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� ¸¸³ É·¨¢ ¥É¸Ö ¸µ¢·¥³¥´´µ¥ ¸µ¸ÉµÖ´¨¥ ¨¸¸²¥¤µ¢ ´¨° Ö¤¥·´ÒÌ ·¥ ±Í¨°, ¢Ò§¢ ´-
´ÒÌ ²¥£±¨³¨ ¨ ¶µ²ÊÉÖ¦¥²Ò³¨ ¨µ´ ³¨ ¸ Ô´¥·£¨¥° ¤µ 10 ŒÔ‚/´Ê±²µ´, ´  ²¥£±¨Ì ¨
¸·¥¤´¨Ì Ö¤· Ì ¸ ¶µ³µÐÓÕ ¨§³¥·¥´¨Ö ËÊ´±Í¨° Ê£²µ¢ÒÌ ±µ··¥²ÖÍ¨° ±µ´¥Î´ÒÌ ¶·µ¤Ê±-
Éµ¢. ‚ ¶·¥¤² £ ¥³µ³ µ¡§µ·¥ ¤ ´  ´ ²¨§ µ¸´µ¢´ÒÌ É¥µ·¥É¨Î¥¸±¨Ì ̈  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
· ¡µÉ ¶µ ̈ ¸¸²¥¤µ¢ ´¨Õ ±µ··¥²ÖÍ¨° Î ¸É¨Í -Î ¸É¨Í , ¢Ò¶µ²´¥´´ÒÌ §  ¶µ¸²¥¤´¨¥ £µ¤Ò;
¨§²µ¦¥´Ò ³¥Éµ¤Ò ¢ÒÎ¨¸²¥´¨Ö ËÊ´±Í¨° Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ ¨ ¸¶¨´-É¥´§µ·µ¢ ³ É·¨ÍÒ
¶²µÉ´µ¸É¨ Ö¤¥·-¶·µ¤Ê±Éµ¢ ·¥ ±Í¨° ¢ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ ¢ · ³± Ì ³¥Éµ¤  ¨¸± -
¦¥´´ÒÌ ¢µ²´ ¸ ±µ´¥Î´Ò³ · ¤¨Ê¸µ³ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ ¢ ³µ¤¨Ë¨Í¨·µ¢ ´´µ° ³µ¤¥²¨
¸µ¸É ¢´µ£µ Ö¤· . �·µ¢¥¤¥´  ´ ²¨§ α − d- ¨ α − t-±µ··¥²ÖÍ¨° ¢ ·¥ ±Í¨ÖÌ ¸ ¨µ´ ³¨
6,7Li ¨ 14N.  ˆ¸¸²¥¤µ¢ ´Ò ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´Ò¥ α-±² ¸É¥·´Ò¥ ¸µ¸ÉµÖ´¨Ö ¢ Ö¤· Ì 12C,
16O, 20Ne, 24Mg. � ¸¸Î¨É ´Ò ¨ ¸µ¶µ¸É ¢²¥´Ò ¸ Ô±¸¶¥·¨³¥´Éµ³ É¥´§µ·Ò ¶µ²Ö·¨§ Í¨¨
Ö¤·  6Li ¢ ¸µ¸ÉµÖ´¨¨ 3+. �µ± § ´µ, ÎÉµ ËÊ´±Í¨¨ Ê£²µ¢ÒÌ ±µ··¥²ÖÍ¨° Î ¸É¨Í -Î ¸É¨Í 
¨ É¥´§µ·Ò ¶µ²Ö·¨§ Í¨¨ ¶µ§¢µ²ÖÕÉ ¶µ²ÊÎ¨ÉÓ Ê´¨± ²Ó´ÊÕ ¨´Ëµ·³ Í¨Õ µ ³¥Ì ´¨§³¥
·¥ ±Í¨¨, ¸É·Ê±ÉÊ·¥ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥·, ¢ Éµ³
Î¨¸²¥ ¨ µ Ì · ±É¥·¥ ¥¥ · ¤¨ ²Ó´µ° § ¢¨¸¨³µ¸É¨ ¢µ ¢´ÊÉ·¥´´¥° µ¡² ¸É¨ Ö¤· , µ¡
µ¶É¨Î¥¸±¨Ì ¶µÉ¥´Í¨ ² Ì ¢§ ¨³µ¤¥°¸É¢¨Ö ¢µ ¢Ìµ¤´µ³ ¨ ¢ÒÌµ¤´µ³ ± ´ ² Ì ·¥ ±Í¨¨ ¨
É.¤. ‚ ¸¨²Ê ¢ÒÏ¥¨§²µ¦¥´´µ£µ ¶·¥¤² £ ¥³Ò° µ¡§µ· ³µ¦¥É ¡ÒÉÓ ¶µ²¥§¥´ ¨ ¨´É¥·¥¸¥´
± ± É¥µ·¥É¨± ³, É ± ¨ Ô±¸¶¥·¨³¥´É Éµ· ³, · ¡µÉ ÕÐ¨³ ¢ µ¡² ¸É¨ Ë¨§¨±¨ Ö¤¥·´ÒÌ
·¥ ±Í¨° ¸ Î ¸É¨Í ³¨ Ê³¥·¥´´ÒÌ Ô´¥·£¨°.

The contemporary state of the investigations of nuclear reactions induced by light and
semi-heavy ions with 10 MeV/nucleon energy has been examined by means of the mea-
suring of particle-particle angular correlation functions. The analysis of the fundamental
theoretical and experimental works fulfiled in the last years in the investigation of particle-
particle angular correlations has been performed. The calculational methods of the angular
correlation function and of the density matrix spin-tensors of nuclei Å nuclear reaction
products Å in excited states have been stated. These methods have been realized in the
framework of the distorted waves with the finite interaction range model and of the per-
fected compound nucleus model. The analysis α − d and α − t correlation functions has
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been realized by the heavy ion (6,7Li and 14N) reactions. The high excited quasistationary
α-cluster states in 12C, 16O, 20Ne, 24Mg have been investigated. The polarization tensors of
the 6Li in 3+ state have been calculated and compared with the experiment. It has been
shown that the particle-particle angular correlation functions allow to obtain the exceptional
information on the reaction mechanism, on the nuclear highly excited state wave function
structure (including its radial behaviour in the inner region of nucleus), on the optical
potentials in the enter and exit reaction channels. In above-mentioned reasons the proposed
review is able to be useful and interesting both theoreticians and experimentalists working
in the field of the nuclear reactions at moderate energies.

‚‚…„…�ˆ…

‘µ£² ¸´µ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥ ¢µ²´µ¢ Ö ËÊ´±Í¨Ö Î ¸É¨ÍÒ ¸µ ¸¶¨´µ³ I
§ ¢¨¸¨É µÉ ¸¶¨´µ¢µ° ¶¥·¥³¥´´µ° Å ¶·µ¥±Í¨¨ MI ¸¶¨´  ´  § ¤ ´´ÊÕ µ¸Ó

±¢ ´Éµ¢ ´¨Ö z, ±µÉµ· Ö ³µ¦¥É ¶·¨´¨³ ÉÓ 2I + 1 ¤¨¸±·¥É´ÒÌ §´ Î¥´¨°. „²Ö
´¥¢µ§³ÊÐ¥´´µ° Ö¤¥·´µ° ¸¨¸É¥³Ò § ¸¥²¥´´µ¸ÉÓ ¶µ¤¸µ¸ÉµÖ´¨° ¸ · §´Ò³¨ MI

¸É É¨¸É¨Î¥¸±¨ · ¢´µ³¥·´ ,   ¶·µ¸É· ´¸É¢¥´´ Ö µ·¨¥´É Í¨Ö ¸¶¨´  ¨§µÉ·µ¶-
´ . Ÿ¤¥·´Ò¥ ¸¨¸É¥³Ò, ¢ ±µÉµ·ÒÌ ¶·µ¸É· ´¸É¢¥´´ Ö µ·¨¥´É Í¨Ö ¸¶¨´µ¢
Î ¸É¨Í ´¥¨§µÉ·µ¶´ , ´ §Ò¢ ÕÉ¸Ö µ·¨¥´É¨·µ¢ ´´Ò³¨.

�·¨ ̧ Éµ²±´µ¢¥´¨¨ Î ¸É¨Í, µ¡² ¤ ÕÐ¨Ì ̧ ¶¨´ ³¨, ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê
´¨³¨ ¢ µ¡Ð¥³ ¸²ÊÎ ¥ Ö¢²Ö¥É¸Ö ´¥Í¥´É· ²Ó´Ò³, É.¥. § ¢¨¸¨É µÉ ¢§ ¨³´µ°
µ·¨¥´É Í¨¨ ¸¶¨´µ¢ ¨ ¢¥±Éµ·  µÉ´µ¸¨É¥²Ó´µ£µ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ´¨³¨. �µ-
ÔÉµ³Ê ¶·µ¤Ê±ÉÒ Ö¤¥·´ÒÌ ·¥ ±Í¨°, ¶·µ¸É· ´¸É¢¥´´µ¥ · ¸¶·¥¤¥²¥´¨¥ ±µÉµ-
·ÒÌ  ´¨§µÉ·µ¶´µ, ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° µ·¨¥´É¨·µ¢ ´´Ò¥ ¸¨¸É¥³Ò,   ¸ ³ 
Ö¤¥·´ Ö ·¥ ±Í¨Ö ¢Ò¸ÉÊ¶ ¥É ¢ ± Î¥¸É¢¥ ®¶µ²Ö·¨§ Éµ· ¯. ‚ Î ¸É´µ¸É¨, ¥¸²¨
³¥Ì ´¨§³ µ¡· §µ¢ ´¨Ö ±µ´¥Î´ÒÌ Î ¸É¨Í µÉ²¨Î¥´ µÉ ¸É É¨¸É¨Î¥¸±µ£µ ¨¸¶ -
·¥´¨Ö ¨§ ¸µ¸ÉµÖ´¨Ö É¥·³µ¤¨´ ³¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö, Éµ ±µ´¥Î´µ¥ Ö¤·µ
(µ¡² ¤ ÕÐ¥¥ ´¥´Ê²¥¢Ò³ ¸¶¨´µ³) µ± §Ò¢ ¥É¸Ö µ·¨¥´É¨·µ¢ ´´Ò³,   § ¸¥²¥´-
´µ¸É¨ ¶µ¤¸µ¸ÉµÖ´¨° ¸ · §´Ò³¨ MI Å ´¥µ¤´µ·µ¤´Ò³¨. …¸²¨ ±µ´¥Î´µ¥ Ö¤·µ

µ¡· §Ê¥É¸Ö ¢ ¢µ§¡Ê¦¤¥´´µ³ ¸µ¸ÉµÖ´¨¨, Éµ ¥£µ · ¸¶ ¤ ¶·µ¨¸Ìµ¤¨É É ±¦¥
 ´¨§µÉ·µ¶´µ. �·¨ ÔÉµ³ Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ ¶·µ¤Ê±Éµ¢ · ¸¶ ¤  ¡Ê¤¥É
µ¶·¥¤¥²ÖÉÓ¸Ö ¢¥·µÖÉ´µ¸ÉÓÕ § ¸¥²¥´´µ¸É¥° · §²¨Î´ÒÌ ¶µ¤¸µ¸ÉµÖ´¨° ±µ´¥Î-
´µ£µ Ö¤· , É.¥. ¥£µ ¸¶¨´µ¢µ° µ·¨¥´É Í¨¥°.

‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¨¸¸²¥¤µ¢ ´¨¥ Ê£²µ¢µ° § ¢¨¸¨³µ¸É¨ § ¸¥²¥´´µ¸É¥°
· §²¨Î´ÒÌ ¶µ¤¸µ¸ÉµÖ´¨° ¸¶µ¸µ¡¸É¢Ê¥É ¨¤¥´É¨Ë¨± Í¨¨ ³¥Ì ´¨§³µ¢ ·¥ ±-
Í¨¨, ¶µ¸±µ²Ó±Ê · §²¨Î´Ò¥ ³¥Ì ´¨§³Ò ·¥ ±Í¨¨ ¶·µÖ¢²ÖÕÉ¸Ö ¢ · §´µ° ¸É¥-
¶¥´¨ ¢ § ¢¨¸¨³µ¸É¨ µÉ Ê£²  ¢Ò²¥É  ±µ´¥Î´µ° Î ¸É¨ÍÒ, ÎÉµ µÉ· ¦ ¥É¸Ö ´ 
Ê£²µ¢µ° § ¢¨¸¨³µ¸É¨ § ¸¥²¥´´µ¸É¥° · §²¨Î´ÒÌ ¶µ¤¸µ¸ÉµÖ´¨°.

�¡Ð¥¶·¨§´ ´´Ò³ ̈  ¤µ¸É ÉµÎ´µ ¶µ¶Ê²Ö·´Ò³ ³¥Éµ¤µ³ ¶µ²ÊÎ¥´¨Ö ̈ ´Ëµ·-
³ Í¨¨ µ ¸¢µ°¸É¢ Ì µ·¨¥´É¨·µ¢ ´´ÒÌ ¸¨¸É¥³ Ö¢²Ö¥É¸Ö ¨¸¸²¥¤µ¢ ´¨¥
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ËÊ´±Í¨° Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨¨. ‘ ¶µ³µÐÓÕ ÔÉµ£µ ³¥Éµ¤ 
¡Ò² ¶µ²ÊÎ¥´ Í¥´´Ò° Ô±¸¶¥·¨³¥´É ²Ó´Ò° ³ É¥·¨ ² µÉ´µ¸¨É¥²Ó´µ ¸¢µ°¸É¢
Ö¤¥· ¨ ¨Ì ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°, Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¨ ³¥Ì ´¨§³µ¢
Ö¤¥·´ÒÌ ·¥ ±Í¨°.

‚ µ¸´µ¢¥  ´ ²¨§  ¢¸¥Ì É¨¶µ¢ Ê£²µ¢ÒÌ ±µ··¥²ÖÍ¨° ²¥¦¨É É¥µ·¥É¨Î¥¸±¨°
 ¶¶ · É, ¨¸¶µ²Ó§ÊÕÐ¨° ¸¶¨´µ¢ÊÕ ³ É·¨ÍÊ ¶²µÉ´µ¸É¨, · §· ¡µÉ ´´Ò° ¢
[1Å3] ̈  ́  ¨¡µ²¥¥ ¶µ²´µ ¨§²µ¦¥´´Ò° ¢ µ¡§µ·¥ ƒµ²Ó¤Ë ·¡  [4]. Œ´µ£¨¥ ¢µ¶-
·µ¸Ò, ¸¢Ö§ ´´Ò¥ ¸ ¨§ÊÎ¥´¨¥³ ¶µ²Ö·¨§ Í¨µ´´ÒÌ Ö¢²¥´¨° ¢ Ö¤¥·´ÒÌ ·¥ ±-
Í¨ÖÌ, µ¸¢¥Ð¥´Ò ¢ ³µ´µ£· Ë¨¨ [5]. ‚ ´¥¤ ¢´µ µ¶Ê¡²¨±µ¢ ´´µ° ³µ´µ£· Ë¨¨
[6] ¶·¥¤² £ ¥É¸Ö ¨ É¥µ·¥É¨Î¥¸±¨ µ¡µ¸´µ¢Ò¢ ¥É¸Ö ³¥Éµ¤ µ¶·¥¤¥²¥´¨Ö ¸¶¨´µ-
¢ÒÌ Ì · ±É¥·¨¸É¨± ¸µ¸ÉµÖ´¨° Ö¤¥·, ¡ §¨·ÊÕÐ¨°¸Ö ´  ¨§³¥·¥´¨¨ ËÊ´±Í¨¨
Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ Î ¸É¨Í Å ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨¨ ̈  ¨§²ÊÎ¥´¨Ö, ̈ ¸¶Ê¸± ¥³µ-
£µ Ö¤·µ³ ¢ ¢µ§¡Ê¦¤¥´´µ³ ¸µ¸ÉµÖ´¨¨, ¢ · §²¨Î´ÒÌ ¶²µ¸±µ¸ÉÖÌ ·¥£¨¸É· Í¨¨
¨§²ÊÎ¥´¨Ö.

ˆ¸¸²¥¤µ¢ ´¨¥ Ê£²µ¢ÒÌ ±µ··¥²ÖÍ¨° É¨¶  Î ¸É¨Í -Î ¸É¨Í  ¨¸Éµ·¨Î¥¸±¨

¡Ò²µ ´ Î Éµ ¸ ·¥ ±Í¨° ±¢ §¨Ê¶·Ê£µ£µ ¢Ò¡¨¢ ´¨Ö A(p, 2p)B ∗ [7] ´  ²¥£±¨Ì
Ö¤· Ì ¶·¨ Ô´¥·£¨¨ ¶ ¤ ÕÐ¨Ì ¶·µÉµ´µ¢ 150 ÷ 200 ŒÔ‚, É¥µ·¥É¨Î¥¸±µ¥ µ¶¨-
¸ ´¨¥ ¨³¶Ê²Ó¸´ÒÌ · ¸¶·¥¤¥²¥´¨° ¨ ¸¶¥±É·µ¢ ¢µ§¡Ê¦¤¥´¨Ö ±µ´¥Î´ÒÌ Ö¤¥· ¢
±µÉµ·ÒÌ ¡Ò²¨ ¢Ò¶µ²´¥´Ò ¢ · ¡µÉ Ì ‚.‚.� ² Ïµ¢  ¨ ¤·. [8]. „ ²Ó´¥°Ï¥¥
Ô±¸¶¥·¨³¥´É ²Ó´µ¥ ¨ É¥µ·¥É¨Î¥¸±µ¥ ¨§ÊÎ¥´¨¥ ·¥ ±Í¨° (a, ax) ¢ ±¢ §¨Ê¶·Ê-
£µ° ±¨´¥³ É¨±¥ ¤ ²µ ¢µ§³µ¦´µ¸ÉÓ ¨¸¸²¥¤µ¢ ÉÓ µ¸µ¡¥´´µ¸É¨ ±² ¸É¥·¨§ Í¨¨
²¥£±¨Ì Ö¤¥· [9]. �µ¤·µ¡´Ò°  ´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ÔÉ¨³
·¥ ±Í¨Ö³ ¸µ¤¥·¦¨É¸Ö ¢ µ¡§µ·¥ [10].

ˆ´É¥·¥¸´Ò¥ § ±µ´µ³¥·´µ¸É¨ ¢ Ê£²µ¢ÒÌ ±µ··¥²ÖÍ¨ÖÌ ±µ´¥Î´ÒÌ Î ¸É¨Í
¨§ ·¥ ±Í¨°, ¢Ò§¢ ´´ÒÌ ¨µ´ ³¨ ²¨É¨Ö, ¨ α-Î ¸É¨Í Å ¶·µ¤Ê±Éµ¢ · ¸¶ ¤  ¢µ§-
¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö ±µ´¥Î´µ£µ Ö¤·  ¡Ò²¨ ¨¸¸²¥¤µ¢ ´Ò ¢ · ¡µÉ Ì
�.�.�£²µ¡²¨´ , ‚.‡.ƒµ²Ó¤¡¥·£  ¨ ¤·. [11Å13]. �´ ²¨§ ÔÉ¨Ì ¤ ´´ÒÌ ¶µ± -
§ ², ÎÉµ ̈ §ÊÎ¥´¨¥ Ê£²µ¢ÒÌ ±µ··¥²ÖÍ¨° ¢ ·¥ ±Í¨ÖÌ ¶·Ö³µ° α-¶¥·¥¤ Î¨ ³µ¦¥É
¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´µ ¤²Ö µ¶·¥¤¥²¥´¨Ö ± ± ¸¶¨´µ¢ÒÌ Ì · ±É¥·¨¸É¨± ¢Ò¸µ±µ-
²¥¦ Ð¨Ì ¢µ§¡Ê¦¤¥´´ÒÌ α-±² ¸É¥·´ÒÌ ¸µ¸ÉµÖ´¨°, É ± ¨ ¶ · ³¥É·µ¢ ¶µÉ¥´-
Í¨ ²µ¢ ¢§ ¨³µ¤¥°¸É¢¨Ö Ö¤¥· ¢ ¢µ§¡Ê¦¤¥´´µ³ ¸µ¸ÉµÖ´¨¨.

ˆ¸¸²¥¤µ¢ ´¨¥ Ê£²µ¢ÒÌ ±µ··¥²ÖÍ¨° ¢ ·¥ ±Í¨ÖÌ ³´µ£µ´Ê±²µ´´ÒÌ ¶¥·¥¤ Î
[14Å16] µÉ±·Ò¢ ¥É ´µ¢Ò¥ ¢µ§³µ¦´µ¸É¨ ¤²Ö ¨§ÊÎ¥´¨Ö ±¢ §¨³µ²¥±Ê²Ö·´ÒÌ
¸µ¸ÉµÖ´¨° Ö¤¥· ¸ ¢Ò¸µ±¨³¨ ¸¶¨´ ³¨, ¡µ²¥¥ ¤¥É ²Ó´µ£µ ¨§ÊÎ¥´¨Ö ³¥Ì ´¨§-
³µ¢ ÔÉ¨Ì ·¥ ±Í¨°, ¸É·Ê±ÉÊ·Ò ¨ ¸¶¥±É·µ¸±µ¶¨¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°,
¸µ¤¥·¦ Ð¨Ì 2α- ¨ 3α-±² ¸É¥·Ò.

‚¥¸Ó³   ±ÉÊ ²Ó´µ° Ö¢²Ö¥É¸Ö ¶·µ¡²¥³  Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨ É¥µ·¥É¨Î¥-
¸±µ£µ ¨¸¸²¥¤µ¢ ´¨° É¥´§µ·µ¢ ¶µ²Ö·¨§ Í¨¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥·,
Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ±µÉµ·ÒÌ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ´¥¶µ¸·¥¤¸É¢¥´´µ ¨§ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ËÊ´±Í¨° Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨, ¨§³¥·¥´´ÒÌ ¢ ¸¶¥Í¨ ²Ó´ÒÌ
±¨´¥³ É¨Î¥¸±¨Ì Ê¸²µ¢¨ÖÌ. Œ¥Éµ¤ ¢µ¸¸É ´µ¢²¥´¨Ö ¶µ²´µ° ¸¶¨´µ¢µ° ³ É-
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·¨ÍÒ ¶²µÉ´µ¸É¨ Ö¤· , ¶·¥¤²µ¦¥´´Ò° ¨ ·¥ ²¨§µ¢ ´´Ò° ¢¶¥·¢Ò¥ ¢ �ˆˆŸ”
Œƒ“ [17Å19]  ¸ ¶µ³µÐÓÕ ¨§ÊÎ¥´¨Ö ËÊ´±Í¨¨ Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ Î ¸É¨Í -
γ-±¢ ´É, ¶µ§¢µ²¨² ¤¥É ²Ó´µ ¨¸¸²¥¤µ¢ ÉÓ µ·¨¥´É Í¨µ´´Ò¥ Ì · ±É¥·¨¸É¨±¨

´¨§Ï¨Ì ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥· 12‘, 16�, 32S ¨ É.¶. [20Å23]. �µ-
Ìµ¦¨¥ ³¥Éµ¤¨±¨ ¢µ¸¸É ´µ¢²¥´¨Ö ±µ³¶µ´¥´Éµ¢ É¥´§µ·µ¢ ¶µ²Ö·¨§ Í¨¨ ¢µ§-
¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ²¥£±¨Ì Ö¤¥· ¶·¨ ¨§ÊÎ¥´¨¨ ËÊ´±Í¨° Ê£²µ¢µ° ±µ··¥-
²ÖÍ¨¨ Î ¸É¨Í -Î ¸É¨Í  ¡Ò²¨ ¶·¨³¥´¥´Ò ¢ · ¡µÉ Ì [24,25].

‚ ´ ¸ÉµÖÐ¥³ µ¡§µ·¥ ¶µ¤·µ¡´µ · ¸¸³ É·¨¢ ÕÉ¸Ö ¢µ¶·µ¸Ò, ¸¢Ö§ ´´Ò¥ ¸
 ´ ²¨§µ³ ¶µ²ÊÎ¥´´ÒÌ ¢ ¶µ¸²¥¤´¨¥ £µ¤Ò ·¥§Ê²ÓÉ Éµ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨
É¥µ·¥É¨Î¥¸±µ£µ ¨¸¸²¥¤µ¢ ´¨Ö Ê£²µ¢ÒÌ ±µ··¥²ÖÍ¨° Î ¸É¨Í -Î ¸É¨Í , ¨§ÊÎ¥-
´¨Ö ¸ ¨Ì ¶µ³µÐÓÕ ¸¢µ°¸É¢ µ·¨¥´É¨·µ¢ ´´ÒÌ ¸¨¸É¥³, ¢Ò¸µ±µ²¥¦ Ð¨Ì ±² -
¸É¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¨ ³¥Ì ´¨§³µ¢ ¨Ì µ¡· §µ¢ ´¨Ö.

2. ‘�ˆ��‚�Ÿ Œ�’�ˆ–� �‹�’��‘’ˆ ˆ …… ‘�ˆ�-’…�‡��›
‚ �ˆ����›• Ÿ„…��›• �…�Š–ˆŸ•

„²Ö  ´ ²¨§  ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ¨ ËÊ´±Í¨° Ê£²µ¢ÒÌ ±µ··¥²Ö-
Í¨° ¢ ·¥ ±Í¨ÖÌ ¸ ²¥£±¨³¨ ¨ ¶µ²ÊÉÖ¦¥²Ò³¨ ¨µ´ ³¨ ³Ò ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ
µ¡ÐÊÕ É¥µ·¨Õ Ê£²µ¢ÒÌ ±µ··¥²ÖÍ¨° [4,19,24] ¢ É¥·³¨´ Ì ̧ ¶¨´µ¢µ° ³ É·¨ÍÒ
¶²µÉ´µ¸É¨ ρI

f

 (Mf , Mf′ ) ¸µ¸ÉµÖ´¨Ö Ö¤·  ¸µ ¸¶¨´µ³ If  ¨ ¥¥ ¸¶¨´-É¥´§µ·µ¢

ρkκ(If ). Œ É·¨Í  ¶²µÉ´µ¸É¨, ¢¢¥¤¥´´ Ö ¢¶¥·¢Ò¥ ¢ É¥µ·¥É¨Î¥¸±ÊÕ Ë¨§¨±Ê

‹ ´¤ Ê, µ¡¥¸¶¥Î¨¢ ¥É ¢µ§³µ¦´µ¸ÉÓ  ´ ²¨É¨Î¥¸±µ£µ ¶µ¸É·µ¥´¨Ö µ¡Ð¨Ì Ëµ·-
³Ê², ¶µ§¢µ²Ö¥É ¢ÒÎ¨¸²ÖÉÓ ¸·¥¤´¨¥ §´ Î¥´¨Ö ²Õ¡ÒÌ Ë¨§¨Î¥¸±¨Ì ¢¥²¨Î¨´,
¥¤¨´Ò³ µ¡· §µ³ µ¶¨¸Ò¢ ÉÓ ± ± ¶µ²´µ¸ÉÓÕ, É ± ¨ ´¥¶µ²´µ¸ÉÓÕ µ¶·¥¤¥²¥´-
´Ò¥ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±¨¥ ¸µ¸ÉµÖ´¨Ö. ‚ Í¥²µ³ ±µ´Í¥¶Í¨Ö ³ É·¨ÍÒ ¶²µÉ-
´µ¸É¨ · §· ¡ ÉÒ¢ ² ¸Ó ³´µ£¨³¨  ¢Éµ· ³¨, ¨ §¤¥¸Ó ³Ò ³µ¦¥³ ¸µ¸² ÉÓ¸Ö ´ 
µ¸´µ¢ É¥²Ó´Ò¥ ³µ´µ£· Ë¨¨ [25,26].

‘¶¨´µ¢ Ö ³ É·¨Í  ¶²µÉ´µ¸É¨, ¨²¨ ³ É·¨Í  ¶²µÉ´µ¸É¨ ¶µ ¸¶¨´µ¢Ò³ ¶¥-
·¥³¥´´Ò³, Ì · ±É¥·¨§Ê¥É µ·¨¥´É Í¨µ´´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¸¨¸É¥³Ò ¨ ³µ-
¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´  ¨§ ¶µ²´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨ ΨI (r, M) ¸¨¸É¥³Ò ¸µ ¸¶¨-

´µ³ I ¸ ¶µ³µÐÓÕ ¨´É¥£·¨·µ¢ ´¨Ö ¶µ · ¤¨ ²Ó´µ° ¶¥·¥³¥´´µ°:

ρI (M, M ′) = ∫ d 3rΨI (r, M ′)〉 〈ΨI (r, M). (1)

„¨ £µ´ ²Ó´Ò¥ Ô²¥³¥´ÉÒ ¸¶¨´µ¢µ° ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ¤ ÕÉ ¢¥·µÖÉ´µ¸ÉÓ
Éµ£µ, ÎÉµ ¸¨¸É¥³  ´ Ìµ¤¨É¸Ö ¢ ¸µ¸ÉµÖ´¨¨ ¸ § ¤ ´´µ° ¶·µ¥±Í¨¥° ¸¶¨´  M,
É.¥. ÔÉ¨ Ô²¥³¥´ÉÒ µ¶·¥¤¥²ÖÕÉ µ·¨¥´É Í¨Õ ¸¨¸É¥³Ò ¢ ¸¶¨´µ¢µ³ ¶·µ¸É· ´-
¸É¢¥. ‘Ê³³  ¤¨ £µ´ ²Ó´ÒÌ Ô²¥³¥´Éµ¢ µ¶·¥¤¥²Ö¥É¸Ö Ê¸²µ¢¨¥³ ´µ·³¨·µ¢±¨:

Sp ρI (M, M) = 1. (2)
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‚ ´¥µ·¨¥´É¨·µ¢ ´´µ° ¸¨¸É¥³¥ ¢¸¥ ¸¶¨´µ¢Ò¥ ¸µ¸ÉµÖ´¨Ö § ¸¥²ÖÕÉ¸Ö
· ¢´µ¢¥·µÖÉ´µ:

ρI (M, M ′) = 
δMM ′
2I + 1

 . (3)

‚ ¶· ±É¨Î¥¸±¨Ì ¶·¨³¥´¥´¨ÖÌ ¡µ²¥¥ Ê¤µ¡´Ò³¨ µ¡Ñ¥±É ³¨, Î¥³ ̧ ¶¨´µ¢ Ö
³ É·¨Í  ¶²µÉ´µ¸É¨, Ö¢²ÖÕÉ¸Ö ¸¶¨´-É¥´§µ·Ò ³ É·¨ÍÒ ¶²µÉ´µ¸É¨. ˆ¸¶µ²Ó§ÊÖ
¸¢µ°¸É¢µ Ô²¥³¥´Éµ¢ ¸¶¨´µ¢µ° ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ¶·¨ ¶µ¢µ·µÉ Ì ¸¨¸É¥³Ò
±µµ·¤¨´ É ¶·¥µ¡· §µ¢Ò¢ ÉÓ¸Ö ¶µ ¶·Ö³µ³Ê ¶·µ¨§¢¥¤¥´¨Õ ¤¢ÊÌ ´¥¶·¨¢µ¤¨-
³ÒÌ ¶·¥¤¸É ¢²¥´¨° £·Ê¶¶Ò ¢· Ð¥´¨°, µ¶·¥¤¥²¨³ ¸¶¨´-É¥´§µ·Ò ³ É·¨ÍÒ
¶²µÉ´µ¸É¨ ¸²¥¤ÊÕÐ¨³ ¸µµÉ´µÏ¥´¨¥³:

ρkκ(If ) = √ 2If + 1   ∑ 
M

f
 M

f
′
  (− 1)

I
f
 − M

f
′
 〈If Mf′ If − Mfkκ〉 ρI

f

 (Mf , Mf′ ), (4)

£¤¥ 0 ≤ k ≤ 2If , κ = − k, ..., + k.

‘¶¨´-É¥´§µ·Ò ρkκ(If ) ¶·¥µ¡· §ÊÕÉ¸Ö ¶µ ´¥¶·¨¢µ¤¨³µ³Ê ¶·¥¤¸É ¢²¥´¨Õ

£·Ê¶¶Ò É·¥Ì³¥·´ÒÌ ¢· Ð¥´¨° ¨ Ö¢²ÖÕÉ¸Ö, ¸²¥¤µ¢ É¥²Ó´µ, ´¥¶·¨¢µ¤¨³Ò³¨
É¥´§µ· ³¨ · ´£  k. �¡· É´µ¥ ¸µµÉ´µÏ¥´¨¥

ρI
f

 (Mf , Mf′ ) = (2If + 1)− 16 2  ∑ 
kκ

 (− 1)
I
f
 − M

f 〈If Mf′ If − Mfkκ〉 ρkκ(If ) (5)

µ§´ Î ¥É, ÎÉµ ¸¶¨´-É¥´§µ·Ò ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ Ö¢²ÖÕÉ¸Ö ±µÔËË¨Í¨¥´-
É ³¨ · §²µ¦¥´¨Ö ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ¶µ ¶µ²´µ³Ê ´ ¡µ·Ê ´¥¶·¨¢µ¤¨³ÒÌ
É¥´§µ·´ÒÌ µ¶¥· Éµ·µ¢. ˆ§ ¸µµÉ´µÏ¥´¨Ö (5) ¢ÒÉ¥± ¥É ¢ ¦´µ¥ ¸¢µ°¸É¢µ ³µ-
´µ¶µ²Ó´µ£µ ¸¶¨´-É¥´§µ· :

Sp ρI (Mf , Mf′ ) = ρ
00

, (6)

±µÉµ·Ò° ¶·¨ Ê¸²µ¢¨¨ ´µ·³¨·µ¢±¨ (2) · ¢¥´ ¥¤¨´¨Í¥.

� ¸¸³µÉ·¨³ ¡¨´ ·´ÊÕ Ö¤¥·´ÊÕ ·¥ ±Í¨Õ a(Ia) + A(IA) → B ∗(If ) + b(Ib ), ¢
±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ±µÉµ·µ° µ¡· §ÊÕÉ¸Ö ¢µ§¡Ê¦¤¥´´µ¥ Ö¤·µ B ¨ Î ¸É¨Í  b.
„²Ö É ±µ° ·¥ ±Í¨¨ ¸¢Ö§Ó ³¥¦¤Ê ¸¶¨´µ¢Ò³¨ ³ É·¨Í ³¨ ¶²µÉ´µ¸É¨ ¸¨¸É¥³Ò
¤µ ¸Éµ²±´µ¢¥´¨Ö ρi ¨ ¶µ¸²¥ ¸Éµ²±´µ¢¥´¨Ö ρf Ê¸É ´ ¢²¨¢ ¥É¸Ö, ± ± ¨ ³¥¦¤Ê

´ Î ²Ó´µ° ¨ ±µ´¥Î´µ° ¢µ²´µ¢Ò³¨ ËÊ´±Í¨Ö³¨ ¸¨¸É¥³Ò, ¸ ¶µ³µÐÓÕ µ¶¥· -
Éµ·´µ°  ³¶²¨ÉÊ¤Ò ·¥ ±Í¨¨ ¨²¨ µ¶¥· Éµ·  ¶¥·¥Ìµ¤  Tif ´ Î ²Ó´µ° ¸¨¸É¥³Ò

a + A ¢ ¸µ¸ÉµÖ´¨¨ i 〉 ¢ ±µ´¥Î´ÊÕ ¸¨¸É¥³Ê b + B ¢ ¸µ¸ÉµÖ´¨¨ f 〉:

ρf = 〈Tif  ρi Tif
+ 〉. (7)
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‚ ´ Î ²Ó´µ³ ¸µ¸ÉµÖ´¨¨ Ö¤·  ´¥§ ¢¨¸¨³Ò, ¶µÔÉµ³Ê ³ É·¨Í  ¶²µÉ´µ¸É¨
¸¨¸É¥³Ò ¤µ ¸Éµ²±´µ¢¥´¨Ö ρi Ë ±Éµ·¨§Ê¥É¸Ö ´  ¤¢  ³´µ¦¨É¥²Ö. ‚ ³ É·¨Í¥

¶²µÉ´µ¸É¨ ±µ´¥Î´µ° ¸¨¸É¥³Ò ³Ò ¢Ò¤¥²Ö¥³ Éµ²Ó±µ ¸¶¨´µ¢ÊÕ ³ É·¨ÍÊ ¶²µÉ-

´µ¸É¨ ±µ´¥Î´µ£µ Ö¤·  B ∗, ¸µµÉ¢¥É¸É¢¥´´µ Ê¸·¥¤´ÖÖ ¶µ ¶·µ¥±Í¨Ö³ ¸¶¨´µ¢
´ Î ²Ó´ÒÌ Ö¤¥· ¨ ¢Ò²¥É ÕÐ¥° Î ¸É¨ÍÒ. ’µ£¤  ¸¶¨´µ¢ Ö ³ É·¨Í  ¶²µÉ´µ¸É¨

Ö¤·  B ∗ µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³:

ρI
f
 (Mf , Mf′ , Ωb) =           ∑ 

M
a
 M

a
′ M

A
 M

A
′ M

b
 M

b
′

            ρI
a
 (Ma , Ma′ ) ρI

A
 (MA , MA′ ) ×

×  Tif, M
a
 M

A
 M

b
 M

f
 
(Ωb) Tif, M

a
′ M

A
′ M

b
′ M

f
′

∗    (Ωb), (8)

£¤¥ Tif, M
a
 M

A
 M

b
 M

f

 (Ωb) Å ³ É·¨Î´Ò° Ô²¥³¥´É ¶¥·¥Ìµ¤  ¢ ·¥ ±Í¨¨

A(a, b)B ∗, Ma, MA , Mb Å ¶·µ¥±Í¨¨ ¸¶¨´µ¢ Ö¤¥· a, A, b; ρI
a

 (Ma , Ma′ ),

ρI
A

 (MA , MA′ ) Å ¸¶¨´µ¢Ò¥ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ¶ ¤ ÕÐ¨Ì Î ¸É¨Í ¨ Ö¤· -

³¨Ï¥´¨.

…¸²¨ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ ρI
a
 (Ma , Ma′ ) ¨ Ö¤· -³¨Ï¥-

´¨ ρI
A
(MA , MA′ ) Ê¤µ¢²¥É¢µ·ÖÕÉ Ê¸²µ¢¨Õ ´µ·³¨·µ¢±¨ (2), Éµ ³ É·¨Í  ¶²µÉ-

´µ¸É¨ (8) ´µ·³¨·µ¢ ´  ´  ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥:

Sp ρI
f

 (Mf , Mf′ , Ωb) = 
dσ
dΩ . (9)

’ ± ± ± ¢ ¸²ÊÎ ¥ ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ ´ ²¥É ÕÐ¨Ì Î ¸É¨Í ¨ ³¨Ï¥´¥°, ¸µ-
£² ¸´µ (3), ¸¶¨´µ¢Ò¥ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ´ Î ²Ó´ÒÌ Ö¤¥· ¤¨ £µ´ ²Ó´Ò, Éµ

¢ ÔÉµ³ ¸²ÊÎ ¥ ¸¶¨´µ¢ Ö ³ É·¨Í  ¶²µÉ´µ¸É¨ Ö¤·  B ∗ ¢ ¸µ¸ÉµÖ´¨¨ ¸µ
¸¶¨´µ³ If ¨ ¶·µ¥±Í¨¥° Mf µ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

ρI
f
 (Mf , Mf′ , Ωb) = 

1
(2Ia + 1)(2IA + 1)        ∑ 

M
a
 M

A
 M

b
 M

b
′

       Tif, M
a
 M

A
 M

b
 M

f
 (Ωb) ×

× Tif, M
a
 M

A
 M

b
′M

f
′

∗  (Ωb). (10)
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ˆ§ ¢Ò· ¦¥´¨° (8) ¨ (10) ¸²¥¤Ê¥É, ÎÉµ ¸¶¨´µ¢ Ö ³ É·¨Í  ¶²µÉ´µ¸É¨ Ö¤· 

B ∗, µ¡· §µ¢ ´´µ£µ ¢ Ö¤¥·´µ° ·¥ ±Í¨¨, ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¨´Ëµ·³ Í¨Õ ´¥
Éµ²Ó±µ µ ¸¶¨´µ¢µ³ ¸µ¸ÉµÖ´¨¨ ÔÉµ£µ Ö¤· , ´µ ¨ µ ¢¸¥° Ö¤¥·´µ° ·¥ ±Í¨¨ ¢
Í¥²µ³. ‘ ¶µ³µÐÓÕ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨, ¢µµ¡Ð¥ £µ¢µ·Ö, ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥-
´µ ¸·¥¤´¥¥ §´ Î¥´¨¥ ²Õ¡µ° ´ ¡²Õ¤ ¥³µ° Ë¨§¨Î¥¸±µ° ¢¥²¨Î¨´Ò ¨ ¢ÒÎ¨¸²¥-
´Ò · §²¨Î´Ò¥ Ì · ±É¥·¨¸É¨±¨ Ö¤¥·´µ° ·¥ ±Í¨¨. ’· ¤¨Í¨µ´´µ ¨¸¸²¥¤Ê¥³µ¥
¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨, ¸¢Ö§ ´´µ¥ ¸ Ê¸·¥¤´¥´¨¥³ ¶µ ¶·µ¥±-
Í¨Ö³ ¸¶¨´µ¢ ¢¸¥Ì ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥ ±Í¨¨ Ö¤¥·, ¶·¥¤¸É ¢²Ö¥É Éµ²Ó±µ µ¤¨´ Å
¶¥·¢Ò° Å Ô²¥³¥´É ̧ ¶¨´-É¥´§µ·µ¢ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨. �É²¨Î´Ò¥ µÉ ρ00 Ô²¥-

³¥´ÉÒ ¸¶¨´-É¥´§µ·µ¢ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ Ö¢²ÖÕÉ¸Ö ´¥ ¶·µ¸Éµ ¤µ¶µ²´¨É¥²Ó-
´Ò³¨ Ê£²µ¢Ò³¨ · ¸¶·¥¤¥²¥´¨Ö³¨,   ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ± Î¥¸É¢¥´´µ ´µ¢Ò¥
Ì · ±É¥·¨¸É¨±¨ ·¥ ±Í¨¨. �´¨ µ¶·¥¤¥²ÖÕÉ¸Ö ´¥±µ£¥·¥´É´Ò³ ¸²µ¦¥´¨¥³ § -
¢¨¸ÖÐ¨Ì µÉ ¸¶¨´µ¢ ¨ ¨Ì ¶·µ¥±Í¨°  ³¶²¨ÉÊ¤ ·¥ ±Í¨¨, ÊÎ¨ÉÒ¢ ÕÉ Ë §µ¢Ò¥
§ ¢¨¸¨³µ¸É¨  ³¶²¨ÉÊ¤, ̈ Ì ¨´É¥·Ë¥·¥´Í¨Õ ¨ ¶µÔÉµ³Ê ¡µ²¥¥ ÎÊ¢¸É¢¨É¥²Ó´Ò ±
³¥Ì ´¨§³Ê ·¥ ±Í¨¨ ¨ Ö¤¥·´µ° ¸É·Ê±ÉÊ·¥, Î¥³ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö
·¥ ±Í¨°. ‚¸¥ ÔÉµ µ¶·¥¤¥²Ö¥É ¢ ¦´µ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨¸¸²¥¤µ¢ ´¨Ö
¸¶¨´-É¥´§µ·µ¢ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ¨ ¨Ì É¥µ·¥É¨Î¥¸±µ° ¨´É¥·¶·¥É Í¨¨ ¢
· §²¨Î´ÒÌ ³µ¤¥²ÖÌ Ö¤¥·´ÒÌ ·¥ ±Í¨°. ‚ ¸²¥¤ÊÕÐ¨Ì · §¤¥² Ì ³Ò · ¸¸³µÉ-
·¨³ ¸¶µ¸µ¡Ò Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨ É¥µ·¥É¨Î¥¸±µ£µ µ¶·¥¤¥²¥´¨Ö ±µ³¶µ´¥´-
Éµ¢ ¸¶¨´-É¥´§µ·µ¢ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ.

3. Œ…’�„› ��‘—…’� ”“�Š–ˆ‰
“ƒ‹�‚�‰ Š���…‹Ÿ–ˆˆ —�‘’ˆ–�-—�‘’ˆ–�

ˆ´Ëµ·³ Í¨Ö µ ¸¢µ°¸É¢ Ì µ·¨¥´É¨·µ¢ ´´ÒÌ ¸¨¸É¥³, µ¡· §µ¢ ´´ÒÌ ¢
Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ, µ ¸¶¨´-É¥´§µ· Ì ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ¢µ§¡Ê¦¤¥´´µ£µ Ö¤· 
³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´  ¶·¨ ̈ §ÊÎ¥´¨¨ ËÊ´±Í¨° Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ ¶·µ¤Ê±Éµ¢
·¥ ±Í¨¨. ‘ ³  Ö¤¥·´ Ö ·¥ ±Í¨Ö ¶·¨ ÔÉµ³ ¨£· ¥É ¤¢µÖ±ÊÕ ·µ²Ó: ¸ µ¤´µ° ¸Éµ-
·µ´Ò, µ´  ³µ¦¥É Ö¢²ÖÉÓ¸Ö ¶µ²Ö·¨§ Éµ·µ³ ±µ´¥Î´ÒÌ Î ¸É¨Í ¨ Ö¤¥·, ¸ ¤·Ê£µ°
Å ·¥ ±Í¨Ö ³µ¦¥É ¡ÒÉÓ  ´ ²¨§ Éµ·µ³ ¶µ²Ö·¨§ Í¨¨ ¶ ¤ ÕÐ¨Ì Î ¸É¨Í.

�¡Ð¨° Ëµ·³ ²¨§³ ¢ÒÎ¨¸²¥´¨° ËÊ´±Í¨° Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ (”“Š) ¨
¶µ²Ö·¨§ Í¨¨ [4] ¶·¨³¥´Ö²¸Ö ¤²Ö  ´ ²¨§  · §²¨Î´ÒÌ ·¥ ±Í¨°. ‚ ·¥ ±Í¨ÖÌ ¸
²¥£±¨³¨ Î ¸É¨Í ³¨ ±µ´±·¥É´Ò¥ É¥µ·¥É¨Î¥¸±¨¥ ³µ¤¥²¨ Ê£²µ¢ÒÌ ±µ··¥²ÖÍ¨°
¡Ò²¨ · §· ¡µÉ ´Ò ¤²Ö ³¥Ì ´¨§³  ±¢ §¨Ê¶·Ê£µ£µ ¢Ò¡¨¢ ´¨Ö [8,9], ¢ ³µ¤¥²¨
µ¡· §µ¢ ´¨Ö ¸µ¸É ¢´µ£µ Ö¤·  [27], ¢ ³¥Éµ¤¥ ¨¸± ¦¥´´ÒÌ ¢µ²´ [28]. „²Ö  ´ -
²¨§  Ö¤¥·´ÒÌ ·¥ ±Í¨° ¸ ÊÎ ¸É¨¥³ ¸²µ¦´ÒÌ Î ¸É¨Í ¨ ¶µ²ÊÉÖ¦¥²ÒÌ ¨µ´µ¢

(6,7Li, 12C, 14N ¨ É.¤.), ·¥ ±Í¨° α-¶¥·¥¤ Î¨ ¨ ³´µ£µ´Ê±²µ´´µ° ¶¥·¥¤ Î¨
µ¡Ð¨° Ëµ·³ ²¨§³ · ¸Î¥É  ”“Š ´ Î ² ¶·¨³¥´ÖÉÓ¸Ö ¶µ ³¥·¥ · §· ¡µÉ±¨
É¥µ·¥É¨Î¥¸±¨Ì ³µ¤¥²¥° ¨ ³¥Éµ¤µ¢ · ¸Î¥É  ³ É·¨Î´µ£µ Ô²¥³¥´É  µ¶¥· Éµ· 
¶¥·¥Ìµ¤  ¢ ÔÉ¨Ì ·¥ ±Í¨ÖÌ [29,30].
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„·Ê£µ°  ¸¶¥±É ¨¸¸²¥¤µ¢ ´¨° Ê£²µ¢ÒÌ ±µ··¥²ÖÍ¨° ¸¢Ö§ ´ ¸ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò³¨ ³¥Éµ¤ ³¨ ¶·Ö³µ£µ ¢µ¸¸É ´µ¢²¥´¨Ö ±µ³¶µ´¥´Éµ¢ ¸¶¨´-É¥´§µ·µ¢
³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ¨²¨ É¥´§µ·µ¢ ¶µ²Ö·¨§ Í¨¨ ¨§ ¤ ´´ÒÌ ¶µ Ê£²µ¢Ò³ ±µ·-
·¥²ÖÍ¨Ö³. Š ± Ìµ·µÏµ ¨§¢¥¸É´µ, ¤²Ö ÔÉµ£µ ´¥µ¡Ìµ¤¨³µ, ÎÉµ¡Ò Î¨¸²µ ¶ · -
³¥É·µ¢ ”“Š ¡Ò²µ ´¥ ³¥´ÓÏ¥, Î¥³ Î¨¸²µ ¢µ¸¸É ´ ¢²¨¢ ¥³ÒÌ ±µ³¶µ´¥´Éµ¢
¸¶¨´-É¥´§µ· ,   ¨³¥´´µ ´¥µ¡Ìµ¤¨³Ò ¨§³¥·¥´¨Ö ”“Š ¢ ´¥¸±µ²Ó±¨Ì ¶²µ¸±µ-
¸ÉÖÌ ¢Ò²¥É  ¨§²ÊÎ¥´¨Ö µÉ´µ¸¨É¥²Ó´µ ¶²µ¸±µ¸É¨ ·¥ ±Í¨¨. �µ¤·µ¡´µ ÔÉ 
¶·µ¡²¥³  · ¸¸³ É·¨¢ ¥É¸Ö ¢ ³µ´µ£· Ë¨¨ [6], ¢ ±µÉµ·µ° µ¡µ¸´µ¢ ´ ¶·¥¤²µ-
¦¥´´Ò°  ¢Éµ· ³¨ ³¥Éµ¤ ¢µ¸¸É ´µ¢²¥´¨Ö ¶µ²´µ° ¸¶¨´µ¢µ° ³ É·¨ÍÒ ¶²µÉ-
´µ¸É¨ ¢µ§¡Ê¦¤¥´´µ£µ Ö¤· , µ¸´µ¢ ´´Ò° ´  ¨§³¥·¥´¨¨ ËÊ´±Í¨¨ Ê£²µ¢µ° ±µ·-
·¥²ÖÍ¨¨ Î ¸É¨Í  Å £ ³³ -±¢ ´É ¢ · §²¨Î´ÒÌ ¶²µ¸±µ¸ÉÖÌ ·¥£¨¸É· Í¨¨ £ ³-
³ -±¢ ´Éµ¢. ‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ³¥Éµ¤¨±¨  ¢µ¸¸É ´µ¢²¥´¨Ö
É¥´§µ·µ¢ ¶µ²Ö·¨§ Í¨¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ²¥£±¨Ì Ö¤¥· ¶·¨ ¨§³¥·¥´¨¨
ËÊ´±Í¨¨ Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ Î ¸É¨Í -Î ¸É¨Í  ¢ ·¥ ±Í¨ÖÌ ¸ ²¥£±¨³¨ Î ¸É¨-
Í ³¨ · §· ¡µÉ ´ ¢ ·Ö¤¥ § ·Ê¡¥¦´ÒÌ ² ¡µ· Éµ·¨° [22,23]. ‚ ÔÉ¨Ì ¸²ÊÎ ÖÌ
³µ¦¥É ¡ÒÉÓ ¶·µ¢¥¤¥´ ´¥¶µ¸·¥¤¸É¢¥´´Ò° É¥µ·¥É¨Î¥¸±¨°  ´ ²¨§ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ Ê£²µ¢ÒÌ § ¢¨¸¨³µ¸É¥° ̧ ¶¨´-É¥´§µ·µ¢ ¢ · §²¨Î´ÒÌ ³µ¤¥²ÖÌ Ö¤¥·´ÒÌ
·¥ ±Í¨°.

