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

ˆ§² £ ¥É¸Ö ¶µ¤Ìµ¤, µ¸´µ¢ ´´Ò° ´  ¶·¨³¥´¥´¨¨ ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¥
§ ±µ´µ¢ ¶µ¤µ¡¨Ö, ¸¨³³¥É·¨¨ ·¥Ï¥´¨° ¨ ¤·Ê£¨Ì ³¥Éµ¤µ¢, ´¥ µ¶¨· ÕÐ¨Ì¸Ö ´  ² £· ´-
¦¥¢ ³¥Éµ¤, ´µ ¶µ§¢µ²ÖÕÐ¨° ±µ´¸É·Ê¨·µ¢ ÉÓ ³µ¤¥²¨ (·¥Ï¥´¨Ö, § ±µ´Ò ¶·¨·µ¤Ò), ¨¸Ìµ¤Ö
¨§ ¶¥·¢ÒÌ ¶·¨´Í¨¶µ¢. � Ï ¶µ¤Ìµ¤ ¶µ§¢µ²¨²: 1) Ê¸É ´µ¢¨ÉÓ µ¡² ¸ÉÓ Ö¤¥·´ÒÌ ¸Éµ²±´µ-
¢¥´¨°, ¢ ±µÉµ·µ° ´Ê±²µ´Ò ÊÉ· Î¨¢ ÕÉ ¸¢µÕ Éµ¦¤¥¸É¢¥´´µ¸ÉÓ ¨ ´ ¸ÉÊ¶ ÕÉ  ¸¨³¶Éµ-
É¨Î¥¸±¨¥ ¶µ Ô´¥·£¨¨ ·¥¦¨³Ò, 2) ¶·¥¤¸± § ÉÓ ¨ µ¡´ ·Ê¦¨ÉÓ ±Ê³Ê²ÖÉ¨¢´Ò¥ ¶·µÍ¥¸¸Ò,
¤¥³µ´¸É·¨·ÊÕÐ¨¥ ´ ¡²Õ¤ ¥³µ¸ÉÓ ³´µ£µÎ ¸É¨Î´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, 3) ¤ ÉÓ ¥¤¨´µ¥
µ¶¨¸ ´¨¥ £²Ê¡µ±µ¶µ¤¶µ·µ£µ¢ÒÌ, µ±µ²µ¶µ·µ£µ¢ÒÌ ¨ ±Ê³Ê²ÖÉ¨¢´ÒÌ ¶·µÍ¥¸¸µ¢, 4) ¸¤¥² ÉÓ
±µ²¨Î¥¸É¢¥´´µ¥ µ¶¨¸ ´¨¥ ±µ´¥Î´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨° (³´µ¦¥¸É¢¥´-
´ÒÌ ¶·µÍ¥¸¸µ¢) ´  µ¸´µ¢¥ ¶µ´ÖÉ¨° ®¶·µ³¥¦ÊÉµÎ´ Ö  ¸¨³¶ÉµÉ¨± ¯ ¨ ®¶·¨´Í¨¶ µ¸² ¡-
²¥´¨Ö ±µ··¥²ÖÍ¨°¯ ¢ ¶·µ¸É· ´¸É¢¥ µÉ´µ¸¨É¥²Ó´ÒÌ 4-¸±µ·µ¸É¥°, 5) µ¡´ ·Ê¦¨ÉÓ ²µ± ²Ó-
´ÊÕ  ¢Éµ³µ¤¥²Ó´µ¸ÉÓ (¸ ³µ¶µ¤µ¡¨¥) ±µ´¥Î´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨°,
6) ¤ ÉÓ ±µ²¨Î¥¸É¢¥´´µ¥ µ¶¨¸ ´¨¥ µ¡· §µ¢ ´¨Ö  ´É¨³ É¥·¨¨ ¢ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥·´ÒÌ
¸Éµ²±´µ¢¥´¨ÖÌ. �µ²µ¦¥´¨Ö ¤ ´´µ£µ ¶µ¤Ìµ¤  ¨²²Õ¸É·¨·ÊÕÉ¸Ö ´ ¨¡µ²¥¥ Ì · ±É¥·´Ò³¨
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨, µ¡µ¸´µ¢Ò¢ ÕÐ¨³¨ ¸¶·a¢¥¤²¨¢µ¸ÉÓ ´ Ï¨Ì ÊÉ¢¥·¦¤¥´¨°.

An approach is given in relativistic nuclear physics which is based on the application of
the similarity laws, symmetry of solutions and other methods, not resting upon the Lagrange
method, to the construction of models (solutions, laws of Nature) starting from the first
principles. Our approach makes it possible to 1) define the region of nuclear collisions in
which nucleons lose their identity and the asymptotic in energy regimes are setting up,
2) predict and discover cumulative processes manifesting observability of multiparticle inter-
actions, 3) give the common description of deep subthreshold, near threshold and cumu-
lative processes, 4) give the quantitative description of the final states of nuclear collisions
(multiparticle processes) on the basis of the notions Å the intermediate asymptotics and the
correlation depletion principle in the relative four-velocity space, 5) discover a local auto-
modelity (self-similarity) of the final states, 6) give the quantitative description of the
antimatter production in relativistic nuclear collisions. The statements of this approach are
illustrated by the most characteristic experimental data giving ground for our assertions.
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1. ‚‚…„…�ˆ…

Šµ²¨Î¥¸É¢¥´´µ¥ ¨§ÊÎ¥´¨¥ ¶·µÍ¥¸¸µ¢ ³´µ£µÎ ¸É¨Î´ÒÌ Ö¤¥·´ÒÌ ¢§ ¨³µ-
¤¥°¸É¢¨° ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° µ¡² ¸É¨ ´ Î ²µ¸Ó µ±µ²µ 25 ²¥É Éµ³Ê ´ § ¤ ¶µ¸²¥
¶µ²ÊÎ¥´¨Ö ¢ „Ê¡´¥ ¨ �¥·±²¨ ¶ÊÎ±µ¢ Ö¤¥·, ¤¢¨¦ÊÐ¨Ì¸Ö ¸ µ±µ²µ¸¢¥Éµ¢Ò³¨
¸±µ·µ¸ÉÖ³¨ [1]. „µ ÔÉµ£µ ·¥²ÖÉ¨¢¨¸É¸±¨¥ Ö¤·  ¨§ÊÎ ²¨¸Ó ± ± ¸µ¸É ¢´ Ö
Î ¸ÉÓ ¨¸¸²¥¤µ¢ ´¨° ±µ¸³¨Î¥¸±¨Ì ²ÊÎ¥°.

‚µ§´¨±²  ·¥²ÖÉ¨¢¨¸É¸± Ö Ö¤¥·´ Ö Ë¨§¨±  Å µ¡² ¸ÉÓ ¨¸¸²¥¤µ¢ ´¨Ö ¶·µ-
Í¥¸¸µ¢, ¢ ±µÉµ·ÒÌ Î ¸É¨ÍÒ, ¸µ¸É ¢²ÖÕÐ¨¥ Ö¤¥·´ÊÕ ³ É¥·¨Õ, ¤¢¨¦ÊÉ¸Ö ¸
µÉ´µ¸¨É¥²Ó´Ò³¨ ¸±µ·µ¸ÉÖ³¨, ¡²¨§±¨³¨ ± ¸±µ·µ¸É¨ ¸¢¥É . „²Ö µ¶¨¸ ´¨Ö
É ±¨Ì ¶·µÍ¥¸¸µ¢ ´¥µ¡Ìµ¤¨³ ÊÎ¥É ´¥´Ê±²µ´´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò, ¤  ¨ ¸ ³µ
¶µ´ÖÉ¨¥ ®´Ê±²µ´¯ ¸É ´µ¢¨É¸Ö ´¥ ¤¥±¢ É´Ò³ § ¤ Î¥. �¸µ¡µ¥ ¢´¨³ ´¨¥ ¶·¨-
¢²¥±²  ¶·µ¡²¥³  ¶¥·¥Ìµ¤  ¶·µÉµ´-´¥°É·µ´´µ° ³ É¥·¨¨ ¢ ±¢ ·±-£²Õµ´´ÊÕ.

‚ ±µ´Í¥ 80-Ì £µ¤µ¢ ¶µÖ¢¨²¨¸Ó ¤ ´´Ò¥, ¶µ²ÊÎ¥´´Ò¥ ¶·¨ Ô´¥·£¨ÖÌ ¢ÒÏ¥
10 � ƒÔ‚ ´  ¸ÊÐ¥¸É¢ÊÕÐ¨Ì Ê¸±µ·¨É¥²ÖÌ (�·Ê±Ì¥°¢¥´ ¨ –…��). �·µ£· ³³Ò
¨¸¸²¥¤µ¢ ´¨° ¶µ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¥ ¶µÉ·¥¡µ¢ ²¨ ¸µ§¤ ´¨Ö ´µ-
¢ÒÌ ±·Ê¶´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸É ´µ¢µ± ¨ Ê¸±µ·¨É¥²¥°. ‚ „Ê¡´¥ ¡Ò²
¶µ¸É·µ¥´ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¨° Ê¸±µ·¨É¥²Ó ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· Å ´Ê±²µÉ·µ´
(1992 £.), ´  ±µÉµ·µ³ ¶·µ¢µ¤ÖÉ¸Ö Ô±¸¶¥·¨³¥´ÉÒ ¶µ ¨¸¸²¥¤µ¢ ´¨Õ ¶¥·¥Ìµ¤-
´µ£µ ·¥¦¨³  µÉ ´Ê±²µ´´ÒÌ ± Í¢¥Éµ¢Ò³ ¸É¥¶¥´Ö³ ¸¢µ¡µ¤Ò ¢ Ö¤· Ì. “¸¶¥Ï´µ
¨¤¥É ¸µµ·Ê¦¥´¨¥ ·¥²ÖÉ¨¢¨¸É¸±µ£µ ±µ²² °¤¥·  ÉÖ¦¥²ÒÌ ¨µ´µ¢ (RHIC) ¢
‘˜�. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ·¥ ²¨§Ê¥É¸Ö ¡µ²ÓÏ Ö Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¶·µ-
£· ³³  ¨¸¸²¥¤µ¢ ´¨° ¸ ÉÖ¦¥²Ò³¨ ¨µ´ ³¨ ¶·¨ Ô´¥·£¨¨ 159 � ƒÔ‚ ¢ –…�� ¨
· §· ¡ ÉÒ¢ ¥É¸Ö ¶·µ£· ³³  Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ´  ¡µ²ÓÏµ³  ¤·µ´´µ³
±µ²² °¤¥·¥ (LHC).

�µ²ÓÏµ° ̈  ¢¸¥¢µ§· ¸É ÕÐ¨° ¨´É¥·¥¸ ± ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¥
³µÉ¨¢¨·µ¢ ´ ´ ¤¥¦¤ ³¨ ´  Ê¸É ´µ¢²¥´¨¥ § ±µ´µ¢, µ¶¨¸Ò¢ ÕÐ¨Ì ·¥²ÖÉ¨-
¢¨¸É¸±¨¥ ³´µ£µÎ ¸É¨Î´Ò¥ ¸¨¸É¥³Ò. ˆ§ÊÎ¥´¨¥ ÔÉ¨Ì § ±µ´µ¢ ¨³¥¥É ¡µ²ÓÏµ¥
§´ Î¥´¨¥ ¤²Ö  ¸É·µË¨§¨±¨, ±µ¸³µ²µ£¨¨, ¤²Ö ¶µ´¨³ ´¨Ö Ö¢²¥´¨°, ¶·µÉ¥± ¢-
Ï¨Ì ¢ ³µ³¥´É �µ²ÓÏµ£µ ‚§·Ò¢ . “¸É ´µ¢²¥´¨¥ É ±¨Ì § ±µ´µ¢ ¢ ¦´µ É ±¦¥
¤²Ö ¸µ§¤ ´¨Ö Ô²¥±É·µÖ¤¥·´µ° Ô´¥·£¥É¨±¨, ±µÉµ· Ö ¢ ¶µ¸²¥¤´¨¥ £µ¤Ò ¶·¨-
¢²¥±²  ¡µ²ÓÏµ¥ ¢´¨³ ´¨¥ Ô´¥·£¥É¨±µ¢, ¸¶¥Í¨ ²¨¸Éµ¢ ¢ µ¡² ¸É¨ ·¥ ±Éµ·µ-
¸É·µ¥´¨Ö, Ô±µ²µ£µ¢. „²Ö ¶·¨±² ¤´ÒÌ Í¥²¥° É ±¦¥ ¢ ¦´µ ´ ±µ¶²¥´¨¥ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ¢§ ¨³µ¤¥°¸É¢¨Õ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¨µ´µ¢ ¸
¢¥Ð¥¸É¢µ³.

’¥µ·¨Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì · §·¥¦¥´´ÒÌ ³´µ£µÎ ¸É¨Î´ÒÌ ¸¨¸É¥³* ¶·¨¢²¥-
± ²  ¢´¨³ ´¨¥ ¸¶¥Í¨ ²¨¸Éµ¢ ´  ¸ ³µ° § ·¥ ¸µ§¤ ´¨Ö É¥µ·¨¨ µÉ´µ¸¨É¥²Ó-
´µ¸É¨. � ¸¸³µÉ·¥´¨¥ ·¥²ÖÉ¨¢¨¸É¸±µ£µ ¢ ·¨ ´É  Ê· ¢´¥´¨° ¶¥·¥´µ¸  ¶µ§-

*� §·¥¦¥´´Ò³¨ ´ §Ò¢ ÕÉ¸Ö É ±¨¥ ¸¨¸É¥³Ò, ¢ ±µÉµ·ÒÌ ¶·¥µ¡² ¤ ÕÐ¨³ ¤¨´ ³¨Î¥¸±¨³ ³¥-
Ì ´¨§³µ³ Ö¢²Ö¥É¸Ö ¤¢ÊÌÎ ¸É¨Î´Ò°.

578  ��‹„ˆ� �.Œ., ��‹„ˆ� �.�.



¢µ²¨²µ ¶·µ¢¥¸É¨ ́  ¨¡µ²¥¥ µ¡Ð¥¥ µ¶¨¸ ´¨¥ É¥·³µ¤¨´ ³¨Î¥¸±¨Ì ̧ ¢µ°¸É¢ · §-
·¥¦¥´´ÒÌ ¸¨¸É¥³ [2]. �·¨³¥´¥´¨Õ É¥·³µ¤¨´ ³¨±¨ ¨ £¨¤·µ¤¨´ ³¨±¨ [3] ±
µ¶¨¸ ´¨Õ ³´µ£µÎ ¸É¨Î´ÒÌ ±µ´¥Î´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ¸Éµ²±´µ¢¥´¨ÖÌ  ¤·µ´µ¢ ¨
Ö¤¥· ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ ¶µ¸¢ÖÐ¥´µ ¡µ²ÓÏµ¥ Î¨¸²µ É¥µ·¥É¨Î¥¸±¨Ì · ¡µÉ
¨ É¥³ É¨Î¥¸±¨Ì ³¥¦¤Ê´ ·µ¤´ÒÌ ±µ´Ë¥·¥´Í¨°*. �É¨ ¶µ¤Ìµ¤Ò Ï¨·µ±µ Ô±¸-
¶²Ê É¨·ÊÕÉ¸Ö ¤²Ö µ¡µ¸´µ¢ ´¨Ö ¸µ§¤ ´¨Ö ±·Ê¶´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
Ê¸É ´µ¢µ± ¨ Ê¸±µ·¨É¥²¥° [4]. �¸µ¡Ò¥ ´ ¤¥¦¤Ò ¢µ§² £ ÕÉ¸Ö ´  ¢µ§³µ¦´µ¸ÉÓ
´ ¡²Õ¤¥´¨Ö ±¢ ·±-£²Õµ´´µ° ¶² §³Ò, ¸ÊÐ¥¸É¢µ¢ ´¨¥ ±µÉµ·µ° ¢ ¶·¨·µ¤¥
¸²¥¤Ê¥É ¨§ · ¸¸³µÉ·¥´¨Ö Ö¤¥·´µ° ³ É¥·¨¨ ± ± ¸¶²µÏ´µ° ¸·¥¤Ò ¶·¨ ¶·¥-
¤¥²Ó´µ ¢Ò¸µ±¨Ì ¤ ¢²¥´¨ÖÌ ¨ É¥³¶¥· ÉÊ· Ì. �µ µ¶·¥¤¥²¥´¨Õ Ê· ¢´¥´¨¥ ¸µ-
¸ÉµÖ´¨Ö Ö¤¥·´µ° ³ É¥·¨¨ · ¸¸³ É·¨¢ ¥É¸Ö ¤²Ö ³ ±·µ¸±µ¶¨Î¥¸±¨ ¶·µÉÖ¦¥´-
´µ° ¸·¥¤Ò. Ÿ¤¥·´µ¥ Ê· ¢´¥´¨¥ ¸µ¸ÉµÖ´¨Ö Å µÎ¥´Ó ¢ ¦´ Ö ¨´Ëµ·³ Í¨Ö, ´¥-
µ¡Ìµ¤¨³ Ö ¤²Ö ±µ²¨Î¥¸É¢¥´´µ£µ µ¶¨¸ ´¨Ö É ±¨Ì  ¸É·µË¨§¨Î¥¸±¨Ì Ö¢²¥´¨°,
± ± ¢§·Ò¢Ò ¸¢¥·Ì´µ¢ÒÌ §¢¥§¤, µ¡· §µ¢ ´¨¥ ¨ ¸¢µ°¸É¢  ´¥°É·µ´´ÒÌ §¢¥§¤...
�¤´ ±µ ¢µ¶·µ¸ µ Éµ³, ´ ¸±µ²Ó±µ ¤ ¦¥ ¸ ³Ò¥ ÉÖ¦¥²Ò¥ Ö¤·  ¶·¨ ´ ¨¢Ò¸Ï¨Ì
¶² ´¨·Ê¥³ÒÌ Ô´¥·£¨ÖÌ ¸³µ£ÊÉ ¨³¨É¨·µ¢ ÉÓ ¸¶²µÏ´ÊÕ ¸·¥¤Ê, µ¸É ¥É¸Ö µÉ-
±·ÒÉÒ³. Š·µ³¥ Éµ£µ, ́ ¥Ö¸´µ, ́  ¸±µ²Ó±µ ̈ §ÊÎ ¥³ Ö ́   Ê¸±µ·¨É¥²ÖÌ ¤¨´ ³¨± 
³Ê²ÓÉ¨ ¤·µ´´ÒÌ ̧ ¨¸É¥³ µ¶¨¸Ò¢ ¥É¸Ö É¥³¨ ¦¥ § ±µ´ ³¨, ÎÉµ ̈   ¤·µ´´ Ö É¥·-
³µ¤¨´ ³¨± , ±µÉµ· Ö ¶·¨³¥´Ö¥É¸Ö ¤²Ö µ¶¨¸ ´¨Ö ¢´ÊÉ·¨§¢¥§¤´ÒÌ ¶·µÍ¥¸¸µ¢,
· ´´¥° ‚¸¥²¥´´µ° ¨ É.¶.

‘É·¥³²¥´¨¥ ´ °É¨ ¶·µ¸ÉÒ¥ ËÊ´¤ ³¥´É ²Ó´Ò¥ § ±µ´Ò ¶·¨·µ¤Ò, ´  µ¸´µ-
¢¥ ±µÉµ·ÒÌ ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ ³ ±¸¨³ ²Ó´µ ¢µ§³µ¦´µ¥ Î¨¸²µ Ö¢²¥´¨°,
¸Ò£· ²µ ¢¥¸Ó³  ¶·µ£·¥¸¸¨¢´ÊÕ ·µ²Ó ·Ê±µ¢µ¤ÖÐ¥£µ ¶·¨´Í¨¶  ËÊ´¤ ³¥´É ²Ó-
´µ° ´ Ê±¨. ‚ ·¥§Ê²ÓÉ É¥ ´¥¢¥·µÖÉ´µ£µ Ê¸¶¥Ì  ¶·¨³¥´¥´¨Ö ¨¤¥° ± ²¨¡·µ¢µÎ-
´µ° ¸¨³³¥É·¨¨, µ¶·¥¤¥²ÖÕÐ¥° ² £· ´¦¨ ´Ò ¢§ ¨³µ¤¥°¸É¢¨Ö, ¢µ§´¨±²µ ¢¶¥-
Î É²¥´¨¥, ÎÉµ ¸É ´¤ ·É´ Ö ³µ¤¥²Ó ³µ¦¥É ¶·¥É¥´¤µ¢ ÉÓ ´  ·µ²Ó É ±¨Ì § ±µ-
´µ¢. ‚ 1970-Ì £µ¤ Ì ± § ²µ¸Ó, ÎÉµ ¢¸¥ µ¸´µ¢´Ò¥ Ô²¥³¥´ÉÒ ³¨·µ§¤ ´¨Ö
(±¢ ·±¨, £²Õµ´Ò, ± ²¨¡·µ¢µÎ´Ò¥ ¶µ²Ö ¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê ´¨³¨) ¢ÒÖ¸-
´¥´Ò, ¨ ¢¸¥ Ë¨§¨Î¥¸±¨¥ Ö¢²¥´¨Ö ³µ¦´µ · ¸¸Î¨É ÉÓ ¶ÊÉ¥³ Î¨¸Éµ° ¤¥¤Ê±Í¨¨,
¨¸¶µ²Ó§ÊÖ ¶µ¤Ìµ¤ÖÐ¨¥ ² £· ´¦¨ ´Ò. Š¢ ´Éµ¢ Ö Ì·µ³µ¤¨´ ³¨±  (Š•„),
¡ §¨·ÊÕÐ Ö¸Ö ´  ¶·¨´Í¨¶ Ì ¸µ¢·¥³¥´´µ° É¥µ·¨¨ ¶µ²Ö ± ± ¸µ¸É ¢´ Ö Î ¸ÉÓ
¸É ´¤ ·É´µ° ³µ¤¥²¨, Ö¢²Ö¥É¸Ö µ¸´µ¢µ° É¥µ·¨¨ ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°.

Š¢ ´Éµ¢ Ö Ì·µ³µ¤¨´ ³¨± , É· ±ÉÊÕÐ Ö  ¤·µ´Ò ± ± ¸µ¸É ¢´Ò¥ µ¡Ñ¥±ÉÒ,
¸µ¤¥·¦ Ð¨¥ ¡µ²¥¥ ËÊ´¤ ³¥´É ²Ó´Ò¥ ¸µ¸É ¢²ÖÕÐ¨¥ Å ±¢ ·±¨ ¨ £²Õµ´Ò,
¤µ²¦´ , ¢ ¶·¨´Í¨¶¥, µ¶¨¸Ò¢ ÉÓ ± ±  ¸¨³¶ÉµÉ¨Î¥¸±¨¥ ̧ µ¸ÉµÖ´¨Ö, É ± ¨ ¸µµÉ-
¢¥É¸É¢ÊÕÐ¨¥ Ë §µ¢Ò¥ ¶¥·¥Ìµ¤Ò (´ ¶·¨³¥·, ¶¥·¥Ìµ¤ µÉ ¶·µÉµ´-´¥°É·µ´´µ°
± ±¢ ·±-£²Õµ´´µ° ³µ¤¥²¨ Ö¤· ). ‘ Ô±¸¶¥·¨³¥´É ²Ó´µ° ÉµÎ±¨ §·¥´¨Ö µ¤´¨³

*ˆ§ ´ ¨¡µ²¥¥ Í¨É¨·Ê¥³ÒÌ ¢ ¶µ¸²¥¤´¥¥ ¢·¥³Ö · ¡µÉ ¶µ ¶·¨³¥´¥´¨Õ £¨¤·µ¤¨´ ³¨Î¥¸±¨Ì
³¥Éµ¤µ¢ ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¥ µÉ³¥É¨³: Bjorken J.D. Å Phys. Rev., 1983, v.D27, No.1,
p.140.
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¨§ µ¸´µ¢´ÒÌ µ¡Ñ¥±Éµ¢ ¨§ÊÎ¥´¨Ö Š•„ Ö¢²ÖÕÉ¸Ö ±¢ ·±-£²Õµ´´Ò¥ ¸É·Ê±ÉÊ·-
´Ò¥ ËÊ´±Í¨¨  ¤·µ´µ¢ ¨ Ö¤¥·. �¤´ ±µ ¶·¨³¥´¥´¨¥ Š•„ ± Ö¤·µ-Ö¤¥·´Ò³
¸Éµ²±´µ¢¥´¨Ö³, µ¸µ¡¥´´µ ¢ µ¡² ¸É¨, £¤¥ ± ± ±¢ ·±-£²Õµ´´Ò¥, É ± ¨ ´Ê±²µ´-
´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò ̈ £· ÕÉ ¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó, § É·Ê¤´¨É¥²Ó´µ,   ¶·¨·µ¤ 
¤¥±µ´Ë °´³¥´É  ̈ , ¸µµÉ¢¥É¸É¢¥´´µ, ¶¥·¥Ìµ¤  µ¡ÒÎ´µ° (´Ê±²µ´´µ°) Ö¤¥·´µ°
³ É¥·¨¨ ¢ Ì·µ³µ¶² §³Ê ¶µ±  ´¥ Ö¸´ . �¥²ÖÉ¨¢¨¸É¸± Ö Ö¤¥·´ Ö Ë¨§¨±  µ± § -
² ¸Ó ¶·¨´Í¨¶¨ ²Ó´µ ́ µ¢µ° µ¡² ¸ÉÓÕ ̈ ¸¸²¥¤µ¢ ´¨° ´¥ Éµ²Ó±µ ¢ É¥µ·¨¨ Ö¤· ,
´µ ¨ ¢ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö.

ˆ¸¶µ²Ó§µ¢ ´¨¥ ³¥Éµ¤µ¢ ± ± ¸É É¨¸É¨Î¥¸±µ° Ë¨§¨±¨, É ± ¨ ±¢ ´Éµ¢µ°
É¥µ·¨¨ ¶µ²Ö ´¥ ¢´¥¸²µ Ö¸´µ¸ÉÓ ¢ ¢µ¶·µ¸ µ ¶·¨³¥´¨³µ¸É¨ ³ ±·µ¸±µ¶¨Î¥¸±µ£µ
µ¶¨¸ ´¨Ö Ö¤¥·´µ° ¸·¥¤Ò ± ¸¢µ°¸É¢ ³ ¸Éµ²±´µ¢¥´¨° ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥·.

�É¨ ¢µ¶·µ¸Ò µÉ´µ¸ÖÉ¸Ö ± ¶·¨´Í¨¶ ³ ¶µ¸É·µ¥´¨Ö ³ É¥³ É¨Î¥¸±¨Ì ³µ¤¥-
²¥° (§ ±µ´µ¢ ¶·¨·µ¤Ò), ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì Ë¨§¨Î¥¸±¨³ ¶·µÍ¥¸¸ ³ ¨ ¸µ¸ÉµÖ-
´¨Ö³. �¢Éµ·Ò ´ ¸ÉµÖÐ¥° ¸É ÉÓ¨ ¸Î¨É ÕÉ, ÎÉµ µ¶¨¸ ´¨¥ ³´µ£µÎ ¸É¨Î´ÒÌ ̧ µ-
¸ÉµÖ´¨° ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¨ ¢ É¥·³¨´ Ì ³ ±·µ¸±µ¶¨Î¥¸±¨Ì
¶¥·¥³¥´´ÒÌ (É¥³¶¥· ÉÊ· , ¤ ¢²¥´¨¥, ¶²µÉ´µ¸ÉÓ, Ô´É·µ¶¨Ö ¨ É.¶.), ¶·µÉ¨¢µ-
·¥Î¨É ¢ ¦´µ³Ê ¶·¨´Í¨¶Ê, ±µÉµ·Ò° µ¸µ¡¥´´µ ¶µ¤Î¥·±¨¢ ² ƒ¥°§¥´¡¥·£:
Ë¨§¨Î¥¸±¨¥ § ±µ´Ò ¨ ÊÉ¢¥·¦¤¥´¨Ö ¤µ²¦´Ò ¢Ò· ¦ ÉÓ¸Ö Éµ²Ó±µ Î¥·¥§
´ ¡²Õ¤ ¥³Ò¥ ¢¥²¨Î¨´Ò. �·¨ ¨§ÊÎ¥´¨¨ ¸Éµ²±´µ¢¥´¨° ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥·
¡µ²ÓÏ¨´¸É¢µ ¨§ Ê¶µ³Ö´ÊÉÒÌ ³ ±·µ¸±µ¶¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ ´¥ Ö¢²ÖÕÉ¸Ö
´ ¡²Õ¤ ¥³Ò³¨.

� ¸ÉµÖÐ Ö ¸É ÉÓÖ ¶µ¸¢ÖÐ¥´  ¸¨¸É¥³ É¨Î¥¸±µ³Ê ¨§²µ¦¥´¨Õ µ¸´µ¢´ÒÌ
·¥§Ê²ÓÉ Éµ¢ ¶µ¤Ìµ¤ , µ¸´µ¢ ´´µ£µ ´  ¶·¨³¥´¥´¨¨ ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ°
Ë¨§¨±¥ § ±µ´µ¢ ¸¨³³¥É·¨¨, ¶µ¤µ¡¨Ö ¨ ¤·Ê£¨Ì ³¥Éµ¤µ¢, ´¥ µ¶¨· ÕÐ¨Ì¸Ö ´ 
³¥Éµ¤ ‹ £· ´¦ , ´µ ¶µ§¢µ²ÖÕÐ¨Ì ±µ´¸É·Ê¨·µ¢ ÉÓ ³µ¤¥²¨ (·¥Ï¥´¨Ö, § ±µ´Ò
¶·¨·µ¤Ò), ¨¸Ìµ¤Ö ¨§ ¶¥·¢ÒÌ ¶·¨´Í¨¶µ¢.

� Ï ¶µ¤Ìµ¤ ¶µ§¢µ²¨²:
1) Ê¸É ´µ¢¨ÉÓ µ¡² ¸ÉÓ Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨°, ¢ ±µÉµ·µ° ´Ê±²µ´Ò ÊÉ· -

Î¨¢ ÕÉ ¸¢µÕ Éµ¦¤¥¸É¢¥´´µ¸ÉÓ, ¨ ´ ¸ÉÊ¶ ÕÉ  ¸¨³¶ÉµÉ¨Î¥¸±¨¥ ¶µ Ô´¥·£¨¨
·¥¦¨³Ò;

2) ¶·¥¤¸± § ÉÓ ¨ µ¡´ ·Ê¦¨ÉÓ ±Ê³Ê²ÖÉ¨¢´Ò¥ ¶·µÍ¥¸¸Ò, ¤¥³µ´¸É·¨·ÊÕ-
Ð¨¥ ´ ¡²Õ¤ ¥³µ¸ÉÓ ³´µ£µÎ ¸É¨Î´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°;

3) ¤ ÉÓ ¥¤¨´µ¥ µ¶¨¸ ´¨¥ £²Ê¡µ±µ¶µ¤¶µ·µ£µ¢ÒÌ, µ±µ²µ¶µ·µ£µ¢ÒÌ ̈  ±Ê³Ê-
²ÖÉ¨¢´ÒÌ ¶·µÍ¥¸¸µ¢;

4) ¤ ÉÓ ±µ²¨Î¥¸É¢¥´´µ¥ µ¶¨¸ ´¨¥ ±µ´¥Î´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥·´ÒÌ ¸Éµ²±-
´µ¢¥´¨° (³´µ¦¥¸É¢¥´´ÒÌ ¶·µÍ¥¸¸µ¢) ´  µ¸´µ¢¥ ¶µ´ÖÉ¨° ®¶·µ³¥¦ÊÉµÎ´ Ö
 ¸¨³¶ÉµÉ¨± ¯ ¨ ®¶·¨´Í¨¶ µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨° ¢ ¶·µ¸É· ´¸É¢¥ µÉ´µ¸¨-
É¥²Ó´ÒÌ 4-¸±µ·µ¸É¥°¯;

5) µ¡´ ·Ê¦¨ÉÓ ²µ± ²Ó´ÊÕ  ¢Éµ³µ¤¥²Ó´µ¸ÉÓ (¸ ³µ¶µ¤µ¡¨¥) ±µ´¥Î´ÒÌ ¸µ-
¸ÉµÖ´¨° Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨°;

6) ¤ ÉÓ ±µ²¨Î¥¸É¢¥´´µ¥ µ¶¨¸ ´¨¥ µ¡· §µ¢ ´¨Ö  ´É¨³ É¥·¨¨ ¢ ·¥²ÖÉ¨-
¢¨¸É¸±¨Ì Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ.
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�µ²µ¦¥´¨Ö ¤ ´´µ£µ ¶µ¤Ìµ¤  ¨²²Õ¸É·¨·ÊÕÉ¸Ö ´ ¨¡µ²¥¥ Ì · ±É¥·´Ò³¨
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨, µ¡µ¸´µ¢Ò¢ ÕÐ¨³¨ ¸¶· ¢¥¤²¨¢µ¸ÉÓ ´ Ï¨Ì
ÊÉ¢¥·¦¤¥´¨°.

2. ���…„…‹…�ˆ… Œ�’…Œ�’ˆ—…‘Šˆ• Œ�„…‹…‰. 
‘ˆŒŒ…’�ˆŸ ‚ ‘�‚�…Œ…���‰ ”ˆ‡ˆŠ…

�¥²ÖÉ¨¢¨¸É¸±¨¥ Ö¤¥·´Ò¥ ¸Éµ²±´µ¢¥´¨Ö, ± ± ¨ ¢¸¥ ¤·Ê£¨¥ Ë¨§¨Î¥¸±¨¥
¶·µÍ¥¸¸Ò, µ¶¨¸Ò¢ ÕÉ¸Ö ¢ É¥·³¨´ Ì µ¶¥· Í¨° (´ ¡²Õ¤¥´¨°, Ô±¸¶¥·¨³¥´Éµ¢),
¸¢Ö§Ò¢ ÕÐ¨Ì ¨§³¥·Ö¥³Ò¥ Ë¨§¨Î¥¸±¨¥ ¶ · ³¥É·Ò. ‘²µ¦´µ¸ÉÓ ¶µ¤²¨´´ÒÌ
Ë¨§¨Î¥¸±¨Ì ¸¨ÉÊ Í¨° É·¥¡Ê¥É Ê¶·µÐ¥´´ÒÌ µ¶¨¸ ´¨° ¸ ¶µ³µÐÓÕ ¸²µ¢¥¸-
´ÒÌ, ̧ ¨³¢µ²¨Î¥¸±¨Ì ̈  ¤ ¦¥ Ë¨§¨Î¥¸±¨Ì ³µ¤¥²¥°. “¶·µÐ¥´¨¥ ¶µ¤· §Ê³¥¢ ¥É
µ¶·¥¤¥²¥´¨¥ µ¡² ¸É¨ ¶·¨³¥´¨³µ¸É¨ ¢¢µ¤¨³ÒÌ ¶µ´ÖÉ¨°.

�·¨¢¥¤¥³ ¢ ¦´Ò° ¤²Ö ¶·¥¤³¥É  ÔÉµ° ¸É ÉÓ¨ ¶·¨³¥·: µ¶·¥¤¥²¨³ µ¡² ¸ÉÓ
¶·¨³¥´¨³µ¸É¨ ¶µ´ÖÉ¨Ö ®Ô²¥³¥´É ·´ Ö Î ¸É¨Í ¯. ’· ¤¨Í¨µ´´µ Ô²¥³¥´É ·-
´Ò³¨ Î ¸É¨Í ³¨ ´ §Ò¢ ÕÉ ´¥ · §²µ¦¨³Ò¥ ¤ ²¥¥ ̧ É·Ê±ÉÊ·´Ò¥ ̧ µ¸É ¢²ÖÕÐ¨¥
³ É¥·¨¨. �Éµ ¶µ´ÖÉ¨¥ ¸Ëµ·³¨·µ¢ ²µ¸Ó ¢ É¥¸´µ° ¸¢Ö§¨ ¸ ¶·¥¤¸É ¢²¥´¨¥³ µ
¤¨¸±·¥É´µ³ ¸É·µ¥´¨¨ ¢¥Ð¥¸É¢  ´  ³¨±·µ¸±µ¶¨Î¥¸±µ³ Ê·µ¢´¥. �·¨ ¶µ¸É·µ¥-
´¨¨ ³µ¤¥²¥° Ô²¥³¥´É ·´Ò¥ Î ¸É¨ÍÒ · ¸¸³ É·¨¢ ÕÉ¸Ö ± ±  ¡¸µ²ÕÉ´µ Éµ¦-
¤¥¸É¢¥´´Ò¥, ¨ ¨Ì  ´¸ ³¡²Ö³ ¸µ¶µ¸É ¢²Ö¥É¸Ö ±¢ ´Éµ¢µ¥ ¶µ²¥, ±µÉµ·µ¥ ¨ ¸µ-
µÉ¢¥É¸É¢Ê¥É ³µ¤¥²¨.

�¤´ ±µ ±¢ ´Éµ¢ Ö É¥µ·¨Ö ¶µ²Ö Ê¸¶¥Ï´µ ¶·¨³¥´Ö¥É¸Ö ¨ ± Î ¸É¨Í ³,
µ¡² ¤ ÕÐ¨³ ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·µ°, ´ ¶·¨³¥·, ±  Éµ³ ³ £¥²¨Ö ¶·¨ ´¨§±¨Ì
É¥³¶¥· ÉÊ· Ì. ‚  Éµ³´µ° Ë¨§¨±¥ ±·¨É¥·¨¥³, µ£· ´¨Î¨¢ ÕÐ¨³ ¶·¨³¥´¨-
³µ¸ÉÓ É ±µ£µ · ¸¸³µÉ·¥´¨Ö, Ö¢²Ö¥É¸Ö ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö µÉ´µ¸¨É¥²Ó´µ£µ
¤¢¨¦¥´¨Ö Î ¸É¨Í. Šµ²¨Î¥¸É¢¥´´µ ÔÉµ µ§´ Î ¥É, ÎÉµ ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö
µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ¤µ²¦´  ¡ÒÉÓ ³´µ£µ ³¥´ÓÏ¥ Ô´¥·£¨¨ ¶¥·¢µ£µ ¢µ§-
¡Ê¦¤¥´´µ£µ Ê·µ¢´Ö  Éµ³ . ‚ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥ ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö
 Éµ³µ¢ ¤·Ê£ ¸ ¤·Ê£µ³ ³µ¦¥É ¡ÒÉÓ ´ ·ÊÏ¥´  ¨Ì Éµ¦¤¥¸É¢¥´´µ¸ÉÓ.

�¥²ÖÉ¨¢¨¸É¸±µ¥ µ¡µ¡Ð¥´¨¥ ±·¨É¥·¨Ö ¶·¨³¥´¨³µ¸É¨ ¶µ´ÖÉ¨Ö ®Ô²¥³¥´-
É ·´ Ö Î ¸É¨Í ¯ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ´  µ¸´µ¢¥ § ±µ´  ¸µÌ· ´¥´¨Ö 4-¨³¶Ê²Ó¸ 
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§¤¥¸Ó m ¨ m∗ Å ³ ¸¸Ò Éµ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í ¨ ³ ¸¸  ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ-

´¨Ö,   P1, P2, P3 ¨ P ∗ Å ¨Ì 4-¨³¶Ê²Ó¸Ò ¸µµÉ¢¥É¸É¢¥´´µ, Ui = Pi6 mi Å ¢¥±-

Éµ·Ò 4-¸±µ·µ¸É¥°.
�·µ¸É· ´¸É¢µ 4-¸±µ·µ¸É¥° Ö¢²Ö¥É¸Ö µ¸´µ¢´Ò³ ¤²Ö µ¶¨¸ ´¨Ö ·¥²ÖÉ¨¢¨¸É-

¸±¨Ì ³´µ£µÎ ¸É¨Î´ÒÌ ¶·µÍ¥¸¸µ¢ (¸³. · §¤.3).
�É³¥É¨³, ÎÉµ ±·¨É¥·¨° (1) ¸Ëµ·³Ê²¨·µ¢ ´ Î¥·¥§ ¨´¢ ·¨ ´É´Ò¥, ¡¥§· §-

³¥·´Ò¥ ¨ ¨§³¥·¨³Ò¥ ¢¥²¨Î¨´Ò (¢ ´¥£µ ´¥ ¢Ìµ¤ÖÉ É ±¨¥ ¶ · ³¥É·Ò, ± ± · §-
³¥·Ò Î ¸É¨Í, ¸É¥¶¥´Ó ¨Ì ÉµÎ¥Î´µ¸É¨, · ¸¸ÉµÖ´¨Ö ¨ É.¶.)

ˆ§ ±·¨É¥·¨Ö (1) ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐÊÕ ±² ¸¸¨Ë¨± Í¨Õ Ö¤¥·´ÒÌ ¸¨¸É¥³.

Å �¡² ¸É¨ 0 ≤ bik ≤ 10−2 ¸µµÉ¢¥É¸É¢Ê¥É ´¥·¥²ÖÉ¨¢¨¸É¸± Ö Ö¤¥·´ Ö

Ë¨§¨± . �Ê±²µ´Ò ¸  ¤¥±¢ É´µ° § ¤ Î¥ ÉµÎ´µ¸ÉÓÕ ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ±
Ô²¥³¥´É ·´Ò¥ Î ¸É¨ÍÒ.

Å �¡² ¸É¨ bik ~ 1 ̧ µµÉ¢¥É¸É¢Ê¥É ¢µ§¡Ê¦¤¥´¨¥ ¢´ÊÉ·¥´´¨Ì ¸É¥¶¥´¥° ¸¢µ-

¡µ¤Ò  ¤·µ´µ¢ (¨§µ¡ ·Ò, ·¥§µ´ ´¸Ò). �¥µ¡Ìµ¤¨³µ ¢¢¥¤¥´¨¥ ´¥´Ê±²µ´´ÒÌ
¸É¥¶¥´¥° ¸¢µ¡µ¤Ò, ÔËË¥±É¨¢´ÒÌ ² £· ´¦¨ ´µ¢.

