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

Š ´ ²¨·µ¢ ´¨¥ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢Ò¸µ±¨Ì Ô´¥·£¨° ¢ ¨§µ£´ÊÉÒÌ ±·¨¸É ²² Ì ´ Ìµ¤¨É ¢¸¥
¡µ²¥¥ Ï¨·µ±µ¥ ¶·¨³¥´¥´¨¥ ¤²Ö Ê¶· ¢²¥´¨Ö ¶ÊÎ± ³¨ Î ¸É¨Í ¢ ±·Ê¶´¥°Ï¨Ì Ê¸±µ·¨É¥²Ó´ÒÌ Í¥´É-
· Ì, µ¡¥¸¶¥Î¨¢ Ö ¢µ§³µ¦´µ¸ÉÓ ¢Ò¢µ¤  ¶ÊÎ±  ¨²¨ ¥£µ £ ²µ ¨§ Ê¸±µ·¨É¥²Ö ¨ ¤·µ¡²¥´¨¥ ¢Ò¢¥¤¥´´µ£µ
¶ÊÎ± . •µ·µÏ¨¥ ¶¥·¸¶¥±É¨¢Ò ¨³¥ÕÉ¸Ö ¤²Ö ¨¸¶µ²Ó§µ¢ ´¨Ö ¸¨²Ó´ÒÌ ¢´ÊÉ·¨±·¨¸É ²²¨Î¥¸±¨Ì ¶µ²¥°
¨§µ£´ÊÉÒÌ ±·¨¸É ²²µ¢ ¢ Ë¨§¨±¥ ¢Ò¸µ±¨Ì Ô´¥·£¨°, ´ ¶·¨³¥·, ¤²Ö ¨§³¥·¥´¨Ö ³ £´¨É´ÒÌ ³µ³¥´Éµ¢
±µ·µÉ±µ¦¨¢ÊÐ¨Ì Î ¸É¨Í ¶µ Ê£²Ê ¶·¥Í¥¸¸¨¨ ¸¶¨´  ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥.

„ ¥É¸Ö µ¡§µ· ·¥§Ê²ÓÉ Éµ¢ ¨¸¸²¥¤µ¢ ´¨° ± ´ ²¨·µ¢ ´¨Ö Î ¸É¨Í ¢Ò¸µ±¨Ì Ô´¥·£¨° ¢ ¨§µ£´ÊÉµ³
±·¨¸É ²²¥. � ¸¸³ É·¨¢ ÕÉ¸Ö µ¸µ¡¥´´µ¸É¨ ± ´ ²¨·µ¢ ´¨Ö ¨ ±¢ §¨± ´ ²¨·µ¢ ´¨Ö, ¨µ´¨§ Í¨µ´´Ò¥
¶µÉ¥·¨ Ô´¥·£¨¨ ¨ ¨§²ÊÎ¥´¨¥ ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í. �¡¸Ê¦¤ ¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¶µ²Ö·¨§ Í¨µ´-
´ÒÌ ÔËË¥±Éµ¢ ¤²Ö ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í.

The channeling of high energy charged particles in bent crystals ˇnds wide use in particle beam
steering at the largest accelerator centers to extract a beam or its halo from the accelerators and to split
external beams. There are good perspectives to use strong electric ˇelds of bent crystals in particle
physics investigations, for example, to measure magnetic moments of short-lived particles by a spin
precession angle in a bent crystal.

We review the results of investigations of high energy particle channeling in a bent crystal.
The peculiarities of channeling and quasi-channeling, energy loss and radiation emitted by channeled
particles are considered. The possibility of polarization effects for channeled particles is discussed.

1. ‚‚…„…�ˆ…

�ËË¥±É ± ´ ²¨·µ¢ ´¨Ö ¶·µÖ¢²Ö¥É¸Ö ¶·¨ ¶·µÌµ¦¤¥´¨¨ ¡Ò¸É·ÒÌ § ·Ö¦¥´-
´ÒÌ Î ¸É¨Í Î¥·¥§ µ·¨¥´É¨·µ¢ ´´Ò° ³µ´µ±·¨¸É ²²∗ [1]. …¸²¨ ¸³µÉ·¥ÉÓ ´ 
±·¨¸É ²²¨Î¥¸±ÊÕ ·¥Ï¥É±Ê, ¥¥ ³µ¤¥²Ó ¢¤µ²Ó ¶²µÉ´µÊ¶ ±µ¢ ´´µ£µ ´ ¶· ¢²¥´¨Ö,
Éµ ¢µ§´¨± ¥É ± ·É¨´  ¤¢Ê³¥·´µ° ·¥Ï¥É±¨, µ¡· §µ¢ ´´µ°  Éµ³´Ò³¨ ·Ö¤ ³¨.
�µ²µ¦¨É¥²Ó´µ § ·Ö¦¥´´ Ö Î ¸É¨Í , ¢Ìµ¤ÖÐ Ö ¢ ±·¨¸É ²² ¶µ¤ ³ ²Ò³ Ê£²µ³
± ¶²µÉ´µÊ¶ ±µ¢ ´´µ³Ê ´ ¶· ¢²¥´¨Õ, ¤¢¨¦¥É¸Ö ¢¤µ²Ó  Éµ³´ÒÌ ·Ö¤µ¢, ´¥ ¶µ¤-
Ìµ¤Ö ± ´¨³ ¡²¨§±µ §  ¸Î¥É µÉÉ ²±¨¢ ´¨Ö ¢ ±µ··¥²¨·µ¢ ´´ÒÌ ³ ²µÊ£²µ¢ÒÌ
¸Éµ²±´µ¢¥´¨ÖÌ ¸  Éµ³ ³¨ ·Ö¤ . �²µ¸±µ¸É´µ¥ ± ´ ²¨·µ¢ ´¨¥ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö,

∗‚ µ·¨¥´É¨·µ¢ ´´ÒÌ ±·¨¸É ²² Ì ´ ¡²Õ¤ ¥É¸Ö É ±¦¥ ÔËË¥±É É¥´¥°, ¸³. �.”. ’Ê²¨´µ¢, “”�,
1965, É.87, ¢.4, ¸.585.
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±µ£¤  ¶µ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸ ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ ´ ¶· ¢²¥´ ¢¤µ²Ó ¶²µÉ´µÊ¶ ±µ-
¢ ´´µ° ¶²µ¸±µ¸É¨ ±·¨¸É ²² . ‚ ÔÉµ³ ¸²ÊÎ ¥ Î ¸É¨Í  ¤¢¨¦¥É¸Ö, ¸µ¢¥·Ï Ö ±µ²¥-
¡ ´¨Ö ³¥¦¤Ê ¸µ¸¥¤´¨³¨ ¶²µ¸±µ¸ÉÖ³¨ ±·¨¸É ²² . „²Ö ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í
§´ Î¨É¥²Ó´µ Ê³¥´ÓÏ ¥É¸Ö ¢ÒÌµ¤ ¶·µÍ¥¸¸µ¢, É·¥¡ÊÕÐ¨Ì ¡²¨§±¨Ì ¸Éµ²±´µ¢¥-
´¨° ¸  Éµ³ ³¨, Ê³¥´ÓÏ ÕÉ¸Ö ¨µ´¨§ Í¨µ´´Ò¥ ¶µÉ¥·¨ Ô´¥·£¨¨ ¨ ³´µ£µ±· É´µ¥
· ¸¸¥Ö´¨¥ Î ¸É¨Í, ¨Ì ¶·µ¡¥£¨ Ê¢¥²¨Î¨¢ ÕÉ¸Ö.

„¢¨¦¥´¨¥ ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í Ê¶· ¢²Ö¥É¸Ö Ê¸·¥¤´¥´´Ò³ ¢¤µ²Ó ±·¨-
¸É ²²µ£· Ë¨Î¥¸±¨Ì µ¸¥° ¨²¨ ¶²µ¸±µ¸É¥° Ô²¥±É·¨Î¥¸±¨³ ¶µ²¥³  Éµ³µ¢ ±·¨-
¸É ²² . ˆ¤¥Ö ¨¸¶µ²Ó§µ¢ ´¨Ö ¢´ÊÉ·¨±·¨¸É ²²¨Î¥¸±¨Ì ¶µ²¥° ¤²Ö Ê¶· ¢²¥´¨Ö
¶ÊÎ± ³¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢Ò¸µ±¨Ì Ô´¥·£¨° ¸ ¶µ³µÐÓÕ ¨§µ£´ÊÉÒÌ ³µ´µ±·¨-
¸É ²²µ¢ ¡Ò²  ¢Ò¤¢¨´ÊÉ  �.�. –Ò£ ´µ¢Ò³ (�ˆŸˆ) ¢ 1976 £µ¤Ê [2]. �·¥¤¶µ² -
£ ²µ¸Ó, ÎÉµ ¢ ·¥¦¨³¥ ¶²µ¸±µ¸É´µ£µ ± ´ ²¨·µ¢ ´¨Ö ¶µ²µ¦¨É¥²Ó´µ § ·Ö¦¥´´Ò¥
Î ¸É¨ÍÒ ¡Ê¤ÊÉ ¸²¥¤µ¢ ÉÓ ¨§£¨¡Ê ±·¨¸É ²²  ¤µ ´¥±µÉµ·µ£µ ±·¨É¨Î¥¸±µ£µ · -
¤¨Ê¸  ¨§£¨¡  ± ´ ²µ¢, ±µÉµ·Ò° µ¶·¥¤¥²Ö¥É¸Ö ³ ±¸¨³ ²Ó´µ° ´ ¶·Ö¦¥´´µ¸ÉÓÕ
Ê¸·¥¤´¥´´µ£µ ¢¤µ²Ó ¶²µ¸±µ¸É¥° Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö  Éµ³µ¢ ±·¨¸É ²²  Emax:

Rc =
E

eEmax
, (1)

£¤¥ E Å Ô´¥·£¨Ö Î ¸É¨ÍÒ. � ¶·¨³¥·, ¤²Ö ± ´ ²  (110) ±·¨¸É ²²  ±·¥³´¨Ö
Emax ' 6 ƒ‚/¸³ ¨ ¤²Ö ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 1 ’Ô‚ Rc = 1, 6 ³.

‚ 1978 £µ¤Ê ÔËË¥±É µÉ±²µ´¥´¨Ö ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í ¨§µ£´ÊÉÒ³ ±·¨-
¸É ²²µ³ ¡Ò² µ¡´ ·Ê¦¥´ ¢ ±µ³¶ÓÕÉ¥·´µ³ Ô±¸¶¥·¨³¥´É¥ ¶µ ³µ¤¥²¨ ¡¨´ ·´ÒÌ
¸Éµ²±´µ¢¥´¨°, ±µÉµ· Ö ¶µ§¢µ²Ö¥É ¤¥É ²Ó´µ ¢µ¸¶·µ¨§¢µ¤¨ÉÓ É· ¥±Éµ·¨¨ Î -
¸É¨Í ¢ ±·¨¸É ²²¥ [3]. �·¨Î¥³, ±·µ³¥ ¶²µ¸±µ¸É´µ£µ ·¥¦¨³  ± ´ ²¨·µ¢ ´¨Ö
¤²Ö ¶µ²µ¦¨É¥²Ó´µ § ·Ö¦¥´´ÒÌ Î ¸É¨Í, ÔËË¥±É µÉ±²µ´¥´¨Ö µ¡´ ·Ê¦¥´ É ±¦¥
¶·¨ µ¸¥¢µ³ ± ´ ²¨·µ¢ ´¨¨ ¤²Ö ¶µ²µ¦¨É¥²Ó´µ ¨ µÉ·¨Í É¥²Ó´µ § ·Ö¦¥´´ÒÌ
Î ¸É¨Í.

‚ 1979 £µ¤Ê ¢µ§³µ¦´µ¸ÉÓ Ê¶· ¢²¥´¨Ö ¶ÊÎ± ³¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸ ¶µ-
³µÐÓÕ ¨§µ£´ÊÉÒÌ ±·¨¸É ²²µ¢ ¡Ò²  ¢¶¥·¢Ò¥ ¶·µ¤¥³µ´¸É·¨·µ¢ ´  ¢ Ô±¸¶¥·¨-
³¥´É¥ ¶µ µÉ±²µ´¥´¨Õ ´  ¢Ò¢¥¤¥´´µ³ ¨§ ¸¨´Ì·µË §µÉ·µ´  ‹‚� �ˆŸˆ ¶ÊÎ±¥
¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 8,4 ƒÔ‚ (¸³.·¨¸.1) [4]. ‚ Éµ ¦¥ ¢·¥³Ö ¶·µ¢¥¤¥´ Ô±¸¶¥-
·¨³¥´É ¶µ µÉ±²µ´¥´¨Õ Ô²¥±É·µ´µ¢ ¸ Ô´¥·£¨¥° 900 ŒÔ‚ ¢ �ˆˆŸ” ’�ˆ [5]
¨ ´¥¸±µ²Ó±µ ¶µ§¦¥ ´  ¶ÊÎ±¥ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¸ ¨³¶Ê²Ó¸µ³ ¤µ 12 ƒÔ‚/¸ ¢
–…�� [6]. ‚ 1984 £µ¤Ê ¢¶¥·¢Ò¥ ¸ ¶µ³µÐÓÕ ¨§µ£´ÊÉµ£µ ±·¨¸É ²²  ¡Ò² µ¸ÊÐ¥-
¸É¢²¥´ ¢Ò¢µ¤ Í¨·±Ê²¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¨§ ¸¨´Ì·µË §µÉ·µ´  ‹‚�
�ˆŸˆ [7]. ‚ ¤ ²Ó´¥°Ï¥³ Ö¢²¥´¨¥ µÉ±²µ´¥´¨Ö ¨ ¢Ò¢µ¤ ¶ÊÎ±  Î ¸É¨Í ¨§ Í¨-
±²¨Î¥¸±µ£µ Ê¸±µ·¨É¥²Ö ¨§µ£´ÊÉÒ³ ±·¨¸É ²²µ³ ¨¸¸²¥¤µ¢ ²¨¸Ó ¢ ˆ”‚� [8, 9],
–…�� [10, 11], ”��‹ [12, 13]. „µ¸É¨£´ÊÉ Ö ÔËË¥±É¨¢´µ¸ÉÓ ¢Ò¢µ¤  ¶ÊÎ± 
¸µ¸É ¢²Ö¥É 20Ä30 %.

