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�  μ¸´μ¢¥ ¶·¥¤¶μ²μ¦¥´¨Ö μ ¢¨·ÉÊ ²Ó´μ° ±² ¸É¥·´μ° ¸É·Ê±ÉÊ·¥ ²¥£±¨Ì Ö¤¥· ¨ ¶·¨ ¨¸¶μ²Ó§μ-
¢ ´¨¨ ¨´É¥£· ²Ó´ÒÌ Ê· ¢´¥´¨° § ¤ Î¨ Î¥ÉÒ·¥Ì É¥² ¢ Ëμ·³ ²¨§³¥ �²ÓÉ Äƒ· ¸¸¡¥·£¥· Ä‘ ´¤Ì ¸ 
(AGS) · §· ¡μÉ ´  ¶¶ · É · ¸Î¥É  ¶μ¶· ¢μ± ¢Éμ·μ£μ ¶μ·Ö¤±  ± ³ É·¨Î´Ò³ Ô²¥³¥´É ³ ·¥ ±-
Í¨¨ A(x, y)B ³¥Éμ¤μ³ ¨¸± ¦¥´´ÒÌ ¢μ²´ ¸ ´¥´Ê²¥¢Ò³ · ¤¨Ê¸μ³ ³¥¦±² ¸É¥·´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°
(DWBAFR Å Œˆ‚�Š��). ’ ±¨¥ ¶μ¶· ¢±¨ μ¡Ê¸²μ¢²¥´Ò ³¥Ì ´¨§³ ³¨, ÊÎ¨ÉÒ¢ ÕÐ¨³¨ ¶μ¸²¥¤μ-
¢ É¥²Ó´ÊÕ ´¥§ ¢¨¸¨³ÊÕ ¶¥·¥¤ ÎÊ Î ¸É¨Í ¨ ¨²²Õ¸É·¨·Ê¥³Ò³¨ Î¥ÉÒ·¥ÌÊ£μ²Ó´Ò³¨ ¤¨ £· ³³ ³¨.
ˆÌ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¸Ê³³¨·ÊÕÉ¸Ö ±μ£¥·¥´É´μ ¸ ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨ ³¥Ì ´¨§³μ¢, ¸μ-
μÉ¢¥É¸É¢ÊÕÐ¨Ì ¶μ²Õ¸´Ò³ ¨²¨ É·¥Ê£μ²Ó´Ò³ ¤¨ £· ³³ ³, · ¸¸Î¨É ´´Ò³¨ ¢ Œˆ‚�Š��. „²Ö Î¨-
¸²¥´´μ° ·¥ ²¨§ Í¨¨ ¶·¥¤²μ¦¥´´μ£μ  ¶¶ · É  ¸μ§¤ ´  ±μ³¶ÓÕÉ¥·´ Ö ¶·μ£· ³³  QUADRO. ‚
· ³± Ì · §· ¡μÉ ´´μ£μ  ¶¶ · É  μ¶·¥¤¥²¥´Ò ¸É É¨¸É¨Î¥¸±¨¥ É¥´§μ·Ò Ö¤·  B Å ¶·μ¤Ê±É  ·¥ ±-
Í¨¨ A(x, y)B Å ¶·¨ Ô´¥·£¨ÖÌ ¶ ¤ ÕÐ¨Ì Î ¸É¨Í ¢ ¸. Í. ³. ¶μ·Ö¤±  10 ŒÔ‚/´Ê±²μ´. Šμ´±·¥É´Ò¥
· ¸Î¥ÉÒ ¶μ§¢μ²¨²¨ μ¶¨¸ ÉÓ ± ± Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¥Î¥´¨Ö (¸É É¨¸É¨Î¥¸±¨¥ É¥´§μ·Ò ´Ê²¥¢μ£μ
· ´£ ) · §²¨Î´ÒÌ ·¥ ±Í¨°, ¢ Éμ³ Î¨¸²¥ ¨ É¥Ì, ±μ£¤  Ö¤·μ B ¨³¥¥É ´¥¸±μ²Ó±μ ¨§¡ÒÉμÎ´ÒÌ ´¥°-
É·μ´μ¢, É ± ¨ ¶μ²Ö·¨§ Í¨μ´´Ò¥ Ì · ±É¥·¨¸É¨±¨ Ö¤·  B∗ , ±μ£¤  μ´μ μ¡· §Ê¥É¸Ö ¢ ¢μ§¡Ê¦¤¥´´μ³
¸μ¸ÉμÖ´¨¨. �  μ¸´μ¢¥  ´ ²¨§  ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° Ê¶·Ê£μ£μ α6He-· ¸¸¥Ö´¨Ö ¨ ·¥ ±Í¨°
9Be(d, p)10Be ¨ 10‚(t, p)12‚ ¢μ¸¸É ´μ¢²¥´  ¤¢ÊÌ´¥°É·μ´´ Ö ¶¥·¨Ë¥·¨Ö Ö¤¥· 6�¥, 10‚¥, 12‚ ¢
¥¥ · §²¨Î´ÒÌ ±μ´Ë¨£Ê· Í¨ÖÌ (¤¨´¥°É·μ´´μ° ¨ ¸¨£ ·μμ¡· §´μ°). �μ± § ´μ, ÎÉμ ¸É·Ê±ÉÊ·  ´¥°-
É·μ´´μ° ¶¥·¨Ë¥·¨¨ ÔÉ¨Ì Ö¤¥· ± ·¤¨´ ²Ó´μ · §²¨Î ¥É¸Ö ¨ ¥¥ ¶·μÖ¢²¥´¨¥ § ¢¨¸¨É μÉ ¸¶μ¸μ¡ 
μ¡· §μ¢ ´¨Ö ´¥°É·μ´´μ-¨§¡ÒÉμÎ´ÒÌ Ö¤¥·: ¤¢ÊÌ´¥°É·μ´´μ¥ £ ²μ ¢ μ¡¥¨Ì ±μ´Ë¨£Ê· Í¨ÖÌ ¢ Ö¤·¥
6�¥, ¸² ¡μ¥ μ¤´μ´¥°É·μ´´μ¥ £ ²μ ¢ 10‚¥ ¨ ®¤¨´¥°É·μ´´ Ö ±μ¦ ¯ ¢ 12‚. � ¸¸Î¨É ´Ò μ·¨¥´É -
Í¨μ´´Ò¥ Ì · ±É¥·¨¸É¨±¨ Ö¤¥· B∗. ‘· ¢´¥´¨¥ ¨Ì ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶μ§¢μ²¨²μ
¸¤¥² ÉÓ ¢ ¦´Ò¥ ¢Ò¢μ¤Ò μ ¢±² ¤¥ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒÌ ³¥Ì ´¨§³μ¢ ¢ ¸É É¨¸É¨Î¥¸±¨¥ É¥´§μ·Ò Ö¤· 
B∗ ¨ ¨Ì ¢²¨Ö´¨¨ ´  ¸¢μ°¸É¢  μ·¨¥´É¨·μ¢ ´´ÒÌ ²¥£±¨Ì Ö¤¥·, ¢ Éμ³ Î¨¸²¥ ´  ¨Ì ¶μ²Ö·¨§ Í¨Õ.
� ±μ´¥Í, ¶·¥¤²μ¦¥´ Ê¶·μÐ¥´´Ò° ³¥Éμ¤ ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ³¥Ì ´¨§³μ¢, ÊÎ¨ÉÒ¢ -
ÕÐ¨Ì ¶μ¸²¥¤μ¢ É¥²Ó´ÊÕ ´¥§ ¢¨¸¨³ÊÕ ¶¥·¥¤ ÎÊ Î ¸É¨Í, ¨ ¶·μ¤¥³μ´¸É·¨·μ¢ ´  ¥£μ ±μ··¥±É´μ¸ÉÓ
¶·¨ μ¶·¥¤¥²¥´¨¨ ¢±² ¤  ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¶μ¶· ¢μ± ¢ ¶μ²´ÊÕ  ³¶²¨ÉÊ¤Ê ·¥ ±Í¨¨.

The method for calculating the second-order corrections to the matrix element of reaction
A(x, y)B calculated by DWBAFR is developed. The method is based on the assumption about
cluster structure of light nuclei and uses the integral equations of four body problem in the framework

∗E-mail: galanina@nsrd.sinp.msu.ru



296 ƒ�‹��ˆ�� ‹.ˆ., ‡…‹…�‘Š�Ÿ �.‘.

of AltÄGrassbergerÄSandhas formalism. These corrections are connected with the mechanisms of con-
secutive particles transfer. Such mechanisms are represented by quadrangle diagrams. Their matrix
elements are summarized coherently with matrix elements, illustrated by pole and triangle diagrams
and calculated by DWBAFR. The computer code QUADRO is created for numerical realization of
the offered method. The statistical tensors of nucleus B formed in A(x, y)B reaction at incident
particles energies about 10 MeV/nucleon in CM system were determined. Concrete calculations have
allowed us to describe both experimental sections (statistical tensors of 0 rank) of various reactions
(including those where nucleus B has some super	uous neutrons) and polarized characteristics of
nucleus B∗ if it was formed in excited state. The two-neutron periphery of nuclei 6�¥, 10‚¥, 12‚
(both in dineutron and cigar-like conˇgurations) is restored by means of differential cross sections
analyzing of elastic α6He-scattering and 9Be(d, p)10Be and 10‚(t, p)12‚ reactions. It is shown that
the neutron periphery of these nuclei is drastically different and its appearance depends on a way of
neutron-rich nuclei formation: in 6�¥, there is a halo receiving a contribution from both conˇgura-
tions, in 10Be, there is a slightly noticeable one-neutron halo and in 12B, there is a dineutron skin.
Orientation characteristics of nuclei B∗ are calculated. Their comparison with experimental data has
allowed for drawing the important conclusions about two-step mechanisms contribution to statistical
tensors of nucleus B∗ and their in	uence on properties of the oriented light nuclei, including, on their
polarization. At last, the simpliˇed method of matrix elements calculation with taking into account
the consecutive particles transfer mechanisms is offered, and its correctness is shown at evaluating of
the different corrections contribution to the full amplitude of reaction.

PACS: 24.10.-1

‚‚…„…�ˆ…

�·¨ · ¸¸³μÉ·¥´¨¨ ¸²μ¦´μ° § ¤ Î¨ Ö¤¥·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ¡¨´ ·´μ°
·¥ ±Í¨¨ A(x, y)B ³´μ£μ´Ê±²μ´´ÊÕ Ö¤¥·´ÊÕ ¸¨¸É¥³Ê μ¡ÒÎ´μ ¸¢μ¤ÖÉ ± μÉ´μ-
¸¨É¥²Ó´μ ¶·μ¸Éμ° ¸¨¸É¥³¥ ´¥¸±μ²Ó±¨Ì É¥². ’ ±μ¥ Ê¶·μÐ¥´´μ¥ · ¸¸³μÉ·¥´¨¥
¤²Ö ²¥£±¨Ì Ö¤¥· μ¶· ¢¤ ´μ ÔËË¥±É ³¨ ±² ¸É¥·¨§ Í¨¨, μ¡Ê¸²μ¢²¥´´Ò³¨ μ¡-
³¥´´Ò³¨ ¸¨² ³¨ Œ °μ· ´Ò [1] ¢ ´Ê±²μ´-´Ê±²μ´´μ³ ¢§ ¨³μ¤¥°¸É¢¨¨. �·¨
ÔÉμ³ ±² ¸É¥·Ò (d, t, 3He, α,   ¤²Ö ´¥±μÉμ·ÒÌ § ¤ Î ¶·μÉμ´Ò ¨ ´¥°É·μ´Ò) ¢
Ö¤·¥ Ö¢²ÖÕÉ¸Ö ²¨ÏÓ ¢¨·ÉÊ ²Ó´Ò³¨ μ¡· §μ¢ ´¨Ö³¨. ‚¥·μÖÉ´μ¸ÉÓ ¨Ì ¸ÊÐ¥¸É¢μ-
¢ ´¨Ö ¢ Éμ³ ¨²¨ ¨´μ³ ¸μ¸ÉμÖ´¨¨ Ö¤·  μ¶·¥¤¥²Ö¥É¸Ö Ö¤¥·´μ° ¸É·Ê±ÉÊ·μ°.

�ËË¥±É¨¢´Ò° ¸¨´É¥§  ¶¶ · É  ¨´É¥£· ²Ó´ÒÌ Ê· ¢´¥´¨° ” ¤¤¥¥¢  [2] ¤²Ö
¸¨¸É¥³Ò É·¥Ì É¥² ¨ ³μ¤¥²¥°, ÊÎ¨ÉÒ¢ ÕÐ¨Ì ¸É·Ê±ÉÊ·Ê Ö¤¥· [1], ¶·¨¢¥² ± ¸μ-
§¤ ´¨Õ ¶μ¸²¥¤μ¢ É¥²Ó´μ£μ ³¥Éμ¤  ¨¸± ¦¥´´ÒÌ ¢μ²´ ¸ ±μ´¥Î´Ò³ · ¤¨Ê¸μ³
¢§ ¨³μ¤¥°¸É¢¨Ö (Œˆ‚�Š��) [3, 4]. ‚ Œˆ‚�Š�� · ¸¸³ É·¨¢ ÕÉ¸Ö μ¤´μ¸ÉÊ-
¶¥´Î ÉÒ¥ ³¥Ì ´¨§³Ò ·¥ ±Í¨¨, ¸¢Ö§ ´´Ò¥ ¸ ¤¨¸¸μÍ¨ Í¨¥° μ¤´μ£μ ¨§ ´ Î ²Ó´ÒÌ
Ö¤¥· ´  ¤¢  ¢¨·ÉÊ ²Ó´ÒÌ ±² ¸É¥·  ¨ ¶μ¸²¥¤ÊÕÐ¥° ¶¥·¥£·Ê¶¶¨·μ¢±μ° Î ¸É¨Í.
‚ É¥Ì ¸²ÊÎ ÖÌ, ±μ£¤  ¢ · ³± Ì É·¥ÌÉ¥²Ó´μ£μ ¶·¨¡²¨¦¥´¨Ö ´¥¢μ§³μ¦´μ  ¤¥-
±¢ É´μ¥ μ¶¨¸ ´¨¥ ¶·μÍ¥¸¸ , ´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ ¶·¨¡²¨¦¥´¨¥ Î¥ÉÒ·¥Ì
É¥² [5, 6]. ‚ ¸¨¸É¥³¥ Î¥ÉÒ·¥Ì É¥² ¸ÊÐ¥¸É¢Ê¥É ¤¢  É¨¶  ± ´ ²μ¢ ¡¨´ ·´ÒÌ ·¥-
 ±Í¨°: ± ´ ²Ò É¨¶  (3,1), ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ μÉ´μ¸¨É¥²Ó´μ³Ê ¤¢¨¦¥´¨Õ μ¤´μ°
¨§ Î ¸É¨Í ¨ É·¥ÌÎ ¸É¨Î´μ£μ ±² ¸É¥· , ¨ ± ´ ²Ò É¨¶  (2,2), ±μÉμ·Ò¥ μ¶¨¸Ò-
¢ ÕÉ μÉ´μ¸¨É¥²Ó´μ¥ ¤¢¨¦¥´¨¥ ¤¢ÊÌ ¤¢ÊÌÎ ¸É¨Î´ÒÌ ±² ¸É¥·μ¢. ‚ μ¸´μ¢´μ³
³Ò μ£· ´¨Î¨³¸Ö · ¸¸³μÉ·¥´¨¥³ ·¥ ±Í¨°, ±μÉμ·Ò¥ ¢ ´ Î ²Ó´μ³ ¨ ±μ´¥Î´μ³
¸μ¸ÉμÖ´¨¨ Ö¢²ÖÕÉ¸Ö ± ´ ² ³¨ É¨¶  (3,1).



Œ…•��ˆ‡Œ› ��‘‹…„�‚�’…‹œ��‰ �…�…„�—ˆ —�‘’ˆ– 297

� ¸ÉμÖÐ¨° μ¡§μ· ¶μ¸¢ÖÐ¥´ · §· ¡μÉ±¥ ³¥Éμ¤  ÊÎ¥É  ¶μ¶· ¢μ± ± Œˆ‚�-
Š��, ¸¢Ö§ ´´ÒÌ ¸ · §·Ò¢μ³ ¢¨·ÉÊ ²Ó´ÒÌ ±² ¸É¥·μ¢ ¨ ´¥§ ¢¨¸¨³μ° ¶μ¸²¥¤μ-
¢ É¥²Ó´μ° ¶¥·¥¤ Î¥° Î ¸É¨Í. ‚ · §¤. 1 ·¥ ±Í¨Ö A(x, y)B · ¸¸³ É·¨¢ ¥É¸Ö ¸
ÉμÎ±¨ §·¥´¨Ö Î¥ÉÒ·¥ÌÉ¥²Ó´μ£μ ¶·¨¡²¨¦¥´¨Ö, ÎÉμ ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ  ´ ²¨-
É¨Î¥¸±¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö  ³¶²¨ÉÊ¤ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒÌ ³¥Ì ´¨§³μ¢, Ö¢²ÖÕÐ¨Ì¸Ö
¶μ¶· ¢± ³¨ ¢Éμ·μ£μ ¶μ·Ö¤±  ± Œˆ‚�Š��. ‚ · §¤. 2 ¶μ²ÊÎ¥´Ò Ë¨§¨Î¥¸±¨¥
±·¨É¥·¨¨ ·¥ ²¨§ Í¨¨ É ±¨Ì ³¥Ì ´¨§³μ¢ ¨ μ¶·¥¤¥²¥´Ò É¨¶Ò ·¥ ±Í¨°, ¢ ±μÉμ-
·ÒÌ ÔÉ¨ ³¥Ì ´¨§³Ò ·¥ ²¨§ÊÕÉ¸Ö ¸ ´ ¨¡μ²ÓÏ¥° ¢¥·μÖÉ´μ¸ÉÓÕ. ‚ · §¤. 3 · §¢¨É
μ¡Ð¨°  ¶¶ · É · ¸Î¥É  ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒÌ ³¥Ì ´¨§³μ¢ ¨
μ¶¨¸ ´  ¸É·Ê±ÉÊ·  ¶·μ£· ³³Ò QUADRO, ·¥ ²¨§ÊÕÐ¥° ÔÉμÉ  ¶¶ · É. ‚ · §¤. 4
¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¸¥Î¥´¨° ·Ö¤  ±μ´±·¥É´ÒÌ ·¥ ±Í¨°. ‚ · §¤. 5
´  μ¸´μ¢¥ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¨¸¸²¥¤μ¢ ´  ¶·μ¸É· ´¸É¢¥´´ Ö ±μ´Ë¨£Ê· -
Í¨Ö ´¥°É·μ´´μ° ¶¥·¨Ë¥·¨¨ ¢ ²¥£±¨Ì Ö¤· Ì ¸ ¤¢Ê³Ö ¨§¡ÒÉμÎ´Ò³¨ ´¥°É·μ´ ³¨
(6�¥, 10‚¥, 12‚), ¶μ± § ´μ ¥¥ ± ·¤¨´ ²Ó´μ¥ · §²¨Î¨¥ ¢ ÔÉ¨Ì Ö¤· Ì ¨ ¥¥ § -
¢¨¸¨³μ¸ÉÓ μÉ ¸¶μ¸μ¡  μ¡· §μ¢ ´¨Ö ´¥°É·μ´´μ-¨§¡ÒÉμÎ´μ£μ Ö¤· . ‚ · §¤. 6
¶μ²ÊÎ¥´Ò Ëμ·³Ê²Ò ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¸É É¨¸É¨Î¥¸±¨Ì É¥´§μ·μ¢ Ö¤·  B∗, μ¡· -
§μ¢ ´´μ£μ ¢ ·¥ ±Í¨¨ A(x, y)B∗, · ¸¸Î¨É ´Ò μ·¨¥´É Í¨μ´´Ò¥ Ì · ±É¥·¨¸É¨±¨
´¥±μÉμ·ÒÌ ²¥£±¨Ì μ·¨¥´É¨·μ¢ ´´ÒÌ Ö¤¥· ¢ ¸· ¢´¥´¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨ ¨ ¸¤¥² ´Ò ¢ ¦´Ò¥ ¢Ò¢μ¤Ò μ ¢²¨Ö´¨¨ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒÌ ³¥Ì ´¨§³μ¢
´  μ·¨¥´É Í¨μ´´Ò¥ Ì · ±É¥·¨¸É¨±¨ Ö¤¥·. ‚ · §¤. 7 ¶·¥¤²μ¦¥´ Ê¶·μÐ¥´´Ò°
³¥Éμ¤ · ¸Î¥É  ¢±² ¤  ³¥Ì ´¨§³μ¢, ÊÎ¨ÉÒ¢ ÕÐ¨Ì ¶μ¸²¥¤μ¢ É¥²Ó´ÊÕ ¶¥·¥¤ ÎÊ
Î ¸É¨Í. ‚ § ±²ÕÎ¥´¨¨ ¸Ê³³¨·ÊÕÉ¸Ö ¶μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨ μ¡¸Ê¦¤ ÕÉ¸Ö
É¥  ¸¶¥±ÉÒ ¸É·Ê±ÉÊ·Ò Ö¤¥·, ¢ ¨¸¸²¥¤μ¢ ´¨¨ ±μÉμ·ÒÌ ´ ¨¡μ²¥¥ Î¥É±μ ¶·μÖ¢²Ö-
ÕÉ¸Ö ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒ¥ ³¥Ì ´¨§³Ò.

1. Œˆ‚�Š�� ˆ �����‚Šˆ Š �…Œ“
‚ ��ŒŠ�• ‡�„�—ˆ —…’›�…• ’…‹

� ¸¸³μÉ·¨³ ·¥ ±Í¨Õ A(x, y)B ± ± ¨¤¥ ²¨§¨·μ¢ ´´ÊÕ § ¤ ÎÊ ¢§ ¨³μ¤¥°-
¸É¢¨Ö Î¥ÉÒ·¥Ì ¢¨·ÉÊ ²Ó´ÒÌ Î ¸É¨Í. 
Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ¸¨¸É¥³Ê μ¡μ§´ Î¥-
´¨° [7], ¢ ±μÉμ·μ° ² É¨´¸±¨¥ ¡Ê±¢Ò i, j, x, y ¸μμÉ¢¥É¸É¢ÊÕÉ ®Ô²¥³¥´É ·´Ò³¯
Î ¸É¨Í ³ (¢ ´ Ï¥³ ¸²ÊÎ ¥ ¶·μÉμ´ ³, ´¥°É·μ´ ³, ¤¥°É·μ´ ³, Ö¤· ³ É·¨É¨Ö
¨ £¥²¨Ö). ‘É·μÎ´Ò³¨ £·¥Î¥¸±¨³¨ ¡Ê±¢ ³¨ α, β, λ μ¡μ§´ Î¨³ É·¥ÌÎ ¸É¨Î-
´Ò¥ ± ´ ²Ò ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³ ¤¢ÊÌÎ ¸É¨Î´Ò¥ ±² ¸É¥·Ò. �·μ¶¨¸´Ò³¨
² É¨´¸±¨³¨ ¡Ê±¢ ³¨ A, B, C μ¡μ§´ Î¨³ ¡¨´ ·´Ò¥ ± ´ ²Ò É¨¶  (3,1) ¨ ¸μ-
μÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³ É·¥ÌÎ ¸É¨Î´Ò¥ ±² ¸É¥·Ò (É. ¥. ¸μ¢μ±Ê¶´μ¸É¨ É·¥Ì ®Ô²¥³¥´-
É ·´ÒÌ¯ Î ¸É¨Í, ¨³¥ÕÐ¨¥ ¸¢Ö§ ´´Ò¥ ¸μ¸ÉμÖ´¨Ö). 
Ê±¢μ° F μ¡μ§´ Î¨³ ¡¨-
´ ·´Ò¥ ± ´ ²Ò É¨¶  (2,2). „¢ÊÌÎ ¸É¨Î´Ò¥ ±² ¸É¥·Ò ± ´ ²μ¢ (2,2) μ¡μ§´ Î¨³
¡Ê±¢ ³¨ ρ, σ.


Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ·¥ ±Í¨Õ A(x, y)B, ¶·¨ ±μÉμ·μ° μ¸ÊÐ¥¸É¢²Ö¥É¸Ö
¶¥·¥Ìμ¤ ¸¨¸É¥³Ò ¨§ ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö A = (ijy)︸ ︷︷ ︸

A

+ x ¢ ±μ´¥Î´μ¥



298 ƒ�‹��ˆ�� ‹.ˆ., ‡…‹…�‘Š�Ÿ �.‘.

B = (ijx)︸ ︷︷ ︸
B

+ y. ’ ±μ° ¶¥·¥Ìμ¤ ¸μμÉ¢¥É¸É¢Ê¥É ¶¥·¥¤ Î¥ ¤¢ÊÌ Î ¸É¨Í (ij) μÉ

É·¥ÌÎ ¸É¨Î´μ£μ ±² ¸É¥·  A Î ¸É¨Í¥ x. ‘²ÊÎ °, ±μ£¤  ÔÉ¨ ¤¢¥ Î ¸É¨ÍÒ ¸¢Ö-
§ ´Ò ¢ ¢¨·ÉÊ ²Ó´Ò° ±² ¸É¥·, ¶¥·¥¤ ÕÐ¨°¸Ö ± ± ¥¤¨´μ¥ Í¥²μ¥, ¸¢μ¤¨É¸Ö ±
É·¥ÌÉ¥²Ó´μ³Ê ¶·¨¡²¨¦¥´¨Õ. „·Ê£¨³¨ ¸²μ¢ ³¨, μ¤´μ¸ÉÊ¶¥´Î ÉÒ¥ ³¥Ì ´¨§³Ò
Œˆ‚�Š�� ¸μμÉ¢¥É¸É¢ÊÕÉ ¶¥·¢Ò³ Î²¥´ ³ ¨É¥· Í¨μ´´ÒÌ ·Ö¤μ¢ ¨´É¥£· ²Ó´ÒÌ
Ê· ¢´¥´¨° § ¤ Î¨ Î¥ÉÒ·¥Ì É¥². ‘²¥¤ÊÕÐ¨¥ Î²¥´Ò ¨É¥· Í¨μ´´ÒÌ ·Ö¤μ¢ μ¡Ê-
¸²μ¢²¥´Ò · §·Ò¢μ³ ÔÉμ° ¶ ·Ò ¨ ´¥§ ¢¨¸¨³μ° ¶¥·¥¤ Î¥° Î ¸É¨Í i ¨ j.

„μ± ¦¥³ ÔÉμ ÊÉ¢¥·¦¤¥´¨¥, ¨¸¶μ²Ó§ÊÖ ³¥Éμ¤ �²ÓÉ Äƒ· ¸¸¡¥·£¥· Ä‘ ´¤-
Ì ¸  (AGS) [7] ¤²Ö  ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö ¢ ¸¨¸É¥³¥ Î¥ÉÒ·¥Ì É¥². Œ¥Éμ¤ μ¸´μ¢ ´
´  ¶μ¸²¥¤μ¢ É¥²Ó´μ³ ¶·¨³¥´¥´¨¨ ·¥¤Ê±Í¨¨ μÉ ¸¨¸É¥³Ò Î¥ÉÒ·¥Ì É¥² ± ¸¨¸É¥³¥
É·¥Ì ¨ ¤¢ÊÌ É¥².

‡ ¶¨Ï¥³ ¶μ²´Ò° £ ³¨²ÓÉμ´¨ ´ Î¥ÉÒ·¥Ì É¥² ¢ ¸¨¸É¥³¥ ¨Ì Í¥´É·  ³ ¸¸:

H = H0 + V, (1)

£¤¥ V = Vij + Viy + Vjy + Vix + Vyx + Vjx Å ¶μ²´μ¥ ¤¢ÊÌÎ ¸É¨Î´μ¥ ¢§ ¨³μ-
¤¥°¸É¢¨¥ ¢ ¸¨¸É¥³¥; H0 Å μ¶¥· Éμ· ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨.

�  ¶¥·¢μ³ ÔÉ ¶¥ ·¥¤Ê±Í¨¨ · ¸¸³μÉ·¨³ ¶¥·¥Ìμ¤ ¸¨¸É¥³Ò ¨§ É·¥ÌÎ ¸É¨Î-
´μ£μ ± ´ ²  α ¢ É·¥ÌÎ ¸É¨Î´Ò° ± ´ ² β. ˆ´¤¥±¸Ò α, β ³μ£ÊÉ ¶·¨´¨³ ÉÓ
§´ Î¥´¨Ö (ij), (ix), (iy), (jx), (jy), (xy). Š·μ³¥ ¶μ²´μ£μ £ ³¨²ÓÉμ´¨ ´  (1)
¢¢¥¤¥³ ± ´ ²Ó´Ò¥ £ ³¨²ÓÉμ´¨ ´Ò Hα = H0 +Vα, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³ ËÊ´±-
Í¨¨ ƒ·¨´  gα = (Hα − E)−1 (E Å ¶μ²´ Ö Ô´¥·£¨Ö ¸¨¸É¥³Ò Î¥ÉÒ·¥Ì É¥²) ¨
¸μ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ |φα〉. �¶¥· Éμ· ¶¥·¥Ìμ¤  ¨§ ± ´ ²  α ¢ ± ´ ² β ¢ ¸¨-
¸É¥³¥ Î¥ÉÒ·¥Ì É¥² Ê¤μ¢²¥É¢μ·Ö¥É Ê· ¢´¥´¨Õ É¨¶  ” ¤¤¥¥¢ ÄŸ±Ê¡μ¢¸±μ£μ [5]:

Uβα = −(1 − δβα)(H0 − E) −
∑
λ�=β

Tλg0Uλα, (2)

£¤¥ g0 = (H0 − E)−1, Tλ Å ¤¢ÊÌÎ ¸É¨Î´Ò¥ μ¶¥· Éμ·Ò ¶¥·¥Ìμ¤ , ±μÉμ·Ò¥
μ¶·¥¤¥²ÖÕÉ¸Ö Ê· ¢´¥´¨¥³ Tλ = Vλ − VλgλVλ.

ˆ¸¶μ²Ó§ÊÖ ³¥Éμ¤ ±¢ §¨Î ¸É¨Í ‚ °´¡¥·£ Ä˜³¨¤É  [8, 9], · §¤¥²¨³ ¤¢ÊÌ-
Î ¸É¨Î´Ò¥ Tλ-³ É·¨ÍÒ ´  ¸¥¶ · ¡¥²Ó´ÊÕ Î ¸ÉÓ, ¢±²ÕÎ ÕÐÊÕ ¸¢Ö§ ´´Ò¥ ¸μ-
¸ÉμÖ´¨Ö ¨ ·¥§μ´ ´¸Ò ±² ¸É¥·  λ, ¨ ´¥¸¥¶ · ¡¥²Ó´Ò° μ¸É Éμ± T′

λ:

Tλ = −
∑

l

|λl〉tλl〈λl| + T′
λ. (3)

�¶·¥¤¥²¨³ U′
βα ± ± Î ¸ÉÓ ¶μ²´μ£μ μ¶¥· Éμ·  ¶¥·¥Ìμ¤  Uβα, Ê¤μ¢²¥É¢μ-

·ÖÕÐ¥£μ Ê· ¢´¥´¨Õ, ¶μ¤μ¡´μ³Ê (2):

U′
βα = −(1 − δβα)(H0 − E) −

∑
λ�=β

T′
λg0U′

λα. (4)
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’μ£¤  ¤²Ö μ¶¥· Éμ·  Uβα ¶μ²ÊÎ¨³ Ê· ¢´¥´¨¥,  ´ ²μ£¨Î´μ¥ Ê· ¢´¥´¨Õ
” ¤¤¥¥¢  ¢ É·¥ÌÎ ¸É¨Î´μ° ¸¨¸É¥³¥, £¤¥ ·μ²Ó ®¤¢ÊÌÎ ¸É¨Î´ÒÌ¯ T-³ É·¨Í ¨£· -
¥É μ¡μ¡Ð¥´´Ò° ¶μÉ¥´Í¨ ² Å μ¶¥· Éμ· U′

βα:

Uβα = U′
βα −

∑
λ�=β

∑
l

U′
βλg0 |λl〉 tλl〈λl |g0Uλα. (5)

“¸·¥¤´¨³ μ¶¥· Éμ·Ò Uβα ¨ U′
βα ¶μ ËÊ´±Í¨Ö³ g0 |αm〉 ¨ g0 |βn〉, £¤¥

|αm〉 ¨ |βn〉 Å Ëμ·³Ë ±Éμ·Ò ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨°, ¨ μ¡μ-
§´ Î¨³

(Ḡ0)βα = tαmδβn,αm,

(V̄)βα = 〈βn |g0U′
βαg0|αm〉, (6)

(T̄)βα = 〈βn |g0Uβαg0 |αm〉.

�¶¥· Éμ· (T̄)βα ¸μ¢¶ ¤ ¥É ¸ μ¶¥· Éμ·μ³ ¶¥·¥Ìμ¤  ¨§ ¸μ¸ÉμÖ´¨Ö α ¢ ¸μ¸Éμ-
Ö´¨¥ β, ¥¸²¨ Ëμ·³Ë ±Éμ·Ò |αm〉 ¨ |βn〉 ¢Ò¡· ´Ò ¢ ¢¨¤¥ |αm; E = εαm〉 =
−Vα |φαm〉, |βn; E = εβn〉 = −Vβ|φβn〉, £¤¥ |φαm〉, |φβn〉 Å ¸μ¡¸É¢¥´´Ò¥
ËÊ´±Í¨¨ ± ´ ²μ¢ α ¨ β. “· ¢´¥´¨¥ (5) ³μ¦´μ § ¶¨¸ ÉÓ ¢ μ¶¥· Éμ·´μ³ ¢¨¤¥

T̄ = V̄ − V̄Ḡ0T̄, (7)

¶μ Ëμ·³¥ ¸μ¢¶ ¤ ÕÐ¥³ ¸ É·¥ÌÎ ¸É¨Î´Ò³ Ê· ¢´¥´¨¥³ ‹¨¶³ ´ Ä˜¢¨´£¥· .
” ±É¨Î¥¸±¨ Ê· ¢´¥´¨¥ (7) μ¶·¥¤¥²Ö¥É μ¶¥· Éμ· ¶¥·¥Ìμ¤  ¢ ¸¨¸É¥³¥ É·¥Ì Î -
¸É¨Í, μ¤´  ¨§ ±μÉμ·ÒÌ Ö¢²Ö¥É¸Ö ¸¢Ö§ ´´Ò³ ¤¢ÊÌÎ ¸É¨Î´Ò³ ±² ¸É¥·μ³ (ËÊ´±-
Í¨Ö ƒ·¨´  Ḡ0 μ¶¨¸Ò¢ ¥É ¸¢μ¡μ¤´μ¥ ¤¢¨¦¥´¨¥ ¤¢ÊÌÎ ¸É¨Î´μ£μ ±² ¸É¥·  ¨ ¤¢ÊÌ
¤·Ê£¨Ì Î ¸É¨Í).

�  ¸²¥¤ÊÕÐ¥³ ÔÉ ¶¥ ·¥¤Ê±Í¨¨ ¢ ³¥Éμ¤¥ AGS ¶¥·¥Ìμ¤ÖÉ ± ¤¢ÊÌÎ ¸É¨Î´Ò³
¢¨·ÉÊ ²Ó´Ò³ ± ´ ² ³ É¨¶  (3,1) ¨ (2,2). ‚ · ¸¸³ É·¨¢ ¥³μ° ¸¨¸É¥³¥ Î¥ÉÒ·¥Ì
Î ¸É¨Í i, j, x, y ¢μ§³μ¦´Ò ¸²¥¤ÊÕÐ¨¥ ¤¢ÊÌÎ ¸É¨Î´Ò¥ ± ´ ²Ò:

A = (ijy) + x, B = (ijx) + y, C1 = (jxy) + i, C2 = (ixy) + j Å ± ´ ²Ò
É¨¶  (3,1);

F1 = (ij)+ (xy), F2 = (ix)+ (jy), F3 = (jx)+ (iy) Å ± ´ ²Ò É¨¶  (2,2).
Šμμ·¤¨´ É´ Ö ¸¨¸É¥³ , ¸μμÉ¢¥É¸É¢ÊÕÐ Ö · §²¨Î´Ò³ ± ´ ² ³ ¢ ·¥ ±Í¨¨
A(x, y)B, ¨§μ¡· ¦¥´  ´  ·¨¸. 1.

�²¥³¥´ÉÒ μ¡μ¡Ð¥´´μ£μ ¶μÉ¥´Í¨ ²  (V̄)βα ¶·¥¤¸É ¢¨³ Î¥·¥§ ¢´ÊÉ·¥´´¥¥
¢§ ¨³μ¤¥°¸É¢¨¥, Ëμ·³¨·ÊÕÐ¥¥ É·¥ÌÎ ¸É¨Î´Ò° ±² ¸É¥· ¨²¨ ¤¢  ¤¢ÊÌÎ ¸É¨Î-
´ÒÌ ±² ¸É¥· , ¨ ¢´¥Ï´¥¥:

(V̄)βα =
∑

Z=C,F

V̄βα
Z + V̄βα

out.
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�¨¸. 1. Šμμ·¤¨´ É´ Ö ¸¨¸É¥³  § ¤ Î¨ Î¥ÉÒ·¥Ì É¥²: a) ¢ ´ Î ²Ó´μ³; ¡) ±μ´¥Î´μ³; ¢) ¢¨·-
ÉÊ ²Ó´ÒÌ ± ´ ² Ì (2,2) ¨ (3,1) ·¥ ±Í¨¨ A(x, y)B

‚§ ¨³μ¤¥°¸É¢¨¥ V̄βα
Z (¨²¨ U′

βα,Z ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (6)) ¢ ± ´ ²¥ (3,1) Ê¤μ-
¢²¥É¢μ·Ö¥É Ê· ¢´¥´¨Õ,  ´ ²μ£¨Î´μ³Ê (4), ¶·¨ ÊÎ¥É¥ Éμ²Ó±μ É·¥Ì ¢´ÊÉ·¥´´¨Ì
¢§ ¨³μ¤¥°¸É¢¨°, Ëμ·³¨·ÊÕÐ¨Ì ±² ¸É¥· Z:

U′
αβ;Z = −(1 − δαβ) (H0 − E) −

∑
λ�=β,
λ∈Z

T′
λg0U′

λβ,Z . (8)

�¶·¥¤¥²¨³ ®¸¢μ¡μ¤´Ò°¯ £ ³¨²ÓÉμ´¨ ´ ®É·¥Ì É¥²¯ H̄0 = (Ḡ−1
0 + EI),

± ´ ²Ó´Ò¥ ®£ ³¨²ÓÉμ´¨ ´Ò¯ H̄C = H̄0 + V̄C ¨ ¨Ì ¸μ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨
H̄C |ΨC〉 = EC |ΨC〉, £¤¥ |ΨC〉 Å ¸Éμ²¡¥Í ¨§ É·¥Ì Ô²¥³¥´Éμ¢ |Ψαm

C 〉, α ∈ C.
‚¢¥¤¥³ ®¤¢ÊÌÎ ¸É¨Î´Ò¥¯ T̄C-³ É·¨ÍÒ: T̄C = V̄C − V̄CḠ0T̄C , £¤¥ V̄C Å
¢§ ¨³μ¤¥°¸É¢¨¥, ¸¢Ö§Ò¢ ÕÐ¥¥ É·¥ÌÎ ¸É¨Î´Ò° ±² ¸É¥·, μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³Ê-
² ³¨ (6) ¨ (8).

‚´μ¢Ó ¶·¨³¥´ÖÖ ³¥Éμ¤ ±¢ §¨Î ¸É¨Í, ¢Ò¤¥²Ö¥³ ¢ T̄C-³ É·¨Í Ì ¸¥¶ · ¡¥²Ó-
´ÊÕ ¨ ´¥¸¥¶ · ¡¥²Ó´ÊÕ Î ¸É¨:

T̄C = −
∑

η

|Cη〉T̄s
C〈Cη| + T̄′

C , (9)

£¤¥ T̄s
C(E) = 1/(ECη − E) ¸μμÉ¢¥É¸É¢Ê¥É ®¸¢μ¡μ¤´μ³Ê ¤¢ÊÌÎ ¸É¨Î´μ³Ê ¶·μ-

¶ £ Éμ·Ê¯ ¨ μ¶¨¸Ò¢ ¥É ¤¢¨¦¥´¨¥ Î¥É¢¥·Éμ° Î ¸É¨ÍÒ μÉ´μ¸¨É¥²Ó´μ ¸¢Ö§ ´´μ°
¸¨¸É¥³Ò C.

„ ²¥¥, ± ± ´  ¶¥·¢μ³ ÔÉ ¶¥ ·¥¤Ê±Í¨¨, ¢¢μ¤¨³

Ū′BA = −(1 − δBA) (H̄0 − E) −
∑
Z �=B

T̄′
CḠ0Ū′ZA. (10)

’μ£¤  ¤²Ö μ¶¥· Éμ·  X̄BA =
∑
βα

〈
B
βn

∣∣∣∣(Ḡ0ŪBAḠ0

)βα
∣∣∣∣ A
αm

〉
, μ¶·¥¤¥²ÖÕÐ¥£μ

´  Ô´¥·£¥É¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨ μ¶¥· Éμ· ¶¥·¥Ìμ¤  ¨§ ± ´ ²  A ¢ ± ´ ² B,



Œ…•��ˆ‡Œ› ��‘‹…„�‚�’…‹œ��‰ �…�…„�—ˆ —�‘’ˆ– 301

¶μ²ÊÎ¨³ Ê· ¢´¥´¨¥

X̄BA = Z̄BA −
∑
Z �=B

Z̄BZT̄s
ZX̄ZA. (11)

‚ (11) Z̄BA ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° μ¡μ¡Ð¥´´Ò° ¶μÉ¥´Í¨ ²:

Z̄BA =
∑
βα

〈
B
βn

∣∣∣∣ (Ḡ0Ū′BAḠ0

)βα
∣∣∣∣ A
αm

〉
.

“· ¢´¥´¨¥ (11) ¸¢Ö§Ò¢ ¥É ³¥¦¤Ê ¸μ¡μ° μ¶¥· Éμ·Ò · ¸¸¥Ö´¨Ö X̄AA ¨ X̄BB

¢μ ¢Ìμ¤´μ³ ¨ ¢ÒÌμ¤´μ³ ± ´ ² Ì ·¥ ±Í¨¨ A(x, y)B ¸ μ¶¥· Éμ· ³¨ ¶¥·¥Ìμ¤ 
X̄BA. ‚ [4, 10] ¶μ± § ´μ, ÎÉμ ÔÉ¨ Ê· ¢´¥´¨Ö ³μ¦´μ ¶·¥μ¡· §μ¢ ÉÓ ± ¢¨¤Ê,
¶μ¤μ¡´μ³Ê Œˆ‚�Š��:

X̄BA = (1 + X̄BBTs
B)Z̄BA(1 + Ts

AX̄AA) + R, (12)

£¤¥ μ¸É Éμ± R ¸μ¤¥·¦¨É Î²¥´Ò ± ± ³¨´¨³Ê³ ¸ É·¥Ì±· É´Ò³¨ ¶¥·¥¸É·μ°-
± ³¨ ¸¨¸É¥³Ò Î¥ÉÒ·¥Ì É¥², ±μÉμ·Ò³¨ ¢ ±μ´±·¥É´ÒÌ · ¸Î¥É Ì ¶·¥´¥¡·¥£ ¥³.
‚ ¸μμÉ´μÏ¥´¨¨ (12) (1 + Ts

AX̄AA)
{
(1 + X̄BBTs

B)
}

Å μ¶¥· Éμ·, ¶¥·¥¢μ¤Ö-
Ð¨° ¶²μ¸±ÊÕ ¢μ²´Ê μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö Î ¸É¨Í ¢ ´ Î ²Ó´μ³ (±μ´¥Î´μ³)

± ´ ²¥ ·¥ ±Í¨¨ ¢ ¨¸± ¦¥´´ÊÕ χ
(+)
x (pxrx)

{
χ

(−)
y (pyry)

}
,   Z̄BA ³μ¦´μ · ¸-

¸³ É·¨¢ ÉÓ ± ± μ¶¥· Éμ· ¢§ ¨³μ¤¥°¸É¢¨Ö, μ¶·¥¤¥²ÖÕÐ¨° ¶¥·¥Ìμ¤ ¸¨¸É¥³Ò ¨§
´ Î ²Ó´μ£μ ± ´ ²  ¢ ±μ´¥Î´Ò°. ’ ±¨³ μ¡· §μ³,

X̄BA ≈
〈
χ(−)

y (pyry)ϕy

∣∣∣ ∑
βα

〈
B
βn

∣∣∣∣ (Ḡ0Ū′BAḠ0

)βα
∣∣∣∣ A
αm

〉
×

×
∣∣∣ϕxχ(+)

x (pxrx)
〉

, (13)

£¤¥ ϕx(ϕy) Å ¢´ÊÉ·¥´´¨¥ ËÊ´±Í¨¨ Î ¸É¨Í x ¨ y.
�Ê¸ÉÓ Ëμ·³Ë ±Éμ·Ò ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ Ö¤¥· ¢ (13) ¸μμÉ¢¥É¸É¢ÊÕÉ

¸¢Ö§ ´´Ò³ ¸μ¸ÉμÖ´¨Ö³ Ψαm
A , Ψβn

B Ö¤¥· A ¨ B:∣∣∣∣ A
αm

〉
= Ḡ−1

0 Ψαm
A ,

∣∣∣∣ B
βn

〉
= Ḡ−1

0 Ψβn
B . (14)

’μ£¤ 

X̄BA ≈
〈
χ(−)

y (pyry)ϕy

∣∣∣∑
βα

〈
Ψβn

B

∣∣∣ (Ū′BA
)βα ∣∣∣Ψαm

A

〉 ∣∣∣ϕxχ(+)
x (pxrx)

〉
. (15)

�μ¸±μ²Ó±Ê Ū′BA
¸μ¤¥·¦¨É Éμ²Ó±μ ´¥¸¥¶ · ¡¥²Ó´Ò¥ Î ¸É¨ T -³ É·¨Í, ³Ò

³μ¦¥³  ¶¶·μ±¸¨³¨·μ¢ ÉÓ Ū′BA
¨É¥· Í¨Ö³¨ Ê· ¢´¥´¨Ö (10) [6]. „¢¥ ¶¥·¢Ò¥
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¨É¥· Í¨¨ ÔÉμ£μ Ê· ¢´¥´¨Ö ¤ ÕÉ Ū′BA = −Ḡ−1
0 −

∑
Z �=B,A

T̄′
Z . �μ¤¸É ¢¨³ ÔÉμ

¢Ò· ¦¥´¨¥ ¢ (15). �¶¥· Éμ· ¶¥·¥Ìμ¤  X̄BA ¶·¨´¨³ ¥É ¢¨¤

X̄BA ≈
∑
βα

{
−
〈
χ(−)

y (pyry)ϕy

∣∣∣ 〈Ψβn
B

∣∣∣(Ḡ−1
0 )βα

∣∣∣Ψαm
A

〉∣∣∣ϕxχ(+)
x (pxrx)

〉
+

+
〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψβn
B

∣∣∣ ∑
Z �=B,A

(
T̄′

Z

)βα
∣∣∣Ψαm

A

〉 ∣∣∣ϕxχ(+)
x (pxrx)

〉}
. (16)

“Î¨ÉÒ¢ Ö, ÎÉμ ¤²Ö ¨´¤¥±¸μ¢ α ¨ β ¤μ²¦´Ò ¢Ò¶μ²´ÖÉÓ¸Ö Ê¸²μ¢¨Ö{
α ∈ A

α ∈ Z
¨

{
β ∈ B

β ∈ Z
,

¢ (16) ¨§ ¸Ê³³ ¶μ α ¨ β μ¸É ÕÉ¸Ö ¸² £ ¥³Ò¥

X̄BA ≈
〈
χ(−)

y (pyry)ϕy

∣∣∣〈Φij
B

∣∣∣ (Ḡ−1
0

)ij ∣∣∣Ψij
A

〉∣∣∣ϕxχ(+)
x (pxrx)

〉
︸ ︷︷ ︸

M0
BA

+

+
〈
χ(−)

y (pyry)ϕx

∣∣∣〈ψij
B

∣∣∣ (T′
F1=(ij)(xy)

)ij,ij ∣∣∣ψij
A

〉∣∣∣ϕxχ(+)
x (pxrx)

〉
︸ ︷︷ ︸

M
F1
BA

+

+
〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψix
B

∣∣∣ (T′
F2=(ix)(jy)

)ix,jy ∣∣∣Ψjy
A

〉∣∣∣ϕxχ(+)
x (pxrx)

〉
︸ ︷︷ ︸

M
F2
BA

+

+
〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψjx
B

∣∣∣ (T′
F3=(jx)(iy)

)jx,iy ∣∣∣Ψiy
A

〉∣∣∣ϕxχ(+)
x (pxrx)

〉
︸ ︷︷ ︸

M
F3
BA

+

+
〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψix
B

∣∣∣ (T′
C1=(ixy)

)ix,iy ∣∣∣Ψiy
A

〉∣∣∣ϕxχ(+)
x (pxrx)

〉
︸ ︷︷ ︸

M
C1
BA

+

+
〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψjx
B

∣∣∣ (T′
C2=(jxy)

)jx,jy ∣∣∣Ψjy
A

〉∣∣∣ϕxχ(+)
x (pxrx)

〉
︸ ︷︷ ︸

M
C2
BA

. (17)

�·¥μ¡· §Ê¥³ ¸² £ ¥³Ò¥ ¢ ¢Ò· ¦¥´¨¨ (17).
1) ‘² £ ¥³μ¥ M0

BA. �¶¥· Éμ· Ḡij
0 ¡Ò² μ¶·¥¤¥²¥´ ± ± (Ḡ0)ij = tij =

1/(Eij − E)+ . . . Å ®¸¢μ¡μ¤´Ò°¯ £ ³¨²ÓÉμ´¨ ´ ¢ ¸¨¸É¥³¥ É·¥Ì É¥²: λ=(ij),
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x ¨ y. “ÎÉ¥³, ÎÉμ (Ḡ−1
0 )ij |Ψij

A〉 = −V̄ij
A |Ψij

A〉 ¨, ¸μ£² ¸´μ (8), V̄ij
A =

−
∑

γ �=ij

T′
γ = −Vij,y. ’μ£¤  ¤²Ö M0

BA ¶μ²ÊÎ¨³

M0
BA =

〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψij
B

∣∣∣Vij,y

∣∣∣Ψij
A

〉 ∣∣∣ϕxχ(+)
x (pxrx)

〉
. (18)

2) ‘² £ ¥³μ¥ MF1
BA ¤²Ö ± ´ ²μ¢ É¨¶  F ¸ ¤¢ÊÌÎ ¸É¨Î´Ò³¨ ¢¨·ÉÊ ²Ó´Ò³¨

±² ¸É¥· ³¨ ¶·¥μ¡· §Ê¥³ ¸ ¶μ³μÐÓÕ Ê· ¢´¥´¨Ö (8):(
T′

F1=ij,xy

)ij,ij = U′
ij,ij;F1=ij,xy = −T′

xy ≈ −Vxy.

‚ ¤ ²Ó´¥°Ï¨Ì · ¸Î¥É Ì ¡Ê¤¥³ ¢³¥¸Éμ T′-³ É·¨Í ¨¸¶μ²Ó§μ¢ ÉÓ μ¡μ¡Ð¥´-
´Ò¥ ¶μÉ¥´Í¨ ²Ò, ¤¥°¸É¢¨É¥²Ó´Ò¥ Î ¸É¨ ±μÉμ·ÒÌ μ¶·¥¤¥²¥´Ò ¢ · ³± Ì § ¤ Î¨
É·¥Ì É¥². �μ¤·μ¡´ Ö ¤¨¸±Ê¸¸¨Ö μ ¶· ¢μ³¥·´μ¸É¨ É ±μ° § ³¥´Ò ¸μ¤¥·¦¨É¸Ö
¢ [4]. ’μ£¤ 

MF1
BA =

〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψij
B

∣∣∣Vxy

∣∣∣Ψij
A

〉 ∣∣∣ϕxχ(+)
x (pxrx)

〉
. (19)

3) „²Ö · ¸Î¥É  ¤¢ÊÌ ¤·Ê£¨Ì ¸² £ ¥³ÒÌ: MF2
BA, MF3

BA ¤²Ö ± ´ ²μ¢ É¨¶  F
· ¸¶¨Ï¥³ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ (T̄′

F2=ix,jy)ix,jy ¨ (T̄′
F3=jx,iy)jx,iy , ¸²¥¤ÊÖ [7]:

(
T̄′

F2=ix,jy

)ix,jy = −g−1
0 − T ′

jygix,jyT ′
ix,(

T̄′
F3=jx,iy

)jx,iy = −g−1
0 − T ′

iygjx,iyT ′
jx.

‚ ·¥§Ê²ÓÉ É¥ ¸² £ ¥³μ¥ ¤²Ö ± ´ ²  É¨¶  F2 ¡Ê¤¥É ¨³¥ÉÓ ¢¨¤

MF2
BA = −

〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψix
B

∣∣∣g−1
0

∣∣∣Ψjy
A

〉 ∣∣∣ϕxχ(+)
x (pxrx)

〉
−

−
〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψix
B

∣∣∣T ′
jygix,jyT ′

ix

∣∣∣Ψjy
A

〉 ∣∣∣ϕxχ(+)
x (pxrx)

〉
. (20)

�¶¥· Éμ· g0 ¢ ¶¥·¢μ³ Î²¥´¥ (20) μ¶·¥¤¥²¥´ ¢ ¶·μ¸É· ´¸É¢¥ ¸μ¡¸É¢¥´-
´ÒÌ ËÊ´±Í¨° Î¥ÉÒ·¥Ì ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í, ±μÉμ·Ò¥ μ·Éμ£μ´ ²Ó´Ò
¸μ¡¸É¢¥´´Ò³ ËÊ´±Í¨Ö³ ¨ ´ Î ²Ó´μ£μ, ¨ ±μ´¥Î´μ£μ ± ´ ²μ¢, É ± ÎÉμ ¶¥·¢μ¥
¸² £ ¥³μ¥ ¢ (20) μ¡· Ð ¥É¸Ö ¢ ´Ê²Ó. �μÔÉμ³Ê (20) ¶·¨¢μ¤¨É¸Ö ± ¢¨¤Ê

MF2
BA = −

〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψix
B

∣∣∣T ′
jygix,jyT ′

ix

∣∣∣Ψjy
A

〉∣∣∣ϕxχ(+)
x (pxrx)

〉
. (21 )

�´ ²μ£¨Î´Ò³ μ¡· §μ³ ¶·¥μ¡· §Ê¥É¸Ö ¸² £ ¥³μ¥ ¤²Ö ± ´ ²  É¨¶  F3:

MF3
BA = −

〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψjx
B

∣∣∣T ′
iygjx,iyT ′

jx

∣∣∣Ψiy
A

〉∣∣∣ϕxχ(+)
x (pxrx)

〉
. (21¡)
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4) ‘² £ ¥³Ò¥ MC1
BA, MC2

BA ¤²Ö ± ´ ²μ¢ É¨¶  C ¶·¥μ¡· §Ê¥³ ¸ ¶μ³μÐÓÕ
μ¶·¥¤¥²¥´¨°

T̄′
Ci

= V̄Ci − V̄CiḠCiV̄Ci ,

V̄C1 = V(iy),x = V(ix),y, V̄C2 = V(jy),x = V(jx),y.

