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ˆ¸É¨´´μ¥ É·μ°´μ¥ ¤¥²¥´¨¥ 236U Å ¶μ¸²¥¤μ¢ É¥²Ó´Ò° ³¥Ì ´¨§³?

�·¥¤²μ¦¥´ ³¥Ì ´¨§³ ¨ ¶·μ¢¥¤¥´Ò · ¸Î¥ÉÒ ¤²Ö μ¡ÑÖ¸´¥´¨Ö ¨¸É¨´´μ£μ É·μ°-
´μ£μ ¤¥²¥´¨Ö Ö¤¥· 236U, ±μÉμ·μ¥ ¡Ò²μ μ¡´ ·Ê¦¥´μ Ô±¸¶¥·¨³¥´É ²Ó´μ ³¥Éμ¤μ³
®¶·μ¶ÊÐ¥´´μ° ³ ¸¸Ò¯. � ¨¡μ²¥¥ ¢¥·μÖÉ´μ³Ê ¢ÒÌμ¤Ê Ö¤·  68Ni, ¶μ²ÊÎ¥´´μ£μ ¢
Ô±¸¶¥·¨³¥´É¥, ¸μμÉ¢¥É¸É¢Ê¥É ¢ÒÌμ¤ ¶¥·¢¨Î´μ£μ ¢μ§¡Ê¦¤¥´´μ£μ Ë· £³¥´É  72Ni
¶μ¸²¥ ¨¸¶Ê¸± ´¨Ö ´¥°É·μ´μ¢. •μ·μÏ¥¥ ¸μ£² ¸¨¥ É¥μ·¥É¨Î¥¸±¨Ì ·¥§Ê²ÓÉ Éμ¢ ¸
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ μ§´ Î ¥É, ÎÉμ ¶·¥¤¶μ²μ¦¥´¨¥ μ ¶μ¸²¥¤μ¢ É¥²Ó´μ³
³¥Ì ´¨§³¥ ¨¸É¨´´μ£μ É·μ°´μ£μ ¤¥²¥´¨Ö Ö¢²Ö¥É¸Ö · §Ê³´Ò³ ¨ ¢ ¦´μ ÊÎ¨ÉÒ¢ ÉÓ
μ¡μ²μÎ¥Î´Ò¥ ÔËË¥±ÉÒ ¢ É¥μ·¥É¨Î¥¸±μ° ³μ¤¥²¨.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ É¥μ·¥É¨Î¥¸±μ° Ë¨§¨±¨ ¨³. �.�. �μ£μ²Õ-
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True Ternary Fission of 236U: Sequential Mechanism?

The mechanism is offered and calculations were performed to explain the
true ternary ˇssion of 236U which was revealed experimentally by the ®missed
mass¯ method. The calculated yield of the primary excited nucleus 72Ni after emis-
sion of neutrons corresponds to the observed most probable yield 68Ni. The good
agreement of theoretical results with experimental data means that the assumption
about the sequential mechanism of the true ternary ˇssion is reasonable and including
the shell effects in a theoretical model is important.

The investigation has been performed at the Bogoliubov Laboratory of Theoretical
Physics, JINR.
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�¡μ²μÎ¥Î´ Ö ¸É·Ê±ÉÊ·   Éμ³´ÒÌ Ö¤¥· ¶·μÖ¢²Ö¥É¸Ö ¢ Ëμ·³¨·μ¢ ´¨¨ ¶·μ-
¤Ê±Éμ¢ ¸¶μ´É ´´μ£μ ¨²¨ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ ¤¥²¥´¨Ö. � ¶·¨³¥·, Ô±¸¶¥·¨-
³¥´É ²Ó´μ ´ ¡²Õ¤ ¥³μ¥ ³ ¸¸- ¸¨³³¥É·¨Î´μ¥ ¤¥²¥´¨¥ ¡μ²ÓÏ¨´¸É¢   ±É¨´¨¤μ¢
³μ¦¥É ¡ÒÉÓ μ¡ÑÖ¸´¥´μ, ¥¸²¨ μ¡μ²μÎ¥Î´Ò¥ ÔËË¥±ÉÒ ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¢ ¨¸¶μ²Ó§Ê-
¥³ÒÌ É¥μ·¥É¨Î¥¸±¨Ì ³μ¤¥²ÖÌ. ˆ§¢¥¸É´μ, ÎÉμ Ê¢¥²¨Î¥´¨¥ Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥-
´¨Ö ¤¥²ÖÐ¥£μ¸Ö Ö¤·  ¶·¨¢μ¤¨É ± Ê³¥´ÓÏ¥´¨Õ μ¡μ²μÎ¥Î´ÒÌ ÔËË¥±Éμ¢. ‚ ·¥-
§Ê²ÓÉ É¥ ¸¨²Ó´μ ´ £·¥ÉÒ¥ Ö¤·  ¤¥²ÖÉ¸Ö Éμ²Ó±μ ¸¨³³¥É·¨Î´μ, ¶μ¤μ¡´μ ± ¶²Ö³
¦¨¤±μ¸É¨.

„·Ê£μ¥ ¶·μÖ¢²¥´¨¥ μ¡μ²μÎ¥Î´μ° ¸É·Ê±ÉÊ·Ò Ö¤¥· Å ±μ²²¨´¥ ·´μ¥ ¤¥²¥-
´¨¥ ´  É·¨ Î ¸É¨, ±μÉμ·μ¥ ¡Ò²μ ¨¸¸²¥¤μ¢ ´μ ´  Ê¸É ´μ¢±¥ ”���‘ ‹ ¡μ-
· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°
(�ˆŸˆ) [3]. ‘¥Î¥´¨¥ ±μ²²¨´¥ ·´μ£μ É·μ°´μ£μ ¤¥²¥´¨Ö ¸μ¶μ¸É ¢¨³μ ¸ ¨§-
¢¥¸É´Ò³ É·μ°´Ò³ ¤¥²¥´¨¥³ ¸ Ô³¨¸¸¨¥°  ²ÓË -Î ¸É¨ÍÒ (³¥Ì ´¨§³ ±μÉμ·μ£μ
´¥ ¡Ê¤¥É ¨¸¸²¥¤μ¢ ´ ¢ ¤ ´´μ° · ¡μÉ¥).

‚μ§³μ¦´μ¸ÉÓ ¤¥²¥´¨Ö ÉÖ¦¥²ÒÌ Ö¤¥· ¸ x > 0,46 (x = Z2A−1/(Z2A−1)±·,
(Z2A−1)±· ≈ 46 (A ¨ Z Å ³ ¸¸μ¢μ¥ ¨ § ·Ö¤μ¢μ¥ Î¨¸² ) ´  É·¨ ¨ ¡μ²ÓÏ¥
μ¸±μ²±μ¢ ¡Ò²  μ¡¸Ê¦¤¥´  ¢ · ¡μÉ¥ [1]. ’ ±μ° ¢Ò¢μ¤ ¡Ò² μ¸´μ¢ ´ ´  Ô´¥·£¥-
É¨Î¥¸±μ° ¢Ò£μ¤´μ¸É¨ ¤¥²¥´¨Ö ´  ¡μ²ÓÏμ¥ Î¨¸²μ μ¸±μ²±μ¢. �¢Éμ·Ò · ¡μÉÒ [1]
μ¡¸Ê¦¤ ²¨ ¢μ§³μ¦´μ¸ÉÓ ¤¥²¥´¨Ö Ö¤¥· ´  É·¨ μ¤¨´ ±μ¢ÒÌ μ¸±μ²±  · §´Ò³¨
¸¶μ¸μ¡ ³¨: μ¤´μ¢·¥³¥´´μ ¨²¨ ¶μ¸²¥¤μ¢ É¥²Ó´μ ¨§ ¢ÒÉÖ´ÊÉμ° Ëμ·³Ò,   É ±¦¥
μ¤´μ¢·¥³¥´´μ ¨§ ¸¶²ÕÐ¥´´μ° Ëμ·³Ò.