�·µ¢¥¤¥´´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö µÉ±·Ò²¨ ¶¥·¸¶¥±É¨¢Ê ¶· ±É¨Î¥¸±µ£µ ¨¸¶µ²Ó-
§µ¢ ´¨Ö ±·¨¸É ²²µ¢ ¤²Ö Ê¶· ¢²¥´¨Ö ¶ÊÎ± ³¨ Î ¸É¨Í. ’ ±, ´  ¸¨´Ì·µÉ·µ´¥ ¢
ˆ”‚� ¸¨¸É¥³  ¢Ò¢µ¤  ±·¨¸É ²²µ³ Ö¢²Ö¥É¸Ö ¶µ¸ÉµÖ´´µ ËÊ´±Í¨µ´¨·ÊÕÐ¥°,
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�¨¸. 1. �¡´ ·Ê¦¥´¨¥ ÔËË¥±É  µÉ±²µ´¥´¨Ö Î ¸É¨Í ¨§µ£´ÊÉÒ³ ±·¨¸É ²²µ³ ´  ¶ÊÎ±¥
¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 8,4 ƒÔ‚ ¸¨´Ì·µË §µÉ·µ´  �ˆŸˆ. ‚¢¥·ÌÊ ¸Ì¥³ É¨Î¥¸±¨ ¨§µ-
¡· ¦¥´ ¨§µ£´ÊÉÒ° ±·¨¸É ²²: „ Å ¶µ¢¥·Ì´µ¸É´µ-¡ ·Ó¥·´Ò° ¤¥É¥±Éµ·, ¶µ§¢µ²ÖÕÐ¨°
¶·µ¨§¢µ¤¨ÉÓ µÉ¡µ· ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í ¶µ ¨µ´¨§ Í¨µ´´Ò³ ¶µÉ¥·Ö³;  ) ¶µ²´Ò°
¸¶¥±É· ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó Î ¸É¨Í, ¡) · ¸¶·¥¤¥²¥´¨¥ Ê£²µ¢ µÉ±²µ´¥´¨Ö ¶·µÉµ´µ¢
¤²Ö ± ´ ²¨·µ¢ ´´µ° Ë· ±Í¨¨

ÎÉµ · ¸Ï¨·Ö¥É ¢µ§³µ¦´µ¸É¨ ¤²Ö ¶µ¸É ´µ¢±¨ Ô±¸¶¥·¨³¥´Éµ¢,   ¸É ´Í¨Ö · §¤¥-
²¥´¨Ö ¢Ò¢¥¤¥´´µ£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ´  µ¸´µ¢¥ ¨§µ£´ÊÉÒÌ ±·¨¸É ²²µ¢ ¨¸¶µ²Ó-
§Ê¥É¸Ö ¤²Ö µ·£ ´¨§ Í¨¨ µ¤´µ¢·¥³¥´´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ´  ´¥¸±µ²Ó±¨Ì Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ± ´ ² Ì. �±¸¶¥·¨³¥´É ²Ó´µ ¶µ± § ´  ¢µ§³µ¦´µ¸ÉÓ Ëµ±Ê¸¨·µ¢±¨
¶ÊÎ±µ¢ Î ¸É¨Í ¨§µ£´ÊÉÒ³ ±·¨¸É ²²µ³, ¥£µ ¨¸¶µ²Ó§µ¢ ´¨Ö ¤²Ö ¤¨ £´µ¸É¨±¨ ¶ -
· ³¥É·µ¢ ¶ÊÎ±  [9]. ˆ§µ£´ÊÉÒ° ±·¨¸É ²² ¡Ò² ¨¸¶µ²Ó§µ¢ ´ ¤²Ö µÉ±²µ´¥´¨Ö ´ 
Ô±¸¶¥·¨³¥´É ²Ó´ÊÕ Ê¸É ´µ¢±Ê ¢Ò¢¥¤¥´´µ£µ ¨§ ¸¨´Ì·µË §µÉ·µ´  �ˆŸˆ ¶ÊÎ± 
·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· Ê£²¥·µ¤  [14].

•µ·µÏ¨¥ ¶¥·¸¶¥±É¨¢Ò ¶·¨³¥´¥´¨Ö ±·¨¸É ²²¨Î¥¸±¨Ì ¤¥Ë²¥±Éµ·µ¢ ¨³¥-
ÕÉ¸Ö ´  ¸µµ·Ê¦ ¥³ÒÌ ¶·µÉµ´´ÒÌ ¨ ¨µ´´ÒÌ ±µ²² °¤¥· Ì “�Š, LHC, RHIC.
‡¤¥¸Ó ¥¸ÉÓ ¢µ§³µ¦´µ¸ÉÓ, ´¥ ´ ·ÊÏ Ö ±µ²² °¤¥·´µ£µ ·¥¦¨³ , ¢Ò¢µ¤¨ÉÓ Î -
¸É¨ÍÒ ¨§ £ ²µ ¶ÊÎ±  ¤²Ö µ¤´µ¢·¥³¥´´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ´  Ë¨±¸¨·µ¢ ´´µ°
³¨Ï¥´¨. �·¨ ÔÉµ³ ±·¨¸É ²² ³µ¦¥É · ¡µÉ ÉÓ ± ± ¸±·¥¶¥·. ’ ±µ° ±·¨¸É ²²¨-
Î¥¸±¨° ¸±·¥¶¥·-¤¥Ë²¥±Éµ· ¢ ¸¨¸É¥³¥ ²µ± ²¨§ Í¨¨ ¶µÉ¥·Ó ³µ¦¥É · ¤¨± ²Ó´µ
Ê³¥´ÓÏ¨ÉÓ · ¤¨ Í¨µ´´Ò° Ëµ´ ±µ²² °¤¥·´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ [15].
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Š·µ³¥ ¸¨¸É¥³ ±·¨¸É ²²µµ¶É¨±¨, ¨§µ£´ÊÉÒ° ±·¨¸É ²² ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó-
§µ¢ ´ ¢ ¶· ±É¨±¥ Ë¨§¨Î¥¸±µ£µ Ô±¸¶¥·¨³¥´É  ¤²Ö ¨§³¥·¥´¨Ö Ô´¥·£¨¨ Î ¸É¨Í
¶µ ¸¨´Ì·µÉ·µ´´µ³Ê ¨§²ÊÎ¥´¨Õ [16], ¨§³¥·¥´¨Ö ³ £´¨É´µ£µ ³µ³¥´É  ±µ·µÉ-
±µ¦¨¢ÊÐ¨Ì Î ¸É¨Í ¶µ ¶·¥Í¥¸¸¨¨ ¨Ì ¸¶¨´  [17] ¨ ¸µ§¤ ´¨Ö ¶µ²Ö·¨§µ¢ ´´ÒÌ
Ô²¥±É·µ´´ÒÌ ¨ ¶µ§¨É·µ´´ÒÌ ¶ÊÎ±µ¢ ¢Ò¸µ±¨Ì Ô´¥·£¨° [18].

‚ µ¡§µ·¥ · ¸¸³ É·¨¢ ÕÉ¸Ö µ¸´µ¢´Ò¥ µ¸µ¡¥´´µ¸É¨ ± ´ ²¨·µ¢ ´¨Ö Î ¸É¨Í ¢
¨§µ£´ÊÉµ³ ±·¨¸É ²²¥. � ¸¸³µÉ·¥´¨¥ µ£· ´¨Î¥´µ ¶²µ¸±µ¸É´Ò³ ·¥¦¨³µ³ ± ´ -
²¨·µ¢ ´¨Ö ¨§-§  ¥£µ ¢ ¦´µ¸É¨ ¤²Ö ¶· ±É¨Î¥¸±µ£µ ¶·¨³¥´¥´¨Ö ¨ ¡µ²ÓÏ¥° ¨§Ê-
Î¥´´µ¸É¨. �¡¸Ê¦¤ ¥É¸Ö ¢²¨Ö´¨¥ ¨§£¨¡  ±·¨¸É ²²  ´  ¤¥± ´ ²¨·µ¢ ´¨¥ Î ¸É¨Í,
¶·µÍ¥¸¸Ò, ¶·µ¨¸Ìµ¤ÖÐ¨¥ ¸ ±¢ §¨± ´ ²¨·µ¢ ´´Ò³¨ Î ¸É¨Í ³¨, ´  ¨§²ÊÎ¥´¨¥ ¨
¨µ´¨§ Í¨µ´´Ò¥ ¶µÉ¥·¨ Ô´¥·£¨¨ ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í,   É ±¦¥ ´  ¢µ§³µ¦-
´µ¸ÉÓ ¶µ²Ö·¨§ Í¨µ´´ÒÌ Ö¢²¥´¨° ¤²Ö ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í ¢ Ê¸·¥¤´¥´´µ³
Ô²¥±É·¨Î¥¸±µ³ ¶µ²¥ ¶²µ¸±µ¸É¥° ±·¨¸É ²² . �µ¤·µ¡´µ¥ ¨§²µ¦¥´¨¥ Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¨ ¶· ±É¨Î¥¸±¨Ì ¶·¨³¥´¥´¨° ¨§µ£´ÊÉÒÌ ±·¨¸É ²-
²µ¢ ¤²Ö Ê¶· ¢²¥´¨Ö ¶ÊÎ± ³¨ Î ¸É¨Í ¢Ò¸µ±¨Ì Ô´¥·£¨° ³µ¦´µ ´ °É¨ ¢ µ¡§µ-
· Ì [9,19Ä21].

2. Š‹�‘‘ˆ—…‘Š�Ÿ ’…��ˆŸ Š���‹ˆ��‚��ˆŸ

‹¨´¤Ì ·¤µ³ [1] ¢ · ³± Ì ±² ¸¸¨Î¥¸±µ° ³¥Ì ´¨±¨ ¡Ò²  · §¢¨É  É¥µ·¨Ö
µ·¨¥´É Í¨µ´´ÒÌ ÔËË¥±Éµ¢ ¡Ò¸É·ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ ±·¨¸É ²² Ì, ±µÉµ-
· Ö Ê¸¶¥Ï´µ µ¡ÑÖ¸´Ö²  ´ ¡²Õ¤ ¢Ï¨¥¸Ö ± Éµ³Ê ¢·¥³¥´¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
·¥§Ê²ÓÉ ÉÒ.

�· ¢µ³µÎ´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö ±² ¸¸¨Î¥¸±µ£µ µ¶¨¸ ´¨Ö ¶·µÍ¥¸¸  · ¸¸¥-
Ö´¨Ö Î ¸É¨ÍÒ ´  µÉ¤¥²Ó´µ³  Éµ³¥, Éµ ¥¸ÉÓ Ê¸²µ¢¨¥ Ìµ·µÏµ µ¶·¥¤¥²¥´´µ°
±² ¸¸¨Î¥¸±µ° É· ¥±Éµ·¨¨, ±µ£¤  ¶µ¶¥·¥Î´Ò¥ · §³¥·Ò ¢µ²´µ¢µ£µ ¶ ±¥É  ³´µ£µ
³¥´ÓÏ¥ · §³¥·µ¢ · ¸¸¥¨¢ ÕÐ¥£µ ¶µ²Ö ∆b << ra ¨ ¸¢Ö§ ´´ Ö ¸ ÔÉ¨³ ´¥µ¶·¥-
¤¥²¥´´µ¸ÉÓ Ê£²  · ¸¸¥Ö´¨Ö ∆θ ³ ²  ¶µ ¸· ¢´¥´¨Õ ¸ ¢¥²¨Î¨´µ° Ê£²  · ¸¸¥Ö´¨Ö
∆θ << θ, ´ ·ÊÏ ¥É¸Ö Ê¦¥ ¤²Ö ¶·µÉµ´  ¸ Ô´¥·£¨¥° ∼ 1 ŒÔ‚. �·¨ ¶·µÌµ¦¤¥-
´¨¨ Î¥·¥§ ¢¥Ð¥¸É¢µ Ï¨·¨´  ¢µ²´µ¢µ£µ ¶ ±¥É  Î ¸É¨ÍÒ ¢ ¸¥·¨¨ ¶µ¸²¥¤µ¢ -
É¥²Ó´ÒÌ ¸Éµ²±´µ¢¥´¨° ¸  Éµ³ ³¨ ¡Ò¸É·µ Ê¢¥²¨Î¨¢ ¥É¸Ö.

�·¨ ± ´ ²¨·µ¢ ´¨¨ Î ¸É¨Í ¢ ±·¨¸É ²²¥ ¸¨ÉÊ Í¨Ö ¨§³¥´Ö¥É¸Ö. Š ´ ²¨·µ-
¢ ´´ Ö Î ¸É¨Í  ¤¢¨¦¥É¸Ö ¶µ¤ ³ ²Ò³ Ê£²µ³ ¢¤µ²Ó  Éµ³´ÒÌ ·Ö¤µ¢ ¨²¨ ¶²µ¸±µ-
¸É¥°, ¨¸¶ÒÉÒ¢ Ö ±µ··¥²¨·µ¢ ´´Ò¥ ¸µÊ¤ ·¥´¨Ö ¸  Éµ³ ³¨, É ± ÎÉµ ¶·¨Í¥²Ó´Ò°
¶ · ³¥É· ¢ ¶µ¸²¥¤µ¢ É¥²Ó´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ ¨§³¥´Ö¥É¸Ö ³ ²µ. ‚ É ±µ° ¸¥·¨¨
±µ··¥²¨·µ¢ ´´ÒÌ ¸µÊ¤ ·¥´¨° ¸  Éµ³ ³¨ ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ Ê£²  · ¸¸¥Ö´¨Ö ¨
¶µ¶¥·¥Î´µ° ±µµ·¤¨´ ÉÒ ´¥ · ¸É¥É  ¤¤¨É¨¢´µ ¢±² ¤ ³ ¢ ¨´¤¨¢¨¤Ê ²Ó´ÒÌ ¸µ-
Ê¤ ·¥´¨ÖÌ, ¨ Ï¨·¨´  ¢µ²´µ¢µ£µ ¶ ±¥É  ± ´ ²¨·µ¢ ´´µ° Î ¸É¨ÍÒ µ¸É ¥É¸Ö
¶·¨³¥·´µ ´¥¨§³¥´´µ° ¢ ¡µ²ÓÏµ° ¸¥·¨¨ ¸Éµ²±´µ¢¥´¨° [1]. ’ ±, ¶·¨ · ¸¸¥-
Ö´¨¨ Î ¸É¨ÍÒ Í¥¶µÎ±µ°  Éµ³µ¢ ÊÏ¨·¥´¨¥ ¢µ²´µ¢µ£µ ¶ ±¥É  Ê³¥´ÓÏ ¥É¸Ö ¸
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·µ¸Éµ³ Ô´¥·£¨¨ Î ¸É¨Í, ÎÉµ ¤¥² ¥É ¸¶· ¢¥¤²¨¢Ò³ ¨¸¶µ²Ó§µ¢ ´¨¥ ±² ¸¸¨Î¥-
¸±µ° ³¥Ì ´¨±¨ ¤²Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì Î ¸É¨Í [1].

�·¨ · ¸¸³µÉ·¥´¨¨ ¶· ¢µ³µÎ´µ¸É¨ ±² ¸¸¨Î¥¸±µ£µ µ¶¨¸ ´¨Ö ´¥µ¡Ìµ¤¨³µ
ÊÎ¥¸ÉÓ ¥Ð¥ µ¤´µ µ¡¸ÉµÖÉ¥²Ó¸É¢µ. �·¨ ± ´ ²¨·µ¢ ´¨¨ Î ¸É¨ÍÒ ¸µ¢¥·Ï ÕÉ
Ë¨´¨É´µ¥ ¤¢¨¦¥´¨¥ ¢ ¶µ¶¥·¥Î´µ³ ´ ¶· ¢²¥´¨¨ ¨ ¨Ì ¶µ¶¥·¥Î´Ò¥ Ô´¥·£¨¨
±¢ ´Éµ¢ ´´Ò. � ¸¸ÉµÖ´¨¥ ³¥¦¤Ê Ê·µ¢´Ö³¨ ¤²Ö ¶µ²µ¦¨É¥²Ó´µ § ·Ö¦¥´´ÒÌ Î -
¸É¨Í ¢ ¶ · ¡µ²¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¤²Ö ¶µÉ¥´Í¨ ²  ¶²µ¸±µ¸É´µ£µ ± ´ ² 
(¸³.´¨¦¥) · ¢´µ ∆Ex = h̄ω, £¤¥ ω Å Î ¸ÉµÉ  ±µ²¥¡ ´¨°. „²Ö Î¨¸²  Ê·µ¢´¥°
¶·¨ £²Ê¡¨´¥ ¶µÉ¥´Í¨ ²Ó´µ° Ö³Ò ± ´ ²  U0 ¨³¥¥³ [21]:

n+ = U0/∆Ex =
dp

h̄
√

8

√
U0mγ ,

£¤¥ dp Å · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¶²µ¸±µ¸ÉÖ³¨, m, γ Å ³ ¸¸  ¨ ·¥²ÖÉ¨¢¨¸É¸±¨°
Ë ±Éµ· Î ¸É¨ÍÒ. Šµ£¤  Î¨¸²µ Ê·µ¢´¥° ¢¥²¨±µ ¨ ¶µ¶¥·¥Î´ Ö ¤¥¡·µ°²¥¢¸± Ö
¤²¨´  ¢µ²´Ò Î ¸É¨ÍÒ ³´µ£µ ³¥´ÓÏ¥ Ï¨·¨´Ò ± ´ ² , ±¢ ´Éµ¢Ò³ ÉÊ´´¥²¨·µ-
¢ ´¨¥³ Î ¸É¨Í ¢ ¶µ¤¡ ·Ó¥·´ÊÕ µ¡² ¸ÉÓ ³µ¦´µ ¶·¥´¥¡·¥ÎÓ. ’ ±¨³ µ¡· §µ³,
±² ¸¸¨Î¥¸±¨° ¶µ¤Ìµ¤ ¢¶µ²´¥ µ¶· ¢¤ ´, n+ � 1, ¤²Ö ÉÖ¦¥²ÒÌ ·¥²ÖÉ¨¢¨¸É¸±¨Ì
Î ¸É¨Í,   É ±¦¥ ¤²Ö ¶µ§¨É·µ´µ¢ (Ô²¥±É·µ´µ¢) ¸ Ô´¥·£¨Ö³¨ ¢ÒÏ¥ ∼ 100 ŒÔ‚.

