ´¥ (B.7) ¨ ¡μ§μ´´μ³ ¶·¥¤-
¸É ¢²¥´¨¨ (1.22) Ë¥·³¨μ´´ÒÌ μ¶¥· Éμ·μ¢, ¨§ ±μÉμ·ÒÌ ¶μ¸É·μ¥´ £ ³¨²ÓÉμ-
´¨ ´ (B.7).
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� ·´ Ö ¢¥É¢Ó ¢μ§¡Ê¦¤¥´¨Ö Ö¤¥· ¸¢Ö§ ´  ¸ ¤μ¡ ¢²¥´¨¥³ ± Ö¤·Ê ¶ ·Ò ´Ê±²μ-
´μ¢ ¸ ¶μ²´Ò³ Ê£²μ¢Ò³ ³μ³¥´Éμ³, · ¢´Ò³ ´Ê²Õ, ¨²¨ Ê¤ ²¥´¨¥³ É ±μ° ¶ ·Ò.
�·¨ ÔÉμ³ ¢ ¦´μ ¢Ò¤¥²¨ÉÓ ´¥±μÉμ·μ¥ ¡ §μ¢μ¥ Ö¤·μ, μÉ´μ¸¨É¥²Ó´μ ±μÉμ·μ£μ ¨
μ¶·¥¤¥²ÖÕÉ¸Ö ¶ ·´Ò¥ ¢¥É¢¨ ¢μ§¡Ê¦¤¥´¨Ö. ‚ ± Î¥¸É¢¥ É ±μ£μ Ö¤·  ¥¸É¥¸É¢¥´´μ
¢Ò¡· ÉÓ ¤¢ ¦¤Ò ³ £¨Î¥¸±μ¥ Ö¤·μ, ´ ¶·¨³¥·, 56Ni. �¶·¥¤¥²¨¢ ¡ §μ¢μ¥ Ö¤·μ
± ± ¤¢ ¦¤Ò ³ £¨Î¥¸±μ¥, ³Ò · §¤¥²Ö¥³ ¢¸¥ ¶·μ¸É· ´¸É¢μ μ¤´μÎ ¸É¨Î´ÒÌ Ë¥·-
³¨μ´´ÒÌ ¸μ¸ÉμÖ´¨° ´  ¸μ¸ÉμÖ´¨Ö, ±μÉμ·Ò¥ ³μ¦´μ ¸Î¨É ÉÓ ´¥§ ¶μ²´¥´´Ò³¨
¢ ¡ §μ¢μ³ Ö¤·¥, ¨ § ¶μ²´¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö. 
Ê¤¥³ μ¡μ§´ Î ÉÓ ¶¥·¢Ò¥ ¨´¤¥±-
¸μ³ s+(= n+l+j+),   ¢Éμ·Ò¥ Å ¨´¤¥±¸μ³ s−(= n−l−j−). „²Ö Éμ£μ, ÎÉμ¡Ò
μ¡  ´ ¡μ·  μ¤´μÎ ¸É¨Î´ÒÌ ¸μ¸ÉμÖ´¨° ´Ê±²μ´μ¢ ³μ¦´μ ¡Ò²μ · ¸¸³ É·¨¢ ÉÓ
¥¤¨´μμ¡· §´μ, ¸μ¢¥·Ï¨³ ¸²¥¤ÊÕÐ¥¥ ¶·¥μ¡· §μ¢ ´¨¥ Ë¥·³¨μ´´ÒÌ μ¶¥· Éμ·μ¢
·μ¦¤¥´¨Ö ¨ Ê´¨ÎÉμ¦¥´¨Ö, μÉ¢¥Î ÕÐ¨Ì ¸μ¸ÉμÖ´¨Õ s−:

a+
s−mτ → (−1)js−−m+1/2−τas−−m−τ . (2.1)

’μ£¤  μ¶¥· Éμ·Ò A+
sT ¨ Ns ¶·¥μ¡· §ÊÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

A+
s−T → (−1)T As−−T , Ns− → 2(2js− + 1) − Ns− . (2.2)

‡¤¥¸Ó T Å ¶·μ¥±Í¨Ö μ¶¥· Éμ·  ¨§μ¸¶¨´ . �μ¤¸É ¢¨¢ (2.2) ¢ £ ³¨²ÓÉμ´¨ ´
(B.7) ¨ μÉ¡·μ¸¨¢ ±μ´¸É ´ÉÊ, ³Ò ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö £ ³¨²Ó-
Éμ´¨ ´ :

H =
∑
s+

(Es+ − λ)Ns+ +
∑
s−

(λ − Es−)Ns− − G
∑
T

A+
1T A1T , (2.3)

£¤¥

A+
1T =

∑
s+

√
js+ +

1
2
A+

s+T + (−1)T
∑
s−

√
js− +

1
2
As−−T . (2.4)

—Éμ¡Ò ¶¥·¥°É¨ ¢ ¤ ²Ó´¥°Ï¥³ ± μ¶¨¸ ´¨Õ ±μ²²¥±É¨¢´ÒÌ ³μ¤ ¢μ§¡Ê¦¤¥-
´¨Ö, Ê¤μ¡´μ, ± ± ÔÉμ μÉ³¥Î¥´μ ¢μ ¢¢¥¤¥´¨¨, ¨¸¶μ²Ó§μ¢ ÉÓ ¡μ§μ´´μ¥ ¶·¥¤¸É -
¢²¥´¨¥ Ë¥·³¨μ´´ÒÌ μ¶¥· Éμ·μ¢:

Ns → 2
∑

μ

b+
sμbsμ,

Tsμ →
√

2
∑
ν,ν′

(−1)1−ν′
C1μ

1ν1ν′b
+
sνbs−ν′ ,

A+
s+μ → b+

s+μ − 1
2(2js+ + 1)

b+
s+μNs −

1
√

2
(

js+ +
1
2

) ∑
ν,ν′

C1μ
1ν1ν′b

+
s+νTs+ν′ ,

(2.5)
As+μ → bs+μ,
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As−μ → bs−μ − 1
2(2js− + 1)

Nsbs−μ−

− 1
√

2
(

js− +
1
2

) ∑
ν,ν′

C1μ
1ν1ν′(−1)1−ν′

Ts−−ν′bs−ν ,

(2.6)
A+

s−μ → b+
s−μ.

Šμ²²¥±É¨¢´Ò¥ ³μ¤Ò ¶ ·´ÒÌ ¢μ§¡Ê¦¤¥´¨° ³μ¦´μ ¢¢¥¸É¨ ¢ · ¸¸³μÉ·¥´¨¥,
¢Ò¶μ²´¨¢ ²¨´¥°´μ¥ ± ´μ´¨Î¥¸±μ¥, É. ¥. ¸μÌ· ´ÖÕÐ¥¥ ¢¸¥ ±μ³³ÊÉ Í¨μ´´Ò¥
¸μμÉ´μÏ¥´¨Ö, ¶·¥μ¡· §μ¢ ´¨¥ μ¶¥· Éμ·μ¢ b+

s±μ, bs±μ [47,49]:

b+
s±μ =

∑
k

(
uk±,s±β+

k±,μ + (−1)μuk∓,s±βk∓,−μ

)
,

(2.7)
bs±μ =

∑
k

(
ũk±,s±βk±,μ + (−1)μũk∓,s±β+

k∓,μ

)
,

±μÔËË¨Í¨¥´ÉÒ ±μÉμ·μ£μ uk±,s± ¨ ũk±,s± μ¶·¥¤¥²ÖÕÉ¸Ö É ±, ÎÉμ¡Ò ¡μ§μ´´Ò¥
μ¶¥· Éμ·Ò β+

k±,μ, βk±,μ ´ ¨²ÊÎÏ¨³ μ¡· §μ³ ¢Ò¤¥²Ö²¨ ±μ²²¥±É¨¢´Ò¥ ³μ¤Ò ¨§

³´μ¦¥¸É¢  ¢¸¥Ì ¶ ·´ÒÌ ³μ¤ ¢μ§¡Ê¦¤¥´¨Ö. �¶¥· Éμ·Ò β+
k±,μ, βk±,μ Ê¤μ¢²¥É¢μ-

·ÖÕÉ ¸É ´¤ ·É´Ò³ ±μ³³ÊÉ Í¨μ´´Ò³ ¸μμÉ´μÏ¥´¨Ö³ ¤²Ö ¡μ§μ´´ÒÌ μ¶¥· Éμ·μ¢.
�¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ, ÎÉμ ¶μ¸²¥ ¶·¨¢¥¤¥´¨Ö £ ³¨²ÓÉμ´¨ ´  ± ´μ·³ ²Ó´μ³Ê
¢¨¤Ê ¤¢ÊÌ¡μ§μ´´ Ö Î ¸ÉÓ £ ³¨²ÓÉμ´¨ ´  ¡Ê¤¥É ¨³¥ÉÓ ´¥Ô·³¨Éμ¢Ò° ¢ μ¡ÒÎ-
´μ° ¡μ§μ´´μ° ³¥É·¨±¥ ¢¨¤ ¨ ¥¥ ´¥²Ó§Ö ¡Ê¤¥É ¤¨ £μ´ ²¨§μ¢ ÉÓ ¸ ¶μ³μÐÓÕ
²¨´¥°´μ£μ Ê´¨É ·´μ£μ ¶·¥μ¡· §μ¢ ´¨Ö. ‹¨´¥°´μ¥ ¦¥, ´μ ´¥ Ê´¨É ·´μ¥ ¶·¥-
μ¡· §μ¢ ´¨¥ ¶μ§¢μ²Ö¥É ¢Ò°É¨ ¨§ ÔÉμ£μ § É·Ê¤´¥´¨Ö. �¤´ ±μ ¸μμÉ´μÏ¥´¨Ö,
¸²¥¤ÊÕÐ¨¥ ¨§ É·¥¡μ¢ ´¨Ö ± ´μ´¨Î´μ¸É¨, ´¥ Ë¨±¸¨·ÊÕÉ ¶·¥μ¡· §μ¢ ´¨¥ (2.7)
¶μ²´μ¸ÉÓÕ. �¸É ¢Ï¨°¸Ö ¶·μ¨§¢μ² ´¥ ¸± §Ò¢ ¥É¸Ö ´  §´ Î¥´¨ÖÌ ´ ¡²Õ¤ ¥³ÒÌ
¢¥²¨Î¨´, ´μ ¶μ§¢μ²Ö¥É Ê¶·μ¸É¨ÉÓ ¸μμÉ´μÏ¥´¨Ö ³¥¦¤Ê ±μ´¸É ´É ³¨ ¢  ´£ ·-
³μ´¨Î¥¸±μ° Î ¸É¨ £ ³¨²ÓÉμ´¨ ´ .

ŠμÔËË¨Í¨¥´ÉÒ uk±,s± , ũk±,s± Ê¤μ¢²¥É¢μ·ÖÕÉ ¸²¥¤ÊÕÐ¨³ ¸μμÉ´μÏ¥´¨Ö³
μ·Éμ´μ·³¨·μ¢±¨:∑

k

(
uk+,s−uk+,s+ − uk−,s−uk−,s+

)
= 0,∑

k

(
ũk−,s− ũk−,s+ − ũk+,s− ũk+,s+

)
= 0,∑

k

(
ũk+,s+uk+,s′

+
− ũk−,s+uk−,s′

+

)
= δs+s′

+
,∑

k

(
ũk−,s−uk−,s′

−
− ũk+,s−uk+,s′

−

)
= δs−s′

−
,
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s

(
uk+,s+ ũk′

+,s+ − uk′
+,s− ũk+,s−

)
= δk+k′

+
,∑

s

(
uk−,s− ũk′

−,s− − uk′
−,s+ ũk−,s+

)
= δk−k′

−
,

(2.8)∑
s

(
uk−,s− ũk′

+,s− − ũk−,s+uk+,s+

)
= 0,∑

s

(
ũk−,s−uk+,s− − uk−,s+ ũk+,s+

)
= 0.

ŠμÔËË¨Í¨¥´ÉÒ uk,s, ũk,s μ¶·¥¤¥²ÖÕÉ¸Ö ¨§ É·¥¡μ¢ ´¨Ö ¤¨ £μ´ ²¨§ Í¨¨ ¶μ²´μ°
¤¢ÊÌ¡μ§μ´´μ° Î ¸É¨ £ ³¨²ÓÉμ´¨ ´ , ¶μ²ÊÎ¥´´μ£μ ¶μ¸²¥ ¶μ¤¸É ´μ¢±¨ ¢ £ ³¨²Ó-
Éμ´¨ ´ (2.3) ¡μ§μ´´μ£μ ¶·¥¤¸É ¢²¥´¨Ö Ë¥·³¨μ´´ÒÌ μ¶¥· Éμ·μ¢ (1.22) ¸ ¶μ¸²¥-
¤ÊÕÐ¨³ ²¨´¥°´Ò³ ¶·¥μ¡· §μ¢ ´¨¥³ (2.8) ¡μ§μ´´ÒÌ μ¶¥· Éμ·μ¢. ‚ ·¥§Ê²ÓÉ É¥
£ ³¨²ÓÉμ´¨ ´ ¶·¨´¨³ ¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

H =
∑
k,μ

(
ωk+β+

k+,μβk+,μ + ωk−β+
k−,μβk−,μ

)
+ Hanh, (2.9)

£¤¥ Hanh Å Î¥ÉÒ·¥Ì¡μ§μ´´ Ö Î ¸ÉÓ £ ³¨²ÓÉμ´¨ ´ , § ¶¨¸ ´´ Ö ¢ ´μ·³ ²Ó´μ³
μÉ´μ¸¨É¥²Ó´μ μ¶¥· Éμ·μ¢ β+

k±,μ, βk±,μ ¢¨¤¥.

�¶¥· Éμ·Ò β+
k+,μ(βk−,μ) ·μ¦¤ ÕÉ ±μ··¥²¨·μ¢ ´´Ò¥ ¶ ·Ò Î ¸É¨Í (¤Ò·μ±).

Š ¦¤ Ö ¢¥É¢Ó ¢μ§¡Ê¦¤¥´¨Ö k Ì · ±É¥·¨§Ê¥É¸Ö Ô´¥·£¨¥° ωk ´¨¦ °Ï¥£μ 0+-
¸μ¸ÉμÖ´¨Ö ¤ ´´μ£μ É¨¶  ¨ ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨³¨ Ë ±Éμ· ³¨ ·¥ ±Í¨° ¤¢ÊÌ´Ê-
±²μ´´μ° ¶¥·¥¤ Î¨, ¸É·Ê±ÉÊ·´Ò¥ Î ¸É¨ ±μÉμ·ÒÌ αks, ¢ÒÎ¨¸²¥´´Ò¥ ¢ £ ·³μ´¨-
Î¥¸±μ³ ¶·¨¡²¨¦¥´¨¨, ¸²¥¤ÊÕÐ¨³ μ¡· §μ³ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ±μÔËË¨Í¨¥´ÉÒ
uk,s, ũk,s:

αks = sign (uk,s)
√

uk,sũk,s. (2.10)

„²Ö ±μÔËË¨Í¨¥´Éμ¢ uk,s, ũk,s ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö:

ũk±,s+ =
Fs+X̃k±

Ds+ ∓ ωk±

, uk±,s+ =
Xk±

Ds+ ∓ ωk±

,

ũk±,s− =
X̃k±

Ds− ± ωk±

, uk±,s− =
Fs−Xk±

Ds− ± ωk±

,

X̃k± = G

(∑
s+

ũk±,s+ +
∑
s−

uk±,s−

)
, (2.11)

Xk± = G

(∑
s+

Fs+uk±,s+ +
∑
s−

Fs− ũk±,s−

)
,

Fs =
(

js +
1
2

)
(1 − 2ρs) =

(
js +

1
2

)
−

〈
〈0|

∑
μ

b+
sμbsμ|0〉

〉
.
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‡¤¥¸Ó ρs+(ρs−) Å ¸·¥¤´¨¥ Î¨¸²  ¶ · Î ¸É¨Í (¤Ò·μ±) ¢ ¸μ¸ÉμÖ´¨¨ |0〉 (βkμ|0〉 =
0); Ds/2 Å ³μ¤Ê²¨ ¶¥·¥´μ·³¨·μ¢ ´´ÒÌ μ¤´μÎ ¸É¨Î´ÒÌ Ô´¥·£¨°, μÉ¸Î¨É ´-
´ÒÌ μÉ ¶μ¢¥·Ì´μ¸É¨ ”¥·³¨. �¥·¥´μ·³¨·μ¢±  ¶·μ¨§μÏ²  ¶·¨ ¶·¨¢¥¤¥´¨¨ £ -
³¨²ÓÉμ´¨ ´ , ¢Ò· ¦¥´´μ£μ Î¥·¥§ β+

kμ, βkμ, ± ´μ·³ ²Ó´μ³Ê ¢¨¤Ê. ‚¥²¨Î¨´Ò
ρs ¨ Ds ¸²¥¤ÊÕÐ¨³ μ¡· §μ³ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ±μÔËË¨Í¨¥´ÉÒ uk,s, ũk,s:

ρs± =
3

(2js± + 1)

∑
k∓

uk∓,s± ũk∓,s± ,

Ds+ = 2|Es+ − λ| + 3
∑
k−

X̃k−uk−,s+ , (2.12)

Ds− = 2|Es− − λ| + 3
∑
k+

X̃k+ ũk+,s− + 3G.

�¥·¥´μ·³¨·μ¢±  ¶·¨¢μ¤¨É ± Ê¢¥²¨Î¥´¨Õ · ¸¸ÉμÖ´¨Ö μÉ μ¤´μÎ ¸É¨Î´ÒÌ Ê·μ¢-
´¥° ¤μ ¶μ¢¥·Ì´μ¸É¨ ”¥·³¨ ¶·¨ Ê¸¨²¥´¨¨ ¶ ·´ÒÌ ±μ··¥²ÖÍ¨°.

