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ˆ§ μ¡μ¡Ð¥´´ÒÌ ´¥³ ·±μ¢¸±¨Ì Ê· ¢´¥´¨° ‹ ´¦¥¢¥´  ¢Ò¢¥¤¥´Ò ±¢ ´Éμ¢Ò¥ ¤¨ËËÊ-
§¨μ´´Ò¥ Ê· ¢´¥´¨Ö c É· ´¸¶μ·É´Ò³¨ ±μÔËË¨Í¨¥´É ³¨, § ¢¨¸ÖÐ¨³¨ Ö¢´μ μÉ ¢·¥³¥´¨.
ˆ¸¸²¥¤μ¢ ´Ò  ¸¨³¶ÉμÉ¨±¨ ±μÔËË¨Í¨¥´Éμ¢ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨ ¢ ¸²ÊÎ ÖÌ FC- ¨ RWA-
¸¢Ö§¥° ³¥¦¤Ê ±μ²²¥±É¨¢´μ° ¨ ¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥³ ³¨. �μ²ÊÎ¥´μ  ¸¨³¶ÉμÉ¨Î¥¸±μ¥
¢Ò· ¦¥´¨¥ ¤²Ö ¶·μ¶ £ Éμ·  ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ μÉ±·ÒÉμ° ±¢ ´Éμ¢μ° ¸¨¸É¥³Ò ¸ μ¡-
Ð¨³ ±¢ ¤· É¨Î´Ò³ £ ³¨²ÓÉμ´¨ ´μ³, ²¨´¥°´μ ¸¢Ö§ ´´Ò³ (¶μ ±μμ·¤¨´ É¥ ¨ ¨³¶Ê²Ó¸Ê)
¸ ¢´ÊÉ·¥´´¨³¨ ¸É¥¶¥´Ö³¨ ¸¢μ¡μ¤Ò. ‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³ ¸É¥·-Ê· ¢´¥´¨Ö ¤²Ö ¶·¨¢¥-
¤¥´´μ° ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¤²Ö μÉ±·ÒÉÒÌ ±¢ ´Éμ¢ÒÌ ¸¨¸É¥³ ¨§ÊÎ¥´μ ¢²¨Ö´¨¥ · §´ÒÌ
´ ¡μ·μ¢ É· ´¸¶μ·É´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ ´  ¤¥±μ£¥·¥´Í¨Õ ¨ ¸±μ·μ¸ÉÓ · ¸¶ ¤  ¨§ ³¥É -
¸É ¡¨²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö. � §¢¨ÉÒ° ¶μ¤Ìμ¤ ¨¸¶μ²Ó§μ¢ ´ ¤²Ö ¨§ÊÎ¥´¨Ö ¶·μÍ¥¸¸  § Ì¢ É 
´ ²¥É ÕÐ¥£μ Ö¤·  Ö¤·μ³-³¨Ï¥´ÓÕ ¶·¨ Ô´¥·£¨ÖÌ ¡μ³¡ ·¤¨·μ¢±¨ μ±μ²μ ±Ê²μ´μ¢¸±μ£μ
¡ ·Ó¥· . ‘ ÊÎ¥Éμ³ · ¸Î¥É´ÒÌ ¢¥·μÖÉ´μ¸É¥° § Ì¢ É  ¶μ²ÊÎ¥´μ ¤μ¸É ÉμÎ´μ Ìμ·μÏ¥¥ μ¶¨-
¸ ´¨¥ ¸¥Î¥´¨° § Ì¢ É  ¢  ¸¨³³¥É·¨Î´ÒÌ ·¥ ±Í¨ÖÌ. � °¤¥´Ò ±μ´±·¥É´Ò¥ ¶·¨³¥·Ò,
±μ£¤  ¤¨¸¸¨¶ Í¨Ö ¸¶μ¸μ¡¸É¢Ê¥É ¶·μ´¨±´μ¢¥´¨Õ Î¥·¥§ ¶μÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥·. �·¥¤-
¸É ¢²¥´  ´ ²¨É¨Î¥¸±¨° ¢Ò¢μ¤ μ¡μ¡Ð¥´´μ° Ëμ·³Ê²Ò Š· ³¥·¸  ¤²Ö ±¢ §¨¸É Í¨μ´ ·´μ°
¸±μ·μ¸É¨ · ¸¶ ¤  ±¢ ´Éμ¢ÒÌ ³¥É ¸É ¡¨²Ó´ÒÌ ¸¨¸É¥³.

Quantum diffusion equations with transport coefˇcients, explicitly depending on time,
are derived from the generalized non-Markovian Langevin equations. The asymptotic
behavior of the friction and diffusion coefˇcients is studied in the cases of FC- and
RWA-couplings between the collective and internal subsystems. The asymptotics of the
propagator of the density matrix of open quantum system is obtained in the general case of
quadratic Hamiltonian linearly coupled (in coordinate and momentum) with internal degrees
of freedom. The in	uence of different sets of transport coefˇcients on decoherence and
decay rate of the metastable state is studied by using the master equation for the reduced
density matrix of open quantum systems. The developed approach is used to study the
capture of the projectile by the target nucleus at energies near the Coulomb barrier. With
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the calculated capture probabilities, a good agreement between the calculated capture cross
sections and experimental data is obtained. Speciˇc cases where the dissipation promotes
penetration through the potential barrier are revealed. The analytical derivation of the
generalized Kramers formula is presented for the quasi-stationary decay rate of quantum
metastable systems.

PACS: 25.70.Jj; 24.10.-i; 24.60.-k

‚‚…„…�ˆ…

� §¢¨É¨Õ Ëμ·³ ²¨§³  ¤²Ö μ¶¨¸ ´¨Ö ¸É É¨¸É¨Î¥¸±μ£μ ¨ ¤¨´ ³¨Î¥¸±μ£μ
¶μ¢¥¤¥´¨Ö μÉ±·ÒÉÒÌ ¸¨¸É¥³ ¶μ¸¢ÖÐ¥´μ ¡μ²ÓÏμ¥ ±μ²¨Î¥¸É¢μ · ¡μÉ [1Ä14], ¢
Éμ³ Î¨¸²¥ ¨ ¢Ò¶μ²´¥´´ÒÌ ¢ „Ê¡´¥ [15Ä20]. „ ´´Ò° Ëμ·³ ²¨§³ ¶·¨³¥´Ö¥É¸Ö
¢ Ö¤¥·´μ° Ë¨§¨±¥ ¤²Ö μ¶¨¸ ´¨Ö ·¥ ±Í¨° ¸²¨Ö´¨Ö, ±¢ §¨¤¥²¥´¨Ö, ³´μ£μ´Ê-
±²μ´´ÒÌ ¶¥·¥¤ Î ¸ ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ ¨ ¤¥²¥´¨Ö Ö¤¥· [21Ä25]. ˆ´É¥·¥¸ ±
¸ÉμÌ ¸É¨Î¥¸±¨³ ³¥Éμ¤ ³ ¢ Ö¤¥·´μ° Ë¨§¨±¥ Î·¥§¢ÒÎ °´μ ¢μ§·μ¸ ¶μ¸²¥ μÉ±·Ò-
É¨Ö ·¥ ±Í¨° £²Ê¡μ±μ´¥Ê¶·Ê£¨Ì ¸Éμ²±´μ¢¥´¨° ÉÖ¦¥²ÒÌ ¨μ´μ¢ [25Ä28] ¨ ¸ÊÐ¥-
¸É¢¥´´μ£μ Ê¢¥²¨Î¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´μ° ¨´Ëμ·³ Í¨¨ ¶μ ¤¥²¥´¨Õ  Éμ³´μ£μ
Ö¤·  [29]. ‚ É ±¨Ì ¶·μÍ¥¸¸ Ì ´ ¨¡μ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò³¨ ¸Î¨É ÕÉ¸Ö ²¨ÏÓ ´¥-
±μÉμ·Ò¥ ±μ²²¥±É¨¢´Ò¥ (³ ±·μ¸±μ¶¨Î¥¸±¨¥) ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò, ±μÉμ·Ò¥ ¢Ò¡¨-
· ÕÉ¸Ö a priori, ¤²Ö ¨´É¥·¶·¥É Í¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. �Í¥´±μ° ± -
Î¥¸É¢  ¶·¥μ¡· §μ¢ ´¨Ö μÉ ¨¸Ìμ¤´ÒÌ ´Ê±²μ´´ÒÌ ¶¥·¥³¥´´ÒÌ ± ±μ²²¥±É¨¢´Ò³
³μ¦¥É ¸²Ê¦¨ÉÓ, ±·μ³¥ ³ ±·μ¸±μ¶¨Î¥¸±μ°  ´ ²μ£¨¨, ¸² ¡μ¸ÉÓ ¸¢Ö§¨ ±μ²²¥±-
É¨¢´ÒÌ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò ¸ μ¸É ²Ó´Ò³¨ (¢´ÊÉ·¥´´¨³¨) ¸É¥¶¥´Ö³¨ ¸¢μ¡μ¤Ò.
‹¨ÏÓ ¶·¨ ÔÉμ³ Ê¸²μ¢¨¨ ¨³¥¥É ¸³Ò¸² ¢Ò¤¥²¥´¨¥ ±μ²²¥±É¨¢´μ£μ ¤¢¨¦¥´¨Ö [30].
� ¨¡μ²¥¥ Î ¸Éμ ¨¸¶μ²Ó§Ê¥³Ò³¨ ±μ²²¥±É¨¢´Ò³¨ ±μμ·¤¨´ É ³¨ ¶·¨ μ¶¨¸ ´¨¨
¤¥²¥´¨Ö ¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¸ ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ μ±μ²μ
±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥·  (� 10 ŒÔ‚/´Ê±²μ´) Ö¢²ÖÕÉ¸Ö ³¥¦ÑÖ¤¥·´μ¥ · ¸¸ÉμÖ´¨¥
¨²¨ μÉ´μ¸¨É¥²Ó´μ¥ Ê¤²¨´¥´¨¥ ¸¨¸É¥³Ò, ³ ¸¸μ¢ Ö (§ ·Ö¤μ¢ Ö)  ¸¨³³¥É·¨Ö ¨
¤¥Ëμ·³ Í¨Ö Ö¤¥·. —¨¸²μ Ö¢´μ ÊÎ¨ÉÒ¢ ¥³ÒÌ ±μ²²¥±É¨¢´ÒÌ ±μμ·¤¨´ É ³μ¦´μ
Ê³¥´ÓÏ¨ÉÓ §  ¸Î¥É Ô±¸¶¥·¨³¥´É ²Ó´μ Ê¸É ´μ¢²¥´´μ£μ · §²¨Î¨Ö ¨Ì Ì · ±É¥·-
´ÒÌ ¢·¥³¥´ ·¥² ±¸ Í¨¨.

‚ÒÏ¥Ê± § ´´Ò¥ Ö¤¥·´Ò¥ ¶·μÍ¥¸¸Ò μ¶¨¸Ò¢ ÕÉ¸Ö ¸ ¶μ³μÐÓÕ ´¥¡μ²ÓÏμ£μ
Î¨¸²  ³¥¤²¥´´ÒÌ ±μ²²¥±É¨¢´ÒÌ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò, ±μÉμ·Ò¥ ¢§ ¨³μ¤¥°¸É¢ÊÕÉ
¸ É¥·³μ¸É Éμ³, μ¡· §μ¢ ´´Ò³ ¢¸¥³¨ μ¸É ²Ó´Ò³¨ ¡Ò¸É·Ò³¨ μ¤´μÎ ¸É¨Î´Ò³¨
¸É¥¶¥´Ö³¨ ¸¢μ¡μ¤Ò. ’μ£¤  ¤¨´ ³¨±  ±μ²²¥±É¨¢´ÒÌ ¶¥·¥³¥´´ÒÌ ¸É ´μ¢¨É¸Ö
¶μÌμ¦¥° ´  ¤¨´ ³¨±Ê ±² ¸¸¨Î¥¸±μ° ¡·μÊ´μ¢¸±μ° Î ¸É¨ÍÒ, É ± ± ± ¢ μ¤-
´μ³  ±É¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ μ¤´μÎ ¸É¨Î´μ° ¶μ¤¸¨¸É¥³μ° Ô´¥·£¨Ö ±μ²²¥±É¨¢-
´μ° ¶μ¤¸¨¸É¥³Ò ¨§³¥´Ö¥É¸Ö ´  μÉ´μ¸¨É¥²Ó´μ ³ ²μ¥ §´ Î¥´¨¥. „¨´ ³¨Î¥¸±¨³¨
Ê· ¢´¥´¨Ö³¨ ¢ É ±μ° Ë¨§¨Î¥¸±μ° ³μ¤¥²¨ Ö¢²ÖÕÉ¸Ö ¸ÉμÌ ¸É¨Î¥¸±¨¥ Ê· ¢´¥-
´¨Ö ¨²¨ Ë¨§¨Î¥¸±¨ Ô±¢¨¢ ²¥´É´Ò¥ ¨³ ¤¨ËËÊ§¨μ´´Ò¥ Ê· ¢´¥´¨Ö ¤²Ö ËÊ´±-
Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ±μ²²¥±É¨¢´ÒÌ ±μμ·¤¨´ É ¨ ¸μ¶·Ö¦¥´´ÒÌ ¨³ ¨³¶Ê²Ó¸μ¢.
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Š¢ ´Éμ¢Ò¥ ¤¨ËËÊ§¨μ´´Ò¥ Ê· ¢´¥´¨Ö ¤²Ö ·¥¤ÊÍ¨·μ¢ ´´μ° ³ É·¨ÍÒ ¶²μÉ´μ-
¸É¨ ¨²¨ ËÊ´±Í¨¨ ‚¨£´¥·  ³μ£ÊÉ ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò ¤²Ö ¨§ÊÎ¥´¨Ö ±¢ ´Éμ¢ÒÌ
¨ ¤¨¸¸¨¶ É¨¢´ÒÌ ÔËË¥±Éμ¢ ¢ ¶·μÍ¥¸¸ Ì ¸²¨Ö´¨Ö, ¤¥²¥´¨Ö ¨ § Ì¢ É  ´ ²¥É Õ-
Ð¥£μ Ö¤·  Ö¤·μ³-³¨Ï¥´ÓÕ. ‘·¥¤¨ ±¢ ´Éμ¢ÒÌ É· ´¸¶μ·É´ÒÌ Ê· ¢´¥´¨° ³μ¦´μ
μ¸μ¡μ μÉ³¥É¨ÉÓ Ë¥´μ³¥´μ²μ£¨Î¥¸±μ¥ Ê· ¢´¥´¨¥ ‹¨´¤¡² ¤  [7Ä10], ¸ ¶μ³μ-
ÐÓÕ ±μÉμ·μ£μ ¢ · ¡μÉ Ì [31Ä35] · ¸¸³μÉ·¥´ ¶·μÍ¥¸¸ ¶·μÌμ¦¤¥´¨Ö ¶μÉ¥´Í¨-
 ²Ó´μ£μ ¡ ·Ó¥·  ¢ § ¢¨¸¨³μ¸É¨ μÉ §´ Î¥´¨° ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨. �¥-
§Ê²ÓÉ ÉÒ ¶μ± § ²¨, ÎÉμ ¢¥·μÖÉ´μ¸ÉÓ ÉÊ´´¥²¨·μ¢ ´¨Ö ¢ μÉ±·ÒÉÒÌ ±¢ ´Éμ¢ÒÌ
¸¨¸É¥³ Ì ¸¨²Ó´μ § ¢¨¸¨É μÉ ¢¥²¨Î¨´Ò ¸¢Ö§¨ ¸ É¥·³μ¸É Éμ³. „¨¸¸¨¶ Í¨Ö ¨´μ-
£¤  ¸¶μ¸μ¡¸É¢Ê¥É ÉÊ´´¥²¨·μ¢ ´¨Õ, ´μ ¶·¥¶ÖÉ¸É¢Ê¥É ¶·μÌμ¦¤¥´¨Õ ¶·¨ ´ ¤-
¡ ·Ó¥·´ÒÌ Ô´¥·£¨ÖÌ. ‘ ·μ¸Éμ³ §´ Î¥´¨° ±μÔËË¨Í¨¥´É  ¤¨ËËÊ§¨¨ ¶μ ±μμ·-
¤¨´ É¥ ¶·μ´¨Í ¥³μ¸ÉÓ ¡ ·Ó¥·  Ê¢¥²¨Î¨¢ ¥É¸Ö,   ¤¥±μ£¥·¥´É´μ¸ÉÓ ¸μ¸ÉμÖ´¨°
Ê³¥´ÓÏ ¥É¸Ö.

1. ����™…��›… �…Œ��Š�‚‘Šˆ… Š‚��’�‚›…
“��‚�…�ˆŸ ‹��†…‚…�� ˆ „ˆ””“‡ˆˆ

�¶·¥¤¥²¨³ ³¨±·μ¸±μ¶¨Î¥¸±¨° £ ³¨²ÓÉμ´¨ ´ H ¶μ²´μ° ¸¨¸É¥³Ò (¢´Ê-
É·¥´´ÖÖ ¶μ¤¸¨¸É¥³  ¶²Õ¸ ±μ²²¥±É¨¢´ Ö ¶μ¤¸¨¸É¥³ ), ¸ ¶μ³μÐÓÕ ±μÉμ·μ£μ
¡Ê¤¥³ ¶μ²ÊÎ ÉÓ ±¢ ´Éμ¢Ò¥ ´¥³ ·±μ¢¸±¨¥ ¸ÉμÌ ¸É¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö ‹ ´¦¥-
¢¥´  ¨ § ¢¨¸ÖÐ¨¥ μÉ ¢·¥³¥´¨ É· ´¸¶μ·É´Ò¥ ±μÔËË¨Í¨¥´ÉÒ ¤²Ö ±μ²²¥±É¨¢´μ°
¶μ¤¸¨¸É¥³Ò. „²Ö Ö¤¥·´ÒÌ ¸¨¸É¥³ ¢ · ¡μÉ Ì [36, 37] ¶μ¸É·μ¥´ ±¢ ´Éμ¢Ò° £ -
³¨²ÓÉμ´¨ ´, § ¢¨¸ÖÐ¨° Ö¢´μ μÉ ±μ²²¥±É¨¢´μ° ±μμ·¤¨´ ÉÒ q, ± ´μ´¨Î¥¸±¨
¸μ¶·Ö¦¥´´μ£μ ±μ²²¥±É¨¢´μ£μ ¨³¶Ê²Ó¸  p ¨ ¢´ÊÉ·¥´´¨Ì ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò:

H = Hc + Hb + Hcb,

Hc = p
1

2μ(q)
p + U(q),

Hb =
∑

ν

�ωνb+
ν bν ,

Hcb =
∑

ν

Vν(q)(b+
ν + bν) + i

∑
ν

Gν(q, p)(b+
ν − bν),

(1)

£¤¥ b+
ν ¨ bν Å Ëμ´μ´´Ò¥ μ¶¥· Éμ·Ò ·μ¦¤¥´¨Ö ¨ Ê´¨ÎÉμ¦¥´¨Ö ¸μμÉ¢¥É¸É¢¥´´μ,

μ¶¨¸Ò¢ ÕÐ¨¥ ¢´ÊÉ·¥´´¨¥ ¢μ§¡Ê¦¤¥´¨Ö ¸¨¸É¥³Ò ¸ Ô´¥·£¨¥° �ων (¤²Ö ¶·μ¸ÉμÉÒ
μ¡μ§´ Î¥´¨° μ¶ÊÐ¥´Ò §´ ±¨ μ¶¥· Éμ·μ¢); Hc ¨ Hb Å £ ³¨²ÓÉμ´¨ ´Ò ±μ²-
²¥±É¨¢´μ° ¨ ¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥³ ¸μμÉ¢¥É¸É¢¥´´μ; Hcb μ¶¨¸Ò¢ ¥É ¸¢Ö§Ó ±μ²-
²¥±É¨¢´μ£μ ¤¢¨¦¥´¨Ö ¸ ¢´ÊÉ·¥´´¨³¨ ¢μ§¡Ê¦¤¥´¨Ö³¨ ¨ Ö¢²Ö¥É¸Ö ¨¸ÉμÎ´¨±μ³
¶μÖ¢²¥´¨Ö ¤¨¸¸¨¶ É¨¢´ÒÌ Î²¥´μ¢ ¢ Ê· ¢´¥´¨ÖÌ ¤²Ö μ¶¥· Éμ·μ¢ ±μ²²¥±É¨¢-
´ÒÌ ¶¥·¥³¥´´ÒÌ. � ¶·¨³¥·, ¶·¨ μ¶¨¸ ´¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö Ö¤¥· ¶·¨ ´¨§±¨Ì
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§´ Î¥´¨ÖÌ Ô´¥·£¨¨ ¶¥·¢Ò° Î²¥´ Hcb μÉ¢¥Î ¥É ¢μ§¤¥°¸É¢¨Õ ¸·¥¤´¥£μ ¶μ²Ö ± -
¦¤μ£μ ¨§ Ö¤¥· ´  μ¤´μÎ ¸É¨Î´μ¥ ¤¢¨¦¥´¨¥ ¢ ¤·Ê£μ³ Ö¤·¥,   ¢Éμ·μ° μ¶¨¸Ò-
¢ ¥É ¸¢Ö§Ó Éμ±  ¢´ÊÉ·¥´´¥£μ ¤¢¨¦¥´¨Ö ¸ ±μ²²¥±É¨¢´Ò³ Éμ±μ³. �·¨ Ê¸²μ¢¨¨
Gν(q, p) = {G̃ν(q), p}+ = G̃ν(q)p + pG̃ν(q) £ ³¨²ÓÉμ´¨ ´ H Ö¢²Ö¥É¸Ö μ¡· -
É¨³Ò³ ¶μ ¢·¥³¥´¨. � Ï  Í¥²Ó Å ¢Ò¢¥¸É¨ ¨  ´ ²¨É¨Î¥¸±¨ ·¥Ï¨ÉÓ Ê· ¢´¥´¨Ö
‹ ´¦¥¢¥´  ¤²Ö μ¶¥· Éμ·μ¢ p ¨ q.

ˆ¸¶μ²Ó§ÊÖ £ ³¨²ÓÉμ´¨ ´ (1), ¶μ²ÊÎ ¥³ ¸¨¸É¥³Ê ±¢ ´Éμ¢ÒÌ £¥°§¥´¡¥·£μ¢-
¸±¨Ì Ê· ¢´¥´¨° ¤²Ö μ¶¥· Éμ·μ¢, μÉ´μ¸ÖÐ¨Ì¸Ö ± ±μ²²¥±É¨¢´μ³Ê ¨ ¢´ÊÉ·¥´´¥³Ê
¤¢¨¦¥´¨Ö³:

q̇ =
i

�
[H, q] =

1
2
{μ−1(q), p}+ + i

∑
ν

G′
ν,p(b

+
ν − bν),

ṗ =
i

�
[H, p] = −H ′

c,q(q, p) −
∑

ν

V ′
ν,q(b

+
ν + bν) − i

∑
ν

G′
ν,q(b

+
ν − bν),

(2)

ḃ+
ν =

i

�
[H, b+

ν ] = iωνb+
ν +

1
�
(iVν(q) + Gν(q, p)),

ḃν =
i

�
[H, bν ] = −iωνbν +

1
�
(−iVν(q) + Gν(q, p)),

(3)

£¤¥ ¨¸¶μ²Ó§μ¢ ´Ò ¸²¥¤ÊÕÐ¨¥ μ¡μ§´ Î¥´¨Ö: H ′
c,q(q, p) ≡ ∂Hc(q, p)

∂q
,

V ′
ν,q ≡ ∂Vν(q(t))

∂q
, G′

ν,p ≡ ∂Gν(q(t), p(t))
∂p

¨ G′
ν,q ≡ ∂Gν(q(t), p(t))

∂q
.

�μ¤¸É ¢²ÖÖ ·¥Ï¥´¨Ö (3)

b+
ν (t) + bν(t) = f+

ν (t) + fν(t) − 2Vν(q)
�ων

−

− i

ων

t∫
0

dτ [Φ̇+(τ) eiων (t−τ) − Φ̇(τ) e−iων (t−τ)],

b+
ν (t) − bν(t) = f+

ν (t) − fν(t) +
2iGν(q, p)

�ων
−

− i

ων

t∫
0

dτ [Φ̇+(τ) eiων (t−τ) + Φ̇(τ) e−iων (t−τ)],

(4)

£¤¥

fν(t) =
[
bν(0) +

i

ων
Φ(0)

]
e−iωνt,

Φ(t) =
1
�
[−iVν(q(t)) + Gν(q(t), p(t))],
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¢ Ê· ¢´¥´¨Ö (2), ¶μ²ÊÎ ¥³ ¸¨¸É¥³Ê ´¥²¨´¥°´ÒÌ ¨´É¥£·μ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ
¸ÉμÌ ¸É¨Î¥¸±¨Ì Ê· ¢´¥´¨°:

q̇ =
1
2
{μ̃−1(q), p}+ − 1

2

t∫
0

dτ{KGV (t, τ), q̇(τ)}++

+
1
2

t∫
0

dτ{KGG(t, τ), ṗ(τ)}+ + Fq(t),

ṗ = −H̃ ′
c,q(q, p) − 1

2

t∫
0

dτ{KV V (t, τ), q̇(τ)}++

+
1
2

t∫
0

dτ{KV G(t, τ), ṗ(τ)}+ + Fp(t).

(5)

�·¨ ¶μ²ÊÎ¥´¨¨ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (5) ³Ò ¶·¥´¥¡·¥£²¨ Î²¥´ ³¨ ¢Éμ·μ£μ
¶μ·Ö¤±  ¶μ �: [[G′

ν,p(t), q̇(t
′)], V ′

ν,q(t
′)], [[G′

ν,q(t), q̇(t
′)], V ′

ν,q(t
′)],

[[G′
ν,q(t), q̇(t′)], G′

ν,q(t′)], [[G′
ν,p(t), q̇(t′)], G′

ν,q(t′)], [[G′
ν,p(t), ṗ(t′)], G′

ν,p(t′)]
¨ [[G′

ν,q(t), ṗ(t′)], G′
ν,p(t′)]. ‚ ¸²ÊÎ ¥ ²¨´¥°´μ° ¸¢Ö§¨ ¶μ ±μμ·¤¨´ É¥ ¨ ¨³-

¶Ê²Ó¸Ê (Vν ¨ Gν Å ²¨´¥°´Ò¥ ËÊ´±Í¨¨ q ¨ p ¸μμÉ¢¥É¸É¢¥´´μ) Ê· ¢´¥´¨Ö
¤¢¨¦¥´¨Ö (5) Ö¢²ÖÕÉ¸Ö ÉμÎ´Ò³¨.

‚ Ê· ¢´¥´¨ÖÌ (5) ±μ²²¥±É¨¢´Ò° £ ³¨²ÓÉμ´¨ ´

H̃c(q, p) = p
1

2μ̃(q)
p + Ũ(q)

¸μ¤¥·¦¨É ¶¥·¥´μ·³¨·μ¢ ´´Ò¥ ³ ¸¸Ê

μ̃−1(q(t)) = μ−1(q(t)) − 2
∑

ν

[G′
ν,p(t)]

2

�ων

¨ ¶μÉ¥´Í¨ ²Ó´ÊÕ Ô´¥·£¨Õ

Ũ(q(t)) = U(q(t)) −
∑

ν

[Vν(q(t))]2

�ων
.

‚ Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö (5) ¤¨¸¸¨¶ É¨¢´Ò¥ Ö¤·  KGV , KV G, KV V ¨ KGG

¢Ò¤¥²¥´Ò ¢ Î²¥´ Ì, ¶·μ¶μ·Í¨μ´ ²Ó´ÒÌ q̇ ¨ ṗ [38Ä40]. �É¨ Ö¤·  § ¢¨¸ÖÉ μÉ
±μÔËË¨Í¨¥´Éμ¢ ¢ Hcb. �μ¸±μ²Ó±Ê ¤¨¸¸¨¶ É¨¢´Ò¥ Ö¤·  ´¥ § ¢¨¸ÖÉ μÉ Î¨¸² 
Ëμ´μ´μ¢, μ´¨ É ±¦¥ ´¥ § ¢¨¸ÖÉ μÉ É¥³¶¥· ÉÊ·Ò T É¥·³μ¸É É . ’¥³¶¥· ÉÊ· 
¨ Ë²Ê±ÉÊ Í¨¨ ¢Ìμ¤ÖÉ ¢ · ¸¸³μÉ·¥´¨¥ ¤¨´ ³¨±¨ q ¨ p Î¥·¥§ · ¸¶·¥¤¥²¥´¨¥
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´ Î ²Ó´ÒÌ Ê¸²μ¢¨° ¤²Ö ¢´ÊÉ·¥´´¥° ¸¨¸É¥³Ò. Ÿ¢´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¤¨¸¸¨-
¶ É¨¢´ÒÌ Ö¤¥· KGV , KV G, KV V , KGG ¨ ¤²Ö μ¶¥· Éμ·μ¢ Fq(t) =

∑
ν

F ν
q (t)

¨ Fp(t) =
∑
ν

F ν
p (t) ¢ (5), ±μÉμ·Ò¥ ¨£· ÕÉ ·μ²Ó ¸²ÊÎ °´μ° ¸¨²Ò ¶μ q ¨ p,

¶μ²ÊÎ¥´Ò ¢ [16] ¨ ¶·¨¢¥¤¥´Ò ¢ ¶·¨²μ¦¥´¨¨.

�¡ÒÎ´μ ¢ ¸É É¨¸É¨Î¥¸±μ° Ë¨§¨±¥ μ¶¥· Éμ·Ò F ν
q (t) ¨ F ν

p (t) μÉμ¦¤¥¸É¢²Ö-
ÕÉ¸Ö ¸ Ë²Ê±ÉÊ Í¨Ö³¨ ¨§-§  ´¥μ¶·¥¤¥²¥´´μ¸É¨ ´ Î ²Ó´ÒÌ Ê¸²μ¢¨° ¤²Ö μ¶¥-
· Éμ·μ¢ É¥·³μ¸É É . „²Ö μ¶·¥¤¥²¥´¨Ö ¸É É¨¸É¨Î¥¸±¨Ì ¸¢μ°¸É¢ ÔÉ¨Ì Ë²Ê±-
ÉÊ Í¨° · ¸¸³μÉ·¨³  ´¸ ³¡²Ó ´ Î ²Ó´ÒÌ ¸μ¸ÉμÖ´¨°, ¢ ±μÉμ·μ³ § ¤ ´Ò q(0)
¨ p(0),   ´ Î ²Ó´Ò¥ μ¶¥· Éμ·Ò É¥·³μ¸É É  ¢Ò¡¨· ÕÉ¸Ö ¨§ ± ´μ´¨Î¥¸±μ£μ  ´-
¸ ³¡²Ö [38Ä40]. ‚ ÔÉμ³  ´¸ ³¡²¥ Ë²Ê±ÉÊ Í¨¨ F ν

q (t) ¨ F ν
p (t) · ¸¶·¥¤¥²¥´Ò

¶μ ƒ Ê¸¸Ê ¨ ¨³¥ÕÉ ´Ê²¥¢Ò¥ ¸·¥¤´¨¥ §´ Î¥´¨Ö

〈〈F ν
q (t)〉〉 = 〈〈F ν

p (t)〉〉 = 0 (6)

¨ ´¥´Ê²¥¢Ò¥ ¢Éμ·Ò¥ ³μ³¥´ÉÒ. ‘¨³¢μ² 〈〈. . .〉〉 μ¡μ§´ Î ¥É ¸·¥¤´¥¥ ¶μ ¶¥-
·¥³¥´´Ò³ É¥·³μ¸É É . ƒ Ê¸¸μ¢μ · ¸¶·¥¤¥²¥´¨¥ ¸²ÊÎ °´ÒÌ ¸¨² ¸μμÉ¢¥É¸É¢Ê¥É
¸²ÊÎ Õ, ±μ£¤  É¥·³μ¸É É ¶·¥¤¸É ¢²Ö¥É¸Ö ´ ¡μ·μ³ £ ·³μ´¨Î¥¸±¨Ì μ¸Í¨²²ÖÉμ-
·μ¢ [3, 5, 14]. „²Ö · ¸Î¥É  ±μ··¥²ÖÍ¨μ´´ÒÌ ËÊ´±Í¨° Ë²Ê±ÉÊ Í¨° ¡Ê¤¥³ ¨¸-
¶μ²Ó§μ¢ ÉÓ É¥·³μ¸É É ¸μ ¸É É¨¸É¨±μ° 
μ§¥Ä�°´ÏÉ¥°´ :

〈〈f+
ν (t)f+

ν′(t′)〉〉 = 〈〈fν(t)fν′(t′)〉〉 = 0,

〈〈f+
ν (t)fν′(t′)〉〉 = δν,ν′nν eiων(t−t′),

〈〈fν(t)f+
ν′(t′)〉〉 = δν,ν′(nν + 1) e−iων(t−t′),

(7)

£¤¥ nν = [exp (�ων/T ) − 1]−1 Å É¥³¶¥· ÉÊ·´Ò¥ Î¨¸²  § ¶μ²´¥´¨Ö ¤²Ö
Ëμ´μ´μ¢.

’ ±¨³ μ¡· §μ³, ¶μ²ÊÎ¥´  ¸¨¸É¥³  μ¡μ¡Ð¥´´ÒÌ ´¥²¨´¥°´ÒÌ Ê· ¢´¥´¨°
‹ ´¦¥¢¥´  (5). �·¨¸ÊÉ¸É¢¨¥ ¨´É¥£· ²Ó´ÒÌ Î²¥´μ¢ ¢ Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö
μ§´ Î ¥É, ÎÉμ ´¥³ ·±μ¢¸± Ö ¸¨¸É¥³  μ¡² ¤ ¥É ¶ ³ÖÉÓÕ μ ¤¢¨¦¥´¨¨ ¶μ É· ¥±-
Éμ·¨¨, ¶·¥¤Ï¥¸É¢ÊÕÐ¥° ³μ³¥´ÉÊ ¢·¥³¥´¨ t. ‚Éμ·μ¥ ¨§ Ê· ¢´¥´¨° (5) ¸μ¤¥·-
¦¨É É ±¦¥ ¸²ÊÎ °´ÊÕ ¸¨²Ê, ÎÉμ ¶·¨¢μ¤¨É ± ·Ö¤Ê ³ É¥³ É¨Î¥¸±¨Ì É·Ê¤´μ¸É¥°
¶·¨ ·¥Ï¥´¨¨ [3]. �´ ²¨É¨Î¥¸±μ¥ ·¥Ï¥´¨¥ ¢μ§³μ¦´μ, ¥¸²¨ § ³¥´¨ÉÓ ËÊ´±-
Í¨μ´ ²Ò μ̃, V ′

ν,q , G′
ν,q ¨ G′

ν,p ¢ Ê· ¢´¥´¨ÖÌ (5) ¸·¥¤´¨³¨ §´ Î¥´¨Ö³¨, ¸Î¨-
É Ö ¨Ì ¸² ¡μ³¥´ÖÕÐ¨³¨¸Ö §  ¨´É¥·¢ ² ¢·¥³¥´¨ t, ¨  ¶¶·μ±¸¨³¨·μ¢ ÉÓ ¶¥·¥-
´μ·³¨·μ¢ ´´Ò° ¶μÉ¥´Í¨ ² £ ·³μ´¨Î¥¸±¨³ (¨²¨ ¶¥·¥¢¥·´ÊÉÒ³) μ¸Í¨²²ÖÉμ·μ³
Ũ = δ̃q2/2. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¶μ²ÊÎ ¥³ ¸¨¸É¥³Ê μ¡μ¡Ð¥´´ÒÌ Ê· ¢´¥´¨° ‹ ´-
¦¥¢¥´  ¸ ¤¨¸¸¨¶ É¨¢´Ò³¨ Ö¤· ³¨, μ¡² ¤ ÕÐ¨³¨ ¶ ³ÖÉÓÕ. „²Ö ¥¥ ·¥Ï¥´¨Ö
¶·¨³¥´¨³ ¶·¥μ¡· §μ¢ ´¨¥ ‹ ¶² ¸  L, ÎÉμ¡Ò ¶μ²ÊÎ¨ÉÓ ²¨´¥°´Ò¥ Ê· ¢´¥´¨Ö
¤²Ö μ¡· §μ¢. ‡´ Ö ¢Ò· ¦¥´¨Ö ¤²Ö μ¡· §μ¢, ¶μ²ÊÎ ¥³ Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö
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μ·¨£¨´ ²μ¢:

q(t) = Atq(0) + Btp(0) +

t∫
0

dτ [Cτ Fq(t − τ) + C̃τFp(t − τ)],

p(t) = Mtq(0) + Ntp(0) +

t∫
0

dτ [LτFp(t − τ) + L̃τFq(t − τ)],

(8)

£¤¥ ±μÔËË¨Í¨¥´ÉÒ · ¢´Ò

At = L−1

[
s(1 + KGV (s))(1 − KV G(s)) + (1/μ̃ + sKGG(s))KV V (s)

d(s)

]
,

Nt = L−1

[
s(1 − KV G(s))(1 + KGV (s)) + (δ̃ + sKV V (s))KGG(s)

d(s)

]
,

Bt = L−1

[
μ̃−1(1 − KV G(s))

d(s)

]
, Mt = −L−1

[
δ̃(1 + KGV (s))

d(s)

]
,

Ct = L−1

[
s(1 − KV G(s))

d(s)

]
, Lt = L−1

[
s(1 + KGV (s))

d(s)

]
,

C̃t = L−1

[
1/μ̃ + sKGG(s)

d(s)

]
, L̃t = −L−1

[
δ̃ + sKV V (s)

d(s)

]
.

‡¤¥¸Ó L−1 μ¡μ§´ Î ¥É μ¡· É´μ¥ ¶·¥μ¡· §μ¢ ´¨¥ ‹ ¶² ¸ ; KV V (s), KGG(s),
KGV (s), KV G(s) Å ¨§μ¡· ¦¥´¨Ö ‹ ¶² ¸  ¤¨¸¸¨¶ É¨¢´ÒÌ Ö¤¥·; t ¨ τ Ê± -
§Ò¢ ÕÉ ´  ¢·¥³¥´´ÊÕ § ¢¨¸¨³μ¸ÉÓ. ˆ¸¶μ²Ó§ÊÖ É¥μ·¥³Ê μ ¢ÒÎ¥É Ì ¤²Ö ´ -
Ìμ¦¤¥´¨Ö ¶¥·¥Î¨¸²¥´´ÒÌ ¢ÒÏ¥ μ·¨£¨´ ²μ¢, ·¥Ï¥´¨Ö q(t) ¨ p(t) ³μ£ÊÉ ¡ÒÉÓ
¢Ò· ¦¥´Ò Î¥·¥§ ±μ·´¨ si Ê· ¢´¥´¨Ö

d(s) ≡ s2(1+KGV (s))(1−KV G(s))+(δ̃+sKV V (s))(1/μ̃+sKGG(s)) = 0. (9)

1.1. ”²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ Í¨μ´´Ò¥ ¸μμÉ´μÏ¥´¨Ö. ‚ · ¡μÉ¥ [16]
¤²Ö (5) ¶μ²ÊÎ¥´Ò Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ Í¨μ´´Ò¥ ¸μμÉ´μÏ¥´¨Ö, ±μÉμ·Ò¥ ¸¢Ö-
§Ò¢ ÕÉ ³ ±·μ¸±μ¶¨Î¥¸±ÊÕ ¢¥²¨Î¨´Ê, μ¶¨¸Ò¢ ÕÐÊÕ ¤¨¸¸¨¶ Í¨Õ, ¸ ³¨±·μ-
¸±μ¶¨Î¥¸±μ° Ì · ±É¥·¨¸É¨±μ° ¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥³Ò, ¢Ò· ¦ ÕÐ¥° Ë²Ê±-
ÉÊ Í¨¨ ¸²ÊÎ °´ÒÌ ¸¨². ‚Ò¶μ²´¥´¨¥ ÔÉ¨Ì ¸μμÉ´μÏ¥´¨° μ§´ Î ¥É, ÎÉμ ³Ò
¶· ¢¨²Ó´μ μ¶·¥¤¥²¨²¨ ¤¨¸¸¨¶ É¨¢´Ò¥ Ö¤·  ¢ ´¥³ ·±μ¢¸±¨Ì ¤¨´ ³¨Î¥¸±¨Ì
Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö. Š¢ ´Éμ¢μ¥ Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ Í¨μ´´μ¥ ¸μμÉ´μ-
Ï¥´¨¥ ¶μ¤μ¡´μ° Ëμ·³Ò ¡Ò²μ ¶μ²ÊÎ¥´μ ¢ [38] ¨ Ê¶μ³Ö´ÊÉÒÌ ¢ ´¥° · ¡μÉ Ì
¤²Ö ¶·μ¸ÉÒÌ ¸²ÊÎ ¥¢ FC- ¨ RWA-μ¸Í¨²²ÖÉμ·μ¢. ‚ ¤ ´´μ° · ¡μÉ¥ ±¢ ´Éμ¢ Ö
Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ Í¨μ´´ Ö É¥μ·¥³  μ¡μ¡Ð¥´  ´  ¸²ÊÎ ° ¶·μ¨§¢μ²Ó´μ°
Ëμ·³Ò Hcb. Š¢ ´Éμ¢Ò¥ Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ Í¨μ´´Ò¥ ¸μμÉ´μÏ¥´¨Ö μÉ²¨-
Î ÕÉ¸Ö μÉ ±² ¸¸¨Î¥¸±¨Ì ¨ ¸¢μ¤ÖÉ¸Ö ± ´¨³ ¢ ¶·¥¤¥²¥ ¡μ²ÓÏμ° É¥³¶¥· ÉÊ·Ò T
(¨²¨ � → 0).
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Š·μ³¥ É¥³¶¥· ÉÊ·´ÒÌ Ë²Ê±ÉÊ Í¨° ¢ ´¨Ì ¤μ¶μ²´¨É¥²Ó´μ ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¥Ð¥
¨ ±¢ ´Éμ¢Ò¥ Ë²Ê±ÉÊ Í¨¨. �μ¸±μ²Ó±Ê Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö (5) ¤²Ö ±μ²²¥±-
É¨¢´ÒÌ ±μμ·¤¨´ É ¨ ¨³¶Ê²Ó¸μ¢ ¸μμÉ¢¥É¸É¢ÊÕÉ Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ Í¨μ´-
´Ò³ ¸μμÉ´μÏ¥´¨Ö³, Éμ · ¸¸³ ¸É·¨¢ ¥³Ò° Ëμ·³ ²¨§³ μ¡¥¸¶¥Î¨¢ ¥É μ¸´μ¢Ê
¤²Ö μ¶¨¸ ´¨Ö ±¢ ´Éμ¢ÒÌ ¸É É¨¸É¨Î¥¸±¨Ì ÔËË¥±Éμ¢ ±μ²²¥±É¨¢´μ£μ ¤¢¨¦¥´¨Ö.

1.2. ’· ´¸¶μ·É´Ò¥ ±μÔËË¨Í¨¥´ÉÒ. ˆ¸¶μ²Ó§ÊÖ Ö¢´Ò¥ § ¢¨¸¨³μ¸É¨ p
¨ q μÉ ¢·¥³¥´¨, ¶μ²ÊÎ ¥³ ¨Ì μ¸´μ¢´Ò¥ Ì · ±É¥·¨¸É¨±¨, É. ¥. ¸·¥¤´¨¥ §´ -
Î¥´¨Ö 〈q(t)〉 ¨ 〈p(t)〉 (¶¥·¢Ò¥ ³μ³¥´ÉÒ)

〈q(t)〉 = At〈q(0)〉 + Bt〈p(0)〉,
〈p(t)〉 = Mt〈q(0)〉 + Nt〈p(0)〉

(10)

¨ ±μ··¥²ÖÍ¨μ´´Ò¥ ËÊ´±Í¨¨ σqtqt′ = 〈q(t)q(t′)〉, σptpt′ = 〈p(t)p(t′)〉, σqtpt′ =
〈q(t)p(t′)〉, σptqt′ = 〈p(t)q(t′)〉:

σqtqt′ = AtAt′σq0q0 + BtBt′σp0p0 + AtBt′σq0p0 + BtAt′σp0q0 + Jqtqt′ ,

σptpt′ = MtMt′σq0q0 + NtNt′σp0p0 + MtNt′σq0p0 + NtMt′σp0q0 + Jptpt′ ,

σqtpt′ = AtMt′σq0q0 + BtNt′σp0p0 + AtNt′σq0p0 + BtMt′σp0q0 + Jqtpt′ ,

σptqt′ = MtAt′σq0q0 + NtBt′σp0p0 + NtAt′σp0q0 + MtBt′σq0p0 + Jptqt′ ,

(11)

£¤¥ ¢Ò· ¦¥´¨Ö ¤²Ö Jqtqt′ , Jptpt′ , Jqtpt′ ¨ Jptqt′ ¶·¨¢¥¤¥´Ò ¢ [16].
—Éμ¡Ò μ¶·¥¤¥²¨ÉÓ ±μÔËË¨Í¨¥´ÉÒ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨, · ¸¸³μÉ·¨³ Ê· ¢-

´¥´¨Ö ¤²Ö ¸·¥¤´¨Ì ¨ ¤¨¸¶¥·¸¨° ¶μ ±μμ·¤¨´ É¥ σqq(t) = 〈q2(t)〉 − 〈q(t)〉2 =
σqtqt − 〈q(t)〉2, ¶μ ¨³¶Ê²Ó¸Ê σpp(t) = 〈p2(t)〉 − 〈p(t)〉2 = σptpt − 〈p(t)〉2
¨ ±μμ·¤¨´ É¥-¨³¶Ê²Ó¸Ê σpq(t) = (1/2)〈p(t)q(t) + q(t)p(t)〉 − 〈p(t)〉〈q(t)〉 =
(1/2)(σqtpt +σptqt)−〈p(t)〉〈q(t)〉. „¨ËË¥·¥´Í¨·ÊÖ ¶μ ¢·¥³¥´¨ Ê· ¢´¥´¨Ö (10)
¨ (11) ¶·¨ t = t′, ¶μ²ÊÎ ¥³

d

dt
〈q(t)〉 = −λq(t)〈q(t)〉 +

1
m(t)

〈p(t)〉,

d

dt
〈p(t)〉 = −ξ(t)〈q(t)〉 − λp(t)〈p(t)〉

(12)

¨

σ̇qq(t) = −2λq(t)σqq(t) +
2

m(t)
σpq(t) + 2Dqq(t),

σ̇pp(t) = −2λp(t)σpp(t) − 2ξ(t)σpq(t) + 2Dpp(t),

σ̇pq(t) = −[λp(t) + λq(t)]σpq(t) − ξ(t)σqq(t) +
1

m(t)
σpp(t) + 2Dpq(t).

(13)

�É¨ Ê· ¢´¥´¨Ö ¸μ¤¥·¦ É ±μÔËË¨Í¨¥´ÉÒ É·¥´¨Ö ¶μ ±μμ·¤¨´ É¥

λq(t) =
ȦtNt − ḂtMt

BtMt − AtNt
(14)
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¨ ¨³¶Ê²Ó¸Ê

λp(t) =
AtṄt − BtṀt

BtMt − AtNt
, (15)

¶¥·¥´μ·³¨·μ¢ ´´ÊÕ μ¡· É´ÊÕ ³ ¸¸Ê

1/m(t) =
ȦtBt − ḂtAt

BtMt − AtNt
, (16)

¶¥·¥´μ·³¨·μ¢ ´´Ò° ±μÔËË¨Í¨¥´É ¦¥¸É±μ¸É¨

ξ(t) =
ṀtNt − ṄtMt

BtMt − AtNt
(17)

¨ ±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ ¶μ ±μμ·¤¨´ É¥

Dqq(t) = λq(t)Jqtqt −
1

2m(t)
(Jqtpt + Jptqt) +

1
2
J̇qtqt , (18)

¨³¶Ê²Ó¸Ê

Dpp(t) = λp(t)Jptpt +
ξ(t)
2

(Jqtpt + Jptqt) +
1
2
J̇ptpt (19)

¨ ±μμ·¤¨´ É¥-¨³¶Ê²Ó¸Ê

Dpq(t) =
1
2

[
λp(t) + λp(t)

2
(Jqtpt + Jptqt) + ξ(t)Jqtqt−

− 1
m(t)

Jptpt+
1
2
(J̇qtpt + J̇ptqt)

]
. (20)

’ ±¨³ μ¡· §μ³, ³Ò ¶μ²ÊÎ¨²¨ Ê· ¢´¥´¨Ö ´  ¶¥·¢Ò¥ ¨ ¢Éμ·Ò¥ ³μ³¥´ÉÒ ¸
É· ´¸¶μ·É´Ò³¨ ±μÔËË¨Í¨¥´É ³¨, § ¢¨¸ÖÐ¨³¨ Ö¢´μ μÉ ¢·¥³¥´¨, ±μ²²¥±É¨¢-
´μ° ±μμ·¤¨´ ÉÒ ¨ ¨³¶Ê²Ó¸ . ˆ³¥´´μ ¢·¥³¥´´ Ö § ¢¨¸¨³μ¸ÉÓ ÔÉ¨Ì ±μÔËË¨Í¨-
¥´Éμ¢ Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ ´¥³ ·±μ¢μ¸É¨ ¢ ¸¨¸É¥³¥.

