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�·¥¤¸É ¢²¥´ µ¡§µ· ·¥§Ê²ÓÉ Éµ¢ ¨¸¸²¥¤µ¢ ´¨° ¤¢ÊÌË· £³¥´É´µ° § ¤ Î¨, µ¸´µ¢ ´´Ò° ´  ¨¤¥¥
 ´ ²¨É¨Î¥¸±µ£µ ¶·µ¤µ²¦¥´¨Ö ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò ¢ µ¡² ¸ÉÓ ±µ³¶²¥±¸´ÒÌ §´ Î¥´¨°. ‚ · ³± Ì
S-³ É·¨Î´µ£µ Ëµ·³ ²¨§³  ¨ µ¡· É´µ° § ¤ Î¨ · ¸¸¥Ö´¨Ö · ¸¸³µÉ·¥´Ò ´¥±µÉµ·Ò¥ ¶·¨³¥·Ò ¶·¨-
²µ¦¥´¨Ö ¤ ´´µ£µ ³¥Éµ¤  ¢ Ë¨§¨±¥ Ö¤· .

The review of the results of the two-fragment problem investigation, based on the idea of analytic
extension of equivalent mass to the region of complex meanings is proposed. In the frames of S-
matrix formalism and the reverse problem of scattering, some examples of this method application in
the physics of nuclear are studied.

�µ¸¢ÖÐ ¥É¸Ö ‚² ¤¨³¨·Ê ‚² ¤¨³¨-
·µ¢¨ÎÊ Œ ²Ö·µ¢Ê, ˆ£µ·Õ ‚² ¤¨³¨-
·µ¢¨ÎÊ �µ¶² ¢¸±µ³Ê

‚‚…„…�ˆ…

ˆ§¢¥¸É´µ, ÎÉµ Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥·  ¤²Ö ¶ ·Í¨ ²Ó´ÒÌ ¢µ²´ ¸µ¤¥·¦¨É
¢ ± Î¥¸É¢¥ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¸¶¥±É· ²Ó´ÒÌ ¶ · ³¥É·µ¢ Ô´¥·£¨Õ E ¨ µ·¡¨-
É ²Ó´Ò° ³µ³¥´É l,   É ±¦¥ ¶·¨¢¥¤¥´´ÊÕ ³ ¸¸Ê µ ¨ Ô²¥±É·¨Î¥¸±¨¥ § ·Ö¤Ò ze
¨ Ze ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í. �Ö¤ ¢ ¦´ÒÌ ·¥§Ê²ÓÉ Éµ¢, ¶µ²ÊÎ¥´´ÒÌ ¢
±¢ ´Éµ¢µ° É¥µ·¨¨ · ¸¸¥Ö´¨Ö ¶·¨ µ¶¨¸ ´¨¨ ¸¨¸É¥³, ¸µ¸ÉµÖÐ¨Ì ¨§ ¤¢ÊÌ Ë¨±-
¸¨·µ¢ ´´ÒÌ Î ¸É¨Í, ¸¢Ö§ ´ ¸  ´ ²¨É¨Î¥¸±¨³ ¶·µ¤µ²¦¥´¨¥³ ¶¥·¥³¥´´ÒÌ E ¨
l ¢ µ¡² ¸ÉÓ ±µ³¶²¥±¸´ÒÌ §´ Î¥´¨°. ‚ Î ¸É´µ¸É¨, Ê¸É ´µ¢²¥´µ, ÎÉµ Ì · ±É¥· ¨
· ¸¶µ²µ¦¥´¨¥ µ¸µ¡¥´´µ¸É¥° S-³ É·¨ÍÒ ´  ±µ³¶²¥±¸´ÒÌ E- ¨ l-¶²µ¸±µ¸ÉÖÌ
¤ ÕÉ ´¥¶µ¸·¥¤¸É¢¥´´Ò¥ ¸¢¥¤¥´¨Ö µ Ë¨§¨Î¥¸±¨Ì ¸¢µ°¸É¢ Ì ¸µ¸É ¢´µ° ¸¨¸É¥³Ò.
’ ±, ´ ¶·¨³¥·, �¥¤¦¥ ¤²Ö ¸²ÊÎ Ö · ¸¸¥Ö´¨Ö ´¥§ ·Ö¦¥´´ÒÌ Î ¸É¨Í, ¶·¥¤¶µ²µ-
¦¨¢, ÎÉµ µ·¡¨É ²Ó´Ò° ³µ³¥´É l ³µ¦¥É ¶·¨´¨³ ÉÓ ±µ³¶²¥±¸´Ò¥ §´ Î¥´¨Ö,
¸µ¶µ¸É ¢¨² ± ¦¤µ³Ê ¶µ²Õ¸Ê S-³ É·¨ÍÒ ËÊ´±Í¨Õ l(E) [1]. �·¨ ÔÉµ³ ¡Ò²µ
¤µ± § ´µ, ÎÉµ µ¤´µ³Ê ¨ Éµ³Ê ¦¥ ¤¢¨¦ÊÐ¥³Ê¸Ö ¢ l-¶²µ¸±µ¸É¨ ¶µ²Õ¸Ê (É· ¥±Éµ-
·¨¨ �¥¤¦¥) ³µ£ÊÉ ¸µµÉ¢¥É¸É¢µ¢ ÉÓ ´¥¸±µ²Ó±µ ·¥§µ´ ´¸µ¢ ¨ ¸¢Ö§ ´´ÒÌ ¸µ¸Éµ-
Ö´¨°, · §²¨Î ÕÐ¨Ì¸Ö §´ Î¥´¨¥³ l. „¥°¸É¢¨¥ ±Ê²µ´µ¢¸±µ£µ ¶·¨ÉÖ£¨¢ ÕÐ¥£µ
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¶µÉ¥´Í¨ ²  ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ ´  ± ¦¤µ° É· ¥±Éµ·¨¨ ¨³¥¥É¸Ö ¡¥¸±µ´¥Î´µ¥
Î¨¸²µ ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨°, Ì · ±É¥·¨§Ê¥³ÒÌ µ¤¨´ ±µ¢Ò³ · ¤¨ ²Ó´Ò³ ±¢ ´-
Éµ¢Ò³ Î¨¸²µ³ (Î¨¸²µ³ Ê§²µ¢ · ¤¨ ²Ó´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨) ¨ · §²¨Î´Ò³¨
§´ Î¥´¨Ö³¨ l [2].

�´ ²¨É¨Î¥¸±¨¥ ¸¢µ°¸É¢  Ö¤¥·´µ-±Ê²µ´µ¢c±µ° S-³ É·¨ÍÒ ¢ ±µ³¶²¥±¸´µ°
k-¶²µ¸±µ¸É¨ (k =

√
2µE/�) ¶·¨ l = 0, zZe2 > 0 ¨ µ = const ¤²Ö ¸Ê¶¥·-

¶µ§¨Í¨¨ Õ± ¢¸±¨Ì ¶µÉ¥´Í¨ ²µ¢ Ê¸É ´µ¢²¥´Ò Šµ·´¨²²¥³ ¨ Œ ·É¨´µ³ [3].
�¤´ ±µ ´ ¨¡µ²¥¥ ¶µ²´µ ¨ ³ É¥³ É¨Î¥¸±¨ ¸É·µ£µ ÔÉµÉ ¢µ¶·µ¸ ¶·¨ l � 0,
zZe2 > 0 ¤²Ö Ï¨·µ±µ£µ ±² ¸¸  ¶µÉ¥´Í¨ ²µ¢ ¨¸¸²¥¤µ¢ ´ Œ¥´É±µ¢¸±¨³ [4].
�·¨ ÔÉµ³ µ± § ²µ¸Ó, ÎÉµ ¸µ¸ÉµÖ´¨Ö ¸µ¸É ¢´µ° ¤¢ÊÌÎ ¸É¨Î´µ° ¸¨¸É¥³Ò ³µ¦´µ
É ±¦¥ µ¶¨¸ ÉÓ ¸ ¶µ³µÐÓÕ É· ¥±Éµ·¨¨ ¶µ²Õ¸  S-³ É·¨ÍÒ ´  ±µ³¶²¥±¸´µ°
k-¶²µ¸±µ¸É¨ ¶·¨ Ë¨±¸¨·µ¢ ´´ÒÌ ¢¥Ð¥¸É¢¥´´ÒÌ §´ Î¥´¨ÖÌ ³µ³¥´É  l. ’ ±,
´ ¶·¨³¥·, ¶·¨ ¶·¥¤¸É ¢²¥´¨¨ S-³ É·¨ÍÒ · Í¨µ´ ²Ó´Ò³¨ ËÊ´±Í¨Ö³¨ ¢ ±µ³-
¶²¥±¸´µ° k-¶²µ¸±µ¸É¨ ¢ÒÖ¢²¥´Ò ¶µ ¤ ´´Ò³ Ë §µ¢µ£µ  ´ ²¨§  ¥¥ µ¸µ¡¥´´µ-
¸É¨ ¤²Ö ¸¨¸É¥³ 4He + 4He, ¶µ§¢µ²ÖÕÐ¨¥ µ¶¨¸ ÉÓ ·¥§µ´ ´¸´Ò¥ ¸µ¸ÉµÖ´¨Ö
8Be (Jπ = 0+, 2+, 4+) [5]. �´ ²µ£¨Î´µ ¢ [6, 7] ¶·¨¢¥¤¥´µ µ¶¨¸ ´¨¥ ±¢ -
§¨¸É Í¨µ´ ·´ÒÌ ¸µ¸ÉµÖ´¨° 5He∗ ¨ 5Li∗(Jπ = 3/2+) ¢ ¶·¨¡²¨¦¥´¨ÖÌ, ´¥
§ ¢¨¸ÖÐ¨Ì µÉ ±µ´±·¥É´µ° Ëµ·³Ò ÔËË¥±É¨¢´µ£µ ±µ·µÉ±µ¤¥°¸É¢ÊÕÐ¥£µ ¶µ-
É¥´Í¨ ²  ¸¨¸É¥³ 2H + 3H ¨ 2H + 3He.

‚ · ¡µÉ Ì [8, 9] �µ¶² ¢¸±¨°, ¸²¥¤ÊÖ ¨¤¥¥ �¥¤¦¥, ¶·¥¤¶µ²µ¦¨², ÎÉµ Ô²¥±-
É·¨Î¥¸±¨¥ § ·Ö¤Ò É ±¦¥ ³µ£ÊÉ ¶·¨´¨³ ÉÓ ±µ³¶²¥±¸´Ò¥ §´ Î¥´¨Ö. �·¨ ÔÉµ³
¶µ± § ´µ, ÎÉµ ¸¢Ö§ ´´Ò¥ ¨ ·¥§µ´ ´¸´Ò¥ ¸µ¸ÉµÖ´¨Ö ¢ ¸¨¸É¥³ Ì, ¢µ§´¨± ÕÐ¨Ì
¶·¨ · ¸¸¥Ö´¨¨ § ·Ö¦¥´´µ° Î ¸É¨ÍÒ zx ´  ¨§µ¡ ·´ÒÌ Ö¤· Ì A

ZY c Jπ = const,
³µ¦´µ µ¶¨¸ ÉÓ ¸ ¶µ³µÐÓÕ É· ¥±Éµ·¨¨ ¶µ²Õ¸  S-³ É·¨ÍÒ ¢ ±µ³¶²¥±¸´µ°
¶²µ¸±µ¸É¨ ±Ê²µ´µ¢¸±µ° ±µ´¸É ´ÉÒ ¸¢Ö§¨ a (a = zZe2, 2µ = � = c = 1), µ¡Ê-
¸²µ¢²¥´´µ° ±µ³¶²¥±¸´Ò³¨ §´ Î¥´¨Ö³¨ § ·Ö¤  Ze. ‚ Î ¸É´µ³ ¸²ÊÎ ¥ α-· ¸-
¶ ¤  µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨° ¸µ¸É ¢´ÒÌ ¸¨¸É¥³ ´ °¤¥´´ Ö ´  µ¸´µ¢¥ ¶µ·µ£µ¢µ£µ
¶µ¢¥¤¥´¨Ö ¶µ²Õ¸  a(E) ¢¡²¨§¨ E � 0 ¸¢Ö§Ó ·¥§µ´ ´¸´µ° Ô´¥·£¨¨ Er ¨ Ï¨-
·¨´Ò ·¥§µ´ ´¸  Γr ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° § ±µ´ ƒ¥°£¥· Ä�¥Éµ²²  ¤²Ö ¨§µ¡ ·´ÒÌ
Ö¤¥· ¸ Jπ = const [10]. …¸²¨ § ·Ö¤ ze É ±¦¥ ¶·¨´¨³ ¥É ±µ³¶²¥±¸´Ò¥ §´ Î¥-
´¨Ö, Éµ É¥µ·¨Ö ±µ³¶²¥±¸´µ° a-¶²µ¸±µ¸É¨ µ¶¨¸Ò¢ ¥É ±Ê²µ´µ¢¸±¨¥ ÔËË¥±ÉÒ ¢
¸¨¸É¥³¥ X + Y ↔ Q, £¤¥ X , Y ¨ Q Å ¨§µ¡ ·¨Î¥¸±¨¥ ³Ê²ÓÉ¨¶²¥ÉÒ [11]. � 
µ¸´µ¢¥ Ô±¢¨¤¨¸É ´É´µ¸É¨ Ô´¥·£¨° · ¸¶ ¤  (· §¤¥²¥´¨Ö) Ê¸É ´µ¢²¥´Ò ÔËË¥±-
É¨¢´Ò¥ ³ ¸¸µ¢Ò¥ Ëµ·³Ê²Ò ¤²Ö Î²¥´µ¢ ÔÉ¨Ì ³Ê²ÓÉ¨¶²¥Éµ¢ [12].

‚¢¥¤¥´¨¥ ±µ³¶²¥±¸´ÒÌ § ·Ö¤µ¢ ¶µ§¢µ²Ö¥É É ±¦¥ ¸Ëµ·³Ê²¨·µ¢ ÉÓ ¨ ·¥-
Ï¨ÉÓ µ¡· É´ÊÕ § ¤ ÎÊ ¢ ´µ¢µ° ¶µ¸É ´µ¢±¥ Å ¢µ¸¸É ´ ¢²¨¢ ÉÓ ¶µÉ¥´Í¨ ² ¢§ -
¨³µ¤¥°¸É¢¨Ö § ·Ö¦¥´´µ° Î ¸É¨ÍÒ ¸ Î²¥´ ³¨ ¨§µ¡ ·¨Î¥¸±µ£µ ³Ê²ÓÉ¨¶²¥É  ¶µ
¨§¢¥¸É´Ò³ ¶·¨ E = const §´ Î¥´¨Ö³ ®Ö¤¥·´ÒÌ¯ Ë §µ¢ÒÌ ¸¤¢¨£µ¢ ¸ ÊÎ¥Éµ³
±Ê²µ´µ¢¸±µ£µ · ¸Ð¥¶²¥´¨Ö [13, 14]. ’ ±, ¢µ¸¸É ´µ¢²¥´Ò ¶·¨ Ë¨±¸¨·µ¢ ´´ÒÌ
§´ Î¥´¨ÖÌ Ô´¥·£¨¨ ±¢ §¨¶µÉ¥´Í¨ ² π±ρ-¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ¸µ¸ÉµÖ´¨¨ S31 [15]
¨ ¶µÉ¥´Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö ¶·µÉµ´  ¸ Î²¥´ ³¨ ´Ê±²µ´´µ£µ ¨§µ¤Ê¶²¥É  ¢
¸µ¸ÉµÖ´¨¨ 1S0 [16]. ‘ ¶µ³µÐÓÕ ³¥Éµ¤  ±µ³¶²¥±¸´ÒÌ § ·Ö¤µ¢ ³µ¦´µ ¶¥-
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·¥Ìµ¤¨ÉÓ ± · ¸Ï¨·¥´´µ° ¶µ¸É ´µ¢±¥ µ¡· É´µ° § ¤ Î¨ Å ¥¥ µ¡µ¡Ð¥´´µ³Ê
¢ ·¨ ´ÉÊ, ±µ£¤  ¨¸Ìµ¤´Ò¥ ¤ ´´Ò¥ · ¸¸¥Ö´¨Ö ¡¥·ÊÉ¸Ö ¶·¨ ´ ²¨Î¨¨ ²¨´¥°´µ°
§ ¢¨¸¨³µ¸É¨ ¶¥·¥³¥´´ÒÌ ¸¶¥±É· ²Ó´ÒÌ ¶ · ³¥É·µ¢ E, l2 ¨ a. ‚ ÔÉµ³ ¸²Ê-
Î ¥ Ê¤ ¥É¸Ö ¢µ¸¸É ´ ¢²¨¢ ÉÓ E-, l- ¨ a-´¥§ ¢¨¸¨³Ò° Í¥´É· ²Ó´Ò° ¶µÉ¥´Í¨ ²
¤¢ÊÌË· £³¥´É´µ° ¸¨¸É¥³Ò ¸ µ = const [17]. �´ ²¨§ ·¥§Ê²ÓÉ Éµ¢, ¸¢Ö§ ´´ÒÌ ¸
· §¢¨É¨¥³ ³¥Éµ¤  ±µ³¶²¥±¸´ÒÌ § ·Ö¤µ¢ ¨ ¥£µ ¶·¨²µ¦¥´¨Ö³¨ ¢ Ë¨§¨±¥ Ö¤· ,
¶·¨¢¥¤¥´ ¢ µ¡§µ· Ì [18, 19].

ˆ¤¥Ö  ´ ²¨É¨Î¥¸±µ£µ ¶·µ¤µ²¦¥´¨Ö ¢ µ¡² ¸ÉÓ ±µ³¶²¥±¸´ÒÌ §´ Î¥´¨°
µ¸É ¢Ï¥£µ¸Ö ËÊ´¤ ³¥´É ²Ó´µ£µ ¶ · ³¥É·  Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  Å ¶·¨¢¥-
¤¥´´µ° ³ ¸¸Ò µ ´¥ Ö¢²Ö¥É¸Ö ¸Éµ²Ó ¶·µ§· Î´µ°, ± ± ¨¤¥Ö ³¥Éµ¤  ±µ³¶²¥±¸´ÒÌ
§´ Î¥´¨° λ(λ = l + 1/2) ¨²¨ a(a = Zze2). �Éµ µ¡Ê¸²µ¢²¥´µ Ê¸É ´µ¢¨¢Ï¨³¸Ö
· ´¥¥ ³´¥´¨¥³, ÎÉµ µ¸´µ¢´µ¥ Ê· ¢´¥´¨¥ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ ´¥¶·¨³¥´¨³µ
± µ¶¨¸ ´¨Õ ¸¨¸É¥³ ¸ ¶¥·¥³¥´´Ò³ Î¨¸²µ³ Î ¸É¨Í. �·¨ ÔÉµ³ ¢ Í¥²ÖÌ Ê¶·µ-
Ð¥´¨Ö § ¶¨¸¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì Ëµ·³Ê² ¤²Ö ¶µÉ¥´Í¨ ²µ¢, ¸¢µ¡µ¤´ÒÌ ·¥Ï¥-
´¨°, S-³ É·¨ÍÒ ¨ ¤·. Î ¸Éµ ¶·¨´ÖÉ  ¸¨¸É¥³  ¥¤¨´¨Í, ¢ ±µÉµ·µ° ¶ · ³¥É· µ
Ö¢´µ ´¥ Ë¨£Ê·¨·Ê¥É (2µ = � = 1). �¤´ ±µ, ¥¸²¨ · ¸¸³ É·¨¢ ÉÓ, ± ¶·¨³¥·Ê,
· ¸¸¥Ö´¨¥ § ·Ö¦¥´´µ° Î ¸É¨ÍÒ (±² ¸É¥· ) ´  Ö¤· Ì-¨§µÉµ¶ Ì ¸ Ë¨±¸¨·µ¢ ´-
´Ò³¨ §´ Î¥´¨Ö³¨ ¸¶¨´  ¨ Î¥É´µ¸É¨, Éµ ¸µ¸ÉµÖ´¨Ö ¸µ¸É ¢´ÒÌ ¸¨¸É¥³ ³µ£ÊÉ
¡ÒÉÓ µ¶¨¸ ´Ò ¸ ¶µ³µÐÓÕ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  ¤²Ö ¸Ê¶¥·¶µ§¨Í¨¨ ±Ê²µ´µ¢-
¸±µ£µ ¨ µ-§ ¢¨¸¨³ÒÌ Í¥´É·µ¡¥¦´µ£µ ¨ ±µ·µÉ±µ¤¥°¸É¢ÊÕÐ¥£µ ¶µÉ¥´Í¨ ²µ¢.
’ ±, ¶·¨ ¨¸¸²¥¤µ¢ ´¨¨  ´ ²¨É¨Î¥¸±¨Ì ¸¢µ°¸É¢ S-³ É·¨ÍÒ ¢ ±µ³¶²¥±¸´µ°
µ-¶²µ¸±µ¸É¨ ¤²Ö ¸²ÊÎ Ö ±Ê²µ´µ¢¸±µ£µ zZe2/r (zZ > 0) ¨ ±µ·µÉ±µ¤¥°¸É¢Ê-
ÕÐ¥£µ U(r) = �

2V (r)/2µ (µ-§ ¢¨¸¨³µ£µ) ¶µÉ¥´Í¨ ²µ¢ ¡Ò²µ ¶µ± § ´µ, ÎÉµ
¸¢Ö§ ´´Ò¥ ¨ ·¥§µ´ ´¸´Ò¥ ¸µ¸ÉµÖ´¨Ö ¢ ¸¨¸É¥³ Ì, ¢µ§´¨± ÕÐ¨Ì ¶·¨ · ¸¸¥Ö-
´¨¨ Î ¸É¨ÍÒ zx ´  Ö¤· Ì A

ZY ¸ Z = const ¨ Jπ = 0+, ³µ¦´µ µ¶¨¸ ÉÓ
¥¤¨´Ò³ µ¡· §µ³ ¸ ¶µ³µÐÓÕ É· ¥±Éµ·¨¨ ¶µ²Õ¸  S-³ É·¨ÍÒ ¢ ±µ³¶²¥±¸´µ°
¶²µ¸±µ¸É¨ ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò [20]. �·¨ α-· ¸¶ ¤¥ ¸µ¸É ¢´ÒÌ ¸¨¸É¥³ ´ °-
¤¥´´ Ö ´  µ¸´µ¢¥ ¶µ·µ£µ¢µ£µ ¶µ¢¥¤¥´¨Ö ¶µ²Õ¸  µ(E) ¢¡²¨§¨ E � 0 ¸¢Ö§Ó
·¥§µ´ ´¸´µ° Ô´¥·£¨¨ Er ¨ Ï¨·¨´Ò ·¥§µ´ ´¸  Γr ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° § ±µ´
ƒ¥°£¥· Ä�¥Éµ²²  ¤²Ö Î¥É´µ-Î¥É´ÒÌ ¨§µÉµ¶µ¢ (Jπ = 0+). ‚ ¸²ÊÎ ¥ ¸Ê¶¥·-
¶µ§¨Í¨¨ Í¥´É·µ¡¥¦´µ£µ �l(l + 1)/2µr2 ¨ ±µ·µÉ±µ¤¥°¸É¢ÊÕÐ¥£µ µ-§ ¢¨¸¨³ÒÌ
¶µÉ¥´Í¨ ²µ¢ ¸¢Ö§Ó ·¥§µ´ ´¸´ÒÌ Ì · ±É¥·¨¸É¨± ¸µ¸É ¢´ÒÌ ¸¨¸É¥³ 0x + A

ZY ¸
Z = const ¨ Jπ = const µÉ²¨Î ¥É¸Ö µÉ ¸µµÉ´µÏ¥´¨Ö É¨¶  § ±µ´  ƒ¥°£¥· Ä

�¥Éµ²² ,   ¨³¥´´µ Γr = γE
l+1/2
r (γ > 0) [20]. �·¨ l = 0 Ê± § ´´µ¥ ¸µµÉ´µ-

Ï¥´¨¥ ¸É ´µ¢¨É¸Ö µÎ¥¢¨¤´Ò³ ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ ¢¥·µÖÉ´µ¸ÉÓ ¨¸¶Ê¸± ´¨Ö
W ¸µ¸É ¢´µ° ¸¨¸É¥³µ° Î ¸É¨ÍÒ 0x ¸ ³ ²µ° Ô´¥·£¨¥° ¶·µ¶µ·Í¨µ´ ²Ó´  ¥¥
¸±µ·µ¸É¨, É. ¥. W ∼

√
E (¶µ¸±µ²Ó±Ê W = Γ/�, Éµ Γ ∼

√
E).