‚¥²¨Î¨´Ò X̃k, Xk ¸¢Ö§ ´Ò ¸ μ¶¥· Éμ· ³¨ ·μ¦¤¥´¨Ö ¨ Ê´¨ÎÉμ¦¥´¨Ö ¤¢ÊÌ
´Ê±²μ´μ¢ A+

1μ ¨ A1μ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

A1μ =
1
G

{∑
k

(
X̃k+βk+,μ + (−1)1−μX̃k−β+

k−,−μ

)}
,

(2.13)

A+
1μ =

1
G

{∑
k

(
Xk+β+

k+,μ + (−1)1−μXk−β+
k−,−μ

)}
¶²Õ¸ É·¥Ì¡μ§μ´´Ò¥  ´£ ·³μ´¨Î¥¸±¨¥ Î²¥´Ò, § ¶¨¸ ´´Ò¥ ¢ ´μ·³ ²Ó´μ³ ¢¨¤¥.

„²Ö μ¶·¥¤¥²¥´¨Ö Î ¸ÉμÉÒ ωk ¨ ¢¥²¨Î¨´ Ds, ρs, X̃k, Xk ¶μ²ÊÎ ¥³ ¸¨¸É¥³Ê
Ê· ¢´¥´¨°:

G

⎛⎝∑
s±

Fs±

Ds± − ωk±

+
∑
s∓

Fs∓

Ds∓ + ωk±

⎞⎠ = 1,

X̃k±Xk±

⎛⎝∑
s±

Fs±

(Ds± − ωk±)2
−

∑
s∓

Fs∓

(Ds∓ + ωk±)2

⎞⎠ = 1,

Fs± =
(

js +
1
2

)/ ⎛⎝1 +
∑
k∓

X̃k∓Xk∓

(Ds± + ωk∓)2

⎞⎠ , (2.14)

Ds± = D0
s± + 3

∑
k∓

X̃k∓Xk∓

Ds± + ωk∓

,

D0
s+

= 2|Es+ − λ|, D0
s− = 2|Es− − λ| + 3G.



246 „†�‹�‘ �.‚., Š��’�‚…�Š� ‚. ƒ., Š�‹ƒ���‚� ….�.

�¥·¥°¤¥³ ±  ´ ²¨§Ê ¸¨¸É¥³Ò Ê· ¢´¥´¨° (2.14). �É¨ Ê· ¢´¥´¨Ö ¶¥·¥Ìμ-
¤ÖÉ ¢  ´ ²μ£¨Î´Ò¥ Ê· ¢´¥´¨Ö, ¶μ²ÊÎ¥´´Ò¥ ¢ RPA ¤²Ö μ¶¥· Éμ·μ¢ ¶ · Î -
¸É¨Í [27,28], ¥¸²¨ ¶μ²μ¦¨ÉÓ

ρs = 0, Ds = 2|Es − λ|.

‚ RPA ¸ÊÐ¥¸É¢Ê¥É ±·¨É¨Î¥¸±μ¥ §´ Î¥´¨¥ G = Gcr É ±μ¥, ÎÉμ ¶·¨ G > Gcr

·¥Ï¥´¨Ö ωk ¤²Ö k± = 1± (¡Ê¤¥³ ¨Ì ´ §Ò¢ ÉÓ ±μ²²¥±É¨¢´Ò³¨) ¸É ´μ¢ÖÉ¸Ö
Î¨¸Éμ ³´¨³Ò³¨. �¥Ï¥´¨Ö ¦¥ Ê· ¢´¥´¨° (2.14) ¢¥Ð¥¸É¢¥´´Ò ¶·¨ ²Õ¡ÒÌ §´ -
Î¥´¨ÖÌ G. �·μ¨¸Ìμ¤¨É ÔÉμ ¨§-§  ¢μ§´¨± ÕÐ¨Ì ¶¥·¥´μ·³¨·μ¢μ± ¢ ¢¥²¨Î¨´ Ì
Ds ¨ ρs.

‘·¥¤¨ ¢¸¥Ì ¢¥É¢¥° ¢μ§¡Ê¦¤¥´¨Ö ±μ²²¥±É¨¢´Ò¥ (k± = 1±) ¢¥É¢¨ Ö¢´μ ¢Ò-
¤¥²¥´Ò: Ô´¥·£¨¨ ω1± Å ´¨¦ °Ï¨¥; ¢¸¥ ±μÔËË¨Í¨¥´ÉÒ u1±,s, ũ1±,s ¨³¥ÕÉ
μ¤¨´ ±μ¢Ò¥ §´ ±¨, ÎÉμ ¶·¨¢μ¤¨É ± ±μ£¥·¥´É´Ò³ ¸Ê³³ ³ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ · §-
²¨Î´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢. �·¨ · ¸Î¥É¥ ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨Ì Ë ±Éμ·μ¢
ÔÉμ ¶·¨¢μ¤¨É ± Ê¸¨²¥´¨Õ ¸¥Î¥´¨Ö ·¥ ±Í¨° ¤¢ÊÌ´Ê±²μ´´μ° ¶¥·¥¤ Î¨ ´  ±μ²-
²¥±É¨¢´Ò¥ ¸μ¸ÉμÖ´¨Ö. �·¨ ¢ÒÎ¨¸²¥´¨¨  ´£ ·³μ´¨Î¥¸±¨Ì ±μ´¸É ´É ¶μ²ÊÎ -
¥É¸Ö, ÎÉμ ¢§ ¨³μ¤¥°¸É¢¨¥ ±μ²²¥±É¨¢´ÒÌ ¡μ§μ´μ¢ ¤·Ê£ ¸ ¤·Ê£μ³ Ö¢´μ ¶·¥¢μ¸-
Ìμ¤¨É ¢§ ¨³μ¤¥°¸É¢¨¥ ±μ²²¥±É¨¢´ÒÌ ¡μ§μ´μ¢ ¸ ´¥±μ²²¥±É¨¢´Ò³¨ ¨, É¥³ ¡μ-
²¥¥, ´¥±μ²²¥±É¨¢´ÒÌ ³¥¦¤Ê ¸μ¡μ°. �·¨ ¢ÒÎ¨¸²¥´¨¨ Ds ¨ ρs É ±¦¥ ¢¨¤´μ,
ÎÉμ μ¸´μ¢´μ° ¢±² ¤ ¢ ¶¥·¥´μ·³¨·μ¢±Ê ¨¤¥É μÉ Î²¥´μ¢ ¸ k± = 1±. �μÔÉμ³Ê,
¶·¥´¥¡·¥£ Ö ¢±² ¤μ³ ´¥±μ²²¥±É¨¢´ÒÌ ¢¥É¢¥° ¢μ§¡Ê¦¤¥´¨Ö ¢ ¶¥·¥´μ·³¨·μ¢±Ê
Ds ¨ ρs ¨ ¢Ò¡¨· Ö ¤²Ö μ¶·¥¤¥²¥´´μ¸É¨ Ì¨³¨Î¥¸±¨° ¶μÉ¥´Í¨ ² λ É ±, ÎÉμ¡Ò
ω1+ = ω1− = ω, ³Ò ¶μ²ÊÎ¨³ ¸¨¸É¥³Ê Ê· ¢´¥´¨°, ´¥μ¡Ìμ¤¨³ÊÕ ¤²Ö ¶μ²´μ£μ
μ¶¨¸ ´¨Ö ±μ²²¥±É¨¢´ÒÌ ¢¥É¢¥° ¢μ§¡Ê¦¤¥´¨Ö [47,50].

�É³¥É¨³ ´¥±μÉμ·Ò¥ μ¸μ¡¥´´μ¸É¨ ·¥Ï¥´¨Ö ¸¨¸É¥³Ò Ê· ¢´¥´¨° (2.14) ¶·¨
¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ G.

� §²¨Î¨¥ ³¥¦¤Ê X̃1+X1+ ¨ X̃1−X1− μ¡Ê¸²μ¢²¥´μ Éμ²Ó±μ  ¸¨³³¥É·¨¥°
¸Ì¥³Ò μ¤´μÎ ¸É¨Î´ÒÌ Ê·μ¢´¥° μÉ´μ¸¨É¥²Ó´μ Ì¨³¶μÉ¥´Í¨ ²  λ. �·¨ ¸¨²Ó-
´ÒÌ ±μ··¥²ÖÍ¨ÖÌ μ´μ ¸É ´μ¢¨É¸Ö ´¥¸ÊÐ¥¸É¢¥´´Ò³. ’ ±¨³ μ¡· §μ³, ¢ ¸²Ê-
Î ¥ ¡μ²ÓÏ¨Ì ¢¥²¨Î¨´ G, ±μ£¤  ³μ¦´μ ¶·¥´¥¡·¥ÎÓ μ¤´μÎ ¸É¨Î´μ° Î ¸ÉÓÕ £ -
³¨²ÓÉμ´¨ ´  (B.7), § ¤ Î  ¸¢μ¤¨É¸Ö ± ¸²ÊÎ Õ μ¤´μ£μ Ê·μ¢´Ö ¸ ¢Ò·μ¦¤¥´¨¥³
Ω =

∑
s

(js + 1/2). �·¨Î¥³

ω → 3G

2
, 1 − 2ρ → 1

2

(
1 +

1
1 + Ω/3

)
,

(2.15)

D → 3G

2

(
1 +

Ω
3

)
, X̃X → G2Ω(Ω + 3)/6.

„²Ö ¨²²Õ¸É· Í¨¨ ¶·¨¢¥¤¥³ ´¥±μÉμ·Ò¥ Î¨¸²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ. �  ·¨¸. 1 ¶μ-
± § ´  § ¢¨¸¨³μ¸ÉÓ Ô´¥·£¨¨ ω ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥£μ ±μ²²¥±É¨¢´μ£μ ¡μ§μ´ 
μÉ ¢¥²¨Î¨´Ò ±μ´¸É ´ÉÒ ¶ ·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö G. „²Ö ¸· ¢´¥´¨Ö ¶·¨¢¥-
¤¥´Ò ·¥Ï¥´¨¥, ¶μ²ÊÎ¥´´μ¥ ¢ ¶·¨¡²¨¦¥´¨¨ Ì μÉ¨Î¥¸±¨Ì Ë § (ωRPA), ¨ ÉμÎ´ Ö
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3

4

5

0,0

1

2

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9

E
,
М

эВ

G, МэВ

56Ni

�

ET 1�

�RPA

min 2� � �� �j

�¨¸. 1. ‡ ¢¨¸¨³μ¸ÉÓ Ô´¥·£¨¨ ω ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥£μ ±μ²²¥±É¨¢´μ£μ ¡μ§μ´ , ¶μ²Ê-
Î¥´´μ° ¶·¨ ·¥Ï¥´¨¨ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (2.14), μÉ ¢¥²¨Î¨´Ò ±μ´¸É ´ÉÒ ¶ ·´μ£μ ¢§ ¨-
³μ¤¥°¸É¢¨Ö G. „²Ö ¸· ¢´¥´¨Ö ¶·¨¢¥¤¥´Ò Ô´¥·£¨Ö ωRPA, · ¸¸Î¨É ´´ Ö ¢ ¶·¨¡²¨¦¥´¨¨
Ì μÉ¨Î¥¸±¨Ì Ë §, ¨ ÉμÎ´ Ö Ô´¥·£¨Ö ´¨¦ °Ï¥£μ ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö ET=1. E ¶μ
μ¸¨ μ·¤¨´ É μ§´ Î ¥É, ÎÉμ μ¤´  ¨ É  ¦¥ Ô´¥·£¥É¨Î¥¸± Ö Ï± ²  μÉ´μ¸¨É¸Ö ± ω, ωRPA

¨ ET=1

’ ¡²¨Í  1. 	´¥·£¨¨ ωk ¨ ¸É·Ê±ÉÊ·´Ò¥ Î ¸É¨ ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨Ì Ë ±Éμ·μ¢ αks

¶ ·´ÒÌ ¢¥É¢¥° ¢μ§¡Ê¦¤¥´¨Ö, · ¸¸Î¨É ´´Ò¥ ¤²Ö 56Ni ¶·¨ G = 0,5 ŒÔ‚

k±
‘¶¥±É·μ¸±μ¶¨Î¥¸±¨¥ Ë ±Éμ·Ò

ωk, ŒÔ‚
1d5/2 2s1/2 1d3/2 1f7/2 2p3/2 1f5/2 1p1/2 1g9/2

4− 0,633 Ä0,769 Ä0,81 Ä0,029 0,006 0,007 0,004 0,097 13,80
3− 0,604 0,560 Ä0,556 Ä0,124 0,023 0,026 0,015 0,027 13,06
2− 0,394 0,258 0,775 Ä0,435 0,055 0,059 0,034 0,061 10,87
1− 0,375 0,224 0,367 0,992 0,320 0,310 0,176 0,282 3,07
1+ 0,239 0,141 0,217 0,422 0,830 0,582 0,324 0,413 3,07
2+ 0,052 0,030 0,046 0,080 Ä0,632 0,678 0,337 0,196 8,30
3+ 0,004 0,002 0,004 0,006 Ä0,023 Ä0,467 0,884 0,022 10,17
4+ 0,044 0,026 0,038 0,063 Ä0,133 Ä0,290 Ä0,179 0,935 14,19

Ô´¥·£¨Ö ´¨¦ °Ï¥£μ ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö, ¶μ²ÊÎ¥´´ Ö ¸ ÊÎ¥Éμ³  ´£ ·³μ-
´¨Î¥¸±¨Ì ÔËË¥±Éμ¢.

‚ É ¡². 1 ¶·¨¢¥¤¥´Ò §´ Î¥´¨Ö Ô´¥·£¨° ωk ¨ ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨Ì Ë ±Éμ-
·μ¢ αks (2.10), · ¸¸Î¨É ´´Ò¥ ¤²Ö 56Ni ¶·¨ G = 0,5 ŒÔ‚. �·¨ ÔÉμ³ §´ -
Î¥´¨¨ G ´ ¨²ÊÎÏ¨³ μ¡· §μ³ ¢μ¸¶·μ¨§¢μ¤¨É¸Ö ¸¶¥±É· ±μ²²¥±É¨¢´ÒÌ ¶ ·´ÒÌ
0+-¸μ¸ÉμÖ´¨° Ö¤¥· ¸ A = 48−64. ˆ§ É ¡²¨ÍÒ ¢¨¤´μ, ÎÉμ Ô´¥·£¨¨ ´¥±μ²-
²¥±É¨¢´ÒÌ ¢μ§¡Ê¦¤¥´¨° §´ Î¨É¥²Ó´μ ¶·¥¢ÒÏ ÕÉ Ô´¥·£¨¨ ±μ²²¥±É¨¢´ÒÌ ³μ¤.
Š·μ³¥ Éμ£μ, Éμ²Ó±μ ¤²Ö k± = 1± ¢¥²¨Î¨´Ò αks ¨³¥ÕÉ μ¤¨´ ±μ¢Ò¥ §´ ±¨, ÎÉμ
¶·¨¢μ¤¨É ± ±μ£¥·¥´É´μ³Ê Ê¸¨²¥´¨Õ ¸¥Î¥´¨° ·¥ ±Í¨° ¤¢ÊÌ´Ê±²μ´´ÒÌ ¶¥·¥¤ Î.
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’ ¡²¨Í  2. ‡ ¢¨¸¨³μ¸ÉÓ ¢¥²¨Î¨´Ò ˜XkXk μÉ ±μ´¸É ´ÉÒ ¨§μ¢¥±Éμ·´μ£μ ¶ ·´μ£μ ¢§ -
¨³μ¤¥°¸É¢¨Ö G

G, ŒÔ‚ 4− 3− 2− 1− 1+ 2+ 3+ 4+

0,02 0,0010 0,0005 0,0009 0,0017 0,0009 0,0014 0,0003 0,0020
0,5 0,01 0,13 0,56 6,01 5,92 0,47 0,00 0,55
0,7 0,01 0,12 0,63 14,76 14,91 0,41 0,00 0,67

„²Ö μÍ¥´±¨  ´£ ·³μ´¨Î¥¸±¨Ì ¨ ±μ£¥·¥´É´ÒÌ ÔËË¥±Éμ¢ Ê¤μ¡´μ ¢μ¸¶μ²Ó-
§μ¢ ÉÓ¸Ö ¢¥²¨Î¨´ ³¨ X̃kXk, ¶μ¸±μ²Ó±Ê

〈1μ, k|A+
1μ|0〉〈0|A1μ|1μ, k〉 ≈ X̃kXk

G2
,

£¤¥ |1μ, k〉 ≡ β+
kμ|0〉.