� ¸¸³µÉ·¨³ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒ° Ö¤¥·´Ò° ¶·µÍ¥¸¸  a(Ia) + A(IA) → B ∗(If ) +

+ b(Ib), B ∗(If ) → C(I0) + c(I2) ¨ µ¶·¥¤¥²¨³ ËÊ´±Í¨Õ Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨

W(Ωb , Ωc) ± ± ¢¥·µÖÉ´µ¸ÉÓ µ¤´µ¢·¥³¥´´µ° ·¥£¨¸É· Í¨¨ Î ¸É¨ÍÒ b ¢ ́  ¶· ¢-

²¥´¨¨ Ωb ,   ¨§²ÊÎ¥´¨Ö c Å ¢ ´ ¶· ¢²¥´¨¨ Ωc . ‘µ£² ¸´µ µ¡Ð¥³Ê Ëµ·³ -

²¨§³Ê [4] ËÊ´±Í¨Ö Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ W(Ωb , Ωc) µ¶·¥¤¥²Ö¥É¸Ö ± ± ¢¥·µÖÉ-

´µ¸ÉÓ Éµ£µ, ÎÉµ ±µ´¥Î´ Ö ¸¨¸É¥³  B ∗(If ) → C(I0) + c(I2) ¸ ³ É·¨Í¥° ¶²µÉ-

´µ¸É¨ ρI
f
 ¡Ê¤¥É § ·¥£¨¸É·¨·µ¢ ´  ¨¤¥ ²Ó´Ò³ ¶·¨¡µ·µ³, Ì · ±É¥·¨§ÊÕÐ¨³¸Ö

³ É·¨Í¥° ÔËË¥±É¨¢´µ¸É¨ εI
f
 (ΩC , Ωc):

W(Ωb , Ωc) = Sp (ρI
f

 , ε). (11)

�¶·¥¤¥²¥´¨¥ ¨¤¥ ²Ó´µ£µ ¶·¨¡µ·  (¤¥É¥±Éµ· ) ¸µ¤¥·¦¨É ¢ ¸¥¡¥ ¸²¥¤Ê-
ÕÐ¨¥ É·¥¡µ¢ ´¨Ö:

1) ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ ¤¥É¥±Éµ·  ± ± ¦¤µ° ¨§ Ì · ±É¥·¨¸É¨± ·¥£¨¸É·¨-
·Ê¥³µ° Î ¸É¨ÍÒ ´¥ § ¢¨¸¨É µÉ ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ± ¤·Ê£µ° Ì · ±É¥·¨¸É¨±¥;

2) ÔËË¥±É¨¢´µ¸ÉÓ ¤¥É¥±Éµ·  ´¥ § ¢¨¸¨É µÉ Ô´¥·£¨¨ Î ¸É¨Í;

3) ¤¥É¥±Éµ· ·¥£¨¸É·¨·Ê¥É Î ¸É¨ÍÒ c, ¤¢¨¦ÊÐ¨¥¸Ö ¢ ¸É·µ£µ µ¶·¥¤¥²¥´-
´µ³ ´ ¶· ¢²¥´¨¨.

‚¢¥¤¥³ É¥´§µ·Ò ¸¶¨´µ¢µ° ÔËË¥±É¨¢´µ¸É¨  ´ ²µ£¨Î´µ ¸¶¨´-É¥´§µ· ³
³ É·¨ÍÒ ¶²µÉ´µ¸É¨:
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εkκ(If ) = (2If + 1)−1    ∑ 
M

f
  M

f
′
   (− 1)

I
f
 − M

f
′
 〈If Mf′  If − Mfkκ〉 εI

f
 (Mf , Mf′ ). (12)

ˆ¸¶µ²Ó§ÊÖ ¢Ò· ¦¥´¨Ö (5), (11) ¨ (12), ËÊ´±Í¨Õ Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨
W(Ωb , Ωc) ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥ [4]:

W(Ωb , Ωc) =  ∑ 
kκ

 ρkκ(If ) εkκ
∗ (If ). (13)

‚ ²¨É¥· ÉÊ·¥ [5,24] ¶µ¤·µ¡´µ ¨§² £ ÕÉ¸Ö ³¥Éµ¤Ò · ¸Î¥É  ³ É·¨ÍÒ ÔË-
Ë¥±É¨¢´µ¸É¨ ¤¥É¥±Éµ·µ¢ ¨ ¥¥ ¸¶¨´-É¥´§µ·µ¢. ‡¤¥¸Ó ³Ò ±· É±µ µ¸É ´µ¢¨³¸Ö
Éµ²Ó±µ ´  µ¸´µ¢´ÒÌ ³µ³¥´É Ì ¨ ±µ´±·¥É´µ³ ¢¨¤¥ É¥´§µ·µ¢ ¸¶¨´µ¢µ° ÔË-
Ë¥±É¨¢´µ¸É¨ ¢ ¸²ÊÎ ¥ ¨§²ÊÎ¥´¨Ö Î ¸É¨ÍÒ, µ¡² ¤ ÕÐ¥° ¸¶¨´µ³.

Œ É·¨Í  ÔËË¥±É¨¢´µ¸É¨ ¨¤¥ ²Ó´µ£µ ¶·¨¡µ·  µ¶¨¸Ò¢ ¥É ¸¨¸É¥³Ê

C(I0) + c(I2), µ¡· §µ¢ ´´ÊÕ ¢ ·¥§Ê²ÓÉ É¥ · ¸¶ ¤  Ö¤·  B ∗ ¢ ¢µ§¡Ê¦¤¥´´µ³

¸µ¸ÉµÖ´¨¨ If . � ¸¶ ¤ ÕÐÊÕ¸Ö ¸¨¸É¥³Ê ³µ¦´µ Ì · ±É¥·¨§µ¢ ÉÓ ¸²¥¤ÊÕÐ¥°

¸Ì¥³µ° ¸²µ¦¥´¨Ö ³µ³¥´Éµ¢:

If = I
0
 + I

2
 + L = S + L, (14)

£¤¥ L Å µ·¡¨É ²Ó´Ò° ³µ³¥´É µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ¶·µ¤Ê±Éµ¢ · ¸¶ -
¤ , S Å ¸¶¨´ ± ´ ² . ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¶.1 µ¶·¥¤¥²¥´¨Ö ¨¤¥ ²Ó´µ£µ ¶·¨¡µ-
·  É¥´§µ· ÔËË¥±É¨¢´µ¸É¨ ·¥£¨¸É· Í¨¨ ±µ´¥Î´µ° ¸¨¸É¥³Ò ³µ¦´µ Ë ±Éµ-
·¨§µ¢ ÉÓ ´  ¤¢  ³´µ¦¨É¥²Ö, ¸µ¤¥·¦ Ð¨Ì É¥´§µ·Ò ¸¶¨´µ¢µ° ¨ ¶·µ¸É· ´¸É-
¢¥´´µ° ÔËË¥±É¨¢´µ¸É¨. ’¥´§µ·Ò ¸¶¨´µ¢µ° ÔËË¥±É¨¢´µ¸É¨, ¢ ¸¢µÕ
µÎ¥·¥¤Ó, Ë ±Éµ·¨§ÊÕÉ¸Ö ´  É¥´§µ·Ò ÔËË¥±É¨¢´µ¸É¨ ·¥£¨¸É· Í¨¨ µ¸É ÉµÎ-
´µ£µ Ö¤·  C ¨ ¨§²ÊÎ¥´¨Ö c:

εkκ(I0 I2(S)L : If ; I0 I2(S ′)L′ : If ) =      ∑ 
k
S
 κ

S
 k

L
κ

L

     εk
S
κ

S
(S, S ′) εk

L
κ

L
(L, L′) ×

× 〈 kS κS kLκLkκ〉 










 

S    L   If
S ′  L′  If
kS  kL  k

 











 , (15)

£¤¥

εk
S
κ

S
(I0 I2(S) : I0 I2(S ′) =     ∑ 

k
0
κ

0
 k

2
κ

2

    εk
0
κ

0
(I0, I0) εk

2
κ

2
(I2, I2) ×
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× 〈 k0κ0 k2κ2kS κS 〉 










 

I0  I2  S

I0  I2  S ′
k0  k2  kS

 











 .

�·µ¸É· ´¸É¢¥´´ Ö Î ¸ÉÓ ³ É·¨ÍÒ ÔËË¥±É¨¢´µ¸É¨ ³µ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´ 
Î¥·¥§ ¸µ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ Ê£²µ¢µ£µ ³µ³¥´É :

ε(LmL, L′mL′ ) = YLm
L

∗ (Ωc) YL′m
L
′ (Ωc).

‘µµÉ¢¥É¸É¢¥´´µ ¤²Ö É¥´§µ·  ¶·µ¸É· ´¸É¢¥´´µ° ¨²¨ Ê£²µ¢µ° ÔËË¥±É¨¢-
´µ¸É¨ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥:

εk
L
 κ

L

(L, L′) = Dκ
L
0

k
L (Ωc) Ck

L
0
(L, L′), (16)

£¤¥ Dκ
L
0

k
L (Ωc) = (4π 6 (2k + 1))1 6 2 Yk

L
κ

L

∗ (Ωc) Å ³ É·¨ÍÒ ±µ´¥Î´ÒÌ ¶µ¢µ·µÉµ¢,

Ck
L
0
(L, L′) = (− 1)L′ 

√(2L + 1)(2L′ + 1)
4π  〈L0L′0; kL0〉 Å ¶ · ³¥É·Ò Ê£²µ¢µ° ÔË-

Ë¥±É¨¢´µ¸É¨ ·¥£¨¸É· Í¨¨ ¨§²ÊÎ¥´¨Ö.
‚ Éµ³ ¸²ÊÎ ¥, ±µ£¤  ¸¶¨´µ¢Ò¥ ¸µ¸ÉµÖ´¨Ö µ¸É ÉµÎ´µ£µ Ö¤·  C ¨ ¨§²Ê-

Î¥´¨Ö ´¥ Ë¨±¸¨·ÊÕÉ¸Ö, É¥´§µ·Ò ¨Ì ¸¶¨´µ¢µ° ÔËË¥±É¨¢´µ¸É¨ · ¢´Ò

εk
0
κ

0
(I0, I0) = (2I0 + 1) δk

0
0δκ

0
0 ,

εk
2
κ

2

(I2, I2) = (2I2 + 1) δk
2
0δκ

2
0 .

‚ ÔÉµ³ ¶·µ¸Éµ³ ¸²ÊÎ ¥ É¥´§µ· ÔËË¥±É¨¢´µ¸É¨ (15) ¶·¨´¨³ ¥É ¢¨¤

εkκ(If ) = (2If + 1)  ∑ 
SLL′

 (− 1)
I
f
 + S

 √ 
(2L + 1)(2L′ + 1)
(2k + 1)(2I2 + 1)  ×

× 〈L0L′0k0〉W(LIf L′If ; Sk) Ykκ
∗ (Ωc). (17)

�·¨¢¥¤¥³ É ±¦¥ Î ¸É´Ò° ¸²ÊÎ ° ¢Ò· ¦¥´¨Ö (17), ±µ£¤  ¸¶¨´ I2 Î ¸É¨ÍÒ

c · ¢¥´ ´Ê²Õ,   Ö¤·µ c µ¡· §Ê¥É¸Ö ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨ ¸µ ¸¶¨´µ³ I0 = 0.

�É¨ Ê¸²µ¢¨Ö ¢Ò¶µ²´ÖÕÉ¸Ö ¶·¨ · ¸¶ ¤¥ ¢µ§¡Ê¦¤¥´´ÒÌ α-±² ¸É¥·´ÒÌ ¸µ¸Éµ-
Ö´¨° Ö¤¥· ´  α-Î ¸É¨ÍÊ ¨ µ¸É ÉµÎ´µ¥ Ö¤·µ ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨. ’µ£¤ 
εkκ ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

εkκ(If ) = (− 1)
I
f (2If + 1)(4π(2k + 1))− 1 6 2〈If 0If 0k0〉 Ykκ

∗ (Ωc). (18)
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…¸²¨ ¸¶¨´-É¥´§µ·Ò ³ É·¨ÍÒ ÔËË¥±É¨¢´µ¸É¨ ¢Ò· ¦ ÕÉ¸Ö Ëµ·³Ê²µ°
(17), Éµ ËÊ´±Í¨Ö Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ (13) ¶·¨´¨³ ¥É ¢¨¤

W(Ωb , Ωc) = 
√2If + 1

(2Ia + 1)(2IA + 1)   ∑ 
M

f
 M

f
′
  (− 1)

I
f YI

f
 M

f

∗ (Ωb) ×

× YI
f
 M

f

 (Ωc)     ∑ 
M

a
 M

A
 M

b

    Tif
2 . (19)

‚ ¡µ²¥¥ µ¡Ð¨Ì ¸²ÊÎ ÖÌ ”“Š ¤µ²¦´  ¢ÒÎ¨¸²ÖÉÓ¸Ö ¶µ Ëµ·³Ê²¥ (13) ¸
¨¸¶µ²Ó§µ¢ ´¨¥³ ±µ´±·¥É´ÒÌ ¢Ò· ¦¥´¨° ¤²Ö ¸¶¨´-É¥´§µ·µ¢ ³ É·¨ÍÒ ¶²µÉ-
´µ¸É¨ ¨ ¸¶¨´µ¢µ° ÔËË¥±É¨¢´µ¸É¨. ’ ±¨³ µ¡· §µ³, É¥µ·¥É¨Î¥¸± Ö ¨´É¥·¶·¥-
É Í¨Ö ”“Š § ¢¨¸¨É µÉ Ë¨§¨Î¥¸±µ° ³µ¤¥²¨, ¢ · ³± Ì ±µÉµ·µ° ³µ¦¥É ¡ÒÉÓ
¶µ²ÊÎ¥´µ ¢Ò· ¦¥´¨¥ ¤²Ö ³ É·¨Î´µ£µ Ô²¥³¥´É  ¶¥·¥Ìµ¤  Tif .

„ ²¥¥ ³Ò · ¸¸³µÉ·¨³ ³¥Éµ¤Ò · ¸Î¥É  ËÊ´±Í¨° Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ ¨
¸¶¨´-É¥´§µ·µ¢ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ¢ ¤¢ÊÌ ¤µ¶µ²´ÖÕÐ¨Ì ¤·Ê£ ¤·Ê£  ³µ¤¥²ÖÌ
Ö¤¥·´ÒÌ ·¥ ±Í¨°: ³¥Éµ¤¥ ¨¸± ¦¥´´ÒÌ ¢µ²´ ¸ ±µ´¥Î´Ò³ · ¤¨Ê¸µ³ ¢§ ¨³µ-
¤¥°¸É¢¨Ö (Œˆ‚�Š��, EFR, DWBA) ¨ ³µ¤¨Ë¨Í¨·µ¢ ´´µ° ³µ¤¥²¨ µ¡· §µ-
¢ ´¨Ö ¸µ¸É ¢´µ£µ Ö¤· .

4. Œ…’�„› ’…��…’ˆ—…‘Š�ƒ� ���‹ˆ‡�
‘�ˆ�-’…�‡���‚ Œ�’�ˆ–› �‹�’��‘’ˆ

4.1. ”µ·³ ²¨§³ · ¸Î¥É  ¸¶¨´-É¥´§µ·µ¢ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ¢ ³¥Éµ¤¥
¨¸± ¦¥´´ÒÌ ¢µ²´ ¸ ±µ´¥Î´Ò³ · ¤¨Ê¸µ³ ¢§ ¨³µ¤¥°¸É¢¨Ö. �¸´µ¢´Ò¥ ¶µ²µ-
¦¥´¨Ö ÔÉµ£µ ³¥Éµ¤  · §¢¨ÉÒ ¢ · ¡µÉ Ì [31,32] ¨ ¤ ²¥¥ ¢ ¶·¨¡²¨¦¥´¨¨ § ¤ Î
É·¥Ì ¨ Î¥ÉÒ·¥Ì É¥² ¨ ¸ ÊÎ¥Éµ³ ±² ¸É¥·´µ° ¸¶¥±É·µ¸±µ¶¨¨ ²¥£±¨Ì Ö¤¥· ¢
· ¡µÉ Ì [33,34].

‚  ³¥Éµ¤¥  ¨¸± ¦¥´´ÒÌ ¢µ²´ ¸ ±µ´¥Î´Ò³ · ¤¨Ê¸µ³ ¢§ ¨³µ¤¥°¸É¢¨Ö
(Œˆ‚�Š�� ¨²¨ EFR DWBA) ³ É·¨Î´Ò° Ô²¥³¥´É µ¶¥· Éµ·  ¶¥·¥Ìµ¤ 
·¥ ±Í¨¨ ¨§ ´ Î ²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ ±µ´¥Î´µ¥ µ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³
µ¡· §µ³:

Mif = ∫ ∫ dra drb χ
(−)(kb rb) 〈 ΨBΨbVΨAΨa 〉 χ

(+)(ka ra), (20)

£¤¥ χ(−)(kr) Å ¨¸± ¦¥´´Ò¥ ¢µ²´Ò ¢µ ¢Ìµ¤´µ³ ¨ ¢ÒÌµ¤´µ³ ± ´ ² Ì ·¥ ±-
Í¨¨, ΨB , Ψb , ΨA , Ψa Å ¢´ÊÉ·¥´´¨¥ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì

Ö¤¥·.
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Œ É·¨Î´Ò° Ô²¥³¥´É (20) Ö¤¥·´µ° ·¥ ±Í¨¨ A(a, b)B ∗ ¢ Œˆ‚�Š�� · ¸-
¸³ É·¨¢ ¥É¸Ö ¢ ¶·¨¡²¨¦¥´¨¨ § ¤ Î¨ É·¥Ì É¥². �µÔÉµ³Ê ³¥Ì ´¨§³ ¶·µÉ¥± -
´¨Ö ·¥ ±Í¨¨ µ¶·¥¤¥²Ö¥É¸Ö · §¡¨¥´¨¥³ ¸¨¸É¥³Ò Ö¤¥· ´  ±² ¸É¥·Ò ¨ ÊÎ¥Éµ³
¨Ì ¶·µ¸É· ´¸É¢¥´´µ£µ · ¸¶µ²µ¦¥´¨Ö. ‘µµÉ¢¥É¸É¢¥´´µ ¶·Ö³Ò³¨ ¶·µÍ¥¸¸ ³¨
¡Ê¤¥³ ´ §Ò¢ ÉÓ ³¥Ì ´¨§³Ò, ¸¢Ö§ ´´Ò¥ ¸ ¤¨¸¸µÍ¨ Í¨¥° ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ
a → b + X (B → A + X),   µ¡³¥´´Ò³¨ ¶·µÍ¥¸¸ ³¨ Å ³¥Ì ´¨§³Ò, ¸¢Ö§ ´´Ò¥ ¸
¤¨¸¸µÍ¨ Í¨¥° Ö¤· -³¨Ï¥´¨: A → b + X (B → a + X). �µ¸±µ²Ó±Ê ¢ É·¥ÌÉ¥²Ó-
´µ³ ¶·¨¡²¨¦¥´¨¨ ¶·Ö³Ò¥ ¨ µ¡³¥´´Ò¥ ¶·µÍ¥¸¸Ò µÉ¢¥Î ÕÉ · §´Ò³ ±² ¸É¥·-
´Ò³ · §¡¨¥´¨Ö³, Éµ ¨Ì ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¤µ²¦´Ò ¸±² ¤Ò¢ ÉÓ¸Ö ´¥±µ£¥-
·¥´É´µ ¨ Ëµ·³ ²Ó´µ µÉ²¨Î ÉÓ¸Ö § ³¥´µ° A ´  a ¨ Ê£²  θb ¢ ¸¨¸É¥³¥ Í¥´É· 

³ ¸¸ ´  Ê£µ² π − θb .

‚ ³ É·¨Î´µ³ Ô²¥³¥´É¥ (20) ¶µÉ¥´Í¨ ² V ¸µ¤¥·¦¨É ¤¢  ¸² £ ¥³ÒÌ. „²Ö
¶·Ö³ÒÌ ¶·µÍ¥¸¸µ¢ Å ÔÉµ ¸Ê³³  ¶µÉ¥´Í¨ ²  ¢§ ¨³µ¤¥°¸É¢¨Ö ±² ¸É¥·µ¢ x ¨
b ¢ ´ ²¥É ÕÐ¥° Î ¸É¨Í¥ a (³¥Ì ´¨§³ ±² ¸É¥·´µ£µ ¸·Ò¢  ¨²¨ ¶µ¤Ì¢ É ) ¨
¶µÉ¥´Í¨ ²  ¢¨·ÉÊ ²Ó´µ£µ · ¸¸¥Ö´¨Ö Î ¸É¨ÍÒ b ´  Ö¤·¥ A (³¥Ì ´¨§³ ÉÖ¦¥²µ-
£µ § ³¥Ð¥´¨Ö). „²Ö µ¡³¥´´ÒÌ ¶·µÍ¥¸¸µ¢ Å ÔÉµ ¸Ê³³  ¶µÉ¥´Í¨ ²  ¢§ ¨³µ-
¤¥°¸É¢¨Ö ±² ¸É¥·µ¢ b ̈  X ¢ ´ Î ²Ó´µ³ Ö¤·¥ A (³¥Ì ´¨§³ ÉÖ¦¥²µ£µ ¸·Ò¢  ̈ ²¨
ÉÖ¦¥²µ£µ ¶µ¤Ì¢ É ) ¨ ¶µÉ¥´Í¨ ²  ¢¨·ÉÊ ²Ó´µ£µ · ¸¸¥Ö´¨Ö Î ¸É¨Í a ¨ b (³¥-
Ì ´¨§³ § ³¥Ð¥´¨Ö).

„²Ö ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´µ£µ Ô²¥³¥´É  ¤²Ö µ¡³¥´´ÒÌ ¶·µÍ¥¸¸µ¢ ¡Ê¤¥³
¨¸¶µ²Ó§µ¢ ÉÓ ¸²¥¤ÊÕÐ¨¥ ¶· ¢¨²  ¸²µ¦¥´¨Ö Ê£²µ¢ÒÌ ³µ³¥´Éµ¢:

l = Λ
1
 + Λ

2
,     I

1
 = Λ

1
 + IX ,     I2 = Λ

2
 + IX , (21)

£¤¥ l Å ¶¥·¥¤ ´´Ò° Ê£²µ¢µ° ³µ³¥´É; Λ
1
, Λ

2
 Å µ·¡¨É ²Ó´Ò¥, I

1
, I

2
 Å

¶µ²´Ò¥ ³µ³¥´ÉÒ µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö Ö¤¥· a + X ¢ ±µ´¥Î´µ³ Ö¤·¥ B
¨ b + X ¢ Ö¤·¥-³¨Ï¥´¨ A.

�±µ´Î É¥²Ó´µ  § ¶¨Ï¥³  ³ É·¨Î´Ò°  Ô²¥³¥´É  ·¥ ±Í¨¨  A(a, b)B  ¢
Œˆ‚�Š�� ¤²Ö µ¡³¥´´ÒÌ ¶·µÍ¥¸¸µ¢ ¢ ¢¨¤¥

Tif (Ωb) =     ∑ 
I
1
 M

1
 I

2
 M

2

    〈IaMa I1M1If Mf 〉 〈IbMb I2M2IAMA 〉((2I1 + 1)(2I2 + 1))1 6 2 ×

×  ∑ 
lm

l

 i
l + M

2 〈I2 − M2I1M1lml 〉      ∑ 
Λ

1
 Λ

2
 I

X
 E

X

     (− 1)
Λ

1
 + Λ

2 ΘlΛ
1
Λ

2
 I

1
 I

2
 I

X
 ×

× βlm
l
 Λ

1
Λ

2
 I

X
 E

X

 (θb)
.

(22)
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‚ Ëµ·³Ê²¥ (22) ΘlΛ
1
Λ

2
 I

1
 I

2
 I

X
 E

X

 Å ¸É·Ê±ÉÊ·´Ò° ³´µ¦¨É¥²Ó [5,33], ¢ ±µ-

Éµ·µ³ § ±²ÕÎ¥´  ¨´Ëµ·³ Í¨Ö µ ¶·¨¢¥¤¥´´ÒÌ Ï¨·¨´ Ì ΘΛ
1
 I

1
 I

X

 B → a + X ¨

ΘΛ
2
 I

2
 I

X

 A → b + X · ¸¶ ¤  Ö¤¥· B ¨ A ¶µ ± ´ ² ³ a + X ¨ b + X ¸µµÉ¢¥É¸É¢¥´´µ.

Š¨´¥³ É¨Î¥¸±¨¥ ³´µ¦¨É¥²¨ βlm
l
 Λ

1
Λ

2
 I

X
 E

X

 (θb) ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¨´É¥£· -

²Ò ¶¥·¥±·Ò¢ ´¨Ö ¢Ìµ¤ÖÐ¥° ¨ ¢ÒÌµ¤ÖÐ¥° ®¨¸± ¦¥´´ÒÌ¯ ¢µ²´, ¢µ²´µ¢ÒÌ
ËÊ´±Í¨° µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ¨ ¶µÉ¥´Í¨ ²  ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ ¸µ¤¥·-
¦ É µ¸´µ¢´ÊÕ ¨´Ëµ·³ Í¨Õ µ ³¥Ì ´¨§³¥ ·¥ ±Í¨¨.

�¡Ñ¥¤¨´ÖÖ ¢Ò· ¦¥´¨Ö (4), (10) ¨ (22) ¤²Ö ¸¶¨´-É¥´§µ·µ¢ ³ É·¨ÍÒ ¶²µÉ-
´µ¸É¨ Ö¤·  ¢ ¸µ¸ÉµÖ´¨¨ If , ¢ Œˆ‚�Š�� ¶µ²ÊÎ ¥³

ρkκ(θb) = 
2If + 1

2Ia + 1
 

1
Ea Eb

 
kb

ka
    ∑ 

I
1
 I

1
′ I

2

  (− 1)
I
f
 + I

2
 + I

a w(I
1
If I1′ If ; Ia k) ×

× ((2I
1
 + 1)(2I

1
′  + 1))16 2   ∑ 

ll ′m
l
 m

l
′

    (− 1)
l + l ′ + m

l
′
 〈 lml l − ml ′kκ〉 ×

× w(lI1l ′I1′ ; I2k)((2l + 1)(2l ′ + 1))16 2      ∑ 
Λ

1
Λ

2
 I

X
 E

X

Λ
1
′ Λ

2
′ I

X
′ E

X
′

      ΘlΛ
1
Λ

2
 I

1
 I

2
 I

X

 Θl ′Λ
1
′ Λ

2
′ I

1
′ I

2
′ I

X
′    ×

× βlm
l
 Λ

1
Λ

2
 I

X
 E

X

 (θb) βl ′m
l
′ Λ

1
′ Λ

2
′ I

X
 E

X
′

∗    (θb). (23)

„²Ö · ¸¸³µÉ·¥´´µ£µ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ Î ¸É´µ£µ ¸²ÊÎ Ö, ±µ£¤  ¢µ§-

¡Ê¦¤¥´´Ò° Ê·µ¢¥´Ó Ö¤·  B ∗ · ¸¶ ¤ ¥É¸Ö ̧  ̈ ¸¶Ê¸± ´¨¥³ α-Î ¸É¨ÍÒ, ËÊ´±Í¨Ö
Ê£²µ¢µ°  ±µ··¥²ÖÍ¨¨ (19) ¢ Œˆ‚�Š�� ¤²Ö ³¥Ì ´¨§³  ¶·Ö³µ° ¶¥·¥¤ Î¨
α-Î ¸É¨ÍÒ (±² ¸É¥·´µ£µ ¸·Ò¢ ), ¶·¨´¨³ ¥É ¢¨¤

W(Ωb , Ωc) = 
√2If + 1

(2IA + 1)     ∑ 
I
2
 M

2
 M

A

    





  ∑ 

M
f

 MI
f
 I

2
 M

2
 M

A
 M

f

 (Ωb) YI
f
 M

f

 (Ωc) 





 2
,     (24)
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£¤¥

MI
f
 I

2
 M

2
 M

A
 M

f

 (Ωb) =  ∑ 
I
1
 M

1

 〈IA MA I1 M1If Mf 〉(2I1 + 1)− 16 2(2IA + 1)− 16 2 ×

×  ∑ 
lm

l

 il 〈I2 − M2 I1 M1lml 〉  ∑ 
Λ

1
Λ

2

 (− 1)
l + Λ

1
 + Λ

2 ΘlΛ
1
Λ

2
 I

1
 I

2
 I

X
 ×

× βlm
l
 Λ

1
Λ

2
 I

X
 E

X

 (θb),     ϕb = 0.

‚ÒÎ¨¸²¨É¥²Ó´ Ö ·¥ ²¨§ Í¨Ö EFR DWBA ¨ Œˆ‚�Š�� µ¸ÊÐ¥¸É¢²¥´  ¢
·Ö¤¥ ±µ³¶ÓÕÉ¥·´ÒÌ ¶·µ£· ³³ [41,57Å61,85], ¶µ§¢µ²ÖÕÐ¨Ì ¶·µ¢µ¤¨ÉÓ · ¸-
Î¥ÉÒ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° µ¤´µ- ¨ ³´µ£µ´Ê±²µ´´ÒÌ ¶¥·¥¤ Î. Š· É±µ
µ¸É ´µ¢¨³¸Ö §¤¥¸Ó ´  µ¸µ¡¥´´µ¸ÉÖÌ ¶·µ£· ³³ OLYMP-5 [41]. �É  ¶·µ£· ³-
³ , ´ ¨¡µ²¥¥ ¶µ¸²¥¤µ¢ É¥²Ó´µ ·¥ ²¨§ÊÖ Œˆ‚�Š��, ¶µ§¢µ²Ö¥É ¢ÒÎ¨¸²ÖÉÓ,
±·µ³¥ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨° ³´µ£µ´Ê±²µ´´ÒÌ ¶¥·¥¤ Î, É ±-
¦¥ ̧ ¶¨´-É¥´§µ·Ò ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ̈  É¥´§µ·Ò ¶µ²Ö·¨§ Í¨¨ ¢µ§¡Ê¦¤¥´´µ£µ
Ö¤· , ËÊ´±Í¨¨ Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨, § ¸¥²¥´´µ¸É¨ ³ £´¨É´ÒÌ ¶µ¤Ê·µ¢´¥°
¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ±µ´¥Î´µ£µ Ö¤· . �·¨ ÔÉµ³ ¢ ³ É·¨Î´µ³ Ô²¥³¥´É¥
·¥ ±Í¨¨ ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¢¸¥ Î¥ÉÒ·¥ µ¤´µ¸ÉÊ¶¥´Î ÉÒÌ ³¥Ì ´¨§³  ·¥ ±Í¨¨, µÉ-
´µ¸ÖÐ¨¥¸Ö ± ¶·Ö³Ò³ ¨ µ¡³¥´´Ò³ ¶·µÍ¥¸¸ ³. ‚ ³ É·¨Î´µ³ Ô²¥³¥´É¥ ¤²Ö
µ¡³¥´´ÒÌ ¶·µÍ¥¸¸µ¢, ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ëµ·³Ê²µ° (22), ¢µ§³µ¦´µ ¶·µ¢¥¤¥-
´¨¥ ±µ£¥·¥´É´µ£µ ¸Ê³³¨·µ¢ ´¨Ö ¶µ · §²¨Î´Ò³ ³µ³¥´É ³¨ Λ1 ¨ Λ2 µÉ´µ-

¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ÊÎ¥ÉÊ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°
¶·µ³¥¦ÊÉµÎ´µ£µ Ö¤· .

�·µ£· ³³  OLYMP-5 ³µ¦¥É ¨¸¶µ²Ó§µ¢ ÉÓ¸Ö ¤²Ö  ´ ²¨§  ·¥ ±Í¨° ¸
¶µ²ÊÉÖ¦¥²Ò³¨ ¨µ´ ³¨, ¢ ±µÉµ·ÒÌ µ¡· §ÊÕÉ¸Ö ¢Ò¸µ±µ²¥¦ Ð¨¥ ±¢ §¨¸É Í¨µ-
´ ·´Ò¥ ¸µ¸ÉµÖ´¨Ö. �µÔÉµ³Ê Î¨¸²¥´´ Ö ¶·µÍ¥¤Ê·  ´ Ìµ¦¤¥´¨Ö ¢µ²´µ¢ÒÌ
ËÊ´±Í¨° ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨°, µ¡ÒÎ´µ ¨¸¶µ²Ó§Ê¥³ Ö ¢ ¶·µ£· ³³ Ì ¶µ EFR
DWBA, ¢ ¶·µ£· ³³¥ OLYMP-5 ³µ¤¨Ë¨Í¨·µ¢ ´ . „ ²¥¥ ¢ ¶.5.2 ¡Ê¤¥É · ¸-
¸³µÉ·¥´ ³¥Éµ¤ ´ Ìµ¦¤¥´¨Ö ¢µ²´µ¢ÒÌ ËÊ´±Í¨° £ ³µ¢¸±µ£µ É¨¶ , µ¶¨¸Ò¢ -
ÕÐ¨Ì ±¢ §¨¸É Í¨µ´ ·´Ò¥ ¸µ¸ÉµÖ´¨Ö ¸ ¶µ²µ¦¨É¥²Ó´µ° Ô´¥·£¨¥° ¸¢Ö§¨ ¨ µÉ-
²¨Î´µ° µÉ ´Ê²Ö Ï¨·¨´µ° · ¸¶ ¤ .

ˆ§¢¥¸É´µ, ÎÉµ ·¥ ±Í¨¨, ¢Ò§¢ ´´Ò¥ ¶µ²ÊÉÖ¦¥²Ò³¨ ¨µ´ ³¨, ¸ µ¡· §µ¢ -
´¨¥³ ¸¨²Ó´µ¢µ§¡Ê¦¤¥´´ÒÌ ¢Ò¸µ±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¤µ²¦´Ò ¡ÒÉÓ ¶¥·¨-
Ë¥·¨Î´Ò³¨, É ± ± ± ¶µ²ÊÉÖ¦¥²Ò¥ ¨µ´Ò µÉ´µ¸¨É¥²Ó´µ ´¥¡µ²ÓÏ¨Ì Ô´¥·£¨°
´¥ ³µ£ÊÉ ¶·µ´¨± ÉÓ £²Ê¡µ±µ ¢ Ö¤·µ. Š ± µÉ³¥Î ²µ¸Ó ¢ÒÏ¥, ¸¶¥Í¨Ë¨±  ¢Ò-
Î¨¸²¥´¨° ¢ EFR DWBA ¨ Œˆ‚�Š�� ¸¢Ö§ ´  ¸ · ¸Î¥É ³¨ ±¨´¥³ É¨Î¥¸±¨Ì
³´µ¦¨É¥²¥° βlm

l
 Λ

1
Λ

2
 I

X
 E

X
 (θb) [34,60]. ‚ Î ¸É´µ¸É¨, ±¨´¥³ É¨Î¥¸±¨¥ ³´µ¦¨-

É¥²¨ ¸µ¤¥·¦ É ¸Ê³³Ò ¶µ ¶ ·Í¨ ²Ó´Ò³ µ·¡¨É ²Ó´Ò³ ³µ³¥´É ³ La ¨ Lb ¢Ìµ¤-
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´µ£µ ¨ ¢ÒÌµ¤´µ£µ ± ´ ²µ¢ ¤¢Ê±· É´ÒÌ · ¤¨ ²Ó´ÒÌ ¨´É¥£· ²µ¢ ¶¥·¥±·Ò¢ -
´¨Ö ¶ ·Í¨ ²Ó´ÒÌ ¨¸± ¦¥´´ÒÌ ¢µ²´ ¨ Ö¤¥·´ÒÌ Ëµ·³Ë ±Éµ·µ¢. �· ¢¨²Ó´µ¥
¢ÒÎ¨¸²¥´¨¥ · ¤¨ ²Ó´ÒÌ ¨´É¥£· ²µ¢ ¢ ¶¥·¨Ë¥·¨Î¥¸±µ° µ¡² ¸É¨ Ö¤· , µÉ· -
¦ ÕÐ¥¥ µ¸µ¡¥´´µ¸É¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶µ²ÊÉÖ¦¥²ÒÌ ¨µ´µ¢, µ¡¥¸¶¥Î¨¢ ¥É¸Ö
¶· ¢¨²Ó´µ°  ¸¨³¶ÉµÉ¨±µ° £ ³µ¢¸±¨Ì ¢µ²´µ¢ÒÌ ËÊ´±Í¨°. �¤´ ±µ ¢µ ¢´ÊÉ-
·¥´´¥° µ¡² ¸É¨ Ö¤·  ¶·¨ r → 0 ¸±µ·µ¸ÉÓ Ê¡Ò¢ ´¨Ö ¢µ²´µ¢ÒÌ ËÊ´±Í¨° µÉ´µ-
¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ±² ¸É¥·µ¢ ¢ ¢µ§¡Ê¦¤¥´´µ³ Ö¤·¥ Î ¸Éµ ´¥ ̧ µµÉ¢¥É¸É¢Ê¥É
·¥ ²Ó´µ³Ê ¶·µÍ¥¸¸Ê ¢§ ¨³µ¤¥°¸É¢¨Ö ¶µ²ÊÉÖ¦¥²ÒÌ ¨µ´µ¢. ‚ ·¥§Ê²ÓÉ É¥ ¶·¨
¨¸¶µ²Ó§µ¢ ´¨¨ Î¨¸²¥´´µ° ¶·µÍ¥¤Ê·Ò ́  Ìµ¦¤¥´¨Ö ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ±¢ §¨-
¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ¢´ÊÉ·¥´´ÖÖ µ¡² ¸ÉÓ Ö¤·  ³µ¦¥É ¤ ¢ ÉÓ § ¢ÒÏ¥´´Ò°
¢±² ¤ ¢ · ¤¨ ²Ó´Ò° ¨´É¥£· ². �¤´¨³ ¨§ ¸¶µ¸µ¡µ¢ ¨¸¶· ¢²¥´¨Ö ÔÉµ£µ ¶µ²µ-
¦¥´¨Ö ¢ · ¸Î¥É Ì ¶µ Œˆ‚�Š�� Ö¢²Ö¥É¸Ö µ¡·¥§ ´¨¥ ̧ Ê³³Ò ¶µ ¶ ·Í¨ ²Ó´Ò³
µ·¡¨É ²Ó´Ò³ ³µ³¥´É ³ La ¨ Lb ¢µ ¢Ìµ¤´µ³ ¨ ¢ÒÌµ¤´µ³ ± ´ ² Ì ¸µ ¸Éµ·µ´Ò

³ ²ÒÌ L, É.¥. ¢¢¥¤¥´¨¥ Lmin. Š ± ¡Ê¤¥É ¶µ± § ´µ ´¨¦¥ ¶·¨ µ¡¸Ê¦¤¥´¨¨ ±µ´-

±·¥É´ÒÌ ·¥§Ê²ÓÉ Éµ¢, ¶·µÍ¥¤Ê·  µ¡·¥§ ´¨Ö ¶µ L ¶µ§¢µ²Ö¥É ¸µ£² ¸µ¢ ÉÓ · ¸-
Î¥ÉÒ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶·¨ ¨§ÊÎ¥´¨¨ ´¥ Éµ²Ó±µ ¢§ ¨³µ-

¤¥°¸É¢¨Ö ¶µ²ÊÉÖ¦¥²ÒÌ ¨µ´µ¢ 12C ¨ 14N, ´µ ¨ É¥´§µ·  ¶µ²Ö·¨§ Í¨¨ ²¥£±µ£µ

Ö¤·  6Li.
4.2. ”µ·³ ²¨§³ · ¸Î¥É  ¸¶¨´-É¥´§µ·µ¢ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ¢ ³µ¤¨-

Ë¨Í¨·µ¢ ´´µ° ³µ¤¥²¨ ¸µ¸É ¢´µ£µ Ö¤· . Œµ¤¥²Ó Ö¤¥·´µ° ·¥ ±Í¨¨, ¶·µÌµ-
¤ÖÐ¥° ¸É ¤¨Õ µ¡· §µ¢ ´¨Ö ¸µ¸É ¢´µ£µ Ö¤· , ¡ §¨·Ê¥É¸Ö ´  ¨¤¥¥ ´¥§ ¢¨¸¨-
³µ¸É¨ ¤¢ÊÌ ¶·µÍ¥¸¸µ¢: µ¡· §µ¢ ´¨Ö ¸µ¸É ¢´µ£µ Ö¤·  ¨ ¥£µ · ¸¶ ¤ . �·¥¤¶µ-
² £ ¥É¸Ö, ÎÉµ Ô´¥·£¨Ö ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ · ¸¶·¥¤¥²Ö¥É¸Ö ¸µ£² ¸´µ § ±µ´ ³
¸É É¨¸É¨Î¥¸±µ° ³¥Ì ´¨±¨ ¶µ ¢¸¥³ ¸É¥¶¥´Ö³ ¸¢µ¡µ¤Ò Ö¤· , É.¥. ¢ ¸¨¸É¥³¥
Ê¸É ´ ¢²¨¢ ¥É¸Ö É¥·³µ¤¨´ ³¨Î¥¸±µ¥ · ¢´µ¢¥¸¨¥. ‚ Éµ³ ¸²ÊÎ ¥, ±µ£¤  ·¥ ±-
Í¨Ö ¨¤¥É ¶µ¤ ¤¥°¸É¢¨¥³ Î ¸É¨Í ¤µ¸É ÉµÎ´µ ¢Ò¸µ±µ° Ô´¥·£¨¨, ¢µ§¡Ê¦¤¥´´Ò¥
Ê·µ¢´¨ ¸µ¸É ¢´µ£µ Ö¤·  ²¥¦ É ¢ µ¡² ¸É¨ ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É· . �¸µ¡¥´-
´µ¸É¨ ·¥ ±Í¨°, ¨¤ÊÐ¨Ì ¸ µ¡· §µ¢ ´¨¥³ ¸µ¸É ¢´µ£µ Ö¤·  ¢ ´¥¶·¥·Ò¢´µ³
¸¶¥±É·¥, ¢ §´ Î¨É¥²Ó´µ° ³¥·¥ µ¶·¥¤¥²ÖÕÉ¸Ö É¥³, ÎÉµ ¨³¥¥É¸Ö ³´µ£µ ¸¶µ¸µ-
¡µ¢ · ¸¶ ¤  ¸µ¸É ¢´µ£µ Ö¤· . ‘É É¨¸É¨Î¥¸± Ö É¥µ·¨Ö, · §¢¨É Ö ¶¥·¢µ´ Î ²Ó-
´µ ¢ · ¡µÉ Ì [35Å37], É ± ´ §Ò¢ ¥³Ò° Ëµ·³ ²¨§³ • Ê§¥·  Å ”¥Ï¡ Ì ,
Ê¸¶¥Ï´µ µ¶¨¸Ò¢ ¥É ¸¥Î¥´¨Ö É ±¨Ì ·¥ ±Í¨°, ±µÉµ·Ò¥ Ì · ±É¥·¨§ÊÕÉ¸Ö ¶² ¢-
´µ°, ´¥·¥§µ´ ´¸´µ° § ¢¨¸¨³µ¸ÉÓÕ µÉ Ô´¥·£¨¨.

� ¸Î¥É ̧ ¥Î¥´¨Ö ·¥ ±Í¨¨ A(a, b)B ¢ ¶·¨¡²¨¦¥´¨¨ ̧ É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨

¸¢µ¤¨É¸Ö ± ¢ÒÎ¨¸²¥´¨Õ ±µÔËË¨Í¨¥´Éµ¢ ¶·µ´¨Í ¥³µ¸É¨ TlI

I
C  · §²¨Î´ÒÌ ± -

´ ²µ¢, ±µÉµ·Ò¥ µ¶·¥¤¥²ÖÕÉ¸Ö ± ± µÉ´µÏ¥´¨¥ Î¨¸²  Î ¸É¨Í, ¶·µÏ¥¤Ï¨Ì
Ö¤¥·´Ò° ¡ ·Ó¥· ¢µ ¢´ÊÉ·¥´´ÕÕ µ¡² ¸ÉÓ Ö¤· , ± Î¨¸²Ê ¶ ¤ ÕÐ¨Ì Î ¸É¨Í.

‘Ì¥³  ¢ÒÎ¨¸²¥´¨Ö ¸¥Î¥´¨Ö ·¥ ±Í¨¨ ¢ Ëµ·³ ²¨§³¥ • Ê§¥·  Å ”¥Ï¡ Ì 
¡Ò²  ·¥ ²¨§µ¢ ´  ¢ ·Ö¤¥ ±µ³¶ÓÕÉ¥·´ÒÌ ¶·µ£· ³³, É ±¨Ì ± ± STATIC [38],
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HELGA [39]. ‚ ÔÉ¨Ì ¶·µ£· ³³ Ì ±µÔËË¨Í¨¥´ÉÒ ¶·µ´¨Í ¥³µ¸É¨ TlI

I
C  · ¸-

¸Î¨ÉÒ¢ ²¨¸Ó ¢ · ³± Ì µ¶É¨Î¥¸±µ° ³µ¤¥²¨ ¡¥§ ÊÎ¥É  ¸¶¨´-µ·¡¨É ²Ó´µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¶µ³µÐÓÕ S-³ É·¨ÍÒ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö. ‚¥·µÖÉ´µ¸ÉÓ
· ¸¶ ¤  ¸µ¸É ¢´µ£µ Ö¤·  ¤µ²¦´  ÊÎ¨ÉÒ¢ ÉÓ ¢¸¥ ¢µ§³µ¦´Ò¥ µÉ±·ÒÉÒ¥ ± ´ -
²Ò. �·¨ ¢ÒÎ¨¸²¥´¨¨ ÔÉµ° ¢¥²¨Î¨´Ò µ¡ÒÎ´µ ÊÎ¨ÉÒ¢ ¥É¸Ö µ£· ´¨Î¥´´µ¥ Î¨¸-
²µ ´ ¨¡µ²¥¥ ¢ ¦´ÒÌ ± ´ ²µ¢ · ¸¶ ¤  (´ ¶·¨³¥·, ¢ ¶·µ£· ³³¥ HELGA Å ¤µ
10 ± ´ ²µ¢),   É ±¦¥ ¢±² ¤ ´¥¶·¥·Ò¢´µ£µ ̧ ¶¥±É·  µ¸É ÉµÎ´ÒÌ Ö¤¥·, ¤²Ö · ¸-
Î¥É   ±µÉµ·µ£µ  ¨¸¶µ²Ó§ÊÕÉ¸Ö  Ëµ·³Ê²Ò  ¶²µÉ´µ¸É¥°  Ê·µ¢´¥°  ¢ · §²¨Î´ÒÌ
³µ¤¥²ÖÌ.

‚ · ¡µÉ¥ [40] ¡Ò²  ¶·¥¤²µ¦¥´  ³µ¤¥·´¨§ Í¨Ö ¸É ´¤ ·É´µ° ³µ¤¥²¨ ¸µ-
¸É ¢´µ£µ Ö¤·  ¶µ ¸²¥¤ÊÕÐ¨³ ´ ¶· ¢²¥´¨Ö³: ´¥¶µ¸·¥¤¸É¢¥´´Ò° ÊÎ¥É ¸É·Ê±-
ÉÊ·Ò ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥ ±Í¨¨ Ö¤¥·, ÊÎ¥É ³¥Ì ´¨§³  ÉÖ¦¥²µ£µ ¸·Ò¢  (¶·Ö³µ°
¶¥·¥¤ Î¨ ÉÖ¦¥²µ£µ ±² ¸É¥·  µÉ Ö¤· -³¨Ï¥´¨ ± ´ ²¥É ÕÐ¥° Î ¸É¨Í¥) ¶·¨
¢ÒÎ¨¸²¥´¨¨ Tl Å ±µÔËË¨Í¨¥´Éµ¢ ¶·µ´¨Í ¥³µ¸É¨ ¨ ¸¶¨´-µ·¡¨É ²Ó´µ£µ

¢§ ¨³µ¤¥°¸É¢¨Ö.

� ¸¸³µÉ·¨³ ¢Ò¢µ¤ Ëµ·³Ê² ¤²Ö ¸¶¨´-É¥´§µ·µ¢ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ¢
³µ¤¨Ë¨Í¨·µ¢ ´´µ° ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ ¸µ¸É ¢´µ£µ Ö¤· .

“Î¨ÉÒ¢ Ö, ÎÉµ ³¥Ì ´¨§³ ·¥ ±Í¨¨, ̈ ¤ÊÐ¥° Î¥·¥§ ̧ µ¸É ¢´µ¥ Ö¤·µ, ¶·¥¤¶µ-
² £ ¥É ́ ¥§ ¢¨¸¨³µ¸ÉÓ µ¡· §µ¢ ´¨Ö ̈  · ¸¶ ¤  ±µ³¶ Ê´¤-Ö¤· , ³ É·¨Î´Ò° Ô²¥-
³¥´É ·¥ ±Í¨¨ § ¶¨Ï¥³ ± ± ¶·µ¨§¢¥¤¥´¨¥ ¤¢ÊÌ ¸µ³´µ¦¨É¥²¥°, µ¤¨´ ¨§ ±µÉµ-
·ÒÌ ¸µµÉ¢¥É¸É¢Ê¥É µ¡· §µ¢ ´¨Õ ±¢ §¨¸É Í¨µ´ ·´µ£µ ¸µ¸ÉµÖ´¨Ö ¸µ¸É ¢´µ£µ
Ö¤·  ¸µ ¸¶¨´µ³ IC ,   ¤·Ê£µ° Å ¥£µ · ¸¶ ¤Ê:

Mif = 〈ΨfΨC 〉 〈ΨCΨi 〉, (25)

£¤¥ Ψi , Ψf , ΨC Å ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ´ Î ²Ó´µ£µ, ±µ´¥Î´µ£µ ¨ ¶·µ³¥¦Ê-

ÉµÎ´µ£µ ±¢ §¨¸É Í¨µ´ ·´ÒÌ ¸µ¸ÉµÖ´¨°.

‚ ¶·¥¤¸É ¢²¥´¨¨ ¸¶¨´  ± ´ ²  µ¶·¥¤¥²¨³ ̧ ²¥¤ÊÕÐ¨¥ ¶· ¢¨²  ̧ ²µ¦¥´¨Ö
Ê£²µ¢ÒÌ ³µ³¥´Éµ¢:

I1 = Ia + IA ,     I2 = Ib + IB ,     IC = I1 + la = I2 + lb ,

£¤¥ la , lb Å µ·¡¨É ²Ó´Ò¥ ³µ³¥´ÉÒ µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö Î ¸É¨Í ¢µ

¢Ìµ¤´µ³ ¨ ¢ÒÌµ¤´µ³ ± ´ ² Ì, I
1
, I

2
 Å ¸¶¨´Ò ¢Ìµ¤´µ£µ ̈  ¢ÒÌµ¤´µ£µ ± ´ ²µ¢.

‚ ÔÉµ³ ¶·¥¤¸É ¢²¥´¨¨ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤:

Ψi = ΨA (gA) ⋅ Ψa(ga) ⋅ χ(ka , ra),

Ψf = ΨB (gB) ⋅ Ψb(gb) ⋅ χ(kb , rb), (26)
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ΨC =      ∑ 
I
1
 M

1
 I

C
 M

C

     〈 Ia Ma IA MAI1M1 〉 〈 I1M1 la maIC MC 〉 ×

× Θl
a
 I

1
 I

 

 ΨA(gA) Ψa(ga) Φla(ra) =

=      ∑ 
I
2
 M

2
 I

C
 M

C

     〈 Ib Mb IB MBI2 M2 〉 〈I2 M2 lb mbIC MC 〉 ×

× Θl
b
 I

2
 I

b

 ΨB(gB) Ψb(gb) Φlb(rb).

‚ ¢Ò· ¦¥´¨ÖÌ (26) ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ Ö¤¥· § ¢¨¸ÖÉ µÉ ¸¢µ¨Ì ¢´ÊÉ·¥´-
´¨Ì ¶¥·¥³¥´´ÒÌ gi ; χ(ka , ra), χ(kb , rb) Å ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ µÉ´µ¸¨É¥²Ó´µ-

£µ ¤¢¨¦¥´¨Ö Å ̈ ¸± ¦¥´´Ò¥ ¢µ²´Ò Å ¢µ ¢Ìµ¤´µ³ ̈  ¢ÒÌµ¤´µ³ ± ´ ² Ì ·¥ ±-
Í¨¨; Φla(ra), Φlb(rb) Å ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ±² ¸É¥-

·µ¢ ¢ ¸¢Ö§ ´´µ³ ¸µ¸ÉµÖ´¨¨; Θl
a
 I

a
 I

1

, Θl
b
 I

b
 I

2

 Å  ³¶²¨ÉÊ¤Ò ¶·¨¢¥¤¥´´µ°

Ï¨·¨´Ò · ¸¶ ¤  ¸µ¸É ¢´µ£µ Ö¤·  ¶µ ± ´ ² ³ A + a ¨ B + b.