Œ¥Éµ¤ ±µ³¶²¥±¸´ÒÌ §´ Î¥´¨° ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò ¶µ§¢µ²Ö¥É É ±¦¥ · ¸-
¸³ É·¨¢ ÉÓ µ¤´µ¶ · ³¥É·¨Î¥¸±ÊÕ µ¡· É´ÊÕ § ¤ ÎÊ ¢ ´µ¢µ° ¶µ¸É ´µ¢±¥, ±µ£¤ 
¨¸Ìµ¤´Ò¥ ¤ ´´Ò¥ · ¸¸¥Ö´¨Ö § ¤ ´Ò ¶·¨ E = const, l = const ¨ zZ = const
¤²Ö · §²¨Î´ÒÌ §´ Î¥´¨° µ [21]. ‚ ÔÉµ³ ¸²ÊÎ ¥ ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ¢§ -
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¨³µ¤¥°¸É¢¨Ö ¢ ¸¨¸É¥³¥ zx + A
ZY ¸ Jπ = const, Z = const Ì · ±É¥·¨§Ê¥É ¶·¨

E = const ¡ ·¨µ´´µ¥ · ¸Ð¥¶²¥´¨¥ ®Ö¤¥·´µ°¯ Ë §Ò ¶µ¤µ¡´µ Éµ³Ê, ± ± ¶µÉ¥´-
Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ¸¨¸É¥³¥ zx + A

ZY ¸ Jπ = const, A = const Ì · ±É¥·¨-
§Ê¥É ¶·¨ E = const ±Ê²µ´µ¢¸±µ¥ · ¸Ð¥¶²¥´¨¥ ®Ö¤¥·´µ°¯ Ë §Ò [15,16]. ’ ±,
¢ [22] ¢µ¸¸É ´µ¢²¥´ ¶µ §´ Î¥´¨Ö³ Ë § n1H- ¨ n3H-· ¸¸¥Ö´¨° ¶·¨ E = const
ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö ¸¨¸É¥³Ò n + AH (A = 1, 3, 5) ¢
¸µ¸ÉµÖ´¨¨ ¸ Jπ = 1+.

ˆ§¢¥¸É´µ, ÎÉµ § ¤ Î  µ¶¨¸ ´¨Ö ¸µ¸ÉµÖ´¨Ö  Éµ³´µ£µ Ö¤·  Ö¢²Ö¥É¸Ö ³´µ£µ-
´Ê±²µ´´µ° § ¤ Î¥°, ¢ ±µÉµ·µ° ¶ ·´Ò° NN -¶µÉ¥´Í¨ ², ¶µ¤µ¡· ´´Ò° ¢ µ¶·¥-
¤¥²¥´´µ³ ±² ¸¸¥ ËÊ´±Í¨°, ¶·¥¤¶µ² £ ¥É¸Ö § · ´¥¥ § ¤ ´´Ò³. �µÔÉµ³Ê, ´ 
¶¥·¢Ò° ¢§£²Ö¤, ³µ¦¥É ¢Ò§¢ ÉÓ Ê¤¨¢²¥´¨¥ ¢µ§³µ¦´µ¸ÉÓ µ¶¨¸ ´¨Ö ¸µ¸ÉµÖ´¨°
Ö¤¥· ´  µ¸´µ¢¥ S-³ É·¨Î´µ£µ Ëµ·³ ²¨§³  ¤¢ÊÌË· £³¥´É´µ° § ¤ Î¨ ¶·¨ ¶¥·¥-
³¥´´ÒÌ §´ Î¥´¨ÖÌ ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò. Š ± ¨§¢¥¸É´µ, · ´¥¥ ¶·¥¤¶µ² £ ²µ¸Ó,
ÎÉµ Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥·  ¶·¨£µ¤´µ ¤²Ö µ¶¨¸ ´¨Ö ±¢ ´Éµ¢ÒÌ ¸¨¸É¥³ ¸ Ë¨±¸¨-
·µ¢ ´´Ò³ Î¨¸²µ³ Î ¸É¨Í. ‚ ¸²ÊÎ ¥ ¢§ ¨³µ¤¥°¸É¢¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ³¥Éµ¤
±µ³¶²¥±¸´ÒÌ §´ Î¥´¨° Ô²¥±É·¨Î¥¸±¨Ì § ·Ö¤µ¢ ´¥ ´ ·ÊÏ ¥É ¢ÒÏ¥Ê± § ´´µ¥
Ê¸²µ¢¨¥, ¶µ¸±µ²Ó±Ê µ¤¨´ ¨ ÉµÉ ¦¥ ¶µÉ¥´Í¨ ² µ¶¨¸Ò¢ ¥É ¢§ ¨³µ¤¥°¸É¢¨¥
³¥¦¤Ê ¤¢Ê³Ö £·Ê¶¶ ³¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í (¨§µ¡ ·¨Î¥¸±¨³¨ ³Ê²ÓÉ¨¶²¥É ³¨
¨²¨ Ö¤· ³¨-¨§µ¡ · ³¨), ¨³¥ÕÐ¨Ì ¶·¨³¥·´µ µ¤¨´ ±µ¢ÊÕ ¶·¨¢¥¤¥´´ÊÕ ³ ¸¸Ê
[18]. ‚µ§´¨± ¥É ¥¸É¥¸É¢¥´´Ò° ¢µ¶·µ¸ µ ¶· ¢µ³µÎ´µ¸É¨ § ³¥´Ò ³´µ£µÎ ¸É¨Î-
´µ° § ¤ Î¨ ¸ ¶¥·¥³¥´´Ò³ Î¨¸²µ³ Î ¸É¨Í ´  ¤¢ÊÌË· £³¥´É´ÊÕ. �É¢¥É, ¶µ-
¢¨¤¨³µ³Ê, § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ ¶·¨ É ±µ° § ³¥´¥ ´¥²µ± ²Ó´Ò° ¶µÉ¥´Í¨ ²,
µ¶·¥¤¥²Ö¥³Ò° ¸ ÊÎ¥Éµ³ NN -¸¨² ¨ ¶·¨´Í¨¶  � Ê²¨, µ± §Ò¢ ¥É¸Ö Ô±¢¨¢ ²¥´É-
´Ò³ ÔËË¥±É¨¢´µ³Ê ²µ± ²Ó´µ³Ê µ-§ ¢¨¸¨³µ³Ê ¶µÉ¥´Í¨ ²Ê ¤¢ÊÌË· £³¥´É´µ°
§ ¤ Î¨, ±µÉµ·Ò° § ¢¨¸¨É É ±¦¥ µÉ Ë¨§¨Î¥¸±¨Ì §´ Î¥´¨° Ë¨±¸¨·µ¢ ´´ÒÌ ¸¶¥±-
É· ²Ó´ÒÌ ¶ · ³¥É·µ¢ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥· . �¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ ¶µ¤-
Ìµ¤, µ¸´µ¢ ´´Ò° ´  ¨¸¶µ²Ó§µ¢ ´¨¨ ÔËË¥±É¨¢´µ£µ ²µ± ²Ó´µ£µ ¶µÉ¥´Í¨ ²  ¢§ -
¨³µ¤¥°¸É¢¨Ö ¤¢ÊÌ Ë¨±¸¨·µ¢ ´´ÒÌ Ö¤¥·´ÒÌ Ë· £³¥´Éµ¢, Ô±¢¨¢ ²¥´É´µ£µ ´¥²µ-
± ²Ó´µ³Ê ¶µÉ¥´Í¨ ²Ê, ¶·¨³¥´Ö²¸Ö ¨ · ´¥¥ ¶·¨ µ¶¨¸ ´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ ¸Éµ²±´µ¢¥´¨Ö ÉÖ¦¥²ÒÌ ¨µ´µ¢ ¢ · ³± Ì µ¶É¨Î¥¸±µ° ³µ¤¥²¨ [23].

’ ±¨³ µ¡· §µ³, ¶·Ö³ Ö ¨ µ¡· É´ Ö § ¤ Î¨ · ¸¸¥Ö´¨Ö ¤²Ö · §²¨Î´ÒÌ §´ -
Î¥´¨° µ, ze ¨ Ze ¶·¨ l = const ¨ E = const ¶·¥¤¸É ¢²ÖÕÉ ´¥ Éµ²Ó±µ ³ -
É¥³ É¨Î¥¸±¨° ¨´É¥·¥¸. �µÔÉµ³Ê Ö¢²Ö¥É¸Ö  ±ÉÊ ²Ó´Ò³ · ¸¸³µÉ·¥´¨¥ Ì · ±-
É¥·  µ¸µ¡¥´´µ¸É¥° S-³ É·¨ÍÒ ¢ ±µ³¶²¥±¸´ÒÌ µ-, µZe- ¨ µzZe2-¶²µ¸±µ¸ÉÖÌ
¤²Ö ¶µ²ÊÎ¥´¨Ö ¨´Ëµ·³ Í¨¨ µ ·¥§µ´ ´¸´ÒÌ (¸¢Ö§ ´´ÒÌ) ¸µ¸ÉµÖ´¨ÖÌ ¤¢ÊÌË· £-
³¥´É´ÒÌ ¸¨¸É¥³ zx + A

ZY (zZ = const) [20, 24], zx + A
ZY (A − Z = const,

z = const) [25] ¨ zx + A
ZY [26, 27] ¸ Jπ = const. ‚ ¸²ÊÎ ¥ · ¸¶ ¤  ¸µ¸É ¢´ÒÌ

¸¨¸É¥³ ¸ ¨¸¶Ê¸± ´¨¥³ Ë¨±¸¨·µ¢ ´´µ° Î ¸É¨ÍÒ (±² ¸É¥· ) ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥
Ô´¥·£¨¨ · ¸¶ ¤  ¶·¨³¥·´µ Ô±¢¨¤¨¸É ´É´Ò. �µ¸²¥¤´¥¥ ¸¢µ°¸É¢µ ¶µ§¢µ²Ö¥É
Ê¸É ´µ¢¨ÉÓ ¶·µ¸ÉÒ¥ ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ³ ¸¸ ³¨ ¨§µÉµ¶´ÒÌ [28] ¨ ¨§µÉµ´-
´ÒÌ [29] Ö¤¥· ¸ Jπ = const.
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1. ���‹ˆ’ˆ—…‘Šˆ… ‘‚�‰‘’‚� ”“�Š–ˆ‰ ‰�‘’�
ˆ S-Œ�’�ˆ–› ‚ Š�Œ�‹…Š‘��‰ �‹�‘Š�‘’ˆ

��ˆ‚…„…���‰ Œ�‘‘›

�·¨ Ê¸É ´µ¢²¥´¨¨  ´ ²¨É¨Î¥¸±¨Ì ¸¢µ°¸É¢ S-³ É·¨ÍÒ ¢ ±µ³¶²¥±¸´µ°
µ-¶²µ¸±µ¸É¨ µ£· ´¨Î¨³¸Ö ¤²Ö ¶·µ¸ÉµÉÒ ¸²ÊÎ ¥³ s-· ¸¸¥Ö´¨Ö, Éµ ¥¸ÉÓ ¡Ê¤¥³
¨¸Ìµ¤¨ÉÓ ¨§ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥· 

ψ′′(µ, E, r) +
[
2µE − µ

r
− V (r)

]
ψ(µ, E, r) = 0, (1)

£¤¥ µ Å ±µ³¶²¥±¸´ Ö ¢¥²¨Î¨´ , µ = µφ = mMφ/(m+Mφ) (m ¨ Mφ Å ³ ¸¸Ò
¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í) Å Ë¨§¨Î¥¸±¨¥ §´ Î¥´¨Ö ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò.
‡¤¥¸Ó ¢Ò¡· ´  ¸¨¸É¥³  ¥¤¨´¨Í, ¢ ±µÉµ·µ° � = c = 2zZe2 = 1 [20].

—²¥´ µ/r µ¶¨¸Ò¢ ¥É ±Ê²µ´µ¢¸±µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ Î ¸É¨Í,   U(r) =
V (r)/2µφ Å ¢¥Ð¥¸É¢¥´´Ò° Ö¤¥·´Ò° ¶µÉ¥´Í¨ ², Ê¤µ¢²¥É¢µ·ÖÕÐ¨° Ê¸²µ¢¨Ö³

∞∫
0

rn|V (r)| exp (αr) dr < ∞ (n = 0, 1; α ≥ 0). (2)

� ¸¸³µÉ·¨³ ·¥Ï¥´¨Ö ϕ(µ, E, r) ¨ f±(µ, E, r) Ê· ¢´¥´¨Ö (1), Ê¤µ¢²¥É¢µ-
·ÖÕÐ¨¥ £· ´¨Î´Ò³ Ê¸²µ¢¨Ö³

ϕ(µ, E, 0) = 0, ϕ′(µ, E, 0) = 1, (3)

lim
r→∞

f±(µ, E, r) exp
[
±i

(√
2µEr − 1

2

√
µ

2E
ln 2

√
2µEr

)]
= 1. (4)

ˆ¸¶µ²Ó§ÊÖ µ¡µ§´ Î¥´¨¥ [ϕ; f ] = ϕ(r)f ′(r) − ϕ′(r)f(r), ¢¢¥¤¥³ ËÊ´±Í¨¨
‰µ¸É 

f±(µ, E) = [ϕ(µ, E, r); f±(µ, E, r)]. (5)

…¸²¨ ÊÎ¥¸ÉÓ, ÎÉµ [f+(µ, E, r); f−(µ, E, r)] = 2i
√

2µE, ³µ¦´µ ¢Ò· §¨ÉÓ
·¥£Ê²Ö·´µ¥ ·¥Ï¥´¨¥ ϕ(µ, E, r) Î¥·¥§ ·¥Ï¥´¨Ö ‰µ¸É  f±(µ, E, r):

ϕ(µ, E, r) =
1

2i
√

2µE
[f+(µ, E)f−(µ, E, r) − f−(µ, E)f+(µ, E, r)]. (6)

�  µ¸´µ¢ ´¨¨ Ê¸²µ¢¨° (4) ¶µ²ÊÎ¨³ ¶·¨ r → ∞  ¸¨³¶ÉµÉ¨±Ê

ϕ(µ, E, r) ∼ exp [iδ(µ, E)]
f−(µ, E)√

2µE
×

× sin
[√

2µEr − 1
2

√
µ

2E
ln 2

√
2µEr + δ(µ, E)

]
,
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£¤¥
f+(µ, E)/f−(µ, E) = exp [2iδ(µ, E)] = S(µ, E) (7)

¥¸ÉÓ ËÊ´±Í¨Ö · ¸¸¥Ö´¨Ö; δ(µ, E) Å Ö¤¥·´µ-±Ê²µ´µ¢¸±¨° Ë §µ¢Ò° ¸¤¢¨£.
„²Ö Î¨¸Éµ ±Ê²µ´µ¢¸±µ£µ ¶µ²Ö (V (r) = 0) ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö (1), ËÊ´±Í¨¨

‰µ¸É  ¨ S-³ É·¨Í  ¨³¥ÕÉ, ¸µ£² ¸´µ [30, ¸. 262; 31, ¸. 166] ¨ ¢Ò¡· ´´µ° ¢
´ ¸ÉµÖÐ¥° · ¡µÉ¥ ¸¨¸É¥³¥ ¥¤¨´¨Í, ¢¨¤

ϕ0(µ, E, r) =
1

2i
√

2µE
M

i/2
√

µ/(2E),1/2
(2i

√
2µE r) =

= (2µE)−1/4

√
r exp (i

√
2µEr)√

2iΓ(1 + i/2
√

µ/(2E))

∞∫
0

e−tt1/2(i
√

µ/(2E)−1)×

× J1[2(2µE)1/4
√

2 irt] dt, Re
(

i

2

√
µ

2E

)
> −1; (8)

f±(µ, E, r) = exp
(
∓π

4

√
µ

2E

)
W±i/2

√
µ/(2E),1/2

(±2i
√

2µE r) =

=
exp [∓(π/4

√
µ/(2E) + i

√
2µE r)]

Γ(1 ∓ i/2
√

µ/(2E))

∞∫
0

e−t

(
t

t ± 2i
√

2µE r

)∓i/2
√

µ/(2E)

dt,

Re
(
i/2

√
µ/(2E)

)
> −1, |arg (±2i

√
2µE r)| < π; (9)

f±
0 (µ, E) =

exp (∓π/4
√

µ/(2E))
Γ(1 ∓ i/2

√
µ/(2E))

; (10)

S0(µ, E) = exp [2iη(µ, E)] =
Γ(1 + i/2

√
µ/(2E))

Γ(1 − i/2
√

µ/(2E))
. (11)

‡¤¥¸Ó Γ Å £ ³³ -ËÊ´±Í¨Ö �°²¥· ; J1 Å ËÊ´±Í¨Ö �¥¸¸¥²Ö ¶¥·¢µ£µ ¶µ·Ö¤± ;
M ¨ W Å ËÊ´±Í¨¨ “¨ÉÉ¥±¥· ; η(µ, E) Å ±Ê²µ´µ¢¸±¨° Ë §µ¢Ò° ¸¤¢¨£.

1. ˆ¸¸²¥¤Ê¥³  ´ ²¨É¨Î¥¸±¨¥ ¸¢µ°¸É¢  ·¥Ï¥´¨° ϕ(µ, E, r) ¨ f±(µ, E, r).
�·¨ ±µ³¶²¥±¸´ÒÌ §´ Î¥´¨ÖÌ µ ¨ E ¢Ò· ¦¥´¨¥ ¢ ±¢ ¤· É´ÒÌ ¸±µ¡± Ì Ê· ¢-
´¥´¨Ö (1) Ö¢²Ö¥É¸Ö Í¥²µ° ËÊ´±Í¨¥° Ê± § ´´ÒÌ ¶ · ³¥É·µ¢. ‘µ£² ¸´µ É¥µ·¥³¥
�Ê ´± ·¥, ¥¸²¨ ¢Ìµ¤ÖÐ¨° ¢ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ Ê· ¢´¥´¨¥ ¢Éµ·µ£µ ¶µ·Ö¤±  ±µ-
ÔËË¨Í¨¥´É § ¢¨¸¨É ´¥ Éµ²Ó±µ µÉ ±µµ·¤¨´ ÉÒ,   Ö¢²Ö¥É¸Ö É ±¦¥ Í¥²µ° ËÊ´±-
Í¨¥° ´¥±µÉµ·µ£µ ¶ · ³¥É· , Éµ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö, Ê¤µ¢²¥É¢µ·ÖÕÐ¥¥ £· -
´¨Î´Ò³ Ê¸²µ¢¨Ö³, ´¥ § ¢¨¸ÖÐ¨³ µÉ Ê± § ´´µ£µ ¶ · ³¥É· , µ± §Ò¢ ¥É¸Ö Í¥²µ°
ËÊ´±Í¨¥° ¶ · ³¥É·  ¶·¨ ²Õ¡µ³ §´ Î¥´¨¨ ±µµ·¤¨´ ÉÒ. ‘²¥¤µ¢ É¥²Ó´µ, ·¥Ï¥-
´¨¥ ϕ(µ, E, r), Ê¤µ¢²¥É¢µ·ÖÕÐ¥¥ £· ´¨Î´Ò³ Ê¸²µ¢¨Ö³ (3), ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ°
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 ´ ²¨É¨Î¥¸±ÊÕ ËÊ´±Í¨Õ ¡¥§ µ¸µ¡¥´´µ¸É¥° ¢ µÉ±·ÒÉÒÌ ¶²µ¸±µ¸ÉÖÌ ±µ³¶²¥±¸-
´ÒÌ ¶¥·¥³¥´´ÒÌ µ ¨ E ¶·¨ ²Õ¡µ³ §´ Î¥´¨¨ r.

�·¨ Ê¸É ´µ¢²¥´¨¨  ´ ²¨É¨Î¥¸±¨Ì ¸¢µ°¸É¢ ·¥Ï¥´¨° f±(µ, E, r) ³µ¦´µ
¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö ¸¢µ¡µ¤´ÒÌ ·¥Ï¥´¨° ‰µ¸É  f±

0 (µ, E, r) ¶·¥¤¸É ¢²¥´¨¥ ¶µ-
¸·¥¤¸É¢µ³ ±µ´ÉÊ·´µ£µ ¨´É¥£· ²  ¨ ¶·¥µ¡· §µ¢ ÉÓ ¨Ì ³¥Éµ¤µ³ ¤¥Ëµ·³ Í¨¨
±µ´ÉÊ·  ¨´É¥£·¨·µ¢ ´¨Ö [4, ¸. 61]. �·¨ ÔÉµ³ ¢Ò· ¦¥´¨¥ (9) ¸µÌ· ´Ö¥É ¸¨²Ê
¶·¨ ¤¥Ëµ·³ Í¨¨ ´¨¦´¥£µ ¶·¥¤¥²  ¨´É¥£·¨·µ¢ ´¨Ö ¢ ¨´É¥·¢ ²¥ µÉ ´Ê²Ö ¤µ
2
√

2µE r. ’µ£¤  ¤²Ö E > 0 ¨ ²Õ¡ÒÌ µ, £¤¥ Re (i/2
√

µ/(2E)) > −1, ¸²¥¤Ê¥É

|f±
0 (µ, E, r)| ≤ exp (π/4 Re

√
µ/(2E))

|Γ(1 ∓ i/2
√

µ/(2E))|
. (12)

�¥Ï¥´¨Ö f±(µ, E, r) Ê¤µ¢²¥É¢µ·ÖÕÉ ¨´É¥£· ²Ó´Ò³ Ê· ¢´¥´¨Ö³

f±(µ, E, r) = f±
0 (µ, E, r) ±

∞∫
r

G∓(µ, E, r, r′)f±(µ, E, r′)dr′ (13)

¸ Ö¤· ³¨

G∓(µ, E, r, r′) = V (r′)[f±
0 (µ, E, r)ϕ0(µ, E, r′)−

− f±
0 (µ, E, r′)ϕ0(µ, E, r)]/2i

√
2µE. (14)

‘²¥¤ÊÖ  ´ ²µ£¨Î´Ò³ ¶·µÍ¥¤Ê· ³ Ê¸É ´µ¢²¥´¨Ö  ´ ²¨É¨Î¥¸±¨Ì ¸¢µ°¸É¢
Ö¤¥·´µ-±Ê²µ´µ¢¸±¨Ì ·¥Ï¥´¨° ¢ ±µ³¶²¥±¸´µ° ¶²µ¸±µ¸É¨ § ·Ö¤  [8] ²¨¡µ ¨³-
¶Ê²Ó¸  [4, ¸. 67], ³µ¦´µ ¶µ± § ÉÓ, ÎÉµ ¨É¥· Í¨µ´´Ò¥ · §²µ¦¥´¨Ö

f±(µ, E, r) =
∞∑

n=0

f±
(n)(µ, E, r), (15)

£¤¥

f±
(0)(µ, E, r) = f±

0 (µ, E, r),

f±
(n+1)(µ, E, r) =

∞∫
r

G∓(µ, E, r, r′)f±
(n)(µ, E, r′) dr′,

(16)

· ¢´µ³¥·´µ ¸Ìµ¤ÖÉ¸Ö ¢ ¶· ¢µ° µ-¶µ²Ê¶²µ¸±µ¸É¨ ¶·¨ E > 0, ¥¸²¨ ¶µÉ¥´Í¨ ²
V (r) Ê¤µ¢²¥É¢µ·Ö¥É Ê¸²µ¢¨Ö³ (2) ¸ α = 0. �µÔÉµ³Ê ·¥Ï¥´¨Ö ‰µ¸É  f±(µ, E, r)
¨ ËÊ´±Í¨¨ ‰µ¸É  f±(µ, E)  ´ ²¨É¨Î´Ò,   ËÊ´±Í¨Ö · ¸¸¥Ö´¨Ö S(µ, E) ³¥·µ-
³µ·Ë´  ¶·¨ E > 0 ¢ ±µ³¶²¥±¸´µ° µ-¶²µ¸±µ¸É¨ (Re µ > 0).

�É³¥É¨³, ÎÉµ ¶·¨ ¡µ²¥¥ ¦¥¸É±¨Ì Ê¸²µ¢¨ÖÌ ´  ¶µÉ¥´Í¨ ² ³µ¦´µ ¶µ²ÊÎ¨ÉÓ
¤µ¶µ²´¨É¥²Ó´Ò¥ µ£· ´¨Î¥´¨Ö ´  µ¡² ¸É¨ ¸Ìµ¤¨³µ¸É¨ ¨É¥· Í¨µ´´ÒÌ · §²µ¦¥-
´¨° ¤²Ö ·¥Ï¥´¨° f±(µ, E, r).
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2. � ¸¸³µÉ·¨³ Ì · ±É¥· · ¸¶µ²µ¦¥´¨Ö µ¸µ¡¥´´µ¸É¥° S-ËÊ´±Í¨¨ (7)
´¥±µ³¶²¥±¸´µ° µ-¶²µ¸±µ¸É¨ ¶·¨ ¢¥Ð¥¸É¢¥´´ÒÌ §´ Î¥´¨ÖÌ Ô´¥·£¨¨ E.

…¸²¨ ¶µÉ¥´Í¨ ² ¢¥Ð¥¸É¢¥´´Ò°, Éµ ¨§ (1) ¨ (3), (4) ¸²¥¤ÊÕÉ Ê¸²µ¢¨Ö ¸µ-
¶·Ö¦¥´¨Ö ¤²Ö ·¥Ï¥´¨°

ϕ(µ, E, r) = ϕ∗(µ∗, E, r), f−(µ, E, r) = f+∗(µ∗, E, r), (17)

ËÊ´±Í¨° ‰µ¸É  ¨ S-³ É·¨ÍÒ

f−(µ, E) = f+∗(µ∗, E), S(µ, E) = S−1∗(µ∗, E). (18)

�  µ¸´µ¢ ´¨¨ (6) ¨ £· ´¨Î´ÒÌ Ê¸²µ¢¨° (4) ·¥£Ê²Ö·´µ¥ ·¥Ï¥´¨¥
ϕ(µ, E, r) ¨³¥¥É ¢ ÉµÎ± Ì, ¢ ±µÉµ·ÒÌ f−(µ, E) = 0 (µ = µ(E)),  ¸¨³¶Éµ-
É¨Î¥¸±¨° ¢¨¤

ϕ(µ, E, r) ∼ f+(µ, E)
2i
√

2µE
exp

[
i

(√
2µE r − 1

2

√
µ

2E
ln 2

√
2µE r

)]
, (19)

r → ∞.