’μ£¤  ¤²Ö ¸² £ ¥³μ£μ MC1
BA ¶μ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥

MC1
BA =

〈
χ(−)

y (pyry)ϕy

∣∣∣ 〈Ψix
B

∣∣∣V(iy)x

∣∣∣Ψiy
A

〉∣∣∣ϕxχ(+)
x (pxrx)

〉
−

−
〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψix
B

∣∣∣V(ix)yḠC1V(iy)x

∣∣∣Ψiy
A

〉∣∣∣ϕxχ(+)
x (pxrx)

〉
. (22 )

�´ ²μ£¨Î´μ¥ ¢Ò· ¦¥´¨¥ ¨³¥¥³ ¤²Ö ¸² £ ¥³μ£μ MC2
BA:

MC2
BA =

〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψjx
B

∣∣∣V(jy)x

∣∣∣Ψjy
A

〉∣∣∣ϕxχ(+)
x (pxrx)

〉
−

−
〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψjx
B

∣∣∣V(jx)yḠC2V(jy)x

∣∣∣Ψjy
A

〉∣∣∣ϕxχ(+)
x (pxrx)

〉
. (22¡)

‚ ·¥§Ê²ÓÉ É¥ μ¶¥· Éμ· ¶¥·¥Ìμ¤  (17) ¶·¥μ¡· §Ê¥É¸Ö ± ¢¨¤Ê

X̄BA = M0
BA + MF1

BA + MF2
BA + MF3

BA + MC1
BA + MC2

BA, (23)

£¤¥

M0
BA + MF1

BA =
〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψij
B

∣∣∣V(ij)y

∣∣∣Ψij
A

〉∣∣∣ϕxχ(+)
x (pxrx)

〉
+

+
〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψij
B

∣∣∣Vxy

∣∣∣Ψij
A

〉∣∣∣ϕxχ(+)
x (pxrx)

〉
,

MF2
BA = −

〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψix
B

∣∣∣T ′
jygix,jyT ′

ix

∣∣∣Ψjy
A

〉∣∣∣ϕxχ(+)
x (pxrx)

〉
,

MF3
BA = −

〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψjx
B

∣∣∣T ′
iygjx,iyT ′

jx

∣∣∣Ψiy
A

〉∣∣∣ϕxχ(+)
x (pxrx)

〉
,

MC1
BA =

〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψix
B

∣∣∣V(iy)x

∣∣∣Ψiy
A

〉∣∣∣ϕxχ(+)
x (pxrx)

〉
−

−
〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψix
B

∣∣∣V(ix)yḠC1V(iy)x

∣∣∣ϕxΨiy
A

〉∣∣∣χ(+)
x (pxrx)

〉
,

MC2
BA =

〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψjx
B

∣∣∣V(jy)x

∣∣∣Ψjy
A

〉∣∣∣ϕxχ(+)
x (pxrx)

〉
−

−
〈
χ(−)

y (pyry)ϕy

∣∣∣〈Ψjx
B

∣∣∣V(jx)yḠC2V(jy)x

∣∣∣Ψjy
A

〉∣∣∣ϕxχ(+)
x (pxrx)

〉
.



Œ…•��ˆ‡Œ› ��‘‹…„�‚�’…‹œ��‰ �…�…„�—ˆ —�‘’ˆ– 305

� ¸¸³μÉ·¨³ Ë¨§¨Î¥¸±¨° ¸³Ò¸² ± ¦¤μ£μ ¨§ ¸² £ ¥³ÒÌ ¢ ¢Ò· ¦¥´¨¨ (23).
1) �¥·¢μ¥ ¸² £ ¥³μ¥ M0

BA μ¶¨¸Ò¢ ¥É ¶¥·¥¤ ÎÊ ±² ¸É¥·  λ = (ij) ± ±
¥¤¨´μ° Î ¸É¨ÍÒ, ¸¢μ¤¨É¸Ö ± É·¥ÌÎ ¸É¨Î´μ³Ê ¶·¨¡²¨¦¥´¨Õ, ¨²²Õ¸É·¨·Ê¥É¸Ö

�¨¸. 2. �μ²Õ¸´ Ö ¤¨ £· ³³ 
¶¥·¥¤ Î¨ ±² ¸É¥·  (ij) = λ

¶μ²Õ¸´μ° ¤¨ £· ³³μ° ·¨¸. 2 ¨ ³μ¦¥É ¡ÒÉÓ · ¸-
¸Î¨É ´μ ¢ Œˆ‚�Š�� [4].

2) ‚Éμ·μ¥ ¸² £ ¥³μ¥ MF1
BA μ¶¨¸Ò¢ ¥É ¢¨·ÉÊ-

 ²Ó´μ¥ · ¸¸¥Ö´¨¥ ±² ¸É¥·μ¢ x ¨ y ¢ ¶μ²¥ ¸¢Ö§ ´-
´μ£μ ¤¢ÊÌÎ ¸É¨Î´μ£μ ±² ¸É¥·  λ = (ij), ¸μμÉ¢¥É-
¸É¢Ê¥É ³¥Ì ´¨§³Ê § ³¥Ð¥´¨Ö, É ±¦¥ ¸¢μ¤¨É¸Ö ±
É·¥ÌÎ ¸É¨Î´μ³Ê ¶·¨¡²¨¦¥´¨Õ, ¨²²Õ¸É·¨·Ê¥É¸Ö
É·¥Ê£μ²Ó´μ° ¤¨ £· ³³μ° ·¨¸. 3 ¨ ³μ¦¥É ¡ÒÉÓ

�¨¸. 3. ’·¥Ê£μ²Ó´ Ö ¤¨ £· ³³ 
³¥Ì ´¨§³  ¢¨·ÉÊ ²Ó´μ£μ · ¸-
¸¥Ö´¨Ö Î ¸É¨Í x ¨ y ¢ ¶μ²¥
±² ¸É¥·  (ij) = λ

· ¸¸Î¨É ´μ ¢ Œˆ‚�Š�� [4].
3) ’·¥ÉÓ¥ ¨ Î¥É¢¥·Éμ¥ ¸² £ ¥³Ò¥ MF2

BA,
MF3

BA ¸μ¤¥·¦ É ¶¥·¥Ìμ¤Ò ¢ ¶·μ³¥¦ÊÉμÎ´μ³ ± -
´ ²¥ (2,2), ¸μμÉ¢¥É¸É¢ÊÕÉ ¶·μÍ¥¸¸Ê ¤¢ÊÌÔÉ ¶´μ°
¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ ±² ¸É¥·  (i, j) ¨ ¨²-
²Õ¸É·¨·ÊÕÉ¸Ö Î¥ÉÒ·¥ÌÊ£μ²Ó´Ò³¨ ¤¨ £· ³³ ³¨
·¨¸. 4 ¸ μ¤´μ´ ¶· ¢²¥´´Ò³¨ ¢´ÊÉ·¥´´¨³¨ ²¨´¨-
Ö³¨.

4) ‘² £ ¥³Ò¥ É¨¶  C ¸μμÉ¢¥É¸É¢ÊÕÉ ¶¥·¥-
Ìμ¤Ê Î¥·¥§ ¢¨·ÉÊ ²Ó´Ò° ± ´ ² É¨¶  (3,1), μ¶¨¸Ò-
¢ ÕÉ ¶¥·¥¸É·μ°±Ê ¢ É·¥ÌÎ ¸É¨Î´μ³ ±² ¸É¥·¥ C
¡¥§ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ Î¥É¢¥·Éμ° Î ¸É¨Í¥° ¨ ¸μ-
¸ÉμÖÉ ¨§ ¤¢ÊÌ Î ¸É¥°: ¶¥·¢ Ö Î ¸ÉÓ ¸μμÉ¢¥É¸É¢Ê¥É
¶¥·¢μ³Ê ¶·¨¡²¨¦¥´¨Õ ¶μ ¢§ ¨³μ¤¥°¸É¢¨Õ ¨ ³μ-
¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö ¢ Œˆ‚�Š�� [4], ¢Éμ· Ö
Î ¸ÉÓ ÊÎ¨ÉÒ¢ ¥É Î²¥´Ò ¢Éμ·μ£μ ¶μ·Ö¤±  ¶μ ¢§ -
¨³μ¤¥°¸É¢¨Õ. ‚ ¸²ÊÎ ¥ ± ´ ²  C1 ÔÉ¨ ¶·μÍ¥¸¸Ò ¨²²Õ¸É·¨·ÊÕÉ¸Ö É·¥Ê£μ²Ó´μ°
¨ Î¥ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ £· ³³ ³¨ ¸ · §´μ´ ¶· ¢²¥´´Ò³¨ ¢´ÊÉ·¥´´¨³¨ ²¨´¨-
Ö³¨ (·¨¸. 5). „¨ £· ³³Ò ¤²Ö ± ´ ²  C2 ¶μ²ÊÎ ÕÉ¸Ö ¶¥·¥¸É ´μ¢±μ° ¨´¤¥±-
¸μ¢ i ¨ j.

�¨¸. 4. —¥ÉÒ·¥ÌÊ£μ²Ó´Ò¥ ¤¨ £· ³³Ò ³¥Ì ´¨§³  ´¥§ ¢¨¸¨³μ° ¶¥·¥¤ Î¨ Î ¸É¨Í ¸ ¢¨·-
ÉÊ ²Ó´Ò³ ± ´ ²μ³ (2,2) c μ¤´μ´ ¶· ¢²¥´´Ò³¨ ¢´ÊÉ·¥´´¨³¨ ²¨´¨Ö³¨
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�¨¸. 5. „¨ £· ³³Ò ³¥Ì ´¨§³μ¢ ¶¥·¥¤ Î¨ Î ¸É¨Í Î¥·¥§ ± ´ ² C1 = (ixy)

‚μ§´¨± ¥É ¢μ¶·μ¸, ´ ¸±μ²Ó±μ § ±μ´´μ μ¡·¥§ ´¨¥ · §²μ¦¥´¨° (10), (16)
¤²Ö μ¶¥· Éμ·μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨ ´ ¸±μ²Ó±μ ¸ÊÐ¥¸É¢¥´´μ ¢²¨Ö´¨¥ μ¸É ¢Ï¨Ì¸Ö
Î²¥´μ¢. ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¨³¥ÕÉ¸Ö · ¸Î¥ÉÒ Ì · ±É¥·¨¸É¨± ³ ²μ´Ê±²μ´´ÒÌ
¸¨¸É¥³ (μ´¨ ¸Ê³³¨·μ¢ ´Ò ¢ [9]), ¶μ± §Ò¢ ÕÐ¨¥, ÎÉμ ¤²Ö ±¢ §¨¡μ·´μ¢¸±¨Ì
·Ö¤μ¢, ¶μ¤μ¡´ÒÌ (16), (17), Ê¦¥ ¶¥·¢Ò¥ ¨É¥· Í¨¨ ¶μ§¢μ²ÖÕÉ ¶μ²ÊÎ¨ÉÓ Ë¨-
§¨Î¥¸±¨ §´ Î¨³Ò° ·¥§Ê²ÓÉ É. �μ¸²¥¤´¥¥ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ¸¢Ö§ ´μ ¸ É¥³, ÎÉμ
μ¸´μ¢´ Ö ¸¥¶ · ¡¥²Ó´ Ö Î ¸ÉÓ ¤¢ÊÌÎ ¸É¨Î´ÒÌ Tλ-³ É·¨Í ÊÎÉ¥´  ¢ ¢μ²´μ¢ÒÌ
ËÊ´±Í¨ÖÌ ±² ¸É¥·´ÒÌ ¶μ¤¸¨¸É¥³. ‚ ·¥§Ê²ÓÉ É¥ ¤μ¸É ÉμÎ´μ ¨É¥· É¨¢´μ£μ ¶·¨-
¡²¨¦¥´¨Ö ¤²Ö μ¶¥· Éμ·μ¢, ¶·¥¤¸É ¢²ÖÕÐ¨Ì ´¥¸¥¶ · ¡¥²Ó´Ò° μ¸É Éμ± ¶μÉ¥´-
Í¨ ²  U′

αβ;C (8).
ˆÉ ±, ±² ¸¸¨Î¥¸±¨¥ ³¥Éμ¤Ò AGS ¨ ‚ °´¡¥·£ Ä˜³¨¤É  ¶μ§¢μ²ÖÕÉ ¸¢¥¸É¨

¨´É¥£· ²Ó´Ò¥ Ê· ¢´¥´¨Ö § ¤ Î¨ Î¥ÉÒ·¥Ì É¥² ± ³´μ£μ± ´ ²Ó´Ò³ Ê· ¢´¥´¨Ö³,
Ëμ·³ ²Ó´μ ¸μ¢¶ ¤ ÕÐ¨³ ¸ ¤¢ÊÌÎ ¸É¨Î´Ò³¨ Ê· ¢´¥´¨Ö³¨ ‹¨¶³ ´ Ä˜¢¨´£¥· 
¨ ¤μ¶Ê¸± ÕÐ¨³ ¨É¥· Í¨μ´´Ò¥ ³¥Éμ¤Ò ·¥Ï¥´¨°. �¥·¢Ò¥ Î²¥´Ò ¨É¥· Í¨μ´-
´ÒÌ ·Ö¤μ¢ ¸μμÉ¢¥É¸É¢ÊÕÉ Œˆ‚�Š��, ¸²¥¤ÊÕÐ¨¥ Î²¥´Ò ¤ ÕÉ ¶μ¶· ¢±¨ ±
Œˆ‚�Š��, μ¶·¥¤¥²Ö¥³Ò¥ · §·Ò¢μ³ ¢¨·ÉÊ ²Ó´ÒÌ ¤¢ÊÌÎ ¸É¨Î´ÒÌ ±² ¸É¥·μ¢
λ = (ij).

2. ”ˆ‡ˆ—…‘Šˆ… Š�ˆ’…�ˆˆ �…�‹ˆ‡�–ˆˆ Œ…•��ˆ‡Œ�‚,
‚Š‹�—��™ˆ• �…‡�‚ˆ‘ˆŒ“� ��‘‹…„�‚�’…‹œ�“�

�…�…„�—“ —�‘’ˆ–

� ¸¸³μÉ·¨³ ¶μ¶· ¢±¨ ¢Éμ·μ£μ ¶μ·Ö¤±  ± Œˆ‚�Š��, μ¡Ê¸²μ¢²¥´´Ò¥ · §-
·Ò¢μ³ ¢¨·ÉÊ ²Ó´μ£μ ¤¢ÊÌÎ ¸É¨Î´μ£μ ±² ¸É¥·  λ. ‘² £ ¥³Ò¥ MF2

BA, MF3
BA

¸μ¤¥·¦ É ¶¥·¥Ìμ¤Ò ¢ ¢¨·ÉÊ ²Ó´μ³ ± ´ ²¥ (2,2) ¨ ¨²²Õ¸É·¨·ÊÕÉ¸Ö Î¥ÉÒ·¥Ì-
Ê£μ²Ó´Ò³¨ ¤¨ £· ³³ ³¨ ·¨¸. 4 ¸ μ¤´μ´ ¶· ¢²¥´´Ò³¨ ¢´ÊÉ·¥´´¨³¨ ²¨´¨Ö³¨.
‘Ì¥³ É¨Î¥¸±¨ ÔÉ¨ ¶·μÍ¥¸¸Ò ³μ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

(i, j, y)︸ ︷︷ ︸
A

+x → (j, y) + (x, i) → (x, i, j)︸ ︷︷ ︸
B

+y,

(i, j, y)︸ ︷︷ ︸
A

+x → (y, i) + (j, x) → (x, i, j)︸ ︷︷ ︸
B

+y.
(24)
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�μ¶· ¢±¨ É ±μ£μ É¨¶  ¤μ²¦´Ò ¡ÒÉÓ ´ ¨¡μ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò³¨ ¢ ·¥ ±Í¨ÖÌ
¸·Ò¢  ¨ ¶μ¤Ì¢ É  ¤¢ÊÌ ¸² ¡μ ¸¢Ö§ ´´ÒÌ Ë· £³¥´Éμ¢, ´ ¶·¨³¥·, ´Ê±²μ´μ¢ ¢
·¥ ±Í¨¨ (t, p).

‘² £ ¥³Ò¥ É¨¶  MC1
BA, MC2

BA ¸μ¤¥·¦ É ¶¥·¥Ìμ¤Ò ¢ ¶·μ³¥¦ÊÉμÎ´μ³ ± ´ ²¥
(3,1), ¸Ì¥³ É¨Î¥¸±¨ ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

(i, j, y)︸ ︷︷ ︸
A

+x → i + (x, j, y)︸ ︷︷ ︸
C1

→ (x, i, j)︸ ︷︷ ︸
B

+y,

(i, j, y)︸ ︷︷ ︸
A

+x → j + (x, i, y)︸ ︷︷ ︸
C2

→ (x, i, j)︸ ︷︷ ︸
B

+y
(25)

¨ ¨²²Õ¸É·¨·ÊÕÉ¸Ö Î¥ÉÒ·¥ÌÊ£μ²Ó´Ò³¨ ¤¨ £· ³³ ³¨ ¸ · §´μ´ ¶· ¢²¥´´Ò³¨
²¨´¨Ö³¨ (·¨¸. 5, ¡). ’ ±μ£μ ·μ¤  ¶μ¶· ¢±¨ ³μ£ÊÉ ¡ÒÉÓ ¢ ¦´Ò ¢ ·¥ ±Í¨ÖÌ ¸·Ò¢ 
(¶μ¤Ì¢ É ) ¨²¨ ¢ · ¸¸¥Ö´¨¨ ¸²μ¦´ÒÌ Î ¸É¨Í.

�ËË¥±ÉÒ, ±μÉμ·Ò¥ ³μ¦´μ É· ±Éμ¢ ÉÓ ± ± Ê± § ´¨¥ ´  ¶·μÖ¢²¥´¨¥ ³¥Ì -
´¨§³μ¢, ¸¢Ö§ ´´ÒÌ ¸ ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¥° Î ¸É¨Í, ¡Ò²¨ ¢¶¥·¢Ò¥ μ¡´ -
·Ê¦¥´Ò ¢ Ô±¸¶¥·¨³¥´É Ì [11] ¶μ ´¥Ê¶·Ê£μ³Ê · ¸¸¥Ö´¨Õ ¤¥°É·μ´μ¢ ´  ²¥£±¨Ì
Ö¤· Ì. ‚ ¤ ²Ó´¥°Ï¥³ [12Ä14] ¡Ò²¨ ¸Ëμ·³Ê²¨·μ¢ ´Ò Ë¨§¨Î¥¸±¨¥ ±·¨É¥·¨¨
·¥ ²¨§ Í¨¨ É ±¨Ì ³¥Ì ´¨§³μ¢, μ¡Ê¸²μ¢²¥´´Ò¥ μÉ¸ÊÉ¸É¢¨¥³ ¶μ¤μ¡¨Ö ¢μ²´μ¢ÒÌ
ËÊ´±Í¨° ¶¥·¥¤ ¢ ¥³ÒÌ Î ¸É¨Í i ¨ j ± ± ¢´ÊÉ·¨ Ö¤· , É ± ¨ ¢ ¥£μ ¶¥·¨Ë¥·¨Î¥-
¸±μ° μ¡² ¸É¨. „¥°¸É¢¨É¥²Ó´μ, ¥¸²¨ Ê± § ´´Ò¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¶μ¤μ¡´Ò, Éμ
¨Ì ¶¥·¥±·Ò¢ ´¨¥ ¢¥²¨±μ, ¶·μ¨¸Ìμ¤¨É ¶¥·¥¤ Î  ±¢ §¨¸¢Ö§ ´´μ£μ ¤¢ÊÌÎ ¸É¨Î-
´μ£μ ±² ¸É¥·  ¨ Î¥ÉÒ·¥ÌÉ¥²Ó´ Ö § ¤ Î  ¸¢μ¤¨É¸Ö ± § ¤ Î¥ É·¥Ì É¥².

�μ¸²¥¤μ¢ É¥²Ó´ Ö ¶¥·¥¤ Î  Î ¸É¨Í ´ ¨¡μ²¥¥ ¢¥·μÖÉ´ , ¥¸²¨ ¨Ì ¢μ²´μ-
¢Ò¥ ËÊ´±Í¨¨ ¸ÊÐ¥¸É¢¥´´μ · §²¨Î ÕÉ¸Ö, μ¸μ¡¥´´μ ¢ ¶¥·¨Ë¥·¨Î¥¸±μ° μ¡² ¸É¨
Ö¤· . ‚ ÔÉμ³ ¸²ÊÎ ¥ ¤ ¦¥ ¶·¨ ´Ê²¥¢μ³ μ·¡¨É ²Ó´μ³ ³μ³¥´É¥ μÉ´μ¸¨É¥²Ó-
´μ£μ ¤¢¨¦¥´¨Ö Î ¸É¨Í ¶¥·¥±·Ò¢ ´¨¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¢μ²´μ¢ÒÌ ËÊ´±Í¨°
´¥¢¥²¨±μ, ¨ ¢¥·μÖÉ´μ¸ÉÓ ¸μ¡· ÉÓ ±μ··¥²¨·μ¢ ´´ÊÕ ¤¢ÊÌ±² ¸É¥·´ÊÕ ¸¨¸É¥³Ê
Ê³¥´ÓÏ ¥É¸Ö. �μ¸±μ²Ó±Ê ¶μ¢¥¤¥´¨¥ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° Î ¸É¨Í ¢ ¶¥·¨Ë¥·¨Î¥-
¸±μ° μ¡² ¸É¨ Ö¤·  μ¶·¥¤¥²Ö¥É¸Ö ¨Ì ¢¨·ÉÊ ²Ó´Ò³¨ Ô´¥·£¨Ö³¨, ¤²Ö ·¥ ²¨§ Í¨¨
¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒÌ ³¥Ì ´¨§³μ¢, ¨²²Õ¸É·¨·Ê¥³ÒÌ ¤¨ £· ³³ ³¨ ·¨¸. 4, ´¥μ¡Ìμ-
¤¨³μ ¸ÊÐ¥¸É¢¥´´μ¥ · §²¨Î¨¥ Ô´¥·£¨° ¶¥·¥¤ ¢ ¥³ÒÌ Î ¸É¨Í.

�μ²ÊÎ¨³ ¢Ò· ¦¥´¨¥ ¤²Ö · §´μ¸É¨ Ô´¥·£¨° ΔE ¢¨·ÉÊ ²Ó´ÒÌ Î ¸É¨Í i ¨ j ¢
¸²ÊÎ ¥ ¤¨ £· ³³Ò, ¨§μ¡· ¦¥´´μ° ´  ·¨¸. 4, a. „²Ö ÔÉμ£μ ´ ¶¨Ï¥³ Ê· ¢´¥´¨Ö
¸μÌ· ´¥´¨Ö Ô´¥·£¨¨ ¢ ¢¥·Ï¨´ Ì ¶· ¢μ° Î ¸É¨ ¤¨ £· ³³Ò ¢ ² ¡μ· Éμ·´μ°
¸¨¸É¥³¥ ±μμ·¤¨´ É:{

Ex + εσ→i+x + Ei = Eσ + E∗
σ,

Eσ + E∗
σ + εB→j+σ + Ej = EB + E∗

B,
(26)

£¤¥ Ek, k = x, i, j, σ, B, Å ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö Î ¸É¨Í; εσ→i+x(εB→j+σ) Å
Ô´¥·£¨¨ ¸¢Ö§¨ ±² ¸É¥·μ¢ ¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¥³ ± ´ ²¥ ¨Ì ¢¨·ÉÊ ²Ó´μ£μ · §¢ ² ,
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μ¶·¥¤¥²¥´´Ò¥ ¸ ¶μ²μ¦¨É¥²Ó´Ò³ §´ ±μ³; E∗
σ(E∗

B) Å Ô´¥·£¨Ö ¢μ§¡Ê¦¤¥´´μ£μ
¸μ¸ÉμÖ´¨Ö ±² ¸É¥·´μ° ¸¨¸É¥³Ò σ (Ö¤·  B).

ˆ§ ÔÉ¨Ì Ê· ¢´¥´¨° ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö · §´μ¸É¨ Ô´¥·£¨°
ΔEij ®Ô²¥³¥´É ·´ÒÌ¯ Î ¸É¨Í i ¨ j:

ΔEij = Ei − Ej = 2Eσ + 2E∗
σ − Ex − EB − E∗

B − εσ→i+x + εB→j+σ. (27 )

�´ ²μ£¨Î´Ò³ ¸¶μ¸μ¡μ³ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö ΔEij , ¶·¨³¥´¨¢
§ ±μ´ ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨ ¢ ¢¥·Ï¨´ Ì ²¥¢μ° Î ¸É¨ ¤¨ £· ³³Ò ·¨¸. 4, a:

ΔEij = −2Eρ − 2E∗
ρ + Ey − ερ→j+y + εA→i+ρ. (27¡)

� ¢¥´¸É¢μ ÔÉ¨Ì ¢¥²¨Î¨´ ¤ ¥É ¶μ²´Ò° § ±μ´ ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨ ¢ ·¥ ±-
Í¨¨.

Š ±¨³ μ¡· §μ³ ¢ Éμ° ¨²¨ ¨´μ° ·¥ ±Í¨¨ ¤μ¸É¨£ ÕÉ¸Ö ¸ÊÐ¥¸É¢¥´´Ò¥ §´ -
Î¥´¨Ö ΔEij? ‚ [12] ¡Ò² ¶·μ¢¥¤¥´  ´ ²¨§ ¢¥²¨Î¨´ ΔEij ¢ ·¥ ±Í¨ÖÌ ¸·Ò¢ 
(¶μ¤Ì¢ É ) ¸² ¡μ¸¢Ö§ ´´ÒÌ Î ¸É¨Í. 
Ò²μ ¶μ± § ´μ, ÎÉμ ¶·¨ ´¥¡μ²ÓÏμ° · §-
´μ¸É¨ Ô´¥·£¨° ¸¢Ö§¨ Î ¸É¨Í i ¨ j μ¸´μ¢´μ° ¢±² ¤ ¢ ΔEij ¢´μ¸¨É ¢¥²¨Î¨´ 
2E∗

σ Å Ê¤¢μ¥´´ Ö Ô´¥·£¥É¨Î¥¸± Ö Ï¨·¨´  ¶μ²μ¸Ò ¢¸¥Ì · §·¥Ï¥´´ÒÌ ¶· ¢¨-
² ³¨ μÉ¡μ·  ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨° ±² ¸É¥·´μ° ¸¨¸É¥³Ò σ (¨²¨ ±² ¸É¥·´μ°
¸¨¸É¥³Ò ρ). …¸É¥¸É¢¥´´μ, ÎÉμ ³ ±¸¨³ ²Ó´ Ö Ï¨·¨´  ÔÉμ° ¶μ²μ¸Ò ¤μ¸É¨£ ¥É¸Ö
¶·¨ Ê¤ ²¥´¨¨ μÉ ³ £¨Î¥¸±¨Ì Ö¤¥·, ÎÉμ ¤²Ö ²¥£±¨Ì Ö¤¥· 1p-μ¡μ²μÎ±¨ ¸μμÉ¢¥É-
¸É¢Ê¥É ¨§μÉμ¶ ³ ¡¥·¨²²¨Ö ¨ ¡μ· . �¥ ¸²ÊÎ °´μ, ÎÉμ ³¥Ì ´¨§³Ò, ¨²²Õ¸É·¨·Ê-
¥³Ò¥ Î¥ÉÒ·¥ÌÊ£μ²Ó´Ò³¨ ¤¨ £· ³³ ³¨, ¡Ò²¨ μ¡´ ·Ê¦¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´μ
¨ ¶μ²ÊÎ¨²¨ É¥μ·¥É¨Î¥¸±μ¥ μ¡ÑÖ¸´¥´¨¥ ¢ ·¥ ±Í¨ÖÌ ¸ ¤¥°É·μ´ ³¨ ¨ É·¨Éμ´ ³¨
¨³¥´´μ ´  ÔÉ¨Ì Ö¤· Ì [11Ä13, 15, 16].

‚ ·¥ ±Í¨ÖÌ ¸ ¶μ²ÊÉÖ¦¥²Ò³¨ ¨μ´ ³¨ [17] ¸¨ÉÊ Í¨Ö ³μ¦¥É ¡ÒÉÓ μ¡· É-
´μ°, É. ¥. μ¸´μ¢´μ° ¢±² ¤ ¢ ΔEij ¢´μ¸¨É · §´μ¸ÉÓ §´ Î¥´¨° Ô´¥·£¨° ¸¢Ö§¨
|εσ→i+x − εB→j+σ| � 2E∗

σ . …¸²¨ εσ→i+x � εB→j+σ , Éμ ¶·¨ Ê¢¥²¨Î¥´¨¨
E∗

σ · §´μ¸ÉÓ ΔEij Ê³¥´ÓÏ ¥É¸Ö. �Éμ μ§´ Î ¥É, ÎÉμ ¢ ·¥ ±Í¨ÖÌ ¸ ¶μ²ÊÉÖ¦¥-
²Ò³¨ ¨μ´ ³¨ ¡μ²ÓÏ Ö ¢¥²¨Î¨´  ΔEij ¤μ¸É¨£ ¥É¸Ö ¶·¨ εσ→i+x � εB→j+σ

¨ εσ→i+x � 2E∗
σ , É. ¥. ¤²Ö μ¸ÊÐ¥¸É¢²¥´¨Ö ³¥Ì ´¨§³  ´¥§ ¢¨¸¨³μ° ¶¥·¥¤ Î¨

Î ¸É¨Í ¢Ò¸μ±μ¢μ§¡Ê¦¤¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö ±² ¸É¥·  σ ¤μ²¦´Ò ¡ÒÉÓ ¶μ¤ ¢²¥´Ò
¨²¨ ¸É·μ£μ § ¶·¥Ð¥´Ò ¶· ¢¨² ³¨ μÉ¡μ·  [14].

‚±² ¤ ¤¨ £· ³³ ¸ · §´μ´ ¶· ¢²¥´´Ò³¨ ²¨´¨Ö³¨ (·¨¸. 5, ¡)  ¶·¨μ·¨ μÍ¥-
´¨ÉÓ ´¥²Ó§Ö, μ´ μ¶·¥¤¥²Ö¥É¸Ö ¸É·Ê±ÉÊ·´Ò³¨ μ¸μ¡¥´´μ¸ÉÖ³¨ ÊÎ ¸É¢ÊÕÐ¨Ì ¢
·¥ ±Í¨¨ Ö¤¥·.

’¥μ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¶·μ¤Ê±Éμ¢ ·¥ ±Í¨° ¶·μ-
¢¥¤¥´Ò ¢ · ¡μÉ Ì [12Ä14] ¢ ¤μ¸É ÉμÎ´μ £·Ê¡ÒÌ ¶·¨¡²¨¦¥´¨ÖÌ. �Éμ μÉ´μ¸¨É¸Ö,
¶·¥¦¤¥ ¢¸¥£μ, ± ¨¸¶μ²Ó§μ¢ ´¨Õ ¶²μ¸±μ¢μ²´μ¢μ£μ ¶·¨¡²¨¦¥´¨Ö, ¶¸¥¢¤μ¶μÉ¥´-
Í¨ ²μ¢ ”¥·³¨ ¢ ¢¥·Ï¨´ Ì ¢§ ¨³μ¤¥°¸É¢¨Ö,   É ±¦¥ ¶·¥´¥¡·¥¦¥´¨Õ ÔËË¥±-
É ³¨ μÉ¤ Î¨. ’¥³ ´¥ ³¥´¥¥ ¤ ¦¥ ¸Éμ²Ó £·Ê¡Ò¥ · ¸Î¥ÉÒ ¶μ± § ²¨, ÎÉμ ´ ¨¡μ²¥¥
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Ö·±¨³ ¶·μÖ¢²¥´¨¥³ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒÌ ³¥Ì ´¨§³μ¢ Ö¢²ÖÕÉ¸Ö  ´μ³ ²¨¨ ¢ Ê£²μ-
¢ÒÌ · ¸¶·¥¤¥²¥´¨ÖÌ ¶·μ¤Ê±Éμ¢ ·¥ ±Í¨¨, ´¥ ¸¢Ö§ ´´Ò¥ ¸ ¶¥·¥¤ ´´Ò³ μ·¡¨-
É ²Ó´Ò³ ³μ³¥´Éμ³. �É¸Õ¤  ¸²¥¤Ê¥É, ÎÉμ, ¥¸²¨ ³¥Ì ´¨§³ ¶¥·¥¤ Î¨ ±² ¸É¥·´μ°
¸¨¸É¥³Ò λ ²¨¡μ ¶μ¤ ¢²¥´, ²¨¡μ ¶·¨¢μ¤¨É ± ± Î¥¸É¢¥´´μ ¶·μÉ¨¢μ·¥Î Ð¥° Ô±¸-
¶¥·¨³¥´ÉÊ Ëμ·³¥ Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö, ¢±² ¤ ¤¢ÊÌ¸ÉÊ¶¥´Î Éμ£μ ³¥Ì ´¨§³ 
¢ μ¶·¥¤¥²¥´´μ° μ¡² ¸É¨ Ê£²μ¢ ³μ¦¥É ¡ÒÉÓ §´ Î¨É¥²Ó´Ò³. „·Ê£μ° ¢ ¦´Ò° ¢Ò-
¢μ¤ ÔÉ¨Ì · ¡μÉ Å ³¥Ì ´¨§³ ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ Î ¸É¨Í ´¥ Ö¢²Ö¥É¸Ö
Ê´¨¢¥·¸ ²Ó´Ò³ ¨ ¸ÊÐ¥¸É¢¥´´Ò³ μ¡· §μ³ § ¢¨¸¨É μÉ ¸É·Ê±ÉÊ·Ò Ö¤· .

‚ 1975Ä1977 ££. ¡Ò² ¢Ò¶μ²´¥´ Í¥²Ò° ·Ö¤ É¥μ·¥É¨Î¥¸±¨Ì · ¡μÉ, ¢ ±μÉμ-
·ÒÌ ¡Ò²¨ · ¸¸Î¨É ´Ò ¸¥Î¥´¨Ö ·¥ ±Í¨° ¸ ¶¥·¥¤ Î¥° ¤¢ÊÌ ´Ê±²μ´μ¢ ´  Ö¤· Ì
· §²¨Î´μ£μ  Éμ³´μ£μ ¢¥¸  ¢ ¶·¨¡²¨¦¥´¨¨ ³¥Éμ¤  ¨¸± ¦¥´´ÒÌ ¢μ²´ ¸ ´Ê²¥-
¢Ò³ · ¤¨Ê¸μ³ ¢§ ¨³μ¤¥°¸É¢¨Ö (Œˆ‚) ¸ ¶μ¶ÒÉ± ³¨ ÊÎ¥¸ÉÓ ³¥Ì ´¨§³Ò § ¶ §-
¤Ò¢ ´¨Ö, ¨²²Õ¸É·¨·Ê¥³Ò¥ ¤¨ £· ³³ ³¨ ·¨¸. 4. �É¨ · ¡μÉÒ ³μ¦´μ Ê¸²μ¢´μ
· §¡¨ÉÓ ´  ´¥¸±μ²Ó±μ £·Ê¶¶.

Š ¶¥·¢μ° ¨§ ´¨Ì μÉ´μ¸ÖÉ¸Ö · ¡μÉÒ [18Ä20], ¢ ±μÉμ·ÒÌ  ³¶²¨ÉÊ¤  ·¥ ±Í¨¨
(t, p) ¸μ ¸·Ò¢μ³ ¤¢ÊÌ ´Ê±²μ´μ¢ ¢ÒÎ¨¸²Ö² ¸Ó ¶μ Œˆ‚ ± ± ±μ£¥·¥´É´ Ö ¸Ê³³ 
μ¤´μ¸ÉÊ¶¥´Î Éμ£μ (¶μ²Õ¸´ Ö ¤¨ £· ³³  ·¨¸. 2) ¨ ¶·μ¨§¢μ²Ó´μ ´μ·³¨·μ¢ ´-
´μ£μ ¤¢ÊÌ¸ÉÊ¶¥´Î Éμ£μ (Î¥ÉÒ·¥ÌÊ£μ²Ó´Ò¥ ¤¨ £· ³³Ò ·¨¸. 4) ³¥Ì ´¨§³μ¢. � ¸-
Î¥ÉÒ ¶μ± § ²¨, ÎÉμ ¢±² ¤ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒÌ ³¥Ì ´¨§³μ¢ μÉ´μ¸¨É¥²Ó´μ ´¥¢¥²¨±
§  ¨¸±²ÕÎ¥´¨¥³ ¸ ³ÒÌ ³ ²ÒÌ Ê£²μ¢ ¢Ò²¥É  ¶·μÉμ´μ¢, ´¥³μ´μÉμ´´μ ³¥´Ö¥É¸Ö
¸ ¨§³¥´¥´¨¥³  Éμ³´μ£μ ´μ³¥·  Ö¤·  ³¨Ï¥´¨, É. ¥. § ¢¨¸¨É μÉ ¸É·Ê±ÉÊ·Ò Ö¤· .

‚ ¸¥·¨¨ · ¡μÉ [21Ä24]  ³¶²¨ÉÊ¤  ·¥ ±Í¨° ¸ ¶¥·¥¤ Î¥° ¤¢ÊÌ ´Ê±²μ´μ¢
¢ÒÎ¨¸²Ö² ¸Ó Î¥·¥§ ®ÉμÎ´ÊÕ¯ ËÊ´±Í¨Õ ÔÉ¨Ì ´Ê±²μ´μ¢ ¢ ±μ´¥Î´μ³ Ö¤·¥. ’ -
±μ° ¶μ¤Ìμ¤ ¶μ§¢μ²Ö¥É ¢ ¶·¨´Í¨¶¥ ÊÎ¥¸ÉÓ ¢±² ¤ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒÌ ³¥Ì ´¨§³μ¢.
�¤´ ±μ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ®ÉμÎ´μ°¯ ËÊ´±Í¨¨ ¤¢ÊÌ ´Ê±²μ´μ¢ ¤¥² ²¨¸Ó É ±¨¥ ¤μ-
¶μ²´¨É¥²Ó´Ò¥ ¶·¥¤¶μ²μ¦¥´¨Ö, ±μÉμ·Ò¥ Ë ±É¨Î¥¸±¨ ¸¢μ¤¨²¨ ³¥Ì ´¨§³ ·¥ ±-
Í¨¨ ± ³¥Ì ´¨§³Ê ¶¥·¥¤ Î¨ ±μ··¥²¨·μ¢ ´´μ° ´Ê±²μ´´μ° ¶ ·Ò. „¥°¸É¢¨É¥²Ó´μ,
¨¸±μ³ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ´ Ìμ¤¨² ¸Ó ¶ÊÉ¥³ μ¡ÒÎ´μ° well-depth prescription
(WDP) ¶·μÍ¥¤Ê·Ò ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  ¶μ § ¤ ´´μ° Ô´¥·£¨¨ ¸¢Ö§¨
¨ Î¨¸²Ê Ê§²μ¢ [25]. ‚ [21Ä23] Ô´¥·£¨Ö ¸¢Ö§¨ ¶μ² £ ² ¸Ó · ¢´μ° Ô´¥·£¨¨ ¸¢Ö§¨
¤¢ÊÌ´Ê±²μ´´μ£μ ±² ¸É¥· ,   ¢ [24] Å ¶μ²μ¢¨´¥ Ô´¥·£¨¨ ¸¢Ö§¨ ²¨¡μ μ¤´μ£μ,
²¨¡μ ¤·Ê£μ£μ ´Ê±²μ´ . �·¨ É ±¨Ì ¶·¥¤¶μ²μ¦¥´¨ÖÌ ³¥Ì ´¨§³ ·¥ ±Í¨¨ ¢ ¸¨²Ê
¶μ¤μ¡¨Ö ´Ê±²μ´´ÒÌ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¸¢μ¤¨É¸Ö ± ³¥Ì ´¨§³Ê μ¤´μ¢·¥³¥´´μ£μ
¸·Ò¢  ¤¢ÊÌ´Ê±²μ´´μ£μ ±² ¸É¥· . �´ ²μ£¨Î´Ò³ μ¡· §μ³ · ¸¸Î¨ÉÒ¢ ² ¸Ó ¶¥·¥-
¤ Î  ´¥¸±μ²Ó±¨Ì ´Ê±²μ´μ¢ ¢ ´¥Ê¶·Ê£μ³ · ¸¸¥Ö´¨¨ d, t, 3He ¶μ ³¥Éμ¤Ê ¸¢Ö§ ´-
´ÒÌ ± ´ ²μ¢ [26, 27]. �¥Ê¤¨¢¨É¥²Ó´μ, ÎÉμ ¶μ¶· ¢±¨, ¸¢Ö§ ´´Ò¥ ¸ ¤¢ÊÌ¸ÉÊ¶¥´-
Î ÉÒ³¨ ³¥Ì ´¨§³ ³¨, ¨ §¤¥¸Ó μ± § ²¨¸Ó ´¥¸ÊÐ¥¸É¢¥´´Ò³¨. ‚ · ¡μÉ Ì [28, 29]
¶·μ¢¥¤¥´Ò ¡μ²¥¥  ±±Ê· É´Ò¥ · ¸Î¥ÉÒ ®ÉμÎ´μ° ËÊ´±Í¨¨¯ ¤¢ÊÌ ¶¥·¥¤ ¢ ¥³ÒÌ
´Ê±²μ´μ¢ ¸ ¢¢¥¤¥´¨¥³ · §²¨Î´ÒÌ ¢¨·ÉÊ ²Ó´ÒÌ Ô´¥·£¨° ± ¦¤μ£μ ¨§ ´¨Ì. ’¥³
´¥ ³¥´¥¥ ¨ ¢ ÔÉ¨Ì · ¡μÉ Ì ´¥ Ê¤ ²μ¸Ó ¶μ²ÊÎ¨ÉÓ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ£μ μ¶¨¸ ´¨Ö
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¶·μÉμ´μ¢, ÌμÉÖ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒ°
³¥Ì ´¨§³ ¶¥·¥¤ Î¨ ´Ê±²μ´μ¢ ¢ ± ±μ°-Éμ ³¥·¥ ¡Ò² ¶·¨´ÖÉ ¢μ ¢´¨³ ´¨¥.
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’ ±¨³ μ¡· §μ³, ¸Ëμ·³Ê²¨·μ¢ ´´Ò¥ Ë¨§¨Î¥¸±¨¥ ±·¨É¥·¨¨ Å ´¥¢μ§³μ¦-
´μ¸ÉÓ μ¸ÊÐ¥¸É¢¨ÉÓ μ¤´μ¢·¥³¥´´ÊÕ ¶¥·¥¤ ÎÊ ±² ¸É¥·´μ° ¸¨¸É¥³Ò ¨§-§  μÉ¸ÊÉ-
¸É¢¨Ö ¶μ¤μ¡¨Ö ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¶¥·¥¤ ¢ ¥³ÒÌ ®Ô²¥³¥´É ·´ÒÌ¯ Î ¸É¨Í Å
μ± §Ò¢ ÕÉ¸Ö ¢¥¸Ó³  ¸ÊÐ¥¸É¢¥´´Ò³¨ ¤²Ö ·¥ ²¨§ Í¨¨ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒÌ ³¥Ì -
´¨§³μ¢. “¶·μÐ¥´´Ò¥ É¥μ·¥É¨Î¥¸±¨¥ ¶μ¤Ìμ¤Ò, ´¥ ÊÎ¨ÉÒ¢ ÕÐ¨¥ · §²¨Î¨Ö ¢μ²-
´μ¢ÒÌ ËÊ´±Í¨° ÔÉ¨Ì Î ¸É¨Í, Ë ±É¨Î¥¸±¨ ¸¢μ¤ÖÉ ¢±² ¤ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒÌ ³¥-
Ì ´¨§³μ¢ ± ³¨´¨³Ê³Ê. 
μ²¥¥ Éμ£μ, ´¨ μ¤¨´ ¨§ É¥μ·¥É¨Î¥¸±¨Ì ¶μ¤Ìμ¤μ¢, μ¡-
¸Ê¦¤ ¥³ÒÌ ¢ÒÏ¥, ´¥ ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ  ¡¸μ²ÕÉ´ÊÕ ¢¥²¨Î¨´Ê Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ ¸¥Î¥´¨° ¡¥§ ¢¢¥¤¥´¨Ö ¤μ¶μ²´¨É¥²Ó´ÒÌ ´μ·³¨·μ¢μÎ´ÒÌ ±μ´¸É ´É.

�· ±É¨Î¥¸±¨ ¢¸¥ É¥μ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ, ¢ ±μÉμ·ÒÌ ¤¥² ²¨¸Ó ¶μ¶ÒÉ±¨
ÊÎ¥¸ÉÓ ³¥Ì ´¨§³ ´¥§ ¢¨¸¨³μ° ¶¥·¥¤ Î¨ ¢¨·ÉÊ ²Ó´ÒÌ Î ¸É¨Í, μÉ´μ¸¨²¨¸Ó ±
·¥ ±Í¨Ö³ ¸ ¶¥·¥¤ Î¥° ¤¢ÊÌ ´Ê±²μ´μ¢. „²Ö · ¸¸³μÉ·¥´¨Ö ¡μ²¥¥ ¸²μ¦´ÒÌ ¶·μ-
Í¥¸¸μ¢ É·¥¡Ê¥É¸Ö ¶·¨´Í¨¶¨ ²Ó´μ ¤·Ê£μ° É¥μ·¥É¨Î¥¸±¨°  ¶¶ · É ¨ ¢ÒÎ¨¸²¨-
É¥²Ó´Ò¥ ¢μ§³μ¦´μ¸É¨. ‚ ·¥§Ê²ÓÉ É¥ ¨¸¸²¥¤μ¢ ´¨Ö ·¥ ±Í¨° ¸ ¶μ¸²¥¤μ¢ É¥²Ó-
´μ° ¶¥·¥¤ Î¥° ´Ê±²μ´μ¢, ´¥ £μ¢μ·Ö Ê¦¥ μ ±² ¸É¥·´μ° ¶¥·¥¤ Î¥, Ë ±É¨Î¥¸±¨
´¥ ¶·μ¢μ¤¨²¨¸Ó ´  ¶·μÉÖ¦¥´¨¨ ¶μ¸²¥¤´¨Ì ²¥É.

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¢ ¸¢Ö§¨ ¸ ¡Ê·´Ò³ · §¢¨É¨¥³ Ë¨§¨±¨ Ö¤¥·, Ê¤ ²¥´-
´ÒÌ μÉ ¶μ²μ¸Ò ¸É ¡¨²Ó´μ¸É¨, ¢ Î ¸É´μ¸É¨ ´¥°É·μ´´μ-¨§¡ÒÉμÎ´ÒÌ Ö¤¥·, ¨´-
É¥·¥¸ ± ¨§ÊÎ¥´¨Õ ¨Ì ¸É·Ê±ÉÊ·Ò ¨ ¶μ´¨³ ´¨Õ ¥¥ ·μ²¨ ¢ ¶·μÉ¥± ´¨¨ ·¥ ±Í¨°
´  É ±¨Ì Ö¤· Ì ´¥¶·¥·Ò¢´μ ¢μ§· ¸É ¥É. �¥ ±Í¨¨ ¤¢ÊÌ´Ê±²μ´´μ° ¶¥·¥¤ Î¨,
´ ·Ö¤Ê ¸ Ê¶·Ê£¨³ · ¸¸¥Ö´¨¥³, ¨£· ÕÉ §¤¥¸Ó μ¸μ¡ÊÕ ·μ²Ó, ¶μ¸±μ²Ó±Ê ¶μ§¢μ-
²ÖÕÉ ´¥¶μ¸·¥¤¸É¢¥´´μ ¨§ÊÎ ÉÓ ´¥°É·μ´´ÊÕ ¶¥·¨Ë¥·¨Õ Ö¤¥·, Ê¤ ²¥´´ÒÌ μÉ
¶μ²μ¸Ò ¸É ¡¨²Ó´μ¸É¨. ‚ ·¥§Ê²ÓÉ É¥ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¶·μ¡²¥³  μ¶·¥¤¥²¥´¨Ö
·μ²¨ ³¥Ì ´¨§³μ¢, ÊÎ¨ÉÒ¢ ÕÐ¨Ì ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒ¥ ¶·μÍ¥¸¸Ò ¢ ·¥ ±Í¨ÖÌ ¤¢ÊÌ-
´Ê±²μ´´μ° ¶¥·¥¤ Î¨, ¸´μ¢  ¸É ´μ¢¨É¸Ö μ¤´μ° ¨§ ´ ¨¡μ²¥¥ ¢ ¦´ÒÌ ¢ Ö¤¥·´μ°
Ë¨§¨±¥ Ê³¥·¥´´ÒÌ Ô´¥·£¨°.

‚ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥ ¶·¥¤¸É ¢²¥´ · §· ¡μÉ ´´Ò° ´ ³¨ É¥μ·¥É¨Î¥¸±¨°
 ¶¶ · É, ¶μ§¢μ²ÖÕÐ¨° · ¸¸Î¨É ÉÓ ¶μ¶· ¢±¨ ¢Éμ·μ£μ ¶μ·Ö¤±  ±  ³¶²¨ÉÊ¤¥
Œˆ‚�Š�� ¢ · ³± Ì ¸μ¢·¥³¥´´ÒÌ É¥μ·¥É¨Î¥¸±¨Ì ³μ¤¥²¥°, ±μ··¥±É´μ μ¶¨-
¸Ò¢ ÕÐ¨Ì ¸É·Ê±ÉÊ·Ê Ö¤¥·.

3. ��™ˆ‰ ”��Œ�‹ˆ‡Œ ��‘—…’� Œ�’�ˆ—��ƒ� 	‹…Œ…�’�
�…�Š–ˆˆ ‘ “—…’�Œ Œ…•��ˆ‡Œ�‚, ‚Š‹�—��™ˆ•

��‘‹…„�‚�’…‹œ�“� �…�…„�—“ —�‘’ˆ–

‚ ¶·¨¡²¨¦¥´¨¨ § ¤ Î¨ Î¥ÉÒ·¥Ì É¥² ´  Ô´¥·£¥É¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨ μ¶¥-
· Éμ· ¶¥·¥Ìμ¤  ¨§ ± ´ ²  A ¢ ± ´ ² B μ¶·¥¤¥²Ö¥É¸Ö μ¶¥· Éμ·μ³ (23):

MBA(θy) = X̄BA ≈ M0
BA + MF1

BA + MF2
BA + MF3

BA + MC1
BA + MC2

BA,

£¤¥ M0
BA(θy) ¨ MF1

BA(θy) Å ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶¥·¥¤ Î¥
±² ¸É¥·  λ = (i, j) ¨ ¨²²Õ¸É·¨·Ê¥³Ò¥ ¶μ²Õ¸´μ° ¨ É·¥Ê£μ²Ó´μ° ¤¨ £· ³-
³ ³¨ ·¨¸. 2 ¨ 3,   μ¸É ²Ó´Ò¥ ¸² £ ¥³Ò¥ Å ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ, ¸¢Ö§ ´´Ò¥
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¸ · §·Ò¢μ³ ÔÉμ° ¢¨·ÉÊ ²Ó´μ° ¸¨¸É¥³Ò ¨ ¨²²Õ¸É·¨·Ê¥³Ò¥ Î¥ÉÒ·¥ÌÊ£μ²Ó´Ò³¨
¤¨ £· ³³ ³¨ ·¨¸. 4,  , ¡ ¨ 5, ¡.

�μ²ÊÎ¨³ Ëμ·³Ê²Ò ¤²Ö · ¸Î¥É  ¢¸¥Ì Î²¥´μ¢ ³ É·¨Î´μ£μ Ô²¥³¥´É 
MBA(θy).

3.1. � ¸Î¥É ³ É·¨Î´μ£μ Ô²¥³¥´É  ¶¥·¥¤ Î¨ ±² ¸É¥·  λ. Œ É·¨Î´Ò¥ Ô²¥-
³¥´ÉÒ M0

BA(θy) ¨ MF1
BA(θy) ¶¥·¥¤ Î¨ ±² ¸É¥·  λ ¢ ¶·¨¡²¨¦¥´¨¨ É·¥Ì É¥²

³μ£ÊÉ ¡ÒÉÓ · ¸¸Î¨É ´Ò ¢ Œˆ‚�Š�� [3, 4]. ‚¢¥¤¥³ μ¡μ§´ Î¥´¨Ö Jn (Mn),
ln, sn Å ¶μ²´ÒÌ ³μ³¥´Éμ¢ (¨Ì ¶·μ¥±Í¨°), μ·¡¨É ²Ó´ÒÌ ³μ³¥´Éμ¢ ¨ ¸¶¨-
´μ¢ ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥ ±Í¨¨ Ö¤¥· (n = A, B, λ, x, y). Œ É·¨Î´Ò° Ô²¥³¥´É
Œˆ‚�Š�� ¢ ¶·¥¤¸É ¢²¥´¨¨ ¶μ²´ÒÌ ¶¥·¥¤ ´´ÒÌ ³μ³¥´Éμ¢ μ¶·¥¤¥²Ö¥É¸Ö ¢Ò-
· ¦¥´¨¥³ [4]

MDWBA
BA = M0

BA +MF1
BA = (−1)2Jx+2Jy−J1−M1

∑
J1J2l

√
(2J1 + 1)(2J2 + 1)×

× 〈JxMxJ1M1 | JBMB〉〈JyMyJ2M2 | JAMA〉〈J1 − M1J2M2 | lm〉×

×
∑
Λ1Λ2

βΛ1Λ2lm(θy)ΘJ1J2
Λ1Λ2l. (28)

‚ (28) ΘJ1J2
Λ1Λ2l Å ¸É·Ê±ÉÊ·´Ò¥ ³´μ¦¨É¥²¨, ¸¢Ö§ ´´Ò¥ ¸ ¶·¨¢¥¤¥´´Ò³¨

Ï¨·¨´ ³¨ · ¸¶ ¤  Ö¤¥· A ¨ B; βΛ1Λ2lm(θy) Å ±¨´¥³ É¨Î¥¸±¨¥ ³´μ¦¨É¥²¨,
¸μ¤¥·¦ Ð¨¥ ¢¸Õ ¨´Ëμ·³ Í¨Õ μ ³¥Ì ´¨§³¥ ·¥ ±Í¨¨ ¨ § ¢¨¸ÖÐ¨¥ μÉ Ê£²  θy

¢Ò²¥É  ±μ´¥Î´ÒÌ Î ¸É¨Í. �μ μ¶·¥¤¥²¥´¨Õ

βΛ1Λ2lm(θy) = (−1)μ1〈Λ1 − μ1Λ2μ2 | lm〉×

×
∫

drx dry χ(−)∗
y (kyry)Ψ∗

Λ1μ1
(Vyλ + Vxy)ΨΛ2μ2χx(kxrx), (29)

Λ1, Λ2 Å μ·¡¨É ²Ó´Ò¥ ³μ³¥´ÉÒ μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö ¢ ¢¥·Ï¨´ Ì ¢¨·ÉÊ-
 ²Ó´μ£μ · ¸¶ ¤  Ö¤¥· B (A) ´  ±² ¸É¥· λ ¨ Î ¸É¨ÍÊ x (y); ΨΛμ Å ¸μμÉ¢¥É¸É¢Ê-
ÕÐ¨¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö λ − x (λ − y); χx(kxrx),
χ

(−)∗
y (kyry) Å ¨¸± ¦¥´´Ò¥ ¢μ²´Ò ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ± ´ ²μ¢ ·¥ ±Í¨¨.

