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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¥´¨. �μ²ÊÎ¥´Ò μ¡μ¡-
Ð¥´´Ò¥ Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ É¨¢´Ò¥ ¸μμÉ´μÏ¥´¨Ö ¨  ´ ²¨É¨Î¥¸±¨¥ Ëμ·³Ê²Ò ¤²Ö ¢ÒÎ¨¸²¥´¨Ö
±μÔËË¨Í¨¥´Éμ¢ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨ ¢ Ö¤¥·´ÒÌ ¶·μÍ¥¸¸ Ì. ˆ¸¸²¥¤μ¢ ´Ò  ¸¨³¶ÉμÉ¨±¨ É· ´¸¶μ·É-
´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ ¨ ±μ··¥²ÖÍ¨μ´´ÒÌ ËÊ´±Í¨°. ˆ§ÊÎ¥´  ¶·μ¡²¥³  μ¸² ¡²¥´¨Ö ±μ··¥²ÖÍ¨° ¢
±¢ ´Éμ¢ÒÌ ¤¨¸¸¨¶ É¨¢´ÒÌ ¸¨¸É¥³ Ì. �·μ¢¥¤¥´ ¸· ¢´¨É¥²Ó´Ò°  ´ ²¨§ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨-
Í¨¥´Éμ¢ £ ·³μ´¨Î¥¸±μ£μ ¨ ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ·μ¢. ˆ§ÊÎ¥´  ·μ²Ó ±¢ ´Éμ¢ÒÌ ¸É É¨¸É¨Î¥¸±¨Ì
ÔËË¥±Éμ¢ ¶·¨ ¶·μÌμ¦¤¥´¨¨ Î¥·¥§ ¶ · ¡μ²¨Î¥¸±¨° ¡ ·Ó¥·. ‚ ¸²ÊÎ ¥ ´¥³ ·±μ¢¸±μ° ¤¨´ ³¨±¨
´ °¤¥´Ò ´ ¡μ·Ò ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢, μ¡¥¸¶¥Î¨¢ ÕÐ¨Ì Î¨¸ÉμÉÊ ¸μ¸ÉμÖ´¨Ö ¢ ²Õ¡μ°
³μ³¥´É ¢·¥³¥´¨. ‘ ¨¸¶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·μ¸ÉÓ · ¸¶ ¤  ¨§ ³¥É ¸É ¡¨²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö. � §¢¨ÉÒ° ¶μ¤Ìμ¤ ¶·¨³¥´¥´ ¤²Ö ¨§ÊÎ¥´¨Ö ¶·μ-
Í¥¸¸μ¢ ¤¥²¥´¨Ö ¨ § Ì¢ É  ´ ²¥É ÕÐ¥£μ Ö¤·  Ö¤·μ³-³¨Ï¥´ÓÕ ¶·¨ Ô´¥·£¨ÖÌ ¡μ³¡ ·¤¨·μ¢±¨ μ±μ²μ
±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥· . ‘ ³μ¸μ£² ¸μ¢ ´´Ò³ μ¡· §μ³ ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¢²¨Ö´¨Ö ¤¨¸¸¨¶ Í¨¨ ¨ Ë²Ê±ÉÊ-
 Í¨° ´  ÔÉ¨ ¶·μÍ¥¸¸Ò. ‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ · ¸Î¥É´ÒÌ ¢¥·μÖÉ´μ¸É¥° § Ì¢ É , Ê¸·¥¤´¥´´ÒÌ ¶μ ¢¸¥³
μ·¨¥´É Í¨Ö³ ¤¥Ëμ·³¨·μ¢ ´´ÒÌ Ö¤· -¸´ ·Ö¤  ¨²¨ Ö¤· -³¨Ï¥´¨, ¢ÒÎ¨¸²¥´Ò ¸¥Î¥´¨Ö ¨¸¶ ·¨É¥²Ó-
´ÒÌ μ¸É É±μ¢ ¢  ¸¨³³¥É·¨Î´ÒÌ ·¥ ±Í¨ÖÌ ¸²¨Ö´¨Ö.

The quantum diffusion equations with time-dependent transport coefˇcients are derived from
the generalized non-Markovian Langevin equations. Generalized 	uctuation-dissipation relations and
analytical formulas for the friction and diffusion coefˇcients are obtained. The long-time tails of
the correlation functions are investigated. The regression of correlations is discussed for quantum
dissipative systems. Comparative analysis of the diffusion coefˇcients for the harmonic and inverted
oscillators is performed. The role of quantum statistical effects in the transmission process through
the parabolic barrier is studied. The sets of diffusion coefˇcients supplying the purity of states are
derived for non-Markovian dynamics. Using a master equation for the reduced density matrix of
open quantum system, the in	uence of different sets of transport coefˇcients on the decay rate from
a metastable state is treated. The developed approach is suggested to describe the ˇssion process
and capture inside of the Coulomb barrier of two heavy nuclei at bombarding energies near the
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barrier. The in	uence of dissipation and 	uctuations is taken self-consistently into account in these
processes. Using the calculated probabilities of the capture, averaged in all mutual orientations of
the deformed colliding nuclei, the evaporation reside cross-sections are calculated for the asymmetric
fusion reactions.

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¥ Î¨¸²μ · ¡μÉ [1Ä14]. „ ´´Ò°
Ëμ·³ ²¨§³ ¶·¨³¥´Ö¥É¸Ö ¤²Ö μ¶¨¸ ´¨Ö ·¥ ±Í¨° ¸²¨Ö´¨Ö, ±¢ §¨¤¥²¥´¨Ö, ³´μ-
£μ´Ê±²μ´´ÒÌ ¶¥·¥¤ Î ¸ ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ ¨ ¤¥²¥´¨Ö Ö¤¥· [15Ä33]. 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¢ [20,33] ¨ ¸ÊÐ¥-
¸É¢¥´´μ£μ Ê¢¥²¨Î¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´μ° ¨´Ëμ·³ Í¨¨ ¶μ ¤¥²¥´¨Õ [34, 35].
‚ É ±¨Ì ¶·μÍ¥¸¸ Ì ´ ¨¡μ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò³¨ ¸Î¨É ÕÉ¸Ö ²¨ÏÓ ´¥±μÉμ·Ò¥ ±μ²-
²¥±É¨¢´Ò¥ (³ ±·μ¸±μ¶¨Î¥¸±¨¥) ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò, ±μÉμ·Ò¥ ¢Ò¡¨· ÕÉ¸Ö a pri-
ori, ¤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 [36]. � ¨¡μ-
²¥¥ 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 ±Ê-
²μ´μ¢¸±μ£μ ¡ ·Ó¥·  (� 10 ŒÔ‚/´Ê±²μ´) Ö¢²ÖÕÉ¸Ö ³¥¦Í¥´É·μ¢μ¥ · ¸¸ÉμÖ´¨¥
¨²¨ μÉ´μ¸¨É¥²Ó´μ¥ Ê¤²¨´¥´¨¥ ¸¨¸É¥³Ò, ¶ · ³¥É· Ï¥°±¨, ³ ¸¸μ¢ Ö (§ ·Ö¤μ-
¢ Ö)  ¸¨³³¥É·¨Ö ¨ ¤¥Ëμ·³ Í¨¨ Ö¤¥·. —¨¸²μ Ö¢´μ ÊÎ¨ÉÒ¢ ¥³ÒÌ ±μ²²¥±É¨¢´ÒÌ
±μμ·¤¨´ É ³μ¦´μ Ê³¥´ÓÏ¨ÉÓ, ÊÎ¨ÉÒ¢ Ö Ô±¸¶¥·¨³¥´É ²Ó´μ Ê¸É ´μ¢²¥´´μ¥ · §-
²¨Î¨¥ ¨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 ²ÊÕ ¢¥²¨Î¨´Ê. „¨´ ³¨Î¥-
¸±¨³ Ê· ¢´¥´¨¥³ ¢ É ±μ° Ë¨§¨Î¥¸±μ° ³μ¤¥²¨ Ö¢²Ö¥É¸Ö ¸ÉμÌ ¸É¨Î¥¸±μ¥ Ê· ¢-
´¥´¨¥ ‹ ´¦¥¢¥´  ¨²¨ Ë¨§¨Î¥¸±¨ Ô±¢¨¢ ²¥´É´μ¥ ¥³Ê ¤¨ËËÊ§¨μ´´μ¥ Ê· ¢´¥-
´¨¥ ”μ±±¥· Ä�² ´±  ¤²Ö ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ±μ²²¥±É¨¢´ÒÌ ±μμ·¤¨´ É
¨ ¸μ¶·Ö¦¥´´ÒÌ ¨³ ¨³¶Ê²Ó¸μ¢. „²Ö ·¥Ï¥´¨Ö ÔÉ¨Ì Ê· ¢´¥´¨° ´¥μ¡Ìμ¤¨³μ §´ -
´¨¥ É· ´¸¶μ·É´ÒÌ ±μÔËË¨Í¨¥´Éμ¢: ¶μÉ¥´Í¨ ²Ó´μ° Ô´¥·£¨¨, ³ ¸¸μ¢ÒÌ ¶ · -
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³¥É·μ¢, ±μÔËË¨Í¨¥´Éμ¢ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨. �·¨ · ¸¸³μÉ·¥´¨¨ ±μ´±·¥É´ÒÌ
Ö¤¥·´ÒÌ ¶·μÍ¥¸¸μ¢ ¸ÉμÌ ¸É¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö ¨ É· ´¸¶μ·É´Ò¥ ±μÔËË¨Í¨¥´ÉÒ
μ¶·¥¤¥²ÖÕÉ¸Ö ³¨±·μ¸±μ¶¨Î¥¸±¨ ¨²¨ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨.

�·¥¤²μ¦¥´´Ò° ¢ [37, 38] ¤¨ËËÊ§¨μ´´Ò° ¶μ¤Ìμ¤ ¡Ò² μ¡μ¡Ð¥´ ´  ¸²ÊÎ °
´¥¸±μ²Ó±¨Ì ±μ²²¥±É¨¢´ÒÌ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò ¢ · ¡μÉ Ì [39, 40] ¨ ¶·¨³¥´¥´
¤²Ö μ¶¨¸ ´¨Ö ´ ¡²Õ¤ ¥³ÒÌ ¤¨¸¶¥·¸¨° ³ ¸¸μ¢μ£μ [41], Ô´¥·£¥É¨Î¥¸±μ£μ ¨ § -
·Ö¤μ¢μ£μ · ¸¶·¥¤¥²¥´¨° μ¸±μ²±μ¢ ¤¥²¥´¨Ö ¢μ§¡Ê¦¤¥´´ÒÌ Ö¤¥·. „²Ö · ¸Î¥É 
¶μÉ¥´Í¨ ²Ó´μ° Ô´¥·£¨¨ ¤¥²ÖÐ¥£μ¸Ö Ö¤·  ¨¸¶μ²Ó§μ¢ ² ¸Ó ¦¨¤±μ± ¶¥²Ó´ Ö ³μ-
¤¥²Ó. ’¥´§μ·Ò ¨´¥·Í¨¨ ¨ É·¥´¨Ö ¢ Ê· ¢´¥´¨¨ ”μ±±¥· Ä�² ´±  · ¸¸Î¨ÉÒ¢ -
²¨¸Ó ¢ £¨¤·μ¤¨´ ³¨Î¥¸±μ³ ¶·¨¡²¨¦¥´¨¨ ‚¥·´¥· Ä“¨²²¥· . ƒ¨¤·μ¤¨´ ³¨Î¥-
¸±μ¥ ¶·¨¡²¨¦¥´¨¥ ¤²Ö ±μÔËË¨Í¨¥´Éμ¢ É·¥´¨Ö ¸μμÉ¢¥É¸É¢Ê¥É ¶·¥¤¶μ²μ¦¥´¨Õ,
ÎÉμ Ö¤¥·´ Ö ¢Ö§±μ¸ÉÓ ¨³¥¥É ¤¢ÊÌÉ¥²Ó´Ò° ³¥Ì ´¨§³, ¸¢μ°¸É¢¥´´Ò° μ¡ÒÎ´Ò³
¦¨¤±μ¸ÉÖ³. „²Ö ¸· ¢´¥´¨Ö ¢ · ¸Î¥É Ì ¨¸¶μ²Ó§μ¢ ²¨¸Ó É ±¦¥ ±μÔËË¨Í¨¥´ÉÒ
®¶μ¢¥·Ì´μ¸É´μ°¯ μ¤´μÉ¥²Ó´μ° ¤¨¸¸¨¶ Í¨¨. Šμ³¶μ´¥´ÉÒ ¤¨ËËÊ§¨μ´´μ£μ É¥´-
§μ·  ¢ÒÎ¨¸²Ö²¨¸Ó ¶μ ±² ¸¸¨Î¥¸±μ° Ëμ·³Ê²¥ �°´ÏÉ¥°´ . ‚ · ³± Ì ¸ÉμÌ -
¸É¨Î¥¸±μ£μ ¶μ¤Ìμ¤  [32], μ¸´μ¢ ´´μ£μ ´  ³´μ£μ³¥·´μ³ ±² ¸¸¨Î¥¸±μ³ Ê· ¢´¥-
´¨¨ ‹ ´¦¥¢¥´  ¤²Ö ±μ²²¥±É¨¢´ÒÌ ±μμ·¤¨´ É Ê¤²¨´¥´¨Ö ¸¨¸É¥³Ò, ¶ · ³¥É· 
Ï¥°±¨ ¨ ³ ¸¸μ¢μ°  ¸¨³³¥É·¨¨, ¡Ò²¨ ¨§ÊÎ¥´Ò ³´μ¦¥¸É¢¥´´μ¸É¨ ¶·¥¤¤¥²¨-
É¥²Ó´ÒÌ ´¥°É·μ´μ¢, ³ ¸¸μ¢μ-Ô´¥·£¥É¨Î¥¸±¨¥, § ·Ö¤μ¢Ò¥, Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥-
´¨Ö Ë· £³¥´Éμ¢ ¤¥²¥´¨Ö ¢μ§¡Ê¦¤¥´´ÒÌ Ö¤¥· ¢ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ ¶ · ³¥É·μ¢
¤¥²¨³μ¸É¨ ¨ Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö Ö¤¥·.

ˆ³¥ÕÐ¨¥¸Ö ´  ¤ ´´Ò° ³μ³¥´É É¥μ·¥É¨Î¥¸±¨¥ ³μ¤¥²¨ ¶·¥¤¸± §Ò¢ ÕÉ ¢¥-
²¨Î¨´Ê ±μÔËË¨Í¨¥´É  § ÉÊÌ ´¨Ö μÉ 102−104 [42] ¤μ 2Ä6 [43, 44] ¢ ¥¤¨´¨Í Ì
1021 ¸−1. ‡ ¢¨¸¨³μ¸ÉÓ Ö¤¥·´μ° ¢Ö§±μ¸É¨ μÉ É¥³¶¥· ÉÊ·Ò É ±¦¥ ¢ ·Ó¨·Ê¥É¸Ö
¢¥¸Ó³  Ï¨·μ±μ: μÉ ¶·¨¡²¨§¨É¥²Ó´μ ¶·Ö³μ ¶·μ¶μ·Í¨μ´ ²Ó´μ° (¸ ¢μ§· ¸É ´¨¥³
μÉ 0,4 · 1021 ¸−1 ¶·¨ T = 0,5 ŒÔ‚ ¤μ 7,6 · 1021 ¸−1 ¶·¨ T = 4 ŒÔ‚) [45] ¤μ
μ¡· É´μ ¶·μ¶μ·Í¨μ´ ²Ó´μ° ±¢ ¤· ÉÊ É¥³¶¥· ÉÊ·Ò (¶·Ö³μ ¶·μ¶μ·Í¨μ´ ²Ó´μ°
¢·¥³¥´¨ ·¥² ±¸ Í¨¨ ´Ê±²μ´´μ£μ ¤¢¨¦¥´¨Ö), ± ± ÔÉμ ¤μ²¦´μ ¡ÒÉÓ ¤²Ö Ë¥·³¨-
¦¨¤±μ¸É¨ [46]. ‘¨ÉÊ Í¨Ö μ¸²μ¦´Ö¥É¸Ö É¥³, ÎÉμ Ö¤¥·´μ¥ É·¥´¨¥ ´¥ Ö¢²Ö¥É¸Ö
Ô±¸¶¥·¨³¥´É ²Ó´μ ¨§³¥·Ö¥³μ° ¢¥²¨Î¨´μ° ¨ ¤μ²¦´μ ¨§¢²¥± ÉÓ¸Ö ¨§ ¤ ´´ÒÌ ¸
¶·¨¢²¥Î¥´¨¥³ ³μ¤¥²Ó´ÒÌ ¶·¥¤¶μ²μ¦¥´¨°. ‚ · ¡μÉ Ì [34, 47Ä50] ¡Ò²μ ¶·μ-
 ´ ²¨§¨·μ¢ ´μ ¢²¨Ö´¨¥ ¤¨¸¸¨¶ Í¨¨ ´  · ¸¶·¥¤¥²¥´¨¥ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨
μ¸±μ²±μ¢ ¤¥²¥´¨Ö. Œ´μ£μ²¥É´¨¥ É¥μ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤μ¢ ´¨Ö [26, 47, 51Ä55]
¶μ± § ²¨, μ¤´ ±μ, ÎÉμ ¸¨²Ó´ Ö § ¢¨¸¨³μ¸ÉÓ · ¸Î¥É´ÒÌ ±¨´¥É¨Î¥¸±¨Ì Ô´¥·£¨°
μÉ ±·¨É¥·¨Ö · §·Ò¢  Ö¤·  ´  ¤¢  μ¸±μ²±  ¤¥²¥´¨Ö ´¥ ¶μ§¢μ²Ö¥É ¨§¢²¥ÎÓ ¨§
¸· ¢´¥´¨Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ É¨¶ ¨ ¢¥²¨Î¨´Ê Ö¤¥·´μ£μ É·¥´¨Ö.
�  μ¸´μ¢¥ · ¸Î¥Éμ¢ ¶μÉ¥´Í¨ ²Ó´μ° Ô´¥·£¨¨ ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ
¶μ²´Ò³ ±¨´¥É¨Î¥¸±¨³ Ô´¥·£¨Ö³ μ¸±μ²±μ¢ ¤¥²¥´¨Ö ¢ · ¡μÉ¥ [56] ¡Ò²μ ¶μ-
± § ´μ, ÎÉμ Éμ²Ó±μ ¸² ¡ Ö ¤¨¸¸¨¶ Í¨Ö ¸μ¢³¥¸É¨³  ¸ ¸ÊÐ¥¸É¢ÊÕÐ¨³¨ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶μ ¢Ò´Ê¦¤¥´´μ³Ê ¤¥²¥´¨Õ É¥¶²μ¢Ò³¨ ´¥°É·μ´ ³¨.
„ ´´Ò° ¶μ²ÊÔ³¶¨·¨Î¥¸±¨° ³¥Éμ¤ ´¥ ¨¸¶μ²Ó§Ê¥É ¶·¥¤¶μ²μ¦¥´¨° μ ¤¨´ ³¨±¥
Ö¤¥·´μ£μ ¤¢¨¦¥´¨Ö ¨²¨ ³¥Ì ´¨§³¥ ¤¨¸¸¨¶ Í¨¨ ¢ ¤¥²¥´¨¨.
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‚ · ¡μÉ Ì [57, 58] ¡Ò²μ ¨§ÊÎ¥´μ ¢²¨Ö´¨¥ É·¥´¨Ö ´  ¸±μ·μ¸ÉÓ ¤¥²¥´¨Ö ¨
¶μ± § ´μ, ÎÉμ ¤¨¸¸¨¶ É¨¢´Ò¥ ÔËË¥±ÉÒ ³μ£ÊÉ ¶·¨¢μ¤¨ÉÓ ± Ô³¨¸¸¨¨ ¡μ²ÓÏ¥£μ
Î¨¸²  ´¥°É·μ´μ¢ ¨§ ¤¥²ÖÐ¥£μ¸Ö Ö¤· , Î¥³ ÔÉμ ¶·¥¤¸± §Ò¢ ¥É¸Ö · ¢´μ¢¥¸´μ°
¸É É¨¸É¨Î¥¸±μ° ³μ¤¥²ÓÕ. �¤´μ ¨§ ¢μ§³μ¦´ÒÌ μ¡ÑÖ¸´¥´¨° ¶μÖ¢²¥´¨Ö ¨§¡Ò-
ÉμÎ´ÒÌ ´¥°É·μ´μ¢, § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¨ £ ³³ -±¢ ´Éμ¢ ¢ Éμ³, ÎÉμ Éμ± Î¥-
·¥§ ¡ ·Ó¥· ¤¥²¥´¨Ö ¸¨²Ó´μ § ¢¨¸¨É μÉ Ö¤¥·´μ° ¢Ö§±μ¸É¨ ¨ ¸ÊÐ¥¸É¢Ê¥É ¢·¥³Ö
§ ¤¥·¦±¨ (¶¥·¥Ìμ¤´μ¥ ¢·¥³Ö) ³¥¦¤Ê ´ Î ²μ³ ¶·μÍ¥¸¸  ¤¨ËËÊ§¨μ´´μ£μ ¤¥²¥-
´¨Ö ¨ Ê¸É ´μ¢²¥´¨¥³ ±¢ §¨¸É Í¨μ´ ·´μ£μ Éμ±  ¢¥·μÖÉ´μ¸É¨ Î¥·¥§ ¸¥¤²μ¢ÊÕ
ÉμÎ±Ê [57Ä62]. …¸²¨ ¢·¥³Ö § ¤¥·¦±¨ ¶μ·Ö¤±  ¨²¨ ¡μ²ÓÏ¥, Î¥³ Ì · ±É¥·´μ¥
¢·¥³Ö Ô³¨¸¸¨¨ Î ¸É¨ÍÒ, Éμ ³μ¦´μ μ¦¨¤ ÉÓ ¸¨²Ó´μ¥ Ê³¥´ÓÏ¥´¨¥ ¢¥·μÖÉ´μ¸É¨
¤¥²¥´¨Ö ´  ¶¥·¢ÒÌ Ï £ Ì ± ¸± ¤  ¤¥¢μ§¡Ê¦¤¥´¨Ö. ’ ±¨³ μ¡· §μ³, §´ ´¨¥
§´ Î¥´¨° ¢·¥³¥´ ¤¥²¥´¨Ö ¨ § ¤¥·¦±¨, ±μÉμ·Ò¥ § ¢¨¸ÖÉ μÉ Ö¤¥·´μ° ¢Ö§±μ¸É¨,
Ö¢²Ö¥É¸Ö ±·¨É¨Î¥¸±¨³ ¤²Ö ¨´É¥·¶·¥É Í¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. �±¸-
¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [63Ä65] ± Î¥¸É¢¥´´μ ¶μ¤É¢¥·¤¨²¨ ¢Ò¢μ¤Ò É¥μ·¥É¨Î¥-
¸±¨Ì · ¡μÉ [58].

‘ ¶μ³μÐÓÕ ±μ³¡¨´¨·μ¢ ´´μ° ¤¨´ ³¨Î¥¸±μ-¸É É¨¸É¨Î¥¸±μ° ³μ¤¥²¨ [27]
(¸É É¨¸É¨Î¥¸± Ö ³μ¤¥²Ó ¨¸¶ ·¥´¨Ö Î ¸É¨Í μ¡Ñ¥¤¨´¥´  ¸ ±² ¸¸¨Î¥¸±μ° ² ´¦¥-
¢¥´μ¢¸±μ° ¤¨´ ³¨±μ°) ¡Ò²¨ ¶·μ ´ ²¨§¨·μ¢ ´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥
(³´μ¦¥¸É¢¥´´μ¸É¨ ¶·¥¤· §·Ò¢´ÒÌ ´¥°É·μ´μ¢ ¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¨ ¢¥·μÖÉ-
´μ¸É¨ (¸¥Î¥´¨Ö) ¤¥²¥´¨Ö), ´¥¸ÊÐ¨¥ ¨´Ëμ·³ Í¨Õ μ ¤¨¸¸¨¶ É¨¢´ÒÌ ¸¢μ°¸É¢ Ì
¤¥²¨É¥²Ó´μ° ³μ¤Ò. �´μ³ ²Ó´μ ·¥§±μ¥ ¢μ§· ¸É ´¨¥ ¤¨¸¸¨¶ Í¨¨ ¤²Ö ¸¨²Ó´μ
¤¥Ëμ·³¨·μ¢ ´´ÒÌ ±μ´Ë¨£Ê· Í¨°, ¡²¨§±¨Ì ± · §·Ò¢Ê, ±μÉμ·μ¥ ¡Ò²μ ¢¢¥¤¥´μ
¢ · ¡μÉ¥ [27] ¤²Ö μ¶¨¸ ´¨Ö ³´μ£μÎ¨¸²¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ´¥
¶μ²ÊÎ¨²μ ¢¶μ¸²¥¤¸É¢¨¨ ¤μ²¦´μ£μ É¥μ·¥É¨Î¥¸±μ£μ μ¡ÑÖ¸´¥´¨Ö.

‘· ¢´¥´¨¥ É¥μ·¥É¨Î¥¸±¨Ì ·¥§Ê²ÓÉ Éμ¢ ¢ · ³± Ì ±² ¸¸¨Î¥¸±μ£μ ² ´¦¥¢¥-
´μ¢¸±μ£μ ¶μ¤Ìμ¤  [32, 66] ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ± §Ò¢ ¥É, ÎÉμ μ¤-
´μ¢·¥³¥´´μ¥ μ¶¨¸ ´¨¥ ³ ¸¸μ¢μ-Ô´¥·£¥É¨Î¥¸±μ£μ · ¸¶·¥¤¥²¥´¨Ö μ¸±μ²±μ¢ ¨
¸·¥¤´¨Ì ³´μ¦¥¸É¢¥´´μ¸É¥° ¶·¥¤· §·Ò¢´ÒÌ ´¥°É·μ´μ¢ ¢ ¤¥²¥´¨¨ ¸¨²Ó´μ ¢μ§-
¡Ê¦¤¥´´ÒÌ Ö¤¥· ¤μ¸É¨£ ¥É¸Ö ¢ ¶·¥¤¶μ²μ¦¥´¨¨ μ¤´μÉ¥²Ó´μ£μ ³¥Ì ´¨§³  ¢Ö§-
±μ¸É¨ ¸ ·¥¤ÊÍ¨·μ¢ ´´Ò³ ´  Ë ±Éμ· 0,25Ä0,5 ±μÔËË¨Í¨¥´Éμ³ É·¥´¨Ö, ¶μ-
²ÊÎ¥´´Ò³ ¸ ¶μ³μÐÓÕ Ëμ·³Ê²Ò ®¸É¥´±¨¯. 
Ò² ¸¤¥² ´ μ¤´μ§´ Î´Ò° ¢Ò¡μ·
μÉ´μ¸¨É¥²Ó´μ Éμ£μ, ± ±μ° ³¥Ì ´¨§³ Ö¤¥·´μ° ¢Ö§±μ¸É¨, ¤¢ÊÌÉ¥²Ó´Ò° ¨²¨ μ¤-
´μÉ¥²Ó´Ò°, ·¥ ²¨§Ê¥É¸Ö ¶·¨ ¤¥²¥´¨¨ Ö¤· . �¤´ ±μ ´¥¤μ¸É ÉμÎ´μ ¨§ÊÎ¥´  § -
¢¨¸¨³μ¸ÉÓ Ö¤¥·´μ£μ É·¥´¨Ö μÉ É¥³¶¥· ÉÊ·Ò ¨ Ëμ·³Ò Ö¤· . ‚μ¶·μ¸, ± ± ¡Ò-
¸É·μ ¸¨²Ó´μ ¢μ§¡Ê¦¤¥´´μ¥ Ö¤·μ ³¥´Ö¥É ¸¢μÕ Ëμ·³Ê, ¢ ¦¥´ ¤²Ö ¶μ´¨³ ´¨Ö
³¥Ì ´¨§³μ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨ ¤¥²¥´¨Ö. „²Ö ¡μ²¥¥ μ¡μ¸´μ¢ ´´ÒÌ ¢Ò¢μ-
¤μ¢, ± ¸ ÕÐ¨Ì¸Ö § ¢¨¸¨³μ¸É¨ Ö¤¥·´μ° ¢Ö§±μ¸É¨ μÉ É¥³¶¥· ÉÊ·Ò ¨ ±μ²²¥±-
É¨¢´ÒÌ ±μμ·¤¨´ É, ´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ ¢ ¤¨´ ³¨Î¥¸±¨Ì · ¸Î¥É Ì ¡μ²¥¥
·¥ ²¨¸É¨Î´Ò¥ ¢ ·¨ ´ÉÒ ¸É É¨¸É¨Î¥¸±μ£μ μ¶¨¸ ´¨Ö Ô³¨¸¸¨¨ Î ¸É¨Í. ‘²¥¤Ê¥É
μÉ³¥É¨ÉÓ · ¡μÉÒ [67, 68], ¢ ±μÉμ·ÒÌ ¢ · ³± Ì É¥μ·¨¨ ²¨´¥°´μ£μ μÉ±²¨± 
¡Ò²μ Ê¸É ´μ¢²¥´μ ¸μμÉ¢¥É¸É¢¨¥ ³¥¦¤Ê ±² ¸¸¨Î¥¸±μ° ¨ ±¢ ´Éμ¢μ° Ëμ·³Ê²¨-
·μ¢± ³¨ μ¤´μÉ¥²Ó´μ° ¤¨¸¸¨¶ Í¨¨, ¢Ò¢¥¤¥´Ò ¢Ò· ¦¥´¨Ö ¤²Ö ËÊ´±Í¨¨ μÉ±²¨± 
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¨ É· ´¸¶μ·É´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ ¢ ¶·¨¡²¨¦¥´¨ÖÌ ¸·¥¤´¥£μ ¶μ²Ö ¨ • ·É·¨Ä
”μ± Ä
μ£μ²Õ¡μ¢ , ¶·μ¤¥³μ´¸É·¨·μ¢ ´μ ¢²¨Ö´¨¥ μ¡μ²μÎ¥Î´ÒÌ ÔËË¥±Éμ¢ ´ 
¢¥²¨Î¨´Ê ±μÔËË¨Í¨¥´É  É·¥´¨Ö ¢¤μ²Ó ¤μ²¨´Ò ¤¥²¥´¨Ö 224Th.

’· ´¸¶μ·É´Ò¥ (¸ÉμÌ ¸É¨Î¥¸±¨¥) ³μ¤¥²¨ [24,69Ä79] ´ ¨¡μ²¥¥ Ï¨·μ±μ ¨¸-
¶μ²Ó§ÊÕÉ¸Ö ¤²Ö μ¶¨¸ ´¨Ö £²Ê¡μ±μ´¥Ê¶·Ê£¨Ì ¸Éμ²±´μ¢¥´¨° ÉÖ¦¥²ÒÌ ¨μ´μ¢.
�¡³¥´ ³ ¸¸μ° ¨ § ·Ö¤μ³, ¶¥·¥¤ ÎÊ Ô´¥·£¨¨ ¨ Ê£²μ¢μ£μ ³μ³¥´É  μÉ´μ¸¨É¥²Ó-
´μ£μ ¤¢¨¦¥´¨Ö ¢μ ¢´ÊÉ·¥´´¨¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ³μ¦´μ Ê¸¶¥Ï´μ ¨´É¥·¶·¥-
É¨·μ¢ ÉÓ ± ± ´¥· ¢´μ¢¥¸´Ò° ¤¨ËËÊ§¨μ´´Ò° ¶·μÍ¥¸¸. “Î¨ÉÒ¢ Ö Ö¢´μ ¨²¨
´¥Ö¢´μ ¸É É¨¸É¨Î¥¸±¨¥ £¨¶μÉ¥§Ò ¤²Ö £ ³¨²ÓÉμ´¨ ´  ¢§ ¨³μ¤¥°¸É¢¨Ö ±μ²²¥±-
É¨¢´ÒÌ ¨ ¢´ÊÉ·¥´´¨Ì ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò, ³μ¦´μ ¢Ò¢¥¸É¨ ±¨´¥É¨Î¥¸±¨¥ Ê· ¢-
´¥´¨Ö ¨§ ¤¨´ ³¨Î¥¸±μ£μ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ‹¨Ê¢¨²²Ö. ’ ±μ° ¢Ò¢μ¤ ¶μ§¢μ-
²Ö¥É ¶μ²ÊÎ¨ÉÓ ³¨±·μ¸±μ¶¨Î¥¸±¨¥ É· ´¸¶μ·É´Ò¥ ±μÔËË¨Í¨¥´ÉÒ [80]. ‚ ³ -
±·μ¸±μ¶¨Î¥¸±¨Ì ¤¨ËËÊ§¨μ´´ÒÌ ³μ¤¥²ÖÌ É· ´¸¶μ·É´Ò¥ ±μÔËË¨Í¨¥´ÉÒ ¸Î¨-
É ÕÉ ¶·μ¶μ·Í¨μ´ ²Ó´Ò³¨ μÉ´μÏ¥´¨Õ Ë §μ¢ÒÌ μ¡Ñ¥³μ¢ ¸μ¸ÉμÖ´¨° ¢μ§¡Ê-
¦¤¥´´μ° ¸¨¸É¥³Ò. � ¶·¨³¥·, ´ ¶· ¢²¥´¨¥ ¶¥·¥¤ Î¨ ´Ê±²μ´μ¢ μ¶·¥¤¥²Ö-
¥É¸Ö ¡ ² ´¸μ³ ³¥¦¤Ê ¶μ²´Ò³¨ Ô´¥·£¨Ö³¨ · §²¨Î´ÒÌ ±μ´Ë¨£Ê· Í¨° ¤¢μ°-
´μ° Ö¤¥·´μ° ¸¨¸É¥³Ò, ±μÉμ· Ö Ëμ·³¨·Ê¥É¸Ö ´  ´ Î ²Ó´μ° ¸É ¤¨¨ ¸Éμ²±´μ-
¢¥´¨Ö Ö¤¥·.

‚ · ³± Ì ³¨±·μ¸±μ¶¨Î¥¸±μ£μ ¶μ¤Ìμ¤  ¡Ò²¨ ¶·¥¤²μ¦¥´Ò É ±¨¥ É· ´¸-
¶μ·É´Ò¥ ³μ¤¥²¨, ± ± ¶·¨¡²¨¦¥´¨¥ ¸²ÊÎ °´ÒÌ ³ É·¨Í [24, 69Ä71], ³μ¤¥²¨
μ¤´μÉ¥²Ó´μ° ¤¨¸¸¨¶ Í¨¨ [78Ä85] ¨ ²¨´¥°´μ£μ μÉ±²¨±  [74Ä76], ±μÉμ·Ò¥ ¸É¨-
³Ê²¨·μ¢ ²¨ · §¢¨É¨¥ É¥μ·¨¨ ±μ²²¥±É¨¢´μ£μ Ö¤¥·´μ£μ ¤¢¨¦¥´¨Ö ¡μ²ÓÏμ°  ³-
¶²¨ÉÊ¤Ò. ‚ ÔÉ¨Ì ³μ¤¥²ÖÌ μÉ¸ÊÉ¸É¢Ê¥É ³¨±·μ¸±μ¶¨Î¥¸±μ¥ ¸ ³μ¸μ£² ¸μ¢ ´¨¥
¶²μÉ´μ¸É¨ ¨ Ö¤¥·´μ£μ ¶μÉ¥´Í¨ ² . �¸´μ¢´Ò³ ±¨´¥É¨Î¥¸±¨³ Ê· ¢´¥´¨¥³ Ö¢²Ö-
¥É¸Ö ³ ¸É¥·-Ê· ¢´¥´¨¥ ¨²¨ Ê· ¢´¥´¨¥ ”μ±±¥· Ä�² ´± . �¥Ï¥´¨¥ Ê· ¢´¥´¨Ö
”μ±±¥· Ä�² ´±  ¸μ¤¥·¦¨É ¨´Ëμ·³ Í¨Õ μ ¸·¥¤´¨Ì §´ Î¥´¨ÖÌ ¨ Ë²Ê±ÉÊ -
Í¨ÖÌ ¤¨´ ³¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ. ‘·¥¤´¨¥ §´ Î¥´¨Ö Ê¤μ¢²¥É¢μ·ÖÕÉ Ê· ¢´¥´¨Õ
�ÓÕÉμ´  ¸ ¸¨² ³¨ É·¥´¨Ö. ‚ · ³± Ì μ¤´μÎ ¸É¨Î´ÒÌ ³μ¤¥²¥° [77Ä79] ¢Ò-
Î¨¸²Ö²¨¸Ó É· ´¸¶μ·É´Ò¥ ±μÔËË¨Í¨¥´ÉÒ ¤²Ö Ê· ¢´¥´¨Ö ”μ±±¥· Ä�² ´±  ¨²¨
³ ¸É¥·-Ê· ¢´¥´¨Ö, μ¶¨¸Ò¢ ÕÐ¥£μ ¶¥·¥´μ¸ ³ ¸¸Ò ¨ § ·Ö¤ , Ô´¥·£¨¨ ¨ Ê£²μ¢μ£μ
³μ³¥´É . �μ¸±μ²Ó±Ê ¶μ¤Ìμ¤ [77] ´¥ ¨¸¶μ²Ó§Ê¥É É¥μ·¨Õ ¢μ§³ÊÐ¥´¨Ö ¢ ¶·μÉ¨-
¢μ¶μ²μ¦´μ¸ÉÓ ³μ¤¥²Ö³ [79Ä85], £¤¥ ¸¢Ö§Ó ³¥¦¤Ê ±μ²²¥±É¨¢´Ò³¨ ¨ ¢´ÊÉ·¥´-
´¨³¨ ¤¢¨¦¥´¨Ö³¨ μ¶¨¸Ò¢ ¥É¸Ö ´¥ ¸ ³μ¸μ£² ¸μ¢ ´´μ,   Éμ²Ó±μ ¢ ¸·¥¤´¥³ ¨ ¢
¶¥·¢μ³ ¶μ·Ö¤±¥ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨Ö (¶·¥¤¥² ¸² ¡μ° ¸¢Ö§¨), É· ´¸¶μ·É´Ò¥ ±μ-
ÔËË¨Í¨¥´ÉÒ ¢ ÔÉ¨Ì ¶μ¤Ìμ¤ Ì ¸¨²Ó´μ · §²¨Î ÕÉ¸Ö. ‚μ ¢¸¥Ì ÔÉ¨Ì ³μ¤¥²ÖÌ ¢´Ê-
É·¥´´ÖÖ ¸¨¸É¥³  μ¶¨¸Ò¢ ¥É¸Ö ± ± ¸Ê³³  ´¥§ ¢¨¸¨³ÒÌ ¢´ÊÉ·¥´´¨Ì ¶μ¤¸¨¸É¥³
± ¦¤μ£μ ¨§ Ö¤¥·, É. ¥. ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ¶ ·É´¥·Ò ·¥ ±Í¨¨ ¸μÌ· ´ÖÕÉ ¸¢μÕ
¨´¤¨¢¨¤Ê ²Ó´μ¸ÉÓ. ‚²¨Ö´¨¥ ¸É·Ê±ÉÊ·Ò ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Ö¤¥· ¶·μÖ¢²Ö¥É¸Ö
¢ § ¢¨¸¨³μ¸É¨ É· ´¸¶μ·É´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ μÉ ¶²μÉ´μ¸É¨ μ¤´μÎ ¸É¨Î´ÒÌ
Ê·μ¢´¥°. ‚ · ¡μÉ Ì [72, 77, 80Ä85], Î ¸ÉÓ ¨§ ±μÉμ·ÒÌ ¢Ò¶μ²´¥´  ¢ �ˆŸˆ,
ÊÎ¨ÉÒ¢ ÕÉ¸Ö ´¥±μ£¥·¥´É´Ò¥ Î ¸É¨Î´μ-¤Ò·μÎ´Ò¥ ¢μ§¡Ê¦¤¥´¨Ö ¨ μ¡³¥´ ´Ê±²μ-
´ ³¨ ³¥¦¤Ê Ö¤· ³¨, ¢Ò§¢ ´´Ò¥ ´¥¤¨ £μ´ ²Ó´Ò³¨ ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨
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μ¤´μÎ ¸É¨Î´μ£μ ¶μÉ¥´Í¨ ² . Œμ¤¥²Ó [79] · ¸¸³ É·¨¢ ¥É Éμ²Ó±μ μ¡³¥´ ´Ê±²μ-
´ ³¨ ¨ Ö¢²Ö¥É¸Ö ³¨±·μ¸±μ¶¨Î¥¸±¨³  ´ ²μ£μ³ ±² ¸¸¨Î¥¸±μ° ± ·É¨´Ò μ¡³¥´ 
Î ¸É¨Í ³¨ Î¥·¥§ μ±´μ ¢ Ìμ¤¥ ¸Éμ²±´μ¢¥´¨Ö Ö¤¥· (³μ¤¥²Ó ®¡²¨§μ¸É¨¯ [86]).
‘É É¨¸É¨Î¥¸± Ö £¨¶μÉ¥§  ¢Ìμ¤¨É ¢ ÔÉ¨ ³μ¤¥²¨ ¢³¥¸É¥ ¸ ¶·¥¤¶μ²μ¦¥´¨¥³ μ
¡Ò¸É·μ° Ì μÉ¨§ Í¨¨ ¤¢¨¦¥´¨° ´Ê±²μ´μ¢ ¢ ± ¦¤μ³ ¨§ Ö¤¥·. ˆ´É·¨£Ê¥É ¶·μ-
¸ÉμÉ  ³μ¤¥²¥° [79,80,82Ä85] ¨ Ê¸¶¥Ì ¢ μ¶¨¸ ´¨¨ ¶μÉ¥·Ó ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨
(Ëμ·³Ê²  ®μ±´ ¯) ¨ Ï¨·¨´ ³ ¸¸μ¢ÒÌ (§ ·Ö¤μ¢ÒÌ) · ¸¶·¥¤¥²¥´¨° ¶·μ¤Ê±Éμ¢
·¥ ±Í¨° ³´μ£μ´Ê±²μ´´ÒÌ ¶¥·¥¤ Î.

‚ É¥μ·¨¨ ²¨´¥°´μ£μ μÉ±²¨±  [74, 87] ¨¸¶μ²Ó§ÊÕÉ ¶·¥¤¶μ²μ¦¥´¨¥ μ Éμ³,
ÎÉμ ¢ ± ¦¤μ° ÉμÎ±¥ ±² ¸¸¨Î¥¸±μ° É· ¥±Éμ·¨¨ ¢´ÊÉ·¥´´ÖÖ ¸¨¸É¥³  ¡²¨§±  ±
É¥·³μ¤¨´ ³¨Î¥¸±μ³Ê · ¢´μ¢¥¸¨Õ. ’μ£¤  ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ μÉ±²μ´¥´¨¥ ³ -
É·¨ÍÒ ¶²μÉ´μ¸É¨ ¢´ÊÉ·¥´´¥° ¸¨¸É¥³Ò μÉ · ¢´μ¢¥¸´μ° ¶μ É¥μ·¨¨ ¢μ§³ÊÐ¥-
´¨Ö. ’¥μ·¨Ö ²¨´¥°´μ£μ μÉ±²¨±  ¸Ëμ·³Ê²¨·μ¢ ´  ¢ ±¢ §¨ ¤¨ ¡ É¨Î¥¸±μ³
¶·¥¤¸É ¢²¥´¨¨ (¶·¥¤¥² ¸² ¡μ° ¸¢Ö§¨), É. ¥. ³μ¤¥²Ó ¢¥·´  Éμ²Ó±μ ¤²Ö ³ ²ÒÌ
±μ²²¥±É¨¢´ÒÌ ¸±μ·μ¸É¥°. ‚μ§¡Ê¦¤¥´¨¥ ¢´ÊÉ·¥´´¥° ¸¨¸É¥³Ò (´¥±μ£¥·¥´É´Ò¥
Î ¸É¨Î´μ-¤Ò·μÎ´Ò¥ ¢μ§¡Ê¦¤¥´¨Ö ¢ ¤¢ÊÌÍ¥´É·μ¢μ³ ¶μÉ¥´Í¨ ²¥) ¢Ò§Ò¢ ¥É¸Ö § 
± ¦¤Ò° ¡¥¸±μ´¥Î´μ ³ ²Ò° ¶·μ³¥¦ÊÉμ± ¢·¥³¥´¨ ¨§³¥´¥´¨¥³ ¸·¥¤´¥£μ ¶μ²Ö
¤¢μ°´μ° Ö¤¥·´μ° ¸¨¸É¥³Ò. ‚ ± Î¥¸É¢¥ ±μ²²¥±É¨¢´ÒÌ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò ¢ ¤ ´-
´μ° ³μ¤¥²¨ ÊÎ¨ÉÒ¢ ÕÉ¸Ö μÉ´μ¸¨É¥²Ó´μ¥ ¤¢¨¦¥´¨¥ Ö¤¥·, ³ ¸¸μ¢ Ö (§ ·Ö¤μ¢ Ö)
 ¸¨³³¥É·¨Ö, Ëμ·³  Ö¤¥·. ‘¢Ö§Ó ³ ±·μ¸±μ¶¨Î¥¸±¨Ì ¨ ³¨±·μ¸±μ¶¨Î¥¸±¨Ì ¸É¥-
¶¥´¥° ¸¢μ¡μ¤Ò μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶μ¸·¥¤¸É¢μ³ É¥´§μ·  É·¥´¨Ö. �·¨Î¥³ É·¥´¨¥
¨ ±μÔËË¨Í¨¥´É ¤¨ËËÊ§¨¨ ¸¢Ö§ ´Ò ¸μμÉ´μÏ¥´¨¥³ �°´ÏÉ¥°´ . „¨¸¸¨¶ Í¨Ö ¢
É¥μ·¨¨ ²¨´¥°´μ£μ μÉ±²¨±  Ö¢²Ö¥É¸Ö ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±μ° ¢¥·¸¨¥° ±² ¸¸¨-
Î¥¸±μ£μ μ¤´μÉ¥²Ó´μ£μ É·¥´¨Ö (Ëμ·³Ê²  ®¸É¥´±¨¯). �¥μ¡· É¨³μ¸ÉÓ ¤¢¨¦¥´¨Ö
¢μ§´¨± ¥É ¢ ·¥§Ê²ÓÉ É¥ ¶¥·¥Ìμ¤  ± ³ ±·μ¸±μ¶¨Î¥¸±μ³Ê ¶·¥¤¥²Ê ¢ ¸¨¸É¥³¥ ´¥-
§ ¢¨¸¨³ÒÌ Î ¸É¨Í.

�¡ÒÎ´μ ¶·¥¤¶μ² £ ÕÉ, ÎÉμ μ¡· §μ¢ ¢Ï Ö¸Ö ¤¢μ°´ Ö Ö¤¥·´ Ö ¸¨¸É¥³  ¸¨²Ó-
´μ ¢μ§¡Ê¦¤ ¥É¸Ö ¨ ²μ± ²Ó´μ¥ · ¢´μ¢¥¸¨¥ ·¥ ²¨§Ê¥É¸Ö ¢ É¥Î¥´¨¥ μÎ¥´Ó ±μ·μÉ-
±μ£μ ¨´É¥·¢ ²  ¢·¥³¥´¨. �Éμ Ìμ·μÏ¥¥ ¶·¨¡²¨¦¥´¨¥ ¤²Ö ±μ´¥Î´μ° ¸É ¤¨¨ ·¥-
 ±Í¨¨, ´μ μ´μ ³μ¦¥É ¡ÒÉÓ ´¥±μ··¥±É´μ ¶·¨ μ¶¨¸ ´¨¨ μÉ´μ¸¨É¥²Ó´μ ¡Ò¸É·μ°
´ Î ²Ó´μ° ¸É ¤¨¨. � ¸Î¥ÉÒ ¶μ± §Ò¢ ÕÉ, ÎÉμ ´  ´ Î ²Ó´μ° ¸É ¤¨¨ £²Ê¡μ±μ´¥-
Ê¶·Ê£¨Ì ¸Éμ²±´μ¢¥´¨° ¸ ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ ¤μ³¨´¨·ÊÕÉ ¸¨²Ó´Ò¥ ±μ£¥·¥´É´Ò¥
¢μ§¡Ê¦¤¥´¨Ö, ±μÉμ·Ò¥ · ¸¶ ¤ ÕÉ¸Ö ´  ´¥±μ£¥·¥´É´Ò¥ ¸²μ¦´Ò¥ ¸μ¸ÉμÖ´¨Ö ¢
É¥Î¥´¨¥ ¢·¥³¥´¨ Ê¸É ´μ¢²¥´¨Ö ²μ± ²Ó´μ£μ · ¢´μ¢¥¸¨Ö. „²Ö ÊÎ¥É  ´¥¸É É¨¸É¨-
Î¥¸±μ° ´ Î ²Ó´μ° Ë §Ò ¸Éμ²±´μ¢¥´¨Ö ¢ · ¡μÉ¥ [88] ¡Ò²μ ¶μ²ÊÎ¥´μ ³μ¤¨Ë¨-
Í¨·μ¢ ´´μ¥ Ê· ¢´¥´¨¥ ”μ±±¥· Ä�² ´± .

‚ ³μ¤¥²¨ ®¤¨¸¸¨¶ É¨¢´μ° ¤¨ ¡ É¨Î¥¸±μ° ¤¨´ ³¨±¨¯ [89] É ±¦¥ ÊÎ¨ÉÒ-
¢ ²¨¸Ó ±μ£¥·¥´É´Ò¥ ¢μ§¡Ê¦¤¥´¨Ö ¨ ÔËË¥±ÉÒ ¶ ³ÖÉ¨ ´  ´ Î ²Ó´μ° ¸É ¤¨¨
·¥ ±Í¨¨. ‚ · ¡μÉ¥ [25], ´ μ¡μ·μÉ, ¶·¥¤¶μ² £ ²μ¸Ó, ÎÉμ ´  ¸É ¤¨¨ ¶μ¤²¥É 
Ö¤¥· ¤·Ê£ ± ¤·Ê£Ê ¸ÊÐ¥¸É¢¥´´Ò ´¥±μ£¥·¥´É´Ò¥ μ¤´μÎ ¸É¨Î´Ò¥ ¢μ§¡Ê¦¤¥´¨Ö,
¨ ¤²Ö · ¸Î¥É  É· ´¸¶μ·É´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¤¨´ ³¨Î¥¸±¨¥
Î¨¸²  § ¶μ²´¥´¨Ö μ¤´μÎ ¸É¨Î´ÒÌ ¸μ¸ÉμÖ´¨° ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Ö¤¥·.
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‚ ³μ¤¥²¨, ¶·¥¤²μ¦¥´´μ° ´  μ¸´μ¢¥ ±μ´Í¥¶Í¨¨ ¤¢μ°´μ° Ö¤¥·´μ° ¸¨¸É¥³Ò,
· §· ¡μÉ ´´μ° ¢ �ˆŸˆ ‚.‚. ‚μ²±μ¢Ò³, ¶·μÍ¥¸¸Ò ¶μ²´μ£μ ¸²¨Ö´¨Ö ¨ ±¢ §¨¤¥-
²¥´¨Ö (· ¸¶ ¤ ¤¢μ°´μ° Ö¤¥·´μ° ¸¨¸É¥³Ò) · ¸¸³ É·¨¢ ÕÉ¸Ö ± ± ¤¨ËËÊ§¨μ´´Ò¥
¶·μÍ¥¸¸Ò ¶μ ±μ²²¥±É¨¢´Ò³ ±μμ·¤¨´ É ³ ³ ¸¸μ¢μ° (§ ·Ö¤μ¢μ°)  ¸¨³³¥É·¨¨
η = (A1 − A2)/(A1 + A2) (ηz = (Z1 − Z2)/(Z1 + Z2)), £¤¥ Ai (Zi) Å ³ ¸-
¸μ¢μ¥ (§ ·Ö¤μ¢μ¥) Î¨¸²μ i-£μ ±² ¸É¥· , ¨ μÉ´μ¸¨É¥²Ó´μ£μ · ¸¸ÉμÖ´¨Ö R ³¥¦¤Ê
Í¥´É· ³¨ ³ ¸¸ Ö¤¥· ¸μμÉ¢¥É¸É¢¥´´μ [28, 90Ä97]. ‘μ¸É ¢´μ¥ Ö¤·μ μ¡· §Ê¥É¸Ö
¶μ¸·¥¤¸É¢μ³ ¤¨ËËÊ§¨¨ ´Ê±²μ´μ¢ ¨§ ²¥£±μ£μ Ö¤·  ¢ ÉÖ¦¥²μ¥ Ö¤·μ. ‚ ¸¨²Ê ¸É -
É¨¸É¨Î¥¸±μ£μ Ì · ±É¥·  Ô¢μ²ÕÍ¨¨ ¢ ³ ¸¸¨¢´ÒÌ ¤¢μ°´ÒÌ Ö¤¥·´ÒÌ ¸¨¸É¥³ Ì
¢μ§´¨± ¥É ±μ´±Ê·¥´Í¨Ö ³¥¦¤Ê ± ´ ² ³¨ ¶μ²´μ£μ ¸²¨Ö´¨Ö ¨ ±¢ §¨¤¥²¥´¨Ö.
�É  ±μ´±Ê·¥´Í¨Ö ³μ¦¥É ¸¨²Ó´μ Ê³¥´ÓÏ¨ÉÓ ¸¥Î¥´¨¥ ¸²¨Ö´¨Ö ¸ Ê³¥´ÓÏ¥´¨¥³
 ¸¨³³¥É·¨¨ ¢μ ¢Ìμ¤´μ³ ± ´ ²¥, ÎÉμ ¶·¥±· ¸´μ ¸μ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´Éμ³.
„²Ö · ¸Î¥É  ¸¥Î¥´¨Ö ¸²¨Ö´¨Ö ¡Ò²μ ¨¸¶μ²Ó§μ¢ ´μ ±¢ §¨¸É Í¨μ´ ·´μ¥ ·¥Ï¥-
´¨¥ ¤¢Ê³¥·´μ£μ (¶μ ±μμ·¤¨´ É ³ η ¨ R) ¤¨ËËÊ§¨μ´´μ£μ Ê· ¢´¥´¨Ö ”μ±±¥· Ä
�² ´±  [98]. „¨¸¸¨¶ É¨¢´μ¥ ±μ²²¥±É¨¢´μ¥ Ö¤¥·´μ¥ ¤¢¨¦¥´¨¥ ¡μ²ÓÏμ°  ³-
¶²¨ÉÊ¤Ò, ±μÉμ·μ¥ ¶·μ¨¸Ìμ¤¨É ¶·¨ ¸²¨Ö´¨¨ ¨ ±¢ §¨¤¥²¥´¨¨, ¡Ò²μ É ±¦¥ ¶·μ-
 ´ ²¨§¨·μ¢ ´μ ¢ · ³± Ì É· ´¸¶μ·É´μ° É¥μ·¨¨ ¶·¨ ·¥Ï¥´¨¨ ¤¢Ê³¥·´μ£μ (¶μ
±μμ·¤¨´ É ³ η ¨ ηz) ³ ¸É¥·-Ê· ¢´¥´¨Ö ¤²Ö ¶·¨¢¥¤¥´´μ° ³ É·¨ÍÒ ¶²μÉ´μ¸É¨
¸ ÊÎ¥Éμ³ ¶·μÍ¥¸¸  · ¸¶ ¤  ¤¢μ°´μ° Ö¤¥·´μ° ¸¨¸É¥³Ò [29]. ‚ ÔÉμ° ³μ¤¥²¨
Ê¤ ²μ¸Ó ¢¶¥·¢Ò¥ μ¶¨¸ ÉÓ ¨ ¶·¥¤¸± § ÉÓ ¸¥Î¥´¨Ö μ¡· §μ¢ ´¨Ö É· ´¸ ±É¨´¨¤-
´ÒÌ ¨ ¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éμ¢, ³ ¸¸μ¢Ò¥ ¨ Ô´¥·£¥É¨Î¥¸±¨¥ · ¸¶·¥¤¥²¥´¨Ö
¶·μ¤Ê±Éμ¢ ±¢ §¨¤¥²¥´¨Ö. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ ¨ ¤·Ê£¨¥ ³μ¤¥²¨ ¸²¨Ö´¨Ö [99], ¢
±μÉμ·ÒÌ ¨¸¶μ²Ó§μ¢ ´Ò ¸ÉμÌ ¸É¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö ¨ £¤¥ μ¸´μ¢´μ° ±μ²²¥±É¨¢-
´μ° ¶¥·¥³¥´´μ°, μÉ¢¥É¸É¢¥´´μ° §  ¶μ²´μ¥ ¸²¨Ö´¨¥, Ö¢²Ö¥É¸Ö ³¥¦Í¥´É·μ¢μ¥
· ¸¸ÉμÖ´¨¥ ¨²¨ Ê¤²¨´¥´¨¥ ¸¨¸É¥³Ò.

