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„ ´μ μ¡μ¡Ð¥´¨¥ É¥μ·¨¨ · ¸¸¥Ö´¨Ö ´¥¸±μ²Ó±¨Ì ±¢ ´Éμ¢ÒÌ Î ¸É¨Í ´  ¸²ÊÎ ° ¨Ì ±Ê²μ´μ¢-
¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. �μ¸±μ²Ó±Ê ¢ ÔÉμ³ ¸²ÊÎ ¥  ³¶²¨ÉÊ¤  · ¸¸¥Ö´¨Ö, Ö¢²ÖÕÐ Ö¸Ö ·¥Ï¥´¨¥³
Ê· ¢´¥´¨Ö ·¥§μ²Ó¢¥´É´μ£μ É¨¶ , ¨³¥¥É ¸¨´£Ê²Ö·´μ¸ÉÓ ¶·¨ ¢ÒÌμ¤¥ ±μ³¶²¥±¸´μ£μ ¶ · ³¥É·  z ´ 
¶μ¢¥·Ì´μ¸ÉÓ Ô´¥·£¨¨, ¶·¨¢¥¤¥´μ μ¶·¥¤¥²¥´¨¥ Ë¨§¨Î¥¸±μ°  ³¶²¨ÉÊ¤Ò ¶¥·¥Ìμ¤ . ‘Ëμ·³Ê²¨·μ¢ ´
·¥Í¥¶É ·¥£Ê²Ö·¨§ Í¨¨ (Ê¸É· ´¥´¨Ö · ¸Ìμ¤¨³μ¸É¥°) ¨´É¥£· ²μ¢, μ¶¨¸Ò¢ ÕÐ¨Ì Î²¥´Ò ·Ö¤  É¥μ·¨¨
¢μ§³ÊÐ¥´¨° ¶·¨ · §²¨Î´ÒÌ ¢μ§³ÊÐ ÕÐ¨Ì ¶μÉ¥´Í¨ ² Ì. ‚ ± Î¥¸É¢¥ ¶·¨³¥·  μ¡Ð Ö É¥μ·¨Ö ¶·¨-
³¥´¥´  ± · ¸Î¥É ³ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ±¢ §¨Ê¶·Ê£μ° ·¥ ±Í¨¨ ¨μ´¨§ Í¨¨  Éμ³  ¢μ¤μ·μ¤ 
¡Ò¸É·Ò³ Ô²¥±É·μ´μ³.

A generalization of few-body quantum scattering theory is given for the case of Coulomb inter-
action. Since in this speciˇc case the scattering amplitude, which is a solution of the resolvent-type
equation, possesses a singularity when the complex parameter z tends to the energy shell, a deˇnition
of the physical amplitude is provided. A recipe for regularizing integrals (eliminating divergencies),
which describe the terms of a perturbation theory series for different perturbing potentials, is formu-
lated. As an example, the general theory is applied to the calculations of differential cross sections
for a quasielastic electron-impact ionization reaction on atomic hydrogen.

PACS: 34.80.Dp; 03.65.Nk; 34.10.+x
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Š ± ¨§¢¥¸É´μ, ¤²Ö μ¶·¥¤¥²¥´¨Ö ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¨  ³¶²¨ÉÊ¤ ¶¥·¥Ìμ¤μ¢
¢ ³´μ£μÎ ¸É¨Î´ÒÌ ¸¨¸É¥³ Ì ¸ ±μ·μÉ±μ¤¥°¸É¢ÊÕÐ¨³¨ ¶ ·´Ò³¨ ¶μÉ¥´Í¨ ² ³¨
³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ · §²¨Î´Ò¥ ¨´É¥£· ²Ó´Ò¥ Ê· ¢´¥´¨Ö, ±μÉμ·Ò³ Ê¤μ¢²¥É¢μ-
·ÖÕÉ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ²¨¡μ T -³ É·¨Í  [1Ä4]. �μ¸±μ²Ó±Ê ¶μ²´μ¥ ·¥Ï¥-
´¨¥ ÔÉ¨Ì Ê· ¢´¥´¨° Ö¢²Ö¥É¸Ö ¢¥¸Ó³  ¸²μ¦´μ° § ¤ Î¥°, Î ¸Éμ ¨¸¶μ²Ó§ÊÕÉ¸Ö
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¶·¨¡²¨¦¥´´Ò¥ ¶μ¤Ìμ¤Ò, ´ ¨¡μ²¥¥ · ¸¶·μ¸É· ´¥´´Ò³ ¨§ ±μÉμ·ÒÌ Ö¢²Ö¥É¸Ö
· §²μ¦¥´¨¥ ´¥¸±μ²Ó±¨Ì ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¨  ³¶²¨ÉÊ¤ ¢ ¡μ·´μ¢¸±¨¥ ·Ö¤Ò
(¡μ·´μ¢¸±¨¥ ¸¥·¨¨). �·¨ ÔÉμ³ ¸ÊÐ¥¸É¢¥´´μ ¸²¥¤ÊÕÐ¥¥ μ¡¸ÉμÖÉ¥²Ó¸É¢μ: ¥¸²¨
´ Î ²Ó´Ò° ± ´ ² ·¥ ±Í¨¨ μÉ¢¥Î ¥É ¸Éμ²±´μ¢¥´¨Õ ¤¢ÊÌ Ë· £³¥´Éμ¢, Éμ Î²¥´Ò
¡μ·´μ¢¸±¨Ì ¸¥·¨° ¤²Ö  ³¶²¨ÉÊ¤ ¶¥·¥Ìμ¤μ¢ ¨³¥ÕÉ μ¶·¥¤¥²¥´´Ò¥ §´ Î¥´¨Ö
¢¡²¨§¨ (´ ) ¶μ¢¥·Ì´μ¸É¨ Ô´¥·£¨¨. ‚ ¸²ÊÎ ¥ ¦¥ ¸¨¸É¥³ Î ¸É¨Í ¸ ±Ê²μ´μ¢¸±¨³
¢§ ¨³μ¤¥°¸É¢¨¥³ ¸¨ÉÊ Í¨Ö Ö¢²Ö¥É¸Ö £μ· §¤μ ¡μ²¥¥ ¸²μ¦´μ°: ¡μ·´μ¢¸±¨¥ ¸¥-
·¨¨, ¶μ¸É·μ¥´´Ò¥ ¶μ Éμ³Ê ¦¥ ·¥Í¥¶ÉÊ, ÎÉμ ¨ ¢ ¸²ÊÎ ¥ ±μ·μÉ±μ¤¥°¸É¢ÊÕÐ¨Ì
¶μÉ¥´Í¨ ²μ¢, μ± §Ò¢ ÕÉ¸Ö · ¸Ìμ¤ÖÐ¨³¨¸Ö ¶·¨ ¢ÒÌμ¤¥ ¶ · ³¥É·  z Å ±μ³-
¶²¥±¸´μ° Ô´¥·£¨¨ ¸¨¸É¥³Ò Å ´  ¶μ¢¥·Ì´μ¸ÉÓ Ô´¥·£¨¨ [5, 6]. Š ± ¸²¥¤¸É¢¨¥,
´  ¶μ¢¥·Ì´μ¸É¨ Ô´¥·£¨¨ · ¸Ìμ¤ÖÉ¸Ö ¨  ³¶²¨ÉÊ¤Ò ¶¥·¥Ìμ¤μ¢ (É. ¥. ´¨± ±μ°
±μ³¶¥´¸ Í¨¨ ¸¨´£Ê²Ö·´μ¸É¥° ¢ Î²¥´ Ì · §²¨Î´ÒÌ ¶μ·Ö¤±μ¢ ´¥ ¶·μ¨¸Ìμ¤¨É).

�·¨Î¨´  ÔÉμ£μ Ö¢²¥´¨Ö Ìμ·μÏμ ¨§¢¥¸É´ : ¸É ´¤ ·É´Ò° Ëμ·³ ²¨§³ ³´μ£μ-
± ´ ²Ó´μ° É¥μ·¨¨ · ¸¸¥Ö´¨Ö, μ¸´μ¢ ´´Ò° ´  ¨´É¥£· ²Ó´ÒÌ Ê· ¢´¥´¨ÖÌ ‹¨¶¶-
³ ´ Ä˜¢¨´£¥·  (‹˜) ²¨¡μ ¨´É¥£· ²Ó´ÒÌ Ê· ¢´¥´¨ÖÌ ·¥§μ²Ó¢¥´É´μ£μ É¨¶ 
(” ¤¤¥¥¢ , ‚¥°´¡¥·£  Ä ¢ ´ ‚¨´É¥·  ¨ ¤·.), ´¥¶μ¸·¥¤¸É¢¥´´μ ´¥¶·¨³¥´¨³ ±
¸¨¸É¥³ ³ § ·Ö¦¥´´ÒÌ Î ¸É¨Í. �Éμ ¸¢Ö§ ´μ ¸ É¥³, ÎÉμ ¢ ¤ ´´ÒÌ Ê· ¢´¥´¨ÖÌ
´¥ ¢Ò¤¥²¥´Ò É ± ´ §Ò¢ ¥³Ò¥ ±Ê²μ´μ¢¸±¨¥ ¸¨´£Ê²Ö·´μ¸É¨ (¨¸±²ÕÎ¥´¨¥³ Ö¢²Ö-
ÕÉ¸Ö Ê· ¢´¥´¨Ö ‚¥¸¥²μ¢μ° [1, 7], μ¶·¥¤¥²ÖÕÐ¨¥ É·¥ÌÎ ¸É¨Î´ÊÕ  ³¶²¨ÉÊ¤Ê
¶·¨ Ô´¥·£¨ÖÌ ´¨¦¥ ¶μ·μ£  · §¢ ² , ¢ ±μÉμ·ÒÌ Ö¢´μ ¢Ò¤¥²¥´Ò ¤¢ÊÌÎ ¸É¨Î´Ò¥
±Ê²μ´μ¢¸±¨¥ ¸¨´£Ê²Ö·´μ¸É¨). ‘ÊÐ¥¸É¢μ¢ ´¨¥ É ±¨Ì ¸¨´£Ê²Ö·´μ¸É¥° ¶·¥¤¸± -
§Ò¢ ¥É¸Ö ¸É ´¤ ·É´μ° É¥μ·¨¥° ±Ê²μ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö [3,6, 8, 9] ¨, ´  ¸ ³μ³
¤¥²¥, ¸²¥¤Ê¥É ¨§ μ¡Ð¥° É¥μ·¨¨ ¨´Ë· ±· ¸´ÒÌ · ¸Ìμ¤¨³μ¸É¥° ¢ Š�„ [10,11].
�¤´ ±μ ¢Ò¤¥²¥´¨¥ ±Ê²μ´μ¢¸±¨Ì ¸¨´£Ê²Ö·´μ¸É¥°, μÉ¢¥Î ÕÐ¨Ì · §¢ ²Ê ¸¨¸É¥³Ò
´  É·¨ ¨ ¡μ²¥¥ Ë· £³¥´Éμ¢, ¢ Ê· ¢´¥´¨ÖÌ ·¥§μ²Ó¢¥´É´μ£μ É¨¶  μ¸ÊÐ¥¸É¢¨ÉÓ ¤μ
¶μ¸²¥¤´¥£μ ¢·¥³¥´¨ ´¥ Ê¤ ²μ¸Ó. �μ¶ÒÉ±  ¢Ò¤¥²¨ÉÓ É·¥ÌÎ ¸É¨Î´ÊÕ ±Ê²μ´μ¢-
¸±ÊÕ ¸¨´£Ê²Ö·´μ¸ÉÓ ¢ Ê· ¢´¥´¨ÖÌ ” ¤¤¥¥¢ , ¶·¥¤¶·¨´ÖÉ Ö ¢ [12,13], ¶·¨¢¥² 
± μ¤´μ·μ¤´μ³Ê Ê· ¢´¥´¨Õ ¤²Ö ±μÔËË¨Í¨¥´É  ¶¥·¥¤ ÔÉμ° ¸¨´£Ê²Ö·´μ¸ÉÓÕ.
…¤¨´¸É¢¥´´μ¥, ÎÉμ Ê¤ ²μ¸Ó ¸¤¥² ÉÓ, Å Ê¸É ´μ¢¨ÉÓ ¸¢Ö§Ó ³¥¦¤Ê Ë ¤¤¥¥¢¸±¨³¨
±μ³¶μ´¥´É ³¨  ³¶²¨ÉÊ¤Ò · §¢ ² .

—Éμ¡Ò ¨§¡¥¦ ÉÓ ¢ÒÏ¥Ê¶μ³Ö´ÊÉÒÌ ¶·μ¡²¥³, ¤²Ö μ¶¨¸ ´¨Ö ¤¨´ ³¨±¨ ¸¨-
¸É¥³ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¡Ò²¨ ¸Ëμ·³Ê²¨·μ¢ ´Ò ¸¨¸É¥³Ò ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ
Ê· ¢´¥´¨° ¤²Ö ±μ³¶μ´¥´É ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¢ ±μμ·¤¨´ É´μ³ ¶·¥¤¸É ¢²¥´¨¨
(Ê· ¢´¥´¨Ö Œ¥·±Ê·Ó¥¢ ),   ¤²Ö ¢ÒÎ¨¸²¥´¨Ö  ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö · §· ¡μÉ ´Ò
¶·¨¡²¨¦¥´¨Ö, μ¸´μ¢ ´´Ò¥ ²¨¡μ ´  ³¥Éμ¤¥ ¨¸± ¦¥´´ÒÌ ¢μ²´ ¢ ¶ ·´ÒÌ ¶μ¤-
¸¨¸É¥³ Ì (´ ¶·¨³¥·, ³¥Éμ¤ ÔËË¥±É¨¢´ÒÌ § ·Ö¤μ¢ �¥É¥·±μ¶  [14]), ²¨¡μ ´ 
¶·¨¡²¨¦¥´´ÒÌ ¢Ò· ¦¥´¨ÖÌ ¤²Ö ±Ê²μ´μ¢¸±μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨ É·¥ÌÎ ¸É¨Î-
´μ° ¸¨¸É¥³Ò ¢ Í¥²μ³ (³¥Éμ¤ �¥¤³μ´¤ ÄŒ¥·±Ê·Ó¥¢  [1,15], ¶μ¤Ìμ¤ 	¥´±§  [16]
¨ ¤·.). �μ¸±μ²Ó±Ê ±μμ·¤¨´ É´Ò¥  ¸¨³¶ÉμÉ¨±¨ ³´μ£μÎ ¸É¨Î´μ° ±Ê²μ´μ¢¸±μ°
¢μ²´μ¢μ° ËÊ´±Í¨¨ ¨³¥ÕÉ ¤μ¸É ÉμÎ´μ ¸²μ¦´Ò° ¢¨¤, μ¸μ¡¥´´μ ¢ É ± ´ §Ò¢ ¥-
³ÒÌ ¶¥·¥Ìμ¤´ÒÌ μ¡² ¸ÉÖÌ [1, 17], Ê· ¢´¥´¨Ö Œ¥·±Ê·Ó¥¢  ´¥ ¶μ²ÊÎ¨²¨ Ï¨·μ-
±μ£μ · ¸¶·μ¸É· ´¥´¨Ö ¶·¨ ¨§ÊÎ¥´¨¨ ¤¨´ ³¨±¨ ±μ´±·¥É´ÒÌ ±¢ ´Éμ¢ÒÌ ¸¨¸É¥³.
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—Éμ ¦¥ ± ¸ ¥É¸Ö ¢ÒÏ¥Ê¶μ³Ö´ÊÉÒÌ ¶·¨¡²¨¦¥´´ÒÌ ³¥Éμ¤μ¢, Éμ ¨Ì μ¸´μ¢´Ò³
´¥¤μ¸É É±μ³ Ö¢²Ö¥É¸Ö ¶·μ¡²¥³  ¢ÒÎ¨¸²¥´¨Ö ¶μ¸²¥¤ÊÕÐ¨Ì ¶·¨¡²¨¦¥´¨°, ¶μ-
¸±μ²Ó±Ê §  ´¥° μ¶ÖÉÓ ¸Éμ¨É ¢μ¶·μ¸ μ ¸¢μ°¸É¢ Ì ·¥Ï¥´¨° ¨´É¥£· ²Ó´ÒÌ Ê· ¢-
´¥´¨° ·¥§μ²Ó¢¥´É´μ£μ É¨¶ .

ˆ¸Éμ·¨Ö · §¢¨É¨Ö É¥μ·¨¨ ³´μ£μÎ ¸É¨Î´μ£μ ±Ê²μ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ´ -
¸Î¨ÉÒ¢ ¥É ´¥¸±μ²Ó±μ ¤¥¸ÖÉ¨²¥É¨°, §´ Î¨É¥²Ó´μ¥ ±μ²¨Î¥¸É¢μ ÊÎ¥´ÒÌ ¨ Í¥²Ò¥
Ï±μ²Ò ¶·¨´¨³ ²¨ ÊÎ ¸É¨¥ ¢ ¥¥ · §· ¡μÉ±¥. ˆ§ ´ ¨¡μ²¥¥ ¨§¢¥¸É´ÒÌ ·μ¸¸¨°-
¸±¨Ì (¸μ¢¥É¸±¨Ì) Ï±μ² ¸²¥¤Ê¥É Ê¶μ³Ö´ÊÉÓ: ¸ ´±É-¶¥É¥·¡Ê·£¸±ÊÕ (²¥´¨´£· ¤-
¸±ÊÕ) (” ¤¤¥¥¢ ‹.„., Œ¥·±Ê·Ó¥¢ ‘.�., ‚¥¸¥²μ¢  �.Œ., ŠÊ¶¥·¨´ 
.�., Š¢¨-
Í¨´¸±¨° �.�., Ÿ±μ¢²¥¢ ‘. ‹. ¨ ¤·.), É Ï±¥´É¸±ÊÕ (ŒÊÌ ³¥¤¦ ´μ¢ �.Œ., ‹ -
ÉÒ¶μ¢ „.Œ., Š ¤Ò·μ¢ �.‘. ¨ ¤·.), ·¨¦¸±ÊÕ (�¥É¥·±μ¶ �. Š., ƒ ¨²¨É¨¸ Œ.Š.
¨ ¤·.), ±¨¥¢¸±ÊÕ (• ·Î¥´±μ ‚.”., ˜ ¤Î¨´ ‘.�. ¨ ¤·.). ˆ§ § ·Ê¡¥¦´ÒÌ ÊÎ¥´ÒÌ
¸²¥¤Ê¥É ¶¥·¥Î¨¸²¨ÉÓ ¨³¥´  Dollard J., Muhlerin D., Zinnes I. I., Chandler C.,
Gibson A.G., Prugove�cki E., Zorbas J., Alt E. O., Kok L. P., van Haeringen H.,
Rudje M. R.H., Seaton M. J. ¨ ³´. ¤·. �£·μ³´μ¥ ¢²¨Ö´¨¥ ´  · §¢¨É¨¥ ¨¤¥°
μ± § ²¨ μ¸´μ¢μ¶μ² £ ÕÐ¨¥ · ¡μÉÒ ‚.�.”μ±  ¨ „¦.˜¢¨´£¥· . ‚ ´¥¡μ²ÓÏμ³
μ¡§μ·¥ ´¥¢μ§³μ¦´μ ¤ ¦¥ ±· É±μ ¶·¥¤¸É ¢¨ÉÓ ¢¸¥ · ¡μÉÒ, ¨ ´¨¦¥ ¡Ê¤ÊÉ ¶·¨-
¢¥¤¥´Ò ²¨ÏÓ ´¥μ¡Ìμ¤¨³Ò¥ ¶μ ±μ´É¥±¸ÉÊ ¸¸Ò²±¨. ‚ ¨§²μ¦¥´¨¨ ¦¥ ³ É¥·¨ ² 
³Ò ¡Ê¤¥³ ¸²¥¤μ¢ ÉÓ ¢ μ¸´μ¢´μ³ · ¡μÉ ³  ¢Éμ·μ¢ μ¡§μ· .

‚ ¶·¥¤² £ ¥³μ° · ¡μÉ¥ ¢ · ³± Ì ¶μ¸²¥¤μ¢ É¥²Ó´μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ ±Ê-
²μ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö · ¸¸³ É·¨¢ ¥É¸Ö ¢μ¶·μ¸ μ ¶μ¸É·μ¥´¨¨ ¡μ·´μ¢¸±¨Ì ·Ö-
¤μ¢ ¤²Ö  ³¶²¨ÉÊ¤ ¶·μÍ¥¸¸μ¢ ³´μ£μ±· É´μ° ¨μ´¨§ Í¨¨. „²Ö Î¥£μ ÔÉμ ´Ê¦´μ?
„¥²μ ¢ Éμ³, ÎÉμ ·Ö¤ ÔËË¥±É¨¢´ÒÌ ¨ Ë¨§¨Î¥¸±¨ ¶·μ§· Î´ÒÌ ³¥Éμ¤μ¢ ¨¸¸²¥-
¤μ¢ ´¨Ö ±¢ ´Éμ¢μ° ¸É·Ê±ÉÊ·Ò ³¨Ï¥´¨ ¨ ³¥Ì ´¨§³μ¢ · ¸¸¥Ö´¨Ö ´¥¸±μ²Ó±¨Ì
§ ·Ö¦¥´´ÒÌ Î ¸É¨Í μ¸´μ¢ ´ ´  ¤μ³¨´¨·μ¢ ´¨¨ ¶¥·¢μ£μ ¶·¨¡²¨¦¥´¨Ö ´¥±μ-
Éμ·μ£μ ·Ö¤  É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°. � ¶·¨³¥·, ³¥Éμ¤ Ô²¥±É·μ´´μ° ¨³¶Ê²Ó¸´μ°
¸¶¥±É·μ¸±μ¶¨¨ (�ˆ‘). ’¥μ·¨Ö ³¥Éμ¤  �ˆ‘ ¡Ò²  ¨§²μ¦¥´  ¢ · ¡μÉ Ì [18Ä20],
  Ô±¸¶¥·¨³¥´É ²Ó´μ μ´ ¡Ò² ·¥ ²¨§μ¢ ´ ¶·¨³¥·´μ 40 ²¥É ´ § ¤ [21Ä24], ¨ ¸ÊÉÓ
ÔÉμ£μ ³¥Éμ¤  § ±²ÕÎ ¥É¸Ö ¢ ¸²¥¤ÊÕÐ¥³. �  ³¨Ï¥´Ó ¶ ¤ ¥É ³μ´μÌ·μ³ É¨Î´Ò°
¶ÊÎμ± Ô²¥±É·μ´μ¢ ¸ ¤μ¸É ÉμÎ´μ ¡μ²ÓÏμ° Ô´¥·£¨¥° E0. ‘ ¶μ³μÐÓÕ ¸Ì¥³Ò
¸μ¢¶ ¤¥´¨° ¨§ μ£·μ³´μ£μ Î¨¸²  ¸μ¡ÒÉ¨°, ¢Ò§¢ ´´ÒÌ Ô²¥±É·μ´ ³¨ ¶ÊÎ± , ¢Ò-
¤¥²ÖÕÉ¸Ö É ±¨¥, ¢ ±μÉμ·ÒÌ ¶ ¤ ÕÐ¨° Ô²¥±É·μ´, ¶·μ²¥É Ö ³¨³μ μ¤´μ£μ ¨§
Ô²¥±É·μ´μ¢ ³¨Ï¥´¨ ´  μÎ¥´Ó ³ ²μ³ (¢  Éμ³´ÒÌ ³ ¸ÏÉ ¡ Ì) · ¸¸ÉμÖ´¨¨, ¶μ-
¸·¥¤¸É¢μ³ ±Ê²μ´μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ®³£´μ¢¥´´Ò³ Ê¤ ·μ³¯ ¢Ò¡¨¢ ¥É ÔÉμÉ
Ô²¥±É·μ´ ¨§ ³¨Ï¥´¨, ¶¥·¥¤ ¢ Ö ¥³Ê ¸ÊÐ¥¸É¢¥´´ÊÕ Î ¸ÉÓ ¸¢μ¥° ±¨´¥É¨Î¥¸±μ°
Ô´¥·£¨¨. �·¨ ÔÉμ³ ¨§³¥·Ö¥É¸Ö Ô´¥·£¥É¨Î¥¸±μ¥ ¨ Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ μ¡μ¨Ì
±μ´¥Î´ÒÌ Ô²¥±É·μ´μ¢. ’ ±μ° ¶·μÍ¥¸¸ Î ¸Éμ ´ §Ò¢ ÕÉ ±¢ §¨Ê¶·Ê£μ° (e, 2e)
·¥ ±Í¨¥°.

…¸²¨ ¢§ÖÉÓ ¶·μ¸É¥°Ï¨° ¸²ÊÎ ° ±μ³¶² ´ ·´μ° £¥μ³¥É·¨¨ (±μ£¤  ¢¥±Éμ·Ò
¨³¶Ê²Ó¸μ¢ ´ Î ²Ó´μ£μ ¨ μ¡μ¨Ì ±μ´¥Î´ÒÌ Ô²¥±É·μ´μ¢ ²¥¦ É ¢ μ¤´μ° ¶²μ¸-
±μ¸É¨), Éμ ¸Ì¥³  ¸μ¢¶ ¤¥´¨° ·¥£¨¸É·¨·Ê¥É ±μ´¥Î´Ò¥ Ô²¥±É·μ´Ò ¸ Ô´¥·£¨Ö³¨
Es ¨ Ee, ¢Ò²¥É¥¢Ï¨¥ ¶μ¤ Ê£² ³¨ θs ¨ θe ± ´ ¶· ¢²¥´¨Õ ¶¥·¢¨Î´μ£μ ¶ÊÎ± 
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(¶·¨ θs = θe ¨ Es = Ee ±¨´¥³ É¨±  ¸¨³³¥É·¨Î´ Ö). ’¥³ ¸ ³Ò³ μ¶·¥¤¥-
²ÖÕÉ¸Ö ¨³¶Ê²Ó¸Ò ±μ´¥Î´ÒÌ Ô²¥±É·μ´μ¢ ps ¨ pe. ˆ³¥¥É¸Ö ¢ ¢¨¤Ê ¨³¥´´μ
±¨´¥³ É¨±  ±¢ §¨Ê¶·Ê£μ£μ ¢Ò¡¨¢ ´¨Ö, ¡²¨§± Ö ± ±¨´¥³ É¨±¥ ¸¢μ¡μ¤´μ£μ · ¸-
¸¥Ö´¨Ö, ±μ£¤  Ê£μ² ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨ ps ¨ pe · ¢¥´ ¶·¨³¥·´μ 90◦,   Ô´¥·£¨¨
Es ∼ Ee ∼ E0/2, É. ¥. ¡²¨§±¨ ± ¨Ì §´ Î¥´¨Ö³ ¤²Ö ¸¢μ¡μ¤´μ£μ · ¸¸¥Ö´¨Ö. “± -
§ ´´μ¥ μ£· ´¨Î¥´¨¥ μ§´ Î ¥É, ÎÉμ ¢¨·ÉÊ ²Ó´Ò° ¨³¶Ê²Ó¸ ¢Ò¡¨¢ ¥³μ£μ Ô²¥±-
É·μ´  ¢ ³¨Ï¥´¨ q � ps, pe ¨ ¥£μ ¶μÉ¥´Í¨ ² ¨μ´¨§ Í¨¨ |εi| � Es, Ee.

‚ ³¥Éμ¤¥ �ˆ‘ ±¨´¥³ É¨±  μ¶¨¸Ò¢ ¥³μ£μ ¶ ·´μ£μ ¸Éμ²±´μ¢¥´¨Ö Ë¨±¸¨-
·Ê¥É¸Ö É ±¨³ μ¡· §μ³, ÎÉμ ¢²¨Ö´¨¥ ³´μ£μÔ²¥±É·μ´´μ° ¸¨¸É¥³Ò, ¢ ±μÉμ·μ°
´ Ìμ¤¨É¸Ö ¢Ò¡¨¢ ¥³Ò° Ô²¥±É·μ´, ¸¢μ¤¨É¸Ö ± ¤¢Ê³ ¶·μ¸ÉÒ³, ´μ ¶·¨´Í¨¶¨-
 ²Ó´μ ¢ ¦´Ò³ Ë ±Éμ· ³: ¢Ò¡¨¢ ¥³Ò° Ô²¥±É·μ´ ¨³¥¥É μ¶·¥¤¥²¥´´ÊÕ Ô´¥·£¨Õ
¸¢Ö§¨ εi ¨ (®¢ ³μ³¥´É Ê¤ · ¯) ¨³¶Ê²Ó¸ −q (μ¡· É´Ò° ¶μ ´ ¶· ¢²¥´¨Õ ¨³¶Ê²Ó¸
q Ö¢²Ö¥É¸Ö ¨³¶Ê²Ó¸μ³ μÉ¤ Î¨, ±μÉμ·Ò° ¶μ²ÊÎ ¥É ±μ´¥Î´ Ö ¸¨¸É¥³ ; É ±μ° ¢Ò-
¡μ· §´ ±μ¢ Å ¤ ´Ó É· ¤¨Í¨¨). �É¨ ¢¥²¨Î¨´Ò μ¶·¥¤¥²ÖÕÉ¸Ö ¢ Ô±¸¶¥·¨³¥´É¥
Î¥·¥§ § ±μ´Ò ¸μÌ· ´¥´¨Ö ¤²Ö ¶ ·´ÒÌ ¸Éμ²±´μ¢¥´¨° E0 + εi = Es + Ee ¨
p0 − q = ps + pe (³ ¸¸  Ö¤·  ¶·¥¤¶μ² £ ¥É¸Ö ¡¥¸±μ´¥Î´μ ¡μ²ÓÏμ°). ˆ§³¥·ÖÖ
E0, Es ¨ Ee, ³Ò Ê§´ ¥³, ¨§ ± ±μ£μ μ¤´μÎ ¸É¨Î´μ£μ ¸μ¸ÉμÖ´¨Ö ( Éμ³´ Ö μ·¡¨-
É ²Ó ¢  Éμ³¥ ¨²¨ ³μ²¥±Ê²¥) ¢Ò¡¨¢ ¥É¸Ö Ô²¥±É·μ´. ˆ³¶Ê²Ó¸Ò ps ¨ pe μ¶·¥¤¥-
²ÖÕÉ¸Ö Ô´¥·£¨Ö³¨ Es ¨ Ee ¨ ¨§³¥·Ö¥³Ò³¨ É¥²¥¸´Ò³¨ Ê£² ³¨ Ωs ¨ Ωe. �μ¢Éμ-
·¨³, ÎÉμ Ê¸²μ¢¨Ö ®±¢ §¨¸¢μ¡μ¤´μ£μ¯ ¸Éμ²±´μ¢¥´¨Ö ¨³¥ÕÉ ¢¨¤ |εi| � Es, Ee ¨
q � ps, pe. ˆÉ ±, ¢¥²¨Î¨´Ò εi ¨ q ¢μ¸¸É ´ ¢²¨¢ ÕÉ¸Ö ¶μ ´¥¡μ²ÓÏμ³Ê, ´μ Ìμ-
·μÏμ ¨§³¥·¨³μ³Ê μÉ±²μ´¥´¨Õ ±¨´¥³ É¨±¨ ±¢ §¨Ê¶·Ê£μ£μ ¶·μÍ¥¸¸  (e, 2e) μÉ
±¨´¥³ É¨±¨ · ¸¸¥Ö´¨Ö ¡Ò¸É·μ£μ Ô²¥±É·μ´  ´  ¶μ±μÖÐ¥³¸Ö ¸¢μ¡μ¤´μ³ Ô²¥±-
É·μ´¥. ˆ³¶Ê²Ó¸ q ³μ¦´μ ¨§³¥·ÖÉÓ, ²¨¡μ ¸²¥£±  ¢ ·Ó¨·ÊÖ Ê£²Ò ¢Ò²¥É  ¤¢ÊÌ
±μ´¥Î´ÒÌ Ô²¥±É·μ´μ¢ ¢ ¶²μ¸±μ¸É¨ ¨Ì · §²¥É , ²¨¡μ ³¥´ÖÖ μ·¨¥´É Í¨Õ ´ -
Î ²Ó´μ£μ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  μÉ´μ¸¨É¥²Ó´μ ÔÉμ° ¶²μ¸±μ¸É¨. ‚ ·¥§Ê²ÓÉ É¥ ¨§-
³¥·Ö¥É¸Ö ¨³¶Ê²Ó¸´μ¥ · ¸¶·¥¤¥²¥´¨¥ |ϕi(q)|2 μ¤´μÎ ¸É¨Î´μ£μ ¸μ¸ÉμÖ´¨Ö i ¸
¶μÉ¥´Í¨ ²μ³ ¨μ´¨§ Í¨¨ |εi|. �·¨ ÔÉμ³ μÌ¢ ÉÒ¢ ¥É¸Ö ¢¥¸Ó Ë¨§¨Î¥¸±¨  ±ÉÊ ²Ó-
´Ò° ¤¨ ¶ §μ´ §´ Î¥´¨° q μÉ ´Ê²Ö ¤μ ´¥¸±μ²Ó±¨Ì  Éμ³´ÒÌ ¥¤¨´¨Í.

