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¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´a

‚ · ³± Ì ¥¤¨´µ£µ É¥µ·¥É¨Î¥¸±µ£µ ¶µ¤Ìµ¤  ¶·µ ´ ²¨§¨·µ¢ ´ µ¡Ï¨·´Ò° Ô±¸¶¥·¨³¥´É ²Ó´Ò°
³ É¥·¨ ² µ · §²¨Î´ÒÌ ± ´ ² Ì · ¸¶ ¤  ±µ³¶ Ê´¤-Ö¤¥·: ¤¥²¥´¨Ö ¢µ§¡Ê¦¤¥´´ÒÌ ¤µ ±É¨´¨¤´ÒÌ
Ö¤¥·; ¨¸¶ ·¥´¨Ö ´Ê±²µ´µ¢ ¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í, ¶·¨¢µ¤ÖÐ¨Ì ± µ¡· §µ¢ ´¨Õ ±µ´¥Î´ÒÌ Ö¤¥·-
¶·µ¤Ê±Éµ¢; Ô³¨¸¸¨¨ ±² ¸É¥·µ¢ ¨§ ¢µ§¡Ê¦¤¥´´ÒÌ ±µ³¶ Ê´¤-Ö¤¥·; µ¡· §µ¢ ´¨Ö ÉÖ¦¥²ÒÌ ¨ ¸¢¥·Ì-
ÉÖ¦¥²ÒÌ Ö¤¥· ¢ ·¥ ±Í¨ÖÌ ¶µ²´µ£µ ¸²¨Ö´¨Ö. �·µ¢¥¤¥´Ò · ¸Î¥ÉÒ ¸¥Î¥´¨° ¤¥²¥´¨Ö ¨ ¸¥Î¥´¨°
µ¡· §µ¢ ´¨Ö ±µ´¥Î´ÒÌ Ö¤¥·-¶·µ¤Ê±Éµ¢ ¶µ¸²¥ ¨¸¶ ·¨É¥²Ó´µ-¤¥²¨É¥²Ó´µ£µ ± ¸± ¤ , Ê£²µ¢ÒÌ · ¸-
¶·¥¤¥²¥´¨° µ¸±µ²±µ¢ ¤¥²¥´¨Ö, ¸¥Î¥´¨° ¢Ò²¥É  ¨ ¸¶¥±É·µ¢ ´Ê±²µ´µ¢, ²¥£±¨Ì § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¨
±² ¸É¥·µ¢. �µ± § ´µ, ÎÉµ ¸É É¨¸É¨Î¥¸± Ö ³µ¤¥²Ó · ¸¶ ¤  ¢µ§¡Ê¦¤¥´´ÒÌ ±µ³¶ Ê´¤-Ö¤¥· ¸ ¶µ¸²¥¤µ-
¢ É¥²Ó´Ò³ ÊÎ¥Éµ³ µ¡µ²µÎ¥Î´ÒÌ ÔËË¥±Éµ¢ ¢ Ö¤· Ì Å ¶·µ¤Ê±É Ì ¤¥¢µ§¡Ê¦¤¥´¨Ö ¤µ¸É ÉµÎ´µ ¶µ²´µ
µ¶¨¸Ò¢ ¥É ¸É·Ê±ÉÊ·´Ò¥ µ¸µ¡¥´´µ¸É¨ µÉ¤¥²Ó´ÒÌ ±µ³¶ Ê´¤-Ö¤¥· ¨ ¶µ§¢µ²Ö¥É ´ £²Ö¤´µ ¢Ò¤¥²ÖÉÓ ¨
 ´ ²¨§¨·µ¢ ÉÓ · §²¨Î´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¨Ì · ¸¶ ¤ . ‚ ¸µÎ¥É ´¨¨ ¸ ¤¨´ ³¨Î¥¸±¨³¨ ³µ¤¥²Ö³¨,
´¥µ¡Ìµ¤¨³Ò³¨ ¤²Ö µ¶¨¸ ´¨Ö ´ Î ²Ó´µ° ¸É ¤¨¨ ·¥ ±Í¨¨, ¸É É¨¸É¨Î¥¸± Ö ³µ¤¥²Ó Ö¢²Ö¥É¸Ö Ìµ·µ-
Ï¥° µ¸´µ¢µ° ¤²Ö µ¶¨¸ ´¨Ö Ö¤¥·´ÒÌ ·¥ ±Í¨° ¸ ÉÖ¦¥²Ò³¨ ¨µ´ ³¨ ¶·¨ Ô´¥·£¨ÖÌ ´ ²¥É ÕÐ¨Ì
Î ¸É¨Í ¢¶²µÉÓ ¤µ 10÷15 ŒÔ‚/´Ê±²µ´.

Numerous experimental data on different compound nucleus de-excitation channels are analyzed
in the framework of a uniˇed approach. Reaction channels analyzed are the ˇssion of excited pre-
actinide compound nuclei and formation of cold evaporation residues, as a result of the evaporation
of nucleons and clusters from compound nuclei. Formation cross sections of heavy and superheavy
nuclei in fusion reactions are investigated from the point of view of the statistical model of the
compound nucleus de-excitation. Cross sections of ˇssion reactions and evaporation residue formation
as well as ˇssion fragment angular distributions and energy spectra of evaporated nucleons and
clusters are calculated. Presented results show that calculations made on the basis of statistical model
consistently taking into account shell effects in de-excitation product nuclei treat well enough structural
features of individual compound nuclei and allows one to distinguish and analyze their various decay
characteristics. Being combined with dynamical approaches to initial reaction stages, the statistical
model will make a good basis for the description of heavy-ion fusion reactions occurring at projectile
energies of up to 10 to 15 MeV/nucleon.

1. ‚‚…„…�ˆ…

ˆ¸¸²¥¤µ¢ ´¨Ö ·¥ ±Í¨° ¢§ ¨³µ¤¥°¸É¢¨Ö ÉÖ¦¥²ÒÌ ¨µ´µ¢ ¸ Ö¤· ³¨ ¶·¥¤-
¸É ¢²ÖÕÉ ¡µ²ÓÏµ° ¨´É¥·¥¸, É ± ± ± Ö¢²ÖÕÉ¸Ö ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö µ¸´µ¢-
´Ò³ ¨¸ÉµÎ´¨±µ³ ´µ¢µ° ¨´Ëµ·³ Í¨¨ µ ¸É·Ê±ÉÊ·¥ Ö¤¥·, Ê¤ ²¥´´ÒÌ µÉ ¶µ²µ¸Ò
β-¸É ¡¨²Ó´µ¸É¨, ¨ ¸É·Ê±ÉÊ·¥ Ö¤¥·´ÒÌ ¸¨². �´¨ É ±¦¥ ¤ ÕÉ ´ ³ ¨´Ëµ·³ -
Í¨Õ µ ±·Ê¶´µ³ ¸ÏÉ ¡´ÒÌ ±µ²²¥±É¨¢´ÒÌ ¶·µÍ¥¸¸ Ì, ¸¢Ö§ ´´ÒÌ ¸ ± ·¤¨´ ²Ó-
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´µ° ¶¥·¥¸É·µ°±µ° Ö¤¥·´µ£µ ¢¥Ð¥¸É¢  ¢ ·¥ ±Í¨ÖÌ £²Ê¡µ±µ´¥Ê¶·Ê£¨Ì ¶¥·¥¤ Î ¨
¶·µÍ¥¸¸ Ì ¸²¨Ö´¨Ö ¨ ¤¥²¥´¨Ö ¢µ§¡Ê¦¤¥´´ÒÌ Ö¤¥·.


¥ ±Í¨¨ ¸ ÉÖ¦¥²Ò³¨ ¨µ´ ³¨ ¨§ÊÎ ÕÉ¸Ö Ê¦¥ ¡µ²¥¥ ¸µ·µ±  ²¥É. ˆ ¥¸²¨ ´ 
¶¥·¢µ³ ÔÉ ¶¥ ¨¸¸²¥¤µ¢ ´¨° µ¸´µ¢´µ¥ ¢´¨³ ´¨¥ Ê¤¥²Ö²µ¸Ó ³¥Ì ´¨§³Ê Ö¤¥·´ÒÌ
·¥ ±Í¨° ¨ ¨´É¥£· ²Ó´Ò³ Ì · ±É¥·¨¸É¨± ³ ¶·µÍ¥¸¸µ¢, ¶·µÉ¥± ÕÐ¨Ì ¢ · §²¨Î-
´ÒÌ ¤¨ ¶ §µ´ Ì Z ¨ A ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì Ö¤¥·, ¶·¨ · §²¨Î´ÒÌ Ô´¥·£¨ÖÌ ¢µ§-
¡Ê¦¤¥´¨Ö ¨ Ê£²µ¢ÒÌ ³µ³¥´É Ì, Éµ ¢ ¶µ¸²¥¤´¨¥ £µ¤Ò, ¡² £µ¤ ·Ö ¸ÊÐ¥¸É¢¥´´µ³Ê
¶·µ£·¥¸¸Ê ¢ · §¢¨É¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸É ´µ¢µ± ¨ ³¥Éµ¤µ¢  ´ ²¨§ , ¢¸¥
¡µ²ÓÏ¥¥ ¢´¨³ ´¨¥ ¸É ²µ Ê¤¥²ÖÉÓ¸Ö ¨¸¸²¥¤µ¢ ´¨Õ · §²¨Î´µ£µ ·µ¤  ¤¨ËË¥·¥´-
Í¨ ²Ó´ÒÌ Ì · ±É¥·¨¸É¨± ¢ ³´µ£µ³¥·´ÒÌ Ô±¸¶¥·¨³¥´É Ì. � ¨¡µ²¥¥ Î ¸Éµ ¤²Ö
¶µ²ÊÎ¥´¨Ö ´µ¢µ° Ö¤¥·´µ-Ë¨§¨Î¥¸±µ° ¨´Ëµ·³ Í¨¨ ¨¸¶µ²Ó§ÊÕÉ¸Ö ·¥ ±Í¨¨ ¶µ²-
´µ£µ ¸²¨Ö´¨Ö ¸ µ¡· §µ¢ ´¨¥³ ±µ³¶ Ê´¤-Ö¤¥·, Ö¢²ÖÕÐ¨¥¸Ö µ¸´µ¢´Ò³ ± ´ ²µ³
´¥Ê¶·Ê£µ£µ Ö¤¥·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ¤¨ ¶ §µ´¥ Ô´¥·£¨° 5÷15 ŒÔ‚/´Ê±²µ´.

¥ ±Í¨¨ ¶µ²´µ£µ ¸²¨Ö´¨Ö Ö¤¥· Ö¢²ÖÕÉ¸Ö µ¸´µ¢´Ò³¨ ¶·¨ ¸¨´É¥§¥ ´µ¢ÒÌ ÉÖ-
¦¥²ÒÌ ¨ ¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢, ¶µ²ÊÎ¥´¨¨ ¨ ¨¸¸²¥¤µ¢ ´¨¨ ¸¢µ°¸É¢ ´µ¢ÒÌ
Ê²ÓÉ· ´¥°É·µ´µ¤¥Ë¨Í¨É´ÒÌ ¨§µÉµ¶µ¢, ¨§ÊÎ¥´¨¨ ¤¥²¨É¥²Ó´ÒÌ Ì · ±É¥·¨¸É¨±
¢µ§¡Ê¦¤¥´´ÒÌ Ö¤¥·,   É ±¦¥ ¸¢µ°¸É¢ £µ·ÖÎ¨Ì ¨ ¡Ò¸É·µ¢· Ð ÕÐ¨Ì¸Ö Ö¤¥·.
�¥Ê¤¨¢¨É¥²Ó´µ, ÎÉµ ¤²Ö ÔÉ¨Ì ·¥ ±Í¨° ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¨³¥¥É¸Ö ¤µ¸É ÉµÎ´µ
¶µ²´Ò° ¡ §¨¸ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¢§ ¨³´µ ¤µ¶µ²´ÖÕÐ¨Ì ¤·Ê£ ¤·Ê£ .

’¥µ·¥É¨Î¥¸±µ¥ µ¶¨¸ ´¨¥ ¸²µ¦´ÒÌ ¶·µÍ¥¸¸µ¢, ¶·µ¨¸Ìµ¤ÖÐ¨Ì ¶·¨ ¢§ ¨-
³µ¤¥°¸É¢¨¨ ÉÖ¦¥²ÒÌ ¨µ´µ¢ ¸ Ö¤· ³¨, ¶µ ´¥µ¡Ìµ¤¨³µ¸É¨, ´µ¸¨²µ ³µ¤¥²Ó´Ò°
Ì · ±É¥·, ¨ ¤²¨É¥²Ó´µ¥ ¢·¥³Ö Ï¥² ¶·µÍ¥¸¸ µ¸µ§´ ´¨Ö ± Î¥¸É¢¥´´µ° ± ·É¨´Ò
¶·µ¨¸Ìµ¤ÖÐ¨Ì Ö¢²¥´¨°, Ê¸É ´µ¢²¥´¨Ö ¨Ì ³¥Ì ´¨§³µ¢ ¨ ¢Ò· ¡µÉ±¨ µ¸´µ¢´ÒÌ
³µ¤¥²Ó´ÒÌ ±µ´Í¥¶Í¨°. ‚ É¥Î¥´¨¥ ³´µ£¨Ì ²¥É ´ ¨¡µ²¥¥ · ¸¶·µ¸É· ´¥´´µ° ³µ-
¤¥²ÓÕ, ¶·¨³¥´Ö¥³µ° ¤²Ö µ¶¨¸ ´¨Ö ·¥ ±Í¨° ¶µ²´µ£µ ¸²¨Ö´¨Ö ¸ µ¡· §µ¢ ´¨¥³
±µ³¶ Ê´¤-Ö¤·  ¨ ¥£µ ¶µ¸²¥¤ÊÕÐ¨³ ¤¥¢µ§¡Ê¦¤¥´¨¥³, Ö¢²Ö¥É¸Ö ¸É É¨¸É¨Î¥¸± Ö
³µ¤¥²Ó. ‘ ¸ ³µ£µ ´ Î ²  ÔÉµÉ ¶µ¤Ìµ¤ ¶·¥¤¸É ¢²Ö²¸Ö ¡µ²ÓÏ¨´¸É¢Ê ¨¸¸²¥-
¤µ¢ É¥²¥° ´ ¨¡µ²¥¥  ¤¥±¢ É´Ò³ ¨§ÊÎ ¥³Ò³ Ö¢²¥´¨Ö³, µ´ ¶µ§¢µ²Ö² ´ ¨¡µ²¥¥
Ô±µ´µ³´Ò³ ¶ÊÉ¥³ ¤µ¡¨ÉÓ¸Ö ¤µ¸É ÉµÎ´µ Ìµ·µÏ¥£µ µ¶¨¸ ´¨Ö ¡µ²ÓÏ¨´¸É¢  Ì -
· ±É¥·¨¸É¨± · ¸¶ ¤  ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´ÒÌ ±µ³¶ Ê´¤-Ö¤¥· ¨ ¸¤¥² ÉÓ ±µ²¨Î¥-
¸É¢¥´´Ò¥ µÍ¥´±¨ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ±µ´¥Î´ÒÌ Ö¤¥· ¶µ¸²¥ ¨¸¶ ·¨É¥²Ó´µ-
¤¥²¨É¥²Ó´µ£µ ± ¸± ¤ , ´¥µ¡Ìµ¤¨³Ò¥ ¤²Ö ¶µ¤£µÉµ¢±¨ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¸¨´É¥§Ê
´µ¢ÒÌ Ô²¥³¥´Éµ¢, ¨§µÉµ¶µ¢, ¶µ¨¸± ³ ´µ¢ÒÌ ¢¨¤µ¢ · ¤¨µ ±É¨¢´µ£µ · ¸¶ ¤ .

�¸´µ¢´ Ö ¨¤¥Ö ¸É É¨¸É¨Î¥¸±µ£µ ¶µ¤Ìµ¤  ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¶·¨ ¢Ò¸µ-
±µ° Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¢ Ö¤·¥ µÉ±·ÒÉµ ¡µ²ÓÏµ¥ Î¨¸²µ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò,
¨ ¢¸²¥¤¸É¢¨¨ ÔÉµ£µ ¸¢µ°¸É¢  ¸¨¸É¥³Ò, ¢ Î ¸É´µ¸É¨ ¢¥·µÖÉ´µ¸É¨ · §²¨Î´ÒÌ
± ´ ²µ¢ · ¸¶ ¤ , ¢ ¡µ²ÓÏ¥° ¸É¥¶¥´¨ µ¶·¥¤¥²ÖÕÉ¸Ö µ¡Ð¨³¨ ¸É É¨¸É¨Î¥¸±¨³¨
§ ±µ´µ³¥·´µ¸ÉÖ³¨, Î¥³ µÉ¤¥²Ó´Ò³¨ ¤¥É ²Ö³¨. �¸´µ¢Ê ¸É É¨¸É¨Î¥¸±µ£µ ¶µ¤-
Ìµ¤  ¢ Ö¤¥·´µ° Ë¨§¨±¥ ¸µ¸É ¢²ÖÕÉ ±µ´Í¥¶Í¨Ö ¸µ¸É ¢´µ£µ Ö¤·  �¨²Ó¸  kµ· ,
³¥Éµ¤ ¶¥·¥Ìµ¤´µ£µ ¸µ¸ÉµÖ´¨Ö �.kµ·  ¨ „¦.“¨²²¥·  ¨ ¨¸¶ ·¨É¥²Ó´ Ö ³µ¤¥²Ó
‚.‚ °¸±µ¶Ë  ¨ „.�¢¨´£  (¡µ²¥¥ ¶µ¤·µ¡´µ ¸³. ³µ´µ£· Ë¨Õ [1]). kµ²ÓÏµ°
¢±² ¤ ¢ ¶µ´¨³ ´¨¥ ¢²¨Ö´¨Ö ¸É·Ê±ÉÊ·´ÒÌ (µ¡µ²µÎ¥Î´ÒÌ) ÔËË¥±Éµ¢ ´  ¸¢µ°-
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¸É¢  Ö¤¥· ¢ µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ ¨ Ì · ±É¥·¨¸É¨±¨ · ¸¶ ¤  ´ £·¥ÉÒÌ Ö¤¥·
¢´¥¸²¨ · ¡µÉÒ ‚.‘É·ÊÉ¨´¸±µ£µ, �.ˆ£´ ÉÕ± , ‚.� Ï±¥¢¨Î , �.‘µ¡¨Î¥¢¸±µ£µ
¨ ¤·Ê£¨Ì  ¢Éµ·µ¢. ‚Ò¢µ¤Ò ¨ § ±²ÕÎ¥´¨Ö, ¸Ëµ·³Ê²¨·µ¢ ´´Ò¥ ¢ ¶¥·¥Î¨¸²¥´-
´ÒÌ · ¡µÉ Ì, Ìµ·µÏµ ¨§¢¥¸É´Ò (¸³., ´ ¶·¨³¥·, [2Ä5]), a ¶µ²ÊÎ¥´´Ò¥ ¢ ´¨Ì
³ É¥³ É¨Î¥¸±¨¥ ¸µµÉ´µÏ¥´¨Ö Ï¨·µ±µ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¢ ¡µ²ÓÏ¨´¸É¢¥ · ¸Î¥É-
´ÒÌ ¶·µ£· ³³. �µÔÉµ³Ê ¥¤¢  ²¨ ¨³¥¥É ¸³Ò¸² µ¡¸Ê¦¤ ÉÓ ÔÉ¨ · ¡µÉÒ ¸´µ¢ .

�·¥¤¸É ¢²Ö¥É¸Ö, ÎÉµ ¡µ²¥¥ ¨´É¥·¥¸´µ ¨ ¶µ²¥§´µ · ¸¸³µÉ·¥ÉÓ ¨ ¶·µ ´ ²¨-
§¨·µ¢ ÉÓ ¤·Ê£µ°  ¸¶¥±É ¶·µ¡²¥³Ò Å ¢ ± ±µ° ¸É¥¶¥´¨ ¨¸¶µ²Ó§µ¢ ´¨¥ ¸É É¨¸É¨-
Î¥¸±µ° ³µ¤¥²¨ ³µ¦´µ ¸Î¨É ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´µ µ¡µ¸´µ¢ ´´Ò³, É.¥. ¢ ± ±µ°
³¥·¥ µ´  ¸¶µ¸µ¡´  ´¥¶·µÉ¨¢µ·¥Î¨¢µ µ¶¨¸ ÉÓ ¢¸¥ ¨§¢¥¸É´Ò¥ ± ´ ¸ÉµÖÐ¥³Ê ¢·¥-
³¥´¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ Ë ±ÉÒ ¨²¨ ¨Ì §´ Î¨É¥²Ó´ÊÕ Î ¸ÉÓ. �¤´ ±µ, ¶·¥¦¤¥
Î¥³ ¶¥·¥°É¨ ±  ´ ²¨§Ê, ¸¤¥² ¥³ ´¥¸±µ²Ó±µ µ¡Ð¨Ì § ³¥Î ´¨°.

ˆ¸¶µ²Ó§µ¢ ´¨¥ ²Õ¡µ£µ ¨§ ¢ ·¨ ´Éµ¢ ¸É É¨¸É¨Î¥¸±µ£µ ¶µ¤Ìµ¤  ¤²Ö ¨´-
É¥·¶·¥É Í¨¨ ¨ µ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éµ¢ É·¥¡Ê¥É §´ ´¨Ö Î¨-
¸²¥´´ÒÌ ¢¥²¨Î¨´ ¤²Ö ³´µ£¨Ì Ö¤¥·´ÒÌ ¤ ´´ÒÌ, ±µÉµ·Ò¥ § Î ¸ÉÊÕ µÉ¸ÊÉ¸É¢ÊÕÉ
(µ¸µ¡¥´´µ ¤²Ö ´ £·¥ÉÒÌ ¨²¨ ¸¨²Ó´µ´¥°É·µ´µ¤¥Ë¨Í¨É´ÒÌ Ö¤¥·) ¨ ¶µÔÉµ³Ê § -
³¥´ÖÕÉ¸Ö ³µ¤¥²Ó´Ò³¨ ¶ · ³¥É· ³¨. �·¨ µ¶·¥¤¥²¥´¨¨ ¢¥²¨Î¨´ ³µ¤¥²Ó´ÒÌ
¶ · ³¥É·µ¢ ¶·¥¤¸É ¢²Ö¥É¸Ö Î·¥§¢ÒÎ °´µ ¢ ¦´Ò³ ¢§ÖÉÓ ¤²Ö  ´ ²¨§  ± ± ³µ¦´µ
¡µ²¥¥ ¶µ²´Ò° ¡ §¨¸ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, É ± ± ± ´  ¢µ¶·µ¸ µ ·¥ ²¨-
¸É¨Î´µ¸É¨ ¶ · ³¥É·µ¢, ¨¸¶µ²Ó§ÊÕÐ¨Ì¸Ö ¢ · ¸Î¥É Ì, ³µ¦´µ µÉ¢¥É¨ÉÓ Éµ²Ó±µ
´  µ¸´µ¢¥  ´ ²¨§  ¡µ²ÓÏµ£µ ³ ¸¸¨¢  ¤ ´´ÒÌ. �¤´  ¨§ µ¸´µ¢´ÒÌ § ¤ Î É ±µ£µ
 ´ ²¨§  ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ¡Ò Î¥É±µ ¢Ò¤¥²¨ÉÓ ÉÊ ¸µ¢µ±Ê¶´µ¸ÉÓ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ ¤ ´´ÒÌ, ±µÉµ· Ö ³µ¦¥É ¡ÒÉÓ ¤µ¸É ÉµÎ´µ ¶µ²´µ ¨ ´¥¶·µÉ¨¢µ·¥Î¨¢µ
µ¶¨¸ ´  ¢ · ³± Ì ±² ¸¸¨Î¥¸±µ° ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ ¸ ¥¥ ³¨´¨³ ²Ó´Ò³
´ ¡µ·µ³ É·¥¡µ¢ ´¨° ± ¶·µÍ¥¸¸Ê,   ¨³¥´´µ, ÎÉµ¡Ò ¶·µÍ¥¸¸ ¡Ò² ¶µ²´µ¸ÉÓÕ
É¥·³ ²¨§µ¢ ´ ¨ ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê · §²¨Î´Ò³¨ ³µ¤ ³¨ · ¸¶ ¤  µ¶·¥¤¥²Ö-
²¨¸Ó Éµ²Ó±µ ¨Ì ¸É É¨¸É¨Î¥¸±¨³¨ ¢¥¸ ³¨ ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥.

�ÉµÉ ¢µ¶·µ¸ ¡Ò² · ¸¸³µÉ·¥´ ´ ³¨ ¢ · ´´¨Ì · ¡µÉ Ì ¶·¨  ´ ²¨§¥ Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ¤¨¸¶¥·¸¨Ö³ ³ ¸¸µ¢ÒÌ ¨ § ·Ö¤µ¢ÒÌ · ¸¶·¥¤¥²¥´¨°
µ¸±µ²±µ¢ ¤¥²¥´¨Ö ÉÖ¦¥²ÒÌ ¢µ§¡Ê¦¤¥´´ÒÌ Ö¤¥·, ±µÉµ·Ò¥ ´ Ìµ¤¨²¨¸Ó ¢ µ¶·¥-
¤¥²¥´´µ³ ¶·µÉ¨¢µ·¥Î¨¨ ¸µ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²ÓÕ. ˆ§  ´ ²¨§  Ê£²µ¢ÒÌ
· ¸¶·¥¤¥²¥´¨° µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¢ ¸¥¤²µ¢µ° ÉµÎ±¥ ¤²Ö
¢µ§¡Ê¦¤¥´´ÒÌ ¤¥²ÖÐ¨Ì¸Ö Ö¤¥· ¸ÊÐ¥¸É¢Ê¥É É¥·³µ¤¨´ ³¨Î¥¸±µ¥ · ¢´µ¢¥¸¨¥ ¶µ
¢¸¥³ ¸É¥¶¥´Ö³ ¸¢µ¡µ¤Ò. —Éµ¡Ò ¸É É¨¸É¨Î¥¸±¨° ¶µ¤Ìµ¤ ¡Ò² ¶·¨³¥´¨³ ± · ¸-
¶·¥¤¥²¥´¨Õ ±µ´¥Î´ÒÌ ¶·µ¤Ê±Éµ¢ ¤¥²¥´¨Ö, ´¥µ¡Ìµ¤¨³µ ¸µÌ· ´¥´¨¥ ¶µ¤µ¡´µ°
¸¨ÉÊ Í¨¨ ´  ¢¸¥³ ¶ÊÉ¨, ¢¶²µÉÓ ¤µ ³µ³¥´É  · §·Ò¢  Ö¤·  ´  ¤¢  µ¸±µ²± . �µ-
ÔÉµ³Ê ¢µ§´¨± ÕÉ µ£· ´¨Î¥´¨Ö ´  ¤µ¶Ê¸É¨³Ò¥ ¸µµÉ´µÏ¥´¨Ö Ì · ±É¥·´ÒÌ ¢·¥-
³¥´ ¶µ¸ÉÊ¶ É¥²Ó´µ£µ ¤¥Ëµ·³ Í¨µ´´µ£µ ¤¢¨¦¥´¨Ö ¨ ¢· Ð É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö,
 ¸¨³³¥É·¨Î´ÒÌ ±µ²¥¡ ´¨°, ¤¨¶µ²Ó´ÒÌ ±µ²¥¡ ´¨° ¨ ¤·. Š·µ³¥ Éµ£µ, ¡Ò²µ
¶·¥¤²µ¦¥´µ ¶·¨ · ¸Î¥É¥ ¢¥²¨Î¨´ ¤¨¸¶¥·¸¨° · ¸¶·¥¤¥²¥´¨Ö ¶·µ¤Ê±Éµ¢ ¤¥²¥-
´¨Ö ¶µ ³ ¸¸¥, Ô´¥·£¨¨ ¨ § ·Ö¤Ê ÊÎ¨ÉÒ¢ ÉÓ ´¥¸É Í¨µ´ ·´µ¸ÉÓ · §·Ò¢  Ï¥°±¨,
¸µ¥¤¨´ÖÕÐ¥° ¤¢  µ¸±µ²± ,   ¸²¥¤µ¢ É¥²Ó´µ, ´ ²¨Î¨¥ ´ ¡µ·  ²¨´¨° · §·Ò¢ 
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¨ ±µ´¥Î´ÊÕ Éµ²Ð¨´Ê Ï¥°±¨. kÒ²µ ¶µ± § ´µ, ÎÉµ Ì · ±É¥·´µ¥ ¢·¥³Ö  ¸¨³-
³¥É·¨Î´ÒÌ ±µ²¥¡ ´¨° ¶µ ¶µ·Ö¤±Ê ¢¥²¨Î¨´Ò ¸· ¢´¨³µ ¸µ ¢·¥³¥´¥³ ¸¶Ê¸± , ¨
¶·¨ · ¸Î¥É¥ ¤¨¸¶¥·¸¨° · ¸¶·¥¤¥²¥´¨Ö µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¶µ ³ ¸¸¥ ´¥µ¡Ìµ¤¨³µ
¨¸¶µ²Ó§µ¢ ÉÓ ÔËË¥±É¨¢´Ò¥ ¦¥¸É±µ¸É¨ ¤²Ö  ¸¨³³¥É·¨Î´ÒÌ ±µ²¥¡ ´¨°, Ê¸·¥¤-
´¥´´Ò¥ ¶µ ¢¸¥³Ê ¶ÊÉ¨ µÉ ¸¥¤²  ¤µ ³µ³¥´É  · §·Ò¢ . Œµ¤¥²Ó, µ¸´µ¢ ´´ Ö ´ 
¸²ÊÎ °´µ³ · §·Ò¢¥ Ï¥°±¨, ¶µ§¢µ²¨²  ¶µ²ÊÎ¨ÉÓ  ¡¸µ²ÕÉ´Ò¥ ¢¥²¨Î¨´Ò § ·Ö-
¤µ¢ÒÌ ¤¨¸¶¥·¸¨° µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¨ µ¶¨¸ ÉÓ ¨Ì Ô´¥·£¥É¨Î¥¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ
µÉ Z ¨ A ±µ³¶ Ê´¤-Ö¤·  (¸³. · ¡µÉÒ [6,7] ¨ ¸¸Ò²±¨ ¢ ´¨Ì).

�¤´¨³ ¨§ ´ ¨¡µ²¥¥ ¨´É¥·¥¸´ÒÌ ·¥§Ê²ÓÉ Éµ¢, ¶µ²ÊÎ¥´´ÒÌ ¢ ¶µ¸²¥¤´¥¥
¢·¥³Ö, Ö¢²Ö¥É¸Ö µ¡´ ·Ê¦¥´¨¥ ¢ ¦´µ° ·µ²¨ ÔËË¥±Éµ¢ ¤¨¸¸¨¶ Í¨¨ (Ö¤¥·´µ°
¢Ö§±µ¸É¨) ¢ ¤¥²¥´¨¨ ¶µ¤ ¤¥°¸É¢¨¥³ ÉÖ¦¥²ÒÌ ¨µ´µ¢, µ¸µ¡¥´´µ ¶·¨ µ¶¨¸ ´¨¨
³ ¸¸µ¢ÒÌ ¨ Ô´¥·£¥É¨Î¥¸±¨Ì · ¸¶·¥¤¥²¥´¨° µ¸±µ²±µ¢ ¤¥²¥´¨Ö. ˆ§³¥·¥´¨¥
ÔÉ¨Ì Ì · ±É¥·¨¸É¨± ¶·¨ ¤¥²¥´¨¨ ÉÖ¦¥²ÒÌ Ö¤¥·, É.¥. ¢ ¸²ÊÎ ¥, ±µ£¤  ¸¥¤²µ-
¢ Ö Ë¨£Ê·  ¨ ÉµÎ±  · §·Ò¢  ¤µ¸É ÉµÎ´µ Ê¤ ²¥´Ò ¤·Ê£ µÉ ¤·Ê£ , ³µ¦¥É ¤ ÉÓ
Ê´¨± ²Ó´Ò° ¢±² ¤ ¢ ¶µ´¨³ ´¨¥ Ö¤¥·´µ° ¤¨´ ³¨±¨. ‚³¥¸É¥ ¸ É¥³ ¸²¥¤Ê¥É
§ ³¥É¨ÉÓ, ÎÉµ ¨ ¢ ÔÉµ³ ¸²ÊÎ ¥ ¶·¨  ´ ²¨§¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ´¥¨§-
¡¥¦´µ ¨¸¶µ²Ó§µ¢ ´¨¥ · ¸Î¥Éµ¢ ¶µ ± ±µ³Ê-²¨¡µ ¨§ ¢ ·¨ ´Éµ¢ ¸É É¨¸É¨Î¥¸±µ°
³µ¤¥²¨, ¨ ´ ¤µ ¨³¥ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤µ± § É¥²Ó¸É¢  ±µ··¥±É´µ¸É¨ ¥£µ
¨¸¶µ²Ó§µ¢ ´¨Ö ¢ ¨¸¸²¥¤Ê¥³µ° µ¡² ¸É¨ Ö¤¥·.

‚¥·´Ê¢Ï¨¸Ó ± ¸µ¢·¥³¥´´µ³Ê ¸µ¸ÉµÖ´¨Õ ³µ¤¥²Ó´µ£µ µ¶¨¸ ´¨Ö ¶·µÍ¥¸¸µ¢
µ¡· §µ¢ ´¨Ö ¨ · ¸¶ ¤  ¢µ§¡Ê¦¤¥´´ÒÌ ±µ³¶ Ê´¤-Ö¤¥·, ³µ¦´µ µÉ³¥É¨ÉÓ, ÎÉµ ¢
´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¸ÊÐ¥¸É¢Ê¥É ·Ö¤ ¸É ´¤ ·É´ÒÌ ³µ¤¥²¥° ¨ ¶·µ£· ³³ · ¸Î¥É ,
± ± ¸É É¨¸É¨Î¥¸±µ£µ, É ± ¨ ¤¨´ ³¨Î¥¸±µ£µ Ì · ±É¥· , ±µÉµ·Ò¥ ¨¸¶µ²Ó§ÊÕÉ¸Ö
¤²Ö  ´ ²¨§  · §´Ò³¨  ¢Éµ· ³¨. Š ¸µ¦ ²¥´¨Õ, ¢ ´¨Ì Î ¸Éµ ¶·¨³¥´ÖÕÉ¸Ö ¤¨ -
³¥É· ²Ó´µ ¶·µÉ¨¢µ¶µ²µ¦´Ò¥ ¶µ Ë¨§¨Î¥¸±µ³Ê ¸³Ò¸²Ê ´ ¡µ·Ò ³µ¤¥²Ó´ÒÌ ¶ -
· ³¥É·µ¢, ¢±²ÕÎ Ö ¸µµÉ´µÏ¥´¨¥ ¢·¥³¥´ ¦¨§´¨ ¶µ · §²¨Î´Ò³ ± ´ ² ³ · ¸-
¶ ¤ , ÎÉµ ¶·¨¢µ¤¨É ± ¡µ²ÓÏµ³Ê · §´µ¡µÕ ¢ ¢Ò¢µ¤ Ì ¨ § ±²ÕÎ¥´¨ÖÌ ¤ ¦¥ ¶·¨
 ´ ²¨§¥ µ¤´µ£µ ¨ Éµ£µ ¦¥ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ³ ¸¸¨¢  ¤ ´´ÒÌ, µ¸µ¡¥´´µ ¢
¸²ÊÎ ÖÌ, ±µ£¤   ´ ²¨§ ¶·µ¢µ¤¨É¸Ö ´  µ£· ´¨Î¥´´µ³ Ô±¸¶¥·¨³¥´É ²Ó´µ³ ³ -
É¥·¨ ²¥ (´ ¶·¨³¥·,  ´ ²¨§¨·ÊÕÉ¸Ö µÉ¤¥²Ó´µ ¸¥Î¥´¨Ö ¤¥²¥´¨Ö, ¨²¨ ¸·¥¤´¥¥
Î¨¸²µ ´¥°É·µ´µ¢ ´   ±É ¤¥²¥´¨Ö, ¨²¨ Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö µ¸±µ²±µ¢ ¤¥²¥-
´¨Ö). ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ± ´ ¸ÉµÖÐ¥³Ê ¢·¥³¥´¨ Ê¦¥ ¨³¥¥É¸Ö µ¡Ï¨·´Ò° ¨
· §´µµ¡· §´Ò° Ô±¸¶¥·¨³¥´É ²Ó´Ò° ³ É¥·¨ ², ¶µ§¢µ²ÖÕÐ¨° ¸¤¥² ÉÓ ¢Ò¢µ¤Ò
µ ·¥ ²Ó´ÒÌ ¢µ§³µ¦´µ¸ÉÖÌ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ ¢ ¶·¨³¥´¥´¨¨ ± · ¸¶ ¤Ê
¢µ§¡Ê¦¤¥´´ÒÌ ¤¥²ÖÐ¨Ì¸Ö ±µ³¶ Ê´¤-Ö¤¥·. ‚ µ¡§µ·¥ ³Ò ¸É · ²¨¸Ó, ¢ µ¸´µ¢-
´µ³, · ¸¸³ É·¨¢ ÉÓ ¨ µ¡¸Ê¦¤ ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ¶µ²ÊÎ¥´´Ò¥ ¢
¶µ¸²¥¤´¨¥ 10Ä12 ²¥É ¨ ¶µÔÉµ³Ê ´¥ ¶µ¶ ¢Ï¨¥ ¢ ¶·¥¤Ò¤ÊÐ¨¥ µ¡§µ·Ò ¸ ¡²¨§±µ°
É¥³ É¨±µ°.

‚ § ±²ÕÎ¥´¨¥ ´¥¸±µ²Ó±µ ¸²µ¢ µ ¢Ò¡· ´´µ° ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ ¢ ¨§²µ-
¦¥´¨¨ ³ É¥·¨ ² . ‚ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥ µ¡§µ·  ¤ ´µ ±· É±µ¥ µ¶¨¸ ´¨¥ ¨¸-
¶µ²Ó§Ê¥³µ£µ ´ ³¨ ¢ ·¨ ´É  ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨, µ¡µ¸´µ¢ ´ ¢Ò¡µ· ¢¥²¨Î¨´
³µ¤¥²Ó´ÒÌ ¶ · ³¥É·µ¢ ¨ ¶·¨¢¥¤¥´Ò µ¸´µ¢´Ò¥ ³ É¥³ É¨Î¥¸±¨¥ ¸µµÉ´µÏ¥´¨Ö,
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¨¸¶µ²Ó§ÊÕÐ¨¥¸Ö ¢ · ¸Î¥É Ì. ‚ É·¥ÉÓ¥³ · §¤¥²¥ ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ  ´ -
²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ¤¥²¥´¨Õ ¤µ ±É¨´¨¤´ÒÌ Ö¤¥·. �¡¸Ê¦¤ -
ÕÉ¸Ö ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ · §²¨Î´ÒÌ ¤¥²¨É¥²Ó´ÒÌ Ì · ±É¥·¨¸É¨± ± ¢Ò¡· ´´µ³Ê
´ ¡µ·Ê ¶ · ³¥É·µ¢ ¨ ¶·µ¡²¥³  ¢Ò¡µ·  ±·¨É¨Î¥¸±µ£µ Ê£²µ¢µ£µ ³µ³¥´É  ¶·¨
 ´ ²¨§¥ ¤¥²¥´¨Ö ±µ³¶ Ê´¤-Ö¤¥·. „¥² ÕÉ¸Ö ¶·¥¤²µ¦¥´¨Ö ¶µ ¤ ²Ó´¥°Ï¥³Ê · §-
¢¨É¨Õ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¢ ÔÉµ° µ¡² ¸É¨ Ö¤¥·. ‚ Î¥É¢¥·Éµ³
· §¤¥²¥ µ¡¸Ê¦¤ ÕÉ¸Ö ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤µ¢ ´¨Ö ¨¸¶ ·¨É¥²Ó´ÒÌ ± ´ ²µ¢ ¤¥¢µ§-
¡Ê¦¤¥´¨Ö ±µ³¶ Ê´¤-Ö¤¥· ¸ 83 ≤ Z ≤ 98. �µ± § ´  ¶·¨³¥´¨³µ¸ÉÓ ¸É É¨¸É¨-
Î¥¸±µ£µ ¶µ¤Ìµ¤  ± · ¸¶ ¤Ê Ö¤¥· ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö ¢¶²µÉÓ ¤µ 160 ŒÔ‚.
�¡¸Ê¦¤ ¥É¸Ö ¢²¨Ö´¨¥ µ¡µ²µÎ¥Î´ÒÌ ÔËË¥±Éµ¢ ´  Ì · ±É¥·¨¸É¨±¨ · ¸¶ ¤  ¨
¤ ¥É¸Ö µ¡µ¸´µ¢ ´¨¥ ¢Ò¡µ·  ³¨´¨³ ²Ó´µ£µ ´ ¡µ·  Ê´¨¢¥·¸ ²Ó´ÒÌ ¶ · ³¥É·µ¢,
¨¸¶µ²Ó§Ê¥³ÒÌ ¶·¨  ´ ²¨§¥. ˆ§  ´ ²¨§  Î¨¸²  ¶·¥¤¤¥²¨É¥²Ó´ÒÌ ´¥°É·µ´µ¢
¤¥² ÕÉ¸Ö ¢Ò¢µ¤Ò µ ¸µµÉ´µÏ¥´¨¨ ¢·¥³¥´ ¤¥²¥´¨Ö ¨ ¨¸¶ ·¥´¨Ö Î ¸É¨Í. ‚
¶ÖÉµ³ · §¤¥²¥ µ¡¸Ê¦¤ ¥É¸Ö ¸É É¨¸É¨Î¥¸± Ö ³µ¤¥²Ó ¨¸¶ ·¥´¨Ö ±² ¸É¥·µ¢ ¨§
¢µ§¡Ê¦¤¥´´ÒÌ ±µ³¶ Ê´¤-Ö¤¥·. �µ± § ´ ¢±² ¤ · §²¨Î´ÒÌ ¸ÉÊ¶¥´¥° ´¥°É·µ´-
´µ£µ ¨¸¶ ·¨É¥²Ó´µ£µ ± ¸± ¤  ¢ ¶µ²´Ò° ¢ÒÌµ¤ ±² ¸É¥·µ¢, ¶·µ ´ ²¨§¨·µ¢ ´µ
¢²¨Ö´¨¥ µ¡µ²µÎ¥Î´ÒÌ ÔËË¥±Éµ¢ ¨ ¤¥Ëµ·³ Í¨¨ Ö¤¥· ´  ¢ÒÌµ¤ ±² ¸É¥·µ¢. ‚
¶µ¸²¥¤´¥³ · §¤¥²¥ ¶·µ ´ ²¨§¨·µ¢ ´Ò § ±µ´µ³¥·´µ¸É¨ ¢ ¶µ¢¥¤¥´¨¨ ¸¥Î¥´¨°
µ¡· §µ¢ ´¨Ö É· ´¸Ë¥·³¨¥¢ÒÌ Ô²¥³¥´Éµ¢ ¢ ·¥ ±Í¨ÖÌ £µ·ÖÎ¥£µ ¸²¨Ö´¨Ö ¨ ¸¤¥-
² ´Ò µÍ¥´±¨ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ´µ¢ÒÌ ¸¢¥·ÌÉÖ¦¥²ÒÌ Ö¤¥·, ¢ Éµ³ Î¨¸²¥ ¢
·¥ ±Í¨ÖÌ ¸ ¨µ´ ³¨ 48Ca.

2. 	‘�	‚�›… �	‹	†…�ˆŸ ‘’�’ˆ‘’ˆ—…‘Š	‰ Œ	„…‹ˆ

2.1. ”¨§¨Î¥¸± Ö ± ·É¨´ . ˆ§ ¸ ³ÒÌ µ¡Ð¨Ì ¸µµ¡· ¦¥´¨° ¶·µÍ¥¸¸Ò, ¨¤Ê-
Ð¨¥ ¸ µ¡· §µ¢ ´¨¥³ ±µ³¶ Ê´¤-Ö¤· , ³µ¦´µ · §¤¥²¨ÉÓ ´  É·¨ ¸É ¤¨¨:  ) µ¡· -
§µ¢ ´¨¥ ¶·µ³¥¦ÊÉµÎ´µ° ¢µ§¡Ê¦¤¥´´µ° ¸¨¸É¥³Ò; ¡) Ëµ·³¨·µ¢ ´¨¥ ±µ³¶ Ê´¤-
Ö¤· ; ¢) ¤¥¢µ§¡Ê¦¤¥´¨¥ ±µ³¶ Ê´¤-Ö¤· . �¸´µ¢´Ò³¨ ± ´ ² ³¨ ¤¥¢µ§¡Ê¦¤¥´¨Ö
Ö¤·  Ö¢²ÖÕÉ¸Ö ¶µ¸²¥¤µ¢ É¥²Ó´µ¥ ¨¸¶Ê¸± ´¨¥ (¨¸¶ ·¥´¨¥) Î ¸É¨Í ¨²¨ Ë· £-
³¥´Éµ¢ (±² ¸É¥·µ¢),   É ±¦¥ ¤¥²¥´¨¥.

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¶·¨´Í¨¶ ³¨ ¸É É¨¸É¨Î¥¸±µ° Ë¨§¨±¨ ³Ò ¸Î¨É ¥³, ÎÉµ ¢¥-
·µÖÉ´µ¸ÉÓ µ¶·¥¤¥²¥´´µ£µ ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨Ö ¸¨¸É¥³Ò ¶·µ¶µ·Í¨µ´ ²Ó´  ¥£µ
¸É É¨¸É¨Î¥¸±µ³Ê ¢¥¸Ê. �É³¥É¨³, ÎÉµ, ¢ µÉ²¨Î¨¥ µÉ ¤¨´ ³¨Î¥¸±¨Ì ³µ¤¥²¥°,
¢ ±µÉµ·ÒÌ ±µ´¥Î´Ò¥ ¸µ¸ÉµÖ´¨Ö ¸¨¸É¥³Ò ´ Ìµ¤ÖÉ¸Ö ¶µ ¨§¢¥¸É´Ò³ ´ Î ²Ó´Ò³
Ê¸²µ¢¨Ö³, ¢ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ ¶¥·¥¡¨· ÕÉ¸Ö ¢¸¥ ¢µ§³µ¦´Ò¥ ±µ´¥Î´Ò¥
¸µ¸ÉµÖ´¨Ö ¨ · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ¨Ì µÉ´µ¸¨É¥²Ó´Ò¥ ¢¥·µÖÉ´µ¸É¨. �·¨ ÔÉµ³ ¶·¥´¥-
¡·¥£ ÕÉ · §²¨Î¨¥³ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢, µ¶¨¸Ò¢ ÕÐ¨Ì ¶¥·¥Ìµ¤Ò ¨§ ´ Î ²Ó-
´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ ¸¶¥Í¨Ë¨Î¥¸±¨¥ ±µ´¥Î´Ò¥, ¸ ÊÎ¥Éµ³ ¶·¨´Í¨¶  ¤¥É ²Ó´µ£µ
· ¢´µ¢¥¸¨Ö. ‘µ£² ¸´µ ÔÉµ³Ê ¶·¨´Í¨¶Ê ¢¥·µÖÉ´µ¸ÉÓ ¶¥·¥Ìµ¤  W12 ¸¨¸É¥³Ò ¨§
´ Î ²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ ±µ´¥Î´µ¥ ¸¢Ö§ ´  ¸ ¢¥·µÖÉ´µ¸ÉÓÕ µ¡· Ð¥´´µ£µ ¢µ ¢·¥-
³¥´¨ ¶¥·¥Ìµ¤  W21 ¸µµÉ´µÏ¥´¨¥³ W12/ρ2 =W21/ρ1, £¤¥ ρ1 ¨ ρ2 Å ¶²µÉ´µ¸ÉÓ
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¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸µ¸ÉµÖ´¨° ¸¨¸É¥³Ò. ‡´ Ö ¢¥·µÖÉ´µ¸É¨ ¤²Ö · §²¨Î´ÒÌ ± -
´ ²µ¢ ¤¥¢µ§¡Ê¦¤¥´¨Ö ¸µ¸É ¢´µ£µ Ö¤· , ³µ¦´µ ¢ÒÎ¨¸²¨ÉÓ ¸·¥¤´¨¥ §´ Î¥´¨Ö ¤²Ö


¨¸. 1. ‚·¥³Ö ¨¸¶ ·¥´¨Ö ´¥°É·µ´µ¢ ¶·¨ · §-
²¨Î´ÒÌ Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ¨ ¢·¥³Ö É¥·-
³ ²¨§ Í¨¨ ±µ³¶ Ê´¤-Ö¤· 

²Õ¡ÒÌ ¨§³¥·Ö¥³ÒÌ Ë¨§¨Î¥¸±¨Ì ¢¥-
²¨Î¨´ (¸·¥¤´ÖÖ ³´µ¦¥¸É¢¥´´µ¸ÉÓ
¤ ´´µ£µ É¨¶  Î ¸É¨Í, ¸·¥¤´ÖÖ
³ ¸¸ , § ·Ö¤, ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö
µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¨ É.¤.). Ÿ¸´µ,
ÎÉµ É ±µ° ¶µ¤Ìµ¤ µ¶· ¢¤ ´ Éµ²Ó±µ
¤µ É¥Ì Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö, ±µ-
£¤  ³¥¦¤Ê  ±É ³¨ ¨¸¶Ê¸± ´¨Ö Î -
¸É¨Í ¶·µÌµ¤¨É ¢·¥³Ö, ¤µ¸É ÉµÎ-
´µ¥ ¤²Ö ·¥² ±¸ Í¨¨ Ö¤·  ± ´µ-
¢µ³Ê · ¢´µ¢¥¸´µ³Ê ¸µ¸ÉµÖ´¨Õ (´ 
·¨¸. 1 ¶·¨¢¥¤¥´µ ¸· ¢´¥´¨¥ ¢·¥-
³¥´¨ ¨¸¶ ·¥´¨Ö ´¥°É·µ´  ¶·¨ · §-
²¨Î´ÒÌ Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ¨
¢·¥³¥´¨, ´¥µ¡Ìµ¤¨³µ£µ ¤²Ö É¥·-
³ ²¨§ Í¨¨ ±µ³¶ Ê´¤-Ö¤· ). �·µ-
¸É¥°Ï¨¥ µÍ¥´±¨ ¶µ± §Ò¢ ÕÉ, ÎÉµ
ÔÉµ Ê¸²µ¢¨¥ ´ ·ÊÏ ¥É¸Ö Éµ²Ó±µ Éµ-
£¤ , ±µ£¤  Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö
±µ³¶ Ê´¤-Ö¤·  ¶·¨ ¶¥·¥¸Î¥É¥ ´ 
µ¤¨´ ´Ê±²µ´ ¸É ´µ¢¨É¸Ö µ¤´µ£µ ¶µ-
·Ö¤±  ¸ Ô´¥·£¨¥° ¸¢Ö§¨ ´Ê±²µ´ .
„²Ö ·¥ ±Í¨° ¸ ¶µ²´µ° ¶¥·¥¤ -

Î¥° ¨³¶Ê²Ó¸  µ£· ´¨Î¥´¨Ö, ¸¢Ö§ ´´Ò¥ ¸ ¢·¥³¥´¥³, ´¥µ¡Ìµ¤¨³Ò³ ¤²Ö
µ¡· §µ¢ ´¨Ö ±µ³¶ Ê´¤-Ö¤·  (´¨¦´ÖÖ ²¨´¨Ö ´  ·¨¸. 1), ´ ¸ÉÊ¶ ÕÉ Éµ²Ó±µ
¢¡²¨§¨ £· ´¨ÍÒ ”¥·³¨, É.¥. ¶·¨ Ô´¥·£¨ÖÌ ´ ²¥É ÕÐ¨Ì ¨µ´µ¢, ¡²¨§±¨Ì ±
∼ 20 ÷ 30 ŒÔ‚/´Ê±²µ´.

2.2. ‘¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö ±µ³¶ Ê´¤-Ö¤¥·. Œ¥Ì ´¨§³ µ¡· §µ¢ ´¨Ö ±µ³-
¶ Ê´¤-Ö¤·  ¤µ¸É ÉµÎ´µ ¸²µ¦´Ò°, ¨ ¸ÊÐ¥¸É¢Ê¥É ¡µ²ÓÏµ¥ Î¨¸²µ · ¡µÉ, ¶µ¸¢Ö-
Ð¥´´ÒÌ ÔÉµ° É¥³¥. ’ ± ± ± ¢ ¤ ´´µ° · ¡µÉ¥ µ¸´µ¢´µ¥ ¢´¨³ ´¨¥ Ê¤¥²¥´µ
¶·µÍ¥¸¸ ³ ¤¥¢µ§¡Ê¦¤¥´¨Ö ±µ³¶ Ê´¤-Ö¤· , Éµ ³Ò · ¸¸³µÉ·¨³ Éµ²Ó±µ ¢µ¶·µ¸Ò,
¸¢Ö§ ´´Ò¥ ¸ ±·¨É¨Î¥¸±¨³ Ê£²µ¢Ò³ ³µ³¥´Éµ³ ¤²Ö µ¡· §µ¢ ´¨Ö ¸µ¸É ¢´µ£µ Ö¤· 
¨ ÊÎ¥Éµ³ ¸¢Ö§¨ ± ´ ²µ¢, ¶·¨ ¨¸¸²¥¤µ¢ ´¨¨ ¶µ¤¡ ·Ó¥·´µ£µ ¸²¨Ö´¨Ö. ‚ µ¡Ð¥³
¸²ÊÎ ¥ ¶ ·Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö ±µ³¶ Ê´¤-Ö¤·  ³µ¦´µ § ¶¨¸ ÉÓ ¢
¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

σ� = πλ2(2
+ 1)T�P�, (1)

£¤¥ T� ¥¸ÉÓ ±µÔËË¨Í¨¥´É ¶·µÌµ¦¤¥´¨Ö,   P� Å ¢¥·µÖÉ´µ¸ÉÓ µ¡· §µ¢ ´¨Ö
±µ³¶ Ê´¤-Ö¤·  ¶µ¸²¥ ¶·µÌµ¦¤¥´¨Ö Î¥·¥§ ¡ ·Ó¥·. „²Ö µ¤´µ³¥·´µ£µ ¡ ·Ó¥· 
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¸²¨Ö´¨Ö ¢ ¶ · ¡µ²¨Î¥¸±µ°  ¶¶·µ±¸¨³ Í¨¨ ±µÔËË¨Í¨¥´É ¶·µÌµ¦¤¥´¨Ö ³µ¦¥É
¡ÒÉÓ § ¶¨¸ ´ ± ±

T� =
(
1 + exp

[
2π
�ω�

(Vb� − E)
])−1

, (2)

£¤¥ Vb� Å ¢Ò¸µÉ  ¡ ·Ó¥·  ¢§ ¨³µ¤¥°¸É¢¨Ö, ¢±²ÕÎ ÕÐ¥£µ ¢ ¸¥¡Ö Ö¤¥·´Ò°, ±Ê-
²µ´µ¢¸±¨° ¨ Í¥´É·µ¡¥¦´Ò° ¶µÉ¥´Í¨ ²Ò,   �ω� Å ±·¨¢¨§´  ÔÉµ£µ ¡ ·Ó¥·  ¤²Ö

-° ¶ ·Í¨ ²Ó´µ° ¢µ²´Ò. �¡ÒÎ´µ ¢ · ¸Î¥É Ì ¢ ± Î¥¸É¢¥ Ö¤¥·´µ£µ ¶µÉ¥´Í¨-
 ²  ³Ò ¨¸¶µ²Ó§µ¢ ²¨ ¤¥°¸É¢¨É¥²Ó´ÊÕ Î ¸ÉÓ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ¢ Ëµ·³¥
‘ ±¸µ´  Å ‚Ê¤¸  ¨²¨ ¢ Ëµ·³¥, ¶·¥¤²µ¦¥´´µ° ˆ£µ:

�ω� =
∣∣∣∣ �22µ d2Vb�

dr2

∣∣∣∣
1/2

r=Rb�

. (3)

ˆ§¢¥¸É´µ, ÎÉµ, ¥¸²¨ ´¥ ¢µ§´¨± ¥É µ£· ´¨Î¥´¨° ¶µ Ê£²µ¢µ³Ê ³µ³¥´ÉÊ, Éµ ¸Ê³-
³¨·µ¢ ´¨¥ ¶µ ¢¸¥³ ¶ ·Í¨ ²Ó´Ò³ ¸¥Î¥´¨Ö³ ¤µ²¦´µ ¶·¨¢µ¤¨ÉÓ ± ¶µ²´µ³Ê ¸¥Î¥-
´¨Õ µ¡· §µ¢ ´¨Ö ±µ³¶ Ê´¤-Ö¤· . �¤´ ±µ ¶·¨ ¢µ§· ¸É ´¨¨ Ô´¥·£¨¨ ¶ ¤ ÕÐ¥£µ
¨µ´  Ê¢¥²¨Î¨¢ ¥É¸Ö ¢±² ¤ ·¥ ±Í¨° ´¥¶µ²´µ£µ ¸²¨Ö´¨Ö, ¨ ¶µÔÉµ³Ê µ¡ÒÎ´µ ¸Ê³-
³¨·µ¢ ´¨¥ ¶·µ¢µ¤ÖÉ ¤µ ´¥±µÉµ·µ£µ ±·¨É¨Î¥¸±µ£µ ³µ³¥´É , ¶µ¸²¥ ±µÉµ·µ£µ
±µ³¶ Ê´¤-Ö¤·µ Ê¦¥ ´¥ µ¡· §Ê¥É¸Ö. „²Ö µ¶·¥¤¥²¥´¨Ö ¢¥²¨Î¨´Ò 
cr ¢¢µ¤ÖÉ¸Ö
· §²¨Î´Ò¥ Ë¨§¨Î¥¸±¨¥ ³µ¤¥²¨, µ¸´µ¢ ´´Ò¥ ´  ´ ²¨Î¨¨ ± ·³ ´  ¢ ¸Ê³³ ·-
´µ³ ¶µÉ¥´Í¨ ²¥ ¢§ ¨³µ¤¥°¸É¢¨Ö, · ¢¥´¸É¢¥ ¸¨² Ö¤¥·´µ£µ ¶·¨ÉÖ¦¥´¨Ö ¸Ê³³¥
±Ê²µ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ Í¥´É·µ¡¥¦´µ£µ µÉÉ ²±¨¢ ´¨Ö, ¸ÊÐ¥¸É¢µ¢ ´¨¨
±·¨É¨Î¥¸±µ° ¤¨¸É ´Í¨¨ ¨ ¤·Ê£¨Ì (¸³. · ¡µÉÊ [8] ¨ ¸¸Ò²±¨ ¢ ´¥°). �¥ µ¸É ´ -
¢²¨¢ Ö¸Ó ´  ¤¥É ²ÖÌ, µÉ³¥É¨³, ÎÉµ ¢ [9] ´ ³¨ É ±¦¥ ¡Ò²  ¶·¥¤²µ¦¥´  ³µ¤¥²Ó
¤²Ö µ¶·¥¤¥²¥´¨Ö 
cr.


 ¸¸³µÉ·¨³ É¥¶¥·Ó ±µÔËË¨Í¨¥´É P�, Ì · ±É¥·¨§ÊÕÐ¨° ¢¥·µÖÉ´µ¸ÉÓ µ¡· -
§µ¢ ´¨Ö ±µ³¶ Ê´¤-Ö¤·  ¶µ¸²¥ ¶·µÌµ¦¤¥´¨Ö Î¥·¥§ ¡ ·Ó¥·. ‚ ¶·¨¡²¨¦¥´¨¨
·¥§±µ£µ µ¡·¥§ ´¨Ö (´ ¶·¨³¥·, ³µ¤¥²Ó ¶µÉ¥´Í¨ ²Ó´µ£µ ± ·³ ´ ) ¸Î¨É ¥É¸Ö, ÎÉµ
P� = 1 ¶·¨ 
 ≤ 
cr. „·Ê£¨³¨ ¸²µ¢ ³¨, ´ ²¨Î¨¥ ¶µÉ¥´Í¨ ²Ó´µ£µ ± ·³ ´  ¢¸¥£¤ 
¶·¨¢µ¤¨É ± ¸²¨Ö´¨Õ ¸ µ¡· §µ¢ ´¨¥³ ±µ³¶ Ê´¤-Ö¤· , ¨ ÔÉµÉ ¶·µÍ¥¸¸ ´¥ § ¢¨¸¨É
µÉ £²Ê¡¨´Ò ± ·³ ´ . ‚ ¸²ÊÎ ¥ µÉ¸ÊÉ¸É¢¨Ö ± ·³ ´  µ¡· §µ¢ ´¨¥ ±µ³¶ Ê´¤-Ö¤· 
´¥ ¶·µ¨¸Ìµ¤¨É, ¨ É ±¨³ µ¡· §µ³ µ¶·¥¤¥²Ö¥É¸Ö 
cr. ‚³¥¸É¥ ¸ É¥³ ¶·¨ ¶¥·¥-
Ìµ¤¥ ± ¡µ²¥¥ ÉÖ¦¥²Ò³ ±µ³¶ Ê´¤-Ö¤· ³ ¨²¨ ± ¡µ²¥¥ ¸¨³³¥É·¨Î´Ò³ ¶ ·É´¥· ³
¢§ ¨³µ¤¥°¸É¢¨Ö ¶µÉ¥´Í¨ ²Ó´Ò° ± ·³ ´ ¸É ´µ¢¨É¸Ö ³¥´¥¥ £²Ê¡µ±¨³, ¨ ¶·µ-
Í¥¸¸Ò É¨¶  ±¢ §¨¤¥²¥´¨Ö ´ Î¨´ ÕÉ ¨£· ÉÓ ¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó. ‚ · ¡µÉ¥ [9]
³Ò ¢¢¥²¨ § ¢¨¸¨³µ¸ÉÓ ËÊ´±Í¨¨ P� µÉ £²Ê¡¨´Ò ¶µÉ¥´Í¨ ²Ó´µ£µ ± ·³ ´  ¨
¶µ± § ²¨, ÎÉµ ÊÎ¥É ÔÉµ£µ Ë ±Éµ·  µ¤´µ¢·¥³¥´´µ Ê²ÊÎÏ ¥É ¸µ£² ¸¨¥ ¸¥Î¥´¨°
¤¥²¥´¨Ö ¨ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¤²Ö ¤µ ±É¨´¨¤´ÒÌ Ö¤¥·.

�·¨  ´ ²¨§¥ ·¥ ±Í¨°, ¶·µÌµ¤ÖÐ¨Ì ¢¡²¨§¨ ¨²¨ ´¨¦¥ ¡ ·Ó¥·  ¢§ ¨³µ¤¥°-
¸É¢¨Ö, ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ ¢µ§³µ¦´Ò¥ ÔËË¥±ÉÒ Ê¸¨²¥´¨Ö ¸¥Î¥´¨Ö µ¡· §µ-
¢ ´¨Ö ±µ³¶ Ê´¤-Ö¤· , ¸¢Ö§ ´´Ò¥ ¸µ ¸É É¨Î¥¸±µ° ¤¥Ëµ·³ Í¨¥° Ö¤¥·-¶ ·É´¥·µ¢,
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¢µ§³µ¦´µ° ¸¢Ö§ÓÕ ± ´ ²µ¢ ¢¨¡· Í¨µ´´ÒÌ ¨ ·µÉ Í¨µ´´ÒÌ ¢µ§¡Ê¦¤¥´¨° ¨²¨
·¥ ±Í¨° ¶¥·¥¤ Î ¸ ± ´ ²µ³ § Ì¢ É  Ö¤¥· ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨. ‚ ¶·µ¸É¥°-
Ï¥³ ¢¨¤¥ Ëµ·³Ê²Ê ¤²Ö ±µÔËË¨Í¨¥´Éµ¢ ¶·µÌµ¦¤¥´¨Ö ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ± ±
¢ ¸²ÊÎ ¥ ¶·µ´¨Í ¥³µ¸É¨ Î¥·¥§ µ¤´µ³¥·´Ò° ¡ ·Ó¥·, ´µ ¸ ÊÎ¥Éµ³ Ê¸·¥¤´¥´¨Ö
¶µ Ë²Ê±ÉÊ¨·ÊÕÐ¨³ · ¤¨Ê¸ ³ Ö¤¥· ¶ ·É´¥·µ¢:

T�(E) =
∫ ∫

T�(E,R1, R2)W (R1, R2)dR1R2. (4)

2.3. 	¸´µ¢´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¤²Ö Ï¨·¨´ · ¸¶ ¤  ±µ³¶ Ê´¤-Ö¤¥· ¢ ¸É -
É¨¸É¨Î¥¸±µ° ³µ¤¥²¨. � ¨¡µ²¥¥ ¢ ¦´µ° ¢¥²¨Î¨´µ° ¶·¨ ¢ÒÎ¨¸²¥´¨¨ Ï¨·¨´
· ¸¶ ¤  ±µ³¶ Ê´¤-Ö¤·  ¢ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ Ö¢²Ö¥É¸Ö ¶²µÉ´µ¸ÉÓ Ê·µ¢´¥°.
ŒÒ ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ³µ¤¥²Ó Ë¥·³¨-£ § , ±µÉµ· Ö ¡² £µ¤ ·Ö ¶·µ¸ÉµÉ¥ ¨
Ê´¨¢¥·¸ ²Ó´µ¸É¨ Ï¨·µ±µ ¨¸¶µ²Ó§Ê¥É¸Ö ¶·¨  ´ ²¨§¥ ¨ ¸¨¸É¥³ É¨±¥ ¤ ´´ÒÌ µ
· §²¨Î´ÒÌ Ì · ±É¥·¨¸É¨± Ì · ¸¶ ¤  ¢µ§¡Ê¦¤¥´´ÒÌ ±µ³¶ Ê´¤-Ö¤¥·. ‚ · ³-
± Ì ¸É É¨¸É¨Î¥¸±µ£µ ¶µ¤Ìµ¤  ¶²µÉ´µ¸ÉÓ Ê·µ¢´¥° ³µ¦´µ § ¶¨¸ ÉÓ ¸²¥¤ÊÕÐ¨³
µ¡· §µ³:

ρ(Z,N,E∗) = krotkvib

√
π

24a1/4E∗5/4 exp(2
√
aE∗), (5)

£¤¥ a Å ¶ · ³¥É· ¶²µÉ´µ¸É¨ Ê·µ¢´¥°, ¸ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³ ÊÎ¥Éµ³ µ¡µ²µ-
Î¥Î´ÒÌ ÔËË¥±Éµ¢ ¶µ ˆ£´ ÉÕ±Ê (¸³., ´ ¶·., ³µ´µ£· Ë¨Õ [1] ¨ ¸¸Ò²±¨ ¢ ´¥°)

aν(E∗) = ã(1 +
[1− exp(−E∗/D)]∆Wν(A,Z)

E∗ ), (6)

ã = 0, 11A − 6, 3 · 10−5A2, E∗ Å Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¸µ¸É ¢´µ£µ Ö¤· ,  
Wν(A,Z) Å µ¡µ²µÎ¥Î´ Ö ¶µ¶· ¢±  ± ³ ¸¸¥ Ö¤· , µ¡· §µ¢ ¢Ï¥£µ¸Ö ¶µ¸²¥ ¨¸-
¶Ê¸± ´¨Ö Î ¸É¨ÍÒ ν, D = 18, 5 ŒÔ‚ Å µ¡Ð¥¶·¨´ÖÉ Ö ¢¥²¨Î¨´  ¤²Ö ®¤²¨´Ò
µ¸² ¡²¥´¨Ö¯ µ¡µ²µÎ¥Î´ÒÌ ÔËË¥±Éµ¢, krot ¨ kvib Å ±µÔËË¨Í¨¥´ÉÒ ·µÉ Í¨-
µ´´µ£µ ¨ ¢¨¡· Í¨µ´´µ£µ Ê¸¨²¥´¨Ö ¶²µÉ´µ¸É¨ Ê·µ¢´¥°. ‚ ¡µ²ÓÏ¨´¸É¢¥ · ¸-
Î¥Éµ¢ ³Ò ´¥ ÊÎ¨ÉÒ¢ ²¨ ÔÉ¨Ì ±µÔËË¨Í¨¥´Éµ¢, É ± ± ± ¢¢¥¤¥´¨¥ ± ¦¤µ£µ ¨§
´¨Ì É·¥¡Ê¥É ± ± ³¨´¨³Ê³ É·¥Ì ¤µ¶µ²´¨É¥²Ó´ÒÌ ¶·µ¨§¢µ²Ó´ÒÌ ¶ · ³¥É·µ¢. ‚
¤ ²Ó´¥°Ï¥³ ³Ò µ¸É ´µ¢¨³¸Ö ´  ÔÉµ³ ¡µ²¥¥ ¶µ¤·µ¡´µ ¶·¨  ´ ²¨§¥ ·¥ ²Ó´ÒÌ
Ô±¸¶¥·¨³¥´Éµ¢. —¥·¥§ ¶ · ³¥É· ¶²µÉ´µ¸É¨ Ê·µ¢´¥° Ê¤µ¡´µ É ±¦¥ µ¶¨¸Ò¢ ÉÓ
¸¢Ö§Ó Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¸ É¥³¶¥· ÉÊ·µ° ¨ Ô´É·µ¶¨¥° · ¸¸³ É·¨¢ ¥³µ° ¸¨-
¸É¥³Ò: E∗ = at2 ¨ S = 2(aE∗)1/2.


 ¸Î¥É ¨¸¶ ·¨É¥²Ó´ÒÌ Ï¨·¨´ ¢ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ µ¸´µ¢Ò¢ ¥É¸Ö ´ 
Ëµ·³ ²¨§³¥ ‚ °¸±µ¶Ë  ¨ �¢¨´£ . ŒÒ ´¥¸±µ²Ó±µ ³µ¤¨Ë¨Í¨·µ¢ ²¨ ÔÉÊ ³µ-
¤¥²Ó, ¤µ¶Ê¸± Ö ¢µ§³µ¦´µ¸ÉÓ ¨¸¶ ·¥´¨Ö, ´ ·Ö¤Ê ¸ ´Ê±²µ´ ³¨, α-Î ¸É¨Í ¨ ¡µ-
²¥¥ ÉÖ¦¥²ÒÌ Ë· £³¥´Éµ¢. �Éµ ¶µ§¢µ²¨²µ ´ ³ ¶·µ¢¥¸É¨ ¤¥É ²Ó´Ò°  ´ ²¨§ ¢µ§-
³µ¦´µ¸É¨ ¨¸¶ ·¥´¨Ö ±² ¸É¥·µ¢ ¨§ ´ £·¥ÉÒÌ Ö¤¥·. ˆ¸¶ ·¨É¥²Ó´Ò¥ Ï¨·¨´Ò
· ¸¸Î¨ÉÒ¢ ²¨¸Ó ¶µ Ëµ·³Ê²¥
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Γ�ν(E) =
(2
+ 1)(2Sν + 1)mν

2π2ρc(Ec)

∫ E∗

0

σν(ε)εdε×

×
∫ E∗−ε

0

ρ2(E∗ − E′(
)− ε)ρ1(E′)dE′, (7)

£¤¥ E∗ = E−Eν−E�
rot Å Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö, · ¸¶·¥¤¥²Ö¥³ Ö ³¥¦¤Ê Ë· £-

³¥´É ³¨ ¨§ Ê¸²µ¢¨Ö ¶µ¸ÉµÖ´¸É¢  É¥³¶¥· ÉÊ·Ò, ρ1 ¨ ρ2 Å ¶²µÉ´µ¸É¨ ±µ´¥Î´ÒÌ
¸µ¸ÉµÖ´¨° ¤²Ö Ë· £³¥´É  ¨ µ¸É ÉµÎ´µ£µ Ö¤· , mν , Sν ¨ Eν Å ¶·¨¢¥¤¥´´ Ö
³ ¸¸ , ¸¶¨´ ¨ Ô´¥·£¨Ö ¸¢Ö§¨ Î ¸É¨ÍÒ ν, a σν(ε) Å ¸¥Î¥´¨¥ µ¡· É´µ° ·¥ ±Í¨¨
§ Ì¢ É  Î ¸É¨ÍÒ ν ¸ Ô´¥·£¨¥° ε c ¤µÎ¥·´¨³ Ö¤·µ³. „²Ö ´Ê±²µ´µ¢ ¨ α-Î ¸É¨Í
¸¥Î¥´¨Ö µ¡· É´µ° ·¥ ±Í¨¨ · ¸¸Î¨ÉÒ¢ ²¨¸Ó ¶µ µ¶É¨Î¥¸±µ° ³µ¤¥²¨, ¤²Ö ¡µ²¥¥
ÉÖ¦¥²ÒÌ Ë· £³¥´Éµ¢ Å ¢ ³µ¤¥²¨ ·¥§±µ£µ ±· Ö.

„²Ö Éµ£µ ÎÉµ¡Ò ¨¸¶ÒÉ ÉÓ ¤¥²¥´¨¥, ¸Ë¥·¨Î¥¸±µ¥ Ö¤·µ ¤µ²¦´µ ¢´ Î ²¥ ¢Ò-
ÉÖ´ÊÉÓ¸Ö, § É¥³ ¶·¨´ÖÉÓ Ëµ·³Ê Ô²²¨¶¸µ¨¤  ¨²¨ Ë¨£Ê·Ò ¸ Ï¥°±µ° (¸¥¤²µ¢ Ö
±µ´Ë¨£Ê· Í¨Ö) ¨ Ê¦¥ ¢ ÉµÎ±¥ · §·Ò¢  · §¤¥²¨ÉÓ¸Ö ´  ¤¢  µ¸±µ²± . „²Ö µ¶¨-
¸ ´¨Ö ¶·µÍ¥¸¸  ¤¥²¥´¨Ö ´¥µ¡Ìµ¤¨³µ §´ ÉÓ § ¢¨¸¨³µ¸ÉÓ ¶µÉ¥´Í¨ ²Ó´µ° Ô´¥·-
£¨¨ Ö¤·  µÉ ±µ²²¥±É¨¢´ÒÌ ¶¥·¥³¥´´ÒÌ. ‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¤²Ö µ¶¨¸ ´¨Ö
ÔÉµ° § ¢¨¸¨³µ¸É¨ ¨¸¶µ²Ó§Ê¥É¸Ö ³ ±·µ-³¨±·µ¸±µ¶¨Î¥¸± Ö ³µ¤¥²Ó, ¶·¥¤²µ¦¥´-
´ Ö ‘É·ÊÉ¨´¸±¨³ (¸³. · ¡µÉÊ [2] ¨ ¸¸Ò²±¨ ¢ ´¥°):

V = Emacr(βλ) + δEshell(βλ)δEpair(βλ,∆). (8)

„²Ö ³ ±·µ¸±µ¶¨Î¥¸±µ° Î ¸É¨ ¨¸¶µ²Ó§Ê¥É¸Ö ³µ¤¥²Ó Š· ¶¶¥ Å �¨±¸  [10],
  µ¡µ²µÎ¥Î´ Ö ¨ ¶ ·´ Ö ¶µ¶· ¢±¨ · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ´  µ¸´µ¢¥ µ¤´µÎ ¸É¨Î´µ£µ
¸¶¥±É·  ¢ ¶µÉ¥´Í¨ ²¥ ‘ ±¸µ´  Å ‚Ê¤¸ , βλ Å ´ ¡µ· ¤¥Ëµ·³ Í¨µ´´ÒÌ ¶ · -
³¥É·µ¢ (¢ ¶¥·¢µ³ ¶·¨¡²¨¦¥´¨¨ ±¢ ¤·Ê¶µ²Ó´ Ö ¨ µ±ÉÊ¶µ²Ó´ Ö ¤¥Ëµ·³ Í¨¨),
∆ Å Ô´¥·£¥É¨Î¥¸± Ö Ð¥²Ó, ¸¢Ö§ ´´ Ö ¸ ¶ ·´µ° Ô´¥·£¨¥°.

„¥²¨É¥²Ó´ Ö Ï¨·¨´  · ¸¸Î¨ÉÒ¢ ² ¸Ó ¶µ ±² ¸¸¨Î¥¸±µ° Ëµ·³Ê²¥ kµ·  ¨
“¨²²¥· 

Γ�f (E) =
2
+ 1
2πρc(Ec)

∫ E−Esp
rot(�)−Bf (�)

0

ρf (E − Esp
rot(
)−Bf (
)− ε)dε, (9)

£¤¥ Esp
rot(
) Ö¢²Ö¥É¸Ö ·µÉ Í¨µ´´µ° Ô´¥·£¨¥° ¢ ¸¥¤²µ¢µ° ÉµÎ±¥,   Bf (
) Å

¡ ·Ó¥· ¤¥²¥´¨Ö Ö¤· . ‚ ´ Ï¥° ³µ¤¥²¨ ¶µ²´Ò° ¡ ·Ó¥· ¤¥²¥´¨Ö ¢ÒÎ¨¸²Ö²¸Ö ± ±
¸Ê³³  ¢¥²¨Î¨´ ¥£µ ¦¨¤±µ± ¶¥²Ó´µ° ¨ µ¡µ²µÎ¥Î´µ° ±µ³¶µ´¥´É ¶µ Ëµ·³Ê²¥

Bf (
) = CBld
f (
) + ∆W exp, (10)

£¤¥ C Å ¸¢µ¡µ¤´Ò° ¶ · ³¥É·, Bld
f Å ¡ ·Ó¥· ¤¥²¥´¨Ö ¢ ³µ¤¥²¨ ¢· Ð ÕÐ¥°¸Ö

¦¨¤±µ° ± ¶²¨ CPS, ∆W exp Å ¶µ¶· ¢±  ± ¡ ·Ó¥·Ê ¤¥²¥´¨Ö ¸µ¸É ¢´µ£µ Ö¤· ,
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· ¢´ Ö µ¡µ²µÎ¥Î´µ° ¶µ¶· ¢±¥ ± ³ ¸¸¥ ¥£µ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö. ‚ ¡ ·Ó¥·¥
¤¥²¥´¨Ö ³Ò ¶·¥´¥¡·¥£ ²¨ ³ ²µ° ¢¥²¨Î¨´µ° µ¡µ²µÎ¥Î´µ° ¶µ¶· ¢±¨ ¢ ¸¥¤²µ¢µ°
ÉµÎ±¥, ÎÉµ Ìµ·µÏµ ¢Ò¶µ²´Ö¥É¸Ö ¶·¨  ´ ²¨§¥ ¤µ ±É¨´¨¤´ÒÌ Ö¤¥·, £¤¥ ¤¥Ëµ·-
³ Í¨Ö Ö¤·  ¢ ¸¥¤²µ¢µ° ÉµÎ±¥ ¢¥²¨± , ¨ ¸¢¥·ÌÉÖ¦¥²ÒÌ Ö¤¥·, £¤¥ ¢¥¸Ó ¡ ·Ó¥·
¤¥²¥´¨Ö ¸¢Ö§ ´ ¸ µ¡µ²µÎ¥Î´µ° ¶µ¶· ¢±µ° ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨.

ˆ§¢¥¸É´µ, ÎÉµ ±µ³¶ Ê´¤-Ö¤· , µ¡· §µ¢ ´´Ò¥ ¢ ·¥ ±Í¨ÖÌ ¸ ÉÖ¦¥²Ò³¨ ¨µ-
´ ³¨, ´ ·Ö¤Ê ¸ ¢Ò¸µ±µ° Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö ¨³¥ÕÉ É ±¦¥ ¡µ²ÓÏµ° Ê£²µ¢µ°
³µ³¥´É. �Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¶·¨¢µ¤¨É ± § ³¥É´µ°  ´¨§µÉ·µ¶¨¨ µ¸±µ²±µ¢ ¤¥-
²¥´¨Ö. ’· ¤¨Í¨µ´´µ Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö µ¸±µ²±µ¢ ¤¥²¥´¨Ö µ¶¨¸Ò¢ ÕÉ¸Ö ¢
¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ ¶¥·¥Ìµ¤´µ£µ ¸µ¸ÉµÖ´¨Ö ¤²Ö ¸¥¤²µ¢µ° ÉµÎ±¨ (¨²¨ ÉµÎ±¨
· §·Ò¢ ), ¶·¥¤²µ¦¥´´µ° �.kµ·µ³ ¨ · §¢¨Éµ° ‚.‘É·ÊÉ¨´¸±¨³ ¨ ˆ.• ²¶¥·´µ³.
‚ É ±µ³ ¶µ¤Ìµ¤¥ ¢¥·µÖÉ´µ¸ÉÓ ¤²Ö ±µ³¶ Ê´¤-Ö¤·  · §¤¥²¨ÉÓ¸Ö ¶µ¤ µ¶·¥¤¥²¥´-
´Ò³ Ê£²µ³ ¶µ µÉ´µÏ¥´¨Õ ± ¥£µ µ¸¨ ¸¨³³¥É·¨¨ § ¢¨¸¨É µÉ Ê£²µ¢µ£µ ³µ³¥´É 
¨ ³µ³¥´É  ¨´¥·Í¨¨ ¢ ¶¥·¥Ìµ¤´µ³ ¸µ¸ÉµÖ´¨¨. �Éµ ¶·¨¢µ¤¨É ± µ¶·¥¤¥²¥´´µ°
ËÊ´±Í¨µ´ ²Ó´µ° § ¢¨¸¨³µ¸É¨ µÉ ¢¥²¨Î¨´Ò 
2 sin2 θ/4K2

0 , £¤¥ K2
0 Å ¶µ²ÊÏ¨-

·¨´  · ¸¶·¥¤¥²¥´¨Ö ¶·µ¥±Í¨¨ ³µ³¥´É  ´  µ¸Ó ¤¥²¥´¨Ö:

K2
0 =

1
�2

TJeff ,

T Å É¥³¶¥· ÉÊ·  Ö¤· ,   Jeff Å ÔËË¥±É¨¢´Ò° ³µ³¥´É ¨´¥·Í¨¨ ¢ ¸¥¤²µ¢µ°
ÉµÎ±¥:

1
Jeff

=
1
J||

− 1
J⊥

,

J|| ¨ J⊥ Å ³µ³¥´ÉÒ ¨´¥·Í¨¨ µÉ´µ¸¨É¥²Ó´µ µ¸¥° ¸¨³³¥É·¨¨ Ö¤·  Å ¶ · ²-
²¥²Ó´Ò° ¨ ¶¥·¶¥´¤¨±Ê²Ö·´Ò° ³µ³¥´ÉÒ ¸µµÉ¢¥É¸É¢¥´´µ.

3. „…‹…�ˆ… „	�Š’ˆ�ˆ„�›• Š	Œ��“�„-Ÿ„…1,
	31�‡“5™ˆ•‘Ÿ ‚ 1…�Š–ˆŸ• ‘ ’Ÿ†…‹›Œˆ ˆ	��Œˆ

ˆ¸¸²¥¤µ¢ ´¨Ö ¤µ ±É¨´¨¤´ÒÌ Ö¤¥· Ö¢²ÖÕÉ¸Ö ¶·¥±· ¸´Ò³ É¥¸Éµ³ ¤²Ö  ´ -
²¨§  · §²¨Î´ÒÌ ³µ¤¥²Ó´ÒÌ ¶·¥¤¶µ²µ¦¥´¨°, ¨¸¶µ²Ó§Ê¥³ÒÌ ¤²Ö µ¶¨¸ ´¨Ö ¤¥-
²¥´¨Ö Ö¤¥·. ‚ ÔÉµ° µ¡² ¸É¨ Ö¤¥· ¸¥Î¥´¨¥ ¤¥²¥´¨Ö ¸µ¸É ¢²Ö¥É µÉ´µ¸¨É¥²Ó´µ
³ ²ÊÕ Î ¸ÉÓ µÉ ¶µ²´µ£µ ¸¥Î¥´¨Ö ·¥ ±Í¨¨. Š ± ·¥§Ê²ÓÉ É, ¨¸¸²¥¤Ê¥³Ò¥ Ì -
· ±É¥·¨¸É¨±¨ Ö¢²ÖÕÉ¸Ö ÎÊ¢¸É¢¨É¥²Ó´Ò³¨ ± µ¸´µ¢´Ò³ ¶ · ³¥É· ³, µ¶·¥¤¥²Ö-
ÕÐ¨³ ¸¥Î¥´¨Ö ¤¥²¥´¨Ö Ö¤· . ˆ§ÊÎ¥´¨¥ ¤¥²¥´¨Ö ±µ³¶ Ê´¤-Ö¤¥· ¢¡²¨§¨ Z = 82
¨ N = 126 ¶µ§¢µ²Ö¥É ¨¸¸²¥¤µ¢ ÉÓ ¢²¨Ö´¨¥ µ¡µ²µÎ¥Î´ÒÌ ÔËË¥±Éµ¢ ´  Ì · ±-
É¥·¨¸É¨±¨ · ¸¶ ¤  ±µ³¶ Ê´¤-Ö¤¥· ¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¨
Ê£²µ¢µ£µ ³µ³¥´É .

3.1. ‘¥Î¥´¨Ö ¨ Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö µ¸±µ²±µ¢ ¤¥²¥´¨Ö. ‚ · ¡µ-
É Ì [9,11] ´ ³¨ ¡Ò²¨ ¨§³¥·¥´Ò ¨ ¶·µ ´ ²¨§¨·µ¢ ´Ò ¸¥Î¥´¨Ö ¤¥²¥´¨Ö ¨ Ê£²µ-
¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö µ¸±µ²±µ¢ ¤²Ö 25 ±µ³¶ Ê´¤-Ö¤¥· ¢ ¤¨ ¶ §µ´¥ µÉ 124Ba ¤µ
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210Po ¨ ¢ Ï¨·µ±µ° µ¡² ¸É¨ Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö. �´ ²¨§ ¶µ²ÊÎ¥´´ÒÌ ·¥-
§Ê²ÓÉ Éµ¢, ¢Ò¶µ²´¥´´Ò° ¢ · ³± Ì ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨, ¶µ§¢µ²¨² ¶µ²ÊÎ¨ÉÓ
Ìµ·µÏ¥¥ µ¶¨¸ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨ ¸¤¥² ÉÓ µ¶·¥¤¥²¥´´Ò¥ Ë¨§¨-
Î¥¸±¨¥ ¢Ò¢µ¤Ò. �·¨  ´ ²¨§¥ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¸²¥¤ÊÕÐ¨¥ Ëµ·³Ê²Ò ¤²Ö · ¸Î¥É 
¶µ²´ÒÌ ¸¥Î¥´¨° ¤¥²¥´¨Ö ¨ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨°:

σf =
�cr∑
�=0

σ�

m∑
i=0

Γ�fi
Γ�fi +

∑
ν=n,p,α

Γ�νi
Πi−1k=0

∑
η=n,p,α

Γ�ηk
Γ�fk +

∑
ν=n,p,α

Γ�νk
, (11)

W (θ) �
�cr∑
�=0

(2
+ 1)
m∑
i=0

σf (
i, Ni, Zi)I0(

2i sin

2 θ

4K2
0i

) exp(− 
2i sin
2 θ

4K2
0i

), (12)

£¤¥ 
cr Å ³ ±¸¨³ ²Ó´Ò° ¨²¨ ±·¨É¨Î¥¸±¨° Ê£²µ¢µ° ³µ³¥´É, Ni ¨ Zi Å Î¨-
¸²a ´¥°É·µ´µ¢ ¨ ¶·µÉµ´µ¢ ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¥³ ¤µÎ¥·´¥³ Ö¤·¥, 
i Å Ê£²µ¢µ°
³µ³¥´É ¤µÎ¥·´¥£µ Ö¤·  ¶µ¸²¥ ¢Ò²¥É  ´¥°É·µ´ , ¶·µÉµ´  ¨ α-Î ¸É¨ÍÒ ¸µµÉ-
¢¥É¸É¢¥´´µ. ‚ Ëµ·³Ê² Ì (11) ¨ (12) m Å Î¨¸²µ ¶·¥¤Ï¥¸É¢ÊÕÐ¨Ì ¤¥²¥´¨Õ
¸ÉÊ¶¥´¥° ¨¸¶ ·¨É¥²Ó´µ£µ ± ¸± ¤ .

‚ µÉ²¨Î¨¥ µÉ ¡µ²ÓÏ¨´¸É¢  ¤·Ê£¨Ì · ¡µÉ, ¢ ±µÉµ·ÒÌ ÊÎ¨ÉÒ¢ ²¸Ö Éµ²Ó±µ
¦¨¤±µ± ¶¥²Ó´Ò° ¡ ·Ó¥· ¤¥²¥´¨Ö, µ¸´µ¢´Ò³¨ ¶ · ³¥É· ³¨ ¢ · ³± Ì ´ Ï¥£µ
¶µ¤Ìµ¤  Ö¢²Ö²¨¸Ó: Ì · ±É¥· ËÊ´±Í¨µ´ ²Ó´µ° § ¢¨¸¨³µ¸É¨ ¶µ²´µ£µ ¡ ·Ó¥· 
¤¥²¥´¨Ö ¨ ¥£µ  ¡¸µ²ÕÉ´ Ö ¢¥²¨Î¨´ ; µÉ´µÏ¥´¨¥ ¶ · ³¥É·µ¢ ¶²µÉ´µ¸É¨ Ê·µ¢-
´¥° ¢ ¤¥²¨É¥²Ó´µ³ ¨ ¨¸¶ ·¨É¥²Ó´µ³ ± ´ ² Ì ¤¥¢µ§¡Ê¦¤¥´¨Ö (µ¡ÒÎ´µ ¢ ÔÉµ°
µ¡² ¸É¨ Ö¤¥· ¢¥²¨Î¨´  µÉ´µÏ¥´¨Ö ãf/ãn ¶·¨´¨³ ² ¸Ó · ¢´µ° 1,1÷1,3); ¢¥-
²¨Î¨´  
cr, ¢ ¢Ò¡µ·¥ ±µÉµ·µ° É ±¦¥ ¸ÊÐ¥¸É¢µ¢ ² µ¶·¥¤¥²¥´´Ò° ¶·µ¨§¢µ².
�·µ¢¥¤¥´´Ò°  ´ ²¨§ ¶µ± § ², ÎÉµ ¤²Ö ¸² ¡µ¤¥²ÖÐ¨Ì¸Ö Ö¤¥· · ¸Î¥É´ Ö ¤¥-
²¨É¥²Ó´ Ö Ï¨·¨´  µÎ¥´Ó ¸¨²Ó´µ § ¢¨¸¨É µÉ ¢Ò¡· ´´µ£µ §´ Î¥´¨Ö ±·¨É¨Î¥-
¸±µ£µ Ê£²µ¢µ£µ ³µ³¥´É  ¨ ¢¨¤  · ¸¶·¥¤¥²¥´¨Ö µ¡· §ÊÕÐ¨Ì¸Ö ±µ³¶ Ê´¤-Ö¤¥·
¶µ Ê£²µ¢Ò³ ³µ³¥´É ³, µ¸µ¡¥´´µ ¶·¨ ´¥¡µ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö. ‘
Ê¢¥²¨Î¥´¨¥³ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¶µ²´Ò¥ ¸¥Î¥´¨Ö ¤¥²¥´¨Ö ´ Î¨´ ÕÉ É ±¦¥
¸¨²Ó´µ § ¢¨¸¥ÉÓ µÉ ¢¥²¨Î¨´Ò µÉ´µÏ¥´¨Ö ãf/ãn. kµ²ÓÏµ° µ¡Ñ¥³ Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¨³¥¢Ï¨°¸Ö ¢ ´ Ï¥³ · ¸¶µ·Ö¦¥´¨¨, ¶µ§¢µ²¨² ¤¥É ²Ó´µ
¶·µ ´ ²¨§¨·µ¢ ÉÓ ¨ Ê¸É ´µ¢¨ÉÓ ¤µ¶Ê¸É¨³Ò¥ ¶·¥¤¥²Ò ¨§³¥´¥´¨Ö Ê± § ´´ÒÌ ¢¥-
²¨Î¨´ ¨ ¨Ì ¢²¨Ö´¨¥ ´  · ¸Î¥É´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥, ¨´É¥£· ²Ó´Ò¥ ¸¥Î¥´¨Ö
¨ Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö µ¸±µ²±µ¢ ¤¥²¥´¨Ö. � ¨²ÊÎÏ¥¥ ¸µ£² ¸¨¥ · ¸Î¥Éµ¢
¸µ ¢¸¥° ¸µ¢µ±Ê¶´µ¸ÉÓÕ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¡Ò²µ ¤µ¸É¨£´ÊÉµ ¶·¨ Î¨-
¸²¥´´ÒÌ §´ Î¥´¨ÖÌ ¤²Ö ±µÔËË¨Í¨¥´É  C ∼ 0, 85 ¨ µÉ´µÏ¥´¨Ö ãf/ãn ∼ 1, 05.
„²Ö ¨²²Õ¸É· Í¨¨ ¶µ²ÊÎ¥´´µ° ¶·¨ ÔÉµ³ ¸É¥¶¥´¨ ¸µ£² ¸¨Ö ¢ µ¶¨¸ ´¨¨ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ´  ·¨¸. 2 ¨ 3 ¶·¨¢¥¤¥´µ ¸· ¢´¥´¨¥ · ¸Î¥É´ÒÌ ¨
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¥Î¥´¨° ¤¥²¥´¨Ö ¨ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° µ¸±µ²±µ¢ ¤²Ö
´¥±µÉµ·ÒÌ ¨§ ¨§ÊÎ¥´´ÒÌ ·¥ ±Í¨°. �  ·¨¸. 4 ¶·¨¢¥¤¥´µ ¸· ¢´¥´¨¥ §´ Î¥´¨°
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¶µ²´ÒÌ ¡ ·Ó¥·µ¢ ¤¥²¥´¨Ö (¤²Ö ¨§µÉµ¶µ¢ ¸¢¨´Í ) ¨ ¨Ì ¦¨¤±µ± ¶¥²Ó´ÒÌ ±µ³-
¶µ´¥´Éµ¢, ¶µ²ÊÎ¥´´ÒÌ ¨§  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¸ ¢¥²¨Î¨´ ³¨


¨¸. 2. „¥²¨É¥²Ó´Ò¥ ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥-
´¨Ö ¤²Ö ±µ³¶ Ê´¤-Ö¤¥· ¢ ¤¨ ¶ §µ´¥ µÉ W
¤µ Pb, ¨§³¥·¥´´Ò¥ ¢ ·¥ ±Í¨¨ (12C, f).
’µÎ±¨ Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥,
²¨´¨¨ Å ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  (¶µ µ¸¨  ¡-
¸Í¨¸¸ Å Ô´¥·£¨Ö ¨µ´µ¢ Ê£²¥·µ¤  ¢ ² ¡.
¸¨¸É¥³¥ ±µµ·¤¨´ É)

¡ ·Ó¥·µ¢ ¤²Ö É¥Ì ¦¥ Ö¤¥·, · ¸¸Î¨É ´-
´ÒÌ ¶µ ³µ¤¥²¨ ¦¨¤±µ° ± ¶²¨ ¸ ¨¸¶µ²Ó-
§µ¢ ´¨¥³ ¶ · ³¥É·¨§ Í¨¨ Œ °·¸  Å
‘¢ÖÉ¥Í±µ£µ [13]. Š ± ¸²¥¤Ê¥É ¨§ ·¨-
¸Ê´± , · ¸Î¥É´ Ö ±·¨¢ Ö Ìµ·µÏµ ¸µ£² -
¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´Éµ³ ¢ µ¡² ¸É¨ §´ -
Î¥´¨° Z2/A = 28 ÷ 32, £¤¥ µ¡µ²µÎ¥Î-
´Ò¥ ¶µ¶· ¢±¨ µÉ´µ¸¨É¥²Ó´µ ³ ²Ò. ‚
µ¡² ¸É¨ §´ Î¥´¨° Z2/A = 32÷35 ¶µ²-
´Ò¥ ¡ ·Ó¥·Ò ¤¥²¥´¨Ö ¶¥·¥¸É ÕÉ Ê³¥´Ó-
Ï ÉÓ¸Ö ¨ ¶· ±É¨Î¥¸±¨ ¨³¥ÕÉ ¶µ¸ÉµÖ´-
´ÊÕ ¢¥²¨Î¨´Ê, ÎÉµ ¸¢Ö§ ´µ ¸ ¡Ò¸É·Ò³
·µ¸Éµ³ ¢¥²¨Î¨´ µ¡µ²µÎ¥Î´ÒÌ ¶µ¶· -
¢µ± ¶µ ³¥·¥ ¶·¨¡²¨¦¥´¨Ö ± ¤¢ ¦¤Ò
³ £¨Î¥¸±µ³Ê Ö¤·Ê 208Pb.

�É¤¥²Ó´µ ¸²¥¤Ê¥É ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ
¢¥²¨Î¨´Ò ¡ ·Ó¥·µ¢ ¤¥²¥´¨Ö, ¶µ²ÊÎ¥´-
´Ò¥ ¨§  ´ ²¨§  Ì · ±É¥·¨¸É¨± ¤¥²¨-
É¥²Ó´µ° ³µ¤Ò · ¸¶ ¤  ¢ ·¥ ±Í¨ÖÌ ¸ ÉÖ-
¦¥²Ò³¨ ¨µ´ ³¨, Ìµ·µÏµ ¸µ£² ¸ÊÕÉ¸Ö
¸ ¤ ´´Ò³¨, ¶µ²ÊÎ¥´´Ò³¨ ¶·¨ ¨¸¸²¥¤µ-
¢ ´¨¨ ¤¥²¨É¥²Ó´µ° ³µ¤Ò · ¸¶ ¤  ¤µ ±-
É¨´¨¤´ÒÌ ±µ³¶ Ê´¤-Ö¤¥· ¢ ·¥ ±Í¨ÖÌ ¸
²¥£±¨³¨ Î ¸É¨Í ³¨ Å ¶·µÉµ´ ³¨, ¤¥°-
É·µ´ ³¨ ¨ α-Î ¸É¨Í ³¨ [5]. ‚ µ¡µ¨Ì
¸²ÊÎ ÖÌ ¤²Ö  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó-
´ÒÌ ¤ ´´ÒÌ ¨¸¶µ²Ó§µ¢ ² ¸Ó ¸É É¨¸É¨-
Î¥¸± Ö ³µ¤¥²Ó, ´µ ¢ ·¥ ±Í¨ÖÌ ¸ ÉÖ¦¥-
²Ò³¨ ¨µ´ ³¨ ³Ò ¨³¥¥³ ¤¥²µ ¸o §´ Î¨-
É¥²Ó´µ ¡µ²ÓÏ¨³ ¤¨ ¶ §µ´µ³ Ô´¥·£¨°
¢µ§¡Ê¦¤¥´¨Ö ¨, É¥³ ¡µ²¥¥, Ê£²µ¢ÒÌ ³µ-
³¥´Éµ¢. •µ·µÏ¥¥ ¸µ£² ¸¨¥ ¢¥²¨Î¨´ ¡ -

·Ó¥·µ¢, ¨§¢²¥± ¥³ÒÌ ¨§ ¸Éµ²Ó · §²¨Î´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢, ¸¢¨¤¥É¥²Ó¸É¢Ê¥É, ÎÉµ
¸É É¨¸É¨Î¥¸± Ö ³µ¤¥²Ó ¶· ¢¨²Ó´µ µ¶¨¸Ò¢ ¥É µ¸´µ¢´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¤¥-
²¨É¥²Ó´µ° ³µ¤Ò · ¸¶ ¤  ±µ³¶ Ê´¤-Ö¤¥· ¢ Ï¨·µ±µ³ ¤¨ ¶ §µ´¥ ¨§³¥´¥´¨Ö ¨Ì
Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö ¨ Ê£²µ¢ÒÌ ³µ³¥´Éµ¢.

� ·Ö¤Ê c µ¶·¥¤¥²¥´¨¥³  ¡¸µ²ÕÉ´ÒÌ ¢¥²¨Î¨´ ¡ ·Ó¥·µ¢ ¤¥²¥´¨Ö, ¡Ò² 
¶·¥¤¶·¨´ÖÉ  ¶µ¶ÒÉ±  Ô±¸¶¥·¨³¥´É ²Ó´µ µ¶·¥¤¥²¨ÉÓ ¢¨¤ ¨§µ¸¶¨´µ¢µ° § ¢¨-
¸¨³µ¸É¨ ¶µ¢¥·Ì´µ¸É´µ° Ô´¥·£¨¨ Ö¤·  ¨, ¸µµÉ¢¥É¸É¢¥´´µ, ¦¨¤±µ± ¶¥²Ó´ÒÌ ¡ -
·Ó¥·µ¢ ¤¥²¥´¨Ö. „²Ö ÔÉµ£µ ¢ · ¡µÉ¥ [12] ¡Ò²¨ ¨§³¥·¥´Ò ËÊ´±Í¨¨ ¢µ§¡Ê-
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¦¤¥´¨Ö ¤¥²¥´¨Ö ¤²Ö ¶ÖÉ¨ ±µ³¶ Ê´¤-Ö¤¥· ¸¢¨´Í  (199Pb, 200Pb, 201Pb, 202Pb
¨ 204Pb), ¶µ²ÊÎ¥´´ÒÌ ¢ ·¥ ±Í¨ÖÌ Os(12C, f) ´  ³¨Ï¥´ÖÌ ¨§ · §¤¥²¥´´ÒÌ


¨¸. 3. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨
· ¸Î¥É´Ò¥ Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö
µ¸±µ²±µ¢ ¤¥²¥´¨Ö ±µ³¶ Ê´¤-Ö¤· 
196Hg ¤²Ö ¤¢ÊÌ §´ Î¥´¨° Ô´¥·£¨¨
¨µ´µ¢ Ê£²¥·µ¤ : 106 ŒÔ‚ (Î¥·-
´Ò¥ ÉµÎ±¨ ¨ ¸¶²µÏ´ Ö ²¨´¨Ö);
60 ŒÔB (¸¢¥É²Ò¥ ±·Ê¦±¨ ¨ ¶Ê´±-
É¨·´ Ö ²¨´¨Ö)

¨§µÉµ¶µ¢ µ¸³¨Ö ¢Ò¸µ±µ£µ µ¡µ£ Ð¥´¨Ö. ˆ§-
¢²¥Î¥´´Ò¥ ¨§  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ ¢¥²¨Î¨´Ò ¤²Ö ¦¨¤±µ± ¶¥²Ó´ÒÌ ¡ -
·Ó¥·µ¢ ¤¥²¥´¨Ö ¢³¥¸É¥ ¸ ¤ ´´Ò³¨ ¨§ · ¡µÉÒ
[5] (Î¥·´Ò¥ ÉµÎ±¨) ¶·¨¢¥¤¥´Ò ¢µ ¢¸É ¢±¥
´  ·¨¸. 4. ’ ³ ¦¥ ¸¶²µÏ´µ° ²¨´¨¥° ¶µ± -
§ ´Ò §´ Î¥´¨Ö ¤²Ö ¦¨¤±µ± ¶¥²Ó´ÒÌ ¡ ·Ó¥-
·µ¢, ¶·¥¤¸± §Ò¢ ¥³Ò¥ ± ¶¥²Ó´µ° ³µ¤¥²ÓÕ
¸µ ¸É ´¤ ·É´Ò³ §´ Î¥´¨¥³ ±µÔËË¨Í¨¥´É 
k ¶·¨ ¨§µ¸¶¨´µ¢µ³ Î²¥´¥: k = 1, 78. Š ±
¢¨¤´µ ¨§ ·¨¸Ê´± , ¨¸¶µ²Ó§µ¢ ´¨¥ ¢ · ¸Î¥-
É Ì ¡µ²¥¥ ¢Ò¸µ±¨Ì §´ Î¥´¨° ¤²Ö ±µÔËË¨-
Í¨¥´É  k (´ ¶·¨³¥·, k = 3, 0 ¨§ [10]) ³µ-
¦¥É Ê²ÊÎÏ¨ÉÓ ¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³.
�¤´ ±µ ¤¥² ÉÓ ¨§ ÔÉµ£µ Ë ±É  µ¤´µ§´ Î´Ò°
¢Ò¢µ¤ ¶·¥¦¤¥¢·¥³¥´´µ, É ± ± ± ¦¨¤±µ± -
¶¥²Ó´Ò¥ ¡ ·Ó¥·Ò ¤²Ö ¨¸¸²¥¤µ¢ ´´ÒÌ ¨§µ-
Éµ¶µ¢ ¸¢¨´Í  ¶µ²ÊÎ ÕÉ¸Ö ¶·¨ ¢ÒÎ¨É ´¨¨
¨§ ¶µ²´µ£µ ¡ ·Ó¥·  ¤µ¢µ²Ó´µ §´ Î¨É¥²Ó´µ°
µ¡µ²µÎ¥Î´µ° ¶µ¶· ¢±¨ ¨ ¶µÔÉµ³Ê ÉµÎ´µ¸ÉÓ
¨Ì µ¶·¥¤¥²¥´¨Ö ´¥ µÎ¥´Ó ¢¥²¨± .

ˆ¸¶µ²Ó§ÊÖ ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¤¥²¨-
É¥²Ó´ÒÌ ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö ¶ÖÉ¨
¨§µÉµ¶µ¢ ¸¢¨´Í  ¨ ¶· ±É¨Î¥¸±¨ ¸¢µ¡µ¤´Ò¥
µÉ ³µ¤¥²Ó´ÒÌ ¶·¥¤¶µ²µ¦¥´¨° ³ É¥³ É¨Î¥-
¸±¨¥ ¸µµÉ´µÏ¥´¨Ö, ³µ¦´µ ¶µ²ÊÎ¨ÉÓ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ¢¥²¨Î¨´Ò ¸¥Î¥´¨° ¤¥²¥´¨Ö
´  ± ¦¤µ° ¨§ ¸ÉÊ¶¥´¥° ¨¸¶ ·¨É¥²Ó´µ£µ ± ¸± ¤ . ’ ± ± ± ¤²Ö ±µ³¶ Ê´¤-Ö¤¥·
¸¢¨´Í  µÉ´µÏ¥´¨¥ Γn/Γtot ∼ 0, 95, Éµ µ¸´µ¢´µ° ¢±² ¤ ¢ Ô³¨¸¸¨µ´´µ¥ ¤¥²¥-
´¨¥ ¢´µ¸¨É ¤¥²¥´¨¥ ¶µ¸²¥ ¨¸¶ ·¥´¨Ö ´¥°É·µ´µ¢. �µÔÉµ³Ê ¨§ ¢Ò· ¦¥´¨Ö (11)
³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¸²¥¤ÊÕÐ¥¥ ¸µµÉ´µÏ¥´¨¥:

k∑
i=0

σif =
σexpf (A,E)σc(A− k − 1, Ek)− σexpf (A− k − 1, Ek)σc(A,E)

σc(A− k − 1, Ek)− σexpf (A− k − 1, Ek)
, (13)

£¤¥
∑k

i=0 σ
i
f Å ¸Ê³³  ¸¥Î¥´¨° ¤¥²¥´¨Ö ¨¸Ìµ¤´µ£µ ¨ ¤µÎ¥·´¨Ì Ö¤¥·, µ¡· -

§ÊÕÐ¨Ì¸Ö ¢ ¶·µÍ¥¸¸¥ ¨¸¶ ·¥´¨Ö k ´¥°É·µ´µ¢, Ek Å Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö
¤µÎ¥·´¨Ì Ö¤¥·. ‚ ¸µµÉ´µÏ¥´¨¥ (13) ¢Ìµ¤ÖÉ Éµ²Ó±µ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¥Î¥-
´¨Ö ¤¥²¥´¨Ö σexpf ¨ Ìµ·µÏµ ¨§¢¥¸É´Ò¥ ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö ¸µ¸É ¢´ÒÌ Ö¤¥·
¢ ·¥ ±Í¨ÖÌ ¸ ¨µ´ ³¨ Ê£²¥·µ¤ . �·¨ ´ ²¨Î¨¨ ËÊ´±Í¨° ¢µ§¡Ê¦¤¥´¨Ö ¤¥²¥´¨Ö
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¤²Ö Í¥¶µÎ±¨ ¨§µÉµ¶µ¢ ±µ³¶ Ê´¤-Ö¤¥· µ¤´µ£µ Ô²¥³¥´É  ¨§ ¸µµÉ´µÏ¥´¨Ö (13)
³µ¦´µ · ¸¸Î¨É ÉÓ ¸Ê³³Ê ¸¥Î¥´¨° ¤¥²¥´¨Ö ²Õ¡µ£µ Î¨¸²  ¤µÎ¥·´¨Ì Ö¤¥·, ¨,
¸²¥¤µ¢ É¥²Ó´µ, ¸¥Î¥´¨Ö ± ¦¤µ£µ ¨§ ´¨Ì ¢ µÉ¤¥²Ó´µ¸É¨. �  ·¨¸. 5 ¶·¥¤¸É -
¢²¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ · ¸Î¥É´Ò¥ ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¤¥²¥´¨Ö ¶ÖÉ¨


¨¸. 4. ‡ ¢¨¸¨³µ¸ÉÓ ¡ ·Ó¥·µ¢ ¤¥²¥´¨Ö µÉ ¶ -
· ³¥É·  ¤¥²¨³µ¸É¨ Z2/A: ¸¢¥É²Ò¥ ÉµÎ±¨ Å
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ±·¨¢Ò¥ Å ¡ -
·Ó¥·Ò ¤¥²¥´¨Ö, · ¸¸Î¨É ´´Ò¥ ¶µ ³µ¤¥²¨
¦¨¤±µ° ± ¶²¨

±µ³¶ Ê´¤-Ö¤¥· ¸¢¨´Í , ´  ·¨¸. 6 Å
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¥Î¥´¨Ö ¤µ-
Ô³¨¸¸¨µ´´µ£µ ¤¥²¥´¨Ö ¤²Ö É·¥Ì
±µ³¶ Ê´¤-Ö¤¥· 200,201,202Pb. „²Ö
´ £²Ö¤´µ¸É¨ µ´¨ ¶·¥¤¸É ¢²¥´Ò ¢
¢¨¤¥ µÉ´µÏ¥´¨Ö σ0f/σ

exp
f , £¤¥ σ0f Å

¸¥Î¥´¨¥ ¤µÔ³¨¸¸¨µ´´µ£µ ¤¥²¥´¨Ö,
  σexpf Å ¶µ²´µ¥ ¸¥Î¥´¨¥ ¤¥²¥´¨Ö
Éµ£µ ¦¥ Ö¤· . Š ± ¢¨¤´µ ¨§ ·¨-
¸Ê´± , ¶·¨ Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö
∼ 90 ŒÔ‚ µÉ´µÏ¥´¨¥ σ0f/σ

exp
f ¸µ-

¸É ¢²Ö¥É ¢¥²¨Î¨´Ê ∼ 20% ¨ Ê¢¥-
²¨Î¨¢ ¥É¸Ö ¤µ 70% ¶·¨ Ê³¥´Ó-
Ï¥´¨¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¤µ
40÷50 ŒÔ‚. 
 ´¥¥, ¤²Ö ±µ³¶ Ê´¤-
Ö¤¥·, ¶µ²ÊÎ¥´´ÒÌ ¢ ·¥ ±Í¨ÖÌ ¸ ÉÖ-
¦¥²Ò³¨ ¨µ´ ³¨, ¶µ¤µ¡´µ° ¨´Ëµ·-
³ Í¨¨ ´¥ ¸ÊÐ¥¸É¢µ¢ ²µ. “¤µ¢²¥-
É¢µ·¨É¥²Ó´µ¥ ¸µ£² ¸¨¥ ·¥§Ê²ÓÉ Éµ¢
· ¸Î¥Éµ¢ ¸ ¨§³¥·¥´´Ò³¨ ¶µ²´Ò³¨
¨ ¶ ·Í¨ ²Ó´Ò³¨ ¸¥Î¥´¨Ö³¨ Ô³¨¸-
¸¨µ´´µ£µ ¤¥²¥´¨Ö Ö¢²Ö¥É¸Ö ¤µ¶µ²-

´¨É¥²Ó´Ò³ ¶µ¤É¢¥·¦¤¥´¨¥³ ¸¶· ¢¥¤²¨¢µ¸É¨ ¨¸¶µ²Ó§µ¢ ´´ÒÌ ¢ ¸É É¨¸É¨Î¥-
¸±µ° ³µ¤¥²¨ ¶·¥¤¶µ²µ¦¥´¨° µ ¢²¨Ö´¨¨ µ¡µ²µÎ¥Î´ÒÌ ÔËË¥±Éµ¢ ´  µ¸´µ¢´Ò¥
Ì · ±É¥·¨¸É¨±¨ ¶·µÍ¥¸¸  ¤¥¢µ§¡Ê¦¤¥´¨Ö ±µ³¶ Ê´¤-Ö¤¥·.

ˆ´É¥·¥¸´ÊÕ ¤µ¶µ²´¨É¥²Ó´ÊÕ ¨´Ëµ·³ Í¨Õ µ Ëµ·³¥ Ö¤·  ¢ ¶¥·¥Ìµ¤´µ³
¸µ¸ÉµÖ´¨¨ Ê¤ ²µ¸Ó ¶µ²ÊÎ¨ÉÓ ¨§  ´ ²¨§  Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° µ¸±µ²±µ¢ ¤¥-
²¥´¨Ö ±µ³¶ Ê´¤-Ö¤¥·, ¶µ²ÊÎ¥´´ÒÌ ¢ ·¥ ±Í¨ÖÌ ´¥¶µ²´µ£µ ¸²¨Ö´¨Ö. ˆ§³¥·¥´¨¥
Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° µ¸±µ²±µ¢ ¤¥²¥´¨Ö, ¢ ¸µ¢¶ ¤¥´¨¨ ¸ ²¥£±µ° § ·Ö¦¥´-
´µ° Î ¸É¨Í¥°, ¢Ò²¥É ÕÐ¥° ¶µ¤ ³ ²Ò³ Ê£²µ³ ¶µ µÉ´µÏ¥´¨Õ ± ´ ¶· ¢²¥´¨Õ
¶ÊÎ±  ¨µ´µ¢, ¶µ§¢µ²Ö¥É ¨§ÊÎ ÉÓ Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö µ¸±µ²±µ¢ ¶· ±É¨Î¥-
¸±¨ ¢¶²µÉÓ ¤µ 180◦ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ¨ ¡µ²¥¥ ´ ¤¥¦´µ µ¶·¥¤¥²ÖÉÓ ¨Ì
µÉ±²µ´¥´¨¥ µÉ ËÊ´±Í¨¨ ¢¨¤  1/ sin θ. ’ ±, ´ ¶·¨³¥·, Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥-
´¨Ö µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¢ ·¥ ±Í¨ÖÌ 197Au(22Ne, f) ¨ 197Au(22Ne, αf) ¡Ò²¨
¨¸¸²¥¤µ¢ ´Ò ¢ · ¡µÉ¥ [14] (·¥§Ê²ÓÉ ÉÒ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 7). Š ¦¤µ¥ Ê£²µ¢µ¥
· ¸¶·¥¤¥²¥´¨¥ ´µ·³¨·µ¢ ´µ ´  ¸¥Î¥´¨¥ ¤¥²¥´¨Ö ¶µ¤ Ê£²µ³ 90◦ ¢ ¸µµÉ¢¥É-
¸É¢ÊÕÐ¥° ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸. “£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ µ¸±µ²±µ¢ ¤¥²¥´¨Ö
±µ³¶ Ê´¤-Ö¤·  219Ac, · ¸¸Î¨É ´´µ¥ ¸ ÊÎ¥Éµ³ ¢±² ¤µ¢ Ô³¨¸¸¨µ´´µ£µ ¤¥²¥´¨Ö,
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Ìµ·µÏµ ¸µ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¶·¨ µÉ´µÏ¥´¨¨ Jsph/Jeff = 1, 2, ¢
Éµ ¢·¥³Ö ± ± ¤²Ö ·¥ ±Í¨¨ ´¥¶µ²´µ£µ ¸²¨Ö´¨Ö ´ ¡²Õ¤ ¥É¸Ö  ´µ³ ²Ó´µ ¡µ²ÓÏ Ö


¨¸. 5. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ · ¸Î¥É-
´Ò¥ ¤¥²¨É¥²Ó´Ò¥ ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥-
´¨Ö ¤²Ö ¶ÖÉ¨ · §²¨Î´ÒÌ ±µ³¶ Ê´¤-Ö¤¥·
¸¢¨´Í , ¶µ²ÊÎ¥´´ÒÌ ¢ ·¥ ±Í¨¨ ¸ ¨µ-
´ ³¨ Ê£²¥·µ¤ 

Ê£²µ¢ Ö  ´¨§µÉ·µ¶¨Ö, ±µÉµ· Ö ´¥ µ¡ÑÖ¸-
´Ö¥É¸Ö ¢ · ³± Ì É· ¤¨Í¨µ´´µ° ³µ¤¥²¨ ¨
Ê± §Ò¢ ¥É ´  Éµ, ÎÉµ ¢ ¸²ÊÎ ¥ ·¥ ±Í¨¨
´¥¶µ²´µ£µ ¸²¨Ö´¨Ö ¢¥²¨Î¨´  K2

0 ´¥ ¤µ-
¸É¨£ ¥É ¸¢µ¥° · ¢´µ¢¥¸´µ° ¢¥²¨Î¨´Ò.

‚ § ±²ÕÎ¥´¨¥ · §¤¥²  § ³¥É¨³, ÎÉµ
 ´ ²¨§ ¤¥²¨É¥²Ó´ÒÌ ËÊ´±Í¨° ¢µ§¡Ê¦¤¥-
´¨Ö ¨ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° µ¸±µ²±µ¢
¤¥²¥´¨Ö, ¸¤¥² ´´Ò° ¤²Ö ¤µ ±É¨´¨¤´ÒÌ
±µ³¶ Ê´¤-Ö¤¥·, ¶µ§¢µ²¨² ¶µ²ÊÎ¨ÉÓ µÉ-
¢¥ÉÒ ´  ·Ö¤ ¢µ¶·µ¸µ¢, ¸¢Ö§ ´´ÒÌ ¸ ³¥Ì -
´¨§³µ³ ¨Ì ¤¥¢µ§¡Ê¦¤¥´¨Ö, ¨ µ¶·¥¤¥²¨ÉÓ
¤µ¶Ê¸É¨³Ò° ¤¨ ¶ §µ´ ¢ ·Ó¨·µ¢ ´¨Ö Î¨-
¸²¥´´ÒÌ §´ Î¥´¨° ¤²Ö µ¸´µ¢´ÒÌ ¶ · ³¥-
É·µ¢ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ ¨ ¨Ì ¢²¨Ö-
´¨¥ ´  · ¸Î¥É´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¨
¨´É¥£· ²Ó´Ò¥ ¸¥Î¥´¨Ö,   É ±¦¥ Ê£²µ¢Ò¥
· ¸¶·¥¤¥²¥´¨Ö µ¸±µ²±µ¢ ¤¥²¥´¨Ö. ‚ µÉ-
²¨Î¨¥ µÉ · ¸¶·µ¸É· ´¥´´µ£µ ³´¥´¨Ö µ
¤µ¸É ÉµÎ´µ¸É¨ ¨¸¶µ²Ó§µ¢ ´¨Ö ¤²Ö µ¶¨-
¸ ´¨Ö ¶·µÍ¥¸¸µ¢, ¶·µÉ¥± ÕÐ¨Ì ¢ ·¥ ±-
Í¨ÖÌ ¸ ÉÖ¦¥²Ò³¨ ¨µ´ ³¨, Éµ²Ó±µ ¦¨¤-
±µ± ¶¥²Ó´µ° ³µ¤¥²¨ ¡Ò²  ¶µ± § ´  ´¥-
µ¡Ìµ¤¨³µ¸ÉÓ ÊÎ¥É  µ¡µ²µÎ¥Î´ÒÌ ÔËË¥±-
Éµ¢ ± ± ¢ ¶²µÉ´µ¸É¨ Ê·µ¢´¥°, É ± ¨ ¢ ¡ -
·Ó¥·¥ ¤¥²¥´¨Ö. ’µ²Ó±µ ¸ ÊÎ¥Éµ³ µ¡µ²µ-
Î¥Î´ÒÌ ÔËË¥±Éµ¢ ¢µ§³µ¦´µ ¶· ¢¨²Ó´µ¥
É¥µ·¥É¨Î¥¸±µ¥ µ¶¨¸ ´¨¥ ËÊ´±Í¨¨ ¢µ§¡Ê-
¦¤¥´¨Ö ¤¥²¨É¥²Ó´µ° ³µ¤Ò · ¸¶ ¤ , ¸¥Î¥´¨° ¨¸¶ ·¨É¥²Ó´ÒÌ ± ´ ²µ¢ ¨ ¸·¥¤-
´¥£µ Î¨¸²  ¶·¥¤¤¥²¨É¥²Ó´ÒÌ ´¥°É·µ´µ¢ [15,16] (¶µ¤·µ¡´µ ÔÉµÉ ¢µ¶·µ¸ ¡Ê¤¥É
· ¸¸³µÉ·¥´ ¢ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥). �µ± § ´  ´¥µ¡Ìµ¤¨³µ¸ÉÓ ÊÎ¥É  Ô³¨¸¸¨-
µ´´µ£µ ¤¥²¥´¨Ö ¢ · ¸Î¥É Ì ¸¥Î¥´¨° ¤¥²¥´¨Ö ¨ ¢  ´ ²¨§¥ Ê£²µ¢ÒÌ · ¸¶·¥-
¤¥²¥´¨° µ¸±µ²±µ¢. ‚³¥¸É¥ ¸ É¥³ É ±¦¥ Ê¸É ´µ¢²¥´µ, ÎÉµ ¸¨²Ó´µ¥ ¢²¨Ö´¨¥
Ê£²µ¢µ£µ ³µ³¥´É  ´  ¤¥²¨É¥²Ó´Ò¥ Ì · ±É¥·¨¸É¨±¨ ±µ³¶ Ê´¤-Ö¤·  ¶·¨¢µ¤¨É
± §´ Î¨É¥²Ó´µ° ´¥µ¶·¥¤¥²¥´´µ¸É¨ ¢ ¢Ò¡µ·¥ Î¨¸²¥´´ÒÌ §´ Î¥´¨° ¤²Ö µ¸´µ¢-
´ÒÌ ¶ · ³¥É·µ¢ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨, ¨ ¤²Ö ¨Ì µ¶·¥¤¥²¥´¨Ö ´¥µ¡Ìµ¤¨³Ò
¤µ¶µ²´¨É¥²Ó´Ò¥ ¤ ´´Ò¥, ±µÉµ·Ò¥ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¶·¨ ¨¸¸²¥¤µ¢ ´¨¨ ¸¥Î¥-
´¨° µ¡· §µ¢ ´¨Ö Ö¤¥·-¶·µ¤Ê±Éµ¢ ¢ xn-, pxn- ¨ αxn-± ´ ² Ì ¤¥¢µ§¡Ê¦¤¥´¨Ö
±µ³¶ Ê´¤-Ö¤¥· ¨²¨ ¶·¨ ¨§ÊÎ¥´¨¨ ± ´ ²µ¢ · ¸¶ ¤  ¸ ¨¸¶Ê¸± ´¨¥³ ±² ¸É¥·µ¢.
�É¨³ ¢µ¶·µ¸ ³ ¨ ¡Ê¤ÊÉ ¶µ¸¢ÖÐ¥´Ò ¤¢  ¸²¥¤ÊÕÐ¨Ì · §¤¥² .
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¨¸. 6. ‡ ¢¨¸¨³µ¸ÉÓ µÉ´µÏ¥´¨Ö ¸¥Î¥´¨Ö ¤µÔ³¨¸¸¨µ´´µ£µ ¤¥²¥´¨Ö ± ¶µ²´µ³Ê ¸¥Î¥´¨Õ
¤¥²¥´¨Ö ¤²Ö É·¥Ì ±µ³¶ Ê´¤-Ö¤¥· 200,201,202Pb µÉ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö. ’µÎ±¨ Å
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ²¨´¨¨ Å ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢


¨¸. 7. “£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¢ ¸²ÊÎ ÖÌ ·¥ ±Í¨°:  ) ¶µ²´µ£µ, ¡) ´¥-
¶µ²´µ£µ ¸²¨Ö´¨Ö

4. ‘…—…�ˆŸ 	31�‡	‚��ˆŸ ˆ‘��1ˆ’…‹œ�›• �1	„“Š’	‚
‚ 	3‹�‘’ˆ „…‹Ÿ™ˆ•‘Ÿ Š	Œ��“�„-Ÿ„…1 ‘ Z ∼ 83÷ 92

‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¶µÖ¢¨²µ¸Ó ³´µ£µ ´µ¢ÒÌ ¤ ´´ÒÌ µ Ì · ±É¥·¨¸É¨± Ì
¨¸¶ ·¨É¥²Ó´ÒÌ ± ´ ²µ¢ ¶·¨ · ¸¶ ¤¥ ±µ³¶ Ê´¤-Ö¤¥· ¸ Z � 83 ÷ 92, µ¡· -
§ÊÕÐ¨Ì¸Ö ¢ ·¥ ±Í¨ÖÌ ¸ ÉÖ¦¥²Ò³¨ ¨µ´ ³¨. ‚ ¤ ´´µ° µ¡² ¸É¨ Ö¤¥· ¤¥²¨-
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É¥²Ó´Ò° ± ´ ² ¤¥¢µ§¡Ê¦¤¥´¨Ö Ê¦¥ Ö¢²Ö¥É¸Ö ¤µ³¨´¨·ÊÕÐ¨³, ¨ ¶µÔÉµ³Ê ¤ ¦¥
´¥¡µ²ÓÏ¨¥ ¨§³¥´¥´¨Ö ¢¥²¨Î¨´ ¤¥²¨É¥²Ó´ÒÌ ¶ · ³¥É·µ¢ ´Ê±²¨¤µ¢ ¶·¨¢µ¤ÖÉ
± ¸ÊÐ¥¸É¢¥´´µ³Ê ¨§³¥´¥´¨Õ ¢¥·µÖÉ´µ¸É¨ · ¸¶ ¤  ¶µ ¤·Ê£¨³, ±µ´±Ê·¨·ÊÕ-
Ð¨³ ± ´ ² ³. kµ²ÓÏ Ö Ê¤ ²¥´´µ¸ÉÓ µ¡· §ÊÕÐ¨Ì¸Ö ¢ ·¥ ±Í¨ÖÌ Ö¤¥· µÉ ²¨´¨¨
β-¸É ¡¨²Ó´µ¸É¨ ¨ ¡Ò¸É·µ¥ Ê³¥´ÓÏ¥´¨¥ ¦¨¤±µ± ¶¥²Ó´µ£µ ¡ ·Ó¥·  ¤¥²¥´¨Ö ¸
·µ¸Éµ³ Z ¤¥² ÕÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¢ ÔÉµ° µ¡² ¸É¨ ±·¨É¨Î´Ò³¨ ±
¶ · ³¥É· ³ ³µ¤¥²¨, µ¶·¥¤¥²ÖÕÐ¨³ § ¢¨¸¨³µ¸ÉÓ ¡ ·Ó¥·  ¤¥²¥´¨Ö µÉ § ·Ö¤µ-
¢µ£µ ¨ ³ ¸¸µ¢µ£µ Î¨¸¥² ´Ê±²¨¤ ,   É ±¦¥ ¸É¥¶¥´¨ ´¥°É·µ´´µ£µ ¤¥Ë¨Í¨É .
Š·µ³¥ Éµ£µ, ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö ¨¸¶ ·¨É¥²Ó´ÒÌ ¶·µ¤Ê±Éµ¢ ¸ Î¨¸² ³¨ ´¥°-
É·µ´µ¢, ¡²¨§±¨³¨ ± N � 126, ¤µ²¦´Ò ¡ÒÉÓ ¢¥¸Ó³  ÎÊ¢¸É¢¨É¥²Ó´Ò³¨ ± µ¡µ-
²µÎ¥Î´Ò³ ÔËË¥±É ³ ¢ ¤¥²¨É¥²Ó´µ³ ¨ ¨¸¶ ·¨É¥²Ó´µ³ ± ´ ² Ì, ¶µ¸±µ²Ó±Ê · ¸-
Î¥É´Ò¥ ¢¥²¨Î¨´Ò µ¡µ²µÎ¥Î´ÒÌ ¶µ¶· ¢µ± ¤²Ö ´Ê±²¨¤µ¢ ¸ Î¨¸²µ³ ´¥°É·µ´µ¢,
¡²¨§±¨³ ± ³ £¨Î¥¸±µ³Ê, · ¢´Ò ¨²¨ ¤ ¦¥ ´¥¸±µ²Ó±µ ¶·¥¢ÒÏ ÕÉ ¦¨¤±µ± -
¶¥²Ó´Ò° ¡ ·Ó¥· ¤¥²¥´¨Ö. „µ¶µ²´¨É¥²Ó´Ò° ¨´É¥·¥¸ ± ¨¸¸²¥¤µ¢ ´¨Ö³ ¢ ¤ ´´µ°
µ¡² ¸É¨ Ö¤¥· ¶·¨¤ ÕÉ É ±¦¥ ¨³¥ÕÐ¨¥¸Ö §¤¥¸Ó Ìµ·µÏ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¢µ§³µ¦´µ¸É¨ ¤²Ö ¨§ÊÎ¥´¨Ö Ì · ±É¥·¨¸É¨± · ¸¶ ¤  ±µ³¶ Ê´¤-Ö¤¥· ¢¶²µÉÓ ¤µ
¶·¥¤¥²Ó´ÒÌ É¥³¶¥· ÉÊ· ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Î¨¸Éµ ´¥°É·µ´´µ£µ ± ´ ²  ¨¸¶ -
·¥´¨Ö ¢ ¸²ÊÎ ¥ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥· ¨²¨ Î¨¸Éµ ¶·µÉµ´´µ£µ ± ´ ²  ¨¸-
¶ ·¥´¨Ö ¤²Ö ¶·µÉµ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤¥·. ˆ, ´ ±µ´¥Í, ¤µ¸É ÉµÎ´µ ¶µ¤·µ¡´Ò°
´ ¡µ· ¤ ´´ÒÌ ¢ ÔÉµ° µ¡² ¸É¨ Ö¤¥· ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ± ± Ìµ·µÏÊÕ ¡ §Ê
¤²Ö · §· ¡µÉ±¨ ±µ²¨Î¥¸É¢¥´´ÒÌ ¶µ¤Ìµ¤µ¢ ¢ µÍ¥´± Ì ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö
¸¢¥·ÌÉÖ¦¥²ÒÌ Ö¤¥· ¢ ·¥ ±Í¨ÖÌ ¶µ²´µ£µ ¸²¨Ö´¨Ö, ¢ Éµ³ Î¨¸²¥ ¢ ·¥ ±Í¨ÖÌ ¸
¨µ´ ³¨ 48Ca.

4.1. ;±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨ ·¥§Ê²ÓÉ ÉÒ  ´ ²¨§ . �¸´µ¢´µ° ³ ¸-
¸¨¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¤²Ö ÔÉµ° µ¡² ¸É¨ Ö¤¥· ¶µ²ÊÎ¥´ ¸· ¢´¨É¥²Ó´µ
´¥¤ ¢´µ (¢ É¥Î¥´¨¥ 6Ä8 ¶µ¸²¥¤´¨Ì ²¥É) ¢ ¨¸¸²¥¤µ¢ ´¨ÖÌ, ¶·µ¢¥¤¥´´ÒÌ ¢ ‹Ÿ

�ˆŸˆ. �µÔÉµ³Ê ¢´ Î ²¥ ±· É±µ µ¸É ´µ¢¨³¸Ö ´  ¨¸¶µ²Ó§µ¢ ¢Ï¥°¸Ö ¢ ÔÉ¨Ì
Ô±¸¶¥·¨³¥´É Ì ³¥Éµ¤¨±¥.

�±¸¶¥·¨³¥´ÉÒ ¶·µ¢µ¤¨²¨¸Ó ´  ¢Ò¢¥¤¥´´µ³ ¶ÊÎ±¥ Í¨±²µÉ·µ´  “-400 ‹Ÿ

�ˆŸˆ. ˆ¸¶µ²Ó§µ¢ ²¨¸Ó ¶ÊÎ±¨ ¨µ´µ¢ 20,22Ne, 24,26Mg, 27Al, 31P, 35Cl, 40Ar ¨
40Ca. �·µ¤Ê±ÉÒ ·¥ ±Í¨° ¶µ²´µ£µ ¸²¨Ö´¨Ö µÉ¤¥²Ö²¨¸Ó µÉ ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨°
£²Ê¡µ±µ´¥Ê¶·Ê£¨Ì ¶¥·¥¤ Î ¨ ¡µ³¡ ·¤¨·ÊÕÐ¨Ì ¨µ´µ¢ ¸ ¶µ³µÐÓÕ ±¨´¥³ É¨-
Î¥¸±µ£µ ¸¥¶ · Éµ·  ‚�‘ˆ‹ˆ‘�. �Éµ É·¥Ì¸ÉÊ¶¥´Î ÉÒ° Ô²¥±É·µ¸É É¨Î¥¸±¨°
¸¥¶ · Éµ· ¸ É¥²¥¸´Ò³ Ê£²µ³ § Ì¢ É  15 ³¸· ¨ ¶µ²µ¸µ° ¶·µ¶Ê¸± ´¨Ö ±10% ¶µ
Ô²¥±É·¨Î¥¸±µ° ¦¥¸É±µ¸É¨. �·¨ ¡Ò¸É·µ¤¥°¸É¢¨¨, ¡²¨§±µ³ ± µ¤´µ° ³¨±·µ¸¥-
±Ê´¤¥, µ´ µ¡¥¸¶¥Î¨¢ ¥É ÔËË¥±É¨¢´µ¥ · §¤¥²¥´¨¥ ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨° ¶µ²´µ£µ
¸²¨Ö´¨Ö, ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨° ¶¥·¥¤ Î ¨ ¡µ³¡ ·¤¨·ÊÕÐ¥£µ ¶ÊÎ±  ¨µ´µ¢. �Ë-
Ë¥±É¨¢´µ¸ÉÓ ¸¥¶ · Í¨¨ ¶·µ¤Ê±Éµ¢ ¶µ²´µ£µ ¸²¨Ö´¨Ö § ¢¨¸¨É µÉ ³ ¸¸Ò ¡µ³-
¡ ·¤¨·ÊÕÐ¥£µ ¨µ´  ¨ ¤²Ö ±µ³¶ Ê´¤-Ö¤¥· ¸ A ≥ 200 ³¥´Ö¥É¸Ö µÉ 3% (¤²Ö
·¥ ±Í¨° ¸ ¨µ´ ³¨ ±¨¸²µ·µ¤ ) ¤µ 25% ¤²Ö ·¥ ±Í¨° ¸ ¨µ´ ³¨  ·£µ´  ¨ ± ²Ó-
Í¨Ö. 
¥£¨¸É· Í¨Ö Ö¤¥· µÉ¤ Î¨ ¨ ¨§³¥·¥´¨¥ Ô´¥·£¨° ¨Ì α-· ¸¶ ¤µ¢ µ¸ÊÐ¥-
¸É¢²Ö²¨¸Ó ¢ Ëµ± ²Ó´µ° ¶²µ¸±µ¸É¨ ¸¥¶ · Éµ·  ¤¥É¥±É¨·ÊÕÐ¥° ¸¨¸É¥³µ° ¨§
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¤¢ÊÌ Ï¨·µ±µ ¶¥·ÉÊ·´ÒÌ ¢·¥³Ö¶·µ²¥É´ÒÌ ¤¥É¥±Éµ·µ¢ ¸ ¢·¥³¥´´Ò³ · §·¥Ï¥-
´¨¥³ 0,5 ´¸ ¨ ¢µ¸Ó³¨¸É·¨¶µ¢µ£µ ¶µ²Ê¶·µ¢µ¤´¨±µ¢µ£µ ¤¥É¥±Éµ·  ¸ ¶µ²´Ò³
· §³¥·µ³ 50 × 70 ³³ ¨ · §·¥Ï¥´¨¥³ 30 ±Ô‚ ¤²Ö α-Î ¸É¨Í ¸ Ô´¥·£¨¥° ¢ ¤¨ -
¶ §µ´¥ µÉ 6 ¤µ 9 ŒÔ‚. ˆ¤¥´É¨Ë¨± Í¨Ö ´Ê±²¨¤  ¶·µ¢µ¤¨² ¸Ó ¶µ Ô´¥·£¨¨
¥£µ α-· ¸¶ ¤  ¨ ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö. ‚ ¶·µ¢¥¤¥´´ÒÌ Ô±¸¶¥·¨³¥´É Ì ¡Ò²¨
¨§³¥·¥´Ò ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö xn-, pxn- ¨ αxn-± ´ ²µ¢ ¤¥¢µ§¡Ê¦¤¥-
´¨Ö ±µ³¶ Ê´¤-Ö¤¥· 191,193,199Bi, 200,202Po, 199,205,207At, 210,212,216,218,220Ra,
212Rn, 217,219Ac, 221,223,225,227Pa ¨ 228,230U ¢ µ¡² ¸É¨ Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö
µÉ 40 ¤µ 160 ŒÔ‚ (¸³. · ¡µÉÒ [17,18] ¨ ¸¸Ò²±¨ ¢ ´¨Ì).


¨¸. 8. ”Ê´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö xn-± ´ ²µ¢ ¢ ·¥ ±Í¨¨ 22Ne + 198Pt. ’µÎ±¨ Å
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ²¨´¨¨ Å ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¶µ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ ¸
ÊÎ¥Éµ³ µ¡µ²µÎ¥Î´ÒÌ ÔËË¥±Éµ¢ ¶·¨ §´ Î¥´¨ÖÌ ¶ · ³¥É·µ¢: C = 0, 63 ¨ ãf/ãν = 1, 00

�·¥¤¸É ¢²¥´¨¥ µ Ì · ±É¥·¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¶µ²ÊÎ¥´´ÒÌ ¢
ÔÉ¨Ì · ¡µÉ Ì, ¤ ¥É ·¨¸. 8, ´  ±µÉµ·µ³ ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ËÊ´±-
Í¨° ¢µ§¡Ê¦¤¥´¨Ö ¢ xn-± ´ ²¥ ¤¥¢µ§¡Ê¦¤¥´¨Ö ±µ³¶ Ê´¤-Ö¤·  220Ra, µ¡· §ÊÕ-
Ð¥£µ¸Ö ¢ ·¥ ±Í¨¨ 22Ne + 198Pt. ‹¨´¨Ö³¨ ´  ·¨¸Ê´±¥ ¶µ± § ´Ò ·¥§Ê²ÓÉ ÉÒ
· ¸Î¥Éµ¢, ¸¤¥² ´´ÒÌ ¶µ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨. ‚¨¤´µ, ÎÉµ · ¸Î¥É Ìµ·µÏµ
¢µ¸¶·µ¨§¢µ¤¨É ± ±  ¡¸µ²ÕÉ´Ò¥ ¢¥²¨Î¨´Ò ¸¥Î¥´¨° ¢ ³ ±¸¨³Ê³ Ì ¢ÒÌµ¤µ¢, É ±
¨ Ëµ·³Ê ËÊ´±Í¨° ¢µ§¡Ê¦¤¥´¨Ö, ÌµÉÖ É ± Ö § ¤ Î  ¢ · ¸Î¥É Ì ´¥ ¸É ¢¨² ¸Ó.

„²Ö ¸· ¢´¥´¨Ö ¸ · ¸Î¥Éµ³ ³Ò ¨¸¶µ²Ó§µ¢ ²¨ ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó ¤ ´´Ò¥ µ ¢¥-
²¨Î¨´ Ì ¸¥Î¥´¨° ¢ ³ ±¸¨³Ê³ Ì ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö. �Éµ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ
É ±¨³ µ¡· §µ³ ¸´¨³ ÕÉ¸Ö ¢µ¶·µ¸Ò, ¸¢Ö§ ´´Ò¥ ¸ µ¶¨¸ ´¨¥³ ¢Éµ·µ¸É¥¶¥´´ÒÌ
¤¥É ²¥° ËÊ´±Í¨° ¢µ§¡Ê¦¤¥´¨Ö (´ ¶·¨³¥·, ®Ì¢µ¸Éµ¢¯) ¨ ¶µÔÉµ³Ê ³µ¦´µ ¡µ²¥¥
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Î¥É±µ ¢Ò¤¥²¨ÉÓ µ¡Ð¨¥ § ±µ´µ³¥·´µ¸É¨ ¢ ¶µ¢¥¤¥´¨¨ ³µ¤¥²¨, ¶·µÖ¢²ÖÕÐ¨-
¥¸Ö ¶·¨  ´ ²¨§¥ ¡µ²ÓÏµ£µ ³ ¸¸¨¢  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. ‚µ-¢Éµ·ÒÌ,
¶·¨ · ¸Î¥É Ì ËÊ´±Í¨° ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö ¨¸¶ ·¨É¥²Ó´ÒÌ ± ´ ²µ¢ ´¥µ¡Ìµ¤¨³µ
§´ ÉÓ ¸¥Î¥´¨e µ¡· §µ¢ ´¨Ö ¸µ¸É ¢´µ£µ Ö¤· , ¸¢Ö§ ´´µ¥ ¸ ¢¥²¨Î¨´ ³¨ 
cr ¨
∆
cr. �É¨ ¢¥²¨Î¨´Ò ³µ£ÊÉ ´¥¸±µ²Ó±µ · §²¨Î ÉÓ¸Ö ¢ · §´ÒÌ ³µ¤¥²ÖÌ, µ¤´ ±µ ¢
µ¡² ¸É¨ ¤¥²ÖÐ¨Ì¸Ö Ö¤¥·, ¶·¨ Ô´¥·£¨ÖÌ ¡µ³¡ ·¤¨·ÊÕÐ¨Ì ¨µ´µ¢ ¢ÒÏ¥ ¡ ·Ó¥· 
¢§ ¨³µ¤¥°¸É¢¨Ö, ¸¥Î¥´¨¥ ¨¸¶ ·¨É¥²Ó´ÒÌ ·¥ ±Í¨° ¢ ³ ±¸¨³Ê³¥ ËÊ´±Í¨° ¢µ§-
¡Ê¦¤¥´¨Ö ¶· ±É¨Î¥¸±¨ ¶µ²´µ¸ÉÓÕ µ¡Ê¸²µ¢²¥´µ ¢±² ¤µ³ ¶ ·Í¨ ²Ó´ÒÌ ¢µ²´ ¸

 ≤ 30 − 40 [19], Éµ ¥¸ÉÓ ¸ÊÐ¥¸É¢¥´´µ ³¥´ÓÏ¨Ì, Î¥³ 
cr ¢ · ¸¸³ É·¨¢ ¥³ÒÌ
´ ³¨ ·¥ ±Í¨ÖÌ. �µÔÉµ³Ê ¸¶µ¸µ¡ ¢Ò¡µ·  
cr ¨ ∆
cr ´¥ ¢²¨Ö¥É ´  ¢¥²¨Î¨´Ò
¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ¨¸¶ ·¨É¥²Ó´ÒÌ ¶·µ¤Ê±Éµ¢ ¢ ³ ±¸¨³Ê³ Ì ËÊ´±Í¨° ¢µ§-
¡Ê¦¤¥´¨Ö.

�·¥¦¤¥ Î¥³ µ¸É ´µ¢¨ÉÓ¸Ö ´  Ê¦¥ µ¶¨¸ ´´µ³ ¢µ ¢Éµ·µ° £² ¢¥ µ¡§µ·  ¢ ·¨-
 ´É¥ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ ¨ Ê´¨¢¥·¸ ²Ó´µ³ ´ ¡µ·¥ ³µ¤¥²Ó´ÒÌ ¶ · ³¥É·µ¢,
³Ò ¨¸¸²¥¤µ¢ ²¨ ´¥¸±µ²Ó±µ ¤·Ê£¨Ì ¢ ·¨ ´Éµ¢ · ¸Î¥É . �·¥¦¤¥ ¢¸¥£µ ¶·¥¤¸É -
¢²Ö²µ¸Ó ¨´É¥·¥¸´Ò³ µ¶·¥¤¥²¨ÉÓ ·¥ ²Ó´Ò¥ ¢µ§³µ¦´µ¸É¨ ¤²Ö Î¨¸Éµ ¦¨¤±µ± -
¶¥²Ó´µ£µ ¶·¨¡²¨¦¥´¨Ö. ‚ ·¨ ´É · ¸Î¥É  ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Î¨¸Éµ ¦¨¤±µ± -
¶¥²Ó´µ£µ ¶·¨¡²¨¦¥´¨Ö ¡Ò² ¶·¥¤²µ¦¥´ ¤µ¸É ÉµÎ´µ ¤ ¢´µ ¨ Ï¨·µ±µ ¨¸¶µ²Ó§µ-
¢ ²¸Ö ¶·¨ · ¸Î¥É Ì ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ¨¸¶ ·¨É¥²Ó´ÒÌ ¶·µ¤Ê±Éµ¢, µ¸µ¡¥´´µ
¢ É· ´¸Ê· ´µ¢µ° µ¡² ¸É¨ Ö¤¥·. �¡µ¸´µ¢ ´´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö É ±µ£µ ¶µ¤-
Ìµ¤  ¡Ò²  ¨ µ¸É ¥É¸Ö ¶·¥¤³¥Éµ³ ¤¨¸±Ê¸¸¨¨ (¸³., ´ ¶·., µ¡§µ· [4]).

‚ · ³± Ì ÔÉµ° ¤¨¸±Ê¸¸¨¨ ¤µ¸É ÉµÎ´µ ¨´É¥·¥¸´Ò° ·¥§Ê²ÓÉ É ¡Ò² ¶µ²ÊÎ¥´
¢ · ¡µÉ¥ [20], ¢ ±µÉµ·µ° ´  ¶·¨³¥·¥  ´ ²¨§  ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ´¥°É·µ´µ-
¤¥Ë¨Í¨É´ÒÌ ¨§µÉµ¶µ¢  ¸É É¨´  ¨ ¶µ²µ´¨Ö ¸ A ≈200 ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¶·¨
Ë¨±¸¨·µ¢ ´´µ³ ¶ · ³¥É·¥ ãf/ãν · ¸Î¥ÉÒ, ¸¤¥² ´´Ò¥ ¢ Î¨¸Éµ ¦¨¤±µ± ¶¥²Ó-
´µ³ ¶·¨¡²¨¦¥´¨¨ ¨ ¢ ¶·¨¡²¨¦¥´¨¨ ¸ µ¤´µ¢·¥³¥´´Ò³ Ê³¥´ÓÏ¥´¨¥³ µ¡µ²µ-
Î¥Î´ÒÌ ÔËË¥±Éµ¢ ¸ ·µ¸Éµ³ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ± ± ¢ ¶²µÉ´µ¸É¨ Ê·µ¢´¥°,
É ± ¨ ¢ ¡ ·Ó¥·¥ ¤¥²¥´¨Ö, ¶·¨¢µ¤ÖÉ ¶· ±É¨Î¥¸±¨ ± ¸µ¢¶ ¤ ÕÐ¨³ §´ Î¥´¨Ö³
±µÔËË¨Í¨¥´É  C = 0, 9− 1, 0. ’¥³ ¸ ³Ò³ ¡Ò²  ¢ ´¥±µÉµ·µ° ¸É¥¶¥´¨ µ¡µ¸´µ-
¢ ´  ¶· ¢µ³¥·´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö ¦¨¤±µ± ¶¥²Ó´µ£µ ¶·¨¡²¨¦¥´¨Ö ¶·¨ ´¨§-
±¨Ì Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö ´Ê±²¨¤µ¢ ¸ ¡µ²ÓÏµ° ¢¥²¨Î¨´µ° µ¡µ²µÎ¥Î´µ°
¶µ¶· ¢±¨ ¢ ¸²ÊÎ ¥, ¥¸²¨ ¸ ·µ¸Éµ³ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö µ¡µ²µÎ¥Î´Ò¥ ÔËË¥±ÉÒ
¨¸Î¥§ ÕÉ µ¤´µ¢·¥³¥´´µ ± ± ¢ ¶²µÉ´µ¸É¨ Ê·µ¢´¥°, É ± ¨ ¢ ¡ ·Ó¥·¥ ¤¥²¥´¨Ö.
’ ±µ° ¢Ò¢µ¤ Ö¢²Ö¥É¸Ö ´¥¶²µÌ¨³  ·£Ê³¥´Éµ³ ¤²Ö ¨¸¶µ²Ó§µ¢ ´¨Ö ¦¨¤±µ± ¶¥²Ó-
´µ£µ ¶·¨¡²¨¦¥´¨Ö ¶·¨ · ¸Î¥É Ì ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ¨¸¶ ·¨É¥²Ó´ÒÌ ¶·µ¤Ê±-
Éµ¢ ¨ ¶µ§¢µ²Ö¥É · ¸¸³ É·¨¢ ÉÓ ¦¨¤±µ± ¶¥²Ó´µ¥ ¶·¨¡²¨¦¥´¨¥ ± ± ´¥±µÉµ·Ò°
³µ¤¥²Ó´Ò° ¢ ·¨ ´É · ¸Î¥É , µ¶¨¸Ò¢ ÕÐ¨° ¸¨ÉÊ Í¨Õ, ¢ ±µÉµ·µ° ¶·µ¨¸Ìµ¤¨É
µ¤´µ¢·¥³¥´´µ¥ µ¸² ¡²¥´¨¥ µ¡µ²µÎ¥Î´ÒÌ ÔËË¥±Éµ¢ ¢ ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¨
¡ ·Ó¥·¥ ¤¥²¥´¨Ö ¸ ·µ¸Éµ³ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö.

�  ·¨¸. 9 ±·Ê¦± ³¨, ±¢ ¤· É ³¨ ¨ É·¥Ê£µ²Ó´¨± ³¨ ¨§µ¡· ¦¥´Ò ¨§³¥·¥´-
´Ò¥ ¢ ·¥ ±Í¨ÖÌ 22Ne + 194,196,198Pt §´ Î¥´¨Ö ¸¥Î¥´¨° ¤²Ö xn- ¨ pxn-± ´ ²µ¢
¤¥¢µ§¡Ê¦¤¥´¨Ö ¢ ³ ±¸¨³Ê³ Ì ¨Ì ¢ÒÌµ¤µ¢ ¢ § ¢¨¸¨³µ¸É¨ µÉ Î¨¸²  ´Ê±²µ´µ¢ ¢
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¨¸. 9. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ · ¸Î¥É´ÒÌ ¢¥²¨Î¨´ ¸¥Î¥´¨° ¢ ³ ±¸¨³Ê-
³ Ì ¢ÒÌµ¤µ¢ ¤²Ö xn-± ´ ²µ¢ (c²¥¢ ) ¨ pxn-± ´ ²µ¢ ¤¥¢µ§¡Ê¦¤¥´¨Ö ±µ³¶ Ê´¤-Ö¤¥·
216,218,220Ra. ‹¨´¨Ö³¨ ¶µ± § ´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¶·¨ É·¥Ì §´ Î¥´¨ÖÌ ¶ · ³¥É· 
ãf/ãν : 0,95 (ÏÉ·¨Ìµ¢ Ö), 1,00 (¸¶²µÏ´ Ö), 1,05 (ÏÉ·¨Ì¶Ê´±É¨·´ Ö). �Ê´±É¨·µ³
¶µ± § ´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢, ¶µ²ÊÎ¥´´Ò¥ ¢ ¶·¨¡²¨¦¥´¨¨ ¶µ²´µ£µ µÉ¸ÊÉ¸É¢¨Ö µ¡µ-
²µÎ¥Î´ÒÌ ÔËË¥±Éµ¢

±µ´¥Î´µ³ ¶·µ¤Ê±É¥ ¨¸¶ ·¨É¥²Ó´µ£µ ± ¸± ¤ . �Ê´±É¨·µ³ ¶µ± § ´Ò ·¥§Ê²ÓÉ ÉÒ
· ¸Î¥Éµ¢, ¶µ²ÊÎ¥´´Ò¥ ¢ Î¨¸Éµ ¦¨¤±µ± ¶¥²Ó´µ³ ¶·¨¡²¨¦¥´¨¨ ¶·¨ §´ Î¥´¨ÖÌ
¶ · ³¥É·µ¢ ãf/ãν = 1, 0 ¨ C = 0, 9. ‚µ¶·µ¸ µ ¢Ò¡µ·¥ ¶· ¢¨²Ó´µ£µ §´ Î¥´¨Ö
¤²Ö ¶ · ³¥É·  ãf/ãν ³Ò µ¡¸Ê¤¨³ ´¨¦¥,   §¤¥¸Ó · ¸¸³µÉ·¨³ Éµ²Ó±µ ¢µ§³µ¦´µ-
¸É¨ ± ¶¥²Ó´µ£µ ¨ µ¡µ²µÎ¥Î´µ£µ ¶µ¤Ìµ¤µ¢ ¶·¨ ¨Ì ¨¸¶µ²Ó§µ¢ ´¨¨ ¤²Ö µ¶¨¸ ´¨Ö
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¸¥Î¥´¨°. ˆ§ ·¨¸. 9 ¸²¥¤Ê¥É, ÎÉµ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢, ÊÎ¨ÉÒ¢ ÕÐ¨¥ ¢²¨Ö´¨¥
µ¡µ²µÎ¥Î´ÒÌ ÔËË¥±Éµ¢, ¶· ¢¨²Ó´µ ¢µ¸¶·µ¨§¢µ¤ÖÉ µÉ´µ¸¨É¥²Ó´Ò° Ìµ¤ Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¸¥Î¥´¨°. ‚ ·¨ ´É · ¸Î¥É  ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Î¨¸Éµ ¦¨¤±µ± -
¶¥²Ó´µ£µ ¶·¨¡²¨¦¥´¨Ö ¶·¨¢µ¤¨É ± ¡µ²¥¥ ¸² ¡µ³Ê ¶ ¤¥´¨Õ ¸¥Î¥´¨° ¸ ·µ¸Éµ³
´¥°É·µ´´µ£µ ¤¥Ë¨Í¨É , Î¥³ ÔÉµ ¸²¥¤Ê¥É ¨§ Ô±¸¶¥·¨³¥´É . ’ ±µ° Ì · ±É¥·
· ¸Ìµ¦¤¥´¨° ·¥§Ê²ÓÉ Éµ¢ · ¸Î¥É  ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ Ö¢²Ö¥É¸Ö
É¨¶¨Î´Ò³ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¦¨¤±µ± ¶¥²Ó´µ£µ ¶·¨¡²¨¦¥´¨Ö, ¨ ÔÉµ ´¥µ¤´µ-
±· É´µ µÉ³¥Î ²µ¸Ó ´ ³¨ · ´¥¥ ¶·¨ ¨§ÊÎ¥´¨¨ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ´¥°É·µ-
´µ¤¥Ë¨Í¨É´ÒÌ ¨§µÉµ¶µ¢ Po, At ¨ Ac [20Ä22]. Š ¥Ð¥ ¡µ²ÓÏ¨³ É·Ê¤´µ¸ÉÖ³
¶·¨¢µ¤ÖÉ ¶µ¶ÒÉ±¨ µ¶¨¸ ÉÓ ¢ · ³± Ì Î¨¸Éµ ¦¨¤±µ± ¶¥²Ó´µ£µ ¶·¨¡²¨¦¥´¨Ö
¢¥¸Ó ¶µ²ÊÎ¥´´Ò° ¢ ´ Ï¨Ì Ô±¸¶¥·¨³¥´É Ì ³ ¸¸¨¢ ¤ ´´ÒÌ (µ±µ²µ 15 ·¥ ±-
Í¨°) µ ¸¥Î¥´¨ÖÌ µ¡· §µ¢ ´¨Ö ¨¸¶ ·¨É¥²Ó´ÒÌ ¶·µ¤Ê±Éµ¢ µÉ ¸¢¨´Í  ¤µ Ê· ´ 
¢ ·¥ ±Í¨ÖÌ ¸ ¨µ´ ³¨ ¸ A ≤ 40. ‚ ÔÉµ³ ¸²ÊÎ ¥, ¶·¨ Ê¸²µ¢¨¨ Ë¨±¸¨·µ¢ ´¨Ö
¶ · ³¥É·  ãf/ãν = 1, 0, ¶·¨Ìµ¤¨É¸Ö ¶² ¢´µ Ê¢¥²¨Î¨¢ ÉÓ §´ Î¥´¨Ö ±µÔËË¨Í¨-
¥´É  C µÉ 0,65 ¤µ 0,9 ¶·¨ ¶¥·¥Ìµ¤¥ µÉ ±µ³¶ Ê´¤-Ö¤¥· Bi ¸ Î¨¸²µ³ ´¥°É·µ´µ¢
N ≈ 110 ± ±µ³¶ Ê´¤-Ö¤· ³ Ra−Ac c N ≈ 128÷ 132,   § É¥³ ·¥§±µ Ê³¥´Ó-
Ï ÉÓ ¥£µ §´ Î¥´¨¥ ¤µ C = 0, 65 ¶·¨ ¶¥·¥Ìµ¤¥ ± ±µ³¶ Ê´¤-Ö¤· ³ Pa− U ¸
N ≈ 136÷138 [22]. ’ ±¨³ µ¡· §µ³, ¢ · ³± Ì ¦¨¤±µ± ¶¥²Ó´µ£µ ¶·¨¡²¨¦¥´¨Ö
±µÔËË¨Í¨¥´É C ± ± ¡Ò ®µÉ¸²¥¦¨¢ ¥É¯ ¢´ Î ²¥ ·µ¸É µ¡µ²µÎ¥Î´µ° ¶µ¶· ¢±¨
¤²Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö µÉ ´Ê²Ö (¤²Ö Bi) ¤µ 6−8 ŒÔ‚ (¤²Ö Ac− Ra) ¨ § É¥³
¥¥ ¶µ¸²¥¤ÊÕÐ¥¥ ¶ ¤¥´¨¥ ¤µ ´Ê²Ö ¶·¨ ¶¥·¥Ìµ¤¥ ± Pa−U. �¥µ¡Ìµ¤¨³µ¸ÉÓ
¸Éµ²Ó ¸²µ¦´µ£µ ¢ ·Ó¨·µ¢ ´¨Ö ±µÔËË¨Í¨¥´É  ¤²Ö ¤µ¸É¨¦¥´¨Ö ¸µ£² ¸¨Ö ¸ Ô±¸-
¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶· ±É¨Î¥¸±¨ ¶µ²´µ¸ÉÓÕ ¨¸±²ÕÎ ¥É ¢µ§³µ¦´µ¸ÉÓ
¨¸¶µ²Ó§µ¢ ´¨Ö ¦¨¤±µ± ¶¥²Ó´µ£µ ¶·¨¡²¨¦¥´¨Ö ¤²Ö · ¸Î¥Éµ¢ Ì · ±É¥·¨¸É¨±
¶·µÍ¥¸¸  ¤¥¢µ§¡Ê¦¤¥´¨Ö ¢ ¨¸¸²¥¤Ê¥³µ° µ¡² ¸É¨ Ö¤¥·.

‚ Éµ ¦¥ ¢·¥³Ö ¢¥¸Ó µ¡¸Ê¦¤ ¢Ï¨°¸Ö ¢ÒÏ¥ ³ ¸¸¨¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´-
´ÒÌ Ìµ·µÏµ µ¶¨¸Ò¢ ¥É¸Ö ¢ · ³± Ì ¢ ·¨ ´É  ³µ¤¥²¨ ¸ ÊÎ¥Éµ³ µ¡µ²µÎ¥Î´ÒÌ
ÔËË¥±Éµ¢ ± ± ¢ ¶ · ³¥É·¥ ¶²µÉ´µ¸É¨ Ê·µ¢´¥°, É ± ¨ ¢ ¡ ·Ó¥·¥ ¤¥²¥´¨Ö Ö¤¥·
(¸³. Ëµ·³Ê²Ò (6) ¨ (10)). �  ·¨¸. 10 ¶µ± § ´µ ¸· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Òx
¨ · ¸Î¥É´Òx §´ Î¥´¨° ¸¥Î¥´¨° ¢ ³ ±¸¨³Ê³ Ì ¢ÒÌµ¤  ¤²Ö xn-± ´ ²  ¤¥¢µ§¡Ê-
¦¤¥´¨Ö ¢µ ¢¸¥° ¨¸¸²¥¤µ¢ ´´µ° µ¡² ¸É¨ Ö¤¥·. 
 ¸Î¥ÉÒ ¸¤¥² ´Ò ¶·¨ Ë¨±¸¨-
·µ¢ ´´µ³ §´ Î¥´¨¨ ¶ · ³¥É·  ãf/ãν = 1, 00. ‡´ Î¥´¨Ö ±µÔËË¨Í¨¥´Éµ¢ C,
¨¸¶µ²Ó§µ¢ ¢Ï¨¥¸Ö ¶·¨ · ¸Î¥É Ì ¸¥Î¥´¨°, ¶·¨¢¥¤¥´Ò ´  ·¨¸. 11. ˆ§ ·¨¸Ê´-
±µ¢ ¸²¥¤Ê¥É, ÎÉµ, ´¥¸³µÉ·Ö ´  Ï¨·µ±ÊÕ µ¡² ¸ÉÓ ¨§³¥´¥´¨° Z ¨ N ±µ´¥Î´ÒÌ
Ö¤¥· ¨ ¡µ²ÓÏµ° ¤¨ ¶ §µ´ ¨§³¥´¥´¨Ö  ¡¸µ²ÕÉ´ÒÌ ¢¥²¨Î¨´ ¸¥Î¥´¨° (¶µÎÉ¨
¢µ¸¥³Ó ¶µ·Ö¤±µ¢), · ¸Î¥É µÎ¥´Ó Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É ¢¥¸Ó ´ ¡µ· Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶·¨ §´ Î¥´¨ÖÌ ¶ · ³¥É·  C, ¢ ·Ó¨·Ê¥³ÒÌ ¢ µÎ¥´Ó Ê§±µ³
¤¨ ¶ §µ´¥ C = 0, 6÷0, 7. …¤¨´¸É¢¥´´µ¥ ¶·¥¤¶µ²µ¦¥´¨¥, ±µÉµ·µ¥ ¶·¨Ìµ¤¨É¸Ö
¶·¨ ÔÉµ³ ¤¥² ÉÓ, ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¢¥²¨Î¨´Ò ¦¨¤±µ± ¶¥²Ó´ÒÌ ¡ ·Ó¥·µ¢
¤¥²¥´¨Ö ¤²Ö µ¡· §ÊÕÐ¨Ì¸Ö ¢ ÔÉ¨Ì ·¥ ±Í¨ÖÌ ´¥°É·µ´µ¤¥Ë¨Í¨É´ÒÌ ´Ê±²¨¤µ¢
´¥µ¡Ìµ¤¨³µ Ê³¥´ÓÏ¨ÉÓ ´  30− 40%, ¶µ ¸· ¢´¥´¨Õ ¸ ¶·¥¤¸± § ´¨Ö³¨ ³µ¤¥²¨
ŠµÔ´  Å �² §¨²  Å ‘¢ÖÉ¥Í±µ£µ [23].
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¨¸. 10. 
 ¸Î¥É´Ò¥ (²¨´¨¨) ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¢¥²¨Î¨´Ò ¸¥Î¥´¨° ¢ ³ ±¸¨³Ê³ Ì
ËÊ´±Í¨° ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö xn-·¥ ±Í¨° ¢ µ¡² ¸É¨ Ö¤¥· µÉ Bi ¤µ U

Œµ¦´µ ´ ¶µ³´¨ÉÓ, ÎÉµ ´  ´¥µ¡Ìµ¤¨³µ¸ÉÓ Ê³¥´ÓÏ¥´¨Ö ±µÔËË¨Í¨¥´É  C
¢¶²µÉÓ ¤µ ¢¥²¨Î¨´, · ¢´ÒÌ 0, 6 − 0, 7, ¤²Ö ¶· ¢¨²Ó´µ£µ µ¶¨¸ ´¨Ö ¢ · ³± Ì
¨¸¶ ·¨É¥²Ó´µ° ³µ¤¥²¨ ¸¥Î¥´¨° ¤¥²¥´¨Ö ±µ³¶ Ê´¤-Ö¤¥· ¢ µ¡² ¸É¨ µÉ Rh ¤µ
Os, Ê± §Ò¢ ² ¥Ð¥ Œ.k² ´´ ¢ · ¡µÉ¥ [24], µ¶Ê¡²¨±µ¢ ´´µ° ¢ 1978 £. �É¸ÊÉ-
¸É¢¨¥ ¢ Éµ ¢·¥³Ö ´ ¤¥¦´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ µ ¡ ·Ó¥· Ì ¤¥²¥´¨Ö
¤²Ö ´¥°É·µ´µ¤¥Ë¨Í¨É´ÒÌ ´Ê±²¨¤µ¢ ÉÖ¦¥²¥¥ Os ¶·¨¢¥²µ ± § ±²ÕÎ¥´¨Õ µ Éµ³,
ÎÉµ ´ ¡²Õ¤ ¥³Ò° ÔËË¥±É Ö¢²Ö¥É¸Ö ¸¢µ°¸É¢µ³ Éµ²Ó±µ ¤²Ö ²¥£±¨Ì ¤¥²ÖÐ¨Ì¸Ö
Ö¤¥·, ÎÉµ ´ Ï²µ ¸¢µ¥ µÉ· ¦¥´¨¥ ¢ ³µ¤¥²¨ · ¸Î¥É  ¡ ·Ó¥·µ¢ ¤¥²¥´¨Ö, ¶·¥¤²µ-
¦¥´´µ° ‘¨·±µ³ [25]. ‚ ¸¢¥É¥ µ¡¸Ê¦¤ ¥³ÒÌ ´ ³¨ ´µ¢ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ µ ¤¥²¨³µ¸É¨ Ö¤¥· ¢ µ¡² ¸É¨ µÉ Bi ¤µ U ¢Ò¢µ¤ µ ²µ± ²Ó´µ³ Ì · ±É¥·¥
¶µ´¨¦¥´¨Ö ¡ ·Ó¥·µ¢ É¥·Ö¥É ¸¢µÕ  ·£Ê³¥´É¨·µ¢ ´´µ¸ÉÓ, ¨ ¢µ§³µ¦´Ò ¶µ¨¸±¨
´µ¢ÒÌ ¶µ¤Ìµ¤µ¢ ¤²Ö µ¡ÑÖ¸´¥´¨Ö ¢¸¥£µ ´ ¡µ·  ¤ ´´ÒÌ µÉ Rh ¤µ U.

ˆ§ ·¨¸. 11 É ±¦¥ ¸²¥¤Ê¥É, ÎÉµ ¤²Ö ¶· ¢¨²Ó´µ£µ µ¶¨¸ ´¨Ö ¸¥Î¥´¨° µ¡· -
§µ¢ ´¨Ö ´¥¡µ²ÓÏµ° £·Ê¶¶Ò ´¥°É·µ´µ¤¥Ë¨Í¨É´ÒÌ ¨§µÉµ¶µ¢ Pa ¨ U ¸ N �
� 126 ´¥µ¡Ìµ¤¨³µ ¤µ¶µ²´¨É¥²Ó´µ Ê³¥´ÓÏ ÉÓ ¢¥²¨Î¨´Ê ±µÔËË¨Í¨¥´É  C.
’ ±, ´ ¶·¨³¥·, ¢ ¸²ÊÎ ¥ ±µ³¶ Ê´¤-Ö¤¥· ¶·µÉ ±É¨´¨Ö, µ¡· §ÊÕÐ¨Ì¸Ö ¢ ·¥-
 ±Í¨ÖÌ 22Ne + 205Tl ¨ 24,26Mg + 197Au, ¤²Ö ¶· ¢¨²Ó´µ£µ µ¶¨¸ ´¨Ö ¸¥Î¥´¨°
µ¡· §µ¢ ´¨Ö ¨¸¶ ·¨É¥²Ó´ÒÌ ¶·µ¤Ê±Éµ¢ ´¥µ¡Ìµ¤¨³µ ¨¸¶µ²Ó§µ¢ ÉÓ Î¨¸²¥´´Ò¥
§´ Î¥´¨Ö ±µÔËË¨Í¨¥´Éµ¢, · ¢´Ò¥ C = 0, 65 ¨ 0,52 ¢ µ¡² ¸ÉÖÌ ¸ N ≥ 128 ¨
N ≤ 127 ¸µµÉ¢¥É¸É¢¥´´µ. ’µ ¦¥ ¸ ³µ¥ ¶·¨Ìµ¤¨É¸Ö ¤¥² ÉÓ ¶·¨ µ¶¨¸ ´¨¨ ¸¥Î¥-
´¨° µ¡· §µ¢ ´¨Ö ¨§µÉµ¶µ¢ Ê· ´ . � ¨¡µ²¥¥ ¥¸É¥¸É¢¥´´Ò³ µ¡ÑÖ¸´¥´¨¥³ É ±µ£µ
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¶µ¢¥¤¥´¨Ö ¥¤¨´¸É¢¥´´µ£µ ¶µ¤£µ´µÎ´µ£µ ¶ · ³¥É·  ¶·¥¤¸É ¢²Ö¥É¸Ö § ±²ÕÎ¥-
´¨¥, ÎÉµ ¨¸¶µ²Ó§Ê¥³Ò° ´ ³¨ ¸¶µ¸µ¡ ÊÎ¥É  µ¡µ²µÎ¥Î´ÒÌ ÔËË¥±Éµ¢ Ö¢²Ö¥É¸Ö
Ìµ·µÏ¨³, ´µ Éµ²Ó±µ ¶¥·¢Ò³ ¶·¨¡²¨¦¥´¨¥³.


¨¸. 11. �¶É¨³ ²Ó´Ò¥ §´ Î¥´¨Ö ±µÔËË¨Í¨¥´É  C ¢ µ¡² ¸É¨ Ö¤¥· µÉ Bi ¤µ U


 ¸¸³µÉ·¨³ ´¥¸±µ²Ó±µ ¢µ§³µ¦´ÒÌ ¢ ·¨ ´Éµ¢ ¨§³¥´¥´¨Ö ¢ ³µ¤¥²¨ · ¸-
Î¥É , ±µÉµ·Ò¥ ³µ£ÊÉ Ê²ÊÎÏ¨ÉÓ ¸µ£² ¸¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ · ¸Î¥É´ÒÌ §´ -
Î¥´¨° ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ¤²Ö ´Ê±²¨¤µ¢ ¸ Î¥É±µ ¢Ò· ¦¥´´µ° µ¡µ²µÎ¥Î´µ°
¸É·Ê±ÉÊ·µ°. ‚ · ¡µÉ¥ [26] ´ ³¨ ¡Ò²¨ ¶·µ ´ ²¨§¨·µ¢ ´Ò ¢µ§³µ¦´µ¸É¨ ¨ Ë¨-
§¨Î¥¸± Ö µ¡µ¸´µ¢ ´´µ¸ÉÓ Ï¨·µ±µ · ¸¶·µ¸É· ´¥´´µ£µ ¶µ¤Ìµ¤ , ¸¢Ö§ ´´µ£µ ¸
Ê³¥´ÓÏ¥´¨¥³ ¢¥²¨Î¨´Ò ¶ · ³¥É·  D ¢ ¢Ò· ¦¥´¨¨ (6) ¤²Ö ¶ · ³¥É·  ¶²µÉ-
´µ¸É¨ Ê·µ¢´¥°. kÒ²µ ¶µ± § ´µ, ÎÉµ Ê³¥´ÓÏ¥´¨¥ ÔÉµ£µ ¶ · ³¥É·  ¤µ §´ Î¥´¨°
6 − 10 ŒÔ‚ ¶·¨¢µ¤¨É ± Ê¸¨²¥´¨Õ µ¡µ²µÎ¥Î´µ£µ ÔËË¥±É  ¢ ¶²µÉ´µ¸É¨ Ê·µ¢-
´¥° ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö. ‚ ¸¢µÕ µÎ¥·¥¤Ó, ÔÉµ ¶·¨¢µ¤¨É ± ¸Ê-
Ð¥¸É¢¥´´µ³Ê Ê³¥´ÓÏ¥´¨Õ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ¨¸¶ ·¨É¥²Ó´ÒÌ ¶·µ¤Ê±Éµ¢ ¸
Ö·±µ ¢Ò· ¦¥´´µ° µ¡µ²µÎ¥Î´µ° ¸É·Ê±ÉÊ·µ° ¨, ± ± ¸²¥¤¸É¢¨¥, ± ¨¸Î¥§´µ¢¥´¨Õ
¸± Î±µµ¡· §´µ£µ ¨§³¥´¥´¨Ö ±µÔËË¨Í¨¥´É  C ¶·¨ ¶¥·¥¸¥Î¥´¨¨ ´¥°É·µ´´µ°
µ¡µ²µÎ±¨ N = 126. �¤´ ±µ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ´¥É ´¨± ±¨Ì É¥µ·¥É¨Î¥¸±¨Ì
¶·¥¤¶µ¸Ò²µ± ¤²Ö Éµ£µ, ÎÉµ¡Ò ¸Î¨É ÉÓ, ÎÉµ Ê ´¥°É·µ´µ¤¥Ë¨Í¨É´ÒÌ Ö¤¥· µ¡µ-
²µÎ¥Î´Ò¥ ÔËË¥±ÉÒ ¢ ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¢Ò· ¦¥´Ò £µ· §¤µ ¸¨²Ó´¥¥, Î¥³ Ê
Ö¤¥· ¢¡²¨§¨ ¤µ·µ¦±¨ ¸É ¡¨²Ó´µ¸É¨. � ¶µ³´¨³, ÎÉµ §´ Î¥´¨¥ D = 18, 5 ŒÔ‚
¡Ò²µ ¶µ²ÊÎ¥´µ ¨§  ´ ²¨§  ¡µ²ÓÏµ£µ ³ ¸¸¨¢  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ µ
¶²µÉ´µ¸É¨ Ê·µ¢´¥°, ¢ Éµ³ Î¨¸²¥ ¨ ¤²Ö Ö¤¥· ¸ Î¨¸² ³¨ ´¥°É·µ´µ¢ ¨ ¶·µÉµ´µ¢,
¡²¨§±¨³¨ ± N = 126 ¨ Z = 82.
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� ³¨ ¡Ò²¨ É ±¦¥ ¶·µ ´ ²¨§¨·µ¢ ´Ò ¢µ§³µ¦´µ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ ¨§³¥-
´¥´¨¥³ ¸¶µ¸µ¡  ÊÎ¥É  µ¡µ²µÎ¥Î´µ£µ ÔËË¥±É  ¢ ¡ ·Ó¥·¥ ¤¥²¥´¨Ö. ’ ±, ³Ò
¶·µ¢¥²¨ · ¸Î¥ÉÒ, ¢ ±µÉµ·ÒÌ ´µ·³¨·ÊÕÐ¨° ±µÔËË¨Í¨¥´É C ¢ Ëµ·³Ê²¥ (10)
¨¸¶µ²Ó§µ¢ ²¸Ö ± ± ³´µ¦¨É¥²Ó ¶·¨ ¶µ²´µ³ ¡ ·Ó¥·¥ ¤¥²¥´¨Ö (¢±²ÕÎ ÕÐe³ ± ±
± ¶¥²Ó´Ò°, É ± ¨ µ¡µ²µÎ¥Î´Ò° ±µ³¶µ´¥´É ¡ ·Ó¥· ), ÎÉµ Ô±¢¨¢ ²¥´É´µ µ¸² -
¡²¥´¨Õ ¢²¨Ö´¨Ö µ¡µ²µÎ¥Î´µ° ¶µ¶· ¢±¨ ¢ ¡ ·Ó¥·¥ ¤¥²¥´¨Ö [26]. kÒ² · ¸-
¸³µÉ·¥´ ¢ ·¨ ´É · ¸Î¥É , ¶·¨ ±µÉµ·µ³ µ¡µ²µÎ¥Î´ Ö ¶µ¶· ¢±  ¢ ¡ ·Ó¥·¥ ¤¥²¥-
´¨Ö § ¢¨¸¥²  µÉ Ê£²µ¢µ£µ ³µ³¥´É  É ± ¦¥, ± ± ¨ ¦¨¤±µ± ¶¥²Ó´Ò° ±µ³¶µ´¥´É
¡ ·Ó¥·  ¤¥²¥´¨Ö. �± § ²µ¸Ó, ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¶µ²ÊÎ -
ÕÉ¸Ö µÎ¥´Ó ¡²¨§±¨³¨ ± ·¥§Ê²ÓÉ É ³ · ¸Î¥Éµ¢, ¸¤¥² ´´ÒÌ ¢ Î¨¸Éµ ¦¨¤±µ± -
¶¥²Ó´µ³ ¶·¨¡²¨¦¥´¨¨ [20]. � ±µ´¥Í, É ± ± ± ¢ µ¸´µ¢´µ³ ³Ò · ¸¸³ É·¨¢ ²¨
¤¥¢µ§¡Ê¦¤¥´¨¥ ±µ³¶ Ê´¤-Ö¤¥· ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö ≥ 40 ŒÔ‚, Éµ ¨ ¸¤¥-
² ´´Ò° ´ ³¨ · ´¥¥ ¢Ò¢µ¤ µ Éµ³, ÎÉµ ãf/ãν = 1, µÉ´µ¸¨É¸Ö, ¢ ¶·¨´Í¨¶¥, ±
ÔÉµ³Ê ¤¨ ¶ §µ´Ê Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö. �¥ ¨¸±²ÕÎ¥´µ, ÎÉµ ¶·¨ ¡µ²¥¥ ´¨§±¨Ì
Ô´¥·£¨ÖÌ ÔÉµ · ¢¥´¸É¢µ ³µ¦¥É ´ ·ÊÏ ÉÓ¸Ö. �µÔÉµ³Ê ³Ò · ¸¸³µÉ·¥²¨ ¢µ§³µ¦-
´µ¸ÉÓ Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ µÉ´µÏ¥´¨Ö ãf/ãν ¸µ£² ¸´µ ¶·¨¢¥¤¥´´µ³Ê
¸µµÉ´µÏ¥´¨Õ [27]:

ãf/ãν(E∗
f ) = 1 +K exp

(−E∗
f

D

)
. (14)

‚¥²¨Î¨´  D = 18, 5 ŒÔ‚ ¨¤¥´É¨Î´  ®¤²¨´¥ µ¸² ¡²¥´¨Ö¯ ¢ ¶ · ³¥É·¥ ¶²µÉ´µ-
¸É¨ Ê·µ¢´¥°, E∗

f Å Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¢ ¸¥¤²µ¢µ° ÉµÎ±¥,   K Å ¸¢µ¡µ¤´Ò°
¶ · ³¥É·. 
 ¸Î¥ÉÒ ¶µ± § ²¨, ÎÉµ ¢¸¥ ÔÉ¨ ¢ ·¨ ´ÉÒ ¶µ§¢µ²ÖÕÉ Ê³¥´ÓÏ¨ÉÓ
¢ ·¨ Í¨¨ ¶ · ³¥É·  C, µ¤´ ±µ ´¥ ¶·¨¢µ¤ÖÉ ´¨ ± ± ±¨³ ± Î¥¸É¢¥´´µ ´µ¢Ò³
§ ±²ÕÎ¥´¨Ö³.

�  ·¨¸. 12 ÉµÎ± ³¨ ¶µ± § ´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¸¥Î¥´¨° µ¡· -
§µ¢ ´¨Ö ±µ´¥Î´ÒÌ Ö¤¥·-¶·µ¤Ê±Éµ¢ ¢ ³ ±¸¨³Ê³ Ì ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö
xn-, pxn- αxn-± ´ ²µ¢ ¤¥¢µ§¡Ê¦¤¥´¨Ö ¨¸¸²¥¤µ¢ ´´ÒÌ ±µ³¶ Ê´¤-Ö¤¥· Pa. 
¥-
§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ´¥±µÉµ·ÒÌ ¨§ ¶¥·¥Î¨¸²¥´´ÒÌ ¢ ·¨ ´Éµ¢
ÊÎ¥É  µ¡µ²µÎ¥Î´ÒÌ ÔËË¥±Éµ¢ ¶µ± § ´Ò ²¨´¨Ö³¨. ˜É·¨Ìµ¢ Ö ²¨´¨Ö Å ¸É ´-
¤ ·É´Ò° ¢ ·¨ ´É · ¸Î¥É , C = 0, 65 ¨ 0,52 ¶·¨ · ¸Î¥É¥ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö
¨¸¶ ·¨É¥²Ó´ÒÌ ¶·µ¤Ê±Éµ¢ ¢ ·¥ ±Í¨ÖÌ 22Ne + 205Tl ¨ 24,26Mg + 197Au ¸µµÉ-
¢¥É¸É¢¥´´µ. ‘¶²µÏ´ Ö ²¨´¨Ö Å ¢ ·¨ ´É, ±µ£¤  ´  ±µÔËË¨Í¨¥´É C Ê³´µ¦ -
ÕÉ¸Ö µ¡  ±µ³¶µ´¥´É  ¡ ·Ó¥·  ¤¥²¥´¨Ö, ±µÔËË¨Í¨¥´É C = 0, 68. ˆ, ´ ±µ´¥Í,
¶Ê´±É¨·´ Ö ²¨´¨Ö Å ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¸µ §´ Î¥´¨¥³ D = 10, 5 ŒÔ‚ ¨
C = 0, 65.