2.1. �·¨¡²¨¦¥´¨¥ ´¥¶·¥·Ò¢´µ£µ ¶µÉ¥´Í¨ ² . „¢¨¦¥´¨¥ Î ¸É¨Í ¢ ±·¨-
¸É ²²¥ ¶µ¤ ³ ²Ò³¨ Ê£² ³¨ ±  Éµ³´Ò³ ¶²µ¸±µ¸ÉÖ³ ¢ ¶¥·¢µ³ ¶·¨¡²¨¦¥´¨¨ µ¶¨-
¸Ò¢ ¥É¸Ö ´¥¶·¥·Ò¢´Ò³ ¶²µ¸±µ¸É´Ò³ ¶µÉ¥´Í¨ ²µ³ [1], µ¡² ¤ ÕÐ¨³ É· ´¸²Ö-
Í¨µ´´µ° ¸¨³³¥É·¨¥° ¢ ¶µ¶¥·¥Î´µ³ ´ ¶· ¢²¥´¨¨:

Y (x) =
∞∑

n=−∞

Y1(x − ndp) , (2)

Y1(x) = 2πNdp

∫ ∞
0

V (
√
x2 + r2) r dr , (3)

£¤¥ Y1(x) Å ¶µÉ¥´Í¨ ² µÉ¤¥²Ó´µ° ¶²µ¸±µ¸É¨, Ê¸·¥¤´¥´´Ò° ¶µ · ¸¶µ²µ¦¥´¨Õ
 Éµ³µ¢ ¢ ¶·¥¤¶µ²µ¦¥´¨¨ ¨Ì · ¢´µ³¥·´µ£µ · ¸¶·¥¤¥²¥´¨Ö, N Å µ¡Ñ¥³´ Ö
¶²µÉ´µ¸ÉÓ  Éµ³µ¢.

�¤´µ³¥·´Ò° ¶¥·¨µ¤¨Î¥¸±¨° ´¥¶·¥·Ò¢´Ò° ¶µÉ¥´Í¨ ² ¸¨¸É¥³Ò  Éµ³´ÒÌ
¶²µ¸±µ¸É¥° ³µ¦¥É ¡ÒÉÓ É ±¦¥ ¶µ²ÊÎ¥´ ¨§ · §²µ¦¥´¨Ö É·¥Ì³¥·´µ£µ ¶¥·¨µ¤¨-
Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ±·¨¸É ²²  ¢ ·Ö¤ ”Ê·Ó¥ [22]:

V (~R) =
∑

kx,ky=kz=0

Vkxeikxx +
∑

ky,kz 6=0

eikyy+ikzz
∑
kx

V~keikxx =

= Y (x) +W (~R) . (4)

‡¤¥¸Ó V~k Å ËÊ·Ó¥-±µ³¶µ´¥´ÉÒ ¶µÉ¥´Í¨ ²  ±·¨¸É ²² , ¸²a£ ¥³µ¥ W (~R) ÊÎ¨-
ÉÒ¢ ¥É µÉ±²µ´¥´¨¥ ¶µ²´µ£µ ¶µÉ¥´Í¨ ²  µÉ Ê¸·¥¤´¥´´µ£µ ¢¤µ²Ó ¶²µ¸±µ¸É¥°.
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�·¨ ¨¸¶µ²Ó§µ¢ ´¨¨  Éµ³´µ£µ ¶µÉ¥´Í¨ ²  Œµ²Ó¥·  ´¥¶·¥·Ò¢´Ò° ¶µÉ¥´Í¨ ²
¸¨¸É¥³Ò ¶²µ¸±µ¸É¥° ¶·¨´¨³ ¥É ¢¨¤ [23]:

Y (x) = 2πZ1Z2e
2Ndp

3∑
i=1

αi

κi

cosh [κi(x− dp/2)]

sinh (κidp/2)
, (5)

£¤¥ κi = βi/a. �  ·¨¸.2 ¶µ± § ´ ¶µÉ¥´Í¨ ² ¶²µ¸±µ¸É´µ£µ ± ´ ²  (110) ±·¨-
¸É ²²  ±·¥³´¨Ö, ¶µ²ÊÎ¥´´Ò° ¢ ·¥§Ê²ÓÉ É¥ Ê¸·¥¤´¥´¨Ö (5) ¶µ É¥¶²µ¢Ò³ ±µ²¥-
¡ ´¨Ö³  Éµ³µ¢ ¤²Ö ±µ³´ É´µ° É¥³¶¥· ÉÊ·Ò.

�¨¸. 2. “¸·¥¤´¥´´Ò° ¶µÉ¥´Í¨ ²
¶²µ¸±µ¸É´µ£µ ± ´ ²  (110) ±·¨-
¸É ²²  ±·¥³´¨Ö ¶·¨ ±µ³´ É´µ° É¥³-
¶¥· ÉÊ·¥ ¢ ¶·¨¡²¨¦¥´¨¨ Œµ²Ó¥· 
¤²Ö  Éµ³´µ£µ ¶µÉ¥´Í¨ ² . �Ê´±-
É¨· Å  ¶¶·µ±¸¨³ Í¨Ö ¶µÉ¥´Í¨ ² 
¶ · ¡µ²µ°

‚  ´ ²¨É¨Î¥¸±¨Ì · ¸Î¥É Ì Ì · ±É¥·¨-
¸É¨± ± ´ ²¨·µ¢ ´´ÒÌ ¢ ±·¨¸É ²²¥ Î ¸É¨Í
¨¸¶µ²Ó§ÊÕÉ¸Ö ¡µ²¥¥ ¶·µ¸ÉÒ¥ ³µ¤¥²Ó´Ò¥
¶µÉ¥´Í¨ ²Ò. ’ ±, ¶·¨ ± ´ ²¨·µ¢ ´¨¨ ¶µ-
²µ¦¨É¥²Ó´µ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¶µÉ¥´Í¨ ²
¶²µ¸±µ¸É´µ£µ ± ´ ²  ´  · ¸¸ÉµÖ´¨¨ µÉ ¸É¥-
´µ± ± ´ ² , ¡µ²ÓÏ¥³  ³¶²¨ÉÊ¤Ò É¥¶²µ¢ÒÌ
±µ²¥¡ ´¨°  Éµ³µ¢, Ìµ·µÏµ  ¶¶·µ±¸¨³¨·Ê-
¥É¸Ö ¶ · ¡µ²µ° (¸³.·¨¸.2)

U(x) = U0(x/xc)
2, (6)

£¤¥ U0 = Y (a), xc = l − a, l = dp/2
Å ¶µ²ÊÏ¨·¨´  ¶²µ¸±µ¸É´µ£µ ± ´ ² , a Å
¤²¨´  Ô±· ´¨·µ¢ ´¨Ö, ¤²Ö ¶µ²´µ¸ÉÓÕ ¨µ-
´¨§¨·µ¢ ´´µ° ´ ²¥É ÕÐ¥° Î ¸É¨ÍÒ a =

0, 8853 a0Z
−1/3
2 , a0 = 0, 529 �AÅ · ¤¨Ê¸

�µ· .
‹¨´¤Ì ·¤µ³ ¡Ò²µ ¢¢¥¤¥´µ ¶µ´ÖÉ¨¥

±·¨É¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö Î ¸É¨ÍÒ ±
 Éµ³´µ³Ê ·Ö¤Ê, ¶²µ¸±µ¸É¨, ±µÉµ·µ¥ µ£· -
´¨Î¨¢ ¥É µ¡² ¸ÉÓ ¶·¨³¥´¨³µ¸É¨ ¶·¨¡²¨-
¦¥´¨Ö ´¥¶·¥·Ò¢´µ£µ ¶µÉ¥´Í¨ ² . „²Ö Î -

¸É¨Í ¢Ò¸µ±¨Ì Ô´¥·£¨° Ê¸·¥¤´¥´´Ò¥ ¶µÉ¥´Í¨ ²Ò Í¥¶µÎ¥± ¨ ¶²µ¸±µ¸É¥° ¢ §´ -
Î¨É¥²Ó´µ° ¸É¥¶¥´¨ µ¶·¥¤¥²ÖÕÉ ¨Ì ¶µ¢¥¤¥´¨¥ ¨ ¢ ´ ¤¡ ·Ó¥·´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ.
�µ´ÖÉ¨¥ · ¸¸ÉµÖ´¨Ö ±·¨É¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö ¢ ÔÉµ³ ¸²ÊÎ ¥ ¨¸¶µ²Ó§Ê¥É¸Ö
¤²Ö µ¶·¥¤¥²¥´¨Ö µ¡² ¸É¨ ¸É ¡¨²Ó´µ¸É¨ ¸µ¸ÉµÖ´¨° ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í.
�´µ µ¶·¥¤¥²Ö¥É¸Ö · §³¥·µ³ µ¡² ¸É¨ ¸ ¶µ¢ÒÏ¥´´µ° ¶²µÉ´µ¸ÉÓÕ Ö¤¥· ¨ ¶·µ-
¶µ·Í¨µ´ ²Ó´µ  ³¶²¨ÉÊ¤¥ É¥¶²µ¢ÒÌ ±µ²¥¡ ´¨°  Éµ³µ¢ u1. Š ± ¶µ± §Ò¢ ÕÉ
Ô±¸¶¥·¨³¥´É [24] ¨ ±µ³¶ÓÕÉ¥·´µ¥ ³µ¤¥²¨·µ¢ ´¨¥ [25], Ìµ·µÏ¥° µÍ¥´±µ° ¤²Ö
±·¥³´¨Ö Ö¢²Ö¥É¸Ö ¢¥²¨Î¨´  rc ' 2, 5u1 ' a.

2.2. “· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö. �¸´µ¢´Ò¥ Ì · ±É¥·¨¸É¨±¨. “· ¢´¥´¨¥ ¤¢¨-
¦¥´¨Ö ·¥²ÖÉ¨¢¨¸É¸±µ° Î ¸É¨ÍÒ ¢ ±·¨¸É ²²¥ ¢ ´ ¶· ¢²¥´¨¨, ¶µ¶¥·¥Î´µ³ ¶²µ¸-
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±µ¸ÉÖ³, ¢ ¶·¨¡²¨¦¥´¨¨ ´¥¶·¥·Ò¢´µ£µ ¶µÉ¥´Í¨ ²  ¨³¥¥É ¢¨¤

dpx

dt
= −

dY (x)

dx
. (7)

„¢¨¦¥´¨¥ Î ¸É¨Í ¢¤µ²Ó ¶²µ¸±µ¸É¥° Ö¢²Ö¥É¸Ö ¸¢µ¡µ¤´Ò³, ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥
¶·µ¥±Í¨¨ ¨³¶Ê²Ó¸  py, pz Ö¢²ÖÕÉ¸Ö ¨´É¥£· ² ³¨ ¤¢¨¦¥´¨Ö, É ± ¦¥, ± ± ¨
¶µ²´ Ö Ô´¥·£¨Ö Î ¸É¨ÍÒ W = mγc2 + Y (x). ˆ§³¥´¥´¨¥³ ·¥²ÖÉ¨¢¨¸É¸±µ£µ
Ë ±Éµ·  ¶·¨ ¶µ¶¥·¥Î´µ³ ¤¢¨¦¥´¨¨ Î ¸É¨ÍÒ ³µ¦´µ ¶·¥´¥¡·¥ÎÓ, ¨ Ê· ¢´¥-
´¨¥ ¤¢¨¦¥´¨Ö ¸¢µ¤¨É¸Ö ± ´¥·¥²ÖÉ¨¢¨¸É¸±µ³Ê Ê· ¢´¥´¨Õ �ÓÕÉµ´  ¸ ³ ¸¸µ°
Î ¸É¨ÍÒ, · ¢´µ° ·¥²ÖÉ¨¢¨¸É¸±µ° ³ ¸¸¥:

mγẍ = −Y ′(x) , (8)

Éµ ¥¸ÉÓ ¶µ¶¥·¥Î´ Ö Ô´¥·£¨Ö Î ¸É¨ÍÒ

Ex =
mγ

2
v2
x + Y (x) = E∗ϑ2

x + Y (x) (9)

Ö¢²Ö¥É¸Ö ¨´É¥£· ²µ³ ¤¢¨¦¥´¨Ö. ‡¤¥¸Ó vx = vϑx, ϑx Å Ê£µ² ´ ±²µ´  ¨³¶Ê²Ó¸ 
Î ¸É¨ÍÒ ± ¶²µ¸±µ¸ÉÖ³, E∗ = pv/2 ' E/2.

…¸²¨ Ex < Y0, £¤¥ Y0 ≡ Y (0) Å £²Ê¡¨´  ¶µÉ¥´Í¨ ²Ó´µ° Ö³Ò ± ´ ² , ¤¢¨-
¦¥´¨¥ Î ¸É¨ÍÒ ¶µ x Ö¢²Ö¥É¸Ö Ë¨´¨É´Ò³. �´µ µ£· ´¨Î¥´µ ¤¢Ê³Ö ¸µ¸¥¤´¨³¨
¶²µ¸±µ¸ÉÖ³¨, ³¥¦¤Ê ±µÉµ·Ò³¨ Î ¸É¨Í  ¸µ¢¥·Ï ¥É ±µ²¥¡ ´¨Ö. �·¨ Ex > Y0

¤¢¨¦¥´¨¥ Î ¸É¨Í ¶µ x ¨´Ë¨´¨É´µ. — ¸É¨ÍÒ, ¸µ¢¥·Ï ÕÐ¨¥ Ë¨´¨É´µ¥ ¤¢¨¦¥-
´¨¥, ´ §Ò¢ ÕÉ ± ´ ²¨·µ¢ ´´Ò³¨, ¨´Ë¨´¨É´µ¥ Å ´ ¤¡ ·Ó¥·´Ò³¨ ¨²¨ ±¢ §¨-
± ´ ²¨·µ¢ ´´Ò³¨.

