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�¡§μ· ¶μ¸¢ÖÐ¥´ μÉ¤¥²Ó´Ò³  ¸¶¥±É ³ É¥μ·¨¨ ³´μ£μ±· É´μ° ¨μ´¨§ Í¨¨ ±¢ ´Éμ¢μ° ³¨Ï¥´¨
¢ ·¥§Ê²ÓÉ É¥ ¥¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ¡Ò¸É·μ° § ·Ö¦¥´´μ° Î ¸É¨Í¥°. ‚ ± Î¥¸É¢¥ ³¨Ï¥´¨ · ¸¸³ É·¨-
¢ ÕÉ¸Ö  Éμ³Ò ¨ ³μ²¥±Ê²Ò,   É ±¦¥ ¨Ì ¨μ´Ò,   ¢ ± Î¥¸É¢¥ ¨μ´¨§¨·ÊÕÐ¥° Î ¸É¨ÍÒ Å Ô²¥±É·μ´Ò
¨ ¶·μÉμ´Ò. �¸μ¡μ¥ ¢´¨³ ´¨¥ Ê¤¥²¥´μ ¶·¨¡²¨¦¥´¨Õ ÔËË¥±É¨¢´ÒÌ § ·Ö¤μ¢ ¶·¨ ¶μ¸É·μ¥´¨¨ ¢μ²-
´μ¢ÒÌ ËÊ´±Í¨° ±μ´É¨´ÊÊ³  ´¥¸±μ²Ó±¨Ì § ·Ö¦¥´´ÒÌ Ë· £³¥´Éμ¢ ¢ ±μ´¥Î´μ³ ± ´ ²¥ ·¥ ±Í¨¨.
�·¨¢¥¤¥´Ò É¥μ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¨ ¶μ²´ÒÌ ¸¥Î¥´¨° · §²¨Î´ÒÌ ¶·μÍ¥¸¸μ¢
³´μ£μ±· É´μ° ¨μ´¨§ Í¨¨, ¨, £¤¥ ÔÉμ ¢μ§³μ¦´μ, ¶·μ¢¥¤¥´μ ¸· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ ÔÉ¨Ì · ¸Î¥Éμ¢
¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

The review is devoted to separate aspects of the theory of multiple ionization of a quantum target
by a fast charged particle. Atoms and molecules, and their ions as well, are considered as targets, and
electrons and protons are considered as ionizing particles. Special attention is paid to the effective
charge approximation when constructing continuum wave functions for few charged fragments in the
ˇnal channel of the reaction. Theoretical calculations of differential and total cross sections of various
multiple ionization processes are presented and, when it is possible, a comparison of the results of
these calculations with experimental data is carried out.

PACS: 34.80.Dp; 03.65.Nk; 34.10.+x
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ËμÉμ´ , £·Ê¶¶Ò ËμÉμ´μ¢) Å É·Ê¤´¥°Ï Ö § ¤ Î  ´¥·¥²ÖÉ¨¢¨¸É¸±μ° Ë¨§¨±¨.
•μÉÖ ¡Ò¸É·ÊÕ Î ¸É¨ÍÊ ¢ ·Ö¤¥ ¸²ÊÎ ¥¢ Ê¤ ¥É¸Ö μ¶¨¸ ÉÓ ¶²μ¸±μ° ¢μ²´μ° ¨ ¸¢¥-
¸É¨ § ¤ ÎÊ ± ¡μ·´μ¢¸±¨³ ¶·¨¡²¨¦¥´¨Ö³ ¶μ ¢§ ¨³μ¤¥°¸É¢¨Õ ¸ ´¥°É· ²Ó´Ò³
 Éμ³μ³ (³μ²¥±Ê²μ°), ÔÉμ ´¥ ¸¨²Ó´μ Ê³¥´ÓÏ ¥É ¸²μ¦´μ¸ÉÓ ¶·μ¡²¥³Ò. �μÖ¢²¥-
´¨¥ ¢ ±μ´Í¥ ·¥ ±Í¨¨ ´¥¸±μ²Ó±¨Ì, § Î ¸ÉÊÕ ³¥¤²¥´´ÒÌ, Ô²¥±É·μ´μ¢ É·¥¡Ê¥É
¶·¨¢²¥Î¥´¨Ö É¥μ·¨¨ · ¸¸¥Ö´¨Ö ³ ²μ£μ Î¨¸²  (few body) § ·Ö¦¥´´ÒÌ Î ¸É¨Í.
‚ ¸²ÊÎ ¥ É·¥Ì ´¥°É· ²Ó´ÒÌ Î ¸É¨Í É ± Ö É¥μ·¨Ö ¸Ëμ·³Ê²¨·μ¢ ´  ¨ ³ É¥-
³ É¨Î¥¸±¨ μ¡μ¸´μ¢ ´  [1,2]. ‚ ¸²ÊÎ ¥ É·¥Ì § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸Ëμ·³Ê²¨·μ-
¢ ´Ò ³ É¥³ É¨Î¥¸±¨ ±μ··¥±É´μ £· ´¨Î´Ò¥ Ê¸²μ¢¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´μ° § ¤ Î¨
¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¢ ±μ´Ë¨£Ê· Í¨μ´´μ³ ¶·μ¸É· ´¸É¢¥ [2, 3].
�É¤¥²Ó´Ò¥ ¶μ¤Ìμ¤Ò ¤²Ö Ëμ·³Ê²¨·μ¢±¨ § ¤ Î¨ · ¸¸¥Ö´¨Ö É·¥Ì § ·Ö¦¥´´ÒÌ
Î ¸É¨Í ¢ ¨³¶Ê²Ó¸´μ³ ¶·μ¸É· ´¸É¢¥ ¤²Ö  ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö ¸μ¤¥·¦ É¸Ö ¢ ¤ -
²¥±μ ´¥ ¶μ²´μ³ ¶¥·¥Î´¥ · ¡μÉ, ¶·¥¤¸É ¢²¥´´ÒÌ ¢ ´¥¤ ¢´¥³ μ¡§μ·¥ [4]. ‚
Î ¸É´μ¸É¨, É ³ μ¡¸Ê¦¤ ÕÉ¸Ö ¤μ¶μ²´¨É¥²Ó´Ò¥ ¸¨´£Ê²Ö·´μ¸É¨  ³¶²¨ÉÊ¤Ò · ¸-
¸¥Ö´¨Ö ´¥¸±μ²Ó±¨Ì ±Ê²μ´μ¢¸±¨Ì Î ¸É¨Í ¨ ¸¶μ¸μ¡Ò ¨Ì Ê¸É· ´¥´¨Ö ¶·¨ ¶¥·¥-
Ìμ¤¥ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ´  É ± ´ §Ò¢ ¥³ÊÕ Ô´¥·£¥É¨Î¥¸±ÊÕ ¶μ¢¥·Ì´μ¸ÉÓ,
É. ¥. ¢μ§´¨± ¥É ¸¢Ö§Ó Ô´¥·£¨¨ ¨ ¨³¶Ê²Ó¸μ¢ Î ¸É¨Í.

“± § ´´Ò¥ · ¸Ìμ¤¨³μ¸É¨ ¢μ§´¨± ÕÉ ¢ ¢Ò¸Ï¨Ì ¶μ·Ö¤± Ì É¥μ·¨¨ ¢μ§³ÊÐ¥-
´¨°, ±μ£¤  ¢ ³ É·¨Î´μ³ Ô²¥³¥´É¥  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ¶·¨¸ÊÉ¸É¢Ê¥É ËÊ´±Í¨Ö
ƒ·¨´  ¸¢μ¡μ¤´μ£μ Ê· ¢´¥´¨Ö. �¥·¢Ò° ¶μ·Ö¤μ± (FBA) μÉ ÔÉ¨Ì ¶·μ¡²¥³, ± ±
¶· ¢¨²μ, ¸¢μ¡μ¤¥´. �¤´ ±μ, ÎÉμ É ±μ¥ FBA? ƒ ³¨²ÓÉμ´¨ ´ § ¤ Î¨ ¤μ²¦¥´
¡ÒÉÓ · §¡¨É ´  ¸Ê³³Ê ± ± ³¨´¨³Ê³ ¤¢ÊÌ ¸² £ ¥³ÒÌ H = H0 + V , £¤¥ H0 Å
¸¢μ¡μ¤´Ò° £ ³¨²ÓÉμ´¨ ´ ¨ V Å ¢§ ¨³μ¤¥°¸É¢¨¥. FBA § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥
³ É·¨Î´μ£μ Ô²¥³¥´É 

Tfi = 〈Ψ−
f |V |Ψ+

i 〉, (‚.1)

£¤¥ ´ Î ²Ó´ Ö |Ψ+
i 〉 ¨ ±μ´¥Î´ Ö |Ψ−

f 〉 ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¸¨¸É¥³Ò ¶·¨´ ¤²¥-
¦ É ± ¸¶¥±É·Ê £ ³¨²ÓÉμ´¨ ´  H0. ’ ±¨¥ ¶·μÍ¥¸¸Ò ´ §Ò¢ ÕÉ¸Ö ¶·Ö³Ò³¨. ‚
¶·μÍ¥¸¸ Ì ¸ ¶¥·¥¸É·μ°±μ° ¶μ²´Ò° £ ³¨²ÓÉμ´¨ ´ H ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¤¢ÊÌ
Ëμ·³ Ì H = H0i + Vi = H0f + Vf , ÎÉμ ¢¥¤¥É ± Ëμ·³Ê²¥

Tfi = 〈Ψ−
f |Vi|Ψ+

i 〉 = 〈Ψ−
f |Vf |Ψ+

i 〉. (‚.2)

‚Ò· ¦¥´¨Ö (‚.1) ¨ (‚.2) Å ÉμÎ´Ò¥ ¢ ¶·¥¤¥² Ì FBA, ´μ ËÊ´±Í¨¨ |Ψ−
f 〉 ¨

|Ψ+
i 〉 Ö¢²ÖÕÉ¸Ö ·¥Ï¥´¨Ö³¨ ³´μ£μÎ ¸É¨Î´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ (¨´É¥£· ²Ó-

´ÒÌ) Ê· ¢´¥´¨°, ±μÉμ·Ò¥ § Î ¸ÉÊÕ ´¥ Ê¤ ¥É¸Ö ·¥Ï¨ÉÓ ¤ ¦¥ Î¨¸²¥´´μ ¢¢¨¤Ê
´¥¢μ§³μ¦´μ¸É¨ ¸Ëμ·³Ê²¨·μ¢ ÉÓ  ¤¥±¢ É´Ò¥ § ¤ Î¥ £· ´¨Î´Ò¥ Ê¸²μ¢¨Ö. ˆ ÉÊÉ
³Ò ¢¸ÉÊ¶ ¥³ ´  §Ò¡±ÊÕ ¶μÎ¢Ê ¶·¨¡²¨¦¥´¨°.

ƒ² ¢´ Ö ¨¤¥Ö ¡μ²ÓÏ¨´¸É¢  ¶·¨¡²¨¦¥´¨° Å ¨¤¥Ö ¸¥¶ · ¡¨²¨§ Í¨¨ ±μ-
´¥Î´μ° ³´μ£μÔ²¥±É·μ´´μ° ËÊ´±Í¨¨. ƒ·Ê¡μ £μ¢μ·Ö, ¢ Ê· ¢´¥´¨¨ ˜·¥¤¨´£¥· 
(“˜) ¤²Ö ¢μ²´μ¢μ° ËÊ´±Í¨¨ |Ψ−

f 〉 ¢Ò¤¥²Ö¥É¸Ö Î ¸ÉÓ, ¸μ¡¸É¢¥´´ Ö ËÊ´±Í¨Ö
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±μÉμ·μ° ¥¸ÉÓ ¶·μ¨§¢¥¤¥´¨¥ ËÊ´±Í¨°,   μ¸É ¢Ï Ö¸Ö Î ¸ÉÓ μ¡ÑÖ¢²Ö¥É¸Ö ¢μ§³Ê-
Ð¥´¨¥³ ¨ μ¶Ê¸± ¥É¸Ö ¢ · ³± Ì FBA. ‡ Î ¸ÉÊÕ ¢ μ¸´μ¢¥ É ±¨Ì ¶μ¤Ìμ¤μ¢ ²¥¦ É
 ¸¨³¶ÉμÉ¨Î¥¸±¨¥ ¸μμ¡· ¦¥´¨Ö. �¤´ ±μ ¸¤¥² ÉÓ ÔÉμ ¤ ²¥±μ ´¥ ¶·μ¸Éμ, ¥¸²¨ ³Ò
¸É·¥³¨³¸Ö ¸ ¶μ³μÐÓÕ FBA μ¶¨¸ ÉÓ ³ ±¸¨³ ²Ó´μ ¢μ§³μ¦´Ò° ±·Ê£ Ö¢²¥´¨°.
�·¥¶ÖÉ¸É¢ÊÕÉ ÔÉμ³Ê ¶μÉ¥´Í¨ ²Ò Ô²¥±É·μ´-Ô²¥±É·μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¸
±μÉμ·Ò³¨ ¸¢Ö§Ò¢ ÕÉ ³´μ£μμ¡· §´Ò¥ ÔËË¥±ÉÒ Ô²¥±É·μ´´ÒÌ ±μ··¥²ÖÍ¨°. ˆÌ
¤μ¢μ²Ó´μ ¶·μ¡²¥³ É¨Î´μ ± ±-²¨¡μ · §Ê³´μ ®¶·¨¡²¨§¨ÉÓ¯. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¢
· §¤. 1 ³Ò · ¸¸³μÉ·¨³ ³ É¥³ É¨Î¥¸±¨¥ μ¸´μ¢Ò ³¥Éμ¤  ÔËË¥±É¨¢´ÒÌ § ·Ö¤μ¢,
¸Ëμ·³Ê²¨·μ¢ ´´Ò¥ ¸ ÊÎ¥Éμ³ · ¸Ìμ¤¨³μ¸É¥° ¢Ò¸Ï¨Ì ¶μ·Ö¤±μ¢ É¥μ·¨¨ ¢μ§³Ê-
Ð¥´¨°, μ Î¥³ ¶μ¤·μ¡´μ £μ¢μ·¨²μ¸Ó ¢ ´ Ï¥³ ¶·¥¤Ò¤ÊÐ¥³ μ¡§μ·¥ [4].

‚ ¶·¥¤¸É ¢²¥´´μ³ μ¡§μ·¥ ³Ò ¢ μ¸´μ¢´μ³ · ¸¸³μÉ·¨³ ·¥ ±Í¨¨ ¨³¥´´μ
³´μ£μ±· É´μ° ¨μ´¨§ Í¨¨, ±μ£¤   Éμ³´ Ö ³¨Ï¥´Ó ¶μ¤ ¤¥°¸É¢¨¥³ ¡Ò¸É·μ° Î -
¸É¨ÍÒ ¨¸¶Ê¸± ¥É ´¥ ³¥´¥¥ ¤¢ÊÌ Ô²¥±É·μ´μ¢ (¶·μ¸É¥°Ï¨¥ ³¨Ï¥´¨ Å ÔÉμ  Éμ³
£¥²¨Ö ¨ ³μ²¥±Ê²  ¢μ¤μ·μ¤ ). �·¨ ÔÉμ³ ¸ ¸μ¦ ²¥´¨¥³ ¶·¨Ìμ¤¨É¸Ö μ¸É ¢²ÖÉÓ ¢
¸Éμ·μ´¥ ¶· ±É¨Î¥¸±¨ ´¥μ¡μ§·¨³Ò° É¥μ·¥É¨Î¥¸±¨° ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò° ¡ -
£ ¦ ·¥ ±Í¨° μ¤´μ±· É´μ° ¨μ´¨§ Í¨¨, ´ ±μ¶²¥´´Ò° ± ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ ¨
¶·μ¤μ²¦ ÕÐ¨° · ¸É¨. ‚³¥¸É¥ ¸ É¥³ ´ ³ ´¥ Ê¤ ¸É¸Ö ¸μ¢¸¥³ ¨§¡¥¦ ÉÓ μ¡· Ð¥-
´¨Ö ± (e, 2e)-·¥ ±Í¨Ö³ ´  ¸²μ¦´ÒÌ ³¨Ï¥´ÖÌ, ¶μ¸±μ²Ó±Ê ±μ´¥Î´Ò¥ ¸μ¸ÉμÖ´¨Ö
(e, 2e)- ¨ (e, 3e)-·¥ ±Í¨° ´  μ¤´μ° ¨ Éμ° ¦¥ ³¨Ï¥´¨ ¸ÊÉÓ · §²¨Î´Ò¥ ¸μ¡¸É¢¥´-
´Ò¥ ËÊ´±Í¨¨ ¥¥ £ ³¨²ÓÉμ´¨ ´ , ¨ ¸· ¢´¥´¨Ö ´¥¨§¡¥¦´Ò. ‹¨ÏÓ ¢ ¶μ¸²¥¤´¥³
· §¤. 4 ³Ò · ¸¸³μÉ·¨³ (e, 2e)-·¥ ±Í¨¨ ´  ³μ²¥±Ê² Ì. �Éμ ´¥ ´μ¢Ò° ³ É¥-
·¨ ², ´μ ¤ ¦¥ ¶·μ¸É¥°Ï Ö ³μ²¥±Ê²  ¢μ¤μ·μ¤  Å ÔÉμ ¸¨¸É¥³  Î¥ÉÒ·¥Ì É¥²,
¨ ¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö ¶μÖ¢¨²¸Ö ·Ö¤ ¨´É¥·¥¸´ÒÌ ¶·¨¡²¨¦¥´´ÒÌ ¶μ¤Ìμ¤μ¢ ¨
Î¨¸²¥´´ÒÌ ³¥Éμ¤μ¢, ±μÉμ·Ò¥ ¸²¥¤Ê¥É ¶·¥¤¸É ¢¨ÉÓ ¨ μ¡¸Ê¤¨ÉÓ.

�·Ö³Ò¥ ¶·μÍ¥¸¸Ò ³´μ£μ±· É´μ° ¨μ´¨§ Í¨¨ · §²¨Î ÕÉ¸Ö ±μ²¨Î¥¸É¢μ³ ¡Ò-
¸É·ÒÌ Ô²¥±É·μ´μ¢ ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨. �·¨ ÔÉμ³ ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ±μ-
´¥Î´Ò¥ ¡Ò¸É·Ò¥ Î ¸É¨ÍÒ ¨§³¥·ÖÕÉ¸Ö ´  ¸μ¢¶ ¤¥´¨¥ ± ± ³¥¦¤Ê ¸μ¡μ°, É ± ¨ ¸
³¥¤²¥´´Ò³¨ ¨¸¶ÊÐ¥´´Ò³¨ Ô²¥±É·μ´ ³¨. …¸²¨ ¤²Ö μ¶·¥¤¥²¥´´μ¸É¨ £μ¢μ·¨ÉÓ
μ¡ ¨μ´¨§ Í¨¨ ³´μ£μÔ²¥±É·μ´´μ° ³¨Ï¥´¨ ¡Ò¸É·Ò³¨ Ô²¥±É·μ´ ³¨ (¸ Ô´¥·£¨¥°
¢ ´¥¸±μ²Ó±μ ±Ô‚), Éμ · §²¨Î ÕÉ É ± ´ §Ò¢ ¥³Ò¥ ¤¨¶μ²Ö·´Ò¥ (e, 3e)-·¥ ±Í¨¨,
±μ£¤  ´ ²¥É ÕÐ¨° Ô²¥±É·μ´ ¶¥·¥¤ ¥É  Éμ³Ê ´¥¡μ²ÓÏÊÕ Î ¸ÉÓ Ô´¥·£¨¨ ¨ ¨³-
¶Ê²Ó¸ , Ê²¥É Ö ¶· ±É¨Î¥¸±¨ ¸ ´ Î ²Ó´μ° ¸±μ·μ¸ÉÓÕ, ¨ (e, 3e)-±¢ §¨Ê¶·Ê£¨¥
·¥ ±Í¨¨ (¨²¨ Ô²¥±É·μ´´ Ö ¨³¶Ê²Ó¸´ Ö ¸¶¥±É·μ¸±μ¶¨Ö, �ˆ‘), ±μ£¤  ¢ ±μ´¥Î-
´μ³ ¸μ¸ÉμÖ´¨¨ ¶·¨¸ÊÉ¸É¢ÊÕÉ ¤¢  ¡Ò¸É·ÒÌ Ô²¥±É·μ´  ¸ ¶·¨³¥·´μ · ¢´Ò³¨
Ô´¥·£¨Ö³¨ ¨ Ê£² ³¨ · §²¥É . „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö (e, 3e)-¶·μÍ¥¸¸μ¢ ¸
¶μ²´μ¸ÉÓÕ ¨§³¥·¥´´Ò³¨ Ê£² ³¨ ¨ Ô´¥·£¨Ö³¨ ¢¸¥Ì É·¥Ì ±μ´¥Î´ÒÌ Ô²¥±É·μ´μ¢
Î·¥§¢ÒÎ °´μ ³ ²Ò [5, 6], μ¸μ¡¥´´μ ¢ ¸²ÊÎ ¥ �ˆ‘ [7]. �·¨ ÔÉμ³ ¶·¨¡¥£ ÕÉ
± ¨§³¥·¥´¨Õ ¸¥Î¥´¨° ³¥´ÓÏ¥° ±· É´μ¸É¨, ¸± ¦¥³, (e, 3Ä1e), ±μ£¤  ´¥ ¨§³¥-
·Ö¥É¸Ö ³¥¤²¥´´Ò° Ô²¥±É·μ´ [8]. •μÉÖ (e, 3e)-Ô±¸¶¥·¨³¥´ÉÒ ¢ ±¢ §¨Ê¶·Ê£μ°
±¨´¥³ É¨±¥ ±· °´¥ ·¥¤±¨ ´  ¸¥£μ¤´ÖÏ´¨° ¤¥´Ó, μ´¨ Î·¥§¢ÒÎ °´μ ¨´Ëμ·³ -
É¨¢´Ò, ¸ ¨Ì ¶μ³μÐÓÕ ³μ¦´μ ÔËË¥±É¨¢´μ · §²¨Î ÉÓ ¸É¥¶¥´Ó ¶ ·´ÒÌ Ô²¥±-
É·μ´´ÒÌ ±μ··¥²ÖÍ¨° ¢ ³´μ£μÎ ¸É¨Î´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨ ³¨Ï¥´¨ [7,8].
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Š ·¥ ±Í¨Ö³ ³´μ£μ±· É´μ° ¨μ´¨§ Í¨¨ ³μ¦´μ μÉ´¥¸É¨ ¨ ¶·μÍ¥¸¸ § Ì¢ É 
´ ²¥É ÕÐ¨³ ¡Ò¸É·Ò³ ¶·μÉμ´μ³ (¸ Ô´¥·£¨¥° ´¥¸±μ²Ó±μ ŒÔ‚) Ô²¥±É·μ´  ¨§
 Éμ³´μ° ³¨Ï¥´¨ ¸ ¥¥ μ¤´μ¢·¥³¥´´μ° ¨μ´¨§ Í¨¥° (transfer ionization, TI).
‡¤¥¸Ó ¢ ¶·μÍ¥¸¸¥ Ê¤ ·  ³¨Ï¥´Ó μ¶ÖÉÓ ¦¥ É¥·Ö¥É ± ± ³¨´¨³Ê³ ¤¢  Ô²¥±É·μ´ ,
μ¤¨´ ¨§ ±μÉμ·ÒÌ § Ì¢ ÉÒ¢ ¥É¸Ö ¶·μÉμ´μ³ ¸ μ¡· §μ¢ ´¨¥³ ¡Ò¸É·μ£μ  Éμ³  ¢μ-
¤μ·μ¤ . �·¨ ÔÉμ³ ¢μ§³μ¦´Ò ¸ ³Ò¥ · §´μμ¡· §´Ò¥ ±μ´¥Î´Ò¥ ¸μ¸ÉμÖ´¨Ö Ë· £-
³¥´Éμ¢ ¨ ¨Ì ±μ³¡¨´ Í¨¨: μ¸´μ¢´μ¥ (¢μ§¡Ê¦¤¥´´μ¥) ¸μ¸ÉμÖ´¨¥  Éμ³  ¢μ¤μ-
·μ¤ , μ¸´μ¢´μ¥ (¢μ§¡Ê¦¤¥´´μ¥) ¸μ¸ÉμÖ´¨¥ ¨μ´ -μ¸É É± , ¤¨¸¸μÍ¨ Í¨Ö ¨μ´ 
³μ²¥±Ê²Ò (¢ ¸²ÊÎ ¥ ³μ²¥±Ê²Ö·´μ° ³¨Ï¥´¨) ¨ É. ¶. ˆ§³¥·¥´¨¥ ´  ¸μ¢¶ ¤¥´¨¥
· §²¨Î´ÒÌ ¶·μ¤Ê±Éμ¢ ·¥ ±Í¨¨ ³μ¦¥É ¤ ÉÓ Ô±¸±²Õ§¨¢´ÊÕ ¨´Ëμ·³ Í¨Õ μ ³¥Ì -
´¨§³ Ì · ¸¸³ É·¨¢ ¥³μ° ·¥ ±Í¨¨. Š ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ ´ ±μ¶²¥´ ¤μ¢μ²Ó´μ
¡μ£ ÉÒ° Ô±¸¶¥·¨³¥´É ²Ó´Ò° ³ É¥·¨ ².

� §¤. 2 ¶μ¸¢ÖÐ¥´ ·¥ ±Í¨Ö³ ¸ μ¡· §μ¢ ´¨¥³ ¢ ±μ´Í¥ ¤¢ÊÌ ¡Ò¸É·ÒÌ Î ¸É¨Í.
‚ É ± ´ §Ò¢ ¥³ÒÌ ¤¨¶μ²Ö·´ÒÌ Ô±¸¶¥·¨³¥´É Ì ¶·¨¸ÊÉ¸É¢Ê¥É ¢ ±μ´Í¥ μ¤´ 

¡Ò¸É· Ö Î ¸É¨Í , É  ¸ ³ Ö, ±μÉμ· Ö ¡μ³¡ ·¤¨·μ¢ ²  ³¨Ï¥´Ó. ’ ±¨¥ Ô±¸¶¥·¨-
³¥´ÉÒ ¤ ÕÉ ¡
μ²ÓÏ¨° ¢ÒÌμ¤ ¸μ¡ÒÉ¨° ´  ¸μ¢¶ ¤¥´¨¥ ¨ É¥³ ¸ ³Ò³ ¡μ²¥¥ ¶μ¶Ê-
²Ö·´Ò Ê Ô±¸¶¥·¨³¥´É Éμ·μ¢. �μ μÉ É¥μ·¥É¨±μ¢ ¶·¨ ÔÉμ³ É·¥¡Ê¥É¸Ö ¶μ¸É·μ¨ÉÓ
(· ¸¸Î¨É ÉÓ) É·¥ÌÎ ¸É¨Î´ÊÕ ËÊ´±Í¨Õ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö ¤¢ÊÌ ®¸¢μ¡μ¤´ÒÌ¯
Ô²¥±É·μ´μ¢ ¢ ¶μ²¥ ¨μ´ , ¨²¨ ÌμÉÖ ¡Ò  ¤¥±¢ É´μ¥ ¥¥ ¶·¨¡²¨¦¥´¨¥. ŒÒ μ¸É -
´μ¢¨³¸Ö ´  ÔÉ¨Ì ¢μ¶·μ¸ Ì ¶μ¤·μ¡´¥¥ ¢ · §¤. 3.

ŒÒ ´¥ ¸É ¢¨³ ¶¥·¥¤ ¸μ¡μ° Í¥²Ó ¶·μ¸Éμ ¶·¥¤¸É ¢¨ÉÓ ¨ ¶·μ±μ³³¥´É¨·μ-
¢ ÉÓ ¢ ¶·¥¤² £ ¥³μ³ μ¡§μ·¥ ¢¸¥ ¸ÊÐ¥¸É¢ÊÕÐ¨¥ ¶·¨¡²¨¦¥´¨Ö ¢ É¥μ·¨¨. Š ±
¨§¢¥¸É´μ, ®´¥²Ó§Ö μ¡ÑÖÉÓ ´¥μ¡ÑÖÉ´μ¥¯. ˆ´μ£¤  ÊÎ¥´Ò¥ ¶·μ¸Éμ ¦¥² ÕÉ ¤μ-
¡¨ÉÓ¸Ö ¸μ¢¶ ¤¥´¨Ö ¨Ì É¥μ·¥É¨Î¥¸±μ° ³μ¤¥²¨ ¸ Ô±¸¶¥·¨³¥´Éμ³, ®¶μ¤±·ÊÎ¨¢ Ö¯
¨ ®¶μ¤¢¨´Î¨¢ Ö¯ ÎÉμ-Éμ ¢ ±² ¸¸¨Î¥¸±μ° ¶·¨¡²¨¦¥´´μ° ¸Ì¥³¥. �  ¸¢¥É ¶μÖ¢²Ö-
¥É¸Ö ³´μ¦¥¸É¢μ  ¡¡·¥¢¨ ÉÊ·, μ¡μ§´ Î ÕÐ¨Ì ¢¢¥¤¥´¨¥ ¥Ð¥ ± ±μ£μ-Éμ ¶ · ³¥-
É·  ¢ ¨§¢¥¸É´Ò¥ ¶·¨¡²¨¦¥´¨Ö ¨ ¶μ¤Î ¸ μ£· ´¨Î¥´´ÒÌ · ³± ³¨ ¸É ÉÓ¨, £¤¥
³μ¤¥²Ó ¶·¥¤¸É ¢²¥´ . � §μ¡· ÉÓ¸Ö ¢ ÔÉμ³ ³ ¸¸¨¢¥ ¶·μ¸Éμ ´¥¢μ§³μ¦´μ. Š·μ³¥
Éμ£μ, ¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö É¥μ·¥É¨±¨ ¢¸¥ ¡μ²ÓÏ¥ ¶·¨¡¥£ ÕÉ ± ¶· ±É¨±¥ Î¨-
¸²¥´´ÒÌ · ¸Î¥Éμ¢ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢, ÎÉμ § Î ¸ÉÊÕ § É·Ê¤´Ö¥É ¶μ´¨³ ´¨¥
Ë¨§¨±¨ ¶·μ¨¸Ìμ¤ÖÐ¨Ì ¶·μÍ¥¸¸μ¢. �¥ ¢¸¥£¤  Ö¸´μ, ÎÉμ § ²μ¦¥´μ ¢ ¶·μ£· ³³Ê,
± ±μ¢  ·¥ ²Ó´ Ö ÉμÎ´μ¸ÉÓ · ¸Î¥Éμ¢, ¨ ÎÉμ ³Ò ¨³¥¥³ ´  ¢ÒÌμ¤¥.

˜¨·μ±μ · ¸¶·μ¸É· ´¥´μ ³´¥´¨¥, ÎÉμ ¨§ÊÎ¥´¨¥ ³´μ£μ±· É´ÒÌ ¨μ´¨§ Í¨-
μ´´ÒÌ ¶·μÍ¥¸¸μ¢ ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ §´ Î¨É¥²Ó´μ £²Ê¡¦¥ ¶μ´ÖÉÓ ·μ²Ó Ô²¥±-
É·μ´´ÒÌ ±μ··¥²ÖÍ¨° ¢ ³¨Ï¥´¨, ¢Ò°É¨ §  · ³±¨ Ì ·É·¨-Ëμ±μ¢¸±¨Ì μ¤´μÎ -
¸É¨Î´ÒÌ ³μ¤¥²¥°. ˆ ÔÉμ É ±, ´μ ´¥ ¢¸¥£¤  ¤ ´´ Ö μ¡Ð Ö ¤¥±² · Í¨Ö ¶μ¤±·¥¶-
²Ö¥É¸Ö Ö¸´μ° Ë¨§¨±μ°. �μÔÉμ³Ê §¤¥¸Ó, ¢μ-¶¥·¢ÒÌ, · ¸¸³ É·¨¢ ÕÉ¸Ö ¡Ò¸É·Ò¥
¶·μÍ¥¸¸Ò, ±μÉμ·Ò¥ ¶μ§¢μ²ÖÕÉ ¢ ¡μ²ÓÏ¨´¸É¢¥ ¸²ÊÎ ¥¢ μ£· ´¨Î¨ÉÓ¸Ö ¶¥·¢Ò³
¡μ·´μ¢¸±¨³ ¶·¨¡²¨¦¥´¨¥³ ¸ ¶·μ§· Î´Ò³¨ ³¥Ì ´¨§³ ³¨ ·¥ ±Í¨¨. ‚μ-¢Éμ·ÒÌ,
¡Ò¸É·Ò¥ Î ¸É¨ÍÒ ¸μ§¤ ÕÉ ¢μ§³μ¦´μ¸ÉÓ ¤ ²Ó´¥°Ï¨Ì Ë¨§¨Î¥¸±¨ μ¡μ¸´μ¢ ´´ÒÌ
Ê¶·μÐ¥´¨° ¸²μ¦´¥°Ï¥° ³´μ£μÎ ¸É¨Î´μ° ±Ê²μ´μ¢¸±μ° ËÊ´±Í¨¨ ¸¢μ¡μ¤´μ£μ
¤¢¨¦¥´¨Ö Ë· £³¥´Éμ¢ ·¥ ±Í¨¨. ‚-É·¥ÉÓ¨Ì, Î¨¸²¥´´Ò¥ · ¸Î¥ÉÒ ³ É·¨Î´ÒÌ
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Ô²¥³¥´Éμ¢ μ£· ´¨Î¨¢ ÕÉ¸Ö ³´μ£μ±· É´Ò³ ¨´É¥£·¨·μ¢ ´¨¥³, Éμ¦¥ ´¥¶·μ¸ÉÒ³,
´μ §´ Î¨É¥²Ó´μ ²ÊÎÏ¥ ¶·μ· ¡μÉ ´´Ò³ ¢ÒÎ¨¸²¨É¥²Ó´Ò³ ³¥Éμ¤μ³, Î¥³, ¸± -
¦¥³, ¨´É¥£·¨·μ¢ ´¨¥ ³´μ£μ³¥·´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ (¨´É¥£· ²Ó´ÒÌ) Ê· ¢-
´¥´¨° ³´μ£μÎ ¸É¨Î´μ° É¥μ·¨¨ · ¸¸¥Ö´¨Ö.

‡ ¢¥·Ï Ö ¢¢¥¤¥´¨¥, ³Ò ÌμÉ¥²¨ ¡Ò ¶·¨¢¥¸É¨ ¸¸Ò²±¨ ´  ·Ö¤ μ¡§μ·´ÒÌ
¶Ê¡²¨± Í¨° ¨ ±´¨£, ¨³¥ÕÐ¨Ì μÉ´μÏ¥´¨¥ ± · ¸¸³ É·¨¢ ¥³μ° É¥³¥ ¨ ¢±²ÕÎ -
ÕÐ¨Ì ¡μ²ÓÏμ¥ Î¨¸²μ ¸¸Ò²μ± ´  μ·¨£¨´ ²Ó´Ò¥ · ¡μÉÒ. �·¥¦¤¥ ¢¸¥£μ ÔÉμ
±² ¸¸¨Î¥¸±¨° É·Ê¤ �¥É¥·±μ¶  [10] ¶μ É¥μ·¨¨ ¨μ´¨§ Í¨¨  Éμ³μ¢ Ô²¥±É·μ´´Ò³
Ê¤ ·μ³, ¢±²ÕÎ ÕÐ¨° ¸¸Ò²±¨ ´  ±´¨£¨ ¨ μ¸´μ¢´Ò¥ μ·¨£¨´ ²Ó´Ò¥ · ¡μÉÒ ¤μ
1970 £., ¢ Î ¸É´μ¸É¨, ´  ±´¨£¨ „·Ê± ·¥¢ , ŒμÉÉ  ¨ Œ¥¸¸¨, ‚Ê ¨ �³Ê·Ò, �Ê-
¤¦  ¨ ‘¨Éμ´  ¨ ¤·. ¸ μ¡§μ·μ³ ¥Ð¥ ¡μ²¥¥ · ´´¨Ì ¶·¨¡²¨¦¥´¨° ¨ ³¥Éμ¤μ¢,
¸É ¢Ï¨Ì ±² ¸¸¨Î¥¸±¨³¨. ‚§£²Ö¤ Ô±¸¶¥·¨³¥´É Éμ·  ´  ¶·μ¡²¥³Ê ¨μ´¨§ Í¨¨
Ô²¥±É·μ´´Ò³ Ê¤ ·μ³ ¸μ¤¥·¦¨É¸Ö ¢ μ¡§μ·¥ [12] ¸ ¡μ²ÓÏ¨³ ±μ²¨Î¥¸É¢μ³ ¸¸Ò-
²μ± ´  μ·¨£¨´ ²Ó´Ò¥ · ¡μÉÒ ¤μ 1990 £. ˆ§ ¡μ²¥¥ ¶μ§¤´¨Ì μ¡§μ·μ¢ ¸²¥¤Ê¥É
Ê¶μ³Ö´ÊÉÓ [13].