•μÉÖ ¸ÉμÌ ¸É¨Î¥¸±¨° ¶μ¤Ìμ¤, μ¸´μ¢ ´´Ò° ´  ¤¨ËËÊ§¨μ´´μ³ Ê· ¢´¥´¨¨
”μ±±¥· Ä�² ´± , Ê¸¶¥Ï´μ ¶·¨³¥´Ö²¸Ö ¤²Ö ·¥Ï¥´¨Ö ³´μ£¨Ì § ¤ Î ±μ²²¥±-
É¨¢´μ° Ö¤¥·´μ° ¤¨´ ³¨±¨ [26, 57, 78, 100Ä104], ¶·¥¤¶μÎÉ¥´¨¥, É¥³ ´¥ ³¥´¥¥,
μÉ¤ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ´¨Õ Ê· ¢´¥´¨° ‹ ´¦¥¢¥´ , ¶μ¸±μ²Ó±Ê ÉμÎ´μ¥ ·¥Ï¥´¨¥
Ê· ¢´¥´¨Ö ”μ±±¥· Ä�² ´±  μ£· ´¨Î¥´μ ³ ²μ° · §³¥·´μ¸ÉÓÕ Ë §μ¢μ£μ ¶·μ-
¸É· ´¸É¢  [57, 100] ¨ Î ¸Éμ É·¥¡Ê¥É ¨¸¶μ²Ó§μ¢ ´¨Ö · §²¨Î´ÒÌ ¶·¨¡²¨¦¥´¨°:
³¥Éμ¤  £²μ¡ ²Ó´μ£μ ³μ³¥´É´μ£μ ¶·¨¡²¨¦¥´¨Ö ¨²¨ ·¥¤ÊÍ¨·μ¢ ´´μ£μ ¶·μ¶ -
£ Éμ·  [26]. ‚ Éμ ¦¥ ¢·¥³Ö Ê· ¢´¥´¨Ö ‹ ´¦¥¢¥´  ³μ£ÊÉ ¡ÒÉÓ ·¥Ï¥´Ò Î¨-
¸²¥´´μ ¡¥§ ¶·¨¢²¥Î¥´¨Ö ¤μ¶μ²´¨É¥²Ó´ÒÌ Ê¶·μÐ¥´¨°, ¢ Éμ³ Î¨¸²¥ ¨ ¤²Ö ³´μ-
£μ³¥·´μ£μ ¸²ÊÎ Ö. ‚ ±¨´¥É¨Î¥¸±μ° É¥μ·¨¨ ³¥Éμ¤ ‹ ´¦¥¢¥´  §´ Î¨É¥²Ó´μ
Ê¶·μÐ ¥É ¢ÒÎ¨¸²¥´¨¥ ´¥· ¢´μ¢¥¸´ÒÌ ±¢ ´Éμ¢ÒÌ ¨ É¥¶²μ¢ÒÌ Ë²Ê±ÉÊ Í¨° ¨
μ¡¥¸¶¥Î¨¢ ¥É Ö¸´ÊÕ ± ·É¨´Ê ± ± ³ ·±μ¢¸±μ°, É ± ¨ ´¥³ ·±μ¢¸±μ° ¤¨´ ³¨±¨
¶·μÍ¥¸¸  [4Ä11].

•μÉÖ ³´μ£¨¥ ¸¢μ°¸É¢  ¤¥²¥´¨Ö ¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³¥ÕÉ ±¢ ´Éμ¢ÊÕ ¶·¨-
·μ¤Ê, ¢μ ³´μ£¨Ì ¨¸¸²¥¤μ¢ ´¨ÖÌ ´  μ¸´μ¢¥ É· ´¸¶μ·É´ÒÌ ³μ¤¥²¥° ±¢ ´Éμ¢Ò¥
¸É É¨¸É¨Î¥¸±¨¥ ÔËË¥±ÉÒ ¨£´μ·¨·ÊÕÉ¸Ö ¨ ¨¸¶μ²Ó§Ê¥É¸Ö ±² ¸¸¨Î¥¸±μ¥ μ¶¨¸ -
´¨¥, ¢ ±μÉμ·μ³ ±μÔËË¨Í¨¥´ÉÒ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨ ¸¢Ö§ ´Ò Î¥·¥§ ±² ¸¸¨Î¥-
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¸±μ¥ Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ Í¨μ´´μ¥ ¸μμÉ´μÏ¥´¨¥. � ¶·¨³¥·, ¢²¨Ö´¨¥ ·¥-
² ±¸ Í¨μ´´ÒÌ ÔËË¥±Éμ¢ ´  ¢·¥³¥´´ÊÕ § ¢¨¸¨³μ¸ÉÓ Ï¨·¨´Ò ¤¥²¥´¨Ö ¨§Ê-
Î¥´μ ²¨ÏÓ ´  μ¸´μ¢¥ ±² ¸¸¨Î¥¸±¨Ì Ê· ¢´¥´¨° ”μ±±¥· Ä�² ´±  ¨ ‹ ´¦¥-
¢¥´  [26,27,32]. � ¸¸³μÉ·¥´¨¥ § ÉÊÌ ´¨Ö ¨ Ë²Ê±ÉÊ Í¨° ¢ ±μ²²¥±É¨¢´μ° ±¢ ´-
Éμ¢μ° ¸¨¸É¥³¥ ¢ μ¸´μ¢´μ³ μ£· ´¨Î¨¢ ²μ¸Ó ³ ·±μ¢¸±¨³ ¶·¥¤¥²μ³ (³£´μ¢¥´´ Ö
¤¨¸¸¨¶ Í¨Ö, £ Ê¸¸μ¢¸±¨¥ ¤¥²ÓÉ -±μ··¥²¨·μ¢ ´´Ò¥ Ë²Ê±ÉÊ Í¨¨) ¨ ¶·¥¤¥²μ³
¸² ¡μ° ¸¢Ö§¨ ¨²¨ ¢Ò¸μ±¨Ì É¥³¶¥· ÉÊ·. �¥²μ± ²Ó´μ¸ÉÓ ¤¨¸¸¨¶ Í¨¨ μ¡ÒÎ´μ
´¥ ¶·¨´¨³ ² ¸Ó ¢μ ¢´¨³ ´¨¥ ¶·¨ μ¶¨¸ ´¨¨ ·¥ ±Í¨° ¸ ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ ¨
¤¥²¥´¨Ö.

„μ ´¥¤ ¢´¥£μ ¢·¥³¥´¨ ¸Î¨É ²μ¸Ó, ÎÉμ ¶·μÍ¥¸¸ ¤¥²¥´¨Ö Ö¢²Ö¥É¸Ö ³ ·±μ¢-
¸±¨³: ¢·¥³Ö ·¥² ±¸ Í¨¨ μ¤´μÎ ¸É¨Î´μ° ¶μ¤¸¨¸É¥³Ò § ³¥É´μ ³¥´ÓÏ¥ Ì · ±-
É¥·´μ£μ ¢·¥³¥´¨ ±μ²²¥±É¨¢´μ£μ ¤¢¨¦¥´¨Ö. ‚ ÔÉμ³ ¸²ÊÎ ¥ ±μ²²¥±É¨¢´μ¥ ¤¢¨-
¦¥´¨¥ ¶μ¤¢¥·¦¥´μ ¡·μÊ´μ¢¸±μ³Ê ÏÊ³Ê, ¸¢Ö§ ´´μ³Ê ¸ ¤¨ËËÊ§¨¥° ¶μ Ô´¥·£¥-
É¨Î¥¸±¨³ ¶μ¢¥·Ì´μ¸ÉÖ³, μÉ¢¥Î ÕÐ¨³ · §²¨Î´Ò³ Î ¸É¨Î´μ-¤Ò·μÎ´Ò³ ±μ´Ë¨-
£Ê· Í¨Ö³. �μ ¢ · ¡μÉ¥ [36] μÉ³¥Î ²μ¸Ó, ÎÉμ ®¸μ¡¸É¢¥´´μ ¡·μÊ´μ¢¸±μ¥ ¤¢¨¦¥-
´¨¥ Ö¢²Ö¥É¸Ö ¸É·μ£μ £μ¢μ·Ö, ´¥³ ·±μ¢¸±¨³: Î ¸É¨Í  ¢μ§¡Ê¦¤ ¥É ¢ ¸·¥¤¥ ¸² ¡μ
§ ÉÊÌ ÕÐ¨¥ Ê¶·Ê£¨¥ ¢μ²´Ò, ±μÉμ·Ò¥ ¤¥°¸É¢ÊÕÉ ´  ¥¥ ¶μ¸²¥¤ÊÕÐ¥¥ ¤¢¨¦¥-
´¨¥ (¢Ö§±μ¥ ¶μ¸²¥¤¥°¸É¢¨¥)¯. �¥Ï Ö Ê· ¢´¥´¨¥ ‹ ´¦¥¢¥´  ¸ § ¶ §¤Ò¢ ÕÐ¨³
É·¥´¨¥³, ¢ · ¡μÉ¥ [105]  ¢Éμ·Ò ¶μ± § ²¨, ÎÉμ ¨§-§  ÔËË¥±Éμ¢ ¶ ³ÖÉ¨ ¢·¥³Ö
¸¶Ê¸±  ¸ ¸¥¤²  ¤μ · §·Ò¢  ¢μ§· ¸É ¥É ¶·¨¡²¨§¨É¥²Ó´μ ¢ É·¨ · §  ¨ ¶μ²´ Ö
±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö μ¸±μ²±μ¢ § ³¥É´μ Ê³¥´ÓÏ ¥É¸Ö ¶·¨ ¤¥²¥´¨¨ 236U. �μ-
ÔÉμ³Ê ±μ²¨Î¥¸É¢¥´´Ò¥ μÍ¥´±¨ ¢Ö§±μ¸É¨, ¢ Î ¸É´μ¸É¨ μ¤´μÉ¥²Ó´μ°, ¢ · ³± Ì
´¥³ ·±μ¢¸±μ° ³μ¤¥²¨ ³μ£ÊÉ ¸ÊÐ¥¸É¢¥´´μ μÉ²¨Î ÉÓ¸Ö μÉ É¥Ì, ±μÉμ·Ò¥ ¶μ²Ê-
Î¥´Ò ¢ ¶·¥¤¶μ²μ¦¥´¨¨ ³ ·±μ¢¸±μ£μ Ì · ±É¥·  ¤¨´ ³¨±¨ ¤¥²¥´¨Ö.

„μ ¸¨Ì ¶μ· ´¥É ³μ¤¥²¨, ±μÉμ· Ö ÊÎ¨ÉÒ¢ ²  ¡Ò ¢¸¥ ±¢ ´Éμ¢Ò¥ ÔËË¥±ÉÒ
¨ ÔËË¥±ÉÒ ´¥³ ·±μ¢μ¸É¨ ¶·¨ ¶·μÌμ¦¤¥´¨¨ ¶μÉ¥´Í¨ ²Ó´μ£μ ¡ ·Ó¥· . �μ¤¡ -
·Ó¥·´Ò¥ ¶·μÍ¥¸¸Ò ¨£· ÕÉ ¢ ¦´ÊÕ ·μ²Ó, ´ ¶·¨³¥·, ¢ § Ì¢ É¥ ´ ²¥É ÕÐ¥£μ
Ö¤·  Ö¤·μ³-³¨Ï¥´ÓÕ ¶·¨ Ô´¥·£¨ÖÌ μ±μ²μ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥·  ¨²¨ ¢ ¸¶μ´-
É ´´μ³ ¤¥²¥´¨¨. ˆ§ÊÎ¥´¨¥ ¶μ¢¥¤¥´¨Ö ¤¨¸¸¨¶ É¨¢´μ° ±¢ ´Éμ¢μ° ´¥³ ·±μ¢¸±μ°
¸¨¸É¥³Ò ¢´¥ ¶·¥¤¥²  ¸² ¡μ° ¸¢Ö§¨ ¨²¨ ¢Ò¸μ±¨Ì É¥³¶¥· ÉÊ· ¢Ò§¢ ²μ ¡μ²Ó-
Ïμ° ¨´É¥·¥¸ ± ÉμÎ´μ ·¥Ï ¥³Ò³ ³μ¤¥²Ö³ [11, 13, 106Ä108]. ‚ ÔÉ¨Ì ³μ¤¥²ÖÌ
¢´ÊÉ·¥´´ÖÖ ¶μ¤¸¨¸É¥³  ¶·¥¤¸É ¢²Ö¥É¸Ö ´ ¡μ·μ³ £ ·³μ´¨Î¥¸±¨Ì μ¸Í¨²²ÖÉμ·μ¢,
¢§ ¨³μ¤¥°¸É¢¨¥ ±μÉμ·ÒÌ ¸ ±μ²²¥±É¨¢´μ° ¶μ¤¸¨¸É¥³μ° £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²-
²ÖÉμ·  μ¸ÊÐ¥¸É¢²Ö¥É¸Ö Î¥·¥§ ²¨´¥°´ÊÕ ¸¢Ö§Ó ³¥¦¤Ê ±μμ·¤¨´ É ³¨. �²μÉ´μ¸ÉÓ
μ¸Í¨²²ÖÉμ·μ¢ ¨ ±μ´¸É ´ÉÒ ¸¢Ö§¨ ³¥¦¤Ê ¢´ÊÉ·¥´´¥° ¨ ±μ²²¥±É¨¢´μ° ¶μ¤¸¨¸É¥-
³ ³¨ ¢Ò¡¨· ÕÉ¸Ö É ±¨³¨, ÎÉμ¡Ò Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¤²Ö ¸·¥¤´¨Ì ¶·¨´¨³ ²¨
±² ¸¸¨Î¥¸±¨° ¢¨¤.

’¥μ·¨Ö μÉ±·ÒÉÒÌ ±¢ ´Éμ¢ÒÌ ¸¨¸É¥³ Ìμ·μÏμ ¶μ¤Ìμ¤¨É ¤²Ö · ¸¸³μÉ·¥-
´¨Ö ¤¨¸¸¨¶ Í¨¨ ¨ ¤¨ËËÊ§¨¨ ¢ ¤¥²¥´¨¨ ¨ ¸²¨Ö´¨¨. ‘·¥¤¨ ±¢ ´Éμ¢ÒÌ É· ´¸-
¶μ·É´ÒÌ Ê· ¢´¥´¨° ³μ¦´μ μÉ³¥É¨ÉÓ Ë¥´μ³¥´μ²μ£¨Î¥¸±μ¥ Ê· ¢´¥´¨¥ ‹¨´¤-
¡² ¤  [109Ä111]. ‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ê· ¢´¥´¨Ö ‹¨´¤¡² ¤  ¢ · ¡μÉ Ì [112],
¢Ò¶μ²´¥´´ÒÌ ¢ �ˆŸˆ, ¡Ò² · ¸¸³μÉ·¥´ ¶·μÍ¥¸¸ ¶·μÌμ¦¤¥´¨Ö ¶μÉ¥´Í¨ ²Ó´μ£μ
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¡ ·Ó¥·  ¢ § ¢¨¸¨³μ¸É¨ μÉ ¢¥²¨Î¨´ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢. �¥§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 ±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.

„ ´´ Ö · ¡μÉ  ¨³¥¥É Í¥²ÓÕ ¤²Ö μ¶¨¸ ´¨Ö ±μ²²¥±É¨¢´μ° Ö¤¥·´μ° ¤¨´ -
³¨±¨ ¡μ²ÓÏμ°  ³¶²¨ÉÊ¤Ò ¢ ·¥ ±Í¨ÖÌ ¸²¨Ö´¨Ö, ±¢ §¨¤¥²¥´¨Ö, ¤¥²¥´¨Ö ¨ ³´μ-
£μ´Ê±²μ´´ÒÌ ¶¥·¥¤ Î ´ °É¨ ¶μ¤Ìμ¤ÖÐ¨° ³¨±·μ¸±μ¶¨Î¥¸±¨° £ ³¨²ÓÉμ´¨ ´
¸¨¸É¥³Ò ¨ ¶μ²ÊÎ¨ÉÓ μ¡μ¡Ð¥´´Ò¥ ´¥³ ·±μ¢¸±¨¥ ±¢ ´Éμ¢Ò¥ Ê· ¢´¥´¨Ö ‹ ´¦¥-
¢¥´  ¤²Ö ·¥²¥¢ ´É´ÒÌ ±μ²²¥±É¨¢´ÒÌ ±μμ·¤¨´ É. �É¨ Ê· ¢´¥´¨Ö ¤μ²¦´Ò Ê¤μ-
¢²¥É¢μ·ÖÉÓ ±¢ ´Éμ¢Ò³ Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ Í¨μ´´Ò³ ¸μμÉ´μÏ¥´¨Ö³. � 
μ¸´μ¢¥ Ê· ¢´¥´¨° ‹ ´¦¥¢¥´  ´¥μ¡Ìμ¤¨³μ ´ °É¨ Ô±¢¨¢ ²¥´É´μ¥ ±¢ ´Éμ¢μ¥
¤¨ËËÊ§¨μ´´μ¥ Ê· ¢´¥´¨¥ ¤²Ö ·¥¤ÊÍ¨·μ¢ ´´μ° ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¨²¨ ËÊ´±-
Í¨¨ ‚¨£´¥·  ¸ § ¢¨¸ÖÐ¨³¨ μÉ ¢·¥³¥´¨ ¨ ±μ²²¥±É¨¢´ÒÌ ±μμ·¤¨´ É É· ´¸¶μ·É-
´Ò³¨ ±μÔËË¨Í¨¥´É ³¨. �μ²ÊÎ¥´´Ò¥ Ê· ¢´¥´¨Ö ³μ£ÊÉ ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò ¤²Ö
¨§ÊÎ¥´¨Ö ±¢ ´Éμ¢ÒÌ, ´¥³ ·±μ¢¸±¨Ì ¨ ¤¨¸¸¨¶ É¨¢´ÒÌ ÔËË¥±Éμ¢ ¢ ¶·μÍ¥¸¸ Ì
¸²¨Ö´¨Ö, ¤¥²¥´¨Ö ¨ § Ì¢ É  ¡μ³¡ ·¤¨·ÊÕÐ¥£μ Ö¤·  Ö¤·μ³-³¨Ï¥´ÓÕ. �·¥¤-
¸É ¢²¥´´Ò° Ëμ·³ ²¨§³ ¡Ê¤¥É ¶·¨³¥´¥´ ¤²Ö ¶¥·¥¢¥·´ÊÉμ£μ ¨ £ ·³μ´¨Î¥¸±μ£μ
μ¸Í¨²²ÖÉμ·μ¢ ¨ ¡μ²¥¥ ¸²μ¦´ÒÌ ¶μÉ¥´Í¨ ²μ¢. ‚ ± Î¥¸É¢¥ ¶·¨²μ¦¥´¨° · ¸-
¸³μÉ·¨³ · ¸¶ ¤ ³¥É ¸É ¡¨²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö, ¤¥²¥´¨¥ ¨ ¶·μÍ¥¸¸Ò § Ì¢ É  ¨
¸²¨Ö´¨¥ Ö¤¥·. 
Ê¤¥É ¨¸¸²¥¤μ¢ ´  ·μ²Ó ±¢ ´Éμ¢ÒÌ ¨ ´¥³ ·±μ¢¸±¨Ì ÔËË¥±-
Éμ¢ ¨ ±μμ·¤¨´ É´μ° § ¢¨¸¨³μ¸É¨ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ ¶·¨ ¶·μÌμ-
¦¤¥´¨¨ ¶μÉ¥´Í¨ ²Ó´μ£μ ¡ ·Ó¥·  (¶·¨ · ¸¶ ¤¥ ³¥É ¸É ¡¨²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö).
�¥μ¡Ìμ¤¨³μ ¶μ´ÖÉÓ, ± ± ÔÉ¨ ÔËË¥±ÉÒ ¨§³¥´ÖÕÉ Ì · ±É¥·´Ò¥ ¢·¥³¥´´Ò¥ ³ ¸-
ÏÉ ¡Ò ÔÉ¨Ì ¶·μÍ¥¸¸μ¢. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ ¢μ§³μ¦´μ¥ ¶·¨³¥´¥´¨¥ ¶·¥¤²μ¦¥´-
´μ£μ Ëμ·³ ²¨§³  ¤²Ö μ¶¨¸ ´¨Ö ¶·μÍ¥¸¸  Ö¤¥·´μ° ³Ê²ÓÉ¨Ë· £³¥´É Í¨¨, ·¥²Ö-
É¨¢¨¸É¸±¨Ì Ö¤¥·´ÒÌ ¸Éμ²±´μ¢¥´¨° ¨ ¶·¥¤· ¢´μ¢¥¸´μ° Ô³¨¸¸¨¨ Î ¸É¨Í.

1. Š‚��’�‚�Ÿ �…Œ��Š�‚‘Š�Ÿ „ˆ��ŒˆŠ�

1.1. �¡μ¡Ð¥´´Ò¥ ´¥³ ·±μ¢¸±¨¥ Ê· ¢´¥´¨Ö ‹ ´¦¥¢¥´  (¸²ÊÎ ° ¡μ§μ´-
´μ° ¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥³Ò). �¶·¥¤¥²¨³ ³¨±·μ¸±μ¶¨Î¥¸±¨° £ ³¨²ÓÉμ´¨ ´
H ¶μ²´μ° ¸¨¸É¥³Ò (¢´ÊÉ·¥´´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 [113,114] ¡Ò²
¶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
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¸É¥¶¥´¥° ¸¢μ¡μ¤Ò:

H = Hc + Hb + Hcb, Hc = p
1

2μ(q)
p + U(q), Hb =

∑
ν

�ωνb+
ν bν ,

(1)
Hcb =

∑
ν

Vν(q)(b+
ν + bν) + i

∑
ν

Gν(q, p)(b+
ν − bν).

‡¤¥¸Ó 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¥´¨° ³Ò μ¶Ê¸É¨²¨ §´ ±¨ μ¶¥· Éμ·μ¢. Hc ¨ Hb Ö¢²Ö-
ÕÉ¸Ö £ ³¨²ÓÉμ´¨ ´μ³ ±μ²²¥±É¨¢´μ° ¨ ¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥³ ¸μμÉ¢¥É¸É¢¥´´μ.
Hcb ¢ (1) μ¶¨¸Ò¢ ¥É ¸¢Ö§Ó ±μ²²¥±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 Ô´¥·£¨ÖÌ ¶¥·¢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),

(2)

ṗ =
i

�
[H, p] = −H ′

c,q(q, p) −
∑

ν

V ′
ν,q(b

+
ν + bν) − i

∑
ν

G′
ν,q(b

+
ν − bν),

ḃ+
ν =

i

�
[H, b+

ν ] = iωνb+
ν +

1
�
(iVν(q) + Gν(q, p)),

(3)

ḃν =
i

�
[H, bν ] = −iωνbν +

1
�
(−iVν(q) + Gν(q, p)).

‡¤¥¸Ó ¨¸¶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
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¸²¥¤ÊÕÐ¨¥ ·¥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)],

(4)
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)],

£¤¥

fν(t) =
[
bν(0) +

i

ων
Φ(0)
]

e−iωνt,

Φ(t) =
1
�
[−iVν(q(t)) + Gν(q(t), p(t))],

¢ 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),

(5)

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).

�·¨ ¶μ²ÊÎ¥´¨¨ (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¨.

‚ (5) ±μ²²¥±É¨¢´Ò° £ ³¨²ÓÉμ´¨ ´

H̃c(q, p) = p
1

2μ̃(q)
p + Ũ(q)
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¸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¤·  ¢Ò¤¥²¥´Ò ¢ Î²¥´ Ì, ¶·μ¶μ·-
Í¨μ´ ²Ó´ÒÌ q̇ ¨ ṗ [11,115,116]:

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 ])

]
, (6)

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 ]).

�μ¸±μ²Ó±Ê ÔÉ¨ 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·¥-
´¨¥ Î¥·¥§ μ¶·¥¤¥²¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö ´ Î ²Ó´ÒÌ Ê¸²μ¢¨° ¤²Ö ¢´ÊÉ·¥´´¥° ¸¨-
¸É¥³Ò. ‚ (5) μ¶¥· Éμ·Ò Fq ¨ Fp

Fq(t) =
∑

ν

F ν
q (t) = i

∑
ν

G′
ν,p(t)[f

+
ν (t) − fν(t)],

(7)
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)]

¨£· ÕÉ ·μ²Ó ¸²ÊÎ °´ÒÌ ¸¨² ¶μ ±μμ·¤¨´ É¥ ¨ ¨³¶Ê²Ó¸Ê ¨ § ¢¨¸ÖÉ μÉ q(t),
p(t) ¨ ´ Î ²Ó´ÒÌ Ê¸²μ¢¨° ¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥³Ò. Š ± μ¡ÒÎ´μ, ¢ ¸É É¨¸É¨-
Î¥¸±μ° Ë¨§¨±¥ μ¶¥· Éμ·Ò F ν

q (t) ¨ F ν
p (t) μÉμ¦¤¥¸É¢²ÖÕÉ¸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
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´ 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 [11,115,116]. ‚ 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 (8)

¨ ´¥´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¢ [4, 5, 9]. „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′), (9)

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

£¤¥ 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¥´¨¨ [4]. �´ ²¨É¨Î¥¸±μ¥ ·¥Ï¥´¨¥ ¢μ§³μ¦´μ, ¥¸²¨ § ³¥´¨ÉÓ ¢
Ê· ¢´¥´¨ÖÌ (5) ËÊ´±Í¨μ´ ²Ò μ̃, V ′

ν,q , G′
ν,q ¨ G′

ν,p ¨Ì ¸·¥¤´¨³¨ §´ Î¥´¨Ö³¨,
¸Î¨É Ö ¨Ì ¸² ¡μ ³¥´ÖÕÐ¨³¨ §  ¨´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 ¨Ì ·¥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
μ·¨£¨´ ²μ¢:

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

t∫
0

dτ [Cτ Fq(t − τ) + C̃τFp(t − τ)],

(10)

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

t∫
0

dτ [LτFp(t − τ) + L̃τFq(t − τ)],
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£¤¥ ±μÔËË¨Í¨¥´ÉÒ

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¤¥·. ‘¨³¢μ²Ò 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¦¥³
¢Ò· §¨ÉÓ Î¥·¥§ ±μ·´¨ si Ê· ¢´¥´¨Ö

d(s) ≡ s2(1 + KGV (s))(1 − KV G(s))+

+ (δ̃ + sKV V (s))(1/μ̃ + sKGG(s)) = 0. (11)

1.1.1. ”²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ Í¨μ´´Ò¥ ¸μμÉ´μÏ¥´¨Ö. ”²Ê±ÉÊ Í¨μ´-
´μ-¤¨¸¸¨¶ Í¨μ´´μ¥ ¸μμÉ´μÏ¥´¨¥ ¸¢Ö§Ò¢ ¥É ³ ±·μ¸±μ¶¨Î¥¸±ÊÕ ¢¥²¨Î¨´Ê, μ¶¨-
¸Ò¢ ÕÐÊÕ ¤¨¸¸¨¶ Í¨Õ Ô´¥·£¨¨ ±μ²²¥±É¨¢´μ° ¶μ¤¸¨¸É¥³Ò, ¸ ³¨±·μ¸±μ¶¨Î¥-
¸±μ° Ì · ±É¥·¨¸É¨±μ° ¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥³Ò, ¢Ò· ¦ ÕÐ¥° Ë²Ê±ÉÊ Í¨¨ ¸²Ê-
Î °´ÒÌ ¸¨². ’ ±¨³ μ¡· §μ³, ¤ ´´μ¥ ¸μμÉ´μÏ¥´¨¥ ¸¢Ö§Ò¢ ¥É ´¥· ¢´μ¢¥¸´μ¥
¶μ¢¥¤¥´¨¥ ¸¨¸É¥³Ò ¸ · ¢´μ¢¥¸´μ° ¨²¨ ±¢ §¨· ¢´μ¢¥¸´μ° Ì · ±É¥·¨¸É¨±μ°.
ˆ¸¶μ²Ó§ÊÖ ¸É É¨¸É¨Î¥¸±¨¥ ¸¢μ°¸É¢  (8) ¨ (9) ¸²ÊÎ °´ÒÌ ¸¨² (7) ¨ ¶·¥´¥-
¡·¥£ Ö Î²¥´ ³¨ ¶μ·Ö¤±  O(�) (ÔÉμ ¸μμÉ¢¥É¸É¢Ê¥É ¶·¥´¥¡·¥¦¥´¨Õ ¤¢μ°´Ò³¨
±μ³³ÊÉ Éμ· ³¨ ¢ (5)), ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¨¥ ¸μμÉ´μÏ¥´¨Ö ¤²Ö ¸¨³³¥É·¨§μ-
¢ ´´ÒÌ ±μ··¥²ÖÍ¨μ´´ÒÌ ËÊ´±Í¨° (k, k′ = q, p) ¸²ÊÎ °´ÒÌ ¸¨² φν

kk′ (t, t′) =
〈〈F ν

k (t)F ν
k′ (t′) + F ν

k′ (t′)F ν
k (t)〉〉:

φν
qp(t, t

′) = [2nν + 1](−{G′
ν,p(t), G

′
ν,q(t

′)}+ cos(ων [t − t′])+

+ {G′
ν,p(t), V

′
ν,q(t

′)}+ sin(ων [t − t′])),

φν
pq(t, t

′) = −[2nν + 1]({G′
ν,q(t), G

′
ν,p(t

′)}+ cos(ων [t − t′])+

+ {V ′
ν,q(t), G

′
ν,p(t

′)}+ sin(ων [t − t′])), (12)
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φν
pp(t, t

′) = [2nν + 1](({V ′
ν,q(t), V

′
ν,q(t

′)}++

+ {G′
ν,q(t), G

′
ν,q(t

′)}+) cos(ων [t − t′])+

+ ({V ′
ν,q(t), G

′
ν,q(t

′)}+ − {G′
ν,q(t), V

′
ν,q(t

′)}+) sin(ων [t − t′])),

φν
qq(t, t

′) = [2nν + 1]{G′
ν,p(t), G

′
ν,p(t

′)}+ cos(ων [t − t′]).

‘μÌ· ´¥´¨¥ μÉ¡·μÏ¥´´ÒÌ Î²¥´μ¢ ¶·¨¢¥²μ ¡Ò ± ¤μ¶μ²´¨É¥²Ó´Ò³ ¸μμÉ´μÏ¥-
´¨Ö³. ˆ¸¶μ²Ó§ÊÖ Ê· ¢´¥´¨Ö (6) ¨ (12) ¨ ÊÎ¨ÉÒ¢ Ö, ÎÉμ 2nν+1 = cth [�ων/(2T )],
¶μ²ÊÎ ¥³ ±¢ ´Éμ¢Ò¥ Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ Í¨μ´´Ò¥ ¸μμÉ´μÏ¥´¨Ö:

∑
ν

φν
qp(t, t

′)
th [�ων/(2T )]

�ων
= KGV (t, t′), (13)

∑
ν

φν
pq(t, t

′)
th [�ων/(2T )]

�ων
= KV G(t, t′), (14)

∑
ν

φν
pp(t, t

′)
th [�ων/(2T )]

�ων
= KV V (t, t′), (15)

∑
ν

φν
qq(t, t

′)
th [�ων/(2T )]

�ων
= KGG(t, t′). (16)

‚Ò¶μ²´¥´¨¥ Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ Í¨μ´´ÒÌ ¸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´μÏ¥-
´¨¥ ¶μ¤μ¡´μ° Ëμ·³Ò ¡Ò²μ ¶μ²ÊÎ¥´μ ¢ [11] ¨ ¢ Í¨É¨·μ¢ ´´ÒÌ É ³ · ¡μÉ Ì
¤²Ö ¶·μ¸ÉÒÌ ¸²ÊÎ ¥¢ FC- ¨ RWA-μ¸Í¨²²ÖÉμ·μ¢. ‚ ´ Ï¥° · ¡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), ±μ£¤  ¢ (13)Ä(16) th [�ων/(2T )] → �ων/(2T ). Š² ¸¸¨Î¥-
¸±¨¥ ¸μμÉ´μÏ¥´¨Ö ¸μ¤¥·¦ É ²¨ÏÓ É¥³¶¥· ÉÊ·´Ò¥ Ë²Ê±ÉÊ Í¨¨. ‚ (13)Ä(16)
¤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, ´ Ï 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.

1.1.2. ’· ´¸¶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)〉,
(17)〈p(t)〉 = Mt〈q(0)〉 + Nt〈p(0)〉
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¨ ±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′ ,
(18)

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

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

£¤¥

Jqtqt′ =

t∫
0

t′∫
0

dτdτ ′[CτCτ ′Iqq(t − τ, t′ − τ ′) + Cτ C̃τ ′Iqp(t − τ, t′ − τ ′)+

+ C̃τCτ ′Ipq(t − τ, t′ − τ ′) + C̃τ C̃τ ′Ipp(t − τ, t′ − τ ′)],

Jptpt′ =

t∫
0

t′∫
0

dτdτ ′[LτLτ ′Ipp(t − τ, t′ − τ ′) + Lτ L̃τ ′Ipq(t − τ, t′ − τ ′)+

+ L̃τLτ ′Iqp(t − τ, t′ − τ ′) + L̃τ L̃τ ′Iqq(t − τ, t′ − τ ′)],

Jqtpt′ =

t∫
0

t′∫
0

dτdτ ′[CτLτ ′Iqp(t − τ, t′ − τ ′) + C̃τLτ ′Ipp(t − τ, t′ − τ ′)+

+ C̃τ L̃τ ′Ipq(t − τ, t′ − τ ′) + Cτ L̃τ ′Iqq(t − τ, t′ − τ ′)],
(19)

Jptqt′ =

t∫
0

t′∫
0

dτdτ ′[LτCτ ′Ipq(t − τ, t′ − τ ′) + L̃τCτ ′Iqq(t − τ, t′ − τ ′)+

+ L̃τ C̃τ ′Iqp(t − τ, t′ − τ ′) + Lτ C̃τ ′Ipp(t − τ, t′ − τ ′)].

‘¨³¢μ² 〈. . .〉 ¢ Iqq(t, τ) = 〈Fq(t)Fq(τ)〉, Ipp(t, τ) = 〈Fp(t)Fp(τ)〉, Ipq(t, τ) =
〈Fp(t)Fq(τ)〉, Iqp(t, τ) = 〈Fq(t)Fp(τ)〉 Ê± §Ò¢ ¥É ´  Ê¸·¥¤´¥´¨¥ ¶μ ¢¸¥° ¸¨-
¸É¥³¥.

—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

¨ ¶μ ±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 (17) ¨
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(18) ¶·¨ t = t′, ¶μ²ÊÎ ¥³

d

dt
〈q(t)〉 = −λq(t)〈q(t)〉 +

1
m(t)

〈p(t)〉,
(20)

d

dt
〈p(t)〉 = −ξ(t)〈q(t)〉 − λp(t)〈p(t)〉

¨

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), (21)

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

m(t)
σpp(t) + 2Dpq(t).

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

λq(t) =
ȦtNt − ḂtMt

BtMt − AtNt
(22)

¨ ¶μ ¨³¶Ê²Ó¸Ê

λp(t) =
AtṄt − BtṀt

BtMt − AtNt
, (23)

¶¥·¥´μ·³¨·μ¢ ´´ÊÕ μ¡· É´ÊÕ ³ ¸¸Ê

1/m(t) =
ȦtBt − ḂtAt

BtMt − AtNt
, (24)

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

ξ(t) =
ṀtNt − ṄtMt

BtMt − AtNt
(25)

¨ ±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ ¶μ ±μμ·¤¨´ É¥

Dqq(t) = λq(t)Jqtqt −
1

2m(t)
(Jqtpt + Jptqt) +

1
2
J̇qtqt , (26)

¶μ ¨³¶Ê²Ó¸Ê

Dpp(t) = λp(t)Jptpt +
ξ(t)
2

(Jqtpt + Jptqt) +
1
2
J̇ptpt (27)
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¨ ¶μ ±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)

]
.

(28)

’ ±¨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¥. �·¨ t → ∞ · ¢´μ¢¥¸´Ò¥
±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤ (σ̇pp = σ̇qq = σ̇pq = 0 ¢ (21)):

Dqq(∞) = λq(∞)σqq(∞) − 1
m(∞)

σpq(∞),

Dpp(∞) = λp(∞)σpp(∞) + ξ(∞)σpq(∞), (29)

Dpq(∞) =
1
2

[
(λp(∞) + λq(∞))σpq(∞) + ξ(∞)σqq(∞) − 1

m(∞)
σpp(∞)

]
.

‘· ¢´¨¢ Ö (26)Ä(28) ¨ (29), ³Ò ¨³¥¥³ σqq(∞) = Jq∞q∞ , σpp(∞) = Jp∞p∞

¨ σpq(∞) =
1
2
(Jq∞p∞ +Jp∞q∞). …¸²¨ σpq(∞) = 0 ¢ (29), Éμ  ¸¨³¶ÉμÉ¨Î¥¸±¨¥

±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ ¨ É·¥´¨Ö ¸¢Ö§ ´Ò Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ Í¨μ´´Ò³¨
¸μμÉ´μÏ¥´¨Ö³¨

Dqq(∞) = λq(∞)σqq(∞), Dpp(∞) = λp(∞)σpp(∞).

1.1.3. ‘¢Ö§Ó ¸ ¤¨ËËÊ§¨μ´´Ò³¨ Ê· ¢´¥´¨Ö³¨. “· ¢´¥´¨Ö (17) ¨ (21) ¤²Ö
¸·¥¤´¨Ì §´ Î¥´¨° ¨ ¤¨¸¶¥·¸¨° ±μ²²¥±É¨¢´μ° ±μμ·¤¨´ ÉÒ ¨ ¨³¶Ê²Ó¸  ³μ£ÊÉ
¡ÒÉÓ ¶μ²ÊÎ¥´Ò ¨§ ¸²¥¤ÊÕÐ¥£μ 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]]) (30)

¨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
. (31)
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‡¤¥¸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 ± ¢·¥³¥´´μ° § ¢¨¸¨³μ¸É¨ É· ´¸¶μ·É´ÒÌ ±μÔËË¨Í¨¥´Éμ¢.
‚ μ¡Ð¥³ ¸²ÊÎ ¥ ³Ò ¨³¥¥³ ±μÔËË¨Í¨¥´ÉÒ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨ ¶μ ±μμ·¤¨-
´ É¥ ¨ ¶μ ¨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 (30) ¨ (31) ¨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¨ [12,14,109Ä111].

1.1.4. �·¥¤¥² ¸¨²Ó´μ£μ § ÉÊÌ ´¨Ö. ‚ ¸²ÊÎ ¥ ¡μ²ÓÏμ£μ É·¥´¨Ö ´ ¸ÉÊ¶ ¥É
¡Ò¸É·μ · ¢´μ¢¥¸¨¥ ¶μ ¨³¶Ê²Ó¸Ê, ṗ ≈ 0, ¨ ¢Éμ·μ¥ Ê· ¢´¥´¨¥ ¢ (5) ¶·¨´¨-
³ ¥É ¢¨¤

0 = −δ̃q(t) −
t∫

0

dτKV V (t, τ)q̇(τ) + Fp(t). (32)

�¥Ï¥´¨¥³ ÔÉμ£μ Ê· ¢´¥´¨Ö Ö¢²Ö¥É¸Ö

q(t) = Atq(0) +

t∫
0

dτC̃τ Fp(t − τ), (33)

£¤¥

At =

t∫
0

dτKV V (t, τ)C̃τ , C̃t = L−1[δ̃ + sKV V (s)]−1.

ˆ¸¶μ²Ó§ÊÖ (33), ¶μ²ÊÎ ¥³ § ¢¨¸¨³μ¸É¨ ¸·¥¤´¥£μ ¨ ¤¨¸¶¥·¸¨¨ μÉ ¢·¥³¥´¨:

〈q(t)〉 = At〈q(0)〉, σqq(t) = A2
t σqq(0) + Jqtqt , (34)

£¤¥

Jqtqt =

t∫
0

t∫
0

dτ dτ ′C̃τ C̃τ ′Ipp(t − τ, t − τ ′).

„¨ËË¥·¥´Í¨ ²Ó´Ò¥ Ê· ¢´¥´¨Ö ¤²Ö 〈q(t)〉 ¨ σqq(t) ¶μ²ÊÎ ÕÉ¸Ö ¨§ (34):

〈q̇(t)〉 = v(t)〈q(t)〉, σ̇qq(t) = 2v(t)σqq(t) + Dov
qq (t), (35)

£¤¥ ¤·¥°Ëμ¢Ò° v(t) ¨ ¤¨ËËÊ§¨μ´´Ò° Dov
qq (t) ±μÔËË¨Í¨¥´ÉÒ ¨³¥ÕÉ ¢¨¤

v(t) =
Ȧt

At
, Dov

qq (t) = −2
Ȧt

At
Jqtqt + J̇qtqt . (36)
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‚  ¸¨³¶ÉμÉ¨±¥ ¶μ²ÊÎ ¥³ Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ Í¨μ´´μ¥ ¸μμÉ´μÏ¥´¨¥

Dov
qq (∞) = −2v(∞)σqq(∞).

“· ¢´¥´¨Ö (35) ³μ£ÊÉ ¡ÒÉÓ ¶μ²ÊÎ¥´Ò ¨§ ¸²¥¤ÊÕÐ¥£μ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ
Ê· ¢´¥´¨Ö ¤²Ö ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö W (q, t) ¶μ ±μμ·¤¨´ É¥

Ẇ = −v(t)
∂

∂q
(qW ) +

1
2
Dov

qq (t)
∂2

∂q2
W. (37)

�Éμ Ê· ¢´¥´¨¥ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ±¢ ´Éμ¢Ò°  ´ ²μ£ ±² ¸¸¨Î¥¸±μ£μ Ê· ¢´¥-
´¨Ö ‘³μ²ÊÌμ¢¸±μ£μ ¤²Ö μ¡Ð¥£μ ¢¨¤  ¸¢Ö§¨ ¶μ¤¸¨¸É¥³Ò ¸ É¥·³μ¸É Éμ³. ‚ · -
¡μÉ¥ [117] μ´μ ¡Ò²μ ¶μ²ÊÎ¥´μ ¤·Ê£¨³ ¸¶μ¸μ¡μ³ ²¨ÏÓ ¤²Ö FC-μ¸Í¨²²ÖÉμ· .
…¸²¨ ¶¥·¥Ìμ¤´Ò¥ ¢·¥³¥´  ¤²Ö Dov

qq (t) ¨ v(t) · ¢´Ò ¨²¨ ³¥´ÓÏ¥ Ì · ±É¥·´μ£μ
¢·¥³¥´¨ 1/λp(∞) Ê¸É ´μ¢²¥´¨Ö · ¢´μ¢¥¸¨Ö ¶μ p, Éμ ¸ Ìμ·μÏ¥° ÉμÎ´μ¸ÉÓÕ ¢
· ¸Î¥É Ì ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ  ¸¨³¶ÉμÉ¨±¨ Dov

qq (∞) ¨ v(∞), É. ¥. ¶·¥´¥¡·¥£ ÉÓ
§ ¢¨¸¨³μ¸ÉÓÕ É· ´¸¶μ·É´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ μÉ t.

1.2. ‹¨´¥°´ Ö ¸¢Ö§Ó ¶μ ¨³¶Ê²Ó¸Ê. ‚ Î ¸É´μ³ ¸²ÊÎ ¥ · ¸¸³μÉ·¨³ ³¨±·μ-
¸±μ¶¨Î¥¸±¨° £ ³¨²ÓÉμ´¨ ´ H ±¢ ¤· É¨Î´μ° Ëμ·³Ò ¤²Ö ¶μ²´μ° ¸¨¸É¥³Ò:

Hc =
p2

2μ
+

μω2q2

2
+

ξ0

2
(pq + qp) , (38)

Hb =
∑

ν

(
p2

ν

2mν
+

mνω2
νq2

ν

2

)
, (39)

Hcb = p
∑

ν

gνpν . (40)

‡¤¥¸Ó Hcb μ¶¨¸Ò¢ ¥É ²¨´¥°´μ¥ ¶μ ¨³¶Ê²Ó¸ ³ p ¨ pν ¢§ ¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê
¢´ÊÉ·¥´´¥° ¨ ±μ²²¥±É¨¢´μ° ¶μ¤¸¨¸É¥³ ³¨ ¸ ±μ´¸É ´É ³¨ ¸¢Ö§¨ gν . ‚ (38)
¨ (39) μ(mν) ¨ ω(ων) Å ³ ¸¸  ¨ Î ¸ÉμÉ  ±μ²²¥±É¨¢´μ£μ (¢´ÊÉ·¥´´¥£μ) μ¸Í¨²-
²ÖÉμ·  ¸μμÉ¢¥É¸É¢¥´´μ. ‘ ¶μ³μÐÓÕ ¶ · ³¥É·  ξ0 ³μ¦´μ μ¡¥¸¶¥Î¨ÉÓ É· ´¸²Ö-
Í¨μ´´ÊÕ ¨´¢ ·¨ ´É´μ¸ÉÓ ±μ²²¥±É¨¢´μ° ¶μ¤¸¨¸É¥³Ò.

�μ  ´ ²μ£¨¨ ¸ (5) ¶μ²ÊÎ ¥³ ¸¨¸É¥³Ê ±¢ ´Éμ¢ÒÌ ¨´É¥£·μ¤¨ËË¥·¥´Í¨ ²Ó-
´ÒÌ ¸ÉμÌ ¸É¨Î¥¸±¨Ì Ê· ¢´¥´¨° ‹ ´¦¥¢¥´ 

dq

dt
=

1
μ̃

p + ξ0q +

t∫
0

ṗ(t′)KGG(t − t′)dt′ + Fq(t),

(41)
dp

dt
= − μω2q − ξ0p

¸ ¶¥·¥´μ·³¨·μ¢ ´´μ° ±μ²²¥±É¨¢´μ° ³ ¸¸μ°

1
μ̃

=
1
μ
−
∑

ν

mνg2
ν , (42)
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¤¨¸¸¨¶ É¨¢´Ò³ Ö¤·μ³ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¶μ q

KGG(t − t′) =
∑

ν

mνg2
ν cos [ων(t − t′)] (43)

¨ μ¶¥· Éμ·μ³ ¸²ÊÎ °´μ° ¸¨²Ò ¶μ ±μμ·¤¨´ É¥ q

Fq(t) =
∑

ν

gν [(pν(0) + mνgνp(0)) cosωνt − qν(0)mνων sin ωνt]. (44)

�μ¸²¥ ± ´μ´¨Î¥¸±μ£μ ¶·¥μ¡· §μ¢ ´¨Ö ±μμ·¤¨´ É p′ν = pν + gνmνp ¨ q′ν = qν

Fq(t) =
∑

ν

F ν
q (t) =

∑
ν

gν [p′ν(0) cosωνt − q′ν(0)mνων sin ωνt]. (45)

‡ ³¥É¨³, ÎÉμ ¤ ´´μ¥ ¶·¥μ¡· §μ¢ ´¨¥ ¶·¨¢μ¤¨É ± ´μ¢μ³Ê ¶μ²´μ³Ê £ ³¨²Ó-
Éμ´¨ ´Ê, £¤¥ μÉ¸ÊÉ¸É¢Ê¥É ¸¢Ö§Ó ³¥¦¤Ê ±μ²²¥±É¨¢´μ° ¨ ¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥-
³ ³¨,   Î ¸ÉμÉÒ ¨ ³ ¸¸Ò μ± §Ò¢ ÕÉ¸Ö ¶¥·¥´μ·³¨·μ¢ ´´Ò³¨. “¸·¥¤´¥´¨Ö ¶μ
¢´ÊÉ·¥´´¨³ ¸É¥¶¥´Ö³ ¸¢μ¡μ¤Ò ¶·μ¢μ¤¨³ ¸ ÔÉ¨³ £ ³¨²ÓÉμ´¨ ´μ³. ’μ£¤  μ¶¥-
· Éμ· ¸²ÊÎ °´μ° ¸¨²Ò Fq ¨³¥¥É ´Ê²¥¢μ° ¶¥·¢Ò° ³μ³¥´É ¨ ´¥´Ê²¥¢μ° ¢Éμ-
·μ° ³μ³¥´É. „²Ö ¸¨³³¥É·¨§μ¢ ´´μ° ±μ··¥²ÖÍ¨μ´´μ° ËÊ´±Í¨¨ φν

qq(t, t
′) =

�ωνmνg2
ν cos [ων(t − t′)](2nν + 1) ¶μ²ÊÎ ¥³ ±¢ ´Éμ¢μ¥ Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨-

¶ Í¨μ´´μ¥ ¸μμÉ´μÏ¥´¨¥∑
ν

φν
qq(t, t

′)
1

�ων
th
(

�ων

2T

)
= KGG(t − t′). (46)

„²Ö Ê¶·μÐ¥´¨Ö ¤ ²Ó´¥°Ï¨Ì · ¸Î¥Éμ¢ ¸Ê³³Ê
∑
ν

mνg2
ν . . . ¢ Ëμ·³Ê² Ì § -

³¥´¨³ ¨´É¥£· ²μ³ ¶μ Î ¸ÉμÉ¥ ¸ ¶²μÉ´μ¸ÉÓÕ ¸μ¸ÉμÖ´¨° ρ(ω0) É¥·³μ¸É É  [11,
115,116]:

∞∫
0

dω0 ρ(ω0)m(ω0)(g(ω0))2 . . . =
g0γ

2

π

∞∫
0

dω0
1

γ2 + ω2
0

. . .

�±μ´Î É¥²Ó´μ ¶μ²ÊÎ ¥³

KGG(t − t′) = g0γ exp (−γ|t − t′|), (47)

KGG(s) =
g0γ

s + γ
, (48)

£¤¥ γ−1 Ì · ±É¥·¨§Ê¥É ¢·¥³Ö ¶ ³ÖÉ¨ ¢ ¤¨¸¸¨¶ É¨¢´μ³ Ö¤·¥ ¨ Γ = �γ Ö¢²Ö¥É¸Ö
Ï¨·¨´μ° ¢μ§¡Ê¦¤¥´¨° ¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥³Ò ¨§-§  ¸¢Ö§¥° ¸ ±μ²²¥±É¨¢´μ°
¶μ¤¸¨¸É¥³μ°. �·¨ ³£´μ¢¥´´μ° ¤¨¸¸¨¶ Í¨¨ (γ → ∞) KGG(t−t′) = 2g0δ(t−t′).
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�ÉμÉ ¢¨¤ ¤¨¸¸¨¶ É¨¢´μ£μ Ö¤·  Î ¸Éμ ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ³ ·±μ¢¸±¨Ì ¶·μÍ¥¸¸μ¢,
´μ ³μ¦¥É ¶·¨¢μ¤¨ÉÓ ¢ ´¥±μÉμ·ÒÌ ¸²ÊÎ ÖÌ ± ´¥¸μÌ· ´¥´¨Õ ¸μμÉ´μÏ¥´¨Ö ´¥-
μ¶·¥¤¥²¥´´μ¸É¨ [12,14] ¢ ´ Î ²Ó´Ò° ³μ³¥´É ¢·¥³¥´¨.

�¥Ï¥´¨¥ Ê· ¢´¥´¨° (41)  ´ ²μ£¨Î´μ ·¥Ï¥´¨Õ (10) Ê· ¢´¥´¨° (5), £¤¥

C̃t = Lt = 0, L̃t = Nt, Ct = At,

At =
3∑

i=1

Ai
t =

3∑
i=1

βi(si + γ)(si + ξ0) esit,

Mt =
3∑

i=1

M i
t = −μω2

0

3∑
i=1

βi(si + γ) esit, (49)

Bt =
1
μ̃

3∑
i=1

βi(si + γ + (1 − μ̃/μ)ξ0) esit,

Nt =
3∑

i=1

βi((si − ξ0)(si + γ) + (1 − μ/μ̃)ω2) esit.

‡¤¥¸Ó si (i = 1, 2, 3) Ö¢²ÖÕÉ¸Ö ±μ·´Ö³¨ ±Ê¡¨Î¥¸±μ£μ Ê· ¢´¥´¨Ö

s3 + γs2 + (ω2 − ξ2
0)s + γ

(
μ

μ̃
ω2 − ξ2

0

)
= 0, (50)

  β1 = (s1 − s2)−1(s1 − s3)−1, β2 = (s2 − s1)−1(s2 − s3)−1, β3 = (s3 −
s1)−1(s3−s2)−1 ¨ 1/μ̃ = 1/μ−g0γ. „²Ö § ÉÊÌ ÕÐ¥£μ μ¸Í¨²²ÖÉμ·  ¢Ò· ¦¥´¨Ö
¤²Ö É· ´¸¶μ·É´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ ¸²¥¤ÊÕÉ ¨§ μ¡Ð¨Ì Ëμ·³Ê² (22)Ä(28):

ξ(t) = μω2, λp(t) = ξ0,

λq(t) = −ξ0 −

3∑
i,j=1

βiβj(si + γ)(sj + γ)(si + sj)(si − sj)2 e(si+sj)t/(sisj)

3∑
i,j=1

βiβj(si + γ)(sj + γ)(si − sj)2 e(si+sj)t/(sisj)
,

1
m(t)

=
1
μ̃

(
3∑

i,j=1

βiβj(si − sj)2×

×
[
(si + γ)(sj + γ) + ξ0

(
1 − μ̃

μ

)
(si + sj + γ + ξ0)

]
e(si+sj)t

)
×

×
[(

μ

μ̃
ω2 − ξ2

0

) 3∑
i,j=1

βiβj(si + γ)(sj + γ)(si − sj)2 e(si+sj)t/(sisj)

]−1

,

(51)
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Dpp(t) = 0, Dqq(t) =
(
λq(t) +

1
2

d

dt

)
Jqtqt +

1
m(t)μω2

(
ξ0 +

d

dt

)
Jptpt ,

Dpq(t) =
1
2

[
μω2Jqtqt −

1
m(t)μω2

(
μω2 + m(t)(ξ0 + λq(t))ξ0+

+
1
2

[
(3ξ0 + λq(t))

d

dt
+

d2

dt2

])
Jptpt

]
,

£¤¥

Jqtqt =
�g0γ

2

π

∞∫
0

dω0
ω0cth (�ω0/(2T ))

γ2 + ω2
0

∑
ik

Ai
tA

k
t ϕik(ω0, t), (52)

Jptpt =
�g0γ

2

π

∞∫
0

dω0
ω0cth (�ω0/(2T ))

γ2 + ω2
0

∑
ik

M i
tM

k
t ϕik(ω0, t), (53)

1
2
(Jptqt + Jqtpt) =

�g0γ
2

π

∞∫
0

dω0
ω0cth (�ω0/(2T ))

γ2 + ω2
0

∑
ik

Ai
tM

k
t ϕik(ω0, t), (54)

ϕik =

t∫
0

dt′esit
′

t∫
0

dt′′eskt′′ cos [ω0(t′′ − t′)]. (55)

�μ¸±μ²Ó±Ê ϕik(ω0, t = 0) = 0 ¨
d

dt
ϕik(ω0, t = 0) = 0, Éμ ¢ ´ Î ²Ó´Ò° ³μ³¥´É

¢·¥³¥´¨, t = 0, ¢¸¥ ±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ · ¢´Ò ´Ê²Õ Dqq(t = 0) =
Dpp(t = 0) = Dpq(t = 0) = 0. Œμ¦´μ ¶μ± § ÉÓ, ÎÉμ ¢ ²Õ¡μ° ³μ³¥´É ¢·¥³¥´¨
Dpp(t) = 0, ¶μ¸±μ²Ó±Ê ¢ Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö (41) ´¥É ¸²ÊÎ °´μ° ¸¨²Ò ¶μ
¨³¶Ê²Ó¸Ê.