Å �¡² ¸É¨ bik >> 1 ̧ µµÉ¢¥É¸É¢Ê¥É ¶·¥µ¡² ¤ ´¨¥ Í¢¥Éµ¢ÒÌ ̧ É¥¶¥´¥° ̧ ¢µ-

¡µ¤Ò. ‚§ ¨³µ¤¥°¸É¢¨¥ ¤µ²¦´µ µ¶¨¸Ò¢ ÉÓ¸Ö ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±µ°.

„²Ö  Éµ³´µ° Ë¨§¨±¨ Ì · ±É¥·´Ò¥ bik ~ 10−9. �·¨ ÔÉµ³, ´ ¶·¨³¥·,  Éµ-

³Ò £¥²¨Ö É¥·ÖÕÉ Ô²¥±É·µ´Ò ¨ ¶·¥¢· Ð ÕÉ¸Ö ¨§ ¡µ§µ´µ¢ ¢ Ë¥·³¨µ´Ò.
‚ ¦´µ ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ ¤²Ö ¶µ¸É·µ¥´¨Ö ³µ¤¥²¥° ¢ ± ¦¤µ° ¨§ µ¡µ§´ -

Î¥´´ÒÌ µ¡² ¸É¥° ³¥Éµ¤ ‹ £· ´¦  ¤µ²¦¥´ ¡ÒÉÓ ¤µ¶µ²´¥´ £¨¶µÉ¥§ ³¨ µÉ´µ-
¸¨É¥²Ó´µ ´ Î ²Ó´ÒÌ ¨ ±· ¥¢ÒÌ Ê¸²µ¢¨°. �É¨ £¨¶µÉ¥§Ò, ± ± ¨ £¨¶µÉ¥§Ò µ
¸É·Ê±ÉÊ·¥ ² £· ´¦¨ ´  (´ ¶·¨³¥·, ³ ¸¸Ò, ±µ´¸É ´ÉÒ ¸¢Ö§¨, £·Ê¶¶µ¢ Ö
¸É·Ê±ÉÊ·  ¨ É.¶.), ¤µ²¦´Ò ¡ÒÉÓ ¶·µ¢¥·Ö¥³Ò Ô±¸¶¥·¨³¥´É ²Ó´µ.

„²Ö ³´µ£¨Ì ¸²ÊÎ ¥¢ ¶µ¸É·µ¥´¨Ö ³µ¤¥²¥° µ± §Ò¢ ¥É¸Ö ¤µ¸É ÉµÎ´Ò³
¨¸¶µ²Ó§µ¢ ÉÓ Éµ²Ó±µ ¤µ¶µ²´¨É¥²Ó´Ò¥ £¨¶µÉ¥§Ò ¡¥§ ¶·¨¢²¥Î¥´¨Ö ³¥Éµ¤  ‹ -
£· ´¦ . ‚ ÔÉµ° ¸¢Ö§¨ ¤²Ö ¶µ¸É·µ¥´¨Ö ³µ¤¥²¥° ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ°
Ë¨§¨±¥ Ìµ·µÏ¨³ ¶·¨³¥·µ³ ¶µ¸²Ê¦¨²¨ ³¥Éµ¤Ò, · §· ¡µÉ ´´Ò¥ ¢ £¨¤·µ-
¤¨´ ³¨±¥.

‹Õ¡ Ö ³ É¥³ É¨Î¥¸± Ö ³µ¤¥²Ó, ¶·¥É¥´¤ÊÕÐ Ö ´  µ¶¨¸ ´¨¥ Ë¨§¨Î¥¸±µ£µ
Ö¢²¥´¨Ö, ¤µ²¦´  ¡ÒÉÓ µÍ¥´¥´  ¸ ÉµÎ±¨ §·¥´¨Ö ´¥¶·µÉ¨¢µ·¥Î¨¢µ¸É¨ ´ ¡µ· 
µ¶·¥¤¥²ÖÕÐ¨Ì  ±¸¨µ³ (£¨¶µÉ¥§), ¶·¨ ÔÉµ³ ´¥¶·µÉ¨¢µ·¥Î¨¢µ¸ÉÓ  ±¸¨µ³ É¨-
Î¥¸±µ£µ µ¶·¥¤¥²¥´¨Ö ¤µ²¦´  ¡ÒÉÓ ¤µ± § ´ . �¥·¢Ò³ Ê¸²µ¢¨¥³ ¶·¨³¥´¨-
³µ¸É¨ ³µ¤¥²¨ Ö¢²Ö¥É¸Ö µ¤´µ§´ Î´µ¥ ̧ µµÉ¢¥É¸É¢¨¥ Ë¨§¨Î¥¸±µ£µ (¨§³¥·¨³µ£µ)
¨ ³ É¥³ É¨Î¥¸±µ£µ µ¡Ñ¥±Éµ¢.

ˆ§¢¥¸É´  É ± Ö ÏÊÉ± : ®ƒ¨¤·µ¤¨´ ³¨±¨ · §¤¥²¨²¨¸Ó ´  ¨´¦¥´¥·µ¢-
£¨¤· ¢²¨±µ¢, ±µÉµ·Ò¥ ´ ¡²Õ¤ ²¨ Éµ, ÎÉµ ´¥²Ó§Ö ¡Ò²µ µ¡ÑÖ¸´¨ÉÓ, ¨ ³ É¥-
³ É¨±µ¢, ±µÉµ·Ò¥ µ¡ÑÖ¸´Ö²¨ Éµ, ÎÉµ ´¥²Ó§Ö ´ ¡²Õ¤ ÉÓ¯. �´ ²µ£¨Î´Ò¥ É¥´-
¤¥´Í¨¨ ¶·µ¸³ É·¨¢ ÕÉ¸Ö ¨ ¢ ¸µ¢·¥³¥´´µ° Ë¨§¨±¥.
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ˆ§¢¥¸É´Ò° ¸¢µ¨³¨ · ¡µÉ ³¨ ¢ µ¡² ¸É¨  ²£¥¡·Ò ¨ Éµ¶µ²µ£¨¨ ³ É¥³ É¨±
ƒ.�¨·±£µË ¶µ± § ², ± ± ³´µ£µÎ¨¸²¥´´Ò¥ ¶·µÉ¨¢µ·¥Î¨Ö ³¥¦¤Ê Ô±¸¶¥·¨³¥´-
É ²Ó´µ ´ ¡²Õ¤ ¥³Ò³¨ Ë ±É ³¨ ¨ § ±²ÕÎ¥´¨Ö³¨ É¥µ·¥É¨Î¥¸±µ° £¨¤·µ¤¨´ -
³¨±¨ (É ± ´ §Ò¢ ¥³Ò¥ ¶ · ¤µ±¸Ò) µ¡Ê¸²µ¢²¥´Ò É¥³, ÎÉµ Ö¢´µ ´¥ ¢Ò¤¥²¥´Ò
¢¸¥  ±¸¨µ³Ò (£¨¶µÉ¥§Ò) ̈  ́ ¥ ÊÎÉ¥´ ÉµÉ ÊÐ¥·¡ ¢ ̧ É·µ£µ¸É¨, ±µÉµ·Ò° µ¡Ê¸²µ¢-
²¥´ ¨Ì ¶·¨³¥´¥´¨¥³. �É´µ¸¨É¥²Ó´µ £¨¤·µ¤¨´ ³¨±¨ ƒ.�¨·±£µË [5] ¶·¨Ï¥²
± § ±²ÕÎ¥´¨Õ, ÎÉµ ¸É·µ£ Ö ³ É¥³ É¨± , ´  ±µÉµ·µ° µ¸´µ¢ ´  É¥µ·¥É¨Î¥¸± Ö
£¨¤·µ¤¨´ ³¨± , ¤µ²¦´  ¡ÒÉÓ ¤µ¶µ²´¥´  ¶· ¢¤µ¶µ¤µ¡´Ò³¨ ¨´ÉÊ¨É¨¢´Ò³¨
£¨¶µÉ¥§ ³¨:

1) �¶·¥¤¥²ÖÖ, ± ±¨¥ Ë¨§¨Î¥¸±¨¥ ¶¥·¥³¥´´Ò¥ ´¥µ¡Ìµ¤¨³µ · ¸¸³ É·¨-
¢ ÉÓ, ³µ¦´µ ¶µ² £ ÉÓ¸Ö ´  ¨´ÉÊ¨Í¨Õ.

2) �ËË¥±É ³ ²ÒÌ ¢µ§¤¥°¸É¢¨° ³ ²,   ÔËË¥±É ¡¥¸±µ´¥Î´µ ³ ²ÒÌ ¢µ§-
¤¥°¸É¢¨° ¡¥¸±µ´¥Î´µ ³ ².

3) ‘¨³³¥É·¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö µ¡Ê¸² ¢²¨¢ ¥É ¸¨³³¥É·¨Õ ÔËË¥±É .
4) ’µ¶µ²µ£¨Õ É¥Î¥´¨Ö ³µ¦´µ Ê²µ¢¨ÉÓ ¨´ÉÊ¨É¨¢´µ.
5) �¶¥· Í¨¨  ´ ²¨§  ¶·¨³¥´¨³Ò ¡¥§ µ£· ´¨Î¥´¨°: ËÊ´±Í¨¨, · ¸¸³ É-

·¨¢ ¥³Ò¥ ¢ É¥µ·¥É¨Î¥¸±µ° £¨¤·µ¤¨´ ³¨±¥, ³µ¦´µ ¸¢µ¡µ¤´µ ¨´É¥£·¨·µ¢ ÉÓ,
¤¨ËË¥·¥´Í¨·µ¢ ÉÓ, ¶·¥¤¸É ¢²ÖÉÓ ¢ ¢¨¤¥ ·Ö¤µ¢ (’¥°²µ· , ”Ê·Ó¥) ¨²¨ ¨´É¥-
£· ²µ¢ (‹ ¶² ¸ , ”Ê·Ó¥).

6) Œ É¥³ É¨Î¥¸±¨¥ § ¤ Î¨, ¶µ¸É ¢²¥´´Ò¥ ´  µ¸´µ¢¥ ¨´ÉÊ¨É¨¢´ÒÌ Ë¨§¨-
Î¥¸±¨Ì ¶·¥¤¸É ¢²¥´¨°, ¸Î¨É ÕÉ¸Ö ±µ··¥±É´Ò³¨.

’¥µ·¥É¨Î¥¸± Ö £¨¤·µ¤¨´ ³¨±  ̧ É·¥³¨É¸Ö ¶·¨¡²¨¦¥´´µ ¶·¥¤¸± § ÉÓ ¤¢¨-
¦¥´¨¥ ·¥ ²Ó´µ° ¦¨¤±µ¸É¨ ¶ÊÉ¥³ ·¥Ï¥´¨Ö ±· ¥¢ÒÌ § ¤ Î ¤²Ö ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¨Ì ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¢ Î ¸É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ. �¤´ ±µ ¤ ¦¥ ¢
¸²ÊÎ ¥ Ê¸¶¥Ï´µ£µ ·¥Ï¥´¨Ö É ±¨Ì Ê· ¢´¥´¨° ´¥ ¢¸¥£¤  ¶µ´ÖÉ´µ, ± ± ¸µ¶µ-
¸É ¢¨ÉÓ ¶µ²ÊÎ¥´´Ò¥ ·¥Ï¥´¨Ö ¸ ´ ¡²Õ¤ ¥³Ò³¨ ³ ±·µ¸±µ¶¨Î¥¸±¨³¨ Ì · ±-
É¥·¨¸É¨± ³¨ Ö¢²¥´¨Ö.

ˆ´¦¥´¥·Ò-£¨¤· ¢²¨±¨ Ï¨·µ±µ ¨¸¶µ²Ó§ÊÕÉ ³¥Éµ¤Ò É¥µ·¨¨ · §³¥·´µ¸É¨
¨ ¶µ¤µ¡¨Ö. �µ ¸ÊÉ¨, µ¶·¥¤¥²ÖÕÉ¸Ö ¨´¢ ·¨ ´É´Ò¥ ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ¨§³¥-
·¨³Ò³¨ ¶ · ³¥É· ³¨ § ¤ Î¨. ‚ É¥µ·¥É¨Î¥¸±µ° £¨¤·µ¤¨´ ³¨±¥ É ±¦¥
Ï¨·µ±µ ¨¸¶µ²Ó§ÊÕÉ¸Ö ³¥Éµ¤Ò ¶µ¤µ¡¨Ö, ±µÉµ·Ò¥ Î ¸Éµ Ö¢²ÖÕÉ¸Ö ¥¤¨´¸É¢¥´-
´Ò³ ¸·¥¤¸É¢µ³  ´ ²¨§  Ê· ¢´¥´¨°.

“´¨¢¥·¸ ²Ó´µ¸ÉÓ ³¥Éµ¤µ¢ ¶µ¤µ¡¨Ö ¤²Ö É¥µ·¨¨ ̈  Ô±¸¶¥·¨³¥´É  ¤ ²¥±µ ́ ¥
¸²ÊÎ °´ . „¥²µ § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ ¶·¥µ¡· §µ¢ ´¨Ö ¶µ¤µ¡¨Ö µ¶·¥¤¥²ÖÕÉ
¨´¢ ·¨ ´É´Ò¥ µÉ´µÏ¥´¨Ö, ±µÉµ·Ò¥ Ì · ±É¥·´Ò ¤²Ö ¸É·Ê±ÉÊ·Ò ¢¸¥Ì § ±µ´µ¢
¶·¨·µ¤Ò, ¢ Éµ³ Î¨¸²¥ ¨ ¤²Ö § ±µ´µ³¥·´µ¸É¥° ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨-
§¨±¨. �¡µ¡Ð¥´´Ò° ¶·¨´Í¨¶ µÉ´µ¸¨É¥²Ó´µ¸É¨ ³µ¦´µ ¸Ëµ·³Ê²¨·µ¢ ÉÓ É ±:
§ ±µ´Ò ¶·¨·µ¤Ò ¤µ²¦´Ò ¶·¥¤¸É ¢²ÖÉÓ ¸µ¡µ° ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ¨´¢ ·¨ ´-
É ³¨ £·Ê¶¶.

”¨§¨Î¥¸±µ¥ ¶µ¤µ¡¨¥ Ö¢²Ö¥É¸Ö µ¡µ¡Ð¥´¨¥³ £¥µ³¥É·¨Î¥¸±µ£µ ¶µ¤µ¡¨Ö.
ƒ¥µ³¥É·¨Î¥¸±¨¥ Ë¨£Ê·Ò ¶µ¤µ¡´Ò, ¥¸²¨ ¶·µ¸ÉÒ³ Ê³´µ¦¥´¨¥³ ¢¸¥Ì · §³¥·µ¢
µ¤´µ° £¥µ³¥É·¨Î¥¸±µ° Ë¨£Ê·Ò ´  µ¤¨´ ¨ ÉµÉ ¦¥ ±µÔËË¨Í¨¥´É ¶µ¤µ¡¨Ö
(³ ¸ÏÉ ¡) ¶µ²ÊÎ ÕÉ¸Ö ¢¸¥ · §³¥·Ò ¤·Ê£µ° Ë¨£Ê·Ò. �´ ²µ£¨Î´µ £¥µ³¥É·¨Î¥-
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¸±µ³Ê ¶µ¤µ¡¨Õ ¤²Ö Ë¨§¨Î¥¸±¨Ì Ö¢²¥´¨° ¨¸¶µ²Ó§ÊÕÉ¸Ö ¨´¢ ·¨ ´É´Ò¥ ¡¥§-
· §³¥·´Ò¥ ±µ³¡¨´ Í¨¨ (¶ · ³¥É·Ò ¶µ¤µ¡¨Ö), ¸µ¸É ¢²¥´´Ò¥ ¨§ µ¶·¥¤¥²ÖÕ-
Ð¨Ì § ¤ ÎÊ · §³¥·´ÒÌ ¢¥²¨Î¨´.

� ¸¸³µÉ·¨³ ¶·µ¸ÉÒ¥ ¶µÖ¸´ÖÕÐ¨¥ ¶·¨³¥·Ò.

1) �·¨ ¶² ´¨·µ¢ ´¨¨ ¡µ²ÓÏ¨Ì ¤µ·µ£µ¸ÉµÖÐ¨Ì ¸µµ·Ê¦¥´¨° (¸ ³µ²¥ÉÒ,
±µ· ¡²¨, ¶²µÉ¨´Ò ¨ É.¤.) ¨´¦¥´¥·Ò-£¨¤· ¢²¨±¨ Ï¨·µ±µ ¨¸¶µ²Ó§ÊÕÉ Ë¨§¨-
Î¥¸±µ¥ ³µ¤¥²¨·µ¢ ´¨¥. ˆ¸¶µ²Ó§µ¢ ´¨¥ ³µ¤¥²¨·µ¢ ´¨Ö ¶·¥¤¶µ² £ ¥É §´ ´¨¥
§ ±µ´µ¢, ¶µ ±µÉµ·Ò³ ³µ¦´µ ¶¥·¥¸Î¨É ÉÓ ·¥§Ê²ÓÉ ÉÒ µ¶ÒÉµ¢, ¸¤¥² ´´ÒÌ ¸
³µ¤¥²Ö³¨, ´  ·¥ ²Ó´Ò¥ µ¡Ñ¥±ÉÒ. ƒ¥µ³¥É·¨Î¥¸±¨ É¥²µ-³µ¤¥²Ó ¤¥² ¥É¸Ö
¶µ¤µ¡´µ° É¥²Ê-´ ÉÊ·¥. � ¸¸³µÉ·¨³ ³µ¤¥²¨·µ¢ ´¨¥ Ê¸É ´µ¢¨¢Ï¥£µ¸Ö ¤¢¨¦¥-
´¨Ö ¢Ö§±µ° ´¥¸¦¨³ ¥³µ° ¦¨¤±µ¸É¨, µ¡É¥± ÕÐ¥° É¢¥·¤µ¥ É¥²µ. � ¶· ¢²¥´¨Ö
¸±µ·µ¸É¥° ¢ ³µ¤¥²¨ ¨ ´ ÉÊ·¥ µ¤¨´ ±µ¢Ò. ‚ ± Î¥¸É¢¥ µ¶·¥¤¥²ÖÕÐ¨Ì § ¤ ÎÊ

¶ · ³¥É·µ¢ ¡¥·ÊÉ¸Ö: l Å Ì · ±É¥·´Ò° · §³¥· É¥² -³µ¤¥²¨, l 0 Å · §³¥·

É¥² -´ ÉÊ·Ò, li
 0 6 li Å ±µÔËË¨Í¨¥´É £¥µ³¥É·¨Î¥¸±µ£µ ¶µ¤µ¡¨Ö, U Å ¸±µ-

·µ¸ÉÓ ´ É¥± ÕÐ¥£µ ¶µÉµ± , µ Å ¢Ö§±µ¸ÉÓ ¦¨¤±µ¸É¨, ρ Å ¶²µÉ´µ¸ÉÓ ¦¨¤-
±µ¸É¨. “± § ´´Ò¥ µ¶·¥¤¥²ÖÕÐ¨¥ § ¤ ÎÊ ¶ · ³¥É·Ò ¢ ¸¨¸É¥³¥ ¥¤¨´¨Í L Å
¤²¨´ , M Å ³ ¸¸ , T Å ¢·¥³Ö ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨¥ · §³¥·´µ¸É¨:

[l] = L;    [U] = L ⋅ T −1;    [µ] = M ⋅ L−1⋅ T;    [ρ] = M ⋅ L−3.

ˆ§ µ¶·¥¤¥²ÖÕÐ¨Ì ¶ · ³¥É·µ¢ ³µ¦´µ ¸µ¸É ¢¨ÉÓ Éµ²Ó±µ µ¤¨´ ¤¨´ ³¨Î¥¸±¨°
¶ · ³¥É· ¶µ¤µ¡¨Ö (¡¥§· §³¥·´ÊÕ ±µ³¡¨´ Í¨Õ, ´¥ § ¢¨¸ÖÐÊÕ µÉ ¢Ò¡µ· 
¥¤¨´¨Í ¨§³¥·¥´¨Ö):

Π
1
 = ρUl 6 µ = Re.

�ÉµÉ ¨´¢ ·¨ ´É ´ §Ò¢ ¥É¸Ö Î¨¸²µ³ �¥°´µ²Ó¤¸ . „²Ö µ¡¥¸¶¥Î¥´¨Ö ¶µ¤µ¡¨Ö
´¥µ¡Ìµ¤¨³µ · ¢¥´¸É¢µ ¤ ´´µ£µ ¶ · ³¥É·  ¤²Ö ³µ¤¥²¨ ¨ ´ ÉÊ·Ò. …¸²¨ · ¸-
¸ÉµÖ´¨¥ r ¨§³¥·ÖÉÓ ¢ ¥¤¨´¨Í Ì l,   ¸±µ·µ¸ÉÓ V ¢ ¥¤¨´¨Í Ì U, Éµ ·¥Ï¥´¨Ö
£¨¤·µ¤¨´ ³¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¤²Ö · ¸¶·¥¤¥²¥´¨Ö ¸±µ·µ¸É¥° ¨³¥ÕÉ ¢¨¤

V
U

 = f 


 
r
l
 , Re 



 .

ˆ§ ÔÉµ£µ ¢Ò· ¦¥´¨Ö ¸²¥¤Ê¥É, ÎÉµ ¶µ²Ö ¸±µ·µ¸É¥° µ¡É¥± ´¨Ö £¥µ³¥É·¨Î¥¸±¨
¶µ¤µ¡´ÒÌ É¥² µ¶¨¸Ò¢ ÕÉ¸Ö µ¤´µ° ¨ Éµ° ¦¥ ËÊ´±Í¨¥°, § ¢¨¸ÖÐ¥° µÉ r 6 l,
¥¸²¨ Î¨¸²  �¥°´µ²Ó¤¸  ¤²Ö ÔÉ¨Ì É¥Î¥´¨° µ¤¨´ ±µ¢Ò.

…¸²¨ ¶µÉµ± ¦¨¤±µ¸É¨ ¨²¨ £ §  µ¡² ¤ ¥É ´¥±µÉµ·Ò³ ¶µ²¥³ ¸±µ·µ¸É¥°
(´ ¶·¨³¥·, ¢ É·Ê¡¥ ¸±µ·µ¸ÉÓ ¢¡²¨§¨ ¸É¥´µ± ³¥´ÓÏ¥, Î¥³ ¢ Í¥´É·¥ É·Ê¡Ò, ¨
É.¶.), Éµ ¢¢µ¤ÖÉ ²µ± ²Ó´µ¥ Î¨¸²µ �¥°´µ²Ó¤¸ .

2) � ¸¸³µÉ·¨³ § ¤ ÎÊ µ ÉµÎ¥Î´µ³ ¢§·Ò¢¥. �·¨³¥³ ¸²¥¤ÊÕÐ¨¥ Ê¶·µÐ -
ÕÐ¨¥ § ¤ ÎÊ ¶µ²µ¦¥´¨Ö:

1. ‚ ´¥±µÉµ·µ³ ³ ²µ³ µ¡Ñ¥³¥ ¢Ò¤¥²Ö¥É¸Ö ¡µ²ÓÏ Ö Ô´¥·£¨Ö E (  Éµ³´Ò°
¢§·Ò¢).
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2. �É Í¥´É·  ¢§·Ò¢  ¢ ¢µ§¤ÊÌ¥ ¢µ§´¨± ¥É ¡Ò¸É·µ · ¸Ï¨·ÖÕÐ Ö¸Ö ̧ Ë¥·¨-
Î¥¸±¨-¸¨³³¥É·¨Î´ Ö µ¡² ¸ÉÓ, ¤ ¢²¥´¨¥ §  ±µÉµ·µ° ¢´ Î ²¥ ̧ µ¸É ¢²Ö¥É ¸µÉ´¨
ÉÒ¸ÖÎ  É³µ¸Ë¥·.

„²Ö µ¶·¥¤¥²¥´¨Ö · ¸¶·µ¸É· ´¥´¨Ö ¶µ · ¤¨Ê¸Ê ¢¸¥Ì Ì · ±É¥·¨¸É¨± É ±µ-
£µ ¸µ¸ÉµÖ´¨Ö ¨ ¸±µ·µ¸É¨ ¤¢¨¦¥´¨Ö Î ¸É¨Í £ §  ´¥µ¡Ìµ¤¨³µ ·¥Ï¨ÉÓ § ¤ ÎÊ ¸
¨´É¥£·¨·µ¢ ´¨¥³ ´¥²¨´¥°´ÒÌ Ê· ¢´¥´¨° ¢ Î ¸É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ*. �·¨³¥-
´¨³ ± ¤ ´´µ° § ¤ Î¥  ´ ²¨§ · §³¥·´µ¸É¥°. � ¤¨Ê¸ Ë·µ´É  Ê¤ ·´µ° ¢µ²´Ò
rf Î¥·¥§ ¶·µ³¥¦ÊÉµ± ¢·¥³¥´¨ t ¶µ¸²¥ ¢§·Ò¢  ¸ Ô´¥·£¨¥° E ̈  ´ Î ²Ó´µ° ¶²µÉ-

´µ¸ÉÓÕ ¢µ§¤ÊÌ  ρ0 ¥¸ÉÓ ËÊ´±Í¨Ö

rf = rf (E, t, ρ
0
).

� §³¥·´µ¸É¨ µ¶·¥¤¥²ÖÕÐ¨Ì § ¤ ÎÊ ¶ · ³¥É·µ¢:

[rf] = L;    [t] = T;    [E] = M ⋅ L2 ⋅ T −2;    [ρ
0
] = M ⋅ L−3.

ˆ§ Ê± § ´´ÒÌ µ¶·¥¤¥²ÖÕÐ¨Ì § ¤ ÎÊ ¶ · ³¥É·µ¢ ³µ¦´µ ¸±µ´¸É·Ê¨·µ¢ ÉÓ
¡¥§· §³¥·´Ò° ¨´¢ ·¨ ´É (¶ · ³¥É· ¶µ¤µ¡¨Ö):

Π = rf (Et 2 6 ρ
0
)− 16 5.

�µ¸±µ²Ó±Ê Π Å ¨´¢ ·¨ ´É, Éµ

rf = C ⋅ (Et 2 6 ρ
0
)1 6 5.

�¥§· §³¥·´ Ö ±µ´¸É ´É  C ¢ ÔÉµ³ § ±µ´¥, ¶µ²ÊÎ¥´´µ³ Éµ²Ó±µ ¨§ ±· ¥¢ÒÌ ¨
´ Î ²Ó´ÒÌ Ê¸²µ¢¨°, ± ± ¶µ± § ²¨ ¤¥É ²Ó´Ò¥ · ¸Î¥ÉÒ, ¶µ·Ö¤±  ¥¤¨´¨ÍÒ.

ˆ¸¶µ²Ó§ÊÖ ÔÉµÉ § ±µ´, „¦.ˆ.’¥°²µ· ¶·µ ´ ²¨§¨·µ¢ ² ±¨´µË¨²Ó³, ¸´Ö-
ÉÒ° ¢µ ¢·¥³Ö ¶¥·¢ÒÌ  ³¥·¨± ´¸±¨Ì Ö¤¥·´ÒÌ ¨¸¶ÒÉ ´¨°, ¨ ¸ Ìµ·µÏ¥° ÉµÎ-
´µ¸ÉÓÕ µ¶·¥¤¥²¨² ¸µ¢¥·Ï¥´´µ ¸¥±·¥É´µ¥ Î¨¸²µ: Ô´¥·£¨Õ ¢§·Ò¢  …. ”¨²Ó³
¡Ò² ´¥ ¸¥±·¥É´Ò° ¨ Ï¨·µ±µ ¤¥³µ´¸É·¨·µ¢ ²¸Ö. ‘µµÉ¢¥É¸É¢ÊÕÐ Ö ¶Ê¡²¨-
± Í¨Ö ¶·µ¨§¢¥²  ¸¥´¸ Í¨Õ ¢ ¢µ¥´´ÒÌ ¨ ¶· ¢¨É¥²Ó¸É¢¥´´ÒÌ ±·Ê£ Ì ‘˜�.

‚ ±´¨£¥ ƒ.ˆ.� ·¥´¡² ÉÉ ** · §µ¡· ´µ ¡µ²ÓÏµ¥ Î¨¸²µ £¨¤·µ¤¨´ ³¨Î¥¸-
±¨Ì § ¤ Î ¨ ¶µ± § ´  Ê¤¨¢¨É¥²Ó´ Ö Ê´¨¢¥·¸ ²Ó´µ¸ÉÓ ³¥Éµ¤µ¢ É¥µ·¨¨ ¶µ¤µ-
¡¨Ö ¤²Ö ¸ ³ÒÌ · §´µµ¡· §´ÒÌ · §¤¥²µ¢ Ë¨§¨±¨, ³¥Ì ´¨±¨ ¨ ³ É¥³ É¨±¨.
Šµ´¥Î´µ, É¥µ·¨Ö · §³¥·´µ¸É¨ ´¥ ¤ ¥É ¢µ§³µ¦´µ¸É¨ Ê¸É ´µ¢¨ÉÓ ¸¢Ö§¨ ³¥¦¤Ê

*�µ²´µ¥ ·¥Ï¥´¨¥ ÔÉµ° § ¤ Î¨ ¤ ´µ ¢ ±´¨£¥ ‹.ˆ.‘¥¤µ¢  ®Œ¥Éµ¤Ò ¶µ¤µ¡¨Ö ¨ · §³¥·´µ¸É¨ ¢
³¥Ì ´¨±¥ (8-¥ ̈ §¤., Œ.: � Ê± , 1981). �·¨¢µ¤¨³Ò° ́ ¨¦¥ ·¥§Ê²ÓÉ É, ¶µ²ÊÎ¥´´Ò° ́   µ¸´µ¢¥  ´ ²¨§ 

· §³¥·´µ¸É¥°, ¨ § ±µ´ r
f
 ∝ t 2 6 5 ¡Ò²¨ ¶µ²ÊÎ¥´Ò ‹.ˆ.‘¥¤µ¢Ò³ Å �·¨±² ¤´ Ö ³ É¥³ É¨±  ¨ ³¥-

Ì ´¨± , 1946, É.10, º2, ¸.241Å250.
**ƒ.ˆ.� ·¥´¡² ÉÉ Å �µ¤µ¡¨¥,  ¢Éµ³µ¤¥²Ó´µ¸ÉÓ, ¶·µ³¥¦ÊÉµÎ´ Ö  ¸¨³¶ÉµÉ¨± . ‹.: ƒ¨¤·µ-

³¥É¥µ¨§¤ É, 1982. �¥¤ ¢´µ µ¶Ê¡²¨±µ¢ ´  ¸ÊÐ¥¸É¢¥´´µ Ê¸µ¢¥·Ï¥´¸É¢µ¢ ´´ Ö  ´£²¨°¸± Ö ¢¥·¸¨Ö
ÔÉµ° Ê´¨± ²Ó´µ° ±´¨£¨ [6].
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¡¥§· §³¥·´Ò³¨ ¢¥²¨Î¨´ ³¨. �¤´ ±µ ´¥¸µ³´¥´´Ò³ ¤µ¸Éµ¨´¸É¢µ³ É¥µ·¨¨
· §³¥·´µ¸É¨ ¨ ¶µ¤µ¡¨Ö Ö¢²Ö¥É¸Ö ³¥Éµ¤¨±  ¨§ÊÎ¥´¨Ö Ë¨§¨Î¥¸±¨Ì § ±µ´µ³¥·-
´µ¸É¥° ¢ ¡¥§· §³¥·´µ³ ¢¨¤¥, ÎÉµ ¸ÊÐ¥¸É¢¥´´µ ¸µ±· Ð ¥É ±µ²¨Î¥¸É¢µ Ô±¸-
¶¥·¨³¥´Éµ¢, ´¥µ¡Ìµ¤¨³ÒÌ ¤²Ö µ¶¨¸ ´¨Ö Ö¢²¥´¨Ö. ”Ê´±Í¨µ´ ²Ó´ Ö § ¢¨¸¨-
³µ¸ÉÓ µÉ ¶ · ³¥É·µ¢ ¶µ¤µ¡¨Ö ¶µ¤Î¨´Ö¥É¸Ö ¡µ²¥¥ ¶·µ¸ÉÒ³ Ê· ¢´¥´¨Ö³ ¨ ³µ-
¦¥É ¡ÒÉÓ ´ °¤¥´  ¶ÊÉ¥³ Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢ ¨ ¢¢¥¤¥´¨¥³ ¤µ¶µ²´¨É¥²Ó´ÒÌ
´ Î ²Ó´ÒÌ ¨ ±· ¥¢ÒÌ Ê¸²µ¢¨°. „²Ö Ê¸É ´µ¢²¥´¨Ö É ±¨Ì § ¢¨¸¨³µ¸É¥° ¤µ¸É -
ÉµÎ´µ µ£· ´¨Î¥´´µ£µ Î¨¸²  · ¸Î¥Éµ¢ ¨²¨ Ô±¸¶¥·¨³¥´Éµ¢ ¶·¨ ±µ´±·¥É´ÒÌ
Ê¸²µ¢¨ÖÌ. ’ ±, ¥¸²¨ ¶·µ¢¥¸É¨ · ¸Î¥É (¨²¨ Ô±¸¶¥·¨³¥´É) ¤²Ö ¸²ÊÎ Ö ¨¸±·µ-
¢µ£µ · §·Ö¤  ¢ ¢µ§¤ÊÌ¥, Éµ ·¥§Ê²ÓÉ É ¶µ§¢µ²¨É µ¶·¥¤¥²¨ÉÓ · §³¥·´Ò¥ ¢¥²¨-
Î¨´Ò ¤²Ö  Éµ³´µ£µ ¢§·Ò¢ .

‘²¥¤Ê¥É µ¸µ¡µ µÉ³¥É¨ÉÓ, ÎÉµ  ´ ²¨§ · §³¥·´µ¸É¥° ¸ ÉµÎ±¨ §·¥´¨Ö ³ É¥-
³ É¨Î¥¸±µ£µ  ¶¶ · É  ¨³¥¥É £·Ê¶¶µ¢ÊÕ ¸É·Ê±ÉÊ·Ê,   ±µÔËË¨Í¨¥´ÉÒ ¶¥·¥-
¸Î¥É  (¶ · ³¥É·Ò ¶µ¤µ¡¨Ö) Ö¢²ÖÕÉ¸Ö ¨´¢ ·¨ ´É ³¨ £·Ê¶¶. �  £·Ê¶¶µ¢µ³ Ö§Ò-
±¥  ´ ²¨§ · §³¥·´µ¸É¥° ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. �¶·¥¤¥-
²¨³ µ¶¥· Í¨Õ ¶·¥µ¡· §µ¢ ´¨Ö Tα ́  ¤ µ¶·¥¤¥²ÖÕÐ¨³¨ ¶ · ³¥É· ³¨ Qj   ± ±

Tα(Qj ) = α
1

n
j1Á αm

n
jkQj . (2)

‚ · ¸¸³µÉ·¥´´ÒÌ ¶·¨³¥· Ì α1 = M, α2 = L, α3 = T.  �µ± § É¥²¨ nik ´ -

§Ò¢ ÕÉ¸Ö ¶µ± § É¥²Ö³¨ · §³¥·´µ¸É¨ ¢¥²¨Î¨´ Qj ¢ ¤ ´´µ° ¸¨¸É¥³¥ µ¸´µ¢´ÒÌ

¥¤¨´¨Í ¨§³¥·¥´¨Ö. � ¶·¨³¥·: T(E) = M 1 ⋅ L2 ⋅ T −2 ⋅ E.

�·¥µ¡· §µ¢ ´¨Õ T ¢§ ¨³´µ µ¤´µ§´ Î´µ ¸µµÉ¢¥É¸É¢ÊÕÉ ¢¥±Éµ·Ò α =
= {α1,Á, αn}. �¶·¥¤¥²¨³

(α ⋅ β) = {αi ⋅ βi  ,Á, αn ⋅ βn},     α
−1 = {α

1
−1,Á, αn

−1}.

ˆ§ ÔÉ¨Ì µ¶·¥¤¥²¥´¨° ¸²¥¤Ê¥É

Tα(Tβ(Qj )) = Tβ(Tα(Qj )) = Tαβ(Qj ),

T
α−1(Tα(Qj )) = Qj . (3)

�  ³ É¥³ É¨Î¥¸±µ³ Ö§Ò±¥ Ëµ·³Ê²  (2) µ¶·¥¤¥²Ö¥É ¶·¥¤¸É ¢²¥´¨¥ ³Ê²Ó-
É¨¶²¨± É¨¢´µ° £·Ê¶¶Ò ¶µ²µ¦¨É¥²Ó´ÒÌ n-¢¥±Éµ·µ¢. ‘µµÉ´µÏ¥´¨Ö (3) µ¶·¥-
¤¥²ÖÕÉ £·Ê¶¶Ê ²¨´¥°´ÒÌ ¶·¥µ¡· §µ¢ ´¨° ¶·µ¸É· ´¸É¢  ¢¥±Éµ·µ¢ Qj . …¸²¨

¢¸¥ nik · ¢´Ò ´Ê²Õ, ¢¥²¨Î¨´  Qj ¡¥§· §³¥·´  ¨ Ö¢²Ö¥É¸Ö ¨´¢ ·¨ ´Éµ³ £·Ê¶-

¶Ò (¶ · ³¥É·µ³ ¶µ¤µ¡¨Ö).

Šµ´Í¥¶Í¨Ö £·Ê¶¶Ò Ö¢²Ö¥É¸Ö ³ É¥³ É¨Î¥¸±¨³ ¶·¥¤¸É ¢²¥´¨¥³ ±µ´Í¥¶-
Í¨¨ ¸¨³³¥É·¨¨ Å µ¤´µ° ¨§ ´ ¨¡µ²¥¥ ËÊ´¤ ³¥´É ²Ó´ÒÌ ±µ´Í¥¶Í¨° ¸µ¢·¥-
³¥´´µ° Ë¨§¨±¨.
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®� ¸±µ²Ó±µ Ö ³µ£Ê ¸Ê¤¨ÉÓ, Å ¶¨¸ ² ‚¥°²Ó, Å ¢¸¥  ¶·¨µ·´Ò¥ ¸Ê¦¤¥´¨Ö
Ë¨§¨±¨ ¨³¥ÕÉ ¸¢µ¨³ ¨¸ÉµÎ´¨±µ³ ¸¨³³¥É·¨Õ¯. ƒ¨¶µÉ¥§Ò µ ¸¨³³¥É·¨¨, ±µ-
Éµ·µ° µ¡² ¤ ¥É ¸¨¸É¥³ , Ö¢²ÖÕÉ¸Ö  ±¸¨µ³ ³¨, µ¶·¥¤¥²ÖÕÐ¨³¨ ¥¥ ̧ µ¸ÉµÖ´¨¥
¨ ¶µ¢¥¤¥´¨¥. ̂ ¸Ìµ¤Ö ̈ § ¶·¨´Í¨¶µ¢ ¸¨³³¥É·¨¨, ³µ¦´µ ¢Ò¢µ¤¨ÉÓ ́ µ¢Ò¥ § ±µ-
´Ò ¶·¨·µ¤Ò ¤¥¤Ê±É¨¢´µ,   ´¥ Éµ²Ó±µ ¢ ·¥§Ê²ÓÉ É¥ ´ ¡²Õ¤¥´¨Ö ´ ¤ Ë¨§¨-
Î¥¸±¨³¨ µ¡Ñ¥±É ³¨ ¨²¨ ¢ ·¥§Ê²ÓÉ É¥ ·¥Ï¥´¨Ö Ê· ¢´¥´¨°.

Œ´µ£¨¥ ¨§ ¶µ²ÊÎ ¥³ÒÌ É ±¨³ µ¡· §µ³ § ±µ´µ³¥·´µ¸É¥° §´ Î¨É¥²Ó´µ
Ï¨·¥ § ±µ´µ¢, ¢ÒÉ¥± ÕÐ¨Ì ¨§ ¸¨³³¥É·¨¨ £ ³¨²ÓÉµ´¨ ´µ¢. �Ò²µ ¤ ¦¥
¢·¥³Ö, ±µ£¤  £ ³¨²ÓÉµ´µ¢ ³¥Éµ¤ ¶·¥¤² £ ²µ¸Ó ¶µÌµ·µ´¨ÉÓ, ´ ¸Éµ²Ó±µ ´¥-
£ ³¨²ÓÉµ´µ¢Ò ³¥Éµ¤Ò ± § ²¨¸Ó ¡µ²¥¥ ÔËË¥±É¨¢´Ò³¨ ¢ ËÊ´¤ ³¥´É ²Ó´µ°
´ Ê±¥. ‚ 70-80-e £µ¤Ò Ë¨§¨±¨ ¢¶ ²¨ ¢ ¶·µÉ¨¢µ¶µ²µ¦´ÊÕ ±· °´µ¸ÉÓ: ± ²¨-
¡·µ¢µÎ´Ò¥ É¥µ·¨¨ ¨, ¢ µ¸µ¡¥´´µ¸É¨, ¸É ´¤ ·É´ÊÕ ³µ¤¥²Ó µ¡ÑÖ¢¨²¨ ®É¥µ·¨¥°
¢¸¥£µ¯. ‘É ´¤ ·É´ Ö ³µ¤¥²Ó, µ¤´ ±µ, ¸µ¤¥·¦¨É Éµ²Ó±µ É¥ µ¶·¥¤¥²ÖÕÐ¨¥
 ±¸¨µ³Ò, ±µÉµ·Ò¥ ± ¸ ÕÉ¸Ö ¸¨³³¥É·¨¨ ² £· ´¦¨ ´µ¢,   ÔÉµ£µ ´¥¤µ¸É ÉµÎ´µ
¤²Ö µ¶¨¸ ´¨Ö Ë¨§¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢. �¥µ¡Ìµ¤¨³Ò ¤µ¶µ²´¨É¥²Ó´Ò¥ Ô±¸¶¥-
·¨³¥´É ²Ó´µ ¶·µ¢¥·Ö¥³Ò¥ £¨¶µÉ¥§Ò: ´ Î ²Ó´Ò¥ ¨ ±· ¥¢Ò¥ Ê¸²µ¢¨Ö, ¶·¥¤-
¶µ²µ¦¥´¨Ö µ ±µ´¸É ´É Ì, ¢Ìµ¤ÖÐ¨Ì ¢ ² £· ´¦¨ ´Ò, ¨ É.¶. �¥µ¡Ìµ¤¨³Ò
£¨¶µÉ¥§Ò µ ¸¨³³¥É·¨ÖÌ, ±µÉµ·Ò³ ÔÉ¨ Ê¸²µ¢¨Ö Ê¤µ¢²¥É¢µ·ÖÕÉ. � ¶·¨³¥·,
¶·¥¤¶µ²µ¦¥´¨¥ µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ·¥´µ·³£·Ê¶¶Ò Ö¢²Ö¥É¸Ö £¨¶µÉ¥§µ° µ ¸¨³-
³¥É·¨¨ ·¥Ï¥´¨°,   ´¥ ² £· ´¦¨ ´ .