‘ ¶µ³µÐÓÕ µ¶·¥¤¥²¥´¨Ö ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ · ¸¶ ¤  ±¢ §¨¸É Í¨µ´ ·-
´µ£µ ¸µ¸ÉµÖ´¨Ö ¨ Ëµ·³Ê²Ò · §²µ¦¥´¨Ö ¨¸± ¦¥´´ÒÌ ¢µ²´ ¶µ ¶ ·Í¨ ²Ó´Ò³
¢µ²´ ³ ¢ÒÎ¨¸²¨³ ¢ ³ É·¨Î´µ³ Ô²¥³¥´É¥ (25) ¨´É¥£· ² ¶µ ¢´ÊÉ·¥´´¨³ ¶¥·¥-
³¥´´Ò³, ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ ³ É·¨Î´Ò° Ô²¥³¥´É (25) ¶·¥µ¡· §Ê¥É¸Ö ± ¢¨¤Ê

Mif =          ∑ 
I
1
 M

1
 I

2
 M

2
 I

C
 M

C

l
a
 m

a
 l

b
 m

b

         〈 Ib Mb IB MBI2 M2 〉 〈 I2 M2 lb mbIC MC 〉 ×

× 〈 Ia Ma IA MAI1 M1 〉 〈 I1M1 la maIC MC 〉 γl
b
 I

b
 I

2

 C → B + b γl
a
 I

a
 I

1

 C → A + a ×

× Yl
b
 m

b

(θk
b

 , ϕk
b

 ) Yl
a
 m

a

∗ (θk
a

 , ϕk
a

 ). (27)

‚Ò¡¥·¥³ ¸¨¸É¥³Ê ±µµ·¤¨´ É É ±, ÎÉµ¡Ò µ¸Ó z ¡Ò²  ´ ¶· ¢²¥´  ¢¤µ²Ó
¨³¶Ê²Ó¸  ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ,   ϕb = 0.

�¡Ñ¥¤¨´ÖÖ ¢Ò· ¦¥´¨Ö (4), (10) ¨ (27) ¨ ¢Ò¶µ²´ÖÖ ´¥µ¡Ìµ¤¨³Ò¥ ¶·¥µ¡-
· §µ¢ ´¨Ö, ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ³ É·¨ÍÒ ¶²µÉ´µ¸É¨:

ρI
f
 (Mf , Mf′ ) = 

1

2ka
2(2Ia + 1)(2IA + 1)

  ∑ 
kκ

 〈 IB MB IB − MBkκ 〉 ×
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×           ∑ 
I
1
 I

2
 I

C
 I

2
′ l

b
 l

a
 l

b
′ l

a
′

lm
l
 l ′m

l
′

           (2IC + 1)2 ×

× √(2I
2
 + 1)(2I

2
′  + 1)(2l + 1)(2l ′ + 1)(2la + 1)(2la′  + 1)  ×

× (− 1)
2I

C
 + I

B
 − I

1
 + I

b 〈 la 0 lb mblml 〉 〈 la′ 0lb′ mb′ l ′ml′  〉 〈l ′ml′ l ′ − mlkκ 〉 ×

× w(I
1
 la I2 lb ; IC l) w(I

1
 la′ I2′ lb′ ; IC l) w(IB I2 IB I2′ ; Ib k) ×

× w(I
2
 lI

2
′ l ′; I

1
 k) Yl

b
 m

b

(θk
b

 , 0) Yl
b
′ m

b
′

∗  (θk
b

 , 0) ( γl
b
 I

b
 I

2

 C → B + b)2 ( γl
a
 I

a
 I

1

 C → A + a)2.     (28)

‚ Ëµ·³Ê²¥ (28) ³ É·¨Í  ¶²µÉ´µ¸É¨ ρI
f
 (Mf , Mf′ ) µ¶·¥¤¥²Ö¥É¸Ö Éµ²Ó±µ µ¤-

´¨³ ·¥§µ´ ´¸µ³. ‚ µ¡² ¸É¨ ±¢ §¨´¥¶·¥·Ò¢´µ£µ ¸¶¥±É· , £¤¥ ·¥§µ´ ´¸Ò
¸¨²Ó´µ ¶¥·¥±·Ò¢ ÕÉ¸Ö, ´¥µ¡Ìµ¤¨³µ Ê¸·¥¤´¨ÉÓ ¢±² ¤ ± ¦¤µ£µ ¨§ ´¨Ì ¨ ¶·µ-
¸Ê³³¨·µ¢ ÉÓ ¶µ ¢¸¥³ ·¥§µ´ ´¸ ³ ¢ ¨´É¥·¢ ²¥ Ê¸·¥¤´¥´¨Ö.

�µ¸±µ²Ó±Ê ³Ò · ¸¸³ É·¨¢ ¥³ ±¢ §¨¸É Í¨µ´ ·´Ò¥ ̧ µ¸ÉµÖ´¨Ö λ ¸µ¸É ¢´µ-
£µ Ö¤· , ±µÉµ·Ò¥ Ê¤µ¢²¥É¢µ·ÖÕÉ Ô±¸¶µ´¥´Í¨ ²Ó´µ³Ê § ±µ´Ê · ¸¶ ¤ , Éµ ³ É-
·¨Í  ¶²µÉ´µ¸É¨ ρ

__
I
f

 (Mf , Mf′ ), Ê¸·¥¤´¥´´ Ö ¶µ · ¸¶·¥¤¥²¥´¨Õ Ô´¥·£¨¨, µ¶¨-

¸Ò¢ ¥É¸Ö ¸²¥¤ÊÕÐ¥° Ëµ·³Ê²µ°:

ρ
__

I
f

 (Mf , Mf′ ) = 
1

∆E
      ∫ 
E − 

∆E
2

E + 
∆E
2

     

ρI
f

 (Mf , Mf′ )

(E ′ − Eλ)2 + 
1
4
 Γλ

 2
 dE ′, (29)

£¤¥ Eλ Å Ô´¥·£¨Ö Ê·µ¢´Ö λ, Γλ Å ¶µ²´ Ö Ï¨·¨´  Ê·µ¢´Ö λ, E Å Ô´¥·£¨Ö

¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ.

�·µ¸Ê³³¨·µ¢ ¢ ¶µ ¢¸¥³ ·¥§µ´ ´¸ ³ ¢ ¨´É¥·¢ ²¥ Ê¸·¥¤´¥´¨Ö, ¶¥·¥°¤¥³

± ±µÔËË¨Í¨¥´É ³ ¶·µ´¨Í ¥³µ¸É¨ TlI

I
C , ±µÉµ·Ò¥ ¸¢Ö§ ´Ò ¸µ ¸·¥¤´¥°
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¶ ·Í¨ ²Ó´µ° Ï¨·¨´µ° ΓlI

 I
C ¨ ¸·¥¤´¨³ · ¸¸ÉµÖ´¨¥³ ³¥¦¤Ê Ê·µ¢´Ö³¨ DI

C
 ¸²¥-

¤ÊÕÐ¨³ ¸µµÉ´µÏ¥´¨¥³:

TlI

I
C = 2π 

ΓlI

 I
C

DI
C

 .

�±µ´Î É¥²Ó´µ ¸¶¨´-É¥´§µ·Ò ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ¢ ¸É É¨¸É¨Î¥¸±µ³ ¶·¥-
¤¥²¥ ³µ¤¥²¨ ¸µ¸É ¢´µ£µ Ö¤·  ¨³¥ÕÉ ¢¨¤

ρkκ(θb) = 
1

2ka
2
 

√If + 1

(2Ia + 1)(2IA + 1)      ∑ 
I
1
 I

2
 I

C
 I

2
′

    (− 1)
2I

C
 + I

f
 − I

b ×

× (2IC + 1)2 √(2I2 + 1)(2I2′  + 1) w(If I2 If I1′ ; Ib k) ×

×            ∑ 
lm

l
 l ′m

l
′  l

a
 l

a
′ l

b
 l

b
′

           √(2l + 1)(2l ′ + 1)(2la + 1)(2la′ + 1)  ×

× 〈 la 0 lb mblml 〉 〈 la′ 0lb′ mb′ l ′ml′ 〉 〈 lml l ′ml′ kκ〉 ×

× w(l
1
 la I2 lb ; IC l) w(I

1
 la′ I2′ lb′ ; IC l ′ ) w(I

2
 l

2
 I

1
′ l ′ ; I

1
k) ×

× 

Tl
a
 I

1
 l

a
′ I

1

I
C   Tl

b
 I

2
 l

b
′ I

2
′

I
C

g(IC)   P
__

l
b
 m

l

 (θb) P
__

l
b
′m

l
′  (θb), (30)

£¤¥ P
__

l
b
 m

l

 (θb) Å ¶·¨¸µ¥¤¨´¥´´Ò¥ ¶µ²¨´µ³Ò ‹¥¦ ´¤· .

‡´ ³¥´ É¥²Ó ¢ Ëµ·³Ê²¥ (30) ´ §Ò¢ ¥É¸Ö µ¡Ð¥° Ï¨·¨´µ° · ¸¶ ¤  ¸µ¸-
É ¢´µ£µ Ö¤·  ¨ ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¢¸¥ Ô´¥·£¥É¨Î¥¸±¨ ¢µ§³µ¦´Ò¥ ± ´ ²Ò · ¸¶ -
¤  ¸µ¸É ¢´µ£µ Ö¤· :

g(IC) = ∑ 
n

 ∑ 
l
2

       ∑ 
I
2
 = l

2
 − I

C


l
2
 + I

C

              ∑ 
I
f
 = I

2
 − I

b


I
2
 + I

b

       









    ∑ 

E
f
 = 0

E
C

   Tl
2
 I

2

I
C  +

+   ∫ 
E

C

E
f

 ∗

  Tl
2
 I

2

I
C  ρ(EB

 ∗, IB) dEB 










 , (31)
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n Å ±µ²¨Î¥¸É¢µ µÉ±·ÒÉÒÌ ± ´ ²µ¢, Ef
 ∗ Å Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´´µ£µ Ê·µ¢´Ö

Ö¤· -µ¸É É±  B, EC Å Ô´¥·£¨Ö, ¢ÒÏ¥ ±µÉµ·µ° ²¥¦¨É ´¥¶·¥·Ò¢´Ò° ¸¶¥±É·

(£· ´¨Í  ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É· ).
„²Ö ¶·µ¢¥¤¥´¨Ö · ¸Î¥Éµ¢ ¸¶¨´-É¥´§µ·µ¢ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨, § ¸¥²¥´-

´µ¸É¥° ³ £´¨É´ÒÌ ¶µ¤Ê·µ¢´¥°, ËÊ´±Í¨° Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ ¨ ¤¨ËË¥·¥´-
Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ¢ ³µ¤¨Ë¨Í¨·µ¢ ´´µ° ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ ¸µ¸É ¢´µ£µ
Ö¤·  ¢ ¶·¨²µ¦¥´¨¨ ± ·¥ ±Í¨Ö³ ¸ ¶µ²ÊÉÖ¦¥²Ò³¨ ¨µ´ ³¨ ´ ³¨ ¡Ò²  ¸µ§¤ ´ 
µ·¨£¨´ ²Ó´ Ö ±µ³¶ÓÕÉ¥·´ Ö ¶·µ£· ³³  CNCOR [41]. � ¨¡µ²¥¥ ¶·¨´Í¨¶¨-
 ²Ó´Ò³¨ ¢µ¶·µ¸ ³¨ ·¥ ²¨§ Í¨¨ ÔÉµ° ¶·µ£· ³³Ò Ö¢²ÖÕÉ¸Ö § ¤ Î¨ ¢ÒÎ¨¸-

²¥´¨Ö ±µÔËË¨Í¨¥´Éµ¢ ¶·µ´¨Í ¥³µ¸É¨ TlI

 I
C  ¨ µ¡Ð¥° Ï¨·¨´Ò · ¸¶ ¤  g(IC).

ŠµÔËË¨Í¨¥´ÉÒ ¶·µ´¨Í ¥³µ¸É¨ TlI

I
C  ³µ¦´µ ¢Ò· §¨ÉÓ Î¥·¥§ Ô²¥³¥´ÉÒ

³ É·¨ÍÒ · ¸¸¥Ö´¨Ö ¢µ ¢Ìµ¤´µ³ ¨ ¢ÒÌµ¤´µ³ ± ´ ² Ì ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

TlI

I
C = 1 − SlI

I
C2. (32)

‚ ¶·µ£· ³³¥ CNCOR Ô²¥³¥´ÉÒ S-³ É·¨ÍÒ µ¶·¥¤¥²ÖÕÉ¸Ö ¢ · ³± Ì µ¶É¨Î¥-
¸±µ° ³µ¤¥²¨ ¶ÊÉ¥³ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³
±µ³¶²¥±¸´Ò³ ¸¶¨´-µ·¡¨É ²Ó´Ò³ ¶µÉ¥´Í¨ ²µ³.

Ÿ¤¥·´Ò° ¸¶¨´-µ·¡¨É ²Ó´Ò° ¶µÉ¥´Í¨ ², ÊÎ¨ÉÒ¢ ÕÐ¨° ´¥Í¥´É· ²Ó´Ò¥
¢§ ¨³µ¤¥°¸É¢¨Ö, ¨³¥¥É ¢¨¤

VlI (r) = 

 

h
mπc

 

 



 − 

1
r
 
df

4

dr
 VlI − i 

1
r
 
df

5

dr
 WlI 




 , (33)

£¤¥ 
h

mπc
 Å ±µ³¶Éµ´µ¢¸± Ö ¤²¨´  ¢µ²´Ò ¶¨µ´ , VlI , WlI Å £²Ê¡¨´Ò

¤¥°¸É¢¨É¥²Ó´µ° ¨ ³´¨³µ° Î ¸É¥° ¸¶¨´-µ·¡¨É ²Ó´µ£µ ¶µÉ¥´Í¨ ² .
� ¤¨ ²Ó´Ò¥ § ¢¨¸¨³µ¸É¨ f

4
 ¨ f

5
 ¢Ò¡· ´Ò ¢ ¸É ´¤ ·É´µ° ¢Ê¤¸-¸ ±¸µ´µ¢¸±µ°

Ëµ·³¥.  „¥É ²¨  ¢ÒÎ¨¸²¥´¨Ö  ±µÔËË¨Í¨¥´Éµ¢  TlI

I
C   ³µ¦´µ  ´ °É¨  ¢

· ¡µÉ Ì [42,43].
‚ÒÎ¨¸²¥´¨¥ µ¡Ð¥° Ï¨·¨´Ò · ¸¶ ¤  g(IC) É·¥¡Ê¥É §´ ´¨Ö Ô´¥·£¨¨, ¸¶¨-

´  ̈  Î¥É´µ¸É¨ ¢¸¥Ì ¸µ¸ÉµÖ´¨° Ö¤· -µ¸É É±  ¢µ ¢¸¥Ì ± ´ ² Ì · ¸¶ ¤ . ‘µ¸É ¢-
´µ¥ Ö¤·µ ¸µ ¸¶¨´µ³ IC , · ¸¶ ¤ Ö¸Ó ¶µ µ¶·¥¤¥²¥´´µ³Ê ± ´ ²Ê, ³µ¦¥É µ¡· -

§µ¢ ÉÓ Ö¤·µ, ¢µ§¡Ê¦¤¥´´Ò¥ Ê·µ¢´¨ ±µÉµ·µ£µ ²¥¦ É ¢ µ¡² ¸É¨ ± ± ¤¨¸±·¥É´µ-
£µ, É ± ¨ ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É· . �¥·¢µ¥ ¸² £ ¥³µ¥ ¢ (31) ÊÎ¨ÉÒ¢ ¥É ¤µ²Õ,
¶·¨Ìµ¤ÖÐÊÕ¸Ö ´  Ê·µ¢´¨, ²¥¦ Ð¨¥ ¢ µ¡² ¸É¨ ¤¨¸±·¥É´µ£µ ¸¶¥±É· . “Î¥¸ÉÓ
ÔÉÊ ¤µ²Õ ´¥É·Ê¤´µ, ¶·µ¸Ê³³¨·µ¢ ¢ ±µÔËË¨Í¨¥´ÉÒ ¶·µ´¨Í ¥³µ¸É¨ ¶µ
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Ô´¥·£¨¨ ¢¸¥Ì ´¨§±µ²¥¦ Ð¨Ì ¤¨¸±·¥É´ÒÌ Ê·µ¢´¥° ¤µ Ô´¥·£¨¨ EC , ±µÉµ· Ö

´ §Ò¢ ¥É¸Ö £· ´¨Í¥° ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É· . ‚Éµ·µ¥ ¸² £ ¥³µ¥ ¢ (31) µ¶·¥-
¤¥²Ö¥É ¸Ê³³ ·´Ò° ¢±² ¤ ¢¸¥Ì Ê·µ¢´¥° ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É·  ¢ µ¡ÐÊÕ
Ï¨·¨´Ê · ¸¶ ¤ . �·¨ ¨´É¥£·¨·µ¢ ´¨¨ ¶µ ¢¸¥° Ô´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨ ´¥-
¶·¥·Ò¢´µ£µ ¸¶¥±É·  ´¥µ¡Ìµ¤¨³µ ÊÎ¥¸ÉÓ ´¥· ¢´µ³¥·´µ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö
Ê·µ¢´¥° ´  Ô´¥·£¥É¨Î¥¸±µ³ ¨´É¥·¢ ²¥ ¶ÊÉ¥³ ¢¢¥¤¥´¨Ö ¶²µÉ´µ¸É¨ Ê·µ¢´¥°

±µ´¥Î´µ£µ Ö¤·  ρ(EB
 ∗, IB). ˆ´É¥£·¨·µ¢ ´¨¥ ¢µ ¢Éµ·µ³ ¸² £ ¥³µ³ Ëµ·³Ê²Ò

(31) ¶·µ¢µ¤¨É¸Ö µÉ Ô´¥·£¨¨ EC ¤µ Ef
 ∗ Å ³ ±¸¨³ ²Ó´µ ¢µ§³µ¦´µ° Ô´¥·£¨¨

¢µ§¡Ê¦¤¥´¨Ö ±µ´¥Î´µ£µ Ö¤· , µ¶·¥¤¥²Ö¥³µ° ¶µ Ëµ·³Ê²¥

Ef
 ∗ max = E² ¡ 

ma

ma + mA
 + Q,

£¤¥ E
² ¡

 Å Ô´¥·£¨Ö ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ ¢ ².¸.±., ma , mA Å ³ ¸¸Ò ¶ ¤ ÕÐ¥°

Î ¸É¨ÍÒ a ¨ Ö¤· -³¨Ï¥´¨ A, Q  Å É¥¶²µ¢µ° ÔËË¥±É ·¥ ±Í¨¨.

‡´ Î¥´¨¥ EC ± ± £· ´¨ÍÒ ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É·  ³µ¦´µ µ¶·¥¤¥²¨ÉÓ ¶µ

¶µÖ¢²¥´¨Õ ³ ²µ° ¢¥·µÖÉ´µ¸É¨ ¨¸¶Ê¸± ´¨Ö Î ¸É¨ÍÒ ¸ ¶µ³µÐÓÕ É ¡²¨Í Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ µ ¸É·Ê±ÉÊ·¥ ¸¶¥±É·µ¢ ¨ · ¸¶ ¤¥ ¢µ§¡Ê¦¤¥´´ÒÌ
Ê·µ¢´¥° Ö¤¥·, ´ ¶·¨³¥·, ¢ [44].

ˆ´É¥£·¨·µ¢ ´¨¥ T-±µÔËË¨Í¨¥´Éµ¢ ¢ ´¥¶·¥·Ò¢´µ³ ¸¶¥±É·¥ ¶·µ¢µ¤¨É¸Ö
¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ±µ´±·¥É´ÒÌ ¢Ò· ¦¥´¨° ¤²Ö ¶²µÉ´µ¸É¨ Ê·µ¢´Ö Ö¤· . ‚
¶·µ£· ³³¥ CNCOR ¨¸¶µ²Ó§Ê¥É¸Ö ³µ¤¥²Ó, ¢ ±µÉµ·µ° Ö¤·µ · ¸¸³ É·¨¢ ¥É¸Ö
± ± ¢Ò·µ¦¤¥´´Ò° Ë¥·³¨-£ §. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¶²µÉ´µ¸ÉÓ Ê·µ¢´¥° Ö¤·  ¸ Ô´¥·-

£¨¥° ¢µ§¡Ê¦¤¥´¨Ö E ∗ ¨ ¸¶¨´µ³ I ¨³¥¥É ¢¨¤ [45]:

ρ(E ∗, I ) = (2I + 1) exp 



 − 


 I + 

1
2
 


 2
6 2σ2 




 ρ(E ∗), (34)

£¤¥ ρ(E ∗) = 
exp (2√aU)

12a16 4(U)5 6 4(2σ2)36 2
 .

�²µÉ´µ¸ÉÓ Ê·µ¢´¥° µ¶·¥¤¥²Ö¥É¸Ö ÔËË¥±É¨¢´µ° Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö ¨
¤¢Ê³Ö ¶ · ³¥É· ³¨ ³µ¤¥²¨: ¶ · ³¥É·µ³ ¶²µÉ´µ¸É¨ Ê·µ¢´Ö a ¨ ¶ · ³¥É·µ³

¸¶¨´µ¢µ° § ¢¨¸¨³µ¸É¨ σ2. �ËË¥±É¨¢´ Ö Ô´¥·£¨Ö U µ¶·¥¤¥²¥´  ¸²¥¤ÊÕÐ¨³
µ¡· §µ³:

U = E ∗ − �(Z) − P(N),

£¤¥ P(Z), P(N) Å Ô´¥·£¨¨ ¸¶ ·¨¢ ´¨Ö ¶·µÉµ´´ÒÌ ¨ ´¥°É·µ´´ÒÌ ±µ³¶µ-
´¥´É, ±µÉµ·Ò¥ ¢ÒÎ¨¸²¥´Ò ¸ ¶µ³µÐÓÕ ¶µ²ÊÔ³¶¨·¨Î¥¸±¨Ì Ëµ·³Ê²  Éµ³´ÒÌ
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³ ¸¸ ¨ § É ¡Ê²¨·µ¢ ´Ò (¸³., ´ ¶·¨³¥·, [46]). � · ³¥É· ¸¶¨´µ¢µ° § ¢¨¸¨-
³µ¸É¨ µ¶·¥¤¥²Ö¥É¸Ö ¢ ¶·µ£· ³³¥ ¶µ Ëµ·³Ê²¥:

σ2 = 0,1459 √aU  A26 3 (35)

¤²Ö Ö¤¥· ¸ ³ ¸¸µ¢Ò³ Î¨¸²µ³ A [47,48]. ‡´ Î¥´¨¥ ¶ · ³¥É·  ¶²µÉ´µ¸É¨
Ê·µ¢´¥° a ¢Ò¡¨· ²µ¸Ó ´  µ¸´µ¢¥ Ëµ·³Ê², ¶·¥¤²µ¦¥´´ÒÌ ¢ · ¡µÉ Ì „¦¨²Ó-
¡¥·É  ¨ Š ³¥·µ´  [47,48].

�¡·¥§ ´¨¥ ¨· ¸É-²¨´¨¨ ¢ ± ¦¤µ³ µÉ±·ÒÉµ³ ± ´ ²¥ ¶·µ¢µ¤¨²µ¸Ó ¸
¨¸¶µ²Ó§µ¢ ´¨¥³ ¸µµÉ´µÏ¥´¨Ö

E ̈ · ¸É(I ) = [I(I + 1) − K 2] 
h2

2FTB
 , (36)

£¤¥ K Å ¸¶¨´ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö Ö¤· -µ¸É É± , FTB = 26 5mAR 2 Å ³µ-

³¥´É ¨´¥·Í¨¨ ¸Ë¥·¨Î¥¸±µ£µ ¦¥¸É±µ£µ ¶µ²Ö, R = r
0
 A1 6 3 Ë³, m Å ³ ¸¸ 

´Ê±²µ´  ¢ ŒÔ‚, I ̈ · ¸Éµ¡µ§´ Î ¥É Ê£²µ¢µ° ³µ³¥´É ¸Ë¥·¨Î¥¸±µ£µ ¦¥¸É±µ£µ

¢· Ð É¥²Ó´µ£µ É¥²  ¶·¨ ¤ ´´µ° Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö E ̈ · ¸É, ±µÉµ· Ö
µ¶·¥¤¥²Ö¥É¸Ö ¸µµÉ´µÏ¥´¨¥³ (36).

5. ˆ‘‘‹…„�‚��ˆ… Š‚�‡ˆ‘’�–ˆ�����›•
α-Š‹�‘’…��›• ‘�‘’�Ÿ�ˆ‰ Ÿ„…�

‚ �…�Š–ˆŸ•, ‚›‡‚���›• ˆ���Œˆ 6,7Li,
‘ ��Œ�™œ� “ƒ‹�‚›• d − α- ˆ t − α-Š���…‹Ÿ–ˆ‰

5.1. �±¸¶¥·¨³¥´É ²Ó´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ËÊ´±Í¨° Ê£²µ¢µ° d − α- ¨ t − α-
±µ··¥²ÖÍ¨°. �¥ ±Í¨¨ ¶¥·¥¤ Î¨ α-Î ¸É¨Î´µ£µ ±² ¸É¥· , ¢Ò§¢ ´´Ò¥ ¶µ²Ê-
ÉÖ¦¥²Ò³¨ ¨µ´ ³¨, Ê¦¥ ¡µ²¥¥ 20 ²¥É Ö¢²ÖÕÉ¸Ö ¨¸ÉµÎ´¨±µ³ ´µ¢µ° ¨´Ëµ·-
³ Í¨¨ µ¡ α-Î ¸É¨Î´ÒÌ ¢· Ð É¥²Ó´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ Ö¤¥· 1p-, 2s − 1d-µ¡µ²µÎ¥±
[49Å51]. �¥ µ¸É ´ ¢²¨¢ Ö¸Ó ¤¥É ²Ó´µ ´  ³´µ¦¥¸É¢¥ ·¥§Ê²ÓÉ Éµ¢ ¨¸¸²¥¤µ-
¢ ´¨° · §²¨Î´ÒÌ É¨¶µ¢ ·¥ ±Í¨° α-¶¥·¥¤ Î¨, ̧ µÏ²¥³¸Ö ́   µ¡Ï¨·´ÊÕ µ¡§µ·-
´ÊÕ ²¨É¥· ÉÊ·Ê [12,52] ̈  ³µ´µ£· Ë¨Õ, ¶µ¸¢ÖÐ¥´´ÊÕ ̧ ¶¥±É·µ¸±µ¶¨Î¥¸±¨³ ̈
±² ¸É¥·´Ò³  ¸¶¥±É ³ ·¥ ±Í¨° ³´µ£µ´Ê±²µ´´ÒÌ ¶¥·¥¤ Î [53]. �É³¥É¨³, ÎÉµ
·¥ ±Í¨¨ α-¶¥·¥¤ Î¨ ´¥¶µ¸·¥¤¸É¢¥´´µ ¸¢Ö§ ´Ò ¸ ±² ¸É¥·´Ò³¨ ¶·¥¤¸É ¢²¥-
´¨Ö³¨ µ ¸É·Ê±ÉÊ·¥ ²¥£±¨Ì Ö¤¥· ¨ ´ ²¨Î¨¨ ¢ Ö¤· Ì p- ¨ sd-µ¡µ²µÎ¥± ¢µ§¡Ê¦-
¤¥´´ÒÌ ±¢ §¨¸É Í¨µ´ ·´ÒÌ ¸µ¸ÉµÖ´¨° α-±² ¸É¥·´µ° ¶·¨·µ¤Ò. �¸µ¡µ¥ ³¥¸-
Éµ ¢ ÔÉµ³ ·Ö¤Ê § ´¨³ ÕÉ Ö¤¥·´Ò¥ ·¥ ±Í¨¨ α-¶¥·¥¤ Î¨ ¶µ¤ ¤¥°¸É¢¨¥³ ¨µ´µ¢

²¨É¨Ö: (6Li, d) ¨ (7Li, t). ˆ³¥´´µ ¤²Ö ÔÉ¨Ì ¨µ´µ¢ ¡Ò²  ¢¶¥·¢Ò¥ Ô±¸¶¥·¨³¥´-
É ²Ó´µ µ¡´ ·Ê¦¥´  [49Å51] ¨ ³´µ£µ±· É´µ ¶µ¤É¢¥·¦¤¥´  ¨¸±²ÕÎ¨É¥²Ó´ Ö
¨§¡¨· É¥²Ó´µ¸ÉÓ ¢ § ¸¥²¥´¨¨ ±µ´¥Î´ÒÌ ̧ µ¸ÉµÖ´¨° ¢ Ö¤· Ì. �±¸¶¥·¨³¥´É ²Ó-
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´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ¸¥Î¥´¨° ÔÉ¨Ì ·¥ ±Í¨°,   É ±¦¥ ·¥ ±Í¨° α-¶¥·¥¤ Î¨, ¢Ò-

§¢ ´´ÒÌ ¶µÖ¢¨¢Ï¨³¨¸Ö ¶µ§¦¥ ¶ÊÎ± ³¨ ¨µ´µ¢ 16O [54], 11B, 12,13C [55] ¡Ò-
²¨, ¢ µ¸´µ¢´µ³, ´ ¶· ¢²¥´Ò ´  µÉ±·ÒÉ¨¥ ¨ ¨§ÊÎ¥´¨¥ ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨Ì
¸¢µ°¸É¢ ¢µ§¡Ê¦¤¥´´ÒÌ ±² ¸É¥·´ÒÌ ¸µ¸ÉµÖ´¨°. ‚ ÔÉµ° ¸¢Ö§¨ É¥µ·¥É¨Î¥¸±¨°
 ´ ²¨§ ·¥§Ê²ÓÉ Éµ¢ ¶·¨µ¡·¥² µ¸µ¡µ¥ §´ Î¥´¨¥, ¶µ¸±µ²Ó±Ê, ¢ · ³± Ì ¢Ò¡· ´-
´µ° ³µ¤¥²¨ ·¥ ±Í¨¨, ¶µ§¢µ²¨² ¸· ¢´¨ÉÓ ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨¥ Ë ±Éµ·Ò, ¶µ-
²ÊÎ¥´´Ò¥ ¨§ Ô±¸¶¥·¨³¥´É , ¸ ¶·¥¤¸± § ´¨Ö³¨ É¥µ·¨¨. �µ²ÓÏ¨¥ ¢µ§³µ¦´µ-
¸É¨ ¤²Ö É ±µ£µ  ´ ²¨§  µÉ±·Ò²¨¸Ó ¢ ·¥§Ê²ÓÉ É¥ · §· ¡µÉ±¨ É¥µ·¥É¨Î¥¸±µ£µ
³¥Éµ¤  ¨ ¸µ§¤ ´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ±µ³¶ÓÕÉ¥·´ÒÌ ¶·µ£· ³³ [57Å61] ´ 
µ¸´µ¢¥ ¡µ·´µ¢¸±µ£µ ¶·¨¡²¨¦¥´¨Ö ̧  ̈ ¸± ¦¥´´Ò³¨ ¢µ²´ ³¨ ̈  ÉµÎ´Ò³ ÊÎ¥Éµ³
¶µÉ¥´Í¨ ²µ¢  ¨  · §³¥·µ¢  µ¡² ¸É¨  ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ ÔËË¥±Éµ¢ µÉ¤ Î¨
(EFR DWBA).

‚ Éµ ¦¥ ¢·¥³Ö ¨¸¸²¥¤µ¢ ´¨¥ ·¥ ±Í¨° ¶¥·¥¤ Î¨ ¸µ¢¶ ²µ ¸ ¨´É¥´¸¨¢´Ò³
· §¢¨É¨¥³ É¥µ·¥É¨Î¥¸±¨Ì ³¥Éµ¤µ¢ ¶µ¸É·µ¥´¨Ö ±² ¸É¥·´ÒÌ ¢µ²´µ¢ÒÌ ËÊ´±-
Í¨° Ö¤¥· ¨ · ¸Î¥Éµ¢ ±² ¸É¥·´ÒÌ ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨Ì ³´µ¦¨É¥²¥°, É ±¨Ì
± ±  ´É¨¸¨³³¥É·¨§µ¢ ´´ Ö ±² ¸É¥·´ Ö ³µ¤¥²Ó [62,63], ³¥Éµ¤ ·¥§µ´¨·ÊÕÐ¨Ì
£·Ê¶¶ (Œ�ƒ) [64], ³¥Éµ¤Ò ·¥Ï¥´¨Ö § ¤ Î¨ É·¥Ì ¨ ¡µ²¥¥ É¥² [65Å67].

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ·¥ ±Í¨° α-¶¥·¥¤ Î¨, ¢Ò§¢ ´´ÒÌ ¨µ-

´ ³¨ 6,7Li, ¨ É¥µ·¥É¨Î¥¸±¨°  ´ ²¨§ ¸¥Î¥´¨° ¢µ§¡Ê¦¤¥´¨Ö ·Ö¤  ´¨§±µ²¥¦ -

Ð¨Ì ±² ¸É¥·´ÒÌ ̧ µ¸ÉµÖ´¨° ¢ Ö¤· Ì 12C, 16O, 18F, 20Ne ¢ · ³± Ì EFR DWBA
¨ ³µ¤¥²¨ ̧ µ¸É ¢´µ£µ Ö¤·  ¢ Ëµ·³ ²¨§³¥ • Ê§¥·  Å ”¥Ï¡ Ì  ¡Ò²¨ ¶·µ¢¥¤¥-

´Ò ¢ · ¡µÉ Ì [68Å72]. �É³¥É¨³, ÎÉµ ¥¸²¨ ¤²Ö Ö¤·  20Ne ¡Ò²¨ ¶µ²ÊÎ¥´Ò
¸¶¥±É·µ¸±µ¶¨Î¥¸±¨¥ Ë ±Éµ·Ò, Ìµ·µÏµ ¸µ£² ¸ÊÕÐ¨¥¸Ö ³¥¦¤Ê ¸µ¡µ° ¨ ¸ É¥µ-
·¥É¨Î¥¸±¨³¨ · ¸Î¥É ³¨ ¶µ ³µ¤¥²¨ µ¡µ²µÎ¥± ¨ ±² ¸É¥·´µ° ³µ¤¥²¨, Éµ ¤²Ö
16O ¸µ£² ¸µ¢ ´´ÒÌ §´ Î¥´¨° ¶µ²ÊÎ¨ÉÓ ´¥ Ê¤ ²µ¸Ó [44].

“£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¢Ò²¥É ÕÐ¨Ì Î ¸É¨Í ¢ ¸²ÊÎ ÖÌ, ±µ£¤  ±µ´¥Î´µ¥
Ö¤·µ µ¡· §Ê¥É¸Ö ¢ ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ, É¥·ÖÕÉ Ì · ±É¥·´Ò¥
¤²Ö ¶·Ö³ÒÌ ·¥ ±Í¨° Î¥·ÉÒ Å ´ ¶· ¢²¥´´µ¸ÉÓ ¢¶¥·¥¤, µ¸Í¨²²¨·ÊÕÐÊÕ
¸É·Ê±ÉÊ·Ê Å ¨ ¸É ´µ¢ÖÉ¸Ö ³ ²µ¨´Ëµ·³ É¨¢´Ò³¨. ‚ · ¡µÉ¥ [11] ¡Ò² ¶·¥¤-
²µ¦¥´ ³¥Éµ¤ ¨§³¥·¥´¨Ö ¤¢µ°´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° Å ËÊ´±Í¨°
Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ Î ¸É¨Í -Î ¸É¨Í , ²¥¦ Ð¨° ¢ µ¸´µ¢¥ ´µ¢µ£µ ´ ¶· ¢²¥-
´¨Ö, ¡µ²¥¥ ¶·µ¤Ê±É¨¢´µ£µ ¸ ÉµÎ±¨ §·¥´¨Ö ¸¶¥±É·µ¸±µ¶¨¨ ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´-
´ÒÌ α-±² ¸É¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¨ ¨¸¸²¥¤µ¢ ´¨Ö ·µ²¨ · §²¨Î´ÒÌ ³¥Ì ´¨§³µ¢
·¥ ±Í¨° ¸ ²¥£±¨³¨ ÉÖ¦¥²Ò³¨ ¨µ´ ³¨ [13,73,74]. �¢Éµ· ³¨ ¡Ò²µ ¶µ± § ´µ,

ÎÉµ ¢ ·¥ ±Í¨¨ 12C(6Li, d)16O∗(α)12C Ê£²µ¢ Ö d − α-±µ··¥²ÖÍ¨Ö, ¨§³¥·¥´´ Ö ¢
¶²µ¸±µ¸É¨ ·¥ ±Í¨¨ ¶·¨ ³ ²ÒÌ Ê£² Ì ¢Ò²¥É  ¤¥°É·µ´µ¢ µÉ´µ¸¨É¥²Ó´µ ´ -
¶· ¢²¥´¨Ö ¶ÊÎ±  (θd = 10Æ), ³µ¦¥É ¡ÒÉÓ  ¶¶·µ±¸¨³¨·µ¢ ´  ¶·µ¸Éµ°

ËÊ´±Í¨¥°

W(θd , θα) = 
2If + 1

4π  [PI
f

 (cos (θα − θ
0
))]2, (37)
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£¤¥ PI
f

 Å ¶µ²¨´µ³Ò ‹¥¦ ´¤· , If Å ¸¶¨´ ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö 16O,

θα Å Ê£µ² ¢Ò²¥É  α-Î ¸É¨ÍÒ µÉ´µ¸¨É¥²Ó´µ ´ ¶· ¢²¥´¨Ö ¨³¶Ê²Ó¸  Ö¤· 

16O ¢ ¸¨¸É¥³¥ ¶µ±µÖ ÔÉµ£µ Ö¤· , θ
0
 Å ¸¤¢¨£ µÉ´µ¸¨É¥²Ó´µ ÔÉµ£µ ´ ¶· ¢-

²¥´¨Ö.

‘ ¶µ³µÐÓÕ ¨§³¥·¥´¨Ö ”“Š ¢ ·¥ ±Í¨¨ (6Li, d) ¡Ò²¨ µÉ±·ÒÉÒ ¨ ¨¤¥´-
É¨Ë¨Í¨·µ¢ ´Ò ¶µ ¸¶¨´Ê ¨ Î¥É´µ¸É¨ ´µ¢Ò¥ ¢Ò¸µ±µ²¥¦ Ð¨¥ (¸ Ô´¥·£¨¥° ¢µ§-

¡Ê¦¤¥´¨Ö E ∗ ¢ÒÏ¥ 10 ŒÔ‚ ¨ ¢¶²µÉÓ ¤µ E ∗ = 30 ŒÔ‚) α-±² ¸É¥·´Ò¥ ¸µ¸Éµ-

Ö´¨Ö ¢ Ö¤· Ì 16O [11], 20Ne [75], 28Si [76], 18O [77], 18F [78]. 

�±¸¶¥·¨³¥´É ²Ó´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ±µ··¥²ÖÍ¨° Î ¸É¨Í -Î ¸É¨Í  ¢ ·¥ ±-
Í¨ÖÌ, ¢Ò§¢ ´´ÒÌ ¶µ²ÊÉÖ¦¥²Ò³¨ ¨µ´ ³¨, Ö¢²Ö¥É¸Ö ¢¥¸Ó³  É·Ê¤µ¥³±¨³ ¶·µ-
Í¥¸¸µ³, É·¥¡ÊÕÐ¨³ ¡µ²ÓÏµ£µ ¢·¥³¥´¨ ¤²Ö ´ ¡µ·  ¤µ¸É ÉµÎ´µ° ¸É É¨¸É¨±¨.
�µÔÉµ³Ê ¨§³¥·¥´¨Ö, ¢Ò¶µ²´¥´´Ò¥ ¤µ ´ ¸ÉµÖÐ¥£µ ¢·¥³¥´¨, ¶·µ¢µ¤¨²¨¸Ó ¢
µ¤´µ° ¶²µ¸±µ¸É¨ ¢Ò²¥É  ¨§²ÊÎ¥´¨Ö, ÎÉµ ´¥¤µ¸É ÉµÎ´µ ¤²Ö ¢µ¸¸É ´µ¢²¥´¨Ö
±µ³¶µ´¥´Éµ¢ ¸¶¨´-É¥´§µ·µ¢ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨. ’¥³ ´¥ ³¥´¥¥  ´ ²¨§
ËÊ´±Í¨° Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ ¨ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨Ì ·¥ ±Í¨° ¤ ¥É ¨´É¥·¥¸´ÊÕ ¨´Ëµ·³ Í¨Õ ± ± µ ¸É·Ê±ÉÊ·¥ ±² ¸É¥·´ÒÌ
¢Ò¸µ±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨°, É ± ¨ µ ¤¨´ ³¨±¥ ¨ ³¥Ì ´¨§³ Ì ¸ ³¨Ì ·¥ ±Í¨°.

� ¡²Õ¤ ¥³ Ö ¶·¨ · §²¨Î´ÒÌ Ô´¥·£¨ÖÌ ¨µ´µ¢ 6Li ¨ ¤²Ö · §²¨Î´ÒÌ ¸µ-
¸ÉµÖ´¨° Ö¤¥· ¶·µ¸É Ö Ê£²µ¢ Ö § ¢¨¸¨³µ¸ÉÓ ”“Š ¢ ¸²ÊÎ ¥ ·¥£¨¸É· Í¨¨ ¤¥°É-
·µ´  ¶·¨ ́ ¥¡µ²ÓÏ¨Ì Ê£² Ì µÉ´µ¸¨É¥²Ó´µ ́  ¶· ¢²¥´¨Ö ¶ ¤ ÕÐ¥£µ ¶ÊÎ±  Ê± -
§Ò¢ ¥É ´  ¶·¥¨³ÊÐ¥¸É¢¥´´µ¥ § ¸¥²¥´¨¥ µ¤´µ° ¶·µ¥±Í¨¨ ¸¶¨´  ¢µ§¡Ê¦¤¥´-
´µ£µ ̧ µ¸ÉµÖ´¨Ö ±µ´¥Î´µ£µ Ö¤· , mf = 0. • · ±É¥·´µ° µ¸µ¡¥´´µ¸ÉÓÕ ËÊ´±Í¨°

d − α-±µ··¥²ÖÍ¨° Ö¢²Ö¥É¸Ö ´¥¡µ²ÓÏµ°, § ¢¨¸ÖÐ¨° µÉ ±µ´±·¥É´µ£µ ¸µ¸ÉµÖ-
´¨Ö, ¸¤¢¨£ ´  Ê£µ² θ0 µ¸¨ ¸¨³³¥É·¨¨ ”“Š (37) µÉ´µ¸¨É¥²Ó´µ ´ ¶· ¢²¥´¨Ö

µÉ¤ Î¨ ±µ´¥Î´µ£µ Ö¤· .

ˆ´É¥·¶·¥É Í¨Ö ³¥Ì ´¨§³  ·¥ ±Í¨¨ ± ± ¶·Ö³µ° ¶¥·¥¤ Î¨ α-Î ¸É¨Î´µ£µ
±² ¸É¥·  ¨ ¶·µ¸É Ö Ëµ·³  ”“Š ¤ ²¨ µ¸´µ¢ ´¨¥ ¶·µ¢¥¸É¨ ¶¥·¢Ò¥ · ¸Î¥ÉÒ
Ê£²µ¢ÒÌ ±µ··¥²ÖÍ¨° ¸ ¶µ³µÐÓÕ Œˆ‚ ¤²Ö ³¥Ì ´¨§³  ¸·Ò¢  [79]. � ¸Î¥ÉÒ
¶µ± § ²¨, ÎÉµ ¸¤¢¨£ ´  Ê£µ² θ0 µ¸¨ ¸¨³³¥É·¨¨ ”“Š (37) µÉ´µ¸¨É¥²Ó´µ ´ -

¶· ¢²¥´¨Ö ¶¥·¥¤ ´´µ£µ ¨³¶Ê²Ó¸  ¢ ¶·¨¡²¨¦¥´¨¨ ¶²µ¸±¨Ì ¢µ²´, ³µ¦¥É ¡ÒÉÓ
µ¡ÑÖ¸´¥´ ¢²¨Ö´¨¥³ ¨¸± ¦¥´¨° ¶²µ¸±¨Ì ¢µ²´ ¢µ ¢Ìµ¤´µ³ ¨ ¢ÒÌµ¤´µ³ ± ´ -
² Ì ·¥ ±Í¨¨. � ¸Î¥ÉÒ ËÊ´±Í¨¨ d − α-±µ··¥²ÖÍ¨¨ ¤²Ö ¸µ¸ÉµÖ´¨Ö 10,35 ŒÔ‚

(4+), µ¡· §µ¢ ´´µ£µ ¢ ·¥ ±Í¨¨ 12C(6Li, d) 16O∗(α) 12C, ¶·µ¢µ¤¨²¨¸Ó ¢ · ³± Ì
EFR DWBA ¶µ ¶·µ£· ³³ ³ LOLA [58] ¨ CORELA [80]. ’µÎ´Ò° ÊÎ¥É ¨¸± -
¦¥´¨° ¶²µ¸±¨Ì ¢µ²´, ·¥ ²Ó´ÒÌ ¶µÉ¥´Í¨ ²µ¢ ¨ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¶µ§¢µ²¨²
µ¡ÑÖ¸´¨ÉÓ ´ ¡²Õ¤ ¥³µ¥ ¸³¥Ð¥´¨¥ µ¸¨ ¸¨³³¥É·¨¨ ”“Š, ¶µ²ÊÎ¨ÉÓ ¸µ£² ¸¨¥
¸ Ô±¸¶¥·¨³¥´Éµ³ ¨ ¨¸¸²¥¤µ¢ ÉÓ § ¢¨¸¨³µ¸ÉÓ ¢¥²¨Î¨´Ò ¸¤¢¨£  θ0 µÉ ³´µ£¨Ì
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¶ · ³¥É·µ¢ · ¸Î¥É . � ¸¸Î¨É ´´µ¥ ¸³¥Ð¥´¨¥ ¶¥·¢µ£µ ³ ±¸¨³Ê³  ”“Š µÉ´µ-
¸¨É¥²Ó´µ ´ ¶· ¢²¥´¨Ö ¶¥·¥¤ ´´µ£µ ¨³¶Ê²Ó¸  µ± § ²µ¸Ó µ¸µ¡¥´´µ ÎÊ¢¸É¢¨-
É¥²Ó´µ ± ¨§³¥´¥´¨Ö³ ¶ · ³¥É·µ¢ ¤¥°¸É¢¨É¥²Ó´µ° Î ¸É¨ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´-

Í¨ ²  ¢§ ¨³µ¤¥°¸É¢¨Ö d + 16O ¢ ¢ÒÌµ¤´µ³ ± ´ ²¥,   É ±¦¥ ± ¶ · ³¥É· ³

¢µ²´µ¢µ° ËÊ´±Í¨¨ µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö α + 12C ¢ 16O. � ¸Î¥ÉÒ ”“Š
¶·µ¤¥³µ´¸É·¨·µ¢ ²¨ ¨§¢¥¸É´Ò¥ ¢ Ê¶·Ê£µ³ · ¸¸¥Ö´¨¨ ¤¨¸±·¥É´ÊÕ ¨ ´¥¶·¥-
·Ò¢´ÊÕ ´¥µ¤´µ§´ Î´µ¸É¨ µ¶É¨Î¥¸±¨Ì ¶µÉ¥´Í¨ ²µ¢. ‘²¥¤Ê¥É ¶µ¤Î¥·±´ÊÉÓ,
ÎÉµ, ¢ µÉ²¨Î¨¥ µÉ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö,  ´ ²¨§ ”“Š ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ¨¸¸²¥-
¤µ¢ ÉÓ ¶ · ³¥É·Ò µ¶É¨Î¥¸±¨Ì ¶µÉ¥´Í¨ ²µ¢ Ö¤¥· ¢ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ-
´¨ÖÌ,   É ±¦¥ ¶µ¤¡¨· ÉÓ ¶ · ³¥É·Ò ¢µ²´µ¢ÒÌ ËÊ´±Í¨° µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨-
¦¥´¨Ö ±² ¸É¥·µ¢ ¢ ¢µ§¡Ê¦¤¥´´ÒÌ Ö¤¥·´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ.

�¤´ ±µ µ¶¨¸ ´´ Ö ¢ÒÏ¥ Ö¸´ Ö Ô±¸¶¥·¨³¥´É ²Ó´ Ö ± ·É¨´ , ¨³¥ÕÐ Ö
¶·µ¸ÉÊÕ É¥µ·¥É¨Î¥¸±ÊÕ ¨´É¥·¶·¥É Í¨Õ, ¡Ò²  ´ ·ÊÏ¥´  ¶·¨ ´ ¡²Õ¤¥´¨¨
¶µ¤ ¢²¥´¨Ö ¶¥·¢µ£µ ³ ±¸¨³Ê³  ¢ ËÊ´±Í¨¨ αd-±µ··¥²ÖÍ¨¨ ¤²Ö ¢Ò¸µ±µ²¥¦ -

Ð¥£µ Ê·µ¢´Ö Ö¤·  16O 20,9 ŒÔ‚ (7− ) ¢ ·¥ ±Í¨¨ (6Li, d) [81]. �ÉµÉ Ë ±É
¸É¨³Ê²¨·µ¢ ² ¶·µ¤µ²¦¥´¨¥ ¨¸¸²¥¤µ¢ ´¨° ¢Ò¸µ±µ²¥¦ Ð¨Ì α-±² ¸É¥·´ÒÌ
¸µ¸ÉµÖ´¨° ¶·¨ ¶µ³µÐ¨ ± ± d − α-, É ± ¨ t − α-±µ··¥²ÖÍ¨°,   É ±¦¥ ¡µ²¥¥
¤¥É ²Ó´µ£µ É¥µ·¥É¨Î¥¸±µ£µ  ´ ²¨§  ̧  ¶·¨³¥´¥´¨¥³ ³¥Éµ¤  ¨¸± ¦¥´´ÒÌ ¢µ²´
¸ ±µ´¥Î´Ò³ · ¤¨Ê¸µ³ ¢§ ¨³µ¤¥°¸É¢¨Ö.

—Éµ¡Ò ²ÊÎÏ¥ ¶µ´ÖÉÓ µ¸µ¡¥´´µ¸É¨ ¤¨´ ³¨±¨ ·¥ ±Í¨° (6Li, d) ¨ (7Li, t) ¢
¶·¨¡²¨¦¥´¨¨ ¨¸± ¦¥´´ÒÌ ¨ ¶²µ¸±¨Ì ¢µ²´, ¸²¥¤ÊÖ · ¡µÉ¥ [82], § ¶¨Ï¥³ ¢
¶·¨¡²¨¦¥´¨¨ ¶²µ¸±¨Ì ¢µ²´ (��‚)  ³¶²¨ÉÊ¤Ê, ¢Ìµ¤ÖÐÊÕ ¢ Ëµ·³Ê²Ê (24),
¤²Ö ËÊ´±Í¨¨ Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨:

MI
f
 I

2
 M

2
 M

A
 M

f

��‚  (Ωb) =  ∑ 
I
1
M

1

 〈IA MA I1 M1If Mf 〉 (2If + 1)1 6 2(2IA + 1)− 1 6 2 ×

×  ∑ 
lm

l

 〈I2 − M2 I1 M1lml 〉  ∑ 
Λ

1
Λ

2

 (− 1)l ΘlΛ
1
Λ

2
 I

1
 I

2
 I

x

 (2l + 1)− 16 2 ×

×   ∑ 
µ

1
 µ

2

  (− 1)
µ

2 〈 Λ
1
 µ

1
Λ

2
 − µ

2
lml 〉 FΛ

1

(q) AΛ
2

(p) YΛ
1
 µ

1

∗ (q) YΛ
2
 µ

2

(p). (38)

�³¶²¨ÉÊ¤  (38) § ¶¨¸ ´  Î¥·¥§ Ö¤¥·´Ò¥ Ëµ·³Ë ±Éµ·Ò FΛ
1

(q) ¨ AΛ
2

(p),

§ ¢¨¸ÖÐ¨¥ µÉ ¨³¶Ê²Ó¸µ¢ q ¨ p:

q = ka − 
A
B
 kb ,     p = kb − 

b
a
 ka . (39)
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� ¸¸³µÉ·¨³ ¸²ÊÎ °, ±µ£¤  ·¥ ±Í¨Ö ¶·µ¨¸Ìµ¤¨É ´  Ö¤· Ì ¸ ´Ê²¥¢Ò³ ¸¶¨-
´µ³ IA = 0,   ¸¶¨´ ¶¥·¥¤ ¢ ¥³µ° Î ¸É¨ÍÒ x Ix = 0 (¤²Ö ·¥ ±Í¨° ¶·Ö³µ° ¶¥·¥-

¤ Î¨ α-Î ¸É¨ÍÒ ́   Ö¤· Ì 12C, 16O). ‚ ̧ ¨²Ê Ê¶·µÐ¥´¨Ö ¢Ò· ¦¥´¨Ö ¤²Ö ¸É·Ê±-
ÉÊ·´µ£µ ³´µ¦¨É¥²Ö ΘlΛ

1
Λ

2
 I

1
 I

2
 I

x
 [82],  ³¶²¨ÉÊ¤  (38) ¶·¨´¨³ ¥É ¢¨¤

MI
f
 Λ

2
M

2
M

f

��‚  (Ωb) =  ∑ 
lm

l

 〈 Λ2 − M2If Mflml 〉(2Λ2 + 1)− 16 2 ×

×   ∑ 
µ

1
 µ

2

  (− 1)
l + µ

2 〈 If  µ1
Λ

2
 − µ

2
lml 〉 FI

f

 (q) AΛ
2

(p) YI
f
  µ

1

∗ (q) YΛ
2
 µ

2

(p). (40)

’ ±¨³ µ¡· §µ³, ¥¸²¨ ±µ´¥Î´ Ö Î ¸É¨Í  b ¢Ò²¥É ¥É ¶µ ´ ¶· ¢²¥´¨Õ ¶ ¤ -
ÕÐ¥£µ ¶ÊÎ± , Éµ ¥¸ÉÓ θb = 0Æ, Éµ µ

1
 = µ

2
 = 0, ¸µµÉ¢¥É¸É¢¥´´µ ml = 0,

Mf = M
2
. ‚ ¸¨²Ê µ·Éµ´µ·³¨·µ¢ ´´µ¸É¨ ±µÔËË¨Í¨¥´Éµ¢ Š²¥¡Ï  Å ƒµ·¤µ-

´  ¤²Ö  ³¶²¨ÉÊ¤Ò (40) ¶µ²ÊÎ ¥³

MI
f
 Λ

2

��‚(θb = 0Æ) = (− 1)
Λ

2 (2Λ2 + 1)− 1 6 2 FI
f
 (q) AΛ

2
(p) δM

2
0 .