’¥μ·¨Ö ³¥Éμ¤  �ˆ‘ ¡ §¨·Ê¥É¸Ö ´  ¶²μ¸±μ¢μ²´μ¢μ³ ¶¥·¢μ³ ¡μ·´μ¢¸±μ³
(¨³¶Ê²Ó¸´μ³) ¶·¨¡²¨¦¥´¨¨. „μ ´¥¤ ¢´¥£μ ¢·¥³¥´¨ ·¥ ²Ó´Ò° ¢±² ¤ ¢Ò¸Ï¨Ì
Î²¥´μ¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ·Ö¤μ¢ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¸¥·Ó¥§´μ ´¥ ¨§ÊÎ ²¸Ö, μ¤-
´ ±μ ¥£μ μÍ¥´±¨ ¸ ÉμÎ±¨ §·¥´¨Ö ¨´Ëμ·³ É¨¢´μ¸É¨ ³¥Éμ¤  �ˆ‘ ±· °´¥ ¢ ¦´Ò.
‚μ-¶¥·¢ÒÌ, ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ±¢ §¨Ê¶·Ê£¨Ì ¶·μÍ¥¸¸μ¢ ¶·μ¶μ·Í¨μ-
´ ²Ó´μ Q−4, £¤¥ Q = p0 − ps Å ¶¥·¥¤ ´´Ò° ¸¨¸É¥³¥ ¨³¶Ê²Ó¸, ¡μ²ÓÏμ° ¤²Ö
±¢ §¨Ê¶·Ê£¨Ì ·¥ ±Í¨°. —¥³ ¡μ²ÓÏ¥ Ô´¥·£¨Ö ¶ ¤ ÕÐ¥£μ Ô²¥±É·μ´ , É¥³ ¸ÊÐ¥-
¸É¢¥´´μ ³¥´ÓÏ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ¨ É·Ê¤´¥¥ ¥£μ Ô±¸¶¥·¨³¥´É ²Ó´μ¥
¨§³¥·¥´¨¥. �μÔÉμ³Ê ·¥ÎÓ ³μ¦¥É ¨¤É¨ μ ±μ³¶·μ³¨¸¸´ÒÌ Ô´¥·£¨ÖÌ, ¶·¨ ±μÉμ-
·ÒÌ ¢±² ¤ ¢Ò¸Ï¨Ì ¡μ·´μ¢¸±¨Ì Î²¥´μ¢ ³μ¦¥É ¡ÒÉÓ ´¥  ¸¨³¶ÉμÉ¨Î¥¸±¨ ³ ².
‚μ-¢Éμ·ÒÌ, ¤²Ö μÍ¥´±¨ ¶·¨³¥´¨³μ¸É¨ ¶·¨¡²¨¦¥´¨Ö ¶¥·¢μ£μ ¶μ·Ö¤±  ´¥μ¡-
Ìμ¤¨³μ ¶·μ¢¥¸É¨ · ¸Î¥É ¶μ ±· °´¥° ³¥·¥ Î²¥´μ¢ ¢Éμ·μ£μ ¶μ·Ö¤± ,   ¢Ò¸Ï¨¥
¡μ·´μ¢¸±¨¥ Î²¥´Ò μ¶¨¸Ò¢ ÕÉ¸Ö Ëμ·³ ²Ó´μ · ¸Ìμ¤ÖÐ¨³¨¸Ö ¨´É¥£· ² ³¨, ¶·μ-
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Í¥¤Ê·Ê ·¥£Ê²Ö·¨§ Í¨¨ ±μÉμ·ÒÌ ´¥μ¡Ìμ¤¨³μ ¶μ¸É·μ¨ÉÓ, μ¶·¥¤¥²¥´´Ò³ μ¡· -
§μ³ ¢Ò¤¥²ÖÖ ¨ μÉ¡· ¸Ò¢ Ö · ¸Ìμ¤ÖÐ¨¥¸Ö ¸² £ ¥³Ò¥. ’ ± Ö ¶·μÍ¥¤Ê·  ¡Ò² 
¶·¥¤²μ¦¥´  ¢ · ¡μÉe �μ¶μ¢  [5], ¡²¨§±¨¥ ·¥§Ê²ÓÉ ÉÒ ¶μ²ÊÎ¥´Ò É ±¦¥ ‡μ·-
¡ ¸μ³ [6]. ” ±É¨Î¥¸±¨ ¢ ± Î¥¸É¢¥ ³ ²ÒÌ ¶ · ³¥É·μ¢ ¢Ò¸ÉÊ¶ ÕÉ §´ Î¥´¨Ö
±Ê²μ´μ¢¸±¨Ì ¶ · ³¥É·μ¢ ‡μ³³¥·Ë¥²Ó¤  (±Ê²μ´μ¢¸±¨¥ Î¨¸² ) ± ´ ²μ¢ · ¸¸¥-
Ö´¨Ö. ‚-É·¥ÉÓ¨Ì, ´  ÔÉμ³ Ëμ´¥ É·¥¡Ê¥É¸Ö · §· ¡μÉ ÉÓ Ê¤μ¡´ÊÕ Î¨¸²¥´´ÊÕ
¸Ì¥³Ê · ¸Î¥É  ¢Ò¸Ï¨Ì ¸² £ ¥³ÒÌ ¡μ·´μ¢¸±μ£μ ·Ö¤ .

’ ±¨³ μ¡· §μ³, μÍ¥´±  ¢±² ¤  ¢Ò¸Ï¨Ì ¡μ·´μ¢¸±¨Ì Î²¥´μ¢ ¢  ³¶²¨ÉÊ¤Ò
¨ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ³´μ£μ±· É´ÒÌ ¨μ´¨§ Í¨μ´´ÒÌ ¶·μÍ¥¸¸μ¢ ¶·¥¤-
¸É ¢²Ö¥É¸Ö Î·¥§¢ÒÎ °´μ  ±ÉÊ ²Ó´μ° § ¤ Î¥°, ¶μ¸±μ²Ó±Ê ¡¥§ É ±μ° μÍ¥´±¨ Í¥´-
´μ¸ÉÓ ³¥Éμ¤ , μ¸´μ¢ ´´μ£μ ´  ¤μ³¨´¨·μ¢ ´¨¨ ¶¥·¢μ£μ Î²¥´  ·Ö¤  É¥μ·¨¨ ¢μ§-
³ÊÐ¥´¨°, ¸É ´μ¢¨É¸Ö ¸μ³´¨É¥²Ó´μ°. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¶μ¸²¥¤μ¢ É¥²Ó´μ£μ
¨¸¸²¥¤μ¢ ´¨Ö μ¡² ¸É¨ ¶·¨³¥´¥´¨Ö É¥μ·¨¨ �ˆ‘ ¤μ ¸¨Ì ¶μ· ´¥ ¶·μ¢μ¤¨²μ¸Ó.
�μÔÉμ³Ê ¢ · ¡μÉ¥ · ¸¸³ É·¨¢ ÕÉ¸Ö ¶·μ¸ÉÒ¥ ±μ´±·¥É´Ò¥ ¶·¨³¥·Ò ¶·¨³¥´¥-
´¨Ö μ¡Ð¥£μ Ëμ·³ ²¨§³ , ¢ Î ¸É´μ¸É¨, ±¢ §¨Ê¶·Ê£ Ö ·¥ ±Í¨Ö ¨μ´¨§ Í¨¨  Éμ³ 
¢μ¤μ·μ¤ .

„ ²¥¥ É ³, £¤¥ ´¥ μ£μ¢μ·¥´μ μ¸μ¡μ, ¶·¨ § ¶¨¸¨ Ëμ·³Ê² ¨¸¶μ²Ó§ÊÕÉ¸Ö
 Éμ³´Ò¥ ¥¤¨´¨ÍÒ e = me = � = 1.

1. ���…„…‹…�ˆ… ‚�‹��‚›• ”“�Š–ˆ‰
ˆ �Œ�‹ˆ’“„ �…�…•�„�‚ ‚ Œ��ƒ�—�‘’ˆ—�›• ‘ˆ‘’…Œ�•
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ˆ¸¶μ²Ó§ÊÕÉ¸Ö μ¡μ§´ Î¥´¨Ö, É· ¤¨Í¨μ´´Ò¥ ¤²Ö É¥μ·¨¨ · ¸¸¥Ö´¨Ö ¨ ¶·¨-
´ÖÉÒ¥, ´ ¶·¨³¥·, ¢ [3,25]. ‚ Î ¸É´μ¸É¨, H μ¡μ§´ Î ¥É £ ³¨²ÓÉμ´¨ ´ ³´μ£μÎ -
¸É¨Î´μ° ±¢ ´Éμ¢μ° ¸¨¸É¥³Ò (¸ Ê¦¥ μÉ¤¥²¥´´Ò³ ¤¢¨¦¥´¨¥³ Í¥´É·  ³ ¸¸), ¥£μ
·¥§μ²Ó¢¥´É , ¨²¨ ¶μ²´ Ö ËÊ´±Í¨Ö ƒ·¨´  ¸¨¸É¥³Ò, μ¡μ§´ Î ¥É¸Ö ± ± G(z) =
(z − H)−1 ¨ Ê¤μ¢²¥É¢μ·Ö¥É Ê· ¢´¥´¨Õ ‹˜ (¢Éμ·μ³Ê ·¥§μ²Ó¢¥´É´μ³Ê Éμ¦-
¤¥¸É¢Ê)

G(z) = Gα(z) + Gα(z)V αG(z),

£¤¥ Gα(z) = (z − Hα)−1 Å ËÊ´±Í¨Ö ƒ·¨´  ¤²Ö ± ´ ²  ·¥ ±Í¨¨ α; Hα Å
¸μμÉ¢¥É¸É¢ÊÕÐ¨° ± ´ ²Ó´Ò° £ ³¨²ÓÉμ´¨ ´ ¨ V α = H −Hα Å ¸Ê³³  ¶ ·´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.

� ¡μ· μÉ´μ¸¨É¥²Ó´ÒÌ ¨³¶Ê²Ó¸μ¢ pβγ , § ¤ ÕÐ¨Ì ¤¢¨¦¥´¨¥ nα Ë· £³¥´-
Éμ¢, ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¢ ± ´ ²¥ α, ¡Ê¤¥³ μ¡μ§´ Î ÉÓ pα,   ´ ¡μ· ¶·μ¸É· ´-
¸É¢¥´´ÒÌ ¶¥·¥³¥´´ÒÌ, ¸μ¶·Ö¦¥´´ÒÌ pα, μ¡μ§´ Î ¥³ ρα. �·¨ 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 . � ±μ´¥Í, ¢¥±Éμ· |φα〉 μ¡μ§´ Î ¥É ¶·μ¨§¢¥¤¥´¨¥ ¢μ²´μ¢ÒÌ
ËÊ´±Í¨° ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° Ë· £³¥´Éμ¢, § ¤ ÕÐ¨Ì ± ´ ² α, ¸ ¸Ê³³ ·´μ°
Ô´¥·£¨¥° ¸¢Ö§¨ −κ2

α.
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‚ ¨¸¶μ²Ó§Ê¥³ÒÌ μ¡μ§´ Î¥´¨ÖÌ ´¥´μ·³¨·μ¢ ´´ Ö in- ¨²¨ out- ¸¨³¶ÉμÉμÉ 
± ´ ²  α ¨³¥¥É ¢¨¤ |φα,pα〉, É ± ÎÉμ Hα|φα,pα〉 = Eα|φα,pα〉, £¤¥ Eα Å
¸μμÉ¢¥É¸É¢ÊÕÐ Ö Ô´¥·£¨Ö ± ´ ² .

1.1. �¡Ð Ö É¥μ·¨Ö ¢μ²´μ¢ÒÌ μ¶¥· Éμ·μ¢. Š ± ¨§¢¥¸É´μ, ¢ ¸²ÊÎ ¥ ³´μ-
£μÎ ¸É¨Î´ÒÌ ¸¨¸É¥³ ¸ ±μ·μÉ±μ¤¥°¸É¢ÊÕÐ¨³¨ ¶ ·´Ò³¨ ¶μÉ¥´Í¨ ² ³¨ ¢§ ¨³μ-
¤¥°¸É¢¨Ö  ¸¨³¶ÉμÉ¨Î¥¸±μ¥ Ê¸²μ¢¨¥ (¸³., ´ ¶·¨³¥·, [1,4,25]), μ¡¥¸¶¥Î¨¢ ÕÐ¥¥
¸ÊÐ¥¸É¢μ¢ ´¨¥ ¢μ²´μ¢ÒÌ μ¶¥· Éμ·μ¢

Ω±α = s − lim
t→∓∞

eiHt e−iHαt|φα〉, (1.1)

£¤¥ s − lim μ¡μ§´ Î ¥É ¸¨²Ó´Ò° ¶·¥¤¥² (¶·¥¤¥² ¶μ ´μ·³¥), ¨ ¨³¥ÕÐ¥¥ ¢¨¤

∓∞∫
0

dt‖V αe−iHαt|φα, fα〉‖ < ∞, (1.2)

£¤¥ |fα〉 ¶·¨´ ¤²¥¦¨É ± ´ ²Ó´μ³Ê £¨²Ó¡¥·Éμ¢Ê ¶·μ¸É· ´¸É¢Ê ËÊ´±Í¨°
L

2(R3nα−3), ´¥ ¢Ò¶μ²´Ö¥É¸Ö ¤²Ö ¶μÉ¥´Í¨ ²μ¢, Ê¡Ò¢ ÕÐ¨Ì ´  ¡¥¸±μ´¥Î´μ-
¸É¨ ± ± r−γ , γ � 1. ‚ Î ¸É´μ¸É¨, ¤²Ö ±Ê²μ´μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. �ÉμÉ
Ë ±É ¸¢Ö§ ´ ¸ ¤ ²Ó´μ¤¥°¸É¢ÊÕÐ¨³ Ì · ±É¥·μ³ ±Ê²μ´μ¢¸±¨Ì ¸¨², ¤¢¨¦¥´¨¥ ¢
¶μ²¥ ±μÉμ·ÒÌ ´¨±μ£¤  ´¥ ¸É ´μ¢¨É¸Ö  ¸¨³¶ÉμÉ¨Î¥¸±¨ ¸¢μ¡μ¤´Ò³.

�¥μ¡Ìμ¤¨³ Ö ³μ¤¨Ë¨± Í¨Ö μ¶·¥¤¥²¥´¨Ö ¢μ²´μ¢ÒÌ μ¶¥· Éμ·μ¢ (1.1) ¡Ò² 
¤ ´  „μ²² ·¤μ³ [26,27]:

Ω±α = s − lim
t→∓∞

eiHt e−iHαt−iχ±
α (t)|φα〉. (1.3)

�¶¥· Éμ·´ Ö ËÊ´±Í¨Ö χ±
α (t) ±μ³³ÊÉ¨·Ê¥É ¸ £ ³¨²ÓÉμ´¨ ´μ³ Hα ¨ ¢ ¨³¶Ê²Ó¸-

´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¥¸ÉÓ μ¶¥· Éμ· Ê³´μ¦¥´¨Ö ´  ËÊ´±Í¨Õ

χ±
α (pα, t) = sign (t)(ηα ln |t| + Aα). (1.4)

‚ (1.4)

ηα =
∑
β,γ

ηβγ =
∑
β,γ

ZβZγμβγ

pβγ
(1.5 )

μ¡μ§´ Î ¥É ±Ê²μ´μ¢¸±¨° ¶ · ³¥É· (±Ê²μ´μ¢¸±μ¥ Î¨¸²μ, ¶ · ³¥É· ‡μ³³¥·-
Ë¥²Ó¤ ) ± ´ ²  α, · ¢´Ò° ¸Ê³³¥ ±Ê²μ´μ¢¸±¨Ì ¶ · ³¥É·μ¢ ¶ · Ë· £³¥´Éμ¢
β ¨ γ, μβγ Å ¶·¨¢¥¤¥´´ Ö ³ ¸¸  ÔÉ¨Ì Ë· £³¥´Éμ¢,  

Aα =
∑
β,γ

ηβγ ln
2p2

βγ

μβγ
(1.5¡)
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¥¸ÉÓ É ± ´ §Ò¢ ¥³ Ö Ë §  „μ²² ·¤ , ´¥μ¡Ìμ¤¨³ Ö ¤²Ö ¸μ£² ¸μ¢ ´¨Ö ¢ ¸²ÊÎ ¥
¤¢ÊÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í Ë §Ò ¢μ²´μ¢μ° ËÊ´±Í¨¨ 〈r |Ω+|k〉, § ¤ ¢ ¥³μ° ¸
¶μ³μÐÓÕ (1.3), ¸ Ë §μ° ¤¢ÊÌÎ ¸É¨Î´μ° ±Ê²μ´μ¢¸±μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨

ψ+
c (k, r) = e−πη/2Γ(1 + iη) eikr

1F1(−iη, 1; ikr − ikr). (1.6)

„·Ê£μ¥ ¢μ§³μ¦´μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¢μ²´μ¢ÒÌ μ¶¥· Éμ·μ¢ Ωα ¶μ²ÊÎ ¥É¸Ö
¨§ (1.3) § ³¥´μ°  ¸¨³¶ÉμÉ¨Î¥¸±μ£μ μ¶¥· Éμ·  „μ²² ·¤  e−iHαt−iχ±

α (t) μ¶¥· -
Éμ·μ³ ŒÊ²¥·¨´ Ä–¨´´  V

±
α e−iHαt [28Ä30]

Ω±α = s − lim
t→∓∞

eiHt
V

±
α e−iHαt|φα〉. (1.7)

�¶¥· Éμ·Ò V
±
α ¢ (1.7) ¤μ¡ ¢²ÖÕÉ ± ¶²μ¸±μ° ¢μ²´¥ μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö

§ ·Ö¦¥´´ÒÌ Ë· £³¥´Éμ¢ ¢ ¶ ·¥ ¸μμÉ¢¥É¸É¢ÊÕÐÊÕ ²μ£ ·¨Ë³¨Î¥¸±ÊÕ Ë §Ê

〈ρα|V±
α |fα〉 =

=
∫

dpα

(2π)3(nα−1)
exp

[
i〈pα, ρα〉 ± i

∑
βγ

ηβγ ln (pβγrβγ ∓ pβγrβγ)

]
fα(pα),

(1.8)

£¤¥ ¸¨³¢μ² exp [i〈pα, ρα〉] μ¡μ§´ Î ¥É ¶²μ¸±ÊÕ ¢μ²´Ê μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥-
´¨Ö ¢ ¢Ò¡· ´´μ³ ± ´ ²¥.

�É³¥É¨³, ÎÉμ, ¶μ³¨³μ μ¶¥· Éμ·  ŒÊ²¥·¨´ Ä–¨´´ , ¸ÊÐ¥¸É¢ÊÕÉ ¨ ¤·Ê£¨¥
´¥§ ¢¨¸¨³Ò¥ μÉ ¢·¥³¥´¨ μ¶¥· Éμ·Ò, μ¡μ§´ Î ¥³Ò¥ ¤ ²¥¥ F±

α , ±μÉμ·Ò¥  ¸¨³-
¶ÉμÉ¨Î¥¸±¨ Ô±¢¨¢ ²¥´É´Ò μ¶¥· Éμ·Ê „μ²² ·¤  [28,31]. �Éμ μ§´ Î ¥É, ÎÉμ

lim
t→∓∞

‖
(
e−iHαt−iχ±

α (t) −F±
α e−iHαt

)
|φα, fα〉‖ = 0, (1.9)

  ¶μÉμ³Ê

Ω±α = s − lim
t→∓∞

eiHtF±
α e−iHαt|φα〉. (1.10)

1.2. ‘É Í¨μ´ ·´ Ö É¥μ·¨Ö ±Ê²μ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö. ‘μμÉ´μÏ¥´¨Ö (1.6),
(1.7) ¨ (1.10), μ¶·¥¤¥²ÖÕÐ¨¥ ¢μ²´μ¢Ò¥ μ¶¥· Éμ·Ò ³´μ£μÎ ¸É¨Î´μ£μ ±Ê²μ´μ¢-
¸±μ£μ · ¸¸¥Ö´¨Ö ¢ · ³± Ì ´¥¸É Í¨μ´ ·´μ° É¥μ·¨¨ · ¸¸¥Ö´¨Ö, ³μ£ÊÉ ¡ÒÉÓ ¨¸-
¶μ²Ó§μ¢ ´Ò ¤²Ö ¶μ¸É·μ¥´¨Ö ¸É Í¨μ´ ·´μ° É¥μ·¨¨ ±Ê²μ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö.
�·¨ ÔÉμ³ ¶·¨¢²¥± ¥É¸Ö μ¤¨´ ¨§ ¸²¥¤ÊÕÐ¨Ì ³¥Éμ¤μ¢: ³¥Éμ¤  ¡¥²¥¢ÒÌ ¶·¥-
¤¥²μ¢ [1, 26], ³¥Éμ¤ ŠÊ±  [26], É¥μ·¨Ö · ¸¸¥Ö´¨Ö ¢ ¶ ·¥ £¨²Ó¡¥·Éμ¢ÒÌ ¶·μ-
¸É· ´¸É¢ [32]. �¶¨Ï¥³ ±μ·μÉ±μ ÔÉ¨ ¶μ¤Ìμ¤Ò.

Œ¥Éμ¤  ¡¥²¥¢ÒÌ ¶·¥¤¥²μ¢ μ¸´μ¢ ´ ´  ¸²¥¤ÊÕÐ¥³ ÊÉ¢¥·¦¤¥´¨¨ [1, 26].
�Ê¸ÉÓ v(t) Å μ£· ´¨Î¥´´ Ö μ¶¥· Éμ·´ Ö ËÊ´±Í¨Ö ¶·¨ t ∈ [0,∞), ¨³¥ÕÐ Ö
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¶·¥¤¥² v+ = lim
t→∞

v(t). ’μ£¤ 

v+ = lim
ε→0

ε

∞∫
0

dt e−εtv(t). (1.11)

�·¨³¥´ÖÖ ¤ ´´μ¥ ÊÉ¢¥·¦¤¥´¨¥ ± μ¶¥· Éμ·Ê eiHt e−iHαt−iχ±
α (t)|φα〉, ¶μ²ÊÎ ¥³

Ω±α|pα〉 = lim
ε→0

ε

∞∫
0

dt e−εt∓i(Ht−Eαt−Aα)t±iηα |φα,pα〉 =

= e−πηα/2Γ(1 ± iηα) e±iAα lim
ε→0

±iεG1±iηα(Eα ± iε)|φα,pα〉. (1.12)

‚¸²¥¤¸É¢¨¥ Éμ£μ, ÎÉμ ¢ ¸μμÉ´μÏ¥´¨¨ (1.12) Ë¨£Ê·¨·Ê¥É ±μ³¶²¥±¸´ Ö ¸É¥-
¶¥´Ó ËÊ´±Í¨¨ ƒ·¨´ , μ´μ ´¥Ê¤μ¡´μ ¤²Ö ¶· ±É¨Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨°. �¤´ ±μ
±μ³¶²¥±¸´ Ö ¸É¥¶¥´Ó ³μ¦¥É ¡ÒÉÓ ¶¥·¥´¥¸¥´  ´  ¶ · ³¥É· ε ¶¥·¥¤ ËÊ´±Í¨¥°
ƒ·¨´  ¢ Ëμ·³Ê²¥ (1.12), É ± ÎÉμ ¢μ²´μ¢μ° μ¶¥· Éμ· ¡Ê¤¥É ¢Ò· ¦ ÉÓ¸Ö ´¥¶μ-
¸·¥¤¸É¢¥´´μ Î¥·¥§ ¶¥·¢ÊÕ ¸É¥¶¥´Ó ¶μ²´μ° ËÊ´±Í¨¨ ƒ·¨´  [1,6]. „²Ö ¢Ò¢μ¤ 

¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ¢Ò· ¦¥´¨Ö [33] μ¶·¥¤¥²¨³ μ¶¥· Éμ·Ò Ω(0)
±α(ε)|pα〉 ¸ ¶μ³μ-

ÐÓÕ ¸μμÉ´μÏ¥´¨Ö

Ω(0)
±α(ε)|pα〉 = ±iεG(Eα ± iε)|φα,pα〉. (1.13)

‚Ò· ¦¥´¨¥ (1.13) ³μ¦´μ ¶¥·¥¶¨¸ ÉÓ ¢ ¨´É¥£· ²Ó´μ³ ¢¨¤¥

Ω(0)
±α(ε)|pα〉 = ε

∞∫
0

dt e−εt e∓iHt e±iHαt|φα,pα〉, (1.14 )

É ± ÎÉμ

ε∓iηαΩ(0)
±α(ε)|pα〉 =

∞∫
0

dt e−(t±iηα ln t±iAα)×

×
[
e∓iHt/ε e±iHαt/ε e−iχ±

α (pα, ∓t/ε)|φα〉
]
|pα〉. (1.14¡)

�¥·¥Ìμ¤Ö ¢ (1.14¡) ± ¶·¥¤¥²Ê ε → 0 ¨ ÊÎ¨ÉÒ¢ Ö, ÎÉμ ¢Ò· ¦¥´¨¥ ¢ ±¢ ¤· É´ÒÌ
¸±μ¡± Ì ¸Ìμ¤¨É¸Ö ¶·¨ ÔÉμ³ ± Ω±α, ¶μ²ÊÎ¨³

lim
ε→0

ε∓iηαΩ(0)
±α(ε)|pα〉 = Ω±α|pα〉

∞∫
0

dt e−(t±iηα ln t±iAα) =

= Γ(1 ∓ iηα) e∓iAαΩ±α|pα〉. (1.15)
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‚ ¨Éμ£¥ ¶μ²ÊÎ ¥³ Í¥¶μÎ±Ê · ¢¥´¸É¢

Ω±α|pα〉 = lim
ε→0

ε∓iηα

Γ(1 ∓ iηα)
e±iAαΩ(0)

±α(ε)|pα〉 =

= lim
ε→0

ε∓iηα

Γ(1 ∓ iηα)
e±iAα(±iε)G(Eα ± iε)|φα,pα〉 =

= lim
ε→0

e−πηα/2±iAα

Γ(1 ∓ iηα)
(±iε)1∓iηαG(Eα ± iε)|φα,pα〉. (1.16)

„²Ö ¸ÊÐ¥¸É¢μ¢ ´¨Ö ¶·¥¤¥²  ¢ (1.16) ´¥μ¡Ìμ¤¨³μ ¶μÉ·¥¡μ¢ ÉÓ, ÎÉμ¡Ò ¸É·Ê±-
ÉÊ·  £² ¢´ÒÌ (¶μ²Õ¸´ÒÌ, ¨²¨ ±² ¸É¥·´ÒÌ) μ¸μ¡¥´´μ¸É¥° ¶μ²´μ° ËÊ´±Í¨¨
ƒ·¨´  μ¶¨¸Ò¢ ² ¸Ó ¢Ò· ¦¥´¨¥³ [1,8, 9, 28]

G(z) =
∑

β

uβ(z)〈φβ |(z − Hβ)−1±iηβ + g(z), (1.17)

¶·¨Î¥³ ¢Ò¡μ· §´ ±  ¶¥·¥¤ iηβ μ¶·¥¤¥²Ö¥É¸Ö §´ ±μ³ Im z (³¨´Ê¸ ¶·¨ Im z > 0
¨ ´ μ¡μ·μÉ). ˆ´¤¥±¸Ò β ¢ (1.17) ¸ÊÉÓ ¨´¤¥±¸Ò ± ´ ²μ¢, ¶·¨Î¥³ ¤²Ö ± ´ ² 
· §¢ ²  ¸¨¸É¥³Ò ´  ¨¸Ìμ¤´Ò¥ N Î ¸É¨Í ¶μ² £ ¥³ β = 0 (κ2

0 = 0) ¨ φ0(k0) ≡ 1.
�¶¥· Éμ·Ò uβ(z) ´μ¸ÖÉ ´ §¢ ´¨¥ in-±μ³¶μ´¥´É ¶μ²´μ° ËÊ´±Í¨¨ ƒ·¨´ ,   ¶·μ
ËÊ´±Í¨Õ g(z) ¨§¢¥¸É´μ, ÎÉμ μ´  ´¥ ¸μ¤¥·¦¨É ¸¨´£Ê²Ö·´μ¸É¨ (±iε)−1±iηβ ´ 
¶μ¢¥·Ì´μ¸É¨ Ô´¥·£¨¨ (´μ, ¢μ§³μ¦´μ, ¸μ¤¥·¦¨É ¤·Ê£¨¥ μ¸μ¡¥´´μ¸É¨). ‘· ¢´¥-
´¨¥ (1.16) ¨ (1.17) ¶μ± §Ò¢ ¥É, ÎÉμ ¨³¥¥É ³¥¸Éμ ¸μμÉ´μÏ¥´¨¥

Ω±α|pα〉 =
e−πηα/2±iAα

Γ(1 ∓ iηα)
uα(Eα ± i0)|pα〉. (1.18)

�¥§Ê²ÓÉ É (1.18) ¸μ£² ¸Ê¥É¸Ö ¸ μ¶·¥¤¥²¥´¨¥³ ¢μ²´μ¢ÒÌ μ¶¥· Éμ·μ¢ ¢ ¢¨-
¤¥ (1.12). „μ± ¦¥³ ÔÉμ ÊÉ¢¥·¦¤¥´¨¥ ´  ¶·¨³¥·¥ μ¶¥· Éμ·  Ω+α, ¤²Ö Î¥£μ
· ¸¸³μÉ·¨³ Éμ¦¤¥¸É¢μ

G1+iη(E + iε) ≡
∞∫

−∞

dx

(−2πi)
1

(x − H + iε1)
1

(E − x + iε2)1+iη
, (1.19)

¶·¨Î¥³ ε1,2 > 0 ¨ ε = ε1 + ε2. ˆ§ (1.16), (1.17) ¨ (1.19) ¸²¥¤Ê¥É

Ω+α|pα〉 = e−πηα/2+iAαΓ(1 + iηα)×

× lim
ε→0

iε

∞∫
−∞

dx

(−2πi)
G(x + iε1)

(Eα − x + iε2)1+iηα
|φα,pα〉 =

= e−πηα/2+iAαΓ(1 + iηα)Iαuα(Eα + i0)|pα〉. (1.20)
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‚ (1.20)

Iα = lim
ε→0

iε

∞∫
−∞

dx

(−2πi)
1

(x − Eα + iε1)1−iηα

1
(Eα − x + iε2)1+iηα

=

=
1

Γ(1 + iηα)Γ(1 − iηα)
, (1.21)

μÉ±Ê¤  ²¥£±μ ¢¨¤´μ, ÎÉμ Ëμ·³Ê²  (1.20) ´¥¶μ¸·¥¤¸É¢¥´´μ ¶·¥¢· Ð ¥É¸Ö
¢ (1.18).

