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‘ÉμÌ ¸É¨Î¥¸± Ö ³μ¤¥²Ó Ëμ·³¨·μ¢ ´¨Ö Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨°
μ¸±μ²±μ¢ ¤¥²¥´¨Ö ¢μ§¡Ê¦¤¥´´ÒÌ ±μ³¶ Ê´¤-Ö¤¥·

�·¥¤¸É ¢²¥´Ò · ¸Î¥ÉÒ  ´¨§μÉ·μ¶¨¨ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° μ¸±μ²±μ¢ ¤¥²¥´¨Ö ¨ ¸·¥¤-
´¥° ³´μ¦¥¸É¢¥´´μ¸É¨ ¶·¥¤· §·Ò¢´ÒÌ ´¥°É·μ´μ¢, ¢Ò¶μ²´¥´´Ò¥ ¢ · ³± Ì ¸ÉμÌ ¸É¨Î¥¸±μ£μ
¶μ¤Ìμ¤  ± ¤¨´ ³¨±¥ ¤¥²¥´¨Ö, μ¸´μ¢ ´´μ£μ ´  É·¥Ì³¥·´ÒÌ Ê· ¢´¥´¨ÖÌ ‹ ´¦¥¢¥´ . „ ´´Ò°
¶μ¤Ìμ¤ μ¡Ñ¥¤¨´¥´ ¸ ³μ´É¥-± ·²μ¢¸±¨³  ²£μ·¨É³μ³ ¤²Ö ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò K (¶·μ¥±Í¨¥°
¶μ²´μ£μ ³μ³¥´É  I ´  μ¸Ó ¤¥²¥´¨Ö). ‚·¥³Ö ·¥² ±¸ Í¨¨ ±μμ·¤¨´ ÉÒ K · ¸¸³ É·¨¢ ²μ¸Ó
± ± ¸¢μ¡μ¤´Ò° ¶ · ³¥É· ³μ¤¥²¨, μÍ¥´±  ±μÉμ·μ£μ ¢Ò¶μ²´¥´  ¨§ Ê¸²μ¢¨Ö ´ ¨²ÊÎÏ¥£μ μ¶¨-
¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ  ´¨§μÉ·μ¶¨¨ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨°. �Í¥´±  ¢·¥-
³¥´¨ ·¥² ±¸ Í¨¨ τK ¸μ¸É ¢¨²  2 · 10−21 ¸ ¤²Ö ¸μ¸É ¢´ÒÌ Ö¤¥· 224Th, 225Pa ¨ 4 · 10−21 ¸
¤²Ö ¡μ²¥¥ ÉÖ¦¥²ÒÌ 248Cf, 254Fm ¨ 264Rf. „²Ö · ¸Î¥É  ¶μÉ¥´Í¨ ²Ó´μ° Ô´¥·£¨¨ ¨¸¶μ²Ó§μ-
¢ ² ¸Ó É¥³¶¥· ÉÊ·´μ-§ ¢¨¸¨³ Ö ³μ¤¥²Ó ¦¨¤±μ° ± ¶²¨, ÊÎ¨ÉÒ¢ ÕÐ Ö ±μ´¥Î´μ¸ÉÓ · ¤¨Ê¸ 
¤¥°¸É¢¨Ö Ö¤¥·´ÒÌ ¸¨² ¨ ¤¨ËËÊ§´μ¸ÉÓ ¶μ¢¥·Ì´μ¸É¨ Ö¤· . „²Ö μ¶¨¸ ´¨Ö ¤¨¸¸¨¶ Í¨¨ ±μ²-
²¥±É¨¢´μ° Ô´¥·£¨¨ ¨¸¶μ²Ó§μ¢ ²¸Ö ³μ¤¨Ë¨Í¨·μ¢ ´´Ò° μ¤´μÉ¥²Ó´Ò° ³¥Ì ´¨§³ ¢Ö§±μ¸É¨
¸ ±μÔËË¨Í¨¥´Éμ³ ·¥¤Ê±Í¨¨ ks ¢±² ¤  μÉ Ëμ·³Ê²Ò ®¸É¥´Ò¯. ŠμÔËË¨Í¨¥´É ks É ±¦¥
Ö¢²Ö²¸Ö ¸¢μ¡μ¤´Ò³ ¶ · ³¥É·μ³ ¨ ¡Ò² ¢Ò¡· ´ · ¢´Ò³ 0,5 ¨§ Ê¸²μ¢¨Ö μ¶¨¸ ´¨Ö Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ ¸·¥¤´¥° ¶·¥¤· §·Ò¢´μ° ³´μ¦¥¸É¢¥´´μ¸É¨ ´¥°É·μ´μ¢.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ.�. ”²¥·μ¢  �ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2007

Hiryanov R. M., Karpov A.V., Adeev G.D. P7-2007-78
Stochastic Model of Fission Fragment Angular Distribution for Excited
Compound Nuclei

A dynamical approach to treatment of the ˇssion fragment angular distribution is devel-
oped. The approach is based on three-dimensional Langevin dynamics for shape collective
coordinates joined with Monte-Carlo algorithm for the degree of freedom associated with
projection K of the total angular momentum of ˇssioning system on the symmetry axis. The
relaxation time of the tilting mode τK is estimated. From the ˇts to the experimental data on
the ˇssion fragment angular distribution of heavy ˇssioning compound systems the K equili-
bration time is deduced to be (2−4) · 10−21 s for the temperatures ∼ 1−2 MeV. A modiˇed
one-body mechanism of nuclear dissipation with reduction coefˇcient of the contribution from
the ®wall¯ formula ks = 0.5 has been used in the calculations.

The investigation has been performed at the Flerov Laboratory of Nuclear Reactions,
JINR.
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�·¨ É¥μ·¥É¨Î¥¸±μ³  ´ ²¨§¥ ¤ ´´ÒÌ ¶μ Ê£²μ¢Ò³ · ¸¶·¥¤¥²¥´¨Ö³ μ¸±μ²-
±μ¢ ¤¥²¥´¨Ö É· ¤¨Í¨μ´´μ ¨¸¶μ²Ó§Ê¥É¸Ö ³μ¤¥²Ó ¶¥·¥Ìμ¤´μ£μ ¸μ¸ÉμÖ´¨Ö [1Ä3].
‘ÊÉÓ ¥¥ § ±²ÕÎ ¥É¸Ö ¢ ¶·¥¤¶μ²μ¦¥´¨¨, ÎÉμ ¸ÊÐ¥¸É¢Ê¥É ´¥±μÉμ· Ö ¢Ò¤¥²¥´´ Ö
(¶¥·¥Ìμ¤´ Ö) ±μ´Ë¨£Ê· Í¨Ö ¤¥²ÖÐ¥°¸Ö ¸¨¸É¥³Ò, ±μÉμ· Ö μ¶·¥¤¥²Ö¥É Ê£²μ¢μ¥
· ¸¶·¥¤¥²¥´¨¥ μ¸±μ²±μ¢ ¤¥²¥´¨Ö. �·¨ ÔÉμ³ ¸ÊÐ¥¸É¢ÊÕÉ ¤¢  ¶·¥¤¥²Ó´ÒÌ ¶·¥¤-
¶μ²μ¦¥´¨Ö μ ¶μ²μ¦¥´¨¨ ¶¥·¥Ìμ¤´μ£μ ¸μ¸ÉμÖ´¨Ö ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ¤¢  ¢ ·¨-
 ´É  ³μ¤¥²¨ ¶¥·¥Ìμ¤´μ£μ ¸μ¸ÉμÖ´¨Ö: ³μ¤¥²Ó ¶¥·¥Ìμ¤´μ£μ ¸μ¸ÉμÖ´¨Ö ¢ ¸¥¤-
²μ¢μ° ÉμÎ±¥ (�‘‘’) [1Ä3] ¨ ³μ¤¥²Ó ¶¥·¥Ìμ¤´μ£μ ¸μ¸ÉμÖ´¨Ö ¢ ÉμÎ±¥ · §·Ò¢ 
(�‘’�) [4Ä8].

•μ·μÏμ ¨§¢¥¸É´μ, ÎÉμ ³μ¤¥²Ó �‘‘’ ¤μ¸É ÉμÎ´μ ÉμÎ´μ ¢μ¸¶·μ¨§¢μ¤¨É
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶μ  ´¨§μÉ·μ¶¨¨ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° μ¸±μ²±μ¢
¤¥²¥´¨Ö ¤²Ö ·¥ ±Í¨°, ¢ ±μÉμ·ÒÌ ¢ ± Î¥¸É¢¥ ´ ²¥É ÕÐ¨Ì Î ¸É¨Í ¢Ò¡¨· ²¨¸Ó
´¥°É·μ´Ò, ¨μ´Ò 3He ¨ α-Î ¸É¨ÍÒ [3, 9]. ‘μ¸É ¢´Ò¥ Ö¤· , μ¡· §ÊÕÐ¨¥¸Ö ¢
É ±¨Ì ·¥ ±Í¨ÖÌ, ¨³¥ÕÉ É¥³¶¥· ÉÊ·Ê ¶μ·Ö¤±  1 ŒÔ‚ ¨ ´¥¢Ò¸μ±¨¥ §´ Î¥´¨Ö
Ê£²μ¢μ£μ ³μ³¥´É .

„²Ö ·¥ ±Í¨° ¸ ÊÎ ¸É¨¥³ ¡μ²¥¥ ³ ¸¸¨¢´ÒÌ ´ ²¥É ÕÐ¨Ì ¨μ´μ¢ Ê£²¥·μ¤ ,
±¨¸²μ·μ¤  ¨ ÉÖ¦¥²¥¥ μ¡´ ·Ê¦¨²μ¸Ó [9], ÎÉμ ³μ¤¥²Ó �‘‘’ ¶·¥¤¸± §Ò¢ ¥É ¸¨-
¸É¥³ É¨Î¥¸±¨ ´¨§±¨¥ §´ Î¥´¨Ö  ´¨§μÉ·μ¶¨¨ Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö ¨ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ²¥¦ É ¡²¨¦¥ ± §´ Î¥´¨Ö³, · ¸¸Î¨ÉÒ¢ ¥³Ò³ ¸μ£² ¸´μ
³μ¤¥²¨ �‘’�. ’¥³ ´¥ ³¥´¥¥ ¶μ¶ÒÉ±¨ μ¶¨¸ ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥
¶μ  ´¨§μÉ·μ¶¨¨ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¤²Ö É ±¨Ì ·¥ ±Í¨° ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
³μ¤¥²¨ �‘‘’ ¤¥² ÕÉ¸Ö ¨ ¶μ ¸¥° ¤¥´Ó [10]. �μ²ÓÏ¨Ì Ê¸¶¥Ìμ¢ ¢ μ¶¨¸ ´¨¨
Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¢ ·¥ ±Í¨ÖÌ ¸ ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ Ê¤ ²μ¸Ó ¤μ¡¨ÉÓ¸Ö ¢
³μ¤¥²¨ �‘’�, · §¢¨Éμ° ¢ · ¡μÉ¥ [8]. ‚ ´¥° ¡Ò²  · §· ¡μÉ ´  ³μ¤¥²Ó, ¡μ-
²¥¥ ±μ··¥±É´μ (¶μ ¸· ¢´¥´¨Õ ¸ ¶¥·¢Ò³¨ ¢ ·¨ ´É ³¨ ³μ¤¥²¨ �‘’� [4Ä7])
ÊÎ¨ÉÒ¢ ÕÐ Ö ¸¶¨´μ¢Ò¥ ³μ¤Ò Ëμ·³¨·ÊÕÐ¨Ì¸Ö μ¸±μ²±μ¢ ¤¥²¥´¨Ö.