 ¸¸³µÉ·¨³, ÎÉµ ³µ¦¥É ¤ ÉÓ ÊÎ¥É ÔËË¥±É  ±µ²²¥±É¨¢´µ£µ Ê¸¨²¥´¨Ö ¢
¶²µÉ´µ¸É¨ Ê·µ¢´¥°, ´  ±µÉµ·Ò° ¤µ¸É ÉµÎ´µ Î ¸Éµ ¸¸Ò² ÕÉ¸Ö ± ± ´  ´ ¨¡µ-
²¥¥ Ë¨§¨Î¥¸±¨ µ¡µ¸´µ¢ ´´ÊÕ ¶·¨Î¨´Ê · ¸Ìµ¦¤¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥-
§Ê²ÓÉ Éµ¢ ¨ · ¸Î¥É  ¶µ ¸É ´¤ ·É´µ° ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨. …Ð¥ ¢ · ¡µÉ Ì
kµ·  ¨ ŒµÉÉ¥²Ó¸µ´  ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¶µ²´ Ö ¶²µÉ´µ¸ÉÓ Ê·µ¢´¥° ¤µ²¦´ 
¢±²ÕÎ ÉÓ ±µ²²¥±É¨¢´Ò¥ ¨ ¢´ÊÉ·¥´´¨¥ ¢µ§¡Ê¦¤¥´¨Ö, ¸³. Ëµ·³Ê²Ê (5). „²Ö
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¨¸. 12. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ · ¸Î¥É´Ò¥ §´ Î¥´¨Ö ¤²Ö ¶·¨¢¥¤¥´´ÒÌ ¸¥Î¥´¨° µ¡· §µ-
¢ ´¨Ö ¨¸¶ ·¨É¥²Ó´ÒÌ ¶·µ¤Ê±Éµ¢ ¢ ·¥ ±Í¨ÖÌ 24,26Mg + 197Au ¨ 20,22Ne +205 Tl

¤¥Ëµ·³¨·µ¢ ´´ÒÌ Ö¤¥· ±µ²²¥±É¨¢´µ¥ Ê¸¨²¥´¨¥ ¸¢Ö§ ´µ ¸ ´ ²¨Î¨¥³ ·µÉ Í¨-
µ´´µ£µ Ê¸¨²¥´¨Ö,   ¢ ¸²ÊÎ ¥ ¸Ë¥·¨Î¥¸±¨Ì Ö¤¥· Å ¢¨¡· Í¨µ´´µ£µ. �·¨ ¶·µ¢¥-
¤¥´¨¨ ±µ´±·¥É´ÒÌ · ¸Î¥Éµ¢ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ¨¸¶ ·¨É¥²Ó´ÒÌ ¶·µ¤Ê±Éµ¢
ÔÉ  ¨¤¥Ö ¢¶¥·¢Ò¥ ¡Ò²  ¨¸¶µ²Ó§µ¢ ´  ¢ · ¡µÉ¥ [28],   ´ ¨¡µ²¥¥ ¶µ²´µ ¢µ¶·µ¸
· ¸¸³µÉ·¥´ ´¥¤ ¢´µ ¢ · ¡µÉ¥ [29] ¶·¨ ¨¸¸²¥¤µ¢ ´¨¨ ¢ÒÌµ¤µ¢ ÉÖ¦¥²ÒÌ Ö¤¥· ¸
N ≥ 126 ¢ ·¥ ±Í¨¨ 238U(950 ŒÔ‚/´) + Cu.

�± § ²µ¸Ó, ÎÉµ ¢¢¥¤¥´¨¥ ±µ²²¥±É¨¢´µ£µ Ê¸¨²¥´¨Ö Å ¶·µ¡²¥³  ¡µ²¥¥ ¸²µ¦-
´ Ö, Î¥³ ³µ¦´µ ¡Ò²µ µ¦¨¤ ÉÓ, É ± ± ± ÔËË¥±É ±µ²²¥±É¨¢´µ£µ Ê¸¨²¥´¨Ö ¶²µÉ-
´µ¸É¨ Ê·µ¢´¥° ¤µ²¦¥´ ¶² ¢´µ ¨¸Î¥§ ÉÓ ¸ Ê¢¥²¨Î¥´¨¥³ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö,  
ÔÉµ É·¥¡Ê¥É ¢¢¥¤¥´¨Ö Ë¥·³¨¥¢¸±µ° ËÊ´±Í¨¨ ¸ ¤¢Ê³Ö ¸¢µ¡µ¤´Ò³¨ ¶ · ³¥É· ³¨
Ecr ¨ dcr. Š·µ³¥ Éµ£µ, ¢ ¸²ÊÎ ¥ ·µÉ Í¨µ´´µ£o Ê¸¨²¥´¨Ö ´¥µ¡Ìµ¤¨³µ ¢¢µ¤¨ÉÓ
¶ · ³¥É·Ò (ÔÉ¨ ¢¥²¨Î¨´Ò ¢ ¡µ²ÓÏ¨´¸É¢¥ ¸²ÊÎ ¥¢ Ô±¸¶¥·¨³¥´É ²Ó´µ ´¥ ¨§³¥-
·¥´Ò) ±¢ ¤·Ê¶µ²Ó´µ° ¤¥Ëµ·³ Í¨¨ ¤²Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö (β2 ∼ 0, 2− 0, 3,
∼ 220−230) ¨ ¤²Ö ¸¥¤²µ¢µ° ÉµÎ±¨ (β2 ∼ 1, 0). ‚ ¸²ÊÎ ¥ ÊÎ¥É  ¢¨¡· Í¨µ´´µ£o
Ê¸¨²¥´¨Ö ´¥µ¡Ìµ¤¨³µ ¤µ¡ ¢µÎ´µ ¢¢µ¤¨ÉÓ ¥Ð¥ É·¨ ¶ · ³¥É· , ¤¢  ¨§ ±µÉµ·ÒÌ
¸¢Ö§ ´Ò ¸ ÔËË¥±É¨¢´µ° ¤¥Ëµ·³ Í¨¥° Ö¤·  ¢ ¢¨¡· Í¨µ´´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ ¨ µ¤¨´
¶·µ¸Éµ ´µ·³¨·µ¢µÎ´Ò° ±µÔËË¨Í¨¥´É. ‚ ¤ ´´µ³ ¶µ¤Ìµ¤¥  ¢Éµ· ³ · ¡µÉÒ [29]
Ê¤ ²µ¸Ó Ê²ÊÎÏ¨ÉÓ ¸µ£² ¸¨¥ ·¥§Ê²ÓÉ Éµ¢ · ¸Î¥É  ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´-
´Ò³¨. ŒÒ ¶·µ¢¥²¨  ´ ²µ£¨Î´Ò¥ · ¸Î¥ÉÒ ¤²Ö ±µ³¶ Ê´¤-Ö¤¥· ¶·µÉ ±É¨´¨Ö [30]
¨ Ê¸É ´µ¢¨²¨, ÎÉµ, ¤¥°¸É¢¨É¥²Ó´µ, ³µ¦´µ ¶µ²ÊÎ¨ÉÓ µ¶¨¸ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó-
´ÒÌ ¤ ´´ÒÌ ¸ ¡²¨§±¨³ ± ¶µ¸ÉµÖ´´µ³Ê §´ Î¥´¨¥³ ±µÔËË¨Í¨¥´É  C, ¸Î¨É Ö,
ÎÉµ ¸ Ê³¥´ÓÏ¥´¨¥³ N ±¢ ¤·Ê¶µ²Ó´ Ö ¤¥Ëµ·³ Í¨Ö ±µ³¶ Ê´¤-Ö¤¥· Ê³¥´ÓÏ -
¥É¸Ö,   Ö¤·  ¸ N ≤ 127 Ö¢²ÖÕÉ¸Ö ¸Ë¥·¨Î¥¸±¨³¨. Š ¸µ¦ ²¥´¨Õ, ¶·µ¤¥² ¢
¢¥¸Ó ±µ³¶²¥±¸ · ¸Î¥Éµ¢, ³Ò ¶·¨Ï²¨ ± ¢Ò¢µ¤Ê, ÎÉµ ¢¢¥¤¥´¨¥ ±µ²²¥±É¨¢´µ£µ
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Ê¸¨²¥´¨Ö É·¥¡Ê¥É ¨¸¶µ²Ó§µ¢ ´¨Ö ¸²¨Ï±µ³ ¡µ²ÓÏµ£µ Î¨¸²  ´µ¢ÒÌ ¤µ¶µ²´¨-
É¥²Ó´ÒÌ ¶ · ³¥É·µ¢. �·¨ ¸ÊÐ¥¸É¢ÊÕÐ¥° ´  ¤ ´´Ò° ³µ³¥´É ¸¨ÉÊ Í¨¨ ¢¢¥¤¥-
´¨¥ ±µ²²¥±É¨¢´µ£µ Ê¸¨²¥´¨Ö ´¥ ¶µ³µ£ ¥É ´ ³ ¢ µÉ¢¥É¥ ´  ¢µ¶·µ¸ µ £· ´¨Í Ì
¶·¨³¥´¨³µ¸É¨ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ ¶·¨ µ¶¨¸ ´¨¨ ¶·µÍ¥¸¸  ¤¥¢µ§¡Ê¦¤¥´¨Ö
ÉÖ¦¥²ÒÌ ±µ³¶ Ê´¤-Ö¤¥·.

‚ § ±²ÕÎ¥´¨¥ µÉ³¥É¨³, ÎÉµ ¶·¨  ´ ²¨§¥ ¡µ²ÓÏµ° ¸µ¢µ±Ê¶´µ¸É¨ Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ³Ò ¸µ§´ É¥²Ó´µ ¸É·¥³¨²¨¸Ó ¨¸¶µ²Ó§µ¢ ÉÓ ¢ · ¸Î¥É Ì
³¨´¨³ ²Ó´µ¥ ±µ²¨Î¥¸É¢µ Ë¨§¨Î¥¸±¨Ì ¶·¥¤¶µ²µ¦¥´¨° ¨ ¶ · ³¥É·µ¢, ÎÉµ, ¥¸É¥-
¸É¢¥´´µ, ´¥¸±µ²Ó±µ µ£·Ê¡²Ö¥É ³µ¤¥²Ó, ´µ § Éµ ¶µ§¢µ²Ö¥É ¸¤¥² ÉÓ ´¥±µÉµ·Ò¥
µ¶·¥¤¥²¥´´Ò¥ ¢Ò¢µ¤Ò. ƒ² ¢´Ò° ¨§ ´¨Ì Å ÔÉµ ÉµÉ Ë ±É, ÎÉµ ¨¸¶µ²Ó§µ¢ ´¨¥
¶·µ¸Éµ° ± ¶¥²Ó´µ° ³µ¤¥²¨ ¤²Ö µ¶¨¸ ´¨Ö ¶·µÍ¥¸¸  ¤¥¢µ§¡Ê¦¤¥´¨Ö ±µ³¶ Ê´¤-
Ö¤¥· ´¥ ¶µ¤É¢¥·¦¤ ¥É¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶µ ¸¥Î¥´¨Ö³ µ¡· §µ-
¢ ´¨Ö ±µ´¥Î´ÒÌ Ö¤¥·-¶·µ¤Ê±Éµ¢ ¢ ± ´ ² Ì ¨¸¶ ·¥´¨Ö. ‚µ-¢Éµ·ÒÌ, ÌµÉÖ ´¥-
µ¡Ìµ¤¨³µ¸ÉÓ Ê³¥´ÓÏ¥´¨Ö ¢ · ¸Î¥É Ì ¦¨¤±µ± ¶¥²Ó´µ£µ ¡ ·Ó¥·  ¤¥²¥´¨Ö ¤²Ö
´¥°É·µ´µ¤¥Ë¨Í¨É´ÒÌ Ö¤¥· ´  30Ä40% ¨ Ö¢²Ö¥É¸Ö ¢ µ¶·¥¤¥²¥´´µ° ¸É¥¶¥´¨
³µ¤¥²Ó´µ°, ¶µ²ÊÎ¥´´Ò° ·¥§Ê²ÓÉ É É·¥¡Ê¥É ¶·µ¢¥¤¥´¨Ö ¤ ²Ó´¥°Ï¨Ì ¨¸¸²¥¤µ-
¢ ´¨°, ¢±²ÕÎ Ö ±·¨É¨Î¥¸±¨°  ´ ²¨§ ¶ · ³¥É·µ¢ ± ¶¥²Ó´ÒÌ ³µ¤¥²¥° [23,25].

4.2. ˜¨·¨´Ò · ¸¶ ¤  ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´ÒÌ Ö¤¥· ¨ ¢µ§³µ¦´µ¸É¨ ¨Ì
µ¶¨¸ ´¨Ö ¢ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ ¤¥¢µ§¡Ê¦¤¥´¨Ö ±µ³¶ Ê´¤-Ö¤¥·. ‚¥·-
´¥³¸Ö ± ·¨¸.9, ´  ±µÉµ·µ³ ¶·¨¢¥¤¥´µ ¸· ¢´¥´¨¥ ¢¥²¨Î¨´ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö
¨¸¶ ·¨É¥²Ó´ÒÌ ¶·µ¤Ê±Éµ¢ ¢ xn- ¨ pxn-± ´ ² Ì ¢ ·¥ ±Í¨ÖÌ 22Ne + 194,196,198Pt
¸ ·¥§Ê²ÓÉ É ³¨ · ¸Î¥Éµ¢, ¸¤¥² ´´ÒÌ ¤²Ö É·¥Ì ´ ¡µ·µ¢ ¶ · ³¥É·µ¢:

a) ãf/ãν = 0, 95, C = 0, 45; ¡) ãf/ãν = 1, 00, C = 0, 63;

¢) ãf/ãν = 1, 05, C = 0, 88.

‚¨¤´µ, ÎÉµ ¤²Ö ¢¸¥Ì É·¥Ì ¢ ·¨ ´Éµ¢ · ¸Î¥É´Ò¥ ±·¨¢Ò¥ ¤µ¸É ÉµÎ´µ Ìµ·µÏµ ¸µ-
£² ¸ÊÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¨ ´¥ ¢ÒÌµ¤ÖÉ §  ¶·¥¤¥²Ò µÏ¨¡µ±
¨§³¥·¥´¨Ö. ’ ±¨³ µ¡· §µ³, ³µ¦´µ ¸¤¥² ÉÓ ¢Ò¢µ¤, ÎÉµ É¥¸É¨·µ¢ ´¨¥ · ¸Î¥Éµ¢
Éµ²Ó±µ ¶µ ¢¥²¨Î¨´ ³ ¸¥Î¥´¨°, ¤ ¦¥ ¢ É¥Ì ¸²ÊÎ ÖÌ, ±µ£¤  ¨§³¥·¥´¨Ö ¸¤¥² ´Ò
¤²Ö ¤²¨´´ÒÌ Í¥¶µÎ¥± ±µ´¥Î´ÒÌ Ö¤¥· ¨ ¢ ¡µ²ÓÏµ³ ¤¨ ¶ §µ´¥ Ô´¥·£¨° ¢µ§¡Ê-
¦¤¥´¨Ö, ´¥ ¶µ§¢µ²Ö¥É ¸¤¥² ÉÓ µ¤´µ§´ Î´Ò° ¢Ò¡µ· ¨ µ¤´µ¢·¥³¥´´µ µ¶·¥¤¥²¨ÉÓ
± ± ¶ · ³¥É· ãf/ãν , É ± ¨ §´ Î¥´¨¥ ±µÔËË¨Í¨¥´É  C. kµ²¥¥ Éµ£µ, ¨§ ¶·¨¢¥-
¤¥´´µ£µ ¸· ¢´¥´¨Ö ¸²¥¤Ê¥É, ÎÉµ ¶·¨ ¶· ¢¨²Ó´µ ¶µ¤µ¡· ´´µ³ ±µ··¥²¨·µ¢ ´-
´µ³ ¨§³¥´¥´¨¨ ÔÉ¨Ì ¶ · ³¥É·µ¢ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ · ¸Î¥Éµ¢
¸ ¢¥²¨Î¨´ ³¨ ¸¥Î¥´¨° ¤²Ö · §²¨Î´ÒÌ ´ ¡µ·µ¢ ÔÉ¨Ì ¶ · ³¥É·µ¢. �µÔÉµ³Ê ´¥-
µ¡Ìµ¤¨³µ ¨¸¶µ²Ó§µ¢ ÉÓ ¤µ¶µ²´¨É¥²Ó´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö Éµ£µ,
ÎÉµ¡Ò µ¶·¥¤¥²¨ÉÓ ¢¥²¨Î¨´Ò ¶ · ³¥É·µ¢ C ¨ ãf/ãν ´¥§ ¢¨¸¨³µ ¤·Ê£ µÉ ¤·Ê£ .

•µ·µÏ¨¥ ·¥§Ê²ÓÉ ÉÒ ¶µ²ÊÎ ÕÉ¸Ö ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¢ ± Î¥¸É¢¥ ¤µ¶µ²-
´¨É¥²Ó´ÒÌ ¤ ´´ÒÌ ¢¥²¨Î¨´ µÉ´µÏ¥´¨Ö ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö µ¤´¨Ì ¨ É¥Ì ¦¥
´Ê±²¨¤µ¢ ¢ ·¥ ±Í¨ÖÌ ¸ · §²¨Î´Ò³ Î¨¸²µ³ ¸ÉÊ¶¥´¥° ¢ ¨¸¶ ·¨É¥²Ó´µ³ ± ¸± ¤¥.
�Éµ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ ¢²¨Ö´¨¥ ´  ¤¥²¨³µ¸ÉÓ ¶ · ³¥É·µ¢ ãf/ãν ¨ C · §²¨Î´µ
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¶·¨ · §²¨Î´ÒÌ Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö. � · ³¥É· ãf/ãν ¢ ¡µ²ÓÏ¥° ¸É¥¶¥´¨
µ¶·¥¤¥²Ö¥É ¤¥²¨³µ¸ÉÓ Ö¤¥· ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ¨ § ¤ ¥É Î¨-
¸²µ Ï ´¸µ¢ ¤¥²¥´¨Ö, ¢ Éµ ¢·¥³Ö ± ± ¶ · ³¥É· C Å µ¶·¥¤¥²Ö¥É ¤¥²¨³µ¸ÉÓ
¶·¨ Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ¢¡²¨§¨ ¡ ·Ó¥·  ¤¥²¥´¨Ö. ˆ§³¥·¥´¨¥ µÉ´µÏ¥´¨Ö
¸¥Î¥´¨° ¶µ§¢µ²Ö¥É Ô±¸¶¥·¨³¥´É ²Ó´µ µ¶·¥¤¥²¨ÉÓ ¢¥²¨Î¨´Ò ¶·¨¢¥¤¥´´ÒÌ ´¥°-
É·µ´´ÒÌ ¨ ¤¥²¨É¥²Ó´ÒÌ Ï¨·¨´ ´  ¶¥·¢ÒÌ ¸ÉÊ¶¥´ÖÌ ± ¸± ¤  ¤¥¢µ§¡Ê¦¤¥´¨Ö ¨
§´ Î¥´¨¥ ¶ · ³¥É·  ãf/ãν .


¨¸. 13. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ · ¸Î¥É´ÒÌ §´ Î¥´¨° ¶ ·Í¨ ²Ó´ÒÌ ´¥°É·µ´-
´ÒÌ Ï¨·¨´ ( ) ¨ Î¨¸²  ¶·¥¤¤¥²¨É¥²Ó´ÒÌ ´¥°É·µ´µ¢ (¡) ¤²Ö ±µ³¶ Ê´¤-Ö¤¥· 218,220Ra.
Š·¨¢Ò¥ 1Ä3 ¸µµÉ¢¥É¸É¢ÊÕÉ §´ Î¥´¨Ö³ ãf/ãν = 0, 95; 1; 1, 05

�  ·¨¸. 13,  ²¨´¨Ö³¨ ¶µ± § ´Ò Ê¸·¥¤´¥´´Ò¥ ¶µ Ê£²µ¢Ò³ ³µ³¥´É ³ 
 · ¸-
Î¥É´Ò¥ §´ Î¥´¨Ö ¶·¨¢¥¤¥´´ÒÌ ´¥°É·µ´´ÒÌ Ï¨·¨´ 〈Γn/Γtot〉 ´  ¶¥·¢µ° ¸ÉÊ-
¶¥´¨ ± ¸± ¤  ¨¸¶ ·¥´¨Ö ¤²Ö ±µ³¶ Ê´¤-Ö¤·  220Ra ¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨
¢µ§¡Ê¦¤¥´¨Ö ¶·¨ É·¥Ì §´ Î¥´¨ÖÌ µÉ´µÏ¥´¨Ö ãf/ãν . “¸·¥¤´¥´¨¥ ¶·µ¢¥¤¥´µ
¢ ¤¨ ¶ §µ´¥ Ê£²µ¢ÒÌ ³µ³¥´Éµ¢ 
 µÉ 0 ¤µ 40, É ± ± ± ÔÉµÉ ´ ¡µ· ³µ³¥´-
Éµ¢ ¶µ²´µ¸ÉÓÕ µ¶·¥¤¥²Ö¥É §´ Î¥´¨Ö ¸¥Î¥´¨° ¢ ³ ±¸¨³Ê³¥ ¢ÒÌµ¤µ¢ ¢ ¤ ´´µ°
µ¡² ¸É¨ Ö¤¥·. Š·µ³¥ Éµ£µ, ¢ ÔÉµ³ ¤¨ ¶ §µ´¥ ¶ ·Í¨ ²Ó´Ò¥ ¨ ¸·¥¤´¨¥ §´ Î¥´¨Ö
〈Γn/Γtot〉 ¶· ±É¨Î¥¸±¨ ¸µ¢¶ ¤ ÕÉ. Œµ¦´µ µÉ³¥É¨ÉÓ, ÎÉµ · ¸Ï¨·¥´¨¥ ¨´É¥·-
¢ ²  ¨´É¥£·¨·µ¢ ´¨Ö ¤µ §´ Î¥´¨°, · ¢´ÒÌ 
cr ≈ 70, ¶·¨¢µ¤¨É ± Ê³¥´ÓÏ¥´¨Õ
¢¥²¨Î¨´ 〈Γn/Γtot〉 ¢ 1,5 · § .

’µÎ± ³¨ ´  ·¨¸. 13,  ¶µ± § ´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¢¥²¨Î¨´
〈Γn/Γtot〉 ¤²Ö ±µ³¶ Ê´¤-Ö¤¥· 218,220Ra, ¶µ²ÊÎ¥´´Ò¥ ¨§ µÉ´µÏ¥´¨° ¸¥Î¥´¨°
µ¡· §µ¢ ´¨Ö ´¥°É·µ´µ¤¥Ë¨Í¨É´ÒÌ ¨§µÉµ¶µ¢ 208,210,212Ra ¢ ·¥ ±Í¨ÖÌ ¸ ¨¸-
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¶ ·¥´¨¥³ 6, 8 ¨ 10 ´¥°É·µ´µ¢. ’µÎ´µ¸ÉÓ ¨§³¥·¥´¨Ö µÉ´µÏ¥´¨° ¸¥Î¥´¨°
¢ Ô±¸¶¥·¨³¥´É Ì ¸µ¸É ¢²Ö²  ±15% ¨, ¸²¥¤µ¢ É¥²Ó´µ, ÉµÎ´µ¸ÉÓ µ¶·¥¤¥²¥´¨Ö
〈Γn/Γtot〉 ¡Ò²  ±(7−8)%. �µ²ÊÎ¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö Γn/Γtot
¡²¨§±¨ ± ¥¤¨´¨Í¥, ÎÉµ ¸¢¨¤¥É¥²Ó¸É¢ÊeÉ µ Éµ³, ÎÉµ ¢±² ¤ ¢ ¤¥²¨É¥²Ó´Ò° ± ´ ²
· ¸¶ ¤  ±µ³¶ Ê´¤-Ö¤¥· 218,220Ra ¸ ´ Î ²Ó´µ° Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö E∗ =
= 80 − 100 ŒÔ‚ ¢´µ¸ÖÉ ³´µ£µ ¸ÉÊ¶¥´¥° ¨¸¶ ·¨É¥²Ó´µ£µ ± ¸± ¤ . ˆ§ ¸· ¢´¥-
´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ · ¸Î¥É´ÒÌ ¤ ´´ÒÌ ¸²¥¤Ê¥É, ÎÉµ ¢ ·¨ ´É · ¸Î¥É  ¸
ãf/ãν = 1, 05 ¸ÊÐ¥¸É¢¥´´µ · ¸Ìµ¤¨É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. ’ -
±¨³ µ¡· §µ³, ³Ò ¨³¥¥³ Ê¡¥¤¨É¥²Ó´Ò° Ô±¸¶¥·¨³¥´É ²Ó´Ò°  ·£Ê³¥´É ¢ ¶µ²Ó§Ê
¨¸¶µ²Ó§µ¢ ´¨Ö ¢ · ¸Î¥É Ì Éµ²Ó±µ §´ Î¥´¨° ãf/ãν ≤ 1, 00. ˆ¸¶µ²Ó§ÊÖ ¶µ²Ê-
Î¥´´Ò¥ §´ Î¥´¨Ö ¶·¨¢¥¤¥´´ÒÌ Ï¨·¨´, ³µ¦´µ µÍ¥´¨ÉÓ ¸·¥¤´¥¥ ¢·¥³Ö ¢ÒÌµ¤ 
±µ³¶ Ê´¤-Ö¤¥· 220Ra c Ê£²µ¢Ò³¨ ³µ³¥´É ³¨ 
 ≤ 40 ´  ¸¥¤²µ¢ÊÕ ÉµÎ±Ê. ’ ±,
´ ¶·¨³¥·, ¤²Ö Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö 100 ¨ 80 ŒÔ‚ ¨ 
 = 30 µ´µ ¡Ê¤¥É · ¢´µ
2, 7 ·10−20 ¸ ¨ 3, 6 ·10−20 c cµµÉ¢¥É¸É¢¥´´µ, ÎÉµ ´  ¶µ·Ö¤µ± ¢¥²¨Î¨´Ò ¡µ²ÓÏ¥,
Î¥³ ¢·¥³¥´  ¨¸¶ ·¥´¨Ö ´¥°É·µ´µ¢ ¶·¨ É¥Ì ¦¥ Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö.


 ¸¸³µÉ·¨³, ± ± µ£· ´¨Î¥´¨¥ ¢µ§³µ¦´µ£µ ¤¨ ¶ §µ´  ¢ ·Ó¨·µ¢ ´¨Ö ¶ -
· ³¥É·  ãf/ãν ¸± ¦¥É¸Ö ´  · ¸Î¥É´µ³ Î¨¸²¥ ¶·¥¤¸¥¤²µ¢ÒÌ ´¥°É·µ´µ¢, ¨
¸· ¢´¨³ ¥£µ ¸ Î¨¸²µ³ ¶·¥¤¤¥²¨É¥²Ó´ÒÌ ´¥°É·µ´µ¢, ¨§³¥·¥´´ÒÌ Ô±¸¶¥·¨³¥´-
É ²Ó´µ. �  ·¨¸. 13,¡ ²¨´¨Ö³¨ ¶µ± § ´Ò · ¸Î¥É´Ò¥ § ¢¨¸¨³µ¸É¨ Î¨¸²  ¶·¥¤-
¸¥¤²µ¢ÒÌ ´¥°É·µ´µ¢ µÉ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö ¢¸¥Ì É·¥Ì ´ ¡µ·µ¢ · ¸Î¥É-
´ÒÌ ¶ · ³¥É·µ¢. „²Ö Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö 100 ŒÔ‚ (¶·¨ ¨´É¥£·¨·µ¢ ´¨¨
¶µ 
 ¤µ 40) · ¸Î¥É ¤ ¥É Î¨¸²  ¶·¥¤¤¥²¨É¥²Ó´ÒÌ ´¥°É·µ´µ¢, ¨¸¶ÊÐ¥´´ÒÌ ¤µ
¤µ¸É¨¦¥´¨Ö Ö¤·µ³ ¸¥¤²µ¢µ° ÉµÎ±¨, · ¢´Ò¥ 3 ¨ 5 ¶·¨ §´ Î¥´¨ÖÌ ¶ · ³¥É· 
ãf/ãν = 1 ¨ 0, 95 ¸µµÉ¢¥É¸É¢¥´´µ. ’µÎ± ³¨ ´  ·¨¸. 13,¡ ¶µ± § ´Ò Ô±¸¶¥·¨³¥´-
É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö ¶µ²´µ£µ Î¨¸²  ¶·¥¤¤¥²¨É¥²Ó´ÒÌ ´¥°É·µ´µ¢ ¢ § ¢¨¸¨³µ¸É¨
µÉ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö, ¶µ²ÊÎ¥´´Ò¥ ¢ · ¡µÉ¥ [31] ¤²Ö ±µ³¶ Ê´¤-Ö¤·  213Fr.
ˆ§ ·¨¸Ê´±  ¢¨¤´µ, ÎÉµ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ §´ Î¥´¨Ö ¶ · ³¥É·  ãf/ãν , · ¢´µ£µ
¨²¨ ³¥´ÓÏ¥£µ ¥¤¨´¨ÍÒ, · ¸Î¥É´Ò¥ §´ Î¥´¨Ö ¸µ¢¶ ¤ ÕÉ ¨²¨ ¤ ¦¥ ¶·¥¢µ¸Ìµ¤ÖÉ
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¢¥²¨Î¨´Ò. ’ ±µ°, ´¥µ¡ÒÎ´Ò° ´  ¶¥·¢Ò° ¢§£²Ö¤, Ì · ±-
É¥· · ¸Ìµ¦¤¥´¨Ö, ¢ ¶·¨´Í¨¶¥, ²¥£±µ µ¡ÑÖ¸´¨³: ¢±² ¤ ¶ ·Í¨ ²Ó´ÒÌ ¢µ²´ ¸

 ≤ 40 ¢ ¶µ²´µ¥ ¸¥Î¥´¨¥ ¸²¨Ö´¨Ö ¸µ¸É ¢²Ö¥É ≈ 30÷ 40%, ¨ ¶µÔÉµ³Ê µ¸´µ¢´ Ö
Î ¸ÉÓ ¸¥Î¥´¨Ö ¤¥²¨É¥²Ó´µ° ³µ¤Ò ¡Ê¤¥É µ¶·¥¤¥²ÖÉÓ¸Ö ¡µ²¥¥ ¢Ò¸µ±¨³¨ §´ Î¥´¨-
Ö³¨ Ê£²µ¢ÒÌ ³µ³¥´Éµ¢. …¸²¨ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ ¨§³¥·¥-
´¨Õ ν̄pre ¨§³¥·ÖÕÉ¸Ö µ¸±µ²±¨ ¤¥²¥´¨Ö ¸µ¸É ¢´ÒÌ Ö¤¥· ¸ Ê£²µ¢Ò³¨ ³µ³¥´É ³¨
¢¶²µÉÓ ¤µ 
cr, Éµ ¢ · ¸¸³ É·¨¢ ¥³µ° ·¥ ±Í¨¨ ¶·¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö, · ¢´µ°
∼ 100 ŒÔ‚, ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ ¢ · ¸Î¥É¥ ¢¸¥ ¶ ·Í¨ ²Ó´Ò¥ ¢µ²´Ò ¢¶²µÉÓ
¤µ 
cr � 70. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¶µ²ÊÎ ÕÉ¸Ö · ¸Î¥É´Ò¥ §´ Î¥´¨Ö ν̄calcpre = 1, 8 ¨ 2,8
¶·¨ §´ Î¥´¨ÖÌ ¶ · ³¥É·  ãf/ãν = 1 ¨ 0,95 ¸µµÉ¢¥É¸É¢¥´´µ. ’ ±¨³ µ¡· §µ³,
¤ ¦¥ ¢ ÔÉµ³ ¸²ÊÎ ¥ ¤µ²Ö ¶·¥¤¸¥¤²µ¢ÒÌ ´¥°É·µ´µ¢ ¢ ¶µ²´µ³ Î¨¸²¥ ¶·¥¤¤¥²¨-
É¥²Ó´ÒÌ ´¥°É·µ´µ¢ ¸µ¸É ¢²Ö¥É µÉ 50 ¤µ 80%. 
 §²¨Î¨¥ ÌµÉÖ ¨ ´ ¡²Õ¤ ¥É¸Ö,
´µ µ´µ ´¥ µÎ¥´Ó ¢¥²¨±µ ¨ ´¥ ´µ¸¨É ¤· ³ É¨Î¥¸±µ£µ Ì · ±É¥· . …¸²¨ ¦¥ ¶·¨
¸· ¢´¥´¨¨ ¸ Ô±¸¶¥·¨³¥´Éµ³ ³Ò ¡Ê¤¥³ ·Ê±µ¢µ¤¸É¢µ¢ ÉÓ¸Ö ·¥§Ê²ÓÉ É ³¨, ¶µ²Ê-
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Î¥´´Ò³¨ ¢ · ¸Î¥É Ì ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ §´ Î¥´¨Ö ¶ · ³¥É·  ãf/ãν = 1, 05, Éµ
´ Ï¨ ¢Ò¢µ¤Ò ¡Ê¤ÊÉ ¶·Ö³µ ¶·µÉ¨¢µ¶µ²µ¦´Ò³¨.

�·µ¢¥¤¥´´Ò°  ´ ²¨§ ¶µ± §Ò¢ ¥É, ÎÉµ ¢µ¶·µ¸ µ ·¥ ²¨¸É¨Î´µ¸É¨ ¶ · ³¥-
É·µ¢, ¨¸¶µ²Ó§ÊÕÐ¨Ì¸Ö ¢ · ¸Î¥É Ì ¶µ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨, Ö¢²Ö¥É¸Ö Î·¥§-
¢ÒÎ °´µ ¢ ¦´Ò³ ¨ ³µ¦¥É ¸ÊÐ¥¸É¢¥´´µ ¶µ¢²¨ÖÉÓ ´  ¨´É¥·¶·¥É Í¨Õ Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. �µÔÉµ³Ê ¶·¨ ¶·µ¢¥·±¥  ±É¨¢´µ · §· ¡ ÉÒ¢ ¥³ÒÌ ¢
¶µ¸²¥¤´¥¥ ¢·¥³Ö ¤¨´ ³¨Î¥¸±¨Ì ³µ¤¥²¥° ´¥µ¡Ìµ¤¨³µ Î¥É±µ ¢Ò¤¥²ÖÉÓ ¨§ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ¨ ¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö ¸· ¢´¥´¨Ö Éµ²Ó±µ ÉÊ ¨Ì Î ¸ÉÓ,
±µÉµ· Ö ¶·¨´Í¨¶¨ ²Ó´µ ´¥ ³µ¦¥É ¡ÒÉÓ µ¶¨¸ ´  ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²ÓÕ ¸ ¥¥
³¨´¨³ ²Ó´Ò³ ´ ¡µ·µ³ É·¥¡µ¢ ´¨° ± ¶·µÍ¥¸¸Ê,   ¨³¥´´µ: ÎÉµ¡Ò ¶·µÍ¥¸¸ ¡Ò²
¶µ²´µ¸ÉÓÕ É¥·³ ²¨§µ¢ ´ ¨ ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê · §²¨Î´Ò³¨ ³µ¤ ³¨ · ¸¶ ¤ 
µ¶·¥¤¥²Ö²¨¸Ó Éµ²Ó±µ ¨Ì ¸É É¨¸É¨Î¥¸±¨³¨ ¢¥¸ ³¨ ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥.
‚ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥ ¶µ²ÊÎ ¥³Ò¥ ¨§ ¸· ¢´¥´¨Ö §´ Î¥´¨Ö ¤²Ö ¤¨´ ³¨Î¥¸±¨Ì
¶ · ³¥É·µ¢ ¡Ê¤ÊÉ ¢ ¡µ²ÓÏ¥° ³¥·¥ µÉ· ¦ ÉÓ ´¥¤µ¸É É±¨ ¨¸¶µ²Ó§µ¢ ´´µ£µ ¢
· ¸Î¥É Ì ¢ ·¨ ´É  ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨, Î¥³ ·¥ ²Ó´Ò¥ ¤¨´ ³¨Î¥¸±¨¥ Ì -
· ±É¥·¨¸É¨±¨ Ö¤¥·´µ° ³ É¥·¨¨.

5. ;Œˆ‘‘ˆŸ Š‹�‘’…1	‚ Š	Œ��“�„-Ÿ„1�Œˆ

ˆ§¢¥¸É´µ, ÎÉµ ¢ ·¥ ±Í¨ÖÌ ¸ ÉÖ¦¥²Ò³¨ ¨µ´ ³¨ ´ ¡²Õ¤ ¥É¸Ö µÎ¥´Ó ¡µ²Ó-
Ïµ° ¢ÒÌµ¤ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¨ ±² ¸É¥·µ¢, ±µÉµ·Ò° ¢´ Î ²¥ µ¤´µ§´ Î´µ
¸¢Ö§Ò¢ ²¸Ö ¸ ¶·Ö³Ò³¨ ·¥ ±Í¨Ö³¨ ¨²¨ ·¥ ±Í¨Ö³¨ £²Ê¡µ±µ´¥Ê¶·Ê£¨Ì ¶¥·¥¤ Î.
�·¨Î¥³, § Î ¸ÉÊÕ, ¤²Ö ÉÖ¦¥²ÒÌ ±µ³¶ Ê´¤-Ö¤¥· µ¸¶ ·¨¢ ² ¸Ó ¢µ§³µ¦´µ¸ÉÓ ¨¸-
¶ ·¥´¨Ö ¤ ¦¥ α-Î ¸É¨Í. ‚ · ¡µÉ¥ [32] ¢¶¥·¢Ò¥ ¡Ò²µ Ô±¸¶¥·¨³¥´É ²Ó´µ ¤µ-
± § ´µ, ÎÉµ ¢ ·¥ ±Í¨¨ 3He + Ag ±² ¸É¥·Ò ¸ Z = 3 ÷ 11, ¢Ò²¥É ÕÐ¨¥ ¢
§ ¤´ÕÕ ¶µ²Ê¸Ë¥·Ê ¸ θ = 120◦ ÷ 160◦, ¸¢Ö§ ´Ò ¸ · ¸¶ ¤µ³ ¢µ§¡Ê¦¤¥´´µ£µ
±µ³¶ Ê´¤-Ö¤· . �É  · ¡µÉ  ´¥ µ¸É ² ¸Ó ´¥§ ³¥Î¥´´µ° ¨ ¶·¨¢²¥±²  ¢´¨³ ´¨¥
± ¨§ÊÎ¥´¨Õ ³¥Ì ´¨§³  ¨¸¶Ê¸± ´¨Ö ±² ¸É¥·µ¢. „²Ö  ´ ²¨§  ¶µ²ÊÎ¥´´ÒÌ ·¥§Ê²Ó-
É Éµ¢ ‹.Œµ·¥ÉÉµ ¶·¨³¥´¨² · §· ¡µÉ ´´Ò° ¨³ ¥¤¨´Ò° ¶µ¤Ìµ¤ ± ¨¸¶Ê¸± ´¨Õ
Î ¸É¨Í ¨ ¤¥²¥´¨Õ Ö¤¥· [33], ¢ ±µÉµ·µ³ ¨¸¶µ²Ó§Ê¥É¸Ö ¸É ´¤ ·É´µ¥ ¢Ò· ¦¥´¨¥
¤²Ö ¤¥²¨É¥²Ó´µ° Ï¨·¨´Ò ¢ Ëµ·³ ²¨§³¥ kµ·  ¨ “¨²²¥· ,   ¸¢µ¡µ¤´Ò³¨ ¶ -
· ³¥É· ³¨ ¤²Ö ±² ¸É¥·  c Ë¨±¸¨·µ¢ ´´Ò³ Z Ö¢²Ö²¨¸Ó Ê¸²µ¢´Ò° ¡ ·Ó¥· ¤²Ö
·¥§±µ  ¸¨³³¥É·¨Î´µ£µ ¤¥²¥´¨Ö ¨ µÉ´µÏ¥´¨¥ ¶ · ³¥É·µ¢ ¶²µÉ´µ¸É¨ Ê·µ¢´¥°
¤²Ö · ¢´µ¢¥¸´µ£µ ¸µ¸ÉµÖ´¨Ö ±µ³¶ Ê´¤-Ö¤·  ¨ ¢ ¸¥¤²µ¢µ° ÉµÎ±¥ (¨§µÉµ¶´µ¥
· ¸¶·¥¤¥²¥´¨¥ ±² ¸É¥·µ¢ ´¥ ÊÎ¨ÉÒ¢ ²µ¸Ó). ‚ Í¥²µ³, ¢ ÔÉµ° ¶·µ¸Éµ° ³µ¤¥²¨
Ê¤ ²µ¸Ó ¶µ²ÊÎ¨ÉÓ ¤µ¸É ÉµÎ´µ Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´-
´Ò³¨, ÌµÉÖ ¨³¥²¨¸Ó µ¶·¥¤¥²¥´´Ò¥ ´¥·¥£Ê²Ö·´Ò¥ ¢ ·¨ Í¨¨ ¶ · ³¥É·µ¢ ¤²Ö
± ¦¤µ£µ ¨§ É¨¶µ¢ ±² ¸É¥·µ¢.

‚ ´ Ï¨Ì · ¡µÉ Ì [34Ä36] ¤²Ö  ´ ²¨§  ¨ ±µ²¨Î¥¸É¢¥´´µ£µ µ¶¨¸ ´¨Ö ÔÉ¨Ì
¨ ¤·Ê£¨Ì  ´ ²µ£¨Î´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¡Ò² ¨¸¶µ²Ó§µ¢ ´  ²ÓÉ¥·´ -
É¨¢´Ò° Å Î¨¸Éµ ¨¸¶ ·¨É¥²Ó´Ò° ¶µ¤Ìµ¤. �µ ¸ÊÐ¥¸É¢Ê, ÔÉµ ¶¥·¢ Ö ¸¥·Ó¥§´ Ö
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¶µ¶ÒÉ±  µ¶¨¸ ÉÓ ¢Ò²¥É § ·Ö¦¥´´ÒÌ Ë· £³¥´Éµ¢ ¨§ ±µ³¶ Ê´¤-Ö¤¥· ¢ µ¡Ñ¥¤¨-
´¥´´µ° ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ ¨¸¶ ·¥´¨Ö Î ¸É¨Í ¨ ±² ¸É¥·µ¢. ˆ¸¶ ·¨É¥²Ó´Ò¥
Ï¨·¨´Ò ¤²Ö ´Ê±²µ´µ¢ ¨ Ö¤¥· 3÷8He, 4÷11Li, 7÷11Be, 9÷14B, 10÷16C, 13÷18N,
14÷21O, 17÷23F, 18÷25Ne, 22÷27Na · ¸¸Î¨ÉÒ¢ ²¨¸Ó ¶µ Ëµ·³Ê²¥ (7),   µ±µ´Î -
É¥²Ó´ Ö Ëµ·³Ê²  ¤²Ö · ¸Î¥Éµ¢ ¸¥Î¥´¨° ¨¸¶ ·¥´¨Ö ±² ¸É¥·µ¢ ¨§ ±µ³¶ Ê´¤-Ö¤· 
¸ ÊÎ¥Éµ³ ´¥¸±µ²Ó±¨Ì ¸ÉÊ¶¥´¥° ´¥°É·µ´´µ£µ ¨¸¶ ·¨É¥²Ó´µ£µ ± ¸± ¤  ¨³¥²  ¢¨¤

σ =
�cr∑
�=0

σ�c

m∑
ı=0

Γ(ı)ν,�
Γ(ı)f,� +

∑
n,p
Γ(ı)n(p),� +

∑
ν
Γ(ı)ν,�

×

×
ı−1∏
k=0

Γ(k)n,�

Γ(k)f,� +
∑
n,p
Γ(k)n(p),� +

∑
ν
Γ(k)ν,�

, (15)

£¤¥ σ�c Å ¶ ·Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö ±µ³¶ Ê´¤-Ö¤· , m Å Î¨¸²µ ¸ÉÊ¶¥-
´¥° ´¥°É·µ´´µ£µ ¨¸¶ ·¨É¥²Ó´µ£µ ± ¸± ¤ . 
 ¸Î¥ÉÒ ¶·µ¢µ¤¨²¨¸Ó µÉ¤¥²Ó´µ ¤²Ö
± ¦¤µ° ¶ ·Í¨ ²Ó´µ° ¢µ²´Ò ¸ Ï £µ³ ¶µ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö, · ¢´Ò³ 1 ŒÔ‚.
‚ · ¸Î¥É Ì ÊÎ¨ÉÒ¢ ²¨¸Ó µ¡µ²µÎ¥Î´Ò¥ ÔËË¥±ÉÒ ¢ ¶ · ³¥É·¥ ¶²µÉ´µ¸É¨ Ê·µ¢-
´¥° ¨ ¢ ¡ ·Ó¥· Ì ¤¥²¥´¨Ö,   É ±¦¥ ¨§³¥´¥´¨¥ ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¢ µ¸É ÉµÎ´ÒÌ
Ö¤· Ì, µ¡· §ÊÕÐ¨Ì¸Ö ¶µ¸²¥ ¢Ò²¥É  ±² ¸É¥·µ¢. �·¨ ¢ÒÎ¨¸²¥´¨ÖÌ ¨¸¶µ²Ó§µ¢ -
²¨¸Ó Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö Ô´¥·£¨° ¸¢Ö§¨ ¨ ¸¶¨´µ¢ ¤²Ö ± ¦¤µ£µ ¨§
¨§µÉµ¶µ¢ ¢ ¨¸¶ ·¨É¥²Ó´µ° Í¥¶µÎ±¥, ¶·¨¢µ¤ÖÐ¥° ± µ¡· §µ¢ ´¨Õ ¢ ¢ÒÌµ¤´µ³
± ´ ²¥ ±² ¸É¥·  ¸ ¤ ´´Ò³ Z. ‚¥²¨Î¨´  Ê£²µ¢µ£µ ³µ³¥´É , Ê´µ¸¨³µ£µ ±² -
¸É¥·µ³, ÊÎ¨ÉÒ¢ ² ¸Ó ¶·¨ · ¸Î¥É¥ ±Ê²µ´µ¢¸±µ£µ ¡ ·Ó¥·  ¤²Ö ¢Ò²¥É  ±² ¸É¥·µ¢,
Ô´¥·£¨¨ ¢· Ð¥´¨Ö µ¸É ÉµÎ´µ£µ Ö¤·  ¨ É¥¶²µ¢µ° Ô´¥·£¨¨ µ¸É ÉµÎ´µ£µ Ö¤· .

� ¨¡µ²ÓÏ¨° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö²  ´ ²¨§ ¤ ´´ÒÌ ¤²Ö ·¥ ±Í¨¨ 3He + Ag,
¤²Ö ±µÉµ·µ° ¨³¥² ¸Ó ´ ¨¡µ²¥¥ ¶µ²´ Ö ¨´Ëµ·³ Í¨Ö ¶µ ¢Ò²¥ÉÊ ±² ¸É¥·µ¢ · §-
²¨Î´ÒÌ É¨¶µ¢, ¨ ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¡Ò²¨ ¨§³¥·¥´Ò ¢ Ï¨·µ±µ³ ¤¨ ¶ §µ´¥
Ô´¥·£¨° ¨µ´µ¢ 3He µÉ 50 ¤µ 130 ŒÔ‚. Š·µ³¥ Éµ£µ, ¨³¥² ¸Ó ¢µ§³µ¦´µ¸ÉÓ
¶·µ¢¥¸É¨ ¸µ¢³¥¸É´Ò°  ´ ²¨§ ¤ ´´ÒÌ ¶µ ¢ÒÌµ¤Ê ±² ¸É¥·µ¢, ¶µ²ÊÎ¥´´ÒÌ ¢
É ±¨Ì, ´  ¶¥·¢Ò° ¢§£²Ö¤, · §²¨Î´ÒÌ ·¥ ±Í¨ÖÌ, ± ± 3He + Ag (130 ŒÔ‚) ¨
p+Ag (480 ŒÔ‚). �·¨  ´ ²¨§¥ ¤ ´´ÒÌ, ¶µ²ÊÎ¥´´ÒÌ ¢ ·¥ ±Í¨ÖÌ ¸ ¶·µÉµ´ ³¨
¢Ò¸µ±µ° Ô´¥·£¨¨, · ¸Î¥ÉÒ ¶·µ¢µ¤¨²¨¸Ó ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ ³µ¦´µ · §¤¥-
²¨ÉÓ ¶·µÍ¥¸¸ ´  ¤¢¥ ¸É ¤¨¨: ¡Ò¸É·ÊÕ, ¢ ·¥§Ê²ÓÉ É¥ ±µÉµ·µ° ¶µ¸²¥ ¢Ò²¥É 
´¥· ¢´µ¢¥¸´ÒÌ Î ¸É¨Í µ¸É ÕÉ¸Ö ¢µ§¡Ê¦¤¥´´Ò¥ ±µ³¶ Ê´¤-Ö¤·  ¸ ´¥±µÉµ·Ò³
· ¸¶·¥¤¥²¥´¨¥³ ¶µ Z, A ¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö; ¨ ¸µ¡¸É¢¥´´µ ¨¸¶ ·¨É¥²Ó-
´ÊÕ, ¢ ¶·µÍ¥¸¸¥ ±µÉµ·µ° ¶·µ¨¸Ìµ¤¨É ¤¥¢µ§¡Ê¦¤¥´¨¥ µ¡· §µ¢ ¢Ï¨Ì¸Ö ´  ¶¥·-
¢µ° ¸É ¤¨¨ ±µ³¶ Ê´¤-Ö¤¥·. „¥É ²¨ · ¸Î¥Éµ¢, ¸¢Ö§ ´´ÒÌ ¸ ¡Ò¸É·µ° ¸É ¤¨¥°
¶·µÍ¥¸¸ , ¤ ´Ò ¢ · ¡µÉ¥ [35].

C ¨¸¶µ²Ó§µ¢ ´¨¥³ · §· ¡µÉ ´´µ° ³µ¤¥²¨ É ±¦¥ ¶·µ¢¥¤¥´Ò · ¸Î¥ÉÒ ¸¥-
Î¥´¨° ¨¸¶ ·¥´¨Ö Ë· £³¥´Éµ¢ ¨§ ¢µ§¡Ê¦¤¥´´ÒÌ ±µ³¶ Ê´¤-Ö¤¥· ¸ Z = 65, 80,
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¨ 97, µ¡· §ÊÕÐ¨Ì¸Ö ¢ ·¥ ±Í¨ÖÌ 40Ar + Ag, Sm,Au ¶·¨ Ô´¥·£¨¨ ¨µ´µ¢ 40Ar,
· ¢´µ° 336 ŒÔ‚,   É ±¦¥ ¢ ·¥ ±Í¨ÖÌ 12C + Th ¨ 52Cr + Ta [34,36].


¨¸. 14. ‡ ¢¨¸¨³µ¸ÉÓ ¶µ²´µ£µ ¸¥Î¥-
´¨Ö µ¡· §µ¢ ´¨Ö ±² ¸É¥·µ¢ µÉ Ô´¥·-
£¨¨ ¡µ³¡ ·¤¨·ÊÕÐ¨Ì ¨µ´µ¢ 3He.
’µÎ±¨ Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´-
´Ò¥, ²¨´¨¨ Å ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É 
¶µ ¨¸¶ ·¨É¥²Ó´µ° ³µ¤¥²¨

�¡¸Ê¤¨³ µ¸´µ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ, ¶µ²Ê-
Î¥´´Ò¥ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¨¸¶ ·¨É¥²Ó´µ°
³µ¤¥²¨ ¤²Ö µ¶¨¸ ´¨Ö ¢ÒÌµ¤µ¢ ±² ¸É¥·µ¢.
�  ·¨¸. 14 ¶·¨¢¥¤¥´Ò § ¢¨¸¨³µ¸É¨ ¶µ²´ÒÌ
¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ±² ¸É¥·µ¢ ¸ Ë¨±¸¨·µ-
¢ ´´Ò³ Z µÉ Ô´¥·£¨¨ ¡µ³¡ ·¤¨·ÊÕÐ¨Ì ¨µ-
´µ¢ 3He. �É³¥É¨³, ÎÉµ Ê ±µ³¶ Ê´¤-Ö¤¥· In,
µ¡· §ÊÕÐ¨Ì¸Ö ¢ ·¥ ±Í¨¨, Ê£²µ¢µ° ³µ³¥´É
³ ² ∼ 15−20�, ¨ ¶µÔÉµ³Ê ¢±² ¤ ÔËË¥±Éµ¢,
¸¢Ö§ ´´ÒÌ ¸ Ê£²µ¢Ò³ ³µ³¥´Éµ³, ´¥¢¥²¨±.
„¥²¥´¨¥ ± ± ± ´ ² · ¸¶ ¤  µÉ¸ÊÉ¸É¢Ê¥É ¨
¶µÔÉµ³Ê Éµ¦¥ ´¥ ¢²¨Ö¥É ´  ·¥§Ê²ÓÉ ÉÒ · ¸-
Î¥Éµ¢. kµ²¥¥ ¢¸¥£µ · ¸Î¥ÉÒ ÎÊ¢¸É¢¨É¥²Ó´Ò
± ¶ · ³¥É·Ê r0, ¢Ìµ¤ÖÐ¥³Ê ¢ Ëµ·³Ê²Ê ¤²Ö
· ¸Î¥É  ±Ê²µ´µ¢¸±µ£µ ¡ ·Ó¥·  ¶·¨ ¢§ ¨³µ-
¤¥°¸É¢¨¨ ±² ¸É¥·  ¨ Ö¤· -µ¸É É± . „²Ö ·¥-
 ±Í¨° ¸ ¨µ´ ³¨ 3He, 12C ¨ ¶·µÉµ´ ³¨ ¢Ò-
¸µ±µ° Ô´¥·£¨¨ Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ · ¸Î¥É 
¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¡Ò²µ ¶µ²Ê-
Î¥´µ ¶·¨ §´ Î¥´¨¨ ÔÉµ£µ ¶ · ³¥É·  r0 =
= 1, 25 Ë³. �¥·¥Ìµ¤ ± ·¥ ±Í¨Ö³ ¸ ¡µ²¥¥
ÉÖ¦¥²Ò³¨ ¨µ´ ³¨ (É ±¨³¨, ± ± Ar ¨ Cr)
¨, ± ± ¸²¥¤¸É¢¨¥, ·¥§±µ¥ Ê¢¥²¨Î¥´¨Ö ¸·¥¤-
´¥£µ Ê£²µ¢µ£µ ³µ³¥´É  ±µ³¶ Ê´¤-Ö¤¥·, ¶·¨-
¢µ¤¨É ± ´¥µ¡Ìµ¤¨³µ¸É¨ Ê¢¥²¨Î¥´¨Ö ÔÉµ£µ
¶ · ³¥É·  ¤µ r0 = 1, 30 Ë³. �Éµ ³µ¦¥É ¸¢¨-
¤¥É¥²Ó¸É¢µ¢ ÉÓ ²¨¡µ µ¡ Ê¢¥²¨Î¥´¨¨ ¤¥Ëµ·-
³ Í¨¨ Ö¤¥·, µ¡· §ÊÕÐ¨Ì¸Ö ¢ ¨¸¶ ·¨É¥²Ó-
´µ³ ± ´ ²¥, ²¨¡µ µ Éµ³, ÎÉµ ¸ÊÐ¥¸É¢¥´´ Ö
¤µ²Ö ±² ¸É¥·µ¢ ¨¸¶ ·Ö¥É¸Ö ¨§ ¤µ²£µ¦¨¢Ê-
Ð¥° ¶·µ³¥¦ÊÉµÎ´µ° ¸¨¸É¥³Ò.

‡ ·Ö¤µ¢Ò¥ ¨ ³ ¸¸µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¤²Ö ±² ¸É¥·µ¢, µ¡· §ÊÕÐ¨Ì¸Ö ¢ ·¥-
 ±Í¨ÖÌ p+ Ag ¨ 3He + Ag, ¶·¨¢¥¤¥´Ò ´  ·¨¸. 15. ‡ ·Ö¤µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö
µÉ´µ·³¨·µ¢ ´Ò ¶·¨ §´ Î¥´¨¨ Z = 11. ‘µ¢¶ ¤¥´¨¥ ¶µ¢¥¤¥´¨Ö ¸¥Î¥´¨° ¢ÒÌµ-
¤µ¢ ±² ¸É¥·µ¢ ¢ ÔÉ¨Ì ¤¢ÊÌ ·¥ ±Í¨ÖÌ ¨ ¸µ£² ¸¨¥ · ¸Î¥É  ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨ (¢ Éµ³ Î¨¸²¥ ¨ ¶µ ¨§µÉµ¶´Ò³ ¢ÒÌµ¤ ³) Ö¢´µ Ê± §Ò¢ ¥É ´  µ¡Ð¨°,
  ¨³¥´´µ ¨¸¶ ·¨É¥²Ó´Ò° ³¥Ì ´¨§³ µ¡· §µ¢ ´¨Ö Ë· £³¥´Éµ¢ ± ± ¢ ·¥ ±Í¨ÖÌ
c ¨µ´ ³¨ 3He, É ± ¨ ¸ ¶·µÉµ´ ³¨ ¢Ò¸µ±µ° Ô´¥·£¨¨. 
 ¸Î¥ÉÒ É ±¦¥ ¶µ± §Ò-
¢ ÕÉ, ÎÉµ ¢ ¢ÒÌµ¤ ±² ¸É¥·µ¢ ¸ § ¤ ´´Ò³ Z ¸· ¢´¨³Ò° ¢±² ¤ ¤ ÕÉ µÉ 3 ¤µ 5
¨§µÉµ¶µ¢, µ¡· §ÊÕÐ¨Ì¸Ö ´  · §²¨Î´ÒÌ ¸ÉÊ¶¥´ÖÌ ´¥°É·µ´´µ£µ ¨¸¶ ·¨É¥²Ó´µ£µ
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± ¸± ¤ . ’ ±, ¶·¨ Ô´¥·£¨¨ ¨µ´µ¢ 3He, · ¢´µ° 90 ŒÔ‚, ¤µ²Ö ¸¥Î¥´¨Ö, ¸¢Ö§ ´-
´ Ö ¸ ¢Ò²¥Éµ³ ±² ¸É¥·µ¢ ¶µ¸²¥ ¨¸¶ ·¥´¨Ö ´¥¸±µ²Ó±¨Ì ´¥°É·µ´µ¢, ¸µ¸É ¢²Ö¥É
∼ 30÷ 40%, ¨ ÔÉ  ¤µ²Ö Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·µ¸Éµ³ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö [34].


¨¸. 15. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
(ÉµÎ±¨) ¨ · ¸¸Î¨É ´´ÒÌ (²¨´¨¨) § ·Ö¤µ-
¢ÒÌ ¨ ³ ¸¸µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¤²Ö ±² -
¸É¥·µ¢, µ¡· §ÊÕÐ¨Ì¸Ö ¢ ·¥ ±Í¨ÖÌ p+Ag
¨ 3He + Ag

�  ·¨¸. 16 ¶µ± § ´µ §´ Î¨É¥²Ó´µ¥
· §²¨Î¨¥ § ·Ö¤µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¤²Ö
±² ¸É¥·µ¢, µ¡· §ÊÕÐ¨Ì¸Ö ¢ ·¥ ±Í¨ÖÌ ¸
²¥£±¨³¨ (12C) ¨ ÉÖ¦¥²Ò³¨ (40Ar, 52Cr)
¨µ´ ³¨. ‚¨¤´µ, ÎÉµ ¥¸²¨ ¤²Ö ¨µ´µ¢
12C, É ± ¦¥, ± ± ¨ ¤²Ö ¨µ´µ¢ 3He, ´ -
¡²Õ¤ ¥É¸Ö ¶ ¤¥´¨¥ ¢ÒÌµ¤µ¢ ±² ¸É¥·µ¢
¸ Ê¢¥²¨Î¥´¨¥³ ¨Ì § ·Ö¤µ¢µ£µ Î¨¸² , Éµ
¢ ·¥ ±Í¨ÖÌ ¸ ¡µ²¥¥ ÉÖ¦¥²Ò³¨ ¨µ´ ³¨
Ì · ±É¥· § ¢¨¸¨³µ¸É¨ ¸ÊÐ¥¸É¢¥´´µ ³¥-
´Ö¥É¸Ö. ’ ±, ¢ ·¥ ±Í¨ÖÌ ¸ ¨µ´ ³¨ 40Ar
¢ÒÌµ¤ Ë· £³¥´Éµ¢ ¶· ±É¨Î¥¸±¨ ´¥ § -
¢¨¸¨É µÉ Z,   ¢ ·¥ ±Í¨ÖÌ ¸ ¨µ´ ³¨
52Cr, ± ± ¸²¥¤Ê¥É ¨§ ·¨¸Ê´± , ´ ¡²Õ-
¤ ¥É¸Ö ¤ ¦¥ ´¥±µÉµ·Ò° ·µ¸É ¢ÒÌµ¤  ¸
Ê¢¥²¨Î¥´¨¥³ Z.

ˆ, ´ ±µ´¥Í, ¢ ·¥ ±Í¨¨ 40Ar+
+197Au ¶·¨ ¢Ò²¥É¥ ±² ¸É¥·µ¢ ¸ Z ≥ 7
µ¡· §ÊÕÉ¸Ö Ö¤·  ¸ N ∼ 126, É.¥. Ö¤· 
¸µ §´ Î¨É¥²Ó´µ° µ¡µ²µÎ¥Î´µ° ¶µ¶· ¢-
±µ°. �µÔÉµ³Ê ¢ÒÌµ¤ ±² ¸É¥·µ¢ ´ Î¨-
´ ¥É µ¶·¥¤¥²ÖÉÓ¸Ö ¢²¨Ö´¨¥³ µ¡µ²µÎ¥Î-
´ÒÌ ÔËË¥±Éµ¢, ÎÉµ Ìµ·µÏµ ¢¨¤´µ ´ 
·¨¸. 17, ´  ±µÉµ·µ³ ¶µ± § ´Ò ·¥§Ê²Ó-
É ÉÒ · ¸Î¥Éµ¢ ¢ÒÌµ¤µ¢ ¸ ÊÎ¥Éµ³ µ¡µ-
²µÎ¥Î´ÒÌ ÔËË¥±Éµ¢ (±·¨¢ Ö 1) ¨ ¡¥§
ÊÎ¥É  (±·¨¢ Ö 2). ‚¨¤´µ, ÎÉµ ¤²Ö Ë· £-
³¥´Éµ¢ ¸ Z = 10, 11 · §´¨Í  ³¥¦¤Ê
¤¢Ê³Ö ¢ ·¨ ´É ³¨ · ¸Î¥É  ¤µ¸É¨£ ¥É

¶µ·Ö¤±  ¢¥²¨Î¨´Ò, ¨ µÉ± § µÉ ÊÎ¥É  µ¡µ²µÎ¥Î´ÒÌ ÔËË¥±Éµ¢ ¢ ¶²µÉ´µ¸É¨
Ê·µ¢´¥° ¶·¨¢µ¤¨É ± ´¥µ¡µ¸´µ¢ ´´µ³Ê § ¢ÒÏ¥´¨Õ · ¸Î¥É´µ£µ ¢ÒÌµ¤  ÔÉ¨Ì
´Ê±²¨¤µ¢.

‚ § ±²ÕÎ¥´¨¥ ¨³¥¥É ¸³Ò¸² ¸¤¥² ÉÓ ´¥¡µ²ÓÏµ¥ ·¥§Õ³¥ ¨ ±· É±µ ¶µ¤-
¢¥¸É¨ µ¸´µ¢´Ò¥ ¨Éµ£¨. �·µ¢¥¤¥´´Ò°  ´ ²¨§ ¶µ± § ², ÎÉµ ¢ · ³± Ì ¥¤¨´µ°
µ¡µ¡Ð¥´´µ° ¨¸¶ ·¨É¥²Ó´µ° ³µ¤¥²¨ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ Ìµ·µÏ¥¥ ±µ²¨Î¥¸É¢¥´-
´µ¥ µ¶¨¸ ´¨¥ ¤²Ö 90% Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ µ ¸¥Î¥´¨ÖÌ ¨ µÉ´µ¸¨É¥²Ó-
´ÒÌ ¢ÒÌµ¤ Ì ± ± ´Ê±²µ´µ¢, É ± ¨ ±² ¸É¥·µ¢ ¨§ ¢µ§¡Ê¦¤¥´´ÒÌ ±µ³¶ Ê´¤-Ö¤¥·.
�·¨ ÔÉµ³ ¶· ±É¨Î¥¸±¨ µÉ¸ÊÉ¸É¢Ê¥É ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö ¸¢µ¡µ¤´µ
¢ ·Ó¨·Ê¥³ÒÌ ³µ¤¥²Ó´ÒÌ ¶ · ³¥É·µ¢. �  · §´µµ¡· §´µ³ Ô±¸¶¥·¨³¥´É ²Ó´µ³
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¨¸. 16. 
 ¸¶·¥¤¥²¥´¨Ö § ·Ö¤µ¢ÒÌ ¢ÒÌµ¤µ¢ ±² ¸É¥·µ¢, µ¡· §ÊÕÐ¨Ì¸Ö ¢ ·¥ ±Í¨ÖÌ ¸
¨µ´ ³¨ 12C ¨ 52Cr. ’µÎ±¨ Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ²¨´¨¨ Å ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É 


¨¸. 17. 
 ¸Î¥É´Ò¥ ¢¥²¨Î¨´Ò ¢ÒÌµ¤µ¢ ±² ¸É¥·µ¢ ¢ ·¥ ±Í¨¨ 197Au +40 Ar, ¶µ²ÊÎ¥´´Ò¥
¸ ÊÎ¥Éµ³ µ¡µ²µÎ¥Î´ÒÌ ÔËË¥±Éµ¢ (±·¨¢ Ö 1) ¨ ¡¥§ ÊÎ¥É  (2)

³ É¥·¨ ²¥ ¶·µ¤¥³µ´¸É·¨·µ¢ ´  ´¥µ¡Ìµ¤¨³µ¸ÉÓ µ¡Ö§ É¥²Ó´µ£µ ÊÎ¥É  ¢ · ¸Î¥-
É Ì µ¡µ²µÎ¥Î´ÒÌ ÔËË¥±Éµ¢ ¢ ¨¸¶ ·¨É¥²Ó´µ³ ¨ ¤¥²¨É¥²Ó´µ³ ± ´ ² Ì,   É ±¦¥
¢±² ¤ Ô³¨¸¸¨µ´´µ£µ ³¥Ì ´¨§³  ¢ ¢ÒÌµ¤ ±² ¸É¥·µ¢ ¨ µ¸±µ²±µ¢ ¤¥²¥´¨Ö.



306 �“‘’›‹œ�ˆŠ k.ˆ.

6. ‘…—…�ˆŸ 	31�‡	‚��ˆŸ ˆ‘��1ˆ’…‹œ�›• �1	„“Š’	‚
‚ ’1��‘“1��	‚	‰ 	3‹�‘’ˆ Ÿ„…1

.
‚ ¶µ¸²¥¤´¨¥ £µ¤Ò ¸´µ¢  ¢µ§·µ¸ ¨´É¥·¥¸ ± ·¥ ±Í¨Ö³ ®£µ·ÖÎ¥£µ¯ ¸²¨Ö-

´¨Ö, ¢ ±µÉµ·ÒÌ ¤²Ö ¸¨´É¥§  ´µ¢ÒÌ Ô²¥³¥´Éµ¢ ¨¸¶µ²Ó§ÊÕÉ¸Ö  ±É¨´¨¤´Ò¥ ³¨-
Ï¥´¨ ¨ µ¡· §ÊÕÐ¨¥¸Ö ±µ³¶ Ê´¤-Ö¤·  ¨³¥ÕÉ Ô´¥·£¨Õ ¢µ§¡Ê¦¤¥´¨Ö ¶µ·Ö¤± 
30 ÷ 50 ŒÔ‚ [37]. ’ ± ± ± ÔÉµ ´ ¶· ¢²¥´¨¥ ¸¨´É¥§  ¢¶²µÉÓ ¤µ ¸¥³¨¤¥¸ÖÉÒÌ
£µ¤µ¢ ¡Ò²µ µ¸´µ¢´Ò³, Éµ ¢ ²¨É¥· ÉÊ·¥ ¨³¥¥É¸Ö ¡µ²ÓÏµ¥ ±µ²¨Î¥¸É¢µ Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ µ ¶µ¶¥·¥Î´ÒÌ ¸¥Î¥´¨ÖÌ É ±¨Ì ·¥ ±Í¨°, ¶·µÉ¥± ÕÐ¨Ì
¸ ¨¸¶ ·¥´¨¥³ 4Ä6 ´¥°É·µ´µ¢ ¨ ¶·¨¢µ¤ÖÐ¨Ì ± · §²¨Î´Ò³ ¨§µÉµ¶ ³ É· ´¸-
Ë¥·³¨¥¢ÒÌ Ô²¥³¥´Éµ¢ ¢¶²µÉÓ ¤µ Ô²¥³¥´É  ¸ ¶µ·Ö¤±µ¢Ò³ ´µ³¥·µ³ 106. ’ -
±¨³ µ¡· §µ³, ¨³¥¥É¸Ö µ¡Ï¨·´Ò° Ô±¸¶¥·¨³¥´É ²Ó´Ò° ³ É¥·¨ ², ¶µ§¢µ²ÖÕÐ¨°
¶·µ¢¥¸É¨ ¸¨¸É¥³ É¨Î¥¸±¨°  ´ ²¨§.

�  ·¨¸. 18,  ¶·¨¢¥¤¥´Ò §´ Î¥´¨Ö ¤¥¸ÖÉ¨Î´ÒÌ ²µ£ ·¨Ë³µ¢ ¸¥Î¥´¨°, ¸µµÉ-
¢¥É¸É¢ÊÕÐ¨Ì ³ ±¸¨³Ê³ ³ ËÊ´±Í¨° ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö ·¥ ±Í¨° ¸ ¨¸¶ ·¥´¨¥³ 4
´¥°É·µ´µ¢ ¢ § ¢¨¸¨³µ¸É¨ µÉ §´ Î¥´¨° X Å ¶ · ³¥É·  ¤¥²¨³µ¸É¨ ¨¸Ìµ¤´µ£µ
¸µ¸É ¢´µ£µ Ö¤· . ’·¥Ê£µ²Ó´¨± ³¨ ¨§µ¡· ¦¥´Ò ¢¥²¨Î¨´Ò σmax4n ¤²Ö ·¥ ±Í¨°,
¢Ò§¢ ´´ÒÌ ¨µ´ ³¨ B ¨ C, ±·Ê¦± ³¨ Å N, O, F, ±¢ ¤· É ³¨ Å Ne, Mg, Al.
�¡· Ð ¥É ´  ¸¥¡Ö ¢´¨³ ´¨¥ ®¸¶µ±µ°´µ¥¯, ¡¥§ ¢¸Ö±¨Ì µ¸µ¡¥´´µ¸É¥° ¶µ¢¥¤¥-
´¨¥ σmax4n . ’µÎ±¨ ¤µ¸É ÉµÎ´µ · ¢´µ³¥·´µ £·Ê¶¶¨·ÊÕÉ¸Ö ¢µ±·Ê£ ¶·Ö³µ° ²¨´¨¨,
ÎÉµ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ¡ Ô±¸¶µ´¥´Í¨ ²Ó´µ° § ¢¨¸¨³µ¸É¨ σmax4n µÉ ¶ · ³¥É· 
X . �´ ²µ£¨Î´ Ö ± ·É¨´  ´ ¡²Õ¤ ¥É¸Ö ¨ ¤²Ö ¶µ¶¥·¥Î´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨°
¸ ¨¸¶ ·¥´¨¥³ 5 ´¥°É·µ´µ¢ (·¨¸. 18,¡). ’ ±¨³ µ¡· §µ³, ³µ¦´µ ±µ´¸É É¨·µ-
¢ ÉÓ, ÎÉµ ¢ · ¸¸³µÉ·¥´´µ° ´ ³¨ ¤µ¸É ÉµÎ´µ Ï¨·µ±µ° µ¡² ¸É¨ ±µ³¶ Ê´¤-Ö¤¥·
¨ ·¥ ±Í¨° ´¥ ´ ¡²Õ¤ ¥É¸Ö ·¥§±¨Ì ¨§³¥´¥´¨° ¢ ¶µ¢¥¤¥´¨¨ ¢¥²¨Î¨´ ¸¥Î¥´¨°
¤²Ö xn-·¥ ±Í¨°, ¨ ¶µÔÉµ³Ê Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ³µ£ÊÉ ¡ÒÉÓ µ¶¨¸ ´Ò ¸
¶µ³µÐÓÕ ¸· ¢´¨É¥²Ó´µ ¶·µ¸Éµ£µ  ²£µ·¨É³ .

…¸É¥¸É¢¥´´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö ÔÉµ° Í¥²¨ ¸µµÉ´µÏ¥´¨Ö ¸É É¨¸É¨Î¥¸±µ°
³µ¤¥²¨ Ö¤¥·´ÒÌ ·¥ ±Í¨°, ÌµÉÖ ¤²Ö É· ´¸Ë¥·³¨¥¢ÒÌ Ô²¥³¥´Éµ¢ Ê¦¥ ³µ£ÊÉ ¢µ§-
´¨± ÉÓ ¸µ³´¥´¨Ö ¢ ¨Ì µ¡µ¸´µ¢ ´´µ¸É¨ ¶·¨ · ¸Î¥É Ì ¤¥²¨É¥²Ó´ÒÌ Ï¨·¨´, É ±
± ± ¢ ÔÉµ³ ¸²ÊÎ ¥ ¢¥²¨Î¨´  ¡ ·Ó¥·  ¤¥²¥´¨Ö ¨ Ö¤¥·´ Ö É¥³¶¥· ÉÊ·  ¡²¨§±¨
¤·Ê£ ± ¤·Ê£Ê. �¤´ ±µ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ µ Î¨¸²¥ ¶·¥¤¤¥²¨É¥²Ó´ÒÌ
´¥°É·µ´µ¢, ¶µ²ÊÎ¥´´Ò¥ ¢ ¶µ¸²¥¤´¥¥ ¢·¥³Ö, ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ Éµ³, ÎÉµ ¨ ¢
É· ´¸Ë¥·³¨¥¢µ° µ¡² ¸É¨ ¤¥²¥´¨¥ ±µ³¶ Ê´¤-Ö¤·  µ¸É ¥É¸Ö ¤µ¸É ÉµÎ´µ ³¥¤-
²¥´´Ò³ ¶·µÍ¥¸¸µ³. �Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ,   É ±¦¥ Ô±¸¶µ´¥´Í¨ ²Ó´Ò° Ì · ±É¥·
Ê³¥´ÓÏ¥´¨Ö ¢¥²¨Î¨´ ¸¥Î¥´¨° xn-·¥ ±Í¨°, ¶·¨¢µ¤ÖÐ¨Ì ± µ¡· §µ¢ ´¨Õ É· ´¸-
Ë¥·³¨¥¢ÒÌ Ô²¥³¥´Éµ¢, ¸ Ê¢¥²¨Î¥´¨¥³ ¶ · ³¥É·  ¤¥²¨³µ¸É¨ X Ê± §Ò¢ ÕÉ ´ 
Éµ, ÎÉµ ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ Ëµ·³ ²¨§³ ¸É É¨¸É¨Î¥¸±µ° É¥µ·¨¨ Ö¤¥·´ÒÌ ·¥ ±-
Í¨° ¤²Ö µ¶¨¸ ´¨Ö ¢¥²¨Î¨´ ¸¥Î¥´¨° ¨¸¶ ·¨É¥²Ó´ÒÌ ·¥ ±Í¨° ¨ ¢ ÔÉµ° µ¡² ¸É¨
Ö¤¥·. ‚ · ¸Î¥É Ì ¨¸¶µ²Ó§µ¢ ²¸Ö Ê¦¥ µ¶¨¸ ´´Ò° ´ ³¨ ¢ ¶·¥¤Ò¤ÊÐ¨Ì · §-
¤¥² Ì ¸É É¨¸É¨Î¥¸±¨° ±µ¤. �¸´µ¢´µ° Í¥²ÓÕ Ö¢²Ö²µ¸Ó µ¶É¨³ ²Ó´µ¥ µ¶¨¸ ´¨¥
§´ Î¥´¨° ¶µ¶¥·¥Î´ÒÌ ¸¥Î¥´¨° ¢ ³ ±¸¨³Ê³ Ì ËÊ´±Í¨° ¢µ§¡Ê¦¤¥´¨Ö.
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¨¸. 18. ‡´ Î¥´¨Ö ¤¥¸ÖÉ¨Î´ÒÌ ²µ£ ·¨Ë³µ¢ ¸¥Î¥´¨°, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ³ ±¸¨³Ê³ ³
ËÊ´±Í¨° ¢µ§¡Ê¦¤¥´¨Ö ·¥ ±Í¨° ¸ ¨¸¶ ·¥´¨¥³ 4 (a) ¨ 5 (¡) ´¥°É·µ´µ¢ ¢ § ¢¨¸¨³µ¸É¨ µÉ
¶ · ³¥É·  ¤¥²¨³µ¸É¨ ±µ³¶ Ê´¤-Ö¤·  (¶µÖ¸´¥´¨Ö ¢ É¥±¸É¥)

�µ¶¥·¥Î´Ò¥ ¸¥Î¥´¨Ö ¤²Ö µ¡· §µ¢ ´¨Ö ¸µ¸É ¢´µ£µ Ö¤·  · ¸¸Î¨ÉÒ¢ ²¨¸Ó ¶µ
Ëµ·³Ê²¥

σc =
π

k2

�cr∑
�=0

2
+ 1
1 + exp(2π(VB(
)− E)/�ω�)

, (16)

£¤¥ VB(
) Å ¢Ò¸µÉ  ¡ ·Ó¥·  ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ ω� Å ±·¨¢¨§´  ÔÉµ£µ ¡ ·Ó¥· .

 ¸Î¥ÉÒ ¶·µ¢µ¤¨²¨¸Ó ¢ ¤¢ÊÌ ¢ ·¨ ´É Ì. ‚ ¶¥·¢µ³ µ¡µ²µÎ¥Î´Ò¥ ÔËË¥±ÉÒ ¢
¨¸¶ ·¨É¥²Ó´µ³ ¨ ¤¥²¨É¥²Ó´µ³ ± ´ ² Ì ÊÎ¨ÉÒ¢ ²¨¸Ó ¶µ ¸É ´¤ ·É´µ° ¸Ì¥³¥:

a(E) = ã[1 + (1 + exp(−0, 054E))∆W/E], Bf (
) = BCPS
f (
) + ∆B, (17)
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£¤¥ ã = A/10, a ∆W ¨ ∆B ¡· ²¨¸Ó · ¢´Ò³¨ µ¡µ²µÎ¥Î´Ò³ ¶µ¶· ¢± ³ ±
¦¨¤±µ± ¶¥²Ó´Ò³ ³ ¸¸ ³ µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤· , µ¡· §ÊÕÐ¥£µ¸Ö ¶µ¸²¥ ¨¸-
¶ ·¥´¨Ö ´¥°É·µ´ . ‚¥²¨Î¨´  ¦¨¤±µ± ¶¥²Ó´µ£µ ¡ ·Ó¥·  ¤¥²¥´¨Ö BCPS

f (
) · ¸-
¸Î¨ÉÒ¢ ² ¸Ó ¶µ ³µ¤¥²¨ ¢· Ð ÕÐ¥°¸Ö § ·Ö¦¥´´µ° ± ¶²¨ [16]. �É´µÏ¥´¨¥
ãf/ãn ¢ · ¸Î¥É Ì ¸Î¨É ²µ¸Ó · ¢´Ò³ ¥¤¨´¨Í¥. ‚µ ¢Éµ·µ³ ¸²ÊÎ ¥ ¤²Ö ÊÎ¥É 
µ¡µ²µÎ¥Î´ÒÌ ÔËË¥±Éµ¢ ¨¸¶µ²Ó§µ¢ ²¨¸Ó É¥ ¦¥ ¸µµÉ´µÏ¥´¨Ö, ´µ ¢¥²¨Î¨´Ò
∆W ¨ ∆B · ¸¸³ É·¨¢ ²¨¸Ó ± ± ¸¢µ¡µ¤´Ò¥ ¶ · ³¥É·Ò. ˆÌ Î¨¸²¥´´Ò¥ §´ -
Î¥´¨Ö ¡Ò²¨ µ¶·¥¤¥²¥´Ò ¨§ ¸· ¢´¥´¨Ö · ¸Î¥É  ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´-
´Ò³¨, ¶µ²ÊÎ¥´´Ò³¨ ¢ ·¥ ±Í¨¨ 238U+ 18O, ¤²Ö ±µÉµ·µ° ¸ ¡µ²ÓÏµ° ÉµÎ´µ-
¸ÉÓÕ ¡Ò²¨ ¨§³¥·¥´Ò ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´¨Ö ± ´ ²µ¢ ¸ ¨¸¶ ·¥´¨¥³ µÉ 4 ¤µ
8 ´¥°É·µ´µ¢ [38]. � ¨²ÊÎÏ¥¥ ¸µ£² ¸¨¥ ·¥§Ê²ÓÉ Éµ¢ · ¸Î¥É  ¸ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¡Ò²µ ¶µ²ÊÎ¥´µ ¶·¨ §´ Î¥´¨ÖÌ ¶ · ³¥É·µ¢ ∆W = 0 ¨
∆B = 1, 1 ŒÔ‚. �µ²ÊÎ¥´´Ò¥ §´ Î¥´¨Ö ¶ · ³¥É·µ¢ ¡Ò²¨ § Ë¨±¸¨·µ¢ ´Ò, ¨
· ¸Î¥ÉÒ ¤²Ö ¢¸¥Ì µ¸É ²Ó´ÒÌ ·¥ ±Í¨° ¶·µ¢µ¤¨²¨¸Ó ¸ ´¨³¨.


¨¸. 19. ‡´ Î¥´¨Ö ¤¥¸ÖÉ¨Î´ÒÌ ²µ£ ·¨Ë³µ¢ ¤²Ö µÉ´µÏ¥´¨° ¢¥²¨Î¨´ · ¸Î¥É´µ£µ ¨ Ô±¸-
¶¥·¨³¥´É ²Ó´µ£µ ¸¥Î¥´¨° ¢ ³ ±¸¨³Ê³ Ì ËÊ´±Í¨° ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö ·¥ ±Í¨° ¸ ¨¸¶ ·¥-
´¨¥³ 4, 5 ¨ 6 ´¥°É·µ´µ¢ ¢ § ¢¨¸¨³µ¸É¨ µÉ ¤¥²¨É¥²Ó´µ£µ ¶ · ³¥É·  X. �µÖ¸´¥´¨Ö ¢
É¥±¸É¥

•µ·µÏ¥¥ ¸µ£² ¸¨¥ ·¥§Ê²ÓÉ Éµ¢ · ¸Î¥Éµ¢ ¸ Ô±¸¶¥·¨³¥´Éµ³ ¡Ò²µ ¶µ²ÊÎ¥´µ
¢ µ¡µ¨Ì ¢ ·¨ ´É Ì · ¸Î¥Éµ¢. 
 ¸¸³µÉ·¨³ ¶µ¤·µ¡´¥¥ ·¥§Ê²ÓÉ ÉÒ, ¶µ²ÊÎ¥´´Ò¥
¢µ ¢Éµ·µ³ ¢ ·¨ ´É¥, É ± ± ± µ´ § ¢¥¤µ³µ Ö¢²Ö¥É¸Ö ¡µ²¥¥ ¶·µ¸ÉÒ³ ¨, ¸²¥¤µ-
¢ É¥²Ó´µ, ¡µ²¥¥ Ê¤µ¡´Ò³ ¤²Ö Ô±¸É· ¶µ²ÖÍ¨°. �  ·¨¸. 19 ¶·¨¢¥¤¥´Ò §´ Î¥´¨Ö
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¤¥¸ÖÉ¨Î´µ£µ ²µ£ ·¨Ë³  µÉ´µÏ¥´¨Ö ¢¥²¨Î¨´ · ¸Î¥É´µ£µ ¨ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ
¸¥Î¥´¨° ¢ ³ ±¸¨³Ê³ Ì ËÊ´±Í¨° ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö ·¥ ±Í¨° ¸ ¨¸¶ ·¥´¨¥³ 4, 5 ¨
6 ´¥°É·µ´µ¢ ¢ § ¢¨¸¨³µ¸É¨ µÉ ¤¥²¨É¥²Ó´µ£µ ¶ · ³¥É·  X . ˜É·¨Ìµ¢Ò¥ ²¨´¨¨
µ£· ´¨Î¨¢ ÕÉ ¨´É¥·¢ ² −0, 6 < log(σcalc/σexp) < 0, 6, Éµ ¥¸ÉÓ ¤²Ö ÉµÎ¥±, ²¥-
¦ Ð¨Ì ³¥¦¤Ê ÔÉ¨³¨ ²¨´¨Ö³¨, ¢Ò¶µ²´Ö¥É¸Ö ´¥· ¢¥´¸É¢µ 1/4 < σcalc/σexp < 4.
ˆ§ ·¨¸. 19 ¢¨¤´µ, ÎÉµ ¶µ¤ ¢²ÖÕÐ¥¥ ¡µ²ÓÏ¨´¸É¢µ ÉµÎ¥± ²¥¦¨É ¢´ÊÉ·¨ ÔÉµ£µ
¨´É¥·¢ ² .

‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉµ ¢¥²¨Î¨´Ò ¡ ·Ó¥·µ¢ ¤¥²¥´¨Ö ¤²Ö É· ´¸Ë¥·³¨¥¢ÒÌ
Ô²¥³¥´Éµ¢ Bf ¸ÊÐ¥¸É¢¥´´µ ³¥´ÓÏ¥, Î¥³ Ô´¥·£¨¨ ¸¢Ö§¨ ´¥°É·µ´µ¢. ‚ ·¥§Ê²Ó-
É É¥ ¶µ¸²¥ ´¥°É·µ´´µ£µ ± ¸± ¤  Ö¤·µ ¸ ¡µ²ÓÏµ° ¢¥·µÖÉ´µ¸ÉÓÕ ³µ¦¥É µ± -
§ ÉÓ¸Ö ¢´ÊÉ·¨ ¨´É¥·¢ ²  Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö (Bn−Bf ) ¨ ¨¸¶ÒÉ ÉÓ ¤¥²¥´¨¥,
É ± ± ± ´¥°É·µ´ Ê¦¥ ¢Ò²¥É¥ÉÓ ´¥ ³µ¦¥É,   γ-· ¸¶ ¤ Ö¢²Ö¥É¸Ö ¡µ²¥¥ ³¥¤²¥´´Ò³
¶·µÍ¥¸¸µ³, Î¥³ ¤¥²¥´¨¥. �µÔÉµ³Ê Ï ´¸ ¢Ò¦¨ÉÓ ¡Ê¤ÊÉ ¨³¥ÉÓ Éµ²Ó±µ É¥ Ö¤· , Ê
±µÉµ·ÒÌ ¶µ¸²¥ ´¥°É·µ´´µ£µ ± ¸± ¤  Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¡Ê¤¥É ³¥´ÓÏ¥, Î¥³
Bf . 
 ¸Î¥ÉÒ ¶µ± §Ò¢ ÕÉ, ÎÉµ ÔÉµÉ Ë ±Éµ· Ê³¥´ÓÏ ¥É ¢ÒÌµ¤ ÉÖ¦¥²ÒÌ Ö¤¥·
´  ´¥¸±µ²Ó±µ ¶µ·Ö¤±µ¢ ¢¥²¨Î¨´Ò ¨ Ö¢²Ö¥É¸Ö ¢ ¦´¥°Ï¥° ¶·¨Î¨´µ°, µ¡Ê¸² -
¢²¨¢ ÕÐ¥° ³ ²Ò° ¢ÒÌµ¤ É· ´¸Ë¥·³¨¥¢ÒÌ Ö¤¥· ¢ ·¥ ±Í¨ÖÌ ¶µ²´µ£µ ¸²¨Ö´¨Ö.
�·¨ Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö, ¶·¥¢ÒÏ ÕÐ¨Ì Ô´¥·£¨Õ ¸¢Ö§¨ ´¥°É·µ´ , ¤¥²¨-
³µ¸ÉÓ µ£· ´¨Î¨¢ ¥É ¸¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö ¨¸¶ ·¨É¥²Ó´ÒÌ ¶·µ¤Ê±Éµ¢ ´¥ ¸Éµ²Ó
¸ÊÐ¥¸É¢¥´´µ. �µ²ÊÎ ¥³Ò¥ ¢ · ¸Î¥É Ì ¸·¥¤´¨¥ ¶µ ´¥°É·µ´´µ³Ê ± ¸± ¤Ê §´ -
Î¥´¨Ö ¤²Ö µÉ´µÏ¥´¨Ö 〈Γn/Γf 〉 ¶² ¢´µ ³¥´ÖÕÉ¸Ö ¢ É· ´¸Ë¥·³¨¥¢µ° µ¡² ¸É¨
¢ ¤¨ ¶ §µ´¥ 0, 1 ÷ 0, 5. �ÉµÉ ·¥§Ê²ÓÉ É ± Î¥¸É¢¥´´µ µÉ²¨Î ¥É¸Ö µÉ µ¡Ð¥¶·¨-
´ÖÉµ£µ ³´¥´¨Ö, ÎÉµ µÉ´µÏ¥´¨¥ σxn/σc ¶µ²´µ¸ÉÓÕ µ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨´µ°
〈Γn/Γf 〉 ¨ ÎÉµ ¤²Ö É· ´¸Ë¥·³¨¥¢ÒÌ Ö¤¥· µ´  ∼ 0, 01. �É³¥É¨³, ÎÉµ ¸µ£² ¸¨¥
·¥§Ê²ÓÉ Éµ¢ · ¸Î¥É  ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ´ ¡²Õ¤ ¥É¸Ö ¢ ·¥ ±Í¨ÖÌ ¸µ
¢¸¥³¨ ¨¸¸²¥¤µ¢ ´´Ò³¨ ¨µ´ ³¨, ¢¶²µÉÓ ¤µ Mg ¨ Al, ¢ ·¥ ±Í¨ÖÌ ¸ ±µÉµ·Ò³¨
¨§ÊÎ ²¨¸Ó ¨§µÉµ¶Ò 102Ä105 Ô²¥³¥´Éµ¢. �Éµ ¸µ£² ¸¨¥ Ê± §Ò¢ ¥É ´  Éµ, ÎÉµ
¤²Ö ¢¸¥Ì ¨¸¸²¥¤µ¢ ´´ÒÌ ¨µ´µ¢ µÉ¸ÊÉ¸É¢ÊÕÉ § ³¥É´Ò¥ µ£· ´¨Î¥´¨Ö ´  ¸¥Î¥´¨¥
¸²¨Ö´¨Ö ¨ µ¡· §µ¢ ´¨Ö ±µ³¶ Ê´¤-Ö¤· .

‘ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¤ ´´µ° ³µ¤¥²¨ · ¸Î¥É  ´ ³¨ ¡Ò²¨ ¸¤¥² ´Ò Î¨¸²¥´-
´Ò¥ µÍ¥´±¨ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö · §²¨Î´ÒÌ ¨§µÉµ¶µ¢ 107Ä110 Ô²¥³¥´Éµ¢ ¢
·¥ ±Í¨ÖÌ ¸ ¨µ´ ³¨ 22Ne, 26Mg, 27Al ¨ 34,36S [39]. ‘· ¢´¥´¨¥ µÍ¥´µÎ´ÒÌ
§´ Î¥´¨° ¸ ¶µ²ÊÎ¥´´Ò³¨ ¢¶µ¸²¥¤¸É¢¨¨ Ô±¸¶¥·¨³¥´É ²Ó´µ ¢¥²¨Î¨´ ³¨ [40Ä42]
¶µ± § ²µ, ÎÉµ ³µ¤¥²Ó ´¥¶²µÌµ ¶·¥¤¸± §Ò¢ ¥É ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö ´µ¢ÒÌ ¨§µ-
Éµ¶µ¢ ¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢. ‚ ·¥ ±Í¨ÖÌ ¸ ¨µ´ ³¨ Ne ¨ Mg · ¸Î¥É § ¢Ò¸¨²
¢¥²¨Î¨´Ò ¸¥Î¥´¨° ´  Ë ±Éµ· 5Ä8, ÎÉµ ¶·¨ µ¡Ð¥³ Ê·µ¢´¥ ¸¥Î¥´¨° µÉ ¥¤¨´¨Í
¤µ ´¥¸±µ²Ó±¨Ì ¤¥¸ÖÉ±µ¢ ¶¨±µ¡ ·´ ³µ¦´µ ¶·¨§´ ÉÓ Ìµ·µÏ¨³ ·¥§Ê²ÓÉ Éµ³. ‘¨-
ÉÊ Í¨Ö § ³¥É´µ ÊÌÊ¤Ï ¥É¸Ö ¶·¨ ¶¥·¥Ìµ¤¥ ± ·¥ ±Í¨Ö³ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¨µ´µ¢
¸¥·Ò. ‚ ÔÉµ³ ¸²ÊÎ ¥ · ¸Î¥É´Ò¥ ¸¥Î¥´¨Ö µ± § ²¨¸Ó § ¢ÒÏ¥´´Ò³¨ ´  ¶µ²Éµ· 
¶µ·Ö¤±  ¢¥²¨Î¨´Ò ¶µ ¸· ¢´¥´¨Õ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨.

� ¨¡µ²¥¥ ¢¥·µÖÉ´µ° ¶·¨Î¨´µ° É ±µ£µ · ¸Ìµ¦¤¥´¨Ö · ¸Î¥É  ¸ Ô±¸¶¥·¨³¥´-
Éµ³ Ö¢²Ö¥É¸Ö Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ, ÎÉµ ¢¥·µÖÉ´µ¸ÉÓ ¶µ²´µ£µ ¸²¨Ö´¨Ö c µ¡· §µ-
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¨¸. 20. ‚¥²¨Î¨´Ò · ¸Î¥É´µ£µ ¨ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¸¥Î¥´¨° ¶µ²´µ£µ ¸²¨Ö´¨Ö ¨ ¸¥-
Î¥´¨° ¤²Ö ± ´ ²  ¸ ¨¸¶ ·¥´¨¥³ É·¥Ì ´¥°É·µ´µ¢ ¢ ·¥ ±Í¨¨ 48Ca +238 U

¢ ´¨¥³ ±µ³¶ Ê´¤-Ö¤·  ´ Î¨´ ¥É Ê³¥´ÓÏ ÉÓ¸Ö ¶·¨ ¶¥·¥Ìµ¤¥ ± ¡µ²¥¥ ÉÖ¦¥²Ò³
±µ³¶ Ê´¤-Ö¤· ³ ¨²¨ ± ¡µ²¥¥ ¸¨³³¥É·¨Î´Ò³ ¶ ·É´¥· ³ ¢µ ¢Ìµ¤´µ³ ± ´ ²¥
¨§-§  ¢µ§· ¸É ÕÐ¥° ·µ²¨ ¶·µÍ¥¸¸µ¢ É¨¶  ±¢ §¨¤¥²¥´¨Ö. Š ¸µ¦ ²¥´¨Õ, ¶·µ¢¥-
·¥´´ Ö µ¶ÒÉµ³ ³µ¤¥²Ó · ¸Î¥É  ¸¥Î¥´¨Ö ¶µ²´µ£µ ¸²¨Ö´¨Ö ¶·¨ ¤µ³¨´¨·ÊÕÐ¥°
·µ²¨ ¶·µÍ¥¸¸µ¢ É¨¶  ±¢ §¨¤¥²¥´¨Ö ¶µ±  µÉ¸ÊÉ¸É¢Ê¥É. �µÔÉµ³Ê ¤²Ö Ê²ÊÎÏ¥-
´¨Ö ÉµÎ´µ¸É¨ µÍ¥´±¨ ¸¥Î¥´¨° ´¥ µ¸É ¥É¸Ö ´¨Î¥£µ ¤·Ê£µ£µ, ± ± ¨¸¶µ²Ó§µ¢ ÉÓ ¢
· ¸Î¥É Ì ¢¥²¨Î¨´Ê ¸¥Î¥´¨Ö ¶µ²´µ£µ ¸²¨Ö´¨Ö, ¨§³¥·¥´´ÊÕ Ô±¸¶¥·¨³¥´É ²Ó´µ.
’ ±µ° ¶µ¤Ìµ¤ ¡Ò² ¨¸¶µ²Ó§µ¢ ´ ´ ³¨ ¶·¨ µÍ¥´±¥ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ´µ¢ÒÌ
¨§µÉµ¶µ¢ ¸¢¥·ÌÉÖ¦¥²µ£µ Ô²¥³¥´É  282,283112 ¢ ·¥ ±Í¨¨ 48Ca + 238U. ‚ ¨¸-
¸²¥¤Ê¥³µ° ·¥ ±Í¨¨ c¥Î¥´¨¥ ¶µ²´µ£µ ¸²¨Ö´¨Ö σf(CN), ¨§³¥·¥´´µ¥ ¶µ ¸¥Î¥´¨Õ
¤¥²¥´¨Ö ±µ³¶ Ê´¤-Ö¤·  [43], µ± § ²µ¸Ó ´  ¶µ·Ö¤µ± ¢¥²¨Î¨´Ò ³¥´ÓÏ¥, Î¥³
· ¸Î¥É´µ¥ ¸¥Î¥´¨¥ σc (¸³. ·¨¸. 20). ‘ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨
¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¢¥²¨Î¨´ ¸¥Î¥´¨Ö ¸²¨Ö´¨Ö ¡Ò²¨ · ¸¸Î¨É ´Ò ËÊ´±Í¨¨
¢µ§¡Ê¦¤¥´¨Ö ¤²Ö ·¥ ±Í¨° ¸ ¨¸¶ ·¥´¨¥³ 3 ¨ 4 ´¥°É·µ´µ¢. �µ²ÊÎ¥´´Ò¥ ´¥-
¤ ¢´µ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ µ ¸¥Î¥´¨¨ µ¡· §µ¢ ´¨Ö ¢ 3n-·¥ ±Í¨¨ ¨§µ-
Éµ¶  283112 [44], ± ± ¢¨¤´µ ¨§ ·¨¸Ê´± , ´ Ìµ¤ÖÉ¸Ö ¶µÎÉ¨ ¢ ¨¤¥ ²Ó´µ³ ¸µ£² -
¸¨¨ ¸ · ¸Î¥Éµ³. ‘µ£² ¸¨¥ · ¸Î¥É  ¸ Ô±¸¶¥·¨³¥´Éµ³ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ Éµ³,
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ÎÉµ ¸É É¨¸É¨Î¥¸±¨° ³¥Ì ´¨§³ ¤¥¢µ§¡Ê¦¤¥´¨Ö Ìµ·µÏµ ®· ¡µÉ ¥É¯ ¢¶²µÉÓ ¤µ
¸ ³ÒÌ ÉÖ¦¥²ÒÌ ±µ³¶ Ê´¤-Ö¤¥·. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¨¸¶µ²Ó§µ¢ ´¨¥ ¢ · ¸Î¥É Ì
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° ¸¥Î¥´¨Ö ¶µ²´µ£µ ¸²¨Ö´¨Ö £µ¢µ·¨É µ ´¥µ¡Ìµ-
¤¨³µ¸É¨ ¶·µ¤µ²¦¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ É¥µ·¥É¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨° ¸
Í¥²ÓÕ · §· ¡µÉ±¨ ¤¨´ ³¨Î¥¸±µ° ³µ¤¥²¨ ¸²¨Ö´¨Ö ÉÖ¦¥²ÒÌ Ö¤¥·, ¸¶µ¸µ¡´µ° ±
±µ²¨Î¥¸É¢¥´´µ³Ê ¶·µ£´µ§Ê.
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� ÊÎ´µ-¨¸¸²¥¤µ¢ É¥²Ó¸±¨° ¨´¸É¨ÉÊÉ Ö¤¥·´µ° Ë¨§¨±¨ ¨³.„.‚. ‘±µ¡¥²ÓÍÒ´  Œƒ“, Œµ¸±¢ 

�.�.  · ³¦Ö´

ƒµ¸Ê¤ ·¸É¢¥´´Ò° ´ ÊÎ´Ò° Í¥´É· ®ˆ´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ���¯, Œµ¸±¢ 

�·µ¡²¥³  £¨£ ´É¸±¨Ì ·¥§µ´ ´¸µ¢ (GR) Å ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´Ò° ¶µ¨¸±, ¨§ÊÎ¥´¨¥ ¸¢µ°¸É¢
¨ ¶·¨·µ¤Ò Å Ö¢²Ö¥É¸Ö µ¤´µ° ¨§ Í¥´É· ²Ó´ÒÌ ¢ Ö¤¥·´µ° Ë¨§¨±¥. ‚ ´ ¸ÉµÖÐ¥³ µ¡§µ·¥ ¶·µ¸²¥¦¨-
¢ ¥É¸Ö · §¢¨É¨¥ ¨ · ¸Ï¨·¥´¨¥ ¢§£²Ö¤µ¢ ´  GR, µ¡¸Ê¦¤ ¥É¸Ö, ÎÉµ ®¶µ²ÊÎ¨²µ¸Ó¯ ¸¶Ê¸ÉÖ ¡µ²¥¥ Î¥³
É·¨ ¤¥¸ÖÉ¨²¥É¨Ö ¨§ ¶¥·¢ÒÌ ¶µ¶ÒÉµ± ¢ · ³± Ì É¥µ·¨¨ ¸·¥¤´¥£µ ¶µ²Ö ¶µ´ÖÉÓ ¶·¨·µ¤Ê µ¤´µ£µ ¨§
GR Å £¨£ ´É¸±µ£µ ¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸ .

The problem of Giant Resonance's (GR) Å their searches and investigations Å is one of a
central problem of nuclear physics. In the review we follow the developments and extending of views
on GR's, discuss what ®happened¯ with GR's after more than three decades from the ˇrst attempts
to understand the nature of one of them Å giant dipole resonance-in the frame of a medium ˇeld
concept.

1. ƒˆƒ��’‘Šˆ‰ „ˆ�	‹œ�›‰ 1…‡	���‘

1. ƒ¨£ ´É¸±¨³ ¤¨¶µ²Ó´Ò³ ·¥§µ´ ´¸µ³ (GR) ´ §Ò¢ ÕÉ Ï¨·µ±¨° ³ ±¸¨³Ê³
¢ ±·¨¢µ° ¶µ£²µÐ¥´¨Ö γ-±¢ ´Éµ¢  Éµ³´Ò³¨ Ö¤· ³¨ (·¨¸. 1). �µ ¸µ¢·¥³¥´´Ò³
¤ ´´Ò³ Ô´¥·£¨Ö ωm ÔÉµ£µ ³ ±¸¨³Ê³  ¶² ¢´µ § ¢¨¸¨É µÉ ³ ¸¸µ¢µ£µ Î¨¸²  A:

ωm ≈ 31, 2A−1/3 + 20, 6A−1/6 ŒÔ‚, (1)

  Ï¨·¨´  ³¥´Ö¥É¸Ö µÉ 4 ŒÔ‚ ¢ 208Pb ¤µ 15 ŒÔ‚ ¢ 23Na [1].
ƒ¨£ ´É¸±¨° ¤¨¶µ²Ó´Ò° ·¥§µ´ ´¸ (GDR) ¡Ò² µÉ±·ÒÉ ¢ 1947 £. kµ²¤Ê¨-

´µ³ ¨ Š² °¡¥·µ³ ¢ ¶¥·¢ÒÌ Ô±¸¶¥·¨³¥´É Ì ¶µ¸²¥ ¢¸ÉÊ¶²¥´¨Ö ¢ ¸É·µ° ¡¥É -
É·µ´  ¸ ¤µ¸É ÉµÎ´µ ¢Ò¸µ±µ° Ô´¥·£¨¥° Ô²¥±É·µ´µ¢ [2]. �¤´ ±µ µ ¸ÊÐ¥¸É¢µ-
¢ ´¨¨ GDR ·Ö¤ Ë¨§¨±µ¢ ¤µ£ ¤Ò¢ ²¸Ö · ´ÓÏ¥. ‚ 1937 £. kµÉ¥ ¨ ƒ¥´É´¥· [3]
¨§³¥·¨²¨ ¸¥Î¥´¨¥ (γ, n)-·¥ ±Í¨¨ ´  Ö¤·¥ 65Cu ¶·¨ Ô´¥·£¨¨ ω ≈ 17 ŒÔ‚
(γ-±¢ ´ÉÒ ¶µ²ÊÎ ²¨¸Ó ¢ ·¥ ±Í¨¨ Li(p, γ)). �¡¸Ê¦¤ Ö ¶µ²ÊÎ¥´´µ¥ ¨³¨ ¡µ²Ó-
Ïµ¥ ¸¥Î¥´¨¥, ∼ 50 ³¡,  ¢Éµ·Ò ¢Ò¤¢¨´Ê²¨ ¶·¥¤¶µ²µ¦¥´¨¥ µ ¥£µ ·¥§µ´ ´¸´µ³
¶·µ¨¸Ìµ¦¤¥´¨¨. �.k.Œ¨£¤ ² [4] Ë ±É¨Î¥¸±¨ ¶·¥¤¸± § ² Ö¢²¥´¨¥ GDR, ¶µ± -
§ ¢, µ¶¨· Ö¸Ó ´  ¤µ¢µ²Ó´µ µ¡Ð¨¥ ¸µµ¡· ¦¥´¨Ö, ÎÉµ µ¸´µ¢´ Ö ¤µ²Ö Ô²¥±É·¨Î¥-
¸±¨Ì ¤¨¶µ²Ó´ÒÌ ¶¥·¥Ìµ¤µ¢ ¤µ²¦´  · ¸¶µ² £ ÉÓ¸Ö ¢ ÉÖ¦¥²ÒÌ Ö¤· Ì ¢ µ¡² ¸É¨
ωGDR ≈ 16 ŒÔ‚. �¤´ ±µ ¸µ¢·¥³¥´´Ò° Ê·µ¢¥´Ó µ¡¸Ê¦¤¥´¨Ö ¶·¨·µ¤Ò GDR
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´ Î¨´ ¥É¸Ö ¸ ¶¨µ´¥·¸±µ° · ¡µÉÒ ƒµ²Ó¤Ì ¡¥·  ¨ ’¥²²¥·  [5], ¢ ±µÉµ·µ° Ö¢²¥-
´¨¥ GDR ¡Ò²µ ¸¢Ö§ ´µ ¸ ¢µ§¡Ê¦¤¥´¨¥³ ¸µ¡¸É¢¥´´ÒÌ ¶·µÉµ´´µ-´¥°É·µ´´ÒÌ
±µ²¥¡ ´¨° Ö¤· . ‚Ò¡· ¢ ¢ ± Î¥¸É¢¥ ³µ¤¥²Ó´µ° ·¥ ²¨§ Í¨¨ ÔÉµ° ±µ´Í¥¶Í¨¨
³µ¤¥²Ó ¤¢ÊÌ ´¥¸¦¨³ ¥³ÒÌ ¢§ ¨³µ¶·µ´¨± ÕÐ¨Ì ¦¨¤±µ¸É¥° (¶·µÉµ´´µ° ¨ ´¥°-
É·µ´´µ°),  ¢Éµ·Ò ´ Ï²¨ ¤²Ö Î ¸ÉµÉÒ ωGDR Ê¶µ³Ö´ÊÉÒÌ ¤¨¶µ²Ó´ÒÌ ±µ²¥¡ ´¨°
¢Ò· ¦¥´¨¥

ωGDR ∼=
2, 08
r0

A−1/3
√
2β
M

, (2)

£¤¥ r0 Å ¶ · ³¥É·, ¸¢Ö§Ò¢ ÕÐ¨° · ¤¨Ê¸ R Ö¤·  ¸ ³ ¸¸µ¢Ò³ Î¨¸²µ³ A:

R = r0A
−1/3,

β Å ±µÔËË¨Í¨¥´É ¶·¨ Ô´¥·£¨¨ ¸¨³³¥É·¨¨ ¢ Ëµ·³Ê²¥ ‚e°Í§¥±±¥·  ¤²Ö Ô´¥·-
£¨¨ ¸¢Ö§¨, M Å ³ ¸¸  ´Ê±²µ´ .


¨¸. 1. ‡ ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨Ö σ (¢ ¥¤¨´¨Í Ì Ë³2) ¶µ£²µÐ¥´¨Ö ËµÉµ´  Ö¤·µ³ 197Au µÉ
Ô´¥·£¨¨ Eγ ËµÉµ´ . ‘É·¥²± ³¨ Ê± § ´Ò ¶µ·µ£¨ ·¥ ±Í¨° (γ, n), (γ, 2n), (γ, 3n)

2. 
 ¡µÉ  ƒµ²Ó¤Ì ¡¥·  Å ’¥²²¥·  ¶µÖ¢¨² ¸Ó ¢ 1948 £., £µ¤ ¸¶Ê¸ÉÖ ¶µ¸²¥
µÉ±·ÒÉ¨Ö GDR. �·¨³¥·´µ ¢ Éµ ¦¥ ¢·¥³Ö ´ Î¨´ ² ¸Ó ¶µ¡¥¤´ Ö ¶µ¸ÉÊ¶Ó µ¡µ-
²µÎ¥Î´µ° ±µ´Í¥¶Í¨¨ ¸É·µ¥´¨Ö  Éµ³´µ£µ Ö¤· , §  µ¡µ¸´µ¢ ´¨¥ ±µÉµ·µ° Œ¥°¥·
¨ ‰¥´¸¥´ ¡Ò²¨ ¢¶µ¸²¥¤¸É¢¨¨ Ê¤µ¸Éµ¥´Ò �µ¡¥²¥¢¸±µ° ¶·¥³¨¨. ‚ · ³± Ì ÔÉµ°
±µ´Í¥¶Í¨¨ Ö¤·µ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¢ ¶¥·¢µ³ ¶·¨¡²¨¦¥´¨¨ ´¥ ¦¨¤±µ¸ÉÓ,  
£ § ´Ê±²µ´µ¢, ¶µ³¥Ð¥´´Ò° ¢ ¸·¥¤´¥¥ (¸ ³µ¸µ£² ¸µ¢ ´´µ¥) ¶µ²¥. ’ ±µ¥ Ö¤·µ,
± § ²µ¸Ó, ¸¨²Ó´µ µÉ²¨Î ¥É¸Ö µÉ Ö¤·  ƒµ²Ó¤Ì ¡¥·  Å ’¥²²¥· , ¨ ´¥µ¡Ìµ¤¨³
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¡Ò² ´µ¢Ò° ¶µ¤Ìµ¤ ± É¥µ·¨¨ GDR. �¥·¢ Ö ¶µ¶ÒÉ±  ¨´É¥·¶·¥É¨·µ¢ ÉÓ GDR ¢
É¥·³¨´ Ì, ± ± É¥¶¥·Ó £µ¢µ·ÖÉ, É¥µ·¨¨ ¸·¥¤´¥£µ ¶µ²Ö ¡Ò²  ¸¤¥² ´  ‚¨²±¨´¸µ-
´µ³ [6] ¢ 1956 £. ‚¨²±¨´¸µ´ ¶µ± § ², ÎÉµ ¢ ³µ¤¥²¨ ¸·¥¤´¥£µ ¶µ²Ö ¨³¥¥É ³¥¸Éµ
Ö¢²¥´¨¥ GDR, µ¡Ê¸²µ¢²¥´´µ¥ £·Ê¶¶¨·µ¢ ´¨¥³ ¶µ Ô´¥·£¨¨ ¤¨¶µ²Ó´ÒÌ ¶¥·¥Ìµ-
¤µ¢ ¨§ § ¶µ²´¥´´µ° µ¡µ²µÎ±¨ ¢ ¸¢µ¡µ¤´ÊÕ. ƒµ¢µ·Ö ¸µ¢·¥³¥´´Ò³ Ö§Ò±µ³,
GDR Ê ‚¨²±¨´¸µ´  Ëµ·³¨·µ¢ ²¸Ö Î ¸É¨Î´µ-¤Ò·µÎ´Ò³¨ ph-±µ´Ë¨£Ê· Í¨Ö³¨
(p Å ´Ê±²µ´ ¢ ¸¢µ¡µ¤´µ° µ¡µ²µÎ±¥, h Å ¢ ± ´¸¨Ö ¢ § ¶µ²´¥´´µ° µ¡µ²µÎ±¥).
˜¨·¨´  ·¥§µ´ ´¸  ¢µ§´¨± ²  ± ± ¸²¥¤¸É¢¨¥ · §¡·µ¸  Ô´¥·£¨° ´¥§ ¢¨¸¨³ÒÌ
ph-±µ´Ë¨£Ê· Í¨°. �· ¢¤ , Ô´¥·£¨Ö GDR ¢ É ±µ° ³µ¤¥²¨ ¤²Ö ÉÖ¦¥²ÒÌ Ö¤¥·
µ± §Ò¢ ² ¸Ó ¶·¨³¥·´µ ¢ ¤¢  · §  ³¥´ÓÏ¥ ´ ¡²Õ¤ ¥³µ°, ´µ µ¡Ð Ö ±µ´Í¥¶-
Í¨Ö ¡Ò²  ¸Éµ²Ó ¶·¨¢²¥± É¥²Ó´µ°, ÎÉµ ÔÉ  É¥µ·¨Ö GDR ´¥ Éµ²Ó±µ ´¥ ¡Ò² 
µÉ¡·µÏ¥´ ,  , ´ ¶·µÉ¨¢, ¶·¨¢²¥±²  ¢¸¥µ¡Ð¥¥ ¢´¨³ ´¨¥.

’ ±¨³ µ¡· §µ³, ¶µÖ¢¨²¨¸Ó ¤¢¥ ¨´É¥·¶·¥É Í¨¨ GDR:
Å GDR ± ± ¢µ§¡Ê¦¤¥´¨¥ ¸µ¡¸É¢¥´´ÒÌ ¶·µÉµ´´µ-´¥°É·µ´´ÒÌ ±µ²¥¡ ´¨°. �É 
±µ´Í¥¶Í¨Ö  ¶¥²²¨·µ¢ ²  ± ¦¨¤±µ¸É´Ò³ ¶·¥¤¸É ¢²¥´¨Ö³ µ Ö¤·¥, ±µÉµ·Ò¥, ± -
§ ²µ¸Ó ¡Ò, ¶·µÉ¨¢µ·¥Î¨²¨ ´¥§ ¢¨¸¨³µ¸É¨ ¤¢¨¦¥´¨Ö ´Ê±²µ´µ¢, Ö¢²ÖÕÐ¥°¸Ö
µ¸´µ¢µ° µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨;
Å GDR ± ± £·Ê¶¶¨·µ¢ ´¨¥ ´¥§ ¢¨¸¨³ÒÌ µ¡µ²µÎ¥Î´ÒÌ ¶¥·¥Ìµ¤µ¢, ´¥ ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨Ì ¢µ§¡Ê¦¤¥´¨Õ ± ±µ°-²¨¡µ µ¤´µ° ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò Ö¤· . �Éµ É¥µ·¨Ö
®´¥·¥§µ´ ´¸´µ£µ¯ GDR.

3. ‚ ¤ ²Ó´¥°Ï¥³ ³Ò Ê¢¨¤¨³, ÎÉµ ÔÉ¨ ¤¢  · §²¨Î´ÒÌ ¢§£²Ö¤  ´  GDR
Ë ±É¨Î¥¸±¨ ´¥ ¡Ò²¨ ¶·¨¢¥¤¥´Ò ± ¥¤¨´µ° ±µ´Í¥¶Í¨¨, ÌµÉÖ ¨ ´¥²Ó§Ö ´¥ ¢µ¸-
Ì¨Ð ÉÓ¸Ö ¨¤¥Ö³¨, ¢Ò¸± § ´´Ò³¨ ¢ ¶µ¸²¥¤ÊÕÐ¥³ · §¢¨É¨¨ Ö¤¥·´µ° Ë¨§¨±¨.
�µ ¸ÊÐ¥¸É¢Ê, ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¸²¥¤Ê¥É £µ¢µ·¨ÉÓ µ ¤¢ÊÌ Ëµ·³ Ì GDR. �·¨
µ¤´µ° ¨§ ´¨Ì Å µ´ , ¢¨¤¨³µ, Ö¢²Ö¥É¸Ö £² ¢´µ° Å ¶·µÉ¨¢µ·¥Î¨¥ ³¥¦¤Ê µ¡µ-
²µÎ¥Î´µ° ³µ¤¥²ÓÕ ¨ ³µ¤¥²ÓÕ ƒµ²Ó¤Ì ¡¥·  Å ’¥²²¥·  ¸´¨³ ¥É¸Ö §  ¸Î¥É ®´¥-
¡µ²ÓÏµ°¯ ³µ¤¨Ë¨± Í¨¨ ¶µ¤Ìµ¤  ‚¨²±¨´¸µ´ . �É  ³µ¤¨Ë¨± Í¨Ö ¸µ¸ÉµÖ²  ¢µ
¢¢¥¤¥´¨¨ µ¸É ÉµÎ´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ±µÉµ·µ¥, ¸ µ¤´µ° ¸Éµ·µ´Ò, ´¥ · §·Ê-
Ï ²µ µ¡µ²µÎ¥Î´µ£µ ± ·± ¸  Ö¤· ,   ¸ ¤·Ê£µ° Å Ëµ·³¨·µ¢ ²µ ±µ£¥·¥´É´µ¥
¸µ¸ÉµÖ´¨¥, ±µÉµ·µ¥ ¸µµÉ¢¥É¸É¢µ¢ ²µ ¢µ§¡Ê¦¤¥´¨Õ µ¤´µ° ±µ²²¥±É¨¢´µ° ¸É¥-
¶¥´¨ ¸¢µ¡µ¤Ò Ö¤·  Å ¶·µÉµ´´µ-´¥°É·µ´´Ò³ µ¸Í¨²²ÖÍ¨Ö³.

�·¨ ¤·Ê£µ° Ëµ·³¥ GDR ¨³¥¥É ³¥¸Éµ ¸¨ÉÊ Í¨Ö, ¡²¨§± Ö ± ¢¨²±¨´¸µ´µ¢-
¸±µ°. ‚ ÔÉµ³ ¸²ÊÎ ¥ Ö¢²¥´¨¥ GDR ·¥ ²Ó´µ ¸µµÉ¢¥É¸É¢Ê¥É ¢µ§¡Ê¦¤¥´¨Õ ´¥
µ¤´µ°,   ³´µ£¨Ì ´¥§ ¢¨¸¨³ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¶¥·¥Ìµ¤ ³
´Ê±²µ´µ¢ ¨§ · §´ÒÌ µ¡µ²µÎ¥±. ’ ± Ö Ëµ·³  ¶µ²ÊÎ¨²  ´ §¢ ´¨¥ ±µ´Ë¨£Ê· Í¨-
µ´´µ£µ · ¸Ð¥¶²¥´¨Ö GDR. �´  Ì · ±É¥·´  ¤²Ö ²¥£±¨Ì Ö¤¥· ¸ ´¥§ ¶µ²´¥´´Ò³¨
µ¡µ²µÎ± ³¨ (´ ¶·¨³¥·, Ö¤¥· 2s-1d-µ¡µ²µÎ±¨) [7].

4. 
 ¸¸³µÉ·¨³ É¥¶¥·Ó ²µ£¨±Ê · §¢¨É¨Ö ²¨´¨¨, ®¶·¨³¨·ÖÕÐ¥°¯ ¶µ¤Ìµ¤
ƒµ²Ó¤Ì ¡¥·  Å ’¥²²¥·  ¸ É¥µ·¨¥° ¸·¥¤´¥£µ ¶µ²Ö (µ¡µ²µÎ¥Î´ Ö ³µ¤¥²Ó). 
¥-
Ï ÕÐ¨° ±µ´Í¥¶ÉÊ ²Ó´Ò° Ï £ §¤¥¸Ó ¡Ò² ¸¤¥² ´ k·¨´±µ³ [8], �²²¨µÉµ³ ¨
”² Ê¥·¸µ³ [9] ¨ µ¸µ¡¥´´µ k· Ê´µ³ ¨ kµ²Ó¸É¥·²¨ [10]. k·¨´± µ¡· É¨² ¢´¨-
³ ´¨¥ ´  Éµ, ÎÉµ ¢ µ¸Í¨²²ÖÉµ·´µ³ ¸·¥¤´¥³ ¶µ²¥ ¨§ ph-±µ´Ë¨£Ê· Í¨°, ´ ¶·¨-
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³¥· É¨¶  1d5/21p
−1
3/2, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¶¥·¥³¥Ð¥´¨Ö³ ´Ê±²µ´µ¢ ¨§ µ¡µ²µÎ±¨

1p3/2 ¢ ¸µ¸¥¤´ÕÕ 1d5/2-µ¡µ²µÎ±Ê, ³µ¦´µ ¸Ëµ·³¨·µ¢ ÉÓ 1p-¸µ¸ÉµÖ´¨¥ ¶µ · §-
´µ¸É¨ Rp − Rn Í¥´É·µ¢ ÉÖ¦¥¸É¨ ¶·µÉµ´µ¢ ¨ ´¥°É·µ´µ¢. �Éµ ± ± · § ¨ ¥¸ÉÓ
¢µ§¡Ê¦¤¥´¨¥, · ¸¸³ É·¨¢ ¥³µ¥ ¢ ³µ¤¥²¨ ƒµ²Ó¤Ì ¡¥·  Å ’¥²²¥· . �µÔÉµ³Ê
¥¤¨´¸É¢¥´´µ¥, ÎÉµ ´Ê¦´µ ¡Ò²µ ¸¤¥² ÉÓ, ÎÉµ¡Ò ¸µ£² ¸µ¢ ÉÓ ¤¢  ¶µ¤Ìµ¤ 
± GDR, Å ÔÉµ Ô´¥·£¥É¨Î¥¸±¨ ¢Ò¤¥²¨ÉÓ ®¡·¨´±µ¢¸±ÊÕ¯ ±µ³¡¨´ Í¨Õ
ph-±µ´Ë¨£Ê· Í¨° ¨§ ¢¸¥Ì ¤·Ê£¨Ì ±µ´Ë¨£Ê· Í¨°. ‚ · ¡µÉ Ì �²²¨µÉ  ¨
”² Ê¥·¸ , k· Ê´  ¨ kµ²Ó¸É¥·²¨ ¡Ò²µ ¶µ± § ´µ, ± ± ÔÉµ ³µ¦´µ ¸¤¥² ÉÓ. ˆ³¥´-
´µ µ¸É ÉµÎ´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ É ± ¶¥·¥³¥Ï¨¢ ¥É ph-±µ´Ë¨£Ê· Í¨¨, ÎÉµ ¡·¨´-
±µ¢¸± Ö ¸Ê¶¥·¶µ§¨Í¨Ö ¸¨²Ó´µ ¸³¥Ð ¥É¸Ö ¢¢¥·Ì ¶µ Ô´¥·£¨¨. ‚ ·¥§Ê²ÓÉ É¥ ²¥£±µ
Ê¸É· ´Ö¥É¸Ö µ¸´µ¢´µ° ¤¥Ë¥±É ¢¨²±¨´¸µ´µ¢¸±µ£µ ¶µ¤Ìµ¤  Å ¸²¨Ï±µ³ ´¨§±µ¥
¶µ²µ¦¥´¨¥ ³ ±¸¨³Ê³  GDR.

5. �µ¸²¥ µ¸µ§´ ´¨Ö ·µ²¨ µ¸É ÉµÎ´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ´ ¸ÉÊ¶¨²  ®Ô· ¯
¸¢µ¥µ¡· §´µ° Î ¸É¨Î´µ-¤Ò·µÎ´µ° ¨´¤Ê¸É·¨¨ Å ³´µ¦¥¸É¢  · ¸Î¥Éµ¢ ¶µ ´ -
¶¥·¥¤ § ¤ ´´µ° ¸Ì¥³¥. �¶¶ · Éµ³ ÔÉµ° ¨´¤Ê¸É·¨¨ Ö¢¨²µ¸Ó ¶·¨¡²¨¦¥´¨¥ Ì -
µÉ¨Î¥¸±¨Ì Ë § Å RPA. “· ¢´¥´¨Ö RPA ¤²Ö ³ £¨Î¥¸±¨Ì Ö¤¥· ³µ£ÊÉ ¡ÒÉÓ
¶µ²ÊÎ¥´Ò · §´Ò³¨ ¸¶µ¸µ¡ ³¨: 1) ³¥Éµ¤µ³ ËÊ´±Í¨° ƒ·¨´  [11], 2) ¸¶µ¸µ¡µ³,
§ ¢¨¸ÖÐ¨³ µÉ ¢·¥³¥´¨ • ·É·¨ Å ”µ±  [12], 3) ³¥Éµ¤µ³ ¶·¨¡²¨¦¥´´µ£µ ¢Éµ-
·¨Î´µ£µ ±¢ ´Éµ¢ ´¨Ö [13]. ‚¸¥ µ´¨ ¶·¨¢µ¤ÖÉ ± ¸²¥¤ÊÕÐ¥° ¸¨¸É¥³¥ Ê· ¢´¥´¨°:

[ω − (ε1 − ε2)]χ12 = (n2 − n1)Σ1′2′〈12|V |1′2′〉χ1′2′ , (3)

£¤¥ χ12 Å ®¢µ²´µ¢ Ö¯ ËÊ´±Í¨Ö ¸µ¸ÉµÖ´¨Ö, 1, 2 Å ¨´¤¥±¸Ò Î ¸É¨Í ¨ ¤Ò·µ±
¢ ¶·¥¤¸É ¢²¥´¨¨, ¤¨ £µ´ ²¨§¨·ÊÕÐ¥³ £ ³¨²ÓÉµ´¨ ´ ¸·¥¤´¥£µ ¶µ²Ö, n1,2 =
= 0, 1 Å Î¨¸²  § ¶µ²´¥´¨Ö µ¤´µÎ ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨°, ε1,2 Å µ¤´µÎ ¸É¨Î-
´Ò¥ Ô´¥·£¨¨, 〈12|V |1′2′〉 Å µ¤´µÎ ¸É¨Î´µ¥ ph-¢§ ¨³µ¤¥°¸É¢¨¥. Œ´µ¦¨É¥²Ó
(n2 − n1) ¶µ§¢µ²Ö¥É ¨´¤¥±¸ ³ 1, 2 ¶·¨´¨³ ÉÓ §´ Î¥´¨Ö, · ¢´Ò¥ p, h ¨ h, p,
£¤¥ p Å ¸µ¸ÉµÖ´¨Ö Î ¸É¨ÍÒ, É. ¥. ¸µ¸ÉµÖ´¨Ö, Ô´¥·£¨Ö ±µÉµ·ÒÌ ¢ÒÏ¥ ¶µ¢¥·Ì-
´µ¸É¨ ”¥·³¨ (εp > EF ), h Å ¤Ò·±¨ (εh ≤ EF ). ƒ² ¢´Ò³¨ ¶ · ³¥É· ³¨
ÔÉµ° ¸¨¸É¥³Ò Ê· ¢´¥´¨° Ö¢²ÖÕÉ¸Ö Ô´¥·£¨¨ µ¤´µÎ ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨° (εp, εh),
¨Ì ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ¨ µ¶¥· Éµ· ¢§ ¨³µ¤¥°¸É¢¨Ö. �¤´µÎ ¸É¨Î´Ò¥ Ô´¥·£¨¨
¨ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ µ¡ÒÎ´µ ´ Ìµ¤ÖÉ, ·¥Ï Ö µ¤´µÎ ¸É¨Î´µ¥ Ê· ¢´¥´¨¥ ˜·¥-
¤¨´£¥·  ¸ ´¥±µÉµ·Ò³  ¶·µ¡¨·µ¢ ´´Ò³ Ö¤¥·´Ò³ ¶µÉ¥´Í¨ ²µ³ • ·É·¨ Å ”µ±a
¨²¨ ¡²¨§±¨³ ± ´¥³Ê ¶µÉ¥´Í¨ ²µ³ ‚Ê¤¸  Å ‘ ±¸µ´ . �·µ¡²¥³  µ¸É ÉµÎ´ÒÌ
¢§ ¨³µ¤¥°¸É¢¨° Ö¢²Ö¥É¸Ö ¡µ²¥¥ ¸²µ¦´µ°.

�·¥¦¤¥ ¢¸¥£µ, µ¸É ÉµÎ´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¥¸ÉÓ ¢ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ ´¥ ¶Ê-
¸ÉµÉ´Ò° ¶µÉ¥´Í¨ ² NN -¢§ ¨³µ¤¥°¸É¢¨Ö,    ³¶²¨ÉÊ¤  NN -· ¸¸¥Ö´¨Ö ¢ Ö¤¥·-
´µ° ¸·¥¤¥, ÊÎ¨ÉÒ¢ ÕÐ Ö ¢ ± Î¥¸É¢¥ £² ¢´µ£µ Ë ±Éµ·  ¶·¨´Í¨¶ � Ê²¨. „ -
²¥¥, ¤µ²¦¥´ ¡ÒÉÓ § ¤ ´ ·¥Í¥¶É ¶·¥¢· Ð¥´¨Ö NN - ³¶²¨ÉÊ¤Ò ¢  ³¶²¨ÉÊ¤Ê Vph
Î ¸É¨Î´µ-¤Ò·µÎ´µ£µ ± ´ ² . � ±µ´¥Í, ph-¢§ ¨³µ¤¥°¸É¢¨¥ ¤µ²¦´µ ¡ÒÉÓ ¸µ-
£² ¸µ¢ ´µ ¸µ ¸·¥¤´¨³ ¶µ²¥³ [11, 14]. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ · §´Ò³¨ ¸¶µ¸µ¡ ³¨
·¥Ï¥´¨Ö ÔÉ¨Ì ¢µ¶·µ¸µ¢ ¨³¥¥É¸Ö ´¥¸±µ²Ó±µ ¢ ·¨ ´Éµ¢ ph-¢§ ¨³µ¤¥°¸É¢¨Ö.
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‚ É¥µ·¨¨ Ë¥·³¨-¦¨¤±µ¸É¨ ph- ³¶²¨ÉÊ¤  ¶·µ¸Éµ ¶ · ³¥É·¨§Ê¥É¸Ö (¶·¥´¥-
¡·¥£ Ö ¸¶¨´-µ·¡¨É ²Ó´µ° ¨ É¥´§µ·´µ° Î ¸ÉÖ³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö):

F = δ(r1 − r2)C[f + f ′σ1σ2 + (g + g′σ1σ2)τ 1τ 2], (4)

£¤¥ C ∼= 302 ŒÔ‚·Ë³,   σ1σ2 ¨ τ1τ2 Å ¶·µ¨§¢¥¤¥´¨¥ ¸¶¨´µ¢ÒÌ ¨ ¨§µ¸¶¨´µ-
¢ÒÌ ³ É·¨Í � Ê²¨, f , f ′, g, g′ Å ËÊ´¤ ³¥´É ²Ó´Ò¥ ¤²Ö É¥µ·¨¨ ±µ´¸É ´ÉÒ,
§´ Î¥´¨Ö ±µÉµ·ÒÌ ³µ¦´µ ´ °É¨ ¢ [15].

‚ ¶·¨¡²¨¦¥´¨¨ G-³ É·¨ÍÒ [16], ±µÉµ·µ¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ´ ¨¡µ²¥¥ ËÊ´-
¤ ³¥´É ²Ó´Ò³, ¸´ Î ²  ´ Ìµ¤¨É¸Ö G- ³¶²¨ÉÊ¤  NN -· ¸¸¥Ö´¨Ö ¢ Ö¤¥·´µ³ ¢¥-
Ð¥¸É¢¥. �·¨ ÔÉµ³ ¢ Ê· ¢´¥´¨e ¤²Ö G- ³¶²¨ÉÊ¤Ò ¢Ìµ¤¨É ¶Ê¸ÉµÉ´µ¥
NN -¢§ ¨³µ¤¥°¸É¢¨¥. �¥·¥Ìµ¤ ¨§ pp- ¢ ph-± ´ ² µ¸ÊÐ¥¸É¢²Ö¥É¸Ö É·¨¢¨ ²Ó´µ:
G- ³¶²¨ÉÊ¤  µ¤¨´ ±µ¢  ¢ pp- ¨ ph-± ´ ² Ì.

‘±¨·³µ¢¸±µ¥ [17] ph-¢§ ¨³µ¤¥°¸É¢¨¥ ¶µ²ÊÎ ¥É¸Ö É ±¦¥ Î¨¸Éµ £¥µ³¥É·¨-
Î¥¸±¨³ ¶·¥µ¡· §µ¢ ´¨¥³ Ö¤¥·´ÒÌ NN - ³¶²¨ÉÊ¤ ‘±¨·³ . �µ¸²¥¤´¨¥ ¶·¥¤¸É -
¢²ÖÕÉ ¸µ¡µ° Ë¥´µ³¥´µ²µ£¨Î¥¸±¨¥  ³¶²¨ÉÊ¤Ò, ¶µ²ÊÎ ¥³Ò¥ ¢ ·¥§Ê²ÓÉ É¥ · §²µ-
¦¥´¨Ö NN - ³¶²¨ÉÊ¤ ¢ Ö¤¥·´µ° ³ É¥·¨¨ ¢ ·Ö¤ ¶µ µÉ´µ¸¨É¥²Ó´Ò³ ¨³¶Ê²Ó¸ ³
´Ê±²µ´µ¢.

� ±µ´¥Í, Ï¨·µ±µ¥ · ¸¶·µ¸É· ´¥´¨¥ ¶µ²ÊÎ¨² ¥Ð¥ µ¤¨´ Ë¥´µ³¥´µ²µ£¨-
Î¥¸±¨° ¶µ¤Ìµ¤ ± ph-¢§ ¨³µ¤¥°¸É¢¨Õ, ¢ ±µÉµ·µ³ ¢¢µ¤¨É¸Ö Ë ±Éµ·¨§µ¢ ´´µ¥
³Ê²ÓÉ¨¶µ²Ó-³Ê²ÓÉ¨¶µ²Ó´µ¥, ¢ ¸²ÊÎ ¥ GDR Å ¤¨¶µ²Ó-¤¨¶µ²Ó´µ¥ ¢§ ¨³µ¤¥°-
¸É¢¨¥ [18]. ‚ ÔÉµ³ ¸²ÊÎ ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨° RPA É·¥¡Ê¥É £µ· §¤µ ³¥´ÓÏ¥
Ê¸¨²¨°. Œ´µ£µÎ¨¸²¥´´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ¶µ± § ²¨, ÎÉµ ¢¸¥ ÔÉ¨ ¸µ¢·¥³¥´´Ò¥
¶µ¤Ìµ¤Ò ¢ µ¸´µ¢´ÒÌ Î¥·É Ì ¸µ£² ¸ÊÕÉ¸Ö ¤·Ê£ ¸ ¤·Ê£µ³ [16].

6. ’¨¶¨Î´Ò¥ ·¥§Ê²ÓÉ ÉÒ RPA-· ¸Î¥Éµ¢ ¶µ± § ´Ò ´  ¢¸É ¢±¥ ± ·¨¸. 2 ´ 
¶·¨³¥·¥ Ö¤·  208Pb [19]. Š ± ¢¨¤´µ ¨§ ÔÉµ£µ ·¨¸Ê´±  ¨ RPA-· ¸Î¥Éµ¢ ¸ ÊÎ¥-
Éµ³ ±µ´É¨´ÊÊ³ , RPA-¶·¨¡²¨¦¥´¨¥ ¶·¨ · §Ê³´µ³ ¢Ò¡µ·¥ µ¸É ÉµÎ´µ£µ ¢§ ¨-
³µ¤¥°¸É¢¨Ö:
Å ¶· ¢¨²Ó´µ ¢µ¸¶·µ¨§¢µ¤¨É Ô´¥·£¨Õ GDR;
Å ¢ £² ¢´ÒÌ Î¥·É Ì ¸µµÉ¢¥É¸É¢Ê¥É ¢µ§¡Ê¦¤¥´¨Õ µ¤´µ° ±µ²²¥±É¨¢´µ° ¸É¥¶¥´¨
¸¢µ¡µ¤Ò (µ¤¨´ ¤µ³¨´¨·ÊÕÐ¨° Ê·µ¢¥´Ó);
Å ´¥ µ¡ÑÖ¸´Ö¥É Ï¨·¨´Ê ±·¨¢µ° ¶µ£²µÐ¥´¨Ö.

’ ±¨³ µ¡· §µ³, ¶·¨ ÊÎ¥É¥ µ¸É ÉµÎ´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö µ¸´µ¢´Ò¥ ¶·µ-
¡²¥³Ò É¥µ·¨¨ ¸·¥¤´¥£µ ¶µ²Ö ¶¥·¥³¥Ð ÕÉ¸Ö ¸ Ô´¥·£¨¨ GDR ´  ¶·µ¡²¥³Ê ¥£µ
Ï¨·¨´Ò.

‚ § ±²ÕÎ¥´¨¥ ¸¤¥² ¥³ ´¥¸±µ²Ó±µ § ³¥Î ´¨° µ ®±µ²²¥±É¨¢´µ¸É¨¯ GDR Å
¢ ¦´µ³ ¶µ´ÖÉ¨¨ ¤²Ö ¶·µ¡²¥³Ò GR ¢ Í¥²µ³. ‚ É¥µ·¨¨ ƒµ²Ó¤Ì ¡¥·  Å ’¥²-
²¥·  GDR ¥¸ÉÓ ¸²¥¤¸É¢¨¥ ¢µ§¡Ê¦¤¥´¨Ö ´¥±µÉµ·µ° ´µ·³ ²Ó´µ° ±µµ·¤¨´ ÉÒ,
¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¸¨´Ì·µ´´µ³Ê ¸±µ··¥²¨·µ¢ ´´µ³Ê ¤¢¨¦¥´¨Õ ¡µ²ÓÏµ£µ Î¨-
¸²  ´Ê±²µ´µ¢, ¨ ¢ ÔÉµ³ ¸³Ò¸²¥ GDR Ö¢²Ö¥É¸Ö ±µ²²¥±É¨¢´Ò³ ¢µ§¡Ê¦¤¥´¨¥³.
‚ É¥µ·¨¨ ¸·¥¤´¥£µ ¶µ²Ö (RPA) ±µ²²¥±É¨¢´µ¸ÉÓ GDR ¶·µÖ¢²Ö¥É¸Ö ¢ ®¶· -
¢¨²Ó´µ³¯ ¸²µ¦¥´¨¨ (É. ¥. ¸ ´Ê¦´Ò³¨ ¢¥¸ ³¨ ¨ §´ ± ³¨) ¡µ²ÓÏµ£µ Î¨¸²  ph-
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±µ´Ë¨£Ê· Í¨° (¡·¨´±µ¢¸± Ö ¸Ê¶¥·¶µ§¨Í¨Ö). � ¶·¨³¥·, ¢ Ö¤·¥ 208Pb µ¸´µ¢-
´µ° Ê·µ¢¥´Ó, µÉ¢¥É¸É¢¥´´Ò° §  GDR (¥£µ ´ §Ò¢ ÕÉ ¤¨¶µ²Ó´Ò³), Ö¢²Ö¥É¸Ö ¸Ê-
¶¥·¶µ§¨Í¨¥° 15Ä20 ph-±µ´Ë¨£Ê· Í¨° ¸µ ¸· ¢´¨³Ò³¨ ¢¥¸ ³¨. ‚µ¶·µ¸ µ ¸µµÉ-
´µÏ¥´¨¨ ¤¢ÊÌ ¶µ¤Ìµ¤µ¢ ¤¥É ²Ó´¥¥ µ¡¸Ê¦¤ ¥É¸Ö ¢ [20]. Šµ²²¥±É¨¢´µ¸ÉÓ GDR
¤¥² ¥É ¥£µ ´¥ÎÊ¢¸É¢¨É¥²Ó´Ò³ ± ¤¥É ²Ö³ ¸É·Ê±ÉÊ·Ò Ö¤·  ¨ ¶·¨¢µ¤¨É ± ¶² ¢´µ°
§ ¢¨¸¨³µ¸É¨ ¥£µ Ì · ±É¥·¨¸É¨± µÉ ³ ¸¸µ¢µ£µ Î¨¸²  A. ‘ µ¡Ð¥Ë¨§¨Î¥¸±µ°
ÉµÎ±¨ §·¥´¨Ö GDR ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° µ¤´µ ¨§ Ô²¥³¥´É ·´ÒÌ ¢µ§¡Ê¦¤¥´¨°
Ö¤·  [21]. ŒÒ ¢¸É·¥É¨³¸Ö ¸ ÔÉ¨³ ¢µ¶·µ¸µ³ ¥Ð¥ · § ¢ · §¤¥² Ì 3 ¨ 4.


¨¸. 2. ‘É·Ê±ÉÊ·  GDR ¢ Ö¤·¥ 208Pb ¸ ÊÎ¥Éµ³ 2p2h-¸µ¸ÉµÖ´¨°. �  ¢¸É ¢±¥ Å · ¸-
¶·¥¤¥²¥´¨¥ ¨´É¥´¸¨¢´µ¸É¥° E1-¶¥·¥Ìµ¤µ¢ ¢ ¶·¨¡²¨¦¥´¨¨ RPA [19]. �µ µ¸¨ µ·¤¨´ É
µÉ²µ¦¥´  ¶·¨¢¥¤¥´´ Ö ¢¥·µÖÉ´µ¸ÉÓ B(E1); ¶µ £µ·¨§µ´É ²Ó´µ° µ¸¨ Å Ô´¥·£¨Ö Ex

¢µ§¡Ê¦¤¥´¨Ö Ö¤· 

7. �¡¸Ê¦¤ Ö ¢µ¶·µ¸ µ Ï¨·¨´¥ GDR, ƒµ²Ó¤Ì ¡¥· ¨ ’¥²²¥· Ê± § ²¨ ´  ´¥-
µ¡Ìµ¤¨³µ¸ÉÓ ¢¢¥¤¥´¨Ö ®É·¥´¨Ö¯ ¤²Ö ¤¨¶µ²Ó´ÒÌ ±µ²¥¡ ´¨°. ‚ · ³± Ì µ¡µ²µ-
Î¥Î´µ° ³µ¤¥²¨ ³µ¦´µ Ê± § ÉÓ ¸²¥¤ÊÕÐ¨¥ ´ ¨¡µ²¥¥ ¢ ¦´Ò¥ ³¥Ì ´¨§³Ò ÔÉµ£µ
É·¥´¨Ö:
Å § ÉÊÌ ´¨¥ (Ë· £³¥´É Í¨Ö) ‹ ´¤ Ê. �´µ ¢µ§´¨± ¥É §  ¸Î¥É ¢§ ¨³µ¤¥°¸É¢¨Ö
RPA-¸Ëµ·³¨·µ¢ ´´ÒÌ ¤¨¶µ²Ó´ÒÌ µ¸Í¨²²ÖÍ¨° ¸ ¶µ¶ ¤ ÕÐ¨³¨ ¢ µ¡² ¸ÉÓ GDR
ph-±µ´Ë¨£Ê· Í¨Ö³¨, ±µÉµ·Ò¥ ¸ ³¨ ¶· ±É¨Î¥¸±¨ ´¥ ¢µ§¡Ê¦¤ ÕÉ¸Ö ¶µ¤ ¤¥°-
¸É¢¨¥³ ¤¨¶µ²Ó´ÒÌ ËµÉµ´µ¢. �Éµ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ µ´¨ µ¡Ê¸²µ¢²¥´Ò ²¨¡µ
¶¥·¥Ìµ¤ ³¨ Î¥·¥§ µ¡µ²µÎ±Ê, ²¨¡µ ¶¥·¥Ìµ¤ ³¨ ¸ ¶¥·¥¢µ· Î¨¢ ´¨¥³ ¸¶¨´ ;
Å ¢§ ¨³µ¤¥°¸É¢¨¥ ph-¤¨¶µ²Ó´ÒÌ ±µ²¥¡ ´¨° ¸ µ£·µ³´Ò³ Î¨¸²µ³ ±µ´Ë¨£Ê· -
Í¨° É¨¶  2p2h: ¤¢¥ Î ¸É¨ÍÒ Å ¤¢¥ ¤Ò·±¨;
Å ¨¸¶Ê¸± ´¨¥ ´Ê±²µ´µ¢ ¢ ´¥¶·¥·Ò¢´Ò° ¸¶¥±É·.

� ¨¡µ²¥¥ ¢ ¦´Ò³ ³¥Ì ´¨§³µ³ É·¥´¨Ö ¤²Ö GDR ¢ 208Pb Ö¢²Ö¥É¸Ö
(¸³. ·¨¸. 2) ¢µ§¡Ê¦¤¥´¨¥ ¤¨¶µ²Ó´Ò³¨ ±µ²¥¡ ´¨Ö³¨ 2p2h-¸µ¸ÉµÖ´¨°. �ÉµÉ ¦¥
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·¥§Ê²ÓÉ É µ¸É ¥É¸Ö ¸¶· ¢¥¤²¨¢Ò³ ¨ ¤²Ö ¸Ë¥·¨Î¥¸±¨Ì Ö¤¥· ¸ ´¥§ ¶µ²´¥´´Ò³¨
µ¡µ²µÎ± ³¨. �· ¢¤ ,  ¶¶ · É RPA ¢ ÔÉ¨Ì Ö¤· Ì ¤µ²¦¥´ ¡ÒÉÓ ³µ¤¨Ë¨Í¨·µ¢ ´
[13, 18] Å RPA-¶·¨¡²¨¦¥´¨¥ Ëµ·³Ê²¨·Ê¥É¸Ö ¤²Ö ¤·Ê£µ£µ É¨¶  ±¢ §¨Î ¸É¨Í,
¶µÖ¢²ÖÕÐ¨Ì¸Ö ¢ ·¥§Ê²ÓÉ É¥ ¶·¥µ¡· §µ¢ ´¨Ö kµ£µ²Õ¡µ¢  Å ‚ ² É¨´  ¤²Ö µ¶¥-
· Éµ·µ¢ ·µ¦¤¥´¨Ö ¨ ¶µ£²µÐ¥´¨Ö ´Ê±²µ´µ¢. �É¨³ ¶·¥µ¡· §µ¢ ´¨¥³ ÊÎ¨ÉÒ¢ -
¥É¸Ö ¸¶ ·¨¢ É¥²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê ´Ê±²µ´ ³¨.

8. Šµ´Í¥¶ÉÊ ²Ó´µ RPA-¶·¨¡²¨¦¥´¨¥ ¤²Ö ¤¥Ëµ·³¨·µ¢ ´´ÒÌ Ö¤¥· ´¥ µÉ-
²¨Î ¥É¸Ö µÉ É ±µ¢µ£µ ¤²Ö ¸Ë¥·¨Î¥¸±¨Ì Ö¤¥· ¸ ´¥§ ¶µ²´¥´´Ò³¨ µ¡µ²µÎ± ³¨.
’µ ¦¥ ¶·¥µ¡· §µ¢ ´¨¥ kµ£µ²Õ¡µ¢  Å ‚ ² É¨´ , É¥ ¦¥ Ê· ¢´¥´¨Ö RPA, ´µ
§ ¶¨¸ ´´Ò¥ É¥¶¥·Ó ¢ ¡ §¨¸¥ ¤·Ê£¨Ì µ¤´µÎ ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨°, ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨Ì ´¥¸Ë¥·¨Î¥¸±µ³Ê ¶µÉ¥´Í¨ ²Ê ‚Ê¤¸  Å ‘ ±¸µ´ . ‚ ·¥§Ê²ÓÉ É¥ GDR ¢
´¥¸Ë¥·¨Î¥¸±¨Ì Ö¤· Ì ¸µ¸Éµ¨É ¨§ ¤¢ÊÌ ¢¥É¢¥°, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¶·µ¤µ²Ó´Ò³
¨ ¶µ¶¥·¥Î´Ò³ ¢¨¡· Í¨Ö³, É. ¥. ¢¤µ²Ó ¨ ¶¥·¶¥´¤¨±Ê²Ö·´µ µ¸¨ ¸¨³³¥É·¨¨ Ö¤· .
�ÉµÉ ·¥§Ê²ÓÉ É ¶· ±É¨Î¥¸±¨ ÉµÉ ¦¥, ÎÉµ ¨ ¢ · ³± Ì µ¡µ¡Ð¥´¨Ö ´  ´¥¸Ë¥·¨Î-
´Ò¥ Ö¤·  ³µ¤¥²¨ ƒµ²Ó¤Ì ¡¥·  Å ’¥²²¥·  [22]. ‚ ¢ÒÉÖ´ÊÉÒÌ Ö¤· Ì ¡µ²ÓÏ¥°
Ô´¥·£¨¥° µ¡² ¤ ÕÉ ¶µ¶¥·¥Î´Ò¥ ±µ²¥¡ ´¨Ö,   ¢¥·µÖÉ´µ¸ÉÓ ¨Ì ¢µ§¡Ê¦¤¥´¨Ö ¢
¤¢  · §  ¡µ²ÓÏ¥ ¢¥·µÖÉ´µ¸É¨ ¢µ§¡Ê¦¤¥´¨Ö ¶·µ¤µ²Ó´ÒÌ. �·¨´Í¨¶¨ ²Ó´µ ³¥-
´Ö¥É¸Ö, µ¤´ ±µ, ³¥Ì ´¨§³ É·¥´¨Ö: ¢ ´¥¸Ë¥·¨Î¥¸±¨Ì Ö¤· Ì µ¸´µ¢´ÊÕ ·µ²Ó ¢
Ëµ·³¨·µ¢ ´¨¨ Ï¨·¨´Ò ¨£· ¥É ´¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¸ 2p2h-±µ´Ë¨£Ê· Í¨Ö³¨,
  § ÉÊÌ ´¨¥ ‹ ´¤ Ê. �Éµ ³µ¦´µ ¢¨¤¥ÉÓ ¨§ ·¨¸. 3, ¢§ÖÉµ£µ ¨§ · ¡µÉÒ [23], ´ 
±µÉµ·µ³ ¨§µ¡· ¦¥´  ±·¨¢ Ö ¶µ£²µÐ¥´¨Ö ¢ Ö¤·e 238U, · ¸¸Î¨É ´´ Ö ´  ¡ §¥ ¤¥-
Ëµ·³¨·µ¢ ´´ÒÌ ph-¸µ¸ÉµÖ´¨°. Š ± ¢¨¤´µ ¨§ ·¨¸Ê´± , · ¸¸Î¨É ´´µ¥ ¸¥Î¥´¨¥
Ìµ·µÏµ ¸µ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ¦¥ ¡¥§ ÊÎ¥É  2p2h-¸µ¸ÉµÖ´¨°.


¨¸. 3. ‡ ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨Ö σ ¶µ£²µÐ¥´¨Ö ËµÉµ´  µÉ ¥£µ Ô´¥·£¨¨ ω ¤²Ö Ö¤·  238U
(¸¶²µÏ´ Ö ²¨´¨Ö). ˜É·¨Ì¶Ê´±É¨·´Ò¥ ±·¨¢Ò¥ ¸ K = 0 ¨ K = 1 ¸µµÉ¢¥É¸É¢ÊÕÉ
¶·µ¤µ²Ó´Ò³ ¨ ¶µ¶¥·¥Î´Ò³ ¢µ§¡Ê¦¤¥´¨Ö³ Ö¤· 

9. ’ ±¨³ µ¡· §µ³, ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ³Ò Ìµ·µÏµ ¶µ´¨³ ¥³ ¶·¨·µ¤Ê GDR
¢ É¥Ì ¸²ÊÎ ÖÌ, ±µ£¤  µ´ ¸µµÉ¢¥É¸É¢Ê¥É ¢µ§¡Ê¦¤¥´¨Õ § ÉÊÌ ÕÐ¥° ¸É¥¶¥´¨ ¸¢µ-
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¡µ¤Ò ¤¨¶µ²Ó´ÒÌ ¢¨¡· Í¨°. ’ ± Ö ¸¨ÉÊ Í¨Ö ·¥ ²¨§Ê¥É¸Ö ¢ ¸·¥¤´¨Ì ¨ ÉÖ¦¥²ÒÌ
Ö¤· Ì. �¤´ ±µ ¶·¨ ¤¢¨¦¥´¨¨ ± ²¥£±¨³ Ö¤· ³ ¸ ´¥§ ¶µ²´¥´´Ò³¨ µ¡µ²µÎ± ³¨
¶µÖ¢²ÖÕÉ¸Ö Ë ±Éµ·Ò, ¸µ§¤ ÕÐ¨¥ ´µ¢ÊÕ ¸¨ÉÊ Í¨Õ ¸ GDR. ƒ² ¢´Ò³¨ Î¥·É ³¨
ÔÉµ° ´µ¢µ° ¸¨ÉÊ Í¨¨ Ö¢²ÖÕÉ¸Ö [7]:
Å ´¥§´ Î¨É¥²Ó´ Ö ·µ²Ó 2p2h-±µ´Ë¨£Ê· Í¨°;
Å ¢Ò²¥É ´Ê±²µ´µ¢ ¨§ Ö¤·  µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¢¸²¥¤¸É¢¨¥ · ¸¶ ¤  ph-±µ´Ë¨£Ê· -
Í¨°, ´¥¶µ¸·¥¤¸É¢¥´´µ ¢µ§¡Ê¦¤ ¥³ÒÌ ¶·¨ ¶µ£²µÐ¥´¨¨ γ-±¢ ´Éµ¢. ˆ³¥´´µ ÔÉµ
¸¢µ°¸É¢µ ¶µ§¢µ²¨²µ · ¸¶ÊÉ ÉÓ ¸²µ¦´ÊÕ ¸É·Ê±ÉÊ·Ê GDR ¢ ²¥£±¨Ì Ö¤· Ì;
Å  ´µ³ ²Ó´µ ¡µ²ÓÏ Ö Ï¨·¨´  GDR ¨²¨, ²ÊÎÏ¥ ¸± § ÉÓ,  ´µ³ ²Ó´µ Ï¨·µ± Ö
§µ´  ¶µ£²µÐ¥´¨Ö.


¨¸. 4. ‡ ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨Ö σ (¢ ³¡) ¶µ£²µÐ¥´¨Ö ËµÉµ´  µÉ ¥£µ Ô´¥·£¨¨ Eγ (¢ ŒÔ‚)
¤²Ö ·Ö¤  Ö¤¥· 2s-1d-µ¡µ²µÎ±¨

„²Ö ¶·¨³¥·  ´  ·¨¸. 4 ¶·¨¢¥¤¥´Ò ±·¨¢Ò¥ ¶µ£²µÐ¥´¨Ö Ö¤¥· ¤²Ö 2s-1d-
µ¡µ²µÎ±¨ [7]. Š ± ¢¨¤´µ, §µ´  ¶µ£²µÐ¥´¨Ö Ê ´¨Ì ¶·µ¸É¨· ¥É¸Ö ¤µ Ô´¥·£¨°
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¸¢ÒÏ¥ 30 ŒÔ‚. 
 §Ê³¥¥É¸Ö, ¨ ¢ ÔÉµ° ¸¨ÉÊ Í¨¨ Ëµ·³ ²Ó´µ ³µ¦´µ £µ¢µ·¨ÉÓ
µ ¢µ§¡Ê¦¤¥´¨¨ ¤¨¶µ²Ó´ÒÌ µ¸Í¨²²ÖÍ¨° ¨ µ¡ µÎ¥´Ó ¸¨²Ó´µ³ ¨Ì § ÉÊÌ ´¨¨.
�¤´ ±µ É ±µ° ¶µ¤Ìµ¤ ´¥ Ö¢²Ö¥É¸Ö Ë¨§¨Î¥¸±¨³ ¨ ±µ´¸É·Ê±É¨¢´Ò³. ”¨§¨± 
Ö¢²¥´¨Ö ¡Ò²  ¨´É¥·¶·¥É¨·µ¢ ´  ± ± ´µ¢ Ö Ëµ·³  GDR, ±µÉµ· Ö ¶µ²ÊÎ¨² 
´ §¢ ´¨¥ ®±µ´Ë¨£Ê· Í¨µ´´µ£µ · ¸Ð¥¶²¥´¨Ö GDR¯. �¡Ð Ö ± ·É¨´  ¢ ÔÉµ³
¸²ÊÎ ¥ ¡²¨¦¥ ± ¢¨²±¨´¸µ´µ¢¸±µ°, Î¥³ ± ± ·É¨´¥ ƒµ²Ó¤Ì ¡¥·  Å ’¥²²¥· .
ˆ³¥´´µ · ¸Ð¥¶²¥´¨¥ ¨¸Ìµ¤´ÒÌ ¢¨²±¨´¸µ´µ¢¸±¨Ì ph-±µ´Ë¨£Ê· Í¨° µ± §Ò¢ -
¥É¸Ö ¸Éµ²Ó ¡µ²ÓÏ¨³, ÎÉµ ph-¢§ ¨³µ¤¥°¸É¢¨¥ ´¥ ³µ¦¥É ¸Ëµ·³¨·µ¢ ÉÓ ¸É¥¶¥´Ó
¸¢µ¡µ¤Ò, ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ ¤¨¶µ²Ó´Ò³ ¢¨¡· Í¨Ö³. ‘µµÉ¢¥É¸É¢¥´´µ, GDR µ± -
§Ò¢ ¥É¸Ö · ¸¶·¥¤¥²¥´´Ò³ ¶µ ´¥§ ¢¨¸¨³Ò³ ph-¸µ¸ÉµÖ´¨Ö³, ¸µµÉ¢¥É¸É¢ÊÕÐ¨³
¶¥·¥Ìµ¤ ³ ³¥¦¤Ê · §´Ò³¨ µ¡µ²µÎ± ³¨. �¸´µ¢´Ò¥ Ë ±Éµ·Ò, µ¶·¥¤¥²ÖÕÐ¨¥
´µ¢ÊÕ Ëµ·³Ê GDR, ¸µ¸ÉµÖÉ ¢ ¸²¥¤ÊÕÐ¥³:
Å ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É´µ¥ · ¸Ð¥¶²¥´¨¥ (¶·µÖ¢²¥´¨¥ SU4-c¨³³¥É·¨¨) Ê·µ¢´¥°.
� ¨¡µ²¥¥ Î¥É±µ µ´µ ¢Ò· ¦¥´µ ¢ Ö¤· Ì 1p-µ¡µ²µÎ±¨;
Å ·¥§±µ¥ · §²¨Î¨¥ Ô´¥·£¨° ¤Ò·µ± ¢ § ¶µ²´¥´´µ° ¨ ´¥§ ¶µ²´¥´´µ° µ¡µ²µÎ± Ì.
�´µ µ± §Ò¢ ¥É¸Ö £µ· §¤µ ¡µ²ÓÏ¨³, Î¥³ ¶·¥¤¸± §Ò¢ ¥É¸Ö µ¡ÒÎ´Ò³ ¶µÉ¥´Í¨ -
²µ³ ‚Ê¤¸  Å ‘ ±¸µ´ . �ÉµÉ Ë ±Éµ· ¤¥°¸É¢Ê¥É ¢ Ö¤· Ì 1p- ¨ 2s-1d-µ¡µ²µÎ¥±.
…¸ÉÓ, µ¤´ ±µ, Ê± § ´¨Ö ´  Éµ, ÎÉµ ¢ Ö¤· Ì 1f -2p-µ¡µ²µÎ±¨ µ´µ É ±¦¥ ¨³¥¥É
³¥¸Éµ [24].

‚µ¶·µ¸ µ Éµ³, ¨³¥¥É¸Ö ²¨ ±µ´Ë¨£Ê· Í¨µ´´µ¥ · ¸Ð¥¶²¥´¨¥ GDR ¢ ¡µ²¥¥
ÉÖ¦¥²ÒÌ Ö¤· Ì, É·¥¡Ê¥É ¤µ¶µ²´¨É¥²Ó´µ£µ ¨¸¸²¥¤µ¢ ´¨Ö.

10. GDR Ö¢²Ö¥É¸Ö ´ ¨¡µ²¥¥ ¨§ÊÎ¥´´Ò³ ·¥§µ´ ´¸µ³. •µÉÖ ¨ §¤¥¸Ó ¨³¥-
¥É¸Ö ·Ö¤ ¸¥·Ó¥§´ÒÌ ¢µ¶·µ¸µ¢. � ¶·¨³¥·, ¸² ¡µ ¨§ÊÎ¥´ ¥£µ ¢Ò¸µ±µÔ´¥·£¨Î-
´Ò° ®Ì¢µ¸É¯. ŒÒ · ¸¸³µÉ·¥²¨ ¥£µ ¶·¨·µ¤Ê ¢ ´¥±µÉµ·ÒÌ ¤¥É ²ÖÌ, ÎÉµ¡Ò ¶·¨
µ¡¸Ê¦¤¥´¨¨ ¤·Ê£¨Ì ·¥§µ´ ´¸µ¢ ¨³¥ÉÓ ´ ¡µ· µ¸´µ¢´ÒÌ ¶µ´ÖÉ¨° ¨ Ë ±Éµ·µ¢,
µ¶·¥¤¥²ÖÕÐ¨Ì Ö¢²¥´¨¥ £¨£ ´É¸±¨Ì ·¥§µ´ ´¸µ¢.

2. „1“ƒˆ… ƒˆƒ��’‘Šˆ… 1…‡	���‘›

1. ‘ µ¡Ð¥Ë¨§¨Î¥¸±µ° ÉµÎ±¨ §·¥´¨Ö GDR ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ®µÉ±²¨±¯
Ö¤·  ´  § ¢¨¸ÖÐ¥¥ µÉ ¢·¥³¥´¨ ¢´¥Ï´¥¥ µ¤´µ·µ¤´µ¥ Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥ (®¤¨-
¶µ²Ó´µ¥¯ ¶µ²¥). ‚´¥Ï´¨¥ ¶µ²Ö, µ¤´ ±µ, ³µ£ÊÉ ¡ÒÉÓ · §´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨
¨ ¶·¨·µ¤Ò. ‘µµÉ¢¥É¸É¢¥´´µ, ¢µ§´¨± ¥É ¶·µ¡²¥³  ±µ²²¥±É¨¢´µ£µ µÉ±²¨±  Ö¤· 
´  ÔÉ¨ ¶µ²Ö ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¶·µ¡²¥³  ¤·Ê£¨Ì ·¥§µ´ ´¸µ¢. ‚µ§³µ¦´Ò¥ É¨¶Ò
¢´¥Ï´¨Ì ¶µ²¥° ²¥£±µ ³µ£ÊÉ ¡ÒÉÓ Ê± § ´Ò. ‚µ-¶¥·¢ÒÌ, ÔÉµ ¶µ²Ö, ´¥ ¤¥°¸É¢ÊÕ-
Ð¨¥ ´  ¸¶¨´µ¢Ò¥ ¶¥·¥³¥´´Ò¥ ´Ê±²µ´µ¢, É. ¥. ¶µ²Ö É¨¶  f(r)YLM (n), £¤¥
YLM (n) Å ¸Ë¥·¨Î¥¸± Ö ËÊ´±Í¨Ö · ´£  L, r Å ±µµ·¤¨´ É , n Å ¥¤¨´¨Î´Ò°
¢¥±Éµ· ¢ ´ ¶· ¢²¥´¨¨ r, f(r) Å ´¥±µÉµ· Ö · ¤¨ ²Ó´ Ö ËÊ´±Í¨Ö. �µ ¸²µ¦¨¢-
Ï¥°¸Ö É· ¤¨Í¨¨ ·¥§µ´ ´¸Ò, ¢µ§¡Ê¦¤ ¥³Ò¥ É ±¨³¨ ¶µ²Ö³¨, ´ §Ò¢ ÕÉ Ô²¥±-
É·¨Î¥¸±¨³¨. 
 §Ê³¥¥É¸Ö, ¶µ²¥ ³µ¦¥É ¡ÒÉÓ ¨§µ¸± ²Ö·´Ò³ ¨²¨ ¨§µ¢¥±Éµ·´Ò³
(f(r)YLM τ3, τ3 Å ¨§µÉµ¶¨Î¥¸± Ö ³ É·¨Í  � Ê²¨). ’ ±¨¥ ¶µ²Ö ¶¥·¥¤ ÕÉ Ö¤·Ê
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µ·¡¨É ²Ó´Ò° ³µ³¥´É L, ¸¶¨´µ¢Ò° ³µ³¥´É S = 0 ¨ ¨§µÉµ¶¨Î¥¸±¨° ¸¶¨´ T =
= 0, 1 ¢ § ¢¨¸¨³µ¸É¨ µÉ Éµ£µ, Ö¢²Ö¥É¸Ö ²¨ ¶µ²¥ ¨§µ¸± ²Ö·´Ò³ ¨²¨ ¨§µ¢¥±Éµ·-
´Ò³. ‚µ-¢Éµ·ÒÌ, ÔÉµ ¶µ²Ö, ±µÉµ·Ò¥ ¤¥°¸É¢ÊÕÉ µ¤´µ¢·¥³¥´´µ, ¢µµ¡Ð¥ £µ¢µ·Ö,


¨¸. 5. ˆ´É¥´¸¨¢´µ¸É¨ ¶¥·¥Ìµ¤µ¢
· §²¨Î´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ ¢ 208Pb.
�µ ¢¥·É¨± ²Ó´µ° µ¸¨ µÉ²µ¦¥´Ò ¶·¨-
¢¥¤¥´´Ò¥ ¢¥·µÖÉ´µ¸É¨ B(EL) ¶¥·¥-
Ìµ¤µ¢ ¢ ¥¤¨´¨Í Ì e2Ë³2. ˆ´É¥´¸¨¢-
´µ¸ÉÓ ¶¥·¥Ìµ¤µ¢ 0+ → 0+ ¶·¨¢¥¤¥´ 
¢ ¥¤¨´¨Í Ì Ë³2

´  ¸¶¨´µ¢Ò¥ ¨ ¶·µ¸É· ´¸É¢¥´´Ò¥ ¶¥·¥-
³¥´´Ò¥. ’ ±¨¥ ¶µ²Ö µ¡ÒÎ´µ § ¤ ÕÉ¸Ö
Ëµ·³Ê²µ° (¤²Ö ¶·µ¸ÉµÉÒ ¡¥§ ÊÎ¥É  ¨§µ-
¸¶¨´ )

f(r)(YL ⊗ σ)J , (5)

£¤¥ ¸¨³¢µ² ⊗ µ¡µ§´ Î ¥É ¶·Ö³µ¥ ¶·µ¨§-
¢¥¤¥´¨¥ É¥´§µ·´ÒÌ µ¶¥· Éµ·µ¢ YL ¨ σ ¸
Ëµ·³¨·µ¢ ´¨¥³ É¥´§µ·  · ´£  J . �·¨
¤¥°¸É¢¨¨ ´  Ö¤·µ É ±µ£µ ¶µ²Ö ¥³Ê ¶¥·¥¤ -
¥É¸Ö ¶µ²´Ò° ³µ³¥´É J ¨ ¸¶¨´µ¢Ò° S = 1.
‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ ·¥§µ´ ´¸Ò ´ §Ò¢ ÕÉ¸Ö
¸¶¨´µ¢Ò³¨ ¨²¨ ¸¶¨´µ¢µ-¢µ²´µ¢Ò³¨.

ˆ§ ¨§²µ¦¥´´µ£µ ¸²¥¤Ê¥É, ÎÉµ É¨¶Ò
GR ¤µ²¦´Ò µ¶·¥¤¥²ÖÉÓ¸Ö ±¢ ´Éµ¢Ò³¨ Î¨-
¸² ³¨ S, T, L, ¶¥·¥¤ ¢ ¥³Ò³¨ Ö¤·Ê ¸¶¨-
´µ¢Ò³, ¨§µ¸¶¨´µ¢Ò³ ¨ µ·¡¨É ²Ó´Ò³ ³µ-
³¥´É ³¨.

2. �Éµ³´µ¥ Ö¤·µ, ¢µµ¡Ð¥ £µ¢µ·Ö,
´¥ µ¡Ö§ ´µ ®µÉ±²¨± ÉÓ¸Ö¯ ´  ¢´¥Ï-
´¥¥ ¢µ§¤¥°¸É¢¨¥ ¢µ§¡Ê¦¤¥´¨¥³ ±µ²²¥±É¨¢-
´µ£µ ¸µ¸ÉµÖ´¨Ö ¨, ¸µµÉ¢¥É¸É¢¥´´µ, £¨-
£ ´É¸±¨³ ·¥§µ´ ´¸µ³ ¢ ÔËË¥±É¨¢´µ³ ¸¥-
Î¥´¨¨. �¡µ²µÎ¥Î´ Ö ¸É·Ê±ÉÊ·  Ö¤· , µ¤-
´ ±µ, ¶µÎÉ¨ ¶·¥¤µ¶·¥¤¥²Ö¥É ¸ÊÐ¥¸É¢µ¢ -
´¨¥ £¨£ ´É¸±¨Ì ·¥§µ´ ´¸µ¢, ´µ ´¥ £ · ´É¨-
·Ê¥É Ëµ·³¨·µ¢ ´¨Ö ±µ²²¥±É¨¢´ÒÌ ¸É¥¶¥-
´¥° ¸¢µ¡µ¤Ò. �Éµ ³Ò ¢¨¤¥²¨ ´  ¶·¨³¥·¥
¢¨²±¨´¸µ´µ¢¸±µ° ³µ¤¥²¨ GDR. �µÔÉµ³Ê
£² ¢´Ò³ ¢µ¶·µ¸µ³ ¢ ¶·µ¡²¥³¥ GR, ¶µ¦ -
²Ê°, Ö¢²Ö¥É¸Ö ´¥ ¸ÊÐ¥¸É¢µ¢ ´¨¥ ²µ± ²¨§µ-
¢ ´´µ£µ ¶µ Ô´¥·£¨¨ µÉ±²¨±  Ö¤·  ´  ¢´¥Ï-
´¥¥ ¶µ²¥ (É. ¥. GR),   ¢µ¶·µ¸ µ Éµ³, ¸¢Ö-
§ ´ ²¨ ÔÉµÉ µÉ±²¨± ¸ ¢µ§¡Ê¦¤¥´¨¥³ ±µ²-
²¥±É¨¢´µ° ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò. 
 §Ê³¥¥É¸Ö,
·¥Ï ÕÐ¨³ §¤¥¸Ó Ö¢²Ö¥É¸Ö ¸¢¨¤¥É¥²Ó¸É¢µ
Ô±¸¶¥·¨³¥´É . „²Ö µ¡Ð¥° µ·¨¥´É¨·µ¢±¨ ¢
¸¨ÉÊ Í¨¨ ¸ ·¥§µ´ ´¸ ³¨, ¢µ§´¨± ÕÐ¥° ¢
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ph-É¥µ·¨¨ ¸·¥¤´¥£µ ¶µ²Ö ¸ µ¤´¨³ ¨§ ¸É ´¤ ·É´ÒÌ µ¸É ÉµÎ´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°,
´  ·¨¸. 5 ¶·¥¤¸É ¢²¥´Ò ¶·¨¢¥¤¥´´Ò¥ ¢¥·µÖÉ´µ¸É¨ B(EL) ´¥±µÉµ·ÒÌ É¨¶µ¢
¶¥·¥Ìµ¤µ¢ ¢ Ö¤·¥ 208Pb [25, 26]. Š ± ¢¨¤´µ ¨§ ·¨¸Ê´± , ¶¥·¥Ìµ¤Ò · §´ÒÌ
É¨¶µ¢ µÉ²¨Î´Ò µÉ ´Ê²Ö ¢ Ï¨·µ±µ° µ¡² ¸É¨ Ô´¥·£¨° ¨ ¸¨²Ó´µ ¶¥·¥±·Ò¢ ÕÉ¸Ö,
ÎÉµ Ê¸²µ¦´Ö¥É ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´µ¥ ¨¸¸²¥¤µ¢ ´¨¥.

ˆ§-§  ¡µ²ÓÏµ£µ Î¨¸²  É ±¨Ì ·¥§µ´ ´¸µ¢ ¨ ¨Ì ¶¥·¥±·Ò¢ ´¨Ö ¢ ¸¶¥±É·¥
¢µ§¡Ê¦¤¥´¨Ö Ö¤·  ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´µ¥ µ¡´ ·Ê¦¥´¨¥ ¨ ¨¸¸²¥¤µ¢ ´¨¥ · ¸ÉÖ-
´Ê²¨¸Ó ´  ¤¥¸ÖÉ¨²¥É¨Ö.

Šµ£¤  £µ¢µ·ÖÉ µ £¨£ ´É¸±µ³ ·¥§µ´ ´¸¥, Éµ, µ¶¨· Ö¸Ó ´  µ¶ÒÉ GDR, ³µ²-
Î ²¨¢µ ¶·¥¤¶µ² £ ÕÉ, ÎÉµ
Å ¨³¥¥É¸Ö ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ° ³ ±¸¨³Ê³ (®·¥§µ´ ´¸¯) ¢ ¸¥Î¥´¨¨ ·¥ ±Í¨¨,
¨¸¶µ²Ó§Ê¥³µ° ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ·¥§µ´ ´¸ ; ´µ, ± ± ³Ò Éµ²Ó±µ ÎÉµ ¢¨¤¥²¨, É -
±µ° ·¥§µ´ ´¸ ´¥ µ¡Ö§ É¥²Ó´µ µÉ¢¥Î ¥É ±µ²²¥±É¨¢´µ° ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò;
Å ±·¨É¥·¨¥³ Éµ£µ, ÎÉµ ³ ±¸¨³Ê³ ¸µµÉ¢¥É¸É¢Ê¥É ¢µ§¡Ê¦¤¥´¨Õ ´¥±µÉµ·µ° ´µ·-
³ ²Ó´µ° ±µµ·¤¨´ ÉÒ, µ¡ÒÎ´µ ¸Î¨É ¥É¸Ö ¸É¥¶¥´Ó ¨¸Î¥·¶ ´´µ¸É¨ GR ¸µµÉ¢¥É-
¸É¢ÊÕÐ¥£µ ¥³Ê Ô´¥·£¥É¨Î¥¸±¨ ¢§¢¥Ï¥´´µ£µ ¶· ¢¨²  ¸Ê³³ (EWSR). EWSR
µ¶·¥¤¥²Ö¥É¸Ö ¸µµÉ´µÏ¥´¨¥³

EWSR =
∑
f

(ωf − ωi)|〈f |Q|i〉|2 = 1
2
〈i|[Q, [H,Q]]|i〉, (6)

£¤¥ Q Å µ¶¥· Éµ· µ¤´µ£µ ¨§ Ê± § ´´ÒÌ ¢ÒÏ¥ ¢´¥Ï´¨Ì ¶µ²¥°, H Å £ ³¨²ÓÉµ-
´¨ ´ Ö¤· , i, f Å µ¸´µ¢´µ¥ ¨ ±µ´¥Î´µ¥ ¸µ¸ÉµÖ´¨Ö Ö¤· . „¢µ°´µ° ±µ³³ÊÉ Éµ·
³µ¦¥É ¡ÒÉÓ ¸ Ìµ·µÏ¥° ÉµÎ´µ¸ÉÓÕ ¢Ò· ¦¥´ Î¥·¥§ ¸·¥¤´¥±¢a¤· É¨Î´Ò° · ¤¨Ê¸
Ö¤·  [27]. � ¶·¨³¥·, ¤²Ö Ô²¥±É·¨Î¥¸±¨Ì ·¥§µ´ ´¸µ¢ ¸ L ≥ 2

EWSR =
1

8Mπ2
L(L+ 1)2

Z2

A
〈r2L−2〉. (7)

Cµ¸ÉµÖ´¨¥ ¸Î¨É ¥É¸Ö ±µ²²¥±É¨¢´Ò³, É. ¥. µÉ¢¥Î ¥É ¢µ§¡Ê¦¤¥´¨Õ ´µ·³ ²Ó´µ°
±µµ·¤¨´ ÉÒ, ¥¸²¨ Ô±¸¶¥·¨³¥´É ²Ó´µ¥ EWSR ¸· ¢´¨³µ ¸ É¥µ·¥É¨Î¥¸±¨³.

Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó, ÔÉµ£µ, ¢µµ¡Ð¥ £µ¢µ·Ö, ´¥¤µ¸É ÉµÎ´µ, ¤²Ö Éµ£µ ÎÉµ¡Ò
¡ÒÉÓ Ê¢¥·¥´´Ò³ ¢ Éµ³, ÎÉµ ³Ò ¨³¥¥³ ¤¥²µ ¸ ´µ·³ ²Ó´µ° ±µµ·¤¨´ Éµ°. �¥-
µ¡Ìµ¤¨³ ¤µ¶µ²´¨É¥²Ó´µ ¸¨²Ó´Ò° ¸¤¢¨£ ¶µ Ô´¥·£¨¨ ¨§ µ¡² ¸É¨ µ¡µ²µÎ¥Î´µ°
²µ± ²¨§ Í¨¨ ·¥§µ´ ´¸ .

3. —Éµ¡Ò ±µ²²¥±É¨¢´µ¥ ¸µ¸ÉµÖ´¨¥ ¸ EWSR ∼ 100% ¶·µÖ¢¨²µ ¸¥¡Ö ± ±
£¨£ ´É¸±¨° ·¥§µ´ ´¸, ´¥µ¡Ìµ¤¨³µ ¶µ¤µ¡· ÉÓ ·¥ ±Í¨Õ, ¢ ±µÉµ·µ° ¡Ò ÔËË¥±-
É¨¢´µ ¢µ§´¨± ²µ ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ÔÉµ³Ê ¸µ¸ÉµÖ´¨Õ ¢´¥Ï´¥¥ ¶µ²¥. � ¶·¨³¥·,
GDR ´¥²Ó§Ö ´¥ § ³¥É¨ÉÓ ¢ ËµÉµÖ¤¥·´µ³ ± ´ ²¥, ´µ É·Ê¤´µ µ¡´ ·Ê¦¨ÉÓ ¢ ´¥-
Ê¶·Ê£µ³ · ¸¸¥Ö´¨¨ α-Î ¸É¨Í. �µÔÉµ³Ê ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ± ¦¤µ£µ ·¥§µ´ ´¸ 
´¥µ¡Ìµ¤¨³µ ¶µ¤µ¡· ÉÓ ·¥ ±Í¨Õ, ¢ ±µÉµ·µ° µ´ ³µ¦¥É ´ ¡²Õ¤ ÉÓ¸Ö ´ ¨¡µ²¥¥
µÉÎ¥É²¨¢µ.
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¨¸. 6. ‘¶¥±É·Ò ´¥Ê¶·Ê£µ· ¸¸¥Ö´´ÒÌ
α-Î ¸É¨Í ¸ Ô´¥·£¨¥° Eα = 172 ŒÔ‚
¤²Ö ·Ö¤  ÉÖ¦¥²ÒÌ Ö¤¥·. “£µ² · ¸-
¸¥Ö´¨Ö θ² ¡ = 4◦. �µ ¢¥·É¨± ²Ó-
´µ° µ¸¨ µÉ²µ¦¥´µ Î¨¸²µ µÉ¸Î¥Éµ¢, ¶µ
£µ·¨§µ´É ²Ó´µ° Å Ô´¥·£¨Ö Ex ¢µ§-
¡Ê¦¤¥´¨Ö Ö¤¥·. ‘¶²µÏ´Ò³¨ ²¨´¨-
Ö³¨ (¶µÎÉ¨ ¶·Ö³Ò³¨) Ê± § ´Ò ¢µ§³µ¦-
´Ò¥ ¸¶µ¸µ¡Ò · §¤¥²¥´¨Ö ¸¶¥±É·µ¢ ´ 
Ëµ´ ¨ ¢±² ¤ ³Ê²ÓÉ¨¶µ²¥°. 
¥§µ´ ´¸µ-
¶µ¤µ¡´Ò¥ ±·¨¢Ò¥ Å ¢±² ¤ ³Ê²ÓÉ¨-
¶µ²¥°. ‹¥¢Ò° ³ ±¸¨³Ê³ ¸µµÉ¢¥É¸É¢Ê¥É
GMR, ¶· ¢Ò° Å GQR [31]

�¸´µ¢´Ò¥ ¤ ´´Ò¥ µ GR, µÉ²¨Î´ÒÌ
µÉ GDR, ¶µ²ÊÎ¥´Ò ¸ ¶µ³µÐÓÕ ´¥ËµÉµ´-
´ÒÌ ¶·µ¡ Å ·¥ ±Í¨° (e, e′), (α, α′),
(p, p′), (p, n), (π+, π0), (3He, t), (µ, νµ)
¨ É. ¤. ˆ¸¶µ²Ó§µ¢ ´¨¥ · §²¨Î´ÒÌ ¶·µ¡
¨ ¸· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éµ¢, ¶µ²ÊÎ¥´´ÒÌ
¶·¨ §µ´¤¨·µ¢ ´¨¨ Ö¤¥· ÔÉ¨³¨ ¶·µ¡ ³¨,
¶µ§¢µ²¨²¨ · ¸¶ÊÉ ÉÓ ¤µ¢µ²Ó´µ ¸²µ¦´ÊÕ
± ·É¨´Ê · ¸¶µ²µ¦¥´¨Ö ¨ ¶¥·¥±·Ò¢ ´¨Ö
· §´ÒÌ ·¥§µ´ ´¸µ¢.

�·µ·Ò¢ ¢ µ¡² ¸ÉÓ ¨¸¸²¥¤µ¢ ´¨Ö ¤·Ê-
£¨Ì GR ¢¶¥·¢Ò¥ ¡Ò² ¸¤¥² ´ ¢ ±µ´Í¥
60-ÌÅ ´ Î ²¥ 70-Ì ££. ¶·¨ Ô±¸¶¥·¨³¥´-
É ²Ó´µ³ ¨§ÊÎ¥´¨¨ ¶·µÍ¥¸¸µ¢ § Ì¢ É  µÉ-
·¨Í É¥²Ó´ÒÌ ³Õµ´µ¢ Ö¤· ³¨ [28]. ’µ-
£¤  ¡Ò²µ ¶µ± § ´µ, ÎÉµ ÔÉ¨ ¶·µÍ¥¸¸Ò
´µ¸ÖÉ ·¥§µ´ ´¸´Ò° Ì · ±É¥·. 
¥§µ´ ´¸-
´Ò° Ì · ±É¥· ¶µ£²µÐ¥´¨Ö ¡Ò² ¶·¥¤¸± -
§ ´ ¢ ¸¥·¥¤¨´¥ 60-Ì ££. ¢ �ˆˆŸ” Œƒ“
¨ ·Ö¤¥ ¤·Ê£¨Ì Í¥´É·µ¢ [29]. ‚ ¸µ¢·¥³¥´-
´µ° É· ±Éµ¢±¥ ·¥ÎÓ Ï²  µ ¢µ§¡Ê¦¤¥´¨¨
¸¶¨´µ¢µ£µ ·¥§µ´ ´¸ . �¤´ ±µ ¢ (µ, νµ)-
¶·µÍ¥¸¸¥ ´¥ Ê¤ ¥É¸Ö ´¥¶µ¸·¥¤¸É¢¥´´µ ¨§-
³¥·¨ÉÓ ¸¶¥±É· ¢µ§¡Ê¦¤¥´¨Ö Ö¤· . �µ-
ÔÉµ³Ê µ¸´µ¢´µ¥ ¢´¨³ ´¨¥ Ê¤¥²Ö²µ¸Ó ·¥-
 ±Í¨Ö³ (p, p′), (e, e′), (p, n) ¨ É. ¤.