� ¸ÉμÖÐ Ö · ¡μÉ  ¶μ¸¢ÖÐ¥´  ¨¸¸²¥¤μ¢ ´¨Õ ¶μ¸²¥¤μ¢ É¥²Ó´μ£μ ³¥Ì ´¨§³ 
É·μ°´μ£μ ¤¥²¥´¨Ö. ŒÒ ¶μ± ¦¥³, ÎÉμ ³ ¸¸Ò μ¡· §Ê¥³ÒÌ μ¸±μ²±μ¢ μ¶·¥¤¥²Ö-
ÕÉ¸Ö ¨Ì μ¡μ²μÎ¥Î´μ° ¸É·Ê±ÉÊ·μ°, É ± ± ± ´ Ï ³¥Éμ¤ ¶μ§¢μ²Ö¥É ÊÎ¨ÉÒ¢ ÉÓ
· ¸¶μ²μ¦¥´¨¥ ´Ê±²μ´μ¢ ´  ±¢ ´Éμ¢ÒÌ μ¤´μÎ ¸É¨Î´ÒÌ Ê·μ¢´ÖÌ ¢μ ¢§ ¨³μ¤¥°-
¸É¢ÊÕÐ¨Ì Ö¤· Ì ¢ ¶ÊÉ¨ μÉ ¸¥¤²μ¢μ° ÉμÎ±¨ ± ÉμÎ±¥ · §·Ò¢ . ’¥μ·¥É¨Î¥¸±¨°
³¥Éμ¤ ¡Ò² · §¢¨É ´  μ¸´μ¢¥ ±μ´Í¥¶Í¨¨ ¤¢μ°´μ° Ö¤¥·´μ° ¸¨¸É¥³Ò. �´ ²μ£¨Î-
´Ò° ³¥Éμ¤ ¡Ò² ¶·¨³¥´¥´ ¢ · ¡μÉ¥ [2] ¤²Ö  ´ ²¨§  ³ ¸¸μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö
¶·μ¤Ê±Éμ¢ ¡¨´ ·´μ£μ ¤¥²¥´¨Ö.

1. ˆ�’…���…’�–ˆŸ ’��‰��ƒ� „…‹…�ˆŸ
‚ ��ŒŠ�• Œ�„…‹ˆ „‚�‰��‰ Ÿ„…���‰ ‘ˆ‘’…Œ›

ŒÒ · ¸¸³μÉ·¨³ ±μ²²¨´¥ ·´μ¥ ± ¸± ¤´μ¥ ¤¥²¥´¨¥, ±μ£¤  μ¸¨ ¤¥²¥´¨Ö Ö¤¥·
¢ μ¡¥¨Ì ¶μ¸²¥¤μ¢ É¥²Ó´ÒÌ ¸É ¤¨ÖÌ ¶·μÍ¥¸¸  ¸μ¢¶ ¤ ÕÉ. �·¥¤¶μ² £ ¥É¸Ö, ÎÉμ
¨¸É¨´´μ¥ É·μ°´μ¥ ¤¥²¥´¨¥ ´ Î¨´ ¥É¸Ö ¸ ¸¨²Ó´μ ³ ¸¸- ¸¨³³¥É·¨Î´μ£μ ¤¥²¥´¨Ö
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¨¸Ìμ¤´μ£μ Ö¤· , É ± ± ± ¢¥·μÖÉ´μ¸ÉÓ ¤¥²¥´¨Ö ÉÖ¦¥²μ£μ ¶·μ¤Ê±É  ¶¥·¢μ£μ ± ¸-
± ¤   ¸¨³³¥É·¨Î´μ£μ ¤¥²¥´¨Ö ¡μ²ÓÏ¥, Î¥³ É ±μ¢ Ö ¶·μ¤Ê±É  ¸¨³³¥É·¨Î´μ£μ
¤¥²¥´¨Ö. ’Ö¦¥²Ò° ¶·μ¤Ê±É ¶μ¤¢¥·£ ¥É¸Ö ¤¥²¥´¨Õ, ´¥ ¨§³¥´ÖÖ ´ ¶· ¢²¥´¨Ö
¸¢μ¥° ¸±μ·μ¸É¨, ¨ ²¥£±¨° ¶·μ¤Ê±É ¶¥·¢μ£μ ± ¸± ¤  ¤¥²¥´¨Ö ²¥É¨É ¢ ¶·μÉ¨-
¢μ¶μ²μ¦´μ³ ´ ¶· ¢²¥´¨¨ ¸μ£² ¸´μ § ±μ´Ê ¸μÌ· ´¥´¨Ö ³μ³¥´É  ±μ²¨Î¥¸É¢ 
¤¢¨¦¥´¨Ö. ‚ ¶¥·¢μ³ ± ¸± ¤¥ ¤¥²¥´¨Ö ÉÖ¦¥²Ò° Ë· £³¥´É μ± ¦¥É¸Ö ¢ ¢ÒÉÖ´Ê-
Éμ° Ëμ·³¥ ¨ ¤¥²¨É¸Ö ¨§ ´¥¥. ‚ ÔÉμ³ ¸²ÊÎ ¥ μ¸Ó  ±¸¨ ²Ó´μ° ¸¨³³¥É·¨¨ Ö¤¥·
¸μ¢¶ ¤ ¥É ¸ μ¸ÓÕ ¤¥²¥´¨Ö ¢μ ¢Éμ·μ³ ± ¸± ¤¥. �μÔÉμ³Ê ´ ¶· ¢²¥´¨Ö ¸±μ·μ-
¸É¥° ¢Ò²¥É  ¢¸¥Ì É·¥Ì μ¸±μ²±μ¢ ± ¸± ¤´μ£μ É·μ°´μ£μ ¤¥²¥´¨Ö ²¥¦ É ´  μ¤´μ°
²¨´¨¨. �μ ´ ¶· ¢²¥´¨Ö ¸±μ·μ¸É¥° ¤¢ÊÌ μ¸±μ²±μ¢ ¤¥²¥´¨Ö ¤μ²¦´Ò ¡ÒÉÓ ¶·μ-
É¨¢μ¶μ²μ¦´Ò³¨ ¤²Ö ¸μÌ· ´¥´¨Ö ¶μ²´μ£μ ³μ³¥´É  ¸¨¸É¥³Ò: P1+P2+P3 = P0,
£¤¥ P0 Ö¢²Ö¥É¸Ö ´ Î ²Ó´Ò³ ¨³¶Ê²Ó¸μ³ ¶¥·¢μ´ Î ²Ó´μ ¤¥²ÖÐ¥£μ¸Ö ¸μ¸É ¢´μ£μ
Ö¤· . ‚ · ¡μÉ¥ [3]  ¢Éμ·Ò μ¶¨¸Ò¢ ²¨ ·¥§Ê²ÓÉ ÉÒ ¤¢ÊÌ · §²¨Î´ÒÌ Ô±¸¶¥·¨³¥´-
Éμ¢, ¶μ¸¢ÖÐ¥´´ÒÌ ¶μ¨¸±Ê ±μ²²¨´¥ ·´μ£μ · §¤¥²¥´¨Ö ´  É·¨ Î ¸É¨ ¨§ ÉÖ¦¥²ÒÌ
Ö¤¥· 236U ¨ 252Cf. ‚ ÔÉ¨Ì Ô±¸¶¥·¨³¥´É Ì ¨§³¥·¥´Ò ¡¨´ ·´Ò¥ ¸μ¢¶ ¤¥´¨Ö
¶·μ¤Ê±Éμ¢ ¡¨´ ·´μ£μ ¨ É·μ°´μ£μ ¤¥²¥´¨Ö ´  ¤¢  ¨²¨ É·¨ μ¸±μ²±  ¸ ¶μ³μ-
ÐÓÕ ¤¥É¥±Éμ·μ¢, ±μÉμ·Ò¥ ¶μ§¢μ²ÖÕÉ ·¥£¨¸É·¨·μ¢ ÉÓ Ë· £³¥´ÉÒ, ¢Ò²¥É ÕÐ¨¥
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�¨¸. 1. Šμ´ÉÊ·´Ò¥ ± ·ÉÒ (¢ ²μ£ ·¨Ë³¨Î¥¸±μ³ ³ ¸ÏÉ ¡¥) ³ ¸¸μ¢μ-³ ¸¸μ¢μ£μ · ¸¶·¥-
¤¥²¥´¨Ö ±μ²²¨´¥ ·´ÒÌ Ë· £³¥´Éμ¢, μ¡´ ·Ê¦¥´´ÒÌ ¢ ¸μ¢¶ ¤¥´¨¨ ¢ ¤¢ÊÌ ¶·μÉ¨¢μ¶μ-
²μ¦´ÒÌ ¶²¥Î Ì ¸¶¥±É·μ³¥É·  ”���‘ ¤²Ö ·¥ ±Í¨¨ 235U(nth, f ). �¡² ¸É¨, ¸μμÉ¢¥É-
¸É¢ÊÕÐ¨¥ ³ ¸¸ ³ M1,2 = 100, 140, ¸¢Ö§ ´Ò ¸ ¤¥²¥´¨¥³ ¨¸Ìμ¤´μ£μ Ö¤·  ´  ¤¢¥ Î ¸É¨.
„μ¶μ²´¨É¥²Ó´Ò° Ìμ²³, ±μÉμ·Ò° μ¡μ§´ Î¥´ ¸É·¥²±μ°, · ¸¶μ²μ¦¥´ ¢ μ¡² ¸É¨, ¸μμÉ¢¥É-
¸É¢ÊÕÐ¥° ¡μ²ÓÏμ° ®´¥¤μ¸É ÕÐ¥°¯ ³ ¸¸¥ [3]
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¶μ¤ Ê£²μ³ 180◦ μÉ´μ¸¨É¥²Ó´μ ¤·Ê£ ¤·Ê£ . ‚ Ô±¸¶¥·¨³¥´É¥ ¢ ± ¦¤μ³ ¶²¥Î¥
¸¶¥±É·μ³¥É·  ¨§³¥·Ö²¨¸Ó Ô´¥·£¨¨ ¨ ¸±μ·μ¸É¨ ¶·μ¤Ê±Éμ¢,   É ±¦¥ ±μμ·¤¨´ ÉÒ
¢ ¤¢Ê³¥·´μ° ¶²μ¸±μ¸É¨. ’ ±¨³ μ¡· §μ³, ¢ ¸²ÊÎ ¥ É·μ°´μ£μ ¤¥²¥´¨Ö ¤ ´´Ò°
³¥Éμ¤ ¸É ´μ¢¨É¸Ö ³¥Éμ¤μ³ ¶·μ¶ÊÐ¥´´μ£μ É·¥ÉÓ¥£μ μ¸±μ²± . �  ·¨¸. 1 ¶·¨-
¢¥¤¥´Ò ±μ´ÉÊ·´Ò¥ ± ·ÉÒ (¢ ²μ£ ·¨Ë³¨Î¥¸±μ³ ³ ¸ÏÉ ¡¥) ³ ¸¸μ¢μ-³ ¸¸μ¢μ£μ
· ¸¶·¥¤¥²¥´¨Ö ±μ²²¨´¥ ·´ÒÌ Ë· £³¥´Éμ¢, μ¡´ ·Ê¦¥´´ÒÌ ¢ ¸μ¢¶ ¤¥´¨¨ ¢ ¤¢ÊÌ
¶·μÉ¨¢μ¶μ²μ¦´ÒÌ ¶²¥Î Ì ¸¶¥±É·μ³¥É·  ”���‘. �¡² ¸É¨, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥
³ ¸¸ ³ M1,2 = 100, 140, ¸¢Ö§ ´Ò ¸ ¤¥²¥´¨¥³ ¨¸Ìμ¤´μ£μ Ö¤·  ´  ¤¢¥ Î -
¸É¨. „μ¶μ²´¨É¥²Ó´Ò° Ìμ²³, ±μÉμ·Ò° μ¡μ§´ Î¥´ ¸É·¥²±μ°, · ¸¶μ²μ¦¥´ ¢ μ¡² -
¸É¨, ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¡μ²ÓÏμ° ®´¥¤μ¸É ÕÐ¥°¯ ³ ¸¸¥ ΔM = 70 [3]. Œ ¸¸-
 ¸¨³³¥É·¨Î´μ¸ÉÓ ¶·μ¤Ê±Éμ¢, μ¡· §μ¢ ´´ÒÌ ¢ ¶¥·¢μ³ ± ¸± ¤¥ É·μ°´μ£μ ¤¥²¥-
´¨Ö, É·¥¡Ê¥É¸Ö ¤²Ö Éμ£μ, ÎÉμ¡Ò ¡ ·Ó¥· ¤¥²¥´¨Ö ÉÖ¦¥²μ£μ Ë· £³¥´É  ¢μ ¢Éμ·μ³
± ¸± ¤¥ ¡Ò² ± ± ³μ¦´μ ³¥´ÓÏ¨³. …¸²¨ ¢ ¶¥·¢μ³ ± ¸± ¤¥ ¤¥²¥´¨Ö μ¡· §ÊÕÉ¸Ö
μ¸±μ²±¨ ¸ ¸¨³³¥É·¨Î´Ò³¨ ³ ¸¸ ³¨, Éμ ¢¥·μÖÉ´μ¸ÉÓ ¤¥²¥´¨Ö ÔÉ¨Ì Ë· £³¥´-
Éμ¢ ¡Ê¤¥É ´¨ÎÉμ¦´μ ³ ²μ° ¶μ ¸· ¢´¥´¨Õ ¸ ¤¥²¥´¨¥³ ÉÖ¦¥²μ£μ Ë· £³¥´É 
¶·¨  ¸¨³³¥É·¨Î´μ³ ¤¥²¥´¨¨ ¢ ¶¥·¢μ³ ± ¸± ¤¥ ¤¥²¥´¨Ö, É ± ± ± μ´¨ ¨³¥ÕÉ
³¥´ÓÏÊÕ ³ ¸¸Ê ¨, ¸²¥¤μ¢ É¥²Ó´μ, ¤²Ö ´¨Ì ¡ ·Ó¥· ¤¥²¥´¨Ö ¡Ê¤¥É ¢ÒÏ¥ [4].
’ ±μ° ¸¨²Ó´μ ³ ¸¸- ¸¨³³¥É·¨Î´Ò° ± ´ ² ¤¥²¥´¨Ö 236U ¡Ò² ´ ¡²Õ¤¥´ ¥Ð¥ ¢
1990-Ì ££. �.�. ƒμ¢¥·¤μ¢¸±¨³ ¨ ¤·. ¢ · ¡μÉ¥ [5].