“¶·µÐ¥´´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ËÊ´±Í¨¨ Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ (24) ¢ ÔÉµ³
¸²ÊÎ ¥ ¨³¥¥É ¢¨¤

W ��‚(θb = 0Æ, θα) = NPI
f

 (θα)2,     N = ∑ 
Λ

2

MI
f
 Λ

2

��‚(θb = 0Æ)2, (41)

É.¥. ¸µ¤¥·¦¨É ±¢ ¤· É ¶µ²¨´µ³  ‹¥¦ ´¤·  ¶µ·Ö¤±  If  ¨ ´¥ § ¢¨¸¨É µÉ

³µ³¥´É  Λ
2
 µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö Ö¤¥· ¢ ¢¥·Ï¨´¥ a → b + x. �Éµ µ§´ -

Î ¥É, ÎÉµ ”“Š ± ± ¤²Ö ·¥ ±Í¨° (6Li, d), É ± ¨ ¤²Ö (7Li, t) ¢ ¶·¨¡²¨¦¥´¨¨
¶²µ¸±¨Ì ¢µ²´ ¶µ¤ ³ ²Ò³¨ Ê£² ³¨ ¢Ò²¥É  ¤¥°É·µ´  ¨²¨ É·¨Éµ´  ¤µ²¦´ 
¨³¥ÉÓ ¶µ²¨´µ³¨ ²Ó´Ò° ¢¨¤.

�±¸¶¥·¨³¥´É ²Ó´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ËÊ´±Í¨° Ê£²µ¢µ° t − α-±µ··¥²ÖÍ¨¨ ¢

·¥ ±Í¨¨ 12C(7Li, t) 16O∗(α) 12C, ¶·¨ ELi = 45 ŒÔ‚, ¶·µ¢¥¤¥´´µ¥ ¢ · ¡µÉ¥ [83],

¶µ± § ²µ, ÎÉµ ¤²Ö Ê·µ¢´¥° 20,9 (7−), 16,3 (6+), 14,6 (5−) ŒÔ‚ ´ ¡²Õ¤ ¥É¸Ö
´µ·³ ²Ó´µ¥ ¶µ²¨´µ³¨ ²Ó´µ¥ ¶µ¢¥¤¥´¨¥ ”“Š, Éµ ¥¸ÉÓ, ¢ ËÊ´±Í¨ÖÌ Ê£²µ¢µ°

d − α ¨ t − α-±µ··¥²ÖÍ¨° ¢ ·¥ ±Í¨ÖÌ (6Li, d) ¨ (7Li, t) ¸ µ¡· §µ¢ ´¨¥³
¢Ò¸µ±µ²¥¦ Ð¨Ì α-±² ¸É¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¶·µÖ¢²Ö¥É¸Ö ¸¶¥Í¨Ë¨Î¥¸± Ö ¤¨´ -
³¨±  ¶·Ö³ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨° α-¶¥·¥¤ Î¨.
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’¥µ·¥É¨Î¥¸±µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ¢²¨Ö´¨Ö ¨¸± ¦¥´¨° ¶²µ¸±¨Ì ¢µ²´ ´  Ëµ·-

³Ê ”“Š ¡Ò²µ ¶·µ¤µ²¦¥´µ É ±¦¥ ¨ ¤²Ö ·¥ ±Í¨° (7Li, t) [82,84]. �¥·¢Ò¥ · ¸-
Î¥ÉÒ W(Ωt , Ωα) ¸ ÊÎ¥Éµ³ ¨¸± ¦¥´¨° ¶²µ¸±¨Ì ¢µ²´ ¢ ·¥ ±Í¨¨

16O(7Li, t)20Ne∗(α)16O, ¶·¨ ELi = 20 ¨ 24 ŒÔ‚, ¤²Ö ·Ö¤  ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ-

¸ÉµÖ´¨° Ö¤·  20Ne (µÉ 3− ¤µ 8+) [84] ¶µ± § ²¨, ÎÉµ ¢²¨Ö´¨¥ µ¶É¨Î¥¸±¨Ì
¨¸± ¦ ÕÐ¨Ì ¶µÉ¥´Í¨ ²µ¢ ´ ¸Éµ²Ó±µ ¸ÊÐ¥¸É¢¥´´µ, ÎÉµ ¤ ¦¥ ¶·¨ Ê£²¥ ¢Ò²¥-
É  É·¨Éµ´  ¢ ´ ¶· ¢²¥´¨¨ ¶ ¤ ÕÐ¥£µ ¶ÊÎ±  (θt = 0Æ),   É ±¦¥ ¶·¨ θt = 180Æ,

W(Ωt , Ωα) ¤¥Ëµ·³¨·Ê¥É¸Ö (´ ¡²Õ¤ ÕÉ¸Ö ̧ ¤¢¨£¨ ³ ±¸¨³Ê³µ¢ ¶µ Ê£²Ê ¨ ¨§³¥-

´¥´¨Ö ¨Ì µÉ´µ¸¨É¥²Ó´µ° ¨´É¥´¸¨¢´µ¸É¨), ¨ Ëµ·³  · ¸¸Î¨É ´´µ° ËÊ´±Í¨¨
t − α-±µ··¥²ÖÍ¨¨ µÉ²¨Î ¥É¸Ö µÉ ±¢ ¤· Éµ¢ ¶µ²¨´µ³  ‹¥¦ ´¤· .

‚ · ¡µÉ¥ [82] ³Ò ¶·µ¢¥²¨ É¥µ·¥É¨Î¥¸±µ¥ ̈ ¸¸²¥¤µ¢ ´¨¥ ËÊ´±Í¨° Ê£²µ¢µ°

t − α-±µ··¥²ÖÍ¨¨ ¢ ·¥ ±Í¨ÖÌ 12C(7Li, t)16O∗(α)12C ¨ 16O(7Li, t)20Ne∗(α)16O
¤²Ö · §²¨Î´ÒÌ Ô´¥·£¨° ̈ µ´µ¢ 7Li ̈  ́ ¥¸±µ²Ó±¨Ì ¢µ§¡Ê¦¤¥´´ÒÌ α-±² ¸É¥·´ÒÌ

¸µ¸ÉµÖ´¨° Ö¤¥· 16O ¨ 20Ne ¢ · ³± Ì Œˆ‚�Š��, ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·µ£-
· ³³ OLYMP5 [85] ¨ CORELA [80]. � ¸Î¥ÉÒ ¶µ¤É¢¥·¤¨²¨ ¢Ò¢µ¤ µ ¸¨²Ó´µ³
¢²¨Ö´¨¨ ¨¸± ¦ ÕÐ¨Ì ¶µÉ¥´Í¨ ²µ¢ ´  Ëµ·³Ê ËÊ´±Í¨¨ t − α-±µ··¥²ÖÍ¨¨ ¢

·¥ ±Í¨ÖÌ (7Li, t),   É ±¦¥ µ¡´ ·Ê¦¨²¨ § ¢¨¸¨³µ¸ÉÓ W(Ωt , Ωα) µÉ Ô´¥·£¨¨

7Li. � ¸¸Î¨É ´´ Ö § ¢¨¸¨³µ¸ÉÓ ËÊ´±Í¨¨ W(Ωt , Ωα) ¢ ·¥ ±Í¨ÖÌ

12C(7Li, t)16O∗(α)12C ¤²Ö Ê·µ¢´Ö 14,6 ŒÔ‚ (If = 5− ) µÉ £²Ê¡¨´Ò ¤¥°¸É¢¨É¥²Ó-

´µ° V0 ¨ ³´¨³µ° W0 Î ¸É¥° µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  V
t − 

16
O
 ¢ ¢ÒÌµ¤´µ³

± ´ ²¥ ¶µ± §Ò¢ ¥É, ÎÉµ ¶·¨ Ô´¥·£¨¨ ELi = 35 ŒÔ‚ ÊÎ¥É ¢§ ¨³µ¤¥°¸É¢¨Ö É·¨-

Éµ´  ¸ Ö¤·µ³ 16O ¶·¨¢µ¤¨É ± ¶µ¤ ¢²¥´¨Õ ¶¥·¥¤´¥£µ ³ ±¸¨³Ê³  W(Ωt , Ωα),
±µÉµ·Ò° ¶µÖ¢²Ö¥É¸Ö Éµ²Ó±µ ¶·¨ ¶µ²´µ³ ®¢Ò±²ÕÎ¥´¨¨¯ Ö¤¥·´µ£µ ¢§ ¨³µ¤¥°-

¸É¢¨Ö. �´ ²µ£¨Î´Ò° ·¥§Ê²ÓÉ É ¶µ²ÊÎ¥´ ¨ ¢ ·¥ ±Í¨¨ 16O(7Li, t)20Ne∗(α)16O
¶·¨ ELi = 24 ŒÔ‚ ¤²Ö Ê·µ¢´Ö 10,26 ŒÔ‚ (If = 5− ) ¢ Ö¤·¥ 20Ne ¢ ¶µ¤É¢¥·¦-

¤¥´¨¥ ·¥§Ê²ÓÉ Éµ¢ · ¡µÉÒ [84]. � ¸¸Î¨É ´´Ò¥ W(Ωt , Ωα) ¶·¨ 7Li = 45 ŒÔ‚ ¨

θt = 0Æ ¨³¥ÕÉ ³ ±¸¨³Ê³ ¶·¨ ³ ²ÒÌ Ê£² Ì θα, ÌµÉÖ ¸µµÉ´µÏ¥´¨¥ ¨ ¶µ²µ-

¦¥´¨¥ ³ ±¸¨³Ê³µ¢ ”“Š ¸µµÉ¢¥É¸É¢Ê¥É ±¢ ¤· ÉÊ ¶µ²¨´µ³  ‹¥¦ ´¤·  Éµ²Ó±µ
¶·¨ µÉ¸ÊÉ¸É¢¨¨ µ¶É¨Î¥¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ¢ÒÌµ¤´µ³ ± ´ ²¥.

�¤´ ±µ ¢¸¥ ÔÉ¨ µÍ¥´±¨ ¢²¨Ö´¨Ö ¨¸± ¦¥´¨° ¢ ·¥ ±Í¨ÖÌ (6Li, d) ¨ (7Li, t)
¶·µ¢µ¤¨²¨¸Ó ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ ¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö ±µ´¥Î´ÒÌ Ö¤¥·
Å ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨¨ ³µ£ÊÉ ¡ÒÉÓ µ¶¨¸ ´Ò ¢µ²´µ¢Ò³¨ ËÊ´±Í¨Ö³¨ ¤¨¸±·¥É-
´µ£µ ¸¶¥±É·  ¸ ³¨´¨³ ²Ó´µ° Ô´¥·£¨¥° ¸¢Ö§¨. ‚ ± Î¥¸É¢¥ ¶¥·¢µ£µ
¶·¨¡²¨¦¥´¨Ö ÔÉµ ¤µ¶Ê¸É¨³µ, É¥³ ¡µ²¥¥ ÎÉµ ¢ · ¡µÉ¥ [82] ¡Ò²  ¶·µ-
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 ´ ²¨§¨·µ¢ ´  ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ · ¸Î¥É  ± ¢Ò¡µ·Ê ¶ · ³¥É·µ¢ ¶µÉ¥´Í¨ ² 
É ±µ£µ ±¢ §¨¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö (¢µ²´µ¢ Ö ËÊ´±Í¨Ö ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ´ -
Ìµ¤¨² ¸Ó ¸ ¶µ³µÐÓÕ Î¨¸²¥´´µ° ¶·µÍ¥¤Ê·Ò, ¨§¢¥¸É´µ° ± ± ®well-depth
prescription¯ Å WDP [86]). —¨¸²¥´´Ò¥ · ¸Î¥ÉÒ ¶µ± § ²¨, ÎÉµ W(Ωt , Ωα)
¶·¨ E = 45 ŒÔ‚ § ¢¨¸¨É µÉ · ¤¨Ê¸  ¶µÉ¥´Í¨ ²  ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö

α + 12C. “¢¥²¨Î¥´¨¥ · ¤¨Ê¸  ¶µÉ¥´Í¨ ²  ¶·¨¢µ¤¨É ± ¡µ²ÓÏ¥° ¶·µ¸É· ´¸É-

¢¥´´µ° ¢ÒÉÖ´ÊÉµ¸É¨ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö α + 12C, ÎÉµ
¢²¨Ö¥É ´  Ê¢¥²¨Î¥´¨¥ ¢¥·µÖÉ´µ¸É¨ µÉ¤¥²¥´¨Ö Î ¸É¨ÍÒ, ¨, É ±¨³ µ¡· §µ³,
³µ¦¥É ÔËË¥±É¨¢´µ ³µ¤¥²¨·µ¢ ÉÓ ±¢ §¨¸É Í¨µ´ ·´µ¥ ¸µ¸ÉµÖ´¨¥.

’¥³ ´¥ ³¥´¥¥ · §· ¡µÉ±  ³¥Éµ¤µ¢ ¡µ²¥¥ ±µ··¥±É´µ£µ µ¶¨¸ ´¨Ö ¢µ²´µ-
¢ÒÌ ËÊ´±Í¨° ¢Ò¸µ±µ²¥¦ Ð¨Ì ±¢ §¨¸É Í¨µ´ ·´ÒÌ ¸µ¸ÉµÖ´¨° µ¸É ¢ ² ¸Ó µ¤-
´µ° ¨§ ¢ ¦´ÒÌ § ¤ Î ¤²Ö É¥µ·¥É¨Î¥¸±µ£µ  ´ ²¨§  Ê£²µ¢ÒÌ ±µ··¥²ÖÍ¨°.
„¥°¸É¢¨É¥²Ó´µ, ¢ Ö¤· Ì p-, sd-µ¡µ²µÎ¥± µ¸´µ¢´ Ö Î ¸ÉÓ α-Î ¸É¨Î´ÒÌ ¸µ¸Éµ-
Ö´¨° ²¥¦¨É ¢ÒÏ¥ ¶µ·µ£  µÉ¤¥²¥´¨Ö α-Î ¸É¨Í, É.¥. ÔÉ¨ ¸µ¸ÉµÖ´¨Ö Ö¢²ÖÕÉ¸Ö
´¥¸¢Ö§ ´´Ò³¨ ¨²¨ ±¢ §¨¸É Í¨µ´ ·´Ò³¨. ‚µ²´µ¢Ò¥ ËÊ´±Í¨¨, µ¶¨¸Ò¢ ÕÐ¨¥
É ±¨¥ ¸µ¸ÉµÖ´¨Ö, ¤µ²¦´Ò ¨³¥ÉÓ  ¸¨³¶ÉµÉ¨±Ê, ¢ ±µÉµ·µ° ¡Ò ÊÎ¨ÉÒ¢ ² ¸Ó
¢¥·µÖÉ´µ¸ÉÓ ¢Ò²¥É  α-Î ¸É¨Í, É.¥. ±µ´¥Î´ Ö Ï¨·¨´  Ê·µ¢´Ö µÉ´µ¸¨É¥²Ó´µ
α-· ¸¶ ¤ .

Š² ¸É¥·´Ò¥ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ¤²Ö ´¥¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ¸ · ¸Ìµ¤Ö-
Ð¥°¸Ö  ¸¨³¶ÉµÉ¨±µ°, É ± ´ §Ò¢ ¥³Ò¥ £ ³µ¢¸±¨¥ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨, ¨¸-
¶µ²Ó§µ¢ ²¨¸Ó ¢ · ¡µÉ Ì [56] ¤²Ö · ¸Î¥Éµ¢ ¸¥Î¥´¨° ·¥ ±Í¨° α-¶¥·¥¤ Î¨ ¶µ
EFR-DWBA. „²Ö  ´ ²¨§  ËÊ´±Í¨° Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ £ ³µ¢¸±¨¥ ¢µ²´µ¢Ò¥

ËÊ´±Í¨¨ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¢ · ¡µÉ¥ [78] ¢ ·¥ ±Í¨¨ (6Li, d) ¨ ́  ³¨ [87] ¢ ·¥ ±-

Í¨¨ 12C(7Li, t) 16O∗(α) 12C. �¨¦¥ ±· É±µ ¨§²µ¦¨³ µ¸´µ¢´Ò¥ ¶µ²µ¦¥´¨Ö ³¥-
Éµ¤  · ¸Î¥É  ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ̧ ¢Ö§ ´´ÒÌ ̈  ±¢ §¨¸É Í¨µ´ ·´ÒÌ ̧ µ¸ÉµÖ´¨°.

5.2. Œ¥Éµ¤ · ¸Î¥É  ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¸¢Ö§ ´´ÒÌ ¨ ±¢ §¨¸É Í¨µ´ ·-
´ÒÌ ±² ¸É¥·´ÒÌ ¸µ¸ÉµÖ´¨°. �·¨ ¶µ¸É·µ¥´¨¨ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° µÉ´µ¸¨-
É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ±² ¸É¥·µ¢ ¢ ¢¥·Ï¨´ Ì · ¸¶ ¤  ¤²Ö ¸¢Ö§ ´´ÒÌ ¨ ±¢ §¨-
¸É Í¨µ´ ·´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥· ¤µ²¦´Ò ¡ÒÉÓ ÊÎÉ¥´Ò ¸²¥¤ÊÕÐ¨¥ Ë ±Éµ·Ò.
‚µ-¶¥·¢ÒÌ, ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ¤µ²¦´Ò ¡ÒÉÓ ¸µ¢³¥¸É¨³Ò ¸ ¶· ¢¨² ³¨ µÉ¡µ-
·  ¶µ ¸¶¨´ ³ ¨ § ±µ´ ³ ¸µÌ· ´¥´¨Ö ¢ ¢¥·Ï¨´ Ì,   É ±¦¥ ¸ ¶·¨´Í¨¶µ³ � -
Ê²¨ ¶µ ¶¥·¥¸É ´µ¢± ³ ´Ê±²µ´µ¢ ³¥¦¤Ê ±² ¸É¥· ³¨. ‚µ-¢Éµ·ÒÌ, ¤µ²¦´  ¡ÒÉÓ
¶· ¢¨²Ó´µ ¢Ò¡· ´   ¸¨³¶ÉµÉ¨±  ¢µ²´µ¢µ° ËÊ´±Í¨¨, ¶µ¸±µ²Ó±Ê ·¥ ±Í¨¨ ¶¥-
·¥¤ Î¨, ¢Ò§¢ ´´Ò¥ ¶µ²ÊÉÖ¦¥²Ò³¨ ¨µ´ ³¨ ¸· ¢´¨É¥²Ó´µ ´¥¢Ò¸µ±¨Ì Ô´¥·£¨°,
¶·µ¨¸Ìµ¤ÖÉ, £² ¢´Ò³ µ¡· §µ³, ¢ ¶¥·¨Ë¥·¨°´µ° µ¡² ¸É¨ Ö¤¥·. ‚-É·¥ÉÓ¨Ì,
¸¶¥±É·µ¸±µ¶¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ Ö¤·  (¶·¨¢¥¤¥´´Ò¥ Ï¨·¨´Ò · §²¨Î´ÒÌ
±² ¸É¥·´ÒÌ ±µ´Ë¨£Ê· Í¨°) ¤µ²¦´Ò ¡ÒÉÓ ¸µ£² ¸µ¢ ´Ò ¸ ¶µ²ÊÎ¥´´Ò³¨ ¢µ²-
´µ¢Ò³¨ ËÊ´±Í¨Ö³¨. Š·µ³¥ Éµ£µ, µ¡· §µ¢ ´¨¥ ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸Éµ-
Ö´¨° É·¥¡Ê¥É ÊÎ¥É  Ö¢²¥´¨°, ¸¢Ö§ ´´ÒÌ ¸ ¨Ì ´¥¸É ¡¨²Ó´µ¸ÉÓÕ.
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� Î¨´ Ö ¸ · ¡µÉÒ ƒ.�.ƒ ³µ¢  [88], ¶µ¸¢ÖÐ¥´´µ° É¥µ·¨¨ α-· ¸¶ ¤ , ¨¸-
¸²¥¤µ¢ ´¨¥ · §²¨Î´ÒÌ  ¸¶¥±Éµ¢ ¨ ¸¢µ°¸É¢ ±¢ §¨¸É Í¨µ´ ·´ÒÌ ¸µ¸ÉµÖ´¨° ¢
Ö¤· Ì § ´¨³ ¥É §´ Î¨É¥²Ó´µ¥ ³¥¸Éµ ¢ Ö¤¥·´µ° ¸¶¥±É·µ¸±µ¶¨¨ ¨ É¥µ·¨¨
Ö¤¥·´ÒÌ ·¥ ±Í¨°. ‚ 60-¥ £µ¤Ò ¨´É¥´¸¨¢´µ ¨§ÊÎ ²¨¸Ó  ´ ²¨É¨Î¥¸±¨¥ ¸¢µ°¸É-
¢  ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ±¢ §¨¸É Í¨µ´ ·´ÒÌ ¸µ¸ÉµÖ´¨°, · ¸¶ ¤ ¨ ·µ¦¤¥´¨¥
´¥¸É ¡¨²Ó´ÒÌ Î ¸É¨Í [89].

’¥µ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¸¥Î¥´¨° ·¥ ±Í¨°, ¢Ò§¢ ´´ÒÌ ¨µ´ ³¨ ²¨É¨Ö, ¸
µ¡· §µ¢ ´¨¥³ ¢Ò¸µ±µ²¥¦ Ð¨Ì α-±² ¸É¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¶·µ¢µ¤¨²¨¸Ó ¶µ ³¥-
Éµ¤Ê ¨¸± ¦¥´´ÒÌ ¢µ²´ ¸ ´Ê²¥¢Ò³ · ¤¨Ê¸µ³ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¨¸¶µ²Ó§µ¢ -
´¨¥³ · §²¨Î´ÒÌ ³¥Éµ¤µ¢ ·¥£Ê²Ö·¨§ Í¨¨ · ¤¨ ²Ó´ÒÌ ¨´É¥£· ²µ¢ ¶¥·¥±·Ò-
¢ ´¨Ö ®¨¸± ¦¥´´ÒÌ¯ ¢µ²´ ¨ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ·¥§µ´ ´¸´ÒÌ ¸µ¸ÉµÖ´¨°.
„²Ö Ê§±¨Ì ´¨§±µ²¥¦ Ð¨Ì ·¥§µ´ ´¸µ¢ ¶·µÍ¥¤Ê· , · §· ¡µÉ ´´ Ö ¢ [90], ¶·¨-
³¥´Ö² ¸Ó ¢ · ¡µÉ¥ [91]. „²Ö ¢Ò¸µ±µ²¥¦ Ð¨Ì ·¥§µ´ ´¸µ¢ µ·¨£¨´ ²Ó´Ò° ¸¶µ-
¸µ¡ ¢ÒÎ¨¸²¥´¨Ö ¡Ò² · §¢¨É ¢ · ¡µÉ¥ ‚¨´¸¥´É  ¨ ”µ·ÎÊ´  [92].

„²Ö · ¸Î¥É  ¸¥Î¥´¨° ·¥ ±Í¨°, ̧ ¢Ö§ ´´ÒÌ ¸ µ¡· §µ¢ ´¨¥³ ¢Ò¸µ±µ¢µ§¡Ê¦-
¤¥´´ÒÌ α-Î ¸É¨Î´ÒÌ Ê·µ¢´¥°, ¢ · ¡µÉ Ì [56] ¡Ò²¨ ¢¢¥¤¥´Ò É ± ´ §Ò¢ ¥³Ò¥
¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ £ ³µ¢¸±µ£µ É¨¶ , Ö¢²ÖÕÐ¨¥¸Ö Î¨¸²¥´´Ò³ ·¥Ï¥´¨¥³ ¸É -
Í¨µ´ ·´µ£µ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  ¸ ±µ³¶²¥±¸´µ° ¸µ¡¸É¢¥´´µ° Ô´¥·£¨¥°.

�·¨  ´ ²¨§¥ Ê£²µ¢ÒÌ ±µ··¥²ÖÍ¨° ¢ ·¥ ±Í¨ÖÌ ¸ ¶µ²ÊÉÖ¦¥²Ò³¨ ¨µ´ ³¨,
¢ ±µÉµ·ÒÌ ¢µ§¡Ê¦¤ ÕÉ¸Ö ¢Ò¸µ±µ²¥¦ Ð¨¥ ¸µ¸ÉµÖ´¨Ö, ¶·¥¤¸É ¢²Ö¥É ´¥¸µ³-
´¥´´Ò° ¨´É¥·¥¸ § ¤ Î  Î¨¸²¥´´µ£µ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  ¸ ±µ³-
¶²¥±¸´µ° Ô´¥·£¨¥° ¤²Ö ´ Ìµ¦¤¥´¨Ö ¢µ²´µ¢ÒÌ ËÊ´±Í¨° £ ³µ¢¸±µ£µ É¨¶  ¨
¶µ¸É·µ¥´¨¥  ²£µ·¨É³  ¢ÒÎ¨¸²¥´¨Ö Ï¨·¨´Ò Ê§±µ£µ ·¥§µ´ ´¸ , ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¥£µ ¤ ´´µ³Ê Ô´¥·£¥É¨Î¥¸±µ³Ê ±¢ §¨¸É Í¨µ´ ·´µ³Ê Ê·µ¢´Õ. �µ¤µ¡´ Ö ¶·µ-
Í¥¤Ê· , ¶·¨ ¸· ¢´¥´¨¨ · ¸¸Î¨É ´´µ° Ï¨·¨´Ò ¸ Ô±¸¶¥·¨³¥´É ²Ó´µ°, ¶µ§¢µ-
²Ö¥É ´ Ìµ¤¨ÉÓ ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨° Ë ±Éµ· ¢ § ¤ ´´µ³ ± ´ ²¥ · ¸¶ ¤ 
±¢ §¨¸É Í¨µ´ ·´µ£µ ¸µ¸ÉµÖ´¨Ö [93,94]. ’ ±µ¥ ·¥Ï¥´¨¥ ¤µ²¦´µ µ¶¨¸Ò¢ ÉÓ
±¢ §¨¤¨¸±·¥É´Ò¥ Ê·µ¢´¨ ¢ Ô´¥·£¥É¨Î¥¸±µ³ ¸¶¥±É·¥ Ö¤· , ¤²Ö ±µÉµ·ÒÌ ¢Ò-
¶µ²´Ö¥É¸Ö Ê¸²µ¢¨¥: Ï¨·¨´Ò Ê·µ¢´¥° ³¥´ÓÏ¥ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ´¨³¨. � °-
¤¥´´µ¥ ·¥Ï¥´¨¥ Å £ ³µ¢¸± Ö ¢µ²´µ¢ Ö ËÊ´±Í¨Ö, ¥¸É¥¸É¢¥´´µ, Ö¢²Ö¥É¸Ö ¸² -
¡µ · ¸Ìµ¤ÖÐ¨³¸Ö, ¶µÔÉµ³Ê µ´µ ´¥ ³µ¦¥É ¡ÒÉÓ ´µ·³¨·µ¢ ´µ ¢µ ¢¸¥³ ¶·µ¸É-
· ´¸É¢¥. �¤´ ±µ, ± ± ¶µ± § ´µ ¢ [89], ¢ µ£· ´¨Î¥´´µ° µ¡² ¸É¨ ¶·µ¸É· ´¸É¢ 
´¥´µ·³¨·Ê¥³ Ö ËÊ´±Í¨Ö ¢¸¥£¤  ¶·¨¡²¨¦ ¥É¸Ö ± ´µ·³¨·µ¢ ´´µ°. …¸²¨ ¤µ-
¶Ê¸É¨ÉÓ, ÎÉµ ¨¸±µ³ Ö ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¸µÌ· ´Ö¥É ¸¢µÕ ´µ·³¨·µ¢±Ê ¢ ±µ-
´¥Î´µ³, ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ³ µ¡Ñ¥³¥, Éµ ³µ¦´µ ¢Ò¡· ÉÓ ¢¥·Ì´¨° ¶·¥¤¥² ¢
´µ·³¨·µ¢µÎ´µ³ ¨´É¥£· ²¥.

�¸´µ¢µ° Î¨¸²¥´´µ£µ ³¥Éµ¤  ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  ¸ ±µ³¶-
²¥±¸´µ° Ô´¥·£¨¥° Ö¢²Ö¥É¸Ö ³ É¥³ É¨Î¥¸±¨° ³¥Éµ¤ WDP, ¶·¥¤²µ¦¥´´Ò° ¢
· ¡µÉ¥ [86], ´  µ¸´µ¢¥ ±µÉµ·µ£µ ¶·µ¢µ¤¨É¸Ö Î¨¸²¥´´µ¥ ³µ¤¥²¨·µ¢ ´¨¥ ¢µ²-
´µ¢ÒÌ ËÊ´±Í¨° ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨°, µ¡² ¤ ÕÐ¨Ì µ¶·¥¤¥²¥´´µ° ¸¨³³¥É-
·¨¥°, Ê¤µ¢²¥É¢µ·ÖÕÐ¨Ì § ¤ ´´Ò³ ¶· ¢¨² ³ µÉ¡µ·  ¨ ¨³¥ÕÐ¨Ì ¶· ¢¨²Ó´µ¥
 ¸¨³¶ÉµÉ¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥. WDP-¶·µÍ¥¤Ê·  Ö¢²Ö¥É¸Ö µ¡Ð¥¶·¨´ÖÉÒ³ ³¥Éµ-
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¤µ³ ¨ ¨¸¶µ²Ó§Ê¥É¸Ö ¢ ¡µ²ÓÏ¨´¸É¢¥ ¸µ¢·¥³¥´´ÒÌ ±µ³¶ÓÕÉ¥·´ÒÌ ¶·µ£· ³³, ¢
±µÉµ·ÒÌ · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö Ì · ±É¥·¨¸É¨±¨ ¶·Ö³ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨°.

� ¸¸³µÉ·¨³ µ¡µ¡Ð¥´¨¥ ÔÉµ£µ ³¥Éµ¤  ´  ¸²ÊÎ ° ±µ³¶²¥±¸´µ° Ô´¥·£¨¨ ¨
¢µ²´µ¢ÒÌ ËÊ´±Í¨° [41,87].

ˆÉ ±, ´¥µ¡Ìµ¤¨³µ ´ °É¨ Î¨¸²¥´´µ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  ¸

±µ³¶²¥±¸´µ° Ô´¥·£¨¥° E = E0 − 
iΓ
2

 . „¥°¸É¢¨É¥²Ó´ Ö Î ¸ÉÓ E0 > 0 µ¶·¥¤¥²Ö¥É

Ô´¥·£¥É¨Î¥¸±µ¥ ¶µ²µ¦¥´¨¥ ¢µ§¡Ê¦¤¥´´µ£µ Ê·µ¢´Ö Ö¤· ,   ¥¥ ³´¨³ Ö Î ¸ÉÓ
Γ Å Ï¨·¨´Ê ÔÉµ£µ Ê·µ¢´Ö. …¸²¨ · ¸¸³ É·¨¢ ¥³µ¥ ¸µ¸ÉµÖ´¨¥ ¨³¥¥É ¢Ò· -
¦¥´´ÊÕ ±² ¸É¥·´ÊÕ ¸É·Ê±ÉÊ·Ê, É.¥. ¢µ²´µ¢ Ö ËÊ´±Í¨Ö µ¶¨¸Ò¢ ¥É ±¢ §¨¸É -
Í¨µ´ ·´µ¥ ¸µ¸ÉµÖ´¨¥ ¤¢ÊÌ Ö¤¥·-±² ¸É¥·µ¢ A ¨ x ¢ Ö¤·¥ B, Éµ Ô´¥·£¨Ö E0

¢Ò· ¦ ¥É¸Ö Î¥·¥§ Ô´¥·£¨Õ ¸¢Ö§¨ E Ax ±² ¸É¥·µ¢ A ¨ x ¢ Ö¤·¥ B ¨ Ô´¥·£¨Õ

¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö EB Ö¤·  B:

E
0
 = E Ax   + EB

 ∗ = E B − E A − E x + EB
 ∗ . (42)

“· ¢´¥´¨¥ ¤²Ö · ¤¨ ²Ó´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨ ul (ρ) ¸ Ô´¥·£¨¥° E ¨

µ¶·¥¤¥²¥´´Ò³ µ·¡¨É ²Ó´Ò³ ³µ³¥´Éµ³ l ¨³¥¥É ¢¨¤

d 2ul (ρ)

dρ2
 − 







 
VN (ρ)

E
 − 

VC(ρ)

E
 − 

l(l + 1)
ρ2

 − 1 






 ul = 0. (43)

‚ Ê· ¢´¥´¨¨ (43) ¨¸¶µ²Ó§ÊÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ µ¡µ§´ Î¥´¨Ö: ρ = kr, £¤¥
k = √2mE 6 h, m Å ¶·¨¢¥¤¥´´ Ö ³ ¸¸  Î ¸É¨Í, VC(ρ) Å ±Ê²µ´µ¢¸±¨° ¶µ-

É¥´Í¨ ², ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¶µÉ¥´Í¨ ²Ê · ¢´µ³¥·´µ § ·Ö¦¥´´µ° ¸Ë¥·Ò · -
¤¨Ê¸  RC (±Ê²µ´µ¢¸±¨° · ¤¨Ê¸ Ö¤· )

VC(ρ)

E
 = 













  

2γ
ρ  ,               ρ > ρc , ρc = kRc , Rc = rc A

16 3;

γ
ρ 







 3 − 

ρ2

ρc
2
 






 , ρ < ρc ;

 

γ = Z
1
Z

2
e2 6 v Å ±Ê²µ´µ¢¸±¨° ¶ · ³¥É·, VN (ρ) Å Ö¤¥·´Ò° ¶µÉ¥´Í¨ ², ¨³¥-

ÕÐ¨° ¸É ´¤ ·É´ÊÕ ¢Ê¤¸-¸ ±¸µ´µ¢¸±ÊÕ Ëµ·³Ê.
‚µ²´µ¢ Ö ËÊ´±Í¨Ö ul (ρ) Ê¤µ¢²¥É¢µ·Ö¥É Ê¸²µ¢¨Õ ´µ·³¨·µ¢±¨:

1

k3
 ∫  ρ2ul

2(ρ) dρ = 1. (44)
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�¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (43)
¤µ²¦´µ µ¶¨¸Ò¢ ÉÓ ±¢ §¨¤¨¸-
±·¥É´Ò¥ Ê·µ¢´¨ ¢ Ô´¥·£¥É¨-
Î¥¸±µ³ ¸¶¥±É·¥ Ö¤· , ¤²Ö ±µ-
Éµ·ÒÌ ¢Ò¶µ²´Ö¥É¸Ö Ê¸²µ¢¨¥:
Ï¨·¨´Ò Ê·µ¢´¥° ³¥´ÓÏ¥
· ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ´¨³¨. ’ ±
± ± Ï¨·¨´  Ê·µ¢´Ö ¸¢Ö§ ´  ̧
¥£µ ¢·¥³¥´¥³ ¦¨§´¨, Éµ ±¢ -
§¨¸É Í¨µ´ ·´µ¥ ¸µ¸ÉµÖ´¨¥ Ì · ±É¥·¨§Ê¥É¸Ö ±µ´¥Î´Ò³ ¢·¥³¥´¥³ ¦¨§´¨
(ÌµÉÖ ¨ ¡µ²ÓÏ¨³), É.¥. Ö¤·µ ¨¸¶ÒÉÒ¢ ¥É · ¸¶ ¤ ¸ ¢Ò²¥Éµ³ Î ¸É¨ÍÒ.

‚¨¤ ¶µÉ¥´Í¨ ² , ¢ ±µÉµ·µ³ ¤¢¨¦¥É¸Ö Î ¸É¨Í  ¸ ³ ¸¸µ° m, ³µ¦´µ ¸Ì¥-
³ É¨Î´µ ¨§µ¡· §¨ÉÓ ¢ ¢¨¤¥ ´¥³µ´µÉµ´´µ° ±·¨¢µ°, ¨§µ¡· ¦¥´´µ° ´  ·¨¸.1.
‘ ÊÎ¥Éµ³ Ì · ±É¥·´µ£µ ¶µ¢¥¤¥´¨Ö ¶µÉ¥´Í¨ ²  V(ρ), ¢¸¥ ¶·µ¸É· ´¸É¢µ ¢§ ¨-
³µ¤¥°¸É¢¨Ö ³µ¦´µ · §¡¨ÉÓ ´  É·¨ µ¡² ¸É¨. ‚ ± ¦¤µ° ¨§ ÔÉ¨Ì µ¡² ¸É¥° ¢µ²-
´µ¢Ò¥ ËÊ´±Í¨¨ ¨³¥ÕÉ µ¶·¥¤¥²¥´´Ò° ¢¨¤ ¨ £² ¤±µ ¸Ï¨¢ ÕÉ¸Ö ´  £· ´¨Í Ì.

‚ µ¡² ¸É¨ I ¢µ²´µ¢ Ö ËÊ´±Í¨Ö µ¶¨¸Ò¢ ¥É ¤¢¨¦¥´¨¥ Î ¸É¨ÍÒ ¢´ÊÉ·¨
¶µÉ¥´Í¨ ²Ó´µ° Ö³Ò ¤µ ÉµÎ±¨ µÉ· ¦¥´¨Ö Î ¸É¨ÍÒ µÉ ±Ê²µ´µ¢¸±µ£µ ¡ ·Ó¥· 
(ÉµÎ±¨ PQ), ¸ £· ´¨Î´Ò³ Ê¸²µ¢¨¥³ ul (ρ)  → 0 ¶·¨ ρ → 0. �·¨ ³ ²ÒÌ ρ

ul
 I(ρ) µ¶·¥¤¥²Ö¥É¸Ö ¢ ¢¨¤¥ · §²µ¦¥´¨Ö ul

 I(ρ) ≅ ρl + 1. „ ²¥¥ ³¥Éµ¤µ³ ̈ É¥· Í¨°

¶µ¤¡¨· ¥É¸Ö £²Ê¡¨´  ¶µÉ¥´Í¨ ²Ó´µ° Ö³Ò ¶·¨ § ¤ ´´ÒÌ £¥µ³¥É·¨Î¥¸±¨Ì ¶ -

· ³¥É· Ì ¶µÉ¥´Í¨ ²  V(ρ) É ±¨³ µ¡· §µ³, ÎÉµ¡Ò ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ul
 I(ρ) ¢

µ¡² ¸É¨ I ¸µµÉ¢¥É¸É¢µ¢ ²  ±¢ ´Éµ¢µ³Ê ¸µ¸ÉµÖ´¨Õ ¸ § ¤ ´´µ° Ô´¥·£¨¥° E,
µ¶·¥¤¥²¥´´Ò³ §´ Î¥´¨¥³ µ·¡¨É ²Ó´µ£µ ³µ³¥´É  l ¨ § ¤ ´´Ò³ Î¨¸²µ³ Ê§²µ¢
N (N = ((n − l) 6 2) + 1), £¤¥ n Å £² ¢´µ¥ ±¢ ´Éµ¢µ¥ Î¨¸²µ). �É³¥É¨³, ÎÉµ ¶µ-
¸±µ²Ó±Ê  ρ  Å  ±µ³¶²¥±¸´ Ö  ¢¥²¨Î¨´ ,  Éµ  ËÊ´±Í¨Ö  ul (ρ)  É ±¦¥ Ö¢²Ö¥É¸Ö

±µ³¶²¥±¸´µ°.

‚ µ¡² ¸É¨ II, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ´ Ìµ¦¤¥´¨Õ Î ¸É¨ÍÒ ¶µ¤ ±Ê²µ´µ¢¸±¨³
¨ Í¥´É·µ¡¥¦´Ò³ ¡ ·Ó¥·µ³, ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (43) ´ Ìµ¤¨É¸Ö ¢ ¢¨¤¥

ul
 II(ρ) = e− ρ ρ− γ 







 1 +  ∑ 

i = 1

∞

 
ai + 1

ρi + 1
 






 , (45)

�¨¸.1. ‘Ì¥³ É¨Î´µ¥ ¨§µ¡· ¦¥´¨¥
¶µÉ¥´Í¨ ² , ¢±²ÕÎ ÕÐ¥£µ Ö¤¥·-
´ÊÕ, ±Ê²µ´µ¢¸±ÊÕ ¨ Í¥´É·µ¡¥¦-
´ÊÕ Î ¸É¨
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£¤¥

ai + 1 = 
l(l + 1) − (γ + i)(γ + i + 1)

2(γ + 1)  ai ,     a0 = 1.

� Î ²Ó´µ¥ §´ Î¥´¨¥ ´  ¢´¥Ï´¥° £· ´¨Í¥ µ¡² ¸É¨ II ¢ ÉµÎ±¥ PV µ¶·¥¤¥-
²Ö¥É¸Ö ¸ ¶µ³µÐÓÕ ¢Ò· ¦¥´¨Ö (45). „ ²¥¥ ¶·µ¢µ¤¨É¸Ö ¶µ¸²¥¤µ¢ É¥²Ó´µ¥
¨´É¥£·¨·µ¢ ´¨¥ Ê· ¢´¥´¨Ö (43) ¢ µ¡· É´µ³ ́  ¶· ¢²¥´¨¨, µÉ ÉµÎ±¨ PV ¢ ¸Éµ-

·µ´Ê Ê³¥´ÓÏ¥´¨Ö ρ ¤µ ÉµÎ±¨ PQ. �µ²ÊÎ¥´´ Ö ËÊ´±Í¨Ö ul
 II(ρ) ¸Ï¨¢ ¥É¸Ö ¢

ÉµÎ±¥ PQ ¸ ·¥Ï¥´¨¥³ ul
 I(ρ).

‚ µ¡² ¸É¨ III Î ¸É¨Í  ¢ÒÌµ¤¨É ¨§-¶µ¤ ¶µÉ¥´Í¨ ²Ó´µ£µ ¡ ·Ó¥·  ¨ µÉ·Ò-
¢ ¥É¸Ö µÉ Ö¤· . �µ¸±µ²Ó±Ê Î ¸É¨Í  ·µ¦¤ ¥É¸Ö ¢ ·¥§Ê²ÓÉ É¥ · ¸¶ ¤  ±¢ §¨-
¸É Í¨µ´ ·´µ£µ ¸µ¸ÉµÖ´¨Ö, Éµ ·¥Ï¥´¨¥ ¢ ÔÉµ° µ¡² ¸É¨ ¤µ²¦´µ µ¶¨¸Ò¢ ÉÓ¸Ö
¢µ²´µ¢µ° ËÊ´±Í¨¥°, ¸µ¤¥·¦ Ð¥° Éµ²Ó±µ · ¸Ìµ¤ÖÐÊÕ¸Ö ¢µ²´Ê. ‚¢¥¤¥³ µ¡µ-

§´ Î¥´¨¥: ρ = ρR − iρIm, Éµ£¤  ¢µ ¢´¥Ï´¥° µ¡² ¸É¨ III ul
 III(ρ) § ¶¨¸Ò¢ ¥É¸Ö ¢

¢¨¤¥

ul
 III(ρ) = [Fl (ρR) + iGl (ρR)] e

iη
l e

ρ
Im ,

Fl (ρR), Gl (ρR)  Å ·¥£Ê²Ö·´Ò¥ ¨ ´¥·¥£Ê²Ö·´Ò¥ ±Ê²µ´µ¢¸±¨¥ ËÊ´±Í¨¨ ¸µµÉ-

¢¥É¸É¢¥´´µ, ηl  Å ±Ê²µ´µ¢¸± Ö Ë §  · ¸¸¥Ö´¨Ö.

�  £· ´¨Í¥ µ¡² ¸É¥° II ¨ III ËÊ´±Í¨Ö ul
 III(ρ) ¸Ï¨¢ ¥É¸Ö ¸ ¸µµÉ¢¥É¸É¢Ê-

ÕÐ¨³ §´ Î¥´¨¥³ ËÊ´±Í¨¨ ul
 II(ρ).

� °¤¥´´ Ö É ±¨³ µ¡· §µ³ ËÊ´±Í¨Ö ul (ρ) ´µ·³¨·Ê¥É¸Ö Ê¸²µ¢¨¥³ (44). ‚

 ¸¨³¶ÉµÉ¨±¥ ul (ρ) ¸² ¡µ · ¸Ìµ¤¨É¸Ö, ¶µÔÉµ³Ê É ± Ö ËÊ´±Í¨Ö ´¥ ³µ¦¥É ¡ÒÉÓ

´µ·³¨·µ¢ ´  ¢µ ¢¸¥³ ¶·µ¸É· ´¸É¢¥. �¤´ ±µ ³µ¦´µ ¸Î¨É ÉÓ, ÎÉµ ul (ρ) ¸µÌ· -

´Ö¥É ´µ·³¨·µ¢±Ê ¢ ±µ´¥Î´µ³, ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ³ µ¡Ñ¥³¥, ¨ ¢Ò¡· ÉÓ ¢ ± -
Î¥¸É¢¥ ¢¥·Ì´¥£µ ¶·¥¤¥²  ¨´É¥£· ²  ¢ (44) ÉµÎ±Ê PV.

�  ·¨¸.2 ¶·¨¢¥¤¥´Ò · ¤¨ ²Ó´Ò¥ § ¢¨¸¨³µ¸É¨ ¶²µÉ´µ¸É¨ ¢¥·µÖÉ´µ¸É¨
´¥¸¢Ö§ ´´ÒÌ ¢Ò¸µ±µ²¥¦ Ð¨Ì α-±² ¸É¥·´ÒÌ ¸µ¸ÉµÖ´¨° Å Î²¥´µ¢ ¢· Ð -

É¥²Ó´ÒÌ ¶µ²µ¸ ¸ K π = 0+ ¨ 0− ¢ Ö¤·¥ 16O ¤²Ö £ ³µ¢¸±¨Ì ¢µ²´µ¢ÒÌ ËÊ´±Í¨°
¨ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ±² ¸É¥·µ¢, ̧ ¢Ö§ ´´ÒÌ ̧  Ë¨±-
É¨¢´µ° µÉ·¨Í É¥²Ó´µ° Ô´¥·£¨¥° ¸¢Ö§¨ ε¸¢ = − 0,1 ŒÔ‚. ˆ§ ·¨¸.2 ¢¨¤´µ, ÎÉµ

§´ Î¨É¥²Ó´ Ö ¶·µÉÖ¦¥´´µ¸ÉÓ ¨ ¢¥²¨Î¨´  £ ³µ¢¸±¨Ì ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¢
 ¸¨³¶ÉµÉ¨Î¥¸±µ° µ¡² ¸É¨ §  ¸Î¥É ÊÎ¥É  ³´¨³µ° Î ¸É¨ ¢µ²´µ¢µ° ËÊ´±Í¨¨,
³µ¤¥²¨·ÊÕÐ¥° ¶·µ´¨±´µ¢¥´¨¥ α-Î ¸É¨ÍÒ Î¥·¥§ ¶µÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥·, ¡µ-
²¥¥  ¤¥±¢ É´µ µÉ· ¦ ¥É ¶·¥¤¸É ¢²¥´¨¥ µ ±² ¸É¥·´µ° ¸É·Ê±ÉÊ·¥ ¢µ§¡Ê¦¤¥´-
´ÒÌ Ê·µ¢´¥° ²¥£±¨Ì Ö¤¥·.
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‘µ£² ¸´µ R-³ É·¨Î´µ° É¥µ·¨¨ α-Ï¨·¨´  Γl
 α ·¥§µ´ ´¸´µ£µ ¸µ¸ÉµÖ´¨Ö

¢Ò· ¦ ¥É¸Ö ¢ É¥·³¨´ Ì ¶·¨¢¥¤¥´´µ° Ï¨·¨´Ò Θl
2 ¨ ¶·µ´¨Í ¥³µ¸É¨

Pl : Γl
 α = 2Pl Θl

2 .

�·¨¢¥¤¥´´ Ö Ï¨·¨´  ¸¢Ö§ ´  ¸µ ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨³ Ë ±Éµ·µ³ ¨ ±¢ ¤-
· Éµ³ · ¤¨ ²Ó´µ° Î ¸É¨ ¢µ²´µ¢µ° ËÊ´±Í¨¨ µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ¢ ÉµÎ-
±¥ r = ac , £¤¥ ac Å · ¤¨Ê¸ ± ´ ² , ¨§¢¥¸É´Ò³ µ¡· §µ³ [92]:

�¨¸.2. ‘· ¢´¥´¨¥ £ ³µ¢¸±¨Ì ¨ WDP-¢µ²´µ¢ÒÌ ËÊ´±Í¨°
ϕl (r) = ul (r) 6 r. ‘¶²µÏ´Ò¥ ±·¨¢Ò¥ Å  ¡¸µ²ÕÉ´Ò¥

§´ Î¥´¨Ö ¤¥°¸É¢¨É¥²Ó´µ° Î ¸É¨ £ ³µ¢¸±¨Ì ¢µ²´µ¢ÒÌ
ËÊ´±Í¨°. ˜É·¨Ìµ¢Ò¥ ±·¨¢Ò¥ Å  ¡¸µ²ÕÉ´Ò¥ §´ -
Î¥´¨Ö ³´¨³µ° Î ¸É¨ £ ³µ¢¸±¨Ì ¢µ²´µ¢ÒÌ ËÊ´±Í¨°.
˜É·¨Ì¶Ê´±É¨·´Ò¥ ±·¨¢Ò¥ Å WDP-¢µ²´µ¢Ò¥ ËÊ´±-
Í¨¨ ¸ Ë¨±É¨¢´µ° Ô´¥·£¨¥° ¸¢Ö§¨, · ¢´µ° − 0,1 ŒÔ‚.
� · ³¥É·Ò · ¸Î¥É  ¶·¨¢¥¤¥´Ò ¢ É ¡².1
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Θl
2 = Sl 

2
2µac

 ul (ac)
2.

’ ±¨³  µ¡· §µ³,  ¢ÒÎ¨¸²ÖÖ  É ±  ´ §Ò¢ ¥³ÊÕ  µ¤´µ±² ¸É¥·´ÊÕ α-Ï¨-
·¨´Ê [92]:

Γl
 α = 

2
2µac

 ul (ac)
22Pl (46)

¨ ¸· ¢´¨¢ Ö ¥¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨¥³ Γ Ô±¸¶ Ï¨·¨´Ò ·¥§µ´ ´¸-
´µ£µ ¸µ¸ÉµÖ´¨Ö, ³µ¦´µ ¶µ²ÊÎ¨ÉÓ §´ Î¥´¨¥ ¸¶¥±É·µ¸±µ¶¨Î¥¸±µ£µ Ë ±Éµ· 
Sl ¤²Ö ¤ ´´µ£µ ¸µ¸ÉµÖ´¨Ö:

Sl = Γ Ô±¸¶ 6 Γl
 α . (47)

�µ¸²¥ Éµ£µ ± ± ¢µ²´µ¢ Ö ËÊ´±Í¨Ö · ¸¸Î¨É ´  ¢µ ¢¸¥³ ¶·µ¸É· ´¸É¢¥,
¶·µ¢µ¤¨É¸Ö ¢ÒÎ¨¸²¥´¨¥ Ï¨·¨´Ò Ê·µ¢´Ö Γl ¶µ Ëµ·³Ê²¥ (46), ¢ ±µÉµ·µ°

±µÔËË¨Í¨¥´É ¶·µ´¨Í ¥³µ¸É¨ Pl , · ¢´Ò° kac 6 (Fl
 2(ac) + Gl (ac)) , ¨ ¢µ²´µ¢ Ö

ËÊ´±Í¨Ö ul (ρ) ¡¥·ÊÉ¸Ö ¶·¨ r = ac , ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É Ê¸²µ¢´µ° £· ´¨Í¥

µ¡² ¸É¨ Ö¤¥·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö.