ˆ§µ¸± ²Ö·´Ò¥ Ô²¥±É·¨Î¥¸±¨¥ ·¥§µ-
´ ´¸Ò ¶·µÐ¥ ¢¸¥£µ ¨¸¸²¥¤µ¢ ÉÓ, §µ´¤¨-
·ÊÖ Ö¤·µ α-Î ¸É¨Í ³¨ (·¥ ±Í¨¨ (α, α′)),
¶µ¸±µ²Ó±Ê α-Î ¸É¨ÍÒ µ¡² ¤ ÕÉ ´Ê²¥¢Ò³
¸¶¨´µ³ ¨ ¨§µ¸¶¨´µ³ ¨, ¸²¥¤µ¢ É¥²Ó´µ,
¶¥·¥¤ ÕÉ Ö¤·Ê-³¨Ï¥´¨ Éµ²Ó±µ µ·¡¨É ²Ó-
´Ò° ³µ³¥´É. �¤´ ±µ ¢¶¥·¢Ò¥ ±¢ ¤·Ê-
¶µ²Ó´Ò° ·¥§µ´ ´¸ ¡Ò² µ¡´ ·Ê¦¥´ ¢ ·¥-
 ±Í¨ÖÌ (e, e′) ¨ (p, p′) [30].

�  ·¨¸. 6 ¶·¥¤¸É ¢²¥´Ò É¨¶¨Î´Ò¥
¸¶¥±É·Ò ´¥Ê¶·Ê£µ· ¸¸¥Ö´´ÒÌ α-Î ¸É¨Í
´  Ö¤· Ì ¸ ¨Ì ³Ê²ÓÉ¨¶µ²Ó´µ° · ¸Ï¨-
Ë·µ¢±µ° (GMR , GQR Å ³µ´µ¶µ²Ó´Ò°
¨ ±¢ ¤·Ê¶µ²Ó´Ò° ·¥§µ´ ´¸Ò) [31]. ƒ² ¢-
´Ò³¨ ¸²µ¦´µ¸ÉÖ³¨ ¶µ²ÊÎ¥´¨Ö ¨´Ëµ·³ -
Í¨¨ µ GR ¸ ¶µ³µÐÓÕ É ±¨Ì ·¥ ±Í¨°
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Ö¢²Ö¥É¸Ö ¨Ì ¨¤¥´É¨Ë¨± Í¨Ö ¨ ¢Ò¤¥²¥´¨¥ ®¶µ¤²µ¦±¨¯ (´¥¶·¥·Ò¢´µ£µ Ëµ´ ),
´  ±µÉµ·µ° ¶·µÖ¢²Ö¥É¸Ö ·¥§µ´ ´¸. Š ± µ¡ÒÎ´µ, ¨¤¥´É¨Ë¨± Í¨Ö ·¥§µ´ ´-
¸µ¢ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸· ¢´¥´¨¥³ · ¸¸Î¨É ´´ÒÌ (³¥Éµ¤µ³ ¨¸± ¦¥´´ÒÌ ¢µ²´,
DWIA) ¨ ¨§³¥·¥´´ÒÌ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° α-Î ¸É¨Í. ‚Ò¤¥²¥´¨¥ ¶µ¤-
²µ¦±¨, µÉ³¥Î¥´´µ° ´  ·¨¸. 6 ¸¶²µÏ´µ° ²¨´¨¥°, Ö¢²Ö¥É¸Ö ¢¥¸Ó³  ¸²µ¦´µ°
§ ¤ Î¥° ¨ ¢´µ¸¨É £² ¢´ÊÕ ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¶·¨ ´ Ìµ¦¤¥´¨¨ ¶ · ³¥É·µ¢ µ¶¨-
¸Ò¢ ¥³µ£µ ·¥§µ´ ´¸ .


¨¸. 7. ‘¨¸É¥³ É¨±  ¤ ´´ÒÌ µ¡ ¨§µ¸± ²Ö·´µ³ GMR [32]. �  ·¨¸.   ¶·¨¢¥¤¥´Ò ¤ ´-
´Ò¥ µ GMR ¤²Ö Ö¤¥· ¸ · §²¨Î´Ò³¨ ³ ¸¸µ¢Ò³¨ Î¨¸² ³¨ A. �Ê´±É¨·´ Ö ±·¨¢ Ö
31, 1A−1/3 + 20, 6A−1/6 ¸ÊÉÓ ±·¨¢ Ö ¤²Ö GDR. �´  ¶µ± §Ò¢ ¥É, ÎÉµ Ô´¥·£¨¨ GMR
¨ GDR ¶· ±É¨Î¥¸±¨ ¸µ¢¶ ¤ ÕÉ ¤²Ö ¢¸¥Ì Ö¤¥·. �  ·¨¸. ¡ ¶µ± § ´  ¤µ²Ö (¢ %) µÉ
…WSR ´ ¡²Õ¤ ¥³ÒÌ ³ £´¨É´ÒÌ ¶¥·¥Ìµ¤µ¢

4. �¸´µ¢´Ò¥ ¸¢¥¤¥´¨Ö µ¡ ¨§µ¸± ²Ö·´ÒÌ ³µ´µ¶µ²Ó´µ³ ¨ ±¢ ¤·Ê¶µ²Ó´µ³
·¥§µ´ ´¸ Ì ¶·¨¢¥¤¥´Ò ´  ·¨¸. 7, 8. C·¥¤´¨¥ Ô´¥·£¨¨ (Í¥´É·µ¨¤Ò) GMR ¢Ò· -
¦ ÕÉ¸Ö Ëµ·³Ê²µ°

ωGMR = 31, 2A−1/3 + 20, 6A−1/6 ŒÔ‚. (8)

ˆ§µ¸± ²Ö·´Ò° GMR ¶·¥¤¸É ¢²Ö¥É ¡µ²ÓÏµ° ¨´É¥·¥¸ ¤²Ö  ¸É·µË¨§¨±µ¢, ¶µ-
¸±µ²Ó±Ê ¥£µ Ô´¥·£¨Ö µ¶·¥¤¥²Ö¥É¸Ö ®¦¥¸É±µ¸ÉÓÕ¯ ¤ÒÌ É¥²Ó´µ° ³µ¤Ò ±µ²¥¡ -
´¨°  Éµ³´µ£µ Ö¤·  ¨, ¸²¥¤µ¢ É¥²Ó´µ, ´¥¶µ¸·¥¤¸É¢¥´´µ ¸¢Ö§ ´  ¸ ¸¦¨³ ¥³µ-
¸ÉÓÕ K Ö¤¥·´µ° ³ É¥·¨¨. •µÉÖ ¶¥·¥Ìµ¤ ± Ö¤¥·´µ° ³ É¥·¨¨ µÉ ±µ´¥Î´µ£µ
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¨¸. 8. ‘¨¸É¥³ É¨±  ¤ ´´ÒÌ µ¡ ¨§µ¸± ²Ö·´µ³ GQR [33]. �  ·¨¸. a ¶µ± § ´  ¤µ²Ö µÉ
EWSR ´ ¡²Õ¤ ¥³µ£µ GQR; ´  ·¨¸. ¡ ¨ ¢ Å Ï¨·¨´  Γ (¢ ŒÔ‚) GQR ¨ Í¥´É· ÉÖ¦¥¸É¨
¥£µ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¸µµÉ¢¥É¸É¢¥´´µ

Ö¤·  Ö¢²Ö¥É¸Ö ´¥É·¨¢¨ ²Ó´µ° § ¤ Î¥° [34], É¥³ ´¥ ³¥´¥¥ ÉÐ É¥²Ó´Ò°  ´ ²¨§
¸¨¸É¥³ É¨±¨ GMR ¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ¸²¥¤ÊÕÐ¥¥ §´ Î¥´¨¥ ¸¦¨³ ¥³µ¸É¨:

K = 9ρ2
d2(E/A)

dρ2
∼= (242± 10) ŒÔ‚, (9)

£¤¥ ρ Å ¶²µÉ´µ¸ÉÓ Ö¤¥·´µ° ³ É¥·¨¨, E/A Å Ê¤¥²Ó´ Ö Ô´¥·£¨Ö ¸¢Ö§¨.
–¥´É·µ¨¤Ò ¨§µ¸± ²Ö·´µ£µ ±¢ ¤·Ê¶µ²Ó´µ£µ ·¥§µ´ ´¸  ¶·¥¤¸É ¢²¥´Ò Ëµ·-

³Ê²µ°

ωGQR = 64, 7A−1/3 ŒÔ‚. (10)

‚ ÉÖ¦¥²ÒÌ Ö¤· Ì (´ ¶·¨³¥·, ¢ 208Pb) GQR Ö¢²Ö¥É¸Ö Ìµ·µÏ¥° ¨²²Õ¸É· Í¨¥°
µ¡Ð¨Ì ¶·¥¤¸É ¢²¥´¨° µ Ëµ·³¨·µ¢ ´¨¨ ±µ²²¥±É¨¢´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò, µ¡-
¸Ê¦¤ ¢Ï¨Ì¸Ö ¢ · §¤. 1.
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¨¸. 9. ‘¶¥±É·Ò ´¥Ê¶·Ê£µ· ¸¸¥Ö´-
´ÒÌ α-Î ¸É¨Í ¢ µ¡² ¸É¨ LEGOR.
θL Å Ê£²Ò · ¸¸¥Ö´¨Ö ¢ ².c.
�Ê´±É¨· ¶µ± §Ò¢ ¥É ¢µ§³µ¦´Ò°
¸¶µ¸µ¡ ¢Ò¤¥²¥´¨Ö Ëµ´ , cµµÉ¢¥É-
¸É¢¥´´µ, LEGOR ¤µ²¦¥´ ´ Ìµ-
¤¨ÉÓ¸Ö ´ ¤ ´¨³

k¥§ µ¸É ÉµÎ´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö 2�ω-
±¢ ¤·Ê¶µ²Ó´Ò¥ ¶¥·¥Ìµ¤Ò, É. ¥. ¶¥·¥Ìµ¤Ò Î¥-
·¥§ µ¡µ²µÎ±Ê, £·Ê¶¶¨·ÊÕÉ¸Ö ¢ µ¡² ¸É¨ 12Ä
16 ŒÔ‚. ‚ µ¡² ¸É¨ µ±µ²µ 4 ŒÔ‚ ¨³¥-
ÕÉ¸Ö µÎ¥´Ó ¸² ¡Ò¥ Ê·µ¢´¨, ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¨¥ 0�ω-¶¥·¥Ìµ¤ ³, É. ¥. ¶¥·¥Ìµ¤ ³ É¨¶ 
�11/2 → �9/2. ‚±²ÕÎ¥´¨¥ µ¸É ÉµÎ´µ£µ ¢§ ¨-
³µ¤¥°¸É¢¨Ö ¶·¨¢µ¤¨É ± ¸¨²Ó´µ³Ê ¶¥·¥· ¸-
¶·¥¤¥²¥´¨Õ ¶¥·¥Ìµ¤µ¢. ‚µ-¶¥·¢ÒÌ, ¢ µ¡² ¸É¨
10 ŒÔ‚ ¶µÖ¢²Ö¥É¸Ö µÎ¥´Ó ¸¨²Ó´Ò° Ê·µ¢¥´Ó,
¨¸Î¥·¶Ò¢ ÕÐ¨° µ¸´µ¢´ÊÕ Î ¸ÉÓ ±¢ ¤·Ê¶µ²Ó-
´ÒÌ ¶¥·¥Ìµ¤µ¢. �¡ ¨§³¥´¥´¨¨ ¸¢µ°¸É¢ ÔÉµ£µ
Ê·µ¢´Ö ³µ¦´µ ¸Ê¤¨ÉÓ ¶µ Éµ³Ê, ÎÉµ ¤µ ¢±²ÕÎ¥-
´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ËÊ´±Í¨Ö · ¤¨ ²Ó´µ° § -
¢¨¸¨³µ¸É¨ ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ ¤²Ö ¥£µ
¶·µµ¡· §  ¨³¥²  Ê§¥², ¶µ¸²¥ ¦¥ ¢±²ÕÎ¥-
´¨Ö Å Ê§¥² ¨¸Î¥§ ¥É. ‘¨²Ó´Ò° ¸¤¢¨£ ¶µ
Ô´¥·£¨¨, ¨§³¥´¥´¨¥ Ì · ±É¥·  ¶¥·¥Ìµ¤´µ°
¶²µÉ´µ¸É¨, ¡µ²ÓÏµ¥ EWSR Å ¢¸¥ ÔÉµ £µ-
¢µ·¨É µ Éµ³, ÎÉµ ³Ò ´ ¡²Õ¤ ¥³ Ëµ·³¨·µ-
¢ ´¨¥ ±µ²²¥±É¨¢´µ° ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò. ‚µ-
¢Éµ·ÒÌ, ¶·µ¨¸Ìµ¤¨É ®´ ± Î± ¯ ¸² ¡ÒÌ Ê·µ¢-
´¥° ¢ µ¡² ¸É¨ 4 ŒÔ‚ ±¢ ¤·Ê¶µ²Ó´Ò³¨ ¶¥-
·¥Ìµ¤ ³¨, ¢¸²¥¤¸É¢¨¥ Î¥£µ ¢ ÔÉµ° §µ´¥ ¢µ§-
´¨± ¥É § ³¥É´ Ö ¤µ²Ö ±¢ ¤·Ê¶µ²Ó´ÒÌ ¶¥·¥-
Ìµ¤µ¢. ˆ´É¥·¥¸´µ µÉ³¥É¨ÉÓ, ÎÉµ ¶µÖ¢²¥´¨¥
µÉ´µ¸¨É¥²Ó´µ ¸¨²Ó´ÒÌ ±¢ ¤·Ê¶µ²Ó´ÒÌ ¶¥·¥-
Ìµ¤µ¢ ¢ µ¡² ¸É¨ 4 ŒÔ‚ µ¡Ê¸²µ¢²¥´µ É¥³,
ÎÉµ ¢ ÔÉµ° §µ´¥ Ê¦¥ ¤µ ¤¨ £µ´ ²¨§ Í¨¨ ¨³¥-
²¨¸Ó ph-Ê·µ¢´¨. �·¨ ¨Ì µÉ¸ÊÉ¸É¢¨¨ Ê¸¨²¥´¨Ö
±¢ ¤·Ê¶µ²Ó´ÒÌ ¶¥·¥Ìµ¤µ¢ ¢ ÔÉµ° µ¡² ¸É¨ ´¥
¡Ò²µ ¡Ò. �´ ²µ£¨Î´ Ö ¸¨ÉÊ Í¨Ö ¨³¥¥É ³¥¸Éµ
¢ ¤¨¶µ²Ó´ÒÌ ¶¥·¥Ìµ¤ Ì ¢ Ö¤·¥ 16O: ¢ µÉ¸ÊÉ-
¸É¢¨e ¸² ¡µ£µ ¶µ ¤¨¶µ²Ó´µ° ¸¨²¥ Ê·µ¢´Ö ¶·¨
25 ŒÔ‚ ´¥ ¡Ò²µ ¡Ò ¶·¨ ÔÉµ° Ô´¥·£¨¨ ¤µ¶µ²-
´¨É¥²Ó´µ£µ ³ ±¸¨³Ê³  GDR.

‚ Í¥²µ³ ± ·É¨´  · ¸¶·¥¤¥²¥´¨Ö ¨§µ-
¸± ²Ö·´ÒÌ ±¢ ¤·Ê¶µ²Ó´ÒÌ ¶¥·¥Ìµ¤µ¢ ¢ Ö¤·¥
208Pb ´ ¶µ³¨´ ¥É ± ·É¨´Ê ±µ´Ë¨£Ê· Í¨µ´-
´µ£µ · ¸Ð¥¶²¥´¨Ö GDR, · ¸¸³µÉ·¥´´ÊÕ ¢ · §¤. 1. ˆ §¤¥¸Ó, ¨ É ³ µ¸É ÉµÎ´µ¥
¢§ ¨³µ¤¥°¸É¢¨¥ ¨§-§  µ¡µ²µÎ¥Î´ÒÌ ÔËË¥±Éµ¢ ´¥ ³µ¦¥É ¸Ëµ·³¨·µ¢ ÉÓ Éµ²Ó±µ
µ¤´µ ±µ²²¥±É¨¢´µ¥ ¸µ¸ÉµÖ´¨¥ (· §Ê³¥¥É¸Ö, ·¥ÎÓ ¨¤¥É µ ph-¶·¨¡²¨¦¥´¨¨).
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ŒµÉ¨¢Ò ®±µ´Ë¨£Ê· Í¨µ´´µ£µ · ¸Ð¥¶²¥´¨Ö¯ ¶µÖ¢²ÖÕÉ¸Ö ¨ ¢ ¨§µ¸± ²Ö·-
´µ³ µ±ÉÊ¶µ²Ó´µ³ ·¥§µ´ ´¸¥. ‡¤¥¸Ó µ¡µ²µÎ¥Î´ Ö ¸É·Ê±ÉÊ·  Ö¤·  ¶·¨¢µ¤¨É ±
Éµ³Ê, ÎÉµ ¨§µ¸± ²Ö·´Ò° GOR ·¥ ²¨§Ê¥É¸Ö ¢ ¤¢ÊÌ Ëµ·³ Ì: ´¨§±µÔ´¥·£¥É¨-
Î¥¸±µ° (LEGOR) ¨ ¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±µ° (HEGOR). �¨§±µÔ´¥·£¥É¨Î¥¸±¨°
µ±ÉÊ¶µ²Ó´Ò° ·¥§µ´ ´¸ Ëµ·³¨·Ê¥É¸Ö ´  ¡ §¨¸¥ Î ¸É¨Î´µ-¤Ò·µÎ´ÒÌ ¶¥·¥Ìµ-
¤µ¢ ³¥¦¤Ê ¸µ¸¥¤´¨³¨ µ¡µ²µÎ± ³¨ (1�ω), ¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±¨° Å ¸µ§¤ ¥É¸Ö
¶¥·¥Ìµ¤ ³¨ Î¥·¥§ É·¨ µ¡µ²µÎ±¨ (3�ω).


¨¸. 10. ‘¨¸É¥³ É¨±  ¤ ´´ÒÌ µ HEGOR [35]. �  ¢¥·Ì´¥³ ·¨¸Ê´±¥ ¶µ± § ´  § ¢¨-
¸¨³µ¸ÉÓ Ô´¥·£¨¨ HEGOR µÉ ³ ¸¸µ¢µ£µ Î¨¸²  A, ´  ¸·¥¤´¥³ Å ¥£µ Ï¨·¨´Ò Γ, ´ 
´¨¦´¥³ Å ¤µ²¨ ´ ¡²Õ¤ ¥³ÒÌ ¶¥·¥Ìµ¤µ¢ µÉ EWSR

LEGOR ¢ ·Ö¤¥ Ö¤¥· ¶µ± § ´ ´  ·¨¸. 9. „²Ö ¡µ²ÓÏ¨´¸É¢  Ö¤¥· ¥£µ Ô´¥·£¨Ö
¢Ò· ¦ ¥É¸Ö Ëµ·³Ê²µ°

ωLEGOR ≈ 32A−1/3 ŒÔ‚. (11)

ˆ´É¥·¥¸´µ µÉ³¥É¨ÉÓ, ÎÉµ ¢ Ö¤·¥ 208Pb LEGOR ± ± ·¥§µ´ ´¸ µÉ¸ÊÉ¸É¢Ê¥É.
‚µ§¡Ê¦¤¥´¨¥ ±µ²²¥±É¨¢´µ° ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò, · §Ê³¥¥É¸Ö, ´¥ ¨¸Î¥§²µ: ¸µµÉ-
¢¥É¸É¢ÊÕÐ¥¥ ¥° ±µ£¥·¥´É´µ¥ ph-¸µ¸ÉµÖ´¨¥ 3− ¸¨²Ó´µ µ¶Ê¸É¨²µ¸Ó ¢´¨§, ¸É ¢
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¶¥·¢Ò³ ¢µ§¡Ê¦¤¥´´Ò³ ¸µ¸ÉµÖ´¨¥³. �´µ ¨¸Î¥·¶Ò¢ ¥É ¶µÎÉ¨ ¢¸Õ ¸¨²Ê µ±ÉÊ-
¶µ²Ó´ÒÌ ¶¥·¥Ìµ¤µ¢ 1�ω, ´µ ´¥ ³µ¦¥É Ë· £³¥´É¨·µ¢ ÉÓ ¨§-§  µÉ¸ÊÉ¸É¢¨Ö ¤·Ê-
£¨Ì Ê·µ¢´¥°.


¨¸. 11. „¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö (π−, π0) ´  60Ni [36].
�´¥·£¨Ö ´ ²¥É ÕÐ¨Ì ¶¨µ´µ¢ Å 165 ŒÔ‚, Ê£µ² ¢Ò²¥É  ´¥°É· ²Ó´ÒÌ ¶¨µ´µ¢ Ê± § ´ ¢
¢¥·Ì´¥³ ¶· ¢µ³ Ê£²Ê ± ¦¤µ£µ ·¨¸Ê´± . �µ £µ·¨§µ´É ²Ó´µ° µ¸¨ µÉ²µ¦¥´  ±¨´¥É¨Î¥¸± Ö
Ô´¥·£¨Ö π0 ¢ ŒÔ‚. �Ê´±É¨·µ³ µÉ³¥Î¥´ ¶·¥¤¶µ² £ ¥³Ò° Ëµ´. ’µÎ¥Î´Ò¥ ±·¨¢Ò¥ Å
IVGMR (²¥¢Ò° ¶¨±) ¨ GDR (¶· ¢Ò° ¶¨±)

HEGOR · ¸¶µ² £ ¥É¸Ö ¶·¨ § ³¥É´µ ¡µ²ÓÏ¨Ì Ô´¥·£¨ÖÌ, ¨ ¸¢¥¤¥´¨Ö µ ´¥³
¸±Ê¤´Ò. �¥±µÉµ·Ò¥ ¤ ´´Ò¥ µ HEGOR ¶µ± § ´Ò ´  ·¨¸. 10. ‚ Î ¸É´µ¸É¨,
Ô´¥·£¨Ö ¥£µ Í¥´É·µ¨¤  ¶·¥¤¸É ¢²¥´  Ëµ·³Ê²µ°

ωHEGOR = 108, 2A−1/3 ŒÔ‚. (12)
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‚ § ±²ÕÎ¥´¨¥ µÉ³¥É¨³, ÎÉµ, ¶µ-¢¨¤¨³µ³Ê, ·¥§µ´ ´¸Ò ¸ L > 4 µ¡´ ·Ê¦¨ÉÓ
´¥ Ê¤ ¸É¸Ö ¨§-§  ¨Ì ¡µ²ÓÏµ° Ï¨·¨´Ò ¨ ¸²µ¦´µ¸É¨ ¢Ò¤¥²¥´¨Ö ¶µ¤²µ¦±¨.

5. “ ± ¦¤µ£µ ¨§µ¸± ²Ö·´µ£µ ·¥§µ´ ´¸  ¤µ²¦¥´ ¸ÊÐ¥¸É¢µ¢ ÉÓ ¤¢µ°´¨± Å
¨§µ¢¥±Éµ·´Ò° ·¥§µ´ ´¸. kµ²¥¥ ¨²¨ ³¥´¥¥ ´ ¤¥¦´µ ¨¤¥´É¨Ë¨Í¨·µ¢ ´ ¨§µ¢¥±-
Éµ·´Ò° GMR. �  ·¨¸. 11 ¶·¨¢¥¤¥´Ò ¸¶¥±É·Ò ´¥°É· ²Ó´ÒÌ ¶¨µ´µ¢ ¢ ·¥ ±Í¨¨
(π−, π0) ´  60Ni. ‚Ò¤¥²¥´  ¶µ¤²µ¦±  (¶Ê´±É¨·) ¨ ¢±² ¤Ò ¨§µ¢¥±Éµ·´ÒÌ GMR
(¸²¥¢ ) ¨ GDR (¸¶· ¢ ), ¸µµÉ´µÏ¥´¨¥ ³¥¦¤Ê ±µÉµ·Ò³¨ ³¥´Ö¥É¸Ö ¸ ¨§³¥´¥´¨¥³
Ê£²  ¢Ò²¥É  π0. „ ´´Òx µ¡ ¨§µ¢¥±Éµ·´µ³ GQR ¶µ±  ´¥¤µ¸É ÉµÎ´o, ÌµÉÖ ·¥-
§Ê²ÓÉ ÉÒ  ´ ²¨§  ·¥ ±Í¨° (e, e′) ¨ (p, γ′) Ê± §Ò¢ ÕÉ, ÎÉµ ÔÉµÉ ·¥§µ´ ´¸ ³µ¦¥É
´ Ìµ¤¨ÉÓ¸Ö ¢ µ¡² ¸É¨ Ô´¥·£¨°:

ωGQR ∼ 130/A−1/3 ŒÔ‚. (13)

6. ‘¶¨´-¨§µ¸¶¨´µ¢Ò¥ ³µ¤Ò (S = 1, T = 1, 0) ¤µ²¦´Ò ¢µ§¡Ê¦¤ ÉÓ¸Ö
¶µ¤ ¤¥°¸É¢¨¥³ ¶µ²¥° É¨¶  (YL ⊗ σ)J ¨ Ëµ·³¨·µ¢ ÉÓ¸Ö (σ1σ2) ¨ (σ1σ2)(τ1τ2)
Î ¸ÉÖ³¨ ph-¢§ ¨³µ¤¥°¸É¢¨Ö. ‡µ´¤¨·µ¢ ´¨¥ ÔÉ¨Ì ³µ¤ ¢µ§³µ¦´µ ¸ ¶µ³µÐÓÕ
¶·µ¡, ¤¥°¸É¢ÊÕÐ¨Ì ´  ¸¶¨´µ¢Ò¥ ¶¥·¥³¥´´Ò¥, É. ¥. ¸ ¶µ³µÐÓÕ (e, e′), (π, π′)
¨ (p, p′).


¨¸. 12. ‘Ì¥³  ¶¥·¥Ìµ¤µ¢ ¢ § ·Ö¤µ¢µ-µ¡³¥´´ÒÌ ·¥ ±Í¨ÖÌ

‚Ò¤ ÕÐÊÕ¸Ö ·µ²Ó ¢ §µ´¤¨·µ¢ ´¨¨ ¸¶¨´µ¢ÒÌ ³µ¤ ¨£· ²¨ ¨ ¨£· ÕÉ § ·Ö¤µ-
¢µ-µ¡³¥´´Ò¥ ·¥ ±Í¨¨ (n, p), (p, n), (π±, π0), (3He, t), (µ−, νµ) ¨ É. ¤., ¢ ±µ-
Éµ·ÒÌ Ö¤·µ-³¨Ï¥´Ó (N,Z) ¶·¥¢· Ð ¥É¸Ö ¢ ¸µ¸¥¤´¨¥ Ö¤·  (N + 1, Z − 1) ¨
(N − 1, Z + 1). ‚ Î ¸É¨Î´µ-¤Ò·µÎ´ÒÌ É¥·³¨´ Ì É ±¨¥ ¶·¥¢· Ð¥´¨Ö ¸µµÉ-
¢¥É¸É¢ÊÕÉ ¢µ§¡Ê¦¤¥´¨Õ ±µ´Ë¨£Ê· Í¨° pn̄ ¨ np̄, £¤¥ Î¥·¥§ p̄ ¨ n̄ µ¡µ§´ Î¥´Ò
¤Ò·µÎ´Ò¥ µ¤´µÎ ¸É¨Î´Ò¥ ¸µ¸ÉµÖ´¨Ö. �µÖ¢²ÖÕÐ¨¥¸Ö ¢ É ±¨Ì ¶·µÍ¥¸¸ Ì ·¥§µ-
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´ ´¸Ò µ¡² ¤ ÕÉ § ·Ö¤µ³, · ¢´Ò³ ±1 ¶µ µÉ´µÏ¥´¨Õ ± µ¸´µ¢´µ³Ê ¸µ¸ÉµÖ´¨Õ
Ö¤·  (N,Z).

�¡Ð Ö ¸Ì¥³ , ¨²²Õ¸É·¨·ÊÕÐ Ö ¶¥·¥Ìµ¤Ò, ¢µ§´¨± ÕÐ¨¥ ¢ § ·Ö¤µ¢µ-µ¡-
³¥´´ÒÌ ¶·µÍ¥¸¸ Ì, ¨§µ¡· ¦¥´  ´  ·¨¸. 12. �É¨ ¶¥·¥Ìµ¤Ò ¢Ò§Ò¢ ÕÉ¸Ö µ¶¥· -
Éµ· ³¨ (¶µ²Ö³¨) τ± (· §Ê³¥¥É¸Ö, Ê³´µ¦¥´´Ò³¨ ´  ´¥±µÉµ·Ò¥ ¶·µ¸É· ´¸É¢¥´-
´µ-¸¶¨´µ¢Ò¥ µ¶¥· Éµ·Ò) ¨ ¢µ§¡Ê¦¤ ÕÉ ¸µ¸ÉµÖ´¨Ö ¸ ¨§µ¸¶¨´ ³¨ T + 1 ¶·¨
¤¢¨¦¥´¨¨ ®´ ²¥¢µ¯ ¨ T ± 1, T Å ¶·¨ ¶¥·¥³¥Ð¥´¨¨ ®´ ¶· ¢µ¯, £¤¥ T =
= (N −Z)/2 Å ¨§µ¸¶¨´ Ö¤· -³¨Ï¥´¨. ”µ·³ ²Ó´µ ¢ É ±¨Ì ¶·µÍ¥¸¸ Ì §µ´¤¨-
·ÊÕÉ¸Ö ¢µ§¡Ê¦¤¥´¨Ö ¶µ µÉ´µÏ¥´¨Õ ± µ¸´µ¢´µ³Ê ¸µ¸ÉµÖ´¨Õ ¸µ¸¥¤´¥£µ Ö¤· .
�¤´ ±µ ¸µÌ· ´¥´¨¥ ¨§µÉµ¶¨Î¥¸±µ£µ ¸¶¨´  ¶µ§¢µ²Ö¥É ¸¢Ö§ ÉÓ ¢¥·µÖÉ´µ¸É¨ ¶¥-
·¥Ìµ¤µ¢ ¶µ¤ ¤¥°¸É¢¨¥³ µ¶¥· Éµ·  τ± ¢ ¸µ¸ÉµÖ´¨Ö T + 1, T ¸µ¸¥¤´¨Ì Ö¤¥· ¸
¢¥·µÖÉ´µ¸ÉÖ³¨ ¶¥·¥Ìµ¤µ¢ (¸ µ¶¥· Éµ·µ³ τ3) ¢ Ö¤·¥-³¨Ï¥´¨.


¨¸. 13. „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥-
´¨Ö ·¥ ±Í¨¨ (p, n) ´  208Pb [38]
¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ¨ Ê£² 
θ ¢Ò²¥É  ´¥°É·µ´µ¢

�¸µ¡Ò° ¸²ÊÎ ° µ¡· §ÊÕÉ ¢µ§¡Ê¦¤¥´¨Ö ¸
¨§µ¸¶¨´µ³ T − 1 ¢ ¶· ¢µ³ ¸µ¸¥¤´¥³ Ö¤·¥,
±µÉµ·Ò¥ ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¢µ§¡Ê¦¤¥´¨Ö
´ ¤ µ¸´µ¢´Ò³ ¸µ¸ÉµÖ´¨¥³ ¸µ¸¥¤´¥£µ Ö¤· 
(N − 1, Z + 1). �É¨ ¸µ¸ÉµÖ´¨Ö ´¥ ¨³¥ÕÉ
 ´ ²µ£µ¢ ¢ Ö¤· Ì ¸²¥¢  ¨ ¶·¨ ¶¥·¥¤ ¢ ¥-
³µ³ µ·¡¨É ²Ó´µ³ ³µ³¥´É¥ L = 0 ´ §Ò-
¢ ÕÉ¸Ö £ ³µ¢-É¥²²¥·µ¢¸±¨³¨ (GT) ¸µµÉ¢¥É-
¸É¢¥´´µ Éµ³Ê, ÎÉµ µ¶¥· Éµ· ¨Ì ¢µ§¡Ê¦¤¥´¨Ö
¸µ¢¶ ¤ ¥É ¸ µ¶¥· Éµ·µ³ £ ³µ¢-É¥²²¥·µ¢¸±¨Ì
β-¶¥·¥Ìµ¤µ¢.

�  ·¨¸. 13 ¶µ± § ´Ò Ô´¥·£¥É¨Î¥¸±¨¥
¸¶¥±É·Ò ´¥°É·µ´µ¢ ¢ ·¥ ±Í¨¨ (p, n) ´  Ö¤·¥
208Pb ¸ Ô´¥·£¨¥° ¶·µÉµ´µ¢ 200 ŒÔ‚. �£·µ³-
´Ò° ¶¨± ¶·¨ ´Ê²¥¢µ³ Ê£²¥ ¢Ò²¥É  ´¥°-
É·µ´  ¸µµÉ¢¥É¸É¢Ê¥É ´Ê²¥¢µ³Ê ¶¥·¥¤ ´´µ³Ê
µ·¡¨É ²Ó´µ³Ê ³µ³¥´ÉÊ ¨ µÉ¢¥Î ¥É, ¸²¥¤µ-
¢ É¥²Ó´µ, ¢µ§¡Ê¦¤¥´¨Õ ¸¶¨´-³µ´µ¶µ²Ó´µ£µ
¨²¨ £ ³µ¢-É¥²²¥·µ¢¸±µ£µ ·¥§µ´ ´¸ . �·¨ ´¥-
´Ê²¥¢ÒÌ Ê£² Ì ¢Ò²¥É  ´¥°É·µ´µ¢ (¶·¨ ±µÉµ-
·ÒÌ ¶¥·¥¤ ¥É¸Ö ´¥´Ê²¥¢µ° µ·¡¨É ²Ó´Ò° ³µ-
³¥´É) ¢¨¤´Ò ·¥§µ´ ´¸Ò ¸¶¨´-¤¨¶µ²Ó´µ£µ ¨
¸¶¨´-±¢ ¤·Ê¶µ²Ó´µ£µ É¨¶µ¢, ±µÉµ·Ò¥ ¢µ§¡Ê-
¦¤ ÕÉ¸Ö µ¶¥· Éµ· ³¨ (Y1×σ)τ+ ¨ (Y2×σ)τ+ .
Š ¦¤Ò° ¨§ ÔÉ¨Ì ·¥§µ´ ´¸µ¢ Ëµ·³¨·Ê¥É¸Ö ¸µ-
¸ÉµÖ´¨Ö³¨ ¸ · §´Ò³¨ ³µ³¥´É ³¨ Å 0−, 1−,
2− ¢ ¶¥·¢µ³ ¸²ÊÎ ¥ ¨ 1+, 2+, 3+ Å ¢µ ¢Éµ·µ³. ‚Ò¤¥²¥´¨¥ µÉ¤¥²Ó´ÒÌ ±µ³¶µ-
´¥´É ÔÉ¨Ì ·¥§µ´ ´¸µ¢ ¸ · §´Ò³¨ J Ö¢²Ö¥É¸Ö µ¤´µ° ¨§ § ¤ Î Ô±¸¶¥·¨³¥´É .

‚ ·¥ ±Í¨ÖÌ É¨¶  (p, n), ± ± ³Ò Ê¦¥ ¢¨¤¥²¨, ¢µ§¡Ê¦¤ ÕÉ¸Ö É·¨ £·Ê¶¶Ò
Ê·µ¢´¥° ¸ ¨§µ¸¶¨´ ³¨ T − 1, T , T + 1. �µ Î¨¸Éµ £¥µ³¥É·¨Î¥¸±¨³ ¸µµ¡· -



332 ˆ˜•���‚ k.‘., �„ˆ� �.�., �
�Œ†Ÿ� 
.�.


¨¸. 14. ‘¶¥±É· ¶·µÉµ´µ¢ ¢ ·¥ ±Í¨¨ (p, p′) ´  ·Ö¤¥ ¨§µÉµ¶µ¢ Í¨·±µ´¨Ö. “£µ² ¢Ò²¥É 
¶·µÉµ´µ¢ Å 4◦. ‘É·¥²±µ° µÉ³¥Î¥´ M1-·¥§µ´ ´¸ [39]

¦¥´¨Ö³ (¸µµÉ´µÏ¥´¨¥ ±µÔËË¨Í¨¥´Éµ¢ Š²¥¡Ï  Å ƒµ·¤a´ ) ¤µ³¨´¨·ÊÕÉ ¢µ§-
¡Ê¦¤¥´¨Ö ¸ T − 1. �µÔÉµ³Ê ·¥§µ´ ´¸Ò ¢ (p, n)-·¥ ±Í¨¨ Å ÔÉµ ¶· ±É¨Î¥¸±¨
GT-·¥§µ´ ´¸Ò ¸ ¨§µ¸¶¨´µ³ T − 1. �É¨³ µ¡ÑÖ¸´Ö¥É¸Ö ¨Ì ¡µ²ÓÏ Ö Ï¨·¨´  Å
µ´¨ ´ Ìµ¤ÖÉ¸Ö ¢ ¸·¥¤¥ 2p2h-¸µ¸ÉµÖ´¨° ¸ É¥³ ¦¥ ¨§µ¸¶¨´µ³ T − 1. � ¶·µÉ¨¢,
¨§µ¡ ·- ´ ²µ£ (IAS) µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö Ö¤·  (N,Z) ¨³¥¥É ¨§µ¸¶¨´ T , ¨
¥£µ Ï¨·¨´  Ëµ·³¨·Ê¥É¸Ö ¢§ ¨³µ¤¥°¸É¢¨¥³ ¸ Ëµ´µ³ Ê·µ¢´¥° ¸ ¨§µ¸¶¨´µ³, ´¥
· ¢´Ò³ ¨§µ¸¶¨´Ê µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö. ‘ ÔÉ¨³ ¸¢Ö§ ´  ¥£µ  ´µ³ ²Ó´µ ³ ² Ö
Ï¨·¨´ .

7. � ·Ö¤Ê ¸ Ô²¥±É·¨Î¥¸±¨³¨ ¨ ¸¶¨´µ¢Ò³¨ ·¥§µ´ ´¸ ³¨ ¸²¥¤Ê¥É µ¦¨¤ ÉÓ
¸ÊÐ¥¸É¢µ¢ ´¨Ö ¢ Ö¤· Ì ³ £´¨É´ÒÌ ·¥§µ´ ´¸µ¢, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì, ´ ¶·¨³¥·,
µ¸Í¨²²ÖÍ¨Ö³ ³ £´¨É´ÒÌ ³µ³¥´Éµ¢. 
¥ ²Ó´µ, µ¤´ ±µ, ¸¨ÉÊ Í¨Ö ¸ ³ £´¨É´Ò³¨
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·¥§µ´ ´¸ ³¨ µ± §Ò¢ ¥É¸Ö ¡µ²¥¥ ¸²µ¦´µ°. � ¨¡µ²¥¥ ¨§ÊÎ¥´´Ò³¨ ¸·¥¤¨ ³ £-
´¨É´ÒÌ ¶¥·¥Ìµ¤µ¢ Ö¢²ÖÕÉ¸Ö M1-¶¥·¥Ìµ¤Ò. ‚ Ö¤· Ì ¤µ A ∼= 60 M1-¶¥·¥Ìµ¤Ò
±µ´Í¥´É·¨·ÊÕÉ¸Ö ´  ´¥¸±µ²Ó±¨Ì Ê·µ¢´ÖÌ ¨ §´ ±µ³ Ö ´ ³ ±µ²²¥±É¨¢¨§ Í¨Ö
µÉ¸ÊÉ¸É¢Ê¥É. ‚ ¡µ²¥¥ ÉÖ¦¥²ÒÌ Ö¤· Ì ¶µÖ¢²ÖÕÉ¸Ö ®³µÉ¨¢Ò¯ £¨£ ´É¸±¨Ì ·¥-
§µ´ ´¸µ¢. „²Ö ¨²²Õ¸É· Í¨¨ ´  ·¨¸. 14 ¶·¨¢¥¤¥´ ¸¶¥±É· ´¥Ê¶·Ê£µ· ¸¸¥Ö´´ÒÌ
¶·µÉµ´µ¢ ´  ·Ö¤¥ ¨§µÉµ¶µ¢ Zr. �É³¥Î¥´´Ò¥ ¸É·¥²±µ° ³ ±¸¨³Ê³Ò ¨´É¥·¶·¥-
É¨·µ¢ ´Ò ± ± M1-·¥§µ´ ´¸Ò.

�  ·¨¸. 15 ¶·¨¢¥¤¥´  § ¢¨¸¨³µ¸ÉÓ µÉ A ¸·¥¤´¨Ì Ô´¥·£¨° M1-¶¥·¥Ìµ¤µ¢
(M1-·¥§µ´ ´¸µ¢), ¨¤¥´É¨Ë¨Í¨·µ¢ ´´ÒÌ ¸ ¶µ³µÐÓÕ ·¥ ±Í¨° (p, p′) [40].

‚ Í¥²µ³ ³µ¦´µ ¸± § ÉÓ, ÎÉµ ³ £´¨É´Ò¥ ¶¥·¥Ìµ¤Ò ´µ¸ÖÉ ¡µ²¥¥ µ¤´µÎ -
¸É¨Î´Ò° Ì · ±É¥· ¨ ´¥ ³µ£ÊÉ ¸· ¢´¨ÉÓ¸Ö ¶µ ³ ¸ÏÉ ¡´µ¸É¨ ¸ Ô²¥±É·¨Î¥¸±¨³¨
¨ ¸¶¨´-³µ´µ¶µ²Ó´Ò³¨ ·¥§µ´ ´¸ ³¨.


¨¸. 15. ‡ ¢¨¸¨³µ¸ÉÓ Í¥´É·µ¨¤  Ô´¥·£¨¨ M1-·¥§µ´ ´¸  µÉ ³ ¸¸µ¢µ£µ Î¨¸²  A ¶µ
¤ ´´Ò³ ·¥ ±Í¨¨ (p, p′) [40]

‚ ¤¥Ëµ·³¨·µ¢ ´´ÒÌ Ö¤· Ì ¨³¥ÕÉ¸Ö [41] M1-¸µ¸ÉµÖ´¨Ö, ±µ²²¥±É¨¢´Ò¥
¶µ µ·¡¨É ²Ó´µ³Ê ³µ³¥´ÉÊ. �É¨ ®·¥§µ´ ´¸Ò¯ ¢µ§¡Ê¦¤ ÕÉ¸Ö µ·¡¨É ²Ó´Ò³
µ¶¥· Éµ·µ³

∑
liτ3(i) (li Å µ¶¥· Éµ· µ·¡¨É ²Ó´µ£µ ³µ³¥´É  i-£µ ´Ê±²µ´ )

¨ ¸µµÉ¢¥É¸É¢ÊÕÉ ®´µ¦´¨Î´Ò³¯ (scissor) ¢· Ð É¥²Ó´Ò³ ±µ²¥¡ ´¨Ö³ ¶·µÉµ´µ¢
µÉ´µ¸¨É¥²Ó´µ ´¥°É·µ´µ¢. �´¥·£¨Ö ωSCM1 ¨Ì ¢µ§¡Ê¦¤¥´¨Ö ´¥¢¥²¨± :

ωSCM1 = 2− 3 ŒÔ‚. (14)

ˆ´É¥·¥¸´µ µÉ³¥É¨ÉÓ, ÎÉµ ´ ·Ö¤Ê ¸ ´µ¦´¨Î´µ° ³µ¤µ° ³ £´¨É´ÒÌ ±µ²¥¡ ´¨° ¢
¤¥Ëµ·³¨·µ¢ ´´ÒÌ Ö¤· Ì ¨³¥ÕÉ¸Ö Î¨¸Éµ ¸¶¨´µ¢Ò¥ ¶¥·¥Ìµ¤Ò, ±µÉµ·Ò¥ ¸³¥Ð -
ÕÉ¸Ö ¢¢¥·Ì ¶µ Ô´¥·£¨¨ §  ¸Î¥É µ¸É ÉµÎ´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö É¨¶  (σ1σ2)(τ1τ2)
(¸³. ·¨¸. 16).

ˆ§ ³ £´¨É´ÒÌ ¶¥·¥Ìµ¤µ¢ ¡µ²¥¥ ¢Ò¸µ±µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ Ê¢¥·¥´´µ ·¥-
£¨¸É·¨·ÊÕÉ¸Ö M2-¶¥·¥Ìµ¤Ò. ˆÌ Í¥´É·µ¨¤ · ¸¶µ²µ¦¥´ ¢ µ¡² ¸É¨ Ô´¥·£¨°

ωM2 ≈ 44A−1/3. (15)
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¨¸. 16. �·¨¢¥¤¥´´Ò¥ ¢¥·µÖÉ´µ¸É¨M1-¶¥·¥Ìµ¤µ¢ ¢ ·Ö¤¥ ¤¥Ëµ·³¨·µ¢ ´´ÒÌ Ö¤¥·, µ¶·¥-
¤¥²¥´´Ò¥ ¨§ ·¥ ±Í¨° (e, e′), (γ, γ′) ¨ (p, p′). ‘²¥¢  ¢¥pÉ¨± ²Ó´Ò³¨ ²¨´¨Ö³¨ µÉ³¥-
Î¥´Ò µ·¡¨É ²Ó´Ò¥ M1-¶¥·¥Ìµ¤Ò (®´µ¦´¨Î´Ò°¯ ·¥§µ´ ´¸); ¸¶· ¢  Å £¨¸Éµ£· ³³Ò
M1-¸¶¨´µ¢ÒÌ ¶¥·¥Ìµ¤µ¢, µÉµ·¢ ¢Ï¨Ì¸Ö ¨ ¸³¥¸É¨¢Ï¨Ì¸Ö ¢¢¥·Ì ¶µ Ô´¥·£¨¨ §  ¸Î¥É
(σ1σ2)(τ1τ2) Å Î ¸É¨ ´Ê±²µ´-´Ê±²µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö; ¨´É¥´¸¨¢´µ¸ÉÓ ¸¶¨´µ¢ÒÌ
¶¥·¥Ìµ¤µ¢ Ê¸·¥¤´¥´  ¶µ Ô´¥·£¥É¨Î¥¸±µ³Ê ¨´É¥·¢ ²Ê ∆E = 80 ±Ô‚

‚ ÉÖ¦¥²ÒÌ Ö¤· Ì ÔÉ¨ ¶¥·¥Ìµ¤Ò ¶µ¤ ¢²¥´Ò ¶µ ¸· ¢´¥´¨Õ ¸ · ¸¸Î¨É ´´Ò³¨ ¶µ
µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨ ¡µ²¥¥ Î¥³ ¢ ¤¢  · §  [42] (¸³. ¶. 8).

�É³¥É¨³ É ±¦¥, ÎÉµ Ô±¸¶¥·¨³¥´É ²Ó´µ ¨¸¸²¥¤ÊÕÉ¸Ö ³ £´¨É´Ò¥ ¶¥·¥Ìµ¤Ò
¤µ µÎ¥´Ó ¡µ²ÓÏ¨Ì ³Ê²ÓÉ¨¶µ²¥° (¢ 208Pb ¤µ L = 14). �¤´ ±µ ÔÉ¨ ¶¥·¥Ìµ¤Ò
µÉ´µ¸ÖÉ¸Ö ± µ¸µ¡Ò³ ¸µ¸ÉµÖ´¨Ö³ ¸ ³ ±¸¨³ ²Ó´µ ¢µ§³µ¦´Ò³ ¸¶¨´µ³ (stretched
states) [43] ¨ ¸Î¨É ÕÉ¸Ö ´¥±µ²²¥±É¨¢´Ò³¨.

8. „²Ö £ ³µ¢-É¥²²¥·µ¢¸±¨Ì ¶¥·¥Ìµ¤µ¢ ¨³¥¥É ³¥¸Éµ ¶· ¢¨²µ ¸Ê³³ ¢ ±µ´-
Í¥¶ÉÊ ²Ó´µ³ ¶² ´¥,  ´ ²µ£¨Î´µ¥ ¶· ¢¨²Ê ¸Ê³³ ¤²Ö ¤¨¶µ²Ó´ÒÌ · ¤¨ Í¨µ´´ÒÌ
¶¥·¥Ìµ¤µ¢:

Sβ+(GT)− Sβ−(GT) = 3(N − Z), (16)
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£¤¥ Sβ±(GT) =
∑
f

|〈f |1/2στ±|i〉|2, ¨ ¸Ê³³¨·µ¢ ´¨¥ ¨¤¥É ¶µ ¢¸¥³ ¸µ¸ÉµÖ´¨Ö³

f ±µ´¥Î´µ£µ Ö¤· . ‚ Ö¤· Ì ¸ ¡µ²ÓÏ¨³ ¨§¡ÒÉ±µ³ ´¥°É·µ´µ¢ Sβ−(GT) ≈ 0 ¨
¨³¥¥É ³¥¸Éµ ¸²¥¤ÊÕÐ Ö µÍ¥´±  ³¨´¨³ ²Ó´µ£µ Smin

β+ (GT):

Smin
β+ (GT) = 3(N − Z). (17)

�´ ²¨§ ¤ ´´ÒÌ (p, n)-Ô±¸¶¥·¨³¥´Éµ¢ ¶·¨¢¥² ± ´¥µ¦¨¤ ´´µ³Ê § ±²ÕÎ¥´¨Õ: ¢
µ¡² ¸É¨ GT-·¥§µ´ ´¸  § ±²ÕÎ¥´µ ´¥ ¡µ²¥¥ 60% GT-¶¥·¥Ìµ¤µ¢.

�¡¸Ê¦¤ ÕÉ¸Ö ¤¢  ³¥Ì ´¨§³  ¶µ¤ ¢²¥´¨Ö £ ³µ¢-É¥²²¥·µ¢¸±¨Ì ¶¥·¥Ìµ¤µ¢.
�¥·¢Ò° ¨§ ´¨Ì ¸¢Ö§ ´ ¸ ¶·¨³¥¸ÓÕ ± ¸µ¸ÉµÖ´¨Ö³ GT-·¥§µ´ ´¸  ±µ´Ë¨£Ê· Í¨°
É¨¶  ∆ − h (∆-Î ¸É¨Í  Å ´Ê±²µ´´ Ö ¤Ò· ). •µÉÖ ∆-·¥§µ´ ´¸ µÉ¤¥²¥´ µÉ
´Ê±²µ´´ÒÌ ¸µ¸ÉµÖ´¨° ¡µ²ÓÏµ° Ô´¥·£¥É¨Î¥¸±µ° Ð¥²ÓÕ, ¶·¨ ¡² £µ¶·¨ÖÉ´ÒÌ
Ê¸²µ¢¨ÖÌ (µÉÉ ²±¨¢ É¥²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ∆h- ¨ ph-±µ´Ë¨£Ê· Í¨°) ¤ ¦¥
³ ² Ö ¶·¨³¥¸Ó ³µ¦¥É ¸ÊÐ¥¸É¢¥´´µ Ê³¥´ÓÏ¨ÉÓ ¨´É¥´¸¨¢´µ¸ÉÓ GT-¶¥·¥Ìµ¤µ¢.

‚Éµ·µ° ³¥Ì ´¨§³ Ö¢²Ö¥É¸Ö Î¨¸Éµ Ö¤¥·´Ò³ ¨ ¸¢Ö§ ´ ¸ ¢²¨Ö´¨¥³ 2p2h-¸µ-
¸ÉµÖ´¨°, ±µÉµ·Ò¥ ²¥¦ É ¢´¥ µ¡² ¸É¨ GT-·¥§µ´ ´¸ . ‚§ ¨³µ¤¥°¸É¢¨¥ Î ¸É¨Î´µ-
¤Ò·µÎ´ÒÌ GT-¸µ¸ÉµÖ´¨° ¸ ¸µ¸ÉµÖ´¨Ö³¨ 2p2h ³µ¦¥É ®¶¥·¥± Î¨¢ ÉÓ¯ Î ¸ÉÓ
GT-¶¥·¥Ìµ¤µ¢ ¢ µ¡² ¸ÉÓ ¡µ²¥¥ ¢Ò¸µ±¨Ì Ô´¥·£¨°.

k²¨§± Ö ¸¨ÉÊ Í¨Ö ¨³¥¥É ³¥¸Éµ ¨ ¤²Ö M1-¶¥·¥Ìµ¤µ¢. ‚³¥¸Éµ ¶· ¢¨²  ¸Ê³³
¢ ÔÉµ³ ¸²ÊÎ ¥ ¨¸Ìµ¤´Ò³¨ Ö¢²ÖÕÉ¸Ö ¶·¥¤¸± § ´¨Ö ¤²Ö ¨´É¥´¸¨¢´µ¸É¨ M1-¶¥-
·¥Ìµ¤µ¢ µ¤´µÎ ¸É¨Î´µ° µ¡µ²µÎ¥Î´µ° ³µ¤¥²¨. �·¥¤¸± §Ò¢ ¥³ Ö ÔÉµ° ³µ¤¥²ÓÕ
¨´É¥´¸¨¢´µ¸ÉÓ M1-¶¥·¥Ìµ¤µ¢ Ö¢´µ ´¥ ®¤µ¡¨· ² ¸Ó¯ ´  µ¶ÒÉ¥. � ¶·¨³¥·, ¢
Ö¤·¥ 48Ca ¢³¥¸Éµ ¶·¥¤¸± §Ò¢ ¥³ÒÌ B(M1) = 12µ20 ´  µ¶ÒÉ¥ ¡Ò²µ µ¡´ ·Ê-
¦¥´µ ¢¸¥£µ ²¨ÏÓ 4, 3µ20. Œ¨±·µ¸±µ¶¨Î¥¸±¨¥ µ¡µ²µÎ¥Î´Ò¥ [44] ¨ RPA [45]
· ¸Î¥ÉÒ Ê³¥´ÓÏ ÕÉ É¥µ·¥É¨Î¥¸±µ¥ §´ Î¥´¨¥ B(M1) ¤µ (7 − 8)µ20. �¸É Õ-
Ð¥¥¸Ö · ¸Ìµ¦¤¥´¨¥, ± ± ¨ ¢ ¸²ÊÎ ¥ GT-·¥§µ´ ´¸ , ³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´µ ²¨¡µ
¸ ¶·¨³¥¸ÓÕ ∆h-, ²¨¡µ 2p2h-¸µ¸ÉµÖ´¨°.

‚ ÉÖ¦¥²ÒÌ Ö¤· Ì É¨¶  208Pb ¶·µ¡²¥³  ´¥¤µ¸É ÕÐ¨Ì M1-¶¥·¥Ìµ¤µ¢ ¡Ò² 
¢ ±µ´¥Î´µ³ ¸Î¥É¥ ·¥Ï¥´  ¸ ¶µ³µÐÓÕ ¶·¥±· ¸´ÒÌ (γ, γ′)-Ô±¸¶¥·¨³¥´Éµ¢ ¸
¶µ²Ö·¨§µ¢ ´´Ò³¨ ËµÉµ´ ³¨ [46]. ˆ´É¥´¸¨¢´µ¸ÉÓ ´ °¤¥´´ÒÌ ¢ 206Pb, 208Pb
M1-¶¥·¥Ìµ¤µ¢ µ± § ² ¸Ó ¸· ¢´¨³µ° ¸ RPA-· ¸Î¥É ³¨ ¸ ÊÎ¥Éµ³ 2p2h-±µ´Ë¨-
£Ê· Í¨° [47].

3. „‚“•”	�	��›… ‘	‘’	Ÿ�ˆŸ

1. ˆ´É¥·¶·¥É Í¨Ö GR ± ± Ô²¥³¥´É ·´ÒÌ ¢µ§¡Ê¦¤¥´¨°  Éµ³´ÒÌ Ö¤¥· Ë ±-
É¨Î¥¸±¨ ¶·¥¤µ¶·¥¤¥²Ö¥É ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¤¢ÊÌËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨° É¨¶ 
(GDR)2 =DGDR, (GQR)2 =DGQR ¨ É. ¤. ¸ ¶·¨³¥·´µ Ê¤¢µ¥´´µ° Ô´¥·£¨¥°
µ¸´µ¢´µ£µ GR. �¡ ÔÉµ³ É ±¦¥ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É ´ ²¨Î¨¥ ¢ ´¨§±µÔ´¥·£¥É¨Î¥-
¸±µ° Î ¸É¨ ¸¶¥±É·  Ö¤¥· ¤¢ÊÌËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨° É¨¶  (2+)2, (3−)2. ‚³¥¸É¥
¸ É¥³ ·¥Ï ÕÐ¥¥ ¸²µ¢µ §¤¥¸Ó ¶·¨´ ¤²¥¦¨É, ± ± ¢¸¥£¤ , Ô±¸¶¥·¨³¥´ÉÊ, ¶µ-
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¸±µ²Ó±Ê ³µ¦´µ ¶·¨¢¥¸É¨ Ë ±Éµ·Ò, ¤¥°¸É¢¨¥ ±µÉµ·ÒÌ ¶·¥¶ÖÉ¸É¢Ê¥É Ëµ·³¨·µ-
¢ ´¨Õ ¶·µ¸Éµ£µ µ¸Í¨²²ÖÉµ·´µ£µ ¸¶¥±É· :
Å ¶·¨´Í¨¶ � Ê²¨, § ¶·¥Ð ÕÐ¨° ´¥§ ¢¨¸¨³µ¥ · §³¥Ð¥´¨¥ Î ¸É¨Í ¨ ¤Ò·µ± ¢
Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥ µ¤´µÎ ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨°;
Å µ¡³¥´´Ò¥ ÔËË¥±ÉÒ ¢µ ¢§ ¨³µ¤¥°¸É¢¨¨ Ëµ´µ´µ¢;
Å ¢µ§· ¸É ´¨¥ ·µ²¨ ¢§ ¨³µ¤¥°¸É¢¨° É¨¶  Î ¸É¨Í -Î ¸É¨Í  ¨ ¤Ò·± -¤Ò·± .

2. �¤´¨³ ¨§ ´ ¨¡µ²¥¥ ¶·µ¸ÉÒÌ ¸²ÊÎ ¥¢ ¤¢ÊÌËµ´µ´´ÒÌ ¢µ§¡Ê¦¤¥´¨° Ö¢²Ö-
ÕÉ¸Ö 2p2h-¸µ¸ÉµÖ´¨Ö É¨¶  GDR, ¶µ¸É·µ¥´´Ò¥ ´ ¤ µ¤´¨³ ¨§ ph-¸µ¸ÉµÖ´¨°.
�·¨³¥· É ±µ£µ É¨¶  Ö¢²¥´¨Ö ¨§µ¡· ¦¥´ ´  ·¨¸. 17. �  ´¥³ ¶µ± § ´µ ¤¨Ë-
Ë¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ (¶µ¤ Ê£²µ³ θ = π/2) dσ/dΩ ·¥ ±Í¨¨ (p, γ) ´  27Al
¸ ¢µ§¡Ê¦¤¥´¨¥³ ¢ ±µ´¥Î´µ³ Ö¤·¥ 28Si · §²¨Î´ÒÌ ph-¸µ¸ÉµÖ´¨° [48]. –¨Ë·Ò
¢ ¶· ¢µ³ ¢¥·Ì´¥³ Ê£²Ê Å Ô´¥·£¨¨ ÔÉ¨Ì ph-¸µ¸ÉµÖ´¨°. �  ± ¦¤µ³ ·¨¸Ê´±¥
¶·¨¢¥¤¥´Ò Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö Î ¸É¨Î´µ-¤Ò·µÎ´ÒÌ Ê·µ¢´¥° ±µ´¥Î´µ£µ Ö¤· 
28Si. Š ± ¢¨¤´µ, ¢µ§´¨± ÕÐ¨¥ ¢ ¸¶¥±É·¥ γ-±¢ ´Éµ¢ ¸É·Ê±ÉÊ·Ò ¸¨²Ó´µ ´ -
¶µ³¨´ ÕÉ GDR ´ ¤ µ¸´µ¢´Ò³ ¸µ¸ÉµÖ´¨¥³ 28Si. “É¢¥·¦¤¥´¨¥, ÎÉµ GDR ´ ¤
¢µ§¡Ê¦¤¥´´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ ¢ µ¸´µ¢´ÒÌ ¸¢µ¨Ì Ì · ±É¥·¨¸É¨± Ì ¸µ¢¶ ¤ ¥É ¸
GDR ´ ¤ µ¸´µ¢´Ò³ ¸µ¸ÉµÖ´¨¥³, ¨§¢¥¸É´µ ¢ ²¨É¥· ÉÊ·¥ ± ± £¨¶µÉ¥§  �±¸¥²Ö Å
k·¨´±  [49]. ‚¶¥·¢Ò¥ µ´  ¡Ò²  ¢Ò¸± § ´  k·¨´±µ³ ¢ 1955 £. ¢ ¤¨¸¸¥·É Í¨¨.
”µ·³ ²Ó´µ ± ± É¥£µ·¨¨ ®GDR ´ ¤ ¢µ§¡Ê¦¤¥´´Ò³ ¸µ¸ÉµÖ´¨¥³¯ µÉ´µ¸¨É¸Ö ·¥-
§µ´ ´¸ ¸ L = 1, ¢µ§¡Ê¦¤ ¥³Ò° ¢ ·¥ ±Í¨ÖÌ ¶¥·¥§ ·Ö¤±¨ ¶¨µ´µ¢: (π±, π0).
‚ ÔÉµ³ ¸²ÊÎ ¥ ¢µ§¡Ê¦¤ ¥³Ò° ¢ ¸µ¸¥¤´¥³ Ö¤·¥ ¸¶· ¢  GDR ¸ T , T + 1 (¶µ¤
¤¥°¸É¢¨¥³ µ¶¥· Éµ·  YL · τ+) Ö¢²Ö¥É¸Ö GDR Ö¤· -³¨Ï¥´¨ (¸³. ·¨¸. 12), ¶¥-
·¥´¥¸¥´´Ò³ ¢ ¸µ¸¥¤´¥¥ Ö¤·µ, É. ¥. GDR, ¶µ¸É·µ¥´´Ò° ´ ¤ ¨§µ¡ ·- ´ ²µ£µ³
µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¨¸Ìµ¤´µ£µ Ö¤· .

3. ‚¶¥Î É²ÖÕÐ¨° ¶·µ·Ò¢ ¢ ¨§ÊÎ¥´¨¨ ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´ÒÌ ¤¢ÊÌËµ´µ´-
´ÒÌ ¢¨¡· Í¨° ¡Ò² ¸µ¢¥·Ï¥´ ¸ ¶µ³µÐÓÕ ·¥ ±Í¨¨ ¸Éµ²±´µ¢¥´¨Ö ÉÖ¦¥²ÒÌ
¨µ´µ¢ (HI). Œ¥Ì ´¨§³Ò ¢µ§¡Ê¦¤¥´¨Ö Ö¤¥· ¢ ®± ¸ É¥²Ó´ÒÌ¯ ´¥Ê¶·Ê£¨Ì HI-
¸Éµ²±´µ¢¥´¨ÖÌ § ¢¨¸ÖÉ µÉ Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì Î ¸É¨Í. �·¨ E ≤ 50 ŒÔ‚/N
¤µ³¨´¨·Ê¥É Ö¤¥·´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥, ¢ ±µÉµ·µ³ ¶·¥µ¡² ¤ ¥É ¨§µ¸± ²Ö·´ Ö
Î ¸ÉÓ ¡¥§ ¶¥·¥¢µ· Î¨¢ ´¨Ö ¸¶¨´µ¢. ‘µµÉ¢¥É¸É¢¥´´µ, ¢ ÔÉµ° µ¡² ¸É¨ Ô´¥·£¨°
¤µ²¦´Ò ¢µ§¡Ê¦¤ ÉÓ¸Ö ¨§µ¸± ²Ö·´Ò¥ ·¥§µ´ ´¸Ò, ±µ´±·¥É´¥¥, GQR ¨ DGQR.
�·¨ Ô´¥·£¨¨ E > 100 ŒÔ‚/N ´ Î¨´ ¥É ¶·¥µ¡² ¤ ÉÓ ³¥Ì ´¨§³ ±Ê²µ´µ¢¸±µ£µ
¢µ§¡Ê¦¤¥´¨Ö. ‘µµÉ¢¥É¸É¢¥´´µ, ¢ ÔÉµ° µ¡² ¸É¨ Ô´¥·£¨° ¡Ê¤¥É ¤µ³¨´¨·µ¢ ÉÓ
¢µ§¡Ê¦¤¥´¨¥ GDR ¨ DGDR. �¥ µ¸É ´ ¢²¨¢ Ö¸Ó ´  ¤¥É ²ÖÌ µÎ¥´Ó ¶µÊÎ¨É¥²Ó-
´µ° ¨ É·Ê¤µ¥³±µ° ¶·µÍ¥¤Ê·Ò ¨¤¥´É¨Ë¨± Í¨¨ DGR-¸µ¸ÉµÖ´¨°, ¶·¨¢¥¤¥³ ¤¢ 
¨²²Õ¸É·¨·ÊÕÐ¨Ì ¶·¨³¥·  ´ ¡²Õ¤¥´¨Ö GDR ´  Ö¤·ax 40Ca ¨ 208Pb.

�  ·¨¸. 18 ¶·¥¤¸É ¢²¥´Ò [50]:
Å ¨´±²Õ§¨¢´Ò° ¸¶¥±É· ´¥Ê¶·Ê£µ· ¸¸¥Ö´´ÒÌ Ö¤¥· 40Ca ¢ ¸Éµ²±´µ¢¥´¨¨
40Ca + 40Ca;
Å ¸¶¥±É· 40Ca ´  ¸µ¢¶ ¤¥´¨¥ ¸ ¶·µÉµ´ ³¨, ¨¸¶ÊÐ¥´´Ò³¨ ¨§ Ö¤· -³¨Ï¥´¨;
Å ¸¶¥±É·, ¨¸¶· ¢²¥´´Ò° ´  ³´µ¦¥¸É¢¥´´µ¸ÉÓ ¶·µÉµ´µ¢.
‚´¨§Ê ·¨¸.18,¢ ¶µ± § ´  ±·¨¢ Ö ¢µ§¡Ê¦¤¥´¨Ö ¤¢ÊÌËµ´µ´´µ£µ ¸µ¸ÉµÖ´¨Ö DGQR.
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¨¸. 17. ‡ ¢¨¸¨³µ¸ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö σ ·¥ ±Í¨¨ 27Al(p, γ)28Si µÉ Ô´¥·£¨¨
Eγ ËµÉµ´ 
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¨¸. 18.  ) ˆ´±²Õ§¨¢´Ò° ¸¶¥±É· Ö¤¥· 40Ca ¢ ·¥ ±Í¨ÖÌ ¸Éµ²±´µ¢¥´¨Ö Ö¤¥· 40Ca ¨
40Ca (Ô´¥·£¨Ö ´ ²¥É ÕÐ¨Ì Ö¤¥· · ¢´a 50 ŒÔ‚/N). ¡) ’µÉ ¦¥ ¸¶¥±É· Ö¤¥· 40Ca
¶·¨ ¸µ¢¶ ¤¥´¨¨ ¸ ¢Ò²¥É ÕÐ¨³¨ ´ § ¤ ¶·µÉµ´ ³¨. ‘¶²µÏ´ Ö ±·¨¢ Ö Å ¶µ¶· ¢±  ´ 
³´µ¦¥¸É¢¥´´µ¸ÉÓ ¶·µÉµ´µ¢. ¢) ’µÉ ¦¥ ¸¶¥±É·, ÎÉµ ¨ ´  ·¨¸. ¡, ¨¸¶· ¢²¥´´Ò° ´  ³´µ-
¦¥¸É¢¥´´µ¸ÉÓ ¶·µÉµ´µ¢. ‘¶²µÏ´ Ö ±·¨¢ Ö Å ¢µ§³µ¦´Ò° ¢ ·¨ ´É Ëµ´µ¢µ£µ ¢±² ¤ .
’µÎ±¨ ¢´¨§Ê Å ¸¶¥±É· ¶µ¸²¥ ¢ÒÎ¨É ´¨Ö Ëµ´ . 
¥§µ´ ´¸µ¶µ¤µ¡´ Ö ±·¨¢ Ö Å ·¥§Ê²Ó-
É É £ Ê¸¸µ¢¸±µ° ¶µ¤£µ´±¨

�  ·¨¸. 19 ¶µ± § ´µ ¸¥Î¥´¨¥ ±Ê²µ´µ¢¸±µ£µ ¢µ§¡Ê¦¤¥´¨Ö Ö¤·  208Pb ¶·¨
¢§ ¨³µ¤¥°¸É¢¨¨ ¥£µ ¸ Ö¤·µ³ 136Xe, µ¡² ¤ ÕÐ¨³ Ô´¥·£¨¥° 700 ŒÔ‚/N [51].
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¨¸. 19. ‘¥Î¥´¨¥ ¢µ§¡Ê¦¤¥´¨Ö Ö¤¥· 208Pb ¶·¨ ¨Ì µ¡²ÊÎ¥´¨¨ Ö¤· ³¨ 136Xe ¸ Ô´¥·£¨¥°
700 ŒÔ‚/N [51]. ’µÎ±¨, µÉ³¥Î¥´´Ò¥ ¸ ¶µ³µÐÓÕ (C × 2), µÉ´µ¸ÖÉ¸Ö ± ¸Éµ²±´µ¢¥-
´¨Ö³ 136Xe ¸ Ö¤· ³¨ 12C. ‘¶²µÏ´ Ö ²¨´¨Ö Å ·¥§Ê²ÓÉ É · ¸Î¥É  ¸¥Î¥´¨Ö ³¥Éµ¤µ³
‚¥°Í§¥±±¥·  Å ‚¨²ÓÖ³¸  ¢ ¶·¥¤¶µ²µ¦¥´¨¨ µ ¢µ§¡Ê¦¤¥´¨¨ Éµ²Ó±µ GDR ¨ GQR. � 
¢¸É ¢±¥ ¢ ¶· ¢µ³ ¢¥·Ì´¥³ Ê£²Ê ¡µ²¥¥ ¤¥É ²Ó´µ ¶·¥¤¸É ¢²¥´  µ¡² ¸ÉÓ ¤¢ÊÌËµ´µ´´µ£µ
¢µ§¡Ê¦¤¥´¨Ö


¨¸. 20. ‘Ì¥³  ¶¥·¥Ìµ¤µ¢ ¶·¨ ¤¢µ°´µ° ¶¥·¥§ ·Ö¤±¥
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¨¸. 21. „¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ 93Nb(π+, π−)93Tc ¶·¨ Tπ =
= 292 ŒÔ‚ [52]. �Ê´±É¨·´Ò¥ ±·¨¢Ò¥ Å ¶·¥¤¶µ² £ ¥³Ò° Ëµ´, ¸¶²µÏ´Ò¥ Å ·¥-
§Ê²ÓÉ É ¶µ¤£µ´±¨, ·¥§µ´ ´¸µ¶µ¤µ¡´Ò¥ ±·¨¢Ò¥ ¢´¨§Ê Å ¢±² ¤ ·¥§µ´ ´¸µ¢. �µ £µ·¨§µ´-
É ²Ó´µ° µ¸¨ µÉ²µ¦¥´  ®¨¸Î¥§ ÕÐ Ö¯ ¢ ·¥ ±Í¨¨ Ô´¥·£¨Ö Q, µ¶·¥¤¥²ÖÕÐ Ö Ô´¥·£¨Õ
¢µ§¡Ê¦¤¥´¨Ö Ö¤·  93Te. ‘É·¥²± ³¨ µÉ³¥Î¥´Ò ³ ±¸¨³Ê³Ò, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¤¢µ°´µ³Ê
¨§µ¡ ·- ´ ²µ£Ê (DIAS), £¨£ ´É¸±µ³Ê ¤¨¶µ²Ó´µ³Ê ·¥§µ´ ´¸Ê ´ ¤ ¨§µ¡ ·- ´ ²µ£µ¢Ò³
¸µ¸ÉµÖ´¨¥³ (GDR ⊗ IAS) ¨ ¤¢µ°´µ³Ê £¨£ ´É¸±µ³Ê ¤¨¶µ²Ó´µ³Ê ·¥§µ´ ´¸Ê (DGDR=
= GDR ⊗ GDR)

�  ·¨¸Ê´±¥ Î¥É±µ ¢¨¤´Ò GDR, ¨§µ¢¥±Éµ·´Ò° GQR ¨ ¢ µ¡² ¸É¨ 25Ä26 ŒÔ‚ Å
DGDR. � ¤¢ÊÌËµ´µ´´µ³ Ì · ±É¥·¥ ÔÉµ£µ ³ ±¸¨³Ê³  ¸¢¨¤¥É¥²Ó¸É¢Ê¥É ¸¶²µÏ-
´ Ö ±·¨¢ Ö, ¨²²Õ¸É·¨·ÊÕÐ Ö ¢¥·µÖÉ´µ¸ÉÓ ¶µ£²µÐ¥´¨Ö µ¤´µ£µ ¢¨·ÉÊ ²Ó´µ£µ
ËµÉµ´  ¸ ¢µ§¡Ê¦¤¥´¨¥³ GDR ¨ GQR.

4. „¢ÊÌËµ´µ´´Ò¥ ¢¨¡· Í¨¨ ³µ£ÊÉ ¢µ§¡Ê¦¤ ÉÓ¸Ö É ±¦¥ ¢ ·¥ ±Í¨ÖÌ (π+,π−)
(¤¢µ°´ Ö ¶¥·¥§ ·Ö¤± , DCX) [52]. �¡Ð Ö ¸Ì¥³  ¶¥·¥Ìµ¤µ¢, ¢µ§´¨± ÕÐ¨Ì
¢ DCX, ¨§µ¡· ¦¥´  ´  ·¨¸. 20. �  ·¨¸. 21 ¶·¨¢¥¤¥´µ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥
¸¥Î¥´¨¥ ·¥ ±Í¨¨ (π+, π−) ´  93Ni ¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö
±µ´¥Î´µ£µ Ö¤· . ‘É·¥²± ³¨ Ê± § ´Ò ³ ±¸¨³Ê³Ò, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¤¢µ°´µ³Ê
¨§µ¡ ·- ´ ²µ£Ê (DIAS), £¨£ ´É¸±µ³Ê ¤¨¶µ²Ó´µ³Ê ·¥§µ´ ´¸Ê ´ ¤ ¨§µ¡ ·- ´ ²µ-
£µ¢Ò³ ¸µ¸ÉµÖ´¨¥³ (GDR ⊗ IAS) ¨ ¤¢µ°´µ³Ê £¨£ ´É¸±µ³Ê ¤¨¶µ²Ó´µ³Ê ·¥§µ-
´ ´¸Ê (DGDR = GDR ⊗ GDR).



ƒˆƒ��’‘Šˆ… 
…‡����‘› ‚ �’�Œ�›• Ÿ„
�• 341


¨¸. 22. ‘¨¸É¥³ É¨±  ¤ ´´ÒÌ µ ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´ÒÌ ¤¢ÊÌËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ (É¨¶ 
DGDR, DGQR, ...) [53]; ¶·¨¢¥¤¥´Ò ¤ ´´Ò¥ · §´ÒÌ £·Ê¶¶ ¤²Ö · §´ÒÌ ·¥ ±Í¨°

�  ·¨¸. 22 ¶·¥¤¸É ¢²¥´Ò ¸Ê³³ ·´Ò¥ ¤ ´´Ò¥ µ¡ µ¸´µ¢´ÒÌ ¸¢µ°¸É¢ Ì GDR
¨ DGDR Å µÉ´µÏ¥´¨¥ ¨Ì Ô´¥·£¨° E2/E1 (·¨¸. 22,a), Ï¨·¨´ Γ2/Γ1
(·¨¸. 22,¡),   É ±¦¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ É¥µ·¥É¨Î¥¸±¨Ì ¸¥Î¥´¨° ¢µ§¡Ê¦¤¥´¨Ö
¤¢ÊÌËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨° (·¨¸. 22,¢) [53].

5. ˆ§ ¶·¥¤¸É ¢²¥´´ÒÌ ¢ÒÏ¥ ¤ ´´ÒÌ ³µ¦´µ ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨¥ ¢Ò¢µ¤Ò:
Å É¢¥·¤µ Ê¸É ´µ¢²¥´µ ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¤¢ÊÌËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨° Å DGQR,
DGDR;
Å Ô´¥·£¨¨ ¤¢ÊÌËµ´µ´´ÒÌ DGDR-¸µ¸ÉµÖ´¨° ¸µ¢¶ ¤ ÕÉ ¸ Ê¤¢µ¥´´µ° Ô´¥·£¨¥°
µ¤´µËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨°. �Éµ ¤µ± §Ò¢ ¥É, ÎÉµ GR ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ±
Ô²¥³¥´É ·´µ¥ ¢µ§¡Ê¦¤¥´¨¥;
Å ¶·¨ · ¸¶ ¤¥ ¤¢ÊÌËµ´µ´´µ£µ ¸µ¸ÉµÖ´¨Ö ± ¦¤Ò° Ëµ´µ´ · ¸¶ ¤ ¥É¸Ö ´¥§ ¢¨-
¸¨³µ µÉ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¤·Ê£µ£µ. �Éµ ¶·¨¢µ¤¨É ± §´ Î¨É¥²Ó´µ³Ê (¶µ ¸· ¢´¥-
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´¨Õ ¸ µ¦¨¤ ¥³µ°) Ê³¥´ÓÏ¥´¨Õ Ï¨·¨´Ò ¤¢ÊÌËµ´µ´´µ£µ ¸µ¸ÉµÖ´¨Ö, ¶µ¸±µ²Ó±Ê
¶²µÉ´µ¸ÉÓ 2p2h-cµ¸ÉµÖ´¨° ¸²¥¤Ê¥É ¡· ÉÓ ¶·¨ Ô´¥·£¨¨, ¢ ¤¢  · §  ³¥´ÓÏ¥°
Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¤¢ÊÌËµ´µ´´µ£µ ¸µ¸ÉµÖ´¨Ö. „ ²¥¥, ± § ²µ¸Ó ¡Ò, Ï¨·¨´ 
Γ2 ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ¤µ²¦´  · ¢´ÖÉÓ¸Ö 2Γ1, £¤¥ Γ1 Å Ï¨·¨´  µ¤´µËµ´µ´´µ£µ
¸µ¸ÉµÖ´¨Ö. �¤´ ±µ Éµ, ÎÉµ Ëµ´µ´Ò, ¢Ìµ¤ÖÐ¨¥ ¢ ¸µ¸É ¢ ¤¢ÊÌËµ´µ´´µ£µ ¢µ§¡Ê-
¦¤¥´¨Ö, ¸ ³¨ ¨³¥ÕÉ Ï¨·¨´Ê, ¶·¨¢µ¤¨É ± ÔËË¥±ÉÊ ´ ²µ¦¥´¨Ö Ï¨·¨´, ÎÉµ ¢
±µ´¥Î´µ³ ¸Î¥É¥ ¤ ¥É Γ2 ≈

√
2Γ1.

� ±µ´¥Í, µÉ³¥É¨³, ÎÉµ ´ ¡²Õ¤ ¥³µ¥ ¶·¥¢ÒÏ¥´¨¥ ¢ ´¥¸±µ²Ó±µ · § Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¸¥Î¥´¨° ¢µ§¡Ê¦¤¥´¨Ö ¤¢ÊÌËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨° ¶µ ¸· ¢´¥´¨Õ
¸ É¥µ·¥É¨Î¥¸±¨³¨ ¶µ±  µ¡ÑÖ¸´¥´¨Ö ´¥ ¨³¥¥É.

4. GDR ‚ ��ƒ1…’›• Ÿ„1�•

1. ‚ ´ £·¥ÉÒÌ Ö¤· Ì, É. ¥. ¢ Ö¤· Ì ¸ µÉ²¨Î´µ° µÉ ´Ê²Ö É¥³¶¥· ÉÊ·µ° T ,
· ¢´µ°, ´ ¶·¨³¥·, 1Ä2 ŒÔ‚, ¤¢¨¦¥´¨¥ ´Ê±²µ´µ¢ ¨§-§  ´ · ¸É ÕÐ¥° ¢¥·µÖÉ-
´µ¸É¨ ¶ ·´ÒÌ ¸Éµ²±´µ¢¥´¨° ¸É ´µ¢¨É¸Ö £µ· §¤µ ¡µ²¥¥ Ì µÉ¨Î¥¸±¨³ ¨ § · ´¥¥
´¥ Ö¸´µ, µ± ¦¥É¸Ö ²¨ ±µ²²¥±É¨¢´µ¥ ¤¢¨¦¥´¨¥ ´Ê±²µ´µ¢ ¤µ¸É ÉµÎ´µ ¦¥¸É±¨³,
ÎÉµ¡Ò ¶·µÉ¨¢µ¸ÉµÖÉÓ É¥³¶¥· ÉÊ·´µ³Ê Ì µ¸Ê. �µÔÉµ³Ê µÉ±·ÒÉ¨¥ ¸ÊÐ¥¸É¢µ¢ -
´¨Ö ¤¨¶µ²Ó´ÒÌ µ¸Í¨²²ÖÍ¨° ¢ ¸¨²Ó´µ ¢µ§¡Ê¦¤¥´´ÒÌ (E∗ ∼ 100 ŒÔ‚) Ö¤· Ì
[54] Ö¢¨²µ¸Ó µ¤´¨³ ¨§ § ³¥Î É¥²Ó´ÒÌ ¤µ¸É¨¦¥´¨° ¶µ¸²¥¤´¨Ì 15 ²¥É.

2. ‘Éµ²±´µ¢¥´¨¥ ÉÖ¦¥²ÒÌ ¨µ´µ¢, ´ ¶·¨³¥·, 40Ar ¸ 70Ge ¨²¨ 16O ¸ 150Nd
¸ Ô´¥·£¨¥° ³ ¸ÏÉ ¡  5Ä10 ŒÔ‚/N ³µ¦¥É ¶·¨¢¥¸É¨ ± µ¡· §µ¢ ´¨Õ ¢Ò¸µ±µ¢µ§-
¡Ê¦¤¥´´µ£µ (E∗ ∼ 100 ŒÔ‚) ¸µ¸É ¢´µ£µ Ö¤· . �  ·¨¸. 23,  ¶µ± § ´ ¨´±²Õ§¨¢-
´Ò° ¸¶¥±É· ¢Ò¸µ±µÔ´¥·£¨Î´ÒÌ ËµÉµ´µ¢, ¨¸¶ÊÐ¥´´ÒÌ ¸µ¸É ¢´Ò³ Ö¤·µ³ 110Sn,
µ¡· §µ¢ ¢Ï¨³¸Ö ¶·¨ ¸Éµ²±´µ¢¥´¨¨ 40Ar c 70Ge. �  ·¨¸. 23,¡ ¨§µ¡· ¦¥´ ÉµÉ
¦¥ ¸¶¥±É·, ¸ Ê¸É· ´¥´´Ò³ Ëµ´µ³ Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö ¨ ¶µ¤¥²¥´´Ò° ´ 
¸É É¨¸É¨Î¥¸±¨° Ô±¸¶µ´¥´Í¨ ²Ó´Ò° Ë ±Éµ· É¨¶  e−ω/T , £¤¥ ω Å Ô´¥·£¨Ö Ëµ-
Éµ´  ¨ T Å É¥³¶¥· ÉÊ· . ‘¶²µÏ´ Ö ±·¨¢ Ö ¸µµÉ¢¥É¸É¢Ê¥É ¸É É¨¸É¨Î¥¸±µ°
¶µ¤£µ´±¥, ±µÉµ· Ö ¢ ¶·µ¸É¥°Ï¥³ ¸²ÊÎ ¥ ¶·µ¨§¢µ¤¨É¸Ö ¸ ¶µ³µÐÓÕ Ëµ·³Ê²Ò

dΓ(ω)
dω

=
ω2

π�c
σabs(ω)e−ω/T , (18)

¸²¥¤ÊÕÐe° ¨§ ¶·¨´Í¨¶  ¤¥É ²Ó´µ£µ ¡ ² ´¸ . ‡¤¥¸Ó σabs Å Ê´¨¢¥·¸ ²Ó´µ¥ ¸¥-
Î¥´¨¥ ¶µ£²µÐ¥´¨Ö ËµÉµ´µ¢ (¶·µÖ¢²Ö¥É¸Ö £¨¶µÉ¥§  �±¸¥²Ö Å k·¨´± ), ¨³¥Õ-
Ð Ö ¢¨¤

σabs ∝
(Γω)2

(ω2 − ω2m)2 + (ωΓ)2
, (19)

ωm, Γ Å Ô´¥·£¨Ö ¨ Ï¨·¨´  GDR. Š ± ¢¨¤´µ ¨§ ·¨¸. 23,¡, GDR Î¥É±µ ¢Ò-
¤¥²Ö¥É¸Ö ¨ ¨§ ¶µ²ÊÎ¨¢Ï¥°¸Ö ±·¨¢µ° ³µ¦´µ µ¶·¥¤¥²¨ÉÓ µ¡ÒÎ´Ò¥ ¶ · ³¥É·Ò
GDR Å Ô´¥·£¨¨ ³ ±¸¨³Ê³µ¢, Ï¨·¨´Ò Γ ¨ EWSR. �¥ ¢¤ ¢ Ö¸Ó ¢ ¤ ²Ó´¥°Ï¨¥
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¤¥É ²¨ ¸µ¢¸¥³ ´¥¶·µ¸Éµ° ¶·µÍ¥¤Ê·Ò ¨§¢²¥Î¥´¨Ö ¶ · ³¥É·µ¢ GDR, µ¡· É¨³¸Ö
± ·¨¸. 24, ¶µ± §Ò¢ ÕÐ¥³Ê ·¥§Ê²ÓÉ ÉÒ ¨§ÊÎ¥´¨Ö ¡µ²ÓÏµ£µ Î¨¸²  ¢Ò¸µ±µ¢µ§¡Ê-
¦¤¥´´ÒÌ Ö¤¥·. ˆ§ ÔÉ¨Ì ·¨¸Ê´±µ¢ ³µ¦´µ ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨¥ ¢Ò¢µ¤Ò:
Å ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¤¨¶µ²Ó´ÒÌ µ¸Í¨²²ÖÍ¨° Ö¢²Ö¥É¸Ö Ê´¨¢¥·¸ ²Ó´Ò³ ¸¢µ°¸É¢µ³
´ £·¥ÉÒÌ Ö¤¥·; ¶·¨ ÔÉµ³ ¸¶¥±É· γ-±¢ ´Éµ¢ ´µ¸¨É ¸É É¨¸É¨Î¥¸±¨° Ì · ±É¥· (¢
µÉ²¨Î¨¥, ´ ¶·¨³¥·, µÉ ¸²ÊÎ Ö ·¥ ±Í¨¨ (p, γ));
Å Î ¸ÉµÉ  ÔÉ¨Ì µ¸Í¨²²ÖÍ¨°, É. ¥. Ô´¥·£¨Ö ³ ±¸¨³Ê³  GDR, ³ ²µ µÉ²¨Î ¥É¸Ö
µÉ Î ¸ÉµÉÒ GDR ¢ Ìµ²µ¤´ÒÌ Ö¤· Ì;
Å GDR ¢ ´ £·¥ÉÒÌ Ö¤· Ì ¸µµÉ¢¥É¸É¢Ê¥É Ìµ·µÏµ ±µ²²¥±É¨¢¨§¨·µ¢ ´´µ³Ê ¸µ-
¸ÉµÖ´¨Õ. …£µ EWSR ¤²Ö ¡µ²ÓÏ¨´¸É¢  Ö¤¥· ¶·¨³¥·´µ ¸µ¢¶ ¤ ¥É ¸ É¥µ·¥É¨Î¥-
¸±¨³.
Å Ï¨·¨´  GDR ¢ £µ·ÖÎ¨Ì Ö¤· Ì ¶·¥¢ÒÏ ¥É ¥£µ Ï¨·¨´Ê ¢ Ìµ²µ¤´ÒÌ ¨ · -
¸É¥É ¸ Ê¢¥²¨Î¥´¨¥³ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö (¨²¨ É¥³¶¥· ÉÊ·Ò). �¤´ ±µ ¶·¨
E∗ ≈ 130 ŒÔ‚ ´ ¸ÉÊ¶ ¥É ¥¥ ´ ¸ÒÐ¥´¨¥ ¶·¨ Γ ≈ 13 ŒÔ‚ (·¨¸. 25).


¨¸. 23.  ) ‘¶¥±É· γ-±¢ ´Éµ¢ ¶·¨ ¸Éµ²±´µ¢¥´¨¨ 40Ar + 70Ge [55]. ‘¶²µÏ´ Ö ±·¨-
¢ Ö Å ¸É É¨¸É¨Î¥¸± Ö ¶µ¤£µ´± , ÉµÎ¥Î´ Ö Å ¸ ÊÎ¥Éµ³ Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö ¢ NN-
¸Éµ²±´µ¢¥´¨ÖÌ. ¡) ’µÉ ¦¥ ¸¶¥±É· ¶µ¸²¥ Ê¸É· ´¥´¨Ö Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö ¨ Ê³´µ¦¥-
´¨Ö ´  eEγ/3,2. 
 §´Ò¥ ±·¨¢Ò¥ ¸µµÉ¢¥É¸É¢ÊÕÉ · §´Ò³ ¶ · ³¥É· ³ GDR ¨ ¶²µÉ´µ¸É¨
Ê·µ¢´¥°

3. �¡¸Ê¤¨³ É¥¶¥·Ó ±µ·µÉ±µ ·¥§Ê²ÓÉ ÉÒ, ¶·¨¢¥¤¥´´Ò¥ ´  ·¨¸. 23Ä26. �·¥-
¦¤¥ ¢¸¥£µ, ¢¶¥Î É²Ö¥É ¶· ±É¨Î¥¸± Ö ´¥§ ¢¨¸¨³µ¸ÉÓ Ô´¥·£¨¨ GDR µÉ É¥³¶¥· -
ÉÊ·Ò. �¤´ ±µ · ¸Î¥ÉÒ É¨¶  RPA ¸ § ³¥´µ° Î¨¸¥² ni = 0, 1 § ¶µ²´¥´¨Ö (¸³.
(3)) µ¤´µÎ ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨° ¨Ì É¥³¶¥· ÉÊ·´Ò³ · ¸¶·¥¤¥²¥´¨¥³:

ni =
1

1 + exp

(
εi − µ

T

), (20)
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¨¸. 24. � · ³¥É·Ò GDR ¢ Ìµ²µ¤´ÒÌ ¨ £µ·ÖÎ¨Ì Ö¤· Ì [56]. �  ¢¥·Ì´¨Ì ·¨¸Ê´± Ì
¶·¥¤¸É ¢²¥´  ¸É¥¶¥´Ó ¨¸Î¥·¶ ´´µ¸É¨ EWSR ¤²Ö GDR; ´  ¸·¥¤´¨Ì Å Ô´¥·£¨Ö GDR,
´  ´¨¦´¨Ì Å Ï¨·¨´Ò GDR

¶·µ¢¥¤¥´´Ò¥ ¤²Ö 40Ca [54], ¶µ± § ²¨, ÎÉµ É ±µ£µ ¸¢µ°¸É¢  GDR ¤¥°¸É¢¨-
É¥²Ó´µ ¸²¥¤Ê¥É µ¦¨¤ ÉÓ. kµ²¥¥ Éµ£µ, µ± § ²µ¸Ó, ÎÉµ ¢±² ¤ 2p2h-¸µ¸ÉµÖ´¨°
¢ Ï¨·¨´Ê GDR ´¥ Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ÊÐ¥¸É¢¥´´µ ¢ ¸· ¢´¥´¨¨ ¸ Ìµ²µ¤´Ò³¨
Ö¤· ³¨ [59]. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¢µ§´¨± ¥É ¢µ¶·µ¸ µ ³¥Ì ´¨§³ Ì Ê¢¥²¨Î¥´¨Ö Ï¨-
·¨´Ò GDR. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¸Î¨É ¥É¸Ö ´ ¨¡µ²¥¥ ¢¥·µÖÉ´Ò³, ÎÉµ ¢µ§· ¸É -
´¨¥ Ï¨·¨´Ò Γ µ¡Ê¸²µ¢²¥´µ É¥·³µ¤¨´ ³¨Î¥¸±¨³¨ Ë²Ê±ÉÊ Í¨Ö³¨ ¤¥Ëµ·³ Í¨¨,
¢ ±µÉµ·ÒÌ, ´ ¶·¨³¥·, ´ £·¥Éµ¥ ¸Ë¥·¨Î¥¸±µ¥ Ö¤·µ ´  ¢·¥³Ö Ë²Ê±ÉÊ Í¨¨ ¸É ´µ-
¢¨É¸Ö ¸¨²Ó´µ ¤¥Ëµ·³¨·µ¢ ´´Ò³. ‚µ§´¨± ÕÐ¥¥ §  ¸Î¥É ÔÉµ£µ ¤µ¶µ²´¨É¥²Ó´µ¥
· ¸Ð¥¶²¥´¨¥ GDR ¨ Ê¢¥²¨Î¨¢ ¥É ¥£µ Ï¨·¨´Ê. ‚ ¶µ²Ó§Ê É ±µ° ¨´É¥·¶·¥É Í¨¨
Ê¢¥²¨Î¥´¨Ö Γ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É ·¨¸. 26. ˆ§ ÔÉµ£µ ·¨¸Ê´±  ³µ¦´µ ¢¨¤¥ÉÓ, ÎÉµ
¢ ´¥¸Ë¥·¨Î¥¸±¨Ì Ö¤· Ì, ¸µÌ· ´ÖÕÐ¨Ì ¸¢µÕ ¤¥Ëµ·³ Í¨Õ ¶·¨ ¢µ§¡Ê¦¤¥´¨¨,
Ï¨·¨´Ò GDR ¢ Ìµ²µ¤´ÒÌ ¨ £µ·ÖÎ¨Ì Ö¤· Ì ¶·¨³¥·´µ µ¤¨´ ±µ¢Ò. � ¶·µ-
É¨¢, Ï¨·¨´  GDR ¢ Ìµ²µ¤´ÒÌ ¸Ë¥·¨Î¥¸±¨Ì Ö¤· Ì §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥, Î¥³ ¢
´ £·¥ÉÒÌ.
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¨¸. 25. ‡ ¢¨¸¨³µ¸ÉÓ Ï¨·¨´Ò GDR µÉ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö E Ö¤·  Sn. ˜É·¨Ì-
¶Ê´±É¨·´ Ö ¨ ÉµÎ¥Î´ Ö ±·¨¢Ò¥ ¸µµÉ¢¥É¸É¢ÊÕÉ µ¶·¥¤¥²¥´´Ò³ ³µ¤¥²Ö³ [56]


¨¸. 26. ‘· ¢´¥´¨¥ Ï¨·¨´ ¢ Ìµ²µ¤´ÒÌ ¨ ´ £·¥ÉÒÌ Ö¤· Ì [57]. ’µÎ±¨ ¸µµÉ¢¥É¸É¢ÊÕÉ
Ï¨·¨´ ³ Ö¤¥·, Ê± § ´´ÒÌ ¢¢¥·ÌÊ. ’¥³¶¥· ÉÊ·  Ö¤¥· T = 1− 2 ŒÔ‚, Ê£²µ¢µ° ³µ³¥´É
J ≤ 25. ‘¶²µÏ´ Ö ±·¨¢ Ö Å Ï¨·¨´  GDR ¤²Ö Ìµ²µ¤´ÒÌ Ö¤¥·, µ¶·¥¤¥²¥´´ÒÌ ¸
¶µ³µÐÓÕ µ¤´µ-(S) ¨²¨ ¤¢ÊÌ²µ·¥´Íe¢¸±¨Ì (D) ±·¨¢ÒÌ

�Î¥´Ó ¨´É¥·¥¸´Ò³ ÔËË¥±Éµ³ Ö¢²Ö¥É¸Ö ´ ¸ÒÐ¥´¨¥ Ï¨·¨´Ò (·¨¸.25). � ¨-
¡µ²¥¥ ¶·µ¸ÉÒ³¨ ¢Ò£²Ö¤ÖÉ ¤¢¥ £¨¶µÉ¥§Ò µ ¶·¨·µ¤¥ ÔÉµ£µ Ö¢²¥´¨Ö. �¡¥ µ´¨
¸¢Ö§ ´Ò ¸ ¸¨²Ó´Ò³ ·µ¸Éµ³ ¨¸¶ ·¨É¥²Ó´µ° Ï¨·¨´Ò GDR (¢Ò²¥É  ´Ê±²µ´µ¢ ¢
´¥¶·¥·Ò¢´Ò° ¸¶¥±É·). �¥·¢ Ö ¨§ ´¨Ì ¢Ò£²Ö¤¨É ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. �·¨ ¢µ§-
¡Ê¦¤¥´¨¨ E∗ > 130ŒÔ‚ Ö¤·µ ´¥ Ê¸¶¥¢ ¥É ¨¸¶Ê¸É¨ÉÓ γ-±¢ ´ÉÒ,   µÌ² ¦¤ ¥É¸Ö
¶µ¸·¥¤¸É¢µ³ ¨¸¶Ê¸± ´¨Ö ´Ê±²µ´µ¢ ¤µ Ô´¥·£¨¨, ¶·¨³¥·´µ · ¢´µ° 130 ŒÔ‚,
´ Î¨´ Ö ¸ ±µÉµ·µ° ¨§³¥·Ö¥É¸Ö ¸¶¥±É· ËµÉµ´µ¢. ‚Éµ· Ö £¨¶µÉ¥§  ¸¢Ö§Ò¢ ¥É
Ö¢²¥´¨¥ ´ ¸ÒÐ¥´¨Ö Ï¨·¨´ Γ ¸ É¥³, ÎÉµ ¶·¨ ¡�µ²ÓÏ¨Ì, Î¥³ 130 ŒÔ‚, Ô´¥·-
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£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ¢·¥³Ö ¦¨§´¨ ¸µ¸É ¢´µ£µ Ö¤·  ¸É ´µ¢¨É¸Ö ¸Éµ²Ó ³ ²Ò³, ÎÉµ
GDR ¶·¨´Í¨¶¨ ²Ó´µ ´¥ ³µ¦¥É ¸Ëµ·³¨·µ¢ ÉÓ¸Ö (¤²Ö ÔÉµ£µ ´¥µ¡Ìµ¤¨³µ, µÎ¥-
¢¨¤´µ, ÎÉµ¡Ò ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¥³Ê µ¸Í¨²²ÖÍ¨¨ Ê¸¶¥²¨ ¡Ò ¸µ¢¥·Ï¨ÉÓ ÌµÉÖ
¡Ò µ¤´µ ±µ²¥¡ ´¨¥). 
 §Ê³¥¥É¸Ö, ³µ£ÊÉ ¡ÒÉÓ ¨ ³¥´¥¥ É·¨¢¨ ²Ó´Ò¥ ¶·¨Î¨´Ò
´ ¸ÒÐ¥´¨Ö.

4. ‚ ´ £·¥ÉÒÌ Ö¤· Ì GDR ³µ¦¥É ¸²Ê¦¨ÉÓ ± ± ¨´¤¨± Éµ·µ³ Éµ£µ, ÎÉµ ¶·µ-
¨¸Ìµ¤¨É ¸ Ö¤·µ³ ¶·¨ ¡µ²ÓÏ¨Ì ¢µ§¡Ê¦¤¥´¨ÖÌ, É ± ¨ ¸·¥¤¸É¢µ³ §µ´¤¨·µ¢ ´¨Ö
´¥É·¨¢¨ ²Ó´ÒÌ Ö¢²¥´¨° Ë¨§¨±¨ Ö¤· . ŒÒ Ê± ¦¥³ §¤¥¸Ó Éµ²Ó±µ É·¨ É ±¨Ì
Ö¢²¥´¨Ö.

A. ˆ¸¸²¥¤µ¢ ´¨¥ GDR ¢ ´ £·¥Éµ³ Ö¤·¥ 166Eu ¶·¨ É¥³¶¥· ÉÊ·¥ T ∼=
∼= 1,5 ŒÔ‚ ¨ ¸·¥¤´¥³ ³µ³¥´É¥ ±µ²¨Î¥¸É¢  ¤¢¨¦¥´¨Ö 〈J〉 = 22� ¶µ± § ²o,
ÎÉµ GDR ¸µ¸Éµ¨É ¨§ ¤¢ÊÌ ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ³ ±¸¨³Ê³µ¢ ¸ Ô´¥·£¨Ö³¨ 12,6 ¨
16,4 ŒÔ‚. �·¨ ÔÉµ³ ¢¥²¨Î¨´  ¢¥·Ì´¥£µ ¨§ ´¨Ì · ¢´Ö¥É¸Ö ¶·¨³¥·´µ 0,67 µÉ
´¨¦´¥£µ. ’ ± Ö ¸¨ÉÊ Í¨Ö µÉ¢¥Î ¥É ¸¶²Õ¸´ÊÉµ³Ê Ö¤·Ê, ¢ Éµ ¢·¥³Ö ± ± ¢ µ¸´µ¢-
´µ³ ¸µ¸ÉµÖ´¨¨ Ö¤·µ 166Eu Ö¢²Ö¥É¸Ö ¢ÒÉÖ´ÊÉÒ³. �É¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ ¶·¨
T ≈ 1, 5 ŒÔ‚ ¨ 〈J〉 ≈ 22� Ö¤·µ 166Eu ³¥´Ö¥É ¸¢µÕ Ëµ·³Ê. ’ ±¨³ µ¡· §µ³,
GDR Ö¢²Ö¥É¸Ö ¸¢µ¥µ¡· §´Ò³ §µ´¤µ³ ¨§³¥´¥´¨Ö Ëµ·³Ò Ö¤· , ¶·µ¨¸Ìµ¤ÖÐ¥£µ
¶·¨ ¡µ²ÓÏ¨Ì É¥³¶¥· ÉÊ· Ì ¨ ³µ³¥´É Ì.

k. �·¨ ¸²¨Ö´¨¨ ¤¢ÊÌ ÉÖ¦¥²ÒÌ ¨µ´µ¢ µ¡· §Ê¥É¸Ö, ¸±µ·¥¥ ¢¸¥£µ, ¸µ¸Éµ-
Ö´¨¥ ¸ ¡µ²ÓÏ¨³ Î¨¸²µ³ Î ¸É¨Í ¨ ¤Ò·µ±. Œ¥¦¤Ê É¥³ GDR ¸µµÉ¢¥É¸É¢Ê¥É
Î ¸É¨Î´µ-¤Ò·µÎ´Ò³ µ¸Í¨²²ÖÍ¨Ö³. ‚ ·¥§Ê²ÓÉ É¥ ³Ò ¶µ²ÊÎ ¥³ ¸µ¢¸¥³ ´¥µ¡ÒÎ-
´ÊÕ ¸¨ÉÊ Í¨Õ ¤²Ö ¶·µÖ¢²¥´¨Ö ´¥· ¢´µ¢¥¸´ÒÌ ¶·µÍ¥¸¸µ¢: Ê Ìµ²µ¤´ÒÌ Ö¤¥·
¶·¥¤· ¢´µ¢¥¸´ Ö ¤¨´ ³¨±  ´ Î¨´ ¥É¸Ö ¸ ph ¨ ¨¤¥É ¢ ´ ¶· ¢²¥´¨¨ ³´µ£µÎ -
¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨°; ¢ Éµ ¦¥ ¢·¥³Ö ¢ £µ·ÖÎ¨Ì Ö¤· Ì ¶·µÍ¥¸¸Ò ¶·µ¨¸Ìµ¤ÖÉ ¢
µ¡· É´µ³ ´ ¶· ¢²¥´¨¨. �¸µ¡¥´´µ¸É¨ ¶·¥¤· ¢´µ¢¥¸´µ° ¤¨´ ³¨±¨, ¢µ§´¨± Õ-
Ð¥° ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ÉÖ¦¥²ÒÌ ¨µ´µ¢, ¸¥°Î ¸ Ï¨·µ±µ µ¡¸Ê¦¤ ÕÉ¸Ö ¢ ²¨É¥-
· ÉÊ·¥ [60].

‚. GDR ´ £·¥ÉÒÌ Ö¤¥· ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´ ¤²Ö §µ´¤¨·µ¢ ´¨Ö ¤¨´ -
³¨±¨ ¡µ²ÓÏ¨Ì ¤¥Ëµ·³ Í¨° ¢ ¶·µÍ¥¸¸ Ì ¤¥²¥´¨Ö [61].

‡�Š‹5—…�ˆ…

‚ ´ ¸ÉµÖÐ¥° · ¡µÉ¥ ´  ±µ´Í¥¶ÉÊ ²Ó´µ³ Ê·µ¢´¥ ¶·µ¸²¥¦¥´µ · §¢¨É¨¥ ¨
Ê¸²µ¦´¥´¨¥ ´ Ï¨Ì ¶·¥¤¸É ¢²¥´¨° µ GR. ƒ¨£ ´É¸±¨¥ ·¥§µ´ ´¸Ò ¶·¥¤¸É ¢²ÖÕÉ
¸µ¡µ° ±µ²²¥±É¨¢´Ò° µÉ±²¨± ¸¨¸É¥³Ò ´Ê±²µ´µ¢ ´  ¢´¥Ï´¨¥ ¶µ²Ö · §²¨Î´µ°
¶·¨·µ¤Ò ¨ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ Ëµ·³¨·µ¢ ´¨¨ ¢ Ö¤· Ì ±µ²²¥±É¨¢´ÒÌ ¸É¥¶¥´¥°
¸¢µ¡µ¤Ò. ‚ · §²¨Î´ÒÌ ·¥ ±Í¨ÖÌ ÔËË¥±É¨¢´µ ¸µ§¤ ÕÉ¸Ö · §²¨Î´Ò¥ ¢´¥Ï´¨¥
¶µ²Ö. �µÔÉµ³Ê ¶·µ¡²¥³  ¢µ§¡Ê¦¤¥´¨Ö ¢ ´¨Ì GR Ö¢²Ö¥É¸Ö ¨¸±²ÕÎ¨É¥²Ó´µ  ±-
ÉÊ ²Ó´µ°. Œµ¦´µ ¡¥§ ¶·¥Ê¢¥²¨Î¥´¨Ö ¸± § ÉÓ, ÎÉµ ´  ¶·µÉÖ¦¥´¨¨ ´¥¸±µ²Ó±¨Ì
¶µ¸²¥¤´¨Ì ¤¥¸ÖÉ¨²¥É¨° ¢µ¶·µ¸Ò ¸ÊÐ¥¸É¢µ¢ ´¨Ö GR ¨ ¨Ì ¶·µÖ¢²¥´¨° ¢ ·¥ ±-
Í¨ÖÌ Ö¢²Ö²¨¸Ó Í¥´É· ²Ó´Ò³¨ ¢ Ö¤¥·´µ° Ë¨§¨±¥. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö É¥µ·¥É¨-
Î¥¸±¨° ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò° ¸É ÉÊ¸ GR Ì · ±É¥·¨§Ê¥É¸Ö ¢Ò¸µ±µ° ¸É¥¶¥´ÓÕ
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· §· ¡µÉ ´´µ¸É¨. ’¥³ ´¥ ³¥´¥¥ ´ ³ ÌµÉ¥²µ¸Ó ¡Ò µÉ³¥É¨ÉÓ ¤¢¥ ¸Éµ·µ´Ò ¸µ-
¢·¥³¥´´µ£µ ¸É ÉÊ¸  GR. ‘ µ¤´µ° ¸Éµ·µ´Ò, ´ Î¨´ Ö ¸ 60-Ì £µ¤µ¢ Ë ±É¨Î¥¸±¨
´¥ ¶µÖ¢¨²µ¸Ó ´¨ µ¤´µ° ±µ´Í¥¶Í¨¨, ±µÉµ·ÊÕ ´¥ ¶µ´¨³ ²¨ ¡Ò Ë¨§¨±¨, § ´¨-
³ ÕÐ¨¥¸Ö ¢ Éµ ¢·¥³Ö ¶·µ¡²¥³µ° GR. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¸µ¢·¥³¥´´ Ö Ë¨§¨± 
GR ¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î ¥É¸Ö µÉ Ë¨§¨±¨ 60-Ì £µ¤µ¢. �É¨ µÉ²¨Î¨Ö ¸µ¸ÉµÖÉ ¢
¸²¥¤ÊÕÐ¥³.
B µÉ´µÏ¥´¨¨ Ô±¸¶¥·¨³¥´É :
Å µÉ±·ÒÉµ ¨ ¨¸¸²¥¤µ¢ ´µ ³´µ¦¥¸É¢µ ´µ¢ÒÌ ·¥§µ´ ´¸µ¢: ³µ´µ¶µ²Ó´Ò°, ±¢ -
¤·Ê¶µ²Ó´Ò°, µ±ÉÊ¶µ²Ó´Ò°, £ ³µ¢-É¥²²¥·µ¢¸±¨°, ¸¶¨´-¤¨¶µ²Ó´Ò° É. ¤.;
Å ¤µ± § ´µ ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¤¢ÊÌËµ´µ´´ÒÌ GR, É. ¥. GR, ¶µ¸É·µ¥´´ÒÌ ´ ¤ ¢µ§-
¡Ê¦¤¥´´Ò³¨ ´¥±µ²²¥±É¨¢´Ò³¨ ¨ ±µ²²¥±É¨¢´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨;
Å Ê¸É ´µ¢²¥´µ, ÎÉµ GDR ¢µ§¡Ê¦¤ ¥É¸Ö ¢ ¸¨²Ó´µ ´ £·¥ÉÒÌ Ö¤· Ì (Ô´¥·£¨Ö ¢µ§-
¡Ê¦¤¥´¨Ö ¤µ 130 ŒÔ‚).
B É¥µ·¥É¨Î¥¸±µ³ ¶² ´¥:
Å Î¥É±µ Ê¸É ´µ¢²¥´Ò µ¡µ²µÎ¥Î´Ò¥  ¸¶¥±ÉÒ GR, ±µÉµ·Ò¥ ¶·µÖ¢²ÖÕÉ¸Ö ¢ ±µ´-
Ë¨£Ê· Í¨µ´´µ³ · ¸Ð¥¶²¥´¨¨ GDR, ¸ÊÐ¥¸É¢µ¢ ´¨¨ 0�ω- ¨ 2�ω-¢¥É¢¥° GQR,
  É ±¦¥ 1�ω- ¨ 3�ω-¢¥É¢¥° GOR, ¢ ¶µ²Ê¶·Ö³ÒÌ ´Ê±²µ´´ÒÌ · ¸¶ ¤ Ì GR;
Å ¢ µ¸´µ¢´ÒÌ Î¥·É Ì ±µ²¨Î¥¸É¢¥´´µ ·¥Ï¥´  ¶·µ¡²¥³  µ¸É ÉµÎ´ÒÌ ¢§ ¨³µ-
¤¥°¸É¢¨° ¨ ¨Ì ¸µ£² ¸µ¢ ´¨Ö ¸µ ¸·¥¤´¨³ ¶µ²¥³;
Å ´  ±µ²¨Î¥¸É¢¥´´µ³ Ê·µ¢´¥ ¢ÒÖ¸´¥´  ·µ²Ó 2p2h-±µ´Ë¨£Ê· Í¨° ¢
¶·µ¡²¥³¥ GR;
Å Ê¸É ´µ¢²¥´  Ö¢´ Ö ¸¢Ö§Ó ¶·¨¡²¨¦¥´¨Ö RPA ¸ ¦¨¤±µ¸É´µ° ³µ¤¥²ÓÕ.

�¥¸³µÉ·Ö ´  µ£·µ³´Ò¥ ¤µ¸É¨¦¥´¨Ö ¨ ³´µ£µ²¥É´¨¥ Ê¸¨²¨Ö ¶µ ¢ÒÖ¢²¥´¨Õ
´µ·³ ²Ó´ÒÌ ±µ²¥¡ ´¨° Ö¤¥·, ÔÉ  µ¡² ¸ÉÓ Ë¨§¨±¨ Ö¢²Ö¥É¸Ö ¶µ-¶·¥¦´¥³Ê ¦¨-
¢µ°, ¡·µ¸ ÕÐ¥° ¢Ò§µ¢ ¨´É¥²²¥±ÉÊ Ë¨§¨±µ¢-Ö¤¥·Ð¨±µ¢ ¨ É¥Ì´µ²µ£¨¨.

‚ § ±²ÕÎ¥´¨¥ µÉ³¥É¨³, ÎÉµ Ì · ±É¥· µ¡§µ·  Å ¢§£²Ö¤ ´  ¶·o¡²¥³Ò £¨-
£ ´É¸±¨Ì ·¥§µ´ ´¸µ¢, É ± ¸± § ÉÓ, ¸ ¢Ò¸µÉÒ ¶É¨ÎÓ¥£µ ¶µ²¥É  Å ¶·¨¢µ¤¨É ±
Éµ³Ê, ÎÉµ ³´µ£¨¥ ¢ ¦´Ò¥ ¤¥É ²¨ µ¸É ÕÉ¸Ö §  ¥£µ · ³± ³¨. �µÔÉµ³Ê ¶µ³¨³µ
Ê¦¥ Í¨É¨·µ¢ ´´ÒÌ µ¡§µ·µ¢ [7,16,26,43,53] ³Ò ¶·¨¢µ¤¨³ ·Ö¤ ¤µ¶µ²´¨É¥²Ó´ÒÌ
[62Ä67], ¢ ±µÉµ·ÒÌ ÔÉ¨ ¤¥É ²¨ ³µ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò.
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¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

‚Ò¶µ²´¥´ ±µ³¶²¥±¸´Ò°  ´ ²¨§ ± ± ¸¶¥±É·µ¸±µ¶¨Î¥¸±µ° ¨´Ëµ·³ Í¨¨, É ± ¨ Ê¸·¥¤´¥´-
´ÒÌ ¨´É¥´¸¨¢´µ¸É¥° ¤¢ÊÌ±¢ ´Éµ¢ÒÌ ± ¸± ¤µ¢ ¶·¨ § Ì¢ É¥ ´¥°É·µ´µ¢ Ö¤· ³¨ ¨§ µ¡² ¸É¨ ³ ¸¸
114 ≤ A ≤ 200. �´ ¶µ± §Ò¢ ¥É, ÎÉµ ¶ · ³¥É·Ò ¶·µÍ¥¸¸  ± ¸± ¤´µ£µ γ-· ¸¶ ¤  ±µ³¶ Ê´¤-
¸µ¸ÉµÖ´¨Ö ¢ ¤¨ ¶ §µ´¥ Ô´¥·£¨¨ ¸¢Ö§¨ ´¥°É·µ´  ´¥¢µ§³µ¦´µ · ¸cÎ¨É ÉÓ ¸ ÉµÎ´µ¸ÉÓÕ ¸µ¢·¥³¥´´µ£µ
Ô±¸¶¥·¨³¥´É  ¡¥§ ÊÎ¥É  ¸É·Ê±ÉÊ·Ò ¢µ§¡Ê¦¤ ¥³ÒÌ ¶·¨ ÔÉµ³ Ê·µ¢´¥° ¶· ±É¨Î¥¸±¨ ¤²Ö ¢¸¥£µ ¨´É¥·-
¢ ²  ¤µ¸ÉÊ¶´ÒÌ ¤²Ö ´¥£µ ¢µ§¡Ê¦¤¥´¨°. ‚¸Ö ¸µ¢µ±Ê¶´µ¸ÉÓ ¨³¥ÕÐ¥°¸Ö ¨´Ëµ·³ Í¨¨ µ ¶ · ³¥É· Ì
É ±¨Ì ± ¸± ¤µ¢ ³µ¦¥É ¡ÒÉÓ µ¡ÑÖ¸´¥´  ± Î¥¸É¢¥´´µ ¶·µ¸É¥°Ï¨³ µ¡· §µ³ ¤µ³¨´¨·ÊÕÐ¨³ ¢²¨Ö-
´¨¥³ ±µ²¥¡ ´¨° Ö¤·  (Ëµ´µ´Ò ¸ Ô´¥·£¨¥° ¢ ¸µÉ´¨ ±Ô‚) ¢ ¸É·Ê±ÉÊ·¥ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° Ê·µ¢´¥°
¢ ¨´É¥·¢ ²¥ µÉ 1Ä2 ¤µ 3Ä4 ŒÔ‚.

Complex analysis of the spectroscopic information and averaged intensities of the two-step
γ-cascades following thermal neutron capture in nuclei from the mass region 114 ≤ A ≤ 200 has
been performed. It was shown that parameters of cascade γ-decay of compound nucleus in all energy
interval below Bn cannot be calculated with an acceptable precision, which is achieved in experiment,
without accounting for the structures of the states involved. All the totality of available information
on these cascades can be qualitatively explained as a dominant in�uence of nuclear vibrations (energy
of phonons equals several hundreds keV) on structures of wave functions of levels in the excitation
energy interval 1Ä2 MeV to 3Ä4 MeV.

1. ‚‚…„…�ˆ…

„¨ ¶ §µ´ Ö¤¥·´ÒÌ ¢µ§¡Ê¦¤¥´¨° µÉ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¤µ ´¥°É·µ´´µ£µ
·¥§µ´ ´¸  ¶·¥¤µ¸É ¢²Ö¥É Ê´¨± ²Ó´ÊÕ ¢µ§³µ¦´µ¸ÉÓ ¨§ÊÎ¥´¨Ö ¸¢µ°¸É¢ Ö¤·  ¢
µ¡² ¸É¨ ¨Ì ´ ¨¡µ²¥¥ ¸¨²Ó´µ£µ ¨§³¥´¥´¨Ö. ˆ³¥´´µ §¤¥¸Ó ´¨§±µ²¥¦ Ð¨¥
Ê·µ¢´¨, ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ±µÉµ·ÒÌ ¸µ¤¥·¦¨É Éµ²Ó±µ ´¥¸±µ²Ó±µ ¶·µ¸ÉÒÌ ¨
µ¡ÒÎ´µ Ìµ·µÏµ ¨§¢¥¸É´ÒÌ ±µ³¶µ´¥´É, É· ´¸Ëµ·³¨·ÊÕÉ¸Ö ¢ ±µ³¶ Ê´¤-¸µ¸ÉµÖ-
´¨Ö. ˆÌ ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¸µ¤¥·¦¨É, ¸µ£² ¸´µ µÍ¥´±¥ ‚.ƒ.‘µ²µ¢Ó¥¢  [1],
∼ 106 − 109 ¸² £ ¥³ÒÌ. �ÉµÉ ¤¨ ¶ §µ´ ¨§³¥´¥´¨Ö ¸¢µ°¸É¢ Ö¤·   ¸¸µÍ¨¨·Ê-
¥É¸Ö ¸ ¨§¢¥¸É´Ò³¨ ¶¥·¥Ìµ¤ ³¨ ±² ¸¸¨Î¥¸±¨Ì ¸¨¸É¥³ µÉ ¸µ¸ÉµÖ´¨Ö ®¶µ·Ö¤± ¯
± ¸µ¸ÉµÖ´¨Õ ®Ì µ¸ ¯.
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Ÿ¸´µ, ÎÉµ Ô±¸¶¥·¨³¥´É ²Ó´µ¥ ¨§ÊÎ¥´¨¥ ¸¢µ°¸É¢ Ö¤·  ¨³¥´´µ ¢ ÔÉµ° µ¡² -
¸É¨ ¥£µ ¢µ§¡Ê¦¤¥´¨° µ¡¥Ð ¥É ¤ ÉÓ ¢¥¸Ó³  ¸ÊÐ¥¸É¢¥´´ÊÕ ¨´Ëµ·³ Í¨Õ µ ¸¢µ°-
¸É¢ Ì Ö¤¥·´µ° ³ É¥·¨¨. �¥¸³µÉ·Ö ´  µÉ´µ¸¨É¥²Ó´ÊÕ ³ ²µ¸ÉÓ ÔÉµ£µ ¨´É¥·-
¢ ²  Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö ¨ ¨¸±²ÕÎ¨É¥²Ó´ÊÕ ¶·µ¸ÉµÉÊ ¶·µÍ¥¸¸  ¢µ§¡Ê¦¤¥-
´¨Ö ¸µ¸ÉµÖ´¨° Ö¤·  ¢ ´¥³ (± ± § Ì¢ É ³¥¤²¥´´µ£µ ´¥°É·µ´  ¸ ¶µ¸²¥¤ÊÕÐ¨³
γ-· ¸¶ ¤µ³, É ± ¨ ¤·Ê£¨¥ Ö¤¥·´Ò¥ ·¥ ±Í¨¨), ¤µ ¸¥·¥¤¨´Ò 80-Ì £µ¤µ¢ ´¥ ¸Ê-
Ð¥¸É¢µ¢ ²µ ³¥Éµ¤¨±¨ ¸¨¸É¥³ É¨Î¥¸±µ£µ ¨§¢²¥Î¥´¨Ö ¤¥É ²Ó´µ° ¨ ´ ¤¥¦´µ°
¨´Ëµ·³ Í¨¨ µ ¸¢µ°¸É¢ Ì Ö¤·  ¸ ¢Ò¸µ±µ° ¶²µÉ´µ¸ÉÓÕ Ê·µ¢´¥° ¢ ¤¨ ¶ §µ´¥ ¢µ§-
¡Ê¦¤¥´¨° µÉ ∼1Ä2 ŒÔ‚ ¤µ Ô´¥·£¨¨ ¸¢Ö§¨ ´¥°É·µ´  Bn. �Éµ ¶·µ¨¸Ìµ¤¨²µ ¶µ
µÎ¥´Ó ¶·µ¸Éµ° ¶·¨Î¨´¥ Å · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¸µ¸ÉµÖ´¨Ö³¨ ¶·¨ É ±¨Ì Ô´¥·£¨ÖÌ
¢µ§¡Ê¦¤¥´¨Ö ¸· ¢´¨³µ ¨ § Î ¸ÉÊÕ ³´µ£µ ³¥´ÓÏ¥ Ô´¥·£¥É¨Î¥¸±µ£µ · §·¥Ï¥´¨Ö
¸µ¢·¥³¥´´ÒÌ ¸¶¥±É·µ³¥É·µ¢ γ-¨§²ÊÎ¥´¨Ö. Š Éµ³Ê ¦¥ ¢µ§³µ¦´µ¸É¨ ¶µ²´µ£µ ¨
µ¤´µ§´ Î´µ£µ ¢µ¸¸É ´µ¢²¥´¨Ö ¸Ì¥³Ò · ¸¶ ¤  ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°
Ö¤·  ¶µ ¸¶¥±É·Ê ¨§²ÊÎ ¥³ÒÌ γ-±¢ ´Éµ¢ ·¥ ²Ó´µ ´¥ ¸ÊÐ¥¸É¢Ê¥É ¨§-§  ¨¸±²ÕÎ¨-
É¥²Ó´µ° ¸²µ¦´µ¸É¨ ¨ ´¥µ¤´µ§´ Î´µ¸É¨ ·¥Ï¥´¨Ö É ±µ° µ¡· É´µ° § ¤ Î¨ ¶·¨
Éµ³ ±µ²¨Î¥¸É¢¥ ¢µ§³µ¦´ÒÌ ¶¥·¥Ìµ¤µ¢, ±µÉµ·µ¥ ¸µ¶·µ¢µ¦¤ ¥É γ-· ¸¶ ¤ ¤µ¸É -
ÉµÎ´µ ÉÖ¦¥²µ£µ ´¥³ £¨Î¥¸±µ£µ Ö¤· . ‚ Éµ ¦¥ ¢·¥³Ö ¨¸±²ÕÎ¨É¥²Ó´ Ö ¢ ¦´µ¸ÉÓ
¨§ÊÎ¥´¨Ö ¸¢µ°¸É¢ ¸µ¸ÉµÖ´¨°, ²¥¦ Ð¨Ì ´  ´¥¸±µ²Ó±µ ŒÔ‚ ´¨¦¥ Ô´¥·£¨¨ ¸¢Ö§¨
´¥°É·µ´ , ¤²Ö · §¢¨É¨Ö É¥µ·¨¨ Ö¤·  ¢ Í¥²µ³ ¨ ±¢ §¨Î ¸É¨Î´µ-Ëµ´µ´´µ° ³µ-
¤¥²¨ Ö¤·  ¢ Î ¸É´µ¸É¨, ³´µ£µ±· É´µ ¶µ¤Î¥·±¨¢ ² ¸Ó ‚.ƒ.‘µ²µ¢Ó¥¢Ò³.

�Î¥´Ó ÔËË¥±É¨¢´Ò° ¶µ¤Ìµ¤ ± ·¥Ï¥´¨Õ ÔÉµ° ¶·µ¡²¥³Ò ¶µÖ¢¨²¸Ö, ±µ£¤ 
¢ „Ê¡´¥ ¡Ò²µ ¶·µ¤¥³µ´¸É·¨·µ¢ ´µ [2], ÎÉµ Ìµ·µÏµ ¨§¢¥¸É´Ò° ³¥Éµ¤ ¸Ê³³¨-
·µ¢ ´¨Ö  ³¶²¨ÉÊ¤ ¸µ¢¶ ¤ ÕÐ¨Ì ¨³¶Ê²Ó¸µ¢ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢¥¸Ó³  µ·¤¨-
´ ·´ÒÌ Ge(Li)-¤¥É¥±Éµ·µ¢ ¸ µÉ´µ¸¨É¥²Ó´µ° ÔËË¥±É¨¢´µ¸ÉÓÕ ¤ ¦¥ ´  Ê·µ¢´¥
� 10% ¶µ§¢µ²Ö¥É ´ ±µ¶¨ÉÓ §  ¶·¨¥³²¥³µ¥ ¢·¥³Ö Ô±¸¶¥·¨³¥´É  (´¥¸±µ²Ó±µ
¸µÉ¥´ Î ¸µ¢) 5000 ÷ 15000 ¨ ¡µ²¥¥ ¸²ÊÎ ¥¢ ·¥£¨¸É· Í¨¨ ± ¸± ¤µ¢ ¸ § ¤ ´-
´Ò³ §´ Î¥´¨¥³ E1 + E2 = Bn − Eg =const ¢ ¶¨± Ì ¶µ²´µ£µ ¶µ£²µÐ¥´¨Ö
µ¡µ¨Ì ¶¥·¥Ìµ¤µ¢ ¨§ ³¨Ï¥´¨, µ¡²ÊÎ ¥³µ° É¥¶²µ¢Ò³¨ ´¥°É·µ´ ³¨. —Éµ ¢¥¸Ó³ 
¸ÊÐ¥¸É¢¥´´µ, ¤ ¦¥ ¡¥§ ¨¸¶µ²Ó§µ¢ ´¨Ö É¥Ì´¨±¨  ´É¨±µ³¶Éµ´µ¢¸±µ° § Ð¨ÉÒ
±µ²¨Î¥¸É¢µ Ëµ´µ¢ÒÌ ¸µ¢¶ ¤¥´¨° Éµ° ¦¥ ¸ ³µ° ¸Ê³³ ·´µ° Ô´¥·£¨¨ ´¥ ´ -
³´µ£µ ¶·¥¢ÒÏ ¥É ±µ²¨Î¥¸É¢µ ¶µ²¥§´ÒÌ ¸µ¡ÒÉ¨°. �Éµ ¸¶· ¢¥¤²¨¢µ ¤²Ö ± ¸± -
¤µ¢, Ô´¥·£¨Ö ±µ´¥Î´µ£µ Ê·µ¢´Ö Eg ±µÉµ·ÒÌ ´¥ ¶·¥¢ÒÏ ¥É 500÷ 1000 ±Ô‚. ˆ
ÔÉµÉ Ëµ´ ³µ¦¥É ¡ÒÉÓ ¸É É¨¸É¨Î¥¸±¨ ÉµÎ´µ ¢ÒÎÉ¥´ ¨§ ¶µ²ÊÎ ¥³ÒÌ ¢ ·¥¦¨³¥
®of-line¯ ¸¶¥±É·µ¢ Å · ¸¶·¥¤¥²¥´¨° ¨´É¥´¸¨¢´µ¸É¨ ¤¢ÊÌ±¢ ´Éµ¢ÒÌ ± ¸± ¤µ¢,
¸¢Ö§Ò¢ ÕÐ¨Ì ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨¥ ¸ § ¤ ´´Ò³ ´¨§±µ²¥¦ Ð¨³ Ê·µ¢´¥³ ¡¥§
¢Ò¶µ²´¥´¨Ö ¤µ¶µ²´¨É¥²Ó´µ£µ Ô±¸¶¥·¨³¥´É .

‚µ§³µ¦´µ¸ÉÓ ·¥§±µ£µ Ê¢¥²¨Î¥´¨Ö ÔËË¥±É¨¢´µ¸É¨ ¨§¢²¥Î¥´¨Ö ¨´Ëµ·³ -
Í¨¨ ¨§ γγ-¸µ¢¶ ¤¥´¨°, ´ ± ¶²¨¢ ¥³ÒÌ ¢ É ±µ³ É¥Ì´¨Î¥¸±¨ É· ¤¨Í¨µ´´µ³
Ô±¸¶¥·¨³¥´É¥, µ¶·¥¤¥²Ö¥É¸Ö ´¥¸±µ²Ó±¨³¨ Ë ±Éµ· ³¨:

 ) ¶µ²ÊÎ ¥³Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´µ¸É¥° ¸µ¤¥·¦ É ¨´Ëµ·³ Í¨Õ µ
³ ±¸¨³ ²Ó´µ ¢µ§³µ¦´µ³ ±µ²¨Î¥¸É¢¥ ± ¸± ¤µ¢ (¢±²ÕÎ Ö ±µ´É¨´ÊÊ³ ¸² ¡ÒÌ,
´¥ · §·¥Ï¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´µ ¢ Ëµ·³¥ ¨§µ²¨·µ¢ ´´ÒÌ ¶¨±µ¢) ¢ ³¨´¨-
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³ ²Ó´µ³ ±µ²¨Î¥¸É¢¥ ¸¶¥±É·µ¢ ¶·¨ µ¤´µ§´ Î´µ° Ë¨±¸ Í¨¨ ± ± ´ Î ²Ó´µ£µ, É ±
¨ ±µ´¥Î´µ£µ Ê·µ¢´¥°, ¸¢Ö§ ´´ÒÌ ¨³¨;

¡) ±µ²¨Î¥¸É¢¥´´ Ö ¨´Ëµ·³ Í¨Ö ¨§¢²¥± ¥É¸Ö ¨§ µ¡² ¸É¨ É·¥Ì³¥·´µ£µ ¶·µ-
¸É· ´¸É¢  ®Ô´¥·£¨ÖÅÔ´¥·£¨ÖÅ±µ²¨Î¥¸É¢µ ¸µ¡ÒÉ¨°¯, Ì · ±É¥·¨§Ê¥³µ° ³¨´¨-
³ ²Ó´µ ¢µ§³µ¦´Ò³ Ëµ´µ³;

¢) ¨³¥¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ÉÓ Î¨¸²¥´´Ò° ³¥Éµ¤ Ê²ÊÎÏ¥´¨Ö · §·¥-
Ï¥´¨Ö [3], ´¥ Ê³¥´ÓÏ ÕÐ¨° ÔËË¥±É¨¢´µ¸ÉÓ Ô±¸¶¥·¨³¥´É ;

£) ¸ ¶µ³µÐÓÕ  ²£µ·¨É³  [4], ¨¸¶µ²Ó§ÊÕÐ¥£µ ³¥Éµ¤ ³ ±¸¨³ ²Ó´µ£µ ¶· ¢-
¤µ¶µ¤µ¡¨Ö, ± ¸± ¤Ò c ´ ¨¡µ²ÓÏ¥° ¨´É¥´¸¨¢´µ¸ÉÓÕ, ´ ¡²Õ¤ ¥³Ò¥ ¢ ¸¶¥±É· Ì
¢ ¢¨¤¥ ¶ · · §·¥Ï¥´´ÒÌ ¶¨±µ¢, ³µ¦´µ ¶· ±É¨Î¥¸±¨ µ¤´µ§´ Î´µ ¸ ¢Ò¸µ±µ°
¤µ¸Éµ¢¥·´µ¸ÉÓÕ [5] · §³¥¸É¨ÉÓ ¢ ¸Ì¥³¥ · ¸¶ ¤  ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¨§Ê-
Î ¥³µ£µ Ö¤·  ¤ ¦¥ ¡¥§ ¶·¨¢²¥Î¥´¨Ö ¨´Ëµ·³ Í¨¨ ¨§ ¤·Ê£¨Ì Ô±¸¶¥·¨³¥´Éµ¢;

¤) ± ± ·¥§Ê²ÓÉ É ¶·¨³¥´¥´¨Ö ³¥Éµ¤¨±¨ [4], ¢¥¸Ó³  ¸ÊÐ¥¸É¢¥´´ Ö Î ¸ÉÓ
§ ·¥£¨¸É·¨·µ¢ ´´µ° ¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢ ³µ¦¥É ¡ÒÉÓ µ¤´µ§´ Î´µ ¸µµÉ´¥-
¸¥´  [6] ¸ Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö ¶·µ³¥¦ÊÉµÎ´µ£µ Ê·µ¢´Ö ± ¸± ¤  ¡¥§ ¨¸¶µ²Ó-
§µ¢ ´¨Ö É¥Ì´¨±¨ ¨§³¥·¥´¨Ö ¢·¥³¥´¨ ¥£µ ¦¨§´¨ (·¥ ²Ó´µ µÉ¸ÊÉ¸É¢ÊÕÐ¥° ¤²Ö
¨§ÊÎ ¥³µ£µ ¶·µÍ¥¸¸  ¸ ¥£µ Ì · ±É¥·´Ò³¨ ¢·¥³¥´ ³¨ ¶µ·Ö¤±  10−12−10−15 ¸);

¥) ¢ µÉ²¨Î¨¥ µÉ É· ¤¨Í¨µ´´ÒÌ ³¥Éµ¤µ¢  ´ ²¨§  ¸µ¢¶ ¤¥´¨°, ¶µ²ÊÎ¥´-
´Ò¥ ¨§ Ô±¸¶¥·¨³¥´É  · ¸¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´µ¸É¥° ¤¢ÊÌ±¢ ´Éµ¢ÒÌ ± ¸± ¤µ¢
³µ£ÊÉ ¡ÒÉÓ ¶·Ö³µ ¨¸¶µ²Ó§µ¢ ´Ò ¤²Ö ¶·µ¢¥·±¨ ³µ¤¥²Ó´ÒÌ ¶·¥¤¸É ¢²¥´¨° µ
¡ §µ¢ÒÌ ¶ · ³¥É· Ì ± ¸± ¤´µ£µ γ-· ¸¶ ¤  Å ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¸ § ¤ ´´Ò³¨
±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ ¨ Ï¨·¨´ Ì ± ¸± ¤´ÒÌ ¶¥·¥Ìµ¤µ¢.

Š ´ ¸ÉµÖÐ¥³Ê ¢·¥³¥´¨ ´¥µ¡Ìµ¤¨³Ò¥ ¤²Ö ¶·µ¢¥¤¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ
 ´ ²¨§  Ô±¸¶¥·¨³¥´ÉÒ ¢Ò¶µ²´¥´Ò ¢ „Ê¡´¥, 
¨£¥ (‹ É¢¨Ö) ¨ 
¦¥¦¥ (—¥Ì¨Ö),
  ¶µ²ÊÎ¥´´Ò¥ ¤ ´´Ò¥ ¶·µ ´ ²¨§¨·µ¢ ´Ò ¢ „Ê¡´¥ ¤²Ö 42 Ö¤¥· ¨§ µ¡² ¸É¨
114 ≤ A ≤ 200, Éµ ¥¸ÉÓ ¢ µ¡² ¸É¨ Ö¤¥·, ¶·¥¤¸É ¢²ÖÕÐ¨Ì ³ ±¸¨³ ²Ó´Ò¥ É·Ê¤-
´µ¸É¨ ¤²Ö ¨Ì ¨§ÊÎ¥´¨Ö, ¶µ²ÊÎ¥´  µ¡¨²Ó´ Ö ¨ ¤¥É ²Ó´ Ö ¨´Ëµ·³ Í¨Ö. kµ²ÓÏµ°
¥¥ µ¡Ñ¥³ ¶µ§¢µ²Ö¥É ´ ¤¥ÖÉÓ¸Ö ´  ¶µ²ÊÎ¥´¨¥ ¢¥¸Ó³  Í¥´´ÒÌ ¤ ´´ÒÌ µ ¸¢µ°-
¸É¢ Ì Ö¤· .

‘ ÉµÎ±¨ §·¥´¨Ö É¥µ·¥É¨±µ¢ [1], ´¥É ´¨± ±µ° ´¥µ¡Ìµ¤¨³µ¸É¨ ¢ ¤¥É ²Ó-
´µ³ ¨§ÊÎ¥´¨¨ ¸É·Ê±ÉÊ·Ò ¢µ²´µ¢µ° ËÊ´±Í¨¨ µÉ¤¥²Ó´µ ¢§ÖÉµ£µ ¸µ¸ÉµÖ´¨Ö Ö¤· 
¤²Ö Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö ¢ÒÏ¥ 1Ä3 ŒÔ‚. ˆ´É¥·¥¸ ¶·¥¤¸É ¢²ÖÕÉ Éµ²Ó±µ ´¥-
±µÉµ·Ò¥ ¨Ì ¶ · ³¥É·Ò, Ê¸·¥¤´¥´´Ò¥ ¶µ ¡µ²ÓÏ¥³Ê ¨²¨ ³¥´ÓÏ¥³Ê ¨´É¥·¢ ²Ê
Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö Ö¤· . �Éµ, ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ¶²µÉ´µ¸ÉÓ ρ = D−1 ¸µ-
¸ÉµÖ´¨°, ¶ · ³¥É·Ò ±µÉµ·ÒÌ (´ ¶·¨³¥·, ¸¶¨´Ò, Î¥É´µ¸ÉÓ ¨ É.¤.) ´ Ìµ¤ÖÉ¸Ö ¢
§ ¤ ´´ÒÌ ¨´É¥·¢ ² Ì §´ Î¥´¨°, ¨ ¸·¥¤´ÖÖ ¶·¨¢¥¤¥´´ Ö ¢¥·µÖÉ´µ¸ÉÓ (· ¤¨ Í¨-
µ´´ Ö ¸¨²µ¢ Ö ËÊ´±Í¨Ö)

f = Γλi/(E3
γA

2/3Dλ) (1)

¶µÖ¢²¥´¨Ö ¶·¨ ¨Ì · ¸¶ ¤¥ E1- ¨²¨ M1-¶¥·¥Ìµ¤  ¸µ ¸·¥¤´¥° Ï¨·¨´µ° Γλi
¨ Ô´¥·£¨¥° Eγ , ¸¢Ö§Ò¢ ÕÐ¥£µ ¸µ¸ÉµÖ´¨Ö λ ¨ i. �·¥¤¸É ¢²ÖÕÉ ¨´É¥·¥¸ ¨
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¢ ·¨ Í¨¨ ÔÉ¨Ì ¶ · ³¥É·µ¢ µÉ´µ¸¨É¥²Ó´µ ¸·¥¤´¥£µ §´ Î¥´¨Ö. Š ± ¶ · ³¥-
É·Ò ρ ¨ f , É ± ¨ ¨Ì ¢ ·¨ Í¨¨ ³µ£ÊÉ ¡ÒÉÓ µ¶·¥¤¥²¥´Ò ¢ · ³± Ì ³µ¤¥²Ó´ÒÌ
¶·¥¤¸É ¢²¥´¨° µ ¸¢µ°¸É¢ Ì Ö¤¥·´µ° ³ É¥·¨¨. Œµ¤¥²¨, ¶·¥¤¸± §Ò¢ ÕÐ¨¥ É -
±¨¥ ¶ · ³¥É·Ò ¸ ³ ±¸¨³ ²Ó´µ° ÉµÎ´µ¸ÉÓÕ, ¸²¥¤Ê¥É · ¸¸³ É·¨¢ ÉÓ ± ± ³ ±-
¸¨³ ²Ó´µ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ·¥ ²Ó´µ¸É¨. Šµ´±·¥É´Ò¥ Ë ±Éµ·Ò, ÊÎ¨ÉÒ¢ ¥³Ò¥
³µ¤¥²ÓÕ, µÉ· ¦ ÕÉ ¸É¥¶¥´Ó ¢²¨Ö´¨Ö ¸É·Ê±ÉÊ·Ò ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ´ 
¨¸¸²¥¤Ê¥³Ò° ¶·µÍ¥¸¸.

’¥ ¦¥ ¢¥²¨Î¨´Ò µ¶·¥¤¥²ÖÕÉ É ±¨¥ ¢ ¦´Ò¥ ¤²Ö ¶· ±É¨±¨ ¶ · ³¥É·Ò Ö¤· ,
± ± ¶µ²´ Ö · ¤¨ Í¨µ´´ Ö Ï¨·¨´  Γλ ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨Ö ¨ ¸¶¥±É· ¶·µ¤Ê±Éµ¢
·¥ ±Í¨¨. ‚ µ¡¸Ê¦¤ ¥³µ³ §¤¥¸Ó Ô±¸¶¥·¨³¥´É¥ ÔÉµ ¨´É¥´¸¨¢´µ¸ÉÓ Iγγ ± ¸± ¤µ¢
¨§ ¤¢ÊÌ ¶µ¸²¥¤µ¢ É¥²Ó´µ ¨¸¶ÊÐ¥´´ÒÌ ¶¥·¥Ìµ¤µ¢ ¢ ¶·µ¨§¢µ²Ó´µ³, ´µ ¤µ¸É -
ÉµÎ´µ ³ ²µ³ ¶µ ¸· ¢´¥´¨Õ ¸ Ô´¥·£¨¥° ¸¢Ö§¨ ´¥°É·µ´  Bn ¨´É¥·¢ ²¥ Ô´¥·-
£¨° ¨Ì ¶·µ³¥¦ÊÉµÎ´µ£µ Ê·µ¢´Ö ¨ ¸¶¥±É· ¶¥·¢¨Î´ÒÌ γ-¶¥·¥Ìµ¤µ¢ ± ± ¶µ²´ Ö
¸Ê³³  ¨Ì ¨´É¥´¸¨¢´µ¸É¨ ¶µ ¢¸¥³ ¢µ§³µ¦´Ò³ ±µ´¥Î´Ò³ Ê·µ¢´Ö³ ¤¢ÊÌ±¢ ´Éµ-
¢ÒÌ ± ¸± ¤µ¢.
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 §´µµ¡· §´ Ö ¨ ¸ÊÐ¥¸É¢¥´´ Ö ¨´Ëµ·³ Í¨Ö µ ¸¢µ°¸É¢ Ì Ö¤·  ¡Ò²  ¶µ²Ê-
Î¥´  ± ´ ¸ÉµÖÐ¥³Ê ¢·¥³¥´¨ ¨§ ¡µ²ÓÏµ£µ Î¨¸²  Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¨§ÊÎ¥´¨Õ
·¥ ±Í¨¨ (n, γ) ¶· ±É¨Î¥¸±¨ ¤²Ö ¢¸¥Ì ¢µ§³µ¦´ÒÌ Ö¤¥·-³¨Ï¥´¥°. �¸´µ¢´µ°
¶·µ¡²¥³µ° ¨Ì  ´ ²¨§  Ö¢²Ö¥É¸Ö ¶· ±É¨Î¥¸± Ö ´¥¢µ§³µ¦´µ¸ÉÓ ·¥Ï¥´¨Ö µ¡· É-
´µ° § ¤ Î¨ Å µ¶·¥¤¥²¥´¨Ö ¢¥²¨Î¨´ Γλi ¨ ρ ¨§ ¤ ´´ÒÌ Ô±¸¶¥·¨³¥´É . ’¨¶¨Î-
´Ò³ ¶·¨³¥·µ³ §¤¥¸Ó Ö¢²ÖÕÉ¸Ö ¶µ²´Ò¥ · ¤¨ Í¨µ´´Ò¥ Ï¨·¨´Ò [7] ¨ ¶µ²´Ò¥
¸¶¥±É·Ò γ-¨§²ÊÎ¥´¨Ö, ¨§³¥·¥´´Ò¥ [8] ¶·¨ § Ì¢ É¥ É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢. �·¨-
³¥·Ò ¨¸¶µ²Ó§µ¢ ´¨Ö ÔÉµ° ¨´Ëµ·³ Í¨¨ ¤²Ö É¥¸É¨·µ¢ ´¨Ö ¸ÊÐ¥¸É¢ÊÕÐ¨Ì Ö¤¥·-
´ÒÌ ³µ¤¥²¥° ³µ¦´µ ´ °É¨ ¢ [9]. •µÉÖ ÔÉ¨ ¶ · ³¥É·Ò ¶·µÍ¥¸¸  ¶µ²´µ¸ÉÓÕ
¤¥É¥·³¨´¨·ÊÕÉ¸Ö Î¨¸²µ³ ¤µ¸ÉÊ¶´ÒÌ ¤²Ö ¢µ§¡Ê¦¤¥´¨Ö ¸µ¸ÉµÖ´¨° Ö¤·  ¨ ¢¥-
·µÖÉ´µ¸ÉÓÕ ¶µÖ¢²¥´¨Ö γ-¶¥·¥Ìµ¤ , µ¶·¥¤¥²¨ÉÓ ¶²µÉ´µ¸ÉÓ Ê·µ¢´¥° ¨ Ï¨·¨´Ò
¨§ ¤ ´´ÒÌ [7, 8] ¸ ÉµÎ´µ¸ÉÓÕ Ô±¸¶¥·¨³¥´É  ·¥ ²Ó´µ ´¥¢µ§³µ¦´µ. ’¥³ ´¥ ³¥-
´¥¥ ¢ ±µ³¡¨´ Í¨¨ ¸ É¥µ·¥É¨Î¥¸±¨³¨ ¶·¥¤¸É ¢²¥´¨Ö³¨ µ ¶·µ¨¸Ìµ¤ÖÐ¨Ì ¢ Ö¤·¥
¶·µÍ¥¸¸ Ì (£ § ´¥¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì Ë¥·³¨-Î ¸É¨Í [10] ¨²¨ ¸¢¥·ÌÉ¥±ÊÎ¥¸ÉÓ
Ö¤¥·´µ° ³ É¥·¨¨ [11]) ÔÉ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ§¢µ²¨²¨ ¸µ§¤ ÉÓ ¨
¶ · ³¥É·¨§µ¢ ÉÓ ¤µ¸É ÉµÎ´µ ±µ··¥±É´Ò¥ ³µ¤¥²¨ ¶²µÉ´µ¸É¨ Ê·µ¢´¥°. � ¨¸-
¶µ²Ó§µ¢ ´¨¥ ¶·¥¤¸É ¢²¥´¨° µ ¤¨´ ³¨±¥ Ö¤¥·´ÒÌ ¢µ§¡Ê¦¤¥´¨° ¤ ²µ ³µ¤¥²¨,
¶·¨£µ¤´Ò¥ ¤²Ö · ¸Î¥É  ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ E1- ¨ M1-¶¥·¥Ìµ¤µ¢ É¨¶  [12Ä
14]. �¸´µ¢´µ° ¶µ¸ÉÊ² É, ¨¸¶µ²Ó§Ê¥³Ò° ¢ ¶µ¤µ¡´µ³  ´ ²¨§¥ Å ¶·¥¤¸É ¢²¥´¨¥
µ ´¥¸¥²¥±É¨¢´µ¸É¨ ·¥ ±Í¨¨ (n, γ), Éµ ¥¸ÉÓ ¶·¥¤¸É ¢²¥´¨¥ µ Éµ³, ÎÉµ µ¸´µ¢-
´Ò¥ ¶ · ³¥É·Ò ¶·µÍ¥¸¸  γ-· ¸¶ ¤  ¤²Ö É·¥¡Ê¥³µ° ÉµÎ´µ¸É¨ · ¸Î¥É  ³µ£ÊÉ
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¡ÒÉÓ ¶µ²ÊÎ¥´Ò ¡¥§ ÊÎ¥É  ¢²¨Ö´¨Ö ¤¥É ²¥° ¸É·Ê±ÉÊ·Ò ¢µ²´µ¢µ° ËÊ´±Í¨¨ ´ 
¶²µÉ´µ¸ÉÓ Ê·µ¢´¥° ¨ Ï¨·¨´Ò ¶¥·¥Ìµ¤µ¢, ¶µ ±· °´¥° ³¥·¥, ¤²Ö ¤µ¸É ÉµÎ´µ
¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°.

Š ± ·¥§Ê²ÓÉ É, ³µ¤¥²Ó´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö [10Ä14] µ¡¥¸¶¥Î¨¢ ÕÉ ¢µ§³µ¦-
´µ¸ÉÓ · ¸Î¥É  ¸¶¥±É·  ¨¸¶Ê¸± ¥³µ£µ γ-¨§²ÊÎ¥´¨Ö ¸ ³ ±¸¨³ ²Ó´Ò³ µÉ±²µ-
´¥´¨¥³ ¢ ´¥¸±µ²Ó±µ · §. ‚ µÉ¤¥²Ó´ÒÌ ¦¥ ¸²ÊÎ ÖÌ ¶ · ³¥É·Ò ± ¸± ¤´µ£µ
γ-· ¸¶ ¤  ³µ£ÊÉ ¡ÒÉÓ ¢µ¸¶·µ¨§¢¥¤¥´Ò ¸ ¶µ³µÐÓÕ ¶¥·¥Î¨¸²¥´´ÒÌ ³µ¤¥²¥° ¸
ÉµÎ´µ¸ÉÓÕ ¢ ´¥¸±µ²Ó±µ ¤¥¸ÖÉ±µ¢ ¶·µÍ¥´Éµ¢. �µ, ± ± ¢¨¤´µ ¨§ ¢Ò· ¦¥´¨Ö ¤²Ö
¶µ²´µ° · ¤¨ Í¨µ´´µ° Ï¨·¨´Ò, µ¶·¥¤¥²Ö¥³µ° Î¥·¥§ ¸·¥¤´¨¥ (¶µ ¤µ¸É ÉµÎ´µ
³ ²µ³Ê ¨´É¥·¢ ²Ê) §´ Î¥´¨Ö ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ Γλi ¨ ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ρi
¢ ´¥±µÉµ·µ³ ¨´É¥·¢ ²¥ Ô´¥·£¨° ∆E ¢µ§¡Ê¦¤¥´¨Ö i:

Γλ =
∑
i

Γλi(ρi∆E), (2)

¸µµÉ¢¥É¸É¢¨¥ Ô±¸¶¥·¨³¥´É ²Ó´µ° ¨ ¶µ²´µ° · ¸Î¥É´µ° Ï¨·¨´Ò ³µ¦¥É ¡ÒÉÓ
¤µ¸É¨£´ÊÉµ §  ¸Î¥É ±µ³¶¥´¸ Í¨¨ ¶·¥¢ÒÏ¥´¨Ö, ´ ¶·¨³¥·, ³µ¤¥²Ó´µ° ¶²µÉ´µ-
¸É¨ Ê·µ¢´¥° ¢ ´¥±µÉµ·µ³ ¨´É¥·¢ ²¥ Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö, § ´¨¦¥´¨¥³ Ï¨·¨´
¶¥·¢¨Î´ÒÌ ¶¥·¥Ìµ¤µ¢ ²¨¡µ ¢ ÔÉµ³, ²¨¡µ ¢ ²Õ¡µ³ ¤·Ê£µ³ ¨´É¥·¢ ²¥.

Œ ±¸¨³ ²Ó´Ò¥ ´  ¸¥£µ¤´ÖÏ´¨° ¤¥´Ó ¢µ§³µ¦´µ¸É¨ ¤²Ö ¶µ²ÊÎ¥´¨Ö ¨´Ëµ·-
³ Í¨¨ µ ¸¢µ°¸É¢ Ì ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤·  ´¨¦¥ Bn µ¡¥¸¶¥Î¨¢ ÕÉ
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ µ ¢¥·µÖÉ´µ¸É¨ ¶µÖ¢²¥´¨Ö ¤¢ÊÌ±¢ ´Éµ¢ÒÌ ± ¸± ¤µ¢
Iγγ , ¸¢Ö§Ò¢ ÕÐ¨Ì ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨¥ λ ¸ § ¤ ´´Ò³¨ ±µ´¥Î´Ò³¨ Ê·µ¢´Ö³¨
Ö¤·  g ¨ ¢µ§¡Ê¦¤ ÕÐ¨Ì ¶·¨ ÔÉµ³ nλi = ρi∆E ¶·µ³¥¦ÊÉµÎ´ÒÌ ¸µ¸ÉµÖ´¨°
¨§ ¨´É¥·¢ ²  i. �±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·Ö¥³ Ö ¨´É¥´¸¨¢´µ¸ÉÓ µ¶·¥¤¥²Ö¥É¸Ö
± ± ´¥¨§¢¥¸É´Ò³¨ §´ Î¥´¨Ö³¨ ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ ¶¥·¢¨Î´ÒÌ ¨ ¢Éµ·¨Î´ÒÌ
¶¥·¥Ìµ¤µ¢, É ± ¨ ´¥¨§¢¥¸É´µ° ¶²µÉ´µ¸ÉÓÕ Ê·µ¢´¥° ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

Iγγ =
∑
J,π

(Γλi/ < Γλi > mλi)nλi(Γig/ < Γig > mig). (3)

‚ ÔÉµ³ ¢Ò· ¦¥´¨¨ ¶µ²´Ò¥ · ¤¨ Í¨µ´´Ò¥ Ï¨·¨´Ò · ¸¶ ¤ ÕÐ¨Ì¸Ö ¸µ-
¸ÉµÖ´¨° λ ¨ i ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥ ¶·µ¨§¢¥¤¥´¨Ö ¸·¥¤´¥° ¶µ ¸¶¥±É·Ê ¶ ·Í¨-
 ²Ó´µ° Ï¨·¨´Ò ´  Î¨¸²µ m ¢µ§¡Ê¦¤ ¥³ÒÌ ¶·¨ ¨Ì · ¸¶ ¤¥ Ê·µ¢´¥°. ‚ É ±µ³
¶·¥¤¸É ¢²¥´¨¨ ¢¨¤´µ, ÎÉµ ¨´É¥´¸¨¢´µ¸ÉÓ ± ¸± ¤µ¢ µ¶·¥¤¥²Ö¥É¸Ö µÉ´µÏ¥´¨Ö³¨
¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ ¨ ±µ³¡¨´ Í¨¥° Î¨¸²  ¸µ¸ÉµÖ´¨° ¢ · §²¨Î´ÒÌ ¨´É¥·¢ ² Ì
Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö Ö¤· . ‘ ÊÎ¥Éµ³ ¸¢Ö§¨ ³¥¦¤Ê Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥-
´¨¥³ ¶µ²´µ° · ¤¨ Í¨µ´´µ° Ï¨·¨´Ò ¨ ÔÉ¨³¨ ¦¥ ¶ · ³¥É· ³¨ ¨§ ¢Ò· ¦¥´¨Ö
(2) ¨´É¥´¸¨¢´µ¸ÉÓ ± ¸± ¤µ¢ ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ Ëµ·³¥

ΓγIγγ =
∑
J,π

Γλinλi(Γig/ < Γig > mig). (4)
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‘Ê³³¨·µ¢ ´¨¥ ¢ (3) ¨ (4) ¤²Ö µ¡¥¸¶¥Î¥´¨Ö ¸µµÉ¢¥É¸É¢¨Ö · ¸Î¥É´ÒÌ ¨ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¢¥²¨Î¨´ ¤µ²¦´µ ¡ÒÉÓ ¢Ò¶µ²´¥´µ ¶µ ¢¸¥³ ¢µ§³µ¦´Ò³ §´ -
Î¥´¨Ö³ Jπ ¶·µ³¥¦ÊÉµÎ´ÒÌ, ±µ´¥Î´ÒÌ Ê·µ¢´¥° ± ¸± ¤µ¢ ¨, ¶·¨ ´¥µ¡Ìµ¤¨³µ-
¸É¨, ¶µ µ¡µ¨³ §´ Î¥´¨Ö³ ¸¶¨´  ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨Ö, ¢µ§¡Ê¦¤ ¥³µ£µ É¥¶²µ¢Ò³
´¥°É·µ´µ³. ‘¨³¢µ²Ò <> §¤¥¸Ó ¨¸¶µ²Ó§µ¢ ´Ò ¤²Ö µ¶·¥¤¥²¥´¨Ö Ê¸·¥¤´¥´-
´ÒÌ ¶µ ¸¶¥±É·Ê ¢¸¥Ì ¢µ§³µ¦´ÒÌ §´ Î¥´¨° ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ ¶¥·¢¨Î´ÒÌ
¨ ¢Éµ·¨Î´ÒÌ ¶¥·¥Ìµ¤µ¢ ± ¸± ¤µ¢, ¢µ§¡Ê¦¤ ÕÐ¨Ì mλi ¨ mig Ê·µ¢´¥° ¸µµÉ¢¥É-
¸É¢¥´´µ. �· ¢¨²  µÉ¡µ·  ¶µ ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ µ¤´µ§´ Î´µ µ¶·¥¤¥²ÖÕÉ ¨´É¥·-
¢ ² ¸¶¨´µ¢ ¨ Î¥É´µ¸ÉÓ Ê·µ¢´¥°, ±µÉµ·Ò¥ ¸²¥¤Ê¥É ÊÎ¥¸ÉÓ ¢ · ¸Î¥É¥.

ƒ² ¢´µ¥ § ±²ÕÎ¥´¨¥, ¸²¥¤ÊÕÐ¥¥ ¨§  ´ ²¨§  ¤ ´´ÒÌ ¶µ ¨´É¥´¸¨¢´µ¸ÉÖ³
± ¸± ¤µ¢, ¸µ¸Éµ¨É ¢ ¢¥¸Ó³  ¸ÊÐ¥¸É¢¥´´µ° ´¥¸µ¢³¥¸É¨³µ¸É¨ ·¥§Ê²ÓÉ Éµ¢ Ô±¸¶¥-
·¨³¥´É  ¨ · ¸Î¥Éµ¢ ¢ · ³± Ì ¶·¥¤¸É ¢²¥´¨° ¸É É¨¸É¨Î¥¸±µ° É¥µ·¨¨ γ-· ¸¶ ¤ 
±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨Ö ÉÖ¦¥²µ£µ Ö¤· , ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ³µ-
¤¥²Ó´ÒÌ ¶·¥¤¸É ¢²¥´¨° µ Ö¤·¥ ± ± µ ¸¨¸É¥³¥ ´¥¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì Ë¥·³¨-
Î ¸É¨Í. �¸´µ¢´µ° Ë ±Éµ·, µ¶·¥¤¥²ÖÕÐ¨° ÔÉµ · ¸Ìµ¦¤¥´¨¥, Å ¶·¥¢ÒÏ¥´¨¥
³µ¤¥²Ó´µ § ¤ ´´µ° ¶²µÉ´µ¸É¨ Ê·µ¢´¥° [10] ´ ¤ ·¥ ²Ó´µ ¢µ§¡Ê¦¤ ¥³µ° ¢ ·¥ ±-
Í¨¨ (n, γ) ¢ ¤µ¸É ÉµÎ´µ Ï¨·µ±µ³ ¨´É¥·¢ ²¥ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö Ö¤· . �Éµ
§ ±²ÕÎ¥´¨¥ ¶·Ö³µ ¸²¥¤Ê¥É ¨§:

 ) ¶·¥¢ÒÏ¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´µ° ¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢ ´ ¤ ·¥§Ê²Ó-
É É ³¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì · ¸Î¥Éµ¢ ¶µ ¢Ò· ¦¥´¨Õ (3),

¡) ± Î¥¸É¢¥´´µ µ¡· É´µ ¶·µ¶µ·Í¨µ´ ²Ó´µ° § ¢¨¸¨³µ¸É¨ Iγγ µÉ ¶²µÉ´µ¸É¨
Ê·µ¢´¥° ¶·¨ ¥¥ ´¥§ ¢¨¸¨³µ¸É¨ µÉ  ¡¸µ²ÕÉ´µ£µ §´ Î¥´¨Ö ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´
± ¸± ¤´ÒÌ ¶¥·¥Ìµ¤µ¢.

�µ¸²¥¤´¨° ¢Ò¢µ¤ µ¤´µ§´ Î´µ ¸²¥¤Ê¥É ¨§ Ëµ·³Ò ¸¢Ö§¨ ³¥¦¤Ê Î¨¸²µ³ Ê·µ¢-
´¥° mλi, nλi ¨ mig , ¢µ§¡Ê¦¤ ¥³ÒÌ ¤¨¶µ²Ó´Ò³¨ ¶¥·¥Ìµ¤ ³¨ ¢ · §²¨Î´ÒÌ ¨´-
É¥·¢ ² Ì Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö Ö¤· , ¢Ìµ¤ÖÐ¨Ì ¢ ¢Ò· ¦¥´¨¥ (3). � ·Í¨ ²Ó´Ò¥
¦¥ Ï¨·¨´Ò ¶¥·¢¨Î´ÒÌ ¨ ¢Éµ·¨Î´ÒÌ ¶¥·¥Ìµ¤µ¢ µ¶·¥¤¥²ÖÕÉ ¨´É¥´¸¨¢´µ¸ÉÓ
± ¸± ¤µ¢ Iγγ Éµ²Ó±µ Î¥·¥§ µÉ´µÏ¥´¨¥ ± ¨Ì ¸·¥¤´¥° ¶µ ¢¸¥³Ê ¢µ§³µ¦´µ³Ê
¸¶¥±É·Ê ¢¥²¨Î¨´¥. �· ±É¨Î¥¸±¨ µ¡· É´ÊÕ ¶·µ¶µ·Í¨µ´ ²Ó´µ¸ÉÓ ¨´É¥´¸¨¢´µ-
¸É¨ ± ¸± ¤µ¢ ¶²µÉ´µ¸É¨ Ê·µ¢´¥° µ¡¥¸¶¥Î¨¢ ¥É ¢Éµ·¨Î´Ò° ¶¥·¥Ìµ¤ ± ¸± ¤  § 
¸Î¥É Éµ£µ, ÎÉµ ¢¥·µÖÉ´µ¸ÉÓ ¥£µ ¶µÖ¢²¥´¨Ö ¶·¨ · ¸¶ ¤¥ ¶·µ³¥¦ÊÉµÎ´µ£µ Ê·µ¢´Ö
µ¡· É´µ ¶·µ¶µ·Í¨µ´ ²Ó´a Î¨¸²Ê mig ¢¸¥Ì ¸µ¸ÉµÖ´¨°, ²¥¦ Ð¨Ì ´¨¦¥ (Éµ ¥¸ÉÓ
¨´É¥£· ²Ê µÉ ¨Ì ¶²µÉ´µ¸É¨).

Š ¸µ¦ ²¥´¨Õ, ¤ ¦¥ ¶·¥¤¸É ¢²¥´¨Ö ´ ¨¡µ²¥¥ ¸µ¢·¥³¥´´µ° ³µ¤¥²¨ ¶²µÉ-
´µ¸É¨ Ê·µ¢´¥° Å µ¡µ¡Ð¥´´µ° ³µ¤¥²¨ ¸¢¥·ÌÉ¥±ÊÎ¥£µ Ö¤·  (�Œ‘Ÿ) ´¥ ³µ£ÊÉ
µ¡¥¸¶¥Î¨ÉÓ ¸µµÉ¢¥É¸É¢¨Ö · ¸Î¥É´ÒÌ ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° Iγγ . ‚
¸¢µ¥³ · ´´¥³ ¢ ·¨ ´É¥ [11] �Œ‘Ÿ ¶·¨ ¢µ§¡Ê¦¤¥´¨ÖÌ ´¨¦¥ ´¥¸±µ²Ó±¨Ì ŒÔ‚
¶·¥¤¸± §Ò¢ ¥É ¶²µÉ´µ¸ÉÓ Ê·µ¢´¥° ³´µ£µ ³¥´ÓÏÊÕ, Î¥³ É , ±µÉµ· Ö ¸µµÉ¢¥É-
¸É¢Ê¥É ´ ¡²Õ¤ ¥³µ³Ê ¢ Ô±¸¶¥·¨³¥´É¥ Î¨¸²Ê ¶·µ³¥¦ÊÉµÎ´ÒÌ Ê·µ¢´¥° ± ¸± -
¤µ¢. � ¥¥ ¸µ¢·¥³¥´´Ò° ¢ ·¨ ´É [15] ¸±µ·¥¥ ¢¸¥£µ ¡ §¨·Ê¥É¸Ö ´  ¸ÊÐ¥¸É¢¥´´µ
µÉ²¨Î ÕÐ¨Ì¸Ö µÉ ·¥ ²Ó´µ¸É¨ ¶·¥¤¸É ¢²¥´¨ÖÌ µ ¶¥·¥Ìµ¤¥ Ö¤·  ¨§ ¸¢¥·ÌÉ¥±Ê-
Î¥£µ ¸µ¸ÉµÖ´¨Ö ¢ µ¡ÒÎ´µ¥ (¸³. · §¤. 4). ’ ±µ¥ § ±²ÕÎ¥´¨¥ ¶·Ö³µ ¸²¥¤Ê¥É
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¨§  ´ ²¨§  ¶·¨¢¥¤¥´´µ° ´¨¦¥ Ëµ·³Ò Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ¶²µÉ´µ¸É¨
Ê·µ¢´¥°, ¡¥§ ±µÉµ·µ° ´¥¢µ§³µ¦´µ ¢µ¸¶·µ¨§¢¥¸É¨ Ô±¸¶¥·¨³¥´É ²Ó´µ ´ ¡²Õ¤ -
¥³ÊÕ ¨´É¥´¸¨¢´µ¸ÉÓ ± ¸± ¤µ¢. …¥ ´¥¢µ§³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨
¶ · ³¥É·µ¢ Ë §µ¢µ£µ ¶¥·¥Ìµ¤  ¸¢¥·ÌÉ¥±ÊÎ¥£µ ¸µ¸ÉµÖ´¨Ö ¢ µ¡ÒÎ´µ¥, ±µÉµ·Ò¥
¶·¨³¥´ÖÕÉ¸Ö  ¢Éµ· ³¨ �Œ‘Ÿ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö [15]. �É  ¸¨ÉÊ Í¨Ö µ¡Ñ¥±-
É¨¢´µ µ¡Ê¸²µ¢²¥´  ± ± ¢¥¸Ó³  ¸ÊÐ¥¸É¢¥´´Ò³¨ ¶·µ¡²¥³ ³¨ µ¶¨¸ ´¨Ö ¸¢µ°¸É¢
Ö¤·  ¢ µ¡² ¸É¨ ³ ±¸¨³ ²Ó´µ£µ ¨§³¥´¥´¨Ö ¥£µ ¸¢µ°¸É¢, É ± ¨ Ö¢´µ° ´¥¤µ¸É -
ÉµÎ´µ¸ÉÓÕ ¡ §¨¸  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¶·¨£µ¤´ÒÌ, ¶µ¤Î¥·±´¥³ §¤¥¸Ó,
¤²Ö · §· ¡µÉ±¨ ¥£µ ¡µ²¥¥ ¸µ¢·¥³¥´´ÒÌ ³µ¤¥²¥°.

…¸²¨ ÊÎ¥¸ÉÓ, ÎÉµ ¶·¥¤¸É ¢²¥´¨Ö ³µ¤¥²¨ ´¥¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥£µ Ë¥·³¨-
£ §  ·¥ ²Ó´µ ´¥¢µ§³µ¦´µ ¨§³¥´¨ÉÓ É ±, ÎÉµ¡Ò ³µ¤¨Ë¨Í¨·µ¢ ´´ Ö ³µ¤¥²Ó
³µ£²  ¡Ò µ¡¥¸¶¥Î¨ÉÓ Ê¢¥²¨Î¥´¨¥ · ¸Î¥É´µ° ¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢ ¢ ´¥-
¸±µ²Ó±µ · §, Éµ ¶· ±É¨Î¥¸±¨ ¥¤¨´¸É¢¥´´µ ¢µ§³µ¦´Ò³ µ¸É ¥É¸Ö ³µ¤¨Ë¨± Í¨Ö
¶·¥¤¸É ¢²¥´¨° �Œ‘Ÿ. …¥ Í¥²Ó Å µ¶·¥¤¥²¨ÉÓ ± ± µ¡² ¸É¨ ´¥¸µµÉ¢¥É¸É¢¨Ö ³µ-
¤¥²Ó´µ° ¨ ·¥ ²Ó´µ° ¶²µÉ´µ¸É¨ ¢µ§¡Ê¦¤ ¥³ÒÌ Ê·µ¢´¥°, É ± ¨ ¢ÒÖ¢¨ÉÓ µ¸´µ¢-
´Ò¥ Ë ±Éµ·Ò, ÊÎ¥É ±µÉµ·ÒÌ ³µ£ ¡Ò Ê³¥´ÓÏ¨ÉÓ ÔÉµ · ¸Ìµ¦¤¥´¨¥. „ ´´Ò¥ ¶µ
Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´´Ò³ ¨´É¥´¸¨¢´µ¸ÉÖ³ ¤¢ÊÌ±¢ ´Éµ¢ÒÌ ± ¸± ¤µ¢ ¶µ-
§¢µ²ÖÕÉ ¢ ± ±µ°-Éµ ³¥·¥ ¤µ¸É¨ÎÓ ¦¥² ¥³µ£µ ¤¢Ê³Ö ¸¶µ¸µ¡ ³¨. ‹Õ¡µ° ± ¸± ¤
¢ Ô±¸¶¥·¨³¥´É¥ ´ ¡²Õ¤ ¥É¸Ö ²¨¡µ ¢ ®¸¶²µÏ´µ³¯ · ¸¶·¥¤¥²¥´¨¨ ¸Ê¶¥·¶µ§¨-
Í¨¨ ¨Ì ¡µ²ÓÏµ£µ Î¨¸² , ²¨¡µ ¢ Ëµ·³¥ ¤µ¸É ÉµÎ´µ ¨§µ²¨·µ¢ ´´ÒÌ ¨ · §·¥-
Ï¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´µ ¶ · ¶¨±µ¢. �µÔÉµ³Ê  ´ ²¨§ ³µ¦¥É ¡ÒÉÓ ¢Ò¶µ²´¥´
± ± ¤²Ö ¤¨¸±·¥É´µ£µ ´ ¡µ·  µ¶·¥¤¥²¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´µ ¨´É¥´¸¨¢´µ¸É¥°
¨´¤¨¢¨¤Ê ²Ó´ÒÌ ± ¸± ¤µ¢, É ± ¨ ¤²Ö Ê¸·¥¤´¥´´µ° ¶µ ´¥±µÉµ·µ³Ê ¨´É¥·¢ ²Ê
¢µ§¡Ê¦¤¥´¨° ¢¸¥° ¨Ì ¸Ê³³¥.

�µ¸±µ²Ó±Ê ´ ¨¡µ²¥¥ ¢ ¦´Ò³ ¶ · ³¥É·µ³ ¢ É¥µ·¥É¨Î¥¸±¨Ì ¶·¥¤¸É ¢²¥-
´¨ÖÌ µ Ö¤·¥ Ö¢²Ö¥É¸Ö ¶²µÉ´µ¸ÉÓ ¸µ¸ÉµÖ´¨°, Éµ ´ ¨¡µ²ÓÏ¥¥ ±µ²¨Î¥¸É¢µ ¶µ-
²ÊÎ¥´´µ° ´ ³¨ Ô±¸¶¥·¨³¥´É ²Ó´µ° ¨´Ëµ·³ Í¨¨ µ¡Ê¸²µ¢²¥´µ ¨§ÊÎ¥´¨¥³ ¨
¢ÒÖ¢²¥´¨¥³ Ë ±Éµ·µ¢, µ¶·¥¤¥²ÖÕÐ¨Ì · ¸Ìµ¦¤¥´¨¥ ¥¥ ·¥ ²Ó´ÒÌ §´ Î¥´¨° ¸
¸ÊÐ¥¸É¢ÊÕÐ¨³¨ É¥µ·¥É¨Î¥¸±¨³¨ ¶·¥¤¸É ¢²¥´¨Ö³¨. ‚µ§³µ¦´µ¸É¨ ¤²Ö ÔÉµ£µ
¶·¥¤µ¸É ¢²Ö¥É  ´ ²¨§ ¸¶¥±É·µ¸±µ¶¨Î¥¸±µ° ¨´Ëµ·³ Í¨¨ ¨ Ê¸·¥¤´¥´´ÒÌ ¶µ
´¥¡µ²ÓÏµ³Ê ¨´É¥·¢ ²Ê Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¨´É¥´¸¨¢´µ¸É¥° ¢¸¥Ì ± ¸± ¤µ¢.

2.1. � ¡²Õ¤ ¥³ Ö ·¥£Ê²Ö·´µcÉÓ ¸¶¥±É·  ´ ¨¡µ²¥¥ ¨´É¥´¸¨¢´µ ¢µ§¡Ê¦-
¤ ¥³ÒÌ ¸µ¸ÉµÖ´¨°. �²µÉ´µ¸ÉÓ Ê·µ¢´¥° ¢ ¶·¥¤¸É ¢²¥´¨ÖÌ �Œ‘Ÿ ¶µ²ÊÎ¥´  ¢
· ³± Ì  ¤¨ ¡ É¨Î¥¸±µ£µ ¶µ¤Ìµ¤ , Éµ ¥¸ÉÓ ¢ ¶·¥¤¸É ¢²¥´¨¨ µ Éµ³, ÎÉµ ¸Ê³-
³ ·´ Ö Ô´¥·£¨Ö ¢´ÊÉ·¥´´¨Ì (Ë¥·³¨µ´´ÒÌ) ¢µ§¡Ê¦¤¥´¨° Ö¤·  ³´µ£µ ¡µ²ÓÏ¥
Ô´¥·£¨¨ ¥£µ ±µ²¥¡ É¥²Ó´ÒÌ (¡µ§µ´´ÒÌ) ¢µ§¡Ê¦¤¥´¨°. Ÿ¸´µ, ¨  ¢Éµ·Ò �Œ‘Ÿ
ÔÉµ ³´µ£µ±· É´µ ¶µ¤Î¥·±¨¢ ²¨, ÎÉµ É ±µ° ¶µ¤Ìµ¤ £ · ´É¨·Ê¥É · ¸Ìµ¦¤¥´¨¥
³µ¤¥²Ó´ÒÌ ¶·¥¤¸É ¢²¥´¨° ¨ ·¥ ²Ó´µ¸É¨ ¶·¨ ´¥¡µ²ÓÏ¨Ì ¢µ§¡Ê¦¤¥´¨ÖÌ Ö¤· .
„²Ö ¨Ì Ê¸É· ´¥´¨Ö ´¥µ¡Ìµ¤¨³µ Ê¸É ´µ¢¨ÉÓ, ± ±¨³ µ¡· §µ³ ¨§¢¥¸É´Ò¥ Ëµ´µ´-
´Ò¥ ¢µ§¡Ê¦¤¥´¨Ö (É¨¶  µ¤´µ-, ¤¢ÊÌËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨° ¸Ë¥·¨Î¥¸±¨Ì ¨²¨
β, γ-¶µ²µ¸ ¤¥Ëµ·³¨·µ¢ ´´ÒÌ Ö¤¥·) ¸ Ì · ±É¥·´µ° Ô´¥·£¨¥° 0, 5 ÷ 1 ŒÔ‚
É· ´¸Ëµ·³¨·ÊÕÉ¸Ö ¢ ¢¨¡· Í¨µ´´Ò¥ ¢µ§¡Ê¦¤¥´¨Ö ¸ ±¢ ´É ³¨ ³´µ£µ ³¥´ÓÏ¥°
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Ô´¥·£¨¨. „²Ö ÔÉµ£µ ¶·¥¦¤¥ ¢¸¥£µ ´¥µ¡Ìµ¤¨³µ µÍ¥´¨ÉÓ ¸Ê³³ ·´ÊÕ Ô´¥·£¨Õ
¢¨¡· Í¨µ´´ÒÌ ¢µ§¡Ê¦¤¥´¨° Ö¤·  ¨ Ô´¥·£¨¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ±¢ ´Éµ¢ ¶· ±-
É¨Î¥¸±¨ ¤²Ö ¢¸¥£µ ¨´É¥·¢ ²  ¸µ¸ÉµÖ´¨°, ¢µ§¡Ê¦¤ ¥³ÒÌ ¶·¨ § Ì¢ É¥ ³¥¤²¥´-
´µ£µ ´¥°É·µ´ , Éµ ¥¸ÉÓ É·¥¡Ê¥É¸Ö Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¨´Ëµ·³ Í¨Ö µ Éµ³, ± ±
¨§³¥´ÖÕÉ¸Ö ¶ · ³¥É·Ò Ö¤· , µ¡Ê¸²µ¢²¥´´Ò¥ ¥£µ ±µ²¥¡ ´¨Ö³¨, ¨§-§  ¢§ ¨³µ-
¤¥°¸É¢¨Ö Ëµ´µ´µ¢ ¸ ±¢ §¨Î ¸É¨Í ³¨ ¶·¨ Ê¢¥²¨Î¥´¨¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¨
¸µµÉ¢¥É¸É¢ÊÕÐ¥³ Ê¸²µ¦´¥´¨¨ ¸É·Ê±ÉÊ·Ò ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´´µ£µ
¸µ¸ÉµÖ´¨Ö ÉÖ¦¥²µ£µ Ö¤· . �Éµ ³µ£²µ ¡Ò ¸µ§¤ ÉÓ ¡ §¨¸ ¤²Ö ¤ ²Ó´¥°Ï¥£µ · §-
¢¨É¨Ö ³µ¤¥²Ó´ÒÌ ¶·¥¤¸É ¢²¥´¨° É¨¶  �Œ‘Ÿ ´¨¦¥ Bn.

�¶·¥¤¥²¨ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´µ ÌµÉÖ ¡Ò µ¸´µ¢´Ò¥ ±µ³¶µ´¥´ÉÒ ¢µ²´µ¢µ°
ËÊ´±Í¨¨ ¤²Ö ¶·µ¨§¢µ²Ó´µ£µ (§  ´¥¡µ²ÓÏ¨³¨ ¨¸±²ÕÎ¥´¨Ö³¨) ¸µ¸ÉµÖ´¨Ö ¸
Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö ¢ÒÏ¥, ´ ¶·¨³¥·, ∼ 1 ŒÔ‚ ¢ ´¥Î¥É´µ³ ¶µ N ¨/¨²¨ Z ¨
¢ÒÏ¥ ∼ 2 ŒÔ‚ ¢ Î¥É´µ-Î¥É´µ³ Ö¤· Ì ¸¥°Î ¸ ´¥¢µ§³µ¦´µ. �µÔÉµ³Ê ¢µ§´¨± ¥É
¶·µ¡²¥³  ¢ÒÖ¢²¥´¨Ö ÌµÉÖ ¡Ò µÉ´µ¸¨É¥²Ó´µ° ·µ²¨ ¢¨¡· Í¨µ´´ÒÌ ¢µ§¡Ê¦¤¥´¨°
¶·¨ Ô´¥·£¨ÖÌ ´¨¦¥ ´¥¸±µ²Ó±¨Ì ŒÔ‚ ¢ ²Õ¡µ³ Ö¤·¥. ‚ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ´¥µ¡-
Ìµ¤¨³  Ô±¸¶¥·¨³¥´É ²Ó´ Ö µÍ¥´±  ·¥ ²Ó´µ° Ô´¥·£¨¨ Ëµ´µ´µ¢ ¢ ÔÉµ° µ¡² ¸É¨
Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö. ’¥µ·¥É¨Î¥¸±¨¥ · §· ¡µÉ±¨ ¢ ÔÉµ³ ´ ¶· ¢²¥´¨¨ µ¸Ê-
Ð¥¸É¢²¥´Ò £·Ê¶¶µ° ‚.ƒ.‘µ²µ¢Ó¥¢  ¢ · ³± Ì ¶·¥¤¸É ¢²¥´¨° ±¢ §¨Î ¸É¨Î´µ-
Ëµ´µ´´µ° ³µ¤¥²¨ Ö¤·  ´  ¡ §¨¸¥ ¶ · ³¥É·µ¢ ³µ¤¥²Ó´µ£µ Ö¤¥·´µ£µ £ ³¨²ÓÉµ-
´¨ ´ , Ê¸É ´µ¢²¥´´ÒÌ ¶·¨ ¨§ÊÎ¥´¨¨ ´¨§±µ²¥¦ Ð¨Ì ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°
Ö¤· . Ÿ¸´µ, ÎÉµ ¶µ²ÊÎ¥´´Ò¥ ± ´ ¸ÉµÖÐ¥³Ê ¢·¥³¥´¨ ¢Ò¢µ¤Ò É¥µ·¥É¨Î¥¸±µ£µ
¨¸¸²¥¤µ¢ ´¨Ö ¶·µ¡²¥³Ò ¢§ ¨³µ¤¥°¸É¢¨Ö ±¢ §¨Î ¸É¨Í ¸ Ëµ´µ´ ³¨ ³µ£ÊÉ ¡ÒÉÓ
¸¶· ¢¥¤²¨¢Ò³¨ Éµ²Ó±µ ¢ ¸²ÊÎ ¥ ¸µÌ· ´¥´¨Ö ¸µµÉ´µÏ¥´¨Ö ·µ²¨ · §²¨Î´ÒÌ
É¨¶µ¢ Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¶·¨ ¶µ¢ÒÏ¥´¨¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö Ö¤· .
�µ¸±µ²Ó±Ê ¢ ¶·¨´Í¨¶¥ ÔÉµ ³µ¦¥É ¡ÒÉÓ ´¥ É ±, Éµ ¤²Ö Ê¸É ´µ¢²¥´¨Ö ·¥ ²Ó´µ°
¸¨ÉÊ Í¨¨ ³Ò µ¡Ö§ ´Ò ÊÎ¨ÉÒ¢ ÉÓ ¢µ§³µ¦´µ¸ÉÓ Éµ£µ, ÎÉµ ¶ · ³¥É·Ò ³µ¤¥²Ó-
´µ£µ £ ³¨²ÓÉµ´¨ ´  ¶·¨ Ê¢¥²¨Î¥´¨¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¨§³¥´ÖÕÉ¸Ö. ˆ
¨³¥´´µ ¸É¥¶¥´Ó ÔÉµ£µ ¨§³¥´¥´¨Ö ¤µ²¦¥´ µ¶·¥¤¥²¨ÉÓ ¨²¨ ÌµÉÖ ¡Ò µÍ¥´¨ÉÓ
Ô±¸¶¥·¨³¥´É.