ŒÒ ¶·¨³¥´Ö¥³ ³μ¤¥²Ó ¤¢μ°´μ° Ö¤¥·´μ° ¸¨¸É¥³Ò („Ÿ‘) ± ± ¦¤μ³Ê ± ¸-
± ¤Ê ¤¥²¥´¨Ö, ±μ£¤  ¢§ ¨³μ¤¥°¸É¢ÊÕÉ Éμ²Ó±μ ¤¢  Ö¤· . Šμ´Í¥¶Í¨Ö „Ÿ‘ ¶·¥¤-
¶μ² £ ¥É ¢§ ¨³μ¤¥°¸É¢¨¥ ¤¢ÊÌ Ö¤¥· ¸ ´Ê±²μ´´Ò³ μ¡³¥´μ³ ³¥¦¤Ê ´¨³¨ ¨ ¢´Ê-
É·¥´´¨³ ¢μ§¡Ê¦¤¥´¨¥³ Ö¤¥· §  ¸Î¥É Î ¸É¨Î´μ-¤Ò·μÎ´ÒÌ ¢μ§¡Ê¦¤¥´¨° ´Ê±²μ-
´μ¢ ³¥¦¤Ê μ¤´μÎ ¸É¨Î´Ò³¨ ±¢ ´Éμ¢Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨. �μ¸·¥¤¸É¢μ³ É ±μ£μ
¶μ¤Ìμ¤  Ìμ·μÏμ μ¡ÑÖ¸´Ö¥É¸Ö ³´μ¦¥¸É¢μ μ¸μ¡¥´´μ¸É¥° ·¥ ±Í¨° £²Ê¡μ±μ´¥-
Ê¶·Ê£¨Ì ¶¥·¥¤ Î, ¶μ²´μ£μ ¸²¨Ö´¨Ö Ö¤¥·, ¤¥²¥´¨Ö, ±¢ §¨¤¥²¥´¨Ö [6Ä8]. “³¥¸É-
´μ¸ÉÓ ¶·¨³¥´¥´¨Ö ±μ´Í¥¶Í¨¨ „Ÿ‘ ¤²Ö μ¶¨¸ ´¨Ö ¶¥·¥Î¨¸²¥´´ÒÌ ¶·μÍ¥¸¸μ¢
μÎ¥¢¨¤´ : ³Ò ¨³¥¥³ „Ÿ‘ ¢μ ¢Ìμ¤´μ³ ± ´ ²¥. �² £μ¤ ·Ö ¸μÌ· ´¥´¨Õ μ¡μ²μ-
Î¥Î´μ° ¸É·Ê±ÉÊ·Ò ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Ö¤¥· ¸É ¤¨Ö „Ÿ‘ ¢ ³¥Ì ´¨§³¥ Ö¤¥·´ÒÌ
·¥ ±Í¨° ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¨£· ¥É ¢ ¦´ÊÕ ·μ²Ó. �¤´ ±μ ¶·¨³¥´¥´¨¥ ÔÉμ£μ
¶μ¤Ìμ¤  ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö μÉ¤¥²Ó´ÒÌ ¸¢μ°¸É¢ ¢ÒÌμ¤  ¶·μ¤Ê±Éμ¢ ¢ ·¥ ±Í¨ÖÌ
¸²¨Ö´¨Ö-¤¥²¥´¨Ö ¨ ±¢ §¨¤¥²¥´¨Ö É·¥¡Ê¥É ´μ¢ÒÌ ¨¤¥° ¨ μ¡μ¸´μ¢ ´¨°. ƒ² ¢-
´Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ³μ¤¥²¥° „Ÿ‘ Å § ·Ö¤μ¢ Ö ¨²¨ ³ ¸¸μ¢ Ö  ¸¨³³¥É·¨Ö
¸¨¸É¥³Ò ¨ μÉ´μ¸¨É¥²Ó´μ¥ · ¸¸ÉμÖ´¨¥ R ³¥¦¤Ê ¥£μ Ë· £³¥´É ³¨.