‚ É ¡². 2 ¶·¨¢¥¤¥´Ò ¢¥²¨Î¨´Ò X̃kXk ¤²Ö É·¥Ì §´ Î¥´¨° ±μ´¸É ´ÉÒ ¶ ·-
´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö G. ‚ ¶¥·¢μ³ ¸²ÊÎ ¥ (G = 0,02 ŒÔ‚) ¶ ·´μ¥ ¢§ ¨³μ¤¥°-
¸É¢¨¥ ¸² ¡μ¥,  ´£ ·³μ´¨Î´μ¸ÉÓ ¸² ¡ Ö, ±μ£¥·¥´É´μ¸ÉÓ ¶· ±É¨Î¥¸±¨ ´¥ ¢¨¤´ .
„²Ö ®Ë¨§¨Î¥¸±¨Ì¯ §´ Î¥´¨° G (∼ 0,5 ŒÔ‚) ¢μ§´¨± ÕÐ¨¥ ±μ£¥·¥´É´Ò¥ ÔË-
Ë¥±ÉÒ ¤ ÕÉ ¢ ¸²ÊÎ ¥ k± = 1± Ê¸¨²¥´¨¥ ¢ X̃kXk ¶μ ±· °´¥° ³¥·¥ ¢ ¤¥¸ÖÉÓ
· § ¶μ ¸· ¢´¥´¨Õ ¸ kpm 	= 1±, ¶·¨Î¥³ ÊÎ¥É  ´£ ·³μ´¨Î´μ¸É¨ ¤μ²¦¥´ ¡ÒÉÓ
¶·μ¨§¢¥¤¥´ ¢ ¶¥·¢ÊÕ μÎ¥·¥¤Ó ¤²Ö ±μ²²¥±É¨¢´ÒÌ ¢¥É¢¥° ¢μ§¡Ê¦¤¥´¨Ö. �·¨
¤ ²Ó´¥°Ï¥³ Ê¢¥²¨Î¥´¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö (G = 0,7 ŒÔ‚) Ê± § ´´Ò¥ ÔËË¥±ÉÒ
Ê¸¨²¨¢ ÕÉ¸Ö ¨ ¶·μ¨¸Ìμ¤¨É ¢¸¥ ¡μ²ÓÏ¥¥ μÉ¤¥²¥´¨¥ ±μ²²¥±É¨¢´ÒÌ ¢¥É¢¥° ¢μ§-
¡Ê¦¤¥´¨Ö μÉ ´¥±μ²²¥±É¨¢´ÒÌ.

3. Š�‹‹…Š’ˆ‚�›‰ ƒ�Œˆ‹œ’��ˆ��
„‹Ÿ ��ˆ‘��ˆŸ ����›• ˆ‡�‚…Š’���›• Š���…‹Ÿ–ˆ‰

Šμ²²¥±É¨¢´ Ö Î ¸ÉÓ · ¸¸³μÉ·¥´´μ£μ ¢ÒÏ¥ ¶μ²´μ£μ £ ³¨²ÓÉμ´¨ ´  Ö¤· 
¨³¥¥É ¢¨¤

Hcoll = ω
∑

μ

(
β+

1+,μβ1+,μ + β+
1−,μβ1−,μ

)
+ Hcoll

anh,

Hcoll
anh = 9 :

(∑
T

{ 1/2 1/2 1
1/2 1/2 1
1 1 T

}
×

×
√

2T + 1
3

∑
μ

(
G(3)

(
(β+

1+
β+

1+
)T β1+

)
1μ

+

(3.1)
+ G(4)

(
β+

1−
(β1−β1−)T

)
1μ

+ G(1)
(
(β+

1+
β+

1+
)T β+

1−

)
1μ

+

+ G(2)
(
β1+(β1−β1−)T

)
1μ

+ 2G(1)
(
(β+

1+
β1−)T β+

1−

)
1μ

+

+ 2G(2)
(
(β+

1+
β1−)T β1+

)
1μ

) (
β1+,μ + (−1)1−μβ+

1−,−μ

))
: .
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‡¤¥¸Ó : ( ) : μ§´ Î ¥É ´μ·³ ²Ó´μ¥ ¶·μ¨§¢¥¤¥´¨¥ μ¶¥· Éμ·μ¢ ·μ¦¤¥´¨Ö ¨
Ê´¨ÎÉμ¦¥´¨Ö ¡μ§μ´μ¢, G(n) Å  ´£ ·³μ´¨Î¥¸±¨¥ ±μ´¸É ´ÉÒ:

G(1) = X̃1+X1+/2ω,

G(2) = X̃1−X1−/2ω,
(3.2)

G(3) = (X̃1+X1+)2

⎛⎝∑
s+

Fs+

(Ds+ − ω)3 +
∑

s−

Fs−

(Ds− − ω)3

⎞⎠ ,

G(4) = (X̃1−X1−)2

⎛⎝∑
s−

Fs−

(Ds− − ω)3 −
∑

s+

Fs+

(Ds+ − ω)3

⎞⎠ .

…¸²¨ ¸· ¢´¨ÉÓ £ ³¨²ÓÉμ´¨ ´ (3.1) ¸ ±μ²²¥±É¨¢´Ò³ £ ³¨²ÓÉμ´¨ ´μ³, ±μÉμ·Ò°
³μ¦´μ ¶μ¸É·μ¨ÉÓ ¸ ¶μ³μÐÓÕ ¶·¨¡²¨¦¥´´ÒÌ ¡μ§μ´´ÒÌ · §²μ¦¥´¨° Ë¥·³¨-
μ´´ÒÌ μ¶¥· Éμ·μ¢ ¨ ¢ ±μÉμ·μ³, ± ± ¶· ¢¨²μ, ÊÎ¨ÉÒ¢ ÕÉ¸Ö Î²¥´Ò ´¥ ¢ÒÏ¥
Î¥É¢¥·Éμ£μ ¶μ·Ö¤±  ¶μ ¸É¥¶¥´Ö³ ¡μ§μ´´ÒÌ μ¶¥· Éμ·μ¢, Éμ μ¸´μ¢´μ¥ μÉ²¨Î¨¥
¡Ê¤¥É ¸μ¸ÉμÖÉÓ ¢ Éμ³, ÎÉμ ´¥Ô·³¨Éμ¢Ò° ¢ μ¡ÒÎ´μ° ¡μ§μ´´μ° ³¥É·¨±¥ £ ³¨²Ó-
Éμ´¨ ´ (3.1) ¶·¨ ¶·¥μ¡· §μ¢ ´¨¨ ¥£μ ¸ ¶μ³μÐÓÕ ´¥²¨´¥°´μ£μ ´¥Ê´¨É ·´μ£μ
¶·¥μ¡· §μ¢ ´¨Ö ± Ô·³¨Éμ¢μ³Ê ¢¨¤Ê ¡Ê¤¥É ¶·¥¤¸É ¢²¥´ ¡¥¸±μ´¥Î´Ò³ ·Ö¤μ³
¶·¨ · §²μ¦¥´¨¨ ¶μ ¸É¥¶¥´Ö³ ¡μ§μ´´ÒÌ μ¶¥· Éμ·μ¢. ’ ±¨³ μ¡· §μ³, ¶¥·¥Ìμ¤
± £ ³¨²ÓÉμ´¨ ´Ê, ¨³¥ÕÐ¥³Ê ´¥Ô·³¨Éμ¢Ò° ¢ μ¡ÒÎ´μ° ¡μ§μ´´μ° ³¥É·¨±¥ ¢¨¤,
¥¸ÉÓ, ¶μ ¸ÊÐ¥¸É¢Ê, ¸¶μ¸μ¡ ¶·¨¡²¨¦¥´´μ£μ ¸Ê³³¨·μ¢ ´¨Ö ¡¥¸±μ´¥Î´μ£μ ·Ö¤ 
¶μ ¸É¥¶¥´Ö³ ¡μ§μ´´ÒÌ μ¶¥· Éμ·μ¢.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ É ±¦¥, ÎÉμ Î¨¸²μ ±μ´¸É ´É ¢ £ ³¨²ÓÉμ´¨ ´¥ (3.1), ±μÉμ-
·Ò¥ · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ´¥§ ¢¨¸¨³μ, §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥, Î¥³ Î¨¸²μ ´¥§ ¢¨¸¨³μ
· ¸¸Î¨ÉÒ¢ ¥³ÒÌ ±μ´¸É ´É ¢ £ ³¨²ÓÉμ´¨ ´¥ Î¥É¢¥·Éμ£μ ¶μ·Ö¤± , ¶μ²ÊÎ¥´´μ³ ¸
¶μ³μÐÓÕ ³¥Éμ¤  ¶·¨¡²¨¦¥´´μ£μ ¡μ§μ´´μ£μ ¶·¥¤¸É ¢²¥´¨Ö Ë¥·³¨μ´´ÒÌ μ¶¥-
· Éμ·μ¢. ‘ ÔÉμ° ÉμÎ±¨ §·¥´¨Ö £ ³¨²ÓÉμ´¨ ´ (3.1) ¨³¥¥É ¡μ²¥¥ ¶·μ¸ÉÊÕ ¸É·Ê±-
ÉÊ·Ê, Î¥³ ¶·μ¨§¢μ²Ó´Ò° £ ³¨²ÓÉμ´¨ ´ Î¥É¢¥·Éμ£μ ¶μ·Ö¤± .

�μ²¥§´μ μÉ³¥É¨ÉÓ, ÎÉμ ¢ ¸²ÊÎ ¥ ¸¨²Ó´ÒÌ ¶ ·´ÒÌ ±μ··¥²ÖÍ¨°, ±μ£¤  ³μ¦´μ
¶·¥´¥¡·¥ÎÓ  ¸¨³³¥É·¨¥° ¢ ¸Ì¥³¥ μ¤´μÎ ¸É¨Î´ÒÌ Ê·μ¢´¥° μÉ´μ¸¨É¥²Ó´μ ¶μ-
¢¥·Ì´μ¸É¨ ”¥·³¨, ¢Ò¶μ²´ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ ¸μμÉ´μÏ¥´¨Ö:

G(1) ≈ G(2) ≡ G1 + X̃X/2ω,

G(3) ≈ G(4) ≡ G3, (3.3)

G(3) − G(1) = 4ω2(X̃X)2
∑

s

FsDs

(D2
s − ω2)3

.

�·¨ μÎ¥´Ó ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ G

G1 → 1
6
GΩ

(
1 +

Ω
6

)
, G3 → G1 + G. (3.4)
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3.1. ‘²ÊÎ ° ¸² ¡μ° ¸¢Ö§¨. ‚ ¸²ÊÎ ¥ ¸² ¡ÒÌ ¶ ·´ÒÌ ±μ··¥²ÖÍ¨°, ±μ£-
¤   ´£ ·³μ´¨Î´μ¸ÉÓ ´¥ ¸ÊÐ¥¸É¢¥´´ , ¸¶¥±É· ¸μ¡¸É¢¥´´ÒÌ §´ Î¥´¨° £ ³¨²Ó-
Éμ´¨ ´  (3.1) Ô±¢¨¤¨¸É ´É¥´,   ¸μ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ ¸É·μÖÉ¸Ö ¸²¥¤ÊÕÐ¨³
μ¡· §μ³:

|N+l+N−l−TT0〉 =
∑

m+,m−

CTT0
l+m+l−m−

ΦN+l+m+ΦN−l−m− , (3.5)

£¤¥

ΦNlm = cNlm (T−1)
l−m (

β+
1

)l
InΦ000, N = 2n + l,

I =
∑

μ

(−1)μβ+
μ β+

−μ, T−1 =
√

2
(
β+β

)
1,−1

, (3.6)

cNlm =
(

(2l + 1)(l + m)!
2n+mn!(l − m)!l!l!(2n + 2l + 1)!!

)1/2

.

‡¤¥¸Ó N+(N−) Å ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö μ¶¥· Éμ·μ¢ Î¨¸¥² ¡μ§μ´μ¢, ¶μ¸É·μ-
¥´´ÒÌ ¨§ Î ¸É¨Í (¤Ò·μ±),   l+(l−) Å ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì
μ¶¥· Éμ·μ¢ ¨§μ¸¶¨´ ; Φ000 Å ¢ ±ÊÊ³ ¡μ§μ´μ¢ (βμΦ000 = 0); N Å ¶μ²´μ¥ Î¨-
¸²μ ¡μ§μ´μ¢; l Å ¨§μ¸¶¨´ ¸μ¸ÉμÖ´¨Ö; m Å ¶·μ¥±Í¨Ö ¨§μ¸¶¨´ . ‘μ¸ÉμÖ´¨Ö
ΦNlm Ê¤μ¢²¥É¢μ·ÖÕÉ ¸²¥¤ÊÕÐ¨³ Ê· ¢´¥´¨Ö³:(∑

μ

β+
μ βμ − N

)
ΦNlm = 0,(

T̂0 − m
)

ΦNlm = 0, (3.7)(∑
μ

(−1)μTμT−μ − l(l + 1)

)
ΦNlm = 0.

ŠμÔËË¨Í¨¥´ÉÒ cNlm μ¶·¥¤¥²¥´Ò É ±, ÎÉμ ¸μ¸ÉμÖ´¨Ö ΦNlm ´μ·³¨·μ¢ ´Ò:

(ΦN ′l′m′ |ΦNlm) = δNN ′δll′δmm′ .

‚ ¸²ÊÎ ¥ ¸² ¡μ° ¸¢Ö§¨ ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö £ ³¨²ÓÉμ´¨ ´  ¨³¥ÕÉ ¢¨¤
ω(N+ + N−).

3.2. ‘²ÊÎ ° ¸¨²Ó´μ° ¸¢Ö§¨. ‚ ¸²ÊÎ ¥ ¸¨²Ó´ÒÌ ¶ ·´ÒÌ ±μ··¥²ÖÍ¨° ¢³¥¸Éμ
±μ²²¥±É¨¢´ÒÌ ¡μ§μ´μ¢ β+

1±,μ, β1±,μ Ê¤μ¡´¥¥ ¢¢¥¸É¨ ±μ³¶²¥±¸´Ò¥ ±μμ·¤¨´ ÉÒ
¨ ¸μ¶·Ö¦¥´´Ò¥ ¨³ ¨³¶Ê²Ó¸Ò [40,47,49]:

qμ =
1√
2

(
β1+,μ + (−1)1−μβ+

1−,−μ

)
,

pμ =
i√
2

(
β+

1+,μ − (−1)1−μβ1−,−μ

)
,
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q+
μ =

1√
2

(
β+

1+,μ + (−1)1−μβ1−,−μ

)
,

(3.8)

p+
μ = − i√

2

(
β1+,μ − (−1)1−μβ+

1−,−μ

)
.

‚μ¸¶μ²Ó§Ê¥³¸Ö ¤¨ËË¥·¥´Í¨ ²Ó´Ò³ ¶·¥¤¸É ¢²¥´¨¥³ ¤²Ö μ¶¥· Éμ·μ¢ ±μμ·¤¨-
´ ÉÒ ¨ ¨³¶Ê²Ó¸ :

qμ → zμ, pμ → −i
∂

∂zμ
,

(3.9)

q+
μ → z∗μ, p+

μ → −i
∂

∂z∗μ
,

£¤¥ zμ Å ±μ³¶²¥±¸´ Ö ¶¥·¥³¥´´ Ö, É ± ± ± μ¶¥· Éμ· qμ ´¥Ô·³¨Éμ¢.
�μ  ´ ²μ£¨¨ ¸ μ¡μ¡Ð¥´´μ° ³μ¤¥²ÓÕ Ö¤·  ¢³¥¸Éμ Ï¥¸É¨ ¶¥·¥³¥´´ÒÌ zμ,

z∗μ ¢¢¥¤¥³ ´μ¢Ò¥ ¶¥·¥³¥´´Ò¥ Δ, θ, ϕ, ψ1, ψ2, ψ3 [51]:

z∗μ =
∑

ν

D1
μνa∗

ν = Δ exp (−iϕ)
(
D1

μ0 cos θ +
1√
2
(D1

μ1 + D1
μ−1) sin θ

)
.

(3.10)
‡¤¥¸Ó D1

μν ≡ D1
μν(ψ1, ψ2, ψ3) Å ËÊ´±Í¨Ö ‚¨£´¥· . ’·¨ Ê£²  �°²¥·  ψ1, ψ2, ψ3

μ¶¨¸Ò¢ ÕÉ μ·¨¥´É Í¨Õ ¢· Ð ÕÐ¥°¸Ö ¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·μ¸É· ´¸É¢¥ ®¢´Ê-
É·¥´´¥°¯ ¸¨¸É¥³Ò ±μμ·¤¨´ É:

T̂μ =
∑

μ

D1
μν T̃ν , T̃±1 = − 1√

2
(Tξ ± iTη) , T̃0 = Tζ = −i

∂

∂ψ3
,

Tξ = i

(
cosψ3

sinψ2

(
∂

∂ψ1
− cosψ2

∂

∂ψ3

)
− sin ψ3

∂

∂ψ2

)
, (3.11)

Tη = i

(
− sinψ3

sin ψ2

(
∂

∂ψ1
− cosψ2

∂

∂ψ3

)
− cosψ3

∂

∂ψ2

)
.

‚ÒÏ¥ T̂ξ,η,ζ Å ¶·μ¥±Í¨¨ μ¶¥· Éμ·  ¨§μ¸¶¨´  ´  μ¸¨ ξ, η, ζ ®¢´ÊÉ·¥´´¥°¯
¸¨¸É¥³Ò ±μμ·¤¨´ É. �¥·¥³¥´´ Ö ϕ, ± ´μ´¨Î¥¸±¨ ¸μ¶·Ö¦¥´´ Ö μ¶¥· Éμ·Ê
Î¨¸²  Î ¸É¨Í N̂ = 2i(∂/∂ϕ), μ¶¨¸Ò¢ ¥É ¢· Ð¥´¨¥ ¢ Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥.
�¥·¥³¥´´Ò¥ Δ ¨ θ μ¶¨¸Ò¢ ÕÉ ¶ ·´Ò¥ ¢¨¡· Í¨¨.