�·¨ Ëμ·³Ê²¨·μ¢ ´¨¨ É¥μ·¨¨ · ¸¸¥Ö´¨Ö ¢ ¶ ·¥ £¨²Ó¡¥·Éμ¢ÒÌ ¶·μ¸É· ´¸É¢
μ¶¥· Éμ·Ò F±

α ¶·¥¤¶μ² £ ÕÉ¸Ö μ£· ´¨Î¥´´Ò³¨. ’μ£¤  ¤²Ö ¢μ²´μ¢ÒÌ μ¶¥· Éμ-
·μ¢ ¢Ò¶μ²´Ö¥É¸Ö ¸μμÉ´μÏ¥´¨¥ [31]

Ω±α|pα〉 = lim
ε→0

±iεG(Eα ± iε)F±
α |φα,pα〉. (1.22)

‘ ¶μ³μÐÓÕ ¢Éμ·μ£μ ·¥§μ²Ó¢¥´É´μ£μ Éμ¦¤¥¸É¢  ¨ ¸μμÉ´μÏ¥´¨Ö

±iεGα(Eα ± iε)F±
α |φα,pα〉 = F±

α |φα,pα〉 + Gα(Eα ± iε)[Hα,F±
α ]|φα,pα〉

(1.23)
¢Ò· ¦¥´¨¥ (1.22) ³μ¦´μ ¶¥·¥¶¨¸ ÉÓ ¢ ¢¨¤¥ ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ ¶·¥¤¸É ¢²¥-
´¨Ö ‹˜

Ω±α|pα〉 = F±
α |φα,pα〉 + G(Eα ± i0)(V αF±

α + [Hα,F±
α ])|φα,pα〉. (1.24)

�¶¥· Éμ·Ò ¶¥·¥Ìμ¤μ¢ ¢ ¢¨¤¥ ±μ³³ÊÉ Éμ·μ¢ [Hα,F±
α ] ¡Ò²¨ ¢¶¥·¢Ò¥ ¢¢¥¤¥´Ò

¢ É¥μ·¨Õ ±Ê²μ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ¢ · ¡μÉ Ì [34,35]. ‚ Î ¸É´μ¸É¨, ¥¸²¨ ± ´ ²
α μÉ¢¥Î ¥É ¸Éμ²±´μ¢¥´¨Õ ¤¢ÊÌ § ·Ö¦¥´´ÒÌ Ë· £³¥´Éμ¢, μ¶¥· Éμ·Ò F±

α |φα〉
³μ£ÊÉ ¡ÒÉÓ ¢Ò¡· ´Ò ¢ ¢¨¤¥ ω±α, ¨ ÔÉ¨ ´μ¢Ò¥ ¢μ²´μ¢Ò¥ μ¶¥· Éμ·Ò μÉ¢¥Î ÕÉ
Î¨¸Éμ ±Ê²μ´μ¢¸±μ³Ê · ¸¸¥Ö´¨Õ ´  ¶μÉ¥´Í¨ ²¥ vα

c = Z1αZ2α/ρα. ‚ ÔÉμ³
¸²ÊÎ ¥ ¸¶· ¢¥¤²¨¢  § ¶¨¸Ó

Ω±α|pα〉 = ω±α|pα〉 + G(Eα ± i0)(V α − vα
c )ω±α|pα〉, (1.25)

ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ¶·¥¤¸É ¢²¥´¨Õ ¢μ²´μ¢ÒÌ μ¶¥· Éμ·μ¢ ³´μ£μ± ´ ²Ó´μ£μ · ¸-
¸¥Ö´¨Ö ¢ ³¥Éμ¤¥ ¨¸± ¦¥´´ÒÌ ¢μ²´ [3,28,36].

‚ ³¥Éμ¤¥ ŠÊ±  ¢μ¶·μ¸ μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ ¶·¥¤¥²  ¶·¨ t → ∞ ËÊ´±Í¨¨,
§ ¤ ´´μ° ¨ ´¥¶·¥·Ò¢´μ ¤¨ËË¥·¥´Í¨·Ê¥³μ° ¶·¨ t � 0, ¸¢μ¤¨É¸Ö ± ¢μ¶·μ¸Ê μ¡
¨´É¥£·¨·Ê¥³μ¸É¨ ¶·μ¨§¢μ¤´μ° É ±μ° ËÊ´±Í¨¨, ¶μ¸±μ²Ó±Ê

lim
t→∞

f(t) = f(0) + lim
t→∞

t∫
0

dτf ′(τ).



	����‚‘Šˆ‰ �Ÿ„ ‚ ’…��ˆˆ ˆ��ˆ‡�–ˆˆ �’�Œ� �‹…Š’����›Œ “„���Œ 617

�·¨³¥´¨É¥²Ó´μ ± ¢μ²´μ¢Ò³ μ¶¥· Éμ· ³ ¨´É¥£·¨·Ê¥³μ¸ÉÓ ´  ¶μ²ÊμÉ±·ÒÉμ³
¨´É¥·¢ ²¥ [0,∞) ´μ·³Ò ¸μμÉ¢¥É¸É¢ÊÕÐ¥° μ¶¥· Éμ·´μ° ËÊ´±Í¨¨ ¨ ¥¸ÉÓ  ¸¨³-
¶ÉμÉ¨Î¥¸±μ¥ Ê¸²μ¢¨¥ ¨Ì ¸ÊÐ¥¸É¢μ¢ ´¨Ö [3,25,26,31], ¶·¨Î¥³ ¢ ¸²ÊÎ ¥ ±μ·μÉ±μ-
¤¥°¸É¢ÊÕÐ¨Ì ¶ ·´ÒÌ ¶μÉ¥´Í¨ ²μ¢ ÔÉμ Ê¸²μ¢¨¥ ¨³¥¥É ¢¨¤ (1.2). ‚ · ¡μÉ¥ [31]
³¥Éμ¤ ŠÊ±  ¡Ò² ¶·¨³¥´¥´ ± ¶·¥¤¸É ¢²¥´¨Õ ¢μ²´μ¢ÒÌ μ¶¥· Éμ·μ¢ ±Ê²μ´μ¢-
¸±μ£μ · ¸¸¥Ö´¨Ö ¢ Ëμ·³Ê²¨·μ¢±¥ ŒÊ²¥·¨´ Ä–¨´´  ¨ ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¢μ²-
´μ¢Ò¥ μ¶¥· Éμ·Ò Ω±α|pα〉 Ê¤μ¢²¥É¢μ·ÖÕÉ ¶·¥¤¸É ¢²¥´¨Õ ‹˜ ¢¨¤  (1.24) ¸
§ ³¥´μ° μ¶¥· Éμ·μ¢ F±

α ´   ¸¨³¶ÉμÉ¨Î¥¸±¨¥ μ¶¥· Éμ·Ò V
±
α .

1.3. �³¶²¨ÉÊ¤Ò ¶¥·¥Ìμ¤μ¢. Œ É¥·¨ ², ¶·¥¤¸É ¢²¥´´Ò° ¢ÒÏ¥, ¶μ§¢μ²Ö¥É
μ¶¨¸ ÉÓ ¸É·Ê±ÉÊ·Ê ¸¨´£Ê²Ö·´μ¸É¥° ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ μ¶¥· Éμ·  ¶¥·¥Ìμ¤ .
�μ¸²¥¤´¨° ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´ ¢ ¤¢ÊÌ ¢¨¤ Ì: post

Tβα(z) = 〈φβ |V β + V βG(z)V α|φα〉, (1.26 )

¨ prior

T̃βα(z) = 〈φβ |V α + V βG(z)V α|φα〉, (1.26¡)

· §´¨Í  ³¥¦¤Ê ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨ ±μÉμ·ÒÌ 〈pβ |Tβα(z)− T̃βα(z)|pα〉 ´ 
¶μ¢¥·Ì´μ¸É¨ Ô´¥·£¨¨ z = Eα+i0 = Eβ+i0 · ¢´  ´Ê²Õ, ÎÉμ ²¥£±μ ¶·μ¢¥·Ö¥É¸Ö
(¸³., ´ ¶·¨³¥·, [25]). �¶¥· Éμ· ¶¥·¥Ìμ¤  (¤ ²¥¥ ¤²Ö Ê¤μ¡¸É¢  · ¸¸³ É·¨¢ ¥³
post-Ëμ·³Ê) ¶μ μ¶·¥¤¥²¥´¨Õ ¸¢Ö§ ´ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³ ¸ ¶μ²´μ° ËÊ´±Í¨¥°
ƒ·¨´  § ¤ Î¨:

G(z) = (z − Hβ)−1|φβ〉Tβα(z)〈φα|(z − Hα)−1 + G̃(z),

£¤¥ ËÊ´±Í¨Ö G̃(z) ´¥ ¸μ¤¥·¦¨É μ¤´μ¢·¥³¥´´μ ±² ¸É¥·´ÒÌ ¸¨´£Ê²Ö·´μ¸É¥°
± ´ ²μ¢ α ¨ β (¶μ¤·μ¡´¥¥ ¸³. [3]). Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ (1.26) ¢ ¸²ÊÎ ¥
±μ·μÉ±μ¤¥°¸É¢ÊÕÐ¨Ì ¶ ·´ÒÌ ¶μÉ¥´Í¨ ²μ¢ § ¤ ÕÉ ´  ¶μ¢¥·Ì´μ¸É¨ Ô´¥·£¨¨
±μ´¥Î´ÊÕ  ³¶²¨ÉÊ¤Ê ¶¥·¥Ìμ¤μ¢ ³¥¦¤Ê ± ´ ² ³¨ α ¨ β [3, 25]. ‚ ¸²ÊÎ ¥ ¦¥
Î ¸É¨Í ¸ ±Ê²μ´μ¢¸±¨³ ¢§ ¨³μ¤¥°¸É¢¨¥³, ±μ£¤  ¶μ²Õ¸´Ò¥ μ¸μ¡¥´´μ¸É¨ ËÊ´±-
Í¨¨ ƒ·¨´  ¨³¥ÕÉ ¢¨¤ (1.17), · ¸¸³ É·¨¢ ¥³Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¸μ¤¥·¦ É
¸¨´£Ê²Ö·´μ¸É¨ ¢¨¤  (z − Eα)iηα ¨ (z − Eβ)iηβ (¸³. É ±¦¥ [37]). �Éμ μ§´ -
Î ¥É, ÎÉμ ¶·¨ ¢ÒÌμ¤¥ ¶ · ³¥É·  z ´  ¶μ¢¥·Ì´μ¸ÉÓ Ô´¥·£¨¨ ¢ μ¡μ¨Ì ± ´ ² Ì
(Eα = Eβ = E) ±μ´¥Î´Ò³ Ö¢²Ö¥É¸Ö ¢Ò· ¦¥´¨¥ É¨¶ 

tβα(pβ ,pα; E + i0) =
e−(π/2)(ηβ+ηα)ei(Aβ+Aα)

Γ(1 − iηα)Γ(1 − iηβ)
×

× lim
z→E+i0

e−i(ηβ+ηα) ln (z−E)〈pβ |Tβα(z)|pα〉. (1.27)
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…£μ ³μ¦´μ ¸ ¶μ³μÐÓÕ Ëμ·³Ê² (1.13) ¨ (1.26) ¶·¥¤¸É ¢¨ÉÓ ¸²¥¤ÊÕÐ¨³
μ¡· §μ³:

tβα(pβ ,pα; E + i0) =
e−(π/2)(ηβ+ηα)ei(Aβ+Aα)

Γ(1 − iηα)Γ(1 − iηβ)
×

× lim
ε→0

(iε)i(ηα+ηβ)

{
〈pβ , φβ |V βΩ(0)

+α(ε)|pα〉,
〈pβ |Ω(0)+

−β (ε)V α|pα, φα〉.
(1.28)

„¥°¸É¢¨É¥²Ó´μ, ¢Ò· ¦¥´¨¥ (1.13) ¸ ¶μ³μÐÓÕ ¢Éμ·μ£μ ·¥§μ²Ó¢¥´É´μ£μ Éμ-
¦¤¥¸É¢  ¶·¨¢μ¤¨É¸Ö ± ¢¨¤Ê

Ω(0)
±α(ε)|pα〉 = [I + G(Eα ± iε)V α]|φα,pα〉,

É ± ÎÉμ
〈pβ , φβ |V βΩ(0)

+α(ε)|pα〉 = 〈pβ |Tβα(E + iε)|pα〉. (1.29 )

�´ ²μ£¨Î´μ

〈pβ |Ω(0)+
−β (ε)V α|pα, φα〉 = 〈pβ |T̃βα(E + iε)|pα〉. (1.29¡)

…¸²¨, ´ ¶·¨³¥·, ´ Î ²Ó´Ò° ± ´ ² ·¥ ±Í¨¨ ¸μ¤¥·¦¨É ´¥ ¡μ²¥¥ μ¤´μ£μ § ·Ö-
¦¥´´μ£μ Ë· £³¥´É  (ηα = 0),  ³¶²¨ÉÊ¤Ê É ±μ£μ ¶·μÍ¥¸¸  ¸ ÊÎ¥Éμ³ (1.16)
³μ¦´μ § ¶¨¸ ÉÓ ¢ ¡μ²¥¥ ¶·¨¢ÒÎ´μ³ ¢¨¤¥ Î¥·¥§ ¶μ²´ÊÕ ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ
Ψ−

β (pβ) § ¤ Î¨ ±μ´¥Î´μ£μ ± ´ ² :

t(pβ ,pα; E + i0) = 〈Ψ−
β (pβ)|V α|φα,pα〉. (1.30)

‚Ò· §¨³ É¥¶¥·Ó Ô²¥³¥´ÉÒ S-³ É·¨ÍÒ, ±μÉμ· Ö ¶μ μ¶·¥¤¥²¥´¨Õ ¥¸ÉÓ

Sβα(pβ ,pα) = 〈pβ |Ω+
−βΩ+α|pα〉, (1.31)

Î¥·¥§ ¢¥²¨Î¨´Ò tβα

〈pβ |Sβα|pα〉 = −2πi δ(Eα − Eβ)tβα(pβ ,pα; Eα + i0). (1.32)

„²Ö ¢Ò¢μ¤  Ëμ·³Ê²Ò (1.32) ¶μ¸ÉÊ¶¨³ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. ‚ ³ É·¨Î´ÒÌ Ô²¥-
³¥´É Ì S-³ É·¨ÍÒ (1.31) ± ¦¤Ò° ¨§ ¢μ²´μ¢ÒÌ μ¶¥· Éμ·μ¢ § ¶¨Ï¥³ ¢ ¢¨¤¥
¢·¥³¥´´�μ£μ ¶·¥¤¥²  (1.3) ¨ ¶·μ¨§¢¥¤¥´¨¥ ¶·¥¤¥²μ¢ § ³¥´¨³ ¶·¥¤¥²μ³ ¶·μ¨§-
¢¥¤¥´¨Ö. ‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ¨³

〈pβ |Sβα|pα〉 = ei(Aα+Aβ) lim
t→+∞

ti(ηα+ηβ) ei(Eα+Eβ)t〈φβ ,pβ |e−2iHt|pα, φα〉.
(1.33)
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„ ²¥¥, ³ É·¨Î´Ò° Ô²¥³¥´É ¢ ¶· ¢μ° Î ¸É¨ (1.33) § ¶¨Ï¥³ ¢ ¨´É¥£· ²Ó´μ³
¶·¥¤¸É ¢²¥´¨¨ Î¥·¥§ ËÊ´±Í¨Õ ƒ·¨´ 

〈φβ ,pβ |e−2iHt|pα, φα〉 = lim
ε→0

∞∫
−∞

dE

(−2πi)
e−2iEt〈φβ ,pβ|G(E + iε)|pα, φα〉,

(1.34)
± ±μÉμ·μ° ¤¢ ¦¤Ò ¶·¨³¥´¨³ ¢Éμ·μ¥ ·¥§μ²Ó¢¥´É´μ¥ Éμ¦¤¥¸É¢μ. ‚ ÔÉμ³ ¸²ÊÎ ¥
¨§ (1.34) ¸²¥¤Ê¥É

〈pβ |Sβα|pα〉 = ei(Aα+Aβ)(I1 + I2), (1.35)

£¤¥
I1 = lim

t→+∞
ti(ηα+ηβ) ei(Eα−Eβ)t〈φβ ,pβ|pα, φα〉, (1.36)

I2 = lim
t→+∞

lim
ε→0

∞∫
−∞

dE

(−2πi)
tiηβ e−i(E−Eβ)t

(E − Eβ + iε)1−iηβ

tiηαe−i(E−Eα)t

(E − Eα + iε)1−iηα
×

× [(E − Eβ + iε)−iηβ 〈pβ |Tβα(E + iε)|pα〉(E − Eα + iε)−iηα ]. (1.37)

�·¨³¥´ÖÖ ± I2 ¶·¥¤¥²Ó´Ò¥ ¸μμÉ´μÏ¥´¨Ö ¤²Ö  ¸¨³¶ÉμÉ¨±¨ ¶·¥μ¡· §μ¢ ´¨Ö
”Ê·Ó¥ μ¡μ¡Ð¥´´ÒÌ ËÊ´±Í¨° [1,38]

lim
t→+∞

tiηe−ixt

(x ± i0)1−iη
=

⎧⎨⎩ −2πiδ(x)
e−πη/2

Γ(1 − iη)
¤²Ö + i0,

0 ¤²Ö − i0,
(1.38)

´ Ìμ¤¨³

I2 = −2πi e−i(Aα+Aβ)δ(Eα − Eβ) tβα(pβ ,pα; Eα + i0). (1.39)

‘² £ ¥³μ¥ I1 ¢ ¸²ÊÎ ¥ ±μ·μÉ±μ¤¥°¸É¢ÊÕÐ¨Ì ¶ ·´ÒÌ ¶μÉ¥´Í¨ ²μ¢ · ¢´μ δαβ .
‚ · ¸¸³ É·¨¢ ¥³μ° ¸¨ÉÊ Í¨¨, ±μ£¤  ÌμÉÖ ¡Ò μ¤¨´ ±Ê²μ´μ¢¸±¨° ¶ · ³¥É· ηα

¨²¨ ηβ ´¥ · ¢¥´ ´Ê²Õ, ÔÉμ ¸² £ ¥³μ¥ · ¢´μ ´Ê²Õ ¨ ¶·¨ α = β ¢¸²¥¤¸É¢¨¥
²¥³³Ò �¨³ ´ Ä‹¥¡¥£  (¢ ¸² ¡μ³ ¸³Ò¸²¥) [1, 3, 26, 39, 40]. ˆ§ ¶μ¸²¥¤´¥£μ
Ë ±É  ¨ (1.35) ¸²¥¤Ê¥É ·¥§Ê²ÓÉ É (1.32).

1.4. Œ¥Éμ¤ ¨¸± ¦¥´´ÒÌ ¢μ²´. �μ  ´ ²μ£¨¨ ¸ (1.13) ¢¢¥¤¥³ ¢ · ¸¸³μÉ·¥-
´¨¥ μ¶¥· Éμ·

Ω̃±α(ε)|pα〉 = ±iεG(Eα ± iε)ω±α|pα〉. (1.40)

‚ (1.40) ¢μ²´μ¢Ò¥ μ¶¥· Éμ·Ò ω±α ¶μ·μ¦¤ ÕÉ ¨¸± ¦¥´´Ò¥ ¢μ²´Ò, Ö¢²ÖÕÐ¨-
¥¸Ö ¸μ¡¸É¢¥´´Ò³¨ ËÊ´±Í¨Ö³¨ £ ³¨²ÓÉμ´¨ ´  Hα = Hα + Uα (¸·. (1.25)). ˆÌ
³μ¦´μ § ¶¨¸ ÉÓ ¸ ¶μ³μÐÓÕ μ¶·¥¤¥²¥´¨Ö (1.3):

ω±α = s − lim
t→∓∞

eiHαt e−iHαt−iχ(0)±
α (t)|φα〉. (1.41)
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�¶¥· Éμ·Ò χ
(0)±
α (t) μ¶·¥¤¥²ÖÕÉ¸Ö ¨¸± ¦ ÕÐ¨³¨ ¶μÉ¥´Í¨ ² ³¨ Uα, ¶·¨Î¥³

χ(0)±
α (t)|pα〉 = sign (t)(η(0)

α ln t + A(0)
α )|φα〉.

ˆ³¥¥É ³¥¸Éμ ¸²¥¤ÊÕÐ¥¥ ¸μμÉ´μÏ¥´¨¥:

Ω±α|pα〉 = lim
ε→0

ε∓i(ηα−η(0)
α )

Γ(1 ∓ i(ηα − η
(0)
α ))

e±i(Aα−A(0)
α )Ω̃±α(ε)|pα〉, (1.42)

±μÉμ·μ¥ Ö¢²Ö¥É¸Ö μ¡μ¡Ð¥´¨¥³ (1.16). „μ± ¦¥³ ÔÉμ ¸μμÉ´μÏ¥´¨¥ ¤²Ö ¸²ÊÎ Ö
μ¶¥· Éμ·  Ω+α. �μ¸±μ²Ó±Ê

Ω̃+α(ε)|pα〉 = ε

∞∫
0

dt e−iHt eiHαtω+α|pα〉

¨
lim

t→+∞

(
eiHαt ω+α − eiHαt+iχ(0)+

α (−t)|φα〉
)
→ 0

¢ ¸³Ò¸²¥ ¸¨²Ó´μ£μ ¶·¥¤¥² , Éμ

Ω̃+α(ε)|pα〉 = ε

∞∫
0

dt e−iHt eiHαt+iχ(0)+
α (pα,−t)|φα,pα〉 + R(ε)|pα〉. (1.43)

„¥°¸É¢ÊÖ É ± ¦¥, ± ± ¨ ¶·¨ ¢Ò¢μ¤¥ Ëμ·³Ê² (1.14)Ä(1.16), ¶μ²ÊÎ¨³

ε−i(ηα−η(0)
α )Ω̃+α(ε)|pα〉 =

∞∫
0

dt e−t−i(ηα−η(0)
α ) ln t−i(Aα−A(0)

α )×

×
[
e−iHt/εeiHαt/ε+iηα ln t/ε+iAα |φα〉

]
|pα〉 + ε−i(ηα−η(0)

α )R(ε)|pα〉. (1.44)

�¥·¥Ìμ¤Ö ¢ (1.44) ± ¶·¥¤¥²Ê ε → 0 ¨ ÊÎ¨ÉÒ¢ Ö, ÎÉμ ¢Ò· ¦¥´¨¥ ¢ ±¢ ¤· É´ÒÌ
¸±μ¡± Ì ¸Ìμ¤¨É¸Ö ± Ω+α, ¶·¨Ìμ¤¨³ ± ¸μμÉ´μÏ¥´¨Õ

lim
ε→0

ε−i(ηα−η(0)
α )Ω̃+α(ε)|pα〉 =

= Γ(1 − i(ηα − η(0)
α )) e−i(Aα−A(0)

α )Ω+α|pα〉 + lim
ε→0

ε−i(ηα−η(0)
α )R(ε)|pα〉.

(1.45)

�¶¥· Éμ· R(0)|pα〉 ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥  ¡¥²¥¢  ¶·¥¤¥² 

R(0)|pα〉 = lim
ε→0

ε

∞∫
0

dt e−iHt
(
eiHαt ω+α − eiHαt+iχ(0)+

α (−t)|φα〉
)
|pα〉.

(1.46)
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�μ¤Ò´É¥£· ²Ó´Ò° μ¶¥· Éμ· ¢ (1.46) μ£· ´¨Î¥´, ¨ ¥£μ ¶·¥¤¥² · ¢¥´ ´Ê²Õ ¶·¨
t → ∞. ‚ ¸¨²Ê μ¡Ð¨Ì ¸¢μ°¸É¢  ¡¥²¥¢ÒÌ ¶·¥¤¥²μ¢ R(0)|pα〉 = 0 ¨, ¸²¥¤μ¢ -
É¥²Ó´μ, ¢Ò· ¦¥´¨¥ (1.45) Ô±¢¨¢ ²¥´É´μ (1.42).

�¥§Ê²ÓÉ É (1.42) ¶μ§¢μ²Ö¥É ¶¥·¥¶¨¸ ÉÓ  ³¶²¨ÉÊ¤Ê (1.30) ¢ ¢¨¤¥,  ´ ²μ£¨Î-
´μ³ (1.28) ¨ (1.27):

tβα(pβ ,pα; E + i0) =

=
e−(π/2)(ηβ−η

(0)
β

)

Γ(1 − i(ηβ − η
(0)
β ))

lim
ε→0

(iε)−i(ηβ−η
(0)
β )〈pβ |Ω̃+

−β(ε)V α|pα, φα〉 =

=
e−(π/2)(ηβ−η

(0)
β )

Γ(1 − i(ηβ − η
(0)
β ))

lim
z→E+i0

(z − E)−i(ηβ−η
(0)
β )×

× 〈ζ−β (pβ)|[V α + (V β − Uβ)G(z)V α]|φα,pα〉, (1.47)

£¤¥ |ζ−β (pβ)〉 = ω−β |pβ〉. �¥§Ê²ÓÉ É (1.47) ¶μ± §Ò¢ ¥É, ÎÉμ ¥¸²¨ ³Ò ¨³¥¥³
¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ ´¥±μÉμ·μ° £·Ê¶¶Ò § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ ±μ´¥Î´μ³ (´ -
Î ²Ó´μ³) ± ´ ²¥ ¸ ¶· ¢¨²Ó´μ° ±Ê²μ´μ¢¸±μ°  ¸¨³¶ÉμÉ¨±μ°, Éμ ¨Ì (¸Ê³³ ·-
´Ò°) ¶ · ³¥É· ‡μ³³¥·Ë¥²Ó¤  ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ¢ μ¡Ð¥³ (¸Ê³³ ·´μ³) ¶ · ³¥-
É·¥ ‡μ³³¥·Ë¥²Ó¤  ± ´ ²  ¶·¨ ·¥£Ê²Ö·¨§ Í¨¨. “· ¢´¥´¨¥ É¨¶  (1.47) ¢ ¸²ÊÎ ¥
¨μ´¨§ Í¨¨  Éμ³  ¢μ¤μ·μ¤  ¡Ò¸É·Ò³ Ô²¥±É·μ´μ³ ¡Ò²μ ¶μ²ÊÎ¥´μ ¢ · ¡μÉ¥ [41].

1.5. ‡ ±²ÕÎ¥´¨¥ ± · §¤. 1. �μ¤¢μ¤Ö ¨Éμ£ · §¤. 1, ³μ¦´μ ¸± § ÉÓ, ÎÉμ ¸¶¥-
Í¨Ë¨Î¥¸± Ö  ¸¨³¶ÉμÉ¨±  ±Ê²μ´μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·¨ ¡μ²ÓÏ¨Ì ¢§ ¨³-
´ÒÌ · ¸¸ÉμÖ´¨ÖÌ ³¥¦¤Ê § ·Ö¦¥´´Ò³¨ Ë· £³¥´É ³¨ ¶μ·μ¦¤ ¥É ¤μ¶μ²´¨É¥²Ó-
´Ò¥ ¸¨´£Ê²Ö·´μ¸É¨  ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö, Ö¢²ÖÕÐ¨Ì¸Ö ·¥Ï¥´¨Ö³¨ Ê· ¢´¥´¨°
‹˜, ¶·¨ ¶¥·¥Ìμ¤¥ ÔÉ¨Ì ·¥Ï¥´¨° ´  ¶μ¢¥·Ì´μ¸ÉÓ Ô´¥·£¨¨. ‚´¥ ÔÉμ° μ¡² ¸É¨
¸ ·¥Ï¥´¨Ö³¨ Ê· ¢´¥´¨Ö ‹˜ (´¥Ë¨§¨Î¥¸±¨³¨  ³¶²¨ÉÊ¤ ³¨) ³μ¦´μ · ¡μÉ ÉÓ,
± ± ¨ ¢ ¸²ÊÎ ¥ ±μ·μÉ±μ¤¥°¸É¢ÊÕÐ¨Ì ¶ ·´ÒÌ ¶μÉ¥´Í¨ ²μ¢.

„²Ö ¶μ²ÊÎ¥´¨Ö Ë¨§¨Î¥¸±¨Ì ´ ¡²Õ¤ ¥³ÒÌ ¢¥²¨Î¨´ É·¥¡Ê¥É¸Ö ¶μ μ¶·¥¤¥-
²¥´´Ò³ ¶· ¢¨² ³ Ê¡· ÉÓ ¸¨´£Ê²Ö·´μ¸É¨  ³¶²¨ÉÊ¤ ¶¥·¥Ìμ¤μ¢. ’ ±¨¥ ¶· ¢¨² 
¢ÒÉ¥± ÕÉ ¨§ ¶·¥¤¸É ¢²¥´¨° (1.27) ¨ (1.47), ¨ ¤ ²¥¥ ³Ò · ¸¸³μÉ·¨³ ±μ´±·¥É-
´Ò° ¶·¨³¥·, ± ± ÔÉμ ¤¥² ÉÓ.