�¥±µÉµ·Ò¥ ¢µ§³µ¦´µ¸É¨ ¤²Ö ¨§ÊÎ¥´¨Ö µ¡¸Ê¦¤ ¥³µ° ¶·µ¡²¥³Ò ¶·¥¤µ¸É -
¢²ÖÕÉ ¤¢  µ¡¸ÉµÖÉ¥²Ó¸É¢ , ¸µ¶ÊÉ¸É¢ÊÕÐ¨e ¢¨¡· Í¨µ´´µ³Ê É¨¶Ê ¢µ§¡Ê¦¤¥´¨°,
  ¨³¥´´µ:

 ) ¥£µ £ ·³µ´¨Î´µ¸ÉÓ ¤²Ö Î¨¸Éµ ±µ²¥¡ É¥²Ó´ÒÌ ¸µ¸ÉµÖ´¨°;
¡) Ê¸¨²¥´¨¥ ¢¥·µÖÉ´µ¸É¨ ¶¥·¥Ìµ¤  ¶·¨ · ¸¶ ¤¥ ¸µ¸ÉµÖ´¨°, ¢µ²´µ¢ Ö ËÊ´±-

Í¨Ö ±µÉµ·ÒÌ ¸µ¤¥·¦¨É § ³¥É´Ò¥ ±µ³¶µ´¥´ÉÒ ¢¨¡· Í¨µ´´µ£µ É¨¶ .
…Ð¥ ¶·¨  ´ ²¨§¥ ¶¥·¢ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ¨´É¥´¸¨¢´µ¸ÉÖ³

¤¢ÊÌ±¢ ´Éµ¢ÒÌ ± ¸± ¤µ¢ ¡Ò²µ Ê¸É ´µ¢²¥´µ [16], ÎÉµ ¢ ¨Ì ¸¶¥±É·¥ ´ ¡²Õ¤ -
ÕÉ¸Ö É ±¨¥ ± ¸± ¤Ò, ¨´É¥´¸¨¢´µ¸ÉÓ ±µÉµ·ÒÌ ´¥ ³µ¦¥É ¡ÒÉÓ µ¡ÑÖ¸´¥´  ¸²Ê-
Î °´Ò³¨ ¶µ·É¥·-Éµ³ ¸µ¢¸±¨³¨ Ë²Ê±ÉÊ Í¨Ö³¨ Ï¨·¨´ ± ¸± ¤´ÒÌ ¶¥·¥Ìµ¤µ¢
(¤²Ö ³µ¤¥²Ó´µ Ë¨±¸¨·µ¢ ´´ÒÌ ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¨ ¸¨²µ¢ÒÌ ËÊ´±Í¨° ± ¸-
± ¤´ÒÌ ¶¥·¥Ìµ¤µ¢). �·¨ ÔÉµ³ ¢ ¨§³¥·¥´´ÒÌ · ¸¶·¥¤¥²¥´¨ÖÌ ¨´É¥´¸¨¢´µ¸É¥°
¤¢ÊÌ±¢ ´Éµ¢ÒÌ ± ¸± ¤µ¢ § Î ¸ÉÊÕ ³µ¦´µ ¢¨§Ê ²Ó´µ ´ ¡²Õ¤ ÉÓ ¶· ±É¨Î¥¸±ÊÕ
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Ô±¢¨¤¨¸É ´É´µ¸ÉÓ ¶µ²µ¦¥´¨° ¶¨±µ¢, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ·¥£¨¸É· Í¨¨ ¶¥·¥Ìµ-
¤µ¢ ´ ¨¡µ²¥¥ ¸¨²Ó´ÒÌ ± ¸± ¤µ¢. �¥¸±µ²Ó±µ ¶µ§¤´¥¥ [17] ¡Ò² ¢Ò¶µ²´¥´  ´ -
²¨§ · ¸¶·¥¤¥²¥´¨° · ¸¸ÉµÖ´¨° ³¥¦¤Ê ¶·µ³¥¦ÊÉµÎ´Ò³¨ Ê·µ¢´Ö³¨ ´ ¨¡µ²¥¥
¨´É¥´¸¨¢´ÒÌ ± ¸± ¤µ¢ ¸ Í¥²ÓÕ µÍ¥´±¨ §´ Î¥´¨° ¢µ§³µ¦´ÒÌ ¶¥·¨µ¤µ¢ Ô±¢¨-
¤¨¸É ´É´µ¸É¨ ¢ ¶µ²µ¦¥´¨ÖÌ É·µ¥± ´ ¨¡µ²¥¥ ¨´É¥´¸¨¢´ÒÌ ± ¸± ¤µ¢. •µÉÖ µ´
´¥ ¢ ¸µ¸ÉµÖ´¨¨ ¤ ¦¥ ¢ ¶·¨´Í¨¶¥ ¤ ÉÓ µ¤´µ§´ Î´Ò° µÉ¢¥É ´  ÔÉµÉ ¢µ¶·µ¸ ¢
¸¨²Ê ¸¶¥Í¨Ë¨±¨ ·¥Ï ¥³µ° § ¤ Î¨, ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¨³¥ÕÉ¸Ö µ¸´µ¢ ´¨Ö
¸Î¨É ÉÓ ´ ¡²Õ¤ ¥³ÊÕ ·¥£Ê²Ö·´µ¸ÉÓ ¢ ¸¶¥±É· Ì ´¥ ¸²ÊÎ °´µ°.


¨¸. 1. ‘£² ¦¥´´µ¥ · ¸¶·¥¤¥²¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨´É¥´¸¨¢´µ¸É¥° Iγγ (´µ·³¨-
·µ¢ ´µ ´  104 · ¸¶ ¤µ¢ ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨Ö) ´ ¨¡µ²¥¥ ¸¨²Ó´ÒÌ ± ¸± ¤µ¢ ¢ 174,175Yb
¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö E¢µ§¡ ¨Ì ¶·µ³¥¦ÊÉµÎ´µ£µ Ê·µ¢´Ö. �µ·µ£ µÉ-
¡µ·  Å 5 ´  104 · ¸¶ ¤µ¢ ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨Ö. �µ³¥Î¥´Ò ®¶µ²µ¸Ò¯ ¶· ±É¨Î¥¸±¨
Ô±¢¨¤¨¸É ´É´ÒÌ ¸µ¸ÉµÖ´¨° ¸ ´ °¤¥´´Ò³ ´ ¨¡µ²¥¥ ¢¥·µÖÉ´Ò³ ¶¥·¨µ¤µ³ Ô±¢¨¤¨¸É ´É-
´µ¸É¨ T

kµ²¥¥ ¸µ¢·¥³¥´´µ¥ ·¥Ï¥´¨¥ ¶·µ¡²¥³Ò ¡Ò²µ ¶·¥¤²µ¦¥´µ ¢ [18]. Œ¥Éµ-
¤¨±   ´ ²¨§  ¶·µ¸É : ¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢, ¶·¥¢ÒÏ ÕÐ¨¥ §´ Î¥´¨¥ ´¥-
±µÉµ·µ£µ ¢ ·Ó¨·Ê¥³µ£µ ¶µ·µ£ , ®· §³ §Ò¢ ²¨¸Ó¯ ¶µ ´¥¡µ²ÓÏµ³Ê ¨´É¥·¢ ²Ê
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Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö. �¡ÒÎ´µ ÔÉµ ¤¥² ²µ¸Ó ¤²Ö ¢¸¥Ì Ö¤¥· ¶ÊÉ¥³ ¨¸¶µ²Ó§µ-
¢ ´¨Ö ËÊ´±Í¨¨ ƒ Ê¸¸  ¸ ¶ · ³¥É·µ³ σ = 25 ±Ô‚ ± ± Ëµ·³Ò ²¨´¨¨ ± ¸± ¤ 
¥¤¨´¨Î´µ° ¨´É¥´¸¨¢´µ¸É¨. �·¨³¥· ¸Ê¶¥·¶µ§¨Í¨¨ ¢¸¥Ì ± ¸± ¤µ¢ ¢ § ¢¨¸¨³µ-
¸É¨ µÉ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¤²Ö ¶ ·Ò ¸µ¸¥¤´¨Ì ¶µ A Ö¤¥· ¶·¨¢¥¤¥´ ´  ·¨¸. 1.

�É³¥É¨³ ¤¢  µ¡¸ÉµÖÉ¥²Ó¸É¢ :
 ) ¢ ¸µ¸¥¤´¨Ì ¶µ A Ö¤· Ì §´ Î¥´¨Ö ´ °¤¥´´µ£µ ¶¥·¨µ¤  Ô±¢¨¤¨¸É ´É´µ¸É¨

¤µ²¦´Ò ¡ÒÉÓ ¤µ¸É ÉµÎ´µ ¡²¨§±¨, ± ± ÔÉµ ´ ¡²Õ¤ ¥É¸Ö ¤²Ö ¶·¨¢¥¤¥´´ÒÌ §¤¥¸Ó
¢ ± Î¥¸É¢¥ ¶·¨³¥·  ¨§µÉµ¶ Ì Yb;

¡) ¸Éµ²Ó Î¥É±µ¥ ¶·µÖ¢²¥´¨¥ ¶· ±É¨Î¥¸±µ° Ô±¢¨¤¨¸É ´É´µ¸É¨ ´¥ ³µ¦¥É
´ ¡²Õ¤ ÉÓ¸Ö ¢µ ¢¸¥Ì Ö¤· Ì ¨§-§  ´ ²µ¦¥´¨° Ô±¢¨¤¨¸É ´É´ÒÌ ®¶µ²µ¸¯ ¤·Ê£ ´ 
¤·Ê£  ¤ ¦¥ ¢ É¥Ì ¸²ÊÎ ÖÌ, ±µ£¤  ¢¥¸Ó ¸¶¥±É· Ö¤¥·´ÒÌ ¢µ§¡Ê¦¤¥´¨° µ¶·¥¤¥²ÖÕÉ
Éµ²Ó±µ É ±¨¥ ¸É·Ê±ÉÊ·Ò (¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ É¥¸ÉÒ ¢Ò¶µ²´¥´Ò ¢ [17]).

—¨¸²¥´´Ò°  ´ ²¨§ µÍ¥´±¨ ¢¥·µÖÉ´µ¸É¨ ¶µÖ¢²¥´¨Ö Ô±¢¨¤¨¸É ´É´µ¸É¨ ¢
 ´ ²µ£¨Î´ÒÌ · ¸¶·¥¤¥²¥´¨ÖÌ ¤²Ö ¢¸¥Ì ¨§ÊÎ¥´´ÒÌ Ö¤¥· ¨ · §²¨Î´ÒÌ ¶µ·µ£µ¢
·¥£¨¸É· Í¨¨ ¢Ò¶µ²´Ö²¸Ö ¸ ¶µ³µÐÓÕ  ¢Éµ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨ ¢¨¤ 

A(T ) =
∑
E

f(E)f(E + T )f(E + 2T ), (5)

¸Ê³³¨·ÊÕÐ¥° §´ Î¥´¨Ö · ¸¶·¥¤¥²¥´¨° f(E), É¨¶  ¶·¨¢¥¤¥´´ÒÌ ´  ·¨¸. 1, ¢
§ ¤ ´´ÒÌ ± ´ ² Ì ¸¶¥±É·  E. �´ ¶µ§¢µ²Ö¥É µ¶·¥¤¥²¨ÉÓ µÉ´µ¸¨É¥²Ó´ÊÕ ¢¥-
·µÖÉ´µ¸ÉÓ (·¨¸. 2) Éµ£µ, ÎÉµ ´ ¨¡µ²¥¥ ¨´É¥´¸¨¢´Ò¥ ± ¸± ¤Ò ¨ ¨Ì ¡²¨§±¨¥
³Ê²ÓÉ¨¶²¥ÉÒ ¸¢Ö§ ´Ò ¸ ¢µ§¡Ê¦¤¥´¨¥³ ± ± ³¨´¨³Ê³ É·¥Ì ¸µ¸ÉµÖ´¨° ¢¨¡· Í¨-
µ´´ÒÌ ®¶µ²µ¸¯, µÉ¸ÉµÖÐ¨Ì ¤·Ê£ µÉ ¤·Ê£  ¶· ±É¨Î¥¸±¨ ´  µ¤´µ³ ¨ Éµ³ ¦¥
· ¸¸ÉµÖ´¨¨.

�¥ ¢Ò§Ò¢ ¥É ¶·µ¡²¥³ (¶·¨ ´¥µ¡Ìµ¤¨³µ¸É¨) ¨ ¶·¨¡²¨§¨É¥²Ó´ Ö ±µ··¥±-
Í¨Ö Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸
¶·¥¤²µ¦¥´¨Ö³¨ [18] µ´  ³µ¦¥É ¡ÒÉÓ ¸¤¥² ´  ¡¥§ ¶·¨¢²¥Î¥´¨Ö ± ±¨Ì-²¨¡µ ³µ-
¤¥²Ó´ÒÌ ¶·¥¤¸É ¢²¥´¨° ¶ÊÉ¥³ ¤¥²¥´¨Ö · ¸¶·¥¤¥²¥´¨Ö f(E) ´   ´ ²µ£¨Î´µ¥,
´µ ¶µ²ÊÎ¥´´µ¥, ´ ¶·¨³¥·, ¤²Ö σ = 250 ±Ô‚.

Š ± ¶· ¢¨²µ, ¢ ¶·µ¨§¢µ²Ó´µ³ Ö¤·¥ ³µ¦´µ ¢Ò¤¥²¨ÉÓ ¤¢¥ ¨²¨ ¡µ²¥¥ ®¶µ-
²µ¸Ò¯ ¶· ±É¨Î¥¸±¨ Ô±¢¨¤¨¸É ´É´ÒÌ ¸µ¸ÉµÖ´¨° ¸ µ¤´¨³ ¨ É¥³ ¦¥ ¶¥·¨µ¤µ³
T ¨ ¨´µ£¤  ¸ ¡µ²ÓÏ¨³ Î¨¸²µ³ ¸µ¸ÉµÖ´¨° ¢ ´¨Ì. H ¨¡µ²¥¥ ¢ ¦´µ, ÎÉµ ¶¥-
·¨µ¤ ¢µ§³µ¦´µ° Ô±¢¨¤¨¸É ´É´µ¸É¨ ¤µ¢µ²Ó´µ ¶² ¢´µ ¢ ·Ó¨·Ê¥É¸Ö ¶·¨ ¨§³¥-
´¥´¨¨ Î¨¸²  ¡µ§µ´´ÒÌ ¶ · ´¥§ ¶µ²´¥´´ÒÌ ´Ê±²µ´´ÒÌ µ¡µ²µÎ¥± (¸ ÊÎ¥Éµ³
³ £¨Î¥¸±µ£µ Î¨¸²  N = 100 ¤¥Ëµ·³¨·µ¢ ´´µ£µ ¶µÉ¥´Í¨ ²  [19]). „ ´´Ò¥
¶µ ´ ¨¡µ²¥¥ ¢¥·µÖÉ´Ò³ ¶¥·¨µ¤ ³ Ô±¢¨¤¨¸É ´É´µ¸É¨ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 3 ¤²Ö
Î¥É´µ-Î¥É´ÒÌ ¨ ´¥Î¥É´ÒÌ ¶µ N ¨/¨²¨ Z Ö¤¥· · §¤¥²Ó´µ, ¶µ¸±µ²Ó±Ê ´ ±²µ´
¶·Ö³µ°, µÉ´µ¸¨É¥²Ó´µ ±µÉµ·µ°, ¢µ§³µ¦´µ, · ¸¶·¥¤¥²¥´Ò ¢ÒÖ¢²¥´´Ò¥ ¶¥·¨-
µ¤Ò Ô±¢¨¤¨¸É ´É´µ¸É¨, ¤²Ö Ö¤¥· ÔÉ¨Ì É¨¶µ¢ ´¥¸±µ²Ó±µ µÉ²¨Î ¥É¸Ö.

„µ¸É ÉµÎ´µ § ±µ´µ³¥·´Ò° Ì · ±É¥· ¨§³¥´¥´¨Ö ´ ¨¡µ²¥¥ ¢¥·µÖÉ´µ£µ ¶¥-
·¨µ¤  ·¥£Ê²Ö·´µ¸É¨ T ¶·¨ ¨§³¥´¥´¨¨ A ¶µ§¢µ²Ö¥É ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ¸²Ê-
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¨¸. 2. �¢Éµ±µ··¥²ÖÍ¨µ´´Ò¥ ËÊ´±Í¨¨ A(T ) ¤²Ö É·µ¥± ´ ¨¡µ²¥¥ ¨´É¥´¸¨¢´ÒÌ ± ¸± ¤µ¢
¤²Ö · §²¨Î´ÒÌ §´ Î¥´¨° ¶¥·¨µ¤µ¢ Ô±¢¨¤¨¸É ´É´µ¸É¨ T . �µ·µ£¨ µÉ¡µ·  5 (¶Ê´±É¨·´ Ö)
¨ 25 (¸¶²µÏ´ Ö ²¨´¨Ö) ¸²ÊÎ ¥¢ ´  104 · ¸¶ ¤µ¢

Î °´µ¥ ¶µÖ¢²¥´¨¥ ¢Ò¤¥²¥´´µ° Ê¶µ·Ö¤µÎ¥´´µ¸É¨ ¢ ¸¶¥±É·¥ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ-
¸ÉµÖ´¨° ³ ²µ¢¥·µÖÉ´µ, ÌµÉÖ ¶·¨ ¸µ¢·¥³¥´´µ³ ¸µ¸ÉµÖ´¨¨ Ô±¸¶¥·¨³¥´É  ´¥
¨¸±²ÕÎ¥´µ. ˆ ¶µÔÉµ³Ê ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢ · ³± Ì ¶·µ¸É¥°Ï¥° £¨¶µÉ¥§Ò ¶·µ-
³¥¦ÊÉµÎ´Ò¥ Ê·µ¢´¨ ´ ¨¡µ²¥¥ ¨´É¥´¸¨¢´ÒÌ ± ¸± ¤µ¢ ³µ£ÊÉ · ¸¸³ É·¨¢ ÉÓ¸Ö
± ± ®¶µ²µ¸Ò¯ ¸µ¸ÉµÖ´¨°, ¸É·Ê±ÉÊ·  ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ±µÉµ·ÒÌ µÉ²¨Î ¥É¸Ö
´  Í¥²µ¥ Î¨¸²µ ¢¨¡· Í¨µ´´ÒÌ ±¢ ´Éµ¢. Š Éµ³Ê ¦¥ ¤²Ö ´ ¨¡µ²¥¥ ¨´É¥´¸¨¢-
´ÒÌ ± ¸± ¤µ¢ Ô´¥·£¨¨ ÔÉ¨Ì ±¢ ´Éµ¢ ¶· ±É¨Î¥¸±¨ µ¤¨´ ±µ¢Ò (´¥¢µ§³ÊÐ¥´´Ò¥,
²¨¡µ ¨¸± ¦¥´´Ò¥ ¢ µ¤¨´ ±µ¢µ° ¸É¥¶¥´¨ ±µ²¥¡ ´¨Ö Ö¤· ), Éµ ¥¸ÉÓ, ¶µ ± ±µ°-Éµ
¶·¨Î¨´¥ ¢ ¨´É¥·¢ ²¥ ¢µ§¡Ê¦¤¥´¨° µÉ 1Ä2 ¤µ 3Ä4 ŒÔ‚ ¨²¨ ´¥¸±µ²Ó±µ ¡µ²Ó-
Ï¥³ § ³¥É´ Ö Î ¸ÉÓ Ô´¥·£¨¨ Ö¤·  ±µ´Í¥´É·¨·Ê¥É¸Ö ´  ¢µ§¡Ê¦¤¥´¨¨ ¥£µ ±µ²¥-
¡ ´¨°, ¢±²ÕÎ Ö ¶µÎÉ¨ £ ·³µ´¨Î¥¸±¨¥. ’ ±µ¥ § ±²ÕÎ¥´¨¥, ¡¥§Ê¸²µ¢´µ, ´µ¸¨É
¢ §´ Î¨É¥²Ó´µ° ³¥·¥ ± Î¥¸É¢¥´´Ò° Ì · ±É¥· ¨ ´¥ ¨¸±²ÕÎ ¥É ¢µ§³µ¦´µ¸É¨
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 ²ÓÉ¥·´ É¨¢´µ£µ µ¡ÑÖ¸´¥´¨Ö ÔËË¥±É . �µ µ´µ ¤ ¥É ¶·µ¸É¥°Ï¥¥ µ¡ÑÖ¸´¥´¨¥
¶·¨Î¨´Ò ¢ÒÖ¢²¥´´µ£µ ´¥¸µµÉ¢¥É¸É¢¨Ö ³¥¦¤Ê É¥µ·¥É¨Î¥¸±¨³¨ ¶·¥¤¸É ¢²¥´¨-
Ö³¨ ¨ ´ ¡²Õ¤ ¥³Ò³¨ ¢ Ô±¸¶¥·¨³¥´É¥ ¶ · ³¥É· ³¨ ¨§ÊÎ ¥³µ£µ ¶·µÍ¥¸¸ . ˆ
¨³¥´´µ ¶µÔÉµ³Ê ¥£µ ³µ¦´µ ¶·¨´ÖÉÓ ´  Ê·µ¢´¥ · ¡µÎ¥° £¨¶µÉ¥§Ò, ¨ ¤ ¦¥ ¢
± ±µ°-Éµ ¸É¥¶¥´¨ · ¡µÎ¥° ³µ¤¥²¨, É·¥¡ÊÕÐ¥° ¤ ²Ó´¥°Ï¥£µ Ô±¸¶¥·¨³¥´É ²Ó-


¨¸. 3. ‡ ¢¨¸¨³µ¸ÉÓ ¢Ò¤¥²¥´´µ£µ ¶¥·¨µ¤  Ô±¢¨¤¨¸É ´É´µ¸É¨ T ¢ ¨§ÊÎ¥´´ÒÌ ± ´ ¸Éµ-
ÖÐ¥³Ê ¢·¥³¥´¨ Î¥É´µ-Î¥É´ÒÌ (a), Î¥É´µ-´¥Î¥É´ÒÌ ¨ ´¥Î¥É´µ-´¥Î¥É´ÒÌ Ö¤· Ì (¡) µÉ
Î¨¸²  ¡µ§µ´´ÒÌ ¶ · Nb ´¥§ ¶µ²´¥´´ÒÌ ´Ê±²µ´´ÒÌ µ¡µ²µÎ¥±:  ) ±·Ê¦±¨ Å Ô´¥·-
£¨Ö d-¡µ§µ´µ¢, ¢µ¸¶·µ¨§¢µ¤ÖÐ¨Ì ¢ · ¸Î¥É Ì ¶µ IBM ¸Ì¥³Ê ´¨§±µ²¥¦ Ð¨Ì Ê·µ¢´¥°
112,114Cd; §¢¥§¤µÎ±  Å ´¥Î¥É´µ-Î¥É´µ¥ ¸µ¸É ¢´µ¥ Ö¤·µ 177Lu; ¡) ±·Ê¦±¨ Å ´¥Î¥É´µ-
´¥Î¥É´Ò¥, É·¥Ê£µ²Ó´¨±¨ Å Î¥É´µ-´¥Î¥É´Ò¥ ¸µ¸É ¢´Ò¥ Ö¤· 

´µ£µ ¨ É¥µ·¥É¨Î¥¸±µ£µ µ¡µ¸´µ¢ ´¨Ö ¨ · §¢¨É¨Ö. …¸É¥¸É¢¥´´µ,  ´ ²¨§ [18] ´¥
¨¸±²ÕÎ ¥É ¢µ§³µ¦´µ¸É¨ ¸ÊÐ¥¸É¢¥´´µ£µ · §²¨Î¨Ö Ô´¥·£¨° Ëµ´µ´µ¢ ¢ µ¤´µ³ ¨
Éµ³ ¦¥ Ö¤·¥ ¤ ¦¥ ¢ ¸²ÊÎ ¥, ¥¸²¨ µ´¨ ¤¥°¸É¢¨É¥²Ó´µ µ¶·¥¤¥²ÖÕÉ ¢¥¸Ó ¸¶¥±É·
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¸µ¸ÉµÖ´¨°, ´ ¡²Õ¤ ¥³ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥, ¨²¨ ¥£µ Î ¸ÉÓ (´ ¨¡µ²¥¥ ¸¨²Ó´µ
¶·µÖ¢²ÖÕÐÊÕ¸Ö ¢ Ô±¸¶¥·¨³¥´É¥).

�¸´µ¢´µ° ´¥¤µ¸É Éµ± ¶µ²ÊÎ¥´´µ£µ § ±²ÕÎ¥´¨Ö µ ¢µ§³µ¦´µ³ ¸ÊÐ¥¸É¢µ¢ -
´¨¨ ¢ Ö¤·¥ ¢¨¡· Í¨µ´´ÒÌ ®¶µ²µ¸¯, £µ²µ¢´Ò³ ¸µ¸ÉµÖ´¨¥³ ±µÉµ·ÒÌ Ö¢²Ö¥É¸Ö
¢µ§¡Ê¦¤¥´´Ò° Ê·µ¢¥´Ó Ö¤·  ¸ ¤µ¸É ÉµÎ´µ ¸²µ¦´µ° (E¢µ§¡ �= 0) ¸É·Ê±ÉÊ·µ°
¥£µ ¢µ²´µ¢µ° ËÊ´±Í¨¨ (´ ¶·¨³¥·, ³´µ£µ±¢ §¨Î ¸É¨Î´µ°), ÔÉµ ´¥¢µ§³µ¦´µ¸ÉÓ
µ¶·¥¤¥²¥´¨Ö  ¡¸µ²ÕÉ´µ° ¢¥·µÖÉ´µ¸É¨ ¸²ÊÎ °´µ£µ ¶µÖ¢²¥´¨Ö Ê¶µ·Ö¤µÎ¥´´µ-
¸É¨ ¸¶¥±É· . ‚Ò· ¦¥´¨¥ (5) ¤ ¥É Éµ²Ó±µ µÉ´µ¸¨É¥²Ó´µ¥ §´ Î¥´¨¥ ¢¥·µÖÉ´µ¸É¨
¸ÊÐ¥¸É¢µ¢ ´¨Ö ´ °¤¥´´µ£µ ¶¥·¨µ¤  Ô±¢¨¤¨¸É ´É´µ¸É¨. Š Éµ³Ê ¦¥ ¢ ± ¦¤µ³
Ö¤·¥ ¢ ¸¨²Ê µ¸µ¡¥´´µ¸É¥°  ´ ²¨§  [18] ¢Ò¤¥²Ö¥É¸Ö Éµ²Ó±µ ¥¤¨´¸É¢¥´´µ¥ §´ -
Î¥´¨¥ T . Œ É¥³ É¨Î¥¸±µ¥ ³µ¤¥²¨·µ¢ ´¨¥ ¸¨ÉÊ Í¨¨, ¸ ´ Ï¥° ÉµÎ±¨ §·¥´¨Ö,
´¥ ³µ¦¥É ¡ÒÉÓ ¢Ò¶µ²´¥´µ, É ± ± ± ´¥ ¨³¥¥É¸Ö ¢Ò¸µ±µ¤µ¸Éµ¢¥·´ÒÌ ¤ ´´ÒÌ µ
¶²µÉ´µ¸É¨ ¸µ¸ÉµÖ´¨° ¸ § ¤ ´´Ò³ Jπ ¤µ 3Ä4 ŒÔ‚ ¢ ¤¥Ëµ·³¨·µ¢ ´´µ³ Ö¤·¥;
´¥É É ±¨Ì ¦¥ ¤ ´´ÒÌ µ ¸¨²µ¢ÒÌ ËÊ´±Í¨ÖÌ ¤¨¶µ²Ó´ÒÌ ¶¥·¥Ìµ¤µ¢ ¨ Ëµ·³¥
· ¸¶·¥¤¥²¥´¨Ö ¨Ì µÉ±²µ´¥´¨Ö µÉ ¸·¥¤´¥£µ §´ Î¥´¨Ö. �µÔÉµ³Ê ´¥É ¢µ§³µ¦-
´µ¸É¨ ¸³µ¤¥²¨·µ¢ ÉÓ ¸¶¥±É·, ¨¤¥´É¨Î´Ò° ¶·¥¤¸É ¢²¥´´µ³Ê ´  ·¨¸. 1, ´µ ¸
£ · ´É¨·µ¢ ´´Ò³ µÉ¸ÊÉ¸É¢¨¥³ Ô±¢¨¤¨¸É ´É´µ¸É¨. �µÉ¥´Í¨ ²Ó´Ò¥ ¢µ§³µ¦´µ-
¸É¨ ·¥Ï¥´¨Ö ÔÉµ° ¨ ·Ö¤  ¤·Ê£¨Ì ¶·µ¡²¥³ µ¡¸Ê¦¤ ÕÉ¸Ö ¢ · §¤. 5.

2.2. � ¨¡µ²¥¥ ¢¥·µÖÉ´Ò¥ §´ Î¥´¨Ö ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¨ ¸¨²µ¢ÒÌ ËÊ´±-
Í¨° ¤¨¶µ²Ó´ÒÌ ¶¥·¥Ìµ¤µ¢, ¶·µÖ¢²ÖÕÐ¨¥¸Ö ¢ ± ¸± ¤´µ³ γ-· ¸¶ ¤¥ ±µ³-
¶ Ê´¤-¸µ¸ÉµÖ´¨Ö. ˆ§ Ô±¸¶¥·¨³¥´É  ¨§¢²¥± ÕÉ¸Ö ¸¶¥±É·Ò, ¤ ÕÐ¨¥ µÉ´µ¸¨-
É¥²Ó´ÊÕ ¢¥·µÖÉ´µ¸ÉÓ ¶µÖ¢²¥´¨Ö § ¤ ´´µ° ¶ ·Ò ¶¥·¥Ìµ¤µ¢ ¸ Ô´¥·£¨Ö³¨ E1 ¨
E2. �µ·Ö¤µ± ¨Ì ¸²¥¤µ¢ ´¨Ö ¤²Ö ²Õ¡µ° ¶ ·Ò ±¢ ´Éµ¢ Ô±¸¶¥·¨³¥´É µ¶·¥¤¥²¨ÉÓ
´¥ ³µ¦¥É, ¨ ¶µÔÉµ³Ê ¶·¨ µ¤¨´ ±µ¢µ³ · §·¥Ï¥´¨¨ ¢¸¥ ¶µ²ÊÎ¥´´Ò¥ ¸¶¥±É·Ò
Ö¢²ÖÕÉ¸Ö ¸Ê³³µ° ¤¢ÊÌ §¥·± ²Ó´µ-¸¨³³¥É·¨Î´ÒÌ Î ¸É¥°. �µ ¸µµÉ´µÏ¥´¨Ö (3)
¨ (4) § ¶¨¸ ´Ò ¤²Ö ¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢ ¢ ËÊ´±Í¨¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥-
´¨Ö E¢µ§¡ = Bn − E1 ¨Ì ¶·µ³¥¦ÊÉµÎ´µ£µ Ê·µ¢´Ö. ’µ ¥¸ÉÓ ¤²Ö µ¶·¥¤¥²¥´¨Ö
¶²µÉ´µ¸É¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¨ ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ ± ¸± ¤´ÒÌ ¶¥·¥-
Ìµ¤µ¢ ¨§ ÔÉ¨Ì Ê· ¢´¥´¨° É·¥¡Ê¥É¸Ö µ¶·¥¤¥²¨ÉÓ ¤µ²Õ ¨´É¥´¸¨¢´µ¸É¨, ¸µµÉ¢¥É-
¸É¢ÊÕÐÊÕ ± ¸± ¤ ³ ¸ § ¤ ´´Ò³¨ ¶¥·¢¨Î´Ò³¨ ¶¥·¥Ìµ¤ ³¨ ¸ Ô´¥·£¨¥° E1 ¢
¨´É¥·¢ ²¥ ∆E. Œ¥Éµ¤¨±  · §²µ¦¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¶¥±É·µ¢ ´  ¤¢¥
Î ¸É¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ·¥£¨¸É· Í¨¨ Éµ²Ó±µ ¶¥·¢¨Î´µ£µ ¨²¨ Éµ²Ó±µ ¢Éµ·¨Î-
´µ£µ ¶¥·¥Ìµ¤ , ¨§²µ¦¥´  ¢ [6]. �´  ³µ¦¥É ¡ÒÉÓ ¶·¨³¥´¥´  ± Ö¤· ³ ¸ ²Õ¡µ°
¶²µÉ´µ¸ÉÓÕ Ê·µ¢´¥°. …¤¨´¸É¢¥´´µ¥ Ê¸²µ¢¨¥ ¥¥ ¶·¨³¥´¨³µ¸É¨ Å ¸É É¨¸É¨± 
´ ±µ¶²¥´´ÒÌ ¸µ¢¶ ¤¥´¨° ¤µ²¦´  ¶µ§¢µ²ÖÉÓ ¢Ò¤¥²¨ÉÓ ¢ Ëµ·³¥ · §·¥Ï¥´´ÒÌ
¶¨±µ¢ µ¸´µ¢´ÊÕ Î ¸ÉÓ ± ¸± ¤µ¢ ¸ ¶·µ³¥¦ÊÉµÎ´Ò³¨ Ê·µ¢´Ö³¨ ¸ Ô´¥·£¨¥° ¤µ
3Ä4 ŒÔ‚. Œ¥Éµ¤ ¨¸¶µ²Ó§Ê¥É ÉµÉ ¡¥§Ê¸²µ¢´Ò° Ë ±É, ÎÉµ ¨§-§  ´ ²¨Î¨Ö Ô´¥·-
£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¨ Ï¨·¨´ ± ¸± ¤´ÒÌ ¶¥·¥Ìµ¤µ¢
µ¸´µ¢´ Ö Î ¸ÉÓ ¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢ ¸ ¤µ¸É ÉµÎ´µ ¢Ò¸µ±µ²¥¦ Ð¨³¨ ¶·µ-
³¥¦ÊÉµÎ´Ò³¨ Ê·µ¢´Ö³¨ Ëµ·³¨·Ê¥É ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ³ ¸¶¥±É·¥ ¸¶²µÏ´µ¥
· ¸¶·¥¤¥²¥´¨¥, a ¸ ´¨§±µ²¥¦ Ð¨³¨ Å ´¥¡µ²ÓÏµ¥ ±µ²¨Î¥¸É¢µ ¤µ¸É ÉµÎ´µ ¨´-
É¥´¸¨¢´ÒÌ ¨ ¶µÔÉµ³Ê · §·¥Ï¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´µ ¶¨±µ¢. �·¨ Ê¢¥²¨Î¥-
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´¨¨ ¸É É¨¸É¨±¨ ¶µ²¥§´ÒÌ ¸µ¡ÒÉ¨° ¸¨¸É¥³ É¨Î¥¸± Ö ¶µ£·¥Ï´µ¸ÉÓ µ¶·¥¤¥²¥´¨Ö
Ëµ·³Ò § ¢¨¸¨³µ¸É¨ ¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢ µÉ Ô´¥·£¨¨ ¨Ì ¶·µ³¥¦ÊÉµÎ´µ£µ
Ê·µ¢´Ö Ê³¥´ÓÏ ¥É¸Ö.

�· ±É¨Î¥¸±¨ ¶·¨³¥´¥´¨¥ ³¥Éµ¤¨±¨ [6] ± Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³,
¶µ²ÊÎ¥´´Ò³ ¸ Ge-¤¥É¥±Éµ· ³¨ ¤ ¦¥ Ê³¥·¥´´µ° ÔËË¥±É¨¢´µ¸É¨, µ¡¥¸¶¥Î¨¢ ¥É
¶µ²ÊÎ¥´¨¥ ¢¶µ²´¥ ¤µ¸Éµ¢¥·´µ° ¨´Ëµ·³ Í¨¨ ± ± µ ρ, É ± ¨ µ Γλi. ‚ ·µ²¨
¶µ£·¥Ï´µ¸É¨ ·¥§Ê²ÓÉ Éµ¢, ¶µ²ÊÎ¥´´ÒÌ ¸ ¶µ³µÐÓÕ ³¥Éµ¤¨±¨ [6], ¢Ò¸ÉÊ¶ ¥É
¸Ê³³  ¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢, ¶·µ³¥¦ÊÉµÎ´Ò¥ Ê·µ¢´¨ ±µÉµ·ÒÌ ²¥¦ É ´¨¦¥
0, 5Bn,   ± ¦¤Ò° ¨§ ´¨Ì ¨³¥¥É ¨´É¥´¸¨¢´µ¸ÉÓ, ³¥´ÓÏÊÕ ¶µ·µ£  ·¥£¨¸É· Í¨¨
¨´¤¨¢¨¤Ê ²Ó´µ£µ ± ¸± ¤ . Œ¥Éµ¤¨±  ¥¥ µÍ¥´±¨ ¶µ Ëµ·³¥ · ¸¶·¥¤¥²¥´¨Ö ¸²Ê-
Î °´ÒÌ ¨´É¥´¸¨¢´µ¸É¥° ± ¸± ¤µ¢ ¢ § ¤ ´´µ³ ¨´É¥·¢ ²¥ Ô´¥·£¨° ¨Ì ¶·µ³¥¦Ê-
ÉµÎ´ÒÌ Ê·µ¢´¥° ¤¥É ²Ó´µ µ¶¨¸ ´  ¢ [20]. ’ ³ ¦¥ ¶·¨¢¥¤¥´Ò ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥
§´ Î¥´¨Ö ¤²Ö ¡µ²ÓÏ¥° Î ¸É¨ ¨§ÊÎ¥´´ÒÌ ´ ³¨ Ö¤¥·.

‚Ò· ¦¥´¨Ö (2), (3) ¨²¨ (3), (4) Ëµ·³ ²Ó´µ ¸µ¤¥·¦ É 2N ´¥¨§¢¥¸É´ÒÌ
¢¥²¨Î¨´, ¥¸²¨ µ¶·¥¤¥²ÖÉÓ ¨§ ´¨Ì ¸Ê³³Ê ¶²µÉ´µ¸É¥° Ê·µ¢´¥° µ¡¥¨Ì Î¥É´µ¸É¥°
¨ ¸Ê³³Ê ¸¨²µ¢ÒÌ ËÊ´±Í¨° E1- ¨ M1-¶¥·¥Ìµ¤µ¢. ‚±² ¤ ¶¥·¥Ìµ¤µ¢ ¢Ò¸Ï¨Ì
³Ê²ÓÉ¨¶µ²Ó´µ¸É¥° ¢ ¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢ ³´µ£µ ³¥´ÓÏ¥ µÏ¨¡±¨ Ô±¸¶¥-
·¨³¥´É . �µ¸±µ²Ó±Ê ¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢ µ¶·¥¤¥²¥´Ò ¢ N ¨´É¥·¢ ² Ì,  
¶µ²´ Ö Ï¨·¨´  Å ¸Ê³³  ¶µ ´¨³, Éµ, ± § ²µ¸Ó ¡Ò, ÎÉµ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (2)Ä
(4) ¨³¥ÕÉ ·¥Ï¥´¨Ö ¢ ¡¥¸±µ´¥Î´µ³ ¨´É¥·¢ ²¥ §´ Î¥´¨°. �µ ·¥ ²Ó´ Ö ¸¨ÉÊ Í¨Ö
§´ Î¨É¥²Ó´µ ¡µ²¥¥ ¡² £µ¶·¨ÖÉ´ : ¢¥²¨Î¨´Ò ρ ¨ Γλi ´¥ Ö¢²ÖÕÉ¸Ö ¶µ²´µ¸ÉÓÕ
´¥§ ¢¨¸¨³Ò³¨,   ¨´É¥·¢ ² §´ Î¥´¨° ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¨ ¶ ·Í¨ ²Ó´ÒÌ Ï¨-
·¨´ ·¥§±µ µ£· ´¨Î¨¢ ¥É¸Ö Ë¨§¨±µ° ¨§ÊÎ ¥³µ£µ ¶·µÍ¥¸¸ . ‚ ·¥§Ê²ÓÉ É¥ ²Õ¡µ¥
¢µ§³µ¦´µ¥ Ê¢¥²¨Î¥´¨¥ ¶²µÉ´µ¸É¨ Ê·µ¢´¥°, ´ ¶·¨³¥·, ¤µ²¦´µ ¡ÒÉÓ ¸±µ³¶¥´-
¸¨·µ¢ ´µ Ê³¥´ÓÏ¥´¨¥³ Ï¨·¨´ ¤²Ö Éµ£µ, ÎÉµ¡Ò · ¸Î¥É ¶µ ¢Ò· ¦¥´¨Ö³ (2)Ä(4)
¤ ¢ ² ¡Ò §´ Î¥´¨Ö ¶µ²´µ° Ï¨·¨´Ò ¨ ¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢, ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò³.

”µ·³ ²Ó´µ¥  ²£¥¡· ¨Î¥¸±µ¥ Ê¸²µ¢¨¥, µ£· ´¨Î¨¢ ÕÐ¥¥ ¤¨ ¶ §µ´ §´ Î¥´¨°
µ¶·¥¤¥²Ö¥³ÒÌ ¶ · ³¥É·µ¢ ¤²Ö ²Õ¡µ£µ ¨´É¥·¢ ²  Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö ¶·µ³¥-
¦ÊÉµÎ´ÒÌ Ê·µ¢´¥°, ÔÉµ ¸¨¸É¥³  ¨§ 2N ´¥· ¢¥´¸É¢:  ) ρ > 0 ¨ ¡) Γλi > 0.

Š ± Ê¸É ´µ¢²¥´µ ´ ³¨ [21], ¢¸¥ ÔÉµ ¶·¨¢µ¤¨É ± ¢¥¸Ó³  ¸ÊÐ¥¸É¢¥´´µ³Ê
¸Ê¦¥´¨Õ ¨´É¥·¢ ²  ¢µ§³µ¦´ÒÌ ¢ ·¨ Í¨° ρ ¨ Γλi. ‚ ·¥§Ê²ÓÉ É¥ ¶²µÉ´µ¸ÉÓ
Ê·µ¢´¥° ¨ ¸Ê³³  ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ ± ¸± ¤´ÒÌ ¶¥·¥Ìµ¤µ¢ ³µ¦¥É ¡ÒÉÓ µ¶·¥-
¤¥²¥´  ¸ ¤µ¸É ÉµÎ´µ ³ ²µ° ´¥µ¤´µ§´ Î´µ¸ÉÓÕ, µ¡Ê¸²µ¢²¥´´µ° Éµ²Ó±µ ´¥¤µ-
¸É ÉµÎ´Ò³ µ¡Ñ¥³µ³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. �µ ¸É¥¶¥´¨ · ¸Ìµ¦¤¥´¨Ö
³¥¦¤Ê ´ °¤¥´´Ò³¨ §´ Î¥´¨Ö³¨ ¶²µÉ´µ¸É¨ Ê·µ¢´¥°, ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ ¨
³µ¤¥²Ó´Ò³¨ ¶·¥¤¸É ¢²¥´¨Ö³¨ ´  ÔÉµÉ ¸Î¥É ³µ£ÊÉ ¡ÒÉÓ ¢ÒÖ¢²¥´Ò, ÌµÉÖ ¡Ò
± Î¥¸É¢¥´´µ, É¥ µ¸µ¡¥´´µ¸É¨ Ö¤· , ±µÉµ·Ò¥ µ¡Ê¸² ¢²¨¢ ÕÉ ´ ²¨Î¨¥ ´¥¨§¡¥¦-
´ÒÌ · ¸Ìµ¦¤¥´¨°. ˆ ÔÉµ£µ µ± § ²µ¸Ó ¤µ¸É ÉµÎ´µ ¤²Ö µ¸ÊÐ¥¸É¢²¥´¨Ö ¸¥²¥±Í¨¨
³µ¤¥²Ó´ÒÌ ¶·¥¤¸É ¢²¥´¨° µ ¢ ¦´¥°Ï¨Ì ¶ · ³¥É· Ì Ö¤· .

‡´ Î¥´¨Ö ρ ¨ Γλi ¢ ¶·¨´Í¨¶¥ ³µ£ÊÉ ¡ÒÉÓ µ¶·¥¤¥²¥´Ò ¤¢Ê³Ö ¸²¥¤ÊÕÐ¨³¨
¸¶µ¸µ¡ ³¨.
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1. �µ¨¸± [22] ´ ¨¡µ²¥¥ ¢¥·µÖÉ´µ° ¶²µÉ´µ¸É¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°,
µ¡¥¸¶¥Î¨¢ ÕÐ¥° ´ ¨²ÊÎÏ¥¥ ¢µ¸¶·µ¨§¢¥¤¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨´É¥´¸¨¢-
´µ¸É¥° ± ¸± ¤µ¢, ¶·¨ § ¤ ´´ÒÌ ³µ¤¥²Ó´ÒÌ ¶·¥¤¶µ²µ¦¥´¨ÖÌ µ · ¤¨ Í¨µ´-
´ÒÌ ¸¨²µ¢ÒÌ ËÊ´±Í¨ÖÌ, ²¨¡µ µ¶·¥¤¥²¥´¨¥ ´ ¨¡µ²¥¥ ¢¥·µÖÉ´ÒÌ §´ Î¥´¨°
¸¨²µ¢ÒÌ ËÊ´±Í¨° (ÉµÎ´¥¥, ¸Ê³³Ò · ¤¨ Í¨µ´´ÒÌ ¸¨²µ¢ÒÌ ËÊ´±Í¨° E1- ¨
M1-¶¥·¥Ìµ¤µ¢) Å ¤²Ö · §²¨Î´ÒÌ ³µ¤¥²Ó´ÒÌ ¶·¥¤¸É ¢²¥´¨° µ ¶²µÉ´µ¸É¨
Ê·µ¢´¥° ¨§ (3) ¨²¨ (4), ¸µµÉ¢¥É¸É¢¥´´µ, · §¤¥²Ó´µ. �É´µ¸¨É¥²Ó´ Ö · §´µ¸ÉÓ
´ °¤¥´´ÒÌ ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¨²¨ ¸Ê³³Ò ¸¨²µ¢ÒÌ ËÊ´±Í¨° ¢ É ±µ³ ¶µ¤Ìµ¤¥
¢¸¥£¤  ³¥´ÓÏ¥ · ¸Ìµ¦¤¥´¨Ö ³¥¦¤Ê ¨¸¶µ²Ó§Ê¥³Ò³¨ ³µ¤¥²Ó´Ò³¨ §´ Î¥´¨Ö³¨
¢¥²¨Î¨´Ò ¤·Ê£µ£µ ¶ · ³¥É·  Ö¤· . ’ ± Ö ·¥¤Ê±Í¨Ö µÏ¨¡µ± ¨¸±µ³µ° ¢¥²¨Î¨´Ò
¶µ ¸· ¢´¥´¨Õ ¸ ¢ ·¨ Í¨Ö³¨ ³µ¤¥²Ó´µ° ¢µ§´¨± ¥É ¨§-§  ¶µ²µ¦¨É¥²Ó´µ° ±µ··¥-
²ÖÍ¨¨ Î¨¸²¨É¥²Ö ¨ §´ ³¥´ É¥²Ö µÉ´µÏ¥´¨Ö §´ Î¥´¨° ± ¦¤µ£µ ¨§ § ¤ ¢ ¥³ÒÌ
³µ¤¥²Ó´µ ¢ ¢Ò· ¦¥´¨ÖÌ (3) ¨²¨ (4) ¶ · ³¥É·µ¢ · ¸Î¥É .

‚ ¦´¥°Ï¨° ·¥§Ê²ÓÉ É É ±µ£µ ·µ¤   ´ ²¨§  § ±²ÕÎ ¥É¸Ö ¢ ¶µ²´µ° ´¥-
¢µ§³µ¦´µ¸É¨ µ¤´µ¢·¥³¥´´µ ¢µ¸¶·µ¨§¢¥¸É¨ Γλ ¨ Iγγ ¶·¨ Ë¨±¸¨·µ¢ ´¨¨ ¢
(1) ¨ (2) ³µ¤¥²Ó´µ° ¶²µÉ´µ¸É¨ [10] ²Õ¡Ò³¨ ¢ ·¨ Í¨Ö³¨ ¸¨²µ¢ÒÌ ËÊ´±Í¨°
¤²Ö µ¸´µ¢´µ° ³ ¸¸Ò ¨¸¸²¥¤µ¢ ´´ÒÌ Ö¤¥·. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¤²Ö ²Õ¡ÒÌ ¢µ§-
³µ¦´ÒÌ §´ Î¥´¨° ¸¨²µ¢ÒÌ ËÊ´±Í¨° · ¸Î¥É´ Ö ¨´É¥´¸¨¢´µ¸ÉÓ ± ¸± ¤µ¢ ¸
¶¥·¢¨Î´Ò³¨ ¶¥·¥Ìµ¤ ³¨ ¸ E1 < 2 − 3 ŒÔ‚ ¢¸¥£¤  ´ ³´µ£µ ³¥´ÓÏ¥ Ô±¸¶¥-
·¨³¥´É ²Ó´µ ´ ¡²Õ¤ ¥³µ°. �Éµ Ö¢²Ö¥É¸Ö ¸¥·Ó¥§´¥°Ï¨³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³
 ·£Ê³¥´Éµ³ ± ± ¤²Ö ¨¸±²ÕÎ¥´¨Ö ¶·¥¤¸É ¢²¥´¨° µ Ö¤·¥ ± ± µ ¸¨¸É¥³¥ Î -
¸É¨Í ´¥¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥£µ Ë¥·³¨-£ § , É ± ¨ ¤²Ö µ¡µ¸´µ¢ ´¨Ö ´¥µ¡Ìµ¤¨³µ-
¸É¨ ¤ ²Ó´¥°Ï¥£µ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨ É¥µ·¥É¨Î¥¸±µ£µ ¨§ÊÎ¥´¨Ö ¸¢µ°¸É¢ Ö¤· 
´¨¦¥ Bn.

2. �¤´µ¢·¥³¥´´ Ö ¸²ÊÎ °´ Ö ¢ ·¨ Í¨Ö ´¥±µÉµ·ÒÌ ¨¸Ìµ¤´ÒÌ ¶ · ³¥É·µ¢
ρ ¨ Γλi (¢ ´¥±µÉµ·µ³ ¤µ¸É ÉµÎ´µ ³ ²µ³ ¨´É¥·¢ ²¥ ¨Ì ¨§³¥´¥´¨Ö) ¢¶²µÉÓ ¤µ
¤µ¸É¨¦¥´¨Ö ¶µ²´µ£µ ¸µµÉ¢¥É¸É¢¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ · ¸Î¥É´ÒÌ ¢¥²¨Î¨´
Γλ ¨ Iγγ . 
¥ ²¨§ Í¨Ö ÔÉµ° ¨¤¥¨ Å ¨É¥· Í¨µ´´Ò° ¶·µÍ¥¸¸, ´  ± ¦¤µ³ Ï £¥
±µÉµ·µ£µ ¶·µ¨§¢µ¤¨É¸Ö ´¥¡µ²ÓÏµ¥ ¸²ÊÎ °´µ¥ ¨§³¥´¥´¨¥ ¨¸±µ³ÒÌ ËÊ´±Í¨µ-
´ ²Ó´ÒÌ § ¢¨¸¨³µ¸É¥° ¨ ´ ±µ¶²¥´¨¥ ¢¸¥Ì É ±¨Ì ¨§³¥´¥´¨°, ±µÉµ·Ò¥ Ê¢¥²¨-
Î¨¢ ÕÉ ¸µµÉ¢¥É¸É¢¨¥ ³µ¤¥²Ó´ÒÌ ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. ‚ ·Ó¨·µ¢ -
´¨¥ ´ Î ²Ó´ÒÌ §´ Î¥´¨° ¨¸±µ³ÒÌ ¶ · ³¥É·µ¢ ¢ Ï¨·µ±µ³ ¨´É¥·¢ ²¥ ¨¸Ìµ¤-
´ÒÌ ¢µ§³µ¦´ÒÌ (¨ ¤ ¦¥ ¶·¨´Í¨¶¨ ²Ó´µ ´¥¢µ§³µ¦´ÒÌ) §´ Î¥´¨° ¢ ¸µ¢µ±Ê¶-
´µ¸É¨ ¸µ ¸²ÊÎ °´Ò³ Ì · ±É¥·µ³ ¶·µÍ¥¸¸  ¶·¨¡²¨¦¥´¨Ö · ¸Î¥É´ÒÌ ¢¥²¨Î¨´
± Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨Ö³ ¤ ¥É ´¥±µÉµ·Ò° ¸¶¥±É· ¸²ÊÎ °´ÒÌ §´ Î¥-
´¨° ρ ¨ Γλi, Ê¤µ¢²¥É¢µ·ÖÕÐ¨Ì (2) ¨ (3) µ¤´µ¢·¥³¥´´µ. �·¨ ³´µ£µ±· É´µ³
¶µ¢Éµ·¥´¨¨ ¶·µÍ¥¸¸  ³µ¦¥É ¡ÒÉÓ µ¶·¥¤¥²¥´µ ¸·¥¤´¥¥ ¨ ¤¨¸¶¥·¸¨Ö ÔÉ¨Ì ¢¥-
²¨Î¨´ ¢µ ¢¸¥Ì N ¨´É¥·¢ ² Ì Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö Ö¤· . ’ ± ± ± ´¥É ´¨± ±¨Ì
µ¸´µ¢ ´¨° µ¦¨¤ ÉÓ, ÎÉµ ¸²ÊÎ °´Ò¥ §´ Î¥´¨Ö ¨¸±µ³ÒÌ ¶ · ³¥É·µ¢ ·¥£Ê²Ö·´µ
¸³¥Ð¥´Ò µÉ´µ¸¨É¥²Ó´µ ¨¸É¨´´µ£µ ¨Ì §´ Î¥´¨Ö ¢ ± ±ÊÕ-Éµ ¸Éµ·µ´Ê,   µÉ-
±²µ´¥´¨Ö ¨³¥ÕÉ Éµ²Ó±µ ³ ±¸¨³ ²Ó´Ò¥/³¨´¨³ ²Ó´Ò¥ §´ Î¥´¨Ö, ³µ¦´µ ¸Î¨-
É ÉÓ, ÎÉµ ¨¸É¨´´µ¥ §´ Î¥´¨¥ ¨¸±µ³µ£µ ¶ · ³¥É·  ²¥¦¨É ¢ ¶·µ³¥¦ÊÉ±¥ ³¥¦¤Ê
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´ °¤¥´´Ò³¨ ¥£µ ³¨´¨³ ²Ó´Ò³¨ ¨ ³ ±¸¨³ ²Ó´Ò³¨ ¢Ò¡µ·µÎ´Ò³¨ ¸²ÊÎ °´Ò³¨
§´ Î¥´¨Ö³¨.

�µ¸ÉÊ²¨·ÊÖ, ÎÉµ ¸·¥¤´¥¥ ¸µµÉ¢¥É¸É¢Ê¥É ´ ¨¡µ²¥¥ ¢¥·µÖÉ´µ³Ê ¨Ì §´ Î¥´¨Õ,
  ¤¨¸¶¥·¸¨Ö ´ ¡µ·  ´ °¤¥´´ÒÌ ¨§ ³´µ£µ±· É´µ ¶µ¢Éµ·¥´´µ£µ ¨É¥· Í¨µ´´µ£µ
¶·µÍ¥¸¸  ¶ · ³¥É·µ¢ Ô±¢¨¢ ²¥´É´  ¨Ì ¶µ£·¥Ï´µ¸É¨, ³Ò ¸³µ£²¨ ¶µ²ÊÎ¨ÉÓ ¤ ´-
´Ò¥ µ ´ ¨¡µ²¥¥ ¢¥·µÖÉ´ÒÌ ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¨ ¸Ê³³¥ ¸¨²µ¢ÒÌ ËÊ´±Í¨°
¶µÎÉ¨ ¤²Ö 30 Ö¤¥· ¨§ µ¡² ¸É¨ ¢µ§¡Ê¦¤¥´¨°, £¤¥ µ´¨ ²¨¡µ µÉ¸ÊÉ¸É¢µ¢ ²¨, ²¨¡µ
(¢ ¸²ÊÎ ¥ ρ) ¡Ò²¨ µ¶·¥¤¥²¥´Ò ¢ Ô±¸¶¥·¨³¥´É Ì ¤·Ê£µ£µ É¨¶ , ´µ ¸ ¡µ²ÓÏ¨³¨
¨²¨ ³¥´ÓÏ¨³¨ ³¥Éµ¤¨Î¥¸±¨³¨ ´¥µ¶·¥¤¥²¥´´µ¸ÉÖ³¨ ¨Ì ¨§¢²¥Î¥´¨Ö ¨§ Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

‘²¥¤Ê¥É ¤µ¡ ¢¨ÉÓ, ÎÉµ, ¢ µÉ²¨Î¨¥ µÉ µ¡Ð¥¶·¨´ÖÉÒÌ ¸¶µ¸µ¡µ¢ µ¶·¥¤¥²¥-
´¨Ö ¢¥²¨Î¨´Ò ρ ¨§ ¸¶¥±É·µ¢ Å ¶·µ¤Ê±Éµ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨°, ¶·¥¤² £ ¥³ Ö
³¥Éµ¤¨±  ¨³¥¥É ³ ±¸¨³ ²Ó´ÊÕ ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ ¤²Ö ³¨´¨³ ²Ó´ÒÌ §´ Î¥´¨°
¶²µÉ´µ¸É¨ Ê·µ¢´¥°. �Éµ ¸²¥¤¸É¢¨¥ Éµ£µ, ÎÉµ ´ ¡²Õ¤ ¥³ Ö ¨´É¥´¸¨¢´µ¸ÉÓ ± ¸-
± ¤µ¢ (¢Ò· ¦¥´¨¥ (3)) ¢µ§· ¸É ¥É ¶·¨ Ê³¥´ÓÏ¥´¨¨ ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¨§ÊÎ ¥-
³µ£µ Ö¤· , Éµ ¥¸ÉÓ, ± ± ³¨´¨³Ê³,  ´ ²¨§ ¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢ ¤µ¶µ²´Ö¥É ¨
ÊÉµÎ´Ö¥É ¸ÊÐ¥¸É¢ÊÕÐ¨¥ ³¥Éµ¤Ò µ¶·¥¤¥²¥´¨Ö ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¢ µ¡² ¸É¨ ¥¥
³¨´¨³ ²Ó´ÒÌ §´ Î¥´¨°, £¤¥ ¨ ¸²¥¤Ê¥É µ¦¨¤ ÉÓ ³ ±¸¨³ ²Ó´µ£µ ´¥¸µµÉ¢¥É¸É¢¨Ö
³¥¦¤Ê ³µ¤¥²Ó´Ò³¨ ¶·¥¤¸É ¢²¥´¨Ö³¨ ¨ ·¥ ²Ó´µ¸ÉÓÕ.

�  ·¨¸. 4 ¶·¨¢¥¤¥´  § ¢¨¸¨³µ¸ÉÓ Î¨¸²  Ê·µ¢´¥°, ¢µ§¡Ê¦¤ ¥³ÒÌ ¤¨¶µ²Ó-
´Ò³¨ ¶¥·¥Ìµ¤ ³¨ ¢ ¨´É¥·¢ ²¥ 100 ±Ô‚ ¢ ¸µ¸É ¢´ÒÌ Ö¤· Ì, µÉ Ô´¥·£¨¨ ¢µ§-
¡Ê¦¤¥´¨Ö ¶·µ³¥¦ÊÉµÎ´µ£µ Ê·µ¢´Ö. ’·¥Ê£µ²Ó´¨±¨ Å Ô±¸¶¥·¨³¥´É, Î¨¸²µ
´ ¡²Õ¤ ¥³ÒÌ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ê·µ¢´¥° ¤¢ÊÌ±¢ ´Éµ¢ÒÌ ± ¸± ¤µ¢, £¨¸Éµ£· ³-
³  Å ´ ¨¡µ²¥¥ ¢¥·µÖÉ´Ò¥ µ¦¨¤ ¥³Ò¥ ¨Ì §´ Î¥´¨Ö ¤²Ö ´Ê²¥¢µ£µ ¶µ·µ£  ·¥£¨-
¸É· Í¨¨ ± ¸± ¤  [20]. ’µÎ±¨ ¸ ¶µ£·¥Ï´µ¸ÉÖ³¨ Å ´ ¨¡µ²¥¥ ¢¥·µÖÉ´Ò¥ §´ Î¥-
´¨Ö, Ê¤µ¢²¥É¢µ·ÖÕÐ¨¥ ¸µµÉ´µÏ¥´¨Ö³ (3), (4). �Ê´±É¨·´ Ö ¨ ¸¶²µÏ´ Ö ²¨´¨¨
¸µµÉ¢¥É¸É¢ÊÕÉ ³µ¤¥²Ö³ [10, 11] (¶ · ³¥É·Ò [11] ¶µ¤µ¡· ´Ò ¨´¤¨¢¨¤Ê ²Ó´µ
¤²Ö ¢µ¸¶·µ¨§¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ´¥°É·µ´´Ò³¨
·¥§µ´ ´¸ ³¨).

� ¨¡µ²¥¥ ¢¥·µÖÉ´ Ö ¶²µÉ´µ¸ÉÓ ¢µ§¡Ê¦¤ ¥³ÒÌ ¶·¨ § Ì¢ É¥ É¥¶²µ¢µ£µ ´¥°-
É·µ´  ¸µ¸ÉµÖ´¨° ¢Ò£²Ö¤¨É ¸²¥¤ÊÕÐ¨³ µ¡· §µ³ (·¨¸. 4): ¤µ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥-
´¨Ö 1Ä2 ŒÔ‚ (¢ § ¢¨¸¨³µ¸É¨ µÉ Î¥É´µ¸É¨ Î¨¸²  ´Ê±²µ´µ¢ ¢ Ö¤·¥) ¨³¥ÕÐ¨¥¸Ö
¤ ´´Ò¥ ´¥ ¶·µÉ¨¢µ·¥Î É ¶·¥¤¸É ¢²¥´¨Ö³ ³µ¤¥²¨ Ë¥·³¨-£ §  ¸ ¶ · ³¥É· ³¨ ¨§
[10]. �É 1Ä2 ŒÔ‚ ¤µ ´¥±µÉµ·µ£µ ¶µ·µ£µ¢µ£µ §´ Î¥´¨Ö Eb ¶²µÉ´µ¸ÉÓ Ê·µ¢´¥°
¨§³¥´Ö¥É¸Ö ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö Ö¤·  §´ Î¨É¥²Ó´µ ¸² ¡¥¥, Î¥³ ¶·¥¤¶µ² -
£ ÕÉ ²Õ¡Ò¥ ¸ÊÐ¥¸É¢ÊÕÐ¨¥ É¥µ·¥É¨Î¥¸±¨¥ ¶·¥¤¸É ¢²¥´¨Ö ´  ÔÉµÉ ¸Î¥É. ‚ÒÏ¥
§´ Î¥´¨Ö Eb ≈ 3 ¤²Ö ´¥Î¥É´ÒÌ ¨ ≈ 4 ŒÔ‚ ¤²Ö Î¥É´ÒÌ ¶µ N Ö¤¥· ¶²µÉ´µ¸ÉÓ
Ê·µ¢´¥°, ¸±µ·¥¥ ¢¸¥£µ, ²ÊÎÏ¥ ¸µµÉ¢¥É¸É¢Ê¥É ¶·¥¤¸± § ´¨Ö³ µ¡µ¡Ð¥´´µ° ³µ-
¤¥²¨ ¸¢¥·ÌÉ¥±ÊÎ¥£µ Ö¤·  (�Œ‘Ÿ) ¢ ¥¥ ¶·µ¸É¥°Ï¥° ¶¥·¢µ´ Î ²Ó´µ° Ëµ·³¥ [11]
¸ ´¥±µÉµ·Ò³¨ ´¥¶·¨´Í¨¶¨ ²Ó´Ò³¨ ¢ ·¨ Í¨Ö³¨ ¥¥ ¶ · ³¥É·µ¢, µ¡¥¸¶¥Î¨¢ Õ-
Ð¨³¨ ¸µ¢¶ ¤¥´¨¥ · ¸Î¥É´µ° ¶²µÉ´µ¸É¨ ¨ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ´¥°É·µ´´Ò³¨
·¥§µ´ ´¸ ³¨, µ¶·¥¤¥²¥´´µ£µ ¢ Ô±¸¶¥·¨³¥´É¥.
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¨¸. 4. �´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ Î¨¸²  Ê·µ¢´¥°, ¢µ§¡Ê¦¤ ¥³ÒÌ ¶¥·¢¨Î´Ò³¨ ¤¨-
¶µ²Ó´Ò³¨ ¶¥·¥Ìµ¤ ³¨ ¢ ´¥±µÉµ·ÒÌ Ö¤· Ì
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’ ±µ¥ ¶µ¢¥¤¥´¨¥ ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¢ · °µ´¥ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö Eb

³µ¦¥É µ§´ Î ÉÓ ± Î¥¸É¢¥´´µ¥ ¨§³¥´¥´¨¥ ¸¢µ°¸É¢ Ö¤· . � ¡²Õ¤ ¥³ Ö Ê¶µ·Ö-
¤µÎ¥´´µ¸ÉÓ ¸¶¥±É·  [18] ¶·µ³¥¦ÊÉµÎ´ÒÌ ¸µ¸ÉµÖ´¨° ´ ¨¡µ²¥¥ ¨´É¥´¸¨¢´ÒÌ
± ¸± ¤µ¢ ¶µ§¢µ²Ö¥É ¶·¥¤¶µ²µ¦¨ÉÓ ¢ · ³± Ì ¢¢¥¤¥´´µ° ¢ÒÏ¥ · ¡µÎ¥° £¨¶µ-
É¥§Ò, ÎÉµ ¶·¨ Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö µÉ 1Ä2 ¤µ 3Ä4 ŒÔ‚ (¨²¨ ´¥¸±µ²Ó±µ
¡µ²¥¥) ¤µ³¨´¨·ÊÕÐ¥¥ ¢²¨Ö´¨¥ ´  ¸¢µ°¸É¢  Ö¤·  µ± §Ò¢ ÕÉ ¢µ§¡Ê¦¤¥´¨Ö ¢¨-
¡· Í¨µ´´µ£µ É¨¶  (´¥¡µ²ÓÏµ¥ Î¨¸²µ Ëµ´µ´µ¢ ¡µ²ÓÏµ° Ô´¥·£¨¨, ± ± ³µ¦´µ
¶·¥¤¶µ² £ ÉÓ). � µÎ¥´Ó ¡Ò¸É·µ¥ Ô±¸¶µ´¥´Í¨ ²Ó´µ¥ (¨²¨ ¡²¨§±µ¥ ± ´¥³Ê) ¢µ§-
· ¸É ´¨¥ ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¢ÒÏ¥ Eb µ¶·¥¤¥²Ö¥É É¨¶ ¨Ì ´ ¨¡µ²¥¥ ¢¥·µÖÉ´µ°
¸É·Ê±ÉÊ·Ò ± ± ¤µ³¨´¨·ÊÕÐ¥¥ ¢²¨Ö´¨¥ ¢´ÊÉ·¥´´¨Ì ¢µ§¡Ê¦¤¥´¨° ¸ ÊÎ ¸É¨¥³
¤µ¢µ²Ó´µ ¡µ²ÓÏµ£µ Î¨¸²  ±¢ §¨Î ¸É¨Í. …¸²¨ ¶¥·¢Ò° ¢Ò¢µ¤ ¸²¥¤Ê¥É ¨§ ¸µ¶µ-
¸É ¢²¥´¨Ö Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö Ö¤·  ¸ ´ °¤¥´´Ò³¨ ¶¥·¨µ¤ ³¨ Ô±¢¨¤¨¸É ´É´µ-
¸É¨, Éµ ¢Éµ·µ° ¤¥É¥·³¨´¨·Ê¥É¸Ö §´ Î¥´¨Ö³¨ ¶ · ³¥É·  a ³µ¤¥²¨ Ë¥·³¨-£ § ,
´¥µ¡Ìµ¤¨³Ò³¨ ¤²Ö ¢µ¸¶·µ¨§¢¥¤¥´¨Ö ¤µ¸É ÉµÎ´µ ¢Ò¸µ±µ° ¶²µÉ´µ¸É¨ Ê·µ¢´¥°.
Š ¸µ¦ ²¥´¨Õ, ¤·Ê£¨Ì  ·£Ê³¥´Éµ¢ ¶µ ¶µ¢µ¤Ê É¨¶  ¤µ³¨´¨·ÊÕÐ¨Ì ±µ³¶µ´¥´É
¢µ²´µ¢µ° ËÊ´±Í¨¨ ¸µ¸ÉµÖ´¨° ¢ÒÏ¥ 1Ä2 ŒÔ‚ (´¥Î¥É´Ò¥ ¨²¨ Î¥É´Ò¥ Ö¤·  ¸µµÉ-
¢¥É¸É¢¥´´µ) Ê ´ ¸ ´¥É. �µÔÉµ³Ê ¸¤¥² ´´Ò¥ ¢Ò¢µ¤Ò ¸²¥¤Ê¥É · ¸¸³ É·¨¢ ÉÓ ± ±
¶·¥¤¢ ·¨É¥²Ó´Ò¥, ´Ê¦¤ ÕÐ¨¥¸Ö ¢ ¤µ¶µ²´¨É¥²Ó´µ³ É¥µ·¥É¨Î¥¸±µ³  ´ ²¨§¥ ¨
¤ ²Ó´¥°Ï¥° Ô±¸¶¥·¨³¥´É ²Ó´µ° · §· ¡µÉ±¥.

�  ·¨¸. 5 ¶·¨¢¥¤¥´  § ¢¨¸¨³µ¸ÉÓ ´ ¨¡µ²¥¥ ¢¥·µÖÉ´µ° ¸Ê³³Ò ¸¨²µ¢ÒÌ
ËÊ´±Í¨° ¤¨¶µ²Ó´ÒÌ E1- ¨ M1-¶¥·¥Ìµ¤µ¢ · ¤¨ Í¨µ´´µ£µ § Ì¢ É  É¥¶²µ¢ÒÌ
´¥°É·µ´µ¢ ¢ Ö¤· Ì-³¨Ï¥´ÖÌ µÉ Ô´¥·£¨¨ E1. ‘¶²µÏ´Ò¥ ²¨´¨¨ Å ¤ ´´Ò¥ ³µ-
¤¥²Ó´ÒÌ ¶·¥¤¸É ¢²¥´¨° [12, 13] ¢ ¸Ê³³¥ ¸ µÉ´µ·³¨·µ¢ ´´Ò³ ´  Ô±¸¶¥·¨³¥´É
§´ Î¥´¨¥³ [14] f(M1) =const.

‘· ¢´¥´¨¥ (·¨¸. 5) Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ¶µ ´ °¤¥´´Ò³ ¸Ê³³ ³
¸¨²µ¢ÒÌ ËÊ´±Í¨° ¸ ¶·¥¤¸± § ´¨Ö³¨ ´ ¨¡µ²¥¥ Î ¸Éµ ¨¸¶µ²Ó§Ê¥³ÒÌ Ô±¸¶¥·¨-
³¥´É Éµ· ³¨ ³µ¤¥²¥° [12Ä14] ¶µ± §Ò¢ ¥É ¸²¥¤ÊÕÐ¥¥.

 ) � °¤¥´´Ò¥ §´ Î¥´¨Ö ¸Ê³³ ¸¨²µ¢ÒÌ ËÊ´±Í¨° E1- ¨ M1-¶¥·¥Ìµ¤µ¢, ¸±µ-
·¥¥ ¢¸¥£µ, µÉ· ¦ ÕÉ ´ ¨¡µ²¥¥ µ¡Ð¨¥ ¸¢µ°¸É¢  ¸É·Ê±ÉÊ·Ò ¸µ¸ÉµÖ´¨°, ¸¢Ö§ ´-
´ÒÌ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ ¶¥·¥Ìµ¤µ³ (¢±²ÕÎ Ö, ¢¥·µÖÉ´µ, ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨¥).
�Éµ ³µ¦´µ ¢¨¤¥ÉÓ, ´ ¶·¨³¥·, ¨§ ¸µ¶µ¸É ¢²¥´¨Ö ¶µ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ¢
156,158Gd, £¤¥ ¶· ±É¨Î¥¸±¨ µ¤¨´ ±µ¢Ò¥ Ê¸²µ¢¨Ö Ô±¸¶¥·¨³¥´É  (§´ Î¥´¨Ö Jπ

Ê·µ¢´¥°, ¸¢Ö§ ´´ÒÌ ± ¸± ¤ ³¨, ¨ ¶µ²´Ò¥ · ¤¨ Í¨µ´´Ò¥ Ï¨·¨´Ò ±µ³¶ Ê´¤-
¸µ¸ÉµÖ´¨°) É ±µ¢Ò, ÎÉµ · ¸Ìµ¦¤¥´¨¥ ¶µ²ÊÎ¥´´ÒÌ ¸Ê³³ ¸¨²µ¢ÒÌ ËÊ´±Í¨° ¤²Ö
¶ ·Ò ¨§µÉµ¶µ¢ £ ¤µ²¨´¨Ö µ¡Ö§ ´µ ¡ÒÉÓ ³¥´ÓÏ¨³, Î¥³ ¢ ²Õ¡ÒÌ ¤·Ê£¨Ì ±µ³-
¡¨´ Í¨ÖÌ ¸µ¶µ¸É ¢²¥´¨Ö É ±¨Ì ¤ ´´ÒÌ. �·¨ ¶·¨´Í¨¶¨ ²Ó´µ µ¤´µ° ¨ Éµ° ¦¥
Ëµ·³¥ § ¢¨¸¨³µ¸É¨ ¶²µÉ´µ¸É¨ Ê·µ¢´¥° µÉ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ´ ¨¡µ²¥¥ ¢¥-
·µÖÉ´Ò¥ §´ Î¥´¨Ö ¸Ê³³ ¸¨²µ¢ÒÌ ËÊ´±Í¨° µÉ²¨Î ÕÉ¸Ö ¢ ÔÉµ³ ¸²ÊÎ ¥ ± ± ¶µ
 ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´¥, É ± ¨ ¶µ ¸É¥¶¥´¨ ¨Ì § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ¶¥·¢¨Î-
´µ£µ ¶¥·¥Ìµ¤ . �É²¨Î¨¥ · ¸¸³ É·¨¢ ¥³µ° ¶ ·Ò ¨§µÉµ¶µ¢ Å ÔÉµ · §²¨Î´µ¥
µÉ´µÏ¥´¨¥ Γ0n/Dλ ¤²Ö ·¥§µ´ ´¸µ¢, µ¶·¥¤¥²ÖÕÐ¨Ì ¸¥Î¥´¨¥ § Ì¢ É  É¥¶²µ¢ÒÌ
´¥°É·µ´µ¢. ‚ 157Gd µ´µ ¶·¨³¥·´µ ¢ 1,5 · §a ¶·¥¢ÒÏ ¥É  ´ ²µ£¨Î´µ¥ §´ Î¥-
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´¨¥ ¤²Ö 155Gd. �µ §´ ±Ê ÔÉµ£µ µÉ´µÏ¥´¨Ö ¨ ¶µ Ëµ·³¥ ´ ¡²Õ¤ ¥³µ£µ µÉ±²µ-
´¥´¨Ö ´ °¤¥´´ÒÌ ¸¨²µ¢ÒÌ ËÊ´±Í¨° ¸¨ÉÊ Í¨Ö ¢ ¨§µÉµ¶ Ì Gd ¸µµÉ¢¥É¸É¢Ê¥É
· ¸¸³ É·¨¢ ¥³µ° ´¨¦¥ ¤²Ö 181Hf ¨ 183W.

¡) CÉ¥¶¥´Ó § ¢¨¸¨³µ¸É¨ f(E1)+ f(M1) µÉ Ô´¥·£¨¨ ¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î -
¥É¸Ö µÉ ¶·¥¤¸± § ´¨° ³µ¤¥²¥° [12Ä14]. �Éµ ¸¶· ¢¥¤²¨¢µ, ¶µ ±· °´¥° ³¥·¥,
¤²Ö Î¥É´µ-Î¥É´ÒÌ ¸µ¸É ¢´ÒÌ Ö¤¥· ¢ µ¡² ¸É¨ 4s-³ ±¸¨³Ê³  ´¥°É·µ´´µ° ¸¨-
²µ¢µ° ËÊ´±Í¨¨. ‚¥²¨Î¨´  ¨ Ëµ·³  Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ´ °¤¥´´ÒÌ
¸Ê³³ ¸¨²µ¢ÒÌ ËÊ´±Í¨° ¨¸±²ÕÎ ÕÉ ¶·¨ ÔÉµ³ ¸ ¡µ²ÓÏµ° ¢¥·µÖÉ´µ¸ÉÓÕ ¢µ§-
³µ¦´µ¸ÉÓ ¨Ì µ¶¨¸ ´¨Ö ¸Ê¶¥·¶µ§¨Í¨¥° ¤¢ÊÌ ±·¨¢ÒÌ ‹µ·¥´Í , ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨Ì £¨£ ´É¸±¨³ ¤¨¶µ²Ó´Ò³ (Ô²¥±É·¨Î¥¸±µ³Ê ¨ ³ £´¨É´µ³Ê) ·¥§µ´ ´¸ ³ ¸
¶µ¸ÉµÖ´´µ° Ï¨·¨´µ°.

¢) ‡´ Î¥´¨Ö ¸Ê³³Ò ¸¨²µ¢ÒÌ ËÊ´±Í¨° ¢µ§· ¸É ÕÉ ¶·¨ ¶¥·¥Ìµ¤¥ µÉ µ±µ²µ-
³ £¨Î¥¸±¨Ì (|∆N | ´¥ ¶·¥¢ÒÏ ¥É ∼ 5) Ö¤¥· ± ¤ ²¥±¨³ µÉ ³ £¨Î¥¸±¨Ì ¨ ¶·¨
¶¥·¥Ìµ¤¥ µÉ ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ± ¶·µ¸ÉÒ³ ¶µ ¸É·Ê±ÉÊ·¥ ´¨§-
±µ²¥¦ Ð¨³ Ê·µ¢´Ö³, ±µÉµ·Ò¥ ¢µ§¡Ê¦¤ ÕÉ¸Ö · ¸¸³ É·¨¢ ¥³Ò³ γ-¶¥·¥Ìµ¤µ³
(É.¥. ¶·¨ Ê¢¥²¨Î¥´¨¨ Eγ).

£) �¥ ¨¸±²ÕÎ¥´µ, ÎÉµ ¶²µÉ´µ¸ÉÓ Ê·µ¢´¥° ¢ · °µ´¥ Ô´¥·£¨¨ ¸¢Ö§¨ ´¥°É·µ´ 
(ÌµÉÖ ¡Ò ¢ ´¥±µÉµ·ÒÌ Ö¤· Ì) ²µ± ²Ó´µ, ´µ § ³¥É´µ µÉ±²µ´Ö¥É¸Ö µÉ µÉ´µ¸¨-
É¥²Ó´µ ³µ´µÉµ´´µ° § ¢¨¸¨³µ¸É¨, ¶·¨¢¥¤¥´´µ° ¢ [18, 21] ¨ ´  ·¨¸. 4. �ÉÊ ¢µ§-
³µ¦´µ¸ÉÓ ´¥µ¡Ìµ¤¨³µ ¢¢¥¸É¨ ¤²Ö Éµ£µ, ÎÉµ¡Ò µ¡ÑÖ¸´¨ÉÓ ¶·¨Î¨´Ê · ¸Ìµ¦¤¥-
´¨° ³¥¦¤Ê ´ °¤¥´´Ò³¨  ¡¸µ²ÕÉ´Ò³¨ §´ Î¥´¨Ö³¨ ¸Ê³³ ¸¨²µ¢ÒÌ ËÊ´±Í¨° ¨
¨Ì ³µ¤¥²Ó´µ ¶·¥¤¸± § ´´Ò³¨ §´ Î¥´¨Ö³¨ ¢ ·Ö¤¥ ¸µ¸¥¤´¨Ì ¶µ A Ö¤¥·. ‚ ¸µµÉ-
¢¥É¸É¢¨¨ ¸ (1) ¥¤¨´¸É¢¥´´Ò³¨ Ë ±Éµ· ³¨, µ¶·¥¤¥²ÖÕÐ¨³¨ §´ Î¥´¨¥ ¸¨²µ¢ÒÌ
ËÊ´±Í¨°, Ö¢²ÖÕÉ¸Ö ¶ ·Í¨ ²Ó´ Ö Ï¨·¨´  ¨ · ¸¸ÉµÖ´¨¥ Dλ ³¥¦¤Ê ±µ³¶ Ê´¤-
¸µ¸ÉµÖ´¨Ö³¨ λ, Éµ ¥¸ÉÓ ÔËË¥±É ®¨§²µ³ ¯ (¨, ¸µµÉ¢¥É¸É¢¥´´µ, ¨§³¥´¥´¨¥ Dλ)
¢ Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¶·¨ E¢µ§¡ = Eb, Ö·±µ ¶·µ-
Ö¢²ÖÕÐ¨°¸Ö (¸³. [18, 21],   É ±¦¥ ·¨¸. 4) ¶·¨ ´¥¡µ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥-
´¨Ö, ¢µ§³µ¦´µ, ¸ÊÐ¥¸É¢Ê¥É ¨ ¢ · °µ´¥ Bn. •µÉÖ ¢µ§³µ¦´Ò¥ µÉ±²µ´¥´¨Ö ¶²µÉ-
´µ¸É¨ Ê·µ¢´¥° µÉ ³µ´µÉµ´´µ° § ¢¨¸¨³µ¸É¨, ¥¸²¨ ¤ ¦¥ µ´¨ ¨³¥ÕÉ¸Ö ¶·¨ ¡µ²¥¥
¢Ò¸µ±¨Ì ¢µ§¡Ê¦¤¥´¨ÖÌ, ³µ£ÊÉ ¶·µÖ¢²ÖÉÓ¸Ö É ³ ¢ ³¥´ÓÏ¥° ¸É¥¶¥´¨ (·¨¸. 4).

…¸É¥¸É¢¥´´µ, ÎÉµ ¢ µ¡µ¨Ì ¸¶µ¸µ¡ Ì µ¶·¥¤¥²¥´¨Ö §´ Î¥´¨° ¶²µÉ´µ¸É¨
Ê·µ¢´¥° ¨ · ¤¨ Í¨µ´´ÒÌ ¸¨²µ¢ÒÌ ËÊ´±Í¨° ¢ ³ ±¸¨³ ²Ó´µ° ¸É¥¶¥´¨ ¨¸¶µ²Ó-
§µ¢ ² ¸Ó ¨³¥ÕÐ Ö¸Ö Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¨´Ëµ·³ Í¨Ö µ Ö¤·¥ Å ÔÉµ ¶²µÉ´µ¸ÉÓ
Ê·µ¢´¥° ¶·¨ Ô´¥·£¨¨ ¸¢Ö§¨ ´¥°É·µ´ , Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¨ ±¢ ´Éµ¢Ò¥ Î¨¸² 
Ìµ·µÏµ Ê¸É ´µ¢²¥´´ÒÌ ´¨§±µ²¥¦ Ð¨Ì Ê·µ¢´¥° ¨ ³µ¤ ¨Ì · ¸¶ ¤  ¤µ Ô´¥·-
£¨¨ ¢µ§¡Ê¦¤¥´¨Ö � 1 − 2 ŒÔ‚ ¤²Ö ´¥Î¥É´ÒÌ ¨ Î¥É´ÒÌ Ö¤¥· ¸µµÉ¢¥É¸É¢¥´´µ.
‘¶¥±É·µ¸±µ¶¨Î¥¸±¨¥ ¤ ´´Ò¥ ¡· ²¨¸Ó ¨§ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ±µ³¶¨²ÖÍ¨° (Ô´¥·-
£¨¨ ´¨§±µ²¥¦ Ð¨Ì Ê·µ¢´¥° ¨ ³µ¤Ò ¨Ì · ¸¶ ¤ , ¥¸É¥¸É¢¥´´µ, ¸ ³ ±¸¨³ ²Ó´Ò³
ÊÎ¥Éµ³ ¨´Ëµ·³ Í¨¨, ¶µ²ÊÎ¥´´µ° ´ ³¨ · ´¥¥ ¶·¨  ´ ²¨§¥ ¶ · ³¥É·µ¢ ´ ¨-
¡µ²¥¥ ¨´É¥´¸¨¢´ÒÌ ¤¢ÊÌ±¢ ´Éµ¢ÒÌ ± ¸± ¤µ¢). „µ¶µ²´¨É¥²Ó´µ Ë¨±¸¨·µ¢ ²µ¸Ó
(´  µ¸´µ¢ ´¨¨ [23]) µÉ´µÏ¥´¨¥ Ï¨·¨´ M1- ¨ E1-¶¥·¥Ìµ¤µ¢ ¤²Ö ¨Ì Ô´¥·£¨¨,
´¥¸±µ²Ó±µ ³¥´ÓÏ¥°, Î¥³ Ô´¥·£¨Ö ¸¢Ö§¨ ´¥°É·µ´  Bn. �µÔÉµ³Ê ¢¸¥ · ¸Ìµ¦¤¥-
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¨¸. 5. ‡ ¢¨¸¨³µ¸ÉÓ ¸Ê³³Ò ¸¨²µ¢ÒÌ ËÊ´±Í¨° ¤¨¶µ²Ó´ÒÌ E1- ¨ M1-¶¥·¥Ìµ¤µ¢ µÉ
Ô´¥·£¨¨ ¶¥·¢¨Î´µ£µ ¶¥·¥Ìµ¤  ± ¸± ¤  E1
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´¨Ö ³¥¦¤Ê ¸ÊÐ¥¸É¢ÊÕÐ¨³¨ ¶·¥¤¸É ¢²¥´¨Ö³¨ µ Ö¤·¥ ¨ ´ ¡²Õ¤ ¥³Ò³¨ ¶ · ³¥-
É· ³¨ ¶·µÍ¥¸¸  ± ¸± ¤´µ£µ γ-· ¸¶ ¤  ¸²¥¤Ê¥É µÉ´¥¸É¨ ± µ¡² ¸É¨ ¢µ§¡Ê¦¤¥´¨°
µÉ ∼ 1− 3 ŒÔ‚ ¤µ Bn, ¤µ ´ ¸ ´¨±¥³ ¤¥É ²Ó´µ ´¥ ¨§ÊÎ ¢Ï¥°¸Ö.

* ´¥ ¤¥±¢ É´µ¸É¨ ³µ¤¥²Ó´ÒÌ · ¸Î¥Éµ¢ ¨ Ô±¸¶¥·¨³¥´É .ˆ´Ëµ·³ Í¨Ö µ
§´ Î¥´¨ÖÌ ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¨ ¸¨²µ¢ÒÌ ËÊ´±Í¨ÖÌ ¤¨¶µ²Ó´ÒÌ ¶¥·¥Ìµ¤µ¢ ± ¸-
± ¤µ¢, Ê¤µ¢²¥É¢µ·ÖÕÐ¨Ì ¸µµÉ´µÏ¥´¨Ö³ (3) ¨ (4), ¶µ²ÊÎ¥´  ¢ · ³± Ì ¤¢ÊÌ
¶·¥¤¶µ²µ¦¥´¨°:

 ) ¶²µÉ´µ¸ÉÓ Ê·µ¢´¥° ´¥ § ¢¨¸¨É µÉ ¨Ì Î¥É´µ¸É¨;
¡) ¸¨²µ¢Ò¥ ËÊ´±Í¨¨ ¤²Ö ¶¥·¥Ìµ¤µ¢ µ¤´µ° ¨ Éµ° ¦¥ ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ ¨

Ô´¥·£¨¨ ´¥ § ¢¨¸ÖÉ µÉ Ô´¥·£¨¨ · ¸¶ ¤ ÕÐ¥£µ¸Ö Ê·µ¢´Ö.
�Î¥¢¨¤´µ, ÎÉµ ¸É¥¶¥´Ó ¸µµÉ¢¥É¸É¢¨Ö ÔÉ¨Ì ¶·¥¤¶µ²µ¦¥´¨° ·¥ ²Ó´µ¸É¨ ´¥-

¨§¢¥¸É´  ¨ ³µ¦¥É ¡ÒÉÓ Ê¸É ´µ¢²¥´  Éµ²Ó±µ ¢ ¤ ²Ó´¥°Ï¨Ì Ô±¸¶¥·¨³¥´É Ì.
�¥µ¡Ìµ¤¨³µ¸ÉÓ Ê¶·µÐ¥´¨Ö ·¥Ï ¥³µ° § ¤ Î¨ µ¡Ê¸²µ¢²¥´  ± ± É¥³, ÎÉµ ¢µ§-
³µ¦´µ¸É¥° ¸µ¢·¥³¥´´ÒÌ �‚Œ Ö¢´µ ´¥¤µ¸É ÉµÎ´µ ¤²Ö ·¥ ²¨§ Í¨¨ ¨É¥· Í¨-
µ´´µ£µ ¶·µÍ¥¸¸ ,  ´ ²µ£¨Î´µ£µ µ¶¨¸ ´´µ³Ê ¢ [22] (´µ ¸ µ¶·¥¤¥²¥´¨¥³ ¢¸¥Ì
¡¥§ ¨¸±²ÕÎ¥´¨Ö ¶ · ³¥É·µ¢ ¢Ò· ¦¥´¨° (3) ¨ (4)), É ± ¨ É¥³, ÎÉµ ¨´É¥·¢ ²
¨Ì ¢µ§³µ¦´ÒÌ §´ Î¥´¨° ¶·¨ ÔÉµ³ ´¥¨§¡¥¦´µ · ¸Ï¨·¨É¸Ö, Éµ ¥¸ÉÓ ¢µ§³µ¦´µ-
¸É¨ ¸¥²¥±Í¨¨ ³µ¤¥²¥° ¶µ ¸É¥¶¥´¨ ¨Ì ¸µµÉ¢¥É¸É¢¨Ö ¶µ²ÊÎ¥´´Ò³ ¤ ´´Ò³ ¶·¨
¤¥É ²¨§ Í¨¨ · ¸Î¥É  Ö¢´µ ¸µ±· ÉÖÉ¸Ö.

�¥µ¡Ìµ¤¨³µ § ³¥É¨ÉÓ, ÎÉµ ¤µ ´ ¸ÉµÖÐ¥£µ ¢·¥³¥´¨ ´¥ ¨³¥¥É¸Ö ³¥Éµ¤¨±,
¶µ§¢µ²ÖÕÐ¨Ì µ¶·¥¤¥²¨ÉÓ ¶²µÉ´µ¸ÉÓ Ê·µ¢´¥° ¤²Ö ¸µ¸ÉµÖ´¨° ¸ · §²¨Î´µ° Î¥É-
´µ¸ÉÓÕ ¢ ¶·µ¨§¢µ²Ó´µ³ ¨´É¥·¢ ²¥ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö · §¤¥²Ó´µ (§  ¨¸-
±²ÕÎ¥´¨¥³ µ¡² ¸É¥° ´¥°É·µ´´ÒÌ ·¥§µ´ ´¸µ¢ ¨ ´¨§±µ²¥¦ Ð¨Ì Ê·µ¢´¥°). ’µ
¦¥ µÉ´µ¸¨É¸Ö ¨ ± ¶·µ¡²¥³¥ µ¶·¥¤¥²¥´¨Ö ¸¨²µ¢ÒÌ ËÊ´±Í¨° γ-¶¥·¥Ìµ¤µ¢ ¤²Ö
· ¸¶ ¤  ¸µ¸ÉµÖ´¨Ö ¸ ¶·µ¨§¢µ²Ó´µ° Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö.

„²Ö ³¨´¨³¨§ Í¨¨ ¢²¨Ö´¨Ö ¶·¥¤¶µ²µ¦¥´¨Ö ( ) ¤ ´´Ò¥ µ ¶²µÉ´µ¸É¨ Ê·µ¢-
´¥°, µ¡¥¸¶¥Î¨¢ ÕÐ¥° ¢µ¸¶·µ¨§¢¥¤¥´¨¥ ¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢ ¨ ¶µ²´µ° · -
¤¨ Í¨µ´´µ° Ï¨·¨´Ò ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨Ö, ¶·¨¢¥¤¥´Ò ¤²Ö ¸Ê³³Ò ρ(π = −)+
+ρ(π = +). �µ ¨³¥ÕÐ¥¥¸Ö ¨Ì ´¥¸µµÉ¢¥É¸É¢¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³ ¶·¨ ´¥-
¡µ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö, ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ¢ µ±µ²µ³ £¨Î¥¸±¨Ì Ö¤· Ì,
É·¥¡Ê¥É · §· ¡µÉ±¨ ´¥ Éµ²Ó±µ ´µ¢ÒÌ ³¥Éµ¤¨± Ô±¸¶¥·¨³¥´É , ´µ ¨  ²£µ·¨É³µ¢
¥£µ  ´ ²¨§ .

�·µ¢¥·±  ¸É¥¶¥´¨ ¶·¨³¥´¨³µ¸É¨ ¶¥·¢µ£µ ¶·¨¡²¨¦¥´¨Ö ¢Ò¶µ²´¥´  ¢ · ³-
± Ì  ´ ²¨§ , µ¶¨¸ ´´µ£µ ¢ [22]. �²µÉ´µ¸ÉÓ Ê·µ¢´¥° ¤²Ö ´¥Î¥É´µ-´¥Î¥É´ÒÌ
Ö¤¥· µ¶·¥¤¥²¥´  · §¤¥²Ó´µ ¨§ ¨´É¥´¸¨¢´µ¸É¥° ± ¸± ¤µ¢, § ± ´Î¨¢ ÕÐ¨Ì¸Ö
Ê·µ¢´Ö³¨ ¸ · §²¨Î´µ° ¨Ì Î¥É´µ¸ÉÓÕ. H °¤¥´´µ¥ É ±¨³ µ¡· §µ³ §´ Î¥´¨¥
µ± § ²o¸Ó ¶· ±É¨Î¥¸±¨ µ¤¨´ ±µ¢Ò³ ¢ ¤¥Ëµ·³¨·µ¢ ´´ÒÌ Ö¤· Ì ¨ ¸ÊÐ¥¸É¢¥´´µ
µÉ²¨Î ÕÐ¨³¸Ö Å ¢ µ±µ²µ³ £¨Î¥¸±¨Ì. �µÔÉµ³Ê ³µ¦´µ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ
¶·¨¡²¨¦¥´¨¥ ( ) ´¥ µÎ¥´Ó ¸ÊÐ¥¸É¢¥´´µ ¨¸± ¦ ¥É ¶µ²ÊÎ¥´´Ò¥ ¤²Ö ¤¥Ëµ·³¨-
·µ¢ ´´ÒÌ Ö¤¥· ·¥§Ê²ÓÉ ÉÒ. Š ¸µ¦ ²¥´¨Õ, µ¤¨´ ±µ¢ Ö Î¥É´µ¸ÉÓ ±µ´¥Î´ÒÌ
Ê·µ¢´¥° ± ¸± ¤µ¢ ´¥ ¶µ§¢µ²¨²  ¶·µ¢¥·¨ÉÓ ¸¶· ¢¥¤²¨¢µ¸ÉÓ ÔÉµ£µ § ±²ÕÎ¥´¨Ö
¤²Ö Î¥É´µ-Î¥É´ÒÌ ¨ Î¥É´µ-´¥Î¥É´ÒÌ Ö¤¥·.
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�·¥¤¶µ²µ¦¥´¨¥ (¡) ¢¢¥¤¥´µ ¤²Ö Éµ£µ, ÎÉµ¡Ò ³¨´¨³¨§¨·µ¢ ÉÓ ±µ²¨Î¥¸É¢µ
¶ · ³¥É·µ¢, µÉ ±µÉµ·ÒÌ § ¢¨¸ÖÉ ¢Ò· ¦¥´¨Ö (3) ¨ (4). �´µ, ¢µ§³µ¦´µ, ¢²¨Ö¥É
´  ¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¢ ³¥´ÓÏ¥° ¸É¥¶¥´¨, Î¥³ ¶¥·¢µ¥ ¶·¥¤¶µ²µ¦¥´¨¥,
¶µ¸±µ²Ó±Ê ±µ··¥²ÖÍ¨Ö µÉ´µÏ¥´¨° ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ ¢Éµ·¨Î´ÒÌ ¶¥·¥Ìµ¤µ¢
± ¶µ²´Ò³ Ï¨·¨´ ³ · ¸¶ ¤ ÕÐ¨Ì¸Ö Ê·µ¢´¥° i ¸ÊÐ¥¸É¢¥´´µ ¸´¨¦ ¥É ¢²¨Ö´¨¥
· §²¨Î¨Ö Ëµ·³Ò Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ¸¨²µ¢ÒÌ ËÊ´±Í¨° ¶¥·¢¨Î´ÒÌ ¨
¢Éµ·¨Î´ÒÌ ¶¥·¥Ìµ¤µ¢ ´  µ¶·¥¤¥²Ö¥³Ò¥ §´ Î¥´¨Ö ¶²µÉ´µ¸É¨ ¨ ¶ ·Í¨ ²Ó´ÒÌ
Ï¨·¨´ (·¨¸. 4, 5) ¨ ¶µ²´µ¸ÉÓÕ Ê¸É· ´Ö¥É ¢µ§³µ¦´µ¥ ´¥¸µµÉ¢¥É¸É¢¨¥  ¡¸µ²ÕÉ-
´ÒÌ §´ Î¥´¨° ¸¨²µ¢ÒÌ ËÊ´±Í¨° ¶¥·¢¨Î´ÒÌ ¨ ¢Éµ·¨Î´ÒÌ ¶¥·¥Ìµ¤µ¢.

�¥µ¡Ìµ¤¨³µ ¤µ¡ ¢¨ÉÓ, ÎÉµ µ¶¨¸Ò¢ ¥³ Ö ¶·µÍ¥¤Ê·  µ¶·¥¤¥²¥´¨Ö ¶ · ³¥-
É·µ¢ ¶·µÍ¥¸¸  ± ¸± ¤´µ£µ γ-· ¸¶ ¤  ¡Ò²  ¢Ò¶µ²´¥´  ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ
¸·¥¤´ÖÖ ¨´É¥´¸¨¢´µ¸ÉÓ ± ¸± ¤ , ¢µ§¡Ê¦¤ ÕÐ¥£µ ¸µ¸ÉµÖ´¨Ö ¸ µ¤´¨³ ¨ É¥³ ¦¥
§´ Î¥´¨¥³ Jπ ¢ Ê§±µ³ ¨´É¥·¢ ²¥ Ô´¥·£¨°, ´¥ § ¢¨¸¨É µÉ ¸É·Ê±ÉÊ·Ò ¨Ì ¢µ²-
´µ¢ÒÌ ËÊ´±Í¨°. …¸²¨ ÔÉµ ´¥ É ±, Éµ, ± ± ¶·¨¢¥¤¥´µ ´¨¦¥, ³µ¦´µ ¶µ²ÊÎ¨ÉÓ
¶·¨¡²¨§¨É¥²Ó´ÊÕ µÍ¥´±Ê · §²¨Î¨Ö ¸·¥¤´¥° ¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢, ¢µ§¡Ê-
¦¤ ÕÐ¨Ì ¸µ¸ÉµÖ´¨Ö ¸ µ¤¨´ ±µ¢Ò³ Jπ, ´µ ¸ · §´µ° ¸É·Ê±ÉÊ·µ°. …¸É¥¸É¢¥´´µ,
ÎÉµ µ±µ´Î É¥²Ó´Ò° µÉ¢¥É ´  ¢µ¶·µ¸ µ ·¥ ²Ó´µ³ ¸µµÉ´µÏ¥´¨¨ ¸·¥¤´¨Ì ¨´É¥´-
¸¨¢´µ¸É¥° ± ¸± ¤µ¢, ¢µ§¡Ê¦¤ ÕÐ¨Ì ¶·µ³¥¦ÊÉµÎ´Ò¥ Ê·µ¢´¨ ¶·¨´Í¨¶¨ ²Ó´µ
· §²¨Î´µ° ¸É·Ê±ÉÊ·Ò, ³µ¦¥É ¤ ÉÓ Éµ²Ó±µ Ô±¸¶¥·¨³¥´É, ¢Ò¶µ²´¥´´Ò° ´  ´¥-
µ¡Ìµ¤¨³µ³ ¤²Ö ÔÉµ£µ Ê·µ¢´¥.

3. 	–…�Š� �‹	’�	‘’ˆ “1	‚�…‰
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� °¤¥´´ Ö ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ¨´É¥´¸¨¢´µ¸ÉÖ³ ± ¸± ¤µ¢ ¨
¶µ²´Ò³ · ¤¨ Í¨µ´´Ò³ Ï¨·¨´ ³ ¶²µÉ´µ¸ÉÓ Ê·µ¢´¥° ¨ ¸Ê³³  ¸¨²µ¢ÒÌ ËÊ´±-
Í¨° ¢¥¸Ó³  § ³¥É´µ µÉ²¨Î ÕÉ¸Ö µÉ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ³µ¤¥²Ó´ÒÌ ¶·¥¤¸É ¢²¥´¨°
´  ÔÉµÉ ¸Î¥É. …¸²¨ ¦¥ ÊÎ¥¸ÉÓ, ÎÉµ ± ¦¤µ³Ê Ô±¸¶¥·¨³¥´É ²Ó´µ³Ê §´ Î¥´¨Õ Iγγ
¸µµÉ¢¥É¸É¢Ê¥É ´¥±µÉµ·Ò° ¨´É¥·¢ ² ¢µ§³µ¦´ÒÌ §´ Î¥´¨° ¶²µÉ´µ¸É¨ ¨ ¶ ·Í¨-
 ²Ó´ÒÌ Ï¨·¨´, Éµ ¸É ´µ¢¨É¸Ö µÎ¥¢¨¤´µ° ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¶µ¨¸±  ¤µ¶µ²´¨É¥²Ó-
´ÒÌ  ·£Ê³¥´Éµ¢ ¸¶· ¢¥¤²¨¢µ¸É¨ ¸¤¥² ´´ÒÌ ¢ÒÏ¥ § ±²ÕÎ¥´¨° µ ¸É¥¶¥´¨ ´¥¸µ-
µÉ¢¥É¸É¢¨Ö ·¥ ²Ó´µ° ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¨ ³µ¤¥²Ó´ÒÌ ¶·¥¤¸É ¢²¥´¨° ´  ÔÉµÉ
¸Î¥É. „µ¶µ²´¨É¥²Ó´ÊÕ ¢µ§³µ¦´µ¸ÉÓ ¶·µ¢¥·±¨ ¶µ²ÊÎ¥´´ÒÌ §´ Î¥´¨° ´ ¨¡µ²¥¥
¢¥·µÖÉ´µ° ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¶·¥¤µ¸É ¢²Ö¥É  ´ ²¨§ Ëµ·³Ò · ¸¶·¥¤¥²¥´¨Ö µÉ-
±²µ´¥´¨Ö ¨´É¥´¸¨¢´µ¸É¥° ± ¸± ¤µ¢ µÉ ¨Ì ¸·¥¤´¥£µ §´ Î¥´¨Ö. Š ´ ¸ÉµÖÐ¥³Ê
¢·¥³¥´¨ ¢ ± ¦¤µ³ ¨§ ¤¥Ëµ·³¨·µ¢ ´´ÒÌ Ö¤¥·, ¤²Ö ±µÉµ·ÒÌ ¢Ò¶µ²´¥´ Ô±¸-
¶¥·¨³¥´É ¶µ ¨§ÊÎ¥´¨Õ ± ¸± ¤´µ£µ γ-· ¸¶ ¤ , µ¶·¥¤¥²¥´Ò Ô´¥·£¨¨ ¨ ¨´É¥´-
¸¨¢´µ¸É¨ ´¥¸±µ²Ó±¨Ì ¸µÉ¥´ ± ¸± ¤µ¢ ´ ¨¡µ²ÓÏ¥° ¨´É¥´¸¨¢´µ¸É¨. ‚µ ³´µ£¨Ì
¸²ÊÎ ÖÌ ¤µ¸É ÉµÎ´µ µ¤´µ§´ Î´µ Ê¸É ´µ¢²¥´  ¨ Ô´¥·£¨Ö ¨Ì ¶·µ³¥¦ÊÉµÎ´µ£µ
Ê·µ¢´Ö.
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�µ ¸ ³µ° ¸ÊÉ¨ ¨§ÊÎ ¥³µ£µ Ö¢²¥´¨Ö ¨´É¥´¸¨¢´µ¸ÉÓ ²Õ¡µ£µ ± ¸± ¤  Ö¢²Ö-
¥É¸Ö ¸²ÊÎ °´µ° ¢¥²¨Î¨´µ°, ÌµÉÖ ¡Ò ¨§-§  ´¥¨§¡¥¦´ÒÌ [24] ¢ ·¨ Í¨° Ï¨·¨´ ¨Ì
¶¥·¢¨Î´µ£µ ¶¥·¥Ìµ¤ . ‚ ¸¨ÉÊ Í¨¨, ±µ£¤  ¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¶¥±É· Ì ¢¸¥
¶¨±¨ ´ ¡²Õ¤ ÕÉ¸Ö ´  Ëµ´¥ Ë²Ê±ÉÊ¨·ÊÕÐ¥°, ´µ ¸² ¡µ ³¥´ÖÕÐ¥°¸Ö ¢ ¸·¥¤´¥³
¶µ¤²µ¦±¨, ³µ£ÊÉ ¡ÒÉÓ µ¶·¥¤¥²¥´Ò ¶ · ³¥É·Ò Éµ²Ó±µ É¥Ì ± ¸± ¤µ¢, ¨´É¥´¸¨¢-
´µ¸ÉÓ ±µÉµ·ÒÌ ¶·¥¢ÒÏ ¥É ´¥±µÉµ·µ¥ ¶µ·µ£µ¢µ¥ §´ Î¥´¨¥ Lc. �µÔÉµ³Ê ¸Ê³³ 
Î¨¸²  ´ ¡²Õ¤ ¥³ÒÌ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ê·µ¢´¥° ¢ § ¤ ´´µ³ ¨´É¥·¢ ²¥ Ô´¥·£¨°
¢µ§¡Ê¦¤¥´¨Ö ¢¸¥£¤  ¡Ê¤¥É ³¥´ÓÏ¥ ·¥ ²Ó´µ£µ §´ Î¥´¨Ö ρ∆E. �µ ÔÉ  ¸Ê³³  ¤²Ö
Lc = 0 µ¡¥¸¶¥Î¨¢ ²  ¡Ò ¢µ§³µ¦´µ¸ÉÓ ¶·Ö³µ£µ ¡¥§³µ¤¥²Ó´µ£µ µ¶·¥¤¥²¥´¨Ö
¢ ¦´¥°Ï¥° ¤²Ö É¥µ·¨¨ ¢¥²¨Î¨´Ò ¢ ¤µ¸É ÉµÎ´µ Ï¨·µ±µ° µ¡² ¸É¨ ¢µ§¡Ê¦¤¥-
´¨°, ¶·¨Î¥³ É ³, £¤¥, ¶µ ´ Ï¨³ ¤ ´´Ò³, ¶·µ¨¸Ìµ¤¨É ´ ¨¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´µ¥
¨§³¥´¥´¨¥ ¸¢µ°¸É¢ Ö¤· .

‚ ± ±µ°-Éµ ¸É¥¶¥´¨ ÔÉ  ¶·µ¡²¥³  ¡Ò²  ·¥Ï¥´  ¢ ¶·¥¤²µ¦¥´´µ° ¢ [20]
³¥Éµ¤¨±¥ ¸É É¨¸É¨Î¥¸±µ£µ  ´ ²¨§  ¶ · ³¥É·µ¢ · ¸¶·¥¤¥²¥´¨Ö, µ¶¨¸Ò¢ ÕÐ¥£µ
· §¡·µ¸ ´ ¡²Õ¤ ¥³ÒÌ ¨´É¥´¸¨¢´µ¸É¥° ± ¸± ¤µ¢:

iγγ = i1i2/
∑
g

i2. (6)

‡¤¥¸Ó i1 ¨ i2 Å ¨´É¥´¸¨¢´µ¸É¨ ¶¥·¢¨Î´µ£µ ¨ ¢Éµ·¨Î´µ£µ ¶¥·¥Ìµ¤µ¢ ± ¸-
± ¤µ¢, ´µ·³¨·µ¢ ´´Ò¥ ´  µ¤¨´ · ¸¶ ¤,   g Å ¢¸¥ ¢µ§¡Ê¦¤ ¥³Ò¥ ¢Éµ·¨Î´Ò³¨
¶¥·¥Ìµ¤ ³¨ Ê·µ¢´¨. Ÿ¸´µ, ÎÉµ ¥¸²¨  ¶¶·µ±¸¨³¨·µ¢ ÉÓ Ëµ·³Ê ÔÉµ£µ · ¸¶·¥¤¥-
²¥´¨Ö ¢ µ¡² ¸É¨ iγγ > Lc, Éµ ¥£µ Ô±¸É· ¶µ²ÖÍ¨¥° ± ´Ê²¥¢µ³Ê ¶µ·µ£Ê ÎÊ¢¸É¢¨-
É¥²Ó´µ¸É¨ ³µ¦´µ µ¶·¥¤¥²¨ÉÓ ¢¸¥ ¶ · ³¥É·Ò · ¸¶·¥¤¥²¥´¨Ö, ¢ ¤ ´´µ³ ¸²Ê-
Î ¥ Å ´ ¨¡µ²¥¥ ¢¥·µÖÉ´µ¥ Î¨¸²µ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ê·µ¢´¥°, ¸·¥¤´ÕÕ ¨´É¥´-
¸¨¢´µ¸ÉÓ ± ¸± ¤µ¢ § ¤ ´´µ£µ É¨¶  ¨ ¤µ²Õ ¨´É¥´¸¨¢´µ¸É¨, ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ
µ¡² ¸É¨ iγγ < Lc. �´ ²¨§, ¢Ò¶µ²´¥´´Ò° ¢ [20], ¶µ± § ², ÎÉµ ¶µ²ÊÎ¥´´Ò¥
É ±¨³ µ¡· §µ³ §´ Î¥´¨Ö ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¢ ¤µ¸É ÉµÎ´µ° ¸É¥¶¥´¨ ¸µµÉ¢¥É-
¸É¢ÊÕÉ ¶·¨¢¥¤¥´´Ò³ ¢ ¶. 2.2 ¤ ´´Ò³ µ ¶²µÉ´µ¸É¨ Ê·µ¢´¥°. (
¥§Ê²ÓÉ ÉÒ  ´ -
²¨§  [20] ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 4 ¢ ¢¨¤¥ £¨¸Éµ£· ³³Ò.)

�µ¨¸± ¶ · ³¥É·µ¢ · ¸¶·¥¤¥²¥´¨Ö ¸²ÊÎ °´ÒÌ ¢¥²¨Î¨´, ¥¸É¥¸É¢¥´´µ, ¢µ§-
³µ¦¥´ Éµ²Ó±µ ¢ ¸²ÊÎ ¥, ±µ£¤  Ëµ·³  ÔÉµ£µ · ¸¶·¥¤¥²¥´¨Ö ¨§¢¥¸É´ . �µ¸±µ²Ó±Ê
¢ ¢Ò· ¦¥´¨¨ (6) ¸²ÊÎ °´Ò³¨ Ö¢²ÖÕÉ¸Ö µ¡¥ ¢¥²¨Î¨´Ò, ¥£µ µ¶·¥¤¥²ÖÕÐ¨¥, Éµ
¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢ ¤µ²¦´Ò ¸µµÉ¢¥É¸É¢µ¢ ÉÓ · ¸¶·¥¤¥²¥´¨Õ ¡µ²¥¥ Ï¨-
·µ±µ³Ê, Î¥³ ± ¦¤µ¥ ¨§ ´¨Ì. ‘¨ÉÊ Í¨Ö ¸ÊÐ¥¸É¢¥´´µ Ê¸²µ¦´Ö¥É¸Ö É¥³, ÎÉµ
´¨± ±¨Ì ¤ ´´ÒÌ µ ¶ · ³¥É· Ì · ¸¶·¥¤¥²¥´¨Ö ¸²ÊÎ °´ÒÌ ¨´É¥´¸¨¢´µ¸É¥° ¢Éµ-
·¨Î´ÒÌ ¶¥·¥Ìµ¤µ¢ ± ¸± ¤µ¢ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ´¥ ¨³¥¥É¸Ö. �¤´ ±µ ²¥É ¤¢ -
¤Í ÉÓ Éµ³Ê ´ § ¤ ¡Ò² ¢Ò¶µ²´¥´ ·Ö¤ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¸µ¶µ¸É ¢²¥´¨Õ Ë²Ê±-
ÉÊ Í¨° ¨´É¥´¸¨¢´µ¸É¥° γ-¶¥·¥Ìµ¤µ¢ ¶·¨ § Ì¢ É¥ ·¥§µ´ ´¸´ÒÌ ´¥°É·µ´µ¢ ¸
É¥µ·¥É¨Î¥¸±¨³ · ¸¶·¥¤¥²¥´¨¥³ �µ·É¥· Å’µ³ ¸ . �£· ´¨Î¥´´Ò° µ¡Ñ¥³ ¶·µ-
 ´ ²¨§¨·µ¢ ´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ´¥ ¶µ§¢µ²Ö¥É ¸¤¥² ÉÓ § ±²ÕÎ¥-
´¨¥ µ ¶µ²´µ° ¶·¨³¥´¨³µ¸É¨ ¶·¥¤¸É ¢²¥´¨Ö [24] µ £ Ê¸¸µ¢¸±µ° Ëµ·³¥ · ¸-
¶·¥¤¥²¥´¨Ö  ³¶²¨ÉÊ¤ ¶ ·Í¨ ²Ó´ÒÌ ¶¥·¥Ìµ¤µ¢ ¸ ´Ê²¥¢Ò³ ¸·¥¤´¨³ ¤²Ö ¢¸¥Ì
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· ¸¸³ É·¨¢ ¥³ÒÌ ´ ³¨ Ö¤¥· ¨ §´ Î¥´¨° Ô´¥·£¨° ¶¥·¥Ìµ¤µ¢. ’¥³ ´¥ ³¥´¥¥ ¢
± Î¥¸É¢¥ ¶¥·¢µ£µ ¶·¨¡²¨¦¥´¨Ö · ¸¶·¥¤¥²¥´¨¥ �µ·É¥· Å’µ³ ¸  ³µ¦¥É ¡ÒÉÓ
¨¸¶µ²Ó§µ¢ ´µ ¤²Ö µ¶¨¸ ´¨Ö ¸¶¥±É·  §´ Î¥´¨° ¢¥²¨Î¨´Ò i1. �¥±µÉµ·Ò³ µ¡µ-
¸´µ¢ ´¨¥³ ¤²Ö ÔÉµ£µ Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ±µ²¨Î¥¸É¢µ ±µ³¶µ´¥´É ¢µ²´µ¢ÒÌ ËÊ´±-
Í¨° ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨Ö, µ¶·¥¤¥²ÖÕÐ¨Ì  ³¶²¨ÉÊ¤Ê γ-¶¥·¥Ìµ¤ , ¢¥¸Ó³  ¢¥-
²¨±µ [1], ¨ Î¨¸²µ ¶µ²µ¦¨É¥²Ó´ÒÌ ¨ µÉ·¨Í É¥²Ó´ÒÌ ¸² £ ¥³ÒÌ ¢ ³ É·¨Î´µ³
Ô²¥³¥´É¥ ¶¥·¢¨Î´µ£µ ¶¥·¥Ìµ¤  ± ¸± ¤  ¤µ²¦´µ ¡ÒÉÓ ¶·¨¡²¨§¨É¥²Ó´µ µ¤¨´ -
±µ¢Ò³. ‚ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥ · ¸¶·¥¤¥²¥´¨¥ [24] ´¥ ¸µµÉ¢¥É¸É¢µ¢ ²µ ¡Ò Ô±¸¶¥-
·¨³¥´ÉÊ ´¨ ¢ ± ±µ° µ¡² ¸É¨ Ô´¥·£¨° ¶¥·¥Ìµ¤µ¢.

�·µ¡²¥³  ¢²¨Ö´¨Ö Ë²Ê±ÉÊ Í¨° Ï¨·¨´ ¢Éµ·¨Î´ÒÌ ¶¥·¥Ìµ¤µ¢ ´  ¨´É¥´¸¨¢-
´µ¸É¨ ± ¸± ¤µ¢ ´¥ Ö¢²Ö¥É¸Ö ¸ÊÐ¥¸É¢¥´´µ°. ‘Ê³³¨·µ¢ ´¨¥³ ¨´É¥´¸¨¢´µ¸É¥°
± ¸± ¤µ¢, ¢µ§¡Ê¦¤ ÕÐ¨Ì µ¤¨´ ¨ ÉµÉ ¦¥ ¶·µ³¥¦ÊÉµÎ´Ò° Ê·µ¢¥´Ó ¨ § ± ´Î¨-
¢ ÕÐ¨Ì¸Ö · §²¨Î´Ò³¨ ¢Éµ·¨Î´Ò³¨ ¶¥·¥Ìµ¤ ³¨ i2, ³µ¦´µ ¤µ¸É¨ÎÓ [20] Éµ£µ,
ÎÉµ ¤¨¸¶¥·¸¨Ö ¢¥²¨Î¨´Ò iγγ ¡Ê¤¥É ¡µ²¥¥ Î¥³ ´  90% µ¶·¥¤¥²ÖÉÓ¸Ö Ë²Ê±-
ÉÊ Í¨Ö³¨ ¨´É¥´¸¨¢´µ¸É¥° ¶¥·¢¨Î´ÒÌ ¶¥·¥Ìµ¤µ¢ i1. ‘¶· ¢¥¤²¨¢µ¸ÉÓ É ±µ£µ
ÊÉ¢¥·¦¤¥´¨Ö ´¥¸²µ¦´µ ¶·µ¢¥·¨ÉÓ, µ¶·¥¤¥²¨¢ Ô±¸¶¥·¨³¥´É ²Ó´µ ¤¨¸¶¥·¸¨Õ
µÉ´µÏ¥´¨Ö

r =
∑
f

iγγ/i1 (7)

¤²Ö ¨³¥ÕÐ¨Ì¸Ö ¤ ´´ÒÌ ¶µ ¨´É¥´¸¨¢´µ¸ÉÖ³ ± ¸± ¤µ¢ ¨ ¨Ì ¶¥·¢¨Î´ÒÌ ¶¥·¥-
Ìµ¤µ¢. �µ¸²¥¤´¨¥ ¨§ÊÎ¥´Ò ¶· ±É¨Î¥¸±¨ ¤²Ö ¢¸¥Ì ¸É ¡¨²Ó´ÒÌ Ö¤¥·-³¨Ï¥´¥°
(ÌµÉÖ ¢µ ³´µ£¨Ì ¸²ÊÎ ÖÌ ¢ ´¥¤µ¸É ÉµÎ´µ³ µ¡Ñ¥³¥ ¨ ¸µ ¸²¨Ï±µ³ ¡µ²ÓÏµ° ¶µ-
£·¥Ï´µ¸ÉÓÕ). �Î¥¢¨¤´µ, ÎÉµ ¨§-§  µ£· ´¨Î¥´´µ£µ ±µ²¨Î¥¸É¢  ´ ¡²Õ¤ ¥³ÒÌ ¢
Ô±¸¶¥·¨³¥´É¥ ±µ´¥Î´ÒÌ Ê·µ¢´¥° ± ¸± ¤µ¢ f µÉ´µÏ¥´¨¥ r ³¥´ÓÏ¥ ¥¤¨´¨ÍÒ ¨
Ö¢²Ö¥É¸Ö ¸²ÊÎ °´µ° ¢¥²¨Î¨´µ°. �µ ¥¥ ¤¨¸¶¥·¸¨Ö ¸É·¥³¨É¸Ö ± ´Ê²Õ, ±µ£¤  Î¨-
¸²µ f → g, Éµ ¥¸ÉÓ · §²¨Î¨¥ ¢ Ëµ·³ Ì · ¸¶·¥¤¥²¥´¨° ± ¸± ¤µ¢ ¨ ¶¥·¢¨Î´ÒÌ
¶¥·¥Ìµ¤µ¢ ¨¸Î¥§ ¥É ¢ ¸²ÊÎ ¥ £¨¶µÉ¥É¨Î¥¸±µ£µ Ô±¸¶¥·¨³¥´É , ¢ ±µÉµ·µ³ ¨´É¥´-
¸¨¢´µ¸É¨ ¤¢ÊÌ±¢ ´Éµ¢ÒÌ ± ¸± ¤µ¢ µ¶·¥¤¥²¥´Ò ¤²Ö ¢¸¥Ì ¢µ§³µ¦´ÒÌ ±µ´¥Î´ÒÌ
Ê·µ¢´¥°.

�Î¥´Ó ¸¥·Ó¥§´ÊÕ ¶·µ¡²¥³Ê ¢  ´ ²¨§¥ [20] ¶·¥¤¸É ¢²Ö¥É ÊÎ¥É Ô´¥·£¥É¨Î¥-
¸±µ° § ¢¨¸¨³µ¸É¨ ¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢. ˆ§ ¶·¨¢¥¤¥´´ÒÌ ´ ³¨ ·¥§Ê²ÓÉ -
Éµ¢ ¶µ µ¶·¥¤¥²¥´¨Õ Ëµ·³Ò Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ¸¨²µ¢ÒÌ ËÊ´±Í¨°
¸ ¢Ò¸µ±µ° ¢¥·µÖÉ´µ¸ÉÓÕ ¸²¥¤Ê¥É ¢Ò¢µ¤ µ Éµ³, ÎÉµ ¸µµÉ¢¥É¸É¢¨Ö § ¢¨¸¨³µ¸É¨
f(E1) ¨ f(M1) µÉ Ô´¥·£¨¨ ¶¥·¥Ìµ¤  ³µ¤¥²Ö³ [12Ä14] ¢ ²Õ¡µ³ Ö¤·¥ ´¥ ¸Ê-
Ð¥¸É¢Ê¥É. �¥²Ó§Ö ¤ ¦¥ ¨¸±²ÕÎ¨ÉÓ ¨ É ±µ° ¸¨ÉÊ Í¨¨, ±µ£¤  Ô´¥·£¥É¨Î¥¸± Ö
§ ¢¨¸¨³µ¸ÉÓ f(E1) ¨ f(M1) ¢ ± ±µ°-Éµ ¸É¥¶¥´¨ · §²¨Î´  ¢ ´¥°É·µ´´ÒÌ ·¥-
§µ´ ´¸ Ì ¸ · §²¨Î´µ° Γ0n. �  É ±ÊÕ ¢µ§³µ¦´µ¸ÉÓ Ê± §Ò¢ ¥É ´ ²¨Î¨¥ [25]
¸¨²Ó´µ° ±µ··¥²ÖÍ¨¨ ¨´É¥´¸¨¢´µ¸É¥° ´ ¡²Õ¤ ¥³ÒÌ ± ¸± ¤µ¢ ¨ ¶·¨¢¥¤¥´´µ°
´¥°É·µ´´µ° Ï¨·¨´Ò ¢ Î¥É´µ-´¥Î¥É´ÒÌ ¸µ¸É ¢´ÒÌ Ö¤· Ì. …¸É¥¸É¢¥´´µ, ¶µ-
¸²¥¤´ÖÖ £¨¶µÉ¥§  ¶µ¤²¥¦¨É Ô±¸¶¥·¨³¥´É ²Ó´µ° ¶·µ¢¥·±¥, ÌµÉÖ µ´  ²µ£¨Î¥¸±¨
¢ÒÉ¥± ¥É ´¥ Éµ²Ó±µ ¨§ ¤ ´´ÒÌ [25], ´µ ¨ ¶µ§¢µ²Ö¥É ¤ ÉÓ ÌµÉÖ ¡Ò ¶·¥¤¢ ·¨-
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É¥²Ó´µ¥ ± Î¥¸É¢¥´´µ¥ µ¡ÑÖ¸´¥´¨¥ ´ ¡²Õ¤ ¥³Ò³ ¢ · §²¨Î´ÒÌ Ö¤· Ì ¢ ·¨ Í¨Ö³
¸Ê³³ ¸¨²µ¢ÒÌ ËÊ´±Í¨° (·¨¸. 5).


¨¸. 6. ‘µ¶µ¸É ¢²¥´¨¥ ´ ¨¡µ²¥¥ ¢¥·µÖÉ´ÒÌ §´ Î¥´¨° ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¨ ¸Ê³³ ¸¨²µ-
¢ÒÌ ËÊ´±Í¨° ¢ ¸µ¸É ¢´ÒÌ Ö¤· Ì 181Hf ¨ 183W. �¡µ§´ Î¥´¨Ö  ´ ²µ£¨Î´Ò ·¨¸. 4 ¨ 5

„µ¸É ÉµÎ´µ Ö·±¨³ ¶·¨³¥·µ³, ¨²²Õ¸É·¨·ÊÕÐ¨³ ÔÉµ ÊÉ¢¥·¦¤¥´¨¥, Ö¢²Ö-
¥É¸Ö ¶ ·  Ö¤¥· Å 181Hf ¨ 183W. �µ ¸¢µ¨³ µ¸´µ¢´Ò³ ¶ · ³¥É· ³ µ´¨ ²¨¡µ
¨¤¥´É¨Î´Ò, ²¨¡µ ¤µ¸É ÉµÎ´µ ¡²¨§±¨: Î¥É´µ¸ÉÓ Î¨¸²  ´Ê±²µ´µ¢, ¶²µÉ´µ¸ÉÓ
Ê·µ¢´¥°, ¶µ²´ Ö · ¤¨ Í¨µ´´ Ö Ï¨·¨´ , ¸É·Ê±ÉÊ·  ±µ´¥Î´ÒÌ Ê·µ¢´¥° ± ¸± -
¤µ¢ ¨ É.¤. �¸´µ¢´µ¥ · §²¨Î¨¥ Å ¢ 183W µÉ´µ¸¨É¥²Ó´µ¥ §´ Î¥´¨¥ ¶·¨¢¥¤¥´-
´µ° ´¥°É·µ´´µ° Ï¨·¨´Ò ³¥´ÓÏ¥, Î¥³ ¤²Ö ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨Ö 181Hf, Éµ ¥¸ÉÓ
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¢±² ¤ µ¤´µÎ ¸É¨Î´ÒÌ ±µ³¶µ´¥´É ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¢ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ
¶¥·¢¨Î´ÒÌ ¶¥·¥Ìµ¤µ¢ ¨, ¥¸É¥¸É¢¥´´µ, ¨Ì ¸µµÉ´µÏ¥´¨¥ ¸ ³´µ£µÎ ¸É¨Î´Ò³¨
±µ³¶µ´¥´É ³¨ ¸ÊÐ¥¸É¢¥´´µ · §²¨Î ÕÉ¸Ö. �Î¥´Ó · §²¨Î ÕÉ¸Ö ¢ ÔÉ¨Ì Ö¤· Ì
¸¨²µ¢Ò¥ ËÊ´±Í¨¨ ¶¥·¢¨Î´ÒÌ ¶¥·¥Ìµ¤µ¢, ´¥µ¡Ìµ¤¨³Ò¥ ¤²Ö ¢µ¸¶·µ¨§¢¥¤¥´¨Ö
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨´É¥´¸¨¢´µ¸É¥° ± ¸± ¤µ¢ (·¨¸. 6). ’ ±µ° ®¸¨²Ó´Ò°¯ ¢Ò-
¢µ¤, · §Ê³¥¥É¸Ö, ³µ¦¥É ¡ÒÉÓ ¶·¨´ÖÉ Éµ²Ó±µ ¢ Éµ³ ¸²ÊÎ ¥, ±µ£¤  ¶·¨¢¥¤¥´´Ò°
·¥§Ê²ÓÉ É ¡Ê¤¥É ¢µ¸¶·µ¨§¢¥¤¥´ ¸ ¶µ³µÐÓÕ ¤µ¸É ÉµÎ´µ ÉµÎ´µ° ³µ¤¥²¨. …¤¨´-
¸É¢¥´´Ò°  ·£Ê³¥´É ¢ ¶µ²Ó§Ê ¸µµÉ¢¥É¸É¢¨Ö ¤ ´´ÒÌ ·¨¸. 6 ·¥ ²Ó´µ¸É¨ ¸µ¸Éµ¨É
¢ Éµ³, ÎÉµ ¸¨²µ¢Ò¥ ËÊ´±Í¨¨ ¶¥·¥Ìµ¤µ¢ ¢µ§· ¸É ÕÉ ¢³¥¸É¥ ¸ µ¤´µ¢·¥³¥´-
´Ò³ µÉ´µ¸¨É¥²Ó´Ò³ Ê¢¥²¨Î¥´¨¥³ ¤µ²¨ ³´µ£µ±¢ §¨Î ¸É¨Î´ÒÌ ¨ ¢¨¡· Í¨µ´´ÒÌ
±µ³¶µ´¥´É ¢ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨Ö (§  ¸Î¥É µÉ´µ¸¨É¥²Ó´µ£µ
Ê³¥´ÓÏ¥´¨Ö Γ0n). �É¸Õ¤  ¸²¥¤Ê¥É § ±²ÕÎ¥´¨¥ Î¨¸Éµ ± Î¥¸É¢¥´´µ£µ Ì · ±É¥· 
µ¡ Ê¢¥²¨Î¥´¨¨ §´ Î¥´¨° ¸¨²µ¢ÒÌ ËÊ´±Í¨° §  ¸Î¥É ¢²¨Ö´¨Ö ±µ²²¥±É¨¢´ÒÌ
ÔËË¥±Éµ¢ ´  ³ É·¨Î´Ò° Ô²¥³¥´É γ-¶¥·¥Ìµ¤ .

Š ¸µ¦ ²¥´¨Õ, ÔÉµ Éµ²Ó±µ ±µ¸¢¥´´Ò°  ·£Ê³¥´É ¢ ¶µ¤¤¥·¦±Ê ¶·¥¤¶µ²µ¦¥-
´¨Ö, ÎÉµ ¸É·Ê±ÉÊ·  ¢µ²´µ¢µ° ËÊ´±Í¨¨ ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨Ö ¸ÊÐ¥¸É¢¥´´µ ¢²¨-
Ö¥É ´  ¸¨²µ¢Ò¥ ËÊ´±Í¨¨ γ-¶¥·¥Ìµ¤µ¢. �µ ¶·Ö³µ° Ô±¸¶¥·¨³¥´É ¶µ ¶·µ¢¥·±¥
É ±µ£µ ¶·¥¤¶µ²µ¦¥´¨Ö ¢µ§³µ¦¥´ ´  ²Õ¡µ³ ¨¸ÉµÎ´¨±¥ ·¥§µ´ ´¸´ÒÌ ´¥°É·µ´µ¢
¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¸µ¢·¥³¥´´ÒÌ ¢Ò¸µ±µ± Î¥¸É¢¥´´ÒÌ HPGe-¤¥É¥±Éµ·µ¢.

‡ ³¥É¨³, ÎÉµ ¢ ·Ö¤¥ Ö¤¥· ²µ£ ·¨Ë³¨Î¥¸± Ö ¶·µ¨§¢µ¤´ Ö S = f(E1)+
+f(M1) ³¥´Ö¥É §´ ± ¶·¨ ¨§³¥´¥´¨¨ Ô´¥·£¨¨ γ-¶¥·¥Ìµ¤  ÌµÉÖ ¡Ò µ¤¨´ · §.
�É¸Õ¤  ¶·Ö³µ ¸²¥¤Ê¥É, ÎÉµ ± ±µ°-Éµ Ê´¨¢¥·¸ ²Ó´µ° Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨-
³µ¸É¨ ¸·¥¤´¥£µ §´ Î¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢ µÉ Ô´¥·£¨¨ ¨Ì ¶¥·¢¨Î´µ£µ
¶¥·¥Ìµ¤  ¦¤ ÉÓ ´¥ ¸²¥¤Ê¥É. …¤¨´¸É¢¥´´ Ö ¢µ§³µ¦´µ¸ÉÓ ¨¸±²ÕÎ¥´¨Ö ´¥¨§¢¥¸É-
´µ£µ ¶ · ³¥É·  ¢ É ±µ³ ¸²ÊÎ ¥ ¸µ¸Éµ¨É ¢ ¨§ÊÎ¥´¨¨ Ëµ·³Ò · ¸¶·¥¤¥²¥´¨Ö ¨´-
É¥´¸¨¢´µ¸É¥° ± ¸± ¤µ¢, Ô´¥·£¨Ö ¶·µ³¥¦ÊÉµÎ´µ£µ Ê·µ¢´Ö ±µÉµ·ÒÌ ´ Ìµ¤¨É¸Ö
¢ ¤µ¸É ÉµÎ´µ ³ ²µ³ ¨´É¥·¢ ²¥ Ô´¥·£¨¨. �¢Éµ·Ò [20] ¨¸¶µ²Ó§µ¢ ²¨ ¤²Ö  ´ -
²¨§  4 ¨ ¡µ²¥¥ ¨´É¥·¢ ²  Ô´¥·£¨° ¶·µ³¥¦ÊÉµÎ´ÒÌ Ê·µ¢´¥° Ï¨·¨´µ° 0,5 ŒÔ‚
± ¦¤Ò°. ’¥¸Éµ¢Ò¥ ¢ ·¨ ´ÉÒ · ¸Î¥Éµ¢ ¶µ± § ²¨, ÎÉµ ¢ Í¥²µ³ ¤²Ö ¢¸¥£µ ´ ¡µ· 
¶·µ ´ ²¨§¨·µ¢ ´´ÒÌ Ö¤¥· ¸³¥Ð¥´¨¥ ¨¸±µ³µ£µ ¶ · ³¥É·  Å Î¨¸²  ¸µ¸ÉµÖ´¨°
¢ § ¤ ´´µ³ ¨´É¥·¢ ²¥ ¨Ì Ô´¥·£¨° Å ´¥ ´ ¡²Õ¤ ¥É¸Ö, ÌµÉÖ ¸·¥¤´¥±¢ ¤· É¨Î´µ¥
¥£µ · ¸Ìµ¦¤¥´¨¥ ¤²Ö · ¸Î¥Éµ¢ ¡¥§ ÊÎ¥É  Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ¨ ¸ ±µ·-
·¥±Í¨¥° ¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢ ´  E3

γ ¢ ¸·¥¤´¥³ ¤µ¸É¨£ ¥É µ¤´µ° ¤¥¸ÖÉµ° µÉ
¨¸±µ³µ° ¢¥²¨Î¨´Ò. �·¨³¥·Ò ·¥§Ê²ÓÉ Éµ¢ ¶·µ¤¥² ´´µ£µ  ´ ²¨§  ¶·¨¢¥¤¥´Ò ´ 
·¨¸. 7. „µ¡ ¢¨³, ÎÉµ ¤²Ö ¸µ¶µ¸É ¢²¥´¨Ö ¸  ¶¶·µ±¸¨³¨·ÊÕÐ¥° § ¢¨¸¨³µ¸ÉÓÕ
´¥É·Ê¤´µ · ¸cÎ¨É ÉÓ · ¸¶·¥¤¥²¥´¨¥ ±Ê³Ê²ÖÉ¨¢´ÒÌ ¸Ê³³ ¤²Ö ¸²ÊÎ Ö, ±µ£¤ 
¶²µÉ´µ¸ÉÓ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¸µµÉ¢¥É¸É¢Ê¥É ³µ¤¥²¨ [10],   ¸Ê³³ ·´ Ö
¨Ì ¨´É¥´¸¨¢´µ¸ÉÓ · ¢´  Ô±¸¶¥·¨³¥´É ²Ó´µ°. �µ, ± ± ¶· ¢¨²µ, Ô±¸¶¥·¨³¥´-
É ²Ó´ Ö ¨´É¥´¸¨¢´µ¸ÉÓ ¢ ´¥¸±µ²Ó±µ · § ¶·¥¢ÒÏ ¥É §´ Î¥´¨¥, ¶µ²ÊÎ¥´´µ¥ ¢
· ¸Î¥É¥ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ³µ¤¥²¨ ´¥¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥£µ Ë¥·³¨-£ § . “Î¥É
ÔÉµ£µ · ¸Ìµ¦¤¥´¨Ö ¢  ´ ²¨§¥, É¨¶  ¶·¨¢¥¤¥´´µ£µ ¢ [20], ¢¥¸Ó³  ¸ÊÐ¥¸É¢¥´´µ
Ê¢¥²¨Î¨¢ ¥É ¸É¥¶¥´Ó · ¸Ìµ¦¤¥´¨Ö ³¥¦¤Ê Ô±¸¶¥·¨³¥´É ²Ó´µ ´ ¡²Õ¤ ¥³µ° ¨
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µ¦¨¤ ¥³Ò³¨ ±Ê³Ê²ÖÉ¨¢´Ò³¨ ¸Ê³³ ³¨ ¨´É¥´¸¨¢´µ¸É¥° ± ¸± ¤µ¢, É¥³ ¸ ³Ò³
¤ ¢ Ö ¤µ¶µ²´¨É¥²Ó´Ò°  ·£Ê³¥´É ¢ ¶µ²Ó§Ê ²ÊÎÏ¥£µ ¸µµÉ¢¥É¸É¢¨Ö ·¥ ²Ó´µ¸É¨
´ °¤¥´´ÒÌ ¢ [20, 21] ¨ ¶·¨¢¥¤¥´´ÒÌ ´  ·¨¸. 4 §´ Î¥´¨° ´ ¨¡µ²¥¥ ¢¥·µÖÉ´µ°
¶²µÉ´µ¸É¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¤¥Ëµ·³¨·µ¢ ´´µ£µ Ö¤·  ¶µ ¸· ¢´¥´¨Õ ¸
³µ¤¥²ÓÕ [10].


 ¸Ìµ¦¤¥´¨¥ ¶·¥¤¸± § ´¨° ³µ¤¥²¨ [10] ¨ ´ °¤¥´´ÒÌ §´ Î¥´¨° ρ ´¨¦¥
£· ´¨Î´µ° Ô´¥·£¨¨ Eb, ¶µ ±· °´¥° ³¥·¥ ± Î¥¸É¢¥´´µ, ³µ¦¥É ¡ÒÉÓ µ¡ÑÖ¸´¥´µ
É ±¦¥ ¨ ¢µ§³µ¦´µ° ¢¥¸Ó³  ¸ÊÐ¥¸É¢¥´´µ° ¸¥²¥±É¨¢´µ¸ÉÓÕ ·¥ ±Í¨¨ (n, γ) ¤²Ö
³¥¤²¥´´ÒÌ ´¥°É·µ´µ¢, Éµ ¥¸ÉÓ ± ¸± ¤Ò ¸ ¶·µ³¥¦ÊÉµÎ´Ò³¨ Ê·µ¢´Ö³¨ ´¨¦¥ Eb

³µ¦´µ · §¤¥²¨ÉÓ ´  ¤¢¥ ¨²¨ ¡µ²ÓÏ¥ £·Ê¶¶. �¥¡µ²ÓÏµ¥ Î¨¸²µ ± ¸± ¤µ¢ ¨³¥ÕÉ
¸·¥¤´¨¥ ¨´É¥´¸¨¢´µ¸É¨, ¸ÊÐ¥¸É¢¥´´µ ¶·¥¢ÒÏ ÕÐ¨¥ ¸·¥¤´¨¥ ¨´É¥´¸¨¢´µ¸É¨
¡µ²ÓÏµ£µ Î¨¸²  ± ¸± ¤µ¢ ¨§ ¤·Ê£¨Ì £·Ê¶¶.

„ ´´Ò¥ [20] ¶µ§¢µ²ÖÕÉ µÍ¥´¨ÉÓ ¸µµÉ´µÏ¥´¨¥ ¸·¥¤´¨Ì ¨´É¥´¸¨¢´µ¸É¥°
± ¸± ¤µ¢ ¢ ¸²ÊÎ ¥ ¸¶· ¢¥¤²¨¢µ¸É¨ É ±µ° £¨¶µÉ¥§Ò. 
 ¸Ìµ¦¤¥´¨¥ ³¥¦¤Ê Î¨¸-
²µ³ Ê·µ¢´¥°, ±µÉµ·µ¥ ¤ ¥É  ´ ²¨§ [20], ¨ ¶·¥¤¸± § ´¨Ö³¨ ³µ¤¥²¨ Ë¥·³¨-£ § 
[10] ¢ · °µ´¥ 3Ä4 ŒÔ‚ ¸µ¸É ¢²Ö¥É ± ± ³¨´¨³Ê³ ¶µ·Ö¤µ±. �¥µ¶·¥¤¥²¥´´µ°
Ö¢²Ö¥É¸Ö ¸Ê³³ ·´ Ö ¨´É¥´¸¨¢´µ¸ÉÓ £·Ê¶¶Ò ®¸² ¡ÒÌ¯ ± ¸± ¤µ¢. ‹µ£¨Î´µ ¶·¥¤-
¶µ²µ¦¨ÉÓ, ´ ¶·¨³¥·, ÎÉµ ¨Ì ¸Ê³³  ¸· ¢´¨³  ¸ ´¥´ ¡²Õ¤ ¥³µ° (´ Ìµ¤ÖÐ¥°¸Ö
´¨¦¥ ¶µ·µ£  ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨) ¤µ²¥° ¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢ ¤·Ê£µ° £·Ê¶¶Ò.
‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¤ ´´Ò¥ ¶µ± §Ò¢ ÕÉ, ÎÉµ µ¡ÒÎ´µ (·¨¸. 7) ´  ¤µ²Õ ± ¸± ¤µ¢
¸ iγγ < Lc ¶·¨Ìµ¤¨É¸Ö ´¥ ¡µ²¥¥ 1/5 ´ ¡²Õ¤ ¥³µ° ¨´É¥´¸¨¢´µ¸É¨. “Î¨ÉÒ-
¢ Ö, ÎÉµ ´ °¤¥´´µ¥ ¢ÒÏ¥ Î¨¸²µ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ∼ 10 · § ³¥´ÓÏ¥
¶·¥¤¸± § ´¨° [10], ³µ¦´µ µÍ¥´¨ÉÓ, ÎÉµ ¸·¥¤´ÖÖ ¨´É¥´¸¨¢´µ¸ÉÓ ± ¸± ¤µ¢ ¸
· §²¨Î´Ò³ É¨¶µ³ ¸É·Ê±ÉÊ·Ò ¢µ²´µ¢µ° ËÊ´±Í¨¨ (´µ µ¤¨´ ±µ¢Ò³ Jπ) ¨Ì ¶·µ-
³¥¦ÊÉµÎ´ÒÌ Ê·µ¢´¥° ³µ¦¥É · §²¨Î ÉÓ¸Ö ¡µ²¥¥ Î¥³ ¢ 50 · §. ’µ²Ó±µ ¢ É -
±µ³ £¨¶µÉ¥É¨Î¥¸±µ³ ¸²ÊÎ ¥ ³µ£ÊÉ ¡ÒÉÓ ¸¶· ¢¥¤²¨¢Ò³¨ ¶·¥¤¸É ¢²¥´¨Ö ³µ¤¥²¨
´¥¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥£µ Ë¥·³¨-£ §  ¨ ¶·¥¤¸± §Ò¢ ¥³ Ö ¶²µÉ´µ¸ÉÓ Ê·µ¢´¥° ¨
´¥¸¶· ¢¥¤²¨¢Ò ·¥§Ê²ÓÉ ÉÒ, ¶·¨¢¥¤¥´´Ò¥ ´  ·¨¸. 4. �É³¥É¨³, ÎÉµ ¶·¨ ³¥´Ó-
Ï¥³ · §²¨Î¨¨ ¸·¥¤´¨Ì ¨´É¥´¸¨¢´µ¸É¥° ± ¸± ¤µ¢ Ë ±É ¸¥²¥±É¨¢´µ¸É¨ ·¥ ±Í¨¨
³µ¦´µ ¡Ò²µ ¡Ò ¶·Ö³µ Ê¸É ´µ¢¨ÉÓ ¶µ · ¸Ìµ¦¤¥´¨Õ Ëµ·³Ò  ¶¶·µ±¸¨³¨·µ¢ ´-
´µ° ¨ ´ ¡²Õ¤ ¥³ÒÌ ±Ê³Ê²ÖÉ¨¢´ÒÌ ¸Ê³³ ¤²Ö ¨´É¥´¸¨¢´µ¸É¥° ± ¸± ¤µ¢, ´¥-
¸±µ²Ó±µ ¶·¥¢ÒÏ ÕÐ¨Ì Lc.

�É¸ÊÉ¸É¢¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ´Ê¦´µ£µ ± Î¥¸É¢  ´¥ ¶µ§¢µ²Ö¥É
¸¤¥² ÉÓ µ±µ´Î É¥²Ó´µ¥ § ±²ÕÎ¥´¨¥ µ Éµ³, ± ± Ö ¨§ ¤¢ÊÌ ¢µ§³µ¦´ÒÌ ¸¨ÉÊ Í¨°
¡µ²¥¥ ¸µµÉ¢¥É¸É¢Ê¥É ·¥ ²Ó´µ¸É¨. �µ ¨ ¢ ¸²ÊÎ ¥ ¸¨²Ó´µ£µ µÉ±²µ´¥´¨Ö ·¥ ²Ó-
´µ° ¶²µÉ´µ¸É¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° µÉ ¶·¥¤¸± § ´¨° ³µ¤¥²¨ ´¥¢§ ¨³µ-
¤¥°¸É¢ÊÕÐ¥£µ Ë¥·³¨-£ § , ¨ ¢ ¸²ÊÎ ¥ ¸¨²Ó´µ° ¸¥²¥±É¨¢´µ¸É¨ ·¥ ±Í¨¨ (n, γ)
´ ¡²Õ¤ ¥É¸Ö ¶·¨´Í¨¶¨ ²Ó´µ¥ · ¸Ìµ¦¤¥´¨¥ ³¥¦¤Ê ¸ÊÐ¥¸É¢ÊÕÐ¨³¨ ¶·¥¤¸É ¢-
²¥´¨Ö³¨ µ Ö¤·¥ ¨ ¶·µ¨¸Ìµ¤ÖÐ¨³¨ ¢ ´¥³ ¶·µÍ¥¸¸ ³¨. …£µ ¶·¨Î¨´  ³µ¦¥É ¡ÒÉÓ
¸¢Ö§ ´  Éµ²Ó±µ ¸ ¸¨²Ó´Ò³ ¢²¨Ö´¨¥³ ¸É·Ê±ÉÊ·Ò ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤· 
´  · §¢¨É¨¥ ¶·µÍ¥¸¸  γ-· ¸¶ ¤  ¶· ±É¨Î¥¸±¨ ¤²Ö ¢¸¥£µ ¨´É¥·¢ ²  Bn. � -
¡²Õ¤ ¥³Ò° ÔËË¥±É ¤²Ö µ±µ´Î É¥²Ó´µ£µ µ¡ÑÖ¸´¥´¨Ö É·¥¡Ê¥É ¸µµÉ¢¥É¸É¢ÊÕÐ¥°
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¨¸. 7. ŠÊ³Ê²ÖÉ¨¢´Ò¥ ¸Ê³³Ò
∑
I ¨´É¥´¸¨¢´µ¸É¨ ´ ¡²Õ¤ ¥³ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´µ ¢

168Er ± ¸± ¤µ¢ (£¨¸Éµ£· ³³ ) (¶·µÍ¥´É · ¸¶ ¤µ¢ ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨Ö),  ¶¶·µ±¸¨³¨·µ-
¢ ´´ Ö § ¢¨¸¨³µ¸ÉÓ (¸¶²µÏ´ Ö ²¨´¨Ö) ¨ µ¦¨¤ ¥³ Ö ¤²Ö Î¨¸²  Ê·µ¢´¥°, ¶·¥¤¸± §Ò¢ ¥-
³ÒÌ [10] (¶Ê´±É¨·), ¤²Ö · §²¨Î´ÒÌ ¨´É¥·¢ ²µ¢ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¢ § ¢¨¸¨³µ¸É¨ µÉ
¨´É¥´¸¨¢´µ¸É¨ ¨´¤¨¢¨¤Ê ²Ó´ÒÌ ± ¸± ¤µ¢. „²Ö ¸µ¶µ¸É ¢²¥´¨Ö ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ
 ´ ²µ£¨Î´µ£µ  ´ ²¨§  ¨´É¥´¸¨¢´µ¸É¥° ¶¥·¢¨Î´ÒÌ γ-¶¥·¥Ìµ¤µ¢ (n, γ) ¤²Ö ¨´É¥·¢ ² 
Ô´¥·£¨° ¢µ§¡Ê¦¤ ¥³ÒÌ ¨³¨ Ê·µ¢´¥° 2, 5÷ 3 ŒÔ‚

É¥µ·¥É¨Î¥¸±µ° ¨´É¥·¶·¥É Í¨¨ ¨, · §Ê³¥¥É¸Ö, ¢Ò¶µ²´¥´¨Ö ¡µ²¥¥ ¨´Ëµ·³ É¨¢-
´µ£µ Ô±¸¶¥·¨³¥´É .
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k¥§Ê¸²µ¢´µ, µ¡µ¸´µ¢ ´´ Ö ·¥ ²¨¸É¨Î´ Ö ± ·É¨´  ¶·µÍ¥¸¸µ¢, ¶·µ¨¸Ìµ¤Ö-
Ð¨Ì ¢ Ö¤·¥ ¶·¨ Ô´¥·£¨¨ ¥£µ ¢µ§¡Ê¦¤¥´¨Ö ¢ÒÏ¥ 2Ä3 ŒÔ‚, ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´ 
Éµ²Ó±µ ¶µ¸²¥ · §· ¡µÉ±¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì É¥µ·¥É¨Î¥¸±¨Ì ³µ¤¥²¥° ¶²µÉ´µ¸É¨
Ê·µ¢´¥° ¨ ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ ± ¸± ¤´ÒÌ ¶¥·¥Ìµ¤µ¢. ’¥³ ´¥ ³¥´¥¥, ± ± ¨§-§ 
¨Ì µÉ¸ÊÉ¸É¢¨Ö, É ± ¨ ¨§-§  ´¥¢µ§³µ¦´µ¸É¨ ¶² ´¨·µ¢ ´¨Ö ÔËË¥±É¨¢´µ£µ Ô±¸-
¶¥·¨³¥´É  ¡¥§ ´ ²¨Î¨Ö ± ±¨Ì-²¨¡µ ¶·¥¤¸É ¢²¥´¨° µ¡ ¨§ÊÎ ¥³µ³ ¶·µÍ¥¸¸¥,
³Ò ¢Ò´Ê¦¤¥´Ò · §¢¨¢ ÉÓ ¶·¥¤¥²Ó´µ ¶·µ¸ÉÊÕ (¨ ¢ ± ±µ°-Éµ ¸É¥¶¥´¨ µÉ²¨-
Î ÕÐÊÕ¸Ö µÉ ¸ÊÐ¥¸É¢ÊÕÐ¥°) ± ·É¨´Ê ¶·µÍ¥¸¸µ¢, ¶·µ¨¸Ìµ¤ÖÐ¨Ì ¢ ÉÖ¦¥²µ³
Ö¤·¥ ¢ Ô´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨, · ´¥¥ ¤¥É ²Ó´µ ´¥ ¨§ÊÎ¥´´µ°, Éµ ¥¸ÉÓ ¢¢µ¤¨ÉÓ
· ¡µÎÊÕ £¨¶µÉ¥§Ê.

�£· ´¨Î¥´´Ò¥ ¢µ§³µ¦´µ¸É¨ ¨¸¶µ²Ó§µ¢ ´´ÒÌ ¢ ´ Ï¥³ Ô±¸¶¥·¨³¥´É¥ ¸¶¥±-
É·µ³¥É·µ¢ ¤¥² ÕÉ ´ Ï¨ ¶·¥¤¸É ¢²¥´¨Ö, ± ¸µ¦ ²¥´¨Õ, ± Î¥¸É¢¥´´Ò³¨ ¨ ¶·¥¤-
¢ ·¨É¥²Ó´Ò³¨. ’¥³ ´¥ ³¥´¥¥ ³µ¦´µ £µ¢µ·¨ÉÓ, ± ± µ ³ ±¸¨³ ²Ó´µ ¢¥·µÖÉ´ÒÌ,
µ ´ ¨¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´ÒÌ ¨ ´ ¨¡µ²¥¥ µ¡Ð¨Ì Î¥·É Ì Ö¤¥·´ÒÌ ¶·µÍ¥¸¸µ¢ ¤²Ö
¨´É¥·¢ ²  ¢µ§¡Ê¦¤¥´¨° µÉ 1Ä2 ŒÔ‚ ¤µ Bn. ‘ ÊÎ¥Éµ³ ÔÉµ£µ § ³¥Î ´¨Ö ¢ ¶¥·-
¢µ³ ¶·¨¡²¨¦¥´¨¨ µ¡Ð Ö ± ·É¨´  ¸¢µ°¸É¢ Ö¤· , ¶·µÖ¢²ÖÕÐ¨Ì¸Ö ¶·¨ § Ì¢ É¥
³¥¤²¥´´µ£µ ´¥°É·µ´ , § ±²ÕÎ ¥É¸Ö ¢ ¸²¥¤ÊÕÐ¥³.

1) � ¨¡µ²¥¥ ¨´É¥´¸¨¢´Ò¥ ± ¸± ¤Ò ¢µ§¡Ê¦¤ ÕÉ ¸¶¥Í¨Ë¨Î¥¸±¨° ´ ¡µ·
¶·µ³¥¦ÊÉµÎ´ÒÌ Ê·µ¢´¥° Ö¤· . • · ±É¥·´µ° ¨Ì µ¸µ¡¥´´µ¸ÉÓÕ Ö¢²Ö¥É¸Ö Éµ,
ÎÉµ µ´¨ ¨³¥ÕÉ ¶· ±É¨Î¥¸±¨ ¶µ¸ÉµÖ´´Ò¥ (¸ ÉµÎ´µ¸ÉÓÕ ∼ 5− 10%) · ¸¸ÉµÖ´¨Ö
³¥¦¤Ê, ± ± ³¨´¨³Ê³, É·µ°± ³¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ê·µ¢´¥° ´ ¨¡µ²¥¥ ¨´É¥´¸¨¢-
´ÒÌ ± ¸± ¤µ¢ ¨/¨²¨ ¨Ì ³Ê²ÓÉ¨¶²¥Éµ¢. Š ± ¶· ¢¨²µ, ¢ Ö¤·¥ ´ ¡²Õ¤ ÕÉ¸Ö [18]
¤¢¥ (¨ ¡µ²¥¥) É ±¨¥ ®¶µ²µ¸Ò¯. ƒ ·³µ´¨Î¥¸±¨° Ì · ±É¥· ¸¶¥±É·  ¶·µ³¥¦Ê-
ÉµÎ´ÒÌ Ê·µ¢´¥° ³ ±¸¨³ ²Ó´µ ¨´É¥´¸¨¢´ÒÌ ¶µ ¸· ¢´¥´¨Õ ¸µ ¢¸¥° µ¸É ²Ó´µ°
³ ¸¸µ° ± ¸± ¤µ¢ ¤ ÕÉ ´ ¨¡µ²¥¥ ¢¥·µÖÉ´µ¥ (´µ ´¥ ¥¤¨´¸É¢¥´´µ¥) µ¡ÑÖ¸´¥´¨¥
¨Ì ¶·¨·µ¤Ò ± ± ´ ²¨Î¨¥ ¢ ¸É·Ê±ÉÊ·¥ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° µ¤´µ£µ, ¤¢ÊÌ ¨ ¡µ²¥¥
Ëµ´µ´µ¢. ƒµ²µ¢´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ ÔÉ¨Ì ¶µ²µ¸ ¤µ²¦´Ò ¡ÒÉÓ ¢µ§¡Ê¦¤¥´´Ò¥
Ê·µ¢´¨ ¡µ²¥¥-³¥´¥¥ ¸²µ¦´µ° (´µ ´¥¨§¢¥¸É´µ°) ¸É·Ê±ÉÊ·Ò. �µ¸²¥¤´¥¥ ± Î¥-
¸É¢¥´´µ ¸²¥¤Ê¥É ¨§ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ° Ô´¥·£¨¨ £µ²µ¢´µ£µ Ê·µ¢´Ö ®¶µ²µ¸Ò¯
¨ É¥µ·¥É¨Î¥¸±¨Ì ¶·¥¤¸É ¢²¥´¨° ¶µ ¶µ¢µ¤Ê Ê¸²µ¦´¥´¨Ö ¸É·Ê±ÉÊ·Ò Ö¤¥·´ÒÌ
¸µ¸ÉµÖ´¨° ¶·¨ ¶µ¢ÒÏ¥´¨¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö Ö¤· . ‚µ§³µ¦´µ¸ÉÓ ¸ÊÐ¥-
¸É¢µ¢ ´¨Ö ¸µ¸ÉµÖ´¨° ¸ ´¥¸±µ²Ó±¨³¨ Ëµ´µ´ ³¨ ¸ É¥µ·¥É¨Î¥¸±µ° ÉµÎ±¨ §·¥´¨Ö
µ·¤¨´ ·´ . ‘É¥¶¥´Ó ¨Ì Ë· £³¥´É Í¨¨ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¢Ò¢µ¤ ³¨ [26] ¤µ²¦´ 
¡ÒÉÓ ³ ²µ°. �µ ±· °´¥ ´¥µ¦¨¤ ´´Ò³ Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ¶·¥¤¶µ²µ¦¨É¥²Ó´µ É -
±¨¥ ¸µ¸ÉµÖ´¨Ö ¸Éµ²Ó ¸¨²Ó´µ ¶·µÖ¢²ÖÕÉ¸Ö ¢ Ô±¸¶¥·¨³¥´É¥ ± ± ¶µ ¢¥²¨Î¨´¥
¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢, ±µÉµ·Ò¥ ¨Ì ¢µ§¡Ê¦¤ ÕÉ, É ± ¨ ¶µ ¶· ±É¨Î¥¸±µ° £ ·-
³µ´¨Î´µ¸É¨ ¸¶¥±É· . �µ¸²¥¤´¥¥ µ§´ Î ¥É, ÎÉµ ¶·¨ ¶µ¢ÒÏ¥´¨¨ Ô´¥·£¨¨ ¢µ§-
¡Ê¦¤¥´¨Ö Ö¤·  µÉ 1Ä2 ¤µ 3Ä4 ŒÔ‚ ´ ¨¡µ²¥¥ ¢¥·µÖÉ´µ, ÎÉµ ¢µ§¡Ê¦¤¥´¨¥ ±µ-
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²¥¡ ´¨° ¥£µ ¶µ¢¥·Ì´µ¸É¨ ¸É ´µ¢¨É¸Ö §´ Î¨É¥²Ó´µ ¡µ²¥¥ ¶·¥¤¶µÎÉ¨É¥²Ó´Ò³,
Î¥³ ¢´ÊÉ·¥´´¨¥ ¢µ§¡Ê¦¤¥´¨Ö ±¢ §¨Î ¸É¨Î´µ£µ É¨¶ . ˆ´É¥·¢ ², £¤¥ Ö·±µ ¶·µ-
Ö¢²Ö¥É¸Ö ÔÉ  ¸¨ÉÊ Í¨Ö, ´¥¢¥²¨±: ¶µ·Ö¤±  2 ŒÔ‚ ¢ Ö¤· Ì ¸ ²Õ¡µ° Î¥É´µ¸ÉÓÕ
´Ê±²µ´µ¢. �µ¤Î¥·±´¥³ ¥Ð¥ · §, ÎÉµ ÔÉ  ± Î¥¸É¢¥´´ Ö ± ·É¨´  É·¥¡Ê¥É ³¨´¨-
³ ²Ó´µ£µ ¨§³¥´¥´¨Ö ¸ÊÐ¥¸É¢ÊÕÐ¨Ì É¥µ·¥É¨Î¥¸±¨Ì ¶·¥¤¸É ¢²¥´¨° µ Ö¤·¥.

2) …¸²¨ ¤¥°¸É¢¨É¥²Ó´µ ¢ Ô±¸¶¥·¨³¥´É¥ ¶·µÖ¢²ÖÕÉ¸Ö Ëµ´µ´´Ò¥ (¢¨¡· -
Í¨µ´´Ò¥) ¢µ§¡Ê¦¤¥´¨Ö ¸ Ô´¥·£¨Ö³¨ ¢ ¸µÉ´¨ ±Ô‚, Éµ, ¢µ-¶¥·¢ÒÌ, µ´¨ µ¶¨-
¸Ò¢ ÕÉ¸Ö ¸É É¨¸É¨±µ° kµ§¥,   ¢µ-¢Éµ·ÒÌ, Ö¢²ÖÕÉ¸Ö Ëµ·³µ° ¢¥¸Ó³  Ê¶µ·Ö¤µ-
Î¥´´µ£µ ¤¢¨¦¥´¨Ö Ö¤¥·´µ° ³ É¥·¨¨. Š¢ §¨Î ¸É¨Î´Ò¥ (Ë¥·³¨µ´´Ò¥) ¨ ¡µ§µ´-
´Ò¥ ¢µ§¡Ê¦¤¥´¨Ö ¶·¨ ¡µ²ÓÏ¥³ ¨Ì ±µ²¨Î¥¸É¢¥ µ¡ÒÎ´µ · ¸¸³ É·¨¢ ÕÉ [27]
± ± ¸É É¨¸É¨Î¥¸±¨°  ´¸ ³¡²Ó, Ì · ±É¥·¨§ÊÕÐ¨°¸Ö µ¶·¥¤¥²¥´´Ò³ §´ Î¥´¨¥³
Ô´É·µ¶¨¨ S, É¥³¶¥· ÉÊ·Ò T ¨ ¨Ì ¶²µÉ´µ¸É¨ ρ. ‘¢Ö§Ó ³¥¦¤Ê Ô´¥·£¨¥° ¢µ§-
¡Ê¦¤¥´¨Ö ¨ ÔÉ¨³¨ ¶ · ³¥É· ³¨ ¢ ¸¨¸É¥³¥ ¨§ µ¤´µ£µ ¸µ·É  Î ¸É¨Í ¢ ´ ¸ÉµÖ-
Ð¥¥ ¢·¥³Ö Ìµ·µÏµ Ê¸É ´µ¢²¥´  É¥µ·¥É¨Î¥¸±¨. �µ ´ ²¨Î¨¥ ³ ²µ£µ ±µ²¨Î¥¸É¢ 
¡µ§µ´´ÒÌ ¢µ§¡Ê¦¤¥´¨° ¸ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ° Ô´¥·£¨¥° Ëµ´µ´µ¢ ¢ ¸¨¸É¥³¥
¸ ¡µ²ÓÏ¨³ ±µ²¨Î¥¸É¢µ³ ±¢ §¨Î ¸É¨Í ¤µ²¦´µ ³¥´ÖÉÓ ¶ · ³¥É·Ò ¸É É¨¸É¨Î¥-
¸±µ£µ  ´¸ ³¡²Ö. ‚ ¶¥·¢ÊÕ µÎ¥·¥¤Ó Ê± § ´´µ¥ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¤µ²¦´µ Ê³¥´Ó-
Ï ÉÓ Ô´¥·£¨Õ, ¶·¨Ìµ¤ÖÐÊÕ¸Ö ´  ¤µ²Õ ¢µ§¡Ê¦¤¥´¨° Ë¥·³¨µ´´µ£µ É¨¶ . �¤-
´µ§´ Î´ Ö ¸¢Ö§Ó ³¥¦¤Ê Ô´¥·£¨¥° Ë¥·³¨µ´´µ° ¸¨¸É¥³Ò, ¥¥ É¥³¶¥· ÉÊ·µ° ¨
Ô´É·µ¶¨¥° ¶·¨ ÔÉµ³ ¤µ²¦´  µ¡Ê¸² ¢²¨¢ ÉÓ Ê³¥´ÓÏ¥´¨¥ ¨ É¥³¶¥· ÉÊ·Ò Ö¤· 
(¶µ ¸· ¢´¥´¨Õ ¸ ¥¥ §´ Î¥´¨¥³ T �

√
U/a ¤²Ö Î¨¸Éµ Ë¥·³¨µ´´µ° ¸¨¸É¥³Ò),

¨ ¶²µÉ´µ¸É¨ Ê·µ¢´¥°. ‘µ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¤¢ÊÌ ¸¨¸É¥³ ¢µ§¡Ê¦¤¥´¨° · §²¨Î´µ£µ
É¨¶  ¨§ÊÎ¥´µ ¢ ¡µ²ÓÏ¥° ¨²¨ ³¥´ÓÏ¥° ¸É¥¶¥´¨ ± ± ¢ ±¢§¨Î ¸É¨Î´µ-Ëµ´µ´´µ°
³µ¤¥²¨ Ö¤· , É ± ¨ ¢ ³µ¤¥²¨ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¡µ§µ´µ¢. � ¶µ³´¨³, ÎÉµ
µ¶·¥¤¥²¥´¨¥ ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¤²Ö É ±µ° ¸¨¸É¥³Ò Ê¦¥ ¸¤¥² ´µ É¥µ·¥É¨Î¥¸±¨
¢ µ¡µ¡Ð¥´´µ° ³µ¤¥²¨ ¸¢¥·ÌÉ¥±ÊÎ¥£µ Ö¤·  [11, 15]. “Î¥É ¸¢¥·ÌÉ¥±ÊÎ¨Ì ¸¢µ°¸É¢
Ö¤·  ¶·¨ Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ¢ÒÏ¥ Ô´¥·£¨¨ ¸¢Ö§¨ ´¥°É·µ´  ´¥¸±µ²Ó±µ ¨§-
³¥´Ö¥É Ëµ·³Ê ¶·¥¤¸± §Ò¢ ¥³µ° ÔÉµ° ³µ¤¥²ÓÕ Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨
¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¶µ ¸· ¢´¥´¨Õ ¸ ±² ¸¸¨Î¥¸±¨³¨ ³µ¤¥²Ö³¨ Ë¥·³¨-£ § . �µ
É¥³ ¡µ²¥¥ ÔÉµ ´¥µ¡Ìµ¤¨³µ ¶·µ¤¥² ÉÓ ¤²Ö Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö ´¨¦¥ Bn, Éµ
¥¸ÉÓ É·¥¡Ê¥É¸Ö · §· ¡µÉ±  ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ° ³µ¤¥²¨ ¶²µÉ´µ¸É¨ Ê·µ¢´¥°,
³ ±¸¨³ ²Ó´µ ±µ··¥±É´µ ÊÎ¨ÉÒ¢ ÕÐ¥° ¸¢¥·ÌÉ¥±ÊÎ¨¥ ¸¢µ°¸É¢  Ö¤·  ¨ ¶·¥¤¸± -
§Ò¢ ÕÐ¥° ¶²µÉ´µ¸ÉÓ Ê·µ¢´¥° ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö µÉ 1Ä2 ¤µ
3Ä5 ŒÔ‚ ¸ ÉµÎ´µ¸ÉÓÕ ¢ ´¥¸±µ²Ó±µ ¤¥¸ÖÉ±µ¢ ¶·µÍ¥´Éµ¢.

‚ Éµ ¦¥ ¢·¥³Ö, ¶µ ´ Ï¥³Ê ³´¥´¨Õ, ¶· ±É¨Î¥¸±¨¥ ¶µÉ·¥¡´µ¸É¨ ± ± µ¶¨-
¸Ò¢ ¥³µ£µ §¤¥¸Ó Ô±¸¶¥·¨³¥´É , É ± ¨, ´ ¶·¨³¥·,  ¸É·µË¨§¨±¨ ¨ É¥Ì´¨±¨ ·¥-
 ±Éµ·µ¢ É·¥¡ÊÕÉ · §· ¡µÉ±¨ ¤µ¸É ÉµÎ´µ ¶·µ¸Éµ° ³µ¤¥²¨ ¶²µÉ´µ¸É¨ Ê·µ¢´¥°,
ÊÎ¨ÉÒ¢ ÕÐ¥° ÔËË¥±ÉÒ ¸¢¥·ÌÉ¥±ÊÎ¥¸É¨ Ö¤·  ¨ ¶·¥¤¸± §Ò¢ ÕÐ¥° ± ± §´ Î¥´¨Ö
¶²µÉ´µ¸É¨ ¸µ¸ÉµÖ´¨° ¸ § ¤ ´´Ò³¨ Jπ, É ± ¨ ¸¨²µ¢ÒÌ ËÊ´±Í¨° ¸ ÉµÎ´µ¸ÉÓÕ
¢ ´¥¸±µ²Ó±µ ¤¥¸ÖÉ±µ¢ ¶·µÍ¥´Éµ¢ ¨ ´¨¦¥ Ô´¥·£¨¨ ¸¢Ö§¨ ´¥°É·µ´ . ‚ Î ¸É-
´µ¸É¨, ³ ±¸¨³ ²Ó´µ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ·¥ ²Ó´µ¸É¨ ¶·¥¤¸É ¢²¥´¨Ö µ ¶²µÉ´µ¸É¨
Ê·µ¢´¥° É·¥¡ÊÕÉ¸Ö ¶·¨ µÍ¥´±¥ [28] Ö¤¥·´ÒÌ ±µ´¸É ´É. �¥µ¡Ìµ¤¨³µ¸ÉÓ ÊÎ¥É 
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¨³¥´´µ ¸¢¥·ÌÉ¥±ÊÎ¥¸É¨ ¸²¥¤Ê¥É ¨§ ¶·¨¢¥¤¥´´ÒÌ ¢ÒÏ¥ ·¥§Ê²ÓÉ Éµ¢. ‚ ± ±µ°
¸É¥¶¥´¨ ÔÉµ ¢µ§³µ¦´µ ÌµÉÖ ¡Ò ¶·¨ ¤ ²Ó´¥°Ï¥³ · §¢¨É¨¨ �Œ‘Ÿ ¢ µ¡² ¸É¨
¢µ§¡Ê¦¤¥´¨° ´¨¦¥ Bn? ‚ ¸¢µ¥³ ¸µ¢·¥³¥´´µ³ ¢ ·¨ ´É¥ [15] ÔÉ  ³µ¤¥²Ó ¶·Ö³µ
¨¸¶µ²Ó§Ê¥É ¨¤¥Õ Ö¤¥·´µ£µ Ë §µ¢µ£µ ¶¥·¥Ìµ¤ . �µ ¥¸²¨ ¶µ²ÊÎ¥´´Ò¥ ´ ³¨ ± ´ -
¸ÉµÖÐ¥³Ê ¢·¥³¥´¨ ¤ ´´Ò¥ ¶µ · ¤¨ Í¨µ´´Ò³ ¸¨²µ¢Ò³ ËÊ´±Í¨Ö³ ¨ µ¸µ¡¥´´µ
¶µ ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¤µ¸É ÉµÎ´µ ÉµÎ´µ µÉ· ¦ ÕÉ µ¸´µ¢´Ò¥ µ¸µ¡¥´´µ¸É¨
Ö¤·  (  ´¥ ± ±µ°-Éµ ¸¶¥Í¨Ë¨Î¥¸±µ° Î ¸É¨ ¥£µ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°), Éµ
¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ · §· ¡µÉ±¨ �Œ‘Ÿ ´Ê¦¤ ÕÉ¸Ö ¢ ¢¥¸Ó³  ¸¥·Ó¥§´µ° ±µ··¥±-
Í¨¨. �·¥¦¤¥ ¢¸¥£µ ÔÉµ § ±²ÕÎ¥´¨¥ ¸²¥¤Ê¥É µÉ´¥¸É¨ ± Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö
Ö¤·  ¢ ÉµÎ±¥ Ë §µ¢µ£µ ¶¥·¥Ìµ¤ , ±µÉµ· Ö ¸²¥¤Ê¥É ¨§ ¨§¢¥¸É´µ£µ ¸µµÉ´µÏ¥-
´¨Ö kŠ˜-É¥µ·¨¨ [29], ¸¢Ö§Ò¢ ÕÐ¥£µ ±µ··¥²ÖÍ¨µ´´ÊÕ ËÊ´±Í¨Õ ´Ê±²µ´µ¢ δ
¸ É¥³¶¥· ÉÊ·µ° Ë §µ¢µ£µ ¶¥·¥Ìµ¤  Tk:

Tk = δ/1, 76 (8)

¨ µ¶·¥¤¥²ÖÕÐ¥£µ ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ Ô´¥·£¨Õ ¢µ§¡Ê¦¤¥´¨Ö Ö¤·  U Î¥·¥§ ¶ · -
³¥É· ¶²µÉ´µ¸É¨ Ê·µ¢´¥° a ¶µ ¢Ò· ¦¥´¨Õ

U = aT 2
k (9)

¨²¨ ¥£µ ¡µ²¥¥ ÉµÎ´Ò³ ¢ ·¨ ´É ³.
„²Ö É¨¶¨Î´ÒÌ ¢ ¸²ÊÎ ¥ ¤¥Ëµ·³¨·µ¢ ´´µ£µ Ö¤·  §´ Î¥´¨° δ ∼ 1 ŒÔ‚ ¨

a ∼ 20 ŒÔ‚−1 µ¶·¥¤¥²¥´´ Ö ¨§ (9) Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö Ö¤·  ¢ ÉµÎ±¥ Ë -
§µ¢µ£µ ¶¥·¥Ìµ¤  ¶·¥¢ÒÏ ¥É ´¥ Éµ²Ó±µ ¶µ²ÊÎ¥´´µ¥ ´ ³¨ ¢ÒÏ¥ §´ Î¥´¨¥ Eb,
´µ ¨ Ô´¥·£¨Õ ¸¢Ö§¨ ´¥°É·µ´  Bn. Š Éµ³Ê ¦¥ ËÊ´±Í¨µ´ ²Ó´Ò¥ § ¢¨¸¨³µ¸É¨
�Œ‘Ÿ ¤²Ö Ô´É·µ¶¨¨ ¨ ¤·Ê£¨Ì ¶ · ³¥É·µ¢ ÔÉµ° ³µ¤¥²¨ ¨¸±²ÕÎ ÕÉ ¢µ§³µ¦-
´µ¸ÉÓ ´ ²¨Î¨Ö ®¨§²µ³ ¯, É¨¶  ¶·¨¢¥¤¥´´µ£µ ´  ·¨¸. 4, 5, ´¨¦¥ ¶·¨´ÖÉµ° ¢
[15] Ô´¥·£¨¨ Ë §µ¢µ£µ ¶¥·¥Ìµ¤ . �Éµ · ¸Ìµ¦¤¥´¨¥ ³µ¦¥É µ§´ Î ÉÓ, ÎÉµ ²¨¡µ
¶·µÍ¥¸¸ Ë §µ¢µ£µ ¶¥·¥Ìµ¤  ¢ Ö¤·¥ ¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î ¥É¸Ö µÉ  ´ ²µ£¨Î´µ£µ
Ö¢²¥´¨Ö ¢ ±µ´¤¥´¸¨·µ¢ ´´ÒÌ ¸·¥¤ Ì, ²¨¡µ  ¢Éµ·Ò [15] ÊÎ²¨ ´¥ ¢¸¥ Ë ±Éµ·Ò,
µ¶·¥¤¥²ÖÕÐ¨¥ · §¢¨É¨¥ É ±µ£µ ¶·µÍ¥¸¸ , ²¨¡µ ´ ¡²Õ¤ ¥³ Ö ´ ³¨ ¢ µ¡² ¸É¨
Eb ± ·É¨´  µ¡Ê¸²µ¢²¥´  ± ±¨³¨-Éµ Ë ±Éµ· ³¨, ´¥ ¨³¥ÕÐ¨³¨ µÉ´µÏ¥´¨Ö ±
Ë §µ¢µ³Ê ¶¥·¥Ìµ¤Ê ¸¢¥·ÌÉ¥±ÊÎ¥¥ Å µ¡ÒÎ´µ¥ ¸µ¸ÉµÖ´¨Ö.

�¥±µÉµ·Ò¥ ¢Ò¢µ¤Ò ¤ ²µ ¸µ¶µ¸É ¢²¥´¨¥ [18, 30] Ö¤·  ¸ ¸¨¸É¥³µ° ¨§ ¤¢ÊÌ
¦¨¤±¨Ì ¨§µÉµ¶µ¢ £¥²¨Ö ¢ ÉµÎ±¥ ¥¥ Ë §µ¢µ£µ ¶¥·¥Ìµ¤ . �±¸É· ¶µ²ÖÍ¨Ö ´  Ö¤·µ
¨§ÊÎ¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´µ É¥·³µ¤¨´ ³¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± ¸³¥¸¨ ¦¨¤-
±¨Ì ¨§µÉµ¶µ¢ £¥²¨Ö ¢ ÉµÎ±¥ Ë §µ¢µ£µ ¶¥·¥Ìµ¤  ¸¢¥·ÌÉ¥±ÊÎ¥¥ Å µ¡ÒÎ´µ¥ ¸µ-
¸ÉµÖ´¨Ö ¶µ§¢µ²Ö¥É ¶·µÖ¸´¨ÉÓ ¥£µ ¸¢µ°¸É¢  ¢ µ¡² ¸É¨ ¶µÉ¥´Í¨ ²Ó´µ ¢µ§³µ¦-
´µ£µ ¶¥·¥Ìµ¤  µÉ ¶·¥¨³ÊÐ¥¸É¢¥´´µ ¡µ§µ´´ÒÌ ¢µ§¡Ê¦¤¥´¨° ± Ë¥·³¨µ´´Ò³.
� ¨¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò° Ë ±É, ±µÉµ·Ò° ¸²¥¤Ê¥É ÊÎ¥¸ÉÓ ¶·¨ · §¢¨É¨¨ ³µ¤¥²¥°
¶²µÉ´µ¸É¨ Ê·µ¢´¥° c ¨¸¶µ²Ó§µ¢ ´¨¥³ ¨¤¥¨ Ë §µ¢µ£µ ¶¥·¥Ìµ¤  ¸µ¸Éµ¨É ¢ Éµ³,
ÎÉµ É¥³¶¥· ÉÊ·  É ±µ£µ ¶¥·¥Ìµ¤  ¢ ¸³¥¸¨ Ë¥·³¨µ´µ¢ ¨ ¡µ§µ´µ¢ Ê³¥´ÓÏ -
¥É¸Ö ¶µ ¸· ¢´¥´¨Õ ¸ Î¨¸Éµ ¡µ§µ´´µ° (Ë¥·³¨µ´´µ°) ¸¨¸É¥³µ°. �ËË¥±É ¨§ÊÎ¥´
±µ²¨Î¥¸É¢¥´´µ ´  ¸³¥¸¨ ¦¨¤±¨Ì ¨§µÉµ¶µ¢ £¥²¨Ö [31].
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‚Éµ·µ° Ë ±Éµ·, ±µÉµ·Ò°, ¢¨¤¨³µ, ¸²¥¤Ê¥É ÊÎ¨ÉÒ¢ ÉÓ ¢ ´µ¢ÒÌ ¨²¨ ³µ-
¤¨Ë¨Í¨·µ¢ ´´ÒÌ ³µ¤¥²ÖÌ, ÔÉµ ±µ´Í¥´É· Í¨Ö Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¶·¥¨³Ê-
Ð¥¸É¢¥´´µ ¡µ§µ´´µ° Î ¸ÉÓÕ Ö¤¥·´µ° ¸¨¸É¥³Ò. ˆ³¥´´µ ¸ ÊÎ¥Éµ³ Ê¢¥²¨Î¥´¨Ö
Ö¤¥·´µ° É¥¶²µ¥³±µ¸É¨ [32]  ¢Éµ·Ò [18, 30] ¸³µ£²¨ ¶µ²ÊÎ¨ÉÓ ´¥µ¡Ìµ¤¨³ÊÕ ¤²Ö
µ¶¨¸ ´¨Ö ´ ¡²Õ¤ ¥³ÒÌ ¨´É¥´¸¨¢´µ¸É¥° ± ¸± ¤µ¢ ¶· ±É¨Î¥¸±¨ ¶µ¸ÉµÖ´´ÊÕ
¶²µÉ´µ¸ÉÓ Ê·µ¢´¥°. �ÉµÉ ÔËË¥±É, ¥¸É¥¸É¢¥´´µ, É·¥¡Ê¥É ¶µ¤É¢¥·¦¤¥´¨Ö ¨²¨
µ¶·µ¢¥·¦¥´¨Ö ¢ · ³± Ì ¤µ¸É ÉµÎ´µ ¸É·µ£¨Ì ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±¨Ì · ¸Î¥Éµ¢.