� · ³¥É·Ò ¤¥Ëμ·³ Í¨¨ ¨ Ê£²Ò μ·¨¥´É Í¨¨ ¨Ì μ¸¥°  ±¸¨ ²Ó´μ° ¸¨³³¥-
É·¨¨ (¥¸²¨ Ë· £³¥´ÉÒ ¤¥Ëμ·³¨·μ¢ ´Ò) ³μ£ÊÉ ¡ÒÉÓ ¶·¨´ÖÉÒ ¢μ ¢´¨³ ´¨¥ [7].
	É  ³μ¤¥²Ó ´¥¶·¨¥³²¥³  ¤²Ö ¶·μÍ¥¸¸μ¢, ±μ£¤  „Ÿ‘ ¨³¥¥É ¡μ²ÓÏμ° ¶ · -
³¥É· Ï¥°±¨, É. ¥. ±μ£¤  ¶¥·¥±·ÒÉ¨¥ ´Ê±²μ´´ÒÌ ¶²μÉ´μ¸É¥° ¢§ ¨³μ¤¥°¸É¢ÊÕ-
Ð¨Ì Ö¤¥· ¸· ¢´¨³μ ¸ μ¡Ñ¥³μ³ Ö¤¥·. �μÔÉμ³Ê ³Ò ´¥ ³μ¦¥³  ´ ²¨§¨·μ¢ ÉÓ
´ Î ²Ó´ÊÕ ¸É ¤¨Õ ¸¶μ´É ´´μ£μ ¤¥²¥´¨Ö ¨²¨ ¨´¤ÊÍ¨·μ¢ ´´μ£μ ¤¥²¥´¨Ö Ö¤¥·.
� ³¨ · ¸¸³ É·¨¢ ¥É¸Ö ¸É ¤¨Ö ¤¥²¥´¨Ö, ±μ£¤  ¨¸Ìμ¤´μ¥ Ö¤·μ ´ Î ²μ ¤¥²¨ÉÓ¸Ö
¨ ¶·¨ ¸¶Ê¸±¥ ¸ ¸¥¤²μ¢μ° ÉμÎ±¨ ¤μ ÉμÎ±¨ · §·Ò¢  Ëμ·³¨·ÊÕÉ¸Ö ¤¢  ¢§ ¨³μ-

3



¤¥°¸É¢ÊÕÐ¨Ì ¡Ê¤ÊÐ¨Ì Ë· £³¥´É . �´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¶·¥¤-
¸É ¢²ÖÕÐ¨Ì ±μ´±Ê·¥´Í¨Õ ³¥¦¤Ê Ô³¨¸¸¨¥° Î ¸É¨Í (´¥°É·μ´μ¢, ¶·μÉμ´μ¢ ¨²¨
 ²ÓË -Î ¸É¨Í) ¨ ¤¥²¥´¨¥³ ¢ ·¥ ±Í¨ÖÌ ¸²¨Ö´¨Ö-¤¥²¥´¨Ö Ö¤¥·, ¶μ± § ², ÎÉμ § -
³¥¤²¥´¨¥ ¤¥²¥´¨Ö ¸¢Ö§ ´μ ¸ ¡μ²ÓÏ¨³¨ ¸¨² ³¨ É·¥´¨Ö (¢Ö§±μ¸É¨) ¢ Ö¤¥·´μ³
¢¥Ð¥¸É¢¥ [9]. ŒÒ ´¥ · ¸¸³ É·¨¢ ¥³ ¤¨´ ³¨±Ê Ê¤²¨´¥´¨Ö ¤¥²ÖÐ¥£μ¸Ö Ö¤·  ¶·¨
¤¥²¥´¨¨. “¤²¨´¥´¨¥ ¸¨¸É¥³Ò Å ³¥¤²¥´´μ ³¥´ÖÕÐ Ö¸Ö ¶¥·¥³¥´´ Ö ¶μ ¸· ¢´¥-
´¨Õ ¸ ¶·μÍ¥¸¸μ³ μ¡³¥´  ´Ê±²μ´ ³¨ ³¥¦¤Ê Ëμ·³¨·ÊÕÐ¨³¨¸Ö Ë· £³¥´É ³¨.
�·¨³¥´¥´¨¥ „Ÿ‘ ¶·¥¤¶μ² £ ¥É § ¤ ´¨¥ ´¥±μÉμ·μ° ´ Î ²Ó´μ°  ¸¨³³¥É·¨¨ § -
·Ö¤μ¢μ£μ Z ¨ ZCNÄZ (ZCN Å § ·Ö¤ ¤¥²ÖÐ¥£μ¸Ö Ö¤· ) ¨ ³ ¸¸μ¢μ£μ A ¨ ACNÄA
(ACN Å ³ ¸¸μ¢μ¥ Î¨¸²μ ¤¥²ÖÐ¥£μ¸Ö Ö¤· ) · ¸¶·¥¤¥²¥´¨° ¶μ¸²¥ ¶·¥μ¤μ²¥´¨Ö
¸¥¤²μ¢μ° ÉμÎ±¨. ‚ É¥Î¥´¨¥ ³¥¤²¥´´μ£μ ¸¶Ê¸±  ¤¥²ÖÐ¥°¸Ö ¸¨¸É¥³Ò μÉ ¸¥¤²μ¢μ°
ÉμÎ±¨ ¤μ ÉμÎ±¨ · §·Ò¢  ¥¥ ³ ¸¸μ¢ Ö ¨ § ·Ö¤μ¢ Ö  ¸¨³³¥É·¨¨ ¨§³¥´ÖÕÉ¸Ö ¨§-
§  ´Ê±²μ´´μ£μ μ¡³¥´  ¨ ¨Ì ¶¥·¥¤ Î¨ ³¥¦¤Ê Ëμ·³¨·ÊÕÐ¨³¨¸Ö Ë· £³¥´É ³¨.
	¢μ²ÕÍ¨Ö „Ÿ‘ ¸ ¶¥·¥¤ Î¥° ´Ê±²μ´μ¢ ³μ¦¥É ¡ÒÉÓ ¢ÒÎ¨¸²¥´  ¸ ¶μ³μÐÓÕ
³ ¸É¥·-Ê· ¢´¥´¨Ö � Ê²¨ [6Ä8]

dPZ(t)/dt = Δ(+)
Z−1PZ−1(t) + Δ(−)

Z+1PZ+1(t) − (ΔZ + ΛZ)PZ(t), (1)

£¤¥ ΔZ = Δ(+)
Z + Δ(−)

Z ; PZ(t) Å ¢¥·μÖÉ´μ¸ÉÓ Éμ£μ, ÎÉμ ¢ ³μ³¥´É ¢·¥³¥´¨ t
μ¤¨´ ¨§ Ë· £³¥´Éμ¢ „Ÿ‘ ¨³¥¥É § ·Ö¤ Z (´ ¶·¨³¥· 1 < Z < 91 ¤²Ö 236U),

¸²¥¤μ¢ É¥²Ó´μ, § ·Ö¤ ¢Éμ·μ£μ Ë· £³¥´É  ¡Ê¤¥É · ¢¥´ ZCNÄZ; Δ(+)
Z ¨ Δ(−)