‚¢¥¤¥³ Ëμ·³Ë ±Éμ· ·¥ ±Í¨¨ A(x, y)B ¤²Ö · ¸¸³ É·¨¢ ¥³ÒÌ ³¥Ì ´¨§-
³μ¢ [3, 4]:

fΛ1Λ2lm =
∑
μ1μ2

(−1)μ1〈Λ1μ1Λ2 − μ2 | l − m〉Ψ∗
Λ1μ1

(Vyλ + Vxy)ΨΛ2 μ2 =

=
∑

L′
xL′

y

F
L′

xL′
y

Λ1Λ2l

〈
L′

xm′
xL′

ym
′
y | l − m

〉
Y ∗

L′
xm′

x
(rx)Y ∗

L′
ym′

y
(ry), (30)

· §²μ¦¨³ ¨¸± ¦¥´´Ò¥ ¢μ²´Ò ¶μ ¶ ·Í¨ ²Ó´Ò³ ¸μ¸É ¢²ÖÕÐ¨³

χx(kxrx) =
4π

kxrx

∑
Lxmx

iLxχLx(kxrx)Y ∗
Lxmx

(kx)YLxmx(rx),
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χ(−)∗

y (kyry) = χ(+)
y (−kyry) =

=
4π

kyry

∑
Lymy

iLyχLy(kyry) Y ∗
Lymy

(−ky)︸ ︷︷ ︸
(−1)Ly YLymy (ky)

YLymy(ry) =

=
4π

kyry

∑
Lymy

i−LyχLy(kyry)YLymy(ky)YLymy(ry)

¨ ¢Ò¶μ²´¨³ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ Ê£² ³ Ωrx , Ωry . ‚ ·¥§Ê²ÓÉ É¥

βΛ1Λ2lm(θy) =
(4π)2

kxky

∑
LxLy

(−1)Λ1+Λ2−l+mi(Lx−Ly)〈LxmxLymy | l − m〉×

× Y ∗
Lxmx

(kx)YLymy(ky)�0
LxLyl, (31)

�0
LxLyl =

∫
χLx(kxrx)FLxLy

Λ1Λ2lχLy(kyry)rxry drx dry .

‚Ò¡¥·¥³ ¸¨¸É¥³Ê ±μμ·¤¨´ É ¸ μ¸ÓÕ �Z, ¶ · ²²¥²Ó´μ° ¶ ¤ ÕÐ¥³Ê ¶ÊÎ±Ê.
’μ£¤ , ÊÎ¨ÉÒ¢ Ö, ÎÉμ

〈LxmxLymy | l − m〉Y ∗
Lxmx

(kx)YLymy(ky) =

= (−1)Ly−my

√
2l + 1

2Lx + 1
〈lmLy − m |Lx0〉

√
2Lx + 1

8π2
PLy−m(θy), (32)

PLy−m ⇒ (−1)mPLy|m| ¶·¨ m > 0,   Ë §  Λ1 + Λ2 − l ¢¸¥£¤  Î¥É´  (ÔÉμ
¸²¥¤Ê¥É ¨§-§  ¶·¨¸ÊÉ¸É¢¨Ö ¢ Ëμ·³Ë ±Éμ·¥ ±μÔËË¨Í¨¥´É  Š²¥¡Ï Äƒμ·¤ ´  ¸
´Ê²¥¢Ò³¨ ¶·μ¥±Í¨Ö³¨), ¤²Ö ±¨´¥³ É¨Î¥¸±¨Ì ³´μ¦¨É¥²¥° βΛ1Λ2lm(θy) ¶μ²Ê-
Î¨³ μ±μ´Î É¥²Ó´μ

βΛ1Λ2lm(θy) =

=
4
√

2π
kxky

∑
LxLy

iLx+Ly
√

2l + 1
〈
lmLy − m

∣∣Lx0
〉
PLy−m(θy)�0

LxLyl,

�0
LxLyl =

∫
χLx(kxrx)(rx)FLxLy

Λ1Λ2lχLy(kyry)rxry drx dry.
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‚ ¨Éμ£¥ ³ É·¨Î´Ò° Ô²¥³¥´É Œˆ‚�Š�� μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

MDWBA
BA (θy) =

= (−1)2Jx+2Jy−J1−M1
4
√

2π

kxky

∑
J1J2

√
(2J1 + 1)(2J2 + 1)(2l + 1)×

×
〈
JxMxJ1M1

∣∣JBMB

〉〈
JyMyJ2M2

∣∣JAMA

〉〈
J1 − M1J2M2

∣∣lm〉×
×
∑

lΛ1Λ2

∑
LxLy

iLx+Ly
〈
lmLy − m

∣∣Lx0
〉
PLy−m(θy)�0

LxLylΘ
J1J2
Λ1Λ2l. (33)

‘É·Ê±ÉÊ·´Ò¥ ³´μ¦¨É¥²¨ ΘJ1J2
Λ1Λ2l μ¶·¥¤¥²ÖÕÉ¸Ö Î¥·¥§ ¶·¨¢¥¤¥´´Ò¥ Ï¨-

·¨´Ò Θ̃B→λ+x
Λ1lBlλL1lxsBsλsx

¨ Θ̃A→λ+y
Λ2lAlλL2lysAsλsy

¢¨·ÉÊ ²Ó´μ£μ · ¸¶ ¤  Ö¤¥· B ¨ A.
‚ ³μ¤¥²¨ μ¡μ²μÎ¥± ¸ ¶·μ³¥¦ÊÉμÎ´μ° ¸¢Ö§ÓÕ μ´¨ § ¤ ÕÉ¸Ö ¢Ò· ¦¥´¨¥³ [30]:

ΘJ1J2
Λ1Λ2l =

∑
Θ̃B→λ+x

Λ1lBlλL1lxsBsλsx
Θ̃A→λ+y

Λ2lAlλL2lysA sλsy
×

× (−1)Jλ+J2+lx+ly+sx+sy+I1+I2−l(2I1 + 1)(2I2 + 1)(2Jλ + 1)×

×
√

(2J1 + 1)(2lB + 1)(2sB + 1)(2L1 + 1)(2Jx + 1)×

×
√

(2J2 + 1)(2lA + 1)(2sA + 1)(2L2 + 1)(2Jy + 1)×

×

⎧⎨
⎩

lλ sλ Jλ

L1 sx I1

lB sB JB

⎫⎬
⎭
⎧⎨
⎩

lλ sλ Jλ

L2 sy I2

lA sA JA

⎫⎬
⎭×

×
{

Λ1 lx L1

sx I1 Jx

}{
Jx Λ1 I1

Jλ JB J1

}{
Λ2 ly L2

sy I2 Jy

}
×

×
{

Jy Λ2 I2

Jλ JA J2

}{
J1 Λ1 Jλ

Λ2 J2 l

}
. (34)

„²Ö Î ¸É¨Í x, y � α lx = ly = 0. ‚ ·¥ ±Í¨ÖÌ ¸ x, y � α ¶μ¸²¥ ¸Ê³³¨·μ¢ ´¨Ö
¶μ Jλ ¢Ò· ¦¥´¨¥ (34) Ê¶·μÐ ¥É¸Ö ¨ ¨³¥¥É ¢¨¤

ΘJ1 J2
Λ1Λ2l =

∑
Θ̃B→λ+x

Λ1lBlλL1 lxsBsλsx
Θ̃A→λ+y

Λ2lAlλL2lysAsλsy
(−1)−lB−lA−lλ−sλ−J1×

×
√

(2lB + 1)(2sB + 1)(2lA + 1)(2sA + 1)
√

(2J1 + 1)(2J2 + 1)×

×
{

sλ

JB

lB
sx

J1

sB

}{
sλ

JA

lA
sy

J2

sA

}{
lB
Λ2

l
lλ

lA
Λ1

}{
lB
J2

l
sλ

lA
J1

}
. (35)
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3.2. � ¸Î¥É ³ É·¨Î´μ£μ Ô²¥³¥´É  ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ Î ¸É¨Í.
Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ, ÊÎ¨ÉÒ¢ ÕÐ¨¥ · §·Ò¢ ¸¨¸É¥³Ò λ, ¸¢Ö§ ´Ò ¸ ¢¨·ÉÊ ²Ó-
´Ò³¨ ¶·μ³¥¦ÊÉμÎ´Ò³¨ ± ´ ² ³¨ É¨¶  F (2,2) ¨ C (3,1). �μ²ÊÎ¨³ ¢Ò· ¦¥´¨¥
¤²Ö · ¸Î¥É  ³ É·¨Î´μ£μ Ô²¥³¥´É  ³¥Ì ´¨§³  ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ Î -
¸É¨Í ¤²Ö ± ´ ²μ¢ É¨¶  F [31]:

(i, j, y)︸ ︷︷ ︸
A

+ x → (j, y)︸ ︷︷ ︸
ρ

+ (x, i)︸ ︷︷ ︸
σ

→ (x, i, j)︸ ︷︷ ︸
B

+ y.

’ ±μ° ³¥Ì ´¨§³ ¨²²Õ¸É·¨·Ê¥É¸Ö Î¥ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ £· ³³μ° ¸ μ¤´μ´ -
¶· ¢²¥´´Ò³¨ ²¨´¨Ö³¨ (·¨¸. 4),   ¥£μ ³ É·¨Î´Ò° Ô²¥³¥´É μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· -
¦¥´¨¥³ (22 ):

MF2
BA = −

〈
χ(−)

y (pyry)ϕy

∣∣∣ 〈Ψσ
B|T′

ρgρσT′
σ |Ψρ

A〉
∣∣∣ϕxχ(+)

x (pxrx)
〉

. (36)

”Ê´±Í¨Ö ƒ·¨´  gρσ ¢ (36) μ¶¨¸Ò¢ ¥É ¸¢μ¡μ¤´μ¥ ¤¢¨¦¥´¨¥ ¢¨·ÉÊ ²Ó´ÒÌ
±² ¸É¥·μ¢ ρ ¨ σ. ‚ ±μμ·¤¨´ É´μ³ ¶·¥¤¸É ¢²¥´¨¨ μ´  ¨³¥¥É ¢¨¤ [32]

〈r|gρσ|r′〉 = − μρσ

2π�2

eikρσ |r−r′|

|r− r′| ,

(37)

eikρσ |r−r′|

|r − r′| = −4πikρσ

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

∞∑
Λ=0

jΛ(kρσr′)hΛ(kρσr)
Λ∑

μ=0

YΛμ(r)Y ∗
Λμ(r′), r > r′,

∞∑
Λ=0

jΛ(kρσr)hΛ(kρσr′)
Λ∑

μ=0

YΛμ(r′)Y ∗
Λμ(r), r′ > r.

�μ¸²¥ ¶μ¤¸É ´μ¢±¨ (37) ¢ (36) ¢Ò· ¦¥´¨¥ ¤²Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  MF2
BA

¶·¨´¨³ ¥É ¢¨¤ ¸¢¥·É±¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¤¢ÊÌ ¶μ²Õ¸´ÒÌ ³¥Ì ´¨§³μ¢,
¢μ§´¨± ÕÐ¨Ì ¶·¨ · §·¥§ ´¨¨ ¶μ²´μ° Î¥ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ £· ³³Ò (·¨¸. 6)
´  ¤¢  ´¥§ ¢¨¸¨³ÒÌ ±μμ·¤¨´ É´ÒÌ ¶·μ¸É· ´¸É¢ : r (¤²Ö ¢¥·Ì´¥° ¶μ²Õ¸´μ°
¤¨ £· ³³Ò) ¨ r′ (¤²Ö ´¨¦´¥°):

MF2
BA(θy) = −2i

μρσkρσ

�2

∑
Λ

{ ∞∫
0

r2 dr

r∫
0

r′2 dr′ MhΛ
2 M jΛ

1 +

+

∞∫
0

r′2 dr′
r′∫

0

r2 dr M jΛ
2 MhΛ

1

}
,
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MhΛ
2 =

∫
dry dΩrχ

(−)
y (kyry)ϕyΨBVjyΨσΨρhΛ(kρσr)YΛμ(r),

M jΛ
1 =

∫
drx dΩr′jΛ(kρσr′)YΛμ(r′)Ψ∗

σΨ∗
ρVixΨAϕxχ(+)

x (kxrx),

(38)

M jΛ
2 =

∫
dry dΩrχ

(−)
y (kyry)ϕyΨBViyΨσΨρjΛ(kρσr)YΛμ(r),

MhΛ
1 =

∫
drx dΩr′hΛ(kρσr′)YΛμ(r′)Ψ∗

σΨ∗
ρVixΨAϕxχ(+)

x (kxrx),

£¤¥ M jΛ
1 , MhΛ

1 (M jΛ
2 , MhΛ

2 ) ¸μμÉ¢¥É¸É¢ÊÕÉ ³ É·¨Î´Ò³ Ô²¥³¥´É ³ ´¨¦´¥°
(¢¥·Ì´¥°) ¶μ²μ¢¨´Ò ¶μ²´μ° ¤¨ £· ³³Ò ¸ § ³¥´μ° ¨¸± ¦¥´´ÒÌ ¢μ²´ ¢ ¢¨·ÉÊ-
 ²Ó´μ° σ + ρ ¸¨¸É¥³¥ ¸Ë¥·¨Î¥¸±¨³¨ ËÊ´±Í¨Ö³¨ 
¥¸¸¥²Ö ¨²¨ • ´±¥²Ö ¸ μ·-

�¨¸. 6. —¥ÉÒ·¥ÌÊ£μ²Ó´ Ö ¤¨ -
£· ³³  ³¥Ì ´¨§³  ´¥§ ¢¨¸¨³μ°
¶¥·¥¤ Î¨ Î ¸É¨Í, ¸ ®· §·¥§ ´¨¥³¯
¶μ ¶·μ³¥¦ÊÉμÎ´Ò³ ¢¨·ÉÊ ²Ó´Ò³
¸μ¸ÉμÖ´¨Ö³

¡¨É ²Ó´Ò³ ³μ³¥´Éμ³ Λ. �μÉ¥´Í¨ ²Ò ¢ (38)
μ¡¥¸¶¥Î¨¢ ÕÉ ¶¥·¥¸É·μ°±Ê ¸¨¸É¥³Ò ´  ± -
¦¤μ³ ÔÉ ¶¥ ¶¥·¥¤ Î¨ Î ¸É¨Í.

Œ É·¨Î´Ò° Ô²¥³¥´É ·¥ ±Í¨¨ ¤²Ö ³¥Ì -
´¨§³  ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ Î ¸É¨Í ¸
· §´μ´ ¶· ¢²¥´´Ò³¨ ¢´ÊÉ·¥´´¨³¨ ²¨´¨Ö³¨
Î¥·¥§ ¢¨·ÉÊ ²Ó´Ò° ± ´ ² (3,1) μ¶·¥¤¥²Ö¥É¸Ö
 ´ ²μ£¨Î´μ.

3.2.1. � ¸Î¥É ³ É·¨Î´μ£μ Ô²¥³¥´É 
´¨¦´¥° ¶μ²μ¢¨´Ò Î¥ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ -
£· ³³Ò. „²Ö · ¸Î¥É  ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢
± ¦¤μ° ¶μ²μ¢¨´Ò ¶μ²´μ° Î¥ÉÒ·¥ÌÊ£μ²Ó´μ°
¤¨ £· ³³Ò ·¨¸. 6 ¢μ¸¶μ²Ó§Ê¥³¸Ö Œˆ‚�Š��
¢ ¶·¥¤¸É ¢²¥´¨¨ ¶μ²´ÒÌ ¶¥·¥¤ ´´ÒÌ ³μ³¥´-
Éμ¢ ¢ ± ¦¤μ° ¢¥·Ï¨´¥ ¨ ¶μ²´μ£μ ¶¥·¥¤ ´-
´μ£μ μ·¡¨É ²Ó´μ£μ ³μ³¥´É . „²Ö ¸¨¸É¥³ É¨§ Í¨¨ μ¡μ§´ Î¥´¨° ¢¸¥ ¶·μ³¥¦Ê-
ÉμÎ´Ò¥ ³μ³¥´ÉÒ, ¶μ ±μÉμ·Ò³ ¶·μ¨§¢μ¤¨É¸Ö ¸Ê³³¨·μ¢ ´¨¥, ¤²Ö ´¨¦´¥° Î ¸É¨
¤¨ £· ³³Ò ·¨¸. 6 ´Ê³¥·ÊÕÉ¸Ö ¨´¤¥±¸ ³¨ (1n) ¨²¨ 1,   ¤²Ö ¥¥ ¢¥·Ì´¥° Î ¸É¨ Å
¨´¤¥±¸ ³¨ (2n) ¨²¨ 2.

�´ ²μ£¨Î´μ (28) ³ É·¨Î´Ò° Ô²¥³¥´É M jΛ
1 , μÉ¢¥Î ÕÐ¨° ´¨¦´¥° ¶μ²μ¢¨´¥

¤¨ £· ³³Ò ·¨¸. 6, ¶·¥¤¸É ¢¨³ ¢ ¢¨¤¥

M jΛ
1 = (−1)2Jx+2Jρ−J12−MJ12

∑
J11J12

√
(2J11 + 1)(2J12 + 1)×

× 〈JxMxJ12M12 | JσMσ〉〈JρMρJ11M11 | JAMA〉〈J12 − M12J11M11 | l1m1〉×

×
∑

l1Λ11Λ12

βΛ11Λ12l1m1(θx)ΘJ11J12
Λ11Λ12l1

, (39)
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£¤¥

βΛ11Λ12l1m1(θx) = (−1)μ11〈Λ11 − μ11Λ12μ12 | l1m1〉×

×
∫

drx dΩr′χx(kxrx)ΨΛ12VixΨ∗
Λ11

jΛ(kσρr′)Y ∗
Λ (r′). (40)

‚Ò· ¦¥´¨¥ ¤²Ö ±¨´¥³ É¨Î¥¸±μ£μ ³´μ¦¨É¥²Ö (40) ³μ¦´μ ¶μ²ÊÎ¨ÉÓ, ¢¢¥¤Ö

¨´¢ ·¨ ´É´Ò° Ëμ·³Ë ±Éμ· F
L′

xΛ′

Λ11Λ12l1
:

fΛ11Λ12l1m1 =
∑

(−1)μ12〈Λ11μ11Λ12 − μ12 | l1 − m1〉ΨΛ12VixΨ∗
Λ11

=

=
∑
L′

xΛ′

F
L′

xΛ′

Λ11Λ12l1
〈L′

xm′
xΛ′μ′ | l1 − m1〉Y ∗

L′
xm′

x
(r′)Y ∗

Λ′μ′(r′). (41)

’μ£¤ 

βΛ11Λ12l1m1(θx) = (−1)Λ11+Λ12−l1+m1×

×
∫∫

drx dΩr′χx(kxrx)fΛ11Λ12l1m1jΛ(kσρr′)Y ∗
Λ (r′). (42)

� §²μ¦¨³ Ëμ·³Ë ±Éμ· ¨ ¨¸± ¦¥´´ÊÕ ¢μ²´Ê ´ Î ²Ó´μ£μ ± ´ ²  ¶μ ¶ ·Í¨-
 ²Ó´Ò³ ¢μ²´ ³ ¨ ¶·μ¨´É¥£·¨·Ê¥³ (42) ¶μ Ê£²μ¢Ò³ ¶¥·¥³¥´´Ò³. ‚ ·¥§Ê²ÓÉ É¥

βΛ11Λ12l1m1(θx) =
1√

2l1 + 1
4π

kx
(−1)Λ11+Λ12−l1+mx×

×
∑

Lxmx

iLxY ∗
Lxmx

(kx) 〈LxmxΛ − μ | l1 − m1〉 �LxΛ
Λ11Λ12l1

(r′), (43)

�LxΛ
Λ11Λ12l1

(r′) =
∫

χx(kxrx)FLxΛ
Λ11Λ12l1

(r′, rx)rx drx

¨ ³ É·¨Î´Ò° Ô²¥³¥´É (39) ¶·¥μ¡· §Ê¥É¸Ö ± ¢¨¤Ê

M jΛ
1 = (−1)2Jx+2Jρ−J12−M12

4π

kx

∑
J11J12l1

√
(2J11 + 1)(2J12 + 1)×

× 〈JxMxJ12M12 | JσMσ〉 〈JρMρJ11M11 | JAMA〉 〈J12 − M12J11M11 | l1m1〉×

×
∑

LxΛ11Λ12

(−1)l1+mxiLx 〈LxmxΛ − mΛ | l1 − m1〉×

× ΘJ11J12
Λ11Λ12l1

�LxΛ
Λ11Λ12l1

(r′)jΛ(kσρr′)Y ∗
Lxmx

(kx). (44)

‘¶¥±É·μ¸±μ¶¨Î¥¸±¨¥ ³´μ¦¨É¥²¨ ΘJ11J12
Λ11Λ12l1

μ¶·¥¤¥²ÖÕÉ¸Ö ¢Ò· ¦¥´¨-
¥³ (34), ¶μ¸±μ²Ó±Ê ±² ¸É¥·Ò ρ ¨ σ ³μ£ÊÉ ¨³¥ÉÓ ¸μ¡¸É¢¥´´Ò¥ ¢μ§¡Ê¦¤¥´´Ò¥
¸μ¸ÉμÖ´¨Ö.
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3.2.2. � ¸Î¥É ³ É·¨Î´μ£μ Ô²¥³¥´É  ¢¥·Ì´¥° ¶μ²μ¢¨´Ò Î¥ÉÒ·¥ÌÊ£μ²Ó´μ°
¤¨ £· ³³Ò. �´ ²μ£¨Î´μ · ¸¸Î¨ÉÒ¢ ¥É¸Ö ³ É·¨Î´Ò° Ô²¥³¥´É ¶¥·¥¤ Î¨ Î -
¸É¨ÍÒ j ¤²Ö ¢¥·Ì´¥° ¶μ²μ¢¨´Ò Î¥ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ £· ³³Ò ¸ μ¤´μ´ ¶· ¢²¥´-
´Ò³¨ ²¨´¨Ö³¨. ‚ ¶·¥¤¸É ¢²¥´¨¨ ¶μ²´ÒÌ ¶¥·¥¤ ´´ÒÌ ³μ³¥´Éμ¢ μ´ ¨³¥¥É ¢¨¤

MhΛ
2 = (−1)2Jσ+2Jy−J22−M22

∑
J21J22l2

√
(2J21 + 1)(2J22 + 1)(2l2 + 1)×

× 〈JσMσJ22M22 | JBMB〉 〈JyMyJ21M21 | JρMρ〉 〈J22 − M22J21M21 | l2m2〉 ×

×
∑

Λ21Λ22

βΛ21Λ22l2m2(θy)ΘJ21J22
Λ21Λ22l2

, (45)

£¤¥

βΛ21Λ22l2m2(θy) = (−1)μ21
1√

2l2 + 1
〈Λ21 − μ21Λ22μ22 | l2m2〉×

×
∫∫

drx dΩr χy(kyry)ΨΛ22VjyΨ∗
Λ21

hΛ(kσρr)Y ∗
Λ (r). (46)

‚´μ¢Ó ¢¢μ¤¨³ ¨´¢ ·¨ ´É´Ò° Ëμ·³Ë ±Éμ· F
L′

yL′
Λ

Λ21Λ22l2
:

fΛ21Λ22l2m2 =
∑

(−1)μ22 〈Λ21μ21Λ22 − μ22 | l2 − m2〉Ψ∗
Λ21

VjyΨΛ22 =

=
∑

L′
yL′

σρ

F
L′

yL′
σρ

Λ21Λ22l2

〈
L′

ym
′
yΛμ | l2 − m2

〉
Y ∗

L′
ym′

y
(r)Y ∗

Λμ(r), (47)

· ¸±² ¤Ò¢ ¥³ ¨¸± ¦¥´´ÊÕ ¢μ²´Ê ±μ´¥Î´μ£μ ± ´ ²  ¶μ ¶ ·Í¨ ²Ó´Ò³ ¢μ²´ ³
¨ ¨´É¥£·¨·Ê¥³ (47) ¶μ Ê£² ³ Ωry ¨ Ωr. ‚ ·¥§Ê²ÓÉ É¥ Ëμ·³Ë ±Éμ· (46) ¶·¥-
μ¡· §Ê¥É¸Ö ± ¢¨¤Ê

βΛ21Λ22l2m2(θy) = (−1)Λ21+Λ22−l2+m2
1√

2l2 + 1
4π

ky
〈LymyΛμ | l2 − m2〉×

× YLymy(ky)�ΛLy

Λ21Λ22l2
(r), (48)

�ΛLy

Λ21Λ22l2
(r) =

∫
χy(kyry)FΛLy

Λ21Λ22l2
(r, ry)ry dry ,

  ¤²Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  ¢¥·Ì´¥° ¶μ²μ¢¨´Ò ¤¨ £· ³³Ò ·¨¸. 6 ¶μ²ÊÎ ¥³

MhΛ
2 = (−1)2Jσ+2Jy−J22−M22+l2+m2

4π

ky

∑
J21J22l2

√
(2J21 + 1)(2J22 + 1)×

× 〈JσMσJ22M22 | JBMB〉 〈JyMyJ21M21 | JρMρ〉 〈J22 − M22J21M21 | l2m2〉 ×

×
∑

Λ21Λ22

〈ΛμLymy | l2 − m2〉ΘJ21J22
Λ21Λ22l2

YLymy(ky)�ΛLy

Λ21Λ22l2
(r)hΛ(kσρr), (49)
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£¤¥ ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨¥ ³´μ¦¨É¥²¨ ΘJ21J22
Λ21Λ22l2

μ¶·¥¤¥²ÖÕÉ¸Ö ¢Ò· ¦¥´¨-
Ö³¨ (34).

3.2.3. ‚ÒÎ¨¸²¥´¨¥ ¶μ²´μ£μ ³ É·¨Î´μ£μ Ô²¥³¥´É  ³¥Ì ´¨§³  ¶μ¸²¥¤μ-
¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ Î ¸É¨Í. „²Ö μ±μ´Î É¥²Ó´μ£μ ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´μ£μ
Ô²¥³¥´É  (38) ´¥μ¡Ìμ¤¨³μ ¶¥·¥³´μ¦¨ÉÓ ¢Ò· ¦¥´¨Ö (44) ¨ (49),   É ±¦¥ ¢Ò-
Î¨¸²¨ÉÓ ¸Ê³³Ò ¶μ ¶·μ¥±Í¨Ö³ ¶·μ³¥¦ÊÉμÎ´ÒÌ ³μ³¥´Éμ¢ ¢ ¶·μ¨§¢¥¤¥´¨ÖÌ ±μ-
ÔËË¨Í¨¥´Éμ¢ Š²¥¡Ï Äƒμ·¤ ´ .

�·¨ Ê³´μ¦¥´¨¨ (44) ¨ (49) ¶μ²ÊÎ ¥³

M jΛ
1 MhΛ

2 = (−1)2Jx+2Jρ+2Jσ+2Jy−J12−M12−J22−M22×

× (−1)l2+m2+l1+m1iLx−Ly
(4π)2

kxky

√
(2J11 + 1)(2J12 + 1)(2J21 + 1)(2J22 + 1)×

× 〈JxMxJ12M12 | JσMσ〉〈JρMρJ11M11 | JAMA〉〈JσMσJ22M22 | JBMB〉×
×〈JyMyJ21M21 | JρMρ〉〈J12 − M12J11M11 | l1m1〉〈J22 − M22J21M21 | l2m2〉×

× 〈LxmxΛ − mΛ | l1 − m1〉〈ΛμLymy | l2 − m2〉×

×
∑

Λ21Λ22

ΘJ11J12
Λ11Λ12l1

Y ∗
Lxmx

(kx)ΘJ21J22
Λ21Λ22l2

YLymy(ky)×

×
∫∫

�LxΛ
Λ11Λ12l1

(r′)�ΛLy

Λ21Λ22l2
(r)jΛ(kσρr

′)hΛ(kσρr)r2 dr r′2 dr′. (50)

„ ²¥¥ ¢Ò¶μ²´Ö¥³ ¶·¥μ¡· §μ¢ ´¨Ö ¶·μ¨§¢¥¤¥´¨Ö ±μÔËË¨Í¨¥´Éμ¢ Š²¥¡Ï Ä
ƒμ·¤ ´ :

1.
∑
Mσ

〈JxMxJ12M12 | JσMσ〉〈JσMσJ22M22 | JBMB〉 =

=
∑

J1M1

U(JxJ12JBJ22 : JσJ1)〈J12M12J22M22 | J1M1〉〈JxMxJ1M1 | JBMB〉;

2.
∑
Mρ

〈JρMρJ11M11 | JAMA〉〈JyMyJ21M21 | JρMρ〉 =

=
∑

J2M2

U(JyJ21JAJ11 : JρJ2)〈J21M21J11M11 | J2M2〉〈JyMyJ2M2 | JAMA〉.

3.
∑

M12M22

(−1)−J12−M12−J22−M22〈J12 − M12J11M11 | l1m1〉×

×〈J22 − M22J21M21 | l2m2〉〈J12M12J22M22 | J1M1〉〈J21M21J11M11 | J2M2〉=

=
∑
lm

(−1)−M1−J1+J21+J11−J2
√

(2J1 + 1)(2J2 + 1)(2l1 + 1)(2l2 + 1)×

× 〈J1 − M1J2M2 | lm〉〈l1m1l2m2 | lm〉

⎧⎨
⎩

J12 J11 l1
J22 J21 l2
J1 J2 l

⎫⎬
⎭ .
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4.
∑

μ

(−1)l2+m2+l1+mx〈LxmxΛ − μ | l1 − m1〉〈ΛμLymy | l2 − m2〉×

× 〈l1m1l2m2 | lm〉 = (−1)l2+m+Lx

√
(2l2 + 1)
(2Ly + 1)

U(LxΛl l2 : l1Ly)×

× 〈Lx − mxLy − my | lm〉.

‚ ·¥§Ê²ÓÉ É¥ ¶·μ¨§¢¥¤¥´¨¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¨³¥¥É ¢¨¤

M jΛ
1 MhΛ

2 = (−1)2Jx+2Jρ+2Jσ+2Jy
(4π)2

kxky
×

×
√

(2J11 + 1)(2J12 + 1)(2J21 + 1)(2J22 + 1)×

×
√

(2J1 + 1)(2J2 + 1)(2l1 + 1)(2l2 + 1)

√
2l2 + 1
2Ly + 1

iLx−Ly×

× 〈Jx MxJ1M1 | JBMB〉〈JyMyJ2M2 | JAMA〉×
× U(JxJ12JBJ22 : JσJ1)U(JyJ21JAJ11 : JρJ2)U(LxΛll2 : l1Ly)×

× 〈Lx − mxLy − my | lm〉〈L1 − M1L2M2 | lm〉×

× (−1)−M1−J1+J21+J11−J2+l2+m+Lx

⎧⎨
⎩

J12 J11 l1
J22 J21 l2
J1 J2 l

⎫⎬
⎭×

×
∑

Λ21Λ22

ΘJ11J12
Λ11Λ12l1

Y ∗
Lxmx

(kx)ΘJ21J22
Λ21Λ22l2

YLymy(ky)�LxLyΛ. (51)

„²Ö μ±μ´Î É¥²Ó´μ£μ ¶·¥μ¡· §μ¢ ´¨Ö ¶·μ¨§¢¥¤¥´¨Ö (51) ±μÔËË¨Í¨¥´É � ± 
U(Lx Λ l l2 : l1Ly) ¶¥·¥¶¨Ï¥³ ¢ ¢¨¤¥ 6-j ¸¨³¢μ² :

U(LxΛll2 : l1Ly) = (−1)Lx+Λ+l+l2

{
Lx Λ l1
l2 l Ly

}√
(2l1 + 1)(2Ly + 1).

‚¢¥¤¥³ μ¡μ¡Ð¥´´Ò° ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨° ³´μ¦¨É¥²Ó:

Θ̄J1J2
l1l2l =

∑
(−1)2Jρ+2Jσ+J21+J11−J2×

×
√

(2J11 + 1)(2J12 + 1)(2J21 + 1)(2J22 + 1)×
× (2l1 + 1)(2l2 + 1)ΘJ11J12

Λ11Λ12l1
ΘJ21J22

Λ21Λ22l2
×

× U(JxJ12JBJ22 : JσJ1)U(JyJ21JAJ11 : JρJ2)

⎧⎨
⎩

J12 J11 l1
J22 J21 l2
J1 J2 l

⎫⎬
⎭ . (52)
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‘Ê³³¨·μ¢ ´¨¥ ¢ (52) ¢Ò¶μ²´Ö¥É¸Ö ¶μ ¨´¤¥±¸ ³ J11, J12, J21, J22. � ±μ´¥Í,
ÊÎÉ¥³, ÎÉμ

〈Lx − mxLy − my | lm〉Y ∗
Lx

(kx)YLy(ky) =

= (−1)l−m−Lx

√
2l + 1

2Lx + 1
〈lmLy − m |Lx0〉

√
2Lx + 1

8π2
PLym(θy). (53)

�μ¤¸É ¢²ÖÖ ¢ (51) μ¶·¥¤¥²¥´¨¥ (52) ¨ ÊÎ¨ÉÒ¢ Ö ¸μμÉ´μÏ¥´¨¥ (53), ¶μ-
²ÊÎ ¥³, ÎÉμ ³ É·¨Î´Ò° Ô²¥³¥´É (38) ³¥Ì ´¨§³ , ¨²²Õ¸É·¨·Ê¥³μ£μ Î¥ÉÒ·¥Ì-
Ê£μ²Ó´μ° ¤¨ £· ³³μ° ¸ μ¤´μ´ ¶· ¢²¥´´Ò³¨ ²¨´¨Ö³¨, · ¸¸Î¨ÉÒ¢ ¥É¸Ö ¶μ Ëμ·-
³Ê²¥

MF2
BA(θy) =

4
√

2π
kxky

∑
J1J2l

(−1)2Jx+2Jy−M1−J1
√

(2J1 + 1)(2J2 + 1)(2l + 1)×

× 〈JxMxJ1M1 | JBMB〉〈JyMyJ2M2 | JAMA〉〈J1 − M1J2M2 | lm〉×

×
∑

LxLy

iLx+Ly

∑
Λl1l2

{
Lx Λ l1
l2 l Ly

}
〈lmLy − m |Lx0〉Θ̄J1J2

l1l2l �LxLyΛPLy−m(θy),

m = Mx + MA − MB − My. (54)

‚ (54) ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨° ³´μ¦¨É¥²Ó § ¤ ¥É¸Ö ¸μμÉ´μÏ¥´¨¥³ (52),   ³´μ£μ-
³¥·´Ò° ¨´É¥£· ² �LxLyΛ μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

�LxLyΛ = 2iμρσkρσ(−1)Λ+1×

×

⎧⎨
⎩

∞∫
0

r dr�ΛLy

Λ21Λ22l2
(r)hΛ(kρσr)

r∫
0

r′ dr′ �LxΛ
Λ11Λ12l1

(r′)jΛ(kρσr′) +

+

∞∫
0

r′ dr′ �LxΛ
Λ11Λ12l1

(r′)hΛ(kρσr′)

r′∫
0

r dr�ΛLy

Λ21Λ22l2
(r)jΛ(kρσr)

⎫⎬
⎭ . (55)

�¡Ñ¥¤¨´ÖÖ (33) ¨ (54), ¶μ²ÊÎ ¥³ μ±μ´Î É¥²Ó´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¢ÒÎ¨-
¸²¥´¨Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  ·¥ ±Í¨¨ ¢ Œˆ‚�Š�� ¸ ÊÎ¥Éμ³ ¶μ¶· ¢μ± Å
Î²¥´μ¢ ¢Éμ·μ£μ ¶μ·Ö¤± , ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì · §´μ¢·¥³¥´´μ° ¶¥·¥¤ Î¥ ¢¨·ÉÊ-
 ²Ó´ÒÌ ±² ¸É¥·μ¢ ¨ ¨²²Õ¸É·¨·Ê¥³ÒÌ Î¥ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ £· ³³μ° ¸ μ¤´μ´ -
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¶· ¢²¥´´Ò³¨ ¢´ÊÉ·¥´´¨³¨ ²¨´¨Ö³¨:

MDWBA
BA (θy) + MF2

BA(θy) =

= (−1)2Jx+2Jy−J1−M1
4
√

2π

kxky

∑
J1J2

√
(2J1 + 1)(2J2 + 1)(2l + 1)×

× 〈JxMxJ1M1 | JBMB〉〈JyMyJ2M2 | JAMA〉〈J1 − M1J2M2 | lm〉×

×
∑

lΛ1Λ2

∑
LxLy

iLx+Ly〈lmLy − m |Lx0〉PLy−m(θy)×

×
(

ΘJ1J2
Λ1Λ2l�0 +

{
Lx Λ l1
l2 l Ly

}
Θ̄J1J2

l1l2l�LxLyΛ

)
. (56)

‚Ò· ¦¥´¨¥ ¤²Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  ¶·μÍ¥¸¸ , ¨²²Õ¸É·¨·Ê¥³μ£μ ¤¨ -
£· ³³μ° c · §´μ´ ¶· ¢²¥´´Ò³¨ ¢´ÊÉ·¥´´¨³¨ ²¨´¨Ö³¨,  ´ ²μ£¨Î´μ (56) ¸
ÉμÎ´μ¸ÉÓÕ ¤μ § ³¥´Ò ¨´¤¥±¸μ¢ ¸Ê³³¨·μ¢ ´¨Ö ¨ Ï¨·¨´ · ¸¶ ¤  Ö¤¥·.

�μ¤Î¥·±´¥³, ÎÉμ Ëμ·³Ê²Ò ¤²Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  ·¥ ±Í¨¨ ¸ ÊÎ¥Éμ³
³¥Ì ´¨§³  ´¥§ ¢¨¸¨³μ° ¶¥·¥¤ Î¨ ¢¨·ÉÊ ²Ó´ÒÌ ±² ¸É¥·μ¢ ¶μ²ÊÎ¥´Ò ¤²Ö ´¥´Ê-
²¥¢μ£μ · ¤¨Ê¸  ¢§ ¨³μ¤¥°¸É¢¨Ö Î ¸É¨Í, ¡¥§ ¶·¥´¥¡·¥¦¥´¨Ö ÔËË¥±É ³¨ μÉ¤ Î¨,
  É ±¦¥ ¶·¨ ¶μ¸²¥¤μ¢ É¥²Ó´μ³ ÊÎ¥É¥ ¢¸¥Ì · §·¥Ï¥´´ÒÌ ¶· ¢¨² ³¨ μÉ¡μ·  ¸μ-
¸ÉμÖ´¨° ¶·μ³¥¦ÊÉμÎ´μ° ±² ¸É¥·´μ° ¸¨¸É¥³Ò ρ + σ.

3.3. Š· É±μ¥ μ¶¨¸ ´¨¥ ¶·μ£· ³³Ò QUADRO. �·μ£· ³³  QUADRO ¶μ-
§¢μ²Ö¥É · ¸¸Î¨É ÉÓ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ³¥Ì ´¨§³μ¢ ´¥§ ¢¨¸¨³μ° ¶μ¸²¥¤μ¢ -
É¥²Ó´μ° ¶¥·¥¤ Î¨ Î ¸É¨Í. ‘É·Ê±ÉÊ·  ¶·μ£· ³³Ò μ¸´μ¢ ´  ´  Éμ³, ÎÉμ ¨¸-
±μ³Ò° ³ É·¨Î´Ò° Ô²¥³¥´É μ¶·¥¤¥²Ö¥É¸Ö ± ± ¸¢¥·É±  ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢
¤¢ÊÌ ¶μ²Õ¸´ÒÌ ³¥Ì ´¨§³μ¢ ¢ ¶·¨¡²¨¦¥´¨¨ Œˆ‚�Š��. �·¨ ´ ¶¨¸ ´¨¨ ±μ¤ 
 ±É¨¢´μ ¨¸¶μ²Ó§Ê¥É¸Ö ¶·μ£· ³³  OLYMP [33], ·¥ ²¨§ÊÕÐ Ö · ¸Î¥É ¸¥Î¥´¨°
·¥ ±Í¨¨ ¸μ ¸²μ¦´Ò³¨ Î ¸É¨Í ³¨ ¢ · ³± Ì Œˆ‚�Š��.

Šμ¤ QUADRO ¸μ¸Éμ¨É ¨§ Î¥ÉÒ·¥Ì μ¸´μ¢´ÒÌ ÔÉ ¶μ¢. �  ¶¥·¢μ³ ÔÉ ¶¥
· ¸¸³ É·¨¢ ¥É¸Ö ¶μ²Õ¸´ Ö ¤¨ £· ³³  Å ´¨¦´ÖÖ ¶μ²μ¢¨´  Î¥ÉÒ·¥ÌÊ£μ²Ó´μ°
¤¨ £· ³³Ò ·¨¸. 6. ‘ ¶μ³μÐÓÕ ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ ¢ ·¨ ´É  ±μ¤  OLYMP
´  · ¢´μ³¥·´μ° ¸¥É±¥ ¶μ r′ ¸ Ï £μ³ h ¢ÒÎ¨¸²Ö¥É¸Ö ¨ § ¶¨¸Ò¢ ¥É¸Ö ³ ¸¸¨¢
μ¤´μ³¥·´μ£μ ¨´É¥£· ²  �LxΛ

Λ11Λ12l1
(r′) =

∫
rx drxχx(kxrx)FLxΛ

Λ11Λ12l1
(r′, rx).

�  ¢Éμ·μ³ ÔÉ ¶¥ ¸ ¶μ³μÐÓÕ ±μ¤  OLYMP · ¸¸³ É·¨¢ ¥É¸Ö ·¥ ±Í¨Ö
B + y → σ + ρ, μ¡· É´ Ö ¶μ μÉ´μÏ¥´¨Õ ± ¶μ²Õ¸´μ° ¤¨ £· ³³¥ Å ¢¥·Ì´¥°
Î ¸É¨ Î¥ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ £· ³³Ò ·¨¸. 6. �´ ²μ£¨Î´μ ¶¥·¢μ³Ê ÔÉ ¶Ê § ¶μ²-

´Ö¥É¸Ö ³ ¸¸¨¢ ¨´É¥£· ²  �ΛLy

Λ21Λ22l2
(r) =

∫
ry dry χy(kyry)FΛLy

Λ21Λ22l2
(r, ry).

�  É·¥ÉÓ¥³ ÔÉ ¶¥ ¶·μ¢μ¤¨É¸Ö ¢ÒÎ¨¸²¥´¨¥ Î ¸É¨ ¨¸±μ³μ£μ ³ É·¨Î´μ£μ

Ô²¥³¥´É 
∑{Lx Λ l1

l2 l Ly

}
Θ̄J1J2

l1l2l�LxLyΛ. ˆ§ Ë °²  ¸ ¢Ìμ¤´Ò³¨ ¤ ´´Ò³¨

¸Î¨ÉÒ¢ ÕÉ¸Ö ¶ · ³¥É·Ò ·¥ ±Í¨¨, ³ ¸¸¨¢Ò ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨Ì Ë ±Éμ·μ¢ ¤²Ö
´¨¦´¥° ¨ ¢¥·Ì´¥° ¶μ²μ¢¨´Ò Î¥ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ £· ³³Ò. �¶·¥¤¥²ÖÕÉ¸Ö ¨´-
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¤¥±¸Ò ¨ ¶·¥¤¥²Ò ¸Ê³³¨·μ¢ ´¨Ö. „²Ö ± ¦¤μ£μ ¸² £ ¥³μ£μ ¶μ Ëμ·³Ê²¥ (52) ¢Ò-
Î¨¸²Ö¥É¸Ö μ¡μ¡Ð¥´´Ò° ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨° ³´μ¦¨É¥²Ó ·¥ ±Í¨¨ Θ̄J1J2

l1l2l . ‡ -
¶μ²´¥´´Ò¥ · ´¥¥ ³ ¸¸¨¢Ò ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö · ¸Î¥É  ¤¢μ°´μ£μ ¨´É¥£· ²  ¸
¶¥·¥³¥´´Ò³ ¢¥·Ì´¨³ ¶·¥¤¥²μ³ �LxLyΛ:

�LxLyΛ = 2iμρσkρσ(−1)Λ+1 4
√

2π

kxky
×

×

⎧⎨
⎩

∞∫
0

r dr�ΛLy

Λ21Λ22l2
(r)hΛ(kρσr)

r∫
0

r′ dr′ �LxΛ
Λ11Λ12l1

(r′)jΛ(kρσr′) +

+

∞∫
0

r′ dr′ �LxΛ
Λ11Λ12l1

(r′)hΛ(kρσr′)

r′∫
0

r dr�ΛLy

Λ21Λ22l2
(r)jΛ(kρσr)

⎫⎬
⎭ .

‚Ò¶μ²´ÖÕÉ¸Ö ¢¸¥ ´¥μ¡Ìμ¤¨³Ò¥ ¸Ê³³¨·μ¢ ´¨Ö, ¨ ·¥§Ê²ÓÉ¨·ÊÕÐ¨° ³ ¸¸¨¢∑{Lx Λ l1
l2 I Ly

}
Θ̄J1J2

l1l2l�LxLyΛ § ¶¨¸Ò¢ ¥É¸Ö ¢ Ë °².

�  Î¥É¢¥·Éμ³ ÔÉ ¶¥ ¶μ Ëμ·³Ê²¥ (56) · ¸¸Î¨ÉÒ¢ ¥É¸Ö ³ É·¨Î´Ò° Ô²¥³¥´É,
¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¨ ³ É·¨Í  ¶²μÉ´μ¸É¨ ±μ´¥Î´μ£μ Ö¤· 
²¨¡μ Éμ²Ó±μ ¤²Ö Œˆ‚�Š��, ²¨¡μ Éμ²Ó±μ ¤²Ö ³¥Ì ´¨§³  ¶μ¸²¥¤μ¢ É¥²Ó´μ°
¶¥·¥¤ Î¨ Î ¸É¨Í, ²¨¡μ ¨Ì ±μ£¥·¥´É´ Ö ¸Ê³³  (¶μ ¢Ò¡μ·Ê).


²μ±-¸Ì¥³  ¶·μ£· ³³´μ£μ ±μ¤  QUADRO ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 7.

�¨¸. 7. 
²μ±-¸Ì¥³  ¶·μ£· ³³Ò QUADRO
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� §· ¡μÉ ´´ Ö ¶·μ£· ³³  QUADRO ¶μ§¢μ²Ö¥É · ¸¸Î¨ÉÒ¢ ÉÓ ³ É·¨Î´Ò¥
Ô²¥³¥´ÉÒ ³¥Ì ´¨§³μ¢ ´¥§ ¢¨¸¨³μ° ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ Î ¸É¨Í ± ±
¶μ¶· ¢±¨ ¢Éμ·μ£μ ¶μ·Ö¤±  ± Œˆ‚�Š��.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° · §²¨Î´ÒÌ ·¥ ±Í¨° ¢
¸μ¶μ¸É ¢²¥´¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ (É ³, £¤¥ μ´¨ ¨³¥ÕÉ¸Ö) ¶·¥¤-
¸É ¢²¥´Ò ¢ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥.

4. ‘…—…�ˆŸ Š��Š�…’�›• �…�Š–ˆ‰ ‘ “—…’�Œ Œ…•��ˆ‡Œ�‚,
‚Š‹�—��™ˆ• ��‘‹…„�‚�’…‹œ�“� �…�…„�—“ —�‘’ˆ–

�μ²ÊÎ¥´´μ¥ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ ¢Ò· ¦¥´¨¥ (56) ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ³ -
É·¨Î´μ£μ Ô²¥³¥´É  ·¥ ±Í¨¨ ¢ Œˆ‚�Š�� ¸ ÊÎ¥Éμ³ · §´μ¢·¥³¥´´μ° ¶¥·¥¤ Î¨
±² ¸É¥·μ¢ ¨¸¶μ²Ó§Ê¥³ ¤²Ö · ¸Î¥É  Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¸¥Î¥´¨° ±μ´±·¥É-
´ÒÌ ·¥ ±Í¨°. ‚Ò¡μ· ·¥ ±Í¨° μ¡Ê¸²μ¢²¥´ ±·¨É¥·¨Ö³¨ · §¤. 2, ¶·¨ ¢Ò¶μ²´¥´¨¨
±μÉμ·ÒÌ ¢±² ¤ ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ Î ¸É¨Í μ¦¨¤ ¥É¸Ö ¸ÊÐ¥¸É¢¥´´Ò³:
²¨¡μ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¶¥·¥¤ ¢ ¥³ÒÌ Î ¸É¨Í ¸¨²Ó´μ · §²¨Î ÕÉ¸Ö, μ¸μ¡¥´´μ
¢ ¶¥·¨Ë¥·¨Î¥¸±μ° μ¡² ¸É¨ Ö¤· , ²¨¡μ ³¥Ì ´¨§³ ¶¥·¥¤ Î¨ ±² ¸É¥·´μ° ¸¨¸É¥³Ò
λ ¶μ¤ ¢²¥´ ¨²¨ § ¶·¥Ð¥´ ¶· ¢¨² ³¨ μÉ¡μ· . � ·Ö¤Ê ¸ Ê¶·Ê£¨³ · ¸¸¥Ö´¨¥³
· ¸¸³ É·¨¢ ÕÉ¸Ö ·¥ ±Í¨¨ ¸ ÊÎ ¸É¨¥³ ´¥°É·μ´´μ-¨§¡ÒÉμÎ´ÒÌ ²¥£±¨Ì Ö¤¥·.

4.1. � ¸Î¥É  ³¶²¨ÉÊ¤Ò Ê¶·Ê£μ£μ α6He-· ¸¸¥Ö´¨Ö. ‚ μ¶É¨Î¥¸±μ° ³μ¤¥²¨
¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö Î ¸É¨ÍÒ x ´  Ö¤·¥ A μ¶·¥¤¥-
²Ö¥É¸Ö ±¢ ¤· Éμ³  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö dσÊ¶·/dΩ = |f(θ)|2 [34]:

f(θ) = fC(θ) +
1

2ik

∞∑
L=0

(2L + 1) e2iσL(Sopt
L − 1) PL(cos θ),

£¤¥ θ Å Ê£μ² · ¸¸¥Ö´¨Ö; k Å ¢μ²´μ¢μ° ¢¥±Éμ· μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö Î -
¸É¨Í x ¨ A; PL(cos θ) Å ¶μ²¨´μ³Ò ‹¥¦ ´¤· ; fC(θ), σL Å ±Ê²μ´μ¢¸±¨¥
 ³¶²¨ÉÊ¤  ¨ Ë § ; Sopt

L Å ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ S-³ É·¨ÍÒ, μ¶¨¸Ò¢ ÕÐ¥°
¶μÉ¥´Í¨ ²Ó´μ¥ · ¸¸¥Ö´¨¥ ¢ μ¶É¨Î¥¸±μ° ³μ¤¥²¨. Š ± ¶μ± § ´μ ¢ [4], Ê¶·Ê-
£μ¥ · ¸¸¥Ö´¨¥ ¸²μ¦´ÒÌ Î ¸É¨Í, μ¸μ¡¥´´μ ´  ¡μ²ÓÏ¨Ì Ê£² Ì, μ¡Ê¸²μ¢²¥´μ ´¥
Éμ²Ó±μ ¶μÉ¥´Í¨ ²Ó´Ò³ · ¸¸¥Ö´¨¥³. �¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ É ±¦¥ ´¥Ê¶·Ê£¨¥
¶·μÍ¥¸¸Ò, ¢ ¶¥·¢ÊÕ μÎ¥·¥¤Ó É ± ´ §Ò¢ ¥³Ò¥ μ¡³¥´´Ò¥ ³¥Ì ´¨§³Ò, ¸¢Ö§ ´-
´Ò¥ ¸ ¤¨¸¸μÍ¨ Í¨¥° Ö¤· -³¨Ï¥´¨ ´  Ë· £³¥´ÉÒ. ‚ ´ Ï¥³ ¸²ÊÎ ¥ É ±¨³¨
³¥Ì ´¨§³ ³¨ Ö¢²ÖÕÉ¸Ö ±² ¸É¥·´Ò° ¤¨´¥°É·μ´´Ò° μ¡³¥´ ¨ ³¥Ì ´¨§³ ¶μ¸²¥-
¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ ´¥°É·μ´μ¢ (·¨¸. 8).

‚ ·¥§Ê²ÓÉ É¥ ¶μ²´ Ö  ³¶²¨ÉÊ¤  Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö Î ¸É¨Í x ¨ A ±·μ³¥
³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¶μÉ¥´Í¨ ²Ó´μ£μ · ¸¸¥Ö´¨Ö S opt

L ¡Ê¤¥É ¸μ¤¥·¦ ÉÓ μ¡³¥´-
´Ò¥ ±μÔËË¨Í¨¥´ÉÒ a0

L ¨ a1
L:

f(θ) = fC(θ) +
1

2ik

∞∑
L=0

(2L + 1) e2iσL(Sopt
L + a0

L + a1
L − 1)PL(cos θ), (57)
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±μÉμ·Ò¥ Ö¢²ÖÕÉ¸Ö ±μÔËË¨Í¨¥´É ³¨ · §²μ¦¥´¨Ö  ³¶²¨ÉÊ¤
μxA

2π�2
MDWBA

BA ¨
μxA

2π�2
MF2

BA ¢ ·Ö¤ ¶μ ¶μ²¨´μ³ ³ ‹¥¦ ´¤· .

Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ MDWBA
BA , MF2

BA μ¶·¥¤¥²ÖÕÉ¸Ö Ëμ·³Ê² ³¨ (33) ¨ (54)
¸μμÉ¢¥É¸É¢¥´´μ. ‚ ¸²ÊÎ ¥ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö l = 0; kx = ky ; Λ1 = Λ2;
J1 = J2; Lx = Ly = L. ’μ£¤ 

MDWBA
AA =

4
√

2π
k2

x

∑
J1M1

√
(2J1 + 1)〈JxMxJ1M1 | JAMA〉2×

×
∑
LΛ1

(−1)LΘJ1J1
Λ1Λ10PL0(θy)�0

LL0, (58)

£¤¥

ΘJ1J1
Λ1Λ10 =

(−1)Λ1
∑

lAsA

(
Θ̃A→λ+y

Λ1lAlλL2lysAsλsy

)2

√
(2Λ1 + 1)(2J1 + 1)

. (59)

“Î¨ÉÒ¢ Ö ´μ·³¨·μ¢±Ê ¶·¨¸μ¥¤¨´¥´´ÒÌ ¶μ²¨´μ³μ¢ ‹¥¦ ´¤·  PL0 =√
(2L + 1)

2
PL,   É ±¦¥ Éμ, ÎÉμ ¤²Ö Ê¶·Ê£μ£μ α6He-· ¸¸¥Ö´¨Ö Jx = JA = 0,

¤²Ö ±μÔËË¨Í¨¥´Éμ¢ a0
L, ¸¢Ö§ ´´ÒÌ ¸ μ¡³¥´μ³ ¤¨´¥°É·μ´´Ò³ ±² ¸É¥·μ³, ¶μ-

²ÊÎ ¥³:

a0
L =

4μxA

�2k
i
∑
Λ1

(−1)L√
(2L + 1)

(−1)Λ1√
(2Λ1 + 1)

∑
lAsA

(
Θ̃A→λ+y

Λ1lAsA

)2

�0
LL0. (60)

Š ± ¢¨¤´μ ¨§ (60), ¤μ¡ ¢±¨ ±  ³¶²¨ÉÊ¤¥ Ê¶·Ê£μ£μ α6He-· ¸¸¥Ö´¨Ö, μ¡Ê¸²μ-
¢²¥´´Ò¥ ¶¥·¥¤ Î¥° ¤¨´¥°É·μ´´μ£μ ±² ¸É¥· , ³¥´ÖÕÉ §´ ± ± ± (−1)L. „·Ê£¨³¨
¸²μ¢ ³¨, μ´¨ ¨³¥ÕÉ Ë §Ê, ¸μ¢¶ ¤ ÕÐÊÕ ¸ Ë §μ° ¶μ²¨´μ³μ¢ ‹¥¦ ´¤·  ¶μ¤
Ê£²μ³ 180◦, ¨ É¥³ ¸ ³Ò³ μ¡¥¸¶¥Î¨¢ ÕÉ ¢μ§· ¸É ´¨¥ ¸¥Î¥´¨Ö α6He-· ¸¸¥Ö´¨Ö
´  ¡μ²ÓÏ¨Ì Ê£² Ì.