�·¨ µ·¨¥´É Í¨¨ ¶µ¤ Ê£²µ³ ϑx0 ± ¶²µ¸±µ¸ÉÖ³ ´  ¢Ìµ¤¥ ¢ ±·¨¸É ²² Î ¸É¨Í ,
¶¥·¥¸¥± Ö ¢Ìµ¤´ÊÕ £· ´Ó ¢ x0, ¶·¨µ¡·¥É ¥É ¤µ¡ ¢±Ê ± ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨,
µ¡Ê¸²µ¢²¥´´ÊÕ ¶²µ¸±µ¸É´Ò³ ¶µÉ¥´Í¨ ²µ³:

Ex(z = −0) = E∗ϑ2
x0 → Ex0 ≡ Ex(z = +0) = E∗ϑ2

x0 + Y (x0) . (10)

�·¨ ´Ê²¥¢µ³ Ê£²¥ ¶ ¤¥´¨Ö Ex0 = Y (x0) ≤ Y0, ¨ ¶· ±É¨Î¥¸±¨ ¢¸¥ Î ¸É¨ÍÒ
§ Ì¢ ÉÒ¢ ÕÉ¸Ö ¢ ¸¢Ö§ ´´Ò¥ ¸µ¸ÉµÖ´¨Ö ¶²µ¸±µ¸É´Ò³¨ ± ´ ² ³¨. �·¨ Ê£² Ì
¶ ¤¥´¨Ö ´  ±·¨¸É ²² ϑx0 ≥ ϑc, £¤¥ ϑc µ¶·¥¤¥²Ö¥É¸Ö · ¢¥´¸É¢µ³ E∗ϑ2

x = Y0,
¤²Ö ¢¸¥Ì Î ¸É¨Í Ex0 ≥ Y0, Éµ ¥¸ÉÓ ¢¸¥ Î ¸É¨ÍÒ Ö¢²ÖÕÉ¸Ö ´ ¤¡ ·Ó¥·´Ò³¨. “£µ²

ϑc = (Y0/E
∗)1/2 ' (2Y0/E)1/2 (11)

¨§¢¥¸É¥´ ± ± ±·¨É¨Î¥¸±¨° Ê£µ² ± ´ ²¨·µ¢ ´¨Ö ‹¨´¤Ì ·¤ . ‚ ±·¥³´¨¨ ¤²Ö
± ´ ²  (110) ¶·¨ ±µ³´ É´µ° É¥³¶¥· ÉÊ·¥ Y0 = 22, 7 Ô‚ ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨°
±·¨É¨Î¥¸±¨° Ê£µ² ± ´ ²¨·µ¢ ´¨Ö ¤²Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶·µÉµ´µ¢

ϑc[³±· ¤] = 6, 74/
√
p[’Ô‚/c] . (11a)
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— ¸Éµ ¨¸¶µ²Ó§Ê¥É¸Ö ¤·Ê£µ¥ µ¶·¥¤¥²¥´¨¥ ±·¨É¨Î¥¸±µ£µ Ê£² , ¶·¨ ±µÉµ·µ³ ¢³¥-
¸Éµ £²Ê¡¨´Ò ¶µÉ¥´Í¨ ²Ó´µ° Ö³Ò ¶²µ¸±µ¸É´µ£µ ± ´ ²  · ¸¸³ É·¨¢ ¥É¸Ö ±·¨-
É¨Î¥¸± Ö ¤²Ö ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¸É ¡¨²Ó´ÒÌ É· ¥±Éµ·¨° ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í
¶µ¶¥·¥Î´ Ö Ô´¥·£¨Ö Exc = Y (rc). �·¨ rc = 2, 5u1 ¨³¥¥³ Exc = 14 Ô‚, ¨
¸µµÉ¢¥É¸É¢ÊÕÐ¨° ±·¨É¨Î¥¸±¨° Ê£µ²

ϑc[³±· ¤] = 5, 3/
√
p[’Ô‚/c] . (11)

‚ ¶ · ¡µ²¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¤²Ö ¶µÉ¥´Í¨ ²  ¶²µ¸±µ¸É´µ£µ ± ´ ² 
Î ¸É¨Í  ¸µ¢¥·Ï ¥É £ ·³µ´¨Î¥¸±¨¥ ±µ²¥¡ ´¨Ö ¢ ¶µ¶¥·¥Î´µ° ¶²µ¸±µ¸É¨

x(t) = xm sin (ωt+ ϕ0) , (12)

£¤¥ xm, ϕ0 Å  ³¶²¨ÉÊ¤  ¨ ´ Î ²Ó´ Ö Ë §  ±µ²¥¡ ´¨Ö, ω = cϑc/xc Å Î ¸ÉµÉ 
±µ²¥¡ ´¨°. �·µ¤µ²Ó´ Ö ¸±µ·µ¸ÉÓ ¢ ¶·¨¡²¨¦¥´¨¨ γ = const ¨§³¥´Ö¥É¸Ö ± ±

vz =
√
v2 − v2

x ' v

[
1−

1

2

(
βm

β

)2

cos2 ωt

]
. (13)

�·µ¤µ²Ó´µ¥ ¶µ²µ¦¥´¨¥ Î ¸É¨ÍÒ ±µ²¥¡²¥É¸Ö ¶·¨ ÔÉµ³ µ±µ²µ ¸·¥¤´¥£µ z̄ = v̄t
¸ Ê¤¢µ¥´´µ° Î ¸ÉµÉµ°

z(t) = β̄ct−∆zm sin (2ωt) , (14)

β̄ = β

[
1−

1

4

(
βm

β

)2
]
, ∆zm =

v

8ω

(
βm

β

)2

,

βm =
xmω

c
,

βm

β
=
xm

l
ϑc .

‘µµÉ¢¥É¸É¢ÊÕÐ¨° ¶·µ¸É· ´¸É¢¥´´Ò° ¶¥·¨µ¤ µ¸Í¨²²ÖÍ¨° Î ¸É¨ÍÒ ¢ ± ´ ²¥

λ ≡ z(t = T ) =
πdp

ϑc

[
1−

1

4

(
βm

β

)2
]
'
πdp

ϑc
, (15)

ÎÉµ ¤²Ö ¶·µÉµ´µ¢ ¢ ± ´ ²¥ (110) ±·¥³´¨Ö ¸µ¸É ¢²Ö¥É

λ[³±³] = 114
√
p[’Ô‚/c] . (15)

‚¥·µÖÉ´µ¸ÉÓ § Ì¢ É  Î ¸É¨Í ¢ ·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö ¶·¨ ¶·µ¨§¢µ²Ó´µ³
Ê£²µ¢µ³ · ¸¶·¥¤¥²¥´¨¨ ¶ ¤ ÕÐ¥£µ ´  ±·¨¸É ²² ¶ÊÎ±  P (ϑx0) ¨ · ¢´µ³¥·-
´µ³ · ¸¶·¥¤¥²¥´¨¨ ±µµ·¤¨´ É x0 ÉµÎ¥± ¢Ìµ¤  Î ¸É¨Í ¢ ± ´ ² P (x0) = 1/dp
µ¶·¥¤¥²Ö¥É¸Ö ± ±

P 0
c =

2

dp

dp−rc∫
rc

dx0

ϑc(x0)∫
0

P (ϑx0)dϑx0 , ϑc(x0) =

(
Exc − Y (x0)

E∗

)1/2

. (16)
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„²Ö ¶ÊÎ±  ¸ £ Ê¸¸µ¢¸±¨³ Ê£²µ¢Ò³ · ¸¶·¥¤¥²¥´¨¥³

P 0
c =

2

dp

∫ l

rc

Erf [ϑ̃c(x0)]dx0 , ϑ̃c(x0) =
ϑc(x0)
√

2ϑ̄x
, (16)

£¤¥ ϑ̄x Å ¸·¥¤´¥±¢ ¤· É¨Î´µ¥ µÉ±²µ´¥´¨¥. „²Ö · ¢´µ³¥·´µ£µ · ¸¶·¥¤¥²¥´¨Ö
Î ¸É¨Í ¢ ¶ÊÎ±¥ ¢ ¨´É¥·¢ ²¥ Ê£²µ¢ (-Φ, Φ) ¢¥·µÖÉ´µ¸ÉÓ § Ì¢ É  µ¶·¥¤¥²Ö¥É¸Ö
µÉ´µÏ¥´¨¥³ Ë §µ¢µ£µ µ¡Ñ¥³  ± ´ ²¨·µ¢ ´¨Ö ¢ ¶·µ¸É· ´¸É¢¥ (x, ϑx), Éµ ¥¸ÉÓ
¶²µÐ ¤¨ S = πxcϑc Ë §µ¢µ£µ Ô²²¨¶¸  ± ´ ²¨·µ¢ ´´µ° Î ¸É¨ÍÒ ¸ Ex = Exc,
±µ ¢¸¥³Ê Ë §µ¢µ³Ê µ¡Ñ¥³Ê ¶ÊÎ±  2Φdp:

P 0
c =

πxcϑc

2Φdp
=
πϑc

4Φ
(1− rc/l) . (16)

„²Ö ³µ´µ´ ¶· ¢²¥´´µ£µ ¶ÊÎ±  Î ¸É¨Í, ¢Ìµ¤ÖÐ¨Ì ¢ ±·¨¸É ²² ¶ · ²²¥²Ó´µ
¶²µ¸±µ¸ÉÖ³, ¢¥·µÖÉ´µ¸ÉÓ § Ì¢ É  µ¶·¥¤¥²Ö¥É¸Ö ¶·µ¸Éµ µÉ´µÏ¥´¨¥³ ¶µ²¥§´µ°
Ï¨·¨´Ò ± ´ ²  dp − 2rc ± ¥£µ ¶µ²´µ° Ï¨·¨´¥

P 0
c = 1− rc/l . (16)

3. Š���‹ˆ��‚��ˆ… ‚ ˆ‡�ƒ�“’�Œ Š�ˆ‘’�‹‹…

3.1. �¸´µ¢´Ò¥ µ¸µ¡¥´´µ¸É¨. “· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö ¡Ò¸É·ÒÌ § ·Ö¦¥´´ÒÌ
Î ¸É¨Í ¶·¨ ± ´ ²¨·µ¢ ´¨¨ ¢ ¨§µ£´ÊÉÒÌ ± ´ ² Ì ±·¨¸É ²²¨Î¥¸±µ° ·¥Ï¥É±¨
¡Ò²µ ¢¶¥·¢Ò¥ · ¸¸³µÉ·¥´µ ¢ [26] ¢ ¸¢Ö§¨ ¸ ¨§ÊÎ¥´¨¥³ ¤¥± ´ ²¨·µ¢ ´¨Ö Î -
¸É¨Í ´  ¤¨¸²µ± Í¨ÖÌ. „²Ö ¶· ±É¨Î¥¸±¨ ·¥ ²¨§Ê¥³µ£µ ¨§£¨¡  ±·¨¸É ²²  ¢¸¥£¤ 
¢Ò¶µ²´Ö¥É¸Ö Ê¸²µ¢¨¥ R � dp, £¤¥ R Å · ¤¨Ê¸ ¨§£¨¡ , Éµ ¥¸ÉÓ ´  ± ´ ²¨·µ-
¢ ´´ÊÕ Î ¸É¨ÍÊ ¢¸Õ¤Ê ¢ ¶µ¶¥·¥Î´¨±¥ ¨§µ£´ÊÉµ£µ ± ´ ²  ¤¥°¸É¢Ê¥É µ¤´  ¨ É 
¦¥ ¶µ ¢¥²¨Î¨´¥ Í¥´É·µ¡¥¦´ Ö ¸¨²  Fc = pv/R. ’ ±¨³ µ¡· §µ³, Ê· ¢´¥´¨¥
¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ ¨³¥¥É ¢¨¤

x′′ +
1

pv
Y ′(x) = k , (17)

£¤¥ k = 1/R. ‚ ¶ · ¡µ²¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¤²Ö ¶µÉ¥´Í¨ ²  ± ´ ²  ·¥Ï¥-
´¨¥ Ê· ¢´¥´¨Ö

x′′ + ω̄2 x = k (17)

¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° £ ·³µ´¨Î¥¸±µ¥ ±µ²¥¡ ´¨¥, · ¢´µ¢¥¸´Ò° Í¥´É· ±µÉµ·µ£µ
¸³¥Ð¥´ ¢ ´ ¶· ¢²¥´¨¨ · ¤¨Ê¸  ¨§£¨¡  ´  x0 = k/ω̄2, £¤¥ ω̄ = ϑc/xc.

‚ [27] ¤²Ö  ´ ²¨§  ¤µ²¨ Î ¸É¨Í, Ê¢²¥± ¥³ÒÌ ¨§£¨¡µ³ ±·¨¸É ²² , ¢¢¥¤¥´
ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ¸ Í¥´É·µ¡¥¦´µ° ¤µ¡ ¢±µ°, ¤¥°¸É¢ÊÕÐ¨° ´  Î ¸É¨ÍÊ
¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥:

Yeff(x,R) = Y (x) ±
pv

R
x+ Yc0(R) . (18)
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‡´ ± ¶·¨ Í¥´É·µ¡¥¦´µ³ Î²¥´¥ § ¢¨¸¨É µÉ ´ ¶· ¢²¥´¨Ö µÉ¸Î¥É  ¶µ¶¥·¥Î´µ°
±µµ·¤¨´ ÉÒ x, ¢ ´ ¶· ¢²¥´¨¨ · ¤¨Ê¸a-¢¥±Éµ·  ¨§£¨¡  Å ³¨´Ê¸, ¢ ¶·µÉ¨¢µ¶µ-
²µ¦´µ³ Å ¶²Õ¸. �µ¸ÉµÖ´´Ò° Î²¥´ Yc0 ¢Ò¡¨· ¥É¸Ö É ±, ÎÉµ¡Ò ¢ ³¨´¨³Ê³¥
ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² · ¢´Ö²¸Ö ´Ê²Õ. �ËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ¨§µ£´ÊÉµ£µ
¶²µ¸±µ¸É´µ£µ ± ´ ²  ¶µ± § ´ ´  ·¨¸.3.

�¨¸. 3. �ËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ± -
´ ²  (110) ±·¨¸É ²²  ±·¥³´¨Ö, ¨§µ-
£´ÊÉµ£µ ¸ · ¤¨Ê¸µ³ 10 ¸³, ¤²Ö ¶·µ-
Éµ´µ¢ ¸ Ô´¥·£¨¥° 10 ƒÔ‚

‚ £ ·³µ´¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¤²Ö
¶µÉ¥´Í¨ ²  ¶²µ¸±µ¸É´µ£µ ± ´ ²  (6) ÔË-
Ë¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ
¢ ¢¨¤¥

Ueff(x,R) = U0

(
x− x0

xc

)2

,

x0 =
E∗

U0

x2
c

R
=

Fc

2U0
x2
c . (19)

‡¤¥¸Ó Î¥·¥§ U0 µ¡µ§´ Î¥´  ±·¨É¨Î¥¸± Ö
¶µ¶¥·¥Î´ Ö Ô´¥·£¨Ö ± ´ ²¨·µ¢ ´¨Ö ¢ ¶·Ö-
³µ³ ±·¨¸É ²²¥ U0 = Y (rc). �·¨ ¨§£¨¡¥
±·¨¸É ²²  ³¨´¨³Ê³ ÔËË¥±É¨¢´µ£µ ¶µÉ¥´-
Í¨ ²  ¸³¥Ð ¥É¸Ö ± ¢´¥Ï´¥° ¸É¥´±¥ ± -
´ ²  ´  ¢¥²¨Î¨´Ê x0, ÎÉµ ¶·¨¢µ¤¨É ±
¸µµÉ¢¥É¸É¢ÊÕÐ¥³Ê ¸³¥Ð¥´¨Õ É· ¥±Éµ·¨°
± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í. �¤´µ¢·¥³¥´´µ
¢¥²¨Î¨´  ¶µÉ¥´Í¨ ²Ó´µ£µ ¡ ·Ó¥· , · §¤¥-
²ÖÕÐ¥£µ ¸µ¸¥¤´¨¥ ¶²µ¸±µ¸É´Ò¥ ± ´ ²Ò,
Ê³¥´ÓÏ ¥É¸Ö. ‘²¥¤µ¢ É¥²Ó´µ, Ê³¥´ÓÏ -

¥É¸Ö ±·¨É¨Î¥¸± Ö ¶µ¶¥·¥Î´ Ö Ô´¥·£¨Ö ± ´ ²¨·µ¢ ´¨Ö [28,29]:

Exc(Fc) = Ueff(xc, Fc) = U0(1− x0(Fc)/xc)
2 . (20)

Š·¨É¨Î¥¸±¨° · ¤¨Ê¸ ¨§£¨¡  ¶²µ¸±µ¸É´ÒÌ ± ´ ²µ¢ Rc ³µ¦´µ µ¶·¥¤¥²¨ÉÓ ± ±
· ¤¨Ê¸, ¶·¨ ±µÉµ·µ³ ³¨´¨³Ê³ ÔËË¥±É¨¢´µ£µ ¶µÉ¥´Í¨ ²  ¤µ¸É¨£ ¥É £· ´¨ÍÒ
µ¡² ¸É¨ ¸É ¡¨²Ó´µ¸É¨ xc:

x0(Rc, E) = xc → Rc(E) = xc
E∗

U0
. (21)