“³´µ¦¨³ Ê· ¢´¥´¨¥ (1) ¤²Ö ϕ(µ, E, r) ´  ϕ∗(µ∗, E, r), § É¥³ ¢ÒÎÉ¥³ ¨§
¶µ²ÊÎ¥´´µ£µ Ê· ¢´¥´¨Ö ±µ³¶²¥±¸´µ-¸µ¶·Ö¦¥´´µ¥ Ê· ¢´¥´¨¥ ¨ ¶·µ¨´É¥£·¨-
·Ê¥³ ·¥§Ê²ÓÉ¨·ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¶µ r µÉ 0 ¤µ ∞. ‚ ¨Éµ£¥ ¶µ²ÊÎ¨³

2i Imµ(E)

∞∫
0

(
1
r
− 2E

)
|ϕ|2dr = lim

r→∞
(ϕ′ϕ∗ − ϕϕ∗′). (20)

�·¨ E < 0 ´  µ¸´µ¢ ´¨¨ (19) ¶· ¢ Ö Î ¸ÉÓ · ¢¥´¸É¢  (20) µ¡· Ð ¥É¸Ö ¢
´Ê²Ó. ‘²¥¤µ¢ É¥²Ó´µ, Im µ(E) = 0, É. ¥. ¶µ²Õ¸Ò S-ËÊ´±Í¨¨ (7) · ¸¶µ²µ¦¥´Ò
´  ¢¥Ð¥¸É¢¥´´µ° µ-µ¸¨. …¸²¨ ¶·¨ E = E0 < 0 ¢¥²¨Î¨´  µ(E0) = µφ, Éµ,
¶µ¸±µ²Ó±Ê ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ϕ(µφ, E0, r) ±¢ ¤· É¨Î´µ-¨´É¥£·¨·Ê¥³ , ¸ÊÐ¥-
¸É¢Ê¥É s-¢µ²´µ¢µ¥ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥ ¸¨¸É¥³Ò ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í ¸
Ô´¥·£¨¥° E0 ¨ ¶·¨¢¥¤¥´´µ° ³ ¸¸µ° µφ.

• · ±É¥· ¤¢¨¦¥´¨Ö ¶µ²Õ¸  µ(E) ¶·¨ E → 0− ³µ¦´µ Ê¸É ´µ¢¨ÉÓ,
¥¸²¨ Ê· ¢´¥´¨¥ (1) ¤²Ö ϕ(µ, E, r) ¶·µ¤¨ËË¥·¥´Í¨·µ¢ ÉÓ ¶µ E, § É¥³ Ê³´µ-
¦¨ÉÓ ´  ϕ(µ, E, r) ¨ ¢ÒÎ¥¸ÉÓ Ê· ¢´¥´¨¥ (1) ¤²Ö ϕ(µ, E, r), Ê³´µ¦¥´´µ¥ ´ 
∂ϕ(µ, E, r)/∂E. �·¨ ¨´É¥£·¨·µ¢ ´¨¨ ¶µ²ÊÎ¥´´µ£µ ¢Ò· ¦¥´¨Ö ¶µ r µÉ 0 ¤µ
∞ ¸ ÊÎ¥Éµ³ Ê¸²µ¢¨° (3) ¨ (19) ¶µ²ÊÎ¨³

∂µ(E)
∂E

=

2µ(E)

∞∫
0

ϕ2dr

∞∫
0

(
1
r
− 2E

)
ϕ2dr

. (21)
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’ ± ± ± ¶·¨ E < 0 ËÊ´±Í¨Ö ϕ(µ, E, r), ¸µ£² ¸´µ (19), ¢¥Ð¥¸É¢¥´´ , Éµ
¨§ (21) ¸²¥¤Ê¥É, ÎÉµ ¶·¨ E → 0− ∂µ(E)/∂E > 0, É. ¥. ¶µ²Õ¸ ¤¢¨¦¥É¸Ö ¢¶· ¢µ
¢¤µ²Ó ¢¥Ð¥¸É¢¥´´µ° µ-µ¸¨, ´¥ ¨§³¥´ÖÖ ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö.

‚ ¸²ÊÎ ¥ E > 0 ËÊ´±Í¨Ö ‰µ¸É  f−(µ, E) ´¥ ¸µ¤¥·¦¨É ´Ê²¥° ¶·¨ ¢¥Ð¥-
¸É¢¥´´ÒÌ §´ Î¥´¨ÖÌ µ, ¶µ¸±µ²Ó±Ê ¢ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ê¸²µ-
¢¨Ö³¨ ¸µ¶·Ö¦¥´¨Ö (18) f+(µ, E) = 0. ’µ£¤ , ¸µ£² ¸´µ (6), ϕ(µ, E, r) ≡ 0,
ÎÉµ ¶·µÉ¨¢µ·¥Î¨²µ ¡Ò £· ´¨Î´µ³Ê Ê¸²µ¢¨Õ (3) ¤²Ö ϕ(µ, E, r). ‘²¥¤µ¢ -
É¥²Ó´µ, ¶µ²Õ¸ ¸Ìµ¤¨É ¸ ¢¥Ð¥¸É¢¥´´µ° µ-µ¸¨ ¢ ±µ³¶²¥±¸´ÊÕ µ-¶²µ¸±µ¸ÉÓ,
É. ¥. µ(E) = Re µ(E) + i Imµ(E), E > 0.

„²Ö ¢ÒÖ¸´¥´¨Ö Ë¨§¨Î¥¸±µ£µ ¸³Ò¸²  ¶µ²Õ¸  S-ËÊ´±Í¨¨ ¶·¨ E > 0 ´¥-
µ¡Ìµ¤¨³µ ¶¥·¥°É¨ ± ±µ³¶²¥±¸´µ° E-¶²µ¸±µ¸É¨, ¢Ò¡· ¢ ±µ³¶²¥±¸´µ¥ §´ -
Î¥´¨¥ E = E0 = Re E0 + i Im E0 (|Im E0| 
 1) É ±¨³ µ¡· §µ³, ÎÉµ¡Ò
Re µ(E0) = µφ, |Im µ(E0)| 
 1. ’µ£¤  ¢ µ±·¥¸É´µ¸É¨ ¶µÎÉ¨ ¢¥Ð¥¸É¢¥´´µ°
ÉµÎ±¨ E0 µ(E) Å ¶µÎÉ¨ ¢¥Ð¥¸É¢¥´´ Ö  ´ ²¨É¨Î¥¸± Ö ËÊ´±Í¨Ö, É. ¥.

Re µ(E) + i Im µ(E) ≈ µφ +
∂ Re µ(E)

∂E
(E − ReE0 − i Im E0). (22)

�µ¸±µ²Ó±Ê ±µ³¶²¥±¸´µ¥ §´ Î¥´¨¥ Ô´¥·£¨¨ E0, µ¶¨¸Ò¢ ÕÐ¥¥ ´¥¸É Í¨µ-
´ ·´µ¥ ¸µ¸ÉµÖ´¨¥ ¸¨¸É¥³Ò, ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ E0 = Er − iΓr/2, Éµ
¨§ · ¢¥´¸É¢  ±µÔËË¨Í¨¥´Éµ¢ ¶·¨ ¢¥Ð¥¸É¢¥´´µ° ¨ ³´¨³µ° Î ¸ÉÖÌ · §²µ¦¥´¨Ö
(22) ¶µ²ÊÎ¨³

E − Er =
Re µ(E) − µφ

∂ Re µ(E)/∂E
, (23)

Γr =
2Im µ(E)

∂ Reµ(E)/∂E
. (24)

ˆ§ (23) ¨ (24) ¸²¥¤Ê¥É, ÎÉµ ¶·¨ E > 0 ¶µ²Õ¸ µ(E), ¢¥Ð¥¸É¢¥´´ Ö Î ¸ÉÓ
±µÉµ·µ£µ ¡²¨§±  ± Ë¨§¨Î¥¸±µ³Ê §´ Î¥´¨Õ µφ,    ¡¸µ²ÕÉ´µ¥ §´ Î¥´¨¥ ³´¨³µ°
Î ¸É¨ ´ ³´µ£µ ³¥´ÓÏ¥ ¥¤¨´¨ÍÒ, µ¶¨¸Ò¢ ¥É s-¢µ²´µ¢µ° ·¥§µ´ ´¸. Er ¨ Γr Å
¸µµÉ¢¥É¸É¢¥´´µ Ô´¥·£¨Ö ¨ Ï¨·¨´  Ê·µ¢´Ö ±¢ §¨¸É Í¨µ´ ·´µ£µ ¸µ¸ÉµÖ´¨Ö ¸µ-
¸É ¢´µ° ¸¨¸É¥³Ò.

3. “¸É ´µ¢¨³ ¢¨¤ É· ¥±Éµ·¨¨ ¶µ²Õ¸  µ(E) ¶·¨ |E| → 0 (E = 0 Å
¸ÊÐ¥¸É¢¥´´µ µ¸µ¡ Ö ÉµÎ± ). „²Ö ÔÉµ£µ ¶·¥¤¸É ¢¨³ ËÊ´±Í¨Õ · ¸¸¥Ö´¨Ö (7) ¸
ÊÎ¥Éµ³ (11) ¢ ¢¨¤¥

S(µ, E) = exp {2i [η (µ, E) + δŸ (µ, E)]} =

= exp [2iη (µ, E)]
ctg δŸ(µ, E) + i

ctg δŸ(µ, E) − i
, (25)

£¤¥ δŸ(µ, E) Å ¤µ¡ ¢µÎ´Ò° ± ±Ê²µ´µ¢¸±µ³Ê Ë §µ¢Ò° ¸¤¢¨£, µ¡Ê¸²µ¢²¥´´Ò°
¤¥°¸É¢¨¥³ Ö¤¥·´µ£µ ¶µÉ¥´Í¨ ²  V (r).
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…¸²¨ ¶µÉ¥´Í¨ ² V (r) Ê¤µ¢²¥É¢µ·Ö¥É Ê¸²µ¢¨Ö³ (2), Éµ ¶·¨ ³ ²ÒÌ §´ Î¥-
´¨ÖÌ Ô´¥·£¨¨ E ¢Ò¶µ²´Ö¥É¸Ö ¶·¨¡²¨¦¥´¨¥ ÔËË¥±É¨¢´µ£µ · ¤¨Ê¸  [32, ¸. 39],
±µÉµ·µ¥ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¢Ò¡· ´´µ° ¢ ´ ¸ÉµÖÐ¥° · ¡µÉ¥ ¸¨¸É¥³µ° ¥¤¨´¨Í
¨³¥¥É ¢¨¤

K(µ, E) ≈ − 1
A

+ RµE, (26)

£¤¥

K(µ, E) ≡ µ

[
Reψ

(
i

2

√
µ

2E

)
− ln

(
i

2

√
µ

2E

) ]
+

+
√

2µE ctg δŸ(µ, E) exp
(
−π

2

√
µ

2E

) ∣∣∣∣Γ
(

1 +
i

2

√
µ

2E

)∣∣∣∣
2

. (27)

‡¤¥¸Ó ψ Å ¶¸¨-ËÊ´±Í¨Ö; A ¨ R Å ¸µµÉ¢¥É¸É¢¥´´µ ¤²¨´  · ¸¸¥Ö´¨Ö ¨ ÔËË¥±-
É¨¢´Ò° · ¤¨Ê¸.

“¸²µ¢¨Ö³¨ ¶·¨³¥´¨³µ¸É¨ · §²µ¦¥´¨Ö (26), (27) Ö¢²ÖÕÉ¸Ö |R/A| 
 1 ¨
|
√

2µE r| < 1 [33, ¸. 125]. ‡¤¥¸Ó R ¨³¥¥É ¶µ·Ö¤µ± ¢¥²¨Î¨´Ò · ¤¨Ê¸  ¤¥°-
¸É¢¨Ö Ö¤¥·´ÒÌ ¸¨². Š ¶·¨³¥·Ê, ¤²Ö ¶·Ö³µÊ£µ²Ó´µ° ¶µÉ¥´Í¨ ²Ó´µ° Ö³Ò, µ£· -
´¨Î¥´´µ° ±Ê²µ´µ¢¸±¨³ ¡ ·Ó¥·µ³, ¢¥²¨Î¨´  R Ì · ±É¥·¨§Ê¥É Ï¨·¨´Ê Ö³Ò.
�µ¸±µ²Ó±Ê ¡µ²ÓÏ¨¥ §´ Î¥´¨Ö ¤²¨´Ò · ¸¸¥Ö´¨Ö A ¸µµÉ¢¥É¸É¢ÊÕÉ ¸¨²Ó´Ò³ ¶µ-
É¥´Í¨ ² ³, Éµ ¢ÒÏ¥Ê± § ´´µ¥ ¶·¨¡²¨¦¥´¨¥ ¤µ²¦´µ Ìµ·µÏµ ¢Ò¶µ²´ÖÉÓ¸Ö ¤²Ö
¨§µÉµ¶´ÒÌ ¸¨¸É¥³ zx + A

ZY ¸ Jπ = 0+ ¶·¨ 0 < E < B̄ (B̄ = zZe2/R Å
¢Ò¸µÉ  ±Ê²µ´µ¢¸±µ£µ ¡ ·Ó¥· ).

ˆ§ ¶· ¢µ° Î ¸É¨ ¶·¨¡²¨¦¥´´µ£µ · ¢¥´¸É¢  (26) ¸²¥¤Ê¥É, ÎÉµ K(µ, E) Å
 ´ ²¨É¨Î¥¸± Ö ËÊ´±Í¨Ö ¶¥·¥³¥´´ÒÌ µ ¨ E.

ˆ¸¶µ²Ó§ÊÖ  ¸¨³¶ÉµÉ¨Î¥¸±¨¥ ¶·¥¤¸É ¢²¥´¨Ö (6.1.45) ¨ (6.3.19) ¨§ [34] ¤²Ö
ËÊ´±Í¨° |Γ(x + iy)| ¨ Re Ψ(iy) ¶·¨ |y| → ∞, ´ °¤¥³  ¸¨³¶ÉµÉ¨±Ê ËÊ´±Í¨¨
K(µ, E) ¢ ÉµÎ±¥ ¶µ²Õ¸  (ctg δŸ(µ, E) = i, µ = µ(E)) ¶·¨ E → 0+:

K[µ(E), E] ≈ 2
3
E + πµ(0) exp

(
−π

√
µ(0)
2E

)
. (28)

‚¨¤´µ, ÎÉµ K[µ(0), 0] = 0 (µ(0) Å ¢¥Ð¥¸É¢¥´´ Ö ¢¥²¨Î¨´ ).
‘ ¤·Ê£µ° ¸Éµ·µ´Ò, · §² £ Ö K[µ(E), E] ¢ ·Ö¤ ¢ µ±·¥¸É´µ¸É¨ ÉµÎ±¨ [µ(0), 0]

¨ µ£· ´¨Î¨¢ Ö¸Ó ²¨´¥°´Ò³ Î²¥´µ³ · §²µ¦¥´¨Ö, ¶µ²ÊÎ¨³

K[µ(E), E] ≈ A0[µ(E) − µ(0)] + B0E, (29)

£¤¥ A0 =
∂K[µ(0), 0]

∂µ
, B0 =

∂K[µ(0), 0]
∂E

Å ¢¥Ð¥¸É¢¥´´Ò¥ ¶ · ³¥É·Ò.

’µ£¤  ¨§ (28) ¨ (29) ¸²¥¤Ê¥É ¶·¨¡²¨¦¥´´µ¥ Ê· ¢´¥´¨¥ É· ¥±Éµ·¨¨ ¶µ²Õ¸ 

A0[µ(E) − µ(0)] +
(

B0 −
2
3

)
E − iπµ(0) exp

(
−π

√
µ(0)
2E

)
≈ 0,
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¶ · ³¥É·¨Î¥¸± Ö Ëµ·³  ±µÉµ·µ° ¨³¥¥É ¢¨¤

Re µ(E) ≈ α1 + α2E,

Im µ(E) ≈ α3 exp (−α4/
√

E),
(30)

£¤¥

α1 = µ(0), α2 = (2/3 − B0)A−1
0 , α3 = πµ(0)A−1

0 , α4 = π

√
µ(0)

2
.

‚¨¤´µ, ÎÉµ α1 > 0, α4 > 0,   Ê α2 ¨ α3 §´ ±¨, ¸µ£² ¸´µ (24), ¸µ¢¶ ¤ ÕÉ,
¶µ¸±µ²Ó±Ê Ï¨·¨´  ·¥§µ´ ´¸  Γr > 0.

�  µ¸´µ¢ ´¨¨ (24) Ê· ¢´¥´¨¥ (30) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ Ëµ·³¥

lg Γr ≈ C − B/
√

Er, (31)

£¤¥ C = lg
(

2α3

α2

)
> 0, B = α4 lg e.

‚Ò· ¦¥´¨¥ (31) ¸¢Ö§Ò¢ ¥É Ô´¥·£¨Õ ¨ Ï¨·¨´Ê Ê·µ¢´Ö ±¢ §¨¸É Í¨µ´ ·´µ£µ
s-¸µ¸ÉµÖ´¨Ö (Jπ = 0+) ¸¨¸É¥³Ò zx + A

ZY ¸ Z = const.
ˆ§  ¸¨³¶ÉµÉ¨Î¥¸±µ£µ ¶µ¢¥¤¥´¨Ö ËÊ´±Í¨¨ K(µ, E) ¢ ÉµÎ±¥ ¶µ²Õ¸  ¶·¨

E → 0− ¨ · §²µ¦¥´¨Ö (29) ¸²¥¤Ê¥É

Re µ(E) ≈ α1 + α2E, Im µ(E) = 0, (32)

É. ¥. Ô´¥·£¨¨ ·¥§µ´ ´¸´ÒÌ (E > 0) ¨ ¸¢Ö§ ´´ÒÌ (E < 0) ¸µ¸ÉµÖ´¨° ¸µ¸É ¢´µ°
¸¨¸É¥³Ò ¨ Ë¨§¨Î¥¸±¨¥ §´ Î¥´¨Ö ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò ²¨´¥°´µ-§ ¢¨¸¨³Ò.

”µ·³Ê²Ò (30)Ä(32) ²¥£±µ µ¡µ¡Ð¨ÉÓ ´  ¸²ÊÎ °, ±µ£¤  Ê· ¢´¥´¨¥ (1) ¸µ¤¥·-
¦¨É É ±¦¥ Í¥´É·µ¡¥¦´Ò° Î²¥´ l(l + 1)/r2. • · ±É¥· ¶µ¢¥¤¥´¨Ö É· ¥±Éµ·¨¨
¶µ²Õ¸  µl(E) µÉ Ô´¥·£¨¨ ¶·¨ ÔÉµ³ É ±µ° ¦¥, ÎÉµ ¨ ¤²Ö l = 0, µ¤´ ±µ ¢Ìµ¤Ö-
Ð¨¥ ¢ Ê± § ´´Ò¥ Ëµ·³Ê²Ò ´µ¢Ò¥ ±µÔËË¨Í¨¥´ÉÒ ¡Ê¤ÊÉ § ¢¨¸¥ÉÓ µÉ §´ Î¥´¨°
µ·¡¨É ²Ó´µ£µ ³µ³¥´É  l ¨ ¶µ·µ£µ¢µ£µ §´ Î¥´¨Ö ¶µ²Õ¸  µl(0) [24].

…¸²¨ ¢ Ê· ¢´¥´¨¨ (1) ±Ê²µ´µ¢¸±¨° Î²¥´ µ/r § ³¥´¨ÉÓ Í¥´É·µ¡¥¦´Ò³ (· ¸-
¸¥Ö´¨¥ ´¥§ ·Ö¦¥´´µ° Î ¸É¨ÍÒ 0x ´  ¨§µÉµ¶ Ì (¨§µÉµ´ Ì) A

ZY c Jπ = const),
Éµ ²¨´¥°´ Ö § ¢¨¸¨³µ¸ÉÓ Re µl(E) µÉ E (E ≷ 0) ¸µÌ· ´Ö¥É¸Ö,   Im µl(E) ¶·µ-
¶µ·Í¨µ´ ²Ó´  El+1/2(E > 0), ÎÉµ ¶·¨¢µ¤¨É ± ¶·¨¡²¨¦¥´´µ³Ê ¸µµÉ´µÏ¥´¨Õ

Γr ≈ γEl+1/2
r (γ > 0), (33)

¸¢Ö§Ò¢ ÕÐ¥³Ê Ï¨·¨´Ò Γr ¨ Ô´¥·£¨¨ Er ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ±¢ §¨¸É Í¨µ-
´ ·´ÒÌ ¸µ¸ÉµÖ´¨° [20]. ˆ§ ¸· ¢´¥´¨Ö Ëµ·³Ê² (31) ¨ (33) ¶·¨ l = 0 ¢¨¤´µ, ÎÉµ
¤¥°¸É¢¨¥ ±Ê²µ´µ¢¸±µ£µ ¶µÉ¥´Í¨ ²Ó´µ£µ ¡ ·Ó¥·  ¶·¨¢µ¤¨É ± ¸Ê¦¥´¨Õ Ï¨·¨´Ò
·¥§µ´ ´¸ , ¶·¨Î¥³ ¢ ¸²ÊÎ ¥ ÉÖ¦¥²ÒÌ Ö¤¥· ¸Ê¦¥´¨¥ Ï¨·¨´Ò Γr ¸É ´µ¢¨É¸Ö §´ -
Î¨É¥²Ó´Ò³, ¶µ¸±µ²Ó±Ê ¢ (31) ±µÔËË¨Í¨¥´É B ∼ Z (¥¸²¨ ¢ (1) ¶µ²Ó§µ¢ ÉÓ¸Ö
¸¨¸É¥³µ° ¥¤¨´¨Í, ¢ ±µÉµ·µ° � = c = 2ze = 1).
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2. ‡�‚ˆ‘ˆŒ�‘’œ ��…�ƒˆˆ ��‘��„� (��‡„…‹…�ˆŸ)
�‘��‚�›• ‘�‘’�Ÿ�ˆ‰ ˆ‡�’���›• Ÿ„…�

‘ Jπ = const �’ ‡��—…�ˆ‰ ��ˆ‚…„…���‰ Œ�‘‘›
„�—…��ˆ• ”��ƒŒ…�’�‚

1. �·¨³¥´¨³ ¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö µ¶¨¸ ´¨Ö α-· ¸¶ ¤  µ¸´µ¢´ÒÌ
¸µ¸ÉµÖ´¨° ¨§µÉµ¶´ÒÌ Ö¤¥· ¸ Jπ = const. Œ É¥·¨´¸±¨¥ Ö¤·  A

ZQ (A
ZQ ↔

4
2He + A−4

Z−2Y ) ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± ¤µ²£µ¦¨¢ÊÐ¨¥ ·¥§µ´ ´¸´Ò¥ ¸µ¸Éµ-

Ö´¨Ö ¸µ¸É ¢´ÒÌ Ö¤¥·, · ¸¶ ¤ ÕÐ¨¥¸Ö ´  ¤µÎ¥·´¨¥ Ö¤·  A−4
Z−2Y ¨ α-Î ¸É¨ÍÊ.

�Ê¸ÉÓ · ¸¶ ¤ ¶·µ¨¸Ìµ¤¨É É ±¨³ µ¡· §µ³, ÎÉµ ¤µÎ¥·´¨¥ Ö¤·  ´ Ìµ¤ÖÉ¸Ö É ±¦¥
¢ µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ. ’µ£¤  ·¥§µ´ ´¸´ Ö Ô´¥·£¨Ö Er Å Ô´¥·£¨Ö α-· ¸¶ ¤ 
Eα Å · ¢´ 

Eα = M(Z; A) − M(Z − 2; A − 4) − M(2; 4). (34)

…¸²¨ ÊÎ¥¸ÉÓ, ÎÉµ ¶¥·¨µ¤ ¶µ²Ê· ¸¶ ¤  Tα = ln 2/Γr, Éµ ¶·¨¡²¨¦¥´´µ¥
Ê· ¢´¥´¨¥ (31) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

lg Tα ≈ D + B/
√

Eα, D = lg
(

α2 ln 2
2α3

)
. (35)

‘µµÉ´µÏ¥´¨Ö É¨¶  (31), (35) ¢¶¥·¢Ò¥ ¡Ò²¨ Ê¸É ´µ¢²¥´Ò ¤²Ö ¨§µÉµ¶µ¢ Ô³-
¶¨·¨Î¥¸±¨³ ¶ÊÉ¥³ ¨ ¶µ²ÊÎ¨²¨ ´ §¢ ´¨¥ ®§ ±µ´ ƒ¥°£¥· Ä�¥Éµ²² ¯ [35, ¸. 449].
’¥µ·¥É¨Î¥¸±µ¥ µ¡ÑÖ¸´¥´¨¥ ¶µ·Ö¤±  ¢¥²¨Î¨´Ò ¢Ìµ¤ÖÐ¨Ì ¢ ´¨Ì ¶µ¸ÉµÖ´´ÒÌ
¡Ò²µ ¤ ´µ ƒ ³µ¢Ò³ [36] ¨ · ¸¸³ É·¨¢ ²µ¸Ó ¢ ¸¢µ¥ ¢·¥³Ö (1928 £.) ± ± ¡µ²Ó-
Ïµ° Ê¸¶¥Ì É¥µ·¨¨ Ö¤· .