‚ Éμ ¦¥ ¢·¥³Ö ¢ · ¡μÉ¥ [11] ¡Ò²μ ¶μ± § ´μ, ÎÉμ ´ ¡²Õ¤ ¥³Ò¥ Ô±¸¶¥·¨³¥´-
É ²Ó´μ §´ Î¥´¨Ö  ´¨§μÉ·μ¶¨¨ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ´¥ ³μ£ÊÉ ¡ÒÉÓ μ¶¨¸ ´Ò
´¨ ³μ¤¥²ÓÕ �‘‘’, ´¨ ³μ¤¥²ÓÕ �‘’�. �μÔÉμ³Ê ¢ μ¡Ð¥³ ¸²ÊÎ ¥ ¡Ò²μ ¢Ò¸± -
§ ´μ ¶·¥¤¶μ²μ¦¥´¨¥, ÎÉμ ÔËË¥±É¨¢´μ¥ ¶¥·¥Ìμ¤´μ¥ ¸μ¸ÉμÖ´¨¥, μ¶·¥¤¥²ÖÕÐ¥¥
Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ μ¸±μ²±μ¢ ¤¥²¥´¨Ö, ´ Ìμ¤¨É¸Ö £¤¥-Éμ ³¥¦¤Ê ¸¥¤²μ¢μ°
ÉμÎ±μ° ¨ ÉμÎ±μ° · §·Ò¢ .

�¥¤ ¢´μ …·¥³¥´±μ ¸ ¸μ ¢Éμ· ³¨ ¶·¥¤²μ¦¨²¨ ¶·¨´Í¨¶¨ ²Ó´μ ´μ¢Ò° ¤¨-
´ ³¨Î¥¸±¨° ¶μ¤Ìμ¤ [12, 13] ± · ¸Î¥ÉÊ Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö, ´¥ ¨¸¶μ²Ó§Ê-
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ÕÐ¨° ±μ´Í¥¶Í¨Õ ¶¥·¥Ìμ¤´μ£μ ¸μ¸ÉμÖ´¨Ö. ‚ ÔÉμ° ³μ¤¥²¨ ¶·¥¤² £ ¥É¸Ö · ¸-
¸³ É·¨¢ ÉÓ É¥·³μ¤¨´ ³¨Î¥¸±¨¥ Ë²Ê±ÉÊ Í¨¨ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò K (¶·μ¥±Í¨¥°
¶μ²´μ£μ ³μ³¥´É  I ´  μ¸Ó ¤¥²¥´¨Ö) ¢ ¶·μÍ¥¸¸¥ Ô¢μ²ÕÍ¨¨ ¤¥²ÖÐ¥£μ¸Ö Ö¤· 
μÉ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¤μ ÉμÎ±¨ · §·Ò¢ . �·μÍ¥¸¸ ¤¥²¥´¨Ö ¢ ÔÉμ³ ¶μ¤Ìμ¤¥
³μ¤¥²¨·μ¢ ²¸Ö ´  μ¸´μ¢¥ μ¤´μ³¥·´μ° ² ´¦¥¢¥´μ¢¸±μ° ¤¨´ ³¨±¨, £¤¥ ¢ ± -
Î¥¸É¢¥ ±μ²²¥±É¨¢´μ° ±μμ·¤¨´ ÉÒ, μ¶¨¸Ò¢ ÕÐ¥° Ëμ·³Ê Ö¤· , ¨¸¶μ²Ó§μ¢ ²μ¸Ó
Ê¤²¨´¥´¨¥ c (´¥ ÊÎ¨ÉÒ¢ ² ¸Ó ±μμ·¤¨´ É , μÉ¢¥Î ÕÐ Ö §  Éμ²Ð¨´Ê Ï¥°±¨,
¨ · ¸¸³ É·¨¢ ²μ¸Ó Éμ²Ó±μ ¸¨³³¥É·¨Î´μ¥ ¤¥²¥´¨¥). ‚ ÔÉμ³ ¶μ¤Ìμ¤¥ Ê¤ ²μ¸Ó
Ìμ·μÏμ μ¶¨¸ ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶μ  ´¨§μÉ·μ¶¨¨ Ê£²μ¢ÒÌ · ¸-
¶·¥¤¥²¥´¨° ¨ ¸·¥¤´¥° ¶·¥¤· §·Ò¢´μ° ´¥°É·μ´´μ° ³´μ¦¥¸É¢¥´´μ¸É¨ ¤²Ö ·Ö¤ 
·¥ ±Í¨° ¸²¨Ö´¨Ö-¤¥²¥´¨Ö ÉÖ¦¥²ÒÌ ¨μ´μ¢.

ˆ§¢¥¸É´μ, ÎÉμ μ¤´μ³¥·´ Ö ² ´¦¥¢¥´μ¢¸± Ö ³μ¤¥²Ó Ö¢²Ö¥É¸Ö ¶¥·¢Ò³ ¶·¨-
¡²¨¦¥´¨¥³ ¤²Ö μ¶¨¸ ´¨Ö ¸²μ¦´μ£μ ³´μ£μ³¥·´μ£μ ¶·μÍ¥¸¸ , ± ±¨³ Ö¢²Ö¥É¸Ö
¤¥²¥´¨¥ Ö¤· . �μÔÉμ³Ê ¢ ´ Ï¥° · ¡μÉ¥ [14] ¶μ¤Ìμ¤, ¶·¥¤²μ¦¥´´Ò° ¢ · -
¡μÉ Ì [12, 13], μ¡μ¡Ð¥´ ´  ¸²ÊÎ ° É·¥Ì³¥·´ÒÌ Ê· ¢´¥´¨° ‹ ´¦¥¢¥´ , £¤¥ ¢
± Î¥¸É¢¥ ±μ²²¥±É¨¢´ÒÌ ±μμ·¤¨´ É ¨¸¶μ²Ó§μ¢ ² ¸Ó Ìμ·μÏμ ¨§¢¥¸É´ Ö ¶ · ³¥-
É·¨§ Í¨Ö {c, h, α′}.

‚ ´ ¸ÉμÖÐ¥³ ¨¸¸²¥¤μ¢ ´¨¨ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¤¨´ ³¨Î¥¸±¨Ì · ¸-
Î¥Éμ¢ ¶·¥¤· §·Ò¢´μ° ³´μ¦¥¸É¢¥´´μ¸É¨ ´¥°É·μ´μ¢ ¨  ´¨§μÉ·μ¶¨¨ Ê£²μ¢ÒÌ
· ¸¶·¥¤¥²¥´¨° μ¸±μ²±μ¢ ¤¥²¥´¨Ö Ö¤¥·, μ¡· §μ¢ ´´ÒÌ ¢ ·¥ ±Í¨ÖÌ ¸ ÉÖ¦¥²Ò³¨
¨μ´ ³¨. � ¸Î¥ÉÒ ¶·μ¢¥¤¥´Ò ¢ Î¥ÉÒ·¥Ì³¥·´μ° ³μ¤¥²¨, μ¸´μ¢ ´´μ° ´  ¸¨¸É¥³¥
É·¥Ì³¥·´ÒÌ Ê· ¢´¥´¨° ‹ ´¦¥¢¥´  ¨ ¤μ¶μ²´¥´´μ° ¸É¥¶¥´ÓÕ ¸¢μ¡μ¤Ò K , ¢
Ï¨·μ±μ³ ¨´É¥·¢ ²¥ Ô´¥·£¨° ´ ²¥É ÕÐ¥£μ ¨μ´  ¤²Ö ·¥ ±Í¨° 16O + 208Pb →
224Th, 16O + 209Bi → 225Pa, 16O + 232Th → 248Cf, 16O + 238U → 254Fm
¨ 16O + 248Cm → 264Rf. �´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ  ´¨§μÉ·μ-
¶¨¨ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¶μ§¢μ²¨² μÍ¥´¨ÉÓ §´ Î¥´¨¥ ¢·¥³¥´¨ ·¥² ±¸ Í¨¨
±μμ·¤¨´ ÉÒ K .

‚ · §¤. 1 ¨ 2 ¤ ´´μ° ¸É ÉÓ¨ μ¶¨¸ ´Ò ³μ¤¥²Ó ¨  ²£μ·¨É³ ³¥Éμ¤  Œμ´É¥-
Š ·²μ, ¨¸¶μ²Ó§Ê¥³μ£μ ¤²Ö ³μ¤¥²¨·μ¢ ´¨Ö Ô¢μ²ÕÍ¨¨ ±μμ·¤¨´ ÉÒ K . �·¨ ÔÉμ³
¤ ´μ ¤¥É ²Ó´μ¥ μ¶¨¸ ´¨¥ Éμ° Î ¸É¨ ³μ¤¥²¨, ±μÉμ· Ö ± ¸ ¥É¸Ö · ¸Î¥É  Ê£²μ¢ÒÌ
· ¸¶·¥¤¥²¥´¨°. �μ¤·μ¡´μ¥ ¨§²μ¦¥´¨¥ ¤·Ê£¨Ì ¤¥É ²¥° ³´μ£μ³¥·´μ° ² ´¦¥¢¥-
´μ¢¸±μ° ³μ¤¥²¨, ÊÎ¨ÉÒ¢ ÕÐ¥° ¨¸¶ ·¥´¨¥ ¶·¥¤· §·Ò¢´ÒÌ Î ¸É¨Í, ³μ¦¥É ¡ÒÉÓ
´ °¤¥´μ ¢ [15Ä18]. ‚ · §¤. 3 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¢ ´ ¸ÉμÖÐ¥°
³μ¤¥²¨ ¨ ¨Ì μ¡¸Ê¦¤¥´¨¥. ‚Ò¢μ¤Ò ¨ § ±²ÕÎ¥´¨Ö ¸¤¥² ´Ò ¢ · §¤. 4.

1. Œ�„…‹œ

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¤²Ö μ¶¨¸ ´¨Ö ¤¨´ ³¨±¨ ¤¥²¥´¨Ö ¸μ¸É ¢´μ£μ Ö¤·  ¨¸-
¶μ²Ó§Ê¥É¸Ö É·¥Ì³¥·´ Ö ² ´¦¥¢¥´μ¢¸± Ö ³μ¤¥²Ó (¶μ¤·μ¡´μ¥ μ¶¨¸ ´¨¥ ³μ¦´μ
´ °É¨ ¢ ´ Ï¨Ì ¶·¥¤Ò¤ÊÐ¨Ì ¶Ê¡²¨± Í¨ÖÌ [15Ä19]). ‚ ± Î¥¸É¢¥ ±μ²²¥±É¨¢´ÒÌ
±μμ·¤¨´ É ¢ · ¸Î¥É Ì ¨¸¶μ²Ó§Ê¥É¸Ö Ìμ·μÏμ ¨§¢¥¸É´ Ö {c, h, α}-¶ · ³¥É·¨§ -
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Í¨Ö [20]. � · ³¥É· c μ¶¨¸Ò¢ ¥É Ê¤²¨´¥´¨¥ Ö¤·  (¤²¨´  Ö¤·  ¢ ¥¤¨´¨Í Ì
· ¤¨Ê¸  ´ Î ²Ó´μ° ¸Ë¥·Ò R0 · ¢´  2c). � · ³¥É· h μ¶·¥¤¥²Ö¥É ¨§³¥´¥´¨¥
Éμ²Ð¨´Ò Ï¥°±¨ ¶·¨ § ¤ ´´μ³ Ê¤²¨´¥´¨¨, ±μμ·¤¨´ É  α § ¤ ¥É μÉ´μÏ¥´¨¥
³ ¸¸ ¡Ê¤ÊÐ¨Ì μ¸±μ²±μ¢. ‚ · ¡μÉ¥ [15] ¡Ò² ¢¢¥¤¥´ ´μ¢Ò° ¶ · ³¥É· α′, ±μÉμ-
·Ò° ¸¢Ö§ ´ ¸ α ³ ¸ÏÉ ¡´Ò³ ¶·¥μ¡· §μ¢ ´¨¥³

α′ = αc3.