�μ²ÊÎ¨³  ´ ²μ£¨Î´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ±μÔËË¨Í¨¥´Éμ¢ a1
L, μ¶·¥¤¥²ÖÕÐ¨Ì

¤μ¡ ¢±Ê ±  ³¶²¨ÉÊ¤¥ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö, ¸¢Ö§ ´´ÊÕ ¸ ´¥§ ¢¨¸¨³μ° ¶¥·¥¤ Î¥°
´¥°É·μ´μ¢ (·¨¸. 8, ¡). ˆ¸¶μ²Ó§ÊÖ (54), ¤²Ö MF2

BA ¨³¥¥³:

MF2
BA(θy) =

4
√

2π

k2
x

∑
LΛl1

Θ̄J1J1
l1l10 �LLΛPL−m(θy)

(−1)Λ+l1√
(2L + 1)(2l1 + 1)

, (61)

É ± ÎÉμ ±μÔËË¨Í¨¥´ÉÒ a1
L § ¤ ÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

a1
L =

4μxA

�2k
i
∑
l1

l1+L∑
Λ=|l1−L|

(−1)Λ+l1

(2L + 1)
√

(2l1 + 1)
Θ̄J1J1

l1l10 �LLΛ. (62)
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‘μ¶μ¸É ¢²¥´¨¥ (60) ¨ (62) ¶μ§¢μ²Ö¥É Ê¦¥ ´  ± Î¥¸É¢¥´´μ³ Ê·μ¢´¥ ¶μ´ÖÉÓ
¶·¨´Í¨¶¨ ²Ó´Ò¥ · §²¨Î¨Ö ¢ ¶μ¢¥¤¥´¨¨ ¤μ¡ ¢μ± ± SL-³ É·¨Í¥ Ê¶·Ê£μ£μ · ¸-
¸¥Ö´¨Ö, ¸¢Ö§ ´´ÒÌ ¸ μ¡³¥´μ³ ¤¨´¥°É·μ´´Ò³ ±² ¸É¥·μ³ ¨²¨ ¸ ´¥§ ¢¨¸¨³μ°
¶¥·¥¤ Î¥° ´¥°É·μ´μ¢. „¥°¸É¢¨É¥²Ó´μ, ¸É·Ê±ÉÊ·  ±μÔËË¨Í¨¥´Éμ¢ a0

L É ±μ¢ ,
ÎÉμ μ´¨ ¸μ¤¥·¦ É L-· ¸Ð¥¶²ÖÕÐ¨¥ ¤μ¡ ¢±¨ ± SL-³ É·¨Í¥, μ¡¥¸¶¥Î¨¢ Ö ·¥§-
±μ¥ Ê¢¥²¨Î¥´¨¥ ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ´  ¡μ²ÓÏ¨Ì Ê£² Ì. ŠμÔËË¨Í¨¥´ÉÒ a1

L ´¥
¨³¥ÕÉ ¶μ¤μ¡´μ° ¸É·Ê±ÉÊ·Ò, ¶μÔÉμ³Ê ¢±² ¤ ¶·μÍ¥¸¸ , μ¡Ê¸²μ¢²¥´´μ£μ ¶μ¸²¥-
¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¥° ´¥°É·μ´μ¢, ³μ¦¥É ¡ÒÉÓ ¸ÊÐ¥¸É¢¥´¥´ ¶·¨ ¢¸¥Ì Ê£² Ì
· ¸¸¥Ö´¨Ö.

‚Ò¶μ²´¥´¨¥ ±μ´±·¥É´ÒÌ · ¸Î¥Éμ¢ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö Ê¶·Ê£μ£μ
α6He-· ¸¸¥Ö´¨Ö ¸ ÊÎ¥Éμ³ μ¡³¥´´ÒÌ ¤μ¡ ¢μ± É·¥¡Ê¥É μ¶·¥¤¥²¥´¨Ö ¸¶¥±É·μ¸±μ-
¶¨Î¥¸±¨Ì ³´μ¦¨É¥²¥° ¨ ¶ · ³¥É·μ¢ ¶μÉ¥´Í¨ ²μ¢ Ö¤¥·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö.

�¨¸. 8. „¨ £· ³³Ò μ¡³¥´´ÒÌ ³¥Ì ´¨§-
³μ¢ ¶¥·¥¤ Î¨ ´¥°É·μ´μ¢ ¢ Ê¶·Ê£μ³ α6�¥-
· ¸¸¥Ö´¨¨:  ) ¶¥·¥¤ Î¨ ¤¨´¥°É·μ´ ;
¡) ´¥§ ¢¨¸¨³μ° ¶¥·¥¤ Î¨ ´¥°É·μ´μ¢

‘¶¥±É·μ¸±μ¶¨Î¥¸±¨¥ ³´μ¦¨É¥²¨
· ¸¸Î¨ÉÒ¢ ²¨¸Ó ¶μ Ëμ·³Ê² ³ (35),
(52) ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¨´Ëμ·³ Í¨¨
μ ¸É·Ê±ÉÊ·¥ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° Ö¤¥·
6�¥ ¨ 5�¥ ¢ É· ¤¨Í¨μ´´μ° Ö¤¥·-
´μ° μ¡μ²μÎ¥Î´μ° ³μ¤¥²¨ ¸ ¶·μ³¥-
¦ÊÉμÎ´μ° ¸¢Ö§ÓÕ [35]. „²Ö ¤¢ÊÌ-
¸ÉÊ¶¥´Î Éμ£μ ³¥Ì ´¨§³  ¶μ¸²¥¤μ¢ -
É¥²Ó´μ° ¶¥·¥¤ Î¨ ´¥°É·μ´μ¢ ¶· ¢¨-
² ³¨ μÉ¡μ·  · §·¥Ï¥´μ ¥¤¨´¸É¢¥´-
´μ¥ ¸μ¸ÉμÖ´¨¥ Ö¤·  5�¥ ¸ J =1/2.
‚ Éμ ¦¥ ¢·¥³Ö μ¸´μ¢´μ¥ co¸ÉμÖ- ’ ¡²¨Í  1. ‘¶¥±É·μ¸±μ¶¨Î¥¸±¨¥ ³´μ¦¨-

É¥²¨ Θ̄J1J2
Λ1Λ2l ¤²Ö ¤¢ÊÌ¸ÉÊ¶¥´Î Éμ£μ ³¥Ì -

´¨§³  ¢ Ê¶·Ê£μ³ α 6He-· ¸¸¥Ö´¨¨ (Λ1 =
Λ2 = 1, J1 = J2)

J1 l = 0 l = 1

1/2 0,04 0,03

´¨¥ 5�¥ ´  95 % Ö¢²Ö¥É¸Ö ¸μ¸ÉμÖ-
´¨¥³ ¸ J = 3/2 [35]. ‘μμÉ¢¥É¸É¢Ê-
ÕÐ¨° ¢¥¸μ¢μ° ³´μ¦¨É¥²Ó ¡Ò² ÊÎÉ¥´
¶·¨ · ¸Î¥É¥ ¶·¨¢¥¤¥´´μ° Ï¨·¨´Ò · ¸-
¶ ¤  6�¥→ 5�¥+ n. ‘¶¥±É·μ¸±μ¶¨-
Î¥¸±¨° ³´μ¦¨É¥²Ó ¤¨´¥°É·μ´  (¶μ-
²Õ¸´ Ö ¤¨ £· ³³  ·¨¸. 8,  ) μ¶·¥¤¥²¥´
´ ³¨ Î¥·¥§ ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨° ³´μ¦¨É¥²Ó ¤¥°É·μ´  ¢ 6Li ¨ · ¢¥´ 1,68 [36],  
¸¶¥±É·μ¸±μ¶¨Î¥¸±¨¥ ³´μ¦¨É¥²¨ ´¨¦´¥° ¨ ¢¥·Ì´¥° ¶μ²μ¢¨´ Î¥ÉÒ·¥ÌÊ£μ²Ó´μ°
¤¨ £· ³³Ò ·¨¸. 8, ¡ (l1 = 0, 1) ¶·¨¢¥¤¥´Ò ¢ É ¡². 1.

�μ ¶μ¢μ¤Ê ¢Ò¡μ·  ¶ · ³¥É·μ¢ ¶μÉ¥´Í¨ ²  α6He-¢§ ¨³μ¤¥°¸É¢¨Ö ³μ¦´μ
¸± § ÉÓ ¸²¥¤ÊÕÐ¥¥. �¡ÒÎ´μ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨¥ ¶μÉ¥´Í¨ ²Ò Ö¤¥·´μ£μ ¢§ ¨-
³μ¤¥°¸É¢¨Ö ¸ · §²¨Î´Ò³¨ ´ ¡μ· ³¨ ¶ · ³¥É·μ¢ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢ μ¶·¥¤¥²¥´´μ°
³μ¤¥²¨ ¤²Ö · ¸Î¥Éμ¢ Ì · ±É¥·¨¸É¨± ·¥ ±Í¨°, ¨³¥ÕÐ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
 ´ ²μ£¨. ˆÉμ£μ¢Ò° ´ ¡μ· ¶ · ³¥É·μ¢ μ¶·¥¤¥²Ö¥É¸Ö ¨§ μ¶É¨³ ²Ó´μ£μ ¸μμÉ¢¥É-
¸É¢¨Ö ¸μ¢μ±Ê¶´μ¸É¨ · ¸Î¥É´ÒÌ ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. �μ¤μ¡· ´´Ò¥
É ±¨³ μ¡· §μ³ ¶ · ³¥É·Ò § ¢¨¸ÖÉ μÉ ³μ¤¥²¨ ¨ ±μ³¶¥´¸¨·ÊÕÉ ¥¥ ´¥¤μ¸É É±¨.
’ ±, μ¶É¨Î¥¸±¨¥ ¶μÉ¥´Í¨ ²Ò, ¶μ²ÊÎ¥´´Ò¥ ¨§ ¶μ¤£μ´±¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
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Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ± · ¸Î¥É´Ò³ ¢ ³μ¤¥²¨ ¶μÉ¥´Í¨ ²Ó´μ£μ · ¸¸¥Ö´¨Ö, ÊÎ¨-
ÉÒ¢ ÕÉ μÉ¸ÊÉ¸É¢¨¥ ¢ ³μ¤¥²¨ ¡μ²¥¥ ¸²μ¦´ÒÌ ³¥Ì ´¨§³μ¢ (¸¢Ö§¨ ± ´ ²μ¢, μ¡-
³¥´´ÒÌ ¤μ¡ ¢μ± ¨ É. ¶.). �μÔÉμ³Ê ¶·¨ ¨§³¥´¥´¨¨ ³μ¤¥²¨ ¨ ¢±²ÕÎ¥´¨¨ ¤μ¶μ²-
´¨É¥²Ó´ÒÌ ³¥Ì ´¨§³μ¢ §´ Î¥´¨Ö ¶ · ³¥É·μ¢ ¶μÉ¥´Í¨ ²μ¢ ´¥ Éμ²Ó±μ ³μ£ÊÉ, ´μ
¨ ¤μ²¦´Ò ¢ ·Ó¨·μ¢ ÉÓ¸Ö ¢ · §Ê³´ÒÌ ¶·¥¤¥² Ì. �·¨ ÊÎ¥É¥ ¤μ¡ ¢±¨ ±  ³¶²¨-
ÉÊ¤¥ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö, ¸¢Ö§ ´´μ° Éμ²Ó±μ ¸ ¶¥·¥¤ Î¥° ¤¨´¥°É·μ´  [36, 37],
¶·¨Ï²μ¸Ó ¨¸¶μ²Ó§μ¢ ÉÓ ¸²¨Ï±μ³ £²Ê¡μ±¨° ¨ Ê§±¨° (ÎÉμ ´¥ ¢¶μ²´¥ ¸μμÉ-
¢¥É¸É¢Ê¥É Ë¨§¨Î¥¸±μ° ± ·É¨´¥) μ¶É¨Î¥¸±¨° ¶μÉ¥´Í¨ ² α6He-¢§ ¨³μ¤¥°¸É¢¨Ö.
�·¨ ¢±²ÕÎ¥´¨¨ ´ ·Ö¤Ê ¸ ¶¥·¥¤ Î¥° ¤¨´¥°É·μ´  ¤¢ÊÌ¸ÉÊ¶¥´Î Éμ£μ ³¥Ì ´¨§³ 
¶¥·¥¤ Î¨ ´¥°É·μ´μ¢ [38] ´ ¨²ÊÎÏ¥£μ ¸μ£² ¸¨Ö ¸ Ô±¸¶¥·¨³¥´Éμ³ Ê¤ ²μ¸Ó ¤μ-
¸É¨ÎÓ ¸ μ¶É¨Î¥¸±¨³ ¶μÉ¥´Í¨ ²μ³ É· ¤¨Í¨μ´´μ° ¢Ê¤¸-¸ ±¸μ´μ¢¸±μ° Ëμ·³Ò,
¨³¥ÕÐ¨³ ¡μ²¥¥ Ë¨§¨Î¥¸±¨¥ §´ Î¥´¨Ö ¶ · ³¥É·μ¢ (³¥´ÓÏ Ö £²Ê¡¨´  ¨ ¡�μ²Ó-
Ï¨° · ¤¨Ê¸). �Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ³μ¦¥É ¸²Ê¦¨ÉÓ ¥Ð¥ μ¤´¨³ ¶μ¤É¢¥·¦¤¥´¨¥³
´¥μ¡Ìμ¤¨³μ¸É¨ ÊÎ¥É  ³¥Ì ´¨§³  ´¥§ ¢¨¸¨³μ° ¶¥·¥¤ Î¨ ´¥°É·μ´μ¢ ¢ Ê¶·Ê£μ³
α6He-· ¸¸¥Ö´¨¨. Šμ´±·¥É´Ò¥ §´ Î¥´¨Ö ¶ · ³¥É·μ¢ μ¶É¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ² 
α6He-· ¸¸¥Ö´¨Ö ¶·¨¢¥¤¥´Ò ¢ É ¡². 2.

’¥μ·¥É¨Î¥¸±μ¥ Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¸¥Î¥´¨Ö Ê¶·Ê£μ£μ α6He-· ¸¸¥Ö´¨Ö
μ¶·¥¤¥²Ö²μ¸Ó ¸μ£² ¸´μ (57) ¢ ·¥§Ê²ÓÉ É¥ ±μ£¥·¥´É´μ£μ ¸Ê³³¨·μ¢ ´¨Ö  ³¶²¨ÉÊ¤
É·¥Ì ³¥Ì ´¨§³μ¢: ¶μÉ¥´Í¨ ²Ó´μ£μ · ¸¸¥Ö´¨Ö, ¶μ²Õ¸´μ£μ ³¥Ì ´¨§³  ¶¥·¥¤ Î¨
¤¨´¥°É·μ´  ¨ ³¥Ì ´¨§³  ¶μÔÉ ¶´μ° ¶¥·¥¤ Î¨ ´¥°É·μ´μ¢ μÉ Ö¤·  6�¥ ± α-
Î ¸É¨Í¥. � ¸¸Î¨É ´´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ Ê¶·Ê£μ£μ α6He-· ¸¸¥Ö´¨Ö
¶·¨ E²¸ = 19,6 ŒÔ‚ (EÍ³ = 11,76 ŒÔ‚) ¸μ¶μ¸É ¢²¥´μ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨ (·¨¸. 9).

Š ± ¢¨¤´μ ¨§ ·¨¸Ê´± , ¢±² ¤Ò ¢¸¥Ì É·¥Ì · ¸¸³ É·¨¢ ¥³ÒÌ ³¥Ì ´¨§³μ¢
¸μ¶μ¸É ¢¨³Ò ¶μ ¢¥²¨Î¨´¥, ¨³¥¥É ³¥¸Éμ ± ± ±μ´¸É·Ê±É¨¢´ Ö, É ± ¨ ¤¥¸É·Ê±É¨¢-
´ Ö (¢ · °μ´¥ 60◦) ¨´É¥·Ë¥·¥´Í¨Ö. ”μ·³  · ¸Î¥É´μ° ±·¨¢μ° ¸μμÉ¢¥É¸É¢Ê¥É
Ô±¸¶¥·¨³¥´É ²Ó´μ° ¡¥§ ¢¢¥¤¥´¨Ö ± ±¨Ì-²¨¡μ ¤μ¶μ²´¨É¥²Ó´ÒÌ ³´μ¦¨É¥²¥°,
´μ·³¨·ÊÕÐ¨Ì ¢±² ¤Ò μÉ¤¥²Ó´ÒÌ ³¥Ì ´¨§³μ¢.

“£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¢ μ¡² ¸É¨ Ê£²μ¢ ¤μ 50◦ μ¶·¥¤¥²Ö¥É¸Ö ¶μÉ¥´Í¨ ²Ó-
´Ò³ · ¸¸¥Ö´¨¥³. ‚ ÔÉμ° Ê£²μ¢μ° μ¡² ¸É¨ ¢±² ¤ ¤¢ÊÌ¸ÉÊ¶¥´Î Éμ£μ ³¥Ì ´¨§³ 
¶¥·¥¤ Î¨ ´¥°É·μ´μ¢ ¶·¥¢ÒÏ ¥É ¢±² ¤ ³¥Ì ´¨§³  ¶¥·¥¤ Î¨ ¤¨´¥°É·μ´ . 
μ²¥¥
Éμ£μ, ± ± ¨ μ¦¨¤ ²μ¸Ó, ¢±² ¤ ÔÉμ£μ ³¥Ì ´¨§³  ¢ ¸¥Î¥´¨¥ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö
¸ÊÐ¥¸É¢¥´¥´ ¶·¨ ¢¸¥Ì Ê£² Ì ¢Ò²¥É  · ¸¸¥Ö´´ÒÌ Î ¸É¨Í. �·¨ ¡μ²ÓÏ¨Ì Ê£² Ì
¢±² ¤ ³¥Ì ´¨§³μ¢ ¶¥·¥¤ Î¨ ¤¨´¥°É·μ´  ¨ ´¥§ ¢¨¸¨³μ° ¶¥·¥¤ Î¨ ´¥°É·μ´μ¢
¸É ´μ¢¨É¸Ö ¤μ³¨´¨·ÊÕÐ¨³.

�¥·¥¤ Î  ¤¨´¥°É·μ´  ¶·μ¨¸Ìμ¤¨É ¢ ¶¥·¨Ë¥·¨Î¥¸±μ° μ¡² ¸É¨ Ö¤· , ÎÉμ
Ô±¢¨¢ ²¥´É´μ μ¸² ¡²¥´¨Õ ¶μ£²μÐ¥´¨Ö ÔÉμ£μ ±² ¸É¥·  ¢μ ¢´ÊÉ·¥´´¥° μ¡² -
¸É¨ Ö¤· . ‚ · §²¨Î´ÒÌ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨Ì ¶μ¤Ìμ¤ Ì ¶μ¤μ¡´μ¥ μ¸² ¡²¥´¨¥
¢¢μ¤¨É¸Ö É¥³ ¨²¨ ¨´Ò³ ³μ¤¥²Ó´Ò³ ¸¶μ¸μ¡μ³. ‚¸¥ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨¥ ³μ-
¤¥²¨ ¶·¨¢μ¤ÖÉ ± ´¥³μ´μÉμ´´μ° § ¢¨¸¨³μ¸É¨ S-³ É·¨ÍÒ μÉ L ¢ ¶μ¢¥·Ì´μ¸É´μ°
μ¡² ¸É¨ Ö¤·  [4]. �²ÓÉ¥·´ É¨¢´Ò° ³¥Éμ¤ Å ÊÎ¥É ¶¥·¥¤ Î¨ ¤¨´¥°É·μ´  Å ¶μ-
§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ÔÉ¨ ´¥³μ´μÉμ´´μ¸É¨ ´  ³¨±·μ¸±μ¶¨Î¥¸±μ° μ¸´μ¢¥.
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�¨¸. 9. „¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ Ê¶·Ê£μ£μ α6�¥-· ¸¸¥Ö´¨Ö: ¶Ê´±É¨·´ Ö ±·¨¢ Ö Å
¸¥Î¥´¨¥ ¶μÉ¥´Í¨ ²Ó´μ£μ · ¸¸¥Ö´¨Ö; ÏÉ·¨Ìμ¢ Ö Å ¶¥·¥¤ Î¨ ¤¨´¥°É·μ´ ; ÏÉ·¨Ì¶Ê´±-
É¨·´ Ö Å ´¥§ ¢¨¸¨³μ° ¶¥·¥¤ Î¨ ´¥°É·μ´μ¢; ¸¶²μÏ´ Ö Éμ´± Ö Å ±μ£¥·¥´É´ Ö ¸Ê³³ 
¢±² ¤μ¢ ¤¢ÊÌ ³¥Ì ´¨§³μ¢ ¶¥·¥¤ Î¨ ´¥°É·μ´μ¢; ¸¶²μÏ´ Ö Éμ²¸É Ö Å ±μ£¥·¥´É´ Ö ¸Ê³³ 
¢±² ¤μ¢ ¢¸¥Ì ³¥Ì ´¨§³μ¢, ÉμÎ±¨ Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [37, 39]

�¨¸. 10. ŠμÔËË¨Í¨¥´É μÉ· ¦¥´¨Ö ηL = |SL| ¢ § ¢¨¸¨³μ¸É¨ μÉ L ¤²Ö Ê¶·Ê£μ£μ α 6�¥-
· ¸¸¥Ö´¨Ö. ‘¶²μÏ´ Ö ±·¨¢ Ö Å ¶μ²´Ò¥ ηL; ÏÉ·¨Ìμ¢ Ö Å ηopt

L ; ÏÉ·¨Ì¶Ê´±É¨·´ Ö Å
μ¡³¥´´Ò¥ ¤μ¡ ¢±¨ |a0

L|

—Éμ¡Ò ´ £²Ö¤´μ ¶·μ¤¥³μ´¸É·¨·μ¢ ÉÓ ´¥³μ´μÉμ´´Ò° ·¥§μ´ ´¸´Ò° Ì · ±-
É¥· § ¢¨¸¨³μ¸É¨ ¶μ²´μ° S-³ É·¨ÍÒ μÉ L, ´  ·¨¸. 10 ¶·¨¢¥¤¥´Ò ¶μ²´Ò¥ ηL =
|Sopt

L + a0
L| ¨ μ¶É¨Î¥¸±¨¥ ηopt

L = |Sopt
L | ±μÔËË¨Í¨¥´ÉÒ μÉ· ¦¥´¨Ö,   É ±¦¥

¤μ¡ ¢±¨ |a0
L|, ¸¢Ö§ ´´Ò¥ ¸ ¶¥·¥¤ Î¥° ¤¨´¥°É·μ´  [36].
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Š ± ¢¨¤´μ ¨§ ·¨¸Ê´± , ÊÎ¥É ¶¥·¥¤ Î¨ ¤¨´¥°É·μ´  ¶·¨¢μ¤¨É ± ¸ÊÐ¥¸É¢¥´-
´μ° ´¥³μ´μÉμ´´μ¸É¨ S-³ É·¨ÍÒ ± ± ¶·¨ ³ ²ÒÌ L, É ± ¨ ´  £· ´¨Í¥ Ö¤· 
¶·¨ L ∼ 5−6. �μ²´Ò° ±μÔËË¨Í¨¥´É μÉ· ¦¥´¨Ö μ¡´ ·Ê¦¨¢ ¥É ¡μ²¥¥ ·¥§-
±¨° ¶μ¤Ìμ¤ ± ¥¤¨´¨Í¥, Î¥³ ¥£μ ¶μÉ¥´Í¨ ²Ó´Ò°  ´ ²μ£. ŒÒ μÉ³¥Î ²¨, ÎÉμ
¤μ¡ ¢±¨ a0

L ³¥´ÖÕÉ §´ ± ± ± (−1)L, É. ¥. Ë¥´μ³¥´μ²μ£¨Î¥¸± Ö ³μ¤¥²Ó ¸ L-
· ¸Ð¥¶²ÖÕÐ¨³¸Ö ¶μÉ¥´Í¨ ²μ³ É ±¦¥ ³μ¦¥É ¡ÒÉÓ ¢μ¸¶·μ¨§¢¥¤¥´  ¤μ¡ ¢±μ° ±
S-³ É·¨Í¥, μ¡Ê¸²μ¢²¥´´μ° ¶¥·¥¤ Î¥° ¤¨´¥°É·μ´ . „·Ê£¨³¨ ¸²μ¢ ³¨, ¢¢¥¤¥´¨¥
¤μ¡ ¢±¨ a0

L ± ¶μÉ¥´Í¨ ²Ó´μ³Ê · ¸¸¥Ö´¨Õ ¶μ§¢μ²Ö¥É ¢ · ³± Ì ¥¤¨´μ£μ É¥μ·¥É¨-
Î¥¸±μ£μ ¶μ¤Ìμ¤  ¶μ²ÊÎ¨ÉÓ ¤¥É ²Ó´μ¥ μ¶¨¸ ´¨¥ μ¸μ¡¥´´μ¸É¥° ±μÔËË¨Í¨¥´Éμ¢
μÉ· ¦¥´¨Ö, ¶μ¸ÉÊ²¨·Ê¥³ÒÌ ¢ · §²¨Î´ÒÌ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨Ì ³μ¤¥²ÖÌ.

‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ´¨ μ¤´  ¨§ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨Ì ³μ¤¥²¥° ´¥ ³μ¦¥É
¤ ÉÓ ¸Éμ²Ó ¡μ£ Éμ° Ë¨§¨Î¥¸±μ° ¨´Ëμ·³ Í¨¨ μ ¶μ¢¥¤¥´¨¨ S-³ É·¨ÍÒ ¢¡²¨§¨
¶μ¢¥·Ì´μ¸É¨ Ö¤·  (  É¥³ ¸ ³Ò³ ¨ ¶μ¢¥¤¥´¨¨ ¸¥Î¥´¨Ö ¢ μ¡² ¸É¨ ¡μ²ÓÏ¨Ì
Ê£²μ¢), ± ± ³¨±·μ¸±μ¶¨Î¥¸±¨° ¶μ¤Ìμ¤, ¸¢Ö§ ´´Ò° ¸ ÊÎ¥Éμ³ ¶¥·¥¤ Î¨ ¤¨´¥°-
É·μ´ .

�μ¢¥¤¥´¨¥ S-³ É·¨ÍÒ ¢ ¶μ¢¥·Ì´μ¸É´μ° μ¡² ¸É¨ Ö¤·  ¶μ§¢μ²Ö¥É ´¥§ ¢¨¸¨-
³Ò³ μ¡· §μ³ μÍ¥´¨ÉÓ Rα−2n. ƒ· ´¨Î´μ¥ §´ Î¥´¨¥ L ∼= 5 ¸μμÉ¢¥É¸É¢Ê¥É ¶·¨
Ô´¥·£¨ÖÌ ∼ 10 ŒÔ‚ ¢ ¸. Í. ³. §´ Î¥´¨Õ Rα−2n

∼= 4,4 ”³.
4.2. � ¸Î¥É ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ ¶¥·¥§ ·Ö¤±¨

p(6He, n)6Li(0+). �¥ ±Í¨Ö p(6He,nγ)6Li Ö¢²Ö¥É¸Ö ¶·¨³¥·μ³ ·¥ ±Í¨°, Î·¥§-
¢ÒÎ °´μ ¢ ¦´ÒÌ ¤²Ö ¶μ´¨³ ´¨Ö ³¥Ì ´¨§³  μ¡· §μ¢ ´¨Ö ²¥£±¨Ì Ô²¥³¥´Éμ¢ ¢μ
‚¸¥²¥´´μ°. �·¨ ´Ê±²¥μ¸¨´É¥§¥ ¡μ²ÓÏμ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨° ¸ ÊÎ ¸É¨¥³ ¸² ¡μ-
¸¢Ö§ ´´ÒÌ Ö¤¥· (6He, 9Li, 7‚¥ ¨ ¤·.) ³μ¦¥É ¨§³¥´¨ÉÓ Í¥¶μÎ±¨ β-· ¸¶ ¤μ¢,
¶·¨¢μ¤ÖÐ¨Ì ± μ¡· §μ¢ ´¨Õ · §²¨Î´ÒÌ Ô²¥³¥´Éμ¢ [40],   ¸²¥¤μ¢ É¥²Ó´μ, ¨
¢¥¸Ó ¸Í¥´ ·¨° ´Ê±²¥μ¸¨´É¥§ .

�·¨ · ¸Î¥É¥ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨¨ ¶¥·¥§ ·Ö¤±¨
p(6He,n)6Li (0+, 3,56 ŒÔ‚) ÊÎ¨ÉÒ¢ ²¨¸Ó ³¥Ì ´¨§³Ò ¸·Ò¢  ÉÖ¦¥²μ£μ ±² -
¸É¥·  5�¥, § ³¥Ð¥´¨Ö ¶·μÉμ´μ³ ¢¨·ÉÊ ²Ó´μ£μ ´¥°É·μ´  ¢ ¶μ²¥ ±² ¸É¥·  5�¥
¨ ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ ´¥°É·μ´  ¨ α-Î ¸É¨ÍÒ, ¨²²Õ¸É·¨·Ê¥³Ò¥ ¤¨ -
£· ³³ ³¨ ·¨¸. 11.

�¨¸. 11. „¨ £· ³³Ò ³¥Ì ´¨§³μ¢ ÉÖ¦¥²μ£μ ¸·Ò¢  ( ), § ³¥Ð¥´¨Ö (¡) ¨ ¶μ¸²¥¤μ¢ É¥²Ó´μ°
¶¥·¥¤ Î¨ ±² ¸É¥·  5�¥ (¢) ¢ ·¥ ±Í¨¨ p(6He, n)6Li (0+)
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�μ¸±μ²Ó±Ê Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶μ ÔÉμ° ·¥ ±Í¨¨ ¢ μ¡² ¸É¨ Ô´¥·-
£¨° ∼ 10 ŒÔ‚/´Ê±²μ´ μÉ¸ÊÉ¸É¢ÊÕÉ, ¶μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶μ ¤¨ËË¥·¥´Í¨-
 ²Ó´μ³Ê ¸¥Î¥´¨Õ ÔÉμ° ·¥ ±Í¨¨ ´μ¸ÖÉ ¶·¥¤¸± § É¥²Ó´Ò° Ì · ±É¥·.

‚Ò¶μ²´¥´´Ò¥ ´ ³¨ · ¸Î¥ÉÒ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ p(6He,n)6Li(0+) ¶·¨
EÍ³ = 9 ŒÔ‚ ¶μ ³¥Éμ¤Ê HMS (Hybrid Monte Carlo Simulation) [41] ¶μ± -
§ ²¨, ÎÉμ ¢ ÔÉμ° ·¥ ±Í¨¨ Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ´¥°É·μ´μ¢, μ¡· §ÊÕÐ¨Ì¸Ö ¢
·¥§Ê²ÓÉ É¥ ¶·¥¤· ¢´μ¢¥¸´ÒÌ ¶·μÍ¥¸¸μ¢, ¸μ¸·¥¤μÉμÎ¥´μ ¢ μ¡² ¸É¨ Ê£²μ¢ ¢Ò²¥É 
´¥°É·μ´μ¢ ¤μ 10 ◦. �¡· §μ¢ ´¨¥ ´¥°É·μ´μ¢ ¶·¨ ¡�o²ÓÏ¨Ì Ê£² Ì ¶·μ¨¸Ìμ¤¨É § 
¸Î¥É ¶·Ö³ÒÌ ³¥Ì ´¨§³μ¢.

ˆ¸¶μ²Ó§Ê¥³Ò¥ ¢ · ¸Î¥É Ì μ¶É¨Î¥¸±¨¥ ¶μÉ¥´Í¨ ²Ò μ¶·¥¤¥²¥´Ò ¢ · ³± Ì
£²μ¡ ²Ó´μ£μ ¶μÉ¥´Í¨ ²  [42], ·¥ ²¨§μ¢ ´´μ£μ ¸ ¶μ³μÐÓÕ ¶ ±¥É 
EMPIRE [43]. ŒÒ ¨¸¶μ²Ó§μ¢ ²¨ ÔÉ¨ ¶μÉ¥´Í¨ ²Ò ¡¥§ ± ±¨Ì-²¨¡μ ¨§³¥´¥-
´¨°. Šμ´±·¥É´Ò¥ §´ Î¥´¨Ö ¨Ì ¶ · ³¥É·μ¢ ¶·¨¢¥¤¥´Ò ¢ É ¡². 2. ŠμÔËË¨Í¨-
¥´ÉÒ · §²μ¦¥´¨Ö ¢μ²´μ¢μ° ËÊ´±Í¨¨ 6Li (0+; 3,56 ŒÔ‚, T = 1) ¶μ ¡ §¨¸Ê
LS-¸¢Ö§¨, ´¥μ¡Ìμ¤¨³Ò¥ ¤²Ö · ¸Î¥É  ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨Ì Ë ±Éμ·μ¢, ¢§ÖÉÒ
¨§ [35]. ‘¶¥±É·μ¸±μ¶¨Î¥¸±¨° ³´μ¦¨É¥²Ó ¤²Ö ³¥Ì ´¨§³  ÉÖ¦¥²μ£μ ¸·Ò¢  ¨
§ ³¥Ð¥´¨Ö ¸μ¸É ¢¨² ΘJ1=1, J2=1

Λ1=1, Λ2=1, l=0 = 0,693. ‡´ Î¥´¨Ö ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨Ì
³´μ¦¨É¥²¥° ¤²Ö Î¥ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ £· ³³Ò ¤ ´Ò ¢ É ¡². 3.

’ ¡²¨Í  3. ‘¶¥±É·μ¸±μ¶¨Î¥¸±¨¥ ³´μ¦¨É¥²¨ ΘJn1Jn2
Λn1Λn2ln

¤²Ö ± ¦¤μ£μ ÔÉ ¶  ¤¢ÊÌ¸ÉÊ-

¶¥´Î Éμ£μ ³¥Ì ´¨§³  ¢ ·¥ ±Í¨¨ 6He(p, n)6Li(0+) (ln = 1, Jn2 = 0, Λn2 = 0)

�É ¶ ³¥Ì ´¨§³  Jn1 Λ11 = 1 Λ21 = 2

�¨¦´ÖÖ ¶μ²μ¢¨´  1/2 0,521
¤¨ £· ³³Ò, n = 1

‚¥·Ì´ÖÖ ¶μ²μ¢¨´ 
¤¨ £· ³³Ò, n = 2

1
Ä0,666

0

�¨¸. 12. „¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·¥-
 ±Í¨¨ p(6He,n)6Li(0+). ’μ´± Ö ¸¶²μÏ-
´ Ö ±·¨¢ Ö Å ¢±² ¤ ³¥Ì ´¨§³μ¢ ÉÖ-
¦¥²μ£μ ¸·Ò¢  ¨ § ³¥Ð¥´¨Ö; ÏÉ·¨Ìμ-
¢ Ö Å ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ ±² -
¸É¥·μ¢; Éμ²¸É Ö ¸¶²μÏ´ Ö Å ¸Ê³³ ·´μ¥
¸¥Î¥´¨¥

� ¸¸Î¨É ´´Ò¥ ¢±² ¤Ò ± ¦¤μ£μ ¨§ ³¥Ì ´¨§³μ¢ ¨ ¶μ²´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó-
´μ¥ ¸¥Î¥´¨¥ ¢ § ¢¨¸¨³μ¸É¨ μÉ Ê£²  ¢Ò²¥É  ´¥°É·μ´μ¢ ¶μ± § ´Ò ´  ·¨¸. 12.



Œ…•��ˆ‡Œ› ��‘‹…„�‚�’…‹œ��‰ �…�…„�—ˆ —�‘’ˆ– 331

‘¥Î¥´¨Ö ¢¸¥Ì · ¸¸³ É·¨¢ ¥³ÒÌ ³¥Ì ´¨§³μ¢ ¸μ¶μ¸É ¢¨³Ò ¶μ ¢¥²¨Î¨´¥.
Šμ£¥·¥´É´Ò° ¢±² ¤ ³¥Ì ´¨§³μ¢ ÉÖ¦¥²μ£μ ¸·Ò¢  ¨ § ³¥Ð¥´¨Ö ¢¶²μÉÓ ¤μ Ê£²μ¢
θn ∼ 120 ◦ ¶· ±É¨Î¥¸±¨ ¨§μÉ·μ¶¥´, μ¤´ ±μ ¶·¨ ¡�μ²ÓÏ¨Ì Ê£² Ì μ´ ¢μ§· ¸É ¥É.
‚±² ¤ ³¥Ì ´¨§³  ´¥§ ¢¨¸¨³μ° ¶¥·¥¤ Î¨ ±² ¸É¥·μ¢ ´μ¸¨É μ¸Í¨²²¨·ÊÕÐ¨° Ì -
· ±É¥· ¸ μ¸´μ¢´Ò³ ³ ±¸¨³Ê³μ³ ¶μ¤ ¡μ²ÓÏ¨³¨ Ê£² ³¨. ‘Ê³³ ·´μ¥ ¤¨ËË¥-
·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¶¥·¥§ ·Ö¤±¨ ¶·¨ ÊÎ¥É¥ ¢¸¥Ì É·¥Ì ³¥Ì ´¨§³μ¢
¨³¥¥É ¸² ¡μ μ¸Í¨²²¨·ÊÕÐÊÕ § ¢¨¸¨³μ¸ÉÓ μÉ θn ¸ ³ ±¸¨³Ê³μ³ ¶·¨ θn = 180 ◦.
�μ²´μ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¸μ¸É ¢²Ö¥É ≈ 0,56 ¡.

4.3. � ¸Î¥É ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 7Li(t, p)9Li. ŒÒ · ¸-
¸Î¨É ²¨ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ 7Li(t, p)9Li ¶·¨ Ô´¥·£¨¨ É·¨É¨Ö
EÍ³ = 9 ŒÔ‚ ¢ · ³± Ì ³¥Ì ´¨§³μ¢ ¶μ¤Ì¢ É  ¤¨´¥°É·μ´  ¨ ¶μ¸²¥¤μ¢ É¥²Ó´μ°
¶¥·¥¤ Î¨ ´¥°É·μ´μ¢ (¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¤¨ £· ³³Ò ¤ ´Ò ´  ·¨¸. 13).

�¨¸. 13. „¨ £· ³³Ò ³¥Ì ´¨§³μ¢ ¶¥-
·¥¤ Î¨ ¤¨´¥°É·μ´´μ£μ ±² ¸É¥·  ¢ ·¥-
 ±Í¨¨ A(t, p)B:  ) ¶μ¤Ì¢ É  ¤¨´¥°-
É·μ´ ; ¡) ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨
´¥°É·μ´μ¢

� · ³¥É·Ò · ¸Î¥É  (μ¶É¨Î¥¸±¨¥ ¶μÉ¥´Í¨ ²Ò ¨ ¸É·Ê±ÉÊ·´Ò¥ ³´μ¦¨É¥²¨)
μ¶·¥¤¥²¥´Ò ´ ³¨ É ±¨³ ¦¥ μ¡· §μ³, ± ± ¨ ¤²Ö ·¥ ±Í¨¨ ¶¥·¥§ ·Ö¤±¨.

’ ¡²¨Í  4. ‘¶¥±É·μ¸±μ¶¨Î¥¸±¨¥ ³´μ-
¦¨É¥²¨ ΘJ1J2

Λ1Λ2l ¤²Ö ¶·Ö³ÒÌ ³¥Ì ´¨§-
³μ¢ ¶μ¤Ì¢ É  ¤¨´¥°É·μ´´μ£μ ±² ¸É¥· 
¨ ÉÖ¦¥²μ£μ § ³¥Ð¥´¨Ö (J2 = Λ2 = 0) ¢
·¥ ±Í¨¨ 7Li(t, p)9Li (l1 = l2 = 1, J12 =
J22, Λ12 = Λ22 = 0, Λ11 = Λ21 = 1)

J1
l = 0, l = 2,
Λ1 = 0 Λ1 = 2

0 0,205
2 0,145

ŠμÔËË¨Í¨¥´ÉÒ · §²μ¦¥´¨Ö ¢μ²´μ¢μ°
ËÊ´±Í¨¨ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö 7Li ¶μ
¡ §¨¸Ê LS-¸¢Ö§¨ ¢§ÖÉÒ ¨§ [35]. �¸´μ¢-
´μ¥ ¸μ¸ÉμÖ´¨¥ 9Li ¨³¥¥É ¶μ²´Ò° ¸¶¨´
J = 3/2, μ·¡¨É ²Ó´Ò° ³μ³¥´É L = 1
¨ ¨§μ¸¶¨´ T = 3/2. �Éμ μ§´ Î ¥É,
ÎÉμ ¤¢  ¨§¡ÒÉμÎ´ÒÌ ´¥°É·μ´  ¢ 9Li § -
´¨³ ÕÉ ¸¢μ¡μ¤´ÊÕ ¶μ¤μ¡μ²μÎ±Ê μ¡μ-
²μÎ±¨ 1p3/2. ‡´ Î¥´¨Ö ¸É·Ê±ÉÊ·´ÒÌ
³´μ¦¨É¥²¥° ¢ ·¥ ±Í¨¨ 7Li(t, p)9Li ¶·¨-
¢¥¤¥´Ò ¢ É ¡². 4, 5.

’ ¡²¨Í  5. ‘¶¥±É·μ¸±μ¶¨Î¥¸±¨¥ ³´μ¦¨É¥²¨ ΘJn1Jn2
Λn1Λn2ln

¤²Ö ± ¦¤μ£μ ÔÉ ¶  ¤¢ÊÌ¸ÉÊ-

¶¥´Î Éμ£μ ³¥Ì ´¨§³  ¢ ·¥ ±Í¨¨ 7Li(t, p)9Li (l1 = l2 = 1, J12 = J22, Λ12 = Λ22 = 0,
Λ11 = Λ21 = 1)

�É ¶Ò ¤¢ÊÌ¸ÉÊ¶¥´Î Éμ£μ ³¥Ì ´¨§³  Jn1 J12 = 1/2 J12 = 3/2

�¨¦´ÖÖ ¶μ²μ¢¨´  ¤¨ £· ³³Ò, n = 1 1 Ä0,077 Ä0,155

‚¥·Ì´ÖÖ ¶μ²μ¢¨´  ¤¨ £· ³³Ò, n = 2 1 0,050 Ä0,099



332 ƒ�‹��ˆ�� ‹.ˆ., ‡…‹…�‘Š�Ÿ �.‘.

�¨¸. 14. „¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·¥ ±-
Í¨¨ 7Li(t, p)9Li: Éμ´± Ö ¸¶²μÏ´ Ö ±·¨-
¢ Ö Å ¢±² ¤ ³¥Ì ´¨§³  ¶¥·¥¤ Î¨ ¤¨´¥°-
É·μ´ ; ÏÉ·¨Ìμ¢ Ö Å ¢±² ¤ ³¥Ì ´¨§³  ´¥-
§ ¢¨¸¨³μ° ¶¥·¥¤ Î¨ ´¥°É·μ´μ¢; Éμ²¸É Ö
¸¶²μÏ´ Ö Å ¨Ì ±μ£¥·¥´É´ Ö ¸Ê³³ 

� ¸¸Î¨É ´´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¶·¥¤¸É ¢²¥´μ ´ 
·¨¸. 14.

Š ± ¢¨¤´μ ¨§ ·¨¸Ê´± , μ¸´μ¢´μ° ¶μ ¢¥²¨Î¨´¥ ¢±² ¤ ¢ ¶μ²´μ¥ ¸¥Î¥´¨¥
¢´μ¸¨É ³¥Ì ´¨§³ ¶¥·¥¤ Î¨ ¤¨´¥°É·μ´´μ£μ ±² ¸É¥· . ’¥³ ´¥ ³¥´¥¥ ³¥Ì ´¨§³
´¥§ ¢¨¸¨³μ° ¶¥·¥¤ Î¨ ´¥°É·μ´μ¢ § ³¥É´μ ¸£² ¦¨¢ ¥É ³¨´¨³Ê³Ò Ê£²μ¢μ£μ · ¸-
¶·¥¤¥²¥´¨Ö, ¨ ¥£μ ¢±² ¤ ¸μ¶μ¸É ¢¨³ ¸ ¢±² ¤μ³ ³¥Ì ´¨§³  ¶¥·¥¤ Î¨ ¤¨´¥°-
É·μ´´μ£μ ±² ¸É¥·  ¢ μ¡² ¸É¨ ¡μ²ÓÏ¨Ì Ê£²μ¢. �ÉμÉ Ë ±É ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ
Éμ³, ÎÉμ ¢ ·¥ ±Í¨¨ (t, p) ¤μ²¦´Ò ¶·μÖ¢²ÖÉÓ¸Ö μ¡¥ ¢μ§³μ¦´Ò¥ ¤¢ÊÌ´¥°É·μ´-
´Ò¥ ±μ´Ë¨£Ê· Í¨¨ Ö¤·  9Li.

4.4. � ¸Î¥É ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 9Be(d, p)10Be. ‚ ·¥-
 ±Í¨¨ 9‚¥(d, p)10Be ¢μ§³μ¦´Ò ¤¢  ¶μ²Õ¸´ÒÌ ³¥Ì ´¨§³ , μ¶¨¸Ò¢ ÕÐ¨Ì ¶·μ-
Í¥¸¸Ò ¶·Ö³μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¤¥°É·μ´μ¢ ¸ Ö¤·μ³ 9B¥: ¸·Ò¢ ´¥°É·μ´  (¶μ-
²Õ¸´ Ö ¤¨ £· ³³  ·¨¸. 15,  ) ¨ μ¡³¥´ ÉÖ¦¥²Ò³ ±² ¸É¥·μ³ 8Li (¶μ²Õ¸´ Ö ¤¨ -
£· ³³  ·¨¸. 15, ¡). �´ ²¨§ ·¥§Ê²ÓÉ Éμ¢ ±μ··¥²ÖÍ¨μ´´ÒÌ ¨§³¥·¥´¨° ¢ ·¥ ±Í¨¨
9‚¥(d, p)10Be ¢ [44, 45] ¶μ± § ² ¡μ²ÓÏÊÕ ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ Ì · ±É¥·¨¸É¨± ±
¸É·Ê±ÉÊ·¥ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¨ ¶·μ¤¥³μ´¸É·¨·μ¢ ² ´¥μ¡Ìμ¤¨³μ¸ÉÓ ÊÎ¥É  ³´μ-
£μ¸ÉÊ¶¥´Î ÉÒÌ ³¥Ì ´¨§³μ¢ ·¥ ±Í¨¨. �ÉμÉ ¢Ò¢μ¤ · ¡μÉ [44, 45] ´¥ ± ¦¥É¸Ö
Ê¤¨¢¨É¥²Ó´Ò³, ¶μ¸±μ²Ó±Ê ¨³¥´´μ ¢ Ô±¸¶¥·¨³¥´É Ì ¶μ ´¥Ê¶·Ê£μ³Ê · ¸¸¥Ö´¨Õ
¤¥°É·μ´μ¢ ´  Ö¤·¥ 9‚¥ [10] ¡Ò²¨ ¢¶¥·¢Ò¥ μ¡´ ·Ê¦¥´Ò ÔËË¥±ÉÒ, ±μÉμ·Ò¥
³μ¦´μ É· ±Éμ¢ ÉÓ ± ± ¶·μÖ¢²¥´¨¥ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒÌ ³¥Ì ´¨§³μ¢. ‚ ¸¢Ö§¨ ¸

�¨¸. 15. „¨ £· ³³Ò ³¥Ì ´¨§³μ¢ ·¥ ±Í¨¨ 9Be(d, p)10Be: a) ¸·Ò¢ ´¥°É·μ´ ; ¡) ¸·Ò¢
ÉÖ¦¥²μ£μ ±² ¸É¥·  8Li; ¢) ¶μ¸²¥¤μ¢ É¥²Ó´Ò° ¶μ¤Ì¢ É ´¥°É·μ´  ¨ ¸·Ò¢ ¤¨´¥°É·μ´ 



Œ…•��ˆ‡Œ› ��‘‹…„�‚�’…‹œ��‰ �…�…„�—ˆ —�‘’ˆ– 333

ÔÉ¨³ ¢ ·¥ ±Í¨¨ 9‚¥(d, p)10Be ´ ³¨ · ¸¸³ É·¨¢ ²¸Ö ¤μ¶μ²´¨É¥²Ó´Ò° ³¥Ì -
´¨§³ ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ ´¥°É·μ´  ¨ ¤¨´¥°É·μ´  (Î¥ÉÒ·¥ÌÊ£μ²Ó´ Ö
¤¨ £· ³³  ·¨¸. 15, ¢).

Œ¥Ì ´¨§³ ¶¥·¥¤ Î¨ ´¥°É·μ´  ¨ ¤¨´¥°É·μ´  ¢ ¶·¨¡²¨¦¥´¨¨ § ¤ Î¨ Î¥ÉÒ-
·¥Ì Î ¸É¨Í ¸μμÉ¢¥É¸É¢Ê¥É ´ Î ²Ó´μ³Ê ± ´ ²Ê (2,2). „²Ö · ¸Î¥É  ³ É·¨Î´μ£μ
Ô²¥³¥´É  ¤ ´´μ£μ ³¥Ì ´¨§³  ³Ò · ¸¸³ É·¨¢ ²¨ ¤¨ £· ³³Ê ·¨¸. 15, ¢, ± ± ¨
¤¨ £· ³³Ê ·¨¸. 6, ± ± ¸¢¥·É±Ê ¤¢ÊÌ ¶μ²Õ¸´ÒÌ ³¥Ì ´¨§³μ¢, ¢μ§´¨± ÕÐ¨Ì ¶·¨
· §·¥§ ´¨¨ ¶μ²´μ° Î¥ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ £· ³³Ò ´  ¤¢  ´¥§ ¢¨¸¨³ÒÌ ±μμ·¤¨-
´ É´ÒÌ ¶·μ¸É· ´¸É¢ . ‘ ¶μ³μÐÓÕ ³¥Éμ¤  ¸¢¥·É±¨, μ¶¨¸ ´´μ£μ ¢ · §¤. 3, ¤²Ö
³ É·¨Î´μ£μ Ô²¥³¥´É  ¡Ò²μ ¶μ²ÊÎ¥´μ ¢Ò· ¦¥´¨¥, ¸ ÉμÎ´μ¸ÉÓÕ ¤μ Ë §μ¢ÒÌ ¨
´μ·³¨·μ¢μÎ´ÒÌ ³´μ¦¨É¥²¥° ¸μ¢¶ ¤ ÕÐ¥¥ ¸ (54). Š·μ³¥ Éμ£μ, ¶μ¸±μ²Ó±Ê ¢
¶· ¢μ° ¶μ²μ¢¨´¥ ¤¨ £· ³³Ò 15, ¢ ¶¥·¥¤ ´´Ò¥ μ·¡¨É ²Ó´Ò¥ ³μ³¥´ÉÒ ¢ ¢¥·-
Ï¨´ Ì · ¸¶ ¤  · ¢´Ò ´Ê²Õ,   ¶μ²´Ò¥ ³μ³¥´ÉÒ ¤¨´¥°É·μ´ , p, n, d ¨ t · ¢´Ò
¨Ì ¸¶¨´ ³, ¢Ò· ¦¥´¨¥ ¤²Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  ¸ÊÐ¥¸É¢¥´´μ Ê¶·μÐ ¥É¸Ö.

„²Ö ³¥Ì ´¨§³μ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Î¥ÉÒ·¥ÌÊ£μ²Ó´Ò³ ¤¨ £· ³³ ³ ¸ · §-
´μ´ ¶· ¢²¥´´Ò³¨ ²¨´¨Ö³¨, ¶μ¤μ¡¨¥ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¶¥·¥¤ ¢ ¥³ÒÌ ¢¨·-
ÉÊ ²Ó´ÒÌ Î ¸É¨Í ´¥ § ¢¨¸¨É μÉ ¨Ì Ô´¥·£¨° [12, 13]. ‚±² ¤ ¤¢ÊÌ¸ÉÊ¶¥´Î Éμ£μ
³¥Ì ´¨§³  ¢ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ 9‚¥(d, p)10Be μ¶·¥¤¥²Ö¥É¸Ö £² ¢´Ò³ μ¡· §μ³
¸É·Ê±ÉÊ·´Ò³¨ μ¸μ¡¥´´μ¸ÉÖ³¨ ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥ ±Í¨¨ Ö¤¥·: §´ Î¥´¨Ö³¨ ¶¥-
·¥¤ ´´ÒÌ ¸¶¨´μ¢ ¨ μ·¡¨É ²Ó´ÒÌ ³μ³¥´Éμ¢, ¶·¨¢¥¤¥´´Ò³¨ Ï¨·¨´ ³¨ ¢ ¢¥·-
Ï¨´ Ì · §¢ ²  ¨ É. ¤.

Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¶μ²Õ¸´ÒÌ ³¥Ì ´¨§³μ¢ · ¸¸Î¨ÉÒ¢ ²¨¸Ó ¢ · ³± Ì
Œˆ‚�Š�� [4] ¶μ Ëμ·³Ê²¥ (33). �·¨¢¥¤¥´´Ò¥ Ï¨·¨´Ò · ¸¸Î¨ÉÒ¢ ²¨¸Ó ¢
³μ¤¥²¨ μ¡μ²μÎ¥± ¸ ¶·μ³¥¦ÊÉμÎ´μ° ¸¢Ö§ÓÕ [35],   ¸É·Ê±ÉÊ·´Ò¥ ³´μ¦¨É¥²¨ Å
¢ ¶·¥¤¸É ¢²¥´¨¨ ¶¥·¥¤ ´´ÒÌ ¶μ²´μ£μ J ¨ μ·¡¨É ²Ó´μ£μ l ³μ³¥´Éμ¢ ¨ ¶¥·¥¤ ´-
´μ£μ ¸¶¨´  s [30]. „²Ö ¸·Ò¢  ´¥°É·μ´  ¢ ·¥ ±Í¨¨ 9B¥(d, p)10Be ¸É·Ê±ÉÊ·´Ò°
³´μ¦¨É¥²Ó Θl=1

s=1/2 J=3/2 ¨³¥¥É ¥¤¨´¸É¢¥´´μ¥ §´ Î¥´¨¥, · ¢´μ¥ 0,769. Œ É·¨Î-

´Ò° Ô²¥³¥´É ¸·Ò¢  ÉÖ¦¥²μ£μ ±² ¸É¥·  8Li ¢ ¸¨²Ê ³ ²μ¸É¨ ÔËË¥±Éμ¢ μÉ¤ Î¨
μ± § ²¸Ö ´¥¸ÊÐ¥¸É¢¥´¥´ ¨ ´ ³¨ ´¥ ÊÎ¨ÉÒ¢ ²¸Ö. ‘É·Ê±ÉÊ·´Ò° ³´μ¦¨É¥²Ó ¤²Ö
Î¥ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ £· ³³Ò ¡Ò² μ¶·¥¤¥²¥´ Î¥·¥§ ¸É·Ê±ÉÊ·´Ò¥ ³´μ¦¨É¥²¨
¶μ¤Ì¢ É  ´¥°É·μ´  ¨ ¸·Ò¢  ¤¨´¥°É·μ´ . �·¨ ÔÉμ³ l1 = 1,   μ·¡¨É ²Ó´Ò° ³μ-
³¥´É l2, · ¢´Ò° ¸¶¨´Ê ¶·μ³¥¦ÊÉμÎ´μ£μ Ö¤·  8‚¥, ³μ¦¥É ¶·¨´¨³ ÉÓ §´ Î¥´¨Ö
0 ¨²¨ 2, ¶μ¸±μ²Ó±Ê ¶·¨ · ¸¶ ¤¥ ±μ´¥Î´μ£μ Ö¤·  ¢ ¢¥·Ì´¥° ¶μ²μ¢¨´¥ ¤¨ -
£· ³³Ò ·¨¸. 15, ¢ ¶¥·¥¤ ÕÉ¸Ö ¤¢  1p-´¥°É·μ´ . ‚ ¸²ÊÎ ¥ l2 = 0 ¸É·Ê±ÉÊ·´Ò°
³´μ¦¨É¥²Ó ¨³¥¥É ¥¤¨´¸É¢¥´´μ¥ §´ Î¥´¨¥ ¨ · ¢¥´ 0,280. �·¨ ÔÉμ³ ¶μ²´Ò°
¶¥·¥¤ ´´Ò° μ·¡¨É ²Ó´Ò° ³μ³¥´É l · ¢¥´ ¥¤¨´¨Í¥.