�µ´ÖÉ¨¥ ·¥´µ·³£·Ê¶¶Ò ¢µ§´¨±²µ ¢ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö ¶·¨  ´ ²¨§¥
±² ¸¸¨Î¥¸±µ° ¶·µ¡²¥³Ò Ê¸É· ´¥´¨Ö Ê²ÓÉ· Ë¨µ²¥Éµ¢ÒÌ · ¸Ìµ¤¨³µ¸É¥°.
�·µÍ¥¤Ê·  ¶¥·¥´µ·³¨·µ¢±¨ Å ÔÉµ ´¥±µÉµ·µ¥ ¶·¥¤¶¨¸ ´¨¥, ¶·¨³¥´Ö¥³µ¥ ±
·¥Ï¥´¨Ö³ ±¢ ´Éµ¢ÒÌ Ê· ¢´¥´¨°. �·¥¤¶¨¸ ´¨¥ ÊÉµÎ´Ö¥É ̧ É·Ê±ÉÊ·Ê § ±µ´µ¢ ̈
Ê¸É· ´Ö¥É ¡¥¸¸³Ò¸²¥´´Ò¥ ¡¥¸±µ´¥Î´Ò¥ ¢Ò· ¦¥´¨Ö. ‚ µ¸´µ¢´µ³ ·¥ÎÓ Ï²  µ
¶¥·¥µ¶·¥¤¥²¥´¨¨ ³ ¸¸Ò ¨ § ·Ö¤  Ô²¥±É·µ´ .

�µ  ´ ²µ£¨¨ ¸ ¶µ´ÖÉ¨¥³ ®ÔËË¥±É¨¢´µ£µ § ·Ö¤ ¯ ¢ ¸·¥¤¥ ¢ Ô²¥±É·µ¤¨-
´ ³¨±¥ ¢¢µ¤ÖÉ¸Ö ®µ¤¥ÉÒ¥ § ·Ö¤Ò¯, Ô±· ´¨·µ¢ ´´Ò¥ ¶µ²Ö·¨§ Í¨¥° ¢ ±ÊÊ³ ,
±µÉµ·Ò° ¨£· ¥É ·µ²Ó ¶µ²Ö·¨§Ê¥³µ° ¸·¥¤Ò. ‚ ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¥
·µ²Ó ¶µ²Ö·¨§Ê¥³ÒÌ ³µ²¥±Ê² ¨£· ÕÉ ¢¨·ÉÊ ²Ó´Ò¥ Ô²¥±É·µ´-¶µ§¨É·µ´´Ò¥
¶ ·Ò. �ËË¥±É¨¢´Ò° § ·Ö¤ § ¢¨¸¨É µÉ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê Î ¸É¨Í¥°, ´¥¸ÊÐ¥°
§ ·Ö¤, ¨ ¶·µ¡´Ò³ É¥²µ³. �·¨ ¸É·¥³²¥´¨¨ · ¸¸ÉµÖ´¨Ö ± ́ Ê²Õ ¢¥²¨Î¨´  § ·Ö-
¤  ¢µ§· ¸É ¥É ¨ ¸É·¥³¨É¸Ö ± ¥£µ § É· ¢µÎ´µ°, ®¨¸É¨´´µ°¯ ¢¥²¨Î¨´¥, ±µÉµ· Ö
¢ Ô²¥±É·µ¤¨´ ³¨±¥ µ± § ² ¸Ó ¡¥¸±µ´¥Î´µ ¡µ²ÓÏµ°. �¥´µ·³£·Ê¶¶  Å ÔÉµ ́  -
¸Éµ²Ó±µ ËÊ´¤ ³¥´É ²Ó´µ¥ ¨ ¶·µ¸Éµ¥ ¶µ´ÖÉ¨¥, ÎÉµ ¤²Ö ¥£µ µ¶·¥¤¥²¥´¨Ö ´¥
É·¥¡Ê¥É¸Ö ¢´¨± ÉÓ ¢ Î·¥§¢ÒÎ °´µ ¸²µ¦´Ò° ³ É¥³ É¨Î¥¸±¨°  ¶¶ · É ±¢ ´Éµ-
¢µ° É¥µ·¨¨ ¶µ²Ö. ‚³¥¸Éµ · ¸¸ÉµÖ´¨Ö · ¸¸³ É·¨¢ ¥É¸Ö Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§-

³¥·Ö¥³ Ö ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´ Ö ¶¥·¥¤ Î  ¨³¶Ê²Ó¸  Q 2 6 µ2 Î ¸É¨Í¥,
´¥¸ÊÐ¥° § ·Ö¤. ‚¥²¨Î¨´  µ Å µ¡¥§· §³¥·¨¢ ÕÐ¨° ³´µ¦¨É¥²Ó, ¨³¥ÕÐ¨°
· §³¥·´µ¸ÉÓ ³ ¸¸Ò.
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‚ ·¥ ²Ó´µ ̈ §³¥·Ö¥³Ò¥ ¢¥²¨Î¨´Ò (¸¥Î¥´¨Ö, ±¢ ¤· ÉÒ ³ É·¨Î´ÒÌ Ô²¥³¥´-

Éµ¢ ¨ É.¶.) ¢Ìµ¤¨É ±¢ ¤· É ÔËË¥±É¨¢´µ£µ § ·Ö¤  α
__

(Q 26 µ2, α), § ¢¨¸ÖÐ¨° µÉ

Q 2 6 µ2 ¨ § É· ¢µÎ´µ£µ § ·Ö¤  α (´ ¶·¨³¥·, ±µ´¸É ´ÉÒ, ¢Ìµ¤ÖÐ¥° ¢ ² -
£· ´¦¨ ´). �¡´ ·Ê¦¥´´ Ö ̧ ¨³³¥É·¨Ö § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ µ¤´µ¢·¥³¥´´µ¥
¢Ò¶µ²´¥´¨¥ ¤¢ÊÌ µ¶¥· Í¨° Å ¨§³¥´¥´¨Ö ³ ¸ÏÉ ¡´µ° ¶¥·¥³¥´´µ°

µ2 → µ2t ¨ ¸¶¥Í¨ ²Ó´µ£µ ¢¨¤  ¶·¥µ¡· §µ¢ ´¨Ö ¢¥²¨Î¨´Ò ±¢ ¤· É  § ·Ö¤ 
α → α

__
(t, α) Å ´¥ ¶·¨¢µ¤¨É ± ± ±¨³-²¨¡µ ´ ¡²Õ¤ ¥³Ò³ ¸²¥¤¸É¢¨Ö³.

ˆ´Ò³¨ ¸²µ¢ ³¨, ±¢ ¤· É ÔËË¥±É¨¢´µ£µ § ·Ö¤  α
__
 ¤µ²¦¥´ ¡ÒÉÓ ¨´¢ -

·¨ ´Éµ³ ¶·¥µ¡· §µ¢ ´¨Ö:

Tt = {Q 2 6 µ2 → Q 2 6 µ2t; α → α
__

(t, α)}.

‚¥²¨Î¨´ 
α
__
 






 
Q 2

µ2
 , α 







 = α

__
 






 
Q 2

µ2t
 , α

__
(t, α) 








(4)

¡Ò²  ¢¢¥¤¥´  �.�.�µ£µ²Õ¡µ¢Ò³ ̈  „.‚.˜¨·±µ¢Ò³ ̈  ́  §¢ ´  ̈ ³¨ ¨´¢ ·¨ ´É-
´Ò³ § ·Ö¤µ³ [7]. �´  Ö¢²Ö¥É¸Ö Í¥´É· ²Ó´Ò³ µ¡Ñ¥±Éµ³  ¶¶ · É  ±¢ ´Éµ¢µ-
¶µ²¥¢µ° ·¥´µ·³£·Ê¶¶Ò. ‹¥£±µ ¶·µ¢¥·¨ÉÓ, ÎÉµ ¶·¥µ¡· §µ¢ ´¨Ö Tt µ¡· §ÊÕÉ

£·Ê¶¶Ê, É.±. ËÊ´±Í¨Ö α
__
 Ê¤µ¢²¥É¢µ·Ö¥É É·¥¡µ¢ ´¨Õ TtTτ = Ttτ:

α
__

(t, α
__

(τ, α)) = α
__

(tτ, α). (5)

‘µµÉ´µÏ¥´¨¥ (5) ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ËÊ´±Í¨µ´ ²Ó´µ¥ Ê· ¢´¥´¨¥ ¤²Ö α
__

¨ ¸²Ê¦¨É µ¸´µ¢µ° ¤²Ö ¢ÒÎ¨¸²¥´¨° ¢¥²¨Î¨´, ¨§³¥·Ö¥³ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´µ.
� ¨¡µ²¥¥ ¢ ¦´Ò° ·¥§Ê²ÓÉ É ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö, ¶µ²ÊÎ¥´´Ò° ¸
¶µ³µÐÓÕ ³¥Éµ¤  ·¥´µ·³£·Ê¶¶Ò, ÔÉµ Ö¢²¥´¨¥  ¸¨³¶ÉµÉ¨Î¥¸±µ° ¸¢µ¡µ¤Ò ¢
±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¥. Š ± ¶µ± § ²¨ µÉ´µ¸¨É¥²Ó´µ ¶·µ¸ÉÒ¥ ¢ÒÎ¨¸²¥-

´¨Ö, ÔËË¥±É¨¢´Ò° § ·Ö¤ Ì·µ³µ¤¨´ ³¨±¨ (g2 6 4π Å  ´ ²µ£ ¶µ¸ÉµÖ´´µ° Éµ´-
±µ° ¸É·Ê±ÉÊ·Ò α) ´¥ · ¸É¥É ± ± ¢ Ô²¥±É·µ¤¨´ ³¨±¥ ¤µ ¡¥¸±µ´¥Î´µ¸É¨ ¶·¨

Q 2 → ∞,   Ê¡Ò¢ ¥É. �·¨ Q 2 → ∞ ¶·µ¨¸Ìµ¤¨É ®¸ ³µ¢Ò±²ÕÎ¥´¨¥¯ ¢§ ¨³µ-

¤¥°¸É¢¨Ö. ̂ ´¢ ·¨ ´É´Ò° § ·Ö¤, § ¢¨¸ÖÐ¨° µÉ Q 2, ¶µ²ÊÎ¨² ¢´ÊÉ·¥´´¥ ¶·µÉ¨-
¢µ·¥Î¨¢µ¥ ´ §¢ ´¨¥ ®¡¥£ÊÐ Ö ±µ´¸É ´É  ¸¢Ö§¨¯.

Œ ²µ¸ÉÓ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ µ¡² ¸É¨ ¡µ²ÓÏ¨Ì Q 2 ¶µ§¢µ²¨²  ¶·¨³¥´ÖÉÓ
É¥µ·¨Õ ¢µ§³ÊÐ¥´¨°, ¸¤¥² ÉÓ ¢ ÔÉµ° µ¡² ¸É¨ Ì·µ³µ¤¨´ ³¨±Ê ±µ²¨Î¥¸É¢¥´-
´µ° É¥µ·¨¥°, ¶·µ¢¥·¨ÉÓ ¥¥ SU(3) £·Ê¶¶µ¢ÊÕ ¸É·Ê±ÉÊ·Ê. � ¶·¨³¥·, µ± § ²µ¸Ó
¢µ§³µ¦´Ò³ ¨§³¥·¨ÉÓ Í¢¥Éµ¢Ò¥ § ·Ö¤Ò ±¢ ·±µ¢ ¨ £²Õµ´µ¢, ¨§³¥·¨ÉÓ §´ -
Î¥´¨Ö É ±¨Ì ¨´¢ ·¨ ´Éµ¢, ± ± µ¶¥· Éµ·Ò Š §¨³¨· *. ˆ´ Î¥ £µ¢µ·Ö, ¡Ò² 
Ô±¸¶¥·¨³¥´É ²Ó´µ ·¥ ²¨§µ¢ ´  ¶·µ¢¥·±  ̧ ¨³³¥É·¨¨ ² £· ´¦¨ ´  ±¢ ´Éµ¢µ°
Ì·µ³µ¤¨´ ³¨±¨.

*DELPHI Collaboration Å Z.Phys., 1993, v.C59, p.357Å368.
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‘Ì¥³ É¨Î¥¸± Ö ¤¨ £· ³³  ´  ·¨¸.1 ¨²²Õ¸É·¨·Ê¥É ·µ²Ó ¸¨³³¥É·¨¨ ¢
ËÊ´¤ ³¥´É ²Ó´µ° Ë¨§¨±¥, ¢ µ¶·¥¤¥²¥´¨¨ ³ É¥³ É¨Î¥¸±¨Ì ³µ¤¥²¥° ¨ ¸É·Ê±-
ÉÊ·Ò § ±µ´µ¢ ¶·¨·µ¤Ò. �· ¢ Ö ¸Éµ·µ´  ¤¨ £· ³³Ò ¶µ± §Ò¢ ¥É ¸ÊÐ¥¸É¢¥´´µ
´µ¢ÊÕ ·µ²Ó ¸¨³³¥É·¨¨: ¸¨³³¥É·¨Õ ¨ ¨´¢ ·¨ ´É´µ¸ÉÓ, µ¶·¥¤¥²ÖÕÐ¨¥
£ ³¨²ÓÉµ´¨ ´ ¢§ ¨³µ¤¥°¸É¢¨Ö. —¥´ �¨´£ Ÿ´£ Å µ¤¨´ ̈ § µÉ±·Ò¢ É¥²¥° ± ²¨-
¡·µ¢µÎ´µ° ¸¨³³¥É·¨¨ Å µ¶·¥¤¥²Ö¥É ÔÉÊ ·µ²Ó É ±: ®‘¨³³¥É·¨Ö ¤¨±ÉÊ¥É
¢§ ¨³µ¤¥°¸É¢¨¥¯. �ÉµÉ ¶·¨´Í¨¶ ²¥£ ¢ µ¸´µ¢Ê ¶µ¸É·µ¥´¨Ö § ±µ´µ¢ ¤²Ö ¢¸¥Ì
Î¥ÉÒ·¥Ì ËÊ´¤ ³¥´É ²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. ‘·¥¤´ÖÖ Î ¸ÉÓ ¤¨ £· ³³Ò ¢±²Õ-
Î ¥É Éµ, ÎÉµ ´ §Ò¢ ¥É¸Ö ±¨´¥³ É¨±µ° ¨ ´¥ ´Ê¦¤ ¥É¸Ö ¢ ±µ³³¥´É ·¨ÖÌ. ‹¥¢ Ö
Î ¸ÉÓ, ±µÉµ·ÊÕ ¥¸É¥¸É¢¥´´µ ´ §¢ ÉÓ ¸¨³³¥É·¨¥° ·¥Ï¥´¨°, ¸µ¤¥·¦¨É ¶·¨´-
Í¨¶Ò ¸¨³³¥É·¨¨, ¤µ¶µ²´ÖÕÐ¨¥ ¸¨³³¥É·¨Õ ² £· ´¦¨ ´µ¢. �ÉµÉ É¨¶ ¸¨³-
³¥É·¨¨, ± ± ¡Ò²µ ¶µ± § ´µ ¢ÒÏ¥, ¤ ¢´µ ¨¸¶µ²Ó§Ê¥É¸Ö ¨´¦¥´¥· ³¨, Ë¨§¨-
± ³¨, ³¥Ì ´¨± ³¨ ¨ ´ Î¨´ ¥É ¨¸¶µ²Ó§µ¢ ÉÓ¸Ö ³ É¥³ É¨± ³¨.

‚¨£´¥· ´¥µ¤´µ±· É´µ ¢Ò¸± §Ò¢ ² ¨´É¥·¥¸´Ò¥ ³¥Éµ¤µ²µ£¨Î¥¸±¨¥ ¨¤¥¨ µ
¸µµÉ´µÏ¥´¨¨ ³¥¦¤Ê É·¥³Ö ± É¥£µ·¨Ö³¨: Ö¢²¥´¨Ö³¨, ¸²Ê¦ Ð¨³¨ ¸Ò·Ó¥³ ¤²Ö
¢Éµ·µ° ± É¥£µ·¨¨ Å ¤²Ö § ±µ´µ¢ ¶·¨·µ¤Ò, ¨ ¶·¨´Í¨¶ ³¨ ¸¨³³¥É·¨¨
(É·¥ÉÓ¥° ± É¥£µ·¨¥°). �´ µ¸µ¡¥´´µ ¶µ¤Î¥·±¨¢ ², ÎÉµ ¤²Ö ¶·¨´Í¨¶µ¢ ¸¨³-
³¥É·¨¨ ¸Ò·Ó¥³ ¸²Ê¦ É § ±µ´Ò ¶·¨·µ¤Ò. �·¨´Í¨¶Ò ¸¨³³¥É·¨¨ µ¡´ ·Ê¦¨¢ -
ÕÉ¸Ö ¢ ·¥§Ê²ÓÉ É¥  ´ ²¨§  ¸É·Ê±ÉÊ·Ò Ê´¨¢¥·¸ ²Ó´ÒÌ ¸µµÉ´µÏ¥´¨° (§ ±µ´µ¢
¶·¨·µ¤Ò) ³¥¦¤Ê Ô±¸¶¥·¨³¥´É ²Ó´µ ´ ¡²Õ¤ ¥³Ò³¨ ¢¥²¨Î¨´ ³¨ ¨ ´ µ¡µ·µÉ:

�¨¸.1. ‘Ì¥³ É¨Î¥¸± Ö ¤¨ £· ³³ , ¨²²Õ¸É·¨·ÊÕÐ Ö ·µ²Ó ¸¨³³¥É·¨¨ ¢ ËÊ´¤ ³¥´É ²Ó-
´µ° Ë¨§¨±¥
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¨¸Ìµ¤Ö ¨§ ¶·¨´Í¨¶µ¢ ¸¨³³¥É·¨¨, ³µ¦´µ ¢Ò¢¥¸É¨ ´µ¢Ò¥ § ±µ´Ò ¶·¨·µ¤Ò
¤¥¤Ê±É¨¢´µ,   ́ ¥ Éµ²Ó±µ ́   µ¸´µ¢¥ ́  ¡²Õ¤¥´¨° ́  ¤ Ë¨§¨Î¥¸±¨³¨ µ¡Ñ¥±É ³¨.
�·¨´Í¨¶Ò ¸¨³³¥É·¨¨ ¢ ÔÉµ° ¸¢Ö§¨ ¨´µ£¤  ´ §Ò¢ ÕÉ ¸¢¥·Ì§ ±µ´ ³¨ ¶·¨-
·µ¤Ò, ËÊ´¤ ³¥´Éµ³ ´ Ê±¨.

�¥±µÉµ·Ò¥ ¨§ ¶·¨´Í¨¶µ¢ ¸¨³³¥É·¨¨ ·¥Ï¥´¨° ¨³¥ÕÉ ËÊ´¤ ³¥´É ²Ó´Ò°
Ì · ±É¥· ¨ ¨£· ÕÉ ·¥Ï ÕÐÊÕ ·µ²Ó ¢ ¶µ¸É·µ¥´¨¨ ´µ¢ÒÌ § ±µ´µ¢ ¶·¨·µ¤Ò.
‚ ± Î¥¸É¢¥ ¶·¨³¥·  ³µ¦´µ ¶·¨¢¥¸É¨ ·¥´µ·³£·Ê¶¶Ê. �¤¨´ ¨§  ¢Éµ·µ¢ ÔÉµ°
µ¶¨¸ ´´µ° ¢ÒÏ¥ ¸¨³³¥É·¨¨ („.‚.˜¨·±µ¢) µÉ´¥¸ ·¥´µ·³£·Ê¶¶Ê ± ¸¨³³¥É-
·¨¨ ¸ ³µ¶µ¤µ¡¨Ö, ¢¢¥¤Ö É¥·³¨´ ®ËÊ´±Í¨µ´ ²Ó´ Ö  ¢Éµ³µ¤¥²Ó´µ¸ÉÓ¯ [8], ¢
µÉ²¨Î¨¥ µÉ ¸É¥¶¥´´µ°  ¢Éµ³µ¤¥²Ó´µ¸É¨, ± ±µÉµ·µ° ¶·¨¢µ¤¨É  ´ ²¨§ · §³¥·-
´µ¸É¥° ¨ ¶·¨´Í¨¶Ò ¶µ¤µ¡¨Ö (Ëµ·³Ê²  (2)). ’¥·³¨´ ® ¢Éµ³µ¤¥²Ó´µ¸ÉÓ¯
§ ¨³¸É¢µ¢ ´ ¨§ £¨¤·µ Ô·µ¤¨´ ³¨±¨, µ´ µ¡µ¡Ð ¥É Ï¨·µ±¨° ±² ¸¸ § ±µ´µ-
³¥·´µ¸É¥° ¢ · §²¨Î´ÒÌ µ¡² ¸ÉÖÌ Ë¨§¨±¨. ®�¢Éµ³µ¤¥²Ó´Ò³¨ ´ §Ò¢ ÕÉ
É ±¨¥ ·¥Ï¥´¨Ö, ¢ ±µÉµ·ÒÌ Ê³¥´ÓÏ¥´¨¥ Î¨¸²   ·£Ê³¥´Éµ¢ ¨¸±µ³ÒÌ ËÊ´±Í¨°
¤µ¸É¨£ ¥É¸Ö §  ¸Î¥É ¸ÊÐ¥¸É¢¥´´µ¸É¨ Éµ²Ó±µ ´¥±µÉµ·ÒÌ ±µ³¡¨´ Í¨° ¨§ ´¥-
§ ¢¨¸¨³ÒÌ ¶¥·¥³¥´´ÒÌ¯ (‹.ˆ.‘¥¤µ¢).

’ ±¨³ µ¡· §µ³,  ¢Éµ³µ¤¥²Ó´µ¸ÉÓ Å ÔÉµ µ¸µ¡ Ö ¸¨³³¥É·¨Ö Ë¨§¨Î¥¸±µ°
¸¨¸É¥³Ò, ¸µ¸ÉµÖÐ Ö ¢ Éµ³, ÎÉµ ¨§³¥´¥´¨¥ ³ ¸ÏÉ ¡µ¢ ´¥§ ¢¨¸¨³ÒÌ ¶¥·¥³¥´-
´ÒÌ ³µ¦¥É ¡ÒÉÓ ¸±µ³¶¥´¸¨·µ¢ ´µ ¶·¥µ¡· §µ¢ ´¨¥³ ¶µ¤µ¡¨Ö ¤·Ê£¨Ì ¤¨´ -
³¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ.

�¢Éµ³µ¤¥²Ó´Ò¥ ·¥Ï¥´¨Ö ¢¸¥£¤  ¶µ²ÊÎ ÕÉ¸Ö ¤²Ö É ± ´ §Ò¢ ¥³ÒÌ ¢Ò·µ¦-
¤¥´´ÒÌ § ¤ Î, ¢ ±µÉµ·ÒÌ ¶ · ³¥É·Ò § ¤ Î¨, ¨³¥ÕÐ¨¥ · §³¥·´µ¸É¨ ´¥§ ¢¨-
¸¨³ÒÌ ¶¥·¥³¥´´ÒÌ (Ì · ±É¥·´ Ö ¤²¨´ , Ì · ±É¥·´µ¥ ¢·¥³Ö ¨ É.¤.), ¸É·¥³ÖÉ-
¸Ö ± ´Ê²Õ ¨²¨ ¡¥¸±µ´¥Î´µ¸É¨. ‚ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥ ¸·¥¤¨  ·£Ê³¥´Éµ¢ Ë¨£Ê-
·¨·µ¢ ²¨ ¡Ò µÉ´µÏ¥´¨Ö ´¥§ ¢¨¸¨³ÒÌ ¶¥·¥³¥´´ÒÌ ± ÔÉ¨³ ¶ · ³¥É· ³. �Éµ
§´ Î¨É, ÎÉµ ¶·¨ ¶¥·¥Ìµ¤¥ µÉ ´¥¢Ò·µ¦¤¥´´ÒÌ ¶µ¸É ´µ¢µ± § ¤ Î, µÉ¢¥Î ÕÐ¨Ì
±µ´¥Î´Ò³ §´ Î¥´¨Ö³ ¶ · ³¥É·µ¢ (¡¥§· §³¥·´Ò³ ±µ³¡¨´ Í¨Ö³ Π1, Π2,Á ¨§

´¥§ ¢¨¸¨³ÒÌ · §³¥·´ÒÌ ¶¥·¥³¥´´ÒÌ (a1, a2,Á)), ± ¢Ò·µ¦¤¥´´Ò³  ¢Éµ³µ-

¤¥²Ó´µ¥ ·¥Ï¥´¨e Π = Φ (Π1, Π2,Á) ³µ¦¥É:

1) ¸É·¥³¨ÉÓ¸Ö ± ±µ´¥Î´µ³Ê ¶·¥¤¥²Ê, µÉ²¨Î ÕÐ¥³Ê¸Ö µÉ ´Ê²Ö;
2) ¸É·¥³¨ÉÓ¸Ö ± ´Ê²Õ, ± ¡¥¸±µ´¥Î´µ¸É¨ ¨²¨ ¢µµ¡Ð¥ ´¥ ¸É·¥³¨ÉÓ¸Ö ´¨ ±

± ±µ³Ê ¶·¥¤¥²Ê, ́ µ ̈ ³¥ÉÓ ¶·¨ ³ ²ÒÌ (¡µ²ÓÏ¨Ì) Π1, Π2,Á ̧ É¥¶¥´´ÊÕ  ¸¨³¶-

ÉµÉ¨±Ê:

Π = Φ = Π
1
αΦ

1
(Π

2
6 Π

1
β,Á),

3) ´¥ ¸É·¥³¨ÉÓ¸Ö ± ±µ´¥Î´µ³Ê ¶·¥¤¥²Ê ¨ ´¥ ¨³¥ÉÓ ¶·¨ ³ ²ÒÌ (¡µ²ÓÏ¨Ì)
Π1, Π2,Á ¸É¥¶¥´´µ°  ¸¨³¶ÉµÉ¨±¨.

‚ ¸²ÊÎ ¥ 1 ËÊ´±Í¨Õ Φ ³µ¦´µ ¶·µ¸Éµ § ³¥´¨ÉÓ ¥¥ ¶·¥¤¥²Ó´Ò³ ¢Ò· -
¦¥´¨¥³, µÉ¢¥Î ÕÐ¨³ §´ Î¥´¨Ö³ ¶ · ³¥É·µ¢ Π1, Π2,Á, · ¢´Ò³ ´Ê²Õ (¡¥¸-

±µ´¥Î´µ¸É¨). �·¨ ÔÉµ³ Î¨¸²µ  ·£Ê³¥´Éµ¢ Φ Ê³¥´ÓÏ ¥É¸Ö,   ¸µµÉ¢¥É¸É¢ÊÕ-
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Ð¨¥ · §³¥·´Ò¥ ¶ · ³¥É·Ò µ± §Ò¢ ÕÉ¸Ö ´¥¸ÊÐ¥¸É¢¥´´Ò³¨ ¨ ¢Ò¶ ¤ ÕÉ ¨§
· ¸¸³µÉ·¥´¨Ö. �ÉµÉ ¸²ÊÎ ° ´ §Ò¢ ¥É¸Ö ¶µ²´µ°  ¢Éµ³µ¤¥²Ó´µ¸ÉÓÕ.

‚ ¸²ÊÎ ¥ 2 ·¥Ï¥´¨¥ Φ ¶·¨ ³ ²ÒÌ (¡µ²ÓÏ¨Ì) Π1, Π2,Á ¶·¥¤¸É ¢²Ö¥É¸Ö

¢ ¢¨¤¥

Π∗ = Φ
1
(Π∗∗, Π

3
,Á),   £¤¥  Π∗ = ΠΠ

1
− α;    Π∗∗ = Π

2
Π

1
− β.

’ ±¨³ µ¡· §µ³, Î¨¸²µ  ·£Ê³¥´Éµ¢ Φ Ê³¥´ÓÏ ¥É¸Ö. � · ³¥É·Ò Π∗ ¨ Π∗∗  ´ -
²µ£¨Î´Ò ¶ · ³¥É· ³ ¶µ¤µ¡¨Ö. �¤´ ±µ ¨Ì ´¥²Ó§Ö ¶µ²ÊÎ¨ÉÓ ¶·¨ ¶µ³µÐ¨  ´ -
²¨§  · §³¥·´µ¸É¥°. ‚¥²¨Î¨´Ò α ¨ β ´¥µ¡Ìµ¤¨³µ µ¶·¥¤¥²¨ÉÓ ¨§ É¥µ·¨¨ ¨²¨
Ô±¸¶¥·¨³¥´É ²Ó´µ. �ÉµÉ ¸²ÊÎ ° ´ §Ò¢ ¥É¸Ö ´¥¶µ²´µ°  ¢Éµ³µ¤¥²Ó´µ¸ÉÓÕ ¶µ
¶ · ³¥É· ³ Π1, Π2. ‘µµÉ¢¥É¸É¢ÊÕÐ¥¥ ·¥Ï¥´¨¥ ´ §Ò¢ ÕÉ  ¢Éµ³µ¤¥²Ó´Ò³

·¥Ï¥´¨¥³ ¢Éµ·µ£µ ·µ¤  [6], ¢ µÉ²¨Î¨¥ µÉ ¸²ÊÎ Ö ¶µ²´µ°  ¢Éµ³µ¤¥²Ó´µ¸É¨,
±µÉµ·Ò° ¸µµÉ¢¥É¸É¢Ê¥É ·¥Ï¥´¨Ö³ ¶¥·¢µ£µ ·µ¤ . ’·Ê¤´µ¸ÉÓ ±² ¸¸¨Ë¨± Í¨¨
¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ³¥Éµ¤Ò ¶µ¤µ¡¨Ö ¶·¨³¥´ÖÕÉ¸Ö, ±µ£¤  ¶µ²´µ¥ ·¥Ï¥´¨¥
§ ¤ Î¨ ´¥¨§¢¥¸É´µ. �· ±É¨Î¥¸±¨ ¶µ¸ÉÊ¶ ÕÉ É ±: ¸´ Î ²  ¶·µ¡ÊÕÉ ¶µ¸É·µ¨ÉÓ
 ¢Éµ³µ¤¥²Ó´µ¥ ·¥Ï¥´¨¥ ¶¥·¢µ£µ ·µ¤ . ‚ ¸²ÊÎ ¥ ́ ¥Ê¤ Î¨ (¶·µÉ¨¢µ·¥Î¨Ö) ¢µ§-
¢· Ð ÕÉ¸Ö ± ¨¸Ìµ¤´µ° ´¥¢Ò·µ¦¤¥´´µ° § ¤ Î¥, ¶·¥¤¶µ² £ ÕÉ ´¥¶µ²´ÊÕ  ¢-
Éµ³µ¤¥²Ó´µ¸ÉÓ ¨ ¸É·µÖÉ  ¢Éµ³µ¤¥²Ó´µ¥ ·¥Ï¥´¨¥ ¢Éµ·µ£µ ·µ¤ . �ÉµÉ ¶µ¤Ìµ¤
¶·¨³¥´Ö¥É¸Ö ´¨¦¥ ¤²Ö Ê¸É ´µ¢²¥´¨Ö § ±µ´µ³¥·´µ¸É¥° ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·-
´µ° Ë¨§¨±¨.

”Ê´±Í¨Ö Φ ¶·¨ Ê¡Ò¢ ´¨¨ ¨²¨ ¢µ§· ¸É ´¨¨ ¶ · ³¥É·  ¶µ¤µ¡¨Ö Πi ´¥

µ¡Ö§ É¥²Ó´µ ¸É·¥³¨É¸Ö ± ¶·¥¤¥²Ê, ¨ ¶·¨Éµ³ ±µ´¥Î´µ³Ê, µÉ²¨Î´µ³Ê µÉ ´Ê²Ö.
�Ê¸ÉÓ ¶·¨ Πi → 0 Φ ¸É·¥³¨É¸Ö ± ´Ê²Õ ¨²¨ ¡¥¸±µ´¥Î´µ¸É¨. ‚ ÔÉµ³ ¸²ÊÎ ¥

¢¥²¨Î¨´  Πi µ¸É ¥É¸Ö ¸ÊÐ¥¸É¢¥´´µ°, ± ± ¡Ò ³ ²  ¨²¨ ¢¥²¨±  µ´  ´¨ ¡Ò² :

§ ³¥´  ËÊ´±Í¨¨ Φ ¥¥ ¶·¥¤¥²Ó´Ò³ §´ Î¥´¨¥³ Π = 0 ¨²¨ Π = ∞ ¡¥¸¸µ¤¥·¦ -

É¥²Ó´ . ’¥³ ´¥ ³¥´¥¥, ¢¢µ¤Ö ¶¥·¥³¥´´Ò¥ Π∗ ¨ Π∗∗, ± ± ÔÉµ ¸¤¥² ´µ ¢ÒÏ¥,

³µ¦´µ Ê³¥´ÓÏ¨ÉÓ Î¨¸²µ  ·£Ê³¥´Éµ¢. ‚¢¥¤¥´¨¥ Π∗∗ ´¥µ¡Ìµ¤¨³µ ¢ Éµ³ ¸²Ê-
Î ¥, ±µ£¤  ¤¢  ¡¥§· §³¥·´ÒÌ ¶ · ³¥É·  ¶µ¤µ¡¨Ö Ö¢²ÖÕÉ¸Ö ³ ²Ò³¨ ¨²¨ ¡µ²Ó-
Ï¨³¨. �¡µ¡Ð¥´¨¥ ÔÉµ£µ ¸²ÊÎ Ö ´  ¡µ²ÓÏ¥¥ Î¨¸²µ ¶¥·¥³¥´´ÒÌ µÎ¥¢¨¤´µ.

˜¨·µ±µ · ¸¶·µ¸É· ´¥´µ ¶·¥¤¸É ¢²¥´¨¥ µ Éµ³, ÎÉµ ¶µ²ÊÎ¥´¨¥  ¢Éµ³µ-
¤¥²Ó´ÒÌ ·¥Ï¥´¨° ¸¢Ö§ ´µ Éµ²Ó±µ ¸  ´ ²¨§µ³ · §³¥·´µ¸É¥° ¨ ¸¢µ°¸É¢ ³¨
¶µ¤µ¡¨Ö. Š ± ¢¨¤´µ ¨§ ¨§²µ¦¥´´µ£µ, ¶µ´ÖÉ¨¥  ¢Éµ³µ¤¥²Ó´µ¸É¨ ¢±²ÕÎ ¥É
¥Ð¥ ¨ £¨¶µÉ¥§Ò µ¡  ´ ²¨É¨Î¥¸±¨Ì ¸¢µ°¸É¢ Ì ·¥Ï¥´¨°, ¨Ì  ¸¨³¶ÉµÉ¨Î¥¸±µ³
¶µ¢¥¤¥´¨¨. �ÉµÉ  ´ ²¨§ ´¥µ¡Ìµ¤¨³ ¨ ¶·¨ ¢Ò¡µ·¥ ¸¨¸É¥³Ò µ¶·¥¤¥²ÖÕÐ¨Ì
¶ · ³¥É·µ¢. �¡ÒÎ´µ ¸Î¨É ¥É¸Ö, ÎÉµ ¥¸²¨ §´ Î¥´¨¥ ´¥±µÉµ·µ£µ ¶ · ³¥É· 
³´µ£µ ¡µ²ÓÏ¥ ¨²¨ ³´µ£µ ³¥´ÓÏ¥ ¥¤¨´¨ÍÒ, Éµ ¨³ ³µ¦´µ ¶·¥´¥¡·¥ÎÓ. �¤´ -
±µ É ±µ¥ ¶·¥´¥¡·¥¦¥´¨¥ ³µ¦¥É µ± § ÉÓ¸Ö ´¥Ë¨§¨Î´Ò³, ¨ Éµ£¤  ´¥µ¡Ìµ¤¨³µ
· ¸¸³ É·¨¢ ÉÓ ´¥¶µ²´ÊÕ  ¢Éµ³µ¤¥²Ó´µ¸ÉÓ (¸²ÊÎ ° 2) Å ¸É¥¶¥´´µ¥ Ê¡Ò¢ ´¨¥
(¢µ§· ¸É ´¨¥) ·¥Ï¥´¨Ö Φ. �¥Ï¥´¨¥, µ¡² ¤ ÕÐ¥¥ É ±¨³  ´ ²¨É¨Î¥¸±¨³
¸¢µ°¸É¢µ³, ´ §Ò¢ ¥É¸Ö ®¶·µ³¥¦ÊÉµÎ´µ° ac¨³¶ÉoÉ¨±o°¯ [6]. �·µ³¥¦ÊÉµÎ-
´ÊÕ  ¸¨³¶ÉµÉ¨±Ê µ¶·¥¤¥²ÖÕÉ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. �Ê¸ÉÓ ¢ § ¤ Î¥ ¨³¥ÕÉ¸Ö
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¤¢¥ Ì · ±É¥·´Ò¥ ¶µ¸ÉµÖ´´Ò¥ ¢¥²¨Î¨´Ò ¸ · §³¥·´µ¸ÉÓÕ ´¥§ ¢¨¸¨³µ° ¶¥·¥-

³¥´´µ° ai : Ai
(1) ¨ Ai

(2). �·µ³¥¦ÊÉµÎ´µ°  ¸¨³¶ÉµÉ¨±µ° ´ §Ò¢ ¥É¸Ö ¶·¥¤¸É ¢-

²¥´¨¥ ·¥Ï¥´¨Ö ¶·¨ Πi
(1) = ai6 Ai

(1) → ∞, ´µ Πi
(2) = ai 6 Ai

(2) → 0. ˆ´É¥·¢ ²

Πi
(2) << Πi << Πi

(1), ¢ ±µÉµ·µ³ ¸¶· ¢¥¤²¨¢  § ±µ´µ³¥·´µ¸ÉÓ Π = (16 Πi
α) Φ1,

µ¶·¥¤¥²Ö¥É¸Ö É·¥¡Ê¥³µ° ÉµÎ´µ¸ÉÓÕ ¨§³¥·¥´¨Ö ¢¥²¨Î¨´Ò Π.
‚ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö ¶µ¤  ¢Éµ³µ¤¥²Ó´Ò³¨  ¸¨³¶ÉµÉ¨± ³¨ ¶µ´¨³ -

¥É¸Ö ´¥§ ¢¨¸¨³µ¸ÉÓ  ¸¨³¶ÉµÉ¨Î¥¸±µ° Ëµ·³Ò  ³¶²¨ÉÊ¤ ¨ ¸¥Î¥´¨° ¶·¨ ¡µ²Ó-
Ï¨Ì Ô´¥·£¨ÖÌ ¨ ¡µ²ÓÏ¨Ì ¶¥·¥¤ Î Ì ¨³¶Ê²Ó¸  µÉ · §³¥·´ÒÌ ¤¨´ ³¨Î¥¸±¨Ì
¶ · ³¥É·µ¢, ¢±²ÕÎ Ö ³ ¸¸Ò Î ¸É¨Í. ‡ ¢¨¸¨³µ¸ÉÓ µÉ ¡¥§· §³¥·´ÒÌ µÉ´µÏ¥-
´¨° ¨³¶Ê²Ó¸´ÒÌ ¶¥·¥³¥´´ÒÌ ¶µ²ÊÎ¨²  ´ §¢ ´¨¥ ³ ¸ÏÉ ¡´µ° ¨´¢ ·¨ ´É-
´µ¸É¨ ¨²¨ ¸±¥°²¨´£ .

�·¨´Í¨¶  ¢Éµ³µ¤¥²Ó´µ¸É¨ ¢ Ë¨§¨±¥ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¢¶¥·¢Ò¥ ¡Ò²
¸Ëµ·³Ê²¨·µ¢ ´ ‚.�.Œ É¢¥¥¢Ò³, �.Œ.ŒÊ· ¤Ö´µ³ ¨ �.�.’ ¢Ì¥²¨¤§¥ [9] ¤²Ö
¶·µÍ¥¸¸µ¢ £²Ê¡µ±µ´¥Ê¶·Ê£µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ²¥¶Éµ´µ¢ ¸  ¤·µ´ ³¨ ¢ ¡Ó¥·-

±¥´µ¢¸±µ³ ¶·¥¤¥²¥ q2 ≈ ν = 2pq >> p2 = m2 (m Å ³ ¸¸   ¤·µ´ , p Å e£µ

¨³¶Ê²Ó¸, q2 Å ±¢ ¤· É ¶¥·¥¤ ¢ ¥³µ£µ ¨³¶Ê²Ó¸  µÉ ²¥¶Éµ´  ±  ¤·µ´Ê, ± ±

¨§¢¥¸É´µ, Q 2 = − q2).