2. ��ˆŒ…�…�ˆ… ��™…‰ ’…��ˆˆ Š ‡�„�—… ˆ��ˆ‡�–ˆˆ
�’�Œ� ‚�„���„� �›‘’�›Œ 	‹…Š’����Œ

‚ ¤ ²Ó´¥°Ï¥³ ¡Ê¤¥É ¢ μ¸´μ¢´μ³ · ¸¸³ É·¨¢ ÉÓ¸Ö ¸¨¸É¥³  É·¥Ì Î ¸É¨Í.
„²Ö ¥¥ μ¶¨¸ ´¨Ö ¨¸¶μ²Ó§ÊÕÉ¸Ö ±μμ·¤¨´ ÉÒ Ÿ±μ¡¨ rγ Å μÉ´μ¸¨É¥²Ó´ Ö ±μμ·-
¤¨´ É  ¶ ·Ò γ ¨ ργ Å · ¤¨Ê¸-¢¥±Éμ· É·¥ÉÓ¥° Î ¸É¨ÍÒ μÉ´μ¸¨É¥²Ó´μ Í¥´É· 
³ ¸¸ ÔÉμ° ¶ ·Ò. ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ÔÉ¨³ ±μμ·¤¨´ É ³ ¸μ¶·Ö¦¥´´Ò¥ ¨³¶Ê²Ó¸Ò
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¡Ê¤ÊÉ μ¡μ§´ Î ÉÓ¸Ö kγ ¨ pγ . C¢μ¡μ¤´Ò° £ ³¨²ÓÉμ´¨ ´ É·¥ÌÎ ¸É¨Î´μ° ¸¨-
¸É¥³Ò ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

H0 = − 1
2μγ

�rγ − 1
2nγ

�ργ ,

£¤¥ μγ Å ¶·¨¢¥¤¥´´ Ö ³ ¸¸  Î ¸É¨Í ¢ ¶ ·¥ γ; nγ Å ¶·¨¢¥¤¥´´ Ö ³ ¸¸  ¶ ·Ò
γ ¨ É·¥ÉÓ¥° Î ¸É¨ÍÒ.

‚ É ±μ° ¸¨¸É¥³¥ ¢μ§³μ¦´Ò 4 ± ´ ²  · ¸¸¥Ö´¨Ö: ¸¢Ö§ ´´ Ö ¶ ·  ¨ ¸¢μ¡μ¤-
´ Ö É·¥ÉÓÖ Î ¸É¨Í  (3 ± ´ ² ) ¨ ¢¸¥ É·¨ Î ¸É¨ÍÒ ¸¢μ¡μ¤´Ò. ’¨¶¨Î´Ò³ ¶·¨³¥-
·μ³ É ±μ° ¸¨¸É¥³Ò Ö¢²Ö¥É¸Ö ¢§ ¨³μ¤¥°¸É¢¨¥ § ·Ö¦¥´´μ° Î ¸É¨ÍÒ (Ô²¥±É·μ´ ,
¶μ§¨É·μ´ , ¶·μÉμ´  ¨ É. ¶.) ¸  Éμ³μ³ ¢μ¤μ·μ¤ . ‡ ¤ Î  · ¸¸¥Ö´¨Ö  Éμ³´ÒÌ Î -
¸É¨Í, ±μ£¤  ³Ò ¨³¥¥³ Éμ²Ó±μ ±Ê²μ´μ¢¸±μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê Î ¸É¨Í ³¨,
±· °´¥ ¢ ¦´  ¸ ³¥Éμ¤¨Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö. ‚μ-¶¥·¢ÒÌ, ²Õ¡ Ö ¤¢ÊÌÎ ¸É¨Î-
´ Ö ¶·μ¡²¥³  §¤¥¸Ó ¨³¥¥É ÉμÎ´μ¥ ·¥Ï¥´¨¥, ¨ ³Ò ¨³¥¥³ ¢μ§³μ¦´μ¸ÉÓ ¢ ·Ö¤¥
¸²ÊÎ ¥¢ ¸· ¢´¨¢ ÉÓ ¶·¨¡²¨¦¥´´Ò° ·¥§Ê²ÓÉ É ¸ ÉμÎ´Ò³. ‚μ-¢Éμ·ÒÌ, ¸μ£² ¸´μ
μ¡Ð¨³ ¶μ¤Ìμ¤ ³, Ö¤¥·´ÊÕ § ¤ ÎÊ · ¸¸¥Ö´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ³μ¦´μ ·¥-
Ï ÉÓ, ¥¸²¨ ·¥Ï¥´   Éμ³´ Ö § ¤ Î  [42]. ‚-É·¥ÉÓ¨Ì, ¢ ¡μ²ÓÏ¨´¸É¢¥ § ¤ Î
 Éμ³´μ° Ë¨§¨±¨ (´ ¶·¨³¥·, · ¸¸¥Ö´¨Ö Ô²¥±É·μ´  ´   Éμ³¥ ¨²¨ ¤ ¦¥ · ¸-
¸¥Ö´¨Ö ¶·μÉμ´  ´  μÎ¥´Ó ³ ²¥´Ó±¨¥ Ê£²Ò) ¢μ§³μ¦´μ ¥Ð¥ μ¤´μ Ê¶·μÐ¥´¨¥,
¸¢Ö§ ´´μ¥ ¸ ¡μ²ÓÏμ° (¡¥¸±μ´¥Î´μ ¡μ²ÓÏμ°) ³ ¸¸μ° Ö¤· . �¡ÒÎ´μ ¨³¶Ê²Ó¸
Ö¤·  K ¢ ¶·μÍ¥¸¸¥ É ±¨Ì ¸Éμ²±´μ¢¥´¨° ´¥¢¥²¨±, ¨ ¥£μ Ô´¥·£¨Ö K2/2M → 0.
‚ ¶μ¸²¥¤´¥³ ¸²ÊÎ ¥ ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ § ¤ ÎÊ · ¸¸¥Ö´¨Ö ¤¢ÊÌ Î ¸É¨Í ¢
¶μ²¥ É·¥ÉÓ¥° (´¥¶μ¤¢¨¦´μ°) Î ¸É¨ÍÒ, £¤¥ ¨³¥¥É¸Ö ¢Ò¤¥²¥´´ Ö ¸¨¸É¥³  ±μ-
μ·¤¨´ É [1, 43, 44]. �·¨ ÔÉμ³ ¢³¥¸Éμ ±μμ·¤¨´ É (rγ , ργ) Ê¤μ¡´μ ¢¢¥¸É¨ ±μ-
μ·¤¨´ ÉÒ (r1, r2), Ì · ±É¥·¨§ÊÕÐ¨¥ ¶μ²μ¦¥´¨¥ ²¥£±¨Ì Î ¸É¨Í μÉ´μ¸¨É¥²Ó´μ
´¥¶μ¤¢¨¦´μ° ÉÖ¦¥²μ° Î ¸É¨ÍÒ, ´ Ìμ¤ÖÐ¥°¸Ö ¢ Í¥´É·¥ ¸¨¸É¥³Ò ±μμ·¤¨´ É.

2.1. �¶·¥¤¥²¥´¨Ö. ‡¤¥¸Ó ³Ò ¢ μ¸´μ¢´μ³ ¸²¥¤Ê¥³ ¶μ¤Ìμ¤Ê, ¨§²μ¦¥´´μ³Ê
¢ · ¡μÉ¥ [5]. �·¨¢¥¤¥³ μ¸´μ¢´Ò¥ μ¶·¥¤¥²¥´¨Ö. ‚μ²´μ¢ÊÕ ËÊ´±Í¨Õ  Éμ³ 
¢μ¤μ·μ¤  ¢ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨ μ¡μ§´ Î¨³ ± ± ϕ0, ¥£μ Ô´¥·£¨Ö ¸¢Ö§¨ · ¢-
´  ε0. ƒ ³¨²ÓÉμ´¨ ´ ¸¨¸É¥³Ò (e + H) ¨³¥¥É ¢¨¤

H = h01 + h02 + W = H0 + W, (2.1)

£¤¥ W = v1N + v2N + v12 Å ¶μ²´Ò° ¶μÉ¥´Í¨ ² ¸¨¸É¥³Ò,   viN ¨ v12 Å
¶μÉ¥´Í¨ ²Ò ¢§ ¨³μ¤¥°¸É¢¨Ö Ô²¥±É·μ´μ¢ ¸ ´¥¶μ¤¢¨¦´Ò³ Ö¤·μ³ (¶·μÉμ´μ³) ¨
¤·Ê£ ¸ ¤·Ê£μ³ ¸μμÉ¢¥É¸É¢¥´´μ. �μ²´ Ö Ô´¥·£¨Ö ¸¨¸É¥³Ò E = ε0+p2

0/2 = p2
1/2+

p2
2/2, p0 Å ¨³¶Ê²Ó¸ ¶ ¤ ÕÐ¥£μ Ô²¥±É·μ´ , ps ¨ pe Å ¨³¶Ê²Ó¸Ò · ¸¸¥Ö´´μ£μ

¨ ¨¸¶ÊÐ¥´´μ£μ Ô²¥±É·μ´μ¢ (ÔÉμ · §¤¥²¥´¨¥ ´μ¸¨É Ê¸²μ¢´Ò° Ì · ±É¥·, ¨ ¥£μ
¸³Ò¸² ¸É ´¥É Ö¸¥´ ¶μ§¦¥).

�·¨³¥´¨³ É¥¶¥·Ó ¨§²μ¦¥´´Ò¥ ¢ÒÏ¥ μ¡Ð¨¥ ³ É¥³ É¨Î¥¸±¨¥ ¶μ²μ¦¥´¨Ö
± ±μ´±·¥É´μ³Ê ¶·μÍ¥¸¸Ê · ¸¸¥Ö´¨Ö. Š²ÕÎ¥¢Ò³ §¤¥¸Ó ¡Ê¤¥É ¢Ò· ¦¥´¨¥ Ë¨-
§¨Î¥¸±μ°  ³¶²¨ÉÊ¤Ò ¤²Ö ·¥ ±Í¨¨ ¨μ´¨§ Í¨¨  Éμ³  ¢μ¤μ·μ¤  ¨§ ´¥°É· ²Ó´μ£μ
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± ´ ²  ¢ ± ´ ² ¸ É·¥³Ö ¸¢μ¡μ¤´Ò³¨ § ·Ö¦¥´´Ò³¨ Î ¸É¨Í ³¨, É ± ´ §Ò¢ ¥³ Ö
(e, 2e)-·¥ ±Í¨Ö. �É   ³¶²¨ÉÊ¤  § ¶¨¸Ò¢ ¥É¸Ö ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (1.27) ¢ ¢¨¤¥

t(ps,pe,p0; E+i0) =
e−

π
2 η+iA

Γ(1 − iη)
lim

z→E+i0
(z−E)−iη〈ps,pe|T (z)|p0, ϕ0〉. (2.2)

‚ (2.2) η Å ¶μ²´Ò° ±Ê²μ´μ¢¸±¨° ¶ · ³¥É· (1.5 )

η = ηs + ηe + ηse; ηs = −p−1
s , ηe = −p−1

e , ηse = |ps − pe|−1, (2.3)

  Ë §  „μ²² ·¤  A ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (1.5¡) · ¢´ 

A = ηs ln (2p2
s) + ηe ln (2p2

e) + ηse ln |ps − pe|2. (2.4)

’·¥Ì±· É´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ (e, 2e)-¶·μÍ¥¸¸  § ¶¨¸Ò¢ ¥É¸Ö
± ±

d3σ

dEs dΩs dΩe
= (2π)−5 pspe

p0

(
1
4
|tdir + texch|2 +

3
4
|tdir − texch|2

)
.

‡¤¥¸Ó ´ ¶· ¢²¥´¨Ö ¨³¶Ê²Ó¸μ¢ ¢Ò²¥É ÕÐ¨Ì Ô²¥±É·μ´μ¢ Ì · ±É¥·¨§ÊÕÉ¸Ö É¥-
²¥¸´Ò³¨ Ê£² ³¨ Ωs ¨ Ωe. �³¶²¨ÉÊ¤  tdir (texch) μÉ¢¥Î ¥É ¸¨ÉÊ Í¨¨, ±μ£¤ 
· ¸¸¥Ö´´Ò° Ô²¥±É·μ´ ¨³¥¥É ¨³¶Ê²Ó¸ ps (pe), É. ¥. ¢ § ¶¨¸¨ (2.2) ¤²Ö μ¡³¥´-
´μ£μ ¶·μÍ¥¸  ¨³¶Ê²Ó¸Ò ¶·μ¸Éμ ³¥´ÖÕÉ¸Ö ³¥¸É ³¨.

�³¶²¨ÉÊ¤Ê ¶¥·¥Ìμ¤  t ¢μ§Ó³¥³ ¢ ¢¨¤¥ (1.30) (¤ ²¥¥ ³Ò ¡Ê¤¥³ · ¸¸³ É·¨-
¢ ÉÓ Éμ²Ó±μ tdir, μ¶Ê¸± Ö ¨´¤¥±¸):

t(ps,pe,p0; E + i0) = 〈Ψ−
f (ps,pe)|Vi|p0, ϕ0〉. (2.5)

‚ (2.5) Vi = v1N + v12 Å ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö ´ ²¥É ÕÐ¥£μ Ô²¥±É·μ´ 
¸  Éμ³μ³. � Î ²Ó´μ¥ ¸μ¸ÉμÖ´¨¥ ¸¨¸É¥³Ò ¢Ò¡· ´μ ¢ ¢¨¤¥ |p0, ϕ0〉 ¨ Ê¤μ¢²¥É¢μ-
·Ö¥É Ê· ¢´¥´¨Õ ˜·¥¤¨´£¥· 

(H − Vi − E)|p0, ϕ0〉 = 0, (2.6)

¨ £ ³¨²ÓÉμ´¨ ´ H μ¶·¥¤¥²¥´ ¢ (2.1). �Éμ³ ¢μ¤μ·μ¤  Ô²¥±É·¨Î¥¸±¨ ´¥°É· -
²¥´, ¶μÔÉμ³Ê ³ É·¨Î´Ò° Ô²¥³¥´É ·¥£Ê²Ö·¥´ ´  ¶μ¢¥·Ì´μ¸É¨ Ô´¥·£¨¨ ´ Î ²Ó-
´μ£μ ± ´ ² , ´¥¸³μÉ·Ö ´  ´ ²¨Î¨¥ ¶²μ¸±μ° ¢μ²´Ò ¶ ¤ ÕÐ¥£μ Ô²¥±É·μ´ . � ¸-
¸¥Ö´´ Ö ¢μ²´  ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ 〈Ψ−

f (ps,pe)| = 〈ps,pe|Ω†
−f ¢±²ÕÎ ¥É

¢¸¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê Ë· £³¥´É ³¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö ¨ Ê¤μ¢²¥É¢μ·Ö¥É
Ê· ¢´¥´¨Õ ˜·¥¤¨´£¥· 

(H − E)|Ψ−
f (ps,pe)〉 = 0. (2.7)

Šμ´¥Î´ Ö ËÊ´±Í¨Ö μ¡² ¤ ¥É ¶· ¢¨²Ó´μ° ±Ê²μ´μ¢¸±μ°  ¸¨³¶ÉμÉ¨±μ°, ¢ÒÉ¥± -
ÕÐ¥° ¨§ ¤ ²Ó´μ¤¥°¸É¢ÊÕÐ¥£μ Ì · ±É¥·  ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê ±μ´¥Î´Ò³¨
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¶·μ¤Ê±É ³¨ ·¥ ±Í¨¨. ˆ³¥´´μ ¶μÔÉμ³Ê ¶·¥¤¸É ¢²¥´¨¥ (2.5) ´¥ ¨³¥¥É ¸¨´£Ê-
²Ö·´μ¸É¥° ´  ¶μ¢¥·Ì´μ¸É¨ Ô´¥·£¨¨, ¸μμÉ¢¥É¸É¢Ê¥É Ë¨§¨Î¥¸±μ°  ³¶²¨ÉÊ¤¥ ¨
´¥ ´Ê¦¤ ¥É¸Ö ¢ ± ±¨Ì-²¨¡μ ¤ ²Ó´¥°Ï¨Ì ³ ´¨¶Ê²ÖÍ¨ÖÌ É¨¶  ·¥£Ê²Ö·¨§ Í¨¨.

Œ¥Éμ¤ ¶μ¸²¥¤μ¢ É¥²Ó´ÒÌ ¶·¨¡²¨¦¥´¨° ¢ É¥μ·¨¨ · ¸¸¥Ö´¨Ö ¡ §¨·Ê¥É¸Ö
´  ¨´É¥£· ²Ó´μ³ Ê· ¢´¥´¨¨ ‹˜ ¤²Ö μ¶¥· Éμ·  T (z) ¨ ¢ ¸²ÊÎ ¥ ´¥¸±μ²Ó±¨Ì
§ ·Ö¦¥´´ÒÌ Î ¸É¨Í ¨³¥¥É ·Ö¤ μ¸μ¡¥´´μ¸É¥°. ‚μ-¶¥·¢ÒÌ, ÔÉμ ¢Ò¡μ· ¶μÉ¥´-
Í¨ ²μ¢ ¢ ´ Î ²Ó´μ³ ¨ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨ÖÌ, ±μÉμ·Ò¥ ³Ò · ¸¸³ É·¨¢ ¥³ ± ±
¢μ§³ÊÐ¥´¨¥. �ÉμÉ ¢Ò¡μ· ¤¨±ÉÊ¥É¸Ö, ± ± ¶· ¢¨²μ, Ë¨§¨Î¥¸±¨³¨ Ê¸²μ¢¨Ö³¨ § -
¤ Î¨ · ¸¸¥Ö´¨Ö ¨ ¢ ´¥±μÉμ·μ° ¸É¥¶¥´¨ ®ÎÊÉÓ¥³¯ ¨¸¸²¥¤μ¢ É¥²Ö. � ¶·¨³¥·, ¢
´ Ï¥³ ¸²ÊÎ ¥ ÔÉμ Vi, ÌμÉÖ, ¥¸²¨ ¡Ò ³Ò · ¸¸³ É·¨¢ ²¨ § ¤ ÎÊ ¨μ´¨§ Í¨¨ μ¤´μ-
±· É´μ § ·Ö¦¥´´μ£μ ¢μ¤μ·μ¤μ¶μ¤μ¡´μ£μ ¨μ´ , ¸²¥¤μ¢ ²μ ¡Ò ¢Ò¡· ÉÓ ¸Ì¥³Ê,
μ¸´μ¢ ´´ÊÕ ´  ¢Ò· ¦¥´¨¨ (1.25): É¥³ ¸ ³Ò³ ³Ò ¢ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨
· ¸¸³ É·¨¢ ²¨ ¡Ò ±Ê²μ´μ¢¸±ÊÕ ¢μ²´Ê ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ ¢³¥¸Éμ ¶²μ¸±μ°,
¨§¡¥¦ ¢ É¥³ ¸ ³Ò³ ·¥£Ê²Ö·¨§ Í¨¨ ´ Î ²Ó´μ£μ ± ´ ² . ‚μ-¢Éμ·ÒÌ, ¢Ò¸Ï¨¥
¡μ·´μ¢¸±¨¥ Î²¥´Ò μ¶¨¸Ò¢ ÕÉ¸Ö · ¸Ìμ¤ÖÐ¨³¨¸Ö ¨´É¥£· ² ³¨ ¶·¨ z → E + i0
¢¸²¥¤¸É¢¨¥ ¤ ²Ó´μ¤¥°¸É¢ÊÕÐ¥£μ Ì · ±É¥·  ±Ê²μ´μ¢¸±¨Ì ¸¨². ”¨§¨Î¥¸±¨ · ¸-
Ìμ¤¨³μ¸É¨ μ§´ Î ÕÉ, ÎÉμ ¶²μ¸±¨¥ ¢μ²´Ò · ¸¸¥Ö´´ÒÌ Î ¸É¨Í ´¥ Ö¢²ÖÕÉ¸Ö ¨Ì
 ¸¨³¶ÉμÉ¨Î¥¸±¨³¨ ¸μ¸ÉμÖ´¨Ö³¨. �  ÔÉμ³ ³μ³¥´É¥ ³Ò μ¸É ´μ¢¨³¸Ö ¡μ²¥¥ ¶μ-
¤·μ¡´μ.

‚´¥ Ô´¥·£¥É¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨ ±μ´¥Î´μ¥ É·¥ÌÎ ¸É¨Î´μ¥ ¸μ¸ÉμÖ´¨¥
¨Ð¥É¸Ö ± ± ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö

|Ψ−
f (ps,pe; z)〉 = |ps,pe〉 + G−

0 (z)W |Ψ−
f (ps,pe; z)〉, (2.8)

¨²¨
(z − H)|Ψ−

f (ps,pe; z)〉 = (z − H0)|ps,pe〉,

ÎÉμ ¸²¥¤Ê¥É ¨§ (1.13). ‘¢μ¡μ¤´Ò° μ¶¥· Éμ· ƒ·¨´  G±
0 (z) ¡¥·¥É¸Ö ¢ ¢¨¤¥

G±
0 (z) = (z − H0)−1, (2.9)

¶·¨Î¥³ §´ ± ®¶²Õ¸¯ ¨²¨ ®³¨´Ê¸¯ μ¶·¥¤¥²Ö¥É¸Ö §´ ±μ³ ³´¨³μ° Î ¸É¨ ¶ · -
³¥É·  z. ‚Ò· ¦¥´¨¥ (2.8) ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´μ ¢ Ô±¢¨¢ ²¥´É´μ° Ëμ·³¥

|Ψ−
f (ps,pe; z)〉 = [1 + G−(z)W ]|ps,pe〉, (2.10)

£¤¥ G±(z) = (z − H)−1 Å ¶μ²´Ò° μ¶¥· Éμ· ƒ·¨´ .
ˆ§ (2.5) ¨ (2.8) ¢ÒÉ¥± ¥É ¶²μ¸±μ¢μ²´μ¢μ° ¡μ·´μ¢¸±¨° ·Ö¤ É¥μ·¨¨ ¢μ§³Ê-

Ð¥´¨°

T (ps,pe; z) =
∞∑

n=0

Tn(ps,pe; z),

Tn(ps,pe; z) = 〈ps,pe|[WG+
0 (z)]nVi|p0, ϕ0〉.

(2.11)
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‘² £ ¥³μ¥ ¸ ¨´¤¥±¸μ³ n = 0 ¸μμÉ¢¥É¸É¢Ê¥É ¶¥·¢μ³Ê ¡μ·´μ¢¸±μ³Ê ¶·¨¡²¨¦¥-
´¨Õ (FBA)

T0(ps,pe) ≡ FBA = 〈ps,pe|Vi|p0, ϕ0〉. (2.12)

‚ Ëμ·³Ê² Ì (2.11) ¨ (2.12) ¸μ§´ É¥²Ó´μ ¨¸¶μ²Ó§Ê¥É¸Ö ¡Ê±¢  T ¢³¥¸Éμ t,
¶μ¸±μ²Ó±Ê É¥¶¥·Ó ¢¸¥ Î²¥´Ò ¡μ·´μ¢¸±μ£μ ·Ö¤  ¶·¨ n � 1 ¸μ¤¥·¦ É ¸¨´£Ê²Ö·-
´μ¸É¨ ¶·¨ z → E + i0. ‚μ§´¨± ¥É ¨´É¥·¥¸´Ò° ¢μ¶·μ¸: ±μ£¤  ¦¥ ¶·μ¨§μÏ² 
¶μ¤³¥´  ·¥£Ê²Ö·´μ£μ ¢Ò· ¦¥´¨Ö (2.5) ´  ¸¨´£Ê²Ö·´μ¥ (2.11)? �É¢¥É: ¨³¥´´μ
±μ£¤  ³Ò ¸É ²¨ § ³¥´ÖÉÓ ÉμÎ´ÊÕ É·¥ÌÎ ¸É¨Î´ÊÕ ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ ¢ (2.8)
¸Ê³³μ° ¶μ¸²¥¤μ¢ É¥²Ó´ÒÌ ¶²μ¸±μ¢μ²´μ¢ÒÌ Î²¥´μ¢. ‘²¥¤Ê¥É ´ ¶μ³´¨ÉÓ, ÎÉμ
É¥μ·¨Ö · ¸¸¥Ö´¨Ö ¢ ¸²ÊÎ ¥ ±μ·μÉ±μ¤¥°¸É¢ÊÕÐ¨Ì ¶ ·´ÒÌ ¶μÉ¥´Í¨ ²μ¢ ¸É·μ-
¨É¸Ö ´  ¢¶μ²´¥ Ë¨§¨Î¥¸±μ³ ¶·¥¤¶μ²μ¦¥´¨¨, ÎÉμ ¢¸¥ ¶·μ¸É· ´¸É¢μ ³μ¦´μ
· c¸³ É·¨¢ ÉÓ ± ± ¸Ê³³Ê ´¥¸±μ²Ó±¨Ì Ìμ·μÏμ · §¤¥²¥´´ÒÌ μ¡² ¸É¥°: ´¥¡μ²Ó-
Ï¨Ì μ¡² ¸É¥° ¸μ¡¸É¢¥´´μ ¢§ ¨³μ¤¥°¸É¢¨° Î ¸É¨Í ¨ μ¡Ï¨·´μ° μ¡² ¸É¨ ¨Ì
¸¢μ¡μ¤´μ£μ ¤¢¨¦¥´¨Ö ³¥¦¤Ê ¸Éμ²±´μ¢¥´¨Ö³¨, ¢±²ÕÎ Ö ¤¢¨¦¥´¨¥ ´  (¡¥¸±μ-
´¥Î´μ) ¡μ²ÓÏ¨Ì ¢§ ¨³´ÒÌ · ¸¸ÉμÖ´¨ÖÌ (¸³., ´ ¶·¨³¥·, [25]). � ¤ ÕÐ¨° ´ 
 Éμ³ ¢μ²´μ¢μ° ¶ ±¥É ¢¸¥£¤  ³´μ£μ ¡μ²ÓÏ¥  Éμ³  ¶μ · §³¥· ³, ÎÉμ ¨ ¶μ§¢μ²Ö¥É
· ¸¸³ É·¨¢ ÉÓ ¢ ¥£μ ¶·¥¤¥² Ì ³ ²ÊÕ Î ¸ÉÓ ÔÉμ£μ ¶ ±¥É  ± ± ¶²μ¸±ÊÕ ¢μ²´Ê.
‚ ¸²ÊÎ ¥ ¦¥ ±Ê²μ´μ¢¸±¨Ì ¶μÉ¥´Í¨ ²μ¢ ¢¸¥ ¢ ÉμÎ´μ¸É¨ ´ μ¡μ·μÉ: · §³¥·Ò
²Õ¡μ£μ ¢μ²´μ¢μ£μ ¶ ±¥É  ¢¸¥£¤  ³¥´ÓÏ¥ μ¡² ¸É¨ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¨ ¸ ³ ¶ -
±¥É ¤μ²¦¥´ ¢Ìμ¤¨ÉÓ ¢ £· ´¨Î´Ò¥ Ê¸²μ¢¨Ö ¸É Í¨μ´ ·´μ° § ¤ Î¨, ÎÉμ ´¥Ê¤μ¡´μ.
’ ±¨³ μ¡· §μ³, ¸¨´£Ê²Ö·´μ¸É¨  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ¥¸ÉÓ ´¥¨§¡¥¦´ Ö ¶² É 
§  Éμ, ÎÉμ¡Ò ¶·¨¸¶μ¸μ¡¨ÉÓ Ìμ·μÏμ · §· ¡μÉ ´´ÊÕ É¥μ·¨Õ · ¸¸¥Ö´¨Ö ¸ ±μ-
·μÉ±μ¤¥°¸É¢ÊÕÐ¨³¨ ¶ ·´Ò³¨ ¶μÉ¥´Í¨ ² ³¨ ¤²Ö § ¤ Î · ¸¸¥Ö´¨Ö § ·Ö¦¥´-
´ÒÌ Î ¸É¨Í. �É  ¸¨ÉÊ Í¨Ö Î¥³-Éμ ´ ¶μ³¨´ ¥É ¶¥·¥´μ·³¨·μ¢±¨ ¢ ±¢ ´Éμ¢μ°
Ô²¥±É·μ¤¨´ ³¨±¥, ÌμÉÖ É ³ ¸¨´£Ê²Ö·´μ¸É¨ ¸¢Ö§ ´Ò ¸ £¨¶μÉ¥§μ° ÉμÎ¥Î´μ¸É¨
·¥²ÖÉ¨¢¨¸É¸±¨Ì Î ¸É¨Í ¨, ¢¨¤¨³μ, ¸ ´¥¶· ¢μ³¥·´μ¸ÉÓÕ ¶·¨³¥´¥´¨Ö ¶·¥¤¸É -
¢²¥´¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö ¤²Ö μ¶¨¸ ´¨Ö ¶·μÍ¥¸¸μ¢ ¨Ì · ¸¸¥Ö´¨Ö. �μ ¨ É ³ ¡ §¨¸
¶²μ¸±¨Ì ¢μ²´ ´¥  ¤¥±¢ É¥´ ¶μ¸É ¢²¥´´μ° § ¤ Î¥.

2.2. �¥£Ê²Ö·¨§ Í¨Ö ¸¨´£Ê²Ö·´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢. ’¥¶¥·Ó ¶μ± -
¦¥³, ± ± ¸Ì¥³  · ¸Î¥Éμ¢, μ¸´μ¢ ´´ Ö ´  ¢Ò· ¦¥´¨¨ (2.2), ³μ¦¥É ¡ÒÉÓ ¶·¨³¥-
´¥´  ¤²Ö ¶·μ¢¥¤¥´¨Ö ¶·μÍ¥¤Ê·Ò ·¥£Ê²Ö·¨§ Í¨¨ (Ê¸É· ´¥´¨Ö ¸¨´£Ê²Ö·´μ¸É¥°)
Î²¥´μ¢ ¡μ·´μ¢¸±μ£μ ·Ö¤ . � ¸¸³μÉ·¨³ μ¤¨´ ¨§ ¢μ§³μ¦´ÒÌ ¶ÊÉ¥° ¢Ò¤¥²¥´¨Ö
Ô±¸¶μ´¥´ÉÒ eiη ln (z−E) ¨§ ·Ö¤  (2.11), ±μÉμ· Ö ±μ³¶¥´¸¨·Ê¥É É ±ÊÕ ¦¥ Ô±¸¶μ-
´¥´ÉÊ ¢ (2.2). � ¸¸³μÉ·¨³ ¸² £ ¥³μ¥ T1(ps,pe; z). ‘¶· ¢¥¤²¨¢  § ¶¨¸Ó

T1(ps,pe; z) = R1(ps,pe; z)T0(ps,pe) + T̃1(ps,pe; z), (2.13)

£¤¥

R1(ps,pe; z) =
∫

d3ks

(2π)3
d3ke

(2π)3
〈ps,pe|W |ks,ke〉
z − k2

s/2 − k2
e/2

, (2.14)
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T̃1(ps,pe; z) =
∫

d3ks

(2π)3
d3ke

(2π)3
〈ps,pe|W |ks,ke〉
z − k2

s/2 − k2
e/2

[T0(ks,ke) − T0(ps,pe)].