’ ±¨³ μ¡· §μ³, ¢ ± Î¥¸É¢¥ ±μ²²¥±É¨¢´ÒÌ ±μμ·¤¨´ É, μ¶¨¸Ò¢ ÕÐ¨Ì Ëμ·³Ê
Ö¤· , ³Ò ¨¸¶μ²Ó§Ê¥³ {c, h, α′}. ‚ ± Î¥¸É¢¥ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¤²Ö ³μ¤¥-
²¨·μ¢ ´¨Ö ¤¨´ ³¨±¨ ¤¥²¥´¨Ö ¸μ¸É ¢´μ£μ Ö¤·  ¨¸¶μ²Ó§μ¢ ² ¸Ó ¸¨¸É¥³  ³´μ-
£μ³¥·´ÒÌ Ê· ¢´¥´¨° ‹ ´¦¥¢¥´ , ±μÉμ·Ò¥ ¢ · §´μ¸É´μ° Ëμ·³¥ ¤²Ö ¸²ÊÎ Ö N
±μ²²¥±É¨¢´ÒÌ ±μμ·¤¨´ É ¨³¥ÕÉ ¢¨¤ [21]
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£¤¥ q = (c, h, α′) Å ´ ¡μ· ±μ²²¥±É¨¢´ÒÌ ±μμ·¤¨´ É; p Å ¸μ¶·Ö¦¥´´Ò¥ ¨³
¨³¶Ê²Ó¸Ò; mij (||μij || = ||mij ||−1) Å ¨´¥·Í¨μ´´Ò° É¥´§μ·; γij Å Ë·¨±-
Í¨μ´´Ò° É¥´§μ·; V (q) Å ¶μÉ¥´Í¨ ²Ó´ Ö Ô´¥·£¨Ö · ¸¸³ É·¨¢ ¥³μ° É¥·³μ¤¨-
´ ³¨Î¥¸±μ° ¸¨¸É¥³Ò; θijξj Å ¸²ÊÎ °´ Ö ¸¨² ; θij Å  ³¶²¨ÉÊ¤  ¸²ÊÎ °´μ°
¸¨²Ò (θikθkj = Tγij). ’¥³¶¥· ÉÊ·  É¥·³μ¸É É  T · ¸¸Î¨ÉÒ¢ ¥É¸Ö ¢ ³μ¤¥²¨
Ë¥·³¨-£ §  T = (Eint/a(q))1/2, £¤¥ Eint Å ¢´ÊÉ·¥´´ÖÖ Ô´¥·£¨Ö ¢μ§¡Ê¦¤¥´¨Ö
Ö¤· ; a(q) Å ¶ · ³¥É· ¶²μÉ´μ¸É¨ Ê·μ¢´¥°, Ö¢´Ò° ¢¨¤ ±μÉμ·μ£μ ¢§ÖÉ ¨§ [22].
Šμ´¸¥·¢ É¨¢´ Ö ¸¨²  Ki μ¶·¥¤¥²Ö¥É¸Ö É¥·³μ¤¨´ ³¨Î¥¸±¨³ ¶μÉ¥´Í¨ ²μ³ ¸¢μ-

¡μ¤´μ° Ô´¥·£¨¨ Ki = −
(

∂F (q)
∂qi

)
T

, ¸¢μ¡μ¤´ Ö Ô´¥·£¨Ö μ¶·¥¤¥²Ö¥É¸Ö ± ±

F (q) = V (q) − a(q)T 2, £¤¥ V (q) Å ¶μÉ¥´Í¨ ²Ó´ Ö Ô´¥·£¨Ö, · ¸¸Î¨ÉÒ¢ ¥-
³ Ö ¢ ³μ¤¥²¨ ¦¨¤±μ° ± ¶²¨ (Œ†Š) ¸ ±μ´¥Î´Ò³ · ¤¨Ê¸μ³ ¤¥°¸É¢¨Ö Ö¤¥·´ÒÌ
¸¨² [23Ä25].

‚ Ê· ¢´¥´¨ÖÌ (1) ¢¥·Ì´¨° ¨´¤¥±¸ n μ§´ Î ¥É, ÎÉμ ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¢¥²¨-
Î¨´  ¢ÒÎ¨¸²Ö¥É¸Ö ¢ ³μ³¥´É ¢·¥³¥´¨ tn = nτ , £¤¥ τ Å Ï £ ¨´É¥£·¨·μ¢ ´¨Ö
Ê· ¢´¥´¨° ‹ ´¦¥¢¥´  ¶μ ¢·¥³¥´¨. ‡¤¥¸Ó ¨ ¤ ²¥¥ ¶μ ¶μ¢Éμ·ÖÕÐ¨³¸Ö ¨´¤¥±¸ ³
¶μ¤· §Ê³¥¢ ¥É¸Ö ¸Ê³³¨·μ¢ ´¨¥ μÉ 1 ¤μ N (¢ ´ Ï¥³ ¸²ÊÎ ¥ ¤²Ö É·¥Ì ±μ²²¥±-
É¨¢´ÒÌ ±μμ·¤¨´ É N = 3).

‚´ÊÉ·¥´´ÖÖ Ô´¥·£¨Ö Eint μ¶·¥¤¥²Ö¥É¸Ö ¨§ § ±μ´  ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨

Eint = E∗ − Ecoll(q, p) − V (q) − Erot(q, I, K) − Eevap(t), (2)
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£¤¥ E∗ Å ¶μ²´ Ö Ô´¥·£¨Ö ¢μ§¡Ê¦¤¥´¨Ö Ö¤· ; Ecoll(q, p) =
1
2
μij(q)pipj Å

±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ±μ²²¥±É¨¢´ÒÌ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò; Eevap(t) Å Ô´¥·£¨Ö,
Ê´¥¸¥´´ Ö ¨¸¶ ·¨¢Ï¨³¨¸Ö Î ¸É¨Í ³¨ ± ³μ³¥´ÉÊ ¢·¥³¥´¨ t.

	´¥·£¨Ö ¢· Ð¥´¨Ö Ö¤·  Erot μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

Erot(q, I, K) =
�

2K2

2J‖(q)
+

�
2(I(I + 1) − K2)

2J⊥(q)
. (3)

”Ê´±Í¨μ´ ²Ò J‖(q) ¨ J⊥(q) ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° É¢¥·¤μÉ¥²Ó´Ò¥ ³μ³¥´ÉÒ
¨´¥·Í¨¨ Ö¤·  μÉ´μ¸¨É¥²Ó´μ μ¸¨ ¸¨³³¥É·¨¨ ¨ μ¸¨, ¶¥·¶¥´¤¨±Ê²Ö·´μ° ¥°, ¸μ-
μÉ¢¥É¸É¢¥´´μ. Œμ³¥´ÉÒ ¨´¥·Í¨¨ ¸ ÊÎ¥Éμ³ ¤¨ËËÊ§´μ¸É¨ Ö¤¥·´μ° ¶μ¢¥·Ì´μ¸É¨
³μ£ÊÉ ¡ÒÉÓ · ¸¸Î¨É ´Ò ¸²¥¤ÊÕÐ¨³ μ¡· §μ³ [26]:

J⊥(‖)(q) = J
(sharp)
⊥(‖) + 4Ma2

M , (4)

£¤¥ aM = 0, 704 Ë³ Å ¶ · ³¥É· ¤¨ËËÊ§´μ¸É¨ Ö¤¥·´μ° ¶μ¢¥·Ì´μ¸É¨; M Å

³ ¸¸  ¸μ¸É ¢´μ£μ Ö¤· ; J
(sharp)
⊥(‖) Å ³μ³¥´ÉÒ ¨´¥·Í¨¨, · ¸¸Î¨ÉÒ¢ ¥³Ò¥ ¢ Œ†Š

¸ ·¥§±¨³ ±· ¥³, ±μÉμ·Ò¥ ¢ {c, h, α′}-¶ · ³¥É·¨§ Í¨¨ ¤ ÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨

J
(sharp)
⊥ =

2
5
MR2

0

[
c2

2

(
1 + c−3 +

4
35

(
2h +

c − 1
2

)
×

×
(

2c3 +
4
15

(
2h +

c − 1
2

)
c3 − 1

)
− α′2

c3

(
c3

5
− 1

7

))]
, (5)

J
(sharp)
‖ =

2
5
MR2

0

[
c2

(
c−3 +

4
35

(
2h +

c − 1
2

)
×

×
(
−1 +

4
15

(
2h +

c − 1
2

)
c3

)
+

1
7

α′2

c3

)]
, (6)

£¤¥ R0 Å · ¤¨Ê¸ ´¥¤¥Ëμ·³¨·μ¢ ´´μ£μ ¸Ë¥·¨Î¥¸±μ£μ Ö¤· .
� Î ²Ó´Ò¥ ±μμ·¤¨´ ÉÒ q0, ¨³¶Ê²Ó¸Ò p0 ¨ ¶μ²´Ò° ³μ³¥´É ¸μ¸É ¢´μ£μ

Ö¤·  I ¤²Ö ¤¨´ ³¨Î¥¸±¨Ì · ¸Î¥Éμ¢ · §Ò£·Ò¢ ²¨¸Ó ³¥Éμ¤μ³ �¥°³ ´  ¸ μ¡· -
§ÊÕÐ¥° ËÊ´±Í¨¥°

P (q0, p0, I, t = 0) ∼ exp
(
−V (q0, I, K) + Ecoll(q0, p0)

T

)
δ(q0 − qgs)σ(I) ,

(7)
£¤¥ qgs Å ±μμ·¤¨´ ÉÒ μ¸´μ¢´μ£μ (¸Ë¥·¨Î¥¸±μ£μ) ¸μ¸ÉμÖ´¨Ö ¸μ¸É ¢´μ£μ Ö¤· 
(c = 1, h = 0, α′ = 0),   ËÊ´±Í¨Ö σ(I) μ¶¨¸Ò¢ ¥É ´ Î ²Ó´μ¥ · ¸¶·¥¤¥²¥´¨¥
¸μ¸É ¢´ÒÌ Ö¤¥· ¶μ ³μ³¥´É ³ ¨ · ¸¸Î¨ÉÒ¢ ¥É¸Ö ¢ ³μ¤¥²¨ [21]. �μ¸±μ²Ó±Ê
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¢¥·μÖÉ´μ¸ÉÓ ¤¥²¥´¨Ö ¤²Ö · ¸¸³ É·¨¢ ¥³ÒÌ ·¥ ±Í¨° ¶·¨³¥·´μ · ¢´  ¥¤¨´¨Í¥,
Éμ ¸¥Î¥´¨Ö ¸²¨Ö´¨Ö ¨ ¤¥²¥´¨Ö · ¢´Ò, ¶μÔÉμ³Ê · ¸Î¥É ¸¥Î¥´¨Ö ¸²¨Ö´¨Ö σ(I)
³μ¦´μ ¸· ¢´¨ÉÓ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶μ ¸¥Î¥´¨Ö³ ¤¥²¥´¨Ö. ’ -
±μ¥ ¸· ¢´¥´¨¥ ¶·¥¤¸É ¢²¥´μ ´  ·¨¸. 1. ˆ§ ·¨¸Ê´±  ¢¨¤´μ, ÎÉμ ¥¸ÉÓ Ìμ·μÏ¥¥
¸μ£² ¸¨¥ · ¸Î¥É  σ(I) ¸ Ô±¸¶¥·¨³¥´Éμ³, ¶μÔÉμ³Ê ³μ¦´μ ¸Î¨É ÉÓ ÔÉÊ ¢¥²¨Î¨´Ê
Ê¸É ´μ¢²¥´´μ° ¸ ¤μ¸É ÉμÎ´μ° ¤²Ö ´ ¸ ÉμÎ´μ¸ÉÓÕ.