Z Å
±μÔËË¨Í¨¥´ÉÒ ¶¥·¥Ìμ¤  ¶·μÉμ´  ¢ Ë· £³¥´É Z ¨§ Ë· £³¥´É -¶ ·É´¥·  ¨

¶¥·¥Ìμ¤  ¢ μ¡· É´μ³ ´ ¶· ¢²¥´¨¨ ¸μμÉ¢¥É¸É¢¥´´μ. Δ(+)
Z ¨ Δ(−)

Z ¢ÒÎ¨¸²ÖÕÉ¸Ö
¸ ¶μ³μÐÓÕ Ê¸·¥¤´¥´¨Ö ¶μ ¢·¥³¥´¨ ¢¥·μÖÉ´μ¸É¨ ¶¥·¥¤ Î¨ ¶·μÉμ´μ¢ ³¥¦¤Ê
Ë· £³¥´É ³¨ Z ¨ ZCNÄZ §  ¢·¥³¥´´μ° ¨´É¥·¢ ² Δt = 10−22 c:

Δ(+)
Z = 2

∑
ij

∣∣∣g(Z)
ij

∣∣∣2 (2li + 1)(2lj + 1)n(ZCN−Z)
i (1 − n

(Z)
j )×

× (ε(ZCN−Z)
i − ε

(Z)
j )−2W

(Z)
ij /Δt, (2)

Δ(−)
Z = 2

∑
ij

∣∣∣g(Z)
ij

∣∣∣2 (2li + 1)(2lj + 1)n(Z)
i (1 − n

(ZCN−Z)
j )×

× (ε(ZCN−Z)
i − ε

(Z)
j )−2W

(Z)
ij /Δt, (3)

£¤¥

W
(Z)
PT = (1 + exp [−2 (ΓP + ΓT )Δt/η]−

− exp [− (ΓP + ΓT )Δt/η]×

× cos [(EP − ET ) Δt/η]) /
(
(EP − ET )2 + (ΓP + ΓT )2

)
, (4)
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n
(ZCN−Z)
i , ε

(ZCN−Z)
i , li ¨ n

(Z)
j , ε

(Z)
j , lj Ö¢²ÖÕÉ¸Ö Î¨¸² ³¨ § ¶μ²´¥´¨Ö, Ô´¥·£¨-

Ö³¨ ¨ ±· É´μ¸ÉÓÕ ¢Ò·μ¦¤¥´¨Ö μ¤´μÎ ¸É¨Î´ÒÌ ¸μ¸ÉμÖ´¨° ¢ μ¤´μ³ ¨ ¤·Ê£μ³

Ë· £³¥´É¥ „Ÿ‘ ¸μμÉ¢¥É¸É¢¥´´μ; g
(Z)
ij Ö¢²Ö¥É¸Ö ³ É·¨Î´Ò³ Ô²¥³¥´Éμ³ ¶¥·¥-

Ìμ¤  ´Ê±²μ´  ³¥¦¤Ê μ¤´μÎ ¸É¨Î´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨ i ¨ j, ¶·¨´ ¤²¥¦ Ð¨³¨

Ë· £³¥´É ³ ZCNÄZ ¨ Z ¸μμÉ¢¥É¸É¢¥´´μ. ’ ±¨³ μ¡· §μ³, §´ Î¥´¨Ö g
(Z)
ij ¢Ò-

Î¨¸²ÖÕÉ¸Ö ³¨±·μ¸±μ¶¨Î¥¸±¨. Γi = η/τi Å Ï¨·¨´  · ¸¶ ¤  μ¤´μÎ ¸ÉÎ´ÒÌ
¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨° ¢ ¸´ ·Ö¤μ¶μ¤μ¡´ÒÌ ¨ ³¨Ï¥´¥¶μ¤μ¡´ÒÌ Ë· £³¥´-
É Ì (i = P, T ). „²Ö ¥¥ ¢ÒÎ¨¸²¥´¨Ö ¨¸¶μ²Ó§μ¢ ´  Ëμ·³Ê²  ¤²Ö τi (�.12) ¨§
· ¡μÉÒ [8]. ” ±Éμ· ΛZ Ì · ±É¥·¨§Ê¥É ¨´É¥´¸¨¢´μ¸ÉÓ · ¸¶ ¤  „Ÿ‘ ¨§ ±μ´Ë¨-
£Ê· Í¨¨ ¸ § ·Ö¤μ¢μ°  ¸¨³³¥É·¨¥° Z. ‡´ Î¥´¨¥ ΛZ μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³Ê²μ°

Λ = Krotωm

(√
γ2/(2μ)2 + ω2

b − γ/2μ

)
exp (−hb/T ), (5)

£¤¥ Î ¸ÉμÉÒ ωm ¨ ωb ¸¢Ö§ ´Ò ¸ · §³¥· ³¨ ± ·³ ´  ¨ ¡ ·Ó¥·  ¢ ¶μÉ¥´Í¨-
 ²Ó´μ° Ô´¥·£¨¨ V (R) Ö¤·μ-Ö¤¥·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê Ë· £³¥´É ³¨ Z
¨ ZtotÄZ. ‡´ Î¥´¨Ö ÔÉ¨Ì Î ¸ÉμÉ ´ Ìμ¤ÖÉ¸Ö  ¶¶·μ±¸¨³ Í¨¥° ¤´  ¨ ¡ ·Ó¥· 
± ·³ ´  £ ·³μ´¨Î¥¸±¨³¨ μ¸Í¨²²ÖÉμ· ³¨ ¤²Ö ± ¦¤μ° § ·Ö¤μ¢μ° ±μ´Ë¨£Ê· -
Í¨¨ Z „Ÿ‘:

ω2
m = μ−1

∣∣∂2V (R)/(∂R)2
∣∣
R=Rm

, ω2
b = μ−1

∣∣∂2V (R)/(∂R)2
∣∣
R=Rb

(6)

¢ ÉμÎ± Ì Rm ¨ Rb, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¤´Ê ± ·³ ´  ¨ ¡ ·Ó¥·Ê Ö¤·μ-Ö¤¥·´μ£μ
¶μÉ¥´Í¨ ² . hb Å ¢Ò¸μÉ  ¡ ·Ó¥·  · ¸¶ ¤ , μ¶·¥¤¥²Ö¥É¸Ö £²Ê¡¨´μ° ± ·³ ´ ;
γ Å ±μÔËË¨Í¨¥´É É·¥´¨Ö μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö ¶μ R, ¢ÒÎ¨¸²Ö¥É¸Ö, ± ±
¢ · ¡μÉ¥ [8]; T Å ÔËË¥±É¨¢´ Ö É¥³¶¥· ÉÊ·  „Ÿ‘ ´  ¡ ·Ó¥·¥, ±μÉμ· Ö μ¶·¥-
¤¥²Ö¥É¸Ö ¶μ Ëμ·³Ê²¥ T = 3,46

√
(En + Qgg − hb) /A, £¤¥ En Å Ô´¥·£¨Ö,

¶·¨´μ¸¨³ Ö ´¥°É·μ´μ³; Qgg Å ¡ ² ´¸ Ô´¥·£¨¨ ¶·¨ μ¡· §μ¢ ´¨¨ „Ÿ‘ ¸ · ¸-
¸³ É·¨¢ ¥³μ° § ·Ö¤μ¢μ°  ¸¨³³¥É·¨¥°; A Å ³ ¸¸μ¢μ¥ Î¨¸²μ ¤¥²ÖÐ¥£μ¸Ö Ö¤· .