(2.15)

�´ ²μ£¨Î´μ

T2(ps,pe; z) =

= R2(ps,pe; z)T0(ps,pe) + R1(ps,pe; z)T̃1(ps,pe; z) + T̃2(ps,pe; z),
(2.16)

£¤¥

R2(ps,pe; z) =
∫

d3ks

(2π)3
d3ke

(2π)3
〈ps,pe|W |ks,ke〉
z − k2

s/2 − k2
e/2

R1(ks,ke; z), (2.17)

T̃2(ps,pe; z) =
∫

d3ks

(2π)3
d3ke

(2π)3
〈ps,pe|W |ks,ke〉
z − k2

s/2 − k2
e/2

R1(ks,ke; z)×

× [T0(ks,ke) − T0(ps,pe)]+

+
∫

d3ks

(2π)3
d3ke

(2π)3
〈ps,pe|W |ks,ke〉
z − k2

s/2 − k2
e/2

[T̃1(ks,ke) − T̃1(ps,pe)], (2.18)

¨ É. ¤. �μ ¨´¤Ê±Í¨¨ ³μ¦´μ ¶μ± § ÉÓ, ÎÉμ

Rn+1(ps,pe; z) =
∫

d3ks

(2π)3
d3ke

(2π)3
〈ps,pe|W |ks,ke〉
z − k2

s/2 − k2
e/2

Rn(ks,ke; z), R0 ≡ 1;

(2.19)

T̃n+1(ps,pe; z) =
n∑

k=0

∫
d3ks

(2π)3
d3ke

(2π)3
〈ps,pe|W |ks,ke〉
z − k2

s/2 − k2
e/2

Rk(ks,ke; z)×

× [T̃n−k(ks,ke; z) − T̃n−k(ps,pe; z)], T̃0(ps,pe; z) ≡ T0(ps,pe). (2.20)

‘Ê³³¨·ÊÖ ¡μ·´μ¢¸±¨¥ Î²¥´Ò, ¶μ²ÊÎ¨³ ¨§ (2.11)

T (ps,pe; z) = R(ps,pe; z)T̃ (ps,pe; z). (2.21)

�·¨ ÔÉμ³ ËÊ´±Í¨Ö R(ps,pe; z) Ê¤μ¢²¥É¢μ·Ö¥É Ê· ¢´¥´¨Õ

R(ps,pe; z) = 1 +
∫

d3ks

(2π)3
d3ke

(2π)3
〈ps,pe|W |ks,ke〉
z − k2

s/2 − k2
e/2

R(ks,ke; z) (2.22)

¨ Ö¢²Ö¥É¸Ö ¸¨´£Ê²Ö·´μ° ´  Ô´¥·£¥É¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨, É. ¥. ¶·¨ z → E + i0.
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”Ê´±Í¨Ö R(ps,pe; z) É¥¸´μ ¸¢Ö§ ´  ¸ ¶μ²´μ° ËÊ´±Í¨¥° ƒ·¨´  § ¤ Î¨
· ¸¸¥Ö´¨Ö,   ¨³¥´´μ

R(ps,pe; z) = 〈ps,pe|G−1
0 (z)G(z)|r1 = 0, r2 = 0〉, (2.23)

¨ ¨³¥¥É ¸É·Ê±ÉÊ·Ê ¶·¨ z ∼ E É¨¶  [5,45]

R(ps,pe; z) = (z − E)iηr(ps,pe; z) + R̃(ps,pe; z), (2.24)

¶·¨Î¥³ ËÊ´±Í¨Ö r(ps,pe; z) ·¥£Ê²Ö·´  ´  ¶μ¢¥·Ì´μ¸É¨ Ô´¥·£¨¨,   ËÊ´±Í¨Ö
R̃(ps,pe; E + i0) = 0. „μ± § É¥²Ó¸É¢μ ÊÉ¢¥·¦¤¥´¨Ö (2.24) ¶·¨¢¥¤¥´μ ¢ ¶·¨-
²μ¦¥´¨¨ (¸³. É ±¦¥ [46]).

2.3. �¥·¢Ò¥ ®¡μ·´μ¢¸±¨¥¯ ¶·¨¡²¨¦¥´¨Ö ¢ ³¥Éμ¤¥ ¨¸± ¦¥´´ÒÌ ¢μ²´.
‡ ¶¨¸Ó Ê· ¢´¥´¨Ö ‹¨¶¶³ ´ Ä˜¢¨´£¥·  ¨³¥¥É ³´μ£μ Ëμ·³, ¨ ÔÉμ ¸¢Ö§ ´μ
¸ ¢¢¥¤¥´¨¥³ · §²¨Î´ÒÌ ¨¸± ¦ ÕÐ¨Ì ¶μÉ¥´Í¨ ²μ¢ ¢ ¶μÉ¥´Í¨ ²Ó´Ò¥ £·Ê¶¶Ò
´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨° (¸³. μ¡ÐÊÕ É¥μ·¨Õ ¢ ¶. 1.4). �¸É ´μ-
¢¨³¸Ö ´  ÔÉμ³ ¶μ¤·μ¡´¥¥. Œ É·¨Î´Ò° Ô²¥³¥´É μ¶¥· Éμ·  t(E + i0) ¢ (2.2)
³μ¦´μ § ¶¨¸ ÉÓ ¢ ¤¢ÊÌ Ô±¢¨¢ ²¥´É´ÒÌ Ëμ·³ Ì. �¥·¢μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¢Ò-
· ¦ ¥É¸Ö Î¥·¥§ ¸μ¡¸É¢¥´´ÊÕ É·¥ÌÎ ¸É¨Î´ÊÕ ËÊ´±Í¨Õ £ ³¨²ÓÉμ´¨ ´  (1.33)
Ψ−(ps, r1;pe, r2), Ì · ±É¥·¨§Ê¥³ÊÕ  ¸¨³¶ÉμÉ¨Î¥¸±¨ ¤¢Ê³Ö Ô²¥±É·μ´ ³¨
¢ ±μ´É¨´ÊÊ³¥ c ¶·¨§´ ± ³¨ ¸Ìμ¤ÖÐ¥°¸Ö ¸Ë¥·¨Î¥¸±μ° ¢μ²´Ò:

t(ps,pe; + i0) = 〈Ψ−(ps,pe)|W − Vi|ψ+
i (p0)〉, (2.25)

¢Éμ·μ¥ Å Î¥·¥§  ´ ²μ£¨Î´ÊÕ ËÊ´±Í¨Õ Ψ+
0 (p0, r1; r2), μ¶¨¸Ò¢ ÕÐÊÕ  ¸¨³-

¶ÉμÉ¨Î¥¸±¨ Ô²¥±É·μ´ 2 ¢ μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨ ¨ Ô²¥±É·μ´ 1 ¢ ´¥¶·¥·Ò¢´μ³
¸¶¥±É·¥ ¸ ¶·¨§´ ±μ³ · ¸Ìμ¤ÖÐ¥°¸Ö ¸Ë¥·¨Î¥¸±μ° ¢μ²´Ò:

t(ps,pe; E + i0) = 〈ψ−
f (ps,pe)|W − Vf |Ψ+

0 (p0)〉. (2.26)

‚μ²´μ¢Ò¥ ËÊ´±Í¨¨ ±μ´¥Î´μ£μ ψ±
f (ps, r1;pe, r2) ¨ ´ Î ²Ó´μ£μ ψ±

i (p0, r1; r2)
¸μ¸ÉμÖ´¨° Ê¤μ¢²¥É¢μ·ÖÕÉ Ê· ¢´¥´¨Ö³ ˜·¥¤¨´£¥· (

p2
s

2
+

p2
e

2
− H0 − Vf

)
|ψ±

f 〉 = 0,

(
ε0 +

p2
0

2
− H0 − Vi

)
|ψ±

i 〉 = 0. (2.27)

‚Ò¡μ· ±μ´¥Î´μ£μ ¨ ´ Î ²Ó´μ£μ ¶μÉ¥´Í¨ ²μ¢ Vi ¨ Vf ,   É ±¦¥ ¶·¨¡²¨¦¥-
´¨¥ ¤²Ö ¢μ²´μ¢μ° É·¥ÌÎ ¸É¨Î´μ° ËÊ´±Í¨¨ |Ψ〉 μ¶·¥¤¥²ÖÕÉ ¢ μ¡μ¨Ì ¸²ÊÎ ÖÌ
³μ¤¥²Ó ¤²Ö · ¸Î¥É   ³¶²¨ÉÊ¤Ò. � §´μμ¡· §´Ò¥ ³μ¤¥²¨ ¨ · ¸Î¥ÉÒ ³μ¦´μ
´ °É¨ ¢ · ¡μÉ Ì [47Ä50] ¨ ¤·. ‚ ¡μ²ÓÏ¨´¸É¢¥ ¨§ ´¨Ì ¨¸¶μ²Ó§ÊÕÉ¸Ö Ëμ·-
³Ê²Ò (2.25) ¨ (2.26), ¸ ¶μ³μÐÓÕ ±μÉμ·ÒÌ, ± ± ¶· ¢¨²μ, ¶μ²ÊÎ ÕÉ · §²¨Î´Ò¥
¶·¨¡²¨¦¥´¨Ö ¨¸± ¦¥´´ÒÌ ¢μ²´. ‚ ÔÉμ³ ¶·¨¡²¨¦¥´¨¨ ¶·¥¦¤¥ ¢¸¥£μ ÊÎ¨ÉÒ-
¢ ÕÉ¸Ö ¢¥·μÖÉ´Ò¥ ¨¸± ¦¥´¨Ö ¶²μ¸±¨Ì ¢μ²´ ¡Ò¸É·ÒÌ ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´ÒÌ
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Ô²¥±É·μ´μ¢. „²Ö ÔÉμ£μ Ê¤μ¡´μ · §¡¨ÉÓ ¶μÉ¥´Í¨ ² v12 ´  ¢´ÊÉ·¥´´ÕÕ ±μ·μÉ±μ-
¤¥°¸É¢ÊÕÐÊÕ vin

12 ¨ ¶¥·¨Ë¥·¨°´ÊÕ vout
12 Î ¸É¨ ²¨¡μ ¶ÊÉ¥³ ¢¢¥¤¥´¨Ö ´¥±μÉμ·μ£μ

μ¡·¥§ ÕÐ¥£μ · ¤¨Ê¸  R, ²¨¡μ ± ± ÔÉμ ¶·¥¤² £ ¥É¸Ö, ´ ¶·¨³¥·, ¢ [1]. �μ²μ¦¨³
Vi = vout

12 + v1N + v2N . „²Ö Ê¶·μÐ¥´¨Ö μ¶¨¸ ´¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö ´ ²¥É Õ-
Ð¥£μ Ô²¥±É·μ´  ¸  Éμ³μ³ ³Ò § ³¥´¨³ v1N +vout

12 → ṽ0 ¨ ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ
¤¢¨¦¥´¨¥ ´ Î ²Ó´μ£μ Ô²¥±É·μ´  ¢ ¶μ²¥ ¸ ÔËË¥±É¨¢´Ò³ ±μ·μÉ±μ¤¥°¸É¢ÊÕÐ¨³
¶μÉ¥´Í¨ ²μ³ ṽ0. ‘ ÊÎ¥Éμ³ É ±μ° § ³¥´Ò ¢Ò· ¦¥´¨¥ (2.25) ¶·¥μ¡· §Ê¥É¸Ö
± ¢¨¤Ê

t(ps,pe; z) ≈ 〈Ψ−(ps,pe)|vin
12|χ+

0 (p0), ϕ0〉, (2.28)

£¤¥ ϕ0(r2) Å ¢μ²´μ¢ Ö ËÊ´±Í¨Ö μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö  Éμ³  ¢μ¤μ·μ¤  ¨
χ+

0 (p0, r1) Å ¨¸± ¦¥´´ Ö ¢μ²´  ¶ ¤ ÕÐ¥£μ Ô²¥±É·μ´ . ‡ ³¥É¨³, ÎÉμ ÔËË¥±-
É¨¢´Ò° ±μ·μÉ±μ¤¥°¸É¢ÊÕÐ¨° ¶μÉ¥´Í¨ ² ṽ0 ¸É·¥³¨É¸Ö ± ´Ê²Õ ´  ¤μ¸É ÉμÎ´μ
¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ Ô²¥±É·μ´  μÉ  Éμ³ , ¨, É ±¨³ μ¡· §μ³, ¨¸± ¦¥´´ Ö
¢μ²´   ¸¨³¶ÉμÉ¨Î¥¸±¨ É· ´¸Ëμ·³¨·Ê¥É¸Ö ¢ ¶²μ¸±ÊÕ ¢μ²´Ê, ± ± ¨ ¤μ²¦´μ
¡ÒÉÓ ¶·¨ · ¸¸¥Ö´¨¨ § ·Ö¦¥´´μ° Î ¸É¨ÍÒ ´  ´¥°É· ²Ó´μ° ¸¨¸É¥³¥.

Š ± ¸²¥¤Ê¥É ¨§ (2.28), ¶·¨ § ³¥´¥ ·¥ ²Ó´μ£μ ¶μÉ¥´Í¨ ²  v1N +vout
12 ÔËË¥±-

É¨¢´Ò³ Í¥´É· ²Ó´Ò³ ¶μÉ¥´Í¨ ²μ³ ³Ò ¶·¥´¥¡·¥£ ¥³ ¢μ§³μ¦´Ò³¨ É· ´¸Ëμ·-
³ Í¨Ö³¨ ¢μ²´μ¢μ° ËÊ´±Í¨¨  Éμ³ , ´ ¶·¨³¥·, ¶μ²Ö·¨§ Í¨¥°. 	μ²¥¥ Éμ´±¨¥
³μ¤¥²¨ ³μ¦´μ ¸É·μ¨ÉÓ ¢ · ³± Ì Ëμ·³Ê²Ò (2.26).

� ¸¸³μÉ·¨³ É¥¶¥·Ó ¶μ²´ÊÕ ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ ¸¨¸É¥³Ò |Ψ−(ps,pe)〉, Ö¢-
²ÖÕÐÊÕ¸Ö ¸μ¡¸É¢¥´´μ° ËÊ´±Í¨¥° £ ³¨²ÓÉμ´¨ ´  (2.7). � §μ¡Ó¥³ ¢¸¥ ¶μÉ¥´-
Í¨ ²Ò ´  ®¢´ÊÉ·¥´´ÕÕ¯ ¨ ®¶¥·¨Ë¥·¨°´ÊÕ¯ Î ¸É¨ ¨ ¢¢¥¤¥³  ¸¨³¶ÉμÉ¨Î¥¸±ÊÕ
ËÊ´±Í¨Õ ƒ·¨´ 

G±
as(z) = [z − H0 − vout

12 − vout
1N − vout

2N ]−1.

�Éμ ¤¥² ¥É¸Ö ¤²Ö Éμ£μ, ÎÉμ¡Ò ±μ··¥±É´μ ¶·¨³¥´¨ÉÓ Ë ¤¤¥¥¢¸±ÊÕ ·¥¤Ê±Í¨Õ
¶μ²´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨

|Ψ−〉 = |Ψ−
1,2〉 + |Ψ−

12〉, (2.29)

ÎÉμ ´¥¢μ§³μ¦´μ ¸¤¥² ÉÓ ¢ ¶μ²´μ° ³¥·¥ ¤²Ö Î¨¸Éμ ±Ê²μ´μ¢¸±¨Ì ¶μÉ¥´Í¨ ²μ¢
¨§-§  ´¥±μ³¶ ±É´μ¸É¨ Ö¤¥· ¶μ²ÊÎ ÕÐ¨Ì¸Ö ¨´É¥£· ²Ó´ÒÌ Ê· ¢´¥´¨° [1]. ’¥-
¶¥·Ó ¦¥ ¤²Ö ¥¥ ±μ³¶μ´¥´É ³μ¦´μ Ëμ·³ ²Ó´μ § ¶¨¸ ÉÓ ¸¨¸É¥³Ê Ê· ¢´¥´¨°:{

(z − H0 − v1N − v2N − vout
12 ) |Ψ−

1,2〉 = (vin
1N + vin

2N ) |Ψ−
12〉,

(z − H0 − vout
1N − vout

2N − v12) |Ψ−
12〉 = vin

12 |Ψ−
1,2〉.

(2.30)

ˆ¸¶μ²Ó§ÊÖ μ¶¥· Éμ·´μ¥ Ê· ¢´¥´¨¥ tin12(z) = vin
12 + vin

12G
+
as(z)tin12 ¨ ÊÎ¨ÉÒ¢ Ö

Éμ²Ó±μ μ¤´μ ¶μ²´μ¥ ¶ ·´μ¥ ¸Éμ²±´μ¢¥´¨¥ ´ ²¥É ÕÐ¥£μ Ô²¥±É·μ´  ¸ Ô²¥±É·μ-
´μ³ ³¨Ï¥´¨, ¶μ²ÊÎ ¥³ ¨§ (2.28)Ä(2.30) ¤²Ö ¶·Ö³μ°  ³¶²¨ÉÊ¤Ò (e, 2e)-·¥ ±Í¨¨
¶·¨¡²¨¦¥´´μ¥ ¢Ò· ¦¥´¨¥

t(ps,pe; z) ≈
∫

d3p

(2π)3
〈ψ−(ps,pe)|tin12(z)|χ+

0 (p0),p〉ϕ0(p). (2.31)
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”Ê´±Í¨Ö |ψ−(ps,pe)〉 ¢ (2.31) Ê¤μ¢²¥É¢μ·Ö¥É ¢μ²´μ¢μ³Ê Ê· ¢´¥´¨Õ(
p2

s

2
+

p2
e

2
− H0 − v1N − v2N − vout

12

)
|ψ−(ps,pe)〉 = 0 (2.32)

¨ ¶·¥¢· Ð ¥É¸Ö ¢ ¶·μ¨§¢¥¤¥´¨¥ ¤¢ÊÌ ±Ê²μ´μ¢¸±¨Ì ¢μ²´, Éμ²Ó±μ ¥¸²¨ ¶·¥´¥-
¡·¥ÎÓ ¶¥·¨Ë¥·¨°´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³ vout

12 . ‚ ÔÉμ³ ¸²ÊÎ ¥ ¶μ²ÊÎ ¥³ É ±
´ §Ò¢ ¥³μ¥ ¢´¥Ô´¥·£¥É¨Î¥¸±μ¥ ¨³¶Ê²Ó¸´μ¥ ¶·¨¡²¨¦¥´¨¥ ¨¸± ¦¥´´ÒÌ ¢μ²´
(®off-shell¯ DWIA [24])

T (ps,pe; z) ≈
∫

d3p

(2π)3
〈ϕ−(ps), ϕ−(pe)|tin12(z)|χ+

0 (p0),p〉ϕ0(p), (2.33)

£¤¥ |ϕ−(pi)〉 Å ±Ê²μ´μ¢¸± Ö ËÊ´±Í¨Ö ´¥¶·¥·Ò¢´μ£μ ¸¶¥±É· .
�¡· Ð ¥³ ¸´μ¢  ¢´¨³ ´¨¥ ´  § ³¥´Ê ¢ (2.33) ¡Ê±¢Ò t ´  T . �´¨ ¸μ¢¶ -

¤ ÕÉ ¶·¨ z → E + i0 Éμ²Ó±μ ¢ · ³± Ì ´Ê²¥¢μ£μ ¶·¨¡²¨¦¥´¨Ö ¶μ ¶μÉ¥´Í¨ ²Ê
vout
12 . ˆÌ ¶μ²´ÊÕ ¸¢Ö§Ó ¸²¥¤Ê¥É ¨¸± ÉÓ ¢ · ³± Ì μ¡Ð¥° Ëμ·³Ê²Ò (1.47).

ˆ§ Ëμ·³Ê²Ò (2.31) ¸²¥¤Ê¥É ¡μ²ÓÏ¨´¸É¢μ ¨¸¶μ²Ó§Ê¥³ÒÌ ¶·¨¡²¨¦¥´¨°. �Éμ
¨ ¶μ²Ê¢´¥Ô´¥·£¥É¨Î¥¸±μ¥ Ë ±Éμ·¨§μ¢ ´´μ¥ ¨³¶Ê²Ó¸´μ¥ ¶·¨¡²¨¦¥´¨¥ ¨¸± -
¦¥´´ÒÌ ¢μ²´ (half-off-shell factorized DWIA [51]), ¨ ¥£μ · §´μ¢¨¤´μ¸ÉÓ Å
Ô°±μ´ ²Ó´μ¥ ¨³¶Ê²Ó¸´μ¥ ¶·¨¡²¨¦¥´¨¥ (EWIA [22,52]). …¸²¨ ¦¥ ¢ (2.32) μ¸É -
¢¨ÉÓ Éμ²Ó±μ ¶¥·¨Ë¥·¨Î¥¸±¨¥ Î ¸É¨ ¢¸¥Ì ¶μÉ¥´Í¨ ²μ¢ vout

s , ¶μ²ÊÎ ¥³ É ± ´ -
§Ò¢ ¥³μ¥ ±¢ §¨±² ¸¸¨Î¥¸±μ¥ Ô°±μ´ ²Ó´μ¥ ¨³¶Ê²Ó¸´μ¥ ¶·¨¡²¨¦¥´¨¥ (EWIA-
SC [53, 54]). �É  ³μ¤¥²Ó ¤μ¸É ÉμÎ´μ ¶·μ¸É  ¤²Ö μÍ¥´μ± ÔËË¥±É  ¨¸± ¦¥´¨°,
¥¸²¨ ¶μ²´ Ö Ô´¥·£¨Ö ´¥  ¸¨³¶ÉμÉ¨Î¥¸±¨ ¢Ò¸μ± .

� ±μ´¥Í, ¶·¥´¥¡·¥£ Ö ¢ (2.32) ¢¸¥³¨ ¶μÉ¥´Í¨ ² ³¨,   É ±¦¥ ¶μ² £ Ö
ṽ0 = 0, ¶μ²ÊÎ ¥³ ¶²μ¸±μ¢μ²´μ¢μ¥ ¨³¶Ê²Ó¸´μ¥ ¶·¨¡²¨¦¥´¨¥ (PWIA). „¨ËË¥-
·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ¶·¨ ÔÉμ³ ¶·μ¶μ·Í¨μ´ ²Ó´μ ±¢ ¤· ÉÊ ³μ¤Ê²Ö ¢μ²´μ¢μ°
ËÊ´±Í¨¨ ¢μ¤μ·μ¤  ¢ ¨³¶Ê²Ó¸´μ³ ¶·¨¡²¨¦¥´¨¨ (ÔÉ  ¢¥²¨Î¨´  É ±¦¥ ´ §Ò¢ -
¥É¸Ö ¨³¶Ê²Ó¸´Ò³ · ¸¶·¥¤¥²¥´¨¥³):

d3σ

dEs dΩe dΩs
∝ |ϕ0(q)|2, q = ps + pe − p0. (2.34)

�¥¸³μÉ·Ö ´  ¢´¥Ï´ÕÕ ¶·μ¸ÉμÉÊ ¶·¥¤¸É ¢²¥´¨Ö (2.31), ¶·μ¢μ¤¨ÉÓ ¸ ¥£μ
¶μ³μÐÓÕ ± ±¨¥-²¨¡μ ´¥¶μ¸·¥¤¸É¢¥´´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¢¥¸Ó³  ¶·μ¡²¥³ É¨Î´μ.
‚μ-¶¥·¢ÒÌ, ¶· ±É¨Î¥¸±¨ ´¥¢μ§³μ¦´μ · ¸¸Î¨É ÉÓ ®¢´ÊÉ·¥´´ÕÕ¯ ¶ ·´ÊÕ  ³-
¶²¨ÉÊ¤Ê tin12, É ± ± ± ¢ Ê· ¢´¥´¨¥ ‹˜ ¢Ìμ¤¨É ËÊ´±Í¨Ö ƒ·¨´  G+

as(E), ±μ-
Éμ·ÊÕ ´¥¢μ§³μ¦´μ ± ±-²¨¡μ · §Ê³´μ § ¶¨¸ ÉÓ ¡¥§ ¤ ²Ó´¥°Ï¨Ì Ê¶·μÐ¥´¨°.
‚μ-¢Éμ·ÒÌ, ¨³¥¥É¸Ö §´ Î¨É¥²Ó´ Ö ´¥μ¶·¥¤¥²¥´´μ¸ÉÓ ¢ μ¶·¥¤¥²¥´¨¨ ¶μÉ¥´Í¨-
 ²  ṽ0. ‚-É·¥ÉÓ¨Ì, ¤ ¦¥ ¥¸²¨ ÔÉ¨ É·Ê¤´μ¸É¨ ± ±-Éμ ¶·¥μ¤μ²¥´Ò, ³ É·¨Î´Ò°
Ô²¥³¥´É (2.31) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° 9-³¥·´Ò° ¨´É¥£· ².

‚ ¶¶. 2.1 ¨ 2.2 μ¡¸Ê¦¤ ²¨¸Ó ¢ μ¸´μ¢´μ³ ¡μ·´μ¢¸±¨¥ ¸¥·¨¨, μ¤´ ±μ ¢ É¥μ-
·¨¨ · ¸¸¥Ö´¨Ö ¸ ±μ·μÉ±μ¤¥°¸É¢ÊÕÐ¨³¨ ¶μÉ¥´Í¨ ² ³¨ ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ
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É ± ´ §Ò¢ ¥³Ò¥ ¨É¥· Í¨¨ Ê· ¢´¥´¨° ” ¤¤¥¥¢  (¨§¢¥¸É´Ò¥ É ±¦¥ ± ± ¸¥·¨¨
‚ É¸μ´ , ¨²¨ ·Ö¤Ò 	μ·´ Ä” ¤¤¥¥¢ ), £¤¥ ± ¦¤Ò° Î²¥´ ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¶μ-
¸²¥¤μ¢ É¥²Ó´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö · §´ÒÌ Î ¸É¨Í ¶μ¸·¥¤¸É¢μ³ ¶ ·´ÒÌ  ³¶²¨-
ÉÊ¤ [1, 2]. Š ÔÉμ° Ëμ·³¥ ¶·¥¤¸É ¢²¥´¨Ö  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ³Ò Ê¦¥ μ¡· -
Ð ²¨¸Ó ¢ ÔÉμ³ ¶Ê´±É¥. ‚ Î ¸É´μ¸É¨, É· ¤¨Í¨μ´´μ ¨¸¶μ²Ó§Ê¥³μ¥ ¢ · ¸Î¥É Ì
¶²μ¸±μ¢μ²´μ¢μ¥ ¨³¶Ê²Ó¸´μ¥ ¶·¨¡²¨¦¥´¨¥

PWIA =
e−

π
2 ηse+iAse

Γ(1 − iηse)
lim

z→E+i0
(z − E)−iηse〈ps,pe|t12(z)|p0, ϕ0〉 (2.35)

± ± · § Ö¢²Ö¥É¸Ö ¶¥·¢Ò³ Î²¥´μ³ É ±μ° ¸¥·¨¨. „·Ê£¨³ ¶·¨³¥·μ³ Ö¢²Ö¥É¸Ö
¢Ò· ¦¥´¨¥ (2.31), ±μÉμ·μ¥ É ±¦¥ ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ± ± ¶¥·¢Ò° Î²¥´ ´¥-
±μ¥° ¸¥·¨¨ ¶μ¤μ¡´μ£μ É¨¶ . ” ±É¨Î¥¸±¨ ÔÉμ ³¥Éμ¤ ¨¸± ¦¥´´ÒÌ ¢μ²´, ¨, ¶μ-
¢¨¤¨³μ³Ê, μ´ ¡μ²¥¥ ¨´Ëμ·³ É¨¢¥´ ¢ μÉ´μÏ¥´¨¨ ³¥Ì ´¨§³μ¢ · ¸¸¥Ö´¨Ö.

�μÎ¥³Ê ¦¥ ³Ò ¢ μ¸´μ¢´μ³ Ê¤¥²Ö¥³ ¢´¨³ ´¨¥ ¨³¥´´μ ¡μ·´μ¢¸±¨³ ¸¥-
·¨Ö³, £¤¥ ¢ Ê§² Ì ¤¨ £· ³³´μ£μ ¶·¥¤¸É ¢²¥´¨Ö ¸ÉμÖÉ ¶μÉ¥´Í¨ ²Ò (·¨¸. 1),  
´¥ ¶ ·´Ò¥  ³¶²¨ÉÊ¤Ò? „¨ £· ³³  Î²¥´  ·Ö¤  	μ·´ Ä” ¤¤¥¥¢  ¸μ¤¥·¦¨É ¶μ-
¸²¥¤μ¢ É¥²Ó´Ò¥ ¡²μ±¨, ¢ ±μÉμ·ÒÌ ¤¢¥ Î ¸É¨ÍÒ ¢§ ¨³μ¤¥°¸É¢ÊÕÉ Î¥·¥§ ¶ ·´ÊÕ
 ³¶²¨ÉÊ¤Ê,   É·¥ÉÓÖ ¸¢μ¡μ¤´ . ‚ É¥μ·¨¨ · ¸¸¥Ö´¨Ö Î ¸É¨Í ¸ ±Ê²μ´μ¢¸±¨³ ¢§ -
¨³μ¤¥°¸É¢¨¥³ É ± Ö ¸¨ÉÊ Í¨Ö ´¨±μ£¤  ´¥ ·¥ ²¨§Ê¥É¸Ö ¨§-§  μÉ¸ÊÉ¸É¢¨Ö  ¸¨³-
¶ÉμÉ¨Î¥¸±μ° ¸¢μ¡μ¤Ò. ”μ·³ ²Ó´μ, ±μ´¥Î´μ, ³μ¦´μ § ¶¨¸ ÉÓ ¶μ¸²¥¤μ¢ É¥²Ó-
´Ò¥ ¨É¥· Í¨¨ ¸¨¸É¥³Ò Ê· ¢´¥´¨° ” ¤¤¥¥¢  ¢´¥ Ô´¥·£¥É¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨,
¶μÉμ³ ¢Ò¤¥²¨ÉÓ ¢ ± ¦¤μ° ¶ ·´μ°  ³¶²¨ÉÊ¤¥ ¸¨´£Ê²Ö·´ÊÕ ¨ ·¥£Ê²Ö·´ÊÕ Î -
¸É¨, ¡² £μ ¶ ·´Ò¥ ±Ê²μ´μ¢¸±¨¥  ³¶²¨ÉÊ¤Ò ¨³¥ÕÉ  ´ ²¨É¨Î¥¸±μ¥ ¢Ò· ¦¥´¨¥
¢´¥ ¶μ¢¥·Ì´μ¸É¨ Ô´¥·£¨¨ (¸³., ´ ¶·¨³¥·, [55Ä57]), ¨ ¤ ²¥¥ · ¡μÉ ÉÓ ¸ ÔÉ¨³
· §²μ¦¥´¨¥³. �¤´ ±μ ¤ ¦¥ ¢μ ¢Éμ·μ³ ¶μ·Ö¤±¥ Î¨¸²¥´´ Ö ·¥ ²¨§ Í¨Ö É ±μ°
¶·μ£· ³³Ò ¶·¥¤¸É ¢²Ö¥É¸Ö ±· °´¥ ¶·μ¡²¥³ É¨Î´μ°.