�¨¸. 1. ‘· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ · ¸Î¥É  Ô´¥·£¥É¨Î¥¸±μ° § ¢¨¸¨³μ¸É¨ ¸¥Î¥´¨° ¶μ²´μ£μ
¸²¨Ö´¨Ö ¢ ³μ¤¥²¨ ”·¥¡·¨Ì Äƒμ´Î ·  [21] (¸¶²μÏ´Ò¥ ²¨´¨¨) ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨ ¶μ ¸¥Î¥´¨Ö³ ¤¥²¥´¨Ö. Š¢ ¤· ÉÒ Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [38]

�·¥¤¶μ² £ ¥É¸Ö, ÎÉμ · §¤¥²¥´¨¥ ¸μ¸É ¢´μ£μ Ö¤·  ´  ¤¢  μ¸±μ²±  ¶·μ¨¸Ìμ-
¤¨É, ±μ£¤  · ¤¨Ê¸ Ï¥°±¨ ¤¥²ÖÐ¥£μ¸Ö Ö¤·  · ¢¥´ 0, 3R0 [20, 27]. 	Éμ Ê¸²μ¢¨¥
μ¶·¥¤¥²Ö¥É ¶μ¢¥·Ì´μ¸ÉÓ · §·Ò¢  ¢ ¶·μ¸É· ´¸É¢¥ ±μ²²¥±É¨¢´ÒÌ ±μμ·¤¨´ É.
� §·Ò¢´ Ö ±μ´Ë¨£Ê· Í¨Ö μ¶·¥¤¥²Ö¥É¸Ö ± ± ¶¥·¥¸¥Î¥´¨¥ ¤¨´ ³¨Î¥¸±μ° É· ¥±-
Éμ·¨¨ ¸ ¶μ¢¥·Ì´μ¸ÉÓÕ · §·Ò¢ .

‚ ¶·μÍ¥¸¸¥ Ô¢μ²ÕÍ¨¨ ¸μ¸É ¢´μ£μ Ö¤·  μÉ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¤μ ÉμÎ±¨
· §·Ò¢  (¢¤μ²Ó ² ´¦¥¢¥´μ¢¸±μ° É· ¥±Éμ·¨¨) ÊÎ¨ÉÒ¢ ²μ¸Ó ¨¸¶ ·¥´¨¥ ¶·¥¤· §-
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·Ò¢´ÒÌ ²¥£±¨Ì Î ¸É¨Í (j = n, p, α, γ) ¸ ¶μ³μÐÓÕ ³μ´É¥-± ·²μ¢¸±μ° ¶·μ-
Í¥¤Ê·Ò [21, 28]. �·μ¨§¢μ¤¨²¸Ö ¶¥·¥¸Î¥É ¢¸¥Ì · §³¥·´ÒÌ Ë ±Éμ·μ¢, ±·μ³¥
¢· Ð É¥²Ó´μ°, ±Ê²μ´μ¢¸±μ° ¨ Ö¤¥·´μ° Ô´¥·£¨¨, ¶μ¸±μ²Ó±Ê μ´¨ ´¥ § ¢¨¸ÖÉ μÉ
³ ¸¸μ¢μ£μ Î¨¸²  ¸μ¸É ¢´μ£μ Ö¤· . �μÉ¥·Ö Ê£²μ¢μ£μ ³μ³¥´É  ¸μ¸É ¢´Ò³ Ö¤·μ³
¢ ¶·μÍ¥¸¸¥ ¨¸¶ ·¥´¨Ö ÊÎ¨ÉÒ¢ ² ¸Ó ¢ ¶·¥¤¶μ²μ¦¥´¨¨, ÎÉμ ²¥£±¨¥ Î ¸É¨ÍÒ,
¨¸¶ ·ÖÖ¸Ó, Ê´μ¸ÖÉ lj = 1, 1, 2, 1(�) [21]. ’ ±μ° ÊÎ¥É Ö¢²Ö¥É¸Ö ´¥μ¡Ìμ¤¨³Ò³,
¶μ¸±μ²Ó±Ê ¢ ¶·μÍ¥¸¸¥ ¨¸¶ ·¥´¨Ö ¶·¥¤· §·Ò¢´ÒÌ ²¥£±¨Ì Î ¸É¨Í ¨§³¥´Ö¥É¸Ö
´Ê±²μ´´Ò° ¸μ¸É ¢ ¨ Ê£²μ¢μ° ³μ³¥´É ´ Î ²Ó´μ£μ ¸μ¸É ¢´μ£μ Ö¤· .

„²Ö μ¶¨¸ ´¨Ö ¤¨¸¸¨¶ Í¨¨ Ô´¥·£¨¨ ±μ²²¥±É¨¢´ÒÌ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò ¨¸-
¶μ²Ó§μ¢ ²¸Ö ³μ¤¨Ë¨Í¨·μ¢ ´´Ò° μ¤´μÉ¥²Ó´Ò° ³¥Ì ´¨§³ ¢Ö§±μ¸É¨ ¸ ±μÔËË¨-
Í¨¥´Éμ³ ·¥¤Ê±Í¨¨ ks ¤²Ö Ëμ·³Ê²Ò ®¸É¥´Ò¯ [29, 30]. ‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥
±μÔËË¨Í¨¥´É ks · ¸¸³ É·¨¢ ²¸Ö ± ± ¸¢μ¡μ¤´Ò° ¶ · ³¥É·, §´ Î¥´¨¥ ±μÉμ·μ£μ
μ¶·¥¤¥²Ö²μ¸Ó ¨§ Ê¸²μ¢¨Ö ¢μ¸¶·μ¨§¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶·¥¤-
· §·Ò¢´μ° ³´μ¦¥¸É¢¥´´μ¸É¨ ´¥°É·μ´μ¢.

�·¨  ´ ²¨§¥ Ê£²μ¢ÒÌ · ¶·¥¤¥²¥´¨° μ¡ÒÎ´μ ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ μ¸±μ²±¨
¤¥²¥´¨Ö · §²¥É ÕÉ¸Ö ¢ ´ ¶· ¢²¥´¨¨ μ¸¨ ¸¨³³¥É·¨¨ Ö¤· . ‚ ÔÉμ³ ¸²ÊÎ ¥ Ê£²μ-
¢μ¥ · ¸¶·¥¤¥²¥´¨¥ μ¶·¥¤¥²Ö¥É¸Ö É·μ°±μ° ±¢ ´Éμ¢ÒÌ Î¨¸¥²: I , K ¨ M , £¤¥
I Å ¶μ²´Ò° ³μ³¥´É ¸μ¸É ¢´μ£μ Ö¤· ; K Å ¶·μ¥±Í¨Ö I ´  μ¸Ó ¸¨³³¥É·¨¨
Ö¤·  ¨ M Å ¶·μ¥±Í¨Ö ¶μ²´μ£μ ³μ³¥´É  ´  ´ ¶· ¢²¥´¨¥ ¶ÊÎ±  ´ ²¥É ÕÐ¨Ì
¨μ´μ¢. ‚ ¸²ÊÎ ¥ ¸²¨Ö´¨Ö ¡¥¸¸¶¨´μ¢ÒÌ ¨μ´μ¢ §´ Î¥´¨¥ M = 0. ’μ£¤  Ê£²μ¢μ¥
· ¸¶·¥¤¥²¥´¨¥ ¤²Ö Ë¨±¸¨·μ¢ ´´ÒÌ §´ Î¥´¨° I ¨ K ¨³¥¥É ¢¨¤

W (θ, I, K) = (I + 1/2)
∣∣dI

M=0,K(θ)
∣∣2 , (8)

£¤¥ dI
M=0,K(θ) Å ËÊ´±Í¨Ö ¢· Ð¥´¨Ö ‚¨£´¥· , Ö¢´Ò° ¢¨¤ ±μÉμ·μ° ³μ¦´μ

´ °É¨ ¢ ³μ´μ£· Ë¨¨ [3]; θ Å Ê£μ² ³¥¦¤Ê μ¸ÓÕ ¸¨³³¥É·¨¨ Ö¤·  ¨ μ¸ÓÕ ¶ÊÎ± 
´ ²¥É ÕÐ¨Ì ¨μ´μ¢. “£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ μ¸±μ²±μ¢ ¤¥²¥´¨Ö, ´ ¡²Õ¤ ¥³μ¥ ¢
Ô±¸¶¥·¨³¥´É¥, ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´μ Ê¸·¥¤´¥´¨¥³ (8) ¶μ · ¸¶·¥¤¥²¥´¨Ö³ I ¨
K ¢ ¢¨¤¥

W (θ) =
∞∑

I=0

σ(I)
I∑

K=−I

P (K)W (θ, I, K). (9)

ˆ§ (9) ¢¨¤´μ, ÎÉμ ¤²Ö · ¸Î¥É  Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö ´¥μ¡Ìμ¤¨³μ ±μ´-
±·¥É¨§¨·μ¢ ÉÓ ¢¨¤ · ¸¶·¥¤¥²¥´¨° ¸μ¸É ¢´ÒÌ Ö¤¥· ¶μ I [σ(I)] ¨ ¶μ K [P (K)].
…¸²¨ ¸Î¨É ÉÓ, ÎÉμ σ(I) ¨§¢¥¸É´μ, Éμ ¶·μ¡²¥³  · ¸Î¥É  Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨°
μ¸±μ²±μ¢ ¸μ¸Éμ¨É Éμ²Ó±μ ¢ μ¶·¥¤¥²¥´¨¨ · ¸¶·¥¤¥²¥´¨Ö P (K). ‚ ³μ¤¥²ÖÌ
�‘‘’ ¨ �‘’� ¸Î¨É ¥É¸Ö, ÎÉμ · ¸¶·¥¤¥²¥´¨¥ ¶μ K · ¢´μ¢¥¸´μ¥ (μ¶·¥¤¥²Ö-
¥É¸Ö ¡μ²ÓÍ³ ´μ¢¸±¨³ Ë ±Éμ·μ³ exp (−Erot/T ) [2]) ¸μμÉ¢¥É¸É¢¥´´μ ¢ ¸¥¤²μ¢μ°
ÉμÎ±¥ ¨²¨ ÉμÎ±¥ · §·Ò¢ .