�·¨ ¢ÒÎ¨¸²¥´¨¨ ¸É·Ê±ÉÊ·´μ£μ ³´μ¦¨É¥²Ö ¤²Ö l2 = 2 ¸²¥¤Ê¥É ¶·¨´¨³ ÉÓ
¢μ ¢´¨³ ´¨¥ ¸²¥¤ÊÕÐ¥¥ μ¡¸ÉμÖÉ¥²Ó¸É¢μ. Ÿ¤·μ 8‚¥ ¢ ¸μ¸ÉμÖ´¨¨ 2+ Ö¢²Ö¥É¸Ö
´¥¸¢Ö§ ´´μ° ¸¨¸É¥³μ° ¨ ´¥ ³μ¦¥É É· ±Éμ¢ ÉÓ¸Ö ¶μ ³μ¤¥²¨ μ¡μ²μÎ¥±. �μÔÉμ³Ê
¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö 8‚¥+ 2n, ¨³¥ÕÐ¨¥ ¶·μÉÖ¦¥´-
´ÊÕ  ¸¨³¶ÉμÉ¨±Ê, ¢μ ¢´ÊÉ·¥´´¥° μ¡² ¸É¨ Ö¤·  10Be ³¥´ÓÏ¥ μ¡μ²μÎ¥Î´ÒÌ.
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‚ ·¥§Ê²ÓÉ É¥ μ¡μ²μÎ¥Î´Ò¥ §´ Î¥´¨Ö ¶·¨¢¥¤¥´´ÒÌ Ï¨·¨´ ¤²Ö É ±¨Ì ¸¨¸É¥³
Ö¢²ÖÕÉ¸Ö § ¢¥¤μ³μ § ¢ÒÏ¥´´Ò³¨ ¨ ¤μ²¦´Ò ¡ÒÉÓ μÉ´μ·³¨·μ¢ ´Ò. �μ¤μ¡´ Ö
´μ·³¨·μ¢±  ¶·μ¢μ¤¨² ¸Ó ´ ³¨ ¨ ¢ [44]. Šμ´±·¥É´Ò¥ §´ Î¥´¨Ö ¸É·Ê±ÉÊ·´μ£μ
³´μ¦¨É¥²Ö Θ̄J1J2

l1l2l (¸ ±μÔËË¨Í¨¥´Éμ³ ´μ·³¨·μ¢±¨ 0,5 ¤²Ö l2 = 2) ¶·¨¢¥¤¥´Ò
¢ É ¡². 6.

’ ¡²¨Í  6. ‘¶¥±É·μ¸±μ¶¨Î¥¸±¨¥ ³´μ¦¨É¥²¨ Θ̄J1J2
l1l2l ¢ ·¥ ±Í¨¨ 9Be(d, p)10Be ¤²Ö

³¥Ì ´¨§³  ´¥§ ¢¨¸¨³μ° ¶¥·¥¤ Î¨ ´¥°É·μ´  ¨ ¤¨´¥°É·μ´  (J = 3/2, l1 = 1, s = 1/2)

l2
l

1 1 2 3

0 0,27995

2 0,08173 Ä0,00002 0,00001

Š ± ¢¨¤´μ ¨§ ÔÉμ° É ¡²¨ÍÒ, ¶μ²´Ò° ¶¥·¥¤ ´´Ò° μ·¡¨É ²Ó´Ò° ³μ³¥´É
l ³μ¦¥É ¶·¨´¨³ ÉÓ §´ Î¥´¨Ö μÉ 1 ¤μ 3. “£²μ¢ Ö § ¢¨¸¨³μ¸ÉÓ ³ É·¨Î´μ£μ
Ô²¥³¥´É  ³¥Ì ´¨§³  ´¥§ ¢¨¸¨³μ° ¶¥·¥¤ Î¨ Î ¸É¨Í Ëμ·³¨·Ê¥É¸Ö ¢ ·¥§Ê²ÓÉ É¥
¢¥±Éμ·´μ£μ ¸²μ¦¥´¨Ö ³μ³¥´É  l ± ± ¸ ³μ³¥´É ³¨ ¶ ·Í¨ ²Ó´ÒÌ ±μ³¶μ´¥´Éμ¢
¨¸± ¦¥´´ÒÌ ¢μ²´ ¢μ ¢Ìμ¤´μ³ ¨ ¢ÒÌμ¤´μ³ ± ´ ² Ì ·¥ ±Í¨¨, É ± ¨ ¸ ³μ³¥´-
Éμ³ Λ, μ¶·¥¤¥²ÖÕÐ¨³ · §²μ¦¥´¨¥ ËÊ´±Í¨¨ ƒ·¨´  ¢¨·ÉÊ ²Ó´μ° ¶·μ³¥¦ÊÉμÎ-
´μ° ¸¨¸É¥³Ò t + 8Be. �μÔÉμ³Ê ¶·¥¤¸± § ÉÓ Ëμ·³Ê Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö
¶·μÉμ´μ¢ ¤²Ö ³¥Ì ´¨§³  ´¥§ ¢¨¸¨³μ° ¶¥·¥¤ Î¨ ´¥°É·μ´  ¨ ¤¨´¥°É·μ´  ¡¥§
±μ´±·¥É´ÒÌ · ¸Î¥Éμ¢ ¶· ±É¨Î¥¸±¨ ´¥¢μ§³μ¦´μ.

„²Ö ·¥ ±Í¨¨ 9‚¥(d, p)10Be ³Ò · ¸¸Î¨É ²¨ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥
¸·Ò¢  ´¥°É·μ´  ¨ ¸¥Î¥´¨¥ ³¥Ì ´¨§³  ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ ´¥°É·μ´ 
¨ ¤¨´¥°É·μ´ ,   É ±¦¥ ¶μ²´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥, μ¶·¥¤¥²Ö¥³μ¥ ±μ-
£¥·¥´É´μ° ¸Ê³³μ°  ³¶²¨ÉÊ¤ ÔÉ¨Ì ¤¢ÊÌ ³¥Ì ´¨§³μ¢. � · ³¥É·Ò μ¶É¨Î¥¸±¨Ì
¶μÉ¥´Í¨ ²μ¢ d + 9Be ¨ p+ 10Be ¢ ´ Î ²Ó´μ³ ¨ ±μ´¥Î´μ³ ± ´ ² Ì ·¥ ±Í¨¨
´¥¸±μ²Ó±μ μÉ²¨Î ÕÉ¸Ö μÉ É¥Ì, ±μÉμ·Ò¥ ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò ¢ [44, 45], ¨ ¶·¨-
¢¥¤¥´Ò ¢ É ¡². 2.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö ¶·μÉμ´μ¢ Å ¶·μ¤Ê±Éμ¢ ÔÉμ°
·¥ ±Í¨¨ Å ¶μ± § ´Ò ´  ·¨¸. 16. Š ± ¢¨¤´μ ¨§ ·¨¸Ê´± , ¨ ³¥Ì ´¨§³ ¸·Ò¢ 
´¥°É·μ´ , ¨ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒ° ³¥Ì ´¨§³ ´¥§ ¢¨¸¨³μ° ¶¥·¥¤ Î¨ ´¥°É·μ´  ¨ ¤¨-
´¥°É·μ´  ¢´μ¸ÖÉ ¸· ¢´¨³Ò° ¢±² ¤ ¢ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ 9‚¥(d, p)10Be ¢μ ¢¸¥°
μ¡² ¸É¨ · ¸¸³ É·¨¢ ¥³ÒÌ Ê£²μ¢ ¢Ò²¥É  ¶·μÉμ´μ¢. ‘¥Î¥´¨¥ ³¥Ì ´¨§³  ¸·Ò¢ 
´¥°É·μ´  ¢ μÉ²¨Î¨¥ μÉ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¨³¥¥É μ¸Í¨²²¨·ÊÕÐÊÕ Ëμ·³Ê
¢μ ¢¸¥° μ¡² ¸É¨ Ê£²μ¢, ¶μ¸±μ²Ó±Ê μ´μ μ¶·¥¤¥²Ö¥É¸Ö ¥¤¨´¸É¢¥´´Ò³ §´ Î¥´¨¥³
¶¥·¥¤ ´´μ£μ ³μ³¥´É  l = 1. ‘¥Î¥´¨¥ ¤¢ÊÌ¸ÉÊ¶¥´Î Éμ£μ ³¥Ì ´¨§³  ¢ μ¡² -
¸É¨ ¸· ¢´¨É¥²Ó´μ ´¥¡μ²ÓÏ¨Ì Ê£²μ¢ ¢Ò²¥É  ¶·μÉμ´μ¢ ¨³¥¥É ¡μ²¥¥ Ï¨·μ±¨°
³ ±¸¨³Ê³ (¥£μ ¢¥²¨Î¨´  ¶·¨ θp ≈ 20◦ ¤ ¦¥ ´¥¸±μ²Ó±μ ¶·¥¢ÒÏ ¥É ³ ±¸¨³Ê³
¸¥Î¥´¨Ö ³¥Ì ´¨§³  ¸·Ò¢  ´¥°É·μ´ ) ¨ ¡μ²¥¥ ¶² ¢´ÊÕ Ê£²μ¢ÊÕ § ¢¨¸¨³μ¸ÉÓ
¶·¨ ¡�μ²ÓÏ¨Ì Ê£² Ì. ‘Ê³³ ·´ Ö ±·¨¢ Ö ¢¶μ²´¥ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ μ¶¨¸Ò-
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�¨¸. 16. “£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶·μÉμ´μ¢ ¨§ ·¥ ±Í¨¨ 9‚¥(d, p)10Be ¶·¨ Ed = 15 ŒÔ‚.
Š¢ ¤· ÉÒ Å Ô±¸¶¥·¨³¥´É ²Ó´μ¥ ¸¥Î¥´¨¥ [44]. ‘¶²μÏ´ Ö ±·¨¢ Ö Å ¸Ê³³ ·´μ¥ Ê£²μ¢μ¥
· ¸¶·¥¤¥²¥´¨¥ ¶·¨ ÊÎ¥É¥ ¢¸¥Ì ³¥Ì ´¨§³μ¢; ÏÉ·¨Ìμ¢ Ö Å ¸¥Î¥´¨¥ ³¥Ì ´¨§³  ¸·Ò¢ ;
¶Ê´±É¨·´ Ö Å ¸¥Î¥´¨¥ ³¥Ì ´¨§³  ¶μ¸²¥¤μ¢ É¥²Ó´μ£μ ¶μ¤Ì¢ É  ´¥°É·μ´  ¨ ¸·Ò¢  ¤¨-
´¥°É·μ´ 

¢ ¥É Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ¥¸²¨ ¶·¨´ÖÉÓ ¢μ ¢´¨³ ´¨¥, ÎÉμ ¢ · ¸Î¥É Ì
´¥ ¢¢μ¤¨²¨¸Ó ¤μ¶μ²´¨É¥²Ó´Ò¥ ´μ·³¨·μ¢μÎ´Ò¥ ±μ´¸É ´ÉÒ ¨ ´¥ ¢ ·Ó¨·μ¢ ² ¸Ó
¢μ²´μ¢ Ö ËÊ´±Í¨Ö 10Be, ± ± ÔÉμ ¶·μ¢μ¤¨²μ¸Ó ¢ [44] ¢ · ¸Î¥É Ì ¶μ ³¥Éμ¤Ê
¸¢Ö§ ´´ÒÌ ± ´ ²μ¢.

4.5. � ¸Î¥É ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 10B(d, p)11B. Šμ··¥-
²ÖÍ¨μ´´Ò¥ ¨§³¥·¥´¨Ö ¢ ·¥ ±Í¨¨ 10B(d, p)11B ¶·¨ Ed = 15,3 ŒÔ‚ ¸ μ¡· §μ-
¢ ´¨¥³ Ö¤·  11B ¢ μ¸´μ¢´μ³ (3/2−) ¨ ¤¢ÊÌ ´¨¦´¨Ì 1/2− (2,125 ŒÔ‚) ¨ 5/2−

(4,445 ŒÔ‚) ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨ÖÌ [46] ¶μ§¢μ²¨²¨ ¶μ²ÊÎ¨ÉÓ Ê£²μ¢Ò¥ ¨
Ô´¥·£¥É¨Î¥¸±¨¥ § ¢¨¸¨³μ¸É¨ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ÔÉμ° ·¥ ±Í¨¨.

’¥μ·¥É¨Î¥¸±¨°  ´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éμ¢ [46] ¤ ² ¢μ§³μ¦-
´μ¸ÉÓ μ¶·¥¤¥²¨ÉÓ ¢±² ¤ ¢ ³¥Ì ´¨§³ ·¥ ±Í¨¨ 10B(d, p)11B ¶·μÍ¥¸¸μ¢ ¡μ²¥¥
¸²μ¦´ÒÌ, Î¥³ ¸·Ò¢ ´¥°É·μ´ : ¢μ-¶¥·¢ÒÌ, ±μ²²¥±É¨¢´μ£μ ¢μ§¡Ê¦¤¥´¨Ö ´¥¸Ë¥-
·¨Î¥¸±¨Ì Ö¤¥· ¡μ·  ¶μ ³¥Éμ¤Ê ¸¢Ö§ ´´ÒÌ ± ´ ²μ¢ (Œ‘Š) [47], ¢μ-¢Éμ·ÒÌ,
ÔËË¥±Éμ¢ ¢Éμ·μ£μ ¶μ·Ö¤±  É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° Å ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒÌ ³¥Ì ´¨§-
³μ¢ [31]. �¸μ¡Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É μ¡· §μ¢ ´¨¥ ±μ´¥Î´μ£μ Ö¤·  ¢ ¸μ-
¸ÉμÖ´¨¨ 1/2− (2,125 ŒÔ‚). “± § ´´μ¥ ¸μ¸ÉμÖ´¨¥ ´¥ ³μ¦¥É ¡ÒÉÓ μ¡· §μ¢ ´μ
¶ÊÉ¥³ ¸·Ò¢  ´¥°É·μ´  (¶·¨ ¶¥·¥¤ ´´μ³ ³μ³¥´É¥ l = 1), Éμ£¤  ± ± ¢ Ô±¸¶¥·¨-
³¥´É¥ μ´μ ¢μ§¡Ê¦¤ ¥É¸Ö ¤μ¸É ÉμÎ´μ ¨´É¥´¸¨¢´μ,   ¢ Ê£²μ¢μ³ · ¸¶·¥¤¥²¥´¨¨
¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ´ ¡²Õ¤ ¥É¸Ö Ì · ±É¥·´Ò° ¤²Ö ¶·Ö³μ£μ ¶·μÍ¥¸¸ 
¶μ¤Ñ¥³ ¸¥Î¥´¨Ö ´  ³ ²ÒÌ Ê£² Ì.
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�¥ ±Í¨¨ ¸ ÊÎ ¸É¨¥³ 10‚ É· ¤¨Í¨μ´´μ ¸²μ¦´Ò ¤²Ö É¥μ·¥É¨Î¥¸±μ° ¨´É¥·-
¶·¥É Í¨¨ ¨Ì ³¥Ì ´¨§³ . ‘ μ¤´μ° ¸Éμ·μ´Ò, Ö¤·μ 10‚ ´ Ìμ¤¨É¸Ö ¢ ¸¥·¥¤¨´¥
1p-μ¡μ²μÎ±¨ ¨ ¥£μ ¸É Í¨μ´ ·´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¸ É·Ê¤μ³ μ¶¨¸Ò¢ ÕÉ¸Ö · §-
²¨Î´Ò³¨ ³μ¤¥²Ö³¨. ‚ Î ¸É´μ¸É¨, ¢ ³μ¤¥²¨ μ¡μ²μÎ¥± ¢μ²´μ¢ Ö ËÊ´±Í¨Ö μ¸´μ¢-
´μ£μ ¸μ¸ÉμÖ´¨Ö Ö¤·  10‚ [35] ¸μ¤¥·¦¨É ¤¢  · §²¨Î´ÒÌ ±μ³¶μ´¥´É  ¸ μ¤´¨³¨
¨ É¥³¨ ¦¥ §´ Î¥´¨Ö³¨ ±¢ ´Éμ¢ÒÌ Î¨¸¥² ÔÉμ° ³μ¤¥²¨ (μ·¡¨É ²Ó´Ò° ³μ³¥´É,
¸¶¨´ ¨ ¤·.), É ± ÎÉμ ¤²Ö ¶μ²´μ£μ μ¶¨¸ ´¨Ö ÔÉ¨Ì ±μ³¶μ´¥´Éμ¢ ¶·¨Ìμ¤¨É¸Ö
¢¢μ¤¨ÉÓ ¤μ¶μ²´¨É¥²Ó´Ò¥ ±¢ ´Éμ¢Ò¥ Î¨¸²  ¸Ì¥³Ò SU3. �μ¸²¥¤´¥¥ μ¡¸ÉμÖ-
É¥²Ó¸É¢μ μ§´ Î ¥É, ÎÉμ ³μ¤¥²Ó μ¡μ²μÎ¥± ´¥ ³μ¦¥É ¤ ÉÓ ±μ··¥±É´Ò¥ §´ Î¥´¨Ö
¸¶¥±É·μ¸±μ¶¨Î¥¸±¨Ì Ë ±Éμ·μ¢ ¤²Ö · §²¨Î´ÒÌ ± ´ ²μ¢ · ¸¶ ¤  10‚,   ¸ ³μ
Ö¤·μ ¢ μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨ ¨³¥¥É §´ Î¨É¥²Ó´ÊÕ ¸É É¨Î¥¸±ÊÕ ¤¥Ëμ·³ Í¨Õ.
‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¶μ¸±μ²Ó±Ê ¶μ²´Ò° ¸¶¨´ J μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö 10‚  ´μ-
³ ²Ó´μ ¢¥²¨± (J = 3), ¢  ³¶²¨ÉÊ¤Ê ·¥ ±Í¨¨ ¤ ÕÉ ¢±² ¤ ³´μ£¨¥ ±μ³¶μ´¥´ÉÒ,
· §²¨Î ÕÐ¨¥¸Ö ¶¥·¥¤ ´´Ò³¨ ¶μ²´Ò³¨, μ·¡¨É ²Ó´Ò³¨ ³μ³¥´É ³¨ ¨ ¸¶¨´ ³¨.

„²Ö ÊÎ¥É  ±μ²²¥±É¨¢´μ£μ ¢μ§¡Ê¦¤¥´¨Ö Ö¤¥· ¡μ·  ¨¸¶μ²Ó§μ¢ ²¸Ö Œ‘Š ¨
·¥ ²¨§ÊÕÐ Ö ¥£μ  ¤ ¶É¨·μ¢ ´´ Ö ± ¢Ò¢μ¤Ê ±μ³¶μ´¥´Éμ¢ ¸¶¨´-É¥´§μ·  ³ -
É·¨ÍÒ ¶²μÉ´μ¸É¨ ±μ´¥Î´μ£μ Ö¤·  12‚∗ ¶·μ£· ³³  CHUCK [47]. ˆ¸¶μ²Ó-
§μ¢ ´´Ò¥ ¢ · ¸Î¥É Ì ¶μ Œ‘Š ´ ¡μ·Ò ¶ · ³¥É·μ¢ μ¶É¨Î¥¸±¨Ì ¶μÉ¥´Í¨ ²μ¢
‚Ê¤¸ Ä‘ ±¸μ´  ¶·¨¢¥¤¥´Ò ¢ É ¡². 2.

�¨¸. 17. „¨ £· ³³Ò, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ³¥Ì ´¨§³ ³ ¸·Ò¢  ´¥°É·μ´  (a), ¤¢ÊÌ¸ÉÊ¶¥´Î -
Éμ° ¶¥·¥¤ Î¨ Î ¸É¨Í (¡) ¨ ¸·Ò¢  ÉÖ¦¥²μ° Î ¸É¨ÍÒ (¢) ¢ ·¥ ±Í¨¨ 10B(d, p)11B

‚ ·¥ ±Í¨¨ 10B(d, p)11B ¢μ§³μ¦´Ò É·¨ ³¥Ì ´¨§³ , μ¶¨¸Ò¢ ÕÐ¨Ì ¶·μ-
Í¥¸¸Ò ¶·Ö³μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¤¥°É·μ´μ¢ ¸ Ö¤·μ³ 9B¥: ¸·Ò¢ ´¥°É·μ´  (¶μ-
²Õ¸´ Ö ¤¨ £· ³³  ·¨¸. 17,  ), ¶μ¶· ¢±  ± ´¥³Ê ¢Éμ·μ£μ ¶μ·Ö¤±  Å ¤¢ÊÌ¸ÉÊ-
¶¥´Î ÉÒ° ³¥Ì ´¨§³ ¶¥·¥¤ Î¨ Î ¸É¨Í (Î¥ÉÒ·¥ÌÊ£μ²Ó´ Ö ¤¨ £· ³³  ·¨¸. 17, ¡) ¨
¶μ²Õ¸´μ° ³¥Ì ´¨§³ ¶¥·¥¤ Î¨ ÉÖ¦¥²μ£μ ±² ¸É¥·  (·¨¸. 17, ¢); ¶·¨ ÔÉμ³ ¢±² ¤
¶μ¸²¥¤´¥£μ ³¥Ì ´¨§³  μ± § ²¸Ö ³ ² ¨ ³Ò ¥£μ ´¥ ÊÎ¨ÉÒ¢ ²¨.

Œ É·¨Î´Ò° Ô²¥³¥´É ·¥ ±Í¨¨ · ¸¸Î¨ÉÒ¢ ²¸Ö ¶μ Ëμ·³Ê²¥ (56). ‚±² ¤ ¶¥·-
¢ÒÌ ¤¢ÊÌ ³¥Ì ´¨§³μ¢ ¸Ê³³¨·Ê¥É¸Ö ±μ£¥·¥´É´μ. �·¨ · ¸Î¥É Ì ¶ · ³¥É·Ò μ¶É¨-
Î¥¸±¨Ì ¶μÉ¥´Í¨ ²μ¢ ¢Ò¡· ´Ò É ±¨³¨ ¦¥, ± ± ¨ ¢ · ¸Î¥É Ì ¶μ Œ‘Š (É ¡². 2).
‘¶¥±É·μ¸±μ¶¨Î¥¸±¨¥ Ë ±Éμ·Ò ¤²Ö · §²¨Î´ÒÌ ³¥Ì ´¨§³μ¢ ÔÉμ° ·¥ ±Í¨¨ ¡Ò²¨
· ¸¸Î¨É ´Ò ¢ ³μ¤¥²¨ μ¡μ²μÎ¥± ¸ ¶·μ³¥¦ÊÉμÎ´μ° ¸¢Ö§ÓÕ [35]. ‚¢¨¤Ê ¨Ì ³´μ-
£μÎ¨¸²¥´´μ¸É¨ ¸μμÉ¢¥É¸É¢ÊÕÐÊÕ É ¡²¨ÍÊ ³Ò ¶·¨¢μ¤¨ÉÓ ´¥ ¡Ê¤¥³.
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�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨¨ 10B(d, p)11B ¸
μ¡· §μ¢ ´¨¥³ Ö¤·  11B ¢ μ¸´μ¢´μ³ 3/2− ¨ ¢μ§¡Ê¦¤¥´´μ³ 1/2− (2,125 ŒÔ‚)
¸μ¸ÉμÖ´¨ÖÌ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 18.

„²Ö ¶¥·¥Ìμ¤  ´  μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥ ±μ´¥Î´μ£μ Ö¤·  (·¨¸. 18,  ) ± ± Œˆ-
‚�Š�� (¡¥§ ÊÎ¥É  ¤¥Ëμ·³ Í¨¨ Ö¤¥·), É ± ¨ Œ‘Š ¤ ÕÉ Ìμ·μÏ¥¥ ¸μ£² ¸¨¥
¸ Ô±¸¶¥·¨³¥´Éμ³. �μ¸±μ²Ó±Ê μ¡· §μ¢ ´¨¥ ¸μ¸ÉμÖ´¨Ö 1/2− (2,125 ŒÔ‚) Ö¤· 

�¨¸. 18. “£²μ¢Ò¥ § ¢¨¸¨³μ¸É¨ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 10B(d, p)11B ¶·¨
Ed = 15,3 ŒÔ‚ ¸ μ¡· §μ¢ ´¨¥³ ±μ´¥Î´μ£μ Ö¤·  ¢ μ¸´μ¢´μ³ (3/2−) (a) ¨ ¢μ§¡Ê¦¤¥´-
´μ³ (1/2−) ¸μ¸ÉμÖ´¨¨ (¡). Š·Ê¦±¨ Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ. ‘É É¨¸É¨Î¥¸±¨¥
¶μ£·¥Ï´μ¸É¨ ´¥ ¶·¥¢ÒÏ ÕÉ · §³¥·  ±·Ê¦±μ¢. Š·¨¢Ò¥ Å ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¢ ¶·¥¤-
¶μ²μ¦¥´¨¨ · §²¨Î´ÒÌ ³¥Ì ´¨§³μ¢ ·¥ ±Í¨¨: ÏÉ·¨Ìμ¢ Ö Å ¸·Ò¢ ´¥°É·μ´  ¶μ Œ‘Š c
¶ · ³¥É· ³¨ ¤¥Ëμ·³ Í¨¨ β2(

10B) = −0,55 ¨ β2(
11B) = 0,4; ¶Ê´±É¨·´ Ö Å ¸·Ò¢

ÉÖ¦¥²μ° Î ¸É¨ÍÒ. „²Ö ³¥Ì ´¨§³ , ÊÎ¨ÉÒ¢ ÕÐ¥£μ § ¶ §¤Ò¢ ´¨¥, ¶·¨¢¥¤¥´Ò ±·¨¢Ò¥,
¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ · §´Ò³ ¸μ¸ÉμÖ´¨Ö³ ¶·μ³¥¦ÊÉμÎ´μ£μ Ö¤·  9‚¥: 3/2− (×), 5/2− (+)
¨ 7/2− (∗). ‘¶²μÏ´ Ö ±·¨¢ Ö ¸μμÉ¢¥É¸É¢Ê¥É ¸Ê³³¥ ¢±² ¤μ¢ ¢¸¥Ì ³¥Ì ´¨§³μ¢
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11B ¢ ·¥ ±Í¨¨ 10B(d, p1)11B ¢ · ³± Ì ³¥Ì ´¨§³  ¸·Ò¢  ´¥°É·μ´  § ¶·¥Ð¥´μ
¶· ¢¨² ³¨ μÉ¡μ· , ³ É·¨Î´Ò° Ô²¥³¥´É ¤²Ö ÔÉμ£μ ¸μ¸ÉμÖ´¨Ö · ¸¸Î¨ÉÒ¢ ²¸Ö
¤²Ö ¤¢ÊÌ¸ÉÊ¶¥´Î Éμ£μ ³¥Ì ´¨§³  (·¨¸. 17, ¡) ¶μ Ëμ·³Ê²¥ (54). ‚±² ¤ ¤¢ÊÌ-
¸ÉÊ¶¥´Î Éμ£μ ³¥Ì ´¨§³  ¢ Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶·μÉμ´μ¢ ¸ μ¡· §μ¢ ´¨¥³
11B (1/2−, 2,125 ŒÔ‚) ¡¥§ ± ±¨Ì-²¨¡μ ¤μ¶μ²´¨É¥²Ó´ÒÌ ´μ·³¨·μ¢μ± ¶μ± -
§ ´ ´  ·¨¸. 18, ¡. ‚ · ¸Î¥É Ì ÊÎ¨ÉÒ¢ ²¨¸Ó ¸μ¸ÉμÖ´¨Ö 3/2− (0,0 ŒÔ‚), 5/2−

(2,429 ŒÔ‚) ¨ 7/2− (6,76 ŒÔ‚) ¢¨·ÉÊ ²Ó´μ£μ Ö¤·  9‚¥. Š ± ¢¨¤´μ ¨§ ·¨¸Ê´± ,
μ¶·¥¤¥²ÖÕÐÊÕ ·μ²Ó ¨£· ¥É ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒ° ³¥Ì ´¨§³ ¸ μ¡· §μ¢ ´¨¥³ ¢¨·-
ÉÊ ²Ó´μ£μ Ö¤·  9Be ¢ ¸μ¸ÉμÖ´¨ÖÌ 3/2− ¨ 7/2−. “± § ´´Ò° ³¥Ì ´¨§³ ¢³¥¸É¥
¸ ¶μ²Õ¸´Ò³ ³¥Ì ´¨§³μ³ ¸·Ò¢  ÉÖ¦¥²μ° Î ¸É¨ÍÒ (¤¨ £· ³³  ·¨¸. 17, ¢) Ê¤μ-
¢²¥É¢μ·¨É¥²Ó´μ μ¶¨¸Ò¢ ¥É Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶· ±É¨Î¥¸±¨ ¢μ ¢¸¥³
Ê£²μ¢μ³ ¤¨ ¶ §μ´¥.

�´ ²¨§ Ê£²μ¢μ° ¨ Ô´¥·£¥É¨Î¥¸±μ° § ¢¨¸¨³μ¸É¥° ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥-
Î¥´¨Ö (d, p)-·¥ ±Í¨¨ ´  Ö¤·¥ 10B ¸ μ¡· §μ¢ ´¨¥³ ¸μ¸ÉμÖ´¨° 3/2− (0,0 ŒÔ‚)
¨ 1/2− (2,125 ŒÔ‚) ±μ´¥Î´μ£μ Ö¤·  ¶μ± § ², ÎÉμ ÊÎ¥É ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒÌ ³¥Ì -
´¨§³μ¢ ¥¸É¥¸É¢¥´´Ò³ μ¡· §μ³ μ¡ÑÖ¸´Ö¥É ¨´É¥´¸¨¢´μ¥ ¢μ§¡Ê¦¤¥´¨¥ ¸μ¸ÉμÖ´¨Ö
1/2− (2,125 ŒÔ‚) ±μ´¥Î´μ£μ Ö¤·  ¢ ¨¸¸²¥¤μ¢ ´´μ° ·¥ ±Í¨¨.

4.6. � ¸Î¥É ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 10B(t, p)12B. �¥ ±Í¨Ö
10B(t, p)12B ¶·¨¢²¥± ¥É ± ¸¥¡¥ ¢´¨³ ´¨¥ ¨¸¸²¥¤μ¢ É¥²¥°, ± ± É¥μ·¥É¨±μ¢, É ±
¨ Ô±¸¶¥·¨³¥´É Éμ·μ¢, ´  ¶·μÉÖ¦¥´¨¨ Ê¦¥ ´¥¸±μ²Ó±¨Ì ¤¥¸ÖÉ±μ¢ ²¥É. „¥²μ ¢
Éμ³, ÎÉμ ¤²Ö ÔÉμ° ·¥ ±Í¨¨ §´ Î¥´¨Ö ¸¶¨´μ¢ ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ Ö¤·  É -
±μ¢Ò, ÎÉμ ¤²Ö ³¥Ì ´¨§³  ¸·Ò¢  ¤¨´¥°É·μ´´μ£μ ±² ¸É¥·  ¶¥·¥¤ ¢ ¥³Ò° Ö¤·Ê
12B μ·¡¨É ²Ó´Ò° ³μ³¥´É ³μ¦¥É ¨³¥ÉÓ Éμ²Ó±μ μ¤´μ §´ Î¥´¨¥: l = 2. Œ¥¦¤Ê
É¥³ Ô±¸¶¥·¨³¥´É ²Ó´μ¥ Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶·μÉμ´μ¢ [48] Ö¢²Ö¥É¸Ö ¤μ-
¸É ÉμÎ´μ ¶² ¢´Ò³, ´¥ ¨³¥¥É Ö·±μ ¢Ò· ¦¥´´μ° ¤¨Ë· ±Í¨μ´´μ° ¸É·Ê±ÉÊ·Ò,
Ì · ±É¥·´μ° ¤²Ö ³¥Ì ´¨§³  ±² ¸É¥·´μ£μ ¸·Ò¢ , ¨ ´¥ μ¡´ ·Ê¦¨¢ ¥É ¸¢Ö§ ´-
´μ£μ ¸ É ±¨³ ¶¥·¥¤ ´´Ò³ Ê£²μ¢Ò³ ³μ³¥´Éμ³ ³ ±¸¨³Ê³  ¶μ¤ Ê£² ³¨ ¢Ò²¥É 
¶·μÉμ´μ¢, § ³¥É´μ μÉ²¨Î´Ò³¨ μÉ ´Ê²Ö. ’ ±μ¥ ¶μ¢¥¤¥´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ
¸¥Î¥´¨Ö ¤ ¥É μ¸´μ¢ ´¨¥ ¸Î¨É ÉÓ, ÎÉμ ¢ ·¥ ±Í¨¨ 10B(t, p)12B ¸ÊÐ¥¸É¢¥´´ÊÕ
·μ²Ó ¤μ²¦¥´ ¨£· ÉÓ ³¥Ì ´¨§³ ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ ´¥°É·μ´μ¢.

�ÉμÉ ³¥Ì ´¨§³ ¢ ·¥ ±Í¨¨ 10B(t, p)12B ¸ μ¡· §μ¢ ´¨¥³ ¢¨·ÉÊ ²Ó´μ° ¶·μ-
³¥¦ÊÉμÎ´μ° ¸¨¸É¥³Ò d + 11B · ´¥¥ · ¸¸³ É·¨¢ ²¸Ö ¢ [11] ´  ± Î¥¸É¢¥´´μ³
Ê·μ¢´¥ (¨¸¶μ²Ó§μ¢ ²μ¸Ó ¶²μ¸±μ¢μ²´μ¢μ¥ ¶·¨¡²¨¦¥´¨¥ ¨ ¶·¨¡²¨¦¥´¨¥ ´Ê²¥-
¢μ£μ · ¤¨Ê¸  ¢§ ¨³μ¤¥°¸É¢¨Ö, ¢¢μ¤¨²¨¸Ó ´μ·³¨·ÊÕÐ¨¥ ³´μ¦¨É¥²¨). �μ ¤ ¦¥
¢ É ±¨Ì ¶·¨¡²¨¦¥´¨ÖÌ ¨³¥´´μ É ±μ° ³¥Ì ´¨§³ ¶μ§¢μ²¨² μ¡ÑÖ¸´¨ÉÓ ÉμÉ Ë ±É,
ÎÉμ Ëμ·³  Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö ¶·μÉμ´μ¢ ´¥ μ¶·¥¤¥²Ö¥É¸Ö ¶¥·¥¤ ´´Ò³
Ê£²μ¢Ò³ ³μ³¥´Éμ³, · §·¥Ï¥´´Ò³ ¶· ¢¨² ³¨ μÉ¡μ·  ¤²Ö ¸·Ò¢  ¤¨´¥°É·μ´-
´μ£μ ±² ¸É¥· .

ŒÒ Ê¦¥ μÉ³¥Î ²¨ ¢ · §¤. 2 § ¢¨¸¨³μ¸ÉÓ ¢±² ¤  ¤¢ÊÌ¸ÉÊ¶¥´Î Éμ£μ ³¥Ì -
´¨§³  μÉ μÉ¸ÊÉ¸É¢¨Ö ¶μ¤μ¡¨Ö ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¶¥·¥¤ ¢ ¥³ÒÌ Î ¸É¨Í. ‚
·¥ ±Í¨¨ 10B(t, p)12B μÉ¸ÊÉ¸É¢¨¥ ¶μ¤μ¡¨Ö ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¶¥·¥¤ ¢ ¥³ÒÌ
´¥°É·μ´μ¢ μ¡¥¸¶¥Î¨¢ ¥É¸Ö ¡μ²ÓÏμ° ¢¥²¨Î¨´μ° · §´μ¸É¨ ΔEij ¢¨·ÉÊ ²Ó´ÒÌ
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Ô´¥·£¨° ´¥°É·μ´μ¢ (Ëμ·³Ê²Ò (27)),   É ±¦¥ ¸É·Ê±ÉÊ·´Ò³¨ μ¸μ¡¥´´μ¸ÉÖ³¨
Ö¤¥·.

‚ [49] ³Ò ¶·μ¢¥²¨ · ¸Î¥É ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 10B(t, p)12B, ¶·¨´¨³ Ö ¢μ
¢´¨³ ´¨¥ ¶μ²Õ¸´Ò¥ ³¥Ì ´¨§³Ò ¸·Ò¢  ¤¨´¥°É·μ´ ,   É ±¦¥ ³¥Ì ´¨§³ ¶μ¸²¥-
¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ ¤¢ÊÌ ´¥°É·μ´μ¢ (·¨¸. 13). 
Ò²μ ¶μ± § ´μ, ÎÉμ ¢±² ¤
³¥Ì ´¨§³  ¸·Ò¢  ÉÖ¦¥²μ£μ ±² ¸É¥·  ³ ², ¨ ¥£μ ³μ¦´μ ´¥ ÊÎ¨ÉÒ¢ ÉÓ.

� ¸Î¥É ³ É·¨Î´μ£μ Ô²¥³¥´É  ±² ¸É¥·´μ£μ ¸·Ò¢  ¤¨´¥°É·μ´  (¶μ²Õ¸´ Ö
¤¨ £· ³³  ·¨¸. 13,  ) ¶·μ¢μ¤¨²¸Ö ¢ · ³± Ì Œˆ‚�Š�� [4]. ‘É·Ê±ÉÊ·´Ò¥ ³´μ-
¦¨É¥²¨ ¢ÒÎ¨¸²Ö²¨¸Ó ¢ ¶·¥¤¸É ¢²¥´¨¨ ¶¥·¥¤ ´´ÒÌ ¶μ²´μ£μ J ¨ μ·¡¨É ²Ó´μ£μ
l ³μ³¥´Éμ¢ ¨ ¶¥·¥¤ ´´μ£μ ¸¶¨´  s [30]. �μ¸±μ²Ó±Ê ¸¶¨´ ¤¨´¥°É·μ´  s = 0,
¨³¥¥É ³¥¸Éμ · ¢¥´¸É¢μ ¶¥·¥¤ ´´μ£μ μ·¡¨É ²Ó´μ£μ l ¨ ¶μ²´μ£μ J ³μ³¥´Éμ¢, É ±
ÎÉμ ¢ ·¥ ±Í¨¨ 10B(t, p)12B ¸É·Ê±ÉÊ·´Ò° ³´μ¦¨É¥²Ó Θ̄l=2

s=1/2 J=2 ¨³¥¥É ¥¤¨´-
¸É¢¥´´μ¥ §´ Î¥´¨¥, · ¢´μ¥ 0,811.

Œ É·¨Î´Ò° Ô²¥³¥´É ¤¢ÊÌ¸ÉÊ¶¥´Î Éμ£μ ³¥Ì ´¨§³  ¶¥·¥¤ Î¨ ´¥°É·μ´μ¢,
¨²²Õ¸É·¨·Ê¥³Ò° Î¥ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ £· ³³μ° ·¨¸. 13, ¡ ¸ μ¤´μ´ ¶· ¢²¥´-
´Ò³¨ ²¨´¨Ö³¨, · ¸¸Î¨ÉÒ¢ ²¸Ö ¶μ Ëμ·³Ê²¥ (54).

„²Ö ·¥ ±Í¨¨ 10B(t, p)12B l1 = l2 = 1, s1 = s2 = 1/2, ¶μ²´Ò° ¶¥·¥¤ ´-
´Ò° ³μ³¥´É J ³μ¦¥É ¶·¨´¨³ ÉÓ §´ Î¥´¨Ö 2, 3, 4,   ¶¥·¥¤ ´´Ò° μ·¡¨É ²Ó´Ò°

’ ¡²¨Í  7. ‘¶¥±É·μ¸±μ¶¨Î¥¸±¨¥ ³´μ-
¦¨É¥²¨ Θ̄J1J2

l1l2l ¢ ·¥ ±Í¨¨ 10B(t, p)12B
¤²Ö ³¥Ì ´¨§³  ´¥§ ¢¨¸¨³μ° ¶¥·¥¤ Î¨
´¥°É·μ´μ¢ (l1 = l2 = 1)

l
J = 2 J = 3

s = 0 s = 1 s = 1

1 Ä0,0968
2 0,8256 0,2806 0,1597

³μ³¥´É l = 1, 2. ‚ É ¡². 7 ¶·¨¢¥¤¥´Ò
¢¥²¨Î¨´Ò ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨Ì ³´μ¦¨-
É¥²¥° Θ̄J1J2

l1l2l ¤²Ö ¢¸¥Ì · §·¥Ï¥´´ÒÌ
¶· ¢¨² ³¨ μÉ¡μ·  ±μ³¡¨´ Í¨° l, s, J .
Š ± ¢¨¤´μ ¨§ ÔÉμ° É ¡²¨ÍÒ, ±μ³¶μ-
´¥´ÉÒ Θ̄J1J2

l1l2l ¸ l = 2 Ö¢²ÖÕÉ¸Ö μ¸´μ¢-
´Ò³¨ ¤²Ö ³¥Ì ´¨§³  ¶μ¸²¥¤μ¢ É¥²Ó´μ°
¶¥·¥¤ Î¨ ´¥°É·μ´μ¢.

� ¸Î¥É ¸¥Î¥´¨Ö ·¥ ±Í¨¨ (t, p) ¶·μ-
¢μ¤¨²¸Ö ¶μ Ëμ·³Ê²¥ (56) ±μ£¥·¥´É´Ò³
¸Ê³³¨·μ¢ ´¨¥³ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢
μ¡μ¨Ì · ¸¸³μÉ·¥´´ÒÌ ³¥Ì ´¨§³μ¢. � · ³¥É·Ò μ¶É¨Î¥¸±¨Ì ¶μÉ¥´Í¨ ²μ¢ ¢ ´ -
Î ²Ó´μ³ ¨ ±μ´¥Î´μ³ ± ´ ² Ì ·¥ ±Í¨¨ ¢§ÖÉÒ É ±¨³¨ ¦¥, ± ± ¢ [49] (É ¡². 2).

�  ·¨¸. 19 ¶μ± § ´μ · ¸¸Î¨É ´´μ¥ Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶·μÉμ´μ¢ Å
¶·μ¤Ê±Éμ¢ ·¥ ±Í¨¨ 10B(t, p)12B. � ¸Î¥É´Ò¥ ¸¥Î¥´¨Ö ¤²Ö ± ¦¤μ£μ ¨§ · ¸¸³ -
É·¨¢ ¥³ÒÌ ³¥Ì ´¨§³μ¢ μ± § ²¨¸Ó ¤μ¸É ÉμÎ´μ Ê¸Éμ°Î¨¢Ò³¨ ± ´¥¡μ²ÓÏμ³Ê
¢ ·Ó¨·μ¢ ´¨Õ ¶ · ³¥É·μ¢ μ¶É¨Î¥¸±¨Ì ¶μÉ¥´Í¨ ²μ¢. ‘·Ò¢ ¤¨´¥°É·μ´  ¤ ¥É
μ¸´μ¢´μ° ¢±² ¤ ¢ ¸¥Î¥´¨¥, ÌμÉÖ Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶·μÉμ´μ¢ ¤²Ö ÔÉμ£μ
³¥Ì ´¨§³ , ± ± ¨ μ¦¨¤ ²μ¸Ó, ¨³¥¥É ¡μ²¥¥ Ö·±μ ¢Ò· ¦¥´´ÊÕ ¤¨Ë· ±Í¨μ´´ÊÕ
¸É·Ê±ÉÊ·Ê ¶μ ¸· ¢´¥´¨Õ ¸ Ô±¸¶¥·¨³¥´Éμ³. ‚±² ¤ ³¥Ì ´¨§³  ¶μ¸²¥¤μ¢ É¥²Ó-
´μ° ¶¥·¥¤ Î¨ ´¥°É·μ´μ¢ ¢ ¶μ²´μ¥ ¸¥Î¥´¨¥ ¸ÊÐ¥¸É¢¥´´μ ³¥´ÓÏ¥, Î¥³ ¢±² ¤
¤¢ÊÌ¸ÉÊ¶¥´Î Éμ£μ ³¥Ì ´¨§³  ¢ ·¥ ±Í¨¨ 9‚¥(d, p)10Be. ’¥³ ´¥ ³¥´¥¥ ´  ³ ²ÒÌ
Ê£² Ì ¢Ò²¥É  ¶·μÉμ´μ¢ μ´ ¸μ¶μ¸É ¢¨³ ¸ ¢±² ¤μ³ ³¥Ì ´¨§³  ¸·Ò¢ , ÎÉμ ¶·¨-
¢μ¤¨É ± ¢μ§· ¸É ´¨Õ ¸¥Î¥´¨Ö ¶·¨ ³ ²ÒÌ θp ¨ Ê¢¥²¨Î¨¢ ¥É ¸¥Î¥´¨¥ ¢ ¶¥·¢μ³
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�¨¸. 19. “£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶·μÉμ´μ¢ ¨§ ·¥ ±Í¨¨ 10B(t, p)12B ¶·¨ Et = 21 ŒÔ‚.
Š¢ ¤· ÉÒ Å Ô±¸¶¥·¨³¥´É ²Ó´μ¥ ¸¥Î¥´¨¥ [48]. �¡μ§´ Î¥´¨Ö É¥μ·¥É¨Î¥¸±¨Ì ±·¨¢ÒÌ É¥
¦¥, ÎÉμ ¨ ´  ·¨¸. 16

³¨´¨³Ê³¥ Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö. ‘Ê³³ ·´ Ö ±·¨¢ Ö, ¶μ²ÊÎ¥´´ Ö ¶ÊÉ¥³ ±μ-
£¥·¥´É´μ£μ ¸Ê³³¨·μ¢ ´¨Ö  ³¶²¨ÉÊ¤ μ¡μ¨Ì ³¥Ì ´¨§³μ¢, Ìμ·μÏμ ¸μ£² ¸Ê¥É¸Ö ¸
Ô±¸¶¥·¨³¥´Éμ³ ¨ ¶¥·¥¤ ¥É ¢¸¥ ¥£μ Ì · ±É¥·´Ò¥ μ¸μ¡¥´´μ¸É¨.

ˆÉ ±, ³Ò ¶μ± § ²¨, ÎÉμ ÊÎ¥É ¶μ¶· ¢μ±, μ¶·¥¤¥²Ö¥³ÒÌ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒ³¨
³¥Ì ´¨§³ ³¨, ¸ÊÐ¥¸É¢¥´´μ Ê²ÊÎÏ ¥É ¸μ£² ¸¨¥ É¥μ·¥É¨Î¥¸±¨Ì Ê£²μ¢ÒÌ · ¸¶·¥-
¤¥²¥´¨° ¶·μ¤Ê±Éμ¢ ·¥ ±Í¨° ´  ²¥£±¨Ì Ö¤· Ì ¸ Ô±¸¶¥·¨³¥´Éμ³.

5. �…‰’�����Ÿ �…�ˆ”…�ˆŸ ‹…ƒŠˆ•
�…‰’�����-ˆ‡�›’�—�›• Ÿ„…�

ˆ¸¸²¥¤μ¢ ´¨¥ ²¥£±¨Ì ´¥°É·μ´´μ-¨§¡ÒÉμÎ´ÒÌ Ö¤¥· ¢ ·¥ ±Í¨ÖÌ ¸ · ¤¨μ ±-
É¨¢´Ò³¨ ¶ÊÎ± ³¨ ¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö ¸É ²μ μ¤´μ° ¨§  ±ÉÊ ²Ó´ÒÌ § ¤ Î ¸μ-
¢·¥³¥´´μ° Ö¤¥·´μ° Ë¨§¨±¨, ¶·¥¦¤¥ ¢¸¥£μ ¡² £μ¤ ·Ö μÉ±·ÒÉ¨Õ Ö¤¥· ¸ ¶·μ-
ÉÖ¦¥´´μ° ´Ê±²μ´´μ° ¶¥·¨Ë¥·¨¥°, ¨²¨ £ ²μ-Ö¤¥·. ‚ · ¡μÉ Ì [50Ä56] ¶·μ-
¢¥¤¥´Ò ¤¥É ²Ó´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö ¶μ ¶μ¨¸±Ê ¨ ¨§ÊÎ¥´¨Õ
¸¶¥±É·μ¸±μ¶¨¨ ¨§μÉμ¶μ¢ ¢μ¤μ·μ¤  ¨ ²¨É¨Ö ¸ ¡μ²ÓÏ¨³ (μ±μ²μ 4Ä5) ¨§¡ÒÉ±μ³
´¥°É·μ´μ¢. ‚ Ô±¸¶¥·¨³¥´É Ì [50Ä53], ¢Ò¶μ²´¥´´ÒÌ ¢ μ¡· É´μ° £¥μ³¥É·¨¨ ¸
¶μ³μÐÓÕ ¸²μ¦´ÒÌ ±μ··¥²ÖÍ¨μ´´ÒÌ ³¥Éμ¤¨±, μ¶·¥¤¥²¥´Ò ´¥±μÉμ·Ò¥ Ëμ·³Ò
¶·μ¸É· ´¸É¢¥´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ´Ê±²μ´μ¢ ¢ ´¥°É·μ´´μ-¨§¡ÒÉμÎ´ÒÌ Ö¤· Ì.
�¤´ ±μ ¤ ¦¥ ¶·μ¸É¥°Ï¨¥ Ö¤·  ¸ ¤¢Ê³Ö ¨§¡ÒÉμÎ´Ò³¨ ´¥°É·μ´ ³¨ ¤μ ¸¨Ì ¶μ·
¨§ÊÎ¥´Ò ´¥¤μ¸É ÉμÎ´μ ± ± ¸ ÉμÎ±¨ §·¥´¨Ö ¨Ì ¸¶¥±É·μ¸±μ¶¨¨, É ± ¨ Éμ¶μ²μ-
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�¨¸. 20. ‚μ§³μ¦´Ò¥ ¶·μ¸É· ´¸É¢¥´´Ò¥ ±μ´Ë¨£Ê· Í¨¨ ¤¢ÊÌ ¨§¡ÒÉμÎ´ÒÌ ´¥°É·μ´μ¢ ¢
²¥£±¨Ì Ö¤· Ì: a) ¤¨´¥°É·μ´´ Ö; ¡) ¸¨£ ·μμ¡· §´ Ö

£¨¨ ¶·μ¸É· ´¸É¢¥´´μ£μ · ¸¶μ²μ¦¥´¨Ö ´¥°É·μ´μ¢, μ¡· §ÊÕÐ¨Ì ¢´¥Ï´¥¥ £ ²μ,
¨ μ¸É ÕÐ¥£μ¸Ö Ö¤¥·´μ£μ μ¸Éμ¢ .

Ÿ¤·  1p-μ¡μ²μÎ±¨ ¸ ¤¢Ê³Ö ¨§¡ÒÉμÎ´Ò³¨ ´¥°É·μ´ ³¨ ³μ£ÊÉ ¨³¥ÉÓ ¤¢¥
¶·μ¸É· ´¸É¢¥´´Ò¥ ±μ´Ë¨£Ê· Í¨¨, · §²¨Î ÕÐ¨¥¸Ö · ¸¶μ²μ¦¥´¨¥³ ´¥°É·μ´μ¢
μÉ´μ¸¨É¥²Ó´μ μ¸Éμ¢  (·¨¸. 20). �¥·¢ Ö Å ¤¨´¥°É·μ´´ Ö Å ¨³¥¥É ¸¨²Ó´μ
¸¡²¨¦¥´´Ò¥ ´¥°É·μ´Ò ¸ Í¥´É·μ³ ³ ¸¸, ¤μ¸É ÉμÎ´μ Ê¤ ²¥´´Ò³ μÉ μ¸Éμ¢ . ‚Éμ-
· Ö Å ¸¨£ ·μμ¡· §´ Ö Å ¸μ¸Éμ¨É ¨§ ´¥±μ··¥²¨·μ¢ ´´ÒÌ ´¥°É·μ´μ¢, · ¸¶μ-
²μ¦¥´´ÒÌ ¶μ · §´Ò¥ ¸Éμ·μ´Ò μ¸Éμ¢ . � ²¨Î¨¥ É ±¨Ì ±μ´Ë¨£Ê· Í¨° ¢³¥¸É¥ ¸
μÍ¥´±μ° ¨Ì μÉ´μ¸¨É¥²Ó´μ£μ ¢±² ¤  ¢ ¶¥·¨Ë¥·¨Õ Ö¤·  ¡Ò²μ Ô±¸¶¥·¨³¥´É ²Ó´μ
¶μ¤É¢¥·¦¤¥´μ ¨ ¶μ¤·μ¡´μ ¨¸¸²¥¤μ¢ ´μ É¥μ·¥É¨Î¥¸±¨ [57Ä62] ¨ Ô±¸¶¥·¨³¥´-
É ²Ó´μ [57, 63, 64] ¢ ´ ¨¡μ²¥¥ ¨§ÊÎ¥´´μ³ ´¥°É·μ´´μ-¨§¡ÒÉμÎ´μ³ Ö¤·¥ 6�¥.

‚ ± Î¥¸É¢¥ ³¥Éμ¤ , ¸¶μ¸μ¡´μ£μ μ¡´ ·Ê¦¨ÉÓ ± ¦¤ÊÕ ¨§ ¤¢ÊÌ ¶·μ¸É· ´-
¸É¢¥´´ÒÌ ±μ´Ë¨£Ê· Í¨° ´¥°É·μ´´μ-¨§¡ÒÉμÎ´μ£μ Ö¤· , ³Ò ¨¸¶μ²Ó§μ¢ ²¨ [65]
 ´ ²¨§ Ê£²μ¢ÒÌ § ¢¨¸¨³μ¸É¥° ¸¥Î¥´¨° ·¥ ±Í¨° ¸ μ¡· §μ¢ ´¨¥³ É ±¨Ì Ö¤¥· ¸
ÊÎ¥Éμ³ μ¤´μ- ¨ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒÌ ³¥Ì ´¨§³μ¢. �¶¨¸ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ ¶μ ¸¥Î¥´¨Ö³ ·¥ ±Í¨° ¢μ ¢¸¥³ Ê£²μ¢μ³ ¤¨ ¶ §μ´¥ ¶μ§¢μ²¨²μ ¸¤¥² ÉÓ
±μ··¥±É´ÊÕ μÍ¥´±Ê ¢±² ¤  ± ¦¤μ£μ ¨§ ³¥Ì ´¨§³μ¢, ¢μ¸¸É ´μ¢¨ÉÓ ¢μ²´μ¢ÊÕ
ËÊ´±Í¨Õ μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö ¨§¡ÒÉμÎ´ÒÌ ´¥°É·μ´μ¢ ¨ Ö¤· -μ¸Éμ¢  ¨
¨¸¸²¥¤μ¢ ÉÓ ±μ´Ë¨£Ê· Í¨Õ ´¥°É·μ´´μ° ¶¥·¨Ë¥·¨¨.