‚ ±µ³¶ÓÕÉ¥·´ÒÌ ¶·µ£· ³³ Ì ¶·µÍ¥¸¸ ¢ÒÎ¨¸²¥´¨Ö Ï¨·¨´Ò Ê·µ¢´Ö
µ¡ÒÎ´µ ·¥ ²¨§Ê¥É¸Ö ̧ ²¥¤ÊÕÐ¨³ µ¡· §µ³. ‡ ¤ ¥É¸Ö ²Õ¡µ¥ · §Ê³´µ¥ §´ Î¥´¨¥

Γl
 0 ¨ ´ Ìµ¤¨É¸Ö ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ul

0(ρ) ¢µ ¢¸¥Ì É·¥Ì µ¡² ¸ÉÖÌ. ‚ ¸²¥¤ÊÕ-

Ð¥³ ¶·¨¡²¨¦¥´¨¨ ¨¸¶µ²Ó§Ê¥É¸Ö Ê¦¥ Ï¨·¨´  Γl
 1, ´ °¤¥´´ Ö ¶µ Ëµ·³Ê²¥

(46), ¨ ¢´µ¢Ó µ¶·¥¤¥²Ö¥É¸Ö ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ul
1(ρ), ¨ É ± ¤ ²¥¥. ˆÉ¥· -

Í¨µ´´Ò° ¶·µÍ¥¸¸ § ± ´Î¨¢ ¥É¸Ö, ¥¸²¨ ¤¢  ¶µ¸²¥¤µ¢ É¥²Ó´ÒÌ §´ Î¥´¨Ö Γl
 n

µÉ²¨Î ÕÉ¸Ö ³¥´ÓÏ¥, Î¥³ ´  § ¤ ´´ÊÕ ³ ²ÊÕ ¢¥²¨Î¨´Ê.

‚ µ¶¨¸ ´´µ° ¢ÒÏ¥ ¶·µÍ¥¤Ê·¥ ¢ÒÎ¨¸²¥´¨Ö µ¤´µÎ ¸É¨Î´µ° Ï¨·¨´Ò
Ê·µ¢´Ö ¢ ¦´µ ¶µ¤Î¥·±´ÊÉÓ ¸²¥¤ÊÕÐ¨¥ ³µ³¥´ÉÒ. ‚µ-¶¥·¢ÒÌ,  ²£µ·¨É³ · ¸-
Î¥É  Γl Ö¢²Ö¥É¸Ö ¢¶µ²´¥ Ê¸Éµ°Î¨¢Ò³, ¡Ò¸É·µ ¸Ìµ¤ÖÐ¨³¸Ö, ¨ µ¤´µ§´ Î´µ

µ¶·¥¤¥²Ö¥É ¢¥²¨Î¨´Ê Γl (ac) ¶·¨ § ¤ ´´ÒÌ ¶ · ³¥É· Ì § ¤ Î¨. ‚µ-¢Éµ·ÒÌ,

¨¸¶µ²Ó§µ¢ ´¨¥ Î¨¸²¥´´µ° ¶·µÍ¥¤Ê·Ò · ¸Î¥É  ¢µ²´µ¢µ° ËÊ´±Í¨¨, ¢ ±µÉµ·µ°
£¥µ³¥É·¨Î¥¸±¨¥ ¶ · ³¥É·Ò Ö¤¥·´µ£µ ¶µÉ¥´Í¨ ²  Ö¢²ÖÕÉ¸Ö ¶µ¤£µ´µÎ´Ò³¨
¢¥²¨Î¨´ ³¨, ¶·¨¢µ¤¨É ± §´ Î¨É¥²Ó´µ° ´¥µ¶·¥¤¥²¥´´µ¸É¨ ¢ · ¸Î¥É Ì Γl . ˆ§-

³¥´¥´¨¥ £¥µ³¥É·¨¨ ¶µÉ¥´Í¨ ²Ó´µ° Ö³Ò ¶·¨ § ¤ ´´µ³ ¶µ²µ¦¥´¨¨ Ê·µ¢´Ö
¶·¨¢µ¤¨É ± ¸ÊÐ¥¸É¢¥´´µ³Ê ¨§³¥´¥´¨Õ £²Ê¡¨´Ò Ö³Ò ¨ ¢Ò¸µÉÒ ¶µÉ¥´Í¨ ²Ó-
´µ£µ ¡ ·Ó¥· . �Éµ, ¡¥§Ê¸²µ¢´µ, ¢²¨Ö¥É ¨ ´  ¢¥²¨Î¨´Ê Γl . �  ·¨¸.3 ¶·¥¤¸É ¢-

²¥´  § ¢¨¸¨³µ¸ÉÓ Ï¨·¨´Ò Γl  µÉ · ¤¨Ê¸  r0 ¨ ¤¨ËËÊ§´µ¸É¨ a Ö¤¥·´µ£µ
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¶µÉ¥´Í¨ ²  VN (r). ˆ§ ·¨¸Ê´±  ¢¨¤´µ, ÎÉµ ¶·¨ Ê¢¥²¨Î¥´¨¨ r0 ¨ a, É.¥. ¶·¨

Ê³¥´ÓÏ¥´¨¨ V0, §´ Î¥´¨¥ Γl Ê¢¥²¨Î¨¢ ¥É¸Ö. �¤´ ±µ ¶·¨ § ¤ ´´ÒÌ ¶ · ³¥É-

· Ì ¶µÉ¥´Í¨ ²  §´ Î¥´¨¥ Ï¨·¨´Ò Γl ³µ¦¥É ¡ÒÉÓ µ¶·¥¤¥²¥´µ ¤µ¸É ÉµÎ´µ

ÉµÎ´µ, É.¥. Ê¸É· ´¥´  ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¢ · ¸Î¥É Ì Γl , ¸¢Ö§ ´´ Ö ¸ ¢Ò¡µ·µ³

· ¤¨Ê¸  ± ´ ²  ac , Ì · ±É¥·¨§ÊÕÐ¥£µ £· ´¨ÍÊ Ö¤·  ¨²¨ £· ´¨ÍÊ µ¡² ¸É¨

¤¥°¸É¢¨Ö Ö¤¥·´µ£µ ¶µÉ¥´Í¨ ² . �  ·¨¸.4 ¶µ± § ´  § ¢¨¸¨³µ¸ÉÓ Ï¨·¨´Ò
Γl (r), · ¸¸Î¨É ´´µ° ¶µ Ëµ·³Ê²¥ (46), µÉ ¢Ò¡µ·  ÉµÎ±¨ ac . ‡¤¥¸Ó ¦¥ ¶µ± § -

´µ ¶µ¢¥¤¥´¨¥ ¢ ÔÉµ° µ¡² ¸É¨ Ö¤¥·´µ£µ ¶µÉ¥´Í¨ ²  VN (r) (¢ ¶·µÍ¥´É´µ³

µÉ´µÏ¥´¨¨ ± V0). �¥³µ´µÉµ´´ Ö ±·¨¢ Ö, µ¶¨¸Ò¢ ÕÐ Ö § ¢¨¸¨³µ¸ÉÓ Γl (r),
¨³¥¥É ³ ±¸¨³Ê³ ¢ µ¡² ¸É¨ Ô±¸¶µ´¥´Í¨ ²Ó´µ£µ (¶·¨¡²¨§¨É¥²Ó´µ ¤¥¸ÖÉ¨±· É-
´µ£µ) ¸¶ ¤ ´¨Ö Ö¤¥·´µ£µ ¶µÉ¥´Í¨ ² . �µ²µ¦¥´¨¥ ÔÉµ£µ ³ ±¸¨³Ê³  µ¶·¥¤¥-
²Ö¥É ÉµÎ±Ê ac , ¢ ±µÉµ·µ° ¨ ¢ÒÎ¨¸²Ö¥É¸Ö Ï¨·¨´  Γl (ac).

�¥¸³µÉ·Ö ´  µÉ³¥Î¥´´ÊÕ § ¢¨¸¨³µ¸ÉÓ · ¸¸Î¨É ´´ÒÌ Γl µÉ ¶ · ³¥É·µ¢

· ¸Î¥É , ¸ÊÐ¥¸É¢ÊÕÉ · §²¨Î´Ò¥ ¸¶µ¸µ¡Ò ¸µ£² ¸µ¢ ´¨Ö § ¤ ¢ ¥³ÒÌ ¶ · ³¥É-
·µ¢ ¸ Ë¨§¨Î¥¸±¨³¨ ¶·¥¤¸É ¢²¥´¨Ö³¨ µ ¢µ²´µ¢ÒÌ ËÊ´±Í¨ÖÌ ±¢ §¨¸É Í¨µ´ ·-

�¨¸.3. ‡ ¢¨¸¨³µ¸ÉÓ Ï¨·¨´Ò Γl µÉ £¥µ³¥É·¨Î¥¸±¨Ì

¶ · ³¥É·µ¢ Ö¤¥·´µ£µ ¶µÉ¥´Í¨ ² .  � ¸Î¥É ¤²Ö Ê·µ¢´Ö
7−, E ∗ = 13,69 ŒÔ‚, r = r0 A

16 3
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´ÒÌ  ¸µ¸ÉµÖ´¨°.  �¤¨´  ¨§  ´¨Ì Å ¸¢Ö§Ó · ¸¸Î¨É ´´µ° Ï¨·¨´Ò · ¸¶ ¤ 
α-Î ¸É¨Î´µ£µ ±¢ §¨¸É Í¨µ´ ·´µ£µ ¸µ¸ÉµÖ´¨Ö, ¢ÒÎ¨¸²¥´´µ° ¶µ µ¶¨¸ ´´µ³Ê

¢ÒÏ¥ ³¥Éµ¤Ê, Γα
 Ô±¸¶ Å Ô±¸¶¥·¨³¥´É ²Ó´µ° Ï¨·¨´Ò ÔÉµ£µ Ê·µ¢´Ö µÉ´µ¸¨-

É¥²Ó´µ ¨¸¶Ê¸± ´¨Ö α-Î ¸É¨ÍÒ ¨ ¸¶¥±É·µ¸±µ¶¨Î¥¸±µ£µ Ë ±Éµ·  Sl , Ê¸É ´µ¢-

²¥´´ Ö Ëµ·³Ê²µ° (47).

‚ É ¡².1,2 ¶·¨¢¥¤¥´Ò §´ Î¥´¨Ö · ¸¸Î¨É ´´ÒÌ α-Ï¨·¨´ Γl
 α, ¶µ²ÊÎ¥´´ÒÌ

¸¶¥±É·µ¸±µ¶¨Î¥¸±¨Ì Ë ±Éµ·µ¢ Sl , · ¤¨Ê¸µ¢ ± ´ ²  ac , ¶·¨ ±µÉµ·ÒÌ

¢ÒÎ¨¸²Ö²¨¸Ó Γl
 α,   É ±¦¥ £¥µ³¥É·¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ ¨ £²Ê¡¨´Ò V0 Ö¤¥·´µ-

£µ ¶µÉ¥´Í¨ ²  ¢Ê¤¸-¸ ±¸µ´µ¢¸±µ° Ëµ·³Ò ¤²Ö ´¥¸¢Ö§ ´´ÒÌ α-±² ¸É¥·´ÒÌ ¸µ-

¸ÉµÖ´¨° Å Î²¥´µ¢ ¶µ²µ¸ ¸ K π = 0+ ¨ 0− ¢ Ö¤·¥ 16O ¨ É·¥Ì ¶µ²µ¸ ¸ K π = 0−,

01
+ ¨ 02

+ ¢ Ö¤·¥ 20Ne. ‡´ Î¥´¨Ö Γ Ô±¸¶ ¨ S DWBA ¢§ÖÉÒ ¨§ · ¡µÉÒ [44].

ˆ§ É ¡².1 ¢¨¤´µ, ÎÉµ, ´¥¸³µÉ·Ö ´  §´ Î¨É¥²Ó´Ò° · §¡·µ¸ Ô±¸¶¥·¨³¥´-

É ²Ó´ÒÌ Ï¨·¨´ ¤²Ö · §´ÒÌ Ê·µ¢´¥° ¸ K π = 0+ ¨ 0−, · ¸Î¥É´Ò¥ §´ Î¥´¨Ö
¸¶¥±É·µ¸±µ¶¨Î¥¸±¨Ì Ë ±Éµ·µ¢ µ± §Ò¢ ÕÉ¸Ö ¢¥¸Ó³  Ê¸Éµ°Î¨¢µ° ¢¥²¨Î¨´µ°,
Ì · ±É¥·¨§ÊÕÐ¥° Ê·µ¢´¨ ¤ ´´µ° ¶µ²µ¸Ò.

�¨¸.4. ‡ ¢¨¸¨³µ¸ÉÓ · ¸¸Î¨É ´´µ° Ï¨·¨´Ò Γl µÉ · ¤¨Ê¸ 

r µ¡² ¸É¨ Ö¤¥·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö (¸¶²µÏ´ Ö ±·¨¢ Ö).
˜É·¨Ìµ¢ Ö ²¨´¨Ö Å § ¢¨¸¨³µ¸ÉÓ Ö¤¥·´µ£µ ¶µÉ¥´Í¨ ² 
¢§ ¨³µ¤¥°¸É¢¨Ö µÉ r (¢ ¶·µÍ¥´É´µ³ µÉ´µÏ¥´¨¨ ± £²Ê-
¡¨´¥ V0)
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„ ´´Ò¥ É ¡².2 ¶µ± §Ò¢ ÕÉ, ÎÉµ ¤²Ö §´ Î¨É¥²Ó´µ£µ ¨´É¥·¢ ²  Ô´¥·£¨°

¢µ§¡Ê¦¤¥´¨Ö Ö¤·  20Ne Ê¤ ¥É¸Ö ¤µ¸É¨£´ÊÉÓ Ìµ·µÏ¥£µ ¸µ£² ¸¨Ö · ¸¸Î¨É ´´ÒÌ
Sl ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ §´ Î¥´¨Ö³¨, µ¸É ¢ Ö¸Ó ¢ ¶·¥¤¥² Ì · §Ê³´µ£µ ¨§³¥-

´¥´¨Ö ¶ · ³¥É·µ¢ Ö¤¥·´µ£µ ¶µÉ¥´Í¨ ² .

’ ¡²¨Í  1. � · ³¥É·Ò α-±² ¸É¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¢ Ö¤·¥ 16O,
¶µÉ¥´Í¨ ²µ¢ ¨ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö V(r) = V0 f(r),

£¤¥ f (r) = (1 + exp (r))− 1, r = (r − R0)6 a, R0 = 2,52 Ë³

K π I π N E ∗,
ŒÔ‚

E ,
ŒÔ‚

V0,
ŒÔ‚

a,
Ë³

ac ,
Ë³

Γ,
±Ô‚
[44]

Γ α,
±Ô‚

S = Γ6 Γα

0+ 4+

6+
2

1

10,35

16,30

3,19

9,14

169,5

163,0

0,65

0,65

6,2

5,2

30

300

18,5

246,5

1,60

1,22

0− 3−

5−

7−

3

2

1

11,59

14,66

20,80

4,43

7,50

3,64

188,0

195,4

196,0

0,60

0,60

0,60

5,6

5,0

5,0

700

500

500

716,0

457,0

519,0

0,98

1,09

0,96

N Å Î¨¸²µ Ê§²µ¢ · ¤¨ ²Ó´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨.                                          

’ ¡²¨Í  2. � · ³¥É·Ò α-±² ¸É¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¢ Ö¤·¥ 20Ne,
¶µÉ¥´Í¨ ²µ¢ ¨ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö V(r) = V0 f (r),

£¤¥ f (r) = (1 + exp ((r − r0)6 a))− 1, r = r0(A
1 6 3 + x1 6 3)6 a

K π I π E ∗,
ŒÔ‚

E ,
ŒÔ‚

V0,
ŒÔ‚

r0,
Ë³

R,
Ë³

a,
Ë³

Γ,
±Ô‚
[44]

Γ α,
±Ô‚

S S DWBA

[44]

0− 1−

3−

5−

7−

5,78

7,16

10,26

13,36

1,05

2,43

5,53

8,96

90,13

86,27

78,23

74,81

0,95

0,95

0,95

0,95

9,30

6,80

7,20

6,40

0,80

0,80

0,80

0,80

0,028

8,20

145,0

310,0

0,061

33,7

604,0

590,0

0,46

0,24

0,24

0,53

0,54

0,26

0,15

01
+ 6+

8+
8,78

11,95

4,05

7,22

130,68

154,74

0,70

0,65

7,50

7,10

0,75

0,70

0,11

0,035

0,46

0,077

0,24

0,45

0,20

0,51

02
+ 2+

4+

6+

6+

7,42

9,99

12,59

13,11

2,68

5,26

7,86

8,38

50,21

50,23

50,49

48,87

0,85

0,85

0,85

0,85

6,80

6,40

5,80

5,60

0,80

0,80

0,80

0,80

15,0

155,0

72,0

102,0

113,0

584,0

145,0

256,0

0,13

0,27

0,49

0,40

0,13
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‚ ¶µ¸²¥¤ÊÕÐ¨Ì · ¸Î¥É Ì ¸¥Î¥´¨° ·¥ ±Í¨° ³Ò ¡Ê¤¥³ µ·¨¥´É¨·µ¢ ÉÓ¸Ö
´  ÔÉ¨ §´ Î¥´¨Ö Sl ¨ ¸· ¢´¨³ ¸ ´¨³¨ §´ Î¥´¨Ö ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨Ì Ë ±Éµ-

·µ¢, ¶µ²ÊÎ ¥³ÒÌ ¢ ·¥§Ê²ÓÉ É¥ ́ µ·³¨·µ¢±¨ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ̈  · ¸Î¥É´µ£µ
¸¥Î¥´¨°.

5.3. ’¥µ·¥É¨Î¥¸±¨°  ´ ²¨§ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ¨ ËÊ´±Í¨° Ê£-
²µ¢µ° ±µ··¥²ÖÍ¨¨ ¢ ·¥ ±Í¨ÖÌ ( 6Li, d) ¨ ( 7Li, t) ¸ µ¡· §µ¢ ´¨¥³ ±¢ §¨-
¸É Í¨µ´ ·´ÒÌ α-±² ¸É¥·´ÒÌ ¸µ¸ÉµÖ´¨°. ’¥µ·¥É¨Î¥¸±¨°  ´ ²¨§ Ê£²µ¢µ°

d − α- ̈  t − α-±µ··¥²ÖÍ¨° ¢ ·¥ ±Í¨ÖÌ (6Li, d) ̈  (7Li, t) ̧  µ¡· §µ¢ ´¨¥³ ¢Ò¸µ±µ-
²¥¦ Ð¨Ì α-±² ¸É¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¢ Ö¤· Ì p-, sd-µ¡µ²µÎ¥± µ¸´µ¢Ò¢ ¥É¸Ö ´ 
¸µ¢·¥³¥´´ÒÌ ³µ¤¥²ÖÌ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨ ±µ³¶ÓÕÉ¥·´ÒÌ ¶·µ£· ³³ Ì ¨ ¶µ§-
¢µ²Ö¥É · §µ¡· ÉÓ¸Ö ¢ ̧ ÊÐ¥¸É¢¥ ¶·µ¡²¥³, ¶µ¸É ¢²¥´´ÒÌ ¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
· ¡µÉ Ì. � ¨¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´µ° ¨§ ´¨Ì Ö¢²Ö¥É¸Ö ¶·µ¡²¥³  ¸µ£² ¸µ¢ ´¨Ö
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ËÊ´±Í¨° Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ ¸ ¨³¥ÕÐ¨³¨¸Ö ¤ ´´Ò³¨

¶µ ¤¨ËË¥·¥´Í¨ ²Ó´Ò³ ¸¥Î¥´¨Ö³ ·¥ ±Í¨° (6Li, d) ¨ (7Li, t). �·¨ ÔÉµ³ ´¥µ¡-
Ìµ¤¨³µ µ¡ÑÖ¸´¨ÉÓ ¶·¨·µ¤Ê ¶·µ¸Éµ° Ê£²µ¢µ° § ¢¨¸¨³µ¸É¨ ”“Š, ´ ¡²Õ-
¤ ¥³µ° ¢ ¡µ²ÓÏ¨´¸É¢¥ Ô±¸¶¥·¨³¥´Éµ¢, ̈ ¸¸²¥¤µ¢ ÉÓ ·µ²Ó ̈ ¸± ¦¥´¨° ¶²µ¸±¨Ì
¢µ²´ ¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ́  ²¥É ÕÐ¨Ì ¨µ´µ¢ ̈  ¢µ§¡Ê¦¤¥´¨Ö ±µ´¥Î´µ£µ
Ö¤· , ¶µ´ÖÉÓ µ¸µ¡¥´´µ¸É¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶µ²ÊÉÖ¦¥²ÒÌ ¨µ´µ¢, ¢ ·¥§Ê²ÓÉ É¥
±µÉµ·µ£µ µ¡· §ÊÕÉ¸Ö ¢Ò¸µ±µ²¥¦ Ð¨¥ ±² ¸É¥·´Ò¥ ¸µ¸ÉµÖ´¨Ö.

Š ± ¡Ò²µ µÉ³¥Î¥´µ ¢ÒÏ¥, ´ ¨¡µ²¥¥  ¤¥±¢ É´Ò³¨ ¨ · ¸¶·µ¸É· ´¥´´Ò³¨
¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ³µ¤¥²Ö³¨ ¤²Ö µ¶¨¸ ´¨Ö Ö¤¥·´ÒÌ ·¥ ±Í¨° · ¸¸³ É·¨¢ ¥-
³µ£µ É¨¶  Ö¢²ÖÕÉ¸Ö ³µ¤¥²Ó ¶·Ö³µ° ¶¥·¥¤ Î¨ α-Î ¸É¨Î´µ£µ ±² ¸É¥·  ¨ ¸É -
É¨¸É¨Î¥¸± Ö ³µ¤¥²Ó µ¡· §µ¢ ´¨Ö ¸µ¸É ¢´µ£µ Ö¤· .

’ ±µ°  ´ ²¨§ ¡Ò² ¶·µ¢¥¤¥´ ´ ³¨ ¢ · ¡µÉ¥ [87] ¨ ¢±²ÕÎ ² ±µ³¶²¥±¸´µ¥
¨¸¸²¥¤µ¢ ´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¨ ¤¢µ°´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨°

(ËÊ´±Í¨° Ê£²µ¢µ° t − α-±µ··¥²ÖÍ¨¨) ¢ ·¥ ±Í¨¨12C(7Li, t) 16O∗(α) 12C ¸
Í¥²ÓÕ ¶µ²ÊÎ¥´¨Ö µÉ¢¥É  ´  ¶µ¸É ¢²¥´´Ò¥ ¢ÒÏ¥ ¢µ¶·µ¸Ò,   É ±¦¥ ¨§ÊÎ¥´¨Ö
¸¶¥±É·µ¸±µ¶¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± ±¢ §¨¸É Í¨µ´ ·´ÒÌ ¸µ¸ÉµÖ´¨° Å Î²¥-

´µ¢ ¢· Ð É¥²Ó´ÒÌ ¶µ²µ¸ ¸ K = 0+ ¨ 0− ¢ Ö¤·¥ 16O ¨ ¨¸¸²¥¤µ¢ ´¨Ö ³¥Ì ´¨§³ 
¢§ ¨³µ¤¥°¸É¢¨Ö ¶µ²ÊÉÖ¦¥²ÒÌ ¨µ´µ¢, ¶·¨¢µ¤ÖÐ¥£µ ± µ¡· §µ¢ ´¨Õ ¢Ò¸µ±µ-
²¥¦ Ð¨Ì α-±² ¸É¥·´ÒÌ ¸µ¸ÉµÖ´¨°.

�¸´µ¢µ° ¤²Ö ´ Ï¥£µ  ´ ²¨§  Ö¢¨²¨¸Ó ¸²¥¤ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥

¤ ´´Ò¥: ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 12C(7Li, t) 16O, ¨§³¥·¥´´Ò¥ ¢
· ¡µÉ¥ [71] ¶·¨ ELi = 38 ŒÔ‚ ¤²Ö · §²¨Î´ÒÌ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¢

16O ¢¶²µÉÓ ¤µ E ∗ = 7− (20,7 ŒÔ‚), ¨ ËÊ´±Í¨¨ Ê£²µ¢µ° t − α-±µ··¥²ÖÍ¨¨ ¨§

ÔÉµ° ·¥ ±Í¨¨ 12C(7Li, t) 16O∗(α) 12C ¶·¨ ELi = 45 ŒÔ‚, ¨§³¥·¥´´Ò¥ ¢ · ¡µÉ¥

[83]. �¸µ¡¥´´µ¸ÉÓÕ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ”“Š ¤²Ö Ê·µ¢´¥° ¸ If , · ¢´Ò³¨

5−(14,66 ŒÔ‚), 6+(16,3 ŒÔ‚) ¨ 7−(20,7 ŒÔ‚), Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ¶·¨ Ê£² Ì
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¢Ò²¥É  É·¨Éµ´  θt , ¡²¨§±¨Ì ± 0Æ (¢ Ô±¸¶¥·¨³¥´É¥ θt
lab = 10Æ), Ëµ·³  ”“Š

Ìµ·µÏµ µ¶¨¸Ò¢ ¥É¸Ö ±¢ ¤· Éµ³ ¶µ²¨´µ³  ‹¥¦ ´¤·  ¶µ·Ö¤±  If , ÎÉµ ¸µµÉ-

¢¥É¸É¢Ê¥É ¶·¨¡²¨¦¥´¨Õ ¶²µ¸±¨Ì ¢µ²´ (��‚). Š ± ¡Ò²µ ¶µ± § ´µ ¢ · ¡µÉ¥
[14], · ¸Î¥ÉÒ ¶µ DWBA, ¢ ±µÉµ·ÒÌ ¢µ ¢Ìµ¤´µ³ ¨ ¢ÒÌµ¤´µ³ ± ´ ² Ì ÊÎ¨ÉÒ-
¢ ²¨¸Ó ®¨¸± ¦ ÕÐ¨¥¯ µ¶É¨Î¥¸±¨¥ ¶µÉ¥´Í¨ ²Ò, ́ ¥ ³µ£ÊÉ ¢µ¸¶·µ¨§¢¥¸É¨ ÔÉµÉ
Ô±¸¶¥·¨³¥´É ²Ó´Ò° Ë ±É.

’ ±¨³ µ¡· §µ³, µ¤´µ¢·¥³¥´´Ò°  ´ ²¨§ ¢¸¥Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´-
´ÒÌ ´¥µ¡Ìµ¤¨³ ¤²Ö Éµ£µ, ÎÉµ¡Ò ¶µ´ÖÉÓ, ¢µ§³µ¦´µ ²¨  ¤¥±¢ É´µ¥ µ¶¨¸ ´¨¥
¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ”“Š ¶·¨ µ¤´µ³ ¨ Éµ³
¦¥ ´ ¡µ·¥ ¶ · ³¥É·µ¢ µ¶É¨Î¥¸±¨Ì ¶µÉ¥´Í¨ ²µ¢ ¨ ËÊ´±Í¨° µÉ´µ¸¨É¥²Ó´µ£µ
¤¢¨¦¥´¨Ö ±² ¸É¥·µ¢.

ˆ¸¸²¥¤µ¢ ´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö 12C(7Li, t) 16O∗ ¸ µ¡· §µ¢ -

´¨¥³  ´¨§±µ²¥¦ Ð¨Ì  Ê·µ¢´¥°  ¢  16O,  ¸¢Ö§ ´´ÒÌ  µÉ´µ¸¨É¥²Ó´µ  ¢Ò²¥É 
α-Î ¸É¨ÍÒ [71,72], ¶µ± § ²¨, ÎÉµ µ¸´µ¢´Ò³ ³¥Ì ´¨§³µ³ ¶·µÉ¥± ´¨Ö
·¥ ±Í¨¨ ¢ ÔÉµ³ ¸²ÊÎ ¥ Ö¢²Ö¥É¸Ö ¶·Ö³ Ö ¶¥·¥¤ Î  α-Î ¸É¨Î´µ£µ ±² ¸É¥· . ‚
Éµ ¦¥ ¢·¥³Ö ´¥µ¡Ìµ¤¨³µ ¤µ¸É ÉµÎ´µ ±µ··¥±É´µ ÊÎ¥¸ÉÓ ¢±² ¤ ¸É É¨¸É¨Î¥¸±µ-
£µ ³¥Ì ´¨§³  ¢ ¸¥Î¥´¨¥ ÔÉµ° ·¥ ±Í¨¨, ¶µ¸±µ²Ó±Ê ¶·¨ Ê£² Ì ¢Ò²¥É  É·¨Éµ´ 
θt > 90Æ ¨³¥´´µ µ´ ¤µ³¨´¨·Ê¥É ¨ µ¶·¥¤¥²Ö¥É ¶µ¢¥¤¥´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ

¸¥Î¥´¨Ö.

� Î´¥³ ¸ µ¶·¥¤¥²¥´¨Ö ¶ · ³¥É·µ¢, ¨¸¶µ²Ó§Ê¥³ÒÌ ¢ · ¸Î¥É Ì. �¶É¨-

Î¥¸±¨° ¶µÉ¥´Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö 7Li ̈  12C ¶·¨ ELi = 36 ŒÔ‚, ¶µ¤µ¡· ´´Ò°

¢ · ¡µÉ¥ [95], ¨¸¶µ²Ó§µ¢ ²¸Ö É ±¦¥ ¢ [72,96] ¶·¨ · ¸Î¥É Ì ¸¥Î¥´¨° ¤ ´´µ°
·¥ ±Í¨¨ ̈  ¡Ò² ¢§ÖÉ ́  ³¨ ¢ ± Î¥¸É¢¥ ̈ ¸Ìµ¤´µ£µ. �¶É¨Î¥¸±¨° ¶µÉ¥´Í¨ ² ¢§ ¨-
³µ¤¥°¸É¢¨Ö ¢ ¢ÒÌµ¤´µ³ ± ´ ²¥ ·¥ ±Í¨¨ Ö¢²Ö¥É¸Ö ³¥´¥¥ µ¶·¥¤¥²¥´´µ° ¢¥-
²¨Î¨´µ°, ¶µ¸±µ²Ó±Ê, ¢µµ¡Ð¥ £µ¢µ·Ö, ¤µ²¦¥´ ¨§³¥´ÖÉÓ¸Ö ¢ § ¢¨¸¨³µ¸É¨ µÉ
¸É¥¶¥´¨ ¢µ§¡Ê¦¤¥´¨Ö ±µ´¥Î´µ£µ Ö¤· . ‚ ¤ ´´ÒÌ · ¸Î¥É Ì ³Ò ¨¸Ìµ¤¨³ ¨§
´ ¨¡µ²¥¥ µ¡Ð¨Ì ·¥±µ³¥´¤ Í¨° [97]. � · ³¥É·Ò µ¶É¨Î¥¸±¨Ì ¶µÉ¥´Í¨ ²µ¢
¶·¨¢¥¤¥´Ò ¢ É ¡².3.

„²Ö Éµ£µ ÎÉµ¡Ò ¸ ¤µ¸Éµ¢¥·´µ¸ÉÓÕ µÍ¥´¨ÉÓ ¢¥²¨Î¨´Ò ¸¶¥±É·µ¸±µ-

¶¨Î¥¸±¨Ì Ë ±Éµ·µ¢ α + 12C ¢ · §´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ 16O,   É ±¦¥ µ¶¨¸ ÉÓ ¸¥-
Î¥´¨¥ ·¥ ±Í¨¨ ¶·¨ Ê£² Ì θt > 90Æ, ´¥µ¡Ìµ¤¨³µ ¢ ± Î¥¸É¢¥ ¶¥·¢µ£µ Ï £  · ¸-

¸Î¨É ÉÓ ¢±² ¤ ¢ ¸¥Î¥´¨¥ ̧ É É¨¸É¨Î¥¸±µ£µ ³¥Ì ´¨§³  µ¡· §µ¢ ´¨Ö ̧ µ¸É ¢´µ£µ

Ö¤· . �µ¤µ¡´Ò¥ · ¸Î¥ÉÒ ¤²Ö ·¥ ±Í¨¨ 12C(7Li, t) 16O ¶·µ¢µ¤¨²¨¸Ó ¢ [71] ¤²Ö

¸µ¸ÉµÖ´¨° 16O ¢¶²µÉÓ ¤µ E ∗ = 20,7 ŒÔ‚ (7− ) ¨ ¢ [96] ¤µ E ∗ = 11,10 ŒÔ‚. ‚
· ¡µÉ¥ [71] ¡Ò²  ¶·µ¢¥¤¥´  ´µ·³¨·µ¢±  · ¸Î¥É´µ£µ ¸¥Î¥´¨Ö µÉ´µ¸¨É¥²Ó´µ

Ê·µ¢´Ö  2−(8,87 ŒÔ‚), ¢ [96] ¶·µ¢µ¤¨²µ¸Ó ÔËË¥±É¨¢´µ¥ ´µ·³¨·µ¢ ´¨¥,  
¨³¥´´µ Ê³¥´ÓÏ¥´¨¥ ¸¥Î¥´¨Ö ¸ ¶µ³µÐÓÕ µ¡·¥§ ´¨Ö ¸Ê³³Ò ¶ ·Í¨ ²Ó´ÒÌ ¸¥-
Î¥´¨° ¶µ ±·¨É¨Î¥¸±µ³Ê Ê£²µ¢µ³Ê ³µ³¥´ÉÊ lC . Š ± ¶µ± § ´µ ¢ [98],
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±·¨É¨Î¥¸±¨° Ê£²µ¢µ° ³µ³¥´É lC ,   É ±¦¥ ¶µ²´Ò° ±·¨É¨Î¥¸±¨° Ê£²µ¢µ° ³µ-

³¥´É IC = lC + Ia + IA ¢ ¶µ²Ê±² ¸¸¨Î¥¸±µ³ ¶·¥¤¸É ¢²¥´¨¨ Ì · ±É¥·¨§ÊÕÉ

³ ±¸¨³ ²Ó´Ò° Ê£²µ¢µ° ³µ³¥´É ¢µ ¢Ìµ¤´µ³ ± ´ ²¥, ¶·¨ ±µÉµ·µ³ ¥Ð¥ ³µ¦¥É
¶·µ¨§µ°É¨ ¶µ²´µ¥ ¸²¨Ö´¨¥ ´ Î ²Ó´ÒÌ Ö¤¥·, É.¥. µ¡· §µ¢ ÉÓ¸Ö ¸µ¸É ¢´µ¥ Ö¤·µ.

‚±² ¤ ³¥Ì ´¨§³  µ¡· §µ¢ ´¨Ö ¸µ¸É ¢´µ£µ Ö¤·  ¢ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ´ ³¨
· ¸¸Î¨ÉÒ¢ ²¸Ö ¶µ ¶·µ£· ³³¥ CNCOR [41], µ¸µ¡¥´´µ¸É¨ ±µÉµ·µ° ³Ò · ¸-
¸³µÉ·¥²¨ ¢ ¶.4.2. �É³¥É¨³, ÎÉµ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ µ¡Ð¥° Ï¨·¨´Ò · ¸¶ ¤ 
g(If ) ¸µ¸É ¢´µ£µ Ö¤·  ¢µ ¢¸¥ µÉ±·ÒÉÒ¥ ± ´ ²Ò (Ëµ·³Ê²  (31)), ̧ Ê³³¨·µ¢ ²¸Ö

¢±² ¤ µÉ¤¥²Ó´ÒÌ ¨§¢¥¸É´ÒÌ ¤¨¸±·¥É´ÒÌ Ê·µ¢´¥°,   ¢±² ¤ ´¥¶·¥·Ò¢´µ£µ
¸¶¥±É·  ¢ÒÎ¨¸²Ö²¸Ö ¶ÊÉ¥³ ¨´É¥£·¨·µ¢ ´¨Ö ¶µ Ô´¥·£¨¨ ¸ ÊÎ¥Éµ³ ¶²µÉ´µ¸É¨
Ê·µ¢´¥°, ´ Î¨´ Ö ¸ Ô´¥·£¨¨ EC , ±µÉµ· Ö µ¶·¥¤¥²Ö¥É £· ´¨ÍÊ ´¥¶·¥·Ò¢´µ£µ

¸¶¥±É· . Šµ´±·¥É´µ¥ §´ Î¥´¨¥ EC  ¸µµÉ¢¥É¸É¢Ê¥É Éµ° Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö

Ö¤· , ¶·¨ ±µÉµ·µ° ¸É ´µ¢¨É¸Ö ¢µ§³µ¦´Ò³ µÉ¤¥²¥´¨¥ µ¤´µ° ¨§ Î ¸É¨Í Ö¤· .
�¡·¥§ ´¨Ö ¶µ ¨· ¸É-²¨´¨¨ ¶·µ¢µ¤¨²¨¸Ó ¸ ÊÎ¥Éµ³ ¸µµÉ´µÏ¥´¨Ö EI =

= Y ⋅ I(I + 1), £¤¥ Y = 
2h
FÉ¢

 , FÉ¢ = 
2
5
 r0

2 A5 6 3 Å ³µ³¥´É ¨´¥·Í¨¨ É¢¥·¤µ£µ É¥² .

„²Ö µ¶¨¸ ´¨Ö ¶²µÉ´µ¸É¨ Ê·µ¢´¥° Ö¤·  ¶·¨³¥´Ö² ¸Ó ³µ¤¥²Ó Ë¥·³¨-£ § 
¸ ¶ · ³¥É· ³¨, ¶·¥¤²µ¦¥´´Ò³¨ ¢ · ¡µÉ¥ [47]. ‚¸¥ ̈ ¸¶µ²Ó§µ¢ ´´Ò¥ ¶ · ³¥É-
·Ò ¤²Ö ¢ÒÎ¨¸²¥´¨Ö µ¡Ð¥° Ï¨·¨´Ò · ¸¶ ¤ , ¶²µÉ´µ¸É¨ Ê·µ¢´¥°,   É ±¦¥
µ¶É¨Î¥¸±¨¥ ¶µÉ¥´Í¨ ²Ò ¶·¨¢¥¤¥´Ò ¢ É ¡².3.

�É¶· ¢´µ° ÉµÎ±µ° ¢ÒÎ¨¸²¥´¨° Ö¢²Ö¥É¸Ö · ¸Î¥É ¸¥Î¥´¨Ö ·¥ ±Í¨¨ ¤²Ö

¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö  2− (8,87 ŒÔ‚) ¢ 16O, § ¸¥²¥´¨¥ ±µÉµ·µ£µ ¸
¶µ³µÐÓÕ ¶·Ö³ÒÌ µ¤´µ¸ÉÊ¶¥´Î ÉÒÌ ³¥Ì ´¨§³µ¢ § ¶·¥Ð¥´µ ¶· ¢¨² ³¨ µÉ¡µ-
· . �¶·¥¤¥²¨¢ É ±¨³ µ¡· §µ³ ¶ · ³¥É·Ò ³µ¤¥²¨, ³Ò ¶·µ¢¥²¨ · ¸Î¥ÉÒ ¸¥-

Î¥´¨° ´¥±µÉµ·ÒÌ ¸µ¸ÉµÖ´¨° ¢ 16O ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ ¤²Ö ¤ ´´µ°
Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì Î ¸É¨Í ±·¨É¨Î¥¸±¨° Ê£²µ¢µ° ³µ³¥´É IC ´¥ ¶·¥¢ÒÏ ¥É

12h  [96].

�  ·¨¸.5 ¶·¥¤¸É ¢²¥´Ò · ¸¸Î¨É ´´Ò¥ ´ ³¨ ¶µ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨

¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö (ÉµÎ¥Î´Ò¥ ±·¨¢Ò¥) ·¥ ±Í¨¨ 12C(7Li, t) 16O ¢
¸· ¢´¥´¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¨§ · ¡µÉÒ [71]. • · ±É¥·´µ¥

¸É É¨¸É¨Î¥¸±µ¥ Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ É·¨Éµ´µ¢ ¸ ¢µ§¡Ê¦¤¥´¨¥³ Ê·µ¢´Ö 2−

(8,87 ŒÔ‚) Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É¸Ö ± ± ¶µ Ëµ·³¥, É ± ¨ ¶µ  ¡¸µ²ÕÉ´µ°
¢¥²¨Î¨´¥. Š·µ³¥ Éµ£µ, ´ Ï¨ ¢ÒÎ¨¸²¥´¨Ö ³µ£ÊÉ µ¡ÑÖ¸´¨ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó-
´Ò¥ ¸¥Î¥´¨Ö ´  ¡µ²ÓÏ¨Ì Ê£² Ì θt ¤²Ö É¥Ì ¸µ¸ÉµÖ´¨°, ±µÉµ·Ò¥ Ö¢²ÖÕÉ¸Ö

¸¨²Ó´µ§ ¸¥²¥´´Ò³¨ ´  ¶¥·¥¤´¨Ì Ê£² Ì. �¤´ ±µ ¸¥Î¥´¨Ö ´  ³ ²ÒÌ Ê£² Ì θt

´¥ ³µ£ÊÉ ¡ÒÉÓ µ¡ÑÖ¸´¥´Ò ¢ · ³± Ì ¸É É¨¸É¨Î¥¸±µ° É¥µ·¨¨, ¨ ¤²Ö ¨Ì µ¶¨-
¸ ´¨Ö É·¥¡Ê¥É¸Ö ¶·¨¢²¥Î¥´¨¥ É¥µ·¨¨ ¶·Ö³ÒÌ ·¥ ±Í¨°.
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’ ¡²¨Í  3. � · ³¥É·Ò µ¶É¨Î¥¸±¨Ì ¶µÉ¥´Í¨ ²µ¢ ¨ ¶ · ³¥É·Ò
¤²Ö ¢ÒÎ¨¸²¥´¨° ¢ Ëµ·³ ²¨§³¥ • Ê§¥·  Å ”¥Ï¡ Ì 

Š ´ ² V,

ŒÔ‚

RV ,

Ë³

aV ,

Ë³

WI ,

ŒÔ‚

RI ,

Ë³

aI ,

Ë³

’¨¶ R±Ê²,

Ë³

 ,
ŒÔ‚−1

∆,

ŒÔ‚

Y Ec ,

ŒÔ‚

n + 18F 38,62 3,380 0,660 7,93 3,284 0,480 sur 0,00 2,818 0,00 0,27 5,86

p + 18O 35,43 3,280 0,650 13,50 3,284 0,470 sur 3,28 3,167 6,73 0,27 8,38

d + 17O 89,27 2,707 0,752 6,52 3,500 0,812 sur 3,34 2,630 2,30 0,30 6,02

t + 16O 170,00 2,870 0,723 20,00 4,030 0,800 vol 3,125 1,890 4,37 0,33 10,4

α + 15N 130,00 3,380 0,625 44,92 3,377 0,350 vol 3,45 2,558 0,28 0,37 11,5

5He + 15N 17,36 5,560 0,450 3,48 5,560 0,450 vol 3,13 2,030 0,00 0,41 8,63

5Li + 14C 17,18 5,560 0,450 3,43 5,560 0,450 vol 3,05 2,177 3,23 0,41 8,87

6Li + 13C 234,00 2,770 0,760 10,30 4,580 0,640 sur 5,87 2,372 3,44 0,47 8,21

7Li + 12C 245,00 2,770 0,759 14,70 4,580 0,909 vol 2,98 1,050 10,33 0,53 11,2

8Be + 11B 26,20 5,280 0,950 25,00 5,280 0,950 vol 5,55 1,674 3,02 0,62 10,1
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� ¸Î¥ÉÒ Ì · ±É¥·¨¸É¨± ·¥ ±Í¨¨ 12C(7Li, t) 16O ¤²Ö ³¥Ì ´¨§³  ¶·Ö³µ°
α-¶¥·¥¤ Î¨ ¶·µ¢µ¤¨²¨¸Ó ¶µ ³¥Éµ¤Ê ¨¸± ¦¥´´ÒÌ ¢µ²´ ¸ ±µ´¥Î´Ò³ · ¤¨Ê¸µ³
¢§ ¨³µ¤¥°¸É¢¨Ö (Œˆ‚�Š��) ̧  ¶µ³µÐÓÕ ¶·µ£· ³³Ò OLYMP-5 [41]. �¸´µ¢-
´µ¥ ¢´¨³ ´¨¥ ¡Ò²µ Ê¤¥²¥´µ ¨¸¸²¥¤µ¢ ´¨Õ ¢Ò¸µ±µ²¥¦ Ð¨Ì ±¢ §¨¸É Í¨µ´ ·-

´ÒÌ α-±² ¸É¥·´ÒÌ ̧ µ¸ÉµÖ´¨° ¢ 16O, ¶·¨´ ¤²¥¦ Ð¨Ì ¢· Ð É¥²Ó´Ò³ ¶µ²µ¸ ³

¸ K π = 0+ ¨ 0−.

�·µ¢¥¤¥´´Ò° ´ ³¨ · ´¥¥ [99]  ´ ²¨§ ÔÉµ° ·¥ ±Í¨¨ ¶·¨ Ô´¥·£¨¨ ´ ²¥É -

ÕÐ¨Ì ¨µ´µ¢ 7Li, · ¢´µ° 21 ŒÔ‚, ¤²Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¨ ¸µ¸ÉµÖ´¨Ö 4+

(10,35 ŒÔ‚) ¶µ± § ², ÎÉµ ̈ § ¤¢ÊÌ µ¤´µ¸ÉÊ¶¥´Î ÉÒÌ ¶·Ö³ÒÌ ³¥Ì ´¨§³µ¢, ̧ ¢Ö-

�¨¸.5. „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 12C(7Li, t)16O∗ ¶·¨

ELi = 38 ŒÔ‚. ‘Ê³³ ·´µ¥ É¥µ·¥É¨Î¥¸±µ¥ ¸¥Î¥´¨¥ Å ¸¶²µÏ´Ò¥,

¢±² ¤ ³¥Ì ´¨§³  ¶·Ö³µ° α-¶¥·¥¤ Î¨ Å ÏÉ·¨Ìµ¢Ò¥, ¢±² ¤ ³¥Ì -
´¨§³  µ¡· §µ¢ ´¨Ö ¸µ¸É ¢´µ£µ Ö¤·  Å ÉµÎ¥Î´Ò¥ ±·¨¢Ò¥. �±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ÉµÎ±¨ Å ¤ ´´Ò¥ · ¡µÉÒ [71]
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§ ´´ÒÌ ¸ · §¢ ²µ³ 7Li, ´ ¨¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò³ Ö¢²Ö¥É¸Ö ±² ¸É¥·´Ò° ¸·Ò¢,
  ÉÖ¦¥²µ¥ § ³¥Ð¥´¨¥ ¶µ¤ ¢²¥´µ ´  ´¥¸±µ²Ó±µ ¶µ·Ö¤±µ¢. �·¨ · ¸¸³ É·¨¢ ¥-

³ÒÌ ¡µ²¥¥ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ ¨µ´µ¢ 7Li ÔÉµÉ ¢Ò¢µ¤ ¸µÌ· ´Ö¥É¸Ö, ¶µÔÉµ³Ê
¤ ²Ó´¥°Ï¨¥ · ¸Î¥ÉÒ ³Ò ¡Ê¤¥³ ¶·µ¢µ¤¨ÉÓ Éµ²Ó±µ ¤²Ö ³¥Ì ´¨§³  ±² ¸É¥·´µ£µ
¸·Ò¢  α-Î ¸É¨ÍÒ.

� ¸¸³µÉ·¨³, ± ± ¢²¨Ö¥É ¢Ò¡µ· ¢µ²´µ¢ÒÌ ËÊ´±Í¨° µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨-
¦¥´¨Ö ±² ¸É¥·µ¢ ´  ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¨ ËÊ´±Í¨Õ Ê£²µ¢µ° ±µ··¥-

²ÖÍ¨¨,   É ±¦¥ ¸· ¢´¨³ §´ Î¥´¨Ö ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨Ì Ë ±Éµ·µ¢ Sl
 α, ¶µ²Ê-

Î¥´´ÒÌ ¢ ¶.5.2 ¨ ¶·¨ · ¸Î¥É¥ ¸¥Î¥´¨° ·¥ ±Í¨¨.

Š² ¸É¥·´ Ö ¢µ²´µ¢ Ö ËÊ´±Í¨Ö 7Li ¨ ¥¥ ¶¥·¥±·Ò¢ ´¨¥ ¸ ¶µÉ¥´Í¨ ²µ³
α + t-¢§ ¨³µ¤¥°¸É¢¨Ö ¤¥É ²Ó´µ ¨¸¸²¥¤µ¢ ² ¸Ó ³´µ£¨³¨  ¢Éµ· ³¨. ‚ Éµ³
Î¨¸²¥ ¢ · ¡µÉ¥ [100] ¶·µ¢¥¤¥´µ ¸· ¢´¥´¨¥ ËÊ´±Í¨° ¶¥·¥±·Ò¢ ´¨Ö Φ(rbx) =
= 〈 ΦbΦxVbxΦa 〉r

bx

 ¶µÉ¥´Í¨ ²  Vbx ¢§ ¨³µ¤¥°¸É¢¨Ö Ö¤¥· b ¨ x ¸ ¢´ÊÉ·¥´-

´¨³¨ ¢µ²´µ¢Ò³¨ ËÊ´±Í¨Ö³¨ Φ Ö¤¥·, ¢ÒÎ¨¸²¥´´ÒÌ ¢ ³¨±·µ¸±µ¶¨Î¥¸±µ° ³µ-
¤¥²¨ £¥´¥· Éµ·´ÒÌ ±µµ·¤¨´ É ¸ · §²¨Î´Ò³¨ ´Ê±²µ´-´Ê±²µ´´Ò³¨ ¸¨² ³¨ ¨
¢ DWBA ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ²µ± ²Ó´ÒÌ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¶µÉ¥´Í¨ ²µ¢ ¨
ËÊ´±Í¨° ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨°. Š·µ³¥ Éµ£µ, ¸· ¢´¨¢ ²¨¸Ó ¸¥Î¥´¨Ö ·¥ ±Í¨¨
12C(7Li, t) 16O, ¢ÒÎ¨¸²¥´´Ò¥ ¢ DWBA ¸ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³¨ ¨ ³¨±·µ-
¸±µ¶¨Î¥¸±¨³¨ ¶µÉ¥´Í¨ ² ³¨. � ¸Î¥ÉÒ ¶µ± § ²¨, ÎÉµ, ´¥¸³µÉ·Ö ´  §´ Î¨-
É¥²Ó´Ò¥ · §²¨Î¨Ö ¢ ¶µ¢¥¤¥´¨¨ Φ(rbx), ¸¥Î¥´¨Ö, · ¸¸Î¨É ´´Ò¥ ¸ · §²¨Î´Ò³¨

¶µÉ¥´Í¨ ² ³¨, Ê¤¨¢¨É¥²Ó´µ Ìµ·µÏµ ¸µ£² ¸ÊÕÉ¸Ö ³¥¦¤Ê ¸µ¡µ°, µ¸µ¡¥´´µ ¢
¶¥·¥¤´¥° ¶µ²Ê¸Ë¥·¥ ¢Ò²¥É  É·¨Éµ´µ¢. ’µ²Ó±µ ¶·¨ ¡µ²ÓÏ¨Ì Ê£² Ì θt ´ ¡²Õ-

¤ ÕÉ¸Ö · ¸Ìµ¦¤¥´¨Ö ± ± ¶µ ¢¥²¨Î¨´¥, É ± ¨ ¶µ Ëµ·³¥ ¸¥Î¥´¨°. ‘· ¢´¥´¨¥
·¥§Ê²ÓÉ Éµ¢ ´ Ï¨Ì · ¸Î¥Éµ¢ ¸ ·¥§Ê²ÓÉ É ³¨, ¶·¨¢¥¤¥´´Ò³¨ ¢ [100], ¶µ¤-
É¢¥·¤¨²µ ¸¤¥² ´´Ò° É ³ ¢Ò¢µ¤ µ ¸² ¡µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ¸¥Î¥´¨Ö ·¥ ±Í¨¨
12C(7Li, t) 16O ¢ ¶¥·¥¤´¥° ¶µ²Ê¸Ë¥·¥ ± ¢Ò¡µ·Ê ¶ · ³¥É·µ¢ α − t-¢§ ¨³µ-
¤¥°¸É¢¨Ö, ¨ µ¡µ¸´µ¢ ²µ ¢µ§³µ¦´µ¸ÉÓ ¶·¨³¥´¥´¨Ö ¶ · ³¥É·µ¢, ¶µ¤µ¡· ´´ÒÌ
´ ³¨ · ´¥¥ ¶·¨  ´ ²¨§¥ ·¥ ±Í¨° ¸ α-Î ¸É¨Í ³¨ ´  Ö¤· Ì ²¨É¨Ö [101]:
V0 = 46 ŒÔ‚, R0 = 3,18 Ë³, a = 0,9 Ë³. ‘µµÉ¢¥É¸É¢ÊÕÐ¨° α − t-¸¶¥±É·µ-

¸±µ¶¨Î¥¸±¨° Ë ±Éµ· ¢ ¤ ²Ó´¥°Ï¨Ì · ¸Î¥É Ì ¡Ò² ¢§ÖÉ, ± ± ¨ ¢ · ¡µÉ¥ [71],
· ¢´Ò³ 0,95. � · ³¥É·Ò ¶µÉ¥´Í¨ ²  ¨ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ̧ ¢Ö§ ´´µ£µ ¸µ¸Éµ-

Ö´¨Ö α + 12C ¢ Ö¤·¥ 16O ¶·¨¢¥¤¥´Ò ¢ É ¡².1.