„¥°¸É¢¨É¥²Ó´μ, ¸¢μ°¸É¢  ·¥Ï¥´¨° Ê· ¢´¥´¨° ·¥§μ²Ó¢¥´É´μ£μ É¨¶ , ± ±μÉμ-
·Ò³ μÉ´μ¸ÖÉ¸Ö ¨ Ê· ¢´¥´¨Ö ” ¤¤¥¥¢ , ¶μ§¢μ²ÖÕÉ ¸Ëμ·³Ê²¨·μ¢ ÉÓ ¶·μÍ¥¤Ê·Ê
¢ÒÎ¨¸²¥´¨Ö ±¢ ¤· É  ³μ¤Ê²Ö Ë¨§¨Î¥¸±μ°  ³¶²¨ÉÊ¤Ò ¶¥·¥Ìμ¤  (1.27)

|tβα(pβ ,pα; E + i0)|2 =
∣∣∣∣ e−(π/2)(ηβ+ηα)

Γ(1 − iηα)Γ(1 − iηβ)

∣∣∣∣2 lim
z→E+i0

|〈pβ |Tβα(z)|pα〉|2.

�μ¸±μ²Ó±Ê ¶·¨ Im z > 0 Ê· ¢´¥´¨Ö ” ¤¤¥¥¢  ¨³¥ÕÉ ¥¤¨´¸É¢¥´´μ¥ ·¥Ï¥´¨¥,
Éμ ¶·¥¤¥²Ó´ Ö ¶·μÍ¥¤Ê· , ¶μ ±· °´¥° ³¥·¥, Ëμ·³ ²Ó´μ ¶μ§¢μ²Ö¥É · ¸¸Î¨-
É ÉÓ Ë¨§¨Î¥¸±¨ ´ ¡²Õ¤ ¥³μ¥ ¸¥Î¥´¨¥ ¶·μÍ¥¸¸ , ¶·μ¶μ·Í¨μ´ ²Ó´μ¥ ±¢ ¤· ÉÊ
³μ¤Ê²Ö  ³¶²¨ÉÊ¤Ò. �¤´ ±μ ÔÉ  ¶·μÍ¥¤Ê·  ´¥ ¶·¨£μ¤´  ¢ ¸²ÊÎ ¥ ¶·¨¡²¨-
¦¥´¨Ö  ³¶²¨ÉÊ¤Ò T ¥£μ ¨É¥· Í¨Ö³¨ ¢ · ³± Ì ¸¥·¨¨ ‚ É¸μ´ . �μ± ¦¥³ ÔÉμ
´  ¶·¨³¥·¥ ¨É¥· Í¨¨ ¢Éμ·μ£μ ¶μ·Ö¤± . Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ É¨¶  Iβα =
〈pβ |tβ(z)G0(z) tα(z)|pα〉 ¶·¨ ¢ÒÌμ¤¥ ¶¥·¥³¥´´μ° z ´  ¶μ¢¥·Ì´μ¸ÉÓ Ô´¥·£¨¨
¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢ ¢¨¤¥

Iβα ≈ (z − E)iηαAβα + (z − E)iηβ Bβα
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(¸³., ´ ¶·¨³¥·, [12, 13]). ‘Ê³³¨·ÊÖ ¶¥·¢ÊÕ ¨ ¢Éμ·ÊÕ ¨É¥· Í¨¨, ³Ò ²¥£±μ
³μ¦¥³ Ê¡¥¤¨ÉÓ¸Ö, ÎÉμ ±μ³¶¥´¸ Í¨Ö ÔÉ¨Ì ¸¨´£Ê²Ö·´μ¸É¥° ¸ ¶μ³μÐÓÕ Ëμ·-
³Ê²Ò (1.27) ´¥¢μ§³μ¦´ , ¨, ¢ÒÎ¨¸²ÖÖ É ±¨³ μ¡· §μ³ ¸¥Î¥´¨¥, μ¡´ ·Ê¦¨¢ ¥³,
ÎÉμ μ´μ · ¸Ìμ¤¨É¸Ö ´  ¶μ¢¥·Ì´μ¸É¨ Ô´¥·£¨¨.

‘ ÔÉμ° ÉμÎ±¨ §·¥´¨Ö ¶·¨¡²¨¦¥´¨¥ PWIA É ±¦¥ ´¥ ¢Ò£²Ö¤¨É  ¤¥±¢ É´Ò³
É¥μ·¥É¨Î¥¸±¨³ ¨´¸É·Ê³¥´Éμ³. „¥°¸É¢¨É¥²Ó´μ, ± ± ¶μ± § ´μ ¢ · ¡μÉ¥ [58],
¥¸²¨ ¤ ¦¥ ¢ (2.2) ´ ³ Ê¤ ¸É¸Ö ¢Ò¤¥²¨ÉÓ ¨§ T (z) ¶ ·´ÊÕ  ³¶²¨ÉÊ¤Ê t12(z) ¢
μÉ¤¥²Ó´μ¥ ¸² £ ¥³μ¥ ¨ ·¥£Ê²Ö·¨§μ¢ ÉÓ ¥¥, É. ¥. ¢Ò¤¥²¨ÉÓ ¸¨´£Ê²Ö·´μ¸ÉÓ (z −
E)iηse , ³Ò ´¥ ¶μ²ÊÎ¨³ ¸É ´¤ ·É´μ£μ PWIA ¨§-§  ´ ²¨Î¨Ö É·¥ÌÎ ¸É¨Î´ÒÌ, ¢
Éμ³ Î¨¸²¥ ¸¨´£Ê²Ö·´ÒÌ, ¸μ³´μ¦¨É¥²¥° ¶¥·¥¤ ³ É·¨Î´Ò³ Ô²¥³¥´Éμ³ (¸·. (2.2)
¨ (2.35)). ’ ±¨³ μ¡· §μ³, ÎÉμ¡Ò Ëμ·³ ²Ó´μ ¶μ²ÊÎ¨ÉÓ PWIA, ³Ò ¤μ²¦´Ò
¶μ¸²¥ ¢Ò¤¥²¥´¨Ö t12(z) ¨§ T (z) ¶·¥´¥¡·¥ÎÓ ¢ ¸μ³´μ¦¨É¥²ÖÌ ¶¥·¥¤ ³ É·¨Î-
´Ò³ Ô²¥³¥´Éμ³ Ô²¥±É·μ´-¨μ´´Ò³¨ ¶ · ³¥É· ³¨ ‡μ³³¥·Ë¥²Ó¤ , É. ¥. ¶μ²μ-
¦¨ÉÓ ηs = ηe = 0 ¢ (2.2). �¸É ¢²ÖÖ ¢ ¸Éμ·μ´¥ ¢μ¶·μ¸ μ ³ É¥³ É¨Î¥¸±μ° ±μ·-
·¥±É´μ¸É¨ ¶μ¤μ¡´μ° ¶·μÍ¥¤Ê·Ò, μÉ³¥É¨³, ÎÉμ ¢ ¸²ÊÎ ¥ ±¢ §¨Ê¶·Ê£μ° (e, 2e)-
·¥ ±Í¨¨ ·¥ ²¨§Ê¥É¸Ö ±¨´¥³ É± , ¢ ±μÉμ·μ° ¶ ·´Ò¥ ¶ · ³¥É·Ò ‡μ³³¥·Ë¥²Ó¤ 
ηse, ηe ¨ ηs Å ¢¥²¨Î¨´Ò μ¤´μ£μ ¶μ·Ö¤± . �μ¸²¥¤´¥¥ μ¡¸ÉμÖÉ¥²Ó¸É¢μ μÎ¥¢¨¤´μ
´¥ ¶μ§¢μ²Ö¥É μ¡μ¸´μ¢ ÉÓ ¶·¨¡²¨¦¥´¨¥ ηs = ηe = 0 ¢ · ³± Ì É¥Ì ¨²¨ ¨´ÒÌ
Ë¨§¨Î¥¸±¨Ì ¸μμ¡· ¦¥´¨°.

�·μ¢¥¤¥´´μ¥ μ¡¸Ê¦¤¥´¨¥ ¶μ± §Ò¢ ¥É, ÎÉμ ¥¸²¨ ¨§´ Î ²Ó´μ ¢  ³¶²¨ÉÊ¤¥,
§ ¤ ¢ ¥³μ° Ê· ¢´¥´¨¥³ ‹˜, ´¥ ¢Ò¤¥²¥´Ò ´¥μ¡Ìμ¤¨³Ò¥ ±Ê²μ´μ¢¸±¨¥ ¸¨´£Ê-
²Ö·´μ¸É¨, ¢¸¥ ¶μ¶ÒÉ±¨ ¶μ¸É·μ¨ÉÓ ¶·¨¡²¨¦¥´´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö  ³¶²¨ÉÊ¤
· ¸¸¥Ö´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í μ¡·¥Î¥´Ò ´  ´¥Ê¤ ÎÊ. �¤¨´ ¨§ ¸¶μ¸μ¡μ¢ ¸¤¥-
² ÉÓ ÔÉμ μ¡¸Ê¦¤ ¥É¸Ö ¢ ¶. 2.4, ¤·Ê£μ°, μ¸´μ¢ ´´Ò° ´  ³¥Éμ¤¥ ÔËË¥±É¨¢´ÒÌ
§ ·Ö¤μ¢, ¨§²μ¦¥´ ¢ · ¡μÉ Ì [46,59,60].

2.4. ‚Éμ·μ¥ ¶²μ¸±μ¢μ²´μ¢μ¥ ¡μ·´μ¢¸±μ¥ ¶·¨¡²¨¦¥´¨¥ ¤²Ö  ³¶²¨ÉÊ¤Ò
±¢ §¨Ê¶·Ê£μ° (e, 2e)-·¥ ±Í¨¨ ´   Éμ³¥ ¢μ¤μ·μ¤ . �¥§Ê²ÓÉ ÉÒ ¶. 2.2 ¶μ± -
§Ò¢ ÕÉ, ÎÉμ ·μ²Ó ³ ²μ£μ ¶ · ³¥É·  ¢ · §²μ¦¥´¨¨  ³¶²¨ÉÊ¤Ò ¢ ¡μ·´μ¢¸±¨°
·Ö¤ ¶· ±É¨Î¥¸±¨ ¢Ò¶μ²´ÖÕÉ ¶ · ³¥É·Ò ‡μ³³¥·Ë¥²Ó¤  ± ´ ²μ¢, μ¤´μ§´ Î´μ
¸¢Ö§ ´´Ò¥ ¸ ±Ê²μ´μ¢¸±¨³¨ ¶μÉ¥´Í¨ ² ³¨. �¸É ¢²ÖÖ ¢ · §²μ¦¥´¨¨ ¢Ò· ¦¥-
´¨Ö (2.2) ¢ ·Ö¤ ¶μ ¶ · ³¥É· ³ ηi ¸² £ ¥³Ò¥ ´¥ ¢ÒÏ¥ ¶¥·¢μ£μ ¶μ·Ö¤± , ¶μ²Ê-
Î¨³ ¢Ò· ¦¥´¨¥ ¤²Ö Ë¨§¨Î¥¸±μ°  ³¶²¨ÉÊ¤Ò ¢μ ¢Éμ·μ³ ¶²μ¸±μ¢μ²´μ¢μ³ ¡μ·-
´μ¢¸±μ³ ¶·¨¡²¨¦¥´¨¨ (SBA) (¶μ¸±μ²Ó±Ê ¶μÉ¥´Í¨ ²Ò Ê¦¥ ¸μ¤¥·¦ É¸Ö ¢ ¸² -
£ ¥³μ³ T0):

t1(ps,pe,p0; E + i0) ≡ tSBA =
(
1 − πη

2
+ iA − iCη

)
T0(ps,pe)+

+ lim
z→E+i0

[T1(ps,pe; z) − iη T0(ps,pe) ln (z − E)], (2.36)

£¤¥ C = 0,577215 . . . Å ¶μ¸ÉμÖ´´ Ö �°²¥· . „²Ö μ¶¥· Éμ·  T (z) ¢Ò¡¥·¥³
¥£μ prior-Ëμ·³Ê (1.26¡) (μ¶Ê¸± ¥³ ¤²Ö Ê¤μ¡¸É¢  É¨²Ó¤Ê §¤¥¸Ó ¨ ¤ ²¥¥), £¤¥



632 ˜�	‹�‚ ‚. ‹. ˆ „�.

¢Ò¡¨· ¥³ V α = v1N + v12. ’μ£¤  ¸¶· ¢¥¤²¨¢  ¸²¥¤ÊÕÐ Ö Í¥¶μÎ±  ¢Ò±² ¤μ±:

T (z) = (v1N + v12) + WG+
0 (z)T (z) = (v1N + v12) + WG+(z)(v1N + v12).

ˆ§ ¶¥·¢μ£μ · ¢¥´¸É¢  ¸²¥¤Ê¥É

(1 − v2NG+
0 (z))T (z) = (v1N + v12) + (v1N + v12)G+

0 (z)T (z),

¨²¨

T (z) = [1 − v2NG+
0 (z)]−1[(v1N + v12) + (v1N + v12)G+

0 (z)T (z)] =

= [1 − v2NG+
0 (z)]−1[(v1N + v12) + (v1N + v12)G+(z)(v1N + v12)]. (2.37)

ˆ¸¶μ²Ó§ÊÖ ¨§¢¥¸É´μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¶μ²´μ° ËÊ´±Í¨¨ ƒ·¨´  ¢ ¢¨¤¥ · §²μ¦¥-
´¨Ö ¶μ ¸¶¥±É·Ê ¸μ¡¸É¢¥´´ÒÌ ËÊ´±Í¨° ¶μ²´μ£μ £ ³¨²ÓÉμ´¨ ´  H , § ¶¨Ï¥³ ³ -
É·¨Î´Ò° Ô²¥³¥´É 〈ps,pe|T (z)|p0, ϕ0〉 ≡ T (ps,pe; z) μ¶¥· Éμ·  T (z) ¢ (2.37)
¢ ¢¨¤¥

T (ps,pe; z) = 〈ps, ϕ
−(pe; z′)|v1N + v12|p0, ϕ0〉+

+
∑

α

〈ps, ϕ
−(pe; z′)|v1N + v12|Ψ−

α 〉〈Ψ−
α |v1N + v12|p0, ϕ0〉

z − Eα
, z′ = z − p2

s

2
.

(2.38)

‚ (2.38) |Ψ−
α 〉 Å É·¥ÌÎ ¸É¨Î´ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö § ¤ Î¨ (¸ ¶·¨§´ ± ³¨ ¸Ìμ-

¤ÖÐ¥°¸Ö ¸Ë¥·¨Î¥¸±μ° ¢μ²´Ò ¢ ¸²ÊÎ ¥, ¥¸²¨ ÌμÉÖ ¡Ò μ¤¨´ Ô²¥±É·μ´ ´ Ìμ¤¨É¸Ö
¢ ´¥¶·¥·Ò¢´μ³ ¸¶¥±É·¥),   〈ϕ−(pe; z′)| = 〈pe|[1 − v2Ng+

0 (z′)]−1.
‡¤¥¸Ó ¸²¥¤Ê¥É μ¡¸Ê¤¨ÉÓ, ± ±μ° ¸³Ò¸² ³Ò ¢±² ¤Ò¢ ¥³ ¢ É¥·³¨´ ®¶¥·¢μ¥

¶²μ¸±μ¢μ²´μ¢μ¥ ¡μ·´μ¢¸±μ¥ ¶·¨¡²¨¦¥´¨¥¯, ®¢Éμ·μ¥ ¶²μ¸±μ¢μ²´μ¢μ¥ ¡μ·´μ¢-
¸±μ¥ ¶·¨¡²¨¦¥´¨¥¯ ¨ É. ¤. ¶·¨ · ¸¸³μÉ·¥´¨¨ § ¤ Î¨ É·¥Ì É¥², £¤¥ ¨³¥ÕÉ¸Ö ± ±
¸¢Ö§ ´´Ò¥ ±μ³¶²¥±¸Ò, É ± ¨ ¸¢μ¡μ¤´Ò¥ Ô²¥±É·μ´Ò. �·¨´¨³ ÕÉ¸Ö ¢ · ¸Î¥É
Éμ²Ó±μ ¶·μÍ¥¸¸Ò, ¢±²ÕÎ ÕÐ¨¥ μ¤´μ ¨²¨ ¤¢  ¶μ¸²¥¤μ¢ É¥²Ó´ÒÌ ¶μÉ¥´Í¨ ²Ó-
´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸¢μ¡μ¤´ÒÌ Ô²¥±É·μ´μ¢. �μ¸±μ²Ó±Ê ¤ ²¥¥ · ¸¸³ É·¨¢ ¥É¸Ö
¸²ÊÎ °, £¤¥ ¢¸¥ ¨³¶Ê²Ó¸Ò p0,ps,pe ¤μ¸É ÉμÎ´μ ¢¥²¨±¨, É ± ¦¥ ± ± ¨ ¶¥·¥¤ ´-
´Ò° ¨³¶Ê²Ó¸ Q = p0−ps (É ± ´ §Ò¢ ¥³Ò¥ ±¢ §¨Ê¶·Ê£¨¥ (e, 2e)-¶·μÍ¥¸¸Ò, ¨²¨
³¥Éμ¤ Ô²¥±É·μ´´μ° ¨³¶Ê²Ó¸´μ° ¸¶¥±É·μ¸±μ¶¨¨, ±μÉμ·Ò° Ê¶μ³¨´ ²¸Ö ¢μ ¢¢¥-
¤¥´¨¨ ¨ ¸ ¤¥É ²Ö³¨ ±μÉμ·μ£μ ³μ¦´μ É ±¦¥ ¶μ§´ ±μ³¨ÉÓ¸Ö ¢ μ¡§μ· Ì [61,62]),
¢ ¤ ²Ó´¥°Ï¥³ ¤¥² ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ ¶·¨¡²¨¦¥´¨Ö ¨ ¤μ¶ÊÐ¥´¨Ö:

Å ³Ò ¶·¥´¥¡·¥£ ¥³ ¸² £ ¥³Ò³¨, ¢ ±μÉμ·ÒÌ ±μμ·¤¨´ ÉÒ, ¸μμÉ¢¥É¸É¢ÊÕ-
Ð¨¥ ¡Ò¸É·Ò³ Î ¸É¨Í ³, ¢Ìμ¤ÖÉ ¢ ¸¢Ö§ ´´Ò¥ ¶·μ³¥¦ÊÉμÎ´Ò¥ ¸μ¸ÉμÖ´¨Ö, ¶μ-
¸±μ²Ó±Ê ¢¥·μÖÉ´μ¸ÉÓ ¡Ò¸É·μ° Î ¸É¨Í¥ ®¶μ¸¨¤¥ÉÓ¯ ´¥±μÉμ·μ¥ ¢·¥³Ö ¢ ¸¢Ö§ ´-
´μ³ ¸μ¸ÉμÖ´¨¨ ¤μ¸É ÉμÎ´μ ³ ² ;

Å ³Ò μ¸É ¢²Ö¥³ Éμ²Ó±μ É¥ Ô²¥³¥´É ·´Ò¥ ¶·μÍ¥¸¸Ò ¢Éμ·μ£μ ¶μ·Ö¤± , ±μ-
Éμ·Ò¥ Ê¡Ò¢ ÕÉ ¸ ·μ¸Éμ³ Ô´¥·£¨¨ ´¥ ¡Ò¸É·¥¥ Î¥³ Q−2p−1

i (i = 0, s, e).
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� ¸¸³μÉ·¨³ É¥¶¥·Ó ËÊ´±Í¨Õ |ϕ−(pe; z′)〉 = [1 − g−0 (z′)v2N ]−1|pe〉. �´ 
Ê¤μ¢²¥É¢μ·Ö¥É Ê· ¢´¥´¨Õ (z′ − h02 − v2N )|ϕ−(pe; z′)〉 = (z′ − p2

e/2)|pe〉 (¸·.
¸ (2.8)) ¨ ¶·¨ z′ = p2

e/2, ¨²¨ z = E, ¶¥·¥Ìμ¤¨É ¢ Ê· ¢´¥´¨¥ ¤²Ö ±Ê²μ´μ¢¸±μ°
ËÊ´±Í¨¨ ¸ ¶·¨§´ ± ³¨ ¸Ìμ¤ÖÐ¥°¸Ö ¸Ë¥·¨Î¥¸±μ° ¢μ²´Ò. ‹¥£±μ ¶μ± § ÉÓ, ÎÉμ
〈ϕ0|ϕ−(pe; z′)〉 → 0 ¶·¨ z → E, ± ± ¨ É·¥¡Ê¥É¸Ö ¤²Ö ¸μ¡¸É¢¥´´ÒÌ ËÊ´±Í¨°,
¶·¨´ ¤²¥¦ Ð¨Ì · §²¨Î´Ò³ Î ¸ÉÖ³ ¸¶¥±É·  ¤¢ÊÌÎ ¸É¨Î´μ£μ £ ³¨²ÓÉμ´¨ ´ .
’ ±¨³ μ¡· §μ³, ¢ ¶¥·¢μ³ ¸² £ ¥³μ³ ¢ ¸Ê³³¥ (2.38) ³Ò ³μ¦¥³ μ¶Ê¸É¨ÉÓ Î²¥´,
¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¢§ ¨³μ¤¥°¸É¢¨Õ v1N , ¤ ¦¥ ´¥¸³μÉ·Ö ´  ·¥£Ê²Ö·¨§ Í¨Õ ¢
¢¨¤¥ (2.2). ’¥¶¥·Ó ¢¨¤¥´ Ë¨§¨Î¥¸±¨° ¸³Ò¸² ¢Ò¡μ·  ¢Ìμ¤´μ£μ ¶μÉ¥´Í¨ ² 
V α. „ ´´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É ¨ ¤μ²¦¥´ ¡ÒÉÓ · ¢¥´ ´Ê²Õ, ¶μ¸±μ²Ó±Ê ´¥É
¶¥·¥¤ Î¨ Ô´¥·£¨¨ Î¥·¥§ ¡¥¸±μ´¥Î´μ ³ ¸¸¨¢´μ¥ É¥²μ.

„ ²¥¥, ¶·¥¤¸É ¢¨³ Ëμ·³ ²Ó´μ ±Ê²μ´μ¢¸±ÊÕ ËÊ´±Í¨Õ ´¥¶·¥·Ò¢´μ° Î ¸É¨
¸¶¥±É·  〈ϕ−(pe; z′)| ¢ ¢¨¤¥ · §²μ¦¥´¨Ö ¢ ·Ö¤ ¶μ ¶μÉ¥´Í¨ ²Ê v2N ¨ μ¸É ¢¨³
Éμ²Ó±μ ¤¢  ¸² £ ¥³ÒÌ. ’μ£¤  ³μ¦´μ § ¶¨¸ ÉÓ

〈ps, ϕ
−(pe; z′)| ≈ 〈ps,pe|

(
1 + v2Ng+

0 (z′)
)
. (2.39)

�μ¤¸É ¢²ÖÖ ¢ μ¸É ¢ÏÊÕ¸Ö Î ¸ÉÓ ¶¥·¢μ£μ ¸² £ ¥³μ£μ ¢ (2.38) Éμ²Ó±μ ¢¥±Éμ·
〈ps,pe| ¨§ (2.39), ¶μ²ÊÎ¨³ FBA

FBA ≡ T0(ps,pe) = 〈ps,pe|v12|p0, ϕ0〉 =
4π

(p0 − ps)2
ϕ0(q). (2.40)

ƒ· Ë¨Î¥¸±¨, ¢ ¢¨¤¥ ¤¨ £· ³³Ò, FBA ¶·¥¤¸É ¢²¥´μ ´  ·¨¸. 1,  . � ¶μ³¨´ ¥³,
ÎÉμ ´μ·³¨·μ¢ ´´ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö  Éμ³  ¢μ¤μ·μ¤ 
ϕ0(q) = 8

√
π /(q2 + 1)2.

‚Éμ·μ¥ ¸² £ ¥³μ¥ ¢ (2.39) ¶μ¸²¥ ¶μ¤¸É ´μ¢±¨ ¢ (2.38) μ¶¨¸Ò¢ ¥É É ± ´ -
§Ò¢ ¥³Ò° TS1 (two step) ³¥Ì ´¨§³, ±μ£¤   Éμ³´Ò° Ô²¥±É·μ´ 2 ¶μ¸²¥ ¸Éμ²±´μ-
¢¥´¨Ö ¸ ´ ²¥É ÕÐ¨³ Ô²¥±É·μ´μ³ 1 ®¢μ§¢· Ð ¥É¸Ö¯ ± ¨μ´Ê ¨ ¢§ ¨³μ¤¥°¸É¢Ê¥É
¸ ´¨³ ¢Éμ·¨Î´μ (·¨¸. 1, ¡). �Éμ Å Î ¸ÉÓ ¢Éμ·μ£μ ¡μ·´μ¢¸±μ£μ ¶·¨¡²¨¦¥´¨Ö
¨ ¸μμÉ¢¥É¸É¢Ê¥É ¨¸± ¦¥´¨Õ ¢μ²´Ò  Éμ³´μ£μ Ô²¥±É·μ´  ¤μ ¢Éμ·μ£μ ¶μ·Ö¤± 
¢±²ÕÎ¨É¥²Ó´μ:

TS1 = 〈ps,pe|v2Ng+
0

(
z − p2

s

2

)
v12|p0, ϕ0〉 =

= − 4π

(p0 − ps)2

∫
d3x

(2π)3
ϕ0(q + x)

z − p2
s

2
− (pe + x)2

2

4π

x2
. (2.41)

ˆ´É¥£· ² (2.41) ¨³¥¥É ²μ£ ·¨Ë³¨Î¥¸±ÊÕ ¸¨´£Ê²Ö·´μ¸ÉÓ ¶·¨ x ∼ 0, ¥¸²¨ z →
E + i0.

‚Éμ·μ¥ ¸² £ ¥³μ¥ ¢ (2.38) Å μÎ¥¢¨¤´Ò° ± ´¤¨¤ É ´  ¢Éμ·μ¥ ¡μ·´μ¢-
¸±μ¥ ¶·¨¡²¨¦¥´¨¥. ‚ ²¨É¥· ÉÊ·¥ ÔÉμÉ Î²¥´ É· ¤¨Í¨μ´´μ ´ §Ò¢ ¥É¸Ö TS2-
³¥Ì ´¨§³μ³, μ´ μ¶¨¸Ò¢ ¥É ¤¢  ¶μ¸²¥¤μ¢ É¥²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨Ö ´ ²¥É Õ-
Ð¥£μ Ô²¥±É·μ´  1 ¸ ¸¨¸É¥³μ°. ‡ °³¥³¸Ö  ´ ²¨§μ³ ¸Ê³³Ò ¢ (2.38). �·¥¦¤¥
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�¨¸. 1. �¥·¥²ÖÉ¨¢¨¸É¸±¨¥ ¤¨ £· ³³Ò, ¨§μ¡· ¦ ÕÐ¨¥ ¶·μÍ¥¸¸Ò ¶¥·¢μ£μ ¨ ¢Éμ·μ£μ
¶μ·Ö¤±  ¤²Ö ·¥ ±Í¨¨ H(e, 2e)H+: a) FBA; ¡) TS1; ¢) TS221; £) TS222; ¤) TS21

¢¸¥£μ ¨¸±²ÕÎ¨³ ¨§ · ¸¸³μÉ·¥´¨Ö ¸¢Ö§ ´´Ò¥ ¶·μ³¥¦ÊÉμÎ´Ò¥ ¸μ¸ÉμÖ´¨Ö ¨μ´ 
H−, ¶μ¸±μ²Ó±Ê É ±¨¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¡Ê¤ÊÉ ¶·¥´¥¡·¥¦¨³μ ³ ²Ò ¢ ¸²Ê-
Î ¥ ±¢ §¨Ê¶·Ê£¨Ì (e, 2e)-¶·μÍ¥¸¸μ¢. „ ²¥¥, ¢Ò¤¥²¨³ ¢ ¸Ê³³¥ £·Ê¶¶Ê ËÊ´±Í¨°
|Ψ−

α 〉 ¸ μ¤´¨³ ¸¢μ¡μ¤´Ò³ Ô²¥±É·μ´μ³ ¢  ¸¨³¶ÉμÉ¨±¥ ¨ ¤·Ê£¨³ ¸¢Ö§ ´´Ò³. �μ-
¸±μ²Ó±Ê ¢ · ¸¸³ É·¨¢ ¥³μ³ SBA-Î²¥´¥ ³Ò Ê¦¥ ¨³¥¥³ ¤¢  ¶μ¸²¥¤μ¢ É¥²Ó´ÒÌ
¢§ ¨³μ¤¥°¸É¢¨Ö, ³Ò ¶μ² £ ¥³ ¸¢μ¡μ¤´Ò° Ô²¥±É·μ´ ¶²μ¸±μ° ¢μ²´μ°. ˆ´Ò³¨
¸²μ¢ ³¨, |Ψ−

α 〉 = |p, ϕg〉, g → (n, l, m). �¡μ§´ Î¨³ ÔÉÊ ¸Ê³³Ê ± ± TS21

(·¨¸. 1, ¤). ’μ£¤ 

TS21 =
∑

g

∫
d3x

(2π)3
4π

(p0 − ps − x)2
[Fg(x) − δn1] ϕg(q + x)

z − εg − (p0 − x)2

2
+ i0

4π

x2
. (2.42)

‚ (2.42)
Fg(x) =

∫
d3y

(2π)3
ϕ0(y)ϕ∗

g(y + x). (2.43)

‡ ³¥É¨³, ÎÉμ ÔÉμÉ ¨´É¥£· ² ´¥ · ¸Ìμ¤¨É¸Ö ¶·¨ ²Õ¡μ³ ´μ³¥·¥ g ¶·¨ z →
E+ i0, É ± ± ± ´μ²Ó §´ ³¥´ É¥²Ö ¶·¨ x = 0 ±μ³¶¥´¸¨·Ê¥É¸Ö ´Ê²¥³ Î¨¸²¨É¥²Ö.
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„ ²¥¥ ¢ ¸Ê³³¥ (2.38) ¸²¥¤Ê¥É ¢Ò¤¥²¨ÉÓ ¶·μ³¥¦ÊÉμÎ´Ò¥ ¸μ¸ÉμÖ´¨Ö ¸ ¤¢Ê³Ö
 ¸¨³¶ÉμÉ¨Î¥¸±¨ ¸¢μ¡μ¤´Ò³¨ Ô²¥±É·μ´ ³¨ (±μ´É¨´ÊÊ³). ’ ±¦¥ ¢´ Î ²¥ ¶μ-
²μ¦¨³ |Ψ−

α 〉 = |p, ϕ−(p′)〉 ¸ ¶μ¸²¥¤ÊÕÐ¥° § ³¥´μ° ±Ê²μ´μ¢¸±μ° ¢μ²´Ò ´ 
¶²μ¸±ÊÕ. ‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ¨³

TS22 = TS221 + TS222,

£¤¥

TS221 = −
∫

d3x
(2π)3

4π

(p0 − ps − x)2
ϕ0(q + x)

z − p2
e

2
− (ps + x)2

2
+ i0

4π

x2
(2.44)

¨

TS222 = ϕ0(q)
∫

d3x
(2π)3

4π

(p0 − ps − x)2
1

z − (ps + x)2

2
− (pe − x)2

2
+ i0

4π

x2
.