�µ¤Ìµ¤ [18, 30] ¶µ§¢µ²¨² ¤ ÉÓ ÌµÉÖ ¡Ò ± Î¥¸É¢¥´´µ¥ ¨ £·Ê¡µ¥ µ¡ÑÖ¸´¥´¨¥
´ ¨¡µ²¥¥ ¸¥·Ó¥§´µ³Ê · §´µ£² ¸¨Õ ³¥¦¤Ê Ô±¸¶¥·¨³¥´É ²Ó´µ ´ ¡²Õ¤ ¥³Ò³¨
¨´É¥´¸¨¢´µ¸ÉÖ³¨ ± ¸± ¤µ¢ ¨ · ¸Î¥Éµ³, ¨¸¶µ²Ó§ÊÕÐ¨³ Ë¥·³¨-£ §µ¢Ò¥ ¶·¥¤-
¸É ¢²¥´¨Ö µ Ö¤·¥: Ê¸¨²¥´¨¥ ¨´É¥´¸¨¢´µ¸É¨ ¤¢ÊÌ±¢ ´Éµ¢ÒÌ ± ¸± ¤µ¢ ¢ ¤¥Ëµ·-
³¨·µ¢ ´´ÒÌ Ö¤· Ì ¸ ²Õ¡µ° Î¥É´µ¸ÉÓÕ ´¥°É·µ´µ¢ ¶·¨ Ô´¥·£¨ÖÌ ¨Ì ¢µ§¡Ê¦¤¥-
´¨Ö ´  2Ä3 ŒÔ‚ ´¨¦¥ Bn µ¡Ê¸²µ¢²¥´µ ¸ÊÐ¥¸É¢¥´´Ò³ Ê³¥´ÓÏ¥´¨¥³ ¶²µÉ-
´µ¸É¨ Ê·µ¢´¥° ¢ ´¨¦´¥° ¶µ²µ¢¨´¥ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¶µ ¸· ¢´¥´¨Õ ¸
Ë¥·³¨-£ §µ¢Ò³¨ ¶·¥¤¸É ¢²¥´¨Ö³¨. Š ± ·¥§Ê²ÓÉ É, ¢¥·µÖÉ´µ¸ÉÓ ¢µ§¡Ê¦¤¥´¨Ö
µ¤´µ£µ ¨§ ¢ÒÏ¥²¥¦ Ð¨Ì Ê·µ¢´¥° ¶·¨ ÔÉµ³ ´¥¨§¡¥¦´µ ¢µ§· ¸É ¥É. �·¨ ÔÉµ³
¶·µ¸É¥°Ï Ö ³µ¤¥²Ó [18, 30] ¤ ¥É ¶· ±É¨Î¥¸±¨ ¶µ¸ÉµÖ´´ÊÕ ¶²µÉ´µ¸ÉÓ Ê·µ¢´¥°
(¡¥§ Î¥£µ ¢µ¸¶·µ¨§¢¥¸É¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢ ·¥ ²Ó´µ
´¥ Ê¤ ¥É¸Ö) ¢ · ³± Ì ÊÎ¥É  ËÊ´¤ ³¥´É ²Ó´ÒÌ µ¸µ¡¥´´µ¸É¥° ¨§³¥´¥´¨Ö ¢´Ê-
É·¥´´¨Ì ¶ · ³¥É·µ¢ ¸¨¸É¥³Ò ¢ ÉµÎ±¥ ¥¥ Ë §µ¢µ£µ ¶¥·¥Ìµ¤  ¢Éµ·µ£µ ·µ¤ .

�¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ ®¸ÉÊ¶¥´Î ÉÒ°¯ Ì · ±É¥· ¶²µÉ´µ¸É¨ Ê·µ¢´¥°
¶·¨ ´¥¡µ²ÓÏ¨Ì ¢µ§¡Ê¦¤¥´¨ÖÌ ¡Ò² ¶·¥¤¸± § ´ É¥µ·¥É¨Î¥¸±¨ ¢ [27]. �µ, ±
¸µ¦ ²¥´¨Õ, ¶µ²ÊÎ¥´´Ò¥ ´ ³¨ ·¥§Ê²ÓÉ ÉÒ ´¥ ¸µ£² ¸ÊÕÉ¸Ö ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨
¶·¥¤¸± § ´¨Ö³¨:

 ) Ï¨·¨´  ¶µ²ÊÎ¥´´µ° ¸É·Ê±ÉÊ·Ò ¶·¨¡²¨§¨É¥²Ó´µ ¢ ¤¢  · §  ¶·¥¢ÒÏ ¥É
¶·¥¤¸± §Ò¢ ¥³ÊÕ ¢ [27];

¡) ´ ¡²Õ¤ ¥É¸Ö Éµ²Ó±µ µ¤´  ¸ÉÊ¶¥´Ó± .
…¸²¨ ¢Éµ·µ¥ · ¸Ìµ¦¤¥´¨¥ ¸ ¶·¥¤¸± § ´¨Ö³¨ [27] ¢¶µ²´¥ µ¡ÑÖ¸´¨³µ ´¥¤µ-

¸É ÉµÎ´µ° ÉµÎ´µ¸ÉÓÕ µ¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ± ¸± ¤µ¢ ¨ ¸²¨Ï±µ³ ¡µ²Ó-
Ïµ° Ï¨·¨´µ° ¨´É¥·¢ ²  ¨Ì Ê¸·¥¤´¥´¨Ö, Éµ ¶¥·¢µ¥ · ¸Ìµ¦¤¥´¨¥ ´µ¸¨É ¶·¨´-
Í¨¶¨ ²Ó´Ò° Ì · ±É¥·. ˆ ¥£µ ¸²¥¤Ê¥É ¨´É¥·¶·¥É¨·µ¢ ÉÓ ± ± ´¥¤µ¸É ÉµÎ´ÊÕ
¸É¥¶¥´Ó ¸µµÉ¢¥É¸É¢¨Ö ·¥ ²Ó´µ¸É¨ ³µ¤¥²Ó´ÒÌ ¶·¥¤¸É ¢²¥´¨° µ Ö¤·¥.

5. �…1‘�…Š’ˆ‚› Œ…’	„ˆŠˆ. •�1�Š’…1 ˆ�”	1Œ�–ˆˆ,
Š	’	1“5 ’1…3“…’‘Ÿ �	‹“—ˆ’œ ˆ‡ ;Š‘�…1ˆŒ…�’�

�·¨¢¥¤¥´´Ò¥ §¤¥¸Ó § ±²ÕÎ¥´¨Ö ¸¤¥² ´Ò ´  µ¸´µ¢¥  ´ ²¨§  ¨´É¥´¸¨¢-
´µ¸É¥° ± ¸± ¤µ¢, µ¶·¥¤¥²¥´´ÒÌ Éµ²Ó±µ ¶·¨ § Ì¢ É¥ É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢ ¨
Éµ²Ó±µ ¤²Ö µ£· ´¨Î¥´´µ° £·Ê¶¶Ò ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° Ö¤·  Å ±µ´¥Î-
´ÒÌ Ê·µ¢´¥° ± ¸± ¤µ¢. …¤¨´¸É¢¥´´ Ö ¶·¨Î¨´  Éµ³Ê Å ´¥¤µ¸É ÉµÎ´ Ö ÔËË¥±-
É¨¢´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´´ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥ Ge-¤¥É¥±Éµ·µ¢. �µ Ô±¸¶¥·¨³¥´É,
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 ´ ²¨§ ±µÉµ·µ£µ ¤ ² ¢ÒÏ¥¶·¨¢¥¤¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ, ³µ¦¥É ¡ÒÉÓ ¢Ò¶µ²´¥´
¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¸µ¢·¥³¥´´ÒÌ ¸¶¥±É·µ³¥É·µ¢ ¢ ¨´¤¨¢¨¤Ê ²Ó´ÒÌ ·¥§µ´ ´-
¸ Ì ²Õ¡ÒÌ Ö¤¥·, ¶·¨Î¥³ ¸ ´ ¡µ·µ³ ´¥µ¡Ìµ¤¨³µ° ¸É É¨¸É¨±¨ ¸µ¢¶ ¤¥´¨° ¤²Ö
± ¦¤µ£µ ¨§ ´¨§±µ²¥¦ Ð¨Ì ·¥§µ´ ´¸µ¢. � ¨´Ëµ·³ Í¨Ö ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´ 
¶· ±É¨Î¥¸±¨ ¤²Ö 100% ¨´É¥´¸¨¢´µ¸É¨ ¶¥·¢¨Î´ÒÌ ¶¥·¥Ìµ¤µ¢ ¢³¥¸Éµ ¤µ¸É¨£-
´ÊÉµ° ± ´ ¸ÉµÖÐ¥³Ê ¢·¥³¥´¨ ¢¥²¨Î¨´Ò 20− 50%.

�·¨ ÔÉµ³ ¶µÉ¥·¨ ¸É É¨¸É¨±¨ ¢ ´ ± ¶²¨¢ ¥³ÒÌ ¸µ¢¶ ¤¥´¨ÖÌ ¨§-§  ¨Ì µÉ-
¡µ·  ¢ ¤µ¢µ²Ó´µ Ê§±¨Ì µ±´ Ì ¸¶¥±É·  ¢·¥³¥´¨ ¶·µ²¥É , ´ ¶·¨³¥·, ¤²Ö
ˆk
-30, ²¥£±µ ±µ³¶¥´¸¨·ÊÕÉ¸Ö ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¸¥·¨°´µ ¶·µ¨§¢µ¤¨³ÒÌ
HPGe-¤¥É¥±Éµ·µ¢ ¸ µÉ´µ¸¨É¥²Ó´µ° ÔËË¥±É¨¢´µ¸ÉÓÕ ¤ ¦¥ ¢ 30− 40%, ¢³¥¸Éµ
¨¸¶µ²Ó§µ¢ ´´ÒÌ ´ ³¨ ¶·¨ ¨§ÊÎ¥´¨¨ ± ¸± ¤µ¢ ¶·¨ § Ì¢ É¥ É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢
10% ¤¥É¥±Éµ·µ¢.

‚ ·¥§Ê²ÓÉ É¥ ³µ£ÊÉ ¡ÒÉÓ ¶µ²ÊÎ¥´Ò ¤¥É ²Ó´Ò¥ ¨ µ±µ´Î É¥²Ó´Ò¥ µÉ¢¥ÉÒ ´ 
¸²¥¤ÊÕÐ¨¥ ¢µ¶·µ¸Ò.

1. ‘ÊÐ¥¸É¢ÊÕÉ ²¨ ·¥ ²Ó´µ ´¥¢µ§³ÊÐ¥´´Ò¥ ¨²¨ ¸² ¡µ ¨¸± ¦¥´´Ò¥ ¢§ ¨-
³µ¤¥°¸É¢¨¥³ ¸ ±¢ §¨Î ¸É¨Í ³¨ ±µ²¥¡ ´¨Ö Ö¤·  ¸ Ô´¥·£¨¥° ±¢ ´É  ¢ ´¥¸±µ²Ó±µ
¸µÉ ±Ô‚ ¶·¨ Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ¤µ 3Ä4 ŒÔ‚ ¨ ´¥¸±µ²Ó±µ ¢ÒÏ¥?

2. Š ±µ¢  ·¥ ²Ó´ Ö § ¢¨¸¨³µ¸ÉÓ µÉ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¶²µÉ´µ¸É¨ Ê·µ¢-
´¥° Ö¤·  ¸ § ¤ ´´Ò³¨ Jπ ¨ ± ±¨³¨ Ë ±Éµ· ³¨ µ´  µ¶·¥¤¥²Ö¥É¸Ö? „¥°¸É¢¨-
É¥²Ó´µ ²¨ ¨³¥¥É¸Ö ·¥ ²Ó´µ ®¨§²µ³¯ ¢ ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¤²Ö Eb ∼ 3Ä4 ŒÔ‚?
ˆ ¥¸²¨ ¨³¥¥É¸Ö, Éµ ¢ ± ±µ° ¸É¥¶¥´¨ µ´ ¸µµÉ¢¥É¸É¢Ê¥É ¨§³¥´¥´¨Õ ¶ · ³¥É· 
ρ, ¶µ²ÊÎ¥´´µ£µ ¢ · ³± Ì ÌµÉÖ ¨ ¶·µ¸É¥°Ï¥° ³µ¤¥²¨ [18, 30], ´µ ÊÎ¨ÉÒ¢ Õ-
Ð¥° ´ ¨¡µ²¥¥ ËÊ´¤ ³¥´É ²Ó´Ò¥ ¸¢µ°¸É¢  ³ É¥·¨¨? �¥ ¸²¥¤Ê¥É ²¨ µ¡ÑÖ¸´¨ÉÓ
´ ¡²Õ¤ ¥³Ò¥ ÔËË¥±ÉÒ · ¸Ìµ¦¤¥´¨Ö ´ °¤¥´´µ° ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¸ ³µ¤¥²Ó-
´Ò³¨ ¶·¥¤¸± § ´¨Ö³¨ Éµ²Ó±µ ¸¥²¥±É¨¢´µ¸ÉÓÕ ¨§ÊÎ ¥³µ£µ ¶·µÍ¥¸¸ ?

3. ‚ ± ±µ° ³¥·¥ ¸É·Ê±ÉÊ·  ¸µ¸ÉµÖ´¨°, ¸¢Ö§Ò¢ ¥³ÒÌ γ-¶¥·¥Ìµ¤µ³, ¢²¨Ö¥É
´  ¥£µ ¶ ·Í¨ ²Ó´ÊÕ γ-Ï¨·¨´Ê ¢µ ¢¸¥³ ¤¨ ¶ §µ´¥ Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö ´¨¦¥
Bn? Š ±¨³¨ ¶ · ³¥É· ³¨ µ¶·¥¤¥²Ö¥É¸Ö ´ ¡²Õ¤ ¥³µ¥ ´¥¸µµÉ¢¥É¸É¢¨¥ Ô±¸¶¥-
·¨³¥´É  ¨ ¶·µ¸ÉÒÌ ³µ¤¥²Ó´ÒÌ ¶·¥¤¸É ¢²¥´¨° µ ¸¨²µ¢ÒÌ ËÊ´±Í¨Öx ± ¸± ¤´ÒÌ
γ-¶¥·¥Ìµ¤µ¢?

4. �·¨ ± ±¨Ì Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ¶·¨³¥´¥´¨¥ ¶·¥¤¸É ¢²¥´¨° ¸É É¨¸É¨-
Î¥¸±µ° É¥µ·¨¨ γ-· ¸¶ ¤  ±µ³¶ Ê´¤-¸µ¸ÉµÖ´¨Ö ³µ¦¥É µ¡¥¸¶¥Î¨ÉÓ É·¥¡Ê¥³ÊÕ
ÉµÎ´µ¸ÉÓ · ¸Î¥É  ¥£µ ¶ · ³¥É·µ¢?

6. ‡�Š‹5—…�ˆ…

„ ´´Ò¥ Ô±¸¶¥·¨³¥´É  ¨ ¨Ì ¨´É¥·¶·¥É Í¨Ö ¶µ± §Ò¢ ÕÉ, ÎÉµ ¸ÊÐ¥¸É¢Ê¥É
´ ¸ÉµÖÉ¥²Ó´ Ö ¶µÉ·¥¡´µ¸ÉÓ ¢ · §¢¨É¨¨ É¥µ·¥É¨Î¥¸±µ£µ µ¶¨¸ ´¨Ö ¸¢µ°¸É¢ Ö¤· 
¢ µ¡² ¸É¨ ¶¥·¥Ìµ¤  µÉ ®¶·µ¸ÉÒÌ¯ ¸µ¸ÉµÖ´¨° ¶·¨ E¢µ§¡ ≤ 1Ä2 ŒÔ‚ ± ¸µ¸ÉµÖ-
´¨Ö³ ³ ±¸¨³ ²Ó´µ° ¸²µ¦´µ¸É¨ (´ ¶·¨³¥·, ´¥°É·µ´´Ò³ ·¥§µ´ ´¸ ³). �  ¤µ-
¸É¨£´ÊÉµ³ ± ´ ¸ÉµÖÐ¥³Ê ¢·¥³¥´¨ Ê·µ¢´¥ ¨¸¸²¥¤µ¢ ´¨Ö ÔÉµ° ¶·µ¡²¥³Ò ¡µ²¥¥-
³¥´¥¥ µ¤´µ§´ Î´Ò³ ¶·¥¤¸É ¢²Ö¥É¸Ö Éµ²Ó±µ ´¥¸µ¸ÉµÖÉ¥²Ó´µ¸ÉÓ ¶·¥¤¸É ¢²¥´¨°
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µ ®¶² ¢´µ³¯ ¨§³¥´¥´¨¨ ¸¢µ°¸É¢ Ö¤·  ¶·¨ ¥£µ ¶¥·¥Ìµ¤¥ µÉ ¸µ¸ÉµÖ´¨Ö ®¶µ-
·Ö¤± ¯ ± ¸µ¸ÉµÖ´¨Õ ®Ì µ¸ ¯, Ö¢²ÖÕÐ¨Ì¸Ö, ´ ¶·¨³¥·, ¡ §¨¸µ³ Ë¥·³¨-£ §µ¢ÒÌ
³µ¤¥²¥° ¶²µÉ´µ¸É¨ Ê·µ¢´¥°.

�µ²ÊÎ¥´´Ò¥ ± ´ ¸ÉµÖÐ¥³Ê ¢·¥³¥´¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ µ ¶·µ-
Í¥¸¸¥ ± ¸± ¤´µ£µ γ-· ¸¶ ¤  ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¨§ µ¡² ¸É¨ Ô´¥·£¨° ¢µ§-
¡Ê¦¤¥´¨Ö Eex ∼ Bn ¢¶µ²´¥ µ¤´µ§´ Î´µ ¶µ± §Ò¢ ÕÉ, ± ± ³¨´¨³Ê³, ÎÉµ ¡µ²¥¥-
³¥´¥¥ µ¡Ð¥¶·¨´ÖÉÒ¥ ¶·¨  ´ ²¨§¥ Ô±¸¶¥·¨³¥´É  ¶·¥¤¸É ¢²¥´¨Ö µ ¸¢µ°¸É¢ Ì
Ö¤·  ´Ê¦¤ ÕÉ¸Ö ¢ ¤µ¸É ÉµÎ´µ ¸¥·Ó¥§´µ° ±µ··¥±Í¨¨ ¨ ¤ ²Ó´¥°Ï¥³ · §¢¨É¨¨.

�¸´µ¢´µ° Ë¨§¨Î¥¸±¨° ¢Ò¢µ¤, ±µÉµ·Ò° ¸²¥¤Ê¥É ¨§ ·¥§Ê²ÓÉ Éµ¢ ¢Ò¶µ²´¥´-
´ÒÌ ¤µ ¸¨Ì ¶µ· Ô±¸¶¥·¨³¥´Éµ¢ ¨ ¨Ì  ´ ²¨§ , ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ´¨¦¥ Ô´¥·£¨¨
3Ä4 ŒÔ‚ ¸¢µ°¸É¢  ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤· , ¶·µÖ¢²ÖÕÐ¨¥¸Ö ¶·¨ § -
Ì¢ É¥ É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢, µ¶·¥¤¥²ÖÕÉ¸Ö ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó ¥£µ ±µ²¥¡ ´¨Ö³¨.
Œµ¦´µ É ±¦¥ ¸¤¥² ÉÓ ± Î¥¸É¢¥´´µ¥ § ±²ÕÎ¥´¨¥ µ Éµ³, ÎÉµ ¶·¨ ¡µ²ÓÏ¨Ì Ô´¥·-
£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ¸É·Ê±ÉÊ·  Ê·µ¢´¥° µ¶·¥¤¥²Ö¥É¸Ö ¶·¥¨³ÊÐ¥¸É¢¥´´µ ±¢ §¨Î -
¸É¨Î´Ò³¨ ±µ³¶µ´¥´É ³¨ ¨Ì ¢µ²´µ¢µ° ËÊ´±Í¨¨. kµ²¥¥ ¶·µ¸Éµ£µ µ¡ÑÖ¸´¥´¨Ö
´ ¡²Õ¤ ¥³µ£µ · ¸Ìµ¦¤¥´¨Ö Ô±¸¶¥·¨³¥´É  ¸ ·¥§Ê²ÓÉ É ³¨ · ¸Î¥Éµ¢ ´  ¡ §¨¸¥
¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¶·¥¤¸É ¢²¥´¨° µ Ö¤·¥ ³Ò ´ °É¨ ´¥ ¸³µ£²¨. „·Ê£¨¥ ¢µ§³µ¦´Ò¥
£¨¶µÉ¥§Ò É·¥¡ÊÕÉ ¡µ²¥¥ · ¤¨± ²Ó´ÒÌ ¨§³¥´¥´¨° ¶·¥¤¸É ¢²¥´¨° µ ¶µ¢¥¤¥´¨¨
Ö¤¥·´µ° ³ É¥·¨¨.

�¢Éµ·Ò ¢Ò· ¦ ÕÉ ¸¢µÕ ¨¸±·¥´´ÕÕ £²Ê¡µÎ °ÏÊÕ ¶·¨§´ É¥²Ó´µ¸ÉÓ ¶·µ-
Ë¥¸¸µ·Ê �.�.�µ¶µ¢Ê, ¶·¥¤²µ¦¨¢Ï¥³Ê ´ Î ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥¤µ-
¢ ´¨Ö ¢ · ¸¸³ É·¨¢ ¥³µ° §¤¥¸Ó µ¡² ¸É¨ Ö¤¥·´ÒÌ ¢µ§¡Ê¦¤¥´¨° ¨ ¢Ò¸± § ¢-
Ï¥³Ê ¨¤¥¨, ²µ£¨Î¥¸±µ¥ · §¢¨É¨¥ ±µÉµ·ÒÌ µ¶·¥¤¥²¨²µ ¢Ò¸µ±ÊÕ ·¥§Ê²ÓÉ É¨¢-
´µ¸ÉÓ ¨¸¸²¥¤µ¢ ´¨°. �¥ ³¥´ÓÏÊÕ ¡² £µ¤ ·´µ¸ÉÓ Ê ´ ¸ ¢Ò§Ò¢ ¥É ¥£µ ¶µ¸Éµ-
Ö´´Ò° ¨´É¥·¥¸ ¨ ¶µ¤¤¥·¦±  ´ Ï¨Ì Ê¸¨²¨° ¶µ ¨§ÊÎ¥´¨Õ ´¨±¥³ ´¥ ¨¸¸²¥-
¤µ¢ ´´µ° ¤¥É ²Ó´µ µ¡² ¸É¨ ¢µ§¡Ê¦¤¥´¨° ¢ ´ ¨¡µ²¥¥ É·Ê¤´µ¤µ¸ÉÊ¶´ÒÌ ¤²Ö
Ô±¸¶¥·¨³¥´É  Ö¤· Ì.

ŒÒ É ±¦¥ ¡² £µ¤ ·´Ò ‚.�.kµ´¤ ·¥´±µ, Ÿ.ƒµ´§ É±µ, �.’.�·µ±µËÓ¥¢Ê,
ƒ.‹.
¥§¢µ°, ‹.ˆ.‘¨³µ´µ¢µ°, ˆ.’µ³ ´¤²Ê §  ¢¥²¨±µ²¥¶´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥, ¶µ²ÊÎ¥´´Ò¥ ¢ 
¨£¥ ¨ 
¦¥¦¥, ±µÉµ·Ò¥ ¢ ¸µ¢µ±Ê¶´µ¸É¨ ¸ ´ Ï¨³¨
¤ ´´Ò³¨ ¶µ§¢µ²¨²¨ ¤ ÉÓ ³ ±¸¨³ ²Ó´µ µ¡µ¸´µ¢ ´´ÊÕ ´  ¸¥£µ¤´ÖÏ´¨° ¤¥´Ó
± ·É¨´Ê ¶·µ¨¸Ìµ¤ÖÐ¨Ì ¢ ÉÖ¦¥²µ³ Ö¤·¥ ¶·µÍ¥¸¸µ¢.


 ¡µÉ  ¢Ò¶µ²´¥´  ¶·¨ ¶µ¤¤¥·¦±¥ 
””ˆ, £· ´É º99-02-17863.
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ˆ´¸É¨ÉÊÉ Ô²¥±É·µ´´µ° Ë¨§¨±¨ ��� “±· ¨´Ò, “¦£µ·µ¤, “±· ¨´a

‚ µ¡§µ·¥ ¨§²µ¦¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ¨¸¸²¥¤µ¢ ´¨Õ ¸¥Î¥´¨° ¢µ§¡Ê¦¤¥´¨Ö ¨§µ-
³¥·´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥· ¨ ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¢ ·¥ ±Í¨ÖÌ (γ, n) ¢ µ¡² ¸É¨ Ô´¥·£¨° £¨£ ´É¸±µ£µ
¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸ . �Ì¢ Î¥´ Ï¨·µ±¨° ±·Ê£ Ö¤¥· ¸ A = 45 ÷ 197. �·¨¢¥¤¥´µ ¸· ¢´¥´¨¥ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¸ · ¸Î¥É ³¨,   É ±¦¥ ¸ ·¥§Ê²ÓÉ É ³¨ ¨§ ¤·Ê£¨Ì
·¥ ±Í¨° (n, 2n), (p, n) ¨ ¤·.

Present survey presents the experimental data on the nuclear isomer states excitation and isomeric
ratios in the (γ, n)-reactions within the giant dipole resonance energy region. A wide circle of nuclei
with A = 45÷ 197 has been overviewed. The experimental isomeric ratio values are compared with
calculated ones as well as those of other reactions, i.e. (n, 2n), (p, n), etc.

‚‚…„…�ˆ…

‚ ¦´Ò³ ¸·¥¤¸É¢µ³ ¨¸¸²¥¤µ¢ ´¨Ö ¸¢µ°¸É¢ ¨ Ì · ±É¥·¨¸É¨±  Éµ³´ÒÌ Ö¤¥·
Ö¢²ÖÕÉ¸Ö Ö¤¥·´Ò¥ ·¥ ±Í¨¨. ˆ¸¶µ²Ó§ÊÖ ¢ ± Î¥¸É¢¥ §µ´¤µ¢ · §²¨Î´Ò¥ Î ¸É¨ÍÒ:
¶·µÉµ´Ò, ´¥°É·µ´Ò, £ ³³ -±¢ ´ÉÒ ¨ É.¤., ³µ¦´µ µ¶·¥¤¥²¨ÉÓ ± ± Í¥²Ò° ·Ö¤
µ¡Ð¨Ì ¸¢µ°¸É¢ Ö¤¥·, É ± ¨ ¶ · ³¥É·Ò ¨Ì µÉ¤¥²Ó´ÒÌ Ê·µ¢´¥°. ˆ¸¸²¥¤µ¢ -
´¨Ö, ¶·µ¢µ¤¨³Ò¥ ´  ËµÉµ´´ÒÌ ¶ÊÎ± Ì, ¨³¥ÕÉ ·Ö¤ ¶·¥¨³ÊÐ¥¸É¢. �¥·¢µ¥ ¨§
´¨Ì ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¢§ ¨³µ¤¥°¸É¢¨¥ £ ³³ -±¢ ´Éµ¢ ¸ Ö¤· ³¨ ¶·µ¨¸Ìµ¤¨É
¶µ¸·¥¤¸É¢µ³ Ô²¥±É·µ³ £´¨É´ÒÌ ¸¨², ¸¢µ°¸É¢  ±µÉµ·ÒÌ ´ ¨¡µ²¥¥ ¨§ÊÎ¥´Ò ¨
Ìµ·µÏµ ¨§¢¥¸É´Ò. �²¥±É·µ³ £´¨É´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ §´ Î¨É¥²Ó´µ ¸² ¡¥¥ ¶µ
¸· ¢´¥´¨Õ ¸ Ö¤¥·´Ò³, ÎÉµ ¶µ§¢µ²Ö¥É ¶·¨  ´ ²¨§¥ ¨¸¶µ²Ó§µ¢ ÉÓ É¥µ·¨Õ ¢µ§-
³ÊÐ¥´¨° ¨ É.¤. ˆ¸¸²¥¤µ¢ ´¨¥ ËµÉµÖ¤¥·´ÒÌ ·¥ ±Í¨° ¸Ò£· ²µ µ¶·¥¤¥²ÖÕÐÊÕ
·µ²Ó ¢ Ëµ·³¨·µ¢ ´¨¨ ¸µ¢·¥³¥´´ÒÌ ¶·¥¤¸É ¢²¥´¨° µ ¢Ò¸µ±µ²¥¦ Ð¨Ì ±µ²-
²¥±É¨¢´ÒÌ ¢µ§¡Ê¦¤¥´¨ÖÌ ¢ Ö¤· Ì É¨¶  £¨£ ´É¸±¨Ì ·¥§µ´ ´¸µ¢. ƒ¨£ ´É¸±¨°
¤¨¶µ²Ó´Ò° E1-·¥§µ´ ´¸ Å Ï¨·µ±¨° ³ ±¸¨³Ê³ ¢ µ¡² ¸É¨ 14 ÷ 18 ŒÔ‚ Å
£² ¢´ Ö µ¸µ¡¥´´µ¸ÉÓ ¢ ¸¥Î¥´¨ÖÌ ¶µ£²µÐ¥´¨Ö £ ³³ -±¢ ´Éµ¢ Ö¤· ³¨. �´ Ö¢²Ö-
¥É¸Ö ´ ¨¡µ²¥¥ ¨§ÊÎ¥´´µ° ±µ²²¥±É¨¢´µ° ³µ¤µ°. ‘ÊÐ¥¸É¢ÊÕÐ¨¥ ³¥Éµ¤Ò ¥£µ
¨¸¸²e¤µ¢ ´¨Ö (Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ É¥µ·¥É¨Î¥¸±¨¥) µ¡¥¸¶¥Î¨¢ ÕÉ ¶µ²ÊÎ¥´¨¥
´ ¨¡µ²¥¥ ´ ¤¥¦´µ°, · §´µµ¡· §´µ° ¨ µÉ´µ¸¨É¥²Ó´µ ²¥£±µ ¨´É¥·¶·¥É¨·Ê¥³µ°
¨´Ëµ·³ Í¨¨.
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‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö · §¢¨É¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨° £¨£ ´É-
¸±µ£µ E1-·¥§µ´ ´¸  ¢ §´ Î¨É¥²Ó´µ° ³¥·¥ ¸¢Ö§ ´µ ¸ ¨§ÊÎ¥´¨¥³ · §²¨Î´ÒÌ ± -
´ ²µ¢ ¥£µ · ¸¶ ¤ , ¨ ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó É ±¨Ì, ¢ ·¥§Ê²ÓÉ É¥ ±µÉµ·ÒÌ ¢µ§³µ¦´µ
¨§ÊÎ¥´¨¥ § ¸¥²¥´¨Ö µ¶·¥¤¥²¥´´ÒÌ, ¢Ò¤¥²¥´´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥·-¶·µ¤Ê±Éµ¢. ‚
± Î¥¸É¢¥ ¢Ò¤¥²¥´´ÒÌ ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò ¨§µ³¥·´Ò¥ ¸µ¸ÉµÖ´¨Ö, ¢·¥³Ö
¦¨§´¨ ±µÉµ·ÒÌ §´ Î¨É¥²Ó´µ,   ¸¶¨´ Jm µÉ²¨Î ¥É¸Ö µÉ ¸¶¨´  Jg µ¸´µ¢´µ£µ
¸µ¸ÉµÖ´¨Ö ´  ´¥¸±µ²Ó±µ ¥¤¨´¨Í.

�¸µ¡¥´´µ¸ÉÓÕ ËµÉµÖ¤¥·´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ Ö¢²Ö¥É¸Ö Éµ, ÎÉµ µ¸´µ¢´ Ö
³ ¸¸  ·¥§Ê²ÓÉ Éµ¢ ¢ ´¨Ì ¶µ²ÊÎ¥´  ´  ¶ÊÎ± Ì Éµ·³µ§´µ£µ £ ³³ -¨§²ÊÎ¥´¨Ö
Ô²¥±É·µ´´ÒÌ Ê¸±µ·¨É¥²¥°, ¨ ´¥¶µ¸·¥¤¸É¢¥´´µ ¢ É ±¨Ì Ô±¸¶¥·¨³¥´É Ì ¨§³¥-
·Ö¥É¸Ö ¢ÒÌµ¤ ËµÉµÖ¤¥·´µ° ·¥ ±Í¨¨ Υ(Eγmax), ¸¢Ö§ ´´Ò° ¸ ¥¥ ¸¥Î¥´¨¥³ σ
¸µµÉ´µÏ¥´¨¥³:

Υ(Eγmax) = k

Eγ max∫
E¶µ·

σ(E)Φ(E,Eγmax)dE, (1)

£¤¥ k Å ´µ·³¨·µ¢µÎ´Ò° ³´µ¦¨É¥²Ó, E¶µ· Å ¶µ·µ£ ËµÉµÖ¤¥·´µ° ·¥ ±Í¨¨,
Eγmax Å ³ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö Éµ·³µ§´µ£µ ¸¶¥±É·  Φ(E,Eγmax). „¥É ²Ó´µ
¶·µÍ¥¤Ê·  ËµÉµÖ¤¥·´µ£µ Ô±¸¶¥·¨³¥´É  µ¶¨¸ ´  ¢ · ¡µÉ¥ [1].

’ ±¨³ µ¡· §µ³, ¨§ ËµÉµÖ¤¥·´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¢µ§¡Ê¦¤¥´¨Õ ¨§µ³¥-
·µ¢ ¶µ²ÊÎ ÕÉ ¤ ´´Ò¥ ¤¢ÊÌ ¢¨¤µ¢: ¢ÒÌµ¤Ò Υ ¨ ¸¥Î¥´¨Ö σ. �¥¶µ¸·¥¤¸É¢¥´´µ
¨§ Ô±¸¶¥·¨³¥´É  ¶µ²ÊÎ ÕÉ ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¢ÒÌµ¤µ¢:

d =
Υm

Υg
¨²¨ η =

Υm

Υtot
=

Υm

Υm +Υg
=

1
1 + 1/(Υm/Υg)

=
1

1 + 1/d
.

ˆ¸¶µ²Ó§ÊÖ ¸µµÉ´µÏ¥´¨¥ (1), ¶·µÍ¥¤Ê·  ·¥Ï¥´¨Ö ±µÉµ·µ£µ ¨§¢¥¸É´  [2Ä4],
³µ¦´µ ¨§¢²¥ÎÓ ¸¥Î¥´¨Ö ¨ ¶µ²ÊÎ¨ÉÓ ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¸¥Î¥´¨°:

r =
σm
σg

¨²¨ R =
σm
σtot

=
σm

σm + σg
=

1
1 + 1/(σm/σg)

=
1

1 + 1/r
.

‡¤¥¸Ó Υm, Υg, Υtot ¨ σm, σg , σtot Å ¢ÒÌµ¤Ò ¨ ¸¥Î¥´¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·-
´µ£µ m ¨ µ¸´µ¢´µ£µ g ¸µ¸ÉµÖ´¨°,   É ±¦¥ ¶µ²´Ò¥ ¢ÒÌµ¤Ò ¨ ¸¥Î¥´¨Ö ·¥ ±Í¨°.

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¢
·¥ ±Í¨¨ (γ, n) ¶µÖ¢¨²¨¸Ó ¶· ±É¨Î¥¸±¨ µ¤´µ¢·¥³¥´´µ ¸ ´ Î ²µ³ ¸¨¸É¥³ É¨-
Î¥¸±¨Ì ¨§³¥·¥´¨° ¸¥Î¥´¨° ËµÉµ´Ê±²µ´´ÒÌ ·¥ ±Í¨°. ‚ ´ Î ²¥ 60-x £µ¤µ¢
¡Ò²¨ ¶·µ¢¥¤¥´Ò ¨¸¸²¥¤µ¢ ´¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ·¥ ±Í¨¨
(γ, n) ´  Ö¤· Ì 59Co, 81Br, 90Zr, 92Mo, 115In, 121Sb [5Ä10]. ‚ · ¡µÉ Ì [5, 6]
Š Í ¸ ¸µÉ·Ê¤´¨± ³¨, ¨¸¸²¥¤µ¢ ¢ ·¥ ±Í¨Õ (γ, n) ¨ ¨§³¥·¨¢ ¸¥Î¥´¨¥ ¢µ§¡Ê¦¤¥-
´¨Ö ¨§µ³¥·´ÒÌ ¨ µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥· 80Br, 89Zr, 91Mo, 114In, ¶µ²ÊÎ¨²¨
¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¸¥Î¥´¨° ¤²Ö ÔÉ¨Ì Ö¤¥·. ‚ · ¡µÉ Ì [7, 8] ¢ ·¥ ±Í¨¨
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(γ, n) ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¢ÒÌµ¤µ¢ ¤²Ö Ö¤¥· 59Co, 121Sb.
Š ±µ´ÍÊ 60-x £µ¤µ¢ ±·Ê£ ¨¸c²¥¤Ê¥³ÒÌ Ö¤¥· · ¸Ï¨·¨²¸Ö [8Ä14]. B ·¥ ±Í¨¨
(γ, n) ¡Ò²¨ ¶·µ¢¥¤¥´Ò ¨¸¸²¥¤µ¢ ´¨Ö ¢µ§¡Ê¦¤¥´¨Ö ±µ·µÉ±µ¦¨¢ÊÐ¨Ì ¨§µ³¥·µ¢
¸ T1/2 = 10−6 ÷ 10−1 c [14], ¢ ±µÉµ·ÒÌ ¶µ²ÊÎ¥´Ò ¶µ·µ£¨ ·¥ ±Í¨°, ¸¥Î¥´¨Ö ¨
¨´É¥£· ²Ó´Ò¥ ¸¥Î¥´¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨°.

‚ ´ Î ²¥ 70-x £µ¤µ¢ ´  µ¸´µ¢¥ ¸É É¨¸É¨Î¥¸±µ° É¥µ·¨¨ ¶·¥¤²µ¦¥´  ± ¸-
± ¤´µ-¨¸¶ ·¨É¥²Ó´ Ö ³µ¤¥²Ó  ´ ²¨§  ¨§µ³¥·´ÒÌ oÉ´µÏ¥´¨° r = σm/σg ¢
·¥ ±Í¨ÖÌ (γ, n), (n, 2n) [15] ¨ ´ Î ÉÒ ¶µ¶ÒÉ±¨ ±µ²¨Î¥¸É¢¥´´µ£µ µ¶¨¸ ´¨Ö
µÉ´µ¸¨É¥²Ó´µ° ¢¥·µÖÉ´µ¸É¨ § ¸¥²¥´¨Ö ³¥É ¸É ¡¨²Ó´µ£µ ¨ µ¸´µ¢´µ£µ ¸µ¸Éµ-
Ö´¨°, ÎÉµ, ¢ ¸¢µÕ µÎ¥·¥¤Ó, ¸É¨³Ê²¨·µ¢ ²µ ¶·µ¢¥¤¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¨¸¸²¥¤µ¢ ´¨° ¢ ÔÉµ³ ´ ¶· ¢²¥´¨¨. �¥¶²µÌµ° ¶¥·¥Î¥´Ó · ¡µÉ ¶µ ¨§³¥·¥´¨Õ
¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¤µ 1985 £. ¶·¨¢¥¤¥´ ¢ · ¡µÉ¥ [16]. ˆ§ ÔÉµ£µ µ¡§µ· 
¸²¥¤Ê¥É, ÎÉµ ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¢ ·¥ ±Í¨ÖÌ (γ, n) ¢ µÉ¤¥²Ó´ÒÌ Ô´¥·£¥É¨Î¥-
¸±¨Ì ÉµÎ± Ì ¨§³¥·Ö²¨¸Ó ¤²Ö ∼ 30  Éµ³´ÒÌ Ö¤¥·,   ¸¥Î¥´¨Ö σm(E) ¨§³¥·Ö²¨¸Ó
¢¸¥£µ ´  ∼ 10 Ö¤· Ì.

‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ´ ¡²Õ¤ ¥É¸Ö ´µ¢Ò° ¶µ¤Ñ¥³ ¨´É¥·¥¸  ± ¨¸¸²¥¤µ¢ ´¨Ö³
·¥ ±Í¨° (γ, n)m. ‘ µ¤´µ° ¸Éµ·µ´Ò, ÔÉµ µ¡ÑÖ¸´Ö¥É¸Ö ±· °´¥° ´¥¤µ¸É ÉµÎ-
´µ¸ÉÓÕ ¨´Ëµ·³ Í¨¨ ¶µ ¤ ´´µ³Ê ¢µ¶·µ¸Ê. Š É ²µ£ ¨§µÉµ¶µ¢ [17] ¶µ± §Ò¢ ¥É,
ÎÉµ ¤²Ö ¡µ²¥¥ Î¥³ 100 Ö¤¥· ¨³¥¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¨§ÊÎ¥´¨Ö ¸¥Î¥´¨° ¢µ§¡Ê¦¤¥-
´¨Ö ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ·¥ ±Í¨¨ (γ, n). ‚ Éµ ¦¥ ¢·¥³Ö ¨³¥¥É¸Ö ¢ ´ ²¨Î¨¨
∼ 10% ¶µÉ¥´Í¨ ²Ó´µ° ¨´Ëµ·³ Í¨¨. Š Éµ³Ê ¦¥, ± ± ¸¶· ¢¥¤²¨¢µ µÉ³¥Î ²µ¸Ó
¢ · ¡µÉ¥ [16], §´ Î¨É¥²Ó´ Ö Î ¸ÉÓ ¨´Ëµ·³ Í¨¨ µ¡ ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨ÖÌ ¶µ-
²ÊÎ¥´  ¢ 60-x £µ¤ Ì ¨ ´Ê¦¤ ¥É¸Ö ¢ ÊÉµÎ´¥´¨¨ ´  ´µ¢µ³ Ô±¸¶¥·¨³¥´É ²Ó´µ³
Ê·µ¢´¥: ´  ¡µ²¥¥ ¨´É¥´¸¨¢´ÒÌ £ ³³ -¶ÊÎ± Ì ´µ¢ÒÌ Ê¸±µ·¨É¥²¥° ¸ ¨¸¶µ²Ó-
§µ¢ ´¨¥³ ¤²Ö ·¥£¨¸É· Í¨¨ ´ ¢¥¤¥´´µ° £ ³³ - ±É¨¢´µ¸É¨ ¡µ²¥¥ ¸µ¢¥·Ï¥´´µ°
¶µ²Ê¶·µ¢µ¤´¨±µ¢µ° £ ³³ -¸¶¥±É·µ³¥É·¨¨ ¨ ¨§µÉµ¶¨Î¥¸±¨ µ¡µ£ Ð¥´´ÒÌ ³¨-
Ï¥´¥°.

• · ±É¥·´µ° Î¥·Éµ° ´µ¢ÒÌ · ¡µÉ Ö¢²Ö¥É¸Ö ±µ³¶²¥±¸´µ¸ÉÓ ¨¸¸²¥¤µ¢ ´¨°,
ÉÐ É¥²Ó´µ¸ÉÓ ¨§³¥·¥´¨° Ô´¥·£¥É¨Î¥¸±¨Ì § ¢¨¸¨³µ¸É¥° ¨§µ³¥·´ÒÌ µÉ´µÏ¥-
´¨° (ˆ�) d = f(E), ¸¥Î¥´¨° σm = f(E), ¶µ¶ÒÉ±¨ ¨¸¸²¥¤µ¢ ÉÓ Ô¢µ²ÕÍ¨Õ
ˆ� ¢ § ¢¨¸¨³µ¸É¨ µÉ ³ ¸¸Ò ¨§µÉµ¶µ¢ d = f(A), ¸¶¨´  ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨°
d = f(Jm) ¨ É.¤. �µÖ¢¨² ¸Ó Ê¢¥·¥´´µ¸ÉÓ, ÎÉµ ¢ ¨¸¸²¥¤µ¢ ´¨ÖÌ ¢µ§¡Ê¦¤¥-
´¨° ¨§µ³¥·µ¢ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¨´Ëµ·³ Í¨Õ ¤²Ö ÊÉµÎ´¥´¨Ö ¢¨¤  ËÊ´±Í¨¨
· ¸¶·¥¤¥²¥´¨Ö ¶²µÉ´µ¸É¨ Ö¤¥·´ÒÌ Ê·µ¢´¥°, ¥¥ Ô´¥·£¥É¨Î¥¸±µ° ¨ ¸¶¨´µ¢µ°
¸µ¸É ¢²ÖÕÐ¨Ì,   É ±¦¥ ¢ÒÖ¸´¥´¨Ö ³¥Ì ´¨§³µ¢ · ¸¶ ¤  ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´ÒÌ
±µ²²¥±É¨¢´ÒÌ ¸µ¸ÉµÖ´¨°.

Š ´ ¸ÉµÖÐ¥³Ê ¢·¥³¥´¨ ¸É ²  ¶µ´ÖÉ´  µ£· ´¨Î¥´´µ¸ÉÓ · §²¨Î´ÒÌ ¢ ·¨ ´-
Éµ¢ ± ¸± ¤´µ-¨¸¶ ·¨É¥²Ó´µ° ³µ¤¥²¨ [18]. �¥¸³µÉ·Ö ´  µÉ´µ¸¨É¥²Ó´ÊÕ ¶·µ-
¸ÉµÉÊ, ¶·µ§· Î´µ¸ÉÓ ¸Ì¥³Ò ¢ÒÎ¨¸²¥´¨°, Ë¨§¨Î¥¸±ÊÕ  ¤¥±¢ É´µ¸ÉÓ ± ¸± ¤´µ-
¨¸¶ ·¨É¥²Ó´µ° ³µ¤¥²¨, ¤²Ö ¸µ£² ¸µ¢ ´¨Ö ·¥§Ê²ÓÉ Éµ¢ · ¸Î¥É  ¸ Ô±¸¶¥·¨³¥´-
Éµ³ ¤ ¦¥ ¢ ¸²ÊÎ ¥ ·¥ ±Í¨¨ (γ, n) ¶·¨Ìµ¤¨É¸Ö ¢¢µ¤¨ÉÓ ³µ¤¥²Ó´Ò¥ ¶ · ³¥É·Ò.
‚ÒÖ¸´¨²µ¸Ó, ÎÉµ ¢ ·Ö¤¥ ¸²ÊÎ ¥¢ ¢ ·¥ ±Í¨¨ (γ, n) ¸ÊÐ¥¸É¢¥´´Ò° ¢±² ¤,   ¨´µ£¤ 
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¨ µ¶·¥¤¥²ÖÕÐ¨°, ¤ ¥É ¶µ²Ê¶·Ö³µ° ³¥Ì ´¨§³ [19], ¨ ¨¸¶µ²Ó§µ¢ ´¨¥ ± ¸± ¤´µ-
¨¸¶ ·¨É¥²Ó´µ° ³µ¤¥²¨ § É·Ê¤´¨É¥²Ó´µ. ’¥³ ´¥ ³¥´¥¥ ± ¸± ¤´µ-¨¸¶ ·¨É¥²Ó´ Ö
³µ¤¥²Ó ¤µ ´ ¸ÉµÖÐ¥£µ ¢·¥³¥´¨ µ¸É ² ¸Ó µ¸´µ¢´Ò³ ¨´¸É·Ê³¥´Éµ³  ´ ²¨§  Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. ‚ ÔÉµ³ ¶² ´¥ ËµÉµÖ¤¥·´Ò¥ ¤ ´´Ò¥ µÎ¥´Ó Ê¤µ¡´Ò
¤²Ö  ¶·µ¡ Í¨¨ · §²¨Î´ÒÌ ³µ¤¥²Ó´ÒÌ ¶µ¤Ìµ¤µ¢: ËµÉµ´Ò ¶·¨¢´µ¸ÖÉ ¢ Ö¤·µ
µÉ´µ¸¨É¥²Ó´µ ³ ²Ò¥ ¨§³¥´¥´¨Ö (¶µ ¸· ¢´¥´¨Õ ¸ ¸¨²Ó´µ¤¥°¸É¢ÊÕÐ¨³¨ Î ¸É¨-
Í ³¨) ¢ µ¡² ¸É¨ Ô´¥·£¨° ³¥´ÓÏ¥ 30 ŒÔ‚. O¸´µ¢´Ò³ ³¥Ì ´¨§³µ³ ¶µ£²µÐ¥´¨Ö
£ ³³ -±¢ ´Éµ¢ Ö¢²Ö¥É¸Ö Ô²¥±É·¨Î¥¸±¨° ¤¨¶µ²Ó´Ò°, É.¥. £ ³³ -±¢ ´ÉÒ ¶·¨¢´µ-
¸ÖÉ ¢ Ö¤·µ ³µ³¥´É 
 = 1, ¨ ÔÉ  ¢¥²¨Î¨´  ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸¨É µÉ Ô´¥·£¨¨.
�µ-¢¨¤¨³µ³Ê, ¤ ²Ó´¥°Ï¨° ¶·µ£·¥¸¸ ¢ ¶µ´¨³ ´¨¨ ¨ µ¶¨¸ ´¨¨ ³¥Ì ´¨§³µ¢
ËµÉµ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨° ³µ¦¥É ¡ÒÉÓ ¤µ¸É¨£´ÊÉ ¢ ´ ±µ¶²¥-
´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ³ É¥·¨ ² , ¸µ¶µ¸É ¢²¥´¨¨ ·¥§Ê²ÓÉ Éµ¢, ¶µ²ÊÎ¥´´ÒÌ
¢ · §²¨Î´ÒÌ ·¥ ±Í¨ÖÌ ¸ ËµÉµ´¥°É·µ´´Ò³¨ ¤ ´´Ò³¨, ±µ³¶²¥±¸´µ³  ´ ²¨§¥
¤ ´´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢, ¸µ¢¥·Ï¥´¸É¢µ¢ ´¨¨ · ¸Î¥Éµ¢.

�Éµ° Í¥²¨ ¤µ²¦¥´ ¸¶µ¸µ¡¸É¢µ¢ ÉÓ ¨ ´ ¸ÉµÖÐ¨° µ¡§µ· Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
· ¡µÉ ¶µ ¨¸¸²¥¤µ¢ ´¨Õ ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥· ¢ ·¥ ±Í¨¨
(γ, n) ¢ µ¡² ¸É¨ Ô´¥·£¨° ¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸ , ¨Ì  ´ ²¨§ ¨ ¸µ¶µ¸É ¢²¥´¨¥ ¸
·¥§Ê²ÓÉ É ³¨ ¨§ ¤·Ê£¨Ì ·¥ ±Í¨°. �¨¦¥ ¶·¨¢¥¤¥´ µ¡§µ· ·¥§Ê²ÓÉ Éµ¢ ¨¸¸²¥¤µ-
¢ ´¨° ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¨§µÉµ¶µ¢ 44Sc, 73,77,79,81Se, 85,87Sr,
129−137Ba, 121,123,129Te, 141Nd, 144Sm, 152Eu, 164Ho, 167Er, 179Hf , 183W, 184Re
¨ 196Au, ¶µ²ÊÎ¥´´ÒÌ ¢ ¶µ¸²¥¤´ee ¢·¥³Ö.

1. ‚	‡3“†„…�ˆ… ˆ‡	Œ…1	‚ Ÿ„…1 fpg-	3	‹	—Šˆ

1.1. ‘± ´¤¨°-45. ‘ ÉµÎ±¨ §·¥´¨Ö ¨§ÊÎ¥´¨Ö ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¢ÒÌµ-
¤µ¢ d = Υm/Υg ¢ ·¥ ±Í¨ÖÌ (γ, n)m 45Sc Ö¢²Ö¥É¸Ö Ê¤µ¡´Ò³ Ö¤·µ³. ‘± ´¤¨° Å
³µ´µ¨§µÉµ¶¥´. �¥·¨µ¤Ò ¶µ²Ê· ¸¶ ¤  44mSc, 44gSc ¸µ¸É ¢²ÖÕÉ Tm

1/2 = 2, 44 ¸ÊÉ
¨ T g

1/2 = 3, 92 Î. ˆ´É¥´¸¨¢´µ¸ÉÓ £ ³³ -²¨´¨°, ¸µ¶·µ¢µ¦¤ ÕÐ¨Ì · ¸¶ ¤ ¨§µ-

³¥·´µ£µ 6+- ¨ µ¸´µ¢´µ£µ 2+-¸µ¸ÉµÖ´¨°, §´ Î¨É¥²Ó´ . �µÔÉµ³Ê ¢µ§¡Ê¦¤¥´¨¥
¨§µ³¥·´µ£µ ¸µ¸ÉµÖ´¨Ö 44mSc ¨ ¨§³¥·¥´¨¥ ¨§µ³¥·´µ£µ µÉ´µÏ¥´¨Ö ¢ ·¥ ±Í¨¨
(γ, n) ¶·¥¤¶·¨´¨³ ²µ¸Ó ¢ ·Ö¤¥ · ¡µÉ [20Ä26]. ‚ ÔÉ¨Ì · ¡µÉ Ì ¶µ²ÊÎ¥´  ¨´-
Ëµ·³ Í¨Ö µ¡ ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨ÖÌ ¶·¨ µÉ¤¥²Ó´ÒÌ ³ ±¸¨³ ²Ó´ÒÌ Ô´¥·£¨ÖÌ
Éµ·³µ§´µ£µ £ ³³ -¸¶¥±É· , ¢ µ¸´µ¢´µ³ ¶·¨ Ô´¥·£¨¨ Eγmax ¢ÒÏ¥ £¨£ ´É¸±µ£µ
¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸ . ‘¨¸É¥³ É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨°
·¥ ±Í¨° 45Sc(γ, n)44mSc ¨ ¨§ÊÎ¥´¨¥ ±·¨¢µ° d = f(E) ¢ µ¡² ¸É¨ £¨£ ´É¸±µ£µ
E1-·¥§µ´ ´¸  ¶·µ¢¥¤¥´Ò ¢ · ¡µÉ Ì [27, 28].

ˆ§³¥·¥´¨¥ ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¢ÒÌµ¤µ¢ ¢ ·¥ ±Í¨¨ 45Sc(γ, n)44m,gSc
¶·µ¢µ¤¨²µ¸Ó ¢ µ¡² ¸É¨ Ô´¥·£¨° 12 ÷ 21 ŒÔ‚. ˆ¤¥´É¨Ë¨± Í¨Ö ¨§µ³¥·´µ£µ
¸µ¸ÉµÖ´¨Ö µ¸ÊÐ¥¸É¢²Ö² ¸Ó ¶µ ËµÉµ¶¨±Ê ¸ Ô´¥·£¨¥° 0,271 ŒÔ‚, µ¸´µ¢´µ£µ Å
¶µ ¶¨±Ê 1,157 ŒÔ‚. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¢ÒÎ¨¸²Ö²¨¸Ó
¶µ Ëµ·³Ê²¥ [29]:
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d =
Υm

Υg
=

[
1/λm

(
1− e−λmtµ¡²

)
e−λmtµÌ²

(
1− e−λmt¨§³

)
1/λg

(
1− e−λgtµ¡²

)
e−λgtµÌ² (1− e−λgt¨§³)

×

×
(

Ng

Nm

ξmKmαm
ξgKgαg

− p
λg

λg − λm

)
− p

λm
λg − λm

]−1
. (2)

‡¤¥¸Ó Ng, Nm Å ±µ²¨Î¥¸É¢µ ¨³¶Ê²Ó¸µ¢ ¢ ËµÉµ¶¨±¥ µ¸´µ¢´µ£µ ¨ ¨§µ³¥·´µ£µ
¸µ¸ÉµÖ´¨°, ξm,g Å ËµÉµÔËË¥±É¨¢´µ¸ÉÓ ¤¥É¥±Éµ· , αm,g Å ¨´É¥´¸¨¢´µ¸ÉÓ ²¨-
´¨°, Km,g Å ¸ ³µ¶µ£²µÐ¥´¨¥ ¨§ÊÎ ¥³ÒÌ ²¨´¨° ¢ µ¡· §Í¥, p Å ±µÔËË¨Í¨¥´É
¢¥É¢²¥´¨Ö, λm,g Å ¶µ¸ÉµÖ´´Ò¥ · ¸¶ ¤ , tµ¡², tµÌ², t¨§³ Å ¢·¥³Ö µ¡²ÊÎ¥´¨Ö,
µÌ² ¦¤¥´¨Ö ¨ ¨§³¥·¥´¨Ö ´ ¢¥¤¥´´µ°  ±É¨¢´µ¸É¨. �µ²ÊÎ¥´´Ò¥ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ± § ´Ò ´  ·¨¸. 1 É¥³´Ò³¨ ÉµÎ± ³¨. „²Ö ¸· ¢´¥´¨Ö ´ 
·¨¸. 1 ¸¢¥É²µ° ÉµÎ±µ° ¨ ±·¥¸É¨±µ³ µ¡µ§´ Î¥´Ò ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö, ¶µ²Ê-
Î¥´´Ò¥ ¢ · ¡µÉ Ì [25, 26] ¶·¨ Ô´¥·£¨¨ Eγmax = 22 ŒÔ‚. ˆ§ ·¨¸. 1 ¢¨¤´µ, ÎÉµ
ÌµÉÖ ¶µ·µ£ ·¥ ±Í¨¨ 45Sc(γ, n)44mSc · ¢¥´ 11,3 ŒÔ‚, ¶µ·µ£ ¢µ§¡Ê¦¤¥´¨Ö ¨§µ-
³¥·´µ£µ ¸µ¸ÉµÖ´¨Ö 6+ 44mSc ¸µ¸É ¢²Ö¥É (12±0, 2)ŒÔ‚. ‚ÒÏ¥ ¶µ·µ£  ¨§µ³¥·-
´µ¥ µÉ´µÏ¥´¨¥ Υm/Υg ¡Ò¸É·µ ´ · ¸É ¥É ¨ ¶·¨ Eγmax = 22 ŒÔ‚ ¢ÒÌµ¤¨É ´ 
¶² Éµ ¨ ¤µ¸É¨£ ¥É §´ Î¥´¨Ö (0, 21±0, 03), ÎÉµ ¢ ¶·¥¤¥² Ì µÏ¨¡µ± ¸µ£² ¸Ê¥É¸Ö
¸ · ´¥¥ ¶µ²ÊÎ¥´´Ò³¨ ·¥§Ê²ÓÉ É ³¨. �  ·¨¸. 1 ¸¶²µÏ´µ° ²¨´¨¥° ¶µ± § ´ ·¥-
§Ê²ÓÉ É  ¶¶·µ±¸¨³ Í¨¨ d = f(E) ±·¨¢µ° É¨¶  d = A·th[B(E−E0)]. �µ¤£µ´± 
µ¸ÊÐ¥¸É¢²Ö² ¸Ó ³¥Éµ¤µ³ ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éµ¢. �·¨ ÔÉµ³ ¶µ²ÊÎ¥´Ò ¸²¥¤ÊÕ-
Ð¨¥ §´ Î¥´¨Ö ¶ · ³¥É·µ¢: A = (0, 218± 0, 007), B = (0, 228± 0, 02) ŒÔ‚−1,
E0 = (11, 6± 0, 07) ŒÔ‚.

‘¥Î¥´¨¥ σm(E) ·¥ ±Í¨¨ 45Sc(γ, n)44mSc ¶·¨¢¥¤¥´µ ´  ·¨¸. 1. �  ÔÉµ³ ¦¥
·¨¸Ê´±¥ ¤²Ö ¸· ¢´¥´¨Ö ¶·¨¢¥¤¥´µ ¶µ²´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ 45Sc(γ, n)44Sc [28].
�µ²ÊÎ¥´´ Ö µÍ¥´±  ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¸¥Î¥´¨° σm/σg ¢ µ¡² ¸É¨
14 ÷ 16 ŒÔ‚ ¶·¨³¥·´µ ´  10% ¶·¥¢ÒÏ ¥É ¨§µ³¥·´µ¥ µÉ´µÏ¥´¨¥ ¢ÒÌµ¤µ¢
Υm/Υg,   ¢ µ¡² ¸É¨ ¢ÒÏ¥ 20 ŒÔ‚ ¶· ±É¨Î¥¸±¨ ¸µ¢¶ ¤ ¥É ¸ ´¨³¨. (�  ·¨¸. 1
E∗ = Eγmax − E¶µ·.) �µ£·¥Ï´µ¸ÉÓ µ¶·¥¤¥²¥´¨Ö r ¸µ¸É ¢²Ö¥É ∼ 15%.

„²Ö ¸· ¢´¥´¨Ö ¸ Ô±¸¶¥·¨³¥´Éµ³ ¡Ò²¨ ¢Ò¶µ²´¥´Ò · ¸Î¥ÉÒ ¨§µ³¥·´ÒÌ µÉ-
´µÏ¥´¨° ¶µ µ¸´µ¢ ´´µ° ´  ¸É É¨¸É¨Î¥¸±µ° É¥µ·¨¨ ± ¸± ¤´µ-¨¸¶ ·¨É¥²Ó´µ°
³µ¤¥²¨ [15, 31, 32]. �·¨ · ¸Î¥É Ì ¶·¥¤¶µ² £ ²µ¸Ó: ³ É¥·¨´¸±¨³ Ö¤·µ³ ¶µ-
£²µÐ ¥É¸Ö ¤¨¶µ²Ó´Ò° £ ³³ -±¢ ´É. ‡ É¥³ ¨¸¶ ·Ö¥É¸Ö ´¥°É·µ´ ¸ Ô´¥·£¨¥° εn.
‚µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö ¤µÎ¥·´e£µ Ö¤·  ¶¥·¥Ìµ¤ÖÉ ¢ µ¸´µ¢´µ¥ ¨ ¨§µ³¥·´µ¥
¶ÊÉ¥³ ¨¸¶Ê¸± ´¨Ö ± ¸± ¤  ¤¨¶µ²Ó´ÒÌ £ ³³ -±¢ ´Éµ¢, ¶µ¸²¥¤´¨° ¨§ ±µÉµ·ÒÌ
¨ § ¸¥²Ö¥É ¨§µ³¥·´µ¥ ¨²¨ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥. �²µÉ´µ¸ÉÓ Ê·µ¢´¥° ¸Î¨É ² ¸Ó
¶µ Ëµ·³Ê²¥ k¥É¥ Å k²µÌ :

ρ(U, J) =
2J + 1

24
√
2a1/4U5/4σ3

exp

{
2
√
aU −

(
J + 1

2

)2
2σ2

}
. (3)
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‡¤¥¸Ó a Å ¶ · ³¥É· ¶²µÉ´µ¸É¨ Ê·µ¢´¥°, U Å Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö, σ Å ¶ -
· ³¥É· µ£· ´¨Î¥´¨Ö ¸¶¨´ , J Å ¸¶¨´Ò ¸µ¸ÉµÖ´¨°. kµ²¥¥ ¶µ¤·µ¡´µ ¶·µÍ¥¤Ê· 
· ¸Î¥Éµ¢ ¶·¨¢¥¤¥´  ¢ · ¡µÉ¥ [28]. 
¥§Ê²ÓÉ É É¥µ·¥É¨Î¥¸±µ£µ  ´ ²¨§  ¶µ± § ´
´  ·¨¸. 1 ÏÉ·¨Ì¶Ê´±É¨·´µ° ²¨´¨¥°. ‘µ£² ¸¨Ö ¸ Ô±¸¶¥·¨³¥´Éµ³ Ê¤ ¥É¸Ö ¤µ-
¸É¨ÎÓ ¤²Ö Ô´¥·£¨¨ 18÷ 23 ŒÔ‚ ¶·¨ Ë¨±¸ Í¨¨ ¶ · ³¥É·  µ£· ´¨Î¥´¨Ö ¸¶¨´ 
σ = 3.


¨¸. 1. a) ‡ ¢¨¸¨³µ¸ÉÓ ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¢ÒÌµ¤µ¢ (1) ¨ ¸¥Î¥´¨° (2) ·¥ ±Í¨¨
45Sc(γ, n)44m,gSc µÉ Ô´¥·£¨¨. ¡) ‘¥Î¥´¨¥ ·¥ ±Í¨¨ 45Sc(γ, n)44m,gSc ¨ ¸· ¢´¥´¨¥ ¥£µ
¸ ¶µ²´Ò³ ËµÉµ´¥°É·µ´´Ò³ ¸¥Î¥´¨¥³ (2)

K ± ¢¨¤´µ ¨§ ·¨¸. 1, · ¸Î¥ÉÒ ¤²Ö (γ, n)m-·¥ ±Í¨¨ ± Î¥¸É¢¥´´µ ¸Ìµ¤´Ò
¸ Ô±¸¶¥·¨³¥´É ²Ó´µ° ±·¨¢µ°. �¥±µÉµ·µ¥ ¸³¥Ð¥´¨¥ É¥µ·¥É¨Î¥¸±µ° ±·¨¢µ° ¢
µ¡² ¸É¨ ¡µ²ÓÏ¨Ì Ô´¥·£¨° ´ ¡²Õ¤ ¥É¸Ö ¤²Ö · ¸Î¥É´ÒÌ ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨°
¨ ¤²Ö ¤·Ê£¨Ì Ö¤¥·. ‚µ§³µ¦´Ò° ¶ÊÉÓ Ê¸É· ´¥´¨Ö ÔÉµ£µ · ¸Ìµ¦¤¥´¨Ö Å ¨¸-
¶µ²Ó§µ¢ ´¨¥ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ Ë¥·³¨-£ §  ¸ µ¡· É´Ò³ ¸¤¢¨£µ³ [33, 34].
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Ÿ¤·µ 44Sc Ö¢²Ö¥É¸Ö µ¤´¨³ ¨§ ´¥³´µ£¨Ì Ö¤¥·, ±µÉµ·µ¥ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ, ¨,
¸²¥¤µ¢ É¥²Ó´µ, ¨§ÊÎ¨ÉÓ µÉ´µ¸¨É¥²Ó´Ò¥ ¢ÒÌµ¤Ò ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·´µ£µ 6+-
¨ µ¸´µ¢´µ£µ 2+-cµ¸ÉµÖ´¨° ¢ · §²¨Î´ÒÌ ·¥ ±Í¨ÖÌ:

45Sc(γ, n)44m,gSc, 45Sc(n, 2n)44m,gSc, 41K(α, n)44m,gSc,
44Ca(p, n)44m,gSc, 44Ca(α, p3n)44m,gSc, 46Ti(γ, pn)44m,gSc.

�¤´µ° ¨§ ¶¥·¢ÒÌ · ¡µÉ É ±µ£µ ·µ¤  Ö¢²Ö¥É¸Ö · ¡µÉ  ’ É ·ÎÊ±  ¨ ¤·. [20].
‚ ´¥° ¶µ²ÊÎ¥´  µÍ¥´±  ¨§µ³¥·´µ£µ µÉ´µÏ¥´¨Ö ¤²Ö ·¥ ±Í¨¨ 46Ti(γ, pn)44m,gSc
¶·¨ Eγmax = 48 ŒÔ‚, d = Υm/Υg < 0, 02, µÉ´µÏ¥´¨Ö Υm/Υg = 0, 16 ¤²Ö
·¥ ±Í¨¨ 45Sc(γ, n)44m,gSc ¶·¨ Ô´¥·£¨¨ Eγmax = 24ŒÔ‚, ¶·¨ 36 ŒÔ‚ Å 0,19,
¶·¨ 48 ŒÔ‚ Å 0,19, ÎÉµ ¡²¨§±µ ± §´ Î¥´¨Ö³ d, ¶µ²ÊÎ¥´´Ò³ ¢ · ¡µÉ¥ [28]
¤²Ö Ô´¥·£¨¨ Eγmax = 21 ŒÔ‚. ‚ · ¡µÉ¥ [20] ¤²Ö ·¥ ±Í¨¨ 45Sc(n, 2n)44m,gSc
¶µ²ÊÎ¥´µ ¨§µ³¥·´µ¥ µÉ´µÏ¥´¨¥ σm/σg = 0, 72. „²Ö ÔÉµ£µ ¸²ÊÎ Ö  ¢Éµ· ³¨
¸¤¥² ´  ´ ²¨§ ¶µ ¸É É¨¸É¨Î¥¸±µ° É¥µ·¨¨ ¨ ¶µ²ÊÎ¥´ ¶ · ³¥É· µ£· ´¨Î¥´¨Ö
¶µ ¸¶¨´Ê σ = 2, 8 ± 0, 3. �Éµ ¸µ£² ¸Ê¥É¸Ö ¸ ¤ ´´Ò³¨ · ¡µÉÒ [35] ¤²Ö
En = 14, 4 ŒÔ‚ σm/σg = 0, 572 ¨ σ = 2, 5. ‡¤¥¸Ó Ê³¥¸É´µ Ê¶µ³Ö´ÊÉÓ, ÎÉµ ¢
· ¡µÉ¥ [21] ¢ ·¥ ±Í¨¨ 45Sc(n, 2n)44m,gSc ¶µ²ÊÎ¥´µ r = σm/σg = 0, 91± 0, 0
¶·¨ En = 14, 1 ŒÔ‚. ‘µ£² ¸¨¥ ¸É É¨¸É¨Î¥¸±¨Ì · ¸Î¥Éµ¢ (¶µ ¸Ì¥³¥,  ´ ²µ£¨Î-
´µ° · ¸Î¥É ³ [31,32]) ¤µ¸É¨£ ¥É¸Ö ¶·¨ σ = 3, 68. ‡´ Î¨É¥²Ó´ Ö ¢¥²¨Î¨´  r
¤²Ö ·¥ ±Í¨¨ (n, 2n) µ¡ÑÖ¸´Ö¥É¸Ö §´ Î¨É¥²Ó´Ò³¨ Ê£²µ¢Ò³¨ ³µ³¥´É ³¨, ¶·¨¢-
´µ¸¨³Ò³¨ ´¥°É·µ´ ³¨. ‚ · ¡µÉ¥ K ·µ¨ ¨ ¤·. [36] ¶µ²ÊÎ¥´Ò ¡²¨§±¨¥ ± Ê¶µ-
³Ö´ÊÉÒ³ ¢¥²¨Î¨´ ³ ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö σm/σg = 0, 71±0, 06 ¤²Ö ·¥ ±Í¨¨
(n, 2n) ¶·¨ En = 15, 0 ŒÔ‚. ‚ÒÎ¨¸²¥´¨Ö ¶µ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ ¤ ²¨
σ = 3, 5± 0, 1. � · ³¥É·Ò µ£· ´¨Î¥´¨Ö ¸¶¨´  σ ¤²Ö ·¥ ±Í¨¨ (n, 2n) ¡²¨§±¨
± §´ Î¥´¨Õ, ¶µ²ÊÎ¥´´µ³Ê ¢ · ¡µÉ¥ [28] ¤²Ö ·¥ ±Í¨¨ (γ, n).

ˆ´É¥·¥¸´µ ¸· ¢´¨ÉÓ ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¤²Ö ·¥ ±Í¨¨ (γ, n), ¶µ²ÊÎ¥´-
´Ò¥ ¢ · ¡µÉ Ì [27, 28], ¸ µÉ´µÏ¥´¨Ö³¨ ¸¥Î¥´¨° ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·´µ° ¶ ·Ò
Jπg = 2+, Jπm = 6+ Ö¤·  44Sc ¢ ·¥ ±Í¨¨ 44Ca(p, n)44Sc ¨ 44Ca(α, p3n)44Sc [37]
(·¨¸. 2),   É ±¦¥ 41K(α, n)44m,gSc [38] ¨ 45Sc(d, t)44m,gSc [39] (·¨¸. 3).

‘É·¥²± ³¨ ´  ·¨¸. 2 ¶µ± § ´Ò ¶µ·µ£¨ ·¥ ±Í¨¨. ‘¶²µÏ´Ò³¨ ±·¨¢Ò³¨ ¨§µ-
¡· ¦¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¶µ ± ¸± ¤´µ-¨¸¶ ·¨É¥²Ó´µ° ³µ¤¥²¨. 
 ¸Î¥ÉÒ
¢Ò¶µ²´Ö²¨¸Ó ¸ ¶µ³µÐÓÕ ¶·µ£· ³³Ò RAIN-VO23 [40]. „²Ö ¢ÒÎ¨¸²¥´¨Ö ¶²µÉ-
´µ¸É¨ Ê·µ¢´¥° ¨¸¶µ²Ó§µ¢ ´µ ¢Ò· ¦¥´¨¥ ¨§ ³µ¤¥²¨ Ë¥·³¨-£ §  ¸ µ¡· É´Ò³
¸³¥Ð¥´¨¥³ ¨ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³ ÊÎ¥Éµ³ µ¡µ²µÎ¥Î´µ° ¶µ¶· ¢±¨ ¨§ · ¡µÉÒ
[41]. � · ³¥É·Ò ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ¡· ²¨¸Ó ¨§ ¸¨¸É¥³ É¨±¨, ¶·¨¢¥¤¥´´µ°
¢ Ê¶µ³Ö´ÊÉµ° · ¡µÉ¥. �·¨ ³µ¤¥²¨·µ¢ ´¨¨ (α, p3n)-·¥ ±Í¨¨ ÊÎ¨ÉÒ¢ ²¨¸Ó ¢¸¥
¢µ§³µ¦´Ò¥ ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ ¨¸¶Ê¸± ´¨Ö Î ¸É¨Í: p3n, 2npn, 3np. ˆ§ ·¨-
¸Ê´±  ¢¨¤´µ, ÎÉµ ¨¸¶µ²Ó§µ¢ ´´Ò° ¢ [37] ¢ ·¨ ´É ± ¸± ¤´µ-¨¸¶ ·¨É¥²Ó´µ° ³µ-
¤¥²¨ Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¢ µ¡¥¨Ì ·¥ ±Í¨ÖÌ.
�Éµ ¤µ²¦´µ £µ¢µ·¨ÉÓ µ ¶·¥µ¡² ¤ ´¨¨ ¸É É¨¸É¨Î¥¸±µ£µ ³¥Ì ´¨§³ . K ± µÉ³¥-
Î ÕÉ ¸ ³¨  ¢Éµ·Ò [37], ÔÉµÉ ·¥§Ê²ÓÉ É ¢ µ¡Ð¥³-Éµ ´¥É·¨¢¨ ²¥´, ¶µ¸±µ²Ó±Ê ¢
¸¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö 44Sc ¢ (p, n)-·¥ ±Í¨¨ § ³¥É´Ò° ¢±² ¤ ³µ¦¥É ¤ ÉÓ ³¥Ì -
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¨¸. 2. ˆ§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö, ¶µ²ÊÎ¥´´Ò¥ ¤²Ö 44Sc ¢ ·¥ ±Í¨ÖÌ (p, n) ¨ (α, p3n).
‘¶²µÏ´ Ö ²¨´¨Ö Å · ¸Î¥É ¶µ ± ¸± ¤´µ-¨¸¶ ·¨É¥²Ó´µ° ³µ¤¥²¨

´¨§³ ¶·Ö³µ£µ ¢Ò¡¨¢ ´¨Ö ´¥°É·µ´  ¶·µÉµ´µ³,   ¢ (α, p3n)-·¥ ±Í¨¨ Å ¶·¥¤-
· ¢´µ¢¥¸´Ò° ³¥Ì ´¨§³ Ô³¨¸¸¨¨ Î ¸É¨Í. ’µÉ Ë ±É, ÎÉµ ¶·Ö³µ° ³¥Ì ´¨§³ ´¥
¶·µÖ¢²Ö¥É¸Ö ´  Ëµ´¥ ¸É É¨¸É¨Î¥¸±µ£µ ¢ (p, n)-·¥ ±Í¨¨, µ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉµ
·¥ ±Í¨Ö ¨¤¥É ´  Î¥É´µ-Î¥É´µ³ µ±µ²µ³ £¨Î¥¸±µ³ Ö¤·¥-³¨Ï¥´¨ 44Ca ¨ ¸µ¶·µ-
¢µ¦¤ ¥É¸Ö · §·Ò¢µ³ ¤¢ÊÌ ¶ ·. � Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ¥ ¸µ£² ¸¨¥ · ¸Î¥É´ÒÌ
¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¢ (α, p3n)-·¥ ±Í¨¨ ¢ ¤¨ ¶ §µ´¥
Ô´¥·£¨° µÉ ¶µ·µ£  ¤µ 55 ŒÔ‚ ³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥-
´¨Ö µ¸É ¢Ï¥°¸Ö ¶µ¸²¥ ¢Ò²¥É  ¨§ Ö¤·  ¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±µ° ¶·¥¤· ¢´µ¢¥¸´µ°
Î ¸É¨ÍÒ ´¥¤µ¸É ÉµÎ´µ ¤²Ö ·¥ ²¨§ Í¨¨ ¢ÒÌµ¤´µ£µ ± ´ ² . „·Ê£¨³¨ ¸²µ¢ ³¨,
¶·¥¤· ¢´µ¢¥¸´Ò° ³¥Ì ´¨§³ Ô³¨¸¸¨¨ ¶¥·¢µ° Î ¸É¨ÍÒ ³µ¦¥É ¶·¨¢¥¸É¨ Éµ²Ó±µ
± ¶·µ¶µ·Í¨µ´ ²Ó´µ³Ê Ê³¥´ÓÏ¥´¨Õ ¨ σm(Eα), ¨ σg(Eα), ÎÉµ ´¥ µÉ· §¨É¸Ö ´ 
§´ Î¥´¨¨ ¨§µ³¥·´µ£µ µÉ´µÏ¥´¨Ö.
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¨¸. 3. ‡ ¢¨¸¨³µ¸ÉÓ ¨§µ³¥·´µ£µ µÉ´µÏ¥-
´¨Ö µÉ Ô´¥·£¨¨, ¶µ²ÊÎ¥´´ Ö ¢ ·¥ ±Í¨ÖÌ
a) (α, n) ¨ ¡) (d, t) ¤²Ö 44Sc

‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨°, ¶µ²ÊÎ¥´´ÒÌ ¢
(γ, n)-·¥ ±Í¨¨, ¸ ¨§µ³¥·´Ò³ µÉ´µÏ¥-
´¨¥³ ¤²Ö (α, p3n)-·¥ ±Í¨¨ ¶µ± §Ò¢ ¥É,
ÎÉµ ¢ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥ r ´  ¶µ·Ö-
¤µ± ¢ÒÏ¥. ’ ±µ¥ µÉ²¨Î¨¥ Ê±² ¤Ò¢ ¥É¸Ö
¢ ¸É É¨¸É¨Î¥¸±ÊÕ ¸Ì¥³Ê, ¶µ¸±µ²Ó±Ê
α-Î ¸É¨ÍÒ ¶·¨¢´µ¸ÖÉ ¢ Ö¤·µ §´ -
Î¨É¥²Ó´Ò° Ê£²µ¢µ° ³µ³¥´É, ¨ ¶·¨
ÔÉµ³ § ¸¥²Ö¥É¸Ö ¶·¥¨³ÊÐ¥¸É¢¥´´µ ¢Ò-
¸µ±µ¸¶¨´µ¢µ¥ ¸µ¸ÉµÖ´¨¥ 6+.

‚ Éµ ¦¥ ¢·¥³Ö ¸µ¶µ¸É ¢²¥´¨¥ r
¤²Ö (γ, n)- ¨ (p, n)-·¥ ±Í¨° ¤ ¥É ¶·µ-
É¨¢µ¶µ²µ¦´ÊÕ ± ·É¨´Ê. ‚ · ¸¸³ -
É·¨¢ ¥³µ³ Ô´¥·£¥É¨Î¥¸±µ³ ¨´É¥·¢ ²¥ r
¤²Ö (p, n)-·¥ ±Í¨¨ ´  ¶µ·Ö¤µ± ³¥´ÓÏ¥,
Î¥³ ¤²Ö (γ, n). �·µ¸ÉÒ³ µ¡ÑÖ¸´¥-
´¨¥³ ÔÉµ³Ê ³µ¦¥É ¡ÒÉÓ · §²¨Î¨¥ ³¥-
Ì ´¨§³µ¢ ÔÉ¨Ì ¤¢ÊÌ ·¥ ±Í¨°. ‚ ¶µ²Ó§Ê
¶µ¸²¥¤´¥£µ ÊÉ¢¥·¦¤¥´¨Ö ³µ¦¥É ¸²Ê-
¦¨ÉÓ µÉ´µÏ¥´¨¥ ¢¥²¨Î¨´ ¨´É¥£· ²Ó-
´ÒÌ ¸¥Î¥´¨° (γ, 2n)- ¨ (γ, n)-·¥ ±Í¨°

´  45Sc:
28,5∫
21,5

σ(γ, 2n)/
28,5∫
21,5

σ(γ, n) [30],

ÎÉµ Ê± §Ò¢ ¥É ´  ¡µ²ÓÏÊÕ (> 50%)
¤µ²Õ ¢±² ¤  ¶µ²Ê¶·Ö³ÒÌ ¶·µÍ¥¸¸µ¢ ¢
¸¥Î¥´¨¥ ·¥ ±Í¨¨ (γ, n). �¤´ ±µ ¤²Ö ÊÉµÎ´¥´¨Ö ´¥µ¡Ìµ¤¨³µ · ¸Ï¨·¨ÉÓ Ô´¥·-
£¥É¨Î¥¸±¨° ¤¨ ¶ §µ´ ¨¸¸²¥¤µ¢ ´¨Ö (p, n)-·¥ ±Í¨¨.

‚ Ï¨·µ±µ³ Ô´¥·£¥É¨Î¥¸±µ³ ¤¨ ¶ §µ´¥ ¶µ²ÊÎ¥´µ ¨§µ³¥·´µ¥ µÉ´µÏ¥´¨¥
σm/σg ¤²Ö ·¥ ±Í¨° 41K(α, n)44m,gSc [38] ¨ 45Sc(d, t)44m,gSc [39] (·¨¸. 3). ˆ
ÌµÉÖ  ¢Éµ· ³¨ ´¥ ¶·µ¢¥¤¥´µ ¸· ¢´¥´¨¥ ¸ · ¸Î¥É ³¨ ¶µ ¸É É¨¸É¨Î¥¸±µ° É¥µ·¨¨,
¸· ¢´¨¢ Ö ¶·¨ µ¤¨´ ±µ¢ÒÌ Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö µ¸É ÉµÎ´µ£µ Ö¤·  ¨§µ³¥·´Ò¥
µÉ´µÏ¥´¨Ö, ¶µ²ÊÎ¥´´Òe ¢ ·¥ ±Í¨ÖÌ 44Ca(α, p3n)44m,gSc ¨ 41K(α, n)44m,gSc,
³µ¦´µ µÉ³¥É¨ÉÓ ¨x ¡²¨§µ¸ÉÓ ¶µ ¢¥²¨Î¨´¥, ÎÉµ Ê± §Ò¢ ¥É ´  ¸Ìµ¤´µ¸ÉÓ ³¥-
Ì ´¨§³µ¢ ÔÉ¨Ì ·¥ ±Í¨°. ˆ§µ³¥·´µ¥ µÉ´µÏ¥´¨¥ ¢ ·¥ ±Í¨¨ (d, t) ¶·¨ ´¨§±¨Ì
Ô´¥·£¨ÖÌ ¸· ¢´¨³µ ¸ ˆ� ¢ ·¥ ±Í¨¨ (γ, n) [27],   ¶·¨ Ô´¥·£¨¨ …d > 25 ŒÔ‚
¸· ¢´¨³µ ¸ ˆ� ¢ ·¥ ±Í¨¨ (α, n).

ˆ§ ¢ÒÏ¥¸± § ´´µ£µ ¸²¥¤Ê¥É, ÎÉµ ± ´ ¸ÉµÖÐ¥³Ê ¢·¥³¥´¨ ¤²Ö Ö¤·  44Sc
´ ±µ¶²¥´ ¤µ¸É ÉµÎ´µ ¶µ²´Ò° ¨ µ¡Ï¨·´Ò° Ô±¸¶¥·¨³¥´É ²Ó´Ò° ³ É¥·¨ ² ¶µ
¨¸¸²¥¤µ¢ ´¨Õ ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·´µ£µ ¸µ¸ÉµÖ´¨Ö 6+ ¢ · §²¨Î´ÒÌ ·¥ ±Í¨ÖÌ.
‚ Éµ ¦¥ ¢·¥³Ö µÉ¸ÊÉ¸É¢Ê¥É ¥¤¨´Ò° ¶µ¸²¥¤µ¢ É¥²Ó´Ò° ¶µ¤Ìµ¤ ¤²Ö µ¶¨¸ ´¨Ö
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¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¢ · §²¨Î´ÒÌ ·¥ ±Í¨ÖÌ, ÌµÉÖ ¤²Ö ÔÉµ£µ ¨³¥ÕÉ¸Ö ¤µ-
¢µ²Ó´µ Ìµ·µÏ¨¥ ¶·¥¤¶µ¸Ò²±¨. „µ¸É¨¦¥´¨Õ ÔÉµ° Í¥²¨ ¤µ²¦´Ò ¸¶µ¸µ¡¸É¢µ¢ ÉÓ
¨ ¨³¥ÕÐ¨¥¸Ö ¤ ´´Ò¥ [42] ¶µ ¨§³¥·¥´¨Õ ¸¥Î¥´¨° ¶ ·Í¨ ²Ó´ÒÌ ËµÉµ´Ê±²µ´-
´ÒÌ ± ´ ²µ¢ · ¸¶ ¤  £¨£ ´É¸±µ£µ E1-·¥§µ´ ´¸  ´  Ö¤·¥ 45Sc.

1.2. ‘¥²¥´-74, 78, 80, 82. ‘¨¸É¥³ É¨±  ´¨§±µ²¥¦ Ð¨Ì ¸¶¥±É·µ¢ ¨ · §·Ò¢-
´µ¸É¥° ¢ ¨§³¥·¥´´ÒÌ µ¤´µÎ ¸É¨Î´ÒÌ § ¸¥²¥´´µ¸ÉÖÌ Ê·µ¢´¥° Ê± §Ò¢ eÉ ´  ´ -
²¨Î¨¥ ¶¥·¥Ìµ¤  Ëµ·³Ò ¢ ±µ´Ë¨£Ê· Í¨ÖÌ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¨§ ¸¶²Õ¸´ÊÉµ°
¢ ¸Ë¥·¨Î¥¸±ÊÕ ¶·¨ ¶¥·¥Ìµ¤¥ µÉ N = 40 ± N = 42 ¨ ¨§ ¸Ë¥·¨Î¥¸±µ° ¢
´¥¸±µ²Ó±µ ¤¥Ëµ·³¨·µ¢ ´´ÊÕ, ¢ÒÉÖ´ÊÉÊÕ ³¥¦¤Ê N = 42 ¨ N = 44. 
¥-
 ±Í¨Ö ¸·Ò¢  ¨ ¶µ¤Ì¢ É  Ê± §Ò¢ ¥É ´  ¸µ¸ÊÐ¥¸É¢µ¢ ´¨¥ · §²¨Î´ÒÌ Ëµ·³ ´ 
É¥Ì ¦¥ Ö¤· Ì [43, 44]. �É  ¸²µ¦´ Ö ¸É·Ê±ÉÊ·  ¶·¥¤¸± §Ò¢ ² ¸Ó É¥µ·¥É¨Î¥-
¸±¨³¨ · ¸Î¥É ³¨, ¢Ò¶µ²´¥´´Ò³¨ ± ± ¶µ ³¥Éµ¤Ê • ·É·¨ Å ”µ± , É ± ¨ ¶µ
¤¨´ ³¨Î¥¸±µ° ±µ²²¥±É¨¢´µ° ³µ¤¥²¨. ‘²µ¦´µ¸ÉÓ ¸¢µ°¸É¢ Ê¶µ³Ö´ÊÉÒÌ Ö¤¥·,
¶µ-¢¨¤¨³µ³Ê, µÉµ¡· ¦ ¥É¸Ö É¥³, ÎÉµ µ¤´µÎ ¸É¨Î´ Ö ³µ¤¥²Ó ´¥ ³µ¦¥É ¶µ¸²¥-
¤µ¢ É¥²Ó´µ ÊÎ¥¸ÉÓ ¢¸¥ µ¡´ ·Ê¦¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¢µ°¸É¢  ÔÉ¨Ì Ö¤¥·
[45]. �µ-¢¨¤¨³µ³Ê, ¶¥·¢µ° · ¡µÉµ°, ¶µ¸¢ÖÐ¥´´µ° ¨§³¥·¥´¨Õ ¨§µ³¥·´µ£µ
¸µ¸ÉµÖ´¨Ö ´  ¨§µÉµ¶ Ì ¸¥²¥´ , ¡Ò²µ ¨¸¸²¥¤µ¢ ´¨¥, ¶·µ¢¥¤¥´´µ¥ ¢ 1956 £.
¡· §¨²Ó¸±¨³¨ ÊÎ¥´Ò³¨ [46]. �·¨ Eγmax = 20 ŒÔ‚ ¤²Ö Ö¤¥· 82Se ¡Ò²µ ¶µ-
²ÊÎ¥´µ ¨§µ³¥·´µ¥ µÉ´µÏ¥´¨¥ ¢ÒÌµ¤µ¢ Υm/Υg = 1, 0 ± 0, 05, ÎÉµ ´¥¸±µ²Ó±µ
¶·¥¢ÒÏ ¥É ¸µ¢·¥³¥´´Ò¥ §´ Î¥´¨Ö. ‚ ¶µ¸²¥¤´¨¥ £µ¤Ò ´ ¡²Õ¤ ¥É¸Ö  ±É¨¢¨-
§ Í¨Ö ¨§³¥·¥´¨°, ¨ ¢µ§¡Ê¦¤¥´¨¥ ¨§µ³¥·µ¢ ¨§µÉµ¶µ¢ ¸¥²¥´  ¢ (γ, n)-·¥ ±Í¨¨
¨¸¸²¥¤Ê¥É¸Ö ¢ ·Ö¤¥ ² ¡µ· Éµ·¨°. ” ³ ‡Ê¨ •¨Ô´ ¸ ¸µÉ·Ê¤´¨± ³¨ [47] ¤²Ö ¨§µ-
Éµ¶  74Se ¶·¨ Ô´¥·£¨¨ Eγmax = 14, 5 ŒÔ‚ ¶µ²ÊÎ¨² d = Υm/Υg = 7, 5,
ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É η = Υm/(Υm + Υg) = 0, 89. �µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ
¸· ¢´¨¢ ÕÉ¸Ö ¸ ¨§µ³¥·´Ò³¨ µÉ´µÏ¥´¨Ö³¨ ¨§ ·¥ ±Í¨¨ (n, 2n)m ¨ · ¸Î¥É ³¨,
¶·µ¢¥¤¥´´Ò³¨ ¶µ ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨. �¡¸Ê¦¤ ¥É¸Ö ¸Ì¥³  ´¨§±µ²¥¦ Ð¨Ì
Ê·µ¢´¥° Ö¤·  73Se. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ·¥ ±Í¨¨ 74Se(γ, n)73m,gSe,
¶µ-¢¨¤¨³µ³Ê, ¶µ¤É¢¥·¦¤ ÕÉ ¸Ì¥³Ê, ¢ ±µÉµ·µ° Jπg = 9/2

− ¨ Jπm = 3/2
−. ˆ§µ-

³¥·´µ¥ ¸µ¸ÉµÖ´¨¥ Ö¢²Ö¥É¸Ö ´ ¨´¨§Ï¨³ ±µ³¶µ´¥´Éµ³ ·µÉ Í¨µ´´µ° ¶µ²µ¸Ò ¸
kπ = 3/2−.

� ¨¡µ²¥¥ ¶µ²´µ ¶·µÍ¥¸¸Ò ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ·¥ ±Í¨¨
(γ, n) ´  ¨§µÉµ¶ Ì ¸¥²¥´  ¨¸¸²¥¤µ¢ ²¨¸Ó ¢ · ¡µÉ¥ [48]. �·Ö³Ò³ ·¥§Ê²ÓÉ -
Éµ³ ¨§³¥·¥´¨° ¡Ò²¨ ±·¨¢Ò¥ ¢ÒÌµ¤µ¢ Υ(Eγmax) ·¥ ±Í¨° 78Se(γ, n)77mSe,
80Se(γ, n)79mSe, 82Se(γ, n)81m,gSe. ˆ¸¶µ²Ó§µ¢ ²¨¸Ó ¨§µÉµ¶¨Î¥¸±¨ µ¡µ£ Ð¥´-
´Ò¥ ³¨Ï¥´¨. ˆ§³¥·¥´¨Ö ¶·µ¢µ¤¨²¨¸Ó ¸ Ï £µ³ ∆E = 0, 5 ŒÔ‚,   ¢ µ¡² ¸É¨
¶µ·µ£µ¢ Å ¸ Ï £µ³ ∆E = 0, 25 ¨²¨ 0,125 ŒÔ‚. �´ ²¨§ ±·¨¢ÒÌ ¢ÒÌµ¤µ¢
¶µ± § ², ÎÉµ ¶µ·µ£ ·¥ ±Í¨¨ 74Se(γ, n)75mSe ¸µ¸É ¢²Ö¥É (12, 3 ± 0, 2) ŒÔ‚,
¶µ·µ£ ·¥ ±Í¨¨ 78Se(γ, n) 77mSe Å (11, 15 ± 0, 10) ŒÔ‚, 80Se(γ, n)79mSe Å
(10, 05±0, 10)ŒÔ‚ ¨ 82Se(γ, n)81mSeÅ (9, 85±0, 15)ŒÔ‚. �µ·µ£¨ ·¥ ±Í¨¨
(γ, n) ¸µ¸É ¢²ÖÕÉ ¤²Ö 74,78,80,82Se 12,1; 10,5; 9,9 ¨ 9,3 ŒÔ‚ ¸µµÉ¢¥É¸É¢¥´´µ.
„²Ö 74Se ¨ 80Se ¢ ¶·¥¤¥² Ì µÏ¨¡µ± ¶µ·µ£¨ ·¥a±Í¨¨ (γ, n)m · ¢´Ò Ô´¥·£¥É¨Î¥-
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¸±µ³Ê ¶µ·µ£Ê, É.¥. ¸Ê³³¥ Ô´¥·£¨¨ ¶µ·µ£  ·¥ ±Í¨¨ (γ, n) ¨ Ô´¥·£¨¨ ¨§µ³¥·´µ£µ
Ê·µ¢´Ö. (�µ¸±µ²Ó±Ê ¸¶¨´ ¨§µ³¥·´µ£µ ¸µ¸ÉµÖ´¨Ö ÔÉ¨Ì Ö¤¥· Jπm = 3/2

−, 1/2−,
  µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ³ É¥·¨´¸±µ£µ Ö¤·  0+, Éµ ¶·¨ · ¸¶ ¤¥ ¸µ¸ÉµÖ´¨° £¨-
£ ´É¸±µ£µ ¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸  1− ´¨± ±¨Ì § ¶·¥Éµ¢ ¶µ Ê£²µ¢µ³Ê ³µ³¥´ÉÊ
¤²Ö § ¸¥²¥´¨Ö ¨§µ³¥·´ÒÌ Ê·µ¢´¥° ´¥ ¢µ§´¨± ¥É.) ‘¶¥±É·µ¸±µ¶¨Î¥¸±¨¥ Ì · ±-
É¥·¨¸É¨±¨ ¨§µÉµ¶µ¢ ¸¥²¥´  [17] ¶·¨¢¥¤¥´Ò ¢ É ¡².1.

’ ¡²¨Í  1. ‘¶¥±É·µ¸±µ¶¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ Ö¤¥· ¸¥²¥´ 

ˆ§µÉµ¶ Jπ T1/2 —¨¸²µ γ-±¢ ´Éµ¢ ŠµÔËË¨Í¨¥´É Eγ , ŒÔ‚
´  · ¸¶ ¤, % ¢¥É¢²¥´¨Ö

73mSe 3/2− 38,9 ³¨´ 2,27 0,73 0,254
73gSe 9/2+ 7,1 Î 94,9 0,361
77mSe 7/2+ 17,5 c 51,5 0,162
79mSe 1/2− 3,89 ³¨´ 9,1 0,0955
81mSe 7/2+ 57,3 ³¨´ 8,7 0,995 0,1030
81gSe 1/2− 18,5 ³¨´ 0,288 0,2899

„²Ö Ö¤¥· 78Se ¨ 82Se Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ (ÔËË¥±É¨¢´Ò¥) ¶µ·µ£¨ ·¥ ±Í¨¨
(γ, n)m § ³¥É´µ (∼ 0, 5 ŒÔ‚) ¶·¥¢ÒÏ ÕÉ Ô´¥·£¥É¨Î¥¸±¨° ¶µ·µ£ ÔÉµ° ·¥ ±-
Í¨¨. �Éµ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ ¶·¨ · ¸¶ ¤¥ £¨£ ´É¸±µ£µ ¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸ 
¤²Ö § ¸¥²¥´¨Ö ³¥É ¸É ¡¨²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö ¢µ§´¨± ¥É § ¶·¥É ¶µ Ê£²µ¢µ³Ê ³µ-
³¥´ÉÊ. �µ¸±µ²Ó±Ê µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ³ É¥·¨´¸±µ£µ Ö¤·  ¨³¥¥É Jπ = 0+,
Éµ ¶·¨ · ¸¶ ¤¥ ¸µ¸ÉµÖ´¨° 1− £¨£ ´É¸±µ£µ ·¥§µ´ ´¸  ¤²Ö § ¸¥²¥´¨Ö Ê·µ¢´¥°
¸ Jπ = 7/2+ ´¥µ¡Ìµ¤¨³µ, ÎÉµ¡Ò ´¥°É·µ´Ò Ê´µ¸¨²¨ ³µ³¥´É 
n = 3 (¶·¨

n = 2 ¸ÊÐ¥¸É¢Ê¥É § ¶·¥É ¶µ Î¥É´µ¸É¨). Š ± ¶µ± § ²¨ · ¸Î¥ÉÒ ¶µ µ¶É¨-
Î¥¸±µ° ³µ¤¥²¨ [49], ¢ ¸¶¥±É·¥ ´¥°É·µ´µ¢, ¢Ò²¥É ÕÐ¨Ì ¨§ Ö¤·  ¸ Ô´¥·£¨¥°
∼ 0, 5 ŒÔ‚, ¶µÖ¢²ÖÕÉ¸Ö ´¥°É·µ´Ò ¸ Ê£²µ¢Ò³ ³µ³¥´Éµ³ 
 = 3. ‘ ·µ¸Éµ³
Ô´¥·£¨¨ ¨Ì ¤µ²Ö ¡Ò¸É·µ Ê¢¥²¨Î¨¢ ¥É¸Ö. �·¨ ´ ²¨Î¨¨ ¶µ²Ê¶·Ö³µ£µ ± ´ ² 
·¥ ±Í¨¨ (γ, n) ¸ ¶µ³µÐÓÕ É ±µ£µ ³¥Ì ´¨§³  § ¸¥²¥´¨Ö ¨§µ³¥·´µ£µ ¸µ¸ÉµÖ´¨Ö
³µ¦´µ µ¡ÑÖ¸´¨ÉÓ ¢µ§´¨±´µ¢¥´¨¥ ÔËË¥±É¨¢´µ£µ ¶µ·µ£ . ‘ ¤·Ê£µ° ¸Éµ·µ´Ò,
¶µ¢ÒÏ¥´¨¥ ÔËË¥±É¨¢´µ£µ ¶µ·µ£  ´  0,5 ŒÔ‚ ³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´µ ¸ ´ ²¨Î¨¥³
¶·¨ ÔÉµ° Ô´¥·£¨¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì  ±É¨¢ Í¨µ´´ÒÌ Ê·µ¢´¥°, ¨§ ±µÉµ·ÒÌ ¶µ-
¸·¥¤¸É¢µ³ ± ¸± ¤  £ ³³ -±¢ ´Éµ¢ § ¸¥²Ö¥É¸Ö ¨§µ³¥·´µ¥ ¸µ¸ÉµÖ´¨¥. „²Ö 77Se
É ±¨³ Ê·µ¢´¥³ ³µ¦¥É ¡ÒÉÓ ¸µ¸ÉµÖ´¨¥ ¸ J = 1/2, E = 0, 491 ŒÔ‚ ¨ J = 3/2,
E = 0, 467 ŒÔ‚.

ˆ§³¥·¥´´Ò¥ ±·¨¢Ò¥ ¢ÒÌµ¤  ·¥ ±Í¨¨ (γ, n)m ¤²Ö Ö¤¥· 78,80,82Se ¨¸¶µ²Ó-
§µ¢ ²¨¸Ó ¤²Ö · ¸Î¥É  ¸¥Î¥´¨°. 
 ¸Î¥É ¢¥²¸Ö ³¥Éµ¤µ³ �¥´Ëµ²Ó¤  Å ‹¨¸¸  [2]
¸ Ï £µ³ ∆E = 1 ŒÔ‚. �µ²ÊÎ¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¥Î¥´¨Ö ¶·¨¢¥¤¥´Ò
´  ·¨¸. 4. ‚¸¥ ¸¥Î¥´¨Ö ¨³¥ÕÉ µ¤´µ£µ·¡ÊÕ Ëµ·³Ê ¸ ³ ±¸¨³Ê³µ³ ¶·¨ Ô´¥·£¨¨
∼ 16 ŒÔ‚. ‘¥Î¥´¨Ö  ¶¶·µ±¸¨³¨·µ¢ ´Ò ¶µ ³¥Éµ¤Ê ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éµ¢
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¨¸. 4. ‘¥Î¥´¨Ö ·¥ ±Í¨¨ (γ, n)m ¤²Ö ¨§µÉµ¶µ¢ 78,80,82Se

±·¨¢Ò³¨ ‹µ·¥´Í  (¸¶²µÏ´Ò¥ ±·¨¢Ò¥ ´  ·¨¸. 4):

σ(E) = σ0
Γ20E

2

(E2
0 − E2)2 − Γ20E2

. (4)

� · ³¥É·Ò  ¶¶·µ±¸¨³ Í¨¨: ¸¥Î¥´¨¥ ¢ ³ ±¸¨³Ê³¥ σ0, Ô´¥·£¨Ö ·¥§µ´ ´¸  E0,
¥£µ ¶µ²ÊÏ¨·¨´  Γ0 ¶·¨¢¥¤¥´Ò ¢ É ¡². 2.
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’ ¡²¨Í  2. � · ³¥É·Ò ±·¨¢ÒÌ ‹µ·¥´Í 

ˆ§µÉµ¶ σ0, ³¡ Γ0, ŒÔ‚ E0, ŒÔ‚ χ2

78Se 43, 2± 1, 7 3, 65± 0, 25 16, 25± 0, 077 13,1

80Se 77, 9± 2, 0 4, 94± 0, 24 16, 04± 0, 071 4,8

82Se 51, 1± 2, 2 4, 76± 0, 35 16, 00± 0, 11 4,1

�µ¸±µ²Ó±Ê µ¸´µ¢´Ò¥ ¸µ¸ÉµÖ´¨Ö ¤µÎ¥·´¨Ì Ö¤¥· 73Se ¨ 81Se ´¥¸É ¡¨²Ó´Ò,
Éµ ¨³¥¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¶µ²ÊÎ¨ÉÓ ´¥¶µ¸·¥¤¸É¢¥´´µ ¨§ Ô±¸¶¥·¨³¥´É  ±·¨¢ÊÕ
¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¢ÒÌµ¤µ¢ η = Υm/(Υm + Υg) = Υm/Υtot ¨²¨ d =
= Υm/Υg. „²Ö · ¸Î¥É  ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¨¸¶µ²Ó§µ¢ ² ¸Ó Ëµ·³Ê²  (2).

�µ²ÊÎ¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¢ÒÌµ¤µ¢ η ¤²Ö
Ö¤¥· 74,82Se ¶µ± § ´Ò ±·Ê¦± ³¨ ´  ·¨¸. 5. • · ±É¥· ¨Ì ¶µ¢¥¤¥´¨Ö ± ± ËÊ´±-
Í¨¨ Ô´¥·£¨¨ · §²¨Î¥´: ¤²Ö 82Se Å ÔÉµ · ¸ÉÊÐ Ö µÉ ¶µ·µ£  ËÊ´±Í¨Ö, ¢ÒÌµ-
¤ÖÐ Ö ´  ´ ¸ÒÐ¥´¨¥ ¢ µ¡² ¸É¨ ¢ÒÏ¥ 20 ŒÔ‚, ¤²Ö 74Se Å ÔÉµ ¸¶ ¤ ÕÐ Ö
ËÊ´±Í¨Ö. ’ ±µ¥ ¶µ¢¥¤¥´¨¥ ±·¨¢ÒÌ η = f(E) µ¡Ê¸²µ¢²¥´µ ¸¶¨´ ³¨ ³¥É ¸É -
¡¨²Ó´ÒÌ ¸µ¸ÉµÖ´¨° (7/2+ ¤²Ö 81m,gSe ¨ 1/2− ¤²Ö 73mSe).

‡ ¢¨¸¨³µ¸ÉÓ ¨§µ³¥·´µ£µ µÉ´µÏ¥´¨Ö η µÉ Ô´¥·£¨¨ ¢ µ¡² ¸É¨ £¨£ ´É¸±µ£µ
E1-·¥§µ´ ´¸  ¢¶¥·¢Ò¥ ¨§³¥·¥´  ¢ [48] ¤²Ö Ö¤¥· 74Se, 82Se. �· ±É¨Î¥¸±¨
µ¤´µ¢·¥³¥´´µ ¨§³¥·¥´Ò η = f(E) ¢ [50] ¨ ´¥¸±µ²Ó±µ ¶µ§¦¥ ¶µ¤µ¡´ Ö · ¡µÉ 
¶·µ¢¥¤¥´  ¢ „Ê¡´¥ [51]. �µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ [50, 51] ´ Ìµ¤ÖÉ¸Ö ¢ Ìµ·µÏ¥³
¸µ£² ¸¨¨ ¸ ¤ ´´Ò³¨ · ¡µÉÒ [48].

ˆ§³¥·¥´´Ò¥ ¸¥Î¥´¨Ö σm ¤²Ö Ö¤¥· 78,80,82Se [48],   É ±¦¥ ´ ²¨Î¨¥ ²¨É¥-
· ÉÊ·´ÒÌ ¤ ´´ÒÌ ¶µ ¶µ²´Ò³ ËµÉµ´¥°É·µ´´Ò³ ¸¥Î¥´¨Ö³ σn [30] ¶µ§¢µ²¨²¨
¶µ²ÊÎ¨ÉÓ ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¸¥Î¥´¨° R = σm/σtot. „²Ö Ö¤¥· ¢¸¥Ì ¨¸¸²¥¤Ê-
¥³ÒÌ ¨§µÉµ¶µ¢ ¸¥²¥´  ¢ µ¡² ¸É¨ ³ ±¸¨³Ê³  ¸¥Î¥´¨Ö σn (É.¥. É ³, £¤¥ µÏ¨¡± 
µ¶·¥¤¥²¥´¨Ö r ³¨´¨³ ²Ó´ ) ¶µ²ÊÎ¥´Ò ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¸¥Î¥´¨°. �·¨
E = 16, 0 ŒÔ‚ ¤²Ö 73Se ¨³¥¥³ R = 0, 84± 0, 08; ¤²Ö 77Se R = 0, 34± 0, 06,
¤²Ö 79Se R = 0, 56± 0, 07 ¨ ¤²Ö 81Se R = 0, 36± 0, 06.

�  ·¨¸. 5 ¸¶²µÏ´Ò³¨ ²¨´¨Ö³¨ ¶µ± § ´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¨§µ³¥·´ÒÌ
µÉ´µÏ¥´¨° R ¶µ ± ¸± ¤´µ-¨¸¶ ·¨É¥²Ó´µ° ³µ¤¥²¨ ¤²Ö Ö¤¥· 74,78,80,82Se. � 
ÔÉµ³ ¦¥ ·¨¸Ê´±¥ (±·¥¸É¨±¨) ¶·¨¢¥¤¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨§µ³¥·´Ò¥ µÉ-
´µÏ¥´¨Ö ¸¥Î¥´¨° R = σm/(σm + σg) = σm/σtot ¶·¨ Ô´¥·£¨¨ 16 ŒÔ‚. �·¨
ÔÉµ³ ¤²Ö µ¶·¥¤¥²¥´¨Ö R §´ Î¥´¨Ö ¶µ²´µ£µ ËµÉµ´¥°É·µ´´µ£µ ¸¥Î¥´¨Ö ·¥ ±Í¨¨
(γ, n) ¡· ²¨¸Ó ¨§ · ¡µÉÒ [30]. 
 ¸Î¥É R(E) ¢¥²¸Ö ¡¥§ ¸¢µ¡µ¤´ÒÌ ¶ · ³¥É·µ¢
(±·¨¢ Ö 1) ¨ ¸ Ë¨±¸ Í¨¥° ¶ · ³¥É·µ¢ µ£· ´¨Î¥´¨Ö ¸¶¨´ . K·¨¢Ò¥ 2, 3 ¸µ-
µÉ¢¥É¸É¢ÊÕÉ Ë¨±¸ Í¨¨ σ = 3 ¨ σ = 2 ¸µµÉ¢¥É¸É¢¥´´µ. ˆ ÌµÉÖ · ¸Î¥ÉÒ ¤ ÕÉ
± Î¥¸É¢¥´´µ ¶· ¢¨²Ó´ÊÕ ± ·É¨´Ê ¶µ¢¥¤¥´¨Ö ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ± ± ËÊ´±-
Í¨° Ô´¥·£¨¨, ±µ²¨Î¥¸É¢¥´´µ£µ ¸µ£² ¸¨Ö Ê¤ ¥É¸Ö ¤µ¸É¨ÎÓ ¶·¨ Ë¨±¸ Í¨¨ σ. �·¨
ÔÉµ³ ¤²Ö 74Se σ = 2, 0, 78Se Å 1,8, 80Se Å 2,8, 82Se Å 2,0 [48].
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¨¸. 5. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¢ÒÌµ¤µ¢ (◦) ¨ ¸¥Î¥´¨° (×) ¤²Ö ¨§µ-
Éµ¶µ¢ ¸¥²¥´  ¨ ¨Ì ¸· ¢´¥´¨¥ ¸ · ¸Î¥Éµ³ ¶µ ± ¸± ¤´µ-¨¸¶ ·¨É¥²Ó´µ° ³µ¤¥²¨. Š·¨¢Ò¥:
1 Å · ¸Î¥É ¡¥§ ¸¢µ¡µ¤´ÒÌ ¶ · ³¥É·µ¢; 2 Å · ¸Î¥É ¶·¨ Ë¨±¸ Í¨¨ σ = 3; 3 Å σ = 2

„²Ö ¸· ¢´¥´¨Ö ¢ É ¡². 3 ¶·¨¢¥¤¥´Ò ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¤²Ö ¨§µÉµ¶µ¢
¸¥²¥´ , ¶µ²ÊÎ¥´´Ò¥ ¢ ·¥ ±Í¨¨ (n, γ) ¨ (n, 2n). ‚¨¤´µ, ÎÉµ É ± ¦¥, ± ± ¨ ¢
·¥ ±Í¨¨ (γ, n), ¸ ·µ¸Éµ³ Ô´¥·£¨¨ ´ ¡²Õ¤ ¥É¸Ö ·µ¸É ¨§µ³¥·´µ£µ µÉ´µÏ¥´¨Ö
´  Ö¤·¥ 81Se ¨ ¸¶ ¤ ´  Ö¤·¥ 73Se. •µÉÖ ´¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ ¢ ·¥ ±-
Í¨¨ (n, 2n) ¡µ²¥¥ ¢Ò· ¦¥´µ § ¸¥²¥´¨¥ ¢Ò¸µ±µ¸¶¨´µ¢µ£µ ¸µ¸ÉµÖ´¨Ö ¨§µ³¥·´µ°
¶ ·Ò.
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’ ¡²¨Í  3. ˆ§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¤²Ö ¨§µÉµ¶µ¢ ¸¥²¥´ , ¶µ²ÊÎ¥´´Ò¥ ¢ ·¥ ±Í¨ÖÌ
(n, γ), (n, 2n)

Ÿ¤·µ-¶·µ¤Ê±É ’¨¶ �´¥·£¨Ö σm/σg σ ‘¸Ò²± 
·¥ ±Í¨¨ E¶, ŒÔ‚

77Se (n, γ) É¥¶².´¥°É·. 0, 210 ± 0, 034 Å [52]
79Se ÄªÄ ÄªÄ 0, 37± 0, 08 Å
81Se ÄªÄ ÄªÄ 0, 114 ± 0, 007 Å

73Se (n, 2n) 15,0 0,78 4,2 [36]
81Se ÄªÄ 15,0 0,78 2,9

73Se (n, 2n) 14,7 0,65 2,6 [53]
77Se ÄªÄ 14,7 0,51 2,7
79Se ÄªÄ 14,7 0,17 3,3
81Se ÄªÄ 14,7 0,73 3± 0, 5

73Se (n, 2n) 13,7 0,14 [54]
ÄªÄ 14,2 0,15
ÄªÄ 15,0 0,14
ÄªÄ 15,2 0,17
ÄªÄ 15,9 0,16
ÄªÄ 16,3 0,14
ÄªÄ 16,6 0,12
ÄªÄ 17,1 0,165
ÄªÄ 17,6 0,165

73Se (n, 2n) 14,5 0,44 [47]

1.3. Ÿ¤·  86Sr, 88Sr, 90Zr, 92Mo. Ÿ¤·  ¸ § ³±´ÊÉµ° µ¡µ²µÎ±µ° N = 50
Ö¢²ÖÕÉ¸Ö µ¡Ñ¥±Éµ³  ±É¨¢´µ£µ ¨¸¸²¥¤µ¢ ´¨Ö ¸ ÉµÎ±¨ §·¥´¨Ö ¨§ÊÎ¥´¨Ö ± ±
¸É·Ê±ÉÊ·Ò Ê·µ¢´¥° ¢ ·¥ ±Í¨ÖÌ ¸·Ò¢  ¨ ¶µ¤Ì¢ É  ´¥°É·µ´µ¢ [55, 56], É ± ¨
¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ´  ÔÉ¨Ì Ö¤· Ì ¢ ·¥ ±Í¨ÖÌ (γ, n), (n, 2n) ¨ É.¤. ‘¶¥±-
É·µ¸±µ¶¨Î¥¸±¨¥ Ë ±Éµ·Ò, ¶µ²ÊÎ¥´´Ò¥ ¶µ¸·¥¤¸É¢µ³  ´ ²¨§a (p, d)- ¨ (d, p)-
·¥ ±Í¨°, ¤ ÕÉ ¶µ²¥§´Ò¥ ¸¢¥¤¥´¨Ö µ ¸É·Ê±ÉÊ·¥ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥·
1g9/2-µ¡µ²µÎ±¨. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò,  ´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ
¨§µ³¥·´Ò³ µÉ´µÏ¥´¨Ö³ ¢ ·¥ ±Í¨ÖÌ (γ, n), (n, 2n) ¢ · ³± Ì ¸É É¨¸É¨Î¥¸±µ°
É¥µ·¨¨ ¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ¨´Ëµ·³ Í¨Õ µ ¸¶¨´µ¢µ° § ¢¨¸¨³µ¸É¨ ¶²µÉ´µ¸É¨
Ö¤¥·´ÒÌ Ê·µ¢´¥°.

� Î ²µ ¨¸¸²¥¤µ¢ ´¨° ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·µ¢ Ö¤¥· 1g9/2-µ¡µ²µÎ±¨ µÉ´µ-
¸¨É¸Ö ± 60-³ £µ¤ ³. ‚ ÔÉ¨Ì · ¡µÉ Ì ¡Ò²  ¶µ²ÊÎ¥´  ¨´Ëµ·³ Í¨Ö µ §´ Î¥-
´¨ÖÌ ·¥ ±Í¨° 90Zr(γ, n)89m,gZr ¨ 92Mo(γ, n)91m,gMo ¢ µ¡² ¸É¨ £¨£ ´É¸±µ£µ
E1-·¥§µ´ ´¸ , µÍ¥´¥´µ ¨§µ³¥·´µ¥ µÉ´µÏ¥´¨¥ ¸¥Î¥´¨° ¤²Ö ÔÉ¨Ì Ö¤¥· [5]. ‚
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’ ¡²¨Í  4. ‘¶¥±É·µ¸±µ¶¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ Ö¤¥· ¸ N = 50

Ÿ¤·µ-³¨Ï¥´Ó E¶µ·(γ, n), ‘¶¨´ „µÎ¥·´¥¥ Jπ
g Jπ

m Em,
ŒÔ‚ Ö¤· -³¨Ï¥´¨ Ö¤·µ ±Ô‚

86Sr 11,5 0+ 85Sr 9/2+ 1/2− 239
88Sr 11,2 0+ 87Sr 9/2+ 1/2− 388
90Zr 11,9 0+ 89Zr 9/2+ 1/2− 588
92Mo 13,1 0+ 91Mo 9/2+ 1/2− 653

¤ ²Ó´¥°Ï¥³ ¨´Ëµ·³ Í¨Ö µ ¢µ§¡Ê¦¤¥´¨¨ ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨° ÔÉ¨Ì Ö¤¥· ¢ ·¥-
 ±Í¨¨ (γ, n), ¢ µ¸´µ¢´µ³, ± ¸ ² ¸Ó ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¢ÒÌµ¤µ¢ ¤²Ö Ö¤¥·
92Mo, 90Zr, 88Sr ¶·¨ µ¶·¥¤¥²¥´´ÒÌ Ë¨±¸¨·µ¢ ´´ÒÌ ³ ±¸¨³ ²Ó´ÒÌ Ô´¥·£¨ÖÌ
Éµ·³µ§´µ£µ ¸¶¥±É·  Eγmax [5, 47, 57Ä61].

� ¨¡µ²¥¥ µ¡Ï¨·´ Ö ¨´Ëµ·³ Í¨Ö µ ËµÉµ¢µ§¡Ê¦¤¥´¨¨ ¨§µ³¥·´µ£µ ¸µ¸ÉµÖ-
´¨Ö 2p−11/2 ¨³¥eÉ¸Ö ¤²Ö Ö¤·  89Zr. „²Ö ÔÉµ£µ Ö¤·  ¨§³¥·Ö²µ¸Ó ¸¥Î¥´¨¥ ¢µ§¡Ê¦-

¤¥´¨Ö ¢ ·¥ ±Í¨¨ (γ, n) [5, 60], ¨§µ³¥·´µ¥ µÉ´µÏ¥´¨¥ ¸¥Î¥´¨° ¢ § ¢¨¸¨³µ¸É¨
µÉ Ô´¥·£¨¨ £ ³³ -±¢ ´Éµ¢ ¨ ¨§µ³¥·´µ¥ µÉ´µÏ¥´¨¥ ¢ÒÌµ¤µ¢ ¤²Ö · §²¨Î´ÒÌ
Eγmax [47, 57Ä59]. K ¸µ¦ ²¥´¨Õ, ´ ¡²Õ¤ ¥É¸Ö § ³¥É´Ò° · §¡·µ¸ ¤ ´´ÒÌ.

‚ · ¡µÉ Ì [62Ä64] ¤¥É ²Ó´µ ¨¸¸²¥¤µ¢ ´µ ËµÉµ¢µ§¡Ê¦¤¥´¨¥ ¨§µ³¥·´ÒÌ ¸µ-
¸ÉµÖ´¨° Jπm = 1/2− ¢ ·¥ ±Í¨¨ (γ, n) ´  Ö¤· Ì 86Sr, 88Sr, 90Zr, 92Mo ¢
µ¡² ¸É¨ £¨£ ´É¸±µ£µ E1-·¥§µ´ ´¸ . ‚ · ¡µÉ Ì [62, 63] ¨§³¥·¥´¨¥ ±·¨¢ÒÌ ¢Ò-
Ìµ¤µ¢ Υm(Eγmax) ·¥ ±Í¨° 86Sr(γ, n)85mSr, 88Sr(γ, n)87mSr, 90Zr(γ, n)89mZr
¨ 92Mo(γ, n)91mMo ¶·µ¢µ¤¨²µ¸Ó ¢ µ¡² ¸É¨ Ô´¥·£¨° 10 ÷ 18 ŒÔ‚ ¸ Ï £µ³
∆E = 0, 5 ŒÔ‚. ‘¶¥±É·µ¸±µ¶¨Î¥¸±¨¥ ¤ ´´Ò¥ ¨¸¸²¥¤Ê¥³ÒÌ Ö¤¥· ¶·¨¢¥¤¥´Ò ¢
É ¡². 4.

�´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¢ÒÌµ¤µ¢ Υm(Eγmax) ¶µ± § ², ÎÉµ
¶µ·µ£¨ ·¥ ±Í¨¨ (γ, n)m ¸µ¸É ¢²ÖÕÉ: ´  86Sr Å (11, 75 ± 0, 15) ŒÔ‚,
´  88Sr Å (11, 5 ± 0, 1) ŒÔ‚, ´  90Zr Å (12, 7 ± 0, 1) ŒÔ‚ ¨ ´ 
92Mo Å (13, 4 ± 0, 15) ŒÔ‚. �  ¢¸¥Ì ¢ÒÏ¥Ê¶µ³Ö´ÊÉÒÌ Ö¤· Ì ¶µ·µ£ ¢µ§-
¡Ê¦¤¥´¨Ö ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ¶·¥¤¥² Ì µÏ¨¡µ± ¸µ¢¶ ¤ ¥É ¸ · ¸Î¥É´Ò³,
É.¥. Ô´¥·£¨Ö ¶µ·µ£  ·¥ ±Í¨¨ (γ, n) ¶²Õ¸ Ô´¥·£¨Ö ³¥É ¸É ¡¨²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö.

‚ µ¡² ¸É¨ £¨£ ´É¸±µ£µ ¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸  ¶·¨ ¶µ£²µÐ¥´¨¨ £ ³³ -
±¢ ´Éµ¢ Ö¤· ³¨ 86,88Sr, 90Zr, 92Mo, µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ±µÉµ·ÒÌ ¨³¥¥É
Jπ = 0+, ¢µ§¡Ê¦¤ ¥É¸Ö ¸µ¸ÉµÖ´¨¥ 1−. ˆ ÌµÉÖ ¢ ¶·¨¶µ·µ£µ¢µ° µ¡² ¸É¨
¸¶¥±É· ¢Ò²¥É ÕÐ¨Ì ´¥°É·µ´µ¢ ´¥ ¨³¥¥É ¨¸¶ ·¨É¥²Ó´µ£µ Ì · ±É¥·  [65], µ¤-
´ ±µ, ¢¢¨¤Ê ´¨§±µ° Ô´¥·£¨¨ ¢Ò²¥É ÕÐ¨Ì ´¥°É·µ´µ¢, ¨³¨ Ê´µ¸¨É¸Ö ³ ²Ò°
³µ³¥´É 
 = 0, 1. �µÔÉµ³Ê ´¨± ±µ£µ ¤µ¶µ²´¨É¥²Ó´µ£µ § ¶·¥É  ¶µ Ê£²µ¢µ³Ê
³µ³¥´ÉÊ ´¥ ¢µ§´¨± ¥É, ¨ ¨§µ³¥·´Ò¥ ¸µ¸ÉµÖ´¨Ö Ö¤¥· 85m,87mSr, 89mZr, 91Mo,
¨³¥ÕÐ¨¥ Jπm = 1/2−, § ¸¥²ÖÕÉ¸Ö ´¥¶µ¸·¥¤¸É¢¥´´µ ¶·¨ ¤µ¸É¨¦¥´¨¨ £ ³³ -
±¢ ´É ³¨ Ô´¥·£¥É¨Î¥¸±µ£µ ¶µ·µ£  ·¥ ±Í¨¨ A(γ, n)(A− 1)m.
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�µ²ÊÎ¥´´Ò¥ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ±·¨¢ÒÌ ¢ÒÌµ¤µ¢ ·¥ ±Í¨° ¸¥Î¥´¨Ö ¢µ§-
¡Ê¦¤¥´¨Ö ³¥É ¸É ¡¨²Ó´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥· 85,87Sr, 89Zr, 91Mo ¶·¥¤¸É ¢²¥´Ò


¨¸. 6. ‡ ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨° ·¥ ±Í¨¨
(γ, n)m µÉ Ô´¥·£¨¨ ¤²Ö Ö¤¥· 86,88Sr, 90Zr,
92Mo

´  ·¨¸. 6. “± § ´´Ò¥ µÏ¨¡±¨ ¸É -
É¨¸É¨Î¥¸±¨¥. ‚¸¥ ¶·¨¢¥¤¥´´Ò¥ ¸¥-
Î¥´¨Ö ¢ µ¡Ð¨Ì Î¥·É Ì ¶µ¢Éµ·ÖÕÉ
Ëµ·³Ê ¸¥Î¥´¨Ö (γ, n)-·¥ ±Í¨¨: µ´¨
¨³¥ÕÉ µ¤´µ£µ·¡Ò° ¢¨¤ ¸ ³ ±¸¨³Ê-
³µ³ ¢ · °µ´¥ 16Ä17 ŒÔ‚, ÎÉµ ¢ ¶·¥-
¤¥² Ì µÏ¨¡µ± ¸µ¢¶ ¤ ¥É ¸ ¶µ²µ¦¥-
´¨¥³ £¨£ ´É¸±µ£µ E1-·¥§µ´ ´¸  ´ 
¨¸¸²¥¤Ê¥³ÒÌ Ö¤· Ì. �¤´ ±µ ¶µ  ¡-
¸µ²ÕÉ´µ° ¢¥²¨Î¨´¥ ¸¥Î¥´¨Ö ·¥ ±-
Í¨¨ (γ, n)m § ³¥É´o ³¥´ÓÏ¥.

‘ ¨¸¶µ²Ó§µ¢ ´¨¥³ · ´¥¥ ¨§-
³¥·¥´´ÒÌ ¶µ²´ÒÌ ËµÉµ´¥°É·µ´´ÒÌ
¸¥Î¥´¨° ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¥-
Î¥´¨° ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·µ¢ ¢ · -
¡µÉ¥ [62] ¡Ò²¨ ¶µ²ÊÎ¥´Ò Ô±¸¶¥·¨-
³¥´É ²Ó´Ò¥ ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö
¸¥Î¥´¨° R = σm/σn. �·¨ Ô´¥·-
£¨¨ 16,5 ŒÔ‚ (É.¥. ¢ · °µ´¥ ³ ±-
¸¨³Ê³ ) ¶µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ ¨§µ-
³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¸¥Î¥´¨°: ¤²Ö
85mSr Å 0, 60± 0, 08; ¤²Ö 87mSr Å
0, 60 ± 0, 08; ¤²Ö 89mZr Å 0, 60±
±0, 08 ¨ ¤²Ö 91mMo Å 0, 52±0, 10,
¶·¨ Ô´¥·£¨¨ 17,0 ŒÔ‚ ¤²Ö 91mMo
RÔ±¸¶ = 0, 60± 0, 10.

‘ Í¥²ÓÕ ÊÉµÎ´¥´¨Ö ¶µ²ÊÎ¥´´ÒÌ
·¥§Ê²ÓÉ Éµ¢ ¤²Ö 90Zr ¶µ³¨³µ ¨§µ-
³¥p´ÒÌ µÉ´µÏ¥´¨° ¸¥Î¥´¨° ¨§³¥-
·¥´Ò ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¢ÒÌµ-
¤µ¢ η = Υm/(Υm + Υg) ¤¢Ê³Ö ³¥-
Éµ¤ ³¨:

1) c ¨¸¶µ²Ó§µ¢ ´¨¥³ ¨§¢¥¸É´µ°
Ëµ·³Ê²Ò (2), ·¥£¨¸É·¨·ÊÖ µ¤´µ¢·¥-
³¥´´µ ËµÉµ¶¨±¨ · ¸¶ ¤  ¨§µ³¥·-
´µ£µ ¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨°;

2) ¨¸¶µ²Ó§ÊÖ Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ, ÎÉµ ¨§µ³¥·´µ¥ ¸µ¸ÉµÖ´¨¥ ¨³¥¥É ¶¥·¨µ¤
¶µ²Ê· ¸¶ ¤  §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥, Î¥³ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ (Tm

1/2 � T g
1/2),

¨§µ³¥·´µ¥ µÉ´µÏ¥´¨¥ η ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ± ± µÉ´µÏ¥´¨¥ ¤¢ÊÌ ´¥§ ¢¨¸¨³ÒÌ
¢ÒÌµ¤µ¢.
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�µ²ÊÎ¥´´Ò¥ ÔÉ¨³¨ ¤¢Ê³Ö ¸¶µ¸µ¡ ³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨§µ³¥·´Ò¥ µÉ´µ-
Ï¥´¨Ö ¢ÒÌµ¤µ¢ η(Eγmax) = Υm/(Υm+Υg) ¤²Ö 90Zr ¶·¨ · §²¨Î´ÒÌ Eγmax

¶·¨¢¥¤¥´Ò ¢ É ¡². 5, ¨§ ´¥¥ ¢¨¤´µ, ÎÉµ ·¥§Ê²ÓÉ ÉÒ ¸¶µ¸µ¡µ¢ 1 ¨ 2 Ìµ·µÏµ
¸µ£² ¸ÊÕÉ¸Ö ³¥¦¤Ê ¸µ¡µ° ¨ ¸ ´ ¨¡µ²¥¥ ÉµÎ´Ò³¨ ·¥§Ê²ÓÉ É ³¨ ¤·Ê£¨Ì  ¢Éµ·µ¢
[47, 58, 59].

’ ¡²¨Í  5. ˆ§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¢ÒÌµ¤µ¢ η ¤²Ö 90Zr

Eγ max 14,0 15,0 16,0 20,0

1 0, 68± 0, 08 0, 73± 0, 07 0, 70± 0, 05 0, 59± 0, 02
‘¶µ¸µ¡

2 0, 66± 0, 04 0, 62± 0, 03 0, 60± 0, 03 0, 60± 0, 03

1.4. 	¡¸Ê¦¤¥´¨¥ ·¥§Ê²ÓÉ Éµ¢. 
 ¸¸³µÉ·¥´´Ò¥ ¢ÒÏ¥ Ö¤·  ¸ A = 74÷92 ²¥-
¦ É ¢ µ¡² ¸É¨ µ¡µ²µÎ±¨ N = 50. �¨§±µ²¥¦ Ð¨¥ ¸µ¸ÉµÖ´¨Ö ¨Ì ¤µÎ¥·´¨Ì Ö¤¥·
µ¶·¥¤¥²ÖÕÉ¸Ö ¢ µ¸´µ¢´µ³ 1g−19/2, 2p

−1
1/2 ´¥°É·µ´´Ò³¨ ¤Ò·± ³¨, 2d5/2− , 3s1/2- ¨

2p3/2− ´¥°É·µ´´Ò³¨ Î ¸É¨Î´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨. ‚ · ¸¸³ É·¨¢ ¥³ÒÌ Ö¤· Ì

¸µ¸ÉµÖ´¨Ö 2p−11/2 Ö¢²ÖÕÉ¸Ö ¨§µ³¥·´Ò³¨. ‚ ÔÉ¨Ì Ö¤· Ì ¸ Ê¢¥²¨Î¥´¨¥³ Î¨¸² 

´¥°É·µ´µ¢ ¶·µ¨¸Ìµ¤¨É § ¶µ²´¥´¨¥ µ¡µ²µÎ±¨ 1g9/2. �  ÔÉµ° µ¡µ²µÎ±¥ 74Se
´¥ ¨³¥¥É ´¥°É·µ´µ¢ (³Ò ¨³¥¥³ ¶µ²Ê³ £¨Î¥¸±µ¥ Î¨¸²µ ´¥°É·µ´µ¢ N = 40),
¨§µÉµ¶Ò 88Sr, 90Zr, 92Mo Ì · ±É¥·¨§ÊÕÉ¸Ö ³ £¨Î¥¸±¨³ Î¨¸²µ³ N = 50 ¤²Ö
´¥°É·µ´µ¢ ¨ § ¶µ²´¥´´µ° ¶µ¤µ¡µ²µÎ±µ° 1g9/2.

�¨§±µ²¥¦ Ð¨¥ ¸µ¸ÉµÖ´¨Ö ¤µÎ¥·´¨Ì ¨¸¸²¥¤Ê¥³ÒÌ Ö¤¥· ¨³¥ÕÉ ¸¶¨´Ò ¨
Î¥É´µ¸É¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ´¥°É·µ´´Ò³ ±µ´Ë¨£Ê· Í¨Ö³ 1g9/2, 2p3/2, 2p1/2,
1f5/2. �·¨ ÔÉµ³ ¤²Ö ¢¸¥Ì · ¸¸³ É·¨¢ ¥³ÒÌ Ö¤¥· ¢ ¨§µ³¥·´ÒÌ ¶ · Ì ¢Ò¸µ-
±µ¸¶¨´µ¢Ò¥ ¸µ¸ÉµÖ´¨Ö Ëµ·³¨·ÊÕÉ¸Ö ¶µ¤µ¡µ²µÎ±µ° 1g9/2,   ´¨§±µ¸¶¨´µ¢Ò¥
2p3/2 ¨²¨ 2p1/2.

�´ ²¨§ ¸¥Î¥´¨° ·¥ ±Í¨¨ (γ, n)m ´  Ö¤· Ì 74Se, 76Se, 78Se, 80Se, 82Se,
88Sr, 90Zr, 92Mo ¶µ± §Ò¢ ¥É [62Ä64], ÎÉµ ¤²Ö Ö¤¥· ¸ Î¨¸²µ³ ´¥°É·µ´µ¢,
¸µµÉ¢¥É¸É¢ÊÕÐ¨³ § ¶µ²´¥´´µ° 1g9/2-¶µ¤µ¡µ²µÎ±¥, ¸¥Î¥´¨Ö Ì · ±É¥·¨§ÊÕÉ¸Ö
Ê³¥´ÓÏ¥´¨¥³ Ï¨·¨´Ò Γ0 ¶·¨³¥·´µ ¢ 1,4 ·a§  ¶µ ¸· ¢´¥´¨Õ ¸ ´Ê±²µ´ ³¨,
Ê¤ ²¥´´Ò³¨ µÉ ³ £¨Î¥¸±µ£µ Î¨¸²  N = 50.

K ± ¨§¢¥¸É´µ, Ï¨·¨´  £¨£ ´É¸±µ£µ ¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸  ´¥¶µ¸·¥¤¸É¢¥´-
´µ ¸¢Ö§ ´  ¸ ¶ · ³¥É·µ³ ¤¥Ëµ·³ Í¨¨ β. ˜¨·¨´  Γ0 ¶µ²´µ£µ ¸¥Î¥´¨Ö ËµÉµ¶µ-
£²µÐ¥´¨Ö σtot (¸µµÉ¢¥É¸É¢¥´´µ, ¨ Ï¨·¨´  ¶µ²´µ£µ ËµÉµ´¥°É·µ´´µ£µ ¸¥Î¥´¨Ö
σn) · ¸É¥É ¸ Ê¢¥²¨Î¥´¨¥³ β, ¨ ¸¥Î¥´¨¥ ¶·¨µ¡·¥É ¥É ¤¢Ê£µ·¡ÊÕ Ëµ·³Ê ¤²Ö
¸¨²Ó´µ¤¥Ëµ·³¨·µ¢ ´´ÒÌ Ö¤¥· (β = 0, 3).

‚ ¤ ´´µ³ ¸²ÊÎ ¥ µ¡ÑÖ¸´¥´¨¥ Ê³¥´ÓÏ¥´¨Ö Ï¨·¨´Ò Γ É ±¦¥, ¢¥·µÖÉ´¥¥
¢¸¥£µ, ¸¢Ö§ ´µ ¸ Ê³¥´ÓÏ¥´¨¥³ ¶ · ³¥É·  ¤¥Ëµ·³ Í¨¨ ¶µ ³¥·¥ § ¶µ²´¥´¨Ö
µ¡µ²µÎ±¨ N = 50 (¸³. É ¡². 6). ˆ§ É ¡²¨ÍÒ ¢¨¤´µ, ÎÉµ ¶µ ³¥·¥ § ¶µ²´¥´¨Ö
µ¡µ²µÎ±¨ ¶ · ³¥É· ¤¥Ëµ·³ Í¨¨ Ê³¥´ÓÏ ¥É¸Ö, ¸¶¥±É· ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì
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’ ¡²¨Í  6. • · ±É¥·¨¸É¨±¨ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì Ê·µ¢´¥° Ö¤¥· ¢¡²¨§¨ µ¡µ²µÎ±¨
N = 50

ˆ§µÉµ¶ E2+ E0+ E4+/E2+ β

76Se 0,559 1,122 2,38 0,33

78Se 0,614 1,498 2,34 0,3

80Se 0,666 1,479 2,58 0,25

82Se 0,655 1,99 0,2

88Sr 1,836 3,151 2,15

90Zr 2,186 1,752 1,40

92Mo 1,509 2,517 1,51

¢µ§¡Ê¦¤¥´¨° ¸É ´µ¢¨É¸Ö Ì · ±É¥·´Ò³ ¤²Ö ¦¥¸É±¨Ì Ö¤¥·, ¶·¨ ÔÉµ³ Ï¨·¨´ 
¸¥Î¥´¨Ö ËµÉµ¶µ£²µÐ¥´¨Ö σtot É ±¦¥ Ê³¥´ÓÏ ¥É¸Ö.

„¥Ëµ·³ Í¨Ö ³µ¦¥É ¨³¥ÉÓ § ³¥É´µ¥ ¢²¨Ö´¨¥ ´  ¢¥²¨Î¨´Ê ¨§µ³¥·´ÒÌ µÉ´µ-
Ï¥´¨°, ¶µ¸±µ²Ó±Ê µ´  ³µ¦¥É ¶·¨¢¥¸É¨ ± ¶µ¢ÒÏ¥´´µ³Ê ¢¥¸Ê ¢Ò¸µ±µ¸¶¨´µ¢ÒÌ
¸µ¸ÉµÖ´¨° [66]. � ²¨Î¨¥ É ±µ£µ ÔËË¥±É  ¤µ²¦´µ ¶·¨¢¥¸É¨ ± ·µ¸ÉÊ ¨§µ³¥·-
´µ£µ µÉ´µÏ¥´¨Ö σh/σn ¸ Ê¢¥²¨Î¥´¨¥³ β. (‡¤¥¸Ó σh Å ¸¥Î¥´¨¥ ¢µ§¡Ê¦¤¥´¨Ö
¢Ò¸µ±µ¸¶¨´µ¢µ° ±µ³¶µ´¥´ÉÒ ¨§µ³¥·´µ° ¶ ·Ò (1g9/2), σl Å ´¨§±µ¸¶¨´µ¢µ°,
σn Å ¶µ²´µ¥ ¸¥Î¥´¨¥ (γ, n)-·¥ ±Í¨¨, σn = σh + σl.) �¤´ ±µ É ±µ£µ ´¥
¶·µ¨¸Ìµ¤¨É. �  ·¨¸. 7 ¶·¨¢¥¤¥´  § ¢¨¸¨³µ¸ÉÓ ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° σh/σn,
¢§ÖÉÒÌ ¶·¨ Ô´¥·£¨¨ ³ ±¸¨³Ê³  ¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸  ¤²Ö Ö¤¥· ¢ µ¡² ¸É¨
40 ≤ N ≤ 50, µÉ N . ‚¨¤´µ, ÎÉµ ¨³¥¥É¸Ö É¥´¤¥´Í¨Ö ·µ¸É  σh/σn ¸ Ê³¥´ÓÏ¥-
´¨¥³ β. �µ-¢¨¤¨³µ³Ê, ¢ ¤ ´´µ³ ¸²ÊÎ ¥ ¢ÒÏ¥Ê¶µ³Ö´ÊÉÒ° ³¥Ì ´¨§³ ´¥ ¨£· ¥É
¸ÊÐ¥¸É¢¥´´µ° ·µ²¨.

�·¨  ´ ²¨§¥ ¤ ´´ÒÌ µ¡ ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨ÖÌ ¢ ·¥ ±Í¨¨ (γ, n) ´  Ö¤· Ì
¨§µÉµ¶µ¢ Se, Sr, 90Zr, 92Mo µ¡´ ·Ê¦¨¢ ÕÉ¸Ö ¨ ´¥±µÉµ·Ò¥ ¤·Ê£¨¥ § ±µ´µ³¥·-
´µ¸É¨. �  ·¨¸. 7,a ¶·¨¢¥¤¥´Ò § ¸¥²¥´´µ¸É¨ θ ¢´¥Ï´¨Ì ¶µ¤µ¡µ²µÎ¥± Ö¤¥· ¢
µ¡² ¸É¨ 40 ≤ N ≤ 50 ¢ § ¢¨¸¨³µ¸É¨ µÉ ±µ²¨Î¥¸É¢  ´¥°É·µ´µ¢ [64]. Š ±
¢¨¤´µ ¨§ ·¨¸Ê´± , ¢ · ¸¸³ É·¨¢ ¥³ÒÌ Ö¤· Ì ¢ ¨´É¥·¢ ²¥ 40 ≤ N ≤ 50 ¶·µ-
¨¸Ìµ¤¨É ¢ µ¸´µ¢´µ³ § ¸¥²¥´¨¥ ´¥°É·µ´´µ° ¶µ¤µ¡µ²µÎ±¨ 1g9/2. ˆ§ ¸· ¢´¥´¨Ö
·¨¸. 7,a ¨ 7,¡ ¢¨¤´  µ¶·¥¤¥²¥´´ Ö ±µ··¥²ÖÍ¨Ö ³¥¦¤Ê θn(N) ¤²Ö µ¡µ²µÎ±¨
1g9/2 ¨ σh/σn = f(N); ¶µ ³¥·¥ ·µ¸É  § ¸¥²¥´´µ¸É¨ ÔÉµ° ¶µ¤µ¡µ²µÎ±¨ · ¸É¥É
¨§µ³¥·´µ¥ µÉ´µÏ¥´¨¥. Šµ··¥²ÖÍ¨Ö ¥Ð¥ ¡µ²¥¥ µÉÎ¥É²¨¢ , ¥¸²¨ ¸µ¶µ¸É ¢¨ÉÓ
σh/σn ¨ N/Σ, £¤¥ N Å Î¨¸²µ ´¥°É·µ´µ¢ ´  ¶µ¤µ¡µ²µÎ±¥ 1g9/2,   Σ Å
¸Ê³³ ·´µ¥ Î¨¸²µ ´¥°É·µ´µ¢ ´  ¢´¥Ï´¨Ì ¶µ¤µ¡µ²µÎ± Ì 2p1/2, 2p3/2, 1f5/2,
1g9/2. ˆ§µ³¥·´µ¥ µÉ´µÏ¥´¨¥ σh/σn, ¶µ²ÊÎ¥´´µ¥ ¤²Ö 81Br, É ±¦¥ ¸µ£² ¸Ê-
¥É¸Ö ¸ ÔÉµ° § ¢¨¸¨³µ¸ÉÓÕ [67]. (”Ê´±Í¨Ö N/Σ ¶µ± § ´  ¸¶²µÏ´µ° ²¨´¨¥°
´  ·¨¸. 8). ’µ µ¡¸ÉµÖÉ¥²Ó¸É¢µ, ÎÉµ ¨§µ³¥·´µ¥ µÉ´µÏ¥´¨¥ σh/σn ¶· ±É¨Î¥¸±¨
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¨¸. 7. Šµ··¥²ÖÍ¨Ö ¨§µ³¥·´µ£µ µÉ´µÏ¥´¨Ö ¨ § ¸¥²¥´´µ¸É¨ θn µ¡µ²µÎ±¨ 1g9/2 ¢ µ¡² -
¸É¨ 40 ≤ N ≤ 50:  ) § ¢¨¸¨³µ¸ÉÓ § ¸¥²¥´´µ¸É¨ ¢´¥Ï´¨Ì ¶µ¤µ¡µ²µÎ¥± Ö¤¥· µÉ
±µ²¨Î¥¸É¢  ´¥°É·µ´µ¢, ¡) § ¢¨¸¨³µ¸ÉÓ ¨§µ³¥·´µ£µ µÉ´µÏ¥´¨Ö σh/σn µÉ ±µ²¨Î¥¸É¢ 
´¥°É·µ´µ¢. Š·¥¸É¨± ³¨ ¨ ¸¶²µÏ´µ° ²¨´¨¥° ¶·¨¢¥¤¥´µ ¸µµÉ´µÏ¥´¨¥ N/Σ


¨¸. 8. ‘¥Î¥´¨Ö ·¥ ±Í¨¨ (γ, n) ¢ ¶·¨¶µ·µ£µ¢µ° µ¡² ¸É¨ ¤²Ö ³ £¨Î¥¸±¨Ì Ö¤¥· 88Sr,
90Zr, 92Mo ¨ ¸· ¢´¥´¨¥ ¨Ì ¸ ´µ·³¨·µ¢ ´´Ò³¨ ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨³¨ Ë ±Éµ· ³¨, ¶µ-
²ÊÎ¥´´Ò³¨ ¨§ ·¥ ±Í¨¨ (p, d)
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²¨´¥°´µ · ¸É¥É ¸ Ê¢¥²¨Î¥´¨¥³ ±µ²¨Î¥¸É¢  ´¥°É·µ´µ¢ N ´  ¢´¥Ï´¥° 1g9/2-
µ¡µ²µÎ±¥, ³µ¦¥É ¸²Ê¦¨ÉÓ Ê± § ´¨¥³ ´  ¢ ¦´ÊÕ ·µ²Ó ¶µ²Ê¶·Ö³ÒÌ ¶·µÍ¥¸¸µ¢
¶·¨ § ¸¥²¥´¨¨ ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ·¥ ±Í¨¨ (γ, n)m.

„²Ö ³ £¨Î¥¸±¨Ì Ö¤¥· ¸ N = 50, É.¥. 88Sr, 90Zr, 92Mo ¢ · ¡µÉ Ì [62, 63]
¶·¥¤¶·¨´ÖÉµ ¡µ²¥¥ ¤¥É ²Ó´µ¥ ¨§ÊÎ¥´¨¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ A(γ, n)(A − 1)m ¢
µ¡² ¸É¨ ¶µ·µ£µ¢ ·¥ ±Í¨¨. K·¨¢Ò¥ ¢ÒÌµ¤µ¢ Υm(E) ¸´¨³ ²¨¸Ó ¸ Ï £µ³ ∆E =
= 0, 125 ŒÔ‚, ¸¥Î¥´¨Ö σ(E) · ¸¸Î¨ÉÒ¢ ²¨¸Ó ¸ Ï £µ³ ∆E = 0, 250 ŒÔ‚.

¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 8. Š ± ¢¨¤´µ ¨§ ·¨¸. 8, ¸¥Î¥´¨Ö ¢ ¶·¨-
¶µ·µ£µ¢µ° µ¡² ¸É¨ (γ, n)m-·¥ ±Í¨¨ ´  Ö¤· Ì 88Sr, 90Zr, 92Mo ¨³¥ÕÉ ¸É·Ê±-


¨¸. 9. ‘¥Î¥´¨¥ ·¥ ±Í¨¨ (γ, n)m ¤²Ö
Ö¤¥· 138Ba, 142Nd, 144Sm

ÉÊ·Ê. �´ ²¨§ ¶µ± §Ò¢ ¥É, ÎÉµ ÔÉ  ¸É·Ê±-
ÉÊ·  ¸¢Ö§ ´  ¸ ´¨§±µ²¥¦ Ð¨³¨ ¤Ò-
·µÎ´Ò³¨ Ê·µ¢´Ö³¨, ¶·¨´ ¤²¥¦ Ð¨³¨
2p−13/2-¶µ¤µ¡µ²µÎ±¥ ¸ Jπ = 1/2−, E =
= 0, 588 ŒÔ‚, Jπ = 3/2−, E =
= 1, 09ŒÔ‚ ´  Ö¤·¥ 89Zr, Jπ = 1/2−,
E = 0, 653 ŒÔ‚ ¨ Jπ = 3/2−, E =
= 1, 15 ŒÔ‚ ´  Ö¤·¥ 91Mo ¨ Jπ =
= 1/2−, E = 0, 388 ŒÔ‚, Jπ = 3/2−,
E = 0, 86 ŒÔ‚ ´  Ö¤·¥ 87Sr. ‚
¸¥Î¥´¨¨ ·¥ ±Í¨¨ 86Sr(γ, n)85mSr µ¡-
´ ·Ê¦¨ÉÓ ¸É·Ê±ÉÊ·Ê ´¥ Ê¤ ²µ¸Ó. �µ-
¢¨¤¨³µ³Ê, ´ °¤¥´´ Ö ¸É·Ê±ÉÊ·  ¸¢Ö§ ´ 
¢ µ¸´µ¢´µ³ ¸ 2p−11/2, 2p

−1
3/2 ´¥°É·µ´´Ò³¨

¤Ò·± ³¨ ¨²¨ 2d3/2 ´¥°É·µ´´Ò³¨ Î -
¸É¨Î´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨.

“¤µ¡´Ò³ ¨´¸É·Ê³¥´Éµ³ ¤²Ö ¨¸¸²¥-
¤µ¢ ´¨Ö µ¡µ²µÎ¥Î´µ° ¸É·Ê±ÉÊ·Ò Ö¤¥·
¨ ¶·¨·µ¤Ò µ¤´µÎ ¸É¨Î´ÒÌ ´¨§±µ²¥¦ -
Ð¨Ì ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° Ö¢²ÖÕÉ¸Ö
·¥ ±Í¨¨ ¸·Ò¢  ¨ ¶µ¤Ì¢ É  [66]. � 
·¨¸. 9 ¶·¨¢¥¤¥´µ ¸µ¶µ¸É ¢²¥´¨¥ ´µ·-
³¨·µ¢ ´´ÒÌ ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨Ì Ë ±-
Éµ·µ¢ c2s, ¶µ²ÊÎ¥´´ÒÌ ¢ ·¥ ±Í¨¨
(p, d) [55], ¨ ¸¥Î¥´¨° ·¥ ±Í¨¨ (γ, n)m

´  ¨¸¸²¥¤Ê¥³ÒÌ ¢ · ¡µÉ Ì [62, 63]
Ö¤· Ì, ¶·¨´ ¤²¥¦ Ð¨Ì § ³±´ÊÉµ° µ¡µ-
²µÎ±¥ N = 50.

�  ·¨¸. 8 ¢¨¤´a § ³¥É´ Ö ±µ··¥-
²ÖÍ¨Ö ¢¥²¨Î¨´Ò ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨Ì
Ë ±Éµ·µ¢, ¶µ²ÊÎ¥´´ÒÌ ¤²Ö ¸µ¸ÉµÖ´¨°
2p−13/2 ¨ 2p−11/2 ¨ ¸É·Ê±ÉÊ·Ò ¢ ¸¥Î¥´¨ÖÌ
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¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ·¥ ±Í¨¨ A(γ, n)(A − 1)m ¢ ¶·¨¶µ·µ-
£µ¢µ° µ¡² ¸É¨. ’ ±µ¥ ¶µ¢¥¤¥´¨¥ · ¸¸³ É·¨¢ ¥³ÒÌ ¢¥²¨Î¨´ ³µ¦¥É Ê± §Ò¢ ÉÓ
´  §´ Î¨É¥²Ó´µ¸ÉÓ ¢±² ¤  ¶µ²Ê¶·Ö³ÒÌ ¶·µÍ¥¸¸µ¢ ¢ ¸¥Î¥´¨¥ A(γ, n)(A − 1)m
·¥ ±Í¨¨ ¢ · ¸¸³ É·¨¢ ¥³µ° µ¡² ¸É¨ Ô´¥·£¨°.

�µ-¢¨¤¨³µ³Ê, ¢ · °µ´¥ ¶µ·µ£  ·¥ ±Í¨¨ (γ, n)m ´  Ö¤· Ì 88Sr, 90Zr, 92Mo
µ¶·¥¤¥²ÖÕÐÊÕ ·µ²Ó ¢ § ¸¥²¥´¨¨ ¨§µ³¥·´µ£µ ¸µ¸ÉµÖ´¨Ö 1p1/2 Ö¤¥· 87Sr, 89Zr,
91Mo ¨£· ÕÉ ¶·Ö³Ò¥ ¶¥·¥Ìµ¤Ò ´  ³¥É ¸É ¡¨²Ó´Ò° Ê·µ¢¥´Ó ¨²¨ ´  ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨¥  ±É¨¢ Í¨µ´´Ò¥ Ê·µ¢´¨ ¸ ³ ²Ò³ J (¢ ¸µµÉ¢¥É¸É¢¨¨ ¸o ¸¶¥±É·µ-
¸±µ¶¨Î¥¸±¨³¨ Ë ±Éµ· ³¨), ¨§ ±µÉµ·ÒÌ µ£· ´¨Î¥´´Ò³ Î¨¸²µ³ ¶¥·¥Ìµ¤µ¢ (µ¤-
´¨³) § ¸¥²Ö¥É¸Ö ¨§µ³¥·´µ¥ ¸µ¸ÉµÖ´¨¥. �·¨ ÔÉµ³ ¢±² ¤ ± ¦¤µ£µ  ±É¨¢ Í¨µ´-
´µ£µ Ê·µ¢´Ö ´¥É·Ê¤´µ µ¶·¥¤¥²¨ÉÓ. �·¨ ·µ¸É¥ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ÔÉ¨Ì Ö¤¥·
Ê¢¥²¨Î¨¢ ¥É¸Ö Ô´¥·£¨Ö ¢Ò²¥É ÕÐ¨Ì ´¥°É·µ´µ¢ ¨, ¸µµÉ¢¥É¸É¢¥´´µ, ÊÏ¨·Ö¥É¸Ö
¸¶¥±É· ¨Ì · ¸¶·¥¤¥²¥´¨Ö ¶µ Ê£²µ¢Ò³ ³µ³¥´É ³. 
 ¸É¥É ¨ Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö
¤µÎ¥·´¨Ì Ö¤¥·. • · ±É¥·¨¸É¨±¨ ± ¸± ¤  £ ³³ -±¢ ´Éµ¢, § ¸¥²ÖÕÐ¨Ì ¨§µ³¥·-
´µ¥ ¸µ¸ÉµÖ´¨¥, Ê¸²µ¦´ÖÕÉ¸Ö. �Éµ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ ¶·¨ ¡µ²¥¥ ¢Ò¸µ±¨Ì
Ô´¥·£¨ÖÌ ¸É·Ê±ÉÊ·  ¢ ¢ÒÌµ¤¥ (¸¥Î¥´¨°) ·¥ ±Í¨¨ (γ, n)m ´  Ö¤· Ì 88Sr, 90Zr,
92Mo, µ¡Ê¸²µ¢²¥´´ Ö ¸É·Ê±ÉÊ·o° Ê·µ¢´¥° ¤µÎ¥·´¨Ì Ö¤¥·, ¸£² ¦¨¢ ¥É¸Ö.

2. ‚	‡3“†„…�ˆ… ˆ‡	Œ…1�›• ‘	‘’	Ÿ�ˆ‰ Ÿ„…1
	3	‹	—Šˆ h11/2

• · ±É¥·¨¸É¨±¨ £¨£ ´É¸±µ£µ ¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸  (ƒ„
) ¤²Ö Ö¤¥· ¸ A =
= 110 ÷ 150 ¨§ÊÎ ²¨¸Ó ¢ ·Ö¤¥ · ¡µÉ [66Ä70]. ‘¨¸É¥³ É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ -
´¨Ö ¡Ò²¨ ¢ µ¸´µ¢´µ³ ¶µ¸¢ÖÐ¥´Ò µ¶·¥¤¥²¥´¨Õ ¸¥Î¥´¨° ¶µ²´µ£µ ¶µ£²µÐ¥´¨Ö
£ ³³ -±¢ ´Éµ¢ Ö¤· ³¨ ³¥Éµ¤µ³ ¸Ê³³¨·µ¢ ´¨Ö ¶ ·Í¨ ²Ó´ÒÌ ËµÉµ´¥°É·µ´´ÒÌ
·¥ ±Í¨° (γ, n), (γ, 2n) ¨ É.¤. kÒ²µ ¶µ± § ´µ, ÎÉµ ¶¥·¥Ìµ¤´Ò° Ì · ±É¥· µ¡² -
¸É¨ µÉ ¸Ë¥·¨Î¥¸±¨Ì Ö¤¥· ± ¤¥Ëµ·³¨·µ¢ ´´Ò³ ¢¥¤¥É ± · ¸Ð¥¶²¥´¨Õ £¨£ ´É-
¸±µ£µ ¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸ : ±·¨¢ Ö ¶µ²´µ£µ ¸¥Î¥´¨Ö ËµÉµ¶µ£²µÐ¥´¨Ö ¨§ µ¤-
´µ£µ·¡µ° Ëµ·³Ò ¶·¨´¨³ ¥É ¤¢Ê£µ·¡ÊÕ. „²Ö Ö¤¥·, ¶·¨´ ¤²¥¦ Ð¨Ì ± § ³±´Ê-
Éµ° µ¡µ²µÎ±¥ ¸ Î¨¸²µ³ ´¥°É·µ´µ¢ N = 82, ¡Ò²µ ¶µ± § ´µ ´ ²¨Î¨¥ ¸É·Ê±ÉÊ·Ò
¢ ¶µ²´ÒÌ ËµÉµ´¥°É·µ´´ÒÌ ¸¥Î¥´¨ÖÌ ¢ µ¡² ¸É¨ 9÷ 12 ŒÔ‚. ‚µ§³µ¦´Ò³ µ¡Ñ-
Ö¸´¥´¨¥³ É ±µ° ¸É·Ê±ÉÊ·Ò Ö¢²Ö¥É¸Ö ¶·µÖ¢²¥´¨¥ ¶·µ¸ÉÒÌ 1p-1h-¸µ¸ÉµÖ´¨°,
¢ ±µÉµ·ÒÌ ¤Ò·±  ²¥¦¨É ¢ ´¨§±µ²¥¦ Ð¨Ì µ¡µ²µÎ± Ì N = 82 (´ ¶·¨³¥·, ¢
2s-2d-µ¡µ²µÎ±¥).

‘¨¸É¥³ É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö · ¸¶ ¤´ÒÌ Ì · ±É¥·¨¸É¨± £¨£ ´É¸±µ£µ ¤¨-
¶µ²Ó´µ£µ ·¥§µ´ ´¸  ¸ ¢µ§¡Ê¦¤¥´¨¥³ ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¤µ 1985 £. ¶· ±É¨-
Î¥¸±¨ ´¥ ¶·µ¢µ¤¨²¨¸Ó. ˆ³¥²µ¸Ó ´¥¸±µ²Ó±µ · ¡µÉ ¶µ ¨§³¥·¥´¨Õ ¢ µÉ¤¥²Ó´ÒÌ
Ô´¥·£¥É¨Î¥¸±¨Ì ÉµÎ± Ì ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¢ÒÌµ¤µ¢ [16].

� ¸ÉµÖÐ¨° · §¤¥² ¶µ¸¢ÖÐ¥´ ¨¸¸²¥¤µ¢ ´¨Õ ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¨ ¸¥Î¥-
´¨° ·¥ ±Í¨¨ (γ, n)m ´  Ö¤· Ì c A = 110÷150, ´ Ìµ¤ÖÐ¨Ì¸Ö ¢¡²¨§¨ § ³±´ÊÉµ°
µ¡µ²µÎ±¨ N = 82. ‚ µ¸´µ¢´µ³ ¤²Ö ÔÉµ£µ · °µ´  µ¸´µ¢´Ò¥ ¨ ´¨§±µ²¥¦ Ð¨¥
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’ ¡²¨Í  7. ˆ´É¥£· ²Ó´Ò¥ ¸¥Î¥´¨Ö ¢µ§¡Ê¦¤¥´¨Ö σ¨´É ¨§µ³¥·µ¢ h11/2 ¨ ¨§µ³¥·´Ò¥
µÉ´µÏ¥´¨Ö ¢ ·¥ ±Í¨¨ (γ, n)


¥ ±Í¨Ö E¶µ·, ŒÔ‚ σ¨´É, ³¡·ŒÔ‚ σm/σg

109Pd(γ, n)107mPd 9,43 67(7) 0,054(6)

110Pd(γ, n)109mPd 9,0 77(8) 0,060(7)

116Cd(γ, n)115mCd 8,87 199(20) 0,18(2)

118Sn(γ, n)117mSn 9,69 90(18) 0,11(2)

120Tl(γ, n)119mTl 10,67 209(22) 0,20(2)

122Tl(γ, n)121mTl 10,14 307(28) 0,26(2)

124Tl(γ, n)123mTl 9,67 379(30) 0,31(3)

130Tl(γ, n)129mTl 8,51 460(45) 0,45(5)

136Xe(γ, n)135mXe 8,52 160(40) 0,10(2)

134Ba(γ, n)133mBa 9,75 256(20) 0,17(1)

136Ba(γ, n)135mBa 9,38 259(20) 0,15(1)

138Ba(γ, n)137mBa 9,27 162(12) 0,12(1)

138Ce(γ, n)137mCe 9,98 157(20) 0,19(2)

140Ce(γ, n)139mCe 9,95 223(20) 0,14(1)

142Nd(γ, n)141mNd 10,66 110(15) 0,61(10)

144Sm(γ, n)143mSn 11,25 91(9) 0,47(4)

¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö ¨Ì ¤µÎ¥·´¨Ì Ö¤¥· Ö¢²ÖÕÉ¸Ö Î¨¸ÉÒ³¨ ´¥°É·µ´´Ò³¨
¤Ò·µÎ´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ 2d−13/2, 3s

−1
1/2, 1h

−1
11/2, ¶·¨ ÔÉµ³ ¸µ¸ÉµÖ´¨Ö 1h−1

11/2

Ö¢²ÖÕÉ¸Ö ³¥É ¸É ¡¨²Ó´Ò³¨.
� ¨¡µ²¥¥ ¶µ²´µ ¨¸¸²¥¤µ¢ ´¨¥ ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·´ÒÌ h11/2-¸µ¸ÉµÖ´¨°

¶·µ¢¥¤¥´µ ¢ [71Ä73]. ‚ · ¡µÉ¥ [72] ¨¸¸²¥¤µ¢ ´Ò ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¶·¨
Ô´¥·£¨¨ £ ³³ -±¢ ´Éµ¢ Eγmax = 25 ŒÔ‚ ¤²Ö 16 ¨§µÉµ¶µ¢ µÉ 109Pd ¤µ 144Sm.

¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¶·¨¢¥¤¥´Ò ¢ É ¡². 7.

Š ± ¢¨¤´µ ¨§ É ¡². 7, ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¨ ¨´É¥£· ²Ó´Ò¥ ¸¥Î¥´¨Ö ´ ¨-
¡µ²¥¥ ´¨§±¨¥ ¤²Ö ¸ ³ÒÌ ÉÖ¦¥²ÒÌ Ö¤¥·, ±µÉµ·Ò¥ ¸µµÉ¢¥É¸É¢ÊÕÉ ´ Î ²Ê ¨ ±µ´ÍÊ
µ¸É·µ¢  ¨§µ³¥·¨¨ ÔÉ¨Ì ¸µ¸ÉµÖ´¨°. Œ ±¸¨³ ²Ó´Ò¥ §´ Î¥´¨Ö ¨§µ³¥·´ÒÌ µÉ´µ-
Ï¥´¨° ¨³¥ÕÉ ¨§µÉµ¶Ò µ²µ¢  ¨ É¥²²Ê· .

Ÿ¤·  É¥²²Ê·  ´ Ìµ¤ÖÉ¸Ö ¢¡²¨§¨ ³ £¨Î¥¸±µ£µ ¶µ Î¨¸²Ê ¶·µÉµ´µ¢ Ö¤· 
Sn (Z = 50) ¨ Ì · ±É¥·¨§ÊÕÉ¸Ö ´¥¡µ²ÓÏ¨³ §´ Î¥´¨¥³ ¶ · ³¥É·  ¤¥Ëµ·³ -
Í¨¨ β ÔÉ¨Ì ¨§µÉµ¶µ¢. ˆ§µ³¥·´µ¥ µÉ´µÏ¥´¨¥ ¤²Ö ´¨Ì · ¸É¥É ¸ Ê¢¥²¨Î¥´¨¥³
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Î¨¸²  ´¥°É·µ´µ¢. ‘ ³µ¥ ¡µ²ÓÏµ¥ §´ Î¥´¨¥ Υm/Υg = 0, 45 ¨³¥¥É 129Tl. �´µ
Ö¢²Ö¥É¸Ö ´ ¨¡µ²ÓÏ¨³ ¸·¥¤¨ ¨¸¸²¥¤µ¢ ´´ÒÌ ¸µ¸ÉµÖ´¨° h11/2. „²Ö ¨§µÉµ¶µ¢
¡ ·¨Ö § ¢¨¸¨³µ¸ÉÓ ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° µÉ Î¨¸²  ´¥°É·µ´µ¢ ¨³¥¥É ¶·µ-
É¨¢µ¶µ²µ¦´ÊÕ É¥´¤¥´Í¨Õ: ¸ ¶·¨¡²¨¦¥´¨¥³ ± ³ £¨Î¥¸±µ³Ê Î¨¸²Ê N = 82
¨§µ³¥·´µ¥ µÉ´µÏ¥´¨¥ Ê³¥´ÓÏ ¥É¸Ö. �µ¸±µ²Ó±Ê ¸¢µ°¸É¢  ¸É ¡¨²Ó´ÒÌ ¨§µÉµ-
¶µ¢ ¡ ·¨Ö §´ Î¨É¥²Ó´µ ³¥´ÖÕÉ¸Ö ¸ ¨§³¥´¥´¨¥³ Î¨¸²  ´¥°É·µ´µ¢ ¢ Ö¤·¥, µ´¨
Ö¢²ÖÕÉ¸Ö Ê¤µ¡´Ò³ µ¡Ñ¥±Éµ³ ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ¢²¨Ö´¨Ö Î¨¸²  N ´  ¢¥²¨Î¨´Ê
¨§µ³¥·´µ£µ µÉ´µÏ¥´¨Ö.

�´¥·£¥É¨Î¥¸±¨¥ § ¢¨¸¨³µ¸É¨ d = Υm/Υg = f(Eγmax) ¨ ¤¨ËË¥·¥´Í¨ ²Ó-
´Ò¥ ¸¥Î¥´¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨° h11/2 ¶µ²ÊÎ¥´Ò ¤²Ö ¨§µÉµ¶µ¢
Ba, 142Ne, 144Sm [71, 73].

2.1. 3 ·¨°. �·µÍ¥¸¸Ò § ¸¥²¥´¨Ö ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ·¥ ±Í¨¨ (γ, n)
¤²Ö ¨§µÉµ¶µ¢ ¡ ·¨Ö 130,132,134,136,138Ba ¤¥É ²Ó´µ ¨¸¸²¥¤µ¢ ´Ò ¢ · ¡µÉ¥ [71].
ˆ§³¥·¥´¨Ö ¶·µ¢µ¤¨²¨¸Ó ´  Éµ·³µ§´µ³ ¶ÊÎ±¥ ³¨±·µÉ·µ´  ¢ µ¡² ¸É¨ Ô´¥·£¨°
10Ä25 ŒÔ‚ ¸ Ï £µ³ ∆E = 1 ŒÔ‚. �µ²ÊÎ¥´´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ (γ, n)m

¨³¥ÕÉ µ¤´µ£µ·¡Ò° Ì · ±É¥· ¸ ³ ±¸¨³Ê³µ³ ¶·¨ Ô´¥·£¨¨ ∼ 15 ŒÔ‚. ‘¥Î¥-
´¨Ö  ¶¶·µ±¸¨³¨·µ¢ ²¨¸Ó ²µ·¥´Íe¢¸±¨³¨ ±·¨¢Ò³¨ (4). � · ³¥É·Ò  ¶¶·µ±-
¸¨³ Í¨¨: σ0, E0, Γ0,   É ±¦¥ ¸¶¨´Ò ¨ Î¥É´µ¸É¨ µ¸´µ¢´µ£µ Jg ¨ ¨§µ³¥·´µ£µ
Jm ¸µ¸ÉµÖ´¨°, Ô´¥·£¨Ö ¨§µ³¥·  ¨ ¨´É¥£· ²Ó´Ò¥ ¸¥Î¥´¨Ö σ¨´É ¶·¨¢¥¤¥´Ò ¢
É ¡². 8.

’ ¡²¨Í  8. • · ±É¥·¨¸É¨±¨ ¨§µ³¥·µ¢ Ba ¨ ¶ · ³¥É·Ò  ¶¶·µ±¸¨³ Í¨¨ ¸¥Î¥´¨°
·¥ ±Í¨¨ (γ, n)m ´  ¨§µÉµ¶ Ì ¡ ·¨Ö [73]

Ÿ¤¥·´ Ö Jπ
g Jπ

m Em, E0, Γ0, σ0, σ¨´É,
·¥ ±Í¨Ö ŒÔ‚ ŒÔ‚ ŒÔ‚ ŒÔ‚ ŒÔ‚·³¡

130Ba(γ, n)129mBa 1/2+ 11/2− 0,277 15,3 3,1 72 347

132Ba(γ, n)131mBa 1/2+ 9/2− 0,187 15,1 2,9 64 293

134Ba(γ, n)133mBa 1/2+ 11/2− 0,288 15,1 3,1 52 256

136Ba(γ, n)135mBa 1/2+ 11/2− 0,268 15,2 3,2 52 259

138Ba(γ, n)137mBa 1/2+ 11/2− 0,661 15,2 2,6 39 162

ˆ§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¢ÒÌµ¤µ¢ ¤²Ö ¢¸¥Ì ¨§µÉµ¶µ¢ ¡ ·¨Ö Ö¢²ÖÕÉ¸Ö · ¸ÉÊ-
Ð¨³¨ ËÊ´±Í¨Ö³¨: ¡Ò¸É·µ ´ · ¸É ÕÉ ¢ÒÏ¥ ¶µ·µ£  ¨ ¶·¨ Ô´¥·£¨ÖÌ 20Ä25 ŒÔ‚
¤µ¸É¨£ ÕÉ ´ ¸ÒÐ¥´¨Ö. �·¨ ÔÉµ³ ˆ� ¤²Ö 137Ba ³¨´¨³ ²Ó´Ò, ¤²Ö 129Ba ³ ±-
¸¨³ ²Ó´Ò. ‚ µ¡² ¸É¨ Ô´¥·£¨° ¢ÒÏ¥ £¨£ ´É¸±µ£µ ¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸  ˆ�
³¥´ÖÕÉ¸Ö ¸² ¡µ, ÎÉµ £µ¢µ·¨É µ Éµ³, ÎÉµ ¢ ËµÉµÖ¤¥·´ÒÌ ·¥ ±Í¨ÖÌ ¸ ¢Ò²¥-
Éµ³ µ¤´µ£µ ´¥°É·µ´  Ô´¥·£¥É¨Î¥¸±¨° Í¥´É· ÉÖ¦¥¸É¨ ´ Ìµ¤¨É¸Ö ¢ · °µ´¥ ƒ„

13÷ 17 ŒÔ‚ [73].
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‡¤¥¸Ó ´¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ ¢ · ¡µÉ¥ [71] É ±¦¥ ¨¸¸²¥¤µ¢ ´Ò ¸¥Î¥-
´¨Ö ¨ ˆ� ¢ÒÌµ¤µ¢ ¤²Ö ·¥ ±Í¨¨ 138Ba(γ, n)137mBa. ˆ§³¥·¥´¨Ö ¶·µ¢µ¤¨²¨¸Ó


¨¸. 10. ‡ ¢¨¸¨³µ¸ÉÓ ¨§µ³¥·´ÒÌ µÉ´µ-
Ï¥´¨° ¢ÒÌµ¤µ¢ µÉ ³ ±¸¨³ ²Ó´µ° Ô´¥·-
£¨¨ Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö ¤²Ö Ö¤¥· 138Ba,
142Nd, 144Sm

¢ µ¡² ¸É¨ 10 ÷ 18ŒÔ‚ ¸Ï £µ³∆E =
= 0, 5 ŒÔ‚. �µ²ÊÎ¥´´µ¥ ¸¥Î¥´¨¥
¶·¨¢¥¤¥´o ´  ·¨¸. 9. “± § ´´Ò¥ µÏ¨¡-
±¨ Å ¸É É¨¸É¨Î¥¸±¨¥. ‘¶²µÏ´µ°
±·¨¢µ° ´  ÔÉµ³ ·¨¸Ê´±¥ ¶µ± § ´ ·¥-
§Ê²ÓÉ É  ¶¶·µ±¸¨³ Í¨¨ ¸¥Î¥´¨Ö ²µ-
·¥´Í¥¢¸±µ° ±·¨¢µ°, ¶ · ³¥É·Ò ±µÉµ-
·µ° ¶·¨¢¥¤¥´Ò ¢ É ¡². 9. ‘ ¨¸¶µ²Ó§µ-
¢ ´¨¥³ ²¨É¥· ÉÊ·´ÒÌ ¤ ´´ÒÌ ¶µ ¶µ²-
´Ò³ ¸¥Î¥´¨Ö³ ·¥ ±Í¨¨ (γ, n) [30] ¢
· ¡µÉ¥ [71] ¶µ²ÊÎ¥´Ò ¨§µ³¥·´Ò¥ µÉ-
´µÏ¥´¨Ö ¸¥Î¥´¨° R ¨ ¢ÒÌµ¤µ¢ η.

„²Ö ˆ� ¸¥Î¥´¨° ¤²Ö Ö¤·  138Ba
¶·¨ Ô´¥·£¨¨ 16,0 ŒÔ‚ ¶µ²ÊÎ¥´µ R =
= 0, 16 ± 0, 03. ˆ§µ³¥·´Ò¥ µÉ´µÏ¥-
´¨Ö ¢ÒÌµ¤µ¢ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 10.
Š·¥¸É¨±µ³ ´  ·¨¸Ê´±¥ ¶µ± § ´µ ˆ�,
¶µ²ÊÎ¥´´µ¥ ¤²Ö 138Ba ¶·¨ Ô´¥·£¨¨
15,3 ŒÔ‚ ¢ · ¡µÉ¥ [77]. � ²¨Î¨¥ §´ -
Î¨É¥²Ó´µ£µ Ê£²µ¢µ£µ ³µ³¥´É  11/2−

³¥É ¸É ¡¨²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö 137Ba ¶µ
¸· ¢´¥´¨Õ ¸ ³µ³¥´Éµ³ 1− ¢µ§¡Ê¦¤¥´-
´µ£µ ³ É¥·¨´¸±µ£µ Ö¤·  138Ba µ¡Ê-
¸² ¢²¨¢ ¥É ¶µ¢ÒÏ¥´¨¥ ÔËË¥±É¨¢´µ£µ
¶µ·µ£  ·¥ ±Í¨¨ 138Ba(γ, n)137mBa ´ 
∼ 1, 7 ŒÔ‚. 
¥§Ê²ÓÉ ÉÒ · ¡µÉ
[71] ¨ [73] Ìµ·µÏµ ¸µ£² ¸ÊÕÉ¸Ö ¤·Ê£
¸ ¤·Ê£µ³.

“³¥´ÓÏ¥´¨¥ ˆ� ¸ Ê¢¥²¨Î¥´¨¥³
N ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ ¢²¨Ö´¨¥³ Í¥-
²µ£µ ·Ö¤  Ë ±Éµ·µ¢: §´ Î¥´¨Ö³¨ ¸¶¨-
´µ¢ ¨§µ³¥·´µ£µ ¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ-
´¨°, ¶²µÉ´µ¸ÉÓÕ Ê·µ¢´¥° ±µ´¥Î´µ£µ
Ö¤· , Ô´¥·£¨¥° ¸¢Ö§¨ ´¥°É·µ´  ¨ ¤·.

2.2. �¥µ¤¨³-142, ¸ ³ ·¨°-144. ‚¶¥·¢Ò¥ ˆ� ¢ÒÌµ¤µ¢ ¤²Ö ´¥µ¤¨³ , ¶µ-
¢¨¤¨³µ³Ê, ¡Ò²µ ¶µ²ÊÎ¥´µ ¢ · ¡µÉ¥ [61] ¶·¨ Ô´¥·£¨¨ …γmax = 70 ŒÔ‚. ‡ É¥³
ˆ� d = 0, 55 ¨§³¥·¥´µ ¶·¨ E = 55 ŒÔ‚ ¢ · ¡µÉ¥ [18]. �¥¤ ¢´µ [75] ¤²Ö
·¥ ±Í¨¨ (γ, n) ´  Ö¤· Ì 142Nd ¨ 144Sm ¨§³¥·¥´Ò ˆ� ¢ Î¥ÉÒ·¥Ì ÉµÎ± Ì ¶·¨
Eγmax = 15; 16,5; 18 ¨ 20 ŒÔ‚. �µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö: d = 0, 022;
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0,045; 0,050 ¨ 0,052 ¤²Ö 142Nd ¨ d = 0, 031; 0,039; 0,043 ¨ 0,044 ¤²Ö 144Sm.
ˆ§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö, ¡²¨§±¨¥ ± ÔÉ¨³ §´ Î¥´¨Ö³, ¶µ²ÊÎ¥´Ò ¢ „Ê¡´¥ ¶·¨
Eγmax = 25 ŒÔ‚: d = 0, 061(10) ¤²Ö 142Nd ¨ d = 0, 047(4) ¤²Ö 144Sm [72].

‚ · ¡µÉ¥ [71] ¨§³¥·¥´¨¥ ¢ÒÌµ¤µ¢ ·¥ ±Í¨° 144Sm(γ, n)143mSm ¨
142Nd(γ, n)141mNd ¶·µ¢µ¤¨²µ¸Ó ¸ Ï £µ³ ∆E = 0, 5 ŒÔ‚. �µ¸±µ²Ó±Ê µ¸´µ¢-
´Ò¥ ¸µ¸ÉµÖ´¨Ö Ö¤¥· 141Nd ¨ 143Sm ´¥¸É ¡¨²Ó´Ò,   ¶¥·¨µ¤Ò · ¸¶ ¤  ¨§µ³¥·-
´ÒÌ ¸µ¸ÉµÖ´¨° Tm

1/2 §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥, Î¥³ µ¸´µ¢´µ£µ, Éµ ˆ� ¢ÒÎ¨¸²Ö²¨¸Ó
¶µ Ëµ·³Ê²¥

η =
Υm

Υtot
=

Nm

Ng

Cg ξg Kg αg
1
λg
(1 − e−λgtµ¡²) e−λgt

′
µÌ²(1− e−λgt¨§³)

Cm ξmKm αm
1
λm
(1− e−λmtµ¡²) e−λmtµÌ²(1− e−λmt¨§³)

.

‡¤¥¸Ó Ng, Nm Å ±µ²¨Î¥¸É¢µ ¨³¶Ê²Ó¸µ¢ ¢ ËµÉµ¶¨±¥ µ¸´µ¢´µ£µ ¨§µ³¥·´µ£µ
¸µ¸ÉµÖ´¨Ö, ξm,g Å ËµÉµÔËË¥±É¨¢´µ¸ÉÓ ¤¥É¥±Éµ· , αm,g Å ¨´É¥´¸¨¢´µ¸ÉÓ
²¨´¨°, Km,g Å ¸ ³µ¶µ£²µÐ¥´¨¥ ¨§ÊÎ ¥³ÒÌ ²¨´¨° ¢ µ¡· §Í¥, Cm,g Å ¶·µ-
¸Î¥ÉÒ ¨ ´ ²µ¦¥´¨Ö ·¥£¨¸É·¨·ÊÕÐ¥°  ¶¶ · ÉÊ·Ò, λm,g Å ¶µ¸ÉµÖ´´Ò¥ · ¸-
¶ ¤ , tµ¡² Å ¢·¥³Ö µ¡²ÊÎ¥´¨Ö, tµÌ², t¨§³, t′µÌ², t′¨§³ Å ¢·¥³Ö µÌ² ¦¤¥´¨Ö ¨
¨§³¥·¥´¨Ö ¨§µ³¥·´µ£µ ¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨°.

�µ²ÊÎ¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ηÔ±¸¶ ¤²Ö 141Nd ¨ 143Sm ¶µ± -
§ ´Ò ÉµÎ± ³¨ ´  ·¨¸. 10. ‘¶²µÏ´µ° ²¨´¨¥° ´  ·¨¸Ê´±¥ ¶µ± § ´ ·¥§Ê²ÓÉ É  ¶-
¶·µ±¸¨³ Í¨¨ Ô±¸¶¥·¨³¥´É ²Ó´µ° ±·¨¢µ° η(E) ËÊ´±Í¨¥° ¢¨¤ 
η = A · th[B(E0 − E)]. �·¨ ÔÉµ³ ¶µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö ¶ · ³¥-
É·µ¢: A = 0, 049 ± 0, 02, B = 0, 23 ± 0, 015, E0 = (11, 24 ± 0, 02) ŒÔ‚ ¤²Ö
141Nd ¨ A = 0, 064 ± 0, 009, B = 0, 11 ± 0, 02, E0 = (12, 18 ± 0, 02) ŒÔ‚.
� · ³¥É· E0 ¨³¥¥É ¸³Ò¸² ¶µ·µ£  ·¥ ±Í¨¨ (γ, n)m.