5.1. ‘É·Ê±ÉÊ·  Ö¤·  6�¥, ¶·μÖ¢²ÖÕÐ Ö¸Ö ¢ Ê¶·Ê£μ³ α6He-· ¸¸¥Ö´¨¨.
‚ É¥μ·¥É¨Î¥¸±¨Ì · ¡μÉ Ì ¶μ ¨¸¸²¥¤μ¢ ´¨Õ ±μ´Ë¨£Ê· Í¨¨ ¢μ²´μ¢μ° ËÊ´±-
Í¨¨ ´¥°É·μ´´μ-¨§¡ÒÉμÎ´μ£μ Ö¤·  6�¥ ¢ ³μ¤¥²¨ É·¥Ì É¥² [58] ¨ ¢ ³¥Éμ¤¥
K-£ ·³μ´¨± (¸ K = Kmin, Kmin + 2) [59] ¶·¥¤¸± §Ò¢ ¥É¸Ö ´ ²¨Î¨¥ ¢ ´¥°
¤¢ÊÌ · §²¨Î ÕÐ¨Ì¸Ö ¶·μ¸É· ´¸É¢¥´´ÒÌ ±μ´Ë¨£Ê· Í¨°: ¤¨´¥°É·μ´´μ° ¨ ¸¨£ -
·μμ¡· §´μ° (·¨¸. 20). �μ²ÊÎ¥´´μ¥ ´ ³¨ ¢¶μ²´¥ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ¥ μ¶¨¸ ´¨¥
Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¸¥Î¥´¨Ö α6He-· ¸¸¥Ö´¨Ö ¢μ ¢¸¥³ ¤¨ ¶ §μ´¥ Ê£²μ¢ ¸ ÊÎ¥-
Éμ³ ¢±² ¤  · §²¨Î´ÒÌ ³¥Ì ´¨§³μ¢ (¸³. ¶·¥¤Ò¤ÊÐ¨° · §¤¥²) ¶μ§¢μ²Ö¥É ¢μ¸-
¸É ´μ¢¨ÉÓ ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö α-Î ¸É¨ÍÒ ¨ ¤¨´¥°-
É·μ´ , É ± ¦¥ ± ± ´¥°É·μ´  ¨ α-Î ¸É¨ÍÒ ¨ ´¥°É·μ´  ¨ 5�¥ ¢ μ¸´μ¢´μ³ ¸μ¸Éμ-
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Ö´¨¨ 6�¥. ŒÒ ¶μ²ÊÎ¨²¨ ¨¸±μ³Ò¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¨§ WDP-¶·μÍ¥¤Ê·Ò [25]
¶ÊÉ¥³ ¶μ¤¡μ·  £²Ê¡¨´Ò ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¶μÉ¥´Í¨ ²μ¢, § ¤ ¢ Ö Ô´¥·£¨Õ ¸¢Ö§¨
Ö¤¥· ¶μ ± ´ ² ³ · ¸¶ ¤ , Î¨¸²μ Ê§²μ¢ ¨¸±μ³ÒÌ ËÊ´±Í¨° ¨ £¥μ³¥É·¨Î¥¸±¨¥ ¶ -
· ³¥É·Ò ¶μÉ¥´Í¨ ²μ¢.

� ¸¸Î¨É ´´Ò¥ ¸ ÔÉ¨³¨ ËÊ´±Í¨Ö³¨ ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ · ¤¨Ê¸Ò ¤²Ö ± -
¦¤μ° ¨§ ±μ´Ë¨£Ê· Í¨° ¶· ±É¨Î¥¸±¨ μ¤¨´ ±μ¢Ò ¨ · ¢´Ò ∼= 4, 2 ”³, ÎÉμ ¸μ-
μÉ¢¥É¸É¢Ê¥É É¥μ·¥É¨Î¥¸±¨³ μÍ¥´± ³ [58, 59]. � ²¨Î¨¥ ¤¨´¥°É·μ´´μ° ±² -
¸É¥·´μ° ±μ´Ë¨£Ê· Í¨¨ ¢ ¢μ²´μ¢μ° ËÊ´±Í¨¨ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö 6�¥ Ö¢²Ö-
¥É¸Ö ´¥μ¡Ìμ¤¨³Ò³ Ê¸²μ¢¨¥³ μ¶¨¸ ´¨Ö μ¡· É´ÒÌ ³ ±¸¨³Ê³μ¢ ¸¥Î¥´¨Ö Ê¶·Ê-
£μ£μ α6He-· ¸¸¥Ö´¨Ö. „·Ê£ Ö ¢μ§³μ¦´ Ö n1ÄαÄn2 ¸¨£ ·μμ¡· §´ Ö ¶·μ¸É· ´-
¸É¢¥´´ Ö ±μ´Ë¨£Ê· Í¨Ö 6�¥ ·¥ ²¨§Ê¥É ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒ° ³¥Ì ´¨§³ ¶¥·¥¤ Î¨
´¥°É·μ´μ¢, ±μÉμ·Ò° ¤ ¥É § ³¥É´Ò° ¢±² ¤ ¢μ ¢¸¥° Ê£²μ¢μ° μ¡² ¸É¨ ¢Ò²¥É 
· ¸¸¥Ö´´ÒÌ Î ¸É¨Í. �¥¸³μÉ·Ö ´  · §²¨Î ÕÐ¨¥¸Ö ¢¥¸  ÔÉ¨Ì ±μ´Ë¨£Ê· Í¨°
¢ ¢μ²´μ¢μ° ËÊ´±Í¨¨ Ö¤·  6�¥, μ´¨ μ¡¥ ¸ÊÐ¥¸É¢¥´´Ò ¤²Ö μ¶¨¸ ´¨Ö ¸¥Î¥´¨Ö
Ê¶·Ê£μ£μ α6He-· ¸¸¥Ö´¨Ö. ’ ±¨³ μ¡· §μ³, ´¥°É·μ´´ Ö ¶¥·¨Ë¥·¨Ö Ö¤·  6�¥
¶·μÖ¢²Ö¥É ¸¥¡Ö ± ± Ìμ·μÏμ ¸Ëμ·³¨·μ¢ ´´μ¥ ¤¢ÊÌ´¥°É·μ´´μ¥ £ ²μ, ¶μ¸±μ²Ó±Ê
· ¤¨Ê¸ ± ¦¤μ° ±μ´Ë¨£Ê· Í¨¨ ¡μ²¥¥ Î¥³ ¢¤¢μ¥ ¶·¥¢ÒÏ ¥É · ¤¨Ê¸ μ¸Éμ¢  Å
Ö¤·  4�¥ (1,67 ”³ [66]) ¨ ¢ 1,3 · §  Å · ¤¨Ê¸ Ö¤·  6�¥ (2,9 ”³ [37, 55, 57Ä
61, 66]). ‘É·Ê±ÉÊ·  ´¥°É·μ´´μ° ¶¥·¨Ë¥·¨¨ Ö¤·  6�¥, ¶μ± § ´´ Ö ´  ·¨¸. 21,

�¨¸. 21. ‘Ì¥³  ¸É·Ê±ÉÊ·Ò ´¥°É·μ´´μ° ¶¥·¨Ë¥·¨¨ Ö¤·  6�¥, ¢μ¸¸É ´μ¢²¥´´μ°
¢ Ê¶·Ê£μ³ α 6�¥-· ¸¸¥Ö´¨¨. –¥´É· ²Ó´Ò° § ÏÉ·¨Ìμ¢ ´´Ò° ±·Ê£ Å α-Î ¸É¨Í 
(R = 1,67 ”³ [66]), ¶Ê´±É¨·´ Ö μ±·Ê¦´μ¸ÉÓ ¸μμÉ¢¥É¸É¢Ê¥É · ¤¨Ê¸Ê 6�¥ (R =
2,9 ”³ [37, 55, 57Ä59, 66]). Š·¨¢Ò³¨ ¶μ± § ´Ò ¶²μÉ´μ¸É¨ ¢¥·μÖÉ´μ¸É¨ · §²¨Î´ÒÌ
¤¢ÊÌ´¥°É·μ´´ÒÌ ±μ´Ë¨£Ê· Í¨°: ¸¶²μÏ´μ° Éμ²¸Éμ° Å ¤¨´¥°É·μ´´μ° 2n−α (R =
4,44 ”³); ¸¶²μÏ´μ° Éμ´±μ° Å μ¤´μ´¥°É·μ´´μ° n1−5He (R = 4,20 ”³); ÏÉ·¨Ìμ-
¢μ° Å μ¤´μ´¥°É·μ´´μ° n2−α (R = 4,18 ”³)
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¤¥³μ´¸É·¨·Ê¥É ´ ²¨Î¨¥ μ¡¥¨Ì ±μË¨£Ê· Í¨° £ ²μ, ¤μ¸É ÉμÎ´μ Ê¤ ²¥´´ÒÌ μÉ
μ¸Éμ¢  Å α-Î ¸É¨ÍÒ.

Œμ¦´μ μ¦¨¤ ÉÓ, ÎÉμ ¶μ¤μ¡´ Ö ¸É·Ê±ÉÊ·  Ö¤·  6�¥ ¡Ê¤¥É ¶·μÖ¢²ÖÉÓ¸Ö ¨ ¢
·¥ ±Í¨ÖÌ Ë· £³¥´É Í¨¨ ÔÉμ£μ Ö¤·  ´  ÉÖ¦¥²ÒÌ Ö¤· Ì. „¥°¸É¢¨É¥²Ó´μ, ¤¨´¥°-
É·μ´´ Ö ±μ´Ë¨£Ê· Í¨Ö ¤ ¥É μ¸´μ¢´μ° ¢±² ¤ ¢ ¸¥Î¥´¨¥ ·¥ ±Í¨° Ë· £³¥´É Í¨¨
6�¥ ¸ Ô´¥·£¨¥° 20Ä60 ŒÔ‚ ´  ËμÉμÔ³Ê²Ó¸¨μ´´ÒÌ ¸Éμ¶± Ì [63, 64]. ‘¨£ ·μ-
μ¡· §´ Ö ±μ´Ë¨£Ê· Í¨Ö, ¶μ ¢¸¥° ¢¥·μÖÉ´μ¸É¨, ¶·μÖ¢²Ö¥É¸Ö ¢ ·¥ ±Í¨ÖÌ Ë· £-
³¥´É Í¨¨ 6�¥ ´  ÉÖ¦¥²ÒÌ Ö¤· Ì ¶·¨ ¡�o²ÓÏ¨Ì Ô´¥·£¨ÖÌ (0,8 ƒÔ‚/´Ê±²μ´) [67].
�μ¤Î¥·±´¥³, ÎÉμ ¢ Ê¶·Ê£μ³ α6He-· ¸¸¥Ö´¨¨ ¤¢ÊÌ´¥°É·μ´´μ¥ £ ²μ 6�¥ ¶·μ-
Ö¢²Ö¥É ¨ ¤¨´¥°É·μ´´ÊÕ, ¨ ¸¨£ ·μμ¡· §´ÊÕ ±μ´Ë¨£Ê· Í¨¨.

5.2. ‘É·Ê±ÉÊ·  ´¥°É·μ´´μ£μ £ ²μ ¢ Ö¤· Ì 10Be ¨ 12B. �¸ÊÐ¥¸É¢²¥´-
´μ¥ ´ ³¨ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ μ¶·¥¤¥²¥´¨¥ ¢±² ¤  · §²¨Î´ÒÌ ³¥Ì ´¨§³μ¢ ¢
¸¥Î¥´¨¥ ·¥ ±Í¨¨ 9‚¥(d, p)10Be (10B(t, p)12B) ¶μ§¢μ²Ö¥É ¢μ¸¸É ´μ¢¨ÉÓ (¢ · ³-
± Ì WDP-¶·μÍ¥¤Ê·Ò [25]) ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö 8‚¥
(10B) ¨ ¤¨´¥°É·μ´ , É ± ¦¥ ± ± 8‚¥ (10B) ¨ μ¡μ¨Ì ´¥°É·μ´μ¢ ¢ μ¸´μ¢´μ³
¸μ¸ÉμÖ´¨¨ 10Be (12B).

� ¸¸³μÉ·¨³ ¶μ¢¥¤¥´¨¥ ¶μ²ÊÎ¥´´ÒÌ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° μÉ¤¥²Ó´μ ¤²Ö ± -
¦¤μ£μ Ö¤· .

�  ·¨¸. 22 ¶·¥¤¸É ¢²¥´  ¸É·Ê±ÉÊ·  ´¥°É·μ´´μ° ¶¥·¨Ë¥·¨¨ Ö¤·  10Be ¢
μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨. Ÿ¤·μ 8‚¥ ¶μ± § ´μ ´  ´¥³ § ÏÉ·¨Ìμ¢ ´´Ò³ Í¥´É· ²Ó-

�¨¸. 22. ‘Ì¥³  ¸É·Ê±ÉÊ·Ò ´¥°É·μ´´μ° ¶¥·¨Ë¥·¨¨ Ö¤·  10‚¥. –¥´É· ²Ó´Ò° § ÏÉ·¨Ìμ-
¢ ´´Ò° ±·Ê£ Å Ö¤·μ 8‚¥ (R = 2,2 ”³ [66]), ¶Ê´±É¨·´ Ö μ±·Ê¦´μ¸ÉÓ ¸μμÉ¢¥É¸É¢Ê¥É
· ¤¨Ê¸Ê 10‚¥ (R = 2,8 ”³ [66]). Š·¨¢Ò³¨ ¶μ± § ´Ò ¶²μÉ´μ¸É¨ ¢¥·μÖÉ´μ¸É¨ · §-
²¨Î´ÒÌ ¤¢ÊÌ´¥°É·μ´´ÒÌ ±μ´Ë¨£Ê· Í¨°: ¸¶²μÏ´μ° Éμ²¸Éμ° Å ¤¨´¥°É·μ´´μ° 2n−8Be
(R = 2,86 ”³); ¸¶²μÏ´μ° Éμ´±μ° Å μ¤´μ´¥°É·μ´´μ° n1−9Be (R = 2,73 ”³); ÏÉ·¨-
Ìμ¢μ° Å μ¤´μ´¥°É·μ´´μ° n2−8Be (R = 3,76 ”³)
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´Ò³ ±·Ê£μ³. � §²¨Î´Ò³¨ ²¨´¨Ö³¨ ¶μ± § ´Ò ¶²μÉ´μ¸É¨ ¢¥·μÖÉ´μ¸É¨ ¢μ²´μ¢ÒÌ
ËÊ´±Í¨° (¢¥²¨Î¨´Ò (rΨl(r))2) μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö ¤¨´¥°É·μ´  ¨ 8‚¥,
  É ±¦¥ ± ¦¤μ£μ ¨§ ´¥°É·μ´μ¢ ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ Ö¤¥·´μ£μ μ¸Éμ¢ . � ¸-
¸Î¨É ´´Ò¥ ¸ ¨Ì ¶μ³μÐÓÕ §´ Î¥´¨Ö ¸·¥¤´¥±¢ ¤· É¨Î´ÒÌ · ¤¨Ê¸μ¢ (Ê± § ´Ò
¸É·¥²± ³¨) ¤²Ö ¢μ§³μ¦´ÒÌ ±μ´Ë¨£Ê· Í¨° ´¥°É·μ´´μ° ¶¥·¨Ë¥·¨¨ ¢ 10Be ¸Ê-
Ð¥¸É¢¥´´μ μÉ²¨Î ÕÉ¸Ö ¤·Ê£ μÉ ¤·Ê£ . �·¨ · ¸Î¥É¥ ¸·¥¤´¥±¢ ¤· É¨Î´μ£μ · -
¤¨Ê¸  μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö ¤¨´¥°É·μ´  ¨ 8‚¥ ´¥μ¡Ìμ¤¨³μ ¶·¨´ÖÉÓ ¢μ
¢´¨³ ´¨¥, ÎÉμ ¤²Ö ÔÉμ° ¸¨¸É¥³Ò μ·¡¨É ²Ó´Ò° ³μ³¥´É l2 ³μ¦¥É ¨³¥ÉÓ §´ Î¥-
´¨Ö 0 ¨ 2. �¤´ ±μ, ¶μ¸±μ²Ó±Ê ¶·¨¢¥¤¥´´ Ö Ï¨·¨´  · ¸¶ ¤  10Be→ 8B¥+ 2n
¸ l2 = 0 §´ Î¨É¥²Ó´μ ¡μ²ÓÏ¥, Î¥³ ¸ l2 = 2 (¸³. É ¡². 6), ¸·¥¤´¥±¢ ¤· É¨Î-
´Ò° · ¤¨Ê¸ É ±μ° ±μ´Ë¨£Ê· Í¨¨ μ¶·¥¤¥²¥´ ´ ³¨ ± ± 2,86 ”³. ‘·¥¤´¥±¢ -
¤· É¨Î´Ò¥ · ¤¨Ê¸Ò ¤²Ö μ¡¥¨Ì ´¥°É·μ´´ÒÌ ±μ´Ë¨£Ê· Í¨° μ¶·¥¤¥²ÖÕÉ¸Ö ¶²μÉ-
´μ¸ÉÖ³¨ ¢¥·μÖÉ´μ¸É¥° ¸ μ·¡¨É ²Ó´Ò³ ³μ³¥´Éμ³ l = 1, ¨Ì ¢¥²¨Î¨´Ò · ¢´Ò
R(8Be + n1) = 3,76 ”³, R(9Be + n2) = 2,73 ”³. Š ± ¢¨¤´μ ¨§ ·¨¸Ê´± ,
ÔÉ  ¸É·Ê±ÉÊ·  ¸ÊÐ¥¸É¢¥´´μ μÉ²¨Î ¥É¸Ö μÉ ´¥°É·μ´´μ° ¶¥·¨Ë¥·¨¨ Ö¤·  6�¥
(·¨¸. 21).

� §²¨Î¨¥ ¸É·Ê±ÉÊ·Ò ´¥°É·μ´´μ° ¶¥·¨Ë¥·¨¨ ¢ ÔÉ¨Ì Ö¤· Ì ¸μ¸Éμ¨É, ¢ ¶¥·-
¢ÊÕ μÎ¥·¥¤Ó, ¢ ¶μ¢¥¤¥´¨¨ ¤¨´¥°É·μ´´μ° ±μ´Ë¨£Ê· Í¨¨: ¥¸²¨ ¢ Ê¶·Ê£μ³ α6He-
· ¸¸¥Ö´¨¨ ¨³¥´´μ μ´  μ¶·¥¤¥²Ö¥É ´¥°É·μ´´μ¥ £ ²μ, Éμ ¢ ·¥ ±Í¨¨ 9‚¥(d, p)10Be
¤¨´¥°É·μ´´ Ö ±μ´Ë¨£Ê· Í¨Ö ¶·μÖ¢²Ö¥É ¸¥¡Ö ²¨ÏÓ ¢¡²¨§¨ ¶μ¢¥·Ì´μ¸É¨ Ö¤· 
10Be (R10Be

∼= 2,8 ”³), É. ¥. ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¤¨´¥°É·μ´´ÊÕ ®±μ¦Ê¯. �¤-
´μ´¥°É·μ´´Ò¥ ±μ´Ë¨£Ê· Í¨¨ 10Be, μ¡· §μ¢ ´´μ£μ ¢ ÔÉμ° ·¥ ±Í¨¨, ´¥ ³μ£ÊÉ
· ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ¸¨£ ·μμ¡· §´Ò¥, ¶μ¸±μ²Ó±Ê μ´¨ ´¥¸¨³³¥É·¨Î´Ò Å ¨Ì
¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ · ¤¨Ê¸Ò · §²¨Î ÕÉ¸Ö ¡μ²¥¥ Î¥³ ´  1 ”³. � §²¨Î¨¥ · -
¤¨Ê¸μ¢ ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ ¥¸²¨ μ¤¨´ ¨§ ´¥°É·μ´μ¢ ¶· ±É¨Î¥¸±¨ ´ Ìμ¤¨É¸Ö
´  ¶μ¢¥·Ì´μ¸É¨ 10Be, ¶·¨³Ò± Ö ± ¤¨´¥°É·μ´´μ° ®±μ¦¥¯, Éμ ¢Éμ·μ° ´¥°É·μ´
(¶·μ¤Ê±É ¢¨·ÉÊ ²Ó´μ£μ · ¸¶ ¤  Ö¤·  9Be) § ³¥É´μ Ê¤ ²¥´ μÉ Ö¤· -μ¸Éμ¢  ¨
μ¡· §Ê¥É ¸² ¡μ¥ £ ²μ. „ ²¥¥, ¢ 6�¥ · ¤¨Ê¸ £ ²μ ¶·¨³¥·´μ ¢ 1,5 · §  ¶·¥¢Ò-
Ï ¥É · ¤¨Ê¸ 6�¥. ‚ 10Be ¶μ¤μ¡´μ¥ ¸μμÉ´μÏ¥´¨¥ ¤²Ö ±μ´Ë¨£Ê· Í¨¨ 8B¥ +n1

¸μ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê ≈ 1,3 (¤²Ö ¢¸¥Ì μ¸É ²Ó´ÒÌ ±μ´Ë¨£Ê· Í¨° μ´μ ³¥´ÓÏ¥
¥¤¨´¨ÍÒ). ’ ± Ö ¸É·Ê±ÉÊ·  ´¥°É·μ´´μ° ¶¥·¨Ë¥·¨¨ μ¡ÑÖ¸´Ö¥É §´ Î¨É¥²Ó´ÊÕ
¢¥·μÖÉ´μ¸ÉÓ ¤¨¸¸μÍ¨ Í¨¨ Ö¤·  9‚¥,   É¥³ ¸ ³Ò³ Å ¢¥²¨Î¨´Ê ¢±² ¤  ³¥Ì -
´¨§³  ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ Î ¸É¨Í ¢ ·¥ ±Í¨¨ 9‚¥(d, p)10Be.

�  ·¨¸. 23 ¶·¥¤¸É ¢²¥´  ´¥°É·μ´´ Ö ¶¥·¨Ë¥·¨Ö Ö¤·  12B. –¥´É· ²Ó´Ò°
§ ÏÉ·¨Ìμ¢ ´´Ò° ±·Ê£ Å Ö¤·μ 10‚. Š·¨¢Ò³¨ ¶μ± § ´Ò ¶²μÉ´μ¸É¨ ¢¥·μÖÉ´μ-
¸É¨ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö ¤¨´¥°É·μ´Ä10B ¸ l = 2 ¨
μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö n1Ä11B, n2Ä10B ¸ l1, l2 = 1, ¶μ²ÊÎ¥´´Ò¥ ¨§  ´ ²¨§ 
¸¥Î¥´¨Ö ·¥ ±Í¨¨ 10B(t, p)12B. ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ · ¤¨Ê¸Ò
(μÉ³¥Î¥´Ò ¸É·¥²± ³¨) ¸ÊÐ¥¸É¢¥´´μ · §²¨Î ÕÉ¸Ö ¨ ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨¥ §´ Î¥-
´¨Ö: ¤²Ö 2nÄ10B-±μ´Ë¨£Ê· Í¨¨ Å 2,96 ”³, ¤²Ö n1Ä11B-±μ´Ë¨£Ê· Í¨¨ Å
2,78 ”³ ¨ ¤²Ö n2Ä10B-±μ´Ë¨£Ê· Í¨¨ Å 2,21 ”³. …¸²¨ ÊÎ¥¸ÉÓ, ÎÉμ · ¤¨Ê¸
Ö¤·  12B · ¢¥´ 2,84 ”³ [66], ³μ¦´μ ÊÉ¢¥·¦¤ ÉÓ, ÎÉμ ¢ ÔÉμ° ·¥ ±Í¨¨ ´¥°É·μ´-
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�¨¸. 23. ‘É·Ê±ÉÊ·  ´¥°É·μ´´μ° ¶¥·¨Ë¥·¨¨ Ö¤·  12‚. ‡ ÏÉ·¨Ìμ¢ ´´Ò° ±·Ê£ Å Ö¤·μ
10‚ (R = 2,84 ”³), ¶Ê´±É¨·´ Ö μ±·Ê¦´μ¸ÉÓ ¸μμÉ¢¥É¸É¢Ê¥É · ¤¨Ê¸Ê 12‚ (R = 2,84 ”³).
Š·¨¢Ò³¨ ¶μ± § ´Ò ¶²μÉ´μ¸É¨ ¢¥·μÖÉ´μ¸É¨ · §²¨Î´ÒÌ ±μ´Ë¨£Ê· Í¨°: ¸¶²μÏ´μ° Éμ²-
¸Éμ° Å ¤¨´¥°É·μ´´μ° 2n−10B (R = 2,96 ”³), ¸¶²μÏ´μ° Éμ´±μ° Å μ¤´μ´¥°É·μ´´μ°
n1−11B (R = 2,78 ”³), ÏÉ·¨Ìμ¢μ° Å μ¤´μ´¥°É·μ´´μ° n2−10B (R = 2,21 ”³)

´μ¥ £ ²μ ¢ Ö¤·¥ 12B Ë ±É¨Î¥¸±¨ ¶·μÖ¢²Ö¥É¸Ö ²¨ÏÓ ± ± ¤¨´¥°É·μ´´ Ö ®±μ¦ ¯
´  ¥£μ ¶μ¢¥·Ì´μ¸É¨, ¶·¨Î¥³ μÉ´μÏ¥´¨¥ · ¤¨Ê¸  ¤¨´¥°É·μ´´μ° ®±μ¦¨¯ ± · -
¤¨Ê¸Ê 12B ≈ 1.

�·μ¢¥¤¥´´Ò°  ´ ²¨§ ¶μ± §Ò¢ ¥É ¸ÊÐ¥¸É¢¥´´μ¥ · §²¨Î¨¥ ¤¢ÊÌ´¥°É·μ´´μ°
¶¥·¨Ë¥·¨¨ ¢ Ö¤· Ì 6�¥, 10Be ¨ 12‚: ¥¸²¨ ¤²Ö ¶¥·¢μ£μ Ö¤·  ÔÉμ £ ²μ ¨ ¢ ¤¨´¥°-
É·μ´´μ°, ¨ ¢ ¸¨£ ·μμ¡· §´μ° ±μ´Ë¨£Ê· Í¨¨, μ¶·¥¤¥²ÖÕÐ¥¥ ¸¥Î¥´¨¥ Ê¶·Ê£μ£μ
α6He-· ¸¸¥Ö´¨Ö, Éμ ¶μ¤μ¡´μ¥ £ ²μ ¢ Ö¤· Ì 10Be ¨ 12‚ ¢ ·¥ ±Í¨¨ (t, p) Ë ±É¨-
Î¥¸±¨ ´¥ ¶·μÖ¢²Ö¥É¸Ö.

6. ‚‹ˆŸ�ˆ… Œ…•��ˆ‡Œ�‚ �…‡�‚ˆ‘ˆŒ�‰ �…�…„�—ˆ —�‘’ˆ–
�� •���Š’…�ˆ‘’ˆŠˆ ��ˆ…�’ˆ��‚���›• Ÿ„…�

6.1. �¡Ð¨¥ ¶μ²μ¦¥´¨Ö. �·¨¥´É¨·μ¢ ´´Ò³¨ ´ §Ò¢ ÕÉ¸Ö Ö¤¥·´Ò¥ ¸¨-
¸É¥³Ò, ¢ ±μÉμ·ÒÌ ´ ·ÊÏ¥´  ¨§μÉ·μ¶¨Ö ¶·μ¸É· ´¸É¢¥´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¸¶¨-
´μ¢ Î ¸É¨Í. ‚ ¤ ´´μ³ · §¤¥²¥ · ¸¸³μÉ·¨³ ¢²¨Ö´¨¥ ³¥Ì ´¨§³μ¢, ¸¢Ö§ ´´ÒÌ ¸
´¥§ ¢¨¸¨³μ° ¤¢ÊÌ¸ÉÊ¶¥´Î Éμ° ¶¥·¥¤ Î¥° Î ¸É¨Í, ´  Ì · ±É¥·¨¸É¨±¨ μ·¨¥´É¨-
·μ¢ ´´ÒÌ Ö¤¥·, μ¡· §μ¢ ´´ÒÌ ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ.

�¸´μ¢´μ° Ì · ±É¥·¨¸É¨±μ° μ·¨¥´É¨·μ¢ ´´μ° ¸¨¸É¥³Ò Ö¢²Ö¥É¸Ö ³ É·¨Í 
¶²μÉ´μ¸É¨ ¨²¨ ¥¥ ¸É É¨¸É¨Î¥¸±¨¥ É¥´§μ·Ò [30, 68]. � ¸¸³μÉ·¨³ ¡¨´ ·´ÊÕ
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·¥ ±Í¨Õ A(x, y)B∗ ¸ ´¥¶μ²Ö·¨§μ¢ ´´Ò³¨ Î ¸É¨Í ³¨. Œ É·¨Í  ¶²μÉ´μ¸É¨ ±μ-
´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö ¸¨¸É¥³Ò μ¶·¥¤¥²Ö¥É¸Ö Î¥·¥§ ³ É·¨ÍÊ ¶²μÉ´μ¸É¨ ´ Î ²Ó-
´μ£μ ¸μ¸ÉμÖ´¨Ö ¨ ³ É·¨Î´Ò° Ô²¥³¥´É ¶¥·¥Ìμ¤ :

ρ
(
MBM ′

B; MyM ′
y; θy

)
=

∑
MxM ′

xMAM ′
A

ρJx(MxM ′
x)ρJA(MAM ′

A)×

× MBA (MxMAMyMB; θy) M∗
BA

(
M ′

xM ′
AM ′

yM
′
B; θy

)
, (63)

£¤¥ ρJx(MxM ′
x) ¨ ρJA(MAM ′

A) Å ¸¶¨´μ¢Ò¥ ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¶ ¤ ÕÐ¨Ì
Î ¸É¨Í ¨ Ö¤· -³¨Ï¥´¨. „²Ö ´¥¶μ²Ö·¨§μ¢ ´´ÒÌ ¶ÊÎ±μ¢ ¨ ³¨Ï¥´¥° ÔÉ¨ ³ -
É·¨ÍÒ μ¶·¥¤¥²ÖÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨

ρJx(MxM ′
x) =

δMxM ′
x

2Jx + 1
, ρJA(MAM ′

A) =
δMAM ′

A

2JA + 1
(64)

¨ ¨³¥ÕÉ ¥¤¨´¨Î´Ò° Ï¶Ê·.
…¸²¨ ¢ Ô±¸¶¥·¨³¥´É¥ ´¥ ·¥£¨¸É·¨·Ê¥É¸Ö ¶μ²Ö·¨§ Í¨Ö Î ¸É¨ÍÒ y, Éμ ³ -

É·¨Í  ¶²μÉ´μ¸É¨ (63) ³μ¦¥É ¡ÒÉÓ ·¥¤ÊÍ¨·μ¢ ´  ¸ ¶μ³μÐÓÕ ¸μμÉ´μÏ¥-
´¨Ö [30, 69]

ρJB (MBM ′
B; θy) =

∑
MyM ′

y

ρ(MBM ′
B; MyM ′

y; θy), (65)

£¤¥ ρJB (MBM ′
B; θy) Å ¶·¨¢¥¤¥´´ Ö ³ É·¨Í  ¶²μÉ´μ¸É¨, μ¶¨¸Ò¢ ÕÐ Ö μ·¨-

¥´É Í¨μ´´Ò¥ Ì · ±É¥·¨¸É¨±¨ Éμ²Ó±μ Ö¤·  B∗(JB, MB).
‘¶¨´-É¥´§μ·Ò ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ Ö¤·  B∗(JB , MB), μ¡· §μ¢ ´´μ£μ ¢ ¡¨-

´ ·´μ° ·¥ ±Í¨¨ A(x, y)B∗ ¸ ´¥¶μ²Ö·¨§μ¢ ´´Ò³¨ Î ¸É¨Í ³¨, ¢Ò· ¦ ÕÉ¸Ö Î¥-
·¥§ ³ É·¨Î´Ò° Ô²¥³¥´É ·¥ ±Í¨¨ [30]:

ρkκ(JB; θy) =
μxAμyB

4π2�4

kx

ky

√
2JB + 1

(2Jx + 1) (2JA + 1)
×

×
∑

MBM ′
B

(−1)JB−M ′
B 〈JBM ′

BJB − MB | kκ〉×

×
∑

MxMAMy

MBA(MB; θy)M∗
BA(M ′

B; θy). (66)

�μ·³¨·μ¢±  ¢ (66) ¢Ò¡· ´  É ±, ÎÉμ

ρ00(JB ; θy) = Sp [ρJB (MBM ′
B; θy)] =

dσ

dΩ
(θy). (67)

Œ¥Éμ¤ ±μ··¥²ÖÍ¨μ´´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, ¨§²μ¦¥´´Ò° ¢ [30], ¶μ§¢μ²Ö¥É ¢μ¸-
¸É ´μ¢¨ÉÓ ´  μ¸´μ¢¥ ¨§³¥·¥´¨Ö ËÊ´±Í¨° Ê£²μ¢μ° ±μ··¥²ÖÍ¨¨ ¢¥²¨Î¨´Ò
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Akκ(JB), ¸ ÉμÎ´μ¸ÉÓÕ ¤μ ³´μ¦¨É¥²Ö ¸μ¢¶ ¤ ÕÐ¨¥ ¸μ ¸¶¨´-É¥´§μ· ³¨ Ö¤-
·  B∗ [70]:

Akκ(JB) = ρkκ(JB)Rk(LL′JBJ0),
(68)

Rk(LL′JBJ0) = (−1)1+JB−J0+L′−L−k
√

(2JB + 1)(2L + 1)(2L′ + 1)×
× 〈L 1L′ − 1 | k0〉W (JBJBLL′ : kJ0),

£¤¥ L, L′ Å ³Ê²ÓÉ¨¶μ²Ó´μ¸É¨ £ ³³ -¨§²ÊÎ¥´¨°, ¸´¨³ ÕÐ¨Ì ¢μ§¡Ê¦¤¥´¨¥ ±μ-

´¥Î´μ£μ Ö¤·  JB
L,L′

−→ J0.
‡´ Ö ¸¶¨´-É¥´§μ·Ò ³ É·¨ÍÒ ¶²μÉ´μ¸É¨, ³μ¦´μ · ¸¸Î¨É ÉÓ É ±¨¥ Ì · ±É¥-

·¨¸É¨±¨ μ·¨¥´É¨·μ¢ ´´ÒÌ ¸¨¸É¥³, ± ± É¥´§μ·Ò ¶μ²Ö·¨§ Í¨¨ ¨ § ¸¥²¥´´μ¸É¨
¸¶¨´μ¢ÒÌ ¶μ¤Ê·μ¢´¥° [30, 71, 72]. ‚ ¸¨¸É¥³¥ ±μμ·¤¨´ É ¸ μ¸ÓÕ Z, ¶¥·¶¥´-
¤¨±Ê²Ö·´μ° ± § ¤ ¢ ¥³μ° ¢¥±Éμ· ³¨ kx ¨ ky ¶²μ¸±μ¸É¨ ·¥ ±Í¨¨, ¨ μ¸ÓÕ X ,
¶ · ²²¥²Ó´μ° kB , É¥´§μ·Ò ¶μ²Ö·¨§ Í¨¨ μ¶·¥¤¥²¥´Ò ¢Ò· ¦¥´¨¥³

〈Tkκ(θy)〉 =
1√

(2JB + 1)(2k + 1)
ρkκ(θy)
ρ00(θy)

. (69)

‡ ¸¥²¥´´μ¸É¨ ³ £´¨É´ÒÌ ¶μ¤Ê·μ¢´¥° μ¶·¥¤¥²ÖÕÉ¸Ö ¤¨ £μ´ ²Ó´Ò³¨ Ô²¥-
³¥´É ³¨ ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¢ ÔÉμ° ¸¨¸É¥³¥ ±μμ·¤¨´ É.

’¥´§μ·Ò ¶μ²Ö·¨§ Í¨¨ ¨³¥ÕÉ ¡μ²¥¥ £²Ê¡μ±¨° Ë¨§¨Î¥¸±¨° ¸³Ò¸², Î¥³
¸¶¨´-É¥´§μ·Ò ¨²¨ Ô²¥³¥´ÉÒ ¸¶¨´μ¢μ° ³ É·¨ÍÒ ¶²μÉ´μ¸É¨, É ± ± ± ¤²Ö ²Õ-
¡μ£μ · ´£  μ´¨ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¸Ë¥·¨Î¥¸±¨¥ ±μ³¶μ´¥´ÉÒ μ¶¥· Éμ·  Ê£²μ-
¢μ£μ ³μ³¥´É  ¨ Ì · ±É¥·¨§ÊÕÉ ´¥¸¨³³¥É·¨Î´μ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö ¸¶¨´μ¢ÒÌ
±μ³¶μ´¥´Éμ¢ Ö¤·  B∗ μÉ´μ¸¨É¥²Ó´μ μ¸¨ ¥£μ ¸¨³³¥É·¨¨ ¨ ¶²μ¸±μ¸É¨ ·¥ ±Í¨¨.
’ ±¨³ μ¡· §μ³, ÊÎ¨ÉÒ¢ Ö ¶·¨ · ¸Î¥É¥ ³ É·¨Î´μ£μ Ô²¥³¥´É  ·¥ ±Í¨¨ ¶μ¶· ¢±¨
¢Éμ·μ£μ ¶μ·Ö¤± , μ¡Ê¸²μ¢²¥´´Ò¥ ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¥° Î ¸É¨Í, ³μ¦´μ
· ¸¸Î¨É ÉÓ μ·¨¥´É Í¨μ´´Ò¥ Ì · ±É¥·¨¸É¨±¨ ±μ´¥Î´μ£μ Ö¤· , ¸· ¢´¨ÉÓ ¨Ì ¸
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¨ μÍ¥´¨ÉÓ ¢²¨Ö´¨¥ ´  ´¨Ì ³¥Ì ´¨§³  ¤¢ÊÌ¸ÉÊ¶¥´Î Éμ°
¶¥·¥¤ Î¨.

ˆ§²μ¦¥´´Ò° Ëμ·³ ²¨§³ ³Ò ¶·¨³¥´¨²¨ ¤²Ö  ´ ²¨§  μ·¨¥´É Í¨μ´-
´ÒÌ Ì · ±É¥·¨¸É¨± Ö¤¥· 11B∗ ¨ 12C∗ Å ¶·μ¤Ê±Éμ¢ ·¥ ±Í¨° 13‘ (d, α)11B∗

¨ 13C (3He,α)12C (0+; 2+, 4,443 ŒÔ‚) ¶·¨ Ô´¥·£¨ÖÌ ¶ ¤ ÕÐ¨Ì Î ¸É¨Í
∼= 7−10 ŒÔ‚/´Ê±²μ´.

6.2. � ¸Î¥É ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨¨ 13C(d, α)11B∗ ¶·¨
Ed = 15,3 ŒÔ‚ ¨ ¸É É¨¸É¨Î¥¸±¨Ì É¥´§μ·μ¢ Ö¤·  11B(5/2−). �±¸¶¥·¨-
³¥´É ²Ó´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ÔÉμ° ·¥ ±Í¨¨ ¸ μ¡· §μ¢ ´¨¥³ 11B
¢ μ¸´μ¢´μ³ ¨ É·¥Ì ´¨§Ï¨Ì ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨ÖÌ ¶μ²ÊÎ¥´Ò ¢ [73, 74].
’¥μ·¥É¨Î¥¸±¨°  ´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¶μ§¢μ²¨² μ¶·¥¤¥²¨ÉÓ
¢±² ¤ ¢ ¸¥Î¥´¨¥ ¨§ÊÎ ¥³μ° ·¥ ±Í¨¨ ³¥Ì ´¨§³μ¢ ¡μ²¥¥ ¸²μ¦´ÒÌ, Î¥³ ¶μ¤Ì¢ É
¤¥°É·μ´´μ£μ ±² ¸É¥· . �É¨ ³¥Ì ´¨§³Ò ¸¢Ö§ ´Ò, ¢μ-¶¥·¢ÒÌ, ¸ ±μ²²¥±É¨¢´Ò³
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¢μ§¡Ê¦¤¥´¨¥³ ´¥¸Ë¥·¨Î¥¸±μ£μ Ö¤·  11B [47],   ¢μ-¢Éμ·ÒÌ, ¸ ¶μ²Õ¸´μ° ¶¥-
·¥¤ Î¥° ÉÖ¦¥²μ£μ ±² ¸É¥·  ¨ ¶μ¶· ¢±μ° ± ´¥³Ê, μ¶·¥¤¥²Ö¥³μ° ´¥§ ¢¨¸¨³μ°
¤¢ÊÌ¸ÉÊ¶¥´Î Éμ° ¶¥·¥¤ Î¥° Î ¸É¨Í. ‚±² ¤ ÔÉμ£μ ³¥Ì ´¨§³  ¢ ¸¥Î¥´¨¥ ·¥ ±-
Í¨¨ 13‘(d, α)11B∗ μ¦¨¤ ¥É¸Ö ¸ÊÐ¥¸É¢¥´´Ò³, É ± ± ± · §´μ¸ÉÓ Ô´¥·£¨° ΔE
¢¨·ÉÊ ²Ó´ÒÌ ´¥°É·μ´  ¨ 8Be ¤²Ö ³¥Ì ´¨§³  ÉÖ¦¥²μ£μ ¸·Ò¢  (Ëμ·³Ê²Ò (27))
§´ Î¨É¥²Ó´  ¡² £μ¤ ·Ö Ï¨·μ±μ° ¶μ²μ¸¥ ΔE∗ Ê·μ¢´¥° ¢¨·ÉÊ ²Ó´μ£μ Ö¤·  12‘,
· §·¥Ï¥´´ÒÌ ¶· ¢¨² ³¨ μÉ¡μ· .

’¥μ·¥É¨Î¥¸±¨¥ ¸¥Î¥´¨Ö · ¸¸Î¨É ´Ò ´ ³¨ [73, 74] ¢ ¶·¥¤¶μ²μ¦¥´¨¨ ¶·Ö-
³ÒÌ ³¥Ì ´¨§³μ¢, ¤¨ £· ³³Ò ±μÉμ·ÒÌ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 24, ¨ ³¥Ì ´¨§³ 
μ¡· §μ¢ ´¨Ö ¸μ¸É ¢´μ£μ Ö¤·  [75Ä77]. �μ¤Ì¢ É ¤¥°É·μ´´μ£μ ±² ¸É¥·  ¤²Ö
Ê·μ¢´¥° Ö¤·  11B 3/2− (μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥) ¨ 5/2− · ¸¸Î¨ÉÒ¢ ²¸Ö ¸ ÊÎ¥Éμ³
±μ²²¥±É¨¢´μ£μ ¢μ§¡Ê¦¤¥´¨Ö ·μÉ Í¨μ´´μ° ¶μ²μ¸Ò ¢ Ö¤·¥ 11‚, μ¸´μ¢ ´´μ° ´ 
μ¸´μ¢´μ³ 3/2−-¸μ¸ÉμÖ´¨¨. �¶É¨³ ²Ó´μ¥ ¸μ£² ¸¨¥ É¥μ·¥É¨Î¥¸±¨Ì ¨ Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ Ê£²μ¢ÒÌ § ¢¨¸¨³μ¸É¥° ¡Ò²μ ¤μ¸É¨£´ÊÉμ ¶·¨ §´ Î¥´¨¨ ¶ · ³¥É· 
±¢ ¤·Ê¶μ²Ó´μ° ¤¥Ëμ·³ Í¨¨ |β2| = 0,4.

�¨¸. 24. „¨ £· ³³Ò ³¥Ì ´¨§³μ¢ ·¥ ±Í¨¨ 13C(α, d)11B: a) ¶μ¤Ì¢ É ¤¥°É·μ´ ; ¡) μ¡-
³¥´ ÉÖ¦¥²Ò³ ±² ¸É¥·μ³; ¢) ¤¢ÊÌ¸ÉÊ¶¥´Î É Ö ¶¥·¥¤ Î  ±² ¸É¥·μ¢; £) ¤¢ÊÌ¸ÉÊ¶¥´Î É Ö
¶¥·¥¤ Î  ²¥£±¨Ì Î ¸É¨Í

‘É ·Éμ¢Ò¥ §´ Î¥´¨Ö ¶ · ³¥É·μ¢ μ¶É¨Î¥¸±¨Ì ¶μÉ¥´Í¨ ²μ¢ (��) ¢§ÖÉÒ
¨§ [78] ¢μ ¢Ìμ¤´μ³ d + 13C ± ´ ²¥ ¤²Ö Ô´¥·£¨¨ 15 ŒÔ‚ ¨ ¢ ¢ÒÌμ¤´μ³ α + 11B
± ´ ²¥ ¤²Ö Ô´¥·£¨¨ 22,5 ŒÔ‚. �·¨ ¢Ò¶μ²´¥´¨¨ · ¸Î¥Éμ¢ ¸¥Î¥´¨° §´ Î¥´¨Ö
´¥±μÉμ·ÒÌ ¶ · ³¥É·μ¢ �� ´¥§´ Î¨É¥²Ó´μ ³¥´Ö²¨¸Ó (¢ ¶·¥¤¥² Ì 10%), ¨¸Ìμ¤Ö
¨§ Ê²ÊÎÏ¥´¨Ö ¸μ£² ¸¨Ö · ¸Î¥Éμ¢ ¸ Ô±¸¶¥·¨³¥´Éμ³. �±μ´Î É¥²Ó´Ò¥ ´ ¡μ·Ò ¶ -
· ³¥É·μ¢ ��, ¨¸¶μ²Ó§Ê¥³Ò¥ ¤²Ö · ¸Î¥É  ¢¸¥Ì ³¥Ì ´¨§³μ¢ ·¥ ±Í¨¨, ¶·¨¢¥¤¥´Ò
¢ É ¡². 2. ‘É·Ê±ÉÊ·´Ò¥ ³´μ¦¨É¥²¨ ¤²Ö · §²¨Î´ÒÌ ³¥Ì ´¨§³μ¢ ·¥ ±Í¨¨ · ¸-
¸Î¨É ´Ò ¸É ´¤ ·É´Ò³ μ¡· §μ³ ¶μ Ëμ·³Ê² ³ (34), (52) ¢ ³μ¤¥²¨ μ¡μ²μÎ¥± ¸
¶·μ³¥¦ÊÉμÎ´μ° ¸¢Ö§ÓÕ [35] ¢ ¶·¥¤¸É ¢²¥´¨¨ ¶¥·¥¤ ´´ÒÌ ¶μ²´μ£μ J ¨ μ·¡¨-
É ²Ó´μ£μ l ³μ³¥´Éμ¢ ¨ ¶¥·¥¤ ´´μ£μ ¸¶¨´  s [30].

‚ É ¡². 8, 9 ¶·¨¢¥¤¥´Ò ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¸É·Ê±ÉÊ·´Ò¥ ³´μ¦¨É¥²¨ ¤²Ö ¶μ-
²Õ¸´ÒÌ ³¥Ì ´¨§³μ¢ ¶μ¤Ì¢ É  ¤¥°É·μ´  (·¨¸. 24,  ) ¨ ¸·Ò¢  ÉÖ¦¥²μ£μ ±² ¸É¥· 
9‚¥ (·¨¸. 24, ¡); ¸É·Ê±ÉÊ·´Ò¥ ³´μ¦¨É¥²¨ ¤²Ö ³¥Ì ´¨§³ , ¨²²Õ¸É·¨·Ê¥³μ£μ Î¥-
ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ £· ³³μ°, ¢¢¨¤Ê ¨Ì ³´μ£μÎ¨¸²¥´´μ¸É¨, ³Ò ¶·¨¢μ¤¨ÉÓ ´¥
¡Ê¤¥³.
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’ ¡²¨Í  8. ‘¶¥±É·μ¸±μ¶¨Î¥¸±¨¥ ³´μ¦¨É¥²¨ ΘJ1J2
Λ1Λ2l ¤²Ö ³¥Ì ´¨§³  ¶μ¤Ì¢ É  ¤¥°-

É·μ´  (Λ2 = 0) ¢ ·¥ ±Í¨¨ 13C(d, α)11B (J2 = 1)

JB E∗, ŒÔ‚ J1 l = 0 l = 2

3/2 0
1 Ä0,082 Ä0,152
2 0,352

1/2 2,13 1 Ä0,061 Ä0,179

5/2 4,44
2 Ä0,155
3 0,130

3/2 5,03
1 Ä0,080 0,232
2 Ä0,146

’ ¡²¨Í  9. ‘¶¥±É·μ¸±μ¶¨Î¥¸±¨¥ ³´μ¦¨É¥²¨ ΘJ1J2
Λ1Λ2l ¤²Ö ³¥Ì ´¨§³  ¸·Ò¢  ÉÖ¦¥²μ£μ

±² ¸É¥·  9Be ¢ ·¥ ±Í¨¨ 13C(d, α)11B (J2 = 1)

JB
E∗,
ŒÔ‚

J1

l = 0 l = 1 l = 2 l = 3

Λ2 = 0, Λ2 = 2, Λ2 = 2, Λ2 = 2, Λ2 = 0, Λ2 = 2, Λ2 = 2, Λ2 = 2, Λ2 = 2,
Λ1 = 0 Λ1 = 2 Λ1 = 2 Λ1 = 0 Λ1 = 2 Λ1 = 2 Λ1 = 4 Λ1 = 2 Λ1 = 4

3/2 0 1 0,100 Ä0,139 Ä0,071

1/2 2,13
1

Ä0,084
0,050 0,056

3 0,063 Ä0,057 0,107 0,102 0,023

5/2 4,44 3 0,060 Ä0,013 Ä0,068 0,020

3/2 5,03
1 Ä0,031 0,035 0,028
3 0,001 0,059 Ä0,004 0,045
5 0,046 Ä0,015 0,029 0,033 Ä0,020

�  ·¨¸. 25 ¶μ± § ´μ ¸· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ · ¸Î¥É´ÒÌ ¸¥Î¥´¨°
·¥ ±Í¨¨ ¤²Ö · §²¨Î´ÒÌ ¸μ¸ÉμÖ´¨° ±μ´¥Î´μ£μ Ö¤·  11‚. �¥§Ê²ÓÉ ÉÒ · ¸Î¥-
Éμ¢ ¶μ± § ²¨, ÎÉμ ¤²Ö ¢¸¥Ì ¨¸¸²¥¤μ¢ ´´ÒÌ ¶¥·¥Ìμ¤μ¢ ¢±² ¤ ³¥Ì ´¨§³  μ¡· -
§μ¢ ´¨Ö ¸μ¸É ¢´μ£μ Ö¤·  ¢ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ³ ², ¨ ¤ ²¥¥ μ´ ´¥
ÊÎ¨ÉÒ¢ ²¸Ö. ’ ±¦¥ ´¥¸ÊÐ¥¸É¢¥´´Ò³ μ± § ²¸Ö ¢±² ¤ ³¥Ì ´¨§³  ´¥§ ¢¨¸¨³μ°
¶¥·¥¤ Î¨ ´¥°É·μ´  ¨ ¶·μÉμ´  (·¨¸. 24, £). �μ-¢¨¤¨³μ³Ê, ÔÉμ ³μ¦´μ μ¡ÑÖ¸´¨ÉÓ
¡μ²ÓÏ¨³¨ ¢¥²¨Î¨´ ³¨ Ô´¥·£¨° ¸¢Ö§¨ ¢ ¤¢ÊÌ ¢¥·Ï¨´ Ì · §¢ ² : 12‘→ 11‚+ p
¨ α → p + t.

Š ± ¸²¥¤Ê¥É ¨§ ·¨¸. 25, ³¥Ì ´¨§³ ¶μ¤Ì¢ É  ¤¥°É·μ´´μ£μ ±² ¸É¥·  ¤²Ö
μ¡· §μ¢ ´¨Ö 11B ¢ μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨ ¨ ¢ ¸μ¸ÉμÖ´¨¨ 1/2− (2,125 ŒÔ‚) Ö¢²Ö-
¥É¸Ö ¤μ³¨´¨·ÊÕÐ¨³ ¢ ¶¥·¥¤´¥° ¶μ²Ê¸Ë¥·¥ Ê£²μ¢ θα. ‚±² ¤ ÔÉμ£μ ³¥Ì ´¨§³ 
¢ Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ α-Î ¸É¨Í ¸ μ¡· §μ¢ ´¨¥³ 11B ¢ ¸μ¸ÉμÖ´¨¨ 5/2− μ± -
§ ²¸Ö μ¶·¥¤¥²ÖÕÐ¨³ ¢μ ¢¸¥³ Ê£²μ¢μ³ ¤¨ ¶ §μ´¥. �ÉμÉ ³¥Ì ´¨§³ Ö¢²Ö¥É¸Ö
μ¸´μ¢´Ò³ ¢ μ¡² ¸É¨ Ê£²μ¢ ¶¥·¥¤´¥° ¶μ²Ê¸Ë¥·Ò ´ · ¢´¥ ¸ ³¥Ì ´¨§³μ³ ¸·Ò¢ 
ÉÖ¦¥²μ° Î ¸É¨ÍÒ ¨ ¤²Ö ¸μ¸ÉμÖ´¨Ö 3/2− (5,02 ŒÔ‚).
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�¨¸. 25. “£²μ¢Ò¥ § ¢¨¸¨³μ¸É¨ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 13C(d, α)11B ¶·¨
Ed = 15,3 ŒÔ‚. Š·Ê¦±¨ Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [73]. �·¨¢¥¤¥´Ò ¸É É¨¸É¨-
Î¥¸±¨¥ ¶μ£·¥Ï´μ¸É¨, ¶·¥¢ÒÏ ÕÐ¨¥ · §³¥·Ò ±·Ê¦±μ¢. Š·¨¢Ò¥ Å · ¸Î¥ÉÒ ¢ ¶·¥¤¶μ-
²μ¦¥´¨¨ · §²¨Î´ÒÌ ³¥Ì ´¨§³μ¢ ·¥ ±Í¨¨: ÏÉ·¨Ì¶Ê´±É¨·´ Ö Å ¶μ¤Ì¢ É ¤¥°É·μ´  ¸
ÊÎ¥Éμ³ ±μ²²¥±É¨¢´μ£μ ¢μ§¡Ê¦¤¥´¨Ö Ö¤·  11B; ÏÉ·¨Ìμ¢ Ö Å ¸·Ò¢ ÉÖ¦¥²μ° Î ¸É¨ÍÒ;
±·¥¸É¨±¨ Å ¤¢ÊÌ¸ÉÊ¶¥´Î É Ö ¶¥·¥¤ Î  ±² ¸É¥·μ¢; ¶Ê´±É¨·´ Ö Å ±μ£¥·¥´É´ Ö ¸Ê³³ 
¤¢ÊÌ ¶μ¸²¥¤´¨Ì ³¥Ì ´¨§³μ¢; ¸¶²μÏ´ Ö Å ¸Ê³³ ·´ Ö · ¸Î¥É´ Ö ±·¨¢ Ö

„²Ö ¢¸¥Ì ¸μ¸ÉμÖ´¨° 11‚ ³¥Ì ´¨§³ ¸·Ò¢  9‚¥ ¤ ¥É ¸ÊÐ¥¸É¢¥´´Ò° ¢±² ¤ ¢
μ¡² ¸É¨ Ê£²μ¢ § ¤´¥° ¶μ²Ê¸Ë¥·Ò. Œ¥Ì ´¨§³ ¤¢ÊÌ¸ÉÊ¶¥´Î Éμ° ¶μ¸²¥¤μ¢ É¥²Ó-
´μ° ¶¥·¥¤ Î¨ ±² ¸É¥·  8‚¥ ¨ ´¥°É·μ´  (·¨¸. 24, ¢) § ³¥É¥´ Éμ²Ó±μ ¢ μ¡² ¸É¨
Ê£²μ¢ θα > 60◦. �μ¸±μ²Ó±Ê  ³¶²¨ÉÊ¤Ò ³¥Ì ´¨§³  ÉÖ¦¥²μ£μ ¸·Ò¢  ¨ ¶μ¸²¥¤μ-
¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ Î ¸É¨Í ¸±² ¤Ò¢ ²¨¸Ó ±μ£¥·¥´É´μ, ´ ¡²Õ¤ ² ¸Ó ± ± ±μ´-
¸É·Ê±É¨¢´ Ö, É ± ¨ ¤¥¸É·Ê±É¨¢´ Ö ¨Ì ¨´É¥·Ë¥·¥´Í¨Ö. “Î¥É ¨´É¥·Ë¥·¥´Í¨¨
§ ³¥É´μ ¨§³¥´¨² ¸É·Ê±ÉÊ·Ê · ¸Î¥É´ÒÌ ±·¨¢ÒÌ ¨ Ê²ÊÎÏ¨² ¸μ£² ¸¨¥ ¸ Ô±¸¶¥-
·¨³¥´Éμ³. ‘Ê³³ ·´Ò¥ É¥μ·¥É¨Î¥¸±¨¥ Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¤μ¸É ÉμÎ´μ Ìμ-
·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¢μ ¢¸¥³ Ê£²μ¢μ³ ¤¨ ¶ §μ´¥. ‘μ£² -
¸¨¥  ¡¸μ²ÕÉ´ÒÌ ¢¥²¨Î¨´ · ¸Î¥É´ÒÌ ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¥Î¥´¨° ¤μ¸É¨£´ÊÉμ
¡¥§ ¢¢¥¤¥´¨Ö ¤μ¶μ²´¨É¥²Ó´ÒÌ ´μ·³¨·μ¢μÎ´ÒÌ ³´μ¦¨É¥²¥°.
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�¨¸. 26. “£²μ¢Ò¥ § ¢¨¸¨³μ¸É¨ ¸¶¨´-É¥´§μ·´ÒÌ ±μ³¶μ´¥´Éμ¢ Akκ(θα). �±¸¶¥·¨³¥´-
É ²Ó´Ò¥ ¤ ´´Ò¥ ¢§ÖÉÒ ¨§ [74]. Š·¨¢Ò¥ Å · ¸Î¥ÉÒ ¢ ¶·¥¤¶μ²μ¦¥´¨¨ · §²¨Î´ÒÌ ³¥Ì -
´¨§³μ¢: ÏÉ·¨Ìμ¢ Ö Å ¶μ¤Ì¢ É ¤¥°É·μ´  ¢ Œ‘Š; ±·¥¸É¨±¨ Å ¸·Ò¢ ÉÖ¦¥²μ° Î ¸É¨ÍÒ;
¶Ê´±É¨·´ Ö Å ±μ£¥·¥´É´ Ö ¸Ê³³  ³¥Ì ´¨§³μ¢ ¸·Ò¢  ÉÖ¦¥²μ° Î ¸É¨ÍÒ ¨ ¶μ¸²¥¤μ¢ -
É¥²Ó´μ° ¶¥·¥¤ Î¨ ±² ¸É¥·μ¢; ¸¶²μÏ´ Ö Å ¸Ê³³  ¢¸¥Ì ³¥Ì ´¨§³μ¢

� ¸Î¥É´Ò¥ Ê£²μ¢Ò¥ § ¢¨¸¨³μ¸É¨ ´¥±μÉμ·ÒÌ ±μ³¶μ´¥´Éμ¢ ¸É É¨¸É¨Î¥-
¸±¨Ì É¥´§μ·μ¢ Akκ(θα) Ö¤·  11B (5/2−, 4,445 ŒÔ‚), μ¡· §μ¢ ´´μ£μ ¢ ·¥ ±Í¨¨
13C(d, αγ)11B [74] ¸ ÊÎ¥Éμ³ ¢±² ¤  É·¥Ì μ¡¸Ê¦¤¥´´ÒÌ ¢ÒÏ¥ ³¥Ì ´¨§³μ¢, ¶·¨-
¢¥¤¥´Ò ´  ·¨¸. 26.