1.2.1. �¸¨³¶ÉμÉ¨±¨ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨, É·¥´¨Ö ¨ ±μ··¥-
²ÖÍ¨μ´´ÒÌ ËÊ´±Í¨°. Šμ·´¨ ±Ê¡¨Î¥¸±μ£μ Ê· ¢´¥´¨Ö s1, s2, s3 ¨³¥ÕÉ μÉ-
·¨Í É¥²Ó´Ò¥ ·¥ ²Ó´Ò¥ Î ¸É¨, ¨, ±·μ³¥ Éμ£μ, ¤¢  ±μ·´Ö s1 ¨ s2 Ö¢²ÖÕÉ¸Ö
±μ³¶²¥±¸´μ-¸μ¶·Ö¦¥´´Ò³¨. �·¨ ¡μ²ÓÏ¨Ì ¢·¥³¥´ Ì ¢ ËÊ´±Í¨ÖÌ At, Mt, Bt ¨
Nt ³μ¦´μ ¶·¥´¥¡·¥ÎÓ Î²¥´ ³¨, ¶·μ¶μ·Í¨μ´ ²Ó´Ò³¨ es3t, É ± ± ± μ´¨ ¡Ò¸É·μ
§ ÉÊÌ ÕÉ. ’μ£¤  ¶μ¸²¥ ´¥¸²μ¦´ÒÌ, ´μ ¤²¨´´ÒÌ ¢Ò±² ¤μ± ¤²Ö ±μÔËË¨Í¨¥´Éμ¢
É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨ ¶μ²ÊÎ ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö ¢ ¶·¥¤¥²¥ t → ∞:

1
m(∞)

=
|s1|2

μω2 − μ̃ξ2
0

[
1 + ξ0

(
1 − μ̃

μ

)
s1 + s∗1 + γ + ξ0

|s1 + γ|2

]
,

λq(∞) = −ξ0 − (s1 + s∗1), (56)
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Dqq(∞) = λq(∞)σqq(∞) +
ξ0

m(∞)μω2
σpp(∞),

Dpq(∞) =
1
2

[
μω2σqq(∞) −

(
1

m(∞)
+

ξ0(ξ0 + λq(∞))
μω2

)
σpp(∞)

]
.

‚ ¸²ÊÎ ¥ ξ0 = 0 ¤²Ö ¶¥·¥´μ·³¨·μ¢ ´´μ° μ¡· É´μ° ³ ¸¸Ò ¶μ²ÊÎ ¥³ ¶·μ¸Éμ¥
¢Ò· ¦¥´¨¥

1
m(∞)

=
|s1|2
μω2

. (57)

ˆ§ (50), (51) ¨ (56) ¢¨¤´μ, ÎÉμ ¶μÉ¥·¨ ±μ²²¥±É¨¢´μ° Ô´¥·£¨¨ (λp(∞)(t)+
λq(∞)(t) = 0) ¨ §´ Î¥´¨Ö ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ · ¢´Ò ´Ê²Õ ¶·¨ ¤μ-

¡ ¢²¥´¨¨ ¢ £ ³¨²ÓÉμ´¨ ´ Hc Î²¥´  0,5p2
∑

ν

mνg2
ν , ±μÉμ·Ò° ±μ³¶¥´¸¨·Ê¥É

¶¥·¥´μ·³¨·μ¢±Ê ±μ²²¥±É¨¢´μ° ³ ¸¸Ò (m(t) = μ = μ̃).
ˆ¸¶μ²Ó§ÊÖ (18) ¨ (52)Ä(54),  ¸¨³¶ÉμÉ¨±¨ ¤¨¸¶¥·¸¨° σpp(∞), σqq(∞) ¨

σpq(∞), ±μÉμ·Ò¥ ¢Ìμ¤ÖÉ ¢ (56), ³μ¦´μ ¢Ò· §¨ÉÓ Î¥·¥§ ¨´É¥£· ²Ò (xn =
2πTn/�)

I =
�g0γ

2

π

∞∫
0

cth (�ω0/2T )ω0 dω0

(s2
1 + ω2

0)(s
2
2 + ω2

0)(s
2
3 + ω2

0)
=

=
T

μω2

∞∑
n=0

(2 − δn,0)(xn − γ)

x3
n − γx2

n + (ω2 − ξ2
0)xn + γ

(
ξ2
0 − μ

μ̃
ω2

) (58)

¨

Ĩ =
�g0γ

2

π

∞∫
0

cth (�ω0/2T )ω3
0 dω0

(s2
1 + ω2

0)(s
2
2 + ω2

0)(s
2
3 + ω2

0)
=

=
T

μω2

∞∑
n=0

(2 − δn,0)
(

xn(ω2 − ξ2
0) + γ

(
ξ2
0 − μ

μ̃
ω2

))
x3

n − γx2
n + (ω2 − ξ2

0)xn + γ

(
ξ2
0 − μ

μ̃
ω2

) (59)

¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

σpp(∞) = (μω2)2I, σqq(∞) = ξ2
0I + Ĩ , σpq(∞) = −ξ0μω2I. (60)
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�·¥¤¥² ¸² ¡μ° ¸¢Ö§¨. �·¥´¥¡·¥£ Ö ¢§ ¨³μ¤¥°¸É¢¨¥³ Hcb, ¤²Ö ±μ²²¥±É¨¢-
´μ£μ £ ³¨²ÓÉμ´¨ ´  (38) ¶μ²ÊÎ ¥³  ¸¨³¶ÉμÉ¨±¨ ¤¨¸¶¥·¸¨°:

σpp(∞) =
�

2
μω2

(ω2 − ξ2
0)1/2

cth
[

�(ω2 − ξ2
0)1/2

2T

]
,

σqq(∞) =
�

2
1

μ(ω2 − ξ2
0)1/2

cth
[

�(ω2 − ξ2
0)1/2

2T

]
,

(61)

σpq(∞) = −�

2
ξ0

(ω2 − ξ2
0)1/2

cth
[

�(ω2 − ξ2
0)1/2

2T

]
,

σqq(∞)σpp(∞) − σ2
pq(∞) =

�
2

4
cth2

[
�(ω2 − ξ2

0)1/2

2T

]
� �

2

4
.

�·¥¤¶μ² £ Ö ¢ ¶·¥¤¥²¥ ¸² ¡μ° ¸¢Ö§¨ ³¥¦¤Ê ±μ²²¥±É¨¢´μ° ¸¨¸É¥³μ° ¨ É¥·³μ-
¸É Éμ³ ³ ²μ¥ μÉ²¨Î¨¥  ¸¨³¶ÉμÉ¨± ¤¨¸¶¥·¸¨° μÉ (61), ¨§ (56) ³μ¦´μ ¶μ²ÊÎ¨ÉÓ
 ¸¨³¶ÉμÉ¨±¨ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢. �·¨ ξ0 = 0 ¨§ ÔÉ¨Ì  ¸¨³¶Éμ-

É¨± ¸²¥¤Ê¥É, ÎÉμ λq(∞) = −(s1 + s∗1), Dqq(∞) =
�

2
λq(∞)μω cth (�ω/(2T )) ¨

Dpq(∞) = 0.
�·¥¤¥² ¢Ò¸μ±¨Ì É¥³¶¥· ÉÊ·. ‚ ¶·¥¤¥²¥ T → ∞ ¢Ò· ¦¥´¨Ö ¤²Ö ¨´É¥£· -

²μ¢ I ¨ Ĩ Ê¶·μÐ ÕÉ¸Ö:

I(T → ∞) =
T μ̃

(μω2 − μ̃ξ2
0)μω2

, (62)

Ĩ(T → ∞) =
T

μω2
. (63)

‡¤¥¸Ó ¡Ò²¨ ÊÎÉ¥´Ò ¸μμÉ´μÏ¥´¨Ö ³¥¦¤Ê ±μ·´Ö³¨ ±Ê¡¨Î¥¸±μ£μ Ê· ¢´¥´¨Ö (50).
� ¤μ μÉ³¥É¨ÉÓ, ÎÉμ ¢Ò· ¦¥´¨Ö (62) ¨ (63) ´¥ § ¢¨¸ÖÉ μÉ ¶ · ³¥É·μ¢ g0 ¨ γ.
ˆ¸¶μ²Ó§ÊÖ (56), (60), (62) ¨ (63), ¶μ²ÊÎ ¥³, ÎÉμ

Dqq(∞) =
T

μω2 − μ̃ξ2
0

(
ξ0

( μ̃

m(∞)
− 1
)
− (s1 + s∗1)

)
,

(64)
Dpq(∞) =

1
2

T

μω2 − μ̃ξ2
0

(
μω2
(
1 − μ̃

m(∞)

)
+ ξ0μ̃(s1 + s∗1)

)
¨

σpp(∞) =
T μ̃μω2

μω2 − μ̃ξ2
0

, σqq(∞) =
T

μω2 − μ̃ξ2
0

, σpq(∞) = − T μ̃ξ0

μω2 − μ̃ξ2
0

.

(65)
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‚ ¸²ÊÎ ¥ ξ0 = 0 ¨§ (64) ¸²¥¤Ê¥É:

Dqq(∞) = −(s1 + s∗1)
1

μω2
T,

(66)

Dpq(∞) =
1
2

(
1 − μ̃|s1|2

μω2

)
T.

‚ ¶·¥¤¥²¥ ¸² ¡μ° ¸¢Ö§¨ ¨ ¶·¨ ¡μ²ÓÏ¨Ì T ¢Ò· ¦¥´¨Ö (61) ¨ (65) ¸μ¢¶ -
¤ ÕÉ, ¶μ¸±μ²Ó±Ê μ̃ ≈ μ ¢ ÔÉμ³ ¸²ÊÎ ¥.

�·¥¤¥² ´¨§±¨Ì É¥³¶¥· ÉÊ·. ’¥¶¥·Ó · ¸¸³μÉ·¨³ ¨´É¥£· ²Ò I ¨ Ĩ ¢ ¶·¥-
¤¥²¥, ±μ£¤  T → 0:

I(T → 0) =
�

πμω2

(s2
2 − s2

3) ln s1 + (s2
3 − s2

1) ln s2 + (s2
1 − s2

2) ln s3

(s1 − s2)(s1 − s3)(s2 − s3)
, (67)

Ĩ(T → 0) =
�

πμω2

s2
1(s

2
3 − s2

2) ln s1 + s2
2(s

2
1 − s2

3) ln s2 + s2
3(s

2
2 − s2

1) ln s3

(s1 − s2)(s1 − s3)(s2 − s3)
.

(68)

‚ ¶·¥¤¥²¥ ¸² ¡μ° ¸¢Ö§¨ ÔÉ¨ ¢Ò· ¦¥´¨Ö Ê¶·μÐ ÕÉ¸Ö:

I(T → 0) =
�

2μω2

1
(ω2 − ξ2

0)1/2
, (69)

Ĩ(T → 0) =
�

2μω2
(ω2 − ξ2

0)1/2. (70)

�μ¤¸É ¢²ÖÖ (69) ¨ (70) ¢ (60) ¨ ¨¸¶μ²Ó§ÊÖ (56), ¶μ²ÊÎ ¥³

Dqq(∞) =
−�

2μω2
(s1 + s∗1)(ω

2 − ξ2
0)1/2, Dpq(∞) = 0 (71)

¨

σpp(∞) =
�μω2

2
1

(ω2 − ξ2
0)1/2

,

σqq(∞) =
�

2μ

1
(ω2 − ξ2

0)1/2
,

(72)

σpq(∞) = −�

2
ξ0

(ω2 − ξ2
0)1/2

,

σqq(∞)σpp(∞) − σ2
pq(∞) =

�
2

4
.

‚¨¤´μ, ÎÉμ ¢ ¶·¥¤¥²¥ ³ ²ÒÌ T ¢Ò· ¦¥´¨Ö (61) ¸μ¢¶ ¤ ÕÉ ¸ ¢Ò· ¦¥´¨Ö³¨ (72).
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1.2.2. Šμ··¥²ÖÍ¨μ´´Ò¥ ËÊ´±Í¨¨. �¸¨³¶ÉμÉ¨±¨ (t � t′ > 0) ¸¨³³¥É·¨-
§μ¢ ´´ÒÌ ±μ··¥²ÖÍ¨μ´´ÒÌ ËÊ´±Í¨°

σas
qtqt′

=
�g0γ

2

π

∞∫
0

cth (�ω0/(2T ))ω0(ξ2
0 + ω2

0) cos [ω0(t − t′)] dω0

(s2
1 + ω2

0)(s
2
2 + ω2

0)(s
2
3 + ω2

0)
,

(73)

σas
ptpt′

=
�g0γ

2μ2ω4

π

∞∫
0

cth (�ω0/(2T ))ω0 cos [ω0(t − t′)] dω0

(s2
1 + ω2

0)(s2
2 + ω2

0)(s2
3 + ω2

0)

¢¥¤ÊÉ ¸¥¡Ö ¶μ-· §´μ³Ê ¢ ¶·¥¤¥² Ì ¢Ò¸μ±¨Ì ¨ ³ ²ÒÌ É¥³¶¥· ÉÊ·:

σas
ptpt′

(T → 0) → −�g0γ
2μ2ω4

πs2
1s

2
2s

2
3

1
(t − t′)2

=
−�g0μ̃

2μ2ω4

(μω2 − μ̃ξ2
0)2

1
(t − t′)2

,

σas
ptpt′

(T → ∞) → −T μ̃μω2

γ(μω2 − μ̃ξ2
0)

[
s2s3(s2 + s3) es1(t−t′)

(s2 − s1)(s3 − s1)
+

+
s1s3(s1 + s3) es2(t−t′)

(s1 − s2)(s3 − s2)
+

s1s2(s1 + s2) es3(t−t′)

(s1 − s3)(s2 − s3)

]
,

σas
qtqt′

(T → 0) → −�g0μ̃
2ξ2

0

(μω2 − μ̃ξ2
0)2

1
(t − t′)2

− i�

2μω2

[
s2
1(s2 + s3) es1(t−t′)

(s2 − s1)(s3 − s1)
+

+
s2
2(s1 + s3) es2(t−t′)

(s1 − s2)(s3 − s2)
+

s2
3(s1 + s2) es3(t−t′)

(s1 − s3)(s2 − s3)

]
, (74)

σas
qtqt′

(T → ∞) → −T μ̃ξ2
0

γμω2(μω2 − μ̃ξ2
0)

[
s2s3(s2 + s3) es1(t−t′)

(s2 − s1)(s3 − s1)
+

+
s1s3(s1 + s3) es2(t−t′)

(s1 − s2)(s3 − s2)
+

s1s2(s1 + s2) es3(t−t′)

(s1 − s3)(s2 − s3)

]
−

− T

2μω2

[
s1(s2 + s3) es1(t−t′)

(s2 − s1)(s3 − s1)
+

s2(s1 + s3) es2(t−t′)

(s1 − s2)(s3 − s2)
+

+
s3(s1 + s2) es2(t−t′)

(s1 − s3)(s2 − s3)

]
.

�·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì μ¸Í¨²²ÖÉμ· ¨³¥¥É ¸É¥¶¥´´μ° § ±μ´ · ¸¶ ¤  ±μ··¥-
²ÖÍ¨μ´´ÒÌ ËÊ´±Í¨° ¢ ¶·¥¤¥²¥ ¡μ²ÓÏ¨Ì ¢·¥³¥´. ’ ±μ¥ ¶μ¢¥¤¥´¨¥ ´¥ ´ ¡²Õ-
¤ ¥É¸Ö ¢ ±² ¸¸¨Î¥¸±μ³ ¶·¥¤¥²¥ ¢Ò¸μ±¨Ì É¥³¶¥· ÉÊ·, £¤¥ ¨³¥¥É ³¥¸Éμ Ô±¸¶μ-
´¥´Í¨ ²Ó´Ò° · ¸¶ ¤.
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1.3. ‹¨´¥°´ Ö ¸¢Ö§Ó ¶μ ±μμ·¤¨´ É¥. �·¥¤¶μ² £ Ö, ÎÉμ ¸¢Ö§Ó ±μ²²¥±É¨¢-

´μ° ¶μ¤¸¨¸É¥³Ò

(
Hc =

p2

2μ
± μω2q2

2

)
¸ É¥·³μ¸É Éμ³ 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 ¢ ¸²¥¤Ê-
ÕÐ¥³ ¢¨¤¥:

Hcb =
κ

�
λ1/2q
∑

ν

Γν(b+
ν + bν) +

κ2

�2
λq2
∑

ν

|Γν |2
�ων

. (75)

‡¤¥¸Ó 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 [3,116,118,119]. Š¢ ¤· 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 (1) ¨ (75), ¶μ²ÊÎ ¥³ ¸¨¸É¥³Ê Ê· ¢´¥´¨° ƒ¥°§¥´¡¥·£  ¤²Ö μ¶¥· Éμ·μ¢,
μÉ´μ¸ÖÐ¨Ì¸Ö ± ±μ²²¥±É¨¢´μ³Ê ¨ ¢´ÊÉ·¥´´¥³Ê ¤¢¨¦¥´¨Ö³, ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

q̇ =
i

�
[H, q] =

1
μ

p,

(76)

ṗ =
i

�
[H, p] = ∓μω2q − κ

�
λ1/2
∑

ν

Γν(b+
ν + bν) − 2κ2

�2
λq
∑

ν

|Γν |2
�ων

¨

ḃ+
ν =

i

�
[H, b+

ν ] = iωνb+
ν + i

κ

�2
λ1/2qΓν ,

(77)

ḃν =
i

�
[H, bν ] = −iωνbν − i

κ

�2
λ1/2qΓν .

‡¤¥¸Ó 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 ¸²ÊÎ Õ ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²-
²ÖÉμ· . �·¨ t > 0 ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò É¥·³μ¸É É  Ô¢μ²ÕÍ¨μ´¨·ÊÕÉ ¸μ£² ¸´μ
Ê· ¢´¥´¨Ö³ (77), ¨ 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 ¶μ¸ÉμÖ´´μ
´ Ìμ¤¨É¸Ö ¢ ¸μ¸ÉμÖ´¨¨ É¥¶²μ¢μ£μ · ¢´μ¢¥¸¨Ö.
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�μ¤¸É ¢²ÖÖ ·¥Ï¥´¨Ö (77) ¢ Ê· ¢´¥´¨Ö (76), ¶μ²ÊÎ ¥³ ¸¨¸É¥³Ê ¨´É¥£·μ-
¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸ÉμÌ ¸É¨Î¥¸±¨Ì Ê· ¢´¥´¨° [115,116]

q̇(t) =
p(t)
μ

,

(78)

ṗ(t) = −δ̃q(t) − κ2

t∫
0

dτK(t − τ)q̇(τ) + κF (t).

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)],

(79)

f+
ν (t) =

[
b+
ν (0) +

1
�2ων

κλ1/2Γνq(0)
]

eiωνt

¨ ¤¨¸¸¨¶ É¨¢´μ£μ Ö¤· 

K(t − τ) =
2λ

�2

∑
ν

Γ2
ν

�ων
cos (ων [t − τ ]). (80)

ˆ¸¶μ²Ó§ÊÖ ¸μμÉ´μÏ¥´¨Ö (8) ¨ (9), ¤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′]),

(81)∑
ν

φν(t − t′)
th [�ων/(2T )]

�ων
= K(t − t′).

‚ · ¸¸³μÉ·¥´´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¥´¨¥ (81) ´¥ § ¢¨¸¨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).

1.3.1. ’· ´¸¶μ·É´Ò¥ ±μÔËË¨Í¨¥´ÉÒ. ‚ ¸²ÊÎ ¥ μ¡Ð¥° ¸¢Ö§¨ ¶μ ¨³¶Ê²Ó-
¸Ê ¨ ±μμ·¤¨´ É¥ ¡Ò²¨ ¶μ²ÊÎ¥´Ò Ê· ¢´¥´¨Ö (20) ¨ (21) ¤²Ö ¸·¥¤´¨Ì §´ Î¥-
´¨° ¨ ¤¨¸¶¥·¸¨° ±μ²²¥±É¨¢´μ° ±μμ·¤¨´ ÉÒ ¨ ¸μ¶·Ö¦¥´´μ£μ ¥° ¨³¶Ê²Ó¸ .
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‚ ¸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¥ ³μ³¥´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 (27) ¨ (28) ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕ-
Ð¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ ¶μ ¨³¶Ê²Ó¸Ê

Dpp(t) = λp(t)Jptpt +
1
2

(
d

dt
Jptpt + μξ(t)

d

dt
Jqtqt

)
, (82)

¨ ¶μ ±μμ·¤¨´ É¥-¨³¶Ê²Ó¸Ê

Dpq(t) =
1
2

[
ξ(t)Jqtqt −

1
μ

Jptpt +
μ

2

(
λp(t)

d

dt
+

d2

dt2

)
Jqtqt

]
, (83)

£¤¥

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 ′′)],

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

(84)

¨

d(s) ≡ (s + γ)(s2 + δ̃/μ) + 2ωλγs

s + γ
= 0. (85)
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‡¤¥¸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 (85). „²Ö μ¶·¥¤¥-
²¥´¨Ö Ö¢´μ£μ ¢¨¤  ¢Ò· ¦¥´¨° (84) ¨ ¤¨¸¸¨¶ 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  [11,115,116,118,119], £¤¥
ρ(ω0)|Γ(ω0)|2

�2ω0
=

γ2

π(γ2 + ω2
0)

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

ÔËË¨Í¨¥´Éμ¢ É·¥´¨Ö λp(t) (¸³. (23)) ¨ ¤¨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. (25)) ¢ ³ ·±μ¢¸±μ³ ¶·¥¤¥²¥ ¶μ²ÊÎ ¥³ ξ(t) = δ̃.

„²Ö  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì §´ Î¥´¨° ±μÔËË¨Í¨¥´Éμ¢ É·¥´¨Ö, ¦¥¸É±μ¸É¨ ¨ ¤¨Ë-
ËÊ§¨¨ ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö:

λp(∞) = −(s2 + s1), (86)

ξ(∞) = δ̃
(s1 + γ)(s2 + γ)

(s1 + γ)(s2 + γ) − 2λγω
, (87)

Dpp(∞) = λp(∞)Jp∞p∞ + ξ(∞)Jq∞p∞ , (88)

Dpq(∞) =
1
2

[
λp(∞)Jq∞p∞ + ξ(∞)Jq∞q∞ − 1

μ
Jp∞p∞

]
, (89)

£¤¥

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), (90)

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)
.

‚ (86)Ä(90) s1 ¨ s2 Å ¸μ¶·Ö¦¥´´Ò¥ ±μ·´¨ Ê· ¢´¥´¨Ö (85). ‚ ¸²ÊÎ ¥ É·¥Ì
¤¥°¸É¢¨É¥²Ó´ÒÌ ±μ·´¥° ¡¥·ÊÉ¸Ö ¤¢  ±μ·´Ö, ¤²Ö ±μÉμ·ÒÌ ¸Ê³³  (si + sj) ³ ±-
¸¨³ ²Ó´ . ‚ ¢Ò· ¦¥´¨ÖÌ (90) 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· ¦¥-
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´¨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)(s2

2 + ω2
0)(s2

3 + ω2
0)

, (91)

Jq∞p∞ = 0.

1.3.2. �·¨¡²¨¦¥´´Ò° ¶μ¤Ìμ¤ ¢ ¸²ÊÎ ¥ ²¨´¥°´μ° ¸¢Ö§¨ ¶μ ±μμ·¤¨´ É¥.
ˆ¸¶μ²Ó§ÊÖ ¢ (1.3) ¸²¥¤ÊÕÐ¥¥ ¶·¨¡²¨¦¥´¨¥:

κ2

t∫
0

dτK(t − τ)q̇(τ) ≈ λpp(t),

¶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). (92)

ˆ¸Ìμ¤Ö ¨§ Ê· ¢´¥´¨° (92), ³μ¦´μ ¶μ²ÊÎ¨ÉÓ Ê· ¢´¥´¨Ö ´  ¢Éμ·Ò¥ ³μ³¥´ÉÒ ¸
¤¨ËËÊ§¨μ´´Ò³¨ ±μÔËË¨Í¨¥´É ³¨

Dpp(t) =
1
2
〈p(t)Fp(t) + Fp(t)p(t)〉,

(93)
Dpq(t) =

1
4
〈q(t)Fp(t) + Fp(t)q(t)〉.

�μ¤¸É ¢¨¢ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° (92) ¢ (93) ¨ ¢§Ö¢ ¶·¥¤¥² t → ∞, ¶μ²ÊÎ ¥³
Ö¢´Ò° ¢¨¤ ¤²Ö  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì §´ Î¥´¨° ±μÔËË¨Í¨¥´Éμ¢ ¤¨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)]
, (94)
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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)]

, (95)

£¤¥ s1 = λp+
√
∓4ω2 + λ2

p, s2 = λp−
√
∓4ω2 + λ2

p. ‚ ¢Ò· ¦¥´¨ÖÌ (94) ¨ (95)

¢¥·Ì´¨° (´¨¦´¨°) §´ ± ®+¯ ¨²¨ ®−¯ μÉ´μ¸¨É¸Ö ± ¸²ÊÎ Õ, ±μ£¤  ±μ²²¥±É¨¢-
´Ò³ ¶μÉ¥´Í¨ ²μ³ Ö¢²Ö¥É¸Ö £ ·³μ´¨Î¥¸±¨° (¶¥·¥¢¥·´ÊÉÒ°) μ¸Í¨²²ÖÉμ·.

1.4. �¡μ¡Ð¥´´Ò¥ ´¥³ ·±μ¢¸±¨¥ Ê· ¢´¥´¨Ö ‹ ´¦¥¢¥´  (¸²ÊÎ ° Ë¥·³¨-
μ´´μ° ¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥³Ò). 1.4.1. Š¢ ´Éμ¢Ò¥ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö. ‚
ÔÉμ³ ¶μ¤¶Ê´±É¥, ¢ μÉ²¨Î¨¥ μÉ ¶·¥¤Ò¤ÊÐ¨Ì, · ¸¸³μÉ·¨³ ¢´ÊÉ·¥´´ÕÕ ¶μ¤-
¸¨¸É¥³Ê, ¶μ¤Î¨´ÖÕÐÊÕ¸Ö ¸É É¨¸É¨±¥ ”¥·³¨Ä„¨· ± . �Éμ μ¸μ¡¥´´μ ¢ ¦´μ
¶·¨ ¨§ÊÎ¥´¨¨ ·¥ ±Í¨° ¸ ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ ¶·¨ Ô´¥·£¨ÖÌ μ±μ²μ ±Ê²μ´μ¢-
¸±μ£μ ¡ ·Ó¥· . „²Ö ¶·μ¸ÉμÉÒ · ¸¸³μÉ·¨³ ¤¨´ ³¨±Ê ±μ²²¥±É¨¢´μ° ±μμ·¤¨´ ÉÒ
R Å μÉ´μ¸¨É¥²Ó´μ£μ · ¸¸ÉμÖ´¨Ö ³¥¦¤Ê Í¥´É· ³¨ ³ ¸¸ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì
Ö¤¥·. ‚ ÔÉμ³ ¸²ÊÎ ¥ Ê¤μ¡´μ § ¶¨¸ ÉÓ £ ³¨²ÓÉμ´¨ ´ H ¶μ²´μ° ¸¨¸É¥³Ò ¢
¢¨¤¥ [25,79,113,114]

H = Hrel + Hin + Hint, (96)

£¤¥ Hrel, Hin ¨ Hint Ö¢²ÖÕÉ¸Ö £ ³¨²ÓÉμ´¨ ´ ³¨ ±μ²²¥±É¨¢´μ° ¶μ¤¸¨¸É¥³Ò,
¢´ÊÉ·¥´´¨Ì ´Ê±²μ´´ÒÌ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò ¨ ¸¢Ö§¨ ³¥¦¤Ê ±μ²²¥±É¨¢´μ° ¨ ¢´Ê-
É·¥´´¥° ¶μ¤¸¨¸É¥³ ³¨ ¸μμÉ¢¥É¸É¢¥´´μ. Šμ²²¥±É¨¢´Ò° £ ³¨²ÓÉμ´¨ ´

Hrel =
P 2

2μ
+ U(R) (97)

μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö ¶·¥¤¸É ¢²Ö¥É ¸Ê³³Ê ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ ¨ ¶μÉ¥´-
Í¨ ²Ó´μ° Ô´¥·£¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö U(R) ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥·. ‡¤¥¸Ó P Å
¸μ¶·Ö¦¥´´Ò° ¨³¶Ê²Ó¸ ¨ μ Å ¶·¨¢¥¤¥´´ Ö ³ ¸¸ .∗ �¤´μÎ ¸É¨Î´Ò° £ ³¨²ÓÉμ-
´¨ ´ ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

Hin =
∑

i

εia
+
i ai, (98)

£¤¥ εi Å Ô´¥·£¨¨ ´¥¢μ§³ÊÐ¥´´ÒÌ μ¤´μÎ ¸É¨Î´ÒÌ ¸μ¸ÉμÖ´¨° ®i¯ ¡μ³¡ ·¤¨·Ê-
ÕÐ¥£μ Ö¤·  ¨ ³¨Ï¥´¨. ‚´ÊÉ·¥´´¨¥ ´Ê±²μ´´Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ¢Ò· ¦ ÕÉ¸Ö

∗‚ ¶Ê´±É Ì 1.4, 2.1 ¨ 4.2 q ¨ p ¸μμÉ¢¥É¸É¢ÊÕÉ R ¨ P .
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Î¥·¥§ ´Ê±²μ´´Ò¥ μ¶¥· Éμ·Ò ·μ¦¤¥´¨Ö a+
i ¨ Ê´¨ÎÉμ¦¥´¨Ö ai. ƒ ³¨²ÓÉμ´¨ ´

¢§ ¨³μ¤¥°¸É¢¨Ö [25,114,119]

Hint =
∑
i,k

Vik(R, P )a+
i ak (99)

¸¢Ö§ ´ ¸ Î ¸É¨Î´μ-¤Ò·μÎ´Ò³¨ ¶¥·¥Ìμ¤ ³¨ ³¥¦¤Ê μ¤´μÎ ¸É¨Î´Ò³¨ Ê·μ¢´Ö³¨
¢ μ¤´μ³ ¨§ Ö¤¥· ¶μ¤ ¢²¨Ö´¨¥³ ¸·¥¤´¥£μ ¶μ²Ö ¤·Ê£μ£μ Ö¤·  ¨ ¶¥·¥Ìμ¤ ³¨
´Ê±²μ´μ¢ ³¥¦¤Ê Ö¤· ³¨ ¨§-§  ¢²¨Ö´¨Ö ¸·¥¤´¥£μ ¶μ²Ö ¤¢μ°´μ° Ö¤¥·´μ° ¸¨-
¸É¥³Ò. „¨´ ³¨±Ê Ô¢μ²ÕÍ¨¨ ¤¢μ°´μ° Ö¤¥·´μ° ¸¨¸É¥³Ò ³μ¦´μ ¶·μ¸²¥¤¨ÉÓ,
·¥Ï Ö Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö ¤²Ö μ¤´μÎ ¸É¨Î´ÒÌ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò ni(t) =
nii(t) = a+

i (t)ai(t) ¨ nik(t) = a+
i (t)ak(t):

i�
dni(t)

dt
= [H, ni(t)] =

∑
k

[Vki(R(t), P (t))nki(t) − Vik(R(t), P (t))nik(t)],

(100)

i�
dnik(t)

dt
= [H, nik(t)] = �ωiknik + Vki(R(t), P (t))[nk(t) − ni(t)], (101)

£¤¥ ωik = (εi − εk)/�. ‚ ¢Ò· ¦¥´¨¨ (101) ³Ò ¸¤¥² ²¨ ¸²¥¤ÊÕÐ¥¥ Ê¶·μÐ¥´¨¥
(¶·¨¡²¨¦¥´¨¥ ¸²ÊÎ °´ÒÌ Ë §)∑

k′

Vk′ink′k −
∑
i′

Vki′nii′ ≈ Vki[nk − ni].

�μ¤¸É ¢²ÖÖ Ëμ·³ ²Ó´μ¥ ·¥Ï¥´¨¥

nik = eiωki(t−t0) nik(t0)+

+
1
i�

t∫
t0

dt′eiωki(t−t′) Vki(R(t′), P (t′))×

× [nk(t′) − ni(t′))] (102)

Ê· ¢´¥´¨Ö (101) ¢ (100), ¶μ²ÊÎ ¥³ Ê· ¢´¥´¨¥ ¤²Ö ¤¨´ ³¨Î¥¸±¨Ì Î¨¸¥² § ¶μ²-
´¥´¨Ö ni(t):

dni

dt
=

1
�2

∑
k

t∫
t0

dt′Re×

×
[{

Vki(R(t), P (t)), Vik(R(t′), P (t′))(nk(t′) − ni(t′))
}

+
eiωik(t−t′)

]
. (103)
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‡¤¥¸Ó {G1, G2}+ = G1G2 + G2G1 ¨ t0 Å ´ Î ²Ó´μ¥ ¢·¥³Ö ¶·μÍ¥¸¸ . ‘²¥¤ÊÖ
¶·¨¡²¨¦¥´¨Õ ¸²ÊÎ °´ÒÌ Ë §, ¢ Ê· ¢´¥´¨¨ (103) ³μ¦´μ ¶·¥´¥¡·¥ÎÓ Î²¥´μ³

2
�

∑
k

Im [Vki(R(t), P (t))nki(t0) eiωik(t−t0)].

“· ¢´¥´¨¥ (103) ¶μ ¸¢μ¥° ¸É·Ê±ÉÊ·¥ ´ ¶μ³¨´ ¥É ³ ¸É¥·-Ê· ¢´¥´¨¥, ´μ ¢ μÉ²¨-
Î¨¥ μÉ ¶μ¸²¥¤´¥£μ ¢±²ÕÎ ¥É ÔËË¥±É ¶ ³ÖÉ¨ ¡² £μ¤ ·Ö ¨´É¥£· ²Ê ¶μ t′. �·μ-
Í¥¸¸ ¨´É¥´¸¨¢´μ£μ ¢μ§¡Ê¦¤¥´¨Ö ´Ê±²μ´μ¢ § É· £¨¢ ¥É ¡μ²ÓÏμ¥ ±μ²¨Î¥¸É¢μ
μ¤´μÎ ¸É¨Î´ÒÌ ¸μ¸ÉμÖ´¨°. �μÔÉμ³Ê Î¨¸²  § ¶μ²´¥´¨Ö ni(t) Ê·μ¢´¥° ¨§³¥´Ö-
ÕÉ¸Ö ¤μ¸É ÉμÎ´μ ³¥¤²¥´´μ. �É³¥É¨³, ÎÉμ Ö¤·μ ¨´É¥£·μ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ
Ê· ¢´¥´¨Ö (103) ¨³¥¥É ³ ±¸¨³Ê³ ¶·¨ t = t′.

‘¨¸É¥³  £¥°§¥´¡¥·£μ¢¸±¨Ì Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¤²Ö ±μ²²¥±É¨¢´ÒÌ ¶¥·¥-
³¥´´ÒÌ R ¨ P ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

d

dt
R(t) =

i

�
[H, R(t)] =

P (t)
μ

+
∑
ik

∂Vik(R(t), P (t))
∂P (t)

nik(t),

(104)
d

dt
P (t) =

i

�
[H, P (t)] = −∂U(R(t))

∂R(t)
−
∑
ik

∂Vik(R(t), P (t))
∂R(t)

nik(t).

�μ¸²¥ ¶μ¤¸É ´μ¢±¨ (102) ¢ Ê· ¢´¥´¨Ö (104) ¶μ²ÊÎ ¥³ ¸¨¸É¥³Ê ´¥²¨´¥°´ÒÌ
¨´É¥£·μ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸ÉμÌ ¸É¨Î¥¸±¨Ì ¤¨¸¸¨¶ É¨¢´ÒÌ Ê· ¢´¥´¨°:

d

dt
R(t) =

P (t)
μ̃

+
1
2

t∫
t0

dt′
{

KPR(t, t′), Ṙ(t′)
}

+
+

+
1
2

t∫
t0

dt′
{
KPP (t, t′), Ṗ (t′)

}
+

+ FR(t),

d

dt
P (t) = −∂Ũ(R(t))

∂R(t)
− 1

2

t∫
t0

dt′
{
KRR(t, t′), Ṙ(t′)

}
+
−

− 1
2

t∫
t0

dt′
{
KRP (t, t′), Ṗ (t′)

}
+

+ FP (t).

(105)

‡¤¥¸Ó
P (t)
μ̃

=
P (t)
μ

− 1
2

∑
ik

nk(t) − ni(t)
�ωik

∂|Vik(R(t), P (t))|2
∂P (t)

¨

Ũ(R(t)) = U(R(t)) − 1
2

∑
ik

nk(t) − ni(t)
�ωik

|Vik(R(t), P (t))|2,
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£¤¥ μ̃ ¨ Ũ Å ¶¥·¥´μ·³¨·μ¢ ´´Ò¥ ¶·¨¢¥¤¥´´Ò° ³ ¸¸μ¢Ò° ¶ · ³¥É· ¨ ¶μÉ¥´-
Í¨ ²Ó´ Ö Ô´¥·£¨Ö ¸μμÉ¢¥É¸É¢¥´´μ. „¨¸¸¨¶ É¨¢´Ò¥ Ö¤· 

KPR(t, t′) =
∑
ik

1
2�ωik

Re

[{
∂Vik(R(t), P (t))

∂P (t)
,
∂Vki(R(t′), P (t′))

∂R(t′)
×

× [nk(t′) − ni(t′)]

}
+

eiωki(t−t′)

]
,

KPP (t, t′) =
∑
ik

1
2�ωik

Re

[{
∂Vik(R(t), P (t))

∂P (t)
,
∂Vki(R(t′), P (t′))

∂P (t′)
×

× [nk(t′) − ni(t′)]

}
+

eiωki(t−t′)

]
,

KRP (t, t′) =
∑
ik

1
2�ωik

Re

[{
∂Vik(R(t), P (t))

∂R(t)
,
∂Vki(R(t′), P (t′))

∂P (t′)
×

× [nk(t′) − ni(t′)]

}
+

eiωki(t−t′)

]
,

KRR(t, t′) =
∑
ik

1
2�ωik

Re

[{
∂Vik(R(t), P (t))

∂R(t)
,
∂Vki(R(t′), P (t′))

∂R(t′)
×

× [nk(t′) − ni(t′)]

}
+

eiωki(t−t′)

]

(106)

¢ (105) ¸μ¤¥·¦ É Î¨¸²  § ¶μ²´¥´¨Ö ¨ ¶μÔÉμ³Ê ¢ ±¢ §¨· ¢´μ¢¥¸´μ³ ¸μ¸ÉμÖ´¨¨
¸¨¸É¥³Ò § ¢¨¸ÖÉ μÉ É¥³¶¥· ÉÊ·Ò. “· ¢´¥´¨Ö (105) ¸μ¤¥·¦ É É ±¦¥ μ¶¥· Éμ·Ò
¸²ÊÎ °´ÒÌ ¸¨² ¶μ ±μμ·¤¨´ É¥

FR(t) =
∑
ik

∂Vik(R(t), P (t))
∂P (t)

nik(t0) eiωki(t−t0) =
∑
ik

F ik
R (t) (107)

¨ ¶μ ¨³¶Ê²Ó¸Ê

FP (t) = −
∑
ik

∂Vik(R(t), P (t))
∂R(t)

nik(t0) eiωki(t−t0) =
∑
ik

F ik
P (t). (108)

Š ± ¨ ¢ ¸²ÊÎ ¥ ¡μ§μ´´μ° ¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥³Ò, ¡Ê¤¥³ μÉμ¦¤¥¸É¢²ÖÉÓ μ¶¥-
· Éμ·Ò F ik

R (t) ¨ F ik
P (t) ¸μ ¸²ÊÎ °´Ò³¨ Ë²Ê±ÉÊ Í¨Ö³¨ ¨§-§  ´¥μ¶·¥¤¥²¥´´μ¸É¨

´ Î ²Ó´ÒÌ Ê¸²μ¢¨° ¤²Ö ¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥³Ò [4,5,8,9,11,112,115,116,118,
119]. ‘²ÊÎ °´Ò¥ ¸¨²Ò Ê¤μ¢²¥É¢μ·ÖÕÉ ¸²¥¤ÊÕÐ¨³ ¸É É¨¸É¨Î¥¸±¨³ ¸¢μ°¸É¢ ³:

〈〈nik(t)〉〉 = 〈〈F ik
P (t)〉〉 = 〈〈F ik

R (t)〉〉 = 〈〈FP (t)〉〉 = 〈〈FR(t)〉〉 = 0, (109)
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〈〈FR(t)FR(t′)〉〉 
= 0, 〈〈FR(t)FP (t′)〉〉 
= 0,

〈〈FP (t)FP (t′)〉〉 
= 0, 〈〈FP (t)FR(t′)〉〉 
= 0, (110)

〈〈nik(t0)nk′i′(t0)〉〉 = δik′δki′ni(t0)(1 − nk(t0)),

£¤¥ ni = 〈〈ni〉〉. ‘²ÊÎ °´Ò¥ ¸¨²Ò É ±¦¥ Ê¤μ¢²¥É¢μ·ÖÕÉ Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸-
¸¨¶ Í¨μ´´Ò³ ¸μμÉ´μÏ¥´¨Ö³:∑

ik

ϕik
RR(t, t′)

1
�ωik

nk(t′) − ni(t′)
ni(t0)[1 − nk(t0)] + nk(t0)[1 − ni(t0)]

= 〈〈KRR(t, t′)〉〉,

∑
ik

ϕik
PP (t, t′)

1
�ωik

nk(t′) − ni(t′)
ni(t0)[1 − nk(t0)] + nk(t0)[1 − ni(t0)]

= 〈〈KPP (t, t′)〉〉,
(111)∑

ik

ϕik
PR(t, t′)

1
�ωik

nk(t′) − ni(t′)
ni(t0)[1 − nk(t0)] + nk(t0)[1 − ni(t0)]

= 〈〈KPR(t, t′)〉〉,

∑
ik

ϕik
RP (t, t′)

1
�ωik

nk(t′) − ni(t′)
ni(t0)[1 − nk(t0)] + nk(t0)[1 − ni(t0)]

= 〈〈KRP (t, t′)〉〉,

£¤¥ ϕik
nm(t, t′) =

1
2
〈〈F ik

n (t)F ki
m (t′) + F ki

m (t′)F ik
n (t) + F ik

n (t′)F ki
m (t) + F ki

m (t)×
×F ik

n (t′)〉〉 (n, m = R, P ) Ö¢²ÖÕÉ¸Ö ¸¨³³¥É·¨§μ¢ ´´Ò³¨ ±μ··¥²ÖÉμ· ³¨ ¸²Ê-
Î °´ÒÌ ¸¨². ‚Ò¶μ²´¥´¨¥ (111) £ · ´É¨·Ê¥É ¶· ¢¨²Ó´μ¸ÉÓ μ¶·¥¤¥²¥´¨Ö ¤¨¸¸¨-
¶ É¨¢´ÒÌ ¨ Ë²Ê±ÉÊ Í¨μ´´ÒÌ ¸¨² ¢ ´¥³ ·±μ¢¸±¨Ì Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö.

�μ¸±μ²Ó±Ê ±μ²²¥±É¨¢´μ¥ ¤¢¨¦¥´¨¥ ¤μ¸É ÉμÎ´μ ³¥¤²¥´´μ¥, ¢´ÊÉ·¥´´¨¥
¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ¡²¨§±¨ ± ¸¢μ¨³ ²μ± ²Ó´Ò³ ±¢ §¨· ¢´μ¢¥¸´Ò³ · ¸¶·¥¤¥²¥-
´¨Ö³ ¶·¨ ²Õ¡ÒÌ §´ Î¥´¨ÖÌ ±μ²²¥±É¨¢´ÒÌ ±μμ·¤¨´ É. ’μ£¤ ,  ¶¶·μ±¸¨³¨-
·ÊÖ Î¨¸²  § ¶μ²´¥´¨Ö É¥³¶¥· ÉÊ·´Ò³¨ Ë¥·³¨¥¢¸±¨³¨ Î¨¸² ³¨ § ¶μ²´¥´¨Ö
ni = 1/(exp [(εi − εF )/T ] + 1) (εF Å Ô´¥·£¨Ö ”¥·³¨ ¨ T Å É¥·³μ¤¨´ ³¨Î¥-
¸± Ö É¥³¶¥· ÉÊ· ), ¶μ²ÊÎ ¥³ Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ Í¨μ´´Ò¥ ¸μμÉ´μÏ¥´¨Ö,
 ´ ²μ£¨Î´Ò¥ ¸μμÉ´μÏ¥´¨Ö³ (111), ´μ § ³¥´μ° ¢ ´¨Ì

nk(t′) − ni(t′)
ni(t0)[1 − nk(t0)] + nk(t0)[1 − ni(t0)]

→ th
(

�ωik

2T

)
.

�É¨ ¸μμÉ´μÏ¥´¨Ö, ¢±²ÕÎ ÕÐ¨¥ É¥¶²μ¢Ò¥ ¨ ±¢ ´Éμ¢Ò¥ Ë²Ê±ÉÊ Í¨¨, ¢Ò¶μ²-
´ÖÕÉ¸Ö ¶·¨ ²Õ¡ÒÌ §´ Î¥´¨ÖÌ É¥³¶¥· ÉÊ·Ò ¨ Ëμ·³ ²Ó´μ ¸Ìμ¦¨ ¸ ¸μμÉ´μ-
Ï¥´¨Ö³¨ (13)Ä(16) ¤²Ö ¡μ§μ´´μ° ¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥³Ò. Š¢ ´Éμ¢Ò¥ Ë²Ê±-
ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ Í¨μ´´Ò¥ ¸μμÉ´μÏ¥´¨Ö μÉ²¨Î ÕÉ¸Ö μÉ ¸¢μ¨Ì ±² ¸¸¨Î¥¸±¨Ì
 ´ ²μ£μ¢ ¨ ¶¥·¥Ìμ¤ÖÉ ¢ ´¨Ì ¶·¨ ¡μ²ÓÏ¨Ì É¥³¶¥· ÉÊ· Ì (¨²¨ ¶·¨ � → 0). �Ë-
Ë¥±É¨¢´ Ö É¥³¶¥· ÉÊ·  ¶¥·¥Ìμ¤¨É ¢ É¥·³μ¤¨´ ³¨Î¥¸±ÊÕ É¥³¶¥· ÉÊ·Ê, ±μ£¤ 
É¥¶²μ¢ Ö Ô´¥·£¨Ö ³´μ£μ ¡μ²ÓÏ¥, Î¥³ ¸·¥¤´ÖÖ Ô´¥·£¨Ö ¤¢¨¦¥´¨Ö ¢´ÊÉ·¥´´¥°
¶μ¤¸¨¸É¥³Ò ¶·¨ ´Ê²¥¢μ° É¥³¶¥· ÉÊ·¥: �ωik � 2T .
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1.4.2. �¥¸É Í¨μ´ ·´Ò¥ É· ´¸¶μ·É´Ò¥ ±μÔËË¨Í¨¥´ÉÒ ¨ ¨Ì ¸¢Ö§Ó
¸ É· ´¸¶μ·É´Ò³¨ ±μÔËË¨Í¨¥´É ³¨, ¶μ²ÊÎ¥´´Ò³¨ ¤²Ö ¡μ§μ´´μ° ¢´Ê-
É·¥´´¥° ¶μ¤¸¨¸É¥³Ò. �¶¶·μ±¸¨³¨·ÊÖ ¶¥·¥´μ·³¨·μ¢ ´´Ò° ¶μÉ¥´Í¨ ² ¶¥-
·¥¢¥·´ÊÉÒ³ ¨²¨ ´μ·³ ²Ó´Ò³ μ¸Í¨²²ÖÉμ·μ³, Ũ = δ̃R2/2, ¨ ÊÎ¨ÉÒ¢ Ö, ÎÉμ

¢ (105) ËÊ´±Í¨μ´ ²Ò μ̃,
∂Vik(R(t), P (t))

∂P (t)
¨

∂Vik(R(t), P (t))
∂R(t)

¸² ¡μ § ¢¨¸ÖÉ

μÉ Ë²Ê±ÉÊ Í¨° P ¨ R ¢ · ¸¸³ É·¨¢ ¥³μ³ ¨´É¥·¢ ²¥ (t − t0) → t, ¨ § ³¥-
´ÖÖ P ¨ R ¢ ÔÉ¨Ì ËÊ´±Í¨μ´ ² Ì ¨Ì ¸·¥¤´¨³¨ §´ Î¥´¨Ö³¨, ¶μ²ÊÎ¨³ ¸¨¸É¥³Ê
μ¡μ¡Ð¥´´ÒÌ ´¥³ ·±μ¢¸±¨Ì Ê· ¢´¥´¨°, ±μÉμ·Ò¥ ³μ£ÊÉ ¡ÒÉÓ ·¥Ï¥´Ò  ´ ²¨-
É¨Î¥¸±¨ [112, 115, 116, 118, 119]. �·¨³¥´ÖÖ ³¥Éμ¤ ¶·¥μ¡· §μ¢ ´¨° ‹ ¶² ¸ ,
´ Ìμ¤¨³ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° (105):

R(t) = AtR(0) + BtP (0) +

t∫
0

dτ [Cτ FR(t − τ) + C̃τFP (t − τ)],

(112)

P (t) = MtR(0) + NtP (0) +

t∫
0

dτ [LτFP (t − τ) + L̃τFR(t − τ)],

£¤¥ ±μÔËË¨Í¨¥´ÉÒ At, Bt, Mt, Nt, Ct, C̃t, Lt ¨ L̃t, § ¢¨¸ÖÐ¨¥ μÉ ¢·¥³¥´¨,
 ´ ²μ£¨Î´Ò μ¤´μ¨³¥´´Ò³ ±μÔËË¨Í¨¥´É ³ ¢ (10) ¸μ ¸²¥¤ÊÕÐ¨³¨ § ³¥´ ³¨ ¢
´¨Ì: KGV → KPR, KV G → KRP , KV V → KRR ¨ KGG → KPP .

„²Ö μ¶·¥¤¥²¥´¨Ö ±μÔËË¨Í¨¥´Éμ¢ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨ § ¶¨Ï¥³ Ê· ¢´¥´¨Ö
´  ¶¥·¢Ò¥ ³μ³¥´ÉÒ ¨ ¤²Ö ¤¨¸¶¥·¸¨° ¶μ ±μμ·¤¨´ É¥ σRR(t) = 〈R2(t)〉 −
〈R(t)〉2, ¶μ ¨³¶Ê²Ó¸Ê σPP (t) = 〈P 2(t)〉− 〈P (t)〉2 ¨ ¤²Ö ¸³¥Ï ´´μ° ¤¨¸¶¥·¸¨¨
σPR(t) = 1/2〈P (t)R(t) + R(t)P (t)〉 − 〈P (t)〉〈R(t)〉. ‚§Ö¢ ¶·μ¨§¢μ¤´ÊÕ ¶μ t
¢ (112), ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¸²¥¤ÊÕÐ¨¥ Ê· ¢´¥´¨Ö:

〈Ṙ(t)〉 = −λR(t)〈R(t)〉 +
1

m(t)
〈P (t)〉,

〈Ṗ (t)〉 = −ξ(t)〈R(t)〉 − λP (t)〈P (t)〉,

σ̇RR(t) = −2λR(t)σRR(t) +
2

m(t)
σPR(t) + 2DRR(t), (113)

σ̇PP (t) = −2λP (t)σPP (t) − 2ξ(t)σPR(t) + 2DPP (t),

σ̇PR(t) = −[λP (t) + λR(t)]σPR(t) − ξ(t)σRR(t) +
1

m(t)
σPP (t) + 2DPR(t).

ˆ§ Ê· ¢´¥´¨Ö (113) ¢¨¤´μ, ÎÉμ ¤¨´ ³¨±  ¸¨¸É¥³Ò μ¶·¥¤¥²Ö¥É¸Ö ´¥¸É Í¨μ´ ·-
´Ò³¨ ±μÔËË¨Í¨¥´É ³¨ É·¥´¨Ö ¶μ ±μμ·¤¨´ É¥ λR(t) ¨ ¶μ ¨³¶Ê²Ó¸Ê λP (t), ³ ¸-
¸μ¢Ò³ ¶ · ³¥É·μ³ m(t), ±μÔËË¨Í¨¥´Éμ³ ¦¥¸É±μ¸É¨ ξ(t), ±μÔËË¨Í¨¥´É ³¨
¤¨ËËÊ§¨¨ ¶μ ±μμ·¤¨´ É¥ DRR(t) ¨ ¶μ ¨³¶Ê²Ó¸Ê DPP (t) ¨ ¸³¥Ï ´´Ò³ ±μ-
ÔËË¨Í¨¥´Éμ³ ¤¨ËËÊ§¨¨ DPR(t). �´ ²¨É¨Î¥¸±¨° ¢¨¤ ¤ ´´ÒÌ É· ´¸¶μ·É´ÒÌ
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±μÔËË¨Í¨¥´Éμ¢ ¸μ¢¶ ¤ ¥É ¸ ¢¨¤μ³ É· ´¸¶μ·É´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ (22)Ä(28)
¤²Ö ¡μ§μ´´μ° ¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥³Ò. ‚ ¢Ò· ¦¥´¨ÖÌ (22)Ä(28) ´¥μ¡Ìμ¤¨³μ
¸¤¥² ÉÓ Ëμ·³ ²Ó´ÊÕ § ³¥´Ê q → R ¨ p → P . Œμ¦´μ ¶μ± § ÉÓ, ÎÉμ ¸μμÉ-
¢¥É¸É¢ÊÕÐ¥¥ · ¢´μ¢¥¸´μ¥ ± ´μ´¨Î¥¸±μ¥ · ¸¶·¥¤¥²¥´¨¥ ¤²Ö £ ·³μ´¨Î¥¸±μ£μ
μ¸Í¨²²ÖÉμ·  Ê¸É ´ ¢²¨¢ ¥É¸Ö ¢ ¶·¥¤¥²¥ ¡μ²ÓÏ¨Ì ¢·¥³¥´.

�´¥·£¨Ö ±μ²²¥±É¨¢´μ° ¶μ¤¸¨¸É¥³Ò ³¥´Ö¥É¸Ö ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ê· ¢´¥´¨¥³

Ė(t) = −
[
2λP (t) +

ṁ(t)
m(t)

]
σPP (t) + 〈P (t)〉2

2m(t)
−

− [2λR(t)ξ(t) + ξ̇(t)]
σRR(t) + 〈R(t)〉2

2
+

DPP (t)
m(t)

+ ξ(t)DRR(t).

ˆ§ ÔÉμ£μ Ê· ¢´¥´¨Ö ¢¨¤´μ, ÎÉμ ¤²Ö £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·  ¸±μ·μ¸ÉÓ
¤¨¸¸¨¶ Í¨¨ · ¸É¥É ¸ λR(t) ¨ λP (t) ¨ Ê¡Ò¢ ¥É ¸ ·μ¸Éμ³ DPP (t) ¨ DRR(t). ‚
¸²ÊÎ ¥ ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ· , ξ < 0, É·¥´¨¥ ¶μ ±μμ·¤¨´ É¥ λR(t) Ê¢¥²¨-
Î¨¢ ¥É §´ Î¥´¨¥ E, ´μ ¤¨ËËÊ§¨μ´´Ò° ±μÔËË¨Í¨¥´É ¶μ ±μμ·¤¨´ É¥ DRR(t)
Ê³¥´ÓÏ ¥É ¥£μ. �  ¶· ±É¨±¥ Î ¸Éμ ¶μ²Ó§ÊÕÉ¸Ö Éμ²Ó±μ ¤¨ËËÊ§¨μ´´Ò³ ±μ-
ÔËË¨Í¨¥´Éμ³ ¶μ ¨³¶Ê²Ó¸Ê DPP . �·¨ ÔÉμ³ ¤¨ËËÊ§¨μ´´Ò¥ ±μÔËË¨Í¨¥´ÉÒ
DRR ¨ DPR ¶μ² £ ÕÉ¸Ö · ¢´Ò³¨ ´Ê²Õ. Š ± ¶μ± § ´μ ¢ [14,31,118,120,121],
ÉÊ´´¥²¨·μ¢ ´¨¥ Î¥·¥§ ¶μÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥· ¨ · ¸¶ ¤ ¨§ ³¥É ¸É ¡¨²Ó´μ£μ ¸μ-
¸ÉμÖ´¨Ö ¸¨²Ó´μ § ¢¨¸ÖÉ μÉ É· ´¸¶μ·É´ÒÌ ±μÔËË¨Í¨¥´Éμ¢. ‚ ¸²ÊÎ ¥ DRR 
= 0
¶·μ´¨Í ¥³μ¸ÉÓ ¡ ·Ó¥·  ¸É ´μ¢¨É¸Ö ¡μ²ÓÏ¥ ¡² £μ¤ ·Ö ÔËË¥±ÉÊ ±μ£¥·¥´É´μ¸É¨
³¥¦¤Ê ¸μ¸ÉμÖ´¨Ö³¨.