�µ¸±µ²Ó±Ê Ô´¥·£¨¨ α-· ¸¶ ¤ , ± ± ¶· ¢¨²µ, ´¥¢¥²¨±¨ (Eα � 10 ŒÔ‚), Éµ
¤²Ö ¨§µÉµ¶µ¢ ¸ Jπ = const (Î¥É´µ-Î¥É´ÒÌ, Î¥É´µ-´¥Î¥É´ÒÌ, ´¥Î¥É´µ-Î¥É´ÒÌ
¨ ´¥Î¥É´µ-´¥Î¥É´ÒÌ) ´ ¡²Õ¤ ¥É¸Ö Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ ÔÉµ£µ § ±µ´  ¸ Ô±¸¶¥-
·¨³¥´Éµ³ [37]. ’ ±¨³ µ¡· §µ³, ¢ · ³± Ì S-³ É·¨Î´µ£µ Ëµ·³ ²¨§³  ¤¢ÊÌ-
Ë· £³¥´É´µ° § ¤ Î¨ § ±µ´ ƒ¥°£¥· Ä�¥Éµ²²  µÉ· ¦ ¥É ¸¢Ö§Ó Ô´¥·£¨° ¨ Ï¨·¨´
Ê·µ¢´¥° ±¢ §¨¸É Í¨µ´ ·´ÒÌ ¸µ¸ÉµÖ´¨° ¸¨¸É¥³, ¢µ§´¨± ÕÐ¨Ì ¶·¨ · ¸¸¥Ö´¨¨
α-Î ¸É¨ÍÒ ´  ¨§µÉµ¶´ÒÌ Ö¤· Ì ¸ Jπ = const. �·¨ ÔÉµ³ ¸¢Ö§Ó Γr ¨ Er ¨´É¥·-
¶·¥É¨·Ê¥É¸Ö ± ± µÉµ¡· ¦¥´¨¥ É· ¥±Éµ·¨¨ ¶µ²Õ¸  S-³ É·¨ÍÒ ¢ ±µ³¶²¥±¸´µ°

µ-¶²µ¸±µ¸É¨ (30) ¸ ¶µ³µÐÓÕ (24) ´  ¶²µ¸±µ¸ÉÓ (lg Γr; E
−1/2
r ).

�µ ¨§¢¥¸É´Ò³ §´ Î¥´¨Ö³ Ô´¥·£¨¨ α-· ¸¶ ¤  [37] ¨  Éµ³´ÒÌ ³ ¸¸ [38]
´  ·¨¸. 1 ¨§µ¡· ¦¥´  § ¢¨¸¨³µ¸ÉÓ Ô´¥·£¨¨ α-· ¸¶ ¤  Î¥É´µ-Î¥É´ÒÌ ¨§µÉµ¶µ¢
(Jπ = 0+) µÉ ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò ¤µÎ¥·´¥£µ Ö¤·  ¨ α-Î ¸É¨ÍÒ [20]. ‘¶²µÏ-
´Ò¥ ²¨´¨¨ ¶·µ¢¥¤¥´Ò Î¥·¥§ ¨§µÉµ¶Ò. ‚¨¤´µ, ÎÉµ ÉµÎ±¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥
Ö¤· ³, Ìµ·µÏµ ²µ¦ É¸Ö ´  µÉ·¥§±¨ ¶·Ö³ÒÌ, É. ¥. ¶µ¤É¢¥·¦¤ ÕÉ ²¨´¥°´ÊÕ
§ ¢¨¸¨³µ¸ÉÓ ¢¥Ð¥¸É¢¥´´µ° Î ¸É¨ É· ¥±Éµ·¨¨ ¶µ²Õ¸  µ(E) µÉ Ô´¥·£¨¨ (30).
“³¥´ÓÏ¥´¨¥ Ô´¥·£¨¨ · ¸¶ ¤  ¸ ·µ¸Éµ³ ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò Ê± §Ò¢ ¥É ´  ¢µ§-
· ¸É ´¨¥ Ê¸Éµ°Î¨¢µ¸É¨ ¨§µÉµ¶  µÉ´µ¸¨É¥²Ó´µ α-· ¸¶ ¤  ¸ Ê¢¥²¨Î¥´¨¥³ Î¨¸² 
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�¨¸. 1. ‡ ¢¨¸¨³µ¸ÉÓ Ô´¥·£¨¨ α-· ¸¶ ¤  µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨° Î¥É´µ-Î¥É´ÒÌ ¨§µÉµ¶µ¢
(Jπ = 0+) µÉ ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò α-Î ¸É¨ÍÒ ¨ ¤µÎ¥·´¨Ì Ö¤¥· (¸¶²µÏ´Ò¥ ²¨´¨¨).
˜É·¨Ìµ¢Ò¥ ²¨´¨¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ µ = const, ¶·µÌµ¤ÖÉ Î¥·¥§ ¨§µ¡ ·´Ò¥ Ö¤·  (A =
const), ÏÉ·¨Ì¶Ê´±É¨·´Ò¥ ¶·µ¢¥¤¥´Ò Î¥·¥§ ¨§µÉµ´Ò (A − Z = const)

´¥°É·µ´µ¢. ˆ¸±²ÕÎ¥´¨¥ ¸µ¸É ¢²ÖÕÉ ÉµÎ±¨, ¨§µ¡· ¦ ÕÐ¨¥ ¨§µÉµ¶Ò ¸ Î¨¸²µ³
´¥°É·µ´µ¢, ¡²¨§±¨³ ± ³ £¨Î¥¸±¨³ §´ Î¥´¨Ö³ (126, 152), ÎÉµ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ
¢²¨Ö´¨¨ µ¡µ²µÎ¥Î´µ° ¸É·Ê±ÉÊ·Ò Ö¤·  ´  α-· ¸¶ ¤. ’ ±µ¥ µÉ±²µ´¥´¨¥ ¸¢Ö§ ´µ
¸ É¥³, ÎÉµ Ê· ¢´¥´¨¥ É· ¥±Éµ·¨¨ ¶µ²Õ¸  S-³ É·¨ÍÒ ¢ µ-¶²µ¸±µ¸É¨ ¶µ²ÊÎ¥´µ
¸ ¶µ³µÐÓÕ ¶·¨¡²¨¦¥´¨Ö ÔËË¥±É¨¢´µ£µ · ¤¨Ê¸ , ´¥ § ¢¨¸ÖÐ¥£µ µÉ ±µ´±·¥É-
´µ° Ëµ·³Ò ¶µÉ¥´Í¨ ² , ¢ Éµ ¢·¥³Ö ± ± ¶·µÖ¢²¥´¨¥ µ¡µ²µÎ¥Î´ÒÌ ÔËË¥±Éµ¢
É¥¸´µ ¸¢Ö§ ´µ ¸ ·¥§±¨³ ¨§³¥´¥´¨¥³ ¶µ¢¥¤¥´¨Ö Ö¤¥·´µ£µ ¶µÉ¥´Í¨ ² .

�  ·¨¸. 1 ¶·¨¢¥¤¥´Ò É ±¦¥ ¢¥·É¨± ²Ó´Ò¥ ÏÉ·¨Ìµ¢Ò¥ ¶·Ö³Ò¥ (µ = const),
¶·µÌµ¤ÖÐ¨¥ Î¥·¥§ ÉµÎ±¨, ¨§µ¡· ¦ ÕÐ¨¥ Î¥É´µ-Î¥É´Ò¥ ¨§µ¡ ·´Ò¥ Ö¤·  (A =
const). ‚¨¤´µ, ÎÉµ ÔÉ¨ Ö¤·  Ìµ·µÏµ ²µ¦ É¸Ö ´  µÉ·¥§±¨ ¶·Ö³ÒÌ, É. ¥. µÉµ¡· -
¦ ÕÉ ²¨´¥°´ÊÕ § ¢¨¸¨³µ¸ÉÓ Ô´¥·£¨¨ α-· ¸¶ ¤  µÉ Î¨¸²  ¶·µÉµ´µ¢ [10].

‚ [25] ¶µ± § ´µ, ÎÉµ ¸ ¶µ³µÐÓÕ É· ¥±Éµ·¨¨ ¶µ²Õ¸  S-³ É·¨ÍÒ ¢ ±µ³-
¶²¥±¸´µ° µ-¶²µ¸±µ¸É¨ ¢µ§³µ¦´µ É ±¦¥ µ¶¨¸ ´¨¥ · ¸¸¥Ö´¨Ö § ·Ö¦¥´´µ° Î -
¸É¨ÍÒ ´  ¨§µÉµ´´ÒÌ Ö¤· Ì A

ZY (A − Z = const) ¸ Jπ = const. ‚ ÔÉµ³ ¸²ÊÎ ¥
¨§³¥´¥´¨¥ ¡ ·¨µ´´µ£µ (³ ¸¸µ¢µ£µ) Î¨¸²  ¸¨¸É¥³Ò ¸µ¶·µ¢µ¦¤ ¥É¸Ö µ¤´µ¢·¥-
³¥´´µ ¨§³¥´¥´¨¥³ Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤ . �Éµ ³µ¦´µ ÊÎ¥¸ÉÓ, ¥¸²¨ ¢ (1) ¶µ²Ó-
§µ¢ ÉÓ¸Ö ¸¨¸É¥³µ° ¥¤¨´¨Í, ¢ ±µÉµ·µ° ±Ê²µ´µ¢¸±¨° ¶µÉ¥´Í¨ ² § ¢¨¸¨É µÉ Z.
’µ£¤  ¢ Ê· ¢´¥´¨¨ (31) ±µÔËË¨Í¨¥´É B ∼ Z.
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’ ¡²¨Í  1

Z �Ê±²¨¤ Eα, ŒÔ‚ Tα M(Z; A),  . ¥. ³.

94 230Pu
7,129 [20] 3,25 ³¨´ [20] 230,03943 [20]
7,215 [10] 1,55 ³¨´ [10] 230,03976 [10]
7,520 [40]

96 236Cm
6,871 [20] 34,8 ³¨´ [20] 236,05115 [20]
7,164 [10] 25,2 ³¨´ [10] 236,05147 [10]

236,05139 [38]

100 244Fm
8,751 [20] 0,02 c [20] 244,07428 [20]
8,620 [40] 244,07412 [38]

�¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ § ±µ´ ƒ¥°£¥· Ä�¥Éµ²²  ¤²Ö ¨§µÉµ¶µ¢ ¸ ³ ¶µ
¸¥¡¥ ´¥ ¶µ§¢µ²Ö¥É ¶·¥¤¸± §Ò¢ ÉÓ Ì · ±É¥·¨¸É¨±¨ α-· ¸¶ ¤  ´¥µ¡´ ·Ê¦¥´´ÒÌ
¨§µÉµ¶µ¢ ¸ Ë¨±¸¨·µ¢ ´´Ò³¨ §´ Î¥´¨Ö³¨ Jπ. ‚ · ³± Ì ¦¥ ¶·¥¤²µ¦¥´´µ°
É¥µ·¨¨ µ-¶²µ¸±µ¸É¨ ³µ¦´µ ¶µ ¨§¢¥¸É´Ò³ §´ Î¥´¨Ö³ Eα, Tα ¨ M(Z−2; A−4)
¤²Ö Ö¤¥· A1

Z Q ¨ A2
Z Q ¸ Jπ = const ¨ Ëµ·³Ê² ³ (30), (34) ¨ (35) ´ °É¨ Eα, Tα ¨

M(Z; A) Ö¤·  A3
Z Q ¸ É¥³¨ ¦¥ §´ Î¥´¨Ö³¨ Jπ, ¥¸²¨ ¨§¢¥¸É´  ³ ¸¸  ¤µÎ¥·´¥£µ

Ö¤·  M(Z − 2; A3 − 4).
’ ±¨³ µ¡· §µ³, ¶·¥¤¸± § ´Ò ¢ÒÏ¥Ê± § ´´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¤²Ö Ö¤¥·

230Pu, 236Cm ¨ 244Fm (´  ·¨¸. 1 ÔÉ¨ Ö¤·  µÉ³¥Î¥´Ò ¸¢¥É²Ò³¨ ±·Ê¦± ³¨) ¶µ
¨§¢¥¸É´Ò³ Ì · ±É¥·¨¸É¨± ³ ¨§µÉµ¶´ÒÌ ¶ ·É´¥·µ¢ 232Pu, 234Pu, 238Cm, 240Cm
¨ 246Fm, 248Fm. � °¤¥´´Ò¥ §´ Î¥´¨Ö Eα, Tα ¨ M(Z; A) ´ Ìµ¤ÖÉ¸Ö ¢ Ìµ·µÏ¥³
¸µ£² ¸¨¨ ¸µ §´ Î¥´¨Ö³¨ ÔÉ¨Ì ¶ · ³¥É·µ¢, ¶µ²ÊÎ¥´´Ò³¨ ¤·Ê£¨³¨ ³¥Éµ¤ ³¨
(¸³. É ¡². 1). ˆ§µÉµ¶ 230Pu ¨¤¥´É¨Ë¨Í¨·µ¢ ´ µÉ´µ¸¨É¥²Ó´µ ´¥¤ ¢´µ [39]. �É-
±²µ´¥´¨¥ ¥£µ Ô´¥·£¨¨ α-· ¸¶ ¤ , · ¢´µ° 7,050(15) ŒÔ‚, µÉ ¸µµÉ¢¥É¸É¢ÊÕÐ¥°
Ô´¥·£¨¨, ¶·¥¤¸± § ´´µ° ¢ · ¡µÉ¥ [20], ¸µ¸É ¢²Ö¥É 1,1 %.

‡´ Î¥´¨Ö ¶·¥¤¸± §Ò¢ ¥³ÒÌ ¢¥²¨Î¨´ § ¢¨¸ÖÉ µÉ Ì · ±É¥·¨¸É¨± ¢Ò¡· ´´ÒÌ
¶ ·É´¥·µ¢ ¸ Jπ = 0+, Z = const. Š ¶·¨³¥·Ê, ¤²Ö 236Cm Eα = 6,768 ŒÔ‚,
¥¸²¨ ¨§µÉµ¶´Ò³¨ ¶ ·É´¥· ³¨ Ö¢²ÖÕÉ¸Ö Ö¤·  240Cm ¨ 242Cm. � ¸Î¥ÉÒ ¶µ± -
§ ²¨, ÎÉµ ¤²Ö ¶·¨¢¥¤¥´´ÒÌ ¢ É ¡²¨Í¥ §´ Î¥´¨° M(Z; A), Eα ¨ Tα ¢µ§³µ¦´Ò
µÉ±²µ´¥´¨Ö ¢ ¶·¥¤¥² Ì ¸µµÉ¢¥É¸É¢¥´´µ ∼ 2 · 104, 4 % ¨ µ¤´µ£µ ¶µ·Ö¤± .

�É³¥É¨³, ÎÉµ ¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ´¥ ¶·µÉ¨¢µ·¥Î É ±² ¸¸¨Î¥¸±µ° É¥µ-
·¨¨ α-· ¸¶ ¤ , ¶µ¸±µ²Ó±Ê ±² ¸¸ ¶µÉ¥´Í¨ ²µ¢ (2) µÌ¢ ÉÒ¢ ¥É ´¥ Éµ²Ó±µ ¸²ÊÎ °
ÉµÎ¥Î´µ£µ Ö¤· , ´µ ¨ ¸²ÊÎ ° Ö¤·  ¢ ¢¨¤¥ µ¤´µ·µ¤´µ § ·Ö¦¥´´µ° ¸Ë¥·Ò, ±µ-
£¤  ±Ê²µ´µ¢¸±µ-Ö¤¥·´Ò° ¶µÉ¥´Í¨ ² ³µ¤¥²¨·Ê¥É¸Ö Ö³µ° ±µ´¥Î´µ° £²Ê¡¨´Ò ¸
±Ê²µ´µ¢¸±¨³ Ì¢µ¸Éµ³, É. ¥. ¶µÉ¥´Í¨ ² ´¥ ¨³¥¥É µ¸µ¡¥´´µ¸É¨ É¨¶  r−1 ¢ ´Ê²¥
[4, ¸. 5]. ‚ ±² ¸¸¨Î¥¸±µ° É¥µ·¨¨ α-· ¸¶ ¤ , µ¸´µ¢ ´´µ° ´  ¶·¥¤¸É ¢²¥´¨¨
µ ÉÊ´´¥²Ó´µ³ ÔËË¥±É¥, ± ± · § ¨ ¶·¥¤¶µ² £ ¥É¸Ö É ± Ö Ëµ·³  ¶µÉ¥´Í¨ ² .
�¥µ¡Ìµ¤¨³µ, µ¤´ ±µ, ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ ±µ´±·¥É´Ò° ¢¨¤ ¶µÉ¥´Í¨ ²  V (r) ´¥
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�¨¸. 2. ‡ ¢¨¸¨³µ¸ÉÓ Ô´¥·£¨¨ n-µÉ·Ò¢  ( ) ¨ p-µÉ·Ò¢  (¡) µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨° Î¥É´µ-
´¥Î¥É´ÒÌ ¨ ´¥Î¥É´µ-Î¥É´ÒÌ ¨§µÉµ¶µ¢ µÉ §´ Î¥´¨° ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò ´Ê±²µ´  ¨
Î¥É´µ-Î¥É´ÒÌ ®¤µÎ¥·´¨Ì¯ Ö¤¥· (¸¶²µÏ´Ò¥ ²¨´¨¨). ˜É·¨Ìµ¢Ò¥ ²¨´¨¨ ¶·µ¢¥¤¥´Ò Î¥·¥§
¨§µÉµ´´Ò¥ Ö¤· 

¨£· ¥É ¸ÊÐ¥¸É¢¥´´µ° ·µ²¨, ¶µ¸±µ²Ó±Ê ¸µµÉ´µÏ¥´¨Ö (31), (35) ¶µ²ÊÎ¥´Ò ¢ ·¥-
§Ê²ÓÉ É¥ ¨¸¶µ²Ó§µ¢ ´¨Ö ¶·¨¡²¨¦¥´¨Ö ÔËË¥±É¨¢´µ£µ · ¤¨Ê¸ . �Éµ §´ Î¨É, ÎÉµ
¶·¨ α-· ¸¶ ¤¥ µ¸´µ¢´ÊÕ ·µ²Ó ¨£· ÕÉ ¸¢µ°¸É¢  ´¥ ¤µÎ¥·´¨Ì,   ³ É¥·¨´¸±¨Ì
Ö¤¥·. �·¨ ÔÉµ³ §¤¥¸Ó, ± ± ¨ ¢ ±² ¸¸¨Î¥¸±µ° É¥µ·¨¨ ƒ ³µ¢ , ¶·¥¤¶µ²µ¦¥´µ, ÎÉµ
α-Î ¸É¨Í  ¸ÊÐ¥¸É¢Ê¥É ¢ ³ É¥·¨´¸±µ³ Ö¤·¥ ¢ £µÉµ¢µ³ ¢¨¤¥ ¨ α-· ¤¨µ ±É¨¢´µ¥
· ¸¶ ¤ ÕÐ¥¥¸Ö Ö¤·µ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ·¥§µ´ ´¸´µ¥ ¸µ¸ÉµÖ´¨¥ ¸¨¸É¥³Ò (¤µ-
Î¥·´¥¥ Ö¤·µ + α-Î ¸É¨Í ). ’ ±¨³ µ¡· §µ³, · ¸¸³µÉ·¥´´Ò° ´µ¢Ò° ¶µ¤Ìµ¤ ±
É¥µ·¨¨ α-· ¸¶ ¤  ¨§µÉµ¶´ÒÌ Ö¤¥· ¸ Jπ = const ´¥ ¶·µÉ¨¢µ·¥Î¨É ±² ¸¸¨Î¥-
¸±µ° É¥µ·¨¨.

2. �·¨³¥´¨³ ¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ± µ¶¨¸ ´¨Õ · ¸¸¥Ö´¨Ö ´Ê±²µ´µ¢
´  ¨§µÉµ¶´ÒÌ Ö¤· Ì A

ZY ¸ Jπ = const, ´ Ìµ¤ÖÐ¨Ì¸Ö ¢ µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ.
…¸²¨ ¸µ¸É ¢´Ò¥ ¸¨¸É¥³Ò É ±¦¥ ´ Ìµ¤ÖÉ¸Ö ¢ µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ, Éµ Ô´¥·£¨¨
¸¢Ö§¨ ´Ê±²µ´µ¢ ¸ ¨§µÉµ¶ ³¨ A

ZY ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ê· ¢´¥´¨¥³ (32) ¤²Ö ¸²ÊÎ Ö
E < 0 ²¨´¥°´µ § ¢¨¸ÖÉ µÉ Ë¨§¨Î¥¸±¨Ì §´ Î¥´¨° ¶·¨¢¥¤¥´´ÒÌ ³ ¸¸.

�µ ¨§¢¥¸É´Ò³ §´ Î¥´¨Ö³ Ô´¥·£¨° n- ¨ p-µÉ·Ò¢  ¨  Éµ³´ÒÌ ³ ¸¸ [41] ´ 
·¨¸. 2 ¶µ¸É·µ¥´  § ¢¨¸¨³µ¸ÉÓ Ô´¥·£¨¨ µÉ·Ò¢  En ¨ Ep ¤²Ö Î¥É´µ-´¥Î¥É´ÒÌ
¨ ´¥Î¥É´µ-Î¥É´ÒÌ Ö¤¥· µÉ §´ Î¥´¨° ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò ´Ê±²µ´  ¨ Î¥É´µ-
Î¥É´ÒÌ ®¤µÎ¥·´¨Ì¯ Ö¤¥·-¨§µÉµ¶µ¢ (¸¶²µÏ´Ò¥ ²¨´¨¨) [24]. ‚¨¤´µ, ÎÉµ ÉµÎ±¨,
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¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ö¤· ³ ¸ Z = const, Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ ²µ¦ É¸Ö ´  µÉ·¥§±¨
¶·Ö³ÒÌ, É. ¥. ¶µ¤É¢¥·¦¤ ÕÉ ²¨´¥°´ÊÕ § ¢¨¸¨³µ¸ÉÓ (32) ¤²Ö Re µ(E) (E < 0).
“³¥´ÓÏ¥´¨¥ Ô´¥·£¨¨ En ¸ ·µ¸Éµ³ ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ ¢µ§-
· ¸É ´¨¨ Ê¸Éµ°Î¨¢µ¸É¨ ¨§µÉµ¶µ¢ µÉ´µ¸¨É¥²Ó´µ n-µÉ·Ò¢  ¸ Ê¢¥²¨Î¥´¨¥³ Î¨¸² 
´¥°É·µ´µ¢. ‡ ¢¨¸¨³µ¸ÉÓ Ep µÉ µ ´µ¸¨É µ¡· É´Ò° Ì · ±É¥·. ˆ¸±²ÕÎ¥´¨¥ ¸µ-
¸É ¢²ÖÕÉ ÉµÎ±¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ö¤· ³ ¸ Î¨¸²µ³ ¶·µÉµ´µ¢ ¨ ´¥°É·µ´µ¢,
¡²¨§±¨³ ± ³ £¨Î¥¸±¨³ §´ Î¥´¨Ö³, ÎÉµ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ ¢²¨Ö´¨¨ µ¡µ²µÎ¥Î-
´µ° ¸É·Ê±ÉÊ·Ò Ö¤·  ´  µÉ·Ò¢ ´Ê±²µ´µ¢. ˜É·¨Ìµ¢Ò¥ ¶·Ö³Ò¥, ¶·µ¢¥¤¥´´Ò¥
Î¥·¥§ ÉµÎ±¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¨§µÉµ´´Ò³ ®³ É¥·¨´¸±¨³¯ Ö¤· ³, É ±¦¥ Ê± -
§Ò¢ ÕÉ ´  ²¨´¥°´ÊÕ § ¢¨¸¨³µ¸ÉÓ En ¨ Ep µÉ §´ Î¥´¨° ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò
´Ê±²µ´  ¨ Î¥É´µ-Î¥É´ÒÌ ®¤µÎ¥·´¨Ì¯ Ö¤¥·-¨§µÉµ´µ¢.

‚ · ³± Ì É¥µ·¨¨ µ-¶²µ¸±µ¸É¨ ¶µ ¨§¢¥¸É´Ò³ §´ Î¥´¨Ö³ En ¨ Ep,   É ±¦¥
³ ¸¸ ³ ®¤µÎ¥·´¨Ì¯ ¨§µÉµ¶µ¢ ¤²Ö Ö¤¥· A1

Z Y ¨ A2
Z Y ¸ Jπ = const ¨ ¸µµÉ´µÏ¥´¨Ö

(32) ³µ¦´µ ´ °É¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ô´¥·£¨¨ µÉ·Ò¢  ¤²Ö Ö¤·  A3
Z Y ¸ É¥³¨

¦¥ §´ Î¥´¨Ö³¨ Jπ, ¥¸²¨ ¨§¢¥¸É´  ³ ¸¸  ®¤µÎ¥·´¥£µ¯ Ö¤· . ’ ±¨³ µ¡· §µ³,
¶·¥¤¸± § ´Ò §´ Î¥´¨Ö Ep ¤²Ö ´¥Î¥É´µ-Î¥É´ÒÌ Ö¤¥· 217Ac, 219Ac ¨ 233Np (´ 
·¨¸. 2, ¡ ÔÉ¨ Ö¤·  µÉ³¥Î¥´Ò ¸¢¥É²Ò³¨ ±·Ê¦± ³¨) ¶µ Ì · ±É¥·¨¸É¨± ³ p-µÉ·Ò¢ 
¤¢ÊÌ ¡²¨¦ °Ï¨Ì ¨Ì ¨§µÉµ¶¨Î¥¸±¨Ì Ö¤¥·-¶ ·É´¥·µ¢. �·¨ ÔÉµ³ Ep = 1,87;
2,42 ¨ 3,84 ŒÔ‚ ¸µµÉ¢¥É¸É¢¥´´µ. ‡´ Î¥´¨¥ Ô´¥·£¨¨ p-µÉ·Ò¢  Ö¤·  233Np,
´ °¤¥´´µ¥ ¶µ ¸¨¸É¥³ É¨±¥, ¸µ¸É ¢²Ö¥É 3,9 ŒÔ‚ [38].