Š ± ¨ ¸²¥¤μ¢ ²μ μ¦¨¤ ÉÓ, ³¥Ì ´¨§³ ¶μ¤Ì¢ É  ¤¥°É·μ´  ¸ ÊÎ¥Éμ³ ±μ²²¥±-
É¨¢´μ£μ ¢μ§¡Ê¦¤¥´¨Ö 11‚ μ± § ²¸Ö μ¶·¥¤¥²ÖÕÐ¨³ ¢ ¶¥·¥¤´¥° ¶μ²Ê¸Ë¥·¥ Ê£²μ¢
θα,   ³¥Ì ´¨§³Ò ¸·Ò¢  9‚¥ ¨ ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ ±² ¸É¥·μ¢ ¤ ÕÉ ¸Ê-
Ð¥¸É¢¥´´Ò° ¢±² ¤ ¢ μ¡² ¸É¨ Ê£²μ¢ § ¤´¥° ¶μ²Ê¸Ë¥·Ò. ‘μ£² ¸¨¥ ¸Ê³³ ·´ÒÌ
É¥μ·¥É¨Î¥¸±¨Ì ±·¨¢ÒÌ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ´μ¸¨É ¶μ ¶·¥¨³ÊÐ¥-
¸É¢Ê ± Î¥¸É¢¥´´Ò° Ì · ±É¥·, É ± ± ± · ¸Î¥É ´¥ ¤ ¥É ¤¥É ²Ó´μ£μ μ¶¨¸ ´¨Ö
Akκ(θα) ¢μ ¢¸¥° ¨¸¸²¥¤μ¢ ´´μ° μ¡² ¸É¨ Ê£²μ¢ θα.

Šμ³¶μ´¥´ÉÒ É¥´§μ·μ¢ μ·¨¥´É Í¨¨ 〈Tkκ(θα)〉 (72) ±¢ ¤·Ê¶μ²Ó´μ£μ ³μ-
³¥´É  (k = 2) Ö¤·  11‚ (5/2−) ¶·¨¢¥¤¥´Ò ´  ·¨¸. 27. � ¸Î¥É Ê¤μ¢²¥É¢μ·¨-
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�¨¸. 27. “£²μ¢Ò¥ § ¢¨¸¨³μ¸É¨ ±μ³¶μ´¥´Éμ¢ É¥´§μ·μ¢ μ·¨¥´É Í¨¨ ±¢ ¤·Ê¶μ²Ó´μ£μ ¨
£¥±¸ ¤¥±Ê¶μ²Ó´μ£μ ³μ³¥´Éμ¢ Ö¤·  11B (5/2− , 4,445 ŒÔ‚). �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥
¢§ÖÉÒ ¨§ [73]. �¡μ§´ Î¥´¨Ö ±·¨¢ÒÌ É¥ ¦¥, ÎÉμ ¨ ´  ·¨¸. 25. ˜É·¨Ì¶Ê´±É¨·´μ° ±·¨¢μ°
¶μ± § ´ ±μ³¶μ´¥´É 〈T20(θα)〉 ¤²Ö β2 = −0,4

É¥²Ó´μ μ¶¨¸Ò¢ ¥É μ¡Ð¨° Ìμ¤ Ô±¸¶¥·¨³¥´É ²Ó´μ° Ê£²μ¢μ° § ¢¨¸¨³μ¸É¨ ÔÉ¨Ì
±μ³¶μ´¥´Éμ¢, ÌμÉÖ ¤¥É ²Ó´μ£μ ¸μ£² ¸¨Ö ¨ §¤¥¸Ó ´¥ ´ ¡²Õ¤ ¥É¸Ö.

—Ê¢¸É¢¨É¥²Ó´μ¸ÉÓ · ¸Î¥É´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ± ¶ · ³¥É·Ê ¸É É¨Î¥¸±μ° ¤¥Ëμ·-
³ Í¨¨ ±μ´¥Î´μ£μ Ö¤·  ¶μ§¢μ²¨²  ÊÉμÎ´¨ÉÓ ´¥ Éμ²Ó±μ ¢¥²¨Î¨´Ê, ´μ ¨ §´ ±
¶ · ³¥É·  β2 ¸É É¨Î¥¸±μ° ±¢ ¤·Ê¶μ²Ó´μ° ¤¥Ëμ·³ Í¨¨ Ö¤·  11‚. �¨¸. 27 ¶μ-
± §Ò¢ ¥É, ÎÉμ ¶·¨ ¸³¥´¥ §´ ±  β2 ± ± Ëμ·³ , É ± ¨  ¡¸μ²ÕÉ´ Ö ¢¥²¨Î¨´ 
É¥μ·¥É¨Î¥¸±¨Ì § ¢¨¸¨³μ¸É¥° 〈T2κ(θα)〉 ± ·¤¨´ ²Ó´μ ¨§³¥´ÖÕÉ¸Ö, ¶·¨ ÔÉμ³
¶·¥¤¶μÎÉ¨É¥²Ó´μ¸ÉÓ ¶μ²μ¦¨É¥²Ó´μ£μ §´ ±  ±¢ ¤·Ê¶μ²Ó´μ° ¤¥Ëμ·³ Í¨¨ μÎ¥-
¢¨¤´ , Î¥£μ ´¥²Ó§Ö ¸± § ÉÓ ¶·¨  ´ ²¨§¥ Éμ²Ó±μ Ê£²μ¢μ° § ¢¨¸¨³μ¸É¨ ¸¥Î¥´¨Ö.

6.3. � ¸Î¥É ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨¨ 13C(3He, α)12C ¨ ¸É -
É¨¸É¨Î¥¸±¨Ì É¥´§μ·μ¢ Ö¤·  12C (2+, 4,443 ŒÔ‚). �·¨¥´É Í¨μ´´Ò¥ Ì · ±É¥-
·¨¸É¨±¨ Ö¤·  12C (2+, 4,443 ŒÔ‚), μ¡· §μ¢ ´´μ£μ ¢ ·¥ ±Í¨¨ 13C(3He,α)12C,
¨§ÊÎ ²¨¸Ó ¢ [79].

ˆ§³¥·¥´¨¥ ¤¢μ°´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨¨ 13C(3He,α)12C
(0+; 2+, 4,443 ŒÔ‚) ¶μ§¢μ²¨²μ ¢μ¸¸É ´μ¢¨ÉÓ ¸É É¨¸É¨Î¥¸±¨¥ É¥´§μ·Ò ρkκ(θα)
³ É·¨ÍÒ ¶²μÉ´μ¸É¨ Ö¤·  12C ¢ ¸μ¸ÉμÖ´¨¨ 2+ (4,443 ŒÔ‚). � ¨¡μ²¥¥ ¨´É¥-
·¥¸´Ò³ ¨§ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ μ± § ² ¸Ó μÉ´μ¸¨É¥²Ó´μ ¡μ²ÓÏ Ö ¢¥²¨Î¨´ 
±μ³¶μ´¥´Éμ¢ · ´£  k = 4, ±μÉμ·Ò¥ ¤²Ö ³¥Ì ´¨§³  ¶μ¤Ì¢ É  ´¥°É·μ´  ¸ ¶¥-
·¥¤ ´´Ò³ Ê£²μ¢Ò³ ³μ³¥´Éμ³ l = 1 ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ [30] ¤μ²¦´Ò ¡ÒÉÓ Éμ-
¦¤¥¸É¢¥´´μ · ¢´Ò ´Ê²Õ. ‚ [80] ¶μ²ÊÎ¥´´Ò¥ ¢¥²¨Î¨´Ò ρkκ(θα) ¤²Ö Ê£²μ¢
¢Ò²¥É  α-Î ¸É¨Í ¢ ¶¥·¥¤´ÕÕ ¶μ²Ê¸Ë¥·Ê ¡Ò²¨ · ¸¸Î¨É ´Ò ¤²Ö ³¥Ì ´¨§³ 
¶μ¤Ì¢ É  ´¥°É·μ´  ¢ Œ‘Š [47], ¢ ±μÉμ·μ³ ÊÎ¨ÉÒ¢ ¥É¸Ö ±μ²²¥±É¨¢´ Ö ¶·¨-
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·μ¤  Ö¤·  12C, ÎÉμ ¸´¨³ ¥É § ¶·¥É ´  ¶¥·¥¤ ´´Ò° Ê£²μ¢μ° ³μ³¥´É l. � ¸Î¥É
¶μ§¢μ²¨² ± Î¥¸É¢¥´´μ μ¶¨¸ ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ρkκ(θα) ¢ ¶¥·¥¤´¥° ¶μ²Ê-
¸Ë¥·¥, ÌμÉÖ ¤¥É ²Ó´μ£μ ¸μ£² ¸¨Ö ¸ Ô±¸¶¥·¨³¥´Éμ³ ¤μ¡¨ÉÓ¸Ö ´¥ Ê¤ ²μ¸Ó. ‚ [81]
¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 13C(3He,α)12C (0+; 2+, 4,443 ŒÔ‚) ¨
¸É É¨¸É¨Î¥¸±¨¥ É¥´§μ·Ò ρkκ(θα) · ¸¸Î¨É ´Ò ´ ³¨ ¤²Ö ³¥Ì ´¨§³  ¶μ¤Ì¢ É 
´¥°É·μ´  ¨ ³¥Ì ´¨§³  μ¡³¥´  ÉÖ¦¥²Ò³ ±² ¸É¥·μ³ 9‚¥.

�  ·¨¸. 28 ¶·¥¤¸É ¢²¥´Ò ¤¨ £· ³³Ò, ¨²²Õ¸É·¨·ÊÕÐ¨¥ · §²¨Î´Ò¥ ³¥Ì -
´¨§³Ò ·¥ ±Í¨¨ 13C(3He,α)12C (0+; 2+, 4,443 ŒÔ‚). �¥·¢ Ö ¨§ ´¨Ì (·¨¸. 28,  )
¸μμÉ¢¥É¸É¢Ê¥É ¶·μÍ¥¸¸Ê ¶·Ö³μ£μ ¶μ¤Ì¢ É  ´¥°É·μ´  ¸ l = 1. „¢¥ ¸²¥¤ÊÕÐ¨¥
¨²²Õ¸É·¨·ÊÕÉ ¶·μÍ¥¸¸ μ¡³¥´´μ° ¶¥·¥¤ Î¨ ÉÖ¦¥²μ£μ ±² ¸É¥·  9‚¥ ¢ ¶μ²Õ¸-
´μ³ ¶·¨¡²¨¦¥´¨¨ (·¨¸. 28, ¡) ¨ ¢ ·¥§Ê²ÓÉ É¥ ¤¢ÊÌ¸ÉÊ¶¥´Î Éμ° ¶¥·¥¤ Î¨ ¢¨·-
ÉÊ ²Ó´μ£μ ±² ¸É¥·  8‚¥ ¨ ´¥°É·μ´  (Î¥ÉÒ·¥ÌÊ£μ²Ó´ Ö ¤¨ £· ³³  ·¨¸. 28, ¢).

�¨¸. 28. „¨ £· ³³Ò ³¥Ì ´¨§³μ¢ ·¥ ±Í¨¨ 13C(3He, α)12C:  ) ¶μ¤Ì¢ É ´¥°É·μ´ ; ¡) μ¡-
³¥´ ÉÖ¦¥²Ò³ ±² ¸É¥·μ³ 9‚¥; ¢) ¤¢ÊÌ¸ÉÊ¶¥´Î É Ö ¶¥·¥¤ Î  ¢¨·ÉÊ ²Ó´ÒÌ ´¥°É·μ´  ¨ 8‚¥

� ¸±μ²Ó±μ ¢ ¦´μ ¶·¨ · ¸Î¥É¥ ³ É·¨Î´μ£μ Ô²¥³¥´É  ·¥ ±Í¨¨
13C(3He,α)12C ¢±²ÕÎ ÉÓ ¢ · ¸¸³μÉ·¥´¨¥ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒ° ³¥Ì ´¨§³, ÊÎ¨ÉÒ-
¢ ÕÐ¨° ´¥§ ¢¨¸¨³ÊÕ ¶¥·¥¤ ÎÊ Î ¸É¨Í? „²Ö ¨§ÊÎ ¥³μ° ·¥ ±Í¨¨ · §´μ¸ÉÓ
Ô´¥·£¨° ΔE ¢¨·ÉÊ ²Ó´ÒÌ ¶¥·¥¤ ¢ ¥³ÒÌ Î ¸É¨Í (Ëμ·³Ê²Ò (27)) ¢¥²¨±  ± ±
§  ¸Î¥É ¡μ²ÓÏμ° Ô´¥·£¨¨ ¸¢Ö§¨ ε ¢ ¢¥·Ï¨´¥ n+ 3�¥→ α, É ± ¨ §  ¸Î¥É Ï¨-
·μ±μ° ¶μ²μ¸Ò ΔE∗ Ê·μ¢´¥° ¢¨·ÉÊ ²Ó´μ£μ Ö¤·  12‘, · §·¥Ï¥´´ÒÌ ¶· ¢¨² ³¨
μÉ¡μ· . ‚ ·¥§Ê²ÓÉ É¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¢¨·ÉÊ ²Ó´ÒÌ 8‚¥ ¨ ´¥°É·μ´  ¶¥·¥-
±·Ò¢ ÕÉ¸Ö ¸² ¡μ, ¨ ¢¥·μÖÉ´μ¸ÉÓ ¨Ì · §´μ¢·¥³¥´´μ° ¶¥·¥¤ Î¨ Ö¤·Ê-³¨Ï¥´¨
¤μ²¦´  ¡ÒÉÓ ¡μ²ÓÏμ°. �É¨ ¸μμ¡· ¦¥´¨Ö ¶μ§¢μ²ÖÕÉ  ¶·¨μ·¨ ¶·¥¤¶μ²μ¦¨ÉÓ,
ÎÉμ ¢±² ¤Ò μ¤´μ¸ÉÊ¶¥´Î Éμ£μ ¶μ²Õ¸´μ£μ ³¥Ì ´¨§³  ¨ ³¥Ì ´¨§³  ¤¢ÊÌ¸ÉÊ-
¶¥´Î Éμ° ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ ¢ ·¥ ±Í¨¨ 13C(3He,α)12C ¤μ²¦´Ò ¡ÒÉÓ
¸μ¶μ¸É ¢¨³Ò.

Œ É·¨Î´Ò° Ô²¥³¥´É ¶μ¤Ì¢ É  ´¥°É·μ´  ¢ ·¥ ±Í¨¨ 13C(3He,α)12C ¢ ¶μ-
²Õ¸´μ³ ¶·¨¡²¨¦¥´¨¨ ³Ò · ¸¸Î¨É ²¨ ¶μ Œˆ‚�Š�� ¶μ Ëμ·³Ê²¥ (33). Œ -
É·¨Î´Ò° Ô²¥³¥´É ¶¥·¥¤ Î¨ ÉÖ¦¥²μ£μ ±² ¸É¥·  9‚¥ μ¶·¥¤¥²Ö²¸Ö ¶μ Ëμ·³Ê-
²¥ (56) ± ± ¸Ê³³  ¶μ²Õ¸´μ£μ ³¥Ì ´¨§³  ¨ ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ ´¥°-
É·μ´  ¨ ±² ¸É¥·  8‚¥.


Ò²¨ · ¸¸Î¨É ´Ò ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¨ ¸É É¨¸É¨Î¥¸±¨¥ É¥´§μ·Ò
³ É·¨ÍÒ ¶²μÉ´μ¸É¨ Ö¤·  12‘, μ¡· §μ¢ ´´μ£μ ¢ ·¥ ±Í¨¨ 13‘(3�¥,α)12‘(2+).
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’ ¡²¨Í  10. ‘¶¥±É·μ¸±μ¶¨Î¥¸±¨¥ ³´μ¦¨É¥²¨ ΘJ1J2
Λ1Λ2l ¤²Ö ³¥Ì ´¨§³μ¢ ¶μ¤Ì¢ É  ¤¥°-

É·μ´  ¨ ¸·Ò¢  ÉÖ¦¥²μ£μ ±² ¸É¥·  9Be,   É ±¦¥ ΘJ1J2
Λ1Λ2l ¸·Ò¢  ÉÖ¦¥²μ£μ ±² ¸É¥· 

8Be Å ¢Éμ·μ£μ ÔÉ ¶  ¤¢ÊÌ¸ÉÊ¶¥´Î Éμ£μ ³¥Ì ´¨§³  ¢ ·¥ ±Í¨¨ 13C(3He, α)12C (0+;
2+, 4,443 ŒÔ‚)

Œ¥Ì ´¨§³ ·¥ ±Í¨¨ JB J1 J2 Λ1 Λ2 l
‘¶¥±É·μ¸±μ¶¨Î¥¸±¨°

³´μ¦¨É¥²Ó

�μ¤Ì¢ É ´¥°É·μ´ 
2+ 1/2 3/2 0 1 1 Ä0,34247

0+ 1/2 1/2 0 1 1 Ä0,26350

�¡³¥´ ÉÖ¦¥²Ò³
±² ¸É¥·μ³ 9Be

2+
3 1 3 0 1 0,05603
3 1 3 2 1 0,06735
5 1 5 2 3 Ä0,07866

0+ 1 1 1 0 1 Ä0,10461
1 2 1 0,18604

�¥·¥¤ Î  ÉÖ¦¥²μ£μ
±² ¸É¥·  8Be
(¢¥·Ì´ÖÖ ¶μ²μ¢¨´ 
Î¥ÉÒ·¥ÌÊ£μ²Ó´μ°
¤¨ £· ³³Ò ·¨¸. 28, ¢)

2+

2 2 0 0 0 0,06425
2 2 0 0,20966
2 2 1 0,11483
2 2 4 0,07739

0+
0 0 0 0 0 0,47602

2 2 0 0,33028
4 4 0 0,20129

‚ É ¡². 10 ¶·¨¢¥¤¥´Ò · ¸¸Î¨É ´´Ò¥ ´ ³¨ [81] ¶μ Ëμ·³Ê² ³ (34), (52)
³ ±¸¨³ ²Ó´Ò¥ §´ Î¥´¨Ö ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨Ì ³´μ¦¨É¥²¥° ¤²Ö · §²¨Î´ÒÌ ³¥-
Ì ´¨§³μ¢ ·¥ ±Í¨¨ 13C(3H¥,α)12C (0+, 2+): ¶μ¤Ì¢ É  ´¥°É·μ´  (13C→ n+ 12C
(0+, 2+)), μ¡³¥´  ÉÖ¦¥²Ò³ ±² ¸É¥·μ³ 9Be (13C→ 9Be+ α), μ¡³¥´  ÉÖ¦¥²Ò³
±² ¸É¥·μ³ 8Be (12C(0+, 2+)→ 8Be+α). Š ± ¢¨¤´μ ¨§ É ¡²¨ÍÒ, ÔÉ¨ ³´μ¦¨-
É¥²¨ ¤²Ö ± ¦¤μ£μ ¸μ¸ÉμÖ´¨Ö ±μ´¥Î´μ£μ Ö¤·  12C Ö¢²ÖÕÉ¸Ö ¢¥²¨Î¨´ ³¨ μ¤´μ£μ
¶μ·Ö¤± , É ± ÎÉμ ³μ¦´μ § · ´¥¥ μ¦¨¤ ÉÓ, ÎÉμ ¢±² ¤ ¢¸¥Ì É·¥Ì ³¥Ì ´¨§³μ¢ ¢
¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¡Ê¤¥É §´ Î¨³Ò³.

�  ·¨¸. 29 ¶·¥¤¸É ¢²¥´Ò · ¸¸Î¨É ´´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥-
 ±Í¨¨ 13C(3He,α)12C ¶·¨ Ô´¥·£¨¨ ¶ ¤ ÕÐ¨Ì ¨μ´μ¢ £¥²¨Ö 18 ŒÔ‚ ¸ μ¡· -
§μ¢ ´¨¥³ μ¸´μ¢´μ£μ ¨ ¢μ§¡Ê¦¤¥´´μ£μ 2+-¸μ¸ÉμÖ´¨° Ö¤·  12C ¤²Ö · §²¨Î´ÒÌ
³¥Ì ´¨§³μ¢ ·¥ ±Í¨¨. Š ± ¢¨¤´μ ¨§ ·¨¸Ê´± , ³¥Ì ´¨§³ ¸·Ò¢  ´¥°É·μ´  ¤μ³¨-
´¨·Ê¥É ¢ ¶¥·¥¤´¥° ¶μ²Ê¸Ë¥·¥, ¢ Éμ ¢·¥³Ö ± ± μ¡³¥´´Ò° ³¥Ì ´¨§³ ¶¥·¥¤ Î¨
ÉÖ¦¥²μ£μ ±² ¸É¥·  9Be μ¶·¥¤¥²Ö¥É ¸¥Î¥´¨¥ ¢ § ¤´¥° ¶μ²Ê¸Ë¥·¥.

‚±² ¤ ¤¢ÊÌ¸ÉÊ¶¥´Î Éμ£μ ³¥Ì ´¨§³ , ÊÎ¨ÉÒ¢ ÕÐ¥£μ § ¶ §¤Ò¢ ´¨¥, ¸ÊÐ¥-
¸É¢¥´¥´ ¶·¨ ¢¸¥Ì Ê£² Ì ¢Ò²¥É  α-Î ¸É¨Í. 
μ²¥¥ Éμ£μ, ¶·¨ μ¡· §μ¢ ´¨¨ 12C ¢
μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨ ÔÉμÉ ³¥Ì ´¨§³ § ³¥É´μ Ê¢¥²¨Î¨¢ ¥É ¸¥Î¥´¨¥ μ¡³¥´´μ£μ
¶·μÍ¥¸¸  ¢ ¶¥·¥¤´¥° ¶μ²Ê¸Ë¥·¥, ÎÉμ ¶μ§¢μ²Ö¥É §´ Î¨É¥²Ó´μ Ê²ÊÎÏ¨ÉÓ ¸μ£² -
¸¨¥ É¥μ·¥É¨Î¥¸±μ£μ ¸¥Î¥´¨Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ [79, 80] ¢μ ¢¸¥³ Ê£²μ¢μ³
¤¨ ¶ §μ´¥ ¡¥§ ¢¢¥¤¥´¨Ö ¤μ¶μ²´¨É¥²Ó´ÒÌ ´μ·³¨·μ¢μ±. „·Ê£¨³¨ ¸²μ¢ ³¨, ¤²Ö
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�¨¸. 29. � ¸¸Î¨É ´´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 13C(3He,α)12C ¶·¨ EHe =
18 ŒÔ‚ ¤²Ö μ¸´μ¢´μ£μ ¨ ¢μ§¡Ê¦¤¥´´μ£μ 2+-¸μ¸ÉμÖ´¨° Ö¤·  12C ¤²Ö · §²¨Î´ÒÌ ³¥Ì -
´¨§³μ¢ ·¥ ±Í¨¨: ¶Ê´±É¨·´ Ö ±·¨¢ Ö Å ¸·Ò¢ ´¥°É·μ´ ; ÏÉ·¨Ìμ¢ Ö Å ¶¥·¥¤ Î  ÉÖ¦¥-
²μ£μ ±² ¸É¥·  9‚¥; ÏÉ·¨Ì¶Ê´±É¨·´ Ö Å ¶¥·¥¤ Î  ±² ¸É¥·  9‚¥ ¸ ÊÎ¥Éμ³ ± ± ¶μ²Õ¸-
´μ°, É ± ¨ Î¥ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ £· ³³Ò. ‘¶²μÏ´ Ö ±·¨¢ Ö Å ¸Ê³³ ·´μ¥ ¸¥Î¥´¨¥ ·¥-
 ±Í¨¨ ¸ ÊÎ¥Éμ³ ¢¸¥Ì Ê± § ´´ÒÌ ³¥Ì ´¨§³μ¢. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¢§ÖÉÒ ¨§ [79]

±μ··¥±É´μ£μ μ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨¨ 13C(3He,α)12C
(0+, 2+) ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒ° ³¥Ì ´¨§³ ¶¥·¥¤ Î¨ ÉÖ¦¥-
²μ£μ ±² ¸É¥· .

‘É É¨¸É¨Î¥¸±¨¥ É¥´§μ·Ò ¤ ÕÉ ¢μ§³μ¦´μ¸ÉÓ μÍ¥´¨ÉÓ μ·¨¥´É Í¨Õ · §²¨Î-
´ÒÌ ³Ê²ÓÉ¨¶μ²Ó´ÒÌ ³μ³¥´Éμ¢ Ö¤·  12C(2+). � £²Ö¤´Ò° Ë¨§¨Î¥¸±¨° ¸³Ò¸²
¨³¥ÕÉ É¥´§μ·Ò ¶μ²Ö·¨§ Í¨¨ ´¨§Ï¨Ì · ´£μ¢: É¥´§μ· 〈T10〉 ¶·μ¶μ·Í¨μ´ ²¥´
¢¥±Éμ·Ê ¶μ²Ö·¨§ Í¨¨ ¨ Ì · ±É¥·¨§Ê¥É ´ ¢¥¤¥´´ÊÕ ¶μ²Ö·¨§ Í¨Õ ¸¨¸É¥³Ò ¢
¶²μ¸±μ¸É¨, ¶¥·¶¥´¤¨±Ê²Ö·´μ° ¶²μ¸±μ¸É¨ ·¥ ±Í¨¨. ’¥´§μ·Ò 〈T20〉 ¨ 〈T22〉 ¸
ÉμÎ´μ¸ÉÓÕ ¤μ ´μ·³¨·μ¢±¨ ¸μ¢¶ ¤ ÕÉ ¸ ¶·μ¤μ²Ó´Ò³ ¨ ¶μ¶¥·¥Î´Ò³ ±μ³¶μ´¥´-
É ³¨ É¥´§μ·  ¢Ò¸É·μ¥´´μ¸É¨.

�  ·¨¸. 30 ¶·¥¤¸É ¢²¥´Ò ¢±² ¤Ò · §²¨Î´ÒÌ ³¥Ì ´¨§³μ¢ ·¥ ±Í¨¨ ¢ ´¥±μ-
Éμ·Ò¥ ¨§ É¥´§μ·μ¢ ¶μ²Ö·¨§ Í¨¨ μ·¨¥´É¨·μ¢ ´´μ£μ Ö¤·  12C(2+). Š ± ¢¨¤´μ
¨§ ·¨¸Ê´± , ¶μ²Õ¸´Ò° ³¥Ì ´¨§³ ¸·Ò¢  ´¥°É·μ´  ¢ ¦¥´ ¤²Ö ¢μ§´¨±´μ¢¥´¨Ö
´ ¢¥¤¥´´μ° ¶μ²Ö·¨§ Í¨¨ Ö¤· . ’¥´§μ·Ò ¶μ²Ö·¨§ Í¨¨ ¡μ²¥¥ ¢Ò¸μ±¨Ì · ´£μ¢
μ¶·¥¤¥²ÖÕÉ¸Ö ³¥Ì ´¨§³μ³ ¶¥·¥¤ Î¨ ÉÖ¦¥²μ£μ ±² ¸É¥· , ¶·¨Î¥³ ¢²¨Ö´¨¥ ³¥-
Ì ´¨§³  ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ ´ ¨¡μ²¥¥ ¸ÊÐ¥¸É¢¥´´μ ¢ μ¡² ¸É¨ ¸·¥¤´¨Ì
Ê£²μ¢.



356 ƒ�‹��ˆ�� ‹.ˆ., ‡…‹…�‘Š�Ÿ �.‘.

�¨¸. 30. ’¥´§μ·Ò ¶μ²Ö·¨§ Í¨¨ μ·¨¥´É¨·μ¢ ´´μ£μ Ö¤·  12C (2+) ¤²Ö · §²¨Î´ÒÌ ³¥Ì -
´¨§³μ¢ ·¥ ±Í¨¨. �¡μ§´ Î¥´¨Ö ±·¨¢ÒÌ É¥ ¦¥, ÎÉμ ¨ ´  ·¨¸. 29. �±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ ¢§ÖÉÒ ¨§ [80]

’ ±¨³ μ¡· §μ³, ´  ¶·¨³¥·¥ · §²¨Î´ÒÌ Ì · ±É¥·¨¸É¨± ·¥ ±Í¨°
13‘(d, α)11B (3/2−, 5/2−, 4,443 ŒÔ‚) ¨ 13C(3He,α)12C (0+; 2+, 4,443 ŒÔ‚)
(¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ Ê¶·Ê£μ£μ ¨ ´¥Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö, ¸É É¨¸É¨Î¥¸±¨¥
É¥´§μ·Ò ³ É·¨ÍÒ ¶²μÉ´μ¸É¨, ´ ¢¥¤¥´´ Ö ¢¥±Éμ·´ Ö ¨ É¥´§μ·´ Ö ¶μ²Ö·¨§ Í¨Ö)
¶·μ¤¥³μ´¸É·¨·μ¢ ´  ·μ²Ó · §²¨Î´ÒÌ ³¥Ì ´¨§³μ¢ ¢ μ¡· §μ¢ ´¨¨ μ·¨¥´É¨·μ-
¢ ´´μ£μ ±μ´¥Î´μ£μ Ö¤· . �μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶μ± §Ò¢ ÕÉ ¢ ¦´μ¸ÉÓ ÊÎ¥É 
³¥Ì ´¨§³  ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ ¢¨·ÉÊ ²Ó´ÒÌ ±² ¸É¥·μ¢, ¨²²Õ¸É·¨·Ê¥-
³μ£μ Î¥ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ £· ³³μ°.

7. “���™…��›‰ Œ…’�„ ��‘—…’� �Œ�‹ˆ’“„
„‚“•‘’“�…�—�’›• Œ…•��ˆ‡Œ�‚

‚ ¶·¥¤Ò¤ÊÐ¨Ì · §¤¥² Ì ¢Ò· ¦¥´¨¥ (54) ¨¸¶μ²Ó§μ¢ ²μ¸Ó ¤²Ö · ¸Î¥É  ³ -
É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ Î¥ÉÒ·¥ÌÊ£μ²Ó´ÒÌ ³¥Ì ´¨§³μ¢. �Éμ ¢Ò· ¦¥´¨¥ ¶μ²ÊÎ ¥É¸Ö
 ´ ²¨É¨Î¥¸±¨ ¢ ¸²ÊÎ ¥ Î¥ÉÒ·¥ÌÎ ¸É¨Î´μ£μ ¶·¨¡²¨¦¥´¨Ö ¤²Ö ± ´ ²μ¢ (3,1).
‘ÊÐ¥¸É¢ÊÕÉ ·¥ ±Í¨¨, ´¥ Ê±² ¤Ò¢ ÕÐ¨¥¸Ö ¢ · ¸¸³ É·¨¢ ¥³ÊÕ · ¸±² ¤±Ê ± -
´ ²μ¢ Î¥ÉÒ·¥ÌÎ ¸É¨Î´μ° § ¤ Î¨, ¤²Ö ±μÉμ·ÒÌ ³¥Ì ´¨§³ ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥-
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·¥¤ Î¨ Î ¸É¨Í, ¨²²Õ¸É·¨·Ê¥³Ò° Î¥ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ £· ³³μ°, Ö¢²Ö¥É¸Ö ¥¸É¥-
¸É¢¥´´Ò³ ¶·μ¤μ²¦¥´¨¥³ ·Ö¤  É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°. ‚ ÔÉμ³ ¸²ÊÎ ¥ ³Ò ¨¸¶μ²Ó-
§μ¢ ²¨ μ¸´μ¢ ´´Ò° ´  £· Ë¨Î¥¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ´ £²Ö¤´Ò° ³¥Éμ¤ ¸¢¥·É±¨
¤¢ÊÌ  ³¶²¨ÉÊ¤ Œˆ‚�Š�� ¨ ¶μ± § ²¨, ÎÉμ ¶μ²ÊÎ¥´´μ¥ É ±¨³ ¸¶μ¸μ¡μ³ ¢Ò· -
¦¥´¨¥ ¸ ÉμÎ´μ¸ÉÓÕ ¤μ Ë §μ¢ÒÌ ³´μ¦¨É¥²¥° ¨ ´μ·³¨·μ¢±¨ ¸μ¢¶ ¤ ¥É ¸ (54).
‚Ò· ¦¥´¨¥ (54) ¸μ¤¥·¦¨É ±μ£¥·¥´É´Ò¥ ¸Ê³³¨·μ¢ ´¨Ö ¶μ ³μ³¥´É ³ ¶·μ³¥-
¦ÊÉμÎ´μ° ¸¨¸É¥³Ò. ‹Õ¡Ò¥ Ê¶·μÐ¥´¨Ö μ¡Ð¨Ì Ëμ·³Ê² · ¸Î¥É  ³ É·¨Î´ÒÌ
Ô²¥³¥´Éμ¢ É ±¨Ì ³¥Ì ´¨§³μ¢ ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢¥¸Ó³  ¦¥² É¥²Ó´Ò³¨. �·μ ´ -
²¨§¨·Ê¥³ ¢μ§³μ¦´Ò¥ Ê¶·μÐ¥´¨Ö Ëμ·³Ê²Ò, ¸¢Ö§ ´´Ò¥ ¸  ´ ²¨É¨Î¥¸±¨³ ¸Ê³-
³¨·μ¢ ´¨¥³ ¶μ ¶·μ³¥¦ÊÉμÎ´Ò³ ³μ³¥´É ³, ¡¥§ ¶μÉ¥·¨ Ë¨§¨Î¥¸±¨Ì  ¸¶¥±Éμ¢
¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒÌ ³¥Ì ´¨§³μ¢.

�Ê¸ÉÓ ·¥ ±Í¨Ö A(x, y)B μ¸ÊÐ¥¸É¢²Ö¥É¸Ö Î¥·¥§ ¢¨·ÉÊ ²Ó´μ¥ (σρ) ¸μ¸ÉμÖ-
´¨¥. � ¸¸³μÉ·¨³ ¸²ÊÎ °, ±μ£¤  ±² ¸É¥· σ � 4 ¨³¥¥É ¢´ÊÉ·¥´´¨° μ·¡¨É ²Ó´Ò°
³μ³¥´É, · ¢´Ò° ´Ê²Õ. �μ²ÊÎ¨³ ¢Ò· ¦¥´¨¥ ¤²Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  Î¥-
ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ £· ³³Ò ± ± ¸¢¥·É±¨ ¤¢ÊÌ¶μ²Õ¸´ÒÌ ³¥Ì ´¨§³μ¢ (·¨¸. 6) ¨

�¨¸. 31. „¨ £· ³³  ³¥Ì -
´¨§³  ¶μ¸²¥¤μ¢ É¥²Ó´μ°
¶¥·¥¤ Î¨ Î ¸É¨Í ¢ ·¥ ±-
Í¨¨ 9‚¥(3�¥,d)10B

¶·μ¸Ê³³¨·Ê¥³ ¥£μ ¶μ ¢¸¥³ · §·¥Ï¥´´Ò³ ¶· ¢¨² ³¨
μÉ¡μ·  ¸μ¸ÉμÖ´¨Ö³ ±² ¸É¥·  ρ  ´ ²μ£¨Î´μ [82].

„²Ö · ¸Î¥É  ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ·¥ ±Í¨¨
A(x, y)B ¤²Ö ± ¦¤μ£μ ¶μ²Õ¸´μ£μ ³¥Ì ´¨§³  ¢μ¸-
¶μ²Ó§Ê¥³¸Ö Œˆ‚�Š�� ¢ ¶·¥¤¸É ¢²¥´¨¨ ¶μ²´μ£μ ¶¥-
·¥¤ ´´μ£μ ¸¶¨´  J , ¶¥·¥¤ ´´μ£μ μ·¡¨É ²Ó´μ£μ ³μ-
³¥´É  l ¨ ¶¥·¥¤ ´´μ£μ ¸¶¨´  s [30].

‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸³μÉ·¨³ ·¥ ±Í¨Õ
9‚¥(3�¥, d)10B, ¨²²Õ¸É·¨·Ê¥³ÊÕ ¤¨ £· ³³μ° ·¨¸. 31.
‚ ¶·¨¡²¨¦¥´¨¨ § ¤ Î¨ Î¥ÉÒ·¥Ì É¥² (8Be,n, d, p)
ÔÉ  ·¥ ±Í¨Ö ¸μμÉ¢¥É¸É¢Ê¥É ¶¥·¥Ìμ¤Ê ¨§ ± ´ ²  (2,2)
¢ ±μ´¥Î´Ò° ± ´ ² (2,2) Î¥·¥§ ¢¨·ÉÊ ²Ó´μ¥ ¸μ¸ÉμÖ-
´¨¥ ± ´ ²  (3,1): (8Be,n)+ (d, p)→ 8Be + (n, d, p)→ (8Be, d)+ (n, p). „¨ -
£· ³³  ·¨¸. 31 ¨²²Õ¸É·¨·Ê¥É ¶μ¶· ¢±Ê ¢Éμ·μ£μ ¶μ·Ö¤±  ± ³¥Ì ´¨§³Ê ¶μ¤Ì¢ É 
¶·μÉμ´ .

7.1. Œ É·¨Î´Ò° Ô²¥³¥´É ´¨¦´¥° ¶μ²μ¢¨´Ò Î¥ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ £· ³-
³Ò ·¨¸. 31. �¨¦´ÖÖ ¶μ²μ¢¨´  ¤¨ £· ³³Ò μ¶¨¸Ò¢ ¥É ¶μ¤Ì¢ É ´¥°É·μ´ . Œ -
É·¨Î´Ò° Ô²¥³¥´É É ±μ£μ ³¥Ì ´¨§³  ¡¥§ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ · ¤¨ ²Ó´Ò³ ¶¥-
·¥³¥´´Ò³ ¨ ¡¥§ ÊÎ¥É  ¶μ¸ÉμÖ´´ÒÌ ´μ·³¨·ÊÕÐ¨Ì ³´μ¦¨É¥²¥° ¸μ£² ¸´μ [30]
¨³¥¥É ¢¨¤

M1 = 〈lAmAsAζA | JAMA〉 〈lρmρsρζρ | JρMρ〉×
× 〈lρmρl1m1 | lAmA〉〈sρζρS1ζ1 | sAζA〉〈sxζxS1ζ1 | sσζσ〉×

×
√

(2l1 + 1)βΛLxl1m1(kρσr′)ΘA→1+ρ
l1S1

Θσ→1+x
S1

, (70)

£¤¥ l1, S1 (S2) Å ¶¥·¥¤ ´´Ò° μ·¡¨É ²Ó´Ò° ³μ³¥´É ¨ ¸¶¨´ ¢ ¢¥·Ï¨´ Ì · ¸-
¶ ¤  Ö¤·  A (σ), ±¨´¥³ É¨Î¥¸±¨¥ ³´μ¦¨É¥²¨ βΛLxl1m1(kρσr′) μ¶·¥¤¥²ÖÕÉ¸Ö
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Ëμ·³Ê²μ° (32),   ΘA→n+ρ
l1S1

(Θx→n+σ
S1

) Å ¶·¨¢¥¤¥´´Ò¥ Ï¨·¨´Ò · ¸¶ ¤  Ö¤·  A
(Î ¸É¨ÍÒ x), ¸μ¤¥·¦ Ð¨¥ ±μÔËË¨Í¨¥´ÉÒ aLS , ¢μ§´¨± ÕÐ¨¥ ¶·¨ · §²μ¦¥´¨¨
¢μ²´μ¢ÒÌ ËÊ´±Í¨° Ö¤¥· A ¨ σ ¶μ ¡ §¨¸´Ò³ ËÊ´±Í¨Ö³ LS-¸¢Ö§¨.

7.2. Œ É·¨Î´Ò° Ô²¥³¥´É ¢¥·Ì´¥° ¶μ²μ¢¨´Ò Î¥ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ -
£· ³³Ò ·¨¸. 31. ‚¥·Ì´ÖÖ ¶μ²μ¢¨´  ¤¨ £· ³³Ò ·¨¸. 31 ¸μμÉ¢¥É¸É¢Ê¥É ³¥Ì -
´¨§³Ê ¸·Ò¢  Î ¸É¨ÍÒ. Œ É·¨Î´Ò° Ô²¥³¥´É ¸·Ò¢  M2 (¡¥§ ÊÎ¥É  ¶μ¸ÉμÖ´-
´ÒÌ ´μ·³¨·ÊÕÐ¨Ì ³´μ¦¨É¥²¥°) ¨³¥¥É ¢¨¤,  ´ ²μ£¨Î´Ò° ¢Ò· ¦¥´¨Õ (74) ¤²Ö
´¨¦´¥° ¶μ²μ¢¨´Ò ¶μ²´μ° ¤¨ £· ³³Ò, ¸ ÉμÎ´μ¸ÉÓÕ ¤μ § ³¥´Ò Ï¨·¨´ · ¸¶ ¤ 
¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Ö¤¥·:

M2 = 〈lBmBsBζB | JBMB〉
〈
l′ρm

′
ρs

′
ρζ

′
ρ | JρMρ

〉
×

×
〈
l′ρm

′
ρl2m2 | lBmB

〉 〈
s′ρζ

′
ρS2ζ2 |SBζB

〉
〈S2ζ2syζy | s′σζ′σ〉×

×
√

(2l2 + 1)βΛLyl2m2(kσρr; θy)ΘB→d+ρ
l2S2

Θσ→d+y
S2

. (71)

7.3. “¶·μÐ¥´¨¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ³¥Ì ´¨§³μ¢, ÊÎ¨ÉÒ¢ ÕÐ¨Ì § -
¶ §¤Ò¢ ´¨¥. „²Ö Éμ£μ ÎÉμ¡Ò ¶μ²ÊÎ¨ÉÓ ¶μ²´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É ³¥Ì ´¨§³ ,
ÊÎ¨ÉÒ¢ ÕÐ¥£μ § ¶ §¤Ò¢ ´¨¥, ´¥μ¡Ìμ¤¨³μ ¶¥·¥³´μ¦¨ÉÓ ³ É·¨Î´Ò¥ Ô²¥³¥´-
ÉÒ (70), (71) ¨, ¸μ£² ¸´μ (55), ¶·μ¨§¢¥¸É¨ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ · ¤¨ ²Ó´Ò³
¶¥·¥³¥´´Ò³. �¤´ ±μ μ¡Ð¨¥ ¶·¥¤¸É ¢²¥´¨Ö μ Éμ³, ± ±¨³ μ¡· §μ³ ³μ¦´μ Ê¶·μ-
¸É¨ÉÓ ¶μ²´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ, ´¥ ¶·μ¢μ¤Ö ¸É·μ£μ ÔÉ¨Ì
¶·μÍ¥¤Ê·.

…¸²¨ ¢ ±μ´±·¥É´μ° ·¥ ±Í¨¨ Ô´¥·£¨¨ ¸¢Ö§¨ ε ¢ ¢¥·Ï¨´ Ì · ¸¶ ¤  Ö¤¥·
¨³¥ÕÉ ¡μ²ÓÏ¨¥ §´ Î¥´¨Ö, ¶·¨ ÔÉμ³ ¶μ²μ¸  Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö ΔE∗

ρ � ε,
¢ ³ É·¨Î´ÒÌ Ô²¥³¥´É Ì (70), (71) ³μ¦´μ ¶·¥´¥¡·¥ÎÓ § ¢¨¸¨³μ¸ÉÓÕ ¢μ²´μ¢μ°
ËÊ´±Í¨¨ ±² ¸É¥·  ρ μÉ ΔE∗ ¨ ¢  ´ ²¨É¨Î¥¸±μ³ ¢¨¤¥ ¢Ò¶μ²´¨ÉÓ ¸Ê³³¨·μ¢ ´¨¥
¶μ ΔE∗

ρ ¨ Jρ. ’ ±μ¥ Ê¶·μÐ¥´¨¥ μ¡Ð¨Ì Ëμ·³Ê² ¡Ò²μ ¢Ò¶μ²´¥´μ · ´¥¥ [14]
¢ ¶²μ¸±μ¢μ²´μ¢μ³ ¶·¨¡²¨¦¥´¨¨. ŒÒ ¶·μ¢¥²¨ ¶μ¤μ¡´μ¥ Ê¶·μÐ¥´¨¥ [83] ¨ ¢
μ¡Ð¥³ ¸²ÊÎ ¥, ¤μ¶Ê¸± Ö, ÎÉμ ¢ ±μ´±·¥É´μ° ·¥ ±Í¨¨ ÔÉ¨ ¶·¨¡²¨¦¥´¨Ö ¢Ò¶μ²-
´ÖÕÉ¸Ö.

1. ‘Ê³³¨·μ¢ ´¨¥ ¶μ ΔE∗
ρ . ‚ ¸¨²Ê μ·Éμ£μ´ ²Ó´μ¸É¨ [35] ±μÔËË¨Í¨¥´Éμ¢

¶·μ³¥¦ÊÉμÎ´μ° ¸¢Ö§¨ aLS ¤²Ö ± ¦¤μ£μ ¸μ¸ÉμÖ´¨Ö ±² ¸É¥·  ρ ¸μ ¸¶¨´μ³ Jρ

³μ¦´μ ¶·μ¢¥¸É¨ ¸Ê³³¨·μ¢ ´¨¥ ¶μ ΔE∗
ρ , ¨¸¶μ²Ó§ÊÖ ¸μμÉ´μÏ¥´¨¥

∑
ΔE∗

ρ

aLρsρ(Jρ)aL′
ρs′

ρ
(Jρ) = δLρL′

ρ
δsρs′

ρ
. (72)

2. ‘Ê³³¨·μ¢ ´¨¥ ¶μ ³μ³¥´ÉÊ Jρ:∑
JρMρ

〈Lρμρsρςρ | JρMρ〉
〈
Lρμ

′
ρsρς

′
ρ | JρMρ

〉
= δμρμ′

ρ
δςρς′ρ . (73)
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3. �·¥μ¡· §μ¢ ´¨¥ ±μÔËË¨Í¨¥´Éμ¢ Š²¥¡Ï Äƒμ·¤ ´ , ¸μ¤¥·¦ Ð¨Ì ¸¶¨´Ò
Î ¸É¨Í ¨ Ö¤¥·:

1) 〈sρζρS1ζ1 | sAζA〉 〈sρζρS2ζ2 | sBζB〉 = (−1)2S1+ζ1+SA−Sρ×

×
∑√

(2sA+1)
(2sρ+1)

U(sAS1sBS2 : sρS) 〈S1ζ1S2 − ζ2|Sζ〉 〈sAζASζ|sBζB〉 ; (74)

2)
∑

(−1)2S1+ζ1 〈S2ζ2syζy | sσζσ〉 〈sxζxS1ζ1 | sσζσ〉 〈S1 − ζ1S2ζ2 |Sζ〉 =

=
∑

(−1)2S1+S2−ζ

√
2sσ + 1
2sy + 1

U(sxS1syS2 : sσS). (75)

4. �·¥μ¡· §μ¢ ´¨¥ ±μÔËË¨Í¨¥´Éμ¢ Š²¥¡Ï Äƒμ·¤ ´ , ¸μ¤¥·¦ Ð¨Ì μ·¡¨-
É ²Ó´Ò¥ ³μ³¥´ÉÒ Ö¤¥· ¨ ¶¥·¥¤ ´´Ò¥ μ·¡¨É ²Ó´Ò¥ ³μ³¥´ÉÒ:

∑
〈Lρμρl1m1 |LAμA〉 〈Lρμρl2m2 |LBμB〉 = (−1)2l1+m1−Lρ+LA×

×
√

2LA + 1
2Lρ + 1

U(LAl1LBl2 : Lρl) 〈l1 − m1l2m2 | lm〉 〈LAμAlm |LBμB〉 . (76)

5. ‘Ê³³¨·μ¢ ´¨¥ ¶μ ¶·μ¥±Í¨Ö³ μ·¡¨É ²Ó´ÒÌ ³μ³¥´Éμ¢ ¨ ¸¶¨´μ¢ Ö¤¥· �
¨ ‚:∑

〈lAμAsAζA | JAMA〉〈lBμBsBζB | JBMB〉〈lAμAlm | lBμB〉×

×〈sAζASζ | sBζB〉 =
∑⎛
⎝lA sA JA

l S J
lB sB JB

⎞
⎠ 〈JAMAJ M | JBMB〉〈lμSζ | JM〉.

(77)

6. ‚Ò¤¥²¥´¨¥ ¢ ¢Ò· ¦¥´¨¨ ¤²Ö ±¨´¥³ É¨Î¥¸±¨Ì ³´μ¦¨É¥²¥° ±μÔËË¨Í¨-
¥´Éμ¢ Š²¥¡Ï Äƒμ·¤ ´  ¨ Ë §, § ¢¨¸ÖÐ¨Ì μÉ μ·¡¨É ²Ó´ÒÌ ³μ³¥´Éμ¢, ¨ ¸Ê³-
³¨·μ¢ ´¨¥ ¶μ ¶·μ¥±Í¨¨ mΛ:

∑
mΛ

(−1)μx+2l1+ml+m2 〈LxμxΛmΛ | l1 − m1〉 〈ΛmΛLyμy | l2 − m2〉×

× 〈l1m1l2m2 | lm〉 = (−1)Λ+l1+l2+l
√

(2l1 + 1)(2l2 + 1)×
× W (Lxl1Lyl2 : Λl) 〈LxμxLyμy | lm〉 . (78)
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‚ ·¥§Ê²ÓÉ É¥ ÔÉ¨Ì ¶·¥μ¡· §μ¢ ´¨° Ê¶·μÐ¥´´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É ¶·¨-
´¨³ ¥É ¢¨¤

M simp
BA =

√
(2l + 1)(2S + 1)〈JAMAJM | JBMB〉〈syζySζ | sxζx〉×

× 〈lmSζ | JM〉
∑
l1l2

Θ̄lSJ
l1l2

∑
LxLyΛ

iLx+Ly〈l − mLym |Lx0〉×

×
{

Lx Λ l1
l2 l Ly

}
PLy|m|(θy)�LxLyΛ, (79)

£¤¥ l, S, J Å ¶¥·¥¤ ´´Ò¥ μ·¡¨É ²Ó´Ò° ³μ³¥´É, ¸¶¨´ ¨ ¶μ²´Ò° ¸¶¨´; l1, l2 Å
¶¥·¥¤ ´´Ò¥ μ·¡¨É ²Ó´Ò¥ ³μ³¥´ÉÒ ¤²Ö ¢¥·Ì´¥° ¨ ´¨¦´¥° ¶μ²μ¢¨´ ¤¨ £· ³³Ò,
³´μ£μ³¥·´Ò° ¨´É¥£· ² �LxLyΛ μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ (55),   Θ̄lSJ

l1l2
Å

¸É·Ê±ÉÊ·´Ò¥ ³´μ¦¨É¥²¨, ¢Ò· ¦¥´¨¥ ¤²Ö ±μÉμ·ÒÌ ¨³¥¥É ¢¨¤

Θ̄lSJ
l1l2 = (−1)sA−sρ+lA−lρ+2S1+S2+2S−J×

×
√

(2sA + 1)(2lA + 1)(2sσ + 1)
(2S + 1)(2sρ + 1)(2lρ + 1)(2sx + 1)

×

× U(lAl1lBl2 : lρl)U(sAS1sBS2 : sρS)U(sxS1syS2 : sσS)

⎧⎨
⎩

lA sA JA

l S J
lB sB JB

⎫⎬
⎭×

× (−1)Λ+l1+l2 ΘA→ρ+n
l1S1

Θρ→B+d
l2S2

Θx→σ+n
S1

Θσ→d+y
S2

. (80)

”μ·³Ê²Ò (79), (80) ¢³¥¸É¥ ¸ ¢Ò· ¦¥´¨¥³ (55), μ¶·¥¤¥²ÖÕÐ¨³ ³´μ£μ-
³¥·´Ò° ¨´É¥£· ² ¤²Ö ³¥Ì ´¨§³μ¢ ¢Éμ·μ£μ ¶μ·Ö¤± , ¸¢Ö§ ´´ÒÌ ¸ ´¥§ ¢¨¸¨³μ°
¶¥·¥¤ Î¥° Î ¸É¨Í, ¨¸¶μ²Ó§μ¢ ²¨¸Ó ´ ³¨ [83] ¤²Ö μÍ¥´±¨ ¢±² ¤  É ±¨Ì ³¥Ì -
´¨§³μ¢ ¢ ·¥ ±Í¨¨ 9‚¥(3�¥, d)10B.

„²Ö ¤¢ÊÌ¸ÉÊ¶¥´Î Éμ£μ ³¥Ì ´¨§³  ¢ ÔÉμ° ·¥ ±Í¨¨ ¢Ò¶μ²´ÖÕÉ¸Ö ¢¸¥ Ê¸²μ-
¢¨Ö, ´¥μ¡Ìμ¤¨³Ò¥ ¤²Ö ¨¸¶μ²Ó§μ¢ ´¨Ö ¶·¨¡²¨¦¥´´ÒÌ Ëμ·³Ê²: Ô´¥·£¨¨ ¸¢Ö§¨
´¥°É·μ´  ¢ 9‚¥, É ± ¦¥ ± ± ¨ ¤¥°É·μ´  ¢ 10B, ¸ÊÐ¥¸É¢¥´´μ ³¥´ÓÏ¥ Ô´¥·-
£¨¨ ¸¢Ö§¨ ´¥°É·μ´  ¢ α-Î ¸É¨Í¥,   ¶μ¸±μ²Ó±Ê ¶· ¢¨² ³¨ μÉ¡μ·  · §·¥Ï¥´μ
¢μ§¡Ê¦¤¥´¨¥ Éμ²Ó±μ ¶¥·¢ÒÌ ¤¢ÊÌ ¸μ¸ÉμÖ´¨° 8‚¥ (0+ ¨ 2+), ΔE∗ ´¥ ¶·¥¢Ò-
Ï ¥É 3 ŒÔ‚.