�¸´μ¢´μ° ¢±² ¤ ¢ §´ Î¥´¨Ö ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¨ É·¥´¨Ö ¤ ÕÉ
³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ Vik ³¥¦¤Ê μ¤´μÎ ¸É¨Î´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨ ¢ ¨´É¥·¢ ²¥
Ô´¥·£¨¨ |εi − εk| ≈ Δ = 6 ŒÔ‚ (Ô´¥·£¥É¨Î¥¸±¨° ¨´É¥·¢ ² ³¥¦¤Ê μ¡μ²μÎ± ³¨
¢ ÉÖ¦¥²ÒÌ Ö¤· Ì), ±μÉμ·Ò° £μ· §¤μ ¡μ²ÓÏ¥ §´ Î¥´¨Ö ±μ²²¥±É¨¢´μ° Ô´¥·£¨¨
�ω̃. …¸²¨ μ¤´μÎ ¸É¨Î´Ò° ¸¶¥±É· ¤μ¸É ÉμÎ´μ ¶²μÉ´Ò°, §´ Î¥´¨Ö |∂Vik/∂R|2
¨ |∂Vik/∂P |2 Ê¡Ò¢ ÕÉ ¸ Ê¢¥²¨Î¥´¨¥³ |εi − εk|, É ± ± ± Ê³¥´ÓÏ ¥É¸Ö ¶¥-
·¥±·ÒÉ¨¥ ¢μ²´μ¢ÒÌ ËÊ´±Í¨°. ’ ±μ¥ ¶μ¢¥¤¥´¨¥ ³μ¦´μ μ¶¨¸ ÉÓ ²μ·¥´Í¨ -
´μ³ [25,112,122] ∣∣∣∣∣∂Vik

∂R

∣∣∣∣∣
2

,

∣∣∣∣∣∂Vik

∂P

∣∣∣∣∣
2

∼ 1
π

�
2γ2

�2γ2 + (εi − εk)2
,

£¤¥ �γ = 2Δ. …¸²¨ § ³¥´¨ÉÓ · §´μ¸ÉÓ Ô´¥·£¨° |εi − εk| ´  �ω0 ¨ ¶¥·¥°É¨ μÉ
¸Ê³³¨·μ¢ ´¨Ö ¶μ μ¤´μÎ ¸É¨Î´Ò³ ¸μ¸ÉμÖ´¨Ö³ ± ¨´É¥£· ²Ê ¶μ Î ¸ÉμÉ¥ ω0∑

ik

|∂Vik/∂R|2(nk − ni)
�2ωik

. . . =

=

∞∫
0

dω0

∑
ik

δ(ω0 − ωik)
|∂Vik/∂R|2(nk − ni)

�2ωik
. . . ≈ λ̃

π

∞∫
0

dω0
γ2

γ2 + ω2
0

. . . ,
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£¤¥ ¶ · ³¥É· λ̃ ¸¢Ö§ ´ ¸ ¨´É¥´¸¨¢´μ¸ÉÓÕ ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê ±μ²²¥±É¨¢-
´μ° ¨ ¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸É¥³ ³¨ ¨ ρ(ω0) =

∑
ik

δ(ω0 − ωik) ∼ ω0 Å ¶²μÉ-

´μ¸ÉÓ Ê·μ¢´¥° [114, 119], ¨ ÊÎ¥¸ÉÓ, ÎÉμ ¤²Ö Ë¥·³¨¥¢¸±¨Ì Î¨¸¥² § ¶μ²´¥´¨Ö

ni(1−nk)+nk(1−ni) = (nk−ni)cth
(

�ωik

2T

)
, Éμ ¤²Ö § ÉÊÌ ÕÐ¥£μ ±¢ ´Éμ¢μ£μ

μ¸Í¨²²ÖÉμ·  ¸ ²¨´¥°´μ° ¸¢Ö§ÓÕ ¶μ ±μμ·¤¨´ É¥ R (∂Vij/∂P = 0, ∂Vij/∂R 
= 0,
λ̃ = 2μωλ/�, U(R) = ±μω2R2/2 (§´ ± ®¶²Õ¸¯ ¸μμÉ¢¥É¸É¢Ê¥É ¸²ÊÎ Õ ¶ · -
¡μ²¨Î¥¸±μ° ¶μÉ¥´Í¨ ²Ó´μ° Ö³Ò,   §´ ± ®³¨´Ê¸¯ Å ¸²ÊÎ Õ ¶ · ¡μ²¨Î¥¸±μ£μ
¶μÉ¥´Í¨ ²Ó´μ£μ ¡ ·Ó¥· )) ¶μ²ÊÎ ¥³ É· ´¸¶μ·É´Ò¥ ±μÔËË¨Í¨¥´ÉÒ,  ´ ²μ£¨Î-
´Ò¥ É· ´¸¶μ·É´Ò³ ±μÔËË¨Í¨¥´É ³ (82) ¨ (83) ¤²Ö ¡μ§μ´´μ° ¢´ÊÉ·¥´´¥° ¶μ¤-
¸¨¸É¥³Ò. ’ ±¦¥ ¢ ¸²ÊÎ ÖÌ ²¨´¥°´μ° ¸¢Ö§¨ ¶μ ¨³¶Ê²Ó¸Ê ¨ ²¨´¥°´μ° ¸¢Ö§¨ ± ±
¶μ ±μμ·¤¨´ É¥, É ± ¨ ¶μ ¨³¶Ê²Ó¸Ê ³μ¦´μ ¶μ± § ÉÓ, ÎÉμ É· ´¸¶μ·É´Ò¥ ±μÔË-
Ë¨Í¨¥´ÉÒ μ¤¨´ ±μ¢Ò ¤²Ö Ë¥·³¨μ´´μ° ¨ ¡μ§μ´´μ° ¢´ÊÉ·¥´´¨Ì ¶μ¤¸¨¸É¥³.

1.5. —¨¸ÉÒ¥ ¸μ¸ÉμÖ´¨Ö, ¸μμÉ´μÏ¥´¨¥ ´¥μ¶·¥¤¥²¥´´μ¸É¨ ¨ ¤¥±μ£¥·¥´É-
´μ¸ÉÓ. ‹¨´¥°´ Ö Ô´É·μ¶¨Ö

S(t) = 1 − Tr(ρ2(t)) (114)

³μ¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ³¥·  Î¨¸ÉμÉÒ ¸μ¸ÉμÖ´¨Ö. „¥°¸É¢¨É¥²Ó´μ, ¤²Ö
Î¨¸Éμ£μ ¸μ¸ÉμÖ´¨Ö ρ2(t) = ρ(t) ¨ S(t) = 0. �μ¸±μ²Ó±Ê ¢ μ¡Ð¥³ ¸²ÊÎ ¥
Tr(ρ2(t)) � 1, Éμ S(t) � 0 ¨ Î¨¸ÉμÉ  ¸μ¸ÉμÖ´¨° Ê³¥´ÓÏ ¥É¸Ö ¸ ·μ¸Éμ³ ²¨´¥°-
´μ° Ô´É·μ¶¨¨. �·¥¤¶μ² £ Ö, ÎÉμ ¸μ¸ÉμÖ´¨¥ μ¸É ¥É¸Ö ¶·¨¡²¨§¨É¥²Ó´μ Î¨¸ÉÒ³,
ρ2(t) ≈ ρ(t), ´ °¤¥³ Ô´É·μ¶¨Õ ¨§ ³ ¸É¥·-Ê· ¢´¥´¨Ö (30):

Ṡ(t) = −2Tr (ρ(t)ρ̇(t)) ≈

≈ 4
�2

(
Dqq(t)σpp(t) + Dpp(t)σqq(t) − 2Dpq(t)σpq(t)

)
− [λp(t) + λq(t)].

(115)

…¸²¨ Ṡ(t) = 0 ¨ Tr (ρ2(0)) = 1, Éμ Tr (ρ2(t)) = 1 ¶·¨ t > 0. �Éμ Ê¸²μ¢¨¥
Ö¢²Ö¥É¸Ö ´¥μ¡Ìμ¤¨³Ò³ ¨ ¤μ¸É ÉμÎ´Ò³ ¤²Ö ¢Ò¶μ²´¥´¨Ö · ¢¥´¸É¢  ρ2(t) = ρ(t)
¨ ¸μÌ· ´¥´¨Ö Î¨¸ÉμÉÒ ¸μ¸ÉμÖ´¨Ö ¢ ²Õ¡μ° ³μ³¥´É ¢·¥³¥´¨ ¶·¨ t � 0. �·¨
¢Ò¶μ²´¥´¨¨ · ¢¥´¸É¢  σ(t) = σpp(t)σqq(t) − σ2

pq(t) = �
2/4 ¤¨ËËÊ§¨μ´´Ò¥

±μÔËË¨Í¨¥´ÉÒ

Dqq(t) =
1
2
[λp(t) + λq(t)]σqq(t),

Dpp(t) =
1
2
[λp(t) + λq(t)]σpp(t), (116)

Dpq(t) =
1
2

[λp(t) + λq(t)] σpq(t)
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Ê¤μ¢²¥É¢μ·ÖÕÉ Ê¸²μ¢¨Õ Ṡ(t) = 0 ¤²Ö Î¨¸Éμ£μ ¸μ¸ÉμÖ´¨Ö. ’. ¥. §  ¸Î¥É ¸¶¥Í¨-
Ë¨Î¥¸±μ£μ ¢Ò¡μ·  ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¸μÌ· ´¥-
´¨¥ ²¨´¥°´μ° Ô´É·μ¶¨¨.

…¸²¨ ¶·¥¤¶μ²μ¦¨ÉÓ ¶μ¸ÉμÖ´´Ò¥ ¤¨¸¶¥·¸¨¨ ¤²Ö Î¨¸Éμ£μ ¸μ¸ÉμÖ´¨Ö
σij(t) = σij(0) = σij(∞) (i, j = q, p), ±μÉμ·Ò¥ ¸μμÉ¢¥É¸É¢ÊÕÉ ³¨´¨³Ê³Ê ´¥-
μ¶·¥¤¥²¥´´μ¸É¨ σ(t) = �

2/4, Éμ ¤²Ö £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·  ¸ ²¨´¥°´μ°
¸¢Ö§ÓÕ ¶μ ±μμ·¤¨´ É¥ ¨ ¨³¶Ê²Ó¸Ê ¤¨ËËÊ§¨μ´´Ò¥ ±μÔËË¨Í¨¥´ÉÒ
(¸³. (26)Ä(28))

Dqq(t) = λq(t)σqq(0) − 1
m(t)

σpq(0),

Dpp(t) = λp(t)σpp(0) + ξ(t)σpq(0), (117)

Dpq(t) =
1
2

[
(λp(t) + λq(t))σpq(0) + ξ(t)σqq(0) − 1

m(t)
σpp(0)

]
μ¡¥¸¶¥Î¨¢ ÕÉ ¸¶· ¢¥¤²¨¢μ¸ÉÓ · ¢¥´¸É¢  Ṡ(t) = 0 ¨ Î¨¸ÉμÉÊ ¸μ¸ÉμÖ´¨Ö. ‘
ÔÉ¨³¨ ¤¨ËËÊ§¨μ´´Ò³¨ ±μÔËË¨Í¨¥´É ³¨ σ̇ij(0) = 0. „²Ö Î¨¸Éμ£μ ¸μ¸ÉμÖ´¨Ö
¢ · ¸¸³ É·¨¢ ¥³μ³ ¸²ÊÎ ¥ ¤μ²¦´Ò ¢Ò¶μ²´ÖÉÓ¸Ö ¸μμÉ´μÏ¥´¨Ö (¸³. (18))

Jqtqt = (1 − A2
t )σqq(0) − B2

t σpp(0) − 2AtBtσpq(0),

Jptpt = (1 − N2
t )σpp(0) − M2

t σqq(0) − 2NtMtσpq(0), (118)

1
2
(Jqtpt + Jptqt) = (1 − AtNt − BtMt)σpq(0) − AtMtσqq(0) − BtNtσpp(0).

�·¨ ¤ ´´μ³ ¢Ò¡μ·¥ ±μ´¸É ´É ¸¢Ö§¨ ³¥¦¤Ê ¢´ÊÉ·¥´´¥° ¨ ±μ²²¥±É¨¢´μ° ¶μ¤-
¸¨¸É¥³ ³¨ ±μ··¥²¨·μ¢ ´´Ò¥ (¸¦ ÉÒ¥) ±μ£¥·¥´É´Ò¥ ¸μ¸ÉμÖ´¨Ö Ö¢²ÖÕÉ¸Ö ¥¤¨´-
¸É¢¥´´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨, μ¸É ÕÐ¨³¨¸Ö Î¨¸ÉÒ³¨ ¢ Ìμ¤¥ Ô¢μ²ÕÍ¨¨ ±μ²²¥±É¨¢-
´μ° ¶μ¤¸¨¸É¥³Ò.

�´ ²μ£¨Î´μ ¤²Ö £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·  ¸ ²¨´¥°´μ° ¸¢Ö§ÓÕ ¶μ ±μ-
μ·¤¨´ É¥ ¨²¨ ¶μ ¨³¶Ê²Ó¸Ê ¶μ²ÊÎ ¥³ ¤²Ö Î¨¸ÉÒÌ ¸μ¸ÉμÖ´¨°

Dpp(t) = λp(t)σpp(0),
(119)

Dpq(t) =
1
2

[
ξ(t)σqq(0) − 1

μ
σpp(0)

]
¨²¨

Dqq(t) = λq(t)σqq(0),
(120)

Dpq(t) =
1
2

[
δ̃σqq(0) − 1

m(t)
σpp(0)

]
¸μμÉ¢¥É¸É¢¥´´μ. „²Ö £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·  ¨§ (21) ¶μ²ÊÎ ¥³

σ̇(t) = −2[λp(t)+λq(t)]σ(t)+2[Dpp(t)σqq(t)+Dqq(t)σpp(t)− 2Dpq(t)σpq(t)].
(121)
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ˆ§ (115) ¨ (121) ¸²¥¤Ê¥É ²¨´¥°´ Ö ¸¢Ö§Ó ³¥¦¤Ê σ̇(t) ¨ Ṡ(t). ‚ ¦´Ò³ ¸²¥¤-
¸É¢¨¥³ (121) Ö¢²Ö¥É¸Ö Éμ, ÎÉμ ´¥· ¢¥´¸É¢μ σ(t) � �

2/4 ¸¶· ¢¥¤²¨¢μ ¤²Ö ²Õ-
¡μ£μ ¸μ¸ÉμÖ´¨Ö (Î¨¸Éμ£μ ¨²¨ ¸³¥Ï ´´μ£μ) ¶·¨ t > 0, ¥¸²¨ σ(0) � �

2/4 ¨

Dpp(t)σqq(t) + Dqq(t)σpp(t) − 2Dpq(t)σpq(t) � �
2

4
[λp(t) + λq(t)]. (122)

�·¨ t → ∞ ¨§ (121) ¸²¥¤Ê¥É, ÎÉμ

Dpp(∞)σqq(∞)+Dqq(∞)σpp(∞)−2Dpq(∞)σpq(∞) = σ(∞)[λp(∞)+λq(∞)].
(123)

�¥· ¢¥´¸É¢μ (122) μ¡μ¡Ð ¥É ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ´¥· ¢¥´¸É¢μ ¤²Ö ³ ·±μ¢¸±μ°
¤¨´ ³¨±¨ [110,111,116] ´  ¸²ÊÎ ° ´¥³ ·±μ¢¸±μ£μ ¶μ¢¥¤¥´¨Ö ¸¨¸É¥³Ò.

2. „ˆ””“‡ˆ���›… Š��””ˆ–ˆ…�’›
ƒ��Œ��ˆ—…‘Š�ƒ� ˆ �…�…‚…��“’�ƒ� �‘–ˆ‹‹Ÿ’���‚

‚ ‘‹“—�… ‹ˆ�…‰��‰ ‘‚Ÿ‡ˆ �� Š���„ˆ��’…

2.1. „¨ËËÊ§¨μ´´Ò° ¶·μÍ¥¸¸ ¶μ ±μ²²¥±É¨¢´μ° ±μμ·¤¨´ É¥ μÉ´μ¸¨É¥²Ó-
´μ£μ · ¸¸ÉμÖ´¨Ö ³¥¦¤Ê Í¥´É· ³¨ ³ ¸¸ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Ö¤¥·. „²Ö ¨²-
²Õ¸É· Í¨¨ ¢²¨Ö´¨Ö ±¢ ´Éμ¢ÒÌ ÔËË¥±Éμ¢ ´  ¤¨´ ³¨±Ê ´ Î ²Ó´μ° ¸É ¤¨¨ ·¥-
 ±Í¨¨ ¶·¨ Ô´¥·£¨ÖÌ, ¡²¨§±¨Ì ± ±Ê²μ´μ¢¸±μ³Ê ¡ ·Ó¥·Ê, · ¸¸³μÉ·¨³ Ô¢μ²ÕÍ¨Õ
¸¨¸É¥³Ò 100Mo+ 100Mo ¶μ ±μ²²¥±É¨¢´μ° ±μμ·¤¨´ É¥ μÉ´μ¸¨É¥²Ó´μ£μ · ¸¸Éμ-
Ö´¨Ö R. ‡ ³¥É¨³, ÎÉμ ¶μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ³μ¦´μ μ¡μ¡Ð ÉÓ ¨ ¤²Ö ¤·Ê£¨Ì
·¥ ±Í¨° ¸ ÉÖ¦¥²Ò³¨ ¨μ´ ³¨.

‚ ´ Î ²Ó´μ° ¸É ¤¨¨ ¸Éμ²±´μ¢¥´¨Ö ¸¨¸É¥³  ¶·¥μ¤μ²¥¢ ¥É ±Ê²μ´μ¢¸±¨° ¡ -
·Ó¥·, ¨ μ¸´μ¢´ Ö Î ¸ÉÓ ´ Î ²Ó´μ° ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ ¤¨¸¸¨¶¨·Ê¥É ¢μ ¢´Ê-
É·¥´´¨¥ ¢μ§¡Ê¦¤¥´¨Ö, ¨ Ëμ·³Ê²¨·Ê¥É¸Ö ¤¢μ°´ Ö Ö¤¥·´ Ö ¸¨¸É¥³ , £¤¥ Ö¤· 
´ Ìμ¤ÖÉ¸Ö ¢ ±μ´É ±É¥. ‡ ¢¨¸¨³μ¸ÉÓ ¶μÉ¥´Í¨ ²Ó´μ° Ô´¥·£¨¨ É ±μ° ¸¨¸É¥³Ò
μÉ ±μμ·¤¨´ ÉÒ μÉ´μ¸¨É¥²Ó´μ£μ · ¸¸ÉμÖ´¨Ö  ¶¶·μ±¸¨³¨·Ê¥É¸Ö μ¸Í¨²²ÖÉμ·μ³
�ω̃ = 1 ŒÔ‚. �·¨¢¥¤¥´´Ò° ³ ¸¸μ¢Ò° ¶ · ³¥É· μ = 50m0, £¤¥ m0 Å ³ ¸¸ 
´Ê±²μ´ . ŠμÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ ¨ É·¥´¨Ö § ¢¨¸ÖÉ μÉ ¶ · ³¥É·μ¢ ω, λ ¨ γ.
‚ · ¸Î¥É Ì ³Ò ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ �γ = 12 ŒÔ‚. ‡´ Î¥´¨¥ γ Ê¤μ¢²¥É¢μ·Ö¥É
Ê¸²μ¢¨Õ γ � ω̃ [11, 112, 115, 116, 118Ä121]. ‡ ¢¨¸¨³μ¸ÉÓ ¤¨ËËÊ§¨μ´´ÒÌ ±μ-
ÔËË¨Í¨¥´Éμ¢ μÉ γ ¤μ¸É ÉμÎ´μ ¸² ¡ Ö. ‡´ Î¥´¨Ö ω ¨ λ Ë¨±¸¨·ÊÕÉ¸Ö § ¤ ´¨¥³
 ¸¨³¶ÉμÉ¨Î¥¸±¨Ì §´ Î¥´¨° ξ(∞) ¨ λP (∞):

ξ(∞) = ξ = ±μω̃2, λP (∞) = λP .

ˆ¸¶μ²Ó§Ê¥³Ò¥ §´ Î¥´¨Ö �λP = 1−3 ŒÔ‚ ¸μμÉ¢¥É¸É¢ÊÕÉ ±μÔËË¨Í¨¥´É ³ É·¥-
´¨Ö, ¨§¢²¥Î¥´´Ò³ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.
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�  ·¨¸. 1 ¨ 2 ¶μ± § ´Ò § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ ³¨±·μ¸±μ¶¨Î¥¸±¨Ì ±μÔË-
Ë¨Í¨¥´Éμ¢ É·¥´¨Ö (23) ¨ ¤¨ËËÊ§¨¨ (82) ¨ (83) ¤²Ö £ ·³μ´¨Î¥¸±μ£μ ¨ ¶¥·¥¢¥·-
´ÊÉμ£μ μ¸Í¨²²ÖÉμ·μ¢, ¨³¥ÕÐ¨Ì μ¤¨´ ±μ¢Ò¥ Î ¸ÉμÉÒ ¨ ³ ¸¸Ò. ‡´ Î¥´¨Ö DPP ,
DPR ¨ λP · ¢´Ò ´Ê²Õ ¢ ´ Î ²Ó´Ò° ³μ³¥´É ¢·¥³¥´¨. —¥·¥§ ±μ·μÉ±μ¥ ¶¥·¥-
Ìμ¤´μ¥ ¢·¥³Ö ∼ γ−1 ±μÔËË¨Í¨¥´ÉÒ ¤μ¸É¨£ ÕÉ ¸¢μ¨Ì  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì §´ -
Î¥´¨°. �¥·¥Ìμ¤´μ¥ ¢·¥³Ö ¸² ¡μ · ¸É¥É ¸ ·μ¸Éμ³ λP . �  ±μ·μÉ±μ³ ´ Î ²Ó´μ³
¨´É¥·¢ ²¥ ¢·¥³¥´¨ DPR ¨³¥¥É ¶μ²μ¦¨É¥²Ó´μ¥ §´ Î¥´¨¥, ´μ § É¥³ ¸É ´μ¢¨É¸Ö
μÉ·¨Í É¥²Ó´Ò³. ‘³¥Ï ´´Ò° ±μÔËË¨Í¨¥´É ¤¨ËËÊ§¨¨ ¢μ§´¨± ¥É ¨§-§  ´¥³ ·-
±μ¢μ¸É¨ ¤¨´ ³¨±¨. ‚ ³ ·±μ¢¸±μ³ ¶·¥¤¥²¥ (γ → ∞) μ´ ¨¸Î¥§ ¥É. �·¨ ¢Ò¸μ±¨Ì
É¥³¶¥· ÉÊ· Ì (T = 1 ŒÔ‚)  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ §´ Î¥´¨Ö ¤¨ËËÊ§¨μ´´ÒÌ ±μÔË-
Ë¨Í¨¥´Éμ¢ DPP (DPR) ¤²Ö £ ·³μ´¨Î¥¸±μ£μ ¨ ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ·μ¢
¶μÎÉ¨ ¸μ¢¶ ¤ ÕÉ ¸ ÉμÎ´μ¸ÉÓÕ ¤μ 6Ä11% (5 %). � §²¨Î¨¥ Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ¶μ-

�¨¸. 1. � ¸¸Î¨É ´´Ò¥ § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ ³¨±·μ¸±μ¶¨Î¥¸±¨Ì ±μÔËË¨Í¨¥´Éμ¢ ¤¨Ë-
ËÊ§¨¨ (82)Ä(84) ¨ É·¥´¨Ö (23) ¤²Ö ¶¥·¥¢¥·´ÊÉμ£μ (²¥¢ Ö Î ¸ÉÓ) ¨ £ ·³μ´¨Î¥¸±μ£μ (¶· -
¢ Ö Î ¸ÉÓ) μ¸Í¨²²ÖÉμ·μ¢ (μ = 50m0 ¨ �ω̃ = 1 ŒÔ‚) ¶·¨ T = 1 ŒÔ‚ ¨ (q, p) ≡ (R,P ).
� ¸Î¥ÉÒ ¤²Ö  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì §´ Î¥´¨° ±μÔËË¨Í¨¥´É  É·¥´¨Ö �λP = 1,0, 2,0 ¨
3,0 ŒÔ‚ ¶μ± § ´Ò ¸¶²μÏ´μ°, ÏÉ·¨Ìμ¢μ° ¨ ¶Ê´±É¨·´μ° ²¨´¨Ö³¨ ¸μμÉ¢¥É¸É¢¥´´μ
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�¨¸. 2. ’μ ¦¥, ÎÉμ ¨ ´  ·¨¸. 1, ´μ ¤²Ö É¥³¶¥· ÉÊ·Ò T = 0,3 ŒÔ‚

´¨¦¥´¨¥³ É¥³¶¥· ÉÊ·Ò. �·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì (T = 0,3 ŒÔ‚) §´ Î¥´¨¥
DPP (∞) (DPR(∞)) ¤²Ö £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·  (�ω̃ = 1 ŒÔ‚) ¡μ²ÓÏ¥
´  45% (17 %), 20% (13 %) ¨ 13 % (12 %), Î¥³ ¤²Ö ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ· 
(�ω̃ = 1 ŒÔ‚) ¶·¨ �λP (∞) = 1, 2 ¨ 3 ŒÔ‚ ¸μμÉ¢¥É¸É¢¥´´μ.

„²Ö ¸· ¢´¥´¨Ö ¸  ¸¨³¶ÉμÉ¨Î¥¸±¨³¨ §´ Î¥´¨Ö³¨ ³¨±·μ¸±μ¶¨Î¥¸±¨Ì ¤¨Ë-
ËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ DPP (∞), ¶μ²ÊÎ¥´´ÒÌ ¤²Ö ¶¥·¥¢¥·´ÊÉμ£μ ¨ £ ·-
³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·μ¢, ´  ·¨¸. 3 ¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ Ë¥´μ³¥´μ²μ£¨Î¥-
¸±μ£μ ¤¨ËËÊ§¨μ´´μ£μ ±μÔËË¨Í¨¥´É  ¶μ ¨³¶Ê²Ó¸Ê

Dc
PP = λP

�ω̃

2
cth
(

�ω̃

2T

)
(124)

μÉ λP (∞) (Dc
PR = 0). ‡´ Î¥´¨Ö Dc

PP ³¥´ÓÏ¥, Î¥³ §´ Î¥´¨Ö ³¨±·μ¸±μ¶¨Î¥-
¸±¨ · ¸¸Î¨É ´´ÒÌ DPP . �Éμ · §²¨Î¨¥ · ¸É¥É ¸ λP ¨ Ê³¥´ÓÏ ¥É¸Ö ¸ ·μ¸Éμ³
T . ’ ±¨³ μ¡· §μ³, ±¢ ´Éμ¢Ò¥ ÔËË¥±ÉÒ μ¸μ¡¥´´μ ¢ ¦´Ò ¶·¨ ´¨§±¨Ì É¥³¶¥· -
ÉÊ· Ì ¨ ¡�μ²ÓÏ¨Ì É·¥´¨ÖÌ. �  ·¨¸. 4 ¶μ± § ´Ò § ¢¨¸¨³μ¸É¨  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì
§´ Î¥´¨° DPP (∞) ¨ DPR(∞) μÉ T ¶·¨ �λP = 1 ¨ 3 ŒÔ‚. �·¨ T � �ω̃/2
¢¥²¨Î¨´  DPP ¶μÎÉ¨ ²¨´¥°´μ § ¢¨¸¨É μÉ T . �  ·¨¸. 4 ¢¨¤´μ, ÎÉμ ¤²Ö ³ -
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�¨¸. 3. � ¸¸Î¨É ´´Ò¥ § ¢¨¸¨³μ¸É¨ DPP (∞) ( , ¡) ¨ DPR(∞) (¢) μÉ  ¸¨³¶ÉμÉ¨Î¥¸±μ£μ
§´ Î¥´¨Ö ±μÔËË¨Í¨¥´É  É·¥´¨Ö ¶·¨ Ê± § ´´ÒÌ É¥³¶¥· ÉÊ· Ì. �μ± § ´Ò ·¥§Ê²ÓÉ ÉÒ
· ¸Î¥Éμ¢ ³¨±·μ¸±μ¶¨Î¥¸±¨Ì ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ (82)Ä(84) ¤²Ö £ ·³μ´¨Î¥¸±μ£μ
(¸¶²μÏ´ Ö ²¨´¨Ö) ¨ ¶¥·¥¢¥·´ÊÉμ£μ (ÏÉ·¨Ìμ¢ Ö) μ¸Í¨²²ÖÉμ·μ¢ ¨ Ë¥´μ³¥´μ²μ£¨Î¥¸±μ£μ
±μÔËË¨Í¨¥´É  ¤¨ËËÊ§¨¨ ¶μ ¨³¶Ê²Ó¸Ê (124) (ÏÉ·¨Ì¶Ê´±É¨·´ Ö ²¨´¨Ö)

²ÒÌ T § ¢¨¸¨³μ¸ÉÓ DPP μÉ T ¤μ¸É ÉμÎ´μ ¸² ¡ Ö ¨§-§  ±¢ ´Éμ¢ÒÌ ÔËË¥±Éμ¢.
‘ ·μ¸Éμ³ É¥³¶¥· ÉÊ·Ò  ¡¸μ²ÕÉ´μ¥ §´ Î¥´¨¥ DPR Ê³¥´ÓÏ ¥É¸Ö ¨ ¸É·¥³¨É¸Ö
± ´Ê²Õ ¢ ¶·¥¤¥²¥ T → ∞.

�  ·¨¸. 5 ¤¥³μ´¸É·¨·Ê¥É¸Ö ¶μ¢¥¤¥´¨¥ ³¨±·μ¸±μ¶¨Î¥¸±¨Ì ¤¨ËËÊ§¨μ´´ÒÌ
±μÔËË¨Í¨¥´Éμ¢ DPP (∞) (88) ¨ DPR(∞) (89) ¶·¨ ¶¥·¥Ìμ¤¥ μÉ £ ·³μ´¨Î¥-
¸±μ£μ μ¸Í¨²²ÖÉμ·  ± ¶¥·¥¢¥·´ÊÉμ³Ê. ’ ±μ° ¶¥·¥Ìμ¤ ¸μμÉ¢¥É¸É¢Ê¥É ¨§³¥´¥-
´¨Õ §´ ±  ±μÔËË¨Í¨¥´É  ¦¥¸É±μ¸É¨ ξ. �¸¨³¶ÉμÉ¨Î¥¸±¨¥ §´ Î¥´¨Ö DPP (∞)
¨ DPR(∞) £² ¤±μ ³¥´ÖÕÉ¸Ö ¶·¨ ¶¥·¥Ìμ¤¥ ÉμÎ±¨ ω̃ = 0. ‚ · ¸¸³μÉ·¥´´μ³
¨´É¥·¢ ²¥ Î ¸ÉμÉ  ¡¸μ²ÕÉ´Ò¥ §´ Î¥´¨Ö DPP (∞) ¨ DPR(∞) ¤²Ö ¶¥·¥¢¥·´Ê-
Éμ£μ ¨ £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·μ¢ ¤μ¸É ÉμÎ´μ ¡²¨§±¨. � §²¨Î¨¥ §´ Î¥´¨°
¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ Ê³¥´ÓÏ ¥É¸Ö ¸ ·μ¸Éμ³ É¥³¶¥· ÉÊ·Ò.
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�¨¸. 4. � ¸¸Î¨É ´´Ò¥ § ¢¨¸¨³μ¸É¨ DPP (∞) ( , ¡) ¨ DPR(∞) (¢, £) μÉ É¥³¶¥· ÉÊ·Ò ¤²Ö
Ê± § ´´ÒÌ  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì §´ Î¥´¨° ±μÔËË¨Í¨¥´É  É·¥´¨Ö. �μ± § ´Ò ·¥§Ê²ÓÉ ÉÒ
· ¸Î¥Éμ¢ ³¨±·μ¸±μ¶¨Î¥¸±¨Ì ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ (82)Ä(84) ¤²Ö £ ·³μ´¨Î¥¸±μ£μ
(¸¶²μÏ´ Ö ²¨´¨Ö) ¨ ¶¥·¥¢¥·´ÊÉμ£μ (ÏÉ·¨Ìμ¢ Ö) μ¸Í¨²²ÖÉμ·μ¢ ¨ ³μ¤¨Ë¨Í¨·μ¢ ´´ÒÌ
³¨±·μ¸±μ¶¨Î¥¸±¨Ì ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ DPP (t = 1/s+) ¨ DPR(t = 1/s+) ¤²Ö
¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ·  (¶Ê´±É¨·´ Ö ²¨´¨Ö)

‘ÊÐ¥¸É¢Ê¥É ¶·¥¤¥² ¶·¨³¥´¥´¨Ö ³¨±·μ¸±μ¶¨Î¥¸±¨Ì ¤¨ËËÊ§¨μ´´ÒÌ ±μÔË-
Ë¨Í¨¥´Éμ¢ ¤²Ö ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ·  ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì T �
Tcr = �s+/(2π), £¤¥ Tcr Å É¥³¶¥· ÉÊ·  ¶¥·¥Ìμ¤  μÉ É¥·³¨Î¥¸±μ£μ ·¥¦¨³ 
± ±¢ ´Éμ¢μ³Ê ÉÊ´´¥²Ó´μ³Ê ·¥¦¨³Ê ¨ s3 = s+ Å ¶μ²μ¦¨É¥²Ó´Ò° ±μ·¥´Ó
Ê· ¢´¥´¨Ö (85). �·¨ T � Tcr §´ Î¥´¨Ö DPP (t) ¨ DPR(t) ´¥ ¨³¥ÕÉ  ¸¨³-
¶ÉμÉ¨± ¨ · ¸Ìμ¤ÖÉ¸Ö ± ± ËÊ´±Í¨¨ ¢·¥³¥´¨. „¨ £μ´ ²Ó´Ò° Ô²¥³¥´É DPP (t)
³μ¦¥É ¶·¨´¨³ ÉÓ ´Ê²¥¢μ¥ §´ Î¥´¨¥ ¨²¨ ¤ ¦¥ ¸É ÉÓ μÉ·¨Í É¥²Ó´Ò³. �  ·¨¸. 4
¢¨¤´μ, ÎÉμ μÉ±²μ´¥´¨¥ §´ Î¥´¨° DPP (t) ¨ DPR(t) μÉ £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²-
²ÖÉμ·  · ¸É¥É, ±μ£¤  T ¸É·¥³¨É¸Ö ± Tcr. „²Ö ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ·  ¸
�ω̃ = 1 ŒÔ‚ ¶μ²ÊÎ ¥³ Tcr = 0,1 ¨ 0,05 ŒÔ‚ ¤²Ö �λP = 1 ¨ 3 ŒÔ‚ ¸μμÉ-
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�¨¸. 5. � ¸¸Î¨É ´´Ò¥ § ¢¨¸¨³μ¸É¨  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì §´ Î¥´¨° ³¨±·μ¸±μ¶¨Î¥¸±¨Ì ¤¨Ë-
ËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ μÉ sign(ξ)�ω̃ ¤²Ö Ê± § ´´ÒÌ  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì §´ Î¥´¨°
±μÔËË¨Í¨¥´É  É·¥´¨Ö ¨ É¥³¶¥· ÉÊ·Ò T = 1 ŒÔ‚ (¸¶²μÏ´ Ö ²¨´¨Ö) ¨ T = 0,3 ŒÔ‚
(ÏÉ·¨Ìμ¢ Ö). �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ³μ¤¨Ë¨Í¨·μ¢ ´´ÒÌ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´-
Éμ¢ DPP (t = 1/s+) ¨ DPR(t = 1/s+) ¤²Ö ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ·  ¶·¥¤¸É ¢²¥´Ò
¶Ê´±É¨·´μ° ²¨´¨¥° ¶·¨ T = 0,3 ŒÔ‚. �·¨ T = 1 ŒÔ‚ §´ Î¥´¨Ö DPP (t = 1/s+) ¨
DPR(t = 1/s+) ¸μ¢¶ ¤ ÕÉ ¸  ¸¨³¶ÉμÉ¨Î¥¸±¨³¨ §´ Î¥´¨Ö³¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ³¨±·μ-
¸±μ¶¨Î¥¸±¨Ì ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ ¤²Ö ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ· 

¢¥É¸É¢¥´´μ. ’ ±¨¥ ³ ²¥´Ó±¨¥ §´ Î¥´¨Ö T ´¥ ·¥ ²¨§ÊÕÉ¸Ö ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ
¶·¨ Ô´¥·£¨ÖÌ, ¡²¨§±¨Ì ± ±Ê²μ´μ¢¸±μ³Ê ¡ ·Ó¥·Ê. ‡´ Î¥´¨¥ Tcr Ê³¥´ÓÏ ¥É¸Ö
¸ ·μ¸Éμ³ λP ¨²¨ ¸ Ê³¥´ÓÏ¥´¨¥³ ω̃. �¨¦¥ É¥³¶¥· ÉÊ·Ò Tcr ¤¨ËËÊ§¨μ´´Ò¥
±μÔËË¨Í¨¥´ÉÒ É¥·ÖÕÉ ¸¢μ° Ë¨§¨Î¥¸±¨° ¸³Ò¸². �Éμ ¶·μ¨¸Ìμ¤¨É, ¶μ¸±μ²Ó±Ê
¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì ±μ··¥²ÖÍ¨μ´´μ¥ ¢·¥³Ö Ë²Ê±ÉÊ Í¨° ¸²ÊÎ °´μ° ¸¨²Ò
τcor = �/T [11, 118, 119] ¸· ¢´¨³μ ¨²¨ ¤ ¦¥ ³μ¦¥É ¡ÒÉÓ ¡μ²ÓÏ¥ Ì · ±É¥·-
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´μ£μ ¢·¥³¥´¨ τcoll = 2π/s+ ±μ²²¥±É¨¢´μ° ¶μ¤¸¨¸É¥³Ò. ‚ ³ ·±μ¢¸±μ³ ¶·¥¤¥²¥
τcoll = 2π/[

√
ω̃2 + (λP /2)2 − λP /2]. �μ¢¥¤¥´¨¥ DPP ¨²¨ DPR ¶·¨ T � Tcr

³μ¦´μ ÊÉμÎ´¨ÉÓ, μ£· ´¨Î¨¢ Ö ¢¥·Ì´¨¥ ¶·¥¤¥²Ò ¨´É¥£·¨·μ¢ ´¨Ö ¶μ τ ′ ¨ τ ′′ ¢
Ëμ·³Ê²¥ (84). ŒÒ ¤¥² ¥³ § ³¥´Ê t → 1/s+ ¢ Ê· ¢´¥´¨¨ (84), £¤¥ 1/s+ Å
¢·¥³Ö, §  ±μÉμ·μ¥ ±μ²²¥±É¨¢´ Ö ¶μ¤¸¨¸É¥³  ´ Ìμ¤¨É¸Ö ´  ¡ ·Ó¥·¥ ¸ ³ ²Ò³
¨³¶Ê²Ó¸μ³. �μ¸²¥ É ±μ° § ³¥´Ò §´ Î¥´¨Ö DPP (DPR), ¶μ²ÊÎ¥´´Ò¥ ¤²Ö £ ·-
³μ´¨Î¥¸±μ£μ ¨ ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ·μ¢, ¸É ´μ¢ÖÉ¸Ö ¡²¨§±¨³¨ ¶·¨ ´¨§±¨Ì
É¥³¶¥· ÉÊ· Ì (·¨¸. 4). � ¤μ § ³¥É¨ÉÓ, ÎÉμ É ±μ¥ ¨§³¥´¥´¨¥ ¤¨ËËÊ§¨μ´´ÒÌ ±μ-
ÔËË¨Í¨¥´Éμ¢ ´¥ ¢²¨Ö¥É ´  §´ Î¥´¨Ö DPP ¨ DPR ¶·¨ ¡μ²ÓÏ¨Ì É¥³¶¥· ÉÊ· Ì
(T > Tcr), É ± ± ± ¶¥·¥Ìμ¤´μ¥ ¢·¥³Ö 1/γ ¢ÒÌμ¤  ´   ¸¨³¶ÉμÉ¨±Ê ³¥´ÓÏ¥, Î¥³
¢·¥³Ö t = 1/s+.

�·μ´¨Í ¥³μ¸ÉÓ ¶μÉ¥´Í¨ ²Ó´μ£μ ¡ ·Ó¥· . ˆ¸¸²¥¤Ê¥³ ¶·μÌμ¦¤¥´¨¥ Î¥·¥§
±Ê²μ´μ¢¸±¨° ¡ ·Ó¥· ¶·¨ R = Rb = 0 £ Ê¸¸μ¢¸±μ£μ ¶ ±¥É , ¤¢¨¦ÊÐ¥£μ¸Ö ¸
´¥±μÉμ·μ° ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¥° ¢ ¸Éμ·μ´Ê ¡ ·Ó¥·  ¸ ²¥¢μ° ¸Éμ·μ´Ò. ‚ ±¢ -
¤· É¨Î´μ³ ¶μÉ¥´Í¨ ²¥ ´ Î ²Ó´μ¥ £ Ê¸¸μ¢¸±μ¥ · ¸¶·¥¤¥²¥´¨¥ μ¸É ¥É¸Ö £ Ê¸-
¸μ¢¸±¨³ ¢ ²Õ¡μ° ³μ³¥´É ¢·¥³¥´¨ [112, 115, 116, 118Ä120]. ‚ÒÎ¨¸²ÖÖ 〈R(t)〉
¨ σRR(t) ¸ ±μÔËË¨Í¨¥´É ³¨ ¤¨ËËÊ§¨¨ ¨ É·¥´¨Ö, ¶·¨¢¥¤¥´´Ò³¨ ¢ÒÏ¥, ¨ ¨¸-
¶μ²Ó§ÊÖ § ¢¨¸ÖÐÊÕ μÉ ¢·¥³¥´¨ ³ É·¨ÍÊ ¶²μÉ´μ¸É¨

ρ(t, R) =
1√

2πσRR(t)
exp
[
− (R − 〈R(t)〉)2

2σRR(t)

]
¢ ±μμ·¤¨´ É´μ³ ¶·¥¤¸É ¢²¥´¨¨, ³μ¦´μ ´ °É¨ ¢¥·μÖÉ´μ¸ÉÓ ¶·μÌμ¦¤¥´¨Ö ¶ -
±¥É  Î¥·¥§ ¡ ·Ó¥·:

P0(t) =

∞∫
0

dR[ρ(t, R) − ρ(t = 0, R)]/

0∫
−∞

dRρ(t = 0, R) =

=
Erf [〈R(t)〉/

√
2σRR(t)] − Erf [〈R(0)〉/

√
2σRR(0)]

1 − Erf [〈R(0)〉/
√

2σRR(0)]
. (125)

‡´ Î¥´¨¥ P0(t) μ¶·¥¤¥²Ö¥É¸Ö μÉ´μÏ¥´¨¥³ ¢¥·μÖÉ´μ¸É¨ ´ °É¨ Î ¸É¨ÍÊ ¸¶· ¢ 
μÉ ¡ ·Ó¥·  ¢ ³μ³¥´É ¢·¥³¥´¨ t ± ¢¥·μÖÉ´μ¸É¨ ´ °É¨ Î ¸É¨ÍÊ ¸²¥¢  μÉ ¡ -

·Ó¥·  ¢ ³μ³¥´É ¢·¥³¥´¨ t = 0. ” ±Éμ·Ò
0∫

−∞
dR ρ(t = 0, R) ¨

∞∫
0

dR ρ(t =

0, R) = 1 −
0∫

−∞
dR ρ(t = 0, R) ¢¢¥¤¥´Ò ¢ ¢Ò· ¦¥´¨¥ (125), É ± ± ± ´¥¡μ²Ó-

Ï Ö Î ¸ÉÓ ´ Î ²Ó´μ£μ £ Ê¸¸μ¢¸±μ£μ ¶ ±¥É  Ê¦¥ ´ Ìμ¤¨É¸Ö ¸¶· ¢  μÉ ¡ ·Ó¥· .
� Î ²Ó´Ò¥ ¤¨¸¶¥·¸¨¨ ¢Ò¡¨· ÕÉ¸Ö ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¸μμÉ´μÏ¥´¨¥³ ´¥μ¶·¥-
¤¥²¥´´μ¸É¨ σRR(0)σPP (0) = �

2/4 ¨ σPR(0) = 0. Šμ£¤  ¶ ±¥É ¤μÌμ¤¨É ¤μ
¡ ·Ó¥· , §´ Î¥´¨¥ P0(t) ¤μ¸É¨£ ¥É ±¢ §¨¸É Í¨μ´ ·´μ£μ §´ Î¥´¨Ö, μ¶·¥¤¥²Ö-
ÕÐ¥£μ ÉÊ Î ¸ÉÓ ¶ ±¥É , ±μÉμ· Ö ¶·μ´¨± ¥É Î¥·¥§ ¡ ·Ó¥·. ‡´ Î¥´¨¥ P0(t)
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§ ¢¨¸¨É μÉ ¸·¥¤´¥£μ §´ Î¥´¨Ö 〈R(t)〉 ¨ ¤¨¸¶¥·¸¨¨ σRR(t). Š·μ³¥ É·¥´¨Ö,
§´ Î¥´¨¥ P0 § ¢¨¸¨É μÉ ´ Î ²Ó´μ£μ ¶μ²μ¦¥´¨Ö ¶ ±¥É  〈R(0)〉 ¨ μÉ ´ Î ²Ó´μ°
±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ Ekin(0) = [〈P (0)〉2 + σPP (0)]/(2μ).

‘μμÉ´μÏ¥´¨¥ 〈R(∞)〉/
√

2σRR(∞) ¨³¥¥É ±μ´¥Î´μ¥ §´ Î¥´¨¥, É ± ± ± ¶·¨
t → ∞

〈R(t)〉 → es+t

μ(s+ − s−)
ΔR =

es+t

μ(s+ − s−)
[〈P (0)〉 − μs−〈R(0)〉], (126)

¨

σRR(t) → e2s+t

μ2(s+ − s−)2
ΔRR, (127)

£¤¥

ΔRR = μ2s2
−σRR(0)− 2μs−σPR(0) + σPP (0) +

2μs2
−DPR(∞)

ω̃
− s−DPP (∞)

ω̃2

¨ s− = −ω̃2/s+ Å μÉ·¨Í É¥²Ó´Ò° ±μ·¥´Ó Ê· ¢´¥´¨Ö (85). ‚ ³ ·±μ¢¸±μ³ ¶·¥-
¤¥²¥ s− = −(

√
ω̃2 + (λP /2)2 +λP /2). �·¨ ΔR = 0 ¶·μ¨¸Ìμ¤¨É μ¸É ´μ¢±  ´ 

¢¥·Ï¨´¥ ¶μÉ¥´Í¨ ²Ó´μ£μ ¡ ·Ó¥· . ’· ¥±Éμ·¨Ö ¸ 〈R(0) < 0 ¨ ¶μ²μ¦¨É¥²Ó´Ò³
〈P (0)〉 ¢¸¥£¤  μ¸É ¥É¸Ö ¸ ²¥¢μ° ¸Éμ·μ´Ò μÉ ¡ ·Ó¥·  ¶·¨ ΔR < 0 (〈P (0)〉 <
−μs−〈R(0)〉), ´μ ¶¥·¥¸¥± ¥É ¡ ·Ó¥· ¤²Ö ΔR > 0 (〈P (0)〉 > −μs−〈R(0)〉).
�¸¨³¶ÉμÉ¨Î¥¸±μ¥ §´ Î¥´¨¥ P0 ¤μ¸É¨£ ¥É 1 ¨ ¸É·¥³¨É¸Ö ± ´Ê²Õ ¶·¨ μÎ¥´Ó
¡μ²ÓÏ¨Ì ¶μ²μ¦¨É¥²Ó´ÒÌ ¨ μÉ·¨Í É¥²Ó´ÒÌ §´ Î¥´¨ÖÌ ¸μμÉ´μÏ¥´¨Ö 〈R(∞)〉/√

2σRR(∞) ¸μμÉ¢¥É¸É¢¥´´μ. �·μ´¨Í ¥³μ¸ÉÓ § ¢¨¸¨É μÉ DPP (∞) ¨ DPR(∞),
É. ¥. μÉ ¤¨´ ³¨Î¥¸±¨Ì Ë²Ê±ÉÊ Í¨°. �É·¨Í É¥²Ó´μ¥ §´ Î¥´¨¥ DPR(∞) Ê³¥´Ó-
Ï ¥É ¶·μ´¨Í ¥³μ¸ÉÓ. „²Ö Éμ£μ ÎÉμ¡Ò ¢ ¸²ÊÎ ¥ DPR = 0 ¶μ²ÊÎ¨ÉÓ Éμ ¦¥ ¸ ³μ¥
§´ Î¥´¨¥ ¶·μ´¨Í ¥³μ¸É¨, ± ± ¨ ¶·¨ ´¥´Ê²¥¢μ³ DPR(∞), ³Ò ¤μ²¦´Ò ÔËË¥±-
É¨¢´μ Ê³¥´ÓÏ¨ÉÓ §´ Î¥´¨¥ DPP , É. ¥. ¨¸¶μ²Ó§μ¢ ÉÓ ·¥¤ÊÍ¨·μ¢ ´´Ò° ±μÔËË¨-
Í¨¥´É ¤¨ËËÊ§¨¨ κclDPP (∞) (κcl < 1). ˆ¸¶μ²Ó§ÊÖ · ¢¥´¸É¢μ P0(DPR(∞),
DPP (∞)) = P0(DPR = 0, κclDPP (∞)) ¨²¨ σRR(DPR(∞), DPP (∞)) = σRR

(DPR = 0, κclDPP (∞)) ¨ ÉμÎ´μ¥  ´ ²¨É¨Î¥¸±μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö σRR(t),
³μ¦´μ ´ °É¨ Ë ±Éμ·

κcl = 1 − 2μs−DPR(∞)
DPP (∞)

. (128)

Šμ£¤  κcl ≈ 1, ·μ²Ó DPR ³ ² . �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¶μ± §Ò¢ ÕÉ, ÎÉμ ·μ²Ó
DPR Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ Ê³¥´ÓÏ¥´¨¥³ T ¨ λP (s−DPR(∞) > 0).

�  · ¸¸ÉμÖ´¨ÖÌ, ¡²¨§±¨Ì ± ¢¥·Ï¨´¥ ¡ ·Ó¥· , Ô´¥·£¨Ö ±μ²²¥±É¨¢´μ° ¶μ¤-
¸¨¸É¥³Ò E(t) ¶·¨ �λP = 1 ŒÔ‚ ¡μ²ÓÏ¥, Î¥³ ¶·¨ �λP = 3 ŒÔ‚ (·¨¸. 6).
�μÔÉμ³Ê ³μ¦´μ μ¦¨¤ ÉÓ Ê¢¥²¨Î¥´¨Ö ¶·μ´¨Í ¥³μ¸É¨ ¸ Ê³¥´ÓÏ¥´¨¥³ λP . �¤-
´ ±μ, ¥¸²¨ ´ Î ²Ó´ Ö ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ³ ² , ´ ¶·¨³¥· E(0) = −2,4 ŒÔ‚
(〈P (0)〉 = 0), ¶·μ´¨Í ¥³μ¸ÉÓ ³μ¦¥É · ¸É¨ ¸ É·¥´¨¥³. �Éμ μ¡ÑÖ¸´Ö¥É¸Ö É¥³
Ë ±Éμ³, ÎÉμ Ė(t) ¶·¨ �λP = 1 ŒÔ‚ ³¥´ÓÏ¥, Î¥³ ¶·¨ �λP = 3 ŒÔ‚ ´ 
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�¨¸. 6. � ¸¸Î¨É ´´Ò¥ E(t) ( ) ¨ P0(t) (¡) ± ± ËÊ´±Í¨¨ ¢·¥³¥´¨ ¢ ¶μÉ¥´Í¨ ²¥ ¶¥-
·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ·  ¸ �ω̃ = 1 ŒÔ‚ (〈R(0)〉 = −2 Ë³, σRR(0) = 0,42 Ë³2,
σPP (0) = 0,6 �2·Ë³−2, σPR(0) = 0) ¶·¨ T = 1 ŒÔ‚. �¥§Ê²ÓÉ ÉÒ ¶μ²ÊÎ¥´Ò ¸ ³¨±·μ-
¸±μ¶¨Î¥¸±¨³¨ É· ´¸¶μ·É´Ò³¨ ±μÔËË¨Í¨¥´É ³¨ ¶·¨ E(0) = −1 ŒÔ‚ (�λP = 1 ŒÔ‚
(ÏÉ·¨Ì¶Ê´±É¨·´ Ö ²¨´¨Ö) ¨ �λP = 3 ŒÔ‚ (¶Ê´±É¨·´ Ö)) ¨ ¶·¨ E(0) = −2,4 ŒÔ‚
(�λP = 1 ŒÔ‚ (ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö) ¨ �λP = 3 ŒÔ‚ (¸¶²μÏ´ Ö))

· ¸¸ÉμÖ´¨ÖÌ, ¡²¨§±¨Ì ± ¢¥·Ï¨´¥ ¡ ·Ó¥· . �·¨ ¡μ²ÓÏ¨Ì É·¥´¨ÖÌ ¤¨¸¸¨¶ Í¨Ö
Ô´¥·£¨¨ ±μ²²¥±É¨¢´μ° ¶μ¤¸¨¸É¥³Ò

Ė(t) = −2λP (∞)Ekin(t) +
DPP (∞)

μ
(129)

³μ¦¥É ¡ÒÉÓ ³¥´ÓÏ¥ ¨§-§  ³ ²μ¸É¨ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ ¨ ¤μ¸É ÉμÎ´μ ¡μ²Ó-
Ïμ£μ §´ Î¥´¨Ö ±μÔËË¨Í¨¥´É  ¤¨ËËÊ§¨¨ ¶μ ¨³¶Ê²Ó¸Ê. ˆ§-§  ´ ²¨Î¨Ö DPP

¢ Ê· ¢´¥´¨¨ (129) §  ±μ·μÉ±¨° ´ Î ²Ó´Ò° ¨´É¥·¢ ² ¢·¥³¥´¨ E(t) ³μ¦¥É ´¥-
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¸±μ²Ó±μ Ê¢¥²¨Î¨ÉÓ¸Ö (·¨¸. 6). ‚ · ¡μÉ¥ [14, 116] ¡Ò² É ±¦¥ ¶μ± § ´ ·μ¸É
¶·μ´¨Í ¥³μ¸É¨ ¸ ·μ¸Éμ³ ±μÔËË¨Í¨¥´É  É·¥´¨Ö ¢ ¸²ÊÎ ¥ ¤·Ê£μ£μ É¨¶  ¢§ ¨³μ-
¤¥°¸É¢¨Ö ³¥¦¤Ê ¢´ÊÉ·¥´´¥° ¨ ±μ²²¥±É¨¢´μ° ¶μ¤¸¨¸É¥³ ³¨, ±μ£¤  DRR 
= 0.
‘¢Ö§Ó ³¥¦¤Ê ¤¢¨¦¥´¨¥³ ¶μ R ¨ ¢´ÊÉ·¥´´¨³¨ ¢μ§¡Ê¦¤¥´¨Ö³¨ ³μ¦¥É Ê¸¨²¨ÉÓ¸Ö
¨§-§  ¸² ¡μ° ¸¢Ö§¨ ´¥°É·μ´μ¢ ¢ ³¨Ï¥´¨ ¨/¨²¨ ¡μ³¡ ·¤¨·ÊÕÐ¥³ Ö¤·¥. �É¨³
³μ¦´μ μ¡ÑÖ¸´¨ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´μ ´ ¡²Õ¤ ¥³μ¥ Ê¢¥²¨Î¥´¨¥ ¶μ¤¡ ·Ó¥·´μ£μ
¸²¨Ö´¨Ö ¢ ·¥ ±Í¨ÖÌ ¸ ´¥°É·μ´μ¨§¡ÒÉμÎ´μ° ³¨Ï¥´ÓÕ ¨²¨ ´¥°É·μ´μ¨§¡ÒÉμÎ-
´Ò³ ¡μ³¡ ·¤¨·ÊÕÐ¨³ Ö¤·μ³. ‚ ´ Ï¥³ ¶μ¤Ìμ¤¥ ÔÉ  ¸¢Ö§Ó ³μ¤¥²¨·Ê¥É¸Ö ¶·¨
¶μ³μÐ¨ §´ Î¥´¨° λP ¨ DPP .