�  ·¨¸.5 ¶·¥¤¸É ¢²¥´Ò É¥µ·¥É¨Î¥¸±¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö
(¸¶²µÏ´Ò¥ ²¨´¨¨) ¢ ¸· ¢´¥´¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¨§ · ¡µÉÒ
[71] (±·Ê¦±¨). Š ± ¢¨¤´µ ¨§ ·¨¸.5, Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö É·¨Éµ´µ¢ ¤²Ö

¸µ¸ÉµÖ´¨° ¢ 16O, ¶·¨´ ¤²¥¦ Ð¨Ì ¶µ²µ¸ ³ K π = 0+ ¨ 0−, µ¶·¥¤¥²ÖÕÉ¸Ö ¢
¶¥·¥¤´¥° ¶µ²Ê¸Ë¥·¥ Ê£²µ¢ θt ³¥Ì ´¨§³µ¢ ¸·Ò¢  α-Î ¸É¨Î´µ£µ ±² ¸É¥· . �·¨
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Ê£² Ì θt > 90Æ µ¸´µ¢´µ° ¢±² ¤ ¢´µ¸¨É ¸É É¨¸É¨Î¥¸±¨° ³¥Ì ´¨§³ µ¡· §µ¢ ´¨Ö

¸µ¸É ¢´µ£µ Ö¤· . � ¨¡µ²¥¥ ¶²µÌµ¥ ¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³ cÊÐ¥¸É¢Ê¥É ¢
µ¡² ¸É¨ ¸·¥¤´¨Ì Ê£²µ¢ ¢Ò²¥É  É·¨Éµ´ , ÎÉµ ³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´µ ¸ ´¥ÊÎÉ¥´-
´µ°  ¶·¨³¥¸ÓÕ  ¶·µ³¥¦ÊÉµÎ´ÒÌ  ³¥¦¤Ê  ¶·Ö³Ò³¨  ¨  ¸É É¨¸É¨Î¥¸±¨³¨
¶·µÍ¥¸¸ ³¨.

�·µ¢¥¤¥´´µ¥ ´ ³¨ ¨¸¸²¥¤µ¢ ´¨¥ ·µ²¨ µ¶É¨Î¥¸±¨Ì ¶µÉ¥´Í¨ ²µ¢, ®¨¸± -
¦ ÕÐ¨Ì¯ ¢Ìµ¤ÖÐÊÕ ¨ ¢ÒÌµ¤ÖÐÊÕ ¶²µ¸±¨¥ ¢µ²´Ò ¢ ¸²ÊÎ ¥ µ¡· §µ¢ ´¨Ö
¸¨²Ó´µ¢µ§¡Ê¦¤¥´´µ£µ ±µ´¥Î´µ£µ Ö¤¥·´µ£µ ¸µ¸ÉµÖ´¨Ö, ¶µ± § ²µ, ÎÉµ · ¸¸Î¨-
É ´´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¤ ´´µ° ·¥ ±Í¨¨ ¤²Ö ³¥Ì ´¨§³  ¶·Ö³µ°
¶¥·¥¤ Î¨ α-±² ¸É¥·  ¶·µÖ¢¨²¨ ¸² ¡ÊÕ ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ ± §´ Î¨É¥²Ó´µ³Ê
¨§³¥´¥´¨Õ ¶ · ³¥É·µ¢ ³µ¤¥²¨.

�·µ¨²²Õ¸É·¨·µ¢ ÉÓ ÔÉµ ÊÉ¢¥·¦¤¥´¨¥ ³µ¦´µ ́   ¶·¨³¥·¥ · ¸Î¥É  ¤¨ËË¥-

·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ ¤²Ö Ê·µ¢´Ö 6+ (16,30 ŒÔ‚) (·¨¸.6). „¨ËË¥-
·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö, ¶·¥¤¸É ¢²¥´´Ò¥ ´  ·¨¸.6, · ¸¸Î¨É ´Ò ¢ Œˆ‚�Š��
¤²Ö ³¥Ì ´¨§³  ¸·Ò¢  α-Î ¸É¨ÍÒ ¨ µÉ´µ·³¨·µ¢ ´Ò ´  Ô±¸¶¥·¨³¥´É. ˆ§ ·¨¸.6
¢¨¤´µ, ÎÉµ Ëµ·³  Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö É·¨Éµ´µ¢ ¶·¨ Ê£² Ì θt < 90Æ ³ ²µ

ÎÊ¢¸É¢¨É¥²Ó´  ± ̧ ¨²Ó´µ³Ê µ¸² ¡²¥´¨Õ ̈  ¤ ¦¥ ¶µ²´µ³Ê ®¢Ò±²ÕÎ¥´¨Õ¯ ¢§ ¨-
³µ¤¥°¸É¢¨Ö ¢ ¢ÒÌµ¤´µ³ ± ´ ²¥,   É ±¦¥ ± Ê³¥´ÓÏ¥´¨Õ £²Ê¡¨´Ò V0 ¤¥°¸É¢¨-

É¥²Ó´µ° Î ¸É¨ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ¢µ ¢Ìµ¤´µ³ ± ´ ²¥. ‘¥Î¥´¨¥ ´  Ê£-
² Ì θt > 90Æ ¡µ²¥¥ ÎÊ¢¸É¢¨É¥²Ó´µ ± ¢Ò¡µ·Ê ¶ · ³¥É·µ¢, ¢ Î ¸É´µ¸É¨, Ê³¥´Ó-

Ï¥´¨¥ £²Ê¡¨´Ò W0 ³´¨³µ° Î ¸É¨, É.¥. µ¸² ¡²¥´¨¥ ¶µ£²µÐ¥´¨Ö ¢µ ¢Ìµ¤´µ³

± ´ ²¥ ¶·¨¢µ¤¨É ± §´ Î¨É¥²Ó´µ³Ê ¶µ¢ÒÏ¥´¨Õ ¸¥Î¥´¨Ö ¢ § ¤´¥° ¶µ²Ê¸Ë¥·¥
¢Ò²¥É  É·¨Éµ´µ¢. �¤´ ±µ ́   Ê£² Ì θt > 90Æ §´ Î¨É¥²Ó´ÊÕ ¨²¨ ¤ ¦¥ µ¸´µ¢´ÊÕ

·µ²Ó ¨£· ÕÉ ¤·Ê£¨¥, ´¥ ¶·Ö³Ò¥ ³¥Ì ´¨§³Ò ·¥ ±Í¨¨. �É³¥É¨³, ÎÉµ ¸¥Î¥´¨¥,

�¨¸.6. „¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ·¥ ±-

Í¨¨ 12C(7Li, t)16O∗, If = 6+ (16,30 ŒÔ‚),

¶·¨ ELi = 38 ŒÔ‚. � ¸Î¥É ¶µ Œˆ‚�Š��

¤²Ö ³¥Ì ´¨§³  ¶·Ö³µ° ¶¥·¥¤ Î¨ α-Î ¸É¨-
ÍÒ ¸ · §´Ò³¨ ¶ · ³¥É· ³¨ �� ¨§
É ¡².4. Š·¨¢Ò¥: ¸¶²µÏ´ Ö Ä ¤²Ö ¢ ·¨ ´-
É  1, ÏÉ·¨Ìµ¢ Ö Ä ¢ ·¨ ´É 1 (¸² ¡µ¸¢Ö§.
¢µ²´µ¢ Ö ËÊ´±Í¨Ö), ÏÉ·¨Ì¶Ê´±É¨·´ Ö
Å ¢ ·¨ ´É 2, ±·¨¢Ò¥ ¸ ±·¥¸É ³¨ Ä ¤²Ö
¢ ·¨ ´É  2 (¸² ¡µ¸¢Ö§. ¢µ²´µ¢ Ö ËÊ´±-
Í¨Ö), ÉµÎ¥Î´ Ö Å ¤²Ö ¶·¨¡²¨¦¥´¨Ö
¶²µ¸±¨Ì ¢µ²´
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· ¸¸Î¨É ´´µ¥ ¢ ��‚,   É ±¦¥ ¶·¨ ́  -
²¨Î¨¨ Éµ²Ó±µ ±Ê²µ´µ¢¸±µ£µ ¢§ ¨³µ-
¤¥°¸É¢¨Ö ¢µ ¢Ìµ¤´µ³ ¨ ¢ÒÌµ¤´µ³ ± -
´ ² Ì ± ·¤¨´ ²Ó´µ µÉ²¨Î ¥É¸Ö µÉ Ô±¸-
¶¥·¨³¥´É ²Ó´µ£µ. �·¨¢¥¤¥´´Ò¥ ´ 
·¨¸.5 ¸¥Î¥´¨Ö ̈ ³¥ÕÉ · §²¨Î´Ò¥  ¡¸µ-
²ÕÉ´Ò¥ §´ Î¥´¨Ö, ÎÉµ ¢¨¤´µ ¨§ ¶·¥¤-
¸É ¢²¥´´ÒÌ ¢ É ¡².4 ¸¶¥±É·µ¸±µ¶¨-
Î¥¸±¨Ì Ë ±Éµ·µ¢, ¶µ²ÊÎ¥´´ÒÌ ¢ ·¥§Ê²ÓÉ É¥ ´µ·³¨·µ¢±¨ ¸Ê³³ ·´µ£µ (¶·Ö-
³µ° ¶²Õ¸ ¸É É¨¸É¨Î¥¸±¨° ³¥Ì ´¨§³) ¸¥Î¥´¨Ö ± Ô±¸¶¥·¨³¥´É ²Ó´µ³Ê. ‡´ -
Î¥´¨Ö Sl ¸¨¸É¥³ É¨Î¥¸±¨ Ê¡Ò¢ ÕÉ ¶µ ³¥·¥ µ¸² ¡²¥´¨Ö Ö¤¥·´µ£µ ¢§ ¨³µ-

¤¥°¸É¢¨Ö.
�É³¥É¨³ É ±¦¥, ÎÉµ · ¸¸Î¨É ´´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ³ ²µ

ÎÊ¢¸É¢¨É¥²Ó´Ò ¨ ± § ³¥´¥ £ ³µ¢¸±¨Ì ¢µ²´µ¢ÒÌ ËÊ´±Í¨° µÉ´µ¸¨É¥²Ó´µ£µ
¤¢¨¦¥´¨Ö ´  ¸² ¡µ¸¢Ö§ ´´Ò¥ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ¸ Ë¨±É¨¢´µ° Ô´¥·£¨¥°
¸¢Ö§¨ E ¸¢ = − 0,1 ŒÔ‚.

’ ±¨³ µ¡· §µ³, µ¸´µ¢Ò¢ Ö¸Ó Éµ²Ó±µ ´   ´ ²¨§¥ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨°,
´¥¢µ§³µ¦´µ ¤ ÉÓ Î¥É±¨° ±·¨É¥·¨° ¤²Ö ¢Ò¡µ·  ¶ · ³¥É·µ¢ µ¶É¨Î¥¸±¨Ì
¶µÉ¥´Í¨ ²µ¢, ËÊ´±Í¨° µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ¨, ¢ ±µ´¥Î´µ³ ̧ Î¥É¥, ¸¶¥±-
É·µ¸±µ¶¨Î¥¸±µ£µ Ë ±Éµ·  Sl .

�¥·¥°¤Ö ±  ´ ²¨§Ê ËÊ´±Í¨° Ê£²µ¢µ° t − α-±µ··¥²ÖÍ¨¨, ³Ò ´ ¡²Õ¤ ¥³
± Î¥¸É¢¥´´µ¥ ¨§³¥´¥´¨¥ ¸¨ÉÊ Í¨¨.

�  ·¨¸.7 ¶·¨¢¥¤¥´Ò ”“Š ¤²Ö Ê·µ¢´Ö 6+ (16,30 ŒÔ‚), · ¸¸Î¨É ´´Ò¥ ¶·¨
ELi = 45 ŒÔ‚ ¢ É¥Ì ¦¥ ¶·¨¡²¨¦¥´¨ÖÌ, ÎÉµ ¨ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö,

¶·¥¤¸É ¢²¥´´Ò¥ ´  ·¨¸.6. ˆ§ ·¨¸.7 ¢¨¤´µ, ÎÉµ ¶µ²ÊÎ¨ÉÓ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ¥
¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³ Ê¤ ¥É¸Ö ¶·¨ µÉ¸ÊÉ¸É¢¨¨ ¢ ¢ÒÌµ¤´µ³ ± ´ ²¥ ´¥
Éµ²Ó±µ Ö¤¥·´µ£µ, ´µ ¨ ±Ê²µ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, É.¥. ¢ ¶·¨¡²¨¦¥´¨¨
¶²µ¸±¨Ì ¢µ²´ ¢ ¢ÒÌµ¤´µ³ ± ´ ²¥,   É ±¦¥ ¶·¨ µ¸² ¡²¥´¨¨ Ö¤¥·´µ£µ ¢§ ¨³µ-
¤¥°¸É¢¨Ö ¢µ ¢Ìµ¤´µ³ ± ´ ²¥.

�¨¸.7. ”Ê´±Í¨¨ Ê£²µ¢µ° t − α-±µ··¥²ÖÍ¨¨

¢ ·¥ ±Í¨¨ 12C(7Li, t)16O∗(α)12C, ELi =
= 45 ŒÔ‚. � ¸Î¥É ¶µ Œˆ‚�Š�� ¤²Ö ³¥-
Ì ´¨§³  ¶·Ö³µ° ¶¥·¥¤ Î¨ α-Î ¸É¨ÍÒ ¸ · §-
´Ò³¨ ´ ¡µ· ³¨ ¶ · ³¥É·µ¢ �� ¨§ É ¡².4.
Š·¨¢Ò¥: ¸¶²µÏ´ Ö Ä ¤²Ö ¢ ·¨ ´É  1, ÏÉ·¨-
Ìµ¢ Ö Å ¤²Ö ¢ ·¨ ´É  2, ÏÉ·¨Ì¶Ê´±É¨·´ Ö
Å ¤²Ö ¢ ·¨ ´É  3, ÉµÎ¥Î´ Ö Å ¤²Ö
¶·¨¡²¨¦¥´¨Ö ¶²µ¸±¨Ì ¢µ²´
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� Ï¨ · ¸Î¥ÉÒ ¶µ± § ²¨, ÎÉµ ËÊ´±Í¨¨ Ê£²µ¢µ° t − α-±µ··¥²ÖÍ¨¨ Ö¢²ÖÕÉ-
¸Ö ¢¥²¨Î¨´ ³¨, §´ Î¨É¥²Ó´µ ¡µ²¥¥ ÎÊ¢¸É¢¨É¥²Ó´Ò³¨ ± ®¨¸± ¦¥´¨Ö³¯ ¶²µ¸-
±¨Ì ¢µ²´ ¶·¨ µ¡· §µ¢ ´¨¨ ¢Ò¸µ±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨°, Î¥³ ¤¨ËË¥·¥´Í¨ ²Ó-
´Ò¥ ¸¥Î¥´¨Ö. ‚ Éµ ¦¥ ¢·¥³Ö § ¸¥²¥´´µ¸ÉÓ ³ £´¨É´ÒÌ ¶µ¤Ê·µ¢´¥° ¸µ¸ÉµÖ´¨Ö
¸ ³µ³¥´Éµ³ If , ±µÉµ· Ö ¢ ´ Ï¥³ ¸²ÊÎ ¥ ´  µ¸´µ¢¥ Ëµ·³Ê²Ò (24) µ¶·¥¤¥²Ö-

¥É¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

PM
f

 I
f  = 

∑ 
M

2

MI
f
 M

2
M

f

2

∑ 
M

2
M

f

 MI
f
 M

2
M

f

2
 , (48)

´¥¶µ¸·¥¤¸É¢¥´´µ ¸¢Ö§ ´  ¸ ¶µ¢¥¤¥´¨¥³ ”“Š ¨ É ±¦¥ ÎÊ¢¸É¢¨É¥²Ó´  ± ¢Ò-
¡µ·Ê ¢§ ¨³µ¤¥°¸É¢¨Ö ¢µ ¢Ìµ¤´µ³ ¨ ¢ÒÌµ¤´µ³ ± ´ ² Ì.

Š ± ¡Ò²µ ¶µ± § ´µ ¢ ¶.5.1, ¢ ��‚ ¢ ·¥ ±Í¨ÖÌ ¶·Ö³µ° α-¶¥·¥¤ Î¨ ´ 
Ö¤· Ì ¸ ´Ê²¥¢Ò³ ¸¶¨´µ³ ¶·¨ θ = 0Æ, ¢ ¢Ò· ¦¥´¨¨ (40) ¤²Ö MI

f
 M

2
M

f
 µ¸É ¥É¸Ö

Éµ²Ó±µ ¸² £ ¥³µ¥ ¸ M2 = Mf = 0. �·¨ ÔÉµ³ PM
f

I
f  = P0

I
f = 1, É.¥. § ¸¥²¥´  Éµ²Ó±µ

¶·µ¥±Í¨Ö ¸¶¨´  ¢Ò²¥É ÕÐ¥° Î ¸É¨ÍÒ, · ¢´ Ö ́ Ê²Õ,   ”“Š ¶·µ¶µ·Í¨µ´ ²Ó-
´  ±¢ ¤· ÉÊ ¶µ²¨´µ³  ‹¥¦ ´¤·  ¶µ·Ö¤±  If . ’ ±¨³ µ¡· §µ³, ¸É¥¶¥´Ó § ¸¥-

²¥´´µ¸É¨ ´Ê²¥¢µ° ¶·µ¥±Í¨¨ ³µ³¥´É  If Ì · ±É¥·¨§Ê¥É ¶µ²¨´µ³¨ ²Ó´µ¥ ¶µ-

¢¥¤¥´¨¥ ”“Š ¶·¨ θ = 0Æ.

‚ É ¡².4 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ § ¸¥²¥´´µ¸É¨ PM
f

 I
f  ¤²Ö

Mf = 0 (P0), ¢Ò¶µ²´¥´´Ò¥ ¸ · §²¨Î´Ò³¨ ¶ · ³¥É· ³¨ µ¶É¨Î¥¸±¨Ì ¶µÉ¥´-

Í¨ ²µ¢ (��), ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ £ ³µ¢¸±¨Ì ¨²¨ ¸² ¡µ¸¢Ö§ ´´ÒÌ ¢µ²´µ¢ÒÌ

ËÊ´±Í¨° ¤²Ö ¢Ò¸µ±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¢ Ö¤·¥ 16O ¶·¨ Ô´¥·£¨¨ ELi, · ¢´µ°

38 ¨ 45 ŒÔ‚ ¸µµÉ¢¥É¸É¢¥´´µ. ‚ É¥Ì ¸²ÊÎ ÖÌ, ±µ£¤  P0 (θt = 0) ¡µ²ÓÏ¥ 50%,

Ëµ·³  W(0, θα) ¶·¨¡²¨¦ ¥É¸Ö ± ¢¨¤Ê, ¶·µ¶µ·Í¨µ´ ²Ó´µ³Ê [PI
f

 (cos θα)]2.

� ¸Î¥ÉÒ ¶·µ¢µ¤¨²¨¸Ó ¢ ¸²¥¤ÊÕÐ¨Ì ¢ ·¨ ´É Ì: 1) ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ �� ¨§
É ¡².3 ¢µ ¢Ìµ¤´µ³ ¨ ¢ÒÌµ¤´µ³ ± ´ ² Ì ·¥ ±Í¨¨, 2) �� ¢µ ¢Ìµ¤´µ³ ¨
µÉ¸ÊÉ¸É¢¨¥ �� ¢ ¢ÒÌµ¤´µ³ ± ´ ²¥, 3) �� ¢µ ¢Ìµ¤´µ³ ¨ ¶²µ¸±¨¥ ¢µ²´Ò ¢
¢ÒÌµ¤´µ³ ± ´ ²¥,   É ±¦¥ ¤¢ÊÌ- (4), (5) ¨ Î¥ÉÒ·¥Ì±· É´µ¥ (6) µ¸² ¡²¥´¨¥
�� ¢µ ¢Ìµ¤´µ³ ± ´ ²¥ ·¥ ±Í¨¨ ¨ µÉ¸ÊÉ¸É¢¨¥ �� (4) ¨²¨ ¶²µ¸±¨¥ ¢µ²´Ò (5),
(6) ¢ ¢ÒÌµ¤´µ³ ± ´ ²¥ ·¥ ±Í¨¨.

”Ê´±Í¨¨ Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ ¤²Ö ¸µ¸ÉµÖ´¨Ö 4+ (10,35 ŒÔ‚) ¶·¨
ELi = 38 ¨ 45 ŒÔ‚ ¢ ¶·¨¸ÊÉ¸É¢¨¨ �� ¨³¥ÕÉ £² ¤±ÊÕ, ¶µÎÉ¨ ´¥ µ¸Í¨²²¨·ÊÕ-
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ÐÊÕ Ëµ·³Ê. …¸²¨ �� ¢ ¢ÒÌµ¤´µ³ ± ´ ²¥ ´¥É, Éµ ”“Š ¤²Ö If = 4+ ¶·¨µ¡·¥-

É ÕÉ ¶µ²¨´µ³¨ ²Ó´ÊÕ Ëµ·³Ê, ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¶·¨ ÔÉµ³ ¤µ¸É -

ÉµÎ´µ Ìµ·µÏµ µ¶¨¸Ò¢ ¥É Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ÉµÎ±¨ (¸³. ·¨¸.5),   ¸¶¥±É·µ-

¸±µ¶¨Î¥¸±¨° Ë ±Éµ·, ¶µ²ÊÎ¥´´Ò° ¨§ ´µ·³¨·µ¢±¨ É¥µ·¥É¨Î¥¸±µ£µ ¸¥Î¥´¨Ö ±

Ô±¸¶¥·¨³¥´É ²Ó´µ³Ê (É ¡².4, ¢ ·¨ ´É 2), · ¢´Ò° 1,8 ¤²Ö £ ³µ¢¸±¨Ì ¢µ²´µ-

¢ÒÌ ËÊ´±Í¨°, Ìµ·µÏµ ¸µ£² ¸Ê¥É¸Ö ¸ S-Ë ±Éµ·µ³ É ¡².1, · ¢´Ò³ 1,6.

„²Ö ¡µ²¥¥ ¢Ò¸µ±µ²¥¦ Ð¥£µ ¸µ¸ÉµÖ´¨Ö 5− (14,66 ŒÔ‚) ¶µ²¨´µ³¨ ²Ó´ Ö

Ëµ·³  ”“Š ¶·¨ ELi = 45 ŒÔ‚ ¤µ¸É¨£ ¥É¸Ö ¢ µÉ¸ÊÉ¸É¢¨¥ Ö¤¥·´µ£µ ¢§ ¨³µ-

¤¥°¸É¢¨Ö ¢ ¢ÒÌµ¤´µ³ ± ´ ²¥ (´  ·¨¸.8,  · ¸Î¥É´ Ö ±·¨¢ Ö ¸µµÉ¢¥É¸É¢Ê¥É

’ ¡²¨Í  4. ‡ ¢¨¸¨³µ¸ÉÓ ¸¶¥±É·µ¸±µ¶¨Î¥¸±µ£µ Ë ±Éµ·  Sl
¨ § ¸¥²¥´´µ¸É¨ ´Ê²¥¢µ° ¶·µ¥±Í¨¨ P0 (θt = 0Æ) µÉ £²Ê¡¨´Ò ¤¥°¸É¢¨É¥²Ó´µ°

V0 ¨ ³´¨³µ° W0 Î ¸É¨ �� ¢µ ¢Ìµ¤´µ³ ¨ ¢ÒÌµ¤´µ³ ± ´ ² Ì
·¥ ±Í¨¨ 12C(7Li, t)16O∗ ¶·¨ ELi = 38 ¨ 45 ŒÔ‚

º
��

If E ∗,
ŒÔ‚

’¨¶

Ψ(16O)
38 ŒÔ‚ 45 ŒÔ‚

Sl P0, % P0, %

1
1
2
2
3

4+ 10,35 £ ³µ¢.
¸² ¡µ¸¢.
£ ³µ¢.

¸² ¡µ¸¢.
£ ³µ¢.

3,00
2,50
1,80
1,00
1,30

52,6
37,3
76,5
63,9
86,5

56,7
49,5
85,0
70,9
91,2

1
1
2
2
3

5− 14,66 £ ³µ¢.
¸² ¡µ¸¢.
£ ³µ¢.

¸² ¡µ¸¢.
£ ³µ¢.

0,46
1,00
0,26
0,36
0,21

18,5
18,7
44,0
32,3
61,0

39,6
30,0
76,9
49,1
82,0

1
1
2
2
3
4
5
5

6+ 16,30 £ ³µ¢.
¸² ¡µ¸¢.
£ ³µ¢.

¸² ¡µ¸¢.
£ ³µ¢.
£ ³µ¢.
£ ³µ¢.

¸² ¡µ¸¢.

1,23
1,60
0,59
0,80
0,56
0,53
0,50
0,75

27,1
11,7
30,2
18,5
47,9
35,7
59,5
42,0

35,6
22,4
54,3
32,6
66,3
66,9
76,3
71,0

1
3
5
6

7− 20,80 £ ³µ¢.
£ ³µ¢.
£ ³µ¢.
£ ³µ¢.

0,80
0,19
0,10

7,3
12,6
23,8

12,8
41,3
57,3
69,6
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�¨¸.8. ”Ê´±Í¨¨ Ê£²µ¢µ° t − α-±µ··¥-

²ÖÍ¨¨ ¢ ·¥ ±Í¨¨ 12C(7Li, t)16O∗(α)12C,
ELi = 45 ŒÔ‚. Š·¨¢ Ö Å · ¸Î¥É ¢

· ³± Ì ³¥Ì ´¨§³  ¶·Ö³µ° ¶¥·¥¤ Î¨
α-Î ¸É¨ÍÒ ¤²Ö θt = 0Æ. �±¸¶¥·¨³¥´-

É ²Ó´Ò¥ ÉµÎ±¨ Å ¤ ´´Ò¥ · ¡µÉÒ [83]
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¢ ·¨ ´ÉÊ 2 ¨§ É ¡².4),   ¶·¨ ELi = 38 ŒÔ‚ Éµ²Ó±µ ¢ ¶·¨¡²¨¦¥´¨¨ ¶²µ¸±¨Ì

¢µ²´ ¢ ¢ÒÌµ¤´µ³ ± ´ ²¥. ”µ·³  ¨ ¢¥²¨Î¨´  ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö
¶·¨ ÔÉµ³ ³ ²µ ¨§³¥´ÖÕÉ¸Ö. ’¥µ·¥É¨Î¥¸±µ¥ Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ ¤²Ö ¸µ-

¸ÉµÖ´¨Ö 5− , ¶·¥¤¸É ¢²¥´´µ¥ ´  ·¨¸.5, ¸µµÉ¢¥É¸É¢Ê¥É ¢ ·¨ ´ÉÊ 3 ¨§ É ¡².4 ¨
Sl = 0,21.

”Ê´±Í¨¨ Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ ¤²Ö ¸µ¸ÉµÖ´¨Ö 6+ (16,30 ŒÔ‚) ¶·¨
ELi = 45 ŒÔ‚, ¶·¥¤¸É ¢²¥´´Ò¥ ´  ·¨¸.8,¡, ¸µµÉ¢¥É¸É¢ÊÕÉ ¢ ·¨ ´É ³ 3 ¨ 4 ¨§

É ¡².4. ‚¨¤´µ, ÎÉµ ¶µ²ÊÎ¨ÉÓ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ¥ ¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³
Ê¤ ¥É¸Ö Éµ²Ó±µ ¢ Éµ³ ¸²ÊÎ ¥, ¥¸²¨ Ö¤¥·´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ µÉ¸ÊÉ¸É¢Ê¥É ¢
¢ÒÌµ¤´µ³ ± ´ ²¥ ¨ µ¸² ¡²¥´µ ¢µ ¢Ìµ¤´µ³ ± ´ ²¥. �·¨ ELi = 38 ŒÔ‚ ¶µ²¨-

´µ³¨ ²Ó´ Ö Ëµ·³  ”“Š ¤µ¸É¨£ ¥É¸Ö, ±µ£¤  ¨¸¶µ²Ó§Ê¥É¸Ö ��‚ ¢ ¢ÒÌµ¤´µ³
± ´ ²¥,   ¢µ ¢Ìµ¤´µ³ ± ´ ²¥ Ö¤¥·´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ µ¸² ¡²¥´µ ¡µ²¥¥ Î¥³ ¢
¤¢  · §  (¢ ·¨ ´É 5 ¨§ É ¡².4). „¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¤²Ö ¸µ¸ÉµÖ´¨Ö

6+ ´  ·¨¸.5, ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ÔÉµ³Ê ¢ ·¨ ´ÉÊ, ¨³¥¥É ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨°
Ë ±Éµ· Sl = 0,50.

„²Ö ´ ¨¡µ²¥¥ ¢Ò¸µ±µ²¥¦ Ð¥£µ α-±² ¸É¥·´µ£µ ¸µ¸ÉµÖ´¨Ö 7− (20,8 ŒÔ‚)

¶µ²¨´µ³¨ ²Ó´ÊÕ Ëµ·³Ê ”“Š ¨ § ¸¥²¥´´µ¸ÉÓ P0
 7 ≈ 70% ¶·¨ ELi = 45 ŒÔ‚

³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¶·¨ §´ Î¨É¥²Ó´µ³ Ê³¥´ÓÏ¥´¨¨ £²Ê¡¨´Ò V0 ¤¥°¸É¢¨É¥²Ó´µ°

Î ¸É¨ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ¢µ ¢Ìµ¤´µ³ ± ´ ²¥ ¨ ¶·¨ µÉ¸ÊÉ¸É¢¨¨ Ö¤¥·´µ-
£µ ¨ ±Ê²µ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨° ¢ ¢ÒÌµ¤´µ³ ± ´ ²¥. „¨ËË¥·¥´Í¨ ²Ó´µ¥
¸¥Î¥´¨¥ ¶·¨ ELi = 38 ŒÔ‚ ¤²Ö É ±¨Ì ¶ · ³¥É·µ¢ ¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î ¥É¸Ö µÉ

Ô±¸¶¥·¨³¥´É ²Ó´µ£µ. ’¥µ·¥É¨Î¥¸±µ¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¤²Ö Ê·µ¢´Ö

7− (·¨¸.5) ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¢ Éµ³ ¸²ÊÎ ¥, ¥¸²¨ ¢µ ¢Ìµ¤´µ³ ± ´ ²¥ ÊÎ¨ÉÒ¢ -
¥É¸Ö µ¶É¨Î¥¸±¨° ¶µÉ¥´Í¨ ²,   ¢ ¢ÒÌµ¤´µ³ ± ´ ²¥ ¥£µ ´¥É (ÔÉµ ¸µµÉ¢¥É¸É¢Ê¥É
¢ ·¨ ´ÉÊ 3 ¨§ É ¡².4 ¨ Sl = 0,19). �·¨ ELi = 38 ŒÔ‚ ´Ê²¥¢ Ö ¶·µ¥±Í¨Ö ¸¶¨´ 

§ ¸¥²¥´  Éµ²Ó±µ ´  12%,   ”“Š ´¥ ¨³¥¥É ³ ±¸¨³Ê³  ¶·¨ θt =0, Éµ ¥¸ÉÓ ´¥

µ¶¨¸Ò¢ ¥É¸Ö ±¢ ¤· Éµ³ ¶µ²¨´µ³  ‹¥¦ ´¤· .

�  µ¸´µ¢ ´¨¨ ÔÉµ£µ  ´ ²¨§  ³µ¦´µ ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨¥ ¢Ò¢µ¤Ò.

1. —Éµ¡Ò µ¶¨¸ ÉÓ ´ ¡²Õ¤ ¥³ÊÕ ¶µ²¨´µ³¨ ²Ó´ÊÕ Ëµ·³Ê ”“Š ¶·¨

ELi = 45 ŒÔ‚ ¤²Ö ¢Ò¸µ±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¢ 16O, ´¥µ¡Ìµ¤¨³µ ¶·¥¤¶µ²µ-

¦¨ÉÓ µ¸² ¡²¥´¨¥ Ö¤¥·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢µ ¢Ìµ¤´µ³ ¨ ¢ÒÌµ¤´µ³ ± ´ ² Ì
·¥ ±Í¨¨. ‘É¥¶¥´Ó µ¸² ¡²¥´¨Ö § ¢¨¸¨É µÉ Ê·µ¢´Ö ¢µ§¡Ê¦¤¥´¨Ö ±µ´¥Î´µ£µ
Ö¤· : ¶·¨ Ê¢¥²¨Î¥´¨¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö Ê·µ¢´Ö ´ ¡²Õ¤ ¥É¸Ö ´¥ Éµ²Ó±µ
µ¸² ¡²¥´¨¥, ´µ ¨ µÉ¸ÊÉ¸É¢¨¥ Ö¤¥·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ¢ÒÌµ¤´µ³ ± ´ ²¥,  

¤²Ö ́  ¨¡µ²¥¥ ¢Ò¸µ±µ²¥¦ Ð¨Ì ̧ µ¸ÉµÖ´¨° ¢ 16O (If > 5) ́  ¡²Õ¤ ¥É¸Ö ¢¸¥ ¡µ²Ó-

Ï¥¥ µ¸² ¡²¥´¨¥ �� É ±¦¥ ¨ ¢µ ¢Ìµ¤´µ³ ± ´ ²¥ ·¥ ±Í¨¨.
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2. �·¨ ¡µ²¥¥ ´¨§±µ° Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì ¨µ´µ¢ ELi = 38 ŒÔ‚ ¤²Ö É¥Ì

¦¥ ¢Ò¸µ±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¢ 16O ¶µ²¨´µ³¨ ²Ó´ Ö Ëµ·³  ”“Š ³µ¦¥É
¡ÒÉÓ ¶µ²ÊÎ¥´  Éµ²Ó±µ ¶·¨ ¡µ²ÓÏ¥³ µ¸² ¡²¥´¨¨ Ö¤¥·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö,
Î¥³ ¶·¨ ELi = 45 ŒÔ‚. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¢µ§³µ¦´µ É ±¦¥ ¤µ¸É ÉµÎ´µ  ¤¥±¢ É-

´µ¥ µ¶¨¸ ´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨°. �¤´ ±µ ¤²Ö α-±² ¸É¥·´µ£µ ¸µ-

¸ÉµÖ´¨Ö 7− (20,8 ŒÔ‚) ¢ 16O  ¤¥±¢ É´µ¥ µ¶¨¸ ´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥-
Î¥´¨Ö ¨ ¶µ²¨´µ³¨ ²Ó´ÊÕ Ëµ·³Ê ”“Š ¤²Ö θt = 0 ¶·¨ ELi = 38 ŒÔ‚ ¶µ²ÊÎ¨ÉÓ

´¥¢µ§³µ¦´µ. ’ ±¨³ µ¡· §µ³, ³Ò ¶·¥¤¶µ² £ ¥³, ÎÉµ ¤²Ö ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö

(¢¢¨¤Ê µÉ¸ÊÉ¸É¢¨Ö ¤ ´´ÒÌ ¶·¨ ÔÉµ° Ô´¥·£¨¨ ¤²Ö (7Li, t)-·¥ ±Í¨¨) ¸ÊÐ¥¸É¢Ê¥É
¶µ¤ ¢²¥´¨¥ ¨´É¥´¸¨¢´µ¸É¨ ¶¥·¢µ£µ ³ ±¸¨³Ê³  ¢ ËÊ´±Í¨¨ α − t-±µ··¥²ÖÍ¨¨,

 ´ ²µ£¨Î´µ¥ ´ ¡²Õ¤ ¥³µ³Ê ¢ ·¥ ±Í¨¨ (6Li, d) [81].
3. ˆ¸¶µ²Ó§µ¢ ´¨¥ £ ³µ¢¸±¨Ì ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¢³¥¸Éµ ¸² ¡µ¸¢Ö§ ´´ÒÌ

§ ³¥É´µ Ê²ÊÎÏ ¥É ¸µ£² ¸¨¥ · ¸¸Î¨É ´´ÒÌ ”“Š ¸ Ô±¸¶¥·¨³¥´Éµ³. �·¨³¥-
´¥´¨¥ ¦¥ ¸² ¡µ¸¢Ö§ ´´ÒÌ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¶·¨ ELi = 38 ŒÔ‚ ¢µ§³µ¦´µ

Éµ²Ó±µ ¤²Ö ¸µ¸ÉµÖ´¨Ö 4+ (10,35 ŒÔ‚),   ¤²Ö ¡µ²¥¥ ¢Ò¸µ±µ²¥¦ Ð¨Ì ¸µ¸Éµ-

Ö´¨° ¸ If = 5−, 6+ ¨ 7− Ö¢²Ö¥É¸Ö ´¥±µ··¥±É´Ò³, ¶µ¸±µ²Ó±Ê É·¥¡Ê¥É ¢¢¥¤¥´¨Ö

��‚ ± ± ¢ ¢ÒÌµ¤´µ³, É ± ¨ ¢µ ¢Ìµ¤´µ³ ± ´ ² Ì.
’ ±¨³ µ¡· §µ³, ¶·µ¢¥¤¥´´Ò°  ´ ²¨§ ¤ ¥É µ¸´µ¢ ´¨¥ £µ¢µ·¨ÉÓ µ Éµ³,

ÎÉµ, ¢µ-¶¥·¢ÒÌ, § ¸¥²¥´´µ¸ÉÓ P0 ¨ Ëµ·³  ”“Š ¢ ·¥ ±Í¨ÖÌ (7Li, t) § ¢¨¸¨É µÉ

Ô´¥·£¨¨ ´ ²¥É ÕÐ¥£µ Ö¤·  (ÔÉµ ³µ¦´µ ¶·µ¢¥·¨ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´µ, ÌµÉÖ
¤µ ¸¨Ì ¶µ· ¤ ´´ÒÌ ¶µ ”“Š ¶·¨ · §²¨Î´ÒÌ Ô´¥·£¨ÖÌ ²¨É¨Ö ´¥É), ¢µ-¢Éµ·ÒÌ,
¤²Ö ·¥ ±Í¨¨ α-¶¥·¥¤ Î¨ ¸ µ¡· §µ¢ ´¨¥³ ¢Ò¸µ±µ²¥¦ Ð¨Ì ±² ¸É¥·´ÒÌ ¸µ¸Éµ-
Ö´¨° ¸¨²  ¢§ ¨³µ¤¥°¸É¢¨Ö ¢µ ¢Ìµ¤´µ³ ± ´ ²¥ § ¢¨¸¨É µÉ ¸É¥¶¥´¨ ¢µ§¡Ê¦-
¤¥´¨Ö Ö¤· ,   ¤²Ö µ¶·¥¤¥²¥´´µ£µ ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö Å µÉ Ô´¥·£¨¨
´ ²¥É ÕÐ¥£µ ¨µ´ .

‘· ¢´¨¢ Ö ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨¥ Ë ±Éµ·Ò Sl µÉ¤¥²¥´¨Ö α-Î ¸É¨ÍÒ µÉ

Ö¤·  16O ¢ ¢Ò¸µ±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨ÖÌ, ¶µ²ÊÎ¥´´Ò¥ ³µ¤¥²Ó´Ò³ ¸¶µ¸µ¡µ³
¶·¨ · ¸Î¥É¥ £ ³µ¢¸±¨Ì ¢µ²´µ¢ÒÌ ËÊ´±Í¨° (É ¡².1) ¨ ¨§ ¸µ¶µ¸É ¢²¥´¨Ö É¥µ-
·¥É¨Î¥¸±¨Ì ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¥Î¥´¨° (É ¡².4), ³µ¦´µ µÉ³¥É¨ÉÓ, ÎÉµ ¢
µ¡µ¨Ì ¸²ÊÎ ÖÌ · §¡·µ¸ ¨Ì §´ Î¥´¨° ´¥¢¥²¨±, ÌµÉÖ ¶µ²ÊÎ¥´´Ò¥ ¨§ ¸· ¢´¥´¨Ö
¸ Ô±¸¶¥·¨³¥´Éµ³ §´ Î¥´¨Ö Sl  ¢ ´¥¸±µ²Ó±µ · § ³¥´ÓÏ¥, Î¥³ ³µ¤¥²Ó´Ò¥. „²Ö

´ ¨¡µ²¥¥ ´¨§±µ²¥¦ Ð¥£µ ̈ § · ¸¸³ É·¨¢ ¥³ÒÌ Å Ê·µ¢´Ö 4+ (10,35 ŒÔ‚) (Ê¸-
¶¥Ï´µ¥ µ¶¨¸ ´¨¥ Ì · ±É¥·¨¸É¨± ·¥ ±Í¨¨ ¢ ÔÉµ³ ¸²ÊÎ ¥, ± ± µÉ³¥Î ²µ¸Ó ¢Ò-
Ï¥, ¢µ§³µ¦´µ ¨ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ µ¡ÒÎ´µ° ®¸² ¡µ¸¢Ö§ ´´µ°¯ ¢µ²´µ¢µ°
ËÊ´±Í¨¨) µ¡  ¶µ²ÊÎ¥´´ÒÌ §´ Î¥´¨Ö Sl Ö¢²ÖÕÉ¸Ö ´ ¨¡µ²¥¥ ¡²¨§±¨³¨.

�·µ¢¥¤¥´´Ò° ±µ³¶²¥±¸´Ò°  ´ ²¨§ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ̧ ¥Î¥´¨° ̈  ËÊ´±-

Í¨° Ê£²µ¢µ° t − α-±µ··¥²ÖÍ¨¨ ¨§ ·¥ ±Í¨¨ 12C(7Li, t)16O∗(α)12C ¸ µ¡· §µ-
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¢ ´¨¥³ ¢Ò¸µ±µ²¥¦ Ð¨Ì α-±² ¸É¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¢ 16O ¶µ± § ², ÎÉµ ¢ ÔÉµ°
·¥ ±Í¨¨ µÉÎ¥É²¨¢µ ¶·µÖ¢²ÖÕÉ¸Ö Î¥·ÉÒ ±¢ §¨Ê¶·Ê£µ£µ ³¥Ì ´¨§³ , µÉ¢¥É-
¸É¢¥´´µ£µ §  µ¡· §µ¢ ´¨¥ ¡Ò¸É·ÒÌ Ë· £³¥´Éµ¢ ¢ ·¥ ±Í¨¨ α-¶¥·¥¤ Î¨. …£µ
¨´É¥·¶·¥É Í¨Ö ¢µ§³µ¦´  ¢ · ³± Ì ¸¶¥±É Éµ·´µ° ³µ¤¥²¨ [102,103], ¢ ±µÉµ-
·µ° ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ¢§ ¨³µ¤¥°¸É¢¨¥ ¢Ò²¥É ÕÐ¥£µ Ë· £³¥´É  (¢ ´ Ï¥³ ¸²Ê-
Î ¥ É·¨Éµ´ )  ¸ µ¡· §µ¢ ´´µ° ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ¸¨¸É¥³µ° (x + A), É.¥. ¸
Ö¤·µ³ 16O. �Éµ ¸¢µ°¸É¢µ ·¥ ±Í¨¨ (7Li, t), ¸¢Ö§ ´´µ¥ ¸ Ö·±µ ¢Ò· ¦¥´´µ° ±² -

¸É¥·´µ° ¸É·Ê±ÉÊ·µ° Ö¤·  7Li, µÉ³¥Î ²µ¸Ó · ´¥¥ ¶·¨ ¨§ÊÎ¥´¨¨ Ê£²µ¢ÒÌ ±µ·-

·¥²ÖÍ¨° ¢ ·¥ ±Í¨¨ 16O(7Li, t)20Ne(α)16O [13],   É ±¦¥ ¢ · ¡µÉ¥ [74]. …¸É¥¸É-
¢¥´´µ, ÎÉµ ¶·¨ Ê¸¨²¥´¨¨ ¢µ§¡Ê¦¤¥´¨Ö ±µ´¥Î´µ£µ Ö¤·  ¸¶¥±É Éµ·´Ò¥ ¸¢µ°¸É-
¢  ¢Ò²¥É ÕÐ¥£µ Ë· £³¥´É  ¡µ²¥¥ ¶·µÖ¢²ÖÕÉ¸Ö, ¢¶²µÉÓ ¤µ Éµ£µ, ÎÉµ ¥£µ
¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¸É ´µ¢¨É¸Ö ¶²µ¸±µ° ¢µ²´µ°.

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ ¤·Ê£ÊÕ µ¸µ¡¥´´µ¸ÉÓ · ¸¸³µÉ·¥´´µ£µ ¶·µÍ¥¸¸ . �·¨
Ê¢¥²¨Î¥´¨¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ±µ´¥Î´µ£µ Ö¤·  µ¸² ¡²Ö¥É¸Ö ´¥ Éµ²Ó±µ
¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê ´¨³ ¨ ¢Ò²¥É ÕÐ¥° Î ¸É¨Í¥°, É ±¦¥ µ¸² ¡²Ö¥É¸Ö ¨
¢§ ¨³µ¤¥°¸É¢¨¥ ¢µ ¢Ìµ¤´µ³ ± ´ ²¥. �  ÔÉµ Ê± §Ò¢ ¥É ¶µ¢¥¤¥´¨¥ ËÊ´±Í¨¨
Ê£²µ¢µ° t − α-±µ··¥²ÖÍ¨¨ ¶·¨ ³ ²ÒÌ Ê£² Ì ¢Ò²¥É  É·¨Éµ´ . „¨ËË¥·¥´-
Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨, · ¸¸Î¨É ´´Ò¥ ¸ ÊÎ¥Éµ³ É ±µ£µ Ê³¥´ÓÏ¥´¨Ö £²Ê-
¡¨´Ò µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ¢µ ¢Ìµ¤´µ³ ± ´ ²¥, É ±¦¥ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ
¸µ£² ¸ÊÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

„²Ö DWBA ± ± ¸É Í¨µ´ ·´µ° ³µ¤¥²¨ Ö¤¥·´µ° ·¥ ±Í¨¨, ¢ ±µÉµ·µ° ¸Ì¥-
³  ¶·µÉ¥± ´¨Ö ·¥ ±Í¨¨ · §¤¥²¥´  ´  É·¨ ´¥ ¸¢Ö§ ´´ÒÌ ³¥¦¤Ê ¸µ¡µ° ÔÉ ¶ :
¢Ìµ¤´µ° ± ´ ², ³£´µ¢¥´´µ¥ ¢µ§¤¥°¸É¢¨¥ ¨ ¢ÒÌµ¤´µ° ± ´ ², É ±µ° ·¥§Ê²ÓÉ É
³µ¦¥É ¶µ± § ÉÓ¸Ö ¶ · ¤µ±¸ ²Ó´Ò³. ŒÒ ¢¨¤¨³, ÎÉµ ¢Éµ· Ö ¸É ¤¨Ö ·¥ ±Í¨¨
Å µ¡· §µ¢ ´¨¥ ¢µ§¡Ê¦¤¥´´µ° ¸¨¸É¥³Ò (x + A) ¢²¨Ö¥É ´  ¢§ ¨³µ¤¥°¸É¢¨¥ ´ 
¶¥·¢µ° ¸É ¤¨¨ a + A ¢µ ¢Ìµ¤´µ³ ± ´ ²¥. �µ-¢¨¤¨³µ³Ê, §¤¥¸Ó ·¥ÎÓ ¨¤¥É µ
¶¥·¥Ìµ¤¥ µÉ ¸É Í¨µ´ ·´µ£µ µ¶¨¸ ´¨Ö ·¥ ±Í¨¨ ± ¤¨´ ³¨Î¥¸±µ³Ê, Ö¢´µ ÊÎ¨-
ÉÒ¢ ÕÐ¥³Ê ¢·¥³¥´´ÊÕ § ¢¨¸¨³µ¸ÉÓ ¢§ ¨³µ¤¥°¸É¢¨Ö. ‚ ¶·µÍ¥¸¸¥ ¸¨²Ó´µ£µ
¢µ§¡Ê¦¤¥´¨Ö Ö¤·  ¢µ§´¨± ¥É ¸²¥¤ÊÕÐ¨° ³¥Ì ´¨§³ ¸ ³µ¢µ§¤¥°¸É¢¨Ö. � ²¥É -
ÕÐ¨° ¨µ´, ´ Ìµ¤Ö¸Ó ¢ ¶µ²¥ Ö¤· , ³¥´Ö¥É ¥£µ ¸ ³µ¸µ£² ¸µ¢ ´´Ò° ¶µÉ¥´Í¨ ²,
±µÉµ·Ò° ¢´µ¢Ó ¤¥°¸É¢Ê¥É ´  ´ ²¥É ÕÐ¨° ¨µ´. ‚ ¸É Í¨µ´ ·´µ° ± ·É¨´¥ ³Ò
³µ¤Ê²¨·Ê¥³ ÔÉµÉ ³¥Ì ´¨§³ ¶ÊÉ¥³ Ê³¥´ÓÏ¥´¨Ö £²Ê¡¨´Ò µ¶É¨Î¥¸±µ£µ ¶µÉ¥´-
Í¨ ²  ¢µ ¢Ìµ¤´µ³ ± ´ ²¥ µÉ´µ¸¨É¥²Ó´µ É¥Ì ¶ · ³¥É·µ¢ ��, ±µÉµ·Ò¥ ¶µ²Ê-
Î¥´Ò ¤²Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¨µ´µ¢ ¨ ¶·¨£µ¤´Ò ¤²Ö µ¶¨¸ ´¨Ö ¢§ ¨³µ-
¤¥°¸É¢¨Ö ¸µ ¸² ¡µ¢µ§¡Ê¦¤¥´´Ò³¨ ¸¨¸É¥³ ³¨.

�µ´ÖÉ´µ, ÎÉµ É ±µ° ³¥Ì ´¨§³ ̧  ³µ¢µ§¤¥°¸É¢¨Ö § ¢¨¸¨É µÉ Ô´¥·£¨¨ ́  ²¥-
É ÕÐ¥£µ ¨µ´ , ¨³¥´´µ ¸ ´¨³ ¸¢Ö§ ´  ¤µ¢µ²Ó´µ §´ Î¨É¥²Ó´ Ö Ô´¥·£¥É¨Î¥¸± Ö
§ ¢¨¸¨³µ¸ÉÓ ¶µ²ÊÎ¥´´ÒÌ ¢ · ¸Î¥É¥ ËÊ´±Í¨° Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨.
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6. ˆ‘‘‹…„�‚��ˆ… ‘’�’ˆ‘’ˆ—…‘Š�ƒ� ˆ ��ŸŒ�ƒ�
Œ…•��ˆ‡Œ�‚ ‚ �…�Š–ˆˆ 12C(14N, d)24Mg
Œ…’�„�Œ “ƒ‹�‚›• d − α-Š���…‹Ÿ–ˆ‰

�¥·¢Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ ¨¸¸²¥¤µ¢ ´¨Õ Ö¤¥·´ÒÌ ·¥ ±Í¨°, ¢Ò§¢ ´´ÒÌ Ê¸±µ-
·¥´´Ò³¨ ¨µ´ ³¨  §µÉ  ¶·¨ Ô´¥·£¨ÖÌ ´ ²¥É ÕÐ¨Ì Î ¸É¨Í ¤µ 100 ŒÔ‚, ´ 
Ö¤· Ì 1p-,  2s − 1d-µ¡µ²µÎ¥±, ¢Ò¶µ²´¥´´Ò¥ ¢ ´ Î ²¥ 70-Ì £µ¤µ¢ [104,105],
É· ±Éµ¢ ²¨¸Ó ± ± ·¥ ±Í¨¨ ¶¥·¥¤ Î¨ ¡µ²ÓÏ¨Ì £·Ê¶¶ ´Ê±²µ´µ¢. ’¥³ ´¥ ³¥´¥¥
´  µ¸´µ¢ ´¨¨ ¤ ²Ó´¥°Ï¥£µ  ´ ²¨§  ¸¶¥±É·µ¢, ËÊ´±Í¨° ¢µ§¡Ê¦¤¥´¨Ö ¨ Ê£²µ-
¢ÒÌ · ¸¶·¥¤¥²¥´¨°, ¨, ¢ Î ¸É´µ¸É¨, ´ ¡²Õ¤¥´¨Ö ±µ··¥²ÖÍ¨° ·¥§µ´ ´¸µ¶µ-
¤µ¡´µ° ̧ É·Ê±ÉÊ·Ò ¢ ËÊ´±Í¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ̈ § Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ̈  ̈ § ·¥ ±-
Í¨°, ¡Ò² ¸¤¥² ´ ¢Ò¢µ¤ µ ¤µ³¨´¨·ÊÕÐ¥° ·µ²¨ ³¥Ì ´¨§³  µ¡· §µ¢ ´¨Ö ¸µ-
¸É ¢´µ£µ Ö¤·  ¢ ÔÉ¨Ì ·¥ ±Í¨ÖÌ [38,106,107].