�μ³¨³μ Ê± § ´´ÒÌ μ¶Ê¡²¨±μ¢ ´ ·Ö¤ μ¡§μ·´ÒÌ · ¡μÉ ¶μ Î ¸É´μ° É¥³¥
Ô²¥±É·μ´´μ° ¨³¶Ê²Ó¸´μ° ¸¶¥±É·μ¸±μ¶¨¨. � ·Ö¤Ê ¸ Ê¶μ³Ö´ÊÉÒ³ ¢ÒÏ¥ μ¡§μ-
·μ³ �¥Ê¤ Î¨´  ¨ ¤·. [7], ÔÉμ ±´¨£  “ °£μ²¤  ¨ Œ ±-Š ·É¨ [14], μ¡§μ· Šμ¶² ´ 
¨ ¤·. [15]. ‚¶·μÎ¥³, ¢ ¡μ²ÓÏ¨´¸É¢¥ ÔÉ¨Ì · ¡μÉ · ¸¸³ É·¨¢ ¥É¸Ö ¢¸¥ ¦¥ ¸²Ê-
Î ° (e, 2e)-·¥ ±Í¨°, ¶μ ±μÉμ·Ò³ ´ ±μ¶²¥´ §´ Î¨É¥²Ó´Ò° Ô±¸¶¥·¨³¥´É ²Ó´Ò°
³ É¥·¨ ² ¢ 60Ä80-¥ £μ¤Ò ¶·μÏ²μ£μ ¢¥± .

�¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ § ³¥Î É¥²Ó´Ò° μ¡§μ· �·¨££¸  ¨ ˜³¨¤É  [16] ¶μ
(γ, 2e)-·¥ ±Í¨Ö³,   É ±¦¥ ‘ ¤¥¶Ê·  [17] ´  ÉÊ ¦¥ É¥³Ê, ´μ ¸μ ¸¸Ò²± ³¨ ´  · -
¡μÉÒ ¤μ 1995 £. � ±μ´¥Í, ¸ ¢μ¶·μ¸ ³¨ ¶μ¢¥¤¥´¨Ö ®¤¢ÊÌÔ²¥±É·μ´´ÒÌ¯  Éμ³μ¢
¢ ¸¨²Ó´μ³ Ô²¥±É·¨Î¥¸±μ³ ¶μ²¥, ¢ Éμ³ Î¨¸²¥ § ¢¨¸ÖÐ¥³ μÉ ¢·¥³¥´¨, Î¨É -
É¥²Ó ³μ¦¥É ¶μ§´ ±μ³¨ÉÓ¸Ö ¢ μ¡§μ·¥ [18]. �μ¸²¥¤´ÖÖ É¥³  ¡Ê·´μ · §¢¨¢ ¥É¸Ö
¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö ¨ § ¸²Ê¦¨¢ ¥É μÉ¤¥²Ó´μ£μ μ¡§μ·  ´  ¸É· ´¨Í Ì ¦Ê·´ ² 
®�—�Ÿ¯, ¨ §¤¥¸Ó ³Ò ¥¥ ± ¸ ÉÓ¸Ö ´¥ ¡Ê¤¥³, ¶μ¸±μ²Ó±Ê É¥μ·¨Ö É ±¨Ì ·¥ ±Í¨°
¡ §¨·Ê¥É¸Ö ´  ¢·¥³¥´¨§ ¢¨¸¨³μ³ Ê· ¢´¥´¨¨ ˜·¥¤¨´£¥·  ¨ É·¥¡Ê¥É ¤·Ê£¨Ì
É¥μ·¥É¨Î¥¸±¨Ì ¸Ì¥³ ¨ ¶·¨¡²¨¦¥´¨°.

‹¨É¥· ÉÊ·  ¶μ ¶·μ¡²¥³ ³ § Ì¢ É  ¡μ²¥¥ μ¡Ï¨·´ , ÎÉμ ¸¢Ö§ ´μ ¸ ¶·¨-
±² ¤´Ò³ §´ Î¥´¨¥³ ¤ ´´μ° É¥³Ò. ‚ ±´¨£¥ [19] ¨ μ¡§μ· Ì [20] ¨ [21] ¤ ´ 
¶μ¤·μ¡´ Ö É¥μ·¨Ö ¨μ´- Éμ³´ÒÌ ¸Éμ²±´μ¢¥´¨°, Éμ£¤  ± ± ¢ ±² ¸¸¨Î¥¸±μ³ μ¡-
§μ·¥ ˆ´μ±ÊÉ¨ [22] ¶·¥¤¸É ¢²¥´ §´ Î¨É¥²Ó´Ò° Ô±¸¶¥·¨³¥´É ²Ó´Ò° ³ É¥·¨ ²
¶μ ´¥Ê¶·Ê£¨³ ¸Éμ²±´μ¢¥´¨Ö³ ¡Ò¸É·ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸  Éμ³ ³¨ ¨ ³μ²¥-
±Ê² ³¨ ¨ ¥£μ ¸· ¢´¥´¨¥ ¸ É¥μ·¨¥° �¥É¥.

’ ³, £¤¥ ´¥ μ£μ¢μ·¥´μ μ¸μ¡μ, ¶·¨ § ¶¨¸¨ Ëμ·³Ê² ¨¸¶μ²Ó§ÊÕÉ¸Ö  Éμ³´Ò¥
¥¤¨´¨ÍÒ e = me = � = 1. Š·μ³¥ Éμ£μ, ¢ ¡μ²ÓÏ¨´¸É¢¥ ¨²²Õ¸É·¨·ÊÕÐ¨Ì
·¨¸Ê´±μ¢, ¢§ÖÉÒÌ ¨§ · §´ÒÌ · ¡μÉ, ¶²μ¸±¨¥ ( §¨³ÊÉ ²Ó´Ò¥) Ê£²Ò ¢¥±Éμ·μ¢
¨³¶Ê²Ó¸μ¢ Î ¸É¨Í μÉ¸Î¨ÉÒ¢ ÕÉ¸Ö μÉ ´ ¶· ¢²¥´¨Ö ¢¥±Éμ·  ¸±μ·μ¸É¨ ¶ ¤ ÕÐ¥°
Î ¸É¨ÍÒ ¶·μÉ¨¢ Î ¸μ¢μ° ¸É·¥²±¨. „·Ê£μ° μÉ¸Î¥É μ£μ¢ ·¨¢ ¥É¸Ö ¢ ¶μ¤¶¨¸¨ ±
·¨¸Ê´±Ê.
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� ¨¡μ²¥¥ ¨§¢¥¸É´Ò° ³¥Éμ¤ Ë ±Éμ·¨§ Í¨¨ ËÊ´±Í¨¨ ±μ´É¨´ÊÊ³  É·¥Ì § ·Ö-
¦¥´´ÒÌ Î ¸É¨Í Å ÔÉμ ³¥Éμ¤ ÔËË¥±É¨¢´ÒÌ § ·Ö¤μ¢, Ö¢²ÖÕÐ¨°¸Ö · §´μ¢¨¤´μ-
¸ÉÓÕ ³¥Éμ¤  ¨¸± ¦¥´´ÒÌ ¢μ²´. …£μ · §· ¡μÉ±  ¶·¨´ ¤²¥¦¨É �¥É¥·±μ¶Ê [9,10],
�Ê¤¦Ê ¨ ‘¨Éμ´Ê [11], ¨ ¢ μ¸´μ¢¥ ²¥¦¨É ¤¨´ ³¨±  ±² ¸¸¨Î¥¸±μ£μ ¤¢¨¦¥´¨Ö
¤¢ÊÌ Ô²¥±É·μ´μ¢ ¢ ¶μ²¥ Ö¤·  ¶·¨ ¡μ²ÓÏ¨Ì μÉ´μ¸¨É¥²Ó´ÒÌ · ¸¸ÉμÖ´¨ÖÌ ³¥¦¤Ê
¢¸¥³¨ É·¥³Ö ±μ³¶μ´¥´É ³¨ ¸¨¸É¥³Ò. „¥°¸É¢¨É¥²Ó´μ, ¸μ£² ¸´μ ¶·¨´Í¨¶Ê ¸μ-
μÉ¢¥É¸É¢¨Ö ¢ ±¢ ´Éμ¢μ° ³¥Ì ´¨±¥  ¸¨³¶ÉμÉ¨Î¥¸±μ¥ ¤¢¨¦¥´¨¥ Ô²¥±É·μ´μ¢ μÉ
μ¡² ¸É¨ ¸Éμ²±´μ¢¥´¨Ö ± ¤¥É¥±Éμ· ³ § ¤ ¥É¸Ö ±² ¸¸¨Î¥¸±¨³¨ ¸μμÉ´μÏ¥´¨Ö³¨
ri = ki|t|. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

−Z

r1
− Z

r2
+

1
r12

=
1
|t|

(
− Z

k1
− Z

k2
+

1
2k12

)
, (1.1)

£¤¥ r12 = |r1 − r2|−1, 2k12 = |k1 − k2|−1 ¨ Z Å § ·Ö¤ Ö¤· . �· ¢ÊÕ Î ¸ÉÓ
¸μμÉ´μÏ¥´¨Ö (1.1) ³μ¦´μ É¥¶¥·Ó ¶¥·¥¶¨¸ ÉÓ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

1
|t|

(
− Z

k1
− Z

k2
+

1
2k12

)
=

1
|t|

(
−Z1

k1
− Z2

k2

)
=
(
−Z1

r1
− Z2

r2

)
, (1.2)

¢¢¥¤Ö ÔËË¥±É¨¢´Ò¥ § ·Ö¤Ò Z1 ¨ Z2. �É¸Õ¤  ¶μ²ÊÎ ¥³ μ¤´μ Ê· ¢´¥´¨¥ ´  ÔÉ¨
¤¢  § ·Ö¤ 

Z

k1
+

Z

k2
− 1

2k12
=

Z1

k1
+

Z2

k2
(1.3)

¨ ±μ´¥Î´ÊÕ ´¥¸¨³³¥É·¨§μ¢ ´´ÊÕ ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ ¢ ¢¨¤¥ ¶·μ¨§¢¥¤¥´¨Ö
¤¢ÊÌ ±Ê²μ´μ¢¸±¨Ì ËÊ´±Í¨°

Ψ−∗(k1,k2; r1, r2) ≈ ϕ−∗(k1, r1; Z1)ϕ−∗(k2, r2; Z2). (1.4)

‚ (1.4) ±Ê²μ´μ¢¸± Ö ËÊ´±Í¨Ö ¢Ò¡· ´  ¢ ¢¨¤¥

ϕ−∗(p, r; Zeff) = e−πξ/2Γ(1 + iξ) e−ipr
1F1(−iξ, 1; ipr + ipr),

ξ = −Zeff

p
.

(1.5)

�¥¸³μÉ·Ö ´  Ô²¥£ ´É´μ¸ÉÓ Ëμ·³Ê²Ò (1.4), ¶·μ¨§¢¥¤¥´¨¥ ¤¢ÊÌ ±Ê²μ´μ¢¸±¨Ì
ËÊ´±Í¨° ´¥ ³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´μ ¢ ± Î¥¸É¢¥ ¸¢μ¡μ¤´μ£μ Î²¥´  ´¥±μ¥£μ
Ê· ¢´¥´¨Ö ‹¨¶¶³ ´ Ä˜¢¨´£¥·  (‹˜) ¸ ±μ³¶ ±É´Ò³ Ö¤·μ³, ¶μ¸±μ²Ó±Ê ¢μ§-
³ÊÐ ÕÐ¨° ¶μÉ¥´Í¨ ²

Vpert = −Z − Z1

r1
− Z − Z2

r2
+

1
r12
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´¥ ¶¥·¥¸É ² ¡ÒÉÓ ¤ ²Ó´μ¤¥°¸É¢ÊÕÐ¨³. Š Éμ³Ê ¦¥ ÔÉμÉ ¶μÉ¥´Í¨ ² ¥Ð¥ ¨ ´¥²μ-
± ²¥´, ¶μ¸±μ²Ó±Ê § ¢¨¸¨É μÉ Ô´¥·£¨¨ Ô²¥±É·μ´μ¢. �¤´ ±μ ·¥Ï¥´¨¥ ¶·μ¡²¥³Ò
¢¸¥ ¦¥ ³μ¦´μ ´ °É¨. ŒÒ · ¸¸³μÉ·¨³ ³¥Éμ¤ ÔËË¥±É¨¢´ÒÌ § ·Ö¤μ¢ ¢ · ³± Ì
¶μ¸²¥¤μ¢ É¥²Ó´μ° É¥μ·¨¨, ¶μ¤·μ¡´μ ¶·¥¤¸É ¢²¥´´μ° ¢ μ¡§μ·¥ [4] (¸³. ¶. 1.4
¶·μ ³¥Éμ¤ ¨¸± ¦¥´´ÒÌ ¢μ²´). ‡¤¥¸Ó ¦¥ ²¨ÏÓ ±· É±μ ´ ¶μ³´¨³ μ¸´μ¢´Ò¥
·¥§Ê²ÓÉ ÉÒ, ´¥μ¡Ìμ¤¨³Ò¥ ¤²Ö ¨§²μ¦¥´¨Ö ´μ¢μ£μ ³ É¥·¨ ² .

1.1. ˆ´É¥£· ²Ó´Ò¥ Ê· ¢´¥´¨Ö É¥μ·¨¨ · ¸¸¥Ö´¨Ö ´¥¸±μ²Ó±¨Ì Î ¸É¨Í ¸
±Ê²μ´μ¢¸±¨³ ¢§ ¨³μ¤¥°¸É¢¨¥³. „²Ö μ¡Ð´μ¸É¨ μ¡μ§´ Î¥´¨° ¢¢¥¤¥³ ¶μ´ÖÉ¨¥
± ´ ²  ·¥ ±Í¨¨ α. � ¡μ· μÉ´μ¸¨É¥²Ó´ÒÌ Ö±μ¡¨¥¢¸±¨Ì ¨³¶Ê²Ó¸μ¢ pβγ , § ¤ Õ-
Ð¨Ì ¤¢¨¦¥´¨¥ Nα Ë· £³¥´Éμ¢, ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¢ ± ´ ²¥ α, ¡Ê¤¥³ μ¡μ§´ Î ÉÓ
pα. �·¨ ÔÉμ³ μÉ´μ¸¨É¥²Ó´ Ö ±μμ·¤¨´ É  Î ¸É¨Í i ¨ j § ¶¨¸Ò¢ ¥É¸Ö ± ± rij ,
  ¨Ì μÉ´μ¸¨É¥²Ó´Ò° ¨³¶Ê²Ó¸ ± ± kij . ‚μ²´μ¢μ° ¢¥±Éμ· |φα〉 ¥¸ÉÓ ¶·μ¨§¢¥-
¤¥´¨¥ ¢μ²´μ¢ÒÌ ¢¥±Éμ·μ¢ ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° Ë· £³¥´Éμ¢, § ¤ ÕÐ¨Ì ± ´ ²
α, ¸ ¸Ê³³ ·´μ° Ô´¥·£¨¥° ¸¢Ö§¨ −κ2

α. ’ ±¨³ μ¡· §μ³,  ¸¨³¶ÉμÉ¨Î¥¸±¨° ¢μ²-
´μ¢μ° ¢¥±Éμ· ± ´ ²  α ¨³¥¥É ¢¨¤ |φα,pα〉. V α μ¡μ§´ Î ¥É ¸Ê³³Ê ¶ ·´ÒÌ
¶μÉ¥´Í¨ ²μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê Î ¸É¨Í ³¨, ¢Ìμ¤ÖÐ¨Ì ¢ ¸μ¸É ¢ · §²¨Î´ÒÌ
Ë· £³¥´Éμ¢, ±μÉμ·Ò¥ ¸É ²±¨¢ ÕÉ¸Ö ¢ ± ´ ²¥ α. �¶·¥¤¥²¨³ É ±¦¥ ±Ê²μ´μ¢-
¸±¨° ¶ · ³¥É· (±Ê²μ´μ¢¸±μ¥ Î¨¸²μ, ¶ · ³¥É· ‡μ³³¥·Ë¥²Ó¤ ) ± ´ ²  α:

ηα =
∑
β,γ

ηβγ =
∑
β,γ

qβqγμβγ

pβγ
,

· ¢´Ò° ¸Ê³³¥ ±Ê²μ´μ¢¸±¨Ì ¶ · ³¥É·μ¢ ¶ · Ë· £³¥´Éμ¢ β ¨ γ, μβγ Å ¶·¨-
¢¥¤¥´´ Ö ³ ¸¸  ÔÉ¨Ì Ë· £³¥´Éμ¢; qβ ¨ qγ Å ¨Ì ¶μ²´Ò¥ § ·Ö¤Ò. ‘Ê³³ ·´Ò°
±Ê²μ´μ¢¸±¨° ¶ · ³¥É· η =

∑
α

ηα. � ±μ´¥Í, μ¶·¥¤¥²¨³ Ë §Ê „μ²² ·¤  ± -

´ ²  α [23]

Aα =
∑
β,γ

ηβγ ln
2p2

βγ

μβγ
=
∑
β,γ

ηβγ ln 4Eβγ ,

£¤¥ Eβγ Å Ô´¥·£¨Ö μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö Ë· £³¥´Éμ¢ β ¨ γ. Š ´ ²
¶μ²´μ£μ · §¢ ²  (¡¥§ ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨°) ¡Ê¤¥³ μ¡μ§´ Î ÉÓ ¨´¤¥±¸μ³ ®0¯,
´ ¶·¨³¥·, A0.

� ¸¸³μÉ·¨³ ¤²Ö ¶·μ¸ÉμÉÒ ·¥ ±Í¨Õ · §¢ ²  ¤¢ÊÌÎ ¸É¨Î´μ° ´¥°É· ²Ó´μ°
¸¢Ö§ ´´μ° ¶ ·Ò ´ ²¥É ÕÐ¥° § ·Ö¦¥´´μ° Î ¸É¨Í¥° (´¥ μ¡Ö§ É¥²Ó´μ ¡Ò¸É·μ°).
�μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö É ±μ° ¸¨¸É¥³Ò ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

V =
∑
i<j

qiqj

rij
=

3∑
γ=1

λγ

rγ
. (1.6)

�¶·¥¤¥²¨³ É¥¶¥·Ó μ¶¥· Éμ·

T (z) = V α + V G(z)V α, (1.7)
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£¤¥ G(z) = (z − H0 − V )−1 ¨ H0 Å ¸¢μ¡μ¤´Ò° £ ³¨²ÓÉμ´¨ ´ É·¥Ì Î ¸É¨Í.
�¶¥· Éμ· (1.7) § ¤ ¥É  ³¶²¨ÉÊ¤Ê · §¢ ²  ´¥°É· ²Ó´μ° ¶ ·Ò α ( Éμ³ , ´ ¶·¨-
³¥·) ¨ Ê¤μ¢²¥É¢μ·Ö¥É ¨´É¥£· ²Ó´μ³Ê Ê· ¢´¥´¨Õ ‹˜

T (z) = V α + V G0(z)T (z). (1.8)

‚ ÔÉμ³ Ê· ¢´¥´¨¨ μ¶¥· Éμ· G0(z) = (z−H0)−1 μ¡μ§´ Î ¥É ¸¢μ¡μ¤´ÊÕ ËÊ´±-
Í¨Õ ƒ·¨´ .

�¶¥· Éμ· T (z) ¸μ£² ¸´μ [2, 24, 25] (¸³. É ±¦¥ μ¡Ð¥¥ μ¶·¥¤¥²¥´¨¥ (1.27)
¢ [4]) ³μ¦´μ § ¶¨¸ ÉÓ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

T (z) = (z − H0)iη̂M(z) + R(z). (1.9)

Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ 〈kγ ,pγ |M(z)|p0
α, φα〉 ¨ 〈kγ ,pγ |R(z)|p0

α, φα〉 ´¥¸¨´£Ê-
²Ö·´Ò ¶·¨ ¶¥·¥Ìμ¤¥ z → E+i0 = k2

γ/(2μγ)+p2
γ/(2nγ)+i0. � ·  Ö±μ¡¨¥¢¸±¨Ì

¨³¶Ê²Ó¸μ¢ (kγ ,pγ) ¸μμÉ¢¥É¸É¢Ê¥É ±μ´¥Î´μ³Ê ± ´ ²Ê · §¢ ² , £¤¥ ³μ¦´μ μ¶·¥-
¤¥²¨ÉÓ É·¨ É ±¨Ì Ô±¢¨¢ ²¥´É´ÒÌ ´ ¡μ· , p0

α Å ¨³¶Ê²Ó¸ ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ
(Ô²¥±É·μ´ ) ¶μ μÉ´μÏ¥´¨Õ ± ¸¢Ö§ ´´μ° ¶ ·¥ ¢ ´ Î ²Ó´μ³ ± ´ ²¥ α.

…¸²¨ μ¶¥· Éμ· M(z) ¨§¢¥¸É¥´, ¨¸±μ³ Ö ´¥¸¨´£Ê²Ö·´ Ö  ³¶²¨ÉÊ¤  ·¥-
 ±Í¨¨ ´  ¶μ¢¥·Ì´μ¸É¨ Ô´¥·£¨¨ ³μ¦¥É ¡ÒÉÓ μ¶·¥¤¥²¥´  ¸²¥¤ÊÕÐ¨³ μ¡· -
§μ³ [2,24,25]:

t(kγ ,pγ ,p0
α) =

exp
(
−π

2
η + iA0

)
Γ(1 − iη)

〈kγ ,pγ |M(E + i0)|p0
α, φα〉. (1.10)

Š ¸μ¦ ²¥´¨Õ, ¤²Ö μ¶¥· Éμ·  M(z) ´¥ Ê¤ ¥É¸Ö ¸Ëμ·³Ê²¨·μ¢ ÉÓ ± ±μ£μ-²¨¡μ
Ê· ¢´¥´¨Ö ¸ ±μ³¶ ±É´Ò³ Ö¤·μ³ ¨ ¶·¨Ìμ¤¨É¸Ö ¢Ò¤¥²ÖÉÓ ¸¨´£Ê²Ö·´μ¸ÉÓ ¨§ ·¥-
Ï¥´¨Ö Ê· ¢´¥´¨Ö ‹˜ ¢ Ö¢´μ³ ¢¨¤¥, ÎÉμ ¢ ·Ö¤¥ ¸²ÊÎ ¥¢ ¢¥¤¥É ± ·¥£Ê²Ö·¨§ Í¨Ö³
(¶¥·¥´μ·³¨·μ¢± ³). �É  É¥³  · ¸±·Ò¢ ¥É¸Ö ¢ μ¡§μ·¥ [4].

‚ Éμ ¦¥ ¢·¥³Ö μ¶¥· Éμ· R(z) ¢ (1.9) ´¥ ¨³¥¥É ± ±μ£μ-²¨¡μ Ë¨§¨Î¥¸±μ£μ
¸³Ò¸² , ¨ ¥£μ ³ É·¨Î´Ò° Ô²¥³¥´É ¨¸Î¥§ ¥É ¶·¨ ¶¥·¥Ìμ¤¥ ´  ¶μ¢¥·Ì´μ¸ÉÓ
Ô´¥·£¨¨ [2,25]. �Éμ ¶μ²¥§´μ¥ ´ ¡²Õ¤¥´¨¥ ³Ò ¨¸¶μ²Ó§Ê¥³ ¶·¨ Ëμ·³Ê²¨·μ¢±¥
³¥Éμ¤  ÔËË¥±É¨¢´ÒÌ § ·Ö¤μ¢.

„²Ö ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö ¸ § ¤ ´´Ò³¨ ¨³¶Ê²Ó¸ ³¨ kγ ¨ pγ ³Ò μ¶·¥-
¤¥²Ö¥³ ´¥²μ± ²Ó´Ò° (§ ¢¨¸ÖÐ¨° μÉ Ô´¥·£¨¨) ¶ ·´Ò° ¶μÉ¥´Í¨ ² U = λγ/rγ

¸ ÔËË¥±É¨¢´Ò³ § ·Ö¤μ³ λγ = ηkγ/μγ ¨ É· ´¸Ëμ·³¨·Ê¥³ Ê· ¢´¥´¨¥ (1.8)
¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

T (z) = [I − UG0(z)]−1
V α + [I − UG0(z)]−1 (V − U)G0(z)T (z).

Œμ¦´μ § ¶¨¸ ÉÓ · ¢¥´¸É¢μ

[I − UG0(z)]−1 = I + tU (z)G0(z),
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£¤¥ μ¶¥· Éμ· tU (z) ¸μμÉ¢¥É¸É¢Ê¥É  ³¶²¨ÉÊ¤¥ · ¸¸¥Ö´¨Ö ´  ¶μÉ¥´Í¨ ²¥ U . ‚
¨Éμ£¥ ¶μ²ÊÎ ¥³

T (z) = [I + tU (z)G0(z)] V α + [I + tU (z)G0(z)] (V − U)G0(z)T (z). (1.11)

‘³Ò¸² ¢¢¥¤¥´¨Ö ¶μÉ¥´Í¨ ²  U § ±²ÕÎ ¥É¸Ö ¢ ±μ³¶¥´¸ Í¨¨ É·¥ÌÎ ¸É¨Î´μ° μ¸μ-
¡¥´´μ¸É¨ (z −E)iη ¢ ³ É·¨Î´μ³ Ô²¥³¥´É¥ 〈kγ ,pγ |(V −U)G0(z)T (z)|p0

α, φα〉
¶·¨ ¶¥·¥Ìμ¤¥ z → E + i0 ¢¢¥¤¥´¨¥³ ¤μ¶μ²´¨É¥²Ó´μ° ¤¢ÊÌÎ ¸É¨Î´μ° ±Ê²μ´μ¢-
¸±μ° ¸¨´£Ê²Ö·´μ¸É¨ (¸³. É ±¦¥ Ëμ·³Ê²Ê (1.47) ¢ [4]). �μÔÉμ³Ê ¤¢ÊÌÎ ¸É¨Î´Ò°
¶μÉ¥´Í¨ ² ¤μ²¦¥´ ¡ÒÉÓ ¸ ´¥μ¡Ìμ¤¨³μ¸ÉÓÕ Ô´¥·£μ§ ¢¨¸¨³Ò³.

1.2. ‚Éμ·μ¥ ¡μ·´μ¢¸±μ¥ ¶·¨¡²¨¦¥´¨¥ ¤²Ö  ³¶²¨ÉÊ¤Ò · §¢ ² . “Î¨ÉÒ-
¢ Ö ¸μμÉ´μÏ¥´¨Ö (1.10) ¨ (1.11), ³μ¦´μ § ¶¨¸ ÉÓ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö
Ë¨§¨Î¥¸±μ°  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö:

t(kγ ,pγ ,p0
α) = exp

(
−iη ln

2k2
γ

μγ
+ iA0

)[
〈ϕ−

γ (kγ),pγ |V α|p0
α, φα〉+

+〈ϕ−
γ (kγ),pγ |(V − U)G0(E + i0)T (E + i0)|p0

α, φα〉
]
, (1.12)

£¤¥ ϕ−
γ (kγ) Å ¤¢ÊÌÎ ¸É¨Î´ Ö ±Ê²μ´μ¢¸± Ö ËÊ´±Í¨Ö, ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¶μÉ¥´-

Í¨ ²Ê U . �μ¸²¥ ´¥¸²μ¦´ÒÌ ¶·¥μ¡· §μ¢ ´¨° (1.12) ³μ¦´μ ¶¥·¥¶¨¸ ÉÓ ¢ Ìμ-
·μÏμ ¨§¢¥¸É´μ° Ëμ·³¥

t(kγ ,pγ ,p0
α) = exp

(
−iη ln

2k2
γ

μγ
+ iA0

)
×

× 〈ϕ−
γ (kγ),pγ |(V − U)|Ψ+

α (p0
α)〉, (1.13)

±μÉμ· Ö ¡Ò²  ¢¶¥·¢Ò¥ ¶μ²ÊÎ¥´  �¥É¥·±μ¶μ³ [10]. FBA ¢ ³¥Éμ¤¥ ÔËË¥±É¨¢-
´ÒÌ § ·Ö¤μ¢ § ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

t1(kγ ,pγ ,p0
α) = exp

(
−iη ln

2k2
γ

μγ
+ iA0

)
×

× 〈ϕ−
γ (kγ),pγ |(V − U)|φα,p0

α〉. (1.14)

�¥·¥¤ É¥³ ± ± μ¶·¥¤¥²¨ÉÓ SBA, · ¸¸³μÉ·¨³ ¸Ê³³Ê

∑
γ

exp

(
iη ln

2k2
γ

μγ

)
ηγ

η
t(kγ ,pγ ,p0

α) (1.15)
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¸  ³¶²¨ÉÊ¤μ° t(kγ ,pγ ,p0
α) (1.13). „²Ö ¢ÒÎ¨¸²¥´¨Ö ¸Ê³³Ò (1.15) ¶μ³¥É¨³

¶μÉ¥´Í¨ ² U ¨´¤¥±¸μ³ γ, ±μÉμ·Ò° ¤²Ö ¶·μ¸ÉμÉÒ μ¡μ§´ Î¥´¨° ³Ò μ¶Ê¸± ²¨
· ´¥¥, ¨ ÊÎÉ¥³ ¸²¥¤ÊÕÐÊÕ Í¥¶μÎ±Ê · ¢¥´¸É¢:∑

γ

ηγ

η
(V − Uγ) = V −

∑
γ

ηγkγ

μγrγ
= V −

∑
γ

λγ

rγ
= 0.

Š·μ³¥ Éμ£μ, § ¶¨Ï¥³ ¡¥§ ¤μ± § É¥²Ó¸É¢  ¢Ò· ¦¥´¨¥ ¤²Ö ¸¢¥·É±¨ ±Ê²μ´μ¢¸±μ°
ËÊ´±Í¨¨ ¸ £² ¤±μ° ËÊ´±Í¨¥° f(k)

〈ϕ−(k)|f〉 = exp
(
−π

2
η
)

Γ(1 + iη)f(k)+

+
∫

dk′ 〈ϕ−(k)|Vc(E − h0 + i0)−1|k′〉 (f(k′) − f(k)) =

= exp
(
−π

2
η
)

Γ(1 + iη)f(k)+

+
∫

dk′ 〈k|Vc(E − h0 + i0)−1|k′〉 (f(k′) − f(k)) +

+ (higher order terms). (1.16)

„ ´´Ò¥ ¢¸¶μ³μ£ É¥²Ó´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¶μ§¢μ²ÖÕÉ ¶·¥¤¸É ¢¨ÉÓ (1.13) ¢ ¢¨¤¥

t(kγ ,pγ ,p0
α) = N

∑
γ

ηγ

η
×

×
(
〈ϕ−

γ (kγ),pγ |V α|φα,p0
α〉 + Y (kγ ,pγ ;p0

α; E + i0)
)

. (1.17)

” ±Éμ· N ¢ (1.17) · ¢¥´

eiA0

(∑
γ

ηγ

η
exp

(
iη ln

2k2
γ

μγ

))−1

,

¨ ËÊ´±Í¨Ö Y ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´  ± ±

Y (kγ ,pγ ;p0
α; E + i0) =

∑
γ

∫
dk′

γ

(
k2

γ

2μγ
−

k′2
γ

2μγ
+ i0

)−1

×

× 〈ψ−
γ (kγ)|Uγ |k′

γ〉
[
〈k′

γ ,pγ |(V − Uγ)G0(E + i0)T (E + i0)|p 0
α , φα〉−

−〈kγ ,pγ |(V − Uγ)G0(E + i0)T (E + i0)|p 0
α , φα〉

]
(1.18)
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¨, μÎ¥¢¨¤´μ, ¢±²ÕÎ ¥É ¡μ·´μ¢¸±¨¥ Î²¥´Ò ¶μ ¶μÉ¥´Í¨ ² ³ ¢ÒÏ¥ ¢Éμ·μ£μ. …¥
³μ¦´μ μ¶Ê¸É¨ÉÓ ¢ · ³± Ì SBA, ¨ μ¸É ¢Ï Ö¸Ö Î ¸ÉÓ ¢ (1.17) ¡Ê¤¥É ¸μμÉ¢¥É-
¸É¢μ¢ ÉÓ ¶·¨¡²¨¦¥´¨Õ ¢Éμ·μ£μ ¶μ·Ö¤± . �± §Ò¢ ¥É¸Ö, ¢ · ³± Ì ¢Éμ·μ£μ ¡μ·-
´μ¢¸±μ£μ ¶·¨¡²¨¦¥´¨Ö ³μ¦´μ Ë¨±¸¨·μ¢ ÉÓ ÔËË¥±É¨¢´Ò¥ § ·Ö¤Ò ¢ Ëμ·³Ê²¥
(1.3), ÎÉμ ¨ ¡Ê¤¥É · ¸¸³μÉ·¥´μ ¢ ¸²¥¤ÊÕÐ¥³ ¶Ê´±É¥.

1.3. „¢¥ Î ¸É¨ÍÒ ¢ ±Ê²μ´μ¢¸±μ³ ¶μ²¥ ´¥¶μ¤¢¨¦´μ£μ Í¥´É· . ŒÒ ¤²Ö
Ê¤μ¡¸É¢  ´¥¸±μ²Ó±μ ¨§³¥´¨³ μ¡μ§´ Î¥´¨Ö ¶¥·¥³¥´´ÒÌ. � ¸¸³μÉ·¨³ ¶·μÍ¥¸¸
(23) + 1 → 1 + 2 + 3, £¤¥ ¡¥¸±μ´¥Î´μ ÉÖ¦¥²μ¥ Ö¤·μ (Í¥´É·) μ¡μ§´ Î ¥É¸Ö
¨´¤¥±¸μ³ (3), |φ2〉 μ¡μ§´ Î ¥É ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ ´ Î ²Ó´μ£μ ¸¢Ö§ ´´μ£μ ¸μ-
¸ÉμÖ´¨Ö, k0 Å ¨³¶Ê²Ó¸ ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ, k1 ¨ k2 Å ¨³¶Ê²Ó¸Ò ±μ´¥Î´ÒÌ
Î ¸É¨Í. �É¨ Î ¸É¨ÍÒ ³μ£ÊÉ ¡ÒÉÓ Ô²¥±É·μ´ ³¨.

“· ¢´¥´¨¥ (1.11) ¢ ´μ¢ÒÌ μ¡μ§´ Î¥´¨ÖÌ ¢Ò£²Ö¤¨É ± ±

T (z) = [I + t1,2(z)G0(z)] (V − U1,2)+

+ [I + t1,2(z)G0(z)] (V − U1,2)G0(z)T (z). (1.19)

�¶¥· Éμ· t1,2(z) μ¡μ§´ Î ¥É  ³¶²¨ÉÊ¤Ê · ¸¸¥Ö´¨Ö ´  ¶μÉ¥´Í¨ ²¥ U1,2 = U1 +
U2, £¤¥ Uj = −Zjqj/rj (j = 1, 2) ¨ ±μ´¸É ´ÉÒ Zj Å ÔËË¥±É¨¢´Ò¥ § ·Ö¤Ò.
�·¨ ÔÉμ³ ¢ μ¡Ð¥³ ¸²ÊÎ ¥ (¸·. (1.3))

−Z1q1

v1
− Z2q2

v2
= η̃1 + η̃2 = η = η1 + η2 + η12 = −Zq1

v1
− Zq2

v2
+

q1q2

v12
. (1.20)

‡¤¥¸Ó vj = kj/mj Å ¸±μ·μ¸ÉÓ ²¥£±μ° Î ¸É¨ÍÒ; qj Å ¥¥ § ·Ö¤ ¨ v12 =
v1 − v2 Å μÉ´μ¸¨É¥²Ó´ Ö ¸±μ·μ¸ÉÓ ²¥£±¨Ì Î ¸É¨Í.

ˆ§ (1.12) ¸²¥¤Ê¥É

t(k1,k2,k0) = exp
(
−i(A0 − Ã1,2)

) [
〈ϕ−

1 (k1), ϕ−
2 (k2)|(V − U1,2)|k0, φ2〉+

+ 〈ϕ−
1 (k1), ϕ−

2 (k2)|(V − U1,2)G0(E + i0)T (E + i0)|k0, φ2〉
]
, (1.21)

£¤¥ |ϕ−
i (ki)〉 Å ±Ê²μ´μ¢¸± Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö, μ¶¨¸Ò¢ ÕÐ Ö · ¸¸¥Ö´¨¥ ´ 

¶μÉ¥´Í¨ ²¥ Ui, ¨

A0 = η1 ln 4E1 + η2 ln 4E2 + η12 ln 4E12,

Ã1,2 = η̃1 ln 4E1 + η̃2 ln 4E2.