�  ·¨¸. 10 ¸¢¥É²Ò³¨ ÉµÎ± ³¨ ´ ´¥¸¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨Ö ¨§µ³¥·´ÒÌ
µÉ´µÏ¥´¨° ¢ µ¡² ¸É¨ 15Ä18 ŒÔ‚, ¶µ²ÊÎ¥´´Ò¥ ¢ · ¡µÉ¥ [75]. �  ·¨¸. 10
É ±¦¥ ¶·¨¢¥¤¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨° 144Sm(γ, n)143mSm,
142Nd(γ, n)141m,gNd. ‘¶²µÏ´µ° ²¨´¨¥° ´  ·¨¸Ê´±¥ ¶µ± § ´Ò ·¥§Ê²ÓÉ ÉÒ
¶µ¤£µ´±¨ ¸¥Î¥´¨Ö ²µ·¥´Íe¢¸±µ° ±·¨¢µ°. � · ³¥É·Ò  ¶¶·µ±¸¨³ Í¨¨ ¶·¨¢¥-
¤¥´Ò ¢ É ¡². 9. �·¨¢¥¤¥´´Ò¥ ¸¥Î¥´¨Ö ¶µ§¢µ²ÖÕÉ ¶µ²ÊÎ¨ÉÓ µÍ¥´±Ê ¨§µ³¥·´µ£µ
µÉ´µÏ¥´¨Ö ¸¥Î¥´¨Ö R = σm/σtot. ’ ± Ö µÍ¥´±  ¶µ²ÊÎ¥´  ¨ ¸µ¸É ¢²Ö¥É ¶·¨
Ô´¥·£¨¨ 16 ŒÔ‚ R = 0, 056 ± 0, 010 ¤²Ö ´¥µ¤¨³  ¨ R = 0, 57 ± 0, 010 ¤²Ö
¸ ³ ·¨Ö. ˆ§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¸¥Î¥´¨° ´¥¸±µ²Ó±µ ¶·¥¢ÒÏ ÕÉ ¨§µ³¥·´Ò¥
µÉ´µÏ¥´¨Ö ¢ÒÌµ¤µ¢, ÎÉµ Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ ´¥¸µ¢¶ ¤¥´¨Ö ¶µ·µ£µ¢ ·¥ ±Í¨°
(γ, n) ¨ (γ, n)m.

2.3. �´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ¤²Ö ·¥ ±Í¨¨ (γ, n)m ¢ ¸²Ê-
Î ¥ Ö¤¥· ¸ Î¨¸²µ³ ´¥°É·µ´µ¢ N = 82. �·¨ ¨§ÊÎ¥´¨¨ ·¥ ±Í¨¨ (γ, n) ¶·¥¤-
¸É ¢²Ö¥É¸Ö ¨´É¥·¥¸´Ò³ ¢ÒÖ¸´¨ÉÓ ¥¥ ³¥Ì ´¨§³. ‚ É ¡². 10 ¤²Ö ¨¸¸²¥¤Ê¥³ÒÌ
¨§µÉµ¶µ¢ 138Ba, 142Nd ¨ 144Sm ¶·¨¢¥¤¥´Ò §´ Î¥´¨Ö En Å Ô´¥·£¨¨ ¶µ·µ£ 
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’ ¡²¨Í  9. � · ³¥É·Ò ²µ·¥´Íe¢¸±¨Ì ±·¨¢ÒÌ,  ¶¶·µ±¸¨³¨·ÊÕÐ¨Ì ¸¥Î¥´¨Ö (γ, n)m-
[71] ¨ (γ, n)-·¥ ±Í¨° [30]

Ÿ¤·µ σ0, ³¡ E0, Γ0, χ2 σL, ³¡ EL, ΓL,
ŒÔ‚ ŒÔ‚ ŒÔ‚ ŒÔ‚

138Ba 51, 4± 1, 6 15, 5± 0, 1 3, 29± 0, 14 2,7 356 15,29 4,89

142Nd 19, 8± 0, 9 15, 4± 0, 1 3, 51± 0, 24 8,5 359 14,94 4,44

144Sm 22, 0± 1, 0 16, 2± 0, 1 3, 4± 0, 23 16 383 15,32 4,45

’ ¡²¨Í  10. ;´¥·£¨¨ ¶µ·µ£µ¢ ·¥ ±Í¨° (γ, n) ¨ (γ, n)m

Ÿ¤·µ En(γ, n), ŒÔ‚ Eiso, ŒÔ‚ E· ¸Î, ŒÔ‚ EÔËË, ŒÔ‚ ∆E, ŒÔ‚

138Ba 8,8 0,661 9,5 11, 0± 0, 15 1,5

142Nd 9,8 0,756 10,6 11, 9± 0, 2 1,0

144Sm 10,6 0,754 10,4 12, 2± 0, 2 0,8

(γ, n)-·¥ ±Í¨¨, E· ¸Î = En + Em, £¤¥ Em Å Ô´¥·£¨Ö ¨§µ³¥·´µ£µ Ê·µ¢´Ö,
EÔËË Å Ô±¸¶¥·¨³¥´É ²Ó´Ò° ÔËË¥±É¨¢´Ò° ¶µ·µ£ ·¥ ±Í¨¨ (γ, n)m ¨ ∆E =
= EÔËË − E· ¸Î.

ˆ§  ´ ²¨§a ¶·¨¢¥¤¥´´ÒÌ ¤ ´´ÒÌ ¢¨¤´µ, ÎÉµ ¤²Ö ¢¸¥Ì ¨¸¸²¥¤Ê¥³ÒÌ ·¥ ±-
Í¨° 138Ba(γ, n)137mBa, 142Nd(γ, n)141m,gNd ¨ 144Sm(γ, n)143m,gSm ´ ¡²Õ-
¤ ¥É¸Ö ¸¨¸É¥³ É¨Î¥¸±µ¥ ¶·¥¢ÒÏ¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¶µ·µ£  ´ ¤ · ¸Î¥É-
´Ò³ EÔËË > E· ¸Î ´  1Ä1,5 ŒÔ‚. ‘¶¨´ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¨§ÊÎ ¥³ÒÌ Ö¤¥·
0+. �·¨ ¶µ£²µÐ¥´¨¨ £ ³³ -±¢ ´Éµ¢ ¢µ§¡Ê¦¤ ÕÉ¸Ö ¸µ¸ÉµÖ´¨Ö £¨£ ´É¸±µ£µ
¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸  ¸ Jπ = 1−. ˆ§µ³¥·´Ò¥ ¸µ¸ÉµÖ´¨Ö µ¸É ÉµÎ´ÒÌ Ö¤¥· Ì -
· ±É¥·¨§ÊÕÉ¸Ö ¸¶¨´µ³, · ¢´Ò³ 11/2−. � ²¨Î¨¥ É ±µ£µ ¢Ò¸µ±µ£µ ¶µ·µ£  ∆E
·¥ ±Í¨¨ (γ, n)m ³µ¦¥É ¡ÒÉÓ µ¡Ê¸²µ¢²¥´µ É·¥¡µ¢ ´¨¥³ ¸µÌ· ´¥´¨Ö Ê£²µ¢µ£µ
³µ³¥´É  ¨ Î¥É´µ¸É¨ ¶·¨ ´¥¶µ¸·¥¤¸É¢¥´´µ³ § ¸¥²¥´¨¨ µÉ¤¥²Ó´ÒÌ ¸µ¸ÉµÖ´¨°
¶·¨ ¢Ò²¥É¥ ´¥°É·µ´µ¢ ¨§ ³ É¥·¨´¸±µ£µ Ö¤· . 
 ¸¸³µÉ·¨³ ÔÉÊ ¸¨ÉÊ Í¨Õ ¶µ-
¤·µ¡´¥¥. �¥¶µ¸·¥¤¸É¢¥´´µ¥ § ¸¥²¥´¨¥ ¸µ¸ÉµÖ´¨° Jπ = 11/2− Ê Ö¤¥· 137Ba,
141Nd ¨ 143Sm ³µ¦¥É µ¸ÊÐ¥¸É¢²ÖÉÓ¸Ö Éµ²Ó±µ ´¥°É·µ´ ³¨ ¸ 
n = 4 ¨ ¡µ-
²¥¥. 
 ¸Î¥ÉÒ ¶µ µ¶É¨Î¥¸±µ° ³µ¤¥²¨ [48] ¶µ± §Ò¢ ÕÉ, ÎÉµ § ³¥É´Ò¥ §´ Î¥´¨Ö
±µÔËË¨Í¨¥´Éµ¢ Tl ¶·¨ 
 = 4 ¶µ²ÊÎ ÕÉ¸Ö ¤²Ö ´¥°É·µ´µ¢, ¢Ò²¥É ÕÐ¨Ì ¸ Ô´¥·-
£¨¥° En = 1 − 1, 5 ŒÔ‚. �Éµ ¸µµÉ¢¥É¸É¢Ê¥É Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö 11,0 ŒÔ‚
¤²Ö 138Ba ¨ ∼ 12, 5 ŒÔ‚ ¤²Ö 144Sm, ÎÉµ ¢ ¶·¥¤¥² Ì µÏ¨¡µ± ¸µ¢¶ ¤ ¥É ¸
Ô±¸¶¥·¨³¥´É ²Ó´µ µ¶·¥¤¥²¥´´Ò³¨ ¢ · ¡µÉ¥ [71] ¶µ·µ£ ³¨ ·¥ ±Í¨¨ (γ, n)m.

�´ ²¨§ ¸Ì¥³ Ê·µ¢´¥° ¨§ÊÎ ¥³ÒÌ Ö¤¥· [76] ¶µ± §Ò¢ ¥É, µ¤´ ±µ, ÎÉµ ¢µ ¢¸¥Ì
ÔÉ¨Ì Ö¤· Ì ¨³¥¥É¸Ö 7/2−-Ê·µ¢¥´Ó, · ¸¶ ¤ ±µÉµ·µ£µ ¨¤¥É ´  11/2−-¸µ¸ÉµÖ´¨¥.
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‚¥·µÖÉ´¥¥ ¢¸¥£µ, ÎÉµ ÔÉµ (2+ + h11/2−)-¸µ¸ÉµÖ´¨¥, ¶µÖ¢²ÖÕÐ¥¥¸Ö §  ¸Î¥É
¢§ ¨³µ¤¥°¸É¢¨Ö ¢¨¡· Í¨µ´´µ£µ ±µ·  ¸ h11/2−-µ¤´µÎ ¸É¨Î´Ò³ ¸µ¸ÉµÖ´¨¥³.
�É¨ Ê·µ¢´¨ ¨³¥ÕÉ Ô´¥·£¨Õ 1,79 ŒÔ‚ Ê 137Ba (∆ = E(7/2−) − E(11/2−) =
= 1, 1 ŒÔ‚), 1,81 ŒÔ‚ Ê 141Nd (∆ = 1, 0 ŒÔ‚) ¨ 1,31 ŒÔ‚ Ê 143Sm
(∆ = 0, 6 ŒÔ‚). „²Ö ´¥¶µ¸·¥¤¸É¢¥´´µ£µ § ¸¥²¥´¨Ö ÔÉ¨Ì ¸µ¸ÉµÖ´¨° ´¥µ¡-
Ìµ¤¨³Ò ´¥°É·µ´Ò ¸ 
n = 2 ¨ ¡µ²¥¥, ¨ · ¸Î¥ÉÒ ¶µ µ¶É¨Î¥¸±µ° ³µ¤¥²¨ [49]
¶µ± §Ò¢ ÕÉ, ÎÉµ ´¥°É·µ´Ò ¸ Ô´¥·£¨¥° 0, 1÷ 0, 3 ŒÔ‚ ¨³¥ÕÉ §´ Î¥´¨Ö ±µÔË-
Ë¨Í¨¥´Éµ¢ Tl ¤²Ö 
n = 2, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¤µ²¥ É ±¨Ì ´¥°É·µ´µ¢ ¢ ´¥¸±µ²Ó±µ
¶·µÍ¥´Éµ¢. ‚ ÔÉµ³ ¸²ÊÎ ¥ ∆E = 1, 3± 0, 1 ¤²Ö 137Ba, 1, 2± 0, 1 ¤²Ö 141Nd ¨
0, 8 ± 0, 1 ¤²Ö 143Sm. K ± ¢¨¤´µ, ¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³ µÎ¥´Ó Ìµ·µÏ¥¥
(¸³. É ¡². 10). ’ ±¨³ µ¡· §µ³, ¨§ ÔÉ¨Ì ¤ ´´ÒÌ ³µ¦´µ ¸¤¥² ÉÓ ¢Ò¢µ¤, ÎÉµ ¢
¶·¨¶µ·µ£µ¢µ° µ¡² ¸É¨ ¨§µ³¥·´Ò¥ ¸µ¸ÉµÖ´¨Ö ¸ Jπ = 11/2− ¤²Ö Ö¤¥· 137Ba,
141Nd ¨ 143Sm § ¸¥²ÖÕÉ¸Ö ± ± ´¥¶µ¸·¥¤¸É¢¥´´µ, É ± ¨ ¨§ ´¨¦ °Ï¨Ì 7/2−-
cµ¸ÉµÖ´¨°, ±µÉµ·Ò¥ ¢µ§¡Ê¦¤ ÕÉ¸Ö ¶·¨ ¢Ò²¥É¥ ¨§ ³ É¥·¨´¸±µ£µ Ö¤·  ´¥°É·µ-
´µ¢ ¸ 
 ≥ 2.

�´ ²¨§ Ëµ·³Ò ¸¥Î¥´¨° ¤²Ö (γ, n)m-·¥ ±Í¨¨ É ±¦¥ ¶µ± §Ò¢ ¥É ´¥±µÉµ·Ò¥
µ¸µ¡¥´´µ¸É¨. ‘¶²µÏ´Ò³¨ ²¨´¨Ö³¨ ´  ·¨¸. 9 ¶µ± § ´Ò ·¥§Ê²ÓÉ ÉÒ ¶µ¤£µ´±¨
¸¥Î¥´¨° σm ²µ·¥´Í¥¢¸±¨³¨ ±·¨¢Ò³¨. � · ³¥É·Ò  ¶¶·µ±¸¨³ Í¨¨ σ0, E0, Γ0
¶·¨¢¥¤¥´Ò ¢ É ¡². 9. ‚ ÔÉµ° É ¡²¨Í¥ ¶·¨¢¥¤¥´Ò ¤²Ö ¸· ¢´¥´¨Ö ¶ · ³¥É·Ò ²µ-
·¥´Í¨ ´µ¢ σL, EL, ΓL,  ¶¶·µ±¸¨³¨·ÊÕÐ¨Ì ¶µ²´Ò¥ ËµÉµ´¥°É·µ´´Ò¥ ¸¥Î¥´¨Ö
σn = σ(γ, n) + σ(γ, 2n) + ... [30].

�´ ²¨§¨·ÊÖ Ì · ±É¥·¨¸É¨±¨ ¸¥Î¥´¨° σm, ³µ¦´µ µÉ³¥É¨ÉÓ Ê³¥´ÓÏ¥´¨¥ ¨Ì
Ï¨·¨´ Γ0 ¶µ ¸· ¢´¥´¨Õ ¸ ΓL ¶·¨³¥·´µ ´  1 ŒÔ‚ ¨ ¸¨¸É¥³ É¨Î¥¸±¨° ¸¤¢¨£
³ ±¸¨³Ê³µ¢ E0 ¢ ¸Éµ·µ´Ê ¡µ²ÓÏ¨Ì Ô´¥·£¨° ¶µ ¸· ¢´¥´¨Õ ¸ EL. �É¨ µ¡¸Éµ-
ÖÉ¥²Ó¸É¢  ¢Ò§¢ ´Ò ¤¢Ê³Ö ¶·¨Î¨´ ³¨. ‚µ-¶¥·¢ÒÌ, §´ Î¨É¥²Ó´Ò³ ¶µ¢ÒÏ¥´¨¥³
¶µ·µ£  ·¥ ±Í¨¨ (γ, n)m ¶µ ¸· ¢´¥´¨Õ ¸ (γ, n), ÎÉµ ¸¢Ö§ ´µ, ¶·¥¦¤¥ ¢¸¥£µ, ¸
´ ²¨Î¨¥³ §´ Î¨É¥²Ó´µ£µ (11/2−) ³µ³¥´É  ¨§µ³¥·´µ£µ ¸µ¸ÉµÖ´¨Ö, ¢µ-¢Éµ·ÒÌ,
¸ ¢¨¤µ³ ËÊ´±Í¨¨ η = f(E) Å ¡Ò¸É·Ò° ·µ¸É ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¸ Ê¢¥²¨-
Î¥´¨¥³ Ô´¥·£¨¨ E ¸¶µ¸µ¡¸É¢Ê¥É ¸³¥Ð¥´¨Õ ³ ±¸¨³Ê³  ²µ·¥´Í¨ ´  ¢ ¸Éµ·µ´Ê
¡µ²ÓÏ¨Ì Ô´¥·£¨°.

„²Ö ¨§ÊÎ ¥³ÒÌ Ö¤¥· ¶·µ¢¥¤¥´ · ¸Î¥É ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¶µ ± ¸± ¤´µ-
¨¸¶ ·¨É¥²Ó´µ° ¸É É¨¸É¨Î¥¸±µ° ³µ¤¥²¨ [31, 32]. �É³¥É¨³, ÎÉµ ¸µ£² ¸¨¥ · ¸-
Î¥É´ÒÌ ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ Ê¤ ¥É¸Ö ¶µ²ÊÎ¨ÉÓ ¶·¨ Ë¨±¸ Í¨¨ ¶ · -
³¥É·  µ£· ´¨Î¥´¨Ö ¸¶¨´  σ ¢ Ëµ·³Ê²¥ ¶²µÉ´µ¸É¨ Ê·µ¢´¥°. �·¨ ÔÉµ³ ¶µ²Ê-
Î¥´Ò ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö: σ = 3 ¤²Ö 138Ba ¨ σ = 1, 5 ¤²Ö 142Nd ¨ 144Sm. ‚
µ¡Ð¥³-Éµ, ÔÉµ É ±¦¥ ´¥¸±µ²Ó±µ ´¥µ¦¨¤ ´´Ò° ·¥§Ê²ÓÉ É, É.±. Ö¤·  ´ Ìµ¤ÖÉ¸Ö
¢ µ¤´µ° µ¡µ²µÎ±¥ ¶µ ´¥°É·µ´ ³ ¨ ¶·µÉµ´ ³, ¨ ¢¥²¨Î¨´  ¶ · ³¥É·  σ ¤µ²¦´ 
¡ÒÉÓ ¶·¨³¥·´µ µ¤¨´ ±µ¢µ° ¤²Ö ¢¸¥° µ¡² ¸É¨ Ö¤¥·.

�¶·¥¤¥²¥´´Ò¥  ´µ³ ²¨¨ ´ ¡²Õ¤ ÕÉ¸Ö ¨ ¢  ¡¸µ²ÕÉ´ÒÌ §´ Î¥´¨ÖÌ ¨§µ-
³¥·´ÒÌ µÉ´µÏ¥´¨°. „²Ö ÔÉµ£µ · ¸¸³µÉ·¨³ ¢¥²¨Î¨´Ò Υ ¤²Ö ´ ¨¡µ²¥¥ ÉµÎ´µ
¨§³¥·Ö¥³µ° µ¡² ¸É¨ Ô´¥·£¨° Eγmax ≥ 16 ŒÔ‚. Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó, ¨¸¸²¥-
¤Ê¥³Ò¥ Ö¤·  138Ba, 142Nd ¨ 144Sm ¶·¨´ ¤²¥¦ É § ³±´ÊÉµ° µ¡µ²µÎ±¥ N = 82
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¨ ¶µÔÉµ³Ê ¤µ²¦´Ò ¡ÒÉÓ ¡²¨§±¨ ¶µ ¸¢µ¨³ ¶ · ³¥É· ³. „¥°¸É¢¨É¥²Ó´µ, Ê ¢¸¥Ì
¸É ¡¨²Ó´ÒÌ Ö¤¥· µ¡µ²µÎ±¨ N = 82 µÉ 136Xe ¤µ 144Sm ¨ ¨Ì ¤µÎ¥·´¨Ì Ö¤¥·
µÎ¥´Ó ¡²¨§±¨ Ì · ±É¥·¨¸É¨±¨: Ê ´¨Ì ¶· ±É¨Î¥¸±¨ ¨¤¥´É¨Î´Ò ¸¶¥±É·Ò ´¨§-
±µÔ´¥·£¥É¨Î´ÒÌ ¢µ§¡Ê¦¤¥´¨° (3/2+ Å µ¸´µ¢´µ¥ ¨ 1/2+ Å ¶¥·¢µ¥ ¢µ§¡Ê¦-
¤¥´´µ¥ ¸µ¸ÉµÖ´¨Ö), Ô´¥·£¨¨ ¨§µ³¥·´ÒÌ (Jπ = 11/2−) Ê·µ¢´¥°, ¶ · ³¥É·Ò
¤¥Ëµ·³ Í¨¨ β0 ¨ É.¤. ‚ Éµ ¦¥ ¢·¥³Ö Éµ, ÎÉµ ¤²Ö 137Ba ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö
¢ ¤¢  · §  ¡µ²ÓÏ¥, Î¥³ ¤²Ö 141Nd ¨ 143Sm, µ± § ²µ¸Ó ´¥¸±µ²Ó±µ ´¥µ¦¨¤ ´-
´Ò³. Ÿ¸´µ, ÎÉµ ¢ · ³± Ì ± ¸± ¤´µ-¨¸¶ ·¨É¥²Ó´µ° ³µ¤¥²¨, ´¥ ÊÎ¨ÉÒ¢ ÕÐ¥°
± ±¨Ì-Éµ ¨´¤¨¢¨¤Ê ²Ó´ÒÌ µ¸µ¡¥´´µ¸É¥°, µ¡ÑÖ¸´¨ÉÓ ÔÉµ ´¥²Ó§Ö.

�  ·¨¸. 11 ÉµÎ± ³¨ ¶µ± § ´Ò ˆ� ¢ÒÌµ¤µ¢ ¶·¨ Ô´¥·£¨¨ Eγmax =
=18Ä20 ŒÔ‚ ¤²Ö Ö¤¥· ¸ N = 82: 136Xe, 138Ba, 140Ce, 142Nd ¨ 144Sm, ¢§ÖÉÒ¥
¨§ · ¡µÉÒ [74], ¨ ±·¥¸É¨± ³¨ Å ¨§ · ¡µÉÒ [76]. ‚¨¤´µ, ÎÉµ Ö¤·  ³µ¦´µ
Ê¸²µ¢´µ · §¡¨ÉÓ ´  ¤¢¥ £·Ê¶¶Ò. K µ¤´µ° µÉ´¥¸É¨ 136Xe, 138Ba ¨ 140Ce, ¤²Ö
±µÉµ·ÒÌ η = 0, 1, ± ¤·Ê£µ° Å 142Nd ¨ 144Sm, ¤²Ö ±µÉµ·ÒÌ η = 0, 05.

�¤´¨³ ¨§ ¢µ§³µ¦´ÒÌ ³¥Ì ´¨§³µ¢, ¶·¨¢µ¤ÖÐ¨x ± §´ Î¨É¥²Ó´µ³Ê · §-
²¨Î¨Õ ¢ ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨ÖÌ ¤²Ö ¨¸¸²¥¤Ê¥³ÒÌ Ö¤¥·, Ö¢²Ö¥É¸Ö · §²¨Î-
´Ò° ¢±² ¤ ¸É É¨¸É¨Î¥¸±¨Ì ¨ ¶·Ö³ÒÌ ¶·µÍ¥¸¸µ¢ ¢ µ¡² ¸É¨ ³ ±¸¨³Ê³  £¨-
£ ´É¸±µ£µ ·¥§µ´ ´¸  ¨ ¢ÒÏ¥. �·¨ Ô´¥·£¨ÖÌ ¢ÒÏ¥ ¶µ·µ£  (γ, 2n)-·¥ ±Í¨¨
(∼ 16 − 20 ŒÔ‚) É ±µ° ¢±² ¤ ¤µ¢µ²Ó´µ ²¥£±µ µÍ¥´¨ÉÓ, ¸µ¶µ¸É ¢²ÖÖ ¨´É¥-
£· ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ σ(γ, 2n) ¨ σ(γ, n): k =

∫
σ(γ, 2n)dE/

∫
σ(γ, n)dE

¨ ¨´É¥£·¨·ÊÖ µÉ ¶µ·µ£  En (γ, n)-·¥ ±Í¨¨ ¤µ (En + 5) ŒÔ‚. (ˆ´Ëµ·³ Í¨Ö µ
σ(γ, 2n) ¨ σ(γ, n) ¨³¥¥É¸Ö ¢ [30].) �Í¥´±  ¶µ ¸µµÉ´µÏ¥´¨Ö³ ¸É É¨¸É¨Î¥¸±µ°
É¥µ·¨¨ ¶µ± §Ò¢ ¥É [77, 78], ÎÉµ ¤²Ö 138Ba ¨ 140Ce ¶·¨³¥¸¨ ¶·Ö³ÒÌ ·¥ ±Í¨°
´¥ ¶·¥¢ÒÏ ÕÉ 20%, ¢ Éµ ¢·¥³Ö ± ± ¤²Ö 142Nd ¨ 144Sm µ´¨ ³µ£ÊÉ ¸µ¸É ¢²ÖÉÓ
¡µ²¥¥ 50%.


¨¸. 11. ‡ ¢¨¸¨³µ¸ÉÓ ¨§µ³¥·´ÒÌ µÉ´µ-
Ï¥´¨° ¢ÒÌµ¤µ¢ ·¥ ±Í¨¨ (γ, n)m ¤²Ö
Ö¤¥· µ¡µ²µÎ±¨ N = 82 µÉ ³ ¸¸Ò Ö¤¥· A

’ ±µ° ¦¥ ¡µ²ÓÏµ° ¢±² ¤ (∼ 70%)
¶·Ö³ÒÌ ¶·µÍ¥¸¸µ¢ ¤²Ö ·¥ ±Í¨¨ (γ, n) ¢
µ¡² ¸É¨ E>20ŒÔ‚ ´ ¡²Õ¤ ²¸Ö ¢ ´¥°-
É·µ´µ¤¥Ë¨Í¨É´µ³ ³ £¨Î¥¸±µ³ N = 50
Ö¤·¥ 92Mo ¢ [79]. � ²¨Î¨¥ É ±µ£µ
ÔËË¥±É   ¢Éµ·Ò o¡ÑÖ¸´¨²¨ · ¸¶ ¤µ³
¸µÉµÖ´¨° (T + 1) £¨£ ´É¸±µ£µ ·¥§µ-
´ ´¸  92Mo ´  ¢Ò¸µ±µ²¥¦ Ð¥¥  ´ ²µ-
£µ¢µ¥ ¸µ¸ÉµÖ´¨¥ 91Mo. �µ¸±µ²Ó±Ê ¶·¨
ÔÉµ³ ± ´ ² (γ, 2n) § ¶·¥Ð¥´, Éµ ¶µ-
¢ÒÏ ¥É¸Ö ¢±² ¤ σ(γ, n). ’ ± ± ± ¶µ-
·µ£ ¢µ§¡Ê¦¤¥´¨Ö  ´ ²µ£µ¢µ£µ ¸µ¸ÉµÖ-
´¨Ö Bn̄ ¤²Ö 92Mo ¸µ¸É ¢²Ö¥É 19,6 ŒÔ‚,
  ¶µ·µ£ ·¥ ±Í¨¨ (γ, 2n) Å 22,8 ŒÔ‚,
Éµ ¶·¨ µÉ±·ÒÉ¨¨ ± ´ ²  (γ, 2n) ¨³¥-
ÕÉ¸Ö ¢¸¥ Ê¸²µ¢¨Ö ¤²Ö § ¸¥²¥´¨Ö ¸µ¸Éµ-
Ö´¨Ö (T + 1) ³µ²¨¡¤¥´ -91.
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K ¸µ¦ ²¥´¨Õ, ¢ ¤ ´´µ³ ¸²ÊÎ ¥ ¤²Ö 142Nd ¨ 144Sm É ±µ¥ µ¡ÑÖ¸´¥´¨¥, ¶µ-
¢¨¤¨³µ³Ê, ´¥ ³µ¦¥É ¡ÒÉÓ ¶·¨³¥´¥´µ. ˆ§¢¥¸É´µ, ÎÉµ ¤²Ö ÉÖ¦¥²ÒÌ Ö¤¥· (T +1)
¤¨¶µ²Ó´µ° ±µ³¶µ´¥´Éµ° ³µ¦´µ ¶·¥´¥¡·¥ÎÓ. ˆ ÌµÉÖ Ô´¥·£¥É¨Î¥¸±¨° ¨´É¥·¢ ²
³¥¦¤Ê T ¨ (T +1) ¸µ¸É ¢²Ö¥É ¢¸¥£µ ´¥¸±µ²Ó±µ ŒÔ‚, µÉ´µÏ¥´¨¥ ¨´É¥£· ²Ó´ÒÌ
¸¥Î¥´¨° σ−1 ¤²Ö T - ¨ (T + 1)-±µ³¶µ´¥´É ¤ ¥É [77]:

σ−1(T + 1)
σ−1(T )

=
1

T + 1

(
1− 3T

2A2/3

)
,

ÎÉµ ¢ ¸²ÊÎ ¥ Ö¤¥· µ¡µ²µÎ±¨ N = 82 ¸µ¸É ¢²Ö¥É ¢¸¥£µ 0, 02±0, 04. kµ²¥¥ Éµ£µ,
¶µ·µ£¨ § ¸¥²¥´¨Ö  ´ ²µ£µ¢ÒÌ ¸µ¸ÉµÖ´¨° Bn̄ ²¥¦ É ¢ÒÏ¥ ¶µ·µ£µ¢ (γ, 2n).

’¥³ ´¥ ³¥´¥¥ ¤²Ö Ö¤¥· 142Nd ¨ 144Sm ¶·¨ Ô´¥·£¨ÖÌ ¡µ²ÓÏ¥ 16 ŒÔ‚
´¥²Ó§Ö ¨¸±²ÕÎ¨ÉÓ §´ Î¨É¥²Ó´µ£µ ¢±² ¤  ¶µ²Ê¶·Ö³µ£µ ± ´ ²  (γ, n); ¶·¨ ÔÉµ³
¶·¥¨³ÊÐ¥¸É¢¥´´µ § ¸¥²ÖÕÉ¸Ö ´¨§±µ¸¶¨´µ¢Ò¥ (Jπ = 1/2+, Jπ = 3/2+) ¸µ¸Éµ-
Ö´¨Ö ¨§µ³¥·´µ° ¶ ·Ò.

�¤´ ±µ, ¶µ-¢¨¤¨³µ³Ê, ¸²¥¤Ê¥É µ¡· É¨ÉÓ ¢´¨³ ´¨¥ ¨ ´  ¢µ§³µ¦´ÊÕ § -
¢¨¸¨³µ¸ÉÓ R µÉ § ¸¥²¥´¨Ö ¶·µÉµ´´ÒÌ ¶µ¤µ¡µ²µÎ¥±. ‚ Ö¤· Ì Xe, Ba ¨ Ce
¶·µÉµ´Ò ´ Ìµ¤ÖÉ¸Ö ¢ g7/2-¶µ¤µ¡µ²µÎ±¥,   ¢ Nd ¨ Sm Å ¢ d5/2-¶µ¤µ¡µ²µÎ±¥.
’ ±¨³ µ¡· §µ³, ¶µ²ÊÎ¥´´Ò¥ ¤ ´´Ò¥ [71Ä73] µ¡ ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨ÖÌ ¨ ¸¥-
Î¥´¨ÖÌ (γ, n)m-·¥ ±Í¨°, ¶µ-¢¨¤¨³µ³Ê, Ê± §Ò¢ ÕÉ ´  ¸²µ¦´µ¸ÉÓ ³¥Ì ´¨§³ 
§ ¸¥²¥´¨Ö ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥· 1h11/2 ¨ ´  §´ Î¨É¥²Ó´Ò° ¢±² ¤ ¢ ˆ�
´¥¸É É¨¸É¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢.

3. ’Ÿ†…‹›… Ÿ„1�

3.1. …¢·µ¶¨°-153. ‚ ¶·¨·µ¤¥ ¨³¥ÕÉ¸Ö ¤¢  ¸É ¡¨²Ó´ÒÌ ¨§µÉµ¶  ¥¢·µ¶¨Ö:
151Eu ¨ 152EuÅ Ö·±¨¥ ¶·¥¤¸É ¢¨É¥²¨ ¶¥·¥Ìµ¤´µ° µ¡² ¸É¨; ¤²Ö ´¨Ì ´ ¡²Õ¤ -
¥É¸Ö ·¥§±µ¥ ¨§³¥´¥´¨¥ ¸¢µ°¸É¢ ¶µ¢¥·Ì´µ¸É¨ Ö¤· . ƒ¨£ ´É¸±¨° ¤¨¶µ²Ó´Ò° ·¥-
§µ´ ´¸ ¢ ¸¥Î¥´¨ÖÌ ËµÉµ¶µ£²µÐ¥´¨Ö ´  Ö¤·¥ 151Eu ¨³¥¥É µ¤´µ£µ·¡ÊÕ Ëµ·³Ê,
Ì · ±É¥·´ÊÕ ¤²Ö ¸Ë¥·¨Î¥¸±µ£µ Ö¤· ,   ´  Ö¤·¥ 153Eu Å ¤¢Ê£µ·¡ÊÕ, ÎÉµ É¨-
¶¨Î´µ ¤²Ö ¤¥Ëµ·³¨·µ¢ ´´ÒÌ Ö¤¥·. �¥Î¥É´µ-´¥Î¥É´Ò¥ ¨§µÉµ¶Ò 150Eu, 152Eu
¨ 154Eu ¨³¥ÕÉ ¨§µ³¥·´Ò¥ ¸µ¸ÉµÖ´¨Ö ¸µ ¸¶¨´-Î¥É´µ¸ÉÓÕ 8− ¨ 0−. ‘¶¥±É·µ-
³¥É·¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ µ¸´µ¢´ÒÌ ¨ ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ¨§µÉµ¶ Ì
¥¢·µ¶¨Ö: ¨Ì ¸¶¨´Ò ¨ Î¥É´µ¸É¨ Jπ, ´Ê±²µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨, ¸¶¥±É·µ¸±µ-
¶¨Î¥¸±¨¥ ±¢ ¤·Ê¶µ²Ó´Ò¥ ³µ³¥´ÉÒ Q, ¶ · ³¥É·Ò ¤¥Ëµ·³ Í¨¨ ¶·¨¢¥¤¥´Ò ¢
É ¡². 11 [80].

‚ · ¡µÉ¥ [80] ¶·µ¢¥¤¥´Ò ¨§³¥·¥´¨Ö ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¢ÒÌµ¤µ¢
Υ(0−)/Υ(5−) ¢ ·¥ ±Í¨ÖÌ 151Eu(γ, n)150m,gEu, Υ(0−)/Υ(3−) ¨ Υ(8−)/Υ(3−)
¢ ·¥ ±Í¨ÖÌ 153Eu(γ, n)152m1,m2Eu. ˆ§³¥·¥´¨Ö ¶·µ¢µ¤¨²¨¸Ó ¢ ¤¨ ¶ §µ´¥ £· -
´¨Î´ÒÌ Ô´¥·£¨° 13÷ 22 ŒÔ‚ ¸ Ï £µ³ 1 ŒÔ‚. �µ²ÊÎ¥´´Ò¥ ¨§µ³¥·´Ò¥ µÉ´µ-
Ï¥´¨Ö ¢ÒÌµ¤µ¢ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 12. ˆ§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö Υ(0−)/Υ(5−)
¶ ¤ ÕÉ ¸ Ê¢¥²¨Î¥´¨¥³ Ô´¥·£¨¨,   Υ(8−)/Υ(3−) · ¸É¥É. �µ¸²¥¤´ÖÖ Ì · ±É¥-
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’ ¡²¨Í  11. ‘¶¥±É·µ³¥É·¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ ¨§µÉµ¶µ¢ ¥¢·µ¶¨Ö

ˆ§µÉµ¶ E, ±Ô‚ Jπ �Ê±²µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨ Q, ¡ β2

150gEu 0 5− p(d5/2) + n(f5/2) 1,13(5) 0,11(1)

150mEu 42,1 0− p(d5/2)− n(f5/2) (0,10)

151gEu 0 5/2+ p(d5/2) 0,903(10) 0,13(1)

152gEu 0 3− p[413]5/2 + n[505]11/2 2,54(22) 0,29(3)

152m1Eu 45,6 0− p[411]3/2 + n[532]3/2 0,19

152m2Eu 147,8 8− p[413]5/2 + n[505]11/2 0,29

153gEu 0 5/2+ p[413]5/2 2,412(2) 0,32(1)

154gEu 0 3− p[413]5/2 + n[505]11/2 2,84(10) 0,33

154mEu 160 8− p[413]5/2 + n[505]11/2 0,33

·¨¸É¨±  ¸µ£² ¸Ê¥É¸Ö ¸ ¶µ²ÊÎ¥´´µ° ¢ · ¡µÉ Ì [81, 82] § ¢¨¸¨³µ¸ÉÓÕ
Υ(8−)/Υ(3−) = f(Eγmax) ¤²Ö ¡µ²¥¥ Ê§±µ£µ ¤¨ ¶ §µ´  Ô´¥·£¨°.

ˆ§³¥·¥´´µ¥ ¨§µ³¥·´µ¥ µÉ´µÏ¥´¨¥ σ(0−)/σ(3−) ¢ ·¥ ±Í¨¨
151Eu(n, γ)152Eu [80] ¤²Ö ¨§µ³¥·  ¸ Jπ = 0− ¸µ¸É ¢¨²µ ¢ ¸²ÊÎ ¥ É¥¶²µ-


¨¸. 12. ‡ ¢¨¸¨³µ¸ÉÓ µÉ´µÏ¥´¨° ¢ÒÌµ¤µ¢
Ö¤¥· Eu ¢ ¨§µ³¥·´µ³ ¨ µ¸´µ¢´µ³ ¸µ¸Éµ-
Ö´¨ÖÌ µÉ £· ´¨Î´µ° Ô´¥·£¨¨ Éµ·³µ§´µ£µ
¨§²ÊÎ¥´¨Ö

¢ÒÌ ´¥°É·µ´µ¢ 0,52(1). �Éµ ˆ� ²¥-
¦¨É ¢ ¨´É¥·¢ ²¥ ¨§¢¥¸É´ÒÌ §´ Î¥´¨°
0,43 [83]÷0,65 [84]. ‚ ¸²ÊÎ ¥ ¨§µ-
³¥·µ¢ ¸ Jπ = 8− ¢ ·¥ ±Í¨¨ (n, γ)
´  ¨§µÉµ¶ Ì 151Eu ¨ 153Eu ¶µ²ÊÎ¥´Ò
µÍ¥´±¨ ˆ� (σ(8−)/σ(3−)), ¸µ¸É ¢²Ö-
ÕÐ¨¥ ∼ 7·10−4 ¤²Ö 152Eu ¨ ∼ 3·10−4
¤²Ö 154Eu.

‚ · ¡µÉ¥ [81] ¶·µ¢¥¤¥´µ ¨§ÊÎ¥-
´¨¥ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ¨§µ³¥·´ÒÌ
¸µ¸ÉµÖ´¨° ¸ Jπ = 8− ¨ Jπ = 0−

¢ ·¥ ±Í¨¨ 153Eu(γ, n)152m1,m2Eu ¨
Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ˆ� d =
= Υ(8−)/Υ(0−) = f(Eγmax). ˆ§³¥-
·¥´¨Ö ¢ÒÌµ¤µ¢ ¶·µ¢¥¤¥´Ò ¢ µ¡² ¸É¨
Ô´¥·£¨° 8 ÷ 18 ŒÔ‚ ¸ Ï £µ³ ∆E =
= 0, 5 ŒÔ‚. ‘¥Î¥´¨Ö σ8− ¨ σ0− · ¸-
¸Î¨ÉÒ¢ ²¨¸Ó ¨§ ±·¨¢ÒÌ ¢ÒÌµ¤µ¢ ³¥Éµ-
¤µ³ �¥´Ëµ²Ó¤  Å ‹¨¸¸  [2] ¸ Ï £µ³
1 ŒÔ‚. �µ²ÊÎ¥´´Ò¥ ¸¥Î¥´¨Ö ¶·¨¢¥-
¤¥´Ò ´  ·¨¸. 13. Š ¸µ¦ ²¥´¨Õ, ¢ · -
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¡µÉ¥ [81] ´¥ ¨§³¥·Ö²¸Ö ¢ÒÌµ¤ § ¸¥²¥´¨Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö. �¤´ ±µ, ¨¸-
¶µ²Ó§ÊÖ ²¨É¥· ÉÊ·´Ò¥ ¤ ´´Ò¥ ¶µ ¶µ²´Ò³ ¸¥Î¥´¨Ö³ ·¥ ±Í¨¨ (γ, n), ³µ¦´µ
µÍ¥´¨ÉÓ ¢¥²¨Î¨´Ò ¨§µ³¥·´µ£µ µÉ´µÏ¥´¨Ö R = σ(0−)/σn = σ(0−)/(σ(0−)+
+σ(3−)). ’ ± Ö µÍ¥´±  · ¢´  ¶·¨ Ô´¥·£¨¨ 9 ŒÔ‚ Å 0,2; 12 ŒÔ‚ Å 0,43;
14 ŒÔ‚ Å 0,47 ¨ 15,5 ŒÔ‚ Å 0,56. �µ£·¥Ï´µ¸ÉÓ µ¶·¥¤¥²¥´¨Ö ˆ� ∼ 20%.

�µ¸±µ²Ó±Ê ·¥ ±Í¨¨ (γ, n) ¨ (n, γ) ¨¤ÊÉ Î¥·¥§ ¸µ¸É ¢´µ¥ Ö¤·µ, Éµ ¶·¥¤-
¸É ¢²Ö¥É § ³¥É´Ò° ¨´É¥·¥¸ ¸· ¢´¨ÉÓ ·¥§Ê²ÓÉ ÉÒ ¶µ ˆ� ¸¥Î¥´¨°, ¶µ²ÊÎ¥´-
´ÒÌ ¢ ·¥ ±Í¨ÖÌ 151Eu(n, γ)152m1,m2Eu ¨ 153Eu(γ, n)152m1,m2Eu ¶·¨ ¸· ¢´¨-
³ÒÌ Ô´¥·£¨ÖÌ. �´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö 152Eu ¢ ·¥ ±Í¨¨ 151Eu(γ, n)150m,gEu
¶·¨ § Ì¢ É¥ É¥¶²µ¢µ£µ ´¥°É·µ´  ¸µ¸É ¢²Ö¥É ∼ 6, 3 ŒÔ‚. Œ ±¸¨³ ²Ó´ Ö
Ô´¥·£¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¤µÎ¥·´¥£µ Ö¤·  ¢ ·¥ ±Í¨¨ (γ, n) · ¢´  Eγ − E¶µ·, £¤¥
E¶µ· Å Ô´¥·£¨Ö ¶µ·µ£  (γ, n)-·¥ ±Í¨¨. ‚ É ¡². 12, 13 ¶·¨¢¥¤¥´Ò ˆ� ¸¥Î¥´¨°
σ(8−)/σ(0−) ¨ σ(0−)/(σ(0−)+σ(3−)) ·¥ ±Í¨¨ (n, γ), ¶µ²ÊÎ¥´´Ò¥ ¢ [84, 85],
¨ (γ, n) [81].

’ ¡²¨Í  12. ˆ§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¸¥Î¥´¨° ¢µ§¡Ê¦¤¥´¨Ö ¸µ¸ÉµÖ´¨° 8− ¨ 0− ¢
·¥ ±Í¨ÖÌ (n, γ) ¨ (γ, n)

”¨²ÓÉ· σm2/σm1 Eγ , ŒÔ‚ E − E¶, ŒÔ‚ σm2/σm1

Cd (1, 05± 0, 05)10−3 12,5 3,9 (3, 9± 0, 8)10−3

Cd + B (0, 85± 0, 07)10−3 14,0 5,4 (10, 4± 1, 0)10−3

Sc (1, 1± 0, 2)10−3 15,5 6,9 (15, 8± 2, 4)10−3

’ ¡²¨Í  13. 	É´µÏ¥´¨¥ ¸¥Î¥´¨° ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·´µ£µ 0−- ¨ µ¸´µ¢´µ£µ 3−-
¸µ¸ÉµÖ´¨° Ö¤·  152Eu ¢ ·¥ ±Í¨ÖÌ (n, γ) ¨ (γ, n)

σm1/(σm1 + σg) Eγ , ŒÔ‚ E − E¶, ŒÔ‚ σm1/(σm1 + σg)

’¥¶²µ¢Ò¥ 9,0 0,4 0, 20± 0, 04
´¥°É·µ´Ò 0, 394± 0, 005 12,0 3,4 0, 43± 0, 08

�¶¨± ¤³.
´¥°É·µ´Ò 0, 399± 0, 004 14,0 5,4 0, 47± 0, 10

�¥°É·µ´Ò
2 ±Ô‚ 0, 412± 0, 005 15,5 6,9 0, 54± 0, 10

�¥°É·µ´Ò
55 ±Ô‚ 0, 411± 0, 008

�¥°É·µ´Ò
144 ±Ô‚ 0, 366± 0, 006
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Š ·É¨´  § ¸¥²¥´¨Ö ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¢ ·¥ ±Í¨ÖÌ (γ, n) ¨ (n, γ)
¡²¨§± , ´µ ´¥ ¨¤¥´É¨Î´ . ’ ±, ´ ¶·¨³¥·, É¥¶²µ¢Ò¥ ´¥°É·µ´Ò ¶·¨¢´µ¸ÖÉ ¢
Ö¤·µ 
 = 0, ¨ ˆ� ¶· ±É¨Î¥¸±¨ ¶µ²´µ¸ÉÓÕ µ¶·¥¤¥²ÖÕÉ¸Ö Ì · ±É¥·¨¸É¨± ³¨
± ¸± ¤  £ ³³ -±¢ ´Éµ¢. �·¨ ¶µ£²µÐ¥´¨¨ £ ³³ -±¢ ´É  Ö¤·Ê ¶¥·¥¤ ¥É¸Ö ¶· ±-
É¨Î¥¸±¨ Ë¨±¸¨·µ¢ ´´Ò° ³µ³¥´É 
 = 1. �¤´ ±µ Ì · ±É¥·¨¸É¨±¨ ¢µ§¡Ê¦¤¥´-
´ÒÌ ¸µ¸ÉµÖ´¨° ¤µÎ¥·´¥£µ Ö¤·  ¶·¨ ÔÉµ³ µ¶·¥¤¥²ÖÕÉ¸Ö Ô´¥·£¨¥° ε ¨ ³µ³¥´Éµ³

 Ê²¥É ÕÐ¥£µ ´¥°É·µ´ . (kµ²¥¥ ¤¥É ²Ó´µ¥ ¸µ¶µ¸É ¢²¥´¨¥ ³¥Ì ´¨§³µ¢ ¢µ§¡Ê-
¦¤¥´¨Ö ¨§µ³¥·µ¢ ¢ ·¥ ±Í¨ÖÌ (γ, n) ¨ (n, γ) ¶·¨¢¥¤¥´µ ¢ [80].)


¨¸. 13. ‘¥Î¥´¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·´µ£µ
8−-Ê·µ¢´Ö ( ) ¨ ¨§µ³¥·´µ£µ 0−-Ê·µ¢´Ö (¡)
¢ ·¥ ±Í¨¨ 153Eu(γ, n)152m1 ,m2Eu. Š·¨-
¢ Ö 1 Å ¶µ²´µ¥ ¸¥Î¥´¨¥ (γ, n)-·¥ ±Í¨¨ ´ 
Ö¤·¥ 153Eu

Š ± ¢¨¤´µ ¨§ É ¡². 12, 13, ¨§µ-
³¥·´Ò¥ µÉ´µÏ¥´¨Ö σ(0−)/(σ(0−)+
+σ(3−)) ¶·¨ ¸· ¢´¨³ÒÌ Ô´¥·£¨ÖÌ
¢µ§¡Ê¦¤¥´¨Ö ¡²¨§±¨. ‚ ¸²ÊÎ ¥ ¨§µ-
³¥·´µ£µ µÉ´µÏ¥´¨Ö σ(8−)/σ(0−) ¶µ-
²ÊÎ¥´´Ò¥ §´ Î¥´¨Ö ˆ� ¤²Ö ·¥ ±Í¨¨
(γ, n) ´  ¶µ·Ö¤µ± ¡µ²ÓÏ¥, Î¥³ ¤²Ö
(n, γ).

�µ·µ£ ·¥ ±Í¨¨ (γ, n) ´  Ö¤·¥
153Eu ¸µ¸É ¢²Ö¥É 8,6 ŒÔ‚ [30].
�Í¥´±  ¶µ·µ£  ¢µ§¡Ê¦¤¥´¨Ö ¨§µ-
³¥·´µ£µ ¸µ¸ÉµÖ´¨Ö 0− ¸µ¸É ¢²Ö¥É
(8, 9 ± 0, 2) ŒÔ‚. �¡· Ð ¥É
´  ¸¥¡Ö ¢´¨³a´¨¥  ´µ³ ²Ó´µ ¢Ò-
¸µ±¨° ®ÔËË¥±É¨¢´Ò°¯ ¶µ·µ£ ·¥-
 ±Í¨¨ 153Eu(γ, n)152m2Eu ¸ ¢µ§¡Ê-
¦¤¥´¨¥³ Ê·µ¢´Ö 8−, ¸µ¸É ¢²ÖÕÐ¨°
(11, 5± 0, 2)ŒÔ‚ ¨ ¶·¥¢ÒÏ ÕÐ¨° ´ 
∼ 3 ŒÔ‚ Ô´¥·£¥É¨Î¥¸±¨° ¶µ·µ£ § ¸¥-
²¥´¨Ö ¸µ¸ÉµÖ´¨Ö 8− ¢ ·¥ ±Í¨¨ (γ, n).

Š ± ¢¨¤´µ ¨§ É ¡². 11, µ¸´µ¢-
´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ ´¥Î¥É´µ-Î¥É´ÒÌ
Ö¤¥· Ö¢²ÖÕÉ¸Ö µ¤´µÎ ¸É¨Î´Ò¥ ¶·µ-
Éµ´´Ò¥ d5/2 ¤²Ö ¸Ë¥·¨Î¥¸±µ£µ 151Eu
¨ [413]5/2 ¤²Ö ¤¥Ëµ·³¨·µ¢ ´´µ£µ
153Eu. ‚ ´¥Î¥É´µ-Î¥É´ÒÌ Ö¤· Ì ±µ´-
Ë¨£Ê· Í¨¨ µ¸´µ¢´ÒÌ 3−- ¨ ¨§µ³¥·-
´ÒÌ 8−-Ê·µ¢´¥° µ¶·¥¤¥²ÖÕÉ¸Ö ÔÉ¨³¨
¶·µÉµ´´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ ¨ ´¥°É·µ´-
´Ò³¨ f5/2 ¤²Ö ¸Ë¥·¨Î¥¸±µ£µ

150Eu ¨ [505]11/2 ¤²Ö ¤¥Ëµ·³¨·µ¢ ´´ÒÌ
152Eu ¨

154Eu. ‚ Éµ ¦¥ ¢·¥³Ö ¨§µ³¥·´Ò° Ê·µ¢¥´Ó 0− ¢ 152Eu ¨³¥¥É ¤·Ê£ÊÕ ±µ´Ë¨£Ê-
· Í¨Õ: µ´ Ëµ·³¨·Ê¥É¸Ö ¨§ ¶·µÉµ´´µ£µ [411]3/2 ¨ ´¥°É·µ´´µ£µ [532]3/2 ¸µ¸Éµ-
Ö´¨°. ‚ Ö¤·¥ 152Eu µ¸´µ¢´µ° 3−- ¨ ¨§µ³¥·´Ò° 0−-Ê·µ¢´¨ ¨³¥ÕÉ § ³¥É´µ · §-
´Ò¥ §´ Î¥´¨Ö ¶ · ³¥É·µ¢ ±¢ ¤·Ê¶µ²Ó´µ° ¤¥Ëµ·³ Í¨¨, ¢ Éµ ¦¥ ¢·¥³Ö β2 ¨§µ-



418 Œ�‡“
 ‚.Œ.

³¥·´µ£µ Ê·µ¢´Ö 8− §´ Î¨É¥²¥´ ¨ ¡²¨§µ± ± ¶ · ³¥É·Ê ¤¥Ëµ·³ Í¨¨ µ¸´µ¢´µ£µ
¸µ¸ÉµÖ´¨Ö. ’ ±¨³ µ¡· §µ³, ¶·¨ ¨¸¸²¥¤µ¢ ´¨¨ ·¥ ±Í¨° 151Eu(n, γ)152m1m2Eu
¨ 153Eu(γ, n)152m1m2Eu ¶µÖ¢²Ö¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¨§ÊÎ¨ÉÓ ¢²¨Ö´¨¥ ¤¥Ëµ·³ -
Í¨¨ ´  § ¸¥²¥´¨¥ ¨§µ³¥·µ¢ 152Eu. ‚ · ¡µÉ¥ [80] ¡Ò² ¸¤¥² ´ ¢ ¦´Ò° ¢Ò-
¢µ¤ µ Éµ³, ÎÉµ ¢¥·µÖÉ´µ¸ÉÓ § ¸¥²¥´¨Ö ¨§µ³¥·´ÒÌ 8− (¤¥Ëµ·³¨·µ¢ ´´µ£µ) ¨
0− (¸Ë¥·¨Î¥¸±µ£µ) ¸µ¸ÉµÖ´¨° 152Eu ¸² ¡µ § ¢¨¸¨É (¨²¨ ´¥ § ¢¨¸¨É) µÉ Éµ£µ,
¸Ë¥·¨Î¥¸±¨³ ¨²¨ ¤¥Ëµ·³¨·µ¢ ´´Ò³ Ö¢²Ö¥É¸Ö ³ É¥·¨´¸±µ¥ Ö¤·µ. �ÉµÉ ¢Ò¢µ¤
¶µ¤É¢¥·¦¤ ÕÉ ¨ ·¥§Ê²ÓÉ ÉÒ · ¡µÉÒ [81].

�·¨ · ¸¶ ¤¥ ¸µ¸ÉµÖ´¨° £¨£ ´É¸±µ£µ E1-·¥§µ´ ´¸  153Eu ´¥µ¡Ìµ¤¨³ Ö ¢¥-
²¨Î¨´  Jπ = 8− ¤µÎ¥·´¥£µ Ö¤·  ³µ¦¥É ¡ÒÉÓ ¤µ¸É¨£´ÊÉ  ± ¸± ¤µ³ ¤¨¶µ²Ó´ÒÌ
£ ³³ -±¢ ´Éµ¢ ¨§ Î¥ÉÒ·¥Ì ¶¥·¥Ìµ¤µ¢ ¨²¨ ¨¸¶Ê¸± ´¨¥³ ¡Ò¸É·ÒÌ ´¥°É·µ´µ¢ ¸

 = 4. ’µ µ¡¸ÉµÖÉ¥²Ó¸É¢µ, ÎÉµ Ê 152Eu µÎ¥´Ó ¢Ò¸µ±¨° (3 ŒÔ‚) ®ÔËË¥±É¨¢-
´Ò°¯ ¶µ·µ£ ¢µ§¡Ê¦¤¥´¨Ö ¢ ·¥ ±Í¨¨ (γ, n) ¸µ¸ÉµÖ´¨Ö 8−, ¶µ-¢¨¤¨³µ³Ê, ¸¢Ö§ ´µ
´¥ ¸ ¤¥Ëµ·³ Í¨¥°,   ¸ ³¥Ì ´¨§³µ³ § ¸¥²¥´¨Ö Ê·µ¢´Ö 8−, ´ ²¨Î¨¥³ ¢Ò¸µ±µ
· ¸¶µ²µ¦¥´´ÒÌ (3,4 ŒÔ‚)  ±É¨¢ Í¨µ´´ÒÌ Ê·µ¢´¥°.

K ± µÉ³¥Î ²µ¸Ó ¢ÒÏ¥, ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö σ(8−)/σ(0−), ¶µ²ÊÎ¥´´Ò¥
¤²Ö ·¥ ±Í¨¨ (γ, n), ´  ¶µ·Ö¤µ± ¡µ²ÓÏ¥, Î¥³ ¤²Ö (n, γ). �É¸Õ¤  ¸²¥¤Ê¥É,
ÎÉµ § ¸¥²¥´¨¥ ¢Ò¸µ±µ¸¶¨´µ¢µ£µ 8−-¨§µ³¥·  ¶·µ¨¸Ìµ¤¨É ÔËË¥±É¨¢´¥¥, ±µ-
£¤  Ö¤·Ê µ¤´µ¢·¥³¥´´µ ¶¥·¥¤ ¥É¸Ö (¨²¨ Ê´µ¸¨É¸Ö) §´ Î¨É¥²Ó´Ò° Ê£²µ¢µ° ³µ-
³¥´É. ‚ ± ¸± ¤¥ ¦¥ £ ³³ -±¢ ´Éµ¢ ÔÉµ ¸µ¸ÉµÖ´¨¥ § ¸¥²Ö¥É¸Ö £µ· §¤µ ³¥´¥¥
ÔËË¥±É¨¢´µ. �Éµ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ, ´ ¶·¨³¥·, ¢ ·¥ ±Í¨ÖÌ (n, 2n) ¤µ²¦¥´
´ ¡²Õ¤ ÉÓ¸Ö ·µ¸É ˆ� ¶µ ¸· ¢´¥´¨Õ ¸ ·¥ ±Í¨Ö³¨ (γ, n).

3.2. ’Ö¦¥²Ò¥ ¤¥Ëµ·³¨·µ¢ ´´Ò¥ Ö¤· . ‚¸¥ · ¸¸³ É·¨¢ ¥³Ò¥ §¤¥¸Ó Ö¤· 
165Ho, 168Er, 180Hf , 184W ¶·¨´ ¤²¥¦ É ± £·Ê¶¶¥ ¸¨²Ó´µ¤¥Ëµ·³¨·µ¢ ´´ÒÌ
 ±¸¨ ²Ó´µ-¸¨³³¥É·¨Î´ÒÌ Ö¤¥· ¨ µ¶¨¸Ò¢ ÕÉ¸Ö ¡²¨§±¨³¨ Ì · ±É¥·¨¸É¨± ³¨.
„µÎ¥·´¨¥ Ö¤· , ¶µ²ÊÎ¥´´Ò¥ ¢ ·¥ ±Í¨¨ (γ, n), ¸É ¡¨²Ó´Ò. ‘¥Î¥´¨Ö ËµÉµ¶µ-
£²µÐ¥´¨Ö σtot ¤²Ö ´¨Ì ¨³¥ÕÉ ¢¨¤ ¤¢Ê£µ·¡ÒÌ ±·¨¢ÒÌ, É¨¶¨Î´Ò° ¤²Ö É ±¨Ì
Ö¤¥· [86, 87]. ‚µ§¡Ê¦¤¥´¨¥ ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨° ´ ¨¡µ²¥¥ ¶µ²´µ ¨§ÊÎ ²µ¸Ó
¢ · ¡µÉ Ì [88, 89]. • · ±É¥·¨¸É¨±¨ Ö¤¥·: ¸¶¨´-Î¥É´µ¸É¨ µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨°
³ É¥·¨´¸±¨Ì Ö¤¥· Jπg0 , ¶µ·µ£¨ ·¥ ±Í¨¨ (γ, n), Ô´¥·£¨¨ ³¥É ¸É ¡¨²Ó´ÒÌ ¸µ¸Éµ-
Ö´¨° Em, ¸¶¨´-Î¥É´µ¸É¨ µ¸´µ¢´ÒÌ Jπg - ¨ ¨§µ³¥·´ÒÌ Jπm-¸µ¸ÉµÖ´¨° ¤µÎ¥·´¨Ì
Ö¤¥· ¶·¨¢¥¤¥´Ò ¢ É ¡². 14.

ƒµ²Ó³¨°-165. ˆ§µ³¥·´µ¥ ¸µ¸ÉµÖ´¨¥ 164Ho ¸ Jπ = 6− ¨ Ô´¥·£¨¥° 0,14 ŒÔ‚
¨³¥¥É ¶¥·¨µ¤ ¶µ²Ê· ¸¶ ¤  T1/2 = 37 ³¨´, µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ 1+ · ¸¶ ¤ -
¥É¸Ö ¸ ¶¥·¨µ¤µ³ T1/2 = 29, 0 ³¨´. �µ¸±µ²Ó±Ê µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ 164Ho
´¥¸É ¡¨²Ó´µ, Éµ ¤²Ö · ¸Î¥É  ¨§µ³¥·´µ£µ µÉ´µÏ¥´¨Ö ¢ÒÌµ¤µ¢ Υm/Υg ¢ · -
¡µÉ Ì [88, 89] ¨¸¶µ²Ó§µ¢ ²µ¸Ó ¸µµÉ´µÏ¥´¨¥ (2). ˆ´É¥´¸¨¢´µ¸ÉÓ § ¸¥²¥´¨Ö
¨§µ³¥·´µ£µ ¸µ¸ÉµÖ´¨Ö µ¶·¥¤¥²Ö² ¸Ó ¶µ £ ³³ -²¨´¨¨ Em = 0, 0375 ŒÔ‚,  
µ¸´µ¢´µ£µ Å ± ± ¸·¥¤´¥¥ ¨´É¥´¸¨¢´µ¸É¨ ¤¢ÊÌ ²¨´¨°: E1 = 0, 0735 ŒÔ‚ ¨
E2 = 0, 0915 ŒÔ‚. �µ²ÊÎ¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ˆ� η = Υm/(Υm + Υg)
¶·¨¢¥¤¥´Ò ´  ·¨¸. 14. �µ·µ£ ·¥ ±Í¨¨ 165Ho(γ, n)164m,gHo ¢ ¶·¥¤¥² Ì µÏ¨-
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’ ¡²¨Í  14. • · ±É¥·¨¸É¨±¨ Ö¤¥·

Œ É¥·¨´- Jπ
g0

�µ·µ£ „µÎ¥·´¥¥ Jπ
g Jπ

m Em, ∆J = (Jπ
g − Jπ

m)
¸±¨¥ ·¥ ±Í¨¨ Ö¤·o ŒÔ‚
Ö¤·  (γ, n), ŒÔ‚
165Ho 7/2− 8,0 164Ho 1+ 6− 0,140 5

168Er 0+ 7,8 167Er 7/2+ 1/2− 0,208 3

180Hf 0+ 7,4 179Hf 9/2+ 1/2− 0,377 4

184W 0+ 7,4 183W 1/2− 11/2+ 0,304 5

¡µ± ¸µ¢¶ ¤ ¥É ¸ Ô´¥·£¥É¨Î¥¸±¨³ ¶µ·µ£µ³ ·¥ ±Í¨¨ (γ, n)m, ÎÉµ µ¡Ê¸²µ¢²¥´µ
´¥¡µ²ÓÏµ° · §´¨Í¥° ¸¶¨´µ¢ ¨§µ³¥·´µ£µ ¸µ¸ÉµÖ´¨Ö 164Ho (Jπ = 6−) ¨ µ¸´µ¢-
´µ£µ ¸µ¸ÉµÖ´¨Ö ³ É¥·¨´¸±µ£µ Ö¤·  165Ho (Jπ = 7/2+).

‘¥Î¥´¨¥ ·¥ ±Í¨¨ (γ, n)m ¤²Ö 165Ho ¶·¨¢¥¤¥´µ ´  ·¨¸. 15. 
 ¸¸Î¨É ´´Ò¥
¶µ ÔÉ¨³ §´ Î¥´¨Ö³ ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö R = σm/(σm+σg) ¸µ¸É ¢²ÖÕÉ ¶·¨
Ô´¥·£¨¨ E = 14 ŒÔ‚ R = 0, 37± 0, 03 ¨ ¶·¨ E = 15 ŒÔ‚ R = 0, 33± 0, 03.

 ¸Î¥É ¶µ ¨¸¶ ·¨É¥²Ó´µ-± ¶¥²Ó´µ° ³µ¤¥²¨ [31, 32] ¤ ¥É Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ¥
¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³ ¶·¨ Ë¨±¸ Í¨¨ ¶ · ³¥É·  σ = 3.


¨¸. 14. ‡ ¢¨¸¨³µ¸ÉÓ ¨§µ³¥·´µ£µ µÉ´µÏ¥´¨Ö ¢ÒÌµ¤µ¢ ·¥ ±Í¨¨ 165Ho(γ, n)164m,gHo
µÉ ³ ±¸¨³ ²Ó´µ° Ô´¥·£¨¨ Éµ·³µ§´µ£µ ¸¶¥±É· 

ˆ§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¢ ·¥ ±Í¨¨ (n, 2n) ¶·¨ Ô±¢¨¢ ²¥´É´ÒÌ Ô´¥·£¨ÖÌ
¢µ§¡Ê¦¤¥´¨Ö µ¸É ÉµÎ´µ£µ Ö¤·  [39, 90] ¶µ²ÊÎ ÕÉ¸Ö ¡²¨§±¨³¨ ± ¶µ²ÊÎ¥´´Ò³
¢¥²¨Î¨´ ³ R. ‚ · ¡µÉ¥ [90] ¶·¨ Ô´¥·£¨¨ ´¥°É·µ´µ¢ 14,0 ŒÔ‚ ¶µ²ÊÎ¥´µ
§´ Î¥´¨¥ R = 0, 37±0, 04. �·µ¢¥¤¥´´Ò¥ · ¸Î¥ÉÒ ¶µ ± ¸± ¤´µ-¨¸¶ ·¨É¥²Ó´µ°
³µ¤¥²¨ ¤ ²¨ ¶ · ³¥É· µ£· ´¨Î¥´¨Ö ¸¶¨´  σ = 3, 8. �µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ
Ê± §Ò¢ ÕÉ ´  ¡�o²ÓÏÊÕ ¢¥·µÖÉ´µ¸ÉÓ § ¸¥²¥´¨Ö ¨§µ³¥·´µ£µ (¢Ò¸µ±µ¸¶¨´µ¢µ£µ)
¸µ¸ÉµÖ´¨Ö 6− ¢ ·¥ ±Í¨¨ (n, 2n) ¶µ ¸· ¢´¥´¨Õ ¸ ·¥ ±Í¨¥° (γ, n).
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¨¸. 15. ‘¥Î¥´¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ·¥ ±Í¨¨ (γ, n)m ¤²Ö Ö¤¥· 165Ho,
168Er, 180Hf ¨ 184W

 ·¡¨°-168, £ Ë´¨°-180, ¢µ²ÓË· ³-184. „µÎ¥·´¨¥ Ö¤· , ¶µ²ÊÎ¥´´Ò¥ ¢ ·¥-
 ±Í¨¨ (γ, n) ´  Ö¤· Ì 168Er, 180Hf, 184W, ¸É ¡¨²Ó´Ò. �µÔÉµ³Ê ¢ · ¡µÉ Ì
[89, 91] ¸ Í¥²ÓÕ ¨§ÊÎ¥´¨Ö ¢µ§¡Ê¦¤¥´¨Ö ³¥É ¸É ¡¨²Ó´ÒÌ ¸µ¸ÉµÖ´¨° ¨§³¥·Ö-
²¨¸Ó  ¡¸µ²ÕÉ´Ò¥ ¢ÒÌµ¤Ò ·¥ ±Í¨¨ (γ, n)m. OÉ³¥É¨³, ÎÉµ µ¶·¥¤¥²¥´¨¥ ¢Ò-
Ìµ¤  µ¡· §µ¢ ´¨Ö ¨§µ³¥·  167mEr ¢¥²µ¸Ó ¶µ ²¨´¨¨ 0,207 ŒÔ‚, 179mHf Å
¶µ ²¨´¨¨ 0,217 ŒÔ‚ ¨ 183mW Å ¶µ ²¨´¨¨ 0,1079 ŒÔ‚. • · ±É¥·¨¸É¨±¨
£ ³³ -¶¥·¥Ìµ¤µ¢ ¢§ÖÉÒ ¨§ · ¡µÉ [16, 74]. ‚ ± Î¥¸É¢¥ ³¨Ï¥´¥° ¨¸¶µ²Ó§µ¢ -
²¨¸Ó ¨§µÉµ¶¨Î¥¸±¨ µ¡µ£ Ð¥´´Ò¥ ¨§µÉµ¶Ò.
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ˆ§³¥·¥´´Ò¥ §´ Î¥´¨Ö Υm ¸µ¸É ¢²ÖÕÉ §´ Î¨É¥²Ó´ÊÕ Î ¸ÉÓ µÉ ¢ÒÌµ¤  ·¥-
 ±Í¨¨ (γ, n) ´  ÔÉ¨Ì Ö¤· Ì. ‚ÒÌµ¤Ò Υm(E) ¨³¥ÕÉ ¶µ·µ£¨, ¨ ¨Ì §´ Î¥´¨Ö
¤²Ö Ô·¡¨Ö-168 ¨ £ Ë´¨Ö-180 ¸µ¢¶ ¤ ÕÉ c Ô´¥·£¥É¨Î¥¸±¨³¨ ¶µ·µ£ ³¨ ·¥ ±Í¨¨
(γ, n) (Ô´¥·£¨Ö ¶µ·µ£  (γ, n)-·¥ ±Í¨¨ ¶²Õ¸ Ô´¥·£¨Ö ¨§µ³¥·´µ£µ Ê·µ¢´Ö). „²Ö
¢µ²ÓË· ³  ¶µ·µ£ ·¥ ±Í¨¨ (γ, n)m ´  2,5 ŒÔ‚ ¢ÒÏ¥ ¶µ·µ£  ·¥ ±Í¨¨ (γ, n).

�µ²ÊÎ¥´´Ò¥ ¨§ ±·¨¢ÒÌ ¢ÒÌµ¤  ¸¥Î¥´¨Ö ·¥ ±Í¨° 168Er(γ, n)167mEr,
180Hf(γ, n)179mHf ¨ 184W(γ, n)183mW ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 15. “± § ´´Ò¥
µÏ¨¡±¨ ¸É É¨¸É¨Î¥¸±¨¥. �¥µ¶·¥¤¥²¥´´µ¸ÉÓ Ô´¥·£¥É¨Î¥¸±µ° Ï± ²Ò ¸µ¸É ¢²Ö¥É
³¥´¥¥ 1%.

‘· ¢´¥´¨¥ ÔÉ¨Ì ¸¥Î¥´¨° ¸ ¶µ²´Ò³¨ ¸¥Î¥´¨Ö³¨ σtot ·¥ ±Í¨¨ (γ, n) [30]
¶µ± §Ò¢ ¥É, ÎÉµ ¸¥Î¥´¨Ö σm ¸µ¸É ¢²ÖÕÉ ¶·¨³¥·´µ ¶µ²µ¢¨´Ê ¸¥Î¥´¨° σtot.
Œ ±¸¨³Ê³Ò ¸¥Î¥´¨° σm ¨ σn ¤²Ö ¨§µÉµ¶µ¢ 180Hf ¨ 168Er ¢ ¶·¥¤¥² Ì µÏ¨-
¡µ± ¸µ¢¶ ¤ ÕÉ, ³ ±¸¨³Ê³ ¦¥ ¸¥Î¥´¨Ö ¤²Ö 184W ´¥¸±µ²Ó±µ ¸³¥Ð¥´ ¢ ¸Éµ·µ´Ê
¡µ²ÓÏ¨Ì Ô´¥·£¨°.

�µ²ÊÎ¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¥Î¥´¨Ö σm  ¶¶·µ±¸¨³¨·µ¢ ´Ò ¸Ê³³µ°
¤¢ÊÌ ²µ·¥´Í¨ ´µ¢. � · ³¥É·Ò  ¶¶·µ±¸¨³ Í¨¨: σ1, E1, Γ1, σ2, E2, Γ2 ¶·¨¢¥-
¤¥´Ò ¢ É ¡². 15.

’ ¡²¨Í  15. � · ³¥É·Ò ²µ·¥´Í¥¢¸±¨Ì ±·¨¢ÒÌ

� · ³¥É· 165Ho 168Er 180Hf 184W

σ1 67, 1 ± 1, 7 151, 8 ± 2, 8 157, 7 ± 4, 0 25, 7 ± 1, 3

Γ1 1, 89 ± 0, 06 3, 26 ± 0, 04 3, 11 ± 0, 04 3, 16 ± 0, 15

E1 11, 95 ± 0, 02 12, 0 ± 0, 02 12, 4 ± 0, 02 13, 2 ± 0, 06

σ2 98, 0 ± 0, 8 116, 1 ± 1, 2 91, 8 ± 3, 2 Å

Γ2 4, 15 ± 0, 1 4, 18 ± 0, 15 2, 93 ± 0, 14 Å

E2 14, 5 ± 0, 03 14, 8 ± 0, 03 14, 3 ± 0, 04 Å

� ²¨Î¨¥ ¶µ²´ÒÌ ¸¥Î¥´¨° ËµÉµ¶µ£²µÐ¥´¨Ö ¨ ¶µ²´ÒÌ ¸¥Î¥´¨° σn ·¥ ±Í¨¨
(γ, n) [30] ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ¶µ²ÊÎ¨ÉÓ ¤²Ö ¨¸¸²¥¤Ê¥³ÒÌ Ö¤¥· Ô±¸¶¥·¨³¥´É ²Ó-
´Ò¥ ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¸¥Î¥´¨° R = σm/(σm + σg) = σm/σn. �µ²Ê-
Î¥´´Ò¥ §´ Î¥´¨Ö RÔ±¸¶ ¸µ¸É ¢²ÖÕÉ ¤²Ö ·¥ ±Í¨¨ 168Er(γ, n)167mEr Å 0,58 ¶·¨
E = 12, 25ŒÔ‚ ¨ 0,65 ¶·¨ E = 13, 25ŒÔ‚, ¤²Ö ·¥ ±Í¨¨ 180Hf(γ, n)179mHf Å
0,51 ¶·¨ E = 12, 25 ŒÔ‚ ¨ 0,55 ¶·¨ E = 13, 25 ŒÔ‚ ¨ ¤²Ö ·¥ ±Í¨¨
184W(γ, n)183mW ¸µµÉ¢¥É¸É¢ÊÕÐ Ö ¢¥²¨Î¨´  ¸µ¸É ¢²Ö¥É 0,055 ¨ 0,07. �µ-
£·¥Ï´µ¸ÉÓ µ¶·¥¤¥²¥´¨Ö R ∼ 15Ä20%.

� ¨³¥´ÓÏ¥¥ §´ Î¥´¨¥ RÔ±¸¶ ¶µ²ÊÎ¥´µ ¤²Ö 184W (∆J = 5). ‚ Éµ ¦¥
¢·¥³Ö RÔ±¸¶ ¤²Ö ·¥ ±Í¨° 168Er(γ, n)167mEr ¨ 180Hf(γ, n)179mHf ¢ ¶·¥¤¥² Ì
20% ¸µ¢¶ ¤ ÕÉ. 
 §¢¨É¨¥ ± ¸± ¤µ¢ £ ³³ -±¢ ´Éµ¢ ¶·¨ ¸´ÖÉ¨¨ ¢µ§¡Ê¦¤¥-
´¨Ö Ö¤¥· 167Er ¨ 179Hf ¨¤¥É ¢ µ¸´µ¢´µ³ ¨§ ¸µ¸ÉµÖ´¨° ¸ ³ ²Ò³¨ ¸¶¨´ ³¨.
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‚ µ¡µ¨Ì ¸²ÊÎ ÖÌ Ö¤·  168Er ¨ 180Hf ¶µ¸²¥ ¶µ£²µÐ¥´¨Ö ¤¨¶µ²Ó´µ£µ £ ³³ -
±¢ ´É  ¶¥·¥Ìµ¤ÖÉ ¨§ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö 0+ ¢ 1−. ‘¶¥±É·Ò ¨¸¶Ê¸± ¥³ÒÌ
´¥°É·µ´µ¢ ¢¢¨¤Ê ¡²¨§µ¸É¨ Ì · ±É¥·¨¸É¨± Ö¤¥· ¶· ±É¨Î¥¸±¨ ¨¤¥´É¨Î´Ò. ‚
µ¡µ¨Ì ¸²ÊÎ ÖÌ ¨§µ³¥·´µ¥ ¸µ¸ÉµÖ´¨¥ ¨³¥¥É Jπ = 1/2−,   ´ ²¨Î¨¥ ¢ Ö¤·¥
179Hf ±µ´±Ê·¨·ÊÕÐ¥£µ (´ Ìµ¤ÖÐ¥£µ¸Ö ³¥¦¤Ê ¨§µ³¥·´Ò³ ¨ µ¸´µ¢´Ò³ ¸µ¸Éµ-
Ö´¨Ö³¨) Ê·µ¢´Ö 7/2− ¤¥² ¥É ÔÉ¨ Ö¤·  ¢ ¨§¢¥¸É´µ³ ¸³Ò¸²¥ ¡²¨§´¥Í ³¨. � -
²¨Î¨¥ ´¥¡µ²ÓÏµ£µ · ¸Ìµ¦¤¥´¨Ö (RÔ±¸¶ ¤²Ö 168Er ´¥¸±µ²Ó±µ ¡µ²ÓÏ¥) ³µ¦¥É
¡ÒÉÓ ¸¢Ö§ ´µ c ¤¢Ê³Ö ¶·¨Î¨´ ³¨ Å ¸ · §´¨Í¥° Ô´¥·£¨° ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ-
´¨° (0,208 ŒÔ‚ ¤²Ö 167mEr ¨ 0,377 ŒÔ‚ ¤²Ö 179mHf) ¨ c µÉ²¨Î¨¥³ Î¥É´µ¸É¨
¸µ¸ÉµÖ´¨° (¤²Ö Ô·¡¨Ö Jπm = 1/2−, Jπg = 7/2+, ¤²Ö £ Ë´¨Ö Jπm = 1/2−,  
¸¶¨´-Î¥É´µ¸ÉÓ ±µ´±Ê·¨·ÊÕÐ¥£µ Ê·µ¢´Ö Jπ±µ´± = 7/2

−).

’µ µ¡¸ÉµÖÉ¥²Ó¸É¢µ, ÎÉµ Ì · ±É¥·¨¸É¨±¨ Ê·µ¢´¥°, ÊÎ¨ÉÒ¢ ¥³ÒÌ ¶·¨ ¶µ-
¸²¥¤´¥³ (·¥Ï ÕÐ¥³) ¶¥·¥Ìµ¤¥ ± ¸± ¤  £ ³³ -±¢ ´Éµ¢ ¤²Ö Ö¤¥· 167Er ¨ 179Hf,
±·µ³¥ Î¥É´µ¸É¨, ¶· ±É¨Î¥¸±¨ ¸µ¢¶ ¤ ÕÉ, ¶µ-¢¨¤¨³µ³Ê, ¶·¥¤¸É ¢²Ö¥É Ê¤µ¡´Ò°
¸²ÊÎ ° ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ¢²¨Ö´¨Ö Î¥É´µ¸É¨ ´  ¢¥²¨Î¨´Ê ¨§µ³¥·´µ£µ µÉ´µÏ¥-
´¨Ö. �¤´ ±µ ¡²¨§µ¸ÉÓ ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¤²Ö µ¡µ¨Ì Ö¤¥· Ê± §Ò¢ ¥É ´ 
´¥§´ Î¨É¥²Ó´µ¸ÉÓ ¢²¨Ö´¨Ö Î¥É´µ¸É¨ ¶µ¸²¥¤´¥£µ ¶¥·¥Ìµ¤  ´  ¢¥²¨Î¨´Ê RÔ±¸¶.

�µ¸²¥¤µ¢ É¥²Ó´Ò° É¥µ·¥É¨Î¥¸±¨° ¶µ¤Ìµ¤ ± ¸± ¤´µ-¨¸¶ ·¨É¥²Ó´µ° ³µ¤¥-
²¨ ´¥ ¤ ¥É ¤µ¸É ÉµÎ´µ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ£µ µ¶¨¸ ´¨Ö ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨°
. „²Ö 168Er ¨ 180Hf µ´¨ ´¥¸±µ²Ó±µ § ´¨¦¥´Ò,   ¤²Ö 184W §´ Î¨É¥²Ó´µ § -
¢ÒÏ¥´µ ¶µ ¸· ¢´¥´¨Õ ¸ RÔ±¸¶. Š ¸µ£² ¸¨Õ ¸ µ¶ÒÉµ³ ¶·¨¢µ¤¨É Ë¨±¸ Í¨Ö
¶ · ³¥É·  µ£· ´¨Î¥´¨Ö ¶µ ¸¶¨´Ê σ ¢ Ëµ·³Ê²¥ k¥É¥ Å k²µÌ  (3). �·¨ ÔÉµ³
¤²Ö 168Er ¶µ²ÊÎ¥´µ ¸µ£² ¸¨¥ ¶·¨ σ = 2, 0, ¤²Ö 180Hf Å ¶·¨ σ = 2, 2 ¨ ¤²Ö
184W Å ¶·¨ σ = 3, 0.

3.3. 1¥´¨°-185. �¥Î¥É´µ-Î¥É´Ò¥ Ö¤·  Re ²¥¦ É ¢ ¶¥·¥Ìµ¤´µ° µ¡² ¸É¨
µÉ ¸¨²Ó´µ¤¥Ëµ·³¨·µ¢ ´´ÒÌ  ±¸¨ ²Ó´µ-¸¨³³¥É·¨Î´ÒÌ Ö¤¥· ± ¸Ë¥·¨Î¥¸±¨³.
�¡· §ÊÕÐ¨°¸Ö ¢ ·¥ ±Í¨¨ (γ, n) ´¥¸É ¡¨²Ó´Ò° ¨§µÉµ¶ 184Re ¨³¥¥É ¢Ò¸µ-
±µ¸¶¨´µ¢Ò° ¨§µ³¥· ¸ Jπ = 8+ ¨ T1/2 = 165 ¸ÊÉ. �¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥
¨³¥¥É Jπ = 3− ¨ T1/2 = 38 ¸ÊÉ. ‚ · ¡µÉ Ì [81, 92] ¨§µ³¥·´µ¥ µÉ´µÏ¥´¨¥
¢ÒÌµ¤µ¢ Υm/Υg µ¶·¥¤¥²Ö²µ¸Ó ¶µ £ ³³ -²¨´¨Ö³ ¸ Ô´¥·£¨¥° 903 ¨ 921 ±Ô‚,
¶·¨´ ¤²¥¦ Ð¨Ì · ¸¶ ¤Ê 184gRe ¨ 184mRe ¸µµÉ¢¥É¸É¢¥´´µ. „²Ö µ¡²ÊÎ¥´¨Ö ¨¸-
¶µ²Ó§µ¢ ²¨¸Ó ³¨Ï¥´¨ ¨§ µ¡µ£ Ð¥´´µ£µ 185Re (96%). “Î ¸Éµ±  ¶¶ · ÉÊ·´µ£µ
£ ³³ -¸¶¥±É·  µÉ · ¸¶ ¤  184Re ¶·¨¢¥¤¥´ ´  ·¨¸. 16.

�µ²ÊÎ¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¢ÒÌµ¤µ¢ d =
= Υm/Υg ¤²Ö ·¥ ±Í¨¨ 185Re(γ, n)184m,gRe ¶µ± § ´Ò ÉµÎ± ³¨ ´  ·¨¸. 17.
�µ£·¥Ï´µ¸ÉÓ µ¶·¥¤¥²¥´¨Ö ¸µ¸É ¢¨²  ∼ 3%. ‘¶²µÏ´µ° ±·¨¢µ° ´  ·¨¸. 17
¶µ± § ´  § ¢¨¸¨³µ¸ÉÓ d = A·th[B(E − E0)]. �¶¶·µ±¸¨³ Í¨Ö µ¸ÊÐ¥¸É¢²Ö-
² ¸Ó ³¥Éµ¤µ³ ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éµ¢. �¶É¨³ ²Ó´ Ö ¶µ¤£µ´±  ¶µ²ÊÎ¥´  ¤²Ö
A = 0, 0549± 0, 02, B = 0, 0467± 0, 02, E0 = 9, 84± 0, 01.

�µ·µ£ ·¥ ±Í¨¨ (γ, n) ´  Ö¤·¥ 185Re ¸µ¸É ¢²Ö¥É 7,8 ŒÔ‚. �±¸¶¥·¨³¥´É ²Ó-
´ Ö Ô´¥·£¨Ö ¶µ·µ£  ·¥ ±Í¨¨ 185Re(γ, n)184mRe · ¢´  (9, 8±0, 14) ŒÔ‚. …¸²¨
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¨¸. 16. “Î ¸Éµ± Ô±¸¶¥·¨³¥´É ²Ó´µ£µ γ-¸¶¥±É·  ¨ Ë· £³¥´É ¸Ì¥³Ò · ¸¶ ¤  184Re

ÊÎ¥¸ÉÓ, ÎÉµ Ô´¥·£¨Ö ¨§µ³¥·´µ£µ Ê·µ¢´Ö 184Re · ¢´  0,188 ŒÔ‚, Éµ ¢¨¤´µ, ÎÉµ
Em

¶µ· ¡µ²ÓÏ¥ En
¶µ· ´  1,8 ŒÔ‚. � ²¨Î¨¥ §´ Î¨É¥²Ó´µ£µ ÔËË¥±É¨¢´µ£µ ¶µ·µ£ ,


¨¸. 17. ‡ ¢¨¸¨³µ¸ÉÓ µÉ Ô´¥·£¨¨
¨§µ³¥·´µ£µ µÉ´µÏ¥´¨Ö ¢ÒÌµ¤µ¢ ·¥ ±Í¨¨
185Re(γ, n)184m,gRe

± ± ¨ ¢ ¸²ÊÎ ¥ 153Eu, ¸¢Ö§ ´µ ¸µ
§´ Î¨É¥²Ó´Ò³ Ê£²µ¢Ò³ ³µ³¥´Éµ³ ¨§µ-
³¥·´µ£µ ¸µ¸ÉµÖ´¨Ö (Jπ = 8+) ¨ § -
³¥É´µ° · §´¨Í¥° Ê£²µ¢µ£µ ³µ³¥´É 
³ É¥·¨´¸±µ£µ Ö¤·  (Jπ = 5/2+) ¨
¨§µ³¥·´µ£µ ¸µ¸ÉµÖ´¨Ö ¤µÎ¥·´¥£µ Ö¤· 
(Jπ = 8+).

ˆ³¥ÕÐ¨¥¸Ö ¢ ²¨É¥· ÉÊ·¥ ¤ ´´Ò¥
¶µ ¶µ²´Ò³ ¸¥Î¥´¨Ö³ (γ, n)-·¥ ±Í¨¨
[30] ¶µ§¢µ²¨²¨ · ¸¸Î¨É ÉÓ ¸¥Î¥´¨¥ ·¥-
 ±Í¨¨ 185Re(γ, n)184m,gRe. �µ²ÊÎ¥´-
´µ¥ ¸¥Î¥´¨¥ σm ¨ ¥£µ ¸· ¢´¥´¨¥ ¸ ¸¥-
Î¥´¨¥³ σ(γ, n) ¶·¨¢¥¤e´µ ´  ·¨¸. 18.
ˆ§ ¸µ¶µ¸É ¢²¥´¨Ö σm ¨ σ(γ, n) ¸²¥-
¤Ê¥É, ÎÉµ ¨§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¸¥-
Î¥´¨° · ¢´Ò R = 0, 0185 ¶·¨ E =
= 13, 5 ŒÔ‚, 0,027 ¶·¨ E=14, 5ŒÔ‚
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¨ 0,039 ¶·¨ E = 15, 5 ŒÔ‚. �Í¥´±  ¶µ£·¥Ï´µ¸É¨ µ¶·¥¤¥²¥´¨Ö R ¸µ¸É -
¢²Ö¥É ∼ 15%. �·¨¢¥¤¥´´Ò° ¢ · ¡µÉ¥ · ¸Î¥É ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¸¥Î¥´¨°
¤ ¥É ¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³ ¶·¨ Ë¨±¸ Í¨¨ ¶ · ³¥É·  µ£· ´¨Î¥´¨Ö ¸¶¨´ 
σ � 3, 0.


¨¸. 18. ‡ ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨Ö ·¥ ±Í¨¨
185Re(γ, n)184mRe µÉ Ô´¥·£¨¨ ¨ ¸· ¢´¥-
´¨¥ ¥£µ ¸ ¶µ²´Ò³ ËµÉµ´¥°É·µ´´Ò³ ¸¥Î¥-
´¨¥³ σ(γ, n)

�·¥¤¸É ¢²Ö¥É¸Ö ¨´É¥·¥¸´Ò³ ¸· ¢-
´¨ÉÓ ˆ� ¤²Ö ·¥ ±Í¨¨ (γ, n) ¸ ¨§µ³¥·-
´Ò³¨ µÉ´µÏ¥´¨Ö³¨ ¤²Ö 184mRe, ¶µ-
²ÊÎ¥´´Ò³¨ ¢ ¤·Ê£¨Ì ·¥ ±Í¨ÖÌ.

‚ · ¡µÉ¥ [90] ¸ ¶µ³µÐÓÕ ¡Ò¸É-
·ÒÌ ´¥°É·µ´µ¢ 14,8 ŒÔ‚ ¨¸¸²¥¤µ-
¢ ´  ·¥ ±Í¨Ö 185Re(n, 2n)184m,gRe.
�µ²ÊÎ¥´´µ¥ ¨§µ³¥·´µ¥ µÉ´µÏ¥´¨¥
σm/σtot = 0, 15 ± 0, 08 §´ Î¨É¥²Ó´µ
¢ÒÏ¥, Î¥³ ¶µ²ÊÎ¥´´µ¥ ¢ · ¡µÉ Ì
[81, 92] ¶·¨  ´ ²µ£¨Î´ÒÌ Ô´¥·£¨ÖÌ
γ-±¢ ´Éµ¢. ’ ±µ¥ · ¸Ìµ¦¤¥´¨¥ µ¡Ñ-
Ö¸´Ö¥É¸Ö § ³¥É´Ò³ Ê£²µ¢Ò³ ³µ³¥´-
Éµ³, ¶·¨¢´µ¸¨³Ò³ ¢ Ö¤·µ ¡Ò¸É·Ò³
´¥°É·µ´µ³.

�  ¶¥·¢Ò° ¢§£²Ö¤,  ´ ²µ£¨Î´ Ö
± ·É¨´  ¤µ²¦´  ¡Ò²  ¡Ò ´ ¡²Õ-
¤ ÉÓ¸Ö ¨ ¢ ·¥ ±Í¨¨ (p, n). �¤´ ±µ
É ±µ£µ ´¥ ¶·µ¨¸Ìµ¤¨É. ‚ · ¡µÉ¥
[85] ¨§³¥·¥´µ ¨§µ³¥·´µ¥ µÉ´µÏ¥´¨¥

σm/σg ¢ ·¥ ±Í¨¨ 184W(p, n)184Re ¢ µ¡² ¸É¨ Ô´¥·£¨° ¶·µÉµ´µ¢ 4 ÷ 26 ŒÔ‚.
�µ²ÊÎ¥´´Ò¥ §´ Î¥´¨Ö σm/σg ¶·¨¢¥¤¥´Ò ¢ É ¡². 16. ‚¨¤´µ, ÎÉµ σm/σg ³ ²Ò
¨ ¸· ¢´¨³Ò ¸ ¢¥²¨Î¨´ ³¨, ¶µ²ÊÎ¥´´Ò³¨ ¢ ·¥ ±Í¨¨ (γ, n). ’ ±µ¥ ¶µ¢¥¤¥´¨¥
¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨°, ¶µ-¢¨¤¨³µ³Ê, ¸¢Ö§ ´µ ¸ ³¥Ì ´¨§³µ³ ·¥ ±Í¨¨ (p, n),
§´ Î¨É¥²Ó´Ò³ ¢±² ¤µ³ ¶·Ö³ÒÌ ¶·µÍ¥¸¸µ¢ ¨ ¶·¥¨³ÊÐ¥¸É¢¥´´Ò³ § ¸¥²¥´¨¥³
¸µ¸ÉµÖ´¨° Ö¤·  184Re ¸ ´¨§±¨³¨ ¸¶¨´ ³¨.

’ ¡²¨Í  16. ˆ§µ³¥·´Ò¥ µÉ´µÏ¥´¨Ö ¸¥Î¥´¨° ¢ ·¥ ±Í¨¨ 184W(p, n)184m,gRe

Ep, ŒÔ‚ σm/σg Ep, ŒÔ‚ σm/σg

3,8 0, 028 ± 0, 003 12,0 0, 040 ± 0, 005

4,7 0, 040 ± 0, 004 20,0 0, 058 ± 0, 005

5,45 0, 043 ± 0, 004 23,0 0, 10 ± 0, 01

6,15 0, 058 ± 0, 004 26,0 0, 15 ± 0, 03

6,7 0, 075 ± 0, 005
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‚µ§¡Ê¦¤¥´¨¥ ³¥É ¸É ¡¨²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö 8+ 184Re ¨¸¸²¥¤µ¢ ²µ¸Ó ¨ ¢
(α, n)-·¥ ±Í¨¨ [92]. �±¸¶¥·¨³¥´É ²Ó´ Ö § ¢¨¸¨³µ¸ÉÓ σm/σg ¤²Ö ·¥ ±Í¨¨
181Ta(α, n)184m,gRe ´µ¸¨É ¸²µ¦´Ò° Ì · ±É¥· ¨ ¶·¨¢¥¤¥´  ´  ·¨¸. 19. �¡· -
Ð ¥É ´  ¸¥¡Ö ¢´¨³ ´¨¥ ´¥Ì · ±É¥·´Ò° µ¡· É´Ò° Ìµ¤ § ¢¨¸¨³µ¸É¨ σm/σg µÉ
Ô´¥·£¨¨ ¶·¨ Eα < 15 ŒÔ‚. �¡ÑÖ¸´¥´¨¥ ÔÉµ£µ ³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´µ ¸ ´ ²¨-
Î¨¥³ ¸¨²Ó´µ£µ ±¢ §¨Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö α-Î ¸É¨Í ¨²¨ ¶µ¢ÒÏ¥´´Ò³ ¢Ò²¥Éµ³
¢ µ¡² ¸É¨ ´¨§±¨Ì Ô´¥·£¨° ¸µ¸É ¢´µ£µ Ö¤·  ¨§ ´¨§±µ¸¶¨´µ¢ÒÌ ¸µ¸ÉµÖ´¨° ¶·µ-
Éµ´µ¢. �Éµ ¶·¨¢µ¤¨É ± µ¡¥¤´¥´¨Õ ´¨§±µ¸¶¨´µ¢ÒÌ ¸µ¸ÉµÖ´¨°, ÎÉµ ¶·¨¢µ¤¨É ±
Ê¢¥²¨Î¥´¨Õ σm/σg.


¨¸. 19. ‘· ¢´¥´¨¥ ¨§µ³¥·´ÒÌ
µÉ´µÏ¥´¨° ¤²Ö Ö¤·  184Re, ¶µ²Ê-
Î¥´´ÒÌ ¤²Ö ·¥ ±Í¨¨ (γ, n) ( ) ¸
·¥§Ê²ÓÉ É ³¨, ¶µ²ÊÎ¥´´Ò³¨ ¢ ·¥-
 ±Í¨ÖÌ: ¡) (p, n), ¢) (p, 2n) ¨
£) (α, n)

�  ·¨¸. 19 ¶·µ¢¥¤¥´µ ¸· ¢´¥´¨¥ ¶µ²Ê-
Î¥´´ÒÌ ¤ ´´ÒÌ σ8+/σ3− ¤²Ö ·¥ ±Í¨° (γ, n),
(p, n), (α, n): ±·¨¢ Ö a (É¥³´Ò¥ ÉµÎ±¨)
σm/σg Å ¤²Ö ·¥ ±Í¨¨ (γ, n) [92], ±·¨¢ Ö
¡ (±·¥¸É¨±¨) Å ¤²Ö ·¥ ±Í¨¨ (p, n) [85] ¨
±·¨¢ Ö £ (¸¢¥É²Ò¥ ÉµÎ±¨) Å ¤²Ö ·¥ ±Í¨¨
(α, n) [81].

K ± ¢¨¤´µ, µ¡Ð¨° Ìµ¤ § ¢¨¸¨³µ¸É¥°
(p, n)- ¨ (α, n)-·¥ ±Í¨° ¶µ¤µ¡¥´. 
¥§Ê²Ó-
É ÉÒ · ¸Î¥É  ¨§µ³¥·´µ£µ µÉ´µÏ¥´¨Ö ¤²Ö
(p, n)-·¥ ±Í¨¨ ¢ · ³± Ì ± ¸± ¤´µ-¨¸¶ ·¨-
É¥²Ó´µ° ³µ¤¥²¨ [85, 93] ¤²Ö · §²¨Î´ÒÌ ¶ -
· ³¥É·µ¢ ¶µ± § ²¨, ÎÉµ · ¸Î¥É´ Ö ±·¨¢ Ö ¤²Ö
(p, n)-p¥ ±Í¨¨ Ö¢´µ ÊÌµ¤¨É µÉ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ §´ Î¥´¨° ¸ ¶µ¢ÒÏ¥´¨¥³ Ô´¥·£¨¨
´ ²¥É ÕÐ¨Ì ¶·µÉµ´µ¢. ‚ Éµ ¦¥ ¢·¥³Ö ¤²Ö
(α, n)-·¥ ±Í¨° ¶·µ¢¥¤¥´´Ò° · ¸Î¥É ¶µ  ´ -
²µ£¨Î´µ° ¸Ì¥³¥ ¢ µ¡² ¸É¨ 20 ÷ 40 ŒÔ‚ ¤ ¥É
Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ¥ ¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´-
Éµ³. �µ-¢¨¤¨³µ³Ê, É ±µ¥ · §²¨Î¨¥ Ê± §Ò¢ ¥É
´  Éµ, ÎÉµ ³¥Ì ´¨§³ ·¥ ±Í¨¨ (p, n) µÉ²¨Î ¥É¸Ö µÉ (α, n) ¨ (γ, n).

3.4. ‡µ²µÉµ-197. ˆ§µÉµ¶ 197Au ¶·¨´ ¤²¥¦¨É ± ¸Ë¥·¨Î¥¸±¨³ Ö¤· ³. ‚µ§-
´¨± ÕÐ¨° ¢ ·¥ ±Í¨¨ (γ, n) ´¥¸É ¡¨²Ó´Ò° ¨§µÉµ¶ 196Au ¨³¥¥É ¨§µ³¥· 196mAu
(Jπ = 12−, T1/2 = 9, 7 Î) ¨ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ 196gAu (Jπ = 2−, T1/2 =
= 6, 18 ¸ÊÉ). ‚ · ¡µÉ¥ [94] ¢ µ¡² ¸É¨ Ô´¥·£¨° 10 ÷ 70 ŒÔ‚ ¨¸¸²¥¤µ-
¢ ´  § ¢¨¸¨³µ¸ÉÓ µÉ Ô´¥·£¨¨ ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¢ÒÌµ¤µ¢ ¢ ·¥ ±Í¨ÖÌ
197Au(γ, n)196m,gAu ¨ 197Au(e, e′n)196m,gAu. ˆ§³¥·¥´¨Ö ¶·µ¢¥¤¥´Ò ¶µ  ±É¨-
¢ Í¨µ´´µ° ³¥Éµ¤¨±¥. �µ²ÊÎ¥´´ Ö ¤²Ö ·¥ ±Í¨¨ (γ, n) § ¢¨¸¨³µ¸ÉÓ µÉ´µ¸¨É¥²Ó-
´ÒÌ ˆ� κ = d(Eγmax)/d(Eγmax = 52 ŒÔ‚) = f(Eγmax) ¨³¥¥É ¢¨¤ ±·¨¢µ°
´ ¸ÒÐ¥´¨Ö ¨ ¶·¨¢¥¤¥´  ´  ·¨¸. 20. ˆ§  ´ ²¨§  κ = f(Eγmax) ¢¨¤´µ, ÎÉµ
·¥ ±Í¨Ö (γ, n)m ´  §µ²µÉ¥ ¨³¥¥É ¶µ·µ£ ∼ 12 ŒÔ‚, ÎÉµ ¸ÊÐ¥¸É¢¥´´µ ¢ÒÏ¥
¶µ·µ£  (γ, n)-·¥ ±Í¨¨ 8,1 ŒÔ‚.
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¨¸. 20. ‡ ¢¨¸¨³µ¸ÉÓ µÉ £· ´¨Î´µ° Ô´¥·£¨¨ Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö µÉ´µ¸¨É¥²Ó-
´ÒÌ ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° κ = d(Eγ max)/d(Eγ, max = 52 ŒÔ‚) ¤²Ö ·¥ ±Í¨¨
197Au(γ, n)196m,gAu

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ [94], ÎÉµ µ¸o¡¥´´µ ¢¥²¨±  ¢¥·µÖÉ´µ¸ÉÓ ¢µ§¡Ê¦¤¥´¨Ö
¸µ¸ÉµÖ´¨Ö Jπ = 12− ¢ ·¥ ±Í¨ÖÌ ¸ ÉÖ¦¥²Ò³¨ ¨µ´ ³¨ ¶·¨ ¡µ²ÓÏ¨Ì ¶¥·¥-
¤ ¢ ¥³ÒÌ ³µ³¥´É Ì [95, 96]. ’ ±, ¨§µ³¥·´µ¥ µÉ´µÏ¥´¨¥ ¸¥Î¥´¨° σ12−/σ2−
¢ ·¥ ±Í¨¨ 192Os(11B, α3n)196m,gAu ¶µ¤ ¤¥°¸É¢¨¥³ ¨µ´µ¢ 11B ¶·¨ ¸·¥¤´¥³
¢´µ¸¨³µ³ ³µ³¥´É¥ 
 = 15 ¶µ ¤ ´´Ò³ · ¡µÉÒ [95] ¸µ¸É ¢²Ö¥É 3 · 10−1. Š ±
¶µ± § ´µ ¢ · ¡µÉ¥ [95], ¶·¨ Ê³¥´ÓÏ¥´¨¨ ¶¥·¥¤ ¢ ¥³µ£µ ³µ³¥´É  µÉ´µÏ¥´¨¥
¢ÒÌµ¤µ¢ 196mAu ¨ 196gAu ¤µ¢µ²Ó´µ ·¥§±µ Ê³¥´ÓÏ ¥É¸Ö ¨ ¶·¨ ¸·¥¤´¥³ ¢´µ-
¸¨³µ³ ³µ³¥´É¥ 
 = 3 ¸µ¸É ¢²Ö¥É 1, 7 · 10−2. ‚ ¸²ÊÎ ¥ ·¥ ±Í¨° (e, e′n) ¨
µ¸µ¡¥´´µ (γ, n), ±µ£¤  ¶· ±É¨Î¥¸±¨ ¨³¥¥É ³¥¸Éµ Éµ²Ó±µ ¤¨¶µ²Ó´µ¥ (
 = 1) ¸
´¥¡µ²ÓÏµ° ¶·¨³¥¸ÓÕ ±¢ ¤·Ê¶µ²Ó´µ£µ (
 = 2) ¶µ£²µÐ¥´¨Ö, ¢¥·µÖÉ´µ¸ÉÓ ¢µ§-
¡Ê¦¤¥´¨Ö ¸µ¸ÉµÖ´¨Ö Jπ = 12− ´¥¢¥²¨±  ¨ ¸µ¸É ¢²Ö¥É ¶·¨ Eγmax = 50 ŒÔ‚
(6, 1 ± 0, 4) · 10−4, ÎÉµ ¸µ£² ¸Ê¥É¸Ö ¸ · ´¥¥ ¶µ²ÊÎ¥´´Ò³ §´ Î¥´¨¥³ 5 · 10−4
[97]. ‚ µ¡² ¸É¨ ´ ¸ÒÐ¥´¨Ö ¢±² ¤ ±¢ ¤·Ê¶µ²Ó´µ£µ ¶µ£²µÐ¥´¨Ö ¢ ˆ� ¸µ¸É -
¢²Ö¥É ∼ 9%.

ˆ§ ¸µ¶µ¸É ¢²¥´¨Ö ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¢ÒÌµ¤µ¢ ¢ ·¥ ±Í¨¨ (γ, n) ¨
(e, e′n) ¢ · ¡µÉ¥ [54] ¸¤¥² ´ ¢Ò¢µ¤, ÎÉµ ´ ¡²Õ¤ ¥³µ¥ ¢ µ¡² ¸É¨ Ô´¥·£¨° ¢µ§-
¡Ê¦¤¥´¨Ö ∼ 12 ÷ 20 ŒÔ‚ ·¥§±µ¥ Ê¢¥²¨Î¥´¨¥ ¨§µ³¥·´µ£µ µÉ´µÏ¥´¨Ö ´¥ ¸¢Ö-
§ ´µ, ± ± ÔÉµ ³µ¦´µ ¡Ò²µ ¶·¥¤¶µ²µ¦¨ÉÓ, ¸ Ê¢¥²¨Î¥´¨¥³ ¤µ²¨ ±¢ ¤·Ê¶µ²Ó´ÒÌ
¶µ£²µÐ¥´¨°,   ¤µ²¦´µ ¡ÒÉÓ ¸¢Ö§ ´µ ¸ ³¥Ì ´¨§³µ³ § ¸¥²¥´¨Ö ¢Ò¸µ±µ¸¶¨´µ-
¢ÒÌ ¸µ¸ÉµÖ´¨°. � ¨¡µ²¥¥ ¢¥·µÖÉ´Ò³ Ö¢²Ö¥É¸Ö ¶·¥¤¶µ²µ¦¥´¨¥, ÎÉµ ÔÉµ § ¸¥-
²¥´¨¥ ¶·µ¨¸Ìµ¤¨É ¢ ·¥§Ê²ÓÉ É¥ ± ¸± ¤µ¢ ¨§ ¡µ²ÓÏµ£µ Î¨¸²  £ ³³ -¶¥·¥Ìµ¤µ¢,
Ê¸²µ¢¨Ö µ¡· §µ¢ ´¨Ö ±µÉµ·ÒÌ ¸É ´µ¢ÖÉ¸Ö ¢¸¥ ¡² £µ¶·¨ÖÉ´¥¥ ¸ Ê¢¥²¨Î¥´¨¥³
Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö. ‚µ§³µ¦´µ [94], ÎÉµ Î ¸É¨Î´µ ÔÉµÉ ·µ¸É ¸¢Ö§ ´ ¸ Ê¢¥²¨-
Î¥´¨¥³ ³µ³¥´Éµ¢, Ê´µ¸¨³ÒÌ ±¢ §¨¶·Ö³Ò³¨ ´¥°É·µ´ ³¨, ´ ¡²Õ¤ ¥³Ò³¨ ¶·¨
Ô´¥·£¨ÖÌ ¢ÒÏ¥ ∼ 20 ŒÔ‚.
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 ¸¸³ É·¨¢ Ö ¸µ¢·¥³¥´´µ¥ ¸µ¸ÉµÖ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨§ÊÎ¥´¨Ö ¢µ§-
¡Ê¦¤¥´¨Ö ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ·¥ ±Í¨¨ (γ, n) ¢ µ¡² ¸É¨ £¨£ ´É¸±µ£µ ¤¨-
¶µ²Ó´µ£µ ·¥§µ´ ´¸ , ³µ¦´µ µÉ³¥É¨ÉÓ ¸²¥¤ÊÕÐ¥¥.

Å ‡  ¶µ¸²¥¤´¥¥ ¢·¥³Ö ´  ¸µ¢·¥³¥´´µ° Ô±¸¶¥·¨³¥´É ²Ó´µ° ¡ §¥ ¨§³¥-
·¥´Ò § ¢¨¸¨³µ¸É¨ ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨° ¢ÒÌµ¤µ¢ µÉ Ô´¥·£¨¨ £ ³³ -±¢ ´Éµ¢,
¨¸¸²¥¤µ¢ ´  Ô¢µ²ÕÍ¨Ö ˆ� ¸ ¨§³¥´¥´¨¥³ ³ ¸¸Ò Ö¤¥·, ¶µ²ÊÎ¥´Ò ¸¥Î¥´¨Ö ¢µ§-
¡Ê¦¤¥´¨Ö ¨§µ³¥·µ¢ ¤²Ö Ï¨·µ±µ£µ ±·Ê£  Ö¤¥· ¢ µ¡² ¸É¨ 45 < A < 200.

Å „²Ö ³ £¨Î¥¸±¨Ì Ö¤¥· ¸ N = 50 µ¡´ ·Ê¦¥´  ¸É·Ê±ÉÊ·  ¸¥Î¥´¨°
(γ, n)m-·¥ ±Í¨¨ ¢ ¶·¨¶µ·µ£µ¢µ° µ¡² ¸É¨, ¸¢Ö§ ´´ Ö ¸µ ¸¶¥±É·µ³ ´¨§±µÔ´¥·-
£¥É¨Î¥¸±¨Ì ¢µ§¡Ê¦¤¥´¨° ¤µÎ¥·´¨Ì Ö¤¥·.

Å ‚¥²¨Î¨´  ¨§µ³¥·´µ£µ µÉ´µÏ¥´¨Ö § ¸¥²¥´¨Ö ¢Ò¸µ±µ¸¶¨´µ¢µ° ±µ³¶µ-
´¥´ÉÒ ¨§µ³¥·´µ° ¶ ·Ò ¤²Ö Ö¤¥· fpg-µ¡µ²µÎ±¨ ±µ··¥²¨·Ê¥É ¸ ±µ²¨Î¥¸É¢µ³
´¥°É·µ´µ¢ ´  Ê·µ¢´ÖÌ 1g9/2, ÎÉµ ³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´µ ¸ ¶µ²Ê¶·Ö³Ò³ ³¥Ì ´¨§-
³µ³ (γ, n)m-·¥ ±Í¨¨.

Å „²Ö Ö¤¥·, ¶·¨´ ¤²¥¦ Ð¨Ì µ¡µ²µÎ±¥ N = 82, µ¡´ ·Ê¦¥´ ÔËË¥±É ·¥§-
±µ£µ Ê³¥´ÓÏ¥´¨Ö § ¸¥²¥´¨Ö ¨§µ³¥·´µ£µ ¸µ¸ÉµÖ´¨Ö 1h11/2 ¸ Ê¢¥²¨Î¥´¨¥³ A
¶·¨ ¶¥·¥Ìµ¤¥ Z = 58Ä60.

Å „²Ö Ö¤·  152Eu ¶µ± § ´µ, ÎÉµ ¶·¨ · ¸¶ ¤¥ ¢Ò¸µ±µ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ-
¸ÉµÖ´¨°, ¢ µÉ²¨Î¨¥ µÉ ´¨§±µ²¥¦ Ð¨Ì, ¢¥·µÖÉ´µ¸ÉÓ § ¸¥²¥´¨Ö ¨§µ³¥·´ÒÌ 8−

(¤¥Ëµ·³¨·µ¢ ´´µ£µ) ¨ 0− (¸Ë¥·¨Î¥¸±µ£µ) ¸µ¸ÉµÖ´¨° 152Eu ¸² ¡µ § ¢¨¸¨É (¨²¨
´¥ § ¢¨¸¨É) µÉ Éµ£µ, ¸Ë¥·¨Î¥¸±¨³ ¨²¨ ¤¥Ëµ·³¨·µ¢ ´´Ò³ ¡Ò²µ ³ É¥·¨´¸±µ¥
Ö¤·µ.

Å �¸´µ¢´Ò³ ³¥Ì ´¨§³µ³ § ¸¥²¥´¨Ö ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨° ÉÖ¦¥²ÒÌ Ö¤¥·
¢ ·¥ ±Í¨¨ (γ, n) Ö¢²Ö¥É¸Ö ¸É É¨¸É¨Î¥¸±¨°.

Å ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö µÉ¸ÊÉ¸É¢Ê¥É Í¥²µ¸É´Ò° É¥µ·¥É¨Î¥¸±¨° ¶µ¤Ìµ¤ ±
µ¶¨¸ ´¨Õ ¨§µ³¥·´ÒÌ µÉ´µÏ¥´¨°. ˆ§ ¸· ¢´¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ˆ� ¸
·¥§Ê²ÓÉ É ³¨ · ¸Î¥Éµ¢ ¢ · ³± Ì ± ¸± ¤´µ-¨¸¶ ·¨É¥²Ó´µ° ³µ¤¥²¨ ¸²¥¤Ê¥É ¸¤¥-
² ÉÓ ¢Ò¢µ¤, ÎÉµ ¶µ¸²¥¤µ¢ É¥²Ó´Ò¥ · ¸Î¥ÉÒ ´¥ ¤ ÕÉ ¸µ£² ¸¨Ö ¸ Ô±¸¶¥·¨³¥´Éµ³,
¨ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ¥ µ¶¨¸ ´¨¥ ˆ� ¤µ¸É¨£ ¥É¸Ö ¢¢¥¤¥´¨¥³ ¶ · ³¥É·µ¢.
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Œ É¥³ É¨Î¥¸±¨° ¨´¸É¨ÉÊÉ ¨³. ‚.�.‘É¥±²µ¢  ���, Œµ¸±¢ 


 ¸¸³µÉ·¥´  ÉµÎ´µ ·¥Ï ¥³ Ö ³µ¤¥²Ó ¸ ¶ ·´Ò³ Î¥ÉÒ·¥ÌË¥·³¨µ´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³, ¶·¥¤-
¸É ¢²ÖÕÐ Ö ¨´É¥·¥¸ ¢ É¥µ·¨¨ ¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨. �µ± § ´µ, ÎÉµ ³µ¦´µ ¶µ¸É·µ¨ÉÓ  ¸¨³¶ÉµÉ¨-
Î¥¸±¨ ÉµÎ´µ¥ ·¥Ï¥´¨¥ ¤²Ö ÔÉµ° ³µ¤¥²¨, ¨¸¶µ²Ó§ÊÖ ³¥Éµ¤  ¶¶·µ±¸¨³¨·ÊÕÐ¨Ì £ ³¨²ÓÉµ´¨ ´µ¢.
„µ± § ´  É¥µ·¥³ , ¶µ§¢µ²ÖÕÐ Ö ¢ÒÎ¨¸²¨ÉÓ  ¸¨³¶ÉµÉ¨Î¥¸±¨ ÉµÎ´µ ¢ É¥·³µ¤¨´ ³¨Î¥¸±µ³ ¶·¥¤¥²¥
¶²µÉ´µ¸ÉÓ ¸¢µ¡µ¤´µ° Ô´¥·£¨¨ ¶·¨ ¤µ¸É ÉµÎ´µ µ¡Ð¨Ì Ê¸²µ¢¨ÖÌ, ´ ²µ¦¥´´ÒÌ ´  ¶ · ³¥É·Ò ³µ-
¤¥²Ó´µ° ¸¨¸É¥³Ò. �·¥¤²µ¦¥´ ¶·¨¡²¨¦¥´´Ò° ³¥Éµ¤ ¨¸¸²¥¤µ¢ ´¨Ö ³µ¤¥²¥° ¸ Î¥ÉÒ·¥ÌË¥·³¨µ´´Ò³
¢§ ¨³µ¤¥°¸É¢¨¥³ µ¡Ð¥£µ ¢¨¤ , µ¸´µ¢ ´´Ò° ´  ¨¤¥¥ ¶µ¸É·µ¥´¨Ö ´¥±µÉµ·µ£µ  ¶¶·µ±¸¨³¨·ÊÕÐ¥£µ
£ ³¨²ÓÉµ´¨ ´  ¨ ¶µ§¢µ²ÖÕÐ¨° ¨¸¸²¥¤µ¢ ÉÓ É¥·³µ¤¨´ ³¨Î¥¸±¨¥ ¸¢µ°¸É¢  ÔÉ¨Ì ³µ¤¥²¥° ¨ ±µ··¥-
²ÖÍ¨µ´´Ò¥ ËÊ´±Í¨¨. “± § ´´Ò° ³¥Éµ¤ µ¡Ñ¥¤¨´Ö¥É ¸É ´¤ ·É´Ò° ¤²Ö ³¥Éµ¤   ¶¶·µ±¸¨³¨·ÊÕÐ¥£µ
£ ³¨²ÓÉµ´¨ ´  ¶µ¤Ìµ¤ ± ¨¸¸²¥¤µ¢ ´¨Õ ³µ¤¥²¥° ¸ ¸¥¶ · ¡¥²Ó´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ ¸µ ¸Ì¥³µ° ¶·¨-
¡²¨¦¥´´ÒÌ ¢ÒÎ¨¸²¥´¨° • ·É·¨Å”µ± Åkµ£µ²Õ¡µ¢ , µ¸´µ¢ ´´µ° ´  ¨¤¥¥ ¸ ³µ¸µ£² ¸µ¢ ´´µ¸É¨.
‚ ± Î¥¸É¢¥ ¨²²Õ¸É· Í¨¨ ÔËË¥±É¨¢´µ¸É¨ ¶·¥¤² £ ¥³µ£µ ¶µ¤Ìµ¤  · ¸¸³µÉ·¥´  ³µ¤¥²Ó k ·¤¨´ Å
ŠÊ¶¥· Å˜p¨ËË¥· , ¨£· ÕÐ Ö ¢ ¦´ÊÕ ·µ²Ó ¢ É¥µ·¨¨ ¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨.

An exactly solvable model with four-fermion interaction which is of interest in the theory of
superconductivity is considered. It is shown that the asymptotically exact solution for this model can
be constructed in terms of an approximating Hamiltonian method. A theorem is proved that enables
one to calculate the asymptotically exact expression for the free energy in the thermodynamic limit
under sufˇciently general conditions imposed on the parameters of a model system under discussion.
An approximate method for the investigation of the general models with four-fermion interactions
is also proposed, which combine the ideas of the above approximating Hamiltonian scheme for the
models with separable interactions and the HartreeÅFockÅBogolubov method based on the idea of
self-consistency. The BCS model for ordinary superconductivity is treated by the way of illustration.

1. ’	—�	 1…˜�…Œ�Ÿ Œ	„…‹œ
‘ —…’›1…•”…1Œˆ	��›Œ ‚‡�ˆŒ	„…‰‘’‚ˆ…Œ

�¡¸Ê¤¨³ ±· É±µ µ¸´µ¢Ò ³¥Éµ¤   ¶¶·µ±¸¨³¨·ÊÕÐ¥£µ £ ³¨²ÓÉµ´¨ ´  ¶·¨-
³¥´¨É¥²Ó´µ ±  ´ ²¨§Ê ³µ¤¥²¥° ¸ Î¥ÉÒ·¥ÌË¥·³¨µ´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³
[1Ä12]. ˆ§ µ¡Ï¨·´µ£µ · §´µµ¡· §¨Ö ÔÉ¨Ì ³µ¤¥²¥° ³Ò, ¢ ¸¢µÕ µÎ¥·¥¤Ó, ¢Ò-
¤¥²¨³ ¶·¥¦¤¥ ¢¸¥£µ É¥ ³µ¤¥²¨ ¤µ¸É ÉµÎ´µ µ¡Ð¥£µ ¢¨¤ , ¤²Ö ±µÉµ·ÒÌ ³µ¦¥É
¡ÒÉÓ ´ °¤¥´µ ÉµÎ´µ¥ ·¥Ï¥´¨¥. Œµ¤¥²¨, µ¶¨¸Ò¢ ÕÐ¨¥ ¸¨¸É¥³Ò ¢§ ¨³µ¤¥°-
¸É¢ÊÕÐ¨Ì Ë¥·³¨µ´µ¢ ¸ Î¥ÉÒ·¥ÌË¥·³¨µ´´Ò³ ¶ ·´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³, ¶·¥¤-
¸É ¢²ÖÕÉ ¸µ¡µ° ¢ ¦´Ò° ¶·¨³¥· É ±µ£µ ·µ¤  ³µ¤¥²¥°. �¸¨³¶ÉµÉ¨Î¥¸±¨ ÉµÎ-
´Ò¥ ·¥Ï¥´¨Ö É ±¨Ì ³µ¤¥²¥° ¡Ò²¨ ¨¸¸²¥¤µ¢ ´Ò ¢ · ¡µÉ¥ �.�.kµ£µ²Õ¡µ¢ ,
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„.�.‡Ê¡ ·¥¢  ¨ �.�.–¥·±µ¢´¨±µ¢  [1]. ‚ ÔÉµ° · ¡µÉ¥ ¡Ò² ¶·¥¤²µ¦¥´ ¶·¨-
¡²¨¦¥´´Ò° ³¥Éµ¤, µ¸´µ¢ ´´Ò° ´  ¨¸¶µ²Ó§µ¢ ´¨¨  ¶¶·µ±¸¨³¨·ÊÕÐ¨Ì (¶·µ¡-
´ÒÌ) £ ³¨²ÓÉµ´¨ ´µ¢, ¨ ¡Ò² ¶·¨¢¥¤¥´ ·Ö¤  ·£Ê³¥´Éµ¢, ¸¢¨¤¥É¥²Ó¸É¢ÊÕÐ¨Ì ¢
¶µ²Ó§Ê ¶·¥¤¶µ²µ¦¥´¨Ö µ Éµ³, ÎÉµ ¶µ²ÊÎ¥´´µ¥ ÔÉ¨³ ³¥Éµ¤µ³ ·¥Ï¥´¨¥ Ö¢²Ö¥É¸Ö
 ¸¨³¶ÉµÉ¨Î¥¸±¨ ÉµÎ´Ò³ ¢ µ¡ÒÎ´µ³ É¥·³µ¤¨´ ³¨Î¥¸±µ³ ¶·¥¤¥²¥ V → ∞. ‚
· ¡µÉ¥ [1] ¡Ò²  · ¸¸³µÉ·¥´  ³µ¤¥²Ó ¸ £ ³¨²ÓÉµ´¨ ´µ³

H = H0 +Hint, H0 =
∑
(p,s)

(E(p)− µ)a†psaps,

(1.1)
Hint = − 1

V

∑
(p,p′)

J(p, p′)a†−p,−1/2a
†
p,1/2ap′,1/2a−p′,−1/2,

£¤¥ a†p,±1/2, ap,±1/2 Å Ë¥·³¨-µ¶¥· Éµ·Ò ¨ V Å µ¡Ñ¥³ ¸¨¸É¥³Ò. �·¥¤¶µ-

² £ ¥É¸Ö, ÎÉµ Ö¤·µ J(p, p′) Ö¢²Ö¥É¸Ö ¢¥Ð¥¸É¢¥´´µ° µ£· ´¨Î¥´´µ° ËÊ´±Í¨¥°,
±µÉµ· Ö · ¢´  ´Ê²Õ §  ¶·¥¤¥² ³¨ ´¥±µÉµ·µ° µ¡² ¸É¨ ¨§³¥´¥´¨Ö ¸¢µ¨Ì  ·-
£Ê³¥´Éµ¢. ‘Ê³³¨·µ¢ ´¨¥ ¢ Hint ¶µ ±¢ §¨¨³¶Ê²Ó¸ ³ p, p′ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¢
¶·¥¤¥² Ì Ô´¥·£¥É¨Î¥¸±µ£µ ¸²µÖ EF − ω < E(p) < EF + ω.

Š ± ¨§¢¥¸É´µ, ¤²Ö £ ³¨²ÓÉµ´¨ ´µ¢ ÔÉµ£µ É¨¶  ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¶·¨¡²¨-
¦¥´´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¸¢µ¡µ¤´µ° Ô´¥·£¨¨, ±µÉµ·µ¥ ¸É ´µ¢¨É¸Ö  ¸¨³¶ÉµÉ¨Î¥-
¸±¨ ÉµÎ´Ò³ ¢ ¶·¥¤¥²¥ V → ∞. �É  ¨¤¥Ö ³µ¦¥É ¡ÒÉÓ ·¥ ²¨§µ¢ ´  ¶µ¸·¥¤¸É¢µ³
¢¢¥¤¥´¨Ö É ± ´ §Ò¢ ¥³µ£µ ®¶·µ¡´µ£µ £ ³¨²ÓÉµ´¨ ´ ¯ H0(C), ±µÉµ·Ò° Ö¢²Ö-
¥É¸Ö ±¢ ¤· É¨Î´µ° ¶µ Ë¥·³¨-µ¶¥· Éµ· ³ Ëµ·³µ°, ¸µ¤¥·¦ Ð¥° ¶·µ¨§¢µ²Ó´Ò¥
±µ³¶²¥±¸´Ò¥ ¶ · ³¥É·Ò C. �ÉµÉ £ ³¨²ÓÉµ´¨ ´ ³µ¦¥É ¡ÒÉÓ ²¥£±µ ¤¨ £µ´ ²¨-
§µ¢ ´, ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ Ö ¸¢µ¡µ¤´ Ö Ô´¥·£¨Ö ³µ¦¥É ¡ÒÉÓ ¢ÒÎ¨¸²¥´  Ö¢´µ.

‚ · ¡µÉ¥ [1] ¡Ò²¨ ¢Ò¸± § ´Ò ¶·¥¤¶µ²µ¦¥´¨Ö µ Éµ³, ÎÉµ ¶·¨¡²¨¦¥´-
´ Ö ¸¢µ¡µ¤´ Ö Ô´¥·£¨Ö F0(C) · ¢´  ÉµÎ´µ° ¸¢µ¡µ¤´µ° Ô´¥·£¨¨ F ¢ ¶·¥¤¥²¥
V → ∞. ˆ§´ Î ²Ó´µ ÔÉµÉ ·¥§Ê²ÓÉ É ¡Ò² ¶µ²ÊÎ¥´ ³¥Éµ¤ ³¨ É¥µ·¨¨ ¢µ§³Ê-
Ð¥´¨°. �¡µ¸´µ¢ ´¨¥ ¢Ò¢µ¤  µ · ¢¥´¸É¢¥ ¸¢µ¡µ¤´ÒÌ Ô´¥·£¨° ¡ §¨·µ¢ ²µ¸Ó ´ 
Éµ³ Ë ±É¥, ÎÉµ ± ¦¤Ò° Î²¥´ ·Ö¤  É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°, ¶µ¸É·µ¥´´µ£µ ¤²Ö ¢Ò-
Î¨¸²¥´¨Ö ¶µ¶· ¢µ± ± ¤ ´´µ³Ê ¶·¨¡²¨¦¥´´µ³Ê ·¥Ï¥´¨Õ,  ¸¨³¶ÉµÉ¨Î¥¸±¨ ³ ²
¢ ¶·¥¤¥²¥ V → ∞. �¤´ ±µ ¢µ¶·µ¸ µ ¸Ìµ¤¨³µ¸É¨ ·Ö¤  É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ´¥
¡Ò² ¤¥É ²Ó´µ ¨¸¸²¥¤µ¢ ´. ‚ · ¡µÉ¥ [2] É  ¦¥ ¶·µ¡²¥³  ¡Ò²  ¶·µ ´ ²¨§¨·µ-
¢ ´  ¡¥§ ¨¸¶µ²Ó§µ¢ ´¨Ö ³¥Éµ¤µ¢ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°. ˆ¸¸²¥¤µ¢ ² ¸Ó ³µ¤¥²Ó
É¨¶  ³µ¤¥²¨ k ·¤¨´ ÅŠÊ¶¥· Å˜p¨ËË¥·  (kŠ˜) [6]:

H =
∑
(f)

Tfa
†
faf − 1

2V

∑
(f,f ′)

J(f, f ′)a†fa
†
−fa−f ′af ′ + νA, (1.2)

A = 1
2

∑
(f)

W (f)(a−faf + a†fa
†
−f ), ν ≥ 0,
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£¤¥ f = (p, σ), −f = (−p,−σ), §¤¥¸Ó σ Å ¸¶¨´µ¢µ¥ ±¢ ´Éµ¢µ¥ Î¨¸²µ, ¶·¨-
´¨³ ÕÐ¥¥ §´ Î¥´¨Ö 1/2 ¨²¨ −1/2, ¨ p Å ±¢ §¨¨³¶Ê²Ó¸, ¶·¨´¨³ ÕÐ¨°

µ¡ÒÎ´Ò¥ ±¢ §¨¤¨¸±·¥É´Ò¥ §´ Î¥´¨Ö p(d) =
2πn(d)

L , £¤¥ ¤²Ö Ë¨±¸¨·µ¢ ´´µ°
¢¥²¨Î¨´Ò L (L3 = V ) ¨´¤¥±¸ n(d) ¶·µ¡¥£ ¥É ¶µ¸²¥¤µ¢ É¥²Ó´µ¸ÉÓ Í¥²ÒÌ Î¨-

¸¥². Tf = p2

2m − µ, µ Å Ì¨³¨Î¥¸±¨° ¶µÉ¥´Í¨ ² ¨ af , a†f Å µ¶¥· Éµ·Ò,
Ê¤µ¢²¥É¢µ·ÖÕÐ¨¥ µ¡ÒÎ´Ò³  ´É¨±µ³³ÊÉ Í¨µ´´Ò³ ¸µµÉ´µÏ¥´¨Ö³ ¸É É¨¸É¨±¨
”¥·³¨Å„¨· ± . ”Ê´±Í¨¨ J(f, f ′), W (f) Ö¢²ÖÕÉ¸Ö ¢¥Ð¥¸É¢¥´´Ò³¨ ËÊ´±Í¨-
Ö³¨ ¸µ ¸¢µ°¸É¢ ³¨

J(f, f ′) = J(f ′, f) = −J(−f, f ′), W (−f) = −W (f).

� ¶·¨³¥·,

J(f, f ′) =
1
2
J(p, p′){δ(σ−σ′)−δ(σ+σ′)}, J(p, p′) = J(p′, p) = J(−p, p′),

£¤¥ δ(σ−σ′)Å ¸¨³¢µ² Š·µ´¥±¥· . ‚¸¶µ³µ£ É¥²Ó´Ò° Î²¥´ νA ¢ (1.2), ´ ·ÊÏ -
ÕÐ¨° ¸¨³³¥É·¨Õ, ¢¢¥¤¥´ ¸ Í¥²ÓÕ µÉ¡µ·  Ë¨§¨Î¥¸±¨ ¸µ¤¥·¦ É¥²Ó´ÒÌ ·¥Ï¥-
´¨°. ‚ · ¡µÉ¥ [2] ¡Ò²  ¨¸¸²¥¤µ¢ ´  Í¥¶µÎ±  Ê· ¢´¥´¨° ¤²Ö ËÊ´±Í¨° ƒ·¨´ .
kÒ²µ ¶µ± § ´µ, ÎÉµ ËÊ´±Í¨Ö ƒ·¨´  ¤²Ö ÉµÎ´µ ·¥Ï ¥³µ° ³µ¤¥²¨ ¸ £ ³¨²ÓÉµ-
´¨ ´µ³ H0 Ê¤µ¢²¥É¢µ·Ö¥É  ´ ²µ£¨Î´µ° Í¥¶µÎ±¥ Ê· ¢´¥´¨°, ¶µ²ÊÎ¥´´µ° ¤²Ö
ÉµÎ´µ£µ £ ³¨²ÓÉµ´¨ ´  H ¸ µÏ¨¡±µ° ¶µ·Ö¤±  1/V . �¤´ ±µ ¸µ ¸É·µ£µ ³ É¥³ -
É¨Î¥¸±µ° ÉµÎ±¨ §·¥´¨Ö  ·£Ê³¥´ÉÒ É ±µ£µ ·µ¤  ´¥²Ó§Ö ¡Ò²µ ¶·¨§´ ÉÓ ¨¸Î¥·¶Ò-
¢ ÕÐ¥ Ê¡¥¤¨É¥²Ó´Ò³¨. ’¥³ ´¥ ³¥´¥¥ · ¡µÉÒ [1, 2] ¢´¥¸²¨ §´ Î¨É¥²Ó´Ò° ¢±² ¤
¢ ¨¸¸²¥¤µ¢ ´¨¥  ¸¨³¶ÉµÉ¨Î¥¸±¨ ÉµÎ´ÒÌ ·¥Ï¥´¨°. ‚ Éµ ¦¥ ¢·¥³Ö ³Ò ¤µ²¦´Ò
µÉ³¥É¨ÉÓ, ÎÉµ ¸É·µ£µ¥ ¤µ± § É¥²Ó¸É¢µ  ¸¨³¶ÉµÉ¨Î¥¸±µ° ÉµÎ´µ¸É¨ ·¥§Ê²ÓÉ Éµ¢,
¶µ²ÊÎ¥´´ÒÌ ¢ [1, 2], ¸Éµ²±´Ê²µ¸Ó ¸ ¸ÊÐ¥¸É¢¥´´Ò³¨ ³ É¥³ É¨Î¥¸±¨³¨ É·Ê¤´µ-
¸ÉÖ³¨. �·µ¡²¥³  ¸ÊÐ¥¸É¢µ¢ ´¨Ö  ¸¨³¶ÉµÉ¨Î¥¸±¨ ÉµÎ´µ£µ ·¥Ï¥´¨Ö, ± ± Î¨¸Éµ
³ É¥³ É¨Î¥¸± Ö ¶·µ¡²¥³ , ¡Ò²  ¢¶¥·¢Ò¥ ¨¸¸²¥¤µ¢ ´  �.�.kµ£µ²Õ¡µ¢Ò³ ¤²Ö
Î ¸É´µ£µ ¸²ÊÎ Ö ´Ê²¥¢µ° É¥³¶¥· ÉÊ·Ò [3]. �´ ¨¸¸²¥¤µ¢ ² ³µ¤¥²Ó, µ¶¨¸Ò¢ ¥-
³ÊÕ £ ³¨²ÓÉµ´¨ ´µ³ (1.2), ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ Ö¤·µ J(f, f ′) ³µ¦¥É ¡ÒÉÓ
Ë ±Éµ·¨§µ¢ ´µ, É. ¥.

J(f, f ′) = λ(f) · λ(f ′) .

Š·µ³¥ Éµ£µ, ¶·¥¤¶µ² £ ²µ¸Ó, ÎÉµ ËÊ´±Í¨¨ λ(f), T (f) Ê¤µ¢²¥É¢µ·ÖÕÉ ¸²¥¤ÊÕ-
Ð¨³ Ê¸²µ¢¨Ö³:

λ(−f) = −λ(f), T (−f) = T (f),

|λ(f)| ≤ const

T (f)→ ∞

}
, ¥¸²¨ |f | → ∞, (1.3)

1
V

∑
(f)

λ2(f)√
λ2(f)x+ T 2(f)

> 1
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¤²Ö ¤µ¸É ÉµÎ´µ ³ ²µ£µ ¶µ²µ¦¨É¥²Ó´µ£µ x. ˆ³¥´´µ ÔÉ  ³µ¤¥²Ó ¡Ò²  ¢¸¥¸Éµ-
·µ´´¥ ¨¸¸²¥¤µ¢ ´  ¢ ¸²ÊÎ ¥ ´Ê²¥¢µ° É¥³¶¥· ÉÊ·Ò [3]. kÒ²µ ¶µ± § ´µ, ÎÉµ
³µ¤¥²Ó Ö¢²Ö¥É¸Ö ÉµÎ´µ ·¥Ï ¥³µ° ¢ ¶·¥¤¥²¥ V → ∞, ¢ Éµ³ ¸³Ò¸²¥, ÎÉµ  ¸¨³-
¶ÉµÉ¨Î¥¸±¨¥ §´ Î¥´¨Ö Ô´¥·£¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö, ËÊ´±Í¨° ƒ·¨´  ¨ ±µ·-
·¥²ÖÍ¨µ´´ÒÌ ËÊ´±Í¨°, Ì · ±É¥·¨§ÊÕÐ¨Ì ¤¨´ ³¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥ ¸¨¸É¥³Ò,
³µ£ÊÉ ¡ÒÉÓ ÉµÎ´µ ¢ÒÎ¨¸²¥´Ò ¢ ÔÉµ³ ¶·¥¤¥²¥. ‚ÒÎ¨¸²¥´¨¥ Ê± § ´´ÒÌ ¢¥²¨Î¨´
¢ ¸²ÊÎ ¥ ¶·µ¨§¢µ²Ó´µ° É¥³¶¥· ÉÊ·Ò θ �= 0 É ±¦¥ ¶·¥¤¸É ¢²Ö¥É §´ Î¨É¥²Ó´Ò°
¨´É¥·¥¸. �¤´ ±µ ¤²Ö ÔÉµ£µ ¸²ÊÎ Ö ¶·Ö³µ¥ ¨¸¶µ²Ó§µ¢ ´¨¥ ¶µ¤Ìµ¤  [3] µ± § -
²µ¸Ó ´¥¢µ§³µ¦´Ò³.

’ ±¨³ µ¡· §µ³, ¤ ´´Ò° ¶µ¤Ìµ¤ ¡Ò² ¨§´ Î ²Ó´µ ¶·¨³¥´¨³ Éµ²Ó±µ ¤²Ö
¨¸¸²¥¤µ¢ ´¨Ö ¸¢µ°¸É¢ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¸¨¸É¥³Ò. �¥±µÉµ·Ò¥ ¨§ ¶µ¸²¥¤Ê-
ÕÐ¨Ì · ¡µÉ, ¢ Î ¸É´µ¸É¨ [4, 5], ¡Ò²¨ ¶µ¸¢ÖÐ¥´Ò ¡µ²¥¥ ¸²µ¦´µ° ¶·µ¡²¥³¥
µ¡µ¡Ð¥´¨Ö ³¥Éµ¤  ´  ¸²ÊÎ ° ³µ¤¥²Ó´ÒÌ £ ³¨²ÓÉµ´¨ ´µ¢ É¨¶  (1.2) ¶·¨ ´¥´Ê-
²¥¢µ° É¥³¶¥· ÉÊ·¥.

�¡· É¨³¸Ö É¥¶¥·Ó ± ¡µ²¥¥ ¤¥É ²Ó´µ³Ê · ¸¸³µÉ·¥´¨Õ ³µ¤¥²Ó´ÒÌ Ë¥·³¨-
¸¨¸É¥³ ¸ ¶·¨ÉÖ¦¥´¨¥³ ¸ £ ³¨²ÓÉµ´¨ ´µ³ ¢¨¤ 

H =
∑
(f)

Tfa
†
faf −

1
2V

∑
(f,f ′)

λ(f)λ(f ′) a†fa
†
−fa−f ′af ′ . (1.4)

ŒÒ ¨¸¶µ²Ó§Ê¥³ É· ¤¨Í¨µ´´Ò¥ µ¡µ§´ Î¥´¨Ö f = (p, σ), −f = (−p,−σ) ¤²Ö
¸µ¢µ±Ê¶´µ¸É¨ Î¥ÉÒ·¥Ì ±¢ ´Éµ¢ÒÌ Î¨¸¥² Å ¨³¶Ê²Ó¸  p ¨ ¶·µ¥±Í¨¨ ¸¶¨´  σ,
±µÉµ·Ò¥ µ¶·¥¤¥²ÖÕÉ ¸µ¸ÉµÖ´¨¥ ¸¢µ¡µ¤´µ£µ Ë¥·³¨µ´ .

V = L3, px =
2πnx
L

, py =
2πny
L

, pz =
2πnz
L

,

nx, ny, nz Ä Í¥²Ò¥ Î¨¸² , Tf = p2

2m − µ, £¤¥ µ Å Ì¨³¨Î¥¸±¨° ¶µÉ¥´Í¨ ². „²Ö
¸É ´¤ ·É´µ° ³µ¤¥²¨ kŠ˜ [6] ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ

λ(f) =




Jε(σ) = const,
∣∣∣ p2

2m − µ
∣∣∣ ≤ 0,

0 ¤²Ö
∣∣∣ p2

2m − µ
∣∣∣ > 0, ε(σ) = ±1. (1.5)

‚ ¤ ´´µ° · ¡µÉ¥ ³Ò ´¥ µ¶¨· ¥³¸Ö ¡Ê±¢ ²Ó´µ ´  ÔÉ¨ ¸¨²Ó´Ò¥ µ£· ´¨Î¥´¨Ö,
´ ²µ¦¥´´Ò¥ ´  ËÊ´±Í¨¨ Tf , λ(f). „²Ö ´ Ï¨Ì Í¥²¥° ¤µ¸É ÉµÎ´µ ´ ²µ¦¨ÉÓ
¡µ²¥¥ ¸² ¡Ò¥ Ê¸²µ¢¨Ö: ËÊ´±Í¨¨ λ(f), Tf ¢¥Ð¥¸É¢¥´´Ò ¨ λ(−f) = −λ(f),

1
2V

∑
(f)

|λf | ≤ k1 = const,
1
V

∑
(f)

|Tf · λf | ≤ k2 = const, (1.6)

1
V

∑
(f)

λ2f ≤ k3 = const, ¥¸²¨ V → ∞.
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�É¨ Ê¸²µ¢¨Ö £ · ´É¨·µ¢ ´´µ ¢Ò¶µ²´ÖÕÉ¸Ö ¢ ¸²ÊÎ ¥ (1.5). “³¥¸É´µ É ±¦¥
µÉ³¥É¨ÉÓ, ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥ Ê¤¥²Ó´ Ö ¸¢µ¡µ¤´ Ö Ô´¥·£¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¥°
¸¨¸É¥³Ò, ¸µ¸ÉµÖÐ¥° ¨§ ´¥¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì Ë¥·³¨µ´µ¢, ±µ´¥Î´ .

‚Ò¶µ²´¨¢ Éµ¦¤¥¸É¢¥´´µ¥ ¶·¥µ¡· §µ¢ ´¨¥, ³Ò ³µ¦¥³ ¶¥·¥¶¨¸ ÉÓ (1.4) ¢
¢¨¤¥

H = H0 +H1,

£¤¥ ® ¶¶·µ±¸¨³¨·ÊÕÐ¨° £ ³¨²ÓÉµ´¨ ´¯ H0 ¨³¥¥É ¢¨¤

H0 =
∑
(f)

Tfa
†
faf −



∑
(f)

(Ca−faf + C∗a†fa
†
−f )


+ 2V C∗C ,

H1 = −2V


 1
2V

∑
(f)

λfa
†
fa

†
−f − C




 1
2V

∑
(f)

λfa−faf − C∗




¨ C,C∗ Ö¢²ÖÕÉ¸Ö c-Î¨¸² ³¨. ’ ± ± ± H0 ±¢ ¤· É¨Î¥´ ¶µ Ë¥·³¨-µ¶¥· Éµ· ³,
Éµ µ´ ³µ¦¥É ¡ÒÉÓ ¤¨ £µ´ ²¨§µ¢ ´ ¶µ¸·¥¤¸É¢µ³ (u− v)-¶·¥µ¡· §µ¢ ´¨Ö:

af = u(f)αf − v(f)α†
−f ,

¨ Ê¤¥²Ó´ Ö ¸¢µ¡µ¤´ Ö Ô´¥·£¨Ö, µ¶·¥¤¥²Ö¥³ Ö ± ±

fH0(C) = − θ

V
ln Sp e−

H0
θ ,

³µ¦¥É ¡ÒÉÓ ²¥£±µ ¢ÒÎ¨¸²¥´ . ‡¤¥¸Ó θ = kT Å É¥³¶¥· ÉÊ·  ¢ Ô´¥·£¥É¨Î¥¸±¨Ì
¥¤¨´¨Í Ì, V Å µ¡Ñ¥³ ¸¨¸É¥³Ò. ‚ ¤ ²Ó´¥°Ï¥³ ¨¸¶µ²Ó§Ê¥É¸Ö É ±¦¥ µ¡· É-
´ Ö É¥³¶¥· ÉÊ·  β = 1/kT . Šµ³¶²¥±¸´Ò° ¶ · ³¥É· C, ¶·¨¸ÊÉ¸É¢ÊÕÐ¨° ¢
¶·µ¡´µ³ £ ³¨²ÓÉµ´¨ ´¥ H0, µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²µ¢¨Ö  ¡¸µ²ÕÉ´µ£µ ³¨´¨³Ê³ 
Ê¤¥²Ó´µ° ¸¢µ¡µ¤´µ° Ô´¥·£¨¨ fH0(C):

fH0(C) = min,

±µÉµ·µ¥ ¶·¨¢µ¤¨É ± Ê· ¢´¥´¨Õ

∂fH0

∂C
= 0, C = 〈J〉H0 =

Sp J e−
H0
θ

Sp e−
H0
θ

, (1.7)

£¤¥

J =
1
2V

∑
(f)

λ(f) a†fa
†
−f .
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ŒÒ · §· ¡ ÉÒ¢ ¥³ ³¥Éµ¤, ±µÉµ·Ò° ¶µ§¢µ²Ö¥É ¤µ± § ÉÓ  ¸¨³¶ÉµÉ¨Î¥¸±ÊÕ
³ ²µ¸ÉÓ · §´µ¸É¨ fH0 − fH ¸¢µ¡µ¤´ÒÌ Ô´¥·£¨°, ¢ÒÎ¨¸²¥´´ÒÌ ´  µ¸´µ¢¥  ¶-
¶·µ±¸¨³¨·ÊÕÐ¥£µ ¨ ³µ¤¥²Ó´µ£µ £ ³¨²ÓÉµ´¨ ´µ¢, ¸µµÉ¢¥É¸É¢¥´´µ, ¶·¨ ¶·µ¨§-
¢µ²Ó´µ° É¥³¶¥· ÉÊ·¥. ‚ ÔÉ¨Ì Í¥²ÖÌ Ê¤µ¡´µ ¡Ê¤¥É · ¸¸³µÉ·¥ÉÓ ¢¸¶µ³µ£ É¥²Ó-
´ÊÕ ³µ¤¥²Ó´ÊÕ ¸¨¸É¥³Ê ¸ £ ³¨²ÓÉµ´¨ ´µ³, ¸µ¤¥·¦ Ð¨³ ¨¸ÉµÎ´¨±¨, ¨´É¥´-
¸¨¢´µ¸ÉÓ ±µÉµ·ÒÌ Ì · ±É¥·¨§Ê¥É¸Ö ¶ · ³¥É·µ³ ν:

Γ = T − 2V J · J† − V (νJ + ν∗J†). (1.8)

ƒ ³¨²ÓÉµ´¨ ´ (1.8) ¸µ¢¶ ¤ ¥É ¤²Ö ν = 0 ¸ £ ³¨²ÓÉµ´¨ ´µ³ H , £¤¥

T =
∑
(f)

Tfa
†
faf .

‘µµÉ¢¥É¸É¢ÊÕÐ¨° ¶·µ¡´Ò° ( ¶¶·µ±¸¨³¨·ÊÕÐ¨°) £ ³¨²ÓÉµ´¨ ´ ¨³¥¥É ¢¨¤

Γ0 = T − 2V (CJ† + C∗J)− V (νJ + ν∗J†) + 2V |C|2. (1.9)

�É¸Õ¤  µÎ¥¢¨¤´µ, ÎÉµ
Γ = Γ0 + U ,

£¤¥
U = −2V (J − C)(J† − C∗). (1.10)

‚ÒÎ¨¸²¨³ É¥¶¥·Ó ¢ÒÏ¥Ê¶µ³Ö´ÊÉÊÕ · §´µ¸ÉÓ ³¥¦¤Ê Ê¤¥²Ó´Ò³¨ ¸¢µ¡µ¤´Ò³¨
Ô´¥·£¨Ö³¨. „²Ö ÔÉµ£µ § ³¥É¨³, ÎÉµ Γ = Γ0 + U , ¨ ¢¢¥¤¥³ ¶·µ³¥¦ÊÉµÎ´Ò°
¢¸¶µ³µ£ É¥²Ó´Ò° £ ³¨²ÓÉµ´¨ ´:

Γt = Γ0 + tU ,

±µÉµ·Ò° ¸µ¢¶ ¤ ¥É ¸ ¶·µ¡´Ò³ £ ³¨²ÓÉµ´¨ ´µ³ Γ0, ¥¸²¨ t = 0, ¨ ¸ ¨¸Ìµ¤´Ò³
£ ³¨²ÓÉµ´¨ ´µ³ Γ, ¥¸²¨ t = 1. �·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ¶ · ³¥É· C ¢ ¶·µ³¥¦Ê-
ÉµÎ´µ³ £ ³¨²ÓÉµ´¨ ´¥ Ë¨±¸¨·µ¢ ´ ¨ ´¥ § ¢¨¸¨É µÉ t. 
 ¸¸³µÉ·¨³ ¸É É¸Ê³³Ê
¨ ¸¢µ¡µ¤´ÊÕ Ô´¥·£¨Õ ¤²Ö ¶·µ³¥¦ÊÉµÎ´µ£µ £ ³¨²ÓÉµ´¨ ´ :

ft(C) = − θ

V
lnQt, Qt = Sp e−

Γt

θ , Qt = e−
V ·ft

θ . (1.11)

‡ ³¥É¨³, ÎÉµ ft=1(C) = fΓ ¨, ¸²¥¤µ¢ É¥²Ó´µ, ´¥ § ¢¨¸¨É µÉ C. „¨ËË¥·¥´-
Í¨·ÊÖ (11) ¤¢ ¦¤Ò ¶µ t, ³Ò ¨³¥¥³

∂2Qt

∂t2
= −V

θ

∂2ft
∂t2

Qt +
V 2

θ2

(
∂ft
∂t

)2

Qt.

‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¶·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥, ÎÉµ

∂2Qt

∂t2
=
1
θ2

∫ 1

0

Sp
{
Ue−Γt

θ τUe−Γt

θ (1−τ)
}
dτ,
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³Ò ¶µ²ÊÎae³

−V

θ

∂2ft
∂t2

+
V 2

θ2

(
∂ft
∂t

)2

=
1

θ2Q

∫ 1

0

Sp
{
Ue−Γt

θ τUe−Γt

θ (1−τ)
}
dτ.

“Î¨ÉÒ¢ Ö, ÎÉµ

∂ft
∂t

=
1
V

Sp U e−Γt

θ

Sp e−
Γt

θ

=
1
V
〈U〉,

³Ò É ±¦¥ ´ Ìµ¤¨³, ÎÉµ

−∂2ft
∂t2

=
1
θV

{
1
Q

∫ 1

0

Sp Ue−Γt

θ τU e−Γt

θ (1−τ)dτ − 〈U〉2
}
=

=
1

θV Q

∫ 1

0

Sp
{
Be−Γt

θ τBe−Γt

θ (1−τ)
}
dτ,

£¤¥ B = U − 〈U〉. �¥·¥Ìµ¤Ö ± ³ É·¨Î´µ³Ê ¶·¥¤¸É ¢²¥´¨Õ, ¢ ±µÉµ·µ³ £ ³¨²Ó-
Éµ´¨ ´ ¤¨ £µ´ ²¥´, ³Ò ¶µ²ÊÎ ¥³

−∂2ft
∂t2

=
1

θV Q

∫ 1

0

∑
(n,m)

Bnm · Bmne−
(Et

m−Et
n)

θ τ · e−
Et

n
θ dτ =

=
1

θV Q

∫ 1

0

∑
(n,m)

|Bnm|2e−
(Et

m−Et
n)

θ τ e−
Et

n
θ dτ ≥ 0,

−∂2ft
∂t2

≥ 0.

�É¸Õ¤  ¸²¥¤Ê¥É, ¢ Î ¸É´µ¸É¨, ÎÉµ

∂ft
∂t

≡ 1
V

〈U〉t

Ê¡Ò¢ ¥É ¸ Ê¢¥²¨Î¥´¨¥³ ¶ · ³¥É·  t. ’ ±¨³ µ¡· §µ³, ³Ò ¨³¥¥³

fΓ0(C)− fΓ = −
∫ 1

0

∂ft
∂t

dt = −
∫ 1

0

〈U〉
V

dr ≥ 0.

’ ± ± ± ÔÉµ ¸µµÉ´µÏ¥´¨¥ ¢Ò¶µ²´Ö¥É¸Ö ¤²Ö ¶·µ¨§¢µ²Ó´µ£µ C, Éµ

min(C)fΓ0(C) ≥ fΓ, fΓ0 ≥ fΓ.

�·µ¨´É¥£·¨·Ê¥³ µ¡¥ ¸Éµ·µ´Ò ¸²¥¤ÊÕÐ¥£µ ´¥· ¢¥´¸É¢ :

〈U〉t ≥ 〈U〉Γ, 0 ≤ t ≤ 1.
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�µ¤¸É ¢²ÖÖ (1.10) ¢³¥¸Éµ U , ³Ò ¢¨¤¨³, ÎÉµ ¤²Ö ²Õ¡µ£µ C = C′ ¢Ò¶µ²´Ö¥É¸Ö
¸²¥¤ÊÕÐ¥¥ ´¥· ¢¥´¸É¢µ:

fΓ0(C)− fΓ ≤ 2〈(J − C)(J† − C∗)〉Γ.

‚ Î ¸É´µ¸É¨, ¶µ²µ¦¨³ C = 〈J〉Γ ¨ § ³¥É¨³, ÎÉµ

fΓ0 = min(C) fΓ0(C) ≤ fΓ0(〈J〉Γ).

’ ±¨³ µ¡· §µ³,

fΓ0 − fΓ ≤ fΓ0(〈J〉Γ)− fΓ ≤ 2〈(J − 〈J〉Γ)(J† − 〈J†〉Γ)〉Γ

¨ ¢ ¨Éµ£¥
0 ≤ fΓ0 − fΓ ≤ 2〈(J − 〈J〉)(J† − 〈J†〉)〉. (1.12)

‚¥·´¥³¸Ö ± ´ Ï¥° µ¸´µ¢´µ° ¶·µ¡²¥³¥. ŒÒ ÌµÉ¨³ ¶µ± § ÉÓ, ÎÉµ · §´µ¸ÉÓ
fΓ0 − fΓ  ¸¨³¶ÉµÉ¨Î¥¸±¨ ³ ²  ¢ ¶·¥¤¥²¥ V → ∞. Š ± ¸²¥¤Ê¥É ¨§ (1.12), ¤²Ö
Éµ£µ ÎÉµ¡Ò ÔÉµ ÊÉ¢¥·¦¤ ÉÓ, ³Ò ¤µ²¦´Ò ¤µ± § ÉÓ  ¸¨³¶ÉµÉ¨Î¥¸±ÊÕ ³ ²µ¸ÉÓ
É¥·³µ¤¨´ ³¨Î¥¸±µ£µ ¸·¥¤´¥£µ ¢ ¶· ¢µ° Î ¸É¨ (1.12). �¡·¨¸Ê¥³ µ¡Ð¨° ³¥Éµ¤
µÍ¥´±¨ ÔÉµ£µ ¸·¥¤´¥£µ. �·¥¦¤¥ ¢¸¥£µ µÉ³¥É¨³, ÎÉµ

|ΓJ − JΓ| ≤ K = const,

£¤¥ K = |ν|k3 + k2 + 2k1k3. “Î¨ÉÒ¢ Ö, ÎÉµ Ô´¥·£¨Ö ¸¨¸É¥³Ò Γ ¶·µ¶µ·Í¨µ-
´ ²Ó´  V , ¥¸É¥¸É¢¥´´µ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ µ¶¥· Éµ·Ò Γ ¨ J, J†  ¸¨³¶ÉµÉ¨Î¥-
¸±¨ ±µ³³ÊÉ¨·ÊÕÉ ¢ ¶·¥¤¥²¥ V → ∞. ’ ±¨³ µ¡· §µ³, ¥¸²¨ ¡Ò ³Ò ¶·¥´¥¡·¥£²¨
´¥±µ³³ÊÉ É¨¢´µ¸ÉÓÕ µ¶¥· Éµ·  Γ ¸ µ¶¥· Éµ· ³¨ J, J† ¤²Ö ²Õ¡µ£µ ±µ´¥Î´µ£µ
V , Éµ, ¤¨ËË¥·¥´Í¨·ÊÖ ¸¢µ¡µ¤´ÊÕ Ô´¥·£¨Õ ¶µ ν ¨ ν∗, ³µ£²¨ ¡Ò ¶µ²ÊÎ¨ÉÓ

−θ
∂2f

∂ν∂ν∗ = V
Sp (J · J†e−

Γ
θ )

Sp e−
Γ
θ

− V
(Sp Je−

Γ
θ )(Sp J†e−

Γ
θ )

(Sp e−
Γ
θ )2

=

= V 〈(J − 〈J〉)(J† − 〈J†〉)〉,
¨²¨, ÎÉµ Ô±¢¨¢ ²¥´É´µ,

− θ

V

∂f2

∂ν∂ν∗ = 〈(J − 〈J〉)(J† − 〈J†〉)〉. (1.13)

� Ï  ¶·µ¡²¥³  ¡Ê¤¥É ·¥Ï¥´ , ¥¸²¨ ¤µ± ¦¥³, ÎÉµ ¶·µ¨§¢µ¤´Ò¥ ¢Éµ·µ£µ ¶µ-

·Ö¤±  ∂2f
∂ν∂ν∗ µ£· ´¨Î¥´Ò. �µ ³Ò ´¥ ³µ¦¥³ ¤µ± § ÉÓ ÔÉµ ÊÉ¢¥·¦¤¥´¨¥ ´¥¶µ-

¸·¥¤¸É¢¥´´µ. ‚¸¥, ÎÉµ ³µ¦´µ ¸¤¥² ÉÓ, É ± ÔÉµ ¨¸Ìµ¤¨ÉÓ ¨§ µÎ¥¢¨¤´µ° µ£· ´¨-
Î¥´´µ¸É¨ ¶¥·¢ÒÌ ¶·µ¨§¢µ¤´ÒÌ:

∂f

∂ν
= 〈J〉,

∣∣∣∣∂f∂ν
∣∣∣∣ ≤ |〈J〉| ≤ 1

2V

∑
(f)

|λf | = k1 = const.
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Š·µ³¥ Éµ£µ, ± ± ³Ò Ê¦¥ µÉ³¥Î ²¨, µ¶¥· Éµ·Ò J ¨ J† ´  ¸ ³µ³ ¤¥²¥ ´¥ ±µ³-
³ÊÉ¨·ÊÕÉ ¨, ¸²¥¤µ¢ É¥²Ó´µ, · ¢¥´¸É¢µ (1.13) ¤µ²¦´µ ¡ÒÉÓ ¸±µ··¥±É¨·µ¢ ´µ.

�¸¨³¶ÉµÉ¨Î¥¸± Ö ³ ²µ¸ÉÓ · §´µ¸É¨ ¤¢ÊÌ ¢ÒÏ¥Ê¶µ³Ö´ÊÉÒÌ Ê¤¥²Ó´ÒÌ ¸¢µ-
¡µ¤´ÒÌ Ô´¥·£¨° ³µ¦¥É ¡ÒÉÓ ¤µ± § ´  ¢ ¤¢  ÔÉ ¶ . ‘´ Î ²  ³Ò ¤µ²¦´Ò ¶µ-
¸É·µ¨ÉÓ µÍ¥´±Ê ¤²Ö ¸·¥¤´¥£µ (1.13), ¢Ò· ¦¥´´ÊÕ Î¥·¥§ ¶·µ¨§¢µ¤´ÊÕ ¢Éµ·µ£µ

¶µ·Ö¤±  ¸¢µ¡µ¤´µ° Ô´¥·£¨¨ ∂2f
∂ν∂ν∗ ¸ ÊÎ¥Éµ³ ´¥±µ³³ÊÉ É¨¢´µ¸É¨ µ¶¥· Éµ·µ¢

Γ ¨ J , J†. ‡ É¥³, ¨¸Ìµ¤Ö ¸É·µ£µ ¨§ ÔÉµ° µÍ¥´±¨ ¨ ¨§¡¥£ Ö £¨¶µÉ¥§Ò µ Éµ³,
ÎÉµ ¶·µ¨§¢µ¤´Ò¥ ¸¢µ¡µ¤´µ° Ô´¥·£¨¨ ¢Éµ·µ£µ ¶µ·Ö¤±  µ£· ´¨Î¥´Ò, ³Ò ¶·¥¤²µ-
¦¨³ ³¥Éµ¤, ¸ ¶µ³µÐÓÕ ±µÉµ·µ£µ ¤µ± ¦¥³  ¸¨³¶ÉµÉ¨Î¥¸±ÊÕ ³ ²µ¸ÉÓ · §´µ¸É¨
fΓ0 − fΓ ¢ ¶·¥¤¥²¥ V → ∞.

„¨ËË¥·¥´Í¨·ÊÖ ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¸¢µ¡µ¤´µ° Ô´¥·£¨¨, ³Ò
¨³¥¥³

−1
θ

∂2f

∂ν∂ν∗ =
V

θ2

∫ 1

0

Sp (De−
τ
θ ΓD†e−

(1−τ)
θ Γ)dτ

Sp e−
Γ
θ

, (1.14)

£¤¥ D = J − 〈J〉. �¥·¥Ìµ¤Ö ± ³ É·¨Î´µ³Ê ¶·¥¤¸É ¢²¥´¨Õ, ¢ ±µÉµ·µ³ £ ³¨²Ó-
Éµ´¨ ´ Γ ¤¨ £µ´ ²¥´, ´ Ìµ¤¨³, ÎÉµ

−1
θ

∂2f

∂ν∂ν∗ =
V

θ

∫ 1

0

Dnme−
τ
θ EmD†

mne
− (1−τ)

θ Endτ ·Q−1 =

=
V

θ2

∑
(n,m)

|Dnm|2
∫ 1

0

e−
τ
θ Eme−

(1−τ)
θ Endτ ·Q−1 =

=
V

θ

1
Q

∑
(n,m)

|Dnm|2
En − Em

(
e−

Em
θ − e−

En
θ

)
.

’ ±¨³ µ¡· §µ³, ³Ò ¢¨¤¨³, ÎÉµ

− ∂2f

∂ν∂ν∗ = V
∑
(n,m)

|Dnm|2
Q

e−
Em

θ − e−En
θ

En − Em
≥ 0. (1.15)

‚µ¸¶µ²Ó§Ê¥³¸Ö ´¥· ¢¥´¸É¢µ³ ƒ¥²Ó¤¥· ∗, ±µÉµ·µ¥ ¢ ´ Ï¥³ ¸²ÊÎ ¥ Ê¤µ¡´µ § -
¶¨¸ ÉÓ ¢ ¢¨¤¥:

∑
(k)

|uk|2 ≤


∑

(k)

|uk|2
pk



2/3

·


∑

(k)

|uk|2p2k



1/3

(1.16)

∗�¥· ¢¥´¸É¢µ ƒ¥²Ó¤¥· :
∣∣∣
∑

ab
∣∣∣ ≤
(∑

|a|p
)1/p

·
(∑

|b|q
)1/q

,

£¤¥ p > 0 ¨ q > 0, 1/p + 1/q = 1. ‘²¥¤µ¢ É¥²Ó´µ, p > 1 ¨ q > 1. ‚Ò¡¥·¥³ p = 3/2 ¨ q = 3.
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pk ≥ 0,

∣∣∣∣ uk√
p
k

∣∣∣∣ = ˇnite

)
,

∑
(k)

|uk|2 =
∑
(k)

(
|uk|1/3
p2/3

)(
|uk|2/3 · p2/3

)
,

p = |En − Em|,

|uk|2 = |Jnm|2 · |e−
Em

θ − e−
En
θ | · V ·Q−1.

�µ¤¸É ¢²ÖÖ ¤¢  ¶µ¸²¥¤´¨Ì ¢Ò· ¦¥´¨Ö ¤²Ö p ¨ |un|2 ¢ (1.16), ³Ò ¶µ²ÊÎ ¥³:

V

Q

∑
(n,m)

|Dnm|2 · |e−
Em

θ − e−
En
θ | ≤

≤


V

Q

∑
(n,m)

|Dnm|2 · |e−Em
θ − e−En

θ |
|En − Em|



2/3

×

×


V

Q

∑
(n,m)

|Dnm|2 · |En − Em|2 · |e−
Em

θ − e−
En
θ |



1/3

.

‚¢¨¤Ê (1.15) ¨³¥¥³

V

Q

∑
(n,m)

|Dnm|2 · |e−
Em

θ − e−
En
θ | ≤

(
− ∂2f

∂ν∂ν∗

)2/3

×

×


V

Q

∑
(n,m)

|Dnm| · |En − Em|2(e−
Em

θ − e−
En
θ )



1/3

.

�·µ¤¥² ¥³ ¶·µ¸Éµ¥ ¶·¥µ¡· §µ¢ ´¨¥:

V

Q

∑
(n,m)

|Dnm|2 · |En − Em| ·
(
e−

Em
θ + e−

En
θ

)
=

=
V

Q
Sp e−

Γ
θ

{
(ΓD −DΓ)(D†Γ− ΓD†) + (D†Γ− ΓD†)(ΓD −DΓ)

}
=

= V 〈(ΓJ − JΓ)(ΓJ − JΓ)† + (ΓJ − JΓ)†(ΓJ − JΓ)〉 ≤ 2VK2,

¸ ¶µ³µÐÓÕ ±µÉµ·µ£µ ³µ¦´µ ¶µ± § ÉÓ, ÎÉµ

V

Q

∑
(n,m)

|Dnm|2 · |En − Em| ·
∣∣∣e−Em

θ − e−
En
θ

∣∣∣ ≤ (
− ∂f

∂ν∂ν∗

)2/3

· (2VK2)1/3.
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‡ ³¥É¨³, ¤ ²¥¥, ÎÉµ

V

Q

∑
(n,m)

|Dnm|2e−
En
θ ≤ θ

V

Q

∑
(n,m)

|Dnm|2
(En − Em)

(
e−

Em
θ − e−

En
θ

)
+

+
∑
(n,m)

|Dnm|2 · |e−
Em

θ − e−
En
θ |,

£¤¥
V

Q

∑
(n,m)

|Dnm|2e−
En
θ =

V

Q
Sp D ·D†e−

Γ
θ = V 〈D ·D†〉 =

= V 〈(J − 〈J〉)(J† − 〈J†〉)〉.

‚ ·¥§Ê²ÓÉ É¥ ³Ò ¶·¨Ìµ¤¨³ ± ´¥· ¢¥´¸É¢Ê

〈(J − 〈J〉)(J† − 〈J†〉)〉 ≤ − ∂2f

∂ν∂ν∗
θ

V
+
(2K2)1/3

V 2/3
·
(
− ∂2f

∂ν∂ν∗

)2/3

. (1.17)

ˆ§ (1.12) ¨ (1.17) ¢¨¤´µ, ÎÉµ ´ Ï  ¶·µ¡²¥³  ¡Ò²  ¡Ò ·¥Ï¥´ , ¥¸²¨ ¡Ò
³Ò ³µ£²¨ ¶µ± § ÉÓ, ÎÉµ ¶·µ¨§¢µ¤´Ò¥ ¢Éµ·µ£µ ¶µ·Ö¤±  µ£· ´¨Î¥´Ò ¢ ¶·¥-
¤¥²¥ V → ∞. Š ¸µ¦ ²¥´¨Õ, ¶·Ö³µ¥ ¤µ± § É¥²Ó¸É¢µ ÔÉµ£µ ÊÉ¢¥·¦¤¥´¨Ö µÉ-
¸ÊÉ¸É¢Ê¥É, ¢¸²¥¤¸É¢¨¥ Î¥£µ ³Ò ¢Ò´Ê¦¤¥´Ò ¶µ² £ ÉÓ¸Ö ²¨ÏÓ ´  µ£· ´¨Î¥´-
´µ¸ÉÓ ¶·µ¨§¢µ¤´ÒÌ ¶¥·¢µ£µ ¶µ·Ö¤± . �µÔÉµ³Ê ³Ò ¤µ²¦´Ò · §· ¡µÉ ÉÓ ³¥Éµ¤,
´¥ µ¶¨· ÕÐ¨°¸Ö ´  ¸¢µ°¸É¢µ µ£· ´¨Î¥´´µ¸É¨ ¶·µ¨§¢µ¤´ÒÌ ¢Éµ·µ£µ ¶µ·Ö¤± ,
¶·¨ ¶µ³µÐ¨ ±µÉµ·µ£µ ³µ£²¨ ¡Ò ¤µ± § ÉÓ  ¸¨³¶ÉµÉ¨Î¥¸±ÊÕ ³ ²µ¸ÉÓ · §´µ¸É¨
Ê¤¥²Ó´ÒÌ ¸¢µ¡µ¤´ÒÌ Ô´¥·£¨°

fΓ0 − fΓ.

‡ ³¥É¨³, ÎÉµ f(ν, ν∗) § ¢¨¸¨É Éµ²Ó±µ µÉ  ¡¸µ²ÕÉ´µ£µ §´ Î¥´¨Ö r = |ν|:
f(ν, ν∗) = f(r) ¨ ´¥ § ¢¨¸¨É µÉ Ë §µ¢µ£µ ³´µ¦¨É¥²Ö ¶ · ³¥É·  ν. ‘²¥¤µ-
¢ É¥²Ó´µ, f(ν, ν∗) = f(

√
νν∗). „¨ËË¥·¥´Í¨·ÊÖ f ¶µ ν ¨ ν∗, ¶µ²ÊÎae³

∂f

∂ν∗ =
1
2

√
ν

ν∗ f
′
r(r),

∂2f

∂ν∂ν∗ =
1
4r
(f ′
r + f ′′

r r) =
1
4r

∂

∂r

(
r
∂f

∂r

)
≤ 0.

’ ± ± ± |ΓJ − JΓ| ≤ K = const, Éµ ³Ò ³µ¦¥³ ¶¥·¥¶¨¸ ÉÓ ´¥· ¢¥´¸É¢µ (1.17)
¢ ¢¨¤¥

D(r) ≤ θ

4V

(
−f ′′

r − 1
r
f ′
r

)
+
(
−f ′′

r − 1
r
f ′
r

)2/3
K2/3

2V 2/3
,

£¤¥ ¢¢¥²¨ µ¡µ§´ Î¥´¨Ö

D(r) = 〈(J − 〈J〉)(J† − 〈J†〉)〉.
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�·µ¨´É¥£·¨·Ê¥³ (1.17) ¶µ r ¨ ¶µ± ¦¥³, ÎÉµ∫ r1

r0

rD(r)dr → 0, ¥¸²¨ V → ∞.

” ±É¨Î¥¸±¨, ³Ò ¨³¥¥³∫ r1

r0

rD(r)dr ≤ θ

4V
r
∂f

∂r

∣∣∣r0
r1
+

K2/3

2V 2/3

∫ r1

r0

r1/3
(
− ∂

∂r

(
r
∂f

∂r

))2/3

dr ≡

≡
∫ r1

r0

u(r)v(r)dr,

£¤¥

u(r) = r1/3, v(r)
(
− ∂

∂r

(
r
∂f

∂r

))2/3

.

‚µ¸¶µ²Ó§Ê¥³¸Ö ´¥· ¢¥´¸É¢µ³ ƒ¥²Ó¤¥·  ¢ Ëµ·³¥∫
|uv|dr ≤

(∫
|u|3dr

)1/3

·
(∫

|v|3/2dr
)2/3

,

¸ É¥³ ÎÉµ¡Ò ¶·¥µ¡· §µ¢ ÉÓ ¶· ¢ÊÕ Î ¸ÉÓ ¶µ¸²¥¤´¥£µ ´¥· ¢¥´¸É¢ . ‡ ³¥Î Ö,
ÎÉµ ∣∣∣∣∂f∂r

∣∣∣∣ ≤ 2k1, (1.18)

³Ò ¶µ²ÊÎae³∫ r1

r0

rD(r)dr ≤ θ

2V
k1(r0 + r1) +

1
2V 2/3

(2k1K(r0 + r1))
2/3

(
r21 − r20
2

)1/3

.

(1.19)
�É±Ê¤  ¸²¥¤Ê¥É, ÎÉµ ÔÉµÉ ¨´É¥£· ²  ¸¨³¶ÉµÉ¨Î¥¸±¨ Ê¡Ò¢ ¥É ¶µ ³¥·¥ Éµ£µ, ± ±
V → ∞. ‚¥·´¥³¸Ö ± ´¥· ¢¥´¸É¢Ê (1.12):

0 ≤ fΓ0 − fΓ ≤ 2〈(J − 〈J〉)(J† − 〈J†〉)〉.

�¡µ§´ Î Ö a = fΓ0 − fΓ ¨ ¨¸¶µ²Ó§ÊÖ ¸µµÉ´µÏ¥´¨¥ (1.19), ³Ò ´ Ìµ¤¨³, ÎÉµ

∫ r1

r0

ra(r)dr ≤ θk1(r0 + r1)
V

+
(2kK(r0 + r1)2/3

(
r21−r20

2

)1/3
V 2/3

.

�µ³´Ö µ Éµ³, ÎÉµ ¶¥·¢Ò¥ ¶·µ¨§¢µ¤´Ò¥ ∂f
∂r µ£· ´¨Î¥´Ò (¸³. (1.18)) ¨ |a′r(r)| ≤

≤ 4k1, ¶µ²µ¦¨³ r0 = r+l, r1 = r+2l ¨ ¢µ¸¶µ²Ó§Ê¥³¸Ö ¸²¥¤ÊÕÐ¨³ · ¢¥´¸É¢µ³:

a(ξ)
∫ r+2l

r+l

rdr =
∫ r+2l

r+l

ra(r)dr,
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£¤¥ r + l ≤ ξ ≤ r + 2l. ‚¢¨¤Ê µÎ¥¢¨¤´µ£µ Éµ¦¤¥¸É¢ :

a(r) = a(ξ)−
∫ ξ

r

a′rdr,

³µ¦´µ ¶µ± § ÉÓ, ÎÉµ

a(ξ) ≤
∫ r+2l
r+l ra(r)dr

1
2 [(r + 2l)

2 − (r + l)2]
+ 4k12l ≤ 8kl+

2θk
V L

+
(4kK)2/3

l2/3V 2/3
.

‚Ò¡¨· Ö l ¨§ Ê¸²µ¢¨Ö

8kl =
(4kK)2/3

l2/3V 2/3
, l =

K2/5

2V 2/5k1/5
,

³Ò ¢ ¨Éµ£¥ ´ Ìµ¤¨³

0 ≤ fΓ0 − fΓ ≤ 8(k2K)2/5

V 2/5
+
4θ
(
k3

K

)2/5
V 3/5

≤ L

V 2/5
, L = const. (1.20)

’ ±¨³ µ¡· §µ³, · §´µ¸ÉÓ fΓ0 − fΓ ¸É·¥³¨É¸Ö ± ´Ê²Õ ¢ ¶·¥¤¥²¥ V → ∞.
Œµ¦´µ É ±¦¥ ¶¥·¥°É¨ ± ¶·¥¤¥²Ê r = |ν| → 0 ¢ ´¥· ¢¥´¸É¢¥ (1.20). ‚ ÔÉµ³
¸²ÊÎ ¥

0 ≤ fH0 − fH ≤ L

V 2/5
, L = const.

Ÿ¸´µ, ÎÉµ ÔÉ  µÍ¥´±  · ¢´µ³¥·´  ¶µ µÉ´µÏ¥´¨Õ ± θ ≥ 0 ¨, ¸²¥¤µ¢ É¥²Ó´µ, µ´ 
¨³¥¥É ³¥¸Éµ ¨ ¤²Ö θ = 0. �µ²ÊÎ¥´´ Ö µÍ¥´±  ¤²Ö · §´µ¸É¨ ¸¢µ¡µ¤´ÒÌ Ô´¥·£¨°
(1.20) Ö¢²Ö¥É¸Ö Î ¸É´Ò³ ¸²ÊÎ ¥³ ¡µ²¥¥ µ¡Ð¥° É¥µ·¥³Ò, ±µÉµ· Ö µ¡¸Ê¦¤ ¥É¸Ö
´¨¦¥ [4, 5]. ‚ ·¨ ´É ³¥Éµ¤  ¸ ´¥±µÉµ·Ò³¨ ³µ¤¨Ë¨± Í¨Ö³¨, ¢ Î ¸É´µ¸É¨,
± ¸ ÕÐ¨³¨¸Ö ¶·¨³¥´¥´¨Ö ´¥· ¢¥´¸É¢  ƒ¥²Ó¤¥·  ¢ ³ ¦µ· Í¨µ´´ÒÌ µÍ¥´± Ì,
¡Ò² É ±¦¥ · ¸¸³µÉ·¥´ ¢ · ¡µÉ¥ [8].

�É³¥É¨³ ¢ § ±²ÕÎ¥´¨¥, ÎÉµ ¢ · ³± Ì ³¥Éµ¤   ¶¶·µ±¸¨³¨·ÊÕÐ¨Ì £ ³¨²Ó-
Éµ´¨ ´µ¢ ¤²Ö ¤ ´´µ° ³µ¤¥²¨ ³µ¦´µ É ±¦¥  ¸¨³¶ÉµÉ¨Î¥¸±¨ ÉµÎ´µ ¢ÒÎ¨¸²¨ÉÓ
±µ··¥²ÖÍ¨µ´´Ò¥ ËÊ´±Í¨¨ ¨ ËÊ´±Í¨¨ ƒ·¨´ . ‚ Î ¸É´µ¸É¨, ³µ¦´µ ¶µ± § ÉÓ,
ÎÉµ

|〈A(t)B(τ)〉Γ − 〈A(t)B(τ)〉Γ0 | ≤ η

(
1
V

, δ

)
|t− τ |+ η′

(
1
V

, δ

)
, (1.21)

£¤¥ A,B = af , a
†
f , a−f , a

†
−f . ‡¤¥¸Ó r = |ν| ≥ δ ¨

η

(
1
V

, δ

)
→ 0, η′

(
1
V

, δ

)
→ 0, ¥¸²¨ V → ∞,
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¤²Ö ²Õ¡µ£µ Ë¨±¸¨·µ¢ ´´µ£µ §´ Î¥´¨Ö δ > 0. �µ¤Î¥·±¨¢ ¥³, ÎÉµ ÔÉ¨ ´¥· -
¢¥´¸É¢  ¢Ò¶µ²´ÖÕÉ¸Ö ¤²Ö r ≥ δ. ‘·¥¤´¥¥ 〈A(t)B(τ)〉Γ0 ³µ¦¥É ¡ÒÉÓ ²¥£±µ
¢ÒÎ¨¸²¥´µ, ¨ ³Ò ¢¨¤¨³, ÎÉµ

lim
r→0

{
lim
V→∞

〈A(t)B(τ)〉Γ0

}
= lim

V→∞
〈A(t)B(τ)〉H0 .

‚ ´ Ï¨Ì · ¡µÉ Ì [4, 5] ¡Ò² · ¸¸³µÉ·¥´ ¡µ²¥¥ Ï¨·µ±¨° ±² ¸¸ ³µ¤¥²Ó´ÒÌ
¸¨¸É¥³, ¢ ±µÉµ·ÒÌ ´  µ¶¥· Éµ·Ò ´ ±² ¤Ò¢ ²¨¸Ó ´¥±µÉµ·Ò¥ ¸¶¥Í¨ ²Ó´Ò¥ µ£· -
´¨Î¥´¨Ö. �·¨¢¥¤¥³ ¢ ± Î¥¸É¢¥ ¶·¨³¥·  ³µ¤¥²Ó´ÊÕ ¸¨¸É¥³Ê ¸ µÉ·¨Í É¥²Ó´Ò³
¢§ ¨³µ¤¥°¸É¢¨¥³, µ¶¨¸Ò¢ ¥³ÊÕ £ ³¨²ÓÉµ´¨ ´µ³:

H = T − 2V
∑

(1≤α≤s)
gαJαJ

†
α, (1.22)

£¤¥ ¢¸¥ ¶ · ³¥É·Ò gα ¶µ²µ¦¨É¥²Ó´Ò. …¸²¨ ³Ò ¢Ò¡¥·¥³ µ¶¥· Éµ·Ò T ¨ Jα ¢
Ëµ·³¥

Jα =
1
2V

∑
(f)

λα(f)a
†
fa

†
−f , T =

∑
(f)

a†faf , (1.23)

Éµ ¶·¨¤¥³ ± £ ³¨²ÓÉµ´¨ ´Ê É¨¶  ³µ¤¥²¨ kŠ˜. ” ±É¨Î¥¸±¨, ± ± ¡Ê¤¥É ¢¨¤´µ
¨§ ¶µ¸²¥¤ÊÕÐ¥£µ · ¸¸³µÉ·¥´¨Ö, ´¥µ¡Ö§ É¥²Ó´µ § ¤ ¢ ÉÓ µ¶¥· Éµ·Ò T ¨ Jα
¸É·µ£µ ¢ Ëµ·³¥ (1.23).

’¥µ·¥³  1. �Ê¸ÉÓ µ¶¥· Éµ·Ò T ¨ Jα ¢ £ ³¨²ÓÉµ´¨ ´¥ (1.22) Ê¤µ¢²¥É¢µ-
·ÖÕÉ Ê¸²µ¢¨Ö³

|Jα| ≤ M1, T = T †, |TJα − JαT | ≤ M2,

|JαJβ − JβJα| ≤
M3

V
, |J†

αJβ − JβJ
†
α| ≤

M3

V
, (1.24)

£¤¥ M1, M2, M3 Å Ö¢²ÖÕÉ¸Ö ¶µ¸ÉµÖ´´Ò³¨ ¢ ¶·¥¤¥²¥ V → ∞ ¶·¨
1 ≤ α ≤ s ¨ 1 ≤ β ≤ s. ˆ ¶Ê¸ÉÓ Ê¤¥²Ó´ Ö ¸¢µ¡µ¤´ Ö Ô´¥·£¨Ö, ¢ÒÎ¨¸²¥´-
´ Ö ¤²Ö £ ³¨²ÓÉµ´¨ ´  T , µ£· ´¨Î¥´  ´¥±µÉµ·µ° ¶µ¸ÉµÖ´´µ°:

|f(T )| ≤ M0. (1.25)

’µ£¤ , ¥¸²¨ ¶µ¸É·µ¨ÉÓ ¶·µ¡´Ò° £ ³¨²ÓÉµ´¨ ´ ¢ ¢¨¤¥

H(C) = T − 2V
∑
(α)

gα(CαJ
†
α + C∗Jα − CαC

∗
α), (1.26)

£¤¥ C1, ..., Cs Å ±µ³¶²¥±¸´Ò¥ ¶ · ³¥É·Ò, Éµ ¨³¥¥É ³¥¸Éµ ¸²¥¤ÊÕÐ¥¥ ´¥· -
¢¥´¸É¢µ:

0 ≤ min(C)f(H0(C)) − f(H) ≤ E
(
1
V

)
, (1.27)
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¨ E
(
1
V

)
→ 0 ¢ ¶·¥¤¥²¥ V → ∞ · ¢´µ³¥·´µ ¶µ µÉ´µÏ¥´¨Õ ± θ ´  ²Õ¡µ³

¨´É¥·¢ ²¥ 0 < θ ≤ θ0, £¤¥ θ0 Å ¶·µ¨§¢µ²Ó´ Ö Ë¨±¸¨·µ¢ ´´ Ö É¥³¶¥· ÉÊ· ∗.
�É  É¥µ·¥³  ´ Ï²  ³´µ£µÎ¨¸²¥´´Ò¥ ¶·¨²µ¦¥´¨Ö. ’ ±, ¸ ¥¥ ¶µ³µÐÓÕ

•¥·É¥²Ó ¨ T¨··¨´£ ¢ÒÎ¨¸²¨²¨ ¸¢µ¡µ¤´ÊÕ Ô´¥·£¨Õ ¢ É¥·³µ¤¨´ ³¨Î¥¸±µ³ ¶·¥-
¤¥²¥ ¤²Ö ³µ¤¥²¨, µ¶¨¸Ò¢ ÕÐ¥° ¸¨¸É¥³Ê ¶·¨ÉÖ£¨¢ ÕÐ¨Ì¸Ö Ë¥·³¨µ´µ¢ [9].