‡ ·Ö¤μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶·μ¤Ê±Éμ¢ ¡¨´ ·´μ£μ ¤¥²¥´¨Ö ¢ÒÎ¨¸²Ö¥É¸Ö ¨´-
É¥£·¨·μ¢ ´¨¥³ ¢ÒÌμ¤μ¢ · ¸¶ ¤  „Ÿ‘ ¢ É¥Î¥´¨¥ ¢·¥³¥´¨ ·¥ ±Í¨¨ treac:

YZ(treac) = ΛZ

treac∫
0

PZ dt. (7)

2. �…‡“‹œ’�’› ‚›—ˆ‘‹…�ˆ‰

„²Ö ¨¸¸²¥¤μ¢ ´¨Ö Ô¢μ²ÕÍ¨¨ § ·Ö¤μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö Ë· £³¥´Éμ¢ „Ÿ‘
¨ ¶·μ¤Ê±Éμ¢ ¥¥ · ¸¶ ¤  ³Ò Î¨¸²¥´´μ ·¥Ï¨²¨ ¸¨¸É¥³Ê ²¨´¥°´ÒÌ ¤¨ËË¥·¥´-

Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° (1) ¤²Ö Z = 2Ä90. ŠμÔËË¨Í¨¥´ÉÒ Δ(+)
Z ¨ Δ(−)

Z Ê· ¢-
´¥´¨Ö (1) ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò ¸ ¶μ³μÐÓÕ ¢Ò· ¦¥´¨° (2) ¨ (3). YZ(t) Ì · ±É¥-
·¨§Ê¥É § ·Ö¤μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶·μ¤Ê±Éμ¢ ¢ · ¸¶ ¤¥ „Ÿ‘. YZ(t) ¶·¨μ¡·¥É ¥É
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�¨¸. 2. ˆ´É¥´¸¨¢´μ¸ÉÓ (a) ¨ ¡ ·Ó¥· (¡) · ¸¶ ¤  „Ÿ‘ ± ± ËÊ´±Í¨Ö § ·Ö¤μ¢ÒÌ  ¸¨³³¥-
É·¨° Z ¤²Ö 236U

¤μ¶μ²´¨É¥²Ó´ÊÕ § ¢¨¸¨³μ¸ÉÓ μÉ Z ¶μ ¸· ¢´¥´¨Õ ¸ PZ(t) ¨§-§  § ¢¨¸¨³μ¸É¨
¨´É¥´¸¨¢´μ¸É¨ · ¸¶ ¤  ΛZ μÉ §´ Î¥´¨Ö ¡ ·Ó¥·  Bqf ¨ Ëμ·³Ò ¶μÉ¥´Í¨ ² 
¢§ ¨³μ¤¥°¸É¢¨Ö V (R) Ë· £³¥´Éμ¢ ¤¢μ°´μ° ¸¨¸É¥³Ò: ωm ¨ ωb § ¢¨¸ÖÉ μÉ
V (R) (6).

Œ ¸¸μ¢μ¥ Î¨¸²μ Ë· £³¥´É  ¤²Ö ¤ ´´μ£μ § ·Ö¤μ¢μ£μ Î¨¸²  Z ¡Ò²μ ´ °¤¥´μ
± ± §´ Î¥´¨¥, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ³¨´¨³ ²Ó´μ° ¶μ²´μ° Ô´¥·£¨¨ „Ÿ‘. ŠμÔËË¨-

Í¨¥´ÉÒ Δ(+)
Z ¨ Δ(−)

Z ± ± ËÊ´±Í¨¨ gPT ¨ μ¤´μÎ ¸É¨Î´ÒÌ Ô´¥·£¨° ¢ÒÎ¨¸²¥´Ò
¤²Ö ± ¦¤μ° ¶ ·Ò Ë· £³¥´Éμ¢: ¤²Ö Z = 2 ¨ Z = Ztot − 2.

�  ·¨¸. 2,   ¶·¨¢¥¤¥´  § ¢¨¸¨³μ¸ÉÓ ¨´É¥´¸¨¢´μ¸É¨ · ¸¶ ¤  μÉ § ·Ö¤μ¢μ°
 ¸¨³³¥É·¨¨ „Ÿ‘. Š ± ¢¨¤´μ ¨§ ·¨¸. 2,  , ¤²Ö §´ Î¥´¨° 38 < Z < 40 ¢¥·μÖÉ-
´μ¸ÉÓ · ¸¶ ¤  „Ÿ‘ ´ ³´μ£μ ¡μ²ÓÏ¥, Î¥³ ¢ § ·Ö¤μ¢μ-¸¨³³¥É·¨Î´μ° μ¡² ¸É¨.
	Éμ ¸± §Ò¢ ¥É¸Ö ¢ · §´μ¸É¨ Ô¢μ²ÕÍ¨¨ § ·Ö¤μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö Ë· £³¥´-
Éμ¢ ¤¢μ°´μ° ¸¨¸É¥³Ò ¨ ¶·μ¤Ê±Éμ¢ · ¸¶ ¤ . �  ·¨¸. 2, ¡ ¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ
¡ ·Ó¥·  · ¸¶ ¤  „Ÿ‘ μÉ Z. �  ·¨¸. 3 ¶·¨¢¥¤¥´  Ô¢μ²ÕÍ¨Ö § ·Ö¤μ¢μ£μ · ¸¶·¥-
¤¥²¥´¨Ö PZ(t) Ë· £³¥´Éμ¢ ¤¢μ°´μ° ¸¨¸É¥³Ò ± ± ËÊ´±Í¨Ö ¥¥ ¢·¥³¥´¨ ¦¨§´¨
¶¥·¥¤ · ¸¶ ¤μ³ ¢ ¤¢  Ë· £³¥´É .

� Î ²Ó´μ¥ ³ ¸¸μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¢§ÖÉμ ¢ ¢¨¤¥ £ Ê¸¸μ¢μ° Ëμ·³Ò ¸ ³ ±-
¸¨³Ê³μ³ ¢ Z = 46. ˆ§ ·¨¸. 3 ¢¨¤´μ, ÎÉμ Ëμ·³  § ·Ö¤μ¢μ£μ · ¸¶·¥¤¥²¥-
´¨Ö Ë· £³¥´Éμ¢ ¤¥²¥´¨Ö ¢ μ¸´μ¢´μ³ Ö¢²Ö¥É¸Ö  ¸¨³³¥É·¨Î´μ° ¡² £μ¤ ·Ö ÊÎ¥ÉÊ
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�¨¸. 3. 	¢μ²ÕÍ¨Ö § ·Ö¤μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö Ë· £³¥´Éμ¢ ¤¢μ°´μ° ¸¨¸É¥³Ò ± ± ËÊ´±Í¨Ö
¥¥ ¢·¥³¥´¨ ¦¨§´¨ ¶·¨ ¤¥²¥´¨¨ 236U

±¢ ´Éμ¢ÒÌ ÔËË¥±Éμ¢ ¢ μ¤´μÎ ¸É¨Î´ÒÌ Ô´¥·£¨ÖÌ ´Ê±²μ´μ¢ ¢μ Ë· £³¥´É Ì ¤¢μ°-

´μ° ¸¨¸É¥³Ò ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ±μÔËË¨Í¨¥´Éμ¢ Δ(+)
Z ¨ Δ(−)

Z ³ ¸É¥·-Ê· ¢-
´¥´¨Ö (1).

„²Ö Éμ£μ ÎÉμ¡Ò μ¶·¥¤¥²¨ÉÓ ¶·μ¤Ê±É-± ´¤¨¤ É, ±μÉμ·Ò° ¤μ²¦¥´ ¶μ¤¢¥·-
£ ÉÓ¸Ö ¢Éμ·¨Î´μ³Ê ¤¥²¥´¨Õ ¸ ´ ¨¡μ²ÓÏ¥° ¢¥·μÖÉ´μ¸ÉÓÕ, ³Ò ¨¸¸²¥¤μ¢ ²¨ ¢Ò-
Ìμ¤ ¶·μ¤Ê±Éμ¢ · ¸¶ ¤  ¶¥·¢μ£μ ± ¸± ¤  ¤¥²¥´¨Ö. 	¢μ²ÕÍ¨Ö § ·Ö¤μ¢μ£μ (³ ¸-
¸μ¢μ£μ) · ¸¶·¥¤¥²¥´¨Ö ¶·μ¤Ê±Éμ¢ · ¸¶ ¤  „Ÿ‘ ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 4.

Š ± Ê¦¥ μÉ³¥Î ²μ¸Ó ¢μ ¢¢¥¤¥´¨¨, § ·Ö¤ ¨ ³ ¸¸  μ¤´μ£μ ¨§ Ë· £³¥´Éμ¢
¶¥·¢μ£μ ± ¸± ¤  ¤¥²¥´¨Ö ¤μ²¦´Ò ¡ÒÉÓ ± ± ³μ¦´μ ¡μ²ÓÏ¨³¨ ¤²Ö ¤μ¸É¨¦¥-
´¨Ö ¡μ²ÓÏμ° ¢¥·μÖÉ´μ¸É¨ ¤¥²¥´¨Ö ¢μ ¢Éμ·μ³ ± ¸± ¤¥ É·μ°´μ£μ ¤¥²¥´¨Ö, É ±
± ± ¡ ·Ó¥· ¤¥²¥´¨Ö Ê³¥´ÓÏ ¥É¸Ö ¸ Ê¢¥²¨Î¥´¨¥³ § ·Ö¤  ¤¥²ÖÐ¥£μ¸Ö Ö¤·  [4].
ˆ§ ·¨¸. 4 ¢¨¤´μ, ÎÉμ 164Gd Ö¢²Ö¥É¸Ö ´ ¨¡μ²¥¥ ÉÖ¦¥²Ò³ Ë· £³¥´Éμ³ ¨ · ¸¸³ -
É·¨¢ ¥É¸Ö ± ± Ö¤·μ, ¶μ¤¢¥·£ ÕÐ¥¥¸Ö ¤¥²¥´¨Õ ¢μ ¢Éμ·μ³ ± ¸± ¤¥. � ¸μ¶·Ö-
¦¥´´Ò³ ²¥£±¨³ Ë· £³¥´Éμ³ Å ¶¥·¢Ò³ Ë· £³¥´Éμ³ ±μ²²¨´¥ ·´μ£μ É·μ°´μ£μ
¤¥²¥´¨Ö Å Ö¢²Ö¥É¸Ö 72Ni.