Š ± Ê¦¥ ¡Ò²μ ¸± § ´μ, ´¨ μ¤´  ¨§ ³μ¤¥²¥° �‘‘’ ¨ �‘’� ´¥ ¤ ¥É μ¤-
´μ¢·¥³¥´´μ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ£μ μ¶¨¸ ´¨Ö Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¤²Ö ·¥ ±-
Í¨° ¨ ¸ ÉÖ¦¥²Ò³¨, ¨ ¸ ²¥£±¨³¨ ¨μ´ ³¨. ‘ÊÐ¥¸É¢ÊÕÐ Ö ´¥μ¶·¥¤¥²¥´´μ¸ÉÓ ¸
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¶μ²μ¦¥´¨¥³ ¶¥·¥Ìμ¤´μ£μ ¸μ¸ÉμÖ´¨Ö Ê± §Ò¢ ¥É ´  ´¥μ¡Ìμ¤¨³μ¸ÉÓ ÊÎ¥É  ¤¨´ -
³¨Î¥¸±¨Ì μ¸μ¡¥´´μ¸É¥° Ëμ·³¨·μ¢ ´¨Ö Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨°. ‚ ´ ¨¡μ²¥¥
μ¡Ð¥³ ¸²ÊÎ ¥ K ¸²¥¤Ê¥É · ¸¸³ É·¨¢ ÉÓ ± ± ¸ ³μ¸ÉμÖÉ¥²Ó´ÊÕ ±μ²²¥±É¨¢´ÊÕ
±μμ·¤¨´ ÉÊ ¨ ¨§ÊÎ ÉÓ ¥¥ Ô¢μ²ÕÍ¨Õ, ¨¸¶μ²Ó§ÊÖ, ´ ¶·¨³¥·, ³´μ£μ³¥·´Ò° ² ´-
¦¥¢¥´μ¢¸±¨° ¶μ¤Ìμ¤ [18]. ’ ±μ° ¶μ²´μ¸ÉÓÕ ¤¨´ ³¨Î¥¸±¨° ¶μ¤Ìμ¤ ¶μ§¢μ²¨É
¢ ´ ¨¡μ²¥¥ μ¡Ð¥³ ¢¨¤¥ μ¶·¥¤¥²¨ÉÓ · ¸¶·¥¤¥²¥´¨¥ P (K). �¤´ ±μ ¢ ÔÉμ³ ¸²Ê-
Î ¥ ¢μ§´¨± ¥É ¶·μ¡²¥³  · ¸Î¥É  ±μ´¸¥·¢ É¨¢´μ° ¸¨²Ò,   É ±¦¥ É· ´¸¶μ·É´ÒÌ
±μÔËË¨Í¨¥´Éμ¢ ¤²Ö ±μμ·¤¨´ ÉÒ K (¨´¥·Í¨μ´´μ£μ, Ë·¨±Í¨μ´´μ£μ ¨ ¤¨Ë-
ËÊ§¨μ´´μ£μ ¶ · ³¥É·μ¢). ‡´ Ö § ¢¨¸¨³μ¸ÉÓ ¢· Ð É¥²Ó´μ° Ô´¥·£¨¨ μÉ K , ´¥
¸μ¸É ¢²Ö¥É É·Ê¤  μ¶·¥¤¥²¨ÉÓ ¨¸±μ³ÊÕ ±μ³¶μ´¥´ÉÊ ±μ´¸¥·¢ É¨¢´μ° ¸¨²Ò. ‚
Éμ ¦¥ ¢·¥³Ö ¢ ²¨É¥· ÉÊ·¥ ´¥ μ¶¨¸ ´ ¸¶μ¸μ¡ · ¸Î¥É  É· ´¸¶μ·É´ÒÌ ±μÔËË¨-
Í¨¥´Éμ¢ ¤²Ö ±μμ·¤¨´ ÉÒ K . �μÔÉμ³Ê ¶μ²´μ¸ÉÓÕ ¤¨´ ³¨Î¥¸±μ¥ · ¸¸³μÉ·¥´¨¥
Ô¢μ²ÕÍ¨¨ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò, ¸¢Ö§ ´´μ° ¸ K , ¶μ±  § É·Ê¤´¨É¥²Ó´μ.

�¤´ ±μ ¤¨´ ³¨Î¥¸±¨¥  ¸¶¥±ÉÒ Ëμ·³¨·μ¢ ´¨Ö Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ³μ-
£ÊÉ ¡ÒÉÓ ®Ê¶·ÖÉ ´Ò¯ ¢ Ì · ±É¥·¨¸É¨±Ê, ´ §Ò¢ ¥³ÊÕ ¢·¥³¥´¥³ ·¥² ±¸ Í¨¨
±μμ·¤¨´ ÉÒ K Å τK . ‚ · ¡μÉ Ì [12, 13] ¡Ò²μ ¶·¥¤²μ¦¥´μ · ¸¸³ É·¨¢ ÉÓ
Ô¢μ²ÕÍ¨Õ ±μμ·¤¨´ ÉÒ K ³¥Éμ¤μ³ Œμ´É¥-Š ·²μ, ¢ ±μÉμ·μ³ ¶·μÍ¥¸¸ ¤¥²¥-
´¨Ö Ì · ±É¥·¨§μ¢ ²¸Ö ¤¢Ê³Ö ±μ²²¥±É¨¢´Ò³¨ ¸É¥¶¥´Ö³¨ ¸¢μ¡μ¤Ò: ¶ · ³¥É·μ³
Ê¤²¨´¥´¨Ö Ö¤·  c ¨ ±μμ·¤¨´ Éμ° K .

2. ”��Œ�‹ˆ‡Œ ��‘—…’� “ƒ‹�‚›• ��‘��…„…‹…�ˆ‰

‘ÉμÌ ¸É¨Î¥¸±¨° ¶μ¤Ìμ¤ ± · ¸¸³μÉ·¥´¨Õ Ô¢μ²ÕÍ¨¨ ±μμ·¤¨´ ÉÒ K , ¶·¥¤-
²μ¦¥´´Ò° ¢ [12, 13], ¢ ´ ¸ÉμÖÐ¥³ ¨¸¸²¥¤μ¢ ´¨¨ μ¡μ¡Ð¥´ ´  É·¥Ì³¥·´ÊÕ
² ´¦¥¢¥´μ¢¸±ÊÕ ³μ¤¥²Ó ¤¥²¥´¨Ö [15Ä18]. ’ ±¨³ μ¡· §μ³, ¶·μÍ¥¸¸ ¤¥²¥-
´¨Ö μ¶¨¸Ò¢ ¥É¸Ö É·¥³Ö ±μ²²¥±É¨¢´Ò³¨ ±μμ·¤¨´ É ³¨ Ëμ·³Ò ¤¥²ÖÐ¥£μ¸Ö Ö¤· 
(c, h, α′) ¨ ¤μ¶μ²´¨É¥²Ó´μ° ¸É¥¶¥´ÓÕ ¸¢μ¡μ¤Ò K . ’ ± Ö Î¥ÉÒ·¥Ì³¥·´ Ö ³μ-
¤¥²Ó ¶μ§¢μ²Ö¥É (¶μ³¨³μ Ì · ±É¥·¨¸É¨± ¶·μÍ¥¸¸  ¤¥²¥´¨Ö Ö¤¥·, ±μÉμ·Ò¥ ³μ-
£ÊÉ ¡ÒÉÓ ¶μ²ÊÎ¥´Ò ¢ É·¥Ì³¥·´μ° ³μ¤¥²¨ [15Ä17]) ¤¨´ ³¨Î¥¸±¨ · ¸¸Î¨ÉÒ¢ ÉÓ
Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö μ¸±μ²±μ¢ ¤¥²¥´¨Ö.

„²Ö μ¶¨¸ ´¨Ö Ô¢μ²ÕÍ¨¨ ±μμ·¤¨´ ÉÒ K ¢ ¶·μÍ¥¸¸¥ ¤¢¨¦¥´¨Ö ¸μ¸É ¢´μ£μ
Ö¤·  μÉ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¤μ · §·Ò¢´μ° ±μ´Ë¨£Ê· Í¨¨ ¨¸¶μ²Ó§μ¢ ²¸Ö ¸²¥-
¤ÊÕÐ¨°  ²£μ·¨É³. „²Ö μ¸´μ¢´μ£μ (¸Ë¥·¨Î¥¸±μ£μ) ¸μ¸ÉμÖ´¨Ö ´ Î ²Ó´μ¥ §´ Î¥-
´¨¥ K ¢Ò¡¨· ²μ¸Ó ¨§ · ¢´μ³¥·´μ£μ · ¸¶·¥¤¥²¥´¨Ö ´  ¨´É¥·¢ ²¥ [−I, I]. � 
± ¦¤μ³ Ï £¥ ¨´É¥£·¨·μ¢ ´¨Ö Ê· ¢´¥´¨° ‹ ´¦¥¢¥´  ¶μ ¢·¥³¥´¨ τ ¢ÒÎ¨¸²Ö² ¸Ó
¢¥·μÖÉ´μ¸ÉÓ ¨§³¥´¥´¨Ö §´ Î¥´¨Ö K . „²Ö ÔÉμ£μ · §Ò£·Ò¢ ²μ¸Ó · ¢´μ³¥·´μ
· ¸¶·¥¤¥²¥´´μ¥ ´  μÉ·¥§±¥ [0, 1] ¸²ÊÎ °´μ¥ Î¨¸²μ ξ, ±μÉμ·μ¥ ¸· ¢´¨¢ ²μ¸Ó ¸
μÉ´μÏ¥´¨¥³ τ/τK . …¸²¨ ξ < τ/τK , Éμ ´  ¸²¥¤ÊÕÐ¥³ Ï £¥ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ
¢·¥³¥´¨ ¢Ò¡¨· ²μ¸Ó ´μ¢μ¥ §´ Î¥´¨¥ K = K ′. ˆ´ Î¥ ¸μÌ· ´Ö²μ¸Ó ¶·¥¤Ò¤Ê-
Ð¥¥ §´ Î¥´¨¥ K . �μ¢μ¥ §´ Î¥´¨¥ K ′ μ¶·¥¤¥²Ö²μ¸Ó ¸ ¶μ³μÐÓÕ ±² ¸¸¨Î¥¸±μ£μ
 ²£μ·¨É³  Œ¥É·μ¶μ²¨¸ , £¤¥ ¢ ± Î¥¸É¢¥ ¢¥·μÖÉ´μ¸É¨ wKK′ ¶¥·¥Ìμ¤  ¢ ¥¤¨-
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´¨ÍÊ ¢·¥³¥´¨ ¸¨¸É¥³Ò ¨§ ¸μ¸ÉμÖ´¨Ö ¸ K ¢ ¸μ¸ÉμÖ´¨¥ ¸ K ′ ¨¸¶μ²Ó§μ¢ ² ¸Ó
ËÊ´±Í¨Ö Œ¥É·μ¶μ²¨¸  [31]:

wKK′ = τ−1
s

⎧⎨
⎩ exp

(
−ΔEKK′

T

)
, ΔEKK′ > 0,

1, ΔEKK′ � 0,
(10)

£¤¥
ΔEKK′ = Erot(q, I, K ′) − Erot(q, I, K), τs = 10−21 c.

�μ²¥¥ ¶μ¤·μ¡´μ¥ μ¶¨¸ ´¨¥ ¨ μ¡μ¸´μ¢ ´¨¥ ¨¸¶μ²Ó§μ¢ ´¨Ö ¤ ´´μ£μ  ²£μ·¨É³ 
³μ¦´μ ´ °É¨ ¢ μ¡§μ·¥ [32].