3. ‚ [42, 43] ¶µ± § ´µ, ÎÉµ ·¥§Ê²ÓÉ ÉÒ S-³ É·¨Î´µ£µ Ëµ·³ ²¨§³  ¤¢ÊÌ-
Ë· £³¥´É´µ° § ¤ Î¨ ¶·¨ ±µ³¶²¥±¸´ÒÌ §´ Î¥´¨ÖÌ µ ¶·¨³¥´¨³Ò ¨ ¤²Ö ¸²ÊÎ Ö,
±µ£¤  ¢ ¸¨¸É¥³¥ zx+A

ZY ¸ Jπ = const ¨ Z = const ¢³¥¸Éµ Î ¸É¨ÍÒ (±² ¸É¥· )

zx ¢Ò¡· ÉÓ ¨§µÉµ¶´Ò¥ Ö¤·  ¸ Jπ = const. ‚ ÔÉµ³ ¸²ÊÎ ¥ ÔËË¥±É¨¢´Ò° ±µ·µÉ-
±µ¤¥°¸É¢ÊÕÐ¨° ¶µÉ¥´Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ¸¨¸É¥³¥ A′−A

zX + A
ZY ↔ A′

z+ZQ

²¨¡µ A′−A
Z Y + A

ZY ↔ A′

2ZQ ´  µ¸´µ¢¥ Ë¨±¸¨·µ¢ ´´ÒÌ Ì · ±É¥·¨¸É¨± ¸¶¨´ 
¨ Î¥É´µ¸É¨ Ö¤¥· ¨§³¥´Ö¥É¸Ö ¶·¨ ¶¥·¥Ìµ¤¥ µÉ ¨§µÉµ¶  ± ¨§µÉµ¶Ê ¢ µ¸´µ¢´µ³
§  ¸Î¥É ¨§³¥´¥´¨Ö ¡ ·¨µ´´µ£µ (³ ¸¸µ¢µ£µ) Î¨¸²  A, É. ¥. ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò
µ. �·¨ µÉ´µ¸¨É¥²Ó´µ ´¥¡µ²ÓÏ¨Ì §´ Î¥´¨ÖÌ Ô´¥·£¨¨ E ±Ê²µ´µ¢¸±¨° ¡ ·Ó¥·
´¥ ¶µ§¢µ²Ö¥É ¨§µÉµ¶ ³ ¶·¨¡²¨¦ ÉÓ¸Ö ´  · ¸¸ÉµÖ´¨Ö, £¤¥ ·µ²Ó Ö¤¥·´ÒÌ ¸¨²
¸É ´µ¢¨É¸Ö ¶·¥µ¡² ¤ ÕÐ¥°. �¤´ ±µ ¶·¨ ´¥±µÉµ·ÒÌ (·¥§µ´ ´¸´ÒÌ) §´ Î¥´¨ÖÌ
Ô´¥·£¨¨ E ¢¥·µÖÉ´µ ¶·µ´¨±´µ¢¥´¨¥ Ö¤¥· ¸±¢µ§Ó ±Ê²µ´µ¢¸±¨° ¡ ·Ó¥· ¨ µ¡· -
§µ¢ ´¨¥ ±¢ §¨¸É Í¨µ´ ·´ÒÌ ¸µ¸ÉµÖ´¨° ¸µ¸É ¢´ÒÌ ¸¨¸É¥³. �·¨ µ¡· §µ¢ ´¨¨
ÔÉ¨Ì ¸µ¸ÉµÖ´¨° ·¥§±µ ¨§³¥´Ö¥É¸Ö Ì · ±É¥· ¢§ ¨³µ¤¥°¸É¢¨Ö Å ±Ê²µ´µ¢¸±¨° ¨
µ-§ ¢¨¸¨³Ò° Í¥´É·µ¡¥¦´Ò° ¶µÉ¥´Í¨ ²Ò ¸É ´µ¢ÖÉ¸Ö ³ ²µ° ¤µ¡ ¢±µ° ± ÔËË¥±-
É¨¢´µ³Ê Ö¤¥·´µ³Ê µ-§ ¢¨¸¨³µ³Ê ¶µÉ¥´Í¨ ²Ê. ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¨ ±Ê²µ-
´µ¢¸±¨° ¶µÉ¥´Í¨ ² ´¥Ö¢´µ § ¢¨¸¨É µÉ µ. �Éµ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ ±Ê²µ´µ¢¸±µ¥
¢§ ¨³µ¤¥°¸É¢¨¥ ¢ ¸µ¸É ¢´µ° ¸¨¸É¥³¥ A′

z+Z Q ²¨¡µ A′

2Z Q ´¥§´ Î¨É¥²Ó´µ ³¥´Ö-
¥É¸Ö ¸ ¨§³¥´¥´¨¥³ A′ §  ¸Î¥É ¶¥·¥· ¸¶·¥¤¥²¥´¨Ö § ·Ö¤µ¢ ze + Ze ²¨¡µ 2Ze ¢
·¥§Ê²ÓÉ É¥ ¤µ¡ ¢²¥´¨Ö ´¥°É·µ´´ÒÌ ¶ · (¸  ´É¨¶ · ²²¥²Ó´Ò³¨ ¸¶¨´ ³¨) ¶·¨
¶¥·¥Ìµ¤¥ µÉ ¨§µÉµ¶  ± ¨§µÉµ¶Ê. ’ ±¨³ µ¡· §µ³, µ¸´µ¢´Ò¥ ¸µ¸ÉµÖ´¨Ö ¸µ¸É ¢-
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´ÒÌ ¸¨¸É¥³ ¸ Jπ = const ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± ·¥§µ´ ´¸´Ò¥ ¸µ¸ÉµÖ´¨Ö,
· ¸¶ ¤ ÕÐ¨¥¸Ö ´  ¤µÎ¥·´¨¥ Ö¤· -¨§µÉµ¶Ò. �·¨ ÔÉµ³ ± ¦¤µ³Ê ¢µ§³µ¦´µ³Ê
¢ ·¨ ´ÉÊ · ¸¶ ¤  Ë¨±¸¨·µ¢ ´´µ£µ ¨§µÉµ¶  A′

Q (A′ = const) ´  ¶¥·¥³¥´´Ò¥

¨§µÉµ¶´Ò¥ Ë· £³¥´ÉÒ A′−A
z X ¨ A

ZY ²¨¡µ A′−A
Z Y ¨ A

ZY ¸ Jπ = const ¸µµÉ¢¥É-
¸É¢Ê¥É ¸¢µ¥ Ë¨§¨Î¥¸±µ¥ §´ Î¥´¨¥ ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò Ë· £³¥´Éµ¢ ¨ Ô´¥·£¨Ö
· ¸¶ ¤ , · ¢´ Ö

E = M(z + Z; A′) − M(z; A′ − A) − M(Z; A), z = const, Z = const

²¨¡µ

E = M(2Z; A′) − M(Z; A′ − A) − M(Z; A).

�  µ¸´µ¢ ´¨¨ ¨§¢¥¸É´ÒÌ ¨§ Ô±¸¶¥·¨³¥´É  §´ Î¥´¨° ³ ¸¸ Ö¤¥· A′
Cf (A′ =

242, 244, . . . , 248) ¨ A′
Fm (A′ = 246, 248, 250) [38] ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò Ô´¥·£¨¨

¨Ì · ¸¶ ¤  ´  ¤µÎ¥·´¨¥ Ö¤· -¨§µÉµ¶Ò ¶µ ± ´ ² ³ [42]:

A′
Cf → A′−ACd + ASn (A = 124, 126, . . . , 132),

A′
Cf → A′−AIn + AIn (A = 123, 125, . . . , 129),

A′
Fm → A′−ASn + ASn (A = 124, 126, . . . , 132).

‡ ¢¨¸¨³µ¸ÉÓ Ô´¥·£¨¨ · ¸¶ ¤  ¨§µÉµ¶µ¢ A′
Cf ¨ A′

Fm µÉ ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò ¤µ-
Î¥·´¨Ì Ö¤¥· ¨§µ¡· ¦¥´  ´  ·¨¸. 3. ‚¨¤´µ, ÎÉµ ¶·¨ Ë¨±¸¨·µ¢ ´´µ³ §´ Î¥´¨¨
³ ¸¸Ò µ¤´µ£µ ¨§ ¤µÎ¥·´¨Ì Ë· £³¥´Éµ¢ (A = const ²¨¡µ A′ − A = const),
ÉµÎ±¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ö¤· ³, Ìµ·µÏµ ²µ¦ É¸Ö ´  µÉ·¥§±¨ ¶·Ö³ÒÌ, É. ¥.
¶µ¤É¢¥·¦¤ ÕÉ ²¨´¥°´ÊÕ § ¢¨¸¨³µ¸ÉÓ Re µl µÉ Ô´¥·£¨¨ E ·¥§µ´ ´¸´ÒÌ ¸µ-
¸ÉµÖ´¨° [24]. �·¨ ÔÉµ³ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ô´¥·£¨¨ · ¸¶ ¤  Ô±¢¨¤¨¸É ´É´Ò.
�  µ¸´µ¢¥ ¶·Ö³µ° ¶·µ¶µ·Í¨µ´ ²Ó´µ° § ¢¨¸¨³µ¸É¨ ¶·¨· Ð¥´¨Ö Ô´¥·£¨¨ · ¸-
¶ ¤  µÉ ¶·¨· Ð¥´¨Ö ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò ¶·¨ ¶¥·¥Ìµ¤¥ µÉ ¨§µÉµ¶  ± ¨§µÉµ¶Ê
¶·¥¤¸± § ´Ò ³ ¸¸Ò ´Ê±²¨¤µ¢ 240Cf ¨ 244Fm. �  ·¨¸. 3, ¡, ¢ ÔÉ¨ Ö¤·  ¨§µ-
¡· ¦¥´Ò ¸¢¥É²Ò³¨ ±·Ê¦± ³¨. �·¨ ÔÉµ³ ³ ¸¸Ò M (98; 240) ¨ M (100; 244),
´ °¤¥´´Ò¥ ´  µ¸´µ¢¥ ¢µ¸Ó³¨ ¢ ·¨ ´Éµ¢ · ¸¶ ¤  Ê± § ´´ÒÌ ¨§µÉµ¶µ¢, ¸µ¸É -
¢²ÖÕÉ 240,062190 (120) ¨ 244,074080 (90)  . ¥. ³. ‡´ Î¥´¨Ö ³ ¸¸ ÔÉ¨Ì ´Ê±²¨-
¤µ¢, ¢ÒÎ¨¸²¥´´Ò¥ ¶µ ¸¨¸É¥³ É¨±¥, ¸µµÉ¢¥É¸É¢¥´´µ · ¢´Ò 240,062280 (220) ¨
244,074120 (310)  . ¥. ³. [38].

4. ‚ · ¡µÉ¥ [44] Ê¸É ´µ¢²¥´  ¢µ§³µ¦´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö ·¥§Ê²ÓÉ Éµ¢
S-³ É·¨Î´µ£µ Ëµ·³ ²¨§³  ¤¢ÊÌË· £³¥´É´µ° § ¤ Î¨ ¶·¨ ¶¥·¥³¥´´ÒÌ §´ Î¥-
´¨ÖÌ ³ ¸¸ ¨§µÉµ¶´ÒÌ Ë· £³¥´Éµ¢ ¸ Jπ = const ´  ¸²ÊÎ ° · ¸¶ ¤  ¸µ¸É ¢´µ°
¸¨¸É¥³Ò ¶µ ± ´ ² ³, ¸µ¤¥·¦ Ð¨³ ¡µ²¥¥ ¤¢ÊÌ ¤µÎ¥·´¨Ì Ë· £³¥´Éµ¢. „²Ö ÔÉµ£µ
¶·¥¤¶µ²µ¦¨³, ÎÉµ µ¸´µ¢´Ò¥ ¸µ¸ÉµÖ´¨Ö ¸¨¸É¥³Ò A

ZQ (Z = const, Jπ = const)
³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± ¤µ²£µ¦¨¢ÊÐ¨¥ ·¥§µ´ ´¸´Ò¥ ¸µ¸ÉµÖ´¨Ö ¸µ¢µ±Ê¶´µ-
¸É¨ Ë· £³¥´Éµ¢ Ai

zi
X (i = 1, 2, . . . , n) ¸ zi = const ¨ Jπ = const.
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�¨¸. 3. ‡ ¢¨¸¨³µ¸ÉÓ Ô´¥·£¨¨ · ¸¶ ¤ 
A′

Cf → ASn+A′−ACd ( ), A′
Cf →

AIn + A′−AIn (¡) ¨ A′
Fm → ASn +

A′−ASn (¢) µÉ ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò
¤µÎ¥·´¨Ì Ö¤¥·-¨§µÉµ¶µ¢

’µ£¤  ´  µ¸´µ¢¥ É¥µ·¨¨ ¸µ¸É ¢´µ£µ Ö¤·  [45] · ¸¶ ¤ µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨°
¨§µÉµ¶µ¢ A

ZQ ¶µ ± ´ ² ³

A
ZQ →

n∑
i=1

Ai
zi

X
(∑

Ai = A,
∑

zi = Z, 2 < n � A
)

,

£¤¥ ¤µÎ¥·´¨¥ Ë· £³¥´ÉÒ Ai
zi

X ´ Ìµ¤ÖÉ¸Ö É ±¦¥ ¢ µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ, ´¥
§ ¢¨¸¨É µÉ ¸¶µ¸µ¡  µ¡· §µ¢ ´¨Ö ³ É¥·¨´¸±¨Ì Ö¤¥· A

ZQ.
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‚¢¥¤¥³ ¶µ´ÖÉ¨¥ ¶·¨¢¥¤¥´´µ° (ÔËË¥±É¨¢´µ°) ³ ¸¸Ò n-Ë· £³¥´É´µ° ¸¨-
¸É¥³Ò ¶µ  ´ ²µ£¨¨ ¸ ÔÉ¨³ ¶µ´ÖÉ¨¥³ ¤²Ö ¤¢ÊÌÎ ¸É¨Î´µ° ¸¨¸É¥³Ò, É. ¥.

1
µ

=
n∑

i=1

1
M(zi; Ai)

. (36)

‡¤¥¸Ó M(zi; Ai) Å ³ ¸¸  µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö Ë· £³¥´É  Ai
zi

X ; µ Å ¶·¨¢¥-
¤¥´´ Ö ³ ¸¸  ¤µÎ¥·´¨Ì Ö¤¥· ¢ ¸¨¸É¥³¥ µÉ¸Î¥É , ¢ ±µÉµ·µ° ¸Ê³³ ·´Ò° ¨³¶Ê²Ó¸
¸¢µ¡µ¤´ÒÌ ¤µÎ¥·´¨Ì Ë· £³¥´Éµ¢ · ¢¥´ ´Ê²Õ, É. ¥. ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸. ‚
¸²ÊÎ ¥ · §¤¥²¥´¨Ö ³ É¥·¨´¸±¨Ì Ö¤¥·-¨§µÉµ¶µ¢ ´  ¸¢µ¡µ¤´Ò¥ ´Ê±²µ´Ò

1
µ

=
Z

mp
+

A − Z

mn
(Z = const), (37)

£¤¥ mp ¨ mn Å ¸µµÉ¢¥É¸É¢¥´´µ ³ ¸¸Ò ¶·µÉµ´  ¨ ´¥°É·µ´ .
�´¥·£¨Ö n-Ë· £³¥´É´µ£µ · ¸¶ ¤  µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¸¨¸É¥³Ò A

ZQ · ¢´ 

E = M(Z; A) −
n∑

i=1

M(zi; Ai). (38)

� ¸¸³µÉ·¨³ nα-· ¸¶ ¤ (n = 2, 3) µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨° Î¥É´µ-Î¥É´ÒÌ ¨§µ-
Éµ¶µ¢ A

ZQ (Z = 82, 84, . . . , 90), É. ¥.

A
ZQ → n4He + A−4n

Z−2nY.

�  µ¸´µ¢¥ ¨§¢¥¸É´ÒÌ §´ Î¥´¨° ³ ¸¸ ´Ê±²¨¤µ¢

A
ZQ =




APb (A = 200, 202, . . . , 208),
APo (A = 206, 208, . . . , 214),
ARn (A = 210, 212, . . . , 222),
ARa (A = 214, 216, . . . , 228),
ATh (A = 222, 224, . . . , 234)

¨ ¨Ì ¤µÎ¥·´¨Ì ¨§µÉµ¶´ÒÌ Ë· £³¥´Éµ¢ A−4n
Z−2nY [38] ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò ¸µ£² ¸´µ

(36) ¨ (38) §´ Î¥´¨Ö µ ¨ E. ‡ ¢¨¸¨³µ¸ÉÓ Ô´¥·£¨¨ 2α- ¨ 3α-· ¸¶ ¤µ¢ µ¸´µ¢-
´ÒÌ ¸µ¸ÉµÖ´¨° Î¥É´ÒÌ ¨§µÉµ¶µ¢ Pb, Po, Rn, Ra ¨ Th µÉ §´ Î¥´¨° ¶·¨¢¥¤¥´´µ°
³ ¸¸Ò ¤µÎ¥·´¨Ì Ë· £³¥´Éµ¢ ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 4. ‚¨¤´µ, ÎÉµ ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨¥ Ô´¥·£¨¨ nα-· ¸¶ ¤  (n = 2, 3) ²¨´¥°´µ § ¢¨¸ÖÉ µÉ µ ¨ Ö¢²ÖÕÉ¸Ö ¶·¨-
³¥·´µ Ô±¢¨¤¨¸É ´É´Ò³¨. ˆ§²µ³Ò µÉ·¥§±µ¢ ¶·Ö³ÒÌ ¢ ÉµÎ± Ì, £¤¥ ³ É¥·¨´¸±¨¥
Ö¤·  (´¨¦´¨¥ ¶¨±¨ µÉ·¥§±µ¢ ¶·Ö³ÒÌ ·¨¸. 4) ¨ ¤µÎ¥·´¨¥ Ë· £³¥´ÉÒ (¢¥·Ì´¨¥
¶¨±¨ µÉ·¥§±µ¢ ¶·Ö³ÒÌ ·¨¸. 4) ¸µ¤¥·¦ É ³ £¨Î¥¸±µ¥ Î¨¸²µ ´¥°É·µ´µ¢ 126, ¸¢¨-
¤¥É¥²Ó¸É¢ÊÕÉ µ ¢²¨Ö´¨¨ µ¡µ²µÎ¥Î´µ° ¸É·Ê±ÉÊ·Ò Ö¤¥· ´  2α- ¨ 3α-· ¸¶ ¤Ò.
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�¨¸. 4. ‡ ¢¨¸¨³µ¸ÉÓ Ô´¥·£¨¨ 2α-· ¸¶ ¤  ( ) ¨ 3α-· ¸¶ ¤  (¡) µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨°
Î¥É´µ-Î¥É´ÒÌ ¨§µÉµ¶µ¢ A

ZQ µÉ ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò ¤µÎ¥·´¨Ì Ë· £³¥´Éµ¢

�µ ¨§¢¥¸É´Ò³ §´ Î¥´¨Ö³ ³ ¸¸ Î¥É´ÒÌ ¨§µÉµ¶µ¢ Po, Ra, Th ¨ ¨Ì ¤µÎ¥·´¨Ì
Ë· £³¥´Éµ¢ ´  µ¸´µ¢¥ (30) ¨ (36), (38) ¶·¥¤¸± § ´Ò ¨§¡ÒÉ±¨ ³ ¸¸ ∆MY

´¥¨§¢¥¸É´ÒÌ ´Ê±²¨¤µ¢ 202Pt, 220Po, 222Po, 216Pb, 224Rn ¨ 226Rn (¸³. É ¡². 2).
�  ·¨¸. 4 Ô´¥·£¨¨ nα-· ¸¶ ¤  ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ³ É¥·¨´¸±¨Ì Ö¤¥· µ¡µ§´ Î¥´Ò
±·Ê¦± ³¨.

‚ ¶·¥¤¥²Ó´µ³ ¸²ÊÎ ¥ · §¤¥²¥´¨Ö µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨° ¢ÒÏ¥Ê± § ´´ÒÌ
³ É¥·¨´¸±¨Ì Ö¤¥·-¨§µÉµ¶µ¢ ´  ¸¢µ¡µ¤´Ò¥ ´Ê±²µ´Ò Ô´¥·£¨Ö A-Ë· £³¥´É´µ£µ
®· ¸¶ ¤ ¯ Ö¤·  A

ZQ · ¢´ 

E = M(Z; A) − Zmp − (A − Z)mn = −E¸¢,

£¤¥ E¸¢ Å Ô´¥·£¨Ö ¸¢Ö§¨ ´Ê±²µ´µ¢. �µ ¨§¢¥¸É´Ò³ §´ Î¥´¨Ö³ E¸¢ [38] ¨ ´ °-
¤¥´´Ò³ ´  µ¸´µ¢¥ (37) §´ Î¥´¨Ö³ ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò µ ¸¢µ¡µ¤´ÒÌ ´Ê±²µ´µ¢

’ ¡²¨Í  2

AQ → 2α + A−8Y ∆My , ŒÔ‚ AQ → 3α + A−12Y ∆My, ŒÔ‚
228Ra → 2α + 220Po 15,41 214Po → 3α + 202Pt −22,98
232Th → 2α + 224Rn 22,71 228Ra → 3α + 216Pb 7,69
234Th → 2α + 226Rn 29,63 232Th → 3α + 220Po 15,60

234Th → 3α + 222Po 23,42
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�¨¸. 5. ‡ ¢¨¸¨³µ¸ÉÓ Ô´¥·£¨¨ ¸¢Ö§¨
Î¥É´µ-Î¥É´ÒÌ ¨§µÉµ¶µ¢ A

ZQ µÉ ¶·¨-
¢¥¤¥´´µ° ³ ¸¸Ò ¸¢µ¡µ¤´ÒÌ ´Ê±²µ´µ¢
(¸¶²µÏ´Ò¥ ²¨´¨¨). ˜É·¨Ìµ¢Ò¥ ²¨´¨¨
¶·µÌµ¤ÖÉ Î¥·¥§ ¨§µÉµ´´Ò¥ Ö¤· 

´  ·¨¸. 5 ¨§µ¡· ¦¥´  § ¢¨¸¨³µ¸ÉÓ E¸¢ µÉ µ. ‚¨¤´µ, ÎÉµ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ §´ -
Î¥´¨Ö Ô´¥·£¨¨ ¸¢Ö§¨ ¨ ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò Ö¢²ÖÕÉ¸Ö ²¨´¥°´µ-§ ¢¨¸¨³Ò³¨ ¨
¶·¨³¥·´µ Ô±¢¨¤¨¸É ´É´Ò³¨ (¸¶²µÏ´Ò¥ ²¨´¨¨). ˜É·¨Ìµ¢Ò¥ ²¨´¨¨, ¶·µ¢¥¤¥´-
´Ò¥ Î¥·¥§ Ö¤·  ¸ A − Z = const, É ±¦¥ Ê± §Ò¢ ÕÉ ´  ²¨´¥°´ÊÕ § ¢¨¸¨³µ¸ÉÓ
E¸¢ µÉ µ ¤²Ö Ö¤¥·-¨§µÉµ´µ¢ ¸ Jπ = 0+. �·¨ ÔÉµ³ ¨§ Ô±¢¨¤¨¸É ´É´µ¸É¨ Ô´¥·-
£¨¨ ¸¢Ö§¨ ¢¨¤´µ, ÎÉµ ¤²Ö ¨§µÉµ¶´ÒÌ (¨§µÉµ´´ÒÌ) Ö¤¥· ¸ Jπ = const ¨³¥¥É
³¥¸Éµ ¶·¨¡²¨¦¥´´µ¥ ¸µµÉ´µÏ¥´¨¥

2E¸¢(Z; A) ≈ E¸¢(Z; A − 2) + E¸¢(Z; A + 2) ≈
≈ E¸¢(Z − 2; A − 2) + E¸¢(Z + 2; A + 2), (39)

¶µ§¢µ²ÖÕÐ¥¥ ²¥£±µ µ¶·¥¤¥²¨ÉÓ §´ Î¥´¨¥ Ô´¥·£¨¨ ¸¢Ö§¨ (³ ¸¸Ò) ´¥¨§¢¥¸É´ÒÌ
´Ê±²¨¤µ¢ ¶µ ¨§¢¥¸É´Ò³ §´ Î¥´¨Ö³ Ô´¥·£¨° ¸¢Ö§¨ (³ ¸¸) ¤¢ÊÌ ¡²¨¦ °Ï¨Ì ¨§µ-
Éµ¶´ÒÌ (¨§µÉµ´´ÒÌ) ¶ ·É´¥·µ¢ ¸ É¥³¨ ¦¥ §´ Î¥´¨Ö³¨ Jπ.