�  ·¨¸. 6 ¨ 7 ¢¥²¨Î¨´Ò P0 ¤μ¸É¨£ ÕÉ ¸¢μ¨Ì  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì §´ Î¥´¨° § 
μÉ´μ¸¨É¥²Ó´μ ±μ·μÉ±μ¥ ¢·¥³Ö ¶μ·Ö¤±  2 � ŒÔ‚−1. ˆ§ ·¨¸. 7 ¢¨¤´μ, ÎÉμ ¶·μ-
´¨Í ¥³μ¸ÉÓ, · ¸¸Î¨É ´´ Ö ¸ ³¨±·μ¸±μ¶¨Î¥¸±¨³¨ ¤¨ËËÊ§¨μ´´Ò³¨ ±μÔËË¨Í¨-

�¨¸. 7. � ¸¸Î¨É ´´ Ö ¢¥·μÖÉ´μ¸ÉÓ ¶·μÌμ¦¤¥´¨Ö £ Ê¸¸μ¢¸±μ£μ ¶ ±¥É  Î¥·¥§ ¡ ·Ó¥· (¶¥-
·¥¢¥·´ÊÉÒ° μ¸Í¨²²ÖÉμ· ¸ �ω̃ = 1 ŒÔ‚) ± ± ËÊ´±Í¨Ö ¢·¥³¥´¨ ¤²Ö Ê± § ´´ÒÌ É¥³¶¥-
· ÉÊ·, 〈R(0)〉 = −1 Ë³, 〈P (0)〉 = 0, σRR(0) = 0,42 Ë³2, σPP (0) = 0,6 �2·Ë³−2,
σPR(0) = 0, E(0) = −0,6 ŒÔ‚ ¨ �λP = 1 ŒÔ‚. �¥§Ê²ÓÉ ÉÒ ¶μ²ÊÎ¥´Ò ¸ ³¨±·μ¸±μ-
¶¨Î¥¸±¨³¨ ±μÔËË¨Í¨¥´É ³¨ ¤¨ËËÊ§¨¨ (82)Ä(84) (¸¶²μÏ´ Ö ²¨´¨Ö) ¨ Ë¥´μ³¥´μ²μ£¨-
Î¥¸±¨³ ¤¨ËËÊ§¨μ´´Ò³ ±μÔËË¨Í¨¥´Éμ³ ¶μ ¨³¶Ê²Ó¸Ê (124) (ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö)
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¥´É ³¨ {DPP (t), DPR(t)} (82) ¨ (83), ¡μ²ÓÏ¥, Î¥³ ¶·μ´¨Í ¥³μ¸ÉÓ, · ¸¸Î¨É ´-
´ Ö ¸ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨³¨ ±μÔËË¨Í¨¥´É ³¨ {Dc

PP , Dc
PR = 0} (124). Š¢ ´-

Éμ¢Ò¥ ¸É É¨¸É¨Î¥¸±¨¥ ÔËË¥±ÉÒ ¸¶μ¸μ¡¸É¢ÊÕÉ μ¡· §μ¢ ´¨Õ ¤¢μ°´μ° Ö¤¥·´μ°
±μ´Ë¨£Ê· Í¨¨ §  ¸Î¥É Ê¢¥²¨Î¥´¨Ö ¤¨ËËÊ§¨¨. •μÉÖ DPP (∞) > Dc

PP , · §-
²¨Î¨¥ ³¥¦¤Ê σRR(∞) ¨ σc

RR(∞), · ¸¸Î¨É ´´Ò³¨ ¸ ³¨±·μ¸±μ¶¨Î¥¸±¨³¨ ¨
Ë¥´μ³¥´μ²μ£¨Î¥¸±¨³¨ ¤¨ËËÊ§¨μ´´Ò³¨ ±μÔËË¨Í¨¥´É ³¨ ¸μμÉ¢¥É¸É¢¥´´μ, ¤μ-
¸É ÉμÎ´μ ³ ²μ, ´¥¸³μÉ·Ö ´  μÉ·¨Í É¥²Ó´μ¥ §´ Î¥´¨¥ DPR. � ¤μ § ³¥É¨ÉÓ, ÎÉμ

�¨¸. 8. � ¸¸Î¨É ´´μ¥  ¸¨³¶ÉμÉ¨Î¥¸±μ¥ §´ Î¥´¨¥ ¢¥·μÖÉ´μ¸É¨ ¶·μÌμ¦¤¥´¨Ö £ Ê¸¸μ¢-
¸±μ£μ ¶ ±¥É  Î¥·¥§ ¡ ·Ó¥· (¶¥·¥¢¥·´ÊÉÒ° μ¸Í¨²²ÖÉμ· ¸ �ω̃ = 1 ŒÔ‚) ± ± ËÊ´±Í¨Ö ±μ-
ÔËË¨Í¨¥´É  É·¥´¨Ö ¤²Ö Ê± § ´´ÒÌ É¥³¶¥· ÉÊ· ¨ ´ Î ²Ó´ÒÌ Ô´¥·£¨° (〈R(0)〉 = −2 Ë³,
σRR(0) = 0,42 Ë³2, σPP (0) = 0,6 �2·Ë³−2, σPR(0) = 0). �¥§Ê²ÓÉ ÉÒ ¶μ²ÊÎ¥´Ò
¸ ³¨±·μ¸±μ¶¨Î¥¸±¨³¨ ±μÔËË¨Í¨¥´É ³¨ ¤¨ËËÊ§¨¨ (82)Ä(84) (¸¶²μÏ´ Ö ²¨´¨Ö) ¨ ¸
Ë¥´μ³¥´μ²μ£¨Î¥¸±¨³ ¤¨ËËÊ§¨μ´´Ò³ ±μÔËË¨Í¨¥´Éμ³ ¶μ ¨³¶Ê²Ó¸Ê (124) (ÏÉ·¨Ìμ¢ Ö
²¨´¨Ö)
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�¨¸. 9. � ¸¸Î¨É ´´Ò¥ § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ (82)Ä(84)
¨ É·¥´¨Ö (23) ¤²Ö ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ·  (μ = 448m0 ¨ �ω̃ = 1 ŒÔ‚) ¶·¨
T = 1 ŒÔ‚ (²¥¢ Ö Î ¸ÉÓ) ¨ T = 0,3 ŒÔ‚ (¶· ¢ Ö Î ¸ÉÓ). � ¸Î¥ÉÒ ¤²Ö  ¸¨³¶ÉμÉ¨Î¥-
¸±¨Ì §´ Î¥´¨° ±μÔËË¨Í¨¥´É  É·¥´¨Ö �λp = 1,0, 2,0 ¨ 3,0 ŒÔ‚ ¶μ± § ´Ò ¸¶²μÏ´μ°,
ÏÉ·¨Ìμ¢μ° ¨ ¶Ê´±É¨·´μ° ²¨´¨Ö³¨ ¸μμÉ¢¥É¸É¢¥´´μ

§´ Î¥´¨¥ Δσnm

RR = μ2s2
−σRR(0)−2μs−σPR(0)+σPP (0) ¢ ¢Ò· ¦¥´¨¨ ¤²Ö ΔRR

¸· ¢´¨³μ ¨²¨ ¤ ¦¥ ¡μ²ÓÏ¥, Î¥³ ΔDnm

RR = 2μs2
−DPR(∞)/ω̃ − s−DPP (∞)/ω̃2.

�·¨ Ê¸²μ¢¨¨ Δσnm

RR � ΔDnm

RR §´ Î¥´¨Ö P0(t) ¸² ¡μ § ¢¨¸ÖÉ μÉ ´ ¡μ·  ¤¨ËËÊ-
§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢.

�  ·¨¸. 7 ¨ 8 ¢¨¤´μ, ÎÉμ ´¥É ¡μ²ÓÏμ£μ · §²¨Î¨Ö ³¥¦¤Ê ³¨±·μ¸±μ¶¨Î¥-
¸±¨ · ¸¸Î¨É ´´μ°  ¸¨³¶ÉμÉ¨Î¥¸±μ° ¶·μ´¨Í ¥³μ¸ÉÓÕ P0(∞) ¨ P c

0 (∞), · ¸-
¸Î¨É ´´μ° ¸ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨³¨ Dc

PP (Dc
PR = 0). �μÔÉμ³Ê μ¶· ¢¤ ´μ

¨¸¶μ²Ó§μ¢ ´¨¥ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨Ì ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ ¤²Ö ¤ ´-
´μ£μ ¶μÉ¥´Í¨ ² . ‚ ±¢ ´Éμ¢μ³ ·¥¦¨³¥, �ω̃ � T , §´ Î¥´¨¥ P c

0 ³¥´ÓÏ¥, Î¥³
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�¨¸. 10. ’μ ¦¥, ÎÉμ ¨ ´  ·¨¸. 9, ´μ ¤²Ö £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·  (μ = 448m0

¨ �ω̃ = 1 ŒÔ‚). ‡ ¢¨¸¨³μ¸É¨ λp(t) ¸μ¢¶ ¤ ÕÉ ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ § ¢¨¸¨³μ¸ÉÖ³¨
´  ·¨¸. 9 ¨ ´¥ ¶·¨¢μ¤ÖÉ¸Ö

§´ Î¥´¨¥ P0. ‘ ·μ¸Éμ³ T ¢¥²¨Î¨´  P c
0 μ¸É ¥É¸Ö ³¥´ÓÏ¥ P0. �Éμ · §²¨Î¨¥

· ¸É¥É ¸ λP , ´μ ´¥ ¶·¥¢ÒÏ ¥É 100 % ¶·¨ �λP = 3 ŒÔ‚. � §²¨Î¨¥ ³¥¦¤Ê P c
0

¨ P0 · ¸É¥É ¸ Ê¢¥²¨Î¥´¨¥³ ³ ¸¸μ¢μ£μ ¶ · ³¥É· .

�  ·¨¸. 8 ¶μ± § ´Ò  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ §´ Î¥´¨Ö P0(∞) ± ± ËÊ´±Í¨¨ λP .
‡´ Î¥´¨¥ P0 Ê³¥´ÓÏ ¥É¸Ö ¸ ·μ¸Éμ³ λP ¶·¨ ´ Î ²Ó´ÒÌ Ô´¥·£¨ÖÌ E(0) = 2,4,
1, 0 ¨ −1 ŒÔ‚. …¸²¨ ´ Î ²Ó´ Ö Ô´¥·£¨Ö ³ ²¥´Ó± Ö, É. ¥. E(0) = −2,4 ŒÔ‚,
¢¥·μÖÉ´μ¸ÉÓ ¶·μÌμ¦¤¥´¨Ö · ¸É¥É ¸ É·¥´¨¥³. �Éμ μ¡ÑÖ¸´Ö¥É¸Ö É ± ¦¥, ± ± ¨
§ ¢¨¸¨³μ¸ÉÓ P0 μÉ λP ´  ·¨¸. 6.

2.2. „¨ËËÊ§¨μ´´Ò° ¶·μÍ¥¸¸ ¶μ ±μ²²¥±É¨¢´μ° ±μμ·¤¨´ É¥ ³ ¸¸μ¢μ°
 ¸¨³³¥É·¨¨. „²Ö ¤ ´´μ° ±μ²²¥±É¨¢´μ° ±μμ·¤¨´ ÉÒ ¤¢μ°´μ° Ö¤¥·´μ° ¸¨¸É¥³Ò
¸ Î¨¸²μ³ ´Ê±²μ´μ¢ A = 200 ¨¸¶μ²Ó§μ¢ ´μ ¸²¥¤ÊÕÐ¥¥ §´ Î¥´¨¥ ³ ¸¸μ¢μ£μ ¶ -
· ³¥É· : μ = 448m0. � · ³¥É·Ò ω ¨ λ ¢Ò¡¨· ÕÉ¸Ö É ±, ÎÉμ¡Ò  ¸¨³¶ÉμÉ¨Î¥-
¸±¨¥ ±μÔËË¨Í¨¥´ÉÒ ¦¥¸É±μ¸É¨ ¨ É·¥´¨Ö ¨³¥²¨ μ¶·¥¤¥²¥´´Ò¥ Ë¨±¸¨·μ¢ ´´Ò¥
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�¨¸. 11. ‡ ¢¨¸¨³μ¸É¨ Dpp(∞) ( , ¡) ¨ Dpq(∞) (¢) μÉ  ¸¨³¶ÉμÉ¨Î¥¸±μ£μ §´ Î¥´¨Ö
±μÔËË¨Í¨¥´É  É·¥´¨Ö ¶·¨ �ω̃ = 1 ŒÔ‚, μ = 448m0. „²Ö Dpp(∞) ¶μ± § ´Ò · ¸-
Î¥ÉÒ ¶μ ³¨±·μ¸±μ¶¨Î¥¸±¨³ Ëμ·³Ê² ³ (88) ¨ (90) ¤²Ö £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ· 
(¸¶²μÏ´ Ö ²¨´¨Ö) ¨ ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ·  (ÏÉ·¨Ìμ¢ Ö), ¨ ¶μ Ë¥´μ³¥´μ²μ£¨Î¥-
¸±μ° Ëμ·³Ê²¥ (124) (ÏÉ·¨Ì¶Ê´±É¨·´ Ö ²¨´¨Ö). „²Ö Dpq(∞) ¶μ± § ´Ò · ¸Î¥ÉÒ ¶μ
³¨±·μ¸±μ¶¨Î¥¸±¨³ Ëμ·³Ê² ³ (89) ¨ (90) ¤²Ö £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·  (¸¶²μÏ´ Ö
²¨´¨Ö) ¨ ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ·  (ÏÉ·¨Ìμ¢ Ö)

§´ Î¥´¨Ö ξ(∞) = ξ = ±μω̃2 ¨ λp(∞) = λp. „²Ö £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²Ö-
Éμ·  ¨ ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ·  ¶ · ³¥É·Ò �γ = 12 ŒÔ‚, μ ¨ |ξ(∞)|
¡· ²¨¸Ó μ¤¨´ ±μ¢Ò³¨. ‚ · ¸Î¥É Ì ¶·μ´¨Í ¥³μ¸É¨ ¨¸¶μ²Ó§μ¢ ´Ò ¸²¥¤ÊÕÐ¨¥
´ Î ²Ó´Ò¥ §´ Î¥´¨Ö ¶ · ³¥É·μ¢ £ Ê¸¸μ¢¸±μ£μ ¶ ±¥É : σqq(0) = 0,046 Ë³2,
σpp(0) = �

2/(4σqq(0)) �
2·Ë³−2, σpq(0) = 0, 〈q(0)〉 = −1 Ë³ ¨

〈p(0)〉 = 7,2 � ·Ë³−1.

�·¨ �ω̃ = 1 ŒÔ‚ § ¢¨¸¨³μ¸É¨ ³¨±·μ¸±μ¶¨Î¥¸±¨Ì ±μÔËË¨Í¨¥´Éμ¢ λp(t),
Dpp(t) ¨ Dpq(t) μÉ ¢·¥³¥´¨ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 9 ¤²Ö ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²-
²ÖÉμ· , ¨ ´  ·¨¸. 10 ¤²Ö £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ· . Š ± ¢¨¤´μ ¨§ ÔÉ¨Ì
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�¨¸. 12. ‡ ¢¨¸¨³μ¸ÉÓ  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ μÉ  ¸¨³¶ÉμÉ¨Î¥¸±μ°
Î ¸ÉμÉÒ £ ·³μ´¨Î¥¸±μ£μ ¨ ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ·  ¶·¨ μ = 448m0, T = 1 ŒÔ‚
(¸¶²μÏ´ Ö ²¨´¨Ö) ¨ T = 0,3 ŒÔ‚ (ÏÉ·¨Ìμ¢ Ö). �¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¸ ³μ¤¨Ë¨-
Í¨·μ¢ ´´Ò³¨ ¤¨ËËÊ§¨μ´´Ò³¨ ±μÔËË¨Í¨¥´É ³¨ Dpp(t = 1/s+), Dpq(t = 1/s+) ¶·¨
T = 0,3 ŒÔ‚, ¶μ± § ´Ò ¶Ê´±É¨·´μ° ²¨´¨¥°. � ¸Î¥ÉÒ ¶·¨  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì §´ Î¥´¨ÖÌ
±μÔËË¨Í¨¥´É  É·¥´¨Ö �λp = 3 ¨ 1 ŒÔ‚ ¶μ± § ´Ò ´  ·¨¸.  , ¡ ¨ ¢, £ ¸μμÉ¢¥É¸É¢¥´´μ

·¨¸Ê´±μ¢, É· ´¸¶μ·É´Ò¥ ±μÔËË¨Í¨¥´ÉÒ · ¢´Ò ´Ê²Õ ¶·¨ t = 0 ¨ Î¥·¥§ ±μ-
·μÉ±μ¥ ¢·¥³Ö ¶μ·Ö¤±  ∼ 1/γ μ´¨ ¤μ¸É¨£ ÕÉ ¸¢μ¨Ì  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì §´ -
Î¥´¨°. ˆ§ ·¨¸. 9 ¨ 10 ¢¨¤´μ, ÎÉμ ¶·¨ ¸· ¢´¨É¥²Ó´μ ¢Ò¸μ±¨Ì É¥³¶¥· ÉÊ· Ì
(T = 1 ŒÔ‚)  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ §´ Î¥´¨Ö Dpp(∞) ¨ Dpq(∞) ¤²Ö ¶¥·¥¢¥·´Ê-
Éμ£μ μ¸Í¨²²ÖÉμ·  ¶·¨¡²¨§¨É¥²Ó´μ ´  5% ³¥´ÓÏ¥, Î¥³ ¤²Ö £ ·³μ´¨Î¥¸±μ£μ
μ¸Í¨²²ÖÉμ· . �·¨ É¥³¶¥· ÉÊ·¥ T = 0,3 ŒÔ‚ Dpp(∞) (Dpq(∞)) ¤²Ö £ ·³μ-
´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·  ¡μ²ÓÏ¥ ´  40 % (20%), 16 % (15%) ¨ 11 % (13%),
Î¥³ ¤²Ö ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ·  ¶·¨ §´ Î¥´¨ÖÌ �λp(∞) = 1, 2 ¨ 3 ŒÔ‚
¸μμÉ¢¥É¸É¢¥´´μ. �ÉμÉ ¤¨ ¶ §μ´ §´ Î¥´¨° ±μÔËË¨Í¨¥´É  É·¥´¨Ö μÌ¢ ÉÒ¢ ¥É
·¥¦¨³Ò ¸² ¡μ£μ, ¸·¥¤´¥£μ ¨ ¸¨²Ó´μ£μ § ÉÊÌ ´¨°.
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�¨¸. 13. ‡ ¢¨¸¨³μ¸É¨  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ μÉ É¥³¶¥· ÉÊ·Ò ¶·¨
�ω̃ = 1 ŒÔ‚, μ = 448m0 ¨ Ê± § ´´ÒÌ  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì ±μÔËË¨Í¨¥´É Ì É·¥´¨Ö �λp =
1,0 (¡, £) ¨ 3,0 ŒÔ‚ ( , ¢). �μ± § ´Ò · ¸Î¥ÉÒ ¶μ ³¨±·μ¸±μ¶¨Î¥¸±¨³ Ëμ·³Ê² ³ (82)Ä
(84) ¤²Ö £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·  (¸¶²μÏ´ Ö ²¨´¨Ö (t = ∞)) ¨ ¶¥·¥¢¥·´ÊÉμ£μ
μ¸Í¨²²ÖÉμ·  (ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö ¶·¨ t = ∞ ¢ (84) ¨ ¶Ê´±É¨·´ Ö ¶·¨ t = 1/s+ ¢ (84))

�·¨ μÉ´μ¸¨É¥²Ó´μ ³ ²ÒÌ É·¥´¨ÖÌ �λp � 1 ŒÔ‚  ¸¨³¶ÉμÉ¨±¨ ³¨±·μ-
¸±μ¶¨Î¥¸±¨Ì ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ Dpp(∞) ¤²Ö £ ·³μ´¨Î¥¸±μ£μ ¨ ¶¥·¥-
¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ·μ¢ ¡²¨§±¨ ± §´ Î¥´¨Õ ®±² ¸¸¨Î¥¸±μ£μ¯ (Ë¥´μ³¥´μ²μ-
£¨Î¥¸±μ£μ) ±μÔËË¨Í¨¥´É  ¤¨ËËÊ§¨¨ ¶μ ¨³¶Ê²Ó¸Ê Dc

pp (124). ‘ Ê¢¥²¨Î¥´¨¥³
¢¥²¨Î¨´Ò ±μÔËË¨Í¨¥´É  É·¥´¨Ö μÉ �λp = 1 ŒÔ‚ ¤μ �λp = 3 ŒÔ‚ · §²¨Î¨¥
¤μ¸É¨£ ¥É Ë ±Éμ·  2 ¤²Ö ¢Ò¸μ±¨Ì É¥³¶¥· ÉÊ· (T = 1 ŒÔ‚), ¨ 3 ¤²Ö ´¨§±¨Ì
É¥³¶¥· ÉÊ· (T = 0,3 ŒÔ‚), ¶·¨Î¥³ ¢¸¥£¤  Dpp(∞) > Dc

pp. ‚ μÉ²¨Î¨¥ μÉ Dpp

±μÔËË¨Í¨¥´É Dpq ´¥ ¨³¥¥É ¸¢μ¥£μ ±² ¸¸¨Î¥¸±μ£μ  ´ ²μ£ . ‡ ¢¨¸¨³μ¸É¨ Dpq

μÉ λp ¶·¨¢¥¤¥´Ò ´  ·¨¸. 11. �·¨ ¶¥·¥Ìμ¤¥ μÉ £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·  ±
¶¥·¥¢¥·´ÊÉμ³Ê μ¸Í¨²²ÖÉμ·Ê  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ §´ Î¥´¨Ö Dpp(∞) ¨ Dpq(∞) ³¥-
´ÖÕÉ¸Ö ´¥¶·¥·Ò¢´μ (·¨¸. 12). ‚ · ¸¸³μÉ·¥´´μ³ ¤¨ ¶ §μ´¥ Î ¸ÉμÉ  ¡¸μ²ÕÉ´Ò¥
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§´ Î¥´¨Ö Dpp(∞) ¨ Dpq(∞) ¤²Ö ¶¥·¥¢¥·´ÊÉμ£μ ¨ £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ-
·μ¢ μÉ´μ¸¨É¥²Ó´μ ¡²¨§±¨ ¶·¨ Ë¨±¸¨·μ¢ ´´ÒÌ Î ¸ÉμÉ¥ ¨ É¥³¶¥· ÉÊ·¥.

� §²¨Î¨¥ §´ Î¥´¨° ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¤²Ö · §´μ£μ É¨¶  μ¸Í¨²²Ö-
Éμ·μ¢ Ê³¥´ÓÏ ¥É¸Ö ¸ Ê¢¥²¨Î¥´¨¥³ É¥³¶¥· ÉÊ·Ò ¨ Ê³¥´ÓÏ¥´¨¥³ Î ¸ÉμÉÒ. �·¨
T = 2 ŒÔ‚ ¨ �ω̃ = 1 ŒÔ‚ ¤¨ËËÊ§¨μ´´Ò¥ ±μÔËË¨Í¨¥´ÉÒ ¤²Ö £ ·³μ´¨Î¥¸±μ£μ
¨ ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ·μ¢ ¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ÕÉ (·¨¸. 13).

�·μ´¨Í ¥³μ¸ÉÓ ¶ · ¡μ²¨Î¥¸±μ£μ ¡ ·Ó¥· . „²Ö · ¸Î¥É  ¶·μ´¨Í ¥³μ¸É¨ ¶ -
· ¡μ²¨Î¥¸±μ£μ ¡ ·Ó¥·  ¸²¥¢  ´ ¶· ¢μ ¨¸¶μ²Ó§μ¢ ´  Ëμ·³Ê²  (125). ‚ · ¸Î¥-

�¨¸. 14. ‡ ¢¨¸¨³μ¸ÉÓ ¶·μ´¨Í ¥³μ¸É¨ P0(∞) ¶ · ¡μ²¨Î¥¸±μ£μ ¡ ·Ó¥·  μÉ §´ Î¥´¨Ö
 ¸¨³¶ÉμÉ¨Î¥¸±μ£μ ±μÔËË¨Í¨¥´É  É·¥´¨Ö λp = λp(∞) ¶·¨ μ = 448m0, �ω̃ = 1 ŒÔ‚,
T = 1 ŒÔ‚ ( ) ¨ T = 0,3 ŒÔ‚ (¡). ‚ · ¸Î¥É Ì ¨¸¶μ²Ó§μ¢ ´Ò § ¢¨¸ÖÐ¨¥ μÉ ¢·¥³¥´¨
³¨±·μ¸±μ¶¨Î¥¸±¨¥ ±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ Dpp(t), Dpq(t) (82)Ä(84) (ÏÉ·¨Ì¶Ê´±-
É¨·´ Ö ²¨´¨Ö),  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ ±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ Dpp(∞), Dpq(∞) (88)Ä
(90) (ÏÉ·¨Ìμ¢ Ö), ³μ¤¨Ë¨Í¨·μ¢ ´´Ò¥ ¤¨ËËÊ§¨μ´´Ò¥ ±μÔËË¨Í¨¥´ÉÒ Dpp(t = 1/s+),
Dpq(t = 1/s+) (¶Ê´±É¨·´ Ö) ¤²Ö ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ· . �¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥
¸ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨³ ±μÔËË¨Í¨¥´Éμ³ ¤¨ËËÊ§¨¨ Dcl

pp (124) ¶·¨ Dpq = 0, ¶μ± -
§ ´Ò ÏÉ·¨Ì¶Ê´±É¨·´μ° ²¨´¨¥° ¸ ¤¢Ê³Ö ÉμÎ± ³¨. ‘¶²μÏ´μ° ²¨´¨¥° ¶μ± § ´ · ¸Î¥É
¶·μ´¨Í ¥³μ¸É¨ ¸ Dpp(∞) ¨ Dpq(∞) (88)Ä(90) ¤²Ö £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ· 
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É Ì P0(t) ¨¸¶μ²Ó§μ¢ ´Ò σqq(t), · ¸¸Î¨É ´´Ò¥ ¸ · §²¨Î´Ò³¨ ´ ¡μ· ³¨ ¤¨Ë-
ËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢. Š ± ¢¨¤´μ ¨§ ·¨¸. 14 ¨ 15, ¶·¨ �λp � 1 ŒÔ‚
É·¥´¨¥ ³¥Ï ¥É ¶·μÌμ¦¤¥´¨Õ ¢μ²´μ¢μ£μ ¶ ±¥É . �·¨ μÉ´μ¸¨É¥²Ó´μ ¢Ò¸μ±¨Ì
É¥³¶¥· ÉÊ· Ì (T = 1 ŒÔ‚) ¶·μ´¨Í ¥³μ¸É¨ P0 = P0(∞), · ¸¸Î¨É ´´Ò¥ ¸ ¶μ-
³μÐÓÕ § ¢¨¸ÖÐ¨Ì μÉ ¢·¥³¥´¨ ³¨±·μ¸±μ¶¨Î¥¸±¨Ì ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨
¤²Ö ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ· , μ± §Ò¢ ÕÉ¸Ö ¶·¨¡²¨§¨É¥²Ó´μ ¢ 1,5 ¨ 3Ä4 · § 
¡μ²ÓÏ¨³¨ ¶·¨ �λp = 1 ¨ 3 ŒÔ‚ ¸μμÉ¢¥É¸É¢¥´´μ, Î¥³ ¶·μ´¨Í ¥³μ¸É¨, · ¸-
¸Î¨É ´´Ò¥ ¸ ¶μ³μÐÓÕ Ë¥´μ³¥´μ²μ£¨Î¥¸±μ£μ ±μÔËË¨Í¨¥´É  (124) ¨ Dpq = 0.
’ ± Ö É¥´¤¥´Í¨Ö ¸μÌ· ´Ö¥É¸Ö ¨ ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì (T = 0,3 ŒÔ‚).
�Éμ μ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉμ ¢ · ¸¸³ É·¨¢ ¥³μ³ ¤¨ ¶ §μ´¥ É¥³¶¥· ÉÊ· §´ Î¥´¨¥

�¨¸. 15. ‡ ¢¨¸¨³μ¸ÉÓ ¶·μ´¨Í ¥³μ¸É¨ P0(∞) ¶ · ¡μ²¨Î¥¸±μ£μ ¡ ·Ó¥·  μÉ É¥³¶¥· -
ÉÊ·Ò T ¶·¨ μ = 448m0, �ω̃ = 1 ŒÔ‚, �λp = 3 ŒÔ‚ ( ) ¨ �λp = 1 ŒÔ‚ (¡). ‚
· ¸Î¥É Ì ¨¸¶μ²Ó§μ¢ ´Ò  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ ³¨±·μ¸±μ¶¨Î¥¸±¨¥ ±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ-
§¨¨ Dpp(t), Dpq(t) (82)Ä(84) (ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö), ³μ¤¨Ë¨Í¨·μ¢ ´´Ò¥ ¤¨ËËÊ§¨μ´´Ò¥
±μÔËË¨Í¨¥´ÉÒ Dpp(t = 1/s+), Dpq(t = 1/s+) (¶Ê´±É¨·´ Ö ²¨´¨Ö) ¤²Ö ¶¥·¥¢¥·-
´ÊÉμ£μ μ¸Í¨²²ÖÉμ·  ¨  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ ³¨±·μ¸±μ¶¨Î¥¸±¨¥ ±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨
Dpp(∞), Dpq(∞) (88)Ä(90) ¤²Ö £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·  (¸¶²μÏ´ Ö ²¨´¨Ö)
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 ¸¨³¶ÉμÉ¨Î¥¸±μ£μ ³¨±·μ¸±μ¶¨Î¥¸±μ£μ ±μÔËË¨Í¨¥´É  ¤¨ËËÊ§¨¨ ¶μ ¨³¶Ê²Ó¸Ê
¡μ²ÓÏ¥, Î¥³ §´ Î¥´¨¥ ¥£μ Ë¥´μ³¥´μ²μ£¨Î¥¸±μ£μ  ´ ²μ£ . �  ·¨¸. 9 ¢¨¤´μ, ÎÉμ
 ¸¨³¶ÉμÉ¨Î¥¸±μ¥ §´ Î¥´¨¥ ¤²Ö ±μÔËË¨Í¨¥´É  ¤¨ËËÊ§¨¨ ¶μ ¨³¶Ê²Ó¸Ê Ê¸É ´ -
¢²¨¢ ¥É¸Ö ¶μ¸²¥ ´ Î ²Ó´μ£μ ¢¸¶²¥¸± , ¨ ¶μ¸±μ²Ó±Ê ¶·μ´¨Í ¥³μ¸ÉÓ Ö¢²Ö¥É¸Ö
¨´É¥£· ²Ó´μ° Ì · ±É¥·¨¸É¨±μ°, ¥¥ §´ Î¥´¨¥ μ± §Ò¢ ¥É¸Ö ¡μ²ÓÏ¨³ ¶·¨ ¨¸-
¶μ²Ó§μ¢ ´¨¨ § ¢¨¸ÖÐ¨Ì μÉ ¢·¥³¥´¨ ³¨±·μ¸±μ¶¨Î¥¸±¨Ì ±μÔËË¨Í¨¥´Éμ¢ ¤¨Ë-
ËÊ§¨¨, Î¥³ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨.
� ¸Î¥ÉÒ ¸ ³¨±·μ¸±μ¶¨Î¥¸±¨³¨  ¸¨³¶ÉμÉ¨Î¥¸±¨³¨ ±μÔËË¨Í¨¥´É ³¨ ¤¨ËËÊ-
§¨¨ ¤²Ö £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·  ¨ ³μ¤¨Ë¨Í¨·μ¢ ´´Ò³¨ ±μÔËË¨Í¨¥´-
É ³¨ ¤¨ËËÊ§¨¨ ¤²Ö ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ·  ¤ ÕÉ ¶· ±É¨Î¥¸±¨ μ¤¨´ ±μ-
¢Ò¥ §´ Î¥´¨Ö ¶·μ´¨Í ¥³μ¸É¥° ¢μ ¢¸¥³ · ¸¸³ É·¨¢ ¥³μ³ ¤¨ ¶ §μ´¥ É·¥´¨°
¶·¨ μÉ´μ¸¨É¥²Ó´μ ¢Ò¸μ±¨Ì É¥³¶¥· ÉÊ· Ì (T = 1 ŒÔ‚). „²Ö ´¨§±¨Ì É¥³¶¥· -
ÉÊ· (T = 0,3 ŒÔ‚) μ´¨ μÉ²¨Î ÕÉ¸Ö μÉ 5 (¶·¨ �λp = 1 ŒÔ‚) ¤μ 8 · § (¶·¨
�λp = 3 ŒÔ‚). �  ·¨¸. 15 ¢¨¤´μ ¸¨²Ó´μ¥ ¶ ¤¥´¨¥ P0 ¶·¨ T < 0,3 ŒÔ‚
¨ �λp = 1 ŒÔ‚ ¢ · ¸Î¥É Ì ¸ § ¢¨¸ÖÐ¨³¨ μÉ ¢·¥³¥´¨ ³¨±·μ¸±μ¶¨Î¥¸±¨³¨
±μÔËË¨Í¨¥´É ³¨ ¤¨ËËÊ§¨¨ ¤²Ö ¶¥·¥¢¥·´ÊÉμ£μ μ¸Í¨²²ÖÉμ· .

3. ��‘��„ Œ…’�‘’�	ˆ‹œ��ƒ� ‘�‘’�Ÿ�ˆŸ

3.1. ”μ·³ ²¨§³. �·μ¡²¥³  μ¶¨¸ ´¨Ö · ¸¶ ¤  ±¢ ´Éμ¢μ° ¸¨¸É¥³Ò ¨§ ±¢ -
§¨¸É Í¨μ´ ·´μ£μ ¸μ¸ÉμÖ´¨Ö ¢Ò§Ò¢ ¥É ¡μ²ÓÏμ° ¨´É¥·¥¸ ¢ · §´ÒÌ μ¡² ¸ÉÖÌ
Ë¨§¨±¨: ¢ Ì¨³¨Î¥¸±μ° ±¨´¥É¨±¥, É¥μ·¨¨ ¤¨ËËÊ§¨¨ ¢ É¢¥·¤ÒÌ É¥² Ì ¨ É¥μ-
·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° [4Ä9, 120, 121, 123]. � ¸¶ ¤ Ö¢²Ö¥É¸Ö ¤¨ËËÊ§¨μ´´Ò³ ¨
¤¨¸¸¨¶ É¨¢´Ò³ ¶·μÍ¥¸¸μ³ ¢¤μ²Ó ±μ²²¥±É¨¢´μ° ±μμ·¤¨´ ÉÒ q. Šμ²²¥±É¨¢-
´ Ö ¶μ¤¸¨¸É¥³  ¸¢Ö§ ´  ¸ É¥·³μ¸É Éμ³, μ¡· §μ¢ ´´Ò³ μ¸É ²Ó´Ò³¨ ¸É¥¶¥´Ö³¨
¸¢μ¡μ¤Ò ¶μ²´μ° ¸¨¸É¥³Ò. �·μÍ¥¸¸ · ¸¶ ¤  ³μ¦¥É ¡ÒÉÓ μ¶¨¸ ´ ±¢ ´Éμ¢Ò³
³ ¸É¥·-Ê· ¢´¥´¨¥³ (30) ¤²Ö ¶·¨¢¥¤¥´´μ° ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¸ λq = 0 ¨
Dqq = 0. …¸²¨ ¶μÉ¥´Í¨ ² Ũ(q) Ö¢²Ö¥É¸Ö μ¸Í¨²²ÖÉμ·μ³ ¨ ±μ²²¥±É¨¢´ Ö ¶μ¤-
¸¨¸É¥³  ¸¢Ö§ ´  ¸ É¥·³μ¸É Éμ³ ²¨´¥°´μ ¶μ q [3], Éμ ¤¨ËËÊ§¨μ´´Ò¥ ±μÔËË¨-
Í¨¥´ÉÒ Ê· ¢´¥´¨Ö (30) ´¥ § ¢¨¸ÖÉ μÉ q [13, 107, 112, 116, 118, 119]. ‚ ÔÉμ³
¸²ÊÎ ¥ Dpp ¨ Dpq Å ËÊ´±Í¨¨ Î ¸ÉμÉÒ μ¸Í¨²²ÖÉμ·  [4Ä9, 12, 13, 107, 110Ä
112, 116, 118, 119, 123]. � §² £ Ö ¢ ·Ö¤ ’¥°²μ·  ¤μ ¢Éμ·μ£μ ¶μ·Ö¤±  ¡μ²¥¥
¸²μ¦´Ò° ¶μÉ¥´Í¨ ², Ũ(q) ³μ¦´μ  ¶¶·μ±¸¨³¨·μ¢ ÉÓ ¢ ± ¦¤μ° ÉμÎ±¥ q ²μ-
± ²Ó´Ò³ £ ·³μ´¨Î¥¸±¨³ ¨²¨ ¶¥·¥¢¥·´ÊÉÒ³ μ¸Í¨²²ÖÉμ·μ³ [124]. ‚¸²¥¤¸É¢¨¥
Éμ£μ, ÎÉμ Î ¸ÉμÉ  ²μ± ²Ó´μ£μ μ¸Í¨²²ÖÉμ·  § ¢¨¸¨É μÉ ±μμ·¤¨´ ÉÒ, ¤¨ËËÊ§¨-
μ´´Ò¥ ±μÔËË¨Í¨¥´ÉÒ ¸É ´μ¢ÖÉ¸Ö § ¢¨¸ÖÐ¨³¨ μÉ q. „²Ö  ´£ ·³μ´¨Î¥¸±μ£μ
¶μÉ¥´Í¨ ²  Ũ(q) ¨¸¶μ²Ó§μ¢ ´¨¥ ¶μ¸ÉμÖ´´ÒÌ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢
Ö¢²Ö¥É¸Ö Ìμ·μÏ¨³ ¶·¨¡²¨¦¥´¨¥³ ¶·¨ ¸² ¡μ° ¤¨¸¸¨¶ Í¨¨ ¨ ¢Ò¸μ±μ° É¥³¶¥-
· ÉÊ·¥ [12, 110, 111, 124]. �¤´ ±μ ¢μ ³´μ£¨Ì ¶·¨²μ¦¥´¨ÖÌ, ´ ¶·¨³¥·, ¶·¨
· ¸¸³μÉ·¥´¨¨ · ¸¶ ¤  ¨§ ´¥£²Ê¡μ±μ° ¶μÉ¥´Í¨ ²Ó´μ° Ö³Ò, ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ-
¢ ÉÓ Ë²Ê±ÉÊ Í¨¨ ¡μ²¥¥ ¢Ò¸μ±μ£μ ¶μ·Ö¤±  [4Ä9, 120, 121, 123, 124]. �É³¥É¨³,
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ÎÉμ ¶μÉ¥´Í¨ ² Ũ(q) ¢±²ÕÎ ¥É ¶¥·¥´μ·³¨·μ¢±¨ ¨§-§  ¸¢Ö§¨ ¨ ´¥³ ·±μ¢μ¸É¨.
Œ ¸É¥·-Ê· ¢´¥´¨¥ ¤²Ö ¶·¨¢¥¤¥´´μ° ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ρ ¢ ±μμ·¤¨´ É´μ³

¶·¥¤¸É ¢²¥´¨¨ (ρ(t, x, y) = 〈x|ρ|y〉) ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´μ ± ±

d

dt
ρ(t, x, y) = L(x, y)ρ(t, x, y),

L(x, y) = −i

[
�

2μ
(∂x,x − ∂y,y) + Ũ(x) − Ũ(y)

]
− 1

2
λp(x − y)(∂x − ∂y)−

− Dpp

�2
(x − y)2 − i

�
[Dpq(∂x + ∂y)(x − y) + (x − y)(∂x + ∂y)Dpq]. (130)

‡¤¥¸Ó ¨¸¶μ²Ó§μ¢ ´Ò μ¡μ§´ Î¥´¨Ö: ∂k = ∂/∂k, ∂k,k = ∂2/∂2k. „¥² Ö ¸²¥¤ÊÕ-
Ð¥¥ ¶·¥μ¡· §μ¢ ´¨¥ ±μμ·¤¨´ É

x = q +
z

2
, y = q − z

2
,

(131)
∂

∂x
=

1
2

∂

∂q
+

∂

∂z
,

∂

∂y
=

1
2

∂

∂q
− ∂

∂z

¨ · §² £ Ö ¶μÉ¥´Í¨ ² ¶μ z

Ũ
(
q +

z

2

)
− Ũ
(
q − z

2

)
≈ zŨ ′(q) +

1
24

z3Ũ ′′′(q), (132)

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

d

dt
ρ(t, q, z) = L(q, z)ρ(t, q, z),

L(q, z) = i
�

μ
∂q,z − izŨ ′(q) − i

1
24

z3Ũ ′′′(q) − λpz∂z −
Dpp

�2
z2−

− i

�
(Dpqz∂q + ∂qzDpq). (133)

„²Ö ·¥Ï¥´¨Ö (133) ¨¸¶μ²Ó§Ê¥É¸Ö μ¸Í¨²²ÖÉμ·´Ò° ¡ §¨¸:

ρ(t, q, z) =
n∑

k=0

fk(t, q)Bk(σ, z)

(134)

Bk(σ, z) =
ik

k!

(
k

2

)
! exp
(
− z2

8σ2

)
Hk

( z

2σ

)
.

‡¤¥¸Ó Bk(σ, 0) = 1 ¨ 0 ¤²Ö Î¥É´ÒÌ ¨ ´¥Î¥É´ÒÌ k ¸μμÉ¢¥É¸É¢¥´´μ. ˆ§ Î¨¸²¥´-
´ÒÌ · ¸Î¥Éμ¢ ³Ò ¶μ²ÊÎ ¥³, ÎÉμ ¤¨ËËÊ§¨μ´´Ò° ±μÔËË¨Í¨¥´É Dpp(q = qL) ¢
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³¨´¨³Ê³¥ ¶μÉ¥´Í¨ ²Ó´μ° Ö³Ò (£¤¥ ´ Ìμ¤¨É¸Ö ´ Î ²Ó´Ò° ¶ ±¥É) ¨ μ¶É¨³ ²Ó-
´Ò° ¡ §¨¸´Ò° ¶ · ³¥É· σ ¤μ²¦´Ò ¡ÒÉÓ ¸¢Ö§ ´Ò ¸²¥¤ÊÕÐ¨³ ¸μμÉ´μÏ¥´¨¥³:
4σ2Dpp = �

2λp. ‡´ Î¥´¨¥ σ ³¥´Ö¥É¸Ö ¢ ¨´É¥·¢ ²¥ 0,14Ä0,30 Ë³ ¶·¨ · ¸-
¸³μÉ·¥´´ÒÌ T ¨ λp. �·¥¤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, q) dq = 1. (135)

3.2. „¨ËËÊ§¨μ´´Ò¥ ±μÔËË¨Í¨¥´ÉÒ, § ¢¨¸ÖÐ¨¥ μÉ ±μμ·¤¨´ ÉÒ. ‚ ± -
¦¤μ³ ³ ²μ³ ¨´É¥·¢ ²¥ ¶μ q ¶μÉ¥´Í¨ ² Ũ(q) ³μ¦¥É ¡ÒÉÓ  ¶¶·μ±¸¨³¨·μ¢ ´
²μ± ²Ó´Ò³ £ ·³μ´¨Î¥¸±¨³ ¨²¨ ¶¥·¥¢¥·´ÊÉÒ³ μ¸Í¨²²ÖÉμ·μ³ ¸ Î ¸ÉμÉμ° ω̃(q).
‚ ¸²ÊÎ ¥ ²¨´¥°´μ° ¸¢Ö§¨ ¶μ q ³¥¦¤Ê ±μ²²¥±É¨¢´μ° ¨ ¢´ÊÉ·¥´´¥° ¶μ¤¸¨¸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 (§´ ± ®−¯) ¨³¥ÕÉ
¸²¥¤ÊÕÐ¨° ¢¨¤ (νk = 2πTk/�):

Dpp(q) =
Tμγ2λp

γ(γ + λp) ± ω̃2

(
1 + 2

∞∑
k=1

νkγλp ± ω̃2(γ + νk)
(γ + νk)(νk(νk + λp) ± ω̃2)

)
, (136)

Dpq(q) =
Tγλp

2(γ(γ + λp) ± ω̃2)

(
1 + 2γ

∞∑
k=1

−νkγ ± ω̃2

(γ + νk)(νk(νk + λp) ± ω̃2)

)
.

(137)

„ ´´Ò¥ ¢Ò· ¦¥´¨Ö ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¨§ (94) ¨ (95), ¶·¥¤¸É ¢²ÖÖ ²μ£ ·¨Ë-
³¨Î¥¸±ÊÕ ¶·μ¨§¢μ¤´ÊÕ £ ³³ -ËÊ´±Í¨¨ ¡¥¸±μ´¥Î´μ° ¸Ê³³μ° ¨ ¤¥² Ö § ³¥´Ê
ω → ω̃. Œμ¦´μ ¶μ± § ÉÓ, ÎÉμ § ¢¨¸¨³μ¸ÉÓ λp μÉ q ¤²Ö ¤ ´´μ£μ É¨¶  ¸¢Ö§¨
¤μ¸É ÉμÎ´μ ¸² ¡ Ö, ÎÉμ¡Ò ¥¥ ÊÎ¨ÉÒ¢ ÉÓ. Š ± ¡Ò²μ ¶μ± § ´μ ¢ÒÏ¥, ¶·¨
²¨´¥°´μ° ¸¢Ö§¨ ¶μ ±μμ·¤¨´ É¥ ³¥¦¤Ê ±μ²²¥±É¨¢´μ° ¨ ¢´ÊÉ·¥´´¥° ¶μ¤¸¨-
¸É¥³ ³¨ Ê ´ ¸ μÉ¸ÊÉ¸É¢ÊÕÉ ±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ ¨ É·¥´¨Ö ¶μ ±μμ·¤¨-
´ É¥ [12,13,107,110Ä112,116,118,119]. ‚ Î¨¸²¥´´ÒÌ · ¸Î¥É Ì ³Ò ¨¸¶μ²Ó§Ê¥³
´¥¸±μ²Ó±μ ´ ¡μ·μ¢  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢. �¥·¢Ò°
´ ¡μ· ¸μ¤¥·¦¨É ³¨±·μ¸±μ¶¨Î¥¸±¨¥ (±¢ ´Éμ¢Ò¥) ¤¨ËËÊ§¨μ´´Ò¥ ±μÔËË¨Í¨-
¥´ÉÒ (136) ¨ (137), § ¢¨¸ÖÐ¨¥ μÉ ±μμ·¤¨´ ÉÒ,

(i) Dpp(q), Dpq(q). (138)

‚Éμ·μ° ´ ¡μ· ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ ¸μ¢¶ ¤ ¥É ¸ ¶¥·¢Ò³ ´ ¡μ·μ³,
´μ Dpq ¶μ² £ ¥É¸Ö · ¢´Ò³ ´Ê²Õ:

(ii) Dpp(q), Dpq(q) ≡ 0. (139)
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‘· ¢´¨¢ Ö ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¸ ´ ¡μ· ³¨ (i) ¨ (ii), ³μ¦´μ ¢ÒÖ¢¨ÉÓ ·μ²Ó
Dpq ¢ ¶·μÍ¥¸¸¥ Ô¢μ²ÕÍ¨¨ ¸¨¸É¥³Ò. �¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¸ ÔÉ¨³¨ ´ -
¡μ· ³¨, ³μ¦´μ ¸· ¢´¨ÉÓ ¸ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨³ (®±² ¸¸¨Î¥¸±¨³¯) ´ ¡μ·μ³,
§ ¢¨¸ÖÐ¨³ μÉ q:

(iii) Dc
pp(q) = μλpT

∗(q), Dc
pq(q) = 0, (140)

£¤¥ ÔËË¥±É¨¢´ Ö É¥³¶¥· ÉÊ·  T ∗(q) = 0,5�ω̃(q) cth [�ω̃(q)/(2T )] (¤²Ö ¶μÉ¥´-
Í¨ ²  ¸ ¶μ²μ¦¨É¥²Ó´μ° ¦¥¸É±μ¸ÉÓÕ) ¨²¨ T ∗(q) = 0,5�ω̃(q) ctg [�ω̃(q)/(2T )]
(¤²Ö ¶μÉ¥´Í¨ ²  ¸ μÉ·¨Í É¥²Ó´μ° ¦¥¸É±μ¸ÉÓÕ) § ¢¨¸¨É μÉ q. �¥§Ê²ÓÉ ÉÒ, ¶μ-
²ÊÎ¥´´Ò¥ ¸ ¶μ³μÐÓÕ ÔÉ¨Ì ´ ¡μ·μ¢ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢, ³μ¦´μ
¸· ¢´¨ÉÓ ¸ Î ¸Éμ ¨¸¶μ²Ó§Ê¥³Ò³¨ ¶μ¸ÉμÖ´´Ò³¨ ³¨±·μ¸±μ¶¨Î¥¸±¨³¨ ±μÔËË¨-
Í¨¥´É ³¨ ¤¨ËËÊ§¨¨

(iv) Dpp(q = qL), Dpq(q = qL) (141)

¨²¨ ¶μ¸ÉμÖ´´Ò³¨ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨³¨ ±μÔËË¨Í¨¥´É ³¨ ¤¨ËËÊ§¨¨

(v) Dc
pp(q = qL) = μλpT

∗(q = qL), Dc
pq(qL) = 0. (142)

‡¤¥¸Ó qL Ê± §Ò¢ ¥É ´  ¶μ²μ¦¥´¨¥ ²¥¢μ£μ ³¨´¨³Ê³ , μÉ±Ê¤  · ¸¸³ É·¨¢ ¥É¸Ö
· ¸¶ ¤.

3.3. ‘±μ·μ¸ÉÓ · ¸¶ ¤  ¨§ ¶μÉ¥´Í¨ ²Ó´μ° Ö³Ò. 3.3.1 �¶·¥¤¥²¥´¨¥ ¸±μ-
·μ¸É¨ · ¸¶ ¤ . �¥Ï Ö Ê· ¢´¥´¨¥ (133) ¸ ²Õ¡Ò³ ´ ¡μ·μ³ ¤¨ËËÊ§¨μ´´ÒÌ ±μ-
ÔËË¨Í¨¥´Éμ¢ ¨§ (i)Ä(v) ¤²Ö ¤ ´´μ£μ ±μÔËË¨Í¨¥´É  É·¥´¨Ö λp = λp(∞), ¶μ²Ê-
Î ¥³ § ¢¨¸ÖÐÊÕ μÉ ¢·¥³¥´¨ ³ É·¨ÍÊ ¶²μÉ´μ¸É¨ ρ(t, q, 0) = 〈q|ρ|q〉 ¢ ±μμ·¤¨-
´ É´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¨ ´ Ìμ¤¨³ ¢¥·μÖÉ´μ¸ÉÓ P (t) ¶·μÌμ¦¤¥´¨Ö £ Ê¸¸μ¢¸±μ£μ
¶ ±¥É  Î¥·¥§ ¡ ·Ó¥· ¶·¨ q = qb:

P (t) =

∞∫
qb

ρ(t, q, 0) dq =
∑

k=0,2,4,...

∞∫
qb

fk(t, q) dq, (143)

  É ±¦¥ ¸±μ·μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ · ¸¶ ¤ 

Λ(t) =
1

1 − P (t)
dP (t)

dt
=

i�

μ[1 − P (t)]

∞∫
qb

dq ∂q,zρ(t, q, z)

∣∣∣∣∣
z=0

=

=
−i�

μ[1 − P (t)]

∑
k=1,3,5,...

fk(t, qb)∂zBk(σ, z)

∣∣∣∣∣
z=0

. (144)

3.3.2 �¸¨³³¥É·¨Î´Ò° ¡¨¸É ¡¨²Ó´Ò° ¶μÉ¥´Í¨ ². � ¸¸³μÉ·¨³ · ¸¶ ¤
£ Ê¸¸μ¢¸±μ£μ ¶ ±¥É  ¨§ ³ ²μ° Ö³Ò ¢ ¡μ²¥¥ £²Ê¡μ±ÊÕ Ö³Ê ¢  ¸¨³³¥É·¨Î´μ³
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¶μÉ¥´Í¨ ²¥ ¸ ¤¢Ê³Ö ³¨´¨³Ê³ ³¨ (·¨¸. 16), μ¶¨¸Ò¢ ¥³μ³ ¶μ²¨´μ³μ³ Î¥É¢¥·-
Éμ° ¸É¥¶¥´¨

Ũ(q) = − 6qRVL

q2
L(2qR − qL)

q2 − 4(qL + qR)VL

q3
L(qL − 2qR)

q3 − 3VL

q3
L(2qR − qL)

q4 =

= −3,24q2 − 0,43q3 + 0,39q4, (145)

£¤¥ qR Å ±μμ·¤¨´ É  ¶μ²μ¦¥´¨Ö ¶· ¢μ£μ ³¨´¨³Ê³ ; VL Å £²Ê¡¨´  ²¥¢μ£μ
³¨´¨³Ê³ . ‚Ò¡¥·¥³ ¢¥·Ï¨´Ê ¡ ·Ó¥·  ¢ ÉμÎ±¥ q = qb = 0, qL = −1,67 Ë³,
qR = 2,5 Ë³, ¨ VL = 4 ŒÔ‚. ‘ É ±¨³¨ ¶ · ³¥É· ³¨ £²Ê¡¨´  ¶· ¢μ£μ ³¨´¨-
³Ê³  · ¢´  11,8 ŒÔ‚. ‚ · ¸Î¥É Ì ¨¸¶μ²Ó§Ê¥³ ³ ¸¸μ¢Ò° ¶ · ³¥É· μ = 448m0.
’μ£¤  ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ Î ¸ÉμÉÒ ¢ ²¥¢μ³ ³¨´¨³Ê³¥ ¨ ´  ¢¥·Ï¨´¥ ¡ ·Ó¥· 
· ¢´Ò �ω̃m = 1 ŒÔ‚ ¨ �ω̃b = 0,77 ŒÔ‚ ¸μμÉ¢¥É¸É¢¥´´μ. �¥§Ê²ÓÉ Éμ³ ²μ± ²Ó-

�¨¸. 16.  ) �¸¨³³¥É·¨Î´Ò° ¡¨¸É ¡¨²Ó´Ò° ¶μÉ¥´Í¨ ² (145). ‘Ì¥³ É¨Î¥¸±μ¥ ¶·¥¤¸É -
¢²¥´¨¥ · ¸¶ ¤  £ Ê¸¸μ¢¸±μ£μ ¶ ±¥É  ¨§ ²¥¢μ£μ ³¨´¨³Ê³  ¢ ¶· ¢Ò° ³¨´¨³Ê³. ¡) ‡ ¢¨-
¸¨³μ¸ÉÓ Î ¸ÉμÉÒ μÉ ±μμ·¤¨´ ÉÒ q
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´μ£μ £ ·³μ´¨Î¥¸±μ£μ ¶·¨¡²¨¦¥´¨Ö ¶μÉ¥´Í¨ ²  Ö¢²Ö¥É¸Ö ±μμ·¤¨´ É´ Ö § ¢¨-
¸¨³μ¸ÉÓ ω̃(q), ¶μ± § ´´ Ö ´  ·¨¸. 16. ‡¤¥¸Ó ³Ò · ¸¸³μÉ·¨³ ¸²ÊÎ ° ω̃m > ω̃b.
‚Ò¡· ´´Ò¥ ¶ · ³¥É·Ò ³μ¦´μ ¸¢Ö§ ÉÓ ¸ ¢Ò´Ê¦¤¥´´Ò³ Ö¤¥·´Ò³ ¤¥²¥´¨¥³ ¶·¨
´¨§±¨Ì Ô´¥·£¨ÖÌ ¢μ§¡Ê¦¤¥´¨Ö Ö¤· . „²Ö Éμ£μ, ÎÉμ¡Ò ¨§¡¥¦ ÉÓ ¸¢Ö§¨ ¶μ²ÊÎ¥´-
´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ²¨ÏÓ ¸ Ö¤¥·´μ° Ë¨§¨±μ°, ¶·¥¤¸É ¢¨³ ·¥§Ê²ÓÉ ÉÒ ¢ ¡¥§· §-
³¥·´ÒÌ ¥¤¨´¨Í Ì.