‚ É¥·³¨´ Ì qμ, pμ [47]

Hcoll ≡ T + V = M0

∑
μ

p+
μ pμ + BTanh − C

∑
μ

q+
μ qμ + RVanh, (3.12)

£¤¥ B = G3 − G1, R = 3G1 + G3, M0 = ω − (3/2)B, C = 3R − M0. ‡¤¥¸Ó
¨¸¶μ²Ó§μ¢ ´Ò ¸μμÉ´μÏ¥´¨Ö G3 ≡ G(3) ≈ G(4), G1 ≡ G(1) ≈ G(2), ¸¶· ¢¥¤-
²¨¢Ò¥ ¢ ¸²ÊÎ ¥ ¸¨²Ó´ÒÌ ¶ ·´ÒÌ ±μ··¥²ÖÍ¨°. ‡ ¢¨¸¨³μ¸ÉÓ ¢¸¥Ì ¶ · ³¥É·μ¢
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4

6

8

10

12

�6

�4

�2

0

2

0,2 0,4 0,6 0,8

E
,

М
эВ

G, МэВ

B

�

M0
2

�� �0
2

C

R

min 2� � �� �j

� � � �min 2 � �j

�¨¸. 2. ‡ ¢¨¸¨³μ¸ÉÓ ¶ · ³¥É·μ¢ Hcoll μÉ ¢¥²¨Î¨´Ò ±μ´¸É ´ÉÒ ¶ ·´μ£μ ¢§ ¨³μ¤¥°-
¸É¢¨Ö G. � ¸Î¥É ¢Ò¶μ²´¥´ ¤²Ö Ö¤·  56Ni

Hcoll μÉ ¢¥²¨Î¨´Ò ±μ´¸É ´ÉÒ ¶ ·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·¨¢¥¤¥´  ´  ·¨¸. 2.
� ¸Î¥ÉÒ ¢Ò¶μ²´¥´Ò ¤²Ö Ö¤·  56Ni. �·¨ μÎ¥´Ó ¡μ²ÓÏ¨Ì G M0 → 0, B → G,
ω → (3/2)G, R → (1 + Ω/3)2, C → 3R.

�μÉ¥´Í¨ ²Ó´ Ö Ô´¥·£¨Ö V ¢ É¥·³¨´ Ì Δ ¨ θ § ¶¨¸Ò¢ ¥É¸Ö ¸²¥¤ÊÕÐ¨³
μ¡· §μ³:

V = −CΔ2 +
1
4
RΔ4(3 − cos 4θ). (3.13)

�·¨ ³ ²ÒÌ G ±μÔËË¨Í¨¥´É C ≈ −ω < 0 ¨ ¶μÉ¥´Í¨ ²Ó´ Ö Ô´¥·£¨Ö ¨³¥ÕÉ
³¨´¨³Ê³ ¶·¨ Δ = 0 ¨ θ = 0. ‚ ¸²ÊÎ ¥ ¸¨²Ó´ÒÌ ±μ··¥²ÖÍ¨° (C > 0)
¶μÉ¥´Í¨ ²Ó´ Ö Ô´¥·£¨Ö ¨³¥¥É ³¨´¨³Ê³ ¶·¨ Δ = Δ0 ≡

√
C/R =

√
3 − M0/R

¨ θ = 0.
ˆ§ ·¨¸. 2 ¢¨¤´μ, ÎÉμ ¨§³¥´¥´¨¥ §´ ±  C ¶·μ¨¸Ìμ¤¨É ¶·¨ G ≈ Gcr. Gcr Å

ÔÉμ Éμ §´ Î¥´¨¥ G, ¶·¨ ±μÉμ·μ³ ¨¸Î¥§ ¥É ·¥Ï¥´¨¥ ¢ ¶·¨¡²¨¦¥´¨¨ Ì μÉ¨Î¥-
¸±¨Ì Ë § ¤²Ö μ¶¥· Éμ·μ¢ ¶ · Î ¸É¨Í. �Éμ μ¡² ¸ÉÓ ®Ë §μ¢μ£μ¯ ¶¥·¥Ìμ¤ , ±μ£¤ 
¶μÖ¢²Ö¥É¸Ö ·¥Ï¥´¨¥ ¤²Ö · ¢´μ¢¥¸´μ£μ §´ Î¥´¨Ö Δ 	= 0. ŒÒ ³μ¦¥³ ¢ ÔÉμ³
¸²ÊÎ ¥ £μ¢μ·¨ÉÓ μ ¸¶μ´É ´´μ³ ´ ·ÊÏ¥´¨¨ ¸¨³³¥É·¨¨ ¢μ ¢´ÊÉ·¥´´¥° ¸¨¸É¥³¥
±μμ·¤¨´ É [33]. �¥·¥³¥´´ Ö Δ0 ¡¥§· §³¥·´  ¨ μ£· ´¨Î¥´  0 � Δ2

0 � 3 ¨
Δ2

0 → 3 ¶·¨ ¡μ²ÓÏ¨Ì G.
“¸É ´μ¢¨³ ¸¢Ö§Ó Δ0 ¸ Ô´¥·£¥É¨Î¥¸±μ° Ð¥²ÓÕ, ±μÉμ·ÊÕ μ¡ÒÎ´μ ¨¸¶μ²Ó-

§ÊÕÉ ¤²Ö Ì · ±É¥·¨¸É¨±¨ ¸¨²Ò ¶ ·´ÒÌ ±μ··¥²ÖÍ¨°. � §² £ Ö ¶μÉ¥´Í¨ ²Ó´ÊÕ
Ô´¥·£¨Õ (3.13) μ±μ²μ · ¢´μ¢¥¸´ÒÌ §´ Î¥´¨° Δ ¨ θ, ¶μ²ÊÎ ¥³:

V ≈ −RΔ4
0

2
+ 2C

(
(Δ − Δ0)

2 + Δ2
0θ

2
)
. (3.14)
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�·¨ ¡μ²ÓÏ¨Ì G V → (−1/2)G(Ω + 3)2. ‚¢¥¤¥³ ¢ · ¸¸³μÉ·¥´¨¥ ¢¥²¨Î¨´Ê

Δ̃ ≡ G

√∑
μ

〈A+
1μ〉〈A1μ〉 ≈

√
2X̃XΔ0,

£¤¥ Ê¸·¥¤´¥´¨¥ μ§´ Î ¥É § ³¥´Ê Δ ¨ θ ¨Ì · ¢´μ¢¥¸´Ò³¨ §´ Î¥´¨Ö³¨. �·¨

¡μ²ÓÏ¨Ì G Δ̃ → G
√

Ω(Ω + 6)/2 ¨ V ≈ −Δ̃2/G.
‘· ¢´¨¢ Ö ÔÉμÉ ·¥§Ê²ÓÉ É ¸ Ìμ·μÏμ ¨§¢¥¸É´Ò³ ¢Ò· ¦¥´¨¥³ [16, 17] ¤²Ö

¢±² ¤  ¶ ·´ÒÌ ±μ··¥²ÖÍ¨° ¢ Ô´¥·£¨Õ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö Ö¤·  (¶·¨ ÊÎ¥É¥
Éμ²Ó±μ ¶ ·´ÒÌ ±μ··¥²ÖÍ¨° ¢ ¸¨¸É¥³¥ ´Ê±²μ´μ¢ μ¤´μ£μ ¸μ·É ), ³μ¦´μ ¸¤¥² ÉÓ
¢Ò¢μ¤, ÎÉμ Δ̃ Ö¢²Ö¥É¸Ö  ´ ²μ£μ³ Ô´¥·£¥É¨Î¥¸±μ° Ð¥²¨ ¢ ¸¢¥·ÌÉ¥±ÊÎ¥° ³μ¤¥²¨
Ö¤· .

�¥·¥°¤¥³ ± μ¡¸Ê¦¤¥´¨Õ ¢Ò· ¦¥´¨Ö ¤²Ö ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ [47]:

T = M0

∑
μ

p+
μ pμ + BTanh,

∑
μ

p+
μ pμ → −

∑
μ

∂2

∂z∗μ∂zμ
=

=
1
4

⎛⎜⎝− 1
Δ5

∂

∂Δ
Δ5 ∂

∂Δ
− 1

Δ2 sin 4θ

∂

∂θ
sin 4θ

∂

∂θ
+

+
1

Δ2

⎛⎜⎝
(
N̂/2 + T̂ξ sin 2θ

)2

cos2 2θ
+ T̂ 2

ξ +
T̂ 2

η

cos2 θ
+

T̂ 2
ζ

sin2 θ

⎞⎟⎠
⎞⎟⎠ . (3.15)

‚ ¢Ò· ¦¥´¨¥ ¤²Ö Tanh ¢Ìμ¤ÖÉ ¸² £ ¥³Ò¥, ¸μ¤¥·¦ Ð¨¥ ¤¢¥ ¸É¥¶¥´¨ ±μμ·-
¤¨´ ÉÒ zμ ¨ ¤¢¥ ¸É¥¶¥´¨ ¨³¶Ê²Ó¸  pμ. ’ ±¨³ μ¡· §μ³, ÊÎ¥É Tanh Ô±¢¨¢ ²¥´É¥´
ÊÎ¥ÉÊ § ¢¨¸¨³μ¸É¨ ÔËË¥±É¨¢´μ£μ ³ ¸¸μ¢μ£μ ±μÔËË¨Í¨¥´É  ¢ ¶μ²´μ° ±¨´¥É¨-
Î¥¸±μ° Ô´¥·£¨¨ μÉ Δ, θ, Î¨¸²  Î ¸É¨Í ¨ ¨§μ¸¶¨´ .

‚ ¶¥·¢μ³ ¶·¨¡²¨¦¥´¨¨, ¶·¨ ± Î¥¸É¢¥´´μ³ · ¸¸³μÉ·¥´¨¨, ³ ¸¸μ¢Ò° ±μ-
ÔËË¨Í¨¥´É ³μ¦´μ ¸Î¨É ÉÓ ¶μ¸ÉμÖ´´Ò³. ’μ£¤ 

Hcoll ≈ Tvib + Trot + V,

Tvib ≡ Meff

4

(
− 1

Δ5

∂

∂Δ
Δ5 ∂

∂Δ
− 1

Δ2 sin 4θ

∂

∂θ
sin 4θ

∂

∂θ

)
, (3.16)

Trot ≡
Meff

4Δ2

⎛⎜⎝
(
Ñ/2 + T̂ξ sin 2θ

)2

cos2 2θ
+ T̂ 2

ξ +
T̂ 2

η

cos2 θ
+

T̂ 2
ζ

sin2 θ

⎞⎟⎠ .
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�¥·¢μ¥ ¸² £ ¥³μ¥ ¢ (3.16) Å ÔÉμ ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö Δ ¨ θ ±μ²¥¡ -
´¨°. ‘² £ ¥³μ¥, ¶·μ¶μ·Í¨μ´ ²Ó´μ¥ N2, ¢ ¢Ò· ¦¥´¨¨ ¤²Ö Trot ¨§¢¥¸É´μ ¨§
· ¸¸³μÉ·¥´¨Ö ¸¨¸É¥³, ¸μ¸ÉμÖÐ¨Ì ¨§ ´Ê±²μ´μ¢ μ¤´μ£μ ¸μ·É . ‘¢Ö§ ´´μ¥ ¸ ´¨³
±μ²²¥±É¨¢´μ¥ ¤¢¨¦¥´¨¥ ¶μ²ÊÎ¨²μ ´ §¢ ´¨¥ ¶ ·´μ£μ ¢· Ð¥´¨Ö. �¸É ²Ó´ Ö
Î ¸ÉÓ Trot, §  ¨¸±²ÕÎ¥´¨¥³ Î²¥´ , ¶·μ¶μ·Í¨μ´ ²Ó´μ£μ N · Tξ, ¶μ ¢¨¤Ê ¸μ¢¶ -
¤ ¥É ¸ £ ³¨²ÓÉμ´¨ ´μ³ É·¥Ì³¥·´μ£μ  ¸¨³³¥É·¨Î´μ£μ ·μÉ Éμ· , Éμ²Ó±μ ¢³¥¸Éμ
±¢ ¤· Éμ¢ μ¶¥· Éμ·μ¢ ¶·μ¥±Í¨° ³μ³¥´É  ´  μ¸¨ ·μÉ Éμ·  ¸ÉμÖÉ ±¢ ¤· ÉÒ μ¶¥-
· Éμ·μ¢ ¶·μ¥±Í¨° ¨§μÉμ¶¨Î¥¸±μ£μ ¸¶¨´  ´  μ¸¨ ξ, η, ζ. �μ  ´ ²μ£¨¨ ÔÉÊ Î ¸ÉÓ
Hcoll ¡Ê¤¥³ ´ §Ò¢ ÉÓ Ô´¥·£¨¥° ¢· Ð¥´¨Ö ¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·μ¸É· ´¸É¢¥. ’μÉ
Ë ±É, ÎÉμ ¢ Hcoll ¥¸ÉÓ ¸² £ ¥³μ¥, ¶·μ¶μ·Í¨μ´ ²Ó´μ¥ N ·Tξ, £μ¢μ·¨É μ Éμ³, ÎÉμ
¢· Ð¥´¨Ö ¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·μ¸É· ´¸É¢¥ ¨ ¢ ¶·μ¸É· ´¸É¢¥ ¶¥·¥³¥´´μ° ϕ ´¥
· §¤¥²ÖÕÉ¸Ö. ’·¥ÉÓ¥ ¸² £ ¥³μ¥ Å ¶μÉ¥´Í¨ ²Ó´ Ö Ô´¥·£¨Ö Δ ¨ θ ±μ²¥¡ ´¨°.

² £μ¤ ·Ö § ¢¨¸¨³μ¸É¨ ³μ³¥´Éμ¢ ¨´¥·Í¨¨ μÉ Δ ¨ θ ¢· Ð¥´¨Ö μ± §Ò¢ ÕÉ¸Ö
¸¢Ö§ ´´Ò³¨ ¸ ±μ²¥¡ ´¨Ö³¨.

’ ± ± ± ¢´ÊÉ·¥´´¨¥ μ¸¨ η ¨ ζ ´¨Î¥³ ´¥ ¢Ò¤¥²¥´Ò ¤·Ê£ μÉ´μ¸¨É¥²Ó´μ
¤·Ê£  (μ¸Ó ξ ¢Ò¤¥²¥´  ¸¢Ö§ÓÕ Tξ ¸ N ), Éμ ³Ò ³μ¦¥³ ¤¢Ê³Ö Ë¨§¨Î¥¸±¨ Ô±¢¨-
¢ ²¥´É´Ò³¨ ¸¶μ¸μ¡ ³¨ ¢Ò¡¨· ÉÓ ÔÉ¨ μ¸¨. ‚ ·¥§Ê²ÓÉ É¥ Hcoll μ± §Ò¢ ¥É¸Ö ¨´-
¢ ·¨ ´É´Ò³ μÉ´μ¸¨É¥²Ó´μ ¸²¥¤ÊÕÐ¨Ì ¶·¥μ¡· §μ¢ ´¨°:

θ → π + θ, θ → π

2
− θ, θ → −π

2
− θ.

‚¸²¥¤¸É¢¨¥ É ±μ° ¨´¢ ·¨ ´É´μ¸É¨ ¶²μ¸±μ¸ÉÓ ¶¥·¥³¥´´ÒÌ · §¡¨¢ ¥É¸Ö ´  4
Ë¨§¨Î¥¸±¨ Ô±¢¨¢ ²¥´É´ÒÌ ¸¥±Éμ· :

−π

4
� θ � π

4
,

π

4
� θ � 3π

4
,

3π

4
� θ � 5π

4
, −3π

4
� θ � −π

4
.

ŒÒ ¢Ò¡¥·¥³ ¸¥±Éμ· −π/4 � θ � π/4 ¨ ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ θ ¨§³¥´Ö¥É¸Ö
Éμ²Ó±μ ¢ ÔÉ¨Ì ¶·¥¤¥² Ì.

�μÉ¥´Í¨ ²Ó´ Ö Ô´¥·£¨Ö V ¨³¥¥É ³¨´¨³Ê³ ¶·¨ θ = 0 ¨ Δ = Δ0. ‚¥²¨-
Î¨´  Δ0  ´ ²μ£¨Î´  Ô´¥·£¥É¨Î¥¸±μ° Ð¥²¨ ¢ ¸¢¥·ÌÉ¥±ÊÎ¥° ³μ¤¥²¨ Ö¤· . Š ±
¢¨¤´μ ¨§ (3.14), ¦¥¸É±μ¸ÉÓ ¶μ μÉ´μÏ¥´¨Õ ± ±μ²¥¡ ´¨Ö³ Δ ¨ θ É¥³ ¡μ²ÓÏ¥,
Î¥³ ¡μ²ÓÏ¥ ¢¥²¨Î¨´  Δ0. �Éμ §´ Î¨É, ÎÉμ ¢ ¶·¥¤¥²Ó´μ³ ¸²ÊÎ ¥ ¸¨²Ó´ÒÌ ¶ ·-
´ÒÌ ±μ··¥²ÖÍ¨° ¶μÉ¥´Í¨ ²Ó´ÊÕ Ô´¥·£¨Õ ³μ¦´μ § ³¥´¨ÉÓ ¶¥·¢Ò³¨ Î²¥´ ³¨
· §²μ¦¥´¨Ö ¥¥ ¶μ ¸É¥¶¥´Ö³ (Δ − Δ0) ¨ θ:

V ≈ −1
2
RΔ4

0 + 2RΔ2
0 (Δ − Δ0)

2 + 2RΔ4
0θ

2.