� ·Ö¤Ê ¸ Rc ¸ÊÐ¥¸É¢Ê¥É ±·¨É¨Î¥¸± Ö Ô´¥·£¨Ö Î ¸É¨Í Ec ¤²Ö ± ´ ²¨·µ¢ ´¨Ö ¢
±·¨¸É ²²¥ ¸ ¤ ´´Ò³ · ¤¨Ê¸µ³ ¨§£¨¡  [28,29]:

x0(R,Ec) = xc → E∗c = U0
R

xc
. (22)

Š·¨É¨Î¥¸± Ö ¶µ¶¥·¥Î´ Ö Ô´¥·£¨Ö ¢ ¶·Ö³µ³ ±·¨¸É ²²¥ ¶· ±É¨Î¥¸±¨ ´¥
§ ¢¨¸¨É µÉ Ô´¥·£¨¨ Î ¸É¨Í. ‚ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ µ´  Ê³¥´ÓÏ ¥É¸Ö ¸ ·µ¸Éµ³
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�¨¸. 4. ‡ ¢¨¸¨³µ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ § Ì¢ É  ¶·µÉµ´µ¢ ¢ ·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö ± ´ ²µ³
(110) ±·¥³´¨Ö:  ) µÉ · ¤¨Ê¸  ¨§£¨¡  ±·¨¸É ²²  R ¤²Ö ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 10 ƒÔ‚ (1)
¨ 40 ƒÔ‚ (2), ¡) µÉ Ô´¥·£¨¨ ¶·µÉµ´µ¢ E ¢ ±·¨¸É ²²¥, ¨§µ£´ÊÉµ³ ¸ · ¤¨Ê¸µ³ 100 ¸³ (1),
50 ¸³ (2)

Ô´¥·£¨¨ Î ¸É¨Í ¨§-§  ·µ¸É  Í¥´É·µ¡¥¦´µ° ¸¨²Ò. ‡ ¢¨¸¨³µ¸ÉÓ Exc µÉ R ¨ E
¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

Exc(R) = U0 (1−Rc/R)2 , Exc(E) = U0 (1− E/Ec)
2. (23)

‘µµÉ¢¥É¸É¢¥´´µ ¨§³¥´Ö¥É¸Ö ±·¨É¨Î¥¸±¨° Ê£µ² ± ´ ²¨·µ¢ ´¨Ö

ϑc(R) = ϑ0
c (1−Rc/R) , ϑc(E) = ϑ0

c(E) (1− E/Ec) , (24)

£¤¥ ϑ0
c = (2U0/E)1/2 Å ¥£µ §´ Î¥´¨¥ ¢ ¶·Ö³µ³ ±·¨¸É ²²¥.

“³¥´ÓÏ¥´¨¥ ±·¨É¨Î¥¸±µ£µ Ê£²  ± ´ ²¨·µ¢ ´¨Ö ¨ ¸³¥Ð¥´¨¥ É· ¥±Éµ·¨°
± ¸É¥´±¥ ± ´ ²  ¸ ¨§£¨¡µ³ ±·¨¸É ²²  ¶·¨¢µ¤ÖÉ ± Ê³¥´ÓÏ¥´¨Õ ¢¥·µÖÉ´µ¸É¨
§ Ì¢ É  Î ¸É¨Í ¢ ·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö. „²Ö ¶ · ²²¥²Ó´µ£µ ¶ÊÎ±  Î ¸É¨Í,
¢Ìµ¤ÖÐ¥£µ ¶µ ± ¸ É¥²Ó´µ° ± ¨§µ£´ÊÉÒ³ ¶²µ¸±µ¸ÉÖ³, Ê³¥´ÓÏ¥´¨¥ § Ì¢ É  ¶·µ-
¨¸Ìµ¤¨É §  ¸Î¥É Ê³¥´ÓÏ¥´¨Ö ¶µ¶¥·¥Î´¨±  ± ´ ²  2(xc − x0), £¤¥ ³µ£ÊÉ ·¥ -
²¨§µ¢ ÉÓ¸Ö ¸É ¡¨²Ó´Ò¥ É· ¥±Éµ·¨¨ ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í. „²Ö ¢¥·µÖÉ´µ¸É¨
§ Ì¢ É  ¨³¥¥³

Pc(R) = P 0
c (1 −Rc/R) , Pc(E) = P 0

c (1− E/Ec) . (25)

‡ ¢¨¸¨³µ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ § Ì¢ É  Î ¸É¨Í ¢ ·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö ¶²µ¸±µ¸É-
´Ò³ ± ´ ²µ³ (110) ±·¥³´¨Ö µÉ · ¤¨Ê¸  ¨§£¨¡  ±·¨¸É ²²  ¨ Ô´¥·£¨¨ Î -
¸É¨Í ¶·¥¤¸É ¢²¥´  ´  ·¨¸.4. ‚¥·µÖÉ´µ¸ÉÓ § Ì¢ É  ¡Ò¸É·µ Ê³¥´ÓÏ ¥É¸Ö ¶·¨
R < 10Rc (·¨¸.4, ). ‚ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ § Ì¢ É ¶ ¤ ¥É ¸ ·µ¸Éµ³ Ô´¥·£¨¨
Î ¸É¨Í, ¨ ¶·µ¨¸Ìµ¤¨É ÔÉµ É¥³ ¡Ò¸É·¥¥, Î¥³ ¡µ²ÓÏ¥ ¨§£¨¡ ±·¨¸É ²²  (·¨¸.4,¡).
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„²Ö Ï¨·µ±µ£µ ¶ÊÎ±  ¸ · ¢´µ³¥·´Ò³ Ê£²µ¢Ò³ · ¸¶·¥¤¥²¥´¨¥³ Î ¸É¨Í § ¢¨¸¨-
³µ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ § Ì¢ É  µÉ R ¨ E ¡µ²¥¥ ¸¨²Ó´ Ö [30]:

Pc(R) = P 0
c (1 −Rc/R)2 , Pc(E) = P 0

c (E) (1 − E/Ec)
2. (25)

’ ±¨³ µ¡· §µ³, ¶·¨ ¨§£¨¡¥ ±·¨¸É ²²  ¢µ§´¨± ¥É ¸¨²Ó´ Ö § ¢¨¸¨³µ¸ÉÓ
µ¸´µ¢´ÒÌ Ì · ±É¥·¨¸É¨± ± ´ ²¨·µ¢ ´¨Ö µÉ Ô´¥·£¨¨ Î ¸É¨Í [29].

3.2. “· ¢´¥´¨¥ É· ¥±Éµ·¨¨ Î ¸É¨ÍÒ. ‚ ¶·¨¡²¨¦¥´¨¨ ´¥¶·¥·Ò¢´µ£µ
¶µÉ¥´Í¨ ²   Éµ³´ÒÌ ¶²µ¸±µ¸É¥° ¶·µÌµ¦¤¥´¨¥ ±¢ §¨± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í
Î¥·¥§ ±·¨¸É ²², ¨§µ£´ÊÉÒ° ¸ ¶µ¸ÉµÖ´´Ò³ · ¤¨Ê¸µ³, ¥¸ÉÓ ¶·µÍ¥¸¸ · ¸¸¥Ö´¨Ö
ÊÎ ¸É±µ³  ±¸¨ ²Ó´µ-¸¨³³¥É·¨Î´µ£µ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö, µ¡² ¤ ÕÐ¥£µ · ¤¨-
 ²Ó´µ° ¶¥·¨µ¤¨Î´µ¸ÉÓÕ [31]. �µ² £ Ö ¤²Ö ¶·µ¸ÉµÉÒ ¸±µ·µ¸ÉÓ Î ¸É¨ÍÒ ¢¤µ²Ó
µ¸¨ ¶µ²Ö (µ¸¨ ¨§£¨¡  ±·¨¸É ²² ) · ¢´µ° ´Ê²Õ, ¤²Ö Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ·¥²Ö-
É¨¢¨¸É¸±µ° Î ¸É¨ÍÒ ¢  ±¸¨ ²Ó´µ-¸¨³³¥É·¨Î´µ³ ¶µ²¥ ¨§µ£´ÊÉµ£µ ±·¨¸É ²²  ¢
¶µ²Ö·´ÒÌ ±µµ·¤¨´ É Ì (r,ϕ) ¨³¥¥³

d

dt
(mγṙ) = mγrϕ̇2 −

dU

dr
, (26)

d

dt
(mγr2ϕ̇) = 0, (27)

d

dt
(mγc2) = −ṙ

dU

dr
. (28)

ˆ´É¥£· ² ³¨ ¤¢¨¦¥´¨Ö Ö¢²ÖÕÉ¸Ö ¶µ²´ Ö Ô´¥·£¨Ö ¨ ³µ³¥´É ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ
µÉ´µ¸¨É¥²Ó´µ Í¥´É·  ¶µ²Ö

W = mγc2 + U(r), (29)

M = mγr2ϕ̇. (30)

ˆ§ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö ¤²Ö Ê· ¢´¥´¨Ö É· ¥±Éµ·¨¨ Î ¸É¨ÍÒ ¨³¥¥³

ϕ(r) = ±M

∫
r−2dr

[(W − U(r))2/c2 −M2/r2 −m2c2]1/2
+ ϕ0 , (31)

£¤¥ ϕ0 Å ±µ´¸É ´É . ˆ´É¥£· ²Ò ¤¢¨¦¥´¨Ö W ¨ M µ¶·¥¤¥²ÖÕÉ¸Ö ´ Î ²Ó´Ò³¨
Ê¸²µ¢¨Ö³¨ (~r0, ~v0) ¢²¥É  Î ¸É¨ÍÒ ¢ ±·¨¸É ²²

W = E0 + U(r0) , M = mγ0|[~r~v]| = r0E0β0c
−1 cosϑ0 ,

£¤¥ E0 = mγ0c
2, β0 = v0/c, ϑ0 Å Ê£µ² ³¥¦¤Ê ¨³¶Ê²Ó¸µ³ Î ¸É¨ÍÒ ~p0 ¨

´ ¶· ¢²¥´¨¥³ ± ¸ É¥²Ó´µ° ± ¨§µ£´ÊÉÒ³ ¶²µ¸±µ¸ÉÖ³ ´  ¢Ìµ¤¥ ¢ ±·¨¸É ²². „²Ö
±·¨¸É ²²µ¢, · §³¥·Ò ±µÉµ·ÒÌ ¢ · ¤¨ ²Ó´µ³ ´ ¶· ¢²¥´¨¨ ∆r ³´µ£µ ³¥´ÓÏ¥
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· ¤¨Ê¸  ¨§£¨¡  Å ∆r � R0, µÉ¸Î¨ÉÒ¢ Ö · ¤¨ ²Ó´ÊÕ ±µµ·¤¨´ ÉÊ r µÉ ÉµÎ±¨
¸ · ¤¨Ê¸µ³ ¨§£¨¡  R0, ¤²Ö Î ¸É¨Í ¢Ò¸µ±¨Ì Ô´¥·£¨° E0 � U(r) ¨³¥¥³ [31]:

ϕ(r) =

√
E∗

R0
cosϑ0

∫ r

r0

dr[
E∗ sin 2ϑ0 + 2E∗

R0
(r − r0)− (U(r) − U(r0))

]1/2
.

(32)
’ ±¨³ µ¡· §µ³, ¶·¨Ìµ¤¨³ ± µ¡ÒÎ´µ ¨¸¶µ²Ó§Ê¥³µ³Ê ¤²Ö · ¸¸³µÉ·¥´¨Ö ± -
´ ²¨·µ¢ ´¨Ö Î ¸É¨Í ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ ¶·¨¡²¨¦¥´¨Õ, ¸µ£² ¸´µ ±µÉµ-
·µ³Ê ¨§£¨¡ ±·¨¸É ²²  ÊÎ¨ÉÒ¢ ¥É¸Ö ¢¢¥¤¥´¨¥³ ¶µ¸ÉµÖ´´µ° Í¥´É·µ¡¥¦´µ° ¸¨²Ò
Fc = 2E∗/R0 ¨ ÔËË¥±É¨¢´µ£µ ¶µÉ¥´Í¨ ² , ¤¥°¸É¢ÊÕÐ¥£µ ´  Î ¸É¨ÍÊ:

Ueff(r,R0) = U(r) −
2E∗

R0
r . (33)

�·¨ ÔÉµ³ ¨´É¥£· ²µ³ ¤¢¨¦¥´¨Ö Ö¢²Ö¥É¸Ö ¶µ¶¥·¥Î´ Ö (· ¤¨ ²Ó´ Ö) Ô´¥·£¨Ö
Î ¸É¨ÍÒ Er = E∗ sin 2ϑ0 + Ueff(r,R0). • · ±É¥·¨§ÊÖ ¨§£¨¡ ±·¨¸É ²²  Í¥´-
É·µ¡¥¦´µ° ¸¨²µ° Fc, ¤¥°¸É¢ÊÕÐ¥° ´  Î ¸É¨ÍÊ, ¨ ¨§³¥·ÖÖ Ê£²Ò ¢ ±·¨É¨Î¥¸±¨Ì
Ê£² Ì ϑc = (U0/E

∗)1/2, ¶·¨Ìµ¤¨³ ¤²Ö Ê· ¢´¥´¨Ö É· ¥±Éµ·¨¨ Î ¸É¨ÍÒ ± ¢¨¤Ê,
´¥ § ¢¨¸ÖÐ¥³Ê µÉ Ô´¥·£¨¨ Î ¸É¨ÍÒ:

ϕ̄(r, Fc) =
Fc

2U
1/2
0

∫ r

r0

dr[
U0 ϑ̄2

0 + Ueff(r0, Fc)− Ueff(r, Fc)
]1/2 , (34)

£¤¥ ϕ̄ = ϕ/ϑc, ϑ̄0 = ϑ0/ϑc.