ŒÒ É ±¦¥ ¤µ²¦´Ò µÉ³¥É¨ÉÓ, ÎÉµ ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¶·¥¤¥²  ¸¢µ¡µ¤´µ° Ô´¥·-
£¨¨, ¢ÒÎ¨¸²¥´´µ° ¤²Ö £ ³¨²ÓÉµ´¨ ´  (1.22),

lim
V→∞

f(H), (1.27a)

¸ ³µ ¶µ ¸¥¡¥ ´¥ ¸²¥¤Ê¥É ¨§ ¢ÒÏ¥Ê¶µ³Ö´ÊÉÒÌ ´¥· ¢¥´¸É¢.

 ¸¸³µÉ·¨³ É¥¶¥·Ó ¸²ÊÎ °, ±µ£¤  µ¶¥· Éµ·Ò T ¨ Jα ¢ (1.22) ¨³¥ÕÉ ¢¨¤

(1.23). ’µ£¤  Ê¸²µ¢¨Ö É¥µ·¥³Ò ¢Ò¶µ²´¥´Ò, ¥¸²¨ ¶µÉ·¥¡Ê¥³

1
V

∑
(p)

|T (p)λα(p, σ)| ≤ Q0 ,
1
V

∑
(p)

|λα(p, σ)| ≤ Q1,
1
V

∑
(p)

|λα(p, σ)|2 ≤ Q2 ,

(1.28)
£¤¥ Q0, Q1, Q2 Å ´¥±µÉµ·Ò¥ ¶µ¸ÉµÖ´´Ò¥∗∗ . Š·µ³¥ Éµ£µ, ¡Ê¤¥³ ¶·¥¤¶µ² £ ÉÓ
¸²¥¤ÊÕÐ¨¥ µ£· ´¨Î¥´¨Ö:

|λα(p, σ)| ≤ Q̄ = const (α = 1, 2, ..., s) .

„ ²¥¥ ³Ò ¸Ëµ·³Ê²¨·Ê¥³ É¥µ·¥³Ê, ±µÉµ· Ö ¶µ§¢µ²Ö¥É ¡µ²¥¥ ¤¥É ²Ó´µ ¨¸-
¸²¥¤µ¢ ÉÓ ¸¢µ°¸É¢  ¸¢µ¡µ¤´ÒÌ Ô´¥·£¨°, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì £ ³¨²ÓÉµ´¨ ´ ³
(1.22) ¨ (1.26),   É ±¦¥ ¤µ± § ÉÓ ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¶·¥¤¥²  (1.27a).

’¥µ·¥³  2. �Ê¸ÉÓ µ¶¥· Éµ·Ò T ¨ Jα ¢ £ ³¨²ÓÉµ´¨ ´¥ (1.22) ¨³¥ÕÉ ¢¨¤
(1.23) ¨ ËÊ´±Í¨¨ T (f), λα(p, σ) Ê¤µ¢²¥É¢µ·ÖÕÉ Ê¸²µ¢¨Ö³ (1.28). �·¥¤¶µ²µ-
¦¨³, ÎÉµ ËÊ´±Í¨¨ λα(p, σ) ´¥¶·¥·Ò¢´Ò ¢ ¶·µ¸É· ´¸É¢¥ E, §  ¨¸±²ÕÎ¥´¨¥³,
¢µ§³µ¦´µ, ³´µ¦¥¸É¢  ³¥·Ò ´Ê²Ó. ’µ£¤ 

|fV {H(C)} − f∞{H(C)}| ≤ δV

∗ŒÒ µ¡µ§´ Î ¥³ Ê¤¥²Ó´ÊÕ ¸¢µ¡µ¤´ÊÕ Ô´¥·£¨Õ ¤²Ö ¶·µ¨§¢µ²Ó´µ£µ £ ³¨²ÓÉµ´¨ ´  H ± ±
f(H) ¨²¨, ¥¸²¨ ³Ò ÌµÉ¨³ ¶µ¤Î¥·±´ÊÉÓ Ë ±É § ¢¨¸¨³µ¸É¨ µÉ µ¡Ñ¥³  V , ± ± fV (H).
�µ¤ min(C)f(C) ³Ò ¢¸¥£¤  ¶µ¤· §Ê³¥¢ ¥³  ¡¸µ²ÕÉ´Ò° ³¨´¨³Ê³ ËÊ´±Í¨¨ f(C) ¢ ¶·µ¸É· ´¸É¢¥

±µ³¶²¥±¸´ÒÌ ¶ · ³¥É·µ¢ C.
∗∗Œµ¦´µ ¸µ£² ¸µ¢ ÉÓ ¢Ò¡µ· ÔÉ¨Ì ¶µ¸ÉµÖ´´ÒÌ ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ¶µ¸ÉµÖ´´Ò³¨ ¢ ´¥· -

¢¥´¸É¢ Ì (1.24):
M1 = Q1, M2 = 2Q0, M3 = Q2.

“¸²µ¢¨Ö (1.28) µÎ¥¢¨¤´µ ¢Ò¶µ²´ÖÕÉ¸Ö, ¥¸²¨

|λα(p, σ)| ≤ A

(p2 + B)3
,

£¤¥ A ¨ B Å ´¥±µÉµ·Ò¥ ¶µ²µ¦¨É¥²Ó´Ò¥ ¶µ¸ÉµÖ´´Ò¥.
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¤²Ö |Cα| ≤ 2M1, α = 1, 2, ..., s, ¨ ÔÉµ ´¥· ¢¥´¸É¢µ · ¢´µ³¥·´µ ¶µ µÉ´µÏ¥´¨Õ
± θ ´  ²Õ¡µ³ ¨´É¥·¢ ²¥ ¢¨¤  0 < θ < θ0. f∞{H(C)} µ¶·¥¤¥²¥´  ± ± µ¡ÒÎ´µ
¨ µ¡² ¤ ¥É ´¥¶·¥·Ò¢´Ò³¨ Î ¸É´Ò³¨ ¶·µ¨§¢µ¤´Ò³¨ ¶·µ¨§¢µ²Ó´µ£µ ¶µ·Ö¤± 
¶µ ±µ³¶²¥±¸´Ò³ ¶¥·¥³¥´´Ò³ C1, ..., Cs, C∗

1 , ..., C
∗
s . Š·µ³¥ Éµ£µ, ³µ¦´µ

¶µ± § ÉÓ, ÎÉµ
a) ÔÉ¨ ËÊ´±Í¨¨ ¤µ¸É¨£ ÕÉ  ¡¸µ²ÕÉ´µ£µ ³¨´¨³Ê³  ¢ ¶·µ¸É· ´¸É¢¥ ±µ³-

¶²¥±¸´ÒÌ Î¨¸¥² (C) ¢ ´¥±µÉµ·ÒÌ ÉµÎ± Ì C = C̄ , É. ¥.

min(C)f∞{H(C)} = f∞{H(C̄)};

¡) ¢Ò¶µ²´Ö¥É¸Ö ´¥· ¢¥´¸É¢µ

|fV (H)− f∞{H(C̄)}| ≤ δ̄V (1.29)

¨

δ̄ = E
(
1
V

)
+ δV → 0

· ¢´µ³¥·´µ ¶µ µÉ´µÏ¥´¨Õ ± θ ´  ²Õ¡µ³ ¨´É¥·¢ ²¥ 0 < θ ≤ θ0.
�É  É¥µ·¥³  ¡Ò²  ¢¶¥·¢Ò¥ ¤µ± § ´  ¢ [4].

„²Ö ±µ´±·¥É´µ£µ ¢Ò¡µ·  µ¶¥· Éµ·µ¢ ¢ Ëµ·³¥ (1.23)  ¶¶·µ±¸¨³¨·ÊÕÐ¨°
£ ³¨²ÓÉµ´¨ ´, Ê¶µ³¨´ ¥³Ò° ¢ É¥µ·¥³¥ 2, ¶·¨´¨³ ¥É ¢¨¤

H0(C) =
∑
(f)

T (f)a†faf−
1
2

∑
(f)

{
Λ∗(f)a−faf + Λ(f)a

†
fa

†
−f

}
+2V

∑
(α)

gαCαC
∗
α,

(1.30)
£¤¥ Λ∗(f) = 2

∑
(α) Cαλ

∗
α(f). ‚¢µ¤Ö ´µ¢Ò¥ Ë¥·³¨-µ¶¥· Éµ·Ò αf , α

†
f , É ±¨¥,

ÎÉµ
af = ufαf − vfα

†
−f ,

uf =
1√
2

√
1 +

Tf
Ef

, vf = − Λ(f)√
2|Λ(f)|

√
1− Tf

Ef
, Ef =

√
T 2(f) + |Λ(f)|2,

¶¥·¥¶¨Ï¥³ (1.30) ¢ ¢¨¤¥

H0(C) =
∑
(f)

Efα
†
fαf + V


2

∑
(α)

gαC
∗
αCα − 1

2V

∑
(f)

(Ef − Tf )


 .

“¤¥²Ó´ Ö ¸¢µ¡µ¤´ Ö Ô´¥·£¨Ö, ¸µµÉ¢¥É¸É¢ÊÕÐ Ö ÔÉµ³Ê £ ³¨²ÓÉµ´¨ ´Ê, ¶·¥¤¸É -
¢¨³  ¢ Ëµ·³¥

fV = 2
∑
(α)

gαCαC
∗
α − 1

2V

∑
(f)

(E(f)− T (f)) +
θ

V

∑
(f)

ln(1 + e−
E(f)

θ ). (1.31)
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Š ± ¸²¥¤Ê¥É ¨§ É¥µ·¥³Ò 2, fV  ¶¶·µ±¸¨³¨·Ê¥É¸Ö ¢ ¶·¥¤¥²¥ V → ∞ ¶·¥¤¥²Ó-
´µ° ¸¢µ¡µ¤´µ° Ô´¥·£¨¥°∗:

f∞{H0(C)} = 2
∑
(α)

gαC
∗
αCα−

1
2(2π)3

∫
{E(f)−T (f)−2θ ln(1+e−

E(f)
θ )}dGf.

(1.32)

2. 	3™�Ÿ Œ	„…‹œ


 ¸¸³µÉ·¨³ É¥¶¥·Ó ¡µ²¥¥ µ¡ÐÊÕ ³µ¤¥²Ó c Î¥ÉÒ·¥ÌË¥·³¨µ´´Ò³ ¢§ ¨³µ-
¤¥°¸É¢¨¥³ [11]:

H =
∑
(f,f ′)

Ω(f ′, f)a†faf ′ +
1
2

∑
(f1,f2,f ′

2,f
′
1)

U(f1, f2, f ′
2, f

′
1)a

†
f1
a†f2af ′

2
af ′

1
+

+
1
2

∑
(f,f ′)

j−(f ′, f, t)a†fa
†
f ′ +

1
2

∑
(f,f ′)

j+(f ′, f, t)afaf ′ , (2.1)

£¤¥ U(f1, f2, f ′
2, f

′
1)Å ¸¨³³¥É·¨Î´Ò¥ ËÊ´±Í¨¨ ¶µ µÉ´µÏ¥´¨Õ ± ¶¥·¥¸É ´µ¢±¥

 ·£Ê³¥´Éµ¢:
(1↔ 2) : {f1 ↔ f2, f ′

1 ↔ f ′
2}

¨ Ω(f ′, f) = Ω0(f ′, f) + j(f ′, f, t). �É  ³µ¤¥²Ó ¢±²ÕÎ ¥É ± ± Î ¸É´Ò° ¸²ÊÎ °
³µ¤¥²Ó, · ¸¸³µÉ·¥´´ÊÕ ¢ÒÏ¥. �É³¥É¨³, ÎÉµ ¢ (2.1) ³Ò ¢¢¥²¨ ¢¸¶µ³µ£ É¥²Ó´Ò¥
¨¸ÉµÎ´¨±¨:

1
2

∑
(f,f ′)

j−(f ′, f, t)a†fa
†
f ′ ,

1
2

∑
(f,f ′)

j+(f ′, f, t)afaf ′ ¨
∑
(f,f ′)

j(f ′, f, t)a†faf ′ ,

±µÉµ·Ò¥ ¢Ò¡· ´Ò É ±¨³ µ¡· §µ³, ÎÉµ¡Ò ¢Ò¶µ²´Ö²¸Ö § ±µ´ ¸µÌ· ´¥´¨Ö ¶µ²-
´µ£µ ¨³¶Ê²Ó¸  ¨ ¢ Éµ ¦¥ ¢·¥³Ö ´ ·ÊÏ ²¸Ö § ±µ´ ¸µÌ· ´¥´¨Ö Î¨¸²  Î ¸É¨Í.

„²Ö ³µ¤¥²¨ (2.1) ¢¢¥¤¥³ ´¥±µÉµ·Ò°  ¶¶·µ±¸¨³¨·ÊÕÐ¨° £ ³¨²ÓÉµ´¨ ´,
±µÉµ·Ò° ¸É·µ¨É¸Ö  ´ ²µ£¨Î´µ  ¶¶·µ±¸¨³¨·ÊÕÐ¥³Ê £ ³¨²ÓÉµ´¨ ´Ê Ê¶·µÐ¥´-
´µ° ³µ¤¥²¨, · ¸¸³µÉ·¥´´µ° ¢ÒÏ¥. ‚ µ¸´µ¢¥ ¶µ¸É·µ¥´¨Ö ²¥¦¨É ¸²¥¤ÊÕÐ¥¥
¶·¨¡²¨¦¥´¨¥:

a†f1a
†
f2
af ′

2
af ′

1
→ 〈a†f1af ′

1
〉a†f2af ′

2
− 〈a†f1af ′

2
〉a†f2af ′

1
+ 〈a†f2af ′

2
〉a†f1af ′

1
−

−〈a†f2af ′
1
〉a†f1af ′

2
+ 〈a†f1a

†
f2
〉af ′

2
af ′

1
+ 〈af ′

2
af ′

1
〉a†f1a

†
f2
. (2.2)

∗�²ÓÉ¥·´ É¨¢´Ò° ¶µ¤Ìµ¤, ¢ ±µÉµ·µ³ ¸ ¸ ³µ£µ ´ Î ²  µ¡Ñ¥³ V ¶µ² £ ¥É¸Ö ¡¥¸±µ´¥Î´Ò³, ¸
É¥³ ÎÉµ¡Ò ¨§¡¥¦ ÉÓ  ´ ²¨§  ¶·µÍ¥¤Ê·Ò ¶·¥¤¥²Ó´µ£µ ¶¥·¥Ìµ¤  V → ∞, ¡Ò² · §· ¡µÉ ´ ¢ [10].
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�¶·¥¤¥²¨³ ËÊ´±Í¨Õ

W (f1, f2; f ′
2, f

′
1) = U(f1, f2; f ′

2, f
′
1)− U(f1, f2; f ′

1, f
′
2),

±µÉµ· Ö  ´É¨¸¨³³¥É·¨Î´  ¢ Éµ³ ¸³Ò¸²¥, ÎÉµ

W (f1, f2; f ′
2, f

′
1) = −W (f2, f1; f ′

2, f
′
1),

W (f1, f2; f ′
2, f

′
1) = −W (f1, f2; f ′

1, f
′
2).

’µ£¤   ¶¶·µ±¸¨³¨·ÊÕÐ¨° £ ³¨²ÓÉµ´¨ ´ ¤²Ö ³µ¤¥²¨ (2.1) ¨³¥¥É ¢¨¤

Ha =
∑
(f,f ′)

K(f ′, f)a†faf ′ +
1
2

∑
(f,f ′)

K−(f ′, f)a†fa
†
f ′ +

1
2

∑
(f,f ′)

K+(f ′, f)afaf ′ ,

(2.3)
K(f ′, f) = j(f ′, f, t) + Ω0(f ′, f) +

∑
(f1,f2)

W (f1, f ; f ′, f2)〈a†f1af2〉,

K+(f ′, f) = j+(f ′, f, t) +
1
2

∑
(f1,f2)

W (f1, f2; f, f ′)〈a†f1a
†
f2
〉 =

= j+(f ′, f, t) +
∑

(f1,f2)

U(f1, f2; f, f ′)〈a†f1a
†
f2
〉,

É ± ± ± 〈a†f1a
†
f2
〉 = −〈a†f2a

†
f1
〉, ¨

K−(f ′, f) = j−(f ′, f, t) +
1
2

∑
(f1,f2)

W (f, f ′; f1, f2)〈af1af2〉 =

= j−(f ′, f, t) +
∑

(f1,f2)

U(f, f ′; f1, f2)〈af1af2〉.

“· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¤²Ö £ ³¨²ÓÉµ´¨ ´  (2.3) ¶·¥¤¸É ¢¨³Ò ¢ ¢¨¤¥

i
da†f
dt

= −
∑
(f ′)

{
K(f, f ′)a†f ′ +K+(f, f ′)af ′

}
,

(2.4)
i
daf
dt

=
∑
(f ′)

{
K(f ′, f)af ′ +K−(f ′, f)a†f ′

}
.

�É¨ Ê· ¢´¥´¨Ö ¶µ§¢µ²ÖÕÉ ¢Ò¶¨¸ ÉÓ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ê· ¢´¥´¨Ö ¤²Ö ±µ··¥²Ö-
Í¨µ´´ÒÌ ËÊ´±Í¨° 〈a†fag〉, 〈afag〉, 〈a†fa†g〉:

i
d〈a†fag〉

dt
= −

∑
(f ′)

{
K(f, f ′)〈a†f ′ag〉+K+(f, f ′)〈af ′ag〉

}
+
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+
∑
(f ′)

{
K(f ′, g)〈a†faf ′〉+K−(f ′, g)〈a†fa

†
f ′〉
}
,

i
d〈afag〉

dt
=
∑
(f ′)

{
K(f ′, f)〈af ′ag〉+K−(f ′, f)〈a†f ′ag〉

}
+

+
∑
(f ′)

{
K(f ′, g)〈afaf ′〉+K−(f ′, g)[δf,f ′ − 〈a†f ′af〉]

}
, (2.5)

i
d〈a†fa†g〉

dt
= −

∑
(f ′)

{
K(f, f ′)〈a†f ′a

†
g〉+K+(f, f ′)[δg,f ′ − 〈a†gaf ′〉]

}
−

−
∑
(f ′)

{
K(g, f ′)〈a†fa

†
f ′〉+K+(g, f ′)〈a†faf ′〉

}
.

„ ²¥¥ ³Ò ¡Ê¤¥³ ´ §Ò¢ ÉÓ Ê· ¢´¥´¨Ö (2.5) ¸¨¸É¥³µ° Ê· ¢´¥´¨° • ·É·¨Å
”µ± Åkµ£µ²Õ¡µ¢ . �¡µ§´ Î¨³

a†f (t)ag(t) = A1(f, g, t), j(f, g, t) = η1(f, g, t),

a†f (t)a
†
g(t) = A2(f, g, t), j+(f, g, t) = η2(f, g, t), (2.6)

af (t)ag(t) = A3(f, g, t), j−(f, g, t) = η3(f, g, t).

‡ É¥³ ¢¢¥¤¥³ ËÊ´±Í¨¨ ƒ·¨´  ¢ ¢¨¤¥{
δ〈Aα(f, g, t)〉
δηβ(g1, g2, τ)

}
η=0

= 〈〈Aα(f, g, t)Aβ(g2, g1, τ)〉〉. (2.7)

‡ ¶ §¤Ò¢ ÕÐ¨¥ ¨ µ¶¥·¥¦ ÕÐ¨¥ ËÊ´±Í¨¨ ƒ·¨´  ¢¢µ¤ÖÉ¸Ö ¸É ´¤ ·É´Ò³ µ¡· -
§µ³ [12]:

〈〈Aα(t)Aβ(τ)〉〉ret = θ(t− τ)〈Aα(t)Aβ(τ) +Aβ(τ)Aα(t)〉,

〈〈Aα(t)Aβ(τ)〉〉adv = −θ(τ − t)〈Aα(t)Aβ(τ) +Aβ(τ)Aα(t)〉, (2.8)

〈〈Aα(t)Aβ(τ)〉〉 =
∫ +∞

−∞
〈〈AαAβ〉〉Ee−iE(t−τ)dE,

¨ ¸¶¥±É· ²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤¢ÊÌ¢·¥³¥´´ÒÌ ±µ··¥²ÖÍ¨µ´´ÒÌ ËÊ´±Í¨°
¨³¥¥É ¢¨¤

〈Aβ(τ)Aα(t)〉 =
∫ +∞

−∞
Jαβ(ω)e−iω(t−τ)dω,

〈Aα(t)Aβ(τ)〉 =
∫ +∞

−∞
Jαβ(ω)eβωe−iω(t−τ)dω. (2.9)
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…¸²¨ ³Ò µ¶·¥¤¥²¨³ ËÊ´±Í¨Õ

〈〈AαAβ〉〉E =
i

2π

∫ +∞

−∞
Jαβ(ω)

eβω + 1
E − ω

dω

´  ±µ³¶²¥±¸´µ° ¶²µ¸±µ¸É¨ E, Éµ

〈〈AαAβ〉〉retE = 〈〈AαAβ〉〉E+i0, 〈〈AαAβ〉〉advE = 〈〈AαAβ〉〉E−i0.

‚ ·Ó¨·ÊÖ Ê· ¢´¥´¨Ö • ·É·¨Å”µ± Åkµ£µ²Õ¡µ¢  ¶µ ¨¸ÉµÎ´¨± ³ ηβ(t) (¸³.
(2.6)) ¨ ¶µ² £ Ö § É¥³ ¢¸¥ ¨¸ÉµÎ´¨±¨ · ¢´Ò³¨ ´Ê²Õ, ³Ò ¶·¨Ìµ¤¨³ ± ¸¨¸É¥³¥
Ê· ¢´¥´¨° ¤²Ö ËÊ´±Í¨° ƒ·¨´ :

E〈〈a†fag;Aβ(g2, g1)〉〉E = −
∑
(f ′)

Ω0(f, f ′)〈〈a†f ′ag;Aβ〉〉E−

−
∑

(f1,f2,f ′)

{
W (f1, f ′; f, f2)〈a†f1af2〉0〈〈a

†
f ′ag;Aβ〉〉E +W (f1, f ′; f, f2) ×

×〈a†f ′ag〉0〈〈a†f1a
†
f2
;Aβ〉〉E+

+U(f1, f2; f ′, f)〈A†
f1
a†f2〉0〈〈af ′ag;Aβ〉〉E+

+U(f1, f2; f ′f)〈af1ag〉0〈〈a
†
f1
a†f−2;Aβ〉〉E

}
+

+
∑
(f ′)

〈〈a†faf ′ ;Aβ〉〉Ω0(f ′, g)+

+
∑

(f1,f2,f ′)

{
W (f, g; f ′, f2)〈a†f1af2〉0〈〈a

†
faf ′ ;Aβ〉〉E+

+W (f1, g; f ′, f2)〈a†faf ′〉0〈〈a†f1af2 ;Aβ〉〉E+

+U(g, f ′; f1, f2)〈af1af2〉0〈〈a
†
fa

†
f ′ ;Aβ〉〉E+

+U(g, f ′; f1, f2)〈a†fa
†
f ′〉0〈〈af1af2 ;Aβ〉〉E

}
+ I1,β , (2.10)

E〈〈afag;Aβ〉〉E =
∑

(f1,f2,f ′)

{
W (f1, f ; f ′, f2)〈a†f1af2〉0〈〈af ′ag;Aβ〉〉E +

+W (f1, f ; f ′, f2)× 〈af ′ag〉0〈〈a†f1af2 ;Aβ〉〉E+

+U(f, f ′; f1, f2)〈af1af2〉0〈〈a†f ′ag;Aβ〉〉E+

+U(f, f ′; f1, f2)〈a†f1ag〉0〈〈af1af2 ;Aβ〉〉E+
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+W (f1, g; f ′, f2)〈a†f1af2〉0〈〈afaf ′ ;Aβ〉〉E+

+W (f1, g; f ′, f2)〈afaf ′〉0〈〈a†f1af2 ;Aβ〉〉E+

+ U(g, f ′; f1, f2)(δf,f ′ − 〈a†faf ′〉0)〈〈af1af2 ;Aβ〉〉E − U(g, f ′; f1, f2)×

×〈af1af2〉0〈〈a†faf ′ ;Aβ〉E
}
+

+I3,β +
∑
(f ′)

Ω0(f ′, f)〈〈af ′ag;Aβ〉〉E +
∑
(f)

Ω0(f ′, g)〈〈afaf ′ ;Aβ〉〉E ,

E〈〈a†fa†g;Aβ〉〉E =

−
∑
(f ′)

{
Ω0(f, f ′)〈〈a†f ′a

†
g;Aβ〉〉E +Ω0(g, f ′)〈〈a†fa

†
f ′ ;Aβ〉〉E

}
−

−
∑

(f1,f2,f ′)

{
W (f1, f ′; f, f2)〈a†f1af2〉0〈〈a

†
f ′a

†
g;Aβ〉〉E+

+W (f1, f ′; f, f2)〈a†f ′a
†
g〉0〈〈a

†
f1
af2 ;Aβ〉〉E+

+U(f1, f2; f ′, f)[δg,f ′ − 〈a†gaf ′〉0]〈〈a† − f1a
†
f2
;Aβ〉〉E−

−U(f1, f2; f ′, f2)〈a†f1a
†
f2
〉0〈〈a†gaf ′ ;Aβ〉〉E+

+W (f1, f ′; g, f2)〈a†fa
†
f ′〉0〈〈a†f1af2 ;Aβ〉〉E+

+W (f1, f ′; g, f2)〈a†f1af2〉0〈〈a
†
fa

†
f ′ ;Aβ〉〉E+

+U(f1, f2; f ′, g)〈a†f1a
†
f2
〉0〈〈a†faf ′ ;Aβ〉〉E+

+U(f1, f2; f ′, g)〈a†faf ′〉0〈〈a†f1a
†
f2
;Aβ〉〉E + I3,β .

‡¤¥¸Ó

I1,1 = −i〈a†g2ag〉0
δ(f − g1)
2π

+ i〈a†fag1〉0
δ(g − g2)
2π

,

I3,1 = i〈ag1ag〉0
δ(f − g2)
2π

+ i〈a†fag1〉0
δ(g − g2)
2π

,

I2,1 = i〈a†g2a
†
g〉0

δ(f − g1)
2π

− i〈a†fag2〉0
δ(g − g1)
2π

,

I1,2 = −i〈ag2ag〉
δ(f − g1)
2π

, I2,3 = 0,

I2,2 = − i

2π
[δ(g − g2)− 〈a†gag2〉0]δ(f − g1)−

i

2π
〈a†fag2〉0δ(g − g1),
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I1,3 =
i

2π
〈a†fa†g1〉0δ(g − g2),

I2,3 =
i

2π
〈a†g1ag〉0δ(f − g2) +

i

2π
[δ(f − g1)− 〈a†g1af 〉0]δ(g− g2), I3,3 = 0.

“· ¢´¥´¨Ö • ·É·¨Å”µ± Åkµ£µ²Õ¡µ¢  ¡¥§ ¨¸ÉµÎ´¨±µ¢ ´¥ ¶µ§¢µ²ÖÕÉ
±µ··¥±É´µ ¢ÒÎ¨¸²¨ÉÓ É ± ´ §Ò¢ ¥³Ò¥ ®´Ê²¥¢Ò¥¯ ¨²¨ ® ´µ³ ²Ó´Ò¥¯ ¸·¥¤´¨¥:

〈a†fag〉0, 〈a†fa†g〉0, 〈afag〉0.

‘²¥¤µ¢ É¥²Ó´µ, ´¥µ¡Ìµ¤¨³µ ¶¥·¥µ¸³Ò¸²¨ÉÓ ¸ ³Ê ¶·µÍ¥¤Ê·Ê ¢ÒÎ¨¸²¥´¨Ö É ±¨Ì
¸·¥¤´¨Ì. � ¶·¨³¥·, ³µ¦´µ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö  ¶¶·µ±¸¨³¨·ÊÕÐ¨³ £ ³¨²ÓÉµ´¨-
 ´µ³ ¢ Ëµ·³¥ (2.3), ¶µ²µ¦¨¢ ¢ ´¥³ η = 0:

H0
app =

∑
(f,f ′)

K(0)(f ′, f)a†faf ′+

+
1
2

∑
(f,f ′)

K
(0)
− (f ′, f)a†fa

†
f ′ +

1
2

∑
(f,f ′)

K
(0)
+ (f ′, f)afaf ′ + const,

£¤¥

K(0)(f ′, f) = Ω0(f ′, f) +
∑
(f,f2)

W (f1, f ; f ′, f2)〈a†f1af2〉0,

K
(0)
+ (f ′, f) =

∑
(f,f2)

U(f1, f2; f, f ′)〈a†f1a
†
f2
〉0,

K
(0)
− (f ′, f) =

∑
(f,f2)

U(f, f ′; f1, f2)〈af1af2〉0.

‚ ·¥§Ê²ÓÉ É¥ ¶·¨¡²¨¦¥´´Ò¥ ¸ ³µ¸µ£² ¸µ¢ ´´Ò¥ Ê· ¢´¥´¨Ö ¤²Ö ¢ÒÎ¨¸²¥´¨Ö
 ´µ³ ²Ó´ÒÌ ¸·¥¤´¨Ì ¡Ê¤ÊÉ ¨³¥ÉÓ ¢¨¤

Sp
{
a†fage

−βH0
app

}
Sp e−βH0

app
= 〈a†fag〉0,

Sp
{
a†fa

†
ge

−βH0
app

}
Sp e−βH0

app
= 〈a†fa†g〉0,

Sp
{
afage−βH

0
app

}
Sp e−βH0

app
= 〈afag〉0.

�¤´ ±µ ¢µ§³µ¦¥´ É ±¦¥ ¨  ²ÓÉ¥·´ É¨¢´Ò° ¶µ¤Ìµ¤, µ¸´µ¢ ´´Ò° ´  É¥Ì´¨±¥
ËÊ´±Í¨° ƒ·¨´ . 
 ¸¸³µÉ·¨³ ¶·¥¦¤¥ ¢¸¥£µ ¸²ÊÎ ° η �= 0 ¨ ¢Ò¶¨Ï¥³ ¤¨´ ³¨-
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Î¥¸±¨¥ Ê· ¢´¥´¨Ö ¤²Ö ¸²¥¤ÊÕÐ¨Ì § ¶ §¤Ò¢ ÕÐ¨Ì ¨ µ¶¥·¥¦ ÕÐ¨Ì ËÊ´±Í¨°
ƒ·¨´ , ¶µ¸É·µ¥´´ÒÌ ¨§ Ë¥·³¨-µ¶¥· Éµ·µ¢∗:

G1(f, t; f ′τ) = 〈〈a†f (t)af ′(τ)〉〉 = θ(t− τ)〈a†f (t)af ′(τ) + af ′(τ)a†f (t)〉,

G2(f, t; f ′τ) = 〈〈af (t)af ′(τ)〉〉 = θ(t− τ)〈af (t)af ′(τ) + af ′(τ)af (t)〉.
ŒÒ ¶µ²ÊÎ¨³ ¸²¥¤ÊÕÐÊÕ ¸¨¸É¥³Ê Ê· ¢´¥´¨° ¤²Ö ÔÉ¨Ì ËÊ´±Í¨° ƒ·¨´ :

i
∂

∂t
G(1) = −


∑

(g)

G(1)K(f, g) +
∑
(g)

G(2)K+(f, g)


+ iδ(t− τ)δff ′ ,

i
∂

∂t
G(2) = −

∑
(g)

G(2)K(g, f) +
∑
(g)

G(1)K−(g, f).

‡¤¥¸Ó ËÊ´±Í¨Ö K § ¢¨¸¨É µÉ t ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ¨, É ±¨³ µ¡· §µ³, Ê³¥¸É´µ
µ¡µ§´ Î ÉÓ ¥¥ ± ± K(g, f, t). �·µ ´ ²¨§¨·Ê¥³ É¥¶¥·Ó ¸²ÊÎ °, ±µ£¤  ¨¸ÉµÎ´¨±¨
· ¢´Ò ´Ê²Õ, É. ¥. η = 0. ’µ£¤  G(α) § ¢¨¸¨É Éµ²Ó±µ µÉ · §´µ¸É¨ ¶¥·¥³¥´´ÒÌ
t− τ , ÎÉµ Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ ¢·¥³¥´´µ° µ¤´µ·µ¤´µ¸É¨:

G(α)(f, t; f ′, τ) = G(α)(f, f ′, t− τ).

‘²¥¤µ¢ É¥²Ó´µ, Ê¤µ¡´µ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö Ô´¥·£¥É¨Î¥¸±¨³ E-¶·¥¤¸É ¢²¥´¨¥³
· ¸¸³ É·¨¢ ¥³ÒÌ ËÊ´±Í¨° ƒ·¨´ :

〈〈a†faf ′〉〉E =
1
2π

∫ +∞

−∞
G(1)(f, f ′, t)eiEtdt,

〈〈afaf ′〉〉E =
1
2π

∫ +∞

−∞
G(2)(f, f ′, t)eiEtdt

¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ µ¡· §µ³ ¶·¥µ¡· §µ¢ ÉÓ ¤¨´ ³¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö:

E〈〈a†faf ′〉〉E +
∑
(g)

{
K(0)(f, g)〈〈a†gaf ′〉〉E +K

(0)
+ (f, g)〈〈agaf ′〉〉E

}
=

=
i

2π
δ(f − f ′),

∗
 ¢´Ò³ µ¡· §µ³ ¤µ¶Ê¸É¨³µ · ¸¸³ É·¨¢ ÉÓ ¶·¨Î¨´´Ò¥ ËÊ´±Í¨¨ ƒ·¨´ :

G(f, t; f ′, τ) = 〈T{a†
f (t)af ′ (τ)}〉 = θ(t − τ)〈a†

f (t)af ′ (τ)〉 − θ(τ − t)〈af ′ (τ)a†
f (t)〉,

¢³¥¸Éµ µ¶¥·¥¦ ÕÐ¨Ì ¨ § ¶ §¤Ò¢ ÕÐ¨Ì ËÊ´±Í¨° ƒ·¨´ .
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E〈〈afaf ′〉〉E +
∑
(g)

{
K(0)(f, g)〈〈agaf ′〉〉E +K

(0)
− (f, g)〈〈a†gaf ′〉〉E

}
= 0.


 ¸¸³µÉ·¨³ ¢ ± Î¥¸É¢¥ ¶·¨³¥·  £ ³¨²ÓÉµ´¨ ´ kŠ˜ [6]. ŒÒ ¢µ¸¶µ²Ó§Ê¥³¸Ö
¸¶¥±É· ²Ó´Ò³ E-¶·¥¤¸É ¢²¥´¨¥³ ¤²Ö ±µ··¥²ÖÍ¨µ´´ÒÌ ËÊ´±Í¨° ¨ ËÊ´±Í¨°
ƒ·¨´ , ¸µ¸ÉµÖÐ¨Ì ¨§ ¶ · Ë¥·³¨-µ¶¥· Éµ·µ¢ af , a

†
f ′ ¨ a†g , ¢ Ëµ·³¥

〈A(t)B(τ)〉 =
∫ +∞

−∞
JAB(ω)e

ω
θ e−iω(t−τ)dω,

〈B(τ)A(t)〉 =
∫ +∞

−∞
JAB(ω)e−iω(t−τ)dω, 〈AB〉 =

∫ +∞

−∞
JAB(ω)e

ω
θ dω,

〈〈AB〉〉E =
i

2π

∫ +∞

−∞
JAB(ω)

eβω + 1
E − ω

dω.

ƒ ³¨²ÓÉµ´¨ ´ kŠ˜ ¨³¥¥É ¢¨¤

H =
∑
(f)

T (p) a†faf − 1
2V

∑
(f,f ′)

J(f)J(f ′) a†fa
†
−fa−f ′af ′ ,

£¤¥

f = (Gp, σ), σ = ±1
2
, Gp =

(
2πn(1)

L
,
2πn(2)

L
,
2πn(3)

L

)
,

T (p) =
p2

2m
− λ, λ > 0,

J(f) = ε(σ1 − σ2)J(p), ε(σ) =
{
+1, σ > 0
−1, σ < 0

.

�·¥¤¶µ² £ ¥É¸Ö, ÎÉµ J(p)Å ¸¨³³¥É·¨Î´ Ö ËÊ´±Í¨Ö, É ± ÎÉµ J(−f) = −J(f).
‡ ±µ´Ò ¸µÌ· ´¥´¨Ö ¤²Ö ¨³¶Ê²Ó¸  ¨ ¶·µ¥±Í¨¨ ¸¶¨´  ¶·¨¢µ¤ÖÉ ± ¸²¥¤ÊÕ-

Ð¨³ ¶· ¢¨² ³ µÉ¡µ·  ¤²Ö ¸·¥¤´¨Ì:

〈a†faf ′〉 = δ(f − f ′)〈a†faf 〉, 〈a†fa
†
f ′〉 = δ(f + f ′)〈a†fa

†
−f 〉,

〈afaf ′〉 = −δ(f + f ′)〈a−faf 〉

¨  ´ ²µ£¨Î´Ò³ ¶· ¢¨² ³ µÉ¡µ·  ¤²Ö ËÊ´±Í¨° ƒ·¨´  〈〈a†faf ′〉〉E , 〈〈a†fa
†
f ′〉〉,

〈〈afaf ′〉〉E .
‚ ¸²ÊÎ ¥ ³µ¤¥²¨ kŠ˜ ³Ò, ¢ Î ¸É´µ¸É¨, ¨³¥¥³

U(f1, f2; f ′
2, f

′
1) = − 1

V
J(f1)J(f ′

1)δ(f1 + f2)δ(f ′
1 + f ′

2),

W (f1, f2; f ′
2, f

′
1) = − 2

V
J(f1)J(f ′

1)δ(f1 + f2)δ(f ′
1 + f ′

2)
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¨
K(0)(f, f ′) = T (p)δ(f − f ′) +

∑
(f1)

W (f1, f ; f ′, f1)〈a†f1af1〉0 =

= T (p)δ(f − f ′) + δ(f − f ′)
(
− 2

V
|J(f)|2〈a†−fa−f 〉0

)
= δ(f − f ′)T (p).

K
(0)
+ (f ′, f) = δ(f +f ′)


 1

V

∑
(f1)

J(f1)〈a†f1a
†
−f1〉0


 J(f) = −δ(f +f ′)C∗J(f ′),

K
(0)
− (f ′, f) =

∑
(f1)

U(f, f ′;−f1, f1)〈a−f1af1〉 =

= δ(f + f ′)


− 1

V

∑
(f1)

J(f1)〈a−f1af1〉


 J(f) = −δ(f + f ′)CJ(f).

‘µµÉ¢¥É¸É¢ÊÕÐ Ö ¸¨¸É¥³  Ê· ¢´¥´¨° ¤²Ö ³µ¤¥²¨ kŠ˜ ¨³¥¥É ¢¨¤

{E + T (p)}〈〈a†faf 〉〉E − C∗J(f)〈〈a−faf 〉〉E =
i

2π
,

−CJ(f)〈〈a†faf 〉〉E + {E − T (p)}〈〈a−faf 〉〉E = 0,

µÉ±Ê¤  ¸²¥¤Ê¥É, ÎÉµ

〈〈a†faf 〉〉E =
i

2π
E − T (p)

E2 − T 2(p)− |C|2J2 ,

〈〈a−faf 〉〉E =
i

2π
CJ(f)

E2 − T 2(p)− |C|2J2 .

�µ²µ¦¨³
E(p) =

√
T 2(p) + |C|2|J |2.

‘²¥¤µ¢ É¥²Ó´µ,

1
E2 − E2(p)

=
1

2E(p)

{
1

E − E(p)
− 1

E + E(p)

}
,

〈〈a†faf 〉〉E =
i

2π
E − T (p)
2E(p)

{
1

E − E(p)
− 1

E + E(p)

}
,

〈〈a−faf 〉〉E =
i

2π
CJ(f)
2E(p)

{
1

E − E(p)
− 1

E + E(p)

}
.
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�µ¸²¥ µÎ¥¢¨¤´ÒÌ ¶·¥µ¡· §µ¢ ´¨° ³Ò ´ Ìµ¤¨³ ¸¶¥±É· ²Ó´Ò¥ ¶²µÉ´µ¸É¨ ¢ ¢¨¤¥

Ja†
faf
(ω) =

ω − T (p)
2E(p)

1
1 + eβω

{δ(ω − E(p))− δ(ω + E(p))} ,

Ja−faf
(ω) =

CJ(f)
2E(p)(1 + eβω)

{δ(ω − E(p))− δ(ω + E(p))}

¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¸·¥¤´¨Ì:

〈a†faf 〉0 =
E(p)− T (p)
2E(p)

eβE(p)

1 + eβE(p)
+

E(p) + T (p)
2E(p)

e−βE(p)

1 + e−βE(p)
,

〈a−faf 〉 =
CJ(f)
2E(p)

{
eβE(p)

1 + eβE(p)
−

−βE(p)

1 + e−βE(p)

}
=

=
CJ(f)
2E(p)

th
βE(p)
2

, thx =
1− e−2x
1 + e−2x

.

‚µ ¢¸¥Ì ¢Ò· ¦¥´¨ÖÌ ¢¢¥¤¥´µ µ¡µ§´ Î¥´¨¥

C =
1
V

∑
(f)

J(f)〈a−faf 〉.

’ ±¨³ µ¡· §µ³, ³Ò ¶·¨Ï²¨ ± ¨§¢¥¸É´µ³Ê Ê· ¢´¥´¨Õ ¤²Ö Ð¥²¨ ¢ ³µ¤¥²¨ kŠ˜:

C = C
1
V

∑
(f)

|J(f)|2 1
2E(p)

th
βE(p)
2

.

“· ¢´¥´¨¥

1 =
1

(2π)3

∫ |J(p)|2
E(p)

th
βE(p)
2

dGp

¨³¥¥É ¥¤¨´¸É¢¥´´µ¥ ·¥Ï¥´¨¥, ¥¸²¨ β > β0, £¤¥ µ¡· É´ Ö ±·¨É¨Î¥¸± Ö É¥³¶¥-
· ÉÊ·  β0 µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê· ¢´¥´¨Ö

1 =
1

(2π)3

∫ |J(p)|2
T (p)

th
βT (p)
2

dGp.

“³¥¸É´µ É ±¦¥ ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ µ¡Ð¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ËÊ´±Í¨° ƒ·¨´ 
(2.10) ´¥ Éµ²Ó±µ Ö¢²ÖÕÉ¸Ö ´¥±µÉµ·Ò³¨ Ëµ·³ ²Ó´Ò³¨ ¸µµÉ´µÏ¥´¨Ö³¨, ´µ ¶µ-
§¢µ²ÖÕÉ ¢ÒÎ¨¸²¨ÉÓ ¶µ¶· ¢µÎ´Ò° Î²¥´ ¤²Ö Ê· ¢´¥´¨Ö Ð¥²¨, ¢Ò¢¥¤¥´´µ£µ ¶·¨
 ´ ²¨§¥ ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨ ¢¨¤  〈〈afa−f ; a†fa

†
−f 〉〉E ¢ É¥µ·¨¨ ¸¢¥·Ì-

¶·µ¢µ¤¨³µ¸É¨, µ¸´µ¢ ´´µ° ´  ³µ¤¥²¨ kŠ˜ (¸³. [11]).
—¨É É¥²Ö³, ¨´É¥·¥¸ÊÕÐ¨³¸Ö ¶·¨³¥´¥´¨¥³ · §²¨Î´ÒÌ ¢ ·¨ ´Éµ¢ ³¥Éµ¤ 

• ·É·¨Å”µ± Åkµ£µ²Õ¡µ¢  ¢ § ¤ Î Ì É¥µ·¨¨ É¢¥·¤µ£µ É¥²  ¨ ±¢ ´Éµ¢µ° ¸É -
É¨¸É¨Î¥¸±µ° ³¥Ì ´¨±¨ ¶·¥¤² £ ¥³ µ§´ ±µ³¨ÉÓ¸Ö É ±¦¥ ¸ · ¡µÉ ³¨ [13Ä16].
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• ·Ó±µ¢¸±¨° £µ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É, • ·Ó±µ¢, “±· ¨´ 

� ÊÎ´µ-É¥Ì´¨Î¥¸±¨° Í¥´É· Ô²¥±É·µË¨§¨Î¥¸±µ° µ¡· ¡µÉ±¨ ��� “±· ¨´Ò, • ·Ó±µ¢


 ¸¸³µÉ·¥´µ ¸µ¢·¥³¥´´µ¥ ¸µ¸ÉµÖ´¨¥ ¤¨Ë· ±Í¨µ´´µ° É¥µ·¨¨ Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨°. �¡-
¸Ê¦¤ ÕÉ¸Ö µ¡Ð¨¥ ¶·¨´Í¨¶Ò ±¢ ´Éµ¢µ° ¤¨Ë· ±Í¨¨ ¨ ¶µ¢¥¤¥´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ¨
¶µ²Ö·¨§ Í¨µ´´ÒÌ Ì · ±É¥·¨¸É¨± Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Î ¸É¨Í Ö¤· ³¨. ˆ¸¶µ²Ó§µ¢ ´µ · §²µ¦¥´¨¥
 ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö ´  ¡²¨¦´ÕÕ ¨ ¤ ²Ó´ÕÕ ¸µ¸É ¢²ÖÕÐ¨¥ ¤²Ö  ´ ²¨§  ¶·µÍ¥¸¸µ¢ · ¸¸¥Ö´¨Ö.
ˆ§ÊÎ¥´Ò · §²¨Î´Ò¥ ¶·µÍ¥¸¸Ò ¢§ ¨³µ¤¥°¸É¢¨Ö ÉÖ¦¥²ÒÌ ¨µ´µ¢ ¸ Ö¤· ³¨. �·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ
 ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

The current status of the diffraction theory of nuclear collisions is considered. The general
principles of quantum diffraction and the behavior of differential cross sections and polarization ob-
servables of elastic scattering of particles by nuclei are discussed. The decomposition of scattering
amplitudes into near-side and far-side components is used for the analysis of scattering processes. Dif-
ferent processes of heavy ion-nucleus interaction are studied. Results of the analysis of experimental
data are presented.

1. ‚‚…„…�ˆ…

Œ¨±·µµ¡Ñ¥±ÉÒ µ¡² ¤ ÕÉ ± ± ±µ·¶Ê¸±Ê²Ö·´Ò³¨, É ± ¨ ¢µ²´µ¢Ò³¨ ¸¢µ°-
¸É¢ ³¨. ‘ÊÐ¥¸É¢µ¢ ´¨¥ ¶µ¸²¥¤´¨Ì ¶·¨¢µ¤¨É ± ¢µ§´¨±´µ¢¥´¨Õ · §²¨Î´ÒÌ ¨´-
É¥·Ë¥·¥´Í¨µ´´ÒÌ ± ·É¨´, ´ ¡²Õ¤ ¥³ÒÌ ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ³¨±·µÎ ¸É¨Í.
Š ´¨³ µÉ´µ¸ÖÉ¸Ö ¤¨Ë· ±Í¨µ´´µ¥ ¨ · ¤Ê¦´µ¥ · ¸¸¥Ö´¨Ö, ¶·µÖ¢²¥´¨Ö ±µÉµ·ÒÌ
Ì · ±É¥·´Ò ¶·¥¦¤¥ ¢¸¥£µ ¤²Ö Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨°. �É¨ É¨¶Ò · ¸¸¥Ö´¨°
 ´ ²µ£¨Î´Ò Ìµ·µÏµ ¨§¢¥¸É´Ò³ µ¶É¨Î¥¸±¨³ Ö¢²¥´¨Ö³. �µÔÉµ³Ê ¨Ì ¸µ¢µ±Ê¶-
´µ¸ÉÓ µ¡ÒÎ´µ ´ §Ò¢ ÕÉ Ö¤¥·´µ° µ¶É¨±µ°.

Ÿ¢²¥´¨¥ ¤¨Ë· ±Í¨¨ ¸¢¥É  µÉ±·Ò² ”· ´Î¥¸±µ Œ ·¨  ƒ·¨³ ²Ó¤¨
(1618Å1663). �´µ ¡Ò²µ ¢¶¥·¢Ò¥ µ¶¨¸ ´µ ¢ É·Ê¤¥ ®Physico-mathesis de lu-
mine, coloribus et iride¯ (®”¨§¨±µ-³ É¥³ É¨Î¥¸±¨° É· ±É É µ ¸¢¥É¥, Í¢¥É Ì
¨ · ¤Ê£¥¯), ¢ÒÏ¥¤Ï¥³ ¢ 1665 £. ¶µ¸²¥ ¥£µ ¸³¥·É¨. ˆ³¥´´µ ƒ·¨³ ²Ó¤¨ ¢¢¥²
É¥·³¨´ ®¤¨Ë· ±Í¨Ö¯ (µÉ ² É¨´¸±µ£µ ®diffractus¯ Å · §²µ³ ´´Ò°), ¸µÌ· ´¨¢-
Ï¨°¸Ö ¢ Ë¨§¨±¥ ¤µ ¸¨Ì ¶µ· [1]. ‚ ¤ ²Ó´¥°Ï¥³ ¤¨Ë· ±Í¨Õ ¸¢¥É  ¨§ÊÎ ²¨
³´µ£¨¥ ¤·Ê£¨¥ ÊÎ¥´Ò¥, ÎÉµ ¶µ§¢µ²¨²µ ¢ÒÖ¸´¨ÉÓ ¶·¨·µ¤Ê · §²¨Î´ÒÌ ¤¨Ë· ±-
Í¨µ´´ÒÌ ± ·É¨´ ¢ µ¶É¨±¥ ¨ ¸µ§¤ ÉÓ ¨Ì É¥µ·¨Õ (¶µ¤·µ¡´¥¥ ¸³. [2, 3]). „¨-
Ë· ±Í¨µ´´Ò¥ Ö¢²¥´¨Ö ¢ µ¶É¨±¥ ´ ¡²Õ¤ ÕÉ¸Ö ¢ Éµ³ ¸²ÊÎ ¥, ±µ£¤  ±µ£¥·¥´É´Ò°
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¸¢¥Éµ¢µ° ¶µÉµ± · ¸¶·µ¸É· ´Ö¥É¸Ö ¢¡²¨§¨ ±· Ö ´¥¶·µ§· Î´µ£µ Ô±· ´ , ¶µ£²µ-
Ð ÕÐ¥£µ ¶ ¤ ÕÐ¨° ´  ´¥£µ ¸¢¥É. �É¨ Ö¢²¥´¨Ö, Ì · ±É¥·¨§ÊÕÐ¨¥¸Ö µÉ¸ÊÉ-
¸É¢¨¥³ ·¥§±µ° £· ´¨ÍÒ ³¥¦¤Ê µ¡² ¸ÉÖ³¨ ¸¢¥É  ¨ É¥´¨, ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ°
µÉ±²µ´¥´¨Ö µÉ £¥µ³¥É·¨Î¥¸±µ° µ¶É¨±¨ ¨ ´¥¶µ¸·¥¤¸É¢¥´´µ ¸¢Ö§ ´Ò ¸ ¢µ²´µ¢µ°
¶·¨·µ¤µ° ¸¢¥É .

‚§ ¨³µ¤¥°¸É¢¨¥ ±¢ ´Éµ¢ÒÌ µ¡Ñ¥±Éµ¢ (³µ²¥±Ê²,  Éµ³µ¢,  Éµ³´ÒÌ Ö¤¥·,
Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í) ¢ µ¶·¥¤¥²¥´´ÒÌ Ê¸²µ¢¨ÖÌ ³µ¦¥É ¶·¨¢µ¤¨ÉÓ ± ¶µÖ¢²¥-
´¨Õ ¤¨Ë· ±Í¨µ´´µ° ± ·É¨´Ò,  ´ ²µ£¨Î´µ° µ¶É¨Î¥¸±µ° ¤¨Ë· ±Í¨¨ ¸¢¥É . „¨-
Ë· ±Í¨Ö Ö¢²Ö¥É¸Ö µ¡Ð¥° ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ° ± ·É¨´µ° ¸Éµ²±´µ¢¥´¨° Î -
¸É¨Í ¢ µ¡² ¸É¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì Ô´¥·£¨°, ¥¸²¨ ÌµÉÖ ¡Ò µ¤´  ¨§ ´¨Ì ¨³¥¥É
±µ´¥Î´Ò¥ · §³¥·Ò ¨ ¸¨²Ó´µ ¶µ£²µÐ ¥É ´ ²¥É ÕÐ¨¥ Î ¸É¨ÍÒ. „¨Ë· ±Í¨Ö
¸µ¤¥·¦¨É¸Ö ¢µ ¢¸¥Ì ³µ¤¥²ÖÌ ¶·µÍ¥¸¸µ¢ · ¸¸¥Ö´¨Ö, ± ± ³ ±·µ¸±µ¶¨Î¥¸±¨Ì, ¢
±µÉµ·ÒÌ · ¸¸¥¨¢ É¥²Ó · ¸¸³ É·¨¢ ¥É¸Ö Ë¥´µ³¥´µ²µ£¨Î¥¸±¨ ¢ ± Î¥¸É¢¥ µ¤´µ-
·µ¤´µ° ¡¥¸¸É·Ê±ÉÊ·´µ° ¶µ£²µÐ ÕÐ¥° ³¨Ï¥´¨, É ± ¨ ³¨±·µ¸±µ¶¨Î¥¸±¨Ì, ¢
±µÉµ·ÒÌ ÊÎ¨ÉÒ¢ ¥É¸Ö · ¸¸¥Ö´¨¥ ´ ²¥É ÕÐ¥° Î ¸É¨ÍÒ µÉ¤¥²Ó´Ò³¨ ¸µ¸É ¢²ÖÕ-
Ð¨³¨ Î ¸ÉÖ³¨ · ¸¸¥¨¢ É¥²Ö.

�Éµ³´Ò¥ Ö¤·  ¢ µ¶·¥¤¥²¥´´µ°, ¤µ¢µ²Ó´µ Ï¨·µ±µ° µ¡² ¸É¨ Ô´¥·£¨° ¸¨²Ó´µ
¶µ£²µÐ ÕÉ ´ ²¥É ÕÐ¨¥ ´  ´¨Ì  ¤·µ´Ò, É.¥. ¢¥¤ÊÉ ¸¥¡Ö ¶µ µÉ´µÏ¥´¨Õ ± ´¨³
± ± ´¥¶·µ§· Î´Ò¥ ¶µ£²µÐ ÕÐ¨¥ Ô±· ´Ò. �µÔÉµ³Ê ¢ É ±¨Ì Ê¸²µ¢¨ÖÌ ¤²Ö ¨´-
É¥´¸¨¢´µ¸É¨ Ê¶·Ê£µ· ¸¸¥Ö´´ÒÌ  ¤·µ´µ¢ Ö¤· ³¨ ¡Ê¤¥É ´ ¡²Õ¤ ÉÓ¸Ö ¤¨Ë· ±Í¨-
µ´´ Ö ± ·É¨´ . …¸²¨ Ô´¥·£¨Ö ´ ²¥É ÕÐ¨Ì Î ¸É¨Í ¸É ´µ¢¨É¸Ö µÎ¥´Ó ¡µ²ÓÏµ°,
Éµ ¤²¨´  ¨Ì ¸¢µ¡µ¤´µ£µ ¶·µ¡¥£  ¢ Ö¤¥·´µ³ ¢¥Ð¥¸É¢¥ ³µ¦¥É µ± § ÉÓ¸Ö ¸· ¢´¨-
³µ° ¸ ²¨´¥°´Ò³ · §³¥·µ³ Ö¤· . �Éµ µ§´ Î ¥É, ÎÉµ Ö¤·µ Ê¦¥ ´¥ ¡Ê¤¥É ¸¨²Ó´µ
¶µ£²µÐ ÉÓ ¢¸¥ ¶µ¶ ¤ ÕÐ¨¥ ¢ ´¥£µ Î ¸É¨ÍÒ, É.¥. µ´µ ¸É ´¥É ¤²Ö ´¨Ì ¶µ²Ê-
¶·µ§· Î´Ò³. Š·µ³¥ Éµ£µ, £· ´¨Í  Ö¤·  ´¥ Ö¢²Ö¥É¸Ö ·¥§±µ°, É ± ± ± ¶²µÉ´µ¸ÉÓ
Ö¤¥·´µ° ³ É¥·¨¨ ¶µ¸É¥¶¥´´µ Ê³¥´ÓÏ ¥É¸Ö ¢ ¶µ¢¥·Ì´µ¸É´µ° µ¡² ¸É¨ Ö¤· . �µ-
²Ê¶·µ§· Î´µ¸ÉÓ ¨ · §³ÒÉ¨¥ £· ´¨ÍÒ Ö¤·  ³¥´ÖÕÉ µ¶·¥¤¥²¥´´Ò³ µ¡· §µ³ ¤¨-
Ë· ±Í¨µ´´ÊÕ ± ·É¨´Ê · ¸¸¥Ö´¨Ö, ±µÉµ·ÊÕ É ±¦¥ ¨§³¥´ÖÕÉ ¨ ¤·Ê£¨¥ ¸¢µ°¸É¢ 
¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í Å ¨Ì ±Ê²µ´µ¢¸±µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥, ´ ²¨Î¨¥ ¸¶¨´µ¢,
´¥¸Ë¥·¨Î´µ¸ÉÓ Ö¤¥· ¨ É.¤.

‚ ¤¨Ë· ±Í¨µ´´µ° É¥µ·¨¨ Ö¤¥·´µ£µ · ¸¸¥Ö´¨Ö, ± ± ¨ ¢ µ¶É¨Î¥¸±µ° ³µ¤¥²¨,
³´µ£µÎ ¸É¨Î´ Ö § ¤ Î  ¸¢µ¤¨É¸Ö ± ¤¢ÊÌÎ ¸É¨Î´µ°. �¤´ ±µ µ¶¨¸ ´¨¥ ¶·µÍ¥¸¸ 
¢§ ¨³µ¤¥°¸É¢¨Ö ´ ²¥É ÕÐ¥° Î ¸É¨ÍÒ ¸ Ö¤·µ³ ¶·µ¨§¢µ¤¨É¸Ö ¢ ÔÉµ³ ¸²ÊÎ ¥ ¸
¶µ³µÐÓÕ ¶ · ³¥É·¨§µ¢ ´´µ° µ¶·¥¤¥²¥´´Ò³ µ¡· §µ³ ¢ ¶·µ¸É· ´¸É¢¥ ³µ³¥´-
Éµ¢ ¨²¨ ¶·¨Í¥²Ó´ÒÌ ¶ · ³¥É·µ¢ ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö,   ´¥ ´  µ¸´µ¢¥ ±µ³-
¶²¥±¸´µ£µ ¶µÉ¥´Í¨ ² . ’ ±µ° ¶µ¤Ìµ¤ ¶µ§¢µ²Ö¥É µ¶¨¸ ÉÓ ´¥ Éµ²Ó±µ Ê¶·Ê£µ¥
· ¸¸¥Ö´¨¥, ´µ ¨ ´¥Ê¶·Ê£µ¥ · ¸¸¥Ö´¨¥ ¸ ¢µ§¡Ê¦¤¥´¨¥³ ±µ²²¥±É¨¢´ÒÌ ¸µ¸ÉµÖ-
´¨° ¢ Ö¤· Ì,   É ±¦¥ · §²¨Î´Ò¥ Ö¤¥·´Ò¥ ·¥ ±Í¨¨.

Š·µ³¥ ¤¨Ë· ±Í¨µ´´µ£µ · ¸¸¥Ö´¨Ö, ¸ÊÐ¥¸É¢Ê¥É ¥Ð¥ µ¤¨´ É¨¶ Ö¤¥·´µ£µ
· ¸¸¥Ö´¨Ö, ¨³¥ÕÐ¨°  ´ ²µ£¨Õ ¢ µ¶É¨±¥. �Éµ · ¤Ê¦´µ¥ · ¸¸¥Ö´¨¥, ±µÉµ·µ¥
Ì · ±É¥·¨§Ê¥É¸Ö § ÉÊÌ ´¨¥³ µ¸Í¨²²ÖÍ¨° ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¨ ´ ²¨-
Î¨¥³ Ï¨·µ±µ£µ ³ ±¸¨³Ê³  (· ¤Ê¦´Ò° ³ ±¸¨³Ê³) ¢ µ¡² ¸É¨ ´¥ µÎ¥´Ó ³ ²ÒÌ



460 �•ˆ…‡…
 �.ˆ., k…
…†��‰ �.�., �ˆ‹ˆ�…�Š� ‚.‚.

Ê£²µ¢, §  ±µÉµ·Ò³ ¸¥Î¥´¨¥ ¡Ò¸É·µ Ê¡Ò¢ ¥É. Ÿ¤¥·´ Ö · ¤Ê£  ´ ¡²Õ¤ ¥É¸Ö ¢
µ¸´µ¢´µ³ ¶·¨ · ¸¸¥Ö´¨¨ ²¥£±¨Ì Ö¤¥· 3He, 4He, 6Li ¨ ´¥±µÉµ·ÒÌ ¤·Ê£¨Ì ¸
Ô´¥·£¨Ö³¨ E � 25Ä30 ŒÔ‚/´Ê±²µ´ ¸·¥¤´¨³¨ ¨ ÉÖ¦¥²Ò³¨ Ö¤· ³¨.

„¨Ë· ±Í¨µ´´ Ö É¥µ·¨Ö Ö¤¥·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶µ§¢µ²Ö¥É É ±¦¥ µ¶¨-
¸ ÉÓ · §²¨Î´Ò¥ Ö¤¥·´Ò¥ ·¥ ±Í¨¨ (§ ·Ö¤µ¢µ-µ¡³¥´´Ò¥ ·¥ ±Í¨¨, · ¸Ð¥¶²¥´¨¥
¸²µ¦´ÒÌ Î ¸É¨Í, ·¥ ±Í¨¨ ¶¥·¥¤ Î¨ ´Ê±²µ´µ¢ ¨ ¤·.). ’ ±¨¥ ¶·µÍ¥¸¸Ò ´¥
¨³¥ÕÉ  ´ ²µ£¨¨ ¢ µ¶É¨±¥. �µÔÉµ³Ê Ö¤¥·´ Ö ¤¨Ë· ±Í¨Ö ´ ³´µ£µ · §´µµ¡· §-
´¥¥ ¨ ¡µ£ Î¥ µ¶É¨Î¥¸±µ° ¤¨Ë· ±Í¨¨. „¨Ë· ±Í¨µ´´ Ö É¥µ·¨Ö ¶µ§¢µ²Ö¥É ¶µ²Ê-
Î¨ÉÓ ¨§  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢ ¦´ÊÕ ¨´Ëµ·³ Í¨Õ µ Ö¤¥·´µ°
¸É·Ê±ÉÊ·¥ ¨ ³¥Ì ´¨§³ Ì · §´ÒÌ Ö¤¥·´ÒÌ ¶·µÍ¥¸¸µ¢. 
 §²¨Î´Ò¥ ¢µ¶·µ¸Ò ¤¨-
Ë· ±Í¨µ´´ÒÌ Ö¤¥·´ÒÌ ¶·µÍ¥¸¸µ¢ ¨ · ¤Ê¦´µ£µ · ¸¸¥Ö´¨Ö ¨§²µ¦¥´Ò ¢ [4Ä11].

2. Š‚��’	‚›… ˆ�’…1”…1…�–ˆ	��›… Š�1’ˆ�›

�·¨´Í¨¶ ´¥µ¶·¥¤¥²¥´´µ¸É¨, Ö¢²ÖÕÐ¨°¸Ö µ¤´¨³ ¨§ ¢ ¦´¥°Ï¨Ì ÊÉ¢¥·¦¤¥-
´¨° ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨, ´ ±² ¤Ò¢ ¥É µ¶·¥¤¥²¥´´Ò¥ µ£· ´¨Î¥´¨Ö ´  ¨§³¥·¥-
´¨Ö ± ´µ´¨Î¥¸±¨ ¸µ¶·Ö¦¥´´ÒÌ Ë¨§¨Î¥¸±¨Ì ¢¥²¨Î¨´. ˆ³¥´´µ ¸ÊÐ¥¸É¢µ¢ ´¨¥
¶ · ´ ¡²Õ¤ ¥³ÒÌ ¢¥²¨Î¨´, µ¶¥· Éµ·Ò ±µÉµ·ÒÌ ´¥ ±µ³³ÊÉ¨·ÊÕÉ ³¥¦¤Ê ¸µ-
¡µ°, µ¶·¥¤¥²Ö¥É ¢µ§´¨±´µ¢¥´¨¥ · §²¨Î´ÒÌ ¨´É¥·Ë¥·¥´Í¨µ´´ÒÌ ± ·É¨´, ´ -
¡²Õ¤ ¥³ÒÌ ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ±¢ ´Éµ¢ÒÌ µ¡Ñ¥±Éµ¢. ’ ±¨¥ Ö¢²¥´¨Ö ¸¢Ö§ ´Ò
¸ µ¶·¥¤¥²¥´´Ò³ É¨¶µ³ ¨§³¥·¥´¨° ±¢ ´Éµ¢ÒÌ ¢¥²¨Î¨´, ¶·¨¢¥¤¥´´Ò³ ´¨¦¥.

‹Õ¡µ¥ ¨§³¥·¥´¨¥ ±¢ ´Éµ¢µ° ´ ¡²Õ¤ ¥³µ° ¢¥²¨Î¨´Ò ³µ¦´µ · ¸¸³ É·¨-
¢ ÉÓ ± ± ¶·µÍ¥¸¸ ¢Ò¤¥²¥´¨Ö µ¤´µ£µ ¨²¨ ¡µ²ÓÏ¥£µ Î¨¸²  ¸µ¡¸É¢¥´´ÒÌ §´ Î¥-
´¨° ai ¨§ ¸¶¥±É·  ¤ ´´µ° Ë¨§¨Î¥¸±µ° ¢¥²¨Î¨´Ò A. �·¨ ¢Ò¤¥²¥´¨¨ ¶µ²µ¸Ò
±µ´¥Î´µ° Ï¨·¨´Ò C = ∆a ¨§ ´¥¶·¥·Ò¢´µ£µ ¢µ ¢¸¥° ¡¥¸±µ´¥Î´µ° µ¡² ¸É¨
¸¶¥±É·  ¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨° µ¶¥· Éµ·  A ´ ¡²Õ¤ ¥É¸Ö µ¶·¥¤¥²¥´´ Ö ¨´É¥·-
Ë¥·¥´Í¨µ´´ Ö ± ·É¨´  ¢ · ¸¶·¥¤¥²¥´¨¨ ¨´É¥´¸¨¢´µ¸É¨ ¢ ¸¶¥±É·¥ ¸µ¡¸É¢¥´-
´ÒÌ §´ Î¥´¨° µ¶¥· Éµ·  B ¸µ¶·Ö¦¥´´µ° ´ ¡²Õ¤ ¥³µ° ¢¥²¨Î¨´Ò, ±µ³³ÊÉ Éµ·
±µÉµ·µ£µ ¸ µ¶¥· Éµ·µ³ A µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

[A,B] = i�. (2.1)

� ¨¡µ²¥¥ ¶·µ¸ÉÒ³ ¶·¨³¥·µ³ ¸µ¶·Ö¦¥´´ÒÌ ¢¥²¨Î¨´ Ö¢²ÖÕÉ¸Ö ±µµ·¤¨´ É 
x ¨ ¨³¶Ê²Ó¸ px, ±µ£¤  ¢Ò¤¥²¥´¨¥ µ¡² ¸É¨ ∆x µ¡Ê¸² ¢²¨¢ ¥É ¢µ§´¨±´µ¢¥´¨¥
¤¨Ë· ±Í¨µ´´µ° ± ·É¨´Ò Ï¨·¨´µ° ∆px � �/∆x ¤²Ö ¸µ¶·Ö¦¥´´µ° ¢¥²¨Î¨´Ò
¨³¶Ê²Ó¸ . Š¢ ´Éµ¢ Ö ¤¨Ë· ±Í¨Ö ´¥ µ£· ´¨Î¨¢ ¥É¸Ö ÔÉ¨³ ¶·µ¸É¥°Ï¨³ ¸²Ê-
Î ¥³. �´  ´ ¡²Õ¤ ¥É¸Ö ¤²Ö ²Õ¡µ° ¶ ·Ò ¢¥²¨Î¨´ A ¨ B, ±µ³³ÊÉ Éµ· ±µÉµ·ÒÌ
¨³¥¥É Ëµ·³Ê (2.1), ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ ¸¶· ¢¥¤²¨¢µ ¸µµÉ´µÏ¥´¨¥ ´¥µ¶·¥¤¥²¥´-
´µ¸É¥° ¤²Ö ¨Ì ¤¨¸¶¥·¸¨°

< (∆A)2 >< (∆B)2 > � 1
4

�
2. (2.2)
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‚ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ ¢ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥ ¤¨Ë· ±Í¨µ´´Ò¥ Ö¢²¥´¨Ö
´ ¡²Õ¤ ÕÉ¸Ö ¤²Ö ²Õ¡ÒÌ ¶ · ¸µ¶·Ö¦¥´´ÒÌ Ë¨§¨Î¥¸±¨Ì ¢¥²¨Î¨´, ¥¸²¨ µ¡² ¸ÉÓ
C ¸µ¤¥·¦¨É ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ¥ Î¨¸²µ ¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨° ai. ‚ Î ¸É-
´µ¸É¨, ÔÉµ µÉ´µ¸¨É¸Ö ± µ¶¥· Éµ· ³, ¨³¥ÕÐ¨³ ¤¨¸±·¥É´Ò° ¸¶¥±É·, ±µÉµ·Ò°
³µ¦´µ ¸Î¨É ÉÓ ±¢ §¨´¥¶·¥·Ò¢´Ò³ ¢ Éµ³ ¸³Ò¸²¥, ÎÉµ  ³¶²¨ÉÊ¤Ò ¨ Ë §Ò ¢µ²-
´µ¢ÒÌ ËÊ´±Í¨° ¸¨²Ó´µ · §³ÒÉÒ ¶µ µ¡² ¸É¨ C. �Éµ ¸²ÊÎ ° ®¡µ²ÓÏ¨Ì ±¢ ´-
Éµ¢ÒÌ Î¨¸¥²¯, É.¥. µ´ ¸µµÉ¢¥É¸É¢Ê¥É ±¢ §¨±² ¸¸¨Î¥¸±µ³Ê ¶·¥¤¥²Ê. Š É ±¨³
µ¶¥· Éµ· ³ µÉ´µ¸ÖÉ¸Ö, ´ ¶·¨³¥·, Ê£µ² ¨ µ·¡¨É ²Ó´Ò° ³µ³¥´É. „²Ö ´¨Ì ±µ³-
³ÊÉ Í¨µ´´µ¥ ¸µµÉ´µÏ¥´¨¥ ¨³¥¥É Ëµ·³Ê

[ϕ, lz] = i�, (2.3)

  ¸µµÉ´µÏ¥´¨¥ ´¥µ¶·¥¤¥²¥´´µ¸É¥°, · ¢´µ¥

< (∆ϕ)2 >< (∆lz)2 > � 1
4

�
2, (2.4)

´¥ ¸É·µ£µ ÉµÎ´µ, É ± ± ± ¸¶¥±É· µ¶¥· Éµ·  lz ¤¨¸±·¥É´Ò° ¨ µ£· ´¨Î¥´´Ò°.
�¤´ ±µ ¤²Ö ¡µ²ÓÏ¨Ì ¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨° li � � ¸¶¥±É· µ¶¥· Éµ·  lz ³µ¦´µ
· ¸¸³ É·¨¢ ÉÓ ± ± ±¢ §¨´¥¶·¥·Ò¢´Ò° (±¢ §¨±² ¸¸¨Î¥¸±¨° ¸²ÊÎ °), É.¥. µ¡ÒÎ-
´ Ö Ëµ·³  ¸µµÉ´µÏ¥´¨Ö ´¥µ¶·¥¤¥²¥´´µ¸É¥° Ö¢²Ö¥É¸Ö Ìµ·µÏ¨³ ¶·¨¡²¨¦¥-
´¨¥³. ’ ± Ö ¸¨ÉÊ Í¨Ö ¨³¥¥É ³¥¸Éµ ¢ µ¡² ¸É¨ ¤µ¸É ÉµÎ´µ ¢Ò¸µ±¨Ì Ô´¥·£¨° ¤²Ö
³´µ£¨Ì ¶·µÍ¥¸¸µ¢ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ Ö¤¥·´µ° Ë¨§¨±¥ ¨ Ë¨§¨±¥ Ô²¥³¥´É ·´ÒÌ
Î ¸É¨Í, ±µ£¤  · ¸¸¥¨¢ É¥²Ó ¸¨²Ó´µ ¶µ£²µÐ ¥É ´ ²¥É ÕÐ¨¥ Î ¸É¨ÍÒ,   ¥£µ Ì -
· ±É¥·´Ò° ²¨´¥°´Ò° · §³¥· ¢¥²¨± ¶µ ¸· ¢´¥´¨Õ ¸ ¤²¨´µ° ¢µ²´Ò ´ ²¥É ÕÐ¥°
Î ¸É¨ÍÒ.

„·Ê£¨³ ¶·¨³¥·µ³ Ö¢²Ö¥É¸Ö ¨´É¥·Ë¥·¥´Í¨µ´´ Ö ± ·É¨´  ¤¨Ë· ±Í¨¨ ¢
¶·¥¤¸É ¢²¥´¨¨ ¶·¨Í¥²Ó´µ£µ ¶ · ³¥É· , É ±¦¥ · ¸¸³ É·¨¢ ¥³ Ö ¢ µ¡² ¸É¨ ¢Ò-
¸µ±¨Ì Ô´¥·£¨°. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¸µ¶·Ö¦¥´´µ° ¶¥·¥³¥´´µ° ¤²Ö ¶·¨Í¥²Ó´µ£µ ¶ -
· ³¥É·  ¡Ê¤¥É ¶¥·¥¤ ´´Ò° ¨³¶Ê²Ó¸. 
 §´µ¢¨¤´µ¸ÉÓÕ ¶·¥¤¸É ¢²¥´¨Ö ¶·¨Í¥²Ó-
´µ£µ ¶ · ³¥É·  Ö¢²Ö¥É¸Ö ¶·¨¡²¨¦¥´¨¥ Ô°±µ´ ² , Ï¨·µ±µ ¨¸¶µ²Ó§Ê¥³µ¥ ¤²Ö
µ¶¨¸ ´¨Ö · §´ÒÌ ±¢ ´Éµ¢ÒÌ ¶·µÍ¥¸¸µ¢.


 ¸¸³µÉ·¨³ ¶µ¤·µ¡´¥¥ ¢µ§´¨±´µ¢¥´¨¥ · §²¨Î´ÒÌ ±¢ ´Éµ¢ÒÌ ¨´É¥·Ë¥·¥´-
Í¨µ´´ÒÌ ± ·É¨´, ¨¸¶µ²Ó§ÊÖ ¶µ¤Ìµ¤, · §¢¨ÉÒ° ¢ [12]. …¸²¨ ±¢ ´Éµ¢µ¥ ¨§³¥·¥-
´¨¥ µ¶·¥¤¥²Ö¥É¸Ö ¶·µ¥±Í¨µ´´Ò³ µ¶¥· Éµ·µ³

T =
∫
C

|a′ > da′ < a′|, (2.5)

Éµ ¨§³¥´¥´¨¥ ¢¥±Éµ·  ¸µ¸ÉµÖ´¨Ö |ψ > ¢ a-¶·¥¤¸É ¢²¥´¨¨ ¢ ·¥§Ê²ÓÉ É¥ ¨§³¥-
·¥´¨Ö T · ¢´µ

< a|ψ >C = < a|T |ψ > =
∫
C

da′ < a|a′ >< a′|ψ > . (2.6)
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�·µ¨§¢¥¤¥´´µ¥ ¨§³¥·¥´¨¥ T ¨§³¥´Ö¥É É ±¦¥ ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ ¢
b-¶·¥¤¸É ¢²¥´¨¨:

< b|ψ >C = < b|T |ψ > =
∫
C

da′ < b|a′ >< a′|ψ > . (2.7)

ˆ´É¥·Ë¥·¥´Í¨µ´´ Ö ± ·É¨´  ¢ b-¶·µ¸É· ´¸É¢¥ µ¶·¥¤¥²Ö¥É¸Ö ¨´É¥´¸¨¢-
´µ¸ÉÓÕ

IC(b) = |< b|ψ >C |2 . (2.8)

‘µ¡¸É¢¥´´ Ö ËÊ´±Í¨Ö < b|a > · ¢´ 

< b|a >=
1√
2π�

exp
(
− iab

�

)
. (2.9)

‚Ò¤¥²ÖÖ ¢ ¢µ²´µ¢µ° ËÊ´±Í¨¨ < a|ψ >  ³¶²¨ÉÊ¤Ê η(a) ¨ Ë §Ê Ω(a)

< a|ψ >= η(a) exp
(
iΩ(a)

�

)
, (2.10)

¤²Ö ¢µ²´µ¢µ° ËÊ´±Í¨¨ < b|ψ >C ¶µ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥

< b|ψ >C =
1√
2π�

∫
C

da η(a) exp
{

i

�
[Ω(a)− ab]

}
. (2.11)

�µ  ´ ²µ£¨¨ ¸ µ¸´µ¢´Ò³ ¶·¥¤¶µ²µ¦¥´¨¥³ ±² ¸¸¨Î¥¸±µ° µ¶É¨Î¥¸±µ° É¥µ-
·¨¨ ¤¨Ë· ±Í¨¨ ¸²¥¤Ê¥É ¶µ² £ ÉÓ, ÎÉµ Ë §  Ω(a) ³¥¤²¥´´µ ³¥´Ö¥É¸Ö ¢ µ¡² ¸É¨
C = ∆a. �µÔÉµ³Ê Ë §Ê Ω(a) ³µ¦´µ · §²µ¦¨ÉÓ ¢ ·Ö¤ ¢ µ±·¥¸É´µ¸É¨ ´¥±µÉµ·µ°
ÉµÎ±¨ a0, ´ Ìµ¤ÖÐ¥°¸Ö ¢ µ¡² ¸É¨ C:

Ω(a) = Ω(a0)+ (a− a0)Ω′(a0)+
1
2
(a− a0)2Ω′′(a0)+

1
6
(a− a0)3Ω′′′(a0)+ . . . .

(2.12)
…¸²¨ ¢ · §²µ¦¥´¨¨ Ë §Ò (2.12) µ¸´µ¢´ÊÕ ·µ²Ó ¨£· ¥É ²¨´¥°´Ò° ¶µ a

Î²¥´, Éµ ¡Ê¤¥É ´ ¡²Õ¤ ÉÓ¸Ö ¤¨Ë· ±Í¨µ´´ Ö ± ·É¨´ ,  ´ ²µ£¨Î´ Ö ¤¨Ë· ±Í¨¨
”· Ê´£µË¥·  ¢ µ¶É¨±¥; ¥¸²¨ µ¸´µ¢´ÊÕ ·µ²Ó ¢ (2.12) ¨£· ¥É ±¢ ¤· É¨Î´Ò° ¶µ
a Î²¥´, Éµ ¨³¥¥É ³¥¸Éµ ¤¨Ë· ±Í¨µ´´ Ö ± ·É¨´ , Ö¢²ÖÕÐ Ö¸Ö  ´ ²µ£µ³ µ¶É¨-
Î¥¸±µ° ¤¨Ë· ±Í¨¨ ”·¥´¥²Ö; ¥¸²¨ ¦¥ ±¢ ¤· É¨Î´Ò° ¶µ a Î²¥´ ¢ (2.12) µÎ¥´Ó
³ ² |Ω′′(a0)| � |Ω′(a0)|, |Ω′′(a0)| � |Ω′′′(a0)|,   ±Ê¡¨Î¥¸±¨° Î²¥´ Éµ£µ ¦¥
¶µ·Ö¤±  ¢¥²¨Î¨´Ò, ÎÉµ ¨ ²¨´¥°´Ò°, Éµ ¢µ§´¨± ¥É ± ·É¨´  · ¤Ê¦´µ£µ · ¸¸¥-
Ö´¨Ö, ¶·¥¤¸É ¢²ÖÕÐ Ö ¸µ¡µ° ¨´É¥·Ë¥·¥´Í¨µ´´ÊÕ ± ·É¨´Ê, ´¥ Ö¢²ÖÕÐÊÕ¸Ö
¤¨Ë· ±Í¨µ´´µ°.
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‚ ¸²ÊÎ ¥ ¤¨Ë· ±Í¨¨ ”· Ê´£µË¥·  ¢ (2.12) ´Ê¦´µ µ£· ´¨Î¨ÉÓ¸Ö Éµ²Ó±µ
²¨´¥°´Ò³ ¶µ a Î²¥´µ³. ’µ£¤  ¢Ò· ¦¥´¨¥ (2.11) ¶·¨´¨³ ¥É Ëµ·³Ê

< b|ψ >C =
1√
2π�

exp
{

i

�
[Ω(a0)− a0b0]

}∫
da ηC(a) exp

[
− i

�
(b − b0)a

]
,

(2.13)
£¤¥ b0 = Ω′(a0), ηC(a) Å  ³¶²¨ÉÊ¤  ¢µ²´µ¢µ° ËÊ´±Í¨¨ < a|ψ >C . ’ ±¨³
µ¡· §µ³, ¢µ²´µ¢ Ö ËÊ´±Í¨Ö < b|ψ >C ¢ · ¸¸³ É·¨¢ ¥³µ³ ¸²ÊÎ ¥ ¶·¥¤¸É ¢-
²Ö¥É ¸µ¡µ° ¸ ÉµÎ´µ¸ÉÓÕ ¤µ Ë §µ¢µ£µ ³´µ¦¨É¥²Ö ¶·¥µ¡· §µ¢ ´¨¥ ”Ê·Ó¥ µÉ
 ³¶²¨ÉÊ¤Ò ηC(a).


 ¸¸³µÉ·¨³ ¤¨Ë· ±Í¨Õ ”· Ê´£µË¥·  µÉ µ¤´µ° ¤²¨´´µ° ¨ Ê§±µ° Ð¥²¨
Ï¨·¨´µ° 2δ, ¸¥·¥¤¨´  ±µÉµ·µ° µ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨´µ° a0. �·¨ ÔÉµ³  ³¶²¨-
ÉÊ¤  ηC(a) ¶·¥¤¶µ² £ ¥É¸Ö ¶µ¸ÉµÖ´´µ° ¢ µ¡² ¸É¨ Ð¥²¨ C = 2δ:

ηC(a) =
{

η0, − δ ≤ a ≤ δ,
0, a < −δ, a > δ.

(2.14)

�µ¤¸É ¢²ÖÖ (2.14) ¢ (2.13), ´ Ìµ¤¨³

< b|ψ >C =
2η0δ√
2π�

exp
{

i

�
[Ω(a0)− a0b0]

}
sinπξ
πξ

, (2.15)

£¤¥ ¢¢¥¤¥´µ µ¡µ§´ Î¥´¨¥ ξ = (b− b0)δ/π�.
„²Ö ¨´É¥´¸¨¢´µ¸É¨ IC(b) ¸ ¶µ³µÐÓÕ Ëµ·³Ê² (2.8), (2.15) ¶µ²ÊÎ ¥³

IC(b) = IC(b0)
(
sinπξ
πξ

)2

, IC(b0) =
2|η0|2δ2

π�
. (2.16)

’¥¶¥·Ó · ¸¸³µÉ·¨³ ¤¨Ë· ±Í¨Õ ”· Ê´£µË¥·  µÉ ±·Ê£²µ£µ µÉ¢¥·¸É¨Ö · -
¤¨Ê¸  R. �·¨ ÔÉµ³ ¢µ²´µ¢ Ö ËÊ´±Í¨Ö (2.6) ¡Ê¤¥É ¤¢Ê³¥·´µ° < a1a2|ψ >C , ¨
¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ µ´  ¶µ¸ÉµÖ´´  ¢ µ¡² ¸É¨ µÉ¢¥·¸É¨Ö:

< a1a2|ψ >C =
{

η0 exp (iΩ0), ρ ≤ R,
0, ρ > R,

(2.17)

£¤¥ ρ =
√

a21 + a22.
�¡µ¡Ð Ö Ëµ·³Ê²Ê (2.11) ´  ¤¢Ê³¥·´Ò° ¸²ÊÎ ° ¨ ¨¸¶µ²Ó§ÊÖ (2.17), ¨³¥¥³

< b1b2|ψ >C =
1
2π�

∫ ∫
da1da2 < a1a2|ψ > exp

[
− i

�
(a1b1 + a2b2)

]
.

(2.18)
�µ¤Î¥·±´¥³, ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥ Ë §  ¢µ²´µ¢µ° ËÊ´±Í¨¨ < a1a2|ψ >C

¸Î¨É ¥É¸Ö ¶µ¸ÉµÖ´´µ° ¨ ´¥ · ¸±² ¤Ò¢ ¥É¸Ö ¢ ·Ö¤. �¥·¥Ìµ¤Ö ¢ (2.18) ± ¶µ-
²Ö·´Ò³ ±µµ·¤¨´ É ³ a1 = ρ cosϕ, a2 = ρ sinϕ, b1 = b cosχ, b2 = b sinχ,
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´ Ìµ¤¨³

< b1b2|ψ >C =
η0 exp (iΩ0)

2π�

R∫
0

dρρ

2π∫
0

dϕ exp
[
− i

�
ρb cos (ϕ− χ)

]
=

=
R2η0 exp (iΩ0)

�

J1(Rb/�)
Rb/�

. (2.19)

�µ¤¸É ¢²ÖÖ (2.19) ¢ (2.8), ¶µ²ÊÎ ¥³ ¤²Ö ¨´É¥´¸¨¢´µ¸É¨ ± ·É¨´Ê �°·¨ ¤²Ö
¤¨Ë· ±Í¨¨ ”· Ê´£µË¥·  µÉ ±·Ê£²µ£µ µÉ¢¥·¸É¨Ö:

IC(b) = IC(0)
[
2J1(Rb/�)

Rb/�

]2
, IC(0) =

|η0|2R4

4�2
. (2.20)

�¥·¥°¤¥³ É¥¶¥·Ó ± ¤¨Ë· ±Í¨¨ ”·¥´¥²Ö µÉ ±· Ö ¶µ²Ê¶²µ¸±µ¸É¨ a0 ≤ a <
< ∞. ‚ ÔÉµ³ ¸²ÊÎ ¥ µ¸´µ¢´µ° ¢±² ¤ ¢ ¨´É¥£· ² Ëµ·³Ê²Ò (2.11) ¤ ¥É µ±·¥¸É-
´µ¸ÉÓ ÉµÎ±¨ ¸É Í¨µ´ ·´µ° Ë §Ò as ∈ C, µ¶·¥¤¥²Ö¥³µ° ¨§ Ê¸²µ¢¨Ö Ω′(as) = b.
…¸²¨ ÉµÎ±  as ¸ÊÐ¥¸É¢Ê¥É, Éµ · §²µ¦¥´¨¥ Ë §Ò ¢¡²¨§¨ ÔÉµ° ÉµÎ±¨ ¸ ÉµÎ´µ-
¸ÉÓÕ ¤µ Î²¥´µ¢ ¢Éµ·µ£µ ¶µ·Ö¤±  ¶µ a (¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ Ω′′(as) �= 0) ¨³¥¥É
¢¨¤

Ω(a) = Ω(as) + (a− as)b+
1
2
(a− as)2Ω′′(as). (2.21)

�µ¤¸É ¢²ÖÖ (2.21) ¢ (2.11), ´ Ìµ¤¨³

< b|ψ >C =
η(as)√
2π�

exp
{

i

�
[Ω(as)− asb]

} a0∫
−∞

da exp
[
iΩ′′(as)
2�

(a− as)2
]
.

(2.22)
„¥² Ö ¢ (2.22) § ³¥´Ê ¶¥·¥³¥´´ÒÌ a = as − exp (iπ/4)

√
2�/Ω′′(as)t, ¨³¥¥³

< b|ψ >=
η(as)

2
√
Ω′′(as)

eiτerfc

[
e−

iπ
4

√
Ω′′(as)
2�

(as − a0)

]
, (2.23)

£¤¥ τ = (i/�)[Ω(as)− asb] + iπ/4, a ËÊ´±Í¨Ö erfc (z) · ¢´ 

erfc (z) =
2√
π

∞∫
z

dte−t
2
. (2.24)

ˆ¸¶µ²Ó§ÊÖ · §²µ¦¥´¨¥ Ω′(as) ≈ Ω′(a0) + (as − a0)Ω′′(a0) ¨ ÊÎ¨ÉÒ¢ Ö
¸µµÉ´µÏ¥´¨Ö Ω′(as) = b, Ω′(a0) = b0, ¶µ²ÊÎ ¥³

as = a0 +
b− b0
Ω′′(a0)

. (2.25)
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‡ ³¥Î Ö, ÎÉµ Ω′′(as) ≈ Ω′′(a0), ´ Ìµ¤¨³

< b|ψ >C =
η(as) exp (iτ)
2
√
Ω′′(as)

erfc
(
e−

iπ
4 u
)
, (2.26)

£¤¥ ¢¢¥¤¥´µ µ¡µ§´ Î¥´¨¥ u = (b− b0)/
√
2�Ω′′(a0).

�µ¤¸É ¢²ÖÖ (2.26) ¢ (2.8), ¶µ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥ ¤²Ö ¨´É¥´¸¨¢´µ¸É¨ ¢ ¸²Ê-
Î ¥ ¤¨Ë· ±Í¨¨ ”·¥´¥²Ö µÉ ¶µ²Ê¶²µ¸±µ¸É¨:

IC(b) = IC(b0)
1
4

∣∣∣erfc(e− iπ
4 u
)∣∣∣2 , IC(b0) =

|η(as)|2
Ω′′(as)

. (2.27)

ˆ´É¥´¸¨¢´µ¸ÉÓ IC(b) ³µ¦´µ É ±¦¥ ¢Ò· §¨ÉÓ Î¥·¥§ ¨´É¥£· ²Ò ”·¥´¥²Ö:

IC(b) =
1
2
IC(b0)

{[
1
2
− C(w)

]2
+
[
1
2
− S(w)

]2}
, (2.28)

£¤¥ w =
√
2/πu,   ¨´É¥£· ²Ò ”·¥´¥²Ö µ¶·¥¤¥²ÖÕÉ¸Ö Ëµ·³Ê² ³¨

C(w) =

√
2
π

w∫
0

dt cos t2, S(w) =

√
2
π

w∫
0

dt sin t2. (2.29)

� ±µ´¥Í, · ¸¸³µÉ·¨³ ± ·É¨´Ê · ¤Ê£¨. …¸²¨ ¸ÊÐ¥¸É¢Ê¥É ÉµÎ±  · ¤Ê£¨
ar ∈ C, µ¶·¥¤¥²Ö¥³ Ö ¨§ Ê· ¢´¥´¨Ö Ω′′(ar) = 0, Éµ Ë §Ê ³µ¦´µ · §²µ¦¨ÉÓ ¢
·Ö¤ ¢¡²¨§¨ ÔÉµ° ÉµÎ±¨:

Ω(a) = Ω(ar) + (a− ar)br +
1
6
(a− ar)3Ω′′′(ar), (2.30)

£¤¥ br = Ω′(ar), ¨ ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ²¨´¥°´Ò° ¨ ±Ê¡¨Î¥¸±¨° Î²¥´Ò · §²µ-
¦¥´¨Ö (2.30) ¸· ¢´¨³Ò ¶µ ¢¥²¨Î¨´¥. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¨³¥¥³

< b|ψ >C =
η(ar)√
2π�

exp
{

i

�
[Ω(ar)− arb]

}
×

×
+∞∫

−∞

da exp
{

i

�

[
(a− ar)(br − b) +

1
6
(a− ar)3Ω′′′(ar)

]}
. (2.31)

ˆ¸¶µ²Ó§ÊÖ µ¶·¥¤¥²¥´¨¥ ËÊ´±Í¨¨ �°·¨

Ai(z) =
1
2π

+∞∫
−∞

dt exp
[
i

(
zt+

1
3
t3
)]

, (2.32)
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´ Ìµ¤¨³

< b|ψ >C =

√
2π
�

[
2�

Ω′′′(ar)

]1/3
η(ar) exp

{
i

�
[Ω(ar)− arb]

}
Ai(z), (2.33)

£¤¥ ¢¢¥¤¥´µ µ¡µ§´ Î¥´¨¥ z = (br − b)/[Ω′′′(ar)/2�]1/3 .
�µ¤¸É ¢²ÖÖ (2.33) ¢ (2.8), ¶µ²ÊÎ ¥³ ¶·¨¡²¨¦¥´¨¥ �°·¨ ¤²Ö ± ·É¨´Ò · -

¤Ê£¨

IC(b) = IC(br)[Ai(z)]2, IC(br) =
2π
�

[
2�

Ω′′′(ar)

]2/3
|η(ar)|2 . (2.34)

�É³¥É¨³, ÎÉµ ± ·É¨´  · ¤Ê£¨ Ö¢²Ö¥É¸Ö ¨´É¥·Ë¥·¥´Í¨µ´´µ°, ´µ ´¥ ¤¨-
Ë· ±Í¨µ´´µ° ± ·É¨´µ°, ¨³¥ÕÐ¥° µ¶É¨Î¥¸±ÊÕ  ´ ²µ£¨Õ Å ¶·µÌµ¦¤¥´¨¥ ¸¢¥-
É  Î¥·¥§ ¶·µ§· Î´ÊÕ ± ¶²Õ ¦¨¤±µ¸É¨ ¸ µ¤´µ±· É´Ò³ ¢´ÊÉ·¥´´¨³ µÉ· ¦¥-
´¨¥³.

‚ § ±²ÕÎ¥´¨¥ Ê± ¦¥³ ´  ¶·µ¸ÉÊÕ µ¡ÐÊÕ Ëµ·³Ê ±¢ ´Éµ¢µ£µ  ´ ²µ£  µ¶É¨-
Î¥¸±µ£µ ¶·¨´Í¨¶  k ¡¨´¥. „²Ö ²Õ¡µ£µ ¨§³¥·¥´¨Ö T ³µ¦´µ ¢¢¥¸É¨ ¤µ¶µ²´¨-
É¥²Ó´µ¥ ¨§³¥·¥´¨¥ T ′, ±µÉµ·µ¥ ¢Ò¤¥²Ö¥É É ±ÊÕ µ¡² ¸ÉÓ §´ Î¥´¨° ¸¶¥±É·  C′,
ÎÉµ µ¡² ¸ÉÓ C+C′ ¸µ¤¥·¦¨É ¢¥¸Ó ¸¶¥±É· ¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨° µ¶¥· Éµ·  A.
�Î¥¢¨¤´µ, ÎÉµ ¸¢Ö§Ó µ¶¥· Éµ·  T ′ ¸ µ¶¥· Éµ·µ³ T µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³
T ′ = 1− T . ‘µµÉ¢¥É¸É¢¥´´µ ¨³¥¥É ³¥¸Éµ ¸µµÉ´µÏ¥´¨¥

< b|ψ >C + < b|ψ >C′ = < b|ψ > . (2.35)


 ¢¥´¸É¢µ (2.35) ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ±¢ ´Éµ¢ÊÕ Ëµ·³Ê ¶·¨´Í¨¶  k ¡¨´¥,
±µÉµ· Ö Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ ¶µ²´µÉÒ ´ ¡µ·  ¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨° |a >:

T + T ′ =
∫
C

|a > da < a|+
∫
C′

|a > da < a| =
∫

C+C′

|a > da < a| = 1. (2.36)

3. Œ	„ˆ”ˆŠ�–ˆˆ Š‚��’	‚›•
ˆ�’…1”…1…�–ˆ	��›• Š�1’ˆ�


 ¸¸³µÉ·¥´´Ò¥ ¢ÒÏ¥ ¶·µ¸ÉÒ¥ ¶·¨³¥·Ò ¨´É¥·Ë¥·¥´Í¨µ´´ÒÌ ± ·É¨´ ¸µ-
µÉ¢¥É¸É¢µ¢ ²¨ ¤¨Ë· ±Í¨¨ ´  µ¡Ñ¥±É Ì ¸ ·¥§±¨³¨ £· ´¨Í ³¨ (Ð¥²Ó, µÉ¢¥·-
¸É¨¥, ¶µ²Ê¶²µ¸±µ¸ÉÓ ¢ µ¶É¨Î¥¸±µ°  ´ ²µ£¨¨) ¨ ± ·É¨´¥ · ¤Ê£¨ ¢ µÉ¸ÊÉ¸É¢¨¥
¸¨²Ó´µ£µ ¶µ£²µÐ¥´¨Ö. ‚ ¤¥°¸É¢¨É¥²Ó´µ¸É¨, ¢ ±¢ ´Éµ¢ÒÌ ¶·µÍ¥¸¸ Ì, ¶·¥¤-
¸É ¢²ÖÕÐ¨Ì ¸µ¡µ° · ¸¸¥Ö´¨¥ ³¨±·µµ¡Ñ¥±Éµ¢, ¤¨Ë· ±Í¨µ´´Ò¥ µ¡² ¸É¨ ¨³¥ÕÉ
· §³ÒÉÒ¥ ¤¨ËËÊ§´Ò¥ £· ´¨ÍÒ,   ± ·É¨´  · ¤Ê£¨ ³µ¤¨Ë¨Í¨·Ê¥É¸Ö ¸¨²Ó´Ò³
¶µ£²µÐ¥´¨¥³. ’ ±¨³ µ¡· §µ³, ·¥ ²Ó´Ò¥ ±¢ ´Éµ¢Ò¥ ¨´É¥·Ë¥·¥´Í¨µ´´Ò¥ ± ·-
É¨´Ò µÉ²¨Î ÕÉ¸Ö µÉ ¨¤¥ ²¨§¨·µ¢ ´´ÒÌ ± ·É¨´ (2.16), (2.19), (2.27), (2.34).
�É¨ ³µ¤¨Ë¨± Í¨¨ ³µ¦´µ · ¸¸³µÉ·¥ÉÓ ¢ µ¡Ð¥³ ¢¨¤¥.
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� ¨¡µ²¥¥ ¶·µ¸Éµ · §³ÒÉ¨¥ £· ´¨ÍÒ ÊÎ¨ÉÒ¢ ¥É¸Ö ¢ ¸²ÊÎ ¥ Ë· Ê´£µË¥-
·µ¢¸±µ° ¤¨Ë· ±Í¨¨. kÊ¤¥³ ¶µ² £ ÉÓ, ÎÉµ  ³¶²¨ÉÊ¤  ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¤²Ö
¤¨Ë· ±Í¨¨ ´  µ¡Ñ¥±É¥ ¸ · §³ÒÉµ° £· ´¨Í¥° ηC̃(a) ¸¢Ö§ ´  ¸  ³¶²¨ÉÊ¤µ° ´ 
µ¡Ñ¥±É¥ ¸ ·¥§±µ° £· ´¨Í¥° ηC(a) ¸ ¶µ³µÐÓÕ ¸¢¥·É±¨

ηC̃(a) =

+∞∫
−∞

da′ηC(a′)Φd(a− a′) =

+∞∫
−∞

dαηC(a− α)Φd(α). (3.1)


 §³Ò¢ ÕÐ Ö ËÊ´±Í¨Ö Φd(α) Ì · ±É¥·¨§Ê¥É¸Ö Ï¨·¨´µ° d ¨ Ê¤µ¢²¥É¢µ-
·Ö¥É Ê¸²µ¢¨Ö³

+∞∫
−∞

dαΦd(α) = 1, lim
d→0

Φd(α) = δ(α). (3.2)

�µ¤¸É ¢²ÖÖ (3.1) ¢ (2.13), ¶µ²ÊÎ ¥³

< b|ψ >C̃ = < b|ψ >C F (ζd), (3.3)

£¤¥ ζ = (b − b0)/�,   Ë ±Éµ· F (zd) µ¶·¥¤¥²Ö¥É¸Ö Ëµ·³Ê²µ°

F (zd) =

+∞∫
−∞

dtΦd(t)eizt. (3.4)

ˆ´É¥´¸¨¢´µ¸ÉÓ IC̃(b) ¢ ÔÉµ³ ¸²ÊÎ ¥ ¨³¥¥É ¢¨¤

IC̃(b) = IC(b)|F (ζd)|2, (3.5)

£¤¥ ¢¥²¨Î¨´  IC(b) µ¶·¥¤¥²Ö¥É¸Ö ¤¨Ë· ±Í¨¥° ´  µ¡Ñ¥±É¥ ¸ ·¥§±µ° £· ´¨Í¥°.
‚¥²¨Î¨´  |F |2 ¶² ¢´µ Ê¡Ò¢ ¥É ¸ ·µ¸Éµ³ b µÉ ³ ±¸¨³ ²Ó´µ° ¢¥²¨Î¨´Ò

|F (0)|2 = 1 ¶·¨ b = b0, µ¡Ê¸² ¢²¨¢ Ö § ÉÊÌ ´¨¥ Ë· Ê´£µË¥·µ¢¸±¨Ì µ¸Í¨²²Ö-
Í¨°, ±µÉµ·Ò¥ É¥³ ¸¨²Ó´¥¥, Î¥³ ¡µ²ÓÏ¥ Ï¨·¨´  d · §³Ò¢ ÕÐ¥° ËÊ´±Í¨¨. �ÉµÉ
ÔËË¥±É ¶µ¤ ¢²¥´¨Ö ¢Éµ·¨Î´ÒÌ ¤¨Ë· ±Í¨µ´´ÒÌ ³ ±¸¨³Ê³µ¢ ¥¸ÉÓ µ¡µ¡Ð¥´¨¥
µ¶É¨Î¥¸±µ£µ Ö¢²¥´¨Ö  ¶µ¤¨§ Í¨¨, § ±²ÕÎ ÕÐ¥£µ¸Ö ¢ ³µ¤¨Ë¨± Í¨¨ ËÊ´±Í¨¨
§· Î± . �¡ÒÎ´µ  ¶µ¤¨§ Í¨Ö ¢ µ¶É¨±¥ ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö Ê²ÊÎÏ¥´¨Ö · §·¥Ï -
ÕÐ¥° ¸¶µ¸µ¡´µ¸É¨ µ¶É¨Î¥¸±µ° ¸¨¸É¥³Ò (´ ¶·¨³¥·, § ±·Ò¢ ´¨¥ Í¥´É· ²Ó´µ°
Î ¸É¨ ²¨´§Ò É¥²¥¸±µ¶ ).


 ¸¸³µÉ·¨³ É¥¶¥·Ó ¢²¨Ö´¨¥ · §³ÒÉ¨Ö £· ´¨ÍÒ ´  Ë·¥´¥²¥¢¸±ÊÕ ¤¨Ë· ±-
Í¨µ´´ÊÕ ± ·É¨´Ê. �¶·¥¤¥²¨³ ¢¥²¨Î¨´Ê ηC(a) Ëµ·³Ê²µ°

ηC(a) =
{
1, a ≥ 0,
0, a < 0. (3.6)

’µ£¤  ¤²Ö ηC̃(a) ´ Ìµ¤¨³



468 �•ˆ…‡…
 �.ˆ., k…
…†��‰ �.�., �ˆ‹ˆ�…�Š� ‚.‚.

ηC̃(a) =

+∞∫
−∞

da′ηC(a− a′)Φd(a′) =

a∫
−∞

da′Φd(a′). (3.7)

‘µ£² ¸´µ (3.6) ¨³¥¥³ dηC(a− a′)/da = δ(a− a′). �µÔÉµ³Ê ¶µ²ÊÎ ¥³ ¸µµÉ´µ-
Ï¥´¨Ö

Φd(a) =
dηC̃(a)

da
, F (zd) =

+∞∫
−∞

dt
dηC̃(t)

dt
eizt. (3.8)

�µ¤¸É ¢²ÖÖ (3.7) ¢ (2.11), ¨³¥¥³

< b|ψ >C̃ =
1√
2π�

+∞∫
−∞

daηC̃(a0 − a) exp
{

i

�
[Ω(a)− ab]

}
, (3.9)

£¤¥ ¢¥²¨Î¨´  a0 µ¶·¥¤¥²Ö¥É ¶µ²µ¦¥´¨¥ ±· Ö ¶µ²Ê¶²µ¸±µ¸É¨.
ˆ´É¥£· ² ¢ Ëµ·³Ê²¥ (3.9) ´¥²Ó§Ö µÍ¥´¨ÉÓ ³¥Éµ¤µ³ ¸É Í¨µ´ ·´µ° Ë §Ò,

É ± ± ± µ¸´µ¢´µ° ¢±² ¤ ¢ ´¥£µ ¤ ¥É µ±·¥¸É´µ¸ÉÓ ÉµÎ±¨ a0, £¤¥ ËÊ´±Í¨Ö
ηC̃(a0−a) ¡Ò¸É·µ ³¥´Ö¥É¸Ö. �µÔÉµ³Ê ¨¸¶µ²Ó§Ê¥³ ¢ ÔÉµ³ ¸²ÊÎ ¥ ¨´µ° ¶µ¤Ìµ¤.
”Ê´±Í¨Õ ηC̃(a) Ê¤µ¡´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

ηC̃(a) =
i

2π

+∞∫
−∞

db′
exp(− iab′

�
)

b′ + i0
F

(
b′d

�

)
. (3.10)

�µ¤¸É ¢²ÖÖ F (zd) ¢ Ëµ·³¥ (3.8) ¢ Ëµ·³Ê²Ê (3.10), ³µ¦´µ ²¥£±µ Ê¡¥¤¨ÉÓ¸Ö
¢ ¥¥ ¸¶· ¢¥¤²¨¢µ¸É¨. �µ¤¸É ¢²ÖÖ § É¥³ (3.10) ¢ (2.11), ´ Ìµ¤¨³

< b|ψ >C̃ =
i

2π

+∞∫
−∞

db′
exp(− ia0b

′

�
)

b′ + i0
F

(
b′d

�

)
< b− b′|ψ >, (3.11)

£¤¥ ËÊ´±Í¨Ö < b− b′|ψ > · ¢´ 

< b− b′|ψ >=
1√
2π�

+∞∫
−∞

da exp
{

i

�
[Ω(a)− a(b− b′)]

}
. (3.12)

ˆ´É¥£· ² ¢ (3.12) ³µ¦´µ µÍ¥´¨ÉÓ ³¥Éµ¤µ³ ¸É Í¨µ´ ·´µ° Ë §Ò:

< β|ψ >=
exp(iπ/4)√
Ω′′(aβ)

exp
{

i

�
[Ω(aβ)− aββ]

}
, (3.13)

£¤¥ ¢¥²¨Î¨´  aβ § ¢¨¸¨É µÉ β = b− b′.
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�µ¤¸É ¢²ÖÖ (3.13) ¢ (3.11) ¨ ¤¥² Ö § ³¥´Ê b′ = b− β, ¨³¥¥³

< b|ψ >C̃ =
i

2π
exp

(
iπ

4
− ia0b

�

) +∞∫
−∞

dβ√
Ω′′(aβ)

×

×F [(b− β)d/�]
b− β + i0

exp
{

i

�
[Ω(aβ)− (aβ − a0)β]

}
. (3.14)

�¸Í¨²²¨·ÊÕÐ Ö Î ¸ÉÓ ¶µ¤Ò´É¥£· ²Ó´µ£µ ¢Ò· ¦¥´¨Ö ¢ Ëµ·³Ê²¥ (3.14)
¨³¥¥É ÉµÎ±Ê ¸É Í¨µ´ ·´µ° Ë §Ò, µ¶·¥¤¥²Ö¥³ÊÕ ¨§ Ê· ¢´¥´¨Ö

daβ
dβ

[Ω′(aβ)− β] + a0 − aβ = 0. (3.15)

ˆ§ (3.15) ¶µ²ÊÎ ¥³ aβs = a0, βs = Ω′(a0) = b0. �µÔÉµ³Ê µ¸´µ¢´µ°
¢±² ¤ ¢ ¨´É¥£· ² Ëµ·³Ê²Ò (3.14) ¤ ÕÉ µ±·¥¸É´µ¸ÉÓ ÉµÎ±¨ ¸É Í¨µ´ ·´µ° Ë §Ò
βs = b0 ¨ µ±·¥¸É´µ¸ÉÓ ¶µ²Õ¸  βp = b. ‚ µ¡² ¸É¨ b > b0 µ¸´µ¢´µ° ¢±² ¤
¢ ¨´É¥£· ² ¤ ¥É ÉµÎ±  ¸É Í¨µ´ ·´µ° Ë §Ò. ‚ ÔÉµ³ ¸²ÊÎ ¥ ³¥¤²¥´´µ ³¥´ÖÕ-
ÐÊÕ¸Ö ËÊ´±Í¨Õ F ³µ¦´µ ¢Ò´¥¸É¨ §  §´ ± ¨´É¥£· ²  ¢ ÉµÎ±¥ βs = b0, ¨ ³Ò
¶µ²ÊÎ ¥³

< b|ψ >C̃ = F (ζd) < b|ψ >C , (3.16)

< b|ψ >C =
1√
2π�

a0∫
−∞

da exp
{

i

�
[Ω(a)− ab]

}
≈ < b|ψ >

1
2
erfc

(
e−

iπ
4 u
)
,

(3.17)
£¤¥ ËÊ´±Í¨Ö < b|ψ > µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ (3.13).

—Éµ¡Ò µÍ¥´¨ÉÓ ¨´É¥£· ² ¢ Ëµ·³Ê²¥ (3.14) ¢ µ¡² ¸É¨ b < b0, ¢µ¸¶µ²Ó§Ê¥³¸Ö
· ¢¥´¸É¢µ³

1
b− β + i0

= −2πiδ(b− β) +
1

b− β − i0
. (3.18)

‚ ÔÉµ³ ¸²ÊÎ ¥ ´ Ìµ¤¨³

< b|ψ >C̃ = < b|ψ > −F (ζd)[< b|ψ > − < b|ψ >C ]. (3.19)

�µÔÉµ³Ê µ±µ´Î É¥²Ó´µ ³µ¦´µ ´ ¶¨¸ ÉÓ

< b|ψ >C̃ =
{

< b|ψ > [1− F (ζd)]+ < b|ψ >C F (ζd), b ≤ b0,
< b|ψ >C F (ζd), b ≥ b0.

(3.20)
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ˆ¸¶µ²Ó§ÊÖ ¸µµÉ´µÏ¥´¨¥ erfc (z) + erfc (−z) = 2 ¨ Ëµ·³Ê²Ê (3.13), ¨³¥¥³

IC̃(b) = IC̃(b0)




∣∣∣1− 1
2 erfc

(
−e− iπ

4 u
)
F (ζd)

∣∣∣2 , u ≤ 0,∣∣∣ 12 erfc(e− iπ
4 u
)
F (ζd)

∣∣∣2 , u ≥ 0,
(3.21)

£¤¥ IC̃(b0) = 4/Ω
′′(aβ).

�ÉµÉ ·¥§Ê²ÓÉ É µ¶¨¸Ò¢ ¥É § ÉÊÌ ´¨¥ µ¸Í¨²²ÖÍ¨° ¨ ¸¦ É¨¥ Ë·¥´¥²¥¢¸±µ°
± ·É¨´Ò, ¶µ²ÊÎ¥´´µ° · ´¥¥ ¤²Ö ¶µ²Ê¶²µ¸±µ¸É¨ ¸ ·¥§±µ° £· ´¨Í¥°.

� ±µ´¥Í, · ¸¸³µÉ·¨³ ± ·É¨´Ê · ¤Ê£¨, ³µ¤¨Ë¨Í¨·µ¢ ´´ÊÕ ¸¨²Ó´Ò³ ¶µ-
£²µÐ¥´¨¥³. �·¥¤¶µ² £ ¥³, ÎÉµ ¢¸¥ ¢µ²´Ò ¸ a ≤ a0 ¶µ£²µÐ ÕÉ¸Ö · ¸¸¥¨¢ É¥-
²¥³. ’µ£¤  ¢µ²´µ¢ Ö ËÊ´±Í¨Ö < b|ψ >C ¢Ò¡¨· ¥É¸Ö ¢ ¢¨¤¥ (2.11) ¸  ³¶²¨ÉÊ¤µ°
ηC(a− a0), µ¶·¥¤¥²Ö¥³µ° ¸µ£² ¸´µ (3.6):

< b|ψ >C̃ =
1√
2π�

∫
daηC(a− a0) exp

{
i

�
[Ω(a)− ab]

}
. (3.22)

‚µ¸¶µ²Ó§µ¢ ¢Ï¨¸Ó · §²µ¦¥´¨¥³ Ë §Ò (2.30), ´ Ìµ¤¨³

< b|ψ >C̃ =
1√
2π�

exp
{

i

�
[Ω(ar)− arb]

}
×

×
∞∫

a0

da exp
{

i

�

[
(a− ar)(br − b) +

1
6
(a− ar)3Ω′′′(ar)

]}
. (3.23)

�±µ´Î É¥²Ó´µ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ËÊ´±Í¨Õ < b|ψ >C̃ ¢ Ëµ·³¥

< b|ψ >C̃ =

√
2π
�

[
2�

Ω′′′(ar)

]1/3
exp

{
i

�
[Ω(ar)− arb]

}
Ai(z, κ), (3.24)

£¤¥ ¢¢¥¤¥´µ µ¡µ§´ Î¥´¨¥ κ = [Ω′′′(ar)/2�]1/3(a0 − ar),   ´¥¶µ²´ Ö ËÊ´±Í¨Ö
�°·¨ µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

Ai(z, κ) =
1
2π

∞∫
κ

dt exp
[
i

(
zt+

1
3
t3
)]

. (3.25)

�µ¤¸É ¢²ÖÖ (3.25) ¢ (2.8), ´ Ìµ¤¨³

IC̃(b) = IC̃(br)[Ai(z, κ)]
2, IC(br) =

2π
�

[
2�

Ω′′′(ar)

]2/3
. (3.26)

Š ·É¨´  · ¤Ê£¨ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¸¨²Ó´µ£µ ¶µ£²µÐ¥´¨Ö Ì · ±É¥·¨§Ê¥É¸Ö ¸²¥-
¤ÊÕÐ¨³¨ µ¸µ¡¥´´µ¸ÉÖ³¨. ‚ µ¡² ¸É¨ b < br Ê ¨´É¥´¸¨¢´µ¸É¨ ¥¸ÉÓ µ¸Í¨²²ÖÍ¨¨,
±µÉµ·Ò¥ ¡Ò¸É·µ § ÉÊÌ ÕÉ. �·¨ b > br Ô±¸¶µ´¥´Í¨ ²Ó´µ¥ Ê¡Ò¢ ´¨¥ ¨´É¥´¸¨¢-
´µ¸É¨ ¸É ´µ¢¨É¸Ö ¡µ²¥¥ ¡Ò¸É·Ò³ ¢¸²¥¤¸É¢¨¥ ¶µ£²µÐ¥´¨Ö.
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4. „ˆ”1�Š–ˆ	��	… 1�‘‘…Ÿ�ˆ… �…‰’1	�	‚


 ¸¸³µÉ·¨³ É¥¶¥·Ó · §²¨Î´Ò¥ ¶·µÍ¥¸¸Ò Ö¤¥·´µ£µ · ¸¸¥Ö´¨Ö ´  µ¸´µ¢¥
· §¢¨Éµ£µ ¢ÒÏ¥ ¶µ¤Ìµ¤ . � Î´¥³ ¸ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢. …¸²¨ Ô´¥·£¨Ö ´¥°-
É·µ´µ¢ ¤µ¸É ÉµÎ´µ ¢¥²¨± , É ± ÎÉµ ¢Ò¶µ²´Ö¥É¸Ö Ê¸²µ¢¨¥ λ̄ � R, Éµ Ö¤·  µ± -
§Ò¢ ÕÉ¸Ö ¸¨²Ó´µ ¶µ£²µÐ ÕÐ¨³¨ ¤²Ö ´¥°É·µ´µ¢. ‚ ÔÉµ³ ¸²ÊÎ ¥ ´ ¡²Õ¤ ¥³ Ö
± ·É¨´  · ¸¸¥Ö´¨Ö  ´ ²µ£¨Î´  ¤¨Ë· ±Í¨¨ ¸¢¥É  µÉ Î¥·´µ£µ Ï ·  ¨²¨ ¤¨¸±  ¢
µ¶É¨±¥, É.¥. ÔÉµ ¤¨Ë· ±Í¨µ´´ Ö ± ·É¨´  Ë· Ê´£µË¥·µ¢¸±µ£µ É¨¶  [13].

kÊ¤¥³ ¨¸Ìµ¤¨ÉÓ ¨§ · §²µ¦¥´¨Ö  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ¶µ ¶µ²¨´µ³ ³ ‹¥-
¦ ´¤· 

f(θ) =
i

2k

∞∑
l=0

(2l + 1)(1− Sl)Pl(cos θ), (4.1)

£¤¥ Sl Å ¤¨ £µ´ ²Ó´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É S-³ É·¨ÍÒ.
…¸²¨ ¢Ò¶µ²´¥´µ Ê¸²µ¢¨¥ λ̄ � R, Éµ ¢  ³¶²¨ÉÊ¤Ê (4.1) ¢´µ¸¨É ¢±² ¤ ¡µ²Ó-

Ïµ¥ Î¨¸²µ ¶ ·Í¨ ²Ó´ÒÌ ¢µ²´. �·¨ ÔÉµ³ ¢¸²¥¤¸É¢¨¥ ³ ²µ£µ · ¤¨Ê¸  ¤¥°¸É¢¨Ö
Ö¤¥·´ÒÌ ¸¨² ³µ¦´µ ¸Î¨É ÉÓ, ÎÉµ ´¥°É·µ´ ¶µ£²µÐ ¥É¸Ö Ö¤·µ³, ¥¸²¨ ¶·¨Í¥²Ó-
´Ò° ¶ · ³¥É· b ≈ lλ̄ ³¥´ÓÏ¥ · ¤¨Ê¸  Ö¤·  R, ¨ ¶·µ²¥É ¥É ³¨³µ ´¥£µ, ¥¸²¨
b > R. ˆ´Ò³¨ ¸²µ¢ ³¨, ±µÔËË¨Í¨¥´É ¶·µ´¨Í ¥³µ¸É¨ ζl = 1−|Sl|2 · ¢¥´ ¥¤¨-
´¨Í¥ ¤²Ö l ≤ kR = l0 (k = 1/λ̄ Å ¢µ²´µ¢µ° ¢¥±Éµ· ´¥°É·µ´ ) ¨ µ¡· Ð ¥É¸Ö
¢ ´Ê²Ó ¶·¨ l > l0. �µÔÉµ³Ê ¶µ²ÊÎ ¥³

Sl =
{
0 , l ≤ l0,
1 , l > l0.

(4.2)


¥§±µ¥ · §¤¥²¥´¨¥ §´ Î¥´¨° ³µ³¥´Éµ¢, ¤²Ö ±µÉµ·ÒÌ ±µÔËË¨Í¨¥´É ¶·µ´¨-
Í ¥³µ¸É¨ · ¢¥´ ´Ê²Õ ¨ ¥¤¨´¨Í¥, ¨³¥¥É ¶·¨¡²¨¦¥´´Ò° Ì · ±É¥·. �Éµ µ¡¸Éµ-
ÖÉ¥²Ó¸É¢µ ¸¢Ö§ ´µ ¸ ´¥ÉµÎ´µ¸ÉÓÕ ±¢ §¨±² ¸¸¨Î¥¸±µ£µ · ¸¸³µÉ·¥´¨Ö, ±µÉµ·µ¥
¨¸¶µ²Ó§µ¢ ²µ¸Ó ¶·¨ µ¶·¥¤¥²¥´¨¨ Sl,   É ±¦¥ ¸ · §³ÒÉ¨¥³ Ö¤¥·´µ° ¶µ¢¥·Ì-
´µ¸É¨, µ¡Ê¸²µ¢²¥´´Ò³ ¡Ò¸É·Ò³ ¨ ¶² ¢´Ò³ Ê³¥´ÓÏ¥´¨¥³ ¶²µÉ´µ¸É¨ Ö¤¥·´µ°
³ É¥·¨¨ ¢ ¶µ¢¥·Ì´µ¸É´µ° µ¡² ¸É¨ Ö¤· . �µÔÉµ³Ê ¢¢¥¤¥´¨¥ £· ´¨Î´µ£µ µ·-
¡¨É ²Ó´µ£µ ³µ³¥´É  l0 = kR � 1, · §¤¥²ÖÕÐ¥£µ §´ Î¥´¨Ö ³µ³¥´Éµ¢ ¤²Ö
³ É·¨ÍÒ · ¸¸¥Ö´¨Ö (4.2), ¨³¥¥É ¸³Ò¸² ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ¢¥²¨Î¨´Ò ¶µ·Ö¤±  ¥¤¨-
´¨ÍÒ. ’¥³ ´¥ ³¥´¥¥ ³µ¦´µ ¶µ²Ó§µ¢ ÉÓ¸Ö ¢¥²¨Î¨´µ° Sl ¢ Ëµ·³¥ (4.2) ¤²Ö
µ¶·¥¤¥²¥´¨Ö ± Î¥¸É¢¥´´µ£µ ¶µ¢¥¤¥´¨Ö  ³¶²¨ÉÊ¤Ò ¨ ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ´¥°-
É·µ´µ¢ ¶·¨ kR � 1.

„²Ö ¢ÒÎ¨¸²¥´¨Ö  ³¶²¨ÉÊ¤Ò (4.1), ¶·¥¤¸É ¢²ÖÕÐ¥° ¸µ¡µ° ¸Ê³³Ê ¡µ²ÓÏµ£µ
Î¨¸²  Î²¥´µ¢, ³µ¦´µ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö Ëµ·³Ê²µ° ¸Ê³³¨·µ¢ ´¨Ö �Ê ¸¸µ´ 

∞∑
l=0

Φ
(
l +

1
2

)
=

∞∑
m=−∞

(−1)m
∞∫
0

dL e2iπmLΦ(L), (4.3)



472 �•ˆ…‡…
 �.ˆ., k…
…†��‰ �.�., �ˆ‹ˆ�…�Š� ‚.‚.

£¤¥ L = l + 1/2. „²Ö  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ´ Ìµ¤¨³

f(θ) =
i

k

∞∑
m=−∞

(−1)m
∞∫
0

dLL e2iπmL [1− S(L)]PL− 1
2
(cos θ). (4.4)

�Í¥´±¨ ¶µ± §Ò¢ ÕÉ, ÎÉµ Î²¥´Ò ¸ m �= 0 ³ ²Ò ¶µ ¸· ¢´¥´¨Õ ¸ µ¸´µ¢´Ò³
Î²¥´µ³ m = 0, É ± ± ± µ´¨ ¸µ¤¥·¦ É ¡Ò¸É·µ µ¸Í¨²²¨·ÊÕÐ¨¥ ³´µ¦¨É¥²¨
exp(2iπmL),   µ¸´µ¢´µ° ¢±² ¤ ¢  ³¶²¨ÉÊ¤Ê ¤ ÕÉ ¤µ¢µ²Ó´µ ¡µ²ÓÏ¨¥ ¢¥²¨-
Î¨´Ò L. Š¢ §¨±² ¸¸¨Î¥¸±¨° ¸³Ò¸² ¢¥²¨Î¨´Ò m § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ µ´ 
¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° Î¨¸²µ µ¡µ·µÉµ¢ · ¸¸¥¨¢ ¥³µ° Î ¸É¨ÍÒ ¢µ±·Ê£ · ¸¸¥¨¢ Õ-
Ð¥£µ Í¥´É· . Ÿ¸´µ, ÎÉµ ¢ µ¡² ¸É¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì Ô´¥·£¨° Î²¥´Ò ¸ m �= 0
´¥ ¨£· ÕÉ ¸ÊÐ¥¸É¢¥´´µ° ·µ²¨ ¢ (4.4). Œµ¦´µ ¶µ± § ÉÓ, ÎÉµ ¸Ê³³ ·´Ò° ¢±² ¤
¢  ³¶²¨ÉÊ¤Ê · ¸¸¥Ö´¨Ö Î²¥´µ¢ ¸ m �= 0 ¶µ ¸· ¢´¥´¨Õ ¸ µ¸´µ¢´Ò³ Î²¥´µ³ ¸
m = 0 Ö¢²Ö¥É¸Ö ¢¥²¨Î¨´µ° ¶µ·Ö¤±  1/L0, £¤¥ L0 = l0 + 1/2 ≈ kR � 1 [14,
15]. �µÔÉµ³Ê  ³¶²¨ÉÊ¤Ê · ¸¸¥Ö´¨Ö ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

f(θ) =
i

k

∞∫
0

dLL [1− S(L)]PL− 1
2
(cos θ). (4.5)

„²Ö L � 1 ¶µ²¨´µ³Ò ‹¥¦ ´¤·  ³µ¦´µ § ³¥´¨ÉÓ ËÊ´±Í¨¥° k¥¸¸¥²Ö

PL− 1
2
(cos θ) ≈ J0(Lθ). (4.6)

�µ¤¸É ¢²ÖÖ (4.2), (4.6) ¢ (4.5) ¨ ÊÎ¨ÉÒ¢ Ö, ÎÉµ L0 = kR, ¶µ²ÊÎ ¥³

f(θ) =
i

k

kR∫
0

dLL J0(Lθ) = iR
J1(kRθ)

θ
. (4.7)

Š¢ ¤· É ³µ¤Ê²Ö  ³¶²¨ÉÊ¤Ò (4.7) µ¶·¥¤¥²Ö¥É ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥
· ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ Ö¤· ³¨:

dσe
dΩ

= R2 J
2
1 (kRθ)
θ2

. (4.8)

‚Ò· ¦¥´¨¥ ¤²Ö ¸¥Î¥´¨Ö (4.8) ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ±µÔËË¨Í¨¥´É  ¸µ¢¶ ¤ ¥É ¸ µÉ-
´µÏ¥´¨¥³ ¨´É¥´¸¨¢´µ¸É¥° · ¸¸¥Ö´´µ£µ Î¥·´Ò³ Ï ·µ³ ¨²¨ ¤¨¸±µ³ ¨ ¶ ¤ Õ-
Ð¥£µ ¸¢¥É  ¢ µ¶É¨±¥ ¨ µ¶¨¸Ò¢ ¥É ¤¨Ë· ±Í¨µ´´ÊÕ ± ·É¨´Ê Ë· Ê´£µË¥·µ¢¸±µ£µ
É¨¶ . ‚ É ±µ° ± ·É¨´¥ ¤µ³¨´¨·ÊÕÉ ³ ²Ò¥ Ê£²Ò · ¸¸¥Ö´¨Ö θ � λ̄/R. �  ÔÉÊ
µ¡² ¸ÉÓ Ê£²µ¢ · ¸¸¥Ö´¨Ö ¶·¨Ìµ¤¨É¸Ö µ±µ²µ 84 % ¨´É¥´¸¨¢´µ¸É¨ ´¥°É·µ´µ¢,
· ¸¸¥Ö´´ÒÌ ¸¨²Ó´µ ¶µ£²µÐ ÕÐ¨³¨ Ö¤· ³¨.
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ˆ¸¶µ²Ó§ÊÖ Ëµ·³Ê²Ò ¤²Ö ¨´É¥£· ²Ó´ÒÌ ¸¥Î¥´¨° Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¨
·¥ ±Í¨¨

σe =
π

k2

∞∑
l=0

(2l + 1) |1− Sl|2 , (4.9)

σr =
π

k2

∞∑
l=0

(2l + 1)
(
1− |Sl|2

)
, (4.10)

¤²Ö ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö ¢ Ëµ·³¥ (4.2), ´ Ìµ¤¨³ σe = σr = πR2, É.¥. ÔÉ¨
¸¥Î¥´¨Ö ¢ · ¸¸³ É·¨¢ ¥³µ³ ¸²ÊÎ ¥ ¸µ¢¶ ¤ ÕÉ ¸ ³ ±¸¨³ ²Ó´Ò³ ¸¥Î¥´¨¥³ Ï · 
c · ¤¨Ê¸µ³ R. ‘µµÉ¢¥É¸É¢¥´´µ ¶µ²´µ¥ ¸¥Î¥´¨¥ · ¢´µ σt = σe + σr = 2πR2.

‚ÒÏ¥ ¶·¥¤¶µ² £ ²µ¸Ó, ÎÉµ Ö¤·µ ¶µ£²µÐ ¥É ¢¸¥ ¶µ¶ ¤ ÕÐ¨¥ ¢ ´¥£µ ´¥°-
É·µ´Ò, É.¥. ¸Î¨É ²µ¸Ó, ÎÉµ ¤²¨´  ¶·µ¡¥£  ´¥°É·µ´  ¢ Ö¤¥·´µ³ ¢¥Ð¥¸É¢¥ ³ ² 
¶µ ¸· ¢´¥´¨Õ ¸ ²¨´¥°´Ò³ · §³¥·µ³ Ö¤· . ’ ±µ¥ ¶·¥¤¶µ²µ¦¥´¨¥ ¶· ¢¨²Ó´µ ¢
µ¡² ¸É¨ Ô´¥·£¨° ´¥°É·µ´µ¢ 10 < En < 100ŒÔ‚, ´µ µ´µ ¸É ´µ¢¨É¸Ö ´¥¢¥·´Ò³
¶·¨ En > 100 ŒÔ‚, É ± ± ± ¶·¨ ÔÉµ³ ¢µ§´¨± ¥É § ³¥É´ Ö ¶·µ§· Î´µ¸ÉÓ Ö¤· 
¶µ µÉ´µÏ¥´¨Õ ± ¶µ¶ ¤ ÕÐ¨³ ¢ ´¥£µ ´¥°É·µ´ ³. ‚ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥ Ö¤¥·-
´µ¥ ¢¥Ð¥¸É¢µ Ì · ±É¥·¨§Ê¥É¸Ö ±µ³¶²¥±¸´Ò³ ¶µ± § É¥²¥³ ¶·¥²µ³²¥´¨Ö. �Éµ
µ§´ Î ¥É, ÎÉµ ¤¥°¸É¢¨É¥²Ó´ Ö ¨ ³´¨³ Ö Î ¸É¨ Ë §Ò · ¸¸¥Ö´¨Ö µ¤¨´ ±µ¢Ò ¶µ
¶µ·Ö¤±Ê ¢¥²¨Î¨´Ò ¶·¨ l ≤ l0. 
 ¸¸¥Ö´¨¥ ´¥°É·µ´µ¢ ¶µ²Ê¶·µ§· Î´µ° ¸Ë¥·µ°
c · ¤¨Ê¸µ³ R ¨ ±µ³¶²¥±¸´Ò³ ¶µ± § É¥²¥³ ¶·¥²µ³²¥´¨Ö ¢¶¥·¢Ò¥ · ¸¸³ É·¨-
¢ ²µ¸Ó ¢ [16].

ˆ§ Ô±¸¶¥·¨³¥´Éµ¢ ¨§¢¥¸É´µ, ÎÉµ ¶²µÉ´µ¸ÉÓ Ö¤¥·´µ£µ ¢¥Ð¥¸É¢  ¢ ¶µ¢¥·Ì-
´µ¸É´µ° µ¡² ¸É¨ Ö¤·  ¸ Ï¨·¨´µ° d � R ¶² ¢´µ ³¥´Ö¥É¸Ö µÉ ¢¥²¨Î¨´Ò ρ0,
Ì · ±É¥·´µ° ¤²Ö ¢´ÊÉ·¥´´¥° µ¡² ¸É¨ Ö¤· , ¤µ ´Ê²Ö. �É¸Õ¤  Ö¸´µ, ÎÉµ ¢¥-
²¨Î¨´  Sl, Ì · ±É¥·¨§ÊÕÐ Ö ¶µ£²µÐ ÕÐ¨¥ ¸¢µ°¸É¢  Ö¤·  ¶µ µÉ´µÏ¥´¨Õ ±
´ ²¥É ÕÐ¨³  ¤·µ´ ³, É ±¦¥ ¤µ²¦´  ¶² ¢´µ ³¥´ÖÉÓ¸Ö ´  ¶µ¢¥·Ì´µ¸É¨ Ö¤·  µÉ
´Ê²Ö ¤µ ¥¤¨´¨ÍÒ. ’ ±µ¥ ¶µ¢¥¤¥´¨¥ Sl ¸ÊÐ¥¸É¢¥´´µ ³¥´Ö¥É ¤¨ËË¥·¥´Í¨ ²Ó´µ¥
¸¥Î¥´¨¥ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢.

‘µ£² ¸´µ (4.5), (4.6)  ³¶²¨ÉÊ¤Ê · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ Ö¤· ³¨ ³µ¦´µ ¶·¥¤-
¸É ¢¨ÉÓ ¢ ¢¨¤¥

f(θ) =
i

k

∞∫
0

dLL [1− S(L)] J0(Lθ). (4.11)

�¥·¥°¤¥³ ¢ (4.11) µÉ ¶¥·¥³¥´´µ° L ± ¶·¨Í¥²Ó´µ³Ê ¶ · ³¥É·Ê b = L/k.
’µ£¤  ¶µ²ÊÎ ¥³

f(θ) = ik

∞∫
0

dbb [1− S(b)] J0(kbθ). (4.12)
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ˆ¸¶µ²Ó§ÊÖ ¨´É¥£· ²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ËÊ´±Í¨¨ k¥¸¸¥²Ö

J0(qb) =
1
2π

2π∫
0

dϕ eiqb cosϕ, (4.13)

£¤¥ ¶¥·¥¤ ´´Ò° ¨³¶Ê²Ó¸ · ¢¥´ q = k′ − k (q = 2k sin(θ/2) ≈ kθ), ¶µ²ÊÎ¨³
¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ¢ ¶·¥¤¸É ¢²¥´¨¨ ¶·¨Í¥²Ó´µ£µ
¶ · ³¥É· :

f(q) =
ik

2π

∫
d2b [1− S(b)] eiqb. (4.14)

„²Ö Ö¤¥· ¸ ·¥§±µ° £· ´¨Í¥° ¶µ£²µÐ¥´¨Ö ¸µ£² ¸´µ (4.2) ³ É·¨Í  · ¸¸¥Ö´¨Ö
· ¢´ 

S0(b) =
{
0 , b ≤ R,
1 , b > R.

(4.15)


 §³ÒÉ¨¥ Ö¤¥·´µ° ¶µ¢¥·Ì´µ¸É¨ ³µ¦´µ ÊÎ¥¸ÉÓ, ¢Ò¡¨· Ö S(b) ¢ Ëµ·³¥

S(b) =
∫

d2b′ S0(b′)Φd(b′ − b), (4.16)

£¤¥ · §³Ò¢ ÕÐ Ö ËÊ´±Í¨Ö Φd(b′ − b) ¤µ²¦´  ¶µ¤Î¨´ÖÉÓ¸Ö Ê¸²µ¢¨Ö³∫
d2b Φd(b) = 1, lim

d→0
Φd(b′ − b) = δ(b′ − b). (4.17)

Œµ¤¥²Ó ¸¢¥·É±¨ (4.16) ¤²Ö ÊÎ¥É  · §³ÒÉ¨Ö Ö¤¥·´µ° ¶µ¢¥·Ì´µ¸É¨ ¶·¨ ¤¨-
Ë· ±Í¨µ´´µ³ · ¸¸¥Ö´¨¨ Î ¸É¨Í Ö¤· ³¨ ¡Ò²  ¢¶¥·¢Ò¥ ¶·¥¤²µ¦¥´  ¢ [17, 18]
¨ ¶µ²ÊÎ¨²  ¢ ²¨É¥· ÉÊ·¥ ´ §¢ ´¨¥ ®fuzzy black disk model¯ (¸³., ´ ¶·., [19,
20]). ˆ¸¶µ²Ó§ÊÖ (4.16), (4.17), ´ Ìµ¤¨³

1− S(b) =
∫

d2b′ [1− S0(b′)] Φd(b′ − b). (4.18)

�µ¤¸É ¢²ÖÖ (4.18) ¢ (4.14), ¶µ²ÊÎ ¥³

f(θ) = f0(θ)Fd(θ), (4.19)

£¤¥  ³¶²¨ÉÊ¤  · ¸¸¥Ö´¨Ö ´  Ö¤·¥ ¸ ·¥§±µ° £· ´¨Í¥° ¶µ£²µÐ¥´¨Ö f0(θ) µ¶·¥-
¤¥²Ö¥É¸Ö Ëµ·³Ê²µ° (4.7).

” ±Éµ· § ÉÊÌ ´¨Ö Fd(θ), ÊÎ¨ÉÒ¢ ÕÐ¨° ¢²¨Ö´¨¥ · §³ÒÉ¨Ö Ö¤¥·´µ° ¶µ-
¢¥·Ì´µ¸É¨ ´   ³¶²¨ÉÊ¤Ê · ¸¸¥Ö´¨Ö, · ¢¥´

Fd(θ) =
∫

d2b Φd(b)eiqb. (4.20)
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‚Ò¡¨· Ö Φd(b) ¢ Ëµ·³¥

Φd(b) =
d

2(π2d2 + b2)3/2
, (4.21)

¨³¥¥³
Fd(θ) = e−πdkθ. (4.22)

“Î¥É · §³ÒÉ¨Ö Ö¤¥·´µ° ¶µ¢¥·Ì´µ¸É¨ ¶·¨¢µ¤¨É ± Ô±¸¶µ´¥´Í¨ ²Ó´µ³Ê Ê¡Ò¢ -
´¨Õ µ£¨¡ ÕÐ¥° ³ ±¸¨³Ê³µ¢ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö
´¥°É·µ´µ¢ Ö¤· ³¨, ¢ Éµ ¢·¥³Ö ± ± ¸¥Î¥´¨¥ ¤²Ö Ö¤·  ¸ ·¥§±µ° £· ´¨Í¥° ¶µ£²µ-
Ð¥´¨Ö (4.8) Ê¡Ò¢ ¥É ± ± θ−3. �±¸¶µ´¥´Í¨ ²Ó´µ¥ Ê¡Ò¢ ´¨¥ ¸¥Î¥´¨Ö ¸ ·µ¸Éµ³
Ê£²  · ¸¸¥Ö´¨Ö ¶µ¤É¢¥·¦¤ ¥É¸Ö ³´µ£µÎ¨¸²¥´´Ò³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´-
´Ò³¨. �É³¥É¨³, ÎÉµ ÊÎ¥É · §³ÒÉ¨Ö Ö¤¥·´µ° ¶µ¢¥·Ì´µ¸É¨ ´¥ ³¥´Ö¥É  ³¶²¨ÉÊ¤Ê
· ¸¸¥Ö´¨Ö ´  ´Ê²¥¢µ° Ê£µ² ¨, ± ± ¸²¥¤¸É¢¨¥, ¶µ²´µ¥ ¸¥Î¥´¨¥ σt.

‚¥²¨Î¨´Ê S(b), ÊÎ¨ÉÒ¢ ÕÐÊÕ · §³ÒÉ¨¥ Ö¤¥·´µ° ¶µ¢¥·Ì´µ¸É¨, ³µ¦´µ
¢Ò¡¨· ÉÓ ¢ · §´ÒÌ Ëµ·³ Ì. ˜¨·µ±µ ¨¸¶µ²Ó§Ê¥É¸Ö ¸²¥¤ÊÕÐ Ö ¶ · ³¥É·¨-
§ Í¨Ö S(b):

S(b) = w(b), w(b) =
[
1 + exp

(
R− b

d

)]−1
. (4.23)

‚ ÔÉµ³ ¸²ÊÎ ¥ ¤²Ö Ë ±Éµ·  § ÉÊÌ ´¨Ö ¶µ²ÊÎ ¥É¸Ö ¶·¨¡²¨¦¥´´µ¥ ¢Ò· ¦¥-
´¨¥ [14, 15]

Fd(θ) =
πdkθ

shπdkθ
. (4.24)

’ ± ± ± shπdkθ ∼ exp (πdkθ) ¤²Ö πdkθ � 1, Éµ ¤²Ö ¶ · ³¥É·¨§ Í¨¨ ³ -
É·¨ÍÒ · ¸¸¥Ö´¨Ö (4.23) µ£¨¡ ÕÐ Ö ³ ±¸¨³Ê³µ¢ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö
Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö É ±¦¥ Ê¡Ò¢ ¥É Ô±¸¶µ´¥´Í¨ ²Ó´µ ¸ ·µ¸Éµ³ θ .

ˆ´µ£¤  ¤²Ö S(b) ¨¸¶µ²Ó§Ê¥É¸Ö ¶ · ³¥É·¨§ Í¨Ö [21], ÊÎ¨ÉÒ¢ ÕÐ Ö ± ±
· §³ÒÉ¨¥ Ö¤¥·´µ° ¶µ¢¥·Ì´µ¸É¨, É ± ¨ ¶·¥²µ³²¥´¨¥ · ¸¸¥¨¢ ¥³ÒÌ ¢µ²´:

S(b) =
[
1 + exp

(
R − b

d
− iγ

)]−1
, (4.25)

£¤¥ ¶ · ³¥É· γ Ì · ±É¥·¨§Ê¥É ¶·¥²µ³²¥´¨¥ ´  Ö¤¥·´µ° ¶µ¢¥·Ì´µ¸É¨ (γ > 0).
‚Ò· ¦¥´¨¥ (4.25) ³µ¦´µ Ëµ·³ ²Ó´µ ¶µ²ÊÎ¨ÉÓ ¨§ (4.23), § ³¥´¨¢ · ¤¨Ê¸

Ö¤·  R ±µ³¶²¥±¸´µ° ¢¥²¨Î¨´µ° R−iγd. ‘Î¨É Ö γ ³ ²µ° ¢¥²¨Î¨´µ°, γd � R,
³µ¦´µ · §²µ¦¨ÉÓ ¢Ò· ¦¥´¨¥ (4.24) ¢ ·Ö¤:

S(b) = w(b) + iγd
dw(b)
db

. (4.26)

�·¨¸ÊÉ¸É¢¨¥ ¶·µ¨§¢µ¤´µ° ¢ ³´¨³µ° Î ¸É¨ S(b) Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ Éµ£µ
Ë ±É , ÎÉµ ¶·¥²µ³²¥´¨¥ ¨£· ¥É ¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó ¢ µ¸´µ¢´µ³ ´  ¶µ¢¥·Ì-
´µ¸É¨ Ö¤· .
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�¥¡µ²ÓÏÊÕ ¶·µ§· Î´µ¸ÉÓ Ö¤¥·´µ£µ ¢¥Ð¥¸É¢  ³µ¦´µ ÊÎ¥¸ÉÓ, ¢¢µ¤Ö ¢ ¶ · -
³¥É·¨§ Í¨Õ S(b) ³ ²Ò° ¶ · ³¥É· ε � 1 [14, 15]:

S(b) = w(b) + ε[1− w(b)] + iγd
dw(b)
db

. (4.27)

ˆ¸¶µ²Ó§ÊÖ Ëµ·³Ê²Ò (4.12), (4.27), ¤²Ö  ³¶²¨ÉÊ¤Ò ¨ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ
¸¥Î¥´¨Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ Ö¤· ³¨ ¶µ²ÊÎ ¥³ ¢Ò· ¦¥´¨Ö

f(θ) = iR
πkdθ

shπkdθ

[
J1(kRθ)

θ
− iγkdJ0(kRθ)

]
, (4.28)

dσe(θ)
dΩ

= R2

(
πkdθ

shπkdθ

)2 [
J21 (kRθ)

θ2
+ γ2k2d2J20 (kRθ)

]
. (4.29)

“Î¥É ¶µ¢¥·Ì´µ¸É´µ£µ ¶·¥²µ³²¥´¨Ö ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ ¸¥Î¥´¨¥ ¢ ³¨´¨³Ê-
³ Ì ´¥ µ¡· Ð ¥É¸Ö ¢ ´Ê²Ó, É ± ± ± ËÊ´±Í¨¨ k¥¸¸¥²Ö J0(kRθ) ¨ J1(kRθ) ¸
¢µ§· ¸É ´¨¥³ Ê£²  θ µ¸Í¨²²¨·ÊÕÉ ¢ ¶·µÉ¨¢µË §¥.

�³¶²¨ÉÊ¤Ê · ¸¸¥Ö´¨Ö (4.14) ³µ¦´µ É ±¦¥ § ¶¨¸ ÉÓ ¢ Ëµ·³¥

f(q) =
ik

2π

∫
d2b ω(b)eiqb, (4.30)

£¤¥ ¢¢¥¤¥´µ µ¡µ§´ Î¥´¨¥
ω(b) = 1− S(b). (4.31)

�·µË¨²Ó´ Ö ËÊ´±Í¨Ö ω(b) ¨£· ¥É ¢ ¦´ÊÕ ·µ²Ó ¢ ¤¨Ë· ±Í¨µ´´µ° É¥µ·¨¨ · ¸-
¸¥Ö´¨Ö. �´  µ¶·¥¤¥²Ö¥É ¸¢µ°¸É¢  Ö¤·  ± ± ¶µ£²µÐ ÕÐ¥° ¸·¥¤Ò ¶µ µÉ´µÏ¥-
´¨Õ ± · ¸¸¥¨¢ ¥³Ò³ ¢µ²´ ³. �·µË¨²Ó´ Ö ËÊ´±Í¨Ö ω(b)  ´ ²µ£¨Î´  ËÊ´±Í¨¨
§· Î±  ¢ µ¶É¨±¥,   ¢²¨Ö´¨¥ ¶µ²Ê¶·µ§· Î´µ¸É¨ ¨ · §³ÒÉ¨Ö Ö¤¥·´µ° ¶µ¢¥·Ì´µ-
¸É¨ ´  ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¶µ¤µ¡´µ  ¶µ¤¨§ Í¨¨
(¨§³¥´¥´¨Õ ËÊ´±Í¨¨ §· Î± ) ¢ µ¶É¨±¥ [3].

5. „ˆ”1�Š–ˆŸ ‡�1Ÿ†…��›• ‹“—…‰

�·¨ ¤¨Ë· ±Í¨µ´´µ³ · ¸¸¥Ö´¨¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í Ö¤· ³¨ ¢¥²¨Î¨´  Sl
¤ ¦¥ ¶·¨ ¡µ²ÓÏ¨Ì l µÉ²¨Î´  µÉ ¥¤¨´¨ÍÒ ¢¸²¥¤¸É¢¨¥ ±Ê²µ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°-
¸É¢¨Ö, ¸ÊÐ¥¸É¢ÊÕÐ¥£µ ¶·¨ ¸±µ²Ó Ê£µ¤´µ ¡µ²ÓÏ¨Ì ¢¥²¨Î¨´ Ì ¶·¨Í¥²Ó´ÒÌ ¶ -
· ³¥É·µ¢. ‚¶¥·¢Ò¥ ¤¨Ë· ±Í¨µ´´µ¥ · ¸¸¥Ö´¨¥ § ·Ö¦¥´´ÒÌ Î ¸É¨Í (¶·µÉµ´µ¢)
¶µ£²µÐ ÕÐ¨³¨ Ö¤· ³¨ · ¸¸³ É·¨¢ ²µ¸Ó ¢ [22],   ¢ [23] ÔÉ  É¥µ·¨Ö ¡Ò²  µ¡µ¡-
Ð¥´  ¤²Ö · ¸¸¥Ö´¨Ö ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í. ’ ±µ° ¶µ¤Ìµ¤ ¢¶µ¸²¥¤¸É¢¨¨
¶µ²ÊÎ¨² ´ §¢ ´¨¥ ³µ¤¥²¨ �Ì¨¥§¥· Å�µ³¥· ´ÎÊ± Åk²Ô·  ¨ ¨¸¶µ²Ó§µ¢ ²¸Ö
¤²Ö  ´ ²¨§  · §²¨Î´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ Ê¶·Ê£µ³Ê · ¸¸¥Ö´¨Õ
¶·µÉµ´µ¢, ¤¥°É·µ´µ¢, Ö¤¥· 3He ¨ 4He Ö¤· ³¨ (¸³., ´ ¶·¨³¥·, [24Ä28]).
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‚ ±² ¸¸¨Î¥¸±µ³ µ¶¨¸ ´¨¨ ±Ê²µ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ÉµÎ¥Î´ÒÌ § ·Ö¦¥´´ÒÌ
Î ¸É¨Í ¶·¨Í¥²Ó´Ò° ¶ · ³¥É· b ¸¢Ö§ ´ ¸ Ê£²µ³ · ¸¸¥Ö´¨Ö θ Ëµ·³Ê²µ°

b =
n

k
ctg

θ

2
, (5.1)

£¤¥ n = Z1Z2e
2/�v Å ±Ê²µ´µ¢¸±¨° ¶ · ³¥É·; k ¨ v Å ¢µ²´µ¢µ° ¢¥±Éµ·

¨ ¸±µ·µ¸ÉÓ · ¸¸¥¨¢ ¥³µ° Î ¸É¨ÍÒ ´  ¡¥¸±µ´¥Î´µ¸É¨; Z1 ¨ Z2 Å § ·Ö¤µ¢Ò¥
Î¨¸²  Î ¸É¨ÍÒ ¨ Ö¤· .

— ¸É¨Í  ¶·µ²¥É ¥É ´  ´ ¨³¥´ÓÏ¥³ · ¸¸ÉµÖ´¨¨ ρ µÉ · ¸¸¥¨¢ ÕÐ¥£µ
Í¥´É· , · ¢´µ³

ρ =
n

k

(
1 + cosec

θ

2

)
. (5.2)

…¸²¨ · ¸¸¥¨¢ É¥²Ó ¨³¥¥É Ëµ·³Ê ¸Ë¥·Ò c · ¤¨Ê¸µ³ R, Éµ ³Ò ³µ¦¥³ µ¶·¥¤¥²¨ÉÓ
±·¨É¨Î¥¸±¨° Ê£µ² θc, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ± ¸ É¥²Ó´µ° É· ¥±Éµ·¨¨. �ÉµÉ Ê£µ²
µ¶·¥¤¥²Ö¥É¸Ö ¨§ ¸µµÉ´µÏ¥´¨Ö

R =
n

k

(
1 + cosec

θc
2

)
. (5.3)

Š·¨É¨Î¥¸±¨° Ê£µ² θc ¸µµÉ¢¥É¸É¢Ê¥É ±·¨É¨Î¥¸±µ° ¢¥²¨Î¨´¥ ¶·¨Í¥²Ó´µ£µ ¶ · -
³¥É· 

bc =
n

k
ctg

θc
2
. (5.4)

‚ ¤ ²Ó´¥°Ï¥³ ¡Ê¤¥³ ¶µ² £ ÉÓ, ÎÉµ ¢¸¥ Î ¸É¨ÍÒ ¸ ρ ≤ R ¶µ£²µÐ ÕÉ¸Ö
Ö¤·µ³,   ¢¸¥ Î ¸É¨ÍÒ ¸ ρ > R ¶·µ²¥É ÕÉ ³¨³µ Ö¤· , · ¸¸¥¨¢ Ö¸Ó ¢ ¥£µ ±Ê²µ-
´µ¢¸±µ³ ¶µ²¥. ’ ± ± ± ¤²¨´  ¢µ²´Ò · ¸¸¥¨¢ ¥³µ° § ·Ö¦¥´´µ° Î ¸É¨ÍÒ ³ ² 
¶µ ¸· ¢´¥´¨Õ ¸ ²¨´¥°´Ò³ · §³¥·µ³ Ö¤· , Éµ ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ±¢ §¨±² ¸-
¸¨Î¥¸±µ¥ ¶·¨¡²¨¦¥´¨¥. ƒ· ´¨Î´Ò° ³µ³¥´É l0, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ± ¸ É¥²Ó´µ°
É· ¥±Éµ·¨¨, ¢ ÔÉµ³ ¸²ÊÎ ¥ ¸¢Ö§ ´ ¸ bc Ëµ·³Ê²µ°

l0(l0 + 1) ≈
(
l0 +

1
2

)2

= (kbc)
2
. (5.5)

ˆ§ (5.2) ´ Ìµ¤¨³

θc = 2arctg
n

l0 + 1
2

. (5.6)

‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ ¥³ Ëµ·³Ê²Ê, ¸¢Ö§Ò¢ ÕÐÊÕ £· ´¨Î´Ò° ³µ³¥´É l0 ¸ Ö¤¥·-
´Ò³ · ¤¨Ê¸µ³:

l0 +
1
2
= L0 = kR

√
1− 2n

kR
. (5.7)

…¸²¨ n � kR, Éµ l0 + 1/2 ≈ kR, ± ± ¨ ¢ ¸²ÊÎ ¥ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢. ’ -
±¨³ µ¡· §µ³, ³µ¦´µ ¶µ² £ ÉÓ, ÎÉµ § ·Ö¦¥´´ Ö Î ¸É¨Í  ¸ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ°
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Ô´¥·£¨¥° (kR � 1) ¶µ£²µÐ ¥É¸Ö Ö¤·µ³, ¥¸²¨ l ≤ l0, É.¥. ¢ ÔÉµ³ ¸²ÊÎ ¥ Sl = 0.
…¸²¨ ¦¥ l > l0, Éµ § ·Ö¦¥´´ Ö Î ¸É¨Í  · ¸¸¥¨¢ ¥É¸Ö ¢ ±Ê²µ´µ¢¸±µ³ ¶µ²¥
Ö¤· . ˆ´Ò³¨ ¸²µ¢ ³¨, ¶·¨ l > l0 Ë §Ò · ¸¸¥Ö´¨Ö É ±¨¥ ¦¥, ± ± ¨ ¤²Ö Î¨¸Éµ
±Ê²µ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö. ‚ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥ ±Ê²µ´µ¢¸± Ö Ë §  · ¸¸¥Ö´¨Ö ξl
µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

e2iξl =
Γ(1 + l + in)
Γ(1 + l − in)

. (5.8)

�µÔÉµ³Ê  ³¶²¨ÉÊ¤Ê ¤¨Ë· ±Í¨µ´´µ£µ · ¸¸¥Ö´¨Ö ´¥µ¡Ìµ¤¨³µ ¢ÒÎ¨¸²¨ÉÓ
¤²Ö Sl(n) ¢ Ëµ·³¥

Sl(n) =
{
0 , l ≤ l0,
exp (2iξl) , l > l0.

(5.9)

‚¥²¨Î¨´Ê Sl(n) ³µ¦´µ É ±¦¥ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ Sl(n) = Sl exp (2iξl),
£¤¥ Sl Å ³ É·¨Í  · ¸¸¥Ö´¨Ö ¤²Ö ´¥°É· ²Ó´ÒÌ Î ¸É¨Í, ±µÉµ· Ö ¤²Ö Ö¤·  ¸
·¥§±µ° £· ´¨Í¥° ¶µ£²µÐ¥´¨Ö µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ (4.2).

„²Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í  ³¶²¨ÉÊ¤  · ¸¸¥Ö´¨Ö (4.1) ¶·¨´¨³ ¥É ¢¨¤

f(θ) =
1
2ik

∞∑
l=0

(2l + 1)
(
e2iξlSl − 1

)
Pl(cos θ). (5.10)

�³¶²¨ÉÊ¤Ê · ¸¸¥Ö´¨Ö (5.10) Ê¤µ¡´µ § ¶¨¸ ÉÓ ± ± ¸Ê³³Ê ¤¢ÊÌ ¸² £ ¥³ÒÌ:

f(θ) = fc(θ) + fn(θ). (5.11)

‡¤¥¸Ó fc(θ) Å  ³¶²¨ÉÊ¤  ±Ê²µ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö § ·Ö¦¥´´µ° Î ¸É¨ÍÒ Éµ-
Î¥Î´Ò³ § ·Ö¤µ³, · ¢´Ò³ § ·Ö¤Ê Ö¤· :

fc(θ) =
1
2ik

∞∑
l=0

(2l+ 1)(e2iξl − 1)Pl(cos θ) =

= − n

2k sin2 θ
2

e2iξ0−2in ln sin
θ
2 , (5.12)

£¤¥ ξ0 = (1/2i) lnΓ(1 + in)/Γ(1 − in) Å ±Ê²µ´µ¢¸± Ö Ë §  ¤²Ö ´Ê²¥¢µ£µ
³µ³¥´É  l = 0.

‚¥²¨Î¨´  fn(θ) ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° Ö¤¥·´ÊÕ Î ¸ÉÓ  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö,
¨¸± ¦¥´´ÊÕ ±Ê²µ´µ¢¸±¨³ ¢§ ¨³µ¤¥°¸É¢¨¥³:

fn(θ) =
1
2ik

∞∑
l=0

(2l+ 1)e2iξl (Sl − 1)Pl(cos θ). (5.13)
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�¥·¥Ìµ¤Ö µÉ ¸Ê³³¨·µ¢ ´¨Ö ± ¨´É¥£·¨·µ¢ ´¨Õ, ¨¸¶µ²Ó§ÊÖ (4.6) ¨ § ³¥´ÖÖ ¢
¨´É¥£· ²¥ ¶¥·¥³¥´´ÊÕ L ¶·¨Í¥²Ó´Ò³ ¶ · ³¥É·µ³ b = L/k, ¶µ²ÊÎ ¥³

fn(θ) = ik

R∫
0

dbb e2iξ(kb)J0(kbθ), (5.14)

£¤¥ ÊÎÉ¥´µ ¸µµÉ´µÏ¥´¨¥ L0/k = R ¤²Ö n � 1. ‚ ÔÉµ³ ¸²ÊÎ ¥  ³¶²¨ÉÊ¤Ê ¨
¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ Ê¶·Ê£µ£µ ¤¨Ë· ±Í¨µ´´µ£µ · ¸¸¥Ö´¨Ö § ·Ö¦¥´´ÒÌ
Î ¸É¨Í Ö¤· ³¨ ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥ [4]:

f(θ) = iR (kR)2in
[(
1 +

4n2

k2R2

)
1
θ
J1(kRθ) +

2in
kRθ2

J0(kRθ)
]
, n � kR,

(5.15)
dσe(θ)
dΩ

= R2

[(
1 +

8n2

k2R2

)
1
θ2

J21 (kRθ) +
4n2

k2R2θ4
J20 (kRθ)

]
, n � kR.

(5.16)
‚Ò· ¦¥´¨¥ (5.16) ¶µ± §Ò¢ ¥É, ÎÉµ ÊÎ¥É ±Ê²µ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶·¨

n � kR ¶·¨¢µ¤¨É ± Î ¸É¨Î´µ³Ê § ¶µ²´¥´¨Õ ³¨´¨³Ê³µ¢ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ
¸¥Î¥´¨Ö, ´¥ ¨§³¥´ÖÖ ¶µ²µ¦¥´¨° Ô±¸É·¥³Ê³µ¢ ¶µ¸²¥¤´¥£µ.

�É³¥É¨³, ÎÉµ ¶·¨ · ¸¸¥Ö´¨¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í Ö¤· ³¨ ¸ÊÐ¥¸É¢ÊÕÉ ¤¢¥
µ¡² ¸É¨, ±µÉµ·Ò¥ · §¤¥²Ö¥É Ê£µ² θc. ‚ µ¡² ¸É¨ θ < θc µ¸´µ¢´µ° ¢±² ¤ ¢
¸¥Î¥´¨¥ ¤ ¥É ±Ê²µ´µ¢¸±µ¥ · ¸¸¥Ö´¨¥,   ¢ µ¡² ¸É¨ θ > θc Å Ö¤¥·´µ¥ ¤¨Ë· ±-
Í¨µ´´µ¥ · ¸¸¥Ö´¨¥. �µÔÉµ³Ê µ¡² ¸ÉÓ Ê£²µ¢ θ < θc ´ §Ò¢ ¥É¸Ö ±Ê²µ´µ¢¸±µ°,
  µ¡² ¸ÉÓ θ > θc Å Ö¤¥·´µ°. ˆ§ Ëµ·³Ê²Ò (5.6) ¢¨¤´µ, ÎÉµ ¶·¨ ¸² ¡µ³ ±Ê-
²µ´µ¢¸±µ³ ¢§ ¨³µ¤¥°¸É¢¨¨, n � kR, ±·¨É¨Î¥¸±¨° Ê£µ² θc ≈ 2n/kR � 1,
É.¥. ¢ ÔÉµ³ ¸²ÊÎ ¥ ±Ê²µ´µ¢¸±µ¥ · ¸¸¥Ö´¨¥ ¨£· ¥É ¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó Éµ²Ó±µ
¢ µ¡² ¸É¨ µÎ¥´Ó ³ ²ÒÌ Ê£²µ¢ · ¸¸¥Ö´¨Ö ¨ ¢ ³¨´¨³Ê³ Ì ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ
¸¥Î¥´¨Ö. ”µ·³Ê²Ò (5.15), (5.16) ¸¶· ¢¥¤²¨¢Ò ¢ Ö¤¥·´µ° µ¡² ¸É¨ θ > θc.

�·¨ ¸· ¢´¥´¨¨ · ¸¸Î¨É ´´ÒÌ ¨ Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´´ÒÌ ¸¥Î¥´¨°
´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ · §³ÒÉ¨¥ Ö¤¥·´µ° ¶µ¢¥·Ì´µ¸É¨, ¶µ²Ê¶·µ§· Î´µ¸ÉÓ Ö¤¥·
¨ ¶µ¢¥·Ì´µ¸É´µ¥ ¶·¥²µ³²¥´¨¥ · ¸¸¥¨¢ ¥³ÒÌ ¢µ²´. �µÔÉµ³Ê  ³¶²¨ÉÊ¤Ê · ¸¸¥-
Ö´¨Ö ¤²Ö θ > θc Ê¤µ¡´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

fn(θ) = ik

∞∫
0

dbb e2iξ(kb) [1− S(b)] J0(kbθ), (5.17)

£¤¥ S(b) µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ (4.27).
“Î¥É ¶µ¢¥·Ì´µ¸É´µ£µ ¶·¥²µ³²¥´¨Ö ¶·¨¢µ¤¨É ± ¶µÖ¢²¥´¨Õ ³´¨³µ° Î ¸É¨

³ É·¨ÍÒ · ¸¸¥Ö´¨Ö ¨ ¥¥ ¨´É¥·Ë¥·¥´Í¨¨ ¸ ±Ê²µ´µ¢¸±µ° Ë §µ°. ‚ Î ¸É´µ¸É¨,
ÔÉ  ¨´É¥·Ë¥·¥´Í¨Ö ¶·¨¢µ¤¨É ± · §²¨Î´µ³Ê ¶µ¢¥¤¥´¨Õ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ
¸¥Î¥´¨° ¢ ³¨´¨³Ê³ Ì ¤²Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Î ¸É¨Í ¸ ¶·µÉ¨¢µ¶µ²µ¦´Ò³¨
§´ ± ³¨ § ·Ö¤µ¢ ´  µ¤´¨Ì ¨ É¥Ì ¦¥ Ö¤· Ì (´ ¶·¨³¥·, π+ ¨ π−).
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¨¸. 1. �É´µÏ¥´¨¥ σ(θ)
σR(θ)

¤²Ö
Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö α-Î ¸É¨Í ¸
Ô´¥·£¨¥° 104 ŒÔ‚ · §²¨Î´Ò³¨
Ö¤· ³¨. Š·¨¢Ò¥ · ¸¸Î¨É ´Ò ¢
[29], Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´-
´Ò¥ ¨§ · ¡µÉÒ [30]

�  ·¨¸. 1 ¶µ± § ´Ò µÉ´µÏ¥´¨Ö ¤¨ËË¥·¥´-
Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° σ(θ) Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö
α-Î ¸É¨Í ¸ Ô´¥·£¨¥° 104 ŒÔ‚ · §²¨Î´Ò³¨
Ö¤· ³¨ ± ·¥§¥·Ëµ·¤µ¢¸±¨³ ¸¥Î¥´¨Ö³ σR(θ). � 
ÔÉµ³ ·¨¸Ê´±¥ ¢¨¤´Ò  ´µ³ ²Ó´µ £²Ê¡µ±¨¥ ³¨-
´¨³Ê³Ò ¸¥Î¥´¨°, µ¡Ê¸²µ¢²¥´´Ò¥ ¨´É¥·Ë¥·¥´-
Í¨¥° Ö¤¥·´µ£µ ¨ ±Ê²µ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨°.
�  ·¨¸. 1 ¶µ± § ´µ, ÎÉµ ¤¨Ë· ±Í¨µ´´ Ö É¥µ-
·¨Ö µ¡ÑÖ¸´Ö¥É Ê¶·Ê£µ¥ · ¸¸¥Ö´¨¥ § ·Ö¦¥´´ÒÌ
Î ¸É¨Í Ö¤· ³¨.

�É³¥É¨³, ÎÉµ ¢ ¸²ÊÎ ¥ ¸¨²Ó´µ£µ ±Ê²µ´µ¢-
¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ±µÉµ·µ¥ ¨³¥¥É ³¥¸Éµ ¶·¨
· ¸¸¥Ö´¨¨ ÉÖ¦¥²ÒÌ ¨µ´µ¢ ¸·¥¤´¨³¨ ¨ ÉÖ¦¥-
²Ò³¨ Ö¤· ³¨ ¤²Ö n � 1, n ∼ l0 ´ ¡²Õ¤ ¥É¸Ö
¸¨²Ó´ Ö ¨´É¥·Ë¥·¥´Í¨Ö ³¥¦¤Ê Ö¤¥·´Ò³ ¨ ±Ê-
²µ´µ¢¸±¨³ ¢§ ¨³µ¤¥°¸É¢¨¥³. �ÉµÉ ¸²ÊÎ ° É·¥-
¡Ê¥É ¸¶¥Í¨ ²Ó´µ£µ · ¸¸³µÉ·¥´¨Ö, ±µÉµ·µ¥ ¶·¨-
¢¥¤¥´µ ¢ · §¤. 8.

6. �	‹Ÿ1ˆ‡�–ˆŸ �“Š‹	�	‚
�1ˆ „ˆ”1�Š–ˆ	��	Œ 1�‘‘…Ÿ�ˆˆ

’ ± ± ± Ö¤¥·´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ § ¢¨-
¸¨É µÉ ¸¶¨´µ¢, Éµ ¶·¨ ¸Éµ²±´µ¢¥´¨¨  ¤·µ-
´µ¢, ¨³¥ÕÐ¨Ì µÉ²¨Î´Ò¥ µÉ ´Ê²Ö ¸¶¨´Ò, ³µ-
¦¥É ¢µ§´¨±´ÊÉÓ ¨Ì ¶µ²Ö·¨§ Í¨Ö. �·¨ · ¸¸¥-
Ö´¨¨ Î ¸É¨Í ¸µ ¸¶¨´µ³ 1/2 Ö¤· ³¨ ¸ ´Ê²¥-
¢Ò³¨ ¸¶¨´ ³¨ ¶µ²Ö·¨§ Í¨Ö µ¡Ê¸²µ¢²¥´  ¸¶¨´-
µ·¡¨É ²Ó´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ [31]. „µ¡ ¢²ÖÖ
± ±µ³¶²¥±¸´µ³Ê µ¶É¨Î¥¸±µ³Ê ¶µÉ¥´Í¨ ²Ê ¸¶¨´-
µ·¡¨É ²Ó´Ò° Î²¥´, ³µ¦´µ ¨§ÊÎ ÉÓ ´  µ¸´µ¢¥
µ¶É¨Î¥¸±µ° ³µ¤¥²¨ ¶µ²Ö·¨§ Í¨µ´´Ò¥ Ì · ±É¥-
·¨¸É¨±¨ ´Ê±²µ´µ¢, Ê¶·Ê£µ · ¸¸¥Ö´´ÒÌ Ö¤· ³¨.
�¤´ ±µ É ±¨¥ · ¸Î¥ÉÒ ³µ¦´µ ¶·µ¢µ¤¨ÉÓ Éµ²Ó±µ
Î¨¸²¥´´µ, ÎÉµ § É·Ê¤´Ö¥É ± Î¥¸É¢¥´´µ¥ ¶µ´¨³ -
´¨¥ ³¥Ì ´¨§³  ¶µ²Ö·¨§ Í¨µ´´ÒÌ Ö¢²¥´¨°. �µ-
²Ö·¨§ Í¨Ö ´Ê±²µ´µ¢ ´  µ¸´µ¢¥ É¥µ·¨¨ ¢µ§³Ê-
Ð¥´¨° ¨§ÊÎ ² ¸Ó ¢ [32]. 
 §²¨Î´Ò¥  ¸¶¥±ÉÒ ¨¸-
¸²¥¤µ¢ ´¨Ö ¸¶¨´µ¢ÒÌ Ö¢²¥´¨° ¢ · ¸¸¥Ö´¨¨ ¶·µ-
Éµ´µ¢ Ö¤· ³¨ · ¸¸³µÉ·¥´Ò ¢ [33].
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‚ S-³ É·¨Î´µ³ ¶µ¤Ìµ¤¥ [34Ä42] ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¶·µ¸ÉÒ¥  ´ ²¨É¨Î¥¸±¨¥
¢Ò· ¦¥´¨Ö ¤²Ö ¶µ²Ö·¨§ Í¨µ´´ÒÌ ´ ¡²Õ¤ ¥³ÒÌ ¨ ¶·µ ´ ²¨§¨·µ¢ ÉÓ ¨Ì ¶µ¢¥-
¤¥´¨¥ ± ± ËÊ´±Í¨° Ê£²  · ¸¸¥Ö´¨Ö. ‡ ¶¨Ï¥³  ³¶²¨ÉÊ¤Ê · ¸¸¥Ö´¨Ö Î ¸É¨Í ¸µ
¸¶¨´µ³ 1/2 ¡¥¸¸¶¨´µ¢Ò³¨ Ö¤· ³¨ ¢ Ëµ·³¥

f̂ = g(θ) + h(θ) nσ, (6.1)

£¤¥ g(θ) Å Í¥´É· ²Ó´ Ö Î ¸ÉÓ  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö, h(θ) Å ¥¥ ¸¶¨´-µ·¡¨-
É ²Ó´ Ö Î ¸ÉÓ, σ Å ¸µ¢µ±Ê¶´µ¸ÉÓ ³ É·¨Í � Ê²¨, n = [ki,kf ]/ |[ki,kf ]| Å
¥¤¨´¨Î´Ò° ¢¥±Éµ·, ¶¥·¶¥´¤¨±Ê²Ö·´Ò° ¶²µ¸±µ¸É¨ ·¥ ±Í¨¨, ki ¨ kf Å ¢µ²´µ-
¢Ò¥ ¢¥±Éµ·Ò · ¸¸¥¨¢ ¥³µ£µ ´Ê±²µ´  ¢µ ¢Ìµ¤´µ³ ¨ ¢ÒÌµ¤´µ³ ± ´ ² Ì.

�³¶²¨ÉÊ¤Ò g(θ) ¨ h(θ) Ê¤µ¡´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ · §²µ¦¥´¨° ¶µ ¶µ²¨-
´µ³ ³ ‹¥¦ ´¤· 

g(θ) =
1
2ik

∞∑
l=0

[
(l + 1)S+

l + lS−
l − (2l+ 1)

]
Pl(cos θ), (6.2)

h(θ) = − 1
2k

d

dθ

∞∑
l=0

[
S+
l − S−

l

]
Pl(cos θ), (6.3)

£¤¥ S±
l Å Ô²¥³¥´ÉÒ ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¸µ¸ÉµÖ´¨Ö³ · ¸-

¸¥¨¢ ¥³µ£µ ´Ê±²µ´  ¸ ¶µ²´Ò³ ³µ³¥´Éµ³ j = l± 1/2.
„¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ dσe/dΩ, ¶µ²Ö·¨§ Í¨Ö P (θ) ¨ ËÊ´±Í¨Ö ¶µ¢µ-

·µÉ  ¸¶¨´  Q(θ) ¤²Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¶¥·¢µ´ Î ²Ó´µ ´¥ ¶µ²Ö·¨§µ¢ ´´µ£µ
¶ÊÎ±  ´Ê±²µ´µ¢ µ¶·¥¤¥²ÖÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨

dσe
dΩ

= |g(θ)|2 + |h(θ)|2 , (6.4)

P (θ) =
2Re g(θ)h∗(θ)
|g(θ)|2 + |h(θ)|2

, P = nP, (6.5)

Q(θ) =
2Im g(θ)h∗(θ)
|g(θ)|2 + |h(θ)|2

. (6.6)

� ¡²Õ¤ ¥³Ò¥ dσe/dΩ, P (θ) ¨ Q(θ) µ¡· §ÊÕÉ ¶µ²´Ò° (´µ ´¥ ¥¤¨´¸É¢¥´´µ
¢µ§³µ¦´Ò°) ´ ¡µ· ¢¥²¨Î¨´, ¤ ÕÐ¨Ì ¶µ²´ÊÕ ¨´Ëµ·³ Í¨Õ µ¡ Ê¶·Ê£µ³ · ¸¸¥-
Ö´¨¨ ´Ê±²µ´µ¢ Ö¤· ³¨ ¸ ´Ê²¥¢Ò³ ¸¶¨´µ³. „¥°¸É¢¨É¥²Ó´µ, ¤²Ö µ¶·¥¤¥²¥´¨Ö
¤¢ÊÌ ±µ³¶²¥±¸´ÒÌ ËÊ´±Í¨° g(θ) ¨ h(θ) ´Ê¦´µ §´ ÉÓ Éµ²Ó±µ É·¨ ¤¥°¸É¢¨-
É¥²Ó´Ò¥ ËÊ´±Í¨¨ Ê£²  · ¸¸¥Ö´¨Ö, É ± ± ± µ¡Ð Ö Ë §   ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö
´¥´ ¡²Õ¤ ¥³  [43].

�¶·¥¤¥²¨³ É¥¶¥·Ó ¢¥²¨Î¨´Ò S±
l , ¸¢Ö§ ´´Ò¥ ¸ Ë § ³¨ · ¸¸¥Ö´¨Ö δ±l ¸µ-

µÉ´µÏ¥´¨¥³ S±
l = exp (2iδ±l ). ” §Ò · ¸¸¥Ö´¨Ö ¢ ¶·¨¡²¨¦¥´¨¨ Ô°±µ´ ² 
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¸¢Ö§ ´Ò ¸ µ¶É¨Î¥¸±¨³ ¶µÉ¥´Í¨ ²µ³ U(r), ¢±²ÕÎ ÕÐ¨³ ¸¶¨´-µ·¡¨É ²Ó´µ¥
¢§ ¨³µ¤¥°¸É¢¨¥, Ëµ·³Ê²µ°

δ±(b) = − 1
�v

∞∫
−∞

dz U(r), r =
√

b2 + z2, (6.7)

£¤¥ b Å ¶·¨Í¥²Ó´Ò° ¶ · ³¥É·.
�¶É¨Î¥¸±¨° ¶µÉ¥´Í¨ ² ¤²Ö · ¸¸¥Ö´¨Ö ´¥°É· ²Ó´ÒÌ Î ¸É¨Í Ö¤· ³¨ ¨³¥¥É

Ëµ·³Ê

U(r) = V (r) + iW (r) + µs
r2s
r

dVs(r)
dr

lσ, (6.8)

£¤¥ ±µ´¸É ´É  µs Ì · ±É¥·¨§Ê¥É ¢¥²¨Î¨´Ê ¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö;
rs = RsA

−1/3, Rs Å · ¤¨Ê¸ ¸¶¨´-µ·¡¨É ²Ó´µ° Î ¸É¨ ¶µÉ¥´Í¨ ² ; ËÊ´±-
Í¨Ö Vs(r) µÉ²¨Î ¥É¸Ö µÉ ¤¥°¸É¢¨É¥²Ó´µ° Í¥´É· ²Ó´µ° Î ¸É¨ ¶µÉ¥´Í¨ ²  V (r)
Éµ²Ó±µ ¢¥²¨Î¨´µ° ¥¥ · ¤¨Ê¸ .

„¥°¸É¢¨É¥²Ó´ Ö ¨ ³´¨³ Ö Î ¸É¨ Ë §Ò · ¸¸¥Ö´¨Ö · ¢´Ò

Re δ±(b) = − 1
�v

∞∫
−∞

dz

[
V (r) + µs

r2s
r

dVs(r)
dr

< lσ >

]
, (6.9)

Im δ±(b) = − 1
�v

∞∫
−∞

dz [W (r)] , (6.10)

£¤¥ ¸·¥¤´¥¥ §´ Î¥´¨¥ µ¶¥· Éµ·  lσ µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

< lσ > =
{

l, j = l + 1/2,
−(l+ 1), j = l − 1/2. (6.11)

�¡ÒÎ´µ ¸¶¨´-µ·¡¨É ²Ó´ÊÕ Î ¸ÉÓ µ¶É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ¢Ò¡¨· ÕÉ Î¨-
¸Éµ ¤¥°¸É¢¨É¥²Ó´µ°. �µÔÉµ³Ê Im δ+(b) = Im δ−(b). ’ ± ± ± ËÊ´±Í¨Ö V (r)
¡²¨§±  ± ¸ÉÊ¶¥´Ó±¥, Éµ ¢¸²¥¤¸É¢¨¥ ´ ²¨Î¨Ö ¢ ¶µÉ¥´Í¨ ²¥ ¸¶¨´-µ·¡¨É ²Ó´µ£µ
Î²¥´  ¤¥°¸É¢¨É¥²Ó´ Ö Î ¸ÉÓ ¶µÉ¥´Í¨ ²  (2.74) ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ (6.11) ¡Ê¤¥É
¨³¥ÉÓ · §´Ò¥ ¢¥²¨Î¨´Ò · ¤¨Ê¸µ¢ ¨ £²Ê¡¨´ ¤²Ö ¶ · ²²¥²Ó´ÒÌ ¨  ´É¨¶ · ²²¥²Ó-
´ÒÌ ¢§ ¨³´ÒÌ µ·¨¥´É Í¨° ¢¥±Éµ·µ¢ l ¨ σ. ’ ±¨³¨ ¦¥ ¸¢µ°¸É¢ ³¨ µ¡² ¤ ÕÉ
¤¥°¸É¢¨É¥²Ó´Ò¥ Î ¸É¨ Ë § · ¸¸¥Ö´¨Ö Re δ±(b). “Î¨ÉÒ¢ Ö, ÎÉµ |Re δ±(b)| � 1,
¶·¥¤¸É ¢¨³ ¢¥²¨Î¨´Ò S±

l ¢ Ëµ·³¥

S±
l =

[
1 + 2iRe δ±l

]
exp

(
−2Im δ±l

)
, (6.12)

£¤¥ l ≈ kb, δ±l = δ±(b).
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Œ É·¨Í  · ¸¸¥Ö´¨Ö, µ¶¨¸Ò¢ ÕÐ Ö ¤¨Ë· ±Í¨µ´´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ Î -
¸É¨Í ¸ Ö¤· ³¨ ¨ ÊÎ¨ÉÒ¢ ÕÐ Ö ¶µ²Ê¶·µ§· Î´µ¸ÉÓ Ö¤¥·´µ° ³ É¥·¨¨ ¨ ¶µ¢¥·Ì-
´µ¸É´µ¥ ¶·¥²µ³²¥´¨¥, ¸µ£² ¸´µ (4.23), (4.27) ¨ (6.12) ¨³¥¥É ¢¨¤

S±
l = w(l) + ε [1− w(l)] + iγ̃

dw±(l)
dl

, (6.13)

£¤¥ γ̃ = γkd.
”Ê´±Í¨¨ w±(l) ¢ (6.13) ¶µ¤µ¡´Ò ¢¥²¨Î¨´¥ w(l), µ¶·¥¤¥²¥´´µ° ¢ (4.23), ¨

µÉ²¨Î ÕÉ¸Ö Éµ²Ó±µ ¢¥²¨Î¨´ ³¨ £· ´¨Î´ÒÌ ³µ³¥´Éµ¢ l±0 = l0±ν, É.¥. · §³¥·Ò
µ¡² ¸É¥°, ¢ ±µÉµ·ÒÌ ¢¥²¨Î¨´Ò Re δ±(l) ¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î ÕÉ¸Ö µÉ ´Ê²Ö,
´¥³´µ£µ · §²¨Î ÕÉ¸Ö. ’ ± ± ± ν � l0, Éµ

w±(l) = w (l − l0 ∓ ν) = w (l − l0)∓ ν
dw (l − l0)

dl
. (6.14)

�µÔÉµ³Ê ¶µ²ÊÎ ¥³

S+
l − S−

l = iγ̃
d

dl

[
w+(l)− w−(l)

]
= −iµ

d2w(l)
dl2

, (6.15)

£¤¥ ±µ´¸É ´É  µ = 2γ̃ν Ì · ±É¥·¨§Ê¥É ¢¥²¨Î¨´Ê ¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ-
¤¥°¸É¢¨Ö. ’ ±¨³ µ¡· §µ³, ³ É·¨Í  · ¸¸¥Ö´¨Ö ¸ ÊÎ¥Éµ³ ¸¶¨´-µ·¡¨É ²Ó´µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö ¨³¥¥É Ëµ·³Ê [36]:

S±
l = w(l) + ε [1− w(l)] + iγ̃

dw(l)
dl

∓ iµ
d2w(l)
dl2

. (6.16)

„²Ö µ¶·¥¤¥²¥´¨Ö  ³¶²¨ÉÊ¤ g(θ) ¨ h(θ) ¶¥·¥°¤¥³ ¢ (6.2), (6.3) µÉ ¸Ê³³¨-
·µ¢ ´¨Ö ¶µ l ± ¨´É¥£·¨·µ¢ ´¨Õ ¶µ L = l + 1/2 ¸ ¶µ³µÐÓÕ Ëµ·³Ê²Ò (4.3).
�µ² £ Ö ¤²Ö Ê¶·µÐ¥´¨Ö ε = 0 ¨ ¨¸¶µ²Ó§ÊÖ (6.16), ¶µ²ÊÎ ¥³

g(θ) =
i

k

∞∫
0

dL L J0(Lθ)
[
1− w(L) − iγ̃

dw(L)
dL

]
, (6.17)

h(θ) = − iµ

k

∞∫
0

dL L J1(Lθ)
d2w(L)
dL2

. (6.18)

�µ¸²¥ § ³¥´Ò ¶¥·¥³¥´´ÒÌ b = L/k ¨ ¨´É¥£·¨·µ¢ ´¨Ö ¢ (6.18) ¶µ Î ¸ÉÖ³
´ Ìµ¤¨³

g(θ) = ik

∞∫
0

db b J0(kbθ)
[
1− w(b)− iγ̃

k

dw(b)
db

]
, (6.19)
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h(θ) = iµθ

∞∫
0

db b J0(kbθ)
dw(b)
db

. (6.20)

�µ¤¸É ¢²ÖÖ ¢ (6.19), (6.20) ËÊ´±Í¨Õ w(b) ¢ Ëµ·³¥ (4.23), ¨³¥¥³

g(θ) = iR
πkdθ

shπkdθ

[
J1(kRθ)

θ
− iγ̃J0(kRθ)

]
, (6.21)

h(θ) = iµRθ
πkdθ

shπkdθ
J0(kRθ). (6.22)

�µ¤¸É ¢²ÖÖ (6.21), (6.22) ¢ (6.4)Ä(6.6), ¶µ²ÊÎ ¥³

dσe
dΩ

= R2

(
πkdθ

shπkdθ

)2 [
J21 (kRθ)

θ2
+
(
γ̃2 + µ2θ2

)
J20 (kRθ)

]
, (6.23)

P (θ) =
2µJ0(kRθ)J1(kRθ)

J21 (kRθ)/θ2 + (γ̃2 + µ2θ2) J20 (kRθ)
, (6.24)

Q(θ) = − 2µγ̃θJ20 (kRθ)
J21 (kRθ)/θ2 + (γ̃2 + µ2θ2) J20 (kRθ)

. (6.25)

ˆ§ Ëµ·³Ê²Ò (6.24) ¢¨¤´µ, ÎÉµ ¶µ²Ö·¨§ Í¨Ö Î ¸É¨Í ¢ ¤¨Ë· ±Í¨µ´´µ³ Ö¤¥·-
´µ³ · ¸¸¥Ö´¨¨ Ö¢²Ö¥É¸Ö §´ ±µ¶¥·¥³¥´´µ° ËÊ´±Í¨¥° Ê£²  · ¸¸¥Ö´¨Ö θ, µ¸Í¨²-
²¨·ÊÕÐ¥° µÉ´µ¸¨É¥²Ó´µ ¸¢µ¥£µ ´Ê²¥¢µ£µ §´ Î¥´¨Ö. ‘µ£² ¸´µ (6.25) ËÊ´±Í¨Ö
¶µ¢µ·µÉ  ¸¶¨´  µ¸Í¨²²¨·Ê¥É, µ¸É ¢ Ö¸Ó §´ ±µ¶µ¸ÉµÖ´´µ°,   ¥¥ §´ ± µ¶·¥¤¥²Ö-
¥É¸Ö §´ ±µ³ ±µÔËË¨Í¨¥´É  µγ̃.