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢Ò· ¦¥´¨¥ (37) ¤²Ö µ ³µ¦´µ, ¶·¥´¥¡·¥£ Ö · §-
´µ¸ÉÓÕ ³ ¸¸ ´¥°É·µ´  ¨ ¶·µÉµ´ , ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ µ = mnA−1. ’µ£¤  ¸
ÊÎ¥Éµ³ · ´¥¥ µÉ³¥Î¥´´µ£µ ¢ (31) ¸µµÉ´µÏ¥´¨Ö B ∼ Z ¶µ²ÊÎ¨³ ¶·¨¡²¨¦¥´´ÊÕ
²¨´¥°´ÊÕ § ¢¨¸¨³µ¸ÉÓ E¸¢ µÉ ZA−1 ¤²Ö Ö¤¥· ¸ Jπ = const, ¶·¨´ ¤²¥¦ Ð¨Ì
¨§µÉµ¶ ³ ¨²¨ ¨§µÉµ´ ³ (·¨¸. 6).

“¸É ´µ¢²¥´´Ò¥ § ±µ´µ³¥·´µ¸É¨ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ ¶·¨´Í¨¶¨ ²Ó´µ° ¢µ§-
³µ¦´µ¸É¨ ¨¸¶µ²Ó§µ¢ ´¨Ö S-³ É·¨Î´µ£µ Ëµ·³ ²¨§³  ¤¢ÊÌË· £³¥´É´µ° § ¤ Î¨
¶·¨ ±µ³¶²¥±¸´ÒÌ §´ Î¥´¨ÖÌ µ ¤²Ö µ¶¨¸ ´¨Ö · ¸¶ ¤  (· §¤¥²¥´¨Ö) µ¸´µ¢´ÒÌ
¸µ¸ÉµÖ´¨° ¸µ¸É ¢´ÒÌ ¨§µÉµ¶´ÒÌ ¸¨¸É¥³ ¸ Jπ = const ¶µ ± ´ ² ³, ¸µ¤¥·¦ -
Ð¨³ n(2 < n � A) Ë· £³¥´Éµ¢. �µ-¢¨¤¨³µ³Ê, ¢¢¥¤¥´¨¥ ¶µ´ÖÉ¨Ö ÔËË¥±É¨¢-
´µ° ³ ¸¸Ò n-Ë· £³¥´É´µ° § ¤ Î¨ ¶µ  ´ ²µ£¨¨ ¸ ¤¢ÊÌË· £³¥´É´µ° ¶µ§¢µ²Ö¥É
¸¢µ¤¨ÉÓ µ¡¥ § ¤ Î¨ ± µ¤´µ° Å ¤¢¨¦¥´¨Õ Ë· £³¥´É  ¶¥·¥³¥´´µ° ³ ¸¸Ò µ ¢
¶µ²¥ ¢´¥Ï´¨Ì ¸¨², ±µ´±·¥É´Ò° ¢¨¤ ±µÉµ·ÒÌ ¤²Ö ¸²ÊÎ Ö S-³ É·¨Î´µ£µ Ëµ·-
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�¨¸. 6. ‡ ¢¨¸¨³µ¸ÉÓ Ô´¥·£¨¨ ¸¢Ö§¨ Î¥É´µ-Î¥É´ÒÌ Ö¤¥· A
ZQ µÉ ZA−1. ‘¶²µÏ´Ò¥ ²¨´¨¨

¶·µÌµ¤ÖÉ Î¥·¥§ ¨§µÉµ¶´Ò¥ Ö¤· . ˜É·¨Ìµ¢Ò¥ ²¨´¨¨ ¶·µ¢¥¤¥´Ò Î¥·¥§ Ö¤· -¨§µÉµ´Ò
(A − Z = const) ¨ Ö¤·  ¸ Ë¨±¸¨·µ¢ ´´Ò³ ¨§¡ÒÉ±µ³ ´¥°É·µ´µ¢ (A − 2Z = const)

³ ²¨§³  ´¥¸ÊÐ¥¸É¢¥´. „¥°¸É¢¨É¥²Ó´µ, ¢ ¸²ÊÎ ¥ ¸¨¸É¥³Ò ¡¥¸¸¶¨´µ¢ÒÌ ´¥·¥-
²ÖÉ¨¢¨¸É¸±¨Ì Î ¸É¨Í ¸ ³ ¸¸ ³¨ m1, m2, . . . , mn ¨ ¨³¶Ê²Ó¸ ³¨ k1, k2, . . . , kn

¸¢µ¡µ¤´Ò° £ ³¨²ÓÉµ´¨ ´ H0 ¨³¥¥É ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸

(
n∑

i=1

ki = 0
)

¢¨¤

H0 =
k2

2µ
, µ =

(∑
i

m−1
i

)−1

, k2 =
∑

i

k2
i pi, pi =

m−1
i∑

i

m−1
i

. (40)

‡¤¥¸Ó µ Å ¶·¨¢¥¤¥´´ Ö ³ ¸¸  ¸¨¸É¥³Ò; pi Å ¢¥·µÖÉ´µ¸ÉÓ Éµ£µ, ÎÉµ ±¢ -
¤· É ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ ¸ ³ ¸¸µ° µ ¶·¨´¨³ ¥É §´ Î¥´¨¥ k2

i . ’ ±¨³ µ¡· §µ³,
£ ³¨²ÓÉµ´¨ ´ (40) ¸µµÉ¢¥É¸É¢Ê¥É ¸¢µ¡µ¤´µ³Ê ¤¢¨¦¥´¨Õ Î ¸É¨ÍÒ ¸ ÔËË¥±É¨¢-
´µ° ³ ¸¸µ° µ ¨ ¨³¶Ê²Ó¸µ³ k, ¶·¥¤¸É ¢²ÖÕÐ¨³ ¸µ¡µ° ¸·¥¤´¥±¢ ¤· É¨Î´µ¥
§´ Î¥´¨¥ ¨³¶Ê²Ó¸µ¢ Î ¸É¨Í ¸¨¸É¥³Ò.
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�·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ · ¢¥´¸É¢ 

∑
k2

i = −2
∑

i

∑
j

ki

(i>j)

kj ,

¸²¥¤ÊÕÐ¥£µ ¨§ Ê¸²µ¢¨Ö
∑

ki = 0, £ ³¨²ÓÉµ´¨ ´ (40) ³µ¦´µ, ± ¶·¨³¥·Ê, ¶·¨
n = 3 ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ [2, ¸. 198]

H0 =
p2
1

2µ1
+

k2
23

2µ23
,

£¤¥

p1 =
(m2 + m3)k1 − m1(k2 + k3)

m1 + m2 + m3
, k23 =

m3k2 − m2k3

m2 + m3
,

µ1 =
m1(m2 + m3)
m1 + m2 + m3

, µ23 =
m2m3

m2 + m3
.

�Éµ §´ Î¨É, ÎÉµ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ¢´ÊÉ·¥´´¥¥ ¤¢¨¦¥´¨¥ É·¥Ì ¸¢µ-
¡µ¤´ÒÌ Î ¸É¨Í ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ± ±: 1) ¸Ê³³Ê ¸¢µ¡µ¤´ÒÌ ¤¢¨¦¥´¨° ¤¢ÊÌ
Î ¸É¨Í ¸ µÉ´µ¸¨É¥²Ó´Ò³¨ ¨³¶Ê²Ó¸ ³¨ p1 ¨ k23 (¢³¥¸Éµ ¨³¶Ê²Ó¸µ¢ p1 ¨ k23

³µ¦´µ ¢Ò¡· ÉÓ p2 ¨ k31 ²¨¡µ p3 ¨ k12) ¨ ¶·¨¢¥¤¥´´Ò³¨ ³ ¸¸ ³¨ µ1 ¨ µ23;
2) ¸¢µ¡µ¤´µ¥ ¤¢¨¦¥´¨¥ µ¤´µ° Î ¸É¨ÍÒ ¸o ¸·¥¤´¥±¢ ¤· É¨Î´Ò³ ¨³¶Ê²Ó¸µ³

k =
(

m2m3k
2
1 + m1m3k

2
2 + m1m2k

2
3

m1m2 + m1m3 + m2m3

)1/2

¨ ÔËË¥±É¨¢´µ° ³ ¸¸µ°

µ =
m1m2m3

m1m2 + m1m3 + m2m3
.

3. ’��…Š’��ˆŸ ��‹�‘� S-Œ�’�ˆ–›
‚ Š�Œ�‹…Š‘��‰ �‹�‘Š�‘’ˆ

Š“‹���‚‘Š�‰ Š��‘’��’› ‘‚Ÿ‡ˆ
ˆ ��‘��„ �‘��‚�›• ‘�‘’�Ÿ�ˆ‰ Ÿ„…� ‘ Jπ = const

1. �Ê¸ÉÓ ¢ Ê· ¢´¥´¨¨ (1) ±Ê²µ´µ¢¸±¨° Î²¥´ ¨³¥¥É ¢¨¤ 2µq/r (¤²Ö ÔÉµ£µ
¸²¥¤Ê¥É ¢Ò¡· ÉÓ ¸¨¸É¥³Ê ¥¤¨´¨Í, ¢ ±µÉµ·µ° � = c = ze = 1, Ze = q).
�Ê¤¥³ ¶·¥¤¶µ² £ ÉÓ, ÎÉµ Ô²¥±É·¨Î¥¸±¨° § ·Ö¤ q É ±¦¥ ³µ¦¥É ¶·¨´¨³ ÉÓ ±µ³-
¶²¥±¸´Ò¥ §´ Î¥´¨Ö. ”¨§¨Î¥¸±¨¥ §´ Î¥´¨Ö § ·Ö¤  · ¢´Ò qφ = Zφe (Zφ =
0, 1, 2, . . . ). ’µ£¤  ¶·¨ E > 0 ¨ ¸µÌ· ´ÖÕÐ¨Ì¸Ö Ê¸²µ¢¨ÖÌ (2) ´  ¶µÉ¥´Í¨ ²
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V (r) ËÊ´±Í¨Ö · ¸¸¥Ö´¨Ö S(µ, q, E) ³¥·µ³µ·Ë´  ¢ ¶·Ö³µ³ ¶·µ¨§¢¥¤¥´¨¨ µ¡² -
¸É¥° Re µ > 0 ¨ Re q > 0 ¨ ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  (¶µ  ´ ²µ£¨¨ ¸ (25)) ¢
¢¨¤¥ [25]

S(µ, q, E) = exp {2i[η(µ, q, E) + δŸ(µ, q, E)]} =

=
Γ(1 + iq

√
µ/2E)

Γ(1 − iq
√

µ/2E)
ctg δŸ(µ, q, E) + i

ctg δŸ(µ, q, E) − i
. (41)

‡¤¥¸Ó η(µ, q, E) ¨ δŸ(µ, q, E) Å ¸µµÉ¢¥É¸É¢¥´´µ Ë §µ¢Ò¥ ¸¤¢¨£¨, µ¡Ê¸²µ-
¢²¥´´Ò¥ ¤¥°¸É¢¨¥³ ±Ê²µ´µ¢¸±µ£µ ¨ ±µ·µÉ±µ¤¥°¸É¢ÊÕÐ¥£µ ¶µÉ¥´Í¨ ²µ¢; Γ Å
£ ³³ -ËÊ´±Í¨Ö �°²¥· .

� §²µ¦¥´¨¥ ¶µ ÔËË¥±É¨¢´µ³Ê · ¤¨Ê¸Ê ( ´ ²µ£ Ëµ·³Ê² (26), (27)) ¤²Ö
ÔÉµ£µ ¸²ÊÎ Ö ¨³¥¥É ¢¨¤ [25]

K(µ, q, E) ≈ − 1
A

+ RµE, (42)

K(µ, q, E) ≡ 2µq

[
Re ψ

(
iq

√
µ

2E

)
− ln

(
q

√
µ

2E

)]
+

+ 2
√

2µE ctg δŸ(µ, q, E) exp
(
−πq

√
µ

2E

) ∣∣∣∣Γ
(

1 + iq

√
µ

2E

)∣∣∣∣
2

, (43)

A ¨ R Å ¸µµÉ¢¥É¸É¢¥´´µ ¤²¨´  · ¸¸¥Ö´¨Ö ¨ ÔËË¥±É¨¢´Ò° · ¤¨Ê¸; ψ Å ¶¸¨-
ËÊ´±Í¨Ö.

ˆ§ (41) ¨ (43) ¸²¥¤Ê¥É Ê· ¢´¥´¨¥

K[µ(E), q(E), E] − 2µ(E) q(E)×

×
{

Re ψ

[
iq(E)

√
µ(E)
2E

]
− ln

[
q(E)

√
µ(E)
2E

]}
− 2i

√
2µ(E)E×

× exp

(
−πq(E)

√
µ(E)
2E

) ∣∣∣∣∣Γ
(

1 + iq(E)

√
µ(E)
2E

)∣∣∣∣∣
2

= 0 (44)

µÉ´µ¸¨É¥²Ó´µ ¶µ²Õ¸µ¢ µ(E) ¨ q(E) S-³ É·¨ÍÒ ¶·¨ E > 0.

…¸²¨ ËÊ´±Í¨Õ K[µ(E), q(E), E] · §²µ¦¨ÉÓ ¢ ·Ö¤ ¢ µ±·¥¸É´µ¸É¨ ÉµÎ±¨
[µ(0), q(0), 0], µ£· ´¨Î¨¢ Ö¸Ó ²¨´¥°´Ò³ Î²¥´µ³ · §²µ¦¥´¨Ö,   É ±¦¥ ¢µ¸¶µ²Ó-
§µ¢ ÉÓ¸Ö  ¸¨³¶ÉµÉ¨Î¥¸±¨³¨ ¶·¥¤¸É ¢²¥´¨Ö³¨ ¤²Ö Re ψ ¨ |Γ| ¶·¨ E → 0+, Éµ
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Ê· ¢´¥´¨¥ (44) ¶·¨³¥É ¢¨¤

A0[µ(E) − µ(0)] + B0[q(E) − q(0)] + C0E − E

3q(0)
−

− 2π iµ(0) q(0) exp

[
−2πq(0)

√
µ(0)
2E

]
∼= 0, (45)

£¤¥ A0 = ∂K/∂µ|E=0, B0 = ∂K/∂q|E=0, C0 = ∂K/∂E|E=0 Å ¢¥Ð¥¸É¢¥´´Ò¥
¶µ¸ÉµÖ´´Ò¥.

� ¸¸³µÉ·¨³ Î ¸É´Ò¥ ¸²ÊÎ ¨ Ê· ¢´¥´¨Ö (45) ¤²Ö ËÊ´±Í¨° µ(E) =
Re µ(E) + iIm µ(E) ¨ q(E) = Re q(E) + iIm q(E).

 ) �Ê¸ÉÓ µ(E) = µ(0) = µφ. ’µ£¤  (45) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

Re q(E) ∼= c1 + c2E, Im q(E) ∼= c3 exp (−c4/
√

E), (46)

£¤¥ c1 = q(0), c2 =
(

1
3q(0)

− C0

)
B−1

0 , c3 = 2πµφq(0)B−1
0 , c4 =

2πq(0)
√

µφ/2.
�·¨ µφ = const Ê· ¢´¥´¨¥ (46) µ¶·¥¤¥²Ö¥É ´¨§±µÔ´¥·£¥É¨Î¥¸±¨° ¢¨¤ É· -

¥±Éµ·¨¨ ¶µ²Õ¸  S-³ É·¨ÍÒ ´  ±µ³¶²¥±¸´µ° ¶²µ¸±µ¸É¨ § ·Ö¤  (±Ê²µ´µ¢¸±µ°
±µ´¸É ´ÉÒ ¸¢Ö§¨ a = 2µφ q) ¨ ¸µµÉ¢¥É¸É¢Ê¥É ¸²ÊÎ Õ · ¸¸¥Ö´¨Ö Î ¸É¨ÍÒ zx

´  ¨§µ¡ ·´ÒÌ Ö¤· Ì
Aφ

Zφ
Y (Aφ = const) ¸ Ë¨±¸¨·µ¢ ´´Ò³¨ Ì · ±É¥·¨¸É¨± ³¨

Jπ [9, 10].
¡) �Ê¸ÉÓ q(E) = q(0) = qφ. ’µ£¤  Ê· ¢´¥´¨¥ (45) ¶·¨³¥É ¢¨¤

Re µ(E) ∼= α1 + α2E, Im µ(E) ∼= α3 exp (−α4/
√

E), (47)

£¤¥ α1 = µ(0), α2 =
(

1
3qφ

− C0

)
A−1

0 , α3 = 2πqφµ(0)A−1
0 , α4 =

2πqφ

√
µ(0)/2.

�·¨ qφ = const Ê· ¢´¥´¨¥ (47) µ¶·¥¤¥²Ö¥É É· ¥±Éµ·¨Õ ¶µ²Õ¸  S-³ É·¨ÍÒ
¶·¨ E � 0 ´  ±µ³¶²¥±¸´µ° ¶²µ¸±µ¸É¨ ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò (±Ê²µ´µ¢¸±µ° ±µ´-
¸É ´ÉÒ ¸¢Ö§¨ a = 2µqφ) ¨ ¸µµÉ¢¥É¸É¢Ê¥É ¸²ÊÎ Õ · ¸¸¥Ö´¨Ö Î ¸É¨ÍÒ zx ´ 

¨§µÉµ¶´ÒÌ Ö¤· Ì
Aφ

Zφ
Y (Zφ = const) ¸ µ¤¨´ ±µ¢Ò³¨ §´ Î¥´¨Ö³¨ Jπ [20].

“· ¢´¥´¨Ö (30) ¨ (47) Å ¸ÊÉÓ ¶µ¢¥¤¥´¨¥ µ¤´µ° ¨ Éµ° ¦¥ É· ¥±Éµ·¨¨
¶µ²Õ¸  µ(E), µ¤´ ±µ ¢ ¸²ÊÎ ¥ (47) ¨§-§  ¨´µ£µ ¢Ò¡µ·  ¸¨¸É¥³Ò ¥¤¨´¨Í ¢
Ê· ¢´¥´¨¨ (1) ¢¨¤´  Ö¢´ Ö § ¢¨¸¨³µ¸ÉÓ ±µÔËË¨Í¨¥´Éµ¢ α2, α3 ¨ α4 µÉ Ë¨±-
¸¨·µ¢ ´´ÒÌ Ë¨§¨Î¥¸±¨Ì §´ Î¥´¨° § ·Ö¤  Zφe. ’ ±¨³ µ¡· §µ³, ¶ · ³¥É·Ò,
µ¶·¥¤¥²ÖÕÐ¨¥ ¶µ¢¥¤¥´¨¥ É· ¥±Éµ·¨¨ ¶µ²Õ¸  ¤²Ö ¸²ÊÎ ¥¢   ¨ ¡, § ¢¨¸ÖÉ ¸µµÉ-
¢¥É¸É¢¥´´µ µÉ Ë¨±¸¨·µ¢ ´´ÒÌ Ë¨§¨Î¥¸±¨Ì §´ Î¥´¨° µφ ¨ qφ.

¢) …¸²¨ §´ Î¥´¨Ö µφ ¨ qφ ´¥ Ë¨±¸¨·µ¢ ´Ò, Éµ Ê· ¢´¥´¨Ö (46) ¨ (47) Ö¢²Ö-
ÕÉ¸Ö Ô±¢¨¢ ²¥´É´Ò³¨ Ëµ·³ ³¨ µ¶¨¸ ´¨Ö · ¸¸¥Ö´¨Ö Î ¸É¨ÍÒ zx ´  ¨§µÉµ´´ÒÌ
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Ö¤· Ì
Aφ

Zφ
Y (Aφ − Zφ = const) ¸ Jπ = const. �  ±µ³¶²¥±¸´µ° a-¶²µ¸±µ¸É¨

(a = 2µq) Ê· ¢´¥´¨¥ É· ¥±Éµ·¨¨ ¶µ²Õ¸  a(E) = Re a(E)+iIma(E) ¤²Ö ÔÉµ£µ
¸²ÊÎ Ö ¨³¥¥É, ¸µ£² ¸´µ (46) ¨ (47), ¢¨¤

Re a(E) ≈ γ1 + γ2E, Im a(E) ≈ γ3 exp (−γ4/
√

E), (48)

£¤¥

γ1 = 2c1α1, γ2 = 2(α1c2 + α2c1), γ3 = 2(c1α3 + c3α1), γ4 = 2(c4 + α4).

…¸²¨ ¢ Ê· ¢´¥´¨¨ (1) ±Ê²µ´µ¢¸±¨° Î²¥´ ¢Ò¡· ÉÓ ¢ ¢¨¤¥ a/r (a = µzZ,
2e2 = h = c = 1) ¨ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ z É ±¦¥ ³µ¦¥É ¶·¨´¨³ ÉÓ ±µ³¶²¥±¸-
´Ò¥ §´ Î¥´¨Ö, Éµ Ê· ¢´¥´¨¥ É· ¥±Éµ·¨¨ ¶µ²Õ¸  S-³ É·¨ÍÒ ¢ a-¶²µ¸±µ¸É¨
¸µÌ· ´Ö¥É ËÊ´±Í¨µ´ ²Ó´Ò° ¢¨¤ É¨¶  (48) ¨ µ¶¨¸Ò¢ ¥É ´¨§±µÔ´¥·£¥É¨Î¥¸±¨¥
¸µ¸ÉµÖ´¨Ö ¸¨¸É¥³ A′−A

zX + A
ZY ↔ A′

z+Z Q ¸ ÊÎ¥Éµ³ ¢µ§³µ¦´µ° ¶·¨´ ¤²¥¦´µ-
¸É¨ Ë· £³¥´Éµ¢ X ¨ Y ¸ Jπ = const ± ¨§µÉµ¶ ³ (zZ = const), ¨§µ¡ ·¨Î¥¸±¨³
³Ê²ÓÉ¨¶²¥É ³ (µ = const) ²¨¡µ ¨§µÉµ´ ³.

2. �  µ¸´µ¢¥  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ α-· ¸¶ ¤  Ê¸É ´µ¢²¥´µ,
ÎÉµ § ±µ´ ƒ¥°£¥· Ä�¥Éµ²²  Ö¢²Ö¥É¸Ö Ê´¨¢¥·¸ ²Ó´Ò³ ¢ Éµ³ ¸³Ò¸²¥, ÎÉµ µ± -
§Ò¢ ¥É¸Ö ¸¶· ¢¥¤²¨¢Ò³ ¤²Ö ¨§µÉµ¶µ¢ [37], ¨§µ¡ · [10] ¨ ¨§µÉµ´µ¢ [46] ¢ ¸µ-
¸ÉµÖ´¨¨ ¸ Jπ = const. ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¸µ¸ÉµÖ´¨¥ ±¢ ´Éµ¢µ° ¸¨¸É¥³Ò
¨´¢ ·¨ ´É´µ ¶µ µÉ´µÏ¥´¨Õ ± ¸¶µ¸µ¡Ê µ¶¨¸ ´¨Ö ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ¸ ¶µ³µ-
ÐÓÕ ¶µ²Õ¸  S-³ É·¨ÍÒ ´  ±µ³¶²¥±¸´µ° ¶²µ¸±µ¸É¨ ²Õ¡µ£µ ¨§ ¸¶¥±É· ²Ó-
´ÒÌ ¶ · ³¥É·µ¢ (¶·¨ Ë¨§¨Î¥¸±¨Ì §´ Î¥´¨ÖÌ µ¸É ²Ó´ÒÌ ¶ · ³¥É·µ¢), ¢Ìµ¤Ö-
Ð¨Ì ¡¥§³µ¤¥²Ó´Ò³ µ¡· §µ³ ¢ Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥·  [17]. �µÔÉµ³Ê ´  Ö§Ò±¥
S-³ É·¨Î´µ£µ Ëµ·³ ²¨§³  ¤¢ÊÌË· £³¥´É´µ° § ¤ Î¨ Ê´¨¢¥·¸ ²Ó´µ¸ÉÓ § ±µ´ 
¤²Ö ¨§µÉµ¶µ¢, ¨§µ¡ · ¨ ¨§µÉµ´µ¢ ¸ Jπ = const µ§´ Î ¥É, ÎÉµ ·¥§µ´ ´¸´Ò¥
¸µ¸ÉµÖ´¨Ö ¸µ¸É ¢´ÒÌ ¸¨¸É¥³ µ¶¨¸Ò¢ ÕÉ¸Ö µ¤¨´ ±µ¢Ò³ Ô´¥·£¥É¨Î¥¸±¨³ ¶µ¢¥-
¤¥´¨¥³ É· ¥±Éµ·¨¨ ¶µ²Õ¸  S-³ É·¨ÍÒ ´  ±µ³¶²¥±¸´ÒÌ µ-, q- ¨ a = 2µq-
¶²µ¸±µ¸ÉÖÌ (Ê· ¢´¥´¨Ö (46)Ä(48)). �·¨Î¥³ ¢ ¸²ÊÎ ¥ ¨§µÉµ´´ÒÌ Ö¤¥· ¨§³¥´¥-
´¨¥ Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤  q µ¡Ê¸²µ¢²¨¢ ¥É µ¤´µ¢·¥³¥´´µ ¨ ¨§³¥´¥´¨¥ ¡ -
·¨µ´´µ£µ (³ ¸¸µ¢µ£µ) Î¨¸²  A, É. ¥. ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò µ, ¶µÔÉµ³Ê, ± ± ¶µ-
± § ´µ ¢ · ¡µÉ¥ [25] ´  ¶·¨³¥·¥ α-· ¸¶ ¤  Î¥É´µ-Î¥É´ÒÌ ¨§µÉµ´µ¢, É· ¥±Éµ-
·¨¨ (46)Ä(48) ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° Ô±¢¨¢ ²¥´É´Ò¥ Ëµ·³Ò µ¶¨¸ ´¨Ö ¸µ¸ÉµÖ´¨°
Ö¤¥·-¨§µÉµ´µ¢ ¸ Jπ = const.