„²Ö ¶μÉ¥´Í¨ ²  (145) ±μμ·¤¨´ É´ Ö § ¢¨¸¨³μ¸ÉÓ ±μÔËË¨Í¨¥´Éμ¢ ¤¨Ë-
ËÊ§¨¨ ¶μ± § ´  ´  ·¨¸. 17. Œμ¦´μ ¢¨¤¥ÉÓ, ÎÉμ § ¢¨¸¨³μ¸ÉÓ ¤¨ËËÊ§¨μ´´ÒÌ
±μÔËË¨Í¨¥´Éμ¢ μÉ q ¸¨²Ó´¥¥ ¶·¨ ´¨§±μ° É¥³¶¥· ÉÊ·¥. Š ± ¸²¥¤Ê¥É ¨§ ¢Ò-
· ¦¥´¨° (136) ¨ (137), ¢ ¸²ÊÎ ¥ ω̃m � ω̃b §´ Î¥´¨¥ Dpp Ê³¥´ÓÏ ¥É¸Ö, ¥¸²¨
¤¢¨£ ÉÓ¸Ö μÉ qL ¤μ qb = 0. ‘ ´ ¡μ· ³¨ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ (138)Ä
(142) ³Ò · ¸¸³μÉ·¨³ · ¸¶ ¤ ´ Î ²Ó´μ£μ £ Ê¸¸μ¢¸±μ£μ ¶ ±¥É , ¨³¥ÕÐ¥£μ ¸·¥¤-
´¨¥ §´ Î¥´¨Ö 〈q(0)〉 = qL ¨ 〈p(0)〉 = 0 ¨ ¤¨¸¶¥·¸¨¨ σqq(0) = 0,08 Ë³2,
σpq = 0 ¨ σpp(0) = 4,52 �

2·Ë³−2 (σqq(0)σpp(0) − [σpq(0)]2 > �
2/4), ¨§ ²¥¢μ°

¶μÉ¥´Í¨ ²Ó´μ° Ö³Ò (·¨¸. 16).

�¨¸. 17. � ¸¸Î¨É ´´Ò¥ ¤¨ËËÊ§¨μ´´Ò¥ ±μÔËË¨Í¨¥´ÉÒ ± ± ËÊ´±Í¨¨ ±μμ·¤¨´ ÉÒ q ¶·¨
λp/ω̃m = 1 ¨ μ = 450m0 ¶μ± § ´Ò ¤²Ö T/(�ω̃m) = 0,3 ( , ¢) ¨ T/(�ω̃m) = 1 (¡, £).
�¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¸ ´ ¡μ· ³¨ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ (i), (iii), (iv) ¨ (v),
¶μ± § ´Ò ¸¶²μÏ´μ°, ÏÉ·¨Ìμ¢μ°, ¶Ê´±É¨·´μ° ¨ ÏÉ·¨Ì¶Ê´±É¨·´μ° ²¨´¨Ö³¨ ¸μμÉ¢¥É-
¸É¢¥´´μ
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‡ ¢¨¸¨³μ¸ÉÓ ¸±μ·μ¸É¨ · ¸¶ ¤  Λ(t) μÉ ¢·¥³¥´¨ ¶μ± § ´  ´  ·¨¸. 18 ¤²Ö
´ ¡μ·μ¢ (i)Ä(v) ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¨ ¤¢ÊÌ · §´ÒÌ É¥³¶¥· ÉÊ·. ‡´ -
Î¥´¨¥ Λ(t) ¸¨²Ó´μ ¨§³¥´Ö¥É¸Ö §  ±μ·μÉ±¨° ´ Î ²Ó´Ò° ¶·μ³¥¦ÊÉμ± ¢·¥³¥´¨.
�¡¸μ²ÕÉ´μ¥ §´ Î¥´¨¥ Λ(t) · ¸É¥É ¸ T . „²Ö ´¨§±¨Ì ¨ ¢Ò¸μ±¨Ì É¥³¶¥· ÉÊ·
´ ¡μ·Ò (i) ¨ (iii) É ± ¦¥, ± ± ¨ ´ ¡μ·Ò (iv) ¨ (v), ¤ ÕÉ ¡²¨§±¨¥ §´ Î¥´¨Ö ¤²Ö
Λ(∞). ‘ ´ ¡μ·μ³ (ii) ¸±μ·μ¸ÉÓ · ¸¶ ¤  ¡μ²ÓÏ¥, Î¥³ ¸ ´ ¡μ·μ³ (i), É ± ± ± μÉ-
·¨Í É¥²Ó´μ¥ §´ Î¥´¨¥ Dpq ¢ ´ ¡μ·¥ (i) Ê³¥´ÓÏ ¥É ¢¥²¨Î¨´Ê Λ(∞). �¥¸³μÉ·Ö
´  Éμ, ÎÉμ Dpq < 0, ¸ ³¨±·μ¸±μ¶¨Î¥¸±¨³ ´ ¡μ·μ³ (i) ((iv)) ³Ò ¶μ²ÊÎ ¥³ ¶· ±-
É¨Î¥¸±¨ É ±ÊÕ ¦¥ ¸±μ·μ¸ÉÓ · ¸¶ ¤ , ± ± ¨ ¸ ±² ¸¸¨Î¥¸±¨³ ´ ¡μ·μ³ (iii) ((v)).

�¨¸. 18. ‡ ¢¨¸¨³μ¸ÉÓ ¸±μ·μ¸É¨ · ¸¶ ¤  Λ(t) ¨§ ²¥¢μ° Ö³Ò ¶μÉ¥´Í¨ ²  (145) μÉ ¢·¥-
³¥´¨ ¤²Ö μ = 450m0, λp/ω̃m = 1, T/(�ω̃m) = 0,3 (¢, £) ¨ T/(�ω̃m) = 1 ( , ¡). �¥§Ê²Ó-
É ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¸ ´ ¡μ· ³¨ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ (i), (ii), (iii), (iv) ¨ (v),
¶μ± § ´Ò ¸¶²μÏ´μ°, ÏÉ·¨Ì¶Ê´±É¨·´μ° ¸ ¤¢Ê³Ö ÉμÎ± ³¨, ÏÉ·¨Ìμ¢μ°, ¶Ê´±É¨·´μ° ¨
ÏÉ·¨Ì¶Ê´±É¨·´μ° ²¨´¨Ö³¨ ¸μμÉ¢¥É¸É¢¥´´μ. „²Ö ´ ¡μ·μ¢ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨-
¥´Éμ¢ (i), (ii), (iii), (iv) ¨ (v) ¶·¨ T/(�ω̃m) = 0,3 (T/(�ω̃m) = 1)  ¸¨³¶ÉμÉ¨Î¥¸±¨¥
§´ Î¥´¨Ö Λ(t) ¶μ²ÊÎ ÕÉ¸Ö 9,7 · 10−9 (1,69 · 10−3), 1,0 · 10−3 (4,47 · 10−3), 1,78 · 10−8

(1,75 · 10−3), 1,3 · 10−5 (2,04 · 10−3) ¨ 1,36 · 10−5 (2,14 · 10−3) ¸μμÉ¢¥É¸É¢¥´´μ
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‡´ Î¥´¨Ö Λ(∞), · ¸¸Î¨É ´´Ò¥ ¸ ¶μ¸ÉμÖ´´Ò³¨ ¤¨ËËÊ§¨μ´´Ò³¨ ±μÔËË¨-
Í¨¥´É ³¨ (iv) ¨ (v), ¡μ²ÓÏ¥, Î¥³ §´ Î¥´¨Ö Λ(∞), · ¸¸Î¨É ´´Ò¥ ¸ § ¢¨¸Ö-
Ð¨³¨ μÉ ±μμ·¤¨´ ÉÒ ¤¨ËËÊ§¨μ´´Ò³¨ ±μÔËË¨Í¨¥´É ³¨ (i) ¨ (iii) (·¨¸. 18
¨ 19). �Éμ · §²¨Î¨¥ ¶·¨³¥·´μ ¢ 1,2 ¨ 103 · §  ¶·¨ T/(�ω̃m) = 1 ¨ 0,3
¸μμÉ¢¥É¸É¢¥´´μ. �μÔÉμ³Ê ¢ ¸²ÊÎ ¥ Dpp(q = qL) 
= Dpp(q = qb) § ³¥É´μ ¸¨²Ó-
´μ¥ ¢²¨Ö´¨¥ ±μμ·¤¨´ É´μ° § ¢¨¸¨³μ¸É¨ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ´  ¶·μ-
Í¥¸¸ · ¸¶ ¤  ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì. �·¨ T/(�ω̃m) � 1 ¸±μ·μ¸ÉÓ · ¸¶ ¤ 
´¥ ÎÊ¢¸É¢¨É¥²Ó´  ± ±μμ·¤¨´ É´μ° § ¢¨¸¨³μ¸É¨ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´-
Éμ¢ (·¨¸. 19), É ± ± ± §´ Î¥´¨Ö ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¢ ¶μÉ¥´Í¨ ²Ó´μ°
Ö³¥ ¨ ´  ¡ ·Ó¥·¥ ¸É ´μ¢ÖÉ¸Ö ¡²¨§±¨³¨ ¸ ¶μ¢ÒÏ¥´¨¥³ É¥³¶¥· ÉÊ·Ò (·¨¸. 17).
� ¤μ μÉ³¥É¨ÉÓ, ÎÉμ · ¸¸³μÉ·¥´´Ò¥ É¥³¶¥· ÉÊ·Ò ¡μ²ÓÏ¥, Î¥³ É¥³¶¥· ÉÊ· 
Tcr = �[(ω̃2

b +λ2
p/4)1/2−λp/2]/(2π) ¶¥·¥Ìμ¤  μÉ É¥·³¨Î¥¸±μ£μ ± ÉÊ´´¥²Ó´μ³Ê

· ¸¶ ¤Ê [4Ä9,123].

�¨¸. 19. Š¢ §¨¸É Í¨μ´ ·´μ¥ §´ Î¥´¨¥ ¸±μ·μ¸É¨ · ¸¶ ¤  Λ(t) ¨§ ²¥¢μ° Ö³Ò ¶μÉ¥´Í¨-
 ²  (145) ± ± ËÊ´±Í¨Ö É¥³¶¥· ÉÊ·Ò ¤²Ö μ = 450m0 ¨ λp/ω̃m = 1. �¥§Ê²ÓÉ ÉÒ · ¸Î¥-
Éμ¢ ¸ ´ ¡μ· ³¨ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ (i), (iii), (iv) ¨ (v) ¶μ± § ´Ò ¸¶²μÏ´μ°,
ÏÉ·¨Ìμ¢μ°, ¶Ê´±É¨·´μ° ¨ ÏÉ·¨Ì¶Ê´±É¨·´μ° ²¨´¨Ö³¨ ¸μμÉ¢¥É¸É¢¥´´μ
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‚²¨Ö´¨¥ Dpq ´  ¸±μ·μ¸ÉÓ · ¸¶ ¤  Λ(t) ´ ³´μ£μ ¸¨²Ó´¥¥ ¶·¨ ´¨§±¨Ì É¥³-
¶¥· ÉÊ· Ì (·¨¸. 18). � ¶·¨³¥·, μÉ´μÏ¥´¨Ö Λ(∞), ¶μ²ÊÎ¥´´Ò¥ ¸ ´ ¡μ· ³¨ (ii)
¨ (i), · ¢´Ò ¶·¨³¥·´μ 2,6 ¨ 105 ¶·¨ T/(�ω̃m) = 1 ¨ 0,3 ¸μμÉ¢¥É¸É¢¥´´μ.
‡ ¢¨¸¨³μ¸É¨ Λ(∞) μÉ É·¥´¨Ö ¤²Ö · §´ÒÌ ´ ¡μ·μ¢ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨-
Í¨¥´Éμ¢ ¶μ± § ´Ò ´  ·¨¸. 20. �·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì ±¢ §¨¸É Í¨μ´ ·´μ¥
§´ Î¥´¨¥ ¸±μ·μ¸É¨ · ¸¶ ¤  ¢´ Î ²¥ · ¸É¥É ¸ Ê¢¥²¨Î¥´¨¥³ λp. �ÉμÉ ·¥§Ê²ÓÉ É
¸μ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²ÓÉ Éμ³ [14] ¨ μ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉμ ¶·¨ ´¨§±¨Ì É¥³¶¥-
· ÉÊ· Ì ·μ²Ó ¤¨ËËÊ§¨¨ ¸É ´μ¢¨É¸Ö ¸μ¶μ¸É ¢¨³μ° ¸ ·μ²ÓÕ É·¥´¨Ö. �¤´ ±μ
¤ ²Ó´¥°Ï¨° ·μ¸É λp ¶·¨¢μ¤¨É ± Ê³¥´ÓÏ¥´¨Õ §´ Î¥´¨Ö Λ(∞). ˆ´É¥·¢ ² λp,
£¤¥ Λ(∞) · ¸É¥É, ¡μ²ÓÏ¥ ¤²Ö ´ ¡μ·μ¢ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢, § ¢¨¸Ö-
Ð¨Ì μÉ q, μ¸μ¡¥´´μ ¤²Ö ´ ¡μ·  (i). �·¨ ¡μ²ÓÏ¨Ì É¥³¶¥· ÉÊ· Ì ¨ λp/ω̃m � 1
±¢ §¨¸É Í¨μ´ ·´Ò¥ ¸±μ·μ¸É¨ · ¸¶ ¤ , · ¸¸Î¨É ´´Ò¥ ¸μ ¢¸¥³¨ ´ ¡μ· ³¨ ¤¨Ë-
ËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢, ¢¸¥£¤  Ê³¥´ÓÏ ÕÉ¸Ö ¸ ·μ¸Éμ³ λp.

‚ ¨´É¥·¢ ²¥ É·¥´¨° λp/ω̃m = 1−3 ¨ ¶·¨ ¡μ²ÓÏ¨Ì É¥³¶¥· ÉÊ· Ì ®±² ¸-
¸¨Î¥¸±¨°¯ ´ ¡μ· (iii) ¶·¨¢μ¤¨É ± ´¥§´ Î¨É¥²Ó´μ ¡μ²ÓÏ¥³Ê  ¸¨³¶ÉμÉ¨Î¥¸±μ³Ê
§´ Î¥´¨Õ Λ, Î¥³ ±¢ ´Éμ¢Ò° ´ ¡μ· (i) (·¨¸. 20). �·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì
§´ Î¥´¨¥ Λ(∞), ¶μ²ÊÎ¥´´μ¥ ¸ ´ ¡μ·μ³ (i), μÉ²¨Î ¥É¸Ö μÉ §´ Î¥´¨Ö ¸ Λ(∞),
¶μ²ÊÎ¥´´μ£μ ¸ ´ ¡μ·μ³ (iii), ³ ±¸¨³ ²Ó´μ ¢ 2,3 · § . 
²¨§μ¸ÉÓ  ¸¨³¶ÉμÉ¨Î¥-
¸±¨Ì §´ Î¥´¨° Λ, ¶μ²ÊÎ¥´´ÒÌ ¸ ´ ¡μ· ³¨ (i) ¨ (iii), μ¡μ¸´μ¢Ò¢ ¥É ¶·¨³¥´¨-

�¨¸. 20. Š¢ §¨¸É Í¨μ´ ·´μ¥ §´ Î¥´¨¥ ¸±μ·μ¸É¨ · ¸¶ ¤  Λ ¨§ ²¥¢μ° Ö³Ò ¶μÉ¥´Í¨-
 ²  (145) ± ± ËÊ´±Í¨Ö λp ¤²Ö μ = 450m0, T/(�ω̃m) = 0,3 (¢, £) ¨ T/(�ω̃m) = 1 ( , ¡).
�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¸ ´ ¡μ· ³¨ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ (i), (iii), (iv) ¨ (v)
¶μ± § ´Ò ¸¶²μÏ´μ°, ÏÉ·¨Ìμ¢μ° (´  ·¨¸.   ¨ ¢), ¶Ê´±É¨·´μ° ¨ ÏÉ·¨Ì¶Ê´±É¨·´μ°
(´  ·¨¸. ¡ ¨ £) ²¨´¨Ö³¨ ¸μμÉ¢¥É¸É¢¥´´μ
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³μ¸ÉÓ ®±² ¸¸¨Î¥¸±μ£μ¯ ±μÔËË¨Í¨¥´É  ¤¨ËËÊ§¨¨ ¶μ ¨³¶Ê²Ó¸Ê, § ¢¨¸ÖÐ¥£μ μÉ
±μμ·¤¨´ ÉÒ, ¶·¨ μ¶¨¸ ´¨¨ · ¸¶ ¤  ³¥É ¸É ¡¨²Ó´ÒÌ ¸μ¸ÉμÖ´¨°.

3.3.3 ‘· ¢´¨É¥²Ó´Ò°  ´ ²¨§ ¶·μÍ¥¸¸  · ¸¶ ¤  ¢ · §²¨Î´ÒÌ ¶μÉ¥´Í¨-
 ² Ì ¸ ¤¢Ê³Ö ³¨´¨³Ê³ ³¨. ˆ§ÊÎ¨³ É¥¶¥·Ó · ¸¶ ¤ £ Ê¸¸μ¢¸±μ£μ ¶ ±¥É  ¨§
¶· ¢μ° ´¥£²Ê¡μ±μ° Ö³Ò ¢ ²¥¢ÊÕ ¡μ²¥¥ £²Ê¡μ±ÊÕ Ö³Ê  ¸¨³³¥É·¨Î´μ£μ ¡¨¸É -
¡¨²Ó´μ£μ ¶μÉ¥´Í¨ ² . „²Ö · ¸Î¥Éμ¢ ¨¸¶μ²Ó§μ¢ ´Ò ¸²¥¤ÊÕÐ¨¥ ¶μÉ¥´Í¨ ²Ò ¸
qb = 0:

(A) Ũ(q) = −1,57q2 + 0,18q3 + 0,28q4, (146)

(B) Ũ(q) = −3,46q2 + 0,38q3 + 0,80q4, (147)

(C) Ũ(q) = (−3,93 + 1,24 exp [q])q2 − 0,68q5 (148)

�¨¸. 21. � ¸¸Î¨É ´´Ò¥ Dpp(q)/Dpp(q = qR) ± ± ËÊ´±Í¨¨ ±μμ·¤¨´ ÉÒ q ¶·¨ μ =
450m0, T = 0,3 ŒÔ‚, �λp = 1 ŒÔ‚ ( , ¢) ¨ 2 ŒÔ‚ (¡, £). �¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥
¤²Ö ¶μÉ¥´Í¨ ²μ¢ (A), (B), (C) ¨ (D), ¶μ± § ´Ò ¸¶²μÏ´μ°, ¶Ê´±É¨·´μ°, ÏÉ·¨Ìμ¢μ° ¨
ÏÉ·¨Ì¶Ê´±É¨·´μ° ²¨´¨Ö³¨ ¸μμÉ¢¥É¸É¢¥´´μ
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¨
(D) Ũ(q) = (−7,18 + 2,24 exp [q])q2 − 1,20q5. (149)

VR = 1,51, 2,71, 1,51, 2,71 ŒÔ‚ (VR Å £²Ê¡¨´  ¶· ¢μ° ´¥£²Ê¡μ±μ° Ö³Ò),
qR = 1,45, 1,30, 1,45, 1,38 Ë³ ¨ qL = −1,92, Ä1,66, Ä1,31, Ä1,33 Ë³ ¤²Ö
¶μÉ¥´Í¨ ²μ¢ (A), (B), (C), (D) ¸μμÉ¢¥É¸É¢¥´´μ. ‘ É ±¨³¨ ¶ · ³¥É· ³¨ ¤²Ö
£²Ê¡¨´Ò ²¥¢μ£μ ³¨´¨³Ê³  ¶μ²ÊÎ ¥³ §´ Î¥´¨Ö 3,21, 5,17, 3,54, 6,67 ŒÔ‚ ¸μ-
μÉ¢¥É¸É¢¥´´μ. ‘ ³ ¸¸μ¢Ò³ ¶ · ³¥É·μ³ μ = 448m0 ¨³¥¥³ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥
Î ¸ÉμÉÒ ¢ ¶· ¢μ³ ³¨´¨³Ê³¥ ¨ ´  ¡ ·Ó¥·¥: �ω̃m = 0,71, 1,07, 0,53, 0,78 ŒÔ‚
¨ �ω̃b = 0,54, 0,80, 0,71, 0,96 ŒÔ‚ ¤²Ö ¶μÉ¥´Í¨ ²μ¢ (A), (B), (C), (D) ¸μ-
μÉ¢¥É¸É¢¥´´μ. Šμμ·¤¨´ É´ Ö § ¢¨¸¨³μ¸ÉÓ ω̃(q) Ö¢²Ö¥É¸Ö ·¥§Ê²ÓÉ Éμ³ ²μ± ²Ó-
´μ£μ £ ·³μ´¨Î¥¸±μ£μ ¶·¨¡²¨¦¥´¨Ö ¶μÉ¥´Í¨ ² . ‡¤¥¸Ó ³Ò · ¸¸³μÉ·¨³ ¸²ÊÎ ¨
ω̃m > ω̃b (¶μÉ¥´Í¨ ²Ò (A) ¨ (B)) ¨ ω̃m < ω̃b (¶μÉ¥´Í¨ ²Ò (C) ¨ (D)). ‚Ò¸μÉÒ
¡ ·Ó¥·μ¢ ¤²Ö ¶μÉ¥´Í¨ ²μ¢ (A) ((B)) ¨ (C) ((D)) · ¢´Ò.

Šμμ·¤¨´ É´Ò¥ § ¢¨¸¨³μ¸É¨ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ (136) ¨ (137) (´ -
¡μ· (i)) ¤²Ö ¶μÉ¥´Í¨ ²μ¢ (146)Ä(149) ¶μ± § ´Ò ´  ·¨¸. 21 ¨ 22 ¶·¨ �λp = 1
¨ 2 ŒÔ‚ ¨ T = 0,3 ŒÔ‚. ‡´ Î¥´¨¥ Dpp(q) (|Dpq(q)|) ¶ ¤ ¥É (· ¸É¥É), ¥¸²¨

�¨¸. 22. ’μ ¦¥, ÎÉμ ¨ ´  ·¨¸. 21, ´μ ¤²Ö Dpq(q)/Dpq(q = qR)
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�¨¸. 23. � ¸¸Î¨É ´´Ò¥ Dpp(q = qb)/Dpp(q = qR) ( , ¡) ¨ Dpq(q = qb)/Dpq(q =
qR) (¢, £) ± ± ËÊ´±Í¨¨ É¥³¶¥· ÉÊ·Ò ¶·¨ �λp = 1 ŒÔ‚ ( , ¢) ¨ 2 ŒÔ‚ (¡, £). �¥§Ê²ÓÉ ÉÒ,
¶μ²ÊÎ¥´´Ò¥ ¤²Ö ¶μÉ¥´Í¨ ²μ¢ (A), (B), (C) ¨ (D), ¶μ± § ´Ò ¸¶²μÏ´μ°, ¶Ê´±É¨·´μ°,
ÏÉ·¨Ìμ¢μ° ¨ ÏÉ·¨Ì¶Ê´±É¨·´μ° ²¨´¨Ö³¨ ¸μμÉ¢¥É¸É¢¥´´μ

¤¢¨£ ÉÓ¸Ö μÉ qR ± qb = 0. �  ·¨¸. 23 ¢¨¤´μ, ÎÉμ § ¢¨¸¨³μ¸É¨ ¤¨ËËÊ§¨μ´-
´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ μÉ q ¸¨²Ó´¥¥ ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì, ³ ²ÒÌ É·¥´¨ÖÌ ¨
¡μ²ÓÏμ° £²Ê¡¨´¥ Ö³Ò, μÉ±Ê¤  ¶·μ¨¸Ìμ¤¨É · ¸¶ ¤. �μÔÉμ³Ê ÊÎ¥É ±μμ·¤¨´ É´μ°
§ ¢¨¸¨³μ¸É¨ Dpp(q) ¨ Dpq(q) Ö¢²Ö¥É¸Ö ¢ ¦´Ò³ ¢ ±¢ ´Éμ¢μ³ ·¥¦¨³¥.

‘ ´ ¡μ· ³¨ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ (i)Ä(v) · ¸¸³μÉ·¨³ · ¸¶ ¤
´ Î ²Ó´μ£μ £ Ê¸¸μ¢¸±μ£μ ¶ ±¥É , ±μÉμ·Ò° ´ Ìμ¤¨É¸Ö ¢ ¶· ¢μ° ¶μÉ¥´Í¨ ²Ó-
´μ° Ö³¥ ¨ ¨³¥¥É ¸²¥¤ÊÕÐ¨¥ ¸·¥¤´¨¥ §´ Î¥´¨Ö: 〈q(0)〉 = qR ¨ 〈p(0)〉 =
0 ¨ ¤¨¸¶¥·¸¨¨ σpq(0) = 0, σqq(0) = 0,16 Ë³2 ¨ σpp(0) = 4 �

2·Ë³−2

(σqq(0)σpp(0) − [σpq(0)]2 > �
2/4) ¢ ¶μÉ¥´Í¨ ² Ì (A), (B), (C), (D) ¸μμÉ-

¢¥É¸É¢¥´´μ. �¥§Ê²ÓÉ ÉÒ μ± §Ò¢ ÕÉ¸Ö ´¥ ÎÊ¢¸É¢¨É¥²Ó´Ò ± § ¤ ´¨Õ ´ Î ²Ó´ÒÌ
Ê¸²μ¢¨°.

‡ ¢¨¸¨³μ¸ÉÓ μÉ t μÉ´μÏ¥´¨Ö ¸±μ·μ¸É¥° · ¸¶ ¤ , · ¸¸Î¨É ´´ÒÌ ¸ ´ ¡μ-
· ³¨ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ (iv) (¸ § ³¥´μ° qL ´  qR) ¨ (i), ¶μ± § ´ 
´  ·¨¸. 24 ¤²Ö ¤¢ÊÌ ±μÔËË¨Í¨¥´Éμ¢ É·¥´¨Ö ¨ T = 0,3 ŒÔ‚. ‚ ´ Î ²Ó´Ò°
³μ³¥´É ¢·¥³¥´¨ ÔÉμ μÉ´μÏ¥´¨¥ ¸¨²Ó´μ ¨§³¥´Ö¥É¸Ö, μ¸μ¡¥´´μ ¶·¨ ¸² ¡μ³
É·¥´¨¨, ¨ § É¥³ ¤μ¸É¨£ ¥É  ¸¨³¶ÉμÉ¨Î¥¸±μ£μ §´ Î¥´¨Ö. ‘ ´ ¡μ·μ³ ¤¨ËËÊ§¨-
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�¨¸. 24. � ¸¸Î¨É ´´Ò¥ μÉ´μÏ¥´¨Ö ¸±μ·μ¸É¥° ¶μÉμ±  ¸ ±μμ·¤¨´ É´μ-´¥§ ¢¨¸ÖÐ¨³¨
(Λiv(t)) ¨ ±μμ·¤¨´ É´μ-§ ¢¨¸ÖÐ¨³¨ (Λi(t)) ´ ¡μ· ³¨ ³¨±·μ¸±μ¶¨Î¥¸±¨Ì ¤¨ËËÊ§¨-
μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ (iv) (¸ § ³¥´μ° qL ´  qR) ¨ (i) ± ± ËÊ´±Í¨¨ ¢·¥³¥´¨ ¤²Ö
μ = 450m0, T = 0,3 ŒÔ‚ ¨ �λp = 1 ŒÔ‚ ( , ¢) ¨ 2 ŒÔ‚ (¡, £). �¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´-
´Ò¥ ¤²Ö ¶μÉ¥´Í¨ ²μ¢ (A), (B), (C) ¨ (D), ¶μ± § ´Ò ¸¶²μÏ´μ°, ¶Ê´±É¨·´μ°, ÏÉ·¨Ìμ¢μ°
¨ ÏÉ·¨Ì¶Ê´±É¨·´μ° ²¨´¨Ö³¨ ¸μμÉ¢¥É¸É¢¥´´μ

μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ (iv) ¸±μ·μ¸ÉÓ · ¸¶ ¤  ¡μ²ÓÏ¥, Î¥³ ¸ ´ ¡μ·μ³ (i), É ±
± ± Dpp(q = qR) > Dpp(q = qb), |Dpq(q = qR)| < |Dpq(q = qb)| (·¨¸. 21
¨ 22). „²Ö ¶μÉ¥´Í¨ ²  (B) ((A)) μÉ´μÏ¥´¨Ö ±¢ §¨¸É Í¨μ´ ·´ÒÌ ¸±μ·μ¸É¥°
¶μÉμ± , · ¸¸Î¨É ´´ÒÌ ¸ ´ ¡μ· ³¨ (iv) ¨ (i), Å ¶·¨³¥·´μ 200 (3) ¨ 50 (3)
¶·¨ �λp = 1 ¨ 2 ŒÔ‚ ¸μμÉ¢¥É¸É¢¥´´μ. „²Ö ¶μÉ¥´Í¨ ²  (D) ((C)) ÔÉ¨ μÉ-
´μÏ¥´¨Ö · ¢´Ò ¶·¨³¥·´μ 70 (2) ¨ 15 (2) ¶·¨ �λp = 1 ¨ 2 ŒÔ‚ ¸μμÉ¢¥É-
¸É¢¥´´μ. � ¡²Õ¤ ¥É¸Ö ¸¨²Ó´μ¥ ¢²¨Ö´¨¥ ±μμ·¤¨´ É´μ° § ¢¨¸¨³μ¸É¨ ¤¨ËËÊ§¨-
μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ (136) ¨ (137) ¤²Ö ¶μÉ¥´Í¨ ²μ¢ (B) ¨ (D) ¶·¨ ´¨§±¨Ì
É¥³¶¥· ÉÊ· Ì. ‘±μ·μ¸ÉÓ · ¸¶ ¤ , · ¸¸Î¨É ´´ Ö ¤²Ö ¶μÉ¥´Í¨ ²  (B), ³¥´ÓÏ¥,
Î¥³ ¸±μ·μ¸ÉÓ · ¸¶ ¤ , · ¸¸Î¨É ´´ Ö ¤²Ö ¶μÉ¥´Í¨ ²  (D), É ± ± ± ¢ ¨´É¥·¢ ²¥
³¥¦¤Ê q = qb ¨ q = qR §´ Î¥´¨¥ Dpp(q) (|Dpq(q)|) ¢ ¶μÉ¥´Í¨ ²¥ (B) ³¥´ÓÏ¥
(¡μ²ÓÏ¥), Î¥³ ¢ ¶μÉ¥´Í¨ ²¥ (D) (·¨¸. 21 ¨ 22). Œμ¦´μ ¶μ± § ÉÓ, ÎÉμ ¶·¨
´¨§±¨Ì É¥³¶¥· ÉÊ· Ì ¸±μ·μ¸ÉÓ ¶μÉμ±  ³μ¦¥É ¡ÒÉÓ ¸¨²Ó´μ § ´¨¦¥´  ¸ ´ ¡μ-
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·μ³ (iv) (¸ § ³¥´μ° qL ´  qR) ¢ ¸²ÊÎ ¥ Dpp(q = qb) > Dpp(q = qR). ‚ÒÏ¥ ³Ò
· ¸¸³μÉ·¥²¨ ¶·μÉ¨¢μ¶μ²μ¦´Ò° ¸²ÊÎ °, ±μ£¤  Dpp(q = qb) < Dpp(q = qR).
Š¢ §¨¸É Í¨μ´ ·´μ¥ §´ Î¥´¨¥ ¸±μ·μ¸É¨ · ¸¶ ¤  · ¸É¥É ¸ T (·¨¸. 25). �·¨
¢Ò¸μ±¨Ì É¥³¶¥· ÉÊ· Ì ¸±μ·μ¸ÉÓ ¶μÉμ±  ´¥ÎÊ¢¸É¢¨É¥²Ó´  ± ±μμ·¤¨´ É´μ° § -
¢¨¸¨³μ¸É¨ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢, É ± ± ± §´ Î¥´¨Ö ¤¨ËËÊ§¨μ´´ÒÌ
±μÔËË¨Í¨¥´Éμ¢ ¢ Ö³¥ ¨ ´  ¡ ·Ó¥·¥ ¸É ´μ¢ÖÉ¸Ö ¡²¨§±¨³¨ ¸ ·μ¸Éμ³ É¥³¶¥· -
ÉÊ·Ò (·¨¸. 23). �μ²ÊÎ¥´´Ò¥ § ¢¨¸¨³μ¸É¨ ¶·μ´¨Í ¥³μ¸É¥° μÉ É·¥´¨Ö ¨ ¤¨Ë-
ËÊ§¨¨ ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì Ê± §Ò¢ ÕÉ ´  Éμ, ÎÉμ ¤²Ö ´¥£ ·³μ´¨Î¥¸±¨Ì
¶μÉ¥´Í¨ ²μ¢ ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ ±μμ·¤¨´ É´ÊÕ § ¢¨¸¨³μ¸ÉÓ ±μÔËË¨Í¨¥´-
Éμ¢ ¤¨ËËÊ§¨¨.

�  ·¨¸. 26 ¸· ¢´¨¢ ÕÉ¸Ö ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¸ ³¨±·μ¸±μ¶¨Î¥¸±¨³
´ ¡μ·μ³ (i) ¨ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨³ ´ ¡μ·μ³

(vi) Dc
pp(q) =

1
2
μλp�ω̃(q) cth

[
�ω̃(q)
2T

]
, Dc

pq(q) = 0. (150)

�¨¸. 25. � ¸¸Î¨É ´´Ò¥ μÉ´μÏ¥´¨Ö ¸±μ·μ¸É¥° ¶μÉμ±  ¸ ±μμ·¤¨´ É´μ-´¥§ ¢¨¸ÖÐ¨³¨
(Λiv(t)) ¨ ±μμ·¤¨´ É´μ-§ ¢¨¸ÖÐ¨³¨ (Λi(t)) ´ ¡μ· ³¨ ³¨±·μ¸±μ¶¨Î¥¸±¨Ì ¤¨ËËÊ§¨-
μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ (iv) (¸ § ³¥´μ° qL ´  qR) ¨ (i) ± ± ËÊ´±Í¨¨ É¥³¶¥· ÉÊ·Ò ¤²Ö
μ = 450m0, �λp = 1 ŒÔ‚ ( , ¢) ¨ 2 ŒÔ‚ (¡, £). �¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¤²Ö ¶μÉ¥´Í¨-
 ²μ¢ (A), (B), (C) ¨ (D), ¶μ± § ´Ò ¸¶²μÏ´μ°, ¶Ê´±É¨·´μ°, ÏÉ·¨Ìμ¢μ° ¨ ÏÉ·¨Ì¶Ê´±-
É¨·´μ° ²¨´¨Ö³¨ ¸μμÉ¢¥É¸É¢¥´´μ
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�¨¸. 26. ’μ ¦¥, ÎÉμ ¨ ´  ·¨¸. 25, ´μ ¤²Ö μÉ´μÏ¥´¨Ö ¸±μ·μ¸É¥° ¶μÉμ±μ¢, · ¸¸Î¨É ´´ÒÌ
¸ ±μμ·¤¨´ É´μ-§ ¢¨¸ÖÐ¨³ ´ ¡μ·μ³ (vi) Ë¥´μ³¥´μ²μ£¨Î¥¸±¨Ì ¤¨ËËÊ§¨μ´´ÒÌ ±μÔË-
Ë¨Í¨¥´Éμ¢ (Λvi(t)) ¨ ±μμ·¤¨´ É´μ-´¥§ ¢¨¸ÖÐ¨³ ´ ¡μ·μ³ (iv) (¸ § ³¥´μ° qL ´  qR)
³¨±·μ¸±μ¶¨Î¥¸±¨Ì ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ (Λiv(t)). �¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥
¤²Ö ¶μÉ¥´Í¨ ²μ¢ (A), (B), (C) ¨ (D), ¶μ± § ´Ò ¸¶²μÏ´μ°, ¶Ê´±É¨·´μ°, ÏÉ·¨Ìμ¢μ° ¨
ÏÉ·¨Ì¶Ê´±É¨·´μ° ²¨´¨Ö³¨ ¸μμÉ¢¥É¸É¢¥´´μ

„²Ö ¶μÉ¥´Í¨ ²μ¢ (A) ¨ (C) ¸ ´¥£²Ê¡μ±μ° ¶· ¢μ° Ö³μ° ®±² ¸¸¨Î¥¸±¨°¯ ´ ¡μ·
¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ (vi) ¶·¨¢μ¤¨É ± ¸²¥£±  ¡μ²ÓÏ¨³ §´ Î¥´¨Ö³
Λ(∞), Î¥³ ±¢ ´Éμ¢Ò° ´ ¡μ· (iv) ¤²Ö �λp = 1−2 ŒÔ‚ (·¨¸. 26). „²Ö ¶μ-
É¥´Í¨ ²μ¢ (B) ¨ (D) ¸ ´ ¡μ·μ³ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ (vi) ¸±μ·μ¸ÉÓ
¶·μ´¨Í ¥³μ¸É¨ ¡μ²ÓÏ¥ ¶·¨³¥·´μ ¢ 2Ä3 · § , Î¥³ ¸±μ·μ¸ÉÓ ¶·μ´¨Í ¥³μ¸É¨,
¶μ²ÊÎ¥´´ Ö ¸ ´ ¡μ·μ³ (iv).

4. Š‚��’�‚�… ��ˆ‘��ˆ… ���–…‘‘�‚ „…‹…�ˆŸ ˆ ‡�•‚�’�

4.1. �·μÍ¥¸¸ ¤¥²¥´¨Ö. 4.1.1. ‚·¥³¥´´μ° ³ ¸ÏÉ ¡ ¤¥²¥´¨Ö. � ¸¸³μÉ·¨³
¶·μÍ¥¸¸ ¤¥²¥´¨Ö ± ± ¶¥·¥Ìμ¤ ´ Î ²Ó´μ£μ £ Ê¸¸μ¢¸±μ£μ ¶ ±¥É  ¨§ ²¥¢μ° Ö³Ò ¢
¡μ²¥¥ £²Ê¡μ±ÊÕ ¶· ¢ÊÕ Ö³Ê ¢  ¸¨³³¥É·¨Î´μ³ ¡¨¸É ¡¨²Ó´μ³ ¶μÉ¥´Í¨ ²¥

Ũ(q) = −0,838q − 0,118q2 + 0,01q4. (151)
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ƒ²Ê¡¨´  ²¥¢μ° Ö³Ò (¢Ò¸μÉ  ¡ ·Ó¥· ) Å VL = Bf = 3,7 ŒÔ‚, ¶μ²μ¦¥´¨Ö
²¥¢μ£μ ³¨´¨³Ê³  ¨ ¡ ·Ó¥·  Å qL = −3,41 Ë³ ¨ qb = 0 ¸μμÉ¢¥É¸É¢¥´´μ. ŒÒ
¨¤¥´É¨Ë¨Í¨·Ê¥³ ¡ ·Ó¥· ¸ ¸¥¤²μ¢μ° ÉμÎ±μ°, ³¨´¨³Ê³ ¸ μ¸´μ¢´Ò³ ¸μ¸ÉμÖ´¨¥³
¤¥²ÖÐ¥£μ¸Ö Ö¤·  ¨ ¡μ²¥¥ £²Ê¡μ±¨° ³¨´¨³Ê³ ¶·¨ q = qR = 12,23 Ë³ ¸ ÉμÎ±μ°
· §·Ò¢ . 
μ²ÓÏ Ö £²Ê¡¨´  ¢Éμ·μ£μ ³¨´¨³Ê³  (116,7 ŒÔ‚) £ · ´É¨·Ê¥É, ÎÉμ
¶·¨ É¥³¶¥· ÉÊ· Ì, ¨¸¶μ²Ó§Ê¥³ÒÌ ¢ · ¸Î¥É Ì, ´¥ ¡Ê¤¥É μ¡· É´μ£μ ¶μÉμ±  ¨§
¶· ¢μ£μ ³¨´¨³Ê³  ¶·¨ q = qR ¢ ²¥¢Ò° ³¨´¨³Ê³ ¶·¨ q = qL. ‚ ·¥ ²Ó´μ-
¸É¨ ¶·¨ ¡μ²ÓÏ¨Ì ¶μ²μ¦¨É¥²Ó´ÒÌ §´ Î¥´¨ÖÌ q ´¥ ¸ÊÐ¥¸É¢Ê¥É ³¨´¨³Ê³ . ’ -
±μ° ¢Ò¡μ· ¶·μ¤¨±Éμ¢ ´ ¦¥² ´¨¥³ μ¸É ¢¨ÉÓ μ¡² ¸ÉÓ ¨´É¥£·¨·μ¢ ´¨Ö ³ ¸É¥·-
Ê· ¢´¥´¨Ö, μ£· ´¨Î¥´´μ° ¶μ q. �μ² £ Ö ³ ¸¸μ¢Ò° ¶ · ³¥É· μ = Am0/4
(A = 248 Å ³ ¸¸μ¢μ¥ Î¨¸²μ ¤¥²ÖÐ¥£μ¸Ö Ö¤· ), ¶μ²ÊÎ ¥³ Î ¸ÉμÉÒ ¢ ²¥¢μ³
¶μÉ¥´Í¨ ²Ó´μ³ ³¨´¨³Ê³¥ ¨ ´  ¢¥·Ï¨´¥ ¡ ·Ó¥·  · ¢´Ò³¨ �ω̃m = 1,2 ŒÔ‚ ¨
�ω̃b = 1,06 ŒÔ‚ ¸μμÉ¢¥É¸É¢¥´´μ. ‚Ò¡· ´´Ò¥ ¶ · ³¥É·Ò, ±μÉμ·Ò¥ ¸¢Ö§ ´Ò ¸
¤¥²¥´¨¥³ Ö¤·  248Cm, ¢§ÖÉÒ ¨§ · ¡μÉ [57,59,125].

‚ · ¸Î¥É Ì ´  μ¸´μ¢¥ Ê· ¢´¥´¨Ö (130) ¨ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´-
Éμ¢ (136) ¨ (137) ¨¸¶μ²Ó§μ¢ ´Ò ¸²¥¤ÊÕÐ¨¥ ¶ · ³¥É·Ò ´ Î ²Ó´μ£μ £ Ê¸¸μ¢-

¸±μ£μ ¶ ±¥É : 〈q(0)〉 = qL, 〈p(0)〉 = 0, σpq(0) = 0, σqq(0) =
�

2mω̃m
cth
(

�ω̃m

2T

)
,

σpp(0) =
�

2

4σqq(0)
. � Î ²Ó´Ò° ¶ ±¥É ¸É ·ÉÊ¥É ¨§ ²¥¢μ£μ ³¨´¨³Ê³ , ±μÉμ·Ò°

· ¸¶μ²μ¦¥´ μÉ´μ¸¨É¥²Ó´μ ¤ ²¥±μ μÉ ¡ ·Ó¥·  ¤¥²¥´¨Ö.

‡ ¢¨¸¨³μ¸ÉÓ μÉ ¢·¥³¥´¨ ¸±μ·μ¸É¨ ¤¥²¥´¨Ö Î¥·¥§ ¸¥¤²μ¢ÊÕ ÉμÎ±Ê ¶μ± § ´ 
´  ·¨¸. 27 ¤²Ö ´¥¸±μ²Ó±¨Ì ±μÔËË¨Í¨¥´Éμ¢ É·¥´¨Ö, ¶·¨¢μ¤ÖÐ¨Ì ± ·¥¦¨³Ê ¸² -
¡μ£μ (λp < 2ω̃m) ¨²¨ ¸¨²Ó´μ£μ (λp > 2ω̃m) § ÉÊÌ ´¨Ö. Œμ¦´μ ¢¨¤¥ÉÓ, ÎÉμ
¸±μ·μ¸ÉÓ ¤¥²¥´¨Ö ¨²¨ Ï¨·¨´  ¤¥²¥´¨Ö ± ± ËÊ´±Í¨Ö ¢·¥³¥´¨ Ì · ±É¥·¨§Ê¥É¸Ö
É·¥³Ö ÔÉ ¶ ³¨: ÔÉ ¶ § ¤¥·¦±¨ ¤¥²¥´¨Ö ¢ ´ Î ²Ó´Ò° ³μ³¥´É ¢·¥³¥´¨, ÔÉ ¶
·μ¸É  ¨ ÔÉ ¶ Ê¸É ´μ¢²¥´¨Ö ±¢ §¨¸É Í¨μ´ ·´μ£μ ·¥¦¨³ . ‚·¥³Ö § ¤¥·¦±¨ ¨²¨
¶¥·¥Ìμ¤´μ¥ ¢·¥³Ö ¤¥²¥´¨Ö μ¶·¥¤¥²Ö¥É¸Ö ¨´É¥·¢ ²μ³ ¢·¥³¥´¨ ³¥¦¤Ê ´ Î ²μ³
¶·μÍ¥¸¸  ¤¥²¥´¨Ö ¨ ¤μ¸É¨¦¥´¨¥³ Éμ±  ¢¥·μÖÉ´μ¸É¨ Î¥·¥§ ¸¥¤²μ¢ÊÕ ÉμÎ±Ê 90 %
μÉ ¥£μ ±¢ §¨¸É Í¨μ´ ·´μ£μ §´ Î¥´¨Ö. ‘¨²Ó´ Ö ¸¢Ö§Ó ¤¢¨¦¥´¨Ö ¶μ q ¸ ¢´ÊÉ·¥´-
´¥° ¶μ¤¸¨¸É¥³μ° ¢¥¤¥É ± ¤²¨É¥²Ó´μ° § ¤¥·¦±¥ ´ Î ²Ó´μ£μ ¶·μÍ¥¸¸  ¤¥²¥´¨Ö
¨ ± ³¥´ÓÏ¥³Ê ±¢ §¨¸É Í¨μ´ ·´μ³Ê §´ Î¥´¨Õ ¸±μ·μ¸É¨ ¶μÉμ±  Î¥·¥§ ¡ ·Ó¥·.
� Î ²Ó´ Ö § ¤¥·¦±  ¤¥²¥´¨Ö ³μ¦¥É ¶·¨¢¥¸É¨ ± ·μ¸ÉÊ ¢¥·μÖÉ´μ¸É¨ Ô³¨¸¸¨¨
Î ¸É¨Í. Š ± ¸²¥¤¸É¢¨¥ ¶¥·¥Ìμ¤´μ£μ ÔÉ ¶  ¤¥²¥´¨Ö, ¢Ò¦¨¢ ¥³μ¸ÉÓ ¸¨²Ó´μ ¢μ§-
¡Ê¦¤¥´´μ£μ ¸μ¸É ¢´μ£μ Ö¤·  ³μ¦¥É ·¥§±μ ¢Ò· ¸É¨. —¨¸²¥´´Ò¥ · ¸Î¥ÉÒ ´ 
μ¸´μ¢¥ ±² ¸¸¨Î¥¸±¨Ì Ê· ¢´¥´¨° ‹ ´¦¥¢¥´  ¨ ”μ±±¥· Ä�² ´±  ¶μ± §Ò¢ ÕÉ
 ´ ²μ£¨Î´μ¥ ¶μ¢¥¤¥´¨¥ ¤²Ö Λ(t) [57,59,125Ä128]. �¤´ ±μ ¢ ±¢ ´Éμ¢μ³ ¸²ÊÎ ¥
¶¥·¥Ìμ¤´Ò¥ ¢·¥³¥´  ¶·¨³¥·´μ ¢ ¤¢  · §  ¡μ²ÓÏ¥, Î¥³ ¶¥·¥Ìμ¤´Ò¥ ¢·¥³¥´ 
´  μ¸´μ¢¥ ±² ¸¸¨Î¥¸±μ£μ Ê· ¢´¥´¨Ö ‹ ´¦¥¢¥´  [125Ä127]. ‚ Éμ ¦¥ ¢·¥³Ö
±² ¸¸¨Î¥¸± Ö ¨ ±¢ ´Éμ¢ Ö  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ ¸±μ·μ¸É¨ ¤¥²¥´¨Ö ¶· ±É¨Î¥¸±¨
μ¤¨´ ±μ¢Ò, μ¸μ¡¥´´μ ¶·¨ ¢Ò¸μ±¨Ì É¥³¶¥· ÉÊ· Ì. �μÔÉμ³Ê ¢ ±¢ ´Éμ¢μ³ · ¸-
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�¨¸. 27. ‘±μ·μ¸ÉÓ ¤¥²¥´¨Ö Λ(t) ± ± ËÊ´±Í¨Ö ¢·¥³¥´¨ ¤²Ö Ê± § ´´ÒÌ É¥³¶¥· ÉÊ·.
�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¶·¨ �λp = 0,66, 1,32, 3,3 ¨ 6,6 ŒÔ‚ ¶μ± § ´Ò ¸¶²μÏ´μ°, ÏÉ·¨-
Ìμ¢μ°, ¶Ê´±É¨·´μ° ¨ ÏÉ·¨Ì¶Ê´±É¨·´μ° ²¨´¨Ö³¨ ¸μμÉ¢¥É¸É¢¥´´μ

¸³μÉ·¥´¨¨ ¢·¥³¥´´μ° Ô¢μ²ÕÍ¨¨ ¤¥²¥´¨Ö ¢¥·μÖÉ´μ¸ÉÓ Ô³¨¸¸¨¨ ´¥°É·μ´  ¢
´ Î ²¥ ¶·μÍ¥¸¸  ¡μ²ÓÏ¥, Î¥³ ¢ ±² ¸¸¨Î¥¸±μ³ · ¸¸³μÉ·¥´¨¨.

�  ·¨¸. 28 ¢¨¤´μ, ÎÉμ ¶¥·¥Ìμ¤´μ¥ ¢·¥³Ö τ Ê³¥´ÓÏ ¥É¸Ö ¸ ·μ¸Éμ³ É·¥´¨Ö,
¤μ¸É¨£ Ö ³¨´¨³Ê³  μ±μ²μ λp ≈ ω̃m, ¨ ¶μÉμ³ Ê¢¥²¨Î¨¢ ¥É¸Ö ¢¸²¥¤¸É¢¨¥ ·μ¸É 
§ ÉÊÌ ´¨Ö. �´ ²μ£¨Î´μ¥ ¶μ¢¥¤¥´¨¥ ´ ¡²Õ¤ ¥É¸Ö ¨ ¢ ±² ¸¸¨Î¥¸±μ³ · ¸¸³μ-
É·¥´¨¨ [59]. ‚ ±¢ ´Éμ¢μ³ ¸²ÊÎ ¥ ¶¥·¥Ìμ¤´μ¥ ¢·¥³Ö τ ³¥´Ö¥É¸Ö μÉ ∼ 10−21

¤μ ∼ 10−20 ¸ ¢ · ¸¸³μÉ·¥´´μ³ ¤¨ ¶ §μ´¥ É·¥´¨° ¨ É¥³¶¥· ÉÊ·. ‚¥²¨Î¨´ 
τ ¸² ¡μ Ê³¥´ÓÏ ¥É¸Ö ¸ ·μ¸Éμ³ É¥³¶¥· ÉÊ·Ò. � ¶·¨³¥·, ¶·¨ λp ≈ ω̃m ¶μ-
²ÊÎ ¥³ τ ≈ 10−21 ¸ ¤²Ö T = 5 ŒÔ‚ ¨ τ ≈ 4 · 10−21 ¸ ¤²Ö T = 0,7 ŒÔ‚.
�¨¸. 28, 29 ¨ 30 ¶μ± §Ò¢ ÕÉ, ÎÉμ ¶¥·¥Ìμ¤´μ¥ ¢·¥³Ö ¶·¨³¥·´μ ¢ 5Ä230 · §
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�¨¸. 28. ‡ ¢¨¸¨³μ¸ÉÓ ¶¥·¥Ìμ¤´μ£μ ¢·¥³¥´¨ μÉ ±μÔËË¨Í¨¥´É  É·¥´¨Ö. �¥§Ê²ÓÉ ÉÒ
· ¸Î¥Éμ¢ ¶·¨ T = 0,7, 1, 2, 3, 4 ¨ 5 ŒÔ‚ ¶·¥¤¸É ¢²¥´Ò ¸¶²μÏ´μ°, ÏÉ·¨Ìμ¢μ°, ¶Ê´±-
É¨·´μ°, ÏÉ·¨Ì¶Ê´±É¨·´μ°, ÏÉ·¨Ì¶Ê´±É¨·´μ° ¸ ¤¢Ê³Ö ÉμÎ± ³¨ ¨ Éμ´±μ° ¸¶²μÏ´μ°
²¨´¨Ö³¨ ¸μμÉ¢¥É¸É¢¥´´μ

³¥´ÓÏ¥, Î¥³ ¢·¥³Ö ¤¥²¥´¨Ö τf

(τf∫
0

Λ(t) dt = 1
)

. �É¸Õ¤  ¸²¥¤Ê¥É, ÎÉμ ¤μ²Ö

´¥°É·μ´μ¢, ¨¸¶ÊÐ¥´´ÒÌ ¢ É¥Î¥´¨¥ ¶¥·¥Ìμ¤´μ£μ ¢·¥³¥´¨, ¸μ¸É ¢²Ö¥É ¶μ·Ö¤± 
0,4Ä20 % ¶μ μÉ´μÏ¥´¨Õ ± ¸·¥¤´¥° ³´μ¦¥¸É¢¥´´μ¸É¨ ¶·¥¤¤¥²¨É¥²Ó´ÒÌ ´¥°-
É·μ´μ¢. �μ²´μ¥ ¢·¥³Ö ¦¨§´¨ ¤¥²ÖÐ¥£μ¸Ö Ö¤·  · ¸É¥É ¸ ¶·¨¢¥¤¥´´Ò³ ±μ-
ÔËË¨Í¨¥´Éμ³ ¤¨¸¸¨¶ Í¨¨ μÉ 5,4 · 10−19 ¤μ 3 · 10−18 ¸ ¶·¨ T = 0,7 ŒÔ‚
(E∗

CN = 12,2 ŒÔ‚ Å Ô´¥·£¨Ö ¢μ§¡Ê¦¤¥´¨Ö ¤¥²ÖÐ¥£μ¸Ö Ö¤· ), μÉ 1,7 · 10−19 ¤μ
8,3 · 10−19 ¸ ¶·¨ T = 1 ŒÔ‚ (E∗

CN = 24,8 ŒÔ‚), μÉ 3 · 10−20 ¤μ 1,5 · 10−19 ¸
¶·¨ T = 2 ŒÔ‚ (E∗

CN = 99,2 ŒÔ‚) ¨ μÉ 8,5 · 10−21 ¤μ 4,2 · 10−20 ¸ ¶·¨
T = 5 ŒÔ‚ (E∗

CN = 620 ŒÔ‚). ‚ ·¥¦¨³¥ ¸² ¡μ° ¸¢Ö§¨ ¸ ·μ¸Éμ³ É¥³¶¥· -
ÉÊ·Ò μÉ T = 0,7 ŒÔ‚ (T < Bf ) ¤μ T = 5 ŒÔ‚ (T > Bf ) ¢·¥³Ö ¤¥²¥´¨Ö
Ê³¥´ÓÏ ¥É¸Ö ¡Ò¸É·¥¥, Î¥³ ¶¥·¥Ìμ¤´μ¥ ¢·¥³Ö. ‚ ¶·¥¤¥²¥ ¸¨²Ó´μ° ¸¢Ö§¨ ¢±² ¤
¶¥·¥Ìμ¤´μ£μ ¢·¥³¥´¨ ¢ τf · ¸É¥É ¸ É¥³¶¥· ÉÊ·μ° ¶·¨ T � Bf ¨ Ê³¥´ÓÏ ¥É¸Ö
¸ T ¶·¨ T > Bf . ˆ§ · ¸Î¥Éμ¢ ¸²¥¤Ê¥É, ÎÉμ · ¸¶·¥¤¥²¥´¨¥ ¢¥·μÖÉ´μ¸É¨ ¢
É¥Î¥´¨¥ ¢·¥³¥´¨ Ê¸É ´μ¢²¥´¨Ö ±¢ §¨¸É Í¨μ´ ·´μ£μ Éμ±  ¨ ¸±μ·μ¸ÉÓ ¤¥²¥´¨Ö
´¥ÎÊ¢¸É¢¨É¥²Ó´Ò ± · §Ê³´Ò³ ¨§³¥´¥´¨Ö³ σqq(0) ¶·¨ Ë¨±¸¨·μ¢ ´´μ³ §´ Î¥-
´¨¨ ±μ²²¥±É¨¢´μ° Ô´¥·£¨¨.