�¤´ ±μ ¢μ§³μ¦¥´ ¤·Ê£μ° ¢Ò¡μ· ¶μÉ¥´Í¨ ²  U ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ¤·Ê£ Ö
§ ¶¨¸Ó Ê· ¢´¥´¨Ö (1.12):

t(k1,k2,k0) = exp
(
−i(A0 − Ã12)

) [
〈ϕ−

12(k12),K12|(V − U12)|k0, φ2〉 +

+ 〈ϕ−
12(k12),K12|(V − U12)G0(E + i0)T (E + i0)|k0, φ2〉

]
, (1.22)
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£¤¥

U12 =
ηk12

μ12

1
r12

=
λ12

r12
, Ã12 = η̃12 ln 4E12,

¨ k12 = (m2k1 −m1k2)/(m1 + m2), K12 = k1 + k2, ¸μμÉ¢¥É¸É¢¥´´μ, μÉ´μ¸¨-
É¥²Ó´Ò° ¨³¶Ê²Ó¸ ¢ ¶ ·¥ (1.12) ¨ ¥¥ ¸Ê³³ ·´Ò° ¨³¶Ê²Ó¸.

�·¨³¥´¨³ É¥¶¥·Ó ¸Ì¥³Ê (1.16) ± (1.21) ¨ (1.22). ‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ ¥³

exp
(
i(A0 − Ã1,2)

)
t(k1,k2,k0) = 〈ϕ−

1 (k1), ϕ−
2 (k2)|(V − U1,2)|k0, φ2〉+

+ exp
(
−π

2
η
)

Γ(1 + iη̃1)Γ(1 + iη̃2)×

× 〈k1,k2|(V − U1,2)G0(E + i0)T (E + i0)|k0, φ2〉+
+ (higher order terms) (1.23 )

¨

exp
(
i(A0 − Ã12)

)
t(k1,k2,k0) =

= 〈ϕ−
12(k12),K12|(V − U12)|k0, φ2〉 + exp

(
−π

2
η
)

Γ(1 + iη)×

× 〈k12,K12|(V − U12)G0(E + i0)T (E + i0)|k0, φ2〉+
+ (higher order terms). (1.23¡)

�μ¸É·μ¨³ ²¨´¥°´ÊÕ ±μ³¡¨´ Í¨Õ ¢Ò· ¦¥´¨° (1.23),   ¨³¥´´μ

exp (iA0)

(
x exp (−iÃ1,2)

Γ(1 + iη̃1)Γ(1 + iη̃2)
+

y exp (−iÃ12)
Γ(1 + iη)

)
t(k1,k2,k0) =

=
x〈ϕ−

1 (k1), ϕ−
2 (k2)|(V − U1,2)|k0, φ2〉

Γ(1 + iη̃1)Γ(1 + iη̃2)
+

+
y

Γ(1 + iη)
〈ϕ−

12(k12),K12|(V − U12)|k0, φ2〉+

+ exp
(
−π

2
η
)
〈k1,k2| ((x + y)V − xU1,2 − yU12)×

× G0(E + i0)T (E + i0)|k0, φ2〉, (1.24)

¸ ¶μ±  ¶·μ¨§¢μ²Ó´Ò³¨ ±μ´¸É ´É ³¨ x ¨ y. �μ²μ¦¨³ É¥¶¥·Ó

(x + y)V − xU1,2 − yU12 = 0, (1.25)

ÎÉμ ¶·¨¢¥¤¥É ± · ¢¥´¸É¢Ê ´Ê²Õ ¶μ¸²¥¤´¥£μ ¸² £ ¥³μ£μ ¢ (1.24).
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…¸²¨ § ·Ö¤ ±Ê²μ´μ¢¸±μ£μ Í¥´É·  Z, Éμ ¶μÉ¥´Í¨ ² V ¢ μ¡Ð¥³ ¸²ÊÎ ¥
§ ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

V = −Zq1

r1
− Zq2

r2
+

q1q2

r12
.

ˆ§ (1.25) ¸²¥¤Ê¥É ¸¨¸É¥³   ²£¥¡· ¨Î¥¸±¨Ì Ê· ¢´¥´¨°⎧⎪⎨⎪⎩
−(x + y)Z + Z1x = 0,

−(x + y)Z + Z2x = 0,

(x + y)q1q2 − λ12y = 0.

(1.26)

�É¸Õ¤  ´¥³¥¤²¥´´μ ¸²¥¤Ê¥É · ¢¥´¸É¢μ ÔËË¥±É¨¢´ÒÌ § ·Ö¤μ¢ Z1 = Z2. �μ²μ-
¦¨³ y = xξ ¨ ¸ ÊÎ¥Éμ³ (1.20) ¶μ²ÊÎ¨³ ¨§ (1.26) ¨´É¥·¥¸ÊÕÐ¨¥ ´ ¸ ·¥Ï¥´¨Ö:

Z1 = Z2 =
(Zq1v2v12 + Zq2v1v12 − q1q2v1v2)

v12(q1v2 + q2v1)
, λ12 =

Zjq1q2

Zj − Z
, ξ =

Zj − Z

Z
.

�μ¤¸É ¢²ÖÖ ´ °¤¥´´μ¥ ¢ (1.24), ¶μ²ÊÎ¨³ μ±μ´Î É¥²Ó´μ¥ ¢Ò· ¦¥´¨¥ SBA ¤²Ö
 ³¶²¨ÉÊ¤Ò ¢ · ³± Ì ³¥Éμ¤  ÔËË¥±É¨¢´ÒÌ § ·Ö¤μ¢

t(k1,k2,k0) =

= exp (−iA0)
(

Γ(1+iη) exp (−iÃ1,2)+ξ exp (−iÃ12)Γ(1+iη̃1)Γ(1+iη̃2)
)−1

×

×
[
Γ(1 + iη)〈ϕ−

1 (k1), ϕ−
2 (k2)|

(
V +

Z1q1

r1
+

Z2q2

r2

)
|k0, φ2〉+

+ Γ(1 + iη̃1)Γ(1 + iη̃2)〈ϕ−
12(k12),K12|

(
V − λ12

r12

)
|k0, φ2〉

]
, (1.27)

£¤¥ ¢¸¥ ¢¶μ²´¥ μ¶·¥¤¥²¥´μ.
‚Ò· ¦¥´¨¥ (1.27) ³μ¦´μ É¥¶¥·Ó ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢

¸¥Î¥´¨°. �  ·¨¸. 1 ¢ ± Î¥¸É¢¥ ¶·¨³¥·  ¶·¥¤¸É ¢²¥´ · ¸Î¥É ¸¥Î¥´¨° (e, 2e)-
·¥ ±Í¨° ´   Éμ³¥ ¢μ¤μ·μ¤  ¶μ Ëμ·³Ê²¥ (1.27) (¦¨·´ Ö ²¨´¨Ö) ¢ ¸· ¢´¥´¨¨ ¸
É· ¤¨Í¨μ´´Ò³ FBA. �  ·¨¸. 1, ¢ ´ ¡²Õ¤ ¥É¸Ö ¨´É¥·¥¸´ Ö ¸Ìμ¤¨³μ¸ÉÓ É¥μ·¨¨
± Ô±¸¶¥·¨³¥´ÉÊ ¤ ¦¥ ¤²Ö Ô´¥·£¨°, ±μ£¤  ¶·¨³¥´¨³μ¸ÉÓ ¡μ·´μ¢¸±¨Ì ¶·¨¡²¨-
¦¥´¨° ´¥ ¸²¨Ï±μ³ μ¶· ¢¤ ´´ .

1.4. ‡ ±²ÕÎ¨É¥²Ó´μ¥ § ³¥Î ´¨¥. ‚ § ±²ÕÎ¥´¨¥ · §¤. 1, £¤¥ ¶·¥¤¸É ¢²¥´
³ É¥·¨ ², ¢¶¥·¢Ò¥ μ¶Ê¡²¨±μ¢ ´´Ò° ¢ [26], ¸²¥¤Ê¥É ¸± § ÉÓ, ÎÉμ É¥μ·¨Ö ³´μ-
£μÎ ¸É¨Î´μ£μ ±Ê²μ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö, ¤ ÕÐ Ö ¢μ§³μ¦´μ¸ÉÓ ¶μ¸É·μ¨ÉÓ Ë¨§¨-
Î¥¸±ÊÕ  ³¶²¨ÉÊ¤Ê ¨μ´¨§ Í¨¨, ¸¢μ¡μ¤´ÊÕ μÉ ¤μ¶μ²´¨É¥²Ó´ÒÌ ¸¨´£Ê²Ö·´μ¸É¥°,
¶μ§¢μ²Ö¥É ¸Ëμ·³Ê²¨·μ¢ ÉÓ ³¥Éμ¤ ÔËË¥±É¨¢´ÒÌ § ·Ö¤μ¢, ¢ ±μÉμ·μ³ ÔÉ¨ § ·Ö¤Ò
μ¤´μ§´ Î´μ μ¶·¥¤¥²¥´Ò, ¥¸²¨ ¶μÉ·¥¡μ¢ ÉÓ ÉμÎ´μ¸É¨ ¡μ·´μ¢¸±μ£μ ·Ö¤  ¢¶²μÉÓ
¤μ ¢Éμ·μ£μ ¶μ·Ö¤± .
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�¨¸. 1. TDCS (μ¸Ó Y ) ¤²Ö ·¥ ±Í¨¨ H(e, 2e)H+: a, ¡)  ¸¨³³¥É·¨Î´ Ö ¶²μ¸± Ö £¥μ³¥É·¨Ö,
E0 = 150 Ô‚, E2 = 5 Ô‚, θ1 = 4◦, μ¸Ó X Å Ê£μ² · ¸¸¥Ö´¨Ö ³¥¤²¥´´μ£μ Ô²¥±É·μ´  θ2,
μÉ¸Î¨É ´´Ò° ± ± ¶·μÉ¨¢ Î ¸μ¢μ° ¸É·¥²±¨ ¸μ §´ ±μ³ ¶²Õ¸, É ± ¨ ¶μ Î ¸μ¢μ° ¸É·¥²±¥
¸μ §´ ±μ³ ³¨´Ê¸ μÉ ´ ¶· ¢²¥´¨Ö ´ ²¥É ÕÐ¥£μ Ô²¥±É·μ´ ; ¢) ¸¨³³¥É·¨Î´ Ö ¶²μ¸± Ö
£¥μ³¥É·¨Ö, E1 = E2 = 2 Ô‚, θ1 = θ2 + π (μ¸Ó X). �±¸¶¥·¨³¥´É [27, 28]. �¨¸Ê´μ±
§ ¨³¸É¢μ¢ ´ ¨§ · ¡μÉÒ [26]

2. „‚… 	›‘’�›… —�‘’ˆ–› ‚ Š��…—��Œ ‘�‘’�Ÿ�ˆˆ

2.1. (e,3e)-Ô²¥±É·μ´´ Ö ¨³¶Ê²Ó¸´ Ö ¸¶¥±É·μ¸±μ¶¨Ö. Œ É·¨Î´Ò¥ Ô²¥³¥´-
ÉÒ  ³¶²¨ÉÊ¤Ò ¶·μÍ¥¸¸  ³´μ£μ±· É´μ° ¨μ´¨§ Í¨¨ ±¢ ´Éμ¢μ° ³¨Ï¥´¨ ¡Ò¸É·Ò³
Ô²¥±É·μ´μ³, ±μ£¤  ¢ ±μ´Í¥ ·¥ ±Í¨¨ μ¡· §ÊÕÉ¸Ö ¤¢  ¡Ò¸É·ÒÌ Ô²¥±É·μ´ , ¨§³¥-
·Ö¥³ÒÌ ´  ¸μ¢¶ ¤¥´¨¥, Ö¢²ÖÕÉ¸Ö ¶·μ¸É¥°Ï¨³¨ ¸ ÉμÎ±¨ §·¥´¨Ö ¸¥¶ · ¡¥²Ó´μ£μ
¶·¥¤¸É ¢²¥´¨Ö ËÊ´±Í¨¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö ¢ (‚.1). ‚ ¤ ²Ó´¥°Ï¥³ ³Ò · ¸-
¸³μÉ·¨³  Éμ³ £¥²¨Ö ¢ ± Î¥¸É¢¥ ¶·μ¸É¥°Ï¥° ¤¢ÊÌÔ²¥±É·μ´´μ° ³¨Ï¥´¨. ‚ ±¢ -
§¨Ê¶·Ê£μ° ±¨´¥³ É¨±¥ ±μ´¥Î´ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¸¨¸É¥³Ò ¶·¨´¨³ ¥É ¢¨¤
¶·μ¨§¢¥¤¥´¨Ö ¤¢ÊÌ ¶²μ¸±¨Ì ¢μ²´ ¡Ò¸É·ÒÌ Ô²¥±É·μ´μ¢ c ¨³¶Ê²Ó¸ ³¨ ps,pe ¨
±Ê²μ´μ¢¸±μ° ¢μ²´Ò ³¥¤²¥´´μ£μ Ô²¥±É·μ´  ¸ ¨³¶Ê²Ó¸μ³ p3, μ¶¨¸Ò¢ ÕÐ¥° ¥£μ
¸¢μ¡μ¤´μ¥ ¤¢¨¦¥´¨¥ ¢ ¶μ²¥ Ö¤·  ¸ § ·Ö¤μ³ Z = −2 [29]:

|Ψ−
f (ps,pe,p3)〉 =

1√
2
[|ps,pe, ϕ

−(p3)〉 + (ps ↔ pe)]. (2.1)

‚ ¸¢μÕ μÎ¥·¥¤Ó, ´ Î ²Ó´ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¶·¥¤¸É ¢²Ö¥É¸Ö ¶·μ¨§¢¥¤¥´¨¥³
¶²μ¸±μ° ¢μ²´Ò ¡Ò¸É·μ£μ ¶ ¤ ÕÐ¥£μ Ô²¥±É·μ´  ´  ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ μ¸´μ¢-
´μ£μ ¸μ¸ÉμÖ´¨Ö  Éμ³  £¥²¨Ö

|Ψ+
i (p0)〉 = |p0, Φ0〉. (2.2)
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‚ ± Î¥¸É¢¥ ¢μ§³ÊÐ ÕÐ¥£μ ¶μÉ¥´Í¨ ²  ¢ ÔÉμ³ ¸²ÊÎ ¥ ¡¥·¥É¸Ö ¶μÉ¥´Í¨ ² ±Ê-
²μ´μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ±μ³¶μ´¥´É ³¨Ï¥´¨ ¸ ´ ²¥É ÕÐ¨³ Ô²¥±É·μ´μ³

V = V01 + V02 + V0N . (2.3)

�μ¤¸É ¢²ÖÖ ¢Ò· ¦¥´¨Ö (2.1)Ä(2.3) ¢ (‚.1), ¶μ²ÊÎ¨³

Tfi =
4π

Q2
M, M =

∫
d3r1d

3r2ϕ
−∗(p3, r2; 2) e−iqr1Φ0(r1, r2), (2.4)

£¤¥ Q = p0−ps, ¨ ±Ê²μ´μ¢¸± Ö ËÊ´±Í¨Ö ¸μμÉ¢¥É¸É¢Ê¥É (1.5) ¸ Zeff = 2. ‚ ¶μ-
¤Ò´É¥£· ²Ó´μ³ ¢Ò· ¦¥´¨¨ μ¸É ¢²¥´μ ¥¤¨´¸É¢¥´´μ¥ Ô±¸¶μ´¥´Í¨ ²Ó´μ μ¸Í¨²-
²¨·ÊÕÐ¥¥ ¸² £ ¥³μ¥, ¸μ¤¥·¦ Ð¥¥ ´¥¡μ²ÓÏ¨¥ ¨³¶Ê²Ó¸Ò p3 ¨ q = ps+pe−p0.
ˆ³¥´´μ ´¥¡μ²ÓÏÊÕ ¢¥²¨Î¨´Ê ¨³¶Ê²Ó¸  q ¶·¨ ¡μ²ÓÏ¨Ì p0, ps, pe ¨ μ¡¥¸¶¥Î¨-
¢ ¥É £¥μ³¥É·¨Ö �ˆ‘: ¶²μ¸±¨¥ Ê£²Ò θs ¨ θe ¨³¶Ê²Ó¸μ¢ ps ¨ pe ¶μ μÉ´μÏ¥´¨Õ
± p0 · ¢´Ò ¶·¨³¥·´μ ∓45◦, ¨ Es ∼ Ee ∼ E0/2 (¶μ¤·μ¡´¥¥ ¸³. [7]).

�ÖÉ¨±· É´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨e ¸ ÊÎ¥Éμ³ ¢¸¥Ì ¸¨³³¥É·¨° ¨ μ¡-
³¥´μ¢ ¶·¨´¨³ ¥É ¢¨¤

d5σ

dEs dE3 dΩs dΩe dΩ3
=

8pspep3

(2π)6p0
C|M |2, (2.5)

£¤¥

C =
1

|p0 − ps|4
+

1
|p0 − pe|4

− 1
|p0 − ps|2|p0 − pe|2

.

�·¨ ÔÉμ³ ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ³¥¤²¥´´Ò° Ô²¥±É·μ´ ®μÉ²¨Î¥´¯ μÉ Ô²¥±É·μ´μ¢
s ¨ e, ÎÉμ ¢¶μ²´¥ μ¶· ¢¤ ´´μ ¶·¨ Es ∼ Ee 
 E3.

ˆ§ Ëμ·³Ê²Ò (2.4) ¢¨¤´μ, ÎÉμ ¶·¨ É ±¨Ì Ê¶·μÐ¥´¨ÖÌ ¨´É¥£· ² M ¢Ò£²Ö-
¤¨É ± ± ¤¢μ°´μ° ËÊ·Ó¥-μ¡· § ¢μ²´μ¢μ° ËÊ´±Í¨¨  Éμ³  £¥²¨Ö. ‚ ·Ó¨·ÊÖ ¢
· §Ê³´ÒÌ ¶·¥¤¥² Ì ¨³¶Ê²Ó¸Ò p3 ¨ q, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¤μ¸É ÉμÎ´μ Í¥´´ÊÕ
¨´Ëμ·³ Í¨Õ μ¡ Ô²¥±É·μ´´ÒÌ ±μ··¥²ÖÍ¨ÖÌ ¢ ³¨Ï¥´¨, ¨§ÊÎ Ö ¤¨ËË¥·¥´Í¨-
 ²Ó´μ¥ ¸¥Î¥´¨¥ (2.5). Š ± ¸²¥¤Ê¥É ¨§ ·¥§Ê²ÓÉ Éμ¢ · ¡μÉÒ [29], ÔÉμ ¸¢μ°¸É¢μ
¸μÌ· ´Ö¥É¸Ö, ¤ ¦¥ ¥¸²¨ ´¥ ¨§³¥·ÖÉÓ ´  ¸μ¢¶ ¤¥´¨¥ ³¥¤²¥´´Ò° Ô²¥±É·μ´, É. ¥.
¶·μ¨´É¥£·¨·μ¢ ÉÓ (2.5) ¶μ ¸Ë¥·¨Î¥¸±μ³Ê Ê£²Ê Ω3. �·¨ ÔÉμ³ ¥£μ Ô´¥·£¨Ö Ë¨±-
¸¨·Ê¥É¸Ö § ±μ´μ³ ¸μÌ· ´¥´¨Ö E0 + EHe = Es + Ee + E3 (EHe ≈ −2,9037 Å
Ô´¥·£¨Ö ¸¢Ö§¨  Éμ³  £¥²¨Ö). ’ ±μ° ¶·μÍ¥¸¸ ´ §Ò¢ ¥É¸Ö (e, 3Ä1e).

�  ·¨¸. 2 ¨§μ¡· ¦¥´  ¸Ì¥³  (e, 3Ä1e)-Ô±¸¶¥·¨³¥´É  ´   Éμ³¥ £¥²¨Ö ¢
±¢ §¨Ê¶·Ê£μ° ±¨´¥³ É¨±¥ [8]. ƒ¥μ³¥É·¨Ö ´¥±μ³¶² ´ ·´ Ö, ¶·¨ ÔÉμ³ ¶²μ¸-
±¨¥ Ê£²Ò θs ¨ θe ¸μ¸É ¢²ÖÕÉ ∓45◦, ´ Î ²Ó´ Ö Ô´¥·£¨Ö E0 = 2080 Ô‚ ¨
Es = Ee. �  ·¨¸. 3 ¶·¥¤¸É ¢²¥´Ò · ¸Î¥ÉÒ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨°
(triple differential cross section Å TDCS), ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì μ¤´μ±· É´μ° ¨μ-
´¨§ Í¨¨, μ¸É ¢²ÖÕÐ¥° ¨μ´ He+ ¢ μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨, ¤²Ö Ï¥¸É¨ ¶·μ¡´ÒÌ
¢μ²´μ¢ÒÌ ËÊ´±Í¨°  Éμ³  £¥²¨Ö. �Éμ 1s2-ËÊ´±Í¨¨ •¨²²¥·  ¸  (Hy) [30]
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�¨¸. 2. ‘Ì¥³  ´¥±μ³¶² ´ ·´μ£μ (e, 3e)-Ô±¸¶¥·¨³¥´É . ‘²ÊÎ ° Δφ = 0 ¸μμÉ¢¥É¸É¢Ê¥É
¶²μ¸±μ° £¥μ³¥É·¨¨. �¨¸Ê´μ± § ¨³¸É¢μ¢ ´ ¨§ · ¡μÉÒ [8]

(EHe
Hy = −2,8477) ¨ �ÊÊÉ ´Ä• ·É·¨Ä”μ±  (RHF) [31] (EHe

RHF = −2,8617),
ËÊ´±Í¨Ö •¨²²¥·  ¸ Ä�± ·É Ä— ´¤· ¸¥± ·  (HEC) ¸ · ¤¨ ²Ó´Ò³¨ ±μ··¥²ÖÍ¨-
Ö³¨ [30, 32, 33] (EHe

HEC = −2,8757), 12-±μ³¶μ´¥´É´ Ö ¢ ·¨ Í¨μ´´ Ö ËÊ´±Í¨Ö
—Ê²ÊÊ´¡  É · Ä�Ê§Ò´¨´ Ä‚¨´¨Í±μ£μ (CPV) [34] (EHe

CPV = −2,9030), ËÊ´±-
Í¨Ö Œ¨É·μÖ ¨ ¤·. ¢ ¶·¥¤¸É ¢²¥´¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö ±μ´Ë¨£Ê· Í¨° (CI) [35]
(EHe

CI = −2,9031) ¨ μ¤´  ¨§ ËÊ´±Í¨° �μ´ ³  ¨ Šμ²Ö (BK) [36] (EHe
BK =

−2,9035). Ÿ¢´Ò° ¢¨¤ ¢¸¥Ì ËÊ´±Í¨° ¶·¥¤¸É ¢²¥´ ¢ · ¡μÉ¥ [8]. Š·μ³¥ Éμ£μ,
¡Ò²¨ ¶·μ¢¥¤¥´Ò · ¸Î¥ÉÒ ¢ ¶·¨¡²¨¦¥´¨¨ ¨¸± ¦¥´´ÒÌ ¢μ²´ (DWBA) ¸ ¨¸-
¶μ²Ó§μ¢ ´¨¥³ ËÊ´±Í¨¨ CI ¨ · ¸Î¥É´μ° ¶·μ£· ³³Ò, ¶·¥¤²μ¦¥´´μ° ¢ · ¡μÉ Ì
“ °£μ²¤  ¨ Œ ±-Š ·É¨ [37] (¸³. É ±¦¥ μ¡§μ· [14] ¨ ¸¸Ò²±¨ É ³).

�±¸¶¥·¨³¥´ÉÒ Ö¶μ´¸±μ° £·Ê¶¶Ò [8] ´¥ ¶μ§¢μ²ÖÕÉ ¨§³¥·ÖÉÓ  ¡¸μ²ÕÉ´Ò¥
§´ Î¥´¨Ö ¸¥Î¥´¨Ö ¤²Ö · ¸¸³ É·¨¢ ¥³ÒÌ ¶·μÍ¥¸¸μ¢. �¤´ ±μ μ¤¨´ ±μ¢Ò¥ Ê¸²μ-
¢¨Ö Ô±¸¶¥·¨³¥´Éμ¢ ¸ · §²¨Î´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨ ±μ´¥Î´μ£μ ¨μ´  ¶μ§¢μ²ÖÕÉ
· ¸¸Ê¦¤ ÉÓ μ ±¢ §¨ ¡¸μ²ÕÉ´μ° Ï± ²¥. ˆ¤¥Ö ±¢ §¨´μ·³¨·μ¢±¨ μ¸´μ¢ ´  ´ 
¶· ±É¨Î¥¸±μ³ ¸μ¢¶ ¤¥´¨¨ FBA-· ¸Î¥Éμ¢ ³¥¦¤Ê ¸μ¡μ° ¤²Ö · §²¨Î´ÒÌ ¶·μ¡-
´ÒÌ ËÊ´±Í¨° £¥²¨Ö ± ± ¶μ Ëμ·³¥, É ± ¨ ¶μ  ¡¸μ²ÕÉ´μ° ¢¥²¨Î¨´¥ ¢¶²μÉÓ ¤μ
q ∼ 2 [7, 14, 15, 39]. �μÔÉμ³Ê Ô±¸¶¥·¨³¥´É ²Ó´μ¥ ¸¥Î¥´¨¥ ´μ·³¨·μ¢ ²μ¸Ó ´ 



���–…‘‘› Œ��ƒ�Š��’��‰ ˆ��ˆ‡�–ˆˆ 1035

�¨¸. 3. TDCS ¤²Ö ·¥ ±Í¨¨ He+e → He++2e ¢ ±¢ §¨Ê¶·Ê£μ° ±¨´¥³ É¨±¥ ± ± ËÊ´±Í¨Ö
¨³¶Ê²Ó¸  q. a) ‹μ£ ·¨Ë³¨Î¥¸± Ö Ï± ² ; ¡) ²¨´¥°´ Ö Ï± ² . Š·¨¢ Ö 1 Å Hy × 1,17;
2 Å RHF×1,02; 3 Å HEC×0,94; 4 Å CPV×1,01; 5 Å CI×1,00; 6 Å BK×1,00; 7 Å
DWBA/CI× 0,79. ‚¸¥ É¥μ·¥É¨Î¥¸±¨¥ ¸¥Î¥´¨Ö ¶μ¸²¥ Ê³´μ¦¥´¨Ö ´  ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥
±μÔËË¨Í¨¥´ÉÒ ¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ÕÉ ³¥¦¤Ê ¸μ¡μ° ¨ ¸ Ô±¸¶¥·¨³¥´Éμ³ ¢ ¶·¥¤¥² Ì
q � 2 (¶μ¤·μ¡´μ¸É¨ ¢ É¥±¸É¥). �¨¸Ê´μ± § ¨³¸É¢μ¢ ´ ¨§ · ¡μÉÒ [8]

FBA-· ¸Î¥ÉÒ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¢μ²´μ¢μ° ËÊ´±Í¨¨ CI,   ¨³¥´´μ, ¢ÒÎ¨¸²Ö-
² ¸Ó ¶²μÐ ¤Ó ¶μ¤ ÔÉμ° É¥μ·¥É¨Î¥¸±μ° ±·¨¢μ° ¢¶²μÉÓ ¤μ q = 1,7, ¨ μÉ´μÏ¥´¨¥
 ´ ²μ£¨Î´ÒÌ ¶²μÐ ¤¥° ¤²Ö ¤·Ê£¨Ì ¶·μ¡´ÒÌ ËÊ´±Í¨° ± ¤ ´´μ° ®¸É ´¤ ·É-
´μ°¯ ¶²μÐ ¤¨ μ¶·¥¤¥²Ö²μ ¨´¤¨¢¨¤Ê ²Ó´Ò° ±μÔËË¨Í¨¥´É ¶·μ¡´μ° ËÊ´±Í¨¨.
�  ·¨¸. 3, a ¶·¥¤¸É ¢²¥´Ò ±·¨¢Ò¥ (e, 2e)-¸¥Î¥´¨° ± ± ËÊ´±Í¨¨ ¨³¶Ê²Ó¸  q ¢
²μ£ ·¨Ë³¨Î¥¸±μ° Ï± ²¥,   ´  ·¨¸. 3, ¡ Å ¢ ²¨´¥°´μ°. ‚ÒÎ¨¸²¥´´Ò° ´μ·-
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�¨¸. 4. 4DCS ¤²Ö ·¥ ±Í¨¨ He + e → He++ + 3e ¢ ±¢ §¨Ê¶·Ê£μ° ±¨´¥³ É¨±¥ ± ±
ËÊ´±Í¨Ö ¨³¶Ê²Ó¸  q: a) E3 = 10 Ô‚; ¡) E3 = 20 Ô‚. �²¥±É·μ´ e3 ´¥ ¤¥É¥±É¨·Ê¥É¸Ö.
�¡μ§´ Î¥´¨Ö É¥ ¦¥, ÎÉμ ´  ·¨¸. 2. �¨¸Ê´μ± § ¨³¸É¢μ¢ ´ ¨§ · ¡μÉÒ [8]

³¨·μ¢μÎ´Ò° Ë ±Éμ· ¨¸¶μ²Ó§μ¢ ²¸Ö ¤ ²¥¥ ¤²Ö (e, 3Ä1e)-¶·μÍ¥¸¸μ¢. �  ·¨¸. 4
¶μ³¨³μ · ¸Î¥Éμ¢ ¸ ËÊ´±Í¨¥° CI ¶·¥¤¸É ¢²¥´Ò · ¸Î¥ÉÒ ¸¥Î¥´¨° ¸ ¨¸¶μ²Ó§μ-
¢ ´¨¥³ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° Hy, HF, HEC, CPV ¨ BK,   É ±¦¥ DWBA-· ¸Î¥ÉÒ,
±μÉμ·Ò¥ ³ ¸ÏÉ ¡¨·μ¢ ´Ò ¸ Ë ±Éμ· ³¨ 1,17, 1,02, 0,94, 1,01, 1,00 ¨ 0,79 ¸μ-
μÉ¢¥É¸É¢¥´´μ. �  ·¨¸. 4, a Ô´¥·£¨Ö ³¥¤²¥´´μ£μ Ô²¥±É·μ´  E3 = 10 Ô‚, ´ 
·¨¸. 4, ¡ Å 20 Ô‚.
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�  ·¨¸. 4 ¢ μÉ²¨Î¨¥ μÉ ·¨¸. 3 ´ ¡²Õ¤ ¥É¸Ö ¤μ¢μ²Ó´μ ¶¥¸É· Ö ± ·É¨´  ¨³-
¶Ê²Ó¸´ÒÌ · ¸¶·¥¤¥²¥´¨° (e, 3Ä1e)-·¥ ±Í¨¨. Š·¨¢Ò¥, ¶μ²ÊÎ¥´´Ò¥ ¸ ¨¸¶μ²Ó-
§μ¢ ´¨¥³ ´¥±μ··¥²¨·μ¢ ´´ÒÌ 1s2-ËÊ´±Í¨° Hy ¨ RHF, ¤ ÕÉ ¸Ìμ¦¨¥ ³¥¦¤Ê
¸μ¡μ° ·¥§Ê²ÓÉ ÉÒ, ±μÉμ·Ò¥ ¸¨²Ó´μ μÉ²¨Î ÕÉ¸Ö μÉ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¶·μË¨-
²¥° ¶·¨ μ¡¥¨Ì Ô´¥·£¨ÖÌ E3 = 10 ¨ 20 Ô‚. ‡¤¥¸Ó É ±¦¥ ®¢Ò¶ ¤ ¥É¯ ¶·μ¸É Ö
· ¤¨ ²Ó´μ-±μ··¥²¨·μ¢ ´´ Ö ËÊ´±Í¨Ö HEC: ¥¥ ¶·μË¨²Ó ´¥ ¸μ¢¶ ¤ ¥É ´¨ ¶μ
Ëμ·³¥, ´¨ ¶μ ±¢ §¨ ¡¸μ²ÕÉ´μ° ¢¥²¨Î¨´¥ ¸ ¶·μË¨²Ö³¨ μÉ ¡μ²¥¥ · §¢¨ÉÒÌ
¶·μ¡´ÒÌ ËÊ´±Í¨°. ‚ ¸¢μÕ μÎ¥·¥¤Ó, ®Ìμ·μÏ¨¥¯ ¶·μ¡´Ò¥ ËÊ´±Í¨¨, ¸ Ô´¥·£¨-
Ö³¨, ¡²¨§±¨³¨ ± EHe, ¤ ÕÉ (¶μ¸²¥ Ê³´μ¦¥´¨Ö ´  ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ±μÔËË¨-
Í¨¥´ÉÒ) ¸μ¢¶ ¤ ÕÐ¨¥ ³¥¦¤Ê ¸μ¡μ° ¨ ¶μ Ëμ·³¥ ¸ Ô±¸¶¥·¨³¥´Éμ³ ¶·μË¨²¨, ´μ
¶μ ±¢ §¨ ¡¸μ²ÕÉ´μ° ¢¥²¨Î¨´¥ É¥μ·¨Ö μÉ²¨Î ¥É¸Ö μÉ Ô±¸¶¥·¨³¥´É  ¶μÎÉ¨ ¢ ¤¢ 
· § . �Éμ · §²¨Î¨¥ ¡Ò²μ ¶μ±·ÒÉμ · ¸Î¥É ³¨ ¢μ ¢Éμ·μ³ ¡μ·´μ¢¸±μ³ ¶·¨¡²¨-
¦¥´¨¨ (SBA) [40]. SBA ³Ò §¤¥¸Ó ¶μ¤·μ¡´μ · ¸¸³ É·¨¢ ÉÓ ´¥ ¡Ê¤¥³, ¸± ¦¥³
Éμ²Ó±μ, ÎÉμ £² ¢´Ò° ¢±² ¤ ¤ ÕÉ ¢μ§¡Ê¦¤¥´¨Ö ¶·μ³¥¦ÊÉμÎ´μ£μ ¨μ´  He+. „²Ö
´ ¸ ¦¥ ¢ ¦´μ, ÎÉμ (e, 3Ä1e) ±¢ §¨Ê¶·Ê£¨¥ ¶·μÍ¥¸¸Ò ¶μ§¢μ²ÖÕÉ ´¥ Éμ²Ó±μ ¸¥-
²¥±É¨·μ¢ ÉÓ ¶·μ¡´Ò¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¶μ ¨Ì Ô´¥·£¨¨ ¸¢Ö§¨, ´μ ¨ ¢Ò¤¥²ÖÕÉ
£·Ê¶¶Ê ¢´¥Ï´¥ · §²¨Î´ÒÌ ËÊ´±Í¨° ¸ Ô´¥·£¨Ö³¨ ¸¢Ö§¨, ¡²¨§±¨³¨ ± Ô±¸¶¥·¨-
³¥´ÉÊ, ¤ ÕÐ¨Ì ¸μ¢¶ ¤ ÕÐ¨¥ ³¥¦¤Ê ¸μ¡μ° ¨³¶Ê²Ó¸´Ò¥ · ¸¶·¥¤¥²¥´¨Ö.