‘É·Ê±ÉÊ·´ Ö ËÊ´±Í¨Ö  ¤·µ´  F(q2, ν) (±¢ ¤· É  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö) ¢
¸µµÉ¢¥É¸É¢¨¨ ¸ ¶·¨´Í¨¶µ³  ¢Éµ³µ¤¥²Ó´µ¸É¨ ¨³¥¥É µ¡Ð¨° ¢¨¤

F(q2, ν) = (16 (q2)α) f(ν 6 q2).

� · ³¥É· α µ¶·¥¤¥²Ö¥É¸Ö Ë¨§¨Î¥¸±µ° · §³¥·´µ¸ÉÓÕ ¸É·Ê±ÉÊ·´µ° ËÊ´±Í¨¨.
”Ê´±Í¨Ö f, µ¸É ÕÐ Ö¸Ö ´¥µ¶·¥¤¥²¥´´µ°, ´ Ìµ¤¨É¸Ö ¨§ ³µ¤¥²Ó´ÒÌ ¸µµ¡· -
¦¥´¨°. ‚ ¸¨²Ê ¸¨³³¥É·¨¨, µ¶·¥¤¥²Ö¥³µ° ·¥´µ·³£·Ê¶¶µ°, f § ¢¨¸¨É µÉ ®¡¥-
£ÊÐ¨Ì ±µ´¸É ´É ¸¢Ö§¨¯,   ´¥ µÉ § ·Ö¤µ¢, ¢Ìµ¤ÖÐ¨Ì ¢ ² £· ´¦¨ ´, ÎÉµ ¶·¨-

¢µ¤¨É ± ´ ·ÊÏ¥´¨Õ ¸±¥°²¨´£ : ¢ ¤µ¶µ²´¥´¨¥ ± § ¢¨¸¨³µ¸É¨ µÉ ν 6 q2 ¶µÖ¢-

²Ö¥É¸Ö ²µ£ ·¨Ë³¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ µÉ Q 2 6 µ2. ‚ Î ¸É´µ¸É¨,
Ô±¸¶¥·¨³¥´ÉÒ ´  LEP ¶µ± § ²¨, ÎÉµ ¨´¢ ·¨ ´É´Ò° Ô²¥±É·µ³ £´¨É´Ò° § ·Ö¤

(¶µ¸ÉµÖ´´ Ö Éµ´±µ° ¸É·Ê±ÉÊ·Ò) ¶·¨ Q 2 = (90 ƒÔ‚)2 ¢µ§· ¸É ¥É ¶·¨³¥·´µ ´ 

7% ¨ µ± §Ò¢ ¥É¸Ö · ¢´Ò³ α
__
 = 16 128 ¢³¥¸Éµ α = 16 137 ¶·¨ Q 2 = 0. �¥£Ê-

Ð Ö ±µ´¸É ´É  ̧ ¢Ö§¨ Š•„ ¶·¨ ¡µ²ÓÏ¨Ì Q 2 Ê¡Ò¢ ¥É ̈  ̧ É ´µ¢¨É¸Ö ¢¥²¨Î¨´µ°
¶µ·Ö¤±  0,1, ÎÉµ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ¶·µ¢¥¸É¨ · ¸Î¥ÉÒ ¶µ É¥µ·¨¨ ¢µ§³ÊÐ¥-
´¨°, É.¥. ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö  ¸¨³¶ÉµÉ¨Î¥¸±µ° ¸¢µ¡µ¤µ°.

„µ± § ´´µ¥ É¥µ·¥É¨Î¥¸±¨ Ö¢²¥´¨¥  ¸¨³¶ÉµÉ¨Î¥¸±µ° ¸¢µ¡µ¤Ò ¶µ§¢µ²¨²µ
± Î¥¸É¢¥´´µ ¶µ´ÖÉÓ É ± ´ §Ò¢ ¥³ÊÕ ¶ ·Éµ´´ÊÕ ³µ¤¥²Ó ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±-
Í¨°. ‘µ£² ¸´µ ÔÉµ° ³µ¤¥²¨ ¸É·Ê±ÉÊ·´ÊÕ ËÊ´±Í¨Õ ´Ê±²µ´  ³µ¦´µ ¶·¥¤-
¸É ¢¨ÉÓ ± ± ¸Ê³³Ê ±¢ ¤· Éµ¢  ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö ´  ´¥¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì
ÉµÎ¥Î´ÒÌ Î ¸É¨Í Ì-¶ ·Éµ´ Ì (±¢ ·± Ì).
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3. ��ˆ�–ˆ� �‘‹��‹…�ˆŸ Š���…‹Ÿ–ˆ‰.
���‘’���‘’‚� �’��‘ˆ’…‹œ�›• ‘Š���‘’…‰

‘¨³³¥É·¨Ö ¶µ´¨³ ² ¸Ó ¤·¥¢´¥£·¥Î¥¸±¨³¨ Ë¨²µ¸µË ³¨ ± ± Î ¸É´Ò°
¸²ÊÎ ° £ ·³µ´¨¨, É.¥. ̧ µ£² ¸µ¢ ´¨Ö Î ¸É¥° ¢´ÊÉ·¨ Í¥²µ£µ. ‘·¥¤¨ ¶·¨´Í¨¶µ¢,
±µÉµ·Ò¥ ¶µ§¢µ²ÖÕÉ ̈ ¸¸²¥¤µ¢ ÉÓ ̈  ¸· ¢´¨¢ ÉÓ Î ¸É¨ ¡µ²ÓÏ¨Ì ¸¨¸É¥³, µ¸µ¡µ¥
§´ Î¥´¨¥ ̈ ³¥¥É ¶·¨´Í¨¶ µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨¨, ¶µ³¥Î¥´´Ò° ¡Ê±¢ ³¨ CDP
(the Correlation Depletion Principle) ´  ·¨¸.1.

‚ ¸É É¨¸É¨Î¥¸±µ° Ë¨§¨±¥ CDP ¡Ò² ¶·¥¤²µ¦¥´ �.�.�µ£µ²Õ¡µ¢Ò³ [10].
�·¨´Í¨¶ µ¸´µ¢ ´ ´  ¨´ÉÊ¨É¨¢´µ° ¨¤¥¥ µ Éµ³, ÎÉµ ±µ··¥²ÖÍ¨Ö ³¥¦¤Ê ¶·µ¸É-
· ´¸É¢¥´´µ µÉ¤ ²¥´´Ò³¨ £·Ê¶¶ ³¨ Î ¸É¨Í ³ ±·µ¸±µ¶¨Î¥¸±µ° ¸¨¸É¥³Ò
¶· ±É¨Î¥¸±¨ ¨¸Î¥§ ¥É. �¸¨³¶ÉµÉ¨Î¥¸± Ö Ëµ·³  ËÊ´±Í¨° ƒ·¨´  ± ± Ê´¨¢¥·-
¸ ²Ó´ÒÌ (´¥ § ¢¨¸ÖÐ¨Ì µÉ ¸¶¥Í¨Ë¨±¨ ¸¨¸É¥³Ò) ²¨´¥°´ÒÌ Ëµ·³ ¨§ ¸·¥¤´¨Ì
§´ Î¥´¨° É¨¶ 

F(t
1
, x

1
;Á; tn, xn) = 〈Á, ψ+(tj , xj ), Á ψ(ts, xs)Á〉,

£¤¥ x(r, σ) Å É·¥Ì³¥·´Ò¥ ±µµ·¤¨´ ÉÒ ¨ ¸¶¨´Ò Î ¸É¨Í, t Å ³µ³¥´ÉÒ ¢·¥-
³¥´¨, · ¸¸³ É·¨¢ ¥É¸Ö �µ£µ²Õ¡µ¢Ò³ ¢ ¶·¥¤¥²¥, ±µ£¤  ¢¸¥ ³µ³¥´ÉÒ ¢·¥³¥´¨
t1,Á, tn Ë¨±¸¨·µ¢ ´Ò,   · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ÉµÎ± ³¨ ¨§ · §²¨Î´ÒÌ £·Ê¶¶

{Á, tαxα,Á} ̈  {Á, tβxβ,Á} ̧ É·¥³ÖÉ¸Ö ± ¡¥¸±µ´¥Î´µ¸É¨. ‚ ±¢ ´Éµ¢µ° É¥µ·¨¨

¶µ²Ö ¢¸¥ ¶µ²¥¢Ò¥ ËÊ´±Í¨¨ ψ(ti , xi), ψ(tk , xk), ± ± ¨§¢¥¸É´µ, ¤µ²¦´Ò ÉµÎ´µ

±µ³³ÊÉ¨·µ¢ ÉÓ ¨²¨  ´É¨±µ³³ÊÉ¨·µ¢ ÉÓ, ¥¸²¨ ¨´É¥·¢ ² − (ti − tk)
2 +

+ (ri − rk)
2 ¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡¥´. �·¨ Ë¨±¸¨·µ¢ ´´ÒÌ ti , tk ¨ ri − rk → ∞

¤²Ö ´ Ìµ¦¤¥´¨Ö  ¸¨³¶ÉµÉ¨Î¥¸±µ° Ëµ·³Ò F ³µ¦´µ ¶¥·¥¸É ¢²ÖÉÓ ¶µ²¥¢Ò¥
ËÊ´±Í¨¨ ¨§ · §²¨Î´ÒÌ £·Ê¶¶ ¨ É¥³ ¸ ³Ò³ ¤µ¡¨ÉÓ¸Ö É ±µ£µ ¶µ²µ¦¥´¨Ö, ±µ£-
¤  ¶µ²¥¢Ò¥ ËÊ´±Í¨¨ ¤²Ö ± ¦¤µ° £·Ê¶¶Ò  ·£Ê³¥´Éµ¢ µ± §Ò¢ ÕÉ¸Ö ¢ µ¤´µ³
±µ³¶²¥±¸¥ (±² ¸É¥·¥). ’ ±¨³ µ¡· §µ³, ¶µ²ÊÎ ¥É¸Ö

F(t
1
, x

1
;Á; tn, xn) − η 〈U

1
(Á,tα, xα,Á), U

2
(..., tβ, xβ,Á)Á〉 → 0,   η = ± 1,

£¤¥ U1(Á, tα, xα,Á) Å ¶·µ¨§¢¥¤¥´¨¥ ¶µ²¥¢ÒÌ ËÊ´±Í¨° ¸  ·£Ê³¥´É ³¨ Éµ²Ó-

±µ ¨§ ¶¥·¢µ° £·Ê¶¶Ò, U2(Á, tβ, xβ,Á) Å ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¶·µ¨§¢¥¤¥´¨¥ ¸

 ·£Ê³¥´É ³¨ Éµ²Ó±µ ¨§ ¢Éµ·µ° £·Ê¶¶Ò ¨ É.¤.

’ ± ± ± ±µ··¥²ÖÍ¨Ö ³¥¦¤Ê ¤¨´ ³¨Î¥¸±¨³¨ ¢¥²¨Î¨´ ³¨ U1, U2 ¤µ²¦´ 

µ¸² ¡¥¢ ÉÓ ¨ ¶· ±É¨Î¥¸±¨ ¨¸Î¥§ ÉÓ ¤²Ö ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨°,
 ¸¨³¶ÉµÉ¨Î¥¸± Ö Ëµ·³  ¢Ò· ¦¥´¨Ö:

〈U
1
(Á, tα, xα,Á) U

2
(..., tβ, xβ,Á)〉
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· ¸¶ ¤ ¥É¸Ö ´  ¶·µ¨§¢¥¤¥´¨Ö ¢¨¤ 

〈U
1
(Á, tα, xα,Á)〉 〈U

2
(..., tβ, xβ,Á)〉Á

‚ ÔÉµ° Ëµ·³Ê²¨·µ¢±¥ ¶·¨´Í¨¶  µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨¨ �.�.�µ£µ²Õ-
¡µ¢ µ¡· Ð ¥É ¢´¨³ ´¨¥ ´  ËÊ´¤ ³¥´É ²Ó´ÊÕ ·µ²Ó ¢Ò·µ¦¤¥´¨Ö ¸µ¸ÉµÖ´¨°,
¶µ ±µÉµ·Ò³ ¶·µ¨§¢µ¤¨É¸Ö Ê¸·¥¤´¥´¨¥. � ¸¸³µÉ·¨³, ´ ¶·¨³¥·, ±·¨¸É ²²¨Î¥-
¸±µ¥ ¸µ¸ÉµÖ´¨¥. �·¨³¥´ÖÖ ¶·¥¤Ò¤ÊÐ¥¥ · ¸¸Ê¦¤¥´¨¥ ± ÔÉµ³Ê ¸²ÊÎ Õ, ³Ò,
¥¸É¥¸É¢¥´´µ, ¶µ¤· §Ê³¥¢ ¥³, ÎÉµ ±·¨¸É ²²¨Î¥¸± Ö ·¥Ï¥É±  ± ± Í¥²µ¥ Ë¨±-
¸¨·µ¢ ´  ¢ ¶·µ¸É· ´¸É¢¥ ÌµÉÖ ¨ ¶·µ¨§¢µ²Ó´µ, ́ µ µ¤¨´ ±µ¢µ ¶·¨ ¢ÒÎ¨¸²¥´¨¨
〈U1〉, 〈U2〉 ¨ É.¤. ˆ´ Î¥ £µ¢µ·Ö, ¸Î¨É ¥É¸Ö, ÎÉµ ¢¸¥ · ¸¸³ É·¨¢ ¥³Ò¥ ¢ ÔÉµ³

¸²ÊÎ ¥ ¸·¥¤´¨¥ µÉ´µ¸ÖÉ¸Ö ± µ¤´µ³Ê ¨ Éµ³Ê ¦¥ Ë¨±¸¨·µ¢ ´´µ³Ê · ¸¶µ²µ-
¦¥´¨Õ ·¥Ï¥É±¨, É.¥. ³Ò ¨³¥¥³ ¤¥²µ ¸ ±¢ §¨¸·¥¤´¨³¨,   ´¥ ¸ µ¡ÒÎ´Ò³¨
¸·¥¤´¨³¨, ±µÉµ·Ò¥ ¶µ²ÊÎ ÕÉ¸Ö ¨§ ±¢ §¨¸·¥¤´¨Ì ¤µ¶µ²´¨É¥²Ó´Ò³ Ê¸·¥¤´¥-
´¨¥³ ¶µ ¢¸¥³ ¢µ§³µ¦´Ò³ ¶µ²µ¦¥´¨Ö³ ¨ µ·¨¥´É Í¨Ö³ ±·¨¸É ²²¨Î¥¸±µ°
·¥Ï¥É±¨. Œ´µ¦¨É¥²¨ 〈U1〉, 〈U2〉... µ± §Ò¢ ÕÉ¸Ö ´¥ ¢¶µ²´¥ ´¥§ ¢¨¸¨³Ò³¨ Å

µ´¨ § ¢¨¸ÖÉ µÉ ¶ · ³¥É·µ¢, ¶µ ±µÉµ·Ò³ ´¥µ¡Ìµ¤¨³µ ¶·µ¢¥¸É¨ ¤µ¶µ²´¨É¥²Ó-
´µ¥ Ê¸·¥¤´¥´¨¥. ‚ ± Î¥¸É¢¥ ¶·¨³¥·µ¢ ¶ · ³¥É·µ¢, µ¸É ÕÐ¨Ì¸Ö µ¤¨´ ±µ¢µ
Ë¨±¸¨·µ¢ ´´Ò³¨ ¤²Ö ¢¸¥Ì Î ¸É¥° ³ ±·µ¸±µ¶¨Î¥¸±µ° ¸¨¸É¥³Ò, �µ£µ²Õ¡µ¢
¶·¨¢µ¤¨É ³ £´¨É´Ò° ³µ³¥´É (¸²ÊÎ ° Ë¥··µ³ £´¥É¨§³ ), Ë §µ¢Ò° Ê£µ²
(¸¢¥·ÌÉ¥±ÊÎ¥¸ÉÓ ¨²¨ ¸¢¥·Ì¶·µ¢µ¤¨³µ¸ÉÓ) ¨ ¤·.

ˆ´É¥·¥¸´µ µÉ³¥É¨ÉÓ, ÎÉµ ¨§¢¥¸É´ Ö ¶µ¶ÒÉ±  „¨· ±  ¸Ëµ·³Ê²¨·µ¢ ÉÓ
·¥²ÖÉ¨¢¨¸É¸±ÊÕ É¥µ·¨Õ ¤¨´ ³¨Î¥¸±¨Ì ¸¨¸É¥³ [11] ¶·¨¢¥²  ¥£µ ± ¶·¨§´ -
´¨Õ, ÎÉµ Ê¤ ²µ¸Ó ¸Ëµ·³Ê²¨·µ¢ ÉÓ ²¨ÏÓ ´¥µ¡Ìµ¤¨³Ò¥, ´µ ´¥ ¤µ¸É ÉµÎ´Ò¥
Ê¸²µ¢¨Ö ¸ÊÐ¥¸É¢µ¢ ´¨Ö É ±µ° É¥µ·¨¨. ‚ ±µ´Í¥ ̧ ¢µ¥° §´ ³¥´¨Éµ° ¸É ÉÓ¨ [11]
„¨· ± ¶¨Ï¥É: ®Some further condition is needed to ensure that the interaction
between two physical objects becomes small when the objects become far apart.
It is not clear how this condition can be formulated mathematically¯.

Š ± ¢¨¤¨³, ¶·¨´Í¨¶ µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨¨ �µ£µ²Õ¡µ¢  ·¥Ï ¥É ¨ ÔÉÊ
±² ¸¸¨Î¥¸±ÊÕ ¶·µ¡²¥³Ê Ë¨§¨±¨, ¶µ¸É ¢²¥´´ÊÕ „¨· ±µ³ ¢ 1949 £µ¤Ê.

�·¨³¥´¥´¨¥ ³¥Éµ¤  ±¢ §¨¸·¥¤´¨Ì ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±µ° É¥µ·¨¨ Ö¤· 
Ìµ·µÏµ ¨§²µ¦¥´µ ¢ ³µ´µ£· Ë¨¨ ‚.ƒ.‘µ²µ¢Ó¥¢  [12]. �¨¦¥ ¨§² £ ¥É¸Ö Ëµ·-
³Ê²¨·µ¢±  ¶·¨´Í¨¶  µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨¨ ¢ ¶·µ¸É· ´¸É¢¥ µÉ´µ¸¨É¥²Ó´ÒÌ
4-¸±µ·µ¸É¥° [13]. �¸µ¡¥´´µ ¶·µ¤Ê±É¨¢´Ò³ µ± § ²µ¸Ó ¶·¨³¥´¥´¨¥ ÔÉµ£µ
¶·¨´Í¨¶  ¢ ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¥ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨° (¨²¨, ÉµÎ´¥¥,
³ ²ÒÌ µÉ´µ¸¨É¥²Ó´ÒÌ ¸±µ·µ¸É¥°), ¶·¨ µ¶¨¸ ´¨¨ ³´µ¦¥¸É¢¥´´ÒÌ ¶·µÍ¥¸¸µ¢
¨ µ¸µ¡¥´´µ ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¥. ‚ ÔÉ¨Ì µ¡² ¸ÉÖÌ Ë¨§¨±¨ ´¥-
µ¡Ìµ¤¨³Ò £¨¶µÉ¥§Ò ËÊ´¤ ³¥´É ²Ó´µ£µ Ì · ±É¥· , ´¥ ¢ÒÉ¥± ÕÐ¨¥ ¨§ ³¥Éµ¤ 
‹ £· ´¦  ¨ ¶µ¤²¥¦ Ð¨¥ Ô±¸¶¥·¨³¥´É ²Ó´µ° ¶·µ¢¥·±¥.

‚ ·¥§Ê²ÓÉ É¥ ¸Éµ²±´µ¢¥´¨Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· µ¡· §Ê¥É¸Ö ³´µ£µ
Î ¸É¨Í, ¨ ± ·É¨´  ¢§ ¨³µ¤¥°¸É¢¨Ö ́ µ¸¨É ¸²µ¦´Ò° Ì · ±É¥·. ‚ µ¤´µ³ ̧ Éµ²±-
´µ¢¥´¨¨ ÊÎ ¸É¢ÊÕÉ ± ± ´Ê±²µ´´Ò¥, É ± ¨ ±¢ ·±-£²Õµ´´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò.
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—¨¸²µ ¶ · ³¥É·µ¢ § ¤ Î¨ Î·¥§¢ÒÎ °´µ ¢¥²¨±µ, ¨ ¢Ò¤¥²¥´¨¥ ¶ · ³¥É·µ¢
¶µ¤µ¡¨Ö (¨´¢ ·¨ ´Éµ¢) µ¸µ¡¥´´µ  ±ÉÊ ²Ó´µ.

Œ´µ¦¥¸É¢¥´´µ¥ ·µ¦¤¥´¨¥ Î ¸É¨Í µ¸²µ¦´¥´µ ¸¶¥Í¨Ë¨Î¥¸±¨³¨ Ö¤¥·´Ò-
³¨ ¶·µÍ¥¸¸ ³¨, ¨ µ¶¨¸ ´¨¥ ¨Ì ¢ ¶µ¤ ¢²ÖÕÐ¥³ ¡µ²ÓÏ¨´¸É¢¥ · ¡µÉ µ¸´µ¢ ´µ
´  ¨´±²Õ§¨¢´µ³ ¶µ¤Ìµ¤¥. ‚ ÔÉµ° ¸¢Ö§¨ ¤ ²¥±µ ´¥ ¢¸¥£¤  Ê¤ ¥É¸Ö · §¤¥²¨ÉÓ
· §²¨Î´Ò¥ ³¥Ì ´¨§³Ò, µ¶·¥¤¥²¨ÉÓ, ¢ ± ±¨Ì ¸²ÊÎ ÖÌ ¶·¥µ¡² ¤ ÕÉ ´Ê±²µ´-
´Ò¥,   ¢ ± ±¨Ì Å ±¢ ·±-£²Õµ´´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò. �µ¸É ´µ¢±  § ¤ Î µ¡
¨§ÊÎ¥´¨¨ ¨´±²Õ§¨¢´ÒÌ ¸¶¥±É·µ¢ ¡Ò²  ¸Ëµ·³Ê²¨·µ¢ ´  �.�.‹µ£Ê´µ¢Ò³ ¸
¸µÉ·Ê¤´¨± ³¨ [14], ¨³¨ ¦¥ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¸²¥¤¸É¢¨Ö, ¢ÒÉ¥± ÕÐ¨¥ ¨§
µ¡Ð¨Ì ¶·¨´Í¨¶µ¢ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö ¤²Ö É ±¨Ì ¸¶¥±É·µ¢. �·¨´Í¨-
¶¨ ²Ó´ Ö ´¥¶µ²´µÉ  ¨´±²Õ§¨¢´µ£µ ¶µ¤Ìµ¤  ¤²Ö µ¶¨¸ ´¨Ö µ£·µ³´µ£µ µ¡Ñ¥³ 
¨´Ëµ·³ Í¨¨, ±µÉµ·ÊÕ ¶µ²ÊÎ ÕÉ ´  ¸µ¢·¥³¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸É -
´µ¢± Ì, É·¥¡Ê¥É · §· ¡µÉ±¨ ¡µ²¥¥ µ¡Ð¨Ì ¶µ¤Ìµ¤µ¢.

‚ ¤ ´´µ° £² ¢¥ µ¶¨¸Ò¢ ¥É¸Ö ³¥Éµ¤, ¢ ±µÉµ·µ³ ¨¸¶µ²Ó§Ê¥É¸Ö ´ ¨¡µ²Ó-
Ï Ö Î ¸ÉÓ ¤µ¸ÉÊ¶´µ° Ô±¸¶¥·¨³¥´É ²Ó´µ° ¨´Ëµ·³ Í¨¨ µ ³´µ¦¥¸É¢¥´´ÒÌ
¶·µÍ¥¸¸ Ì.

�¶¨¸ ´´ Ö ¢ÒÏ¥ ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´ Ö ±² ¸¸¨Ë¨± Í¨Ö Ö¤¥·´ÒÌ
¶·µÍ¥¸¸µ¢ ¢ ¶·µ¸É· ´¸É¢¥ µÉ´µ¸¨É¥²Ó´ÒÌ Î¥ÉÒ·¥Ì³¥·´ÒÌ ¸±µ·µ¸É¥° ¡Ò² 
¶·¥¤²µ¦¥´  ¢ · ¡µÉ Ì [13,15]. ’µÎ± ³¨ É ±µ£µ ¶·µ¸É· ´¸É¢  Ö¢²ÖÕÉ¸Ö Î¥ÉÒ-
·¥Ì³¥·´Ò¥ ¸±µ·µ¸É¨. �·¥¤¶µ² £ ¥É¸Ö, ÎÉµ µ¸´µ¢´Ò³¨ ¢¥²¨Î¨´ ³¨, µÉ ±µÉµ-
·ÒÌ § ¢¨¸ÖÉ · ¸¶·¥¤¥²¥´¨Ö ¢¥·µÖÉ´µ¸É¥° (¸¥Î¥´¨°), Ö¢²ÖÕÉ¸Ö ¶ · ³¥É·Ò

bik = − (ui − uk)
2, £¤¥ ui = Pi6 mi , ui Å ¢¥±Éµ·Ò 4-¸±µ·µ¸É¨, mi Å ³ ¸¸Ò,

Pi Å 4-¨³¶Ê²Ó¸Ò. ˆ´¤¥±¸Ò i, k ¶·¨´¨³ ÕÉ §´ Î¥´¨Ö 1,2,3,4,....,   ¸ ³¨ ¢¥²¨-

Î¨´Ò bik ¨³¥ÕÉ ¸³Ò¸² µÉ´µ¸¨É¥²Ó´ÒÌ · ¸¸ÉµÖ´¨° ¢ ¶·µ¸É· ´¸É¢¥ 4-¸±µ·µ¸-

É¥°. �Î¥¢¨¤´µ, ÎÉµ µ¶·¥¤¥²¥´¨¥ ¢¸¥Ì bik ¤²Ö ¢¸¥Ì Î ¸É¨Í ¶·µÍ¥¸¸  ³´µ¦¥¸É-

¢¥´´µ£µ µ¡· §µ¢ ´¨Ö Î ¸É¨Í ¸µ¤¥·¦¨É ´ ¨¡µ²¥¥ ¶µ²´ÊÕ ¨´Ëµ·³ Í¨Õ µ¡
ÔÉµ³ ¶·µÍ¥¸¸¥.

ˆ¸¶µ²Ó§µ¢ ´¨¥ ±¨´¥³ É¨Î¥¸±¨Ì ±µ³¡¨´ Í¨° ¢¨¤  γij = ui uj =
= PiPj 6 Mi Mj (²µ·¥´Í-Ë ±Éµ·Ò µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö Î ¸É¨Í) ¤µ¸É ÉµÎ-

´µ ¥¸É¥¸É¢¥´´µ ¶·¨ · ¸¸³µÉ·¥´¨¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥·´ÒÌ ̧ µÊ¤ ·¥´¨°. ’ ±,
´ ¶·¨³¥·, ²µ·¥´Í-Ë ±Éµ· µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ¢Ìµ¤¨É ´¥¶µ¸·¥¤¸É¢¥´-
´µ ¢ µ¶·¥¤¥²¥´¨¥ ¨´¢ ·¨ ´É´µ£µ ¸¥Î¥´¨Ö,   ¨³¥´´µ ¢ µ¶·¥¤¥²¥´¨¥ ¶µÉµ± ,
§ ¶¨¸ ´´µ£µ ¢ ¨´¢ ·¨ ´É´µ³ ¢¨¤¥. �µ µ¶·¥¤¥²¥´¨Õ ¸¥Î¥´¨¥ § ¶¨¸Ò¢ ¥É¸Ö ¢
¢¨¤¥

∆N = σj
01

n
02

∆V ∆t,

£¤¥ ∆N Å Î¨¸²µ ¢§ ¨³µ¤¥°¸É¢¨° · ¸¸³ É·¨¢ ¥³µ£µ É¨¶ , ¶·µ¨¸Ï¥¤Ï¨Ì ¢
Ô²¥³¥´É¥ µ¡Ñ¥³  ³¨Ï¥´¨ ∆V §  ¢·¥³Ö ∆t, j01 Å ¶²µÉ´µ¸ÉÓ ¶µÉµ±  ´ ²¥É Õ-

Ð¨Ì Î ¸É¨Í, n02 Å ¶²µÉ´µ¸ÉÓ Î ¸É¨Í ³¨Ï¥´¨, σ Å ¸¥Î¥´¨¥. „²Ö Éµ£µ ÎÉµ¡Ò
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¸¥Î¥´¨¥ ¡Ò²µ ¢Ò· ¦¥´µ ¢ ̈ ´¢ ·¨ ´É´µ³ ¢¨¤¥, ̧ ²¥¤Ê¥É § ¶¨¸ ÉÓ ¢ ̈ ´¢ ·¨ ´É-
´µ³ ¢¨¤¥ ¶µÉµ±:

j
01

n
02

 = n
01

n
02

γ
01

β
01

 = n
01

n
02

√γ
01
2  − 1 .

� ¸¸³ É·¨¢ Ö ³´µ¦¥¸É¢¥´´µ¥ ·µ¦¤¥´¨¥ Î ¸É¨Í ¢ ¶¥·¥³¥´´ÒÌ bik , ²¥£±µ

Ê¢¨¤¥ÉÓ, ÎÉµ µ¡Ð¥¥ Î¨¸²µ ¢¸¥Ì bik ¶·¥¢µ¸Ìµ¤¨É Î¨¸²µ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò. � 

·¨¸.2 ¶µÖ¸´Ö¥ÉcÖ ¤ ´´µ¥ ÊÉ¢¥·¦¤¥´¨¥. ‚Ò¡¥·¥³ ¡ §¨¸ ¨§ É·¥Ì ÉµÎ¥± ¢ ¶·µ-
¸É· ´¸É¢¥ µÉ´µ¸¨É¥²Ó´ÒÌ ¸±µ·µ¸É¥°, ´ ¶·¨³¥·, ÉµÎ±¨ 1, 2, 3. Œµ¦´µ ¤²Ö
µ¶·¥¤¥²¥´´µ¸É¨ ̧ Î¨É ÉÓ, ÎÉµ ÉµÎ±¨ 1 ̈  2 ̧ µµÉ¢¥É¸É¢ÊÕÉ ¸±µ·µ¸ÉÖ³ ̧ É ²±¨¢ Õ-
Ð¨Ì¸Ö µ¡Ñ¥±Éµ¢,   3, 4, 5,... ¸µµÉ¢¥É¸É¢ÊÕÉ Î ¸É¨Í ³, µ¡· §µ¢ ´´Ò³ ¢
·¥§Ê²ÓÉ É¥ ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö. �µ¸±µ²Ó±Ê ¤ ´´µ¥ · ¸¸³µÉ·¥´¨¥
·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´µ, Éµ ´¥ ¨³¥¥É §´ Î¥´¨Ö, ± ±¨¥ ¨³¥´´µ ÉµÎ±¨
¢§ÖÉÒ §  ¡ §¨¸. ‘µ¸ÉµÖ´¨¥ ± ¦¤µ° ¨§ Î ¸É¨Í ¶µ²´µ¸ÉÓÕ § ¤ ¥É¸Ö É·¥³Ö
Î¨¸² ³¨, ´ ¶·¨³¥·, Pix, Piy, Piz . —¨¸²µ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ¤²Ö ¢¸¥° ¸¨¸É¥³Ò

¨§ N Î ¸É¨Í µ¶·¥¤¥²Ö¥É¸Ö ¸µµÉ¢¥É¸É¢¥´´µ (3N − 6) ¢¥²¨Î¨´ ³¨. ˜¥¸ÉÓ
Î¨¸¥² µ¶·¥¤¥²ÖÕÉ ¶µ²µ¦¥´¨¥ ¨ µ·¨¥´É Í¨Õ ¸¨¸É¥³Ò ± ± Í¥²µ£µ (´ ¶·¨³¥·,
3 ±µµ·¤¨´ ÉÒ ¨ 3 Ê£² ). —¨¸²µ ¦¥ ¶¥·¥³¥´´ÒÌ bik, ± ± ¢¨¤´µ, · ¢´µ

N(N − 1)6 2, É.¥. ³µ¦¥É §´ Î¨É¥²Ó´µ ¶·¥¢ÒÏ ÉÓ Î¨¸²µ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò.
�Éµ µ§´ Î ¥É, ÎÉµ ¶µ²´Ò° ´ ¡µ· ¶¥·¥³¥´´ÒÌ bik ¶¥·¥µ¶·¥¤¥²¥´ ¨ ¥£µ ´¥µ¡-

Ìµ¤¨³µ · §¤¥²¨ÉÓ ´  ¤¢¥ £·Ê¶¶Ò, ¢ µ¤´Ê ¨§ ±µÉµ·ÒÌ ¢µ°¤ÊÉ (3N − 6) ¢¥²¨-
Î¨´, ¶µ²´µ¸ÉÓÕ µ¶·¥¤¥²ÖÕÐ¨Ì ±µ´Ë¨£Ê· Í¨Õ ̧ ¨¸É¥³Ò,   ¢ ¤·Ê£ÊÕ Å µ¸É ¢-
Ï¨¥¸Ö N(N − 1) 6 2 − (3N − 6) ¢¥²¨Î¨´. �µ¸²¥¤´¨¥ (´  ·¨¸.2 ÔÉµ b45) ³µ¦´µ

¢Ò· §¨ÉÓ Î¥·¥§ ¶¥·¢Ò¥ (3N − 6) ¢¥²¨Î¨´. ‚ ¸¨²Ê ¸¨³³¥É·¨¨ § ¤ Î¨ · §¡¨¥-
´¨¥ ´  £·Ê¶¶Ò ³µ¦´µ ¶·µ¢¥¸É¨ ¶·µ¨§¢µ²Ó´µ. �·¨ ÔÉµ³ ± ¦¤µ¥ · §¡¨¥´¨¥
µ¶·¥¤¥²Ö¥É ´µ¢ÊÕ ±µ´Ë¨£Ê· Í¨Õ, ÎÉµ ·¥§±µ Ê¢¥²¨Î¨¢ ¥É ±µ²¨Î¥¸É¢µ ̈ ´Ëµ·-
³ Í¨¨ µ ¸µ¡ÒÉ¨¨. „²Ö Ê¸É ´µ¢²¥´¨Ö ¸¢Ö§¥° ³¥¦¤Ê · §²¨Î´Ò³¨ ´ ¡µ· ³¨

bik ²µ£¨Î´µ ¶·¨³¥´¨ÉÓ É·¨ ´£Ê²ÖÍ¨Õ ¢

¶·µ¸É· ´¸É¢¥ µÉ´µ¸¨É¥²Ó´ÒÌ ¸±µ·µ¸É¥°.
’¥·³¨´ ®É·¨ ´£Ê²ÖÍ¨Ö¯ ¢ £¥µ¤¥§¨¨ ¨ ³ É¥-
³ É¨±¥ µ¡µ§´ Î ¥É ³¥Éµ¤ ¸µ§¤ ´¨Ö ¸¥É¥°,
¸µ¸ÉµÖÐ¨Ì ¨§ ¶·¨³Ò± ÕÐ¨Ì ¤·Ê£ ± ¤·Ê£Ê
É·¥Ê£µ²Ó´¨±µ¢ ¨ ¢ µ¶·¥¤¥²¥´¨¨ ´  ÔÉµ°
µ¸´µ¢¥ ¶µ²µ¦¥´¨Ö ¨Ì ¢¥·Ï¨´. „²Ö µ¡Ð¥£µ
¸²ÊÎ Ö ¶µ¢¥·Ì´µ¸É¥° É·¥Ê£µ²Ó´¨±¨ ¤µ²¦´Ò
¡ÒÉÓ ±·¨¢µ²¨´¥°´Ò³¨. �·µ¸É· ´¸É¢µ, ¢
±µÉµ·µ³ ¶·µ¢µ¤ÖÉ¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¨§³¥·¥´¨Ö, É·¥Ì³¥·´µ. �·¨ ÔÉµ³ ¶·µ¸É· ´-
¸É¢µ ¸±µ·µ¸É¥° ¸µµÉ¢¥É¸É¢Ê¥É É·¥Ì³¥·´µ³Ê
¶·µ¸É· ´¸É¢Ê ‹µ¡ Î¥¢¸±µ£µ. �·µ¸É¥°Ï¨³�¨¸.2
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Ô²¥³¥´Éµ³ (¸¨³¶²¥±¸µ³) É·¥Ì³¥·´µ£µ ¶·µ¸É· ´¸É¢  ¸±µ·µ¸É¥° Ö¢²ÖÕÉ¸Ö
É¥É· Ô¤·Ò. ‚¥·Ï¨´ ³ É¥É· Ô¤·µ¢ ¸µµÉ¢¥É¸É¢ÊÕÉ ÉµÎ±¨ ¸µ ¸±µ·µ¸ÉÖ³¨
ui , uj , uk , Á,   ¸Éµ·µ´ ³ Å ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¢¥²¨Î¨´Ò bij , bik, bjk, Á . �·¨

ÔÉµ³, ± ± Ê¦¥ µÉ³¥Î ²µ¸Ó ¢ÒÏ¥, (3N − 6) ¢¥²¨Î¨´ ¶µ²´µ¸ÉÓÕ µ¶·¥¤¥²ÖÕÉ
±µ´Ë¨£Ê· Í¨Õ ¸¨¸É¥³Ò,   µ¸É ²Ó´Ò¥ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ¢¥·Ï¨´ ³¨ ³µ£ÊÉ
¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò (µÉ³¥É¨³, ÎÉµ ¢ Ô±¸¶¥·¨³¥´É¥ ¢¸¥ bik ¨§³¥·ÖÕÉ¸Ö). �¥·¥-

µ¶·¥¤¥²¥´´µ¸ÉÓ · ¸¸³ É·¨¢ ¥³ÒÌ ¸¨¸É¥³ Å ¡µ²ÓÏµ¥ ¶·¥¨³ÊÐ¥¸É¢µ ¤ ´-
´µ£µ ³¥Éµ¤   ´ ²¨§  ³´µ¦¥¸É¢¥´´ÒÌ ¶·µÍ¥¸¸µ¢.

�¶¨¸ ´¨¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ³´µ£µÎ ¸É¨Î´ÒÌ ¸¨¸É¥³ ´  µ¸´µ¢¥ ¨´¢ ·¨ ´-
Éµ¢ bik ¶µ§¢µ²Ö¥É ¸Ëµ·³Ê²¨·µ¢ ÉÓ ¶·¨´Í¨¶ µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨¨ ± ±

¸É·µ£µ¥ ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´µ¥ ÊÉ¢¥·¦¤¥´¨¥, ¶µ§¢µ²ÖÕÐ¥¥ ¶µ²ÊÎ¨ÉÓ
³´µ£µ ¢ ¦´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´µ ´ ¡²Õ¤ ¥³ÒÌ ¸²¥¤¸É¢¨°, ±µÉµ·Ò¥ ¤¥² ÕÉ
³´µ£¨¥ ¶µ¸É ´µ¢±¨ § ¤ Î ¨§²¨Ï´¨³¨. �·¨´Í¨¶ µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨¨ ´ -
² £ ¥É ¸É·µ£¨¥ µ£· ´¨Î¥´¨Ö ´  ¡µ²ÓÏ¨´¸É¢µ µ¡¸Ê¦¤ ¥³ÒÌ ¢ ²¨É¥· ÉÊ·¥
³µ¤¥²¥°, ¶µ± §Ò¢ Ö ¡¥¸¶¥·¸¶¥±É¨¢´µ¸ÉÓ ´¥±µÉµ·ÒÌ ¨§ ´¨Ì. �¥µ¡Ìµ¤¨³µ,
µ¤´ ±µ, µÉ³¥É¨ÉÓ, ÎÉµ µ¡¸Ê¦¤ ÉÓ ¸²¥¤Ê¥É Éµ²Ó±µ É¥ ³µ¤¥²¨, ±µÉµ·Ò¥ ¸Ëµ·-
³Ê²¨·µ¢ ´Ò ¢ ¢¨¤¥ ¸µµÉ´µÏ¥´¨° ³¥¦¤Ê ¨´¢ ·¨ ´É´Ò³¨ ¨ ´ ¡²Õ¤ ¥³Ò³¨
¢¥²¨Î¨´ ³¨.

„²Ö µ¶·¥¤¥²¥´´µ¸É¨ ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ± ± ËÊ´±Í¨Õ µÉ´µ¸¨É¥²Ó´ÒÌ
¸±µ·µ¸É¥° bik ¶²µÉ´µ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ Î¨¸²  Î ¸É¨Í:

∑ 
n ≥ m

 
dWn

dτn
 = ρmCX = W(ÁbikÁ), (6)

±µÉµ·ÊÕ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¢ ·¥§Ê²ÓÉ É¥ ¨§³¥·¥´¨° ¸¥Î¥´¨°, 3-¨³¶Ê²Ó¸µ¢
Î ¸É¨Í ¨ ¨Ì ³ ¸¸. ˆ§ ÔÉ¨Ì ¢¥²¨Î¨´ µ¡· §Ê¥³ ¨´¢ ·¨ ´ÉÒ:

bik = 2 






 
EiEk − pipk

mimk
 − 1







 .