‘¢Ö§Ó  ²£μ·¨É³  Œ¥É·μ¶μ²¨¸  ¸μ ¸ÉμÌ ¸É¨Î¥¸±μ° ±¨´¥É¨±μ° ³μ¦´μ μ¡μ-
¸´μ¢ ÉÓ ¢ ¤¨´ ³¨Î¥¸±μ° ¨´É¥·¶·¥É Í¨¨ ÔÉμ£μ  ²£μ·¨É³ . ˆ§¢¥¸É´μ [33], ÎÉμ
¤ ´´Ò°  ²£μ·¨É³ μ¶¨¸Ò¢ ¥É ³ ·±μ¢¸±¨° ·¥² ±¸ Í¨μ´´Ò° ¶·μÍ¥¸¸, μ¶·¥¤¥²Ö-
¥³Ò° ´¥· ¢´μ¢¥¸´μ° ËÊ´±Í¨¥° · ¸¶·¥¤¥²¥´¨Ö PK ≡ P (K, t), Ê¤μ¢²¥É¢μ·ÖÕ-
Ð¥° μ¸´μ¢´μ³Ê ±¨´¥É¨Î¥¸±μ³Ê Ê· ¢´¥´¨Õ

dPK

dt
= −PK(t)

∑
K′

wKK′ +
∑
K′

wK′KPK′(t) . (11)

“¸²μ¢¨¥³ ¸Ìμ¤¨³μ¸É¨ ³ ·±μ¢¸±μ£μ ·¥² ±¸ Í¨μ´´μ£μ ¶·μÍ¥¸¸ , μ¶¨¸Ò¢ ¥³μ£μ
Ê· ¢´¥´¨¥³ (11), ± · ¢´μ¢¥¸´μ³Ê · ¸¶·¥¤¥²¥´¨Õ Ö¢²Ö¥É¸Ö ¢Ò¶μ²´¥´¨¥ ¶·¨´-
Í¨¶  ¤¥É ²Ó´μ£μ · ¢´μ¢¥¸¨Ö:

wKK′Peq(K) = wK′KPeq(K ′) . (12)

‚μμ¡Ð¥ £μ¢μ·Ö, ÔÉμ Ê¸²μ¢¨¥ ´¥ μ¶·¥¤¥²Ö¥É μ¤´μ§´ Î´μ [33] ¢¨¤ ËÊ´±Í¨¨
wKK′ . ‚ μ¡§μ·¥ [32] ¶μ± § ´μ, ÎÉμ ËÊ´±Í¨Ö Œ¥É·μ¶μ²¨¸  (10) Ê¤μ¢²¥É¢μ·Ö¥É
Ê¸²μ¢¨Õ ¤¥É ²Ó´μ£μ · ¢´μ¢¥¸¨Ö (12) ¨, É ±¨³ μ¡· §μ³, ³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó-
§μ¢ ´  ¢ ¤ ´´μ³ ¶μ¤Ìμ¤¥ ¢ ± Î¥¸É¢¥ ¢¥·μÖÉ´μ¸É¨ ¶¥·¥Ìμ¤ . �¥Ï Ö Ê· ¢´¥-
´¨¥ (11) ¸ ËÊ´±Í¨¥° Œ¥É·μ¶μ²¨¸  ¢ ± Î¥¸É¢¥ ¢¥·μÖÉ´μ¸É¨ ¶¥·¥Ìμ¤ , ³μ¦´μ
μ¶¨¸ ÉÓ ¤¨´ ³¨Î¥¸±ÊÕ Ô¢μ²ÕÍ¨Õ Ë¨§¨Î¥¸±μ° ¢¥²¨Î¨´Ò AK ± ± 〈AK(t)〉 =∑

K AKPK(t).
�²ÓÉ¥·´ É¨¢μ° ËÊ´±Í¨¨ Œ¥É·μ¶μ²¨¸  Ö¢²Ö¥É¸Ö ËÊ´±Í¨Ö ƒ² Ê¡¥·  [33],

±μÉμ· Ö É ±¦¥ Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Õ (12). ˆ¸¶μ²Ó§μ¢ ´¨¥ ËÊ´±Í¨¨ ƒ² Ê¡¥· 
¢ ´ Ï¨Ì · ¸Î¥É Ì ¢³¥¸Éμ ËÊ´±Í¨¨ Œ¥É·μ¶μ²¨¸  ´¥ ³¥´Ö¥É ¨Ì ·¥§Ê²ÓÉ Éμ¢.
�μ¤Î¥·±´¥³, ÎÉμ ¢¸¥ · ¸Î¥ÉÒ ¢ ¤ ´´μ³ ¨¸¸²¥¤μ¢ ´¨¨ ¢Ò¶μ²´¥´Ò ¸ ËÊ´±Í¨¥°
Œ¥É·μ¶μ²¨¸ .

„²Ö ± ¦¤μ° ¤¨´ ³¨Î¥¸±μ° É· ¥±Éμ·¨¨, ¤μÏ¥¤Ï¥° ¤μ ÉμÎ±¨ · §·Ò¢ , ¢
· §·Ò¢´μ° ±μ´Ë¨£Ê· Í¨¨ Ë¨±¸¨·μ¢ ²¨¸Ó §´ Î¥´¨Ö I ¨ K . ’ ±¨³ μ¡· §μ³,
· ¸¸³ É·¨¢ Ö  ´¸ ³¡²Ó É· ¥±Éμ·¨° ¤¥²¥´¨Ö, ³Ò ¨³¥¥³ ¤¨´ ³¨Î¥¸±¨¥ · ¸¶·¥-
¤¥²¥´¨Ö ¶μ ±μμ·¤¨´ É ³ I ¨ K ¢ ³μ³¥´É · §·Ò¢  Ö¤·  ´  ¤¢  μ¸±μ²± .
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“¸·¥¤´ÖÖ ¢Ò· ¦¥´¨¥ (8) ¶μ  ´¸ ³¡²Õ É· ¥±Éμ·¨° · §¤¥²¨¢Ï¨Ì¸Ö Ö¤¥·,
¶μ²ÊÎ¨³ ¢¥·μÖÉ´μ¸ÉÓ ¢Ò²¥É  μ¸±μ²±μ¢ ¶μ¤ μ¶·¥¤¥²¥´´Ò³ Ê£²μ³ μÉ´μ¸¨É¥²Ó´μ
μ¸¨ ¶ÊÎ±  ´ ²¥É ÕÐ¨Ì ¨μ´μ¢:

〈W (θ)〉 =
1

Nf

Nf∑
j=1

(Ij + 1/2)
⏐⏐⏐d Ij

0Kj (θ)
⏐⏐⏐2

, (13)

£¤¥ Ij , Kj Å §´ Î¥´¨Ö ¶μ²´μ£μ ³μ³¥´É  ¨ ¥£μ ¶·μ¥±Í¨¨ ¢ ³μ³¥´É · §·Ò¢ 
Ö¤·  ¤²Ö j-° É· ¥±Éμ·¨¨ ¤¥²¥´¨Ö; Nf Å Î¨¸²μ ¸μ¡ÒÉ¨° ¤¥²¥´¨Ö; θ Å Ê£μ²
³¥¦¤Ê ´ ¶· ¢²¥´¨¥³ ¢Ò²¥É  μ¸±μ²±μ¢ ¤¥²¥´¨Ö ¨ μ¸ÓÕ ¶ÊÎ±  ´ ²¥É ÕÐ¨Ì
¨μ´μ¢. ’ ±¨³ μ¡· §μ³, ¸μ¸ÉμÖ´¨¥³, μ¶·¥¤¥²ÖÕÐ¨³ Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¢
¤ ´´μ° ³μ¤¥²¨, ¸Î¨É ¥É¸Ö · §·Ò¢´ Ö ±μ´Ë¨£Ê· Í¨Ö ¸μ¸É ¢´μ£μ Ö¤· .

‚Ò· ¦¥´¨¥ (13) ¢ ¤ ´´μ³ ¶μ¤Ìμ¤¥ ¨¸¶μ²Ó§μ¢ ²μ¸Ó ¤²Ö · ¸Î¥É   ´¨§μÉ·μ-
¶¨¨ Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö, μ¶·¥¤¥²Ö¥³μ° μÉ´μÏ¥´¨¥³ 〈W (0◦)〉/〈W (90◦)〉.

‚ ÔÉμ³ ¶μ¤Ìμ¤¥ τK Ö¢²Ö¥É¸Ö ¸¢μ¡μ¤´Ò³ ¢ ·Ó¨·Ê¥³Ò³ ¶ · ³¥É·μ³. �·¥¤-
¶μ² £ ¥É¸Ö, ÎÉμ ¶ · ³¥É· τK ´¥ ¨§³¥´Ö¥É¸Ö ¢ ¶·μÍ¥¸¸¥ Ô¢μ²ÕÍ¨¨ ¸μ¸É ¢´μ£μ
Ö¤·  μÉ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¤μ ÉμÎ±¨ · §·Ò¢ . ‚μμ¡Ð¥ £μ¢μ·Ö, ¢·¥³Ö ·¥² ±-
¸ Í¨¨ τK ´¥ Ö¢²Ö¥É¸Ö ¶μ¸ÉμÖ´´μ° ¢¥²¨Î¨´μ°. ‚ · ¡μÉ¥ [34] ¡Ò²μ ¶μ± § ´μ,
ÎÉμ ¸ÊÐ¥¸É¢Ê¥É § ¢¨¸¨³μ¸ÉÓ τK μÉ ÔËË¥±É¨¢´μ£μ ³μ³¥´É  ¨´¥·Í¨¨ ¨, ¸²¥¤μ-
¢ É¥²Ó´μ, μÉ Ëμ·³Ò ¸μ¸É ¢´μ£μ Ö¤· . �μ ±μ´±·¥É´Ò° ¢¨¤ ¤ ´´μ° § ¢¨¸¨³μ¸É¨
¶μ±  ´¥¨§¢¥¸É¥´, ¢ÒÖ¸´¨ÉÓ ¥£μ ¢ ¤ ´´μ³ ¶μ¤Ìμ¤¥ ´¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢μ§³μ¦-
´Ò³.