2.2. ‡ Ì¢ É ¸ μ¤´μ¢·¥³¥´´μ° ¨μ´¨§ Í¨¥° ³¨Ï¥´¨. �¥ ±Í¨¨ § Ì¢ É  ¡Ò-
¸É·Ò³ ¶·μÉμ´μ³ (¸ Ô´¥·£¨¥° ´¥¸±μ²Ó±μ ŒÔ‚) Ô²¥±É·μ´  ¨§ ³¨Ï¥´¨ ¸ μ¤´μ-
¢·¥³¥´´μ° ¨μ´¨§ Í¨¥° (transfer ionization, TI) μÉ´μ¸ÖÉ¸Ö ± ¶·μÍ¥¸¸ ³ ¸ ¶¥·¥-
¸É·μ°±μ° (‚.2) ¨ Éμ¦¥ ³μ£ÊÉ ¡ÒÉÓ μÉ´¥¸¥´Ò ± ·¥ ±Í¨Ö³ ¸ ¤¢Ê³Ö ¡Ò¸É·Ò³¨
Î ¸É¨Í ³¨ ¢ ±μ´Í¥ (¡Ò¸É·Ò° ¶·μÉμ´ ¨ § Ì¢ Î¥´´Ò° ¨³ Ô²¥±É·μ´). ‚μ§Ó³¥³
¸´μ¢  £¥²¨¥¢ÊÕ ³¨Ï¥´Ó ¨ · ¸¸³μÉ·¨³ μÎ¥´Ó ³ ²¥´Ó±¨¥ Ê£²Ò · ¸¸¥Ö´¨Ö μ¡· -
§μ¢ ¢Ï¥£μ¸Ö ¢μ¤μ·μ¤  (¤μ²¨ ³· ¤) ¢ ·¥ ±Í¨¨ He + p → He++ + H + e. �Éμ
¶μ§¢μ²Ö¥É ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ·¥ ±Í¨Ö ¨¤¥É ¸ μÉ´μ¸¨É¥²Ó´μ ´¥¡μ²ÓÏμ° ¶¥·¥-
¤ Î¥° ¨³¶Ê²Ó¸  ¨μ´Ê £¥²¨Ö ¨ μ¸É ¢²Ö¥É ¥£μ Ö¤·μ ´¥¶μ¤¢¨¦´Ò³ ¢ ¸¨²Ê ¡μ²ÓÏμ°
³ ¸¸Ò Ö¤· , É. ¥. ³μ¦´μ ¶μ²μ¦¨ÉÓ ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ rN ≈ 0. ‚ ÔÉμ³
¸²ÊÎ ¥ ±μ´¥Î´μ¥ ¸μ¸ÉμÖ´¨¥ ¸¨¸É¥³Ò § ¶¨¸Ò¢ ¥É¸Ö ¶·¨¡²¨¦¥´´μ ¢ ¢¨¤¥

〈rp, r1, r2|Ψ−
f (pH,k)〉 ≈ 1√

2
[eipHrpφH(rp−r1)ϕ−(k, r2; 2)+(1 ↔ 2)]. (2.6)

‚ Ëμ·³Ê²¥ (2.6) rp, r1, r2 Å · ¤¨Ê¸Ò-¢¥±Éμ·Ò ¶·μÉμ´ , ¶¥·¢μ£μ ¨ ¢Éμ·μ£μ
Ô²¥±É·μ´μ¢ ¸μμÉ¢¥É¸É¢¥´´μ; φH(r) Å ¢μ²´μ¢ Ö ËÊ´±Í¨Ö μ¡· §μ¢ ¢Ï¥£μ¸Ö ¢μ-
¤μ·μ¤  (± ± ¶· ¢¨²μ, μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö); ϕ−(k, r2; 2) Å ±Ê²μ´μ¢¸± Ö ¢μ²´ 
¢Ò¸¢μ¡μ¦¤ ÕÐ¥£μ¸Ö Ô²¥±É·μ´ . � Î ²Ó´μ¥ ¸μ¸ÉμÖ´¨¥ ¸¨¸É¥³Ò § ¶¨¸Ò¢ ¥É¸Ö
¢ ¢¨¤¥,  ´ ²μ£¨Î´μ³ (2.2):

〈rp, r1, r2|Ψ+
i (pp)〉 = eipprp Φ0(r1, r2). (2.7)

�¶·¥¤¥²¨³ ¶¥·¥¤ ´´Ò° ¨³¶Ê²Ó¸ q = pH − pp ¨ ¢ ± Î¥¸É¢¥ ¢μ§³ÊÐ ÕÐ¥£μ
¶μÉ¥´Í¨ ²  ¢Ò¡¥·¥³ ¶μÉ¥´Í¨ ² ±Ê²μ´μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ±μ³¶μ´¥´É ³¨-
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Ï¥´¨ ¸ ´ ²¥É ÕÐ¨³ ¶·μÉμ´μ³

Vi = Vp1 + Vp2 + VpN . (2.8)

�μ¤¸É ¢²ÖÖ ¢Ò· ¦¥´¨Ö (2.6)Ä(2.8) ¢ (‚.2), ¶μ²ÊÎ¨³

FBA = −4π
√

2
∫

dx
(2π)3

φ̃H(x)
|vp − q − x|2 [F (q; 0;k)+

+ F (vp − x;−vp + q + x;k)−
− 2F (vp − x; 0;k)] = A1 + A2 + A3, (2.9)

£¤¥ ¤²Ö Ê¤μ¡¸É¢  ¢¢¥¤¥´μ μ¡μ§´ Î¥´¨¥

F (y; η;k) =
∫

e−iyr1−iηr2ϕ−∗(k, r2; 2)Φ0(r1, r2) dr1dr2, (2.10)

φ̃H(x) Å ËÊ´±Í¨Ö ¢μ¤μ·μ¤  ¢ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¨ vp = pp/m Å
¸±μ·μ¸ÉÓ ¶·μÉμ´ . ˆ´É¥£· ² A1 ²¥£±μ ¢ÒÎ¨¸²Ö¥É¸Ö  ´ ²¨É¨Î¥¸±¨:

A1 = − 4
√

2π

1 + (vp − q)2
F (q; 0;k), (2.11)

μ¸É ²Ó´Ò¥ ¢ÒÎ¨¸²ÖÕÉ¸Ö Î¨¸²¥´´μ.
‡ ±μ´Ò ¸μÌ· ´¥´¨Ö ¨³¶Ê²Ó¸ 

pp = pH + k + K, (2.12 )

¨ Ô´¥·£¨¨

E =
p2

p

2m
+ EHe =

p2
H

2(m + 1)
+

k2

2
+

K2

2M
+ EH, (2.12¡)

£¤¥ K Å ¨³¶Ê²Ó¸ ¨μ´ ,   M ≈ 4m Å ¥£μ ³ ¸¸ , ¶μ§¢μ²ÖÕÉ · ¸¸Î¨É ÉÓ
¢¥²¨Î¨´Ê ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  q, ¥¸²¨ ¢Ò¡· ÉÓ vp ¢ ± Î¥¸É¢¥ μ¸¨ z:

qz =
vp

2
− k2 − 2(EHe − EH)

2vp
, q⊥ = mvp sin θp ≈ mvpθp. (2.13)

ˆ§ ¸μμÉ´μÏ¥´¨° (2.12) ¨ (2.13) ¢¨¤´μ, ÎÉμ ¸±μ·μ¸ÉÓ ¶·μÉμ´  ¶·¨ ¥£μ Ô´¥·£¨¨ ¢
´¥¸±μ²Ó±μ ŒÔ‚ ´¥ ¶·¥¢ÒÏ ¥É 10  Éμ³´ÒÌ ¥¤¨´¨Í, ¸μμÉ¢¥É¸É¢¥´´μ qz Éμ£μ ¦¥
¶μ·Ö¤± . …¸²¨ Ô´¥·£¨Ö Ô²¥±É·μ´  ¢ ¶·¥¤¥² Ì ¤ ¦¥ ´¥¸±μ²Ó±¨Ì ¸μÉ¥´ ±Ô‚, Éμ
¢¥²¨Î¨´  ¨³¶Ê²Ó¸  ¨μ´  K Éμ¦¥ ¶μ·Ö¤±  ´¥¸±μ²Ó±¨Ì  Éμ³´ÒÌ ¥¤¨´¨Í, Éμ£¤ 
± ± ³ ¸¸  ¶·μÉμ´  m = 1836,15. �Éμ ¶μ§¢μ²Ö¥É ¸ ¡μ²ÓÏμ° ÉμÎ´μ¸ÉÓÕ ¶μ²μ-
¦¨ÉÓ Ô´¥·£¨Õ ¤¢¨¦¥´¨Ö ¨ ¸±μ·μ¸ÉÓ ¨μ´  · ¢´μ° ´Ê²Õ. —Éμ ¦¥ ± ¸ ¥É¸Ö q⊥,
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Éμ ¶·μ¨§¢¥¤¥´¨¥ mθp ¶·¨ Ê£² Ì · ¸¸¥Ö´¨Ö ¤μ 0,5 ³· ¤ ´¥ ¶·¥¢ÒÏ ¥É ¥¤¨´¨ÍÒ.
�É¨ ¸μμ¡· ¦¥´¨Ö μ¶·¥¤¥²ÖÕÉ ¶μ·Ö¤±¨ Ì · ±É¥·´ÒÌ ¢¥²¨Î¨´ § ¤ Î¨.

� ¸¸³μÉ·¨³ É¥¶¥·Ó Ë¨§¨Î¥¸±¨° ¸³Ò¸² FBA- ³¶²¨ÉÊ¤. �³¶²¨ÉÊ¤  A1
¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° É ± ´ §Ò¢ ¥³μ¥ ¶²μ¸±μ¢μ²´μ¢μ¥ ¶·¨¡²¨¦¥´¨¥ �¶¶¥´£¥°-
³¥· -�·¨´±³ ´ ÄŠ· ³¥·¸  (OBK). …£μ ³μ¦´μ ¢ · ³± Ì FBA ¨´É¥·¶·¥É¨·μ-
¢ ÉÓ ± ± ¸Éμ²±´μ¢¥´¨¥ ¶·μÉμ´  ¸ Ô²¥±É·μ´μ³ ¸ ¶μ¸²¥¤ÊÕÐ¨³ § Ì¢ Éμ³ Éμ£μ
¦¥ Ô²¥±É·μ´  (¡Ò¸É·Ò° ±μ´¥Î´Ò° Ô²¥±É·μ´, ÌμÉÖ ¨ ¸¢Ö§ ´´Ò° ¸ ¡Ò¸É·μ° ¶ ¤ -
ÕÐ¥° Î ¸É¨Í¥°). ‚Éμ·μ° Ô²¥±É·μ´ ¨¸¶Ê¸± ¥É¸Ö ¢¸²¥¤¸É¢¨¥ ³£´μ¢¥´´μ° ¶¥·¥-
¸É·μ°±¨ ¶μÉ¥´Í¨ ²μ¢ ¢  Éμ³¥-³¨Ï¥´¨. �Éμ É¨¶¨Î´Ò° ³¥Ì ´¨§³ ¸É·ÖÌ¨¢ ´¨Ö
(shake off, SO), μ¶¨¸ ´´Ò°, ´ ¶·¨³¥·, ¢ · ¡μÉ¥ [41]. ‘· ¢´¥´¨¥ ¢Ò· ¦¥´¨°
(2.11) ¨ (2.4) ¶μ± §Ò¢ ¥É ¶μ²´ÊÕ ¨¤¥´É¨Î´μ¸ÉÓ ¨Ì ¨´É¥£· ²Ó´ÒÌ ¸μ³´μ¦¨É¥-
²¥°, ¨, ± § ²μ¸Ó ¡Ò, TI ¨ ¶·Ö³Ò¥ ±¢ §¨Ê¶·Ê£¨¥ ·¥ ±Í¨¨ ¸ Ê¸¶¥Ìμ³ ³μ£²¨ ¡Ò
¤μ¶μ²´ÖÉÓ ¤·Ê£ ¤·Ê£  ¶·¨ ¨§ÊÎ¥´¨¨ Ô²¥±É·μ´´ÒÌ ±μ··¥²ÖÍ¨° ¢ ³¨Ï¥´¨, É¥³
¡μ²¥¥, ÎÉμ ¤¨ ¶ §μ´ ¨§³¥´¥´¨Ö ¨³¶Ê²Ó¸  q ¢ ¶·μÍ¥¸¸ Ì § Ì¢ É  Ï¨·¥. �Éμ ¸μ-
μ¡· ¦¥´¨¥ ¡Ò²μ ¢Ò¸± § ´μ ¢ · ¡μÉ¥ [42]. �¤´ ±μ ¤²Ö É ±μ£μ ¢Ò¢μ¤  ¸²¥¤Ê¥É
μÍ¥´¨ÉÓ ¢±² ¤Ò ¸² £ ¥³ÒÌ A2 ¨ A3.

�³¶²¨ÉÊ¤  A3 μ¶¨¸Ò¢ ¥É ± ¸ É¥²Ó´μ¥ (¡μ²ÓÏμ° ¶·¨Í¥²Ó´Ò° ¶ · ³¥É·)
¸Éμ²±´μ¢¥´¨¥ ÉÖ¦¥²ÒÌ Î ¸É¨Í, ¶μ¸²¥ Î¥£μ ¶·μ¨¸Ìμ¤¨É § Ì¢ É Ô²¥±É·μ´  ¶·μ-
Éμ´μ³. �μ ¸ÊÉ¨ ÔÉμ Éμ¦¥ SO-³¥Ì ´¨§³ ¨μ´¨§ Í¨¨. �³¶²¨ÉÊ¤Ò A1 ¨ A3
Ï¨·μ±μ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¢ · ´´¨Ì · ¸Î¥É Ì ¡Ò¸É·ÒÌ ¶·μÍ¥¸¸μ¢ ¶¥·¥§ ·Ö¤±¨
(charge transfer, CT) (¸³., ´ ¶·¨³¥·, ¡ §Ê ¤ ´´ÒÌ, ¸μ¡· ´´ÊÕ ¢ �ˆˆŸ”
Œƒ“ [43]).

� ±μ´¥Í,  ³¶²¨ÉÊ¤  A2 μ¶¨¸Ò¢ ¥É ¶·μÍ¥¸¸, ±μ£¤  ¶·μÉμ´ ¸É ²±¨¢ ¥É¸Ö ¸
μ¤´¨³  ±É¨¢´Ò³ Ô²¥±É·μ´μ³ ³¨Ï¥´¨ ¨ ¢Ò¡¨¢ ¥É ¥£μ, ´μ § Ì¢ ÉÒ¢ ¥É ¤·Ê£μ°
 ±É¨¢´Ò° Ô²¥±É·μ´. �μ ¸ÊÉ¨ ¶·¨ · ¸¸¥Ö´¨¨ É ±μ° ¶·μÍ¥¸¸ ¸²¥¤μ¢ ²μ ¡Ò μÉ-
´¥¸É¨ ± SBA, ´μ §¤¥¸Ó μ´ Î ¸ÉÓ FBA. Œ¥Ì ´¨§³, ±μ£¤  ´ ²¥É ÕÐ Ö Î ¸É¨Í 
¶·μ¨§¢μ¤¨É ¤¢  ¤¥°¸É¢¨Ö ¸ ±μ³¶μ´¥´É ³¨ ¸¨¸É¥³Ò, ´ §Ò¢ ¥É¸Ö TS2 (two-step-
2) ¨ μ¶¨¸ ´ ¢ · ¡μÉ¥ [44].

‚ Ô±¸¶¥·¨³¥´É¥ ¢ ¸²ÊÎ ¥ ¶·μ¸Éμ° ¶¥·¥§ ·Ö¤±¨ (¡¥§ ¨μ´¨§ Í¨¨, ¸ ¶¥·¥-
Ìμ¤μ³ ¨μ´ -μ¸É É±  He+ ¢ μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥), ± ± ¶· ¢¨²μ, ¨§³¥·Ö¥É¸Ö
μ¤´μ±· É´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ (SDCS)

dσ

dθp
=

m2θp

2π
|A1 + A2 + A3|2, (2.14)

£¤¥ ¤²Ö · ¸Î¥É  ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì  ³¶²¨ÉÊ¤ ´ ¤μ ¢ (2.10) ¶·μ¨§¢¥¸É¨ § ³¥´Ê
ϕ−∗(k, r2; 2) → φHe+(r2) ¨ ¢ (2.13) k2 → 2EHe+ . Šμ´¥Î´μ, ¢ ·¥ ²Ó´μ³ Ô±¸¶¥-
·¨³¥´É¥ ¢ ¸¨²Ê ¥£μ ¢μ§³μ¦´μ¸É¥° ¶μ ÉμÎ´μ¸É¨ ¨§³¥·¥´¨° ¸²¥¤Ê¥É ÊÎ¨ÉÒ¢ ÉÓ ¨
¢μ§¡Ê¦¤¥´¨Ö ¨μ´ , ¨ ¢μ§¡Ê¦¤¥´¨Ö ¢μ¤μ·μ¤ , ¨ ¶·μ¨§¢μ¤¨ÉÓ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥
¸Ê³³¨·μ¢ ´¨Ö ¢ Ëμ·³Ê²¥ (2.14), É ± ÎÉμ ÔÉμ ¢Ò· ¦¥´¨¥ É¥μ·¥É¨Î¥¸±¨ ³¨´¨-
³ ²Ó´μ¥ ¶·¨ ¸· ¢´¥´¨¨ ¸ Ô±¸¶¥·¨³¥´Éμ³. Š·μ³¥ Éμ£μ, ¸¥Î¥´¨¥ (2.14) ¤μ²¦´μ
¡ÒÉÓ ¶μ¤¢¥·£´ÊÉμ É ± ´ §Ò¢ ¥³μ° μ¶¥· Í¨¨ ±μ´¢μ²ÕÍ¨¨, ¶μ¸±μ²Ó±Ê ¢ ·¥ ²Ó-
´μ³ Ô±¸¶¥·¨³¥´É¥ Ê£μ² ¨§³¥·Ö¥É¸Ö ± ± ¸·¥¤´¥¥ ¢ ¶·¥¤¥² Ì ´¥±μ¥£μ μ±´ , É. ¥.
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¸²¥¤Ê¥É ¶·μ¨§¢¥¸É¨ ´¥μ¡Ìμ¤¨³Ò¥ Ê¸·¥¤´¥´¨Ö ¨ ¢ ¸¥Î¥´¨¨. �´¨, ± ± ¶· ¢¨²μ,
§´ Î¨É¥²Ó´μ ¸£² ¦¨¢ ÕÉ ¥£μ ¢μ§³μ¦´Ò¥ ¸± Î±¨. ŒÒ ´  ÔÉ¨Ì ¢μ¶·μ¸ Ì §¤¥¸Ó
μ¸É ´ ¢²¨¢ ÉÓ¸Ö ¡μ²¥¥ ¶μ¤·μ¡´μ ´¥ ¡Ê¤¥³.

‚ TI-¶·μÍ¥¸¸ Ì ³μ¦´μ ¨§³¥·ÖÉÓ ¤¢Ê±· É´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥
(DDCS)

d2σ

dθp dk
=

m2θp

(2π)4
|A1 + A2 + A3|2 (2.15)

¸  ³¶²¨ÉÊ¤ ³¨ (2.9) ¨ · §²¨Î´Ò¥ ¨´É¥£· ²Ó´Ò¥ ¢ ·¨ Í¨¨, ´ ¶·¨³¥·, μ¤´μ-
±· É´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ (SDCS)

dσ

dθp
=

m2θp

(2π)4

∫
|A1 + A2 + A3|2 dk, (2.16)

±μ£¤  ¢Ò²¥É¥¢Ï¨° Ô²¥±É·μ´ ´¥ ¨§³¥·Ö¥É¸Ö. ‚ ¸¨²Ê ¡Ò¸É·μ£μ Ê³¥´ÓÏ¥´¨Ö
 ³¶²¨ÉÊ¤ ¸ ·μ¸Éμ³ k ·¥ ²Ó´μ¥ ¨´É¥£·¨·μ¢ ´¨¥ ¢ (2.16) μ£· ´¨Î¨¢ ¥É¸Ö ´¥-
¸±μ²Ó±¨³¨ ¤¥¸ÖÉ± ³¨  Éμ³´ÒÌ ¥¤¨´¨Í. �μ²ÓÏμ° μ¡Ñ¥³ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ
³ É¥·¨ ²  ´  ¸μ¢¶ ¤¥´¨¥ ¶μ § Ì¢ ÉÊ ´  £¥²¨¥¢μ° ³¨Ï¥´¨ ´ ±μ¶²¥´ £·Ê¶¶μ°
˜³¨¤ÉaÄ�¥±¨´£  [45Ä48].

�  ·¨¸. 5 ¶·¥¤¸É ¢²¥´μ SDCS ± ± ËÊ´±Í¨Ö Ê£²  · ¸¸¥Ö´¨Ö θp ¤²Ö É·¥Ì
¶·μ¡´ÒÌ ËÊ´±Í¨° £¥²¨Ö: 1s2-ËÊ´±Í¨° Hy [30] ¨ RHF [31], ¨ ±μ··¥²¨·μ¢ ´-
´μ° CI-ËÊ´±Í¨¨ [35]. ‚¨¤´μ, ÎÉμ ¢±² ¤Ò ¸² £ ¥³ÒÌ A2 ¨ A3 §´ Î¨É¥²Ó´μ
Ê²ÊÎÏ ÕÉ ¸μ¢¶ ¤¥´¨¥ ¸ Ô±¸¶¥·¨³¥´Éμ³ ¶·¨ Ê£² Ì θp � 0,2 ³· ¤ ¶μ ¸· ¢´¥-
´¨Õ ¸ OBK (A1), ¶·¨Î¥³ ¢±² ¤  ³¶²¨ÉÊ¤Ò A2 ¸· ¢´¨É¥²Ó´μ ³ ². � ¸Î¥ÉÒ
¶·¨¢¥¤¥´Ò ¡¥§ ¶·¨³¥´¥´¨Ö ± ´¨³ ¶·μ£· ³³Ò ±μ´¢μ²ÕÍ¨¨, ±μÉμ· Ö ¸£² ¦¨-
¢ ¥É ¶·μ¢ ² ¸¥Î¥´¨Ö ¢ · °μ´¥ θp ∼ 0,25 ³· ¤ ¨ ¤ ¥É ²ÊÎÏ¥¥ ¸μ£² ¸¨¥ É¥μ·¨¨ ¸
Ô±¸¶¥·¨³¥´Éμ³ ¢ ÔÉμ° μ¡² ¸É¨. Š·μ³¥ Éμ£μ, · ¸Î¥ÉÒ ¢¸¥Ì É·¥Ì FBA-¸² £ ¥³ÒÌ
¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸ÖÉ μÉ ¢¨¤  ¢μ²´μ¢μ° ËÊ´±Í¨¨ £¥²¨Ö, ± ± ÔÉμ ´ ¡²Õ¤ -
²μ¸Ó ¨ ¢ ¸²ÊÎ ¥ (e, 2e) �ˆ‘ Ô±¸¶¥·¨³¥´Éμ¢ (¸³. ·¨¸. 3). ƒ² ¢´Ò° ¢±² ¤ ÉÊÉ
¤ ¥É Éμ²Ó±μ 1s2-¸μ¸É ¢²ÖÕÐ Ö ¢μ²´μ¢μ° ËÊ´±Í¨¨.

�¡ÑÖ¸´¨ÉÓ ÔÉμÉ ÔËË¥±É ³μ¦´μ, ¥¸²¨ μ¡· É¨ÉÓ¸Ö ± ±μμ·¤¨´ É´μ³Ê ¶·¥¤-
¸É ¢²¥´¨Õ ¨´É¥£· ²μ¢ A2 ¨ A3 ¢ ¸²ÊÎ ¥ ¶·μ¸Éμ° ¶¥·¥§ ·Ö¤±¨:

A3 = 2
√

2
∫

dr2φHe+(r2)J(r2;q,vp − q), (2.17)

£¤¥

J(r2;q,vp − q) =
∫

dr0 dr1

|r0 − r1|
e−iqr1 e−i(vp−q)r0φH(r0)Φ0(r1, r2), (2.18)

¨

A2 = −
√

2
∫

dr0 dr1 dr2
|r0 − r1 + r2|

×

× e−iqr1 e−i(vp−q)r0φHe+(r2)φH(r0)Φ0(r1, r2). (2.19)
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�¨¸. 5. SDCS ¤²Ö ·¥ ±Í¨¨ He + p → He+ + H ± ± ËÊ´±Í¨Ö Ê£²  · ¸¸¥Ö´¨Ö θp: a) Hy;
¡) RHF; ¢) CI [35]. ‘¶²μÏ´ Ö ±·¨¢ Ö Å A1; ÏÉ·¨Ìμ¢ Ö Å A1 + A3; ¶Ê´±É¨·´ Ö Å
A1 + A2 + A3. �¨¸Ê´μ± § ¨³¸É¢μ¢ ´ ¨§ · ¡μÉÒ [49]

’¨¶¨Î´ Ö CI-ËÊ´±Í¨Ö £¥²¨Ö (¤·Ê£μ¥ ´ §¢ ´¨¥ Å ËÊ´±Í¨Ö ¸²ÔÉ¥·μ¢¸±μ£μ
É¨¶ ) ¨³¥¥É ¢¨¤

Φ0(r1, r2) =
∑
l=0

Ψl(r1, r2), (2.20)

£¤¥

Ψl(r1, r2) = 4π
∑

n�(l+1)

Cnlψnl(r1)ψnl(r2)×

×
l∑

m=−l

〈l, m; l,−m|0, 0〉Yl,m(r1)Yl,−m(r2),

ψnl(r) = rl
∑

i

dnl
i

√
(εnl

i )3

π
e−εnl

i r. (2.21)

‚ Î ¸É´μ¸É¨, ¶·μ¸É¥°Ï Ö 1s2 Hy ¢μ²´μ¢ Ö ËÊ´±Í¨Ö § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

Φ0(r1, r2) =
Z3

π
e−Z(r1+r2), Z = 27/16 = 1,6875.
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ˆ§ μ¡Ð¨Ì ¶·¨´Í¨¶μ¢ ¨´É¥£·¨·μ¢ ´¨Ö ¸ ¡Ò¸É·μμ¸Í¨²²¨·ÊÕÐ¨³¨ ËÊ´±Í¨Ö³¨
¶·¨ ¶·μÎ¨Ì £² ¤±¨Ì ËÊ´±Í¨ÖÌ,   ¢¥²¨Î¨´Ò q, |vp−q| � vp/2 ¢ (2.13) ¨ (2.14)
¡μ²ÓÏ¨¥, ¸²¥¤Ê¥É, ÎÉμ μ¸´μ¢´μ° ¢±² ¤ ¢ ÔÉ¨ ¨´É¥£· ²Ò ¢´μ¸ÖÉ ¶ ·Í¨ ²Ó´Ò¥
¸² £ ¥³Ò¥ ¸ l = 0 ¢ (2.21). �ÉμÉ ¢Ò¢μ¤ ¶μ¤É¢¥·¦¤ ¥É¸Ö ¨ Î¨¸²¥´´Ò³ ¨´É¥-
£·¨·μ¢ ´¨¥³ ¸ μ¸É ¢²¥´¨¥³ Éμ²Ó±μ 1s2-¸² £ ¥³μ£μ Ψ0(r1, r2) ¢ CI-ËÊ´±Í¨¨
Œ¨É·μÖ ¨ ¤·. [35].

‘¨ÉÊ Í¨Ö ± ·¤¨´ ²Ó´μ ³¥´Ö¥É¸Ö ¶·¨ · ¸¸³μÉ·¥´¨¨ ¶·μÍ¥¸¸μ¢ ¶¥·¥§ -
·Ö¤±¨ ¸ ¨μ´¨§ Í¨¥°. �± §Ò¢ ¥É¸Ö, ÎÉμ ¸² £ ¥³μ¥ A2 ¢ (2.9) ¤ ¥É ²¨¤¨·ÊÕ-
Ð¨° ¢±² ¤ ¢ FBA-¸Ê³³Ê ´¥§ ¢¨¸¨³μ μÉ ¢¨¤  ¶·μ¡´μ° ËÊ´±Í¨¨. ˆ´É¥·¥¸´μ
μÉ³¥É¨ÉÓ, ÎÉμ ¥¸²¨ ¸μ¢¸¥³ ®¢Ò±²ÕÎ¨ÉÓ¯ Ô²¥±É·μ´´Ò¥ ±μ··¥²ÖÍ¨¨ ¢ £¥²¨¥-
¢μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨, Éμ ÔÉμ ¥¤¨´¸É¢¥´´μ¥ ¸² £ ¥³μ¥, ±μÉμ·μ¥ μ¸É ´¥É¸Ö
´¥´Ê²¥¢Ò³. �¸É ²Ó´Ò¥ ¨¸Î¥§´ÊÉ ¢ ¸¨²Ê μ·Éμ£μ´ ²Ó´μ¸É¨ ¸μ¡¸É¢¥´´ÒÌ ËÊ´±-
Í¨° ¨μ´  £¥²¨Ö, ¶·¨´ ¤²¥¦ Ð¨Ì ± · §´Ò³ ¢¥É¢Ö³ ¸¶¥±É· . ˆ³¥´´μ ¶μÔÉμ³Ê
1s2-¸² £ ¥³Ò¥ ¢ (2.21) §¤¥¸Ó ¤ ÕÉ ¤μ¸É ÉμÎ´μ ³ ²Ò° ¢±² ¤ ¢ ¶μ²´ÊÕ FBA-
 ³¶²¨ÉÊ¤Ê.

�  ·¨¸. 6 ¶·¥¤¸É ¢²¥´μ SDCS, ¶μ²ÊÎ¥´´μ¥ Î¨¸²¥´´Ò³ ¨´É¥£·¨·μ¢ ´¨¥³
¢Ò· ¦¥´¨Ö (2.15). ’¥μ·¥É¨Î¥¸±¨¥ ±·¨¢Ò¥ ¶·¨¢¥¤¥´Ò ¡¥§ ¶·¨³¥´¥´¨Ö μ¶¥· -
Í¨¨ ±μ´¢μ²ÕÍ¨¨. ®•¢μ¸ÉÒ¯ ±·¨¢ÒÌ ¶·¨ θp � 0,2 ³· ¤ ± ± · § ¢ μ¸´μ¢´μ³
μ¶·¥¤¥²ÖÕÉ¸Ö  ³¶²¨ÉÊ¤μ° A2, ¶μ¸±μ²Ó±Ê ¤·Ê£¨¥ ¸¶ ¤ ÕÉ ¡Ò¸É·¥¥. ˆ´É¥·¥¸´μ
μÉ³¥É¨ÉÓ ¸´μ¢  ¸μ¢¶ ¤¥´¨¥ ¸¥Î¥´¨° ¤²Ö ®Ìμ·μÏ¨Ì¯ ±μ··¥²¨·μ¢ ´´ÒÌ ¶·μ¡-
´ÒÌ ËÊ´±Í¨°, ´¥¸³μÉ·Ö ´  ¸μ¢¥·Ï¥´´μ ¤·Ê£μ° ¤μ³¨´¨·ÊÕÐ¨° ³¥Ì ´¨§³ ·¥-
 ±Í¨¨, Î¥³ ¢ ¸²ÊÎ ¥ (e, 3e) ±¢ §¨Ê¶·Ê£¨Ì ·¥ ±Í¨°, ¨ ¨´É¥£· ²Ó´Ò° Ì · ±É¥·
¸¥Î¥´¨Ö (2.16). �·¨ ÔÉμ³ ®¶²μÌ Ö¯ ËÊ´±Í¨Ö Hy ¤ ¥É § ³¥É´μ μÉ²¨Î ÕÐ¨°¸Ö
·¥§Ê²ÓÉ É.

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

d2σ

dEe dΩe
=

m2k

(2π)5

∫
|A1 + A2 + A3|2 dΩp, (2.22)

μÉ· ¦ ÕÐ¥¥ · ¸¶·¥¤¥²¥´¨¥ ¨μ´¨§μ¢ ´´μ£μ Ô²¥±É·μ´  ¢ § ¢¨¸¨³μ¸É¨ μÉ ¥£μ
Ê£²  Ô³¨¸¸¨¨ θe (¸³. É ±¦¥  ´ ²μ£¨Î´Ò° ·¨¸. 1 ¢ · ¡μÉ¥ [52]). � ¸Î¥É μ¶ÖÉÓ
¶·μ¢¥¤¥´ ¤²Ö ±μ··¥²¨·μ¢ ´´μ° ¨ 1s2 ¶·μ¡´μ° ËÊ´±Í¨¨. Šμ´¥Î´μ, ³Ò ¶μ²´μ-
¸ÉÓÕ ¸μ£² ¸´Ò ¸ ¤¨¸±Ê¸¸¨¥° μ ·μ²¨ SBA-Î²¥´μ¢ ¢ · ¡μÉ¥ ƒμ¤Ê´μ¢  ¨ ¤·. [52]
(μ¡² ¸ÉÓ ¢ · °μ´¥ 100◦). �¤´ ±μ ÌμÉ¨³ μ¡· É¨ÉÓ ¢´¨³ ´¨¥ Î¨É É¥²Ö ´  Éμ,
ÎÉμ ¸¥Î¥´¨Ö, · ¸¸Î¨É ´´Ò¥ ¸ ¶·μ¡´Ò³¨ ¢μ²´μ¢Ò³¨ ËÊ´±Í¨Ö³¨ ¸ · §´μ° ¸É¥-
¶¥´ÓÕ Ô²¥±É·μ´´ÒÌ ±μ··¥²ÖÍ¨°, ³μ£ÊÉ ¸ Ê¸¶¥Ìμ³ μ¶¨¸Ò¢ ÉÓ · §²¨Î´Ò¥ Î ¸É¨
Ô±¸¶¥·¨³¥´É ²Ó´μ£μ · ¸¶·¥¤¥²¥´¨Ö. �Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ³μ¦¥É ¸²Ê¦¨ÉÓ ¨¸-
ÉμÎ´¨±μ³ ¶μ¸¶¥Ï´ÒÌ ¢Ò¢μ¤μ¢.

2.3. �¡¸Ê¦¤¥´¨¥ ·¥§Ê²ÓÉ Éμ¢. ‚ · §¤. 2 · ¸¸³μÉ·¥´Ò ¤¢  ¤μ¸É ÉμÎ´μ · §-
²¨Î´ÒÌ ¨μ´¨§ Í¨μ´´ÒÌ ¶·μÍ¥¸¸  ¸ ÊÎ ¸É¨¥³ ¡Ò¸É·μ° ´ ²¥É ÕÐ¥° Î ¸É¨ÍÒ
¨  Éμ³  £¥²¨Ö. ‘É·μ£μ £μ¢μ·Ö, ÔÉμ ¶·μ¡²¥³  Î¥ÉÒ·¥Ì Î ¸É¨Í, ´μ ¶·¨¸ÊÉ¸É¢¨¥
¤¢ÊÌ ¡Ò¸É·ÒÌ ¦¥ Î ¸É¨Í ¢ ±μ´Í¥ ·¥ ±Í¨¨ (¤¢  Ô²¥±É·μ´  ¢ ±¢ §¨Ê¶·Ê£¨Ì
·¥ ±Í¨ÖÌ, ¸¢Ö§ ´´ Ö (pe)-¶ ·  ¢ ·¥ ±Í¨ÖÌ § Ì¢ É ) ¶μ§¢μ²Ö¥É ¸ÊÐ¥¸É¢¥´´μ
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�¨¸. 6. SDCS ¤²Ö ·¥ ±Í¨¨ He + p → He++ + H + e ± ± ËÊ´±Í¨Ö Ê£²  · ¸¸¥Ö´¨Ö
θp. ‘¶²μÏ´ Ö ±·¨¢ Ö Å CI-ËÊ´±Í¨Ö Œ¨É·μÖ ¨ ¤·. [35]; É·¥Ê£μ²Ó´¨±¨ Å CI-ËÊ´±Í¨Ö
�¥¸¡¥É  ¨ ‚ É¸μ´  [50]; ¶Ê´±É¨·´ Ö Å- ËÊ´±Í¨Ö •¨²²¥·  ¸  Hy; ±¢ ¤· ÉÒ Å Ô±¸¶¥-
·¨³¥´É [45]. �¨¸Ê´μ± § ¨³¸É¢μ¢ ´ ¨§ · ¡μÉÒ [51]

�¨¸. 7. DDCS ¤²Ö ·¥ ±Í¨¨ He + p → He++ + H + e ± ± ËÊ´±Í¨Ö Ê£²  Ô³¨¸¸¨¨
Ô²¥±É·μ´  θe. Ee = 600 Ô‚, Ep = 1,0 ŒÔ‚. ‘¶²μÏ´ Ö ±·¨¢ Ö Å CI-ËÊ´±Í¨Ö Œ¨É·μÖ
¨ ¤·. [35]; ¶Ê´±É¨·´ Ö Å ËÊ´±Í¨Ö •¨²²¥·  ¸  Hy; ±¢ ¤· ÉÒ Å Ô±¸¶¥·¨³¥´É [53].
�¨¸Ê´μ± § ¨³¸É¢μ¢ ´ ¨§ · ¡μÉÒ [51]

Ê¶·μ¸É¨ÉÓ μ¶¨¸ ´¨¥ ±μ´¥Î´ÒÌ ¸μ¸ÉμÖ´¨° É ±¨Ì ¶·μÍ¥¸¸μ¢ ¨ · ¸¸³ É·¨¢ ÉÓ
¨Ì ¢ · ³± Ì FBA. ’ ±¨¥ ·¥ ±Í¨¨ ¢¥¸Ó³  ¨´Ëμ·³ É¨¢´Ò μ¡ Ô²¥±É·μ´´ÒÌ ±μ·-
·¥²ÖÍ¨ÖÌ ¢ ³¨Ï¥´¨, ¤ ¦¥ ¢ ¸²ÊÎ ¥ ·¥ ±Í¨° ¶¥·¥§ ·Ö¤±¨ ¸ μ¤´μ¢·¥³¥´´μ°
¨μ´¨§ Í¨¥°.

�μ¸²¥¤´¥¥ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ¤μ¸É ÉμÎ´μ Ê¤¨¢¨É¥²Ó´μ, ¶μ¸±μ²Ó±Ê SDCS ¥¸ÉÓ
·¥§Ê²ÓÉ É ³´μ£μ±· É´μ£μ ¨´É¥£·¨·μ¢ ´¨Ö  ³¶²¨ÉÊ¤ ¨ ¨Ì ¸Ê³³ ¨, ± § ²μ¸Ó ¡Ò,
¨´Ëμ·³ Í¨Ö μ Éμ´±¨Ì ±μ··¥²ÖÍ¨μ´´ÒÌ ¶·μÍ¥¸¸ Ì ¤μ²¦´  ¶·¨ ÔÉμ³ ´¨¢¥²¨-
·μ¢ ÉÓ¸Ö. Š·μ³¥ Éμ£μ, ¤μ³¨´¨·ÊÕÐ¨° ¢±² ¤ ¢ FBA- ³¶²¨ÉÊ¤Ê §¤¥¸Ó ¢´μ¸¨É
´¥ OBK-Î²¥´, ¶μ²´μ¸ÉÓÕ  ´ ²μ£¨Î´Ò°  ³¶²¨ÉÊ¤¥ (e, 3e) ±¢ §¨Ê¶·Ê£μ£μ ¢Ò-
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¡¨¢ ´¨Ö,   ´ ¨³¥´¥¥ ®¨´Ëμ·³ É¨¢´Ò°¯ Î²¥´ A2, ¤ ÕÐ¨° ¢±² ¤ ¤ ¦¥ ¶·¨
¶μ²´μ³ μÉ¸ÊÉ¸É¢¨¨ ee-±μ··¥²ÖÍ¨° ¢ ±¢ ´Éμ¢μ° ³¨Ï¥´¨. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ,
ÎÉμ μ ¡μ£ Éμ³ ¨´Ëμ·³ Í¨μ´´μ³ ¸μ¤¥·¦ ´¨¨ TI-Ô±¸¶¥·¨³¥´Éμ¢ ´¥μ¤´μ±· É´μ
£μ¢μ·¨²μ¸Ó ¢ · ¡μÉ Ì Î²¥´μ¢ ±μ³ ´¤Ò ˜³¨¤É Ä�e±¨´£  [45Ä48].