�´ ²µ£¨Î´µ Ëµ·³Ê²¨·µ¢±¥ ¶·¨´Í¨¶  µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨° �.�.�µ£µ-

²Õ¡µ¢  · §µ¡Ó¥³ ¸µ¢µ±Ê¶´µ¸ÉÓ ¢¥²¨Î¨´ bik ´  £·Ê¶¶Ò {...bik
α Á} ¨

{Ábje
β  Á}. ‚ ÔÉµ · §¡¨¥´¨¥ ¢Ìµ¤ÖÉ ± ± Î ¸É¨ÍÒ ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨Ö, É ± ¨

Î ¸É¨ÍÒ ´ Î ²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö. � ¸¸³µÉ·¨³  ¸¨³¶ÉµÉ¨Î¥¸±¨° ¸²ÊÎ °, ±µ£¤ 

bαβ = − (Vα − Vβ)2 → ∞, Vα Å ¸·¥¤´ÖÖ ÉµÎ±  ¢ £·Ê¶¶¥ α, Vβ Å ¸·¥¤´ÖÖ

ÉµÎ±  ¢ £·Ê¶¶¥ β. ˆ´ Î¥ £µ¢µ·Ö,

(Ui
 αVα) ≈ (Uj

 βVβ) << (Ui
 αVβ) ≈ (Uj

 βVα) ≈ (VαVβ) → ∞, (7)

Éµ ¥¸ÉÓ, ¸·¥¤´¨¥ ¨´É¥·¢ ²Ò ¢´ÊÉ·¨ £·Ê¶¶ Î ¸É¨Í ³ ²Ò,   ¨´É¥·¢ ² ³¥¦¤Ê
£·Ê¶¶ ³¨ Î ¸É¨Í ¸É·¥³¨É¸Ö ± ¡¥¸±µ´¥Î´µ¸É¨.
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� Ï  ¨¸Ìµ¤´ Ö £¨¶µÉ¥§  ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ±µ··¥²ÖÍ¨Ö ³¥¦¤Ê µÉ¤¥²Ó-
´Ò³¨ ¶µ bik (¨²¨ ¶µ ρik) Î ¸ÉÖ³¨ ¸¨¸É¥³Ò Î ¸É¨Í ¨¸Î¥§ ¥É. � ¸¸³ É·¨¢ ¥³µ¥

¶·µ¸É· ´¸É¢µ µÉ´µ¸¨É¥²Ó´ÒÌ ¸±µ·µ¸É¥° Ö¢²Ö¥É¸Ö ¤µ¶µ²´¨É¥²Ó´Ò³ (¢ ±¢ ´-

Éµ¢µ-³¥Ì ´¨Î¥¸±µ³ ¸³Ò¸²¥). Œ ²Ò¥ · ¸¸ÉµÖ´¨Ö ri − rk
2 ¸µµÉ¢¥É¸É¢ÊÕÉ

¡µ²ÓÏ¨³ bik, ¨ ´ µ¡µ·µÉ. ‘¢µ°¸É¢µ Ê¡Ò¢ ´¨Ö · ¸¶·¥¤¥²¥´¨° (³ É·¨Î´ÒÌ

Ô²¥³¥´Éµ¢, ¸¥Î¥´¨°) ¸ ·µ¸Éµ³ bik µÉ· ¦ ¥É  ¸¨³¶ÉµÉ¨Î¥¸±ÊÕ ¸¢µ¡µ¤Ê, É.¥.

¨¸Î¥§´µ¢¥´¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ´   ¸¨³¶ÉµÉ¨Î¥¸±¨ ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ ¶·¨
bik → ∞. ‚ ÔÉµ³ ¸³Ò¸²¥ ´ Ï  £¨¶µÉ¥§  ¶·µÉ¨¢µ¶µ²µ¦´  ¶·¨´Í¨¶Ê µ¸² ¡-

²¥´¨Ö ±µ··¥²ÖÍ¨° �µ£µ²Õ¡µ¢ .
Cµ¢µ±Ê¶´µ¸ÉÓ ÉµÎ¥± ¢ ¶·µ¸É· ´¸É¢¥ ¸±µ·µ¸É¥° µ¡· §ÊÕÉ ±² ¸É¥·Ò. �µ¤

±² ¸É¥· ³¨ ³Ò ¶µ´¨³ ¥³ ¸µ¢µ±Ê¶´µ¸ÉÓ ÉµÎ¥± Uk ¢ ¶·µ¸É· ´¸É¢¥ ¸±µ·µ¸É¥°,

¸·¥¤´¨° ¨´É¥·¢ ² ³¥¦¤Ê ±µÉµ·Ò³¨ bαk = − (Vα − Uk)
2 ³´µ£µ ³¥´ÓÏ¥ ¸·¥¤-

´¨Ì ¨´É¥·¢ ²µ¢ ³¥¦¤Ê Í¥´É· ³¨ ±² ¸É¥·µ¢ bαβ = − (Vα − Vβ)2. ‡¤¥¸Ó ¨ ¢

¤ ²Ó´¥°Ï¥³

Vα = 
∑ Uk

 α

√(∑ Uk
 α)2

 ,     Vβ = 
∑ Uj

 β

√(∑ Uj
 β)2

 ,Á . (8)

’ ± ± ±, ¸µ£² ¸´µ £¨¶µÉ¥§¥, ±µ··¥²ÖÍ¨Ö ³¥¦¤Ê ¤¨´ ³¨Î¥¸±¨³¨ ¢¥²¨-
Î¨´ ³¨, µÉ´µ¸ÖÐ¨³¨¸Ö ± · §²¨Î´Ò³ ±² ¸É¥· ³, ¤µ²¦´  ¨¸Î¥§ ÉÓ, Éµ ¶·¨
bik → ∞  ¸¨³¶ÉµÉ¨Î¥¸± Ö Ëµ·³  · ¸¶·¥¤¥²¥´¨° (±¢ ¤· Éµ¢ ³ É·¨Î´ÒÌ Ô²¥-

³¥´Éµ¢, ¨´±²Õ§¨¢´ÒÌ · ¸¶·¥¤¥²¥´¨°, ¸¥Î¥´¨°) · ¸¶ ¤ ¥É¸Ö ´  ¶·µ¨§¢¥¤¥-
´¨Ö ¢¨¤ 

W(bαk, bαβ, bβk ,Á) → W αW βÁ .

’ ± ¦¥, ± ± ¨ ¢ ¸²ÊÎ ¥ · ¸¸³µÉ·¥´´µ£µ ¢ÒÏ¥ µ¶¨¸ ´¨Ö ±·¨¸É ²²¨Î¥¸-

±µ£µ ¸µ¸ÉµÖ´¨Ö, ³´µ¦¨É¥²¨ W α, W β, W γ,... µ± §Ò¢ ÕÉ¸Ö ´¥ ¢¶µ²´¥ ´¥§ ¢¨-
¸¨³Ò³¨. ‚¥²¨Î¨´Ò bαβ, bβk, bαk Ö¢²ÖÕÉ¸Ö ¸Éµ·µ´ ³¨ É·¥Ê£µ²Ó´¨±  ¢ ´¥-

¥¢±²¨¤µ¢µ³ ¶·µ¸É· ´¸É¢¥. �·¨ bαβ → ∞ ¢ ¸¨¸É¥³¥ Vα = 0 ¨³¥¥³

bαβ = 2(Vβ
 0 − 1) → ∞,     bαk = 2(Uk

 0 − 1),

bβk → 2Vβ
 0(Uk

 0 − Uk
 L) = bαβ xk → ∞, (9)

£¤¥ xk Å ¨§¢¥¸É´ Ö ¶¥·¥³¥´´ Ö ¸¢¥Éµ¢µ£µ ±µ´Ê¸ : xk = Uk
 0 − Uk

 L =

= Uk
 0 − √(Uk

 0)2 − 1  cos θk . T ±¨³ µ¡· §µ³, ¢ Ë ±Éµ·¨§ Í¨¨ · ¸¶·¥¤¥²¥´¨°

¶·¨ bαβ → ∞ µ¸É ¥É¸Ö § ¢¨¸¨³µ¸ÉÓ W α µÉ ´ ¶· ¢²¥´¨Ö ´a ¡¥¸±µ´¥Î´µ
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Ê¤ ²¥´´ÊÕ ÉµÎ±Ê. �É   ´¨§µÉ·µ¶¨Ö · ¸¶ ¤  ±² ¸É¥·  ¢ ¸µ¡¸É¢¥´´µ° ¸¨¸É¥³¥
(Vα = 0) ´µ¸¨É Î¨¸Éµ £¥µ³¥É·¨Î¥¸±¨° Ì · ±É¥·. �·¨ ¶¥·¥Ìµ¤¥ ± ´¥·¥²ÖÉ¨-

¢¨¸É¸±µ³Ê ¶·¨¡²¨¦¥´¨Õ, É.¥. µÉ £¥µ³¥É·¨¨ ‹µ¡ Î¥¢¸±µ£µ ± £¥µ³¥É·¨¨

…¢±²¨¤ , § ¢¨¸¨³µ¸ÉÓ W α µÉ Ê£²  θ ¶·µ¶ ¤ ¥É (¢Ò·µ¦¤ ¥É¸Ö ¢ ¨§µÉ·µ¶¨Õ).

‡ ¢¨¸¨³µ¸ÉÓ W α µÉ ¶¥·¥³¥´´µ° xk ¨¸Î¥§ ¥É, É.±. xk → 1. �Éµ § ³¥Î ´¨¥ ¶µ-

± §Ò¢ ¥É ´¥¸µ¸ÉµÖÉ¥²Ó´µ¸ÉÓ ¶µ¶ÒÉµ± µ¡´ ·Ê¦¨ÉÓ ±¢ §¨¸É Í¨µ´ ·´Ò¥
µ¡Ñ¥±ÉÒ, µ¡· §ÊÕÐ¨¥¸Ö ¢ ³´µ¦¥¸É¢¥´´µ³ ·µ¦¤¥´¨¨ Î ¸É¨Í ¶µ ¶·¨§´ ±Ê
¨§µÉ·µ¶¨¨ · ¸¶ ¤µ¢ ¢ ¨Ì ¸¨¸É¥³¥ ¶µ±µÖ. ‚ ·¥²ÖÉ¨¢¨¸É¸±µ° ¤¨´ ³¨±¥ É ±¨¥
· ¸¶ ¤Ò ¢¸¥£¤   ´¨§µÉ·µ¶´Ò.

‘²¥¤¸É¢¨Ö ¶·¨´Í¨¶  µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨° ¤²Ö µ¶¨¸ ´¨Ö ³´µ¦¥¸É¢¥´-
´ÒÌ ¶·µÍ¥¸¸µ¢ ´¥µ¡ÒÎ °´µ ¶²µ¤µÉ¢µ·´Ò ¨ ³´µ£µÎ¨¸²¥´´Ò. �¡Ñ¥¤¨´¥´¨¥
¶·¨´Í¨¶  µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨¨ ¸ ¶·¨´Í¨¶µ³  ¢Éµ³µ¤¥²Ó´µ¸É¨ ¢Éµ·µ£µ
·µ¤  [15] ¶µ§¢µ²¨²µ ¶·¥¤²µ¦¨ÉÓ ³¥Éµ¤  ´ ²¨§ , ¸ ¶µ³µÐÓÕ ±µÉµ·µ£µ ¡Ò²¨
µ¡´ ·Ê¦¥´Ò ¶·µ¸ÉÒ¥ ¨ Ê´¨¢¥·¸ ²Ó´Ò¥ § ±µ´µ³¥·´µ¸É¨ ³´µ¦¥¸É¢¥´´µ£µ
·µ¦¤¥´¨Ö Î ¸É¨Í, Ê¸É ´µ¢²¥´  ¨Ì ¸¢Ö§Ó ¸ Š•„, ¶·µ¤¥³µ´¸É·¨·µ¢ ´  ´ ¡²Õ-
¤ ¥³µ¸ÉÓ Í¢¥É´ÒÌ § ·Ö¤µ¢ [16].

�·¨´Í¨¶  ¢Éµ³µ¤¥²Ó´µ¸É¨ ¢Éµ·µ£µ ·µ¤  (¢¸É·¥Î ¥É¸Ö É ±¦¥ ¶µ¤ ´ §¢ -
´¨¥³ ®´¥¶µ²´ Ö  ¢Éµ³µ¤¥²Ó´µ¸ÉÓ¯) ´ Ï¥² Ï¨·µ±µ¥ ¶·¨³¥´¥´¨¥ ¢ ³¥Ì ´¨±¥
¸¶²µÏ´ÒÌ ¸·¥¤, £¨¤·µ¤¨´ ³¨±¥, É¥µ·¨¨ £µ·¥´¨Ö ¨ É.¶. [6]. ‘ ³ É¥³ É¨Î¥¸-
±µ° ÉµÎ±¨ §·¥´¨Ö ÔÉµÉ ¶·¨´Í¨¶ ¸µ¸Éµ¨É ¢ ¤µ¶µ²´¥´¨¨ ¶·¨´Í¨¶µ¢ É¥µ·¨¨
· §³¥·´µ¸É¨ ¨ ¨´¢ ·¨ ´É´µ¸É¨ µ¶·¥¤¥²¥´´Ò³¨ ¸¢µ°¸É¢ ³¨  ¸¨³¶ÉµÉ¨Î¥¸-
±µ£µ ¶µ¢¥¤¥´¨Ö ·¥Ï¥´¨° Ê· ¢´¥´¨° ³ É¥³ É¨Î¥¸±µ° Ë¨§¨±¨, · ¸¶·¥¤¥²¥-
´¨°. ‚ · ¸¸³ É·¨¢ ¥³µ³ ¸²ÊÎ ¥ ¶·¨ bαβ → ∞ µ´ Ëµ·³Ê²¨·Ê¥É¸Ö É ±:

W(bαk, bαβ, bβk) → 
1

bαβ
n

 W α 






 bαβ 

bβk

bαβ
 






 ,     

bβk

bαβ
 → xk . (10)

Š ± ¶µ± § ´µ ¢ÒÏ¥, xk Å ¶¥·¥³¥´´ Ö ¸¢¥Éµ¢µ£µ ±µ´Ê¸ . ‡ ±µ´ ¸¶· ¢¥¤²¨¢

¸ µ¶·¥¤¥²¥´´µ° ÉµÎ´µ¸ÉÓÕ ¨ ¢ µ¶·¥¤¥²¥´´ÒÌ ¶·¥¤¥² Ì ¨§³¥´¥´¨Ö bαβ.

‚ ³¥Ì ´¨±¥ ¸¶²µÏ´ÒÌ ¸·¥¤ µ´ ´µ¸¨É ´ §¢ ´¨¥ ¶·µ³¥¦ÊÉµÎ´µ°  ¸¨³¶Éµ-

É¨±¨ [6]. ‚¥²¨Î¨´  W α = bαβ
n  W ¶·¨ Ë¨±¸¨·µ¢ ´´ÒÌ bαk ¨ xk (¶ · ³¥É· Ì

¶µ¤µ¡¨Ö) µ¸É ¥É¸Ö ´¥¨§³¥´´µ° ¶·¨ ¨§³¥´¥´¨¨ ¢¸¥Ì µ¸É ²Ó´ÒÌ ¶ · ³¥É·µ¢,
¢±²ÕÎ Ö bαβ, ¶µ¤µ¡´µ° ¸ ³µ° ¸¥¡¥ ( ¢Éµ³µ¤¥²Ó´µ°).

ˆÉ ±, ¨¸¶µ²Ó§ÊÖ É¥µ·¨Õ ¶µ¤µ¡¨Ö, ¶·¨´Í¨¶ µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨° ¤²Ö
¤¢ÊÌ ±² ¸É¥·µ¢ ¢  ¤·µ´´µ° Ë¨§¨±¥ Ëµ·³Ê²¨·Ê¥É¸Ö ¢ ¢¨¤¥ ¸²¥¤ÊÕÐ¥° § ±µ-
´µ³¥·´µ¸É¨: 

W(bαβ, bαk, bαj , bβk, bβj ) = 
1

bαβ
n

 W α 






 bαk 

bβk

bαβ
 






 W β 







 bβj 

bαj

bαβ
 






 .    (11)
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�·£Ê³¥´ÉÒ W α, W β ¸µ¤¥·¦ É § ¢¨¸¨³µ¸ÉÓ µÉ ¶·µ¥±Í¨° ¸±µ·µ¸É¥° ´ 
µ¸Ó, ¸µ¥¤¨´ÖÕÐÊÕ Í¥´É·Ò ±² ¸É¥·µ¢ (Ëµ·³Ê²  (9)).

”µ·³Ê²  (11) ¨  ´ ²µ£¨Î´Ò¥ ¥°, ¶µ²ÊÎ¥´´Ò¥ ´  µ¸´µ¢¥ ¸¨³³¥É·¨°´µ£µ
¶µ¤Ìµ¤ , µ¶·¥¤¥²ÖÕÉ ¸É·Ê±ÉÊ·Ê § ±µ´µ¢ ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö Î ¸É¨Í.
‘¨²Ó´µ µ£· ´¨Î¨¢ Ö ³µ¤¥²Ó´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö, µ´¨ ¶µ§¢µ²ÖÕÉ Ê¶µ·Ö¤µÎ¨ÉÓ
µ£·µ³´Ò° Ô±¸¶¥·¨³¥´É ²Ó´Ò° ³ É¥·¨ ² ¶µ ³´µ¦¥¸É¢¥´´Ò³ ¶·µÍ¥¸¸ ³.

�´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ³´µ¦¥¸É¢¥´´Ò³ ¶·µÍ¥¸¸ ³ ¢
· §´ÒÌ ·¥ ±Í¨ÖÌ ´  · §´ÒÌ Ê¸±µ·¨É¥²ÖÌ [16] µ¡´ ·Ê¦¨² Ê´¨¢¥·¸ ²Ó´Ò° Ì -

· ±É¥· ËÊ´±Í¨° W α, W β..., µ¶¨¸Ò¢ ÕÐ¨Ì · ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ¶µ ¤¢Ê³

¨´¢ ·¨ ´É´Ò³ ¶¥·¥³¥´´Ò³ bk = − (Vα − Uk)
2 ¨ xk:

F(bk) = ∫ W αdΩk,     dΩk = sin ΘkdΘkdϕk ,

W α = 
1
N

0

 
2

mk
2
 

d 3N

√bk + bk
26 4 dbkdΩk

 = 
1
N

0

 
2

mk
2
 

d 3N
dbk dxk dϕk

 .

‚ µ¸´µ¢´µ³ ¨§ÊÎ ²¨¸Ó µ¤´µ³¥·´Ò¥ · ¸¶·¥¤¥²¥´¨Ö:

F(bk) = 
1
N

0

 ∫ dNdτk
 dΩk , (12)

F(xk) = 
1
N

0
 ∫ dNdτk

 
mk

2

2
 dbk dϕk . (13)

�±¸¶µ´¥´Í¨ ²Ó´µ ¸¶ ¤ ÕÐ¨¥ ËÊ´±Í¨¨ (12) ¨ (13) µ¶¨¸Ò¢ ÕÉ
·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´Ò¥ · ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ¢ ±² ¸É¥· Ì.

�·Ö³µ° ¶·µ¢¥·±¥ ´ ¨¡µ²¥¥ µ¡Ð¨Ì § ±µ´µ³¥·´µ¸É¥° ¶·¨´Í¨¶  µ¸² ¡-
²¥´¨Ö ±µ··¥²ÖÍ¨¨ ¨  ¢Éµ³µ¤¥²Ó´µ¸É¨ ¢ ¢¨¤¥ Ëµ·³Ê²Ò (11) ¡Ò²µ ¶µ¸¢ÖÐ¥´µ
³´µ£µ · ¡µÉ. �¥·¢Ò¥ · ¡µÉÒ, ¢ ±µÉµ·ÒÌ ¡Ò²µ ¶µ²µ¦¥´µ ´ Î ²µ ¨§ÊÎ¥´¨Õ
±² ¸É¥·µ¢ ¢ ¶·µ¸É· ´¸É¢¥ µÉ´µ¸¨É¥²Ó´ÒÌ ¸±µ·µ¸É¥°, µÉ· ¦¥´Ò ¢ µ¡§µ·¥
[16]. �¨¸Ê´µ± 3 ¨²²Õ¸É·¨·Ê¥É µ¡´ ·Ê¦¥´´ÊÕ ¢ ÔÉ¨Ì · ¡µÉ Ì Ê´¨¢¥·¸ ²Ó-
´µ¸ÉÓ ¶¨µ´´ÒÌ ±² ¸É¥·µ¢. Š ± ¢¨¤´µ ¨§ ·¨¸.3, · ¸¶·¥¤¥²¥´¨Ö ¶µ

bk = − (Vα − Uk)
2 ´¥ § ¢¨¸ÖÉ ´¨ µÉ Ô´¥·£¨¨ ¸Éµ²±´µ¢¥´¨Ö, ´¨ µÉ É¨¶  ·¥ ±-

Í¨¨. �Éµ° Ê´¨¢¥·¸ ²Ó´µ¸É¨ ³µ¦´µ ¶·¨¤ ÉÓ ¥Ð¥ ¡µ²¥¥ Ê¡¥¤¨É¥²Ó´Ò° ¢¨¤,

¥¸²¨ ¢³¥¸Éµ 
1
N

 
dN
dbk

 ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö ËÊ´±Í¨Ö³¨ F(bk) ¨ F(xk) ¸µ£² ¸´µ Ëµ·-

³Ê² ³ (11) ¨ (12), É.¥. ÊÎ¥¸ÉÓ ´¥¥¢±²¨¤µ¢µ¸ÉÓ ¶·µ¸É· ´¸É¢  ¸±µ·µ¸É¥° ¨ ¸µ-
µÉ¢¥É¸É¢ÊÕÐ¨¥ Ö±µ¡¨ ´Ò. �É¨ § ¢¨¸¨³µ¸É¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸.4 ¨ 5. �µ-
¸±µ²Ó±Ê ¢ ± Î¥¸É¢¥ Í¥´É·µ¢ ±² ¸É¥·µ¢ Vα ³µ¦¥É ¡ÒÉÓ ²Õ¡ Ö ÉµÎ±  ¶·µ¸É· ´-

¸É¢  ¸±µ·µ¸É¥°,   ´¥ Éµ²Ó±µ UI ¨ UII, ± ± ¢ ¸²ÊÎ ¥ ¶·¥¤¥²Ó´µ°
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Ë· £³¥´É Í¨¨, Éµ ³Ò £µ¢µ·¨³ µ ²µ± ²Ó´µ°  ¢Éµ³µ¤¥²Ó´µ¸É¨. �µ¤Î¥·±´¥³,
ÎÉµ · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ±² ¸É¥· ³¨ bαβ ¤µ²¦´µ ¡ÒÉÓ ³´µ£µ ¡µ²ÓÏ¥ · §³¥· 

±² ¸É¥·  〈bk 〉 = 2 〈Tk〉6 mk . ‡¤¥¸Ó 〈Tk〉 Å ¸·¥¤´ÖÖ ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö

¶¨µ´µ¢ ¢ ¸¨¸É¥³¥ ¶µ±µÖ ±² ¸É¥·  (Vα = 0). �´ ²¨§ · ¸¶·¥¤¥²¥´¨Ö ±² ¸É¥·µ¢

¶µ bαβ ¶µ§¢µ²¨² ¶·¨³¥´¨ÉÓ ¶µ´ÖÉ¨¥ ¶·µ³¥¦ÊÉµÎ´ Ö  ¸¨³¶ÉµÉ¨±  ± Ô±¸¶¥-

·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³ ¶µ ³´µ¦¥¸É¢¥´´µ³Ê ·µ¦¤¥´¨Õ Î ¸É¨Í ¶·¨ ¢Ò¸µ±¨Ì

Ô´¥·£¨ÖÌ (¨²¨ bI II ≈ bαβ ≥ 10). �µ²ÊÎ¥´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö 
dN

dbαβ
n

 ¤²Ö

π−p, π−C ¨ pp-¸Éµ²±´µ¢¥´¨° ¶·¨¢¥¤¥´Ò ´  ·¨¸.6. ’ ±¨³ µ¡· §µ³,
 ¸¨³¶ÉµÉ¨Î¥¸±¨¥ ¸¢µ°¸É¢  · ¸¶·¥¤¥²¥´¨° (¸¥Î¥´¨°), ¢Ò· ¦ ¥³Ò¥ Ëµ·³Ê²µ°
(11), ¡Ò²¨ ¶µ¤É¢¥·¦¤¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´µ. ‚¥²¨Î¨´  ¶ · ³¥É·  n µ± § -
² ¸Ó ´¥§ ¢¨¸¨³µ° ¢ ¶·¥¤¥² Ì µÏ¨¡µ± Ô±¸¶¥·¨³¥´É  µÉ É¨¶  ¢§ ¨³µ¤¥°¸É¢¨Ö
¨ Ô´¥·£¨¨ ¢ ¤¨ ¶ §µ´¥ 40 ÷ 205 ƒÔ‚.

�¨¸.4. � ¸¶·¥¤¥²¥´¨¥ ¢ ¶¨µ´´ÒÌ ±² ¸É¥· Ì
¶µ ¶ · ³¥É·Ê bk ¸ ÊÎ¥Éµ³ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì

Ö±µ¡¨ ´µ¢ (¸³. É¥±¸É ¨ ¶·¨²µ¦¥´¨¥)

�¨¸.3. � ¸¶·¥¤¥²¥´¨¥ ¢ ¶¨µ´´ÒÌ ±² ¸-
É¥· Ì ¶µ ¶ · ³¥É·Ê bk
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‘µ¶µ¸É ¢²¥´¨¥ ¤ ´´µ£µ ³¥Éµ¤  ¢Ò¤¥²¥´¨Ö ¸É·Ê° ± ± ±² ¸É¥·µ¢ ¢ ¶·µ¸É-
· ´¸É¢¥ ̧ ±µ·µ¸É¥° ̧  ̧ ÊÐ¥¸É¢ÊÕÐ¨³¨ · ´¥¥ ́ ¥¨´¢ ·¨ ´É´Ò³¨ ³¥Éµ¤ ³¨ ¶µ§-
¢µ²¨²µ ´ §Ò¢ ÉÓ ÔÉ¨ ±² ¸É¥·Ò ¸É·ÊÖ³¨. ˆ¸Ìµ¤Ö ¨Ì ÔÉµ£µ µÉµ¦¤¥¸É¢²¥´¨Ö
µ± § ²µ¸Ó ¢µ§³µ¦´Ò³ ¶·µ¢¥·¨ÉÓ ¶·µ³¥¦ÊÉµÎ´ÊÕ  ¸¨³¶ÉµÉ¨±Ê ¢ ¢¨¤¥ Ëµ·-
³Ê²Ò (11) ¢ ±µ²² °¤¥·´µ° µ¡² ¸É¨ Ô´¥·£¨°. � ¸¶·¥¤¥²¥´¨¥ ¶µ ³ ¸¸¥ ¤¢ÊÌ-

¸É·Ê°´µ° ̧ ¨¸É¥³Ò M 2 = (pjet
α  + pjet

β )2, ¨§³¥·¥´´µ¥ ´¥¤ ¢´µ Ô±¸¶¥·¨³¥´É ²Ó´µ

[28], ¶µ± § ´µ ´  ·¨¸.7. ‡¤¥¸Ó pjet
α  ¨ pjet

β  Å 4-¨³¶Ê²Ó¸Ò ¸É·Ê° α ¨ β, M Å

³ ¸¸  ¸É·Ê¨-±² ¸É¥· . “Î¨ÉÒ¢ Ö ¸¢Ö§Ó M 2 = m2bαβ, ¨, ¸²¥¤µ¢ É¥²Ó´µ,

dN6 MdM = const6 M 2n, ¨§ · ¸¶·e¤¥²¥´¨Ö ¶µ M ´¥É·Ê¤´µ ¶µ²ÊÎ¨ÉÓ ¶µ± § -
É¥²Ó n. �  Éµ³ ¦¥ p¨¸.7 ¨§µ¡· ¦¥´  ±·¨¢ Ö, ¸µµÉ¢¥É¸É¢ÊÕÐ Ö ¶µ± § -
É¥²Õ n = 3.

’ ±¨³ µ¡· §µ³, ¶¨µ´´Ò¥ ±² ¸É¥·Ò ¢ µ¡² ¸É¨ bαβ > 50 µ± § ²¨¸Ó ¨´É¥´-

¸¨¢´µ ¨§ÊÎ ¥³Ò³¨ ¸É·ÊÖ³¨. �¶·¥¤¥²¥´¨¥ ¸É·Ê° ± ± ±² ¸É¥·µ¢ ¢ ¶·µ¸É· ´-
¸É¢¥ ¸±µ·µ¸É¥° [17] ¤ ²µ ¢µ§³µ¦´µ¸ÉÓ µÉ± § ÉÓ¸Ö µÉ É ±¨Ì ´¥¨´¢ ·¨ ´É´ÒÌ
¶µ´ÖÉ¨° ± ± ®¸Ë¥·¨¸¨É¨¯, ®É· ¸É¯. ‚ ´ Ï¥³ µ¶¨¸ ´¨¨ ¸É·Ê¨ Ö¢²ÖÕÉ¸Ö

�¨¸.5. � ¸¶·¥¤¥²¥´¨¥ ¢ ¶¨µ´´ÒÌ ±² ¸É¥· Ì ¶µ ¶ · ³¥É·Ê
xk ¸ ÊÎ¥Éµ³ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì Ö±µ¡¨ ´µ¢ (¸³. É¥±¸É ¨ ¶·¨-

²µ¦¥´¨¥)
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�¨¸.6. � ¸¶·¥¤¥²¥´¨¥ ¶¨µ´´ÒÌ ±² ¸É¥·µ¢ ¶µ · ¸¸ÉµÖ´¨Ö³ ³¥¦¤Ê ±² ¸É¥· ³¨ ¢ ¶·µ¸É-
· ´¸É¢¥ µÉ´µ¸¨É¥²Ó´ÒÌ 4-¸±µ·µ¸É¥° Å ¶ · ³¥É·Ê bαβ

�¨¸.7. � ¸¶·¥¤¥²¥´¨¥ ¶µ ³ ¸¸¥ ¤¢ÊÌ¸É·Ê°´µ° ¸¨¸É¥³Ò ¶·¨ Ô´¥·£¨¨ ¸Éµ²±´µ¢¥´¨Ö
1,8 ’Ô‚. ’µÎ±¨ Å Ô±¸¶¥·¨³¥´É [28], ±·¨¢ Ö Å · ¸Î¥É (¸³. É¥±¸É)

�…‹Ÿ’ˆ‚ˆ‘’‘Š�Ÿ Ÿ„…���Ÿ ”ˆ‡ˆŠ�  603



Î¥ÉÒ·¥Ì³¥·´Ò³¨ ¨´¢ ·¨ ´É´Ò³¨ µ¡Ñ¥±É ³¨,  ´ ²µ£¨Î´Ò³¨  ¤·µ´ ³. ‚µ§-
³µ¦´µ¸ÉÓ É ±µ£µ µ¶¨¸ ´¨Ö ¸É·Ê° ¡Ò²  ¶·µ¢¥·¥´  ´  ¡µ²ÓÏµ³ Ô±¸¶¥·¨³¥´-
É ²Ó´µ³ ³ É¥·¨ ²¥ [16,17].

’·¥±µ¢Ò¥ ¸´¨³±¨ ³´µ¦¥¸É¢¥´´ÒÌ ¶·µÍ¥¸¸µ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ°
Ë¨§¨±¨ ¢Ò§Ò¢ ÕÉ ®´µÎ´Ò¥ ±µÏ³ ·Ò¯ Ê Ë¨§¨±µ¢, ¶² ´¨·ÊÕÐ¨Ì Ô±¸¶¥·¨-
³¥´ÉÒ ´  Ö¤¥·´ÒÌ ±µ²² °¤¥· Ì. �¤´ ±µ ´¥É ´¥µ¡Ìµ¤¨³µ¸É¨ ¨§ÊÎ ÉÓ ¢¸¥
¶ · ³¥É·Ò ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö. „µ¸É ÉµÎ´µ ¶·µ¢¥·¨ÉÓ, ÎÉµ ²µ± ²Ó-
´Ò¥ ¸¢µ°¸É¢  ÔÉ¨Ì · ¸¶·¥¤¥²¥´¨° ´¥ § ¢¨¸ÖÉ µÉ Ô´¥·£¨¨ ¸Éµ²±´µ¢¥´¨Ö Ö¤¥·
¨ ¸µ¢¶ ¤ ÕÉ ¸ ¨§ÊÎ¥´´Ò³¨ · ´¥¥ ́   ¶Ê§Ò·Ó±µ¢ÒÌ ± ³¥· Ì [17]. “´¨¢¥·¸ ²Ó-

´µ¸ÉÓ ËÊ´±Í¨° W α, W βÁ ¢µ ¢¸¥³ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥ ¶µ§¢µ²Ö¥É £µ¢µ-
·¨ÉÓ µ ²µ± ²Ó´µ°  ¢Éµ³µ¤¥²Ó´µ¸É¨ · ¸¶·¥¤¥²¥´¨° Î ¸É¨Í ¢ ¶·µ¸É· ´¸É¢¥
¸±µ·µ¸É¥°. �·¨´Í¨¶Ò ¸¨³³¥É·¨¨ ·¥Ï¥´¨°, ¢Ò· ¦¥´´Ò¥ Ëµ·³Ê²µ° (11),
¶·¥¤¥²Ó´µ Ê¶·µÐ ÕÉ ± ·É¨´Ê Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥·´ÒÌ ̧ Éµ²±´µ¢¥´¨°:
¢¸¥ ¶·µ¸É· ´¸É¢µ ¶µ±·ÒÉµ Ê´¨¢¥·¸ ²Ó´Ò³¨ ±² ¸É¥· ³¨, · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê
±µÉµ·Ò³¨ bαβ Ê¤µ¢²¥É¢µ·ÖÕÉ ¶·µ³¥¦ÊÉµÎ´µ°  ¸¨³¶ÉµÉ¨±¥:

dN
dbαβ

 = 
A

bαβ
n

 .

� · ³¥É· n, ¨§³e·¥´´Ò° ¢ Ï¨·µ±µ° µ¡² ¸É¨ ¨§³¥´¥´¨Ö 20 < bαβ < 105,

o± § ²¸Ö · ¢´Ò³ 3 ¸ ÉµÎ´µ¸ÉÓÕ ²ÊÎÏ¥° 10%.

‘Ëµ·³Ê²¨·µ¢ ´´ Ö ¢ ¢¨¤¥ Ëµ·³Ê²Ò (11) £¨¶µÉ¥§  µ ²µ± ²Ó´µ°  ¢Éµ³µ-
¤¥²Ó´µ¸É¨ ¸¥Î¥´¨° ³´µ¦¥¸É¢¥´´ÒÌ ¶·µÍ¥¸¸µ¢ ¶µ²ÊÎ¨²  ̧ ¢µ¥ ¶µ¤É¢¥·¦¤¥´¨¥
¨ ¤²Ö ¡ ·¨µ´´ÒÌ ±² ¸É¥·µ¢. � ·¨µ´´Ò¥ ±² ¸É¥·Ò (¨¸¸²¥¤µ¢ ²¨¸Ó ¢ µ¸´µ¢-
´µ³ ¶·µÉµ´´Ò¥ ±² ¸É¥·Ò) Éµ¦¥ Ö¢²ÖÕÉ¸Ö Ê´¨¢¥·¸ ²Ó´Ò³¨ ·¥²ÖÉ¨¢¨¸É¸±¨-
¨´¢ ·¨ ´É´Ò³¨ µ¡Ñ¥±É ³¨, · ¸¶µ²µ¦¥´´Ò³¨ ¢ ³ ²µ° µ±·¥¸É´µ¸É¨ ÉµÎ¥±
UI ̈  UII. �Éµ ´ Ìµ¤¨É¸Ö ¢ Ìµ·µÏ¥³ ̧ µ£² ¸¨¨ ¸ ̈ §¢¥¸É´µ° £¨¶µÉ¥§µ° ¶·¥¤¥²Ó-

´µ° Ë· £³¥´É Í¨¨ —.�.Ÿ´£  ¨ ¥£µ ±µ²²¥£ [18], ±µÉµ· Ö Ö¢²Ö¥É¸Ö Î ¸É´Ò³
¸²ÊÎ ¥³ § ±µ´  (11) ¶·¨ α = I, β = II ¨ n = 0.

�¨¸.8. ”µÉµ£· Ë¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö Ö¤·  Ê£²¥·µ¤  ¸
É ´É ²µ³, ¶µ²ÊÎ¥´´ Ö ´  ¶·µ¶ ´µ¢µ° ¶Ê§Ò·Ó±µ¢µ°
± ³¥·¥
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„²Ö  ´ ²¨§  ¡ ·¨µ´´ÒÌ ±² ¸É¥-
·µ¢ ¨¸¶µ²Ó§µ¢ ²¨¸Ó Ô±¸¶¥·¨³¥´É ²Ó-
´Ò¥ ¤ ´´Ò¥ ¢ µ¡² ¸É¨ 7 < bαβ < 20.

„ ´´Ò¥ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¸ ¶µ³µÐÓÕ
¶·µ¶ ´µ¢µ° ¶Ê§Ò·Ó±µ¢µ° ± ³¥·Ò,
µ¡²ÊÎ¥´´µ° ¢ ¶ÊÎ± Ì ¶·µÉµ´µ¢ ¨ Ö¤¥·
´  ¸¨´Ì·µË §µÉ·µ´¥ ‹‚� �ˆŸˆ.
Š·µ³¥ Éµ£µ, ¨¸¶µ²Ó§µ¢ ²¨¸Ó ± ³¥·-
´Ò¥ ¤ ´´Ò¥ ´  ¶ÊÎ±¥ ¶¨µ´µ¢ ¶·¨
bI II = 570 ´  Ê¸±µ·¨É¥²¥ ˆ”‚�

(�·µÉ¢¨´µ). „²Ö ¨¸¸²¥¤µ¢ ´¨Ö ¢§ ¨-
³µ¤¥°¸É¢¨° ¶·µÉµ´µ¢ ¨ Ö¤¥· ¸ Ö¤· ³¨
Ta ¢ ¶·µ¶ ´µ¢µ° ± ³¥·¥ Ê¸É ´ ¢²¨¢ -
²¨¸Ó É ´É ²µ¢Ò¥ ¶² ¸É¨´±¨. �  ·¨¸.8
¶µ± § ´µ ¸µ¡ÒÉ¨¥ ¶·¨ ¢§ ¨³µ¤¥°¸É-
¢¨¨ Ö¤·  Ê£²¥·µ¤  ¸ É ´É ²µ³ ¢
¶Ê§Ò·Ó±µ¢µ° ± ³¥·¥. Œ¥Éµ¤¨Î¥¸±¨¥
µ¸µ¡¥´´µ¸É¨ ÔÉ¨Ì Ô±¸¶¥·¨³¥´Éµ¢
µ¶¨¸ ´Ò ¢ · ¡µÉ Ì [24Å26]. �¨¸Ê-
´µ± 9 ¨²²Õ¸É·¨·Ê¥É Ê´¨¢¥·¸ ²Ó´µ¸ÉÓ
¡ ·¨µ´´ÒÌ ±² ¸É¥·µ¢, ¢Ò¤¥²¥´´ÒÌ ¶µ
¢ÒÏ¥µ¶¨¸ ´´µ° ³¥Éµ¤¨±¥, ¨ ¸¶· ¢¥¤-
²¨¢µ¸ÉÓ Ëµ·³Ê²Ò (11) ¤²Ö É ±¨Ì
¸µ¡ÒÉ¨° [23].

Œ´µ£µÎ¨¸²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ, µÉ-
´µ¸ÖÐ¨¥¸Ö ± ¡ ·¨µ´´Ò³ ±² ¸É¥· ³:
¨Ì ¶ · ³¥É·Ò, · ¸¶·¥¤¥²¥´¨Ö ¢ ¶·µ¸É-
· ´¸É¢¥ ¸±µ·µ¸É¥° ¨ ¤·., ¨§²µ¦¥´Ò ¢
µ¡§µ·¥ [16]. “´¨¢¥·¸ ²Ó´µ¸ÉÓ ¡ ·¨µ´-
´ÒÌ ±² ¸É¥·µ¢ ¸²¥¤Ê¥É · ¸¸³ É·¨¢ ÉÓ ± ± ¶·µÖ¢²¥´¨¥  ¢Éµ³µ¤¥²Ó´µ¸É¨ ¨
µ¡µ¡Ð¥´¨¥ Ö¢²¥´¨Ö, ¨§¢¥¸É´µ£µ ¶µ¤ ´ §¢ ´¨¥³ ®Ö¤¥·´Ò° ¸±¥°²¨´£¯ [27].
Ÿ¤¥·´Ò° ¸±¥°²¨´£ Å ÔÉµ ¨´¢ ·¨ ´É´µ¸ÉÓ ¸¥Î¥´¨° ¶·¨ ¨§³¥´¥´¨¨ Ô´¥·£¨¨
¸Éµ²±´µ¢¥´¨Ö (bI II),  ¢Éµ³µ¤¥²Ó´µ¸ÉÓ ¦¥ ¶µ¤· §Ê³¥¢ ¥É ´¥§ ¢¨¸¨³µ¸ÉÓ ¸¥-

Î¥´¨° ¨ µÉ ¶¥·¥³¥´´ÒÌ bα II, bβ I, bαβ ¨ ¤·Ê£¨Ì ¡µ²ÓÏ¨Ì bik .