‚ ÔÉμ³ ¶·¥¤¥²Ó´μ³ ¸²ÊÎ ¥ ¢ ¢Ò· ¦¥´¨¨ ¤²Ö Trot ³μ¦´μ ¶μ²μ¦¨ÉÓ Δ = Δ0,
θ = 0,   ¢ ¢Ò· ¦¥´¨¨ ¤²Ö Tvib Å Δ = Δ0 ¨ sin 4θ ≈ 4θ. ‚ ·¥§Ê²ÓÉ É¥ ³Ò
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¶μ²ÊÎ¨³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö Hcoll:

Hcoll ≈ −R

2
Δ4

0 +
Meff

4Δ2
0

(
N̂2

4
+ T̂ 2 − T̂ 2

ξ

)
+

+
Meff

4

(
∂2

∂(Δ − Δ0)2
+

8RΔ2
0

Meff
(Δ − Δ0)2

)
+

+
Meff

4Δ2
0

(
−1

θ

∂

∂θ
θ

∂

∂θ
+

T̂ 2
ξ

θ2
+

8RΔ6
0

Meff
θ2

)
. (3.17)

‘μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö É ±μ£μ £ ³¨²ÓÉμ´¨ ´  · ¢´Ò:

E(N, T, Tξ, nΔ, nθ) = −R

2
Δ4

0 +
Meff

4Δ2
0

(
N2

4
+ T (T + 1) − T 2

ξ

)
+

+
√

2RMeffΔ0

(
nΔ + 2nθ + |Tξ| +

3
2

)
, (3.18)

£¤¥ nΔ = 0, 1, 2, . . ., nθ = 0, 1, 2, . . .
‘μ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ |N, T, T0, nΔ, nθ, Tξ〉Δ0 ¶·μ¶μ·Í¨μ´ ²Ó´Ò:

exp
(
− iNϕ

2

) (
DT

T0Tξ
+ (−1)T+TxiDT

T0−Tξ

)
θ|Tξ|×

× HnΔ

(
1
2

(
Meff

RΔ2
0

)1/2

(Δ − Δ0)

)
F

⎛⎝−nθ, 1 + |Tξ|, θ2Δ2
0

√
8RΔ2

0

Meff

⎞⎠ ,

(3.19)

£¤¥ HnΔ Å ¶μ²¨´μ³ �·³¨É ,   F (−n, a, x) Å ¢Ò·μ¦¤¥´´ Ö £¨¶¥·£¥μ³¥É·¨-
Î¥¸± Ö ËÊ´±Í¨Ö. �É¨ ËÊ´±Í¨¨ Ê¤μ¡´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¢ ± Î¥¸É¢¥ ¡ §¨¸´ÒÌ ¢
¸²ÊÎ ¥ ¸¨²Ó´ÒÌ ¶ ·´ÒÌ ±μ··¥²ÖÍ¨°.

‚ ¢Ò· ¦¥´¨¨ (3.18) ¸² £ ¥³μ¥ (Meff/16Δ2
0)N

2 ¸μμÉ¢¥É¸É¢Ê¥É Ô´¥·£¨¨ ¶ ·-
´ÒÌ ¢· Ð¥´¨°, ¸² £ ¥³μ¥ (Meff/4Δ2

0)(T (T + 1) − T 2
ξ ) Å Ô´¥·£¨¨ ¢· Ð¥´¨Ö

¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·μ¸É· ´¸É¢¥,   ¸² £ ¥³μ¥
√

2RMeffΔ0(nΔ + 2nθ + |Tξ| +
(3/2)) Å Ô´¥·£¨¨ ±μ²¥¡ ´¨° Δ ¨ θ μÉ´μ¸¨É¥²Ó´μ · ¢´μ¢¥¸´ÒÌ §´ Î¥´¨°.

�É³¥É¨³ ´¥±μÉμ·Ò¥ ¸¢μ°¸É¢  ¶μ¸É·μ¥´´μ£μ ±μ²²¥±É¨¢´μ£μ £ ³¨²ÓÉμ´¨-
 ´ , ±μÉμ·Ò¥ ´¥²Ó§Ö ¶μ²ÊÎ¨ÉÓ Éμ²Ó±μ ¨§ ¸μμ¡· ¦¥´¨° ¸¨³³¥É·¨¨ ¨²¨ ¢ · ³± Ì
Ë¥´μ³¥´μ²μ£¨Î¥¸±μ£μ ¶μ¤Ìμ¤ , · §· ¡ ÉÒ¢ ¢Ï¥£μ¸Ö ¢ · ¡μÉ Ì [52,53].

’·¥¡ÊÖ, ÎÉμ¡Ò ¶μÉ¥´Í¨ ²Ó´ Ö Ô´¥·£¨Ö V ¡Ò²  ¨§μ¸± ²Ö·μ³, ¶μ²ÊÎ¨³
²¨ÏÓ, ÎÉμ V = V (Δ2, Δ4 cos 4θ) (¢¥²¨Î¨´Ò Δ2 ¨ Δ4 cos 4θ ¸μμÉ¢¥É¸É¢ÊÕÉ β2

¨ β3 cos 3γ μ¡μ¡Ð¥´´μ° ³μ¤¥²¨ Ö¤· ). �μÔÉμ³Ê ³¨´¨³Ê³ V ³μ¦´μ μ¦¨¤ ÉÓ
¶·¨ θ = 0, π/4.
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�μ¸É·μ¥´´ Ö ¶μÉ¥´Í¨ ²Ó´ Ö Ô´¥·£¨Ö (3.13) ¨³¥¥É ³¨´¨³Ê³ Éμ²Ó±μ ¶·¨
θ = 0 (π/4 ¸μμÉ¢¥É¸É¢Ê¥É ¸¥¤²μ¢μ° ÉμÎ±¥). �Éμ ¶μ¤É¢¥·¦¤ ¥É¸Ö ·¥§Ê²ÓÉ -
É ³¨ · ¡μÉ [47, 53], £¤¥ ¢ · ³± Ì Ë¥´μ³¥´μ²μ£¨Î¥¸±μ£μ ¶μ¤Ìμ¤  Ì · ±É¥·-
´Ò¥ ¸¢μ°¸É¢  ¶ ·´μ£μ £ ³¨²ÓÉμ´¨ ´  ¢μ¸¶·μ¨§¢μ¤¨²¨¸Ó Éμ²Ó±μ ¶·¨ θ = 0.

‚ · ¡μÉ¥ [54] ´  ¶·¨³¥·¥ ³μ¤¥²Ó´μ° ¤¢ÊÌÊ·μ¢´¥¢μ° § ¤ Î¨ ¡Ò²  ¸¤¥² ´ 
¶μ¶ÒÉ±  ¶μ¸É·μ¨ÉÓ ¶μÉ¥´Í¨ ²Ó´ÊÕ Ô´¥·£¨Õ ¢ ¢¨¤¥ ·Ö¤  ¶μ ¸É¥¶¥´Ö³ Δ2 ¨
Δ4 cos 4θ. 
Ò²μ μÉ³¥Î¥´μ, ÎÉμ ·Ö¤ ¶μ²ÊÎ¨²¸Ö §´ ±μ¶¥·¥³¥´´Ò° ¨ ¸ μÎ¥´Ó
¶²μÌμ° ¸Ìμ¤¨³μ¸ÉÓÕ. �μÔÉμ³Ê Î¨¸²¥´´Ò° · ¸Î¥É ¤¥² ²¸Ö ¸ ³μ¤¥²Ó´μ° ¶μÉ¥´-
Í¨ ²Ó´μ° Ô´¥·£¨¥°:

Vmod(Δ, θ) = 2GΩ2

(
−α

(
1 − 1

x

)
Δ2 + Δ4(1 − δ cos2 2θ)

)
.

’ ± ¦¥ ± ± ¨ ¶μÉ¥´Í¨ ² V (3.13), Vmod ³¥´Ö¥É ¶μ²μ¦¥´¨¥ ³¨´¨³Ê³  ¶·¨
G ≈ Gcr. ‚ § ¢¨¸¨³μ¸É¨ μÉ §´ ±  δ Vmod ¨³¥¥É ³¨´¨³Ê³ ¶·¨ θ = 0 (δ > 0)
¨²¨ θ = π/4 (δ < 0). � ¸Î¥ÉÒ ¶μ± § ²¨, ÎÉμ ¢ ¸²ÊÎ ¥ δ > 0 ¶μ²ÊÎ ¥É¸Ö
´¥¶²μÌμ¥ ¸μ£² ¸¨¥ ¸ ÉμÎ´Ò³ ·¥Ï¥´¨¥³ [52,53].

�É³¥É¨³, ÎÉμ ¸Ìμ¤¸É¢μ ³¥¦¤Ê Vmod ¨ ¶μÉ¥´Í¨ ²μ³ V ´¥ μ£· ´¨Î¨¢ ¥É¸Ö
¢´¥Ï´¨³ ¢¨¤μ³. „¥°¸É¢¨É¥²Ó´μ,

V = R

(
−3

(
1 − M0

3R

)
Δ2 + Δ4

(
1 − 1

2
cos2 2θ

))
.

�·¨Î¥³ ¡μ²¥¥ ¤¥É ²Ó´Ò°  ´ ²¨§ ¶μ± §Ò¢ ¥É, ÎÉμ R ≈ 2GΩ2, M0/3R ≈ 1/x
¨, ÎÉμ ¡μ²¥¥ ¢ ¦´μ, ¨§ ³¨±·μ¸±μ¶¨Î¥¸±¨Ì · ¸Î¥Éμ¢ ¸²¥¤ÊÕÉ ¨³¥´´μ É¥ §´ -
Î¥´¨Ö ¶ · ³¥É·μ¢ α, δ, ±μÉμ·Ò¥ ¡Ò²¨ ¶μ¤μ¡· ´Ò ¢ · ¡μÉ¥ [54] ¨ ¶·¨¢¥²¨ ±
·¥§Ê²ÓÉ ÉÊ, ¸μμÉ¢¥É¸É¢ÊÕÐ¥³Ê ÉμÎ´μ³Ê ·¥Ï¥´¨Õ (α = 3,0, δ = 0,5). ’ ±¨³
μ¡· §μ³, ´  μ¸´μ¢¥ μ¡μ¡Ð¥´´μ£μ ¶·¥¤¸É ¢²¥´¨Ö „ °¸μ´  Ê¤ ¥É¸Ö ·¥Ï¨ÉÓ § -
¤ ÎÊ ¶μ¸É·μ¥´¨Ö  ´ ²μ£  £ ³¨²ÓÉμ´¨ ´  
μ·  μ¡μ¡Ð¥´´μ° ³μ¤¥²¨ Ö¤·  ¤²Ö
¨§μ¢¥±Éμ·´ÒÌ ¶ ·´ÒÌ ¢¨¡· Í¨°.

…¸²¨ £μ¢μ·¨ÉÓ μ ¸μμÉ¢¥É¸É¢¨¨ ¶·¨¡²¨¦¥´¨Ö ¸¨²Ó´μ° ¸¢Ö§¨ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò³ ¤ ´´Ò³ [55], Éμ ·Ö¤ Ë ±Éμ¢, ± ¸ ÕÐ¨Ì¸Ö Ô´¥·£¨° ¨ ¸¥Î¥´¨° ·¥ ±Í¨°
¤¢ÊÌ´Ê±²μ´´μ° ¶¥·¥¤ Î¨, ´¥¶²μÌμ ¸μ£² ¸Ê¥É¸Ö ¸ É ±μ° ¸Ì¥³μ°. „·Ê£¨¥ ¤ ´-
´Ò¥ ¸±μ·¥¥ ¶μ¤É¢¥·¦¤ ÕÉ ³μ¤¥²Ó ´¥§ ¢¨¸¨³ÒÌ ¡μ§μ´μ¢ ¸μ ¸² ¡μ°  ´£ ·³μ-
´¨Î´μ¸ÉÓÕ. ‚ ¤¥°¸É¢¨É¥²Ó´μ¸É¨, ¢¨¤¨³μ, ·¥ ²¨§Ê¥É¸Ö ¶·μ³¥¦ÊÉμÎ´Ò° ¸²ÊÎ °,
· ¸¸³μÉ·¥´¨¥ ±μÉμ·μ£μ É·¥¡Ê¥É ÉμÎ´μ° ¤¨ £μ´ ²¨§ Í¨¨ Hcoll.

3.3. ‘²ÊÎ ° ¶·μ³¥¦ÊÉμÎ´μ° ¸¢Ö§¨. �¥¸³μÉ·Ö ´  Éμ, ÎÉμ ËÊ´±Í¨¨ ´¥¢μ§-
³ÊÐ¥´´ÒÌ ¡μ§μ´´ÒÌ ¸μ¸ÉμÖ´¨° (3.5) ¡Ê¤ÊÉ Ìμ·μÏ¨³ ¡ §¨¸μ³ ²¨ÏÓ ¢ ¸²ÊÎ ¥
¸² ¡μ° ¸¢Ö§¨, £ ³¨²ÓÉμ´¨ ´ Ö¤·  ³μ¦´μ ¤¨ £μ´ ²¨§μ¢ ÉÓ ¢ ÔÉμ³ ¡μ²ÓÏμ³ ¶·μ-
¸É· ´¸É¢¥ ¸μ¸ÉμÖ´¨°. ‡¤¥¸Ó ³Ò ¶·¨¢¥¤¥³ ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤μ¢ ´¨Ö Ô´¥·£¥É¨-
Î¥¸±¨Ì ¸¶¥±É·μ¢ ¨ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ±μ²²¥±É¨¢´ÒÌ ®¶ ·´ÒÌ¯ 0+-¸μ¸ÉμÖ´¨°
¸·¥¤´¨Ì ¶μ ³ ¸¸¥ Ö¤¥·, μ¶¨· Ö¸Ó ´  £ ³¨²ÓÉμ´¨ ´ (3.1).
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�¨¸. 3. ‡ ¢¨¸¨³μ¸ÉÓ Ô´¥·£¨° E ¢μ§¡Ê¦-
¤¥´´ÒÌ 0+-¸μ¸ÉμÖ´¨° Ö¤·  56Ni μÉ ¢¥-
²¨Î¨´Ò ±μ´¸É ´ÉÒ ¶ ·´μ£μ ¢§ ¨³μ¤¥°-
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�¨¸. 4. ‡ ¢¨¸¨³μ¸ÉÓ Ô´¥·£¨° E 0+-¸μ-
¸ÉμÖ´¨° Ö¤·  ¸ A = 58 μÉ ¢¥²¨Î¨´Ò ±μ´-
¸É ´ÉÒ ¶ ·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö G

� ¸¸³μÉ·¨³ § ¢¨¸¨³μ¸ÉÓ Ô´¥·£¨° ¶ ·´ÒÌ ±μ²²¥±É¨¢´ÒÌ 0+-¸μ¸ÉμÖ´¨° μÉ
¢¥²¨Î¨´Ò ±μ´¸É ´ÉÒ ¢§ ¨³μ¤¥°¸É¢¨Ö. �  ·¨¸. 3 ¶μ± § ´μ, ± ± ¢¥¤ÊÉ ¸¥¡Ö ¶·¨
¨§³¥´¥´¨¨ ±μ´¸É ´ÉÒ G Ô´¥·£¨¨ ´¨¦ °Ï¨Ì ¸μ¸ÉμÖ´¨° Ö¤·  56Ni. �  ·¨¸. 4
¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¤²Ö ¸μ¸¥¤´¥£μ Ö¤·  ¸ A = 58,   É ±¦¥ §´ Î¥´¨Ö
¨§μ¸¶¨´  T .

�·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ G ¸¶¥±É· ¡²¨§μ± ± Ô±¢¨¤¨¸É ´É´μ³Ê. „μ ÉμÎ±¨
®Ë §μ¢μ£μ ¶¥·¥Ìμ¤ ¯ (G < Gcr) · ¸Ð¥¶²¥´¨¥ ¢ ¨§μ³Ê²ÓÉ¨¶²¥É Ì μ¶·¥¤¥²Ö¥É¸Ö
¢ μ¸´μ¢´μ³ ¤¨ £μ´ ²Ó´Ò³¨ Î²¥´ ³¨ £ ³¨²ÓÉμ´¨ ´ :

〈N−, l−N+, l+T |Hcoll|N−, l−N+, l+T 〉 = ω(N+ + N−)+

+
G(3)

2
(N+(N+ − 3) + l+(l+ + 1)) +

G(4)
2

(N−(N− − 3) + l−(l− + 1))+

+ (G(1) + G(2))
(

N+N− +
1
2

(l+(l+ + 1) + l−(l− + 1) − T (T + 1))
)

.

(3.20)

„²Ö ¡μ§μ´´ÒÌ ¸μ¸ÉμÖ´¨°, · §²¨Î ÕÐ¨Ì¸Ö Éμ²Ó±μ ¢¥²¨Î¨´μ° ¶μ²´μ£μ ¨§μ-
¸¶¨´  T , · ¸Ð¥¶²¥´¨¥ · ¢´μ (1/2)(G(1) + G(2))T (T + 1). �·¨ ¡μ²ÓÏ¨Ì
§´ Î¥´¨ÖÌ G, ±μ£¤  ¸É ´μ¢¨É¸Ö ¢¸¥ ³¥´¥¥ ¸ÊÐ¥¸É¢¥´´μ° μ¤´μÎ ¸É¨Î´ Ö Î ¸ÉÓ
£ ³¨²ÓÉμ´¨ ´ , § ¢¨¸¨³μ¸ÉÓ ´¨¦ °Ï¥° Î ¸É¨ ¸¶¥±É·  μÉ N ¨ T μ¶¨¸Ò¢ ¥É¸Ö
¨§¢¥¸É´μ° Ëμ·³Ê²μ° ¤²Ö ¢Ò·μ¦¤¥´´μ£μ ¸²ÊÎ Ö [56]:

EN/2,T =
G

2

(
N2

4
+ T (T + 1)

)
. (3.21)
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�¡² ¸ÉÓ ·¥ ²Ó´μ μ¦¨¤ ¥³ÒÌ §´ Î¥´¨° ¶ ·´μ° ±μ´¸É ´ÉÒ (G ∼
(20−30)/A ŒÔ‚) ¶μ¶ ¤ ¥É ¢ ®¶¥·¥Ìμ¤´ÊÕ¯ μ¡² ¸ÉÓ (Gcr = 0,41 ŒÔ‚), £¤¥
´¥¶·¨³¥´¨³μ μ¶¨¸ ´¨¥ ¢ · ³± Ì RPA ¨²¨ ¶·¨¡²¨¦¥´¨Ö ¸¨²Ó´μ° ¸¢Ö§¨. ŒÒ
Ë¨±¸¨·μ¢ ²¨ §´ Î¥´¨¥ G = 0,5 ŒÔ‚, ÎÉμ¡Ò ¢μ¸¶·μ¨§¢¥¸É¨ Ô´¥·£¨Õ ´¨¦ °-
Ï¥£μ ¢μ§¡Ê¦¤¥´´μ£μ ®¶ ·´μ£μ¯ 0+, T = 0 ¸μ¸ÉμÖ´¨Ö (E = 6,6 ŒÔ‚ [13]) ¢
Ö¤·¥ 56Ni.