1.3. ‘¢Ö§Ó ¸ ¤¨ËËÊ§¨μ´´Ò³¨ Ê· ¢´¥´¨Ö³¨. “· ¢´¥´¨Ö (10) ¨ (13) ¤²Ö
¸·¥¤´¨Ì §´ Î¥´¨° ¨ ¤¨¸¶¥·¸¨° ±μ²²¥±É¨¢´μ° ±μμ·¤¨´ ÉÒ ¨ ¨³¶Ê²Ó¸  ³μ£ÊÉ
¡ÒÉÓ ¶μ²ÊÎ¥´Ò ¨§ ³ ¸É¥·-Ê· ¢´¥´¨Ö ¤²Ö ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ρ(t) ±μ²²¥±É¨¢-
´μ° ¶μ¤¸¨¸É¥³Ò

ρ̇ = − i

�
[H̃c, ρ] +

iλq(t)
2�

[p, {q, ρ}+] − iλp(t)
2�

[q, {p, ρ}+] − Dqq(t)
�2

[p, [p, ρ]]−

− Dpp(t)
�2

[q, [q, ρ]] +
Dpq(t)

�2
([p, [q, ρ]] + [q, [p, ρ]]) (21)
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¨²¨ ¨§ Ê· ¢´¥´¨Ö É¨¶  ”μ±±¥· Ä�² ´±  ¤²Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ËÊ´±Í¨¨ ‚¨£-
´¥·  W (q, p, t)

Ẇ = − p

m(t)
∂W

∂q
+ ξ(t)q

∂W

∂p
+ λp(t)

∂(pW )
∂p

+ λq(t)
∂(qW )

∂q
+

+ Dqq(t)
∂2W

∂q2
+ Dpp(t)

∂2W

∂p2
+ 2Dpq(t)

∂2W

∂q∂p
. (22)

‡¤¥¸Ó ¤²Ö ¸²ÊÎ Ö ¸¢Ö§¨ μ¡Ð¥£μ ¢¨¤  ³Ò ¶·¥¤¶μ²μ¦¨²¨, ÎÉμ É·¥´¨¥ ¨ ¤¨Ë-
ËÊ§¨Ö § ¢¨¸ÖÉ μÉ t, ´μ ´¥ μÉ p ¨ q. ‚ ¸²ÊÎ ¥ ²¨´¥°´μ° ¸¢Ö§¨ ÔÉμ£μ ¶·¥¤-
¶μ²μ¦¥´¨Ö ´¥ É·¥¡Ê¥É¸Ö, ¶μ¸±μ²Ó±Ê § ¢¨¸¨³μ¸ÉÓ ²¨ÏÓ μÉ t ¶μ²ÊÎ ¥É¸Ö Ö¢´μ.
�¥¸³μÉ·Ö ´  ´¥³ ·±μ¢¸±ÊÕ ¶·¨·μ¤Ê Ê· ¢´¥´¨° (5), Ô¢μ²ÕÍ¨¨ ρ ¨ W μ¶¨¸Ò¢ -
ÕÉ¸Ö ¤¨ËË¥·¥´Í¨ ²Ó´Ò³¨ Ê· ¢´¥´¨Ö³¨, ²μ± ²Ó´Ò³¨ ¶μ ¢·¥³¥´¨. �ËË¥±ÉÒ
¶ ³ÖÉ¨ ¶·¨¢μ¤ÖÉ ± § ¢¨¸¨³μ¸É¨ É· ´¸¶μ·É´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ μÉ ¢·¥³¥´¨.
‚ μ¡Ð¥³ ¸²ÊÎ ¥ ³Ò ¨³¥¥³ ±μÔËË¨Í¨¥´ÉÒ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨ ¶μ ±μμ·¤¨´ É¥
¨ ¨³¶Ê²Ó¸Ê, ÎÉμ Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ ¶·¨¸ÊÉ¸É¢¨Ö ¸²ÊÎ °´ÒÌ ¸¨² ¶μ q ¨ p.
‡ ³¥É¨³, ÎÉμ Ê· ¢´¥´¨Ö (21) ¨ (22) ¨³¥ÕÉ ÉÊ ¦¥ ¸É·Ê±ÉÊ·Ê, ÎÉμ ¨ ¸μμÉ¢¥É-
¸É¢ÊÕÐ¨¥ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö ‹¨´¤¡² ¤  ¸ ¶μ¸ÉμÖ´´Ò³¨ É· ´¸-
¶μ·É´Ò³¨ ±μÔËË¨Í¨¥´É ³¨ [6Ä9,31,32].

1.4. ‹¨´¥°´ Ö ¸¢Ö§Ó ¶μ ±μμ·¤¨´ É¥ (FC-¸¢Ö§Ó). �·¥¤¶μ² £ Ö, ÎÉμ ¸¢Ö§Ó

±μ²²¥±É¨¢´μ° ¶μ¤¸¨¸É¥³Ò

(
Hc =

p2

2μ
± μω2q2

2

)
¸ É¥·³μ¸É Éμ³, ¸μ¸ÉμÖÐ¨³

¨§ £ ·³μ´¨Î¥¸±¨Ì μ¸Í¨²²ÖÉμ·μ¢, μ¸ÊÐ¥¸É¢²Ö¥É¸Ö Î¥·¥§ ±μ²²¥±É¨¢´ÊÕ ±μμ·-
¤¨´ ÉÊ q ¨ ¢´ÊÉ·¥´´¨¥ ±μμ·¤¨´ ÉÒ qν , £ ³¨²ÓÉμ´¨ ´ ¢§ ¨³μ¤¥°¸É¢¨Ö ±μ²²¥±-
É¨¢´μ° ¨ ¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥³ ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥ (FC-¸¢Ö§Ó)

Hcb =
κ

�
λ1/2q

∑
ν

Γν(b+
ν + bν) +

κ2

�2
λq2
∑

ν

Γ2
ν

�ων
, (23)

£¤¥ Γν Å ±μ´¸É ´ÉÒ ¸¢Ö§¨ ±μ²²¥±É¨¢´μ° ¶μ¤¸¨¸É¥³Ò ¸ ¢´ÊÉ·¥´´¨³¨ ±μμ·¤¨-
´ É ³¨ qν ; λ Å ¶ · ³¥É·, ±μÉμ·Ò° μ¶·¥¤¥²Ö¥É ¸·¥¤´ÕÕ ¸¨²Ê ¢§ ¨³μ¤¥°¸É¢¨Ö
¸ É¥·³μ¸É Éμ³,   κ = (2μω/�)1/2. „μ¶μ²´¨É¥²Ó´Ò° Î²¥´ ¢ Hcb ±μ³¶¥´¸¨-
·Ê¥É ¶¥·¥´μ·³¨·μ¢±Ê ¶μÉ¥´Í¨ ² , ¢μ§´¨± ÕÐÊÕ ¨§-§  ¸¢Ö§¨ ±μ²²¥±É¨¢´μ° ¨
¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥³ [2, 40Ä42]. Ÿ¸´μ, ÎÉμ ±¢ ¤· É¨Î´Ò° £ ³¨²ÓÉμ´¨ ´ ¤μ-
¶Ê¸± ¥É ÉμÎ´μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¤²Ö ±μ²²¥±É¨¢´ÒÌ ±μμ·¤¨´ É.

‘ ¤ ´´Ò³ É¨¶μ³ ¸¢Ö§¨ ³¥¦¤Ê ±μ²²¥±É¨¢´μ° ¨ ¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥³ ³¨,
¨¸¶μ²Ó§ÊÖ (2), (3) ¨ (23), ¶μ²ÊÎ ¥³ ¸¨¸É¥³Ê Ê· ¢´¥´¨° ƒ¥°§¥´¡¥·£  ¤²Ö μ¶¥-
· Éμ·μ¢, μÉ´μ¸ÖÐ¨Ì¸Ö ± ±μ²²¥±É¨¢´μ³Ê ¨ ¢´ÊÉ·¥´´¥³Ê ¤¢¨¦¥´¨Ö³, ¢ ¢¨¤¥

q̇ =
i

�
[H, q] =

1
μ

p,

ṗ =
i

�
[H, p] = ∓μω2q − κ

�
λ1/2

∑
ν

Γν(b+
ν + bν)

(24)
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¨

ḃ+
ν =

i

�
[H, b+

ν ] = iωνb+
ν + i

κ

�2
λ1/2qΓν ,

ḃν =
i

�
[H, bν ] = −iωνbν − i

κ

�2
λ1/2qΓν ,

(25)

£¤¥ δ̃ = ±μω2 Å ±μÔËË¨Í¨¥´É ¦¥¸É±μ¸É¨ ¶μÉ¥´Í¨ ²  ±μ²²¥±É¨¢´μ° ¶μ¤¸¨-
¸É¥³Ò. ‡´ ± ®+¯ ¸μμÉ¢¥É¸É¢Ê¥É ¸²ÊÎ Õ, ±μ£¤  ±μ²²¥±É¨¢´ Ö ¸¨¸É¥³  Ö¢²Ö¥É¸Ö
£ ·³μ´¨Î¥¸±¨³ μ¸Í¨²²ÖÉμ·μ³,   §´ ± ®−¯ Å ¶¥·¥¢¥·´ÊÉμ³Ê μ¸Í¨²²ÖÉμ·Ê.
�·¨ t > 0 ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò É¥·³μ¸É É  Ô¢μ²ÕÍ¨μ´¨·ÊÕÉ ¸μ£² ¸´μ Ê· ¢´¥-
´¨Ö³ (25), É¥·³μ¸É É μÉ±²μ´Ö¥É¸Ö μÉ ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö É¥¶²μ¢μ£μ · ¢-
´μ¢¥¸¨Ö ¶·¨ t = 0. Šμ£¤  ¢²¨Ö´¨¥ ±μ²²¥±É¨¢´μ° ¶μ¤¸¨¸É¥³Ò ´  É¥·³μ¸É É
¨£´μ·¨·Ê¥É¸Ö, ¤¨¸¸¨¶ É¨¢´μ¥ Ö¤·μ · ¢´μ ´Ê²Õ ¨ É¥·³μ¸É É ¢¸¥£¤  ´ Ìμ¤¨É¸Ö
¢ ¸μ¸ÉμÖ´¨¨ É¥¶²μ¢μ£μ · ¢´μ¢¥¸¨Ö.

�μ¤¸É ¢²ÖÖ ·¥Ï¥´¨Ö (25) ¢ Ê· ¢´¥´¨Ö (24), ¶μ²ÊÎ ¥³ ¸¨¸É¥³Ê ¨´É¥£·μ-
¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸ÉμÌ ¸É¨Î¥¸±¨Ì Ê· ¢´¥´¨° [39,40]:

q̇(t) =
p(t)
μ

,

ṗ(t) = −δ̃q(t) − κ2

t∫
0

dτK(t − τ)q̇(τ) + κF (t).
(26)

Š ± ¢¨¤´μ ¨§ Ê· ¢´¥´¨Ö ¤²Ö p(t), ´ ²¨Î¨¥ ¸¢Ö§¨ ¶μ ±μμ·¤¨´ É¥ ¶·¨¢μ¤¨É
± ¶μÖ¢²¥´¨Õ ¸²ÊÎ °´μ° ¸¨²Ò ¶μ ¨³¶Ê²Ó¸Ê

F (t) =
Fp(t)

κ
=
∑

ν

F ν(t) = −λ1/2

�

∑
ν

Γν [f+
ν (t) + fν(t)],

f+
ν (t) = [b+

ν (0) +
1

�2ων
κλ1/2Γνq(0)] eiωνt

(27)

¨ ¤¨¸¸¨¶ É¨¢´μ£μ Ö¤· 

K(t − τ) =
2λ

�2

∑
ν

Γ2
ν

�ων
cos (ων [t − τ ]). (28)

ˆ¸¶μ²Ó§ÊÖ ¸μμÉ´μÏ¥´¨Ö (6), (7) ¨ É¥³¶¥· ÉÊ·´Ò¥ Î¨¸²  § ¶μ²´¥´¨Ö nν ¤²Ö
¸¨³³¥É·¨§μ¢ ´´μ° ±μ··¥²ÖÍ¨μ´´μ° ËÊ´±Í¨¨ ¸²ÊÎ °´μ° ¸¨²Ò, ¶μ²ÊÎ ¥³ ¸²¥-
¤ÊÕÐ¨¥ ¸μμÉ´μÏ¥´¨Ö:

φν(t − t′)=〈〈F ν(t)F ν(t′) + F ν(t′)F ν(t)〉〉=[2nν + 1]
2λ

�2

Γν

�ων
cos (ων [t − t′]),

(29)∑
ν

φν(t − t′)
th [�ων/(2T )]

�ων
= K(t − t′).
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‚ ¤ ´´μ³ ¸²ÊÎ ¥ ¸¢Ö§¨ ³¥¦¤Ê ±μ²²¥±É¨¢´μ° ¨ ¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥³ ³¨
±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö ¸²ÊÎ °´μ° ¸¨²Ò ¨ ¤¨¸¸¨¶ É¨¢´μ¥ Ö¤·μ ´¥ § ¢¨¸ÖÉ
μÉ ¤¨´ ³¨Î¥¸±¨Ì ±μμ·¤¨´ É ¨ ¨³¶Ê²Ó¸μ¢ ¶μ²´μ° ¸¨¸É¥³Ò. �μ ÔÉμ° ¶·¨-
Î¨´¥ Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ Í¨μ´´μ¥ ¸μμÉ´μÏ¥´¨¥ (29) ´¥ § ¢¨¸¨É μÉ ¤¨-
´ ³¨Î¥¸±¨Ì Î¨¸¥² § ¶μ²´¥´¨Ö ¤²Ö Ëμ´μ´μ¢. —¨¸²  § ¶μ²´¥´¨Ö ¢ ±¢ ´Éμ¢μ³
Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ Í¨μ´´μ³ ¸μμÉ´μÏ¥´¨¨ μÉ´μ¸ÖÉ¸Ö ± ´ Î ²Ó´μ³Ê ³μ-
³¥´ÉÊ ¢·¥³¥´¨, ±μ£¤  É¥·³μ¸É É ´ Ìμ¤¨É¸Ö ¢ ¸μ¸ÉμÖ´¨¨ É¥¶²μ¢μ£μ · ¢´μ¢¥¸¨Ö.
Š ± ¨ ¢ μ¡Ð¥³ ¸²ÊÎ ¥, Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¤²Ö ±μ²²¥±É¨¢´ÒÌ ±μμ·¤¨´ É Ê¤μ-
¢²¥É¢μ·ÖÕÉ ±¢ ´Éμ¢μ³Ê Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ Í¨μ´´μ³Ê ¸μμÉ´μÏ¥´¨Õ, ±μ-
Éμ·μ¥ μÉ²¨Î ¥É¸Ö μÉ ±² ¸¸¨Î¥¸±μ£μ ¨ ¸¢μ¤¨É¸Ö ± ´¥³Ê ¢ ¶·¥¤¥²¥ ¡μ²ÓÏμ°
É¥³¶¥· ÉÊ·Ò T ¨²¨ � → 0.

‚ ¸²ÊÎ ¥ μ¡Ð¥° ¸¢Ö§¨ ¶μ ¨³¶Ê²Ó¸Ê ¨ ±μμ·¤¨´ É¥ ¡Ò²¨ ¶μ²ÊÎ¥´Ò Ê· ¢´¥-
´¨Ö (12) ¨ (13) ¤²Ö ¸·¥¤´¨Ì §´ Î¥´¨° ¨ ¤¨¸¶¥·¸¨° ±μ²²¥±É¨¢´μ° ±μμ·¤¨´ ÉÒ
¨ ¸μ¶·Ö¦¥´´μ£μ ¥° ¨³¶Ê²Ó¸ . ‚ ¸²ÊÎ ¥ μÉ¸ÊÉ¸É¢¨Ö ¸¢Ö§¨ ¶μ ¨³¶Ê²Ó¸Ê ³¥¦¤Ê
±μ²²¥±É¨¢´μ° ¨ ¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥³ ³¨ Ê· ¢´¥´¨Ö ´  ¶¥·¢Ò¥ ¨ ¢Éμ·Ò¥ ³μ-
³¥´ÉÒ Ê¶·μÐ ÕÉ¸Ö. �É¨ Ê· ¢´¥´¨Ö ´¥ ¸μ¤¥·¦ É ±μÔËË¨Í¨¥´Éμ¢ É·¥´¨Ö ¨
¤¨ËËÊ§¨¨ ¶μ ±μμ·¤¨´ É¥ [λq(t) = Dqq(t) = 0]. �´ ²μ£¨Î´μ ¢Ò· ¦¥´¨Ö³ (19)
¨ (20) ¶μ²ÊÎ¥´Ò ¢Ò· ¦¥´¨Ö ¤²Ö ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¶μ ¨³¶Ê²Ó¸Ê

Dpp(t) = λp(t)Jptpt +
1
2

(
d

dt
Jptpt + μξ(t)

d

dt
Jqtqt

)
(30)

¨ ±μμ·¤¨´ É¥-¨³¶Ê²Ó¸Ê

Dpq(t) =
1
2

[
ξ(t)Jqtqt −

1
μ

Jptpt +
μ

2

(
λp(t)

d

dt
+

d2

dt2

)
Jqtqt

]
, (31)

£¤¥

Jqtqt =
2ωμλ�γ2

π

∫
dω0

ω0

γ2 + ω2
0

×

× cth
[

�ω0

2T

] t∫
0

dτ ′Bτ ′

t∫
0

dτ ′′Bτ ′′ cos [ω0(τ ′ − τ ′′)],

Jptpt =
2ωμλ�γ2

π

∫
dω0

ω0

γ2 + ω2
0

×

× cth
[

�ω0

2T

] t∫
0

dτ ′Nτ ′

t∫
0

dτ ′′Nτ ′′ cos [ω0(τ ′ − τ ′′)],

Jqtpt =
2ωμλ�γ2

π

∫
dω0

ω0

γ2 + ω2
0

×

× cth
[

�ω0

2T

] t∫
0

dτ ′Nτ ′

t∫
0

dτ ′′Bτ ′′ cos [ω0(τ ′ − τ ′′)],
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Mt = −μδ̃Bt, Nt = μB′
t, C̃t = Bt, Ct = L̃t = 0,

Bt =
3∑

i=1

Bi
t =

1
μ

3∑
i=1

βi(si + γ) esit,

At =
3∑

i=1

βi[si(si + γ) + 2ωλγ] esit

(32)

¨

d(s) ≡ (s + γ)(s2 + δ̃/μ) − 2ωλγs

s + γ
= 0. (33)

‡¤¥¸Ó β1 = 1/[(s1 − s2)(s1 − s3)], β2 = 1/[(s2 − s1)(s2 − s3)] ¨ β3 =
1/[(s3 − s1)(s3 − s2)], £¤¥ si (i = 1, 2, 3) Å ±μ·´¨ Ê· ¢´¥´¨Ö (33). „²Ö μ¶·¥-

¤¥²¥´¨Ö Ö¢´μ£μ ¢¨¤  ¢Ò· ¦¥´¨° (32) ¨ ¤¨¸¸¨¶ É¨¢´μ£μ Ö¤·  K(t) =
λγ

�
e−γ|t|[

K(s) =
λγ

�(s + γ)

]
¸Ê³³Ò

∑
ν

. . . § ³¥´¥´Ò ¨´É¥£· ² ³¨
∞∫
0

dω0 ρ(ω0) . . . ¶μ Î -

¸ÉμÉ¥ ¸ ¶²μÉ´μ¸ÉÓÕ ¸μ¸ÉμÖ´¨° ρ(ω0) É¥·³μ¸É É  [38Ä42], £¤¥
ρ(ω0)|Γ(ω0)|2

�2ω0
=

γ2

π(γ2 + ω2
0)

. ‡  ¶μÖ¢²¥´¨¥ ¢ ¸ÉμÌ ¸É¨Î¥¸±¨Ì Ê· ¢´¥´¨ÖÌ ±μÔËË¨Í¨¥´Éμ¢ É·¥-

´¨Ö λp(t) (¸³. (15)) ¨ ¤¨ËËÊ§¨¨ Dpp(t), Dpq(t) μÉ¢¥É¸É¢¥´´  ²¨´¥°´ Ö ¸¢Ö§Ó
¶μ ±μμ·¤¨´ É¥ q. „²Ö ¶¥·¥´μ·³¨·μ¢ ´´μ£μ ±μÔËË¨Í¨¥´É  ¦¥¸É±μ¸É¨ ξ(t)
(¸³. (17)) ¢ ³ ·±μ¢¸±μ³ ¶·¥¤¥²¥ ¶μ²ÊÎ ¥³ ξ(t) = δ̃.

�μ¸±μ²Ó±Ê ±μÔËË¨Í¨¥´ÉÒ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨ · ¸¸Î¨É ´Ò ¸ ³μ¸μ£² ¸μ-
¢ ´´Ò³ μ¡· §μ³, Éμ É ±μ° ´ ¡μ· ±μÔËË¨Í¨¥´Éμ¢ μ¡¥¸¶¥Î¨¢ ¥É ¶μ²μ¦¨É¥²Ó-
´μ¸ÉÓ ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¢ ²Õ¡μ° ³μ³¥´É ¢·¥³¥´¨, ¤ ¦¥ ¶·¨ Dqq(t) = 0.
�Éμ Ê¸²μ¢¨¥ ¢Ò¶μ²´Ö¥É¸Ö, ´¥¸³μÉ·Ö ´  ´ ·ÊÏ¥´¨Ö μ£· ´¨Î¥´¨Ö

DppDqq − D2
qp � �

2(λp + λq)2

16
(34)

¤²Ö ´¥ § ¢¨¸ÖÐ¨Ì μÉ ¢·¥³¥´¨ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¨ É·¥´¨Ö [6Ä10], ¨
Ö¢²Ö¥É¸Ö ´¥μ¡Ìμ¤¨³Ò³ ¤²Ö ¢Ò¶μ²´¥´¨Ö ¸μμÉ´μÏ¥´¨Ö ´¥μ¶·¥¤¥²¥´´μ¸É¨

σ = σppσqq − σ2
pq � �

2

4

¢ Ê· ¢´¥´¨¨ ‹¨´¤¡² ¤  ¤²Ö ³ É·¨ÍÒ ¶²μÉ´μ¸É¨. …¸²¨ ¸¢Ö§Ó Hcb ¸μ ¸·¥¤μ°
¶·μ¶μ·Í¨μ´ ²Ó´  ¨ p, ¨ q, Éμ£¤  ¢¸¥ ±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ ¨ É·¥´¨Ö (21)
´¥ ´Ê²¥¢Ò¥ [16] ¨ Ê¤μ¢²¥É¢μ·ÖÕÉ Ê¸²μ¢¨Õ (34).
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„²Ö  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì §´ Î¥´¨° ±μÔËË¨Í¨¥´Éμ¢ É·¥´¨Ö, ¦¥¸É±μ¸É¨ ¨ ¤¨Ë-
ËÊ§¨¨ ¶μ²ÊÎ ¥³ ¢Ò· ¦¥´¨Ö

λp(∞) = −(s2 + s1), (35)

ξ(∞) = δ̃
(s1 + γ)(s2 + γ)

(s1 + γ)(s2 + γ) − 2λγω
, (36)

Dpp(∞) = λp(∞)Jp∞p∞ + ξ(∞)Jq∞p∞ , (37)

Dpq(∞) =
1
2

[
λp(∞)Jq∞p∞ + ξ(∞)Jq∞q∞ − 1

μ
Jp∞p∞

]
, (38)

£¤¥

Jq∞q∞ =
2�ωλγ2

πμ

∑
i,j

βiβj(si + γ)(sj + γ)φa(si, sj),

Jp∞p∞ =
2�ωμλγ2

π

∑
i,j

βiβjsisj(si + γ)(sj + γ)φa(si, sj),

Jq∞p∞ =
�ωλγ2

π

∑
i,j

βiβj(si + sj)(si + γ)(sj + γ)φa(si, sj), (39)

φa(si, sj) =
sjψ(−�sj/(2πT ))
(si + sj)(s2

j − γ2)
+

siψ(−�si/(2πT ))
(si + sj)(s2

i − γ2)
+

+
(γ2 − sisj)ψ(�γ/(2πT ))

(γ2 − s2
i )(γ2 − s2

j)
− πT (si + sj − 2γ)

�γ(si + sj)(γ − si)(γ − sj)
.

‚ (35)Ä(39) s1 ¨ s2 Å ¸μ¶·Ö¦¥´´Ò¥ ±μ·´¨ Ê· ¢´¥´¨Ö (33). ‚ ¸²ÊÎ ¥ É·¥Ì
¤¥°¸É¢¨É¥²Ó´ÒÌ ±μ·´¥° ¡¥·ÊÉ¸Ö ¤¢  ±μ·´Ö, ¤²Ö ±μÉμ·ÒÌ ¸Ê³³  (si + sj) ³ ±-
¸¨³ ²Ó´ . ‚ ¢Ò· ¦¥´¨ÖÌ (39) ψ(z) = Γ′(z)/Γ(z) Ö¢²Ö¥É¸Ö ²μ£ ·¨Ë³¨Î¥¸±μ°
¶·μ¨§¢μ¤´μ° £ ³³ -ËÊ´±Í¨¨. ‚ ¸²ÊÎ ¥ £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·  ¢Ò· ¦¥-
´¨Ö ¤²Ö Ji∞j∞ ³μ¦´μ Ê¶·μ¸É¨ÉÓ:

Jq∞q∞ =
2�ωλγ2

πμ

∞∫
0

dω0
ω0 cth [�ω0/(2T )]

(s2
1 + ω2

0)(s
2
2 + ω2

0)(s
2
3 + ω2

0)
,

Jp∞p∞ =
2�ωμλγ2

π

∞∫
0

dω0
ω3

0 cth [�ω0/(2T )]
(s2

1 + ω2
0)(s

2
2 + ω2

0)(s
2
3 + ω2

0)
,

Jq∞p∞ = 0.

(40)

ˆ¸¶μ²Ó§ÊÖ ¢ (26) ¶·¨¡²¨¦¥´¨¥

κ2

t∫
0

dτ K(t − τ) q̇(τ) ≈ λpp(t),
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¶μ²ÊÎ ¥³ ¸¨¸É¥³Ê ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸ÉμÌ ¸É¨Î¥¸±¨Ì Ê· ¢´¥´¨°:

q̇(t) =
p(t)
μ

,

ṗ(t) = −δ̃q(t) − λpp(t) + Fp(t).
(41)

ˆ¸Ìμ¤Ö ¨§ Ê· ¢´¥´¨° (41), ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¶·¨¡²¨¦¥´´Ò¥ Ê· ¢´¥´¨Ö ´  ¢Éμ-
·Ò¥ ³μ³¥´ÉÒ ¸ ±μÔËË¨Í¨¥´É ³¨ ¤¨ËËÊ§¨¨

Dpp(t) =
1
2
〈p(t)Fp(t) + Fp(t)p(t)〉,

Dpq(t) =
1
4
〈q(t)Fp(t) + Fp(t)q(t)〉.

(42)

�μ¤¸É ¢¨¢ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° (41) ¢ (42), ¶μ²ÊÎ ¥³ ¢ ¶·¥¤¥²¥ t → ∞ ¶·¨-
¡²¨¦¥´´Ò¥  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ ±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨

Dpp(∞) = − μTγ2λp

±ω2 + γ(γ + λp)
+

μγ4λ2
pψ
( γ

2πT

)
π[(±ω2 + γ2)2 − γ2λ2

p]
−

−
2μω4γ2λpψ

( s2

4πT

)
π[ω4(s1 − s2) − γ2λ2

ps1 ± 2ω2γ2(λ + s1)]
−

−
2μω4γ2λpψ

( s1

4πT

)
π[ω4(s2 − s1) − γ2λ2

ps2 ± 2ω2γ2(λ + s2)]
, (43)

Dpq(∞) = − Tγλp

2[±ω2 + γ(γ + λp)]
−

γ2(±ω2 + γ2)λpψ
( γ

2πT

)
2π[(±ω2 + γ2)2 − γ2λ2

p]
+

+
±ω2γ2λpψ

( s2

4πT

)
π[4ω4 − γ2λps1 ± ω2(4γ2 − λps2)]

+

+
±ω2γ2λpψ

( s1

4πT

)
π[4ω4 − γ2λps2 ± ω2(4γ2 − λps1)]

, (44)

£¤¥ s1 = λp +
√
∓4ω2 + λ2

p ¨ s2 = λp −
√
∓4ω2 + λ2

p. ‚ ¢Ò· ¦¥´¨ÖÌ (43)

¨ (44) ¢¥·Ì´¨° (´¨¦´¨°) §´ ± ®+¯ ¨²¨ ®−¯ μÉ´μ¸¨É¸Ö ± ¸²ÊÎ Õ, ±μ£¤  ±μ²-
²¥±É¨¢´Ò³ ¶μÉ¥´Í¨ ²μ³ Ö¢²Ö¥É¸Ö £ ·³μ´¨Î¥¸±¨° (¶¥·¥¢¥·´ÊÉÒ°) μ¸Í¨²²ÖÉμ·.

1.5. ‹¨´¥°´ Ö ¸¢Ö§Ó ¶μ ±μμ·¤¨´ É¥ ¨ ¨³¶Ê²Ó¸Ê (RWA-¸¢Ö§Ó). ‚ ±¢ ´-
Éμ¢μ° μ¶É¨±¥ ¨ ¤·Ê£¨Ì · §¤¥² Ì Ë¨§¨±¨ Ï¨·μ±μ ¨¸¶μ²Ó§Ê¥É¸Ö RWA-
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¸¢Ö§Ó [3, 5, 11]. ‚ ¸²ÊÎ ¥ RWA-¸¢Ö§¨ £ ³¨²ÓÉμ´¨ ´ Hcb § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

Hcb = λ1/2
∑

ν

(Γ∗
νa+bν + Γνab+

ν ) =

=

√
λμω

2�
q
∑

ν

(Γ∗
νbν + Γνb+

ν ) + i

√
λ

2�μω
p
∑

ν

(Γνb+
ν − Γ∗

νbν), (45)

£¤¥ a+ ¨ a Å μ¶¥· Éμ·Ò ·μ¦¤¥´¨Ö ¨ Ê´¨ÎÉμ¦¥´¨Ö ¢ ±μ²²¥±É¨¢´μ° ¶μ¤¸¨-
¸É¥³¥,   ±μ´¸É ´ÉÒ ¸¢Ö§¨ Γν ¶·¥¤¶μ² £ ÕÉ¸Ö ±μ³¶²¥±¸´Ò³¨ Î¨¸² ³¨. � ¤μ
μÉ³¥É¨ÉÓ, ÎÉμ FC- ¨ RWA-¸¢Ö§¨ μÉ²¨Î ÕÉ¸Ö μÉ¸ÊÉ¸É¢¨¥³ ´¥·¥§μ´ ´¸´ÒÌ Î²¥-
´μ¢ a+b+

ν ¨ abν ¢ ¶μ¸²¥¤´¥³. ˆ¸±²ÕÎ Ö ÔÉ¨ ¸² £ ¥³Ò¥, ³Ò ¨£´μ·¨·Ê¥³ ¡Ò¸É·μ
μ¸Í¨²²¨·ÊÕÐ¨¥ Î²¥´Ò. � ¤μ μÉ³¥É¨ÉÓ, ÎÉμ ¢ ¸²ÊÎ ¥ RWA-¸¢Ö§¨, ± ± ¨ ¢ ¸²Ê-
Î ¥ FC-¸¢Ö§¨, ¢Ò¶μ²´Ö¥É¸Ö Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ Í¨μ´´μ¥ ¸μμÉ´μÏ¥´¨¥.

„²Ö ±μ²²¥±É¨¢´μ£μ £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·  U(q) = μω2q2/2, ¸¢Ö-
§ ´´μ£μ ¸ £ ·³μ´¨Î¥¸±¨³¨ μ¸Í¨²²ÖÉμ· ³¨ É¥·³μ¸É É , ·¥Ï¥´¨Ö Ê· ¢´¥´¨°
¤¢¨¦¥´¨Ö ¨³¥ÕÉ ¢¨¤

q(t) = Atq(0) + Btp(0) + i

√
�

2μω

t∫
0

dτ [C∗
τ f+(t − τ) − Cτf(t − τ)],

(46)

p(t) = −(μω)2Btq(0) + Atp(0) −
√

�μω

2

t∫
0

dτ [C∗
τ f+(t − τ) + Cτf(t − τ)],

£¤¥

f(t) =
λ1/2

�

∑
ν

Γ∗
ν

(
bν(0) +

Γν

�ων

[√
λμω

2�
q(0) + i

√
λ

2�μω
p(0)

])
e−iωνt,

At =
1
2

⎡
⎣Ct + C∗

t + i�

t∫
0

dτ(Cτ K(t − τ) − C∗
τ K∗(t − τ))

⎤
⎦ ,

Bt =
i

2μω

⎡
⎣Ct − C∗

t + i�

t∫
0

dτ(Cτ K(t − τ) + C∗
τ K∗(t − τ))

⎤
⎦ ,

K(t − τ) =
λ

�2

∑
ν

|Γν |2
�ων

e−iων [t−τ ],

Ct = L−1

[
1

s + i�sK(s) + iε/�

]
, ε = �ω − λ

∑
ν

|Γν |2
�ων

.
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‡ ³¥´ÖÖ ¢ ÔÉ¨Ì ¢Ò· ¦¥´¨ÖÌ ¸Ê³³Ê ¨´É¥£· ²μ³ ¶μ Î ¸ÉμÉ¥ ¸ ¶²μÉ´μ¸ÉÓÕ ¸μ-
¸ÉμÖ´¨° É¥·³μ¸É É  ρ(ω0), ¶μ²ÊÎ ¥³

K(t) =
λγ

2�
e−γ|t| − iλγ2

�π

∞∫
0

dω0
sin (ω0t)
ω2

0 + γ2
,

K(s) =
λγ

2�(s + γ)
− iλγ2 ln (s2/γ2)

2π�(s2 − γ2)
, ε = �(ω − λγ),

At =
1
2

2∑
j=1

[βjηj esj t + β∗
j η∗

j es∗
j t],

Bt =
i

2μω

2∑
j=1

[βjηj esjt − β∗
j η∗

j es∗
j t],

Ct =
2∑

j=1

Cj
t =

2∑
j=1

βj(sj + γ) esjt,

ηj = sj + γ +
iλγ

2
+

λγ2 ln (s2
j/γ2)

2π(sj − γ)
.

‡¤¥¸Ó β1 = −β2 = (s1 − s2)−1, s1 ¨ s2 Å ¶·μ¸ÉÒ¥ ±μ·´¨ Ê· ¢´¥´¨Ö

d(s) = s + i�sK(s) + iε/� = 0,

£¤¥

K(s) =
λγ

�(s + γ)
.

‡¤¥¸Ó ³Ò Ê¢¥²¨Î¨²¨ ¢ ¤¢  · §  ·¥ ²Ó´ÊÕ Î ¸ÉÓ K(s) ¨ ¶·¥´¥¡·¥£²¨ ³´¨-
³Ò³ Î²¥´μ³, ¶·μ¶μ·Í¨μ´ ²Ó´Ò³ ln (s2/γ2). „ ´´μ¥ ¶·¨¡²¨¦¥´¨¥ Ìμ·μÏμ
· ¡μÉ ¥É ¢ ¶·¥¤¥²¥ ¸² ¡μ° ¸¢Ö§¨. � ¤μ μÉ³¥É¨ÉÓ, ÎÉμ ³´¨³ Ö Î ¸ÉÓ K(s) ´¥
¶·¨¢μ¤¨É ± ¸¨´£Ê²Ö·´μ¸É¨ ¶·¨ s = 0, ¶μ¸±μ²Ó±Ê s ln (s) → 0 ¶·¨ s → 0.
“Î¥É ÔÉμ£μ Î²¥´  ¶·¨ ´ Ìμ¦¤¥´¨¨ ±μ·´¥° ¶·¨¢μ¤¨É ± ¶μ¶· ¢± ³ ¸²¥¤ÊÕÐ¥£μ
¶μ·Ö¤±  ¶μ λ ¨ ¶μÖ¢²¥´¨Õ ´μ¢ÒÌ ±μ·´¥°, ¢²¨Ö´¨¥ ±μÉμ·ÒÌ ´  ¤¨´ ³¨±Ê ¸¨-
¸É¥³Ò ¶·¥¤¶μ² £ ¥É¸Ö ³ ²Ò³. ‚ ¶·¥¤¥²¥ ¡μ²ÓÏ¨Ì §´ Î¥´¨° γ ¤¨¸¸¨¶ É¨¢´μ¥
Ö¤·μ K(t) ¡¥§ ¶·¨¡²¨¦¥´¨° ¸¢μ¤¨É¸Ö ± ¶·¨¢ÒÎ´μ° Ëμ·³¥ [38]:

K(t) =
λ

�
δ(t) − iλ

�π
P

(
1
t

)
.

�´ ²μ£¨Î´μ ¢Ò· ¦¥´¨Ö³ (14)Ä(20) ¶μ²ÊÎ ¥³ ±μÔËË¨Í¨¥´ÉÒ É·¥´¨Ö ¶μ
±μμ·¤¨´ É¥ ¨ ¨³¶Ê²Ó¸Ê

λq(t) = λp(t) = − ȦtAt + (μω)2ḂtBt

A2
t + (μω)2B2

t

, (47)
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¶·¨¢¥¤¥´´Ò° ³ ¸¸μ¢Ò° ¶ · ³¥É·

1
m(t)

=
ḂtAt − ȦtBt

A2
t + (μω)2B2

t

, (48)

±μÔËË¨Í¨¥´É ¦¥¸É±μ¸É¨

ξ(t) = (μω)2
ḂtAt − ȦtBt

A2
t + (μω)2B2

t

, (49)

±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ ¶μ ±μμ·¤¨´ É¥

Dqq(t) = λq(t)Jqtqt +
1
2

dJqtqt

dt
, (50)

¨³¶Ê²Ó¸Ê

Dpp(t) = (μω)2Dqq(t) (51)

¨ ¸³¥Ï ´´Ò° ±μÔËË¨Í¨¥´É ¤¨ËËÊ§¨¨ ¶μ ±μμ·¤¨´ É¥-¨³¶Ê²Ó¸Ê

Dqp(t) = 0. (52)

‚ ¢Ò· ¦¥´¨¨ (50)

Jqq(t) =
�λγ2

2πμω

∑
ij

∞∫
0

dω0
ω0[2nω0 + 1]ψij(t)

(γ2 + ω2
0)(si + iω0)(s∗j − iω0)

,

£¤¥

ψij(t) = Ci
tC

j∗

t + Ci
0C

j∗

0 − Ci
tC

j∗

0 eiωνt − Ci
0C

j∗

t e−iωνt.

�·¨ t → ∞

Dqq(∞) =
1

(μω)2
Dpp(∞) = λq(∞)σqq(∞),

Dqp(∞) = 0.

(53)

�É¨ ±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ ³μ£ÊÉ ¡ÒÉÓ ¶μ²ÊÎ¥´Ò É ±¦¥ ¨§ ³ ¸É¥·-Ê· ¢´¥-
´¨Ö (21) ¸ ¶·¥¤¶μ²μ¦¥´¨¥³, ÎÉμ  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ ¸μ¸ÉμÖ´¨Ö ¨³¥ÕÉ · ¸¶·¥¤¥-
²¥´¨¥ ƒ¨¡¡¸  ρ̂ = exp [−H̃c/T ]/Tr(exp [−H̃c/T ]) [9]. …¸²¨ Re (s1) > Re (s2),
Éμ£¤ 

λq(∞) = −1
2
(s2 + s∗2),

1
m

(∞) =
ξ(∞)
(μω)2

=
|Im (s2)|

μω
(54)
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¨ ²¥£±μ ¶μ²ÊÎ¨ÉÓ  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ ¤¨¸¶¥·¸¨¨ ¶μ ±μμ·¤¨´ É¥

σqq(∞) = Jq∞q∞ =
λγ2

2π�ωμ

∞∫
0

dω0
ω0[2nω0 + 1]

|s1 + iω0|2|s2 + iω0|2
=

=
λγ2T

�2ωμ

[ ∞∑
n=1

(
s1

(s1 − xn)(s1 + s∗1)(s1 − s2)(s1 + s∗2)
−

− s2

(s2 − xn)(s2 + s∗2)(s2 − s1)(s2 + s∗1)
+ h. c.

)
−

− s1 + s∗1 + s2 + s∗2
(s1 + s∗1)(s2 + s∗2)(s

∗
1 + s2)(s∗2 + s1)

]
, (55)

£¤¥ xn = 2πnT/�. �·¨ ¡μ²ÓÏ¨Ì É¥³¶¥· ÉÊ· Ì (T → ∞) ¶μ²ÊÎ ¥³

σqq(∞) = Jq∞q∞ = −λγ2T

�2ωμ

s1 + s∗1 + s2 + s∗2
(s1 + s∗1)(s2 + s∗2)(s∗1 + s2)(s∗2 + s1)

. (56)

�μ¸±μ²Ó±Ê Re (s1) < 0 ¨ Re (s2) < 0, Éμ Jq∞q∞ > 0. �·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ-
· Ì (T → 0) ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥:

σqq(∞) = Jq∞q∞ =
λγ2

2�ωμ

i(s∗1s
∗
2 − s1s2)

(s1 + s∗1)(s2 + s∗2)(s
∗
1 + s2)(s∗2 + s1)

. (57)

‡¤¥¸Ó Jq∞q∞ > 0, É ± ± ± Im (s1s2) > 0. ‚ ¶·¥¤¥²¥ ¸² ¡μ° ¸¢Ö§¨ λ 	 1
Ê· ¢´¥´¨Ö (56) ¨ (57) ¸¢μ¤ÖÉ¸Ö ± ¨§¢¥¸É´Ò³ Ëμ·³Ê² ³

σqq(∞) =
T

μω2

¨

σqq(∞) =
�

2μω

¸μμÉ¢¥É¸É¢¥´´μ.
�μ¸±μ²Ó±Ê λq 
= 0 ¨ Dqq 
= 0, Ê· ¢´¥´¨¥ ¤²Ö ¶·¨¢¥¤¥´´μ° ³ É·¨ÍÒ

¶²μÉ´μ¸É¨ (¨²¨ Ê· ¢´¥´¨¥ ¤²Ö ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¢¥·μÖÉ´μ¸É¥° ‚¨£-
´¥· ) ¨³¥¥É ¸É·Ê±ÉÊ·Ê Ê· ¢´¥´¨Ö ‹¨´¤¡² ¤ . …¸²¨ ³ É·¨Í  ¶²μÉ´μ¸É¨ ¶μ-
²μ¦¨É¥²Ó´  ¢ ´ Î ²Ó´Ò° ³μ³¥´É ¢·¥³¥´¨, Éμ μ´  μ¸É ¥É¸Ö ¶μ²μ¦¨É¥²Ó´μ°
¢ ²Õ¡μ° ³μ³¥´É ¢·¥³¥´¨, ¤ ¦¥ ¥¸²¨ ¨¸¶μ²Ó§μ¢ ÉÓ  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ §´ Î¥-
´¨Ö ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¨ É·¥´¨Ö ¶μ ±μμ·¤¨´ É¥ ¨ ¨³¶Ê²Ó¸Ê ¢ ³ ¸É¥·-
Ê· ¢´¥´¨¨.
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‘¨³³¥É·¨§μ¢ ´´ Ö ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö ¶μ ±μμ·¤¨´ É¥ ¨³¥¥É ¸²¥-
¤ÊÕÐÊÕ ¸É·Ê±ÉÊ·Ê:

σqtqt′ = AtAt′σq0q0 + BtBt′σp0p0+

+
�λγ2

4πμω

∑
ij

∞∫
0

dω0

ω0[2nω0 + 1][ψij(t, t′) + ψ∗
ji(t, t

′)]
[γ2 + ω2

0 ][si + iω0][s∗j − iω0]
, (58)

£¤¥

ψij(t, t′) = Ci
tC

j∗

t′ + Ci
0C

j∗

0 eiων [t−t′] − Ci
tC

j∗

0 eiωνt′ − Ci
0C

j∗

t′ e−iωνt.

‚ ¶·¥¤¥² Ì ´¨§±¨Ì ¨ ¢Ò¸μ±¨Ì É¥³¶¥· ÉÊ·  ¸¨³¶ÉμÉ¨Î¥¸± Ö (t � t′ > 0)
¸¨³³¥É·¨§μ¢ ´´ Ö ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö

σas
qtqt′

=
λγ2

2π�ωμ

∞∫
0

dω0
ω0[2nω0 + 1] cos (ω0[t − t′])

|s1 + iω0|2|s2 + iω0|2
(59)

¨³¥¥É ¸É¥¶¥´´ÊÕ § ¢¨¸¨³μ¸ÉÓ μÉ (t − t′):

σas
qtqt′

(T → 0) → −λγ2

2π�ωμ|s1|2|s2|2(t − t′)2
≈ −λ�

2πω3μ

1
(t − t′)2

, (60)

σas
qtqt′

(T → ∞) → iλγ2T (s∗1s∗2[s1 + s2] − s1s2[s∗1 + s∗2])
π�2ωμ|s1|4|s2|4(t − t′)2

≈ −2λT

πμω4

1
(t − t′)2

.

(61)

�Éμ ¸¢Ö§ ´μ ¸ ±¢ ´Éμ¢μ° ¶·¨·μ¤μ° ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê ±μ²²¥±É¨¢´μ° ¨
¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥³ ³¨: ± ¦¤Ò°  ±É ¢§ ¨³μ¤¥°¸É¢¨Ö § ±²ÕÎ ¥É¸Ö ¢ Ê´¨-
ÎÉμ¦¥´¨¨ ±¢ ´É  ¢ μ¤´μ° ¶μ¤¸¨¸É¥³¥ ¨ ·μ¦¤¥´¨¨ ±¢ ´É  ¢ ¤·Ê£μ°. ‡ ³¥É¨³,
ÎÉμ (60) ¨ (61) ´¥ § ¢¨¸ÖÉ μÉ §´ Î¥´¨° γ.

1.6. �¥³ ·±μ¢¸± Ö ¤¨´ ³¨±  ±¢ ´Éμ¢ÒÌ ¸¨¸É¥³: ¸±μ·μ¸ÉÓ · ¸¶ ¤  ¨
§ Ì¢ É. �¥·¥°¤¥³ ± ¨§ÊÎ¥´¨Õ ¢²¨Ö´¨Ö § ¢¨¸¨³μ¸É¨ ±μÔËË¨Í¨¥´Éμ¢ É·¥´¨Ö ¨
¤¨ËËÊ§¨¨ μÉ ¢·¥³¥´¨, ¶μ²ÊÎ¥´´ÒÌ ¢ [16] ¸μ ¸¢Ö§ÓÕ Hcb, ¶·μ¶μ·Í¨μ´ ²Ó´μ°
Éμ²Ó±μ q (FC-¸¢Ö§Ó), ´  ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (21). �¸μ¡μ¥ ¢´¨³ ´¨¥ Ê¤¥²¨³ ¨¸-
¸²¥¤μ¢ ´¨Õ ·μ²¨ ´¥¤¨ £μ´ ²Ó´μ£μ ±μÔËË¨Í¨¥´É  ¤¨ËËÊ§¨¨ Dqp. ‚ ± Î¥¸É¢¥
¶·¨³¥·  §¤¥¸Ó ¶μ± § ´Ò · ¸Î¥ÉÒ ¸±μ·μ¸É¨ ¶μÉμ±  Î¥·¥§  ´£ ·³μ´¨Î¥¸±¨°
¶μÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥·. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¸· ¢´¨¢ ÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨,
¶μ²ÊÎ¥´´Ò³¨ ¸ ®±² ¸¸¨Î¥¸±¨³¯ ´ ¡μ·μ³ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨.

Œ ¸É¥·-Ê· ¢´¥´¨¥ (21) Éμ²Ó±μ ¶·¨¡²¨¦¥´´μ μ¶¨¸Ò¢ ¥É ¤¨¸¸¨¶ É¨¢´ÊÕ
±¢ ´Éμ¢ÊÕ ¤¨´ ³¨±Ê ¤²Ö  ´£ ·³μ´¨Î¥¸±¨Ì ¸¨¸É¥³. �¤´ ±μ ¢ ´ Ï¥³ ¸²ÊÎ ¥
³Ò · ¸¸³ É·¨¢ ¥³ ²¨ÏÓ ´ Î ²Ó´ÊÕ ¸É ¤¨Õ (μÉ´μ¸¨É¥²Ó´μ ±μ·μÉ±¨¥ ¢·¥³¥´ )
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Ô¢μ²ÕÍ¨¨ ¸¨¸É¥³Ò ¢¶²μÉÓ ¤μ ³μ³¥´É , ±μ£¤  ¸±μ·μ¸ÉÓ ¶μÉμ±  ¤μ¸É¨£ ¥É ±¢ §¨-
¸É Í¨μ´ ·´μ£μ ·¥¦¨³ . � ¶·¨³¥·, ¢ ¸²ÊÎ ¥ ¶·μÍ¥¸¸  · ¸¶ ¤  ¢μ²´μ¢ Ö ËÊ´±-
Í¨Ö ¸¨¸É¥³Ò ¢ μ¸´μ¢´μ³ ²μ± ²¨§μ¢ ´  ¢ ´ Î ²Ó´μ³ ¶μÉ¥´Í¨ ²Ó´μ³ ± ·³ ´¥,
±μÉμ·Ò° ³μ¦¥É ¡ÒÉÓ Ìμ·μÏμ  ¶¶·μ±¸¨³¨·μ¢ ´ £ ·³μ´¨Î¥¸±¨³ μ¸Í¨²²ÖÉμ-
·μ³. ’ ±¨³ μ¡· §μ³, ³μ¦´μ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ¢²¨Ö´¨¥ Ë²Ê±ÉÊ Í¨° ¡μ²¥¥
¢Ò¸μ±μ£μ ¶μ·Ö¤±  ´  Ô¢μ²ÕÍ¨Õ ¸¨¸É¥³Ò ¢ · ¸¸³ É·¨¢ ¥³μ° ¸É ¤¨¨ ¶·μ-
Í¥¸¸  · ¸¶ ¤  ³ ²μ. …¸²¨ ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö Ô¢μ²ÕÍ¨μ´¨·Ê¥É ¢ ¡μ-
²¥¥ ¸²μ¦´μ³ ¶μÉ¥´Í¨ ²¥, Éμ ¥¥ ¢·¥³¥´´μ¥ ¶μ¢¥¤¥´¨¥ μ¶·¥¤¥²Ö¥É¸Ö ³ ¸É¥·-
Ê· ¢´¥´¨¥³ ¸ É· ´¸¶μ·É´Ò³¨ ±μÔËË¨Í¨¥´É ³¨, § ¢¨¸ÖÐ¨³¨ μÉ ¢·¥³¥´¨. „²Ö
 ´£ ·³μ´¨Î¥¸±¨Ì ¸¨¸É¥³ ¶·¨³¥´¥´¨¥  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì É· ´¸¶μ·É´ÒÌ ±μÔË-
Ë¨Í¨¥´Éμ¢ μ¶· ¢¤ ´μ Éμ²Ó±μ ¢ ·¥¦¨³¥ ¸² ¡μ° ¤¨¸¸¨¶ Í¨¨ ¨ ¢Ò¸μ±¨Ì É¥³-
¶¥· ÉÊ·.