P §²¨Î¨¥ · §³¥·µ¢ ¡ ·¨µ´´ÒÌ ±² ¸É¥·µ¢ 〈bk〉 ¶µ µÉ´µÏ¥´¨Õ ± ¶¨µ´´Ò³

±² ¸É¥· ³ ¸µ¸É ¢²Ö¥É ¶µ·Ö¤µ± ¢¥²¨Î¨´Ò. “´¨¢¥·¸ ²Ó´µ¸ÉÓ ¡ ·¨µ´´ÒÌ ±² ¸-
É¥·µ¢ ¸¶· ¢¥¤²¨¢  ± ± ¢ µ¡² ¸É¨ ±² ¸¸¨Î¥¸±µ° Ö¤¥·´µ° Ë¨§¨±¨, É ± ¨ ¢
¶¥·¥Ìµ¤´µ° µ¡² ¸É¨, £¤¥ Ê¦¥ ¶·µÖ¢²ÖÕÉ¸Ö ±¢ ·±-£²Õµ´´Ò¥ ¸É¥¶¥´¨ ¸¢µ-
¡µ¤Ò. Š¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ´Ê±²µ´µ¢ ¢ ±² ¸É¥·¥
〈Tk〉 = 〈bk〉m0 6 2 ´  ¶µ·Ö¤µ± ¢¥²¨Î¨´Ò ¡µ²ÓÏ¥ Ô´¥·£¨¨ Ë¥·³¨-¤¢¨¦¥´¨Ö.

�¨¸.9. � ¸¶·¥¤¥²¥´¨¥ ¢ ¡ ·¨µ´´ÒÌ ±² ¸-
É¥· Ì ¶µ ¶ · ³¥É·Ê bk: (∆) pC, 10 ƒÔ‚/¸;

(tu) pC, 4,2 ƒÔ‚/¸; (�) CC, 4,2 ƒÔ‚/¸;

(•) π−C, 40 ƒÔ‚/¸; (− − −) dC, 4,2 ƒÔ‚/¸
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‚ ÔÉµ³ ¸³Ò¸²¥ µ ±² ¸É¥· Ì ³µ¦´µ ¤Ê³ ÉÓ ± ± µ ¶·¥¤¥²Ó´µ³ ¢µ§¡Ê¦¤¥´¨¨
Ö¤¥·´µ° ³ É¥·¨¨, ¶ÒÉ ÉÓ¸Ö µ¶·¥¤¥²¨ÉÓ ¨Ì ¢·¥³Ö ¦¨§´¨ [23], ¨§µÉµ¶¨Î¥¸±¨°
¸¶¨´ ¨ ¤·Ê£¨¥ ±¢ ´Éµ¢Ò¥ Î¨¸² .

4. ˆ�Š‹�‡ˆ‚�›… ���–…‘‘› 
‚ �…‹Ÿ’ˆ‚ˆ‘’‘Š�‰ Ÿ„…���‰ ”ˆ‡ˆŠ…

‚ 1971 £µ¤Ê ¡Ò²  ¢Ò¤¢¨´ÊÉ  ¨¤¥Ö [21] µ Éµ³, ÎÉµ, ´ Î¨´ Ö ¸ ´¥±µÉµ·µ°
±·¨É¨Î¥¸±µ° Ô´¥·£¨¨, Ö¤·µ ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± ¸¶²µÏ´ÊÕ ¸·¥¤Ê, ¢
±µÉµ·µ° ±¢ ·±¨, µÉ´µ¸ÖÐ¨¥¸Ö ± · §²¨Î´Ò³ ´Ê±²µ´ ³, µ¡µ¡Ð ÕÉ¸Ö. ‚ ÔÉµ°
¦¥ · ¡µÉ¥ ¡Ò²¨ ¸¤¥² ´Ò µÍ¥´±¨ ¢¥·µÖÉ´µ¸É¥° µ¡µ¡Ð¥¸É¢²¥´¨Ö ±¢ ·±µ¢
£·Ê¶¶µ° ´Ê±²µ´µ¢ ¨ ¶·¥¤¸± § ´Ò ÔËË¥±ÉÒ, ²¥¦ Ð¨¥ §  ¶·¥¤¥² ³¨ ¶·µÉµ´-
´¥°É·µ´´µ° ³µ¤¥²¨ Ö¤· . �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ´  ¤Ê¡´¥´¸±µ³
¸¨´Ì·µË §µÉ·µ´¥, Ê¸±µ·¨É¥²¥ ˆ’�”,   É ±¦¥ ´  ¸¥·¶ÊÌµ¢¸±µ³ Ê¸±µ·¨É¥²¥
 ¢Éµ³µ¤¥²Ó´ÒÌ ¸¢µ°¸É¢ ¸¶¥±É·µ¢ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¶µ¤É¢¥·¤¨²¨ Ê± § ´´Ò¥
§ ±µ´µ³¥·´µ¸É¨ ¨ ¶·¥¤¸± § ´¨Ö. ƒ·Ê¶¶µ° ‚.‘.‘É ¢¨´¸±µ£µ (¸³. µ¡§µ· [19])
¡Ò²µ µ¡´ ·Ê¦¥´µ ±Ê³Ê²ÖÉ¨¢´µ¥ ·µ¦¤¥´¨¥ ³¥§µ´µ¢ Å ¶¥·¢µ¥ ¶·µÖ¢²¥´¨¥
±¢ ·±µ¢ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò  Éµ³´ÒÌ Ö¤¥·. �¸µ¡µ¥ §´ Î¥´¨¥ ¶·¨µ¡·¥²µ
µ¡´ ·Ê¦¥´¨¥ · ´´¥£µ ¢ÒÌµ¤  ¸¥Î¥´¨° ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥-
´¨° ´   ¸¨³¶ÉµÉ¨Î¥¸±¨° ·¥¦¨³ ¶·¨ bI II ≥ 5, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É Ô´¥·£¨¨

·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· 3,5 A ƒÔ‚. �¥·¥Ìµ¤´Ò° ·¥¦¨³ ¨ · ´´¨° ¢ÒÌµ¤ ´ 
 ¸¨³¶ÉµÉ¨±Ê ¡Ò² ¶µ²ÊÎ¥´ £·Ê¶¶µ° ‹¨ ˜·¥¤¥·  [20] (�¥·±²¨, ‘˜�). �É¨
·¥§Ê²ÓÉ ÉÒ ¨³¥²¨ µ¶·¥¤¥²ÖÕÐ¥¥ §´ Î¥´¨¥ ¤²Ö µ±µ´Î É¥²Ó´µ£µ ¢Ò¡µ·  ¶ · -
³¥É·µ¢ ´Ê±²µÉ·µ´ , ¤²Ö · §· ¡µÉ±¨ ¶·µ£· ³³Ò ¨¸¸²¥¤µ¢ ´¨° ¢ µ¡² ¸É¨
·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¨ ¨ µ¶·¥¤¥²¥´¨Ö ¶·¥¤¥²µ¢ ¶·¨³¥´¨³µ¸É¨
¶·µÉµ´-´¥°É·µ´´µ° ³µ¤¥²¨ Ö¤· .

�Ò² ¢¢¥¤¥´ ¶ · ³¥É· ®±Ê³Ê²ÖÉ¨¢´µ¥ Î¨¸²µ¯ X, ¨¸Ìµ¤Ö ¨§ § ±µ´µ¢ ¸µ-
Ì· ´¥´¨Ö Ô´¥·£¨¨-¨³¶Ê²Ó¸ , § ¶¨¸ ´´ÒÌ ¢ ¢¨¤¥

(X
I
P

I
 + P

II
 − P

1
)2 = 


 ∑ Pi 




2
 = 


 ∑ mi 




2
 + ∑ 

i > j

mi mj bij . (14)

…¤¨´¸É¢¥´´µ° £¨¶µÉ¥§µ° Ö¢²Ö¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¶·¥´¥¡·¥¦¥´¨Ö ¶µ¸²¥¤-
´¨³ Î²¥´µ³ ¢ ¶· ¢µ° Î ¸É¨ Ëµ·³Ê²Ò (14). �Éµ µ§´ Î ¥É, ÎÉµ ¶·¨ µ¡· §µ-
¢ ´¨¨ ¨´±²Õ§¨¢´µ° Î ¸É¨ÍÒ 1, µÉ¤ ÎÊ ¢µ¸¶·¨´¨³ ¥É ¡ ·¨µ´´Ò° ±² ¸É¥·,
¤²Ö ±µÉµ·µ£µ 〈bij 〉 << 1.

ŠÊ³Ê²ÖÉ¨¢´Ò° ÔËË¥±É µ¶·¥¤¥²Ö²¸Ö ± ± µ¡· §µ¢ ´¨¥ Î ¸É¨Í ¢ ±¨´¥³ -
É¨Î¥¸±µ° µ¡² ¸É¨:

(U
1
U

I
) > (U

I
U

II
) >> 1,     X

I
 ≥ 

m
1

m
0

 
(U

1
U

I
)

(U
I
U

II
) 

m
1

m
0

 x
1
 ≥ 1, (15)
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x1 Å µ¶·¥¤¥²¥´´ Ö ¢ÒÏ¥ ¶¥·¥³¥´´ Ö ¸¢¥Éµ¢µ£µ ±µ´Ê¸ , XI Å ¨³¥¥É ¸³Ò¸²

ÔËË¥±É¨¢´µ£µ Î¨¸²  ´Ê±²µ´µ¢ Ö¤·  I, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥ ±Í¨¨.

�¥·¢Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶µ µ¡´ ·Ê¦¥´¨Õ ±Ê³Ê²ÖÉ¨¢´ÒÌ ¶¨µ´µ¢ ¡Ò²¨ ¢Ò-

¶µ²´¥´Ò ¢ 1971 £µ¤Ê. ‚ ·¥ ±Í¨¨ d + Cu → π− + Á  ¶¨µ´,  ¨¸¶ÊÐ¥´´Ò° ¶µ¤
0Æ, Ê´µ¸¨² Ô´¥·£¨Õ ¢ 1,5 · §  ¡µ²ÓÏÊÕ, Î¥³ Ô´¥·£¨Ö, ±µÉµ· Ö ¶·¨Ìµ¤¨É¸Ö ́  
µ¤¨´ ´Ê±²µ´ ·¥²ÖÉ¨¢¨¸É¸±µ£µ ¤¥°É·µ´ .

Š ± ¶µ± § ²  ¡µ²ÓÏ Ö ¸¥·¨Ö Ô±¸¶¥·¨³¥´Éµ¢, ¶·µ¢¥¤¥´´ÒÌ ¢ ‹ ¡µ· Éµ-
·¨¨ ¢Ò¸µ±¨Ì Ô´¥·£¨° �ˆŸˆ [19], ¶·¥¤¥²Ó´ Ö Ë· £³¥´É Í¨Ö Ö¤¥· ¸ Ìµ·µÏ¥°
ÉµÎ´µ¸ÉÓÕ ·¥ ²¨§Ê¥É¸Ö Ê¦¥ ¶·¨ bI II ≥ 5, ¨ ¸¥Î¥´¨Ö Ë ±Éµ·¨§ÊÕÉ¸Ö ´  ¤¢ 

·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´ÒÌ ³´µ¦¨É¥²Ö W I ¨ W II. �Éµ µ§´ Î ¥É, ÎÉµ Ê¸²µ-
¢¨Ö ´ ¡²Õ¤¥´¨Ö ±Ê³Ê²ÖÉ¨¢´µ£µ ÔËË¥±É  (15) ¤²Ö Ê£²  0Æ ¢ ² ¡µ· Éµ·´µ°
¸¨¸É¥³¥ ¸µ¢¶ ¤ ÕÉ ¸ Ê¸²µ¢¨Ö³¨ ´ ¡²Õ¤¥´¨Ö ¢  ´É¨² ¡µ· Éµ·´µ° ¸¨¸É¥³¥

¤²Ö Ê£²  180Æ. ˆ´ Î¥ £µ¢µ·Ö, ¤²Ö ¨§ÊÎ¥´¨Ö ËÊ´±Í¨° W I(bI1, x1) ´¥É ´¥µ¡Ìµ-

¤¨³µ¸É¨ Ê¸±µ·ÖÉÓ Ö¤·  I ¤µ Ô´¥·£¨° ¢ÒÏ¥ ' 5 A ƒÔ‚. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸
¶·¨´Í¨¶µ³ µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨° ÔÉ¨ ËÊ´±Í¨¨ ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸ÖÉ µÉ
¸¢µ°¸É¢ ¨ Ô´¥·£¨¨ Ö¤·  II. ‘µ¢µ±Ê¶´µ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ
±Ê³Ê²ÖÉ¨¢´µ³Ê ·µ¦¤¥´¨Õ ¤²Ö ¢¸¥Ì Ö¤¥· µÉ £¥²¨Ö ¤µ Ê· ´  Ê¤µ¢²¥É¢µ·Ö¥É
¸²¥¤ÊÕÐ¥° § ±µ´µ³¥·´µ¸É¨ [22]:

W I ∝ A
m(X

I
)
 exp 




 
X

I

〈X〉 



 . (16)

ŠÊ³Ê²ÖÉ¨¢´Ò° ÔËË¥±É ¡Ò² ¨§ÊÎ¥´ ¢ µ¡² ¸É¨ 0,5 < X < 3,5 ¨ ¢ Ï¨·µ±µ³
¤¨ ¶ §µ´¥ bI II. �Éµ ¡Ò²µ ¶¥·¢Ò³ Ê¡¥¤¨É¥²Ó´Ò³ ¶µ¤É¢¥·¦¤¥´¨¥³  ¢Éµ³µ-

¤¥²Ó´µ¸É¨ Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨° ¨ ¶·¨´Í¨¶  µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨° ¢
¶·µ¸É· ´¸É¢¥ µÉ´µ¸¨É¥²Ó´ÒÌ ¸±µ·µ¸É¥°.

‘ ¶µ³µÐÓÕ µ¤´µ£µ Î¨¸²µ¢µ£µ ¶ · ³¥É·  〈X〉 = 0,65 Ê¤ ²µ¸Ó µ¶¨¸ ÉÓ
¸²µ¦´µ¥ ³´µ£µ¶ · ³¥É·¨Î¥¸±µ¥ Ö¢²¥´¨¥. �¥µ¡Ìµ¤¨³µ ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ
§ ±µ´ (16) µ¶¨¸Ò¢ ¥É ¨§³¥´¥´¨¥ ¸¥Î¥´¨° ¨´±²Õ§¨¢´µ£µ µ¡· §µ¢ ´¨Ö  ¤·µ-
´µ¢ ´  ¤¥¢ÖÉÓ ¶µ·Ö¤±µ¢ ¢¥²¨Î¨´Ò. �  ·¨¸.10 ¶·¥¤¸É ¢²¥´Ò Ô±¸¶¥·¨³¥´É ²Ó-

´Ò¥ ¤ ´´Ò¥ £·Ê¶¶Ò ‚.‘.‘É ¢¨´¸±µ£µ ¶µ ±Ê³Ê²ÖÉ¨¢´µ³Ê ·µ¦¤¥´¨Õ π±-,

K ±-³¥§µ´µ¢ ¢ ¢¨¤¥ § ¢¨¸¨³µ¸É¨ ¸¥Î¥´¨° µÉ ¶¥·¥³¥´´µ° X.

�¥·¢Ò³ ¶·¨³¥´¥´¨¥³ ¶·µ³¥¦ÊÉµÎ´µ°  ¸¨³¶ÉµÉ¨±¨ ¢ ¶·µ¸É· ´¸É¢¥ ¸±µ-
·µ¸É¥° ¢ ´Ê±²µ´´µ° Ë¨§¨±¥ ¡Ò²µ ¨¸¶µ²Ó§µ¢ ´¨¥ ¶µ²Õ¸´µ£µ ¶·¨¡²¨¦¥´¨Ö
[29] ¤²Ö µ¶¨¸ ´¨Ö Ë· £³¥´É Í¨µ´´ÒÌ ¶·µÍ¥¸¸µ¢. �µ¤ Ë· £³¥´É Í¨µ´´Ò³¨
¶µ´¨³ ÕÉ¸Ö É ±¨¥ ¶·µÍ¥¸¸Ò, ±µ£¤  ·¥£¨¸É·¨·Ê¥É¸Ö µ¸±µ²µ± Ö¤·  1 ¶·¨ ¸Éµ²±-
´µ¢¥´¨¨ Ö¤¥· I ¨ II ¶·¨ Ê¸²µ¢¨ÖÌ: bI II ≥ 1,  0,3 ≥ bI 1 ≥ 0,  0,3 ≥ bII 1 ≥ 0.
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C¥Î¥´¨Ö É ±¨Ì ¶·µÍ¥¸¸µ¢ µ¶¨¸Ò¢ ÕÉ¸Ö  ¢Éµ³µ¤¥²Ó´Ò³ ·¥Ï¥´¨¥³:
1

√b
II 1

 + 
b
II 1
2

4

 
dσ

db
II 1

 = 
1

(b
II 1

 + α
II 1

)2
 C, (17)

£¤¥ α
II 1

 = 
2ε

II 1
(m

II
 − m

1
)

m
II
m

1

, m
II
, m

1
 Å ³ ¸¸Ò Ö¤¥·, ε

II 1
 Å Ô´¥·£¨Ö ¸¢Ö§¨

Ë· £³¥´É  1 ¢ Ö¤·¥ II, C Å ±µ´¸É ´É . „²Ö ¢¸¥Ì Ë· £³¥´É Í¨µ´´ÒÌ Ö¤¥·-

´ÒÌ ¶·µÍ¥¸¸µ¢ ¢¥²¨Î¨´  α
II 1

 ≈ 10−2. …¥ ³ ²µ¸ÉÓ µ¡Ê¸²µ¢²¥´  ³ ²µ¸ÉÓÕ

Ô´¥·£¨¨ ¸¢Ö§¨, ¶·¨Ìµ¤ÖÐ¥°¸Ö ´  ´Ê±²µ´, ¶µ ¸· ¢´¥´¨Õ ¸ ³ ¸¸µ° ¸ ³µ£µ
´Ê±²µ´ . ‡ ±µ´µ³¥·´µ¸É¨ (17) ³µ¦´µ ¶·¨¤ ÉÓ Ö¢´Ò° ¢¨¤ ¶·µ³¥¦ÊÉµÎ´µ°
 ¸¨³¶ÉµÉ¨±¨:

                          

1

√b
II 1

 + 
b
II 1
2

4

  
dσ

db
II 1

 (Π)

1

√b
II 1

 + 
b
II 1
2

4

  
dσ

db
II 1

 (Π = 0)
 = 

1

(Π + 1)2
 .               (18)

�¨¸.10. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´-
´Ò¥, ¶µ²ÊÎ¥´´Ò¥ £·Ê¶¶µ° ‚.‘.‘É -
¢¨´¸±µ£µ, ¶µ ±Ê³Ê²ÖÉ¨¢´µ³Ê ·µ¦¤¥-
´¨Õ ¶¨µ´µ¢, ± µ´µ¢ ¨  ´É¨¶·µÉµ-
´µ¢ ¢ § ¢¨¸¨³µ¸É¨ µÉ ¢¢¥¤¥´´µ£µ
¨³ ¶ · ³¥É·  •
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‡ ¢¨¸¨³µ¸ÉÓ µÉ bII 1,  Éµ³´ÒÌ ´µ³¥·µ¢ AI, AII ¨ µÉ Ô´¥·£¨¨ ¸¢Ö§¨ εII 1

c¢¥² ¸Ó ± Ê´¨¢¥·¸ ²Ó´µ° § ¢¨¸¨³µ¸É¨ µÉ µ¤´µ£µ ¶ · ³¥É·  Π = bII 1 6 αII 1.

‚ ¨´É¥·¢ ²¥ 1 ≥ bII 1 ≥ 0 µÉ´µÏ¥´¨¥ (18) ³¥´Ö¥É¸Ö ´  Î¥ÉÒ·¥ ¶µ·Ö¤± 

¢¥²¨Î¨´Ò ¨ ¢ ´¥Ë¨§¨Î¥¸±µ° µ¡² ¸É¨ Π = − 1 µ¡· Ð ¥É¸Ö ¢ ¡¥¸±µ´¥Î´µ¸ÉÓ.
�¡µ¡Ð¥´¨¥ µ¶¨¸ ´´ÒÌ ¢ÒÏ¥ § ±µ´µ³¥·´µ¸É¥° ̧ ¢Ö§ ´µ ¸µ ̧ ´ÖÉ¨¥³ µ£· -

´¨Î¥´¨° ´  µ¡² ¸ÉÓ ¨Ì ¶·¨³¥´¨³µ¸É¨. �µ²¥¥ ¢¸¥£µ ÔÉµ ± ¸ ¥É¸Ö ±Ê³Ê²Ö-
É¨¢´µ£µ ÔËË¥±É . ‚¢¥¤¥´¨¥ µ¡µ¡Ð¥´´µ£µ ¶ · ³¥É·  ¶µ¤µ¡¨Ö [30] ¢³¥¸Éµ X
¶µ§¢µ²Ö¥É · ¸¸³ É·¨¢ ÉÓ ±Ê³Ê²ÖÉ¨¢´Ò° ÔËË¥±É ± ± Î ¸É´Ò° ¸²ÊÎ ° ¶·µÍ¥¸-
¸µ¢ ³´µ£µÎ ¸É¨Î´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, ¢±²ÕÎ Ö £²Ê¡µ±µ¶µ¤¶µ·µ£µ¢Ò¥, µ±µ²µ-
¶µ·µ£µ¢Ò¥ ¨ ´¥±µÉµ·Ò¥ ´ ¤¶µ·µ£µ¢Ò¥ Ö¤¥·´Ò¥ ¶·µÍ¥¸¸Ò. �Éµ ¦¥ µ¡µ¡Ð¥-
´¨¥ ¶µ§¢µ²Ö¥É ¤ ÉÓ ±µ²¨Î¥¸É¢¥´´µ¥ µ¶¨¸ ´¨¥ µ¡· §µ¢ ´¨Ö  ´É¨³ É¥·¨¨ ¢
·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ.

�¡Ð¨° ¢¨¤  ¢Éµ³µ¤¥²Ó´µ£µ ·¥Ï¥´¨Ö ¤²Ö ¨´±²Õ§¨¢´ÒÌ ¶·µÍ¥¸¸µ¢
 ¤·µ´µµ¡· §µ¢ ´¨Ö § ¶¨¸Ò¢ ¥É¸Ö Î¥·¥§ ¨§³¥·¨³Ò¥ ¶ · ³¥É·Ò ¢ ¢¨¤¥ [30]:

E 
d 3σ
d 3p

 = C
1
A

1

 α(X
1
)
A

2

α(X
2
)
f (Π), (19)

§¤¥¸Ó C1 Å ±µ´¸É ´Éa, µ¶·¥¤¥²ÖÕÐ Ö · §³¥·´µ¸ÉÓ ¨´¢ ·¨ ´É´µ£µ ¤¨ËË¥-

·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö, A Å  Éµ³´Ò¥ ´µ³¥·  ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥·, α ¨ f Å
ËÊ´±Í¨¨, µ¶·¥¤¥²Ö¥³Ò¥ ¨§ Ô±¸¶¥·¨³¥´É . �¡µ¡Ð¥´´Ò° ¶ · ³¥É· ¶µ¤µ¡¨Ö
¨³¥¥É ¢¨¤

Π = 
1
2
 (X

1
 2 + X

2
 2 + 2X

1
X

2
γ
12

)16 2, (20)

§¤¥¸Ó γij = ui uj = Pi Pj6 Mi Mj Å ²µ·¥´Í-Ë ±Éµ· µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö

¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥·; X1 ̈  X2 ̈ ³¥ÕÉ Ë¨§¨Î¥¸±¨° ̧ ³Ò¸² ¤µ²¥° 4-¨³¶Ê²Ó¸µ¢,

´¥µ¡Ìµ¤¨³ÒÌ ¤²Ö µ¡· §µ¢ ´¨Ö ·¥£¨¸É·¨·Ê¥³µ° Î ¸É¨ÍÒ,   É ±¦¥ ÔËË¥±É¨¢-
´µ£µ Î¨¸²  ´Ê±²µ´µ¢, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥ ±Í¨¨. ‚ µ¡² ¸É¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì
¸Éµ²±´µ¢¥´¨° µÉ´µ¸¨É¥²Ó´Ò¥ ¸±µ·µ¸É¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö ´Ê±²µ´µ¢ ³´µ£µ
¡µ²ÓÏ¥ µÉ´µ¸¨É¥²Ó´ÒÌ ¸±µ·µ¸É¥° ´Ê±²µ´µ¢ ¢´ÊÉ·¨ Ö¤· , É.¥. ³µ¦´µ ¶·¥´¥-
¡·¥ÎÓ · §²¨Î¨¥³ ¢ µÉ´µ¸¨É¥²Ó´ÒÌ ¸±µ·µ¸ÉÖÌ µÉ¤¥²Ó´ÒÌ ´Ê±²µ´µ¢ ¢ Ö¤·¥.
ˆ³¶Ê²Ó¸ ÔËË¥±É¨¢´µ£µ Î¨¸²  ´Ê±²µ´µ¢ ¢ Ö¤·¥ 1, ¶·¨´¨³ ÕÐ¨Ì ÊÎ ¸É¨¥ ¢
·¥ ±Í¨¨, ¨³¥¥É ¢¨¤ X1m0u1, £¤¥ u1 Å ¸±µ·µ¸ÉÓ Ö¤·  1 ± ± Í¥²µ£µ, m0 Å

³ ¸¸  µ¤´µ£µ ´Ê±²µ´ . ‚¥²¨Î¨´Ò X1 ¨ X2 ¸É ´µ¢ÖÉ¸Ö ¨§³¥·¨³Ò³¨, ¥¸²¨

¶·¨´ÖÉÓ £¨¶µÉ¥§Ê µ ³¨´¨³ ²Ó´µ¸É¨ ³ ¸¸Ò m0
2(u1X1 + u2X2)2 ¨ ÊÎ¥¸ÉÓ § ±µ´

¸µÌ· ´¥´¨Ö 4-¨³¶Ê²Ó¸ , § ¶¨¸ ´´Ò° ¢ ¢¨¤¥: m0(u1X1 + u2X2) ∑ Pi . ’ ±¨³

µ¡· §µ³, ¶·µÍ¥¤Ê·  µ¶·¥¤¥²¥´¨Ö X1 ¨ X2,   ¸²¥¤µ¢ É¥²Ó´µ, ¨ Π ¸µ¸Éµ¨É ¢

µ¶·¥¤¥²¥´¨¨ ³¨´¨³Ê³  Π ´  µ¸´µ¢¥ § ±µ´µ¢ ¸µÌ· ´¥´¨Ö Ô´¥·£¨¨-¨³¶Ê²Ó¸ ,
§ ¶¨¸ ´´µ£µ ¢ ¢¨¤¥
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(X
1
m

0
u
1
 + X

2
m

0
u
2
 − M

3
u
3
)2 = (X

1
m

0
u
1
′ + X

2
m

0
u
2
′ + ∑ 

k = 4

Mkuk)
2. (21)

…¤¨´¸É¢¥´´ Ö £¨¶µÉ¥§  Å ¢µ§³µ¦´µ¸ÉÓ ¶·¥´¥¡·¥ÎÓ µÉ´µ¸¨É¥²Ó´Ò³ ¤¢¨¦¥-
´¨¥³ ¢¸¥Ì µ¸É ²Ó´ÒÌ ´¥ ·¥£¨¸É·¨·Ê¥³ÒÌ Î ¸É¨Í,   ¨³¥´´µ Î²¥´µ³

2 ∑ 
k > 1

(γkl − 1) Mk Ml ¢ ¶· ¢µ° Î ¸É¨ Ê· ¢´¥´¨Ö (21). „ ´´ Ö £¨¶µÉ¥§ 

Ìµ·µÏµ ¸µ£² ¸Ê¥É¸Ö ¸ ¶·¨´Í¨¶µ³ µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨° ¨ Ô±¸¶¥·¨³¥´-
É ²Ó´µ ¶µ¤É¢¥·¦¤¥´´Ò³¨ ¸¢µ°¸É¢ ³¨ · ¸¶·¥¤¥²¥´¨Ö ¢Éµ·¨Î´ÒÌ Î ¸É¨Í,
µ¶¨¸ ´´ÒÌ ¢ · §¤.3.

‘¢Ö§Ó ³¥¦¤Ê X1 ¨ X2 Ê¤µ¡´µ § ¶¨¸ ÉÓ ¢ ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´µ³ ¨

¡¥§· §³¥·´µ³ ¢¨¤¥:

X
1
X

2
(γ

12
 − 1) − X

1
 






 
M

3

m
0
 γ

13
 + 

M
4

m
0
 






 − 







 
M

3

m
0
 γ

23
 + 

M
4

m
0
 






 = 

M
4
 2 − M

3
 2

2m
0
2

 .     (22)

�´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ± § ² [31], ÎÉµ ËÊ´±Í¨Ö α
Ìµ·µÏµ ¶ · ³¥É·¨§Ê¥É¸Ö ¢ ¢¨¤¥: α = 16 3 + X6 3, £¤¥ X = X1 ¨ X2 ¸µµÉ¢¥É-

¸É¢¥´´µ.

�¨¸.11. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ±Ê³Ê²ÖÉ¨¢´µ³Ê µ¡· §µ¢ ´¨Õ ¶¨µ´µ¢, ¶µ²ÊÎ¥´-
´Ò¥ ´  Ê¸±µ·¨É¥²ÖÌ ˆ’�” [32] ¨ ˆ”‚� [37], ¢ § ¢¨¸¨³µ¸É¨ µÉ ¶ · ³¥É·  ¶µ¤µ¡¨Ö Π.
�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ´µ·³¨·µ¢ ´Ò ´  ¢ÒÎ¨¸²¥´´Ò¥ �-§ ¢¨¸¨³µ¸É¨ (¸³. É¥±¸É)
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‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢ ¶· ¢ÊÕ Î ¸ÉÓ Ê· ¢´¥´¨Ö (22) ¢Ìµ¤ÖÉ ³ ¸¸Ò Î ¸-
É¨Í, µ¡¥¸¶¥Î¨¢ ÕÐ¨¥ ¸µÌ· ´¥´¨¥ ¡ ·¨µ´´µ£µ Î¨¸² , ¸É· ´´µ¸É¨ ¨ ¤·Ê£¨Ì
®¢´ÊÉ·¥´´¨Ì¯ ±¢ ´Éµ¢ÒÌ Î¨¸¥². ‚ ¸²ÊÎ ¥ ¨´±²Õ§¨¢´µ£µ µ¡· §µ¢ ´¨Ö  ´É¨-
³ É¥·¨¨ ¶· ¢ Ö Î ¸ÉÓ (22) · ¢´  ´Ê²Õ. �µ¤ É¥·³¨´µ³ ® ´É¨³ É¥·¨Ö¯ ¶µ´¨-
³ ÕÉ¸Ö Î ¸É¨ÍÒ ¨ Ö¤· , ¸µ¸ÉµÖÐ¨¥ ¶·¥¨³ÊÐ¥¸É¢¥´´µ ¨§  ´É¨±¢ ·±µ¢.

�  ·¨¸.11 ¶µ± § ´  § ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨° ±Ê³Ê²ÖÉ¨¢´µ£µ µ¡· §µ¢ ´¨Ö
¶¨µ´µ¢ µÉ ¶ · ³¥É·  ¶µ¤µ¡¨Ö Π. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [32,37] ´µ·-
³¨·µ¢ ´Ò ´  ¢ÒÎ¨¸²¥´´Ò¥ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¢ÒÏ¥Ê± § ´´µ° ¶·µÍ¥¤Ê·µ°
A-§ ¢¨¸¨³µ¸É¨. ’ ±¨³ µ¡· §µ³, § ¢¨¸¨³µ¸ÉÓ µÉ Ô´¥·£¨¨ ¸Éµ²±´µ¢¥´¨Ö, ¨³-
¶Ê²Ó¸  ¨ Ê£²  ¢Ò²¥É  ·¥£¨¸É·¨·Ê¥³µ° Î ¸É¨ÍÒ ¸¢µ¤¨É¸Ö ± § ¢¨¸¨³µ¸É¨ µÉ
µ¤´µ° ¶¥·¥³¥´´µ° Å ¶ · ³¥É·  ¶µ¤µ¡¨Ö Π. �  ·¨¸.12, 13 ¶µ± § ´Ò § ¢¨-
¸¨³µ¸É¨ µ¡· §µ¢ ´¨Ö Î ¸É¨Í  ´É¨³ É¥·¨¨ ¢ £²Ê¡µ±µ¶µ¤¶µ·µ£µ¢ÒÌ ¨ µ±µ²µ-
¶µ·µ£µ¢ÒÌ ·¥ ±Í¨ÖÌ [32,33,35,39Å41] ¢ § ¢¨¸¨³µ¸É¨ µÉ ¶ · ³¥É·  Π.
�´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¶µ²ÊÎ¥´´ÒÌ ´  · §´ÒÌ Ê¸±µ·¨É¥²ÖÌ, ¢

�¨¸.12. �±¸¶¥·¨³¥´É ²Ó´Ò¥ § ¢¨¸¨³µ¸É¨ ¶µ £²Ê¡µ±µ¶µ¤-
¶µ·µ£µ¢µ³Ê ·µ¦¤¥´¨Õ ± µ´µ¢ ¨  ´É¨¶·µÉµ´µ¢, ¶µ²Ê-
Î¥´´Ò¥ ´  ¶ÊÎ± Ì ¸¨´Ì·µË §µÉ·µ´  (�ˆŸˆ) [35,36] ¨
�¥¢ ² ± (‘˜�) [33,34], ¢ § ¢¨¸¨³µ¸É¨ µÉ ¶ · ³¥É· 
¶µ¤µ¡¨Ö Π. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ´µ·³¨·µ¢ ´Ò
´  ¢ÒÎ¨¸²¥´´Ò¥ A-§ ¢¨¸¨³µ¸É¨ (¸³. É¥±¸É)
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· §²¨Î´ÒÌ ±¨´¥³ É¨Î¥¸±¨Ì ¶µ¸É ´µ¢± Ì Ô±¸¶¥·¨³¥´Éµ¢ ¶µ§¢µ²Ö¥É § ¶¨¸ ÉÓ
Ö¢´Ò° ±µ²¨Î¥¸É¢¥´´Ò° ¢¨¤  ¢Éµ³µ¤¥²Ó´µ£µ ·¥Ï¥´¨Ö:

E 
d 3σ
d 3p

 = C
1
A

1

1 6 3 + X
1
6 3

 A
2

1 6 3 + X
2
6 3

 exp (− Π6 C
2
) (23)

¨ µ¶·¥¤¥²¨ÉÓ Ê´¨¢¥·¸ ²Ó´Ò¥ ±µ´¸É ´ÉÒ C1 ¨ C2: C1 = 0,125 + (− 0,002) ¨

C2 = 19000 [³¡ ⋅ ƒÔ‚−2 ⋅ c3 ⋅ ̧ ·−1].

‚ · ¡µÉ Ì ¶µ ¨¸¸²¥¤µ¢ ´¨Õ ±Ê³Ê²ÖÉ¨¢´µ£µ ÔËË¥±É  [19] µÉ³¥Î ² ¸Ó ́ ¥-
¸¨³³¥É·¨Î´ Ö A-§ ¢¨¸¨³µ¸ÉÓ µÉ ´ ²¥É ÕÐ¥£µ Ö¤·  ¨ Ö¤· -³¨Ï¥´¨. �±¸¶¥-
·¨³¥´É ²Ó´µ ¡Ò²  ¶µ± § ´  ¸² ¡ Ö (¶¥·¨Ë¥·¨Î¥¸± Ö) § ¢¨¸¨³µ¸ÉÓ µÉ ´ ²¥-
É ÕÐ¥£µ Ö¤·  ¨ ·¥§±µ Ê¸¨²¥´´ Ö µÉ Ö¤· -³¨Ï¥´¨ ¢ ¸²ÊÎ ¥ ¨¸¸²¥¤µ¢ ´¨Ö
µ¡² ¸É¨ Ë· £³¥´É Í¨¨ ³¨Ï¥´¨. „²Ö ¶·¨³¥·  ´  ·¨¸.14 ¶µ± § ´Ò § ¢¨¸¨-
³µ¸É¨ ¶ · ³¥É· , µ¶·¥¤¥²¥´´µ£µ Ëµ·³Ê²µ° (20), ± ± ËÊ´±Í¨¨ X1 ¨ X2 ¢

�¨¸.13. �±¸¶¥·¨³¥´É ²Ó´Ò¥ § ¢¨¸¨³µ¸É¨ ¶µ £²Ê¡µ±µ¶µ¤¶µ-
·µ£µ¢µ³Ê ·µ¦¤¥´¨Õ ± µ´µ¢ ̈   ´É¨¶·µÉµ´µ¢, ¶µ²ÊÎ¥´´Ò¥ ¶·¨
¢§ ¨³µ¤¥°¸É¢¨¨ ÉÖ¦¥²ÒÌ Ö¤¥· [40,41] (GSI, ƒ¥·³ ´¨Ö), ¢
§ ¢¨¸¨³µ¸É¨ µÉ ¶ · ³¥É·  ¶µ¤µ¡¨Ö Π. �±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ ́ µ·³¨·µ¢ ´Ò ́   Ê´¨¢¥·¸ ²Ó´Ò¥ ¢ÒÎ¨¸²¥´´Ò¥ A-§ ¢¨-
¸¨³µ¸É¨
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¸²ÊÎ ¥ ±Ê³Ê²ÖÉ¨¢´µ£µ (180Æ ¢ ² ¡µ· Éµ·´µ° ¸¨¸É¥³¥) ·µ¦¤¥´¨Ö K − ¸
¨³¶Ê²Ó¸µ³ 1 ƒÔ‚/¸ ¶·¨ Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì ¶·µÉµ´µ¢ 60 ƒÔ‚. ˆ§ ·¨¸.14
¢¨¤´µ, ÎÉµ ³¨´¨³Ê³ ¶ · ³¥É·  ¶µ¤µ¡¨Ö Π ·¥ ²¨§Ê¥É¸Ö, ±µ£¤  X1 << X2.

‚ ¸²ÊÎ ¥ ¶µ¤¶µ·µ£µ¢ÒÌ ·¥ ±Í¨°, ¶·¥¤¸É ¢²¥´´ÒÌ ´  ·¨¸.12, 13, X1 ≈ X2,

¶·¨ ÔÉµ³ µ¡  X ¡µ²ÓÏ¥ ¥¤¨´¨ÍÒ, ÎÉµ ¨ µ¡¥¸¶¥Î¨¢ ¥É ·¥§±µ Ê¸¨²¥´´Ò¥

�¨¸.15. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ µ¡· §µ¢ ´¨Õ  ´É¨³ É¥·¨¨ ¨ Ö¤¥·´ÒÌ Ë· £³¥´-
Éµ¢ ¶·¨ Ô´¥·£¨¨ 200 ¨ 240 ƒÔ‚, ¶µ²ÊÎ¥´´Ò¥ ´  Ê¸±µ·¨É¥²¥ SPS (CERN) [38] ¢ § ¢¨-
¸¨³µ¸É¨ µÉ ¶ · ³¥É·  ¶µ¤µ¡¨Ö Π

�¨¸.14. ‡ ¢¨¸¨³µ¸ÉÓ ¶ · ³¥É·  ¶µ¤µ¡¨Ö Π µÉ X1 ( ) ¨ X2 (¡) ¢ ¸²ÊÎ ¥ ±Ê³Ê-

²ÖÉ¨¢´µ° ±¨´¥³ É¨±¨
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A-§ ¢¨¸¨³µ¸É¨ ± ± µÉ ́  ²¥É ÕÐ¥-
£µ Ö¤· , É ± ¨ µÉ Ö¤· -³¨Ï¥´¨.
�¥·¢Ò¥ Ô±¸¶¥·¨³¥´ÉÒ, ¢ ±µÉµ-
·ÒÌ ¡Ò²µ µ¡´ ·Ê¦¥´µ, ÎÉµ ¸¥Î¥-
´¨¥ µ¡· §µ¢ ´¨Ö  ´É¨¶·µÉµ´µ¢ ¢
Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ
´  ¶µ·Ö¤±¨ ¢¥²¨Î¨´ ¡µ²ÓÏ¥, Î¥³
¢ ¶·µÉµ´-Ö¤¥·´ÒÌ (¢ Ê¸²µ¢¨ÖÌ
µ¤¨´ ±µ¢µ° ±¨´¥³ É¨±¨), ¡Ò²¨
¢Ò¶µ²´¥´Ò ´  ¶ÊÎ± Ì ¤Ê¡´¥´-
¸±µ£µ ¸¨´Ì·µË §µÉ·µ´  [35].

� · ³¥É· Π § ¢¨¸¨É É ±¦¥
µÉ ²µ·¥´Í-Ë ±Éµ·  µÉ´µ¸¨É¥²Ó-
´µ£µ ¤¢¨¦¥´¨Ö ¸É ²±¨¢ ÕÐ¨Ì¸Ö
Ö¤¥·. ‘²¥¤µ¢ É¥²Ó´µ, ´ ¡²Õ¤¥-
´¨¥ Ê¸¨²¥´´ÒÌ Ö¤¥·´ÒÌ ÔËË¥±-
Éµ¢ ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ ³ ²µ-
¢¥·µÖÉ´µ, É.¥. ¸µµÉ¢¥É¸É¢Ê¥É ³ -
²Ò³ ¸¥Î¥´¨Ö³ ¸µ£² ¸´µ Ëµ·-
³Ê²¥ (23).