	¢μ²ÕÍ¨Ö § ·Ö¤μ¢μ£μ (³ ¸¸μ¢μ£μ) · ¸¶·¥¤¥²¥´¨Ö PZ(t) „Ÿ‘, ¸Ëμ·³¨·μ-
¢ ´´μ° ¶·¨ ¸¶Ê¸±¥ ¸ ¸¥¤²μ¢μ° ÉμÎ±¨ ¢ ¶¥·¢μ³ ± ¸± ¤¥ ¤¥²¥´¨Ö, ¡Ò²  ´ °¤¥´ 
¸ ¶μ³μÐÓÕ Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö (1) ¤²Ö Ë· £³¥´Éμ¢ ¶ ·Ò, Ëμ·³¨-
·ÊÕÐ¨Ì „Ÿ‘, Z1 + Z2 = 64. � ¨¡μ²¥¥ § ·Ö¤μ¢μ- ¸¨³³¥É·¨Î´Ò³ Ë· £³¥´Éμ³
· ¸¶ ¤  Ö¢²Ö¥É¸Ö ¨§μÉμ¶ 164Gd. „²Ö Éμ£μ ÎÉμ¡Ò ´ °É¨ § ·Ö¤μ¢μ¥ · ¸¶·¥¤¥²¥-
´¨¥ ¶·μ¤Ê±Éμ¢ ¤¥²¥´¨Ö 164Gd, ³Ò ¸Ê³³¨·μ¢ ²¨ ¢ÒÌμ¤Ò ¶·μ¤Ê±Éμ¢ ¸ Ô²¥±É·¨-
Î¥¸±¨³¨ § ·Ö¤ ³¨ Z = 2Ä62 §  ¢·¥³Ö ¸ÊÐ¥¸É¢μ¢ ´¨Ö „Ÿ‘, ± ± ¢ Ëμ·³Ê²¥ (7).
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�¨¸. 5. 	¢μ²ÕÍ¨Ö § ·Ö¤μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö Ë· £³¥´Éμ¢ ¤¢μ°´μ° ¸¨¸É¥³Ò ± ± ËÊ´±Í¨Ö
¥¥ ¢·¥³¥´¨ ¦¨§´¨ ¶·¨ ¤¥²¥´¨¨ 164Gd

�¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨Ö ¤²Ö Ô¢μ²ÕÍ¨¨ § ·Ö¤μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö PZ Ë· £³¥´-
Éμ¢, Ëμ·³¨·ÊÕÐ¨Ì „Ÿ‘, ¶μ± § ´Ò ´  ·¨¸. 5.
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�¨¸. 6. 	¢μ²ÕÍ¨Ö § ·Ö¤μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö ¶·μ¤Ê±Éμ¢ · ¸¶ ¤  „Ÿ‘, μ¡· §μ¢ ´´μ°
¶·¨ ¤¥²¥´¨¨ 164Gd

�¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¤²Ö ¢ÒÌμ¤  ¶·μ¤Ê±Éμ¢ ¢μ ¢Éμ·μ³ ± ¸± ¤¥ ¶μ-
¸²¥¤μ¢ É¥²Ó´μ£μ É·μ°´μ£μ ¤¥²¥´¨Ö, É. ¥. ¶·¨ ¤¥²¥´¨¨ 164Gd, ¶·¥¤¸É ¢²¥´Ò
´  ·¨¸. 6. ‡ ·Ö¤μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ Ë· £³¥´Éμ¢ · ¸¶ ¤  „Ÿ‘ ¸μ¤¥·¦¨É ´ -
¡μ· ³ ±¸¨³Ê³μ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¢ÒÌμ¤ ³ ¶·μ¤Ê±Éμ¢ ¸ § ·Ö¤μ¢Ò³¨ Î¨¸² ³¨
14C, 22O, 30Mg, 34Si, 80Zn, 82Ge, 84Se, 130Sn, 138Xe, 134Te, 142Ba ¨ 150Ce.
‚ Ô±¸¶¥·¨³¥´É¥, ¢Ò¶μ²´¥´´μ³ £·Ê¶¶μ° ”���‘,  ¢Éμ·Ò ´ ¡²Õ¤ ²¨ ¤¢  ¶·μ-
¤Ê±É  ¨§ É·¥Ì ¢ É·μ°´μ³ ¤¥²¥´¨¨ 236U [3]: Ö¢´Ò° ¶¨± ¸μμÉ¢¥É¸É¢μ¢ ² ¢ÒÌμ¤Ê
68Ni ´  μ¤´μ³ ¨§ ¤¥É¥±Éμ·μ¢,   ´  ¢Éμ·μ³ ¤¥É¥±Éμ·¥ Ö·±μ ¢Ò¤¥²Ö²μ¸Ó ³ ¸¸μ-
¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¸ ³ ±¸¨³Ê³μ³ μ±μ²μ 140  Éμ³´ÒÌ ¥¤¨´¨Í ³ ¸¸Ò ( . ¥. ³.).
‘¨¸É¥³ É¨±  ¸Ê³³Ò ³ ¸¸ § ·¥£¨¸É·¨·μ¢ ´´ÒÌ ¶·μ¤Ê±Éμ¢ M1 + M2 = MS ,
· ¢´μ° ¶μ¸ÉμÖ´´Ò³ Î¨¸² ³ μÉ 160 ¤μ 220  . ¥. ³., ¢ÒÖ¢¨²  ³ ±¸¨³Ê³Ò μ±μ²μ
§´ Î¥´¨° MS = 202 ¨ 208 ¤²Ö ·¥ ±Í¨¨ 235U(nth, f ). �¢Éμ·Ò · ¡μÉÒ [3] ¶μ² -
£ ÕÉ, ÎÉμ MS = 202 ¨ 208 ¸μμÉ¢¥É¸É¢ÊÕÉ μ¡· §μ¢ ´¨Õ ¶ · Ö¤¥· 132Sn + 70Ni
¨ 128Sn + 80Ge ¢ ÔÉ¨Ì ± ´ ² Ì, ¨³¥ÕÐ¨Ì μÉ´μ¸¨É¥²Ó´μ ¡μ²ÓÏ¨¥ ¸¥Î¥´¨Ö.
‚ ¶¥·¢μ³ ± ¸± ¤¥ ¤¥²¥´¨Ö ³Ò ¶μ²ÊÎ¨²¨ ¶¥·¢ÊÕ £·Ê¶¶Ê ¶·μ¤Ê±Éμ¢ 72Ni ± ±
¸μ¶ÊÉ¸É¢ÊÕÐ¨° Ë· £³¥´É ¶·¨ μ¡· §μ¢ ´¨¨ 164Gd. ‚ ¸²ÊÎ ¥ ´ ¡²Õ¤¥´¨Ö
MS = M1 + M2 = 208 ¢ · ¡μÉ¥ [3] ¸μμÉ¢¥É¸É¢Ê¥É ·¥£¨¸É· Í¨Ö 72Ni ¢ μ¤´μ³
¤¥É¥±Éμ·¥ ¨ 130Sn ¢μ ¢Éμ·μ³ ¤¥É¥±Éμ·¥, · ¸¶μ²μ¦¥´´μ³ ¢ ¶·μÉ¨¢μ¶μ²μ¦´μ³
´ ¶· ¢²¥´¨¨ μÉ´μ¸¨É¥²Ó´μ ³¨Ï¥´¨. � 30Mg Ö¢²Ö¥É¸Ö ¶·μ¤Ê±Éμ³ É·μ°´μ£μ
¤¥²¥´¨Ö, ¶·μ¶ÊÐ¥´´Ò³ ¶·¨ ·¥£¨¸É· Í¨¨ ¨§-§  μ¸μ¡¥´´μ¸É¨ ÔÉμ£μ ³¥Éμ¤  [3].
ˆ§¡ÒÉμÎ´Ò¥ ´¥°É·μ´Ò ¨¸¶Ê¸± ÕÉ¸Ö ¶μ¸²¥ · §²¥É . � Ï¨ ·¥§Ê²ÓÉ ÉÒ ¸μμÉ¢¥É-
¸É¢ÊÕÉ ¶¥·¢¨Î´Ò³ ¶·μ¤Ê±É ³ ± ¸± ¤μ¢ ¤¥²¥´¨Ö.
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Œμ¦´μ ¸¤¥² ÉÓ § ±²ÕÎ¥´¨¥ μ Éμ³, ÎÉμ ¶·μ¤Ê±ÉÒ, ´ ¡²Õ¤ ¥³Ò¥ ¢ Ô±¸-
¶¥·¨³¥´É¥ [3], ¨´É¥·¶·¥É¨·ÊÕÉ¸Ö ± ± ¶·μ¤Ê±ÉÒ ¶μ¸²¥¤μ¢ É¥²Ó´μ£μ É·μ°´μ£μ
¤¥²¥´¨Ö.