�Ê¸ÉÓ ±µ³¶²¥±¸´Ò¥ §´ Î¥´¨Ö ±Ê²µ´µ¢¸±µ° ±µ´¸É ´ÉÒ ¸¢Ö§¨ a = µzZ
µ¡Ê¸²µ¢²¥´Ò ±µ³¶²¥±¸´Ò³¨ §´ Î¥´¨Ö³¨ µ, z ¨ Z. ’µ£¤  ´  µ¸´µ¢¥ ²¨´¥°´µ°
§ ¢¨¸¨³µ¸É¨ Re a(E) µÉ Ô´¥·£¨¨ E ·¥§µ´ ´¸´ÒÌ ¸µ¸ÉµÖ´¨° ¸¨¸É¥³Ò A′−A

zX+
A
ZY ↔ A′

z+Z Q ¸ Jπ = const ¸²¥¤Ê¥É, ÎÉµ ¶·¨ · ¸¶ ¤¥ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö
Ë¨±¸¨·µ¢ ´´µ° ¸¨¸É¥³Ò Q (A′ = const, z + Z = const) ´  ¶¥·¥³¥´´Ò¥
¤µÎ¥·´¨¥ Ë· £³¥´ÉÒ X ¨ Y ¸ Jπ = const Ô´¥·£¨¨ · ¸¶ ¤ 

E = M(z +Z; A′)−M(z; A′−A)−M(Z; A), z �= const, Z �= const (49)
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¨ ¢¥Ð¥¸É¢¥´´Ò¥ §´ Î¥´¨Ö ±Ê²µ´µ¢¸±µ° ±µ´¸É ´ÉÒ ¸¢Ö§¨

a =
M(z; A′ − A)M(Z; A)

M(z; A′ − A) + M(Z; A)
zZ (50)

¤µ²¦´Ò ¡ÒÉÓ ¶·¨³¥·´µ ²¨´¥°´µ-§ ¢¨¸¨³Ò³¨.
‚ [26] · ¸¸³µÉ·¥´ ¤¢ÊÌË· £³¥´É´Ò° · ¸¶ ¤ µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥·

Q(Jπ = 0+), £¤¥ ¶¥·¥³¥´´Ò° Ë· £³¥´É X ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° µ¸´µ¢´Ò¥ ¸µ-
¸ÉµÖ´¨Ö α-±² ¸É¥·´ÒÌ ¸É·Ê±ÉÊ·. �  µ¸´µ¢¥ ¨§¢¥¸É´ÒÌ §´ Î¥´¨° ³ ¸¸ ¨§µ-
Éµ´´ÒÌ Ö¤¥· 212Po, 214Rn, 216Ra ¨ 218Th [38] ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò Ô´¥·£¨¨ ¨Ì
¤¢ÊÌË· £³¥´É´µ£µ · ¸¶ ¤  ¶µ ± ´ ² ³, £¤¥

A′−A
zX = 4He, 8Be, . . . , 28Si.

‡ ¢¨¸¨³µ¸ÉÓ Ô´¥·£¨¨ · ¸¶ ¤  µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥· 212Po, 214Rn,
216Ra ¨ 218Th µÉ §´ Î¥´¨° ±Ê²µ´µ¢¸±µ° ±µ´¸É ´ÉÒ ¸¢Ö§¨ ¤µÎ¥·´¨Ì Ë· £-
³¥´Éµ¢ ¨§µ¡· ¦¥´  ´  ·¨¸. 7 (¸¶²µÏ´Ò¥ ²¨´¨¨). ‚¨¤´µ, ÎÉµ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥
Ô´¥·£¨¨ · ¸¶ ¤  ²¨´¥°´µ § ¢¨¸ÖÉ µÉ §´ Î¥´¨° a = µzZ, É. ¥. ¶µ¤É¢¥·¦¤ ÕÉ
²¨´¥°´ÊÕ § ¢¨¸¨³µ¸ÉÓ Re a(E) µÉ Ô´¥·£¨¨ E ±¢ §¨¸É Í¨µ´ ·´ÒÌ ¸µ¸ÉµÖ´¨°
¸¨¸É¥³Ò A′−A

zX +A
ZY ¸ Jπ = 0+. �¥§´ Î¨É¥²Ó´Ò¥ ¨§²µ³Ò µÉ·¥§±µ¢ ¢ ÉµÎ± Ì,

£¤¥ ¤µÎ¥·´¨¥ Ë· £³¥´ÉÒ ¸µ¤¥·¦ É ³ £¨Î¥¸±¨¥ Î¨¸²  ¶·µÉµ´µ¢ (´¥°É·µ´µ¢),
¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ ¢²¨Ö´¨¨ ´  α-±² ¸É¥·´Ò° · ¸¶ ¤ µ¡µ²µÎ¥Î´µ° ¸É·Ê±ÉÊ·Ò
¤µÎ¥·´¨Ì Ö¤¥·. ˜É·¨Ìµ¢Ò¥ ²¨´¨¨ ´  ·¨¸. 7 ¸µµÉ¢¥É¸É¢ÊÕÉ · ¸¶ ¤ ³ ³ É¥·¨´-
¸±¨Ì Ö¤¥·-¨§µÉµ´µ¢ ¸ ¨¸¶Ê¸± ´¨¥³ Ë¨±¸¨·µ¢ ´´ÒÌ α-±² ¸É¥·µ¢. ‚¨¤´µ, ÎÉµ
¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ô´¥·£¨¨ · ¸¶ ¤  Ô±¢¨¤¨¸É ´É´Ò.

�¨¸. 7. ‡ ¢¨¸¨³µ¸ÉÓ Ô´¥·£¨¨ · ¸¶ ¤ 
µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥· 212Po, 214Rn,
216Ra ¨ 218Th µÉ §´ Î¥´¨° ±Ê²µ´µ¢¸±µ°
±µ´¸É ´ÉÒ ¸¢Ö§¨ ¤µÎ¥·´¨Ì Ë· £³¥´Éµ¢
(¸¶²µÏ´Ò¥ ²¨´¨¨  Ä£). ˜É·¨Ìµ¢Ò¥ ²¨-
´¨¨ 1Ä7 ¸µµÉ¢¥É¸É¢ÊÕÉ · ¸¶ ¤ ³ Ê± § ´-
´ÒÌ Ö¤¥·-¨§µÉµ´µ¢ ¸ ¨¸¶Ê¸± ´¨¥³ Ë¨±¸¨-
·µ¢ ´´ÒÌ α-±² ¸É¥·µ¢ 4He, 8Be, 12C, . . . ,
28Si

�µ ¨§¢¥¸É´Ò³ §´ Î¥´¨Ö³ ³ ¸¸ ¤µÎ¥·´¨Ì Ë· £³¥´Éµ¢ ¶·¨ · ¸¶ ¤¥ Ö¤¥·
212Po ¨ 214Rn ¶µ ± ´ ² ³

212Po →
{

12C + 200Pt
16O + 196Os , 214Rn →

{
20Ne + 194Os
24Mg + 190W
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¸ ¶µ³µÐÓÕ ¸µµÉ´µÏ¥´¨° (49), (50) ¨ ²¨´¥°´µ° § ¢¨¸¨³µ¸É¨ Re a(E) µÉ E
¡Ò²¨ ¢ÒÎ¨¸²¥´Ò ³ ¸¸Ò ´¥¨§¢¥¸É´ÒÌ Ö¤¥· 192W ¨ 186Hf, Ö¢²ÖÕÐ¨Ì¸Ö ¤µÎ¥·-
´¨³¨ Ë· £³¥´É ³¨ ¤²Ö ¸²ÊÎ ¥¢ · ¸¶ ¤ 

212Po → 20He + 192W, 214Rn → 28Si + 186Hf.

�´¥·£¨¨ · ¸¶ ¤  Ö¤¥· 212Po ¨ 214Rn ¤²Ö ÔÉ¨Ì ¸²ÊÎ ¥¢ µÉ³¥Î¥´Ò ´  ·¨¸. 7 ±·¥-
¸É¨± ³¨. ‡´ Î¥´¨Ö ³ ¸¸ Ö¤¥· 192W ¨ 186Hf ¡Ò²¨ ´ °¤¥´Ò É ±¦¥
´  µ¸´µ¢¥ Ô±¢¨¤¨¸É ´É´µ¸É¨ Ô´¥·£¨¨ · ¸¶ ¤  ¨§µÉµ´´ÒÌ ³ É¥·¨´¸±¨Ì Ö¤¥· ¸
¨¸¶Ê¸± ´¨¥³ Ë¨±¸¨·µ¢ ´´ÒÌ Ë· £³¥´Éµ¢ 20Ne ¨ 28Si (ÏÉ·¨Ìµ¢Ò¥
²¨´¨¨ 5 ¨ 7 ´  ·¨¸. 7). �·¨ ÔÉµ³ ¸·¥¤´¨¥ §´ Î¥´¨Ö ³ ¸¸ ´Ê±²¨¤µ¢ 192W
¨ 186Hf ¸µµÉ¢¥É¸É¢¥´´µ · ¢´Ò M(74; 192) = 191,96549  . ¥. ³. ¨ M(72; 186) =
185, 96061  . ¥. ³.

‚ [27] · ¸¸³µÉ·¥´ · ¸¶ ¤ Ö¤¥· 216Ra, 228U ¨ 240Cm ¶µ ± ´ ² ³, £¤¥ ¤µ-
Î¥·´¨¥ Ë· £³¥´ÉÒ A′−A

zX ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° µ¸´µ¢´Ò¥ ¸µ¸ÉµÖ´¨Ö:  ) Î¥É´µ-
Î¥É´ÒÌ Ö¤¥· α-±² ¸É¥·´µ° ¸É·Ê±ÉÊ·Ò; ¡) ´¥Î¥É´µ-´¥Î¥É´ÒÌ Ö¤¥· ¸ 2z = A′−A.
�·¨ ÔÉµ³ § ¢¨¸¨³µ¸ÉÓ E µÉ ¢¥Ð¥¸É¢¥´´ÒÌ §´ Î¥´¨° a = µzZ É ±¦¥ µ± §Ò¢ -
¥É¸Ö ¶·¨¡²¨¦¥´´µ ²¨´¥°´µ°.

3. ‚ÒÏ¥ ¡Ò²µ Ê¸É ´µ¢²¥´µ, ÎÉµ ¶·¨ · ¸¶ ¤ Ì (· §¤¥²¥´¨ÖÌ) ¨§µÉµ¶´ÒÌ
(¨§µÉµ´´ÒÌ) ´¥³ £¨Î¥¸±¨Ì Ö¤¥· ¸ Jπ = const, ¸µ¶·µ¢µ¦¤ ÕÐ¨Ì¸Ö ¨¸¶Ê¸± -
´¨¥³ Ë¨±¸¨·µ¢ ´´ÒÌ Ë· £³¥´Éµ¢ ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¤µÎ¥·´¨Ì ´¥³ £¨Î¥¸±¨Ì
Ö¤¥·, Ô´¥·£¨¨ · ¸¶ ¤  (· §¤¥²¥´¨Ö) Ö¢²ÖÕÉ¸Ö Ô±¢¨¤¨¸É ´É´Ò³¨ (¸³. ·¨¸. 1Ä7).
�  µ¸´µ¢¥ Ô±¢¨¤¨¸É ´É´µ¸É¨ Ô´¥·£¨° · ¸¶ ¤  ¶µ²ÊÎ¥´Ò ³ ¸¸µ¢Ò¥ Ëµ·³Ê²Ò
¤²Ö Î¥É´µ-Î¥É´ÒÌ ¨§µÉµ¶µ¢ [28]:

n−1∑
k=0

(−1)k (n − 1)!
(n − k − 1)!k!

M(Z; A + 2(n − k − 1)) − bn = 0 (51)

¨ ¨§µÉµ´µ¢ [29]:

n−1∑
k=0

(−1)k (n − 1)!
(n − k − 1)!k!

M(Z + 2(n − k − 1); A + 2(n − k − 1))−

− cn = 0, n � 3. (52)

‡¤¥¸Ó bn, cn Å ¶µ¸ÉµÖ´´Ò¥, §´ Î¥´¨Ö ±µÉµ·ÒÌ ³µ¦´µ ´ °É¨ ¶µ ¨§¢¥¸É´Ò³
³ ¸¸ ³.

�µ¸±µ²Ó±Ê ¸µµÉ´µÏ¥´¨Ö (51) ¨ (52) ¸¶· ¢¥¤²¨¢Ò ¤²Ö ¨§µÉµ¶µ¢ ¨ ¨§µÉµ´µ¢,
´¥ ¸µ¤¥·¦ Ð¨Ì ³ £¨Î¥¸±¨¥ Î¨¸²  ¶·µÉµ´µ¢ ¨ ´¥°É·µ´µ¢, ¤ ²¥¥ µ£· ´¨Î¨³¸Ö
· ¸¸³µÉ·¥´¨¥³ µ¡² ¸É¨ ÉÖ¦¥²ÒÌ Ö¤¥· ¸ Z > 82 ¨ 126 < A − Z < 152, £¤¥
¸ÊÐ¥¸É¢Ê¥É ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ¥ Î¨¸²µ Ö¤¥·, Ê¤µ¢²¥É¢µ·ÖÕÐ¨Ì Ê± § ´´µ³Ê
Ê¸²µ¢¨Õ. �·¨ ¢ÒÎ¨¸²¥´¨¨ ¶µ¸ÉµÖ´´ÒÌ bn ¨ cn ¨¸¶µ²Ó§µ¢ ´Ò ¤ ´´Ò¥ [38] ¶µ
³ ¸¸ ³ ÉÖ¦¥²ÒÌ Î¥É´µ-Î¥É´ÒÌ Ö¤¥·.
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„²Ö µÍ¥´±¨ ÉµÎ´µ¸É¨ ¢Ò¶µ²´¥´¨Ö (51) ¨ (52) ¶·¨ ´ °¤¥´´ÒÌ bn ¨ cn ¶µ
Ëµ·³Ê²¥

σ =

[(
N∑

i=1

δ2
i

)/
N

]1/2

,

£¤¥ δi Å §´ Î¥´¨Ö ²¥¢ÒÌ Î ¸É¥° (51) ¨ (52),   N Å Î¨¸²µ ¸²ÊÎ ¥¢, ¢ÒÎ¨¸²¥´Ò
¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ µÉ±²µ´¥´¨Ö µÉ ´Ê²Ö ²¥¢ÒÌ Î ¸É¥° (51) ¨ (52).

‡´ Î¥´¨Ö ¶µ¸ÉµÖ´´ÒÌ bn ¨ ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ µÉ±²µ´¥´¨Ö σ µÉ ´Ê²Ö ¢
²¥¢µ° Î ¸É¨ (51) ¸µ¸É ¢²ÖÕÉ ¶·¨ n = 3; 4 ¨ N = 34; 25 ¸µµÉ¢¥É¸É¢¥´´µ 0,484
¨ 0,014 ŒÔ‚ ¨ 136 ¨ 117 ±Ô‚.

‡´ Î¥´¨Ö ¶µ¸ÉµÖ´´ÒÌ cn ¨ ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ µÉ±²µ´¥´¨Ö σ µÉ ´Ê²Ö ¢
²¥¢µ° Î ¸É¨ (52) ¸µ¸É ¢²ÖÕÉ ¶·¨ n = 3; 4 ¨ N = 29; 17 ¸µµÉ¢¥É¸É¢¥´´µ 1,830
¨ 0,052 ŒÔ‚ ¨ 196 ¨ 253 ±Ô‚.

’ ±¨³ µ¡· §µ³, Ëµ·³Ê²Ò (51) ¨ (52), £¤¥ ³ ¸¸Ò M (¨§¡ÒÉ±¨ ³ ¸¸Ò M−A)
¢Ò· ¦¥´Ò ¢ ³¥£ Ô²¥±É·µ´-¢µ²ÓÉ Ì, ¸µ¢³¥¸É´µ ¸ Î¨¸²µ¢Ò³¨ §´ Î¥´¨Ö³¨ bn ¨
cn ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ³ ¸¸ ³¨ ÉÖ¦¥²ÒÌ Î¥É´µ-Î¥É´ÒÌ
¨§µÉµ¶µ¢ ¨ ¨§µÉµ´µ¢.

‚ É ¡². 3 ¶·¨¢¥¤¥´Ò ¢ÒÎ¨¸²¥´´Ò¥ ¶µ ¤ ´´Ò³ [38] ¨ Ëµ·³Ê² ³ (51) ¨ (52)
¶·¨ n = 3; 4 ´¥¨§¢¥¸É´Ò¥ ¨§¡ÒÉ±¨ ³ ¸¸Ò M − A ÉÖ¦¥²ÒÌ ´Ê±²¨¤µ¢. ‚¨¤´µ,
ÎÉµ ·¥§Ê²ÓÉ ÉÒ [28, 29] ¡²¨§±¨ ± ·¥§Ê²ÓÉ É ³ [38, 40], ¶µ²ÊÎ¥´´Ò³ ¤·Ê£¨³¨
³¥Éµ¤ ³¨.

’ ¡²¨Í  3

�Ê±²¨¤
M − A, ŒÔ‚

[28] [29]
[38] [40]

n = 3 n = 4 n = 3 n = 4
220Po 15,43 15,3 15,76 15,82
224Rn 22,63 22,55 22,41 22,29
224U 25,62 25,47 25,95 26,05 25,74
230Ra 34,69 34,64 34,58 34,73 34,46 (28)
230Pu 36,85 36,91 37,07 36,94 37,35
236Th 46,25 46,36 46,32 46,30 46,32
236Cm 47,56 47,85 47,91 48,15 47,87 (20) 47,82
240Cf 57,69 57,69 57,73 57,73 58,02 (20) 58,04
242U 58,60 58,67 58,82 58,75 58,65

244Fm 68,86 68,78 68,79 69,10 69,04 (28) 69,09
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�·¥¤²µ¦¥´´Ò° ¢ [28, 29] ³¥Éµ¤ ¢ ¨§¢¥¸É´µ³ ¸³Ò¸²¥  ´ ²µ£¨Î¥´ ¶µ¤Ìµ-
¤ ³, µ¸´µ¢ ´´Ò³ ´  ·¥±Ê··¥´É´ÒÌ Ëµ·³Ê² Ì. ‚¶¥·¢Ò¥ É ±µ£µ ·µ¤  ¸µµÉ´µ-
Ï¥´¨Ö Ê¸É ´µ¢²¥´Ò ƒ ·¢¥¥³ ¨ Š¥²¸µ´µ³ [47Ä49]. �É²¨Î¨¥ ¶·¥¤²µ¦¥´´µ£µ
¢ · ¡µÉ Ì [28, 29] µÉ Ê± § ´´ÒÌ ¢ÒÏ¥ ³¥Éµ¤µ¢ § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ ¸µ-
µÉ´µÏ¥´¨Ö (51) ¨ (52) ¸µ¤¥·¦ É ³ ¸¸Ò Éµ²Ó±µ Î¥É´µ-Î¥É´ÒÌ Ö¤¥·. �·¥¨³Ê-
Ð¥¸É¢µ³ ³¥Éµ¤  [28, 29] ¶µ ¸· ¢´¥´¨Õ ¸ ³¥Éµ¤ ³¨ ƒ ·¢¥ÖÄŠ¥²¸µ´  Ö¢²Ö¥É¸Ö
¶·µ¸ÉµÉ  ¢ÒÎ¨¸²¥´¨°, ¶µ¸±µ²Ó±Ê ·¥±Ê··¥´É´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¸µ¤¥·¦ É µÎ¥´Ó
¡µ²ÓÏµ¥ Î¨¸²µ ¶ · ³¥É·µ¢ (´ ¶·¨³¥·, ¢ Ëµ·³Ê² Ì · ¡µÉÒ [49] ¨Ì 477). �Éµ
µ¡Ê¸²µ¢²¥´µ É¥³, ÎÉµ ¸µµÉ´µÏ¥´¨Ö (51) ¨ (52) µ¶¨¸Ò¢ ÕÉ £µ· §¤µ ³¥´ÓÏÊÕ
µ¡² ¸ÉÓ ´Ê±²¨¤µ¢ (Ö¤¥·), Î¥³ Ëµ·³Ê²Ò ƒ ·¢¥ÖÄŠ¥²¸µ´ . �¥¤ ¢´µ ´  µ¸´µ¢¥
¸²¥¤ÊÕÐ¥£µ ¨§ (48) § ±µ´  ƒ¥°£¥· Ä�¥Éµ²²  ¤²Ö ¨§µ¡ ·´ÒÌ, ¨§µÉµ¶´ÒÌ ¨ ¨§µ-
Éµ´´ÒÌ Ö¤¥· ¸ Jπ = const Ê¸É ´µ¢²¥´Ò É ±¦¥ ¸µµÉ´µÏ¥´¨Ö ²¨´¥°´µ£µ É¨¶ 
³¥¦¤Ê ²µ£ ·¨Ë³ ³¨ ¶¥·¨µ¤  ¶µ²Ê· ¸¶ ¤  α- ±É¨¢´ÒÌ ÉÖ¦¥²ÒÌ Î¥É´µ-Î¥É´ÒÌ
Ö¤¥· [50].

4. ����’��Ÿ ‡�„�—� ��‘‘…Ÿ�ˆŸ
��ˆ Š�Œ�‹…Š‘�›• ‡��—…�ˆŸ•

��ˆ‚…„…���‰ Œ�‘‘›

� ¸¸³µÉ·¨³ ´µ¢ÊÕ ¶µ¸É ´µ¢±Ê µ¤´µ¶ · ³¥É·¨Î¥¸±µ° µ¡· É´µ° § ¤ Î¨,
±µ£¤  ¨¸Ìµ¤´Ò¥ ¤ ´´Ò¥ · ¸¸¥Ö´¨Ö ¨§¢¥¸É´Ò ¶·¨ Ë¨±¸¨·µ¢ ´´ÒÌ §´ Î¥´¨ÖÌ
Ô´¥·£¨¨ E, µ·¡¨É ²Ó´µ£µ ³µ³¥´É  l, Ô²¥±É·¨Î¥¸±¨Ì § ·Ö¤µ¢ Ze ¨ ze ¤²Ö
· §²¨Î´ÒÌ §´ Î¥´¨° ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò µ ¤¢ÊÌË· £³¥´É´µ° ¸¨¸É¥³Ò [21,
22]. ‚ ÔÉµ³ ¸²ÊÎ ¥ ³µ¦´µ £µ¢µ·¨ÉÓ µ § ¤ Î¥ ¢ ±µ³¶²¥±¸´µ° k-¶²µ¸±µ¸É¨
(k =

√
2µE/�), µ¡Ê¸²µ¢²¥´´µ° ±µ³¶²¥±¸´Ò³¨ §´ Î¥´¨Ö³¨ µ ¶·¨ E = const.

�·¨ ÔÉµ³ ¢Ìµ¤ÖÐ¨° ¢ Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥·  Í¥´É·µ¡¥¦´Ò° �
2l(l + 1)/2µr2

¨ ±µ·µÉ±µ¤¥°¸É¢ÊÕÐ¨° (Ö¤¥·´Ò°) U(r) = �
2V (r)/2µ ¶µÉ¥´Í¨ ²Ò · §²¨Î´Ò

¤²Ö · §²¨Î´ÒÌ Ë¨§¨Î¥¸±¨Ì §´ Î¥´¨° ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò µ. ’ ± Ö ¶µ¸É ´µ¢± 
µ¡· É´µ° § ¤ Î¨, ¸¢Ö§ ´´ Ö ¸  ´ ²¨É¨Î¥¸±¨³ ¶·µ¤µ²¦¥´¨¥³ ¶¥·¥³¥´´µ° µ ¢
µ¡² ¸ÉÓ ±µ³¶²¥±¸´ÒÌ §´ Î¥´¨°, ¶·¥¤¸É ¢²Ö¥É Ë¨§¨Î¥¸±¨° ¨´É¥·¥¸, É ± ± ±
µ´  ¸µµÉ¢¥É¸É¢Ê¥É ¸²ÊÎ Õ · ¸¸¥Ö´¨Ö Î ¸É¨ÍÒ (±² ¸É¥· ) zx ´  ¨§µÉµ¶ Ì A

ZY
¶·¨ E = const ¨ Jπ = const, £¤¥ ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² V (r) Ì · ±É¥·¨§Ê¥É
¢§ ¨³µ¤¥°¸É¢¨¥ ¸¨¸É¥³Ò zx + A

ZY ¶·¨ A �= const, É. ¥. µÉ· ¦ ¥É ®· ¸Ð¥¶²¥-
´¨¥¯ Ë §Ò · ¸¸¥Ö´¨Ö §  ¸Î¥É ¶·¨· Ð¥´¨Ö ¡ ·¨µ´´µ£µ Î¨¸²  A (A = A0+∆A,
£¤¥ ∆A = 0, 2, 4, . . .).

‚ µÉ¸ÊÉ¸É¢¨¥ ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° µ¶¨¸Ò¢ ¥³µ° ±¢ ´Éµ¢µ° ¸¨¸É¥³Ò zx+
A
ZY (A �= const) ¨¸Ìµ¤´Ò³ ¨¸ÉµÎ´¨±µ³ ¨´Ëµ·³ Í¨¨ ¸²Ê¦ É ¨§¢¥¸É´Ò¥ ¨§
Ë §µ¢µ£µ  ´ ²¨§  ®Ö¤¥·´Ò¥¯ Ë §µ¢Ò¥ ¸¤¢¨£¨ δE,l,Zz(kj) ¶·¨ Ë¨±¸¨·µ¢ ´´ÒÌ
Ë¨§¨Î¥¸±¨Ì §´ Î¥´¨ÖÌ ¸¶¥±É· ²Ó´ÒÌ ¶ · ³¥É·µ¢ E, l ¨ Z.

‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸³µÉ·¨³ ¸²ÊÎ ° s-· ¸¸¥Ö´¨Ö ´¥°É·µ´  ´  ¨§µÉµ¶ Ì
¢µ¤µ·µ¤  ¶·¨ Ë¨±¸¨·µ¢ ´´µ³ §´ Î¥´¨¨ Ô´¥·£¨¨ ¸¨¸É¥³Ò n + AH
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�¨¸. 8. �µÉ¥´Í¨ ² U(r) ¸¨¸É¥³Ò
n+AH ¢ ¸µ¸ÉµÖ´¨¨ ¸ Jπ = 1+ ¶·¨
E = 25 ŒÔ‚. Š·¨¢Ò¥ 1, 2, 3 ¸µ-
µÉ¢¥É¸É¢ÊÕÉ §´ Î¥´¨Ö³ A = 1, 3, 5

(A = 1, 3, 5, . . .) ¢ ¸µ¸ÉµÖ´¨¨ ¸ Jπ =
1+. …¸²¨ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö ¶·µÍ¥¤Ê·µ°  ¶-
¶·µ±¸¨³ Í¨¨ ®Ö¤¥·´ÒÌ¯ Ë § δE,0,0(kj) ¢
±µ³¶²¥±¸´µ° k-¶²µ¸±µ¸É¨ · Í¨µ´ ²Ó´Ò³¨
ËÊ´±Í¨Ö³¨ [5], Éµ ¸ ¶µ³µÐÓÕ  ²£¥¡· ¨-
Î¥¸±µ£µ ¢ ·¨ ´É  µ¡· É´µ° § ¤ Î¨ ¤²Ö k-
¶²µ¸±µ¸É¨ [51] ³µ¦´µ ¢µ¸¸É ´µ¢¨ÉÓ ¶µÉ¥´-
Í¨ ² V (r) ¸¨¸É¥³Ò n + AH ¶µ §´ Î¥´¨Ö³
®Ö¤¥·´ÒÌ¯ Ë § ¸µ¸ÉµÖ´¨Ö 3S1 ¶·¨ E =
const.

‚ · ¡µÉ¥ [52] ¶·¨¢¥¤¥´Ò Ô±¸¶¥·¨³¥´-
É ²Ó´Ò¥ §´ Î¥´¨Ö ®Ö¤¥·´µ°¯ Ë §Ò ¸µ¸ÉµÖ-
´¨Ö 3S1 ¤²Ö · ¸¸¥Ö´¨Ö n − 1H ¢ ¨´É¥·¢ ²¥
Ô´¥·£¨¨ µÉ 1 ¤µ 500 ŒÔ‚ ¢ ² ¡. ¸¨¸É. Š
¸µ¦ ²¥´¨Õ, ´ ¸±µ²Ó±µ ´ ³ ¨§¢¥¸É´µ,  ´ ²µ-
£¨Î´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¤²Ö ¸²Ê-
Î Ö · ¸¸¥Ö´¨Ö n − 3H ¶µ±  ´¥É. ‚ [53] ¶·¨-
¢¥¤¥´µ É¥µ·¥É¨Î¥¸±µ¥ §´ Î¥´¨¥ s-Ë §Ò É·¨-
¶²¥É´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨¨ µÉ
0 ¤µ 30 ŒÔ‚ ¢ ¸. Í. ³. ¶·¨ µ¶¨¸ ´¨¨ ¸¨-
¸É¥³Ò 4H ¸ ¶µ³µÐÓÕ ³¥Éµ¤  ·¥§µ´¨·ÊÕÐ¨Ì
£·Ê¶¶. �¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ §´ Î¥´¨Ö
Ê± § ´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´µ° ¨ É¥µ·¥É¨Î¥-
¸±µ° Ë § ¸µ¸ÉµÖ´¨Ö 3S1 ¤²Ö ¸²ÊÎ ¥¢ · ¸¸¥Ö-
´¨Ö n− 1H ¨ n− 3H · §²¨Î ÕÉ¸Ö ¶·¨ µ¤´µ°
¨ Éµ° ¦¥ Ô´¥·£¨¨ ¢ ¸. Í. ³. ´¥§´ Î¨É¥²Ó´µ (´  1Ä8◦). ’ ± Ö ¡²¨§µ¸ÉÓ ¢ ¶µ¢¥-
¤¥´¨¨ Ë § ¸¨¸É¥³Ò n + AH (A = 1,3) ¢ ¸µ¸ÉµÖ´¨¨ ¸ Jπ = 1+ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É
µ Éµ³, ÎÉµ ¶·¨ A = const ¶µ¢¥¤¥´¨¥ ÔËË¥±É¨¢´µ£µ ¶µÉ¥´Í¨ ²  V (r), µ¶¨-
¸Ò¢ ÕÐ¥£µ Ô´¥·£¥É¨Î¥¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ Ë §Ò · ¸¸¥Ö´¨Ö ¤²Ö ¸²ÊÎ ¥¢ A = 1
¨ A = 3, É ±¦¥ ¤µ²¦´µ ¡ÒÉÓ ¶·¨³¥·´µ µ¤¨´ ±µ¢Ò³. ‚ ¸²ÊÎ ¥ E = const ¨
A = 1, 3, 5, . . . ¶µÉ¥´Í¨ ² V (r) ¡Ê¤¥É Ì · ±É¥·¨§µ¢ ÉÓ ¡ ·¨µ´´µ¥ ®· ¸Ð¥¶-
²¥´¨¥¯ s-Ë §Ò É·¨¶²¥É´µ£µ ¸µ¸ÉµÖ´¨Ö. �·¨ ÔÉµ³ ¸µ£² ¸´µ [5] S-³ É·¨ÍÊ,
¶µ¸É·µ¥´´ÊÕ ¶µ ¤¢Ê³ §´ Î¥´¨Ö³ ®Ö¤¥·´ÒÌ¯ Ë § ¸¨¸É¥³ n + 1H ¨ n + 3H ¢
¸µ¸ÉµÖ´¨¨ 3S1 ¶·¨ E = const, ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ µ¤´µ¶µ²Õ¸´µ³ ¶·¨¡²¨-
¦¥´¨¨ ËÊ´±Í¨¨ ‰µ¸É  R(k):

exp [2iδE,0,0(k)] =
R(k)

R(−k)
, R(k) =

k − iα

k − iβ
, (53)

±µÉµ·µ¥ ¸µµÉ¢¥É¸É¢Ê¥É ¢Ò· ¦¥´¨Õ Ë §Ò δE,0,0(k) ¢ ¢¨¤¥

δE,0,0(k) = arctg
k(β − α)
k2 + αβ

. (54)
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�  µ¸´µ¢ ´¨¨ [51] ¶µÉ¥´Í¨ ² V (r), ¢µ¸¸É ´µ¢²¥´´Ò° ¶µ S-ËÊ´±Í¨¨ (53),
· ¢¥´

V (r) = 8γβ2[γ exp (βr) − exp (−βr)]−2, γ =
α + β

α − β
. (55)

Šµ´¸É ´ÉÒ α ¨ β µ¶·¥¤¥²¥´Ò ¸ ¶µ³µÐÓÕ (53) ¶µ ¨§¢¥¸É´Ò³ §´ Î¥´¨Ö³
®Ö¤¥·´ÒÌ¯ Ë § ¸µ¸ÉµÖ´¨Ö 3S1 ¤²Ö ¸²ÊÎ ¥¢ · ¸¸¥Ö´¨Ö n − 1H ¨ n − 3H ¶·¨
E = 25 ŒÔ‚. �·¨ ÔÉµ³ δE,0,0(k1) = 63,02◦ [52] ¨ δE,0,0(k2) = 55◦ [53], £¤¥
k1 = 0, 7765 Ë³−1 ¨ k2 = 0, 9510 Ë³−1. ‡´ Î¥´¨Ö α ¨ β ¸µµÉ¢¥É¸É¢¥´´µ
· ¢´Ò 0,1730 ¨ 0,9408 Ë³−1.

•µ¤ ¶µÉ¥´Í¨ ²  U(r) = �
2V (r)/2µ, £¤¥ V (r) µ¶·¥¤¥²¥´µ ¢Ò· ¦¥´¨¥³

(55), ¨§µ¡· ¦¥´ ´  ·¨¸. 8 (±·¨¢Ò¥ 1 ¨ 2).
‘ ¶µ³µÐÓÕ (54) ¶µ ¨§¢¥¸É´Ò³ §´ Î¥´¨Ö³ α ¨ β ²¥£±µ ´ °É¨ §´ Î¥´¨¥

®Ö¤¥·´µ°¯ Ë §Ò ¸µ¸ÉµÖ´¨Ö 3S1 ¤²Ö ¸²ÊÎ Ö · ¸¸¥Ö´¨Ö n− 5H ¶·¨ E = 25 ŒÔ‚
(k3 = 1, 0025 Ë³−1), ±µÉµ·µ¥ · ¢´µ δE,0,0(k3) = 53◦. �µÉ¥´Í¨ ² U(r) ¤²Ö
ÔÉµ£µ ¸²ÊÎ Ö É ±¦¥ ¨§µ¡· ¦¥´ ´  ·¨¸. 8 (±·¨¢ Ö 3). ‚¨¤´µ, ÎÉµ ÔËË¥±É¨¢´µ¥
¢§ ¨³µ¤¥°¸É¢¨¥ ¸¨¸É¥³Ò n + AH (A = 1, 3, 5) ¢ ¸µ¸ÉµÖ´¨¨ ¸ Jπ = 1+ ¶·¨
E = 25 ŒÔ‚ Ö¢²Ö¥É¸Ö ¶·¨ÉÖ£¨¢ ÕÐ¨³, µ¤´ ±µ £²Ê¡¨´  ¶µÉ¥´Í¨ ²  ´¥¤µ¸É -
ÉµÎ´  ¤²Ö ¢µ§´¨±´µ¢¥´¨Ö ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö.

�¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ ¶·¨ ¢µ¸¸É ´µ¢²¥´¨¨ ¶µÉ¥´Í¨ ²  ¢§ ¨³µ¤¥°-

¸É¢¨Ö ¸¨¸É¥³Ò zx + Aj

Z Y ¸ Z = const, Jπ = const ¨ E = const, µ¶¨-
¸Ò¢ ÕÐ¥£µ ®Ö¤¥·´Ò¥¯ Ë §Ò δE,l,Zz(kj), ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ §´ Î¥´¨Ö³ Aj =
A, A + 2, A + 4, . . . , ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´ É ±¦¥ ³¥Éµ¤ µ¡· É´µ° § -
¤ Î¨ ¢ ±µ³¶²¥±¸´µ° a-¶²µ¸±µ¸É¨ [13], £¤¥ ±µ³¶²¥±¸´Ò¥ §´ Î¥´¨Ö a µ¡Ê¸²µ-
¢²¥´Ò ±µ³¶²¥±¸´Ò³¨ §´ Î¥´¨Ö³¨ µ. �Éµ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ µ¡· É´ Ö § ¤ Î 
¢ ±µ³¶²¥±¸´µ° k-¶²µ¸±µ¸É¨ ¤²Ö ¸²ÊÎ Ö · ¸¸¥Ö´¨Ö ¶ ·Í¨ ²Ó´µ° ¢µ²´Ò ¡¥§
ÊÎ¥É  ±Ê²µ´µ¢¸±µ£µ ¶µ²Ö (a = 0)  ´ ²µ£¨Î´  µ¡· É´µ° § ¤ Î¥ ¢ ±µ³¶²¥±¸´µ°
a-¶²µ¸±µ¸É¨ ¸ ¶¥·¥³¥´´µ° −k2 ¢³¥¸Éµ 4a [54].

‡�Š‹�—…�ˆ…

�´ ²¨É¨Î¥¸±µ¥ ¶·µ¤µ²¦¥´¨¥ ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò µ ¢ µ¡² ¸ÉÓ ±µ³¶²¥±¸-
´ÒÌ §´ Î¥´¨° ¨¸Î¥·¶Ò¢ ¥É, ¶µ ¸ÊÐ¥¸É¢Ê, Î¨¸²µ ¢µ§³µ¦´ÒÌ ¶µ¤Ìµ¤µ¢ ¶·¨
µ¶¨¸ ´¨¨ · ¸¸¥Ö´¨Ö ¸ ¶µ³µÐÓÕ S-³ É·¨ÍÒ, § ¢¨¸ÖÐ¥° µÉ Ê´¨¢¥·¸ ²Ó´ÒÌ ¶ -
· ³¥É·µ¢, ¢Ìµ¤ÖÐ¨Ì ¡¥§³µ¤¥²Ó´Ò³ µ¡· §µ³ ¢ Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥· . ‘ÊÐ¥-
¸É¢¥´´µ ¢ ¦´µ¥ §´ Î¥´¨¥ ¤ ´´µ£µ ¶µ¤Ìµ¤  § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ µ´ ¶µ§¢µ-
²Ö¥É µ¶¨¸ ÉÓ ¸µ¸ÉµÖ´¨Ö ¸¨¸É¥³ ¸ ¶¥·¥³¥´´Ò³ Î¨¸²µ³ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò.

�  µ¸´µ¢¥ ¶µ·µ£µ¢µ£µ ¶µ¢¥¤¥´¨Ö ¶µ²Õ¸  S-³ É·¨ÍÒ ¢:
1) µ-¶²µ¸±µ¸É¨ (Zze2 = const),
2) µZe-¶²µ¸±µ¸É¨ (ze = const),
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3) µZze2-¶²µ¸±µ¸É¨ ¶·¨ l = const ¨ |E| → 0 Ê¸É ´µ¢²¥´Ò ¶·¨¡²¨¦¥´-
´Ò¥ ¸µµÉ´µÏ¥´¨Ö, ¸¢Ö§Ò¢ ÕÐ¨¥ µ¸´µ¢´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
¸¨¸É¥³:

 ) Ë¨±¸¨·µ¢ ´´ Ö Î ¸É¨Í  (±² ¸É¥·) + ¨§µÉµ¶´Ò¥ Ö¤·  ²¨¡µ ¨§µÉµ¶´Ò¥
Ö¤·  + ¨§µÉµ¶´Ò¥ Ö¤· ,

¡) Ë¨±¸¨·µ¢ ´´ Ö Î ¸É¨Í  (±² ¸É¥·) + ¨§µÉµ´´Ò¥ Ö¤· ,

¢) Ö¤·  + Ö¤·  ¸ Ë¨±¸¨·µ¢ ´´Ò³¨ §´ Î¥´¨Ö³¨ ¸¶¨´  ¨ Î¥É´µ¸É¨ Jπ. �·¨
ÔÉµ³ Ô´¥·£¨¨ ¸É Í¨µ´ ·´ÒÌ (±¢ §¨¸É Í¨µ´ ·´ÒÌ) ¸µ¸ÉµÖ´¨° ¸µ¸É ¢´ÒÌ ¸¨-
¸É¥³ ¸ Jπ = const ¨ ¢¥Ð¥¸É¢¥´´Ò¥ §´ Î¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸¶¥±É· ²Ó´ÒÌ
¶ · ³¥É·µ¢ µ± §Ò¢ ÕÉ¸Ö ²¨´¥°´µ-§ ¢¨¸¨³Ò³¨. ‘µµÉ´µÏ¥´¨Ö É¨¶  (31), (35),
¸¢Ö§Ò¢ ÕÐ¨¥ ¶ · ³¥É·Ò ±¢ §¨¸É Í¨µ´ ·´ÒÌ ¸µ¸ÉµÖ´¨° ¸¨¸É¥³ zX + A

ZY ↔
A′

z+Z Q, Ö¢²ÖÕÉ¸Ö Ê´¨¢¥·¸ ²Ó´Ò³¨ ¢ Éµ³ ¸³Ò¸²¥, ÎÉµ µ´¨ ¸¶· ¢¥¤²¨¢Ò ´¥
Éµ²Ó±µ ¤²Ö ¨§µÉµ¶´ÒÌ ¨ ¨§µÉµ´´ÒÌ Ö¤¥· A

ZY ¸ Jπ = const, ´µ É ±¦¥ ´¥ § ¢¨-
¸ÖÉ µÉ ¶·¨·µ¤Ò Ë¨±¸¨·µ¢ ´´µ£µ § ·Ö¦¥´´µ£µ Ë· £³¥´É  zx. ‘²¥¤µ¢ É¥²Ó´µ,
§ ±µ´ ƒ¥°£¥· Ä�¥Éµ²²  µ¶¨¸Ò¢ ¥É ´¥ Éµ²Ó±µ α-· ¸¶ ¤ Ö¤¥· ¸ Jπ = const,
´µ É ±¦¥ ¨ · ¸¶ ¤Ò, ¸µ¶·µ¢µ¦¤ ¥³Ò¥ ¨¸¶Ê¸± ´¨¥³ ¤·Ê£¨Ì Ë¨±¸¨·µ¢ ´´ÒÌ
±² ¸É¥·µ¢.

�  µ¸´µ¢¥ Ô±¢¨¤¨¸É ´É´µ¸É¨ Ô´¥·£¨¨ · ¸¶ ¤  (· §¤¥²¥´¨Ö) µ¸´µ¢´ÒÌ ¸µ-
¸ÉµÖ´¨° ¸µ¸É ¢´ÒÌ ¸¨¸É¥³ ¸ ¨¸¶Ê¸± ´¨¥³ Ë¨±¸¨·µ¢ ´´µ£µ Ë· £³¥´É  ¨ ¸µ-
µÉ¢¥É¸É¢ÊÕÐ¨Ì ¤µÎ¥·´¨Ì Ö¤¥· ¸ Jπ = const Ê¸É ´µ¢²¥´Ò ¶·µ¸ÉÒ¥ ¨ ÔËË¥±-
É¨¢´Ò¥ ³ ¸¸µ¢Ò¥ Ëµ·³Ê²Ò ¤²Ö ¨§µÉµ¶´ÒÌ ¨ ¨§µÉµ´´ÒÌ ´¥³ £¨Î¥¸±¨Ì Ö¤¥· ¸
Jπ = const.

’ ±¨³ µ¡· §µ³,  ´ ²¨É¨Î¥¸±µ¥ ¶·µ¤µ²¦¥´¨¥ ¶ · ³¥É·µ¢ µ, µZe ¨ µZze2

¢ ±µ³¶²¥±¸´ÊÕ µ¡² ¸ÉÓ ¶µ§¢µ²Ö¥É ÔËË¥±É¨¢´µ ¶·¨³¥´¨ÉÓ Ê· ¢´¥´¨¥ ˜·¥-
¤¨´£¥·  ¶·¨ µ¶¨¸ ´¨¨ Ö¤¥·´ÒÌ ¸¨¸É¥³ ¸ ¶¥·¥³¥´´Ò³¨ §´ Î¥´¨Ö³¨ ¡ ·¨µ´-
´µ£µ Î¨¸²  ¨ Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤  ¨ Ë¨±¸¨·µ¢ ´´Ò³¨ §´ Î¥´¨Ö³¨ ¸¶¨´  ¨
Î¥É´µ¸É¨. �¥µ¡Ìµ¤¨³µ, µ¤´ ±µ, µÉ³¥É¨ÉÓ, ÎÉµ ²¨´¥°´Ò° Ì · ±É¥· ¶µ¢¥¤¥´¨Ö
¢¥Ð¥¸É¢¥´´µ° Î ¸É¨ É· ¥±Éµ·¨¨ ¶µ²Õ¸  S-³ É·¨ÍÒ ¢ ±µ³¶²¥±¸´µ° ¶²µ¸±µ-
¸É¨ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¶ · ³¥É·µ¢ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³
¶·¨¡²¨¦¥´¨Ö ÔËË¥±É¨¢´µ£µ · ¤¨Ê¸  (¸³. (42), (43)), É. ¥. ´¥ § ¢¨¸¨É µÉ ±µ´-
±·¥É´µ° Ëµ·³Ò ¶µÉ¥´Í¨ ²  ¢§ ¨³µ¤¥°¸É¢¨Ö. �Éµ §´ Î¨É, ÎÉµ ¶·¨ · ¸¶ ¤¥
(· §¤¥²¥´¨¨) ¸µ¸É ¢´µ° ¸¨¸É¥³Ò µ¸´µ¢´ÊÕ ·µ²Ó ¨£· ÕÉ ¸¢µ°¸É¢  ´¥ ¤µÎ¥·´¨Ì
Ë· £³¥´Éµ¢,   ³ É¥·¨´¸±¨Ì Ö¤¥·. �µÔÉµ³Ê ¢ µ¡² ¸É¨ ³ £¨Î¥¸±¨Ì §´ Î¥´¨°
Î¨¸²  ¶·µÉµ´µ¢ (´¥°É·µ´µ¢) ¸µ¸É ¢´ÒÌ Ö¤¥· ¨§³¥´¥´¨¥ ¶µ¢¥¤¥´¨Ö ±µ·µÉ±µ-
¤¥°¸É¢ÊÕÐ¥£µ ¶µÉ¥´Í¨ ²  ¶·¨¢µ¤¨É ± ´ ·ÊÏ¥´¨Õ ¢ÒÏ¥Ê± § ´´µ° ²¨´¥°´µ°
§ ¢¨¸¨³µ¸É¨.

�·¨ µ¶¨¸ ´¨¨ ¸¨¸É¥³Ò ®Î ¸É¨Í  + ¨§µÉµ¶´Ò¥ Ö¤·  ¸ Jπ = const¯ ¸
¶µ³µÐÓÕ ³¥Éµ¤  µ¡· É´µ° § ¤ Î¨ ¨§¢¥¸É´ Ö ¶·µÍ¥¤Ê·  § ¤ Î¨ ¤²Ö ±µ³¶²¥±¸-
´µ° k-¶²µ¸±µ¸É¨ (E = var, µ = const) µ± §Ò¢ ¥É¸Ö ¶·¨£µ¤´µ° ¤²Ö ¸²ÊÎ Ö
E = const ¨ µ = var. �·¨ ÔÉµ³ ¢µ¸¸É ´µ¢²¥´´Ò° ¶µÉ¥´Í¨ ² µÉ· ¦ ¥É ¡ -
·¨µ´´µ¥ · ¸Ð¥¶²¥´¨¥ ®Ö¤¥·´µ°¯ Ë §Ò ¨§µÉµ¶´µ° ¸¨¸É¥³Ò ¸ Jπ = const ¶·¨
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E = const. ‚ ¸²ÊÎ ¥ ¸¨¸É¥³Ò ®Î ¸É¨Í  + ¨§µÉµ´´Ò¥ Ö¤·  ¸ Jπ = const¯
¶·¨ E = const ¶µÉ¥´Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö, Ì · ±É¥·¨§ÊÕÐ¨° ¡ ·¨µ´´µ¥ ¨
±Ê²µ´µ¢¸±µ¥ · ¸Ð¥¶²¥´¨Ö Ë §Ò · ¸¸¥Ö´¨Ö, ³µ¦¥É ¡ÒÉÓ ¢µ¸¸É ´µ¢²¥´ ¸ ¶µ³µ-
ÐÓÕ ³¥Éµ¤  µ¡· É´µ° § ¤ Î¨ ¢ ±µ³¶²¥±¸´µ° a-¶²µ¸±µ¸É¨ (a = 2µZze2/�

2,
µ = var, Ze = var, ze = const) [13]. Š ¸µ¦ ²¥´¨Õ, ¸ÊÐ¥¸É¢ÊÕÐ¨° ´Ò´¥
Ë §µ¢Ò°  ´ ²¨§ ¢ Ë¨§¨±¥ Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° [33] ¸µµÉ¢¥É¸É¢Ê¥É · ¸-
¸¥Ö´¨Õ Ë¨±¸¨·µ¢ ´´ÒÌ Î ¸É¨Í (Ö¤¥·) ¨ ¢ ÔÉµ³ ¸³Ò¸²¥ ³ ²µ ¶·¨£µ¤¥´ ¤²Ö
´µ¢ÒÌ ¶µ¸É ´µ¢µ± µ¡· É´µ° § ¤ Î¨, £¤¥ Ë §Ò · ¸¸¥Ö´¨Ö ¸¨¸É¥³ zx + A

ZY ¸
Jπ = const Ì · ±É¥·¨§ÊÕÉ ¶·¨ E = const ¡ ·¨µ´´µ¥ (Zz = const, A = var)
²¨¡µ § ·Ö¤µ¢µ¥ ¨ ¡ ·¨µ´´µ¥ (Zz = var, A = var) · ¸Ð¥¶²¥´¨Ö.

‚ § ±²ÕÎ¥´¨¥  ¢Éµ· ¢Ò· ¦ ¥É £²Ê¡µ±ÊÕ ¶·¨§´ É¥²Ó´µ¸ÉÓ �. �. ‡ Ì ·Ó¥¢Ê
§  § ³¥Î ´¨¥, ±µÉµ·µ¥ ¸¶µ¸µ¡¸É¢µ¢ ²µ ¡µ²¥¥ Î¥É±µ³Ê ¨§²µ¦¥´¨Õ ³¥Éµ¤  µ¡· É-
´µ° § ¤ Î¨ ¶·¨ ±µ³¶²¥±¸´ÒÌ §´ Î¥´¨ÖÌ ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò.
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