�  ·¨¸. 32 ÏÉ·¨Ìμ¢μ° ±·¨¢μ° ¶μ± § ´μ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ¤¥°-
É·μ´μ¢, · ¸¸Î¨É ´´μ¥ ¤²Ö ÔÉμ£μ ³¥Ì ´¨§³  ¸ ³ É·¨Î´Ò³ Ô²¥³¥´Éμ³ (79), ¶μ-
²ÊÎ¥´´Ò³ ¢ ¶·¨¡²¨¦¥´¨¨  ´ ²¨É¨Î¥¸±μ£μ ¸Ê³³¨·μ¢ ´¨Ö ¶μ ¢¸¥³ ¢μ§³μ¦´Ò³
¸μ¸ÉμÖ´¨Ö³ Ö¤·  8‚¥ (76), (77). „²Ö ¸· ¢´¥´¨Ö ¶Ê´±É¨·´μ° ¨ ÏÉ·¨Ì¶Ê´±É¨·-
´μ° ²¨´¨Ö³¨ ¶μ± § ´Ò ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö, ¢ÒÎ¨¸²¥´´Ò¥ ¶μ ÉμÎ´Ò³
Ëμ·³Ê² ³ (56) ¤²Ö Ê·μ¢´¥° Ö¤·  8‚¥ 0+ ¨ 2+,   ¸¶²μÏ´μ° ²¨´¨¥° ¤ ´  ¨Ì
±μ£¥·¥´É´ Ö ¸Ê³³ . Š ± ¢¨¤´μ ¨§ ·¨¸Ê´± , · ¸Î¥É ¶μ ¶·¨¡²¨¦¥´´μ° Ëμ·-
³Ê²¥ ¢μ¸¶·μ¨§¢μ¤¨É Ëμ·³Ê Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö ¤¥°É·μ´μ¢, § ¢ÒÏ Ö, ± ±
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�¨¸. 32. “£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¤¥°É·μ´μ¢ ¨§ ·¥ ±Í¨¨ 9Be(3He, d)10B: ÏÉ·¨Ìμ¢ Ö
±·¨¢ Ö Å Ê¶·μÐ¥´´Ò° · ¸Î¥É ¤²Ö ¤¢ÊÌ¸ÉÊ¶¥´Î Éμ£μ ³¥Ì ´¨§³ ; ¶Ê´±É¨·´ Ö Å ÉμÎ´Ò°
· ¸Î¥É ¤²Ö Ê·μ¢´Ö 0+ ¢¨·ÉÊ ²Ó´μ£μ Ö¤·  8‚¥; ÏÉ·¨Ì¶Ê´±É¨·´ Ö Å ¤²Ö Ê·μ¢´Ö 2+ ÔÉμ£μ
Ö¤· ; ¸¶²μÏ´ Ö ±·¨¢ Ö Å ¨Ì ±μ£¥·¥´É´ Ö ¸Ê³³ 

¨ ³μ¦´μ ¡Ò²μ μ¦¨¤ ÉÓ, ¢¥²¨Î¨´Ê ¸¥Î¥´¨Ö. �·¨ ¢¢¥¤¥´¨¨ ´μ·³¨·μ¢μÎ´μ£μ
³´μ¦¨É¥²Ö É¥μ·¥É¨Î¥¸±¨¥ ±·¨¢Ò¥, · ¸¸Î¨É ´´Ò¥ ¶μ ÉμÎ´μ° ¨ Ê¶·μÐ¥´´μ°
Ëμ·³Ê² ³, ¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ÕÉ. ’ ±¨³ μ¡· §μ³, ¨¸¶μ²Ó§μ¢ ´¨¥ Ê¶·μÐ¥´-
´μ£μ ¶μ¤Ìμ¤  ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ ¢¶μ²´¥ ±μ··¥±É´μ μÍ¥´¨ÉÓ ¢±² ¤ ³¥Ì ´¨§³μ¢
¶μ¸²¥¤μ¢ É¥²Ó´μ° ´¥§ ¢¨¸¨³μ° ¶¥·¥¤ Î¨ Î ¸É¨Í ¸ ¸ÊÐ¥¸É¢¥´´Ò³ Ê³¥´ÓÏ¥-
´¨¥³ ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ § É· É.

‡�Š‹�—…�ˆ…

Š² ¸É¥·´ Ö ¸É·Ê±ÉÊ·  Ö¤¥· ¶μ§¢μ²Ö¥É · ¸¸³ É·¨¢ ÉÓ ·¥ ±Í¨¨ ¸ Î ¸É¨-
Í ³¨ Ê³¥·¥´´ÒÌ Ô´¥·£¨° (¤μ 10 ŒÔ‚/´Ê±²μ´) ´  ²¥£±¨Ì Ö¤· Ì 1p-μ¡μ²μÎ±¨
¢ ¶·¨¡²¨¦¥´¨¨ § ¤ Î¨ É·¥Ì ¨ Î¥ÉÒ·¥Ì É¥² ¨ ¨¸¶μ²Ó§μ¢ ÉÓ ¸μμÉ¢¥É¸É¢ÊÕÐ¨°
É¥μ·¥É¨Î¥¸±¨°  ¶¶ · É, · §¢¨ÉÒ° ¢ [2, 5, 7Ä9], ¤²Ö ¨Ì μ¶¨¸ ´¨Ö. Š² ¸É¥·Ò
¢ Ö¤·¥ Ö¢²ÖÕÉ¸Ö ¢¨·ÉÊ ²Ó´Ò³¨ μ¡· §μ¢ ´¨Ö³¨, ¨ ¢¥·μÖÉ´μ¸ÉÓ ¨Ì ¸ÊÐ¥¸É¢μ-
¢ ´¨Ö μ¶·¥¤¥²Ö¥É¸Ö Ö¤¥·´μ° ¸É·Ê±ÉÊ·μ°. �·¥¤²μ¦¥´´Ò° ´ ³¨ É¥μ·¥É¨Î¥¸±¨°
Ëμ·³ ²¨§³ · ¸¸³μÉ·¥´¨Ö ·¥ ±Í¨° μ¸´μ¢ ´ ´  ÔËË¥±É¨¢´μ³ ¸¨´É¥§¥  ¶¶ -
· É  ¨´É¥£· ²Ó´ÒÌ Ê· ¢´¥´¨° § ¤ Î¨ ´¥¸±μ²Ó±¨Ì É¥² ¨ ³μ¤¥²¥°, ÊÎ¨ÉÒ¢ ÕÐ¨Ì
¸É·Ê±ÉÊ·Ê Ö¤¥·.

‚ ¶·¥¤² £ ¥³μ³ μ¡§μ·¥ · §· ¡μÉ ´  ¶¶ · É · ¸Î¥É  ¸¥Î¥´¨° Ö¤¥·´ÒÌ
·¥ ±Í¨° ´  ²¥£±¨Ì Ö¤· Ì, μ¸´μ¢ ´´Ò° ´  ¨´É¥£· ²Ó´ÒÌ Ê· ¢´¥´¨ÖÌ § ¤ Î¨
Î¥ÉÒ·¥Ì É¥² ¢ Ëμ·³ ²¨§³¥ �²ÓÉ Äƒ· ¸¸¡¥·£¥· Ä‘ ´¤Ì ¸ . ŒÒ ¶μ± § ²¨, ÎÉμ
μ¤´μ¸ÉÊ¶¥´Î ÉÒ¥ ³¥Ì ´¨§³Ò Œˆ‚�Š�� ¸μμÉ¢¥É¸É¢ÊÕÉ ¶¥·¢Ò³ Î²¥´ ³
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¨É¥· Í¨μ´´ÒÌ ·Ö¤μ¢ ¨´É¥£· ²Ó´ÒÌ Ê· ¢´¥´¨° § ¤ Î¨ Î¥ÉÒ·¥Ì É¥². ‘²¥¤Ê-
ÕÐ¨¥ Î²¥´Ò ¨É¥· Í¨μ´´ÒÌ ·Ö¤μ¢ ¤ ÕÉ ¶μ¶· ¢±¨ ¢Éμ·μ£μ ¶μ·Ö¤±  ±
Œˆ‚�Š��, Ö¢²ÖÕÐ¨¥¸Ö ³¥Ì ´¨§³ ³¨ ´¥§ ¢¨¸¨³μ° ¤¢ÊÌ¸ÉÊ¶¥´Î Éμ° ¶¥·¥-
¤ Î¨ ±² ¸É¥·μ¢.

”¨§¨Î¥¸±¨³ ±·¨É¥·¨¥³ ¶·μÖ¢²¥´¨Ö ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒÌ ³¥Ì ´¨§³μ¢ Ö¢²Ö-
¥É¸Ö · §´μ¸ÉÓ Ô´¥·£¨° ¢¨·ÉÊ ²Ó´ÒÌ ¶¥·¥¤ ¢ ¥³ÒÌ ±² ¸É¥·μ¢: ¥¸²¨ μ´  ¢¥-
²¨± , ¨Ì ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¶¥·¥±·Ò¢ ÕÉ¸Ö ´¥§´ Î¨É¥²Ó´μ ¨  ¶·¨μ·¨ ³μ¦´μ
μ¦¨¤ ÉÓ, ÎÉμ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒ¥ ³¥Ì ´¨§³Ò ¡Ê¤ÊÉ ¤ ¢ ÉÓ § ³¥É´Ò° ¢±² ¤ ¢ Ì -
· ±É¥·¨¸É¨±¨ Ö¤¥·´μ° ·¥ ±Í¨¨.

‚ μ¡§μ·¥ ¶·¥¤¸É ¢²¥´ É¥μ·¥É¨Î¥¸±¨°  ¶¶ · É, ¶μ§¢μ²ÖÕÐ¨° ¶μ²ÊÎ¨ÉÓ ¢
 ´ ²¨É¨Î¥¸±μ³ ¢¨¤¥ ¢Ò· ¦¥´¨Ö ¤²Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒÌ
³¥Ì ´¨§³μ¢ ·¥ ±Í¨¨, ¨²²Õ¸É·¨·Ê¥³ÒÌ Î¥ÉÒ·¥ÌÊ£μ²Ó´Ò³¨ ¤¨ £· ³³ ³¨. � §-
²μ¦¥´¨¥ ËÊ´±Í¨¨ ƒ·¨´  ¢¨·ÉÊ ²Ó´μ° ±² ¸É¥·´μ° ¸¨¸É¥³Ò ¶μ ¸Ë¥·¨Î¥¸±¨³
ËÊ´±Í¨Ö³ ¸μμÉ¢¥É¸É¢Ê¥É · §·¥§ ´¨Õ ¶μ²´μ° Î¥ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ £· ³³Ò ´ 
¤¢  ±μμ·¤¨´ É´ÒÌ ¶μ¤¶·μ¸É· ´¸É¢ . ‚ ·¥§Ê²ÓÉ É¥ ³ É·¨Î´Ò° Ô²¥³¥´É ¤¢ÊÌ¸ÉÊ-
¶¥´Î Éμ° ¶¥·¥¤ Î¨ Ö¢²Ö¥É¸Ö ¸¢¥·É±μ° ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ Œˆ‚�Š�� ¤²Ö
¢¥·Ì´¥° ¨ ´¨¦´¥° ¶μ²μ¢¨´Ò Î¥ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ £· ³³Ò. „²Ö ·¥ ²¨§ Í¨¨
ÔÉμ£μ  ¶¶ · É  · §· ¡μÉ ´  ¶·μ£· ³³  QUADRO, ¶μ§¢μ²ÖÕÐ Ö · ¸¸Î¨ÉÒ¢ ÉÓ
³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ³¥Ì ´¨§³μ¢ ´¥§ ¢¨¸¨³μ° ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¶¥·¥¤ Î¨
Î ¸É¨Í.

ŒÒ · ¸¸Î¨É ²¨ ¸¥Î¥´¨Ö ·Ö¤  ·¥ ±Í¨° ´  ²¥£±¨Ì Ö¤· Ì 1p-μ¡μ²μÎ±¨, ¢
±μÉμ·ÒÌ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒ¥ ³¥Ì ´¨§³Ò, ¸μ£² ¸´μ μ¶·¥¤¥²¥´´Ò³ ´ ³¨ Ë¨§¨Î¥-
¸±¨³ ±·¨É¥·¨Ö³, ¤μ²¦´Ò ¨£· ÉÓ § ³¥É´ÊÕ ·μ²Ó. ŒÒ Ë ±É¨Î¥¸±¨ ¢¶¥·¢Ò¥ ¶μ-
± § ²¨, ÎÉμ Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ α-Î ¸É¨Í ¢ Ê¶·Ê£μ³ α6He-· ¸¸¥Ö´¨¨, É ±
¦¥ ± ± ¨ ¶·μÉμ´μ¢ Å ¶·μ¤Ê±Éμ¢ ·¥ ±Í¨° 9‚¥(d, p)10Be, 10B(d, p)11B(1/2−)
¨ 10B(t, p)12B, ³μ¦¥É ¡ÒÉÓ ¸μ£² ¸μ¢ ´μ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶·¨
ÊÎ¥É¥ ¶μ¶· ¢μ± ¢Éμ·μ£μ ¶μ·Ö¤±  ± ¶μ²Õ¸´Ò³ ³¥Ì ´¨§³ ³. ‘É·Ê±ÉÊ·´Ò¥ ³´μ-
¦¨É¥²¨, μ¶·¥¤¥²ÖÕÐ¨¥ ¢±² ¤ μ¤´μ¸ÉÊ¶¥´Î ÉÒÌ ¨ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒÌ ³¥Ì ´¨§-
³μ¢ ¢ ÔÉ¨Ì ·¥ ±Í¨ÖÌ, Ö¢²ÖÕÉ¸Ö ¢¥²¨Î¨´ ³¨ μ¤´μ£μ ¶μ·Ö¤± , ¤²Ö μ¡μ¨Ì ³¥Ì -
´¨§³μ¢ μ¸´μ¢´μ° ¢±² ¤ ¢ ¸¥Î¥´¨¥ ¢´μ¸ÖÉ ±μ³¶μ´¥´ÉÒ ¸ ´¥´Ê²¥¢Ò³ ¶¥·¥¤ ´-
´Ò³ μ·¡¨É ²Ó´Ò³ ³μ³¥´Éμ³. Šμ£¥·¥´É´ Ö ¸Ê³³  ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ μ¡μ¨Ì
³¥Ì ´¨§³μ¢ ¶μ§¢μ²Ö¥É ¸μ£² ¸μ¢ ÉÓ É¥μ·¥É¨Î¥¸±¨¥ Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¸
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨, μÉ²¨Î¨É¥²Ó´μ° Î¥·Éμ° ±μÉμ·ÒÌ Ö¢²Ö¥É¸Ö ³ ±¸¨³Ê³ ¶μ¤
³ ²Ò³¨ Ê£² ³¨ ¢Ò²¥É  ¶·μÉμ´μ¢ ¨ μÉ¸ÊÉ¸É¢¨¥ Î¥É±μ ¢Ò· ¦¥´´μ° ¤¨Ë· ±Í¨-
μ´´μ° ¸É·Ê±ÉÊ·Ò.

ŒÒ ¶·¥¤¸± § ²¨ Ê£²μ¢Ò¥ § ¢¨¸¨³μ¸É¨ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ¨ ¢¥-
²¨Î¨´Ò ¶μ²´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨¨ ¶¥·¥§ ·Ö¤±¨ p(6He, n)6Li (0+, 3,56 ŒÔ‚)
¨ ·¥ ±Í¨¨ 7Li(t, p)9Li. �É¨ · ¸Î¥ÉÒ ¡Ò²¨ É ±¦¥ ¶·μ¢¥¤¥´Ò ´ ³¨ ¶·¨ ÊÎ¥É¥
¶μ¶· ¢μ± ¢Éμ·μ£μ ¶μ·Ö¤±  ± ³¥Ì ´¨§³ ³ ¸·Ò¢  (¶μ¤Ì¢ É ) ¨ § ³¥Ð¥´¨Ö ´Ê-
±²μ´μ¢ ¢ ´¥°É·μ´´μ-¨§¡ÒÉμÎ´ÒÌ Ö¤· Ì.

�·μ¢¥¤¥´´Ò¥ · ¸Î¥ÉÒ ¸¥Î¥´¨° ·¥ ±Í¨° ¤¢ÊÌ´Ê±²μ´´μ° ¶¥·¥¤ Î¨ ¶μ§¢μ-
²¨²¨ ¢μ¸¸É ´μ¢¨ÉÓ ¸É·Ê±ÉÊ·Ê ´¥°É·μ´´μ° ¶¥·¨Ë¥·¨¨ ¢ ²¥£±¨Ì ´¥°É·μ´´μ-
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¨§¡ÒÉμÎ´ÒÌ Ö¤· Ì. …¥  ´ ²¨§ ¶μ± § ² ¸ÊÐ¥¸É¢¥´´μ¥ · §²¨Î¨¥ ¤¢ÊÌ´¥°É·μ´-
´μ° ¶¥·¨Ë¥·¨¨ ¢ Ö¤· Ì 6�¥, 10Be ¨ 12‚: ¥¸²¨ ¤²Ö ¶¥·¢μ£μ Ö¤·  ÔÉμ £ ²μ ¨
¢ ¤¨´¥°É·μ´´μ°, ¨ ¢ ¸¨£ ·μμ¡· §´μ° ±μ´Ë¨£Ê· Í¨¨, μ¶·¥¤¥²ÖÕÐ¥¥ ¸¥Î¥´¨¥
Ê¶·Ê£μ£μ α6He-· ¸¸¥Ö´¨Ö, Éμ ¶μ¤μ¡´μ¥ £ ²μ ¢ Ö¤· Ì 10Be ¨ 12‚ ¢ ·¥ ±Í¨¨ (t, p)
Ë ±É¨Î¥¸±¨ ´¥ ¶·μÖ¢²Ö¥É¸Ö. �ÉμÉ Ë ±É ³μ¦´μ μ¡ÑÖ¸´¨ÉÓ, ¸ μ¤´μ° ¸Éμ·μ´Ò,
¡μ²ÓÏμ° Ô´¥·£¨¥° ¸¢Ö§¨ ±μ·  Å α-Î ¸É¨ÍÒ ¢ 6�¥, É ± ÎÉμ ¨ ¤¨´¥°É·μ´, ¨
¤¢  ´¥±μ··¥²¨·μ¢ ´´ÒÌ ´¥°É·μ´  ³μ£ÊÉ ¤¢¨£ ÉÓ¸Ö μÉ´μ¸¨É¥²Ó´μ ±μ·  ´  ¤μ-
¸É ÉμÎ´μ ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ. �¥°É·μ´´ Ö ¶¥·¨Ë¥·¨Ö ¢ Ö¤· Ì 10Be ¨ 12‚
É ±¦¥ · §²¨Î ¥É¸Ö. ‚ Ö¤·¥ 10Be μ¡· §Ê¥É¸Ö ¸² ¡μ¥ £ ²μ, ¸μ¸ÉμÖÐ¥¥ ¨§ μ¤´μ£μ
´¥°É·μ´ . ‚ Ö¤·¥ 12‚, ´ μ¡μ·μÉ, ¤¨´¥°É·μ´ μ¡· §Ê¥É ®±μ¦Ê¯ ´  ¥£μ ¶μ¢¥·Ì-
´μ¸É¨, ¢ Éμ ¢·¥³Ö ± ± μ¡  ´Ê±²μ´  ´ Ìμ¤ÖÉ¸Ö, ¸±μ·¥¥, ¢μ ¢´ÊÉ·¥´´¥° μ¡² ¸É¨
Ö¤· . Œμ¦´μ É ±¦¥ μÉ³¥É¨ÉÓ, ÎÉμ ¸¨£ ·μμ¡· §´ Ö ±μ´Ë¨£Ê· Í¨Ö ¶¥·¨Ë¥·¨¨
¢μ ¢¸¥Ì Ö¤· Ì Ö¢²Ö¥É¸Ö  ¸¨³³¥É·¨Î´μ°, ¨ ÔÉ   ¸¨³³¥É·¨Ö § ¢¨¸¨É μÉ ¸¶μ¸μ¡ 
μ¡· §μ¢ ´¨Ö Ö¤· . • · ±É¥·  ¸¨³³¥É·¨¨ ¸¢Ö§ ´ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶·¨¡²¨-
¦¥´¨Ö Î¥ÉÒ·¥Ì É¥²,   ´¥ É·¥Ì. ‚ ÔÉμ³ ¶·¨¡²¨¦¥´¨¨ ´ Î ²Ó´Ò°, ±μ´¥Î´Ò°
¨ ¢¨·ÉÊ ²Ó´Ò¥ ± ´ ²Ò ·¥ ±Í¨¨ Ö¢²ÖÕÉ¸Ö · §²¨Î´Ò³¨ ±μ³¡¨´ Í¨Ö³¨ ±² ¸É¥-
·μ¢. �μÔÉμ³Ê ÔËË¥±ÉÒ μÉ¤ Î¨ ¶·¨ ¢Ò¤¥²¥´¨¨ μ¤´μ£μ ¨§ ´¥°É·μ´μ¢ ¨§ μ¸É -
ÕÐ¥°¸Ö ±² ¸É¥·´μ° ¸¨¸É¥³Ò ³μ£ÊÉ ¡ÒÉÓ · §´Ò³¨. �μ¤μ¡´μ¥ ¶μ¢¥¤¥´¨¥ ´¥°-
É·μ´´μ° ¶¥·¨Ë¥·¨¨ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ ¸²μ¦´μ° ¸É·Ê±ÉÊ·¥ Ö¤¥· 1p-μ¡μ²μÎ±¨,
¢ ±μÉμ·μ° É·Ê¤´μ ¢Ò¤¥²¨ÉÓ ®μ¸Éμ¢¯ ¨ ¶¥·¥³¥Ð ÕÐ¨¥¸Ö μÉ´μ¸¨É¥²Ó´μ ´¥£μ
´¥°É·μ´Ò,   É¥³ ¸ ³Ò³ § Ë¨±¸¨·μ¢ ÉÓ ¸ÊÐ¥¸É¢μ¢ ´¨¥ ¢ ´¨Ì ´¥°É·μ´´μ£μ
£ ²μ.

� ±μ´¥Í, ¢ · ³± Ì · §· ¡μÉ ´´μ£μ É¥μ·¥É¨Î¥¸±μ£μ ³¥Éμ¤  ³Ò ¨´É¥·-
¶·¥É¨·μ¢ ²¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ, μÉ´μ¸ÖÐ¨¥¸Ö ± μ·¨¥´É¨·μ¢ ´-
´Ò³ Ö¤· ³, ¶μ²ÊÎ¨²¨ Ë¨§¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ É ±¨Ì Ö¤¥· ¨ μÍ¥´¨²¨,
´ ¸±μ²Ó±μ ¢²¨ÖÕÉ ´  ÔÉ¨ Ì · ±É¥·¨¸É¨±¨ ³¥Ì ´¨§³Ò ·¥ ±Í¨¨, ¸¢Ö§ ´´Ò¥ ¸
´¥§ ¢¨¸¨³μ° ¶¥·¥¤ Î¥° Î ¸É¨Í.

�  ¶·¨³¥·¥ · §²¨Î´ÒÌ Ì · ±É¥·¨¸É¨± ·¥ ±Í¨° 13‘(d, α)11B (3/2−, 5/2−,
4,443 ŒÔ‚) ¨ 13C(3He,α)12C (0+; 2+, 4,443 ŒÔ‚) (¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥-
Î¥´¨¥ Ê¶·Ê£μ£μ ¨ ´¥Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö, ¸É É¨¸É¨Î¥¸±¨¥ É¥´§μ·Ò ³ É·¨ÍÒ
¶²μÉ´μ¸É¨, ´ ¢¥¤¥´´ Ö ¢¥±Éμ·´ Ö ¨ É¥´§μ·´ Ö ¶μ²Ö·¨§ Í¨Ö) ¶·μ¤¥³μ´¸É·¨·μ-
¢ ´  ·μ²Ó · §²¨Î´ÒÌ ³¥Ì ´¨§³μ¢ ¢ μ¡· §μ¢ ´¨¨ μ·¨¥´É¨·μ¢ ´´μ£μ ±μ´¥Î´μ£μ
Ö¤· . �μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶μ± §Ò¢ ÕÉ ¢ ¦´μ¸ÉÓ ÊÎ¥É  ³¥Ì ´¨§³  ¶μ¸²¥¤μ-
¢ É¥²Ó´μ° ¶¥·¥¤ Î¨ ¢¨·ÉÊ ²Ó´ÒÌ ±² ¸É¥·μ¢ Ê¦¥ ¶·¨ · ¸Î¥É¥ ¸¥Î¥´¨Ö Ê¶·Ê£μ£μ
¨ ´¥Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö. �μ²Ö·¨§ Í¨μ´´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¶·¨ ÊÎ¥É¥ ¤¢ÊÌ-
¸ÉÊ¶¥´Î Éμ£μ ³¥Ì ´¨§³  ³¥´ÖÕÉ¸Ö ± Î¥¸É¢¥´´μ, μ¸μ¡¥´´μ ¢ μ¡² ¸É¨ ¸·¥¤´¨Ì
Ê£²μ¢ ¢Ò²¥É  α-Î ¸É¨Í. �Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ¥Ð¥ · § ¶μ¤Î¥·±¨¢ ¥É ¸²μ¦´μ¸ÉÓ
³¥Ì ´¨§³  ¶·μÉ¥± ´¨Ö Ö¤¥·´ÒÌ ·¥ ±Í¨° ¸ ÊÎ ¸É¨¥³ α-Î ¸É¨Í, ¥£μ μÉ²¨Î¨¥ μÉ
¶μ²Õ¸´ÒÌ ³¥Ì ´¨§³μ¢ ¸·Ò¢  ¨²¨ ¶μ¤Ì¢ É . ‚ ·¥ ±Í¨ÖÌ 13‘(d, α)11B (5/2−,
4,443 ŒÔ‚), 13C(3He,α)12C (2+, 4,443 ŒÔ‚) Éμ²Ó±μ ¸μ¢μ±Ê¶´μ¸ÉÓ ¢¸¥Ì · ¸-
¸³ É·¨¢ ¥³ÒÌ ³¥Ì ´¨§³μ¢ ¶μ§¢μ²¨²  μ¶¨¸ ÉÓ ¡μ²ÓÏμ° ´ ¡μ· Ì · ±É¥·¨¸É¨±
μ·¨¥´É¨·μ¢ ´´ÒÌ Ö¤¥· 11B (5/2−) ¨ 12C (2+) Å ¶·μ¤Ê±Éμ¢ ·¥ ±Í¨°.
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� ±μ´¥Í, ´ ³¨ ¶·¥¤²μ¦¥´ Ê¶·μÐ¥´´Ò° ³¥Éμ¤ · ¸Î¥É  ¸¥Î¥´¨° ¤¢ÊÌ¸ÉÊ-
¶¥´Î ÉÒÌ ³¥Ì ´¨§³μ¢ ¤²Ö ·¥ ±Í¨°, ¢ ±μÉμ·ÒÌ ¢Ò¶μ²´ÖÕÉ¸Ö μ¶·¥¤¥²¥´´Ò¥ ¸μ-
μÉ´μÏ¥´¨Ö ³¥¦¤Ê Ô´¥·£¨Ö³¨ ¸¢Ö§¨ ¢ ¢¥·Ï¨´ Ì · §¢ ²  ¤¢ÊÌ- ¨²¨ É·¥ÌÎ ¸É¨Î-
´ÒÌ ±² ¸É¥·μ¢ ¨ Ô´¥·£¥É¨Î¥¸±μ° Ï¨·¨´μ° ¶μ²μ¸Ò ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨°
¢¨·ÉÊ ²Ó´ÒÌ ±² ¸É¥·μ¢, · §·¥Ï¥´´ÒÌ ¶· ¢¨² ³¨ μÉ¡μ·  ¶μ ¢¸¥³ ¶·μ³¥¦Ê-
ÉμÎ´Ò³ Ê£²μ¢Ò³ ³μ³¥´É ³. ŒÒ ¶μ± § ²¨, ÎÉμ ¨¸¶μ²Ó§μ¢ ´¨¥ Ê¶·μÐ¥´´μ£μ
¶μ¤Ìμ¤  ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ ¢¶μ²´¥ ±μ··¥±É´μ μÍ¥´¨ÉÓ ¢±² ¤ ³¥Ì ´¨§³μ¢ ¶μ-
¸²¥¤μ¢ É¥²Ó´μ° ´¥§ ¢¨¸¨³μ° ¶¥·¥¤ Î¨ Î ¸É¨Í ¸ ¸ÊÐ¥¸É¢¥´´Ò³ Ê³¥´ÓÏ¥´¨¥³
¢ÒÎ¨¸²¨É¥²Ó´ÒÌ § É· É.

‘�ˆ‘�Š ‹ˆ’…��’“�›

1. �¥Ê¤ Î¨´ ‚. ƒ., ‘³¨·´μ¢ �. ”. �Ê±²μ´´Ò¥  ¸¸μÍ¨ Í¨¨ ¢ ²¥£±¨Ì Ö¤· Ì. Œ.: � Ê± ,
1969.

2. Faddeev L.D. Mathematical Aspects of Three Body Problem in Quantum Scattering
Theory. N. Y.: Daniel Davey and Co, 1965.

3. Austern N. et al. Theory of Finite-Range Distorted Waves Calculations // Phys. Rev.
B. 1964. V. 133, No. 1. P. 3Ä16.

4. ‡¥²¥´¸± Ö �.‘., ’¥¶²μ¢ ˆ. �. �¡³¥´´Ò¥ ¶·μÍ¥¸¸Ò ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ. Œ.: ˆ§¤-¢μ
Œμ¸±. £μ¸. Ê´-É , 1985.

5. Ÿ±Ê¡μ¢¸±¨° 	. �. �¡ ¨´É¥£· ²Ó´ÒÌ Ê· ¢´¥´¨ÖÌ É¥μ·¨¨ · ¸¸¥Ö´¨Ö ¤²Ö N Î ¸É¨Í //
Ÿ”. 1967. ’. 5, ¢Ò¶. 6. ‘. 1312Ä1320.

6. Lovelas C. Practical Theory of Three-Particle States. I. Nonrelativistic // Phys. Rev.
B. 1964. V. 135, No. 5. P. 1225Ä1249.

7. Grassberger P., Sandhas W. Systematical Treatment of the Non-Relativistic N-Particle
Scattering Problem // Nucl. Phys. B. 1967. V. 2, No. 2. P. 181Ä206.

8. Weinberg S. Systematical Solution of Multi-Particle Scattering Problems // Phys. Rev.
B. 1964. V. 133, No. 1. P. 232Ä256.

9. ˜³¨¤ 
., –¨£¥²Ó³ ´ •. �·μ¡²¥³  É·¥Ì É¥² ¢ ±¢ ´Éμ¢μ° ³¥Ì ´¨±¥. Œ.: � Ê± ,
1979. ‘. 151Ä154.

10. Alt E. O., Grassberger P., Sandhas W. Derivation of the DWBA in Exact Three-Body
Theory // Nucl. Phys. A. 1969. V. 139, No. 1. P. 209Ä229.

11. …¤ ±μ¢  …. �., �¥Ê¤ Î¨´ ‚. ƒ., �μ³ ´μ¢¸±¨° …. �. � ¢μ§³μ¦´μ¸É¨ ¶·μÖ¢²¥´¨Ö ¶·μ-
Í¥¸¸μ¢ ¢Éμ·μ£μ ¶μ·Ö¤±  ¶·¨ ´¥Ê¶·Ê£μ³ · ¸¸¥Ö´¨¨ ¤¥°É·μ´μ¢ Ö¤· ³¨ // †�’”.
1960. ’. 38, º2. ‘. 248Ä249.

12. � ´£ ‰. ¨ ¤·. �·μÖ¢²¥´¨¥ ³¥Ì ´¨§³μ¢, μ¶¨¸Ò¢ ¥³ÒÌ Î¥ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ £· ³³μ°,
¢ ·¥ ±Í¨ÖÌ (t, p) (3He, p) ´  Ö¤· Ì 1p-μ¡μ²μÎ±¨ // Ÿ”. 1966. ’. 4, ¢Ò¶. 5(11).
‘. 962Ä969.

13. Neudatchin V. G. et al. Rectangle Diagrams in the (p, p′), (d, d′), (t, p)Ä (3He, p)
Reactions in Some Nuclei of p-Shell and Simple Method for Calculating Their Angular
Distributions // Phys. Lett. B. 1968. V. 27, No. 8. P. 490Ä493.



Œ…•��ˆ‡Œ› ��‘‹…„�‚�’…‹œ��‰ �…�…„�—ˆ —�‘’ˆ– 365

14. ‡¥²¥´¸± Ö �.‘. �·μÖ¢²¥´¨¥ ³¥Ì ´¨§³ , μ¶¨¸Ò¢ ¥³μ£μ Î¥ÉÒ·¥ÌÊ£μ²Ó´μ° ¤¨ £· ³-
³μ°, ¢ ·¥ ±Í¨ÖÌ ¸μ ¸·Ò¢μ³ (¶μ¤Ì¢ Éμ³) ÉÖ¦¥²ÒÌ ¨μ´μ¢ // Ÿ”. 1971. ’. 13, ¢Ò¶. 4.
‘. 734Ä741.

15. Middleton R., Pullen D. J. A Study of Some (t, p) Reactions. Method and Results for
7Li, 10B and 11B // Nucl. Phys. 1964. V. 51, No. 1. P. 50Ä62.

16. Towle J. H., Maceˇeld B. E. F. A Study of 9Be(3He,n)11C Reaction // Nucl. Phys.
1965. V. 66, No. 1. P. 65Ä79.

17. Taylor M. C., Phyllips G. C. A Study of the Reaction 9Be(3He, 6Li)6Li // Nucl. Phys.
A. 1969. V. 126, No. 3. P. 615Ä627.

18. Bang J., Wollesen S. A. A Two-Step Process on Two-Particle Transfer Reactions //
Phys. Lett. D. 1970. V. 33, No. 8. P. 395Ä399.

19. De Tacassy N. B. On the Contribution from a Two-Step Mechanism, Involving the
Sequential Transfer of Two Neutrons, to the Calculation of (t, p) Reaction Cross
Sections // Nucl. Phys. A. 1974. V. 231, No. 2. P. 243Ä256.

20. Hashimoto N., Kawai M. The (p − d − t) Process in Strong (p, t) Transitions // Phys.
Lett. B. 1975. V. 59, No. 3. P. 243Ä256.

21. Jaffe R. L., Gerace W. J. Formfactors for Two-Nucleon Transfer Reactions // Nucl.
Phys. A. 1969. V. 125, No. 1. P. 1Ä27.

22. Bayman B. F., Kallio A. Relative-Angular-Momentum-Zero Part of Two-Nucleon
Wave Functions // Phys. Rev. 1967. V. 156, No. 3. P. 1121Ä1128.

23. Iano P. J., Pinkston W. T. Aspects of Two-Nucleon Transfer Reactions // Nucl. Phys.
A. 1975. V. 237, No. 2. P. 189Ä214.

24. Bang J., Gareev F. A. Wave Functions and Particle Transfer Formfactors of 42Ca and
18O // Nucl. Phys. A. 1974. V. 232, No. 1. P. 45Ä57.

25. Austern N. Direct Nuclear Reaction Theories. N.Y.: Wiley-Intersci., 1970.

26. Coker W. R., Udagava T., Wolter H.H. Coupling-Reaction-Canals Study of (h, p)
Reactions // Phys. Rev. C. 1973. V. 7, No. 3. P. 1154Ä1165.

27. Nelson R. O., Robertson N. R. The Evidence of Two-Step Process in the Spherical-
Nuclei-Reactions // Phys. Lett. B. 1973. V. 43, No. 5. P. 389Ä393.

28. Ibarra R.H. Nuclear Overlaps in Two-Particle Transfer Reactions // Nucl. Phys. A.
1973. V. 211, No. 2. P. 317Ä322.

29. Ibarra R. H., Vallieres M., Fang D.H. Extended Basis Shell-Model Study of Two-
Nucleon Transfer Reactions // Nucl. Phys. A. 1976. V. 256, No. 1. P. 21Ä26.

30. ‡¥²¥´¸± Ö �.‘., ’¥¶²μ¢ ˆ. �. • · ±É¥·¨¸É¨±¨ ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨° Ö¤¥· ¨
Ê£²μ¢Ò¥ ±μ··¥²ÖÍ¨¨ ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ. Œ.: �´¥·£μ Éμ³¨§¤ É, 1995.

31. ƒ ² ´¨´  ‹. ˆ., ‡¥²¥´¸± Ö �.‘. “Î¥É § ¶ §¤Ò¢ ÕÐ¨Ì ³¥Ì ´¨§³μ¢ ¢ ¶·Ö³ÒÌ Ö¤¥·-
´ÒÌ ·¥ ±Í¨ÖÌ ´  Ö¤· Ì 1p-μ¡μ²μÎ±¨ // ˆ§¢. ���. ‘¥·. Ë¨§. 2000. ’. 64, º3.
‘. 496Ä499.

32. ‘Ê´ ± ¢  ‘. Š¢ ´Éμ¢ Ö É¥μ·¨Ö · ¸¸¥Ö´¨Ö. Œ.: Œ¨·, 1979. 269 ¸.



366 ƒ�‹��ˆ�� ‹.ˆ., ‡…‹…�‘Š�Ÿ �.‘.

33. �¥²Ö¥¢  ’. ‹. ¨ ¤·. �·μ£· ³³  OLYMP ¤²Ö · ¸Î¥É  ¸¥Î¥´¨° ·¥ ±Í¨¨ ¸μ ¸²μ¦´Ò³¨
Î ¸É¨Í ³¨ ³¥Éμ¤μ³ ¨¸± ¦¥´´ÒÌ ¢μ²´ ¸ ±μ´¥Î´Ò³ · ¤¨Ê¸μ³ ¢§ ¨³μ¤¥°¸É¢¨Ö. Œ.:
ˆ§¤-¢μ Œμ¸±. £μ¸. Ê´-É , 1981.

34. ‘¨É¥´±μ �. ƒ. ’¥μ·¨Ö Ö¤¥·´ÒÌ ·¥ ±Í¨°. Œ.: �´¥·£μ Éμ³¨§¤ É, 1983.

35. �μÖ·±¨´  �. �. ‘É·Ê±ÉÊ·  Ö¤¥· 1p-μ¡μ²μÎ±¨. Œ.: ˆ§¤-¢μ Œμ¸±. £μ¸. Ê´-É , 1973.

36. ƒ ² ´¨´  ‹. ˆ., ‡¥²¥´¸± Ö �.‘. „¨´¥°É·μ´´Ò° ±² ¸É¥· ¨ ¥£μ ¶·μÖ¢²¥´¨¥ ¢ Ê¶·Ê£μ³
α6�¥-· ¸¸¥Ö´¨¨ // Ÿ”. 2002. ’. 65, º7. ‘. 1315Ä1320.

37. Raabe R. et al. 2n-Transfer Contribution in the 4He(6�¥,6�¥)4He Cross Section at
Ecm = 11.6 MeV // Phys. Rev. C. 2003. V. 67. 446021.

38. ƒ ² ´¨´  ‹.ˆ., ‡¥²¥´¸± Ö �.‘. Œ¥Ì ´¨§³ ´¥§ ¢¨¸¨³μ° ¶¥·¥¤ Î¨ ´¥°É·μ´μ¢ ¢
Ê¶·Ê£μ³ α6�¥-· ¸¸¥Ö´¨¨ ¨ ¸É·Ê±ÉÊ·  ¢μ²´μ¢μ° ËÊ´±Í¨¨ Ö¤·  6�¥ // Ÿ”. 2007.
’. 70, º1. ‘. 308Ä314.

39. Raabe R. et al. Elastic 2n-Transfer in the 4He(6He,6He)4He Scattering // Phys. Lett.
B. 1999. V. 458, No. 1. P. 1Ä7.

40. �¥´¨μ´¦±¥¢¨Î �. 
. Ÿ¤¥·´ Ö  ¸É·μË¨§¨±  // Ÿ”. 2010. ’. 73, º10. ‘. 1505Ä1513.

41. Blann M., Chadwick M. B. New Precompound Model: Angular Distributions // Phys.
Rev. C. 1998. V. 57, No. 2. P. 233Ä243.

42. Koning A. J., Delaroche J. P. Global Potential // Nucl. Phys. A. 2003. V. 713, No. 1.
P. 231.

43. Herman M. www.nds.iaea.org/empire/

44. ‹¥¡¥¤¥¢ ‚. Œ., 	·²μ¢  �. ‚., ‘¶ ¸¸±¨° �. ‚. Œ´μ£μ¸ÉÊ¶¥´Î ÉÒ¥ ¶·μÍ¥¸¸Ò ¢ ·¥ ±-
Í¨¨ 9Be(d, pγ)10Be ¶·¨ Ed = 12,5 ŒÔ‚ // Ÿ”. 1998. T. 61, º 9. ‘. 1604Ä1609.

45. ‡¥²¥´¸± Ö �.‘. ¨ ¤·. Šμ··¥²ÖÍ¨μ´´Ò¥ Ì · ±É¥·¨¸É¨±¨ ·¥ ±Í¨¨ 9Be(d, pγ)10Be
¶·¨ Ed = 15,3 ŒÔ‚ ¨ ¸É·Ê±ÉÊ·  Ö¤·  10‚¥ // Ÿ”. 2001. ’. 64, º 11. ‘. 1995Ä2002.

46. ƒ ² ´¨´  ‹. ˆ. ¨ ¤·. ˆ¸¸²¥¤μ¢ ´¨¥ ³¥Ì ´¨§³  ·¥ ±Í¨¨ 10B(d, pγ)11B ¶·¨ Ed =
15,3 ŒÔ‚ ³¥Éμ¤μ³ Ê£²μ¢ÒÌ pγ-±μ··¥²ÖÍ¨° // Ÿ”. 2005. ’. 68, º12. ‘. 2019Ä2029.

47. Kunz P.D. http://spot.colorado.edu/∼kunz/Home.html

48. Ajsenberg-Selove F., Flynn E. R., Hansen O. (t, p) Reaction on 4He, 6Li, 7Li, 9Be,
10B, 11B and 12C // Phys. Rev. C. 1978. V. 17, No. 4. P. 516Ä521.

49. ƒ ² ´¨´  ‹. ˆ., ‡¥²¥´¸± Ö �.‘. �μ²Ó · §²¨Î´ÒÌ ³¥Ì ´¨§³μ¢ ¢ μ¡· §μ¢ ´¨¨ Ö¤· 
12‚ ¢ ·¥ ±Í¨¨ 10B(t, p)12‚ // ˆ§¢. �� ‘‘‘�. ‘¥·. Ë¨§. 2008. ’. 72, º3. ‘. 331Ä
335.

50. Šμ·Ï¥´¨´´¨±μ¢ �. �. �´ ²¨§ ¸¢μ°¸É¢ É·¥ÌÎ ¸É¨Î´ÒÌ · ¸¶ ¤μ¢ Ö¤¥· ¸ A = 12 ¨ 16
¢ ³¥Éμ¤¥ K-£ ·³μ´¨± // Ÿ”. 1990. ’. 52, ¢Ò¶. 5(11). ‘. 1304Ä1319.

51. Korcheninnikov A. A., Kobayashi T. Main Mechanisms in Fragmentation of Exotic
Nucleus // Nucl. Phys. A. 1994. V. 567, No. 1. P. 97Ä110.

52. Korcheninnikov A. A. et al. Spectroscopy of 12Be and 13Be Using a 12Be Radioactive
Beam // Phys. Lett. B. 1995. V. 343, No. 1. P. 53Ä58.



Œ…•��ˆ‡Œ› ��‘‹…„�‚�’…‹œ��‰ �…�…„�—ˆ —�‘’ˆ– 367

53. Korcheninnikov A. A. et al. Spectroscopy of the Halo Nucleus 11Li by Experimental
Study of 11Li + p Collisions // Phys. Rev. C. 1996. V. 53, No. 2. P. 537Ä550.

54. Gornov M.G., Gurov Yu. B., Pechkurov V. A. Excited States of 11Li // Phys. Rev. Lett.
1998. V. 81, No. 11. P. 4325Ä4328.

55. ƒÊ·μ¢ �. �. ¨ ¤·. �μ¨¸± ¸¢¥·ÌÉÖ¦¥²ÒÌ ¨§μÉμ¶μ¢ ¢μ¤μ·μ¤  ¢ ·¥ ±Í¨ÖÌ ¶μ£²μÐ¥´¨Ö
¶¨μ´μ¢ // �—�Ÿ. 2009. ’. 40, ¢Ò¶. 4. ‘. 1063Ä1109.

56. ƒÊ·μ¢ �.�. ¨ ¤·. ‘¶¥±É·μ¸±μ¶¨Ö ¨§μÉμ¶  10Li ¢ ·¥ ±Í¨ÖÌ ¶μ£²μÐ¥´¨Ö μ¸É ´μ¢¨¢-
Ï¨Ì¸Ö ¶¨μ´μ¢ ´  · ¤¨μ ±É¨¢´μ° ³¨Ï¥´¨ 14C // ˆ§¢. ���. ‘¥·. Ë¨§. 2011. ’. 75,
º4. ‘. 495Ä498.

57. Šμ·Ï¥´¨´´¨±μ¢ �. �. Ÿ¤¥·´ Ö Ô±§μÉ¨±  ¢¡²¨§¨ ¨ §  £· ´¨Í¥° ¸É ¡¨²Ó´μ¸É¨.
„¨¸. . . . ¤-·  Ë¨§.-³ É. ´ Ê±. Œ., 1996. 170 ¸.

58. Kukulin V. I. et al. Detailed Study of the Cluster Structure of Light Nuclei in Three-
Body Problem. II. The Spectrum of Low-Lying States of Nuclei with A = 6 // Nucl.
Phys. A. 1986. V. 453, No. 3. P. 365Ä388.

59. „ ´¨²¨´ �. ‚., †Ê±μ¢ Œ. ‚. �¥§μ´ ´¸´μ¥ 3 → 3− · ¸¸¥Ö´¨¥ ¨ ¸É·Ê±ÉÊ·  ¢μ§¡Ê-
¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨° Ö¤¥· ¸ A = 6 // Ÿ”. 1993. ’. 56, ¢Ò¶. 4. ‘. 67Ä83.

60. …·Ïμ¢ ‘. �., „ ´¨²¨´ �. ‚. �¥ ±Í¨¨ · §¢ ²  Ö¤¥· ¸ ¤¢ÊÌ´¥°É·μ´´Ò³ £ ²μ // �—�Ÿ.
2008. ’. 39, ¢Ò¶. 6. ‘. 1623Ä1720.

61. …·Ïμ¢ ‘.�., „ ´¨²¨´ �. ‚. ‚μ§¡Ê¦¤¥´¨Ö Ö¤¥· ¸ ¤¢ÊÌ´¥°É·μ´´Ò³ £ ²μ ¢ ´¥¶·¥·Ò¢-
´μ³ ¸¶¥±É·¥ // Ÿ”. 2009. ’. 72, º7. ‘. 1762Ä1771.

62. ˆ¡· ¥¢  …. ’., †Ê¸Ê¶μ¢ Œ. �., ˆ³ ³¡¥±μ¢ 	. ‘É·Ê±ÉÊ·  ²¥£±¨Ì ´¥°É·μ´μ¨§¡Ò-
ÉμÎ´ÒÌ Ö¤¥· ¨ ³¥Ì ´¨§³ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ¶·μÉμ´μ¢ // Ÿ”. 2011. T. 74, º 11.
C. 1622Ä1635.

63. ‡ ¢ ·§¨´  ‚. �., Šμ´μ¡¥¥¢¸±¨° …. ‘., ‘É¥¶ ´μ¢ �. ‚. �μ²Ó ±μ´Ë¨£Ê· Í¨¨ ¢ ²¥´É-
´ÒÌ ´¥°É·μ´μ¢ £ ²μ Ö¤·  ¢ Ëμ·³¨·μ¢ ´¨¨ ³μ¤¥²Ó´μ° ¢¥·Ï¨´´μ° ËÊ´±Í¨¨ ¤²Ö
μ¶¨¸ ´¨Ö ·¥ ±Í¨¨ ¶¥·¥¤ Î¨ ¤¢ÊÌ ´¥°É·μ´μ¢ // ˆ§¢. ���. ‘¥·. Ë¨§. 2008. T. 72,
º3. ‘. 845Ä856.

64. �¥²μ¢¨Í±¨° ƒ. …. ¨ ¤·. �¥ ±Í¨Ö ±¢ §¨¸¢μ¡μ¤´μ£μ · ¸¸¥Ö´¨Ö ¶·μÉμ´  ´  £ ²μ-Ö¤· Ì
± ± ¨´¸É·Ê³¥´É ¨¸¸²¥¤μ¢ ´¨Ö ¸É·Ê±ÉÊ·Ò ´¥°É·μ´´μ£μ £ ²μ // Ÿ”. 2009. ’. 72, º7.
‘. 1772Ä1776.

65. ƒ ² ´¨´  ‹. ˆ., ‡¥²¥´¸± Ö �.‘. �¥°É·μ´´ Ö ¶¥·¨Ë¥·¨Ö ¢ ²¥£±¨Ì Ö¤· Ì // Ÿ”.
2009. ’. 72, º10. ‘. 1753Ä1761.

66. –„”�. http://cdfe.sinp.msu.ru

67. Ter-Akopian G.M. et al. Two-Neutron Exchange Observed in the 6He+ 6He Reaction
Search for the ®Di-Neutron¯ Conˇguration of 6He // Phys. Lett. B. 1998. V. 426,
No. 2. P. 251Ä256.

68. ”¥·£Õ¸μ´ �. Œ¥Éμ¤Ò Ê£²μ¢ÒÌ ±μ··¥²ÖÍ¨° ¢ £ ³³ -¸¶¥±É·μ¸±μ¶¨¨. Œ.: �Éμ³¨§¤ É,
1969. 256 ¸.

69. ƒ ² ´¨´  ‹. ˆ., ‡¥²¥´¸± Ö �.‘. ‘É É¨¸É¨Î¥¸±¨¥ É¥´§μ·Ò ¸μ¸É ¢´ÒÌ ¸¨¸É¥³ // ˆ§¢.
���. ‘¥·. Ë¨§. 2006. ’. 70, º11. ‘. 1627Ä1632.



368 ƒ�‹��ˆ�� ‹.ˆ., ‡…‹…�‘Š�Ÿ �.‘.

70. Bidenharn L. S., Rose M. E. Theory of Angular Correlation of Nuclear Radiations //
Rev. Mod. Phys. 1953. V. 25, No. 3. P. 729Ä777.

71. �²Ê³ Š. ’¥μ·¨Ö ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¨ ¥¥ ¶·¨²μ¦¥´¨°: �¥·. ¸  ´£². Œ.: ”¨§³ É²¨É,
1959.

72. ƒ ² ´¨´  ‹.ˆ., ‡¥²¥´¸± Ö �.‘. � ¸Î¥É Ì · ±É¥·¨¸É¨± ¡¨´ ·´ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨°
¸ ÊÎ¥Éμ³ ¸¶¨´-μ·¡¨É ²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö // ˆ§¢. ���. ‘¥·. Ë¨§. 2000. ’. 64,
º5. ‘. 954Ä959.

73. ƒ ² ´¨´  ‹. ˆ. ¨ ¤·. ˆ¸¸²¥¤μ¢ ´¨¥ ³¥Ì ´¨§³  ·¥ ±Í¨¨ 13C(d, α)11B ¶·¨ Ed =
15,3 ŒÔ‚ // ˆ§¢. ���. ‘¥·. Ë¨§. 2009. ’. 73, º6. ‘. 855Ä858.

74. ƒ ² ´¨´  ‹.ˆ. ¨ ¤·. ˆ¸¸²¥¤μ¢ ´¨¥ μ·¨¥´É Í¨μ´´ÒÌ Ì · ±É¥·¨¸É¨± Ö¤·  11B (5/2−,
4,445 ŒÔ‚) ¢ ·¥ ±Í¨¨ 13‘(d, αγ)11B ¶·¨ Ed = 15,3 ŒÔ‚ // ˆ§¢. ���. ‘¥·. Ë¨§.
2010. ’. 74, º4. ‘. 483Ä488.

75. Hauser W., Feschbach H. // Phys. Rev. 1952. V. 87, No. 2. P. 336.

76. Feschbach H., Weisskopf V. I. // Phys. Rev. 1949. V. 76, No. 6. P. 1550.

77. Belyaeva T. L., Zelenskaya N. S., Odintsov N. V. Computation of Correlation Charac-
teristics of Nuclear Reactions Induced by Semi-Heavy Ions // Comp. Phys. Commun.
1992. V. 73, No. 1. P. 161Ä169.

78. Perrey S. V., Perrey F. G. // At. Data and Nucl. Data Tables. 1976. V. 17. P. 293Ä337.

79. ‚ ¸¨²Ó¥¢  	.ˆ. ¨ ¤·. �¶·¥¤¥²¥´¨¥ ¸¶¨´-É¥´§μ·μ¢ ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¸μ¸ÉμÖ´¨Ö
4,43 ŒÔ‚ (2+) Ö¤·  12‘ ¢ ·¥ ±Í¨¨ (3�¥, αγ) // ˆ§¢. �� ‘‘‘�. ‘¥·. Ë¨§. 1984.
’. 48, º10. ‘. 1959Ä1964.

80. ‹¥¡¥¤¥¢ ‚.Œ., 	·²μ¢  �. ‚., ‘¶ ¸¸±¨° �. ‚. �¶·¥¤¥²¥´¨¥ ¤¥Ëμ·³ Í¨¨ Ö¤·  12‘ ¸
¶μ³μÐÓÕ Ê£²μ¢ÒÌ ±μ··¥²ÖÍ¨° ¢ ·¥ ±Í¨ÖÌ 11‚(α, tγ)12‘ ¨ 13‘(3�¥, αγ)12‘ // Ÿ”.
1999. ’. 62, º9. ‘. 1546Ä1550.

81. ƒ ² ´¨´  ‹. ˆ., ‡¥²¥´¸± Ö �.‘. �μ²Ó · §²¨Î´ÒÌ ³¥Ì ´¨§³μ¢ ¢ μ¡· §μ¢ ´¨¨ Ö¤· 
12‘ ¢ ·¥ ±Í¨¨ 13‘(3�¥, α)12‘ // Ÿ”. 2007. ’. 70, º7. ‘. 1315Ä1320.

82. ‡¥²¥´¸± Ö �.‘. ¨ ¤·. �¡Ð¨¥ § ±μ´μ³¥·´μ¸É¨ ·¥ ±Í¨¨ § ³¥Ð¥´¨Ö ´Ê±²μ´´ÒÌ  ¸-
¸μÍ¨ Í¨° ´  Ö¤· Ì 1p-μ¡μ²μÎ±¨ // Ÿ”. 1967. ’. 6, ¢Ò¶. 1. ‘. 66Ä76.

83. ƒ ² ´¨´  ‹. ˆ., ‡¥²¥´¸± Ö �.‘. “¶·μÐ¥´´Ò° ³¥Éμ¤ · ¸Î¥É   ³¶²¨ÉÊ¤ ³¥Ì ´¨§³μ¢,
ÊÎ¨ÉÒ¢ ÕÐ¨Ì § ¶ §¤Ò¢ ´¨¥ // ˆ§¢. ���. ‘¥·. Ë¨§. 2005. ’. 69, º11. ‘. 1741Ä1745.