�  ·¨¸. 29 ¶·¨¢¥¤¥´  ±¢ §¨¸É Í¨μ´ ·´ Ö ¸±μ·μ¸ÉÓ ¤¥²¥´¨Ö ¶μ  ´ ²¨É¨Î¥-
¸±μ° Ëμ·³Ê²¥ Š· ³¥·¸ 

ΛKr =
ω̃m

2πω̃b

⎛⎝[ω̃2
b +

λ2
p

4

]1/2

− λp

2

⎞⎠ exp
[
−Bf

T

]
. (152)
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�¨¸. 29. ‚·¥³Ö ¤¥²¥´¨Ö ± ± ËÊ´±Í¨Ö ±μÔËË¨Í¨¥´É  É·¥´¨Ö ¶·¨ Ê± § ´´ÒÌ É¥³¶¥-
· ÉÊ· Ì. �¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¸ § ¢¨¸ÖÐ¥° μÉ ¢·¥³¥´¨ ¸±μ·μ¸ÉÓÕ ¶μÉμ± , ±¢ §¨-
¸É Í¨μ´ ·´μ° ¸±μ·μ¸ÉÓÕ ¶μÉμ±  Š· ³¥·¸  ¨ ³μ¤¨Ë¨Í¨·μ¢ ´´μ° ±¢ §¨¸É Í¨μ´ ·´μ°
¸±μ·μ¸ÉÓÕ ¶μÉμ±  Š· ³¥·¸  (T → T ∗), ¶μ± § ´Ò ¸¶²μÏ´μ°, ¶Ê´±É¨·´μ° ¨ ÏÉ·¨Ìμ¢μ°
²¨´¨Ö³¨ ¸μμÉ¢¥É¸É¢¥´´μ

‚¨¤´μ, ÎÉμ ¤ ´´ Ö Ëμ·³Ê²  Ìμ·μÏμ μ¶¨¸Ò¢ ¥É ¸±μ·μ¸ÉÓ ¤¥²¥´¨Ö ¤²Ö ¸²ÊÎ ¥¢
¸² ¡μ° ¨ ¸¨²Ó´μ° ¸¢Ö§¨. ‘ ³μ¥ ¡μ²ÓÏμ¥ μÉ±²μ´¥´¨¥ ³¥¦¤Ê ΛKr ¨ Λ(∞) ¶·¨-
³¥·´μ 71% ¶·¨ λp = 0,66 ŒÔ‚ ¨ 44 % ¶·¨ λp = 6,6 ŒÔ‚ ¤²Ö T = 0,7 ŒÔ‚.
Œμ¤¨Ë¨± Í¨Ö T → T ∗ = �ω̃m/2cth [�ω̃m/(2T )] ¢ (152) ¶·¨¢μ¤¨É ± ²ÊÎÏ¥³Ê
¸μ£² ¸¨Õ ¶·¨ λp = 0,66 ŒÔ‚, μÉ±²μ´¥´¨¥ 37%. ’ ± Ö ³μ¤¨Ë¨± Í¨Ö ¶μ§¢μ-
²Ö¥É ¶·¥μ¤μ²¥ÉÓ μ£· ´¨Î¥´¨¥ Ëμ·³Ê²Ò Š· ³¥·¸  ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì
¢ ¸²ÊÎ ¥ ¸² ¡μ° ¸¢Ö§¨. •μÉÖ ¢ ²¨É¥· ÉÊ·¥ ¶·¥¤¥² ¶·¨³¥´¨³μ¸É¨ ¸É Í¨μ´ ·-
´μ£μ ·¥Ï¥´¨Ö Š· ³¥·¸  Ê· ¢´¥´¨Ö ”μ±±¥· Ä�² ´±  μ¶·¥¤¥²Ö¥É¸Ö Ê¸²μ¢¨¥³
T/Bf < 1, ¢¨¤´μ ÎÉμ μÉ´μ¸¨É¥²Ó´μ¥ μÉ±²μ´¥´¨¥ ³¥¦¤Ê ΛKr ¨ Λ(∞) ¶·¨
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É¥³¶¥· ÉÊ·¥ T = 5 ŒÔ‚ (T > Bf ) ¶·¨³¥·´μ 16% ¶·¨ �λp = 0,66 ŒÔ‚ ¨
¶·¨³¥·´μ 11 % ¶·¨ �λp = 6,6 ŒÔ‚. ‘±μ·μ¸ÉÓ ¤¥²¥´¨Ö, · ¸¸Î¨É ´´ Ö ¸ ¶μ-
³μÐÓÕ Ëμ·³Ê²Ò Š· ³¥·¸ , ¸É ´μ¢¨É¸Ö ³¥´ÓÏ¥, Î¥³ Λ(∞) ¤²Ö É¥³¶¥· ÉÊ·,
¶·¥¢ÒÏ ÕÐ¨Ì ¡ ·Ó¥· ¤¥²¥´¨Ö.

4.1.2. ‚¥·μÖÉ´μ¸ÉÓ ¤¥²¥´¨Ö ´  ¶¥·¢μ³ Ï £¥ ¤¥¢μ§¡Ê¦¤¥´¨Ö ¸¨²Ó´μ
¢μ§¡Ê¦¤¥´´μ£μ Ö¤·  248Cm. ‚±² ¤ τ ¢ τf μÉ´μ¸¨É¥²Ó´μ ¸ÊÐ¥¸É¢¥´ Éμ²Ó±μ ¶·¨
³ ²ÒÌ §´ Î¥´¨ÖÌ λp (¶·¥¤¥² ¸² ¡μ° ¸¢Ö§¨) ¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ T . ˆ§ ·¨¸. 30
¸²¥¤Ê¥É, ÎÉμ ¶·¨ ¸¨²Ó´μ³ ¢μ§¡Ê¦¤¥´¨¨ (E∗

CN � 100 ŒÔ‚) ÉÖ¦¥²ÒÌ Ö¤¥· Ï¨-
·¨´  ´¥°É·μ´´μ° Ô³¨¸¸¨¨ Γn = �/τn ¸É ´μ¢¨É¸Ö ¸· ¢´¨³μ° ¨²¨ ¡μ²ÓÏ¥, Î¥³
¶¥·¥Ìμ¤´ Ö Ï¨·¨´  �/τ . ˆ Éμ£¤  ¸ÊÐ¥¸É¢¥´´μ Ê³¥´ÓÏ ¥É¸Ö ¢¥·μÖÉ´μ¸ÉÓ

Pf (E∗
CN, λp) =

Γn

�

∞∫
0

dt P (t) exp
[
−Γnt

�

]
(153)

�¨¸. 30. � ¸¸Î¨É ´´Ò¥ μÉ´μÏ¥´¨Ö τ/τn ( ) ¨ τf/τ (¡) ± ± ËÊ´±Í¨¨ ±μÔËË¨Í¨¥´É 
É·¥´¨Ö. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¤²Ö T = 0,7, 1, 2, 3, 4 ¨ 5 ŒÔ‚ ¶·¥¤¸É ¢²¥´Ò ¸¶²μÏ´μ°,
ÏÉ·¨Ìμ¢μ°, ¶Ê´±É¨·´μ°, ÏÉ·¨Ì¶Ê´±É¨·´μ°, Éμ´±μ° ¸¶²μÏ´μ° ¨ ÏÉ·¨Ì¶Ê´±É¨·´μ° ¸
¤¢Ê³Ö ÉμÎ± ³¨ ²¨´¨Ö³¨ ¸μμÉ¢¥É¸É¢¥´´μ
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¤¥²¥´¨Ö ¢ ±μ´±Ê·¥´Í¨¨ ¸ Ô³¨¸¸¨¥° ´¥°É·μ´ . ‡¤¥¸Ó, η(t) = Γn/�×
exp [−Γnt/�] Å ¢¥·μÖÉ´μ¸ÉÓ Éμ£μ, ÎÉμ ´¥°É·μ´ ¢Ò²¥É ¥É ¢ ³μ³¥´É ¢·¥³¥´¨ t.
ŒÒ ¨¸¶μ²Ó§Ê¥³ ¢ · ¸Î¥É Ì ¸²¥¤ÊÕÐ¥¥  ´ ²¨É¨Î¥¸±μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö Ï¨·¨´Ò
´¥°É·μ´´μ° Ô³¨¸¸¨¨ [129]

Γn =
T 2A2/3

20π
exp
[
−Bn

T

]
,

£¤¥ Bn = 6,2 ŒÔ‚ Å Ô´¥·£¨Ö ¸¢Ö§¨ ´¥°É·μ´  ¢ Ö¤·¥ 248Cm. ‚ ¶·μÉ¨¢μ-
¶μ²μ¦´μ¸ÉÓ ¶¥·¥Ìμ¤´μ³Ê ¢·¥³¥´¨ ¢·¥³Ö ´¥°É·μ´´μ° Ô³¨¸¸¨¨ Ê³¥´ÓÏ ¥É¸Ö
¶·¨³¥·´μ Ô±¸¶μ´¥´Í¨ ²Ó´μ ¸ ·μ¸Éμ³ Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö: μÉ 1,5 · 10−17 ¸
¶·¨ T = 0,7 ŒÔ‚ ¤μ 1,5 · 10−22 ¸ ¶·¨ T = 5 ŒÔ‚. ˆ¸¶μ²Ó§ÊÖ ¶·¨¡²¨¦¥´´μ¥

�¨¸. 31.  ) � ¸¸Î¨É ´´ Ö log [P st
f /Pf ] ± ± ËÊ´±Í¨Ö É¥³¶¥· ÉÊ·Ò. ‘¶²μÏ´ Ö, ÏÉ·¨-

Ìμ¢ Ö, ¶Ê´±É¨·´ Ö, ÏÉ·¨Ì¶Ê´±É¨·´ Ö ¨ ÏÉ·¨Ì¶Ê´±É¨·´ Ö ¸ ¤¢Ê³Ö ÉμÎ± ³¨ ²¨´¨¨ ¸μ-
μÉ¢¥É¸É¢ÊÕÉ �λp = 0,99, 2,1, 3,3, 4,5 ¨ 6,6 ŒÔ‚. ¡) � ¸¸Î¨É ´´Ò° ÔËË¥±É¨¢´Ò°
¤¨¸¸¨¶ É¨¢´Ò° ±μÔËË¨Í¨¥´É ± ± ËÊ´±Í¨Ö ±μÔËË¨Í¨¥´É  É·¥´¨Ö. ‘¶²μÏ´ Ö, ÏÉ·¨-
Ìμ¢ Ö, ¶Ê´±É¨·´ Ö ¨ ÏÉ·¨Ì¶Ê´±É¨·´ Ö ²¨´¨¨ ¸μμÉ¢¥É¸É¢ÊÕÉ T = 2, 3, 4 ¨ 5 ŒÔ‚



Š‚��’�‚›… ‘’�’ˆ‘’ˆ—…‘Šˆ… �””…Š’› ‚ Ÿ„…��›• �…�Š–ˆŸ• 409

¢Ò· ¦¥´¨¥ (θ(t) Å ¸ÉÊ¶¥´Î É Ö ËÊ´±Í¨Ö)

P (t) = 1 − [θ(τ − t) + exp [−Λ(∞)t]θ(t − τ)],

³μ¦´μ ¸¢¥¸É¨ (153) ± ¢Ò· ¦¥´¨Õ ¸²¥¤ÊÕÐ¥£μ ¢¨¤ :

Pf (E∗
CN, λp) = P st

f (E∗
CN, λp) exp

[
−Γnτ

�

]
=

�Λ(∞)
�Λ(∞) + Γn

exp
[
−Γnτ

�

]
.

(154)
‚ ¸¨ÉÊ Í¨¨ τ � τn = �/Γn §´ Î¥´¨¥ ¢¥·μÖÉ´μ¸É¨ ¤¥²¥´¨Ö Pf μÉ²¨Î ¥É¸Ö
μÉ ¸É É¨¸É¨Î¥¸±μ£μ §´ Î¥´¨Ö ¢¥·μÖÉ´μ¸É¨ ¤¥²¥´¨Ö P st

f ¸ ÊÎ¥Éμ³ Ö¤¥·´μ° ¢Ö§-
±μ¸É¨ (³μ¤¨Ë¨± Í¨Ö Š· ³¥·¸ ). ’μÎ´Ò¥ Î¨¸²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ·¨¸. 31 ¶μ± -
§Ò¢ ÕÉ, ÎÉμ Ê¸²μ¢¨¥ Γnτ/� � 1 ·¥ ²¨§Ê¥É¸Ö ¶·¨ E∗

CN � 100 ŒÔ‚ ¤²Ö ¸²Ê-
Î ¥¢ ¸² ¡μ° ¨ ¸¨²Ó´μ° ¸¢Ö§¨. �É±²μ´¥´¨¥ ³¥¦¤Ê Pf (E∗

CN, λp) ¨ P st
f (E∗

CN, λp)
· ¸É¥É ¸ Ô´¥·£¨¥° ¢μ§¡Ê¦¤¥´¨Ö ¨ É·¥´¨Ö: P st

f (E∗
CN = 99,2 ŒÔ‚, λp =

0,66 ŒÔ‚)/Pf (E∗
CN = 99,2 ŒÔ‚, λp = 0,66 ŒÔ‚) = 1,7, P st

f (E∗
CN = 620 ŒÔ‚,

λp = 0,66 ŒÔ‚)/Pf (E∗
CN = 620 ŒÔ‚, λp = 0,66 ŒÔ‚) = 11,7 ¨ P st

f (E∗
CN =

99,2 ŒÔ‚, λp = 6,6 ŒÔ‚)/Pf(E∗
CN = 99,2 ŒÔ‚, λp = 6,6 ŒÔ‚) = 1,8,

P st
f (E∗

CN = 620 ŒÔ‚, λp = 6,6 ŒÔ‚)/Pf (E∗
CN = 620 ŒÔ‚, λp = 6,6 ŒÔ‚) =

128,5. ‡ ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ ¤¥²¥´¨Ö μÉ λp Ê¸¨²¨¢ ¥É¸Ö ¸ ·μ¸Éμ³ Ô´¥·-
£¨¨ ¢μ§¡Ê¦¤¥´¨Ö. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¶·¨ ¡μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ¢μ§¡Ê¦¤¥´¨Ö
¶¥·¥Ìμ¤´ Ö ¸É ¤¨Ö ³μ¦¥É ¢²¨ÖÉÓ ´  ´¥¸±μ²Ó±μ Ï £μ¢ ¨¸¶ ·¨É¥²Ó´μ£μ ± ¸± ¤ .

“¸²μ¢¨¥ Pf (E∗
CN, λp) = P st

f (E∗
CN, λ̃p) ³μ¦¥É ¡ÒÉÓ Ê¤μ¢²¥É¢μ·¥´μ ¸ ¶μ³μ-

ÐÓÕ ÔËË¥±É¨¢´μ£μ ±μÔËË¨Í¨¥´É  É·¥´¨Ö

λ̃p =
ω̃2

b

[ω̃2
b + λ2

p/4]1/2 − λp/2
P st

f (E∗
CN, λp)

Pf (E∗
CN, λp)

. (155)

�·¨ ¶μ²ÊÎ¥´¨¨ Ëμ·³Ê²Ò (155) ³Ò ¶μ² £ ¥³, ÎÉμ λ̃p � ω̃b, Γf � Γn ¨
af/an = 1, £¤¥ af = a ¨ an = a, Ö¢²ÖÕÉ¸Ö ¶ · ³¥É· ³¨ ¶²μÉ´μ¸É¨ Ê·μ¢´¥° ¢
¤¥²¨É¥²Ó´μ³ ¨ ´¥°É·μ´´μ³ ± ´ ² Ì ¸μμÉ¢¥É¸É¢¥´´μ. ’ ±¨³ μ¡· §μ³, ¶·¨ Ë¨±-
¸¨·μ¢ ´´μ³ af/an §´ Î¥´¨¥ ¢¥·μÖÉ´μ¸É¨ ¤¥²¥´¨Ö ³μ¦¥É ¢μ¸¶·μ¨§¢μ¤¨ÉÓ¸Ö ¢
· ³± Ì ¸É É¨¸É¨Î¥¸±μ° ³μ¤¥²¨ (¸ ³μ¤¨Ë¨± Í¨¥° Š· ³¥·¸  ¸É É¨¸É¨Î¥¸±μ°
³μ¤¥²¨ 
μ· Ä“¨²²¥· , ´μ ¡¥§ ÊÎ¥É  ¶¥·¥Ìμ¤´μ° ¸É ¤¨¨) ¸ ÔËË¥±É¨¢´Ò³ ±μ-
ÔËË¨Í¨¥´Éμ³ É·¥´¨Ö (λ̃p > λp) (·¨¸. 31). ‡ ³¥É¨³, ÎÉμ λ̃p, ± ± ¨ ¶¥·¥Ìμ¤´μ¥
¢·¥³Ö, ¨³¥¥É ³¨´¨³ ²Ó´μ¥ §´ Î¥´¨¥ ¶·¨ λp ≈ ωm. ‘·¥¤´ÕÕ ´¥°É·μ´´ÊÕ
³´μ¦¥¸É¢¥´´μ¸ÉÓ ¢ É¥Î¥´¨¥ ¶¥·¥Ìμ¤´μ£μ ¢·¥³¥´¨ ³μ¦´μ μÍ¥´¨ÉÓ ¸ ¶μ³μÐÓÕ
¶·μ¸Éμ° Ëμ·³Ê²Ò: ν ≈ τ/τn. ˆ§ ·¨¸. 30 ¢¨¤´μ, ÎÉμ ¸·¥¤´ÖÖ ³´μ¦¥¸É¢¥´´μ¸ÉÓ
¶·¥¤¤¥²¨É¥²Ó´ÒÌ ´¥°É·μ´μ¢ (τf/τn) Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·μ¸Éμ³ Ô´¥·£¨¨ ¢μ§¡Ê-
¦¤¥´¨Ö ¸μ¸É ¢´μ£μ Ö¤· . „ ´´Ò° ÔËË¥±É ¸μ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨. ˆ§ ¸· ¢´¥´¨Ö ¸·¥¤´¥° ³´μ¦¥¸É¢¥´´μ¸É¨ ¶·¥¤¤¥²¨É¥²Ó´ÒÌ ´¥°É·μ-
´μ¢ ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ³μ¦´μ ¢´¥¸É¨ μ£· ´¨Î¥´¨¥ ¸¢¥·ÌÊ ´  §´ -
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Î¥´¨¥ ±μÔËË¨Í¨¥´É  É·¥´¨Ö: �λp � 2 ŒÔ‚. �·¨ �λp = 1 ŒÔ‚ ¨ · ¸¸³μÉ·¥´-
´ÒÌ Ô´¥·£¨ÖÌ ¢μ§¡Ê¦¤¥´¨Ö ¸μ¸É ¢´μ£μ Ö¤·  ¤μ²Ö ®¶¥·¥Ìμ¤´ÒÌ¯ ´¥°É·μ´μ¢
¸μ¸É ¢²Ö¥É τf/τn · 100 % ≈ 6−20 %.

4.2. �·μÍ¥¸¸Ò § Ì¢ É  ¨ ¸²¨Ö´¨Ö Ö¤¥·. 4.2.1. ‚¥·μÖÉ´μ¸ÉÓ § Ì¢ É .
”μ·³ ²¨§³ ¶·¨¢¥¤¥´´μ° ³ É·¨ÍÒ ¶²μÉ´μ¸É¨, ±μÉμ·Ò° ¡Ò² μ¶¨¸ ´ ¢ÒÏ¥,
³μ¦´μ ¶·¨³¥´¨ÉÓ ¨ ¤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¥· . �μÉ¥´-
Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö ¤¢ÊÌ Ö¤¥· ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

V (R, L, ΩP , ΩT ) = Vnuc(R, ΩP , ΩT ) + Vcoul(R, ΩP , ΩT ) + Vrot(R, L), (156)

£¤¥ Vnuc, Vcoul ¨ Vrot Å Ö¤¥·´Ò°, ±Ê²μ´μ¢¸±¨° ¨ Í¥´É·μ¡¥¦´Ò° ¶μÉ¥´Í¨ ²Ò
¸μμÉ¢¥É¸É¢¥´´μ. ‘¨¸É¥³  ¤¢ÊÌ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Ö¤¥· Ì · ±É¥·¨§Ê¥É¸Ö § -
·Ö¤μ¢Ò³ ¨ ´¥°É·μ´´Ò³ Î¨¸² ³¨ Z ¨ N ²¥£±μ£μ Ö¤·  ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ Î¨-
¸² ³¨ ÉÖ¦¥²μ£μ Ö¤· , ¶ · ³¥É· ³¨ βP ¨ βT ±¢ ¤·Ê¶μ²Ó´μ° ¤¥Ëμ·³ Í¨¨ Ö¤¥·
¨ Ê£² ³¨ μ·¨¥´É Í¨¨ ΩP ¨ ΩT ¶μ μÉ´μÏ¥´¨Õ ± μ¸¨ ¸Éμ²±´μ¢¥´¨Ö. � · ³¥-
É·Ò ¤¥Ëμ·³ Í¨¨ ¡¥·ÊÉ¸Ö ¨§ · ¡μÉÒ [130]. „²Ö Ö¤¥·´μ° Î ¸É¨ Ö¤·μ-Ö¤¥·´μ£μ
¶μÉ¥´Í¨ ²  ³Ò ¨¸¶μ²Ó§Ê¥³ Ëμ·³ ²¨§³ ¤¢μ°´μ° ¸¢¥·É±¨ [131]:

Vnuc =
∫

ρ1(r1)ρ2(R − r2)F (r1 − r2) dr1 dr2, (157)

£¤¥ F (r1 − r2) = C0

[
Fin

ρ0(r1)
ρ00

+ Fex

(
1 − ρ0(r1)

ρ00

)]
δ(r1 − r2) Å § ¢¨¸Ö-

Ð¥¥ μÉ ¶²μÉ´μ¸É¨ ÔËË¥±É¨¢´μ¥ ´Ê±²μ´-´Ê±²μ´´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥,   ρ1(r1) ¨
ρ2(r2) Å ´Ê±²μ´´Ò¥ ¶²μÉ´μ¸É¨ ´ ²¥É ÕÐ¥£μ Ö¤·  ¨ Ö¤· -³¨Ï¥´¨ ¨ ρ0(r) =
ρ1(r) + ρ2(R− r). � ¸Î¥ÉÒ ¶·μ¨§¢¥¤¥´Ò ¸μ ¸²¥¤ÊÕÐ¨³¨ §´ Î¥´¨Ö³¨ ¶ · ³¥-
É·μ¢ ´Ê±²μ´-´Ê±²μ´´μ° ¸¨²Ò: C0 = 300 ŒÔ‚ Ë³3, Fin = 0,09, Fex = −2,59
¨ ρ00 = 0,17 Ë³−3. „²Ö ¢ÒÎ¨¸²¥´¨Ö ±Ê²μ´μ¢¸±μ£μ ¨ Í¥´É·μ¡¥¦´μ£μ ¶μÉ¥´-
Í¨ ²μ¢ ¨¸¶μ²Ó§μ¢ ´Ò ¸²¥¤ÊÕÐ¨¥ Ëμ·³Ê²Ò:

Vcoul = e2

∫
ρz
1(r1)ρz

2(R − r2)
|r1 − r2|

dr1 dr2 (158)

¨

Vrot =
�

2L(L + 1)
2μR2

(159)

¸μμÉ¢¥É¸É¢¥´´μ. ‡¤¥¸Ó ρz
1 ¨ ρz

2 Å § ·Ö¤μ¢Ò¥ ¶²μÉ´μ¸É¨ Ö¤¥·. Ÿ¤¥·´Ò¥ ¶²μÉ-
´μ¸É¨ § ¤ ÕÉ¸Ö ¢ ¢¨¤¥ ¶ · ³¥É·¨§ Í¨¨ ‘ ±¸μ´ Ä‚Ê¤¸ , £¤¥ ¶ · ³¥É· · ¤¨Ê¸ 
Ö¤·  r0 = 1,15 Ë³ ¨ ¶ · ³¥É· ¤¨ËËÊ§´μ¸É¨ a = 0,53−0,56 Ë³ ¢ § ¢¨¸¨³μ¸É¨
μÉ ³ ¸¸Ò Ö¤·  [131].

�  ·¨¸. 32 ¶·¨¢¥¤¥´Ò · ¸Î¥ÉÒ Ö¤·μ-Ö¤¥·´μ£μ ¶μÉ¥´Í¨ ²  ¤²Ö ¸¨¸É¥³Ò
50Ti+196Pt ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ Ê£²μ¢μ£μ ³μ³¥´É  L. ‘ ·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.
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�¨¸. 32.  ) ‡ ¢¨¸¨³μ¸ÉÓ Ö¤·μ-Ö¤¥·´μ£μ ¶μÉ¥´Í¨ ²  ¢§ ¨³μ¤¥°¸É¢¨Ö μÉ μÉ´μ¸¨É¥²Ó´μ£μ
· ¸¸ÉμÖ´¨Ö R−Rb ³¥¦¤Ê Í¥´É· ³¨ ³ ¸¸ ¸Ë¥·¨Î¥¸±¨Ì Ö¤¥· ¢ ¤¢μ°´μ° Ö¤¥·´μ° ¸¨¸É¥³¥
50Ti+198Pt ¶·¨ · §²¨Î´ÒÌ §´ Î¥´¨ÖÌ Ê£²μ¢μ£μ ³μ³¥´É  L. �´¥·£¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö
μÉ¸Î¨ÉÒ¢ ¥É¸Ö μÉ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥·  ¶·¨ ¤ ´´μ³ Ê£²μ¢μ³ ³μ³¥´É¥. ¡) ‡ ¢¨¸¨³μ¸ÉÓ
£²Ê¡¨´Ò ¶μÉ¥´Í¨ ²Ó´μ£μ ± ·³ ´  μÉ L

Š ± ¢¨¤´μ ¨§ ·¨¸Ê´± , ¸ Ê¢¥²¨Î¥´¨¥³ L μÉ 0 ¤μ 80 §´ Î¥´¨Ö £²Ê¡¨´Ò
¨ ¶μ²μ¦¥´¨Ö (¶μ μÉ´μÏ¥´¨Õ ± ¡ ·Ó¥·Ê) ¶μÉ¥´Í¨ ²Ó´μ£μ ± ·³ ´  ³¥´ÖÕÉ¸Ö
μÉ 4,12 ¤μ 0,46 ŒÔ‚ ¨ μÉ 1,23 ¤μ 0,57 Ë³ ¸μμÉ¢¥É¸É¢¥´´μ. �·¨ ¡μ²ÓÏ¨Ì
§´ Î¥´¨ÖÌ Ê£²μ¢μ£μ ³μ³¥´É  ¶μÉ¥´Í¨ ²Ó´Ò° ± ·³ ´ ¨¸Î¥§ ¥É. �Éμ μ§´ Î ¥É,
ÎÉμ Ê£²μ¢Ò¥ ³μ³¥´ÉÒ L > Lmax = 85 ´¥ ¤ 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 ´ (·¨¸. 32). ‚¥·μÖÉ´μ¸ÉÓ § Ì¢ É  μ¶·¥¤¥²Ö¥É¸Ö ± ± μÉ´μÏ¥´¨¥

P0(t = τ, Ecm, L, ΩP , ΩT ) =

0∫
−∞

ρ(t = τ, R) dR

∞∫
0

ρ(t = 0, R) dR

. (160)
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’ ± ± ± ¤¢¨¦¥´¨¥ ¢ ¶· ¢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¥ (160) μ¶·¥¤¥²Ö¥É ¢·¥³Ö Ê¸É ´μ¢²¥´¨Ö ±¢ §¨¸É Í¨μ´ ·-
´μ£μ ·¥¦¨³ .

4.2.2. ‘¥Î¥´¨¥ § Ì¢ É . „²Ö · ¸Î¥É  ¸¥Î¥´¨Ö § Ì¢ É  ¡Ê¤¥É ¨¸¶μ²Ó§μ¢ ´ 
¢ÒÏ¥μ¶¨¸ ´´ Ö ³¨±·μ¸±μ¶¨Î¥¸± Ö ³μ¤¥²Ó ¢§ ¨³μ¤¥°¸É¢¨Ö ¤¢ÊÌ ÉÖ¦¥²ÒÌ Ö¤¥·
´  ´ Î ²Ó´μ° ¸É ¤¨¨ ·¥ ±Í¨¨. Šμ£¤  ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨¥ Ö¤·  ¢ μ¸´μ¢´μ³ ¸μ-
¸ÉμÖ´¨¨ ¨³¥ÕÉ ¸É É¨Î¥¸±ÊÕ ¤¥Ëμ·³ Í¨Õ, ´¨§±¨¥ ±Ê²μ´μ¢¸±¨¥ ¡ ·Ó¥·Ò  ¸¸μ-
Í¨¨·ÊÕÉ¸Ö ¸μ ¸Éμ²±´μ¢¥´¨Ö³¨ É¨¶  ®´μ¸Ä´μ¸¯, ¢ Éμ ¢·¥³Ö ± ± ¢Ò¸μ±¨¥ ±Ê²μ-
´μ¢¸±¨¥ ¡ ·Ó¥·Ò ¸¢Ö§ ´Ò ¸ ¡μ±μ¢Ò³¨ ¸Éμ²±´μ¢¥´¨Ö³¨. �·¨ ÊÎ¥É¥ ¸É É¨Î¥¸±μ°
¤¥Ëμ·³ Í¨¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥· ¶μ²´ Ö ¢¥·μÖÉ´μ¸ÉÓ § Ì¢ É  Pcap(Ecm, J)
¶μ²ÊÎ ¥É¸Ö Ê¸·¥¤´¥´¨¥³ ¶μ ¢¸¥³ ¢μ§³μ¦´Ò³ μ·¨¥´É Í¨Ö³ ΩP ¨ ΩT μ¸¥° ¸¨³-
³¥É·¨¨ ¤¥Ëμ·³¨·μ¢ ´´μ£μ Ö¤· -¸´ ·Ö¤  ¨ Ö¤· -³¨Ï¥´¨ μÉ´μ¸¨É¥²Ó´μ μ¸¨,
¶·μÌμ¤ÖÐ¥° Î¥·¥§ Í¥´É·Ò ³ ¸¸ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Ö¤¥·:

Pcap(Ecm, L) =
1

(4π)2

∫
P0(τ, Ecm, L, ΩP , ΩT ) dΩP dΩT , (161)

£¤¥ P0(τ, Ecm, L, ΩP , ΩT ) μ¶·¥¤¥²Ö¥É ¢¥·μÖÉ´μ¸ÉÓ § Ì¢ É  ¶·¨ Ë¨±¸¨·μ¢ ´´ÒÌ
μ·¨¥´É Í¨ÖÌ ΩP ¨ ΩT Ö¤¥·, ¶ ·Í¨ ²Ó´μ° ¢μ²´¥ L ¨ Ô´¥·£¨¨ ¡μ³¡ ·¤¨·μ¢±¨
Ecm. � ·Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ § Ì¢ É  (¸¥Î¥´¨¥ μ¡· §μ¢ ´¨Ö ¤¢μ°´μ° Ö¤¥·´μ°
¸¨¸É¥³Ò) μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³Ê²μ°

σc(Ecm, L) = πλ−2(2L + 1)Pcap(Ecm, L), (162)

£¤¥ λ−2 = �
2/(2μEcm) Å ¶·¨¢¥¤¥´´ Ö ¤²¨´  ¢μ²´Ò ¤¥ 
·μ°²Ö. �É¸Õ¤  ¶μ²´μ¥

¸¥Î¥´¨¥ § Ì¢ É 

σc(Ecm) =
∑
L

σc(Ecm, L) = πλ−2
∑
L

(2L + 1)Pcap(Ecm, L). (163)

4.2.3. ‘¥Î¥´¨¥ μ¡· §μ¢ ´¨Ö ¨¸¶ ·¨É¥²Ó´ÒÌ μ¸É É±μ¢. �¥ ±Í¨¨ ¸²¨Ö-
´¨Ö Ê¸¶¥Ï´μ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö ¸¨´É¥§  ÉÖ¦¥²ÒÌ ¨ ¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éμ¢
¨ ¶μ²ÊÎ¥´¨Ö Ö¤¥·, Ê¤ ²¥´´ÒÌ μÉ μ¡² ¸É¨ ¸É ¡¨²Ó´μ¸É¨ [132, 133]. ‚Ò¡μ·
μ¶É¨³ ²Ó´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸²μ¢¨° ¤²Ö ¶μ²ÊÎ¥´¨Ö ´μ¢ÒÌ ÉÖ¦¥²ÒÌ ¨
¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éμ¢ Î·¥§¢ÒÎ °´μ ¢ ¦¥´, ¶μ¸±μ²Ó±Ê ¢¥²¨Î¨´Ò ¸¥Î¥´¨°
´ Ìμ¤ÖÉ¸Ö ´  ¶·¥¤¥²¥ ¢μ§³μ¦´μ¸É¥° ·¥£¨¸É· Í¨¨. �μ¢Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶μ
¸¨´É¥§Ê ¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éμ¢ ¶·μ¢μ¤ÖÉ¸Ö ¢ �ˆŸˆ, GSI, GANIL, 
¥·±-
²¨ ¨ RIKEN. �¡¸Ê¦¤ ÕÉ¸Ö ¶¥·¸¶¥±É¨¢Ò ¶μ²ÊÎ¥´¨Ö Ô±§μÉ¨Î¥¸±¨Ì, ÉÖ¦¥²ÒÌ
¨ ¸¢¥·ÌÉÖ¦¥²ÒÌ Ö¤¥· ¸ ¶μ³μÐÓÕ ¨´É¥´¸¨¢´ÒÌ ¶ÊÎ±μ¢ ´¥°É·μ´´μ-μ¡μ£ Ð¥´-
´ÒÌ Ö¤¥·.

Œμ¤¥²Ó ¤¢μ°´μ° Ö¤¥·´μ° ¸¨¸É¥³Ò Ê¸¶¥Ï´μ μ¶¨¸Ò¢ ¥É ¶·μÍ¥¸¸ ¸²¨Ö-
´¨Ö [28, 90Ä95]. ‘²¨Ö´¨¥ Ö¤¥· · ¸¸³ É·¨¢ ¥É¸Ö ± ± Ô¢μ²ÕÍ¨Ö ¤¢μ°´μ° Ö¤¥·-
´μ° ¸¨¸É¥³Ò. ‘μ¸É ¢´μ¥ Ö¤·μ μ¡· §Ê¥É¸Ö ¶μ¸·¥¤¸É¢μ³ ¶¥·¥¤ Î¨ ´Ê±²μ´μ¢ ¨§
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²¥£±μ£μ Ö¤·  ¢ ÉÖ¦¥²μ¥ Ö¤·μ. ‚ ÔÉμ° ³μ¤¥²¨ · ¸¸³ É·¨¢ ¥É¸Ö ¶μ²´μ¥ ¸²¨Ö-
´¨¥ ¨ ±¢ §¨¤¥²¥´¨¥ (· ¸¶ ¤ ¤¢μ°´μ° Ö¤¥·´μ° ¸¨¸É¥³Ò) ± ± ¤¨ËËÊ§¨μ´´Ò¥
¶·μÍ¥¸¸Ò ¶μ ±μ²²¥±É¨¢´Ò³ ±μμ·¤¨´ É ³ ³ ¸¸μ¢μ° (§ ·Ö¤μ¢μ°)  ¸¨³³¥É·¨¨
η = (Atot − 2A)/Atot (ηZ = (Ztot − 2Z)/Ztot) ¨ R ¸μμÉ¢¥É¸É¢¥´´μ. ‡¤¥¸Ó Z
¨ A = Z + N Å § ·Ö¤μ¢μ¥ ¨ ³ ¸¸μ¢μ¥ Î¨¸²  ²¥£±μ£μ Ö¤·  ¢ ¤¢μ°´μ° Ö¤¥·´μ°
¸¨¸É¥³¥ ¨ Ztot ¨ Atot Å § ·Ö¤μ¢μ¥ ¨ ³ ¸¸μ¢μ¥ Î¨¸²  Ö¤¥· ¢ ¤¢μ°´μ° Ö¤¥·´μ°
¸¨¸É¥³¥. Œμ¤¥²Ó ¤¢μ°´μ° Ö¤¥·´μ° ¸¨¸É¥³Ò, £¤¥ ¤¢¨¦¥´¨¥ ¶μ η (ηZ ) £² ¢´Ò³
μ¡· §μ³ μÉ¢¥É¸É¢¥´´μ §  ¸²¨Ö´¨¥, ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ μ¡´ ·Ê¦¨ÉÓ ´μ¢Ò¥ ¢ ¦-
´Ò¥ μ¸μ¡¥´´μ¸É¨ ¶μ²´μ£μ ¸²¨Ö´¨Ö: 1) ¶μÖ¢²¥´¨¥ ¸¶¥Í¨Ë¨Î¥¸±μ£μ ¢´ÊÉ·¥´´¥£μ
¡ ·Ó¥·  ¸²¨Ö´¨Ö (ÉμÎ±  
Ê¸¨´ ·μÄƒ ²²μ´¥ ¶·¨ η = ηBG) ¶μ ±μμ·¤¨´ É¥ ³ ¸-
¸μ¢μ°  ¸¨³³¥É·¨¨; 2) ±μ´±Ê·¥´Í¨Ö ³¥¦¤Ê ¶μ²´Ò³ ¸²¨Ö´¨¥³ ¨ ±¢ §¨¤¥²¥´¨¥³
¢ Ìμ¤¥ Ô¢μ²ÕÍ¨¨ ¤¢μ°´μ° Ö¤¥·´μ° ¸¨¸É¥³Ò ± ¸μ¸É ¢´μ³Ê Ö¤·Ê. ˆ§-§  ÔÉμ°
±μ´±Ê·¥´Í¨¨ ¢¥·μÖÉ´μ¸ÉÓ ¸²¨Ö´¨Ö ¸¨²Ó´μ Ê³¥´ÓÏ ¥É¸Ö ¸ Ê³¥´ÓÏ¥´¨¥³ ³ ¸-
¸μ¢μ°  ¸¨³³¥É·¨¨ ´ Î ²Ó´μ° ¤¢μ°´μ° Ö¤¥·´μ° ¸¨¸É¥³Ò ¢ ·¥ ±Í¨ÖÌ, ¢¥¤ÊÐ¨Ì
± μ¤´μ³Ê ¨ Éμ³Ê ¦¥ ¸μ¸É ¢´μ³Ê Ö¤·Ê, ÎÉμ ¸μ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨. �±¸¶¥·¨³¥´É ²Ó´μ ´ ¡²Õ¤ ¥³μ¥ ¡Ò¸É·μ¥ ¶ ¤¥´¨¥ ¸¥Î¥´¨Ö Ìμ²μ¤-
´μ£μ ¸²¨Ö´¨Ö (HI,1n) ¸ Ê¢¥²¨Î¥´¨¥³ § ·Ö¤  ¸μ¸É ¢´μ£μ Ö¤·  μ¡ÑÖ¸´Ö¥É¸Ö É ±¦¥
ÔÉμ° ±μ´±Ê·¥´Í¨¥° [28,90Ä95]. �·¥¤¸± § É¥²Ó´ Ö ¸¨²  ³μ¤¥²¨ § ±²ÕÎ ¥É¸Ö ¢
¢μ§³μ¦´μ¸É¨ μ¶¨¸ ÉÓ ¸¥Î¥´¨Ö Ìμ²μ¤´μ£μ ¨ £μ·ÖÎ¥£μ ¸²¨Ö´¨Ö ¢ ·¥ ±Í¨ÖÌ, ¤²Ö
±μÉμ·ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö μÉ²¨Î ÕÉ¸Ö ´  ´¥¸±μ²Ó±μ ¶μ·Ö¤±μ¢ ¢¥-
²¨Î¨´Ò.

‘¥Î¥´¨¥ ¸²¨Ö´¨Ö ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

σfus(Ecm) =
∑
L

σfus(Ecm, L) =

=
λ−2

16π

∑
L

(2L + 1)
∫

P0(τ, Ecm, L, ΩP , ΩT )PCN(Ecm, L, ΩP , ΩT ) dΩP ΩT .

’μ£¤  ¸¥Î¥´¨¥ μ¡· §μ¢ ´¨Ö ¨¸¶ ·¨É¥²Ó´μ£μ μ¸É É± 

σs
ER(Ecm) =

∑
L

σfus(Ecm, L)W s
sur(Ecm, L) (164)

μ¶·¥¤¥²Ö¥É¸Ö ¶ ·Í¨ ²Ó´Ò³ ¸¥Î¥´¨¥³ σfus(Ecm, L) ¸²¨Ö´¨Ö Ö¤¥· ¨ ¢¥·μÖÉ´μ-
¸ÉÓÕ W s

sur ¢Ò¦¨¢ ´¨Ö μ¡· §μ¢ ¢Ï¥£μ¸Ö ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸É ¢´μ£μ Ö¤·  [90,
92]. ˆ§μÉμ¶´ Ö § ¢¨¸¨³μ¸ÉÓ ¸¥Î¥´¨Ö £² ¢´Ò³ μ¡· §μ³ μ¶·¥¤¥²Ö¥É¸Ö ¢¥·μÖÉ´μ-
¸ÉÓÕ PCN ¸²¨Ö´¨Ö Ö¤¥· ¶μ¸²¥ § Ì¢ É  Ö¤¥· ¸ μ¡· §μ¢ ´¨¥³ ¤¢μ°´μ° Ö¤¥·´μ°
¸¨¸É¥³Ò ¢μ ¢Ìμ¤´μ³ ± ´ ²¥ ¨ W s

sur. PCN § ¢¨¸¨É μÉ ±μ´±Ê·¥´Í¨¨ ³¥¦¤Ê
¶μ²´Ò³ ¸²¨Ö´¨¥³ ¨ ±¢ §¨¤¥²¥´¨¥³ [90, 92]. �É  ±μ´±Ê·¥´Í¨Ö ³μ¦¥É ¸¨²Ó´μ
Ê³¥´ÓÏ¨ÉÓ ¢¥²¨Î¨´Ê σs

ER(Ecm). ˆ¸¶ ·¨É¥²Ó´Ò¥ μ¸É É±¨ μ¡· §ÊÕÉ¸Ö ¸ ¢¥·μ-
ÖÉ´μ¸ÉÓÕ W s

sur ¨§ ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸É ¢´μ£μ Ö¤·  ¢ Ìμ¤¥ ±μ´±Ê·¥´Í¨¨ ³¥¦¤Ê
¤¥²¥´¨¥³ ¨ Ô³¨¸¸¨¥° ´¥°É·μ´μ¢, § ·Ö¦¥´´ÒÌ Î ¸É¨Í, γ-±¢ ´Éμ¢. ‚¥·μÖÉ´μ¸ÉÓ
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¢Ò¦¨¢ ´¨Ö ¢ÒÎ¨¸²Ö¥É¸Ö ¢ · ³± Ì ¸É É¨¸É¨Î¥¸±μ° ³μ¤¥²¨, ±μÉμ· Ö ÊÎ¨ÉÒ-
¢ ¥É § ÉÊÌ ´¨¥ μ¡μ²μÎ¥Î´ÒÌ ÔËË¥±Éμ¢ ¶·¨ ¡μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ¢μ§¡Ê¦¤¥´¨Ö
Ö¤·  [91,95,129,134Ä143].

‚ · ¸¸³ É·¨¢ ¥³ÒÌ ·¥ ±Í¨ÖÌ ¸μ¸É ¢´Ò¥ Ö¤·  § ¸¥²ÖÕÉ¸Ö ¤μ L = 50 ¢
§ ¢¨¸¨³μ¸É¨ μÉ Ecm,   ¡μ²ÓÏ¨¥ ¶ ·Í¨ ²Ó´Ò¥ ¢μ²´Ò ¢ μ¸´μ¢´μ³ ¤ ÕÉ ¢±² ¤
¢ ¶·μÍ¥¸¸ ¤¥²¥´¨Ö [135]. „²Ö  ±É¨´¨¤μ¢ ¢±² ¤ ¡μ²ÓÏ¨Ì Ê£²μ¢ÒÌ ³μ³¥´Éμ¢ ¢
¢Ò· ¦¥´¨¨ (164) μ£· ´¨Î¥´ ¨§-§  W s

sur(Ecm, L), ±μÉμ·ÊÕ ³μ¦´μ  ¶¶·μ±¸¨³¨-
·μ¢ ÉÓ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³: W s

sur(Ecm, L) = W s
sur(Ecm, L = 0) exp [−L(L +

1)/(Lmax(Lmax + 1))]. � · ³¥É· Lmax Ì · ±É¥·¨§Ê¥É Ê³¥´ÓÏ¥´¨¥ ¡ ·Ó¥· 
¤¥²¥´¨Ö ¸ Ê£²μ¢Ò³ ³μ³¥´Éμ³. „²Ö ´¥¡μ²ÓÏ¨Ì Lmax ¨ L � Lmax PCN(Ecm, L,
ΩP , ΩT ) ≈ PCN(Ecm, L = 0, ΩP , ΩT ). ’μ£¤  ¸¥Î¥´¨¥ μ¡· §μ¢ ´¨Ö ¨¸¶ ·¨-
É¥²Ó´μ£μ μ¸É É±  (164) ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ Ë ±Éμ·¨§μ¢ ´´μ³
¢¨¤¥ [90Ä92,94,95]:

σs
ER(Ecm) ≈ σeff

fus(Ecm)W s
sur(Ecm) ≈ σc(Ecm)PCN(Ecm)W s

sur(Ecm), (165)

£¤¥ W s
sur(Ecm) = W s

sur(Ecm, L = 0) Å ¢¥·μÖÉ´μ¸ÉÓ ¢Ò¦¨¢ ´¨Ö ¶·¨ ´Ê²¥¢μ³

Ê£²μ¢μ³ ³μ³¥´É¥: σeff
fus(Ecm) = λ−2 (Lmax + 1)2

16π

∫
P0(τ, Ecm, L = 0, ΩP , ΩT )×

PCN(Ecm, L = 0, ΩP , ΩT ) dΩP ΩT ¨ σc(Ecm) = πλ−2(Lmax +1)2Pcap(Ecm, L =
0) ¨ PCN(Ecm) ≈ PCN(Ecm, L = 0, Ω̄P , Ω̄T ), £¤¥ Ω̄P ¨ Ω̄T Å ¸·¥¤´¨¥ Ê£²Ò
μ·¨¥´É Í¨¨ Ö¤¥·, ±μÉμ·Ò¥ § ¢¨¸ÖÉ μÉ Ecm. „²Ö  ¸¨³³¥É·¨Î´ÒÌ ·¥ ±Í¨°, · ¸-
¸³μÉ·¥´´ÒÌ §¤¥¸Ó, ¢¥²¨Î¨´  PCN ¸² ¡μ § ¢¨¸¨É μÉ ΩP ¨ ΩT , É ± ± ± ¢§ ¨³´ Ö
μ·¨¥´É Í¨Ö Ö¤¥· ¢²¨Ö¥É ´¥ Éμ²Ó±μ ´  ¢¥²¨Î¨´Ê ¢´ÊÉ·¥´´¥£μ ¡ ·Ó¥·  ¸²¨Ö´¨Ö,
´μ ¨ ´  Ô´¥·£¨Õ ¢μ§¡Ê¦¤¥´¨Ö ¤¢μ°´μ° Ö¤¥·´μ° ¸¨¸É¥³Ò. „²Ö · ¸Î¥É  σs

ER

´¥μ¡Ìμ¤¨³μ ¢ÒÎ¨¸²¨ÉÓ ¢¥·μÖÉ´μ¸ÉÓ ¢Ò¦¨¢ ´¨Ö ¶·¨ L = 0, ¶μ¸±μ²Ó±Ê § ¢¨-
¸¨³μ¸ÉÓ σs

ER μÉ Ê£²μ¢μ£μ ³μ³¥´É  ¢±²ÕÎ¥´  ¢ ÔËË¥±É¨¢´μ¥ ¸¥Î¥´¨¥ § Ì¢ É 
σc(Ecm). Š ± ¨ ¢ · ¡μÉ¥ [134], ³Ò ¨¸¶μ²Ó§Ê¥³ Lmax = 15. ‚ ÔÉμ³ ¸²Ê-
Î ¥ ³¥´ÓÏ¥ ¶μ²μ¢¨´Ò ¶ ·Í¨ ²Ó´ÒÌ ¢μ²´, ¤ ÕÐ¨Ì ¢±² ¤ ¢ ¸¥Î¥´¨¥ § Ì¢ É ,
¶·¨¢μ¤ÖÉ ¸ ´ ¨¡μ²ÓÏ¥° ¢¥·μÖÉ´μ¸ÉÓÕ ± ¨¸¶ ·¨É¥²Ó´Ò³ μ¸É É± ³.

4.2.4. ‚¥·μÖÉ´μ¸É¨ ¶μ²´μ£μ ¸²¨Ö´¨Ö ¨ ¢Ò¦¨¢ ´¨Ö. �¡· §μ¢ ¢Ï Ö¸Ö
´ Î ²Ó´ Ö ¤¢μ°´ Ö Ö¤¥·´ Ö ¸¨¸É¥³  μ¡ÒÎ´μ ´ Ìμ¤¨É¸Ö ¢ ²μ± ²Ó´μ³ ¶μÉ¥´-
Í¨ ²Ó´μ³ ³¨´¨³Ê³¥ ¶μ ±μμ·¤¨´ É¥ ³ ¸¸μ¢μ° (§ ·Ö¤μ¢μ°)  ¸¨³³¥É·¨¨ ¨ R.
�·¨ · ¸Î¥É¥ ¶μÉ¥´Í¨ ²Ó´μ° Ô´¥·£¨¨ ¶μ η ÊÎ¨ÉÒ¢ ÕÉ¸Ö ³¨±·μ¸±μ¶¨Î¥¸±¨¥
ÔËË¥±ÉÒ. ‚¥·μÖÉ´μ¸ÉÓ ¸²¨Ö´¨Ö PCN ¤ ¥É ¢¥·μÖÉ´μ¸ÉÓ Éμ£μ, ÎÉμ ¤¢μ°´ Ö Ö¤¥·-
´ Ö ¸¨¸É¥³  ¶¥·¥Ï²  ¢´ÊÉ·¥´´¨° ¡ ·Ó¥· ¸²¨Ö´¨Ö Bfus

η ¶μ η ¨ μ¡· §μ¢ ²μ¸Ó
¸μ¸É ¢´μ¥ Ö¤·μ. 
 ·Ó¥· Bη

qf ¶·¥¶ÖÉ¸É¢Ê¥É Ê¡Ò¢ ´¨Õ η (¸¨³³¥É·¨§ Í¨¨ ¤¢μ°-

´μ° Ö¤¥·´μ° ¸¨¸É¥³Ò),   ¡ ·Ó¥· BR
qf = V (Rb, L = 0, ΩP , ΩT ) − V (Rm, L =

0, ΩP , ΩT ) Å · ¸¶ ¤Ê ¶μ R. �μ¸±μ²Ó±Ê ¢¥²¨Î¨´  BR
qf ¸² ¡μ § ¢¨¸¨É μÉ ¤¥-

Ëμ·³ Í¨¨ ¨ μ·¨¥´É Í¨¨ Ö¤¥·, μ´  ³μ¦¥É ¡ÒÉÓ μ¶·¥¤¥²¥´  ¤²Ö ¸Ë¥·¨Î¥¸±¨Ì
Ö¤¥·. ‚ ÔÉμ³ ¸²ÊÎ ¥ Rm ≈ RP + RT + 0,5 Ë³ ¨ Rb ≈ Rm + 1,5 Ë³, £¤¥
RP ¨ RT Å · ¤¨Ê¸Ò Ö¤¥·. „¢μ°´ Ö Ö¤¥·´ Ö ¸¨¸É¥³  ³μ¦¥É · ¸¶ ¤ ÉÓ¸Ö ¶μ
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R ¨§ ´ Î ²Ó´μ° ±μ´Ë¨£Ê· Í¨¨ ¨²¨ ³μ¦¥É Ô¢μ²ÕÍ¨μ´¨·μ¢ ÉÓ ± ¡μ²¥¥ ¸¨³³¥-
É·¨Î´μ° ±μ´Ë¨£Ê· Í¨¨ ¸ ¶μ¸²¥¤ÊÕÐ¨³ · ¸¶ ¤μ³ ¶μ R. „²Ö · ¸Î¥É  PCN ¢
· ¡μÉ¥ [95] ¡Ò²μ ¶·¥¤¶μ²μ¦¥´μ ¸²¥¤ÊÕÐ¥¥  ´ ²¨É¨Î¥¸±μ¥ ¢Ò· ¦¥´¨¥

PCN ≈
1,25 exp (−(Bfus

η − Bqf)/(kTDNS))
1 + 1,25 exp (−(Bfus

η − Bqf)/(kTDNS))
, (166)

£¤¥ Bqf = min(BR
qf , B

η
qf). TDNS Å É¥³¶¥· ÉÊ·  ´ Î ²Ó´μ° ¤¢μ°´μ° Ö¤¥·´μ°

¸¨¸É¥³Ò. Š ± ¸²¥¤Ê¥É ¨§ · ¸Î¥Éμ¢, (166) μ¡¥¸¶¥Î¨¢ ¥É Ìμ·μÏÊÕ  ¶¶·μ±¸¨³ -
Í¨Õ ¤²Ö ¢¥·μÖÉ´μ¸É¨ ¸²¨Ö´¨Ö, · ¸¸Î¨É ´´μ° ¸ ¶μ³μÐÓÕ ¤·Ê£¨Ì ¡μ²¥¥ ÉμÎ´ÒÌ
³¥Éμ¤μ¢. Š ± Ê¦¥ μÉ³¥Î ²μ¸Ó, Bfus

η ¨ TDNS § ¢¨¸ÖÉ μÉ ¢§ ¨³´μ° μ·¨¥´É Í¨¨

Ö¤¥·. “³¥´ÓÏ¥´¨¥ Bfus
η §  ¸Î¥É μ·¨¥´É Í¨¨ Ö¤¥· ¸μ¶·μ¢μ¦¤ ¥É¸Ö Ê³¥´ÓÏ¥-

´¨¥³ TDNS ¨ Bqf , ÎÉμ ¶·¨¢μ¤¨É ± μÉ´μ¸¨É¥²Ó´μ ¸² ¡μ° § ¢¨¸¨³μ¸É¨ PCN

μÉ ΩP ¨ ΩT . �μÔÉμ³Ê · ¸Î¥É PCN ³μ¦´μ ¶·μ¢μ¤¨ÉÓ ¶·¨ ¢§ ¨³´μ° μ·¨¥´-
É Í¨¨ Ö¤¥·, μÉ¢¥Î ÕÐ¥° ³¨´¨³Ê³Ê ¶μÉ¥´Í¨ ²Ó´μ° Ô´¥·£¨¨ ¤¢μ°´μ° Ö¤¥·´μ°
¸¨¸É¥³Ò.

’ ± ± ± σs
ER ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ (165) [90, 92], Éμ · ¸Î¥É ¢¥·μ-

ÖÉ´μ¸É¨ ¢Ò¦¨¢ ´¨Ö ¶·μ¨§¢μ¤¨É¸Ö Éμ²Ó±μ ¶·¨ L = 0. ‚¥·μÖÉ´μ¸ÉÓ ¢Ò¦¨¢ -
´¨Ö [129,136,140] ¶·¨ Ô³¨¸¸¨¨ x Î ¸É¨Í ¢ μ¶·¥¤¥²¥´´μ° ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨
s ¢ÒÎ¨¸²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

W s
sur(E

∗
CN) ≈ Ps(E∗

CN)
x∏

is=1

Γis(E∗
is

)
Γt(E∗

is
)

. (167)

‡¤¥¸Ó is, Ps ¨ E∗
is

Å ¨´¤¥±¸ ¨¸¶ ·¨É¥²Ó´μ£μ Ï £ , ¢¥·μÖÉ´μ¸ÉÓ ·¥ ²¨§ Í¨¨
± ´ ²  s ¶·¨ ´ Î ²Ó´μ° Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö E∗

CN ¸μ¸É ¢´μ£μ Ö¤·  ¨ ¸·¥¤-
´¥¥ §´ Î¥´¨¥ Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö ¸μμÉ¢¥É¸É¢¥´´μ. �μ²´ Ö Ï¨·¨´  · ¸¶ ¤ 
¤²Ö ¸μ¸É ¢´μ£μ Ö¤·  Γt Ö¢²Ö¥É¸Ö ¸Ê³³μ° Γi ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ ¨¸¶ ·¥´¨Ö
Î ¸É¨ÍÒ, γ-Ô³¨¸¸¨¨ ¨ ¤¥²¥´¨Ö Γf . �  ¶¥·¢μ³ Ï £¥ is = 1s ¨ E∗

1s
= E∗

CN. „¥-
É ²¨ · ¸Î¥Éμ¢ Ps ¨ Γis ,   É ±¦¥ §´ Î¥´¨Ö ¶ · ³¥É·μ¢ ¤ ´Ò ¢ · ¡μÉ¥ [95]. „²Ö
· ¸Î¥É  §´ Î¥´¨Ö Γis ¢ · ³± Ì ³μ¤¥²¨ Ë¥·³¨-£ §  ¨¸¶μ²Ó§μ¢ ´ ³μ¤¨Ë¨Í¨·μ-
¢ ´´Ò° ¸É É¨¸É¨Î¥¸±¨° ±μ¤ GROGIF [136]. „²Ö ¢¸¥Ì Ö¤¥·, · ¸¸³μÉ·¥´´ÒÌ
§¤¥¸Ó, ³Ò ¨¸¶μ²Ó§μ¢ ²¨ ¸²¥¤ÊÕÐ¨° ¶ · ³¥É· ¶²μÉ´μ¸É¨ Ê·μ¢´¥° a = A/10
¨ af = 1,02an = 1,02a ¤²Ö ¨§μÉμ¶μ¢ Th ¨ af = an = a ¤²Ö ¨§μÉμ¶μ¢ Fm
(af (an) Å ¶ · ³¥É· ¶²μÉ´μ¸É¨ Ê·μ¢´¥° ¶·¨ ¤¥²¥´¨¨ (Ô³¨¸¸¨¨ ´¥°É·μ´μ¢)).