‚μμ¡Ð¥ ¸²¥¤Ê¥É ¸± § ÉÓ, ÎÉμ  ³¶²¨ÉÊ¤Ò A2 ¨ A3 ¢ ¸²ÊÎ ¥ ± ± CT-, É ±
¨ TI-·¥ ±Í¨° ¶· ±É¨Î¥¸±¨ ´¥ ¤μ¶Ê¸± ÕÉ ± ±¨Ì-²¨¡μ ¶·¨¡²¨¦¥´´ÒÌ ¢Ò· ¦¥-
´¨°, ¸¢Ö§ ´´ÒÌ ¸ ¡μ²ÓÏμ° ¸±μ·μ¸ÉÓÕ ´ ²¥É ÕÐ¥£μ ¶·μÉμ´ , ±·μ³¥ Ê¶μ³Ö´Ê-
ÉÒÌ ¢ÒÏ¥. ’ ± ´ §Ò¢ ¥³μ¥ ¶·¨¡²¨¦¥´¨¥ MPI (multiple peaking approximation,
¸³., ´ ¶·¨³¥·, [54]) ´¥ · ¡μÉ ¥É Ê¦¥ ¶·¨ Ê£² Ì θp � 1,5 ³· ¤ ¢ ¸²ÊÎ ¥ ¶¥·¥§ -
·Ö¤±¨ ¨ ¸μ¢¥·Ï¥´´μ ´¥ · ¡μÉ ¥É ¢ ¸²ÊÎ ¥ TI-·¥ ±Í¨°. �¥±μÉμ·Ò¥ ¨´É¥£· ²Ò
³μ¦´μ  ´ ²¨É¨Î¥¸±¨ ¶μ¸Î¨É ÉÓ ¶μ ‹ÓÕ¨¸Ê [55]. �μ¤·μ¡´μ¸É¨ ³μ¦´μ ´ °É¨ ¢
· ¡μÉ¥ [51], ¨ §¤¥¸Ó ´  ÔÉμ³ ¨´É¥·¥¸´μ³ ¢μ¶·μ¸¥ ³Ò μ¸É ´ ¢²¨¢ ÉÓ¸Ö ´¥ ¡Ê¤¥³.

Š ¸μ¦ ²¥´¨Õ, ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¸ ¤¢Ê³Ö ¡Ò¸É·Ò³¨ Ë· £³¥´-
É ³¨ ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ Î·¥§¢ÒÎ °´μ ³ ²Ò ¶μ  Éμ³´Ò³ ³¥·± ³ ¨ ¤μ¸É -
ÉμÎ´μ ¡Ò¸É·μ Ê¡Ò¢ ÕÉ ¸ ·μ¸Éμ³ Ô´¥·£¨¨ ´ ²¥É ÕÐ¥° Î ¸É¨ÍÒ. �¸μ¡¥´´μ
ÔÉμ μÉ´μ¸¨É¸Ö ± ·¥ ±Í¨Ö³ ¶¥·¥§ ·Ö¤±¨. �μ ÔÉμ° ¶·¨Î¨´¥ Ô±¸¶¥·¨³¥´É Éμ·Ò
´¥ ¸²¨Ï±μ³ ¸±²μ´´Ò ± ¶μ¸É ´μ¢±¥ É ±¨Ì Ô±¸¶¥·¨³¥´Éμ¢ ¨ ¶·¥¤¶μÎ¨É ÕÉ ·¥-
 ±Í¨¨ ¸ μ¤´μ° ¡Ò¸É·μ° Î ¸É¨Í¥° ¢ ±μ´Í¥, ± · ¸¸³μÉ·¥´¨Õ ±μÉμ·ÒÌ ³Ò ¨
¶¥·¥Ìμ¤¨³.

3. �„�� 	›‘’��Ÿ —�‘’ˆ–� ‚ Š��…—��Œ ‘�‘’�Ÿ�ˆˆ

�¤´  ¡Ò¸É· Ö Î ¸É¨Í  ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ Å ÔÉμ, ± ± ¶· ¢¨²μ, ´ ²¥-
É ÕÐ Ö ´  (´¥°É· ²Ó´ÊÕ) ³¨Ï¥´Ó Î ¸É¨Í , μÉ¤ ¢Ï Ö ¥° Î ¸ÉÓ (´¥¡μ²ÓÏÊÕ)
Ô´¥·£¨¨ ¨ ¨³¶Ê²Ó¸ . ‚ · ³± Ì FBA Ë ±Éμ·¨§ Í¨Ö ±μ´¥Î´μ° ËÊ´±Í¨¨ ¸¨¸É¥³Ò
§¤¥¸Ó É·¨¢¨ ²Ó´ : ¤²Ö ¤μ¸É ÉμÎ´μ ¡Ò¸É·μ° Î ¸É¨ÍÒ ¥¥ ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¸ÊÉÓ
¶²μ¸± Ö ¢μ²´ , Ê³´μ¦¥´´ Ö ´  ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö ³¨-
Ï¥´¨. „ ²Ó´¥°Ï¥¥ Ê¶·μÐ¥´¨¥ ÔÉμ° ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¶·¥¤¸É ¢²Ö¥É¸Ö ¶·μ-
¡²¥³ É¨Î´Ò³, μ¸μ¡¥´´μ ¶·¨ ´¥¡μ²ÓÏ¨Ì (μ±μ²μ¶μ·μ£μ¢ÒÌ) Ô´¥·£¨ÖÌ ¨¸¶ÊÐ¥´-
´ÒÌ Ô²¥±É·μ´μ¢, ¤ ¦¥ ¥¸²¨ μ´ μ¤¨´.

�μ²ÓÏ¨´¸É¢μ É¥μ·¥É¨Î¥¸±¨Ì ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ · ¡μÉ μÉ´μ¸ÖÉ¸Ö ± ¤¨-
¶μ²Ö·´Ò³ ·¥ ±Í¨Ö³ ´  £¥²¨¨. Šμ´¥Î´ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¢ ÔÉμ³ ¸²ÊÎ ¥
μ¶¨¸Ò¢ ¥É É·¥ÌÎ ¸É¨Î´Ò° ±μ´É¨´ÊÊ³ ¤¢ÊÌ ³¥¤²¥´´ÒÌ Ô²¥±É·μ´μ¢ ¢ ¶μ²¥ (´¥-
¶μ¤¢¨¦´μ£μ) Ö¤· . Š ± £μ¢μ·¨²μ¸Ó ¢μ ¢¢¥¤¥´¨¨, ¤ ¦¥ ÔÉ  ¶·μ¸É¥°Ï Ö § ¤ Î 
´¥ ¨³¥¥É ·¥Ï¥´¨Ö, ±μÉμ·μ¥ ³μ¦´μ ¡Ò²μ ¡Ò ¨¸¶μ²Ó§μ¢ ÉÓ ¢ ¶· ±É¨±¥ Î¨¸²¥´-
´ÒÌ · ¸Î¥Éμ¢. �¡ ¨³¥ÕÐ¨Ì¸Ö §¤¥¸Ó ¶μ¤Ìμ¤ Ì ³Ò ¶μ¤·μ¡´¥¥ ¶μ£μ¢μ·¨³ ´¨¦¥
¢ ¤ ´´μ³ · §¤¥²¥.

‘·¥¤¨ ¶·¨¡²¨¦¥´¨° ¸²¥¤Ê¥É ¢Ò¤¥²¨ÉÓ É ± ´ §Ò¢ ¥³ÊÕ 3C-ËÊ´±Í¨Õ, ¶·¥¤-
¸É ¢²ÖÕÐÊÕ ¶·μ¨§¢¥¤¥´¨¥ É·¥Ì ËÊ´±Í¨° É¨¶  (1.5) [56] ¨ · §²¨Î´Ò¥ ¢ ·¨-
 Í¨¨ ´  ÔÉÊ É¥³Ê. �¨μ´¥·¸±¨¥ · ¸Î¥ÉÒ ¸ ÔÉμ° ËÊ´±Í¨¥° ¢ ¸²ÊÎ ¥ £¥²¨¥¢μ°
³¨Ï¥´¨ ¡Ò²¨ ¶·μ¢¥¤¥´Ò „ ²Ó Š ¶¶¥²²μ ¨ †Ê²Ö±Ö´μ³ [57] ¨ ¶μ± § ²¨ ¢Ò¸μ-
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±ÊÕ ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ¶ÖÉ¨±· É´μ£μ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ± ±μ··¥²Ö-
Í¨Ö³ ±μ´¥Î´ÒÌ Ô²¥±É·μ´μ¢. ‘ ³¨ ¦¥ (e, 3e)-Ô±¸¶¥·¨³¥´ÉÒ, £¤¥ ´  ¸μ¢¶ ¤¥´¨¥
¨§³¥·Ö²¨¸Ó ¢¸¥ É·¨ ±μ´¥Î´ÒÌ Ô²¥±É·μ´ , ¢±²ÕÎ Ö ¡Ò¸É·Ò°, ¡Ò²¨ ¢Ò¶μ²´¥´Ò
£·Ê¶¶μ° ‹ ³ ³Ä�¥´´ ´¨ [58], ¶·¨Î¥³, ¶μ ÊÉ¢¥·¦¤¥´¨Õ  ¢Éμ·μ¢, ¨§³¥·¥´¨Ö
¶·¥¤¸É ¢²¥´Ò ¢  ¡¸μ²ÕÉ´μ° Ï± ²¥, ÌμÉÖ ´  ÔÉμÉ ¸Î¥É ¤μ ¸¨Ì ¶μ· ´¥ ÊÉ¨-
Ì ÕÉ ¸¶μ·Ò.

�²¥±É·μ´´Ò¥ ±μ··¥²ÖÍ¨¨ ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ ¨£· ÕÉ, ¶μ-¢¨¤¨³μ³Ê,
μ¶·¥¤¥²ÖÕÐÊÕ ·μ²Ó ¢ ¤¨¶μ²Ö·´ÒÌ ·¥ ±Í¨ÖÌ. Ÿ·±μ° ¨²²Õ¸É· Í¨¥° Éμ³Ê Ö¢²Ö-
¥É¸Ö ¶·μÍ¥¸¸ ³´μ£μ±· É´μ° ¨μ´¨§ Í¨¨ ¡² £μ·μ¤´ÒÌ £ §μ¢ ¡Ò¸É·Ò³ Ô²¥±É·μ-
´μ³, ±μÉμ·Ò° ³Ò · ¸¸³μÉ·¨³ ¢ ¸²¥¤ÊÕÐ¥³ ¶Ê´±É¥.

3.1. Œ´μ£μ±· É´ Ö ¨μ´¨§ Í¨Ö  Éμ³μ¢ ¡² £μ·μ¤´ÒÌ £ §μ¢ ¡Ò¸É·Ò³ Ô²¥±-
É·μ´μ³. �·μ¡²¥³  ´¥Ê¶·Ê£μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¡Ò¸É·μ° § ·Ö¦¥´´μ° Î ¸É¨ÍÒ
¸  Éμ³μ³ ¨³¥¥É ¤μ²£ÊÕ ¨¸Éμ·¨Õ, ¶·¥¤¸É ¢²ÖÖ μ¸μ¡μ ¢ ¦´μ¥ §´ Î¥´¨¥ ¤²Ö Ë¨-
§¨±¨ ¶·μÌμ¦¤¥´¨Ö Î ¸É¨Í ¨ ¨§²ÊÎ¥´¨° Î¥·¥§ ¢¥Ð¥¸É¢μ. �¸´μ¢μ¶μ² £ ÕÐ¨¥
· ¡μÉÒ ¢ ¤ ´´μ° μ¡² ¸É¨ ¶·¨´ ¤²¥¦ É �μ·Ê [64] ¨ �¥É¥ [65]. ‚ ÔÉμ³ ¶Ê´±É¥
³Ò μ¸É ´μ¢¨³¸Ö ´  n-±· É´μ° ¨μ´¨§ Í¨¨  Éμ³  A Ô²¥±É·μ´´Ò³ Ê¤ ·μ³, ±μ£¤ 
¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ ¶·¨¸ÊÉ¸É¢ÊÕÉ μ¤¨´ ¡Ò¸É·Ò° (· ¸¸¥Ö´´Ò°) ¨ n ¤μ¸É -
ÉμÎ´μ ³¥¤²¥´´ÒÌ (¨¸¶ÊÐ¥´´ÒÌ) Ô²¥±É·μ´μ¢. Šμ´¥Î´ÊÕ ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ
¥¸É¥¸É¢¥´´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

|Ψ−
f (ps,k1,k2, . . . ,kn; An+)〉 = |ps, Φ−

An+(k1,k2, . . . ,kn)〉. (3.1)

‡¤¥¸Ó ps Å ¨³¶Ê²Ó¸ ¡Ò¸É·μ£μ · ¸¸¥Ö´´μ£μ Ô²¥±É·μ´ ; Φ−
An+(k1,k2, . . . ,

kn)〉 Å ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö ³¨Ï¥´¨, μ¶¨¸Ò¢ ÕÐ Ö ¤¢¨-
¦¥´¨¥ n ¸¢μ¡μ¤´ÒÌ ³¥¤²¥´´ÒÌ Ô²¥±É·μ´μ¢ ¢ ¶μ²¥ ¨μ´  An+. ‚ ¸¢μÕ μÎ¥·¥¤Ó,
´ Î ²Ó´ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¶·¥¤¸É ¢²Ö¥É¸Ö ¶·μ¨§¢¥¤¥´¨¥³ ¶²μ¸±μ° ¢μ²´Ò
¡Ò¸É·μ£μ ¶ ¤ ÕÐ¥£μ Ô²¥±É·μ´  ´  ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö
 Éμ³ 

|Ψ+
i (pi)〉 = |pi, ΦA〉. (3.2)

‚ ± Î¥¸É¢¥ ¢μ§³ÊÐ ÕÐ¥£μ ¶μÉ¥´Í¨ ²  ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ¡¥·¥É¸Ö ¶μÉ¥´Í¨ ²
±Ê²μ´μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ±μ³¶μ´¥´É ³¨Ï¥´¨ ¸ ´ ²¥É ÕÐ¨³ Ô²¥±É·μ´μ³

V =
Z∑

j=1

V0j + V0N , (3.3)

£¤¥ Z Å § ·Ö¤ Ö¤·   Éμ³ . �μ¤¸É ¢²ÖÖ ¢Ò· ¦¥´¨Ö (3.2) ¨ (3.3) ¢ (‚.1), ¶μ²ÊÎ¨³

Tfi =
4π

Q2
Mn(Q),

Mn(Q) = 〈Φ−
An+(k1,k2, . . . ,kn)|

Z∑
j=1

eiQrj − Z|ΦA〉,
(3.4)
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£¤¥ Q = pi−ps ¸ÊÉÓ ¶¥·¥¤ ´´Ò°  Éμ³Ê ¨³¶Ê²Ó¸. „¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥
§ ¶¨¸Ò¢ ¥É¸Ö ± ±

dσn =
4ps

piQ4
|Mn(Q)|2 dk1

(2π)3
dk2

(2π)3
· · · dkn

(2π)3
dΩs, (3.5)

£¤¥ ps =

√
p2

i − 2In −
n∑

j=1

k2
j ¨ In Å ¶μÉ¥´Í¨ ² n-±· É´μ° ¨μ´¨§ Í¨¨  Éμ³ .

‚ μ¡Ð¥³ ¸²ÊÎ ¥ ¨§³¥·¥´¨¥ ¶μ²´μ¸ÉÓÕ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö (3.5)
¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° É·Ê¤´μ· §·¥Ï¨³ÊÕ Ô±¸¶¥·¨³¥´É ²Ó´ÊÕ § ¤ ÎÊ. Š ± ¶· -
¢¨²μ, ¨§³¥·Ö¥É¸Ö ¶μ²´μ¥ ¸¥Î¥´¨¥ σn ¢ § ¢¨¸¨³μ¸É¨ μÉ Ô´¥·£¨¨ ´ ²¥É ÕÐ¥£μ
Ô²¥±É·μ´ . …¸²¨  Éμ³ ´¥ ¶μ²Ö·¨§μ¢ ´, Éμ ¸¥Î¥´¨¥ dσn ´¥ § ¢¨¸¨É μÉ  §¨³Ê-
É ²Ó´μ£μ Ê£²  ϕs, ¶μÔÉμ³Ê dΩs = 2π sin θsdθs = πdQ2/(pips). „ ²¥¥ Ê¸·¥¤´¥-
´¨¥ ¶μ ´ Î ²Ó´Ò³  Éμ³´Ò³ ¸μ¸ÉμÖ´¨Ö³ (¢ ¤ ²Ó´¥°Ï¥³ ´¥ · ¸¸³ É·¨¢ ¥É¸Ö)
¨ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ ±μ´¥Î´Ò³ ¸μ¸ÉμÖ´¨Ö³ ³¥¤²¥´´ÒÌ Ô²¥±É·μ´μ¢ ¤ ¥É ¤²Ö
¶μ²´μ£μ ¸¥Î¥´¨Ö

σn =
8π

p2
i

Qmax∫
Qmin

dQ

Q3
M2

n(Q), (3.6)

£¤¥

M2
n(Q) =

∫
dk1

(2π)3

∫
dk2

(2π)3
· · ·
∫

dkn

(2π)3
|Mn(Q)|2 (3.7)

¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° μ¡μ¡Ð¥´´ÊÕ ¸¨²Ê μ¸Í¨²²ÖÉμ·μ¢ ¤²Ö n-±· É´μ° ¨μ´¨§ -
Í¨¨ [22]. „²Ö ¶·¥¤¥²μ¢ ¨´É¥£·¨·μ¢ ´¨Ö ¢ (3.6) ¨³¥¥³ ¶·¨¡²¨¦¥´´μ

Qmin � In

pi
, Qmax � 2pi −

In

pi
.

‚ · ³± Ì É¥μ·¨¨ �¥É¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ¢±² ¤ Éμ²Ó±μ ³ ²ÒÌ §´ Î¥´¨° Q ¢ ¨´-
É¥£· ² (3.6),   (3.7) ¢ÒÎ¨¸²Ö¥É¸Ö ¢ ¤¨¶μ²Ó´μ³ ¶·¨¡²¨¦¥´¨¨. �¶Ê¸± Ö ¤¥É ²¨,
±μÉμ·Ò¥ ³μ¦´μ ´ °É¨ ¢ μ¡§μ·´μ° · ¡μÉ¥ [22], ¶μ²ÊÎ¨³ ¨§¢¥¸É´ÊÕ  ¸¨³¶Éμ-
É¨Î¥¸±ÊÕ Ëμ·³Ê²Ê �¥É¥ ¤²Ö ¶μ²´μ£μ ¸¥Î¥´¨Ö:

σn =
2π

E0

[
M2

n ln

(
2Q̃2

maxE0

I2
n

)
+ O

(
1

E0

)]
, (3.8)

£¤¥

M2
n =

∫
dk1

(2π)3

∫
dk2

(2π)3
· · ·
∫

dkn

(2π)3
×

× |〈Φ−
An+(k1,k2, . . . ,kn)|

Z∑
j=1

zj |ΦA〉|2, (3.9)
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�¨¸. 8. ƒ· Ë¨± ” ´μ ¢ ¸²ÊÎ ¥ n-±· É´μ° ¨μ´¨§ Í¨¨  Éμ³  Ne Ô²¥±É·μ´μ³. „ ´´Ò¥
¢§ÖÉÒ ¨§ · ¡μÉÒ [67]. R Å ¶μ¸ÉμÖ´´ Ö �¨¤¡¥·£  (27,2 Ô‚); a0 Å · ¤¨Ê¸ �μ·  (1  . ¥.)

¨ Q̃max Å ¨³¶Ê²Ó¸´Ò° ¶ · ³¥É· É¥μ·¨¨ �¥É¥, μ£· ´¨Î¨¢ ÕÐ¨° ¸¢¥·ÌÊ μ¡-
² ¸ÉÓ ¶·¨³¥´¥´¨Ö ¤¨¶μ²Ó´μ£μ ¶·¨¡²¨¦¥´¨Ö. ‘μ£² ¸´μ Ëμ·³Ê²¥ �¥É¥ (3.8)
¶·¨ ¤μ¸É ÉμÎ´μ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ Ô´¥·£¨¨ ´ ²¥É ÕÐ¥£μ Ô²¥±É·μ´  ¢¥²¨-
Î¨´  E0σn ¤μ²¦´  ²¨´¥°´μ § ¢¨¸¥ÉÓ μÉ ln E0 (É ± ´ §Ò¢ ¥³μ¥ ¶μ¸É·μ¥´¨¥
” ´μ [66]). � ±²μ´ ¶μ²ÊÎ ÕÐ¥°¸Ö ¶·Ö³μ° μ¶·¥¤¥²Ö¥É¸Ö §´ Î¥´¨¥³ ¸¨²Ò
μ¸Í¨²²ÖÉμ·μ¢ (3.9).

�  ·¨¸. 8 ¨ 9 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¶μ²´ÒÌ ¸¥Î¥´¨°
n-±· É´μ° ¨μ´¨§ Í¨¨  Éμ³  Ne ¨ ¨μ´  Ne+ ¸μμÉ¢¥É¸É¢¥´´μ Ô²¥±É·μ´´Ò³ Ê¤ -
·μ³. �¥§Ê²ÓÉ ÉÒ ¢ Í¥²μ³ Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ¸  ¸¨³¶ÉμÉ¨Î¥¸±μ° Ëμ·³Ê²μ°
�¥É¥ (3.8) ¢ μ¡² ¸É¨ ¤μ¸É ÉμÎ´μ ¢Ò¸μ±¨Ì Ô´¥·£¨° ´ ²¥É ÕÐ¥£μ Ô²¥±É·μ´ .
’ ±¨³ μ¡· §μ³, ¡μ·´μ¢¸±μ¥ ¶·¨¡²¨¦¥´¨¥ ¶μ ¢§ ¨³μ¤¥°¸É¢¨Õ ¡Ò¸É·μ£μ Ô²¥±-
É·μ´  ¸  Éμ³μ³ (¨²¨ ¨μ´μ³), É. ¥. μ¤´μ±· É´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ Ô²¥±É·μ´  ¸
³¨Ï¥´ÓÕ, μ± §Ò¢ ¥É¸Ö ¢¶μ²´¥ ¤μ¸É ÉμÎ´Ò³ ¤ ¦¥ ¶·¨ n � 2. �Éμ μ¡¸ÉμÖ-
É¥²Ó¸É¢μ ´¥ ¸Éμ²Ó μÎ¥¢¨¤´μ, ¥¸²¨ ¶·¨´ÖÉÓ ¢μ ¢´¨³ ´¨¥ ¸² ¡ÊÕ ±μ··¥²ÖÍ¨Õ
Ô²¥±É·μ´μ¢ ¢ Éμ³ ¦¥ ´¥μ´¥. „¥°¸É¢¨É¥²Ó´μ, ¢ ³μ¤¥²¨ ´¥§ ¢¨¸¨³ÒÌ Ô²¥±É·μ´μ¢
¸μ£² ¸´μ (3.4) ¢μ§³μ¦´  Éμ²Ó±μ μ¤´μ±· É´ Ö ¨μ´¨§ Í¨Ö.

�²ÓÉ¥·´ É¨¢´Ò° μ¤´μ±· É´μ³Ê ¢§ ¨³μ¤¥°¸É¢¨Õ ³¥Ì ´¨§³ § ±²ÕÎ ¥É¸Ö ¢
¶μ¸²¥¤μ¢ É¥²Ó´μ³ ¢Ò¡¨¢ ´¨¨ Ô²¥±É·μ´μ¢ ¨§ ³¨Ï¥´¨ ¶·μ²¥É ÕÐ¨³ Ô²¥±É·μ-
´μ³. �ÉμÉ ³¥Ì ´¨§³ ¸Ì¥³ É¨Î¥¸±¨ ¶μ± § ´ ´  ·¨¸. 10. �Î¥¢¨¤´μ, ÎÉμ ¢ ¤ ´´μ³
¸²ÊÎ ¥ ·¥ÎÓ ¨¤¥É μ¡ n-³ ¡μ·´μ¢¸±μ³ ¶·¨¡²¨¦¥´¨¨. ‘μμÉ¢¥É¸É¢ÊÕÐ Ö  ³¶²¨-
ÉÊ¤  ¨³¥¥É ¢¨¤

Tfi = 〈ps, Φ−
An+(k1,k2, . . . ,kn)| [V G0(E)]n−1 V |pi, ΦA〉, (3.10)
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�¨¸. 9. ƒ· Ë¨± ” ´μ ¢ ¸²ÊÎ ¥ n-±· É´μ° ¨μ´¨§ Í¨¨ ¨μ´  Ne+ Ô²¥±É·μ´μ³. „ ´´Ò¥
¢§ÖÉÒ ¨§ · ¡μÉÒ [68]

�¨¸. 10. ‹¥¸É´¨Î´ Ö ¤¨ £· ³³ , μÉ¢¥Î ÕÐ Ö ¶μ¸²¥¤μ¢ É¥²Ó´μ³Ê ¢Ò¡¨¢ ´¨Õ Ô²¥±É·μ-
´μ¢ ¨§  Éμ³  ¶·μ²¥É ÕÐ¨³ Ô²¥±É·μ´μ³

£¤¥ G0(E) Å ¸¢μ¡μ¤´ Ö ËÊ´±Í¨Ö ƒ·¨´ , E = (1/2)p2
i + EA. …¸²¨ Ô²¥±É·μ´Ò

³¨Ï¥´¨ ´¥§ ¢¨¸¨³Ò, Éμ

ΦA =
1√
Z!

Â

Z∏
j=1

φij (ξj), (3.11 )

Φ−
An+(k1,k2, . . . ,kn) =

1√
Z!

Â

⎡⎣ n∏
j=1

φ(k̃j , ξj)

⎤⎦⎡⎣ Z∏
j=Z−n+1

φfj (ξj)

⎤⎦ . (3.11¡)
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‡¤¥¸Ó Â Å μ¶¥· Éμ·  ´É¨¸¨³³¥É·¨§ Í¨¨, k̃j = (kj , μ̃j), ij ¨ fj μ¡μ§´ Î ÕÉ
´ ¡μ·Ò μ¤´μÔ²¥±É·μ´´ÒÌ ±¢ ´Éμ¢ÒÌ Î¨¸¥² (nlmμ)j ¨ (n′l′m′μ′)j ¢ ´ Î ²Ó´μ³
 Éμ³´μ³ ¨ ±μ´¥Î´μ³ ¨μ´´μ³ ¸μ¸ÉμÖ´¨ÖÌ ¸μμÉ¢¥É¸É¢¥´´μ; ξj = (rj , σj) Å ´ -
¡μ· ¶·μ¸É· ´¸É¢¥´´ÒÌ ¨ ¸¶¨´μ¢ÒÌ ¶¥·¥³¥´´ÒÌ ¤²Ö j-£μ  Éμ³´μ£μ Ô²¥±É·μ´ .
„²Ö Ô´¥·£¨°  Éμ³´μ£μ ¨ ¨μ´´μ£μ ¸μ¸ÉμÖ´¨° ¨³¥¥³

EA =
Z∑

j=1

εij , EAn+ =
Z∑

j=Z−n+1

εfj ,

£¤¥ εij ¨ εfj Å Ô´¥·£¨¨ μ¤´μÔ²¥±É·μ´´ÒÌ ¸μ¸ÉμÖ´¨°. �μ¤¸É ¢²ÖÖ (3.11)
¢ (3.10) ¨ ¨¸¶μ²Ó§ÊÖ Ô°±μ´ ²Ó´μ¥ ¶·¨¡²¨¦¥´¨¥ [69,70], ¶μ²ÊÎ¨³

Tfi = −ipi

∑
P

(−1)pP̂ij×

×
∫

d2b

⎡⎣ n∏
j=1

〈φ(k̃j , ξj)| exp [iX(b; rj,⊥)] |φij (ξj)〉

⎤⎦×

×

⎡⎣ Z∏
j=Z−n+1

〈φfj (ξj)| exp [iX(b; rj,⊥)] |φij (ξj)〉

⎤⎦ exp (iQb), (3.12)

£¤¥ P̂ij Å μ¶¥· Éμ· ¢¸¥¢μ§³μ¦´ÒÌ ¶¥·¥¸É ´μ¢μ± ¨´¤¥±¸μ¢ ij; b Å ¶·¨Í¥²Ó´Ò°
¶ · ³¥É· ¨ Ô°±μ´ ²

X(b; rj,⊥) = − 1
pi

∞∫
−∞

dz0

(
1

|r0 − rj |
− 1

r0

)
=

= − 1
pi

∞∫
−∞

dz0

(
1√

(b − rj,⊥)2 + (z0 − zj)2
− 1√

b2 + z2
0

)
=

= − 2
pi

ln
b

|b− rj,⊥|
(3.13)

(¸³., ´ ¶·¨³¥·, [69]).
“Î¨ÉÒ¢ Ö, ÎÉμ 1/pi � 1, ³Ò ³μ¦¥³ § ¶¨¸ ÉÓ ¶·¨¡²¨¦¥´´μ

exp [iX(b; rj,⊥)] � 1 + iX(b; rj,⊥)
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¨ μ¸É ¢¨ÉÓ ¢ (3.12) Éμ²Ó±μ ´¥´Ê²¥¢Ò¥ Î²¥´Ò ´¨§Ï¥£μ ¶μ·Ö¤±  ¶μ p−1
i . ’ ±¨³

μ¡· §μ³, ³Ò ¶μ²ÊÎ¨³

Tfi = −in+1pi

∑
P

(−1)pP̂ij

∫
d2b

⎡⎣ n∏
j=1

〈φ(k̃j , ξj)|X(b; rj,⊥)|φij (ξj)〉

⎤⎦×
×

⎡⎣ Z∏
j=Z−n+1

δfjij

⎤⎦ exp (iQb). (3.14)

ˆ¸¶μ²Ó§μ¢ ´¨¥ (3.14) ¶·¨ · ¸Î¥É¥ ¶μ²´μ£μ ¸¥Î¥´¨Ö ¤ ¥É

σn =
2π

p2n−1
i

∑
μ̃1,μ̃2,...,μ̃n

∫
d3Q

(2π)3

∫
d3k1

(2π)3
×

×
∫

d3k2

(2π)3
. . .

∫
d3kn

(2π)3

∫
d2b

∫
d2b′×

×
∑
P

(−1)p+p′P̂ij P̂i′j

⎡⎣ n∏
j=1

uiji′j
(k̃j)

⎤⎦⎡⎣ Z∏
j=Z−n+1

δiji′j

⎤⎦ exp [iQ(b− b′)]×

× δ

⎛⎝piQz +
n∑

j=1

εij −
Q2

2
−

n∑
j=1

k2
j

2

⎞⎠ , (3.15)

£¤¥

uiji′j
(k̃j) = δμ̃jμ′

j
δμ̃jμj 〈φ(n′l′m′

l)j
| ln b′2

|b′ − r′j,⊥|2
|φ−(kj)〉×

× 〈φ−(kj)| ln
b2

|b − rj,⊥|2
|φ(nlml)j

〉. (3.16)

ˆ´É¥£·¨·ÊÖ ¶μ Qz ¢ ¶·¥¤¥²¥ ¡μ²ÓÏ¨Ì pi,   § É¥³ ¶μ Q⊥ ¨ b′, ¶μ²ÊÎ¨³

σn =
1

(2E0)n

∑
μ̃1,μ̃2,...,μ̃n

∫
d2b
∑
P

P̂ij

⎡⎣ n∏
j=1

δμ̃jμj w(nlml)j

⎤⎦ , (3.17)

£¤¥

w(nlml)j
=
∫

d3k

(2π)3

∣∣∣∣∣〈φ−(k)| ln b2

|b − r⊥|2
|φ(nlml)j

〉
∣∣∣∣∣
2

.
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‡ ³¥É¨³, ÎÉμ ¢ (3.17) ³Ò μ¶Ê¸É¨²¨ ¨´É¥·Ë¥·¥´Í¨μ´´Ò¥ Î²¥´Ò, ÎÉμ Ô±¢¨¢ -
²¥´É´μ ¶·¥´¥¡·¥¦¥´¨Õ  ´É¨¸¨³³¥É·¨§ Í¨¥° [71].

Š ± ¸²¥¤Ê¥É ¨§ (3.17), ¶μ²´μ¥ ¸¥Î¥´¨¥ n-±· É´μ° ¨μ´¨§ Í¨¨ ¢ · ³± Ì
³¥Ì ´¨§³  ¶μ¸²¥¤μ¢ É¥²Ó´μ£μ ¢Ò¡¨¢ ´¨Ö Ô²¥±É·μ´μ¢  Éμ³  ¢¥¤¥É ¸¥¡Ö ± ±
∼ E−n

0 . �ÉμÉ ·¥§Ê²ÓÉ É μÎ¥¢¨¤´μ ´¥ ¸μ£² ¸Ê¥É¸Ö ¸ Ëμ·³Ê²μ° �¥É¥ (3.8) ¨
¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ´ ¡²Õ¤¥´¨Ö³¨ ¤ ¦¥ ¢ ¸²ÊÎ ¥ É ±μ° ¸² ¡μ ±μ··¥²¨-
·μ¢ ´´μ° ¸¨¸É¥³Ò, ± ±  Éμ³ ´¥μ´ . „ ´´Ò° ¢Ò¢μ¤ § ¸É ¢²Ö¥É ¶·¥¤¶μ²μ¦¨ÉÓ
¸¨²Ó´ÊÕ ±μ··¥²ÖÍ¨Õ ³¥¤²¥´´ÒÌ Ô²¥±É·μ´μ¢ ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ ·¥ ±Í¨¨,
ÎÉμ É·¥¡Ê¥É μÉ¤¥²Ó´μ£μ ¨¸¸²¥¤μ¢ ´¨Ö. �μ¶ÒÉ±  É ±μ£μ ÊÎ¥É  ¡Ò²  ¸¤¥² ´  ¢
· ¡μÉ¥ [72] ¢ · ³± Ì É¥μ·¨¨ ÔËË¥±É¨¢´ÒÌ § ·Ö¤μ¢ ¨ ¢Ò£²Ö¤¨É ¶²μ¤μÉ¢μ·´μ°,
´μ ¶μ±  ¸²μ¦´μ° ¤²Ö ±μ´±·¥É´ÒÌ · ¸Î¥Éμ¢.

3.2. 3C-ËÊ´±Í¨Ö ¨ · ¸Î¥ÉÒ ¸ ´¥°. �μ²μ¦¨³ ¢ (3.4) n = 2. �·¨´Í¨¶¨-
 ²Ó´ Ö Î ¸ÉÓ ³ É·¨Î´μ£μ Ô²¥³¥´É  ¶·¨ ÔÉμ³ ¶·¨³¥É ¢¨¤

M2(Q) = 〈Φ−(k1,k2)| eiQr1 + eiQr2 − 2|Φ0〉. (3.18)

’μÎ´Ò¥ ËÊ´±Í¨¨ ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö ¤μ²¦´Ò ¡ÒÉÓ μ·Éμ£μ-
´ ²Ó´Ò 〈Φ−(k1,k2)|Φ0〉 = 0 ± ± ¶·¨´ ¤²¥¦ Ð¨¥ · §´Ò³ μ¡² ¸ÉÖ³ ¸¶¥±É· 
μ¤´μ£μ ¨ Éμ£μ ¦¥ £ ³¨²ÓÉμ´¨ ´ . �·¨¡²¨¦¥´´Ò¥ ËÊ´±Í¨¨ ¢ · ³± Ì FBA
³μ¦´μ μ·Éμ£μ´ ²¨§μ¢ ÉÓ ¶μ ³¥Éμ¤Ê ƒ· ³³ , ÎÉμ ¶·¨¢¥¤¥É ± § ³¥´¥ ¤¢μ°±¨ ¢
μ¶¥· Éμ·¥ ¶¥·¥Ìμ¤  (3.18) ´  2F (Q), £¤¥ F (Q) = 〈Φ0| eiQr|Φ0〉 Å É ± ´ §Ò-
¢ ¥³Ò° Ëμ·³Ë ±Éμ·  Éμ³ .