(2.45)
—²¥´Ò TS221 ¨ TS222 ¢ ¢¨¤¥ ¤¨ £· ³³ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 1, ¢, £. �¡  ¨´É¥-
£· ²  (2.44) ¨ (2.45) · ¸Ìμ¤ÖÉ¸Ö ´  Ô´¥·£¥É¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨.

’ ±¨³ μ¡· §μ³, ³Ò ¶μ¸É·μ¨²¨  ³¶²¨ÉÊ¤Ê T1(ps,pe; z) ¢ Ëμ·³Ê²¥ (2.36),
¨ μ´  · ¢´ 

T1(ps,pe; z) ≡ SBA = FBA + TS1 + TS21 + TS221 + TS222. (2.46)

‡ ³¥É¨³, ÎÉμ ¸² £ ¥³Ò¥ TS1, TS221 ¨ TS222 μÉ¢¥Î ÕÉ §  ¨¸± ¦¥´¨¥ ¶²μ¸±¨Ì
¢μ²´ ±μ´¥Î´ÒÌ Ô²¥±É·μ´μ¢ ¢¶²μÉÓ ¤μ ¢Éμ·μ£μ ¶μ·Ö¤±  ¨ ¢Ìμ¤ÖÉ ¸¨³³¥É·¨Î´Ò³
μ¡· §μ³ ¢μ ¢¸¥ É·¨ ± ´ ² . ‘² £ ¥³μ¥ TS21 ´¥¸¥É μ¶·¥¤¥²¥´´ÊÕ ¨´Ëμ·³ Í¨Õ
μ ¶·μÍ¥¸¸ Ì, ¸¢Ö§ ´´ÒÌ ¸ ´¥¶·Ö³Ò³¨ ±Ê²μ´μ¢¸±¨³¨ ¨¸± ¦¥´¨Ö³¨ ¢ ¸ ³μ³
 Éμ³¥ ¶μ¤ ¤¥°¸É¢¨¥³ ´ ²¥É ÕÐ¥£μ Ô²¥±É·μ´  (Éμ, ÎÉμ ¸¢Ö§ ´μ ¸ χ+(p0)). Š ±
¨ ¸²¥¤μ¢ ²μ μ¦¨¤ ÉÓ, SBA ¤ ¥É ¨´Ëμ·³ Í¨Õ, Ô±¢¨¢ ²¥´É´ÊÕ Ëμ·³Ê²¥ (2.31).
‚μ§³μ¦´μ, ÔÉ  ¨´Ëμ·³ Í¨Ö ³¥´ÓÏ¥ Éμ°, ±μÉμ· Ö ¸μ¤¥·¦¨É¸Ö ¢ (2.31), ´μ μ´ 
¡μ²¥¥ ±μ´±·¥É´  ¨ ´¥ μ¸É ¢²Ö¥É ¶·μ¨§¢μ²  ¢ É· ±Éμ¢±¥ ¨¸± ¦¥´´ÒÌ ¢μ²´.

	²¨§±¨¥ ¶μ ¤ÊÌÊ ¶·¥μ¡· §μ¢ ´¨Ö ¡Ò²¨ ¶·μ¢¥¤¥´Ò ¢ · ¡μÉ¥ [49], μ¤´ ±μ
É ³  ¢Éμ·Ò ´¥ ¸Éμ²±´Ê²¨¸Ó ¸ ¶·μ¡²¥³μ° · ¸Ìμ¤¨³μ¸É¥°, ¨¸¶μ²Ó§ÊÖ É ± ´ -
§Ò¢ ¥³μ¥ ±μ´É ±É´μ¥ ¶·¨¡²¨¦¥´¨¥ (closure approximation Å CA), ±μÉμ·μ¥
¸ÊÐ¥¸É¢¥´´μ ³¥´Ö¥É  ¸¨³¶ÉμÉ¨Î¥¸±μ¥ Ê¸²μ¢¨¥. �Éμ ¶·¨¡²¨¦¥´¨¥ ¶μ§¢μ²Ö¥É
μÍ¥´¨ÉÓ ¸·¥¤´¨° ¢±² ¤ ¶·μ³¥¦ÊÉμÎ´ÒÌ ¢μ§¡Ê¦¤¥´¨° ¢ ¸¥Î¥´¨¥ · ¸¸³ É·¨¢ -
¥³μ£μ ¶·μÍ¥¸¸ . „²Ö ÔÉμ£μ ¢ ¸Ê³³¥ (2.38) ¶·μ¨§¢¥¤¥³ § ³¥´Ê Eα → ε̄ > −0,5
¨ ÊÎÉ¥³ Ê¸²μ¢¨¥ ¶μ²´μÉÒ ¸μ¡¸É¢¥´´ÒÌ ËÊ´±Í¨° |Ψ−

α 〉∑
α

|Ψ−
α 〉〈Ψ−

α | = I.
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‚ ·¥§Ê²ÓÉ É¥ ÔÉ¨Ì ³ ´¨¶Ê²ÖÍ¨° ¸Ê³³  ¢ (2.38) ¸¢¥¤¥É¸Ö ± ¢Ò· ¦¥´¨Õ

∑
α

. . . =
∫

d3x
(2π)3

4π

(p0 − x)2
4π

(ps − x)2
1

E − ε̄ − x2/2 + i0
×

×
[ ∫

d3r1 ϕ̃−∗(pe, r1) ei(p0−ps)r1 ϕ̃0(r1)−

−
∫

d3r1 ϕ̃−∗(pe, r1) ei(x−ps)r1 ϕ̃0(r1)−

−
∫

d3r1 ϕ̃−∗(pe, r1) e−i(x−p0)r1 ϕ̃0(r1)
]

(2.47)

(É¨²Ó¤  §¤¥¸Ó μ§´ Î ¥É ±μμ·¤¨´ É´μ¥ ¶·¥¤¸É ¢²¥´¨¥ ±Ê²μ´μ¢¸±μ° ËÊ´±Í¨¨).
“Î¨ÉÒ¢ Ö, ÎÉμ ¨³¶Ê²Ó¸ pe ¡μ²ÓÏμ°, ¶μ²μ¦¨³ ¶·¨¡²¨¦¥´´μ ¢ (2.47) ±Ê²μ´μ¢-
¸±ÊÕ ¢μ²´Ê ¶²μ¸±μ° ¸ μ¤´μ¢·¥³¥´´μ° § ³¥´μ° x → (ps − x). ‚ ·¥§Ê²ÓÉ É¥
¶μ²ÊÎ ¥³

CA =
∫

d3x
(2π)3

4π

(p0 − ps − x)2
1

E − ε̄ − (ps + x)2

2
+ i0

4π

x2
×

× [ϕ0(q) − ϕ0(pe − x) − ϕ0(q + x)]. (2.48)

‚ ¨´É¥£· ²¥ (2.48) Ê¦¥ ´¥ ¢μ§´¨± ¥É ¶·μ¡²¥³  · ¸Ìμ¤¨³μ¸É¨, ¥¸²¨, ´ ¶·¨³¥·,
ε̄ ´ Ìμ¤¨É¸Ö £¤¥-Éμ ¢´ÊÉ·¨ ¤¨¸±·¥É´μ° Î ¸É¨ ±Ê²μ´μ¢¸±μ£μ ¸¶¥±É·  ¨²¨ ¤ ¦¥
Ö¢²Ö¥É¸Ö ´¥¡μ²ÓÏμ° ¶μ²μ¦¨É¥²Ó´μ° ¢¥²¨Î¨´μ°. �¥·¢Ò¥ ¤¢  Î²¥´  ¢ ±¢ ¤· É-
´ÒÌ ¸±μ¡± Ì ¢ (2.48) ¸μμÉ¢¥É¸É¢ÊÕÉ ¸Ê³³¥ ³¥Ì ´¨§³μ¢ TS21+TS222, Éμ£¤  ± ±
É·¥ÉÓ¥ ¸² £ ¥³μ¥ ¸μμÉ¢¥É¸É¢Ê¥É ³¥Ì ´¨§³Ê TS221.

‚ ±μ´É ±É´μ³ ¶·¨¡²¨¦¥´¨¨ ´¥μ¡Ìμ¤¨³μ ·¥£Ê²Ö·¨§μ¢ ÉÓ Éμ²Ó±μ ¸² £ ¥³μ¥
TS1(z):

tclos ≈ [1 − Re(z)] FBA + TS1(z) + CA, (2.49)

£¤¥

Re(z) = iηe ln (z − E) + ηe

(π

2
+ iC

)
− iηe ln (2p2

e).

2.5. � ¸Î¥É ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨°. �¡¸Ê¦¤¥´¨Ö. „²Ö · ¸Î¥Éμ¢
¨ μÍ¥´μ± ¢Ò¡· ´  ±¨´¥³ É¨±  ¨μ´¨§ Í¨μ´´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ ´  £¥²¨¥¢μ°
³¨Ï¥´¨, ¶·μ¢¥¤¥´´ÒÌ ´¥¤ ¢´μ £·Ê¶¶μ° Ö¶μ´¸±¨Ì ÊÎ¥´ÒÌ [63]. ‚ ÔÉ¨Ì Ô±¸¶¥-
·¨³¥´É Ì Ê£μ² ± ¦¤μ£μ Ô²¥±É·μ´  Ë¨±¸¨·μ¢ ²¸Ö · ¢´Ò³ 45◦ ¶μ μÉ´μÏ¥´¨Õ ±
´ ²¥É ÕÐ¥³Ê Ô²¥±É·μ´Ê. �·¨ ÔÉμ³ μ¤¨´ ¨§ ¤¥É¥±Éμ·μ¢ ±μ´¥Î´ÒÌ Ô²¥±É·μ´μ¢
¤¢¨£ ²¸Ö ¶μ ±·Ê£Ê ¶¥·¶¥´¤¨±Ê²Ö·´μ ± ¶²μ¸±μ¸É¨, μ¡· §μ¢ ´´μ° ¢¥±Éμ· ³¨
¸±μ·μ¸É¥° ´ Î ²Ó´μ£μ ¨ ¤·Ê£μ£μ ±μ´¥Î´μ£μ Ô²¥±É·μ´μ¢. ‚ ÔÉμ° ±¨´¥³ É¨±¥
p2

s = p2
e = 2Es, p2

0 = 2(2Es + ε0) ¨ Φ Å Ê£μ² ³¥¦¤Ê ¢¥±Éμ· ³¨ ps ¨ pe. �·¨
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ÔÉμ³

q2 = |p0 − ps − pe|2 = 4Es

(
cosΦ + 2 − 2

√
1 +

ε0

2Es
+

ε0

2Es

)
. (2.50)

“£μ² Φ ¸¢Ö§ ´ ¸ ¶μ²Ö·´Ò³ Ê£²μ³ α ¢ÒÌμ¤  ¢¥±Éμ·  Ô²¥±É·μ´  ¨§ ¶²μ¸±μ¸É¨
¸μμÉ´μÏ¥´¨¥³ cosΦ = 0,5(1− cosα), ¶·¨Î¥³ Ë §  ¢Ò¡· ´  É ±, ÎÉμ¡Ò ³¨´¨-
³ ²Ó´μ¥ §´ Î¥´¨¥ q ¤μ¸É¨£ ²μ¸Ó ¶·¨ Ê¸²μ¢¨¨, ±μ£¤  ¢¸¥ Ô²¥±É·μ´Ò · ¸¶μ²μ-
¦¥´Ò ¢ μ¤´μ° ¶²μ¸±μ¸É¨. �Éμ §´ Î¥´¨¥ ¸É·¥³¨É¸Ö ± ´Ê²Õ ¶·¨ Es → ∞, ´μ ¶·¨
±μ´¥Î´ÒÌ Es μ´μ ±μ´¥Î´μ. � ¶·¨³¥·, ¥¸²¨ Es � ε0, Éμ qmin ≈ ε0/(2

√
Es).

� ¢¥´¸É¢μ (2.50) ¤ ¥É ¸¢Ö§Ó ³¥¦¤Ê Ê£² ³¨ ¨ ¨³¶Ê²Ó¸μ³ q, ÎÉμ ¨¸¶μ²Ó§Ê¥É¸Ö ¢
· ¸Î¥É Ì · §²¨Î´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¶·¨ ¶μ²ÊÎ¥´¨¨ ¨³¶Ê²Ó¸´ÒÌ ¶·μ-
Ë¨²¥° ¢ ¶¥·¥³¥´´μ° q.

�  ·¨¸. 2Ä5, 9Ä12 [64] ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¢±² ¤μ¢ ± ± μÉ¤¥²Ó-
´ÒÌ ³¥Ì ´¨§³μ¢ ·¥ ±Í¨¨ ¨μ´¨§ Í¨¨ ¢μ¤μ·μ¤  ¢μ ¢Éμ·μ³ ¡μ·´μ¢¸±μ³ ¶·¨¡²¨-
¦¥´¨¨, É ± ¨ SBA ¢ Í¥²μ³. � ¸Î¥ÉÒ ¶·μ¢μ¤¨²¨¸Ó ¶·¨ Ô´¥·£¨¨ E = 2013,6 Ô‚
(¶μ 1 ±Ô‚ ´  ± ¦¤Ò° ±μ´¥Î´Ò° Ô²¥±É·μ´). ’ ±μ° ¢Ò¡μ· Ô´¥·£¨° ±μ´¥Î´ÒÌ
Ô²¥±É·μ´μ¢ É ±¦¥ μ¡Ê¸²μ¢²¥´ Ô±¸¶¥·¨³¥´É ³¨ [63].

�  ·¨¸. 2, 3 ¶·¥¤¸É ¢²¥´Ò μ¸´μ¢´Ò¥ ¶·¨¡²¨¦¥´¨Ö ¶¥·¢μ£μ ¶μ·Ö¤± : FBA
¨ PWIA. �μ¸±μ²Ó±Ê μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥  Éμ³  ¢μ¤μ·μ¤  Å ÔÉμ 1s-¸μ¸ÉμÖ´¨¥,
Éμ ¸¥Î¥´¨¥ Ö¢²Ö¥É¸Ö ±μ´¥Î´μ° ¢¥²¨Î¨´μ° ¶·¨ q → 0. ‚ ¸²ÊÎ ¥ ¢Ò¸Ï¨Ì
Ê£²μ¢ÒÌ ¸μ¸ÉμÖ´¨° Å p, d, f Å ¸¥Î¥´¨¥ ¸É·¥³¨²μ¸Ó ¡Ò ± ´Ê²Õ ¶·¨ ³ ²ÒÌ
q. ‚ ¢¨§Ê ²Ó´μ³ · §²¨Î¨¨ Ê£²μ¢ÒÌ ¶·μË¨²¥° ¨³¶Ê²Ó¸´ÒÌ · ¸¶·¥¤¥²¥´¨°
Ô²¥±É·μ´μ¢ ¢ ³¨Ï¥´¨ ¨ § ±²ÕÎ ¥É¸Ö ³¥Éμ¤¨Î¥¸± Ö ¸¨²  ³¥Éμ¤  Ô²¥±É·μ´´μ°
¨³¶Ê²Ó¸´μ° ¸¶¥±É·μ¸±μ¶¨¨.

�  ·¨¸. 4, 5 ¶·¥¤¸É ¢²¥´Ò · ¸Î¥ÉÒ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö, ±Ê¤  ´ -
·Ö¤Ê ¸ FBA ¢±²ÕÎ¥´Ò ¢±² ¤Ò ´¥±μÉμ·ÒÌ ³¥Ì ´¨§³μ¢ ¢Éμ·μ£μ ¶μ·Ö¤± : TS1,
TS221 ¨ TS222 (¨Ì ¸Ê³³  ¢³¥¸É¥ ¸ FBA μ¡μ§´ Î¥´  ± ± SBAsimple). �´¨ ¤μ-
¸É ÉμÎ´μ § ³¥É´μ § ¢ÒÏ ÕÉ FBA-· ¸Î¥ÉÒ ± ± ¶·¨ ³ ²ÒÌ, É ± ¨ ¶·¨ ¡μ²ÓÏ¨Ì
§´ Î¥´¨ÖÌ q, ÌμÉÖ ¨³¥¥É¸Ö μ¡² ¸ÉÓ 1,5 � q � 2,5, £¤¥ ±·¨¢Ò¥ ¶· ±É¨Î¥¸±¨
¸μ¢¶ ¤ ÕÉ. � ¶μ³´¨³, ÎÉμ ÔÉ¨ ³¥Ì ´¨§³Ò ¶·¨¢μ¤ÖÉ ± ¨¸± ¦¥´¨Õ ¶²μ¸±¨Ì
¢μ²´ ¡Ò¸É·ÒÌ Ô²¥±É·μ´μ¢ ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨. Œ¥Ì ´¨§³Ò TS221 ¨ TS1
μÉ¢¥Î ÕÉ §  ¨¸± ¦¥´¨¥ ¶²μ¸±μ° ¢μ²´Ò μ¤´μ£μ ¨§ ±μ´¥Î´ÒÌ Ô²¥±É·μ´μ¢ ¶μ²¥³
Ö¤· , Éμ£¤  ± ± TS222 μÉ¢¥Î ¥É §  ¨¸± ¦¥´¨¥ ¢μ²´ §  ¸Î¥É ¨Ì ±Ê²μ´μ¢¸±μ£μ
μÉÉ ²±¨¢ ´¨Ö. …¸²¨ ¢±² ¤ ÔÉμ£μ ³¥Ì ´¨§³  Ê³¥´ÓÏ ¥É ¸¥Î¥´¨¥ ¶μ ¸· ¢´¥´¨Õ
¸ FBA-· ¸Î¥É ³¨, Éμ ±Ê²μ´μ¢¸±μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¶·μÉμ´  ¨ Ô²¥±É·μ´μ¢ ¸Ê-
Ð¥¸É¢¥´´μ ¥£μ § ¢ÒÏ ¥É. �Éμ Ê¤¨¢¨É¥²Ó´μ, ¶μ¸±μ²Ó±Ê Ô´¥·£¨¨ Ô²¥±É·μ´μ¢
¤μ¸É ÉμÎ´μ ¢¥²¨±¨ (ps = pe ∼ 10), ÎÉμ¡Ò ¸Î¨É ÉÓ ±Ê²μ´μ¢¸±¨¥ ¶ · ³¥É·Ò
(¨²¨ ¶ · ³¥É·Ò ‡μ³³¥·Ë¥²Ó¤ ) ηi ¤μ¸É ÉμÎ´μ ³ ²Ò³¨.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¢ ¸²ÊÎ ¥  Éμ³  ¢μ¤μ·μ¤  ¨³¥¥É¸Ö ·Ö¤  ´ ²¨É¨Î¥-
¸±¨Ì É¥¸Éμ¢, ¶μ§¢μ²ÖÕÐ¨Ì ´¥ Éμ²Ó±μ ¶·μ¢¥·¨ÉÓ ± Î¥¸É¢μ Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢,
´μ ¨ ¸¤¥² ÉÓ μ¶·¥¤¥²¥´´Ò¥ ¢Ò¢μ¤Ò μ ± Î¥¸É¢¥ ¢Éμ·μ£μ ¡μ·´μ¢¸±μ£μ ¶·¨¡²¨-
¦¥´¨Ö ¢ ¸²ÊÎ ¥ ±Ê²μ´μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö Î ¸É¨Í. ‚¥·´¥³¸Ö ± ¶¥·¢μ³Ê
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�¨¸. 2. ’·¥Ì±· É´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ (TDCS) ±¢ §¨Ê¶·Ê£μ° ·¥ ±Í¨¨
H(e, 2e)H+ ± ± ËÊ´±Í¨Ö ¨³¶Ê²Ó¸  μÉ¤ Î¨ q ¢ ¶·¨¡²¨¦¥´¨ÖÌ FBA (¸¶²μÏ´ Ö ±·¨-
¢ Ö) ¨ PWIA (ÏÉ·¨Ìμ¢ Ö) ¢ ²¨´¥°´μ° Ï± ²¥. E0 = 2013,6 Ô‚

�¨¸. 3. ’μ ¦¥, ÎÉμ ´  ·¨¸. 2, ´μ ¢ ²μ£ ·¨Ë³¨Î¥¸±μ° Ï± ²¥

¸² £ ¥³μ³Ê ¢ (2.38). �ÉμÉ ³ É·¨Î´Ò° Ô²¥³¥´É ³μ¦¥É ¡ÒÉÓ ¢ÒÎ¨¸²¥´  ´ ²¨-
É¨Î¥¸±¨ (μ¡μ§´ Î¨³ ¥£μ ± ± CWBA Å Coulomb wave Born approximation):

CWBA = 〈ps, ϕ
−(pe)|v12|p0, ϕ0〉 =

= FBA e−πηe/2 Γ(1 + iηe)
[
Q2 + (1 − ipe)2

1 + q2

]iηe

×

×
[
1 + iηe

(
1 − (1 − ipe)(1 + q2)

(1 − ipe)2 + Q2

)]
. (2.51)



	����‚‘Šˆ‰ �Ÿ„ ‚ ’…��ˆˆ ˆ��ˆ‡�–ˆˆ �’�Œ� �‹…Š’����›Œ “„���Œ 639

�¨¸. 4. ’·¥Ì±· É´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ±¢ §¨Ê¶·Ê£μ° ·¥ ±Í¨¨ H(e, 2e)H+ ± ±
ËÊ´±Í¨Ö ¨³¶Ê²Ó¸  μÉ¤ Î¨ q ¢ ¶·¨¡²¨¦¥´¨ÖÌ FBA (ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö) ¨ SBAsimple =
FBA+ TS1+TS221+ TS222 (¸¶²μÏ´ Ö) ¢ ²¨´¥°´μ° Ï± ²¥. E0 = 2013,6 Ô‚

�¨¸. 5. ’μ ¦¥, ÎÉμ ´  ·¨¸. 4, ´μ ¢ ²μ£ ·¨Ë³¨Î¥¸±μ° Ï± ²¥

‚ Ëμ·³Ê²¥ (2.40) ηe = −1/pe. Œ É·¨Î´Ò° Ô²¥³¥´É PWIA É ±¦¥ ¢ÒÎ¨¸²Ö¥É¸Ö
 ´ ²¨É¨Î¥¸±¨:

PWIA = 〈eiPseR12ϕ̃−(pse, r12)|v12|p0, ϕ0〉 =

= FBAe−πηse/2 Γ(1 + iηse)
[
(1/4)(p0 − q)2 − p2

se

Q2

]iηse

, (2.52)

£¤¥ Pse = ps + pe, pse = (ps − pe)/2, ηse = 1/2pse.
�²μ¸±μ¢μ²´μ¢Ò¥ ¶·¨¡²¨¦¥´¨Ö ¢Éμ·μ£μ ¶μ·Ö¤±  ¢Ò· ¦¥´¨° (2.51) ¨ (2.52)

¶μ²ÊÎ ÕÉ¸Ö ¨Ì · §²μ¦¥´¨¥³ ¢ ·Ö¤ ’¥°²μ·  ¶μ ¶ · ³¥É· ³ ‡μ³³¥·Ë¥²Ó¤  ηe
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¨ ηse ¸μμÉ¢¥É¸É¢¥´´μ:

CWBA ≈ FBA
[
1 − πηe

2
− iCηe + iηe

(
1 − (1 − ipe)(1 + q2)

(1 − ipe)2 + Q2

)
+

+iηe ln
Q2 + (1 − ipe)2

1 + q2

]
, (2.53)

PWIA ≈ FBA
[
1 − πηse

2
− iCηse + iηse ln

(1/4)(p0 − q)2 − p2
se

Q2

]
. (2.54)

‡ ³¥É¨³, ÎÉμ  ¡¸μ²ÕÉ´μ É¥ ¦¥ ·¥§Ê²ÓÉ ÉÒ ¶μ²ÊÎ ÕÉ¸Ö ¢ ¸²ÊÎ ¥ ¶·¨³¥´¥´¨Ö
¶·μÍ¥¤Ê·Ò ·¥£Ê²Ö·¨§ Í¨¨ ¶·¨ z → E + i0:

CWBA ≈
(
1 − πηe

2
+ iAe − iCηe

)
FBA+

+ lim
z→E+i0

[TS1(z) − iηeFBA ln (z − E)], (2.55)

PWIA ≈
(
1 − πηse

2
+ iAse − iCηse

)
FBA+

+ lim
z→E+i0

[TS222(z) − iηseFBA ln (z − E)]. (2.56)

� ¶μ³´¨³, ÎÉμ Ë §Ò „μ²² ·¤  Ae = ηe ln (2p2
e) ¨ Ase = ηse ln (4p2

se). ˆ´-
É¥£· ²Ò TS1(z) ¨ TS222(z) μÉ´μ¸ÖÉ¸Ö ± É ± ´ §Ò¢ ¥³Ò³ ¨´É¥£· ² ³ É¨¶ 
‹ÓÕ¨¸  [65] ¨ ¢ÒÎ¨¸²ÖÕÉ¸Ö  ´ ²¨É¨Î¥¸±¨:

TS1(z → E + i0) = − 4π

Q2

∫
d3x

(2π)3
ϕ0(q + x)

z − p2
s

2
− (pe + x)2

2

4π

x2
=

= FBA iηe

[
1 − (1 − ipe)(1 + q2)

(1 − ipe)2 + Q2
+ ln

Q2 + (1 − ipe)2

1 + q2
+ ln

(z − E)
2p2

e

]
,

(2.57)

TS222(z → E + i0) =

= ϕ0(q)
∫

d3x

(2π)3
4π

(Q + x)2
1

z − E + 2psex− x2 + i0
4π

x2
=

= FBAiηse

[
ln

(1/4)(p0 − q)2 − p2
se

Q2
+ ln

(z − E)
4p2

se

]
. (2.58)
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�¨¸. 6. ’·¥Ì±· É´μ¥ ¤¨ËË¥·¥´Í¨-
 ²Ó´μ¥ ¸¥Î¥´¨¥ ±¢ §¨Ê¶·Ê£μ° ·¥ ±-
Í¨¨ H(e, 2e)H+ ± ± ËÊ´±Í¨Ö ¨³-
¶Ê²Ó¸  μÉ¤ Î¨ q ¢ ¸²ÊÎ ÖÌ ¶·¨¡²¨-
¦¥´¨Ö ¢Éμ·μ£μ ¶μ·Ö¤±  ± CWBA
(¢¥·Ì´ÖÖ ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö), ¶·¨-
¡²¨¦¥´¨° É·¥ÉÓ¥£μ (´¨¦´ÖÖ ÉμÎ¥Î-
´ Ö ±·¨¢ Ö) ¨ ¡μ²¥¥ ¢Ò¸μ±¨Ì ¶μ-
·Ö¤±μ¢ ± CWBA,   É ±¦¥ ÉμÎ´μ£μ
CWBA (´¨¦´¨¥ ±·¨¢Ò¥, ¶· ±É¨-
Î¥¸±¨ ´¥· §²¨Î¨³Ò¥ ´  ·¨¸Ê´±¥).
E0 = 2013,6 Ô‚

�¨¸. 7. ’·¥Ì±· É´μ¥ ¤¨ËË¥·¥´Í¨-
 ²Ó´μ¥ ¸¥Î¥´¨¥ ±¢ §¨Ê¶·Ê£μ° ·¥ ±-
Í¨¨ H(e, 2e)H+ ± ± ËÊ´±Í¨Ö ¨³-
¶Ê²Ó¸  μÉ¤ Î¨ q ¢ ¸²ÊÎ ÖÌ ¶·¨-
¡²¨¦¥´¨Ö ¢Éμ·μ£μ ¶μ·Ö¤±  ± PWIA
(¢¥·Ì´ÖÖ ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö), ¶·¨-
¡²¨¦¥´¨° É·¥ÉÓ¥£μ (´¨¦´ÖÖ ÉμÎ¥Î-
´ Ö ±·¨¢ Ö) ¨ ¡μ²¥¥ ¢Ò¸μ±¨Ì ¶μ·Ö¤-
±μ¢ ± PWIA,   É ±¦¥ ÉμÎ´μ£μ PWIA
(´¨¦´¨¥ ±·¨¢Ò¥, ¶· ±É¨Î¥¸±¨ ´¥-
· §²¨Î¨³Ò¥ ´  ·¨¸Ê´±¥). E0 =
2013,6 Ô‚

� ¸±² ¤Ò¢ Ö ¢Ò· ¦¥´¨Ö (2.51) ¨ (2.52) ¤ ²¥¥ ¶μ ¶ · ³¥É· ³ ‡μ³³¥·-
Ë¥²Ó¤ , ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¢Ò¸Ï¨¥ ¡μ·´μ¢¸±¨¥ ¶·¨¡²¨¦¥´¨Ö. �¥§Ê²ÓÉ ÉÒ · ¸-
Î¥Éμ¢ ÔÉ¨Ì ¶·¨¡²¨¦¥´¨° ¶·¨¢¥¤¥´Ò ´  ·¨¸. 6, 7 [66]. Š·¨¢Ò¥ ¤¨ËË¥·¥´Í¨-
 ²Ó´μ£μ ¸¥Î¥´¨Ö ¢ ¶·¨¡²¨¦¥´¨ÖÌ FBA ¨ CWBA ¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ÕÉ ¢
¤μ¸É ÉμÎ´μ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ ¨³¶Ê²Ó¸μ¢ μÉ¤ Î¨ q. ’μ ¦¥ ³μ¦´μ ¸± § ÉÓ
¨ μ ¶·¨¡²¨¦¥´¨ÖÌ, ´ Î¨´ Ö ¸ É·¥ÉÓ¥£μ. ‡ ³¥É´μ μÉ²¨Î ¥É¸Ö Éμ²Ó±μ ¢Éμ·μ¥
¡μ·´μ¢¸±μ¥ ¶·¨¡²¨¦¥´¨¥ (!). ’ ± Ö ¦¥ ± ·É¨´  ´ ¡²Õ¤ ¥É¸Ö ¨ ¢ ¸²ÊÎ ¥ ¨³-
¶Ê²Ó¸´μ£μ ¶·¨¡²¨¦¥´¨Ö. ˆ§ ÔÉμ£μ ¸²¥¤Ê¥É ¶ · ¤μ±¸ ²Ó´Ò° ¢Ò¢μ¤, ÎÉμ ÊÎ¥É
³¥Ì ´¨§³μ¢ ¨¸± ¦¥´¨Ö ¢μ²´ Éμ²Ó±μ ¢ · ³± Ì SBA ´¥ Ê²ÊÎÏ ¥É,   ÊÌÊ¤Ï ¥É
·¥§Ê²ÓÉ ÉÒ. �ÉμÉ ´¥£ É¨¢´Ò° ÔËË¥±É ¢¸¥Í¥²μ ¸²¥¤Ê¥É μÉ´¥¸É¨ ± ± Î¥¸É¢Ê
¶·¨¡²¨¦¥´¨Ö ±Ê²μ´μ¢¸±μ° ËÊ´±Í¨¨ ´¥¶·¥·Ò¢´μ£μ ¸¶¥±É·  ¶²μ¸±μ° ¢μ²´μ°:
¤²Ö ÔÉμ£μ ¤¢ÊÌ Î²¥´μ¢ ·Ö¤  ’¥°²μ·  Ö¢´μ ´¥¤μ¸É ÉμÎ´μ.