�·¨ · ¸¸¥Ö´¨¨ ´  ³ ²Ò¥ Ê£²Ò, kRθ � 1, Ê¤µ¡´µ ¢Ò¤¥²¨ÉÓ § ¢¨¸¨³µ¸ÉÓ
µÉ Ô´¥·£¨¨ ±µÔËË¨Í¨¥´É  µ: µ = κRk3/2, £¤¥ ±µ´¸É ´É  κ ´¥ § ¢¨¸¨É µÉ
Ô´¥·£¨¨. “Î¨ÉÒ¢ Ö, ÎÉµ γ̃ � kR, ¶µ²ÊÎ ¥³ ¤²Ö ¶µ²Ö·¨§ Í¨¨ Ëµ·³Ê²Ê ”¥·³¨
[31]:

P (θ) =
2κk2θ

1 + κ2k4θ2
. (6.26)

„²Ö ËÊ´±Í¨¨ ¶µ¢µ·µÉ  ¸¶¨´  ¢ µ¡² ¸É¨ ³ ²ÒÌ Ê£²µ¢ kRθ � 1 ¨³¥¥³

Q(θ) = − 4κγ̃k
R (1 + κ2k4θ2)

. (6.27)

…¸²¨ Ê£²Ò · ¸¸¥Ö´¨Ö ´¥ µÎ¥´Ó ³ ²Ò, kRθ � 1, Éµ ËÊ´±Í¨¨ k¥¸¸¥²Ö ¢
(6.23), (6.24) ³µ¦´µ § ³¥´¨ÉÓ ¨Ì  ¸¨³¶ÉµÉ¨Î¥¸±¨³¨ ¢Ò· ¦¥´¨Ö³¨. ‚ ÔÉµ³
¸²ÊÎ ¥ ´ Ìµ¤¨³ ¸¢Ö§Ó ³¥¦¤Ê ¶µ²Ö·¨§ Í¨¥° ¨ ¤¨ËË¥·¥´Í¨ ²Ó´Ò³ ¸¥Î¥´¨¥³
¤²Ö Ê¶·Ê£µ£µ ¤¨Ë· ±Í¨µ´´µ£µ · ¸¸¥Ö´¨Ö [44]:

P (θ) = µθ2
d

dx
ln

dσe(x)
dΩ

, x = kRθ � 1. (6.28)



Š‚��’�‚�Ÿ ˆ�’…
”…
…�–ˆŸ ˆ Ÿ„…
��Ÿ ��’ˆŠ� 485

‘µµÉ´µÏ¥´¨¥ (6.28) ¸¶· ¢¥¤²¨¢µ É ±¦¥ ¤²Ö ´¥Ê¶·Ê£µ£µ ¤¨Ë· ±Í¨µ´´µ£µ · ¸-
¸¥Ö´¨Ö ¸ ¢µ§¡Ê¦¤¥´¨¥³ ´¨§±µ²¥¦ Ð¨Ì ±µ²¥¡ É¥²Ó´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥· [42].
ˆ§ (6.28) ¢¨¤´µ, ÎÉµ ´Ê²¨ ¶µ²Ö·¨§ Í¨¨ ¸µµÉ¢¥É¸É¢ÊÕÉ Ô±¸É·¥³Ê³ ³ ¤¨ËË¥-
·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö.


¨¸. 2. „¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ dσe/dΩ ¨ ¶µ²Ö·¨§ Í¨Ö P (θ) ¤²Ö Ê¶·Ê£µ£µ · ¸¸¥Ö-
´¨Ö ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 185 ŒÔ‚ Ö¤· ³¨ 208Pb. 
 ¸Î¥É ¨§ [46], Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ ¨§ [47]

�´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ± § ², ÎÉµ ¸ Ê¢¥²¨Î¥´¨¥³ Ô´¥·£¨¨
· ¸¸¥¨¢ ¥³ÒÌ Î ¸É¨Í ¶µ²Ö·¨§ Í¨Ö ¸³¥Ð ¥É¸Ö ¢ µ¡² ¸ÉÓ ¸¢µ¨Ì ¶µ²µ¦¨É¥²Ó´ÒÌ
§´ Î¥´¨°, µ¸É ¢ Ö¸Ó µ¸Í¨²²¨·ÊÕÐ¥° ËÊ´±Í¨¥° Ê£²  · ¸¸¥Ö´¨Ö. ‚ µ¡² ¸É¨
¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì Ô´¥·£¨° Ê ¶µ²Ö·¨§ Í¨¨ ³µ£ÊÉ ¤ ¦¥ ¸µ¢¸¥³ µÉ¸ÊÉ¸É¢µ¢ ÉÓ
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´Ê²¨. ‘³¥Ð¥´¨¥ ¶µ²Ö·¨§ Í¨¨ ¢ µ¡² ¸ÉÓ ¶µ²µ¦¨É¥²Ó´ÒÌ §´ Î¥´¨° ¨³¥¥É ³¥¸Éµ
É ±¦¥ ¸ Ê¢¥²¨Î¥´¨¥³ ³ ¸¸µ¢µ£µ Î¨¸²  Ö¤· -³¨Ï¥´¨ ¶·¨ ¶µ¸ÉµÖ´´µ° Ô´¥·£¨¨.
’ ±µ¥ ¶µ¢¥¤¥´¨¥ ¶µ²Ö·¨§ Í¨¨ ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ, ¥¸²¨ ¸¤¥² ÉÓ · ¤¨Ê¸ (£· -
´¨Î´Ò° Ê£²µ¢µ° ³µ³¥´É) ¤¥°¸É¢¨É¥²Ó´µ° Î ¸É¨ ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö ¡�µ²ÓÏ¨³,
Î¥³ · ¤¨Ê¸ ¥¥ ³´¨³µ° Î ¸É¨, ±µÉµ· Ö ¢±²ÕÎ ¥É É ±¦¥ ¸¶¨´-µ·¡¨É ²Ó´µ¥ ¢§ ¨-
³µ¤¥°¸É¢¨¥ [42, 45].

‚ µ¡² ¸É¨ Ê£²µ¢ kRθ � 1 ËÊ´±Í¨Ö ¶µ¢µ·µÉ  ¸¶¨´  · ¢´ 

Q(θ) = −
2µγ̃θ3 cos2

(
kRθ − π

4

)
sin2

(
kRθ − π

4

)
+ (γ̃2 + µ2θ2) θ2 cos2

(
kRθ − π

4

) . (6.29)

�  ·¨¸. 2 ¶·¨¢¥¤¥´ ¶·¨³¥· · ¸¸Î¨É ´´ÒÌ ¶µ ¤¨Ë· ±Í¨µ´´µ° É¥µ·¨¨ ¨
Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´´ÒÌ ¢¥²¨Î¨´ dσe/dΩ ¨ P (θ) ¤²Ö · ¸¸¥Ö´¨Ö ¶·µÉµ-
´µ¢. ˆ§ ·¨¸. 2 ¢¨¤´µ, ÎÉµ ¶µ²Ö·¨§ Í¨Ö Ê¶·Ê£µ · ¸¸¥Ö´´ÒÌ ¶·µÉµ´µ¢ Ö¢²Ö¥É¸Ö
µ¸Í¨²²¨·ÊÕÐ¥° ËÊ´±Í¨¥° Ê£²  · ¸¸¥Ö´¨Ö.

7. 1�‡‹	†…�ˆ… �Œ�‹ˆ’“„› 1�‘‘…Ÿ�ˆŸ
�� 3‹ˆ†�55 ˆ „�‹œ�55 ‘	‘’�‚‹Ÿ5™ˆ…

�³¶²¨ÉÊ¤Ò ¨ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Î ¸É¨Í ¶·µ-
³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨° Ö¤· ³¨ µ¡ÒÎ´µ ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¸²µ¦´Ò¥ µ¸Í¨²²¨-
·ÊÕÐ¨¥ ËÊ´±Í¨¨ ¶¥·¥¤ ´´µ£µ ¨³¶Ê²Ó¸  (¨²¨ Ê£²  · ¸¸¥Ö´¨Ö). �µÔÉµ³Ê ¤²Ö
Ê¶·µÐ¥´¨Ö  ´ ²¨§  ¸¥Î¥´¨° Ê¤µ¡´µ ¶·¥¤¸É ¢¨ÉÓ  ³¶²¨ÉÊ¤Ò ¢ ¢¨¤¥ ¸Ê³³Ò
´¥¸±µ²Ó±¨Ì ¸µ¸É ¢²ÖÕÐ¨Ì (¸Ê¡ ³¶²¨ÉÊ¤), ± ¦¤ Ö ¨§ ±µÉµ·ÒÌ Ö¢²Ö¥É¸Ö ¶² ¢-
´µ° ËÊ´±Í¨¥° q (¨²¨ θ) ¨ ¨³¥¥É µ¶·¥¤¥²¥´´Ò° Ë¨§¨Î¥¸±¨° ¸³Ò¸². �¡ÒÎ´µ
Ê¤µ¡´µ · §² £ ÉÓ  ³¶²¨ÉÊ¤Ê · ¸¸¥Ö´¨Ö ´  ¡²¨¦´ÕÕ (®near-side¯) ¨ ¤ ²Ó´ÕÕ
(®far-side¯) Î ¸É¨, ±µÉµ·Ò¥ ¢ ±¢ §¨±² ¸¸¨Î¥¸±µ³ ¶·¥¤¥²¥ ¸µµÉ¢¥É¸É¢ÊÕÉ · ¸-
¸¥Ö´¨Õ µÉ ¡²¨¦´¥£µ ¨ ¤ ²Ó´¥£µ ±· ¥¢ · ¸¸¥¨¢ É¥²Ö (¸³., ´ ¶·¨³¥·, [48]).
–¥²¥¸µµ¡· §´µ¸ÉÓ É ±µ£µ · §²µ¦¥´¨Ö ¸¢Ö§ ´  ¸ É¥³, ÎÉµ · §²¨Î´Ò¥ ± ·É¨´Ò
¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° Ö¤¥·´µ£µ · ¸¸¥Ö´¨Ö ¢µ§´¨± ÕÉ ¡² £µ¤ ·Ö ¨´É¥·-
Ë¥·¥´Í¨¨ ÔÉ¨Ì ¸Ê¡ ³¶²¨ÉÊ¤ (¤¨Ë· ±Í¨Ö ”· Ê´£µË¥· ), Éµ£¤  ± ± ´¥±µÉµ·Ò¥
ÔËË¥±ÉÒ ¢ µ¸´µ¢´µ³ µ¶·¥¤¥²ÖÕÉ¸Ö Éµ²Ó±µ ¡²¨¦´¥°  ³¶²¨ÉÊ¤µ° (¤¨Ë· ±Í¨Ö
”·¥´¥²Ö, ±Ê²µ´µ¢¸± Ö · ¤Ê£ ) ¨²¨ ¦¥ Éµ²Ó±µ ¤ ²Ó´¥°  ³¶²¨ÉÊ¤µ° (Ö¤¥·´ Ö
· ¤Ê£ ). �É³¥É¨³, ÎÉµ ¢ [49, 50] ¶·µ¢µ¤¨²µ¸Ó É ±¦¥ · §²µ¦¥´¨¥ ¶µ²Ö·¨§ Í¨-
µ´´ÒÌ ´ ¡²Õ¤ ¥³ÒÌ P (θ) ¨ Q(θ) ´  ¡²¨¦´ÕÕ ¨ ¤ ²Ó´ÕÕ ¸µ¸É ¢²ÖÕÐ¨¥ ´ 
µ¸´µ¢¥ µ¶É¨Î¥¸±µ° ³µ¤¥²¨.


 ¸¸³µÉ·¨³ · §²µ¦¥´¨¥  ³¶²¨ÉÊ¤Ò ´  ¡²¨¦´ÕÕ ¨ ¤ ²Ó´ÕÕ Î ¸É¨ ¢
S-³ É·¨Î´µ³ ¶µ¤Ìµ¤¥. kÊ¤¥³ ¨¸Ìµ¤¨ÉÓ ¨§ ¢Ò· ¦¥´¨Ö (4.30) ¤²Ö  ³¶²¨ÉÊ¤Ò
· ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ Ö¤· ³¨. ‚Ò¡¥·¥³ ³ É·¨ÍÊ · ¸¸¥Ö´¨Ö ¢ Ëµ·³¥ (4.23).
Œ É·¨Í  · ¸¸¥Ö´¨Ö (4.23) ¨ ¶·µË¨²Ó´ Ö ËÊ´±Í¨Ö, ¸¢Ö§ ´´ Ö ¸ ´¥° Ëµ·³Ê²µ°
(4.31), ¨³¥ÕÉ ¶·µ¸ÉÒ¥ ¶µ²Õ¸  (¶µ²Õ¸  
¥¤¦¥) ¢ ÉµÎ± Ì

bn = R+ iπd(2n+ 1), n = 0,±1,±2, .... (7.1)
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’ ± ± ± ³ É·¨Í  · ¸¸¥Ö´¨Ö (4.23) ´¥ § ¢¨¸¨É µÉ  §¨³ÊÉ ²Ó´µ£µ Ê£²  ¢¥±Éµ· 
b, Éµ ³µ¦´µ ¢Ò¶µ²´¨ÉÓ ¨´É¥£·¨·µ¢ ´¨¥ ¢ (4.30) ¶µ ÔÉµ³Ê Ê£²Ê. ˆ´É¥£·¨·ÊÖ
¶µ Î ¸ÉÖ³, ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö:

f(q) = − ik

q

∞∫
0

dbb ω′(b)J1(qb). (7.2)

‡ ³¥´¨³ ËÊ´±Í¨Õ k¥¸¸¥²Ö J1(qb) ¢ (7.2) ¥¥  ¸¨³¶ÉµÉ¨Î¥¸±¨³ ¢Ò· ¦¥-
´¨¥³ ¤²Ö ¡µ²ÓÏ¨Ì §´ Î¥´¨°  ·£Ê³¥´É 

J1(qb) =
√

2
πqb

Im eiqb−i
π
4 , qb � 1. (7.3)

“Î¨ÉÒ¢ Ö, ÎÉµ ËÊ´±Í¨Ö ω′(b) Ô±¸¶µ´¥´Í¨ ²Ó´µ Ê¡Ò¢ ¥É ¶·¨ b < 0, · ¸-
¶·µ¸É· ´¨³ ¨´É¥£·¨·µ¢ ´¨¥ ´  ´¨¦´¥³ ¶·¥¤¥²¥ ¢ (7.2) ¤µ −∞. ’ ± ± ±
¶µ¤Ò´É¥£· ²Ó´ Ö ËÊ´±Í¨Ö ¢ (7.2) ¨³¥¥É ·¥§±¨° ³ ±¸¨³Ê³ ¢ ÉµÎ±¥ b = R,
§ ³¥´Ö¥³ ³¥¤²¥´´µ ³¥´ÖÕÐÊÕ¸Ö ¢¥²¨Î¨´Ê b1/2 ´  R1/2 ¨ ¶µ²ÊÎ ¥³

f(q) =
ik

qd

√
2
πd

Im ei
π
4 R1/2

∞∫
−∞

db
eiqb+

b−R
d(

1 + e
b−R

d

)2 . (7.4)

—Éµ¡Ò ¢ÒÎ¨¸²¨ÉÓ ¨´É¥£· ² ¢ ¶· ¢µ° Î ¸É¨ (7.4), ¢Ò¡¥·¥³ ±µ´ÉÊ· ¨´É¥£·¨-
·µ¢ ´¨Ö, ¸µ¸ÉµÖÐ¨° ¨§ ¤¥°¸É¢¨É¥²Ó´µ° µ¸¨ ¨ ¶µ²Êµ±·Ê¦´µ¸É¨ ¡¥¸±µ´¥Î´µ
¡µ²ÓÏµ£µ · ¤¨Ê¸  ¸ Í¥´É·µ³ ¢ ´ Î ²¥ ±µµ·¤¨´ É, ²¥¦ Ð¥° ¢ ¢¥·Ì´¥° ¶µ²Ê-
¶²µ¸±µ¸É¨. ˆ¸¶µ²Ó§ÊÖ É¥µ·¥³Ê µ ¢ÒÎ¥É Ì, ´ Ìµ¤¨³

f(q) =
ik

q

√
2R
πq

πqd

shπqd
sin

(
qR − π

4

)
, qR � 1. (7.5)

“Î¨ÉÒ¢ Ö ¢ (7.4) Éµ²Ó±µ ¡²¨¦ °Ï¨° ± ¤¥°¸É¢¨É¥²Ó´µ° µ¸¨ ¶µ²Õ¸, ¨³¥¥³

fn=0(q) = ikd

√
8πR
q

e−πqd sin
(
qR− π

4

)
, qR � 1. (7.6)

Š¢ ¤· É ³µ¤Ê²Ö  ³¶²¨ÉÊ¤Ò (7.5) µ¶·¥¤¥²Ö¥É ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥
Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ Ö¤· ³¨

σ(q) =
2k2R
πq3

(
πqd

shπqd

)2

sin2
(
qR− π

4

)
, qR � 1. (7.7)

�³¶²¨ÉÊ¤  (7.5) ¨ ¸¥Î¥´¨¥ (7.7) ¸µ¤¥·¦ É Ë ±Éµ· § ÉÊÌ ´¨Ö (4.24), ±µÉµ·Ò°
µ¶·¥¤¥²Ö¥É¸Ö · ¸¸ÉµÖ´¨¥³ µÉ ¤¥°¸É¢¨É¥²Ó´µ° µ¸¨ ¤µ ¡²¨¦ °Ï¥£µ ¶µ²Õ¸  ³ -
É·¨ÍÒ · ¸¸¥Ö´¨Ö. �µ²µ¦¥´¨¥ ÔÉµ£µ ¶µ²Õ¸  ¶µ²´µ¸ÉÓÕ µ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨-
´ ³¨ R ¨ d. 
 ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ³ ±¸¨³Ê³ ³¨ ¸¥Î¥´¨Ö (7.7) · ¢´µ ∆q = π/R,
  µ£¨¡ ÕÐ Ö ³ ±¸¨³Ê³µ¢ µ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨´µ° d.
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‡ ³¥´¨³ ¸¨´Ê¸ ¢  ³¶²¨ÉÊ¤¥ (7.5) ¥£µ ¢Ò· ¦¥´¨¥³ Î¥·¥§ Ô±¸¶µ´¥´ÉÒ, É.¥.
¶¥·¥°¤¥³ µÉ ¸ÉµÖÎ¨Ì ¢µ²´ ± ¡¥£ÊÐ¨³. ’µ£¤   ³¶²¨ÉÊ¤  · ¸¸¥Ö´¨Ö Ö¢²Ö¥É¸Ö
¸Ê³³µ° ¤¢ÊÌ ¸µ¸É ¢²ÖÕÐ¨Ì

fN(q) = −k

q

√
R

2πq
πqd

shπqd
ei

π
4 −iqR, (7.8)

fF (q) =
k

q

√
R

2πq
πqd

shπqd
e−i

π
4+iqR. (7.9)


¨¸. 3. k²¨¦´ÖÖ (1) ¨ ¤ ²Ó´ÖÖ (2)
É· ¥±Éµ·¨¨ ¤²Ö · ¸¸¥Ö´¨Ö ´  Ê£µ² θ

�³¶²¨ÉÊ¤  fN (q) µ¶¨¸Ò¢ ¥É · ¸¸¥Ö-
´¨¥ ¡²¨¦´¨³ ±· ¥³ · ¸¸¥¨¢ É¥²Ö ¨ ´ -
§Ò¢ ¥É¸Ö ¡²¨¦´¥°  ³¶²¨ÉÊ¤µ°,    ³¶²¨-
ÉÊ¤  fF (q) µ¶¨¸Ò¢ ¥É · ¸¸¥Ö´¨¥ ¤ ²Ó´¨³
±· ¥³ · ¸¸¥¨¢ É¥²Ö ¨ ´ §Ò¢ ¥É¸Ö ¤ ²Ó´¥°
 ³¶²¨ÉÊ¤µ°. ’ ± Ö É¥·³¨´µ²µ£¨Ö ¶·µ¨¸-
Ìµ¤¨É ¨§ ±¢ §¨±² ¸¸¨Î¥¸±µ£µ ¶·¨¡²¨¦¥-
´¨Ö, ¢ ±µÉµ·µ³ µ´  ¸¢Ö§ ´  ¸ É· ¥±Éµ-
·¨Ö³¨, ¶·µÌµ¤ÖÐ¨³¨ ¢¡²¨§¨ ¡²¨¦´¥£µ
¨ ¤ ²Ó´¥£µ ±· ¥¢ · ¸¸¥¨¢ É¥²Ö (·¨¸.3).
”µ·³Ê²Ò (7.8), (7.9) ¶µ± §Ò¢ ÕÉ, ÎÉµ
 ³¶²¨ÉÊ¤Ò fN(q) ¨ fF (q) µ¶·¥¤¥²ÖÕÉ¸Ö
¢µ²´ ³¨, ¡¥£ÊÐ¨³¨ ¢¤µ²Ó ¶·µÉ¨¢µ¶µ²µ¦-

´ÒÌ ±· ¥¢ · ¸¸¥¨¢ É¥²Ö (Ö¤· ), ÎÉµ ¶·µÖ¢²Ö¥É¸Ö ¢ ¶·µÉ¨¢µ¶µ²µ¦´ÒÌ §´ ± Ì
Ë § ¢ Ô±¸¶µ´¥´É Ì [48]. �³¶²¨ÉÊ¤Ò (7.8), (7.9) Ê¤µ¢²¥É¢µ·ÖÕÉ ¸µµÉ´µÏ¥´¨Õ

fF (q) = f∗
N(q), (7.10)

±µÉµ·µ¥ ¸¶· ¢¥¤²¨¢µ ¶·¨ ´ ²¨Î¨¨ ¶µ²´µ£µ ¶µ£²µÐ¥´¨Ö. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¡²¨¦-
´ÖÖ σN (q) ¨ ¤ ²Ó´ÖÖ σF (q) ¸µ¸É ¢²ÖÕÐ¨¥ ¸¥Î¥´¨Ö, µ¶·¥¤¥²Ö¥³Ò¥ ±¢ ¤· É ³¨
³µ¤Ê²¥°  ³¶²¨ÉÊ¤ (7.8), (7.9), ¸µ¢¶ ¤ ÕÉ ¤·Ê£ ¸ ¤·Ê£µ³ ¨ Ö¢²ÖÕÉ¸Ö ¶² ¢´Ò³¨
ËÊ´±Í¨Ö³¨ ¶¥·¥¤ ´´µ£µ ¨³¶Ê²Ó¸  q. �µ²´ Ö  ³¶²¨ÉÊ¤  (7.5) · ¢´  ¸Ê³³¥
¡²¨¦´¥° fN (q) ¨ ¤ ²Ó´¥° fF (q)  ³¶²¨ÉÊ¤, Ë §Ò ±µÉµ·ÒÌ µÉ²¨Î ÕÉ¸Ö ´  ¢¥-
²¨Î¨´Ê 2qR ≈ 2kRθ. �Éµ ¸µµÉ¢¥É¸É¢Ê¥É Éµ³Ê Ë ±ÉÊ, ÎÉµ ¢ ±¢ §¨±² ¸¸¨Î¥¸±µ³
¶·¥¤¥²¥ ¤²¨´  ¶ÊÉ¨ ¤ ²Ó´¥£µ ²ÊÎ  ¶·¥¢µ¸Ìµ¤¨É ¤²¨´Ê ¶ÊÉ¨ ¡²¨¦´¥£µ ²ÊÎ  ´ 
¢¥²¨Î¨´Ê 2Rθ. ‚ ·¥§Ê²ÓÉ É¥ ¨´É¥·Ë¥·¥´Í¨Ö  ³¶²¨ÉÊ¤ fN(q), fF (q) ¶·¨¢µ¤¨É
± ¢µ§´¨±´µ¢¥´¨Õ ¸ÉµÖÎ¥° ¢µ²´Ò ¨ ± ·¥£Ê²Ö·´Ò³ Ë· Ê´£µË¥·µ¢¸±¨³ µ¸Í¨²-
²ÖÍ¨Ö³ ¸¥Î¥´¨Ö (7.7).

‚ÒÖ¸´¨³ É¥¶¥·Ó ¢²¨Ö´¨¥ ·¥Ë· ±Í¨¨ ´  ¶µ¢¥¤¥´¨¥  ³¶²¨ÉÊ¤ ¨ ¤¨ËË¥-
·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨°. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¶·µË¨²Ó´ Ö ËÊ´±Í¨Ö ω(b) ¨ ³ É·¨Í 
· ¸¸¥Ö´¨Ö S(b) Ö¢²ÖÕÉ¸Ö ±µ³¶²¥±¸´Ò³¨ ËÊ´±Í¨Ö³¨. “Î¥É ·¥Ë· ±Í¨¨ ´  £· -
´¨Í¥ Ö¤·  Ô±¢¨¢ ²¥´É¥´ § ³¥´¥ £· ´¨Î´µ£µ ³µ³¥´É  L0 ±µ³¶²¥±¸´µ° ¢¥²¨Î¨-
´µ° [21, 51]. ‚ ¶·¥¤¸É ¢²¥´¨¨ ¶·¨Í¥²Ó´µ£µ ¶ · ³¥É·  ÔÉµ µ§´ Î ¥É § ³¥´Ê
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· ¤¨Ê¸  R ¢ ³ É·¨Í¥ · ¸¸¥Ö´¨Ö (4.23) ¢¥²¨Î¨´µ° R − iγd, £¤¥ γ µ¶·¥¤¥²Ö¥É
¢¥²¨Î¨´Ê ¶·¥²µ³²¥´¨Ö ¢ ¢¥Ð¥¸É¢¥ · ¸¸¥¨¢ É¥²Ö. kÊ¤¥³ · ¸¸³ É·¨¢ ÉÓ ¸² ¡µ¥
¶·¥²µ³²¥´¨¥, γd � R. ’ ± ± ± § ¢¨¸¨³µ¸ÉÓ ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö µÉ b ¨³¥¥É
¢¨¤ S(b) = S(b − R + iγd), Éµ ¤µ¡ ¢±  ± · ¤¨Ê¸Ê ¢¥²¨Î¨´Ò −iγd ¸¤¢¨£ ¥É
¶µ²Õ¸  ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö ¢ ±µ³¶²¥±¸´µ° ¶²µ¸±µ¸É¨ ¶·¨Í¥²Ó´µ£µ ¶ · ³¥É· :

bn = R− iγd+ iπd(2n+ 1), n = 0,±1,±2, .... (7.11)

kÊ¤¥³ ¶µ² £ ÉÓ γ < π, É ± ÎÉµ ¶µ²Õ¸  ´¥ ¶¥·¥Ìµ¤ÖÉ ¨§ ¢¥·Ì´¥° ¶µ²Ê¶²µ¸±µ¸É¨
¢ ´¨¦´ÕÕ.

�³¶²¨ÉÊ¤Ê · ¸¸¥Ö´¨Ö ¢ · ¸¸³ É·¨¢ ¥³µ³ ¸²ÊÎ ¥ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¶ÊÉ¥³
§ ³¥´Ò · ¤¨Ê¸  R ¶µ¤ §´ ±µ³ ¸¨´Ê¸  ¢ (7.5) ¢¥²¨Î¨´µ° R− iγd:

f(q) =
k

q

√
R

2πq
πqd

shπqd

(
eiqR−i π

4+γqd − e−iqR+i π
4 −γqd

)
. (7.12)

ˆ§ (7.12) ´ Ìµ¤¨³ ¢Ò· ¦¥´¨Ö ¤²Ö ¡²¨¦´¥° ¨ ¤ ²Ó´¥°  ³¶²¨ÉÊ¤:

fN (q) = −k

q

√
R

2πq
πqd

shπqd
e−iqR+i

π
4 −γqd, (7.13)

fF (q) =
k

q

√
R

2πq
πqd

shπqd
eiqR−i π

4+γqd. (7.14)

“Î¥É ·¥Ë· ±Í¨¨ ¶·¨¢µ¤¨É ± ¶µÖ¢²¥´¨Õ Ë ±Éµ·  exp(−γqd) ¢  ³¶²¨ÉÊ¤¥
fN (q) ¨ Ë ±Éµ·  exp(γqd) ¢  ³¶²¨ÉÊ¤¥ fF (q). ’¥¶¥·Ó ¸ ·µ¸Éµ³ q  ³¶²¨ÉÊ¤ 
fN (q) ¨ ¸¥Î¥´¨¥ σN (q) Ê¡Ò¢ ÕÉ ¡Ò¸É·¥¥, Î¥³ ¢¥²¨Î¨´Ò fF (q) ¨ σF (q), É.¥.
·¥Ë· ±Í¨Ö ³¥´Ö¥É ¶ · ³¥É·Ò Ê¡Ò¢ ´¨Ö ¸¥Î¥´¨° σN (q) ¨ σF (q), ÎÉµ ¢¨¤´µ
¨§ ·¨¸. 4, £¤¥ ¶·¨ q � 1/R £· Ë¨±¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¨³ ¢¥²¨Î¨´ qσ(q)
¢ ¶µ²Ê²µ£ ·¨Ë³¨Î¥¸±µ³ ³ ¸ÏÉ ¡¥ ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¶·Ö³Ò¥ ²¨´¨¨. � 
·¨¸. 4 ¶µ± § ´µ, ÎÉµ ¢ · ¸¸³ É·¨¢ ¥³µ³ ¸²ÊÎ ¥ ¤ ²Ó´ÖÖ  ³¶²¨ÉÊ¤  fF (q) ¸
·µ¸Éµ³ q ¸É ´µ¢¨É¸Ö ¤µ³¨´¨·ÊÕÐ¥° ¨ µ¸Í¨²²ÖÍ¨¨ ¸Ê³³ ·´µ£µ ¸¥Î¥´¨Ö σ(q)
¤µ²¦´Ò ¶µ¸É¥¶¥´´µ § ÉÊÌ ÉÓ. „¥°¸É¢¨É¥²Ó´µ,  ³¶²¨ÉÊ¤  (7.12) ¶·¨¢µ¤¨É ±
¸²¥¤ÊÕÐ¥³Ê ¢Ò· ¦¥´¨Õ ¤²Ö ¸¥Î¥´¨Ö:

σ(q) =
2k2R
πq3

(
πqd

shπqd

)2 [
sin2

(
qR − π

4

)
+ sh2γqd

]
. (7.15)

� ²¨Î¨¥ ·¥Ë· ±Í¨¨ ³¥´Ö¥É ¶µ¢¥¤¥´¨¥ ¸¥Î¥´¨Ö: ¸² £ ¥³µ¥ sh2γqd ¢ ±¢ -
¤· É´ÒÌ ¸±µ¡± Ì ¢ (7.15), ±µÉµ·µ¥ ¶² ¢´µ ¢µ§· ¸É ¥É ¸ ·µ¸Éµ³ q, ¶·¨¢µ¤¨É
± § ¶µ²´¥´¨Õ ³¨´¨³Ê³µ¢ ¸¥Î¥´¨Ö ¨ ± ¶µ¸É¥¶¥´´µ³Ê § ÉÊÌ ´¨Õ ¥£µ µ¸Í¨²²Ö-
Í¨°. ‚ÒÎ¨¸²¥´¨¥  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ´  µ¸´µ¢¥ ³¥Éµ¤  ‚ É¸µ´ Å‡µ³³¥·-
Ë¥²Ó¤ , ÊÎ¨ÉÒ¢ ÕÐ¥£µ ¢±² ¤Ò ¶µ²Õ¸µ¢ ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö, ¢¶¥·¢Ò¥ ¡Ò²µ
¢Ò¶µ²´¥´µ ¢ [21, 52].
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¨¸. 4. Š Î¥¸É¢¥´´µ¥ ¶µ¢¥¤¥´¨¥ ¡²¨¦-
´¥° ¨ ¤ ²Ó´¥° ¸µ¸É ¢²ÖÕÐ¨Ì ¸¥Î¥´¨Ö
¤¨Ë· ±Í¨µ´´µ£µ · ¸¸¥Ö´¨Ö


 ¸¸³µÉ·¨³ · ¸¸¥Ö´¨¥ § ·Ö¦¥´´µ°
Î ¸É¨ÍÒ Ö¤·µ³ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¸¨²Ó´µ£µ
¶µ£²µÐ¥´¨Ö. ‚ ÔÉµ³ ¸²ÊÎ ¥ ³ É·¨ÍÊ · ¸-
¸¥Ö´¨Ö ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¶·µ-
¨§¢¥¤¥´¨Ö Ö¤¥·´µ° Î ¸É¨ S(b), µ¶·¥-
¤¥²Ö¥³µ° (4.23), ¨ ±Ê²µ´µ¢¸±µ° Î ¸É¨
exp (2iξ(b)) (¤²Ö ¶·µ¸ÉµÉÒ ¸Î¨É ¥³ § ·Ö¤
Ö¤·  ÉµÎ¥Î´Ò³). ‚ µ¡² ¸É¨ Ö¤¥·´µ£µ · ¸-
¸¥Ö´¨Ö, θ > θc, ¶·¥¤¸É ¢²ÖÕÐ¥° µ¸´µ¢-
´µ° ¨´É¥·¥¸ ¶·¨ · ¸¸¥Ö´¨¨ ²¥£±¨Ì Ö¤¥·
Ö¤· ³¨, ¢ (5.11) ³µ¦´µ ¶·¥´¥¡·¥ÎÓ ±Ê-
²µ´µ¢¸±µ°  ³¶²¨ÉÊ¤µ° fc(q). ˆ¸¶µ²Ó§ÊÖ
¤²Ö fn(q) ¢Ò· ¦¥´¨¥ (5.17), ¢ ±µÉµ·µ³
µ¶Ê¸É¨³ ¥¤¨´¨ÍÊ ¢ ±¢ ¤· É´ÒÌ ¸±µ¡± Ì,
¤ ÕÐÊÕ ¢±² ¤ Éµ²Ó±µ ¶·¨ q = 0, ¨³¥¥³

f(q) = −ik

∞∫
0

dbb exp (2iξ(b)) S(b)J0(qb), q �= 0. (7.16)

�·¨ · ¸¸¥Ö´¨¨ ´  ¡µ²ÓÏ¨¥ Ê£²Ò, qR � 1, § ³¥´¨³ ¢ (7.16) ËÊ´±Í¨Õ k¥¸¸¥²Ö
¥¥  ¸¨³¶ÉµÉ¨±µ° J0(x) = [exp (ix− iπ/4) + exp (−ix+ iπ/4)] /

√
2πx, x � 1,

¨ ¶µ²ÊÎ¨³ ¡²¨¦´ÕÕ ¨ ¤ ²Ó´ÕÕ  ³¶²¨ÉÊ¤Ò

fN (q) = − ik√
2πq

ei
π
4

∞∫
0

dbb1/2 e2iξ(b)−iqb S(b), q �= 0, (7.17)

fF (q) = − ik√
2πq

e−i
π
4

∞∫
0

dbb1/2 e2iξ(b)+iqb S(b), q �= 0. (7.18)

’ ± ± ± S(b) ≈ 0 ¶·¨ b < 0, Éµ ¢ Ëµ·³Ê² Ì (7.17), (7.18) ³µ¦´µ § ³¥´¨ÉÓ
´¨¦´¨¥ ¶·¥¤¥²Ò ¨´É¥£·¨·µ¢ ´¨Ö ´  −∞. „²Ö ¢ÒÎ¨¸²¥´¨Ö ¨´É¥£· ²  ¢ (7.17)
¸²¥¤Ê¥É ¢Ò¡· ÉÓ ±µ´ÉÊ·, ¸µ¸ÉµÖÐ¨° ¨§ ¤¥°¸É¢¨É¥²Ó´µ° µ¸¨ ¨ ¶µ²Êµ±·Ê¦´µ¸É¨
¡¥¸±µ´¥Î´µ ¡µ²ÓÏµ£µ · ¤¨Ê¸  ¸ Í¥´É·µ³ ¢ ´ Î ²¥ ±µµ·¤¨´ É, ²¥¦ Ð¥° ¢
´¨¦´¥° ¶µ²Ê¶²µ¸±µ¸É¨,   ¢ (7.18) ¸²¥¤Ê¥É ¨¸¶µ²Ó§µ¢ ÉÓ ¶µ¤µ¡´Ò° ±µ´ÉÊ·,
²¥¦ Ð¨° ¢ ¢¥·Ì´¥° ¶µ²Ê¶²µ¸±µ¸É¨. �¸´µ¢´µ° ¢±² ¤ ¢ ÔÉ¨ ¨´É¥£· ²Ò ¤ ÕÉ
¡²¨¦ °Ï¨¥ ± ¤¥°¸É¢¨É¥²Ó´µ° µ¸¨ ¶µ²Õ¸Ò ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö: bN = R− iπd,
bF = R+ iπd.


 §²µ¦¥´¨¥ Ë §Ò ξ(b) ¢ ·Ö¤ ¶µ ³ ²µ° ¢¥²¨Î¨´¥ iπd ¨³¥¥É ¢¨¤

2iξ(R± iπd) = 2iξ(R)∓ 2πd d

dR
ξ(R)− i(πd)2

d2

dR2
ξ(R) + . . . . (7.19)
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’ ± ± ± £² ¢´Ò° ¢±² ¤ ¢  ³¶²¨ÉÊ¤Ò ¤ ¥É µ¡² ¸ÉÓ ¡µ²ÓÏ¨Ì ¶·¨Í¥²Ó´ÒÌ ¶ -
· ³¥É·µ¢ (b > R), Éµ ¶·¨ ¤µ¸É ÉµÎ´µ ¸¨²Ó´µ³ ±Ê²µ´µ¢¸±µ³ ¢§ ¨³µ¤¥°¸É¢¨¨,
n � 1, ³µ¦´µ ¶·¨¡²¨¦¥´´µ ¢ÒÎ¨¸²¨ÉÓ ±Ê²µ´µ¢¸±ÊÕ Ë §Ê ξ(b) ¸ ¶µ³µÐÓÕ
Ëµ·³Ê²Ò ‘É¨·²¨´£  ¤²Ö Γ-ËÊ´±Í¨¨

Γ(x) ≈
√
2π exp

[(
x− 1

2

)
lnx− x

]
, |x| � 1. (7.20)

‚ ·¥§Ê²ÓÉ É¥ ¨³¥¥³

ξ(b) = ξ0 − n ln
n√

k2b2 + n2
+ kb arctg

n

kb
− π

4
, kb � 1, n � 1, (7.21)

£¤¥ ξ0 Å ±Ê²µ´µ¢¸± Ö Ë §  ¤²Ö ´Ê²¥¢µ£µ ³µ³¥´É  l = 0. ‚ÒÎ¨¸²ÖÖ ¶·µ¨§¢µ¤-
´Ò¥ µÉ ±Ê²µ´µ¢¸±µ° Ë §Ò (7.21) ¨ ÊÎ¨ÉÒ¢ Ö Ê¸²µ¢¨¥ kR � 1, ¶µ²ÊÎ ¥³

2iξ(R± iπd) = 2iξ(R)∓ πkθcd+
in(πkd)2

k2R2 + n2
+ . . . . (7.22)

ˆÉ ±, ´ Ìµ¤¨³ ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¡²¨¦´¥° ¨ ¤ ²Ó´¥°  ³¶²¨ÉÊ¤:

fN(q) = −kd

√
2πR
q

exp (−iqR+ i
π

4
+ 2iξ(R) + iχ− π (q − qc) d), (7.23)

fF (q) = kd

√
2πR
q

exp (iqR− i
π

4
+ 2iξ(R) + iχ− π (q + qc) d), (7.24)

£¤¥ ¢¢¥¤¥´Ò µ¡µ§´ Î¥´¨Ö χ = n(πkd)2/(k2R2 + n2), qc = kθc.


¨¸. 5. Š Î¥¸É¢¥´´µ¥ ¶µ¢¥¤¥´¨¥ ¡²¨¦-
´¥° ¨ ¤ ²Ó´¥° ¸µ¸É ¢²ÖÕÐ¨Ì ¸¥Î¥´¨Ö
¤¨Ë· ±Í¨µ´´µ£µ · ¸¸¥Ö´¨Ö § ·Ö¦¥´-
´ÒÌ Î ¸É¨Í

ˆ§ Ëµ·³Ê² (7.23), (7.24) ¢¨¤´µ, ÎÉµ
±Ê²µ´µ¢¸±µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¶·¨¢µ¤¨É ±
· §²¨Î´Ò³ ¢¥²¨Î¨´ ³ ¸¥Î¥´¨° σN (q) ¨
σF (q), ´µ ´¥ ³¥´Ö¥É Ì · ±É¥· ¨Ì Ê¡Ò-
¢ ´¨Ö ¸ ·µ¸Éµ³ ¶¥·¥¤ ´´µ£µ ¨³¶Ê²Ó¸ 
q (·¨¸. 5). �·¨ ´ ²¨Î¨¨ ¸¨²Ó´µ£µ ±Ê-
²µ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ ¸¨²Ó´µ£µ
¶µ£²µÐ¥´¨Ö ¤µ³¨´¨·Ê¥É ¸µ¸É ¢²ÖÕÐ Ö
σN (q).

‚ µ¡Ð¥³ ¸²ÊÎ ¥ ´ ·Ö¤Ê ¸ ¶µ£²µÐ¥-
´¨¥³ ¨ ±Ê²µ´µ¢¸±¨³ ¢§ ¨³µ¤¥°¸É¢¨¥³
´¥µ¡Ìµ¤¨³µ É ±¦¥ ÊÎ¨ÉÒ¢ ÉÓ ¶·¥²µ³²¥-
´¨¥ · ¸¸¥¨¢ ¥³ÒÌ ¢µ²´, µ¡Ê¸²µ¢²¥´´µ¥
Ö¤¥·´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³. …¸²¨ Ö¤¥·´ Ö
·¥Ë· ±Í¨Ö ´¥¢¥²¨± , Éµ ³µ¦´µ ¨¸¶µ²Ó-
§µ¢ ÉÓ ³ É·¨ÍÊ · ¸¸¥Ö´¨Ö ¢ Ëµ·³¥ (4.25)
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¨ µ£· ´¨Î¨ÉÓ¸Ö ÊÎ¥Éµ³ ¢±² ¤µ¢ ¢ ¡²¨¦´ÕÕ ¨ ¤ ²Ó´ÕÕ  ³¶²¨ÉÊ¤Ò µÉ ¡²¨¦ °-
Ï¨Ì ± ¤¥°¸É¢¨É¥²Ó´µ° µ¸¨ ¶µ²Õ¸µ¢ ¢ ÉµÎ± Ì bN = R− iγNd, bF = R+ iγFd,
£¤¥ γN = π + γ, γF = π − γ. ‚¥²¨Î¨´Ò R, d ¨ γ § ¢¨¸ÖÉ µÉ Ô´¥·£¨¨ ¨
³ ¸¸µ¢ÒÌ Î¨¸¥² ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í. ‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ ¥³

fN (q) ∼
1
√
q
exp (−iqR− γN (q − qc) d), (7.25)

fF (q) ∼
1
√
q
exp (iqR− γF (q + qc) d). (7.26)

’ ±¨³ µ¡· §µ³, ÊÎ¥É Ö¤¥·´µ° ·¥Ë· ±Í¨¨ ¶·¨¢µ¤¨É ± ¡µ²¥¥ ¡Ò¸É·µ³Ê
Ê¡Ò¢ ´¨Õ ¡²¨¦´¥°  ³¶²¨ÉÊ¤Ò ¸ ·µ¸Éµ³ q ¶µ ¸· ¢´¥´¨Õ ¸ ¤ ²Ó´¥°  ³¶²¨ÉÊ-
¤µ°. ‘µµÉ´µÏ¥´¨¥ γN > γF Ö¢²Ö¥É¸Ö µ¡Ð¨³ ¸¢µ°¸É¢µ³ Ö¤¥·´µ° ·¥Ë· ±Í¨¨
(¸³. [48]), ´¥ § ¢¨¸ÖÐ¨³ µÉ ±µ´±·¥É´µ° ¶ · ³¥É·¨§ Í¨¨ ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö.
‘¥Î¥´¨Ö σN (q) ¨ σF (q) ³µ£ÊÉ ¶¥·¥¸¥± ÉÓ¸Ö ¢ ´¥±µÉµ·µ° ÉµÎ±¥ qcr (θcr), µ¶·¥-
¤¥²Ö¥³µ° Ëµ·³Ê²µ°

qcr =
γN + γF
γN − γF

qc, θcr =
γN + γF
γN − γF

θc. (7.27)


¨¸. 6. ”· Ê´£µË¥·µ¢¸±µ¥ ¶¥·¥¸¥Î¥-
´¨¥

’ ±µ¥ ¶µ¢¥¤¥´¨¥ ¸¥Î¥´¨° ´ §Ò¢ ¥É¸Ö
Ë· Ê´£µË¥·µ¢¸±¨³ ¶¥·¥¸¥Î¥´¨¥³ (·¨¸.6).
�´µ µ¡Ê¸²µ¢²¥´µ µ¶·¥¤¥²¥´´Ò³ ¸µÎ¥É -
´¨¥³ ¢¥²¨Î¨´ ¶µ£²µÐ¥´¨Ö, Ö¤¥·´µ° ·¥-
Ë· ±Í¨¨ ¨ ±Ê²µ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö
¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í. ”· Ê´£µË¥-
·µ¢¸±µ¥ ¶¥·¥¸¥Î¥´¨¥ ´ ¡²Õ¤ ¥É¸Ö ¶·¨
θcr < π. ‚¡²¨§¨ Ê£²  θcr ¨³¥ÕÉ ³¥¸Éµ
¢Ò· ¦¥´´Ò¥ Ë· Ê´£µË¥·µ¢¸±¨¥ µ¸Í¨²²Ö-
Í¨¨ ¸¥Î¥´¨Ö, ¢Ò§¢ ´´Ò¥ ¨´É¥·Ë¥·¥´Í¨¥°
¡²¨¦´¥° ¨ ¤ ²Ó´¥°  ³¶²¨ÉÊ¤ ¨ § ÉÊÌ Õ-
Ð¨¥ ¶·¨ Ê¤ ²¥´¨¨ µÉ Ê£²  ¶¥·¥¸¥Î¥´¨Ö.
‚ µ¡² ¸É¨ ³ ²ÒÌ Ê£²µ¢ · ¸¸¥Ö´¨Ö ¤µ³¨-
´¨·Ê¥É ¡²¨¦´ÖÖ  ³¶²¨ÉÊ¤ ,   ¶·¨ ¡µ²Ó-
Ï¨Ì Ê£² Ì · ¸¸¥Ö´¨Ö Å ¤ ²Ó´ÖÖ. ‚¤ ²¨

µÉ θcr ¸¥Î¥´¨¥ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ö¢²Ö¥É¸Ö ¶² ¢´µ° ËÊ´±Í¨¥° Ê£²  · ¸¸¥Ö´¨Ö
θ, É ± ± ± ¨´É¥·Ë¥·¥´Í¨Ö ³¥¦¤Ê fN(q) ¨ fF (q) µÉ¸ÊÉ¸É¢Ê¥É, ¶·¨Î¥³ ¸±µ·µ¸ÉÓ
Ê¡Ò¢ ´¨Ö ¸¥Î¥´¨Ö ¤µ ¨ ¶µ¸²¥ θcr · §²¨Î´  (·¨¸. 7).


 §²¨Î ÕÉ ³¥¤²¥´´µ¥ Ë· Ê´£µË¥·µ¢¸±µ¥ ¶¥·¥¸¥Î¥´¨¥ (γN ¨ γF · §²¨Î -
ÕÉ¸Ö ´¥ ¸¨²Ó´µ) ¨ ¡Ò¸É·µ¥ ¶¥·¥¸¥Î¥´¨¥ (γN ¨ γF ¸¨²Ó´µ · §²¨Î ÕÉ¸Ö). ‚
¸²ÊÎ ¥ ³¥¤²¥´´µ£µ ¶¥·¥¸¥Î¥´¨Ö ´ ¡²Õ¤ ¥É¸Ö ³´µ£µ (¤¥¸ÖÉÓ ¨ ¡µ²¥¥) ³¥¤²¥´´µ
§ ÉÊÌ ÕÐ¨Ì Ë· Ê´£µË¥·µ¢¸±¨Ì µ¸Í¨²²ÖÍ¨°,   ¶·¨ ¡Ò¸É·µ³ ¶¥·¥¸¥Î¥´¨¨ ¨³¥-
¥É¸Ö ²¨ÏÓ É·¨-Î¥ÉÒ·¥ ¡Ò¸É·µ § ÉÊÌ ÕÐ¨Ì µ¸Í¨²²ÖÍ¨¨. ’ ±¨¥ ± ·É¨´Ò Ê£²µ-
¢ÒÌ · ¸¶·¥¤¥²¥´¨° µ¡ÒÎ´µ ´ ¡²Õ¤ ÕÉ¸Ö ¢ · ¸¸¥Ö´¨¨ ÉÖ¦¥²ÒÌ ¨µ´µ¢.
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¨¸. 7. �É´µÏ¥´¨e ¸¥Î¥´¨° σ(θ)/σR(θ) ¢
¸²ÊÎ ¥ Ë· Ê´£µË¥·µ¢¸±µ£µ ¶¥·¥¸¥Î¥´¨Ö:
¶Ê´±É¨·´ Ö ²¨´¨Ö Å ¡²¨¦´ÖÖ ¸µ¸É ¢²Ö-
ÕÐ Ö, ÏÉ·¨Ìµ¢ Ö Å ¤ ²Ó´ÖÖ ¸µ¸É ¢²Ö-
ÕÐ Ö, ¸¶²µÏ´ Ö Å ¸Ê³³ ·´µ¥ ¸¥Î¥´¨¥
Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö

„µ ¸¨Ì ¶µ· ¶·¨ · ¸¸³µÉ·¥´¨¨
· §²µ¦¥´¨Ö  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ´ 
¡²¨¦´ÕÕ ¨ ¤ ²Ó´ÕÕ ¸µ¸É ¢²ÖÕÐ¨¥
¨¸¶µ²Ó§µ¢ ²¨¸Ó ¶·¨¡²¨¦¥´¨Ö, Ì · ±-
É¥·´Ò¥ ¤²Ö ±¢ §¨±² ¸¸¨Î¥¸±µ£µ ¶µ¤-
Ìµ¤ : ¶¥·¥Ìµ¤ µÉ ¸Ê³³¨·µ¢ ´¨Ö ¶µ
¶ ·Í¨ ²Ó´Ò³ ¢µ²´ ³ ± ¨´É¥£·¨·µ-
¢ ´¨Õ, § ³¥´  ¶µ²¨´µ³µ¢ ‹¥¦ ´-
¤·  ¨Ì  ¸¨³¶ÉµÉ¨Î¥¸±¨³¨ ¢Ò· ¦¥´¨-
Ö³¨, ¶·¨¡²¨¦¥´´µ¥ ¢ÒÎ¨¸²¥´¨¥ ¨´-
É¥£· ²µ¢ ¢ ¢Ò· ¦¥´¨ÖÌ ¤²Ö  ³¶²¨-
ÉÊ¤Ò · ¸¸¥Ö´¨Ö. �¤´ ±µ ¦¥² É¥²Ó´µ
É ±¦¥ ¶·µ¢¥¸É¨  ´ ²µ£¨Î´µ¥ · §²µ¦¥-
´¨¥ ÉµÎ´µ°  ³¶²¨ÉÊ¤Ò Ö¤¥·´µ£µ · ¸-
¸¥Ö´¨Ö, ¶µ²ÊÎ¥´´µ° ¨§  ´ ²¨§  Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ´  ¡²¨¦-
´ÕÕ ¨ ¤ ²Ó´ÕÕ ¸µ¸É ¢²ÖÕÐ¨¥. ’ -
±¨¥ ±µ³¶µ´¥´ÉÒ  ³¶²¨ÉÊ¤Ò ¤µ²¦´Ò
¢ ¸Ê³³¥ ¤ ¢ ÉÓ ÉµÎ´ÊÕ ¶µ²´ÊÕ  ³-
¶²¨ÉÊ¤Ê, Î¥³Ê ´¥ Ê¤µ¢²¥É¢µ·ÖÕÉ ¶·¨-
¡²¨¦¥´´Ò¥ ±¢ §¨±² ¸¸¨Î¥¸±¨¥ ¢Ò· -
¦¥´¨Ö,   É ±¦¥ µ´¨ ¤µ²¦´Ò ¶¥·¥Ìµ-
¤¨ÉÓ ¢ ±¢ §¨±² ¸¸¨Î¥¸±¨¥ ¡²¨¦´ÕÕ ¨ ¤ ²Ó´ÕÕ  ³¶²¨ÉÊ¤Ò, ±µ£¤  Ê¸²µ¢¨Ö
· ¸¸¥Ö´¨Ö ¶·¨¡²¨¦ ÕÉ¸Ö ± ±¢ §¨±² ¸¸¨Î¥¸±µ³Ê ¶·¥¤¥²Ê. „²Ö ÔÉµ£µ ¢ · §-
²µ¦¥´¨¨ ¶µ ¶ ·Í¨ ²Ó´Ò³ ¢µ²´ ³ ´Ê¦´µ · §¤¥²¨ÉÓ ¶µ²¨´µ³Ò ‹¥¦ ´¤·  ´ 
Î ¸É¨, ¸µ¤¥·¦ Ð¨¥ ¢  ¸¨³¶ÉµÉ¨±¥ ¶·¨ L → ∞ ¡¥£ÊÐ¨¥ ¢µ²´Ò exp (±iLθ)
(¶²Õ¸ ¸µµÉ¢¥É¸É¢Ê¥É ¤ ²Ó´¥°  ³¶²¨ÉÊ¤¥,   ³¨´Ê¸ Å ¡²¨¦´¥°). �¡ÒÎ´µ ¶µ-
¤µ¡´µ¥ · §²µ¦¥´¨¥ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ¶µ³µÐÓÕ ¶·µÍ¥¤Ê·Ò, ¶·¥¤²µ¦¥´´µ°
”Ê²²¥·µ³ [53], ¢ ±µÉµ·µ° ¢ ± Î¥¸É¢¥ ¡¥£ÊÐ¨Ì ¢µ²´ ¨¸¶µ²Ó§ÊÕÉ¸Ö ËÊ´±Í¨¨
‹¥¦ ´¤·  ¢Éµ·µ£µ ·µ¤ :

Q
(±)
l (cos θ) = ∓Ql(cos θ ∓ iν), ν → 0; Ql(z) =

1
2

1∫
−1

dt

z − t
Pl(t). (7.28)

’ ±¨³ µ¡· §µ³, ¡²¨¦´ÖÖ ¨ ¤ ²Ó´ÖÖ  ³¶²¨ÉÊ¤Ò ¸µ£² ¸´µ [53] · ¢´Ò

fF,N (θ) = f (±)c (θ)∓ 1
2πk

∞∑
l=0

(2l + 1)[S(L)− e2iξl ]Q(±)
l (cos θ). (7.29)

‡¤¥¸Ó ξl Å ±Ê²µ´µ¢¸± Ö Ë §  · ¸¸¥Ö´¨Ö (5.8), f (±)(θ) Å ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥
¤ ´´µ° ¶·µÍ¥¤Ê·¥ ¤ ²Ó´ÖÖ ¨ ¡²¨¦´ÖÖ ¸µ¸É ¢²ÖÕÐ¨¥  ³¶²¨ÉÊ¤Ò ±Ê²µ´µ¢¸±µ£µ
· ¸¸¥Ö´¨Ö.
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�É³¥É¨³, ÎÉµ ¢Ò¡µ· ËÊ´±Í¨°, ¶·¥¤¸É ¢²ÖÕÐ¨Ì ¡¥£ÊÐ¨¥ ¢µ²´Ò, ¢ ¢¨¤¥
(7.28) ´¥ Ö¢²Ö¥É¸Ö ¥¤¨´¸É¢¥´´µ ¢µ§³µ¦´Ò³. kµ²¥¥ Éµ£µ, ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó§µ-
¢ ´Ò ²Õ¡Ò¥ · §Ê³´Ò¥ ËÊ´±Í¨¨, ¨³¥ÕÐ¨¥ ¶· ¢¨²Ó´ÊÕ  ¸¨³¶ÉµÉ¨±Ê. ’ ±,
´ ¶·¨³¥·, ¢ [54] ¡Ò²  ¶·¥¤²µ¦¥´  ¤·Ê£ Ö ¶·µÍ¥¤Ê·  · §²µ¦¥´¨Ö ¸ ¡¥£Ê-
Ð¨³¨ ¢µ²´ ³¨ ¢ Ëµ·³¥, ¶µ¤¸± § ´´µ° ¸µµ¡· ¦¥´¨Ö³¨ ¶¥·¥Ìµ¤  µÉ ±¢ ´Éµ¢µ-
³¥Ì ´¨Î¥¸±µ£µ · ¸¸³µÉ·¥´¨Ö ± ±² ¸¸¨Î¥¸±¨³ É· ¥±Éµ·¨Ö³. �·¥¨³ÊÐ¥¸É¢ 
ËÊ´±Í¨° (7.28) ¢ ¨Ì ³ É¥³ É¨Î¥¸±¨Ì ¸¢µ°¸É¢ Ì. �´¨ Ê¤µ¢²¥É¢µ·ÖÕÉ É¥³ ¦¥
·¥±Êp·¥´É´Ò³ ¸µµÉ´µÏ¥´¨Ö³, ÎÉµ ¨ ¶µ²¨´µ³Ò ‹¥¦ ´¤· , µ¡² ¤ ÕÉ Ê¤µ¡´Ò³¨
 ´ ²¨É¨Î¥¸±¨³¨ ¸¢µ°¸É¢ ³¨ ¢ ±µ³¶²¥±¸´µ° ¶²µ¸±µ¸É¨  ·£Ê³¥´É  ¨ ¶µ§¢µ²ÖÕÉ
¶µ²ÊÎ¨ÉÓ ¤µ¸É ÉµÎ´µ ¶·µ¸ÉÒ¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¡²¨¦´¥° ¨ ¤ ²Ó´¥° Î ¸É¥° ±Ê-
²µ´µ¢¸±µ°  ³¶²¨ÉÊ¤Ò [53]:

f (±)c (θ) = ∓ i

2π

1∫
−1

dt

cos θ − t∓ iν
fc(arccos t) =

1
2
fc(θ)×

×


1∓

1 + e−2πn

1− e−2πn ∓ i

π


ln cos2 θ

2
+

∞∫
− ln sin2 θ

2

dt
e−t

[
1− e−int

]
1− e−t




 . (7.30)

8. „ˆ”1�Š–ˆŸ ”1…�…‹Ÿ ‚ 1�‘‘…Ÿ�ˆˆ ’Ÿ†…‹›• ˆ	�	‚
Ÿ„1�Œˆ

�·¨ Ö¤¥·´µ³ · ¸¸¥Ö´¨¨,  ´ ²µ£¨Î´µ³ ¤¨Ë· ±Í¨¨ ”· Ê´£µË¥·  ¢ µ¶É¨±¥,
· ¸¸ÉµÖ´¨Ö µÉ · ¸¸¥¨¢ É¥²Ö ¤µ ¨¸ÉµÎ´¨±  Î ¸É¨Í ¨ ¤µ ÉµÎ±¨ ´ ¡²Õ¤¥´¨Ö µÎ¥´Ó
¢¥²¨±¨ (¡¥¸±µ´¥Î´Ò) ¶µ ¸· ¢´¥´¨Õ ¸ · §³¥· ³¨ Ö¤¥·. �¤´ ±µ ´ ·Ö¤Ê ¸ ¤¨-
Ë· ±Í¨¥° ”· Ê´£µË¥·  ¢ µ¶É¨±¥ ¸ÊÐ¥¸É¢Ê¥É É ±¦¥ ¤¨Ë· ±Í¨Ö ”·¥´¥²Ö. ‚
ÔÉµ³ ¸²ÊÎ ¥ ¨¸ÉµÎ´¨± ¸¢¥É  ¨ ÉµÎ±  ´ ¡²Õ¤¥´¨Ö · ¸¶µ²µ¦¥´Ò ´  ±µ´¥Î´µ³
· ¸¸ÉµÖ´¨¨ µÉ Ô±· ´  ¨²¨ µ¤´µ ¨§ ÔÉ¨Ì · ¸¸ÉµÖ´¨° ±µ´¥Î´µ. „¨Ë· ±Í¨Ö ”·¥-
´¥²Ö ¢µ§´¨± ¥É ¢¸²¥¤¸É¢¨¥ ¨´É¥·Ë¥·¥´Í¨¨ ³¥¦¤Ê ¶·Ö³Ò³ ²ÊÎµ³ ¨ ²ÊÎµ³,
· ¸¸¥Ö´´Ò³ ¢¡²¨§¨ ±· Ö Ô±· ´ . �  ·¨¸. 8 ¶µ± § ´Ò É·¨ ¸¨ÉÊ Í¨¨, ¢ ±µÉµ·ÒÌ
´ ¡²Õ¤ ¥É¸Ö µ¶É¨Î¥¸± Ö Ë·¥´¥²¥¢¸± Ö ¤¨Ë· ±Í¨Ö, ¢ § ¢¨¸¨³µ¸É¨ µÉ · ¸¶µ-
²µ¦¥´¨Ö ¨¸ÉµÎ´¨±  ¸¢¥É  ¨ ÉµÎ±¨ ´ ¡²Õ¤¥´¨Ö.

• · ±É¥· ¢µ§´¨± ÕÐ¥° ¤¨Ë· ±Í¨µ´´µ° ± ·É¨´Ò µ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨´µ°
¶ · ³¥É·  p = ka2 [(1/Df) + (1/Dp)], £¤¥ a Å ²¨´¥°´Ò° · §³¥· Ô±· ´ , Df ¨
Dp Å · ¸¸ÉµÖ´¨Ö µÉ ±· Ö Ô±· ´  ¤µ ¨¸ÉµÎ´¨±  ¸¢¥É  ¨ ¤µ ÉµÎ±¨ ´ ¡²Õ¤¥´¨Ö.
…¸²¨ p � 1, Éµ ´ ¡²Õ¤ ¥³ Ö ± ·É¨´  ¸µµÉ¢¥É¸É¢Ê¥É ¤¨Ë· ±Í¨¨ ”· Ê´£µË¥· ;
¥¸²¨ p � 1, Éµ ¢µ§´¨± ¥É ¤¨Ë· ±Í¨µ´´ Ö ± ·É¨´  Ë·¥´¥²¥¢¸±µ£µ É¨¶  [2]. ‚
¸²ÊÎ ¥ Ö¤¥·´µ£µ · ¸¸¥Ö´¨Ö ± ¦¥É¸Ö, ÎÉµ ¸¨ÉÊ Í¨Ö, ¶·¨¢µ¤ÖÐ Ö ± ¤¨Ë· ±Í¨¨
”·¥´¥²Ö, ´¥µ¸ÊÐ¥¸É¢¨³ , É ± ± ± ´¥²Ó§Ö · ¸¶µ²µ¦¨ÉÓ ¨¸ÉµÎ´¨± Î ¸É¨Í ¨²¨
¤¥É¥±Éµ· ´  · ¸¸ÉµÖ´¨ÖÌ µÉ · ¸¸¥¨¢ ÕÐ¥£µ Ö¤· , ¸· ¢´¨³ÒÌ ¸ ¥£µ ²¨´¥°´Ò³¨
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· §³¥· ³¨. ’ ±µ¥ · ¸¸Ê¦¤¥´¨¥ ¸¶· ¢¥¤²¨¢µ ¤²Ö · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ ¨ ¤·Ê-
£¨Ì ´¥°É· ²Ó´ÒÌ Î ¸É¨Í. �¤´ ±µ ¸¨ÉÊ Í¨Ö ¸ÊÐ¥¸É¢¥´´µ ³¥´Ö¥É¸Ö ¢ ¸²ÊÎ ¥
§ ·Ö¦¥´´ÒÌ Î ¸É¨Í.


¨¸. 8. ƒ¥µ³¥É·¨Ö ¤¨Ë· ±Í¨¨ ”·¥-
´¥²Ö:  ) · ¸¸ÉµÖ´¨¥ µÉ · ¸¸¥¨¢ É¥²Ö
¤µ ¨¸ÉµÎ´¨±  S ±µ´¥Î´µ,   ¤µ ¤¥-
É¥±Éµ·  Å ¡¥¸±µ´¥Î´µ; ¡) · ¸¸ÉµÖ-
´¨¥ µÉ · ¸¸¥¨¢ É¥²Ö ¤µ ¨¸ÉµÎ´¨±  S
¡¥¸±µ´¥Î´µ,   ¤µ ¤¥É¥±Éµ·  D Å ±µ-
´¥Î´µ; ¢) µ¡  · ¸¸ÉµÖ´¨Ö ±µ´¥Î´Ò

k² £µ¤ ·Ö ±Ê²µ´µ¢¸±µ³Ê ¢§ ¨³µ¤¥°-
¸É¢¨Õ § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ · ¸¸¥¨¢ ÕÉ¸Ö
Ö¤·µ³ É ±, ¸²µ¢´µ µ´¨ ¢Ò²¥É ÕÉ ¨§ ¢¨·ÉÊ-
 ²Ó´µ£µ ¨¸ÉµÎ´¨± , · ¸¶µ²µ¦¥´´µ£µ ´  ±µ-
´¥Î´µ³ · ¸¸ÉµÖ´¨¨ µÉ Ö¤·  (·¨¸. 9). ŠÊ²µ-
´µ¢¸±µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¤µ²¦´µ ¡ÒÉÓ ¤µ-
¸É ÉµÎ´µ ¸¨²Ó´Ò³, ÎÉµ¡Ò µ´µ ¶·¨¢µ¤¨²µ ±
¸ÊÐ¥¸É¢¥´´µ° ±·¨¢¨§´¥ ¢µ²´µ¢µ£µ Ë·µ´É 
¢¡²¨§¨ Ö¤· . …¸²¨ Ö¤·µ ¸¨²Ó´µ ¶µ£²µÐ ¥É
´ ²¥É ÕÐ¨¥ Î ¸É¨ÍÒ ¨ λ̄ � R, Éµ ± ·É¨´ 
· ¸¸¥Ö´¨Ö  ´ ²µ£¨Î´  ¤¨Ë· ±Í¨¨ ”·¥´¥²Ö
µÉ ´¥¶·µ§· Î´µ£µ Ô±· ´  ¢ µ¶É¨±¥. �·¨
Ê£² Ì · ¸¸¥Ö´¨Ö, ¡²¨§±¨Ì ± θc, ± ·É¨´ 
· ¸¸¥Ö´¨Ö ¶µ¤µ¡´  ¤¨Ë· ±Í¨¨ ¢µ²´, ¨¸-
¶ÊÐ¥´´ÒÌ ÉµÎ¥Î´Ò³ ¨¸ÉµÎ´¨±µ³ F , µÉ
±· Ö ¶µ²Ê¶²µ¸±µ¸É¨, ± ¸ É¥²Ó´µ° ± ±·Ê£-
²µ³Ê µÉ¢¥·¸É¨Õ · ¤¨Ê¸  bc [55Ä57]. 
 ¸-
¸ÉµÖ´¨¥ D µÉ ¢¨·ÉÊ ²Ó´µ£µ ¨¸ÉµÎ´¨±  F
¤µ · ¸¸¥¨¢ ÕÐ¥£µ Í¥´É·  · ¢´µ (·¨¸. 9):

D =
bc
sin θc

. (8.1)

�µ¤¸É ¢²ÖÖ (5.4) ¢ (8.1), ¶µ²ÊÎ ¥³

D =
n

2k sin2
(
1
2θc

) . (8.2)

“¸²µ¢¨Ö ¤¨Ë· ±Í¨¨ ”·¥´¥²Ö ¢Ò¶µ²-
´ÖÕÉ¸Ö, ¥¸²¨ n � 1, n ∼ kR. ‘¨²Ó-
´µ¥ Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥ ¢¡²¨§¨ ¶µ¢¥·Ì´µ-
¸É¨ Ö¤·  ¤¥°¸É¢Ê¥É ´  ¶ ¤ ÕÐ¨¥ ¢µ²´Ò ± ±
· ¸¸¥¨¢ ÕÐ Ö ²¨´§ , ¥¸²¨ § ·Ö¤Ò ´ ²¥É Õ-
Ð¥° Î ¸É¨ÍÒ ¨ Ö¤· -³¨Ï¥´¨ ¨³¥ÕÉ µ¤¨´ -
±µ¢Ò° §´ ±, ¨²¨ ± ± ¸µ¡¨· ÕÐ Ö ²¨´§ , ¥¸²¨ §´ ±¨ § ·Ö¤µ¢ ¶·µÉ¨¢µ¶µ²µ¦´Ò.
”µ±Ê¸´µ¥ · ¸¸ÉµÖ´¨¥ É ±µ° ²¨´§Ò · ¢´µ

f̃ = D cos θc =
n

2k

[
ctg2

(
θc
2

)
− 1

]
. (8.3)


 ¸¸³µÉ·¨³ · ¸¸¥Ö´¨¥ ´  Ö¤·¥ ¸ ·¥§±µ° £· ´¨Í¥° ´  Ê£²Ò, ¡²¨§±¨¥ ± θc.
’µ£¤  ¶·¨ n � 1 ¤²Ö ¶µ²¨´µ³µ¢ ‹¥¦ ´¤·  ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ  ¸¨³¶ÉµÉ¨±Ê,
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¸¶· ¢¥¤²¨¢ÊÕ ¶·¨ L � 1 ¢ µ¡² ¸É¨ Ê£²µ¢ · ¸¸¥Ö´¨Ö 1/L < θ < π − 1/L:

PL− 1
2
(cos θ) ≈ 1√

2πL sin θ

[
ei(Lθ−

π
4 ) + e−i(Lθ−

π
4 )
]
. (8.4)

‚ ·¥§Ê²ÓÉ É¥, ¨¸¶µ²Ó§ÊÖ (5.13), ¶µ²ÊÎ ¥³

fn(θ) =
i

k
√
2π sin θ

L0∫
0

dL
√
L
[
eiΦ+(θ,L) + e−iΦ−(θ,L)

]
, (8.5)

Φ±(θ, L) =
π

4
− Lθ ± 2ξ(L). (8.6)


¨¸. 9. ƒ¥µ³¥É·¨Ö Ë·¥´¥²¥¢¸±µ£µ
¤¨Ë· ±Í¨µ´´µ£µ · ¸¸¥Ö´¨Ö § ·Ö-
¦¥´´ÒÌ Î ¸É¨Í

‚ (8.5) ¸² £ ¥³µ¥, ¸µ¤¥·¦ Ð¥¥ Φ+(θ,L),
¤ ¥É ¡²¨¦´ÕÕ  ³¶²¨ÉÊ¤Ê,   ¸µ¤¥·¦ Ð¥¥
Φ−(θ, L) Å ¤ ²Ó´ÕÕ. ’ ± ± ± n � 1,  
µ¸´µ¢´µ° ¢±² ¤ ¢ ¨´É¥£· ² ¤ ÕÉ ¡µ²ÓÏ¨¥
L, Éµ ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö ±Ê²µ´µ¢¸±µ°
Ë §Ò ¶·¨¡²¨¦¥´´µ¥ ¢Ò· ¦¥´¨¥ (7.21), § -
³¥´¨¢ kb ´  L. „²Ö ¢ÒÎ¨¸²¥´¨Ö  ³¶²¨ÉÊ¤Ò
¨¸¶µ²Ó§Ê¥³ ³¥Éµ¤ ¸É Í¨µ´ ·´µ° Ë §Ò. �·¨
ÔÉµ³ ¸É Í¨µ´ ·´Ò¥ ÉµÎ±¨ µ¶·¥¤¥²ÖÕÉ¸Ö ¨§
Ê· ¢´¥´¨Ö

∂Φ±(θ, L)
∂L

= −θ ± d

dL
[2ξ(L)] = 0. (8.7)

’ ± ± ± ¤²Ö L � 1 ¶·µ¨§¢µ¤´ Ö µÉ ±Ê²µ´µ¢¸±µ° Ë §Ò · ¢´  d [2ξ(L)] /dL =
= 2 arctg(n/L), ´ Ìµ¤¨³ ¸É Í¨µ´ ·´Ò¥ ÉµÎ±¨ λ±

0 = ±n ctg θ/2 = ±λ0.
‘É Í¨µ´ ·´ Ö ÉµÎ±  λ−

0 = −λ0 ²¥¦¨É ¢´¥ ¨´É¥·¢ ²  ¨´É¥£·¨·µ¢ ´¨Ö, ¨ ¢ (8.5)
³µ¦´µ ¶·¥´¥¡·¥ÎÓ ¸² £ ¥³Ò³ ¸ Φ−(θ, L). ‚µ ¢Éµ·µ³ ¸² £ ¥³µ³ · §²µ¦¨³
ËÊ´±Í¨Õ Φ+(θ, L) ¢ ·Ö¤ ¢ µ±·¥¸É´µ¸É¨ ¸É Í¨µ´ ·´µ° ÉµÎ±¨ λ0 ¸ ÉµÎ´µ¸ÉÓÕ
¤µ Î²¥´µ¢ ¢Éµ·µ£µ ¶µ·Ö¤± :

Φ+(θ, L) =
π

4
− λ0θ + 2ξ (λ0) + (L− λ0)

2
ξ′′ (λ0) . (8.8)

‡ ³¥´ÖÖ ³¥¤²¥´´µ ³¥´ÖÕÐÊÕ¸Ö ¢¥²¨Î¨´Ê
√
L ´ 

√
λ0, ¨³¥¥³

fn(θ) =
i

k

√
λ0

2π sin θ
exp

(
i
[π
4
λ0θ + 2ξ (λ0)

])L0∫
0

dL exp
(
i (L− λ0)

2
ξ′′ (λ0)

)
.

(8.9)
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„¥² Ö § ³¥´Ê ¶¥·¥³¥´´ÒÌ x = (L− λ0)
√
−ξ′′ (λ0) ¨ · ¸¶·µ¸É· ´ÖÖ ¨´É¥£·¨-

·µ¢ ´¨¥ ´  ´¨¦´¥³ ¶·¥¤¥²¥ ¤µ −∞, ¶µ²ÊÎ ¥³

L0∫
0

dL exp (i (L− λ0)
2 ξ′′ (λ0)) =

√
πe−i

π
4√

−ξ′′ (λ0)

[
1− 1

2
erfc

(
ei

π
4 u
)]

, (8.10)

£¤¥ ¢¢¥¤¥´Ò µ¡µ§´ Î¥´¨Ö:

u =
√
2L0

sin θc
sin
1
2
(θ − θc) , erfc(x) =

2√
π

∞∫
x

dt e−t
2
. (8.11)

‡ ³¥Î Ö, ÎÉµ 2ξ(λ0) = 2ξ0 − 2n ln sin θ/2 + nθ ctg θ/2− π/2, ´ Ìµ¤¨³

fn(θ) =
n

2k sin2 θ
2

exp
(
2i
(
ξ0 − n ln sin

θ

2

))[
1− 1

2
erfc

(
ei

π
4 u
)]

. (8.12)

“Î¨ÉÒ¢ Ö (5.11) ¨ (5.12), ¨³¥¥³

fe(θ) =
1
2
fc(θ)erfc

(
ei

π
4 u
)
=

=
1
2
fc(θ) {1− [C(w) + S(w)]− i [C(w) − S(w)]} , (8.13)

£¤¥ ¢¢¥¤¥´Ò µ¡µ§´ Î¥´¨Ö

C(w) =
√
2/π

w∫
0

dt cos t2, S(w) =
√
2/π

w∫
0

dt sin t2, (8.14)

w =
√

L0

π sin θc
2 sin

1
2
(θ − θc) . (8.15)

�É´µÏ¥´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ± ·¥§¥·Ëµ·-
¤µ¢¸±µ³Ê ¸¥Î¥´¨Õ σR(θ) = |fc(θ)|2 µ¶·¥¤¥²Ö¥É¸Ö Ëµ·³Ê²µ° [55]:

σe(θ)
σR(θ)

=
1
4

∣∣erfc (eiπ
4 u
)∣∣2 = 1

2

{[
1
2
− C(w)

]2
+
[
1
2
− S(w)

]2}
. (8.16)

‚Ò· ¦¥´¨¥ (8.16) µ¶¨¸Ò¢ ¥É ± ·É¨´Ê · ¸¸¥Ö´¨Ö, ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ ¤¨-
Ë· ±Í¨¨ ”·¥´¥²Ö ¢ µ¶É¨±¥. �É´µÏ¥´¨¥ ¸¥Î¥´¨° σe(θ)/σR(θ) ¸µ¢¶ ¤ ¥É ¸
µÉ´µÏ¥´¨¥³ ¨´É¥´¸¨¢´µ¸É¥° · ¸¸¥Ö´´µ£µ µÉ ±· Ö ¶µ²Ê¶²µ¸±µ¸É¨ ¨ ¶ ¤ Õ-
Ð¥£µ ¸¢¥É  ¢ ¸²ÊÎ ¥, ±µ£¤  ¨¸ÉµÎ´¨± · ¸¶µ²µ¦¥´ ´  ±µ´¥Î´µ³ · ¸¸ÉµÖ´¨¨ µÉ
Ô±· ´ ,   ÉµÎ±  ´ ¡²Õ¤¥´¨Ö ¡¥¸±µ´¥Î´µ Ê¤ ²¥´ . „¨Ë· ±Í¨Ö ”·¥´¥²Ö ¢ Ö¤¥·-
´µ³ · ¸¸¥Ö´¨¨ ¢µ§´¨± ¥É ¢¸²¥¤¸É¢¨¥ ¨´É¥·Ë¥·¥´Í¨¨ ±Ê²µ´µ¢¸±µ°  ³¶²¨ÉÊ¤Ò
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¨ Ö¤¥·´µ° Î ¸É¨  ³¶²¨ÉÊ¤Ò, ±µÉµ·Ò¥ ¢ ¤ ´´µ³ ¸²ÊÎ ¥ ¶·¨´ ¤²¥¦ É ± ¡²¨¦´¥°
 ³¶²¨ÉÊ¤¥. ‡ ³¥É¨³, ÎÉµ ¢Ò· ¦¥´¨¥ (8.16) Ö¢²Ö¥É¸Ö ¤µ¢µ²Ó´µ £·Ê¡Ò³ ¨ µ¶¨-
¸Ò¢ ¥É Éµ²Ó±µ ± Î¥¸É¢¥´´Ò° Ì · ±É¥· ¶µ¢¥¤¥´¨Ö ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö. „²Ö ±µ-
²¨Î¥¸É¢¥´´µ£µ µ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´´ÒÌ ¸¥Î¥´¨° ´¥µ¡Ìµ¤¨³µ
ÊÎ¥¸ÉÓ · §³ÒÉ¨¥ Ö¤¥·´µ° ¶µ¢¥·Ì´µ¸É¨, ¶µ²Ê¶·µ§· Î´µ¸ÉÓ Ö¤·  ¨ Ö¤¥·´ÊÕ ·¥-
Ë· ±Í¨Õ [55Ä57]. �µ¶· ¢±¨ ± Ëµ·³Ê²¥ (8.15) ¨¸¸²¥¤µ¢ ²¨¸Ó ¢ [58].


¨¸. 10. Š ·É¨´  ¤¨Ë· ±Í¨¨ ”·¥´¥²Ö ¤²Ö µÉ´µÏ¥´¨Ö ¸¥Î¥´¨° σ(θ)/σR(θ) ¶·¨ Ê¶·Ê-
£µ³ · ¸¸¥Ö´¨¨ Ö¤¥· 16O ¸ Ô´¥·£¨¥° 170,1 ŒÔ‚ Ö¤· ³¨ 208Pb. ˜É·¨Ìµ¢ Ö ²¨´¨Ö Å
· ¸Î¥É ¶µ ¤¨Ë· ±Í¨µ´´µ° É¥µ·¨¨ ¤²Ö Ö¤¥· ¸ ·¥§±µ° £· ´¨Í¥°, ¸¶²µÏ´ Ö ²¨´¨Ö Å
· ¸Î¥É ¸ ÊÎ¥Éµ³ · §³ÒÉ¨Ö Ö¤¥·´µ° ¶µ¢¥·Ì´µ¸É¨ ¨ ¶µ²Ê¶·µ§· Î´µ¸É¨ Ö¤¥· [57]. �±¸-
¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨§ · ¡µÉÒ [59]

�  ·¨¸. 10 ¶µ± § ´µ, ÎÉµ ³µ¤¥²Ó Ö¤·  ¸ ·¥§±µ° £· ´¨Í¥° µ¶¨¸Ò¢ ¥É ± -
Î¥¸É¢¥´´µ¥ ¶µ¢¥¤¥´¨¥ ¸¥Î¥´¨Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ö¤¥· 16O ¸ Ô´¥·£¨¥°
170,1 ŒÔ‚ Ö¤· ³¨ 208Pb, Éµ£¤  ± ± ¡µ²¥¥  ±±Ê· É´Ò¥ · ¸Î¥ÉÒ ¸µ£² ¸ÊÕÉ¸Ö
¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

„¨Ë· ±Í¨Ö ¢ Ö¤¥·´µ³ · ¸¸¥Ö´¨¨ ´ ¡²Õ¤ eÉ¸Ö ¶·¨ L0 � 1, ¶·¨Î¥³ É¨¶
¤¨Ë· ±Í¨µ´´µ° ± ·É¨´Ò µ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³¨ Ê¸²µ¢¨Ö³¨:

L0 sin θc � 1 Å ¤¨Ë· ±Í¨Ö ”· Ê´£µË¥· ,
L0 sin θc � 1 Å ¤¨Ë· ±Í¨Ö ”·¥´¥²Ö.

(8.17)


 §²¨Î´Ò¥ ¶·µÍ¥¸¸Ò · ¸¸¥Ö´¨Ö ¸ µ¤¨´ ±µ¢Ò³¨ §´ Î¥´¨Ö³¨ L0 ¨ p =
= L0 sin θc ¶·¨¢µ¤ÖÉ ± µ¤¨´ ±µ¢Ò³ ¤¨Ë· ±Í¨µ´´Ò³ ± ·É¨´ ³, É.¥. ¨Ì ¤¨ËË¥-
·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¸µ¢¶ ¤ ÕÉ. ’ ±µ¥ Ö¢²¥´¨¥ ´ §Ò¢ ¥É¸Ö § ±µ´µ³ ¶µ¤µ¡¨Ö
¨²¨ ¸±¥°²¨´£µ³ ¤²Ö Ö¤¥·´µ° ¤¨Ë· ±Í¨¨ [56, 57].

�  ·¨¸. 11 ¶·¥¤¸É ¢²¥´ ¸²ÊÎ ° ¸±¥°²¨´£  ¢ Ê¶·Ê£µ³ · ¸¸¥Ö´¨¨ · §²¨Î-
´ÒÌ Ö¤¥· [57]. �ÉµÉ ¶·¨³¥· ¤¥³µ´¸É·¨·Ê¥É ¸µ¢¶ ¤¥´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ
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¨¸. 11. ‘±¥°²¨´£ ¸¥Î¥´¨° Ö¤¥·´µ£µ · ¸¸¥Ö´¨Ö. ’·¥Ê£µ²Ó´¨±¨ Å ¤¨ËË¥·¥´Í¨ ²Ó-
´µ¥ ¸¥Î¥´¨¥ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö α-Î ¸É¨Í ¸ Ô´¥·£¨¥° 104 ŒÔ‚ Ö¤· ³¨ 90Zr [30]
(L0 = 32, 6, p = 4, 89), ±·Ê¦±¨ Å Éµ ¦¥ ¤²Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ö¤¥· 16O ¸
Ô´¥·£¨¥° 168 ŒÔ‚ Ö¤· ³¨ 12C [60] (L0 = 31, 3, p = 4, 64). Š·¨¢Ò¥ ¶·µ¢¥¤¥´Ò Î¥·¥§
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ÉµÎ±¨

¸¥Î¥´¨° ¤¢ÊÌ Ö¤¥·´ÒÌ ¶·µÍ¥¸¸µ¢, ¤²Ö ±µÉµ·ÒÌ ¸ÊÐ¥¸É¢¥´´µ · §²¨Î ÕÉ¸Ö ± ±
¸É ²±¨¢ ÕÐ¨¥¸Ö Ö¤· , É ± ¨ ¢¥²¨Î¨´Ò ¨Ì Ô´¥·£¨°. �¥¡µ²ÓÏµ° ¸¤¢¨£ ¸¥Î¥´¨°
¤·Ê£ µÉ´µ¸¨É¥²Ó´µ ¤·Ê£  µ¡Ê¸²µ¢²¥´ ´¥±µÉµ·Ò³ · §²¨Î¨¥³ ¢ §´ Î¥´¨ÖÌ L0 ¨
p,   ¨Ì · ¸Ìµ¦¤¥´¨Ö ¢ µ¡² ¸É¨ ¡µ²ÓÏ¨Ì Ê£²µ¢ ¢Ò§¢ ´µ ¢±² ¤µ³ ´¥¤¨Ë· ±-
Í¨µ´´ÒÌ ¶·µÍ¥¸¸µ¢.

9. 1�„“†�	… 1�‘‘…Ÿ�ˆ… ‚ Ÿ„…1�›• ‘’	‹Š�	‚…�ˆŸ•

‚ Ö¤¥·´µ³ · ¸¸¥Ö´¨¨ ´ ·Ö¤Ê ¸ ¤¨Ë· ±Í¨µ´´Ò³¨ Ö¢²¥´¨Ö³¨ ¸ÊÐ¥¸É¢Ê¥É
¤·Ê£µ° ¢ ¦´Ò° ¨´É¥·Ë¥·¥´Í¨µ´´Ò° ÔËË¥±É, ¨³¥ÕÐ¨°  ´ ²µ£¨Õ ¢ µ¶É¨±¥ Å
· ¤Ê¦´µ¥ · ¸¸¥Ö´¨¥. �  ¢µ§³µ¦´µ¸ÉÓ · ¤Ê¦´µ£µ · ¸¸¥Ö´¨Ö ¢  Éµ³´ÒÌ ¨ Ö¤¥·-
´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ ¢¶¥·¢Ò¥ Ê± § ²¨ ”µ·¤ ¨ “¨²¥· ¢ 1959 £. [61].

‚ µ¶É¨±¥ · ¤Ê¦´µ¥ · ¸¸¥Ö´¨¥ ¸¢Ö§ ´µ ¸ ¶·¥²µ³²¥´¨¥³ ¨ ¢´ÊÉ·¥´´¨³ µÉ-
· ¦¥´¨¥³ ²ÊÎ¥° ¸¢¥É  ¢ ± ¶²¥ ¢µ¤Ò, · §³¥·Ò ±µÉµ·µ° ¢¥²¨±¨ ¶µ ¸· ¢´¥´¨Õ ¸
¤²¨´µ° ¢µ²´Ò ¸¢¥É . Ÿ¢²¥´¨¥ · ¤Ê¦´µ£µ · ¸¸¥Ö´¨Ö ¸ÊÐ¥¸É¢Ê¥É É ±¦¥ ¢ ±² ¸-
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¸¨Î¥¸±µ° ³¥Ì ´¨±¥ (¸³., ´ ¶·., [62]). ‡¤¥¸Ó  ´ ²µ£¨Ö ¸ µ¶É¨Î¥¸±µ° · ¤Ê£µ°
¸µ¸Éµ¨É ¢ ´ ²¨Î¨¨ ¶·¥¤¥²Ó´µ£µ Ê£²  · ¸¸¥Ö´¨Ö Î ¸É¨Í, ¢¡²¨§¨ ±µÉµ·µ£µ ¸£Ê-
Ð ÕÉ¸Ö ±² ¸¸¨Î¥¸±¨¥ É· ¥±Éµ·¨¨.

Ÿ¢²¥´¨¥ · ¤Ê¦´µ£µ · ¸¸¥Ö´¨Ö ¸ÊÐ¥¸É¢Ê¥É É ±¦¥ ¢ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥
[61]. 
 ¸¸³µÉ·¨³ · ¸¸¥Ö´¨¥ ¡Ò¸É·ÒÌ Î ¸É¨Í, kR � 1, ¢ ±¢ §¨±² ¸¸¨Î¥¸±µ³
¶·¨¡²¨¦¥´¨¨ (¸³. [63, 64]). kÊ¤¥³ ¨¸Ìµ¤¨ÉÓ ¨§  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö (4.4).
’ ± ± ± µ¸´µ¢´ÊÕ ·µ²Ó ¢ ¤ ´´µ³ ¸²ÊÎ ¥ ¨£· ÕÉ ¶ ·Í¨ ²Ó´Ò¥ ¢µ²´Ò ¸ ¡µ²Ó-
Ï¨³¨ ³µ³¥´É ³¨ l, ³µ¦´µ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö  ¸¨³¶ÉµÉ¨Î¥¸±¨³ ¢Ò· ¦¥´¨¥³
(8.4) ¤²Ö ¶µ²¨´µ³µ¢ ‹¥¦ ´¤· . Š·µ³¥ Éµ£µ, µ¶Ê¸É¨³ ¥¤¨´¨ÍÊ ¢ ±¢ ¤· É´ÒÌ
¸±µ¡± Ì ¢ (4.4), ±µÉµ· Ö ¤ ¥É ¢±² ¤ Éµ²Ó±µ ¶·¨ ´Ê²¥¢µ³ Ê£²¥ · ¸¸¥Ö´¨Ö. �³-
¶²¨ÉÊ¤  · ¸¸¥Ö´¨Ö ¶·¨´¨³ ¥É ¢¨¤:

f(θ) =
1

ik
√
2π sin θ

∞∑
m=−∞

(−1)m
∞∫
0

dL
√
L
[
eiΦ

(+)
m (θ,L) + e−iΦ

(−)
m (θ,L)

]
,

(9.1)
£¤¥ ¢¢¥¤¥´µ µ¡µ§´ Î¥´¨¥ Φ(±)m (θ, L) = π/4− Lθ ± [2δ(L) + 2πmL].

” §  · ¸¸¥Ö´¨Ö δ(L) ¸¢Ö§ ´  ¸ ³ É·¨Í¥° · ¸¸¥Ö´¨Ö S(L) Ëµ·³Ê²µ°
S(L) = exp[2iδ(L)]. Š¢ §¨±² ¸¸¨Î¥¸±¨¥ É· ¥±Éµ·¨¨ µ¶·¥¤¥²ÖÕÉ¸Ö ¸É Í¨µ-
´ ·´Ò³¨ ÉµÎ± ³¨, ±µÉµ·Ò¥ ´ Ìµ¤ÖÉ¸Ö ¨§ Ê· ¢´¥´¨° 2δ′(L) = ±θ− 2πm. �É¨
Ê· ¢´¥´¨Ö ¸µ¢¶ ¤ ÕÉ ¸ ±² ¸¸¨Î¥¸±µ° Ëµ·³Ê²µ° [62], ¥¸²¨ µ¶·¥¤¥²¨ÉÓ ±¢ ´-
Éµ¢ÊÕ ËÊ´±Í¨Õ µÉ±²µ´¥´¨Ö · ¢¥´¸É¢µ³

Θ(L) =
d

dL
2δ(L). (9.2)

„²Ö Î ¸É¨Í ¡µ²ÓÏ¨Ì Ô´¥·£¨° ¢¥·µÖÉ´µ¸ÉÓ ¸µ¢¥·Ï¥´¨Ö µ¡µ·µÉµ¢ ¢µ±·Ê£
· ¸¸¥¨¢ É¥²Ö ³ ² , ¨ ³µ¦´µ µ¸É ¢¨ÉÓ ¢ (9.1) Éµ²Ó±µ Î²¥´Ò ¸ m = 0:

f(θ) =
1

ik
√
2π sin θ

∞∫
0

dL
√
L
[
eiΦ+(θ,L) + e−iΦ−(θ,L)

]
, (9.3)

Φ±(θ, L) =
π

4
− Lθ ± 2δ(L). (9.4)

‚ (9.3) ¸² £ ¥³µ¥ ¸ Φ+(θ, L) ¤ ¥É ¡²¨¦´ÕÕ  ³¶²¨ÉÊ¤Ê,   ¸² £ ¥³µ¥ ¸
Φ−(θ, L) Å ¤ ²Ó´ÕÕ  ³¶²¨ÉÊ¤Ê ¸µ£² ¸´µ ¨Ì ±¢ §¨±² ¸¸¨Î¥¸±µ³Ê ¸³Ò¸²Ê.

…¸²¨ ³¥¦¤Ê Î ¸É¨Í¥° ¨ · ¸¸¥¨¢ É¥²¥³ ¸ÊÐ¥¸É¢Ê¥É ¸¨²Ó´µ¥ ¶·¨ÉÖ¦¥´¨¥
´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ ¨ µÉÉ ²±¨¢ ´¨¥ ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ, Éµ ËÊ´±Í¨Ö
µÉ±²µ´¥´¨Ö Θ(L) ¨³¥¥É ¢¨¤, ¶µ± § ´´Ò° ´  ·¨¸. 12. ‡¤¥¸Ó ¨³¥ÕÉ¸Ö ¤¢¥ ¸É -
Í¨µ´ ·´Ò¥ ÉµÎ±¨ L1 ¨ L2 ËÊ´±Í¨¨ Φ+(θ, L) ¶·¨ θ < θr, ¤ ÕÐ¨¥ ¢±² ¤ ¢
¡²¨¦´ÕÕ  ³¶²¨ÉÊ¤Ê. ŒÒ ´¥ · ¸¸³ É·¨¢ ¥³ ¶µ¢¥¤¥´¨¥ Θ(L) ¶·¨ ³ ²ÒÌ L,
£¤¥ É ±¦¥ ³µ¦¥É ¸ÊÐ¥¸É¢µ¢ ÉÓ ÉµÎ±  · ¤Ê£¨.
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 ¸¸³µÉ·¨³ · ¸¸¥Ö´¨¥ ¢¡²¨§¨ Ê£²  · ¤Ê£¨ θr. �·¨ θ = θr µ¡¥ ¸É Í¨µ-
´ ·´Ò¥ ÉµÎ±¨ ¸²¨¢ ÕÉ¸Ö, L1 = L2 = Lr, É ± ÎÉµ ¢µ§´¨± ¥É ¸É Í¨µ´ ·´ Ö
ÉµÎ±  ¡µ²¥¥ ¢Ò¸µ±µ£µ ¶µ·Ö¤± . 
 §²µ¦¨³ ËÊ´±Í¨Õ Φ+(θ, L) ¢ ¸É¥¶¥´´µ° ·Ö¤
¢¡²¨§¨ ÉµÎ±¨ · ¤Ê£¨. ’ ± ± ± Θ(Lr) = θr, Θ′ (Lr) = 0, Éµ ¶µ²ÊÎ ¥³

Φ+(θ, L) =
π

4
−Lrθ+(L− Lr) (θr − θ)+

1
6
(L− Lr)

3Θ′′ (Lr)+2δ (Lr) . (9.5)

’µ£¤   ³¶²¨ÉÊ¤  · ¸¸¥Ö´¨Ö · ¢´ 

f(θ) =
i

k

√
Lr

2π sin θ
exp

(
i
[
2δ (Lr)− Lrθ −

π

4

])
×

×
∞∫
0

dL exp
(
i

[
(θr − θ) (L− Lr) +

1
6
Θ′′ (Lr) (L− Lr)

3

])
. (9.6)

‚  ³¶²¨ÉÊ¤¥ (9.6) µ¶ÊÐ¥´ ¢±² ¤ ¤ ²Ó´¥° ¸µ¸É ¢²ÖÕÐ¥°, ´¥ ¸µ¤¥·¦ Ð¥°
¸É Í¨µ´ ·´ÒÌ ÉµÎ¥±. ’ ±¨³ µ¡· §µ³, · ¸¸³ É·¨¢ ¥³µ¥ · ¤Ê¦´µ¥ · ¸¸¥Ö´¨¥,
± ± ¨ ± ·É¨´  ¤¨Ë· ±Í¨¨ ”·¥´¥²Ö, µ¶·¥¤¥²Ö¥É¸Ö ¡²¨¦´¥° ¸µ¸É ¢²ÖÕÐ¥°  ³-
¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö (±Ê²µ´µ¢¸± Ö · ¤Ê£ ).

’ ± ± ± µ¸´µ¢´µ° ¢±² ¤ ¢ ¨´É¥£· ² ¢ (9.6) ¤ ¥É µ±·¥¸É´µ¸ÉÓ ÉµÎ±¨ Lr, Éµ
³µ¦´µ § ³¥´¨ÉÓ ´¨¦´¨° ¶·¥¤¥² ¨´É¥£·¨·µ¢ ´¨Ö ´  −∞, ÎÉµ ¤ ¥É

f(θ) =
1
k

√
2πLr

sin θ

[
2

Θ′′ (Lr)

] 1
3

ei[2δ(Lr)−Lrθ−π
4 ]Ai


 θr − θ[

1
2Θ

′′ (Lr)
] 1

3


 , (9.7)

£¤¥ Ai(z) Å ËÊ´±Í¨Ö �°·¨:

Ai(z) =
1
π

∞∫
0

dt cos
(
zt+

1
3
t3
)

. (9.8)

”µ·³Ê²  (9.7) ´ §Ò¢ ¥É¸Ö ¶·¨¡²¨¦¥´¨¥³ �°·¨ ¤²Ö · ¤Ê¦´µ£µ · ¸¸¥Ö´¨Ö.
‡ ³¥É¨³, ÎÉµ ¸¥Î¥´¨¥, µ¶·¥¤¥²Ö¥³µ¥ ±¢ ¤· Éµ³ ³µ¤Ê²Ö  ³¶²¨ÉÊ¤Ò (9.7), ±µ-
´¥Î´µ ¶·¨ θ = θr ¢ µÉ²¨Î¨¥ µÉ ±² ¸¸¨Î¥¸±µ£µ ¸¥Î¥´¨Ö [62].

…¸²¨ ¶·¨¸ÊÉ¸É¢Ê¥É ¶µ£²µÐ¥´¨¥ ´ ²¥É ÕÐ¨Ì Î ¸É¨Í, Éµ ³µ¦´µ ¢§ÖÉÓ ³ -
É·¨ÍÊ · ¸¸¥Ö´¨Ö ¢ ¢¨¤¥ S(L) = η(L)e2iδ(L), £¤¥ ËÊ´±Í¨Ö η(L) ³¥´Ö¥É¸Ö ¢
¨´É¥·¢ ²¥ 0 ≤ η(L) ≤ 1. ‚ ³µ¤¥²¨ ¸¨²Ó´µ£µ ¶µ£²µÐ¥´¨Ö ¸ ·¥§±µ° £· ´¨Í¥°
¨³¥¥³ η(L) = 0 ¤²Ö L ≤ L0 ¨ η(L) = 1 ¶·¨ L > L0. �·¥¤¶µ² £ Ö, ÎÉµ
±¢ ´Éµ¢ Ö ËÊ´±Í¨Ö µÉ±²µ´¥´¨Ö ¨³¥¥É ¢¨¤, ¶µ± § ´´Ò° ´  ·¨¸. 12, ¨¸¶µ²Ó§Ê¥³
¢ ¢Ò· ¦¥´¨¨ ¤²Ö ¡²¨¦´¥°  ³¶²¨ÉÊ¤Ò · §²µ¦¥´¨¥ (9.5) ¤²Ö · ¸¸¥Ö´¨Ö ¢¡²¨§¨
Ê£²  · ¤Ê£¨. �·¥´¥¡·¥£ Ö ¢±² ¤µ³ ¤ ²Ó´¥°  ³¶²¨ÉÊ¤Ò, ¶µ²ÊÎ ¥³

f(θ) =
1
k

√
Lr

2π sin θ
exp

(
i
[
2δ (Lr)− Lrθ −

π

4

])
×
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×
∞∫

L0

dL exp
(
i

[
(θr − θ) (L− Lr) +

1
6
Θ′′ (Lr) (L− Lr)

3

])
. (9.9)

‚¢¥¤¥³ ´¥¶µ²´ÊÕ ËÊ´±Í¨Õ �°·¨

Ai(u, v) =
1
2π

∞∫
v

dt ei(ut+
1
3u

3). (9.10)

’µ£¤   ³¶²¨ÉÊ¤  · ¸¸¥Ö´¨Ö ¶·¨´¨³ ¥É ¢¨¤

f(θ) =
1
k

√
2πLr

sin θ

[
2

Θ′′ (Lr)

] 1
3

exp
(
i
[
2δ (Lr)− Lrθ −

π

4

])
Ai (u, v) ,

(9.11)

u =
θr − θ[

1
2Θ

′′ (Lr)
] 1

3
, v =

[
1
2
Θ′′ (Lr)

] 1
3

(L0 − Lr) . (9.12)

‚ ÔÉµ³ ¸²ÊÎ ¥ ´  µ¸¢¥Ð¥´´µ° ¸Éµ·µ´¥ · ¤Ê£¨, θ < θr, ´ ¡²Õ¤ ÕÉ¸Ö µ¸Í¨²-
²ÖÍ¨¨ ¸¥Î¥´¨Ö, ¡Ò¸É·µ § ÉÊÌ ÕÐ¨¥ ¶·¨ Ê¤ ²¥´¨¨ µÉ Ê£²  · ¤Ê£¨. �  É¥³´µ°


¨¸. 12. ”Ê´±Í¨Ö µÉ±²µ´¥´¨Ö ¢ ¸²ÊÎ ¥
±Ê²µ´µ¢¸±µ° · ¤Ê£¨

¸Éµ·µ´¥, θ > θr, ¸¥Î¥´¨¥ ¡Ò¸É·µ ¨
¶² ¢´µ Ê¡Ò¢ ¥É, ¶·¨Î¥³ ´ ²¨Î¨¥ ¶µ-
£²µÐ¥´¨Ö Ê¢¥²¨Î¨¢ ¥É ¸±µ·µ¸ÉÓ Ê¡Ò¢ -
´¨Ö [64]. 
 ¸¸³µÉ·¥´´Ò° ¸²ÊÎ ° ±Ê-
²µ´µ¢¸±µ° · ¤Ê£¨ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¸¨²Ó-
´µ£µ ¶µ£²µÐ¥´¨Ö ¢ ¦¥´ ¤²Ö · ¸¸¥Ö-
´¨Ö ÉÖ¦¥²ÒÌ ¨µ´µ¢ ¸¨²Ó´µ ¶µ£²µÐ -
ÕÐ¨³¨ Ö¤· ³¨. ‡ ³¥É¨³, ÎÉµ ± ·É¨´ 
±Ê²µ´µ¢¸±µ° · ¤Ê£¨ ¶µ¤µ¡´  ± ·É¨´¥
¤¨Ë· ±Í¨¨ ”·¥´¥²Ö. �É¨ ¤¢  É¥·-
³¨´ , µ¶¨¸Ò¢ ÕÐ¨¥ · ¸¸¥Ö´¨¥ ÉÖ¦¥-
²ÒÌ ¨µ´µ¢, ¸µµÉ¢¥É¸É¢ÊÕÉ ¤¢Ê³ · §²¨Î-
´Ò³ É¥µ·¥É¨Î¥¸±¨³ ¶µ¤Ìµ¤ ³ [7]. ‚
±¢ §¨±² ¸¸¨Î¥¸±µ³ ¶µ¤Ìµ¤¥ ±Ê²µ´µ¢-

¸± Ö · ¤Ê£  µ¡Ê¸²µ¢²¥´  ·¥Ë· ±Í¨¥° · ¸¸¥¨¢ ¥³ÒÌ ¢µ²´ ¢ ¸²ÊÎ ¥, ±µ£¤  ¸¨²Ò
Ö¤¥·´µ£µ ¶·¨ÉÖ¦¥´¨Ö µ¶·¥¤¥²¥´´Ò³ µ¡· §µ³ ¸¡ ² ´¸¨·µ¢ ´Ò ±Ê²µ´µ¢¸±¨³
µÉÉ ²±¨¢ ´¨¥³. �·¨ ÔÉµ³ ¤¥É ²¨ ¸¥Î¥´¨Ö ±Ê²µ´µ¢¸±µ£µ · ¤Ê¦´µ£µ · ¸¸¥Ö´¨Ö
³µ¤¨Ë¨Í¨·µ¢ ´Ò ´ ²¨Î¨¥³ ¸¨²Ó´µ£µ ¶µ£²µÐ¥´¨Ö. ‚ ¤¨Ë· ±Í¨µ´´µ° É¥µ·¨¨
Ë·¥´¥²¥¢¸± Ö ± ·É¨´  µ¡Ê¸²µ¢²¥´  ´ ²¨Î¨¥³ ¸¨²Ó´µ£µ ¶µ£²µÐ¥´¨Ö ¨ ¤µ¸É -
ÉµÎ´µ ¸¨²Ó´µ£µ ±Ê²µ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í.

„²Ö Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨° ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨ÖÌ ¢ ¦´ÊÕ ·µ²Ó
¨£· ¥É É ±¦¥ ¤·Ê£µ° ¸²ÊÎ ° · ¤Ê¦´µ£µ · ¸¸¥Ö´¨Ö, ´ §Ò¢ ¥³Ò° Ö¤¥·´µ° · -
¤Ê£µ°, ¶·¨¸ÊÉ¸É¢ÊÕÐ¥° ¢ ¤ ²Ó´¥°  ³¶²¨ÉÊ¤¥. �ÉµÉ ÔËË¥±É ´ ¡²Õ¤ ¥É¸Ö ¢
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µ¸´µ¢´µ³ ¶·¨ Ê¶·Ê£µ³ · ¸¸¥Ö´¨¨ ²¥£±¨Ì Ö¤¥· (D, 3He, 4He, 6Li ¨ ¤·.) ´ 
¸·¥¤´¨Ì ¨ ÉÖ¦¥²ÒÌ Ö¤· Ì ¶·¨ Ô´¥·£¨ÖÌ E � 25−30 ŒÔ‚/´Ê±²µ´. ‚ ÔÉµ³ ¸²Ê-
Î ¥ ±Ê²µ´µ¢¸±µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ µÉ´µ¸¨É¥²Ó´µ ´¥¢¥²¨±µ, Ö¤¥·´ Ö ·¥Ë· ±Í¨Ö
µ± §Ò¢ ¥É¸Ö ¤µ¢µ²Ó´µ ¸¨²Ó´µ°,   Ê³¥·¥´´ Ö ¢¥²¨Î¨´  ¶µ£²µÐ¥´¨Ö ¶·¨¢µ¤¨É
± ´¥¡µ²ÓÏµ° ¶·µ§· Î´µ¸É¨ Ö¤¥·.

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ (8.17) · ¸¸³ É·¨¢ ¥³µ¥ · ¸¸¥Ö´¨¥ ²¥£±¨Ì Ö¤¥· ¤µ²¦´µ
¶·µ¨¸Ìµ¤¨ÉÓ ¢ Ë· Ê´£µË¥·µ¢¸±µ³ ·¥¦¨³¥. �¤´ ±µ Ô±¸¶¥·¨³¥´É ²Ó´µ ´ ¡²Õ-
¤ ¥³Ò¥ ¸¥Î¥´¨Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ö¤¥· 3He [65Ä67] ¨ 4He [30,68Ä70] ¶·¨
E � 25− 30 ŒÔ‚/´Ê±²µ´ µ¡´ ·Ê¦¨¢ ÕÉ ¸ÊÐ¥¸É¢¥´´Ò¥ µÉ±²µ´¥´¨Ö µÉ Ë· Ê´-
£µË¥·µ¢¸±µ£µ ¶µ¢¥¤¥´¨Ö ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì Ê£² Ì · ¸¸¥Ö´¨Ö. ‚ µ¡² -
¸É¨ ³ ²ÒÌ Ê£²µ¢ ¨³¥¥É¸Ö ´¥¸±µ²Ó±µ Ë· Ê´£µË¥·µ¢¸±¨Ì µ¸Í¨²²ÖÍ¨°,   § É¥³
¸ ·µ¸Éµ³ Ê£²  ´ ¡²Õ¤ ¥É¸Ö ¶µ¸É¥¶¥´´µ¥ § ¶µ²´¥´¨¥ ³¨´¨³Ê³µ¢, ¨ ¢ ¸¥Î¥´¨¨
Ëµ·³¨·Ê¥É¸Ö ¤µ¢µ²Ó´µ Ï¨·µ±¨° ³ ±¸¨³Ê³, ´  ±µÉµ·Ò° ´ ±² ¤Ò¢ ÕÉ¸Ö ¡Ò-
¸É·µ § ÉÊÌ ÕÐ¨¥ Ë· Ê´£µË¥·µ¢¸±¨¥ µ¸Í¨²²ÖÍ¨¨. � Î¨´ Ö ¸ ´¥±µÉµ·µ£µ Ê£² ,
¨³¥¥É ³¥¸Éµ ¡Ò¸É·µ¥ (Ô±¸¶µ´¥´Í¨ ²Ó´µ¥) ¨ ¶² ¢´µ¥ Ê¡Ò¢ ´¨¥ ¸¥Î¥´¨Ö. �µ§¤-
´¥¥ ¶µ¤µ¡´µ¥ ¶µ¢¥¤¥´¨¥ ¸¥Î¥´¨° ¡Ò²µ µ¡´ ·Ê¦¥´µ ¶·¨ Ê¶·Ê£µ³ · ¸¸¥Ö´¨¨
Ö¤¥· D, Li, Be, C ¨ ´¥±µÉµ·ÒÌ ¤·Ê£¨Ì. Š ·É¨´Ò · ¸¸¥Ö´¨Ö É ±µ£µ É¨¶  ¡Ò²¨
¢¶¥·¢Ò¥ ¨´É¥·¶·¥É¨·µ¢ ´Ò ± ± ¶·µÖ¢²¥´¨¥ Ö¤¥·´µ° · ¤Ê£¨ ¢ ¶·¨¸ÊÉ¸É¢¨¨
¸¨²Ó´µ£µ ¶µ£²µÐ¥´¨Ö ¢ [69Ä71].

• · ±É¥·´ Ö Ëµ·³  ËÊ´±Í¨¨ µÉ±²µ´¥´¨Ö Θ(L) ¤²Ö · ¸¸¥Ö´¨Ö ²¥£±¨Ì Ö¤¥·
¢ · ¸¸³ É·¨¢ ¥³µ° µ¡² ¸É¨ Ô´¥·£¨° ¶µ± § ´  ´  ·¨¸. 13. �·¨ ¡µ²ÓÏ¨Ì L


¨¸. 13. ”Ê´±Í¨Ö µÉ±²µ´¥´¨Ö, ¸µ¤¥·¦ -
Ð Ö ÉµÎ±¨ Ö¤¥·´µ° (Lr) ¨ ±Ê²µ´µ¢¸±µ°
(Lc) · ¤Ê£¨. L0 Å £· ´¨Î´Ò° ³µ³¥´É
µ¡² ¸É¨ ¸¨²Ó´µ£µ ¶µ£²µÐ¥´¨Ö

µ´  ¶·¨´¨³ ¥É ´¥¡µ²ÓÏ¨¥ ¶µ²µ¦¨-
É¥²Ó´Ò¥ §´ Î¥´¨Ö, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥
±¢ §¨±² ¸¸¨Î¥¸±¨³ É· ¥±Éµ·¨Ö³, ²¥-
¦ Ð¨³ ¶µ²´µ¸ÉÓÕ ¢ µ¡² ¸É¨ ±Ê²µ-
´µ¢¸±µ£µ µÉÉ ²±¨¢ ´¨Ö. �·¨ ³¥´Ó-
Ï¨Ì §´ Î¥´¨ÖÌ L É· ¥±Éµ·¨¨ ¶·µÌµ-
¤ÖÉ Î¥·¥§ µ¡² ¸ÉÓ ¸¨²Ó´µ£µ Ö¤¥·´µ£µ
¶·¨ÉÖ¦¥´¨Ö, ¨ ËÊ´±Í¨Ö Θ(L) ·¥§±µ
ÊÌµ¤¨É ¢ µ¡² ¸ÉÓ ¸¢µ¨Ì µÉ·¨Í É¥²Ó-
´ÒÌ §´ Î¥´¨°. �·¨ ¤µ¸É ÉµÎ´µ ¡µ²Ó-
Ï¨Ì Ê£² Ì · ¸¸¥Ö´¨Ö ¸¥Î¥´¨¥ µ¶·¥¤¥-
²Ö¥É¸Ö ¢ µ¸´µ¢´µ³ µÉ·¨Í É¥²Ó´µ° ¢¥-
É¢ÓÕ Θ(L). �·¨ ¤µ¸É ÉµÎ´µ ¢Ò¸µ±¨Ì
Ô´¥·£¨ÖÌ ËÊ´±Í¨Ö µÉ±²µ´¥´¨Ö ¨³¥¥É
¤¢  Ô±¸É·¥³Ê³ : ´¥¡µ²ÓÏµ° ¶µ²µ¦¨-
É¥²Ó´Ò° ³ ±¸¨³Ê³ ¶·¨ L = Lc > L0

(±Ê²µ´µ¢¸± Ö · ¤Ê£ ) ¨ £²Ê¡µ±¨° µÉ·¨Í É¥²Ó´Ò° ³¨´¨³Ê³ ¶·¨ L = Lr < L0,
±µÉµ·Ò° ¸µµÉ¢¥É¸É¢Ê¥É ¶·µÌµ¦¤¥´¨Õ Î ¸É¨Í Î¥·¥§ ¢´ÊÉ·¥´´ÕÕ µ¡² ¸ÉÓ Ö¤· 
(Ö¤¥·´ Ö · ¤Ê£ ). ‚ ¸²ÊÎ ¥ · ¸¸¥Ö´¨Ö ²¥£±¨Ì ¨µ´µ¢ ±Ê²µ´µ¢¸± Ö · ¤Ê£  ¶µÎÉ¨
´¥ ¸± §Ò¢ ¥É¸Ö ´  Ëµ·³¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö, Éµ£¤  ± ± Ö¤¥·´ Ö · -
¤Ê£  ¸ÊÐ¥¸É¢¥´´µ ¥£µ ¨§³¥´Ö¥É µ¶¨¸ ´´Ò³ ¢ÒÏ¥ µ¡· §µ³.
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 ¸¸³µÉ·¨³ ± Î¥¸É¢¥´´µ ÔËË¥±É Ö¤¥·´µ° · ¤Ê£¨. „²Ö ÔÉµ£µ ¶·¥¤¸É ¢¨³
 ³¶²¨ÉÊ¤Ê · ¸¸¥Ö´¨Ö ¢ ¢¨¤¥

f(θ) =
1

ik
√
2π sin θ

∞∫
0

dL
√
L η (L)

[
eiΦ+(θ,L) + e−iΦ−(θ,L)

]
, (9.13)

£¤¥ ËÊ´±Í¨¨ Φ±(θ, L) µ¶·¥¤¥²ÖÕÉ¸Ö Ëµ·³Ê²µ° (9.4). kÊ¤¥³ · ¸¸³ É·¨¢ ÉÓ
Éµ²Ó±µ µÉ·¨Í É¥²Ó´ÊÕ ¢¥É¢Ó ËÊ´±Í¨¨ µÉ±²µ´¥´¨Ö. �·¨ Ê£² Ì θ < θr =
= |Θ(Lr)| Ê· ¢´¥´¨¥ Θ(L) = − θ ¤²Ö ¸É Í¨µ´ ·´ÒÌ ÉµÎ¥± ËÊ´±Í¨¨ Φ−(θ, L)
¨³¥¥É ¤¢  ¤¥°¸É¢¨É¥²Ó´ÒÌ ·¥Ï¥´¨Ö: Ls1 < Lr ¨ Ls2 > Lr. …¸²¨ ¸É Í¨µ´ ·-
´Ò¥ ÉµÎ±¨ ²¥¦ É ¢´¥ ¶µ¢¥·Ì´µ¸É´µ° µ¡² ¸É¨, Éµ ËÊ´±Í¨Ö η(L) ³¥¤²¥´´µ ³¥-
´Ö¥É¸Ö ¢¡²¨§¨ ÔÉ¨Ì ÉµÎ¥±. ’µ£¤  ³µ¦´µ ¢Ò´¥¸É¨ §  §´ ± ¨´É¥£· ²  ¥¥ §´ Î¥´¨Ö
¢ ¸É Í¨µ´ ·´ÒÌ ÉµÎ± Ì Ls1 ¨ Ls2. ‚ ·¥§Ê²ÓÉ É¥ ¤²Ö ¤ ²Ó´¥° ¸µ¸É ¢²ÖÕÐ¥°
¸¥Î¥´¨Ö ¶µ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥

σF (θ) =
1

k2 sin θ

{
Ls1η

2 (Ls1)
|Θ′ (Ls1)|

+
Ls2η

2 (Ls2)
|Θ′ (Ls2)|

− 2
√

Ls1Ls2

|Θ′ (Ls1)Θ′ (Ls2)|
×

× η (Ls1) η (Ls2) sin [2 (δ (Ls1)− δ (Ls2)) + (Ls1 − Ls2) θ]} . (9.14)

�¥·¢Ò¥ ¤¢  ¸² £ ¥³ÒÌ ¢ (9.14), §  ¨¸±²ÕÎ¥´¨¥³ Ë ±Éµ·µ¢ η2, ¶·¥¤¸É ¢²ÖÕÉ
±² ¸¸¨Î¥¸±¨¥ ¢±² ¤Ò ¢ ¸¥Î¥´¨¥ µÉ É· ¥±Éµ·¨°, µÉ¢¥Î ÕÐ¨Ì §´ Î¥´¨Ö³ Ls1

¨ Ls2. ’·¥É¨° Î²¥´ ¢ (9.14) µ¶¨¸Ò¢ ¥É ¨´É¥·Ë¥·¥´Í¨Õ ÔÉ¨Ì ¤¢ÊÌ ¢±² ¤µ¢,
±µÉµ· Ö µÉ¸ÊÉ¸É¢Ê¥É ¢ ±² ¸¸¨Î¥¸±µ° ³¥Ì ´¨±¥. �µÔÉµ³Ê ±¢ §¨±² ¸¸¨Î¥¸±µ¥
¸¥Î¥´¨¥ µ¸Í¨²²¨·Ê¥É ´  µ¸¢¥Ð¥´´µ° ¸Éµ·µ´¥ · ¤Ê£¨ θ < θr. �ÊÎ´µ¸É¨ ÔÉ¨Ì
µ¸Í¨²²ÖÍ¨°  ´ ²µ£¨Î´Ò µ¸´µ¢´µ° ¨ ¤µ¶µ²´¨É¥²Ó´Ò³ ¤Ê£ ³ · ¤Ê£¨ ¢ µ¶É¨±¥.
�  É¥³´µ° ¸Éµ·µ´¥ · ¤Ê£¨, θ > θr, ¤¥°¸É¢¨É¥²Ó´Ò¥ ¸É Í¨µ´ ·´Ò¥ ÉµÎ±¨ µÉ-
¸ÊÉ¸É¢ÊÕÉ, ´µ ¨³¥ÕÉ¸Ö ¶ ·Ò ¢§ ¨³´µ ¸µ¶·Ö¦¥´´ÒÌ ±µ³¶²¥±¸´ÒÌ ·¥Ï¥´¨°
Ls = LsR ± iLsI . ’µ¶µ£· Ë¨Ö ËÊ´±Í¨¨ Φ−(θ, L) ¢ ±µ³¶²¥±¸´µ° ¶²µ¸±µ¸É¨
L É ±µ¢ , ÎÉµ ¶ÊÉÓ ´ ¨¡Ò¸É·¥°Ï¥£µ ¸¶Ê¸±  ¤µ²¦¥´ ¶·µ²¥£ ÉÓ Î¥·¥§ ÉµÎ±Ê ¶¥-
·¥¢ ²  ¸ Im Ls >0, ¡²¨¦ °ÏÊÕ ± ¤¥°¸É¢¨É¥²Ó´µ° µ¸¨. ’µ£¤  ¤²Ö ¤ ²Ó´¥°
¸µ¸É ¢²ÖÕÐ¥° ¸¥Î¥´¨Ö ¢ µ¡² ¸É¨ θ > θr ´ Ìµ¤¨³

σF (θ) =
1

k2 sin θ

∣∣∣∣Lsη
2 (Ls)

Θ′ (Ls)

∣∣∣∣ e−2LsIθ. (9.15)

�  É¥³´µ° ¸Éµ·µ´¥ Ö¤¥·´µ° · ¤Ê£¨ ±¢ §¨±² ¸¸¨Î¥¸±µ¥ ¸¥Î¥´¨¥ ¡Ò¸É·µ
Ê¡Ò¢ ¥É ¸ ·µ¸Éµ³ Ê£²  ¡² £µ¤ ·Ö ³´µ¦¨É¥²Õ exp (−2LsIθ). ‚´ÊÉ·¨ É¥´¥¢µ°
µ¡² ¸É¨ ¢¥²¨Î¨´  Ls ³¥¤²¥´´µ ³¥´Ö¥É¸Ö ¸ ·µ¸Éµ³ θ, É ± ÎÉµ ¸¥Î¥´¨¥ Ê¡Ò-
¢ ¥É ¶µÎÉ¨ ¶µ Ô±¸¶µ´¥´Í¨ ²Ó´µ³Ê § ±µ´Ê, ÎÉµ ¸¢Ö§ ´µ ¸ ³ ²µ¸ÉÓÕ ¢¥²¨Î¨´Ò
· §³ÒÉ¨Ö Ö¤¥·´µ° ¶µ¢¥·Ì´µ¸É¨ [48].

�·¨ θ = θr ¸¥Î¥´¨Ö (9.14), (9.15) ¸É ´µ¢ÖÉ¸Ö ¡¥¸±µ´¥Î´Ò³¨, É.¥. ¤ ´´µ¥
¶·¨¡²¨¦¥´¨¥ ¶¥·¥¸É ¥É ¡ÒÉÓ ¸¶· ¢¥¤²¨¢Ò³. ‡¤¥¸Ó Ê ËÊ´±Í¨¨ Φ−(θ, L) ¢µ§-
´¨± ¥É ¸É Í¨µ´ ·´ Ö ÉµÎ±  ¡µ²¥¥ ¢Ò¸µ±µ£µ ¶µ·Ö¤± . ‚ ÔÉµ³ ¸²ÊÎ ¥ ³µ¦´µ
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¶·¨³¥´¨ÉÓ ¶·¨¡²¨¦¥´¨¥ �°·¨, ±µÉµ·µ¥ ¤ ¥É

σF (θ) =
2πLr

k2 sin θ

[
2

Θ′′ (Lr)

] 2
3

η2 (Lr)


Ai


 θ − θr[

1
2Θ

′′ (Lr)
] 1

3






2

. (9.16)

”µ·³Ê²  (9.16) µ¶¨¸Ò¢ ¥É ¶µ¢¥¤¥´¨¥ ¤ ²Ó´¥° ¸µ¸É ¢²ÖÕÐ¥° ¸¥Î¥´¨Ö
¢¡²¨§¨ Ê£²  · ¤Ê£¨ θr. �´µ ±µ´¥Î´µ ¶·¨ ¢¸¥Ì Ê£² Ì ¨ ¨³¥¥É ³ ±¸¨³Ê³ ´¥¤ -
²¥±µ µÉ Ê£²  · ¤Ê£¨, Ô±¢¨¢ ²¥´É´Ò° ¸¨´£Ê²Ö·´µ¸É¨ ¢ ±² ¸¸¨Î¥¸±µ° ³¥Ì ´¨±¥
¨  ´ ²µ£¨Î´Ò° µ¸´µ¢´µ° ¤Ê£¥ · ¤Ê£¨ ¢ µ¶É¨±¥. Œ´µ¦¨É¥²¨ η2 ¢ (9.14) ¸ÊÐ¥-
¸É¢¥´´µ ³¥´ÖÕÉ ± ·É¨´Ê · ¤Ê¦´µ£µ · ¸¸¥Ö´¨Ö ¢ µ¸¢¥Ð¥´´µ° µ¡² ¸É¨ θ < θr.
‚±² ¤ ¢´ÊÉ·¥´´¥° É· ¥±Éµ·¨¨ Ls1 ¶µ¤ ¢²¥´ ¸¨²Ó´¥¥, Î¥³ ¢±² ¤ ¢´¥Ï´¥° É· -
¥±Éµ·¨¨ Ls2 (η (Ls1) < η (Ls2)). �·¨ ¤¢¨¦¥´¨¨ ¢ ¸Éµ·µ´Ê ³ ²ÒÌ Ê£²µ¢ · ¸-
¸¥Ö´¨Ö ÉµÎ±  Ls1 ¸³¥Ð ¥É¸Ö ¢ µ¡² ¸ÉÓ ³ ²ÒÌ L,   Ls2 Å ¢ µ¡² ¸ÉÓ ¡µ²ÓÏ¨Ì
L, £¤¥ ¶µ£²µÐ¥´¨¥ Ê³¥´ÓÏ ¥É¸Ö. �·¨ ¤µ¸É ÉµÎ´µ ³ ²ÒÌ θ ¶·¥µ¡² ¤ ¥É ¢±² ¤
ÉµÎ±¨ Ls2, ¨ ¨´É¥·Ë¥·¥´Í¨Ö ¤¢ÊÌ ¢±² ¤µ¢ ¸É ´µ¢¨É¸Ö ´¥¸ÊÐ¥¸É¢¥´´µ°. ’ ±¨³
µ¡· §µ³, ¶µ£²µÐ¥´¨¥ ¶·¨¢µ¤¨É ± § ÉÊÌ ´¨Õ · ¤Ê¦´ÒÌ µ¸Í¨²²ÖÍ¨° ¸ Ê³¥´Ó-
Ï¥´¨¥³ Ê£²  · ¸¸¥Ö´¨Ö.

…¸²¨ ¡Ò ËÊ´±Í¨Ö η(L) ³¥¤²¥´´µ ³¥´Ö² ¸Ó ¶·¨ ¢¸¥Ì §´ Î¥´¨ÖÌ L, Éµ
³µ¦´µ ¡Ò²µ ¡Ò ¶·¥´¥¡·¥ÎÓ ¡²¨¦´¥° ¸µ¸É ¢²ÖÕÐ¥°  ³¶²¨ÉÊ¤Ò,   ¶µ²ÊÎ¥´´Ò¥
¢Ò· ¦¥´¨Ö ¤²Ö ¤ ²Ó´¥° ¸µ¸É ¢²ÖÕÐ¥° µ¶¨¸Ò¢ ²¨ ¡Ò ± Î¥¸É¢¥´´µ¥ ¶µ¢¥¤¥´¨¥
¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ²¥£±¨Ì ¨µ´µ¢. �¤´ ±µ ¢¤µ¡ ¢µ± ± · ¸¸³µÉ·¥´´Ò³ ¢±² -
¤ ³ ¸É Í¨µ´ ·´ÒÌ ÉµÎ¥± ¡Ò¸É·µ¥ ¨§³¥´¥´¨¥ η(L) ¢ ¶µ¢¥·Ì´µ¸É´µ° µ¡² ¸É¨
¶µ·µ¦¤ ¥É ¢±² ¤Ò Ë· Ê´£µË¥·µ¢¸±µ£µ É¨¶  (7.25) ¨ (7.26) ¢ ¡²¨¦´ÕÕ ¨ ¤ ²Ó-
´ÕÕ  ³¶²¨ÉÊ¤Ò. ‚ ¤ ²Ó´¥°  ³¶²¨ÉÊ¤¥ ³µ¦´µ µÉ¤¥²¨ÉÓ ÔÉµÉ ¢±² ¤ µÉ ¢±² ¤µ¢
¸É Í¨µ´ ·´ÒÌ ÉµÎ¥± Ls1 ¨ Ls2, ¥¸²¨ ÔÉ¨ ÉµÎ±¨ ²¥¦ É ¢´¥ ¶µ¢¥·Ì´µ¸É´µ°
µ¡² ¸É¨. ”· Ê´£µË¥·µ¢¸±¨¥ Î²¥´Ò ¶·¥µ¡² ¤ ÕÉ ¶·¨ ³ ²ÒÌ Ê£² Ì · ¸¸¥Ö´¨Ö,
£¤¥ ¨Ì ¨´É¥·Ë¥·¥´Í¨Ö ¶·¨¢µ¤¨É ± ¶µÖ¢²¥´¨Õ Ë· Ê´£µË¥·µ¢¸±¨Ì µ¸Í¨²²ÖÍ¨°
¸¥Î¥´¨Ö. ‘µµÉ´µÏ¥´¨¥ Ë· Ê´£µË¥·µ¢¸±µ£µ ¢±² ¤  ¨  ³¶²¨ÉÊ¤Ò · ¤Ê¦´µ£µ
· ¸¸¥Ö´¨Ö µ¶·¥¤¥²Ö¥É¸Ö É¥³, ´ ¸±µ²Ó±µ ¶µ¸²¥¤´ÖÖ ¶µ¤ ¢²¥´  ´ ²¨Î¨¥³ ¶µ£²µ-
Ð¥´¨Ö. …¸²¨ ¶µ£²µÐ¥´¨¥ ¢¥²¨±µ, η (Ls) → 0, Éµ  ³¶²¨ÉÊ¤  ¨³¥¥É ¢ µ¸´µ¢-
´µ³ Ë· Ê´£µË¥·µ¢¸±¨° Ì · ±É¥·. �¤´ ±µ ¶·¨ ´ ²¨Î¨¨ § ³¥É´µ° ¶·µ§· Î-
´µ¸É¨ ¢ µ¡² ¸É¨ ³ ²ÒÌ L · ¤Ê¦´µ¥ · ¸¸¥Ö´¨¥ ¶·¥µ¡² ¤ ¥É ¢ µ¶·¥¤¥²¥´´µ°
µ¡² ¸É¨ Ê£²µ¢.

’ ± ± ± ¤²Ö Ö¤¥·´µ° · ¤Ê£¨ ¢ ¦´Ò É· ¥±Éµ·¨¨, ¶·µÌµ¤ÖÐ¨¥ Î¥·¥§ ¢´Ê-
É·¥´´ÕÕ µ¡² ¸ÉÓ Ö¤· ,  ´ ²¨§ É ±¨Ì ¸¥Î¥´¨° ¶µ§¢µ²Ö¥É §µ´¤¨·µ¢ ÉÓ ¸É·Ê±ÉÊ·Ê
ÔÉµ° µ¡² ¸É¨ ¨ ¶µ²ÊÎ ÉÓ Í¥´´ÊÕ ¨´Ëµ·³ Í¨Õ µ ¢§ ¨³µ¤¥°¸É¢¨¨ Ö¤¥·. ‚ Î ¸É-
´µ¸É¨, É ±µ°  ´ ²¨§ ¶µ²¥§¥´ ¢ µ¶É¨Î¥¸±µ° ³µ¤¥²¨, É ± ± ± µ´ Î ¸Éµ ¶µ§¢µ²Ö¥É
¨¸±²ÕÎ¨ÉÓ ¤¨¸±·¥É´ÊÕ ´¥µ¤´µ§´ Î´µ¸ÉÓ ¶µÉ¥´Í¨ ²  [69, 70].

�ËË¥±É Ö¤¥·´µ° · ¤Ê£¨ ³µ¦¥É ´ ¡²Õ¤ ÉÓ¸Ö Éµ²Ó±µ ¶·¨ θr < π. ’ ± ± ±
Ê£µ² · ¤Ê£¨ · ¸É¥É ¸ Ê³¥´ÓÏ¥´¨¥³ Ô´¥·£¨¨, Éµ ¸ÊÐ¥¸É¢Ê¥É ´¥±µÉµ· Ö ±·¨É¨-
Î¥¸± Ö Ô´¥·£¨Ö Ecr, ´¨¦¥ ±µÉµ·µ° Ö¤¥·´ Ö · ¤Ê£  ¨¸Î¥§ ¥É. �·¨ · ¸¸¥Ö´¨¨
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´  ¤¥°¸É¢¨É¥²Ó´µ³ ¶µÉ¥´Í¨ ²¥ U(r) §´ Î¥´¨¥ Ecr µÉ¢¥Î ¥É ¶µÖ¢²¥´¨Õ § ±·Ê-
Î¨¢ ´¨Ö ¨ · ¢´µ [70]: Ecr = [U(R) + U ′(R)r/2]max.


 ¸¸³µÉ·¥´´Ò¥ ¢ÒÏ¥ ¶·µ¸ÉÒ¥ Ëµ·³Ò S-³ É·¨ÍÒ ´¥ ¶µ§¢µ²ÖÕÉ µ¶¨¸ ÉÓ
Ö¤¥·´ÊÕ · ¤Ê£Ê. — ¸Éµ ¨¸¶µ²Ó§Ê¥³ Ö ¶ · ³¥É·¨§ Í¨Ö S-³ É·¨ÍÒ [25], ¸µ-
¤¥·¦ Ð Ö ÉµÎ±Ê Ö¤¥·´µ° · ¤Ê£¨, É ±¦¥ µ¡ÒÎ´µ ´¥ ³µ¦¥É µ¶¨¸ ÉÓ ¸¥Î¥´¨Ö ¸
¢Ò· ¦¥´´Ò³ · ¤Ê¦´Ò³ ¶µ¢¥¤¥´¨¥³. ‚ [72Ä74] ¶ · ³¥É·¨§ Í¨Ö [25] ¡Ò²  ³µ-
¤¨Ë¨Í¨·µ¢ ´  ¶ÊÉ¥³ ¢¢¥¤¥´¨Ö ³µ¤¥²Ó´µ ´¥§ ¢¨¸¨³ÒÌ ¶µ¶· ¢µ±, ¸µ¤¥·¦ Ð¨Ì
¡µ²ÓÏµ¥ Î¨¸²µ ¶µ¤£µ´µÎ´ÒÌ ¶ · ³¥É·µ¢. ‚ [75] · ¤Ê¦´Ò¥ ¸¥Î¥´¨Ö  ´ ²¨-
§¨·µ¢ ²¨¸Ó ´  µ¸´µ¢¥ ¤µ¢µ²Ó´µ ¸²µ¦´µ° ¶ · ³¥É·¨§ Í¨¨ S-³ É·¨ÍÒ, ¶µ¤-
¸± § ´´µ° · ¸Î¥É ³¨ ¶µ µ¶É¨Î¥¸±µ° ³µ¤¥²¨. ‚ [76Ä78] ¡Ò²  ¶·¥¤²µ¦¥´ 
S-³ É·¨Î´ Ö ³µ¤¥²Ó, ±µÉµ· Ö ¸µ¤¥·¦¨É ´¥¸±µ²Ó±µ ¶ · ³¥É·µ¢, ¨³¥ÕÐ¨Ì Ö¸-
´Ò° Ë¨§¨Î¥¸±¨° ¸³Ò¸², ¨ ¶µ§¢µ²Ö¥É µ¶¨¸Ò¢ ÉÓ · §²¨Î´Ò¥ ·¥Ë· ±Í¨µ´´Ò¥
ÔËË¥±ÉÒ ¢ Ê¶·Ê£µ³ · ¸¸¥Ö´¨¨ Ö¤¥·, ¢±²ÕÎ Ö Ö¤¥·´ÊÕ · ¤Ê£Ê:

S(L) = η(L) exp {2i[δN(L) + ξc(L)]}, (9.17)

η(L) = exp [ln ε w(L,L1,∆1)], 2δN (L) = δ0 w2(L,L2,∆2), (9.18)

w(L,Li,∆i) = sh (Li/∆i) / [ch(Li/∆i) + ch(L/∆i)] . (9.19)

” §  ξc(L) ±Ê²µ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´  µ¤´µ·µ¤´µ § ·Ö¦¥´´µ° ¸Ë¥·¥ · ¤¨Ê¸ 
Rc µ¶·¥¤¥²Ö¥É¸Ö ±¢ §¨±² ¸¸¨Î¥¸±¨³ ¢Ò· ¦¥´¨¥³ [76Ä78]:

ξc(L) =




− 1
2

√
L2
c − L2 − 1

4p ln

[(
aR2

c−p+
√
L2

c−L2
)2

p2+L2

]
− n+

+n ln(kRc − n+
√

L2
c − L2) + L

[
1
2arctg

(
L2+apR2

c

L
√
L2

c−L2

)
+

+arctg
(
L

n
√
L2

c−L2−L2−nkRc

L2
√
L2

c−L2+nL2+n2kRc

)
+ π

4

]
, L < Lc,

n
2 ln(L

2 + n2) + LarctgnL − n , L ≥ Lc,
(9.20)

£¤¥ a =
√

nk/R3
c , Lc =

√
k2R2

c − 2nkRc, p = (3nk/Rc− k2)/(2a). � · ³¥É·
ε � 1 µ¶·¥¤¥²Ö¥É ¶·µ§· Î´µ¸ÉÓ Ö¤·  ¢ µ¡² ¸É¨ ³ ²ÒÌ ³µ³¥´Éµ¢, δ0 Ì · ±É¥-
·¨§Ê¥É Ö¤¥·´ÊÕ ·¥Ë· ±Í¨Õ. � · ³¥É·Ò L1, ∆1 ¨ L2, ∆2 µ¶·¥¤¥²ÖÕÉ · §³¥·Ò
¨ · §³ÒÉ¨Ö µ¡² ¸É¥° ¸¨²Ó´µ£µ ¶µ£²µÐ¥´¨Ö ¨ Ö¤¥·´µ° ·¥Ë· ±Í¨¨. �É³¥É¨³,
ÎÉµ ¢¶¥·¢Ò¥ ¸¨³³¥É·¨§µ¢ ´´ Ö · §³ÒÉ Ö ¸ÉÊ¶¥´Ó±  (9.19) ¡Ò²  ¶·¥¤²µ¦¥´ 
¤²Ö µ¶¨¸ ´¨Ö Ö¤¥·´µ° ¶²µÉ´µ¸É¨ ¢ [79, 80].

�  ·¨¸. 14 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¸¥Î¥´¨° Ê¶·Ê£µ£µ · ¤Ê¦´µ£µ
· ¸¸¥Ö´¨Ö ´  µ¸´µ¢¥ ³µ¤¥²¨ (9.17)Ä(9.20). „²Ö · ¸¸¥Ö´¨Ö αÄ92Zr ¶·¨ Ô´¥·-
£¨¨ E = 120 ŒÔ‚ ³ ² Ö ¶·µ§· Î´µ¸ÉÓ (ε = 0, 011) µ± §Ò¢ ¥É¸Ö ¤µ¸É ÉµÎ´µ°
¤²Ö ¶·µÖ¢²¥´¨Ö ÔËË¥±É  Ö¤¥·´µ° · ¤Ê£¨ (Ê£µ² · ¤Ê£¨ θr = 72◦ ¶µ± § ´ ´ 
·¨¸. 14,a ¸É·¥²±µ°). �¸µ¡¥´´µ Ö¸´µ µ´ ¢¨¤¥´ ¢ ¤ ²Ó´¥° ¸µ¸É ¢²ÖÕÐ¥° ¸¥Î¥-
´¨Ö, £¤¥ ´ ¡²Õ¤ ÕÉ¸Ö ¤¢  ¢Ò· ¦¥´´ÒÌ · ¤Ê¦´ÒÌ ³ ±¸¨³Ê³  ¢ µ¡² ¸É¨ θ < θr.
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¨¸. 14. �É´µÏ¥´¨e ¸¥Î¥´¨° σ(θ)/σR(θ) ¤²Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö: a) αÄ92Zr ¶·¨
Ô´¥·£¨¨ 120 ŒÔ‚ (· ¸Î¥É ¨§ [77], Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨§ [81]), ¡) 6Li Ä40Ca
¶·¨ 210 ŒÔ‚ (· ¸Î¥É ¨§ [77], Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨§ [82]) ¨ ¢) 9Be Ä16O ¶·¨
158 ŒÔ‚ (· ¸Î¥É ¨§ [78], Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨§ [83]). ‘¶²µÏ´Ò¥ ²¨´¨¨
¶µ± §Ò¢ ÕÉ ¶µ²´Ò¥ ¸¥Î¥´¨Ö,   ÏÉ·¨Ìµ¢Ò¥ ¨ ¶Ê´±É¨·´Ò¥ Å ¨Ì ¡²¨¦´¨¥ ¨ ¤ ²Ó´¨¥
¸µ¸É ¢²ÖÕÐ¨¥, · ¸¸Î¨É ´´Ò¥ ¶µ ¶·µÍ¥¤Ê·¥ ”Ê²²¥·  [53]
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“£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì Ê£² Ì · ¸¸¥Ö´¨Ö ¶µ²´µ¸ÉÓÕ
µ¶·¥¤¥²Ö¥É¸Ö ¤ ²Ó´¥° ¸µ¸É ¢²ÖÕÐ¥°, ¡Ò¸É·µ ¨ ¶² ¢´µ Ê¡Ò¢ ÕÐ¥° ¢ µ¡² ¸É¨
É¥´¨ θ > θr. k²¨¦´ÖÖ ¸µ¸É ¢²ÖÕÐ Ö Ô±¸¶µ´¥´Í¨ ²Ó´µ Ê¡Ò¢ ¥É ± ±  ³¶²¨ÉÊ¤ 
Ë· Ê´£µË¥·µ¢¸±µ£µ É¨¶ . ‚ µ¡² ¸É¨ ³ ²ÒÌ Ê£²µ¢ ¨³¥¥É ³¥¸Éµ ¡Ò¸É·µ¥ ¶¥·¥-
¸¥Î¥´¨¥ ¡²¨¦´¥° ¨ ¤ ²Ó´¥° ¸µ¸É ¢²ÖÕÐ¨Ì ¨ ´ ¡²Õ¤ ÕÉ¸Ö Ë· Ê´£µË¥·µ¢¸±¨¥
µ¸Í¨²²ÖÍ¨¨ ¢ ¤µ¢µ²Ó´µ Ê§±µ³ ¤¨ ¶ §µ´¥ Ê£²µ¢.

�·¨ · ¸¸¥Ö´¨¨ 6Li Ä40Ca ¶·µ§· Î´µ¸ÉÓ ¥Ð¥ ³¥´ÓÏ¥ (ε = 0, 0066), ¨ Ö¤¥·-
´ Ö · ¤Ê£  ¢Ò· ¦¥´  ¸² ¡µ (®¶·¨§· ±¯ · ¤Ê£¨ [84]), ± ± ¶µ²±  ´  ¤ ²Ó´¥° ¸µ-
¸É ¢²ÖÕÐ¥° (θr = 40◦). �¸´µ¢´µ° Î¥·Éµ° ¤ ´´µ£µ ¸¥Î¥´¨Ö Ö¢²Ö¥É¸Ö ¡Ò¸É·µ¥
Ë· Ê´£µË¥·µ¢¸±µ¥ ¶¥·¥¸¥Î¥´¨¥ ¡²¨¦´¥° ¨ ¤ ²Ó´¥° ¸µ¸É ¢²ÖÕÐ¨Ì.

„²Ö ¡µ²¥¥ ÉÖ¦¥²ÒÌ ¨µ´µ¢ 9Be Ö¤¥·´ Ö · ¤Ê£  ´ ¡²Õ¤ ¥É¸Ö ´  ²¥£±¨Ì Ö¤· Ì
³¨Ï¥´¨, ´ ¶·¨³¥·, ´  16O. ‡´ Î¥´¨¥ ε = 0, 003 ¢¥¸Ó³  ³ ²µ, ´µ ¤ ²Ó´ÖÖ ¸µ-
¸É ¢²ÖÕÐ Ö ¨³¥¥É § ³¥É´ÊÕ · ¤Ê¦´ÊÕ ¶µ²±Ê (θr = 73◦) ¨ ¶µ²´µ¸ÉÓÕ µ¶·¥-
¤¥²Ö¥É ¶µ¢¥¤¥´¨¥ ¸¥Î¥´¨Ö ¶·¨ θ > 35◦. ˆ§-§  ¡µ²ÓÏµ° · §´¨ÍÒ ¢ ¸±µ·µ¸É¨
Ê¡Ò¢ ´¨Ö ¡²¨¦´¥° ¨ ¤ ²Ó´¥° ¸µ¸É ¢²ÖÕÐ¨Ì Ë· Ê´£µË¥·µ¢¸±¨¥ µ¸Í¨²²ÖÍ¨¨
§ ÉÊÌ ÕÉ £µ· §¤µ · ´ÓÏ¥, Î¥³ Ëµ·³¨·Ê¥É¸Ö · ¤Ê¦´ Ö ¶µ²± .


 ¤Ê¦´µ¥ · ¸¸¥Ö´¨¥ É ±¦¥ ´ ¡²Õ¤ ¥É¸Ö ¢ · §²¨Î´ÒÌ ±¢ §¨Ê¶·Ê£¨Ì ¶·Ö-
³ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ (¶µ¤·µ¡´¥¥ ¸³. [85Ä87]).

10. ‡�Š‹5—…�ˆ…

‚¸¥  ¸¶¥±ÉÒ ¸µ¢·¥³¥´´µ° ¤¨Ë· ±Í¨µ´´µ° É¥µ·¨¨ Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨°
´¥¢µ§³µ¦´µ ¨§²µ¦¨ÉÓ ¢ µ¤´µ³ µ¡§µ·¥. �µÔÉµ³Ê ¶¥·¥Î¨¸²¨³ ±· É±µ ´¥±µÉµ-
·Ò¥ ¢ ¦´Ò¥ ¢µ¶·µ¸Ò ¤¨Ë· ±Í¨µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö Î ¸É¨Í ¸ Ö¤· ³¨ ¨ · -
¤Ê¦´µ£µ · ¸¸¥Ö´¨Ö, ¡ §¨·ÊÕÐ¨¥¸Ö ´  ¨§²µ¦¥´´ÒÌ ¢ÒÏ¥ ¨¤¥ÖÌ ¨ ¶·¨´Í¨¶ Ì,
±µÉµ·Ò¥ É ±¦¥ µÉ´µ¸ÖÉ¸Ö ± Ö¤¥·´µ° µ¶É¨±¥.

ˆ´É¥·¥¸´Ò³ ´ ¶· ¢²¥´¨¥³ ¢ ¤¨Ë· ±Í¨µ´´µ° É¥µ·¨¨ Ö¢²Ö¥É¸Ö ¨§ÊÎ¥´¨¥
¢§ ¨³µ¤¥°¸É¢¨Ö ¸²µ¦´ÒÌ Î ¸É¨Í ¸ Ö¤· ³¨. ‚¶¥·¢Ò¥ ¢²¨Ö´¨¥ ¢´ÊÉ·¥´´¥°
¸É·Ê±ÉÊ·Ò ¤¥°É·µ´µ¢ ´  ¸¥Î¥´¨Ö ¨Ì ¢§ ¨³µ¤¥°¸É¢¨Ö ¸  Éµ³´Ò³¨ Ö¤· ³¨ ¨§Ê-
Î ²µ¸Ó ¢ [88Ä90]. ‚ [91Ä93] ¡Ò²µ É¥µ·¥É¨Î¥¸±¨ ¶·¥¤¸± § ´µ ¤¨Ë· ±Í¨µ´´µ¥
· ¸Ð¥¶²¥´¨¥ ¤¥°É·µ´µ¢ ¢ ¶µ²¥ Ö¤· , ¢¶µ¸²¥¤¸É¢¨¨ ´ ¡²Õ¤ ¢Ï¥¥¸Ö Ô±¸¶¥·¨-
³¥´É ²Ó´µ. ‚ [94Ä97] ¨¸¸²¥¤µ¢ ² ¸Ó ¤¥°É·µ´´ Ö ·¥ ±Í¨Ö ¸·Ò¢ . ‚ ¤ ²Ó´¥°Ï¥³
¡Ò²  · §¢¨É  ¤¨Ë· ±Í¨µ´´ Ö É¥µ·¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö É·¥Ì´Ê±²µ´´ÒÌ Ö¤¥· ¸
ÉÖ¦¥²Ò³¨ Ö¤· ³¨ [98Ä100].

‚ ¦´ÊÕ ·µ²Ó ¢ · §¢¨É¨¨ É¥µ·¨¨ Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨° ¸Ò£· ²  ³µ¤¥²Ó
³´µ£µ±· É´µ£µ ¤¨Ë· ±Í¨µ´´µ£µ · ¸¸¥Ö´¨Ö [101, 102], µ¡µ¡Ð¥´´ Ö ¢¶µ¸²¥¤-
¸É¢¨¨ ¤²Ö · ¸¸¥Ö´¨Ö ¸²µ¦´ÒÌ Î ¸É¨Í Ö¤· ³¨ ¢ [103Ä106]. ‚ ÔÉµ° ³µ¤¥²¨
 ³¶²¨ÉÊ¤  · ¸¸¥Ö´¨Ö ´Ê±²µ´  ¨²¨ Ö¤·  Ö¤·µ³ ¸É·µ¨É¸Ö ¨§ ´Ê±²µ´-´Ê±²µ´´ÒÌ
 ³¶²¨ÉÊ¤ ¨ ¸É·Ê±ÉÊ·´ÒÌ Ë ±Éµ·µ¢ Ö¤¥·. �  µ¸´µ¢¥ ³µ¤¥²¨ [101, 102] ¢ [107Ä
109] ¡Ò²  · §¢¨É   ²ÓË -Î ¸É¨Î´ Ö ³µ¤¥²Ó ¸ ¤¨¸¶¥·¸¨¥° ¤²Ö Ö¤¥· 12C ¨ 16O,
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¢ ±µÉµ·µ°  ³¶²¨ÉÊ¤  · ¸¸¥Ö´¨Ö ´ ²¥É ÕÐ¥° Î ¸É¨ÍÒ Ö¤·µ³ ¸É·µ¨² ¸Ó ¨§  ³-
¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö ÔÉµ° Î ¸É¨ÍÒ  ²ÓË -±² ¸É¥· ³¨.

� ·Ö¤Ê ¸ Ê¶·Ê£¨³ · ¸¸¥Ö´¨¥³ É¥µ·¨Ö µ¶¨¸Ò¢ ¥É É ±¦¥ · §²¨Î´Ò¥ ´¥Ê¶·Ê-
£¨¥ ¶·µÍ¥¸¸Ò ¨ ¶µ²Ö·¨§ Í¨µ´´Ò¥ Ö¢²¥´¨Ö, ´¥ ¨³¥ÕÐ¨¥  ´ ²µ£¨¨ ¢ µ¶É¨±¥
[46, 110Ä119]. ’ ±¨³ µ¡· §µ³, Ö¤¥·´ Ö µ¶É¨±  ¡µ£ Î¥ ¨ · §´µµ¡· §´¥¥ µ¡ÒÎ-
´µ° µ¶É¨±¨,   S-³ É·¨Î´Ò° ¶µ¤Ìµ¤, ²¥¦ Ð¨° ¢ ¥¥ µ¸´µ¢¥, ¶µ§¢µ²Ö¥É ¶·µ¢µ-
¤¨ÉÓ  ´ ²¨§ ³´µ£µÎ¨¸²¥´´ÒÌ Ö¤¥·´ÒÌ ¶·µÍ¥¸¸µ¢ ¨ ¢ÒÖ¸´ÖÉÓ ³¥Ì ´¨§³Ò ¨Ì
¶·µÉ¥± ´¨Ö.
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ÓÄÊ 539.172; 539.173

Êîìïàóíä-ÿäðà â ðåàêöèÿõ ñ òÿæåëûìè èîíàìè. ��������	
 ��
� Ôèçèêà ýëå-

ìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà, 2000, òîì 31, âûï.2, ñ.273.

Â ðàìêàõ åäèíîãî òåîðåòè÷åñêîãî ïîäõîäà ïðîàíàëèçèðîâàí îáøèðíûé ýêñïåðè-
ìåíòàëüíûé ìàòåðèàë î ðàçëè÷íûõ êàíàëàõ ðàñïàäà êîìïàóíä-ÿäåð: äåëåíèÿ âîçáó-
æäåííûõ äîàêòèíèäíûõ ÿäåð; èñïàðåíèÿ íóêëîíîâ è çàðÿæåííûõ ÷àñòèö, ïðèâîäÿ-
ùèõ ê îáðàçîâàíèþ êîíå÷íûõ ÿäåð-ïðîäóêòîâ; ýìèññèè êëàñòåðîâ èç âîçáóæäåííûõ
êîìïàóíä- ÿäåð; îáðàçîâàíèÿ òÿæåëûõ è ñâåðõòÿæåëûõ ÿäåð â ðåàêöèÿõ ïîëíîãî ñëèÿ-
íèÿ. Ïðîâåäåíû ðàñ÷åòû ñå÷åíèé äåëåíèÿ è ñå÷åíèé îáðàçîâàíèÿ êîíå÷íûõ ÿäåð-ïðî-
äóêòîâ ïîñëå èñïàðèòåëüíî-äåëèòåëüíîãî êàñêàäà, óãëîâûõ ðàñïðåäåëåíèé îñêîëêîâ
äåëåíèÿ, ñå÷åíèé âûëåòà è ñïåêòðîâ íóêëîíîâ, ëåãêèõ çàðÿæåííûõ ÷àñòèö è êëàñòå-
ðîâ. Ïîêàçàíî, ÷òî ñòàòèñòè÷åñêàÿ ìîäåëü ðàñïàäà âîçáóæäåííûõ êîìïàóíä-ÿäåð ñ ïî-
ñëåäîâàòåëüíûì ó÷åòîì îáîëî÷å÷íûõ ýôôåêòîâ â ÿäðàõ-ïðîäóêòàõ äåâîçáóæäåíèÿ äî-
ñòàòî÷íî ïîëíî îïèñûâàåò ñòðóêòóðíûå îñîáåííîñòè îòäåëüíûõ êîìïàóíä-ÿäåð è ïî-
çâîëÿåò íàãëÿäíî âûäåëÿòü è àíàëèçèðîâàòü ðàçëè÷íûå õàðàêòåðèñòèêè èõ ðàñïàäà. Â

ñî÷åòàíèè ñ äèíàìè÷åñêèìè ìîäåëÿìè, íåîáõîäèìûìè äëÿ îïèñàíèÿ íà÷àëüíîé ñòà-
äèè ðåàêöèè, ñòàòèñòè÷åñêàÿ ìîäåëü ÿâëÿåòñÿ õîðîøåé îñíîâîé äëÿ îïèñàíèÿ ÿäåð-

íûõ ðåàêöèé ñ òÿæåëûìè èîíàìè ïðè ýíåðãèÿõ íàëåòàþùèõ ÷àñòèö âïëîòü äî

10 15÷ ÌýÂ/íóêëîí.

Èë. 20. Áèáëèîãð.: 44.

ÓÄÊ 539.172.3

Ãèãàíòñêèå ðåçîíàíñû â àòîìíûõ ÿäðàõ. 
������ ����� ��	� ����� �������
���� Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà, 2000, òîì 31, âûï.2, ñ.313.

Íà îáùåôèçè÷åñêîì óðîâíå è â øèðîêîì êîíòåêñòå äàåòñÿ îáçîð ñîâðåìåííîãî

ñîñòîÿíèÿ ïðîáëåìû ãèãàíòñêèõ ðåçîíàíñîâ (GR) â àòîìíûõ ÿäðàõ. Ïîñëå íåáîëüøîãî

èñòîðè÷åñêîãî ââåäåíèÿ è îáñóæäåíèÿ ôèçèêè ôîðìèðîâàíèÿ è ðàñïàäà ãèãàíòñêîãî
äèïîëüíîãî ðåçîíàíñà (GDR) â åãî äâóõ ôîðìàõ, ñîîòâåòñòâóþùèõ âîçáóæäåíèþ îä-
íîé êîëëåêòèâíîé ñòåïåíè ñâîáîäû (ñðåäíèå è òÿæåëûå ÿäðà) è íåñêîëüêèõ îáîëî÷å÷-

íûõ (ôîðìà GDR â ëåãêèõ ÿäðàõ), ðàññìàòðèâàþòñÿ ïðîáëåìû äðóãèõ GR:

— ýëåêòðè÷åñêèõ GR, ÿâëÿþùèõñÿ îòêëèêîì ÿäðà íà âîçäåéñòâèå âíåøíèõ ýëåê-

òðè÷åñêèõ ïîëåé ðàçëè÷íîé ìóëüòèïîëüíîñòè;

— ñïèíîâûõ GR, íàèáîëåå ëåãêî âîçáóæäàåìûõ ïðè çîíäèðîâàíèè ÿäåð çàðÿæåí-
íûìè ïîëÿìè, ýôôåêòèâíî âîçíèêàþùèìè â ðåàêöèÿõ òèïà ( p n, ), (µ, v), (γ π, ) è ò. ä.;

— ìàãíèòíûõ GR;

— äâóõôîíîííûõ âîçáóæäåíèé òèïà DGDR, DIAS;

— GDR â íàãðåòûõ ÿäðàõ;

Â çàêëþ÷åíèå ôîðìóëèðóþòñÿ èçìåíåíèÿ â ïðîáëåìå GR ñïóñòÿ òðè äåñÿòèëåòèÿ
ïîñëå ïåðâûõ ïîïûòîê ïîíÿòü â ðàìêàõ òåîðèè ñðåäíåãî ïîëÿ ÿâëåíèå GDR.

Èë. 26. Áèáëèîãð.: 67.

ÓÄÊ 539.172.4

Âëèÿíèå ñòðóêòóðû âîçáóæäåííûõ ñîñòîÿíèé òÿæåëûõ ÿäåð íà ïðîöåññ êàñêàä-
íîãî γ-ðàñïàäà â äèàïàçîíå ýíåðãèè ñâÿçè íåéòðîíà. ���	�� �� ����� ������!
��"�� #	���� ���� Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà, 2000, òîì 31, âûï.2,
ñ.350.

ÐÅÔÅÐÀÒÛ ÑÒÀÒÅÉ, ÏÎÌÅÙÅÍÍÛÕ Â ÂÛÏÓÑÊÅ



Ýêñïåðèìåíòàëüíàÿ èíôîðìàöèÿ îá èíòåíñèâíîñòè ýêñïåðèìåíòàëüíî ðàçðåøåí-

íûõ äâóõêâàíòîâûõ êàñêàäîâ è î åå ñóììå äëÿ èíòåðâàëîâ ýíåðãèé âîçáóæäåíèÿ øèðè-

íîé 0,5 ÌýÂ êàæäûé ïîçâîëèëà âûïîëíèòü äåòàëüíûé è ýôôåêòèâíûé àíàëèç ôàêòî-
ðîâ, îïðåäåëÿþùèõ ðàçâèòèå ïðîöåññà êàñêàäíîãî γ-ðàñïàäà êîìïàóíä-ñîñòîÿíèé

ÿäåð ñ âûñîêîé ïëîòíîñòüþ óðîâíåé â íèõ. Ïîëó÷åíà êàðòèíà ðàçâèòèÿ ýòîãî ïðîöåññà

â èíòåðâàëå âîçáóæäåíèé, ïðàêòè÷åñêè ðàâíîì ýíåðãèè ñâÿçè íåéòðîíà.

Âûïîëíåííûé àíàëèç ïîêàçûâàåò, ÷òî äëÿ ðàñ÷åòà, íàïðèìåð, óñðåäíåííûõ ñå÷å-
íèé çàõâàòà íåéòðîíîâ â äåôîðìèðîâàííûõ ÿäðàõ, êàê ìèíèìóì, è ñïåêòðîâ èñïóñêàå-
ìûõ ïðè ýòîì γ-êâàíòîâ ñ òî÷íîñòüþ, ñîîòâåòñòâóþùåé äîñòèãíóòîé â ýêñïåðèìåíòå,

íåîáõîäèì ó÷åò âëèÿíèÿ ñòðóêòóðû âîçáóæäàåìûõ óðîâíåé êàê íà èõ ïëîòíîñòü, òàê è

íà âåðîÿòíîñòè ïîÿâëåíèÿ γ-êâàíòîâ. Èìåþùèåñÿ íà ñåãîäíÿøíèé äåíü ýêñïåðèìåí-

òàëüíûå äàííûå ïî èíòåíñèâíîñòÿì êàñêàäîâ ðàäèàöèîííîãî çàõâàòà òåïëîâûõ íåé-
òðîíîâ ìîãóò áûòü âîñïðîèçâåäåíû ðàñ÷åòîì ñ òî÷íîñòüþ ýêñïåðèìåíòà òîëüêî â ðàì-
êàõ íîâûõ èëè ñèëüíî ìîäåðíèçèðîâàííûõ ïðåäñòàâëåíèé î ïàðàìåòðàõ, îïðåäåëÿþ-

ùèõ ïðîöåññ ðàäèàöèîííîãî çàõâàòà íåéòðîíà.

Ýòî âåñüìà íåìîíîòîííàÿ (âåðîÿòíî, ñòóïåí÷àòàÿ) çàâèñèìîñòü ïëîòíîñòè ó÷à-
ñòâóþùèõ â íåì ñîñòîÿíèé îò ýíåðãèè âîçáóæäåíèÿ ÿäðà è ñóìì ñèëîâûõ ôóíêöèé äè-
ïîëüíûõ ïåðåõîäîâ îò ýíåðãèè γ-êâàíòà. Èíòåðïðåòàöèÿ ïîëó÷åííûõ ðåçóëüòàòîâ ïî-

çâîëèëà íàìåòèòü ïðåäâàðèòåëüíîå è òîëüêî êà÷åñòâåííîå îáúÿñíåíèå íàáëþäàåìûõ

ýôôåêòîâ êàê ïåðåõîä ÿäðà èç ñîñòîÿíèÿ, â êîòîðîì åãî ñâîéñòâà îïðåäåëÿþòñÿ ïðå-

èìóùåñòâåííî äîìèíèðóþùèì âëèÿíèåì êîëåáàíèé ïîâåðõíîñòè, â ñîñòîÿíèå äîìè-
íèðóþùåãî âëèÿíèÿ âíóòðåííèõ âîçáóæäåíèé. Ýíåðãèÿ âîçáóæäåíèÿ, ñîîòâåòñòâóþ-
ùàÿ ïåðåõîäó îò âîçáóæäåíèé áîçîííîãî òèïà ê ôåðìèîííûì, â èçó÷åííûõ ÿäðàõ ðàâ-

íÿåòñÿ ~ 3 äëÿ íå÷åòíî-íå÷åòíûõ è ~ 4 ÌýÂ äëÿ ÷åòíî-÷åòíûõ ÿäåð. Óêàçàíà àíàëîãèÿ

èç ôèçèêè êîíäåíñèðîâàííûõ ñðåä (ñìåñü æèäêèõ èçîòîïîâ ãåëèÿ), êîòîðàÿ ìîæåò

áûòü èñïîëüçîâàíà äëÿ îáúÿñíåíèÿ ïðè÷èíû óìåíüøåíèÿ ýíåðãèè ïåðåõîäà ïî ñðàâíå-
íèþ ñ àíàëîãè÷íîé âåëè÷èíîé äëÿ ÷èñòî áîçîííîé ñèñòåìû.

Èë. 7. Áèáëèîãð.: 32.

ÓÄÊ 539.172.2

Âîçáóæäåíèå èçîìåðíûõ ñîñòîÿíèé ÿäåð â ôîòîíåéòðîííûõ ðåàêöèÿõ â îáëàñòè
ãèãàíòñêîãî äèïîëüíîãî ðåçîíàíñà. "�$�� ��"� Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è

àòîìíîãî ÿäðà, 2000, òîì 31, âûï.2, ñ.385.

Â îáçîðå èçëîæåíû ýêñïåðèìåíòàëüíûå äàííûå ïî èññëåäîâàíèþ ñå÷åíèé âîçáó-

æäåíèÿ èçîìåðíûõ ñîñòîÿíèé ÿäåð è èçîìåðíûõ îòíîøåíèé â ðåàêöèè ( , )γ n â îáëàñòè

ýíåðãèé ãèãàíòñêîãî äèïîëüíîãî ðåçîíàíñà. Îõâà÷åí øèðîêèé êðóã ÿäåð ñ A = ÷45 197.
Ïðèâåäåíî ñðàâíåíèå ýêñïåðèìåíòàëüíûõ çíà÷åíèé èçîìåðíûõ îòíîøåíèé ñ ðàñ÷åòà-
ìè, à òàêæå ñ ðåçóëüòàòàìè èç äðóãèõ ðåàêöèé ( , )n n2 , ( , )p n è äð.

Òàáë. 16. Èë. 20. Áèáëèîãð.: 97.

ÓÄÊ 538.915;538.954

Ïðèáëèæåíèå Õàðòðè—Ôîêà—Áîãîëþáîâà â ìîäåëÿõ ñ ÷åòûðåõôåðìèîííûì
âçàèìîäåéñòâèåì. ��%��&'�� (���)���� Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî
ÿäðà, 2000, òîì 31, âûï.2, ñ.431.

Ðàññìîòðåíà òî÷íî ðåøàåìàÿ ìîäåëü ñ ïàðíûì ÷åòûðåõôåðìèîííûì âçàèìîäåé-
ñòâèåì, ïðåäñòàâëÿþùàÿ èíòåðåñ â òåîðèè ñâåðõïðîâîäèìîñòè. Ïîêàçàíî, ÷òî ìîæíî

514 ÐÅÔÅÐÀÒÛ



ïîñòðîèòü àñèìïòîòè÷åñêè òî÷íîå ðåøåíèå äëÿ ýòîé ìîäåëè, èñïîëüçóÿ ìåòîä àïïðîê-

ñèìèðóþùèõ ãàìèëüòîíèàíîâ. Äîêàçàíà òåîðåìà, ïîçâîëÿþùàÿ âû÷èñëèòü àñèìïòî-

òè÷åñêè òî÷íî â òåðìîäèíàìè÷åñêîì ïðåäåëå ïëîòíîñòü ñâîáîäíîé ýíåðãèè ïðè äîñòà-
òî÷íî îáùèõ óñëîâèÿõ, íàëîæåííûõ íà ïàðàìåòðû ìîäåëüíîé ñèñòåìû. Ïðåäëîæåí

ïðèáëèæåííûé ìåòîä èññëåäîâàíèÿ ìîäåëåé ñ ÷åòûðåõôåðìèîííûì âçàèìîäåéñòâèåì

îáùåãî âèäà, îñíîâàííûé íà èäåå ïîñòðîåíèÿ íåêîòîðîãî àïïðîêñèìèðóþùåãî ãà-

ìèëüòîíèàíà è ïîçâîëÿþùèé èññëåäîâàòü òåðìîäèíàìè÷åñêèå ñâîéñòâà ýòèõ ìîäåëåé

è êîððåëÿöèîííûå ôóíêöèè. Óêàçàííûé ìåòîä îáúåäèíÿåò ñòàíäàðòíûé äëÿ ìåòîäà àï-
ïðîêñèìèðóþùåãî ãàìèëüòîíèàíà ïîäõîä ê èññëåäîâàíèþ ìîäåëåé ñ ñåïàðàáåëüíûì

âçàèìîäåéñòâèåì ñî ñõåìîé ïðèáëèæåííûõ âû÷èñëåíèé Õàðòðè—Ôîêà—Áîãîëþáî-

âà, îñíîâàííîé íà èäåå ñàìîñîãëàñîâàííîñòè. Â êà÷åñòâå èëëþñòðàöèè ýôôåêòèâíî-

ñòè ïðåäëàãàåìîãî ïîäõîäà ðàññìîòðåíà ìîäåëü Áàðäèíà—Êóïåðà—Øpèôôåðà, èãðà-

þùàÿ âàæíóþ ðîëü â òåîðèè ñâåðõïðîâîäèìîñòè.

Áèáëèîãð.: 16.

ÓÄÊ 539.17

Êâàíòîâàÿ èíòåðôåðåíöèÿ è ÿäåðíàÿ îïòèêà. ��	 $ � ��
�� � � ���! ����� �	*
�	+ �
� ���� Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà, 2000, òîì 31, âûï.2,

ñ.458.

Ðàññìîòðåíî ñîâðåìåííîå ñîñòîÿíèå äèôðàêöèîííîé òåîðèè ÿäåðíûõ ñòîëêíîâå-

íèé. Îáñóæäàþòñÿ îáùèå ïðèíöèïû êâàíòîâîé äèôðàêöèè è ïîâåäåíèå äèôôåðåíöè-
àëüíûõ ñå÷åíèé è ïîëÿðèçàöèîííûõ õàðàêòåðèñòèê óïðóãîãî ðàññåÿíèÿ ÷àñòèö ÿäðà-
ìè. Èñïîëüçîâàíî ðàçëîæåíèå àìïëèòóä ðàññåÿíèÿ íà áëèæíþþ è äàëüíþþ ñîñòàâëÿ-

þùèå äëÿ àíàëèçà ïðîöåññîâ ðàññåÿíèÿ. Èçó÷åíû ðàçëè÷íûå ïðîöåññû

âçàèìîäåéñòâèÿ òÿæåëûõ èîíîâ ñ ÿäðàìè. Ïðèâåäåíû ðåçóëüòàòû àíàëèçà ýêñïåðèìåí-

òàëüíûõ äàííûõ.

Èë. 14. Áèáëèîãð.: 119.

ÐÅÔÅÐÀÒÛ 515
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Ê ÑÂÅÄÅÍÈÞ ÀÂÒÎÐÎÂ

Â æóðíàëå «Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà» (Ý×Àß) ïå÷àòàþòñÿ îáçîðû ïî
àêòóàëüíûì ïðîáëåìàì òåîðåòè÷åñêîé è ýêñïåðèìåíòàëüíîé ôèçèêè ýëåìåíòàðíûõ ÷àñòèö è

àòîìíîãî ÿäðà, ïðîáëåìàì ñîçäàíèÿ íîâûõ óñêîðèòåëüíûõ è ýêñïåðèìåíòàëüíûõ óñòàíîâîê, àâ-

òîìàòèçàöèè îáðàáîòêè ýêñïåðèìåíòàëüíûõ äàííûõ. Ñòàòüè ïå÷àòàþòñÿ íà ðóññêîì è àíãëèé-
ñêîì ÿçûêàõ. Ðåäàêöèÿ ïðîñèò àâòîðîâ ïðè íàïðàâëåíèè ñòàòüè â ïå÷àòü ðóêîâîäñòâîâàòüñÿ èçëî-

æåííûìè íèæå ïðàâèëàìè.

1. Òåêñò ñòàòüè äîëæåí áûòü íàïå÷àòàí íà ìàøèíêå ÷åðåç äâà èíòåðâàëà íà îäíîé ñòîðîíå

ëèñòà (îáÿçàòåëüíî ïðåäñòàâëÿåòñÿ ïåðâûé ìàøèíîïèñíûé ýêçåìïëÿð). Ïîëÿ ñ îäíîé ñòîðîíû
äîëæíû áûòü íå óæå 3—4 ñì, ðóêîïèñíûå âñòàâêè íå äîïóñêàþòñÿ. Ýêçåìïëÿð ñòàòüè äîëæåí

âêëþ÷àòü àííîòàöèè è íàçâàíèå íà ðóññêîì è àíãëèéñêîì ÿçûêàõ, ðåôåðàò íà ðóññêîì ÿçûêå,

ÓÄÊ, ñâåäåíèÿ îá àâòîðàõ: ôàìèëèÿ è èíèöèàëû (íà ðóññêîì è àíãëèéñêîì ÿçûêàõ), íàçâàíèå èí-
ñòèòóòà, àäðåñ è òåëåôîí. Âñå ñòðàíèöû òåêñòà äîëæíû áûòü ïðîíóìåðîâàíû. Ñòàòüÿ äîëæíà

áûòü ïîäïèñàíà âñåìè àâòîðàìè. Òåêñò ñòàòüè ìîæåò áûòü íàïå÷àòàí íà ïðèíòåðå ñ ñîáëþäåíèåì

òåõ æå ïðàâèë.

2. Ôîðìóëû è îáîçíà÷åíèÿ äîëæíû áûòü âïèñàíû êðóïíî, ÷åòêî, îò ðóêè òåìíûìè ÷åðíè-

ëàìè (ëèáî íàïå÷àòàíû íà ïðèíòåðå è îáÿçàòåëüíî ðàçìå÷åíû). Æåëàòåëüíî íóìåðîâàòü òîëüêî òå
ôîðìóëû, íà êîòîðûå èìåþòñÿ ññûëêè â òåêñòå. Íîìåð ôîðìóëû óêàçûâàåòñÿ ñïðàâà â êðóãëûõ

ñêîáêàõ. Îñîáîå âíèìàíèå ñëåäóåò îáðàòèòü íà àêêóðàòíîå èçîáðàæåíèå èíäåêñîâ è ïîêàçàòåëåé

ñòåïåíåé: íèæíèå èíäåêñû îòìå÷àþòñÿ çíàêîì ïîíèæåíèÿ ∩, âåðõíèå — çíàêîì ïîâûøåíèÿ ∪ ;

øòðèõè íåîáõîäèìî ÷åòêî îòëè÷àòü îò åäèíèöû, à åäèíèöó — îò çàïÿòîé. Ñëåäóåò, ïî âîçìîæ-

íîñòè, èçáåãàòü ãðîìîçäêèõ îáîçíà÷åíèé è óïðîùàòü íàáîð ôîðìóë (íàïðèìåð, ïðèìåíÿÿ exp,
äðîáü ÷åðåç êîñóþ ÷åðòó).

Âî èçáåæàíèå íåäîðàçóìåíèé è îøèáîê ñëåäóåò äåëàòü ÿñíîå ðàçëè÷èå ìåæäó ïðîïèñíûìè

è ñòðî÷íûìè áóêâàìè, îäèíàêîâûìè ïî íà÷åðòàíèþ (V è v, U è u, W è w, O è o, K è k, S è s, C è c,

P è p, Z è z), ïðîïèñíûå ïîä÷åðêèâàþòñÿ äâóìÿ ÷åðòàìè ñíèçó, ñòðî÷íûå — äâóìÿ ÷åðòàìè
ñâåðõó (S è s, C è c). Íåîáõîäèìî äåëàòü ÷åòêîå ðàçëè÷èå ìåæäó áóêâàìè å, l , O (áîëüøîé) è î (ìà-

ëîé) è 0 (íóëåì), äëÿ ÷åãî áóêâû Î è î îòìå÷àþò äâóìÿ ÷åðòî÷êàìè, à íóëü îñòàâëÿþò áåç ïîä÷åð-
êèâàíèÿ. Ãðå÷åñêèå áóêâû ïîä÷åðêèâàþòñÿ êðàñíûì êàðàíäàøîì, âåêòîðû — ñèíèì, ëèáî çíà-

êîì ñíèçó ÷åðíèëàìè. Íå ðåêîìåíäóåòñÿ èñïîëüçîâàòü äëÿ îáîçíà÷åíèÿ âåëè÷èí áóêâû ãîòè-

÷åñêîãî, ðóêîïèñíîãî è äðóãèõ ìàëîóïîòðåáèìûõ â æóðíàëüíûõ ñòàòüÿõ øðèôòîâ, îäíàêî åñëè
òàêóþ áóêâó íåëüçÿ çàìåíèòü áóêâîé ëàòèíñêîãî èëè ãðå÷åñêîãî àëôàâèòà, òî åå ðàçìå÷àþò ïðî-

ñòûì êàðàíäàøîì (îáâîäÿò êðóæêîì). Â ñëó÷àå, åñëè íàïèñàíèå ìîæåò âûçâàòü ñîìíåíèå, íåîá-

õîäèìî íà ïîëÿõ äàòü ïîÿñíåíèå, íàïðèìåð, ζ — «äçåòà», ξ — «êñè», k — ëàò., ê — ðóññê.

3. Ðèñóíêè ïðåäñòàâëÿþò íà îòäåëüíûõ ëèñòàõ áåëîé áóìàãè èëè êàëüêè ñ óêàçàíèåì íà
îáîðîòå íîìåðà ðèñóíêà è íàçâàíèÿ ñòàòüè. Òîíîâûå ôîòîãðàôèè äîëæíû áûòü ïðåäñòàâëåíû â

äâóõ ýêçåìïëÿðàõ, íà îáîðîòå êàðàíäàøîì óêàçàòü: «âåðõ», «íèç». Ãðàôèêè äîëæíû áûòü òùà-

òåëüíî âûïîëíåíû òóøüþ èëè ÷åðíûìè ÷åðíèëàìè: íå ðåêîìåíäóåòñÿ çàãðîìîæäàòü ðèñóíîê íå-
íóæíûìè äåòàëÿìè: áîëüøèíñòâî íàäïèñåé âûíîñèòñÿ â ïîäïèñü, à íà ðèñóíêå çàìåíÿåòñÿ

öèôðàìè èëè áóêâàìè. Æåëàòåëüíî, ÷òîáû ðèñóíêè áûëè ãîòîâû ê ïðÿìîìó ðåïðîäóöèðîâàíèþ.

Ïîäïèñè ê ðèñóíêàì ïðåäñòàâëÿþòñÿ íà îòäåëüíûõ ëèñòàõ.

4. Òàáëèöû äîëæíû áûòü íàïå÷àòàíû íà îòäåëüíûõ ëèñòàõ, êàæäàÿ òàáëèöà äîëæíà èìåòü

çàãîëîâîê. Ñëåäóåò óêàçûâàòü åäèíèöû èçìåðåíèÿ âåëè÷èí â òàáëèöàõ.

5. Ñïèñîê ëèòåðàòóðû ïîìåùàåòñÿ â êîíöå ñòàòüè. Ññûëêè â òåêñòå äàþòñÿ ñ óêàçàíèåì íî-

ìåðà ññûëêè íà ñòðîêå â êâàäðàòíûõ ñêîáêàõ. Â ëèòåðàòóðíîé ññûëêå äîëæíû áûòü óêàçàíû: äëÿ
êíèã — ôàìèëèè àâòîðîâ, èíèöèàëû, íàçâàíèå êíèãè, ãîðîä, èçäàòåëüñòâî (èëè îðãàíèçàöèÿ), ãîä



èçäàíèÿ, òîì (÷àcòü, ãëàâà), öèòèðóåìàÿ ñòðàíèöà, åñëè íóæíî; äëÿ ñòàòåé — ôàìèëèè àâòîðîâ,
èíèöèàëû, íàçâàíèå æóðíàëà, ñåðèÿ, ãîä èçäàíèÿ, òîì (íîìåð, âûïóñê, åñëè ýòî íåîáõîäèìî),

ïåðâàÿ ñòðàíèöà ñòàòüè. Åñëè àâòîðîâ áîëåå ïÿòè, òî óêàçàòü òîëüêî ïåðâûå òðè ôàìèëèè.
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