�¥¸¨³³¥É·¨§μ¢ ´´ Ö 3‘-ËÊ´±Í¨Ö § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

Φ−∗
3C(k1,k2; r1, r2) = eik12r12ϕ−∗(k1, r1; 2)ϕ−∗(k2, r2; 2)×

× ϕ−∗
12 (k12, r12;−1/2), (3.19)

¨ ±Ê²μ´μ¢¸±¨¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ μ¶·¥¤¥²¥´Ò ¢ (1.5). �É  ËÊ´±Í¨Ö ¶μ§¢μ²Ö¥É
¸ÊÐ¥¸É¢¥´´μ ¸´¨§¨ÉÓ ±μ²¨Î¥¸É¢μ ¨´É¥£·¨·μ¢ ´¨° ¢ 6D ³ É·¨Î´μ³ Ô²¥³¥´É¥
(3.18) ¢ ¤¢ÊÌ ¸²ÊÎ ÖÌ ¢Ò¡μ·  ¶·μ¡´μ° ËÊ´±Í¨¨  Éμ³  £¥²¨Ö: ¸²ÔÉ¥·μ¢¸±μ£μ
É¨¶  ¨ ¸ Ö¢´Ò³ § ¤ ´¨¥³ ±μ··¥²ÖÍ¨° ¶μ¸·¥¤¸É¢μ³ ±μ³¡¨´ Í¨¨ r12. �μ¸²¥¤-
´¨° ¸²ÊÎ ° ³Ò · ¸¸³μÉ·¨³ ¶μ¤·μ¡´¥¥.

‡ ¤ ¤¨³ ¶·μ¡´ÊÕ ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ  Éμ³  £¥²¨Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Φcorr(r1, r2) =
∑

j

Dj [exp (−αjr1 − βjr2)+

+ exp (−αjr2 − βjr1)] exp (−γjr12). (3.20)

’¥Ì´¨±  ¢ÒÎ¨¸²¥´¨Ö ¨´É¥£· ²  (3.18) ¸ ËÊ´±Í¨¥° BK [36] ¶·¥¤¸É ¢²¥´  ¢
· ¡μÉ¥ [59],   ¶μ¤·μ¡´μ¸É¨ ¢ÒÎ¨¸²¥´¨Ö É ±μ° ËÊ´±Í¨¨, ±μÉμ· Ö ¤ ¥É Ô´¥·£¨Õ
¸¢Ö§¨ EHe

corr = −2,90372 ¨ ± Éμ³Ê ¦¥ Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Ö³ Š Éμ [60] ¢
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¢ ·¨ Í¨μ´´μ° Ëμ·³¥, ³μ¦´μ ´ °É¨ ¢ · ¡μÉ¥ [61]. ‚¢¥¤¥³ ¢¸¶μ³μ£ É¥²Ó´ÊÕ
ËÊ´±Í¨Õ

g∗j (k12,k) =
∫

d3r12 ei(k+k12)r12 e−γjr12ϕ−∗(k12, r12;−1/2) (3.21)

¨ § ¶¨Ï¥³

M2(Q) =
∑

j

Dj

∫
d3k

(2π)3
g∗j (k12,k)

∫
d3r1d

3r2 e−ipr1 eikr2×

× ϕ−∗(k1, r1; 2)ϕ−∗(k2, r2, 2)
(
eiQr1 + eiQr2 − 2

)
×

×
(
e−ajr1−bjr2 + e−ajr2−bjr1

)
. (3.22)

�Éμ ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨e ¤²Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  ¢
¢¨¤¥ Ê¦¥ 3D-¨´É¥£· ² :

M2(Q) = −
∑

j

Dj
∂3

∂αj ∂βj ∂γj

∫
d3k

(2π)3
I12(γj ;k12,k + k12)×

× [I1(αj ;k1,Q− k)I2(βj ;k2,k) + I1(αj ;k1,−k)I2(βj ;k2,Q + k)−

− 2I1(αj ;k1,−k)I2(βj ;k2,k) + (αj ↔ βj)], (3.23)

£¤¥

Iτ (λ;kτ ,k) =
∫

d3r

r
ϕ−∗(kτ , r; τ) e−λr+ikr =

= 4πR(ξτ )
[(λ − ikτ )2 + k2]iξτ

[(k − kτ )2 + λ2]1+iξτ
. (3.24)

‚ (3.24) τ = 1, 2, (12), ξ1 = −2/k1, ξ2 = −2/k2, ξ12 = 1/2k12 ¸ÊÉÓ ±Ê²μ´μ¢-
¸±¨¥ Î¨¸² , ¨ R(ξ) = e−πξ/2Γ(1 + iξ).

FBA ¶ÖÉ¨±· É´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ (FDCS, 5DCS) ¸ ËÊ´±Í¨-
Ö³¨ (3.19) ¨ (3.20) § ¶¨¸Ò¢ ¥É¸Ö ± ±

d5σ

dEa dEb dΩa dΩb dΩs
=

8psk1k2

(2π)6piQ4
|M2|2, (3.25)

¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ · ¸Î¥ÉÒ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 11 ¢ ¸· ¢´¥´¨¨ ¸ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ [58]. � ¶μ³¨´ ¥³, ÎÉμ £¥μ³¥É·¨Ö Ô±¸¶¥·¨³¥´É 
¶²μ¸± Ö. �´¥·£¨Ö ´ Î ²Ó´μ£μ Ô²¥±É·μ´  E0 = 5599 Ô‚, Ô´¥·£¨Ö ¨ Ê£μ² · ¸-
¸¥Ö´´μ£μ Ô²¥±É·μ´  ¸μμÉ¢¥É¸É¢¥´´μ Es = 5500 Ô‚ ¨ θs = −0,45◦. �´¥·£¨¨



���–…‘‘› Œ��ƒ�Š��’��‰ ˆ��ˆ‡�–ˆˆ 1053

�¨¸. 11. FDCS ¢ § ¢¨¸¨³μ¸É¨ μÉ Ê£²  ¢Ò²¥É  Ô²¥±É·μ´  θ2 ¶·¨ Ë¨±¸¨·μ¢ ´´ÒÌ Ê£² Ì
θ1. �´¥·£¨¨ Ô²¥±É·μ´μ¢ E1 = E2 = 10 Ô‚, Es = 5500 Ô‚. ‘¶²μÏ´ Ö ²¨´¨Ö Å · ¸Î¥É
¸ ËÊ´±Í¨¥° (3.20); ÏÉ·¨Ìμ¢ Ö Å ¸ ËÊ´±Í¨¥° ‚Š [63]; ¶Ê´±É¨·´ Ö Å ¸ ËÊ´±Í¨¥°
‹¥ ‘¥±  [62]. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ÉμÎ±¨ ¨§ · ¡μÉÒ [58]. �¨¸Ê´μ± § ¨³¸É¢μ¢ ´ ¨§
· ¡μÉÒ [61]

¨¸¶ÊÐ¥´´ÒÌ Ô²¥±É·μ´μ¢ E1 = E2 = 10 Ô‚. Š ± ¢¨¤´μ ¨§ ·¨¸Ê´± , ·¥§Ê²ÓÉ ÉÒ
¤²Ö ¢¸¥Ì É·¥Ì ¶·μ¡´ÒÌ (¸· ¢´¨É¥²Ó´μ ®Ìμ·μÏ¨Ì¯) ËÊ´±Í¨° ¡²¨§±¨ ³¥¦¤Ê ¸μ-
¡μ° ¢´¥ § ¢¨¸¨³μ¸É¨ μÉ Éμ£μ, Ê¤μ¢²¥É¢μ·ÖÕÉ μ´¨ Ê¸²μ¢¨Ö³ Š Éμ ÉμÎ´μ [62],
¨´É¥£· ²Ó´μ [61] ¨²¨ ¶·¨¡²¨¦¥´´μ [36]. ’ ±¦¥ ´ ¡²Õ¤ ¥É¸Ö §´ Î¨É¥²Ó´μ¥
· ¸Ìμ¦¤¥´¨¥ ¢¸¥Ì · ¸Î¥Éμ¢ ¸ Ô±¸¶¥·¨³¥´Éμ³ ¶·¨ Ê£² Ì θ1 = 83◦ ¨ θ1 = 207◦,
±μÉμ·μ¥ ¸²¥¤Ê¥É μÉ´¥¸É¨ ± ± Î¥¸É¢Ê ËÊ´±Í¨¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö.

„μ ¸¨Ì ¶μ· ³Ò ¨¸Ìμ¤¨²¨ ¨§ ¶·¨¡²¨¦¥´¨Ö (3.1) ¤²Ö ±μ´¥Î´μ° ¢μ²´μ¢μ°
ËÊ´±Í¨¨, É. ¥. μ¶¨¸Ò¢ ²¨ · ¸¸¥Ö´´Ò° Ô²¥±É·μ´ ¶²μ¸±μ° ¢μ²´μ° ¢ · ³± Ì ±μ-
´¥Î´μ£μ 4-Î ¸É¨Î´μ£μ ¸μ¸ÉμÖ´¨Ö. �¥¶¥·ÉÊ·¡ É¨¢´Ò° ¶μ¤Ìμ¤ ± μ¶¨¸ ´¨Õ ±μ-
´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö ³μ¦¥É ¡ÒÉÓ ·¥ ²¨§μ¢ ´ ¢ ³μ¤¥²¨ 6C, ±μÉμ· Ö ¶·¥¤¸É ¢²Ö¥É
¸μ¡μ° ¸²¥¤ÊÕÐ¥¥ ¶·μ¨§¢¥¤¥´¨¥ Ï¥¸É¨ ±Ê²μ´μ¢¸±¨Ì ËÊ´±Í¨° (¸· ¢´¨ ¸ (3.19)):

Φ−∗
6C(ps,k1,k2; r0, r1, r2) = eik12r12 eik1sr10 eik2sr20×

× ϕ−∗(ps, r0; 2)ϕ−∗(k1, r1; 2)ϕ−∗(k2, r2; 2)×
× ϕ−∗

12 (k12, r12;−1/2)ϕ−∗
1s (k1s, r10;−1/2)ϕ−∗

2s (k2s, r20;−1/2). (3.26)
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—¨¸²¥´´Ò¥ · ¸Î¥ÉÒ ¸ ÔÉμ° ËÊ´±Í¨¥° Î·¥§¢ÒÎ °´μ ¸²μ¦´Ò ¨ ¶μ ÔÉμ° ¶·¨-
Î¨´¥ ·¥¤±μ ¶·μ¢μ¤ÖÉ¸Ö ´  ¶· ±É¨±¥ (¸³., ´ ¶·¨³¥·, [73]). �¡μ°É¨ Î¨¸²¥´´Ò¥
É·Ê¤´μ¸É¨ ¶μ§¢μ²Ö¥É ³¥Éμ¤ ÔËË¥±É¨¢´ÒÌ § ·Ö¤μ¢ ¨ ±μ´Í¥¶Í¨Ö ¤¨´ ³¨Î¥¸±μ£μ
Ô±· ´¨·μ¢ ´¨Ö [74]. �μ²´Ò° ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·¥¤¸É ¢²Ö¥É¸Ö ¢
¢¨¤¥ (ZT = 2)

−ZT

r0
− ZT

r1
− ZT

r2
+

1
r10

+
1

r20
+

1
r12

= −Z1

r1
− Z2

r2
+

Z12

r12
,

£¤¥ Z1, Z2 ¨ Z12 ¸ÊÉÓ ÔËË¥±É¨¢´Ò¥ § ·Ö¤Ò, ¶μ¤²¥¦ Ð¨¥ μ¶·¥¤¥²¥´¨Õ. �·μ-
Í¥¤Ê·  ´ Ìμ¦¤¥´¨Ö ÔËË¥±É¨¢´ÒÌ § ·Ö¤μ¢ ¶μ¤·μ¡´μ ¨§²μ¦¥´  ¢ [74], §¤¥¸Ó ¦¥
³Ò ¶·¨¢¥¤¥³ ±μ´¥Î´Ò° ·¥§Ê²ÓÉ É:

Z1,2 = ZT +
ZT

2
k1,2

ps
− k1,2

|k1,2 − ps|
, Z12 = 1. (3.27)

’ ±¨³ μ¡· §μ³, 6C-ËÊ´±Í¨Ö (3.26) ¸¢μ¤¨É¸Ö ± 3C-ËÊ´±Í¨¨ ¸ § ·Ö¤ ³¨ (3.27).
Š¸É É¨, ¨³¥´´μ ÔÉ  ¸Ì¥³  ¶·¨³¥´Ö² ¸Ó ¢ É¥μ·¥É¨Î¥¸±μ° μ¡· ¡μÉ±¥ Ô±¸¶¥·¨-
³¥´Éμ¢ £·Ê¶¶Ò ‹ ³ ³Ä�¥´´ ´¨ [58], Ê¶μ³¨´ ¢Ï¨Ì¸Ö · ´¥¥.

3.3. �¡¸Ê¦¤¥´¨¥ ·¥§Ê²ÓÉ Éμ¢. ‚ ¸²ÊÎ ¥ μ¤´μ° ¡Ò¸É·μ° Î ¸É¨ÍÒ ¢ ±μ´¥Î-
´μ³ ¸μ¸ÉμÖ´¨¨, ¤ ¦¥ ¥¸²¨ ³Ò ¶·¨¡²¨¦ ¥³ ¥¥ ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ ¶²μ¸±μ°
¢μ²´μ°, μ¸É ÕÉ¸Ö §´ Î¨É¥²Ó´Ò¥ É·Ê¤´μ¸É¨ ¢ ¶·¨¡²¨¦¥´¨¨ ±μ´¥Î´μ° ËÊ´±Í¨¨
³¨Ï¥´¨ ¸ ´¥¸±μ²Ó±¨³¨ ³¥¤²¥´´Ò³¨ Ô²¥±É·μ´ ³¨. Œ¥Éμ¤ ÔËË¥±É¨¢´ÒÌ § ·Ö-
¤μ¢, ± ± ³Ò ¢ÒÖ¸´¨²¨ ¢ · §¤. 1, ¶μ§¢μ²Ö¥É ®Ê¡· ÉÓ¯ ¸¨´£Ê²Ö·´μ¸ÉÓ  ³¶²¨ÉÊ¤Ò
· ¸¸¥Ö´¨Ö ¢ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É ¢²¥´¨¨, ¶μ²ÊÎ¥´´μ° ¨§ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö
‹¨¶¶³ ´ Ä˜¢¨´£¥·  ¢ ¡ §¨¸¥ ¶²μ¸±¨Ì ¢μ²´, ´μ ¢ ±μμ·¤¨´ É´μ³ ¶·¥¤¸É ¢²¥-
´¨¨  ¸¨³¶ÉμÉ¨±  ¢μ²´μ¢μ° ËÊ´±Í¨¨ É·¥ÌÎ ¸É¨Î´μ£μ · §¢ ² , ±μÉμ· Ö ³μ¦¥É
¡ÒÉÓ § ¶¨¸ ´  ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Ψ(±)(k1,k2; r1, r2)|r1,r2,r12→∞ ∼ ei(r1k1+r2k2+W±), (3.28)

¸ Ë §μ°

W± = ∓ Z

k1
ln(k1r1 ∓ k1r1) ∓

Z

k2
ln(k2r2 ∓ k2r2)±

± 1
2k12

ln(k12r12 ∓ k12r12) (3.29)

Ëμ·³ ²Ó´μ ´¥ ¸μμÉ¢¥É¸É¢Ê¥É ±μμ·¤¨´ É´μ°  ¸¨³¶ÉμÉ¨±¥ ¶·μ¨§¢¥¤¥´¨Ö ±Ê²μ-
´μ¢¸±¨Ì ËÊ´±Í¨° (1.4) ¸ Ê¸²μ¢¨¥³ (1.3), ÎÉμ ²¥£±μ ¶·μ¢¥·¨ÉÓ. ‚ Éμ ¦¥ ¢·¥³Ö,
¨¸Ìμ¤¨ÉÓ ¨§ ±μμ·¤¨´ É´μ£μ ¶·¥¤¸É ¢²¥´¨Ö § Î ¸ÉÊÕ Ê¤μ¡´¥¥ ¨ ¶·¨¢ÒÎ´¥¥,
μ¸μ¡¥´´μ ¶·¨ Î¨¸²¥´´μ³ ¸Î¥É¥.

3C-ËÊ´±Í¨Ö ¨³¥¥É  ¸¨³¶ÉμÉ¨±Ê (3.28) ¨ ÔÉ¨³ ¢Ò£μ¤´μ μÉ²¨Î ¥É¸Ö μÉ ³¥-
Éμ¤  ÔËË¥±É¨¢´ÒÌ § ·Ö¤μ¢, ´μ ÔÉ  ËÊ´±Í¨Ö ¸Ê£Ê¡μ  ¸¨³¶ÉμÉ¨Î¥¸± Ö, μ´  ´¥
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³μ¦¥É ¡ÒÉÓ ¸¢μ¡μ¤´Ò³ Î²¥´μ³ ¤²Ö Ê· ¢´¥´¨Ö ¸ ²μ± ²Ó´Ò³ ±μ·μÉ±μ¤¥°¸É¢ÊÕ-
Ð¨³ ¶μÉ¥´Í¨ ²μ³ ¤²Ö ¢μ²´μ¢μ° ËÊ´±Í¨¨ |Ψ(±)(k1,k2)〉 (¸³., ´ ¶·¨³¥·, [75]).
�· ¢¤ , ¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö ¶μÖ¢¨²¨¸Ó · ¡μÉÒ, ±μÉμ·Ò¥ Ê± §Ò¢ ÕÉ ´ ¶· ¢²¥-
´¨¥ ·¥Ï¥´¨Ö ÔÉμ° ¶·μ¡²¥³Ò [76,77].

‚³¥¸É¥ ¸ É¥³ ¶·¨ ¸μ¡¸É¢¥´´μ ³´μ£μ±· É´μ° ¨μ´¨§ Í¨¨ n > 2 ´ ¡²Õ¤ -
¥É¸Ö ¸ ´ Ï¥° ÉμÎ±¨ §·¥´¨Ö Ê¤¨¢¨É¥²Ó´Ò° ÔËË¥±É, ±μ£¤  É ±μ¥ ±μ²¨Î¥¸É¢μ
¨μ´¨§μ¢ ´´ÒÌ Ô²¥±É·μ´μ¢ ¶μÖ¢²Ö¥É¸Ö ¢ · ³± Ì FBA. �μ ¸ÊÉ¨ FBA Å ÔÉμ
¸Ê³³  ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢, ± ¦¤Ò° ¨§ ±μÉμ·ÒÌ μ¶¨¸Ò¢ ¥É μ¤´μ±· É´μ¥ ¢§ -
¨³μ¤¥°¸É¢¨¥ ¡Ò¸É·μ° Î ¸É¨ÍÒ ¸ ±μ³¶μ´¥´Éμ³ ³¨Ï¥´¨. �μ²ÊÎ ¥É¸Ö, ÎÉμ μ¤¨´
¢Ò²¥É¥¢Ï¨° ³¥¤²¥´´Ò° Ô²¥±É·μ´ ®¢ÒÉÖ£¨¢ ¥É¯ ¢¸¥ μ¸É ²Ó´Ò¥ Éμ²Ó±μ §  ¸Î¥É
¢´ÊÉ·¥´´¨Ì ±μ··¥²ÖÍ¨°. ˆ ÔÉμ ¢ μ¸´μ¢´μ³ ±Ê²μ´μ¢¸±¨¥ ±μ··¥²ÖÍ¨¨ ¢ ±μ´¥Î-
´μ³ ¸μ¸ÉμÖ´¨¨. �ÉμÉ ÔËË¥±É É·¥¡Ê¥É ¤ ²Ó´¥°Ï¥£μ ¶·¨¸É ²Ó´μ£μ ¨§ÊÎ¥´¨Ö.

4. ˆ��ˆ‡�–ˆŸ Œ�‹…Š“‹ �‹…Š’����›Œ “„���Œ:
��ˆ	‹ˆ†…�ˆŸ

‚ ¶μ¸²¥¤´¨¥ 30Ä40 ²¥É ³μ²¥±Ê²Ö·´ Ö Ë¨§¨±  § ¢μ¥¢Ò¢ ¥É ¢¸¥ ¡μ²ÓÏ¥¥
¶·μ¸É· ´¸É¢μ ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨ · ¸¸¥Ö´¨Ö. ’¥μ·¨Ö μ¤´μ±· É´μ° ¨μ´¨§ Í¨¨
³μ²¥±Ê² ¶μ¤ ¤¥°¸É¢¨¥³ ¡Ò¸É·μ° Î ¸É¨ÍÒ μÎ¥´Ó ¸²μ¦´ , ¤ ¦¥ ¢ ¸²ÊÎ ¥ ¶·μ-
¸É¥°Ï¥° ³μ²¥±Ê²Ò ¢μ¤μ·μ¤  ³Ò ¨³¥¥³ ¤¥²μ ¸ ±¢ ´Éμ¢μ° ¸¨¸É¥³μ° ¶ÖÉ¨ É¥²
(¨¸±²ÕÎ¥´¨¥ ¸μ¸É ¢²Ö¥É ËμÉμ¨μ´¨§ Í¨Ö). �¥§ · §Ê³´ÒÌ ¶·¨¡²¨¦¥´¨° ÉÊÉ ´¥
μ¡μ°É¨¸Ó, ¤ ¦¥ ¶·¨ Î¨¸²¥´´μ³ ·¥Ï¥´¨¨ § ¤ Î¨ ¢ · ³± Ì FBA.

‚ ¸²ÊÎ ¥ ¨μ´¨§ Í¨¨ ³μ²¥±Ê²Ò ¢μ¤μ·μ¤  ¸ μ¤´μ¢·¥³¥´´μ° ¤¨¸¸μÍ¨ Í¨¥°
¤¥É¥±É¨·μ¢ ´¨¥ · ¸¸¥Ö´´μ£μ ¨ ¨¸¶ÊÐ¥´´ÒÌ Ô²¥±É·μ´μ¢, ± ± ¨ μ¤´μ£μ ¨§ ¶·μ-
Éμ´μ¢, ³μ¦¥É ¤ ÉÓ Ô±¸±²Õ§¨¢´ÊÕ ¨´Ëμ·³ Í¨Õ μ¡ Ô²¥±É·μ´´μ° ¸É·Ê±ÉÊ·¥ ³¨-
Ï¥´¨, ³¥Ì ´¨§³ Ì ¨μ´¨§ Í¨¨ ¨ ¤¨¸¸μÍ¨ Í¨¨. ’ ±μ° É¨¶ ¤¥É¥±É¨·μ¢ ´¨Ö ®´ 
¸μ¢¶ ¤¥´¨¥¯ μ¡¸Ê¦¤ ¥É¸Ö, ´ ¶·¨³¥·, ¢ · ¡μÉ Ì [78Ä80], ¶μ¸¢ÖÐ¥´´ÒÌ ¸Éμ²±-
´μ¢¥´¨Ö³ ³μ²¥±Ê² ¢μ¤μ·μ¤  ¨ § ·Ö¦¥´´ÒÌ ¨μ´μ¢ (¸³. É ±¦¥ ¸¸Ò²±¨ É ³).
’ ±¦¥ μÉ±·Ò¢ ¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ ¨¸¸²¥¤μ¢ ´¨Ö § ¢¨¸¨³μ¸É¨ Ê£²μ¢μ£μ ¤¨ËË¥-
·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö μÉ μ·¨¥´É Í¨¨ ³μ²¥±Ê²Ò [81].

�¤´  ¨§ μ¸´μ¢´ÒÌ É·Ê¤´μ¸É¥° ³ É¥³ É¨Î¥¸±μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¶μ¤μ¡-
´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ ¸μ¸Éμ¨É ¢ ¶· ¢¨²Ó´μ³ μ¶¨¸ ´¨¨ ¸μ¸ÉμÖ´¨° ´¥¶·¥·Ò¢´μ£μ
¸¶¥±É·  ¨¸¶ÊÐ¥´´ÒÌ Ô²¥±É·μ´μ¢, ¤¢¨¦ÊÐ¨Ì¸Ö ¢ ±Ê²μ´μ¢¸±μ³ ¶μ²¥ ¤¢ÊÌ Ö¤¥·
(´ ¶·¨³¥·, ¤¢ÊÌ ¶·μÉμ´μ¢ Å Ö¤¥· ³μ²¥±Ê²Ò ¢μ¤μ·μ¤ ). ‡  ¶μ¸²¥¤´¨¥ ´¥-
¸±μ²Ó±μ ²¥É ¡Ò² ¶·¥¤²μ¦¥´ ·Ö¤ ³μ¤¥²¥° ¤²Ö μ¶¨¸ ´¨Ö ¤¨´ ³¨±¨ μ¤´μ£μ ³¥¤-
²¥´´μ£μ ¨¸¶ÊÐ¥´´μ£μ Ô²¥±É·μ´  ¢ ¤¨¶μ²Ö·´μ³ (e, 2e)-Ô±¸¶¥·¨³¥´É¥. ’ ±, ¢ · -
¡μÉ¥ [82] ¤²Ö ·¥ ±Í¨¨ H+

2 +e → H++H++e+e ¨¸¶μ²Ó§μ¢ ² ¸Ó ¶·¨¡²¨¦¥´´ Ö
μ¤´μ¶ · ³¥É·¨Î¥¸± Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¢ ¢¨¤¥ ¶·μ¨§¢¥¤¥´¨° ¤¢ÊÌ ±Ê²μ´μ¢-
¸±¨Ì ËÊ´±Í¨° ¢ ¶μ²¥ ´¥¶μ¤¢¨¦´μ£μ (§  ÔËË¥±É¨¢´μ¥ ¢·¥³Ö ·¥ ±Í¨¨) Í¥´É· 
H++

2 (É ± ´ §Ò¢ ¥³μ¥ ¶·¨¡²¨¦¥´¨¥ 2C). ‚ ¤·Ê£¨Ì É¥μ·¥É¨Î¥¸±¨Ì · ¡μÉ Ì ¶μ-
²ÊÎ¥´Ò Î¨¸Éμ Î¨¸²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¢ ³¥Éμ¤¥ Ô¢μ²ÕÍ¨¨ ¢μ²´μ¢μ£μ ¶ ±¥É  ¢
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¸Ë¥·¨Î¥¸±¨Ì [83] ¨ ¢ÒÉÖ´ÊÉÒÌ ¸Ë¥·μ¨¤ ²Ó´ÒÌ ±μμ·¤¨´ É Ì [84,85]. �É¨ ³¥-
Éμ¤Ò ¤ ÕÉ ¡²¨§±¨¥ ³¥¦¤Ê ¸μ¡μ° ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö, ¢ ·Ö¤¥ ¸²ÊÎ ¥¢
¸¥·Ó¥§´μ μÉ²¨Î ÕÐ¨¥¸Ö μÉ ¢ÒÎ¨¸²¥´´ÒÌ ¢ ³¥Éμ¤¥ 2‘. �¤´ ±μ ¨¸¶μ²Ó§μ¢ ´¨¥
¸Ë¥·μ¨¤ ²Ó´ÒÌ ËÊ´±Í¨° ¤²Ö · §²μ¦¥´¨Ö ¶²μ¸±μ° ¢μ²´Ò ¶·¨ § ¤ ´´μ³ ´ -
¶· ¢²¥´¨¨ ¨³¶Ê²Ó¸  · ¸¸¥Ö´´μ£μ Ô²¥±É·μ´  É·¥¡Ê¥É ¸Ê³³¨·μ¢ ´¨Ö ¡μ²ÓÏμ£μ
Î¨¸²  ¶ ·Í¨ ²Ó´ÒÌ ·¥Ï¥´¨° ¢ · ¸Î¥É Ì ¸¥Î¥´¨° ¨μ´¨§ Í¨¨, ÎÉμ ¶·¨¢μ¤¨É ±
£·μ³μ§¤±¨³ ¨ ³¥¤²¥´´μ ¸Ìμ¤ÖÐ¨³¸Ö ¢ÒÎ¨¸²¥´¨Ö³ ¨ É¥³ ¸ ³Ò³ ¸É ¢¨É ¢μ¶·μ¸
¡μ²¥¥ ÔËË¥±É¨¢´μ£μ ¶·¨¡²¨¦¥´¨Ö ±μ´¥Î´μ° ËÊ´±Í¨¨ ·¥ ±Í¨¨. � ¸¸³μÉ·¨³
ÔÉμÉ ¢μ¶·μ¸ ¶μ¤·μ¡´¥¥ (¨§² £ ¥É¸Ö ¢ μ¸´μ¢´μ³ ¶μ ³ É¥·¨ ² ³ ¤μ±Éμ·¸±μ°
¤¨¸¸¥·É Í¨¨ [90]).

4.1. �¡Ð¨¥ Ëμ·³Ê²Ò. „²Ö ¶·μÍ¥¸¸μ¢ μ¤´μ±· É´μ° ¨ ¤¢Ê±· É´μ° ¨μ´¨-
§ Í¨¨ ¤¢ÊÌ Éμ³´μ° ³μ²¥±Ê²Ò ¸ ¤¢Ê³Ö  ±É¨¢´Ò³¨ Ô²¥±É·μ´ ³¨ ´ ²¥É ÕÐ¨³
¡Ò¸É·Ò³ Ô²¥±É·μ´μ³ ¢Ò¶μ²´ÖÕÉ¸Ö § ±μ´Ò ¸μÌ· ´¥´¨Ö ¨³¶Ê²Ó¸  ¨ Ô´¥·£¨¨

K = pi − ps − k1, Ei = Es + E1 + I1, (4.1 )

K = pi − ps − k1 − k2, Ei = Es + E1 + E2 + I2. (4.1¡)

‡¤¥¸Ó (Ei,pi), (Es,ps), (E1,k1) ¨ (E2,k2) Å Ô´¥·£¨¨ ¨ ¨³¶Ê²Ó¸Ò ¶ ¤ Õ-
Ð¥£μ, · ¸¸¥Ö´´μ£μ ¨ ¨¸¶ÊÐ¥´´ÒÌ Ô²¥±É·μ´μ¢ ¸μμÉ¢¥É¸É¢¥´´μ; K Å ¨³¶Ê²Ó¸
μÉ¤ Î¨ ¨μ´ ; I1 Å ¶μÉ¥´Í¨ ² μ¤´μ±· É´μ° ¨ I2 Å ¶μÉ¥´Í¨ ² ¤¢Ê±· É´μ°
¨μ´¨§ Í¨¨ ³μ²¥±Ê²Ò.

�  ·¨¸. 12 ¶μ± § ´Ò ¸Ì¥³Ò ¢¥±Éμ·μ¢ ¸±μ·μ¸É¥° Ô²¥±É·μ´μ¢ ¨ μ·¨¥´É Í¨¨
³μ²¥±Ê²Ò. ‡¤¥¸Ó R Å · ¤¨Ê¸-¢¥±Éμ· ¡Ò¸É·μ£μ · ¸¸¥Ö´´μ£μ Ô²¥±É·μ´ ; r1 ¨
r2 Å · ¤¨Ê¸Ò-¢¥±Éμ·Ò ¨¸¶ÊÐ¥´´ÒÌ Ô²¥±É·μ´μ¢; ρ Å · ¤¨Ê¸-¢¥±Éμ·, ¸μ¥¤¨-
´ÖÕÐ¨° Ö¤·  a ¨ b ¤¢ÊÌ Éμ³´μ° ³μ²¥±Ê²Ò, § ¤ ¥É μ·¨¥´É Í¨Õ μ¸¨ ¢· Ð¥´¨Ö
³μ²¥±Ê²Ò; Ra, Rb ¨ rja, rjb Å · ¤¨Ê¸Ò-¢¥±Éμ·Ò ¶ ¤ ÕÐ¥£μ Ô²¥±É·μ´  ¨
j-£μ ¨¸¶ÊÐ¥´´μ£μ Ô²¥±É·μ´  μÉ´μ¸¨É¥²Ó´μ Ö¤¥· a ¨ b ¸μμÉ¢¥É¸É¢¥´´μ; rjp Å
· ¤¨Ê¸-¢¥±Éμ· ¶ ¤ ÕÐ¥£μ Ô²¥±É·μ´  μÉ´μ¸¨É¥²Ó´μ j-£μ ¨¸¶ÊÐ¥´´μ£μ Ô²¥±-
É·μ´ ; Q = pi − ps Å ¶¥·¥¤ ´´Ò° ¨³¶Ê²Ó¸. ˆ§ ·¨¸. 12 ¢¨¤´μ, ÎÉμ

Ra = R +
ρ

2
, r1p = R − r1, r1a = r1 +

ρ

2
, r2a = r2 +

ρ

2
, (4.2 )

Rb = R − ρ

2
, r2p = R − r2, r1b = r1 −

ρ

2
, r2b = r2 −

ρ

2
. (4.2¡)

’·¥Ì- ¨ ¶ÖÉ¨±· É´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö (TDCS ¨ 5DCS) ·¥ ±-
Í¨° (e, 2e) ¨ (e, 3e) ¸ μ¤´¨³ ¡Ò¸É·Ò³ (´ Î ²Ó´Ò³) Ô²¥±É·μ´μ³ ¶·¨ Ë¨±¸¨·μ-
¢ ´´μ° μ·¨¥´É Í¨¨ ³μ²¥±Ê²Ò ¢ · ³± Ì FBA § ¤ ÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨

σ(3)(ρ) =
d3σ

dΩs dΩ1 dE1
=

psk1

(2π)5pi
|Tfi|2, (4.3 )

σ(5)(ρ) =
d5σ

dΩs dΩ1 dΩ2 dE1 dE2
=

psk1k2

(2π)8pi
|Tfi|2. (4.3¡)



���–…‘‘› Œ��ƒ�Š��’��‰ ˆ��ˆ‡�–ˆˆ 1057

�¨¸. 12. ‘Ì¥³Ò ¢¥±Éμ·μ¢ ¸±μ·μ¸É¥° (² ¡μ· Éμ·´ Ö ¸¨¸É¥³  ±μμ·¤¨´ É) (a) ¨ ±μμ·¤¨´ É
Ô²¥±É·μ´μ¢ (³μ²¥±Ê²Ö·´ Ö ¸¨¸É¥³  ±μμ·¤¨´ É) (¡)

Š ± μ¡ÒÎ´μ, ¢ ¸²ÊÎ ¥ μ¤´μ° ¡Ò¸É·μ° Î ¸É¨ÍÒ ³Ò ¶·¥´¥¡·¥£ ¥³ μ¡³¥´μ³
³¥¦¤Ê ¶ ¤ ÕÐ¨³ ¨ ¨¸¶ÊÐ¥´´Ò³ Ô²¥±É·μ´ ³¨,   É ±¦¥ ¶μ² £ ¥³ Î·¥§¢ÒÎ °´μ
³ ²μ° ¢¥·μÖÉ´μ¸ÉÓ § Ì¢ É  ¡Ò¸É·μ° Î ¸É¨ÍÒ ³¨Ï¥´ÓÕ ¸ ¶μ¸²¥¤ÊÕÐ¨³ ¨¸-
¶Ê¸± ´¨¥³ ¥Õ ¤¢ÊÌ  ±É¨¢´ÒÌ Ô²¥±É·μ´μ¢. ˆ´É¥£·¨·ÊÖ ¶μ ¢¸¥³ ´ ¶· ¢²¥´¨Ö³
³μ²¥±Ê²Ö·´μ° μ¸¨, ¶μ²ÊÎ ¥³ Ê¸·¥¤´¥´´Ò¥ É·¥Ì- ¨ ¶ÖÉ¨±· É´μ¥ ¤¨ËË¥·¥´Í¨-
 ²Ó´Ò¥ ¸¥Î¥´¨Ö:

σ̄(3) =
1
4π

∫
dΩρ σ(3)(ρ), (4.4 )

σ̄(5) =
1
4π

∫
dΩρ σ(5)(ρ). (4.4¡)

4.2. Œ¨Ï¥´Ó ¸ μ¤´¨³  ±É¨¢´Ò³ Ô²¥±É·μ´μ³. � ¸¸³μÉ·¨³ Ê· ¢´¥´¨¥
˜·¥¤¨´£¥·  ¤²Ö j-£μ ¨¸¶ÊÐ¥´´μ£μ Ô²¥±É·μ´ , ¤¢¨¦ÊÐ¥£μ¸Ö ¢ ¶μ²¥ ¤¢ÊÌ Ë¨±-
¸¨·μ¢ ´´ÒÌ Ö¤¥· ¸ § ·Ö¤ ³¨ Za ¨ Zb:

(
H − k2

2

)
Ψ(k, r) = 0, H = −1

2
Δr −

Za

ra
− Zb

rb
, (4.5)
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£¤¥ k ≡ kj , r ≡ rj ¨ rl ≡ rjl, l = a, b. …£μ ·¥Ï¥´¨¥ ¡Ê¤¥³ ¨¸± ÉÓ ¢ ¢¨¤¥
¶·μ¨§¢¥¤¥´¨Ö ¤¢ÊÌ ËÊ´±Í¨°:

Ψ(k, r) = Ψa(k, ra)Ψb(k, rb), Ψl(k, rl) = exp
(

ikrl

2

)
ψ(k, rl), (4.6)

ÎÉμ ´ ¢¥Ö´μ ¸μμ¡· ¦¥´¨Ö³¨ ³¥Éμ¤  ÔËË¥±É¨¢´ÒÌ § ·Ö¤μ¢. �μ¤¸É ¢²ÖÖ ËÊ´±-
Í¨Õ (4.6) ¢ Ê· ¢´¥´¨¥ (4.5), ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ Ê· ¢´¥´¨¥:[

1
2
Δraψ(k, ra) +

(
ik + βa

∇rb
ψ(k, rb)

2ψ(k, rb)

)
×

×∇raψ(k, ra) +
Za

ra
ψ(k, ra)

]
ψ(k, rb)+

+
[
1
2
Δrb

ψ(k, rb) +
(

ik + βb
∇raψ(k, ra)
2ψ(k, ra)

)
×

×∇rb
ψ(k, rb) +

Zb

rb
ψ(k, rb)

]
ψ(k, ra) = 0, (4.7)

£¤¥ βa ¨ βb Å ±μÔËË¨Í¨¥´ÉÒ · §¤¥²¥´¨Ö, βa + βb = 2.
’¥¶¥·Ó ¶·¥¤¶μ²μ¦¨³, ÎÉμ ± ¦¤μ¥ ¸² £ ¥³μ¥ ¢ ±¢ ¤· É´ÒÌ ¸±μ¡± Ì · ¢´μ

´Ê²Õ, ´ ¶·¨³¥·:

1
2
Δraψ(k, ra) +

(
ik + βa

∇rb
ψ(k, rb)

2ψ(k, rb)

)
∇raψ(k, ra) +

Za

ra
ψ(k, ra) = 0, (4.8)

¨ · ¸¸³μÉ·¨³ ¸²¥¤¸É¢¨Ö É ±μ£μ ¶·¥¤¶μ²μ¦¥´¨Ö.
„μ¶Ê¸É¨³, ÎÉμ ®¤¢ÊÌÔÉ ¦´ Ö¯ ±μ´¸É·Ê±Í¨Ö ¢ ±·Ê£²ÒÌ ¸±μ¡± Ì ³ ²  ¶μ

± ±μ°-Éμ ¶·¨Î¨´¥, ¨ ÔÉ¨³ μÉ´μÏ¥´¨¥³ ³μ¦´μ ¶·¥´¥¡·¥ÎÓ. ’μ£¤  μ¸É ¢Ï¥¥¸Ö
Ê· ¢´¥´¨¥ (4.8) ¨³¥¥É  ´ ²¨É¨Î¥¸±μ¥ ·¥Ï¥´¨¥

ψ(k, ra) = Q(αa,k, ra) ≡ 1F1(iαa, 1,−i(kra + kra)), (4.9)

£¤¥ αa = −Za/k Å ¶ · ³¥É· ‡μ³³¥·Ë¥²Ó¤ . ‚μ²´μ¢ Ö ËÊ´±Í¨Ö Ψ(k, r) ¶·¨
ÔÉμ³ ¶·¨´¨³ ¥É ¢¨¤

Ψ(k,r) = exp (ikr)
b∏

l=a

N(αl)Q(αl,k, rl),

N(αl) = exp
(
−παl

2

)
Γ(1 − iαl),

(4.10)
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Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Õ ´μ·³¨·μ¢±¨ [86]

〈Ψ(k)|Ψ(k′)〉 =
∫

drΨ∗(k, r)Ψ(k′, r) = (2π)3δ(k − k′) (4.11)

¨  ¸¨³¶ÉμÉ¨Î¥¸±μ³Ê Ê¸²μ¢¨Õ �¥¤³μ´¤ 

lim
kr→∞

Ψ(k, r) −→ exp (ikr) exp (−i(αa + αb) ln (kr + kr)). (4.12)

”Ê´±Í¨Ö (4.10) ´ §Ò¢ ¥É¸Ö ¢μ²´μ¢μ° ËÊ´±Í¨¥° 2C (¨²¨ TCC, two-center
coulomb) [82]. �·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ kr μ´  Ê¤μ¢²¥É¢μ·Ö¥É Ê· ¢´¥´¨Õ (4.8)
¸ ÉμÎ´μ¸ÉÓÕ O

(
(kr)−2

)
, ÎÉμ ´¥É·Ê¤´μ ¶·μ¢¥·¨ÉÓ ¶μ¤¸É ´μ¢±μ°. ‘²¥¤Ê¥É μÉ-

³¥É¨ÉÓ, ÎÉμ ¶μ²ÊÎ¥´´ Ö ËÊ´±Í¨Ö ¨³¥¥É μ¦¨¤ ¥³ÊÕ Ë¨§¨Î¥¸±ÊÕ  ¸¨³¶ÉμÉ¨±Ê
(4.12), ¶μ¸±μ²Ó±Ê ¶ ¤ ÕÐ Ö ¶μ¤ ¡μ²ÓÏ¨³ ¶·¨Í¥²Ó´Ò³ ¶ · ³¥É·μ³ Î ¸É¨Í 
®¢¨¤¨É¯ μ¤´μÍ¥´É·μ¢ÊÕ ³μ²¥±Ê²Ê. ”Ê´±Í¨Ö (4.10) Ö¢²Ö¥É¸Ö ¶·μ¨§¢¥¤¥´¨¥³
¨¸± ¦¥´´ÒÌ ¢μ²´, ¨ É¥³ ¸ ³Ò³ ÊÎÉ¥´μ ³´μ£μ±· É´μ¥ ¶¥·¥· ¸¸¥Ö´¨¥ Ô²¥±-
É·μ´  ´  ± ¦¤μ³ Í¥´É·¥.