3. �…‡“‹œ’�’› ��‘—…’�‚ ˆ ��‘“†„…�ˆ…

„²Ö É¥¸É¨·μ¢ ´¨Ö ´ ¸ÉμÖÐ¥° ³μ¤¥²¨ Ëμ·³¨·μ¢ ´¨Ö Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥-
´¨° ¡Ò² · ¸¸³μÉ·¥´ ¶·¥¤¥²Ó´Ò° ¸²ÊÎ °, ±μ£¤  τK ³¥´ÓÏ¥ Ï £  ¨´É¥£·¨·μ¢ -
´¨Ö Ê· ¢´¥´¨° ‹ ´¦¥¢¥´  ¶μ ¢·¥³¥´¨ τ ¨, ¸²¥¤μ¢ É¥²Ó´μ, ³ ²μ ¶μ ¸· ¢´¥´¨Õ
¸μ ¸·¥¤´¨³¨ ¢·¥³¥´ ³¨ Ô¢μ²ÕÍ¨¨ ¤¥²ÖÐ¥°¸Ö ¸¨¸É¥³Ò μÉ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö
¤μ ¸¥¤²μ¢μ° ÉμÎ±¨ ¨ μÉ ¸¥¤²μ¢μ° ÉμÎ±¨ ¤μ ÉμÎ±¨ · §·Ò¢ . ‚ ÔÉμ³ ¸²ÊÎ ¥, ± ±
¨ μ¦¨¤ ²μ¸Ó, §´ Î¥´¨¥ ¤¨¸¶¥·¸¨¨ ¤¨´ ³¨Î¥¸±μ£μ · ¸¶·¥¤¥²¥´¨Ö ¶μ K , ¶μ-
²ÊÎ¥´´μ£μ ¢ ¤ ´´μ° ³μ¤¥²¨ ¶·¨ · ¸¸³μÉ·¥´¨¨  ´¸ ³¡²Ö É· ¥±Éμ·¨° ¤¥²¥´¨Ö,
¨³¥ÕÐ¨Ì μ¶·¥¤¥²¥´´μ¥ §´ Î¥´¨¥ K ¢ · §·Ò¢´μ° ±μ´Ë¨£Ê· Í¨¨, ¸μ¢¶ ¤ ¥É
¸ · ¢´μ¢¥¸´Ò³ §´ Î¥´¨¥³, ¶·¥¤¸± §Ò¢ ¥³Ò³ ³μ¤¥²ÓÕ �‘’�, ¸ ÉμÎ´μ¸ÉÓÕ ¤μ
0, 1 %. ‚ ÔÉμ³ ¶·¥¤¶μ²μ¦¥´¨¨  ´¨§μÉ·μ¶¨Ö Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö, · ¸-
¸Î¨É ´´ Ö ¢ ¤ ´´μ° ³μ¤¥²¨ ¶μ Ëμ·³Ê²¥ (13), É ±¦¥ ¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ¥É ¸
¸μμÉ¢¥É¸É¢ÊÕÐ¨³ §´ Î¥´¨¥³, ¶μ²ÊÎ¥´´Ò³ ¢ ³μ¤¥²¨ �‘’�, ¢ ¶·¥¤¥² Ì 1 %.

‚ ¤ ´´μ³ ¶μ¤Ìμ¤¥ ¶·μ¢¥¤¥´Ò ¤¨´ ³¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¸·¥¤´¥° ³´μ¦¥-
¸É¢¥´´μ¸É¨ ¶·¥¤· §·Ò¢´ÒÌ ´¥°É·μ´μ¢ ¨  ´¨§μÉ·μ¶¨¨ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨°
μ¸±μ²±μ¢ ¤¥²¥´¨Ö ¤²Ö ¶ÖÉ¨ ·¥ ±Í¨° ¸²¨Ö´¨Ö-¤¥²¥´¨Ö 16O + 208Pb → 224Th,
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�¨¸. 2. ‘·¥¤´ÖÖ ³´μ¦¥¸É¢¥´´μ¸ÉÓ ¶·¥¤· §·Ò¢´ÒÌ ´¥°É·μ´μ¢ ¤²Ö ·¥ ±Í¨° 16O + 208Pb,
232Th. ‘¢¥É²Ò¥ ±¢ ¤· ÉÒ Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [36,37]. ’μÎ¥Î´ Ö ±·¨¢ Ö Å
 ¶¶·μ±¸¨³ Í¨Ö ¨§ · ¡μÉÒ [35]. ’¥³´Ò¥ É·¥Ê£μ²Ó´¨±¨ Å · ¸Î¥É ¢ ´ ¸ÉμÖÐ¥° ³μ¤¥²¨
¸ ks = 0, 25. ’¥³´Ò¥ ±¢ ¤· ÉÒ Å · ¸Î¥É ¢ ´ ¸ÉμÖÐ¥° ³μ¤¥²¨ ¸ ks = 0, 5

16O + 209Bi → 225Pa, 16O + 232Th → 248Cf, 16O + 238U → 254Fm ¨ 16O +
248Cm → 264Rf.

ŠμÔËË¨Í¨¥´É ks ¢ ¤ ´´μ³ ¶μ¤Ìμ¤¥ Ö¢²Ö²¸Ö ¸¢μ¡μ¤´Ò³ ¶ · ³¥É·μ³, ¥£μ
§´ Î¥´¨¥ ¢ ·Ó¨·μ¢ ²μ¸Ó ¤²Ö ¢μ¸¶·μ¨§¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ
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¶·¥¤· §·Ò¢´μ° ³´μ¦¥¸É¢¥´´μ¸É¨ ´¥°É·μ´μ¢ ¤²Ö ·¥ ±Í¨° 16O + 208Pb [36] ¨
16O + 232Th [37]. �  ·¨¸. 2 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¸·¥¤´¥° ³´μ-
¦¥¸É¢¥´´μ¸É¨ ¶·¥¤· §·Ò¢´ÒÌ ´¥°É·μ´μ¢ ¸ ¤¢Ê³Ö §´ Î¥´¨Ö³¨ ks ¢ ¸· ¢´¥´¨¨
¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. ˆ§ ·¨¸. 2 ¢¨¤´μ, ÎÉμ ¤²Ö ·¥ ±Í¨¨ 16O +
232Th · ¸Î¥ÉÒ, ¶·μ¢¥¤¥´´Ò¥ ¸ ks = 0, 5, Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ μ¶¨¸Ò¢ ÕÉ Ô±¸-
¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥. „²Ö ·¥ ±Í¨¨ 16O + 208Pb · ¸Î¥ÉÒ ¸ ks = 0, 5 ²ÊÎÏ¥
μ¶¨¸Ò¢ ÕÉ Ô±¸¶¥·¨³¥´É, Î¥³ · ¸Î¥ÉÒ ¸ ks = 0, 25, μ¤´ ±μ ²¥¦ É §´ Î¨É¥²Ó´μ
´¨¦¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ÉμÎ¥±. ’ ±μ¥ · §´μ£² ¸¨¥ ³μ¦´μ μ¡ÑÖ¸´¨ÉÓ É¥³,
ÎÉμ ÉμÎ´Ò° ³¥Ì ´¨§³ Ö¤¥·´μ° ¤¨¸¸¨¶ Í¨¨, ·¥ ²¨§ÊÕÐ¨°¸Ö ¢ ¤¥²¥´¨¨, ¤μ
¸¨Ì ¶μ· ´¥¨§¢¥¸É¥´,   μ¤´μÉ¥²Ó´Ò° ³¥Ì ´¨§³ ¢Ö§±μ¸É¨, ¨¸¶μ²Ó§Ê¥³Ò° ´ ³¨,
Ö¢²Ö¥É¸Ö Ìμ·μÏ¨³ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨³ ¶·¨¡²¨¦¥´¨¥³. ‚¸¥ ¤¨´ ³¨Î¥¸±¨¥
· ¸Î¥ÉÒ  ´¨§μÉ·μ¶¨¨ Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö μ¸±μ²±μ¢ ¤¥²¥´¨Ö ¶·μ¢μ¤¨²¨¸Ó
¸ ±μÔËË¨Í¨¥´Éμ³ ks = 0, 5.

�  ·¨¸. 3 ¶·¥¤¸É ¢²¥´Ò É¥μ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ  ´¨§μÉ·μ¶¨¨ Ê£²μ¢ÒÌ · ¸-
¶·¥¤¥²¥´¨° μ¸±μ²±μ¢ ¤¥²¥´¨Ö ¤²Ö ·¥ ±Í¨¨ 16O + 208Pb ¢ § ¢¨¸¨³μ¸É¨ μÉ
Ô´¥·£¨¨ ´ ²¥É ÕÐ¥£μ ¨μ´ . � ¸Î¥ÉÒ ¢Ò¶μ²´¥´Ò ¸ · §²¨Î´Ò³¨ §´ Î¥´¨Ö³¨ ¶ -
· ³¥É·μ¢ ks ¨ τK . ˆ§ ·¨¸. 3 ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ  ´¨§μÉ·μ¶¨Ö Ê£²μ¢μ£μ
· ¸¶·¥¤¥²¥´¨Ö, · ¸¸Î¨É ´´ Ö ¢ ¤ ´´μ° ³μ¤¥²¨, ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸¨É μÉ ¶ -
· ³¥É·  ks. ‡ ¢¨¸¨³μ¸ÉÓ ¦¥ ¤ ´´μ° ¢¥²¨Î¨´Ò μÉ ¶ · ³¥É·  τK ¸ÊÐ¥¸É¢¥´´ ,
§´ Î¥´¨¥  ´¨§μÉ·μ¶¨¨ · ¸É¥É ¸ Ê³¥´ÓÏ¥´¨¥³ τK . 	Éμ ³μ¦´μ μ¡ÑÖ¸´¨ÉÓ É¥³,

�¨¸. 3. �´¨§μÉ·μ¶¨Ö Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° μ¸±μ²±μ¢ ¤¥²¥´¨Ö ± ± ËÊ´±Í¨Ö Ô´¥·£¨¨
´ ²¥É ÕÐ¥£μ ¨μ´ . ‘¢¥É²Ò¥ ±¢ ¤· ÉÒ Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [38]. ˜É·¨Ìμ¢ Ö
±·¨¢ Ö Å · ¸Î¥É ¢ ³μ¤¥²¨ �‘‘’. ’¥³´Ò¥ ±¢ ¤· ÉÒ Å · ¸Î¥É ¢ ´ Ï¥° ³μ¤¥²¨ ¸
ks = 0, 25 ¨ τK = 4 · 10−21 ¸. ’¥³´Ò¥ É·¥Ê£μ²Ó´¨±¨ Å · ¸Î¥É ¢ ´ Ï¥° ³μ¤¥²¨ ¸
ks = 0, 5 ¨ τK = 4 · 10−21 ¸. Š·Ê¦±¨ Å · ¸Î¥É ¢ ´ Ï¥° ³μ¤¥²¨ ¸ ks = 0, 5 ¨
τK = 2 · 10−21 ¸
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ÎÉμ ¶·¨ Ê³¥´ÓÏ¥´¨¨ ¶ · ³¥É·  τK ¢ ´ Ï¥° ³μ¤¥²¨ · ¸É¥É ¢¥·μÖÉ´μ¸ÉÓ ¨§³¥-
´¥´¨Ö K ´  ± ¦¤μ³ ¢·¥³¥´´μ³ Ï £¥ ¨´É¥£·¨·μ¢ ´¨Ö Ê· ¢´¥´¨° ‹ ´¦¥¢¥´ ,
¸²¥¤μ¢ É¥²Ó´μ, ±μμ·¤¨´ É  K ·¥² ±¸¨·Ê¥É ¢ ¡μ²¥¥ ¢ÒÉÖ´ÊÉμ°, Î¥³ ¸¥¤²μ¢ Ö,
±μ´Ë¨£Ê· Í¨¨, ÎÉμ ¶·¨¢μ¤¨É ± ¡μ²¥¥ Ê§±μ³Ê ±μ´¥Î´μ³Ê · ¸¶·¥¤¥²¥´¨Õ ¶μ
K . � ¸Î¥ÉÒ ¢ ´ Ï¥° ³μ¤¥²¨ ¸ τK = 2 · 10−21 ¸ Ìμ·μÏμ μ¶¨¸Ò¢ ÕÉ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö ¤ ´´μ° ·¥ ±Í¨¨ ¶·¨ Ô´¥·£¨ÖÌ ´ ²¥É ÕÐ¥£μ ¨μ´ 
¤μ 130 ŒÔ‚. �μ ¶·¨ ¡μ²¥¥ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ ´ Ï  ³μ¤¥²Ó ¸ÊÐ¥¸É¢¥´´μ ´¥-
¤μμÍ¥´¨¢ ¥É Ô±¸¶¥·¨³¥´É. �μ ¢¸¥° ¢¨¤¨³μ¸É¨, ¤²Ö μ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É 
¶·¨ É ±¨Ì Ô´¥·£¨ÖÌ ¢ ¤ ´´μ° ·¥ ±Í¨¨ ´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ §´ Î¥´¨¥ τK ,
· ¢´μ¥ 1 · 10−21 ¸ ¨²¨ ³¥´ÓÏ¥¥.