�¸´µ¢´µ¥ ¢´¨³ ´¨¥ ¢ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ µ¡· §µ¢ ´¨Ö ¸µ¸É ¢´µ£µ
Ö¤·  ¢ Ëµ·³ ²¨§³¥ • Ê§¥·  Å ”¥Ï¡ Ì  Ê¤¥²Ö²µ¸Ó ¶µ´ÖÉ¨Õ ±·¨É¨Î¥¸±µ£µ
Ê£²µ¢µ£µ ³µ³¥´É  ¢µ ¢Ìµ¤´µ³ ± ´ ²¥ I±p ± ± ¶·¥¤¥²Ó´µ£µ Ê£²µ¢µ£µ ³µ³¥´É ,

¢µ§³µ¦´µ£µ ¶·¨ ¸²¨Ö´¨¨ ¤¢ÊÌ Ö¤¥· [98,108]. ‚¢¥¤¥´¨¥ I±p ¢ · ¸Î¥ÉÒ ¶µ-

§¢µ²¨²µ ¶µ²ÊÎ¨ÉÓ ±µ²¨Î¥¸É¢¥´´µ¥ ¸µ£² ¸¨¥ É¥µ·¥É¨Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨° ¸
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. „ ´´ Ö ¨´É¥·¶·¥É Í¨Ö ³¥Ì ´¨§³  ·¥ ±Í¨°,
¢Ò§¢ ´´ÒÌ ¨µ´ ³¨  §µÉ  ¢ Ï¨·µ±µ³ ¤¨ ¶ §µ´¥ ´ ²¥É ÕÐ¨Ì Ô´¥·£¨°, Ö¢²Ö-
¥É¸Ö · §Ê³´µ° ¨ ¢¶µ²´¥ µÎ¥¢¨¤´µ°, ¢¢¨¤Ê ¡µ²ÓÏµ£µ Î¨¸²  µÉ±·ÒÉÒÌ ± ´ -
²µ¢ · ¸¶ ¤  ¨ ¢Ò¸µ±µ° ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¸µ¸É ¢´µ£µ Ö¤· .

�¤´ ±µ Ê¦¥ ¶·¨  ´ ²¨§¥ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨° ¢ Ï¨-
·µ±µ° µ¡² ¸É¨ Ê£²µ¢ ¢Ò²¥É ÕÐ¨Ì Î ¸É¨Í ¢ · ¡µÉ¥ [107] ¨ ¤ ²¥¥ ¢ [109]
µÉ³¥Î ²µ¸Ó ´ ²¨Î¨¥ ¸² ¡µ µ¸Í¨²²¨·ÊÕÐ¥° ¸É·Ê±ÉÊ·Ò Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥-

´¨°. ’ ±, ¢ ·¥ ±Í¨¨ 12C(14N, d)24Mg £² ¤±ÊÕ, ¸¨³³¥É·¨Î´ÊÕ µÉ´µ¸¨É¥²Ó´µ

90Æ Ëµ·³Ê ¨³¥ÕÉ Éµ²Ó±µ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¤²Ö ¸µ¸ÉµÖ´¨° 5,23 (3+ )
¨ 7,75 (7+ ), 81 (1+, 5+ ) ¢ 24Mg [107], § ¸¥²¥´´µ¸ÉÓ ±µÉµ·ÒÌ ¤¥°¸É¢¨É¥²Ó´µ
´¥ ¸¢Ö§ ´  ¸ ¶·µÍ¥¸¸ ³¨ ¶·Ö³µ° ¶¥·¥¤ Î¨ £·Ê¶¶Ò ´Ê±²µ´µ¢ ¢¸²¥¤¸É¢¨¥
µ£· ´¨Î¥´¨°, ¢Ò§¢ ´´ÒÌ ¶· ¢¨² ³¨ µÉ¡µ·  ¶µ ¸¶¨´Ê ¨ Î¥É´µ¸É¨. �Éµ £µ-
¢µ·¨É µ Éµ³, ÎÉµ · ¸Î¥É ¶µ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ µ¡· §µ¢ ´¨Ö ¸µ¸É ¢´µ£µ
Ö¤·  µ¶¨¸Ò¢ ¥É Éµ²Ó±µ £² ¤±¨° Ëµ´, ´  ±µÉµ·Ò° ´ ±² ¤Ò¢ ÕÉ¸Ö µ¸Í¨²-
²ÖÍ¨¨ ¨²¨ ´¥·¥£Ê²Ö·´µ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ ¤·Ê£¨³¨ ³¥Ì ´¨§³ ³¨ ·¥ ±Í¨¨,
¢±² ¤ ±µÉµ·ÒÌ ³µ¦¥É ¡ÒÉÓ ¸µ¶µ¸É ¢¨³ ¸ ¢±² ¤µ³ ³¥Ì ´¨§³  ¸µ¸É ¢´µ£µ
Ö¤· .

�µ¢ Ö ¢µ²´  ¨´É¥·¥¸  ± ·¥ ±Í¨Ö³, ¢Ò§¢ ´´Ò³ ¨µ´ ³¨  §µÉ , ¡Ò²  ¸¢Ö-
§ ´  ¸ ¶µÖ¢²¥´¨¥³ ¤µ¸É ÉµÎ´µ ¶·µÉ¨¢µ·¥Î¨¢ÒÌ ¤ ´´ÒÌ µ ¶µ¢¥¤¥´¨¨ ËÊ´±-

Í¨° Ê£²µ¢µ° d − α-±µ··¥²ÖÍ¨¨ (”“Š) ¢ ·¥ ±Í¨¨ 12C(14N, d)24Mg(α)20Ne

[14,15]. „²Ö µ¤´µ£µ ¨§ ¸µ¸ÉµÖ´¨° ¢ 24Mg,   ¨³¥´´µ ¤²Ö Ê·µ¢´Ö 13,45 ŒÔ‚

(6+ ), ¢ · ¡µÉ¥ [14] ¡Ò²¨ µ¡´ ·Ê¦¥´Ò µ¸Í¨²²ÖÍ¨¨ ”“Š, Ëµ·³  ±µÉµ·ÒÌ
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Ìµ·µÏµ µ¶¨¸Ò¢ ² ¸Ó ±¢ ¤· Éµ³ ¶µ²¨´µ³  ‹¥¦ ´¤·  6-£µ ¶µ·Ö¤± , ÎÉµ ¡Ò²µ
¨´É¥·¶·¥É¨·µ¢ ´µ ± ± ´¥¶µ¸·¥¤¸É¢¥´´µ¥ ¤µ± § É¥²Ó¸É¢µ µ¡· §µ¢ ´¨Ö ÔÉµ£µ
¸µ¸ÉµÖ´¨Ö ¶ÊÉ¥³ ¶·Ö³µ° ¶¥·¥¤ Î¨ 12 ´Ê±²µ´µ¢. �¥¸³µÉ·Ö ´  Éµ, ÎÉµ ·¥§Ê²Ó-
É ÉÒ ̈ §³¥·¥´¨° ”“Š ¢ · ¡µÉ¥ [15] ´¥ µ¡´ ·Ê¦¨²¨ ¢Ò· ¦¥´´ÒÌ µ¸Í¨²²ÖÍ¨°
¨ ´¥ ¶µ¤É¢¥·¤¨²¨ ¢Ò¢µ¤  µ ¶·Ö³µ³ ³¥Ì ´¨§³¥ µ¡· §µ¢ ´¨Ö ´¥±µÉµ·ÒÌ Ê·µ¢-

´¥° ¢ 24Mg, ±µ´¸¥´¸Ê¸ ³¥¦¤Ê ÔÉ¨³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ £·Ê¶¶ ³¨ ¡Ò²
´ °¤¥´ ¢ ¶·µ¢¥¤¥´´ÒÌ ¸µ¢³¥¸É´µ ¨§³¥·¥´¨ÖÌ ”“Š, ·¥§Ê²ÓÉ ÉÒ ±µÉµ·ÒÌ ¡Ò-
²¨ ´¥¤ ¢´µ µ¶Ê¡²¨±µ¢ ´Ò ¢ · ¡µÉ¥ [16].

�·µ¢¥¤¥´´Ò¥ ¨§³¥·¥´¨Ö [16] Ê£²µ¢µ° d − α-±µ··¥²ÖÍ¨¨ ¢ ·¥ ±Í¨¨
12C(14N, d)24Mg(α)20Ne ¤²Ö ¸µ¸ÉµÖ´¨Ö 13,45 ŒÔ‚ (6+ ) ¢ 24Mg ¤µ¸Éµ¢¥·´µ
¶µ¤É¢¥·¤¨²¨ ¸ÊÐ¥¸É¢µ¢ ´¨¥ µ¸Í¨²²ÖÍ¨° ”“Š, ´¥ ¨³¥ÕÐ¨Ì ¶µ²´µ£µ µ¡ÑÖ¸-
´¥´¨Ö ¢ ³µ¤¥²¨ ¸µ¸É ¢´µ£µ Ö¤· . �¢Éµ·Ò ¨´É¥·¶·¥É¨·µ¢ ²¨ ¸¢µ¨ ·¥§Ê²ÓÉ ÉÒ

± ± ¶·µÖ¢²¥´¨¥ ³¥Ì ´¨§³  ¶·Ö³µ° ¶¥·¥¤ Î¨ Ö¤·  12C ¢ ¶¥·¢µ³ ¢µ§¡Ê¦¤¥´-

´µ³ ¸µ¸ÉµÖ´¨¨ 2+. �·µ¡²¥³  É¥µ·¥É¨Î¥¸±µ£µ µ¡ÑÖ¸´¥´¨Ö µ¸Í¨²²ÖÍ¨° ”“Š
¸ ¶µ³µÐÓÕ ³¥Ì ´¨§³  ¶·Ö³µ° ³ ¸¸¨¢´µ° ¶¥·¥¤ Î¨ ¶µ¸É ¢²¥´  ¤µ¸É ÉµÎ´µ
¤ ¢´µ, ¨ ¤µ ´ ¸ÉµÖÐ¥£µ ¢·¥³¥´¨ ÔÉµÉ ¢µ¶·µ¸ ´¥²Ó§Ö ¸Î¨É ÉÓ § ±·ÒÉÒ³. �Î¥-
¢¨¤´µ, ÎÉµ ¨¸¸²¥¤µ¢ ´¨¥ ”“Š ¢ ·¥ ±Í¨ÖÌ ³ ¸¸¨¢´µ° ¶¥·¥¤ Î¨ Ö¢²Ö¥É¸Ö µ¤-
´¨³ ¨§ ´ ¨¡µ²¥¥ ¶¥·¸¶¥±É¨¢´ÒÌ ´ ¶· ¢²¥´¨° Ë¨§¨±¨ Ö¤¥·´ÒÌ ·¥ ±Í¨°.

‚ · ¡µÉ¥ [109] ¢ ± Î¥¸É¢¥ ¶¥·¢µ£µ Ï £  ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ ¨§ÊÎ¥´¨Ö
³¥Ì ´¨§³  ·¥ ±Í¨°, ¢Ò§¢ ´´ÒÌ ¨µ´ ³¨  §µÉ , ¡Ò²¨ ¶·µ¢¥¤¥´Ò ¨§³¥·¥´¨Ö

Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¤¥°É·µ´µ¢ ¨§ ·¥ ±Í¨¨ 12C(14N, d)24Mg ¨ · ¸Î¥ÉÒ ¶µ
Œˆ‚ ¨ Ëµ·³ ²¨§³¥ • Ê§¥·  Å ”¥Ï¡ Ì  ¸ ¶ · ³¥É· ³¨, ¶µ²ÊÎ¥´´Ò³¨ ¢
[107]. �·µ¢¥¤¥´´Ò°  ´ ²¨§ ¶µ± § ², ÎÉµ · ¸¸Î¨É ´´Ò¥ ±·¨¢Ò¥, ¶µ²ÊÎ¥´´Ò¥
¢ ³µ¤¥²¨ • Ê§¥·  Å ”¥Ï¡ Ì , ¢ ¸·¥¤´¥³ ¢µ¸¶·µ¨§¢µ¤ÖÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥. �¤´ ±µ ¤²Ö ´¨§±µ²¥¦ Ð¨Ì Ê·µ¢´¥° ¸¥Î¥´¨¥ • Ê§¥·  Å ”¥Ï¡ Ì ,
± ± ¶· ¢¨²µ, § ¢ÒÏ¥´µ (µ¸µ¡¥´´µ ¢ µ¡² ¸É¨ ³ ²ÒÌ Ê£²µ¢),   ¤²Ö ¢Ò¸µ±µ²¥-
¦ Ð¨Ì Ê·µ¢´¥° §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ. � ¸Î¥ÉÒ ¢ · ³± Ì
EFR DWBA ¶µ ¶·µ£· ³³¥ LOLA [58] ¤²Ö ³¥Ì ´¨§³  ¶·Ö³µ° ¶¥·¥¤ Î¨ Ê£²¥-
·µ¤  ¶µ± § ²¨, ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥ Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö µ¡² ¤ ÕÉ ¡µ²¥¥
¡µ£ Éµ° ¸É·Ê±ÉÊ·µ° ¨ ¢ ·Ö¤¥ ¸²ÊÎ ¥¢ ¡µ²¥¥ Ê¸¶¥Ï´µ ¢µ¸¶·µ¨§¢µ¤ÖÉ Ô±¸¶¥·¨-
³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ¢ µ¸µ¡¥´´µ¸É¨ ¢ µ¡² ¸É¨ ³ ²ÒÌ Ê£²µ¢. �¤´ ±µ ¡¥§ µÍ¥´-
±¨ ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨Ì ³´µ¦¨É¥²¥° ¸¤¥² ÉÓ µ±µ´Î É¥²Ó´Ò¥ ¢Ò¢µ¤Ò ´¥-
¢µ§³µ¦´µ.

‚ · ¡µÉ¥ [99] ³Ò ¶·µ¤µ²¦¨²¨  ´ ²¨§ ÔÉµ° ·¥ ±Í¨¨ ¶µ Œˆ‚�Š�� ¸
Í¥²ÓÕ ¤µ¢¥¸É¨ ¤µ¸É¨£´ÊÉµ¥ ¢ · ¡µÉ¥ [109] ± Î¥¸É¢¥´´µ¥ ¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨-
³¥´Éµ³ ¤µ ±µ²¨Î¥¸É¢¥´´µ£µ Ê·µ¢´Ö ¨ ¶µ²ÊÎ¨ÉÓ ¸¶¥±É·µ¸±µ¶¨Î¥¸±ÊÕ ¨´Ëµ·-
³ Í¨Õ. „²Ö ÔÉµ£µ ¡Ò²  ¶·µ¢¥¤¥´  µÍ¥´±  ¶·¨¢¥¤¥´´ÒÌ Ï¨·¨´ ¢ ³µ¤¥²¨

µ¡µ²µÎ¥± ¸ ¶·µ³¥¦ÊÉµÎ´µ° ¸¢Ö§ÓÕ ¤²Ö ¢¥·Ï¨´Ò 14N → 12C + d ¸ µ·¡¨É ²Ó-
´Ò³ ³µ³¥´Éµ³ µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ¤¥°É·µ´  Λ2, · ¢´Ò³ 0 ¨ 2. ‚µµ¡-

Ð¥ £µ¢µ·Ö, ¢ Œˆ‚�Š�� ¢ ³ É·¨Î´µ³ Ô²¥³¥´É¥ (22)  ³¶²¨ÉÊ¤Ò ÔÉ¨Ì ¤¢ÊÌ
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¸µ¸ÉµÖ´¨° ¸±² ¤Ò¢ ÕÉ¸Ö ±µ£¥·¥´É´µ. �¤´ ±µ, ¥¸²¨ ÊÎ¨ÉÒ¢ ÉÓ ¶¥·¥¤ ÎÊ 12C
¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨ ¸ IC = 0, Éµ ¸²µ¦¥´¨¥ ±µ³¶µ´¥´É ¸ Λ2 = 0 ¨ 2 ¶·¨

²Õ¡µ³ §´ Î¥´¨¨ ¸¶¨´  If ±µ´¥Î´µ£µ Ö¤·  24Mg ³µ¦´µ ¶·µ¢µ¤¨ÉÓ ´¥±µ£¥-

·¥´É´µ. ‚ ÔÉµ³ ¸²ÊÎ ¥ Ê¶·µÐ ¥É¸Ö ¢Ò· ¦¥´¨¥ ¤²Ö ¸É·Ê±ÉÊ·´ÒÌ ³´µ¦¨É¥²¥°

ΘlΛ
1
Λ

2
 I

1
 I

2
 I

C
 = 0 = ΘΛ

1
 I

1
 I

C
 = 0

 B → A + C  ΘΛ
2
 I

2
 I

C

 a → b + C (− 1)
l + Λ

1
 + Λ

2

 ×

× √ 
2l + 1

(2Λ
1
 + 1)(2Λ

2
 + 1)  δΛ

1
 I

1

 δΛ
2
 I

2

 , (49)

£¤¥ ΘΛ
1
 I

1
 I

C
 = 0

 B → A + C, ΘΛ
2
 I

2
 I

C
 = 0

 a → b + c  Å ¶·¨¢¥¤¥´´Ò¥ Ï¨·¨´Ò, ¸¶µ¸µ¡Ò ¢ÒÎ¨¸²¥´¨Ö

±µÉµ·ÒÌ ¶µ¤·µ¡´µ ¨§²µ¦¥´Ò ¢ [6,33,34]. �·¨ ÔÉµ³ µ·¡¨É ²Ó´Ò° ³µ³¥´É
µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö Ö¤¥· Ê£²¥·µ¤  Λ

1
 · ¢¥´ If ,   ¸¥Î¥´¨¥ µ¶·¥¤¥²Ö-

¥É¸Ö ¸Ê³³µ° ¶ ·Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ¸ · §²¨Î´Ò³¨ ¶¥·¥¤ ´´Ò³¨ µ·¡¨É ²Ó-
´Ò³¨ ³µ³¥´É ³¨ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¶· ¢¨² ³¨ µÉ¡µ·  (21). ˆ§ ¸· ¢´¥´¨Ö
· ¸¸Î¨É ´´ÒÌ ¸¥Î¥´¨° ¸ Ô±¸¶¥·¨³¥´Éµ³ [109] ¡Ò²¨ ¢Ò¤¥²¥´Ò §´ Î¥´¨Ö

±¢ ¤· Éµ¢ ¶·¨¢¥¤¥´´ÒÌ Ï¨·¨´ ΘΛ
1

 
24

Mg → 
12

C + 
12

C ¤²Ö Λ
1
 = 0 ¨ 6. � ¸Î¥ÉÒ

¶µ± § ²¨, ÎÉµ ¡µ²ÓÏ¨¥ §´ Î¥´¨Ö ¶·¨¢¥¤¥´´ÒÌ Ï¨·¨´ ¤²Ö µÉ¤¥²¥´¨Ö 12C
µÉ ³ £´¨Ö,   É ±¦¥ ¢µ§³µ¦´µ¸ÉÓ ¶¥·¥¤ ÉÓ ± ± µ¸Í¨²²¨·ÊÕÐ¥¥ Ê£²µ¢µ¥ · ¸-
¶·¥¤¥²¥´¨¥ ¤²Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö, É ± ¨ £² ¤±µ¥ (§  ¸Î¥É ³´µ£¨Ì ¶ ·-

Í¨ ²Ó´ÒÌ  ¸¥Î¥´¨°  ¸  · §´Ò³¨ l)  ¤²Ö  ¸µ¸ÉµÖ´¨Ö  6+  (13,4 ŒÔ‚), ¤ ÕÉ
¢µ§³µ¦´µ¸ÉÓ ¤µ¸É ÉµÎ´µ µ¡µ¸´µ¢ ´´µ · ¸¸³ É·¨¢ ÉÓ ³¥Ì ´¨§³ ·¥ ±Í¨¨
12C(14N, d)24Mg ± ± ³ ¸¸¨¢´ÊÕ ¶¥·¥¤ ÎÊ ¡µ²ÓÏµ° £·Ê¶¶Ò ´Ê±²µ´µ¢.

„ ²Ó´¥°Ï¨¥ É¥µ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ÔÉµ° ·¥ ±Í¨¨ ¡Ò²¨ ¶µ¸¢ÖÐ¥-
´Ò ¡µ²¥¥ ¤¥É ²Ó´µ³Ê µ¶·¥¤¥²¥´¨Õ ¢±² ¤  ³¥Ì ´¨§³  ̧ µ¸É ¢´µ£µ Ö¤· ,   É ±-
¦¥ ¢µ§³µ¦´µ¸É¨ µ¶¨¸ ´¨Ö ´ ¡²Õ¤ ¥³ÒÌ µ¸Í¨²²ÖÍ¨° ”“Š.

’ ±, ¢ · ¡µÉ¥ [110] ¡Ò² ¶·µ¢¥¤¥´  ´ ²¨§ ´¥ Éµ²Ó±µ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ

¸¥Î¥´¨°, ´µ ¨ ËÊ´±Í¨° Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ ¢ ·¥ ±Í¨¨ 12C(14N, d)24Mg(α)20Ne
¶·¨ Ô´¥·£¨¨ ´ ²¥É ÕÐ¥£µ ¨µ´   §µÉ  E

14
N
 = 29 ¨ 35 ŒÔ‚ ¢ ² ¡µ· Éµ·´µ°

¸¨¸É¥³¥ ¸ Í¥²ÓÕ µ¶·¥¤¥²¥´¨Ö ±µ²¨Î¥¸É¢¥´´µ° ¤µ²¨ ³¥Ì ´¨§³  µ¡· §µ¢ ´¨Ö
¸µ¸É ¢´µ£µ Ö¤· .

�  µ¸´µ¢¥ Ëµ·³ ²¨§³ , · ¸¸³µÉ·¥´´µ£µ ¢ ¶.4.2, ¨ ¸ ¶µ³µÐÓÕ ¶·µ£· ³-
³Ò CNCOR [41] ¡Ò²¨ ¶·µ¢¥¤¥´Ò · ¸Î¥ÉÒ ¸¶¨´-É¥´§µ·µ¢ ³ É·¨ÍÒ ¶²µÉ´µ-
¸É¨, § ¸¥²¥´´µ¸É¥° ³ £´¨É´ÒÌ ¶µ¤Ê·µ¢´¥° ±µ´¥Î´ÒÌ Ö¤¥·,   É ±¦¥ ËÊ´±Í¨°
Ê£²µ¢µ°  ±µ··¥²ÖÍ¨¨  ±µ´¥Î´ÒÌ  Î ¸É¨Í  ¢  ¸É É¨¸É¨Î¥¸±µ°  ³µ¤¥²¨ ¸µ¸É ¢-
´µ£µ Ö¤· .
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ˆ§¢¥¸É´µ, ÎÉµ · ¸Î¥ÉÒ ¶µ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ ¸µ¸É ¢´µ£µ Ö¤·  ¢¥¸Ó-
³  ÎÊ¢¸É¢¨É¥²Ó´Ò ± ¢Ò¡µ·Ê ¶ · ³¥É·µ¢ µ¶É¨Î¥¸±¨Ì ¶µÉ¥´Í¨ ²µ¢. ’¥³ ´¥
³¥´¥¥, ¥¸²¨ µ¶É¨Î¥¸±¨¥ ¶µÉ¥´Í¨ ²Ò Ìµ·µÏµ µ¶¨¸Ò¢ ÕÉ Ê£²µ¢Ò¥ · ¸¶·¥¤¥-
²¥´¨Ö Ê¶·Ê£µ· ¸¸¥Ö´´ÒÌ Î ¸É¨Í ¶·¨ ¤ ´´µ° Ô´¥·£¨¨, Éµ § ³¥´  µ¤´µ£µ ´ -
¡µ·  ¶ · ³¥É·µ¢ ¤·Ê£¨³ ´¥ ¢¥¤¥É ± ¸ÊÐ¥¸É¢¥´´µ³Ê ¨§³¥´¥´¨Õ ¶µ¶¥·¥Î´µ£µ
¸¥Î¥´¨Ö. �·¨ ¢ ·¨ Í¨¨ ¶ · ³¥É·µ¢ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ¸µÌ· ´Ö¥É¸Ö
µ¡Ð Ö Ëµ·³  ¸¥Î¥´¨Ö Å ³ ±¸¨³Ê³Ò ¢¶¥·¥¤, ´ § ¤, ¸¨³³¥É·¨Î´Ò¥ µÉ´µ-
¸¨É¥²Ó´µ θ = 90Æ,   ¨§³¥´Ö¥É¸Ö ²¨ÏÓ  ¡¸µ²ÕÉ´µ¥ §´ Î¥´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó-
´µ£µ ̧ ¥Î¥´¨Ö ¢ ¶·¥¤¥² Ì 30Å40%. � Ï¨ ¶·¥¤Ò¤ÊÐ¨¥ · ¸Î¥ÉÒ ¶µ± § ²¨, ÎÉµ
± Î¥¸É¢¥´´µ¥ ¨§³¥´¥´¨¥ Ëµ·³Ò ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¢µ§³µ¦´µ ¶·¨
¢ ·Ó¨·µ¢ ´¨¨ ¶ · ³¥É·µ¢ ¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö [40]. ‚ ¤ ´-
´ÒÌ · ¸Î¥É Ì ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¶ · ³¥É·Ò µ¶É¨Î¥¸±¨Ì ¶µÉ¥´Í¨ ²µ¢ ¨§ · ¡µÉ
[107,111] (¸³. É ¡².5).

�¡¸µ²ÕÉ´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨, · ¸¸Î¨É ´´µ¥ ¶µ ³µ¤¥²¨ • Ê§¥·  Å
”¥Ï¡ Ì , ´ ¨¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´µ § ¢¨¸¨É µÉ ¢¥²¨Î¨´Ò g(I ) Å µ¡Ð¥° Ï¨·¨-
´Ò · ¸¶ ¤  ¸µ¸É ¢´µ£µ Ö¤·  ¢µ ¢¸¥ µÉ±·ÒÉÒ¥ ± ´ ²Ò, ±µÉµ· Ö, ¢ ¸¢µÕ µÎ¥-

·¥¤Ó, ¸¨²Ó´µ § ¢¨¸¨É µÉ É ±¨Ì ¶ · ³¥É·µ¢, ± ± ¶²µÉ´µ¸ÉÓ Ê·µ¢´¥° ρ(E ∗, I )
¨ ±·¨É¨Î¥¸±¨° Ê£²µ¢µ° ³µ³¥´É I±·. �·¨ ¢ÒÎ¨¸²¥´¨¨ ρ(E ∗, I ) ´ ¨¡µ²¥¥ ¸Ê-

Ð¥¸É¢¥´´Ò ¤¢  ¶ · ³¥É· : ¶ · ³¥É· ¶²µÉ´µ¸É¨ Ê·µ¢´¥° a ¨ ¶ ·´Ò¥ Ô´¥·£¨¨
∆. � · ³¥É· a ¢Ìµ¤¨É ¢ Ëµ·³Ê²Ê (34) ¶µ¤ §´ ±µ³ Ô±¸¶µ´¥´ÉÒ, ¶µÔÉµ³Ê ¥£µ
¢²¨Ö´¨¥ µ¸µ¡¥´´µ ¢¥²¨±µ. ’ ±, ¶·¨ Ê¢¥²¨Î¥´¨¨ a ¶·¨³¥·´µ ´  20%  ¡¸µ-
²ÕÉ´µ¥ §´ Î¥´¨¥ ¸¥Î¥´¨Ö Ê³¥´ÓÏ ¥É¸Ö ¡µ²¥¥ Î¥³ ¢ É·¨ · § .

“¢¥²¨Î¥´¨¥ ¶ ·´ÒÌ Ô´¥·£¨° ∆ ¤²Ö ´ ¨¡µ²¥¥ ¢ ¦´ÒÌ ± ´ ²µ¢ ·¥ ±Í¨¨
(¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ §´ Î¥´¨Ö ∆  ¢ÒÎ¨¸²¥´Ò ¢ · ¡µÉ Ì [45,47,48]) ¶·¨¢µ¤¨É ±
Ê¢¥²¨Î¥´¨Õ ¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö. � Ï¨ · ¸Î¥ÉÒ ¶µ± § ²¨, ÎÉµ ´¥µ¶·¥-
¤¥²¥´´µ¸ÉÓ ¢ 1Å2 ŒÔ‚ ¢ ¢Ò¡µ·¥ £· ´¨Î´µ° Ô´¥·£¨¨ EC ³ ²µ ̧ ± §Ò¢ ¥É¸Ö ́  

 ¡¸µ²ÕÉ´µ³ §´ Î¥´¨¨ ̧ ¥Î¥´¨Ö. �Éµ µ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉµ ¢±² ¤ ́ ¥¶·¥·Ò¢´µ-
£µ ¸¶¥±É·  ¢ µ¡ÐÊÕ Ï¨·¨´Ê · ¸¶ ¤  g(I ) §´ Î¨É¥²Ó´µ ¶·¥¢ÒÏ ¥É ¢±² ¤
¤¨¸±·¥É´µ£µ ¸¶¥±É·  ¨ ¡²¨§µ± ± ³ ±¸¨³ ²Ó´µ ¢µ§³µ¦´µ³Ê. ˆ¸¶µ²Ó§µ¢ ´¨¥
¢Ò· ¦¥´¨Ö (36) ¤²Ö µÍ¥´±¨ ̈ · ¸É-²¨´¨¨ ¢¥¤¥É ± ́ ¥µ¶·¥¤¥²¥´´µ¸É¨ ¢ÒÎ¨¸²¥-
´¨° ¨§-§  ´¥µ¤´µ§´ Î´µ¸É¨ ¢Ò¡µ·  · ¤¨Ê¸  Ö¤·  ¨ ¥£µ ³µ³¥´É  ¨´¥·Í¨¨. ‚
¶·µ£· ³³¥ ¢Ò¡· ´  ³µ¤¥²Ó, ¢ ±µÉµ·µ° ³µ³¥´É ¨´¥·Í¨¨ Ö¤·  · ¢¥´ ³µ³¥´ÉÊ
¨´¥·Í¨¨ ¸Ë¥·¨Î¥¸±µ£µ É¢¥·¤µ£µ É¥²  FÉ¢ ¸ ³ ¸¸µ° mA ¨ · ¤¨Ê¸µ³ R =

= 1,25 A1 6 3 Ë³. �¥±µÉµ·Ò¥  ¢Éµ·Ò ¢Ò¡¨· ÕÉ · ¤¨Ê¸ Ö¤·  ´¥¸±µ²Ó±µ ¡µ²ÓÏ¥
¨²¨ ³µ³¥´É ¨´¥·Í¨¨ Ö¤· , ´¥¸±µ²Ó±µ µÉ²¨Î ÕÐ¨°¸Ö µÉ FÉ¢, ´ ¶·¨³¥·, R =

= 1,4A16 3 Ë³ ¨ F = 0,8 FÉ¢ [47] ¨²¨ R = 1,5A1 6 3 Ë³,   F = 0,7−0,8 FÉ¢ [38].

“¢¥²¨Î¥´¨¥ · ¤¨Ê¸  Ö¤·  ¢¥¤¥É ± Ê¢¥²¨Î¥´¨Õ ³µ³¥´É  ¨´¥·Í¨¨ ¨, ± ± ¸²¥¤-
¸É¢¨¥, ± Ê¢¥²¨Î¥´¨Õ ¶²µÉ´µ¸É¨ ¢Ò¸µ±µ¸¶¨´µ¢ÒÌ Ê·µ¢´¥° ¢ µ¸É ÉµÎ´ÒÌ Ö¤-
· Ì ¨ ± Ê³¥´ÓÏ¥´¨Õ ¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ¤²Ö µÉ¤¥²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö.
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’ ¡²¨Í  5. � · ³¥É·Ò µ¶É¨Î¥¸±¨Ì ¶µÉ¥´Í¨ ²µ¢
¨ ¶ · ³¥É·Ò ¤²Ö ¢ÒÎ¨¸²¥´¨° ¢ Ëµ·³ ²¨§³¥ • Ê§¥·  Å ”¥Ï¡ Ì 

Š ´ ² V,

ŒÔ‚

RV ,

Ë³

aV ,

Ë³

WI ,

ŒÔ‚

RI ,

Ë³

aI ,

Ë³

’¨¶
¶µ-

É¥´Í.

R±Ê²,

Ë³

a,

ŒÔ‚
−1

∆,

ŒÔ‚

Y EC ,

ŒÔ‚

—¨¸²µ
¤¨¸±·.

Ê·µ¢´¥°

α + 22Na 53,15 4,33 0,58 10,80 4,33 0,580 µ¡. 3,36 4,00
3,67

0,00 0,194 4,36 19

p + 25Mg 53,00 3,71 0,66 6,60 3,50 0,660 µ¡. 3,71 4,56
4,17

2,46 0,157 5,01 18

n + 25Al 40,00 3,65 0,70 11,00 3,65 0,700 µ¡. 0,00 4,56
4,17

2,67 0,157 5,07 25

d + 24Mg 50,00 4,33 0,59 16,00 4,33 0,590 µ¡. 4,33 4,38
4,00

5,13 0,168 10,06 40

14N + 12C 100,00 5,60 0,48 27,00 5,92 0,260 µ¡. 6,58 5

12C + 14N 2,03 0,00 0,412 8,98 18

6Li + 20Ne 65,50 4,02 0,41 12,00 3,87 1,480 µ¡. 6,79 14

20Ne + 6Li 6

3He + 23Na 11,84 5,79 0,45 1,756 5,79 0,450 µ¡. 5,79 3,84 1,35 0,180 5,77 19

5Li +21Na 11,62 6,03 0,45 1,690 6,03 0,450 µ¡. 6,03 3,41 2,37 0,210 5,78 35

8Be + 18F 2,82 0,00 0,270 4,96 23

18F + 8Be 11,67 6,24 0,45 1,700 6,24 0,450 µ¡. 6,24 3

10B + 16O 3,85 2,46 0,330 8,87 6

16O + 10B 11,07 6,31 0,45 1,510 6,31 0,450 µ¡. 6,31 24

5He + 21Na 54,40 4,76 0,53 9,80 4,76 0,530 µ¡. 3,92 3,19 2,90 0,210 6,51 50

7Be + 19F∗ 35,40 4,64 1,05 11,50 5,68 0,620 ¶µ¢. 6,79 2,89 1,28 0,250 4,68 15

*’¨¶ ¶µÉ¥´Í¨ ²  ¶µ¢¥·Ì´µ¸É´Ò°.
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�¤´ ±µ § ³¥É´Ò° ¢±² ¤ Ê¢¥²¨Î¥´¨¥ · ¤¨Ê¸  Ö¤·  ¨ ³µ³¥´É  ¨´¥·Í¨¨ ¡Ê¤¥É
¤ ¢ ÉÓ ²¨ÏÓ ¶·¨ ¡µ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ¶ ¤ ÕÐ¨Ì Î ¸É¨Í, ±µ£¤  µ¡· §Ê¥É¸Ö
³´µ£µ ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°. �·¨ ³ ²ÒÌ Ô´¥·£¨ÖÌ ´ ²¥É ÕÐ¨Ì
Î ¸É¨Í (E¸.³. <~ 10 ŒÔ‚) ¨§³¥´¥´¨Ö ¶ · ³¥É·µ¢ ´  20Å40% ¸² ¡µ ¸± §Ò¢ -

ÕÉ¸Ö ´  ¢¥²¨Î¨´¥ ¶µ¶¥·¥Î´µ£µ ¸¥Î¥´¨Ö.

‚ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ ¢ ¦´ÊÕ ·µ²Ó ¨£· ¥É ±·¨É¨Î¥¸±¨° Ê£²µ¢µ° ³µ-
³¥´É I±·, ±µÉµ·Ò° µ¶·¥¤¥²Ö¥É ¢µ§³µ¦´µ¸ÉÓ ̧ ²¨Ö´¨Ö Ö¤¥· ¢µ ¢Ìµ¤´µ³ ± ´ ²¥,

¨ µ¡· §µ¢ ´¨¥ ¸µ¸É ¢´µ£µ Ö¤·  § ¢¨¸¨É µÉ ¤¨´ ³¨±¨ ¢Ìµ¤´µ£µ ± ´ ²  ̈  µ¶·¥-
¤¥²Ö¥É ³ ±¸¨³ ²Ó´Ò° Ê£²µ¢µ° ³µ³¥´É Ö¤·  IC ¢ ¤ ´´µ° ·¥ ±Í¨¨: IC = I±·.

‚ ¶·¥¤¸É ¢²¥´¨¨ ¸¶¨´  ± ´ ²  ¸¶¨´ ¸µ¸É ¢´µ£µ Ö¤·  µ¶·¥¤¥²Ö¥É¸Ö ¶· -
¢¨² ³¨ µÉ¡µ·  (25), ¶µÔÉµ³Ê µÉ I±· § ¢¨¸¨É ³ ±¸¨³ ²Ó´Ò° Ê£²µ¢µ° ³µ³¥´É

Ö¤·  IC ¢ ¤ ´´µ° ·¥ ±Í¨¨: I±· = IC
 max = I1 + la

 max. —Éµ¡Ò ¨§ÊÎ¨ÉÓ ÎÊ¢¸É¢¨É¥²Ó-

´µ¸ÉÓ  ¡¸µ²ÕÉ´µ£µ §´ Î¥´¨Ö ̧ ¥Î¥´¨Ö ± ¢Ò¡µ·Ê I±·, · ¸Î¥ÉÒ ¶·µ¢µ¤¨²¨¸Ó ¶·¨

· §´ÒÌ la
 max. ‚ ·¨ Í¨¨ I±· µÎ¥´Ó ¸¨²Ó´µ ¸± §Ò¢ ÕÉ¸Ö ´  ¶µ¶¥·¥Î´µ³ ¸¥-

Î¥´¨¨. ’ ±, Ê¢¥²¨Î¥´¨¥ I±· ´  1h ¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ ¸¥Î¥´¨Ö ¶·¨³¥·´µ

´  20%. —Ê¢¸É¢¨É¥²Ó´µ¸ÉÓ ¶µ¶¥·¥Î´µ£µ ¸¥Î¥´¨Ö ± I±· ¶ ¤ ¥É ¸ Ê³¥´ÓÏ¥´¨¥³

Ô´¥·£¨¨ ¶ ¤ ÕÐ¨Ì Î ¸É¨Í. �µ²¥¥ ¤¥É ²Ó´µ § ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨Ö ¢§ ¨³µ-
¤¥°¸É¢¨Ö µÉ ±·¨É¨Î¥¸±µ£µ ³µ³¥´É  ¤²Ö ·¥ ±Í¨° ¶µ¤µ¡´µ£µ É¨¶  ¨§ÊÎ ² ¸Ó ¢
· ¡µÉ Ì [38,39,108]. �¡µ¡Ð Ö ¶·¨¢¥¤¥´´Ò° ¢ÒÏ¥  ´ ²¨§, § ³¥É¨³, ÎÉµ
¢ ·¨ Í¨Ö ¶ · ³¥É·µ¢ ¢Éµ·µ° £·Ê¶¶Ò ¶·¨¢µ¤¨É ± ¨§³¥´¥´¨Õ ²¨ÏÓ  ¡¸µ²ÕÉ-
´µ£µ §´ Î¥´¨Ö ¶µ¶¥·¥Î´µ£µ ¸¥Î¥´¨Ö, ¸µÌ· ´ÖÖ Ì · ±É¥·´ÊÕ Ëµ·³Ê Ê£²µ¢ÒÌ
· ¸¶·¥¤¥²¥´¨°.

�·¨ · ¸Î¥É¥ Ì · ±É¥·¨¸É¨± ·¥ ±Í¨¨ 12C(14N, d)24Mg ¶µ ¶·µ£· ³³¥
CNCOR ÊÎ¨ÉÒ¢ ²µ¸Ó 12 µÉ±·ÒÉÒÌ ± ´ ²µ¢, ¶µ ±µÉµ·Ò³ ³µ£ ¶·µ¨§µ°É¨ · ¸-

¶ ¤ ̧ µ¸É ¢´µ£µ Ö¤·  26Al. �É¨ ± ´ ²Ò ¢´µ¸ÖÉ ´¥· ¢´µÍ¥´´Ò° ¢±² ¤ ¢ µ¡ÐÊÕ
Ï¨·¨´Ê · ¸¶ ¤  g(I ). � ¨¡µ²¥¥ ¢ ¦´Ò³¨ Ö¢²ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ Î¥ÉÒ·¥ ± ´ -

² : p + 25Mg, n + 25Al, α + 22Na, d + 24Mg, ¶µ ±µÉµ·Ò³ ¸ ´ ¨¡µ²ÓÏ¥° ¢¥·µÖÉ-

´µ¸ÉÓÕ ³µ¦¥É ¶·µ¨§µ°É¨ · ¸¶ ¤ Ö¤·  26Al ¢ ¤ ´´µ° ·¥ ±Í¨¨. �·¨ Ô´¥·£¨¨
¶ ¤ ÕÐ¥£µ ¶ÊÎ±   §µÉ  E

14
N
 = 29 ŒÔ‚ ¨Ì µ¡Ð¨° ¢±² ¤ ¸µ¸É ¢²Ö¥É ¶·¨³¥·´µ

98%. �É´µ¸¨É¥²Ó´Ò° ¢±² ¤ ± ¦¤µ£µ ¨§ ÔÉ¨Ì ± ´ ²µ¢ ¸ ·µ¸Éµ³ Ô´¥·£¨¨ ¶ÊÎ-

±  14N ¨§³¥´Ö¥É¸Ö. ’ ±, ¶·¨ E
14

N
 = 29 ŒÔ‚ ¢¥·µÖÉ´µ¸ÉÓ · ¸¶ ¤  · ¸¶·¥¤¥²Ö-

² ¸Ó ¸²¥¤ÊÕÐ¨³ µ¡· §µ³: α + 22Na Å19%; p + 25Mg Å61%; n + 25Al Å15%;

d + 24Mg Å3%, ¶·¨ Ô´¥·£¨¨ E
14

N
 = 35 ŒÔ‚ ¤µ²Ö ± ¦¤µ£µ ± ´ ²  · ¢´ :

α + 22Na Å 30%, p + 25Mg Å 61%, n + 25Al Å 2,5%, d + 24Mg Å 3,5%.
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�  µ¸É ²Ó´Ò¥ ± ´ ²Ò ¶·¨Ìµ¤¨É¸Ö ¢¸¥£µ µ±µ²µ 2%. ‡ ³¥É¨³, ÎÉµ ¸ Ê¢¥-
²¨Î¥´¨¥³ Ô´¥·£¨¨ ´ ²¥É ÕÐ¥£µ  §µÉ  ¤µ 35 ŒÔ‚ ¢±² ¤ ÔÉ¨Ì 8 ± ´ ²µ¢ Ê¢¥-
²¨Î¨¢ ¥É¸Ö ¢¸¥£µ ´  1%. �¥§´ Î¨É¥²Ó´Ò° ¢±² ¤ ± ´ ²µ¢ ¸ ¢ÒÌµ¤µ³ ÉÖ¦¥²ÒÌ

Î ¸É¨Í 6Li, 8Be ¨ É.¶., ±µÉµ·Ò¥ ³µ£ÊÉ Ê´¥¸É¨ ¡µ²ÓÏ¨° ³µ³¥´É ±µ²¨Î¥¸É¢ 
¤¢¨¦¥´¨Ö, Î¥³ ²¥£±¨¥ Î ¸É¨ÍÒ, µ¡ÑÖ¸´Ö¥É¸Ö ´¨§±¨³ É¥¶²µ¢Ò³ ÔËË¥±Éµ³
·¥ ±Í¨¨ Q0 ¨ ¢Ò¸µ±¨³ §´ Î¥´¨¥³ ±Ê²µ´µ¢¸±µ£µ ¡ ·Ó¥· . �É¨ ± ´ ²Ò ¡Ê¤ÊÉ

§ ±·ÒÉÒ Ê¦¥ ¶·¨ ¤µ¸É ÉµÎ´µ ´¨§±µ° Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ±µ´¥Î´µ£µ Ö¤· ,
£¤¥ ̧ ÊÐ¥¸É¢ÊÕÉ Éµ²Ó±µ ´¥¸±µ²Ó±µ ¤¨¸±·¥É´ÒÌ Ê·µ¢´¥°. „¥°¸É¢¨É¥²Ó´µ, ¢ ± -

´ ²¥ 6Li + 20Ne ¢µ§³µ¦´µ § ¸¥²¥´¨¥ Ê·µ¢´¥° 20Ne ´¥ ¢ÒÏ¥ 9,2 ŒÔ‚, ¢ ± ´ -

²¥ 8Be + 18F § ¸¥²¥´¨¥ Ê·µ¢´¥° 18F ´¥ ¢ÒÏ¥ 10,4 ŒÔ‚. ‚ Éµ ¦¥ ¢·¥³Ö ²¥£±¨¥
Î ¸É¨ÍÒ ³µ£ÊÉ § ¸¥²ÖÉÓ ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´Ò¥ Ê·µ¢´¨ ¢ µ¸É ÉµÎ´ÒÌ Ö¤· Ì,
£¤¥ ¶²µÉ´µ¸ÉÓ ÔÉ¨Ì Ê·µ¢´¥° µÎ¥´Ó ¢Ò¸µ± . �µÔÉµ³Ê ¨³¥´´µ ± ´ ²Ò ¸ ¢ÒÌµ-
¤µ³ ²¥£±¨Ì Î ¸É¨Í ¤ ÕÉ µ¸´µ¢´µ° ¢±² ¤ ¢ µ¡ÐÊÕ Ï¨·¨´Ê · ¸¶ ¤  g(I ) ¸µ-
¸É ¢´µ£µ Ö¤· .

ŒÒ ¶·µ¢¥²¨ É ±¦¥ µÍ¥´±Ê ¢¥·µÖÉ´µ¸É¨ µ¡· §µ¢ ´¨Ö ±µ´¥Î´µ£µ Ö¤·  ± ±
¢ µ¡² ¸É¨ ´¥¶·¥·Ò¢´µ£µ, É ± ¨ ¢ µ¡² ¸É¨ ¤¨¸±·¥É´µ£µ ¸¶¥±É·  ¤²Ö ± ¦¤µ£µ
¨§ ± ´ ²µ¢. „²Ö ¤ ´´µ° ·¥ ±Í¨¨ ¢ ± ´ ² Ì, £¤¥ · ¸¶ ¤ ¸µ¸É ¢´µ£µ Ö¤·  ¨¤¥É
¸ ¨¸¶Ê¸± ´¨¥³ ²¥£±¨Ì Î ¸É¨Í, É ±¨Ì ± ± p, n, d, α, ¢¥·µÖÉ´µ¸ÉÓ µ¡· §µ¢ ´¨Ö
±µ´¥Î´µ£µ Ö¤·  ¢ ´¥¶·¥·Ò¢´µ³ ¸¶¥±É·¥ ³´µ£µ ¡µ²ÓÏ¥, Î¥³ ¢ ¤¨¸±·¥É´µ³.

�µ ´ Ï¨³ µÍ¥´± ³, ´ ¶·¨³¥·, ¢ ± ´ ²¥ p + 25Mg ÔÉµ · §²¨Î¨¥ ¤µ¸É¨£ ¥É
¸µÉ¥´ ¨ ¤ ¦¥ ÉÒ¸ÖÎ · §. ‚ ± ´ ² Ì, £¤¥ ¨¸¶Ê¸± ÕÉ¸Ö ÉÖ¦¥²Ò¥ Ö¤· , ¢¥·µÖÉ-
´µ¸ÉÓ µ¡· §µ¢ ´¨Ö ±µ´¥Î´µ£µ Ö¤·  ¢ ́ ¥¶·¥·Ò¢´µ³ ̧ ¶¥±É·¥ ¢ ̧ µÉ´¨ · § ³¥´Ó-

Ï¥, Î¥³ ¢ ¤¨¸±·¥É´µ³. � ¶·¨³¥·, ¤²Ö ± ´ ²  8Be + 18F ÔÉ¨ ¢¥·µÖÉ´µ¸É¨ ¸µ-
µÉ´µ¸ÖÉ¸Ö ± ± 1:10 ¶·¨ Ô´¥·£¨¨ E¨ = 35 ŒÔ‚,   ¶·¨ E¨ = 29 ŒÔ‚ Ê¦¥ ± ±

1:1000.

“£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¤¥°É·µ´µ¢ ¨§ ·¥ ±Í¨¨ 12C(14N, d)24Mg ¤²Ö ·Ö¤ 

¸µ¸ÉµÖ´¨° ¢ 24Mg ¶·¨ E
14

N
 = 35 ŒÔ‚ ¸ ¶ · ³¥É· ³¨, ¢§ÖÉÒ³¨ ¨§ [107], Ìµ-

·µÏµ µ¶¨¸Ò¢ ÕÉ Ô±¸¶¥·¨³¥´É ¤²Ö ¸µ¸ÉµÖ´¨° 4,12(4+ ) + 4,24(2+) ¨ 5,23(3+ ).
„²Ö µ¸É ²Ó´ÒÌ ¸µ¸ÉµÖ´¨° ¢ 24Mg · ¸Î¥É´Ò¥ ¸¥Î¥´¨Ö ¶·¥¢ÒÏ ÕÉ Ô±¸¶¥·¨-
³¥´É ²Ó´Ò¥. � ¸Î¥É ¶·¨ E

14
N
 = 29 ŒÔ‚ ¶·¨ É¥Ì ¦¥ ¶ · ³¥É· Ì ¸¨¸É¥³ É¨-

Î¥¸±¨ ¶·¥¢ÒÏ ¥É Ô±¸¶¥·¨³¥´É. �Éµ § ¸É ¢¨²µ ´ ¸ ¶·µ¢¥¸É¨ ¢µ§³µ¦´Ò¥ ¨§-
³¥´¥´¨Ö ¶ · ³¥É·µ¢ ³µ¤¥²¨ ¸ É¥³, ÎÉµ¡Ò Ê³¥´ÓÏ¨ÉÓ  ¡¸µ²ÕÉ´µ¥ §´ Î¥´¨¥
¸¥Î¥´¨Ö. ’ ± ± ± Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¤²Ö ·Ö¤  ¸µ¸ÉµÖ´¨° ¨³¥ÕÉ µ¸Í¨²-
²¨·ÊÕÐÊÕ Ëµ·³Ê, ¢±² ¤ ¸µ¸É ¢´µ£µ Ö¤·  ´¥ ¤µ²¦¥´ ¶·¥¢ÒÏ ÉÓ ³¨´¨³Ê³
¸¥Î¥´¨Ö. � ¨²ÊÎÏ¥£µ ̧ µ£² ¸¨Ö ̧  Ô±¸¶¥·¨³¥´Éµ³ ¶·¨ µ¡¥¨Ì Ô´¥·£¨ÖÌ Ê¤ ²µ¸Ó
¤µ¸É¨£´ÊÉÓ ¢ ·¥§Ê²ÓÉ É¥ ¨§³¥´¥´¨Ö ¤¢ÊÌ ¶ · ³¥É·µ¢: ¶ · ³¥É·  ¶²µÉ´µ¸É¨
Ê·µ¢´¥° a (¸³. (34)) ¨ ±·¨É¨Î¥¸±µ£µ Ê£²µ¢µ£µ ³µ³¥´É  ¸µ¸É ¢´µ£µ Ö¤·  I±·.
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�·¨³¥·´µ µ¤¨´ ±µ¢Ò¥ ·¥§Ê²ÓÉ ÉÒ
· ¸Î¥É  ¤ ÕÉ ¸²¥¤ÊÕÐ¨¥ ±µ³¡¨´ Í¨¨
ÔÉ¨Ì ¶ · ³¥É·µ¢: a = A 6 5,48 ¨
I±· = 10 ¶·¨ E

14
N
 = 29 ŒÔ‚ ¨ 12 ¶·¨

E
14

N
 = 35 ŒÔ‚,   É ±¦¥ a = A 6 5,98 ¨

I±· = 9 ¶·¨ E
14

N
 = 29 ŒÔ‚ ¨ 11 ¶·¨

E
14

N
 = 35 ŒÔ‚. ˆ§ ·¨¸.9 ¨ 10 ¢¨¤´µ,

ÎÉµ ´ ¨¡µ²ÓÏ¨° ¢±² ¤ ³¥Ì ´¨§³ ¸µ¸-
É ¢´µ£µ Ö¤·  ¢´µ¸¨É ¢ ¸¥Î¥´¨¥ ·¥ ±-
Í¨¨ ¸ µ¡· §µ¢ ´¨¥³ µ¸´µ¢´µ£µ ¨
´¨¦´¨Ì ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¢
24Mg. •µÉÖ É ±¦¥ µÎ¥¢¨¤´µ, ÎÉµ
É¥µ·¥É¨Î¥¸±¨¥ ±·¨¢Ò¥ ´¥ ³µ£ÊÉ ¢µ¸-
¶·µ¨§¢¥¸É¨ ¸É·Ê±ÉÊ·Ê Ê£²µ¢ÒÌ · ¸¶·¥-
¤¥²¥´¨°. „²Ö ¢Ò¸µ±µ²¥¦ Ð¨Ì ¸µ¸Éµ-

Ö´¨° (Ef
 ∗ > 8 ŒÔ‚) ¢±² ¤ ³¥Ì ´¨§³ 

¸µ¸É ¢´µ£µ Ö¤·  ¸µ¸É ¢²Ö¥É ³¥´ÓÏÊÕ
¤µ²Õ ¢ ¸¥Î¥´¨¨, ´¥¸³µÉ·Ö ´  Éµ, ÎÉµ
É¥µ·¥É¨Î¥¸±¨¥ ±·¨¢Ò¥ ¨³¥ÕÉ É ±ÊÕ
¦¥ £² ¤±ÊÕ Ëµ·³Ê, ± ± ¨ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò¥ Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö.