3.3. „¥± ´ ²¨·µ¢ ´¨¥ ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥. 3.3.1. Š¨´¥É¨Î¥¸±µ¥ Ê· ¢-
´¥´¨¥. ‚ ¶·¨¡²¨¦¥´¨¨ ´¥¶·¥·Ò¢´µ£µ ¶µÉ¥´Í¨ ²   Éµ³´ÒÌ ·Ö¤µ¢ ¨ ¶²µ¸±µ¸É¥°
¶µ¶¥·¥Î´ Ö Ô´¥·£¨Ö Î ¸É¨Í Ö¢²Ö¥É¸Ö ¨´É¥£· ²µ³ ¤¢¨¦¥´¨Ö. �¤´ ±µ µÉ²¨Î¨¥
·¥ ²Ó´µ£µ ¶µÉ¥´Í¨ ²  ±·¨¸É ²²  µÉ ´¥¶·¥·Ò¢´µ£µ Å ¸²a£ ¥³µ¥ W(~R) ¢ Ê· ¢-
´¥´¨¨ (4), · ¸¸¥Ö´¨¥ ´  Ô²¥±É·µ´ Ì ¨ ¤¥Ë¥±É Ì ±·¨¸É ²²  ¶·¨¢µ¤ÖÉ ± ¨§³¥´¥-
´¨Õ ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ Î ¸É¨Í ¨ ¨Ì ¤¥± ´ ²¨·µ¢ ´¨Õ. ‚ ¶µ²Ê¶·µ¢µ¤´¨±µ-
¢ÒÌ ±·¨¸É ²² Ì ±·¥³´¨Ö ¨ £¥·³ ´¨Ö, µ¡ÒÎ´µ ¨¸¶µ²Ó§Ê¥³ÒÌ ¢ Ô±¸¶¥·¨³¥´É Ì
¶µ ± ´ ²¨·µ¢ ´¨Õ, ±µ´Í¥´É· Í¨Ö ¤¥Ë¥±Éµ¢ µÎ¥´Ó ´¥§´ Î¨É¥²Ó´ . ‚±² ¤ ± É -
¸É·µË¨Î¥¸±¨Ì ¸µÊ¤ ·¥´¨° ¸ Ô²¥±É·µ´ ³¨ ±·¨¸É ²² , ¶·¨¢µ¤ÖÐ¨Ì ± · ¸¸¥Ö´¨Õ
´  Ê£µ² ¡µ²ÓÏ¥ ±·¨É¨Î¥¸±µ£µ Ê£²  ± ´ ²¨·µ¢ ´¨Ö, ¢ ¤¥± ´ ²¨·µ¢ ´¨¥ ³ ². „¥-
± ´ ²¨·µ¢ ´¨¥ Î ¸É¨Í ¶·µ¨¸Ìµ¤¨É ¢ ·¥§Ê²ÓÉ É¥ ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö ´ 
Ô²¥±É·µ´ Ì ¨ Ö¤· Ì ¸ ¶µ¸É¥¶¥´´Ò³ ¨§³¥´¥´¨¥³ ¨Ì ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨. �¢µ-
²ÕÍ¨Ö ¨§³¥´¥´¨Ö ¶²µÉ´µ¸É¨ ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥
¢¡²¨§¨ Ex §  ¸Î¥É ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö µ¶¨¸Ò¢ ¥É¸Ö Ê· ¢´¥´¨¥³ ”µ±±¥· 
Å �² ´± 

∂f

∂z
= −

∂

∂Ex
(Af) +

∂2

∂E2
x

(Bf) . (35)
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�·¨ µ¶·¥¤¥²¥´¨¨ ¤¨ËËÊ§¨µ´´ÒÌ ±µÔËË¨Í¨¥´Éµ¢ A,B Ê¸·¥¤´¥´¨¥ ¶·µ¢µ-
¤¨É¸Ö ¶µ ¸¥Î¥´¨Ö³ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¶·µÍ¥¸¸µ¢ (Ô²¥±É·µ´´µ¥, Ö¤¥·´µ¥ · ¸¸¥-
Ö´¨¥) ¨ ¶µ · ¢´µ¢¥¸´µ³Ê · ¸¶·¥¤¥²¥´¨Õ ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í ¢ ±·¨¸É ²²¥
P0(Ex, x) [1]:

P0(Ex, x) =

{
2/[T (Ex) ẋ(Ex, x)] , Ex > U(x) ,
0 , Ex < U(x) ,

(36)

ẋ(Ex, x) = c[2(Ex − U(x))/E]1/2 ,

£¤¥ T (Ex) Å ¶¥·¨µ¤ ±µ²¥¡ ´¨Ö Î ¸É¨ÍÒ ¢ ± ´ ²¥.
ŠµÔËË¨Í¨¥´ÉÒ É·¥´¨Ö ¨ ¤¨ËËÊ§¨¨ ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í ¶µ¸²¥ ¶·µ-

¢¥¤¥´¨Ö Ê¸·¥¤´¥´¨Ö ¨³¥ÕÉ ¢¨¤

A(Ex) = 〈Eη2
z〉 , (37)

B(Ex) = 〈2(Ex − U(x))Eη2
z〉+ 〈

1

2
E2η4

z〉 , (38)

£¤¥ η = θ cosϕ Å ¶·µ¥±Í¨Ö Ê£²  · ¸¸¥Ö´¨Ö θ ´  µ¸Ó x, ¨´¤¥±¸ z µ§´ Î ¥É, ÎÉµ
· ¸¸³ É·¨¢ ¥³Ò¥ ¢¥²¨Î¨´Ò µÉ´µ¸ÖÉ¸Ö ± ¥¤¨´¨Í¥ ¶ÊÉ¨ ¶µ z. ‚Éµ·Ò³ Î²¥´µ³ ¢
±µÔËË¨Í¨¥´É¥ ¤¨ËËÊ§¨¨ ³µ¦´µ ¶·¥´¥¡·¥ÎÓ ¤²Ö ´¥ µÎ¥´Ó ³ ²ÒÌ ¶µ¶¥·¥Î´ÒÌ
Ô´¥·£¨° Î ¸É¨Í, µÉ±Ê¤  ¸²¥¤Ê¥É ¸¢Ö§Ó ³¥¦¤Ê ¤¨ËËÊ§¨µ´´Ò³¨ ±µÔËË¨Í¨¥´-
É ³¨ [32]:

TA(Ex) =
∂

∂Ex
TB(Ex) . (39)

‘µµÉ´µÏ¥´¨¥ (39) ¶·¥µ¡· §Ê¥É Ê· ¢´¥´¨¥ ”µ±±¥·  Å �² ´±  ¢ Ê· ¢´¥´¨¥
¤¨ËËÊ§¨µ´´µ£µ É¨¶ 

∂f

∂z
=

∂

∂Ex

[
BT

∂

∂Ex

(
f

T

)]
= AT

∂

∂Ex

(
f

T

)
+BT

∂2

∂E2
x

(
f

T

)
. (40)

�¥·¢Ò° Î²¥´ ¢ Ê· ¢´¥´¨¨ ¶·¨¢µ¤¨É ± ³µ´µÉµ´´µ³Ê ·µ¸ÉÊ ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨
± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í §  ¸Î¥É ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö ¨ Ìµ·µÏµ µ¶¨¸Ò-
¢ ¥É ¶µ¢¥¤¥´¨¥ Î ¸É¨Í ¸ ¡µ²ÓÏ¨³¨ ¶µ¶¥·¥Î´Ò³¨ Ô´¥·£¨Ö³¨. „²Ö Î ¸É¨Í ¸
´¥¡µ²ÓÏ¨³¨ ¶µ¶¥·¥Î´Ò³¨ Ô´¥·£¨Ö³¨ ¸ÊÐ¥¸É¢¥´´µ° Ö¢²Ö¥É¸Ö ¤¨ËËÊ§¨Ö, µ¶¨-
¸Ò¢ ¥³ Ö ¢Éµ·Ò³ Î²¥´µ³.

‚ ¶·Ö³µ³ ±·¨¸É ²²¥ ¤¥± ´ ²¨·µ¢ ´´Ò¥ Î ¸É¨ÍÒ, µ¸É ¢ Ö¸Ó ´¥±µÉµ·µ¥
¢·¥³Ö ¢¡²¨§¨ Ê£²µ¢µ° µ¡² ¸É¨ § Ì¢ É , ³µ£ÊÉ ¢ ·¥§Ê²ÓÉ É¥ ¸¨²Ó´µ£µ ³´µ£µ-
±· É´µ£µ · ¸¸¥Ö´¨Ö ´  Ö¤· Ì ¶·¨ ¶¥·¥¸¥Î¥´¨¨  Éµ³´ÒÌ ¶²µ¸±µ¸É¥° ¢´µ¢Ó
§ Ì¢ É¨ÉÓ¸Ö ¢ ·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö [33]. �¤´ ±µ ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ ¤¥± -
´ ²¨·µ¢ ´´Ò¥ Î ¸É¨ÍÒ §  ¸Î¥É ¨§£¨¡  ¶²µ¸±µ¸É´ÒÌ ± ´ ²µ¢ ¡Ò¸É·µ ¶µ±¨¤ ÕÉ
µ¡² ¸ÉÓ § Ì¢ É , ¨, ± ± ¶µ± §Ò¢ ÕÉ ·¥§Ê²ÓÉ ÉÒ ³µ¤¥²¨·µ¢ ´¨Ö [33], ¶¥·¥§ -
Ì¢ É ¶· ±É¨Î¥¸±¨ µÉ¸ÊÉ¸É¢Ê¥É. �Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¤¥² ¥É ¢¶µ²´¥ µ¶· ¢¤ ´-
´Ò³ ¶·¨ ·¥Ï¥´¨¨ Ê· ¢´¥´¨Ö (40) ¨¸¶µ²Ó§µ¢ ´¨¥ £· ´¨Î´µ£µ Ê¸²µ¢¨Ö

f(Exc, z) = 0 , (41)
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¨¸±²ÕÎ ÕÐ¥£µ µ¡³¥´ ³¥¦¤Ê ± ´ ²¨·µ¢ ´´µ° ¨ ±¢ §¨± ´ ²¨·µ¢ ´´µ° Ë· ±-
Í¨Ö³¨ ¶ÊÎ± .

‚ £ ·³µ´¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¤²Ö ¶µÉ¥´Í¨ ²  ¶²µ¸±µ¸É´µ£µ ± ´ ² , ±µ-
£¤  µÉ¸ÊÉ¸É¢Ê¥É § ¢¨¸¨³µ¸ÉÓ ¶¥·¨µ¤  ±µ²¥¡ ´¨° Î ¸É¨Í ¢ ± ´ ²¥ µÉ ¨Ì ¶µ¶¥-
·¥Î´µ° Ô´¥·£¨¨, Ê· ¢´¥´¨¥ Ê¶·µÐ ¥É¸Ö:

∂f

∂z
=

∂

∂Ex

[
B
∂f

∂Ex

]
. (42)

�¥Ï¥´¨¥ ¥£µ ¸ ±µÔËË¨Í¨¥´Éµ³ ¤¨ËËÊ§¨¨ B(Ex) = B0 Eαx ¶·¨ £· ´¨Î´µ³
Ê¸²µ¢¨¨ (41) ¨ ´ Î ²Ó´µ³

f(Ex, 0) = F0(Ex) , (43)

£¤¥ F0(Ex) Å ´ Î ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¶µ ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ ± ´ ²¨·µ¢ ´-
´ÒÌ Î ¸É¨Í, ¶µ²ÊÎ¥´µ ¢ · ¡µÉ¥ [34]. �É±Ê¤  ¤²Ö § ¢¨¸¨³µ¸É¨ ¤µ²¨ ± ´ ²¨·µ-
¢ ´´ÒÌ Î ¸É¨Í µÉ £²Ê¡¨´Ò ¶·µ´¨±´µ¢¥´¨Ö ¶ÊÎ±  ¢ ±·¨¸É ²² ¨³¥¥³ [28]

Fch(z) =

∫ Exc

0

f(Ex, z) dEx =

∞∑
n=1

qn exp (−z/λn) , (44)

λn =

(
2

2− α

)2

µ−2
ν,n

E2−α
xc

B0
,

£¤¥ µν,n Å ´Ê²¨ ËÊ´±Í¨¨ �¥¸¸¥²Ö Jν . �µ¸±µ²Ó±Ê ¤²¨´  § ÉÊÌ ´¨Ö n-Î²¥´ 
· §²µ¦¥´¨Ö λn ∝ 1/µ2

n ¨ ¡Ò¸É·µ Ê³¥´ÓÏ ¥É¸Ö ¸ n, Éµ ¤²Ö £²Ê¡¨´ ¶·µ´¨±-
´µ¢¥´¨Ö z > λ2 ¤µ²Ö ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í µ¶·¥¤¥²Ö¥É¸Ö ¶·¥¨³ÊÐ¥¸É¢¥´´µ
¶¥·¢Ò³ Î²¥´µ³ ¨ Ê¡Ò¢ ¥É Ô±¸¶µ´¥´Í¨ ²Ó´µ. �·µ¢¥¤¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö [24] ¨ Î¨¸²¥´´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶µ µÉ±²µ´¥´¨Õ ¶ÊÎ±  ¨§µ-
£´ÊÉÒ³ ±·¨¸É ²²µ³ [33] É ±¦¥ Ê± §Ò¢ ÕÉ ´  Ô±¸¶µ´¥´Í¨ ²Ó´ÊÕ § ¢¨¸¨³µ¸ÉÓ
Ê³¥´ÓÏ¥´¨Ö Î¨¸²  ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í ¸ £²Ê¡¨´µ° ¶·µ´¨±´µ¢¥´¨Ö ¢ ±·¨¸-
É ²². ’ ±¨³ µ¡· §µ³, ¤²Ö ¤²¨´Ò ¤¥± ´ ²¨·µ¢ ´¨Ö ¶·¨ α = 1 ¨³¥¥³

z1/e ' λ1 =
4Exc
µ2

0,1A
. (45)

‚¥²¨Î¨´  ¥¥ ´¥ § ¢¨¸¨É µÉ ´ Î ²Ó´µ£µ · ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ¶µ ¶µ¶¥·¥Î´µ°
Ô´¥·£¨¨ ´  ¢Ìµ¤¥ ¢ ±·¨¸É ²².

Š ± µÉ³¥Î ²µ¸Ó, ¶·¨ ¨§£¨¡¥ ±·¨¸É ²²  É· ¥±Éµ·¨¨ ± ´ ²¨·µ¢ ´´ÒÌ Î -
¸É¨Í ¸³¥Ð ÕÉ¸Ö ± ¢´¥Ï´¥° ¸É¥´±¥ ± ´ ² . ‚ ·¥§Ê²ÓÉ É¥ Î ¸É¨ÍÒ ¸ Éµ° ¦¥
¶µ¶¥·¥Î´µ° Ô´¥·£¨¥°, ¤¢¨£ Ö¸Ó Î¥·¥§ µ¡² ¸É¨ ¸ ¡µ²¥¥ ¢Ò¸µ±µ° ¶²µÉ´µ¸ÉÓÕ
Ô²¥±É·µ´µ¢ ¨ Ö¤¥·, ¨¸¶ÒÉÒ¢ ÕÉ ¡µ²¥¥ ¸¨²Ó´µ¥ · ¸¸¥Ö´¨¥, Î¥³ ¢ ¶·Ö³µ³ ±·¨-
¸É ²²¥. Š·µ³¥ Éµ£µ, ¶·¨ ¨§£¨¡¥ ±·¨¸É ²²  Ê³¥´ÓÏ ¥É¸Ö ±·¨É¨Î¥¸± Ö ¶µ¶¥-
·¥Î´ Ö Ô´¥·£¨Ö ± ´ ²¨·µ¢ ´¨Ö. �¡  ÔÉ¨Ì Ë ±Éµ·  ¶·¨¢µ¤ÖÉ ± Ê³¥´ÓÏ¥´¨Õ



1078 ’���’ˆ� �.Œ.

¤²¨´ ± ´ ²¨·µ¢ ´¨Ö ¶·¨ ¨§£¨¡¥ ±·¨¸É ²² . �¸µ¡¥´´µ¸É¨ ¤¥± ´ ²¨·µ¢ ´¨Ö ¢
· ¢´µ³¥·´µ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ ¢¶¥·¢Ò¥ · ¸¸³µÉ·¥´Ò ¢ [28,29].