�μ¸²¥¤μ¢ É¥²Ó´Ò° (± ¸± ¤´Ò°) ³¥Ì ´¨§³ ¨¸É¨´´μ É·μ°´μ£μ ¤¥²¥´¨Ö ÉÖ-
¦¥²μ£μ  Éμ³´μ£μ Ö¤·  · ¸¸³μÉ·¥´ ¢ · ³± Ì ±μ´Í¥¶Í¨¨ „Ÿ‘. Š ¸± ¤´Ò° ³¥Ì -
´¨§³ ¶·¥¤¶μ² £ ¥É, ÎÉμ ¸´ Î ²  ¨¸Ìμ¤´μ¥ Ö¤·μ ¤¥²¨É¸Ö ´  ¤¢   ¸¨³³¥É·¨Î´ÒÌ
¶μ ³ ¸¸ ³ (§ ·Ö¤ ³) Ë· £³¥´É . ‹¥£±¨° ¶·μ¤Ê±É Å ¶¥·¢Ò° μ¸±μ²μ± ¨¸É¨´´μ
É·μ°´μ£μ ¤¥²¥´¨Ö. „·Ê£¨¥ ¤¢  Ë· £³¥´É  μ¡· §ÊÕÉ¸Ö ¢ · ¸Ð¥¶²¥´¨¨ ÉÖ¦¥-
²μ£μ ¶·μ¤Ê±É  ¶¥·¢μ£μ  ¸¨³³¥É·¨Î´μ£μ ¤¥²¥´¨Ö. ˆ§-§  ¸μÌ· ´¥´¨Ö ¨³¶Ê²Ó¸ 
¸²¥¤Ê¥É, ÎÉμ μ¸¨ ¤¥²¥´¨Ö μ¡μ¨Ì ± ¸± ¤μ¢ ¸μ¢¶ ¤ ÕÉ. �μÔÉμ³Ê ´ ¶· ¢²¥´¨Ö
¨³¶Ê²Ó¸μ¢ ¢Ò²¥É ÕÐ¨Ì ¶·μ¤Ê±Éμ¢ Ö¢²ÖÕÉ¸Ö ±μ²²¨´¥ ·´Ò³¨.

–¥²ÓÕ ¤ ´´μ° · ¡μÉÒ ¡Ò²  μÍ¥´±  § ·Ö¤μ¢μ£μ ¨ ³ ¸¸μ¢μ£μ · ¸¶·¥¤¥²¥-
´¨Ö ¶·μ¤Ê±Éμ¢ É·μ°´μ£μ ¤¥²¥´¨Ö ¨ ¸· ¢´¥´¨¥ É¥μ·¥É¨Î¥¸±¨Ì ¢¥·μÖÉ´μ¸É¥°
μ¡· §μ¢ ´¨Ö ¶·μ¤Ê±Éμ¢ ¢ É·μ°´μ³ ¤¥²¥´¨¨ Ö¤¥· 236U ¸ ·¥§Ê²ÓÉ É ³¨ Ô±¸¶¥·¨-
³¥´É , ¶·μ¢¥¤¥´´μ£μ £·Ê¶¶μ° ”���‘ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° �ˆŸˆ.
‘· ¢´¥´¨¥ ´ Ï¨Ì ·¥§Ê²ÓÉ Éμ¢ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶μ± §Ò¢ ¥É,
ÎÉμ ¢ ¶¥·¢μ³ ± ¸± ¤¥ ¤¥²¥´¨Ö μ¡· §ÊÕÉ¸Ö 72Ni ¨ 164Gd. 72Ni ·¥£¨¸É·¨·Ê¥É¸Ö
μ¤´¨³ ¨§ ¤¥É¥±Éμ·μ¢. ‡ É¥³ 164Gd ³μ¦¥É ¤¥²¨ÉÓ¸Ö ´  Ë· £³¥´ÉÒ, ¶·¨¢¥¤¥´-
´Ò¥ ´  ·¨¸. 6 ¨ ¢ É ¡²¨Í¥. � 30Mg Ö¢²Ö¥É¸Ö ¶·μ¤Ê±Éμ³ É·μ°´μ£μ ¤¥²¥´¨Ö,
¶·μ¶ÊÐ¥´´Ò³ ¶·¨ ·¥£¨¸É· Í¨¨ ¨§-§  μ¸μ¡¥´´μ¸É¨ ³¥Éμ¤  ·¥£¨¸É· Í¨¨ [3].
ˆ§¡ÒÉμÎ´Ò¥ ´¥°É·μ´Ò ¨¸¶Ê¸± ÕÉ¸Ö ¶μ¸²¥ · §²¥É . � Ï¨ ·¥§Ê²ÓÉ ÉÒ ¸μμÉ¢¥É-
¸É¢ÊÕÉ ¶¥·¢¨Î´Ò³ ¶·μ¤Ê±É ³ ± ¸± ¤μ¢ ¤¥²¥´¨Ö. ŒÒ ³μ¦¥³ ¸ Ê¢¥·¥´´μ¸ÉÓÕ
¸± § ÉÓ, ÎÉμ ³¥Ì ´¨§³ ±μ²²¨´¥ ·´μ£μ É·μ°´μ£μ ¤¥²¥´¨Ö ¨³¥¥É ³¥¸Éμ ¤²Ö ¨´-
É¥·¶·¥É Í¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨ ³¥Éμ¤ · ¸Î¥É , ¶·¨¢¥¤¥´´Ò° ¢ ÔÉμ°
· ¡μÉ¥, ¶·¨£μ¤¥´ ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö ·μ²¨ μ¡μ²μÎ¥Î´ÒÌ ¸É·Ê±ÉÊ· Ö¤¥· ¢ ³¥Ì -
´¨§³¥ É·μ°´μ£μ ¤¥²¥´¨Ö.

�¢Éμ·Ò ¢Ò· ¦ ÕÉ ¨¸±·¥´´ÕÕ ¡² £μ¤ ·´μ¸ÉÓ ¢¥¤ÊÐ¨³ ¸¶¥Í¨ ²¨¸É ³
£·Ê¶¶Ò ”���‘ 
.‚. �ÖÉ±μ¢Ê ¨ „. ‚. Š ³ ´¨´Ê §  ¶μ²¥§´Ò¥ ¤¨¸±Ê¸¸¨¨ ¨
Í¥´´Ò¥ § ³¥Î ´¨Ö ¶·¨ ¢Ò¶μ²´¥´¨¨ ¤ ´´μ° · ¡μÉÒ.

’¥μ·¥É¨Î¥¸±¨¥ ¢ÒÌμ¤Ò ¶·μ¤Ê±Éμ¢ É·μ°´μ£μ ¤¥²¥´¨Ö 236U

�μ³¥·
± ´ ² 

�¥·¢Ò° Ë· £³¥´É ‚Éμ·μ° Ë· £³¥´É ’·¥É¨° Ë· £³¥´É

1 72Ni 14‘ 150Ce

2 72Ni 22O 142Ba

3 72Ni 26Ne 138Xe

4 72Ni 30Mg 134Te

5 72Ni 34Si 130Sn

6 72Ni 80Zn 84Se

7 72Ni 82Ge 82Ge
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