„¥°¸É¢¨É¥²Ó´µ, ́  Ï¨ ¶·¥¤Ò¤ÊÐ¨¥ · ¸Î¥ÉÒ ¶µ DWBA [99] ¶µ± § ²¨, ÎÉµ
¢ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¸ µ¡· §µ¢ ´¨¥³ ¢Ò¸µ±µ²¥¦ Ð¨Ì ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸Éµ-

Ö´¨° ¢ 24Mg §´ Î¨É¥²Ó´Ò° ¢±² ¤ ¤ ¥É ³¥Ì ´¨§³ ¶·Ö³µ° ¶¥·¥¤ Î¨ £·Ê¶¶Ò
´Ê±²µ´µ¢. ‚ ÔÉµ³ ¸²ÊÎ ¥  ¡¸µ²ÕÉ´µ¥ ¸¥Î¥´¨¥ ¨³¥¥É ¡µ²ÓÏÊÕ ¢¥²¨Î¨´Ê § 
¸Î¥É ¢±² ¤  ³´µ£¨Ì ¶ ·Í¨ ²Ó´ÒÌ ̧ ¥Î¥´¨° ̧  · §´Ò³¨ ¶¥·¥¤ ´´Ò³¨ Ê£²µ¢Ò³¨
³µ³¥´É ³¨.

’ ±¨³ µ¡· §µ³, ́  Ï¨ · ¸Î¥ÉÒ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ̧ ¥Î¥´¨° ¢ ³µ¤¥²¨ ̧ µ-
¸É ¢´µ£µ Ö¤·  ¤ ÕÉ ¤µ¶µ²´¨É¥²Ó´Ò¥  ·£Ê³¥´ÉÒ ¢ ¶µ²Ó§Ê Éµ£µ, ÎÉµ ´¥µ¡Ìµ-
¤¨³µ ¸µ£² ¸µ¢ ´´µ ÊÎ¨ÉÒ¢ ÉÓ ± ± ³¥Ì ´¨§³ ¸µ¸É ¢´µ£µ Ö¤· , É ± ¨ ¶·Ö³ÊÕ
¶¥·¥¤ ÎÊ ¡µ²ÓÏµ° £·Ê¶¶Ò ´Ê±²µ´µ¢ Å ·¥ ±Í¨Õ ³ ¸¸¨¢´µ° ¶¥·¥¤ Î¨.

�¨¸.9. „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±-

Í¨¨ 12C(14N, d)24Mg ¶·¨ ELi = 35 ŒÔ‚.

Š·¨¢Ò¥ Å · ¸Î¥ÉÒ ¶µ ¸É É¨¸É¨Î¥¸±µ° ³µ-
¤¥²¨ µ¡· §µ¢ ´¨Ö ¸µ¸É ¢´µ£µ Ö¤· . ’µÎ±¨
Å ¤ ´´Ò¥ · ¡µÉÒ [107]
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„ ²Ó´¥°Ï¨¥ ́  Ï¨ ¨¸¸²¥¤µ¢ ´¨Ö [112] ·¥ ±Í¨¨ 12C(14N, d)24Mg ¤²Ö ·Ö¤ 

¸µ¸ÉµÖ´¨° ¢ 24Mg ¢ · ³± Ì Œˆ‚�Š�� ¶µ± § ²¨, ÎÉµ µ¸µ¡¥´´µ¸ÉÓÕ ³¥-

Ì ´¨§³  ¶·Ö³µ° ¶¥·¥¤ Î¨ ¢ ÔÉµ° ·¥ ±Í¨¨ Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ¶·¨ Ê¸¨²¥´¨¨

¢µ§¡Ê¦¤¥´¨Ö ±µ´¥Î´µ£µ Ö¤·  24Mg ·¥§±µ Ê¸¨²¨¢ ¥É¸Ö ¶¥·¨Ë¥·¨Î´µ¸ÉÓ ¶·µ-

Í¥¸¸ . �·¨ · ¸Î¥É Ì ¶µ DWBA ÔÉµ ¶·µÖ¢²Ö¥É¸Ö ¢ ́ ¥¤µ¸É ÉµÎ´µ ÉµÎ´µ³ µ¶¨-

¸ ´¨¨ ¶µ¢¥¤¥´¨Ö ¢µ²´µ¢ÒÌ ËÊ´±Í¨° µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ±² ¸É¥·µ¢

¢´ÊÉ·¨ Ö¤·  ¶·¨ ³ ²ÒÌ r. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¢µ§´¨± ¥É ´¥µ¡Ìµ¤¨³µ¸ÉÓ µ¡·¥-

§ ´¨Ö ³ ²ÒÌ §´ Î¥´¨° µ·¡¨É ²Ó´ÒÌ ¶ ·Í¨ ²Ó´ÒÌ ¢µ²´ ¢µ ¢Ìµ¤´µ³ ¨ ¢ÒÌµ¤-

´µ³ ± ´ ² Ì. � ¸Î¥É ËÊ´±Í¨¨ Ê£²µ¢µ° d − α-±µ··¥²ÖÍ¨¨ ¶µ Œˆ‚�Š�� ¸

¤¢ÊÌ±µ³¶µ´¥´É´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¥° 14N ¸ µÉ´µ¸¨É¥²Ó´Ò³¨ ³µ³¥´É ³¨,

· ¢´Ò³¨ 0 ¨ 2, ¨ · ¸¸Î¨É ´´Ò³¨ ¢ ³µ¤¥²¨ µ¡µ²µÎ¥± ¶·¨¢¥¤¥´´Ò³¨ Ï¨·¨-

´ ³¨ ¶µ§¢µ²¨² ¢µ¸¶·µ¨§¢¥¸É¨ ´ ¡²Õ¤ ¥³Ò¥ µ¸Í¨²²ÖÍ¨¨ ”“Š ¢ · ³± Ì ¶·Ö-

³µ° ¶¥·¥¤ Î¨ Ö¤·  12C ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨.

�¨¸.10. „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 12C(14N, d)24Mg ¶·¨
ELi = 29 ŒÔ‚. Š·¨¢Ò¥ Å · ¸Î¥ÉÒ ¶µ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ µ¡· §µ-

¢ ´¨Ö ¸µ¸É ¢´µ£µ Ö¤· . ’µÎ±¨ Å ¤ ´´Ò¥ · ¡µÉÒ [109]
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7. ˆ‘‘‹…„�‚��ˆ… ’…�‡���‚ ��‹Ÿ�ˆ‡�–ˆˆ ‹…ƒŠˆ•
Ÿ„…� Œ…’�„�Œ Š���…‹Ÿ–ˆˆ —�‘’ˆ–�-—�‘’ˆ–�

�ÉµÉ · §¤¥² ¶µ¸¢ÖÐ¥´ Éµ° µ¡² ¸É¨ ¨¸¸²¥¤µ¢ ´¨° Ê£²µ¢ÒÌ ±µ··¥²ÖÍ¨°
Î ¸É¨Í, ±µÉµ· Ö ¸¢Ö§ ´  ¸ ´¥¶µ¸·¥¤¸É¢¥´´Ò³ ¢µ¸¸É ´µ¢²¥´¨¥³ ±µ³¶µ´¥´Éµ¢
¸¶¨´µ¢µ° ³ É·¨ÍÒ ¶²µÉ´µ¸É¨, ¸¶¨´-É¥´§µ·µ¢ ¨²¨ É¥´§µ·µ¢ ¶µ²Ö·¨§ Í¨¨ ¨§
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ  ¤ ´´ÒÌ,     É ±¦¥  É¥µ·¥É¨Î¥¸±µ³Ê  ´ ²¨§Ê ÔÉ¨Ì
·¥§Ê²ÓÉ Éµ¢.

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö É¥´§µ·µ¢ ¶µ²Ö·¨§ Í¨¨ ±µ´¥Î´µ£µ

Ö¤·  ¶·µ¢µ¤¨²¨¸Ó ¢ ·¥ ±Í¨¨ 13C(p, d)12C∗(15,11 ŒÔ‚, 1+ ) → 12C (g.s.) ³¥Éµ-

¤µ³ ¨§³¥·¥´¨Ö d − 12C-±µ··¥²ÖÍ¨¨ [23],   É ±¦¥ ¶·¨ ¨¸¸²¥¤µ¢ ´¨¨ ´¥Ê¶·Ê-
£µ£µ · ¸¸¥Ö´¨Ö [24] ¨ ·¥ ±Í¨° ¶¥·¥¤ Î¨ ¸ ÉÖ¦¥²Ò³¨ ¨µ´ ³¨ [74].

‚ · ¡µÉ¥ [113] ¡Ò²¨ ¶·µ¢¥¤¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ É¥µ·¥É¨Î¥¸±¨¥

¨¸¸²¥¤µ¢ ´¨Ö É¥´§µ·  ¶µ²Ö·¨§ Í¨¨ ±µ´¥Î´µ£µ Ö¤·  6Li∗ (2,186 ŒÔ‚, 3+ ) ¨§

·¥ ±Í¨¨ 9Be(p, α1)6Li ¶·¨ Ep = 40 ŒÔ‚. �Éµ ¸µ¸ÉµÖ´¨¥ ¸ Ï¨·¨´µ° 0,024 ŒÔ‚

· ¸¶ ¤ ¥É¸Ö ´  ¤¥°É·µ´ ¨ α-Î ¸É¨ÍÊ, ÎÉµ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ¶·µ¢¥¸É¨ ¨§³¥-
·¥´¨¥ ËÊ´±Í¨° Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ ³¥¦¤Ê α1 ¨ α-Î ¸É¨Í¥° · ¸¶ ¤ .

‚Ò· ¦¥´¨¥ (13) ¤²Ö ËÊ´±Í¨¨ Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ W(Ωb , Ωc) ³µ¦´µ

§ ¶¨¸ ÉÓ ¢ ¢¨¤¥

W(Ωb , Ωc) =  ∑ 
kκ

 tkκ(θb) 

 

4π
2k + 1

 


 1 6 2
 Ak Ykκ

∗ (θc), (50)

µ¶·¥¤¥²¨¢ É¥´§µ·Ò ¶µ²Ö·¨§ Í¨¨ tkκ(θb) ± ± ¸¶¨´-É¥´§µ·Ò ³ É·¨ÍÒ ¶²µÉ-

´µ¸É¨ ρkκ, ´µ·³¨·µ¢ ´´Ò¥ ´  ¶¥·¢Ò° Ô²¥³¥´É ρ
00

. �¡ÒÎ´µ É¥´§µ·Ò ¶µ²Ö-

·¨§ Í¨¨ ¨§³¥·ÖÕÉ¸Ö ¢ ¶²µ¸±µ¸É¨, ¶¥·¶¥´¤¨±Ê²Ö·´µ° ¶²µ¸±µ¸É¨ ·¥ ±Í¨¨.
‚ ¢Ò· ¦¥´¨¨ (50) ±µ´¸É ´ÉÒ Ak ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ±µ³¶µ´¥´ÉÒ É¥´§µ· 

ÔËË¥±É¨¢´µ¸É¨ (16), ´µ·³¨·µ¢ ´´Ò¥ ´  ¶¥·¢Ò° Ô²¥³¥´É ε
00

. �·¨ · ¸¶ ¤¥

¸µ¸ÉµÖ´¨Ö 3+ ´  ¤¥°É·µ´ ¨ α-Î ¸É¨ÍÊ, ¸µ£² ¸´µ ¶· ¢¨² ³ ³µ³¥´Éµ¢ (14),
¢µ§³µ¦´Ò ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö Ê£²µ¢ÒÌ ³µ³¥´Éµ¢: ¸¶¨´ ± ´ ²  S = 1,
µ·¡¨É ²Ó´Ò° ³µ³¥´É µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ¶·µ¤Ê±Éµ¢ · ¸¶ ¤  l ³µ¦¥É
¨³¥ÉÓ ¤¢  §´ Î¥´¨Ö: 2 ¨ 4, k ≤ 6. �·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ¢±² ¤ Ê£²µ¢µ£µ ³µ-
³¥´É  l = 4 §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥, Î¥³ ¢±² ¤ l = 2. ’µ£¤  k ¶·¨´¨³ ¥É §´ -
Î¥´¨Ö, ´¥ ¡µ²ÓÏ¨¥ 4,    ±µ´¸É ´ÉÒ Ak ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö: A

0
 = I,

A
2
 = − 0,99, A

4
 = 0,67. ˆ§ § ±µ´µ¢ ¸¨³³¥É·¨¨ ¨ µ¶·¥¤¥²¥´¨Ö É¥´§µ·  ¶µ²Ö-

·¨§ Í¨¨ ¸²¥¤Ê¥É, ÎÉµ t
00

 = 1, tkκ = 0 ¶·¨ ´¥Î¥É´ÒÌ k, tkκ
∗  = (− I )κ tk − κ .
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�µ¸±µ²Ó±Ê ¨§³¥·¥´¨° ¢ µ¤´µ° ¶²µ¸±µ¸É¨ ·¥£¨¸É· Í¨¨ Ë· £³¥´Éµ¢ · ¸-
¶ ¤  ´¥¤µ¸É ÉµÎ´µ ¤²Ö µ¶·¥¤¥²¥´¨Ö É¥´§µ·  ¶µ²Ö·¨§ Í¨¨ Ö¤·  ¢ ¸µ¸ÉµÖ´¨¨

3+, Éµ Ë· £³¥´ÉÒ ·¥£¨¸É·¨·µ¢ ²¨¸Ó ¸ ¶µ³µÐÓÕ ¤¢ÊÌ ¤¥É¥±Éµ·µ¢, · ¸¶µ²µ-
¦¥´´ÒÌ £µ·¨§µ´É ²Ó´µ ¢ ¶²µ¸±µ¸É¨ ·¥ ±Í¨¨, ¨ ¤¢ÊÌ ¤¥É¥±Éµ·µ¢, · ¸¶µ²µ-
¦¥´´ÒÌ ¶¥·¶¥´¤¨±Ê²Ö·´µ ÔÉµ° ¶²µ¸±µ¸É¨. ”Ê´±Í¨Ö Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨
(50) ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ²¨´¥°´ÊÕ ±µ³¡¨´ Í¨Õ ¸Ë¥·¨Î¥¸±¨Ì £ ·³µ´¨± Ykκ,

¶µÔÉµ³Ê µ¡· ¡µÉ±  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê£²µ¢ÒÌ § ¢¨¸¨³µ¸É¥° ”“Š ¶µ ³¥-
Éµ¤Ê Œµ´É¥-Š ·²µ ¶µ§¢µ²¨²  ¢Ò¤¥²¨ÉÓ ¨¸±µ³Ò¥ ±µ³¶µ´¥´ÉÒ É¥´§µ·  ¶µ²Ö-
·¨§ Í¨¨. �¥§ ¢¨¸¨³µ¥ ¨§³¥·¥´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨¨
9Be(p, α)6Li ¤²Ö µ¸´µ¢´µ£µ ¨ ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨° 6Li ¤ ²µ ¢µ§³µ¦-
´µ¸ÉÓ ¶·µ¢¥¸É¨ ¶µ²´Ò° É¥µ·¥É¨Î¥¸±¨°  ´ ²¨§ ÔÉ¨Ì ·¥§Ê²ÓÉ Éµ¢.

‚ÒÎ¨¸²¥´¨Ö [114] ¶·µ¢µ¤¨²¨¸Ó ´  µ¸´µ¢¥ ¨§²µ¦¥´´µ£µ ¢ÒÏ¥ Ëµ·³ -
²¨§³  Œˆ‚�Š�� ¸ ¶µ³µÐÓÕ ¶·µ£· ³³Ò OLYMP [41]. � ¸Î¥ÉÒ ¤¨ËË¥·¥´-

Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö µ¡· É´µ° ·¥ ±Í¨¨ 6Li(α, p)9Be ¶·¨ Eα = 20,7 ŒÔ‚, ¶·µ-

¢¥¤¥´´Ò¥ ´ ³¨ · ´¥¥ ¢ · ¡µÉ¥ [101], ¶µ± § ²¨, ÎÉµ ¢¸¥ Î¥ÉÒ·¥ µ¤´µ¸ÉÊ¶¥´-
Î ÉÒÌ ¶·Ö³ÒÌ ³¥Ì ´¨§³  ¨£· ÕÉ ¢ ¦´ÊÕ ·µ²Ó ¢ ÔÉµ° ·¥ ±Í¨¨. �µÔÉµ³Ê ¶·¨
 ´ ²¨§¥ ¶µ²Ö·¨§ Í¨¨ ¢±² ¤ ¶·Ö³ÒÌ ¶·µÍ¥¸¸µ¢ (±² ¸É¥·´µ£µ ¸·Ò¢ -¶µ¤Ì¢ É 
¨ ÉÖ¦¥²µ£µ § ³¥Ð¥´¨Ö) ¨ µ¡³¥´´ÒÌ ¶·µÍ¥¸¸µ¢ (ÉÖ¦¥²µ£µ ¸·Ò¢ -¶µ¤Ì¢ É  ¨
§ ³¥Ð¥´¨Ö), ¡Ò² µ¶·¥¤¥²¥´ ̧  ̈ ¸¶µ²Ó§µ¢ ´¨¥³ ¢ÒÎ¨¸²¥´´ÒÌ ¢ ³µ¤¥²¨ µ¡µ²µ-
Î¥± ¸ ¶·µ³¥¦ÊÉµÎ´µ° ¸¢Ö§ÓÕ ¶·¨¢¥¤¥´´ÒÌ Ï¨·¨´.

ˆ§ ·¨¸.11, ´  ±µÉµ·µ³ ¶·¥¤¸É ¢²¥´µ ¸· ¢´¥´¨¥ É¥µ·¥É¨Î¥¸±¨Ì ¤¨ËË¥-
·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° (¸¶²µÏ´Ò¥ ±·¨¢Ò¥) ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨
(±·Ê¦±¨), ¢¨¤´µ, ÎÉµ ¤²Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¶·Ö³Ò¥ ¶·µÍ¥¸¸Ò ¢´µ¸ÖÉ
¢±² ¤ ¢ ¸¥Î¥´¨¥ ´  ¶¥·¥¤´¨Ì Ê£² Ì (θα < 60Æ) ¢Ò²¥É  α-Î ¸É¨ÍÒ, Éµ£¤  ± ±

µ¡³¥´´Ò¥ ¶·µÍ¥¸¸Ò ¢´µ¸ÖÉ µ¸´µ¢´µ° ¢±² ¤ ´  Ê£² Ì θα > 60Æ. �ÉµÉ ·¥§Ê²Ó-

É É,  ´ ²µ£¨Î´Ò° ¶µ²ÊÎ¥´´µ³Ê ¢ [101], £µ¢µ·¨É µ ¡µ²ÓÏµ° ¢¥·µÖÉ´µ¸É¨

(α + 5He)-±² ¸É¥·´µ° ±µ´Ë¨£Ê· Í¨¨ ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨ 9Be. • · ±É¥·-
´µ° µ¸µ¡¥´´µ¸ÉÓÕ · ¸¸Î¨É ´´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° Ö¢²Ö¥É¸Ö ¨Ì
¸² ¡ Ö ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ ± §´ Î¨É¥²Ó´Ò³ ¨§³¥´¥´¨Ö³ ¶ · ³¥É·µ¢ ³µ¤¥²¨, ¢
Î ¸É´µ¸É¨, ± ¢Ò¡µ·Ê ¶ · ³¥É·µ¢ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨-
¦¥´¨Ö. ‚ ¦´µ¥ §´ Î¥´¨¥ ¶·¨ · ¸Î¥É¥ µ¡³¥´´ÒÌ ¶·µÍ¥¸¸µ¢ ¨³¥¥É ¨´É¥·Ë¥-
·¥´Í¨Ö ¸µ¸ÉµÖ´¨° ¸ · §²¨Î´Ò³¨ ³µ³¥´É ³¨ Λ1 µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ¢

¢¥·Ï¨´¥ 9Be → α + 5He. „¥¸É·Ê±É¨¢´ Ö ¨´É¥·Ë¥·¥´Í¨Ö  ³¶²¨ÉÊ¤ ¸ Λ1 = 0 ¨

2, ¢Ò§¢ ´´ Ö ¶·µÉ¨¢µ¶µ²µ¦´Ò³¨ ¶µ §´ ±Ê §´ Î¥´¨Ö³¨ ¶·¨¢¥¤¥´´ÒÌ Ï¨·¨´,
¶·¨¢µ¤¨É ± Ê³¥´ÓÏ¥´¨Õ ¸Ê³³ ·´µ£µ ¸¥Î¥´¨Ö ¶µ ¸· ¢´¥´¨Õ ¸ ¢±² ¤µ³ ± ¦-
¤µ£µ ¨§ ¸µ¸ÉµÖ´¨°.

„¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¤²Ö ¸µ¸ÉµÖ´¨Ö (2,186 ŒÔ‚, 3+) µ¶·¥¤¥²Ö¥É-
¸Ö ¢ µ¸´µ¢´µ³ ¶·Ö³Ò³¨ ¶·µÍ¥¸¸ ³¨, µ¡³¥´´Ò¥ ¶·µÍ¥¸¸Ò ¢´µ¸ÖÉ ¢±² ¤ ²¨ÏÓ
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´  Ê£² Ì θα > 120Æ. “³¥´ÓÏ¥´¨¥ µÉ´µ¸¨É¥²Ó´µ° ·µ²¨ µ¡³¥´´ÒÌ ¶·µÍ¥¸¸µ¢

¤²Ö 3+-¸µ¸ÉµÖ´¨Ö ¶µ ¸· ¢´¥´¨Õ ¸ µ¸´µ¢´Ò³ ¸µ¸ÉµÖ´¨¥³ 6Li ¸¢Ö§ ´µ, ¢µ-¶¥·-

¢ÒÌ, ¸ Ê³¥´ÓÏ¥´¨¥³ ¶·¨¢¥¤¥´´ÒÌ Ï¨·¨´ ¤²Ö  ³¶²¨ÉÊ¤ ¸ ¶¥·¥¤ ´´Ò³

µ·¡¨É ²Ó´Ò³ ³µ³¥´Éµ³ l = 3, ±µÉµ·Ò¥ ¢´µ¸ÖÉ µ¸´µ¢´µ° ¢±² ¤ ¢ ¸¥Î¥´¨¥.

„·Ê£µ° µ¸µ¡¥´´µ¸ÉÓÕ · ¸¸³µÉ·¥´´µ° ·¥ ±Í¨¨ Ö¢²Ö¥É¸Ö ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¢¢¥-

¤¥´¨Ö µ¡·¥§ ´¨Ö ¶µ Ê£²µ¢µ³Ê ³µ³¥´ÉÊ La , ¶ ·Í¨ ²Ó´µ£µ · §²µ¦¥´¨Ö ¨¸± -

¦¥´´ÒÌ ¢µ²´ ¢ ± ´ ²¥ p + 9Be, ±µÉµ·µ¥ ¸¢Ö§ ´µ ¸ ¶µ¢¥·Ì´µ¸É´Ò³ Ì · ±É¥-

·µ³ ·¥ ±Í¨¨. ‚Ò·¥§ ´¨¥ ³ ²ÒÌ ¶ ·Í¨ ²Ó´ÒÌ ¢µ²´ ̧  La < 3 µ± §Ò¢ ¥É ̧ ² ¡µ¥

¢²¨Ö´¨¥ ´  Ëµ·³Ê ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨°, ´µ ¶·¨¢µ¤¨É ± ¨§³¥´¥´¨Õ

µÉ´µ¸¨É¥²Ó´µ° ·µ²¨ ³¥Ì ´¨§³µ¢ ¶µ¤Ì¢ É  ¨ § ³¥Ð¥´¨Ö,   É ±¦¥ Ö·±µ ¶·µ-

Ö¢²Ö¥É¸Ö ¶·¨ ¢ÒÎ¨¸²¥´¨¨ Ê£²µ¢ÒÌ § ¢¨¸¨³µ¸É¥° É¥´§µ·  ¶µ²Ö·¨§ Í¨¨.

�¨¸.11. “£²µ¢Ò¥ § ¢¨¸¨³µ¸É¨ ¸¥Î¥-

´¨Ö ·¥ ±Í¨¨ 9Be(p, α)6Li:  ) ¢±² ¤
¶·Ö³ÒÌ (ÏÉ·¨Ìµ¢ Ö ±·¨¢ Ö) ¨ µ¡-
³¥´´ÒÌ (ÏÉ·¨Ì¶Ê´±É¨·) ¶·µÍ¥¸¸µ¢
¢ ¸Ê³³ ·´µ¥ ¸¥Î¥´¨¥ (¸¶²µÏ´ Ö
±·¨¢ Ö); ¡) ¢±² ¤ ¶µ¤Ì¢ É  É·¨Éµ´ 
(ÏÉ·¨Ìµ¢ Ö ±·¨¢ Ö) ¨ ÉÖ¦¥²µ£µ § -
³¥Ð¥´¨Ö (ÏÉ·¨Ì¶Ê´±É¨·) ¢ ¸¥-
Î¥´¨¥ ¶·Ö³ÒÌ ¶·µÍ¥¸¸µ¢ (¸¶²µÏ-
´ Ö ±·¨¢ Ö); ¢) ¢±² ¤ ÉÖ¦¥²µ£µ
¸·Ò¢  (ÏÉ·¨Ìµ¢ Ö ±·¨¢ Ö) ¨ § ³¥-
Ð¥´¨Ö (ÏÉ·¨Ì¶Ê´±É¨·) ¢ ¸¥Î¥´¨¥
µ¡³¥´´ÒÌ ¶·µÍ¥¸¸µ¢ (¸¶²µÏ´ Ö
±·¨¢ Ö). �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´-
´Ò¥ ¢§ÖÉÒ ¨§ [112]
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�É´µ¸¨É¥²Ó´ Ö ·µ²Ó ³¥Ì ´¨§³µ¢ ¶µ¤Ì¢ É  É·¨Éµ´  ¨ ÉÖ¦¥²µ£µ § ³¥Ð¥-

´¨Ö (ÊÎ¥É ¶¥·¥· ¸¸¥Ö´¨Ö ¶·µÉµ´  ´  6Li) ¢ ·¥ ±Í¨¨ ¸ µ¡· §µ¢ ´¨¥³ µ¸´µ¢-

´µ£µ ̧ µ¸ÉµÖ´¨Ö 6Li ̈  ̧ µ¸ÉµÖ´¨Ö 3+ ³¥´Ö¥É¸Ö. „²Ö µ¸´µ¢´µ£µ ̧ µ¸ÉµÖ´¨Ö ÉÖ¦¥-
²µ¥ § ³¥Ð¥´¨¥ ¶µ¤ ¢²¥´µ ´  ¶µ·Ö¤µ± ¢¥²¨Î¨´Ò ¶µ ¸· ¢´¥´¨Õ ¸ ¶µ¤Ì¢ Éµ³.

‚±² ¤ ÉÖ¦¥²µ£µ § ³¥Ð¥´¨Ö ¢ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¤²Ö ¸µ¸ÉµÖ´¨Ö 3+ (± ± ¢¨¤´µ
¨§ ·¨¸.12) ¢¥¸Ó³  §´ Î¨É¥²¥´,   ¢±² ¤ ¨´É¥·Ë¥·¥´Í¨µ´´µ£µ Î²¥´  ¸· ¢´¨³
¶µ ¢¥²¨Î¨´¥ ¸ ¢±² ¤µ³ µÉ ¶µ¤Ì¢ É . ‚ ÔÉµ³ Ë ±É¥, ¢µ§³µ¦´µ, µÉ· ¦ ¥É¸Ö

µÉ²¨Î¨¥ ±² ¸É¥·´µ° ¸É·Ê±ÉÊ·Ò ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö (2,186 ŒÔ‚, 3+) ¢
6Li µÉ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö 6Li.

’¥µ·¥É¨Î¥¸±¨°  ´ ²¨§ É¥´§µ·µ¢ ¶µ²Ö·¨§ Í¨¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°

²¥£±¨Ì Ö¤¥· ¨, ¢ Î ¸É´µ¸É¨, 6Li ¤ ¥É ¡µ²ÓÏ¥ ¨´Ëµ·³ Í¨¨ µ ¸É·Ê±ÉÊ·¥ ÔÉ¨Ì

¸µ¸ÉµÖ´¨° ¨ ¤¨´ ³¨±¥ ·¥ ±Í¨°, Î¥³  ´ ²¨§ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨°, ´¥
Éµ²Ó±µ ¡² £µ¤ ·Ö ¡µ²ÓÏ¥³Ê ±µ²¨Î¥¸É¢Ê ¨§ÊÎ ¥³ÒÌ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨°,
´µ, £² ¢´Ò³ µ¡· §µ³, ¡² £µ¤ ·Ö ¡µ²ÓÏ¥° ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ Ê£²µ¢ÒÌ § ¢¨-
¸¨³µ¸É¥° ±µ³¶µ´¥´Éµ¢ tkκ µÉ ¶ · ³¥É·µ¢ ³µ¤¥²¥°. �É  µ¸µ¡¥´´µ¸ÉÓ É¥´§µ-

·µ¢ ¶µ²Ö·¨§ Í¨¨ (¨, ± ± µÉ³¥Î ²µ¸Ó ¢ ¶.2, ¸¶¨´-É¥´§µ·µ¢ ³ É·¨ÍÒ ¶²µÉ-

´µ¸É¨) ¸¢Ö§ ´  ¸ ´ ²¨Î¨¥³ ±µ£¥·¥´É´µ£µ ¸Ê³³¨·µ¢ ´¨Ö ¶µ ¶¥·¥¤ ´´µ³Ê
µ·¡¨É ²Ó´µ³Ê ³µ³¥´ÉÊ l ¨ ´¥±µ£¥·¥´É´µ£µ ¸Ê³³¨·µ¢ ´¨Ö ¶µ ¶µ²´µ³Ê ¶¥·¥-
¤ ´´µ³Ê ¸¶¨´Ê s ¨ ¸¶¨´Ê ± ´ ²  j. ˆ¸¶µ²Ó§µ¢ ´¨¥ ÔÉ¨Ì ¶·µ³¥¦ÊÉµÎ´ÒÌ ³µ-
³¥´Éµ¢, µ¶·¥¤¥²Ö¥³ÒÌ ¶· ¢¨² ³¨ µÉ¡µ· :

s = Sa + Sb ,     j = If + l = IA + s,

�¨¸.12. ’µ ¦¥, ÎÉµ ´  ·¨¸.11, ,¡, ¤²Ö ¸µ¸ÉµÖ´¨Ö 3+ Ö¤·  6Li
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¢³¥¸Éµ ³µ³¥´Éµ¢ I
1
 ¨ I

2
 Ê¤µ¡´µ ¤²Ö ·¥ ±Í¨°, ¢Ò§¢ ´´ÒÌ Î ¸É¨Í ³¨ ´¥

ÉÖ¦¥²¥¥ 4He, ±µ£¤  ¶µ²´Ò¥ ³µ³¥´ÉÒ Ia ¨ Ib § ³¥´ÖÕÉ¸Ö ¨Ì ¸¶¨´ ³¨ Sa ¨

Sb . ’µ£¤  ¢ ¢Ò· ¦¥´¨¨ ¤²Ö ¸¶¨´-É¥´§µ·µ¢ (23) ¢³¥¸Éµ ±µ£¥·¥´É´µ£µ

¸Ê³³¨·µ¢ ´¨Ö ¶µ I
1
 ¨ I

2
 ¶·µ¢µ¤¨É¸Ö ´¥±µ£¥·¥´É´µ¥ ¸Ê³³¨·µ¢ ´¨¥ ¶µ s ¨ j.

‚ Î ¸É´µ¸É¨, ¤²Ö · ¸¸³ É·¨¢ ¥³µ° ·¥ ±Í¨¨ 9Be(p, α)6Li  s = 16 2,   j ¨³¥¥É
¤¢  §´ Î¥´¨Ö: 1 ¨ 2.

�¨¸.13. �µ²Ö·¨§ Í¨µ´´Ò¥ É¥´§µ·Ò tkq ¤²Ö 6Li∗(3+ ). �±¸¶¥·¨³¥´-

É ²Ó´Ò¥ ¤ ´´Ò¥ ¢§ÖÉÒ ¨§ [112]. ‘¶²µÏ´Ò¥ ±·¨¢Ò¥ Å ·¥§Ê²ÓÉ É · ¸-
Î¥É , ÏÉ·¨Ìµ¢Ò¥ ¨ ÏÉ·¨Ì¶Ê´±É¨·´Ò¥ ±·¨¢Ò¥ ¶µ± §Ò¢ ÕÉ ¢±² ¤Ò
¶µ¤Ì¢ É  ¨ ÉÖ¦¥²µ£µ ¸·Ò¢  ¸µµÉ¢¥É¸É¢¥´´µ
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�  ·¨¸.13 ¶·¥¤¸É ¢²¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ É¥µ·¥É¨Î¥¸±¨¥ Ê£²µ¢Ò¥
· ¸¶·¥¤¥²¥´¨Ö ±µ³¶µ´¥´Éµ¢ É¥´§µ·  ¶µ²Ö·¨§ Í¨¨ ¸µ¸ÉµÖ´¨Ö (2,186 ŒÔ‚,

3+ ) ¢ 6Li. �µ¸±µ²Ó±Ê ¤ ´´Ò¥ ¤²Ö tkκ(θα) ¶µ²ÊÎ¥´Ò Éµ²Ó±µ ¶·¨ θα < 80Æ, É¥µ-

·¥É¨Î¥¸±¨¥ ±·¨¢Ò¥ ÊÎ¨ÉÒ¢ ÕÉ ¢±² ¤ Éµ²Ó±µ ¶·Ö³ÒÌ ¶·µÍ¥¸¸µ¢ (¢±² ¤ µ¡-
³¥´´ÒÌ ¶·µÍ¥¸¸µ¢ ´  ÔÉ¨Ì Ê£² Ì µÎ¥´Ó ³ ²), ¢±²ÕÎ ÕÐ¨Ì ±µ£¥·¥´É´ÊÕ ̧ Ê³-
³Ê ¶µ¤Ì¢ É  ¨ ÉÖ¦¥²µ£µ § ³¥Ð¥´¨Ö.

’¥µ·¥É¨Î¥¸±¨°  ´ ²¨§ ¶µ± § ², ÎÉµ Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ±µ³¶µ´¥´-
Éµ¢ É¥´§µ·  ¶µ²Ö·¨§ Í¨¨ ¢¥¸Ó³  ÎÊ¢¸É¢¨É¥²Ó´Ò ± ¶ · ³¥É· ³ ¢µ²´µ¢µ°
ËÊ´±Í¨¨ µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö Ψ

9
Be → 

6
Li(3+

 ) + t
. �µ¤£µ´±  ¶ · ³¥É·µ¢

ÔÉµ° ËÊ´±Í¨¨, µ¶¨¸Ò¢ ÕÐ¥° µÉ´µ¸¨É¥²Ó´µ¥ ¤¢¨¦¥´¨¥ t ¨ 6Li ¢ ¸µ¸ÉµÖ´¨¨

3+ ¢ Ö¤·¥ 9Be, ¶µ± § ² , ÎÉµ µ´  §´ Î¨É¥²Ó´µ µÉ²¨Î ¥É¸Ö µÉ ¸µµÉ¢¥É¸É¢ÊÕ-

Ð¥° ËÊ´±Í¨¨ ¤²Ö 6Lig.s. ¨ µÉ ¶·¥¤¸± § ´¨° µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨, ¢ Î ¸É-

´µ¸É¨, ¡µ²¥¥ ¢ÒÉÖ´ÊÉ  ¨ ¸µ¤¥·¦¨É ¡µ²ÓÏ¥¥ Î¨¸²µ Ê§²µ¢. �·¨¢¥¤¥´´Ò¥ Ï¨-
·¨´Ò, ¢Ò¤¥²¥´´Ò¥ ¨§ ¸· ¢´¥´¨Ö · ¸Î¥É´ÒÌ ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ · ¸¶·¥¤¥-
²¥´¨°, É ±¦¥ ´¥¸±µ²Ó±µ µÉ²¨Î ÕÉ¸Ö µÉ ³µ¤¥²Ó´ÒÌ.

’·Ê¤´µ¸É¨ µ¶¨¸ ´¨Ö Ê£²µ¢µ° § ¢¨¸¨³µ¸É¨ ²¨¤¨·ÊÕÐ¥° ±µ³¶µ´¥´ÉÒ
É¥´§µ·  ¶µ²Ö·¨§ Í¨¨ t20 ¡Ò²¨ ¶·¥µ¤µ²¥´Ò ¢ ·¥§Ê²ÓÉ É¥ µ¡·¥§ ´¨Ö ³ ²ÒÌ

¶ ·Í¨ ²Ó´ÒÌ Ê£²µ¢ÒÌ ³µ³¥´Éµ¢ La ¢ ± ´ ²¥ p + 9Be, ¢±² ¤ ±µÉµ·ÒÌ §´ -

Î¨É¥²Ó´µ ¨¸± ¦ ² Ê£²µ¢Ò¥ § ¢¨¸¨³µ¸É¨ ¨ ¸³¥Ð ² Ô±¸¶¥·¨³¥´É ²Ó´µ ´ ¡²Õ-
¤ ¥³Ò¥ µ¸Í¨²²ÖÍ¨¨. Š ¸µ¦ ²¥´¨Õ, Ê£²µ¢Ò¥ § ¢¨¸¨³µ¸É¨ ³´¨³µ° Î ¸É¨ ±µ³-
¶µ´¥´É tkκ ¸ k = 4 µ¶¨¸Ò¢ ÕÉ¸Ö £µ· §¤µ ÌÊ¦¥, ¢µ§³µ¦´µ, ¢ ¸¨²Ê ´¥µ¡Ìµ-

¤¨³µ¸É¨ ÊÎ¥É  ¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¢²¨Ö´¨¥ ±µÉµ·µ£µ ´ 
³´¨³ÊÕ Î ¸ÉÓ É¥´§µ·  ¶µ²Ö·¨§ Í¨¨ ³µ¦¥É ¡ÒÉÓ ¢¥²¨±µ.

8. ‡�Š‹�—…�ˆ…

‚ § ±²ÕÎ¥´¨¥ ¶µ¤Î¥·±´¥³, ÎÉµ Ê£²µ¢Ò¥ ±µ··¥²ÖÍ¨¨ Î ¸É¨Í -Î ¸É¨Í 
¶·¨ ¢µ§¡Ê¦¤¥´¨¨ µ¶·¥¤¥²¥´´µ£µ Ê·µ¢´Ö ±µ´¥Î´µ£µ Ö¤·  ¢¸¥£¤  µ¶¨¸Ò¢ ÕÉ
Éµ²Ó±µ ¢Ò¸É·µ¥´´Ò¥ ¸¨¸É¥³Ò, ¶µ¸±µ²Ó±Ê k ¢¸¥£¤  Î¥É´µ. ’¥³ ´¥ ³¥´¥¥
¨¸¸²¥¤µ¢ ´¨¥ É ±¨Ì ±µ··¥²ÖÍ¨° ¨´É¥·¥¸´µ ¸ ÉµÎ±¨ §·¥´¨Ö ¨§¡¨· É¥²Ó´µ¸É¨
”“Š  ±  É¨¶Ê  · ¸¶ ¤ ÕÐ¥£µ¸Ö ¸µ¸ÉµÖ´¨Ö, É.±. Ê£²µ¢Ò¥ ±µ··¥²ÖÍ¨¨ µ± §Ò-
¢ ÕÉ¸Ö  ¸ÊÐ¥¸É¢¥´´Ò³¨,  Éµ²Ó±µ  ¥¸²¨  ¢µ²´µ¢ Ö  ËÊ´±Í¨Ö  ¸µ¸ÉµÖ´¨Ö
µ¡² ¤ ¥É  ¡µ²ÓÏµ°  ¢¥·µÖÉ´µ¸ÉÓÕ  (¶·¨¢¥¤¥´´µ°  Ï¨·¨´µ°)  · ¸¶ ¤   ¶µ
¤ ´´µ³Ê ± ´ ²Ê.

’ ±¨³ µ¡· §µ³, ËÊ´±Í¨¨ Ê£²µ¢µ° ±µ··¥²ÖÍ¨¨ Î ¸É¨Í -Î ¸É¨Í  ¤µ²¦´Ò
¡ÒÉÓ µ¸µ¡¥´´µ ÎÊ¢¸É¢¨É¥²Ó´Ò ´¥ Éµ²Ó±µ ± ³¥Ì ´¨§³Ê ·¥ ±Í¨¨, ´µ ¨ ± ¢¨¤Ê
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¢µ²´µ¢ÒÌ ËÊ´±Í¨°. ‚ Î ¸É´µ¸É¨, ¶·¨ ¨¸¸²¥¤µ¢ ´¨¨ ”“Š Î ¸É¨Í, µ¡· §µ-
¢ ´´ÒÌ ¶·¨ · ¸¶ ¤¥ ¢Ò¸µ±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨°, É·¥¡Ê¥É¸Ö  ±±Ê· É´µ¥ µ¶¨-
¸ ´¨¥ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ±¢ §¨¸É Í¨µ´ ·´ÒÌ ¸µ¸ÉµÖ´¨°. �¤¨´ ¨§ É ±¨Ì ³¥-
Éµ¤µ¢ ±µ³¶ÓÕÉ¥·´µ£µ ³µ¤¥²¨·µ¢ ´¨Ö ¢µ²´µ¢ÒÌ ËÊ´±Í¨° £ ³µ¢¸±µ£µ É¨¶ 
µ¶¨¸ ´ ¢ ¤ ´´µ³ µ¡§µ·¥.

„·Ê£µ° µ¸µ¡¥´´µ¸ÉÓÕ ¨¸¸²¥¤µ¢ ´¨Ö ”“Š ¢ ·¥ ±Í¨ÖÌ ¸ ¶µ²ÊÉÖ¦¥²Ò³¨
¨µ´ ³¨ ¨ ¨§ÊÎ¥´¨Ö ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥· Ö¢²Ö¥É¸Ö ±µ··¥±É-
´Ò° · ¸Î¥É ¨´É¥£· ²µ¢ ¶¥·¥±·Ò¢ ´¨Ö ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¨ ¶µÉ¥´Í¨ ²µ¢
¢§ ¨³µ¤¥°¸É¢¨Ö Î ¸É¨Í ¢µ ¢´ÊÉ·¥´´¥° µ¡² ¸É¨ Ö¤· . Š ± ¶· ¢¨²µ, ¸É ´¤ ·É-
´Ò¥ ¶µ¤Ìµ¤Ò ¢ · ¸Î¥É Ì ¶µ DWBA ¶·¨¢µ¤ÖÉ ± § ¢ÒÏ¥´¨Õ ·µ²¨ ¢´ÊÉ·¥´´¥°
µ¡² ¸É¨ Ö¤· , ¶µ¸±µ²Ó±Ê ³µ¤¥²Ó´Ò¥ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨-

¦¥´¨Ö Î ¸É¨Í, ¸É·¥³ÖÐ¨¥¸Ö ± ´Ê²Õ ± ± rl, ´¥ ¸µµÉ¢¥É¸É¢ÊÕÉ ¶µ¢¥¤¥´¨Õ ¨¸-
É¨´´ÒÌ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ¶µ²ÊÉÖ¦¥²ÒÌ ¨µ´µ¢
¢´ÊÉ·¨ Ö¤· , ¢ ¸¨²Ê ´ ²¨Î¨Ö ¸ÊÐ¥¸É¢¥´´µ£µ ¶µ£²µÐ¥´¨Ö ÔÉ¨Ì ¨µ´µ¢ (´¥
¢Ê¤¸-¸ ±¸µ´µ¢¸±µ£µ Ô±¸¶µ´¥´Í¨ ²Ó´µ£µ É¨¶ ). � ¸¸³µÉ·¥´´Ò¥ ¢ µ¡§µ·¥ ¸²Ê-
Î ¨ ¢¢¥¤¥´¨Ö µ¡·¥§ ´¨Ö ³ ²ÒÌ ¶ ·Í¨ ²Ó´ÒÌ µ·¡¨É ²Ó´ÒÌ ¢µ²´ ¶µ§¢µ²¨²¨ ¢
± ±µ°-Éµ ¸É¥¶¥´¨ ÊÎ¥¸ÉÓ ÔÉµ ¶µ£²µÐ¥´¨¥ ¨ §´ Î¨É¥²Ó´µ Ê²ÊÎÏ¨ÉÓ ¨´É¥·¶·¥-
É Í¨Õ ·Ö¤  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

’·Ê¤´µ¸É¨, ¢µ§´¨± ÕÐ¨¥ ¶·¨ µ¶¨¸ ´¨¨ Ê£²µ¢ÒÌ § ¢¨¸¨³µ¸É¥° ³´¨³ÒÌ
±µ³¶µ´¥´Éµ¢ É¥´§µ·µ¢ ¶µ²Ö·¨§ Í¨¨, Ê± §Ò¢ ÕÉ ´  ´¥µ¡Ìµ¤¨³µ¸ÉÓ ÊÎ¥É 
¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö,   É ±¦¥ ¢²¨Ö´¨Ö ¸¢Ö§¨ ± ´ ²µ¢ §  ¸Î¥É
´¥Ê¶·Ê£¨Ì ¢µ§¡Ê¦¤¥´¨° ´ Î ²Ó´µ° ¨ ±µ´¥Î´µ° Ö¤¥·´ÒÌ ¸¨¸É¥³. ˆÌ ¢²¨Ö´¨¥
´  ³´¨³ÊÕ Î ¸ÉÓ É¥´§µ·  ¶µ²Ö·¨§ Í¨¨ ³µ¦¥É ¡ÒÉÓ ¢¥¸Ó³  ¢¥²¨±µ.

� ±µ´¥Í, ¥Ð¥ · § ¶µ¤Î¥·±´¥³, ÎÉµ ¢ ¤ ´´µ³ µ¡§µ·¥ ³Ò · ¸¸³µÉ·¥²¨ ¤¢ 
¶·¥¤¥²Ó´µ ¢µ§³µ¦´ÒÌ ³¥Ì ´¨§³  ¶·µÉ¥± ´¨Ö Ö¤¥·´ÒÌ ·¥ ±Í¨°. ŒÒ µ£· -
´¨Î¨²¨¸Ó ÔÉ¨³¨ ³¥Ì ´¨§³ ³¨ ¶µÉµ³Ê, ÎÉµ ¤²Ö · ¸¸³ É·¨¢ ¥³µ£µ ±·Ê£  ·¥ ±-
Í¨° ¶·Ö³Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö Ö¢²ÖÕÉ¸Ö ´ ¨¡µ²¥¥ §´ Î¨³Ò³¨ (¨ ´ ¤¥¥³¸Ö, ÎÉµ
¶·µ¢¥¤¥´´Ò° ¢ µ¡§µ·¥  ´ ²¨§ Ô±¸¶¥·¨³¥´Éµ¢ Ê¡¥¤¨É¥²Ó´µ ¶·µ¤¥³µ´¸É·¨·µ-
¢ ² ÔÉµ ÊÉ¢¥·¦¤¥´¨¥). ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, Éµ²Ó±µ ¤²Ö ÔÉ¨Ì ³¥Ì ´¨§³µ¢ ¸ÊÐ¥-
¸É¢ÊÕÉ  ¶·µ¡¨·µ¢ ´´Ò¥ ¨ ¸É ¡¨²Ó´µ · ¡µÉ ÕÐ¨¥ ±µ³¶ÓÕÉ¥·´Ò¥ ¶·µ£· ³-
³Ò, ¶µ§¢µ²ÖÕÐ¨¥ · ¸¸Î¨É ÉÓ É¥µ·¥É¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ ·¥ ±Í¨° ¤µ¸É -
ÉµÎ´µ ́  ¤¥¦´µ ¨ µ¡µ¸´µ¢ ´´µ. ’¥³ ´¥ ³¥´¥¥ ³µ¦´µ µ¦¨¤ ÉÓ, ÎÉµ µÉ¤¥²Ó´Ò¥
Ì · ±É¥·¨¸É¨±¨ ”“Š ³µ£ÊÉ µ± § ÉÓ¸Ö ÎÊ¢¸É¢¨É¥²Ó´Ò³¨ ± ¤·Ê£¨³ ³¥Ì ´¨§-
³ ³, ¢ Î ¸É´µ¸É¨, ± ³¥Ì ´¨§³ ³ ·¥ ±Í¨¨, ÊÎ¨ÉÒ¢ ÕÐ¨³ § ¶ §¤Ò¢ ´¨¥. Š ±
¶µ± § ²¨ ± Î¥¸É¢¥´´Ò¥ µÍ¥´±¨, ¶·µ¢¥¤¥´´Ò¥ ¢ [115], É ±¨¥ ³¥Ì ´¨§³Ò ³ ²µ
¢²¨ÖÕÉ ´  Ì · ±É¥· Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö ¢Ò²¥É ÕÐ¨Ì Î ¸É¨Í (§  ¨¸±²Õ-
Î¥´¨¥³ µ¡² ¸É¨ ¸ ³ÒÌ ³ ²ÒÌ Ê£²µ¢), ´µ ³µ£ÊÉ ¨§³¥´ÖÉÓ ¶µ¢¥¤¥´¨¥ ”“Š, ¢
Î ¸É´µ¸É¨, Ê£µ² ¸¨³³¥É·¨¨ ”“Š ¨²¨ ¥¥ ´ Î ²Ó´ÊÕ Ë §Ê. �¤´ ±µ ±µ²¨Î¥¸É-

ˆ‘‘‹…„�‚��ˆ… ‚›‘�Š�‹…†�™ˆ• Š‹�‘’…��›• ‘�‘’�Ÿ�ˆ‰  327



¢¥´´Ò° ÊÎ¥É ¢²¨Ö´¨Ö ³¥Ì ´¨§³µ¢ § ¶ §¤Ò¢ ´¨Ö ¨²¨ ³´µ£µ¸ÉÊ¶¥´Î ÉÒÌ ³¥-
Ì ´¨§³µ¢ É·¥¡Ê¥É, ¶·¥¦¤¥ ¢¸¥£µ, ¸µ§¤ ´¨Ö ¸µ¢·¥³¥´´ÒÌ ±µ³¶ÓÕÉ¥·´ÒÌ ¶·µ-
£· ³³,  ¤¥±¢ É´µ µ¶¨¸Ò¢ ÕÐ¨Ì  ³¶²¨ÉÊ¤Ò ¨³¥´´µ ÔÉ¨Ì ³¥Ì ´¨§³µ¢ (¡¥§
¢¢¥¤¥´¨Ö ¶·¨¡²¨¦¥´¨Ö ́ Ê²¥¢µ£µ · ¤¨Ê¸  ¢§ ¨³µ¤¥°¸É¢¨Ö, ̧  ±µ··¥±É´Ò³ ÊÎ¥-
Éµ³ ËÊ´±Í¨° ƒ·¨´  ¶·µ³¥¦ÊÉµÎ´µ° ¸¨¸É¥³Ò), ¨ ¢ ¸¨²Ê ÔÉ¨Ì ¶·¨Î¨´ ¢ ´ -
¸ÉµÖÐ¥¥ ¢·¥³Ö µ¸É ¥É¸Ö Éµ²Ó±µ ¶¥·¸¶¥±É¨¢´µ° § ¤ Î¥°.
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