3.3.2. �µ²Ó ¸´¨¦¥´¨Ö ¶µÉ¥´Í¨ ²Ó´µ£µ ¡ ·Ó¥· . �·¨ ¨§£¨¡¥ ±·¨¸É ²² ,
¤ ²¥±µ³ µÉ ±·¨É¨Î¥¸±µ£µ, µ¸´µ¢´µ° ¢±² ¤ ¢ ¤¥± ´ ²¨·µ¢ ´¨¥ ¢´µ¸¨É ³´µ£µ-
±· É´µ¥ · ¸¸¥Ö´¨¥ ´  Ô²¥±É·µ´ Ì, ¶²µÉ´µ¸ÉÓ ±µÉµ·ÒÌ ¢ Í¥´É· ²Ó´µ° Î ¸É¨
¶²µ¸±µ¸É´µ£µ ± ´ ²  ¤²Ö ±·¨¸É ²²  ±·¥³´¨Ö µ¶·¥¤¥²Ö¥É¸Ö ¶·¥¨³ÊÐ¥¸É¢¥´´µ
¢ ²¥´É´Ò³¨ Ô²¥±É·µ´ ³¨. ‚ ¶·¨¡²¨¦¥´¨¨ ¶µ¸ÉµÖ´´µ° ¶µ ± ´ ²Ê ¶²µÉ´µ¸É¨
¢ ²¥´É´ÒÌ Ô²¥±É·µ´µ¢ ρv = NZv Ô²¥±É·µ´´Ò° ±µÔËË¨Í¨¥´É É·¥´¨Ö ´¥ § -
¢¨¸¨É µÉ ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ Ex ± ´ ²¨·µ¢ ´´µ£µ ¶·µÉµ´ ,   ±µÔËË¨Í¨¥´É
¤¨ËËÊ§¨¨ § ¢¨¸¨É µÉ Ex ²¨´¥°´µ:

A = E∗η2
z , B = AEx , (46)

Éµ ¥¸ÉÓ ¢ ¸É¥¶¥´´µ°  ¶¶·µ±¸¨³ Í¨¨ ±µÔËË¨Í¨¥´É  ¤¨ËËÊ§¨¨ B0 = A ¨
α = 1, ¨ ¤²Ö ¤²¨´Ò ¤¥± ´ ²¨·µ¢ ´¨Ö ¸¶· ¢¥¤²¨¢µ ¢Ò· ¦¥´¨¥ (45). ‘·¥¤´¨°
±¢ ¤· É Ê£²  · ¸¸¥Ö´¨Ö ¶·µÉµ´  ´  Ô²¥±É·µ´ Ì ±·¨¸É ²² 

η2 =
e4

E∗2b2max

ln(bmax/bmin) (47)

³µ¦´µ µÍ¥´¨ÉÓ ± ± ¢ [35]. Œ ±¸¨³ ²Ó´Ò° ¶·¨Í¥²Ó´Ò° ¶ · ³¥É· ¸µÊ¤ ·¥´¨Ö
bmax µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²µ¢¨Ö, ÎÉµ ¶·µ¨¸Ìµ¤¨É ¶¥·¥¤ Î  ¨³¶Ê²Ó¸  Ô²¥±É·µ´Ê
±·¨¸É ²² , ¤µ¸É ÉµÎ´ Ö ¤²Ö ¨µ´¨§ Í¨¨ (¢µ§¡Ê¦¤¥´¨Ö) ¢´¥Ï´¨Ì Ô²¥±É·µ´µ¢
 Éµ³ 

∆p =
2e2

vb
≥

h̄

ra
, bmax = 2raα/β , (48)

£¤¥ α = e2/h̄c, ra Å  Éµ³´Ò° · ¤¨Ê¸,   ³¨´¨³ ²Ó´Ò° bmin µ¶·¥¤¥²Ö¥É¸Ö ¨§
Ê¸²µ¢¨Ö θ(bmin) = θc:

bmin =
e2

ϑcE∗
=

e2

√
ExcE∗

, (49)

µÉ¤¥²ÖÖ µ¡² ¸ÉÓ ³´µ£µ±· É´ÒÌ (±· É´ÒÌ) ¸µÊ¤ ·¥´¨° µÉ µ¡² ¸É¨ µ¤´µ±· É´ÒÌ
¸µÊ¤ ·¥´¨° ¸ Ô²¥±É·µ´ ³¨ ±·¨¸É ²²  ¢ ¶·µÍ¥¸¸¥ ¤¥± ´ ²¨·µ¢ ´¨Ö.

„²Ö ¤²¨´Ò ¤¥± ´ ²¨·µ¢ ´¨Ö ¢ ¶·Ö³µ³ ±·¨¸É ²²¥ S0
1/e ¨³¥¥³

S0
1/e = k1E

∗/ ln (k2

√
E) , (50)

k1 =
4

µ2
0,1

Exc

NZvπe4
, k2 =

√
2α

ra
√
Exc

e2
.

�·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ Exc = 14 Ô‚ ¤²Ö ± ´ ²µ¢ (110) ±·¥³´¨Ö ¤²¨´Ò ¤¥± ´ -
²¨·µ¢ ´¨Ö, · ¸¸Î¨É ´´Ò¥ ¶µ (50), ¸µ£² ¸ÊÕÉ¸Ö ¸ ÉµÎ´µ¸ÉÓÕ ´¥ ÌÊ¦¥ 15 % ¸
Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´´Ò³¨ ¢¥²¨Î¨´ ³¨ [36].
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�¨¸. 5. ‡ ¢¨¸¨³µ¸ÉÓ ¤²¨´Ò ¤¥± ´ ²¨·µ¢ ´¨Ö ¢ ± ´ ²¥ (110) ±·¥³´¨Ö: a) µÉ · ¤¨Ê¸ 
¨§£¨¡  ±·¨¸É ²²  R ¤²Ö ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 10 ƒÔ‚ (1) ¨ 20 ƒÔ‚ (2), ¡) µÉ Ô´¥·£¨¨
¶·µÉµ´µ¢ E ¢ ¶·Ö³µ³ ±·¨¸É ²²¥ (1) ¨ ¨§µ£´ÊÉµ³ ¸ · ¤¨Ê¸µ³ 80 ¸³ (2), 40 ¸³ (3).
�Ê´±É¨· Å ¤²Ö ¶·Ö³µ£µ ±·¨¸É ²² . ’µÎ±¨ Å Ô±¸¶¥·¨³¥´É ¢ FNAL (� É ¢¨Ö)

ˆ§³¥´¥´¨¥ ¤²¨´Ò ¤¥± ´ ²¨·µ¢ ´¨Ö ¶·¨ ¨§£¨¡¥ ±·¨¸É ²²  ¢ · ¸¸³ É·¨¢ -
¥³µ³ ¶·¨¡²¨¦¥´¨¨ µ¶·¥¤¥²Ö¥É¸Ö ¨§³¥´¥´¨¥³ ±·¨É¨Î¥¸±µ° ¶µ¶¥·¥Î´µ° Ô´¥·-
£¨¨ ± ´ ²¨·µ¢ ´¨Ö Exc:

S1/e(R) = S0
1/e(1 −Rc/R)2 . (51)

�  ·¨¸.5,  ¶·¥¤¸É ¢²¥´Ò · ¸¸Î¨É ´´Ò¥ ¸µ£² ¸´µ (50),(51) ¤²¨´Ò ¤¥± ´ ²¨·µ-
¢ ´¨Ö ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 10 ¨ 20 ƒÔ‚ ¢ ± ´ ²¥ (110) ±·¨¸É ²²  ±·¥³´¨Ö
µÉ · ¤¨Ê¸  ¨§£¨¡  ± ´ ²µ¢. „²¨´  ¤¥± ´ ²¨·µ¢ ´¨Ö ·¥§±µ Ê³¥´ÓÏ ¥É¸Ö ¶·¨
¨§£¨¡¥, ±µÉµ·Ò° ¶·¨¢µ¤¨É ± ¸ÊÐ¥¸É¢¥´´µ³Ê Ê³¥´ÓÏ¥´¨Õ Exc, Éµ ¥¸ÉÓ ¶·¨
R ≤ 10Rc.

�  ·¨¸.5,¡ ¶µ± § ´  · ¸¸Î¨É ´´ Ö § ¢¨¸¨³µ¸ÉÓ ¤²¨´Ò ¤¥± ´ ²¨·µ¢ ´¨Ö
¶·µÉµ´µ¢ ¢ ± ´ ²¥ (110) ±·¥³´¨Ö µÉ Ô´¥·£¨¨ Î ¸É¨Í. ‚ ¶·Ö³µ³ ±·¨¸É ²²¥
¤²¨´  ¤¥± ´ ²¨·µ¢ ´¨Ö · ¸É¥É ¶·¨¡²¨§¨É¥²Ó´µ ²¨´¥°´µ ¸ Ô´¥·£¨¥° Î ¸É¨Í,
É ± ± ± ±µÔËË¨Í¨¥´É É·¥´¨Ö A ∼ 1/E (±·¨¢ Ö 1). ‡¤¥¸Ó ¦¥ ¶µ± § ´Ò Ô±¸-
¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ [36]. ‚¨¤´µ, ÎÉµ · ¸¸³ É·¨¢ ¥³µ¥ ¶·¨¡²¨¦¥´¨¥
ρ = ρv Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ µ¶¨¸Ò¢ ¥É Ô±¸¶¥·¨³¥´É. ‘¨²Ó´ Ö § ¢¨¸¨³µ¸ÉÓ ±·¨-
É¨Î¥¸±µ° ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ Exc µÉ Ô´¥·£¨¨ Î ¸É¨Í ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥
· ¤¨± ²Ó´µ ¨§³¥´Ö¥É § ¢¨¸¨³µ¸ÉÓ µÉ E ¤²¨´ ¤¥± ´ ²¨·µ¢ ´¨Ö [28,29]:

S1/e(E) = S0
1/e(E) [1− E/Ec]

2 , (52)

¶·µ¶µ·Í¨µ´ ²Ó´µ¸ÉÓ ´ ·ÊÏ ¥É¸Ö (±·¨¢Ò¥ 2,3). � Î¨´ Ö ¸ ´¥±µÉµ·µ° Ô´¥·£¨¨
¶·µÉµ´µ¢ Em(R) Ê³¥´ÓÏ¥´¨¥ ±µÔËË¨Í¨¥´É  É·¥´¨Ö A ¸ ·µ¸Éµ³ Ô´¥·£¨¨ Î -
¸É¨Í ¶¥·¥¸É ¥É ±µ³¶¥´¸¨·µ¢ ÉÓ ¸´¨¦¥´¨¥ Exc ¢ ¨§µ£´ÊÉµ³ ± ´ ²¥. ‚¸²¥¤¸É¢¨¥
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ÔÉµ£µ ¤²¨´  ¤¥± ´ ²¨·µ¢ ´¨Ö ¨³¥¥É ³ ±¸¨³Ê³ ¶·¨ Em ¨ § É¥³ Ê³¥´ÓÏ ¥É¸Ö
¤µ ´Ê²Ö ¶·¨ ¤µ¸É¨¦¥´¨¨ ±·¨É¨Î¥¸±µ° ¤²Ö ± ´ ²¨·µ¢ ´¨Ö ¢ ¨§µ£´ÊÉµ³ ±·¨-
¸É ²²¥ Ô´¥·£¨¨ ¶·µÉµ´µ¢ Ec(R).

‚ ¶¥·¢µ³ Ô±¸¶¥·¨³¥´É¥, ¶·µ¢¥¤¥´´µ³ ¢ „Ê¡´¥, ¶µ µÉ±²µ´¥´¨Õ ¶·µÉµ´µ¢
¸ Ô´¥·£¨¥° 8,4 ƒÔ‚ ±·¨¸É ²²µ³ ±·¥³´¨Ö, ¨§µ£´ÊÉÒ³ ¢¤µ²Ó ± ´ ²µ¢ (111), · -
¤¨Ê¸ ¨§£¨¡  ±·¨¸É ²²  ¶·¥¢ÒÏ ² ¡µ²¥¥ Î¥³ ¢ 20 · § ±·¨É¨Î¥¸±¨° · ¤¨Ê¸,
¶µÔÉµ³Ê ¸ÊÐ¥¸É¢¥´´µ£µ ¨§³¥´¥´¨Ö ¤²¨´Ò ¤¥± ´ ²¨·µ¢ ´¨Ö ´¥ ¶·µ¨¸Ìµ¤¨²µ.
�µ ·¥§Ê²ÓÉ É ³ Ô±¸¶¥·¨³¥´É  ¤²¨´  ¤¥± ´ ²¨·µ¢ ´¨Ö ¸µ¸É ¢²Ö²  0, 82 ¸³.
� ¸Î¥É´ Ö µÍ¥´±  ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·¨¡²¨¦¥´¨Ö ρ = ρv = const ¤ ¥É
S1/e = 0, 7 ¸³. �¤´ ±µ ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¨§³¥·¥´¨Ö ¡Ò²¨ ¢Ò¶µ²´¥´Ò
´  ÊÎ ¸É±¥ ±·¨¸É ²²  ¸ Ê³¥´ÓÏ ÕÐ¥°¸Ö ±·¨¢¨§´µ°, £¤¥ ¤µ²¦´µ ´ ¡²Õ¤ ÉÓ¸Ö
Ê¢¥²¨Î¥´¨¥ ¤²¨´ ¤¥± ´ ²¨·µ¢ ´¨Ö (¸³.´¨¦¥). ‚ ¤ ²Ó´¥°Ï¥³ Ô±¸¶¥·¨³¥´É ¢
FNAL (� É ¢¨Ö, ‘˜�) ¤²Ö ¡µ²¥¥ ¢Ò¸µ±¨Ì Ô´¥·£¨° Î ¸É¨Í [24], ¶·µ¢¥¤¥´´Ò°
¢ Ê¸²µ¢¨ÖÌ · ¢´µ³¥·´µ£µ ¨§£¨¡  ±·¨¸É ²² , ¶µ²´µ¸ÉÓÕ ¶µ¤É¢¥·¤¨² ¶·¥¤¸± -
§ ´´Ò° ¢ [28] Ìµ¤ § ¢¨¸¨³µ¸É¨ ¤²¨´Ò ¤¥± ´ ²¨·µ¢ ´¨Ö µÉ Ô´¥·£¨¨ Î ¸É¨Í
(Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ÉµÎ±¨ µ±µ²µ ±·¨¢µ° 2 ´  ·¨¸.5,¡).

3.3.3. ˆ§³¥´¥´¨¥ ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö. �·¨ ¸¨²Ó´µ³ ¨§£¨¡¥ ±·¨-
¸É ²²  É· ¥±Éµ·¨¨ ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í § ³¥É´µ ¸³¥Ð ÕÉ¸Ö ± ¢´¥Ï´¥°
¸É¥´±¥ ± ´ ² , ¨ ³µ¤¥²Ó ¶µ¸ÉµÖ´´µ° Ô²¥±É·µ´´µ° ¶²µÉ´µ¸É¨ ´¥ ³µ¦¥É µ¶¨-
¸ ÉÓ Ê¢¥²¨Î¥´¨Ö ¶·¨ ÔÉµ³ ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö ´  Ô²¥±É·µ´ Ì ±·¨¸É ²² ,
¢±² ¤ ¢ ±µÉµ·µ¥ ´ Î¨´ ÕÉ ¤ ¢ ÉÓ ¨ Ô²¥±É·µ´Ò µ¸Éµ¢ , ¶²µÉ´µ¸ÉÓ ±µÉµ·ÒÌ
§ ³¥É´µ ¢µ§· ¸É ¥É ¶·¨ ¶·¨¡²¨¦¥´¨¨ ± ¸É¥´± ³ ± ´ ² . „²Ö ±µ··¥±É´µ£µ
µ¶·¥¤¥²¥´¨Ö ¤²¨´ ¤¥± ´ ²¨·µ¢ ´¨Ö ¶·µÉµ´µ¢ ¢ ÔÉµ³ ¸²ÊÎ ¥ ´¥µ¡Ìµ¤¨³ ÊÎ¥É
· ¸¶·¥¤¥²¥´¨Ö ¶²µÉ´µ¸É¨ Ô²¥±É·µ´µ¢ ¶µ ¸¥Î¥´¨Õ ± ´ ²  ¨ ÊÎ¥É ³´µ£µ±· É-
´µ£µ · ¸¸¥Ö´¨Ö ´  Ö¤· Ì.