1.6.1. ŠμÔËË¨Í¨¥´ÉÒ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨, § ¢¨¸ÖÐ¨¥ μÉ ¢·¥³¥´¨. ‚Ò-
· ¦¥´¨Ö ¤²Ö ±μÔËË¨Í¨¥´Éμ¢ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨ ¤²Ö FC-¸¢Ö§¨, ¶μ²ÊÎ¥´´Ò¥
¢ [16], ¸μ¤¥·¦ É É·¨ ¶ · ³¥É· : ω, λ ¨ γ. ‡´ Î¥´¨¥ ¶ · ³¥É·  γ, ±μÉμ·μ¥ Ì -
· ±É¥·¨§Ê¥É Ï¨·¨´Ê ¸μ¸ÉμÖ´¨° ¸·¥¤Ò, ¤μ²¦´μ Ê¤μ¢²¥É¢μ·ÖÉÓ Ê¸²μ¢¨Õ γ � ω,
£¤¥ ω Å Î ¸ÉμÉ  μ¸Í¨²²ÖÉμ· , ±μÉμ·Ò° ¶μ¸²¥ ¶¥·¥´μ·³¨·μ¢±¨ ω → ω̃  ¶-
¶·μ±¸¨³¨·Ê¥É ¶μÉ¥´Í¨ ² μ±μ²μ ¶μ²μ¦¥´¨Ö ³¨´¨³Ê³ . ‚ ´ Ï¨Ì · ¸Î¥É Ì
�γ = 12 ŒÔ‚. ’ ± ± ± ¢ (45) ´¥É ±μ³¶¥´¸¨·ÊÕÐ¥£μ Î²¥´ , ± ± ¢ [2], Éμ
¨§-§  ¸¢Ö§¨ ¸μ ¸·¥¤μ° ¶μÉ¥´Í¨ ² U(q) ¶¥·¥´μ·³¨·Ê¥É¸Ö. ‚ · ¸¸³μÉ·¥´´ÒÌ
§¤¥¸Ó ¶·¨²μ¦¥´¨ÖÌ ¶¥·¥´μ·³¨·μ¢±  ¶·¨¢μ¤¨É ± ¸² ¡μ° § ¢¨¸¨³μ¸É¨ Î ¸ÉμÉÒ
μÉ ¢·¥³¥´¨ ω(t) ¤μ ¤μ¸É¨¦¥´¨Ö  ¸¨³¶ÉμÉ¨Î¥¸±μ£μ §´ Î¥´¨Ö ω̃. ‡´ Î¥´¨Ö
¶ · ³¥É·μ¢ λ ¨ ω § ¤ ÕÉ¸Ö É ±¨³ μ¡· §μ³, ÎÉμ¡Ò ¶·¨ Ë¨±¸¨·μ¢ ´´μ° É¥³-
¶¥· ÉÊ·¥ T ¶μ²ÊÎ¨ÉÓ § ¤ ´´ÊÕ  ¸¨³¶ÉμÉ¨±Ê ω̃ = ω(∞). �  ·¨¸. 1 ¶μ± -
§ ´Ò § ¢¨¸¨³μ¸É¨ ±μÔËË¨Í¨¥´Éμ¢ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨ μÉ ¢·¥³¥´¨ ¸ ´ Î ²Ó-
´Ò³¨ §´ Î¥´¨Ö³¨ λp(t = 0) = 0, Dpp(t = 0) = 0 ¨ Dqp(t = 0) = 0 ¶·¨
μ = 50m0 ¨ �ω̃ = 3 ŒÔ‚, £¤¥ m0 Å ³ ¸¸  ´Ê±²μ´ . �μ¸²¥ ¶¥·¥Ìμ¤´μ£μ
¢·¥³¥´¨ τ É· ´¸¶μ·É´Ò¥ ±μÔËË¨Í¨¥´ÉÒ ¤μ¸É¨£ ÕÉ ¸¢μ¨Ì  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì
§´ Î¥´¨° λp(∞), Dpp(∞) ¨ Dqp(∞). ‚ Éμ ¢·¥³Ö ± ± λp ¨ Dpp ¶μ²μ¦¨É¥²Ó´Ò
¢¸¥£¤ , Dqp ¶μ²μ¦¨É¥²¥´ Éμ²Ó±μ ¢ É¥Î¥´¨¥ ±μ·μÉ±μ£μ ´ Î ²Ó´μ£μ ¶¥·¨μ¤ 
¢·¥³¥´¨ ¨ ¸É ´μ¢¨É¸Ö μÉ·¨Í É¥²Ó´Ò³ ¶·¨ ¡μ²ÓÏ¨Ì ¢·¥³¥´ Ì. �¥·¥Ìμ¤´μ¥
¢·¥³Ö ¤μ¸É ÉμÎ´μ ±μ·μÉ±μ¥: τ 	 2π/ω̃. Š ± ¸²¥¤Ê¥É ¨§  ´ ²¨É¨Î¥¸±¨Ì ¢Ò· -
¦¥´¨° [16], Dpp(∞) ¶·μ¶μ·Í¨μ´ ²Ó´μ λp(∞),   §´ Î¥´¨¥ Dqp(∞) Ê¡Ò¢ ¥É ¸
·μ¸Éμ³ λp(∞) ¨ Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ T .

�¸¨³¶ÉμÉ¨Î¥¸±μ¥ §´ Î¥´¨¥ Dpp, ¶μ²ÊÎ¥´´μ¥ ¢ [43], ¶μÎÉ¨ ¸μ¢¶ ¤ ¥É ¸μ
§´ Î¥´¨¥³ Dpp(∞), · ¸¸Î¨É ´´Ò³ ´ ³¨ [16]. �¤´ ±μ ¨§-§  Ê¶·μÐ¥´¨°, ¸¤¥-
² ´´ÒÌ ¢ [43], §´ Î¥´¨¥ Dqp(∞) < 0 ¶μ²ÊÎ¨²μ¸Ó ¶·¨³¥·´μ ´  25 % ³¥´ÓÏ¥,
Î¥³ ¢ ´ Ï¨Ì · ¸Î¥É Ì.

‚ ¸²ÊÎ ¥ ²¨´¥°´μ° ¸¢Ö§¨ ¶μ ±μμ·¤¨´ É¥ (FC-¸¢Ö§Ó) Dqq = 0 ¨ λp = 0
¢ ²Õ¡μ° ³μ³¥´É ¢·¥³¥´¨. ‚ ¤ ´´μ° · ¡μÉ¥ ³Ò μ£· ´¨Î¨²¨¸Ó · ¸¸³μÉ·¥´¨¥³
Éμ²Ó±μ ÔÉμ° ¸¢Ö§¨ ¨ ¢ Î¨¸²¥´´ÒÌ · ¸Î¥É Ì ¨¸¶μ²Ó§μ¢ ²¨ É·¨ ´ ¡μ·  ±μÔËË¨-
Í¨¥´Éμ¢ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨.
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�¨¸. 1. ‡ ¢¨¸¨³μ¸É¨ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¨ É·¥´¨Ö μÉ ¢·¥³¥´¨, · ¸¸Î¨É ´´Ò¥
¶·¨ �ω̃ = 3 ŒÔ‚, μ = 50m0 ¨ T/(�ω̃) = 0,033. ‡¤¥¸Ó �λp(∞) = 1 ŒÔ‚

�¥·¢Ò° ´ ¡μ· ±μÔËË¨Í¨¥´Éμ¢ Å ÔÉμ É· ´¸¶μ·É´Ò¥ ±μÔËË¨Í¨¥´ÉÒ (Ê· ¢-
´¥´¨Ö (15), (30) ¨ (31)), § ¢¨¸ÖÐ¨¥ μÉ ¢·¥³¥´¨ (¸³. ·¨¸. 1):

(i) Dpp(t), Dqp(t), λp(t). (62)

‚Éμ·μ° ´ ¡μ· ¸μ¤¥·¦¨É  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ §´ Î¥´¨Ö ÔÉ¨Ì ±μÔËË¨Í¨¥´Éμ¢
(Ê· ¢´¥´¨Ö (35), (37) ¨ (38)):

(ii) Dpp(∞), Dqp(∞), λp(∞). (63)

‘· ¢´¨¢ Ö ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¸ (62) ¨ (63), ³μ¦´μ ¶μ´ÖÉÓ ·μ²Ó ¢·¥³¥´-
´μ° § ¢¨¸¨³μ¸É¨ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¨ É·¥´¨Ö ¢ ¨§³¥´¥´¨¨ ¸·¥¤´¨Ì
§´ Î¥´¨° ¨ ¤¨¸¶¥·¸¨°.

’·¥É¨° ´ ¡μ· ±μÔËË¨Í¨¥´Éμ¢ ¸μ¢¶ ¤ ¥É ¸ ¶¥·¢Ò³, ´μ ¶·¥¤¶μ² £ ¥É¸Ö,
ÎÉμ Dqp = 0:

(iii) Dpp(t), Dqp(t) ≡ 0, λp(t). (64)
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‘· ¢´¨¢ Ö ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¸ (62) ¨ (64), ³μ¦´μ ¶μ´ÖÉÓ ·μ²Ó Dqp

¢ Ô¢μ²ÕÍ¨¨ ¸·¥¤´¨Ì §´ Î¥´¨° ¨ ¤¨¸¶¥·¸¨°, É. ¥. ´ ¸±μ²Ó±μ ¢ ¦¥´ ÊÎ¥É Dqp

¶·¨ μ¶¨¸ ´¨¨ ¤¨´ ³¨±¨ ¸¨¸É¥³Ò. �¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¸ ÔÉ¨³¨ ´ ¡μ· ³¨
±μÔËË¨Í¨¥´Éμ¢, ³μ¦´μ ¸· ¢´¨ÉÓ É ±¦¥ ¸ Î ¸Éμ ¨¸¶μ²Ó§Ê¥³Ò³ ®±² ¸¸¨Î¥-
¸±¨³¯ ´ ¡μ·μ³ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨:

(iv) Dc
pp = μλpT

∗, Dqq = Dqp = 0, (65)

£¤¥ T ∗ = 0,5�ω̃ coth (�ω̃/(2T )) Å ÔËË¥±É¨¢´ Ö É¥³¶¥· ÉÊ· .
1.6.2. � ¸¶ ¤ Î¥·¥§ ¶μÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥·. � ¸¸³μÉ·¨³ ¶¥·¥Ìμ¤ ´ Î ²Ó-

´μ£μ £ Ê¸¸μ¢¸±μ£μ ¶ ±¥É  ¨§ ³¥²±μ° ¶μÉ¥´Í¨ ²Ó´μ° Ö³Ò ¢ ¡μ²¥¥ £²μ¡ ²Ó´ÊÕ
Ö³Ê ¢  ¸¨³³¥É·¨Î´μ³ ¡¨¸É ¡¨²Ó´μ³ ¶μÉ¥´Í¨ ²¥ (·¨¸. 2), ¶·¥¤¸É ¢²¥´´ÊÕ ¶μ-
²¨´μ³μ³ Î¥É¢¥·Éμ£μ ¶μ·Ö¤± :

Ũ(q) = − 6qRVL

q2
L(2qR − qL)

q2 − 4(qL + qR)VL

q3
L(qL − 2qR)

q3 − 3VL

q3
L(2qR − qL)

q4, (66)

£¤¥ qL ¨ qR Å ¶μ²μ¦¥´¨Ö ²¥¢μ£μ ¨ ¶· ¢μ£μ ³¨´¨³Ê³μ¢ ¸μμÉ¢¥É¸É¢¥´´μ,
  VL Å £²Ê¡¨´  ²¥¢μ£μ ³¨´¨³Ê³ . ‡ ³¥É¨³, ÎÉμ ¡ ·Ó¥· ´ Ìμ¤¨É¸Ö ¶·¨ q =
qb = 0. ‚ · ¸Î¥É Ì VL = 4 ŒÔ‚, qL = −1,67 Ë³ ¨ qR = 2,5 Ë³. ‘ É ±¨³¨
¶ · ³¥É· ³¨ £²Ê¡¨´  ¶· ¢μ£μ ± ·³ ´  · ¢´  11,8 ŒÔ‚. ŒÒ · ¸¸³μÉ·¥²¨ ¤¢ 
§´ Î¥´¨Ö ³ ¸¸μ¢μ£μ ¶ · ³¥É·  μ = 50m0 ¨ 448m0, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ Î ¸ÉμÉ ³
¢ ²¥¢μ³ ¶μÉ¥´Í¨ ²Ó´μ³ ³¨´¨³Ê³¥ �ω̃m = 3 ŒÔ‚ ¨ �ω̃m = 1 ŒÔ‚. � Î ²Ó´Ò°
£ Ê¸¸μ¢¸±¨° ¶ ±¥É ´ Ìμ¤¨É¸Ö ¢ qL ¨ ¨³¥¥É ±¢ ¤· É´Ò° ±μ·¥´Ó μÉ ¤¨¸¶¥·¸¨¨√

σqq(0) = 0,35 ¨ 0,2 Ë³ ¶·¨ μ = 50m0 ¨ 448m0 ¸μμÉ¢¥É¸É¢¥´´μ. „¨¸¶¥-
·¸¨Ö σpp(0) μ¶·¥¤¥²Ö¥É¸Ö ¨§ ¸μμÉ´μÏ¥´¨Ö ´¥μ¶·¥¤¥²¥´´μ¸É¨ ¸ σqp(0) = 0,
σpp(0) = �

2/(4σqq(0)).

�¨¸. 2. 
¨¸É ¡¨²Ó´Ò° ¶μÉ¥´Í¨ ² (66). ‘Ì¥³ É¨Î¥¸±¨ ¶·¥¤¸É ¢²¥´ · ¸¶ ¤ £ Ê¸¸μ¢¸±μ£μ
¶ ±¥É  ¨§ ²¥¢μ° ¶μÉ¥´Í¨ ²Ó´μ° Ö³Ò ¢ ¶· ¢ÊÕ ¶μÉ¥´Í¨ ²Ó´ÊÕ Ö³Ê. „·Ê£μ° ¶ ±¥É
¶·¨¡²¨¦ ¥É¸Ö ± ¡ ·Ó¥·Ê ¸¶· ¢  ¨ Î ¸É¨Î´μ § Ì¢ ÉÒ¢ ¥É¸Ö ¢ ²¥¢ÊÕ Ö³Ê
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�  ·¨¸. 3 ¨ 4 ¶μ± § ´Ò § ¢¨¸¨³μ¸É¨ ¤¨¸¶¥·¸¨° σpp(t), σqp(t) ¨ σqq(t) μÉ
¢·¥³¥´¨ t ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ ³ ¸¸μ¢μ£μ ¶ · ³¥É· . �·¨ t > 4 �/ŒÔ‚,
±μ£¤  ¢ ¶μÉ¥´Í¨ ²¥ ¡¨¸É ¡¨²Ó´μ£μ É¨¶  Ê¸É ´ ¢²¨¢ ¥É¸Ö · ¢´μ¢¥¸¨¥ ¶μ ¨³-
¶Ê²Ó¸Ê, σpp(t) ¤μ¸É¨£ ¥É ¸¢μ¥£μ  ¸¨³¶ÉμÉ¨Î¥¸±μ£μ §´ Î¥´¨Ö. ‡´ Î¥´¨Ö σpp(t)
¨ σqp(t) μ¸Í¨²²¨·ÊÕÉ ¤μ²ÓÏ¥ ¶μ ¢·¥³¥´¨, ¥¸²¨ §´ Î¥´¨Ö ³ ¸¸Ò ¨ É·¥´¨Ö
³¥´ÓÏ¥. �·¨ ¡μ²ÓÏμ³ ³ ¸¸μ¢μ³ ¶ · ³¥É·¥ μÉ´μ¸¨É¥²Ó´μ¥ Ê¢¥²¨Î¥´¨¥ §´ Î¥-
´¨Ö ¤¨¸¶¥·¸¨¨ ¸ ·μ¸Éμ³ É¥³¶¥· ÉÊ·Ò ¡μ²ÓÏ¥. �·¨ ¡μ²ÓÏ¨Ì ¢·¥³¥´ Ì §´ Î¥-
´¨¥ σqp(t) ³¥´Ö¥É¸Ö ¸² ¡μ.

�μ¸±μ²Ó±Ê ´ Î ²Ó´μ¥ £ Ê¸¸μ¢¸±μ¥ · ¸¶·¥¤¥²¥´¨¥ ¨§³¥´Ö¥É¸Ö ¨§-§  ¶¥·¥-
Ìμ¤  ¨§ ²¥¢μ£μ ± ·³ ´  ¢ ¶· ¢Ò° (¸³. ·¨¸. 2), §´ Î¥´¨¥ σqq(t) · ¸É¥É ¸μ ¢·¥-
³¥´¥³. �·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ ³ ¸¸μ¢μ£μ ¶ · ³¥É·  σqq(t) ¨ σqp(t) Ê¢¥²¨Î¨-
¢ ÕÉ¸Ö ¸ ·μ¸Éμ³ λp, Éμ£¤  ± ± ¶·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ μ´¨ Ê³¥´ÓÏ ÕÉ¸Ö ¸

�¨¸. 3. ‡ ¢¨¸¨³μ¸É¨ ¤¨¸¶¥·¸¨° σpp(t), σqp(t) ¨ σqq(t) μÉ ¢·¥³¥´¨ t ¢ ¸²ÊÎ ¥ · ¸¶ ¤ 
´ Î ²Ó´μ£μ £ Ê¸¸μ¢¸±μ£μ ¶ ±¥É  ¨§ ²¥¢μ° ¶μÉ¥´Í¨ ²Ó´μ° Ö³Ò (66) ¶·¨ μ = 50m0,
�ω̃ = 3 ŒÔ‚, T/(�ω̃) = 0,033 (²¥¢ Ö ¸Éμ·μ´ ), T/(�ω̃) = 0,33 (¶· ¢ Ö ¸Éμ·μ´ ) ¨
§´ Î¥´¨ÖÌ ±μÔËË¨Í¨¥´É  É·¥´¨Ö λp/ω̃ = 0,17 (¸¶²μÏ´ Ö ±·¨¢ Ö), 0,33 (ÏÉ·¨Ìμ¢ Ö),
0,50 (¶Ê´±É¨·´ Ö) ¨ 0,66 (ÏÉ·¨Ì¶Ê´±É¨·´ Ö)
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�¨¸. 4. ‡ ¢¨¸¨³μ¸É¨ ¤¨¸¶¥·¸¨° σpp(t), σqp(t) ¨ σqq(t) μÉ ¢·¥³¥´¨ t ¢ ¸²ÊÎ ¥ · ¸¶ ¤ 
´ Î ²Ó´μ£μ £ Ê¸¸μ¢¸±μ£μ ¶ ±¥É  ¨§ ²¥¢μ° ¶μÉ¥´Í¨ ²Ó´μ° Ö³Ò (66) ¶·¨ μ = 448m0,
�ω̃ = 1 ŒÔ‚, T/(�ω̃) = 0,5 (²¥¢ Ö ¸Éμ·μ´ ), T/(�ω̃) = 1,5 (¶· ¢ Ö ¸Éμ·μ´ ) ¨
§´ Î¥´¨ÖÌ ±μÔËË¨Í¨¥´É  É·¥´¨Ö λp/ω̃ = 0,5 (¸¶²μÏ´ Ö ±·¨¢ Ö), 1,0 (ÏÉ·¨Ìμ¢ Ö),
1,5 (¶Ê´±É¨·´ Ö) ¨ 2,0 (ÏÉ·¨Ì¶Ê´±É¨·´ Ö)

·μ¸Éμ³ λp. �Éμ ¶·μ¨¸Ìμ¤¨É ¨§-§  ¡ ² ´¸  ³¥¦¤Ê ¤¨ËËÊ§¨¥° ¨ É·¥´¨¥³. �·¨
³ ²ÒÌ §´ Î¥´¨ÖÌ ³ ¸¸Ò ¤¨ËËÊ§¨Ö ³μ¦¥É ±μ³¶¥´¸¨·μ¢ ÉÓ Ê³¥´ÓÏ¥´¨¥ ¸±μ-
·μ¸É¨ · ¸¶ ¤  ¨§-§  É·¥´¨Ö. �μÌμ¦¨¥ § ¢¨¸¨³μ¸É¨ ¤¨¸¶¥·¸¨° μÉ ¢·¥³¥´¨
³Ò ¶μ²ÊÎ ¥³ ¨ ¸μ ¢Éμ·Ò³ ´ ¡μ·μ³ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¨ É·¥´¨Ö (63),
μ¸μ¡¥´´μ ¶·¨ ¡μ²ÓÏ¨Ì ¢·¥³¥´ Ì. �μÔÉμ³Ê ¢μ ³´μ£¨Ì ¶·¨²μ¦¥´¨ÖÌ ³μ¦´μ
¶·¥´¥¡·¥ÎÓ § ¢¨¸¨³μ¸ÉÓÕ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¨ É·¥´¨Ö μÉ ¢·¥³¥´¨ ¨
¨¸¶μ²Ó§μ¢ ÉÓ  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ §´ Î¥´¨Ö λp, Dpp ¨ Dqp. �¥¸³μÉ·Ö ´  ´ ·ÊÏ¥-
´¨¥ ´¥· ¢¥´¸É¢  (34), ¨¸¶μ²Ó§μ¢ ´¨¥ ±μÔËË¨Í¨¥´Éμ¢ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨ (62)
´¥ ¶·¨¢μ¤¨É ± ´ ·ÊÏ¥´¨Õ ¸μμÉ´μÏ¥´¨Ö ´¥μ¶·¥¤¥²¥´´μ¸É¨, É ± ± ± §´ Î¥-
´¨¥ Dpp ¶·¨³¥·´μ ¢ 1,5 · §  ¡μ²ÓÏ¥, Î¥³ §´ Î¥´¨¥ ®±² ¸¸¨Î¥¸±μ£μ¯ Dc

pp

¢ (65). ‘ ±μÔËË¨Í¨¥´É ³¨ ¤¨ËËÊ§¨¨ (65) ³μ¦´μ ´ ¡²Õ¤ ÉÓ ´ ·ÊÏ¥´¨¥ ¸μμÉ-
´μÏ¥´¨Ö ´¥μ¶·¥¤¥²¥´´μ¸É¨ ¢ ´ Î ²Ó´Ò° ³μ³¥´É ¢·¥³¥´¨ (·¨¸. 5).
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�¨¸. 5. ‡ ¢¨¸¨³μ¸ÉÓ ¸μμÉ´μÏ¥´¨Ö ´¥μ¶·¥¤¥²¥´´μ¸É¨ u(t) = σpp(t)σqq(t) − σ2
qp(t) −

�
2/4 μÉ ¢·¥³¥´¨ t ¢ ´ Î ²¥ ¶·μÍ¥¸¸  · ¸¶ ¤  ¨§ ²¥¢μ° ¶μÉ¥´Í¨ ²Ó´μ° Ö³Ò (66) ¸ ±μÔË-

Ë¨Í¨¥´É ³¨ ¤¨ËËÊ§¨¨ (62) (¸¶²μÏ´ Ö ±·¨¢ Ö) ¨ (65) (ÏÉ·¨Ìμ¢ Ö) ¶·¨ μ = 448m0,
�ω̃ = 1 ŒÔ‚, λp/ω̃ = 1 ¨ T/(�ω̃) = 0,1

�¥Ï Ö ³ ¸É¥·-Ê· ¢´¥´¨¥ (21) ¸ Ê± § ´´Ò³¨ ¢ÒÏ¥ ±μÔËË¨Í¨¥´É ³¨ É·¥-
´¨Ö ¨ ¤¨ËËÊ§¨¨, ³Ò ³μ¦¥³ ¢ÒÎ¨¸²¨ÉÓ ³ É·¨ÍÊ ¶²μÉ´μ¸É¨ ρ(q, t) = 〈q|ρ̂(t)|q〉
¢ ±μμ·¤¨´ É´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¨ ´ °É¨ ¢¥·μÖÉ´μ¸ÉÓ ¶·μ´¨Í ¥³μ¸É¨

P (t) =

∞∫
qb

dq[ρ(q, t) − ρ(q, t = 0)]
/ qb∫

−∞

dqρ(q, 0) (67)

Î ¸É¨ÍÒ ¸ ³ ¸¸μ° μ Î¥·¥§ ¡ ·Ó¥· ¶·¨ q = qb,   É ±¦¥ §´ Î¥´¨¥ ¸±μ·μ¸É¨
¶μÉμ±  ¢¥·μÖÉ´μ¸É¨

Λ(t) =
1

1 − P (t)
dP (t)

dt
. (68)

�·¨ ·¥Ï¥´¨¨ Ê· ¢´¥´¨Ö (21) ¨¸¶μ²Ó§μ¢ ´ μ¸Í¨²²ÖÉμ·´Ò° ¡ §¨¸ [31Ä33]. ’ -
±μ° ³¥Éμ¤ ¶μ§¢μ²Ö¥É ´ °É¨ ·¥Ï¥´¨¥ ¤²Ö ²Õ¡μ£μ ´¥¶·¥·Ò¢´μ£μ ¶μÉ¥´Í¨ ²  ¨
²Õ¡μ£μ ´ ¡μ·  ±μÔËË¨Í¨¥´Éμ¢ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨.

„²Ö É·¥Ì ´ ¡μ·μ¢ ±μÔËË¨Í¨¥´Éμ¢ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨ (62)Ä(64) ´  ·¨¸. 6
¶μ± § ´Ò § ¢¨¸¨³μ¸É¨ ¸±μ·μ¸É¨ ¶μÉμ±  ¢¥·μÖÉ´μ¸É¨ μÉ ¢·¥³¥´¨ Λ(t) ¢ ¶μ-
É¥´Í¨ ²¥ (66) ¶·¨ �λp = 1 ŒÔ‚ ¨ T = 1 ŒÔ‚ ¨ ¤¢ÊÌ ³ ¸¸μ¢ÒÌ ¶ · ³¥É· Ì.
Š ± ³μ¦´μ § ³¥É¨ÉÓ, ¶·¨ ¡μ²ÓÏ¨Ì t § ¢¨¸¨³μ¸É¨ ±μÔËË¨Í¨¥´Éμ¢ É·¥´¨Ö ¨
¤¨ËËÊ§¨¨ μÉ ¢·¥³¥´¨ ¸² ¡μ ¢²¨ÖÕÉ ´  ¸±μ·μ¸ÉÓ · ¸¶ ¤ . � ¡μ·Ò (62) ¨ (63)
¶·¨¢μ¤ÖÉ ± μ¤¨´ ±μ¢μ³Ê §´ Î¥´¨Õ ±¢ §¨¸É Í¨μ´ ·´μ° ¸±μ·μ¸É¨ ¶μÉμ±  ¢¥-
·μÖÉ´μ¸É¨. �  ³ ²μ³ ´ Î ²Ó´μ³ ¨´É¥·¢ ²¥ ¢·¥³¥´¨ Λ(t) ¡μ²ÓÏ¥ ¸ ´ ¡μ·μ³
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�¨¸. 6. ‡ ¢¨¸¨³μ¸ÉÓ ¸±μ·μ¸É¨ · ¸¶ ¤  Λ(t)/ω̃ μÉ ¢·¥³¥´¨ t ¨§ ²¥¢μ° ¶μÉ¥´Í¨ ²Ó´μ°
Ö³Ò (66) ¶·¨ μ = 50m0 ( ), μ = 448m0 (¡), λp/ω̃ = 1/(�ω̃) ¨ T/(�ω̃) = 1/(�ω̃).
�·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ¸ ´ ¡μ· ³¨ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ (62)
(¸¶²μÏ´ Ö ±·¨¢ Ö), (63) (ÏÉ·¨Ìμ¢ Ö) ¨ (64) (¶Ê´±É¨·´ Ö) ¨ ¸ ®±² ¸¸¨Î¥¸±¨³¯ ´ -
¡μ·μ³ (65) (ÏÉ·¨Ì¶Ê´±É¨·´ Ö)

§ ¢¨¸ÖÐ¨Ì μÉ ¢·¥³¥´¨ ±μÔËË¨Í¨¥´Éμ¢, ¶μ¸±μ²Ó±Ê §´ Î¥´¨¥ Dpp(t) ¢ ´ Î ²¥
· ¸É¥É ¨ ¶·¥¢ÒÏ ¥É ¸¢μ¥  ¸¨³¶ÉμÉ¨Î¥¸±μ¥ §´ Î¥´¨¥. ‘±μ·μ¸ÉÓ ¶μÉμ±  ¢¥-
·μÖÉ´μ¸É¨ Λ(t) ¨³¥¥É ¡μ²ÓÏ¥ μ¸Í¨²²ÖÍ¨° ¶·¨ ³¥´ÓÏ¨Ì (¡μ²ÓÏ¨Ì) §´ Î¥´¨ÖÌ
³ ¸¸μ¢μ£μ ¶ · ³¥É·  (Î ¸ÉμÉÒ ω̃), É. ¥. ±μ£¤  ¸¨¸É¥³  ¡²¨§±  ± ·¥¦¨³Ê ¸² -
¡μ£μ § ÉÊÌ ´¨Ö. ®Š² ¸¸¨Î¥¸±¨°¯ ´ ¡μ· ±μÔËË¨Í¨¥´Éμ¢ ¶·¨¢μ¤¨É ± ¸²¥£± 
³¥´ÓÏ¥³Ê  ¸¨³¶ÉμÉ¨Î¥¸±μ³Ê §´ Î¥´¨Õ Λ. ‘Ìμ¤¸É¢μ  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì §´ Î¥-
´¨° Λ, ¶μ²ÊÎ¥´´ÒÌ ¸ ´ ¡μ· ³¨ ±μÔËË¨Í¨¥´Éμ¢ (62), (63) ¨ (65), ¶μ± §Ò¢ ¥É
¢μ§³μ¦´μ¸ÉÓ ¶·¨³¥´¥´¨Ö ®±² ¸¸¨Î¥¸±μ£μ¯ ´ ¡μ·  ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨
¤²Ö μ¶¨¸ ´¨Ö ¶·μ´¨Í ¥³μ¸É¨ ¡ ·Ó¥·  ¢ ¸²ÊÎ ¥ FC-¸¢Ö§¨ ³¥¦¤Ê ±μ²²¥±É¨¢´μ°
¨ ¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥³ ³¨.

Š ± ¢¨¤´μ ¨§ ·¨¸. 6, ¸±μ·μ¸ÉÓ ¶μÉμ±  ¢¥·μÖÉ´μ¸É¨ ¡μ²ÓÏ¥ ¸ ´ ¡μ·μ³
±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ (64), Î¥³ ¸ ´ ¡μ·μ³ (62), ¨§-§  μÉ·¨Í É¥²Ó´μ£μ
§´ Î¥´¨Ö Dqp ¢ (62). „²Ö Éμ£μ ÎÉμ¡Ò ¶μ²ÊÎ¨ÉÓ É ±μ¥ ¦¥ §´ Î¥´¨¥ ¸±μ·μ¸É¨
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�¨¸. 7. ‡ ¢¨¸¨³μ¸ÉÓ Ë ±Éμ·  κ μÉ λp/ω̃ ¤²Ö T/(�ω̃) = 1,0 (¸¶²μÏ´ Ö ±·¨¢ Ö) ¨ 0,1
(ÏÉ·¨Ìμ¢ Ö)

¶μÉμ±  ¢¥·μÖÉ´μ¸É¨ ¢ ¸²ÊÎ ¥, ±μ£¤  Dqp = 0, ¢ · ¸Î¥É Ì ´ ¤μ Ê³¥´ÓÏ¨ÉÓ
±μÔËË¨Í¨¥´É ¤¨ËËÊ§¨¨ Dpp ´  Ë ±Éμ· κ < 1 ¨ ¢ ´ ¡μ·¥ (64) ¨¸¶μ²Ó§μ¢ ÉÓ
D′

pp = κDpp ¢³¥¸Éμ Dpp. ‡ ¢¨¸¨³μ¸ÉÓ κ μÉ λp ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 7. �·¨
�λp > 1,5 ŒÔ‚ §´ Î¥´¨¥ κ ¸² ¡μ § ¢¨¸¨É μÉ λp ¨ ÎÊ¢¸É¢¨É¥²Ó´μ ²¨ÏÓ ±
É¥³¶¥· ÉÊ·¥.

�  ·¨¸. 8 ¶·¥¤¸É ¢²¥´  § ¢¨¸¨³μ¸ÉÓ Λ(t) ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ É¥³¶¥· -
ÉÊ·Ò ¨ ±μÔËË¨Í¨¥´É  É·¥´¨Ö. ‡´ Î¥´¨¥ Λ(t) Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·μ¸Éμ³ T . �·¨
³ ²ÒÌ §´ Î¥´¨ÖÌ É·¥´¨Ö ¨ ³ ¸¸μ¢μ£μ ¶ · ³¥É·  Λ(t) ¸É ´μ¢¨É¸Ö ¡μ²¥¥ μ¸Í¨²-
²¨·ÊÕÐ¥° ËÊ´±Í¨¥° μÉ t. �·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ ω̃ (³ ²ÒÌ §´ Î¥´¨ÖÌ μ)
¸É Í¨μ´ ·´ Ö ¸±μ·μ¸ÉÓ ¶μÉμ±  ¢¥·μÖÉ´μ¸É¨ Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·μ¸Éμ³ λp, μ¤-
´ ±μ ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ Î ¸ÉμÉÒ ω̃ (¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ μ) ¨ ¡μ²ÓÏ¨Ì §´ -
Î¥´¨ÖÌ T μ´ , ´ μ¡μ·μÉ, Ê³¥´ÓÏ ¥É¸Ö. ’ ±μ° ·¥§Ê²ÓÉ É ¸μ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²Ó-
É É ³¨, ¶μ²ÊÎ¥´´Ò³¨ ¢ [34], ¨ μ¡ÑÖ¸´Ö¥É¸Ö ±μ´±Ê·¥´Í¨¥° ³¥¦¤Ê ¤¨ËËÊ§¨¥°,
Ê¢¥²¨Î¨¢ ÕÐ¥° · ¸¶ ¤, ¨ ¤¨¸¸¨¶ Í¨¥°, § ³¥¤²ÖÕÐ¥° · ¸¶ ¤, ¶·¨ · §²¨Î´ÒÌ
§´ Î¥´¨ÖÌ ω̃ (μ) ¨ λp.

�  ·¨¸. 9 ¶·¥¤¸É ¢²¥´Ò § ¢¨¸¨³μ¸É¨ ±¢ §¨¸É Í¨μ´ ·´μ£μ §´ Î¥´¨Ö Λ μÉ T
¨ λp ¶·¨ ¤¢ÊÌ §´ Î¥´¨ÖÌ ω̃. …¸²¨ ¸¨¸É¥³  ¡²¨§±  ± ·¥¦¨³Ê ¸² ¡μ£μ § ÉÊÌ -
´¨Ö, ±¢ §¨¸É Í¨μ´ ·´ Ö ¸±μ·μ¸ÉÓ ¶μÉμ±  ¢¥·μÖÉ´μ¸É¨ Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ λp ¢
¡μ²ÓÏμ³ ¨´É¥·¢ ²¥ §´ Î¥´¨° λp. „ ²Ó´¥°Ï¨° ·μ¸É λp, ¢ ¨Éμ£¥, ¶·¨¢μ¤¨É
± ³¥´ÓÏ¨³ §´ Î¥´¨Ö³ Λ. ‚ ·¥¦¨³¥ ¸¨²Ó´μ£μ § ÉÊÌ ´¨Ö ±¢ §¨¸É Í¨μ´ ·´ Ö
¸±μ·μ¸ÉÓ ¶μÉμ±  ¢¥·μÖÉ´μ¸É¨ ¢¸¥£¤  ¶ ¤ ¥É ¸ Ê¢¥²¨Î¥´¨¥³ λp.

1.6.3. ‚¥·μÖÉ´μ¸ÉÓ § Ì¢ É . � ¸¸³μÉ·¨³ § Ì¢ É ´ Î ²Ó´μ£μ £ Ê¸¸μ¢¸±μ£μ
¶ ±¥É , ¤¢¨¦ÊÐ¥£μ¸Ö ¸ ´¥±μÉμ·μ° ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¥° ¸ ¶· ¢μ° ¸Éμ·μ´Ò
μÉ ¡ ·Ó¥·  (q = 0) ¢ ¶μÉ¥´Í¨ ²Ó´Ò° ± ·³ ´, ´ Ìμ¤ÖÐ¨°¸Ö ¸ ²¥¢μ° ¸Éμ·μ´Ò
μÉ ¡ ·Ó¥·  (¸³. ·¨¸. 2). ‚¥·μÖÉ´μ¸ÉÓ § Ì¢ É  P (t) μ¶·¥¤¥²Ö¥É¸Ö ¶μ  ´ ²μ£¨¨
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�¨¸. 10. ‡ ¢¨¸¨³μ¸ÉÓ ¸·¥¤´¥° ¶μ²´μ° ´ Î ²Ó´μ° Ô´¥·£¨¨ E0 £ Ê¸¸μ¢¸±μ£μ ¶ ±¥É  μÉ
¥£μ ¶μ²μ¦¥´¨Ö q0 ¨ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ Ekin ¢ ¶μÉ¥´Í¨ ²¥ (66)

�¨¸. 11. ‚¥·μÖÉ´μ¸ÉÓ § Ì¢ É  £ Ê¸¸μ¢¸±μ£μ ¶ ±¥É  ¢ ²¥¢Ò° ¶μÉ¥´Í¨ ²Ó´Ò° ± ·³ ´ (66)
± ± ËÊ´±Í¨Ö μÉ ¢·¥³¥´¨ t ¶·¨ q0 = 1 ¨ 1,5 Ë³, μ = 50m0 ¨ λp/ω̃ = 0,33 ( , ¡); § ¢¨-
¸¨³μ¸ÉÓ  ¸¨³¶ÉμÉ¨Î¥¸±μ° ¢¥·μÖÉ´μ¸É¨ § Ì¢ É  P μÉ λp/ω̃ (¢). �¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨°
¶·¨ Ekin = 6,7 ŒÔ‚ (¸¶²μÏ´ Ö ±·¨¢ Ö), 3,8 ŒÔ‚ (¶Ê´±É¨·´ Ö), 1,8 ŒÔ‚ (ÏÉ·¨Ìμ¢ Ö)
¨ 0,4 ŒÔ‚ (ÏÉ·¨Ì¶Ê´±É¨·´ Ö)
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¸ ¢¥·μÖÉ´μ¸ÉÓÕ ¶·μ´¨Í ¥³μ¸É¨ (67):

P (t) =

qb∫
−∞

dq[ρ(q, t) − ρ(q, t = 0)]
/ ∞∫

qb

dqρ(q, 0). (69)

Šμ£¤  ¶ ±¥É ¤μÌμ¤¨É ¤μ ¡ ·Ó¥· , §´ Î¥´¨¥ P (t) ¢μ§· ¸É ¥É ¤μ ¸¢μ¥£μ ±¢ -
§¨¸É Í¨μ´ ·´μ£μ §´ Î¥´¨Ö P , ±μÉμ·Ò° μ¶·¥¤¥²Ö¥É Î ¸ÉÓ ¨¸Ìμ¤´μ£μ ¶ ±¥É ,
§ Ì¢ Î¥´´μ£μ ¢ ¶μÉ¥´Í¨ ²Ó´Ò° ± ·³ ´. ˆ§-§  ´ ²¨Î¨Ö É·¥´¨Ö §´ Î¥´¨¥ P
§ ¢¨¸¨É μÉ ´ Î ²Ó´μ£μ ¶μ²μ¦¥´¨Ö ¶ ±¥É  q0 ¨ μÉ ´ Î ²Ó´μ° ±¨´¥É¨Î¥¸±μ°
Ô´¥·£¨¨ Ekin = p2

0/(2μ). „²Ö ¶μÉ¥´Í¨ ²  (66) ´  ·¨¸. 10 ¶μ± § ´  § ¢¨¸¨-
³μ¸ÉÓ ¸·¥¤´¥° ´ Î ²Ó´μ° ¶μ²´μ° Ô´¥·£¨¨ E0 = Tr (ρ̂H0) £ Ê¸¸μ¢¸±μ£μ ¶ ±¥É 
¸
√

σqq(0) = 0,35 Ë³ ¨ σpp(0) = �
2/(4σqq(0)) μÉ q0 ¨ Ekin.

�  ·¨¸. 11 ¶μ± § ´  ¢¥·μÖÉ´μ¸ÉÓ § Ì¢ É  P (t) ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ q0

¨ Ekin ¨ § ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ § Ì¢ É  P (∞) μÉ λp. Œμ¦´μ Ê¢¨¤¥ÉÓ, ÎÉμ
Éμ²Ó±μ Î ¸ÉÓ ´ Î ²Ó´μ£μ ¶ ±¥É  § Ì¢ ÉÒ¢ ¥É¸Ö ¤ ¦¥ ¶·¨ ´ ¤¡ ·Ó¥·´ÒÌ Ô´¥·-
£¨ÖÌ ¨ ¶μÔÉμ³Ê P (∞) < 1. �·¨ Ô´¥·£¨ÖÌ μ±μ²μ ¡ ·Ó¥·  § ¢¨¸¨³μ¸ÉÓ P (∞)
μÉ λp ¤μ¸É ÉμÎ´μ ¸² ¡ Ö. �·¨ Ô´¥·£¨ÖÌ, §´ Î¨É¥²Ó´μ ¶·¥¢ÒÏ ÕÐ¨Ì ¡ ·Ó¥·,
É·¥´¨¥ ¢²¨Ö¥É ´  § Ì¢ É ¸¨²Ó´¥¥. �μÔÉμ³Ê ¶·¥¤¸É ¢²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ³μ£ÊÉ
¡ÒÉÓ ¶μ²¥§´Ò ¤²Ö · ¸Î¥É  ¸¥Î¥´¨° § Ì¢ É  ´ ²¥É ÕÐ¥£μ Ö¤·  Ö¤·μ³-³¨Ï¥´ÓÕ.
‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ Ö¤·μ-Ö¤¥·´Ò° ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö ¨³¥¥É ¤μ¸É -
ÉμÎ´μ ³¥²±¨° ± ·³ ´ [25Ä28].

2. ‚‹ˆŸ�ˆ… ’���‘���’�›• Š�	””ˆ–ˆ…�’�‚
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�·¥´¥¡·¥£ Ö Ê¸·¥¤´¥´¨¥³ ¶μ ¢´ÊÉ·¥´´¨³ ¸É¥¶¥´Ö³ ¸¢μ¡μ¤Ò, ³μ¦´μ · ¸-
¸³μÉ·¥ÉÓ μÉ±·ÒÉÊÕ ±¢ ´Éμ¢ÊÕ ¸¨¸É¥³Ê, ¸É ·ÉÊÖ ¸ μ¡Ð¥£μ ³ ·±μ¢¸±μ£μ ³ ¸É¥·-
Ê· ¢´¥´¨Ö ¤²Ö ¶·¨¢¥¤¥´´μ° ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ρ̂(t) ±μ²²¥±É¨¢´ÒÌ ¸É¥¶¥´¥°
¸¢μ¡μ¤Ò, ¶·¥¤²μ¦¥´´μ£μ ‹¨´¤¡² ¤μ³ [7]:

dρ̂(t)
dt

= − i

�
[Ĥ0, ρ̂] +

1
2�

∑
j

(
[V̂j ρ̂, V̂ +

j ] + [V̂j , ρ̂V̂ +
j ]
)

, (70)

£¤¥ Ĥ0 Å £ ³¨²ÓÉμ´¨ ´ ±μ²²¥±É¨¢´μ° ±¢ ´Éμ¢μ° ¸¨¸É¥³Ò ¨ V̂j Å μ¶¥· Éμ·Ò,
¤¥°¸É¢ÊÕÐ¨¥ ¢ £¨²Ó¡¥·Éμ¢μ³ ¶·μ¸É· ´¸É¢¥ ±μ²²¥±É¨¢´μ° ±¢ ´Éμ¢μ° ¸¨¸É¥³Ò.
—²¥´Ò ¸Ê³³Ò ¢ (70) μÉ¢¥É¸É¢¥´´Ò §  É·¥´¨¥ ¨ ¤¨ËËÊ§¨Õ ¨ μ¡¥¸¶¥Î¨¢ ÕÉ
´¥μ¡· É¨³μ¸ÉÓ ¶μ ¢·¥³¥´¨ ¤¨´ ³¨±¨ μÉ±·ÒÉμ° ±¢ ´Éμ¢μ° ¸¨¸É¥³Ò. ˆ¸±²ÕÎ Ö
ÔÉ¨ Î²¥´Ò, ³Ò ¶μ²ÊÎ ¥³ ¸É ´¤ ·É´ÊÕ Ëμ·³Ê Ô¢μ²ÕÍ¨μ´´μ£μ Ê· ¢´¥´¨Ö ¤²Ö
³ É·¨ÍÒ ¶²μÉ´μ¸É¨ § ±·ÒÉÒÌ ¸¨¸É¥³. “· ¢´¥´¨¥ (70) ¨ ¶μ¤μ¡´Ò¥ Ê· ¢´¥´¨Ö
¨¸¶μ²Ó§μ¢ ²¨¸Ó, ´ ¶·¨³¥·, ¢ · ¡μÉ Ì [6Ä10,15,31,32,45].
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2.1. �·μ¶ £ Éμ· ¨´É¥£· ²  ¶μ ¶ÊÉÖ³ ¨ ¤¥±μ£¥·¥´Í¨Ö. ˆ¸¶μ²Ó§ÊÖ ¶·μ¶ -
£ Éμ· G(q, q′, t; q0, q

′
0, 0) ¨ §´ Ö ´ Î ²Ó´ÊÕ ³ É·¨ÍÊ ¶²μÉ´μ¸É¨ 〈q|ρ̂(t = 0)|q′〉,

³μ¦´μ ´ °É¨ ³ É·¨ÍÊ ¶²μÉ´μ¸É¨ 〈q|ρ̂(t)|q′〉 (¢ ±μμ·¤¨´ É´μ³ ¶·¥¤¸É ¢²¥´¨¨)
¢ ²Õ¡μ° ³μ³¥´É ¢·¥³¥´¨ t:

〈q|ρ̂(t)|q′〉 =
∫

dq0

∫
dq′0G(q, q′, t; q0, q

′
0, 0)〈q0|ρ̂(t = 0)|q′0〉. (71)

‚ μ¤´μ³¥·´μ³ ¸²ÊÎ ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¶·μ¶ £ Éμ·  (¨´É¥£· ²Ò ¶μ ¶ÊÉÖ³ ¢
Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥), ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ (70), ¶μ²ÊÎ¥´μ ¢ [31,32] ¢ ¢¨¤¥

G(q, q′, t; q0, q
′
0, 0) =

(q,t)∫
(q0,0)

D[α]

(q′,t)∫
(q′

0,0)

D[α′] exp
(

i

�
S[α; α′]

)
,

S[α; α′] = S[q, p; q′, p′] =

t∫
0

dτ{q̇(τ)p(τ) − Heff(q(τ), p(τ))}−

−
t∫

0

dτ{q̇′(τ)p′(τ) − H∗
eff(q′(τ), p′(τ))}−

− i
∑

j

t∫
0

dτ{Vj(q(τ), p(τ))V ∗
j (q′(τ), p′(τ))} (72)

¸ É· ¥±Éμ·¨Ö³¨ ¢ Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥ [α] = [q, p] ¨ ÔËË¥±É¨¢´Ò³ £ ³¨²Ó-
Éμ´¨ ´μ³

Heff = H0 −
i

2

∑
j

|Vj |2.

‡¤¥¸Ó ¢¥²¨Î¨´Ò H0, |Vj |2, Vj ¨ V ∗
j ¢μ§´¨± ÕÉ ¶μ¸²¥ ¶·¥μ¡· §μ¢ ´¨° ‚¨£´¥· 

μ¶¥· Éμ·μ¢ Ĥ0, V̂ +
j V̂j , V̂j ¨ V̂ +

j ¢ (70) ¸μμÉ¢¥É¸É¢¥´´μ.
‚Ò¡¨· Ö ¶μÉ¥´Í¨ ² ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ· , § ¶¨Ï¥³ £ ³¨²ÓÉμ´¨ ´

±¢ ´Éμ¢μ° ±μ²²¥±É¨¢´μ° ¸¨¸É¥³Ò ¢ μ¡Ð¥° ±¢ ¤· É¨Î´μ° Ëμ·³¥:

Ĥ0 =
1

2m
p̂2 − mω2

2
q̂2 +

μ

2
(p̂q̂ + q̂p̂). (73)

�¶¥· Éμ·Ò ¸·¥¤Ò ¶·¥¤¶μ² £ ÕÉ¸Ö ²¨´¥°´Ò³¨ ¶μ q ¨ p:

V̂j = Aj p̂ + Bj q̂, V̂ +
j = A∗

j p̂ + B∗
j q̂, j = 1, 2. (74)

�¶·¥¤¥²¥´´Ò° ¢Ò¡μ· A ¨ B, § ¢¨¸ÖÐ¨Ì μÉ ¢·¥³¥´¨, ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ
Ê· ¢´¥´¨Ö ¸ ±μÔËË¨Í¨¥´É ³¨ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨, § ¢¨¸ÖÐ¨³¨ μÉ ¢·¥³¥´¨,
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¨, É ±¨³ μ¡· §μ³, μ¡μ¡Ð¨ÉÓ ³ ¸É¥·-Ê· ¢´¥´¨¥ ‹¨´¤¡² ¤  ´  ¸²ÊÎ ° ¸¨²Ó´μ°
¸¢Ö§¨ ¨ ´¥³ ·±μ¢¸±¨Ì ¶·μÍ¥¸¸μ¢ [46, 47]. �¤´ ±μ ¡μ²¥¥ ¶μ¤·μ¡´Ò°  ´ ²¨§
ÔÉμ° ¢μ§³μ¦´μ¸É¨ §¤¥¸Ó ´¥ · ¸¸³μÉ·¥´.

ˆ´É¥£· ²Ò ¢ (72) ¶μ ¨³¶Ê²Ó¸Ê ¶·¨¢μ¤ÖÉ ± £ Ê¸¸μ¢¸±¨³ ¨´É¥£· ² ³ ¨ ³μ-
£ÊÉ ¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò  ´ ²¨É¨Î¥¸±¨ [31, 32]. ’μ£¤  ¶·μ¶ £ Éμ· ¶·¨¢μ¤¨É¸Ö ±
¨´É¥£· ² ³ ¶μ ¶ÊÉÖ³ ¢ ±μμ·¤¨´ É´μ³ ¶·μ¸É· ´¸É¢¥ [31,32]:

G(q, q′, t; q0, q
′
0, 0) =

q(t)∫
q0

D[q]

q′(t)∫
q′
0

D[q′] exp
(

i

�
S[q; q′]

)
,

S[q; q′] = Scl[q] − Scl[q′] − i�λt + Φ[q, q′] +
i

2
(D[q, q′])2.