� ¸¸³μÉ·¨³ § ¢¨¸¨³μ¸ÉÓ Ô´¥·£¨° ¶ ·´ÒÌ 0+-¸μ¸ÉμÖ´¨° μÉ ¨§μ¸¶¨´ .
�  ·¨¸. 5 ¨ 6 ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¤²Ö Ö¤¥· ¸ A = 48−64 ¸· ¢´¨¢ ÕÉ¸Ö ¸
Ô±¸¶¥·¨³¥´É ²Ó´μ ¶μ²ÊÎ¥´´Ò³¨ §´ Î¥´¨Ö³¨ Ô´¥·£¨° μ¸´μ¢´ÒÌ ¨ ¢μ§¡Ê¦¤¥´-
´ÒÌ 0+-¸μ¸ÉμÖ´¨°. �±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö Ô´¥·£¨¨ ¶μ²ÊÎ¥´Ò ¨§ ¤ ´-
´ÒÌ ¶μ Ô´¥·£¨Ö³ ¸¢Ö§¨ Ö¤¥· [61], ¨§ ±μÉμ·ÒÌ ¢ÒÎÉ¥´Ò ±Ê²μ´μ¢¸±¨¥ Ô´¥·£¨¨,
¨ ·¥ ±Í¨Ö³ ¤¢ÊÌ´Ê±²μ´´μ° ¶¥·¥¤ Î¨. �·¨¢¥¤¥´´Ò¥ ´  ÔÉ¨Ì ·¨¸Ê´± Ì Ô´¥·£¨¨
μÉ¸Î¨É ´Ò μÉ Ô´¥·£¨¨ ´¨¦ °Ï¥£μ ¤²Ö ± ¦¤μ£μ A ¸μ¸ÉμÖ´¨Ö. ‚ ±μ²μ´±¥ ¸ § -
¤ ´´Ò³ A ¶·¨¢¥¤¥´Ò Ô´¥·£¨¨ ¸μ¸ÉμÖ´¨° Ö¤¥· ¸ · §´Ò³¨ Z ¨ N , A = Z + N .
�´¨ Ì · ±É¥·¨§ÊÕÉ¸Ö · §²¨Î´Ò³¨ §´ Î¥´¨Ö³¨ ¨§μ¸¶¨´  T .

‚ ±μ²μ´±¥, μ¡μ§´ Î¥´´μ° p ´  ·¨¸. 5 ¨ 6, ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¸
Î¨¸Éμ ¶ ·´Ò³¨ μ¸É ÉμÎ´Ò³¨ ¸¨² ³¨. ‚ ¸²¥¤ÊÕÐ¥° ±μ²μ´±¥ exp Å Ô±¸¶¥·¨-
³¥´É ²Ó´Ò¥ Ô´¥·£¨¨. ‚¨¤´μ, ÎÉμ ¨§μÉμ¶¨´¢ ·¨ ´É´ÒÌ ¶ ·´ÒÌ μ¸É ÉμÎ´ÒÌ ¸¨²
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�¨¸. 5. ‘¶¥±É· ®¶ ·´ÒÌ¯ 0+-¸μ¸ÉμÖ´¨° Ö¤¥· ¸ A = 48, 50, 52. p Å · ¸Î¥É ¸ ÊÎ¥Éμ³
Éμ²Ó±μ ¶ ·´ÒÌ ¸¨²; exp Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥; p+ s Å · ¸Î¥É ¸ ÊÎ¥Éμ³ ¶ ·-
´ÒÌ ¸¨² ¨ ¶μÉ¥´Í¨ ²  ¸¨³³¥É·¨¨; T Å ¨§μ¸¶¨´. �¸´μ¢´Ò¥ ¸μ¸ÉμÖ´¨Ö Ö¤¥· ¸μ¥¤¨´¥´Ò
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�¨¸. 6. ‘¶¥±É· ®¶ ·´ÒÌ¯ 0+-¸μ¸ÉμÖ´¨° ¤²Ö Ö¤¥· ¸ A = 54, 56, 58. �¡μ§´ Î¥´¨Ö É¥
¦¥, ÎÉμ ¨ ´  ·¨¸. 5

´¥¤μ¸É ÉμÎ´μ ¤²Ö μ¡ÑÖ¸´¥´¨Ö ´ ¡²Õ¤ ¥³μ£μ · ¸Ð¥¶²¥´¨Ö ¢ ¨§μ³Ê²ÓÉ¨¶²¥É Ì.
� ¶·¨³¥·, ´¨¦ °Ï¨¥ ¸μ¸ÉμÖ´¨Ö ¸ T = 3, 4 ´ Ìμ¤ÖÉ¸Ö ¸ÊÐ¥¸É¢¥´´μ ´¨¦¥
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ. „²Ö ´¨¦ °Ï¨Ì ¸μ¸ÉμÖ´¨° ¸ T = 0, 1, 2 ¶·¨ A = 56 ¶μ-
²ÊÎ ¥É¸Ö ¤ ¦¥ ´¥¶· ¢¨²Ó´Ò° ¶μ·Ö¤μ± Ê·μ¢´¥°. ‚¸¥ ÔÉμ Ê± §Ò¢ ¥É ´  ¢ ¦´μ¸ÉÓ
ÊÎ¥É  ¤μ¶μ²´¨É¥²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¤²Ö μ¶¨¸ ´¨Ö ±μ²²¥±É¨¢´ÒÌ ®¶ ·´ÒÌ¯
¸μ¸ÉμÖ´¨°.

‘·¥¤¨ ¸¨², ¶·¨¢μ¤ÖÐ¨Ì ± ¸¨²Ó´μ³Ê · ¸Ð¥¶²¥´¨Õ ¶μ ¨§μ¸¶¨´Ê ¨ ´¥
¢±²ÕÎ¥´´ÒÌ ¢ £ ³¨²ÓÉμ´¨ ´ (3.1), ¢ ¶¥·¢ÊÕ μÎ¥·¥¤Ó ¸²¥¤Ê¥É μÉ³¥É¨ÉÓ ¸¨²Ò,
μÉ¢¥É¸É¢¥´´Ò¥ §  ¶μÖ¢²¥´¨¥ ¶μÉ¥´Í¨ ²  ¸¨³³¥É·¨¨ ¢ ¶μ²´μ³ μ¤´μÎ ¸É¨Î-
´μ³ ¶μÉ¥´Í¨ ²¥ [57]. “ÎÉ¥³ ¨Ì ¢±² ¤ ¶·μ¸É¥°Ï¨³ ¶ÊÉ¥³, ¤μ¡ ¢¨¢ ¢ £ ³¨²Ó-
Éμ´¨ ´ Î²¥´ 2bsymT (T + 1)/A. ˆ§ ¤ ´´ÒÌ ¶μ ³ ¸¸ ³ Ö¤¥· ¨§¢¥¸É´μ, ÎÉμ
bsym = 25 ŒÔ‚ [57]. �¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¸ ÊÎ¥Éμ³ ÔÉμ£μ Î²¥´ , ¶·¨¢¥-
¤¥´Ò ´  ·¨¸. 5 ¨ 6 ¢ ±μ²μ´±¥, μ¡μ§´ Î¥´´μ° p + s. ’ ±μ° ÊÎ¥É ¸ÊÐ¥¸É¢¥´´μ
Ê²ÊÎÏ ¥É ¸μ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´Éμ³.

’ ±¨³ μ¡· §μ³, ÊÎ¥É ¶ ·´ÒÌ μ¸É ÉμÎ´ÒÌ ¸¨² ¨ ¸¨², μÉ¢¥É¸É¢¥´´ÒÌ § 
¶μÖ¢²¥´¨¥ ¶μÉ¥´Í¨ ²  ¸¨³³¥É·¨¨ ¢ ¶μ²´μ³ μ¤´μÎ ¸É¨Î´μ³ ¶μÉ¥´Í¨ ²¥, ¶μ-
§¢μ²Ö¥É Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ μ¶¨¸ ÉÓ · ¸Ð¥¶²¥´¨¥ Ê·μ¢´¥° ¢ ¨§μÉμ¶¨Î¥¸±¨Ì
³Ê²ÓÉ¨¶²¥É Ì ¶·¨ Ë¨±¸¨·μ¢ ´´μ³ A, μ¸É ¢ Ö¸Ó ¢ · ³± Ì ³μ¤¥²¨ ±μ²²¥±É¨¢-
´ÒÌ ®¶ ·´ÒÌ¯ ¢μ§¡Ê¦¤¥´¨°.



260 „†�‹�‘ �.‚., Š��’�‚…�Š� ‚. ƒ., Š�‹ƒ���‚� ….�.

0

5

10

Th

exp

exp

exp exp

exp

exp
Th*

Th*

Th*

Th*

Th

Th

ThTh

Th

Th

Th

exp

exp

Th Th*
exp

E
,
М

эВ

A 48�
A � 50

A � 52
A � 54

A � 56
A � 58

A � 60
A � 62

A � 64

�¨¸. 7. ‘¶¥±É· ´¨¦ °Ï¨Ì ¤²Ö ± ¦¤μ£μ A ¶ ·´ÒÌ 0+-¸μ¸ÉμÖ´¨°, ¶μ¸É·μ¥´´ÒÌ ´ 
μ¸´μ¢¥ Ö¤·  56Ni. Th Å · ¸Î¥É ¸ ÊÎ¥Éμ³ Éμ²Ó±μ ¶ ·´ÒÌ ¸¨²; exp Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
§´ Î¥´¨Ö Ô´¥·£¨°; Th∗ Å · ¸Î¥É ¸ ÊÎ¥Éμ³ ¶ ·´ÒÌ ¸¨² ¨ α-Î ¸É¨Î´ÒÌ ±μ··¥²ÖÍ¨°

�  ·¨¸. 7 É¥μ·¥É¨Î¥¸±¨¥ §´ Î¥´¨Ö Ô´¥·£¨° ´¨¦ °Ï¨Ì ¤²Ö ± ¦¤μ£μ A
0+-¸μ¸ÉμÖ´¨° ¸· ¢´¨¢ ÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. ‚¸¥ Ô´¥·£¨¨ μÉ-
¸Î¨É ´Ò μÉ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö 56Ni. �μ¸±μ²Ó±Ê ²Õ¡μ° ¸¶¥Í¨ ²Ó´Ò° ¢Ò¡μ·
´Ê²¥¢μ° Ô´¥·£¨¨ ¤²Ö μ¤´μÎ ¸É¨Î´ÒÌ Ê·μ¢´¥° ¢´μ¸¨É ²¨´¥°´ÊÕ § ¢¨¸¨³μ¸ÉÓ
μÉ Î¨¸²  Î ¸É¨Í ¢ ·¥§Ê²ÓÉ¨·ÊÕÐ¨¥ Ô´¥·£¨¨ μ¸´μ¢´ÒÌ ¸μ¸ÉμÖ´¨° Ö¤¥·, ³Ò
¤μ¡ ¢¨²¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ²¨´¥°´Ò° Î²¥´ γ(A − 56) ± Ô±¸¶¥·¨³¥´É ²Ó´Ò³
Ô´¥·£¨Ö³. � · ³¥É· γ μ¶·¥¤¥²¥´ É ±, ÎÉμ¡Ò EA=54, T=1 = EA=58, T=1, ¢ ¸μ-
μÉ¢¥É¸É¢¨¨ ¸μ ¸¤¥² ´´Ò³ ¢ÒÏ¥ ¢Ò¡μ·μ³ λ. � §²¨Î¨¥ É¥μ·¥É¨Î¥¸±¨Ì ¨ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° Ô´¥·£¨° ¢¥¸Ó³  ¸ÊÐ¥¸É¢¥´´μ. �  ·¨¸. 7 ¢¨¤´μ, ÎÉμ
¶·¨ ¤μ¡ ¢²¥´¨¨ ¨²¨ Ê¤ ²¥´¨¨ μÉ Ö¤·  α-Î ¸É¨ÍÒ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ Ô´¥·-
£¨¨ ¶· ±É¨Î¥¸±¨ ´¥ ³¥´ÖÕÉ¸Ö. � ¶·¨³¥·, EA=48 − EA=52 
 EA=54 ¨ É. ¤.
�Éμ ´ ¢μ¤¨É ´  ³Ò¸²Ó, ÎÉμ ¶·¨Î¨´μ° μÉ±²μ´¥´¨Ö É¥μ·¥É¨Î¥¸±¨Ì §´ Î¥´¨° μÉ
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ö¢²Ö¥É¸Ö μÉ¸ÊÉ¸É¢¨¥ ¢ £ ³¨²ÓÉμ´¨ ´¥ (3.1) Î²¥´μ¢, ¶·¨¢μ-
¤ÖÐ¨Ì ± α-Î ¸É¨Î´Ò³ ±μ··¥²ÖÍ¨Ö³ [58Ä60].

Š α-Î ¸É¨Î´Ò³ ±μ··¥²ÖÍ¨Ö³ ³μ£ÊÉ ¶·¨¢¥¸É¨ ¸¨²Ò, ¤¥°¸É¢ÊÕÐ¨¥ ¢ ¸μ¸Éμ-
Ö´¨ÖÌ ¸ ´¥Î¥É´Ò³ ³μ³¥´Éμ³ ¨ ¨§μ¸¶¨´μ³ T = 0 (¨§μ¸± ²Ö·´Ò¥ ¸¨²Ò). …¸²¨
¶·¥´¥¡·¥ÎÓ ¤²Ö ¶·μ¸ÉμÉÒ · ¸Ð¥¶²¥´¨¥³ μ¤´μÎ ¸É¨Î´ÒÌ Ê·μ¢´¥°, ²¥¦ Ð¨Ì
¢ÒÏ¥ (´¨¦¥) ¶μ¢¥·Ì´μ¸É¨ ”¥·³¨, Éμ É ±μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¤ ¸É ¸²¥¤ÊÕÐ¨°
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¢±² ¤ ¢ Ô´¥·£¨¨ Ö¤¥· ¸ n α-Î ¸É¨Í ³¨ ´  Ê·μ¢´ÖÌ ¢ÒÏ¥ (¨²¨ n ¤Ò·± ³¨ μÉ
α-Î ¸É¨Í ´  Ê·μ¢´ÖÌ ´¨¦¥) ¶μ¢¥·Ì´μ¸É¨ ”¥·³¨ [62]:

δE = −V±n(2n + 1), (3.22)

£¤¥ V+(V−) Å ÔËË¥±É¨¢´ Ö ±μ´¸É ´É  ¢§ ¨³μ¤¥°¸É¢¨Ö ´  Ê·μ¢´ÖÌ ¢ÒÏ¥
(´¨¦¥) ¶μ¢¥·Ì´μ¸É¨ ”¥·³¨. �É¨ ±μ´¸É ´ÉÒ ¶μ²μ¦¨É¥²Ó´Ò [62], ¶μÔÉμ³Ê ¶μ-
¶· ¢±  (3.22) ¨³¥¥É ¶· ¢¨²Ó´Ò° §´ ±, ´μ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö V± ´¥¨§¢¥¸É´Ò.
Œμ¦´μ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ V− > V+, É ± ± ± ¢ Ö¤· Ì ¸ A = 60, 64 α-Î ¸É¨ÍÒ
Ëμ·³¨·ÊÕÉ¸Ö ¨§ ´Ê±²μ´μ¢, ´ Ìμ¤ÖÐ¨Ì¸Ö ´  Ê·μ¢´ÖÌ 1f5/2, 2p1/2, 2p3/2. �¥-
·¥±·ÒÉ¨¥ ¢μ²´μ¢ÒÌ ËÊ´±Í¨°,   §´ Î¨É, ¨ ±μ´¸É ´É  ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ÔÉμ³
¸²ÊÎ ¥ ¡Ê¤ÊÉ ³¥´ÓÏ¥, Î¥³ ¢ Ö¤· Ì ¸ A = 48, 52, £¤¥ § ¶μ²´Ö¥É¸Ö Éμ²Ó±μ Ê·μ-
¢¥´Ó 1f7/2. �Éμ ÊÉ¢¥·¦¤¥´¨¥ ¸μ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

Œμ¦´μ, μ¤´ ±μ, ¶·μ¢¥·¨ÉÓ ¶· ¢¨²Ó´μ¸ÉÓ ËÊ´±Í¨μ´ ²Ó´μ° § ¢¨¸¨³μ¸É¨ μÉ
n ¢ (3.22), ¶μ¤¡¨· Ö μ¶É¨³ ²Ó´Ò¥ §´ Î¥´¨Ö V±. �¥§Ê²ÓÉ ÉÒ É ±μ£μ ¶μ¤¡μ· 
¤²Ö Ö¤¥· ¸ A = 48, 52, 60, 64 ¶μ± § ´Ò ´  ·¨¸. 7, £¤¥ ¢¨¤´μ §´ Î¨É¥²Ó´μ¥
Ê²ÊÎÏ¥´¨¥ ¸μ£² ¸¨Ö ¸ Ô±¸¶¥·¨³¥´Éμ³.