�  ·¨¸.15 ¶µ± § ´Ò Ô±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [38] ¶µ

µ¡· §µ¢ ´¨Õ p, d, t, p−, d −, t − ¢
¶·µÉµ´-Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ ¶·¨
Ô´¥·£¨ÖÌ 200 ¨ 240 ƒÔ‚ ¢ § ¢¨-
¸¨³µ¸É¨ µÉ ¶ · ³¥É·  ¶µ¤µ¡¨Ö
Π. � §²¨Î¨¥ ¢ ¢ÒÎ¨¸²¥´¨ÖÌ Π
¤²Ö Ö¤¥· ¨  ´É¨Ö¤¥· § ±²ÕÎ ¥É¸Ö
¢ §´ ±¥ M4 (Ëµ·³Ê²  (22)). ‚ ¸²Ê-

Î ¥ µ¡· §µ¢ ´¨Ö  ´É¨Ö¤¥· §´ ± Ê
M4 ¶µ²µ¦¨É¥²Ó´Ò°, ¶µ¸±µ²Ó±Ê

¤²Ö ·µ¦¤¥´¨Ö Ö¤·  ´¥µ¡Ìµ¤¨³µ
¶µ ±· °´¥° ³¥·¥ ·µ¦¤¥´¨¥ É ±µ£µ
¦¥  ´É¨Ö¤· . Ÿ¤¥·´Ò° Ë· £³¥´É
³µ¦¥É µ¡· §µ¢ ÉÓ¸Ö ¢ ·¥§Ê²ÓÉ É¥
¶¥·¥· ¸¶·¥¤¥²¥´¨Ö ¨³¶Ê²Ó¸µ¢
(´¥µ¡Ìµ¤¨³µ¥ ±µ²¨Î¥¸É¢µ ́ Ê±²µ-
´µ¢ ¨³¥¥É¸Ö ¢ ´ Î ²Ó´µ³ ¸µ¸ÉµÖ-
´¨¨), ¶µÔÉµ³Ê ¢ Ëµ·³Ê²Ê (22)
M4 ¢Ìµ¤¨É ¸ µÉ·¨Í É¥²Ó´Ò³ §´ -

�¨¸.16. �¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´µ¥ µ¶¨¸ -
´¨¥ ¤ ´´ÒÌ ¶µ Ëµ·³Ê²¥ (23) µ±µ²µ¶µ·µ£µ¢µ£µ
·µ¦¤¥´¨Ö  ´É¨¶·µÉµ´µ¢ [38] (�·Ê±Ì¥°¢¥´,
‘˜�) ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ÉÖ¦¥²ÒÌ Ö¤¥· ¸
±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¥° 13,7 ƒÔ‚/´Ê±²µ´

�¨ .̧17. �·¥¤¸± § ´¨¥ § ¢¨¸¨³µ¸É¥° ¨´¢ ·¨ ´É-
´ÒÌ ¨´±²Õ§¨¢´ÒÌ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö  ´É¨-
¶·µÉµ´µ¢ µÉ ¨³¶Ê²Ó¸  ¨ Ê£²  ¨Ì µ¡· §µ¢ ´¨Ö
¶·¨ Ô´¥·£¨ÖÌ SPS (CERN)
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±µ³. ˆ´É¥·¥¸´µ µÉ³¥É¨ÉÓ
Ô±¸¶¥·¨³¥´É ²Ó´µ ´ ¡²Õ-
¤ ¥³ÊÕ ¨ ±µ²¨Î¥¸É¢¥´´µ
µ¶¨¸Ò¢ ¥³ÊÕ Ëµ·³Ê²µ°
(23) µ¸µ¡¥´´µ¸ÉÓ Å ̧ ¥Î¥´¨¥
µ¡· §µ¢ ´¨Ö  ´É¨¤¥°É·µ´ 
( ´É¨¶·µÉµ´ ) ´  ´¥¸±µ²Ó±µ
¶µ·Ö¤±µ¢ ¢¥²¨Î¨´Ò ¡µ²ÓÏ¥
¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö µ¡ÒÎ-
´µ£µ Ö¤·  É·¨É¨Ö (¤¥°É¥·¨Ö).

�  ·¨¸.16 ¶·¥¤¸É ¢²¥´Ò
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥
¶µ ·µ¦¤¥´¨Õ  ´É¨¶·µÉµ´µ¢
¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ·¥²ÖÉ¨-
¢¨¸É¸±¨Ì Ö¤¥· ¸ ±¨´¥É¨Î¥¸-
±µ° Ô´¥·£¨¥° 13,7 ƒÔ‚/´Ê±-
²µ´ [39] ¨ · ¸Î¥É ¶µ Ëµ·³Ê-
²¥ (23). ‚ ÔÉµ° ¦¥ · ¡µÉ¥
[39] ¡Ò²µ ¨§³¥·¥´µ ¸¥Î¥´¨¥
µ¡· §µ¢ ´¨Ö  ´É¨¤¥°É·µ´µ¢
¢ ·¥ ±Í¨¨ Si + Au, ±µÉµ·µ¥
¸µ£² ¸Ê¥É¸Ö ¸ · ¸Î¥Éµ³ ¶µ
Ëµ·³Ê²¥ (23).

�·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö, ¢Ò¶µ²´¥´´Ò¥
´¥¤ ¢´µ ¢ CERN ¸ ¶ÊÎ± ³¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· ¸¢¨´Í  ¶·¨ Ô´¥·£¨ÖÌ
160 ƒÔ‚/´Ê±²µ´, ³µ¦´µ ¸¤¥² ÉÓ ¶·¥¤¸± § ´¨Ö µ¡ Ê£²µ¢ÒÌ ¨ Ô´¥·£¥É¨Î¥¸-
±¨Ì § ¢¨¸¨³µ¸ÉÖÌ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö  ´É¨¶·µÉµ´µ¢ ¨  ´É¨¤¥°É·µ´µ¢
(·¨¸.17, 18).

‡�Š‹�—…�ˆ…

®ƒ² ¢´µ° Í¥²ÓÕ ¨¸¸²¥¤µ¢ ´¨° ¢´¥Ï´¥£µ ³¨· 
Ö¢²Ö¥É¸Ö µ¡´ ·Ê¦¥´¨¥ £ ·³µ´¨¨ ¨ · Í¨µ´ ²Ó-
´µ£µ ¶µ·Ö¤± , ±µÉµ·Ò° ‚¸¥¢ÒÏ´¨° ´¨¸¶µ¸² ²
³¨·Ê ¨ µÉ±·Ò² ´ ³ ´  Ö§Ò±¥ ³ É¥³ É¨±¨¯.

Š¥¶²¥·.

�¡´ ·Ê¦¥´¨¥ § ±µ´µ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¨ Ö¢²Ö¥É¸Ö Î ¸ÉÓÕ
µ¡Ð¥° Í¥²¨ ¶µ¨¸±  § ±µ´µ¢, µ¶¨¸Ò¢ ÕÐ¨Ì ·¥²ÖÉ¨¢¨¸É¸±¨¥ ³´µ£µÎ ¸É¨Î´Ò¥
¸¨¸É¥³Ò, ¢±²ÕÎ Ö ³ ±·µ¸±µ¶¨Î¥¸±¨¥. �É¨ ¶·µ¡²¥³Ò ¨§ÊÎ ²¨¸Ó ±·Ê¶´¥°Ï¨-
³¨ Ë¨§¨± ³¨ XX ¢¥± . �¥·¢Ò¥ · ¡µÉÒ ¡Ò²¨ ¶µ¸¢ÖÐ¥´Ò Ê· ¢´¥´¨Ö³ ¶¥·¥-
´µ¸ , ÎÉµ ¶µ§¢µ²¨²µ ¸Ëµ·³Ê²¨·µ¢ ÉÓ É¥·³µ¤¨´ ³¨Î¥¸±¨¥ ¸¢µ°¸É¢  ·¥²ÖÉ¨-

�¨¸.18. �·¥¤¸± § ´¨¥ § ¢¨¸¨³µ¸É¥° ¨´¢ ·¨ ´É´ÒÌ
¨´±²Õ§¨¢´ÒÌ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö  ´É¨¤¥°É·µ´µ¢
µÉ ¨³¶Ê²Ó¸  ¨ Ê£²  ¨Ì µ¡· §µ¢ ´¨Ö ¶·¨ Ô´¥·£¨ÖÌ
SPS (CERN)
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¢¨¸É¸±¨Ì ³´µ£µÎ ¸É¨Î´ÒÌ · §·¥¦¥´´ÒÌ ¸¨¸É¥³. � §· ¡µÉ±  ±¢ ´Éµ¢µ-³¥Ì -
´¨Î¥¸±µ£µ µ¶¨¸ ´¨Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì ³´µ£µÎ ¸É¨Î´ÒÌ ¸¨¸É¥³ Å ±¢ ´Éµ¢µ°
É¥µ·¨¨ ¶µ²Ö ¨, µ¸µ¡¥´´µ, ¸É ´¤ ·É´µ° ³µ¤¥²¨ ¸µ§¤ ²  ¢¶¥Î É²¥´¨¥ µ § ¢¥·-
Ï¥´´µ¸É¨ ËÊ´¤ ³¥´É ²Ó´µ° ´ Ê±¨ ¢ ÔÉµ° µ¡² ¸É¨. �£·µ³´Ò° Ê¸¶¥Ì ±¢ ´Éµ-
¢µ° É¥µ·¨¨ ¶µ²Ö ¢ µ¶¨¸ ´¨¨ Ö¢²¥´¨° ³¨±·µ³¨·  µ¡Ê¸²µ¢²¥´ µ¸µ§´ ´¨¥³
ËÊ´¤ ³¥´É ²Ó´µ° ·µ²¨ ¶·¨´Í¨¶  ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨ ¶·¨ ¶µ²-
´µ³ µ¶·¥¤¥²¥´¨¨ £ ³¨²ÓÉµ´¨ ´µ¢ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¶µ²¥°.

‚ ´ ¸ÉµÖÐ¥° ¸É ÉÓ¥ ³Ò ¶µ¤Î¥·±¨¢ ¥³, ÎÉµ ¢ µ¸´µ¢¥ ¤¥¤Ê±É¨¢´µ£µ ¶µ²Ê-
Î¥´¨Ö § ±µ´µ¢ ¶·¨·µ¤Ò ²¥¦ É ́ ¥ Éµ²Ó±µ ¸¨³³¥É·¨¨ £ ³¨²ÓÉµ´¨ ´µ¢. ®ƒ ·-
³µ´¨Ö ̈  · Í¨µ´ ²Ó´Ò° ¶µ·Ö¤µ±¯ ³¨·  ¢ §´ Î¨É¥²Ó´µ° ¸É¥¶¥´¨ µ¡Ê¸²µ¢²¥´Ò
¸¨³³¥É·¨¥° ·¥Ï¥´¨°, É.¥. ¸¨³³¥É·¨¥° ¸ ³¨Ì § ±µ´µ¢ ¶·¨·µ¤Ò. Œ´µ£¨¥ ¨§
´¨Ì ́ ¥ Ö¢²ÖÕÉ¸Ö ¸²¥¤¸É¢¨Ö³¨ £ ³¨²ÓÉµ´µ¢¸±µ£µ ³¥Éµ¤ ,   µ¡´ ·Ê¦¨¢ ÕÉ¸Ö ¢
·¥§Ê²ÓÉ É¥ Ô±¸¶¥·¨³¥´É ²Ó´µ° ¶·µ¢¥·±¨ ¤µ¶µ²´¨É¥²Ó´ÒÌ ¸¢µ°¸É¢ ¸¨³³¥É-
·¨¨, ´¥ ¢ÒÉ¥± ÕÐ¨Ì ¨§ ¸¨³³¥É·¨¨ £ ³¨²ÓÉµ´¨ ´µ¢.

‚ · §¤.2 ¶·µ¤¥³µ´¸É·¨·µ¢ ´Ò ´¥±µÉµ·Ò¥ § ±µ´Ò ³¥Ì ´¨±¨ ¸¶²µÏ´ÒÌ
¸·¥¤, ±µÉµ·Ò¥ ¶µ²ÊÎ¥´Ò ¡¥§ ̈ ¸¶µ²Ó§µ¢ ´¨Ö £ ³¨²ÓÉµ´µ¢¸±µ£µ ³¥Éµ¤ , ̈  ¶·¨-
³¥´¥´Ò ³¥Éµ¤Ò ¸¨³³¥É·¨¨ ·¥Ï¥´¨° ¤²Ö µ¡´ ·Ê¦¥´¨Ö § ±µ´µ¢ ·¥²ÖÉ¨¢¨¸É-
¸±µ° Ë¨§¨±¨.

Œ¥Éµ¤Ò ¸¨³³¥É·¨¨ ·¥Ï¥´¨° ¸µ¸ÉµÖÉ ¢ ¸²¥¤ÊÕÐ¥³.
1. ‚Ò¤¥²ÖÕÉ¸Ö ¶ · ³¥É·Ò, µ¶¨¸Ò¢ ÕÐ¨¥ ¶·µ¡²¥³Ê, Å ¶·µ¸É· ´¸É¢µ

µ¶·¥¤¥²ÖÕÐ¨Ì ¶ · ³¥É·µ¢.
2. “¸³ É·¨¢ ¥É¸Ö, Ê£ ¤Ò¢ ¥É¸Ö ¸¨³³¥É·¨Ö ÔÉµ£µ ¶·µ¸É· ´¸É¢  ¨ µ¶·¥¤¥-

²ÖÕÉ¸Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¨´¢ ·¨ ´ÉÒ.
3. ‡ ±µ´Ò ¶·¨·µ¤Ò · ¸¸³ É·¨¢ ÕÉ¸Ö ± ± ̧ µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ̈ ´¢ ·¨ ´-

É ³¨. Œ É¥³ É¨Î¥¸±¨° Ö§Ò± ̧ ¨³³¥É·¨¨ Å É¥µ·¨Ö £·Ê¶¶ Å ¶·¨ ÔÉµ³ ´¥µ¡Ò-
Î °´µ ÔËË¥±É¨¢¥´.

4. ˆ¸¶µ²Ó§ÊÕÉ¸Ö ¤µ¶µ²´¨É¥²Ó´Ò¥ ¶·¨´Í¨¶Ò: ¶·¨´Í¨¶ µ¸² ¡²¥´¨Ö ±µ·-
·¥²ÖÍ¨¨ (· §¤.3), ¶·µ³¥¦ÊÉµÎ´ Ö  ¸¨³¶ÉµÉ¨± , £¨¶µÉ¥§  µ¡  ´ ²¨É¨Î´µ¸É¨
Ë¨§¨Î¥¸±¨Ì § ±µ´µ¢, ²µ± ²Ó´ Ö  ¢Éµ³µ¤¥²Ó´µ¸ÉÓ (· §¤.4).

‚ ¸²ÊÎ ¥ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¨ µ¶·¥¤¥²ÖÕÐ¨³¨ ¶ · ³¥É· ³¨
Ö¢²ÖÕÉ¸Ö ¸¥Î¥´¨Ö, ¶·µ¨§¢µ¤´Ò¥ µÉ ´¨Ì ¢¥²¨Î¨´Ò ¨ ¨´¢ ·¨ ´É´Ò¥ ¡¥§· §-
³¥·´Ò¥ ¨´É¥·¢ ²Ò (· ¸¸ÉµÖ´¨Ö) ¢ ¶·µ¸É· ´¸É¢¥ µÉ´µ¸¨É¥²Ó´ÒÌ 4-¸±µ·µ¸É¥°:

bik = − (Ui − Uk)
2 = 2[(UiUk) − 1] = 2 







 
Ei Ek − pipk

mi mk
 − 1 







 = 2[ch ρik − 1].

— ¸É¨ÍÒ i ¨ k, ¢Ìµ¤ÖÐ¨¥ ¢  ´¸ ³¡²Ó, · ¸¸³ É·¨¢ ÕÉ¸Ö ± ± Ô²¥³¥´É ·´Ò¥ ¢
¸µµÉ¢¥É¸É¢¨¨ ¸ ±·¨É¥·¨¥³ (1). —¨¸²µ ¶ · ³¥É·µ¢ bik = N(N − 1) 6 2. ’ ±µ¥

¡µ²ÓÏµ¥ Î¨¸²µ ¨§³¥·¨³ÒÌ ¶ · ³¥É·µ¢ É·¥¡Ê¥É ¤ ²Ó´¥°Ï¨Ì ¶µ¨¸±µ¢ ®£ ·-
³µ´¨¨¯ ¨ ¶·µ¸ÉµÉÒ. � ¨¡µ²¥¥ ¶µ²´µ¥ µ¶¨¸ ´¨¥ ±µ´¥Î´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤¥·-
´ÒÌ ¸Éµ²±´µ¢¥´¨° ¸¢Ö§ ´µ ¸ É·¨ ´£Ê²ÖÍ¨¥° ¨ ¶µ¸É·µ¥´¨¥³ ³´µ£µ£· ´´¨±µ¢
(¶µ²¨Ô¤·µ¢) ¢ ¶·µ¸É· ´¸É¢¥ ¸±µ·µ¸É¥° (¸³. [15]). �¤´ ±µ ¤ ´´Ò° ¶µ¤Ìµ¤ ±
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¶µ¨¸±Ê ´µ¢ÒÌ § ±µ´µ³¥·´µ¸É¥° Ê ·¥²ÖÉ¨¢¨¸É¸±¨Ì ³´µ£µÎ ¸É¨Î´ÒÌ ¸¨¸É¥³
¶µ±  ´¥ ´ Ï¥² ¸¢µ¥£µ ¶·¨³¥´¥´¨Ö ¶·¨ µ¡· ¡µÉ±¥ ¶µ²ÊÎ¥´´ÒÌ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ ¤ ´´ÒÌ.

Š·Ê¶´Ò³ Ï £µ³ ¢ µ¡´ ·Ê¦¥´¨¨ § ±µ´µ³¥·´µ¸É¥° ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·-
´µ° Ë¨§¨±¨ ¸É ²  Ëµ·³Ê²¨·µ¢±  ¶·¨´Í¨¶  µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨° ¢ ¶·µ¸É-
· ´¸É¢¥ ¸±µ·µ¸É¥° (· §¤.3). � ¨¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò³ ¡Ò²µ µ¡´ ·Ê¦¥´¨¥
 ¸¨³¶ÉµÉ¨Î¥¸±µ£µ Ì · ±É¥·  § ±µ´µ³¥·´µ¸É¥° ¶·¨ bik → ∞. �Éµ ¶µ§¢µ²¨²µ

¢¢¥¸É¨ ¶µ´ÖÉ¨¥ ±² ¸É¥·µ¢, ¶µ± § ÉÓ, ÎÉµ ¶·¨ ¡µ²ÓÏ¨Ì bik ±² ¸É¥·Ò ¶¥·¥Ìµ-

¤ÖÉ ¢ ¸É·Ê¨. “´¨¢¥·¸ ²Ó´µ¸ÉÓ ¸¢µ°¸É¢ ±² ¸É¥·µ¢ ¶µ§¢µ²¨² , ¢ ¸¢µÕ µÎ¥·¥¤Ó,
¢¢¥¸É¨ ¶µ´ÖÉ¨¥ ²µ± ²Ó´µ°  ¢Éµ³µ¤¥²Ó´µ¸É¨,   ¨§ÊÎ¥´¨¥ · ¸¸ÉµÖ´¨° (¨´É¥·-
¢ ²µ¢) ³¥¦¤Ê ±² ¸É¥· ³¨ bαβ ¤ ²µ ¢µ§³µ¦´µ¸ÉÓ ¸¢Ö§ ÉÓ µ¡´ ·Ê¦¥´´Ò¥ § ±µ-

´µ³¥·´µ¸É¨ c ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±µ° (¨§³¥·¨³µ¸ÉÓ Í¢¥É´µ£µ § ·Ö¤ ,
Ô±¸¶¥·¨³¥´É ²Ó´µ¥ ¤µ± § É¥²Ó¸É¢µ SUc(3), · §¤¥²Ó´µ¥ ̈ §ÊÎ¥´¨¥ ±¢ ·±µ¢ÒÌ ̈

£²Õµ´´ÒÌ ¸É·Ê° ¨ ¤·.).
�Î¥´Ó ¶²µ¤µÉ¢µ·´Ò³ µ± § ²µ¸Ó ¨¸¶µ²Ó§µ¢ ´¨¥ § ¨³¸É¢µ¢ ´´µ£µ ¨§

³¥Ì ´¨±¨ ¸¶²µÏ´ÒÌ ¸·¥¤ ¶µ´ÖÉ¨Ö ¶·µ³¥¦ÊÉµÎ´µ°  ¸¨³¶ÉµÉ¨±¨ (· §¤.3).
�¸µ¡¥´´µ ÔÉµ ± ¸ ¥É¸Ö Ê¶µ·Ö¤µÎ¥´¨Ö ¨´Ëµ·³ Í¨¨ µ ¡ ·¨µ´´ÒÌ ±² ¸É¥· Ì,
±µÉµ·Ò¥ ¸µ¸·¥¤µÉµÎ¥´Ò ¢ µ¡² ¸ÉÖÌ ¶·µ¸É· ´¸É¢  ¸±µ·µ¸É¥°, £¤¥ · ¸¶µ²µ-
¦¥´Ò ¸±µ·µ¸É¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥·. ‚ÒÖ¸´¥´µ, ÎÉµ ¡ ·¨µ´´Ò¥ ±² ¸É¥·Ò
(¸É·Ê¨) ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ³ ±¸¨³ ²Ó´µ ¤µ¸É¨¦¨³Ò¥ ¢ Ö¤¥·´ÒÌ ¸Éµ²±´µ-
¢¥´¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö Ö¤¥·´µ° ³ É¥·¨¨. � §³¥·Ò ±² ¸É¥·µ¢ 〈bk〉 ¨ ¨Ì · ¸¶·¥-

¤¥²¥´¨Ö ¢ ¶·µ¸É· ´¸É¢¥ ¸±µ·µ¸É¥° ¶o bαβ  ¸¨³¶ÉµÉ¨Î¥¸±¨ ´¥ § ¢¨¸ÖÉ µÉ

Ô´¥·£¨¨ ¸Éµ²±´µ¢¥´¨Ö. ˆ§ µ¡´ ·Ê¦¥´´µ£µ  ¸¨³¶ÉµÉ¨Î¥¸±µ£µ Ì · ±É¥· 
§ ¢¨¸¨³µ¸É¨ c¥Î¥´¨° µÉ ̈ ´¢ ·¨ ´Éµ¢ bik ³µ¦´µ ̈ §¢²¥ÎÓ ³´µ£µ ¶·¥¤¸± § ´¨°

¤²Ö ¶² ´¨·Ê¥³ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ Ö¤¥·´Ò³ ¸Éµ²±´µ¢¥´¨Ö³ ¢¶²µÉÓ ¤µ ±µ²-
² °¤¥·´ÒÌ Ô´¥·£¨°.

�´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ± § ², ÎÉµ ±² ¸É¥·Ò · ¸¶µ² £ ÕÉ-
¸Ö ¢ ³ ²µ° µ±·¥¸É´µ¸É¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥· bIα < 5, bIIα < 5. ’ ±¨³ µ¡· -

§µ³, ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨§ÊÎ¥´¨Ö ¸¨²Ó´µ¢µ§¡Ê¦¤¥´´µ° Ö¤¥·´µ° ³ É¥-
·¨¨ ¤µ¸É ÉµÎ´µ ¶·µ¢¥¤¥´¨Ö ̈ ¸¸²¥¤µ¢ ´¨° ¸ ¶ÊÎ± ³¨ Ö¤¥· ¶·¨ ±¨´¥É¨Î¥¸±µ°
Ô´¥·£¨¨ ≈ 5 A ƒÔ‚. �·¨ ¡µ²¥¥ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ, ¢±²ÕÎ Ö ±µ²² °¤¥·´Ò¥,
·¥ ²¨§Ê¥É¸Ö  ¸¨³¶ÉµÉ¨Î¥¸±¨° ·¥¦¨³ Å ± ·É¨´  ¸¨²Ó´µ¢µ§¡Ê¦¤¥´´µ° Ö¤¥·-
´µ° ³ É¥·¨¨ ´¥ § ¢¨¸¨É µÉ Ô´¥·£¨¨ ¸Éµ²±´µ¢¥´¨Ö.

�¥¸³µÉ·Ö ´  Éµ, ÎÉµ ¶¥·¥Î¨¸²¥´´Ò¥ ¢Ò¢µ¤Ò µ¸´µ¢ ´Ò ´  É ±¨Ì µ¡Ð¨Ì
¶·¨´Í¨¶ Ì, ± ± ¶·¨´Í¨¶ µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨° ¨  ¢Éµ³µ¤¥²Ó´µ¸ÉÓ ¢Éµ-
·µ£µ ·µ¤ , Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¶·µ¢¥·±  ¨Ì ¢ ¦´ . ‘µ¶µ¸É ¢²¥´¨¥ ± ·É¨´

Ö¤·µ-Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨° ¶·¨ bI II ≈ 10 ¨ ¶·¨ bI II ≈ 104 ÷ 106 ¤µ²¦´µ ¢Ò-

Ö¢¨ÉÓ ²µ£ ·¨Ë³¨Î¥¸±¨¥ µÉ±²µ´¥´¨Ö µÉ ¶·µ¸ÉÒÌ  ¸¨³¶ÉµÉ¨Î¥¸±¨Ì § ±µ´µ-
³¥·´µ¸É¥°.
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�´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶·¨ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ´  ̧ ¥£µ¤´ÖÏ´¨°
¤¥´Ó Ô´¥·£¨ÖÌ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í ¶µ± § ², ÎÉµ § ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨° µÉ
¸·¥¤´¥£µ ¨´É¥·¢ ²  ³¥¦¤Ê Í¥´É· ³¨ ±² ¸É¥·µ¢-¸É·Ê° ¨³¥¥É ¸É¥¶¥´´ÊÕ § ¢¨-

¸¨³µ¸ÉÓ: 
dN

dbαβ
 = 

A

bαβ
n

 , ±µ´¸É ´É  n = 3 ¸ 10% ÉµÎ´µ¸ÉÓÕ.

‚¥¸Ó³  ¶·µ¤Ê±É¨¢´Ò³ µ± § ²µ¸Ó ¢¢¥¤¥´¨¥ ¶¥·¥³¥´´ÒÌ, Ì · ±É¥·¨§ÊÕ-
Ð¨Ì ÔËË¥±É¨¢´µ¥ Î¨¸²µ ´Ê±²µ´µ¢ XI ¨ XII, ¶·¨´¨³ ÕÐ¨Ì ÊÎ ¸É¨¥ ¢ ·¥ ±-

Í¨¨ ¸Éµ²±´µ¢¥´¨Ö Ö¤¥·. �Ê±²µ´Ò ¢ ¶µ±µÖÐ¥³¸Ö Ö¤·¥ ¤¢¨¦ÊÉ¸Ö ¸ µÉ´µ¸¨-

É¥²Ó´Ò³¨ ¸±µ·µ¸ÉÖ³¨ bik ≤ 10−2, É.¥. ̧ µ£² ¸´µ ±·¨É¥·¨Õ (1) ̧ µÌ· ´ÖÕÉ ̧ ¢µÕ

¨´¤¨¢¨¤Ê ²Ó´µ¸ÉÓ, ÎÉµ ¨ µ¡ÑÖ¸´Ö¥É Ê¸¶¥Ì ¶·µÉµ´-´¥°É·µ´´µ° ³µ¤¥²¨ Ö¤· .
‚ µ¡² ¸É¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¸Éµ²±´µ¢¥´¨° bI II >> bik , É.¥. ³µ¦´µ ¶·¥´¥-

¡·¥ÎÓ · §²¨Î¨¥³ ¢ µÉ´µ¸¨É¥²Ó´ÒÌ ¸±µ·µ¸ÉÖÌ µÉ¤¥²Ó´ÒÌ ´Ê±²µ´µ¢ ¢ Ö¤·¥.
ˆ³¶Ê²Ó¸ ÔËË¥±É¨¢´µ£µ Î¨¸²  ´Ê±²µ´µ¢ ¢ Ö¤·¥ I, ¶·¨´¨³ ÕÐ¨Ì ÊÎ ¸É¨¥ ¢
·¥ ±Í¨¨, ̈ ³¥¥É ¢¨¤ XIm0uI, £¤¥ uI Å ̧ ±µ·µ¸ÉÓ Ö¤·  I ± ± Í¥²µ£µ, m0 Å ³ ¸¸ 

µ¤´µ£µ ´Ê±²µ´ . ‚¥²¨Î¨´Ò X1 ¨ X2 ¸É ´µ¢ÖÉ¸Ö ¨§³¥·¨³Ò³¨, ¥¸²¨ ¶·¨´ÖÉÓ

£¨¶µÉ¥§Ê µ ³¨´¨³ ²Ó´µ¸É¨ ³ ¸¸Ò m0
2(uIXI + uIIXII)

2 ¨ ÊÎ¥¸ÉÓ § ±µ´ ¸µÌ· -

´¥´¨Ö 4-¨³¶Ê²Ó¸ : m0(uIXI + uIIXII) = ∑ Pi .

�ËË¥±É¨¢´µ¥ Î¨¸²µ ´Ê±²µ´µ¢ ¡Ò²µ ¨¸¶µ²Ó§µ¢ ´µ ´  · ´´¥³ ÔÉ ¶¥
¶·¥¤¸± § ´¨Ö ¨ µ¡´ ·Ê¦¥´¨Ö ±Ê³Ê²ÖÉ¨¢´µ£µ ÔËË¥±É . ‚ ¤ ²Ó´¥°Ï¥³ ¢¢¥-

¤¥´¨¥ ¥¤¨´µ£µ ¨´¢ ·¨ ´É´µ£µ ¶ · ³¥É·  ¶µ¤µ¡¨Ö Π = 
1
2
 (X1

 2 + X2
 2 +

+ 2X1X2γ12)16 2 ¨ ¨¸¶µ²Ó§µ¢ ´¨¥ ¢ÒÎ¨¸²Ö¥³ÒÌ X1 ¨ X2 ¤²Ö ¥¤¨´µ° ¶ · ³¥É-

·¨§ Í¨¨ A-§ ¢¨¸¨³µ¸É¥° ¶µ§¢µ²¨²µ ±µ²¨Î¥¸É¢¥´´µ µ¶¨¸ ÉÓ, ±·µ³¥ ±Ê³Ê²Ö-
É¨¢´µ£µ ÔËË¥±É , £²Ê¡µ±µ¶µ¤¶µ·µ£µ¢Ò¥, µ±µ²µ¶µ·µ£µ¢Ò¥ Ö¢²¥´¨Ö ¨ µ¡· §µ-
¢ ´¨¥  ´É¨³ É¥·¨¨ ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ (· §¤.4).

�¢Éµ³µ¤¥²Ó´µ¥ ·¥Ï¥´¨¥

E 
d 3σ
d 3p

 = C
1
A

1

α(X
1
)
 A

2

α(X
2
)
f (Π)

µ¶¨¸Ò¢ ¥É · §´µµ¡· §´Ò¥ Ö¤¥·´Ò¥ ·¥ ±Í¨¨ ¶·¨ ¨§³¥´¥´¨¨ ¸¥Î¥´¨Ö ´  ¢µ-
¸¥³Ó ¶µ·Ö¤±µ¢ ¢¥²¨Î¨´Ò. �¤´ ±µ µ¶·¥¤¥²¥´¨¥ £· ´¨Í ¥£µ ¸¶· ¢¥¤²¨¢µ¸É¨
´Ê¦¤ ¥É¸Ö ¢ ¨¸¸²¥¤µ¢ ´¨¨. ‡ ¢¨¸¨³µ¸É¨ µÉ  Éµ³´ÒÌ ´µ³¥·µ¢ ¸É ²±¨¢ Õ-
Ð¨Ì¸Ö Ö¤¥·, µÉ ³´µ¦¥¸É¢¥´´µ¸É¥° ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¨ µÉ  ·µ³ Éµ¢ ·¥£¨¸É-
·¨·Ê¥³ÒÌ Î ¸É¨Í É ±¦¥ É·¥¡ÊÕÉ ¨§ÊÎ¥´¨Ö, ¢ µ¸µ¡¥´´µ¸É¨ ¤²Ö ·¥ ±Í¨° ¸
¶µ¶¥·¥Î´Ò³¨ ¨³¶Ê²Ó¸ ³¨ ¡µ²ÓÏ¥ 2,5 ƒÔ‚/¸.

Š ± ¢¨¤´µ ¨§ ¨§²µ¦¥´´µ£µ, ¶µ¤Ìµ¤ ± ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¥,
µ¸´µ¢ ´´Ò° ´  £¥µ³¥É·¨¨ ¶·µ¸É· ´¸É¢  ¸±µ·µ¸É¥° ¨ £¨¶µÉ¥§ Ì µ¡  ¸¨³¶-
ÉµÉ¨Î¥¸±µ³ Ì · ±É¥·¥ § ±µ´µ³¥·´µ¸É¥° ¢ ÔÉµ³ ¶·µ¸É· ´¸É¢¥, ¶µ§¢µ²Ö¥É Ê¶µ-
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·Ö¤µÎ¨ÉÓ µ£·µ³´Ò° Ô±¸¶¥·¨³¥´É ²Ó´Ò° ³ É¥·¨ ² ¨ ¸¤¥² ÉÓ ±µ²¨Î¥¸É¢¥´´Ò¥
¶·¥¤¸± § ´¨Ö.

Œ¥Éµ¤Ò ¸¨³³¥É·¨¨ ·¥Ï¥´¨° ¢¶¥·¢Ò¥ ¡Ò²¨ ¶·¨³¥´¥´Ò Š¥¶²¥·µ³ ¶·¨
¶µ¸É·µ¥´¨¨ ¥£µ §´ ³¥´¨ÉÒÌ § ±µ´µ¢ ¤¢¨¦¥´¨Ö ¶² ´¥É. �Éµ Ìµ·µÏµ ¨§¢¥¸É-
´µ. �¤´ ±µ ³¥´¥¥ ¨§¢¥¸É¥´ ¥£µ É· ±É É ®� Ï¥¸É¨Ê£µ²Ó´ÒÌ ¸´¥¦¨´± Ì¯, £¤¥
¢¶¥·¢Ò¥ ¸Ëµ·³Ê²¨·µ¢ ´  ¨¤¥Ö µ ¸¢Ö§¨ ¸¢µ°¸É¢ ±·¨¸É ²²µ¢ ¸ £¥µ³¥É·¨¥°.
�Éa ¢¥²¨± Ö ¨¤¥Ö ²¥¦¨É É ±¦¥ ¢ µ¸´µ¢¥ ¶µ¤Ìµ¤  ….‘.”¥¤µ·µ¢ , ¶µ²µ¦¨¢Ï¥-
£µ ́  Î ²µ ±² ¸¸¨Ë¨± Í¨¨ ±·¨¸É ²²µ¢ ¨ ³¨´¥· ²µ¢ § ¤µ²£µ ¤µ ¸µ§¤ ´¨Ö ·¥´É-
£¥´µ¸É·Ê±ÉÊ·´µ£µ  ´ ²¨§ . “¸É ´µ¢²¥´´Ò¥ ¥Ð¥ ¶·¨ ¦¨§´¨ ….‘.”¥¤µ·µ¢ 
¶·¨ ¶µ³µÐ¨ ÔÉµ£µ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ³¥Éµ¤   Éµ³´Ò¥ ¸É·Ê±ÉÊ·Ò ¸É·µ£µ
¶µ¤Î¨´ÖÕÉ¸Ö Ë¥¤µ·µ¢¸±¨³ £·Ê¶¶ ³ ¸¨³³¥É·¨¨.

‹µ¡ Î¥¢¸±¨°, µÉ±·Ò¢ ´¥¥¢±²¨¤µ¢Ê £¥µ³¥É·¨Õ, ¶µ¸É ¢¨² ¶·µ¡²¥³Ê µ¶¨-
¸ ´¨Ö ´  ¥¥ µ¸´µ¢¥ ± ·É¨´Ò ³¨· . ƒ¨¶µÉ¥§  µ Éµ³, ÎÉµ ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ-
´¨ÖÌ ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ¸Éµ·µ´ ³¨ ¨ Ê£² ³¨ É·¥Ê£µ²Ó´¨±µ¢ ³µ£ÊÉ Ê¤µ¢²¥É-
¢µ·ÖÉÓ ´µ¢µ° £¥µ³¥É·¨¨, ´¥ ¶µ¤É¢¥·¤¨² ¸Ó ¢ ·¥§Ê²ÓÉ É¥  ´ ²¨§  ‹µ¡ Î¥¢-
¸±¨³  ¸É·µ´µ³¨Î¥¸±¨Ì ¤ ´´ÒÌ. �¤´ ±µ ¤²Ö µ¶¨¸ ´¨Ö ¸²µ¦´ÒÌ ¸¨¸É¥³ ¢
¶·µ¸É· ´¸É¢¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¸±µ·µ¸É¥° £¥µ³¥É·¨Ö ‹µ¡ Î¥¢¸±µ£µ µ± § ² ¸Ó
Ê¸¶¥Ï´µ ¶·¨³¥´¨³µ°.

�·¨³¥´¥´¨¥ £¥µ³¥É·¨¨ ¨ ³¥Éµ¤µ¢ ¸¨³³¥É·¨¨ ·¥Ï¥´¨° ¸µ¤¥·¦¨É ¡µ²Ó-
Ïµ° ¶µÉ¥´Í¨ ² µÉ±·ÒÉ¨° ´µ¢ÒÌ § ±µ´µ¢ ¶·¨·µ¤Ò ± ± ¢ ±² ¸¸¨Î¥¸±µ°, É ±
¨ ¢ ±¢ ´Éµ¢µ° Ë¨§¨±¥, ±µÉµ·Ò¥ ¢ ÔÉµ³ ¸³Ò¸²¥ Ö¢²ÖÕÉ¸Ö ̧ Éµ²Ó ¦¥ ËÊ´¤ ³¥´-
É ²Ó´Ò³¨ ´ Ê± ³¨, ± ± ±¢ ´Éµ¢ Ö É¥µ·¨Ö ¶µ²Ö ¨ Ë¨§¨±  Ô²¥³¥´É ·´ÒÌ
Î ¸É¨Í.

��ˆ‹�†…�ˆ…

�ÉµÉ · §¤¥² ¸µ¤¥·¦¨É ¸¢µ¤±Ê ¨ ±· É±µ¥ µ¶¨¸ ´¨¥ ¸µµÉ´µÏ¥´¨° ³¥¦¤Ê
¨´¢ ·¨ ´É ³¨ ¨ ¨§³¥·¨³Ò³¨ ¶ · ³¥É· ³¨ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¨.
‘µµÉ´µÏ¥´¨Ö ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò ¶·¨ µ¡· ¡µÉ±¥ ¤ ´´ÒÌ ¨ ¶² ´¨·µ-
¢ ´¨¨ Ô±¸¶¥·¨³¥´Éµ¢.

‚ ¸Éµ²±´µ¢¥´¨ÖÌ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· ÊÎ ¸É¢ÊÕÉ ± ± ´Ê±²µ´´Ò¥, É ± ¨
±¢ ·±-£²Õµ´´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò. —¨¸²µ ¶ · ³¥É·µ¢ § ¤ Î¨ Î·¥§¢ÒÎ °´µ
¢¥²¨±µ, ¶µÔÉµ³Ê ¢Ò¤¥²¥´¨¥ ¶ · ³¥É·µ¢ ¶µ¤µ¡¨Ö (¨´¢ ·¨ ´Éµ¢) µ¸µ¡¥´´µ
 ±ÉÊ ²Ó´µ. �¶·¥¤¥²ÖÕÐ¨³¨ ¶ · ³¥É· ³¨ § ¤ Î¨ ¤²Ö ¶·µÍ¥¸¸µ¢

I + II → n
1
C

1
 + n

2
C

2
 + Á + nj Cj (�.1)

Ö¢²ÖÕÉ¸Ö pi , mi Å 4-¨³¶Ê²Ó¸Ò ¨ ³ ¸¸Ò Î ¸É¨Í, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥ ±Í¨¨

(i = I, II, 1, 2,...). Š ´ ² ·¥ ±Í¨¨ § ¤ ¥É¸Ö ´ ¡µ·µ³ Î¨¸¥² n = {n1, n2,Á, nj },

£¤¥ ni Å Î¨¸²µ Éµ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í ¸µ·É  Ci .
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�¸´µ¢´Ò³¨ µ¶·¥¤¥²ÖÕÐ¨³¨ ¶ · ³¥É· ³¨ § ¤ Î¨ Ö¢²ÖÕÉ¸Ö ¸¥Î¥´¨Ö ¨
¶·µ¨§¢µ¤´Ò¥ µÉ ´¨Ì ¢¥²¨Î¨´Ò.