(75)

‚Ìμ¤ÖÐ¨¥ ¢ (75) ±² ¸¸¨Î¥¸±μ¥ ¤¥°¸É¢¨¥ ¨§μ²¨·μ¢ ´´μ° ¸¨¸É¥³Ò Scl, Ë §μ-
¢ Ö ËÊ´±Í¨Ö Φ[q, q′] ¨ ±¢ ¤· É  ³¶²¨ÉÊ¤Ò ¤¥±μ£¥·¥´Í¨¨ D[q, q′] ¢Ò· ¦ ÕÉ¸Ö
¢ ¢¨¤¥

Scl =

t∫
0

dτ

{
1
2
mq̇2 +

m

2
ω2q2

}
, (76)

Φ[q, q′] = mλ

t∫
0

dτ(q̇q′ − qq̇′) + m
λp − λq

2

t∫
0

dτ(q′ q̇′ − qq̇)−

− m
λpλq

2

t∫
0

dτ(q2 − q′
2), (77)

(D[q, q′])2 =
2
�

{
(Dpp + m2λ2

pDqq + 2mλpDpq)

t∫
0

dτ(q − q′)2−

− 2m(Dpq + mλpDqq)

t∫
0

dτ(q − q′)(q̇ − q̇′) + m2Dqq

t∫
0

dτ(q̇ − q̇′)2
}

, (78)

£¤¥ ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±¨¥ ±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ Dqq =
�

2

∑
j

|Aj |2 ¶μ

±μμ·¤¨´ É¥, Dpp =
�

2

∑
j

|Bj |2 ¶μ ¨³¶Ê²Ó¸Ê ¨ Dqp = −�

2
Re
∑

j

A∗
jBj ¤²Ö ¸³¥-

Ï ´´μ£μ ¸²ÊÎ Ö. ‘±μ·μ¸ÉÓ ¤¨¸¸¨¶ Í¨¨ λ = −Im
∑
j

A∗
jBj ¨ ±μÔËË¨Í¨¥´ÉÒ

¤¨ËËÊ§¨¨ ¤μ²¦´Ò Ê¤μ¢²¥É¢μ·ÖÉÓ ¸μμÉ´μÏ¥´¨Õ DppDqq − D2
pq � λ2

�
2/4 ¸
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Dqq > 0, Dpp > 0, ±μÉμ·μ¥ μ¡¥¸¶¥Î¨¢ ¥É ´¥μÉ·¨Í É¥²Ó´μ¸ÉÓ ³ É·¨ÍÒ ¶²μÉ-
´μ¸É¨ ¢ ²Õ¡μ° ³μ³¥´É ¢·¥³¥´¨. ‚¥²¨Î¨´Ò λp = λ + μ ¨ λq = λ − μ
(λp + λq = 2λ) Å ±μÔËË¨Í¨¥´ÉÒ É·¥´¨Ö ¶μ ±μμ·¤¨´ É¥ ¨ ¨³¶Ê²Ó¸Ê ¸μμÉ¢¥É-
¸É¢¥´´μ. ‚ μÉ±·ÒÉμ° ±¢ ´Éμ¢μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É  ¨ ¨³¶Ê²Ó¸ ¶μ¤¢¥·£ ÕÉ¸Ö
¶·Ö³μ³Ê § ÉÊÌ ´¨Õ ¨ ¤¨ËËÊ§¨μ´´μ³Ê ¶·μÍ¥¸¸Ê ¢ μÉ²¨Î¨¥ μÉ ±² ¸¸¨Î¥¸±μ£μ
¸²ÊÎ Ö. …¸²¨ D[q, q′] Ê¢¥²¨Î¨¢ ¥É¸Ö ¸μ ¢·¥³¥´¥³ ¶·¨ q 
= q′, Éμ ¶·μ¶ £ Éμ·
¶μ¤ ¢²Ö¥É ´¥¤¨ £μ´ ²Ó´Ò¥ Ô²¥³¥´ÉÒ ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¨ ¨´É¥·Ë¥·¥´Í¨Ö
³¥¦¤Ê · §²¨Î´Ò³¨ ±μμ·¤¨´ É ³¨ q ¨ q′ ¸É ´μ¢¨É¸Ö ¡μ²¥¥ ¸² ¡μ°.

�μ¸±μ²Ó±Ê Heff § ¢¨¸¨É ²¨´¥°´μ ¨ ±¢ ¤· É¨Î´μ μÉ p ¨ q, ¨´É¥£· ²Ò ¶μ
É· ¥±Éμ·¨Ö³ Ö¢²ÖÕÉ¸Ö £ Ê¸¸μ¢¸±¨³¨. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¶μ²Ê±² ¸¸¨Î¥¸±μ¥ ·¥Ï¥-
´¨¥ ¨´É¥£· ²μ¢ ¶μ É· ¥±Éμ·¨Ö³ ³¥Éμ¤μ³ ¸É Í¨μ´ ·´ÒÌ Ë § ¶·¨¢μ¤¨É ± ÉμÎ´μ°
 ´ ²¨É¨Î¥¸±μ° μÍ¥´±¥ ¶·μ¶ £ Éμ· . ‚μ-¶¥·¢ÒÌ, Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¢¤μ²Ó
É· ¥±Éμ·¨° q(τ) ¨ q′(τ) (É· ¥±Éμ·¨¨ ¢ ±μ³¶²¥±¸´μ° ¶²μ¸±μ¸É¨) ¢ÒÎ¨¸²¥´Ò ¸
¶μ³μÐÓÕ Ê¸²μ¢¨Ö ¸É Í¨μ´ ·´μ° Ë §Ò δS[q, p; q′, p′] = 0 ¸ S ¨§ (72). ‚ ·¥-
§Ê²ÓÉ É¥ ¶μ²ÊÎ ¥³ Ê· ¢´¥´¨Ö

⎛
⎜⎜⎜⎜⎝

Q̇1

Ṗ1

Q̇2

Ṗ2

⎞
⎟⎟⎟⎟⎠ =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

−λq m−1 4iDpq

�

−4iDqq

�

mω2 −λp
4iDpp

�

−4iDpq

�

0 0 λp m−1

0 0 mω2 λq

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎝

Q1

P1

Q2

P2

⎞
⎟⎟⎟⎠ (79)

¤²Ö Q1 = q + q′, Q2 = q − q′, P1 = p + p′ ¨ P2 = p− p′, ±μÉμ·Ò¥ ·¥Ï ÕÉ¸Ö ¸
£· ´¨Î´Ò³¨ Ê¸²μ¢¨Ö³¨ q = (q(0) = q0, q(t), q′(0) = q0

′, q′(t)). ‡ É¥³ ·¥Ï¥´¨Ö
q(τ) ¨ q′(τ) Ê· ¢´¥´¨Ö (79), § ¢¨¸ÖÐ¨¥ μÉ ¶ · ³¥É·μ¢ q0, q(t), q0

′ ¨ q′(t),
¶μ¤¸É ¢²Ö¥³ ¢ ËÊ´±Í¨Õ ¤¥°¸É¢¨Ö S[q; q′] (75) ¨ ¨´É¥£·¨·Ê¥³ ¶μ τ . Š¢ ¤· É
 ³¶²¨ÉÊ¤Ò ¤¥±μ£¥·¥´Í¨¨ ´ Ìμ¤¨³ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

(D[q, q′])2 = sinh−2[ψt](Xt(q0 − q′0)
2 − X−t(q(t) − q′(t))2+

+ Yt(q0 − q′0)(q(t) − q′(t))), (80)

£¤¥ ψ =
√

ω2 + (λq − λp)2/4 ¨

Xt =
Dpp − m(mω2Dqq + (λq − λp)Dpq)

2�λ
+

+ exp [2λt]ψ2 Dpp − m(−2Dpqλp + mDqq(ω2 − 2λλp))
2�λ(λpλq − ω2)

+

+
ψ

2�(ω2 − λpλq)
sinh [2ψt]{Dpp +m(2Dpqλp +mDqq(ω2−λp(λq −λp)))}−
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− 1
2�(ω2 − λpλq)

cosh [2ψt]{−λDpp + m[(−2Dpq + m(λq − λp)Dqq)ψ2 −

− λ(−Dpq(λq − λp) + mDqq(ω2 + 0,5(λq − λp)2))]},

Yt =
ψ sinh [(ψ − λ)t]
�λ(ω2 − λpλq)

{ψ[−Dpp + m(−2Dpqλp + mDqq(ω2 − 2λλp))]−

− λ[Dpp + m(2Dpqλp + mDqq(ω2 − λp(λq − λp)))]}−

− ψ sinh [(ψ + λ)t]
�λ(ω2 − λpλq)

{ψ[−Dpp + m(−2Dpqλp + mDqq(ω2 − 2λλp))] +

+ λ[Dpp + m(2Dpqλp + mDqq(ω2 − λp(λq − λp)))]}. (81)

�´ ²μ£¨Î´Ò¥  ´ ²¨É¨Î¥¸±¨¥ ¢Ò· ¦¥´¨Ö ¶μ²ÊÎ¥´Ò ¤²Ö ±² ¸¸¨Î¥¸±μ£μ ¤¥°-
¸É¢¨Ö Scl ¨ Ë §μ¢μ° ËÊ´±Í¨¨ Φ[q, q′]. �±μ´Î É¥²Ó´μ ¶·μ¶ £ Éμ· (75) ¢Ò£²Ö¤¨É
¢ ¢¨¤¥

G(q, q′, t; q0, q
′
0, 0) =

mψ

2π� sinh (ψt)
exp (λt) exp (iSR/�) exp

[
− (D[q, q′])2

2�

]
,

SR = Scl[q] − Scl[q′] + Φ[q, q′] =

=
mω

2 sinh (ψt)

{
cosh (ψt − φ)[q2

0 − q′0
2] + cosh (ψt + φ)[q2 − q′

2]−

− 2 cosh (φ) cosh (λt)[q0q − q′0q
′] − 2 cosh (φ) sinh (λt)[q0q

′ − q′0q]
}

, (82)

£¤¥ sinh φ = (λq − λp)/(2ω). „ ´´Ò° ¶·μ¶ £ Éμ· Ö¢²Ö¥É¸Ö ÉμÎ´Ò³ ¤²Ö ²Õ-
¡μ£μ ±¢ ¤· É¨Î´μ£μ £ ³¨²ÓÉμ´¨ ´  ¨ Ö¢²Ö¥É¸Ö μ¡μ¡Ð¥´¨¥³ ·¥§Ê²ÓÉ Éμ¢ · -
¡μÉ [15, 31, 32], £¤¥ ¶·μ¶ £ Éμ·Ò ¶μ²ÊÎ¥´Ò Éμ²Ó±μ ¤²Ö £ ·³μ´¨Î¥¸±μ£μ ¨²¨
¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ· . ˆ¸¶μ²Ó§ÊÖ ´ Î ²Ó´ÊÕ ³ É·¨ÍÊ ¶²μÉ´μ¸É¨ (q̄(0) ¨
p̄(0) Å ¸·¥¤´¨¥ §´ Î¥´¨Ö)

〈q|ρ̂(0)|q′〉 = (2πσqq(0))−1/2 ×

× exp
[
− 1

4σqq(0)
{(q − q̄(0))2 + (q′ − q̄(0))2} − i

�
p̄(0)(q′ − q)

]
, (83)

(71) ¨ (82), ¢ÒÎ¨¸²Ö¥³ ³ É·¨ÍÊ ¶²μÉ´μ¸É¨ ¢ ³μ³¥´É ¢·¥³¥´¨ t

〈q|ρ̂(t)|q′〉 =
1√

2πσqq(t)
exp

[
− 1

2σqq(t)

(
q + q′

2
− q̄(t)

)2

−

− 1
2�2

(
σpp(t) −

σ2
pq(t)

σqq(t)

)
(q − q′)2 +

+
iσpq(t)
�σqq(t)

(
q + q′

2
− q̄(t)

)
(q − q′) +

i

�
p̄(t)(q − q′)

]
(84)
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¨²¨ ¢ Ö¢´μ° Ëμ·³¥

〈q|ρ̂(t)|q′〉 =
mψ

2 sinh (ψt)
exp (λt)

1√
2πσqq(0)

1√
4f3f6 − f2

5

×

× exp
[
−−f2f4f5 + f1f

2
5 + f2

2 f6 + f3(f2
4 − 4f1f6)

4f3f6 − f2
5

]
, (85)

£¤¥

f1 = sinh−2 [ψt]
(
− �q̄2(0)

2σqq(0)
sinh2 [ψt] +

1
2
X−t(q − q′)2+

+
1
2
imω cosh [ψt + φ] sinh [ψt](q2 − q′

2)
)

,

f2 = sinh−2 [ψt]
(

2iσqq(0)p̄(0) + �q̄(0)
2σqq(0)

sinh2 [ψt] − 1
2
Yt(q − q′)−

− imω cosh [φ] sinh [ψt](q cosh [λt] + q′ sinh [λt])
)

,

f3 = sinh−2 [ψt]
1
2

(
imω cosh [ψt−φ] sinh [ψt]− �

2σqq(0)
sinh2 [ψt]−Xt

)
, (86)

f4 = sinh−2 [ψt]
(
−2iσqq(0)p̄(0) + �q̄(0)

2σqq(0)
sinh2 [ψt] +

1
2
Yt(q − q′)+

+ imω cosh [φ] sinh [ψt](q sinh [λt] + q′ cosh [λt])
)

,

f5 = sinh−2 [ψt]Xt,

f6 = − sinh−2 [ψt]
1
2

(
imω cosh [ψt − φ] sinh [ψt] +

�

2σqq(0)
sinh2 [ψt] + Xt

)
.

‡¤¥¸Ó q̄(t) ¨ p̄(t) Å ¸·¥¤´¨¥ §´ Î¥´¨Ö q̂ ¨ p̂ ¸μμÉ¢¥É¸É¢¥´´μ ¨ σqq(t), σpp(t)
¨ σpq(t) Å ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¤¨¸¶¥·¸¨¨ [9, 15]. Ÿ¢´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ÔÉ¨Ì
¸·¥¤´¨Ì §´ Î¥´¨° ¨ ¤¨¸¶¥·¸¨° ¤ ´Ò ¢ [15]. „¨ £μ´ ²Ó´ Ö Î ¸ÉÓ ³ É·¨ÍÒ
¶²μÉ´μ¸É¨ (84) ¶·¨¢μ¤¨É ± · ¸¶·¥¤¥²¥´¨Õ ƒ Ê¸¸  ¢ ³μ³¥´É ¢·¥³¥´¨ t

ρ(q, t) = 〈q|ρ̂(t)|q〉 = (2πσqq(t))−1/2 exp
[
− 1

2σqq(t)
(q − q̄(t))2

]
, (87)

£¤¥

q̄(t) = e−λt

(
q̄(0)

[
cosh (ψt) +

λp − λq

ψ
sinh (ψt)

]
+

1
mψ

p̄(0) sinh (ψt)
)

,
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σqq(t) =
1

2m2λ(ω2 − λpλq)
[
m2(ω2 − 2λpλ)Dqq − Dpp − 2mλpDpq

]
+

+ e−2λt

[
2C1

m(λq − λp)
− 1

2mω2
[(λq − λp)C2 + 2C3ψ] cosh (2ψt) +

+
1

2mω2
[(λq − λp)C3 + 2C2ψ] sinh (2ψt)

]
(88)

¸μ ¸²¥¤ÊÕÐ¨³¨ μ¡μ§´ Î¥´¨Ö³¨:

C1 =
mω2(λq − λp)

4ψ2

[
σqq(0) − 1

m2ω2
σpp(0) +

λq − λp

mω2
σpq(0)−

− 1
λ

Dqq +
1

m2ω2λ
Dpp − (λq − λp)

mω2λ
Dpq

]
,

C2 =
1

4ψ2

[
λq − λp

m
(σpp(0) − m2ω2σqq(0)) + 4ω2σpq(0)+

+
1

ω2 − λpλq

(
2ω2 − λpλq

m
[Dpp + m2ω2Dqq]+

+
λ2

q

m
Dpp + λ2

pmω2Dqq + 4λω2Dpq

)]
,

C3 = − 1
2mψ

[
m2ω2σqq(0) + σpp(0)+

+
1

ω2 − λpλq
(λqDpp + 2mω2Dpq + m2ω2λpDqq)

]
.

�·¨ λp = λq = 0, Dpp = Dqq = Dpq = 0, σpp(0) = �
2/(4σqq(0)) ¨ σqp(0) = 0

¶μ²ÊÎ ¥³ ·¥§Ê²ÓÉ ÉÒ · ¡μÉÒ [48, 49]. �·¨ λq = 0, Dpp = Dqq = Dpq = 0,
σpp(0) = �

2/(4σqq(0)) ¨ σqp(0) = 0 ´ Ï¨ ·¥§Ê²ÓÉ ÉÒ ¸μ¢¶ ¤ ÕÉ ¢ ¶·¥¤¥²¥
¸¨²Ó´μ£μ § ÉÊÌ ´¨Ö ¸ ·¥§Ê²ÓÉ É ³¨ · ¡μÉÒ [50], £¤¥ ÉÊ´´¥²¨·μ¢ ´¨¥ ¨§ÊÎ¥´μ
¸ ¶¥·¥¢¥·´ÊÉÒ³ £ ³¨²ÓÉμ´¨ ´μ³ CaldirolaÄKanai. �·¨ λq = 0 ¨ Dqq = 0
¢μ¸¶·μ¨§¢μ¤¨É¸Ö ·¥§Ê²ÓÉ É · ¡μÉÒ [51].

2.2. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢: ¤¥±μ£¥·¥´Í¨Ö. ‚²¨Ö´¨¥ ±μÔËË¨Í¨¥´Éμ¢ É·¥-
´¨Ö ¨ ¤¨ËËÊ§¨¨ ´  ¶·μÍ¥¸¸ ÉÊ´´¥²¨·μ¢ ´¨Ö · ¸¸³μÉ·¥´μ ¢ [15,31,32]. ‡¤¥¸Ó
³Ò ¨§ÊÎ ¥³ § ¢¨¸¨³μ¸ÉÓ ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ μÉ ¢·¥³¥´¨ ¤²Ö · §²¨Î´ÒÌ ´ -
¡μ·μ¢ É· ´¸¶μ·É´ÒÌ ±μÔËË¨Í¨¥´Éμ¢. „²Ö Éμ£μ ÎÉμ¡Ò ¶·μ¤¥³μ´¸É·¨·μ¢ ÉÓ
¢²¨Ö´¨¥ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ Dqq ¨ É·¥´¨Ö λq ¶μ ±μμ·¤¨´ É¥ ´  ¨§³¥-
´¥´¨¥ · ¸¸ÉμÖ´¨Ö ³¥¦¤Ê É· ¥±Éμ·¨Ö³¨ Ë §μ¢μ£μ ¶·μ¸É· ´¸É¢ , Ì · ±É¥·¨§Ê-
¥³μ¥  ³¶²¨ÉÊ¤μ° ¤¥±μ£¥·¥´Í¨¨ (78), ³Ò ¨¸¶μ²Ó§Ê¥³ ¶·μ¸ÉÒ¥ ¢Ò· ¦¥´¨Ö ¤²Ö
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±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨:

Dpp = (1 + κ)λm�ωeff coth
(

�ωeff

2T

)/
2,

Dqq = (1 − κ)�λ coth
(

�ωeff

2T

)/
(2mωeff), Dpq = 0,

(89)

£¤¥ κ Å ¶ · ³¥É·. ‡´ Î¥´¨¥ ωeff ³μ¦¥É ¡ÒÉÓ ´ °¤¥´μ ¨§ ³¨±·μ¸±μ¶¨Î¥¸±μ£μ
· ¸¸³μÉ·¥´¨Ö μÉ±·ÒÉμ° ¸¨¸É¥³Ò. —Éμ¡Ò μ¡¥¸¶¥Î¨ÉÓ ´¥μÉ·¨Í É¥²Ó´μ¸ÉÓ ³ -
É·¨ÍÒ ¶²μÉ´μ¸É¨ ¢ ²Õ¡μ° ³μ³¥´É ¢·¥³¥´¨, ¤μ²¦´μ ¢Ò¶μ²´ÖÉÓ¸Ö ´¥· ¢¥´¸É¢μ
(1 − κ)2 coth2 (�ωeff/(2T )) � 1. ‘ κ = 1 ¨ Dqq = Dpq = 0 ³Ò ¶μ²ÊÎ ¥³
®±² ¸¸¨Î¥¸±¨°¯ ´ ¡μ· ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨, ±μÉμ·Ò° ´¥ ¸μÌ· ´Ö¥É ´¥μ-
É·¨Í É¥²Ó´μ¸ÉÓ ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ [6, 9, 10]. ‘¢Ö§Ó ¸μ ¸·¥¤μ°, ±μÉμ· Ö ¶·¨-
¢μ¤¨É ± λq 
= 0, ¶¥·¥´μ·³¨·Ê¥É ¶μÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥· ¨ Ê¢¥²¨Î¨¢ ¥É ¶·μ-
´¨Í ¥³μ¸ÉÓ Î¥·¥§ ´¥£μ [15,31]. �·μ´¨Í ¥³μ¸ÉÓ É ±¦¥ μÎ¥´Ó ÎÊ¢¸É¢¨É¥²Ó´  ±
§´ Î¥´¨Õ Dqq [32]. Œμ¦´μ ¶μ± § ÉÓ, ÎÉμ ¸±μ·μ¸ÉÓ ¤¨¸¸¨¶ Í¨¨ Ê¢¥²¨Î¨¢ ¥É¸Ö
¸ ·μ¸Éμ³ λp ¨ Dqq , ´μ Ê³¥´ÓÏ ¥É¸Ö ¸ ·μ¸Éμ³ λq ¨ Dpp [15,31,32]. ‚ ¸Éμ²±´μ-
¢¥´¨ÖÌ ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¶μ¢¥·Ì´μ¸É´Ò¥ ±μ²¥¡ ´¨Ö ¨ ´Ê±²μ´´Ò° μ¡³¥´ ³¥¦¤Ê
Ö¤· ³¨ μÉ¢¥É¸É¢¥´´Ò §  ¶¥·¥´μ·³¨·μ¢±Ê ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥·  Ö¤·μ-Ö¤¥·´μ£μ
¶μÉ¥´Í¨ ²  ¢§ ¨³μ¤¥°¸É¢¨Ö ¨ ¤¨¸¸¨¶ Í¨Õ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ μÉ´μ¸¨É¥²Ó-
´μ£μ ¤¢¨¦¥´¨Ö Ö¤¥· [25]. —¥·¥§ ÔËË¥±ÉÒ ¶¥·¥´μ·³¨·μ¢±¨ ¶μÉ¥´Í¨ ²  ¨
¤¨¸¸¨¶ Í¨¨ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ ³Ò ³μ¦¥³ μ¶·¥¤¥²¨ÉÓ λp = (1 + κ)λ ¨
λq = (1 − κ)λ (¨²¨ κ ¨ λ), Ë¨É¨·ÊÖ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶μ ¶μ¤¡ -
·Ó¥·´Ò³ ¸Éμ²±´μ¢¥´¨Ö³.

‚ ± Î¥¸É¢¥ ¶·¨³¥·  ³Ò · ¸¸³μÉ·¨³ μÉ´μ¸¨É¥²Ó´μ¥ ¤¢¨¦¥´¨¥ ¤¢ÊÌ Ö¤¥·
76Ge ¨ 170Er ¶·¨ Ô´¥·£¨ÖÌ ¸Éμ²±´μ¢¥´¨Ö ¢¡²¨§¨ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥· ,  ¶-
¶·μ±¸¨³¨·μ¢ ´´μ£μ ¶¥·¥¢¥·´ÊÉÒ³ μ¸Í¨²²ÖÉμ·μ³. �  ·¨¸. 12 ¶μ± § ´  § ¢¨-
¸¨³μ¸ÉÓ ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ρ(q, q′) μÉ ¢·¥³¥´¨ ¶·¨ κ = 0 ¨ 1 ¢ (89),
λp = (1 + κ)λ ¨ λq = (1 − κ)λ. �μ¸±μ²Ó±Ê ¸ κ = 0 ¨ 1 ³ É·¨Í  ¶²μÉ-
´μ¸É¨ Ë ±É¨Î¥¸±¨ ¤¨ £μ´ ²Ó´  ¶μ¸²¥ ±μ·μÉ±μ£μ ¶·μ³¥¦ÊÉ±  ¢·¥³¥´¨ (¶·¨-
¡²¨§¨É¥²Ó´μ 5 · 10−22 ¸), ¶μ²Ê±² ¸¸¨Î¥¸±¨¥ ³¥Éμ¤Ò · ¡μÉ ÕÉ ¢¶μ²´¥ Ìμ·μÏμ
¢ ¸Éμ²±´μ¢¥´¨ÖÌ ÉÖ¦¥²ÒÌ ¨μ´μ¢. Œ É·¨Í  ¶²μÉ´μ¸É¨ ¸É ´μ¢¨É¸Ö ¤¨ £μ´ ²Ó-
´μ° ¡Ò¸É·¥¥ ¢ ¸²ÊÎ ¥ κ = 1, Î¥³ ¢ ¸²ÊÎ ¥ κ = 0. �μ¢¥¤¥´¨¥ ¢μ ¢·¥³¥´¨
´¥¤¨ £μ´ ²Ó´ÒÌ Ô²¥³¥´Éμ¢ ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ μÎ¥¢¨¤´μ ±μ··¥²¨·Ê¥É ¸ § ¢¨-
¸¨³μ¸ÉÓÕ ¤¥±μ£¥·¥´Í¨¨ D μÉ ¢·¥³¥´¨ (·¨¸. 13). �μ¸²¥ Ê³¥´ÓÏ¥´¨Ö §´ Î¥´¨Ö
D §  ±μ·μÉ±μ¥ ¢·¥³Ö ¤¥±μ£¥·¥´Í¨Ö Ê¢¥²¨Î¨¢ ¥É¸Ö, ÎÉμ Ê± §Ò¢ ¥É ´  μÉ·¨-
Í É¥²Ó´ÊÕ ¨´É¥·Ë¥·¥´Í¨Õ ³¥¦¤Ê · §²¨Î´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨ (É· ¥±Éμ·¨Ö³¨).
„¥±μ£¥·¥´Í¨Ö Ê¢¥²¨Î¨¢ ¥É¸Ö ³¥¤²¥´´¥¥ ¢ ¸²ÊÎ ¥ κ = 0 ¨ ¡Ò¸É·¥¥ ¶·¨ ¡μ²¥¥
¢Ò¸μ±¨Ì É¥³¶¥· ÉÊ· Ì.

�  ·¨¸. 13 ¢¨¤´μ, ÎÉμ  ³¶²¨ÉÊ¤  ¤¥±μ£¥·¥´Í¨¨ Ê³¥´ÓÏ ¥É¸Ö ¸ ·μ¸Éμ³ λq .
�Éμ ¢²¨Ö¥É ´  ¶·μ´¨Í ¥³μ¸ÉÓ Î¥·¥§ ¡ ·Ó¥·, ±μÉμ· Ö Ê¢¥²¨Î¨¢ ¥É¸Ö ¨§-§  ¡μ²Ó-
Ï¥° ¨´É¥·Ë¥·¥´Í¨¨ ³¥¦¤Ê · §²¨Î´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨ (É· ¥±Éμ·¨Ö³¨) [15,31].
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�¨¸. 12. � ¸¸Î¨É ´´ Ö § ¢¨¸¨³μ¸ÉÓ ³μ¤Ê²Ö ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ |ρ(q, q′)| μÉ ¢·¥³¥´¨ t
¢ ¶μÉ¥´Í¨ ²¥ ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ· ,  ¶¶·μ±¸¨³¨·ÊÕÐ¥£μ ±Ê²μ´μ¢¸±¨° ¡ ·Ó¥·
¢ ·¥ ±Í¨¨ 76Ge+ 170Er, ¤²Ö κ = 1 (²¥¢ Ö ¸Éμ·μ´ ) ¨ 0 (¶· ¢ Ö ¸Éμ·μ´ ) ¢ (89),
λp = (1 + κ)λ ¨ λq = (1 − κ)λ. � · ³¥É·Ò: q̄(0) = 0, p̄(0) = 0, �ω = �ωeff =
2,0 ŒÔ‚, σqq(0) = 0,7 Ë³2, m = 53m0 (m0 Å ³ ¸¸  ´Ê±²μ´ ), �λ = 2 ŒÔ‚ ¨
T = 0 ŒÔ‚. � Î ²Ó´ Ö ³ É·¨Í  ¶²μÉ´μ¸É¨ (¢¥·Ì´ÖÖ Î ¸ÉÓ) · ¸¶μ²μ¦¥´  ´  ¢¥·Ï¨´¥
¡ ·Ó¥· . ‚·¥³Ö ¢ ¥¤¨´¨Í Ì 6,582 · 10−22 ¸

„²Ö Éμ£μ ÎÉμ¡Ò ¶μ± § ÉÓ ·μ²Ó Dqq ¢ Ê³¥´ÓÏ¥´¨¨ ±μ£¥·¥´É´μ¸É¨ ³¥¦¤Ê
¸μ¸ÉμÖ´¨Ö³¨, ³Ò ¸· ¢´¨¢ ¥³ § ¢¨¸¨³μ¸ÉÓ D μÉ ¢·¥³¥´¨ (·¨¸. 14) ¶·¨ κ = 0,
0,5 ¨ 1 ¢ (89) ¨ λp = 2λ ¨ λq = 0. ‡  ¢·¥³¥´  t > 5 · 10−22 ¸, ±μÉμ·Ò¥ ¶·¥¤-
¸É ¢²ÖÕÉ ¨´É¥·¥¸ ¤²Ö Ë¨§¨Î¥¸±¨Ì ´ ¡²Õ¤ ¥³ÒÌ, ¤¥±μ£¥·¥´Í¨Ö Ê¢¥²¨Î¨¢ ¥É¸Ö
¡Ò¸É·μ ¶·¨ Dqq = 0 (κ = 1). �·¨ Dqq 
= 0 (κ < 1) ¨´É¥·Ë¥·¥´Í¨Ö ³¥¦¤Ê
· §²¨Î´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨ ¸μÌ· ´Ö¥É¸Ö ¡μ²¥¥ ¤²¨É¥²Ó´μ¥ ¢·¥³Ö.
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�¨¸. 13. ‡ ¢¨¸¨³μ¸ÉÓ μ¡· É´μ° ¤¥±μ£¥·¥´Í¨¨ D−1 (¢ ¥¤¨´¨Í Ì �
−1/2) μÉ ¢·¥³¥´¨ t

¨ κ, ¨¸¶μ²Ó§Ê¥³μ° ¢ μ¶·¥¤¥²¥´¨ÖÌ Dpp ¨ Dqq ¢ (89), λp = (1 + κ)λ ¨ λq = (1 − κ)λ
¶·¨ T = 0 ¨ 5 ŒÔ‚. � Î ²Ó´Ò¥ §´ Î¥´¨Ö: q(0) − q′(0) = 0,01 Ë³ ¨ p(0) =
p′(0) = 0. „·Ê£¨¥ ¶ · ³¥É·Ò ¸μ¢¶ ¤ ÕÉ ¸ ¶ · ³¥É· ³¨ ´  ·¨¸. 12. ‚·¥³Ö ¢ ¥¤¨´¨Í Ì
6,582 · 10−22 ¸

�¨¸. 14. ‡ ¢¨¸¨³μ¸ÉÓ ¤¥±μ£¥·¥´Í¨¨ D (¢ ¥¤¨´¨Í Ì �
1/2) μÉ ¢·¥³¥´¨ t ¶·¨ λp = 2λ,

λq = 0, T = 0 ¨ 5 ŒÔ‚ ¨ κ = 0 (¸¶²μÏ´ Ö ±·¨¢ Ö), 0,5 (ÏÉ·¨Ìμ¢ Ö) ¨ 1 (¶Ê´±É¨·´ Ö).
� Î ²Ó´Ò¥ §´ Î¥´¨Ö: q(0) − q′(0) = 0,01 Ë³ ¨ p(0) = p′(0) = 0. „·Ê£¨¥ ¶ · ³¥É·Ò
¸μ¢¶ ¤ ÕÉ ¸ ¶ · ³¥É· ³¨ ´  ·¨¸. 12. ‚·¥³Ö ¢ ¥¤¨´¨Í Ì 6,582 · 10−22 ¸
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“· ¢´¥´¨¥ (70) ³μ¦´μ É ±¦¥ ·¥Ï¨ÉÓ, § ¶¨¸ ¢ ¸¨¸É¥³Ê Ê· ¢´¥´¨° ¤²Ö
³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ρ̂ ¢ ´¥±μÉμ·μ³ ¡ §¨¸¥ [32]. �É¨ Ê· ¢´¥´¨Ö ³μ¦´μ
Î¨¸²¥´´μ ·¥Ï¨ÉÓ ¤²Ö ¶·μ¨§¢μ²Ó´ÒÌ ¶μÉ¥´Í¨ ²μ¢. ‘ ¶μ²´Ò³ μ·Éμ£μ´ ²Ó´Ò³
´ ¡μ·μ³ ¡ §¨¸´ÒÌ ËÊ´±Í¨° |n〉 ³Ò ¶μ²ÊÎ ¥³ ¨§ (70) ¸¨¸É¥³Ê Ê· ¢´¥´¨° ¤²Ö
³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ρ̂:

dρmn

dt
=
∑

l

{
− i

�
(〈m|Ĥ0|l〉ρln − 〈l|Ĥ0|n〉ρml)+

+ ρmlBln + ρlnCml +
∑
l′

ρll′Amll′n

}
, (90)

£¤¥ ±μÔËË¨Í¨¥´ÉÒ μ¶·¥¤¥²¥´Ò ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Bln =
∑
l′

(D−
1 Δ+

ll′Δ
+
l′n + D+

1

∗
Δ−

ll′Δ
−
l′n − D−

2 Δ−
ll′Δ

+
l′n − D+

2

∗
Δ+

ll′Δ
−
l′n),

Cml =
∑
l′

(D+
1 Δ+

l′lΔ
+
ml′ + D+

1

∗
Δ−

l′lΔ
−
ml′ − D+

2 Δ−
l′lΔ

+
ml′ − D−

2

∗
Δ+

l′lΔ
−
ml′),

(91)
Amll′n = −(D−

1 + D+
1 )Δ+

mlΔ
+
l′n − (D−

1

∗
+ D+

1

∗
)Δ−

mlΔ
−
l′n+

+ (D−
2 + D−

2

∗
)Δ+

mlΔ
−
l′n + (D+

2 + D+
2

∗
)Δ−

mlΔ
+
l′n.

‡¤¥¸Ó Δ−
mn = 〈m|a|n〉 ¨ Δ+

mn = 〈m|a+|n〉 Å ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ μ¶¥-
· Éμ·μ¢ ·μ¦¤¥´¨Ö a+ Ê´¨ÎÉμ¦¥´¨Ö a, D±

1 = 0,5(D1 ± 0,5(λp − λq)), D±
2 =

0,5(D1±0,5(λp+λq)). „²Ö ¡ §¨¸ , ¸¢Ö§ ´´μ£μ ¸ ¸μ¡¸É¢¥´´Ò³¨ ËÊ´±Í¨Ö³¨ £ ·-
³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·  ¸ Î ¸ÉμÉμ° ω, D1 = (mωDqq −Dpp/mω+2iDpq)/�

¨ D2 = (mωDqq + Dpp/mω)/�. Š ± ¡Ò²μ ¶μ± § ´μ ¢ [47], ¢ ¶·¥¤¥²¥ ¸² ¡μ°
¸¢Ö§¨ Ê¸·¥¤´¥´¨¥ ¶μ ¢·¥³¥´¨ ¢¥¤¥É ± μ¡μ¡Ð¥´´μ³Ê ³ ¸É¥·-Ê· ¢´¥´¨Õ ²¨´¤-
¡² ¤μ¢¸±μ£μ É¨¶  (90), £¤¥ (mω)2Dqq = Dpp, Dpq = 0 ¨ λp = λq (¨²¨ μ = 0).

‘μ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·  ¨²¨ ¸μ¡¸É¢¥´´Ò¥
ËÊ´±Í¨¨ ¶μÉ¥´Í¨ ²  U(q̂) Ê¤μ¡´Ò ¢ ± Î¥¸É¢¥ ¶μ²´μ£μ μ·Éμ£μ´ ²Ó´μ£μ ´ -
¡μ·  ¡ §¨¸´ÒÌ ËÊ´±Í¨° |n〉. � Î ²Ó´ Ö ³ É·¨Í  ¶²μÉ´μ¸É¨ ¢ÒÎ¨¸²¥´  ± ±
ρmn(t = 0) = 〈m|Ψ〉〈Ψ|n〉, £¤¥ ´ Î ²Ó´μ¥ ¸μ¸ÉμÖ´¨¥ μÉ±·ÒÉμ° ¸¨¸É¥³Ò μ¶·¥-
¤¥²¥´μ ¢μ²´μ¢μ° ËÊ´±Í¨¥° Ψ(q). ’μ£¤  ³Ò ³μ¦¥³ ·¥Ï¨ÉÓ (90) ¨ ´ °É¨ § ¢¨-
¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ ¸·¥¤´¥£μ §´ Î¥´¨Ö F = Tr (ρ̂(t)F̂ ) ²Õ¡μ£μ μ¶¥· Éμ·  F̂ ,
¤¨ £μ´ ²Ó´ÒÌ ¨ ´¥¤¨ £μ´ ²Ó´ÒÌ Ô²¥³¥´Éμ¢ ³ É·¨ÍÒ ¶²μÉ´μ¸É¨.

� ¸¸³μÉ·¨³ ¸¨¸É¥³Ê ¸ ³ ¸¸μ¢Ò³ ¶ · ³¥É·μ³ m = 53m0 (m0 Å ³ ¸¸ 
´Ê±²μ´ ) ¢ ¸¨³³¥É·¨Î´μ³ ¤¢ÊÌÍ¥´É·μ¢μ³ ¶μÉ¥´Í¨ ²¥

U(q) = −8ΔU

L2
q2 +

16ΔU

L4
q4 (92)
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¸ ΔU = 1,5 ŒÔ‚, L = 3 Ë³ ¨ ´ Î ²Ó´Ò³ £ Ê¸¸μ¢¸±¨³ ¸μ¸ÉμÖ´¨¥³ ¤²Ö ³ -
É·¨ÍÒ ¶²μÉ´μ¸É¨ ¸ ¤¨¸¶¥·¸¨¥° σqq(0) = 0,14 Ë³2 ¢ ²¥¢μ° Ö³¥ ¶·¨ q̄(0) =
−1,5 Ë³. ‡¤¥¸Ó ¨ ¢ ¤ ²Ó´¥°Ï¥³ ³Ò ¨¸¶μ²Ó§Ê¥³ U ¢³¥¸Éμ Ũ ¤²Ö ¶¥·¥´μ·³¨·μ-
¢ ´´μ£μ ¶μÉ¥´Í¨ ² . � ¸¸Î¨É ´´ Ö § ¢¨¸¨³μ¸ÉÓ ρ(q, q′) μÉ ¢·¥³¥´¨ ¶·¥¤¸É -
¢²¥´  ´  ·¨¸. 15 ¢ ¸²ÊÎ ¥ κ = 1 ¨ 0 ¢ (89) ¸ λp = 2λ ¨ λq = 0. �¥·¥Ìμ¤ ¸¨-
¸É¥³Ò ¢ ¶· ¢ÊÕ Ö³Ê, £² ¢´Ò³ μ¡· §μ³, ¶·μ¨¸Ìμ¤¨É ¢¤μ²Ó ´ ¶· ¢²¥´¨Ö q = q′.
�¤´μ¢·¥³¥´´μ ´¥¤¨ £μ´ ²Ó´ Ö Î ¸ÉÓ ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¡μ²ÓÏ¥ ¸ Dqq 
= 0,
Î¥³ ¸ Dqq = 0. �·¨ Dqq 
= 0 · ¸¶·¥¤¥²¥´¨¥ ¢ ¶· ¢μ° Ö³¥ ¡μ²¥¥ Ï¨·μ±μ¥,  
¶¥·¥Ìμ¤ ³¥¦¤Ê ¤¢Ê³Ö Ö³ ³¨ ¡μ²¥¥ ¡Ò¸É·Ò° [32,52].

�¨¸. 15. � ¸¸Î¨É ´´ Ö § ¢¨¸¨³μ¸ÉÓ ³μ¤Ê²Ö ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ |ρ(q, q′)| μÉ ¢·¥³¥´¨ t ¢
¶μÉ¥´Í¨ ²¥ (92) ¸ ¤¢Ê³Ö ³¨´¨³Ê³ ³¨ (μ¡ÑÖ¸´¥´¨¥ ¢ É¥±¸É¥) ¶·¨ κ = 1 (²¥¢ Ö ¸Éμ·μ´ )
¨ 0 (¶· ¢ Ö ¸Éμ·μ´ ) ¢ (89), T = 0 ŒÔ‚ ¨ λp = 2λ, λq = 0. � Î ²Ó´μ¥ £ Ê¸¸μ¢¸±μ¥
· ¸¶·¥¤¥²¥´¨¥ (¢¥·Ì´ÖÖ Î ¸ÉÓ) ¸ σqq(0) = 0,14 Ë³2, p̄(0) = 0, q̄(0) = −1,5 Ë³ (²¥¢Ò°
³¨´¨³Ê³). „·Ê£¨¥ ¶ · ³¥É·Ò: �ωeff = 2,0 ŒÔ‚, �λ = 2 ŒÔ‚ ¨ m = 53m0



340 ‘��ƒ‘Ÿ� ‚.‚. ˆ „�.

2.3. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢: ÉÊ´´¥²¨·μ¢ ´¨¥ ¸ ¤¨¸¸¨¶ Í¨¥°. ‚¥·μÖÉ´μ¸ÉÓ
¶·μ´¨±´μ¢¥´¨Ö Î¥·¥§ ¶ · ¡μ²¨Î¥¸±¨° ¡ ·Ó¥· ¢ ³μ³¥´É ¢·¥³¥´¨ t μ¶·¥¤¥²¥´ 
¸²¥¤ÊÕÐ¨³ ¢Ò· ¦¥´¨¥³:

P (t) =

∞∫
0

dq[ρ(q, t) − ρ(q, t = 0)]

/ 0∫
−∞

dq ρ(q, 0) =

= 1 − Erfc (q(t)/
√

2σqq(t))
Erfc (q(0)/

√
2σqq(0))

, (93)

£¤¥ q = 0 ¸μμÉ¢¥É¸É¢Ê¥É ¢¥·Ï¨´¥ ¡ ·Ó¥· . P (t) Ö¢²Ö¥É¸Ö μÉ´μÏ¥´¨¥³ ¨§³¥´¥-
´¨Ö ¢¥·μÖÉ´μ¸É¨ ´ Ìμ¦¤¥´¨Ö ¸¶· ¢  μÉ ¡ ·Ó¥·  ¢ ³μ³¥´É ¢·¥³¥´¨ t ± ´ Î ²Ó-
´μ° ¢¥·μÖÉ´μ¸É¨ ´ Ìμ¦¤¥´¨Ö Î ¸É¨ÍÒ ¸²¥¢ . ŒÒ ¡¥·¥³ ´ Î ²Ó´Ò¥ ¤¨¸¶¥·¸¨¨
¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¸μμÉ´μÏ¥´¨¥³ ´¥μ¶·¥¤¥²¥´´μ¸É¨ ¨ Ê¸²μ¢¨¥³ σqq(0)σpp(0) =
�

2/4, σpq(0) = 0. ‚ · ¸Î¥É Ì ¨¸¶μ²Ó§ÊÕÉ¸Ö ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±¨¥ ±μÔËË¨-
Í¨¥´ÉÒ ¤¨ËËÊ§¨¨, Ê¤μ¢²¥É¢μ·ÖÕÐ¨¥ ÔÉ¨³ Ê¸²μ¢¨Ö³, ¨ ±² ¸¸¨Î¥¸±¨¥ ±μÔËË¨-
Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ (Dpp 
= 0, Dqq = Dpq = 0).

‹¥£±μ ¶μ± § ÉÓ, ÎÉμ Ô´¥·£¨Ö ¸¨¸É¥³Ò E(t) = 〈Ĥ0〉 = p̄2(t)/(2m) −
mω2q̄2(t)/2 + σpp(t)/(2m) − mω2σqq(t)/2 ¨§³¥´Ö¥É¸Ö ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ê· ¢-
´¥´¨¥³

Ė = −2λp

(
p̄2

2m
+

σpp

2m

)
+ 2λq

(
mω2q̄2

2
+

mω2σqq

2

)
+
(

Dpp

m
− mω2Dqq

)
.

(94)
�·¨ λp = λq = λ (94) ¶¥·¥Ìμ¤¨É ¢

Ė = −2λE +
(

Dpp

m
− mω2Dqq

)
. (95)

Š ± ¢¨¤´μ ¨§ (94) ¨ (95), ¸±μ·μ¸ÉÓ ¤¨¸¸¨¶ Í¨¨ Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·μ¸Éμ³ λp

¨ Dqq , ´μ Ê³¥´ÓÏ ¥É¸Ö ¸ ·μ¸Éμ³ λq ¨ Dpp. ‡´ Î¥´¨¥ Ė, ± ± ¨ ¸²¥¤μ¢ ²μ
μ¦¨¤ ÉÓ, ¨§³¥´Ö¥É §´ ± ¸ ·μ¸Éμ³ λq ¶·¨ Ë¨±¸¨·μ¢ ´´μ³ λp + λq = 2λ. �·¨
¶μ¤¡ ·Ó¥·´ÒÌ Ô´¥·£¨ÖÌ (E < 0) ¨ λp = λq = λ ±μ²²¥±É¨¢´ Ö ¸¨¸É¥³  ¶μ²Ê-
Î ¥É Ô´¥·£¨Õ ¨§ É¥·³μ¸É É , ¥¸²¨ ¶· ¢ Ö ¸Éμ·μ´  (95) ¶μ²μ¦¨É¥²Ó´ .

‡ ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ ¶·μ´¨±´μ¢¥´¨Ö Î¥·¥§ ¶ · ¡μ²¨Î¥¸±¨° ¡ ·Ó¥·
μÉ ´ Î ²Ó´μ° Ô´¥·£¨¨ E ¸¨¸É¥³Ò ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 16 ¤²Ö É·¥Ì · §²¨Î´ÒÌ
´ ¡μ·μ¢ ±μÔËË¨Í¨¥´Éμ¢ É·¥´¨Ö λp ¨ λq . �·¨ ÔÉμ³ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥
±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨: Dqq = �λ/(2mω), Dpp = λm�ω/2 ¨ Dpq = 0
(¸³. (51) ¨ (52)). �·¨ ¶μ¤¡ ·Ó¥·´ÒÌ Ô´¥·£¨ÖÌ ¢¥·μÖÉ´μ¸ÉÓ ÉÊ´´¥²¨·μ¢ -
´¨Ö ¡μ²ÓÏ¥ ¢ ¸²ÊÎ ¥ λq = λp 
= 0 ¶μ ¸· ¢´¥´¨Õ ¸μ ¸²ÊÎ ¥³ ¡¥§ É·¥´¨Ö
λp = λq = 0. ‡¤¥¸Ó É·¥´¨¥ ¶μ ±μμ·¤¨´ É¥ λq Ê¢¥²¨Î¨¢ ¥É ¶·μ´¨Í ¥³μ¸ÉÓ
¡ ·Ó¥· , ´μ É·¥´¨¥ ¶μ ¨³¶Ê²Ó¸Ê λp, ´ μ¡μ·μÉ, Ê³¥´ÓÏ ¥É ¥¥. �Éμ ¶μ¢¥¤¥´¨¥
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�¨¸. 16. � ¸¸Î¨É ´´ Ö § ¢¨¸¨³μ¸ÉÓ ¢¥·μ-
ÖÉ´μ¸É¨ ¶·μ´¨±´μ¢¥´¨Ö Î¥·¥§ ¶ · ¡μ²¨Î¥-
¸±¨° ¡ ·Ó¥· μÉ ´ Î ²Ó´μ° Ô´¥·£¨¨. � · -
³¥É·Ò: �ω = 2,0 ŒÔ‚, q̄(0) = −2 Ë³,
σqq(0) = 0,2 Ë³2, m = 53m0, Dqq =
�λ/(2mω), Dpp = λm�ω/2 ¨ Dpq = 0. �¥-
§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¤²Ö ¸²ÊÎ ¥¢: λp = λq = 0
(¸¶²μÏ´ Ö ±·¨¢ Ö), �λp = �λq = 1 ŒÔ‚
(¶Ê´±É¨·´ Ö) ¨ �λp = 2 ŒÔ‚, λq = 0
(ÏÉ·¨Ìμ¢ Ö). �´¥·£¨Ö E = −4, −2, 0, 4 ¨
8 ŒÔ‚ ¸μμÉ¢¥É¸É¢Ê¥É ´ Î ²Ó´Ò³ ¨³¶Ê²Ó¸ ³
p̄(0) = 0,8, 0,9, 1,0, 1,2 ¨ 1,35 · 103 ŒÔ‚/c

¸μμÉ¢¥É¸É¢Ê¥É § ¢¨¸¨³μ¸É¨ ¸±μ·μ¸É¨ ¤¨¸¸¨¶ Í¨¨ μÉ λq ¨ λp. 
μ²ÓÏ Ö ¶·μ-
´¨Í ¥³μ¸ÉÓ ¡ ·Ó¥· , Î¥³ ¢ ¸É ´¤ ·É´ÒÌ ¢ÒÎ¨¸²¥´¨ÖÌ ¶μ ³μ¤¥²¨ ¸¢Ö§ ´´ÒÌ
± ´ ²μ¢, ´¥μ¡Ìμ¤¨³  ¤²Ö μ¡ÑÖ¸´¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ ¶μ¤¡ -
·Ó¥·´μ³Ê ¸²¨Ö´¨Õ. ‚ ¸²ÊÎ ¥, ±μ£¤  ¸¢Ö§Ó ¸μ ¸·¥¤μ° ¶·¨¢μ¤¨É ± λq 
= 0,
¡ ·Ó¥· ¶¥·¥´μ·³¨·Ê¥É¸Ö, ¸±μ·μ¸ÉÓ ¤¨¸¸¨¶ Í¨¨ Ê³¥´ÓÏ ¥É¸Ö ¨ ¶·μ´¨Í ¥³μ¸ÉÓ
Ê¢¥²¨Î¨¢ ¥É¸Ö [15]. ’·¥´¨¥ ¨ ¤¨ËËÊ§¨Ö Ê³¥´ÓÏ ÕÉ ¶¥·¥¸¥Î¥´¨¥ ¡ ·Ó¥·  ¤²Ö
Ô´¥·£¨° ¢ÒÏ¥ ¡ ·Ó¥· . �·¨ E = 0 ¨ λp = λq ¢¥·μÖÉ´μ¸É¨ ¶·μ´¨Í ¥³μ¸É¨
· ¢´Ò ¤·Ê£ ¤·Ê£Ê ¸ ÊÎ¥Éμ³ ¨ ¡¥§ ÊÎ¥É  ¤¨¸¸¨¶ Í¨¨.