� ¸¸³μÉ·¨³ É¥¶¥·Ó Ê· ¢´¥´¨¥ (4.8), ¢ ±μÉμ·μ³ ¢³¥¸Éμ ∇rb
ψ(k,rb)/ψ(k,rb)

¶μ¤¸É ¢²¥´μ ¥£μ  ¸¨³¶ÉμÉ¨Î¥¸±μ¥ ¢Ò· ¦¥´¨¥

∇rb
ψ(k, rb)

ψ(k, rb)
≈ αb

k(rb/rb) + k
i(krb + krb)

q(k, rb) + O
(
(krb)−2

)
, (4.13)

£¤¥

q(k, rb) = 1 − exp (−i(kr + krb))
f∗(k, rb)
f(k, rb)

,

f(k, rb) =
exp (−iαb ln(krb + krb))

Γ(1 − iαb)
.

�μ¤¸É ¢¨³ (4.13) ¢ (4.8), § ³¥´¨³ ¢ ´¥³ ¢¥²¨Î¨´Ê αbβbq(k, rb) ´¥±μÉμ·μ°
±μ´¸É ´Éμ° εa ¨, ¸Î¨É Ö ¥¥ ´¥¡μ²ÓÏ¨³ ¢ ·Ó¨·Ê¥³Ò³ ¶ · ³¥É·μ³, ¶μ¤²¥¦ Ð¨³
¤ ²Ó´¥°Ï¥³Ê μ¶·¥¤¥²¥´¨Õ ¸ ¶μ³μÐÓÕ ¶μ¤Ìμ¤ÖÐ¥£μ ±·¨É¥·¨Ö, § ¶¨Ï¥³ ÔÉμ
Ê· ¢´¥´¨¥ ¸ ÉμÎ´μ¸ÉÓÕ O(r−2

a ):

1
2
Δraψ(k, ra)+

(
ik − iεa

2
kr̂a + k

kra + k̂ra

)
∇raψ(k, ra)+

Za

ra
ψ(k, ra) = 0, (4.14)

£¤¥ ¢¥±Éμ· rb ¢ ±·Ê£²ÒÌ ¸±μ¡± Ì § ³¥´¥´ ´  ra, ¶μ¸±μ²Ó±Ê r−1
b = r−1

a +O(r−2
a ).

�μ²ÊÎ¥´´μ¥ É ±¨³ μ¡· §μ³ Ê· ¢´¥´¨¥ ¨³¥¥É ÉμÎ´μ¥ ·¥Ï¥´¨¥, § ¢¨¸ÖÐ¥¥ μÉ
¶ · ³¥É·  εa:

ψ(k, ra) = Q(αa, εa,k, ra) ≡ 1F1(iαa, 1 − iεa,−i(kra + kra)), (4.15)
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¨ ÔÉμ ·¥Ï¥´¨e ¸μ¢¶ ¤ ¥É ¸ (4.9) ¶·¨ εa = 0. ‘ ¶μ³μÐÓÕ (4.15) ¶μ²ÊÎ ¥³ ¢Ò-
· ¦¥´¨¥ ¤²Ö ´μ¢μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨, ´ §Ò¢ ¥³μ° ³μ¤¨Ë¨Í¨·μ¢ ´´μ° ¤¢ÊÌ-
Í¥´É·μ¢μ° ±Ê²μ´μ¢¸±μ° ËÊ´±Í¨¥° (MTCC, modiˇed two-center coulomb):

Ψ(k, r) = exp (ikr)
b∏

l=a

N(αl, εl)Q(αl, εl,k, rl), (4.16)

£¤¥ ´μ·³¨·μ¢μÎ´Ò° Ë ±Éμ·

N(α, ε) = exp (−πα/2)
Γ(1 − iα − iε)

Γ(1 − iε)
.

�¸´μ¢´μ¥ · §²¨Î¨¥ ³¥¦¤Ê ËÊ´±Í¨Ö³¨ (4.10) ¨ (4.16) § ±²ÕÎ ¥É¸Ö ¢ Éμ³,
ÎÉμ ¢ ¶μ¸²¥¤´¥° μÉ´μ¸¨É¥²Ó´μ¥ ¤¢¨¦¥´¨¥ Ô²¥±É·μ´  ¢ ¶μ²¥ μ¤´μ£μ ¨§ ±Ê²μ-
´μ¢¸±¨Ì Í¥´É·μ¢ § ¢¨¸¨É μÉ ¶ · ³¥É·  ‡μ³³¥·Ë¥²Ó¤  ¤·Ê£μ£μ Í¥´É· . �É 
ËÊ´±Í¨Ö ¡Ò²  ¶μ²ÊÎ¥´  ¨ ¨¸¶μ²Ó§μ¢ ² ¸Ó ¢¶¥·¢Ò¥ ¢ · ¡μÉ¥ [87].

‘ Ë¨§¨Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö ´ ¨¡μ²¥¥ ¢ ¦¥´ ¸²ÊÎ °, ±μ£¤  Za = Zb = Z.
�´ É·¥¡Ê¥É ¸¨³³¥É·¨Î´μ£μ ¶·¥¤¸É ¢²¥´¨Ö ËÊ´±Í¨¨ (4.16), ±μÉμ·ÊÕ § ¶¨Ï¥³
¢ ¢¨¤¥ (αa = αb = α)

χ(k, r) =
1
2

exp (ikr)N(α, εa)N(α, εb)×

× [Q(α, εa,k, ra)Q(α, εb,k, rb) + Q(α, εa,k, rb)Q(α, εb,k, ra)] . (4.17)

…¸²¨ ¶μ²μ¦¨ÉÓ εa = εb, Éμ (4.17) ¸μ¢¶ ¤¥É ¸ (4.16).
4.3. �¤´μ±· É´ Ö ¨μ´¨§ Í¨Ö ¶μ²μ¦¨É¥²Ó´μ£μ ¨μ´  ³μ²¥±Ê²Ò ¢μ¤μ·μ¤ 

¡Ò¸É·Ò³ Ô²¥±É·μ´μ³. —¨É É¥²Ö, ±μÉμ·Ò° ÌμÎ¥É μ¸¢¥¦¨ÉÓ ¸¢μ¨ §´ ´¨Ö ¢ μ¡² -
¸É¨ ±¢ ´Éμ¢μ° Ì¨³¨¨ ( ¤¨ ¡ É¨Î¥¸±μ¥ ¶·¨¡²¨¦¥´¨¥, ¶μ¸É·μ¥´¨¥ Œ�‹Š�� ¨
¨Ì μ¡μ§´ Î¥´¨Ö, ³μ²¥±Ê²Ö·´Ò¥ ¸¨³³¥É·¨¨ ¨ É. ¶.), ³Ò μÉ¸Ò² ¥³ ± § ³¥Î -
É¥²Ó´μ° ±´¨£¥ ƒ·¨¡μ¢  [88] ¨ μ¡§μ·Ê [89]. ŒÒ ¦¥ ¡Ê¤¥³ §¤¥¸Ó ¨¸¶μ²Ó§μ¢ ÉÓ
¶·¨´ÖÉÊÕ É¥·³¨´μ²μ£¨Õ ¡¥§ ¤μ¶μ²´¨É¥²Ó´ÒÌ ¸¸Ò²μ±.

�·μ¸É¥°Ï Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö Φ2Σ+
g
(r), μ¶¨¸Ò¢ ÕÐ Ö μ¸´μ¢´μ¥ ¸μ¸ÉμÖ-

´¨¥ 2Σ+
g ¨μ´  H+

2 , ¶μ²ÊÎ¥´  ¶μ ³¥Éμ¤Ê Œ�‹Š�� ¢ ·¨ Í¨¥° ¶μ ¤¢Ê³ ¶ · ³¥-
É· ³ f ¨ g [82]:

Φ2Σ+
g
(r) = N(exp (−fra − grb) + exp (−gra − frb)), (4.18)

£¤¥ f = 0,224086 ¨ g = 1,13603 Å ¢ ·¨ Í¨μ´´Ò¥ ¶ · ³¥É·Ò, ¨ N(ρ) =
0,6217 Å ´μ·³¨·μ¢μÎ´ Ö ±μ´¸É ´É . �´¥·£¨Ö ¸¢Ö§¨ ¨μ´  I1 = 30 Ô‚, · ¢´μ-
¢¥¸´μ¥ ³¥¦ÑÖ¤¥·´μ¥ · ¸¸ÉμÖ´¨¥ ρ = 2.

�μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö ³¨Ï¥´¨ ¸ ´ ²¥É ÕÐ¨³ Ô²¥±É·μ´μ³ ¢Ò¡¨· ¥³
¢ ¢¨¤¥

V (R, r; ρ) = − 1
Ra

− 1
Rb

+
1

|R − r| (4.19)
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¨ § ¶¨¸Ò¢ ¥³ ¨¸±μ³Ò° ³ É·¨Î´Ò° Ô²¥³¥´É

Tfi(ρ) = 〈ps, χ(k)|V (ρ)|pi, Φ2Σ+
g
〉 =

=
4π

Q2

∫
drχ∗(k; r)

[
eiQr − eiQρ/2 − e−iQρ/2

]
Φ2Σ+

g
(r). (4.20)

‚ ÔÉμ° § ¶¨¸¨ ¡Ò¸É·Ò° ¶ ¤ ÕÐ¨° ´  ³¨Ï¥´Ó Ô²¥±É·μ´ μ¶¨¸Ò¢ ¥É¸Ö ¶²μ¸±μ°
¢μ²´μ°, ÌμÉÖ ¢μ§³μ¦´μ ¥£μ ¶·¥¤¸É ¢²¥´¨¥ ¨ ±Ê²μ´μ¢¸±μ° ¢μ²´μ°, ¶μ¸±μ²Ó±Ê
¨μ´ § ·Ö¦¥´ ¶μ²μ¦¨É¥²Ó´μ. Š·μ³¥ Éμ£μ, ¢ · ³± Ì FBA ³μ¦´μ ¶·μ¨§¢¥¸É¨
Ëμ·³ ²Ó´ÊÕ μ·Éμ£μ´ ²¨§ Í¨Õ ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨° ³¨Ï¥´¨, ¢
·¥§Ê²ÓÉ É¥ Î¥£μ (4.20) ¶·¥μ¡· §Ê¥É¸Ö ± ¢¨¤Ê

Tfi(ρ) =
4π

Q2

∫
drχ∗(k; r)[eiQr − F (Q, ρ)]Φ2Σ+

g
(r), (4.21)

£¤¥ F (Q, ρ) = 〈Φ2Σ+
g
|eiQr|Φ2Σ+

g
〉 Å ³μ²¥±Ê²Ö·´Ò° Ëμ·³Ë ±Éμ·.

ŒÒ ´¥ ¡Ê¤¥³ §¤¥¸Ó μ¸É ´ ¢²¨¢ ÉÓ¸Ö ´  ¤¥É ²ÖÌ ¢ÒÎ¨¸²¥´¨°, μÉ³¥É¨³
²¨ÏÓ, ÎÉμ ´¥μ¡Ìμ¤¨³μ ¶·¨¡¥£ ÉÓ ± Î¨¸²¥´´μ³Ê ¨´É¥£·¨·μ¢ ´¨Õ. ‘ ¤¥É -
²Ö³¨ ¦¥ ³μ¦´μ ¶μ¤·μ¡´μ μ§´ ±μ³¨ÉÓ¸Ö ¢ ¤¨¸¸¥·É Í¨¨ [90]. � ¸¸³ É·¨¢ -
¥É¸Ö ¸²ÊÎ ° · ¢´ÒÌ § ·Ö¤μ¢ Za = Zb = 1 ¨ §´ Î¥´¨° Ô´¥·£¨¨ Ei = 2 ±Ô‚,
Ek = 50 Ô‚ [82Ä84]. �·¨ É ±μ° ´ Î ²Ó´μ° Ô´¥·£¨¨ ¢ ± ±μ°-Éμ ³¥·¥ μ¶· ¢-
¤ ´´μ ¶·¥´¥¡·¥¦¥´¨¥ μ¡³¥´μ³ ³¥¦¤Ê · ¸¸¥Ö´´Ò³ ¨ ¨¸¶ÊÐ¥´´Ò³ Ô²¥±É·μ-
´ ³¨ ¢ ¸¥Î¥´¨¨, μ¶¨¸ ´¨¥ ¡Ò¸É·μ£μ Ô²¥±É·μ´  ¶²μ¸±μ° ¢μ²´μ° ¨ ¶·¥¤¶μ²μ-
¦¥´¨¥ μ ®§ ³μ·μ¦¥´´μ¸É¨¯ ¶·μÉμ´μ¢ ¢ ¶·μÍ¥¸¸¥ ¨μ´¨§ Í¨¨. �μ¸²¥¤´¥¥ ¢¥¤¥É
± Ë¨±¸ Í¨¨ ρ ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ ¥£μ §´ Î¥´¨¥³ ¢ ¨μ´¥ ³μ²¥±Ê²Ò.

‘´ Î ²  · ¸¸³μÉ·¨³ ¸¥Î¥´¨¥ TDCS ¢ ¤¢ÊÌ ¸²ÊÎ ÖÌ μ·¨¥´É Í¨¨ μ¸¨ ³μ²¥-
±Ê²Ò: ϕρ = 0◦, θρ = 0◦ ¨ ϕρ = 0◦, θρ = 90◦. �·¨ ÔÉμ³ μ¶·¥¤¥²¨³ ¶ · ³¥É·Ò
εa = −Z3/k ¨ εb = −Z4/k ¶μ  ´ ²μ£¨¨ ¸ α, ´μ ¸ ´¥±μÉμ·Ò³¨ ÔËË¥±É¨¢´Ò³¨
§ ·Ö¤ ³¨ Z3, Z4. �μ²μ¦¨³ ¨Ì · ¢´Ò³¨ ¨§ μ¡Ð¨Ì ¸μμ¡· ¦¥´¨°. „²Ö Éμ£μ
ÎÉμ¡Ò μ¶·¥¤¥²¨ÉÓ μ¶É¨³ ²Ó´μ¥ §´ Î¥´¨¥ Z3 = Z4, ¡Ò²μ ¶·μ¢¥¤¥´μ ¸· ¢´¥´¨¥
³ ±¸¨³Ê³μ¢ ·¥§Ê²ÓÉ Éμ¢ ¢ÒÎ¨¸²¥´¨° ¸¥Î¥´¨Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ (4.21) ¨ ¶μ²Ê-
Î¥´´ÒÌ Î¨¸²¥´´Ò³¨ · ¸Î¥É ³¨ ¢ ¢ÒÉÖ´ÊÉÒÌ ¸Ë¥·μ¨¤ ²Ó´ÒÌ ±μμ·¤¨´ É Ì [84].
�ÉμÉ ³ ±¸¨³Ê³ ¤μ¸É¨£ ¥É¸Ö ¢ ¸¨ÉÊ Í¨¨, ±μ£¤  ¨³¶Ê²Ó¸ ¨¸¶ÊÐ¥´´μ£μ Ô²¥±É·μ´ 
· ¢¥´ ¨ ¶ · ²²¥²¥´ ¶¥·¥¤ ´´μ³Ê ¨³¶Ê²Ó¸Ê, É. ¥. k = Q. �Éμ É ± ´ §Ò¢ ¥³Ò°
®£·¥¡¥´Ó �¥É¥¯, ±μ£¤  ¨³¶Ê²Ó¸ μÉ¤ Î¨ K = 0 ¨ ´ ¡²Õ¤ ¥É¸Ö  ¡¸μ²ÕÉ´Ò°
³ ±¸¨³Ê³ ¸¥Î¥´¨Ö. ’·¥¡Ê¥³μ¥ §´ Î¥´¨¥ Z3 = Z4 μ¶·¥¤¥²Ö²μ¸Ó ³¨´¨³ ²Ó´Ò³
§´ Î¥´¨¥³ · §´¨ÍÒ ¸¥Î¥´¨° ¢ μ±·¥¸É´μ¸É¨ ÔÉμ£μ ³ ±¸¨³Ê³ . ‚ ·¥§Ê²ÓÉ É¥
¶·¨³¥´¥´¨Ö É ±μ£μ ®¢ ·¨ Í¨μ´´μ£μ ¶·¨´Í¨¶ ¯ ¡Ò²μ ´ °¤¥´μ, ÎÉμ Z3 = Z4

´¥ ¶·¥¢ÒÏ ¥É 0,2. ’ ±¦¥ ¡Ò²μ μÉ³¥Î¥´μ, ÎÉμ ËÊ´±Í¨Ö Z3 = Z4 = f(θs)
¸² ¡μ § ¢¨¸¨É ± ± μÉ Ê£²  · ¸¸¥Ö´¨Ö, É ± ¨ μÉ Ê£²  μ·¨¥´É Í¨¨ ³μ²¥±Ê²Ò θρ.

�  ·¨¸. 13, a ¨ ¡ ¶μ± § ´Ò ¸¥Î¥´¨Ö TDCS ± ± ËÊ´±Í¨¨ Ê£²  · ¸¸¥Ö´´μ£μ
Ô²¥±É·μ´  ¶·¨ k ‖ Q ¤²Ö ¤¢ÊÌ ´ ¶· ¢²¥´¨° μ¸¨ ³μ²¥±Ê²Ò: ϕρ = 0◦, θρ = 0◦
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�¨¸. 13. ’·¥Ì±· É´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ (e, 2e) ´  ¨μ´¥ H+
2 ± ±

ËÊ´±Í¨Ö Ê£²  · ¸¸¥Ö´´μ£μ Ô²¥±É·μ´  θs ¸ μ¶É¨³ ²Ó´Ò³¨ §´ Î¥´¨Ö³¨ Z3 = Z4, ¶μ-
²ÊÎ¥´´Ò³¨ ´μ·³¨·μ¢±μ° ´  ³ ±¸¨³Ê³ ¶·¨ k ‖ Q (¸¶²μÏ´ Ö ²¨´¨Ö), Z3 = Z4 = 0
(¶Ê´±É¨·´ Ö ²¨´¨Ö) ¨ [84] (ÏÉ·¨Ì¶Ê´±É¨·´ Ö ²¨´¨Ö). a) ϕρ = 0◦, θρ = 0◦; ¡) ϕρ = 0◦,
θρ = 90◦. �¨¸Ê´μ± § ¨³¸É¢μ¢ ´ ¨§ · ¡μÉÒ [87]

¨ ϕρ = 0◦, θρ = 90◦. ‚ ¸²ÊÎ ¥ k ‖ Q ¨³¶Ê²Ó¸ μÉ¤ Î¨ ¤μ¸É¨£ ¥É ³¨´¨³ ²Ó-
´μ£μ §´ Î¥´¨Ö, ¨ ³ ±¸¨³Ê³ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶¥·¥¤ ¥É¸Ö ¨¸¶ÊÐ¥´´μ³Ê
Ô²¥±É·μ´Ê. ˆ§ ·¨¸. 13 ¢¨¤´μ, ÎÉμ ¢¢¥¤¥´¨¥ ¤μ¶μ²´¨É¥²Ó´μ£μ ¶ · ³¥É·  ε ´¥-
¸±μ²Ó±μ Ê²ÊÎÏ ¥É ¸μμÉ¢¥É¸É¢¨¥ ¸ ·¥§Ê²ÓÉ É ³¨ [84], μ¸μ¡¥´´μ ¢ μ¡² ¸É¨ ³ -
²ÒÌ Ê£²μ¢ · ¸¸¥Ö´¨Ö, £¤¥ ¤¢ÊÌÍ¥´É·μ¢ Ö ³μ¤¥²Ó, ¶·¥¤²μ¦¥´´ Ö ¢ [82], ¶²μÌμ
· ¡μÉ ¥É.

—Éμ¡Ò ¢¨¤¥ÉÓ ÔËË¥±É ¢¢¥¤¥´¨Ö ¶ · ³¥É·μ¢ Z3 ¨ Z4 ¡μ²¥¥ ¤¥É ²Ó´μ, · ¸-
¸³μÉ·¨³ TDSC ¢ § ¢¨¸¨³μ¸É¨ μÉ Ê£²  ¨¸¶ÊÐ¥´´μ£μ Ô²¥±É·μ´  ¤²Ö ¤¢ÊÌ ´ -
¶· ¢²¥´¨° · ¸¸¥Ö´´μ£μ Ô²¥±É·μ´  θs = 3◦ (·¨¸. 14, a) ¨ θs = 9◦ (·¨¸. 14, ¡)
¶·¨ μ·¨¥´É Í¨¨ μ¸¨ ³μ²¥±Ê²Ò ϕρ = 0◦, θρ = 0◦. “²ÊÎÏ¥´¨¥ ¶·¨¡²¨¦¥´-
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�¨¸. 14. ’·¥Ì±· É´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ (e, 2e) ± ± ËÊ´±Í¨Ö Ê£² 
¨¸¶ÊÐ¥´´μ£μ Ô²¥±É·μ´  θ ¸μ §´ Î¥´¨Ö³¨ Z3 = Z4, ¶μ²ÊÎ¥´´Ò³¨ ´μ·³¨·μ¢±μ° ´  £² ¢-
´Ò° ³ ±¸¨³Ê³ (¸¶²μÏ´ Ö ²¨´¨Ö), Z3 = Z4 = 0 (¶Ê´±É¨·´ Ö ²¨´¨Ö) ¨ [84] (ÏÉ·¨Ì-
¶Ê´±É¨·´ Ö ²¨´¨Ö). ‡¤¥¸Ó ϕρ = 0◦, θρ = 0◦, θs = 3◦ (a), θs = 9◦ (¡). �¨¸Ê´μ±
§ ¨³¸É¢μ¢ ´ ¨§ · ¡μÉÒ [87]

´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¢¢¥¤¥´¨¥³ ¤μ¶μ²´¨É¥²Ó´ÒÌ ¶ · ³¥É·μ¢ εl μÎ¥¢¨¤´μ
¨§ ·¨¸. 14, a, ¡ ¢ μ¡² ¸É¨ 100 < θ < 240◦. �¥±μÉμ·Ò¥ ´¥¸μ£² ¸¨Ö ¸μÌ· ´ÖÕÉ¸Ö
¢ μ¡² ¸É¨ 0 < θ < 100◦ (¢¨¤´μ ¨§ ·¨¸. 14, ¡), ±μÉμ·Ò¥ É·Ê¤´Ò ¤²Ö ¨´É¥·-
¶·¥É Í¨¨, ¶μ¸±μ²Ó±Ê ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ §¤¥¸Ó ¶ ¤ ¥É ¶μÎÉ¨ ´  É·¨
¶μ·Ö¤±  ¶μ ¸· ¢´¥´¨Õ ¸  ¡¸μ²ÕÉ´Ò³ ³ ±¸¨³Ê³μ³, ¨ ´¥¸μμÉ¢¥É¸É¢¨¥ ³μ¦´μ
μÉ´¥¸É¨ ± μ¶·¥¤¥²¥´´μ° £·Ê¡μ¸É¨  ¶¶·μ±¸¨³ Í¨¨ ¢μ²´μ¢μ° ËÊ´±Í¨¨ (4.16).

4.4. �¤´μ±· É´ Ö ¨μ´¨§ Í¨Ö ³μ²¥±Ê²Ò ¢μ¤μ·μ¤  Ô²¥±É·μ´´Ò³ Ê¤ ·μ³.
� ¸¸³μÉ·¨³ É¥¶¥·Ó μ¤´μ±· É´ÊÕ ¨μ´¨§ Í¨Õ ³μ²¥±Ê²Ò ¢μ¤μ·μ¤  (H2) Ô²¥±-
É·μ´´Ò³ Ê¤ ·μ³

e + H2(1Σ+
g ) → 2e + H+

2 (2Σ+
g ).
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T·¥Ì±· É´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ σ(3) ¢ÒÎ¨¸²Ö¥É¸Ö ¶μ Ëμ·³Ê²¥ (4.4a),
¶μÉ¥´Í¨ ² μ¤´μ±· É´μ° ¨μ´¨§ Í¨¨ ³μ²¥±Ê²Ò I = 16 Ô‚, ¥¥ · ¢´μ¢¥¸´μ¥
³¥¦ÑÖ¤¥·´μ¥ · ¸¸ÉμÖ´¨¥ ρ = 1,4354  . ¥., ¨  ³¶²¨ÉÊ¤  Tfi ¤²Ö ´¥¶μ²Ö·¨-
§μ¢ ´´μ£μ ¡Ò¸É·μ£μ Ô²¥±É·μ´  ¨³¥¥É ¢¨¤

Tfi =
√

2
∫

dR
∫

dr1

∫
dr2 exp (iQR)χ∗(k1; r1)×

× Φ2Σ+
g
(r2)V Φ1Σ+

g
(r1, r2). (4.22)

�μÉ¥´Í¨ ² V μ¶·¥¤¥²Ö¥É ¢§ ¨³μ¤¥°¸É¢¨¥ ¶ ¤ ÕÐ¥£μ Ô²¥±É·μ´  ¨ ³¨Ï¥´¨ H2

¶·¨ §´ Î¥´¨¨ § ·Ö¤μ¢ Ö¤¥· Za = Zb = 1:

V = −Za

Ra
− Zb

Rb
+

1
r1p

+
1

r2p
. (4.23)

‚μ²´μ¢Ò¥ ËÊ´±Í¨¨ Φ1Σ+
g
(r1, r2) ¨ Φ2Σ+

g
(r2), μ¶¨¸Ò¢ ÕÐ¨¥ μ¸´μ¢´Ò¥ ¸μ¸Éμ-

Ö´¨Ö 1Σ+
g ¨ 2Σ+

g ³μ²¥±Ê²Ò H2 ¨ ³μ²¥±Ê²Ö·´μ£μ ¨μ´  H+
2 , ¢§ÖÉÒ ¨§ ¢ ·¨ Í¨-

μ´´μ£μ · ¸Î¥É  [91]:

Φ1Σ+
g
(r1, r2) = Niϕ(1)ϕ(2), (4.24 )

ϕ(j) = exp (−β1rja − β2rjb) + exp (−β2rja − β1rjb),

Φ2Σ+
g
(r2) = Nf (exp (−αr2a) + exp (−αr2b)), (4.24¡)

£¤¥ β1 = 0,07112, β2 = 1,12023, α = 1,23, Ni = 0,169937 ¨ Nf = 0,423547.
‚μ²´μ¢ Ö ËÊ´±Í¨Ö χ(k1; r1a, r1b), μ¶¨¸Ò¢ ÕÐ Ö ¸μ¸ÉμÖ´¨¥ ´¥¶·¥·Ò¢´μ£μ
¸¶¥±É·  ³¥¤²¥´´μ£μ ¨¸¶ÊÐ¥´´μ£μ Ô²¥±É·μ´ , ¢Ò· ¦ ¥É¸Ö Ëμ·³Ê²μ° (4.17).

�  ·¨¸. 15 ¶·¥¤¸É ¢²¥´Ò É·¥Ì±· É´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¨μ´¨-
§ Í¨¨  Éμ³  £¥²¨Ö ¨ ³μ²¥±Ê²Ò ¢μ¤μ·μ¤ , · ¸¸Î¨É ´´Ò¥ ¶·¨ Es = 500 Ô‚,
E1 = 37, 74 ¨ 205 Ô‚ ¨ θs = 6◦. ’¥μ·¥É¨Î¥¸±¨¥ ¢ÒÎ¨¸²¥´¨Ö ¢Ò¶μ²´¥´Ò ¤²Ö
 Éμ³  £¥²¨Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ μ¤´μ° ¨§ · §´μ¢¨¤´μ¸É¥° ³¥Éμ¤  ¸¨²Ó´μ° ¸¢Ö§¨
± ´ ²μ¢ (CCC, convergent close coupling) [93],   ¤²Ö ³μ²¥±Ê²Ò ¢μ¤μ·μ¤  Å
¢ ¶·¨¡²¨¦¥´¨ÖÌ FBA ¨ ¨¸± ¦¥´´ÒÌ ¢μ²´ (M3DW, molecular three-body dis-
torted wave) ¸ Ê¸·¥¤´¥´¨¥³ ¶μ μ·¨¥´É Í¨¨ μ¸¨ ³μ²¥±Ê²Ò [94, 95]. ‚ ¶·¨-
¡²¨¦¥´¨ÖÌ FBA ¶μ¤£μ´μÎ´Ò° ¶ · ³¥É· Z3 = Z4 μ¶·¥¤¥²Ö²¸Ö ´μ·³¨·μ¢±μ°
¡¨´ ·´μ£μ ³ ±¸¨³Ê³  ± Ô±¸¶¥·¨³¥´ÉÊ.

‘´ Î ²  ¶·μ ´ ²¨§¨·Ê¥³ ·¥§Ê²ÓÉ ÉÒ ¤²Ö  Éμ³  £¥²¨Ö, ¶·¥¤¸É ¢²¥´´Ò¥ ´ 
·¨¸. 15, aÄ¢. � ¡²Õ¤ ¥É¸Ö Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ ³¥¦¤Ê Ô±¸¶¥·¨³¥´Éμ³ ¨ É¥μ·¨¥°
± ± ¶μ Ëμ·³¥ ±·¨¢μ° · ¸¶·¥¤¥²¥´¨Ö ¢ Í¥²μ³, É ± ¨ ¢ ¶μ²μ¦¥´¨¨ ¡¨´ ·´ÒÌ
¶¨±μ¢. ‚³¥¸É¥ ¸ É¥³ ¡μ²¥¥ ¤¥É ²Ó´μ¥ ¸· ¢´¥´¨¥ ¶μ± §Ò¢ ¥É ¸¤¢¨£ ¡¨´ ·´μ£μ
¶¨±  ¢ ¶·¥¤¥² Ì 10◦ μÉ ´ ¶· ¢²¥´¨Ö ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  θQ. �É  μ¸μ-
¡¥´´μ¸ÉÓ Ìμ·μÏμ ¨§¢¥¸É´  ¨§ ¨¸¸²¥¤μ¢ ´¨° μ¤´μ±· É´μ° ¨μ´¨§ Í¨¨  Éμ³ 
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�¨¸. 15. ’·¥Ì±· É´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ (e, 2e) ´   Éμ³¥ £¥²¨Ö ¨
³μ²¥±Ê²¥ H2 ± ± ËÊ´±Í¨¨ Ê£²  ¢Ò²¥É  ¨¸¶ÊÐ¥´´μ£μ Ô²¥±É·μ´  θ1 (μÉ¸Î¨É ´ ¶μ Î ¸μ-
¢μ° ¸É·¥²±¥) ¤²Ö  Éμ³  £¥²¨Ö (²¥¢ Ö ±μ²μ´± ) ¨ ³μ²¥±Ê²Ò ¢μ¤μ·μ¤  (¶· ¢ Ö ±μ²μ´± ).
˜É·¨Ìμ¢ Ö ²¨´¨Ö Å ‘‘‘; ¶Ê´±É¨·´ Ö Å FBA; ¸¶²μÏ´ Ö Å M3DW. �±¸¶¥·¨³¥´-
É ²Ó´Ò¥ ¤ ´´Ò¥ ¢§ÖÉÒ ¨§ · ¡μÉÒ [92] ¶·¨ §´ Î¥´¨ÖÌ Ô´¥·£¨¨ E1 = 37 Ô‚ (a, £),
74 Ô‚ (¡, ¤) ¨ 205 Ô‚ (¢, e). Es = 500 Ô‚. �¨¸Ê´μ± § ¨³¸É¢μ¢ ´ ¨§ · ¡μÉÒ [92]

£¥²¨Ö [12, 96] ¨ μÉ· ¦ ¥É ´¥¤μ¸É ÉμÎ´μ¸ÉÓ ¶·¨¡²¨¦¥´¨Ö FBA, ±μ£¤  Ô´¥·£¨¨
¨¸¶ÊÐ¥´´μ£μ ¨ · ¸¸¥Ö´´μ£μ Ô²¥±É·μ´μ¢ ¸É ´μ¢ÖÉ¸Ö ¸· ¢´¨³Ò.