�¨¸. 4. �´¨§μÉ·μ¶¨Ö Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° μ¸±μ²±μ¢ ¤¥²¥´¨Ö ± ± ËÊ´±Í¨Ö Ô´¥·-
£¨¨ ´ ²¥É ÕÐ¥£μ ¨μ´ . Š¢ ¤· ÉÒ Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [38]. �Ê´±É¨·´Ò¥
±·¨¢Ò¥ Å · ¸Î¥ÉÒ ¢ ³μ¤¥²ÖÌ �‘‘’ ¨ �‘’�. Š·Ê¦±¨ Å É¥μ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¢
´ ¸ÉμÖÐ¥° ³μ¤¥²¨ ¸ ks = 0, 5 ¨ τK = 2 ·10−21 ¸ ( ), τK = 4 ·10−21 ¸ (¡-£). ‘¶²μÏ´ Ö
±·¨¢ Ö Å  ¶¶·μ±¸¨³ Í¨Ö É¥μ·¥É¨Î¥¸±¨Ì · ¸Î¥Éμ¢ ¶μ²¨´μ³μ³ ¢Éμ·μ£μ ¶μ·Ö¤± 
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‚ · ³± Ì ¶·¥¤¸É ¢²¥´´μ° ³μ¤¥²¨ ¡Ò²¨ ¶·μ ´ ²¨§¨·μ¢ ´Ò Ô±¸¶¥·¨³¥´-
É ²Ó´Ò¥ Ô´¥·£¥É¨Î¥¸±¨¥ § ¢¨¸¨³μ¸É¨  ´¨§μÉ·μ¶¨¨ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° μ¸-
±μ²±μ¢ ¤¥²¥´¨Ö, ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 4. „²Ö ¤μ¸É¨¦¥´¨Ö
²ÊÎÏ¥£μ μ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ô´¥·£¥É¨Î¥¸±¨Ì § ¢¨¸¨³μ¸É¥°  ´¨§μ-
É·μ¶¨¨ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¢ ´ Ï¨Ì · ¸Î¥É Ì ¢ ·Ó¨·μ¢ ²μ¸Ó §´ Î¥´¨¥ τK .
„²Ö ¸μ¸É ¢´ÒÌ Ö¤¥· 224Th ¨ 225Pa μÍ¥´±  ¢·¥³¥´¨ ·¥² ±¸ Í¨¨ ¸μ¸É ¢²Ö¥É
τK = 2 · 10−21 ¸. „²Ö ¡μ²¥¥ ÉÖ¦¥²ÒÌ 248Cf, 254Fm, 264Rf ²ÊÎÏ¥¥ μ¶¨¸ ´¨¥
¤μ¸É¨£ ¥É¸Ö ¶·¨ τK = 4 · 10−21 ¸. ’ ±¦¥ ´  ·¨¸. 4 ¶μ± § ´Ò ¶·¥¤¸± § ´¨Ö
±² ¸¸¨Î¥¸±¨Ì ³μ¤¥²¥° �‘‘’ ¨ �‘’�. ˆ§ ·¨¸. 3, 4 ¢¨¤´μ, ÎÉμ ¤²Ö 224Th ¨
225Pa �‘‘’ Ìμ·μÏμ μ¶¨¸Ò¢ ¥É Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥. „²Ö ¸μ¸É ¢´ÒÌ
¦¥ Ö¤¥· ¸ A > 246 (248Cf, 254Fm, 264Rf) ³μ¤¥²Ó �‘‘’ ¤ ¥É § ´¨¦¥´´Ò¥
§´ Î¥´¨Ö, ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ÉμÎ±¨ ²¥¦ É ³¥¦¤Ê ¶·¥¤¸± § ´¨Ö³¨ ³μ¤¥²¥°
�‘‘’ ¨ �‘’�.

…¸²¨ ¢ ¤ ´´μ° ³μ¤¥²¨ · ¸¸³ É·¨¢ ÉÓ Ô¢μ²ÕÍ¨Õ Éμ²Ó±μ μ¤´μ° ±μ²²¥±É¨¢-
´μ° ±μμ·¤¨´ ÉÒ Ê¤²¨´¥´¨Ö c,   ¤¢¥ ¤·Ê£¨¥ ¶·¨· ¢´ÖÉÓ ´Ê²Õ (h = 0, α′ = 0),
É. ¥. ¶¥·¥°É¨ μÉ É·¥Ì³¥·´μ° ² ´¦¥¢¥´μ¢¸±μ° ¤¨´ ³¨±¨ ± μ¤´μ³¥·´μ°, §´ Î¥-
´¨¥ ¶ · ³¥É·  τK , ¶μ²ÊÎ ¥³μ¥ ¨§ Ê¸²μ¢¨Ö μ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´-
´ÒÌ ¶μ  ´¨§μÉ·μ¶¨¨ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨°, Ê¢¥²¨Î¨É¸Ö ¢ ¤¢ -É·¨ · § , ¶·¨-
¡²¨¦ Ö ¨§¢²¥Î¥´´Ò¥ ´ ³¨ §´ Î¥´¨Ö τK ± §´ Î¥´¨Ö³, ¶μ²ÊÎ¥´´Ò³ ¢ [12, 13],
£¤¥ ¡Ò²  É ±¦¥ ¨¸¶μ²Ó§μ¢ ´  μ¤´μ³¥·´ Ö ² ´¦¥¢¥´μ¢¸± Ö ³μ¤¥²Ó.

4. ‡�Š‹�—…�ˆ… ˆ ‚›‚�„›

„¨´ ³¨Î¥¸± Ö ³μ¤¥²Ó Ëμ·³¨·μ¢ ´¨Ö Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ´  μ¸´μ¢¥
μ¤´μ³¥·´μ° ² ´¦¥¢¥´μ¢¸±μ° ³μ¤¥²¨, ¶·¥¤²μ¦¥´´ Ö ¢ · ¡μÉ Ì [12, 13], ¢ ´ -
¸ÉμÖÐ¥³ ¨¸¸²¥¤μ¢ ´¨¨ μ¡μ¡Ð¥´  ´  ¸²ÊÎ ° É·¥Ì³¥·´μ° ² ´¦¥¢¥´μ¢¸±μ° ³μ-
¤¥²¨. ’ ± Ö ³μ¤¥²Ó, ÊÎ¨ÉÒ¢ ÕÐ Ö ¸ÉμÌ ¸É¨Î¥¸±ÊÕ ¶·¨·μ¤Ê ¶·μÍ¥¸¸  ¤¥²¥´¨Ö
¨ Ëμ·³¨·μ¢ ´¨Ö Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨°, ¶μ§¢μ²¨²  ²ÊÎÏ¥ μ¶¨¸ ÉÓ Ô±¸¶¥·¨-
³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö  ´¨§μÉ·μ¶¨¨ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨°, Î¥³ ¸É É¨¸É¨Î¥-
¸±¨¥ ³μ¤¥²¨ ¶¥·¥Ìμ¤´μ£μ ¸μ¸ÉμÖ´¨Ö (�‘‘’ ¨ �‘’�) ¤²Ö ·¥ ±Í¨° ¸²¨Ö´¨Ö-
¤¥²¥´¨Ö ÉÖ¦¥²ÒÌ ¨μ´μ¢.

‚ · ³± Ì ¤ ´´μ£μ ¶μ¤Ìμ¤  ¢Ò¶μ²´¥´  μÍ¥´±  ¢·¥³¥´¨ ·¥² ±¸ Í¨¨ ¸É¥-
¶¥´¨ ¸¢μ¡μ¤Ò, ¸¢Ö§ ´´μ° ¸ ¶·μ¥±Í¨¥° K ¶μ²´μ£μ ³μ³¥´É  I ´  μ¸Ó ¤¥²¥´¨Ö.
� ¸Î¥ÉÒ  ´¨§μÉ·μ¶¨¨ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨°, ¶·μ¢¥¤¥´´Ò¥ ¸ ¢·¥³¥´¥³ ·¥-
² ±¸ Í¨¨ τK = 2− 4 · 10−21 ¸, μ± § ²¨¸Ó ´ ¨¡μ²¥¥ ¡²¨§±¨ ± Ô±¸¶¥·¨³¥´É ²Ó-
´Ò³ §´ Î¥´¨Ö³. ’ ±μ¥ ¢·¥³Ö ·¥² ±¸ Í¨¨ ¸μ¶μ¸É ¢¨³μ ¸μ ¸·¥¤´¨³ ¢·¥³¥´¥³
¸¶Ê¸±  ¤¥²ÖÐ¥°¸Ö Ö¤¥·´μ° ¸¨¸É¥³Ò μÉ ¸¥¤²μ¢μ° ¤μ · §·Ò¢´μ° ±μ´Ë¨£Ê· Í¨¨
(∼ 6·10−21 ¸), ÎÉμ Ê± §Ò¢ ¥É ´  ´¥¶·¨³¥´¨³μ¸ÉÓ μ¡¥¨Ì ±² ¸¸¨Î¥¸±¨Ì ³μ¤¥²¥°
¶¥·¥Ìμ¤´μ£μ ¸μ¸ÉμÖ´¨Ö (�‘‘’ ¨ �‘’�) ¤²Ö É ±¨Ì ·¥ ±Í¨°.

�μ¤¢μ¤Ö ¨Éμ£, ¸²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¢ÒÖ¸´¥´¨¥ ·μ²¨ ¤¨´ ³¨Î¥¸±¨Ì Ë ±-
Éμ·μ¢ ¶·¨ Ëμ·³¨·μ¢ ´¨¨ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° μ¸±μ²±μ¢ ¤¥²¥´¨Ö ´ Ìμ¤¨É¸Ö
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²¨ÏÓ ´  ´ Î ²Ó´μ³ ÔÉ ¶¥. �·¨³¥´¥´´Ò° ¢ ¤ ´´μ³ ¨¸¸²¥¤μ¢ ´¨¨ ¶μ¤Ìμ¤ ¶μ-
§¢μ²¨² ¶μ²ÊÎ¨ÉÓ ¤μ¸É ÉμÎ´μ Ìμ·μÏ¥¥ μ¶¨¸ ´¨¥ Ô´¥·£¥É¨Î¥¸±¨Ì § ¢¨¸¨³μ¸É¥°
 ´¨§μÉ·μ¶¨¨ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¢ ¤¨´ ³¨Î¥¸±μ³ · ¸¸³μÉ·¥´¨¨ ¨Ì Ëμ·-
³¨·μ¢ ´¨Ö. �·¥¤¸É ¢²Ö¥É¸Ö ¶¥·¸¶¥±É¨¢´Ò³ ¨¸¶μ²Ó§μ¢ ´¨¥ ³´μ£μ³¥·´ÒÌ ² ´-
¦¥¢¥´μ¢¸±¨Ì ³μ¤¥²¥°, · ¸¸³ É·¨¢ ÕÐ¨Ì K ± ± ¸ ³μ¸ÉμÖÉ¥²Ó´ÊÕ ±μ²²¥±É¨¢-
´ÊÕ ¸É¥¶¥´Ó ¸¢μ¡μ¤Ò.
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