�¨¸. 17. � ¸¸Î¨É ´´ Ö § ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ-
´μ¸É¨ ÉÊ´´¥²¨·μ¢ ´¨Ö P Î¥·¥§ ¶ · ¡μ²¨-
Î¥¸±¨° ¡ ·Ó¥· μÉ ±μÔËË¨Í¨¥´É  É·¥´¨Ö λp

¶μ ¨³¶Ê²Ó¸Ê ¶·¨ É¥³¶¥· ÉÊ· Ì T = 0 ¨
3 ŒÔ‚. � · ³¥É·Ò: �ω = 2,0 ŒÔ‚,
q̄(0) = −2 Ë³, σqq(0) = 0,2 Ë³2, E =
−5 ŒÔ‚, m = 53m0 ¨ ±μÔËË¨Í¨¥´É É·¥-
´¨Ö λq = 0 (λ = λp/2). ‚ÒÎ¨¸²¥´¨Ö
¤²Ö ¸²ÊÎ ¥¢: T = 0, Dqq = �λ/(2mω),
Dpp = λm�ω/2 ¨ Dpq = 0 (¸¶²μÏ-
´ Ö ±·¨¢ Ö), T = 0, Dqq = 0, Dpp =
λpm�ω/2 ¨ Dpq = 0 (ÏÉ·¨Ìμ¢ Ö), T =
3 ŒÔ‚, Dqq = �λ coth (�ω/(2T ))/(2mω),
Dpp = λm�ω coth (�ω/(2T ))/2 ¨ Dpq = 0
(¶Ê´±É¨·´ Ö) ¨ T = 3 ŒÔ‚, Dqq = 0,
Dpp = λpm�ω coth (�ω/(2T ))/2 ¨
Dpq = 0 (ÏÉ·¨Ì¶Ê´±É¨·´ Ö)
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�  ·¨¸. 17 ¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ ÉÊ´´¥²¨·μ¢ ´¨Ö Î¥·¥§ ¶ · ¡μ²¨Î¥¸±¨°
¡ ·Ó¥· μÉ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¶·¨ · §²¨Î´ÒÌ §´ Î¥´¨ÖÌ É·¥´¨Ö λp

¶μ ¨³¶Ê²Ó¸Ê ¨ λq = 0. ‚¨¤´μ, ÎÉμ ¶·¨ Dqq = 0 (Dpp 
= 0, Dpq = 0)
§´ Î¥´¨¥ P Ê³¥´ÓÏ ¥É¸Ö ¸ ·μ¸Éμ³ λp. ‡ ³¥É¨³, ÎÉμ ÔÉμÉ ´ ¡μ· ±μÔËË¨Í¨-
¥´Éμ¢ ¤¨ËËÊ§¨¨ ´¥¸μ¢³¥¸É¨³ ¸ Ê¸²μ¢¨¥³ ¶μ²μ¦¨É¥²Ó´μ¸É¨ ³ É·¨ÍÒ ¶²μÉ´μ-
¸É¨. �·¨ Dqq 
= 0 §´ Î¥´¨¥ P ¶¥·¢μ´ Î ²Ó´μ Ê³¥´ÓÏ ¥É¸Ö ¸ ·μ¸Éμ³ λp ¤μ
´¥±μÉμ·μ£μ ®±·¨É¨Î¥¸±μ£μ¯ ±μÔËË¨Í¨¥´É  É·¥´¨Ö, ´μ § É¥³ ´ Î¨´ ¥É Ê¢¥²¨-
Î¨¢ ÉÓ¸Ö. �ÉμÉ ÔËË¥±É ¸É ´μ¢¨É¸Ö ¡μ²¥¥ ¸¨²Ó´Ò³ ¶·¨ ¡μ²¥¥ ¢Ò¸μ±¨Ì É¥³¶¥-
· ÉÊ· Ì T , ±μ£¤  ¢Ò¡· ´´Ò¥ ±μÔËË¨Í¨¥´ÉÒ Dqq = �λ coth (�ω/(2T ))/(2mω)
¨ Dpp = λm�ω coth (�ω/(2T ))/2 ¡μ²ÓÏ¥, Î¥³ ¶·¨ T = 0. ®Š·¨É¨Î¥¸±¨°¯
±μÔËË¨Í¨¥´É É·¥´¨Ö Ê³¥´ÓÏ ¥É¸Ö ¸ ·μ¸Éμ³ T . �μ¢¥¤¥´¨¥ P ± ± ËÊ´±Í¨¨ λp

³μ¦´μ μ¡ÑÖ¸´¨ÉÓ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. ’Ê´´¥²¨·μ¢ ´¨¥ ¡μ²¥¥ ÎÊ¢¸É¢¨É¥²Ó´μ
± §´ Î¥´¨Õ Dqq , Î¥³ ± §´ Î¥´¨Õ Dpp, ¶μÉμ³Ê ÎÉμ σqq(t) ¡μ²¥¥ ÎÊ¢¸É¢¨-
É¥²Ó´μ ± Dqq , Î¥³ ± Dpp. �¥¸³μÉ·Ö ´  Éμ, ÎÉμ ¸±μ·μ¸ÉÓ ¤¨¸¸¨¶ Í¨¨ ¡μ²ÓÏ¥
¸ Dqq 
= 0, ¶·μ´¨Í ¥³μ¸ÉÓ Î¥·¥§ ¡ ·Ó¥· Ê¸¨²¨¢ ¥É¸Ö ¨§-§  ¡μ²¥¥ ¡Ò¸É·μ£μ
·μ¸É  σqq ¶μ ¸· ¢´¥´¨Õ ¸μ ¸²ÊÎ ¥³ Dqq = 0.

‚ (88) ·μ²Ó Î²¥´μ¢, ¶·μ¶μ·Í¨μ´ ²Ó´ÒÌ Dqq (Dpp), Ê¢¥²¨Î¨¢ ¥É¸Ö ¸¨²Ó´μ
(¸² ¡μ) ¸ λ. “¢¥²¨Î¥´¨¥ ¸±μ·μ¸É¨ ÉÊ´´¥²¨·μ¢ ´¨Ö ¸ É¥³¶¥· ÉÊ·μ° ´ Ìμ¤¨É¸Ö
¢ ¸μ£² ¸¨¨ ¸ · ¡μÉμ° [14]. “¸¨²¥´¨¥ ÉÊ´´¥²¨·μ¢ ´¨Ö ¡Ò²μ ¶μ²ÊÎ¥´μ ¢ · ³± Ì
³¨±·μ¸±μ¶¨Î¥¸±μ° ³μ¤¥²¨ [53] ¢ ¶·¥¤¥²¥ ¡μ²ÓÏμ£μ ±μÔËË¨Í¨¥´É  É·¥´¨Ö.
�¤´ ±μ ¢ ÔÉμ° ³μ¤¥²¨ ´¥²Ó§Ö μÉ²¨Î¨ÉÓ ¢²¨Ö´¨¥ É·¥´¨° ¶μ ±μμ·¤¨´ É¥ ¨ ¨³-
¶Ê²Ó¸Ê ´  ¶·μÍ¥¸¸ ÉÊ´´¥²¨·μ¢ ´¨Ö. “¸¨²¥´¨¥ ÉÊ´´¥²¨·μ¢ ´¨Ö ¸ ¤¨¸¸¨¶ Í¨¥°
¡Ò²μ ´ °¤¥´μ ¢ [54] ¤²Ö ±¢ ´Éμ¢ ´´μ£μ ¢¨Ì·¥¢μ£μ ¤¢¨¦¥´¨Ö.

‚¥·μÖÉ´μ¸ÉÓ ´ Ìμ¦¤¥´¨Ö Î ¸É¨ÍÒ ¸¶· ¢  μÉ ¡ ·Ó¥·  μÎ¥´Ó ÎÊ¢¸É¢¨É¥²Ó´ 
± Ï¨·¨´¥ σqq(0) ´ Î ²Ó´μ£μ ¢μ²´μ¢μ£μ ¶ ±¥É , ²μ± ²¨§μ¢ ´´μ£μ ¸²¥¢  μÉ ¡ -

�¨¸. 18. � ¸¸Î¨É ´´ Ö § ¢¨¸¨³μ¸ÉÓ ¢¥·μ-
ÖÉ´μ¸É¨ ¶·μ´¨±´μ¢¥´¨Ö Î¥·¥§ ¶ · ¡μ²¨Î¥-
¸±¨° ¡ ·Ó¥· P μÉ ´ Î ²Ó´μ° ¤¨¸¶¥·¸¨¨
σqq(0) ¸ �ω = 2,0 ŒÔ‚, q̄(0) = −1 Ë³,
p(0) = 0, m = 53m0, Dqq = �λ/(2mω),
Dpp = λm�ω/2 ¨ Dpq = 0. �¥§Ê²ÓÉ ÉÒ
¢ÒÎ¨¸²¥´¨° ¶·¨ λ = λp = λq = 0 (¸¶²μÏ-
´ Ö ±·¨¢ Ö) ¨ �λ = �λp = �λq = 1 ŒÔ‚
(ÏÉ·¨Ìμ¢ Ö). ‡´ Î¥´¨¥ σqq(0) = �/(2mω)
μÉ³¥Î¥´μ ¸É·¥²±μ°
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·Ó¥·  ¶·¨ t = 0 (·¨¸. 18). „ ´´Ò° ÔËË¥±É Å ¡μ²¥¥ ¸² ¡Ò° ¸ ÊÎ¥Éμ³ ¤¨¸-
¸¨¶ Í¨¨. „²Ö ³¥´ÓÏ¥£μ §´ Î¥´¨Ö σqq(0) §´ Î¥´¨¥ σpp(0) ¸É ´μ¢¨É¸Ö ¡μ²ÓÏ¥
(σpp(0) = �

2/(4σqq(0))), ¨ ¢¥·μÖÉ´μ¸ÉÓ ¶·μ´¨±´μ¢¥´¨Ö Î¥·¥§ ¡ ·Ó¥· Ê¢¥²¨Î¨-
¢ ¥É¸Ö ¨§-§  ¡μ²ÓÏ¥° Ë²Ê±ÉÊ Í¨¨ ´ Î ²Ó´μ° Ô´¥·£¨¨ (Ef = σpp(0)/(2m) −
mω2σqq(0)/2). �±μ²μ σqq(0) = �/(2mω) = 0,18 Ë³2 § ¢¨¸¨³μ¸ÉÓ P μÉ σqq(0)
¸É ´μ¢¨É¸Ö ¸² ¡μ°, ¨ ±·¨¢ Ö ´  ·¨¸. 18 ¨³¥¥É ¸ÉÊ¶¥´Î Éμ¥ ¶μ¢¥¤¥´¨¥.

„²Ö ¶μÉ¥´Í¨ ²  ¸ ¤¢Ê³Ö ¸¨³³¥É·¨Î´Ò³¨ ³¨´¨³Ê³ ³¨ (92) § ¢¨¸¨³μ¸É¨
Ô´¥·£¨¨ μÉ ¢·¥³¥´¨ E(t) = Tr (ρ̂(t)H0) = (p2 +σpp)/(2m)+ 〈U(q)〉 ¢¥²¨Î¨´Ò
u(t) = σpp(t)σqq(t) − σ2

pq(t) − �
2/4, ±μ´É·μ²¨·ÊÕÐ¥° ¢Ò¶μ²´¥´¨¥ ¸μμÉ´μÏ¥-

´¨Ö ´¥μ¶·¥¤¥²¥´´μ¸É¨, ¨ ¶·μ´¨Í ¥³μ¸É¨ P ¶μÉ¥´Í¨ ²Ó´μ£μ ¡ ·Ó¥·  ³¥¦¤Ê
¤¢Ê³Ö Ö³ ³¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 19.

�·¨ λq = 0 ´ ¡²Õ¤ ¥É¸Ö ¡μ²ÓÏ Ö ¶·μ´¨Í ¥³μ¸ÉÓ ¸ Dqq 
= 0. �·¨ Dqq 
= 0
Ô´¥·£¨Ö ¶¥·¢μ´ Î ²Ó´μ Ê¢¥²¨Î¨¢ ¥É¸Ö,   § É¥³ Ê³¥´ÓÏ ¥É¸Ö ¤μ  ¸¨³¶ÉμÉ¨Î¥-

�¨¸. 19. � ¸¸Î¨É ´´Ò¥ § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ t Ô´¥·£¨¨ E ( ), u (¢) ¨ ¶·μ´¨Í ¥³μ¸É¨
¡ ·Ó¥·  P (¡) ³¥¦¤Ê ¤¢Ê³Ö ³¨´¨³Ê³ ³¨ ¢ ¶μÉ¥´Í¨ ²¥ (92) ¸ ΔU = 1,5 ŒÔ‚ ¨
L = 3 Ë³. „²Ö ¸¨¸É¥³Ò ¸ m = 53m0 (m0 Å ³ ¸¸  ´Ê±²μ´ ) ´ Î ²Ó´μ¥ ¸μ¸ÉμÖ´¨¥
¢§ÖÉμ ¢ ¢¨¤¥ £ Ê¸¸μ¢¸±μ£μ · ¸¶·¥¤¥²¥´¨Ö ¸ σqq(0) = 0,18 Ë³2 ¢ ²¥¢μ³ ³¨´¨³Ê³¥.
‚ · ¸Î¥É Ì ¨¸¶μ²Ó§ÊÕÉ¸Ö ±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ (89) ¸ �ωeff = 2,0 ŒÔ‚ ¨ T = 0.
�¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨°: ¶·¨ �λp = 2 ŒÔ‚ ¨ λq = 0 ¸ κ = 1 (ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö)
¨ 0 (¸¶²μÏ´ Ö) ¢ (89); ¶·¨ �λp = �λq = 1 ŒÔ‚ ¸ κ = 0 (¶Ê´±É¨·´ Ö)
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¸±μ£μ §´ Î¥´¨Ö. ‘ Dqq = 0 §´ Î¥´¨¥ E ¶¥·¢μ´ Î ²Ó´μ Ê³¥´ÓÏ ¥É¸Ö. ‚ É¥Î¥-
´¨¥ ±μ·μÉ±μ£μ ´ Î ²Ó´μ£μ ¢·¥³¥´¨ ¶·μÍ¥¸¸, ± ± ¶·¥¤¶μ² £ ¥É¸Ö, £ Ê¸¸μ¢¸±¨°
¨ ¶·¨ λq = 0 ¸±μ·μ¸ÉÓ ¤¨¸¸¨¶ Í¨¨

Ė(t) ≈ −2λp
p2 + σpp

2m
+

1
m

Dpp + 16Dqq

[
−ΔU

L2
+

12ΔU

L4
(q2 + σqq)

]
.

� Î ²Ó´μ¥ ¶μ¢¥¤¥´¨¥ E(t) ¶·¨ q = −L/2 ³μ¦´μ ¶·μ¸Éμ ¶·μ¸²¥¤¨ÉÓ ¸ ¶μ³μ-
ÐÓÕ ÔÉμ£μ ¢Ò· ¦¥´¨Ö. �·¨ λq 
= 0 ¶μÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥· ³¥¦¤Ê ¤¢Ê³Ö ³¨-
´¨³Ê³ ³¨ ¶¥·¥´μ·³¨·Ê¥É¸Ö, ÎÉμ ¶·¨¢μ¤¨É ± ¡μ²ÓÏ¥° ¶·μ´¨Í ¥³μ¸É¨ [2, 15].
‘²¥¤Ê¥É μÉ³¥É¨ÉÓ ´ ·ÊÏ¥´¨¥ ¸μμÉ´μÏ¥´¨Ö ´¥μ¶·¥¤¥²¥´´μ¸É¨ ¸ ®±² ¸¸¨Î¥-
¸±¨³¯ ´ ¡μ·μ³ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ (κ = 1) ¢ ´ Î ²Ó´Ò° ³μ³¥´É Ô¢μ-
²ÕÍ¨¨ ±μ²²¥±É¨¢´μ° ¸¨¸É¥³Ò. �μÔÉμ³Ê ¤ ´´Ò° ´¥¤μ¸É Éμ± ÔÉ¨Ì ±μÔËË¨-
Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ³μ¦¥É ¸± § ÉÓ¸Ö ¶·¨ μ¶¨¸ ´¨¨ ·¥¤±¨Ì ¶·μÍ¥¸¸μ¢, ±μÉμ·Ò¥

�¨¸. 20. � ¸¸Î¨É ´´Ò¥ § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ t ¤²Ö Ô´¥·£¨¨ E ( ) ¨ u (¢) ¨ ¶·μ´¨Í -
¥³μ¸É¨ ¡ ·Ó¥·  P (¡) ³¥¦¤Ê ¤¢Ê³Ö ³¨´¨³Ê³ ³¨ ¢ ¶μÉ¥´Í¨ ²¥ (96) ¸ ΔU = 1,5 ŒÔ‚,
v = 2 ŒÔ‚ ¨ L = 3 Ë³. � Î ²Ó´μ¥ ¸μ¸ÉμÖ´¨¥ ¤²Ö ¸¨¸É¥³Ò ¸ m = 53m0 ¢§ÖÉμ ¢
¢¨¤¥ £ Ê¸¸μ¢¸±μ£μ · ¸¶·¥¤¥²¥´¨Ö ¸ σqq(0) = 0,18 Ë³2 ¢ ²¥¢μ³ ³¨´¨³Ê³¥. ‚ · ¸Î¥É Ì
¨¸¶μ²Ó§μ¢ ´Ò ±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ (89) ¸ �ωeff = 2,0 ŒÔ‚ ¨ kT = 0. �·¥¤¸É -
¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ¶·¨ �λp = 2 ŒÔ‚ ¨ λq = 0 ¸ κ = 1 (ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö)
¨ 0 (¸¶²μÏ´ Ö) ¢ (89)
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μÎ¥´Ó ÎÊ¢¸É¢¨É¥²Ó´Ò ± ®Ì¢μ¸É ³¯ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö. �μÌμ¦¨¥ § ¢¨¸¨-
³μ¸É¨ E, u ¨ P μÉ ¢·¥³¥´¨ ¢¨¤´Ò ´  ·¨¸. 20 ¤²Ö  ¸¨³³¥É·¨Î´μ£μ ¶μÉ¥´Í¨ ² 
¸ ¤¢Ê³Ö ³¨´¨³Ê³ ³¨

U(q) = −4(2ΔU + v)
L2

q2 − 4v

L3
q3 +

8(2ΔU + v)
L4

q4, (96)

£¤¥ v Å  ¡¸μ²ÕÉ´μ¥ §´ Î¥´¨¥ · §´¨ÍÒ ³¥¦¤Ê £²Ê¡¨´ ³¨ ¤¢ÊÌ ³¨´¨³Ê³μ¢.
�¤´ ±μ ¸μμÉ´μÏ¥´¨¥ ´¥μ¶·¥¤¥²¥´´μ¸É¨ ´ ·ÊÏ ¥É¸Ö ´  ¡μ²¥¥ ¤²¨É¥²Ó´μ³ ¨´-
É¥·¢ ²¥ ¢·¥³¥´¨ ¢ ÔÉμ³ ¸²ÊÎ ¥ (κ = 1). �¥¸³μÉ·Ö ´  ´¥¡μ²ÓÏÊÕ · §´¨ÍÊ
³¥¦¤Ê Ô´¥·£¨Ö³¨, ¶μ²ÊÎ¥´´Ò³¨ ¸ κ = 1 ¨ 0, · §²¨Î¨¥ ³¥¦¤Ê ¶·μ´¨Í ¥³μ-
¸ÉÖ³¨ ¢¸¥ ¥Ð¥ ¤μ¸É ÉμÎ´μ ¡μ²ÓÏμ¥.

Š ± ¨ ¢ ¸²ÊÎ ¥ ¶μÉ¥´Í¨ ²  (96), ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì ¸ ¸¨³³¥É·¨Î-
´Ò³ ¶μÉ¥´Í¨ ²μ³ ¸ ¤¢Ê³Ö ³¨´¨³Ê³ ³¨ [55]

U(q) =
ξ2

8
(cosh (4αq) − 1) − 4ξ(cosh (2αq) − 1), (97)

£¤¥ ξ = 8 − 2
√

ΔU ¨ α = −arccosh (8/ξ)/L, ³Ò ´ Ï²¨, ÎÉμ ¸μμÉ´μÏ¥´¨¥
´¥μ¶·¥¤¥²¥´´μ¸É¨ ¶·¨ κ = 1 ¢ (89) ¢Ò¶μ²´Ö¥É¸Ö ¢ ´ Î ²Ó´Ò° ³μ³¥´É ¢·¥-

�¨¸. 21. ’μ ¦¥, ÎÉμ ¨ ´  ·¨¸. 20, ´μ ¤²Ö ¶μÉ¥´Í¨ ²  ¸ ¤¢Ê³Ö ³¨´¨³Ê³ ³¨ (97) (ΔU =
3 ŒÔ‚ ¨ L = 3 Ë³)
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³¥´¨, ´μ § É¥³ ´ ·ÊÏ ¥É¸Ö ¢ É¥Î¥´¨¥ ´¥±μÉμ·μ£μ ¡μ²¥¥ ¶μ§¤´¥£μ ¢·¥³¥´¨
(·¨¸. 21).

�μÔÉμ³Ê ¸ ±μÔËË¨Í¨¥´É ³¨ ¤¨ËËÊ§¨¨, ±μÉμ·Ò¥ ´¥ Ê¤μ¢²¥É¢μ·ÖÕÉ Ê¸²μ-
¢¨Ö³ (34) ¢ ¸²ÊÎ ¥ ¶μÉ¥´Í¨ ²μ¢, μÉ²¨Î ÕÐ¨Ì¸Ö μÉ ¶μÉ¥´Í¨ ²  £ ·³μ´¨Î¥¸±μ£μ
μ¸Í¨²²ÖÉμ· , ³μ¦´μ ´ °É¨ ¶·¨³¥·Ò ´ ·ÊÏ¥´¨Ö ¸μμÉ´μÏ¥´¨Ö ´¥μ¶·¥¤¥²¥´´μ-
¸É¨ ´¥ Éμ²Ó±μ ´  ´ Î ²Ó´μ° ¸É ¤¨¨ Ô¢μ²ÕÍ¨¨.

ˆ¸¶μ²Ó§ÊÖ ´ ¡μ· ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¸ Dqq = 0, Dpp 
= 0 ¨
Dpq < 0 [51], ³Ò μ¡´ ·Ê¦¨²¨ ´¥¸É ¡¨²Ó´μ¸ÉÓ ·¥§Ê²ÓÉ Éμ¢ ± ³ ²Ò³ ¨§³¥-
´¥´¨Ö³ ¶ · ³¥É·μ¢. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¨§³¥´¥´¨¥ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¢
¶·¥¤¥² Ì ÉμÎ´μ¸É¨ ³¨±·μ¸±μ¶¨Î¥¸±μ£μ ¢ÒÎ¨¸²¥´¨Ö ¢ [51] ³μ¦¥É ¶·¨¢¥¸É¨
¸¨¸É¥³Ê ± ´¥Ë¨§¨Î¥¸±μ³Ê ·¥¦¨³Ê Ô¢μ²ÕÍ¨¨. ‘ Dqq 
= 0 ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥-
´¨° ¸É ´μ¢ÖÉ¸Ö ´ ³´μ£μ Ê¸Éμ°Î¨¢¥¥.

‚ÒÎ¨¸²¥´´ Ö § ¢¨¸¨³μ¸ÉÓ ±¢ §¨¸É Í¨μ´ ·´μ° ¸±μ·μ¸É¨ · ¸¶ ¤ 

Λ(t) = −
0∫

−∞

dq

(
dρ(q, t)

dt

)/ 0∫
−∞

dq ρ(q, t) (98)

´¨¦ °Ï¥£μ ³¥É ¸É ¡¨²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö μÉ λp ¢ ¶μÉ¥´Í¨ ²¥

U(q) = −3ΔU

q2
m

q2 +
2ΔU

q3
m

q3, (99)

£¤¥ qm Å ¶μ²μ¦¥´¨¥ ³¨´¨³Ê³ , ¶μ± § ´  ´  ·¨¸. 22. � Î ²Ó´μ¥ · ¸¶·¥¤¥-
²¥´¨¥, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ¸ ³μ³Ê ´¨¦ °Ï¥³Ê ¸μ¸ÉμÖ´¨Õ ¢ (99), ¢§ÖÉμ ¢ ± Î¥-
¸É¢¥ £ Ê¸¸μ¢¸±μ£μ · ¸¶·¥¤¥²¥´¨Ö. ‡´ Î¥´¨¥ Λ Ê³¥´ÓÏ ¥É¸Ö ³μ´μÉμ´´μ ¸ λp

(λq = 0), ±μ£¤  Dqq = 0. �·¨ Dqq 
= 0 §´ Î¥´¨¥ Λ ¶¥·¢μ´ Î ²Ó´μ Ê³¥´ÓÏ -
¥É¸Ö ¸ λp, ´μ § É¥³ Ê¢¥²¨Î¨¢ ¥É¸Ö. �Éμ μ§´ Î ¥É, ÎÉμ ¶·¨ Dqq 
= 0 ¨ ¡μ²ÓÏ¨Ì
§´ Î¥´¨ÖÌ λp · ¸¶ ¤ ³¥É ¸É ¡¨²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö Ê¸¨²¨¢ ¥É¸Ö. �·¨ Dqq 
= 0
¶¥·¢μ´ Î ²Ó´μ Ô´¥·£¨Ö Ê¢¥²¨Î¨¢ ¥É¸Ö, ´μ ¶μÉμ³ ¸±μ·μ¸ÉÓ ¤¨¸¸¨¶ Í¨¨ ¸É ´μ-
¢¨É¸Ö ¡μ²ÓÏ¥, Î¥³ ¢ ¸²ÊÎ ¥ Dqq = 0. �·¨ Dqq 
= 0 ¡μ²¥¥ ¡Ò¸É·Ò° ·μ¸É σqq

¸¶μ¸μ¡¸É¢Ê¥É É ±¦¥ · ¸¶ ¤Ê [31].
‘¶¥±É· ¨§²ÊÎ¥´¨Ö μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³Ê²μ°

dE(ω)
dω

=
1√
2π

∞∫
0

dt t(E(t) − Eeq) sin ωt, (100)

£¤¥ Eeq Å Ô´¥·£¨Ö · ¢´μ¢¥¸´μ£μ ¸μ¸ÉμÖ´¨Ö. ‘¶¥±É·Ò ¨§²ÊÎ¥´¨Ö ¤²Ö ¸¨¸É¥³Ò,
¶¥·¢μ´ Î ²Ó´μ § ´¨³ ÕÐ¥° ¶ÖÉÒ° Ê·μ¢¥´Ó ¢ ¶μÉ¥´Í¨ ²¥ (92), ¶·¥¤¸É ¢²¥´Ò
´  ·¨¸. 23 ¶·¨ · §²¨Î´ÒÌ ±μÔËË¨Í¨¥´É Ì É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨. „²Ö ´Ê²¥-
¢μ£μ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨ ¸¨¸É¥³  ¸μÌ· ´Ö¥É ¸¢μ¥ ¸μ¸ÉμÖ´¨¥ ¨ E(ω) ∼ δ(ω).
�·¨ ³ ²¥´Ó±¨Ì É·¥´¨ÖÌ ¸¶¥±É·Ò, ¶μ²ÊÎ¥´´Ò¥ ¸ κ = 1 ¨ 0 ¢ (89), Ë ±É¨-
Î¥¸±¨ ¸μ¢¶ ¤ ÕÉ ¨ Ìμ·μÏμ  ¶¶·μ±¸¨³¨·ÊÕÉ¸Ö ²μ·¥´Í¨ ´ ³¨ ¸ Ï¨·¨´μ° ´¥-
³´μ£μ ¡μ²ÓÏ¥, Î¥³ λp. ‘ Ê¢¥²¨Î¥´¨¥³ λp ³ ±¸¨³ ²Ó´μ¥  ¡¸μ²ÕÉ´μ¥ §´ Î¥´¨¥
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�¨¸. 22.  ) � ¸¸Î¨É ´´ Ö ±¢ §¨¸É Í¨μ´ ·´ Ö ¸±μ·μ¸ÉÓ · ¸¶ ¤  ´¨¦ °Ï¥£μ ³¥É ¸É -
¡¨²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö ¢ ¶μÉ¥´Í¨ ²¥ (99) (ΔU = 1,3 ŒÔ‚ ¨ qm = −1,23 Ë³) ± ±
ËÊ´±Í¨Ö ±μÔËË¨Í¨¥´É  É·¥´¨Ö λp. ¡) � ¸¸Î¨É ´´ Ö § ¢¨¸¨³μ¸ÉÓ μÉ ¢·¥³¥´¨ t Ô´¥·-
£¨¨ E ¶·¨ ¢ÒÌμ¤¥ ¸±μ·μ¸É¨ · ¸¶ ¤  ´  ±¢ §¨¸É Í¨μ´ ·´Ò° ¶·¥¤¥². ‡¤¥¸Ó λq = 0,
p̄(0) = 0, σqq(0) = 0,2 Ë³2 ¨ m = 53m0. ‚¥·Ï¨´¥ ¡ ·Ó¥·  ¸μμÉ¢¥É¸É¢Ê¥É U = 0 ŒÔ‚
¨ q = 0 Ë³. �·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ¤²Ö ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ (89)
¸ κ = 0 (¸¶²μÏ´ Ö ±·¨¢ Ö) ¨ 1 (ÏÉ·¨Ìμ¢ Ö)

dE(ω)/dω ¸¤¢¨£ ¥É¸Ö ¢ ¸Éμ·μ´Ê ¡μ²ÓÏ¨Ì §´ Î¥´¨° ω ¨ ¸¶¥±É·Ò, ¶μ²ÊÎ¥´´Ò¥
¸ κ = 1 ¨ 0 ¢ (89), ¸¨²Ó´μ μÉ²¨Î ÕÉ¸Ö.

‘ Î¨¸²¥´´Ò³ ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö ¤²Ö ¶·¨¢¥¤¥´´μ° ³ É·¨ÍÒ ¶²μÉ´μ¸É¨
¢ · §²¨Î´ÒÌ ¶μÉ¥´Í¨ ² Ì ³Ò ´ Ï²¨ Ë¨§¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨, ±μÉμ·Ò¥
¸É·μ£μ § ¢¨¸ÖÉ μÉ §´ Î¥´¨Ö Dqq . �·μ´¨Í ¥³μ¸ÉÓ ¡ ·Ó¥· ,   É ±¦¥ ¸¶¥±É·
¨§²ÊÎ¥´¨Ö μÎ¥´Ó ÎÊ¢¸É¢¨É¥²Ó´Ò ± §´ Î¥´¨Õ Dqq . �  ±μ·μÉ±μ³ ´ Î ²Ó´μ³
¢·¥³¥´´μ³ ¨´É¥·¢ ²¥ Ô´¥·£¨Ö μÉ±·ÒÉμ° ±¢ ´Éμ¢μ° ¸¨¸É¥³Ò ¶μ-· §´μ³Ê ¨§³¥-
´Ö¥É¸Ö ¢ ¸²ÊÎ ÖÌ ¸ Dqq 
= 0 ¨ Dqq = 0. � ·ÊÏ¥´¨¥ ¸μμÉ´μÏ¥´¨Ö ´¥μ¶·¥¤¥-
²¥´´μ¸É¨ ¤¥³μ´¸É·¨·μ¢ ²μ¸Ó ¶·¨ Dqq = 0. „²Ö ¶·μ¨§¢μ²Ó´μ£μ ¶μÉ¥´Í¨ ² 
ÔÉμ ´ ·ÊÏ¥´¨¥ ³μ¦¥É ¶·μ¨§μ°É¨ ´¥ Éμ²Ó±μ ¢ ´ Î ²Ó´μ³ ¢·¥³¥´´μ³ ¨´É¥·-
¢ ²¥. �μÔÉμ³Ê μ¶¨¸ ´¨¥ ´¥· ¢´μ¢¥¸´μ£μ ·¥¤±μ£μ ±¢ ´Éμ¢μ£μ ¶·μÍ¥¸¸  ³μ¦¥É
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�¨¸. 23. � ¸Î¥É´Ò¥ ¸¶¥±É·Ò ¨§²ÊÎ¥´¨Ö ¤²Ö ¸¨¸É¥³Ò, ¶¥·¢μ´ Î ²Ó´μ § ´¨³ ÕÐ¥° ¶ÖÉÒ°
Ê·μ¢¥´Ó ¢ ¶μÉ¥´Í¨ ²¥ (92) (ΔU = 1,5 ŒÔ‚, L = 3 Ë³ ¨ m = 53m0). �¥§Ê²ÓÉ ÉÒ
¢ÒÎ¨¸²¥´¨° ¶·¨ �λp = 0,5 ŒÔ‚ ¨ λq = 0 (¡), ¶·¨ �λp = 2 ŒÔ‚ ¨ λq = 0 ( ) ¸ κ = 0
(¸¶²μÏ´ Ö ±·¨¢ Ö) ¨ κ = 1 (ÏÉ·¨Ìμ¢ Ö) ¢ (89)

¡ÒÉÓ ´¥¶· ¢¨²Ó´Ò³ ¸ ±μÔËË¨Í¨¥´É ³¨ ¤¨ËËÊ§¨¨, ±μÉμ·Ò¥ ´¥ Ê¤μ¢²¥É¢μ·ÖÕÉ
Ê¸²μ¢¨Ö³ (34).

3. ���–…‘‘ ‡�•‚�’� ��‹…’�
™…ƒ� Ÿ„�� Ÿ„��Œ-Œˆ˜…�œ


3.1. ‚¥·μÖÉ´μ¸ÉÓ § Ì¢ É . ”μ·³ ²¨§³ ¶·¨¢¥¤¥´´μ° ³ É·¨ÍÒ ¶²μÉ´μ¸É¨,
μ¶¨¸ ´´Ò° ¢ · §¤. 1, ¢¶¥·¢Ò¥ ¶·¨³¥´¥´ ¢ �ˆŸˆ ¤²Ö μ¶¨¸ ´¨Ö ¶·μÍ¥¸¸  § -
Ì¢ É  ´ ²¥É ÕÐ¥£μ Ö¤·  Ö¤·μ³-³¨Ï¥´ÓÕ ¶·¨ Ô´¥·£¨ÖÌ ¡μ³¡ ·¤¨·μ¢±¨ μ±μ²μ
±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥· . �  ·¨¸. 24 ¶·¨¢¥¤¥´Ò · ¸Î¥ÉÒ Ö¤·μ-Ö¤¥·´μ£μ ¶μÉ¥´-
Í¨ ²  ¤²Ö ¸¨¸É¥³Ò 16O + 208Pb ¨ 48Ca+ 208Pb ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ Ê£²μ-
¢μ£μ ³μ³¥´É  J . ‘ ·μ¸Éμ³ Í¥´É·μ¡¥¦´μ° Î ¸É¨ ¶μÉ¥´Í¨ ²  £²Ê¡¨´  ± ·³ ´ 
¸É ´μ¢¨É¸Ö ³¥´ÓÏ¥,   ¶μ²μ¦¥´¨¥ ³¨´¨³Ê³  ± ·³ ´  ¸É ´μ¢¨É¸Ö ¡²¨¦¥ ± ¡ -
·Ó¥·Ê ¶·¨ R = Rb. ‡´ Î¥´¨¥ Rb ≈ R1 + R2 + 2 Ë³, £¤¥ R1 ¨ R2 Å · ¤¨Ê¸Ò
¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥·. Š ± ¢¨¤´μ ¨§ ·¨¸Ê´± , ¸ Ê¢¥²¨Î¥´¨¥³ J μÉ 0 ¤μ 90
§´ Î¥´¨Ö £²Ê¡¨´Ò ¨ ¶μ²μ¦¥´¨¥ (¶μ μÉ´μÏ¥´¨Õ ± ¡ ·Ó¥·Ê) ¶μÉ¥´Í¨ ²Ó´μ£μ
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�¨¸. 24. Ÿ¤·μ-Ö¤¥·´Ò° ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö ± ± ËÊ´±Í¨Ö μÉ · ¸¸ÉμÖ´¨Ö R
³¥¦¤Ê Í¥´É· ³¨ ³ ¸¸ ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¸Ë¥·¨Î¥¸±¨Ì Ö¤¥· ¢ ·¥ ±Í¨ÖÌ 16O, 48Ca+ 208Pb
¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ μ·¡¨É ²Ó´μ£μ Ê£²μ¢μ£μ ³μ³¥´É : J = 0 (¸¶²μÏ´ Ö ±·¨¢ Ö),
30 (ÏÉ·¨Ìμ¢ Ö), 60 (¶Ê´±É¨·´ Ö) ¨ 90 (ÏÉ·¨Ì¶Ê´±É¨·´ Ö)

± ·³ ´  ¨§³¥´ÖÕÉ¸Ö. �·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ Ê£²μ¢μ£μ ³μ³¥´É  ¶μÉ¥´Í¨ ²Ó-
´Ò° ± ·³ ´ ¨¸Î¥§ ¥É. �Éμ μ§´ Î ¥É, ÎÉμ ¤²Ö ¸¨¸É¥³Ò 48Ca+ 208Pb Ê£²μ¢Ò¥
³μ³¥´ÉÒ J > Jmax = 90 ´¥ ¤ ÕÉ ¢±² ¤  ¢ ¸¥Î¥´¨¥ § Ì¢ É .

‡ Ì¢ É ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ± ± ¶·μÍ¥¸¸ § ¸¥²¥´¨Ö Î ¸É¨ ´ Î ²Ó´μ£μ £ Ê¸-
¸μ¢¸±μ£μ ¶ ±¥É , ±μÉμ·Ò° ´ Ìμ¤¨É¸Ö ¸¶· ¢  μÉ ¡ ·Ó¥· , ¢ ²¥¢Ò° ¶μÉ¥´Í¨ ²Ó-
´Ò° ± ·³ ´ (·¨¸. 24). ‚¥·μÖÉ´μ¸ÉÓ § Ì¢ É  μ¶·¥¤¥²Ö¥É¸Ö μÉ´μÏ¥´¨¥³

P (t = τ, Ecm, L, ΩP , ΩT ) =

0∫
−∞

ρ(R, t = τ) dR

∞∫
0

ρ(R, t = 0) dR

. (101)

�μ¸±μ²Ó±Ê ¤¢¨¦¥´¨¥ ¢ ¶· ¢μ³ ´ ¶· ¢²¥´¨¨ ¨´Ë¨´¨É´μ, Éμ ¸μ ¢·¥³¥´¥³ Ê¸É -
´ ¢²¨¢ ¥É¸Ö ±¢ §¨¸É Í¨μ´ ·´Ò° μ¡· É´Ò° ¶μÉμ± ¨§ ²¥¢μ£μ ¶μÉ¥´Í¨ ²Ó´μ£μ
± ·³ ´  ¨ τ ¢ Ëμ·³Ê²¥ (101) μ¶·¥¤¥²Ö¥É ¢·¥³Ö Ê¸É ´μ¢²¥´¨Ö ±¢ §¨¸É Í¨μ´ ·-
´μ£μ ·¥¦¨³ .
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3.2. ‘¥Î¥´¨¥ § Ì¢ É . �μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö ¤¢ÊÌ Ö¤¥· ³μ¦´μ ¶·¥¤-
¸É ¢¨ÉÓ ¢ ¢¨¤¥

V (R, J) = Vnuc(R) + VCoul(R) + Vrot(R, J), (102)

£¤¥ Vnuc, VCoul ¨ Vrot ¸μμÉ¢¥É¸É¢ÊÕÉ Ö¤¥·´μ³Ê, ±Ê²μ´μ¢¸±μ³Ê ¨ Í¥´É·μ¡¥¦-
´μ³Ê ¶μÉ¥´Í¨ ² ³ ¸μμÉ¢¥É¸É¢¥´´μ. Ÿ¤·  ¶·¥¤¶μ² £ ÕÉ¸Ö ¸Ë¥·¨Î¥¸±¨³¨, ¨
¶μÉ¥´Í¨ ² § ¢¨¸¨É Éμ²Ó±μ μÉ · ¸¸ÉμÖ´¨Ö R ³¥¦¤Ê Í¥´É· ³¨ ³ ¸¸ ¸É ²±¨-
¢ ÕÐ¨Ì¸Ö Ö¤¥· ¨ Ê£²μ¢μ£μ ³μ³¥´É  J . „²Ö Ö¤¥·´μ° Î ¸É¨ Ö¤·μ-Ö¤¥·´μ£μ
¶μÉ¥´Í¨ ²  ¢§ ¨³μ¤¥°¸É¢¨Ö ¨¸¶μ²Ó§Ê¥³ Ëμ·³ ²¨§³ ¤¢μ°´μ° ¸¢¥·É±¨ [56]:

Vnuc =
∫

ρ1(r1)ρ2(R − r2)F (r1 − r2) dr1 dr2, (103)

£¤¥ F (r1 − r2) = C0

[
Fin

ρ0(r1)
ρ00

+ Fex

(
1 − ρ0(r1)

ρ00

)]
δ(r1 − r2) Å ÔËË¥±-

É¨¢´μ¥ ´Ê±²μ´-´Ê±²μ´´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥, § ¢¨¸ÖÐ¥¥ μÉ ¶²μÉ´μ¸É¨ ρ0(r) =

ρ1(r) + ρ2(R − r), Fin,ex = fin,ex + f ′
in,ex

(N1 − Z1)(N2 − Z2)
(N1 + Z1)(N2 + Z2)

. ‡¤¥¸Ó ρ1(r1),

N1, Z1 [ρ2(r2), N2, Z2] Å Ö¤¥·´ Ö ¶²μÉ´μ¸ÉÓ, ´¥°É·μ´´μ¥, § ·Ö¤μ¢μ¥ Î¨¸² 
´ ²¥É ÕÐ¥£μ Ö¤·  (Ö¤· -³¨Ï¥´¨). ‚ ´ Ï¨Ì · ¸Î¥É Ì ¨¸¶μ²Ó§μ¢ ´Ò ¸²¥¤ÊÕ-
Ð¨¥ ¶ · ³¥É·Ò: C0 = 300 ŒÔ‚ ·Ë³3, fin = 0,09, fex = −2,59, f ′

in = 0,42,
f ′
ex = 0,54 ¨ ρ00 = 0,17 Ë³−3. „²Ö · ¸Î¥É  ±Ê²μ´μ¢¸±μ£μ ¨ Í¥´É·μ¡¥¦´μ£μ

¶μÉ¥´Í¨ ²μ¢ ³Ò ¨¸¶μ²Ó§Ê¥³ Ëμ·³Ê²Ò

VCoul = e2

∫
ρz
1(r1)ρz

2(R − r2)
|r1 − r2|

dr1 dr2 (104)

¨

Vrot =
�

2J(J + 1)
2μR2

(105)

¸μμÉ¢¥É¸É¢¥´´μ, £¤¥ ρz
1 ¨ ρz

2 Å § ·Ö¤μ¢Ò¥ ¶²μÉ´μ¸É¨ Ö¤¥·. �²μÉ´μ¸ÉÓ Ö¤¥·
μ¶·¥¤¥²Ö¥É¸Ö ¢ Ëμ·³¥ ¶ · ³¥É·¨§ Í¨¨ ‚Ê¤¸ Ä‘ ±¸μ´ , £¤¥ r0 = 1,15 Ë³ Å
¶ · ³¥É· · ¤¨Ê¸  Ö¤·  ¨ a = 0,55 Ë³ Å ¶ · ³¥É· ¤¨ËËÊ§´μ¸É¨ [56]. „²Ö
²¥£±¨Ì Ö¤¥· 16O ¨ 19F ¨¸¶μ²Ó§μ¢ ´  a = 0,53 Ë³.

� ·Í¨ ²Ó´μ¥ ¨ ¶μ²´μ¥ ¸¥Î¥´¨Ö § Ì¢ É  (¸¥Î¥´¨Ö μ¡· §μ¢ ´¨Ö ¤¢μ°´μ°
Ö¤¥·´μ° ¸¨¸É¥³Ò) μ¶·¥¤¥²ÖÕÉ¸Ö Ëμ·³Ê² ³¨

σc(Ecm, J) = π−λ2(2J + 1)Pcap(Ecm, J), (106)

σc(Ecm) =
∑

J

σc(Ecm, J) = π−λ2
∑
J

(2J + 1)Pcap(Ecm, J), (107)

£¤¥ −λ = �/(2μEcm)1/2 Å ¶·¨¢¥¤¥´´ Ö ¤²¨´  ¢μ²´Ò ¤¥ 
·μ°²Ö.
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3.3. Œ ¸É¥·-Ê· ¢´¥´¨¥ ¤²Ö ¶·¨¢¥¤¥´´μ° ³ É·¨ÍÒ ¶²μÉ´μ¸É¨. Œ ¸É¥·-
Ê· ¢´¥´¨¥ (21) ¤²Ö ¶·¨¢¥¤¥´´μ° ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ρ ¢ ±μμ·¤¨´ É´μ³ ¶·¥¤-
¸É ¢²¥´¨¨ (ρ(x, y, t) = 〈x|ρ|y〉) ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´μ ± ±

d

dt
ρ(x, y, t) = L(x, y)ρ(x, y, t),

L(x, y) = −i

[
�

2μ
(∂x,x − ∂y,y) + V (x) − V (y)

]
− 1

2
λP (x − y)(∂x − ∂y)−

(108)

−DPP

�2
(x − y)2 − i

�
[DPR(∂x + ∂y)(x − y) + (x − y)(∂x + ∂y)DPR],

£¤¥ ¨¸¶μ²Ó§μ¢ ´Ò μ¡μ§´ Î¥´¨Ö: ∂k = ∂/∂k, ∂k,k = ∂2/∂2k. „¥² Ö ¸²¥¤ÊÕÐ¥¥
¶·¥μ¡· §μ¢ ´¨¥ ±μμ·¤¨´ É

x = R +
z

2
, y = R − z

2
,

∂

∂x
=

1
2

∂

∂R
+

∂

∂z
,

∂

∂y
=

1
2

∂

∂R
− ∂

∂z
(109)

¨ · §² £ Ö ¶μÉ¥´Í¨ ² ¶μ z

V
(
R +

z

2

)
− V

(
R − z

2

)
≈ zV ′(R) +

1
24

z3V ′′′(R), (110)

¶μ²ÊÎ ¥³ Ê· ¢´¥´¨¥ ¤²Ö ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ρ(R, z, t):

d

dt
ρ(R, z, t) = L(R, z)ρ(R, z, t),

L(R, z) = i
�

μ
∂R,z − izV ′(R) − i

1
24

z3V ′′′(R)−

− λP z∂z −
DPP

�2
z2 − i

�
(DPRz∂R + ∂RzDPR).

(111)

„²Ö ·¥Ï¥´¨Ö (111) ¨¸¶μ²Ó§Ê¥É¸Ö μ¸Í¨²²ÖÉμ·´Ò° ¡ §¨¸:

ρ(R, z, t) =
n∑

k=0

fk(t, R)Bk(σ, z),

Bk(σ, z) =
ik

k!

(
k

2

)
! exp

(
− z2

8σ2

)
Hk

( z

2σ

)
,

(112)

£¤¥ Bk(σ, 0) = 1 ¨ 0 ¤²Ö Î¥É´ÒÌ ¨ ´¥Î¥É´ÒÌ k ¸μμÉ¢¥É¸É¢¥´´μ.
�·¥¤² £ ¥³Ò° ³¥Éμ¤ ¶μ§¢μ²Ö¥É ´ ³ ¶μ²ÊÎ¨ÉÓ ρ ¤²Ö ¶μÉ¥´Í¨ ²  ²Õ¡μ°

¸²μ¦´μ¸É¨ ¨ ¤²Ö ²Õ¡μ£μ ´ ¡μ·  ±μÔËË¨Í¨¥´Éμ¢ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨. ˆ¸¶μ²Ó-
§Ê¥³Ò¥ ³¨±·μ¸±μ¶¨Î¥¸±¨¥ ±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ μ¡¥¸¶¥Î¨¢ ÕÉ ¶μ²μ¦¨-
É¥²Ó´μ¸ÉÓ ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¢ ²Õ¡μ° ³μ³¥´É ¢·¥³¥´¨ ¨

Tr ρ =
∑

k=0,2,4,...