‚ ¸²ÊÎ ¥ ³μ²¥±Ê²Ò ¢μ¤μ·μ¤  (·¨¸. 15, £Ä¥) ¸· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É  ¨ É¥-
μ·¨¨ ³¥´¥¥ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ. �¥±μÉμ·μ¥ ¸μ£² ¸¨¥ FBA- ¨ M3DW-· ¸Î¥Éμ¢
´ ¡²Õ¤ ¥É¸Ö ¶·¨ ´¥¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ Ô´¥·£¨¨ ¨¸¶ÊÐ¥´´μ£μ Ô²¥±É·μ´ 
(·¨¸. 15, £ ¨ ¤), Éμ£¤  ± ± M3DW-³μ¤¥²Ó ²ÊÎÏ¥ μ¶¨¸Ò¢ ¥É μ±·¥¸É´μ¸ÉÓ ¡¨-
´ ·´μ£μ ¶¨±  ¶·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ Ô´¥·£¨¨ (·¨¸. 15, e). �É³¥É¨³, ÎÉμ
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M3DW-³μ¤¥²Ó ¶·¥¤¸± §Ò¢ ¥É ¶²¥Îμ ¢ ¡¨´ ·´μ³ ¶¨±¥ ¶·¨ E1 = 205 Ô‚
(·¨¸. 15, e), ´ ¡²Õ¤ ÉÓ ±μÉμ·μ¥, μ¤´ ±μ, ´¥ Ê¤ ¥É¸Ö ¨§-§  ´¥¤μ¸É ÉμÎ´μ° ¸É -
É¨¸É¨±¨ Ô±¸¶¥·¨³¥´É .

ˆ§ ·¨¸. 15 ¸²¥¤Ê¥É, ÎÉμ É·¥Ì±· É´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±-
Í¨° (e, 2e) ¤²Ö  Éμ³  £¥²¨Ö ¨ ³μ²¥±Ê²Ò ¢μ¤μ·μ¤  ¢ Í¥²μ³ ¶μÌμ¦¨ ¶μ Ëμ·³¥,
μ¸μ¡¥´´μ ¢ μ¡² ¸É¨ ¡¨´ ·´μ£μ ¶¨±  ¶·¨ ´¥¡μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ¨μ´¨§μ¢ ´´μ£μ
Ô²¥±É·μ´ . �Éμ ²¥£±μ ¶μ´ÖÉÓ, ¶μ¸±μ²Ó±Ê ¶·¨ É ±¨Ì Ê¸²μ¢¨ÖÌ ·¥ ±Í¨Ö ¶·μ-
¨¸Ìμ¤¨É ¶·¨ ¡μ²ÓÏμ³ ¶·¨Í¥²Ó´μ³ ¶ · ³¥É·¥ (³ ² Ö ¶¥·¥¤ Î  Ô´¥·£¨¨) ¨,
¸²¥¤μ¢ É¥²Ó´μ, μ¡  ¶·μÉμ´  ³μ²¥±Ê²Ò ¢μ¸¶·¨´¨³ ÕÉ¸Ö ´ ²¥É ÕÐ¨³ Ô²¥±É·μ-
´μ³ ± ± ¸²¨ÉÒ¥ ¢ ÉμÎ±Ê ¸ É¥³ ¦¥ § ·Ö¤μ³, ÎÉμ ¨ Ö¤·μ  Éμ³  £¥²¨Ö. ‚³¥¸É¥ ¸
É¥³ ´ ¡²Õ¤ ÕÉ¸Ö § ³¥É´Ò¥ μÉ²¨Î¨Ö ¢ μ¡² ¸É¨ ¶¨±  μÉ¤ Î¨, É. ¥. ¢ ´ ¶· ¢²¥-
´¨¨, ¶·μÉ¨¢μ¶μ²μ¦´μ³ ´ ¶· ¢²¥´¨Õ ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  θ−Q = θQ + π,
¶μ¸±μ²Ó±Ê §¤¥¸Ó ¨£· ÕÉ ·μ²Ó ³¥Ì ´¨§³Ò, § É· £¨¢ ÕÐ¨¥ ¢´ÊÉ·¥´´ÕÕ μ¡² ¸ÉÓ
³¨Ï¥´¨.

4.5. „¢Ê±· É´ Ö ¨μ´¨§ Í¨Ö ³μ²¥±Ê²Ò ¢μ¤μ·μ¤  Ô²¥±É·μ´´Ò³ Ê¤ ·μ³.
� ±μ´¥Í, μ¡· É¨³¸Ö ± ¤¢Ê±· É´μ° ¨μ´¨§ Í¨¨ ³μ²¥±Ê²Ò ¢μ¤μ·μ¤  (H2) Ô²¥±-
É·μ´´Ò³ Ê¤ ·μ³

e + H2 → 3e + H+ + H+.

“¸·¥¤´¥´´μ¥ ¶μ ´ ¶· ¢²¥´¨Ö³ μ¸¨ ³μ²¥±Ê²Ò ¶ÖÉ¨±· É´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥
¸¥Î¥´¨¥ σ̄(5) ¢Ò· ¦ ¥É¸Ö Ëμ·³Ê²μ° (4.4¡). ‚ ÔÉμ³ ¸²ÊÎ ¥ ¶μÉ¥´Í¨ ² ¤¢Ê±· É-
´μ° ¨μ´¨§ Í¨¨ IP = 51 Ô‚, · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê Ö¤· ³¨ ρ = 1,4354  . ¥., ¨
 ³¶²¨ÉÊ¤  Tfi ¨³¥¥É ¢¨¤

Tfi =
√

2
∫

dR
∫

dr1

∫
dr2×

× exp (iQR)χ∗
f (k1,k2; r1, r2)V Φ1Σg

(r1, r2). (4.25)

�μÉ¥´Í¨ ² V ÉμÉ ¦¥, ÎÉμ ¨ ¢ (4.23).
�·μ¡´ Ö É·¥Ì¶ · ³¥É·¨Î¥¸± Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö

³μ²¥±Ê²Ò Φ1Σg
(r1, r2) ´¥¸±μ²Ó±μ μÉ²¨Î ¥É¸Ö μÉ (4.24a) [97]:

Φ1Σg
(r1, r2) = N(φ(1)ψ(2) + ψ(1)φ(2)), (4.26)

£¤¥

φ(j) = xa(j) + εxb(j), ψ(j) = εxa(j) + xb(j),

xa(j) = exp (−βξj − γηj), xb(j) = exp (−βξj + γηj),

  É ±¦¥ ξj = (rja + rjb)/ρ, ηj = (rja − rjb)/ρ; β = 0,835, γ = 0,775, ε =
0,137 Å ¢ ·¨ Í¨μ´´Ò¥ ¶ · ³¥É·Ò, N = 0,255 Å ´μ·³¨·μ¢μÎ´ Ö ±μ´¸É ´É .

�¥¸¨³³¥É·¨§μ¢ ´´ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö χf (k1,k2; r1, r2) ±μ´¥Î´μ£μ ¸μ-
¸ÉμÖ´¨Ö ¤¢ÊÌ ³¥¤²¥´´ÒÌ ¨¸¶ÊÐ¥´´ÒÌ Ô²¥±É·μ´μ¢ ¢ ¶μ²¥ ¤¢ÊÌ Ë¨±¸¨·μ¢ ´´ÒÌ
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Ö¤¥· ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥ ¸Ê³³Ò ¶·μ¨§¢¥¤¥´¨° ¤¢ÊÌ MTCC (4.17), Ê³´μ¦¥´-
´ÒÌ ´  É ± ´ §Ò¢ ¥³Ò° £ ³μ¢¸±¨° Ë ±Éμ·:

χf (k1,k2; r1, r2) = N(α12)χ(k1, r1)χ(k2, r2),

N(α12) = exp
(
−πα12

2

)
Γ(1 − iα12), α12 =

1
|k1 − k2|

.
(4.27)

�¡μ§´ Î¨³ É ±¦¥ ³ ²Ò¥ ¶ · ³¥É·Ò ε1 = ε1a = ε1b ¨ ε2 = ε2a = ε2b.
‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉμ ÊÎ¥É ³¥¦Ô²¥±É·μ´´ÒÌ ±μ··¥²ÖÍ¨° ¢ ¸¥¶ · ¡¨²¨-

§μ¢ ´´μ° ËÊ´±Í¨¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö ¶μ¸·¥¤¸É¢μ³ Ë ±Éμ·  ƒ ³μ¢  Å ´¥
¸ ³Ò° ²ÊÎÏ¨° ¸¶μ¸μ¡ ¤²Ö ³¥¤²¥´´ÒÌ Ô²¥±É·μ´μ¢, ÌμÉÖ ¨ · ¸¶·μ¸É· ´¥´´Ò°
¤²Ö μÍ¥´μ±. Š ± ¶· ¢¨²μ, ¥£μ ¢¢¥¤¥´¨¥ ¢ · ¸Î¥É ¸¥Î¥´¨Ö § ³¥É´μ ¥£μ ®¸ ¦ ¥É¯,
ÌμÉÖ ³Ò ¨ ¶μ²ÊÎ ¥³ Ë¨§¨Î¥¸±¨ ¶· ¢¨²Ó´μ¥ ¶μ¢¥¤¥´¨¥ ¸¥Î¥´¨Ö (· ¢¥´¸É¢μ ¥£μ
´Ê²Õ) ¶·¨ k1 = k2.

ˆ´É¥£·¨·μ¢ ´¨¥ ¶μ ±μμ·¤¨´ É¥ R ¡Ò¸É·μ£μ ¶ ¤ ÕÐ¥£μ Ô²¥±É·μ´  É·¨¢¨-
 ²Ó´μ,   μ¸É ¢Ï¨°¸Ö 6D-¨´É¥£· ² ¶·¥μ¡· §Ê¥É¸Ö ± ´¥¸±μ²Ó±¨³ 3D-¨´É¥£· ² ³
μÉ ¶·μ¨§¢¥¤¥´¨Ö ËÊ´±Í¨° É¨¶  (3.24), ±μÉμ·Ò¥ ¢ÒÎ¨¸²ÖÕÉ¸Ö Î¨¸²¥´´μ. �μ-
¤·μ¡´μ¸É¨ ³μ¦´μ ´ °É¨ ¢ [90], ¨ ³Ò ¨Ì μ¶Ê¸± ¥³.

‚Ò¡¥·¥³ §´ Î¥´¨Ö Ô´¥·£¨° ¶ ¤ ÕÐ¥£μ ¨ ¨¸¶ÊÐ¥´´ÒÌ Ô²¥±É·μ´μ¢ 612, 51
¨ 10 Ô‚ ¸μμÉ¢¥É¸É¢¥´´μ, ± ± ¢ · ¡μÉ¥ [98]. �  ·¨¸. 16 ¶·¥¤¸É ¢²¥´μ 5DCS
(4.3¡) ± ± ËÊ´±Í¨Ö Ê£²μ¢ · ¸¸¥Ö´´μ£μ Ô²¥±É·μ´  θs ¨ μ·¨¥´É Í¨¨ ³μ²¥±Ê-

�¨¸. 16. �ÖÉ¨±· É´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ (e, 3e) ± ± ËÊ´±Í¨Ö Ê£²μ¢
· ¸¸¥Ö´´μ£μ Ô²¥±É·μ´  θs ¨ μ·¨¥´É Í¨¨ ³μ²¥±Ê²Ò θρ ¶·¨ k1 ↑↑ Q ¨ k2 ↓↑ Q. ‡¤¥¸Ó
ε1 = ε2 = 0 ¨ Ei = 612 Ô‚. �¨¸Ê´μ± § ¨³¸É¢μ¢ ´ ¨§ · ¡μÉÒ [100]



1068 ����‚ 	. ‚. ˆ „�.

�¨¸. 17. “¸·¥¤´¥´´Ò¥ ¶ÖÉ¨±· É´Ò¥
¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨
(e, 3e) ± ± ËÊ´±Í¨Ö Ê£²  ¨¸¶ÊÐ¥´-
´μ£μ Ô²¥±É·μ´  θ1 ¶·¨ k2 ↑↑ Q.
a) Ei = 5612 Ô‚, θs = 0,45◦ ¨
θ2 = 322◦; ¡) Ei = 612 Ô‚, θs = 1,5◦

¨ θ2 = 346◦. ‡¤¥¸Ó ε1 = ε2 = 0. �¨-
¸Ê´μ± § ¨³¸É¢μ¢ ´ ¨§ · ¡μÉÒ [100]

²Ö·´μ° μ¸¨ θρ ¶·¨ ¶·μÉ¨¢μ¶μ²μ¦´ÒÌ ´ ¶· ¢²¥´¨ÖÌ ³¥¤²¥´´ÒÌ Ô²¥±É·μ´μ¢,
¶·¨Î¥³ k1 ¶ · ²²¥²¥´ Q. � ¡²Õ¤ ÕÉ¸Ö ¤¢  ¶¨±  ¶·¨ θρ = 170 ¨ 80◦ ¢
μ¡² ¸É¨ ³ ²ÒÌ Ê£²μ¢ · ¸¸¥Ö´¨Ö 0Ä5◦. �É¨ μ¡² ¸É¨ ¸μμÉ¢¥É¸É¢ÊÕÉ μ·¨¥´É Í¨¨
³μ²¥±Ê²Ò ¶ · ²²¥²Ó´μ ¨ ¶¥·¶¥´¤¨±Ê²Ö·´μ ± ¶¥·¥¤ ´´μ³Ê ¨³¶Ê²Ó¸Ê Q. ‡ ³¥-
É¨³, ÎÉμ ¢ ¢Ò¡· ´´μ° £¥μ³¥É·¨¨ Ô±¸¶¥·¨³¥´É  ¨³¶Ê²Ó¸ μÉ¤ Î¨ K ¶ · ²²¥²¥´
Q, ÎÉμ ¸²¥¤Ê¥É ¨§ § ±μ´  ¸μÌ· ´¥´¨Ö ¨³¶Ê²Ó¸ 

Q = pi − ps = k1 + k2 + K.

�·¨ Ê¢¥²¨Î¥´¨¨ Ê£²  · ¸¸¥Ö´¨Ö Ô²¥±É·μ´  ¢¨¤´μ, ÎÉμ ÔÉ¨ ¤¢  ¶¨±  ¸²¥-
¤ÊÕÉ ¶μ ´ ¶· ¢²¥´¨Ö³ ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸ , ¶μ±  ¸¥Î¥´¨¥ ´¥ ¤μ¸É¨£ ¥É ³ ±-
¸¨³Ê³  ¶·¨ θs = 16,5◦. Œμ¦´μ Ê¡¥¤¨ÉÓ¸Ö, ÎÉμ ¶·¨ ÔÉμ³ Q = k1, É. ¥. ¶·¨
¢¸¥Ì §´ Î¥´¨ÖÌ μ·¨¥´É Í¨¨ ³μ²¥±Ê²Ò θρ ¢Ò¶μ²´Ö¥É¸Ö Ê¸²μ¢¨¥ k2 = −K. � ¸-
Î¥ÉÒ ¶μ± §Ò¢ ÕÉ, ÎÉμ 5DCS μÉ´μ¸¨É¥²Ó´μ ³¥´¥¥ ÎÊ¢¸É¢¨É¥²Ó´μ ± ¨§³¥´¥´¨Õ
Ê£²  θρ, Î¥³ Ê£²  · ¸¸¥Ö´¨Ö θs. ’ ± Ö ¸¨ÉÊ Í¨Ö ¶μ²´μ¸ÉÓÕ ¸μμÉ¢¥É¸É¢Ê¥É É ±
´ §Ò¢ ¥³μ³Ê ®£·¥¡´Õ �¥É¥¯ ¢ μ¤´μ±· É´μ° ¨μ´¨§ Í¨¨ (e, 2e), ±μ£¤  ¨³¶Ê²Ó¸
μÉ¤ Î¨ ³¨Ï¥´¨ ³ ² ¶μ ¸· ¢´¥´¨Õ ¸ ¶¥·¥¤ ´´Ò³ ¨³¶Ê²Ó¸μ³, ¨ Ö¤·μ ³μ²¥±Ê²Ò
¶· ±É¨Î¥¸±¨ ´¥ ÊÎ ¸É¢Ê¥É ¢ ·¥ ±Í¨¨.

’¥¶¥·Ó · ¸¸³μÉ·¨³ ¸¥Î¥´¨¥ FDCS (4.4¡), Ê¸·¥¤´¥´´μ¥ ¶μ μ·¨¥´É Í¨¨
³μ²¥±Ê²Ò. ‡¤¥¸Ó ¨¸¸²¥¤ÊÕÉ¸Ö ¡μ²ÓÏμ¥ (5612 Ô‚) ¨ ¸·¥¤´¥¥ (612 Ô‚) §´ Î¥´¨Ö
Ô´¥·£¨¨ ¶ ¤ ÕÐ¥£μ Ô²¥±É·μ´  ¶·¨ É¥Ì ¦¥ §´ Î¥´¨ÖÌ Ô´¥·£¨¨ ¨¸¶ÊÐ¥´´ÒÌ
Ô²¥±É·μ´μ¢ 51 ¨ 10 Ô‚. �  ·¨¸. 17, a ¨ ¡ ¶·¥¤¸É ¢²¥´μ FDCS ± ± ËÊ´±Í¨Ö
Ê£²  ¶¥·¢μ£μ ¨¸¶ÊÐ¥´´μ£μ Ô²¥±É·μ´  θ1 ¶·¨ θs = 0,45◦ (Ei = 5612 Ô‚)
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¨ θs = 1,5◦ (Ei = 612 Ô‚), ¶·¨Î¥³ k2 ¶ · ²²¥²¥´ Q. Œμ¦´μ μÉ³¥É¨ÉÓ,
ÎÉμ ¶·μÉ¨¢μ¶μ²μ¦´Ò¥ ´ ¶· ¢²¥´¨Ö ¨¸¶ÊÐ¥´´ÒÌ Ô²¥±É·μ´μ¢ ¢ μ¡μ¨Ì ¸²ÊÎ ÖÌ
μ¡¥¸¶¥Î¨¢ ÕÉ ³ ±¸¨³Ê³ FDCS.

�¡  ¶·¨¢¥¤¥´´ÒÌ §¤¥¸Ó · ¸Î¥É  ´μ¸ÖÉ ± Î¥¸É¢¥´´Ò° Ì · ±É¥·, ¶μ¸±μ²Ó±Ê,
± ± ´ ³ ¨§¢¥¸É´μ, (e, 3e)-Ô±¸¶¥·¨³¥´Éμ¢ ´  ³μ²¥±Ê² Ì, É¥³ ¡μ²¥¥ μ·¨¥´É¨·μ-
¢ ´´ÒÌ, ´¥ ¶·μ¢μ¤¨²μ¸Ó.

4.6. �¡¸Ê¦¤¥´¨¥ ·¥§Ê²ÓÉ Éμ¢. ‚ ¤ ´´μ³ · §¤¥²¥ ³Ò μ¡¸Ê¦¤ ²¨ ´¥ ¸Éμ²Ó±μ
Ë¨§¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ μ¤´μ- ¨ ¤¢Ê±· É´μ° ¨μ´¨§ Í¨¨ ¶·μ¸É¥°Ï¥° ³μ²¥±Ê²Ò
(¶μ²μ¦¨É¥²Ó´μ£μ ¨μ´  H+

2 ) ¢μ¤μ·μ¤  Ô²¥±É·μ´´Ò³ Ê¤ ·μ³, ¸±μ²Ó±μ ¢μ§³μ¦-
´μ¸ÉÓ ¶·μ¸Éμ£μ ¨  ¤¥±¢ É´μ£μ ¶·¥¤¸É ¢²¥´¨Ö ¸²μ¦´μ° Î¥ÉÒ·¥Ì- ¨ ¶ÖÉ¨Î ¸É¨Î-
´μ° ±μ´¥Î´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨ ±¢ ´Éμ¢μ° ¸¨¸É¥³Ò. ‘ ÔÉμ° Í¥²ÓÕ ¡Ò² 
· §¢¨É  ³μ¤¥²Ó ¨¸± ¦¥´´ÒÌ ¢μ²´, μ¶¨¸Ò¢ ÕÐ Ö ¶μ¢¥¤¥´¨¥ ± ¦¤μ£μ ³μ²¥±Ê-
²Ö·´μ£μ Ô²¥±É·μ´  ¢ ±Ê²μ´μ¢¸±μ³ ¶μ²¥ ¤¢ÊÌ ÉÖ¦¥²ÒÌ Í¥´É·μ¢.

Œμ¤¥²Ó, ¢ ¶·¨´Í¨¶¥, ¨³¥¥É ¤¢  ¶μ¤£μ´μÎ´ÒÌ ¶ · ³¥É· , Î¨¸²μ ±μÉμ·ÒÌ
³μ¦´μ ¸¢¥¸É¨ ± μ¤´μ³Ê, ± ± ¢ ³μ¤¥²¨ ÔËË¥±É¨¢´ÒÌ § ·Ö¤μ¢. �´  ´¥¶²μÌμ
· ¡μÉ ¥É ¢ ¸²ÊÎ ¥ μ¤´μ±· É´μ° ¨μ´¨§ Í¨¨ ¨ ±μ´±Ê·¨·Ê¥É ´¥ Éμ²Ó±μ ¸ ¤·Ê-
£¨³¨ ¶·¨¡²¨¦¥´´Ò³¨ ¸Ì¥³ ³¨, ´μ ¨ ¸ ¸¥·Ó¥§´Ò³¨ Î¨¸²¥´´Ò³¨ · ¸Î¥É ³¨ ¢
Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ Ê£²μ¢ ¨ Ô´¥·£¨° ¨¸¶ÊÐ¥´´μ£μ Ô²¥±É·μ´ .

‚ ¸²ÊÎ ¥ ¤¢Ê±· É´μ° ¨μ´¨§ Í¨¨ §¤¥¸Ó ¶·¥¤¸É ¢²¥´ ¢ ·¨ ´É, ´¥ ¢ ¶μ²´μ°
³¥·¥ ÊÎ¨ÉÒ¢ ÕÐ¨° ee-±μ··¥²ÖÍ¨Õ ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨. ’¥³ ´¥ ³¥´¥¥ ¨
§¤¥¸Ó ¢μ§³μ¦´μ¸É¨ ³μ¤¥²¨ ¢¶μ²´¥ Ê¤μ¢²¥É¢μ·¨É¥²Ó´Ò, ÌμÉÖ ¡Ò ´  ± Î¥¸É¢¥´-
´μ³ Ê·μ¢´¥. ’ ±, · ¸¸³μÉ·¨³ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ (e, 3Ä1e)-·¥ ±-
Í¨¨ ´  ³μ²¥±Ê²Ö·´μ° ³¨Ï¥´¨ [98]. ‚ ÔÉ¨Ì Ô±¸¶¥·¨³¥´É Ì ¨¸¸²¥¤Ê¥É¸Ö ¤¢Ê-
±· É´ Ö ¨μ´¨§ Í¨Ö ³μ²¥±Ê²Ò ¢μ¤μ·μ¤ , ¢ ±μÉμ·μ° ¤¥É¥±É¨·ÊÕÉ¸Ö ®´  ¸μ¢¶ -
¤¥´¨¥¯ · ¸¸¥Ö´´Ò° ¨ Éμ²Ó±μ μ¤¨´ ¨§ ¨¸¶ÊÐ¥´´ÒÌ Ô²¥±É·μ´μ¢. ‘ Ô±¸¶¥·¨-
³¥´É ²Ó´μ° ÉμÎ±¨ §·¥´¨Ö É ±¨¥ ¨§³¥·¥´¨Ö ¶μ§¢μ²ÖÕÉ §´ Î¨É¥²Ó´μ ¶μ¤´ÖÉÓ
Ê·μ¢¥´Ó ¶μ²¥§´μ£μ ¸¨£´ ²  ´ ¤ Ëμ´μ³ ¨ μ¡¥¸¶¥Î¨ÉÓ É ±¨³ μ¡· §μ³ ´ ¤¥¦-
´μ¸ÉÓ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢. „²Ö ¸· ¢´¥´¨Ö Ô±¸¶¥·¨³¥´É  (¢ μÉ´μ¸¨É¥²Ó´μ°
Ï± ²¥) ¸ É¥μ·¨¥° ¤μ¸É ÉμÎ´μ ¶·μ¨´É¥£·¨·μ¢ ÉÓ FDCS ¶μ ¸Ë¥·¨Î¥¸±μ³Ê Ê£²Ê
Ω2 ¢Éμ·μ£μ ³¥¤²¥´´μ£μ ¨¸¶ÊÐ¥´´μ£μ Ô²¥±É·μ´ 

σ̄(4) =
∫

dΩ2σ̄
(5)

¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ μ¡· §μ³ ®¶·μ³ ¸ÏÉ ¡¨·μ¢ ÉÓ¯ Ô±¸¶¥·¨³¥´É. ˆ§ ·¨¸. 18
¸²¥¤Ê¥É, ÎÉμ · ¸¸³μÉ·¥´´ Ö ³μ¤¥²Ó ¶·¨ ²Õ¡μ³ ¢Ò¡μ·¥ εi ¢μ¸¶·μ¨§¢μ¤¨É Ëμ·³Ê
Ô±¸¶¥·¨³¥´É ²Ó´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¸ ¤¢Ê³Ö ³ ±¸¨³Ê³ ³¨ ¨ ¤¢Ê³Ö ³¨´¨³Ê-
³ ³¨, ±μÉμ·Ò¥, μ¤´ ±μ, ´¥¸±μ²Ó±μ ¸¤¢¨´ÊÉÒ μÉ´μ¸¨É¥²Ó´μ Ô±¸¶¥·¨³¥´É . ‚¸¥
É¥μ·¥É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ ¤ ÕÉ ¤μ³¨´¨·ÊÕÐ¨° ³ ±¸¨³Ê³ ¸¥Î¥´¨Ö, ¡²¨§±¨°
± ´ ¶· ¢²¥´¨Õ Q ¶·¨ θ1 = 350◦. �¶·¥¤¥²¥´´Ò¥ · ¸Ìμ¦¤¥´¨Ö ³¥¦¤Ê ¶·¥¤-
¸É ¢²¥´´μ° FBA-É¥μ·¨¥° ¨ Ô±¸¶¥·¨³¥´Éμ³ É ±¦¥ ´ ¡²Õ¤ ÕÉ¸Ö ¨ ¢ ¸²ÊÎ ¥
μ¤´μ±· É´μ° ¨μ´¨§ Í¨¨, μ¸μ¡¥´´μ ¶·¨ ¶·μ³¥¦ÊÉμÎ´ÒÌ §´ Î¥´¨ÖÌ Ô´¥·£¨¨
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�¨¸. 18. —¥ÉÒ·¥Ì±· É´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ (e, 3Ä1e) ± ± ËÊ´±Í¨Ö
Ê£²  ¨¸¶ÊÐ¥´´μ£μ Ô²¥±É·μ´  θ1 ¶·¨ θs = 1,5◦. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ § -
¨³¸É¢μ¢ ´Ò ¨§ · ¡μÉÒ [98] ¨ ³ ¸ÏÉ ¡¨·μ¢ ´Ò ± É¥μ·¨¨ ¶·¨ ε1 = ε2 = 0 ¢ μ¡² ¸É¨
³ ±¸¨³Ê³  ¡¨´ ·´μ£μ ¶¨±  (μ±μ²μ 300◦). Ei = 612 Ô‚, E1 = 51 Ô‚, E2 = 10 Ô‚.
�¨¸Ê´μ± § ¨³¸É¢μ¢ ´ ¨§ · ¡μÉÒ [100]

¶ ¤ ÕÐ¥£μ Ô²¥±É·μ´ . �·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ Ô´¥·£¨¨ ¶ ¤ ÕÐ¥£μ Ô²¥±É·μ´ 
ÔÉμ · ¸¸μ£² ¸μ¢ ´¨¥ ¨¸Î¥§ ¥É [99]. �Éμ ¸ μ¶·¥¤¥²¥´´μ¸ÉÓÕ Ê± §Ò¢ ¥É ´  ´¥-
μ¡Ìμ¤¨³μ¸ÉÓ SBA-· ¸Î¥Éμ¢ ¢ ¤ ²Ó´¥°Ï¥³.

‡�Š‹
—…�ˆ…

‚ ´ ¸ÉμÖÐ¥³ μ¡§μ·¥ ³Ò ¶μ¸É · ²¨¸Ó μ¸¢¥É¨ÉÓ ²¨ÏÓ ´¥±μÉμ·Ò¥ É¥μ·¥-
É¨Î¥¸±¨¥ ¶μ¤Ìμ¤Ò ± ¶·μ¡²¥³¥ ³´μ£μ±· É´μ° ¨μ´¨§ Í¨¨  Éμ³´μ° ¨²¨ ³μ²¥-
±Ê²Ö·´μ° ³¨Ï¥´¨ ¡Ò¸É·μ° § ·Ö¦¥´´μ° Î ¸É¨Í¥°. ®‡  ¡μ·Éμ³¯ μ¸É ²¨¸Ó É -
±¨¥ ¶μ¶Ê²Ö·´Ò¥ ¨ ³μÐ´Ò¥ (¸ ¢ÒÎ¨¸²¨É¥²Ó´μ° ÉμÎ±¨ §·¥´¨Ö) É¥μ·¥É¨Î¥¸±¨¥
±μ´Í¥¶Í¨¨, ± ± ³¥Éμ¤ ¸¢Ö§ ´´ÒÌ ± ´ ²μ¢ (CCC), ³¥Éμ¤ J-³ É·¨ÍÒ ¨ É. ¶.
Š ± ¡Ò²μ ¸± § ´μ ¢μ ¢¢¥¤¥´¨¨, ®´¥²Ó§Ö μ¡ÑÖÉÓ ´¥μ¡ÑÖÉ´μ¥¯. �μÔÉμ³Ê ³Ò
·Ê±μ¢μ¤¸É¢μ¢ ²¨¸Ó ¨¤¥¥° ¨§²μ¦¥´¨Ö ¸±μ·¥¥ ¶μ¤Ìμ¤μ¢ ¨ ¶·¨¡²¨¦¥´¨°, ®´ -
¶μ²´¥´´ÒÌ¯ ¨ ¶μ´ÖÉ´ÒÌ ¸ ÉμÎ±¨ §·¥´¨Ö Ë¨§¨±¨, ´¥¦¥²¨ ± ±¨Ì-²¨¡μ ®£μ²ÒÌ¯
Î¨¸²¥´´ÒÌ ¸Ì¥³, ¶μ§¢μ²ÖÕÐ¨Ì ¤μ¡¨ÉÓ¸Ö Ìμ·μÏ¥£μ ¸μ£² ¸¨Ö ¸ Ô±¸¶¥·¨³¥´Éμ³.
Šμ´¥Î´μ, ¨ ´  É ±μ³ ¶ÊÉ¨ ´¥¢μ§³μ¦´μ ¤ ÉÓ ¶μ²´ÊÕ ± ·É¨´Ê · ¸¸³ É·¨¢ ¥³ÒÌ
Ë¨§¨Î¥¸±¨Ì ³μ¤¥²¥°. � Ï  Í¥²Ó § ±²ÕÎ ² ¸Ó ¶·¥¦¤¥ ¢¸¥£μ ¢ μ¸¢¥Ð¥´¨¨ ¸ÊÉ¨
ÔÉ¨Ì ³μ¤¥²¥° ¨ ¤¥³μ´¸É· Í¨¨ ¨Ì ¶· ±É¨Î¥¸±¨Ì ¢μ§³μ¦´μ¸É¥°.

�±¸¶¥·¨³¥´ÉÒ ¶μ ³´μ£μ±· É´μ° ¨μ´¨§ Í¨¨ ¸ ¨§³¥·¥´¨¥³ ®´  ¸μ¢¶ ¤¥-
´¨¥¯ Ô´¥·£¨° ¨ Ê£²μ¢ ¢Ò²¥É  ±μ´¥Î´ÒÌ Ë· £³¥´Éμ¢ μÎ¥´Ó ¨´Ëμ·³ É¨¢´Ò, ´μ
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¨ ¢ Éμ ¦¥ ¢·¥³Ö μÎ¥´Ó ¸²μ¦´Ò. ’¥³ ´¥ ³¥´¥¥ ¢ ÔÉμ³ ´ ¶· ¢²¥´¨¨ ´ ¡²Õ-
¤ ¥É¸Ö § ³¥É´Ò° ¶·μ£·¥¸¸ ¢ ¶μ¸²¥¤´¨¥ ¤¥¸ÖÉ¨²¥É¨Ö: ¸É ´μ¢ÖÉ¸Ö ¤μ¸ÉÊ¶´Ò³¨
¤²Ö ¨§ÊÎ¥´¨Ö ´μ¢Ò¥ ±¨´¥³ É¨Î¥¸±¨¥ μ¡² ¸É¨, ±μÉμ·Ò¥ · ´¥¥ ¶·¥¤¸É ¢²Ö²¨¸Ó
¶· ±É¨Î¥¸±¨ ´¥¤μ¸É¨¦¨³Ò³¨. �Éμ, ¢ ¸¢μÕ μÎ¥·¥¤Ó, É·¥¡Ê¥É ¢ÒÌμ¤  §  · ³±¨
¶·¨¢ÒÎ´ÒÌ ¶·¨¡²¨¦¥´¨° (É ±¨Ì ± ± FBA).

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö  Éμ³´Ò¥ ¶·μÍ¥¸¸Ò ¶·¨¢²¥± ÕÉ
¢´¨³ ´¨¥ ± ± É¥μ·¥É¨±μ¢, É ± ¨ Ô±¸¶¥·¨³¥´É Éμ·μ¢ ¨§, ± § ²μ¸Ó ¡Ò, É ±μ°
¤ ²¥±μ° ¶μ Ô´¥·£¨Ö³ μ¡² ¸É¨, ± ± Ë¨§¨±  ¢Ò¸μ±¨Ì Ô´¥·£¨° (¸³., ´ ¶·¨³¥·,
μ¡§μ· [101], ¶μ¸¢ÖÐ¥´´Ò° ¶·μ¢¥¤¥´¨Õ Ô±¸¶¥·¨³¥´Éμ¢ ¢ μ¡² ¸É¨  Éμ³´μ°
Ë¨§¨±¨ ´  Í¨±²¨Î¥¸±¨Ì ¨ ²¨´¥°´ÒÌ Ê¸±μ·¨É¥²ÖÌ). ‘²¥¤Ê¥É É ±¦¥ Ê¶μ³Ö-
´ÊÉÓ μ ¶μÖ¢²¥´¨¨ ¢μ§³μ¦´μ¸É¨ ¨¸¸²¥¤μ¢ ´¨Ö ¶·μÍ¥¸¸μ¢ ³´μ£μ±· É´μ° ¨μ´¨-
§ Í¨¨ ±¢ ´Éμ¢μ° ³¨Ï¥´¨ § ·Ö¦¥´´μ° Î ¸É¨Í¥° ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¨´É¥´¸¨¢´μ£μ
¶μ²Ö ² §¥· . ’ ±¨³ μ¡· §μ³, · §¢¨É¨¥ Ô±¸¶¥·¨³¥´É  ¸É ¢¨É ¶¥·¥¤ É¥μ·¨¥°
´μ¢Ò¥ § ¤ Î¨.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ · ³± Ì É¥³Ò �ˆŸˆ 09-6-1060-2005/2010 ®Œ É¥³ -
É¨Î¥¸± Ö ¶μ¤¤¥·¦±  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ É¥μ·¥É¨Î¥¸±¨Ì ¨¸¸²¥¤μ¢ ´¨°, ¶·μ-
¢μ¤¨³ÒÌ �ˆŸˆ¯ ¨ ¶·¨ ¶μ¤¤¥·¦±¥ �””ˆ, £· ´É 08-01-00604-  ®Œ É¥³ -
É¨Î¥¸±μ¥ ³μ¤¥²¨·μ¢ ´¨¥ ¤¨´ ³¨±¨ ²¥£±¨Ì  Éμ³μ¢ ¨ ³μ²¥±Ê² ¶μ¤ ¤¥°¸É¢¨¥³
¡Ò¸É·ÒÌ Î ¸É¨Í, ² §¥·´ÒÌ ¨³¶Ê²Ó¸μ¢ ¨ ³ £´¨É´ÒÌ ¶μ²¥°¯. �¢Éμ·Ò ¢Ò· ¦ ÕÉ
¡² £μ¤ ·´μ¸ÉÓ ‘.ˆ. ‚¨´¨Í±μ³Ê, ‚. ‚.‘¥·μ¢Ê ¨ �. †Ê²Ö±Ö´Ê §  ¶μ²¥§´Ò¥ § -
³¥Î ´¨Ö ¨ ¸É¨³Ê²¨·ÊÕÐ¨¥ μ¡¸Ê¦¤¥´¨Ö.
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