C¥Î¥´¨¥ µ¸ÊÐ¥¸É¢²¥´¨Ö ± ´ ²  n ¨³¥¥É, ± ± ¨§¢¥¸É´µ, ¢¨¤

dσ = 
4π2

√(p
I
 p

II
)2 − m

I
2m

II
2

 δ(pf − p
I
 − p

II
) T n2 dτn,

dτn = ∏ 
i = 1

n

 
dp
Ei

 pf = ∑ 
l = 1

n
j

pl cj , (�.2)

£¤¥ T n Å  ³¶²¨ÉÊ¤  (S-³ É·¨Ía).
�µ²´µ¥ ¸¥Î¥´¨¥ ´¥Ê¶·Ê£¨Ì ¶·µÍ¥¸¸µ¢

σin = ∑ 
n

∫ dσ
dτn

 dτn. (�.3)

‚¥·µÖÉ´µ¸ÉÓ µ¸ÊÐ¥¸É¢²¥´¨Ö ± ´ ²  n ¶µ µÉ´µÏ¥´¨Õ ±µ ¢¸¥³ µÉ±·ÒÉÒ³
± ´ ² ³:

Wn= 
1

σin
 ∫ dσ

dτn
 dτn,     ∑ Wn = 1. (�.4)

‘µµÉ¢¥É¸É¢ÊÕÐ Ö ¶²µÉ´µ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ · ¢´ 

dWn

dτn
 = 

1
σin

 
dσ
dτn

 . (�.5)

�²µÉ´µ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ ¶µ µÉ´µÏ¥´¨Õ ± ± ´ ²Ê n:

1

W n
 
dWn

dτn
 . (�.6)

‚¥²¨Î¨´Ò (�.3), (�.4), (�.5) ¶µ§¢µ²ÖÕÉ µ¶·¥¤¥²¨ÉÓ ¸·¥¤´¥¥ §´ Î¥´¨¥ µ¶·¥-
¤¥²ÖÕÐ¨Ì ¶ · ³¥É·µ¢, µÉ ±µÉµ·ÒÌ § ¢¨¸¨É ¸¥Î¥´¨¥ (¨³¶Ê²Ó¸Ò, Î¨¸²µ Î ¸-
É¨Í, ±¢ ´Éµ¢Ò¥ Î¨¸² , Ì · ±É¥·¨§ÊÕÐ¨¥ Ci Å ¸µ·É Î ¸É¨Í). � ¶·¨³¥·,

¸·¥¤´¥¥ Î¨¸²µ Î ¸É¨Í ¢¨¤  Ci :

〈ni 〉 = ∑ 
n

ni Wn. (�.7)

ˆ¸Ìµ¤Ö ¨§ 
dσn

dτn
 , ³µ¦´µ µ¶·¥¤¥²¨ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¶µ ³¥´ÓÏ¥-

³Ê Î¨¸²Ê ¶¥·¥³¥´´ÒÌ:
dσn

dτm
 = ∫ dτn − m 

dσn

dτn
 , (�.8)

£¤¥ m = (m1,Á, mj ) ¨ 0 < mj ≤ n.
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�.�.‹µ£Ê´µ¢Ò³ ¨ ¸µÉ·Ê¤´¨± ³¨ (¸³. µ¡§µ· [14] ¨ Í¨É¨·Ê¥³ÊÕ É ³ ²¨É¥-
· ÉÊ·Ê) ¡Ò²µ ¢¢¥¤¥´µ ¶µ´ÖÉ¨¥ ¨´±²Õ§¨¢´ÒÌ ¶·µÍ¥¸¸µ¢. …¸²¨ ¸²¥¤¨ÉÓ §  ´¥-
±µÉµ·Ò³ Ë¨±¸¨·µ¢ ´´Ò³ ´ ¡µ·µ³ Î ¸É¨Í mC = m1C1 + Á + mj Cj ¢ ±µ´¥Î-

´µ³ ¸µ¸ÉµÖ´¨¨ ·¥ ±Í¨¨

I + II → mC + X, (�.9)

Éµ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¨³¥¥É ¢¨¤

dσmCX

dτm
 = ∑ 

n ≥ m

 
dσn

dτn
 . (�.10)

ˆ´É¥£·¨·ÊÖ, ¶µ²ÊÎ¨³ ¶µ²´µ¥ ¸¥Î¥´¨¥ ¨´±²Õ§¨¢´µ£µ ¶·µÍ¥¸¸ :

σmCX = ∑ σn.

— ¸É´Ò° ¸²ÊÎ ° m = (0, 0,Á, 0) ¸µµÉ¢¥É¸É¢Ê¥É ¶µ²´µ³Ê ¸¥Î¥´¨Õ

σtot = ∑ 

n

σn.

‚¥²¨Î¨´  ∑ 
n ≥ m

 
dW m

dτn
 = ρmCX Ö¢²Ö¥É¸Ö ¶²µÉ´µ¸ÉÓÕ ¢¥·µÖÉ´µ¸É¨ · ¸¶·¥¤¥-

²¥´¨Ö ¨³¶Ê²Ó¸µ¢ Î ¸É¨Í ¸¨¸É¥³Ò mC, ¤¥É¥±É¨·Ê¥³µ° ¢ ¨´±²Õ§¨¢´µ³ ¶·µ-
Í¥¸¸¥ (�.9):

∫ dτmρmCX = 1.

‘·¥¤´¥¥ §´ Î¥´¨¥ ±µ³¶µ´¥´ÉÒ ¨³¶Ê²Ó¸  ¤¥É¥±É¨·Ê¥³µ° Î ¸É¨ÍÒ ¢¨¤  C:

〈pC
ν〉 = ∫ dτC pC

ν  ρmCX . (�.11)

Œµ¦´µ µ¶·¥¤¥²¨ÉÓ ¸·¥¤´ÕÕ ¶²µÉ´µ¸ÉÓ Î ¸É¨Í ¢¨¤  C ¢ ¨³¶Ê²Ó¸´µ³

¶·µ¸É· ´¸É¢¥ 
dnC

dτC
 (¸³. [14]):

∫  
dnC

dτC
 dτC = nC .

�¡Ð¨° ¸²ÊÎ °

d 

 

n!
(n − m)! 





dτm
 = 

n!
(n − m)! ∫ dτn − m 

1
Wn

 
dWn

dτn
 ,

∫ dτm 

d 


 

n!
(n − m)! 





dτm
 = 

n!
(n − m)!

(�.12)

µ¶·¥¤¥²Ö¥É¸Ö ± ± ¨´±²Õ§¨¢´Ò° ¸¶¥±É· ¤²Ö ¶·µÍ¥¸¸  (�.9):
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fmCX = ∑ 
n

n!
(n − m)! 

dσn

dτm
(�.13)

¸ ´µ·³¨·µ¢±µ°

∫ dτmfmCX = 〈 n!
(n − m)! 〉 σmCX.

�¶¨¸ ´´Ò¥ ¢ÒÏ¥ ¨§³¥·¨³Ò¥ ¨´¢ ·¨ ´É´Ò¥ ¢¥²¨Î¨´Ò Wn, ρ, fmCX ¨

¶·µ¨§¢µ¤´Ò¥ µÉ ´¨Ì § ¢¨¸ÖÉ µÉ É·¥Ì³¥·´ÒÌ ¨³¶Ê²Ó¸µ¢ pi ¨ Ô´¥·£¨° Ei ,

±µÉµ·Ò¥ ¸¢Ö§ ´Ò ¨§¢¥¸É´Ò³ ¸µµÉ´µÏ¥´¨¥³

Ei
 2 − pi

2 = mi
2, (�.14)

¨²¨, ¢¢µ¤Ö 4-¸±µ·µ¸É¨, ¶µ²ÊÎ ¥³

(Ui
 0)2 − (Ui)

2 = 1. (�.15)

Šµ³¶µ´¥´ÉÒ Ui
 0 = Ei 6 mi ; Ui = pi6 mi · ¸¸³ É·¨¢ ÕÉ¸Ö ± ± ¤¥± ·Éµ¢Ò ±µµ·-

¤¨´ ÉÒ ¢ Î¥ÉÒ·¥Ì³¥·´µ³ ¶·µ¸É· ´¸É¢¥ (±µ´¥Î´Ò¥ ÉµÎ±¨ 4-¢¥±Éµ·µ¢).
‡  ´ Î ²Ó´ÊÕ ÉµÎ±Ê ³µ¦¥É ¡ÒÉÓ ¶·¨´ÖÉ  ²Õ¡ Ö ÉµÎ±  ¶·µ¸É· ´¸É¢ 

¸±µ·µ¸É¥°. ‚ ²¨É¥· ÉÊ·¥ §  ´ Î ²Ó´ÊÕ ÉµÎ±Ê µ¡ÒÎ´µ ¶·¨´¨³ ¥É¸Ö UI ¨²¨

UII ¨, ¸µµÉ¢¥É¸É¢¥´´µ, ¨¸¶µ²Ó§ÊÕÉ¸Ö É ±¨¥ ±µµ·¤¨´ ÉÒ:

dτi = 
dpi

Ei
 = 

dpiT dpiL

Ei
 = 

dϕi piT dpiT dpiL

Ec
 = piT dpiT dϕi dyi ,     (�.16)

pL Å ¶·µ¥±Í¨Ö ¨³¶Ê²Ó¸  ́   µ¸Ó ·¥ ±Í¨¨; pT Å ¶·µ¥±Í¨Ö ¨³¶Ê²Ó¸  ́   ¶²µ¸-

±µ¸ÉÓ, ¶¥·¶¥´¤¨±Ê²Ö·´ÊÕ µ¸¨ ·¥ ±Í¨¨; y = 
1
2
 ln 

E + pL

E − pL
 Å ¶·µ¤µ²Ó´ Ö ¡Ò¸É-

·µÉ , Î ¸Éµ ¢Ò¢µ¤¨É¸Ö É ±¦¥ ®¶µ¶¥·¥Î´ Ö ³ ¸¸ ¯:

mT = √m2 + pT
2 ,     dmT

2 = dpT
 2;     e y = 

E + pL

mT
 ;

e− y = 
E − pL

mT
 ;    E = mT ch y;    pL = mT sh y. (�.17)

„Ê¡´¥´¸±¨¥ Ë¨§¨±¨ Ê¦¥ ¡µ²¥¥ 20 ²¥É ¨¸¶µ²Ó§ÊÕÉ ¨´¢ ·¨ ´É´Ò¥ ¡¥§· §-
³¥·´Ò¥ ¶µ²µ¦¨É¥²Ó´Ò¥ ¶¥·¥³¥´´Ò¥:

bik = − (Ui − Uk)
2 = 2[(UiUk) − 1] = 2 







 
Ei Ek − pi pk

mi mk
 − 1 







 .    (�.18)
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�É¨ ¨´¢ ·¨ ´ÉÒ Ö¢²ÖÕÉ¸Ö
µ¸´µ¢µ° ¤²Ö · ¸¸³µÉ·¥´¨Ö
¸¨³³¥É·¨¨ ±µ´¥Î´ÒÌ ¸µ¸ÉµÖ-
´¨° ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ°
Ë¨§¨±¨.

“¸²µ¢¨¥ (�.15) ¶µ§¢µ²Ö¥É
¢³¥¸Éµ 4-³¥·´µ£µ ¶·µ¸É· ´¸É¢ 
Œ¨´±µ¢¸±µ£µ ¢¢¥¸É¨ 3-³¥·´µ¥,
¢Ò· §¨¢ Î¥É¢¥·ÉÊÕ ±µµ·¤¨-

´ ÉÊ Î¥·¥§ É·¨ ¤·Ê£¨Ì: U0 =

= ± √1 + Ux
 2 + Uy

 2 + Uz
 2 . �Éµ

Ê· ¢´¥´¨¥ ¤¢ÊÌ¶µ²µ¸É´µ£µ £¨¶¥·¡µ²µ¨¤ . ˆ¸¶µ²Ó§Ê¥É¸Ö ¢¥·Ì´ÖÖ Î ¸ÉÓ
£¨¶¥·¡µ²µ¨¤ , ¸¥Î¥´¨¥ ±µÉµ·µ° ¶·¨ Uy = Uz = 0 ¨§µ¡· ¦¥´µ ´  ·¨¸.19. �·¨

¡µ²ÓÏ¨Ì ¸±µ·µ¸ÉÖÌ µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö £¨¶¥·¡µ²µ¨¤ ¸µ¢¶ ¤ ¥É ¸ ±µ-

´Ê¸µ³ U0 = ± √Ux
 2 + Uy

 2 + Uz
 2 , ±µÉµ·Ò° ´ §Ò¢ ¥É¸Ö c¢¥Éµ¢Ò³ ±µ´Ê¸µ³

(·¨¸.19). ‚¨¤´µ, ÎÉµ  ¸¨³¶ÉµÉ¨Î¥¸±¨¥ ·¥¦¨³Ò ´ ¸ÉÊ¶ ÕÉ ¶·¨ P6 m ≥ 5.

U
0
 = ch ρ;    U = sh ρ;    ρ = 

1
2
 ln 

E + p
E − p .

ƒ¥µ³¥É·¨Ö ´  ¶µ¢¥·Ì´µ¸É¨ £¨¶¥·¡µ²µ¨¤  Å £¥µ³¥É·¨Ö É·¥Ì³¥·´µ£µ
¶·µ¸É· ´¸É¢  ‹µ¡ Î¥¢¸±µ£µ Å  ´ ²µ£¨Î´  £¥µ³¥É·¨¨ ´  ¶µ¢¥·Ì´µ¸É¨
¸Ë¥·Ò. ˆ´É¥·¢ ² ³¥¦¤Ê ÉµÎ± ³¨ ´  ¶µ¢¥·Ì´µ¸É¨ ¸Ë¥·Ò § ¤ ´ ±µ¸¨´Ê¸µ³
Ê£²  ¡µ²ÓÏµ£µ ±·Ê£ , ¨´É¥·¢ ² ´  ¶µ¢¥·Ì´µ¸É¨ £¨¶¥·¡µ²µ¨¤  Å £¨¶¥·¡µ-
²¨Î¥¸±¨³ ±µ¸¨´Ê¸µ³ ¡Ò¸É·µÉÒ ρ. �·¨³¥´¥´¨Ö³ £¥µ³¥É·¨¨ ‹µ¡ Î¥¢¸±µ£µ ¢
Ë¨§¨±¥, ³¥Ì ´¨±¥ ¨ É¥µ·¨¨ £· ¢¨É Í¨¨ ¶µ¸¢ÖÐ¥´Ò ³´µ£µ²¥É´¨¥ ¨¸¸²¥¤µ-
¢ ´¨Ö �.�.—¥·´¨±µ¢  (¸³. ´ ¶·¨³¥·, [42]). �É¨ ¨¸¸²¥¤µ¢ ´¨Ö µ± § ²¨ ¸ÊÐ¥-
¸É¢¥´´µ¥ ¢²¨Ö´¨¥ ´  ´ ÊÎ´Ò¥ ¶·µ£· ³³Ò �ˆŸˆ.

‘¢Ö§Ó ÔÉµ£µ ¨´É¥·¢ ²  ¸ (�.18) ¨³¥¥É ¢¨¤

bik = 2[(Ui Uk) − 1] = 2[ch ρik − 1].

‚ ²Õ¡µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É ¸¢Ö§Ó ÔÉ¨Ì ¨´¢ ·¨ ´Éµ¢ · ¢´ 

(Ui Uk) = ch ρik = Ui
 0Uk

 0 − Ui Uk = ch ρi chρk − sh ρi sh ρk cos θik .      (�.19)

C¢Ö§Ó ¸ ¶¥·¥³¥´´Ò³¨ (�.17) ´¥É·Ê¤´µ ¶µ²ÊÎ¨ÉÓ: ch ρIk =

= 
mT

m
 ch (yI − yk), ch ρIIk = 

mT

m
 ch (yII − yk), ´ ¶·¨³¥·, ¢ ¸¨¸É¥³¥ ¶µ±µÖ UI = 0:

�¨¸.19
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ch ρik = ch yk 
mk

T

mk
 .

‚¢µ¤Ö ¶¥·¥³¥´´ÊÕ 
mk

T

m
 = ch ξ, ¶µ²ÊÎ ¥³ É¥µ·¥³Ê �¨Ë £µ·  ¢ ¶·µ¸É· ´¸É¢¥

‹µ¡ Î¥¢¸±µ£µ, ±µÉµ· Ö ¢ µ¡² ¸É¨ ρ << 1 ¶¥·¥Ìµ¤¨É ¢ ρ2 = y2 + ξ2 Å É¥µ-
·¥³Ê �¨Ë £µ·  ¢ ¶·µ¸É· ´¸É¢¥ …¢±²¨¤ . Œ¥É·¨±  ÔÉµ£µ ¶·µ¸É· ´¸É¢  Å
É·¥Ì³¥·´µ£µ ¶·µ¸É· ´¸É¢  ‹µ¡ Î¥¢¸±µ£µ Å ¢ ¸Ë¥·¨Î¥¸±¨Ì ±µµ·¤¨´ É Ì
¨³¥¥É ¢¨¤

g11 = 1,    g22 = 
1

sh2 ρ
 ;    g33 = 

1

sh2 ρ sin2 Θ
 ,

g
11

 = 1,    g
22

 = sh2 ρ;    g
33

 = sh2 ρ sin2 Θ,

D√‖ gik‖  = sh2 ρ sin Θ, (�.20)

¨²¨ gik = 0 ¶·¨ i ≠ k,

db = − (dU 0)2 + (dU)2 = dρ2 + sh2 ρ (sin Θdϕ2 + dΘ2). (�.21)

‡¤¥¸Ó Θ ¨ ϕ Å ¶µ²Ö·´Ò¥ Ê£²Ò.
ˆ´¢ ·¨ ´É´Ò¥ Ô²¥³¥´ÉÒ Ë §µ¢µ£µ µ¡Ñ¥³  ¨³¥ÕÉ ¢¨¤

dτ = 
dp
E

 = m2 
dU

U 0
 = m2Ddρ dΘdϕ = 

m2

2
 √b + 

b2

4
 db sin ΘdΘdϕ.    (�.22)

‚ ´¥·¥²ÖÉ¨¢¨¸É¸±µ³ ¶·¥¤¥²¥ ρ << 1 Ëµ·³Ê²Ò £¥µ³¥É·¨¨ ‹µ¡ Î¥¢¸±µ£µ
¶¥·¥Ìµ¤ÖÉ ¢ ¨§¢¥¸É´Ò¥ Ëµ·³Ê²Ò £¥µ³¥É·¨¨ …¢±²¨¤ :

D = sh2 ρ sin Θ → ρ2 sin Θ.

‘µ¢µ±Ê¶´µ¸É¨ ÉµÎ¥± ¢ ¶·µ¸É· ´¸É¢¥ ¸±µ·µ¸É¥° µ¡· §ÊÕÉ ±² ¸É¥·Ò. –¥´É·Ò
±² ¸É¥·µ¢ µ¶·¥¤¥²ÖÕÉ¸Ö É ±:

Vα = 
∑ Uk

 α

√(∑ Uk
 α)2

 ,     Vβ = 
∑ Uj

 β

√(∑ Uj
 β)2

 ,... . (�.23)

Š² ¸É¥·Ò ³µ¦´µ ¢Ò¤¥²¨ÉÓ, ¥¸²¨ ¸·¥¤´¨° ¨´É¥·¢ ² ³¥¦¤Ê Í¥´É· ³¨ ±² ¸É¥-

·µ¢ bαβ = − (Vα − Uβ)2 ³´µ£µ ¡µ²ÓÏ¥ ¨´É¥·¢ ²µ¢ ³¥¦¤Ê Î ¸É¨Í ³¨ ¢´ÊÉ·¨
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±² ¸É¥·µ¢ bk = − (Vα − Uk)
2, bj = − (Vβ − Uj )

2. ‘µ£² ¸´µ ¶·¨´Í¨¶Ê µ¸² ¡²¥-

´¨Ö ±µ··¥²ÖÍ¨° ¶·¨ bαβ → ∞  ¸¨³¶ÉµÉ¨Î¥¸± Ö Ëµ·³  · ¸¶·¥¤¥²¥´¨° (±¢ ¤-

· Éµ¢ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢, ¨´±²Õ§¨¢´ÒÌ · ¸¶·¥¤¥²¥´¨°, ¸¥Î¥´¨°) · ¸¶ -
¤ ¥É¸Ö ´  ¶·µ¨§¢¥¤¥´¨Ö ¢¨¤ 

W(bαk, bαβ, bβk , Á) → W α W βÁ .

Œ´µ¦¨É¥²¨ W α, W β, W γ,Á ´¥ ¢¶µ²´¥ ´¥§ ¢¨¸¨³Ò. ‚¥²¨Î¨´Ò Ö¢²ÖÕÉ¸Ö
¸Éµ·µ´ ³¨ É·¥Ê£µ²Ó´¨±  ¢ ´¥¥¢±²¨¤µ¢µ³ ¶·µ¸É· ´¸É¢¥. �·¨ bαβ → ∞

¢ ¸¨¸É¥³¥ Vα = 0 ¨³¥¥³

bαβ = 2(Vβ
 0 − 1) → ∞,     bαk = 2(Uk

 0 − 1),

bβk → 2Vβ
 0(Uk

 0 − Uk
 L) = bαβ xk → ∞, (�.24)

£¤¥ xk Å ¶¥·¥³¥´´ Ö ¸¢¥Éµ¢µ£µ ±µ´Ê¸ : xk = Uk
 0 − Uk

 L = Uk
 0 −

− √(Uk
 0)2 − 1  cos θk . �·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¶·µ¸É· ´¸É¢  ¸±µ·µ¸É¥° ´¥µ¡Ìµ-

¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ £· ´¨ÍÒ ¨§³¥´¥´¨Ö ¨´É¥·¢ ²µ¢, ¸²¥¤ÊÕÐ¨¥ ¨§ ¸¢µ°¸É¢
¸ ³µ° £¥µ³¥É·¨¨. ˆ´É¥·¢ ²Ò ³¥¦¤Ê ²Õ¡Ò³¨ ¨§ É·¥Ì ÉµÎ¥± ¶·µ¸É· ´¸É¢ 
ch ρ

12
, ch ρ

13
 ¨ ch ρ

23
 ¸¢Ö§ ´Ò ¸µµÉ´µÏ¥´¨Ö³¨:

ch ρ
23

 = ch ρ
12

 ch ρ
13

 − sh ρ
12

 sh ρ
13

 cos θ
23

,    cos θ
23

 ≤ 1.

�É¸Õ¤  ¸²¥¤ÊÕÉ £· ´¨ÍÒ ¨§³¥´¥´¨Ö ¨´É¥·¢ ²  ch ρ23:

(ch ρ
23

)
min

max
 = ch ρ

12
 ch ρ

13
 ± sh ρ

12
 sh ρ

13
 = ch (ρ

12
 ± ρ

13
).

�¡Ñ¥¤¨´ÖÖ Ê¸²µ¢¨Ö cos θ
12

 ≤ 1; cos θ
13

 ≤ 1; cos θ
23

 ≤ 1, ¶µ²ÊÎ ¥³

Ê¸²µ¢¨¥ ¤²Ö £· ´¨Í ¨§³¥´¥´¨Ö ¶¥·¥³¥´´ÒÌ:

ch2 ρ
12

 + ch2 ρ
13

 + ch2 ρ
23

 − 2 ch ρ
12

 ch ρ
13

 ch ρ
23

 = 1,

¨²¨ ¢ ¶¥·¥³¥´´ÒÌ bik :

b
12
2  + b

13
2  + b

23
2  − b

12
b
13

b
23

 − 2(b
12

b
13

 + b
12

b
23

 + b
13

b
23

) = 0.

�Éµ Ê· ¢´¥´¨¥ £¥µ³¥É·¨Î¥¸±¨ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° £¨¶¥·¡µ²µ¨¤ ¢ ¸¨¸É¥³¥
±µµ·¤¨´ É b

12
, b

13
, b

23
, ¶µ¢¥·Ì´µ¸ÉÓ ±µÉµ·µ£µ ± ¸ ¥É¸Ö ±µµ·¤¨´ É´ÒÌ
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¶²µ¸±µ¸É¥° ¢¤µ²Ó ²¨´¨° b
12

 = b
13

, b
12

 = b
23

, b
13

 = b
23

. ‚ · ¤¨ ²Ó´ÒÌ ¡Ò¸É-

·µÉ Ì £· ´¨Í  ¢Ò· ¦ ¥É¸Ö µ¸µ¡¥´´µ ¶·µ¸Éµ:

(ρ
23

)
min

max
 = ρ

12
 ± ρ

13
;   (ρ

13
)
min

max
 = ρ

12
 ± ρ

23
;   (ρ

12
)
min

max
 = ρ

23
 ± ρ

13
.

�·¨´Í¨¶  ¢Éµ³µ¤¥²Ó´µ¸É¨ ¢Éµ·µ£µ ·µ¤  Ëµ·³Ê²¨·Ê¥É¸Ö É ±:

W(bαk, bαβ, bβk) → 
1

bαβ
n

 W α 






 bαβ 

bβk

bαβ
 






 ,      

bβk

bαβ
 → xk , (�.25)

xk Å ¶¥·¥³¥´´ Ö ¸¢¥Éµ¢µ£µ ±µ´Ê¸ . ƒ· ´¨ÍÒ ¶·¨³¥´¨³µ¸É¨ § ±µ´  (�.25)

¨ ¶µ± § É¥²Ó ¸É¥¶¥´¨ n µ¶·¥¤¥²ÖÕÉ¸Ö Ô±¸¶¥·¨³¥´É ²Ó´µ. ‚ ³¥Ì ´¨±¥
¸¶²µÏ´ÒÌ ¸·¥¤ (�.25) ´µ¸¨É ´ §¢ ´¨¥ ®¶·µ³¥¦ÊÉµÎ´ Ö  ¸¨³¶ÉµÉ¨± ¯.

‚¥²¨Î¨´  W = bαβ
n W ¶·¨ Ë¨±¸¨·µ¢ ´´ÒÌ bαk ¨ xk (¶ · ³¥É· Ì ¶µ¤µ¡¨Ö)

µ¸É ¥É¸Ö ´¥¨§³¥´´µ° ¶·¨ ¨§³¥´¥´¨¨ ¢¸¥Ì µ¸É ²Ó´ÒÌ ¶ · ³¥É·µ¢, ¢±²ÕÎ Ö
bαβ, ¶µ¤µ¡´µ° ¸ ³µ° ¸¥¡¥ ( ¢Éµ³µ¤¥²Ó´µ°).

�¡Ñ¥¤¨´¥´¨¥ ¶·¨´Í¨¶  µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨° ¨ (�.25) ¶·¨¢µ¤¨É ±
µ¡Ð¥° § ±µ´µ³¥·´µ¸É¨ ¤²Ö ¤¢ÊÌ ±² ¸É¥·µ¢:

W(bαβ, bαk, bαj , bβk, bβj ) = 
1

bαβ
n

 W α 






 bαk 

bβk

bαβ
 






 W β 







 bβj 

bαj

bαβ
 






 .    (�.26)

”µ·³Ê²  (�.26) ¨  ´ ²µ£¨Î´Ò¥ ¥°, ¶µ²ÊÎ¥´´Ò¥ ´  µ¸´µ¢¥ ¸¨³³¥É·¨°´µ£µ
¶µ¤Ìµ¤ , µ¶·¥¤¥²ÖÕÉ ¸É·Ê±ÉÊ·Ê § ±µ´µ¢ ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö
Î ¸É¨Í, ¸¨²Ó´µ µ£· ´¨Î¨¢ Ö ³µ¤¥²Ó´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö.

‚ · §¤.4 ¶·¨¢¥¤¥´Ò Ì · ±É¥·´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ · ¸-

¶·¥¤¥²¥´¨Õ Î ¸É¨Í ¢ § ¢¨¸¨³µ¸É¨ µÉ ¶¥·¥³¥´´µ° bk = − (Vα − Uk)
2 ¢´ÊÉ·¨

±² ¸É¥·µ¢:

F(bk) = ∫ W α dΩk ,      F(xk) = ∫ W αdbkdϕk ,

Tk = 
mk bk

2
 ,     dΩk = sin ΘkdΘkdϕ,

W α = 
1
N

0
 

2

mk
2
 

d 3N

√bk + bk
26 4 dbkdΩk

 = 
1
N

0
 

2

mk
2
 

d 3N
dbk dxk dϕk

 ,
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´µ·³¨·µ¢± 
1
N

0

 ∫ dNdτk
 dτk = 1.

“´¨¢¥·¸ ²Ó´µ¸ÉÓ ËÊ´±Í¨° W α, W βÁ ¢ Ï¨·µ±µ° µ¡² ¸É¨ bik ¶µ§¢µ²Ö¥É

£µ¢µ·¨ÉÓ µ ²µ± ²Ó´µ°  ¢Éµ³µ¤¥²Ó´µ¸É¨ · ¸¶·¥¤¥²¥´¨° ¢ ¶·µ¸É· ´¸É¢¥
¸±µ·µ¸É¥°. �¤´ ±µ ¶ · ³¥É·¨§ Í¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ´  µ¸´µ¢¥
Ëµ·³Ê²Ò (�.26) ¢ µ¡² ¸É¨ bI II ≤ 15 ´Ê¦¤ ¥É¸Ö ¢ ¤ ²Ó´¥°Ï¥³ ¨§ÊÎ¥´¨¨, É.±.

¢ ÔÉµ° µ¡² ¸É¨ ¶ · ³¥É·Ò ±² ¸É¥·µ¢ µÉ²¨Î ÕÉ¸Ö µÉ  ¸¨³¶ÉµÉ¨Î¥¸±¨Ì §´ -
Î¥´¨° bI II ≥ 20.

�µ³¨³µ ¨´¢ ·¨ ´Éµ¢, ¢Ò· ¦ ¥³ÒÌ Î¥·¥§ ¸± ²Ö·´Ò¥ ¶·µ¨§¢¥¤¥´¨Ö ¢¥±-
Éµ·µ¢ ¸±µ·µ¸É¨ (Ui Uk), ³µ¦´µ ¢¢¥¸É¨  ´É¨¸¨³³¥É·¨Î´Ò¥ É¥´§µ·Ò Å ±µ³-

¡¨´ Í¨¨ ¢¥±Éµ·µ¢ ¸±µ·µ¸É¨, ¢ Î ¸É´µ¸É¨, ¢¥±Éµ·´Ò¥ ¶·µ¨§¢¥¤¥´¨Ö:

Ajk
 γδ = Ui

 γUk
 δ − Ui

 δUk
 γ.

‚¥±Éµ·´ Ö  ²£¥¡·  ¢ ¶·µ¸É· ´¸É¢¥ ¸±µ·µ¸É¥°* ¶µ±  ´¥ ¶µ²ÊÎ¨²  Ï¨·µ-
±µ£µ ¶·¨³¥´¥´¨Ö ¤²Ö  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. �¤´ ±µ Ê ÔÉ¨Ì
¶·¨³¥´¥´¨° Ìµ·µÏ Ö ¶¥·¸¶¥±É¨¢  ± ± ¤²Ö ¸µ§¤ ´¨Ö £¥µ³¥É·¨Î¥¸±¨Ì µ¡· -
§µ¢ (´ ¶·¨³¥·, µÉ´µ¸¨É¥²Ó´Ò¥ µ·¨¥´É Í¨¨ ²¨´¨°, ¶²µ¸±µ¸É¥°, É¥É· Ô¤·µ¢),
É ± ¨ ¤²Ö µ¡´ ·Ê¦¥´¨Ö ´µ¢ÒÌ § ±µ´µ³¥·´µ¸É¥°, µ¸µ¡¥´´µ ¢ µ¡² ¸É¨ ¶µ²Ö-
·¨§ Í¨µ´´ÒÌ Ö¢²¥´¨° ´  ±¢ ·±-£²Õµ´´µ³ Ê·µ¢´¥.

�¢Éµ·Ò ¡² £µ¤ ·´Ò §  ¤µ¶µ²´¨É¥²Ó´ÊÕ ¶µ¤¤¥·¦±Ê ¤ ´´µ° · ¡µÉÒ µÉ¤¥-
²µ³ Ë¨§¨±¨ ³´µ£µÎ ¸É¨Î´ÒÌ ̧ ¨¸É¥³ ”ˆ�� ̈  £· ´É ³¨ �””ˆ º96-02-18728,
º96-15-96423.

* * *
� ¸ÉµÖÐ Ö ¸É ÉÓÖ ¶µ¤¢µ¤¨É ¨Éµ£ ´ Ï¨³ · ¡µÉ ³ §  ¶µ¸²¥¤´¨¥ 10Å15

²¥É. �¤´ ±µ ¸É ´µ¢²¥´¨¥ ¨ · §¢¨É¨¥ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¨, ±µÉµ-
·µ° ´¥¤ ¢´µ ¨¸¶µ²´¨²µ¸Ó Î¥É¢¥·ÉÓ ¢¥± , ¶·µÉ¥± ²µ ¢ ±·Ê¶´¥°Ï¨Ì ² ¡µ· -
Éµ·¨ÖÌ ³¨· , ¨ ÔÉµ³Ê ´ ¶· ¢²¥´¨Õ ¶µ¸¢ÖÐ¥´µ ±µ²¨Î¥¸É¢µ ¸É É¥°, ¨§³¥·Ö¥-
³µ¥ Î¥ÉÒ·¥Ì§´ Î´Ò³¨ Í¨Ë· ³¨. �Éµ ± ¸ ¥É¸Ö ´¥ Éµ²Ó±µ Ô±¸¶¥·¨³¥´Éµ¢, ´µ
¨ ³´µ£µÎ¨¸²¥´´ÒÌ É¥µ·¥É¨Î¥¸±¨Ì · ¡µÉ, µ¸µ¡¥´´µ ¶µ Ö¤¥·´µ° Ì·µ³µ¤¨´ -
³¨±¥, ±µÉµ·µ° ³Ò §¤¥¸Ó ¶· ±É¨Î¥¸±¨ ´¥ ± ¸ ¥³¸Ö.

*ˆ§²µ¦¥´¨¥ ¶·¨³¥´¥´¨° £· ¸¸³ ´µ¢µ°  ²£¥¡·Ò ¤²Ö ¢¥±Éµ·µ¢ ¢ ¶·µ¸É· ´¸É¢¥ ¸±µ·µ¸É¥°,
µ·¨¥´É¨·µ¢ ´´µ¥ ´  Ë¨§¨±µ¢, ¶·¥¤¸É ¢²¥´µ ¢ ¶·¥¶·¨´É¥: G.C.Wick Å ®Visual aids to relativistic
kinematics¯, CERN 73-3, 1973, Geneva.
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†Ê·´ ² �—�Ÿ Ê¤¥²Ö² ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¥ ¶µ¸ÉµÖ´´µ¥ ¢´¨-
³ ´¨¥ ¸ ³µ³¥´É  ¥¥ § ·µ¦¤¥´¨Ö ¢ „Ê¡´¥. � ¶· ¢²ÖÖ ÔÉÊ ¸É ÉÓÕ ¢ ¢Ò¶Ê¸±
�—�Ÿ, ¶µ¸¢ÖÐ¥´´Ò° Œ.�.Œ ·±µ¢Ê, µÉ³¥É¨³ ¶µ¸ÉµÖ´´ÊÕ ¶µ¤¤¥·¦±Ê ¨³
·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¨. ‚ ± Î¥¸É¢¥  ± ¤¥³¨± -¸¥±·¥É ·Ö �É¤¥²¥-
´¨Ö Ö¤¥·´µ° Ë¨§¨±¨ �± ¤¥³¨¨ ´ Ê± ‘‘‘� ¨ ± ± £µ¸Ê¤ ·¸É¢¥´´Ò° Î¥²µ¢¥±,
µ´ µ± § ² ¸¨²Ó´µ¥ ¢²¨Ö´¨¥ ´  ¸µ§¤ ´¨¥ ¶¥·¢ÒÌ µ¸´µ¢´ÒÌ ¸µµ·Ê¦¥´¨° ¨
Ê¸É ´µ¢µ± ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¨. Œ.�.Œ ·±µ¢, ± ± Î¥²µ¢¥± Ï¨·µ-
±¨Ì ¢§£²Ö¤µ¢ ´  ´ Ê±Ê ¨ Ë¨²µ¸µË¸±µ£µ ¸±² ¤  Ê³ , ¡Ò² ·µ¤µ´ Î ²Ó´¨±µ³
Ï±µ² ¨ ³´µ£¨Ì ´ ¶· ¢²¥´¨° ¢ ¸µ¢·¥³¥´´µ° Ë¨§¨±¥. �´ ¡Ò² ¶¥·¢Ò³ Ë¨§¨-
±µ³-É¥µ·¥É¨±µ³, ±µÉµ·Ò° ¥Ð¥ ¢ ¸¥·¥¤¨´¥ 40-Ì £µ¤µ¢ ¶µ´Ö², ÎÉµ ¶·µ£·¥¸¸
±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö ¡Ê¤¥É µ¡Ê¸²µ¢²¥´ Ë¨§¨±µ° ¢Ò¸µ±¨Ì Ô´¥·£¨°, ¨ ¶·¥¤-
²µ¦¨² ¥Ð¥ ¤µ ¸µ§¤ ´¨Ö Ê¸±µ·¨É¥²¥° ¶·µ£· ³³Ò Ô±¸¶¥·¨³¥´Éµ¢ ¤²Ö ¶¥·¢ÒÌ
¸¨´Ì·µÉ·µ´µ¢ ¨ ¤²Ö ¤Ê¡´¥´¸±µ£µ ¸¨´Ì·µË §µÉ·µ´ . �É¨ ¶·µ£· ³³Ò ¨ ¸¥°-
Î ¸ ¢Ò§Ò¢ ÕÉ ÎÊ¢¸É¢µ ¢µ¸Ì¨Ð¥´¨Ö ¥£µ ¶·µ§µ·²¨¢µ¸ÉÓÕ, ¸¨²µ° ¶·¥¤¢¨¤¥´¨Ö
¶ÊÉ¥° · §¢¨É¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨. ‘·¥¤¨ ¨¤¥° Œ.�.Œ ·±µ¢ , µ± § ¢-
Ï¨Ì ¢²¨Ö´¨¥ ´  · ¡µÉÒ ¶µ ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¥, ´¥µ¡Ìµ¤¨³µ
µÉ³¥É¨ÉÓ ¸²¥¤ÊÕÐ¨¥.

Å …Ð¥ ¢ 1935 £µ¤Ê µ´ ¸ ¶µ³µÐÓÕ É¥µ·¨¨ £·Ê¶¶ ¢¶¥·¢Ò¥ ¶µ²ÊÎ¨² ¢¸¥
§ ±µ´Ò ¸µÌ· ´¥´¨Ö É¥µ·¨¨ „¨· ± . �É¨ · ¡µÉÒ ¢Ò¸µ±µ µÍ¥´¨² ‚.� Ê²¨.

Å Œ.�.Œ ·±µ¢ Å µ¤¨´ ¨§ ¶¨µ´¥·µ¢ ¸µ¸É ¢´ÒÌ ³µ¤¥²¥° Ô²¥³¥´É ·´ÒÌ
Î ¸É¨Í. �´ · §¢¨² ¶·¥¤¸É ¢²¥´¨¥ µ £¨¶¥·µ´ Ì ± ± ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ-
´¨ÖÌ ´Ê±²µ´µ¢ ¨ ¶·¥¤²µ¦¨² µ¤´Ê ¨§ ¶¥·¢ÒÌ ¸¨¸É¥³ É¨± Ô²¥³¥´É ·´ÒÌ Î ¸-
É¨Í. �  µ¸´µ¢¥ ÔÉµ° ³µ¤¥²¨ ¶·¥¤¸± § ² ¸ÊÐ¥¸É¢µ¢ ´¨¥ ÉÖ¦¥²ÒÌ ³¥§µ´µ¢ ¨
¡ ·¨µ´´ÒÌ ·¥§µ´ ´¸µ¢.

Å „ ² ¶·¨´Í¨¶ µ¶¨¸ ´¨Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶·µÉÖ¦¥´´ÒÌ ¸¨¸É¥³ (±µ´-
Í¥¶Í¨Ö Œ ·±µ¢  Å �± ¢Ò).

Å ‚¶¥·¢Ò¥ ¢Ò¤¢¨´Ê² £¨¶µÉ¥§Ê µ Éµ³, ÎÉµ ¶µ²´Ò¥ ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö
²¥¶Éµ´µ¢ ´  ´Ê±²µ´ Ì ¸ ·µ¸Éµ³ Ô´¥·£¨¨ ¸É·¥³ÖÉ¸Ö ± ¸¥Î¥´¨Ö³ · ¸¸¥Ö´¨Ö
ÉµÎ¥Î´ÒÌ Î ¸É¨Í (1964 £.). �Éµ ¶·¥¤¸± § ´¨¥ ²¥¦¨É ¢ µ¸´µ¢¥ ¸µ¢·¥³¥´´ÒÌ
¶ ·Éµ´-±¢ ·±µ¢ÒÌ ¶·¥¤¸É ¢²¥´¨°.

ˆ, ´ ±µ´¥Í, ¢¶¥Î É²¥´¨Ö µÉ ²¨Î´µ£µ µ¡Ð¥´¨Ö ¸ ÔÉ¨³ ¢Ò¸µ±µ¨´É¥²²¨£¥´É-
´Ò³ Î¥²µ¢¥±µ³, ¨³¥¢Ï¨³ µ·¨£¨´ ²Ó´Ò¥ ÉµÎ±¨ §·¥´¨Ö ´¥ Éµ²Ó±µ ´  ¸Ê¤Ó¡Ò
´ Ê±¨, ´µ ¨ ´  ¸Ê¤Ó¡Ò Î¥²µ¢¥Î¥¸É¢ , ´  ¤¥ÖÉ¥²Ó´µ¸ÉÓ ´ ÊÎ´µ° µ¡Ð¥¸É¢¥´-
´µ¸É¨ ¶µ · §¢¨É¨Õ ¨¤¥° ¢ ¡µ·Ó¡¥ §  ³¨·, ´¥ ¶µ¤¤ ÕÉ¸Ö ±· É±¨³ Ì · ±-
É¥·¨¸É¨± ³. Š ¸Î ¸ÉÓÕ, Œ.�.Œ ·±µ¢ Ê¸¶¥² ´ ¶¨¸ ÉÓ ¶µ¸²¥¤´ÕÕ ¸¢µÕ ±´¨£Ê
®� §³ÒÏ²ÖÖ µ Ë¨§¨± Ì... µ Ë¨§¨±¥... µ ³¨·¥...¯ (Œ.: � Ê± , 1993), ±µÉµ· Ö
¤ ¥É ¶·¥¤¸É ¢²¥´¨¥ µ¡ ÔÉµ° ³´µ£µ£· ´´µ° ²¨Î´µ¸É¨.
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