∞∫
−∞

fk(t, R) dR = 1. (113)
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‚ ± ¦¤μ³ ³ ²μ³ ¨´É¥·¢ ²¥ ¶μ R ¶μÉ¥´Í¨ ² V (R) ³μ¦¥É ¡ÒÉÓ  ¶¶·μ±¸¨-
³¨·μ¢ ´ ²μ± ²Ó´Ò³ £ ·³μ´¨Î¥¸±¨³ ¨²¨ ¶¥·¥¢¥·´ÊÉÒ³ μ¸Í¨²²ÖÉμ·μ³ ¸ Î ¸Éμ-

Éμ° ω(R) =

√
1
μ

∣∣∣∣∂2V

∂R2

∣∣∣∣. ‚ ¸²ÊÎ ¥ ²¨´¥°´μ° ¸¢Ö§¨ ¶μ R ³¥¦¤Ê ±μ²²¥±É¨¢´μ°

¨ ¢´ÊÉ·¥´´¥° ¸¨¸É¥³ ³¨ ¢Ò· ¦¥´¨Ö ¤²Ö ³¨±·μ¸±μ¶¨Î¥¸±¨Ì ±μÔËË¨Í¨¥´Éμ¢
¤¨ËËÊ§¨¨ ¤²Ö £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·  (§´ ± ®+¯) ¨²¨ ¶¥·¥¢¥·´ÊÉμ£μ
μ¸Í¨²²ÖÉμ·  (§´ ± ®−¯) ¨³¥ÕÉ ¢¨¤

DPP (R) =
Tμγ2λP

γ(γ + λP ) ± ω2

(
1 + 2

∞∑
k=1

νkγλP ± ω2(γ + νk)
(γ + νk)(νk(νk + λP ) ± ω2)

)
,

(114)

DPR(R) =
TγλP

2(γ(γ + λP ) ± ω̃2)

(
1 + 2γ

∞∑
k=1

−νkγ ± ω2

(γ + νk)(νk(νk + λP ) ± ω2)

)
,

(115)

£¤¥ νk = 2πTk/�.
„²Ö § ¢¨¸¨³μ¸É¨ λP μÉ R ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¨§¢¥¸É´μ¥ Ë¥´μ³¥´μ²μ£¨-

Î¥¸±μ¥ ¢Ò· ¦¥´¨¥ [26,27,72]

λP (R) = α

∣∣∣∣ ∂

∂R
Vnuc(R)

∣∣∣∣ ,
£¤¥ ¶ · ³¥É· α ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö § ¤ ´¨Ö μ¶·¥¤¥²¥´´μ° ¢¥²¨Î¨´Ò λP (Rb) ´ 
¢¥·Ï¨´¥ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥·  ¶·¨ R = Rb.

3.4. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢. �¥Ï Ö ³ ¸É¥·-Ê· ¢´¥´¨¥ (111), ´ Ìμ¤¨³ ¤¨ -
£μ´ ²Ó´Ò¥ Ô²¥³¥´ÉÒ ρ(R, z = 0, t) ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¢ ±μμ·¤¨´ É´μ³ ¶·¥¤-
¸É ¢²¥´¨¨. ‚μ ¢¸¥Ì · ¸Î¥É Ì ¢ ± Î¥¸É¢¥ ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö ¨¸¶μ²Ó§Ê¥É¸Ö
£ Ê¸¸μ¢¸±¨° ¶ ±¥É ¸μ ¸·¥¤´¥° ±μμ·¤¨´ Éμ° 〈R(0)〉 = Rb + 1 Ë³ ¨ ¤¨¸¶¥·-
¸¨Ö³¨ σPR(0) = 0, σRR(0) = 0,25 Ë³2 ¨ σPP (0) = 1,0 �

2 ·Ë³−2. � Î ²Ó´Ò°
¸·¥¤´¨° ¨³¶Ê²Ó¸ 〈P (0)〉 § ¢¨¸¨É μÉ ´ Î ²Ó´μ° Ô´¥·£¨¨ Ecm. „¨ËËÊ§¨μ´´Ò¥
±μÔËË¨Í¨¥´ÉÒ ³ ¸É¥·-Ê· ¢´¥´¨Ö (108) · ¸¸Î¨É ´Ò ¶μ Ëμ·³Ê² ³ (114) ¨ (115)
¶·¨ J = 0 ¨ T = 1,2 ŒÔ‚ (·¨¸. 25). ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ ¸² ¡ÊÕ § ¢¨¸¨³μ¸ÉÓ ¢¥-
·μÖÉ´μ¸É¨ § Ì¢ É  μÉ É¥³¶¥· ÉÊ·Ò. �μ¸±μ²Ó±Ê Ö¤·μ-Ö¤¥·´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥
¨§³¥´Ö¥É¸Ö ¸ Ê£²μ¢Ò³ ³μ³¥´Éμ³, Éμ ±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ Ö¢²ÖÕÉ¸Ö É ±¦¥
ËÊ´±Í¨Ö³¨ J . ‚ μ¡² ¸É¨ ¶μÉ¥´Í¨ ²Ó´μ£μ ± ·³ ´  DPP ¨ DPR ¤μ¸É ÉμÎ´μ
¸² ¡μ ¢μ§· ¸É ÕÉ ¸ Ê¢¥²¨Î¥´¨¥³ Ê£²μ¢μ£μ ³μ³¥´É . Šμμ·¤¨´ É´ Ö § ¢¨¸¨³μ¸ÉÓ
¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ μ±μ²μ ¡ ·Ó¥·  ¤μ¸É ÉμÎ´μ ¸² ¡ Ö.

�  ·¨¸. 26 ¶·¨¢¥¤¥´ · ¸Î¥É § ¢¨¸¨³μ¸É¨ ¢¥·μÖÉ´μ¸É¨ § Ì¢ É  P μÉ ¢·¥-
³¥´¨. ‚ Ëμ·³Ê²¥ ¤²Ö ´ Î ²Ó´μ° ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ Ekin(0) = (〈P (0)〉2 +
σPP (0))/(2μ) ÊÎÉ¥´  Ô´¥·£¨Ö, ¸¢Ö§ ´´ Ö ¸ ±¢ ´Éμ¢Ò³¨ Ë²Ê±ÉÊ Í¨Ö³¨. �μ²´ Ö
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�¨¸. 25. ‡ ¢¨¸¨³μ¸É¨ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¨ É·¥´¨Ö μÉ μÉ´μ¸¨É¥²Ó´μ£μ · ¸¸ÉμÖ-
´¨Ö R ¶·¨ J = 0 ¤²Ö ¸¨¸É¥³Ò 48Ca+ 208Pb, Ö¤·μ-Ö¤¥·´Ò° ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö
±μÉμ·μ° ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 24. � · ³¥É· α ¢Ò¡· ´ ¨§ Ê¸²μ¢¨Ö �λP (Rb) = 2 ŒÔ‚

Ô´¥·£¨Ö ±μ²²¥±É¨¢´μ° ¸¨¸É¥³Ò μÉ¸Î¨ÉÒ¢ ¥É¸Ö μÉ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥· , É. ¥.
ΔE(0) = Ecm − V (R = Rb, J). Š ± ¢¨¤´μ ¨§ ·¨¸Ê´± , ¢·¥³Ö τ ≈ 2,0 �/ŒÔ‚
Ê¸É ´μ¢²¥´¨Ö ±¢ §¨¸É Í¨μ´ ·´μ° ¸±μ·μ¸É¨ ¶μÉμ±  ¸² ¡μ § ¢¨¸¨É μÉ É·¥´¨Ö,
Ê£²μ¢μ£μ ³μ³¥´É  ¨ ´ Î ²Ó´μ£μ §´ Î¥´¨Ö ¶μ²´μ° Ô´¥·£¨¨ ¢ · ¸¸³μÉ·¥´´μ³
¤¨ ¶ §μ´¥ §´ Î¥´¨° ÔÉ¨Ì ¢¥²¨Î¨´. �·¨ t > τ §´ Î¥´¨¥ P Ô±¸¶μ´¥´Í¨ ²Ó´μ
¶ ¤ ¥É. �¥§±μ¥ ¶ ¤¥´¨¥ ¶μÉμ±  ¶·¨ ¡μ²ÓÏ¨Ì Ê£²μ¢ÒÌ ³μ³¥´É Ì (J = 90,
ÏÉ·¨Ì¶Ê´±É¨·´ Ö ²¨´¨Ö) ¸¢Ö§ ´μ ¸ μÎ¥´Ó ³ ²¥´Ó±μ° £²Ê¡¨´μ° ¶μÉ¥´Í¨ ²Ó-
´μ£μ ± ·³ ´ . �·¨ ³ ²ÒÌ Ê£²μ¢ÒÌ ³μ³¥´É Ì §´ Î¥´¨Ö ¢¥·μÖÉ´μ¸É¨ § Ì¢ É 
¶·¨ t = τ ¡²¨§±¨ ± ³ ±¸¨³ ²Ó´μ³Ê §´ Î¥´¨Õ P (t) (¸³. ·¨¸. 26).

�  ·¨¸. 27 ¶·¨¢¥¤¥´  § ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ § Ì¢ É  P = P (τ) μÉ ´ -
Î ²Ó´μ° Ô´¥·£¨¨ ¡μ³¡ ·¤¨·μ¢±¨ ΔE = Ecm − V (R = Rb, J), μÉ¸Î¨ÉÒ¢ ¥³μ°
μÉ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥·  ¶·¨ ¤ ´´μ³ Ê£²μ¢μ³ ³μ³¥´É¥ J . ‚´ Î ²¥ ¸ ·μ¸Éμ³
Ô´¥·£¨¨ ¢¥·μÖÉ´μ¸ÉÓ § Ì¢ É  · ¸É¥É, ´μ ¤ ²Ó´¥°Ï¨° ·μ¸É ΔE ¶·¨¢μ¤¨É ±
Ê³¥´ÓÏ¥´¨Õ ¢¥·μÖÉ´μ¸É¨, É ± ± ± ¶·¨ ¡μ²ÓÏ¨Ì ´ ¤¡ ·Ó¥·´ÒÌ Ô´¥·£¨ÖÌ ¤¢¨-
¦¥´¨¥ ¶ ±¥É  ¸É ´μ¢¨É¸Ö ¶μÎÉ¨ ¸¢μ¡μ¤´Ò³ ¨ ´¥ÎÊ¢¸É¢¨É¥²Ó´Ò³ ± ´ ²¨Î¨Õ
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�¨¸. 26. ‚¥·μÖÉ´μ¸ÉÓ § Ì¢ É  P μÉ ¢·¥³¥´¨ t ¶·¨ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ΔE =
Ecm − V (R = Rb, J) = 5 ¨ 15 ŒÔ‚ ¢ ·¥ ±Í¨¨ 48Ca + 208Pb. �´¥·£¨Ö μÉ¸Î¨É ´ 
μÉ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥·  ¶·¨ J = 0 (¸¶²μÏ´ Ö ±·¨¢ Ö), 30 (ÏÉ·¨Ìμ¢ Ö), 60 (¶Ê´±É¨·-
´ Ö) ¨ 90 (ÏÉ·¨Ì¶Ê´±É¨·´ Ö). � · ³¥É· α ¢Ò¡· ´ ¨§ Ê¸²μ¢¨Ö �λp(Rb) = 2 ŒÔ‚

�¨¸. 27. ‚¥·μÖÉ´μ¸ÉÓ § Ì¢ É  P ± ± ËÊ´±Í¨Ö μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ΔE = Ecm −
V (R = Rb, J), μÉ¸Î¨É ´´μ° μÉ ¢Ò¸μÉÒ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥·  ¶·¨ J = 0 (¸¶²μÏ´ Ö
±·¨¢ Ö), 60 (ÏÉ·¨Ìμ¢ Ö) ¢ ·¥ ±Í¨¨ 48Ca + 208Pb
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¶μÉ¥´Í¨ ²Ó´μ£μ ± ·³ ´ . �·¨ É·¥´¨¨ �λP = 2 ŒÔ‚ ¨ J = 0 (J = 60) ¢¥·μÖÉ-
´μ¸ÉÓ § Ì¢ É  μ± §Ò¢ ¥É¸Ö ³ ±¸¨³ ²Ó´μ° ¶·¨ §´ Î¥´¨¨ Ô´¥·£¨¨ ΔE ≈ 30 ŒÔ‚
(20 ŒÔ‚). � ¤μ μÉ³¥É¨ÉÓ, ÎÉμ ¸ ·μ¸Éμ³ Ô´¥·£¨¨ μÉ´μÏ¥´¨¥ ¢¥·μÖÉ´μ¸É¥°
P (J = 0)/P (J = 60) Ê¢¥²¨Î¨¢ ¥É¸Ö, ¶μ¸±μ²Ó±Ê ¤¨¸¸¨¶ Í¨Ö Ô´¥·£¨¨ ¡μ²ÓÏ¥
¶·¨ J = 0, Î¥³ ¶·¨ J = 60 ¤μ Ê¸É ´μ¢²¥´¨Ö ±¢ §¨¸É Í¨μ´ ·´μ£μ ·¥¦¨³ .

�  ·¨¸. 28 ¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ § Ì¢ É  P μÉ ±μÔËË¨Í¨¥´É 
É·¥´¨Ö ¶·¨ ¤¢ÊÌ §´ Î¥´¨ÖÌ Ô´¥·£¨¨ ¡μ³¡ ·¤¨·μ¢±¨ ΔE(0) (5 ¨ 15 ŒÔ‚) ¨
Ï¨·¨´Ò ¢´ÊÉ·¥´´¨Ì ¢μ§¡Ê¦¤¥´¨° �γ (12 ¨ 20 ŒÔ‚). ‚¨¤´μ, ÎÉμ § ¢¨¸¨³μ¸ÉÓ
P μÉ γ μÎ¥´Ó ¸² ¡ Ö. Š ± ¢¨¤´μ ¨§ ·¨¸Ê´± , ¸ ·μ¸Éμ³ ±μÔËË¨Í¨¥´É  É·¥´¨Ö
¢¥·μÖÉ´μ¸ÉÓ § Ì¢ É  ¸´ Î ²  Ê¢¥²¨Î¨¢ ¥É¸Ö, μ¤´ ±μ ¤ ²Ó´¥°Ï¨° ·μ¸É ±μÔË-
Ë¨Í¨¥´É  É·¥´¨Ö ¶·¨¢μ¤¨É ± Ê³¥´ÓÏ¥´¨Õ P . „²Ö Ô´¥·£¨¨ ΔE(0) = 5 ŒÔ‚
(15 ŒÔ‚) ³ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥ P ¶·¨´¨³ ¥É ¶·¨ É·¥´¨¨ �λP ≈ 1,5 ŒÔ‚
(2,0 ŒÔ‚). ’ ±μ¥ ¶μ¢¥¤¥´¨¥ ¸¢Ö§ ´μ ¸ É¥³, ÎÉμ ´  ¶·μÍ¥¸¸ ¶·μÌμ¦¤¥´¨Ö
¶ ±¥É  Î¥·¥§ ¶μÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥· ¢²¨ÖÕÉ ¤¢  Ë ±Éμ· : É·¥´¨¥, ±μÉμ·μ¥
¶·¥¶ÖÉ¸É¢Ê¥É ¶·μÍ¥¸¸Ê, ¨ ¤¨ËËÊ§¨Ö, ±μÉμ· Ö, ´ μ¡μ·μÉ, ¶μ³μ£ ¥É. ‘ ·μ¸Éμ³
±μÔËË¨Í¨¥´É  É·¥´¨Ö · ¸É¥É ¨ ¤¨ËËÊ§¨Ö, Î¥³ ¨ μ¡ÑÖ¸´Ö¥É¸Ö ·μ¸É ¢¥·μÖÉ´μ¸É¨
§ Ì¢ É  ¶·¨ ³ ²ÒÌ ±μÔËË¨Í¨¥´É Ì É·¥´¨Ö. �¤´ ±μ ¤ ²Ó´¥°Ï¨° ·μ¸É É·¥´¨Ö
¶·¨¢μ¤¨É ± Ê³¥´ÓÏ¥´¨Õ ¢¥·μÖÉ´μ¸É¨ § Ì¢ É . ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¤¨ËËÊ-

�¨¸. 28. ‚¥·μÖÉ´μ¸ÉÓ § Ì¢ É  P ± ±
ËÊ´±Í¨Ö ±μÔËË¨Í¨¥´É  É·¥´¨Ö �λP (Rb)
¢ ·¥ ±Í¨¨ 48Ca+ 208Pb ¶·¨ ΔE = 5 ¨
15 ŒÔ‚, �γ = 12 ŒÔ‚ (¸¶²μÏ´ Ö ±·¨-
¢ Ö) ¨ 20 ŒÔ‚ (ÏÉ·¨Ìμ¢ Ö)
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§¨Ö Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ ±¢ ´Éμ¢μ-¸É É¨¸É¨Î¥¸±¨Ì ÔËË¥±Éμ¢ ¨ μÉ¸ÊÉ¸É¢Ê¥É ¢
Î¨¸Éμ ±² ¸¸¨Î¥¸±μ³ · ¸¸³μÉ·¥´¨¨ ¶·μÍ¥¸¸  § Ì¢ É . ˆ§-§  ¤¨ËËÊ§¨¨ § ¢¨-
¸¨³μ¸É¨ ¢¥·μÖÉ´μ¸É¨ § Ì¢ É  μÉ Ô´¥·£¨¨, Ê£²μ¢μ£μ ³μ³¥´É  ¨ ±μÔËË¨Í¨¥´É 
É·¥´¨Ö ¸É ´μ¢ÖÉ¸Ö ¡μ²¥¥ ¶² ¢´Ò³¨. ˆ§ ¨§ÊÎ¥´¨Ö ·¥ ±Í¨° £²Ê¡μ±μ´¥Ê¶·Ê£¨Ì
¸Éμ²±´μ¢¥´¨° ¨§¢²¥Î¥´μ ´ ¨¡μ²¥¥ ·¥ ²¨¸É¨Î´μ¥ §´ Î¥´¨¥ ±μÔËË¨Í¨¥´É  É·¥-
´¨Ö �λP ≈ 1−2 ŒÔ‚ [25, 57]. ‚ ÔÉμ³ ¨´É¥·¢ ²¥ �λP §´ Î¥´¨¥ P ³¥´Ö¥É¸Ö
¤μ¸É ÉμÎ´μ ¸² ¡μ, ¢ ¶·¥¤¥² Ì 20 %. ‚μ ¢¸¥Ì ´ Ï¨Ì · ¸Î¥É Ì ¶ · ³¥É· α
¢Ò¡· ´ ¨§ Ê¸²μ¢¨Ö �λP (Rb) = 2 ŒÔ‚.

�  ·¨¸. 29 ¶·¨¢¥¤¥´  § ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ § Ì¢ É  μÉ Ê£²μ¢μ£μ ³μ-
³¥´É  ¶·¨ · §²¨Î´ÒÌ ´ Î ²Ó´ÒÌ §´ Î¥´¨ÖÌ ¶μ²´μ° Ô´¥·£¨¨ ΔE(0) = Ecm −
V (R = Rb, J = 0) = 5, 15 ¨ 30 ŒÔ‚. ‘ ·μ¸Éμ³ Ê£²μ¢μ£μ ³μ³¥´É  J ¢¥-
·μÖÉ´μ¸ÉÓ § Ì¢ É  Ê³¥´ÓÏ ¥É¸Ö, ¶μ¸±μ²Ó±Ê £²Ê¡¨´  ¶μÉ¥´Í¨ ²Ó´μ£μ ± ·³ ´ 
¸É ´μ¢¨É¸Ö ³¥´ÓÏ¥. �¤´ ±μ ¸±μ·μ¸ÉÓ ¶ ¤¥´¨Ö ¢¥·μÖÉ´μ¸É¨ ¸ ·μ¸Éμ³ J § ¢¨¸¨É
μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö. �μ¸±μ²Ó±Ê ¸ Ê¢¥²¨Î¥´¨¥³ §´ Î¥´¨Ö ΔE(0) ±μ²²¥±-
É¨¢´ Ö Ô´¥·£¨Ö μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö Ö¤¥· ¤¨¸¸¨¶¨·Ê¥É ¨´É¥´¸¨¢´¥¥, Éμ
Ê³¥´ÓÏ¥´¨¥ ¢¥·μÖÉ´μ¸É¨ § Ì¢ É  ¸ ·μ¸Éμ³ J ¸¨²Ó´¥¥ ¶·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ
ΔE(0) > 0. ‡ ³¥É¨³, ÎÉμ § ¢¨¸¨³μ¸ÉÓ P μÉ J ¤μ¸É ÉμÎ´μ ¸² ¡ Ö ¶·¨ J � 50.

�  ·¨¸. 30Ä32 ¶·¨¢¥¤¥´Ò ¸· ¢´¥´¨Ö ¢ÒÎ¨¸²¥´´ÒÌ ¸¥Î¥´¨° § Ì¢ É  ¸ ¨³¥-
ÕÐ¨³¨¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ [58Ä69]. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ Ìμ-
·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶μÎÉ¨ ¤²Ö ¢¸¥Ì ·¥ ±Í¨°
¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨° ¸Éμ²±´μ¢¥´¨Ö Ö¤¥·: μÉ μ±μ²μ 4 ŒÔ‚ ´¨¦¥ ±Ê²μ´μ¢-
¸±μ£μ ¡ ·Ó¥·  ¤μ ¶μÎÉ¨ 70 ŒÔ‚ ¢ÒÏ¥ ¡ ·Ó¥· . � ¸Ìμ¦¤¥´¨¥ ³¥¦¤Ê É¥μ·¨¥°
¨ Ô±¸¶¥·¨³¥´Éμ³ ¢ ·¥ ±Í¨¨ 52Cr+208Pb ³μ¦´μ μ¡ÑÖ¸´¨ÉÓ ¸²¥¤ÊÕÐ¨³ μ¡· -
§μ³. �±¸¶¥·¨³¥´É ²Ó´μ¥ ¸¥Î¥´¨¥ § Ì¢ É  Ö¢²Ö¥É¸Ö ¸Ê³³μ° ¸¥Î¥´¨° ±¢ §¨¤¥-
²¥´¨Ö σqf , ¸²¨Ö´¨Ö-¤¥²¥´¨Ö σff ¨ ¨¸¶ ·¨É¥²Ó´ÒÌ μ¸É É±μ¢ σER. ‚ ·¥ ±Í¨¨
52Cr+ 208Pb ¶μ¸²¥¤´¨¥ ¤¢  ¸¥Î¥´¨Ö μÎ¥´Ó ³ ²¥´Ó±¨¥ (¨§-§  μÎ¥´Ó ³ ²¥´Ó±μ°
¢¥·μÖÉ´μ¸É¨ ¸²¨Ö´¨Ö) ¨ ¨³¨ ³μ¦´μ ¶·¥´¥¡·¥ÎÓ. �μÔÉμ³Ê ¢μ§´¨± ¥É ¢μ¶·μ¸,
´ ¸±μ²Ó±μ ±μ··¥±É´μ ¢ Ô±¸¶¥·¨³¥´É¥ · §¤¥²¥´Ò ¶·μ¤Ê±ÉÒ ±¢ §¨¤¥²¥´¨Ö μÉ
Ê¶·Ê£¨Ì ¨ £²Ê¡μ±μ´¥Ê¶·Ê£¨Ì ¶·μ¤Ê±Éμ¢. ‚ ¸¨¸É¥³¥ 52Cr+ 208Pb ¶μÉ¥´Í¨ ²Ó-
´Ò° ³¨´¨³Ê³ ¶μ ±μμ·¤¨´ É¥ § ·Ö¤μ¢μ° (³ ¸¸μ¢μ°)  ¸¨³³¥É·¨¨ ¶·¥¶ÖÉ¸É¢Ê¥É

�¨¸. 29. ‚¥·μÖÉ´μ¸ÉÓ § Ì¢ É  P ± ±
ËÊ´±Í¨Ö μÉ μ·¡¨É ²Ó´μ£μ Ê£²μ¢μ£μ ³μ-
³¥´É  J ¶·¨ ΔE(0) = 5 ŒÔ‚
(¸¶²μÏ´ Ö ±·¨¢ Ö), 15 ŒÔ‚ (ÏÉ·¨Ìμ-
¢ Ö) ¨ 30 ŒÔ‚ (¶Ê´±É¨·´ Ö) ¢ ·¥ ±-
Í¨¨ 48Ca+ 208Pb. �´¥·£¨Ö ΔE(0) μÉ-
¸Î¨É ´  μÉ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥·  ¶·¨
J = 0, �λP = 2 ŒÔ‚
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�¨¸. 30. � ¸¸Î¨É ´´Ò¥ ¸¥Î¥´¨Ö § Ì¢ É  (¸¶²μÏ´Ò¥ ±·¨¢Ò¥) ¤²Ö Ê± § ´´ÒÌ ·¥ ±Í¨°.
�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ Å ¨§ [58] ¤²Ö ·¥ ±Í¨¨ 16O+ 208Pb, ¨§ [59] (É¥³´Ò¥ ¸¨³-
¢μ²Ò) ¨ [60] (¸¢¥É²Ò¥ ¸¨³¢μ²Ò) ¤²Ö ·¥ ±Í¨¨ 19F+ 208Pb, ¨§ [61] ¤²Ö ·¥ ±Í¨¨ 26Mg+
208Pb, ¨§ [62] (É¥³´Ò¥ ¸¨³¢μ²Ò) ¨ [60] (¸¢¥É²Ò¥ ¸¨³¢μ²Ò) ¤²Ö ·¥ ±Í¨¨ 28Si+ 208Pb.
„²Ö ·¥ ±Í¨¨ 16O + 208Pb ¶μ± § ´Ò ¸¥Î¥´¨Ö § Ì¢ É , ¢ÒÎ¨¸²¥´´Ò¥ ¸ ¶μ³μÐÓÕ Ëμ·³Ê²Ò
‚μ´£  (116) (ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö)

¸± ÉÒ¢ ´¨Õ ÔÉμ° ¸¨¸É¥³Ò ¢ ¡μ²¥¥ ¸¨³³¥É·¨Î´Ò¥ ±μ´Ë¨£Ê· Í¨¨, ¨ ¶μÔÉμ³Ê
¸ÊÐ¥¸É¢Ê¥É ¡μ²ÓÏ Ö ¢¥·μÖÉ´μ¸ÉÓ · ¸¶ ¤  (±¢ §¨¤¥²¥´¨Ö) ¤ ´´μ° ±μ´Ë¨£Ê· -
Í¨¨. �¸´μ¢´μ° ¢±² ¤ ¢ ±¢ §¨¤¥²¥´¨¥ ¢´μ¸ÖÉ ¶·μ¤Ê±ÉÒ ¸ § ·Ö¤μ¢μ° (³ ¸¸μ-
¢μ°)  ¸¨³³¥É·¨¥° μ±μ²μ ¢Ìμ¤´μ£μ ± ´ ²  [70]. �¤´ ±μ ¢ Ô±¸¶¥·¨³¥´É¥ μÎ¥´Ó
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�¨¸. 31. � ¸¸Î¨É ´´Ò¥ ¸¥Î¥´¨Ö § Ì¢ É  (¸¶²μÏ´Ò¥ ±·¨¢Ò¥) ¤²Ö Ê± § ´´ÒÌ ·¥ ±Í¨°.
�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ Å ¨§ [63] (É¥³´Ò¥ ¸¨³¢μ²Ò), [64] (§¢¥§¤μÎ±¨) ¨ [65]
(±·Ê¦±¨) ¤²Ö ·¥ ±Í¨¨ 32S+ 208Pb, ¨§ [64] ¤²Ö ·¥ ±Í¨¨ 34S+ 208Pb, ¨§ [64] (É¥³´Ò¥
¸¨³¢μ²Ò) ¨ [65] (§¢¥§¤μÎ±¨ ¨ ¸¢¥É²Ò¥ ¸¨³¢μ²Ò) ¤²Ö ·¥ ±Í¨¨ 36S+ 208Pb, ¨§ [65]
(É¥³´Ò¥ ±¢ ¤· ÉÒ ¨ §¢¥§¤μÎ±¨) ¤²Ö ·¥ ±Í¨¨ 38S+ 208Pb

¸²μ¦´μ μÉ¤¥²¨ÉÓ ¶·μ¤Ê±ÉÒ ±¢ §¨¤¥²¥´¨Ö μÉ Ê¶·Ê£¨Ì ¨ £²Ê¡μ±μ´¥Ê¶·Ê£¨Ì ¶·μ-
Í¥¸¸μ¢. Œμ¦´μ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ¢ · ¡μÉ¥ [61] ¢±² ¤ ¶·μ¤Ê±Éμ¢ ±¢ §¨¤¥²¥-
´¨Ö μ±μ²μ ¢Ìμ¤´μ£μ ± ´ ²  ¡Ò² ´¥¤μμÍ¥´¥´. ‘ ·μ¸Éμ³ Ô´¥·£¨¨ ¡μ³¡ ·¤¨·μ¢±¨
¨, ¸μμÉ¢¥É¸É¢¥´´μ, Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö ¢μ ¢Ìμ¤´μ³ ± ´ ²¥ ¢¥·μÖÉ´μ¸ÉÓ ¶¥-
·¥Ìμ¤  ´ Î ²Ó´μ° ¸¨¸É¥³Ò ¢ ¡μ²¥¥ ¸¨³³¥É·¨Î´ÊÕ ±μ´Ë¨£Ê· Í¨Õ · ¸É¥É ¨
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�¨¸. 32. � ¸¸Î¨É ´´Ò¥ ¸¥Î¥´¨Ö § Ì¢ É  (¸¶²μÏ´Ò¥ ±·¨¢Ò¥) ¤²Ö Ê± § ´´ÒÌ ·¥ ±Í¨°.
�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ Å ¨§ [66] ¤²Ö ·¥ ±Í¨¨ 40Ca + 208Pb, ¨§ [66] (É¥³´Ò¥
¸¨³¢μ²Ò) ¨ [67] (¸¢¥É²Ò¥ ¸¨³¢μ²Ò) ¤²Ö ·¥ ±Í¨¨ 48Ca + 208Pb, ¨§ [68] (É¥³´Ò¥ ¸¨³-
¢μ²Ò), [61] (¸¢¥É²Ò¥ ¸¨³¢μ²Ò) ¨ [69] (§¢¥§¤μÎ±¨) ¤²Ö ·¥ ±Í¨¨ 50Ti+ 208Pb, ¨§ [61]
¤²Ö ·¥ ±Í¨¨ 52Cr+ 208Pb. „²Ö ·¥ ±Í¨¨ 48Ca+ 208Pb ¶μ± § ´Ò ¸¥Î¥´¨Ö § Ì¢ É , ¢ÒÎ¨-
¸²¥´´Ò¥ ¸ ¶μ³μÐÓÕ Ëμ·³Ê²Ò ‚μ´£  (116) (ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö)

¢±² ¤ ¶·μ¤Ê±Éμ¢ ±¢ §¨¤¥²¥´¨Ö μ±μ²μ ¢Ìμ¤´μ£μ ± ´ ²  Ê³¥´ÓÏ ¥É¸Ö (μ¤´ ±μ
μ¸É ¥É¸Ö §´ Î¨É¥²Ó´Ò³). Œμ¦´μ ¢¨¤¥ÉÓ, ÎÉμ · ¸Ìμ¦¤¥´¨¥ ³¥¦¤Ê É¥μ·¨¥° ¨
Ô±¸¶¥·¨³¥´Éμ³ Ê³¥´ÓÏ ¥É¸Ö ¸ ·μ¸Éμ³ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö Ö¤¥·.
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�¤´¨³ ¨§ μ¸´μ¢´ÒÌ ±·¨É¥·¨¥¢ ¤μ¸Éμ¢¥·´μ¸É¨ ¨§³¥·¥´´μ£μ ¸¥Î¥´¨Ö § -
Ì¢ É  Ö¢²Ö¥É¸Ö § ¢¨¸¨³μ¸ÉÓ σcEcm/(πR2

b�ωb) μÉ (Ecm − Vb)/(�ωb) [71]. � 
·¨¸. 33 ¶·¨¢¥¤¥´  § ¢¨¸¨³μ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ · ¸¸Î¨É ´´ÒÌ §´ Î¥´¨°
ÔÉμ£μ μÉ´μÏ¥´¨Ö. ˆ§-§  ÔËË¥±É  ¢Ìμ¤´μ£μ ± ´ ²  ¶μÖ¢²Ö¥É¸Ö · §´¨Í  ¢  ¡¸μ-
²ÕÉ´μ° ¢¥²¨Î¨´¥ ¸¥Î¥´¨Ö § Ì¢ É . Š ± ¢¨¤´μ ¨§ ·¨¸. 33, ¢ ·¥ ±Í¨ÖÌ ¸ ¡μ²¥¥
²¥£±¨³¨ ¡μ³¡ ·¤¨·ÊÕÐ¨³¨ Ö¤· ³¨ ¢¥²¨Î¨´  σcEcm/(πR2

b�ωb) ¡μ²ÓÏ¥. �·¨-
Î¨´  ÔÉμ£μ ¢ Éμ³, ÎÉμ ¢ É ±¨Ì ·¥ ±Í¨ÖÌ ± ·³ ´ Ö¤·μ-Ö¤¥·´μ£μ ¶μÉ¥´Í¨ ²  ¢§ -
¨³μ¤¥°¸É¢¨Ö £²Ê¡¦¥ ¨ Ï¨·¥. ‚ ·¥ ±Í¨ÖÌ ¸ μÉ´μ¸¨É¥²Ó´μ ²¥£±¨³¨ Ö¤· ³¨ 16O,
19F, 26Mg, 28Si, 32,34,36S ¨ 40,48Ca Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ÉμÎ±¨ ¶·¨ ¤ ´´μ°
(Ecm − Vb)/(�ωb) · ¸¶·¥¤¥²¥´Ò ¢ ¤μ¸É ÉμÎ´μ Ê§±μ° μ¡² ¸É¨. Œμ¦´μ ¶·¥¤¶μ-

�¨¸. 33. ‡ ¢¨¸¨³μ¸ÉÓ · ¸¸Î¨É ´´ÒÌ ( ) ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ (¡) §´ Î¥´¨°
σcEcm/(πR2

b�ωb) μÉ (Ecm − Vb)/(�ωb) ¤²Ö ·¥ ±Í¨° ¸ 208Pb-³¨Ï¥´ÓÕ ¨ Ê± § ´´Ò³¨
´ ²¥É ÕÐ¨³¨ Ö¤· ³¨, £¤¥ Vb = V (R = Rb, J = 0)
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²μ¦¨ÉÓ, ÎÉμ § ¢¨¸¨³μ¸ÉÓ σcEcm/(πR2
b�ωb) μÉ (Ecm −Vb)/(�ωb) Ê´¨¢¥·¸ ²Ó´ 

¤²Ö ¢¸¥Ì ·¥ ±Í¨° ¶·¨ Ecm � Vb. ‚ μÉ´μ¸¨É¥²Ó´μ ÉÖ¦¥²ÒÌ ¸¨¸É¥³ Ì 50Ti,
52Cr+ 208Pb, £¤¥ ¶·μÍ¥¸¸ ¶μ²´μ£μ ¸²¨Ö´¨Ö ¸¨²Ó´μ ¶μ¤ ¢²¥´,   ±¢ §¨¤¥²¥´¨¥
Ê¸¨²¥´μ μ±μ²μ ¢Ìμ¤´μ£μ ± ´ ² , Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ÉμÎ±¨ ¸¨²Ó´μ μÉ±²μ´ÖÉ¸Ö
μÉ ÔÉμ° Ê§±μ° μ¡² ¸É¨. Š ± ¡Ò²μ μÉ³¥Î¥´μ ¢ÒÏ¥, ÔÉμ ³μ¦¥É ¡ÒÉÓ ¸¢Ö§ ´μ ¸
Ô±¸¶¥·¨³¥´É ²Ó´μ° ¸²μ¦´μ¸ÉÓÕ μ¶·¥¤¥²¥´¨Ö ±¢ §¨¤¥²¥´¨Ö μ±μ²μ ¢Ìμ¤´μ£μ
± ´ ² . � ¤μ μÉ³¥É¨ÉÓ, ÎÉμ ¤²Ö ·¥ ±Í¨¨ 52Cr+ 208Pb Ô±¸¶¥·¨³¥´É ²Ó´μ¥ σc

³μ¦¥É ¡ÒÉÓ ¢μ¸¶·μ¨§¢¥¤¥´μ, ¥¸²¨ ¸É É¨Î¥¸±¨° ±Ê²μ´μ¢¸±¨° ¡ ·Ó¥· § ³¥´¨ÉÓ
ÔËË¥±É¨¢´Ò³ ¤¨´ ³¨Î¥¸±¨³ ¡ ·Ó¥·μ³ [72]. ’ ±μ° ¸¤¢¨£ ¸É É¨Î¥¸±μ£μ ¡ -
·Ó¥·  ´ §Ò¢ ¥É¸Ö ÔËË¥±Éμ³ ®extra-push¯. �¤´ ±μ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥
¶μ Ìμ²μ¤´μ³Ê ¸²¨Ö´¨Õ ¢ ·¥ ±Í¨ÖÌ ¸ 208Pb- ¨ 209Bi-³¨Ï¥´Ö³¨ Ê± §Ò¢ ÕÉ ´ 
μÉ¸ÊÉ¸É¢¨¥ ÔÉμ£μ ÔËË¥±É  ¢μ ¢Ìμ¤´μ³ ± ´ ²¥ [73]. �μÔÉμ³Ê ¨¸¶μ²Ó§μ¢ ´¨¥
¸¤¢¨£  ¡ ·Ó¥·  ¶·¨¢¥¤¥É ± ¸¨²Ó´μ° ´¥¤μμÍ¥´±¥ ·¥ ²Ó´μ£μ §´ Î¥´¨Ö σc.

‚ · ¸¸³μÉ·¥´´ÒÌ ·¥ ±Í¨ÖÌ ¸¥Î¥´¨¥ § Ì¢ É  ¢´ Î ²¥ Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·μ-
¸Éμ³ Ecm, μ¤´ ±μ ¶μÉμ³ Ê³¥´ÓÏ ¥É¸Ö ¶·μ¶μ·Í¨μ´ ²Ó´μ 1/Ecm. ‚ ´ Ï¥°
³μ¤¥²¨ ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ § Ì¢ É ¶·μ¨¸Ìμ¤¨É ¤²Ö ¢¸¥Ì §´ Î¥´¨° J (μÉ J = 0
¤μ J = Jcrit), ¶·¨ ±μÉμ·ÒÌ ¶μÉ¥´Í¨ ²Ó´Ò° ± ·³ ´ ¸ÊÐ¥¸É¢Ê¥É ¢ ¶·¥¤¥²¥
¶μ²´μ£μ ¸²¨¶ ´¨Ö. Šμ£¤  Jcrit ¸É ´μ¢¨É¸Ö ³¥´ÓÏ¥, Î¥³ ³ ±¸¨³ ²Ó´Ò° Ê£²μ-
¢μ° ³μ³¥´É Jmax ¶·¨ ¤ ´´μ° Ecm, ¸¥Î¥´¨¥ § Ì¢ É  ´ Î¨´ ¥É Ê³¥´ÓÏ ÉÓ¸Ö
¶·¨ ¡μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ Ecm. �Éμ μ§´ Î ¥É, ÎÉμ ¸ÊÐ¥¸É¢Ê¥É μ£· ´¨Î¥´¨¥ ´ 
§ Ì¢ É ¨§-§  ÔËË¥±É  ¢Ìμ¤´μ£μ ± ´ ² . �·¨ J � Jcrit ¸Ê³³  Í¥´É·μ¡¥¦´ÒÌ
¨ ±Ê²μ´μ¢¸±¨Ì ¸¨² ±μ³¶¥´¸¨·Ê¥É Ö¤¥·´Ò¥ ¸¨²Ò. �·¨ J < Jcrit ¶·μ¤Ê±ÉÒ
· ¸¶ ¤  μ±μ²μ ¢Ìμ¤´μ£μ ± ´ ²  Å ¢ μ¸´μ¢´μ³ ¶·μ¤Ê±ÉÒ ±¢ §¨¤¥²¥´¨Ö. „²Ö
·¥ ±Í¨° 54Fe + 208Pb ¨ 58Ni+ 208Pb ¸¥Î¥´¨¥ § Ì¢ É  ¤μ¸É¨£ ¥É ¸¢μ¥£μ ³ ±-
¸¨³ ²Ó´μ£μ §´ Î¥´¨Ö ¶·¨ Ecm ≈ 250 ¨ 260 ŒÔ‚ ¸μμÉ¢¥É¸É¢¥´´μ, É. ¥. ¶·¨
Ô´¥·£¨ÖÌ, ´¥ ¸¨²Ó´μ ¶·¥¢ÒÏ ÕÐ¨Ì ¢Ò¸μÉÊ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥·  (·¨¸. 34).
’ ±¦¥ ´  ·¨¸Ê´±¥ ¶·μ¤¥³μ´¸É·¨·μ¢ ´  ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ¶μ²μ¦¥´¨Ö ÔÉμ£μ
³ ±¸¨³Ê³  ± £²Ê¡¨´¥ ¶μÉ¥´Í¨ ²Ó´μ£μ ± ·³ ´ . „²Ö ·¥ ±Í¨¨ 58Ni+ 208Pb ¸
Ê¢¥²¨Î¥´¨¥³ £²Ê¡¨´Ò ¶μÉ¥´Í¨ ²Ó´μ£μ ± ·³ ´  ´  0,5 ŒÔ‚  ¡¸μ²ÕÉ´μ¥ §´ Î¥-
´¨¥ σc ¸²¥£±  Ê¢¥²¨Î¨¢ ¥É¸Ö,   ¶μ²μ¦¥´¨¥ ³ ±¸¨³Ê³  ¸¤¢¨£ ¥É¸Ö ´  ∼ 10 ŒÔ‚
¢ ¸Éμ·μ´Ê ¡μ²ÓÏ¨Ì Ô´¥·£¨°. 
Ò²μ ¡Ò ¨´É¥·¥¸´μ Ô±¸¶¥·¨³¥´É ²Ó´μ ¨§³¥·¨ÉÓ
É ±ÊÕ § ¢¨¸¨³μ¸ÉÓ ¸¥Î¥´¨Ö § Ì¢ É  μÉ Ô´¥·£¨¨ ¡μ³¡ ·¤¨·μ¢±¨ ¤²Ö ·¥ ±Í¨¨
58Ni+ 208Pb. �Éμ ¶μ§¢μ²¨É ¨§¢²¥ÎÓ §´ Î¥´¨¥ £²Ê¡¨´Ò ¶μÉ¥´Í¨ ²Ó´μ£μ ± ·-
³ ´  ¢μ ¢Ìμ¤´μ³ ± ´ ²¥. Š·μ³¥ Éμ£μ, ³μ¦´μ É ±¦¥ ¶μ¶ÒÉ ÉÓ¸Ö μÉ¢¥É¨ÉÓ ´ 
¢μ¶·μ¸, Ö¢²Ö¥É¸Ö ²¨ § Ì¢ É ¤¨ ¡ É¨Î¥¸±¨³ ¨²¨  ¤¨ ¡ É¨Î¥¸±¨³ ¶·μÍ¥¸¸μ³,
É ± ± ± ¶μÉ¥´Í¨ ² ÎÊ¢¸É¢¨É¥²¥´ ± ¤¨´ ³¨±¥ ¢§ ¨³μ¤¥°¸É¢¨Ö.

„²Ö ·¥ ±Í¨° 16O, 48Ca, 58Ni+208Pb ³Ò ¸· ¢´¨²¨ ·¥§Ê²ÓÉ ÉÒ ´ Ï¨Ì · ¸-
Î¥Éμ¢ ¸ ¸¥Î¥´¨Ö³¨ § Ì¢ É , ¶μ²ÊÎ¥´´Ò³¨ ¸ ¶μ³μÐÓÕ Ëμ·³Ê²Ò ‚μ´£  [72]

σc(Ecm) =
�ωbR

2
b

2Ecm
ln
[
1 + exp

(
2π(Ecm − Vb)

�ωb

)]
, (116)
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�¨¸. 34. � ¸¸Î¨É ´´Ò¥ ¸¥Î¥´¨Ö § Ì¢ É  (¸¶²μÏ´Ò¥ ±·¨¢Ò¥) ¢ ·¥ ±Í¨ÖÌ 54Fe+ 208Pb
¨ 58Ni+ 208Pb. „²Ö ·¥ ±Í¨¨ 58Ni+ 208Pb ¶μ± § ´Ò ¸¥Î¥´¨Ö § Ì¢ É , ¢ÒÎ¨¸²¥´´Ò¥
¸ ¶μ³μÐÓÕ Ëμ·³Ê²Ò ‚μ´£  (116) (ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö). � ¸¸Î¨É ´´Ò¥ σc ¢ ¸²ÊÎ ¥
Ê¢¥²¨Î¥´¨Ö £²Ê¡¨´Ò ¶μÉ¥´Í¨ ²Ó´μ£μ ± ·³ ´  ´  0,5 ŒÔ‚ (ÏÉ·¨Ì¶Ê´±É¨·´ Ö ±·¨¢ Ö)

£¤¥ Ö¤·μ-Ö¤¥·´Ò° ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö  ¶¶·μ±¸¨³¨·μ¢ ´ ¶¥·¥¢¥·´ÊÉÒ³
μ¸Í¨²²ÖÉμ·μ³ ¸ Î ¸ÉμÉμ° ω = ω(R = Rb) ¨ ¢Ò¸μÉμ° ¡ ·Ó¥·  Vb =
V (R = Rb, J = 0). � ¤μ μÉ³¥É¨ÉÓ, ÎÉμ Ê· ¢´¥´¨¥ (116) ´¥ ¶·¥¤¶μ² £ ¥É
μ£· ´¨Î¥´¨Ö § Ì¢ É  ¶μ Ê£²μ¢μ³Ê ³μ³¥´ÉÊ. �Éμ ³μ¦¥É ¶·¨¢¥¸É¨ ± ¶¥·¥μÍ¥´±¥
¸¥Î¥´¨Ö § Ì¢ É  ¶·¨ ¡μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ (·¨¸. 30, 32 ¨ 34).

�¨¸. 35. ‹¨´¥°´ Ö Ô´É·μ¶¨Ö (117) ± ± ËÊ´±Í¨Ö ¢·¥³¥´¨ ¶·¨ ΔE(0) = −2 ŒÔ‚
(¸¶²μÏ´ Ö ±·¨¢ Ö), 5 ŒÔ‚ (ÏÉ·¨Ìμ¢ Ö) ¨ 15 ŒÔ‚ (¶Ê´±É¨·´ Ö)
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�  ·¨¸. 35 ¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ ²¨´¥°´μ° Ô´É·μ¶¨¨ μÉ ¢·¥³¥´¨

S(t) = 1 − Tr (ρ2(t)) (117)

¤²Ö ·¥ ±Í¨¨ 48Ca+4 208Pb ¶·¨ ΔE(0) = −2, 5 ¨ 15 ŒÔ‚. �·¨ ΔE(0) =
5 ŒÔ‚ Ô´É·μ¶¨Ö ¤μ¸É¨£ ¥É ³ ±¸¨³ ²Ó´μ£μ §´ Î¥´¨Ö ¶·¨ t ≈ 0,8 �/ŒÔ‚, ÎÉμ
¸μμÉ¢¥É¸É¢Ê¥É ¢·¥³¥´¨ ¶¥·¥Ìμ¤  Î¥·¥§ ¡ ·Ó¥·. Šμ£¤  ¶ ±¥É ¤μ¸É¨£ ¥É ¶μ-
É¥´Í¨ ²Ó´μ° Ö³Ò, Ô´É·μ¶¨Ö ¶·¨´¨³ ¥É ³¨´¨³ ²Ó´μ¥ §´ Î¥´¨¥. �Éμ μ§´ Î ¥É,
ÎÉμ ³¨´¨³ ²Ó´μ¥ ¨ ³ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨Ö Ô´É·μ¶¨¨ μ¶·¥¤¥²ÖÕÉ ´ ¨¡μ²¥¥
¸É ¡¨²Ó´μ¥ ¨ ´ ¨¡μ²¥¥ ´¥¸É ¡¨²Ó´μ¥ ¶μ²μ¦¥´¨Ö ¶μÉ¥´Í¨ ²Ó´μ° Ô´¥·£¨¨ ¸¨-
¸É¥³Ò. � ¤μ § ³¥É¨ÉÓ, ÎÉμ Ê³¥´ÓÏ¥´¨¥ Ô´É·μ¶¨¨ ¸¢Ö§ ´μ ¸ Ö¢²¥´¨¥³ ¤¥±μ-
£¥·¥´Í¨¨ ¢ ±¢ ´Éμ¢μ° ¸¨¸É¥³¥. �É¸Õ¤  ¸²¥¤Ê¥É, ÎÉμ §´ Î¥´¨¥ ¤¥±μ£¥·¥´Í¨¨
Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·μ¸Éμ³ Ecm.

4. ����™…�ˆ… ”��Œ“‹› Š��Œ…�‘�

�·μÌμ¦¤¥´¨¥ ¤¨¸¸¨¶ É¨¢´μ° ¸¨¸É¥³Ò Î¥·¥§ ¶μÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥· Ö¢-
²Ö¥É¸Ö ¨´É¥·¥¸´μ° ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±μ° ¶·μ¡²¥³μ° ¨ ¨³¥¥É ³´μ£μ ¶·¨²μ-
¦¥´¨°, ´ ¶·¨³¥·, ¢ Ö¤¥·´μ° Ë¨§¨±¥, £¤¥ ¢ÒÎ¨¸²ÖÕÉ¸Ö ¸±μ·μ¸É¨ ¢¥·μÖÉ´μ¸É¨
¸²¨Ö´¨Ö ¨²¨ ¤¥²¥´¨Ö. ‚ [2, 14, 31, 33, 50, 52, 55, 74Ä78] ´ °¤¥´μ, ÎÉμ ¸±μ·μ¸ÉÓ
· ¸¶ ¤  ¸¨²Ó´μ § ¢¨¸¨É μÉ ¸¢Ö§¨ ¸¨¸É¥³Ò ¸μ ¸·¥¤μ°. Œμ¦´μ ¢ÒÎ¨¸²¨ÉÓ ¸±μ-
·μ¸ÉÓ · ¸¶ ¤ , ·¥Ï Ö Ê· ¢´¥´¨¥ ¤²Ö ¶·¨¢¥¤¥´´μ° ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ρ̂ ± ±
ËÊ´±Í¨¨ ±μ²²¥±É¨¢´μ° ±μμ·¤¨´ ÉÒ q, ¢¤μ²Ó ±μÉμ·μ° ¶·μ¨¸Ìμ¤¨É · ¸¶ ¤.