 ·Ó¥· ¤¥²¥´¨Ö Bf ¨³¥¥É ¦¨¤±μ± ¶¥²Ó´ÊÕ Î ¸ÉÓ BLD
f ¨ ³¨±·μ¸±μ¶¨Î¥-

¸±ÊÕ Î ¸ÉÓ:

Bf (E∗
CN) = BLD

f + BM
f (E∗

CN = 0) exp
[
−E∗

CN

ED

]
. (168)

†¨¤±μ± ¶¥²Ó´ Ö Î ¸ÉÓ ¢ÒÎ¨¸²Ö¥É¸Ö, ± ± ¨ ¢ · ¡μÉ¥ [144]. ‡´ Î¥´¨¥
BM

f (E∗
CN = 0) = δWA

sd − δWA
gr Å · §´¨Í  ³¥¦¤Ê μ¡μ²μÎ¥Î´μ° ¶μ¶· ¢±μ°
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δWA
gr Ö¤·  ¸ ³ ¸¸μ¢Ò³ Î¨¸²μ³ A ¢ μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨ ¨ μ¡μ²μÎ¥Î´μ° ¶μ-

¶· ¢±μ° δWA
sd ¢ ¸¥¤²μ¢μ° ÉμÎ±¥. �·¥¤¶μ² £ ¥É¸Ö, ÎÉμ δWA

sd = 0. δWA
sd ¢§ÖÉÒ

¨§ ³ ¸¸μ¢ÒÌ É ¡²¨Í [145]. ˆ§-§  § ¢¨¸¨³μ¸É¨ μ¡μ²μÎ¥Î´ÒÌ ÔËË¥±Éμ¢ μÉ ¢μ§-
¡Ê¦¤¥´¨Ö Ö¤·  §´ Î¥´¨¥ Bf § ¢¨¸¨É μÉ E∗

CN. „²Ö · ¸Î¥É  Ë ±Éμ·  § ÉÊÌ ´¨Ö
ED ³Ò ¨¸¶μ²Ó§Ê¥³ Ëμ·³Ê²Ê ED = 0,4A4/3/a, ¶·¥¤²μ¦¥´´ÊÕ ¢ · ¡μÉ¥ [134].

4.2.5. � ¸¸Î¨É ´´Ò¥ ¢¥·μÖÉ´μ¸É¨ § Ì¢ É . �¥Ï Ö ³ ¸É¥·-Ê· ¢´¥-
´¨¥ (133), ´ Ìμ¤¨³ ¤¨ £μ´ ²Ó´Ò¥ Ô²¥³¥´ÉÒ ρ(t, R) ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¢ ±μ-
μ·¤¨´ 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)〉 = 1,5 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. „¨Ë-
ËÊ§¨μ´´Ò¥ ±μÔËË¨Í¨¥´ÉÒ ³ ¸É¥·-Ê· ¢´¥´¨Ö (130) · ¸¸Î¨É ´Ò ¶μ Ëμ·³Ê-
² ³ (136) ¨ (137) ¶·¨ T = 1,2 ŒÔ‚. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ ¸² ¡ÊÕ § ¢¨¸¨³μ¸ÉÓ
¢¥·μÖÉ´μ¸É¨ § Ì¢ É  μÉ É¥³¶¥· ÉÊ·Ò. ’ ± ± ± Ö¤·μ-Ö¤¥·´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥
¨§³¥´Ö¥É¸Ö ¸ Ê£²μ¢Ò³ ³μ³¥´Éμ³, Éμ ¤¨ËËÊ§¨μ´´Ò¥ ±μÔËË¨Í¨¥´ÉÒ Ö¢²ÖÕÉ¸Ö
É ±¦¥ ËÊ´±Í¨Ö³¨ L. ‚ 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.
�·¥¤¶μ²μ¦¨³ ¸´ Î ²  Ö¤·  ¸Ë¥·¨Î¥¸±¨³¨, ÎÉμ¡Ò ¶μ± § ÉÓ ·μ²Ó ±¢ ´Éμ¢μ-
¸É É¨¸É¨Î¥¸±¨Ì ÔËË¥±Éμ¢.

�  ·¨¸. 33 ¶·¨¢¥¤¥´ · ¸Î¥É § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ ¢¥·μÖÉ´μ¸É¨ § Ì¢ É .
‚ 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
Ô´¥·£¨Ö ±μ²²¥±É¨¢´μ° ¶μ¤¸¨¸É¥³Ò μÉ¸Î¨ÉÒ¢ ¥É¸Ö μÉ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥· ,
É. ¥. E(0) = Ecm − V (R = Rb, L, ΩP , ΩT ). Š ± ¢¨¤´μ ¨§ ·¨¸Ê´± , ¢·¥³Ö
τ ≈ 2,2 �/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´¥·£¨¨ ¢
· ¸¸³ É·¨¢ ¥³μ³ ¤¨ ¶ §μ´¥ ¶ · ³¥É·μ¢. �·¨ ´ ¤¡ ·Ó¥·´ÒÌ Ô´¥·£¨ÖÌ ¨ ³ ²ÒÌ
É·¥´¨ÖÌ (�λP = 1 ŒÔ‚) ´ ¡²Õ¤ ¥É¸Ö ´¥¡μ²ÓÏμ° ¢¸¶²¥¸± ¶μÉμ±  ¤μ Ê¸É ´μ-
¢²¥´¨Ö ±¢ §¨¸É Í¨μ´ ·´μ£μ ·¥¦¨³ . �·¨ ¡μ²ÓÏ¨Ì É·¥´¨ÖÌ (�λP = 2 ŒÔ‚) ³Ò
´¥ ´ ¡²Õ¤ ¥³ ÔÉμ£μ ¢¸¶²¥¸± . �Éμ μ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉμ ¶·¨ ³ ²ÒÌ É·¥´¨ÖÌ
¤¨¸¸¨¶ Í¨Ö Ô´¥·£¨¨ ±μ²²¥±É¨¢´μ° ¶μ¤¸¨¸É¥³Ò ³¥´¥¥ ¨´É¥´¸¨¢´ Ö ¨ Î ¸ÉÓ
¢μ²´μ¢μ£μ ¶ ±¥É , § Ï¥¤Ï Ö §  ±Ê²μ´μ¢¸±¨° ¡ ·Ó¥·, μÉ· ¦ ¥É¸Ö μÉ § ¤´¥°
¸É¥´±¨ ¶μÉ¥´Í¨ ²  ¨ ¸ ¡μ²ÓÏ¥° ¢¥·μÖÉ´μ¸ÉÓÕ ¶·μÌμ¤¨É μ¡· É´μ ´ ¤ ¡ ·Ó¥-
·μ³. �É³¥É¨³, ÎÉμ ¸ Ê¢¥²¨Î¥´¨¥³ ´ Î ²Ó´μ£μ §´ Î¥´¨Ö Ô´¥·£¨¨ ¡μ³¡ ·¤¨-
·μ¢±¨  ³¶²¨ÉÊ¤  ¢¸¶²¥¸±  ¸É ´μ¢¨É¸Ö ¡μ²ÓÏ¥.

�  ·¨¸. 34 ¶·¨¢¥¤¥´  § ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ § Ì¢ É  μÉ ´ Î ²Ó´μ° Ô´¥·-
£¨¨ ¡μ³¡ ·¤¨·μ¢±¨, μÉ¸Î¨ÉÒ¢ ¥³μ° μÉ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥· . ‚´ Î ²¥ ¸ ·μ-
¸Éμ³ Ô´¥·£¨¨ ¢¥·μÖÉ´μ¸ÉÓ § Ì¢ É  · ¸É¥É, ´μ ¤ ²Ó´¥°Ï¨° ·μ¸É ¶·¨¢μ¤¨É ±
Ê³¥´ÓÏ¥´¨Õ ¢¥·μÖÉ´μ¸É¨, É ± ± ± ¶·¨ ¡μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ´ ¤ ¡ ·Ó¥·μ³ ¤¢¨¦¥-
´¨¥ ¶ ±¥É  ¸É ´μ¢¨É¸Ö ¶μÎÉ¨ ¸¢μ¡μ¤´Ò³ ¨ ´¥ÎÊ¢¸É¢¨É¥²Ó´Ò³ ± ¶·¨¸ÊÉ¸É¢¨Õ
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�¨¸. 33. ‡ ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ P0 μÉ ¢·¥³¥´¨ ¶·¨ �λP = 1 ŒÔ‚ ( , ¢) ¨ 2 ŒÔ‚ (¡, £)
¤²Ö ¸¨¸É¥³Ò 50Ti+198Pt ¢ ¶·¥¤¶μ²μ¦¥´¨¨ ¸Ë¥·¨Î¥¸±¨Ì Ö¤¥·. �¨¸.  , ¡ (·¨¸. ¢, £) ¶μ± -
§Ò¢ ÕÉ · ¸Î¥ÉÒ ¶·¨ Ô´¥·£¨¨ ¡μ³¡ ·¤¨·μ¢±¨ �E(0) = 0 ŒÔ‚ (10 ŒÔ‚), μÉ¸Î¨ÉÒ¢ ¥-
³μ° μÉ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥·  ¶·¨ ¤ ´´μ³ Ê£²μ¢μ³ ³μ³¥´É¥ L. ‘¶²μÏ´ Ö, ÏÉ·¨Ìμ¢ Ö,
¶Ê´±É¨·´ Ö, ÏÉ·¨Ì¶Ê´±É¨·´ Ö ¨ ÏÉ·¨Ì¶Ê´±É¨·´ Ö ¸ ¤¢Ê³Ö ÉμÎ± ³¨ ²¨´¨¨ ¸μμÉ¢¥É-
¸É¢ÊÕÉ Ê£²μ¢Ò³ ³μ³¥´É ³ 0, 30, 50, 65 ¨ 80 ¸μμÉ¢¥É¸É¢¥´´μ

¶μÉ¥´Í¨ ²Ó´μ£μ ± ·³ ´ . �·¨ É·¥´¨¨ �λP = 1 ŒÔ‚ (2 ŒÔ‚) ¢¥·μÖÉ´μ¸ÉÓ
§ Ì¢ É  μ± §Ò¢ ¥É¸Ö ³ ±¸¨³ ²Ó´μ° ¶·¨ §´ Î¥´¨¨ Ô´¥·£¨¨ E(0) ≈ 16 ŒÔ‚
(≈ 30 ŒÔ‚) ¤²Ö Ê£²μ¢ÒÌ ³μ³¥´Éμ¢ L = 0 ¨ 50. �·¨ �λP = 3 ŒÔ‚ ³ ±¸¨³Ê³
P0 ´ Ìμ¤¨É¸Ö ¶·¨ E(0) > 50 ŒÔ‚. � ¤μ § ³¥É¨ÉÓ, ÎÉμ ¸ ·μ¸Éμ³ Ô´¥·£¨¨ μÉ-
´μÏ¥´¨¥ ¢¥·μÖÉ´μ¸É¥° P0(L = 0)/P0(L = 50) ¶·¨ L = 0 ¨ 50 Ê¢¥²¨Î¨¢ ¥É¸Ö,
É ± ± ± ¤¨¸¸¨¶ Í¨Ö Ô´¥·£¨¨ ¶·¨ L = 0 ¡μ²ÓÏ¥, Î¥³ ¶·¨ L = 50, ¢ ´ Î ²Ó´Ò°
³μ³¥´É ¢·¥³¥´¨ ¤μ Ê¸É ´μ¢²¥´¨Ö ±¢ §¨¸É Í¨μ´ ·´μ£μ ·¥¦¨³ . �·¨ L = 0
¤²¨É¥²Ó´μ¸ÉÓ ´ Ìμ¦¤¥´¨Ö ¶ ±¥É  ¢ ¶μÉ¥´Í¨ ²Ó´μ³ ± ·³ ´¥ ¡μ²ÓÏ¥, Î¥³ ¶·¨
L = 50. �μÔÉμ³Ê ¢¥·μÖÉ´μ¸ÉÓ § Ì¢ É  ¶·¨ ³ ²ÒÌ Ê£²μ¢ÒÌ ³μ³¥´É Ì ¡μ²ÓÏ¥.

�  ·¨¸. 35 ¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ § Ì¢ É  μÉ É·¥´¨Ö ¤²Ö §´ -
Î¥´¨° Ô´¥·£¨¨ ¡μ³¡ ·¤¨·μ¢±¨ E(0) = 0 ¨ 10 ŒÔ‚ ¨ Ê£²μ¢μ£μ ³μ³¥´É 
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�¨¸. 34. ‡ ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ § Ì¢ É  μÉ �E(0) ¶·¨ Ê± § ´´ÒÌ ±μÔËË¨Í¨¥´É Ì
É·¥´¨Ö L = 0 (¸¶²μÏ´ Ö ²¨´¨Ö) ¨ L = 50 (ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö) ¤²Ö ¸¨¸É¥³Ò 50Ti+198Pt

L = 0 ¨ 50. Š ± ¢¨¤´μ ¨§ ·¨¸Ê´± , ¸ ·μ¸Éμ³ É·¥´¨Ö ¢¥·μÖÉ´μ¸ÉÓ § Ì¢ É 
¸´ Î ²  · ¸É¥É, μ¤´ ±μ ¤ ²Ó´¥°Ï¨° ·μ¸É É·¥´¨Ö ¶·¨¢μ¤¨É ± Ê³¥´ÓÏ¥´¨Õ P0.
„²Ö Ô´¥·£¨¨ E(0) = 0 ŒÔ‚ (10 ŒÔ‚) ³ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥ P0 ¶·¨´¨-
³ ¥É ¶·¨ É·¥´¨¨ �λP ≈ 1,2 ŒÔ‚ (1,6 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 É·¥´¨Ö · ¸É¥É ¨ ¤¨ËËÊ§¨Ö, Î¥³ ¨ μ¡ÑÖ¸´Ö-
¥É¸Ö ·μ¸É ¢¥·μÖÉ´μ¸É¨ § Ì¢ É  ¶·¨ ³ ²ÒÌ É·¥´¨ÖÌ. �¤´ ±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§¨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  ¨ É·¥´¨Ö ¸É -
´μ¢ÖÉ¸Ö ¡μ²¥¥ ¶² ¢´Ò³¨.
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�¨¸. 35. ‡ ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ § Ì¢ É  μÉ §´ Î¥´¨Ö ±μÔËË¨Í¨¥´É  É·¥´¨Ö ¶·¨ Ê± -
§ ´´ÒÌ §´ Î¥´¨ÖÌ Ô´¥·£¨¨ ´ ²¥É ÕÐ¥£μ Ö¤·  �E(0), L = 0 (¸¶²μÏ´ Ö ²¨´¨Ö) ¨
L = 50 (ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö) ¤²Ö ¸¨¸É¥³Ò 50Ti+198Pt

�  ·¨¸. 36 ¶·¨¢¥¤¥´  § ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ § Ì¢ É  μÉ Ê£²μ¢μ£μ ³μ-
³¥´É  ¤²Ö · §²¨Î´ÒÌ ´ Î ²Ó´ÒÌ §´ Î¥´¨° ¶μ²´μ° Ô´¥·£¨¨ E(0) = 0, 10
¨ 30 ŒÔ‚ ¨ ¤²Ö ¤¢ÊÌ §´ Î¥´¨° ±μÔËË¨Í¨¥´É  É·¥´¨Ö �λP = 1 ¨ 2 ŒÔ‚.
‘ ·μ¸Éμ³ Ê£²μ¢μ£μ ³μ³¥´É  ¢¥·μÖÉ´μ¸ÉÓ § Ì¢ É  Ê³¥´ÓÏ ¥É¸Ö, É ± ± ± £²Ê-
¡¨´  ¶μÉ¥´Í¨ ²Ó´μ£μ ± ·³ ´  ¸É ´μ¢¨É¸Ö ³¥´ÓÏ¥. �¤´ ±μ ¸±μ·μ¸ÉÓ ¶ ¤¥´¨Ö
¢¥·μÖÉ´μ¸É¨ ¸ ·μ¸Éμ³ L § ¢¨¸¨É μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö. ’ ± ± ± ¸ Ê¢¥-
²¨Î¥´¨¥³ §´ Î¥´¨Ö ´ Î ²Ó´μ° ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ ±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 L ¸¨²Ó´¥¥ ¶·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ E(0) > 0.
�·¨ �λP = 1 ŒÔ‚ ¨ L > 30 ¢¥·μÖÉ´μ¸ÉÓ § Ì¢ É  μ± §Ò¢ ¥É¸Ö ¡μ²ÓÏ¥ ¶·¨
E(0) = 0 ŒÔ‚, Î¥³ ¶·¨ E(0) = 30 ŒÔ‚. �·¨ É·¥´¨¨ �λP = 2 ŒÔ‚ ¢ · ¸-
¸³μÉ·¥´´μ³ ¤¨ ¶ §μ´¥ L ¢¥·μÖÉ´μ¸ÉÓ § Ì¢ É  Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·μ¸Éμ³ Ô´¥·£¨¨
¸Éμ²±´μ¢¥´¨Ö. ‘ ÊÎ¥Éμ³ ¸É É¨¸É¨Î¥¸±¨Ì Ë²Ê±ÉÊ Í¨° ¢ ´ Ï¥³ · ¸¸³μÉ·¥´¨¨



420 ‘��ƒ‘Ÿ� ‚.‚. ˆ „�.

�¨¸. 36. ‡ ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ § Ì¢ É  μÉ Ê£²μ¢μ£μ ³μ³¥´É  ¶·¨ Ô´¥·£¨ÖÌ �E(0) =
0 ŒÔ‚ (¸¶²μÏ´ Ö ²¨´¨Ö), 10 ŒÔ‚ (ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö) ¨ 30 ŒÔ‚ (¶Ê´±É¨·´ Ö ²¨´¨Ö)
¤²Ö ¸¨¸É¥³Ò 50Ti+198Pt. �´¥·£¨¨ ´ ²¥É ÕÐ¥£μ Ö¤·  �E(0) μÉ¸Î¨É ´Ò μÉ ±Ê²μ´μ¢-
¸±μ£μ ¡ ·Ó¥·  ¶·¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¥³ Ê£²μ¢μ³ ³μ³¥´É¥. � ¸Î¥ÉÒ ¶·μ¢¥¤¥´Ò ¤²Ö ±μÔË-
Ë¨Í¨¥´Éμ¢ É·¥´¨Ö �λP = 1 ŒÔ‚ ( ) ¨ �λP = 2 ŒÔ‚ (¡)

ÔËË¥±É L-μ±´ , μ¡´ ·Ê¦¥´´Ò° ¢ ±² ¸¸¨Î¥¸±¨Ì ¨ ±¢ §¨±² ¸¸¨Î¥¸±¨Ì ³μ¤¥²ÖÌ,
μÉ¸ÊÉ¸É¢Ê¥É.

„μ ¸¨Ì ¶μ· ³Ò · ¸¸³μÉ·¥²¨ § ¢¨¸¨³μ¸É¨ ¢¥·μÖÉ´μ¸É¨ § Ì¢ É  μÉ λP , Ecm

¨ L ¤²Ö ¸²ÊÎ Ö ¸Ë¥·¨Î¥¸±¨Ì Ö¤¥·. „ ²¥¥ ³Ò · ¸¸³μÉ·¨³ ¸²ÊÎ °, ±μ£¤  μ¤´μ
¨§ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥· ¸Ë¥·¨Î¥¸±μ¥,   ¤·Ê£μ¥ ¤¥Ëμ·³¨·μ¢ ´´μ¥. ’μ£¤  ¨§
¢Ò· ¦¥´¨Ö (161)

Pcap(Ecm, L) =
1
2

π∫
0

P0(τ, Ecm, L, ΩP , ΩT ) sin θ dθ,

£¤¥ ΩT ¨²¨ ΩP § ¢¨¸ÖÉ μÉ θ.
�  ·¨¸. 37 ¶μ± § ´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¢¥·μÖÉ´μ¸É¨ § Ì¢ É  Pcap(Ecm,

L = 0), Ê¸·¥¤´¥´´μ° ¶μ ¢¸¥³ μ·¨¥´É Í¨Ö³, ¤²Ö ·¥ ±Í¨¨ 40Ar+208Pb ¶·¨



Š‚��’�‚›… ‘’�’ˆ‘’ˆ—…‘Šˆ… �””…Š’› ‚ Ÿ„…��›• �…�Š–ˆŸ• 421

�¨¸. 37. � ¸¸Î¨É ´´ Ö ¢¥·μÖÉ´μ¸ÉÓ § Ì¢ É , Ê¸·¥¤´¥´´ Ö ¶μ ¢¸¥³ μ·¨¥´É Í¨Ö³, ± ±
ËÊ´±Í¨Ö Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö ¸μ¸É ¢´μ£μ Ö¤·  ¢ ·¥ ±Í¨¨ 40Ar+208Pb ¶·¨ λP = 2 ŒÔ‚
(¸¶²μÏ´ Ö ²¨´¨Ö). ˜É·¨Ìμ¢μ° ²¨´¨¥° ¶μ± § ´ · ¸Î¥É ¢¥·μÖÉ´μ¸É¨ § Ì¢ É  ¤²Ö ¸Ë¥-
·¨Î¥¸±¨Ì Ö¤¥·

�λP = 2 ŒÔ‚. ‚¨¤´μ, ÎÉμ ¢¥·μÖÉ´μ¸ÉÓ § Ì¢ É  · ¸É¥É ¸ Ô´¥·£¨¥° ¡μ³¡ ·¤¨-
·μ¢±¨. ‚ ¸Éμ²±´μ¢¥´¨ÖÌ ¸ Ecm ³¥´ÓÏ¥ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥· , · ¸¸Î¨É ´´μ£μ
¤²Ö ¸Ë¥·¨Î¥¸±¨Ì Ö¤¥· ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ E∗

CN ≈ 27 ŒÔ‚, μ¡· §μ¢ ´¨¥ ¤¢μ°-
´μ° Ö¤¥·´μ° ¸¨¸É¥³Ò ¸¨²Ó´μ § É·Ê¤´¥´μ.

4.2.6. � ¸¸Î¨É ´´Ò¥ ¸¥Î¥´¨Ö μ¡· §μ¢ ´¨Ö ¨¸¶ ·¨É¥²Ó´ÒÌ μ¸É É±μ¢.
�·¨ μ¤¨´ ±μ¢ÒÌ §´ Î¥´¨ÖÌ Ecm ¢¥·μÖÉ´μ¸ÉÓ ¸²¨Ö´¨Ö ¶·¨³¥·´μ ¢ 5Ä10 · §
¡μ²ÓÏ¥ ¢ ·¥ ±Í¨¨ 40Ar+208Pb, Î¥³ ¢ ·¥ ±Í¨¨ 50Ti+198Pt (·¨¸. 38). �Éμ ¢
μ¸´μ¢´μ³ ¸¢Ö§ ´μ ¸ ¡μ²ÓÏ¨³ §´ Î¥´¨¥³ Bη

fus ¨ ³¥´ÓÏ¨³ §´ Î¥´¨¥³ Bqf ¢

�¨¸. 38. ‚¥·μÖÉ´μ¸É¨ ¸²¨Ö´¨Ö ± ± ËÊ´±Í¨¨ Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö ¸μ¸É ¢´μ£μ Ö¤·  ¢
·¥ ±Í¨ÖÌ 50Ti+198Pt ¨ 40Ar+208Pb
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¸²ÊÎ ¥ ·¥ ±Í¨¨ 50Ti+198Pt. ‚ ·¥ ±Í¨¨ ¸ 50Ti ³ ¸¸μ¢ Ö  ¸¨³³¥É·¨Ö ¢μ ¢Ìμ¤-
´μ³ ± ´ ²¥ ³¥´ÓÏ¥, Î¥³ ¢ ·¥ ±Í¨¨ ¸ 40Ar, ÎÉμ ¶·¨¢μ¤¨É ± ³¥´ÓÏ¥° ¢¥·μÖÉ´μ-
¸É¨ ¸²¨Ö´¨Ö. ‚  ¸¨³³¥É·¨Î´ÒÌ ·¥ ±Í¨ÖÌ 16O+233,238U ¢¥·μÖÉ´μ¸ÉÓ ¸²¨Ö´¨Ö
¶· ±É¨Î¥¸±¨ · ¢´  1.

„²Ö ¶·μ¢¥·±¨ ¶·¥¤²μ¦¥´´ÒÌ ³¥Éμ¤μ¢ · ¸Î¥É  ¢¥·μÖÉ´μ¸É¨ § Ì¢ É  ¨ ¸¥Î¥-
´¨Ö ¨¸¶ ·¨É¥²Ó´μ£μ μ¸É É±  · ¸¸³μÉ·¨³ ·¥ ±Í¨¨ ¶μ²´μ£μ ¸²¨Ö´¨Ö
16O+233,238U, 40Ar+208Pb, 48Ca+172Yb, 50Ti+198Pt (·¨¸. 39Ä43), μ¡· §ÊÕÐ¨¥
´¥°É·μ´´μ-¤¥Ë¨Í¨É´Ò¥ ¨§μÉμ¶Ò Th ¨ Fm ¢ xn-¨¸¶ ·¨É¥²Ó´ÒÌ ± ´ ² Ì. • -

�¨¸. 39. � ¸¸Î¨É ´´Ò¥ ¸¥Î¥´¨Ö ËÊ´±Í¨° ¢μ§¡Ê¦¤¥´¨Ö ¨ ¨¸¶ ·¨É¥²Ó´ÒÌ μ¸É É±μ¢ ¤²Ö
Ê± § ´´ÒÌ xn-¨¸¶ ·¨É¥²Ó´ÒÌ ± ´ ²μ¢ ¢ ·¥ ±Í¨¨ 50Ti+198Pt. �±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ ¢§ÖÉÒ ¨§ · ¡μÉÒ [146]

�¨¸. 40. ’μ ¦¥, ÎÉμ ¨ ´  ·¨¸. 39, ´μ ¤²Ö ·¥ ±Í¨¨ 40Ar+208Pb. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´-
´Ò¥, μ¡μ§´ Î¥´´Ò¥ É¥³´Ò³¨ ¸¨³¢μ² ³¨, ¸¢¥É²Ò³¨ ¸¨³¢μ² ³¨ ¨ ¸¨³¢μ² ³¨ ¸ ±·¥¸Éμ³,
¢§ÖÉÒ ¨§ · ¡μÉ [151], [150] ¨ [152] ¸μμÉ¢¥É¸É¢¥´´μ
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�¨¸. 41. ’μ ¦¥, ÎÉμ ¨ ´  ·¨¸. 39, ´μ ¤²Ö ·¥ ±Í¨¨ 48Ca+172Yb

�¨¸. 42. ’μ ¦¥, ÎÉμ ¨ ´  ·¨¸. 39, ´μ ¤²Ö ·¥ ±Í¨¨ 16O+233U. �±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ ¢§ÖÉÒ ¨§ · ¡μÉÒ [147]

· ±É¥·¨¸É¨±¨ · ¸¶ ¤  ¨§μÉμ¶μ¢ Fm, ¶μ²ÊÎ ¥³ÒÌ ¢ ·¥ ±Í¨ÖÌ 16O+233,238U,
40Ar+208Pb ¨ 50Ti+198Pt, μÎ¥´Ó ¡²¨§±¨ ± Ì · ±É¥·¨¸É¨± ³ ¸¢¥·ÌÉÖ¦¥²ÒÌ
Ö¤¥·. ‘μ£² ¸¨¥ É¥μ·¥É¨Î¥¸±¨Ì ·¥§Ê²ÓÉ Éμ¢ ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ [146,
147,149Ä154], ¶·¥¤¸É ¢²¥´´ÒÌ ´  ·¨¸. 39, 40, 42 ¨ 43, ¤μ¸É ÉμÎ´μ Ìμ·μÏ¥¥.

ˆ³¥ÕÐ¨¥¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¥Î¥´¨Ö [135] (¢ ³ ±¸¨³Ê³ Ì xn-± ´ ²μ¢)
σ3n

ER = (59,7±7,2) ³±¡ ¨ σ4n
ER = (86,8±6,1) ³±¡ ¤²Ö ·¥ ±Í¨¨ 48Ca+172Yb ¸· ¢-

´¨³Ò ¸ · ¸Î¥É´Ò³¨ ¸¥Î¥´¨Ö³¨ ´  ·¨¸. 41. ’¥μ·¨Ö ¶¥·¥μÍ¥´¨¢ ¥É (´¥¤μμÍ¥-
´¨¢ ¥É) ¶·¨³¥·´μ ´  Ë ±Éμ· 3 ¸¥Î¥´¨¥ 4n (6n)-± ´ ²  ¢ ·¥ ±Í¨¨ 16O+238U.
� ¤μ § ³¥É¨ÉÓ, ÎÉμ ¢ Ô±¸¶¥·¨³¥´É Ì ´¥ ¢¸¥ ¨¸¶ ·¨É¥²Ó´Ò¥ ± ´ ²Ò ³μ¦´μ
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�¨¸. 43. ’μ ¦¥, ÎÉμ ¨ ´  ·¨¸. 39, ´μ ¤²Ö ·¥ ±Í¨¨ 16O+238U. �±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥, μ¡μ§´ Î¥´´Ò¥ É¥³´Ò³¨ ¨ ¸¢¥É²Ò³¨ ¸¨³¢μ² ³¨, ¢§ÖÉÒ ¨§ · ¡μÉ [153] ¨ [154]
¸μμÉ¢¥É¸É¢¥´´μ

Ìμ·μÏμ μÉ¤¥²¨ÉÓ ¤·Ê£ μÉ ¤·Ê£ , ¨ ¶μÔÉμ³Ê Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ μÏ¨¡±¨ ¤μ¸É -
ÉμÎ´μ ¢¥²¨±¨.

Œ¨´¨³ ²Ó´Ò¥ §´ Î¥´¨Ö Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö E∗min
CN (Ô´¥·£¨° ¡μ³¡ ·¤¨-

·μ¢±¨ Emin
cm ), ¶·¨ ±μÉμ·ÒÌ § Ì¢ É Ö¤¥· ¸μ ¢¸¥³¨ μ·¨¥´É Í¨Ö³¨ ¸É ´μ¢¨É¸Ö ¢μ§-

³μ¦´Ò³, ¸²¥¤ÊÕÐ¨¥: 41,8 ŒÔ‚ (83,3 ŒÔ‚), 43,7 ŒÔ‚ (82,0 ŒÔ‚), 31,0 ŒÔ‚
(159,7 ŒÔ‚), 38,1 ŒÔ‚ (156,3 ŒÔ‚) ¨ 31,4 ŒÔ‚ (184,3 ŒÔ‚) ¢ ·¥ ±Í¨ÖÌ
16O+233U, 16O+238U, 40Ar+208Pb, 48Ca+172Yb ¨ 50Ti+198Pt ¸μμÉ¢¥É¸É¢¥´´μ.
�·¨ Ecm < Emin

cm 3n-, 4n-, 2n-, 3n- ¨ 2n-± ´ ²Ò ·¥ ²¨§ÊÕÉ¸Ö ¢ ·¥ ±Í¨ÖÌ
16O+233U, 16O+238U, 40Ar+208Pb, 48Ca+172Yb ¨ 50Ti+198Pt ¸μμÉ¢¥É¸É¢¥´´μ.

…¸²¨ xn-± ´ ² ·¥ ²¨§Ê¥É¸Ö ¶·¨ Ecm < Emin
cm , Éμ σxn

ER(Ecm) �
σ

(x+1)n
ER (Ecm) ¨§-§  ¸¨²Ó´μ£μ Ê³¥´ÓÏ¥´¨Ö ¸¥Î¥´¨Ö § Ì¢ É  ¨ ¢¥·μÖÉ´μ¸É¨ ¶μ²-

´μ£μ ¸²¨Ö´¨Ö, ÌμÉÖ xn-± ´ ² ¢Ò¨£·Ò¢ ¥É ¶μ ¢Ò¦¨¢ ¥³μ¸É¨ ¸μ¸É ¢´μ£μ Ö¤·  ¶μ
¸· ¢´¥´¨Õ ¸ ± ´ ²μ³ (x + 1)n. ’. ¥. ÔÉμÉ ¢Ò¨£·ÒÏ ³μ¦¥É ±μ³¶¥´¸¨·μ¢ ÉÓ¸Ö
¶μÉ¥·Ö³¨ ¢ ¶·μÍ¥¸¸ Ì § Ì¢ É  ¨ ¶μ²´μ£μ ¸²¨Ö´¨Ö. � ¶·¨³¥·, ¶μ¸±μ²Ó±Ê ¸¥-
Î¥´¨Ö § Ì¢ É  ± ± ËÊ´±Í¨¨ E∗

CN ¤²Ö ·¥ ±Í¨° 40Ar+208Pb ¨ 50Ti+198Pt ¶· ±-
É¨Î¥¸±¨ μ¤¨´ ±μ¢Ò, É ± ± ± E∗min

CN = Emin
cm + Q ¨ V (Rb, L, ΩP , ΩT ) ¤²Ö ´¨Ì

¶·¨³¥·´μ ¸μ¢¶ ¤ ÕÉ, Éμ · §²¨Î¨¥ μÉ´μÏ¥´¨° σ2n
ER(Ecm)/σ3n

ER(Ecm) ¢ μ¸´μ¢-
´μ³ μ¶·¥¤¥²Ö¥É¸Ö ¸¨²Ó´Ò³ · §²¨Î¨¥³ PCN ¶·¨ ³¥´ÓÏ¨Ì Ô´¥·£¨ÖÌ ¢ ÔÉ¨Ì
·¥ ±Í¨ÖÌ (·¨¸. 38).

5. ‚›‚�„› ˆ ‡�Š‹
—…�ˆ…

‚ · ³± Ì ³¨±·μ¸±μ¶¨Î¥¸±μ£μ ¶μ¤Ìμ¤  ¶μ± § ´μ ¶μ²ÊÎ¥´¨¥ ¸¨¸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 ¤¢¨¦¥-
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´¨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¤¨±  ¶μ²ÊÎ¥-
´¨Ö É· ´¸¶μ·É´ÒÌ ±μÔËË¨Í¨¥´Éμ¢, § ¢¨¸ÖÐ¨Ì Ö¢´μ μÉ ¢·¥³¥´¨. „²Ö ´¥³ ·-
±μ¢¸±μ° ¤¨´ ³¨±¨ ¶μ²ÊÎ¥´Ò ´ ¡μ·Ò ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢, ±μÉμ-
·Ò¥ ¸μÌ· ´ÖÕÉ ¸μ¸ÉμÖ´¨¥ ¸¨¸É¥³Ò Î¨¸ÉÒ³. �·¨ ¸¶¥Í¨ ²Ó´μ³ ¢Ò¡μ·¥ ±μ´-
¸É ´É ¸¢Ö§¨ ´ °¤¥´Ò ´ ¡μ·Ò ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢, μ¡¥¸¶¥Î¨¢ Õ-
Ð¨¥ ¸μÌ· ´¥´¨¥ ±μ£¥·¥´É´μ¸É¨ ¸μ¸ÉμÖ´¨Ö. �·¥¤¸± § ´´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 ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò ¤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.

� §¢¨ÉÒ° ³¨±·μ¸±μ¶¨Î¥¸±¨° ¶μ¤Ìμ¤ ¨¸¶μ²Ó§μ¢ ´ ¤²Ö · ¸¸³μÉ·¥´¨Ö ¢²¨-
Ö´¨Ö ±¢ ´Éμ¢ÒÌ ¨ É¥¶²μ¢ÒÌ Ë²Ê±ÉÊ Í¨° ´  Ô¢μ²ÕÍ¨Õ ¤¢μ°´μ° Ö¤¥·´μ° ¸¨-
¸É¥³Ò ¶μ ±μ²²¥±É¨¢´Ò³ ±μμ·¤¨´ É ³ ³ ¸¸μ¢μ°  ¸¨³³¥É·¨¨ ¨ μÉ´μ¸¨É¥²Ó´μ£μ
· ¸¸ÉμÖ´¨Ö. � ¸Î¥ÉÒ ¶μ± §Ò¢ ÕÉ, ÎÉμ ¸ ·μ¸Éμ³ § ÉÊÌ ´¨Ö ¨ Ê³¥´ÓÏ¥´¨¥³ É¥³-
¶¥· ÉÊ·Ò ¢ ¸¨¸É¥³¥ · ¸ÉÊÉ ±¢ ´Éμ¢Ò¥ ÔËË¥±ÉÒ. Š¢ ´Éμ¢Ò¥ ¸É É¨¸É¨Î¥¸±¨¥
ÔËË¥±ÉÒ Ê¢¥²¨Î¨¢ ÕÉ ¢¥·μÖÉ´μ¸ÉÓ ¶·μÌμ¦¤¥´¨Ö Î¥·¥§ ±Ê²μ´μ¢¸±¨° ¡ ·Ó¥·,
É. ¥. ¢¥·μÖÉ´μ¸ÉÓ Ëμ·³¨·μ¢ ´¨Ö ¤¢μ°´μ° Ö¤¥·´μ° ±μ´Ë¨£Ê· Í¨¨. „²Ö Ô´¥·£¨°
¤μ¸É ÉμÎ´μ ´¨¦¥ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥·  ´ ¡²Õ¤ ¥É¸Ö ·μ¸É ¶·μ´¨Í ¥³μ¸É¨ ¸
¤¨¸¸¨¶ Í¨¥°. �Éμ μ¡ÑÖ¸´Ö¥É¸Ö É¥³ Ë ±Éμ³, ÎÉμ ¶·¨ ¡μ²ÓÏ¨Ì É·¥´¨ÖÌ ¸±μ-
·μ¸ÉÓ ¤¨¸¸¨¶ Í¨¨ Ô´¥·£¨¨ ±μ²²¥±É¨¢´μ° ¶μ¤¸¨¸É¥³Ò ³¥´ÓÏ¥ ¨§-§  ³ ²μ¸É¨
±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ ¨ ¡μ²ÓÏμ£μ §´ Î¥´¨Ö ±μÔËË¨Í¨¥´É  ¤¨ËËÊ§¨¨ ¶μ ¨³-
¶Ê²Ó¸Ê. �μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶μ¤É¢¥·¦¤ ÕÉ, ÎÉμ ±¢ ´Éμ¢ Ö ¶·¨·μ¤  ¶¥·¥-
Ìμ¤  Î¥·¥§ ¡ ·Ó¥· ¤μ²¦´  ¡ÒÉÓ ÊÎÉ¥´  ¶·¨ · ¸Î¥É¥ ¸¥Î¥´¨Ö § Ì¢ É  ¢ Ö¤·μ-
Ö¤¥·´μ³ ¸Éμ²±´μ¢¥´¨¨. �μ± § ´μ, ÎÉμ ¢ ¶·¥¤¥²¥ ¸¨²Ó´μ£μ § ÉÊÌ ´¨Ö ¶·μ´¨-
Í ¥³μ¸ÉÓ ¶μÉ¥´Í¨ ²Ó´μ£μ ¡ ·Ó¥·  ¶μ ±μμ·¤¨´ É¥ ³ ¸¸μ¢μ°  ¸¨³³¥É·¨¨ (μÉ-
´μ¸¨É¥²Ó´μ£μ · ¸¸ÉμÖ´¨Ö), · ¸¸Î¨É ´´ Ö ¸ ¶μ³μÐÓÕ § ¢¨¸ÖÐ¨Ì μÉ ¢·¥³¥´¨
³¨±·μ¸±μ¶¨Î¥¸±¨Ì ´¥³ ·±μ¢¸±¨Ì ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¤²Ö ¶¥·¥¢¥·´Ê-
Éμ£μ μ¸Í¨²²ÖÉμ· , μ± §Ò¢ ¥É¸Ö ¡μ²ÓÏ¥ ¢ 7Ä8 (3Ä4) · §, Î¥³ ¶·μ´¨Í ¥³μ¸ÉÓ,
· ¸¸Î¨É ´´ Ö ¸ ¶μ³μÐÓÕ ¶μ¸ÉμÖ´´μ£μ Ë¥´μ³¥´μ²μ£¨Î¥¸±μ£μ ³ ·±μ¢¸±μ£μ ±μ-
ÔËË¨Í¨¥´É  ¤¨ËËÊ§¨¨ ¶μ ¨³¶Ê²Ó¸Ê.

�¥Ï¥´¨¥³ ³ ¸É¥·-Ê· ¢´¥´¨Ö ¤²Ö ¶·¨¢¥¤¥´´μ° ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¤²Ö
±¢ ´Éμ¢μ° ´¥²¨´¥°´μ° ±μ²²¥±É¨¢´μ° ¶μ¤¸¨¸É¥³Ò μ¡´ ·Ê¦¥´μ ¸¨²Ó´μ¥ ¢²¨-
Ö´¨¥ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢, § ¢¨¸ÖÐ¨Ì μÉ ±μμ·¤¨´ ÉÒ, ´  ¸±μ·μ¸ÉÓ
· ¸¶ ¤  ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì (¢ÒÏ¥ É¥³¶¥· ÉÊ·Ò ¶¥·¥Ìμ¤  μÉ É¥·³¨-
Î¥¸±μ£μ ·¥¦¨³  ± ÉÊ´´¥²Ó´μ³Ê ·¥¦¨³Ê). �μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢
¸±μ·μ¸É¨ · ¸¶ ¤  ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì ¶μ± §Ò¢ ÕÉ, ÎÉμ ±μμ·¤¨´ É´ Ö
§ ¢¨¸¨³μ¸ÉÓ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ ¤μ²¦´  ¡ÒÉÓ ÊÎÉ¥´  ¢ ¸²ÊÎ ¥
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¸²μ¦´ÒÌ ¶μÉ¥´Í¨ ²μ¢. ‚²¨Ö´¨¥ ±μμ·¤¨´ É´μ° § ¢¨¸¨³μ¸É¨ ¤¨ËËÊ§¨μ´´ÒÌ
±μÔËË¨Í¨¥´Éμ¢ ´  ¸±μ·μ¸ÉÓ · ¸¶ ¤  ´ ³´μ£μ ¸¨²Ó´¥¥, Î¥³ ¢²¨Ö´¨¥ ±¢ ´-
Éμ¢ÒÌ ÔËË¥±Éμ¢ ¨§-§  ´¥£ ·³μ´¨Î´μ¸É¨ ¶μÉ¥´Í¨ ² . „ ´´Ò° ÔËË¥±É ³μ¦¥É
¡ÒÉÓ ¢ ¦´Ò³ ¢ ¶·μÍ¥¸¸ Ì ¸¶μ´É ´´μ£μ ¨ ¢Ò´Ê¦¤¥´´μ£μ ¤¥²¥´¨Ö. �·¨ ´¨§-
±¨Ì É¥³¶¥· ÉÊ· Ì ±¢ §¨¸É Í¨μ´ ·´ Ö ¢¥·μÖÉ´μ¸ÉÓ · ¸¶ ¤  ³μ¦¥É ¤ ¦¥ · ¸É¨
¸ Ê¢¥²¨Î¥´¨¥³ É·¥´¨Ö, μ¸μ¡¥´´μ ¸ ¤¨ËËÊ§¨μ´´Ò³¨ ±μÔËË¨Í¨¥´É ³¨, § ¢¨¸Ö-
Ð¨³¨ μÉ ±μμ·¤¨´ ÉÒ. �Éμ μ¡ÑÖ¸´Ö¥É¸Ö Ê¸¨²¥´¨¥³ ·μ²¨ ¤¨ËËÊ§¨¨ ¶·¨ ´¨§±¨Ì
É¥³¶¥· ÉÊ· Ì ¶μ ¸· ¢´¥´¨Õ ¸ ·μ²ÓÕ É·¥´¨Ö ¢ ¶·μÍ¥¸¸¥ · ¸¶ ¤ .

‘ ¶μ³μÐÓÕ Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö ±¢ ´Éμ¢μ£μ ³ ¸É¥·-Ê· ¢´¥´¨Ö ¤²Ö ·¥-
¤ÊÍ¨·μ¢ ´´μ° ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¶μ± § ´μ ¢²¨Ö´¨¥ ±¢ ´Éμ¢ÒÌ ¸É É¨¸É¨Î¥-
¸±¨Ì ÔËË¥±Éμ¢ ´  § ¢¨¸¨³μ¸ÉÓ ¶·μÍ¥¸¸  ¤¥²¥´¨Ö μÉ ¢·¥³¥´¨. “¸É ´μ¢²¥´μ,
ÎÉμ  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ ¸±μ·μ¸É¨ ¤¥²¥´¨Ö ¢ ±¢ ´Éμ¢μ³ ¨ ±² ¸¸¨Î¥¸±μ³ ¸²ÊÎ ÖÌ
¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ÕÉ. ‚ ±¢ ´Éμ¢μ³ ¸²ÊÎ ¥ ¶¥·¥Ìμ¤´Ò¥ ¢·¥³¥´  ¡μ²ÓÏ¥
¶·¨³¥·´μ ¢ ¤¢  · § , Î¥³ ¢ ±² ¸¸¨Î¥¸±μ³ ¸²ÊÎ ¥, μ¸´μ¢ ´´μ³ ´  Ê· ¢´¥-
´¨¨ ‹ ´¦¥¢¥´ . ‡´ Î¥´¨¥ ¶¥·¥Ìμ¤´μ£μ ¢·¥³¥´¨ μ¶·¥¤¥²Ö¥É ¢¥¸ ´¥°É·μ´´μ£μ
± ´ ²  · ¸¶ ¤  ´  · ´´¥° ¸É ¤¨¨ Ô¢μ²ÕÍ¨¨. Šμ£¤  ¶·¨ ¡μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ
¢μ§¡Ê¦¤¥´¨Ö (E∗

CN � 100 ŒÔ‚) ¸·¥¤´¥¥ ¢·¥³Ö Ô³¨¸¸¨¨ ´¥°É·μ´  ¸É ´μ¢¨É¸Ö
¸μ¶μ¸É ¢¨³Ò³ ¨²¨ ³¥´ÓÏ¥, Î¥³ ¶¥·¥Ìμ¤´μ¥ ¢·¥³Ö, μÉ±²μ´¥´¨¥ ¢¥·μÖÉ´μ¸É¨
¤¥²¥´¨Ö μÉ ¸É ´¤ ·É´μ£μ §´ Î¥´¨Ö ¸É É¨¸É¨Î¥¸±μ° ³μ¤¥²¨ ¸É ´μ¢¨É¸Ö ¸ÊÐ¥-
¸É¢¥´´μ ¡μ²ÓÏ¨³ ´  ¶¥·¢ÒÌ Ï £ Ì ± ¸± ¤  ¤¥¢μ§¡Ê¦¤¥´¨Ö. ’. ¥. ¢ ¸¨²Ó´μ
¢μ§¡Ê¦¤¥´´ÒÌ Ö¤· Ì ¤¥²¥´¨¥ § É·Ê¤´¥´μ ¨§-§  ¶¥·¥Ìμ¤´ÒÌ ÔËË¥±Éμ¢. �Éμ
³μ¦´μ ÔËË¥±É¨¢´μ μ¶¨¸ ÉÓ ¢ · ³± Ì ¸É É¨¸É¨Î¥¸±μ° ³μ¤¥²¨ ¸ ³μ¤¨Ë¨± -
Í¨¥° Š· ³¥·¸  (´μ ¡¥§ ¶¥·¥Ìμ¤´ÒÌ ÔËË¥±Éμ¢), ¨¸¶μ²Ó§ÊÖ ¡μ²ÓÏ¨¥ §´ Î¥´¨Ö
±μÔËË¨Í¨¥´É  É·¥´¨Ö. �μ± § ´μ, ÎÉμ  ´ ²¨É¨Î¥¸± Ö Ëμ·³Ê²  Š· ³¥·¸  ¸
É¥·³μ¤¨´ ³¨Î¥¸±μ° É¥³¶¥· ÉÊ·μ° ¨²¨ ¸ ÔËË¥±É¨¢´μ° ±¢ ´Éμ¢μ° É¥³¶¥· ÉÊ-
·μ° ¤μ¸É ÉμÎ´μ Ìμ·μÏμ · ¡μÉ ¥É ± ± ¢ ·¥¦¨³¥ ¸² ¡μ°, É ± ¨ ¸¨²Ó´μ° ¸¢Ö§¨.

”μ·³ ²¨§³ ¶·¨¢¥¤¥´´μ° ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¶·¨³¥´¥´ ¤²Ö μ¶¨¸ ´¨Ö ¶·μ-
Í¥¸¸  § Ì¢ É  ´ ²¥É ÕÐ¥£μ Ö¤·  Ö¤·μ³-³¨Ï¥´ÓÕ. � °¤¥´Ò μ¶É¨³ ²Ó´Ò¥ §´ -
Î¥´¨Ö Ô´¥·£¨¨ ´ ²¥É ÕÐ¥£μ Ö¤· , ¶·¨¢μ¤ÖÐ¨¥ ± ³ ±¸¨³ ²Ó´Ò³ §´ Î¥´¨Ö³
¢¥·μÖÉ´μ¸É¨ § Ì¢ É  ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ ±μÔËË¨Í¨¥´É  É·¥´¨Ö ¨ Ê£²μ¢μ£μ
³μ³¥´É . �¥ μ¡´ ·Ê¦¥´ ÔËË¥±É L-μ±´ , ¶·¥¤¸± § ´´Ò° ¢ ±² ¸¸¨Î¥¸±¨Ì ³μ-
¤¥²ÖÌ ¡¥§ ÊÎ¥É  ¸É É¨¸É¨Î¥¸±¨Ì Ë²Ê±ÉÊ Í¨°. ˆ§ÊÎ¥´  ·μ²Ó ¸É É¨Î¥¸±μ° ¤¥-
Ëμ·³ Í¨¨ Ö¤· -³¨Ï¥´¨ ¨²¨ ´ ²¥É ÕÐ¥£μ Ö¤·  ¢ ¶·μÍ¥¸¸¥ § Ì¢ É  ¶·¨ Ecm

´¨¦¥ ÔËË¥±É¨¢´μ£μ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥·  ¤²Ö ¸Ë¥·¨Î¥¸±¨Ì Ö¤¥·. ‘ ÊÎ¥Éμ³
¢¥·μÖÉ´μ¸É¨ § Ì¢ É  ¶μ²ÊÎ¥´μ ¤μ¸É ÉμÎ´μ Ìμ·μÏ¥¥ μ¶¨¸ ´¨¥ ¸¥Î¥´¨° ¨¸¶ -
·¨É¥²Ó´ÒÌ μ¸É É±μ¢ ¢ ·¥ ±Í¨ÖÌ ¸²¨Ö´¨Ö ¶·¨ ¶μ¤¡ ·Ó¥·´ÒÌ Ô´¥·£¨ÖÌ.

�·¨  ´ ²¨§¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ ¤¥²¥´¨Õ ¸¨²Ó´μ ¢μ§¡Ê¦¤¥´-
´ÒÌ Ö¤¥· ¸²¥¤Ê¥É ÊÎ¨ÉÒ¢ ÉÓ Ê¢¥²¨Î¥´¨¥ ¶¥·¥Ìμ¤´μ£μ ¢·¥³¥´¨ ¨ ³´μ¦¥¸É¢¥´-
´μ¸É¨ ¶·¥¤· §·Ò¢´ÒÌ ´¥°É·μ´μ¢ §  ¸Î¥É ±¢ ´Éμ¢ÒÌ ÔËË¥±Éμ¢,   ´¥ §  ¸Î¥É
Ê¢¥²¨Î¥´¨Ö Ö¤¥·´μ° ¢Ö§±μ¸É¨. ˆ§ÊÎ Ö ¸·¥¤´ÕÕ ³´μ¦¥¸É¢¥´´μ¸ÉÓ ¶·¥¤· §·Ò¢-
´ÒÌ ´¥°É·μ´μ¢, ³μ¦´μ ´ °É¨ μ£· ´¨Î¥´¨Ö ´   ¡¸μ²ÕÉ´ÊÕ ¢¥²¨Î¨´Ê ±μÔËË¨-
Í¨¥´É  É·¥´¨Ö. �¥·¥Ìμ¤´Ò¥ ÔËË¥±ÉÒ ³μ¦´μ ¨¸¸²¥¤μ¢ ÉÓ ¢ ·¥ ±Í¨ÖÌ ±¢ §¨-
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¤¥²¥´¨Ö ¸ · ¤¨μ ±É¨¢´Ò³¨ ¶ÊÎ± ³¨, ±μ£¤  μ¡· §Ê¥É¸Ö ¨ · ¸¶ ¤ ¥É¸Ö ¤¢μ°´ Ö
Ö¤¥·´ Ö ¸¨¸É¥³ , ¸μ¸ÉμÖÐ Ö ¨§ Ö¤·  ¸ ¡μ²ÓÏ¨³ ¨§¡ÒÉ±μ³ ´¥°É·μ´μ¢. ‚Ò²¥É
´¥°É·μ´  ¨§ ¤¢μ°´μ° Ö¤¥·´μ° ¸¨¸É¥³Ò ³μ¦¥É ¸ÊÐ¥¸É¢¥´´μ Ê¢¥²¨Î¨ÉÓ ¢·¥³Ö
¦¨§´¨ ¶μ¸²¥¤´¥° ¨ Ê³¥´ÓÏ¨ÉÓ ¢¥·μÖÉ´μ¸ÉÓ ¸²¨Ö´¨Ö Ö¤¥·. �·¨ ³ ²ÒÌ Ô´¥·-
£¨ÖÌ ¢μ§¡Ê¦¤¥´¨Ö ¸±μ·μ¸ÉÓ · ¸¶ ¤  ³¥É ¸É ¡¨²Ó´ÒÌ ¸μ¸ÉμÖ´¨° ÎÊ¢¸É¢¨É¥²Ó´ 
± ±μμ·¤¨´ É´μ° § ¢¨¸¨³μ¸É¨ ¤¨ËËÊ§¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢. �¶·¥¤¥²ÖÖ Ô±¸-
¶¥·¨³¥´É ²Ó´μ § ¢¨¸¨³μ¸ÉÓ ¸±μ·μ¸É¨ · ¸¶ ¤  μÉ É¥³¶¥· ÉÊ·Ò, ³μ¦´μ ¶μ²Ê-
Î¨ÉÓ μ¶μ¸·¥¤μ¢ ´´μ ¶·¥¤¸É ¢²¥´¨¥ μ ¶μÉ¥´Í¨ ²Ó´μ³ ¡ ·Ó¥·¥. ‘· ¢´¥´¨¥ ¸
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶μ ¸¥Î¥´¨Õ § Ì¢ É  ¶·¨ Ô´¥·£¨ÖÌ ¸Éμ²±´μ¢¥-
´¨Ö ¤¢ÊÌ Ö¤¥· ¢ÒÏ¥ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥·  ¶μ§¢μ²¨É Ê¸É ´μ¢¨ÉÓ ´ ¨¡μ²¥¥ ·¥ -
²¨¸É¨Î¥¸±μ¥ §´ Î¥´¨¥ ±μÔËË¨Í¨¥´É  É·¥´¨Ö. ˆ§ÊÎ¥´¨¥ § ¢¨¸¨³μ¸É¨ ¸¥Î¥´¨Ö
§ Ì¢ É  μÉ Ê£²μ¢μ£μ ³μ³¥´É  ¶μ§¢μ²¨É ¶μ¤É¢¥·¤¨ÉÓ μÉ¸ÊÉ¸É¢¨¥ L-μ±´ .

�¢Éμ·Ò ¡² £μ¤ ·´Ò �. ‚. „¦μ²μ¸Ê, �.‚.� ²ÓÎ¨±μ¢Ê, ‚. „. ’μ´¥¥¢Ê
¨ ‚.˜ °¤Ê §  ¶μ²¥§´Ò¥ μ¡¸Ê¦¤¥´¨Ö ¨ Í¥´´Ò¥ § ³¥Î ´¨Ö.

� ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ ¶μ¤¤¥·¦±¥ �””ˆ ¨ DFG (
μ´´).
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