‹Õ¡μ¶ÒÉ´μ, ÎÉμ ¶μÌμ¦¨° ·¥§Ê²ÓÉ É ¤ ¥É ¨¸¶μ²Ó§μ¢ ´¨¥ ¢ Ëμ·³Ê²¥ (2.25)
É ± ´ §Ò¢ ¥³μ° ËÊ´±Í¨¨ BBK (¨²¨ 3C) [15] ¢ ± Î¥¸É¢¥ ±μ´¥Î´μ£μ
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¸μ¸ÉμÖ´¨Ö:

Ψ−
3C(ps,pe; r1, r2) = e−ipser12 ϕ̃−(ps, r1)ϕ̃−(pe, r2)ϕ̃−(pse, r12). (2.59)

	Ê¤ÊÎ¨ · §²μ¦¥´  ¢ ·Ö¤ ¶μ ±Ê²μ´μ¢¸±¨³ Î¨¸² ³ ¤μ ¶¥·¢μ£μ ¶μ·Ö¤±  ¢±²ÕÎ¨-
É¥²Ó´μ, ËÊ´±Í¨Ö (2.59) ¤ ¥É ¢ ÉμÎ´μ¸É¨ FBA +SBAsimple. ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥
· ¸Î¥ÉÒ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 8 (¢Ò¶μ²´¥´Ò Š. „ ²Ó Š ¶¶¥²²μ). Š ± ¢¨¤´μ,
¶·¨³¥´¥´¨¥ ËÊ´±Í¨¨ BBK ¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ¥É ¸ FBA-· ¸Î¥É ³¨.

‚±² ¤Ò ¶·μ³¥¦ÊÉμÎ´ÒÌ ¢μ§¡Ê¦¤¥´¨° n = 1, 2 (·¨¸. 9, 10) ¶· ±É¨Î¥¸±¨ ´¥
³¥´ÖÕÉ ¸¥Î¥´¨¥ ¶·¨ ´¥¡μ²ÓÏ¨Ì q. ‚ Éμ ¦¥ ¢·¥³Ö ÊÎ¥É 2s- ¨ 2p-¢μ²´ ¸ÊÐ¥-
¸É¢¥´´μ ¶·μÖ¢²Ö¥É ¸¥¡Ö ¶·¨ ¸·¥¤´¨Ì ¨³¶Ê²Ó¸ Ì q. � ¶μ³´¨³, ÎÉμ ¢±² ¤Ò ¶·μ-
³¥¦ÊÉμÎ´ÒÌ ¢μ§¡Ê¦¤¥´¨° μ¡ÒÎ´μ ¸¢Ö§Ò¢ ÕÉ ¸ ·¥ ±Í¨¥° ´¥°É· ²Ó´μ£μ  Éμ³ 

�¨¸. 8. ’·¥Ì±· É´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ±¢ §¨Ê¶·Ê£μ° ·¥ ±Í¨¨ H(e, 2e)H+

± ± ËÊ´±Í¨Ö ¨³¶Ê²Ó¸  μÉ¤ Î¨ q ¢ ¶·¨¡²¨¦¥´¨ÖÌ FBA (¸¶²μÏ´ Ö ±·¨¢ Ö) ¨ BBK
(ÏÉ·¨Ìμ¢ Ö). E0 = 2013,6 Ô‚
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�¨¸. 9. ’·¥Ì±· É´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ±¢ §¨Ê¶·Ê£μ° ·¥ ±Í¨¨ H(e, 2e)H+

± ± ËÊ´±Í¨Ö ¨³¶Ê²Ó¸  μÉ¤ Î¨ q ¢ ¶·¨¡²¨¦¥´¨ÖÌ FBA, FBA+1s (´¨¦´¨¥ ±·¨¢Ò¥,
¶· ±É¨Î¥¸±¨ ´¥· §²¨Î¨³Ò¥ ´  ·¨¸Ê´±¥), SBAsimple (¢¥·Ì´ÖÖ ¸¶²μÏ´ Ö ±·¨¢ Ö) ¨
SBAsimple+1s+2s+2p (¢¥·Ì´ÖÖ ÉμÎ¥Î´ Ö ±·¨¢ Ö) ¢ ²¨´¥°´μ° Ï± ²¥. E0 = 2013,6 Ô‚

�¨¸. 10. ’μ ¦¥, ÎÉμ ´  ·¨¸. 9, ´μ ¢ ²μ£ ·¨Ë³¨Î¥¸±μ° Ï± ²¥

´  ¶μ¤²¥É ÕÐ¨° Ô²¥±É·μ´, ¨ ¶·¥¦¤¥ ¢¸¥£μ ¸ ¶μ²Ö·¨§ Í¨¥°  Éμ³ , ±μÉμ· Ö ± ±
· § ¨ μ¶¨¸Ò¢ ¥É¸Ö 2p-¢μ§¡Ê¦¤¥´¨¥³. ˆ³¥´´μ ¶·μ³¥¦ÊÉμÎ´Ò° ¶¥·¥Ìμ¤ 1s →
2p Ö¢²Ö¥É¸Ö ¤μ³¨´¨·ÊÕÐ¨³ ¶·¨ ËμÉμ¨μ´¨§ Í¨¨. ‚ ¸²ÊÎ ¥ (e, 2e)-·¥ ±Í¨¨ ¶·¨
¡μ²ÓÏ¨Ì ´ Î ²Ó´ÒÌ Ô´¥·£¨ÖÌ ¶·μ³¥¦ÊÉμÎ´Ò¥ ¶¥·¥Ìμ¤Ò 1s → ns (n � 2) ´¥
§ ¶·¥Ð¥´Ò. �¤´ ±μ, ± ± ¶μ± §Ò¢ ÕÉ · ¸Î¥ÉÒ, ¢ ¸²ÊÎ ¥ ¢Ò¡· ´´μ° ±¢ §¨-
¸¨³³¥É·¨Î´μ° £¥μ³¥É·¨¨ μ´¨ ´¥ ¤ ÕÉ § ³¥É´μ£μ ¢±² ¤  ¢ SBA ¶· ±É¨Î¥¸±¨
¢μ ¢¸¥³ ¤¨ ¶ §μ´¥ ¨§³¥´¥´¨Ö ¨³¶Ê²Ó¸  q, ± ±, ¢¶·μÎ¥³, ¨ ¶¥·¥Ìμ¤ 1s → 2p.
‹¨ÏÓ Ê¶·Ê£¨° ± ´ ² ¢ ¶·μ³¥¦ÊÉμÎ´μ³ ¸μ¸ÉμÖ´¨¨ ¤ ¥É § ³¥É´Ò° ¢±² ¤ ¶·¨
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�¨¸. 11. ’·¥Ì±· É´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ±¢ §¨Ê¶·Ê£μ° ·¥ ±Í¨¨ H(e, 2e)H+

± ± ËÊ´±Í¨Ö ¨³¶Ê²Ó¸  μÉ¤ Î¨ q ¢ ¶·¨¡²¨¦¥´¨ÖÌ FBA (´¨¦´ÖÖ ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö), ¢
±μ´É ±É´μ³ ¶·¨¡²¨¦¥´¨¨ ¶·¨ §´ Î¥´¨ÖÌ ε̄ = −0,2, ε̄ = 3, ε̄ = 10 (¸·¥¤´¨¥ ±·¨¢Ò¥,
¶· ±É¨Î¥¸±¨ ´¥· §²¨Î¨³Ò¥ ´  ·¨¸Ê´±¥) ¨ ¢ ¶·¨¡²¨¦¥´¨¨ SBAsimple + 1s + 2s + 2p
(¢¥·Ì´ÖÖ ¸¶²μÏ´ Ö ±·¨¢ Ö) ¢ ²¨´¥°´μ° Ï± ²¥. E0 = 2013,6 Ô‚

�¨¸. 12. ’μ ¦¥, ÎÉμ ´  ·¨¸. 11, ´μ ¢ ²μ£ ·¨Ë³¨Î¥¸±μ° Ï± ²¥

q > 3, ÎÉμ μ¡ÒÎ´μ ¸¢Ö§Ò¢ ÕÉ ¸ ¨¸± ¦¥´¨¥³ ¶²μ¸±μ° ¢μ²´Ò ¶ ¤ ÕÐ¥£μ Ô²¥±-
É·μ´  ¢ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨ §  ¸Î¥É ³´μ£μÎ ¸É¨Î´ÒÌ ÔËË¥±Éμ¢ [48].

�  ·¨¸. 11, 12 ¶·¥¤¸É ¢²¥´Ò · ¸Î¥ÉÒ SBA ¢ ±μ´É ±É´μ³ ¶·¨¡²¨¦¥´¨¨.
‚ ¤ ´´μ° ¢¥·¸¨¨ ±μ´É ±É´μ£μ ¶·¨¡²¨¦¥´¨Ö · ¸¸³ É·¨¢ ¥É¸Ö ¨¸± ¦¥´¨¥ ¶²μ¸-
±μ° ¢μ²´Ò ¶ ¤ ÕÐ¥£μ Ô²¥±É·μ´  ¶μ²¥³ ¶·μÉμ´  ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨, ± ±μ-
Éμ·μ³Ê ¤μ¡ ¢²Ö¥É¸Ö Ê¸·¥¤´¥´´Ò° ÔËË¥±É ¶·μ³¥¦ÊÉμÎ´ÒÌ ¢μ§¡Ê¦¤¥´¨° ¸μ-
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£² ¸´μ Ëμ·³Ê²¥ (2.36). ‚  Éμ³´ÒÌ ¥¤¨´¨Í Ì ¢¥²¨Î¨´  ε̄ ³μ¦¥É ¨§³¥´ÖÉÓ¸Ö ¢
¶·¥¤¥² Ì μÉ −0,5 ¤μ +∞. Š ± ¸²¥¤Ê¥É ¨§ · ¸Î¥Éμ¢, ±·¨¢Ò¥ ¸¥Î¥´¨Ö ¶· ±É¨Î¥-
¸±¨ ¸μ¢¶ ¤ ÕÉ ¶·¨ ´¥¡μ²ÓÏ¨Ì q ¢ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ ¨§³¥´¥´¨Ö ¶ · ³¥É· 
ε̄ ¨ · ¸¶μ²μ¦¥´Ò ¡²¨¦¥ ± FBA, Î¥³ ± SBA. ‚ Éμ ¦¥ ¢·¥³Ö · §²¨Î¨Ö ¶·¨
¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ q ¸É ´μ¢ÖÉ¸Ö ¢¸¥ ¡μ²¥¥ § ³¥É´Ò. �·¨ ¤¢¨¦¥´¨¨ ®¸·¥¤´¥°
ÉμÎ±¨¯ ε̄ ¶μ ¸¶¥±É·Ê ¶·μ³¥¦ÊÉμÎ´ÒÌ ¢μ§¡Ê¦¤¥´¨° ¸¥Î¥´¨¥ ¢¸¥ ¡μ²¥¥ ¸³¥Ð -
¥É¸Ö ¢ ¸Éμ·μ´Ê FBA, ÎÉμ, ´  ´ Ï ¢§£²Ö¤, Ö¢²Ö¥É¸Ö ¶μ§¨É¨¢´Ò³ ¤²Ö ¤ ´´μ£μ
¤μ¸É ÉμÎ´μ £·Ê¡μ£μ ¶·¨¡²¨¦¥´¨Ö. �·¨ ÔÉμ³ ´¥ ¸²¥¤Ê¥É § ¡Ò¢ ÉÓ, ÎÉμ ¸ ³μ
¸¥Î¥´¨¥ ¶μÎÉ¨ ´  4 ¶μ·Ö¤±  ³¥´ÓÏ¥ ¢ ±μ´Í¥ ¤¨ ¶ §μ´  ¨³¶Ê²Ó¸μ¢ q, Î¥³
¢ ´ Î ²¥. ‚ Í¥²μ³ ±μ´É ±É´μ¥ ¶·¨¡²¨¦¥´¨¥ ¢¸¥ ¦¥ ¡²¨¦¥ · ¸¶μ²μ¦¥´μ ±
FBA, Î¥³ ± FBA + SBAsimple ¶·¨ ´¥¡μ²ÓÏ¨Ì q, ÎÉμ £μ¢μ·¨É μ ¶μ²¥§´μ¸É¨
¥£μ ¨¸¶μ²Ó§μ¢ ´¨Ö ¢ ¶· ±É¨Î¥¸±¨Ì · ¸Î¥É Ì. 	μ²¥¥ Éμ£μ, ¥¸²¨ ÊÎ¥¸ÉÓ ´¥£ -
É¨¢´μ¥ ¢²¨Ö´¨¥ ¢±² ¤  TS1 (¸³. ·¨¸. 6) ¢ ¶μ²´μ¥ ¨¸± ¦¥´¨¥ ¶²μ¸±μ° ¢μ²´Ò
¶ ¤ ÕÐ¥£μ Ô²¥±É·μ´ , Éμ, ¶μ ¢¸¥° ¢¨¤¨³μ¸É¨, ¸²¥¤Ê¥É μ¦¨¤ ÉÓ ¤μ¸É ÉμÎ´μ
³ ²μ£μ ¢±² ¤  Î²¥´  CA ¢ ¸¥Î¥´¨¥ ¶·¨ ³ ²ÒÌ q, ÎÉμ ¸μ£² ¸Ê¥É¸Ö ¸ · ¸Î¥É ³¨,
¶·¥¤¸É ¢²¥´´Ò³¨ ´  ·¨¸. 9.

2.6. ‡ ±²ÕÎ¥´¨¥ ± · §¤. 2. ‘Ëμ·³Ê²¨·Ê¥³ ±· É±μ ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´-
´Ò¥ ¢ · §¤. 2.

1. �  ±μ´±·¥É´μ³ ¶·¨³¥·¥ ±¢ §¨Ê¶·Ê£μ° ·¥ ±Í¨¨ H +e →H+ + 2e ¶μ-
± § ´  ¢μ§³μ¦´μ¸ÉÓ ·¥£Ê²Ö·¨§ Í¨¨ ¸¨´£Ê²Ö·´ÒÌ ¨´É¥£· ²μ¢, μ¶¨¸Ò¢ ÕÐ¨Ì
¢Ò¸Ï¨¥ ¡μ·´μ¢¸±¨¥ Î²¥´Ò, ÎÉμ μ¡¥¸¶¥Î¨¢ ¥É¸Ö μ¡Ð¥° É¥μ·¨¥° · ¸¸¥Ö´¨Ö ´¥-
¸±μ²Ó±¨Ì § ·Ö¦¥´´ÒÌ Î ¸É¨Í. �·μ¨§¢¥¤¥´ Î¨¸²¥´´Ò° · ¸Î¥É ¤¨ËË¥·¥´Í¨-
 ²Ó´μ£μ ¸¥Î¥´¨Ö ÔÉμ° ·¥ ±Í¨¨ ¢μ ¢Éμ·μ³ ¶μ·Ö¤±¥ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°.

2. ’¥μ·¨Ö ·¥£Ê²Ö·¨§ Í¨¨ · ¸Ìμ¤ÖÐ¨Ì¸Ö ¨´É¥£· ²μ¢ ·Ö¤  ¢μ§³ÊÐ¥´¨° ¤ ¥É
·¥§Ê²ÓÉ É, ¸μ¢¶ ¤ ÕÐ¨° ¸ · §²μ¦¥´¨¥³ ¢ ·Ö¤ ’¥°²μ·  ¶μ ¶ · ³¥É· ³ ‡μ³³¥·-
Ë¥²Ó¤  ¢ É¥Ì ¸²ÊÎ ÖÌ, £¤¥ ¢μ§³μ¦´Ò  ´ ²¨É¨Î¥¸±¨¥ ·¥Ï¥´¨Ö.

3. “Î¥É ¶·μ³¥¦ÊÉμÎ´μ£μ ±μ´É¨´ÊÊ³  ¶·¨ · ¸Î¥É Ì ÔËË¥±Éμ¢ ¢Éμ·μ£μ ¶μ-
·Ö¤±  ÊÌÊ¤Ï ¥É ± Î¥¸É¢μ ¶·¨¡²¨¦¥´¨Ö ¢ ¸²ÊÎ ¥ ¶·μÍ¥¸¸μ¢ ±¢ §¨Ê¶·Ê£μ£μ ¢Ò-
¡¨¢ ´¨Ö ¶·¨ ´¥  ¸¨³¶ÉμÉ¨Î¥¸±¨ ¡μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ¸Éμ²±´μ¢¥´¨Ö, ÎÉμ ¶·μ¤¥-
³μ´¸É·¨·μ¢ ´μ ´  É¥¸Éμ¢ÒÌ ¶·¨³¥· Ì. ’·¥¡Ê¥É¸Ö ¶·¨´¨³ ÉÓ ¢μ ¢´¨³ ´¨¥ ± ±
³¨´¨³Ê³ ÔËË¥±ÉÒ É·¥ÉÓ¥£μ ¶μ·Ö¤± , ²¨¡μ ¶·μ¢μ¤¨ÉÓ · ¸Î¥ÉÒ ¸ ¨¸± ¦¥´´Ò³¨
¢μ²´ ³¨, ²¨¡μ. . . ¢μ¢¸¥ ´¥ ÊÎ¨ÉÒ¢ ÉÓ ³¥Ì ´¨§³Ò TS1, TS221 ¨ TS222 ¶·¨ ´¥-
¡μ²ÓÏ¨Ì ¨³¶Ê²Ó¸ Ì q. �μ¸²¥¤´ÖÖ £¨¶μÉ¥§  ²¥£²  ¢ μ¸´μ¢Ê ¢Ò¡μ·  · ¸Î¥É´μ°
¸Ì¥³Ò ¢ · ¡μÉ¥ [67].

4. �·¨ ´ Î ²Ó´μ° Ô´¥·£¨¨ ∼ 2 ±Ô‚ ÊÎ¥É ¶·μ³¥¦ÊÉμÎ´ÒÌ ¢μ§¡Ê¦¤¥´¨°
¤¨¸±·¥É´ÒÌ ¸μ¸ÉμÖ´¨°  Éμ³  ´¥§´ Î¨É¥²Ó´μ ¢²¨Ö¥É ´  Ìμ¤ ±·¨¢μ° ¤¨ËË¥·¥´-
Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ¶·¨ ´¥¡μ²ÓÏ¨Ì ¨³¶Ê²Ó¸ Ì μÉ¤ Î¨ q, μ¤´ ±μ ¸É ´μ¢¨É¸Ö
§ ³¥É¥´ ¶·¨ ·μ¸É¥ q ¢ μ¸´μ¢´μ³ §  ¸Î¥É Ê¶·Ê£μ£μ ¶¥·¥· ¸¸¥Ö´¨Ö ´  Ëμ´¥
¸ÊÐ¥¸É¢¥´´μ£μ Ê¡Ò¢ ´¨Ö ¸ ³μ£μ ¸¥Î¥´¨Ö, · ¸¸Î¨É ´´μ£μ ¢ FBA. �Éμ ¶μ¤É¢¥·-
¦¤ ¥É ¸¶· ¢¥¤²¨¢μ¸ÉÓ ³μ¤¥²¨ ®§ ³μ·μ¦¥´´μ£μ ±μ· ¯ ¶·¨ ¡μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ
¸Éμ²±´μ¢¥´¨Ö ¨ ´¥¡μ²ÓÏ¨Ì ¨³¶Ê²Ó¸ Ì μÉ¤ Î¨.
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5. Šμ´É ±É´μ¥ ¶·¨¡²¨¦¥´¨¥ ²ÊÎÏ¥ ¶·¨¡²¨¦ ¥É ± FBA, Î¥³ ¶·μ¸Éμ SBA
¢ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ ¨³¶Ê²Ó¸μ¢ q ¨ ¶ · ³¥É·μ¢ ε̄.

Œμ¦´μ ¸Ëμ·³Ê²¨·μ¢ ÉÓ ¨ ¥Ð¥ μ¤¨´ ¢ ¦´Ò° ¢Ò¢μ¤ μ Éμ³, ÎÉμ Ô´¥·£¨Ö
1 ±Ô‚ ´  Ê²¥É ÕÐ¨° Ô²¥±É·μ´ ¤μ¸É ÉμÎ´ , ¶μ ±· °´¥° ³¥·¥ ¤²Ö ¢μ¤μ·μ¤ ,
ÎÉμ¡Ò £μ¢μ·¨ÉÓ μ ¶μ¤ ¢²ÖÕÐ¥³ ¤μ³¨´¨·μ¢ ´¨¨ ¶¥·¢μ£μ ¡μ·´μ¢¸±μ£μ ¶·¨-
¡²¨¦¥´¨Ö FBA, ±μÉμ·μ¥ ´¥¸¥É μ¸´μ¢´ÊÕ ¨´Ëμ·³ Í¨Õ μ ¢μ²´μ¢μ° ËÊ´±Í¨¨
³¨Ï¥´¨, ¢¶²μÉÓ ¤μ q ≈ 2. �·¨ ¡�μ²ÓÏ¨Ì ¨³¶Ê²Ó¸ Ì q ¸²¥¤Ê¥É ÊÎ¨ÉÒ¢ ÉÓ ¨¸± -
¦¥´¨¥ ¢μ²´, ¢±²ÕÎ Ö Ê¶·Ê£μ¥ ¶¥·¥· ¸¸¥Ö´¨¥ ¶ ¤ ÕÐ¥£μ Ô²¥±É·μ´  ´  ³¨Ï¥´¨
(±·¨¢ Ö FBA +1s ´  ·¨¸. 10), ÎÉμ, ¢¶·μÎ¥³, ¨ ¤¥² ¥É¸Ö ¢ ¡μ²ÓÏ¨´¸É¢¥ · ¸Î¥Éμ¢
¶μ ³¥Éμ¤Ê ¨¸± ¦¥´´ÒÌ ¢μ²´.

�¢Éμ·Ò ¢Ò· ¦ ÕÉ £²Ê¡μ±ÊÕ ¡² £μ¤ ·´μ¸ÉÓ ‘.ˆ. ‚¨´¨Í±μ³Ê ¨
Š. „ ²Ó Š ¶¶¥²²μ §  ¶μ³μÐÓ ¨ ¶μ¸ÉμÖ´´μ¥ ¢´¨³ ´¨¥ ± · ¡μÉ¥. �¤¨´ ¨§  ¢Éμ-
·μ¢ (�. ‚.) ¢Ò· ¦ ¥É ¶·¨§´ É¥²Ó´μ¸ÉÓ Ëμ´¤Ê ´¥±μ³³¥·Î¥¸±¨Ì ¶·μ£· ³³ ®„¨-
´ ¸É¨Ö¯ §  ³´μ£μ²¥É´¥¥ ¸¶μ´¸μ·¸É¢μ ¨¸¸²¥¤μ¢ ´¨° ¶μ ¶·μ£· ³³ ³ ¶μ¤¤¥·¦±¨
¸ÉÊ¤¥´Éμ¢,  ¸¶¨· ´Éμ¢ ¨ ³μ²μ¤ÒÌ ÊÎ¥´ÒÌ. � ¡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¯,   É ±¦¥ £· ´É  �””ˆ
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¥°¯.

��ˆ‹�†…�ˆ…

�μ¤¸É ¢¨³ ¶·¥¤¸É ¢²¥´¨¥ (2.24) ¢ (2.22) ¨ ¶¥·¥¶¨Ï¥³ Ê· ¢´¥´¨¥ ¢ ¢¨¤¥

(z − p2
s/2 − p2

e/2)iη(ps, pe)r(ps,pe; z) + R̃(ps,pe; z) = 1+

+r(ps,pe; z)
∫

d3ks

(2π)3
d3ke

(2π)3
〈ps,pe|W |ks,ke〉(z−k2

s/2−k2
e/2)−1+iη(ps, pe)+

+
∫

d3ks

(2π)3
d3ke

(2π)3
〈ps,pe|W |ks,ke〉
(z − k2

s/2 − k2
e/2)

[
r(ks,ke; z)(z − k2

s/2 − k2
e/2)iη(ks, ke)−

− r(ps,pe; z)(z − k2
s/2 − k2

e/2)iη(ps, pe)
]
+

+
∫

d3ks

(2π)3
d3ke

(2π)3
〈ps,pe|W |ks,ke〉
(z − k2

s/2 − k2
e/2)

R̃(ks,ke; z). (�.1)

Œ É·¨Î´Ò° Ô²¥³¥´É 〈ps,pe|W |ks,ke〉 ¢±²ÕÎ ¥É ¸Ê³³Ê É·¥Ì μ¤´μÉ¨¶´ÒÌ Î²¥-
´μ¢. � ¸¸³μÉ·¨³ μ¤¨´ ¨§ ´¨Ì:

〈ps,pe|v1N |ks,ke〉 = (2π)3δ(pe − ke)
−4π

|ps − ks|2
(�.2)
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¨ ¢ÒÎ¨¸²¨³ ¡ §μ¢Ò° ¨´É¥£· ²

Ie =
∫

d3ks

(2π)3
−4π

|ps − ks|2
(z − p2

s/2 − k2
e/2)−1+iη. (�.3)

„¥² ¥³ § ³¥´Ê ¶¥·¥³¥´´ÒÌ ks = ps − x ¨, ¢ÒÎ¨¸²ÖÖ É·¨¢¨ ²Ó´Ò° ¨´É¥£· ²
¶μ Ê£²μ¢Ò³ ¶¥·¥³¥´´Ò³, ¶μ²ÊÎ¨³

Ie =
−1

iπpeη

∞∫
0

dx

x

[(
z − E + pex − x2

2

)iη

−
(

z − E − pex − x2

2

)iη
]

=

= − (p2
e/2)iη

iπpeη

∞∫
−∞

dx

x
(γ + 2x − x2)iη; γ =

z − E

p2
e/2

; Im γ > 0. (�.4)

‚μ¸¶μ²Ó§Ê¥³¸Ö ¨§¢¥¸É´Ò³ ¶·¥μ¡· §μ¢ ´¨¥³

1
Γ(α)

∞∫
0

t−1+αe−txdt = x−α; Rex > 0; Re α > 0.

’μ£¤ 

Ie = −2
(p2

e/2)iη

πpeη

e−πη/2

Γ(−iη)

∞∫
0

t−1−iη eiγt dt

∞∫
0

dx

x
e−ix2t sin (2xt). (�.5)

ˆ´É¥£· ² ¶μ x · ¢¥´
√

te−π/4
1F1(1/2, 3/2; it), ¨ (�.5) ¶·¥¢· Ð ¥É¸Ö ¢

Ie = −2
(p2

e/2)iη

√
iπpeη

e−πη/2

Γ(−iη)

∞∫
0

t−1/2−iη eiγt
1F1

(
1
2
,
3
2
; it

)
dt. (�.6)

ˆ´É¥£· ² ¶μ t μÉ´μ¸¨É¸Ö ± É ¡²¨Î´Ò³

∞∫
0

dρ e−βρρν
1F1(α, γ; λρ) =

Γ(ν + 1)
βν+1 2F1

(
ν + 1, α; γ;

λ

β

)
; Re β > Reλ,

¨ ¢ ·¥§Ê²ÓÉ É¥ ¢ÒÎ¨¸²¥´¨°

Ie = −2
(p2

e/2)iη

√
πpeη

Γ(1/2 − iη)
Γ(−iη)

γ−1/2+iη
2F1

(
1
2
− iη,

1
2
;
3
2
;− 1

γ

)
. (�.7)
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ˆ¸¶μ²Ó§ÊÖ Ëμ·³Ê²Ê ¶·¥μ¡· §μ¢ ´¨Ö £¨¶¥·£¥μ³¥É·¨Î¥¸±μ° ËÊ´±Í¨¨ ¶·¨ μ¡· -
Ð¥´¨¨  ·£Ê³¥´É , ¶μ²ÊÎ¨³ μ±μ´Î É¥²Ó´μ

Ie =
ηe

η

[
(z − E)iη − (p2

e/2)iη

√
π

Γ(1/2 − iη)
Γ(1 − iη) 2F1

(
1
2
− iη,−iη; 1 − iη; γ

)]
.

(�.8)
�·μ¨§¢μ¤Ö  ´ ²μ£¨Î´Ò¥ · ¸Î¥ÉÒ ¤²Ö ¤·Ê£¨Ì ¶μÉ¥´Í¨ ²μ¢ ¢ ¸Ê³³¥ W , ¶μ²ÊÎ¨³
¶·¨ z → E + i0

Ie + Is + Ise ≈ (z − E)iη − B√
π

Γ(1/2 − iη)
Γ(1 − iη)

+ O(γ), (�.9)

£¤¥

B =
ηeE

iη
e + ηsE

iη
s + ηseE

iη
se

η
,

ÎÉμ ¨ É·¥¡μ¢ ²μ¸Ó ¤μ± § ÉÓ.
‡ ³¥É¨³, ÎÉμ ´¥μ¡Ìμ¤¨³μ μ¡¥¸¶¥Î¨ÉÓ ¸Ìμ¤¨³μ¸ÉÓ ¢¸¥Ì ¨´É¥£· ²μ¢ ¢ (�.1)

¶·¨ ¡¥¸±μ´¥Î´μ ¡μ²ÓÏ¨Ì ¶¥·¥³¥´´ÒÌ ¨´É¥£·¨·μ¢ ´¨Ö. �Éμ ¤μ¸É¨£ ¥É¸Ö Ëμ·-
³ ²Ó´μ° § ³¥´μ° η → η + iλ, λ → +0 ¨ É·¥¡μ¢ ´¨¥³ ¤μ¸É ÉμÎ´μ£μ Ê¡Ò¢ ´¨Ö
ËÊ´±Í¨° r ¨ R̃. ‚ μ±μ´Î É¥²Ó´ÒÌ ¢Ò· ¦¥´¨ÖÌ ³μ¦´μ ¶μ²μ¦¨ÉÓ λ = 0, ± ±
ÔÉμ ¸¤¥² ´μ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¨´É¥£· ²  (�.5). Š·μ³¥ Éμ£μ, ¨§ ¢Ò· ¦¥´¨Ö
(�.1) ¸²¥¤Ê¥É, ÎÉμ R̃(ps,pe; E + i0) = 0, ¶μ¸±μ²Ó±Ê ¶μ¸²¥¤´¨° ¨´É¥£· ² ¢
¸Ê³³¥ ¢ ¶· ¢μ° Î ¸É¨ · ¢¥´¸É¢  ·¥£Ê²Ö·¥´ ¶μ μ¶·¥¤¥²¥´¨Õ.
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