�μ¸±μ²Ó±Ê ÉμÎ´μ¥  ´ ²¨É¨Î¥¸±μ¥ ·¥Ï¥´¨¥ (21) ¸ÊÐ¥¸É¢Ê¥É ¤²Ö ¶μÉ¥´-
Í¨ ²  U £ ·³μ´¨Î¥¸±μ£μ ¨ ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ·μ¢ [9, 10, 15], Î¨¸²¥´-
´Ò¥,   É ±¦¥ ¶·¨¡²¨¦¥´´Ò¥  ´ ²¨É¨Î¥¸±¨¥ ³¥Éμ¤Ò ¢ÒÎ¨¸²¥´¨Ö ¸±μ·μ¸É¨
· ¸¶ ¤  Λ(t) ¤μ²¦´Ò ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò ¤²Ö ¡μ²¥¥ ¸²μ¦´ÒÌ ¶μÉ¥´Í¨ ²μ¢.
‚ ¤ ´´μ³ · §¤¥²¥ ³Ò ¨§ÊÎ ¥³ ¢²¨Ö´¨¥ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨ ´  §´ Î¥´¨¥ Λ(t).
—¨¸²¥´´Ò¥ §´ Î¥´¨Ö Λ ¤²Ö ±¢ §¨¸É Í¨μ´ ·´ÒÌ ¶μÉμ±μ¢ ¸· ¢´¨¢ ÕÉ¸Ö ¸ ¶μ-
Éμ± ³¨, ¶μ²ÊÎ¥´´Ò³¨ ¸ ¶μ³μÐÓÕ  ´ ²¨É¨Î¥¸±¨Ì ¢Ò· ¦¥´¨° É¨¶  Ëμ·³Ê²Ò
Š· ³¥·¸ . „²Ö · §²¨Î´ÒÌ ¶μÉ¥´Í¨ ²Ó´ÒÌ ¡ ·Ó¥·μ¢ ¨§ÊÎ¥´Ò ¶¥·¥Ìμ¤´Ò¥ ¢·¥-
³¥´  τ ¤²Ö ¤μ¸É¨¦¥´¨Ö ±¢ §¨¸É Í¨μ´ ·´μ£μ ·¥¦¨³ .

4.1. ‚Ò¢μ¤ μ¡μ¡Ð¥´´μ° Ëμ·³Ê²Ò Š· ³¥·¸  ¤²Ö ¸±μ·μ¸É¨ · ¸¶ ¤ . �¥-
Ï Ö (21), ³μ¦´μ ¶μ²ÊÎ¨ÉÓ § ¢¨¸ÖÐÊÕ μÉ ¢·¥³¥´¨ ³ É·¨ÍÊ ¶²μÉ´μ¸É¨ ρ(q, t) =
〈q|ρ̂(t)|q〉 ¢ ±μμ·¤¨´ É´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¨ ´ °É¨ ¢¥·μÖÉ´μ¸ÉÓ P (t) ¶·μ´¨Í ¥-
³μ¸É¨ ¸¨¸É¥³Ò ¸ ³ ¸¸μ¢Ò³ ¶ · ³¥É·μ³ m Î¥·¥§ ¶μÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥· ¶·¨
q = qb ¨ ¸±μ·μ¸ÉÓ · ¸¶ ¤  Λ(t). ‘±μ·μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ ¸É ´μ¢¨É¸Ö ±¢ §¨-
¸É Í¨μ´ ·´μ° (Λ(t) → Λ) Î¥·¥§ ´¥±μÉμ·μ¥ ¶¥·¥Ìμ¤´μ¥ ¢·¥³Ö τ , ¢ É¥Î¥´¨¥
±μÉμ·μ£μ Λ(t) ¤μ¸É¨£ ¥É 90% ¸¢μ¥£μ  ¸¨³¶ÉμÉ¨Î¥¸±μ£μ §´ Î¥´¨Ö. “· ¢´¥-
´¨¥ (21) ³μ¦´μ ·¥Ï¨ÉÓ, ¨¸¶μ²Ó§ÊÖ μ¸Í¨²²ÖÉμ·´Ò° ¡ §¨¸ [32]. �ÉμÉ ³¥Éμ¤
¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ·¥Ï¥´¨¥ (21) ¤²Ö ²Õ¡μ£μ ¶μÉ¥´Í¨ ² .
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ˆ´É¥·¥¸´μ ¸· ¢´¨ÉÓ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö Λ ¸μ §´ Î¥´¨Ö³¨, ¶μ²ÊÎ¥´´Ò³¨
¸ ¶μ³μÐÓÕ μ¡μ¡Ð¥´´μ° Ëμ·³Ê²Ò Š· ³¥·¸ . ˆ§¢¥¸É´ Ö Ëμ·³Ê²  Š· -
³¥·¸  [79Ä81] ¤²Ö ±¢ §¨¸É Í¨μ´ ·´μ° ¸±μ·μ¸É¨ · ¸¶ ¤  Î¥·¥§ ¡ ·Ó¥· ¸μμÉ-
¢¥É¸É¢Ê¥É ¤¨ËËÊ§¨μ´´μ³Ê Ê· ¢´¥´¨Õ ”μ±±¥· Ä�² ´± , £¤¥ λq = 0 ¨ Dqq =
Dpq = 0. �μÉ¥´Í¨ ² μ±μ²μ ³¨´¨³Ê³  (q = 0) ¨ ´  ¢¥·Ï¨´¥ ¡ ·Ó¥·  (q = qb),
± ± ¶·¥¤¶μ² £ ¥É¸Ö,  ¶¶·μ±¸¨³¨·μ¢ ´ μ¸Í¨²²ÖÉμ· ³¨ U(q) = mω2

mq2/2−ΔU
¨ U(q) = −mω2

bq
′2/2 ¸μμÉ¢¥É¸É¢¥´´μ, £¤¥ ΔU Å ¢Ò¸μÉ  ¡ ·Ó¥·  ¨ q′ = q−qb.

�μ¸±μ²Ó±Ê λq , £² ¢´Ò³ μ¡· §μ³, ¶·¨¢μ¤¨É ± ¶¥·¥´μ·³¨·μ¢±¥ ¶μÉ¥´Í¨ ²  [15],
³Ò ¸Î¨É ¥³, ÎÉμ λq = 0, ¨ ¶μ²ÊÎ ¥³ Ëμ·³Ê²Ê Š· ³¥·¸  ¤²Ö ¸²ÊÎ Ö Dqq 
= 0 ¨
Dpq 
= 0.

„²Ö ¶μÉ¥´Í¨ ²  U(q), ±¢ ¤· É¨Î´μ£μ ¶μ q, ´ ¶·¨³¥· ¶μÉ¥´Í¨ ²  £ ·-
³μ´¨Î¥¸±μ£μ ¨²¨ ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ· , ³μ¦´μ ¶μ± § ÉÓ [32], ÎÉμ (21)
¶·¨¢μ¤¨É¸Ö ± ¸²¥¤ÊÕÐ¥³Ê Ê· ¢´¥´¨Õ É¨¶  ”μ±±¥· Ä�² ´±  ¤²Ö ËÊ´±Í¨¨
‚¨£´¥·  W (q, p, t) [6, 9, 10]:

∂W

∂t
= − p

m

∂W

∂q
+

dU

dq

∂W

∂p
+ λp

∂

∂p
(pW ) + λq

∂

∂q
(qW )+

+ Dqq
∂2W

∂q2
+ Dpp

∂2W

∂p2
+ 2Dpq

∂2W

∂q∂p
. (118)

�É¡· ¸Ò¢ ¥³Ò° ¢ Ê· ¢´¥´¨¨ (118) Î²¥´
2
�

∞∑
l=1

(−1)l (�/2)2l+1

(2l + 1)!
∂2l+1U(q)

∂q2l+1
×

∂2l+1W

∂p2l+1
¢ ¦¥´ ¶·¨ μ¶¨¸ ´¨¨ ±¢ ´Éμ¢μ£μ ÉÊ´´¥²¨·μ¢ ´¨Ö Î¥·¥§ ¶μÉ¥´Í¨ ²Ó-

´Ò° ¡ ·Ó¥·. �μ  ´ ²μ£¨¨ ¸μ ¸²ÊÎ ¥³ Dqq = 0 ¨ Dpq = 0 ¢ [79] ³Ò ¨Ð¥³
±¢ §¨¸É Í¨μ´ ·´μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (118) ¸ λq = 0 ´  ¡ ·Ó¥·¥ ¢ ¢¨¤¥

W (q, p) = C0F (q, p) exp [−αp2 − β(q − qb)2 + γp(q − qb)]. (119)

” ±Éμ· F (q, p), ¢¢¥¤¥´´Ò° ¢¶¥·¢Ò¥ Š· ³¥·¸μ³ [79], ¤μ²¦¥´ ÊÎ¨ÉÒ¢ ÉÓ Ë¨-
§¨Î¥¸±ÊÕ ¸¨ÉÊ Í¨Õ, ±μ£¤  ¸¨¸É¥³  ²μ± ²¨§μ¢ ´  ¢ μ¸´μ¢´μ³ μ±μ²μ ³¨´¨-
³Ê³  ¶·¨ q = 0 ¨ ¶· ±É¨Î¥¸±¨ μÉ¸ÊÉ¸É¢Ê¥É ¢ μ¡² ¸É¨ ¡ ·Ó¥·  ¸ q > qb.
�μÔÉμ³Ê F (q, p) ¤μ²¦¥´ ¶·¨¢μ¤¨ÉÓ ± μ¶·¥¤¥²¥´´μ°  ¸¨³³¥É·¨¨ ¢ · ¸¶·¥¤¥-
²¥´¨¨ ‚¨£´¥· . �μ¸ÉμÖ´´ Ö C0 ¡Ê¤¥É μ¶·¥¤¥²¥´  ´¨¦¥.

�μ¤¸É ¢²ÖÖ (119) ¢ (118) (λq = 0), ¶μ²ÊÎ ¥³ Ê· ¢´¥´¨¥ ¤²Ö ËÊ´±Í¨¨ F .
—Éμ¡Ò ¨¸±²ÕÎ¨ÉÓ ¨§ ÔÉμ£μ Ê· ¢´¥´¨Ö Î²¥´Ò, ²¨´¥°´Ò¥ ¶μ F , ¶ · ³¥É·Ò α,
β ¨ γ ¢ (119) ¤μ²¦´Ò ¡ÒÉÓ ¢Ò¡· ´Ò É ±, ÎÉμ¡Ò ¢Ò¶μ²´Ö²μ¸Ó ¸²¥¤ÊÕÐ¥¥
Éμ¦¤¥¸É¢μ (λq = 0, q′ = q − qb):

0 =
p

m
(−γp + 2βq′) + mω2

bq′(−γq′ + 2αp) + λp(1 − 2αp2 + γpq′)+

+ Dqq[(−γp + 2βq′)2 − 2β] + Dpp[(−γq′ + 2αp)2 − 2α]+
+ 2Dpq(−γq′ + 2αp)(−γp + 2βq′) + 2Dpqγ. (120)
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“· ¢´¥´¨¥ (120) ¶·¨¢μ¤¨É¸Ö ± ¶·μ¸Éμ° ¸¨¸É¥³¥ Ê· ¢´¥´¨°:

λp − 2βDqq − 2αDpp + 2γDpq = 0,

− γ

m
− 2λpα + γ2Dqq + 4α2Dpp − 4αγDpq = 0,

−mω2
bγ + 4Dqqβ

2 + Dppγ
2 − 4Dpqβγ = 0,

2β

m
+ 2mω2

bα + λpγ − 4Dqqβγ − 4Dppαγ + 2Dpq(4αβ + γ2) = 0.

(121)

�¤´μ ¨§ ÔÉ¨Ì Î¥ÉÒ·¥Ì Ê· ¢´¥´¨° ³μ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´μ Î¥·¥§ μ¸É ²Ó´Ò¥.
� ¶·¨³¥·, ¨¸¶μ²Ó§ÊÖ ¶¥·¢μ¥ Ê· ¢´¥´¨¥ ¤²Ö Ê¶·μÐ¥´¨Ö Î¥É¢¥·Éμ£μ Ê· ¢´¥´¨Ö,
Ê³´μ¦ Ö ·¥§Ê²ÓÉ É ´  γ ¨ ¤μ¡ ¢²ÖÖ É·¥ÉÓ¥ Ê· ¢´¥´¨¥, Ê³´μ¦¥´´μ¥ ´  α, ³Ò
¶μ²ÊÎ ¥³ ¢Éμ·μ¥ Ê· ¢´¥´¨¥. �¥Ï¥´¨¥ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (121) ¨³¥¥É ¸²¥-
¤ÊÕÐ¨° ¢¨¤:

α =
1

2Dpp
(λp − 2βDqq + 2γDpq),

β =
Dpq

2Dqq
γ − 1

2Dqq

√
γ2D2

pq + γDqq(mω2
b − γDpp), (122)

γ =
λ2

pm
3ω2

bDqq

(Dpp − m2ω2
bDqq)2 + m2λ2

pDppDqq + 2mλpDpq(Dpp − m2ω2
bDqq)

.

�É¨ ¢Ò· ¦¥´¨Ö ¶μ²ÊÎ¥´Ò ¶·¨ Ê¸²μ¢¨¨ Dpp −m2ω2
bDqq + mλpDpq � 0. …¸²¨

ÔÉμ Ê¸²μ¢¨¥ ´¥ ¢Ò¶μ²´Ö¥É¸Ö, Ê· ¢´¥´¨¥ ¤²Ö F ¨³¥¥É ¡μ²¥¥ ¸²μ¦´Ò° ¢¨¤ ¨
·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ´¨¦¥, Ö¢²ÖÕÉ¸Ö ²¨ÏÓ ¶·¨¡²¨¦¥´¨Ö³¨.

Š ± ¨ ¢ · ¡μÉ¥ [79], μ±μ²μ ¡ ·Ó¥·  ËÊ´±Í¨Ö F = F (η) § ¢¨¸¨É Éμ²Ó±μ μÉ
η = p − aq′ ¨ Ê¤μ¢²¥É¢μ·Ö¥É ¤¨ËË¥·¥´Í¨ ²Ó´μ³Ê Ê· ¢´¥´¨Õ

[
−a

p

m
+mω2

bq
′−λpp−2aDqq(2βq′−γp)+2Dpp(2αp−γq′)+2Dpq(2βq′−γp)−

− 2aDpq(2αp − γq′)
]
∂F

∂η
= [a2Dqq + Dpp − 2aDpq]

∂2F

∂η2
. (123)

‚ ²¥¢μ° Î ¸É¨ ÔÉμ£μ Ê· ¢´¥´¨Ö ¢Ò· ¦¥´¨¥ ¢ ±¢ ¤· É´ÒÌ ¸±μ¡± Ì ³μ¦¥É ¡ÒÉÓ
¶·¥¤¸É ¢²¥´μ ± ± −hη, £¤¥

h =
λp

2
− A + B

2
+

[(
λp

2
− A − B

2

)2

+ I

]1/2

,

A = 4αDpp − 2γDpq,

B = 4βDqq − 2γDpq, (124)
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I = [mω2
b − 2γDpp + 4βDpq]

[
1
m

− 2γDqq + 4αDpq

]
,

a =
mω2

b − 2γDpp + 4βDpq

h + B
.

�μÔÉμ³Ê ·¥Ï¥´¨¥ (123) ¨³¥¥É ¢¨¤

F (η) =
(

h

2πg

)1/2
η∫

−∞

exp
(
−hy2

2g

)
dy, (125)

£¤¥ g = a2Dqq + Dpp − 2aDpq. ‡¤¥¸Ó F (0) = 1/2 ¨ F (∞) = 1, F (η) ≈ 1 ¶·¨
μÉ·¨Í É¥²Ó´ÒÌ §´ Î¥´¨ÖÌ q′ < 0 ¨ F (η) ≈ 0 ¶·¨ ¡μ²ÓÏ¨Ì ¶μ²μ¦¨É¥²Ó´ÒÌ
§´ Î¥´¨ÖÌ q′ > 0.

‘É Í¨μ´ ·´ Ö ´μ·³¨·μ¢ ´´ Ö ËÊ´±Í¨Ö ‚¨£´¥·  μ±μ²μ ¶μÉ¥´Í¨ ²Ó´μ£μ
³¨´¨³Ê³  ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  Ëμ·³Ê²μ° ¤²Ö £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²-
²ÖÉμ·  [9,10,15]

W (q, p) =
1

2π
√

σ
exp
[
− 1

2σ
(σqqp

2 + σppq
2 − 2σpqpq)

]
, (126)

£¤¥ σ = σppσqq − σ2
pq . ˆ¸¶μ²Ó§ÊÖ ¢Ò· ¦¥´¨Ö q2 =

2
mω2

m

(U(q) + ΔU) ¨

q =
1

mω2
m

dU(q)
dq

, ¶μ²ÊÎ ¥³

W (q, p) =
1

2π
√

σ
exp
(
−ΔUσpp

mω2
mσ

)
×

× exp
[
− 1

2σ

(
σqqp

2 + σpp
2U(q)
mω2

m

− 2σpqp
dU/dq

mω2
m

)]
. (127)

‘É Í¨μ´ ·´Ò¥ ¤¨¸¶¥·¸¨¨ ¶μ ±μμ·¤¨´ É¥ q ¨ ¨³¶Ê²Ó¸Ê p ¤²Ö U ,  ¶¶·μ±¸¨³¨-
·μ¢ ´´μ£μ μ¸Í¨²²ÖÉμ·μ³ μ±μ²μ ³¨´¨³Ê³ , ¨³¥ÕÉ ¢¨¤ [9,10,15]

σqq =
1

m2ω2
mλp

[Dpp + 2mλpDpq + m2(λ2
p + ω2

m)Dqq ],

σpp =
1
λp

[Dpp + m2ω2
mDqq],

σpq = −mDqq.

(128)

‡ É¥³ ´¥μ¡Ìμ¤¨³μ ¸Ï¨ÉÓ · ¸¶·¥¤¥²¥´¨¥ ‚¨£´¥·  (127) μ±μ²μ ³¨´¨³Ê³ 
¸ · ¸¶·¥¤¥²¥´¨¥³ (119) μ±μ²μ ¡ ·Ó¥· . ‡¤¥¸Ó ³Ò ¨¸¶μ²Ó§Ê¥³ ¶·μÍ¥¤Ê·Ê Š· -
³¥·¸  [79], Ê¸É ´ ¢²¨¢ Ö F = 1, ÎÉμ Ö¢²Ö¥É¸Ö Ìμ·μÏ¨³ ¶·¨¡²¨¦¥´¨¥³ ¤²Ö
¸²ÊÎ Ö q < qb, ¨ ¶·¥¤¶μ² £ ¥³, ÎÉμ Ô±¸¶μ´¥´Í¨ ²Ó´Ò¥ ³´μ¦¨É¥²¨, § ¢¨¸ÖÐ¨¥
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μÉ ±μμ·¤¨´ ÉÒ ¨ ¨³¶Ê²Ó¸ , · ¢´Ò ¶·¨ μ¶·¥¤¥²¥´´μ³ q-§´ Î¥´¨¨ ¢ ¨´É¥·¢ ²¥
0 < q < qb. �Éμ ¶·¨¢μ¤¨É ± ¸²¥¤ÊÕÐ¥³Ê ¢Ò· ¦¥´¨Õ ¤²Ö C0:

C0 =
1

2π
√

σ
exp
[
−ΔUσpp

mω2
mσ

]
.

‚¥·μÖÉ´μ¸ÉÓ ¢ ¥¤¨´¨ÍÊ ¢·¥³¥´¨ ¶¥·¥¸¥ÎÓ ¡ ·Ó¥· ¢ ´ ¶· ¢²¥´¨¨ ¶μ²μ¦¨-
É¥²Ó´ÒÌ q-§´ Î¥´¨° ¶μ²ÊÎ¥´  ¸ ¶μ³μÐÓÕ ¨´É¥£· ² 

Λ =

∞∫
0

dp
p

m
W (q = qb, p). (129)

‚ ± Î¥¸É¢¥ ´¨¦´¥° £· ´¨ÍÒ ¤ ´´μ£μ ¨´É¥£· ²  ³μ¦´μ ¢§ÖÉÓ −∞, É ± ± ±
Ë ±Éμ· F (η = p) ¸¨²Ó´μ Ê³¥´ÓÏ ¥É §´ Î¥´¨¥ ËÊ´±Í¨¨ ‚¨£´¥·  ¶·¨ μÉ·¨Í -
É¥²Ó´ÒÌ §´ Î¥´¨ÖÌ p. ‚ ¨Éμ£¥ ¶μ²ÊÎ ¥³ ¸±μ·μ¸ÉÓ · ¸¶ ¤  ¨§ ³¥É ¸É ¡¨²Ó´μ£μ
¶μÉ¥´Í¨ ² 

Λ =
1

4πmα
√

σ

(
h

2gα + h

)1/2

exp
[
−ΔUσpp

mω2
mσ

]
. (130)

‚³¥¸Éμ (119) ³μ¦´μ ¶·¥¤¶μ²μ¦¨ÉÓ ±¢ §¨¸É Í¨μ´ ·´μ¥ ·¥Ï¥´¨¥ (118) ´ 
¡ ·Ó¥·¥ ¨ ¶μ¸ÉμÖ´´ÊÕ C0 ¢ Ëμ·³¥

W (q, p) = C0F (q, p) exp
[
−
(

p2

2m
+ U

)/
Teff

]
,

C0 =
ωm

2πTeff
exp
[
−ΔU

Teff

]
,

(131)

£¤¥ U = −mω2
bq

′2/2, Teff = σpp/(2m) + mω2
mσqq/2. �μ¤¸É ¢²ÖÖ (131) ¢ Ê· ¢-

´¥´¨¥ ”μ±±¥· Ä�² ´±  (118), ³Ò Ê¶·μÐ ¥³ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ Ê· ¢´¥´¨¥
¤²Ö F , μ¶Ê¸± Ö Î²¥´Ò, ²¨´¥°´Ò¥ ¶μ F . ‚ ÔÉμ³ ¸²ÊÎ ¥ ³Ò ´¥ ¨Ð¥³ ÉμÎ´μ¥ ·¥-
Ï¥´¨¥ ¤²Ö F (p, q), ¶·¥¤¶μ² £ Ö ³ ²μ¸ÉÓ ¢±² ¤μ¢ μÉ Î²¥´μ¢, ²¨´¥°´ÒÌ ¶μ F , ¢
¤¨ËË¥·¥´Í¨ ²Ó´μ³ Ê· ¢´¥´¨¨, ÎÉμ¡Ò ¨³¥ÉÓ ¥£μ ·¥Ï¥´¨¥ ¢ ¢¨¤¥ (125). ’μ£¤ 
³Ò ¶μ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥ ¤²Ö ¸±μ·μ¸É¨ · ¸¶ ¤  (130), ¢ ±μÉμ·μ³ §´ Î¥´¨Ö α,
β ¨ γ μ¶·¥¤¥²¥´Ò ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

α =
1

2mTeff
, β =

−mω2
b

2Teff
, γ = 0 (132)

¨ σ =
(

Teff

ωm

)2

, σpp = mTeff . ‚ ·¥§Ê²ÓÉ É¥ ¸¤¥² ´´ÒÌ ¶·¨¡²¨¦¥´¨° ¢Ò· -

¦¥´¨¥ (130) ¸ (132) ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö ²Õ¡μ£μ ´ ¡μ·  ¤¨ËËÊ§¨μ´´ÒÌ
±μÔËË¨Í¨¥´Éμ¢.



368 ‘��ƒ‘Ÿ� ‚.‚. ˆ „�.

‚ ¸²ÊÎ ¥ Dqq = 0 ¨ Dqp 
= 0 ³Ò ¶μ²ÊÎ¨³ ¶¥·¢Ò° ¢ ·¨ ´É Ëμ·³Ê²Ò
Š· ³¥·¸ :

ΛI =
Dppωm

2π
√

Dpp(Dpp + 2μλpDqp)

⎛
⎜⎜⎝ h

λp − 2μλpω
2
bDqp

h(Dpp + 2μλpDqp)
+ h

⎞
⎟⎟⎠

1/2

×

× exp
[
− ΔUμλp

Dpp + 2μλpDqp

]
, (133)

£¤¥ h = −λp/2 + (λ2
p/4 + ω2

b )
1/2 ¨ ωb Å Î ¸ÉμÉ  ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ· ,

±μÉμ·Ò³  ¶¶·μ±¸¨³¨·μ¢ ´ ¡ ·Ó¥·.
‚Éμ·μ° ¢ ·¨ ´É Ëμ·³Ê²Ò Š· ³¥·¸  ¨³¥¥É ¢¨¤

ΛII =
ωm

2π

⎛
⎜⎜⎝ h

Dpp

μTeff
− 2ω2

bDqp(1 − 2Dqp/Teff)
hTeff

+ h

⎞
⎟⎟⎠

1/2

exp
[
−ΔU

Teff

]
, (134)

£¤¥ Teff = (Dpp + μλpDqp)/(μλp) ¨ h = λp/2 − Dpp/(μTeff) + [(λp/2 −
Dpp/(μTeff))2 +ω2

b (1−4D2
qp/Teff

2)]1/2. �·¨ Dqp = 0 Ê· ¢´¥´¨Ö (133) ¨ (134)
³μ¦´μ Ê¶·μ¸É¨ÉÓ ¤μ ¨§¢¥¸É´μ° Ëμ·³Ê²Ò Š· ³¥·¸  [79] ¤²Ö ¸±μ·μ¸É¨ ¢¥·μÖÉ-
´μ¸É¨ · ¸¶ ¤  Î¥·¥§ ¶μÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥·

ΛKr =
kωm

2π
exp
[
− ΔU

μω2
mσqq

]
, (135)

£¤¥ k =

√
1 +

λ2
p

4ω2
b

− λp/(2ωb).

’ ±¨³ μ¡· §μ³, (130) μ¡μ¡Ð ¥É Ëμ·³Ê²Ê Š· ³¥·¸  ¢±²ÕÎ¥´¨¥³ ¢ · ¸-
¸³μÉ·¥´¨¥ ¢¸¥¢μ§³μ¦´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨. ‘· ¢´¥´¨¥ §´ Î¥´¨° Λ,
¢ÒÎ¨¸²¥´´ÒÌ ¸ ¶μ³μÐÓÕ (130), (122) ¨ (130), (132) ¸  ¸¨³¶ÉμÉ¨Î¥¸±¨³¨ §´ -
Î¥´¨Ö³¨ Λ(t), ¶μ²ÊÎ¥´´Ò³¨ ¨§ Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢, ¶μ§¢μ²¨É ´ ³ ¶·μ¢¥·¨ÉÓ
¶· ¢¨²Ó´μ¸ÉÓ ¶·¥¤¶μ²μ¦¥´¨°, ¸¤¥² ´´ÒÌ ¶·¨ ¢Ò¢μ¤¥ Ëμ·³Ê²Ò (130).

‚ ¸²ÊÎ ¥ μÎ¥´Ó ³ ²¥´Ó±¨Ì λp, ± ± ¨ ¢ [79], ³μ¦´μ ¶μ²ÊÎ¨ÉÓ  ´ ²¨É¨Î¥-
¸±μ¥ ¢Ò· ¦¥´¨¥

ΛW =
mωmλ2

pIb

2π(Dpp + (mωm)2Dqq)
exp
[
− mλpΔU

Dpp + (mωm)2Dqq

]
, (136)

±μÉμ·μ¥ ¸¶· ¢¥¤²¨¢μ ¶·¨ λpIb 	 (Dpp + (mωm)2Dqq)/(mλp), É. ¥. ¢ ¶·¥¤¥²¥
μÎ¥´Ó ³ ²μ° ¢Ö§±μ¸É¨, £¤¥ λpIb Å §´ Î¥´¨¥ ¶μÉ¥·¨ Ô´¥·£¨¨ §  μ¤¨´ μ¡μ-
·μÉ ¢ ¶μÉ¥´Í¨ ²Ó´μ° Ö³¥. Š² ¸¸¨Î¥¸±¨° ¨´É¥£· ² ¤¥°¸É¢¨Ö Ib ≈ 2πΔU/ωm

¶·¨ Ô´¥·£¨¨ μ±μ²μ ¡ ·Ó¥·  ¢ÒÎ¨¸²¥´ ¢ ¶·¨¡²¨¦¥´¨¨ £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²-
²ÖÉμ· .
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4.2. �²ÓÉ¥·´ É¨¢´Ò° ³¥Éμ¤ ¢Ò¢μ¤  Ëμ·³Ê²Ò ¸±μ·μ¸É¨ · ¸¶ ¤ . ˆ¸-
¶μ²Ó§ÊÖ (118), ³Ò ¶μ²ÊÎ ¥³ Ëμ·³Ê²Ò ¤²Ö ¶¥·¢ÒÌ ³μ³¥´Éμ¢ (§¤¥¸Ó m = 1):
q̇ = p, ṗ = −U ′(q) − λpp. ‚ £ ·³μ´¨Î¥¸±μ° μ¡² ¸É¨ ¡ ·Ó¥·  ¸¥¶ · É·¨¸ 
L ¤²Ö ¤ ´´μ° ¤¨´ ³¨±¨ ¤ ¥É¸Ö ¢ ¢¨¤¥ p(q′|L) = −(ωb/k)q′ [81]. „¢¨¦¥´¨¥
´  ¡ ·Ó¥·¥ ´¥¸É ¡¨²Ó´μ ¢ ´ ¶· ¢²¥´¨¨, ¶¥·¶¥´¤¨±Ê²Ö·´μ³ ± L, ¨ Ê¸Éμ°Î¨¢μ
¶μ μÉ´μÏ¥´¨Õ ±  ÉÉ· ±Éμ·Ê M , ±μÉμ·Ò° ¤ ¥É¸Ö ¢ ¢¨¤¥ p(q′|M) = kωbq

′.
�μÔÉμ³Ê ³Ò ¢¢μ¤¨³ ´μ¢Ò¥ ±μμ·¤¨´ ÉÒ η = q′ + p/ω2 ¨ ψ = q′ − p/ω1 ¸
ω1 = kωb ¨ ω2 = ωb/k, ÎÉμ¡Ò ¤¢¨¦¥´¨¥ ´  ¡ ·Ó¥·¥ ¢¤μ²Ó η ¡Ò²μ ´¥¸É -
¡¨²Ó´μ,   ¢¤μ²Ó ψ Å Ê¸Éμ°Î¨¢μ. �·¥μ¡· §μ¢ ´¨¥ μÉ (q′, p) ± (η, ψ) ¶·¨¢μ¤¨É
± ¤¨ËËÊ§¨μ´´μ³Ê Ê· ¢´¥´¨Õ (Dpq = 0 ¨ λq = 0)

∂W

∂t
= −ω1

∂ηW

∂η
+ ω2

∂ψW

∂ψ
+ Dηη

∂2W

∂η2
+ Dψψ

∂2W

∂ψ2
+ 2Dηψ

∂2W

∂η∂ψ
, (137)

£¤¥ Dηη = Dqq + Dpp/ω2
2, Dψψ = Dqq + Dpp/ω2

1 ¨ Dηψ = Dqq −Dpp/(ω1ω2).
�Éμ¡· §¨³ ËÊ´±Í¨Õ W (η, ψ, t) ´  Q(η̃, ψ̃, t) É ±¨³ μ¡· §μ³, ÎÉμ¡Ò ¢ ´μ-
¢μ³ Ê· ¢´¥´¨¨ ±μ³¶μ´¥´É  É¥´§μ·  ¤¨ËËÊ§¨¨ ¶μ ´¥¸É ¡¨²Ó´μ° ±μμ·¤¨´ É¥ η
¸É ²  · ¢´μ° ´Ê²Õ. ‚¢¥¤Ö ¨´É¥£· ²Ó´μ¥ ¶·¥μ¡· §μ¢ ´¨¥ ƒ Ê¸¸  [81]

Q(η̃, ψ̃, t) =
(

K

π

)1/2
∞∫

−∞

dψ exp (−K(ψ̃−ψ)2)W (η̃ + k2(ψ̃−ψ), ψ, t), (138)

£¤¥ K =
k5ωb

2(Dppk2 + Dqqω2
b )

, ¶μ²ÊÎ ¥³

∂Q

∂t
= −ω1

∂η̃Q

∂η̃
+ ω2

∂ψ̃Q

∂ψ̃
+ Dψ̃ψ̃

∂2Q

∂ψ̃2
+ 2Dη̃ψ̃

∂2Q

∂η̃∂ψ̃
, (139)

£¤¥ Dη̃η̃ = 0, Dψ̃ψ̃ =
(k2 + 1)(Dppk

2 + Dqqω
2
b )

k6ω2
b

¨

Dη̃ψ̃ =
(k2 + 1)(Dqqω

2
b (2k2 − 1) − Dppk

2)
2k4ω2

b

.

” §μ¢μ¥ ¶·μ¸É· ´¸É¢μ (η̃, ψ̃) ³μ¦¥É ¡ÒÉÓ ¢¸É·μ¥´μ ¢ É·¥Ì³¥·´μ¥ ¶·μ-
¸É· ´¸É¢μ (ε, η̃, ψ̃) [81]. ‚ ÔÉμ³ · ¸Ï¨·¥´´μ³ ¶·μ¸É· ´¸É¢¥ ³Ò μ¶·¥¤¥²Ö¥³
ËÊ´±Í¨Õ R(ε, η̃, ψ̃, t) ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Q(η̃, ψ̃, t) =

∞∫
−∞

dε R(ε, η̃, ψ̃, t). (140)
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‚¢¥¤Ö ´μ¢Ò¥ ±μμ·¤¨´ ÉÒ u = (1/2)(η̃ − ε), w = ψ̃ − ε2/k ¨ E = (1/2)ω1η̃ε,
¶μ²ÊÎ ¥³

∂R

∂t
= −v

∂R

∂u
+

∂J

∂w
,

(141)

J = −1
2
k2Dww

∂R

∂u
+ ω2

(
wR +

1
βw

∂R

∂w

)
+

λp

k2

(
u − v

ω1

)(
R +

1
βE

∂R

∂E

)
.

‡¤¥¸Ó v =
√

2E + ω2
1u

2, Dww = Dψ̃ψ̃,
1

βw
=

k

ωb
Dww ¨

1
βE

= −k4ω2
b

λp
Dη̃ψ̃.

� ¢´μ¢¥¸´μ¥ · ¸¶·¥¤¥²¥´¨¥

RE(E, w) = NE exp
(
−
[
βEE + βww2

2

])
(142)

μ¶·¥¤¥²¥´μ ¨§ Ê¸²μ¢¨°
∂R

∂t
= 0,

∂R

∂u
= 0 ¨ J = 0. Šμ´¸É ´É  ´μ·³¨·μ¢±¨

NE =
1
π

√
βw

2π

(
K

K + (kωb)2/(2Teff)

)1/2
ωm exp (−ΔU/Teff)

k2(k2 + 1)Teff

´ °¤¥´  ¨§ Ê¸²μ¢¨Ö, ÎÉμ · ¸¶·¥¤¥²¥´¨¥ QE(η̃, ψ̃), ¢μ§´¨± ÕÐ¥¥ ¨§ (142)
¶μ¸·¥¤¸É¢μ³ (140), ¤μ²¦´μ ¡ÒÉÓ ¨¤¥´É¨Î´Ò³ ¶μ μÉ´μÏ¥´¨Õ ± QE(η̃, ψ̃),
¶μ²ÊÎ¥´´μ³Ê ¨§ · ¢´μ¢¥¸´μ£μ · ¸¶·¥¤¥²¥´¨Ö PE(q, p) =

ωm

Teff
exp (−[p2/2 +

U(q)]/Teff) ¶μ¸·¥¤¸É¢μ³ (138). �´ ²¨§ ´ ¨¡μ²¥¥ ²¥£±μ ¸¤¥² ÉÓ ¢ £ ·³μ´¨Î¥-
¸±μ° μ¡² ¸É¨ ¡ ·Ó¥· . � ±μ´¥Í, ¸±μ·μ¸ÉÓ · ¸¶ ¤  ¶μ²ÊÎ ¥É¸Ö ¢ ¢¨¤¥

Λ′ =

∞∫
0

dE

∞∫
0

dw RE(E, w) =
k̃ωm

2π
exp
[
−ΔU

Teff

]
, (143)

£¤¥

k̃ =
Dppk

2 − Dqq(mωb)2(2k2 − 1)
λpmkTeff

(mωbk)1/2

(mωbk3 + (Dppk2 + Dqq(mωb)2)/Teff)1/2
.

�·¨ Dqq = 0 (143) ³μ¦¥É ¡ÒÉÓ ¶·¥μ¡· §μ¢ ´μ ¢ Ëμ·³Ê²Ê Š· ³¥·¸  (135) [79,
81] ¤²Ö ·¥¦¨³  μÉ Ê³¥·¥´´μ£μ ± ¸¨²Ó´μ³Ê É·¥´¨Õ. ‘²¥¤ÊÖ ¶·μÍ¥¤Ê·¥ · -
¡μÉ [81,82], ³μ¦´μ μ¡μ¡Ð¨ÉÓ ·¥§Ê²ÓÉ É ¤²Ö ¸±μ·μ¸É¨ · ¸¶ ¤  ¶·¨ ¶·μ¨§¢μ²Ó-
´ÒÌ ·¥¦¨³ Ì § ÉÊÌ ´¨Ö:

Λ′′ =
k̃ωm

2π
G(ε0) exp

[
−ΔU

Teff

]
(144)
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¸ ε0 = λpIb/Teff ¨

G(ε0) = exp

⎛
⎝ 1

π

+∞∫
−∞

dy
ln (1 − exp [−ε0(1 + y2)/4])

1 + y2

⎞
⎠ .

�·¨ ε0 � 1 (144) ¶¥·¥Ìμ¤¨É ¢ (143), ±μ£¤  Dqq 
= 0, ¨ ¢ (135), ±μ£¤ 
Dqq = 0. …¸²¨ ε0 	 1 ¨ k ≈ 1, (144) ¶·¨¢μ¤¨É ± Ëμ·³Ê²¥ ¤²Ö ·¥¦¨³ 
¸² ¡μ£μ § ÉÊÌ ´¨Ö:

ΛW′
=

(Dpp − Dqq(mωb)2)ωmIb

2πm(Teff)2
(mωb)1/2 exp [−ΔU/Teff]

[mωb + (Dpp + Dqq(mωb)2)/Teff ]1/2
. (145)

�·¨ Dqq = 0 Ëμ·³Ê²  (145) ³μ¦¥É ¡ÒÉÓ ¶·¥μ¡· §μ¢ ´  ¢ Ëμ·³Ê²Ê Š· -
³¥·¸  [79] ¤²Ö ·¥¦¨³  ¸² ¡μ£μ § ÉÊÌ ´¨Ö.

4.3. �¥§Ê²ÓÉ ÉÒ ¨ μ¡¸Ê¦¤¥´¨Ö. 4.3.1. � ¸Î¥ÉÒ ¸ ³¨±·μ¸±μ¶¨Î¥¸±¨³¨
±μÔËË¨Í¨¥´É ³¨ ¤¨ËËÊ§¨¨. „²Ö ¶μÉ¥´Í¨ ²  (66) ±¢ §¨¸É Í¨μ´ ·´Ò¥ §´ Î¥-
´¨Ö Λ, ´ °¤¥´´Ò¥ ¨§ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö (21) ¸  ¸¨³¶ÉμÉ¨Î¥¸±¨³¨ ±μÔËË¨-
Í¨¥´É ³¨ ¤¨ËËÊ§¨¨ (63), ¸· ¢´¨¢ ÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨, ¶μ²ÊÎ¥´´Ò³¨ ¸ ¶μ-
³μÐÓÕ Ëμ·³Ê² (130) ¨ (134). � ¤μ μÉ³¥É¨ÉÓ, ÎÉμ Ëμ·³Ê²  (134) ¶·¨³¥´¨³ ,
¥¸²¨ ¢Ò¶μ²´Ö¥É¸Ö Ê¸²μ¢¨¥ ωT/VL < λp [34]. �Éμ Ê¸²μ¢¨¥ ¢Ò¶μ²´Ö¥É¸Ö ¶·¨
�λp > 0,25T , �ω = 1 ŒÔ‚ ¨ ¶·¨ �λp > 0,75T , �ω = 3 ŒÔ‚. „²Ö ¡μ²ÓÏ¨Ì
§´ Î¥´¨° ω ¢¥²¨Î¨´  VL − �ω/2 μÉ´μ¸¨É¥²Ó´μ ³ ²  ¢ · ¸¸³μÉ·¥´´μ³ ¶μÉ¥´-
Í¨ ²¥ (66). ‚ ÔÉμ³ ¸²ÊÎ ¥ ¶·¥¤¶μ²μ¦¥´¨¥ μ ¤μ²£μ¦¨¢ÊÐ¥³ ¸É Í¨μ´ ·´μ³
¸μ¸ÉμÖ´¨¨ ¢ ³¨´¨³Ê³¥ ¶μÉ¥´Í¨ ²  ¸É ´μ¢¨É¸Ö ³¥´¥¥ μ¶· ¢¤ ´´Ò³ ¨ ´ ¡²Õ-
¤ ¥É¸Ö ¡μ²ÓÏ¥¥ μÉ±²μ´¥´¨¥ ³¥¦¤Ê  ´ ²¨É¨Î¥¸±¨³¨ ¨ Î¨¸²¥´´Ò³¨ · ¸Î¥É ³¨
(·¨¸. 36). ’¥³ ´¥ ³¥´¥¥, ¥¸²¨ §´ Î¥´¨¥ �λp · ¢´μ 1Ä2 ŒÔ‚, ¤ ´´μ¥ · §²¨-
Î¨¥ ¸μ¸É ¢²Ö¥É Ë ±Éμ· 2, ÎÉμ Ö¢²Ö¥É¸Ö ¶·¨¥³²¥³Ò³ ¢μ ³´μ£¨Ì ¶·¨²μ¦¥´¨ÖÌ,
μ¸μ¡¥´´μ ¢ Ö¤¥·´μ° Ë¨§¨±¥. ‘μμÉ¢¥É¸É¢¨¥ ³¥¦¤Ê Î¨¸²¥´´Ò³¨ · ¸Î¥É ³¨, ¶μ-
²ÊÎ¥´´Ò³¨ ¨§ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö (21), ¨ · ¸Î¥É ³¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³  ´ -
²¨É¨Î¥¸±¨Ì Ëμ·³Ê² (133) ¨ (134) Ê± §Ò¢ ¥É ´  μ¡μ¸´μ¢ ´´μ¸ÉÓ ¶·¨³¥´¥´¨Ö
ÔÉ¨Ì Ëμ·³Ê² ¢ ¸²ÊÎ ¥ Dqp 
= 0.

4.3.2. � ¸Î¥ÉÒ ¸ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨³¨ ±μÔËË¨Í¨¥´É ³¨ ¤¨ËËÊ§¨¨. „²Ö
Éμ£μ ÎÉμ¡Ò ¨§ÊÎ¨ÉÓ ·μ²Ó Dqq ¢ ¤¨ËËÊ§¨μ´´μ³ ¶·μÍ¥¸¸¥ · ¸¶ ¤  Î¥·¥§ ¶μ-
É¥´Í¨ ²Ó´Ò° ¡ ·Ó¥·, ³Ò ¢Ò¡¨· ¥³ É ±μ¥ §´ Î¥´¨¥ Dqq, ±μÉμ·μ¥ Ê¤μ¢²¥-
É¢μ·Ö¥É É¥μ·¥³¥ ¢¨·¨ ²  ¢ ¶·¨¡²¨¦¥´¨¨ μ¸Í¨²²ÖÉμ·´μ£μ ¶μÉ¥´Í¨ ²  μ±μ²μ
³¨´¨³Ê³ , ±μ£¤  ¸·¥¤´ÖÖ ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö · ¢´  ¸·¥¤´¥° ¶μÉ¥´Í¨ ²Ó-
´μ° Ô´¥·£¨¨, É. ¥. (mωm)2σqq = σpp. ˆ¸¶μ²Ó§ÊÖ ÔÉμ ¢Ò· ¦¥´¨¥, (128) ¨
DppDqq − D2

pq = c0(�λp)2/16 (³¨´¨³ ²Ó´ Ö ´¥μ¶·¥¤¥²¥´´μ¸ÉÓ σ ¶·¨ c0 = 1)
¤²Ö ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨, ¶μ²ÊÎ ¥³

Dqq =
2Dpp

m2λ2
p

(
1 ±
√

1 − �2λ4
pm

2c0/(4Dpp)2
)

(146)
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�¨¸. 36. Š¢ §¨¸É Í¨μ´ ·´ Ö ¸±μ·μ¸ÉÓ ¶μÉμ±  Λ/ω ¨§ ²¥¢μ° Ö³Ò ¶μÉ¥´Í¨ ²  (66) ± ±
ËÊ´±Í¨Ö μÉ λp/ω ¶·¨ μ = 50m0 (�ω = 1 ŒÔ‚) ¨ μ = 448m0 (�ω = 3 ŒÔ‚). � -
Î ²Ó´Ò° £ Ê¸¸μ¢¸±¨° ¶ ±¥É · ¸¶μ²μ¦¥´ ¸²¥¢  ¶·¨ Ê± § ´´ÒÌ §´ Î¥´¨ÖÌ É¥³¶¥· ÉÊ·Ò
T/(�ω). �¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨°, ¶μ²ÊÎ¥´´Ò¥ ¸ ¶μ³μÐÓÕ (68) ¨ ·¥Ï¥´¨Ö (21) ¸ ´ -
¡μ·μ³ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ (62) (¸¶²μÏ´ Ö ±·¨¢ Ö), ¸ ¶μ³μÐÓÕ Ëμ·³Ê² (133)

¤²Ö ΛI (ÏÉ·¨Ìμ¢ Ö) ¨ (134) ¤²Ö ΛII (¶Ê´±É¨·´ Ö)

¶·¨ Ê¸²μ¢¨¨ �λp � 4T ∗/c
1/2
0 . ˆ¸¶μ²Ó§ÊÖ §´ ± ®³¨´Ê¸¯ ¨ ¨§¢¥¸É´μ¥ ¢Ò· ¦¥-

´¨¥ ¤²Ö Dpp = mλpT
∗ ¸ T ∗ = 0,5�ωm coth (�ωm/(2T )) � �λp/4, ¶μ²ÊÎ ¥³

¨§ (146):

Dpp = mλpT
∗, Dqq =

�
2λpc0

16mT ∗ , Dpq = 0. (147)

‡´ ± ®³¨´Ê¸¯ ¢ (146) ¢§ÖÉ É ±¨³ μ¡· §μ³, ÎÉμ¡Ò ¨³¥ÉÓ Dqq ∼ 1/T ∗, É. ¥.
®±² ¸¸¨Î¥¸±¨°¯ ´ ¡μ· ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¢ ¶·¥¤¥²¥ ¡μ²ÓÏ¨Ì É¥³¶¥-
· ÉÊ·:

Dpp = mλpT
∗, Dqq = Dpq = 0. (148)
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ŠμÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ (146) ¸ c0 = 1 [6, 15, 83, 84] ¨ c0 = 4/3 [85] ¡Ò²¨
¶μ²ÊÎ¥´Ò  ¡¸μ²ÕÉ´μ · §²¨Î´Ò³¨ ³¥Éμ¤ ³¨. ’ ±¨³ μ¡· §μ³, ¨§ μ¡Ð¥£μ ¢Ò· -
¦¥´¨Ö (146) ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¢¸¥ Ê¦¥ ¨§¢¥¸É´Ò¥ Î ¸É´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö Dqq .
‚Ò· ¦¥´¨¥ (146) ¸μμÉ¢¥É¸É¢Ê¥É ·¥¦¨³Ê ¸² ¡μ£μ § ÉÊÌ ´¨Ö ¶·¨ ´Ê²¥¢μ° É¥³-
¶¥· ÉÊ·¥ T . „²Ö ´¥´Ê²¥¢μ° É¥³¶¥· ÉÊ·Ò μ´μ ¸¢Ö§ ´μ ¸ ¶·¥¤¥² ³¨ ¸² ¡μ£μ ¨
¸¨²Ó´μ£μ § ÉÊÌ ´¨°.

ˆ¸¶μ²Ó§ÊÖ §´ ± ®¶²Õ¸¯ ¢ (146), ³Ò ¶μ²ÊÎ ¥³ ¤·Ê£μ° ´ ¡μ· ±μÔËË¨Í¨¥´-
Éμ¢ ¤¨ËËÊ§¨¨

Dpp = mλpT
∗, Dqq =

4T ∗

mλp
, Dpq = 0 (149)

¶·¨ Ê¸²μ¢¨¨ T ∗ � �λp/4.
� ¸¸³μÉ·¨³ ¸¨³³¥É·¨Î´Ò° ¶¥·¥¢¥·´ÊÉÒ° ¡¨¸É ¡¨²Ó´Ò° ¶μÉ¥´Í¨ ²

U(q) =
2ΔU

q2
b

q2 − ΔU

q4
b

q4. (150)

„ ´´Ò° ¶μÉ¥´Í¨ ² ³μ¦¥É ¸μμÉ¢¥É¸É¢μ¢ ÉÓ ¶μÉ¥´Í¨ ²Ó´μ° Ô´¥·£¨¨ ¤¢μ°´μ°
Ö¤¥·´μ° ¸¨¸É¥³Ò („Ÿ‘), ¥¸²¨ ¢ ± Î¥¸É¢¥ ±μμ·¤¨´ ÉÒ q ¢§ÖÉ  ±μμ·¤¨´ É  ³ ¸-
¸μ¢μ°  ¸¨³³¥É·¨¨: q = (A1 −A2)/(A1 +A2), £¤¥ A1 ¨ A2 Å ³ ¸¸μ¢Ò¥ Î¨¸² 
Ö¤¥· „Ÿ‘. „²Ö Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ ³Ò ¡¥·¥³ ΔU = 8,3 ŒÔ‚ ¨ qb = 0,6,
³ ¸¸μ¢Ò° ¶ · ³¥É· m = 2 · 104m0 Ë³2, £¤¥ m0 Å ³ ¸¸  ´Ê±²μ´  ¨ ´ Î ²Ó-
´μ¥ £ Ê¸¸μ¢¸±μ¥ · ¸¶·¥¤¥²¥´¨¥ ¸ Í¥´É·μ³ ¶·¨ · §²¨Î´ÒÌ §´ Î¥´¨ÖÌ qi ¨ ¸μ
§´ Î¥´¨¥³ ´ Î ²Ó´μ° ¤¨¸¶¥·¸¨¨ σqq(0) = 0,027. — ¸ÉμÉÒ �ωm = 0,44 ŒÔ‚ ¨
�ωb = 0,62 ŒÔ‚ ¸μμÉ¢¥É¸É¢ÊÕÉ ¶μÉ¥´Í¨ ²Ê (150) ¸ ¢Ò¡· ´´Ò³¨ ¶ · ³¥É· ³¨.