’ ±¨³ μ¡· §μ³, ¥¸ÉÓ μ¸´μ¢ ´¨Ö ÊÉ¢¥·¦¤ ÉÓ, ÎÉμ ¤²Ö ¶μ²´μ£μ μ¶¨¸ ´¨Ö
0+-¸μ¸ÉμÖ´¨° ¢ Ö¤· Ì ¸ A ≈ 56 ´¥μ¡Ìμ¤¨³ ÊÎ¥É ´¥ Éμ²Ó±μ ¶ ·´ÒÌ, ´μ ¨
α-Î ¸É¨Î´ÒÌ ±μ··¥²ÖÍ¨°.

‚¸¥ · ¸Î¥ÉÒ, ·¥§Ê²ÓÉ ÉÒ ±μÉμ·ÒÌ ¶·¨¢¥¤¥´Ò ¢ÒÏ¥, ¢Ò¶μ²´¥´Ò ¶·¨ ´¥-
¨§³¥´´μ° μ¤´μÎ ¸É¨Î´μ° ¸Ì¥³¥ Ê·μ¢´¥°, ¢Ò¡· ´´μ° ¤²Ö ¤¢ ¦¤Ò ³ £¨Î¥¸±μ£μ
Ö¤·  56Ni. �μÔÉμ³Ê ¸É ´μ¢¨É¸Ö ¶μ´ÖÉ´Ò³, ¶μÎ¥³Ê ¶μ²ÊÎ¥´Ò Ìμ·μÏ¥¥ μ¶¨¸ -
´¨¥ ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨° ¢ 56Ni ¨ ¢ 48Ca ¨ ¸¨¸É¥³ É¨Î¥¸±¨ § ¢ÒÏ¥´´Ò¥
§´ Î¥´¨Ö Ô´¥·£¨° ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨° ¢ ´¥³ £¨Î¥¸±¨Ì Ö¤· Ì. „ ²Ó´μ-
¤¥°¸É¢ÊÕÐ¨¥ ³Ê²ÓÉ¨¶μ²Ó-³Ê²ÓÉ¨¶μ²Ó´Ò¥ ¸¨²Ò ³μ£ÊÉ ¸¨²Ó´μ ¨§³¥´¨ÉÓ ± ·-
É¨´Ê ¶ ·´ÒÌ ¢μ§¡Ê¦¤¥´¨° [12]. ‚ ¶¥·¢μ³ ¶·¨¡²¨¦¥´¨¨ ÊÎ¥É ÔÉ¨Ì ¸¨² ¡Ê¤¥É
¸± §Ò¢ ÉÓ¸Ö ´  ¶¥·¥¸É·μ°±¥ ¸Ì¥³Ò μ¤´μÎ ¸É¨Î´ÒÌ Ê·μ¢´¥°, ¢ Î ¸É´μ¸É¨, ´ 
¨§³¥´¥´¨¨ · ¸¸ÉμÖ´¨Ö ³¥¦¤Ê Ê·μ¢´Ö³¨ 1f7/2 ¨ 2p3/2. ‚ · ¡μÉ¥ [63], μÉ±Ê¤ 
¶μ§ ¨³¸É¢μ¢ ´  ¸Ì¥³  Ê·μ¢´¥°, ¨¸¶μ²Ó§Ê¥³ Ö §¤¥¸Ó, ¥¸ÉÓ ¸Ì¥³  Ê·μ¢´¥° ¤²Ö
¤·Ê£¨Ì Ö¤¥· ¨ ¢¨¤´μ Ê³¥´ÓÏ¥´¨¥ ÔÉμ£μ · ¸¸ÉμÖ´¨Ö ¢ ´¥³ £¨Î¥¸±¨Ì Ö¤· Ì.
„²Ö 48Ca ÔÉμ · ¸¸ÉμÖ´¨¥ ¸μ¢¶ ¤ ¥É ¸ · ¸¸ÉμÖ´¨¥³ ¢ 56Ni. „²Ö ´ Ï¨Ì · ¸-
Î¥Éμ¢ ÔÉ  ¢¥²¨Î¨´  μÎ¥´Ó ¸ÊÐ¥¸É¢¥´´ . �·¨ ¥¥ Ê³¥´ÓÏ¥´¨¨ É ± ¦¥, ± ± ¨
¢ μ¡μ²μÎ¥Î´ÒÌ · ¸Î¥É Ì [64], ¸¶¥±É· ¡Ê¤¥É ¸¦¨³ ÉÓ¸Ö, ¨ ³μ¦´μ Ê²ÊÎÏ¨ÉÓ
¶·¥¤¸± § ´¨¥ ¤²Ö ¶μ²μ¦¥´¨Ö ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨° ¢ ´¥³ £¨Î¥¸±¨Ì Ö¤· Ì,
¨¸¶μ²Ó§ÊÖ ÔËË¥±É¨¢´ÊÕ μ¤´μÎ ¸É¨Î´ÊÕ ¸Ì¥³Ê Ê·μ¢´¥°, ¢Ò¡· ´´ÊÕ ²ÊÎÏ¨³
μ¡· §μ³ ¤²Ö ÔÉ¨Ì Ö¤¥·.

�¥·¥°¤¥³ ± · ¸¸³μÉ·¥´¨Õ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¶ ·´ÒÌ 0+-¸μ¸ÉμÖ´¨°.
�  ·¨¸. 8 ¶μ± § ´Ò ¢±² ¤Ò ±μ³¶μ´¥´É ¸ · §²¨Î´Ò³¨ Î¨¸² ³¨ ¡μ§μ´μ¢ ¢ ¢μ²´μ-
¢Ò¥ ËÊ´±Í¨¨ μ¸´μ¢´μ£μ ¨ ¶ ·´μ£μ ¢μ§¡Ê¦¤¥´´μ£μ 0+-¸μ¸ÉμÖ´¨° 56Ni (T = 0)
¶·¨ G = 0,5 ŒÔ‚. ‚¨¤´μ, ÎÉμ § ³¥É´Ò¥ ¢±² ¤Ò ¢ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¤ ÕÉ
±μ³¶μ´¥´ÉÒ ¸ · §²¨Î´Ò³¨ Î¨¸² ³¨ ¡μ§μ´μ¢: ´¥É ´¨ μ¤´μ° ±μ³¶μ´¥´ÉÒ, ¢±² ¤
±μÉμ·μ° ¶·¥¢ÒÏ ² ¡Ò 50%.
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�¨¸. 9. ‚¥·μÖÉ´μ¸É¨ § ¶μ²´¥´¨Ö μ¤´μÎ ¸É¨Î´ÒÌ ¸μ¸ÉμÖ´¨°, · ¸¶μ²μ¦¥´´ÒÌ ¢ÒÏ¥
(Ej > λ) ¨²¨ ´¨¦¥ (Ej < λ) ¶μ¢¥·Ì´μ¸É¨ ”¥·³¨. �¥§Ê²ÓÉ ÉÒ ¶·¨¢¥¤¥´Ò ¤²Ö μ¸´μ¢-
´μ£μ ¸μ¸ÉμÖ´¨Ö 56Ni

�  ·¨¸. 9 ¤²Ö μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö 56Ni ¶·¨¢¥¤¥´Ò ¢¥·μÖÉ´μ¸É¨ § ¶μ²-
´¥´¨Ö Î ¸É¨Í ³¨ (¤Ò·± ³¨) μ¤´μÎ ¸É¨Î´ÒÌ ¸μ¸ÉμÖ´¨°, · ¸¶μ²μ¦¥´´ÒÌ ¢ÒÏ¥
(´¨¦¥) ¶μ¢¥·Ì´μ¸É¨ ”¥·³¨. ˆ§ ·¨¸Ê´±  ¢¨¤´μ, ÎÉμ Ê·μ¢´¨ 1f5/2, 2s1/2, 1d3/2,
1p1/2, 1g9/2 ¤ ÕÉ ¸ÊÐ¥¸É¢¥´´Ò° ¢±² ¤ ¢ · §³ÒÉ¨¥ ¶μ¢¥·Ì´μ¸É¨ ”¥·³¨.

4. �…�Š–ˆˆ „‚“•�“Š‹����‰ �…�…„�—ˆ
ˆ ‘�…Š’��‘Š��ˆ—…‘Šˆ… ”�Š’��›

�·¨¢¥¤¥´´Ò¥ ¢ÒÏ¥ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ Ô´¥·£¨° ¨ ¢μ²´μ¢ÒÌ ËÊ´±Í¨°
®¶ ·´ÒÌ¯ 0+-¸μ¸ÉμÖ´¨° ¶μ± § ²¨, ÎÉμ ¶·¨ · ¸¸³μÉ·¥´¨¨ Ö¤¥· ¸ A = 46−64,
¢μ-¶¥·¢ÒÌ, ´¥²Ó§Ö μ£· ´¨Î¨¢ ÉÓ¸Ö ÊÎ¥Éμ³ ´¥¡μ²ÓÏμ£μ Î¨¸²  ±μ´Ë¨£Ê· Í¨°,
¢μ-¢Éμ·ÒÌ, ´¥²Ó§Ö · ¸¸³ É·¨¢ ÉÓ ±μ²²¥±É¨¢´Ò¥ ¸μ¸ÉμÖ´¨Ö ´¨ ¢ £ ·³μ´¨Î¥-
¸±μ³ ¶·¨¡²¨¦¥´¨¨, ´¨ ¢ ¶·¨¡²¨¦¥´¨¨ ¶·¥¤¥²Ó´μ ¸¨²Ó´ÒÌ ±μ··¥²ÖÍ¨°. ‚ Ö¤-
· Ì ¸ A ∼ 56 ·¥ ²¨§Ê¥É¸Ö ¶·μ³¥¦ÊÉμÎ´Ò° ¸²ÊÎ °, ±μ£¤  ®¶ ·´Ò¥¯ 0+-¸μ¸ÉμÖ-
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´¨Ö Ö¢²ÖÕÉ¸Ö ¸μ¸ÉμÖ´¨Ö³¨  ´£ ·³μ´¨Î¥¸±μ£μ ¢¨¡· Éμ· . �·μ¢¥·¨³ ¸¶· ¢¥¤-
²¨¢μ¸ÉÓ ÔÉ¨Ì ¢Ò¢μ¤μ¢,  ´ ²¨§¨·ÊÖ ¤ ´´Ò¥ ¶μ ·¥ ±Í¨Ö³ ¤¢ÊÌ´Ê±²μ´´μ° ¶¥·¥-
¤ Î¨ [68].

�¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ, ÎÉμ ¸¥Î¥´¨¥ ÔÉ¨Ì ·¥ ±Í¨° ´¥ ³μ¦¥É ¡ÒÉÓ Ë ±Éμ-
·¨§μ¢ ´μ ´  ¸É·Ê±ÉÊ·´ÊÕ ¨ ±¨´¥³ É¨Î¥¸±ÊÕ Î ¸É¨. �μÔÉμ³Ê ´¥ ¢¸¥£¤  ³μ¦´μ
¡Ê¤¥É ¸± § ÉÓ, ¢ Î¥³ ¶·¨Î¨´  · ¸Ìμ¦¤¥´¨Ö É¥μ·¥É¨Î¥¸±¨Ì ·¥§Ê²ÓÉ Éμ¢ ¸ Ô±¸-
¶¥·¨³¥´É ²Ó´Ò³¨ Å ¢ £·Ê¡μ¸É¨ ¨¸¶μ²Ó§Ê¥³ÒÌ ¶·¥¤¶μ²μ¦¥´¨° μ ¤¨´ ³¨±¥
·¥ ±Í¨° ¨²¨ ¢ ´¥¶· ¢¨²Ó´μ³ · ¸Î¥É¥ ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨Ì Ë ±Éμ·μ¢.

„²Ö ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨Ì Ë ±Éμ·μ¢ ·¥ ±Í¨° ¤¢ÊÌ´Ê±²μ´´μ° ¶¥·¥¤ Î¨ ¢
· ³± Ì · ¸¸³μÉ·¥´´μ£μ ¢ÒÏ¥ ³¥Éμ¤  ¶μ²ÊÎ ¥É¸Ö ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥:

Bμ(s; 1, 2) ≡ 〈2|A+
s1μ|1〉 = sign (〈2|A+

s1μ|1〉)b

√
〈2|A+

s1μ|1〉b〈1|As1μ|2〉b, (4.1)

£¤¥ 〈2|A+
s1μ|1〉b μ§´ Î ¥É Ê¸·¥¤´¥´¨¥ ±μ²²¥±É¨¢´μ° Î ¸É¨ ¡μ§μ´´μ£μ μ¡· § 

μ¶¥· Éμ·  A+
s1μ ¶μ ±μ²²¥±É¨¢´Ò³ ¸μ¸ÉμÖ´¨Ö³ |1〉b, |2〉b.

�¡ÒÎ´μ ¢Ò¤¥²ÖÕÉ ¨§μ¸¶¨´μ¢Ò° ±μÔËË¨Í¨¥´É Š²¥¡Ï Äƒμ·¤ ´  ¨§ ¢Ò· -
¦¥´¨Ö ¤²Ö ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨Ì Ë ±Éμ·μ¢

Bμ(s; 1, 2) = CT2M2
T1M11μB(s; 1, 2). (4.2)

‚ É ¡². 3 ¶·¨¢¥¤¥´Ò §´ Î¥´¨Ö B(s; 1, 2) ¤²Ö (t, p)-·¥ ±Í¨° ´  ¨§μÉμ¶ Ì
Ca, Fe ¨ Ni [65]. � ¸Î¥É ¢Ò¶μ²´¥´ ± ± ¢ £ ·³μ´¨Î¥¸±μ³ ¶·¨¡²¨¦¥´¨¨ (’2),
É ± ¨ ¸ ÊÎ¥Éμ³  ´£ ·³μ´¨Î¥¸±¨Ì ÔËË¥±Éμ¢ (’3).

� ¸Î¥É ¸¥Î¥´¨° ·¥ ±Í¨° ¤¢ÊÌ´Ê±²μ´´μ° ¶¥·¥¤ Î¨ ¡Ò² ¶·μ¢¥¤¥´ ¢ · ³± Ì
³¥Éμ¤  ¨¸± ¦¥´´ÒÌ ¢μ²´ ¢ ¶·¨¡²¨¦¥´¨¨ ´Ê²¥¢μ£μ · ¤¨Ê¸  ¢§ ¨³μ¤¥°¸É¢¨Ö ¨
¡¥§ ÊÎ¥É  ¸¶¨´-μ·¡¨É ²Ó´ÒÌ ¸¨² ¢ ± ´ ² Ì. „¥É ²¨ · ¸Î¥Éμ¢ ¶·¨¢¥¤¥´Ò ¢ · -
¡μÉ¥ [65]. �·¥¦¤¥ Î¥³ ¶·¨¢μ¤¨ÉÓ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢, ´¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ,
ÎÉμ ³¥Éμ¤ ¨¸± ¦¥´´ÒÌ ¢μ²´ ¢ ¶·¨¡²¨¦¥´¨¨ ´Ê²¥¢μ£μ · ¤¨Ê¸  ¢§ ¨³μ¤¥°¸É¢¨Ö
´¥ ¤ ¥É ¶· ¢¨²Ó´μ£μ  ¡¸μ²ÕÉ´μ£μ §´ Î¥´¨Ö ¸¥Î¥´¨Ö ·¥ ±Í¨¨ ¤¢ÊÌ´Ê±²μ´´μ°
¶¥·¥¤ Î¨ [66, 67]. ‚ ²¨É¥· ÉÊ·¥ Ê± §Ò¢ ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ ¶·¨Î¨´Ò · ¸Ìμ¦¤¥-
´¨Ö: £·Ê¡μ¸ÉÓ ¶·¥¤¶μ²μ¦¥´¨Ö μ ´Ê²¥¢μ³ · ¤¨Ê¸¥ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¨¸¶μ²Ó-
§μ¢ ´¨¥ ¸²¨Ï±μ³ Ê¶·μÐ¥´´ÒÌ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¤²Ö ¶¥·¥¤ ¢ ¥³μ° ¶ ·Ò
´Ê±²μ´μ¢ ¨ ¤²Ö É·¨Éμ´ ,   É ±¦¥ ¢²¨Ö´¨¥ ¤·Ê£¨Ì ± ´ ²μ¢ ·¥ ±Í¨°. „¥°¸É¢¨-
É¥²Ó´μ, ¶·¨ ÊÎ¥É¥ ±μ´¥Î´μ¸É¨ · ¤¨Ê¸  ¢§ ¨³μ¤¥°¸É¢¨Ö [67] ³μ¦´μ Ê²ÊÎÏ¨ÉÓ
¸μ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´Éμ³. ’¥³ ´¥ ³¥´¥¥ ¡Ò²μ ¶μ± § ´μ, ÎÉμ μÉ´μÏ¥´¨¥ ¸¥Î¥-
´¨° ¨ Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö, ¶μ²ÊÎ¥´´Ò¥ ¢ É ±¨Ì · ¸Î¥É Ì ¨ ¢ ¶·¨¡²¨¦¥´¨¨
´Ê²¥¢μ£μ · ¤¨Ê¸ , ¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ÕÉ.

‚ É ¡². 4 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ´¥-
±μÉμ·ÒÌ (t, p)-·¥ ±Í¨° ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [69, 70]. � ¸Î¥ÉÒ ¢Ò-
¶μ²´¥´Ò ¸ É·¥³Ö ´ ¡μ· ³¨ ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨Ì Ë ±Éμ·μ¢: μ¤´  μ¡μ²μÎ¥Î´ Ö
±μ´Ë¨£Ê· Í¨Ö [71] (T1); £ ·³μ´¨Î¥¸±μ¥ ¶·¨¡²¨¦¥´¨¥ (’2); · ¸Î¥É ¸ ÊÎ¥Éμ³
 ´£ ·³μ´¨Î´μ¸É¨ ¢ · ³± Ì ³¥Éμ¤ , ¨§²μ¦¥´´μ£μ ¢ÒÏ¥ (’3).
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’ ¡²¨Í  4. „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö (t, p)-·¥ ±Í¨°

Ÿ¤·μ-
³¨Ï¥´Ó

Et,
ŒÔ‚

E∗,
ŒÔ‚

dσ/dΩ, ³¡/¸· (θcm = 12,5◦) N0

�±¸¶. T1 ’2 ’3 ’1 ’2 ’3
46Ca 11,96 0,0 1,48 0,040 0,37 0,64 37,0 4,0 2,3
46Ca 11,96 5,46 1,48 0,040 0,37 0,64 37,0 4,0 2,3
48Ca 11,96 0,0 1,48 0,040 0,37 0,64 37,0 4,0 2,3
46Ti 13,0 0,0 1,10 0,055 0,57 0,54 20,0 1,9 2,0
46Ti 13,0 4,97 0,41 0,134 0,53 0,20 3,0 0,8 2,0
48Ti 13,0 0,0 0,96 0,340 0,29 0,51 28,0 3,1 1,9
48Ti 13,0 3,88 1,24 0,120 0,48 0,19 10,0 2,6 6,6
50Ti 13,0 0,0 2,38 0,099 0,39 0,48 24,0 6,1 5,1
50Cr 13,0 0,0 0,57 0,031 0,25 0,44 18,0 2,2 1,3
50Cr 13,0 2,66 0,57 0,122 0,49 0,19 5,0 1,2 2,9
52Cr 13,0 0,0 1,44 0,108 0,43 0,51 13,0 3,3 2,8
54Cr 13,0 0,0 3,13 0,083 0,65 0,46 38,0 4,8 6,7
54Fe 13,0 0,0 1,12 0,107 0,42 0,48 10,0 2,6 2,3
56Fe 13,0 0,0 1,70 0,090 0,70 0,49 19,0 2,4 3,5
58Fe 13,0 0,0 2,51 0,013 0,84 0,40 193,0 3,0 6,3
58Ni 12,15 0,0 Å 0,096 0,75 0,51 Å Å Å
60Ni 12,12 0,0 Å 0,014 0,96 0,45 Å Å Å
62Ni 12,05 0,0 Å 0,016 1,08 0,29 Å Å Å

�·¨  ´ ²¨§¥ ¨´É¥´¸¨¢´μ¸É¥° ·¥ ±Í¨° ¸· ¢´¨¢ ²¨¸Ó §´ Î¥´¨Ö ¸¥Î¥´¨°
〈σ〉 = dσ/dΩ (θcm = 12,5◦). �·¨  ´ ²¨§¥ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ·¥§Ê²Ó-
É ÉÒ · ¸Î¥Éμ¢ ¢ · ³± Ì ³¥Éμ¤  ¨¸± ¦¥´´ÒÌ ¢μ²´ Ê³´μ¦ ²¨¸Ó ´  Ë ±Éμ·Ò
N0 = 〈σexp〉/〈σ〉, §´ Î¥´¨Ö ±μÉμ·ÒÌ ¶·¨¢¥¤¥´Ò ¢ É ¡². 4.

�É³¥É¨³ ´¥±μÉμ·Ò¥ μ¸μ¡¥´´μ¸É¨ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢.
Š ± ¢¨¤´μ ¨§ É ¡². 3, ¢ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¡Ê¤ÊÉ ¤ ¢ ÉÓ § ³¥É´Ò° ¢±² ¤

±μ´Ë¨£Ê· Í¨¨, §´ Î¨É¥²Ó´μ Ê¤ ²¥´´Ò¥ μÉ ¶μ¢¥·Ì´μ¸É¨ ”¥·³¨. �Éμ Ê± §Ò¢ ¥É
´  ´¥μ¡Ìμ¤¨³μ¸ÉÓ · ¸Î¥Éμ¢ ¢ ¡μ²ÓÏμ³ ±μ´Ë¨£Ê· Í¨μ´´μ³ ¶·μ¸É· ´¸É¢¥.

‚ £ ·³μ´¨Î¥¸±μ³ ¶·¨¡²¨¦¥´¨¨ μÉ´μ¸¨É¥²Ó´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¸¶¥±É·μ-
¸±μ¶¨Î¥¸±¨Ì  ³¶²¨ÉÊ¤ ¶μ μ¡μ²μÎ¥Î´Ò³ ±μ´Ë¨£Ê· Í¨Ö³ μ¸É ¥É¸Ö ¶μ¸ÉμÖ´´Ò³
¨ ¶·μ¶μ·Í¨μ´ ²Ó´μ ¸É·Ê±ÉÊ·´Ò³ ±μ´¸É ´É ³ α1s. “Î¥É  ´£ ·³μ´¨Î´μ¸É¨
¶·¨¢μ¤¨É ± ¡μ²¥¥ ·¥ ²¨¸É¨Î¥¸±μ° ± ·É¨´¥, ¢ ±μÉμ·μ° ¶μ²μ¦¥´¨¥ ³ ±¸¨³Ê³ 
 ³¶²¨ÉÊ¤ ¶·¨ ¤μ¡ ¢²¥´¨¨ ´¥°É·μ´μ¢ ¸³¥Ð ¥É¸Ö ¢ ¸Éμ·μ´Ê ¡μ²¥¥ ¢Ò¸μ±μ²¥¦ -
Ð¨Ì ±μ´Ë¨£Ê· Í¨° ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¶μ·Ö¤±μ³ § ¶μ²´¥´¨Ö Ê·μ¢´¥°.

‚²¨Ö´¨¥  ´£ ·³μ´¨Î´μ¸É¨ ´  ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¶·μÐ¥ ¢¸¥£μ μÍ¥´¨ÉÓ,
¶μ² £ Ö, ÎÉμ ¢¥²¨Î¨´  ¸¥Î¥´¨Ö ¶·μ¶μ·Í¨μ´ ²Ó´  ±¢ ¤· ÉÊ ³ É·¨Î´μ£μ Ô²¥-
³¥´É  μÉ μ¶¥· Éμ·  ¶¥·¥¤ Î¨ ¤¢ÊÌ ´Ê±²μ´μ¢. � ¶·¨³¥·, ¤²Ö ·¥ ±Í¨¨
(p, t)56−62Ni (E∗ = 0, 0) ¨³¥¥³ ¸²¥¤ÊÕÐ¨¥ ¸μμÉ´μÏ¥´¨Ö ¨´É¥´¸¨¢´μ¸É¥°:
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a) Ô±¸¶¥·¨³¥´É ²Ó´μ¥ [72] Å 1/1,36/1,40/1,36; ¡) ¢ £ ·³μ´¨Î¥¸±μ³ ¶·¨¡²¨¦¥-
´¨¨ Å 1/2/3/4; ¢) ¶μ¸²¥ ÊÎ¥É   ´£ ·³μ´¨Î¥¸±¨Ì ÔËË¥±Éμ¢ Å 1/1,36/1,41/1,25;
£) ¢ ·μÉ Í¨μ´´μ³ ¶·¥¤¥²¥ (¸²ÊÎ ° ¶·¥¤¥²Ó´μ ¸¨²Ó´ÒÌ ¶ ·´ÒÌ ±μ··¥²ÖÍ¨°) Å
1/1,20/1,29/1,33. ‚¨¤´μ, ÎÉμ ¢ ²ÊÎÏ¥³ ¸μ£² ¸¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´-
´Ò³¨ ´ Ìμ¤ÖÉ¸Ö ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¸ ÊÎ¥Éμ³  ´£ ·³μ´¨Î´μ¸É¨, ¶·¨Î¥³ ¸μ-
μÉ´μÏ¥´¨Ö ¨´É¥´¸¨¢´μ¸É¥° ¨³¥ÕÉ ¶·μ³¥¦ÊÉμÎ´ÊÕ ¢¥²¨Î¨´Ê ³¥¦¤Ê ¢¨¡· Í¨-
μ´´Ò³ ¨ ·μÉ Í¨μ´´Ò³ ¶·¥¤¥²Ó´Ò³¨ §´ Î¥´¨Ö³¨.

�·¨ ÊÎ¥É¥ ¸³¥Ï¨¢ ´¨Ö ±μ´Ë¨£Ê· Í¨° Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ³¥´ÖÕÉ¸Ö
μÎ¥´Ó ´¥§´ Î¨É¥²Ó´μ. �¸´μ¢´μ° ÔËË¥±É ¶·μÖ¢²Ö¥É¸Ö ¢ ¶¥·¥´μ·³¨·μ¢±¥ ±μ´-
¸É ´ÉÒ N0.

…¸²¨ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ¢ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¤ ¥É ¢±² ¤ Éμ²Ó±μ μ¤´  μ¡μ-
²μÎ¥Î´ Ö ±μ´Ë¨£Ê· Í¨Ö (nlj)20+ , Éμ ¸¥Î¥´¨¥ ¶μ²ÊÎ ¥É¸Ö §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥
Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¨ ´ ¡²Õ¤ ¥É¸Ö μÎ¥´Ó ¡μ²ÓÏμ° · §¡·μ¸ ¢ ¢¥²¨Î¨´ Ì N0,
ÎÉμ ´¥ ¶μ§¢μ²Ö¥É ¶· ¢¨²Ó´μ ¢μ¸¶·μ¨§¢μ¤¨ÉÓ ´¨  ¡¸μ²ÕÉ´Ò¥, ´¨ μÉ´μ¸¨É¥²Ó-
´Ò¥ §´ Î¥´¨Ö ¸¥Î¥´¨°. “Î¥É ¸³¥Ï¨¢ ´¨Ö ±μ´Ë¨£Ê· Í¨° ¶·¨¢μ¤¨É ± Ê²ÊÎÏ¥-
´¨Õ ¸μ£² ¸¨Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. �¡¸μ²ÕÉ´Ò¥ §´ Î¥´¨Ö ¸¥Î¥-
´¨° ¶μ ¸· ¢´¥´¨Õ ¸ Î¨¸Éμ μ¡μ²μÎ¥Î´Ò³¨ · ¸Î¥É ³¨ Ê¢¥²¨Î¨¢ ÕÉ¸Ö, ¨ Î ¸Éμ
¢¥¸Ó³  §´ Î¨É¥²Ó´μ. � §¡·μ¸ ¢ §´ Î¥´¨ÖÌ N0 ¸μ±· Ð ¥É¸Ö, ´μ ¢μ¸¶·μ¨§¢¥¸É¨
¸μμÉ´μÏ¥´¨Ö ¨´É¥´¸¨¢´μ¸É¥° ¢μ ¢¸¥° μ¡² ¸É¨ Ö¤¥· ¸ μ¤´μ° ¨ Éμ° ¦¥ ¢¥²¨Î¨-
´μ° N0 ´¥ Ê¤ ¥É¸Ö.

� ¸¸³ É·¨¢ Ö ¶¥·¥Ìμ¤Ò ¢ ¶¥·¢Ò¥ ¢μ§¡Ê¦¤¥´´Ò¥ ®¶ ·´Ò¥¯ 0+-¸μ¸ÉμÖ´¨Ö
Ö¤¥·, μÉ³¥É¨³, ÎÉμ ± ± ¶·μ¸É Ö ¢¨¡· Í¨μ´´ Ö ³μ¤¥²Ó, É ± ¨ · ¸Î¥ÉÒ ¸ ÊÎ¥-
Éμ³  ´£ ·³μ´¨Î´μ¸É¨ ¶·¥¤¸± §Ò¢ ÕÉ ´ ²¨Î¨¥ ¸¨²Ó´μ ¢μ§¡Ê¦¤ ¥³ÒÌ ¢ (t, p)-
·¥ ±Í¨ÖÌ ®¶ ·´ÒÌ¯ ±μ²²¥±É¨¢´ÒÌ 0+-¸μ¸ÉμÖ´¨°, ¥¸²¨ Î¨¸²μ ´¥°É·μ´μ¢ Ö¤· -
³¨Ï¥´¨ NM < 28, ¨ μÉ¸ÊÉ¸É¢¨¥ ¨Ì, ¥¸²¨ NM � 28, ÎÉμ ´ Ìμ¤¨É¸Ö ¢ ¸μ-
£² ¸¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. �μ ¸· ¢´¥´¨Õ ¸ ¶·¥¤¸± § ´¨Ö³¨
¢¨¡· Í¨μ´´μ° ³μ¤¥²¨ ÊÎ¥É  ´£ ·³μ´¨Î¥¸±¨Ì ÔËË¥±Éμ¢ ¶·¨¢μ¤¨É ± ´¥±μÉμ-
·μ³Ê Ê³¥´ÓÏ¥´¨Õ ¢¥·μÖÉ´μ¸É¨ ¶¥·¥Ìμ¤  ¢ · ¸¸³ É·¨¢ ¥³Ò¥ ¢μ§¡Ê¦¤¥´´Ò¥
¸μ¸ÉμÖ´¨Ö ±μ´¥Î´μ£μ Ö¤· , ÎÉμ É ±¦¥ ´ Ìμ¤¨É¸Ö ¢ ± Î¥¸É¢¥´´μ³ ¸μ£² ¸¨¨ ¸
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨, É ± ± ± ¢¨¡· Í¨μ´´ Ö ³μ¤¥²Ó ¶¥·¥μÍ¥´¨¢ ¥É
ÔÉ¨ μÉ´μÏ¥´¨Ö. ‚ ·μÉ Í¨μ´´μ³ ¶·¥¤¥²¥ ¢¸¥ · ¸¸³ É·¨¢ ¥³Ò¥ ¢μ§¡Ê¦¤¥´-
´Ò¥ ¸μ¸ÉμÖ´¨Ö ¸μμÉ¢¥É¸É¢ÊÕÉ Δ-¢¨¡· Í¨μ´´Ò³ ¸μ¸ÉμÖ´¨Ö³ ¨ ¶¥·¥Ìμ¤Ò ¢ ÔÉ¨
¸μ¸ÉμÖ´¨Ö Ö¤· -³¨Ï¥´¨ μ¸² ¡²¥´Ò.

‡�Š‹�—…�ˆ…

‘ ¶μ³μÐÓÕ ³¥Éμ¤  ±μ´¥Î´ÒÌ ¡μ§μ´´ÒÌ ¶·¥¤¸É ¢²¥´¨° Ë¥·³¨μ´´ÒÌ μ¶¥-
· Éμ·μ¢, ´  μ¸´μ¢¥ ³¨±·μ¸±μ¶¨Î¥¸±μ° ³μ¤¥²¨ Ö¤·  ¸ ¶ ·´Ò³¨ ¨§μÉμ¶¨´¢ -
·¨ ´É´Ò³¨ μ¸É ÉμÎ´Ò³¨ ¸¨² ³¨ ¶μ¸É·μ¥´ ±μ²²¥±É¨¢´Ò° £ ³¨²ÓÉμ´¨ ´, μ¶¨-
¸Ò¢ ÕÐ¨° ±μ²²¥±É¨¢´Ò¥ ®¶ ·´Ò¥¯ 0+-¢μ§¡Ê¦¤¥´¨Ö Ö¤¥·. �·μ ´ ²¨§¨·μ¢ ´Ò
¸¢μ°¸É¢  ·¥Ï¥´¨° ±μ²²¥±É¨¢´μ£μ £ ³¨²ÓÉμ´¨ ´  ¢ ¸²ÊÎ ÖÌ ¸² ¡μ°, ¶·μ³¥¦Ê-
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ÉμÎ´μ° ¨ ¸¨²Ó´μ° ¸¢Ö§¨. � ¸¸³μÉ·¥´  ¸¢Ö§Ó ±μ²²¥±É¨¢´ÒÌ ¨ ´¥±μ²²¥±É¨¢´ÒÌ
®¶ ·´ÒÌ¯ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò Ö¤· . �μ²ÊÎ¥´Ò μÍ¥´±¨ ¤²Ö ±μ´¸É ´É ¸¢Ö§¨.

� §· ¡μÉ ´´Ò° ³¥Éμ¤ ¶·¨³¥´¥´ ¤²Ö  ´ ²¨§  ¸¢μ°¸É¢ ±μ²²¥±É¨¢´ÒÌ ®¶ ·-
´ÒÌ¯ 0+-¸μ¸ÉμÖ´¨° ¢ Ö¤· Ì ¸ A = 46−64. ˆ§ÊÎ¥´μ ¢²¨Ö´¨¥ ¶ ·´ÒÌ μ¸É ÉμÎ-
´ÒÌ ¸¨² ´  Ô´¥·£¨¨ ÔÉ¨Ì ¸μ¸ÉμÖ´¨°, Î¨¸²  § ¶μ²´¥´¨Ö, ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨¥
Ë ±Éμ·Ò ¨ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨° ¤¢ÊÌ´Ê±²μ´´μ° ¶¥·¥¤ Î¨.

�¢Éμ·Ò ¡² £μ¤ ·´Ò ‚.�.ŠÊ§Ó³¨´Ê §  ¶μ²¥§´Ò¥ μ¡¸Ê¦¤¥´¨Ö, ¶·¥¤²μ¦¥´¨Ö
¨ § ³¥Î ´¨Ö, ±μÉμ·Ò¥ ¡Ò²¨ ÊÎÉ¥´Ò ¶·¨ ¶μ¤£μÉμ¢±¥ ·Ê±μ¶¨¸¨ ± ¶¥Î É¨.

� ¡μÉ  ¶μ¤¤¥·¦ ´  �μ¸¸¨°¸±¨³ Ëμ´¤μ³ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨°.
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