‡ ¢¨¸¨³μ¸ÉÓ Λ(t) ¤²Ö ¤¢ÊÌ ¡ ·Ó¥·μ¢ ¢ ¶· ¢μ° ¨ ²¥¢μ° ¸Éμ·μ´ Ì ¶μÉ¥´-
Í¨ ²  (150) (·¨¸. 37) ´ Ìμ¤¨É¸Ö Î¨¸²¥´´μ ³¥Éμ¤μ³, μ¶¨¸ ´´Ò³ ¢ · ¡μÉ¥ [32].
�¥§Ê²ÓÉ ÉÒ ¤²Ö qi = 0, 0,1 ¨ 0,3 ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 38. ‚ Éμ ¢·¥³Ö ± ± ¶·μ-
´¨Í ¥³μ¸ÉÓ P (t) Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·μ¸Éμ³ qi, ±¢ §¨¸É Í¨μ´ ·´Ò° ¶·¥¤¥² Λ(t)
´¥ § ¢¨¸¨É μÉ qi ¤²Ö ¶μÉ¥´Í¨ ²  (150). �¤´ ±μ ¶¥·¥Ìμ¤´μ¥ ± ±¢ §¨¸É Í¨μ-
´ ·´μ³Ê ·¥¦¨³Ê ¢·¥³Ö ¸É ´μ¢¨É¸Ö ´¥³´μ£μ ±μ·μÎ¥ ¸ Ê¢¥²¨Î¥´¨¥³ qi. Œ¥´Ó-
Ï¨° ¡ ·Ó¥·, Î¥³ ΔU ¤²Ö ´ Î ²Ó´μ£μ ¶ ±¥É  ¶·¨ qi 
= 0, Ö¢²Ö¥É¸Ö ¶·¨Î¨´μ°
´ Î ²Ó´μ£μ ·¥§±μ£μ Ê¢¥²¨Î¥´¨Ö ¸±μ·μ¸É¨ · ¸¶ ¤ . Šμ£¤  ¶ ±¥É ¸¤¢¨£ ¥É¸Ö ±
³¨´¨³Ê³Ê ¶·¨ q = 0, ¸±μ·μ¸ÉÓ · ¸¶ ¤  (§ ¢¨¸¨É μÉ ΔU ) Ê³¥´ÓÏ ¥É¸Ö ¤μ
±¢ §¨¸É Í¨μ´ ·´μ£μ §´ Î¥´¨Ö, ¶μ²ÊÎ¥´´μ£μ ¶·¨ qi = 0.

�¥·¥Ìμ¤´μ¥ ¢·¥³Ö τ , μ¶·¥¤¥²¥´´μ¥ ± ± ¢·¥³Ö ¤μ¸É¨¦¥´¨Ö 90 % §´ Î¥´¨Ö
´ ¸ÒÐ¥´¨Ö Λ, ¢ § ¢¨¸¨³μ¸É¨ μÉ λp ¶μ± § ´μ ´  ·¨¸. 39. ‚ ®±¢ ´Éμ¢μ³¯ ¸²ÊÎ ¥
¸ Dqq 
= 0 ¶¥·¥Ìμ¤´μ¥ ¢·¥³Ö ±μ·μÎ¥, Î¥³ ¢ ®±² ¸¸¨Î¥¸±μ³¯ ¸²ÊÎ ¥ ¸ ±μÔË-
Ë¨Í¨¥´É ³¨ ¤¨ËËÊ§¨¨ (65). � ¸¸³μÉ·¥´Ò ·¥¦¨³Ò ¤²Ö ¸² ¡μ£μ (λp < 2ωm)
¨ ¸¨²Ó´μ£μ (λp > 2ωm) § ÉÊÌ ´¨°. �Í¥´±¨ [86] τ ´  μ¸´μ¢¥ ¶μ¢¥¤¥´¨Ö ¢¥¤Ê-
Ð¥° Ô±¸¶μ´¥´Í¨ ²Ó´μ° ËÊ´±Í¨¨ exp [−ΔU/(mω2

mσqq(t))] § ¢¨¸¨³μ¸É¨ Λ(t)
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�¨¸. 37. �μÉ¥´Í¨ ²Ò (150) ( ) ¨ (153) (¡) ± ± ËÊ´±Í¨¨ q. � ¶· ¢²¥´¨Ö ¶μÉμ±μ¢
¶μ± § ´Ò ¸É·¥²± ³¨

�¨¸. 38. ‡ ¢¨¸¨³μ¸ÉÓ ¸±μ·μ¸É¨ · ¸¶ ¤  2Λ Î¥·¥§ ¤¢  ¡ ·Ó¥·  μÉ ¢·¥³¥´¨ ¢ ¶¥·¥¢¥·-
´ÊÉμ³ ¡¨¸É ¡¨²Ó´μ³ ¶μÉ¥´Í¨ ²¥ (150). � Î ²Ó´Ò¥ £ Ê¸¸μ¢¸±¨¥ ¶ ±¥ÉÒ · ¸¶μ²μ¦¥´Ò
¢ ¶μÉ¥´Í¨ ²Ó´μ³ ± ·³ ´¥ ¶·¨ qi = 0 (¸¶²μÏ´ Ö ±·¨¢ Ö), qi = 0,1 (ÏÉ·¨Ìμ¢ Ö) ¨
qi = 0,3 (¶Ê´±É¨·´ Ö). ’¥³¶¥· ÉÊ·  T = 1 ŒÔ‚
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�¨¸. 39. �¥·¥Ìμ¤´Ò¥ ¢·¥³¥´  ¤²Ö ¤μ¸É¨¦¥´¨Ö ±¢ §¨¸É Í¨μ´ ·´ÒÌ ¸±μ·μ¸É¥° · ¸¶ ¤μ¢
¨§ ³¨´¨³Ê³μ¢ ¶μÉ¥´Í¨ ²μ¢ (150) ¨ (153) ± ± ËÊ´±Í¨¨ λp ¶·¨ T = 1 ŒÔ‚. �·¥¤¸É -
¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ¸ ¶μ³μÐÓÕ (68) ¨ ·¥Ï¥´¨Ö (21) ¸ ´ ¡μ·μ³ ®±¢ ´Éμ¢ÒÌ¯
±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ (147) ¤²Ö ¶μÉ¥´Í¨ ²μ¢ (150) (ÏÉ·¨Ì¶Ê´±É¨·´ Ö) ¨ (153)
(ÏÉ·¨Ìμ¢ Ö) ¨ ®±² ¸¸¨Î¥¸±μ£μ¯ μ¶¨¸ ´¨Ö ¸ (67) ¤²Ö ¶μÉ¥´Í¨ ²μ¢ (150) (¸¶²μÏ´ Ö)
¨ (153) (¶Ê´±É¨·´ Ö)

μÉ ¢·¥³¥´¨ ¤ ÕÉ ¢ ¶·¥¤¥²¥ ¸¨²Ó´μ£μ § ÉÊÌ ´¨Ö

τ =
λp

2ω2
m

ln
(

10ΔU

mω2
mσqq

)
(151)

¨ ¢ ¶·¥¤¥²¥ ¸² ¡μ£μ § ÉÊÌ ´¨Ö

τ =
1
λp

ln
(

10ΔU

mω2
mσqq

)
, (152)

£¤¥ σqq ¢§ÖÉμ ¨§ (128). „²Ö ³ ²ÒÌ §´ Î¥´¨° λp ¶¥·¥Ìμ¤´μ¥ ¢·¥³Ö Ê³¥´ÓÏ -
¥É¸Ö ¸ ·μ¸Éμ³ λp ¨§-§  Ê¸¨²¥´¨Ö ·μ²¨ ¤¨ËËÊ§¨¨, ±μÉμ· Ö ¶·μ¶μ·Í¨μ´ ²Ó´ 
λp. „²Ö ¡μ²ÓÏ¨Ì §´ Î¥´¨° λp τ Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·μ¸Éμ³ λp, ¶μÉμ³Ê ÎÉμ ¤¥°-
¸É¢¨¥ ¡μ²ÓÏμ° ¤¨ËËÊ§¨¨ ±μ³¶¥´¸¨·Ê¥É¸Ö É·¥´¨¥³. „²Ö ¶μÉ¥´Í¨ ²  (150) ¨
É¥³¶¥· ÉÊ·Ò T = 1 ŒÔ‚ (152) ¶·¨¢μ¤¨É ± τ = 22 �/ŒÔ‚ ¶·¨ �λp = 0,2 ŒÔ‚
¨ (151) Å ± τ = 23 �/ŒÔ‚ ¶·¨ �λp = 2 ŒÔ‚. ’ ±¨³ μ¡· §μ³, (151) ¨ (152)
¤ ÕÉ · §Ê³´Ò¥ μÍ¥´±¨ ¶¥·¥Ìμ¤´ÒÌ ¢·¥³¥´. „²Ö ¶μÉ¥´Í¨ ²  (150) ±¢ §¨¸É -
Í¨μ´ ·´Ò¥ §´ Î¥´¨Ö Λ ¢ÒÎ¨¸²¥´Ò ¸ ¶μ³μÐÓÕ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ (65)
¨ (147) ¨ ¸· ¢´¨¢ ÕÉ¸Ö ´  ·¨¸. 40 ¸ ·¥§Ê²ÓÉ É ³¨, ¶μ²ÊÎ¥´´Ò³¨ ¸ ¶μ³μÐÓÕ
 ´ ²¨É¨Î¥¸±¨Ì ¢Ò· ¦¥´¨° (135) ¨ (130) ¸ (122) ¨ (132). ‚ ®±¢ ´Éμ¢μ³¯ ¸²ÊÎ ¥
(Dqq 
= 0) §´ Î¥´¨¥ Λ ¡μ²ÓÏ¥, É. ¥. Dqq ¶μ¤¤¥·¦¨¢ ¥É · ¸¶ ¤ ³¥É ¸É ¡¨²Ó´ÒÌ
¸μ¸ÉμÖ´¨° ¨§-§  ¡μ²¥¥ ¡Ò¸É·μ£μ ·μ¸É  ¤¨¸¶¥·¸¨¨ ¶μ q ¨ ³¥´ÓÏ¥° ¸±μ·μ¸É¨
¤¨¸¸¨¶ Í¨¨ μ±μ²μ ³¨´¨³Ê³  [31].
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�¨¸. 40. Š¢ §¨¸É Í¨μ´ ·´ Ö ¸±μ·μ¸ÉÓ · ¸¶ ¤  2Λ Î¥·¥§ ¡ ·Ó¥·Ò ¢ ¶¥·¥¢¥·´ÊÉμ³ ¡¨-
¸É ¡¨²Ó´μ³ ¶μÉ¥´Í¨ ²¥ (150) ± ± ËÊ´±Í¨Ö λp ¸ ´ Î ²Ó´Ò³ £ Ê¸¸μ¢¸±¨³ ¶ ±¥Éμ³ ¢
¶μÉ¥´Í¨ ²Ó´μ³ ³¨´¨³Ê³¥ ¨ T = 1 ŒÔ‚. �·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ¸
¶μ³μÐÓÕ (68) ¨ ·¥Ï¥´¨Ö (21) ¸ ®±¢ ´Éμ¢Ò³¯ (147) (Éμ´± Ö ¸¶²μÏ´ Ö) ¨ ®±² ¸¸¨Î¥-
¸±¨³¯ (65) (Éμ²¸É Ö ¸¶²μÏ´ Ö) ´ ¡μ· ³¨ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¨ ¸ (135) ¤²Ö ΛKr

(ÏÉ·¨Ì¶Ê´±É¨·´ Ö ±·¨¢ Ö). „²Ö ®±¢ ´Éμ¢ÒÌ¯ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ (147) ¶·¥¤-
¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ¸ ¶μ³μÐÓÕ (130) ¨ (122) (¶Ê´±É¨·´ Ö), (130) ¨ (132)
(ÏÉ·¨Ìμ¢ Ö), (143) ¤²Ö Λ′ (ÏÉ·¨Ìμ¢ Ö ¸ ¤¢Ê³Ö ÉμÎ± ³¨)

�μ¸±μ²Ó±Ê ·μ²Ó Dqq ¸É ´μ¢¨É¸Ö ¡μ²¥¥ ¸² ¡μ° ¶·¨ ¡μ²ÓÏ¨Ì T , ¸ Ê¢¥²¨-
Î¥´¨¥³ É¥³¶¥· ÉÊ·Ò §´ Î¥´¨Ö Λ, ¢ÒÎ¨¸²¥´´Ò¥ ¸ ±μÔËË¨Í¨¥´É ³¨ ¤¨ËËÊ-
§¨¨ (65) ¨ (147), ¶·¨¡²¨¦ ÕÉ¸Ö ¤·Ê£ ± ¤·Ê£Ê (·¨¸. 41). �¥§Ê²ÓÉ ÉÒ  ´ ²¨-
É¨Î¥¸±¨Ì ¢Ò· ¦¥´¨° (135) ¨ (130) ¸ (122) ´ Ìμ¤ÖÉ¸Ö ¢ Ìμ·μÏ¥³ ¸μ£² ¸¨¨ ¸
Î¨¸²¥´´Ò³¨ · ¸Î¥É ³¨ ´  ¢¸¥³ · ¸¸³μÉ·¥´´μ³ ¨´É¥·¢ ²¥ T .

‚ ± Î¥¸É¢¥ ¸²¥¤ÊÕÐ¥£μ ¶·¨³¥·  ³Ò · ¸¸³μÉ·¨³ ¶·μÌμ¦¤¥´¨¥ ¡ ·Ó¥·  ¢
¸²ÊÎ ¥ ³¥É ¸É ¡¨²Ó´μ£μ ¶μÉ¥´Í¨ ² 

U(q) = d

[
exp
(
−2χ

q − q0

q0

)
− 2 exp

(
−χ

q − q0

q0

)]
+

e2ζ

q
, (153)

£¤¥ ¶¥·¢ Ö Î ¸ÉÓ (¶μÉ¥´Í¨ ² Œμ·¸ ) ¸μμÉ¢¥É¸É¢Ê¥É Ö¤¥·´μ³Ê ¢§ ¨³μ¤¥°¸É¢¨Õ
³¥¦¤Ê ¤¢Ê³Ö Ö¤· ³¨,   ¢Éμ· Ö Î ¸ÉÓ Å ±Ê²μ´μ¢¸±μ³Ê ¢§ ¨³μ¤¥°¸É¢¨Õ Ö¤¥·
(·¨¸. 37, ¡). „²Ö Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ ¢μ§Ó³¥³ d = 47,8 ŒÔ‚, χ = 11,56,
q0 = 10,68 Ë³ ¨ ζ = 1760. �·¨ ¢Ò¡· ´´μ³ ³¥É ¸É ¡¨²Ó´μ³ ¶μÉ¥´Í¨ ²¥
¸ ΔU = 3,5 ŒÔ‚, �ωm = 3,9 ŒÔ‚ ¨ �ωb = 2,25 ŒÔ‚ ¸¨¸É¥³  § ´¨-
³ ¥É ´¨¦ °Ï¥¥ £ Ê¸¸μ¢μ ¸μ¸ÉμÖ´¨¥ ¸ Í¥´É·μ³ ¶·¨ qi = q0 ¨ ¤¨¸¶¥·¸¨¥°
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�¨¸. 41. Š¢ §¨¸É Í¨μ´ ·´ Ö ¸±μ·μ¸ÉÓ · ¸¶ ¤  2Λ Î¥·¥§ ¡ ·Ó¥·Ò ¶¥·¥¢¥·´ÊÉμ£μ ¡¨-
¸É ¡¨²Ó´μ£μ ¶μÉ¥´Í¨ ²  (150) ± ± ËÊ´±Í¨Ö É¥³¶¥· ÉÊ·Ò ¤²Ö ´ Î ²Ó´μ£μ £ Ê¸¸μ¢¸±μ£μ
¶ ±¥É  ¢ ¶μÉ¥´Í¨ ²Ó´μ³ ³¨´¨³Ê³¥ ¨ �λp = 1 ŒÔ‚. �·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨-
¸²¥´¨° ¸ ¶μ³μÐÓÕ (68) ¨ ·¥Ï¥´¨Ö (21) ¸ ®±¢ ´Éμ¢Ò³¯ (147) (¢¥·Ì´ÖÖ ¸¶²μÏ´ Ö) ¨
®±² ¸¸¨Î¥¸±¨³¯ (65) (´¨¦´ÖÖ ¸¶²μÏ´ Ö) ´ ¡μ· ³¨ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¨ ¸ (135)
¤²Ö ΛKr (´¨¦´ÖÖ ¶Ê´±É¨·´ Ö). „²Ö ®±¢ ´Éμ¢ÒÌ¯ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ (147) ¶·¥¤-
¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ¸ ¶μ³μÐÓÕ (130) ¨ (122) (¢¥·Ì´ÖÖ ¶Ê´±É¨·´ Ö)

σqq(0) = 0,25 Ë³2. „¢¨¦¥´¨¥ ¢ ÔÉμ³ ¶μÉ¥´Í¨ ²¥ ¡²¨§±μ ± ·¥¦¨³Ê ¸² ¡μ£μ
§ ÉÊÌ ´¨Ö ¤²Ö · ¸¸³μÉ·¥´´ÒÌ λp, ¨ §´ Î¥´¨¥ τ Ê³¥´ÓÏ ¥É¸Ö ¸ ·μ¸Éμ³ λp, ± ±
¨ ¸²¥¤Ê¥É ¨§ (152). �μ²Ó Dqq ¢ ¤¨´ ³¨±¥ ¸¨¸É¥³Ò μ¸É ¥É¸Ö É ±μ° ¦¥ (·¨¸. 38
¨ 42), ± ± ¨ ¢ ¶μÉ¥´Í¨ ²¥ (150). �·¨ �λp > 2,5 ŒÔ‚ ±¢ §¨¸É Í¨μ´ ·´ Ö
¸±μ·μ¸ÉÓ · ¸¶ ¤  ´ Î¨´ ¥É Ê³¥´ÓÏ ÉÓ¸Ö ¸ ·μ¸Éμ³ É·¥´¨Ö ± ± ¢ ®±¢ ´Éμ¢μ³¯,
É ± ¨ ¢ ®±² ¸¸¨Î¥¸±μ³¯ μ¶¨¸ ´¨ÖÌ.

�μÉ¥´Í¨ ² (153) ¨³¥¥É μÉ´μ¸¨É¥²Ó´μ ³ ²Ò° ¡ ·Ó¥· ΔU , ¨ Ê¸²μ¢¨¥
ωmT/ΔU < λp, ¶·¨ ±μÉμ·μ³ (130) ¸¶· ¢¥¤²¨¢μ, ¢Ò¶μ²´Ö¥É¸Ö ¶·¨ �λp >
1,1 ŒÔ‚. �·¥¤¶μ²μ¦¥´¨¥ μ ¤μ²£μ¦¨¢ÊÐ¥³ ¸É Í¨μ´ ·´μ³ ¸μ¸ÉμÖ´¨¨ ¢ ³¨-
´¨³Ê³¥ ¶μÉ¥´Í¨ ²  ¸É ´μ¢¨É¸Ö ³¥´¥¥ μ¶· ¢¤ ´´Ò³. �μÔÉμ³Ê ¶μ ¸· ¢´¥´¨Õ
¸ μ¶¨¸ ´¨¥³ ¶μÉ¥´Í¨ ²  (150) ³Ò ´ Ìμ¤¨³ ¡μ²ÓÏ¨¥ μÉ±²μ´¥´¨Ö Λ ³¥¦¤Ê
 ´ ²¨É¨Î¥¸±¨³¨ ¨ Î¨¸²¥´´Ò³¨ ·¥§Ê²ÓÉ É ³¨ (¸³. ·¨¸. 42). �¤´ ±μ ¶·¨ �λp

³¥¦¤Ê 0,5 ¨ 4 ŒÔ‚ μÉ±²μ´¥´¨¥ ³¥´ÓÏ¥, Î¥³ Ë ±Éμ· 2, ÎÉμ ¶·¨¥³²¥³μ ¤²Ö
³´μ£¨Ì ¶·¨²μ¦¥´¨°, μ¸μ¡¥´´μ ¢ Ö¤¥·´μ° Ë¨§¨±¥. ‚ Éμ ¢·¥³Ö ± ± (130)
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�¨¸. 42. ’μ ¦¥, ÎÉμ ¨ ´  ·¨¸. 40, ´μ ¤²Ö ±¢ §¨¸É Í¨μ´ ·´μ° ¸±μ·μ¸É¨ · ¸¶ ¤  Λ ¨§ ³¥-
É ¸É ¡¨²Ó´μ£μ ¶μÉ¥´Í¨ ²  (153). ‘²¥¢  ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ¨§ (136)
¤²Ö ΛW ¸ (147) (¶Ê´±É¨·´ Ö ±·¨¢ Ö), (65) (ÏÉ·¨Ì¶Ê´±É¨·´ Ö) ¨ (145) (ÏÉ·¨Ìμ¢ Ö ¸
¤¢Ê³Ö ÉμÎ± ³¨) ¤²Ö ³ ²ÒÌ λp

¸ (132) ¶·¨¢μ¤¨É ± ¡μ²ÓÏ¨³ §´ Î¥´¨Ö³ Λ, (130) ¸ (122) ¤ ¥É ³¥´ÓÏ¨¥ Λ ¢
¢ÒÎ¨¸²¥´¨ÖÌ ¸ ®±¢ ´Éμ¢Ò³¨¯ ±μÔËË¨Í¨¥´É ³¨ ¤¨ËËÊ§¨¨ (147). �μ¸±μ²Ó±Ê
�ωmT/ΔU = 1,1 ŒÔ‚ ¶·¨ T = 1 ŒÔ‚, §´ Î¥´¨Ö Λ, ¶μ²ÊÎ¥´´Ò¥ ¸ (136),
¶μ¤Ìμ¤ÖÉ ¤²Ö ¡μ²ÓÏ¥£μ ¨´É¥·¢ ²  ³ ²ÒÌ §´ Î¥´¨° λp (·¨¸. 42). �¥§Ê²ÓÉ ÉÒ,
¶μ²ÊÎ¥´´Ò¥ ¸ (143), ´ Ìμ¤ÖÉ¸Ö ³¥¦¤Ê ·¥§Ê²ÓÉ É ³¨, ¶μ²ÊÎ¥´´Ò³¨ ¸ (130)
¨ (132), (130) ¨ (122). ‚ · ¸¸³μÉ·¥´´ÒÌ ¢ÒÏ¥ ¶·¨³¥· Ì ±¢ §¨¸É Í¨μ´ ·´ Ö
¸±μ·μ¸ÉÓ · ¸¶ ¤  ¶·¨ ®±¢ ´Éμ¢μ³¯ μ¶¨¸ ´¨¨ ¸ (147) ´  Ë ±Éμ· 4 ¡μ²ÓÏ¥,
Î¥³ Λ ¶·¨ ®±² ¸¸¨Î¥¸±μ³¯ μ¶¨¸ ´¨¨ ¸ (65). …¸²¨ ¶·¨ ®±¢ ´Éμ¢μ³¯ μ¶¨¸ ´¨¨
³Ò ¨¸¶μ²Ó§Ê¥³ ±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ [6,9, 10,15,32]

Dpp =
mλpT

∗

2
, Dqq =

λpT
∗

2mω2
m

, Dpq = 0, (154)

Éμ §´ Î¥´¨¥ Λ ¢ ¶μÉ¥´Í¨ ²¥ (150) ³μ¦¥É ¡ÒÉÓ ¶·¨¡²¨§¨É¥²Ó´μ ´  É·¨ ¶μ-
·Ö¤±  ¢¥²¨Î¨´Ò ¡μ²ÓÏ¥, Î¥³ Λ ¶·¨ ®±² ¸¸¨Î¥¸±μ³¯ ¸²ÊÎ ¥ ¸ ±μÔËË¨Í¨¥´-
É ³¨ ¤¨ËËÊ§¨¨ (65). �Éμ ¢¨¤´μ ¨§ ¸· ¢´¥´¨Ö ·¨¸. 40 ¨ 43. �μ¸±μ²Ó±Ê ¶·¨
¤μ¢μ²Ó´μ ¡μ²ÓÏ¨Ì É¥³¶¥· ÉÊ· Ì ÔÉ  μ£·μ³´ Ö · §´¨Í  ´¥ ¶·μÖ¢²Ö¥É¸Ö ¢ · ¸-
¸³ É·¨¢ ¥³ÒÌ ¶·¨²μ¦¥´¨ÖÌ, ±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ (147) ± ¦ÊÉ¸Ö ¡μ²¥¥
Ë¨§¨Î¥¸±¨³¨. „²Ö ¶μÉ¥´Í¨ ²  (150) Dpp ¢ (154) ¢ ¤¢  · §  ³¥´ÓÏ¥, Î¥³
¢ (147), ´μ Dqq ¶·¨¡²¨§¨É¥²Ó´μ ¢ 50 · § ¡μ²ÓÏ¥ ¢ (154). „²Ö ³¥´ÓÏ¥£μ ΔU ¨
¡μ²ÓÏ¥£μ ωm, ± ± ¢ ¸²ÊÎ ¥ ¶μÉ¥´Í¨ ²  (153), ¨¸¶μ²Ó§μ¢ ´¨¥ (154) ¶·¨¢μ¤¨É ±
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�¨¸. 43. Š¢ §¨¸É Í¨μ´ ·´ Ö ¸±μ·μ¸ÉÓ · ¸¶ ¤  Λ ¨§ ³¨´¨³Ê³  ³¥É ¸É ¡¨²Ó´μ£μ ¶μÉ¥´-
Í¨ ²  (153) ( ) ¨ ¸±μ·μ¸ÉÓ · ¸¶ ¤  2Λ Î¥·¥§ ¡ ·Ó¥·Ò ¢ ¶¥·¥¢¥·´ÊÉμ³ ¡¨¸É ¡¨²Ó´μ³
¶μÉ¥´Í¨ ²¥ (150) (¡) ± ± ËÊ´±Í¨Ö λp ¤²Ö ´ Î ²Ó´μ£μ £ Ê¸¸μ¢¸±μ£μ ¶ ±¥É  ¢ ¶μÉ¥´-
Í¨ ²Ó´μ³ ³¨´¨³Ê³¥ ¶·¨ T = 1 ŒÔ‚. �¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ¸ ¶μ³μÐÓÕ (68) ¨
·¥Ï¥´¨Ö (21) ¸ ®±¢ ´Éμ¢Ò³¯ ´ ¡μ·μ³ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ (154) (¸¶²μÏ´ Ö ±·¨-
¢ Ö), ¸ ¶μ³μÐÓÕ (130) ¨ (122) (¶Ê´±É¨·´ Ö), (130) ¨ (132) (ÏÉ·¨Ìμ¢ Ö), (143) ¤²Ö Λ′

(ÏÉ·¨Ì¶Ê´±É¨·´ Ö)

·¥§Ê²ÓÉ É ³, ¶μÌμ¦¨³ ´  É¥, ÎÉμ ¶μ²ÊÎ¥´Ò ¶·¨ ¶μ³μÐ¨ (147). „¥°¸É¢¨É¥²Ó´μ,
¤²Ö ¶μÉ¥´Í¨ ²  (153) ¢ (154) Dpp ¢ ¤¢  · §  ³¥´ÓÏ¥,   Dqq ¶·¨¡²¨§¨É¥²Ó´μ ¢
¤¢  · §  ¡μ²ÓÏ¥, Î¥³ ¢ (147).

‘ ±μÔËË¨Í¨¥´É ³¨ ¤¨ËËÊ§¨¨ (154) ¢Ò· ¦¥´¨¥ (130) ³μ¦´μ ¨¸¶μ²Ó§μ-
¢ ÉÓ ¸ (122), ¥¸²¨ ωb < ωm. �Éμ ´¥ Ö¢²Ö¥É¸Ö ¸²ÊÎ ¥³ ¢Ò¡· ´´ÒÌ ¶ · ³¥É·μ¢
¶μÉ¥´Í¨ ²  (150). �μÔÉμ³Ê ´  ·¨¸. 43 Î¨¸²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¶¥·¥¢¥·´Ê-
Éμ£μ ¡¨¸É ¡¨²Ó´μ£μ ¶μÉ¥´Í¨ ²  ¸· ¢´¨¢ ÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨, ¶μ²ÊÎ¥´´Ò³¨ ¸
¶μ³μÐÓÕ (130) ¨ (132). ‚¨¤´μ, ÎÉμ ¸μ£² ¸¨¥ ¢ ¶·¥¤¥² Ì Ë ±Éμ·  3.

ˆ¸¶μ²Ó§ÊÖ (132) ¨ (122) ¢ (130), ³Ò ¶μ²ÊÎ ¥³ ¢¶μ²´¥ Ìμ·μÏ¥¥ ¸μ£² ¸¨¥
¸ Î¨¸²¥´´Ò³¨ ·¥§Ê²ÓÉ É ³¨ Λ ¤²Ö ³¥É ¸É ¡¨²Ó´μ£μ ¶μÉ¥´Í¨ ²  (153), ±μ£¤ 
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ωb < ωm. ˆ¸¶μ²Ó§μ¢ ´¨¥ (122) ¢ (130) ¶·¨¢μ¤¨É ± ²ÊÎÏ¨³ ·¥§Ê²ÓÉ É ³ ¶·¨
¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ λp. �μÔÉμ³Ê ¢ ¸²ÊÎ ¥ ¡μ²ÓÏ¨Ì ¸±μ·μ¸É¥° · ¸¶ ¤ , É. ¥.
¢ ¸²ÊÎ ¥ ³ ²¥´Ó±¨Ì ¡ ·Ó¥·μ¢, ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ ωm ¨ T , ¶·¨¡²¨¦¥´¨Ö,
¸¤¥² ´´Ò¥ ¤²Ö ¢Ò¢μ¤  (131) ¨ (132), ¡μ²¥¥ ¶μ¤Ìμ¤ÖÉ ¤²Ö ·¥¦¨³  ¸¨²Ó´μ£μ
§ ÉÊÌ ´¨Ö.

‡�Š‹
—…�ˆ…

‚ · ³± Ì ³¨±·μ¸±μ¶¨Î¥¸±μ£μ ¶μ¤Ìμ¤  ¶·¨¢¥¤¥´ ¢Ò¢μ¤ ¸¨¸É¥³Ò ´¥²¨-
´¥°´ÒÌ Ê· ¢´¥´¨° ‹ ´¦¥¢¥´  ¢ ¶·¥¤¥²¥ μ¡Ð¥° ¸¢Ö§¨ ³¥¦¤Ê ±μ²²¥±É¨¢´μ° ¨
¢´ÊÉ·¥´´¥° (¡μ§μ´´μ° ¨²¨ Ë¥·³¨μ´´μ°) ¶μ¤¸¨¸É¥³ ³¨. �É¨ Ê· ¢´¥´¨Ö ¤¢¨¦¥-
´¨Ö ¤²Ö ±μ²²¥±É¨¢´μ° ¶μ¤¸¨¸É¥³Ò Ê¤μ¢²¥É¢μ·ÖÕÉ ±¢ ´Éμ¢Ò³ Ë²Ê±ÉÊ Í¨μ´´μ-
¤¨¸¸¨¶ Í¨μ´´Ò³ ¸μμÉ´μÏ¥´¨Ö³ ¨ ¸μμÉ´μÏ¥´¨Õ ´¥μ¶·¥¤¥²¥´´μ¸É¨. ˆ¸Ìμ¤Ö
¨§ ´¥³ ·±μ¢¸±¨Ì Ê· ¢´¥´¨° ‹ ´¦¥¢¥´  · §· ¡μÉ ´  ´μ¢ Ö ³¥Éμ¤¨±  ¶μ²Ê-
Î¥´¨Ö É· ´¸¶μ·É´ÒÌ ±μÔËË¨Í¨¥´Éμ¢, § ¢¨¸ÖÐ¨Ì Ö¢´μ μÉ ¢·¥³¥´¨. �·¥¤¸± -
§ ´´Ò° ¸É¥¶¥´´μ° § ±μ´ · ¸¶ ¤  ±μ··¥²ÖÍ¨μ´´ÒÌ ËÊ´±Í¨° μ¸Í¨²²ÖÉμ·  ¢
¶·¥¤¥²¥ ´¨§±¨Ì É¥³¶¥· ÉÊ· ¨ ¡μ²ÓÏ¨Ì ¢·¥³¥´ ³μ¦¥É ¡ÒÉÓ ¶·¥¤³¥Éμ³ Ô±¸-
¶¥·¨³¥´É ²Ó´μ£μ ¨§ÊÎ¥´¨Ö. �μ²ÊÎ¥´´Ò¥  ´ ²¨É¨Î¥¸±¨¥ Ëμ·³Ê²Ò ³μ£ÊÉ ¨¸-
¶μ²Ó§μ¢ ÉÓ¸Ö ¤²Ö μ¶¨¸ ´¨Ö Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ Í¨μ´´μ° ¤¨´ ³¨±¨ Ö¤¥·-
´ÒÌ ¶·μÍ¥¸¸μ¢ ¸μ ¸²μ¦´Ò³¨ ¶μÉ¥´Í¨ ² ³¨. � §¢¨ÉÒ° ¶μ¤Ìμ¤ ¶μ²¥§¥´ ¶·¨
μ¶¨¸ ´¨¨ ¢·¥³¥´ ¦¨§´¨ ³¥É ¸É ¡¨²Ó´ÒÌ ¸¨¸É¥³, ¶¥·¥Ìμ¤´ÒÌ ¶·μÍ¥¸¸μ¢ ¨ ¤¥-
±μ£¥·¥´É´μ¸É¨ ¢ ±¢ ´Éμ¢ÒÌ ¸¨¸É¥³ Ì.

‘ ¶μ³μÐÓÕ ÉμÎ´μ£μ Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö (21) ¤²Ö ¶·¨¢¥¤¥´´μ°
³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ³Ò ¶μ± § ²¨, ÎÉμ § ¢¨¸¨³μ¸É¨ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨
¨ É·¥´¨Ö μÉ ¢·¥³¥´¨ ¸² ¡μ ¢²¨ÖÕÉ ´  ¸±μ·μ¸ÉÓ · ¸¶ ¤  ¨§ ¶μÉ¥´Í¨ ²Ó´μ°
Ö³Ò. �μ¸±μ²Ó±Ê ±μÔËË¨Í¨¥´ÉÒ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¸ ³μ¸μ-
£² ¸μ¢ ´´Ò³ μ¡· §μ³, ¶μ²μ¦¨É¥²Ó´μ¸ÉÓ ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ μ¡¥¸¶¥Î¨¢ ¥É¸Ö
¢ ²Õ¡μ° ³μ³¥´É ¢·¥³¥´¨. ŠμÔËË¨Í¨¥´É ¤¨ËËÊ§¨¨ Dqp ¶·¨¢μ¤¨É ± Ê³¥´ÓÏ¥-
´¨Õ ¸±μ·μ¸É¨ · ¸¶ ¤ . �μ¸±μ²Ó±Ê ¨¸¶μ²Ó§μ¢ ´´μ¥ §´ Î¥´¨¥ Dpp ¡μ²ÓÏ¥, Î¥³
¥£μ ®±² ¸¸¨Î¥¸±¨°¯  ´ ²μ£, Éμ ¶μ²ÊÎ¥´´ Ö ¸±μ·μ¸ÉÓ · ¸¶ ¤  ¡²¨§±  ± ·¥§Ê²Ó-
É ÉÊ, ¶μ²ÊÎ¥´´μ³Ê ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ®±² ¸¸¨Î¥¸±μ£μ¯ ´ ¡μ·  ±μÔËË¨Í¨¥´Éμ¢
¤¨ËËÊ§¨¨. ‚ ¸²ÊÎ ¥ ¸² ¡μ£μ § ÉÊÌ ´¨Ö ¨²¨ ³ ²ÒÌ É¥³¶¥· ÉÊ· ±¢ §¨¸É Í¨μ´ ·-
´ Ö ¸±μ·μ¸ÉÓ · ¸¶ ¤  ³μ¦¥É Ê¢¥²¨Î¨ÉÓ¸Ö ¸ ·μ¸Éμ³ É·¥´¨Ö. �Éμ μ¡ÑÖ¸´Ö¥É¸Ö
Ê¸¨²¥´¨¥³ ·μ²¨ ¤¨ËËÊ§¨¨ ¶μ ¸· ¢´¥´¨Õ ¸ É·¥´¨¥³ ¢ ¶·μÍ¥¸¸¥ · ¸¶ ¤ .

‚¶¥·¢Ò¥ ¶μ²ÊÎ¥´Ò  ´ ²¨É¨Î¥¸±¨¥ ¢Ò· ¦¥´¨Ö, ±μÉμ·Ò¥ μ¡μ¡Ð ÕÉ Ëμ·-
³Ê²Ê Š· ³¥·¸  ¤²Ö ¸±μ·μ¸É¨ · ¸¶ ¤  ¨§ ³¥É ¸É ¡¨²Ó´μ£μ ±¢ ´Éμ¢μ£μ ¸μ¸ÉμÖ-
´¨Ö ±¢ ´Éμ¢μ° ¸¨¸É¥³Ò. � °¤¥´μ, ÎÉμ ¸ ÊÎ¥Éμ³ ±¢ ´Éμ¢μ£μ ´ ¡μ·  ±μÔËË¨-
Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¸±μ·μ¸ÉÓ · ¸¶ ¤  ¨§ ³¥É ¸É ¡¨²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö ¡μ²ÓÏ¥,
Î¥³ ¢ ±² ¸¸¨Î¥¸±μ³ μ¶¨¸ ´¨¨. ‘μ£² ¸¨¥ ³¥¦¤Ê §´ Î¥´¨Ö³¨ ¸±μ·μ¸É¨ · ¸¶ ¤ ,
¶μ²ÊÎ¥´´Ò³¨ ¸ ¶μ³μÐÓÕ  ´ ²¨É¨Î¥¸±¨Ì Ëμ·³Ê² ¨ Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢, § -
¢¨¸¨É μÉ Ì · ±É¥·¨¸É¨± · ¸¸³ É·¨¢ ¥³μ° ¸¨¸É¥³Ò. ‘μ£² ¸¨¥ ²ÊÎÏ¥ ¢ ¸²ÊÎ ¥
¸¨²Ó´μ£μ § ÉÊÌ ´¨Ö. �¤´ ±μ ¤²Ö ¶·μ¨§¢μ²Ó´μ£μ ·¥¦¨³  § ÉÊÌ ´¨Ö μÉ±²μ´¥-
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´¨Ö ´¥ ¡μ²ÓÏ¥, Î¥³ ¢ ¸²ÊÎ ¥ · ¸Î¥É  ¸ ±² ¸¸¨Î¥¸±μ° Ëμ·³Ê²μ° Š· ³¥·¸ .
�μÔÉμ³Ê  ´ ²¨É¨Î¥¸±¨¥ Ëμ·³Ê²Ò ³μ£ÊÉ ¨¸¶μ²Ó§μ¢ ÉÓ¸Ö ¢ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥
§´ Î¥´¨° ¶ · ³¥É·μ¢ ¶μÉ¥´Í¨ ²  ¨ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨.

�μ²ÊÎ¥´μ  ´ ²¨É¨Î¥¸±μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¶·μ¶ £ Éμ·  ³ É·¨ÍÒ ¶²μÉ´μ-
¸É¨ μ¡Ð¥£μ ±¢ ¤· É¨Î´μ£μ ±μ²²¥±É¨¢´μ£μ £ ³¨²ÓÉμ´¨ ´ , ¸¢Ö§ ´´μ£μ ²¨´¥°´μ
¶μ ±μμ·¤¨´ É¥ ¨ ¨³¶Ê²Ó¸Ê ¸ μ¤´μÎ ¸É¨Î´Ò³¨ ¸É¥¶¥´Ö³¨ ¸¢μ¡μ¤Ò. �μ± -
§ ´μ, ÎÉμ ¤²Ö ¢·¥³¥´, ¶·¥¤¸É ¢²ÖÕÐ¨Ì ¨´É¥·¥¸ ¶·¨ ¸Éμ²±´μ¢¥´¨¨ ÉÖ¦¥²ÒÌ
¨μ´μ¢ ¢¡²¨§¨ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥· , ³ É·¨Í  ¶²μÉ´μ¸É¨ ¶· ±É¨Î¥¸±¨ ¤¨ £μ-
´ ²Ó´ Ö, ÎÉμ μ¶· ¢¤Ò¢ ¥É ¨¸¶μ²Ó§μ¢ ´¨¥ ¶μ²Ê±² ¸¸¨Î¥¸±¨Ì ³¥Éμ¤μ¢. ‡ ¢¨-
¸¨³μ¸ÉÓ ¤¥±μ£¥·¥´Í¨¨ μÉ ¢·¥³¥´¨ ± ·¤¨´ ²Ó´μ § ¢¨¸¨É μÉ ¢Ò¡μ·  ´ ¡μ· 
±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¨ É·¥´¨Ö. ‘ ±¢ ´Éμ¢Ò³¨ ±μÔËË¨Í¨¥´É ³¨ ¤¨ËËÊ-
§¨¨, ¸μÌ· ´ÖÕÐ¨³¨ ´¥μÉ·¨Í É¥²Ó´μ¸ÉÓ ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¢ ²Õ¡μ° ³μ³¥´É
¢·¥³¥´¨, ¤¥±μ£¥·¥´Í¨Ö Ê¢¥²¨Î¨¢ ¥É¸Ö ³¥¤²¥´´¥¥, Î¥³ ¢ ±² ¸¸¨Î¥¸±μ³ ¸²ÊÎ ¥,
ÎÉμ ¶·¨¢μ¤¨É ± ¡μ²ÓÏ¥° ¶·μ´¨Í ¥³μ¸É¨ ¶μÉ¥´Í¨ ²Ó´μ£μ ¡ ·Ó¥·  ¢ ±¢ ´Éμ¢μ³
· ¸¸³μÉ·¥´¨¨. ‚ÒÎ¨¸²¥´¨Ö ¶μ± §Ò¢ ÕÉ, ÎÉμ ¤¨¸¸¨¶ É¨¢´Ò¥ ÔËË¥±ÉÒ ¨£· ÕÉ
¸²μ¦´ÊÕ ·μ²Ó ¢ ¶·μÍ¥¸¸¥ ÉÊ´´¥²¨·μ¢ ´¨Ö. „ ´Ò ±μ´±·¥É´Ò¥ ¶·¨³¥·Ò, ±μ£¤ 
¤¨¸¸¨¶ Í¨Ö ¸¶μ¸μ¡¸É¢Ê¥É ¶·μ´¨±´μ¢¥´¨Õ Î¥·¥§ ¡ ·Ó¥·.

”μ·³ ²¨§³ ¶·¨¢¥¤¥´´μ° ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¡Ò² ¢¶¥·¢Ò¥ ´ ³¨ ¶·¨³¥´¥´
¤²Ö μ¶¨¸ ´¨Ö ¶·μÍ¥¸¸  § Ì¢ É  ´ ²¥É ÕÐ¥£μ Ö¤·  Ö¤·μ³-³¨Ï¥´ÓÕ. „²Ö ¸¥Î¥-

´¨° § Ì¢ É  ¢ ·¥ ±Í¨ÖÌ 16O, 19F, 26Mg, 28Si, 32,34,36,38S, 40,48Ca, 50Ti+ 208Pb
¶μ²ÊÎ¥´μ Ìμ·μÏμ¥ ¸μ£² ¸¨¥ ³¥¦¤Ê É¥μ·¥É¨Î¥¸±¨³¨ · ¸Î¥É ³¨ ¨ ¨³¥ÕÐ¨-
³¨¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. �Éμ ¤ ¥É μ¸´μ¢ ´¨¥ ¤²Ö ¤ ²Ó´¥°Ï¥£μ
¨¸¶μ²Ó§μ¢ ´¨Ö ¶·¥¤²μ¦¥´´μ£μ ³¥Éμ¤  · ¸Î¥É  ¸¥Î¥´¨Ö § Ì¢ É . „²Ö ·¥ ±Í¨¨
52Cr+ 208Pb ¸ ³ ²μ° (¡μ²ÓÏμ°) ¢¥·μÖÉ´μ¸ÉÓÕ ¶μ²´μ£μ ¸²¨Ö´¨Ö (±¢ §¨¤¥²¥-
´¨Ö) · ¸¸Î¨É ´´μ¥ §´ Î¥´¨¥ σc ¸¨²Ó´μ μÉ±²μ´Ö¥É¸Ö μÉ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ. �μ ´ Ï¥³Ê ³´¥´¨Õ, ¶·¨Î¨´μ° É ±μ£μ μÉ±²μ´¥´¨Ö Ö¢²ÖÕÉ¸Ö ´¥ ´¥-
¤μ¸É É±¨ ´ Ï¥° ³μ¤¥²¨,   Éμ, ÎÉμ ÔÉ  ¸¨¸É¥³  ³μ¦¥É · ¸¶ ¤ ÉÓ¸Ö ¢ ± ´ ²¥
±¢ §¨¤¥²¥´¨Ö ¨§ ±μ´Ë¨£Ê· Í¨° ¢¡²¨§¨ ¢Ìμ¤´μ£μ ± ´ ² , ÎÉμ ´¥ ¡Ò²μ ÊÎÉ¥´μ
¢ Ô±¸¶¥·¨³¥´É¥. �É³¥É¨³ É ±¦¥, ÎÉμ ¶·μ¤Ê±ÉÒ · ¸¶ ¤  μ±μ²μ ¢Ìμ¤´μ£μ ± -
´ ²  Å ÔÉμ, ¢ μ¸´μ¢´μ³, ¶·μ¤Ê±ÉÒ ±¢ §¨¤¥²¥´¨Ö, ¥¸²¨ J � Jcrit. Šμ£¤ 
³ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥ Ê£²μ¢μ£μ ³μ³¥´É  · ¢´μ ¸ ³μ° ¡μ²ÓÏμ° J-¢μ²´¥, ¶·¨
±μÉμ·μ° ¥Ð¥ ¢μ§³μ¦¥´ § Ì¢ É, ¸¥Î¥´¨¥ § Ì¢ É  ¤μ¸É¨£ ¥É ¸¢μ¥£μ ³ ±¸¨³ ²Ó-
´μ£μ §´ Î¥´¨Ö. �´¥·£¨Ö ¸Éμ²±´μ¢¥´¨Ö, ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ³ ±¸¨³Ê³Ê ¸¥Î¥´¨Ö
§ Ì¢ É , Ê³¥´ÓÏ ¥É¸Ö ¸ ·μ¸Éμ³ ±Ê²μ´μ¢¸±μ£μ μÉÉ ²±¨¢ ´¨Ö (Z1×Z2) ¢μ ¢Ìμ¤-
´μ³ ± ´ ²¥. �¦¨¤ ¥É¸Ö, ÎÉμ ¢ ·¥ ±Í¨¨ 58Ni+ 208Pb ³ ±¸¨³Ê³ ¸¥Î¥´¨Ö § Ì¢ É 
´ Ìμ¤¨É¸Ö ¶·¨³¥·´μ ´  15Ä25 ŒÔ‚ ¢ÒÏ¥ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥· . �±¸¶¥·¨³¥´-
É ²Ó´μ¥ ¶μ¤É¢¥·¦¤¥´¨¥ ÔÉμ£μ ÔËË¥±É  ¶μ³μ£²μ ¡Ò μ¶·¥¤¥²¨ÉÓ¸Ö ³¥¦¤Ê  ¤¨ -
¡ É¨Î¥¸±¨³ ¨ ¤¨ ¡ É¨Î¥¸±¨³ ·¥¦¨³ ³¨ ¢§ ¨³μ¤¥°¸É¢¨Ö Ö¤¥· ¨ μ¶·¥¤¥²¨ÉÓ
£²Ê¡¨´Ê ¶μÉ¥´Í¨ ²Ó´μ£μ ± ·³ ´ . „²Ö ÉÖ¦¥²ÒÌ ¸¨¸É¥³ ¶·¨ Ecm � Vb § ¢¨¸¨-
³μ¸ÉÓ σcEcm/(πR2

b�ωb) μÉ (Ecm − Vb)/(�ωb) ¨³¥¥É Ê´¨¢¥·¸ ²Ó´ÊÕ ¶·¨·μ¤Ê.
ˆ¸¶μ²Ó§ÊÖ ÔÉÊ § ¢¨¸¨³μ¸ÉÓ ¨ · ¸¸Î¨ÉÒ¢ Ö Rb, Vb, ¨ �ωb, ³μ¦´μ ¶·¥¤¸± § ÉÓ
§ ¢¨¸¨³μ¸ÉÓ σc μÉ Ecm.
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�·¨²μ¦¥´¨¥

Ÿ¢´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¤¨¸¸¨¶ É¨¢´ÒÌ Ö¤¥· ¨ ¸²ÊÎ °´ÒÌ ¸¨² ¢ Ê· ¢´¥-
´¨¨ (5), ¶μ²ÊÎ¥´´Ò¥ ¢ [16], § ¶¨¸Ò¢ ÕÉ¸Ö ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

KGV (t, τ) =
∑

ν

1
�ων

[
{G′

ν,p(t), V
′

ν,q(τ)}+ sin (ων [t − τ ])−

− {G′
ν,p(t), G

′
ν,q(τ)}+ cos (ων [t − τ ])

]
,

KV G(t, τ) = −
∑

ν

1
�ων

[
{G′

ν,q(t), G
′
ν,p(τ)}+ cos (ων [t − τ ])+

+ {V ′
ν,q(t), G

′
ν,p(τ)}+ sin (ων [t − τ ])

]
,

KV V (t, τ) =
∑

ν

1
�ων

[
({V ′

ν,q(t), V
′
ν,q(τ)}+ + {G′

ν,q(t), G
′
ν,q(τ)}+) ×

× cos (ων [t − τ ]) + ({V ′
ν,q(t), G

′
ν,q(τ)}+−

−{G′
ν,q(t), V

′
ν,q(τ)}+) sin (ων [t − τ ])

]
,

KGG(t, τ) =
∑

ν

1
�ων

{G′
ν,p(t), G

′
ν,p(τ)}+ cos (ων [t − τ ])

(155)

¨

Fq(t) =
∑

ν

F ν
q (t) = i

∑
ν

G′
ν,p(t)[f

+
ν (t) − fν(t)],

(156)

Fp(t) =
∑

ν

F ν
p (t) = −

∑
ν

V ′
ν,q(t)[f

+
ν (t) + fν(t)] − i

∑
ν

G′
ν,q(t)[f

+
ν (t) − fν(t)].
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