‚ [28] ¡Ò²µ ¶µ± § ´µ, ± ± ¸ ¨§£¨¡µ³ ±·¨¸É ²²  ¨§³¥´ÖÕÉ¸Ö Ô²¥±É·µ´-
´Ò¥ ¨ Ö¤¥·´Ò¥ ¤¨ËËÊ§¨µ´´Ò¥ ±µÔËË¨Í¨¥´ÉÒ. ‚ ¶·Ö³µ³ ±·¨¸É ²²¥ Ö¤¥·´µ¥
· ¸¸¥Ö´¨¥ ¸ÊÐ¥¸É¢¥´´µ ²¨ÏÓ ´  ¶¥·¨Ë¥·¨¨ ± ´ ²  ¤²Ö Î ¸É¨Í ¸ ¡µ²ÓÏµ° ¶µ-
¶¥·¥Î´µ° Ô´¥·£¨¥°. ‘ Ê¢¥²¨Î¥´¨¥³ ¨§£¨¡  ±·¨¸É ²²  Ö¤¥·´Ò° ±µÔËË¨Í¨¥´É
¤¨ËËÊ§¨¨ · ¸É¥É ¤²Ö Ë¨±¸¨·µ¢ ´´µ° ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ Î ¸É¨Í ¨ ¶·¨ ¤µ¸É -
ÉµÎ´µ ¸¨²Ó´µ³ ¨§£¨¡¥ ±·¨¸É ²²  ¸ R ' 2Rc ¸É ´µ¢¨É¸Ö ¡²¨§±¨³ ¶µ ¢¥²¨Î¨´¥
± Ô²¥±É·µ´´µ³Ê ±µÔËË¨Í¨¥´ÉÊ ¤¨ËËÊ§¨¨. ’ ±¨³ µ¡· §µ³, ¶·¨ ¸¨²Ó´µ³ ¨§-
£¨¡¥ ±·¨¸É ²²  ¤²¨´Ò ¤¥± ´ ²¨·µ¢ ´¨Ö ¢ §´ Î¨É¥²Ó´µ° ¸É¥¶¥´¨ µ¶·¥¤¥²ÖÕÉ¸Ö
Ö¤¥·´Ò³ · ¸¸¥Ö´¨¥³ ¢ µÉ²¨Î¨¥ µÉ ¶·Ö³µ£µ ±·¨¸É ²²  [28]. �Éµ µ¡Ê¸² ¢²¨¢ ¥É
¨ ¡µ²ÓÏÊÕ É¥³¶¥· ÉÊ·´ÊÕ § ¢¨¸¨³µ¸ÉÓ ¤²¨´ ¤¥± ´ ²¨·µ¢ ´¨Ö ¢ ¸¨²Ó´µ ¨§µ-
£´ÊÉµ³ ±·¨¸É ²²¥, ÎÉµ ¡Ò²µ ¢¶µ¸²¥¤¸É¢¨¨ µ¡´ ·Ê¦¥´µ ¢ Ô±¸¶¥·¨³¥´É¥ [24].

3.3.4. ˆ§£¨¡´µ¥ ¤¥± ´ ²¨·µ¢ ´¨¥. ‚ ±·¨¸É ²²¥, ¨§µ£´ÊÉµ³ ´¥· ¢´µ³¥·´µ,
´  ÊÎ ¸É±¥ ¸ ´ · ¸É ÕÐ¥° ±·¨¢¨§´µ° ¨²¨ ¶·¨ ¶¥·¥Ìµ¤¥ ¨§ ´¥¨§µ£´ÊÉµ° ¢
¨§µ£´ÊÉÊÕ Î ¸ÉÓ ±·¨¸É ²²  µ¶·¥¤¥²¥´´ Ö ¤µ²Ö ¶ÊÎ±  ¢Ò¡Ò¢ ¥É ¨§ ·¥¦¨³  ± -
´ ²¨·µ¢ ´¨Ö §  ¸Î¥É ³¥Ì ´¨§³ , ´¥ ¸¢Ö§ ´´µ£µ ¸ ³´µ£µ±· É´Ò³ · ¸¸¥Ö´¨¥³,
Å Í¥´É·µ¡¥¦´µ¥ ¨²¨ ¨§£¨¡´µ¥ ¤¥± ´ ²¨·µ¢ ´¨¥ [37Ä39]. �·¨ ¶¥·¥Ìµ¤¥ ¨§
¶·Ö³µ° ¢ · ¢´µ³¥·´µ ¨§µ£´ÊÉÊÕ Î ¸ÉÓ ±·¨¸É ²²  ¢Ò¡Ò¢ ´¨¥ Î ¸É¨Í ¨§ ·¥¦¨³ 
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± ´ ²¨·µ¢ ´¨Ö ¶·µ¨¸Ìµ¤¨É ´  ¤²¨´¥, ´¥ ¶·¥¢ÒÏ ÕÐ¥° ¤²¨´Ò ±µ²¥¡ ´¨° λ
Î ¸É¨Í ¢ ± ´ ²¥. CÊ¤Ó¡  Î ¸É¨ÍÒ ¶·¨ ¶¥·¥Ìµ¤¥ ¢ ¶·¥´¥¡·¥¦¥´¨¨ ´¥§´ Î¨-
É¥²Ó´Ò³ ³´µ£µ±· É´Ò³ · ¸¸¥Ö´¨¥³ µ¤´µ§´ Î´µ µ¶·¥¤¥²Ö¥É¸Ö ¥¥ ¢Ìµ¤´Ò³¨
¶ · ³¥É· ³¨.

‚ ¨§£¨¡ ÕÐ¨Ì Ê¸É·µ°¸É¢ Ì ¸ É·¥³Ö ¨²¨ Î¥ÉÒ·Ó³Ö µ¶µ· ³¨, ±µÉµ·Ò¥ ¨¸-
¶µ²Ó§µ¢ ²¨¸Ó ¢ ¶¥·¢ÒÌ Ô±¸¶¥·¨³¥´É Ì ¶µ µÉ±²µ´¥´¨Õ ¶ÊÎ±µ¢ § ·Ö¦¥´´ÒÌ Î -
¸É¨Í, ±·¨¢¨§´  ¨§£¨¡  ¨§³¥´Ö¥É¸Ö ¶µ ¢¸¥° ¤²¨´¥ ¨§µ£´ÊÉµ° Î ¸É¨ ±·¨¸É ²² .
’ ±, ¢ Ê¸É·µ°¸É¢¥ ¸ É·¥³Ö µ¶µ· ³¨ ±·¨¢¨§´  ¨§£¨¡  Ê¢¥²¨Î¨¢ ¥É¸Ö ¶·¨³¥·´µ
²¨´¥°´µ ¸ ¶·¨¡²¨¦¥´¨¥³ ± Í¥´É· ²Ó´µ° ÉµÎ±¥ ±·¨¸É ²² . –¥´É·µ¡¥¦´µ¥ ¤¥-
± ´ ²¨·µ¢ ´¨¥ ¶·µ¨¸Ìµ¤¨É ¢ ÔÉµ³ ¸²ÊÎ ¥ ´  ¢¸¥³ ¶·µÉÖ¦¥´¨¨ ÊÎ ¸É±  ±·¨-
¸É ²²  ¸ ´ · ¸É ÕÐ¥° ±·¨¢¨§´µ°, · §³¥·Ò ±µÉµ·µ£µ §´ Î¨É¥²Ó´µ ¶·¥¢ÒÏ ÕÉ
λ, Éµ ¥¸ÉÓ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¤²¨É¥²Ó´Ò° ¶·µÍ¥¸¸, µ¡Ê¸²µ¢²¥´´Ò° ¶µ¸É¥¶¥´-
´Ò³ Ê³¥´ÓÏ¥´¨¥³ £²Ê¡¨´Ò ÔËË¥±É¨¢´µ° ¶µÉ¥´Í¨ ²Ó´µ° Ö³Ò ¨ ¸³¥Ð¥´¨¥³
É· ¥±Éµ·¨° Î ¸É¨Í ± ¢´¥Ï´¥° ¸É¥´±¥ ± ´ ² .

‚ [40] ¶µ²ÊÎ¥´  § ¢¨¸¨³µ¸ÉÓ ¤µ²¨ Î ¸É¨Í, ¤¥± ´ ²¨·µ¢ ´´ÒÌ §  ¸Î¥É
Í¥´É·µ¡¥¦´µ£µ ³¥Ì ´¨§³  ´  ÊÎ ¸É±¥ ±·¨¸É ²²  ¸ ´ · ¸É ÕÐ¥° ±·¨¢¨§´µ°. ‚
£ ·³µ´¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¤²Ö ¶µÉ¥´Í¨ ²  ± ´ ²  U(x) = αx2/2 ·¥Ï¥´¨¥
Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö

d2x

dz2
+

1

pv
U ′(x) = κ(z) (53)

´  ÊÎ ¸É±¥, ±·¨¢¨§´  ±µÉµ·µ£µ · ¸É¥É ²¨´¥°´µ κ(z) = κ0z, ¨³¥¥É ¢¨¤

x(z) = xm cos (ω̄z + φ0) + (κ0/ω
2)z , (54)

£¤¥ ω̄2 = α/pv. ‚Éµ·µ° Î²¥´ µ¶¨¸Ò¢ ¥É ¸³¥Ð¥´¨¥ · ¢´µ¢¥¸´µ° µ·¡¨ÉÒ,
Ê¢¥²¨Î¨¢ ÕÐ¥¥¸Ö ¸ z §  ¸Î¥É ·µ¸É  ±·¨¢¨§´Ò ± ´ ² . — ¸É¨Í  ¤¥± ´ ²¨·Ê¥É
¶·¨ Ê¸²µ¢¨¨ xm + (κ0/ω̄

2)z ≥ l. „µ²Ö ¤¥± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í · ¸É¥É
²¨´¥°´µ ¸ £²Ê¡¨´µ°

Fd(z) =
κ0

lω̄2
z . (55)

� ·Ö¤Ê ¸ Í¥´É·µ¡¥¦´Ò³ ¤¥± ´ ²¨·µ¢ ´¨¥³ ´  ÊÎ ¸É±¥ ¸ ´ · ¸É ÕÐ¥° ±·¨-
¢¨§´µ° ¤¥°¸É¢Ê¥É, ±µ´¥Î´µ, ¨ µ¡ÒÎ´Ò° ³¥Ì ´¨§³ ¤¥± ´ ²¨·µ¢ ´¨Ö §  ¸Î¥É
³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö.

‚ ¶· ±É¨Î¥¸±¨ ·¥ ²¨§Ê¥³ÒÌ ¸²ÊÎ ÖÌ ¨§³¥´¥´¨¥ ±·¨¢¨§´Ò ¨§£¨¡  ±·¨-
¸É ²²  ´  ¤²¨´¥ ±µ²¥¡ ´¨° ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í ³ ²µ, ÎÉµ ¶µ§¢µ²Ö¥É · ¸-
¸³ É·¨¢ ÉÓ ¤¢¨¦¥´¨¥ Î ¸É¨Í ¢ ÔËË¥±É¨¢´µ³ ¶µÉ¥´Í¨ ²¥, ¶ · ³¥É·Ò ±µÉµ·µ£µ
 ¤¨ ¡ É¨Î¥¸±¨ ³¥¤²¥´´µ ¨§³¥´ÖÕÉ¸Ö. ‘¢Ö§ ´´Ò° ¸ ¨§³¥´¥´¨¥³ ±·¨¢¨§´Ò
¤·¥°Ë ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ Î ¸É¨ÍÒ µ¶¨¸Ò¢ ¥É¸Ö ±µÔËË¨Í¨¥´Éµ³ [21]

Ac = 〈
∆Ex
∆z
〉c = k′(〈x〉 + xc) , (56)
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£¤¥ 〈x〉 Å ¸·¥¤´ÖÖ §  ¶¥·¨µ¤ ±µµ·¤¨´ É  ± ´ ²¨·µ¢ ´´µ° Î ¸É¨ÍÒ, k′ =
dk/dz, k = pv/R(z). �·¨ ¶µ¸ÉµÖ´´µ° ±·¨¢¨§´¥ ¨§£¨¡  ±·¨¸É ²²  ¤²¨´  ¤¥-
± ´ ²¨·µ¢ ´¨Ö µ¶·¥¤¥²Ö¥É¸Ö Î¥·¥§ Ô²¥±É·µ´´Ò° ±µÔËË¨Í¨¥´É É·¥´¨Ö Ae (45).
�·¨ ´¥· ¢´µ³¥·´µ³ ¨§£¨¡¥ ¤·¥°Ë ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ ¢Ò§Ò¢ ¥É¸Ö ± ± ³´µ-
£µ±· É´Ò³ · ¸¸¥Ö´¨¥³ ´  Ô²¥±É·µ´ Ì ±·¨¸É ²² , É ± ¨ ¨§³¥´¥´¨¥³ ±·¨¢¨§´Ò
¨§£¨¡  ± ´ ²µ¢

A = Ae +Ac . (57)

‚ ¶·¥´¥¡·¥¦¥´¨¨ ¤¨ËËÊ§¨¥° ¶·¨ ³´µ£µ±· É´µ³ · ¸¸¥Ö´¨¨ ¤²¨´Ê ¤¥± ´ ²¨-
·µ¢ ´¨Ö ¢ ´¥· ¢´µ³¥·´µ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ ³µ¦´µ µÍ¥´¨ÉÓ ± ± [21]:

Sd(k
′ 6= 0) ∼

SR=const
d

1 +Ac/Ae
. (58)

�·¨ · ¸ÉÊÐ¥° ±·¨¢¨§´¥ ±·¨¸É ²² , ±µ£¤  k′, Ac > 0, ¤²¨´  ¤¥± ´ ²¨·µ¢ -
´¨Ö §  ¸Î¥É ¤µ¶µ²´¨É¥²Ó´µ£µ Í¥´É·µ¡¥¦´µ£µ ³¥Ì ´¨§³  ¤·¥°Ë  ¸É ´µ¢¨É¸Ö
³¥´ÓÏ¥, Î¥³ ¢ · ¢´µ³¥·´µ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ SR=const

d .
3.3.5. ‚²¨Ö´¨¥ Ê³¥´ÓÏ¥´¨Ö ±·¨¢¨§´Ò ´  ¤¥± ´ ²¨·µ¢ ´¨¥. �¥· ¢´µ³¥·-

´µ¸ÉÓ ¨§£¨¡  ±·¨¸É ²²  ³µ¦¥É ¢Ò§¢ ÉÓ ¨ µ¡· É´Ò° ÔËË¥±É. �  ÊÎ ¸É±¥ ¸
Ê³¥´ÓÏ ÕÐ¥°¸Ö ±·¨¢¨§´µ° ¨§£¨¡ , ±µ£¤  k′, Ac < 0, Ê¢¥²¨Î¥´¨¥ £²Ê¡¨´Ò
ÔËË¥±É¨¢´µ° ¶µÉ¥´Í¨ ²Ó´µ° Ö³Ò ¶²µ¸±µ¸É´ÒÌ ± ´ ²µ¢ ¢¤µ²Ó ±·¨¸É ²²  ¢Ò-
§Ò¢ ¥É ¤·¥°Ë ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ Î ¸É¨Í, § ³¥¤²ÖÕÐ¨° ·µ¸É Ex §  ¸Î¥É
³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö. ‚ ·¥§Ê²ÓÉ É¥ ¤²¨´  ¤¥± ´ ²¨·µ¢ ´¨Ö ¸É ´µ¢¨É¸Ö
¡µ²ÓÏ¥, Î¥³ ¢ · ¢´µ³¥·´µ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ (58).

�Éµ Ê¢¥²¨Î¥´¨¥ ¤²¨´Ò ¤¥± ´ ²¨·µ¢ ´¨Ö ¡Ò²µ µ¡´ ·Ê¦¥´µ ¢ Ô±¸¶¥·¨-
³¥´É¥ [41]. ’ ±, ¤²¨´  ¤¥± ´ ²¨·µ¢ ´¨Ö ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 100 ƒÔ‚ ¢
¶·Ö³µ³ ±·¨¸É ²²¥ ±·¥³´¨Ö ¢¤µ²Ó ´ ¶· ¢²¥´¨Ö (110) µ±µ²µ 60 ³³ [36], Éµ£¤ 
± ± ¢¤µ²Ó ´ ¶· ¢²¥´¨Ö (111) ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ ´  ÊÎ ¸É±¥ ¸ Ê³¥´ÓÏ Õ-
Ð¥°¸Ö ±·¨¢¨§´µ° 100 ³³ [41]. •µÉÖ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ²ÊÎ¥´Ò
¶·¨ · §´µ° µ·¨¥´É Í¨¨ ±·¨¸É ²² , ´ ¡²Õ¤ ¢Ï¥¥¸Ö · §²¨Î¨¥ ¤²¨´ ¤¥± ´ ²¨-
·µ¢ ´¨Ö ´ ³´µ£µ ¶·¥¢µ¸Ìµ¤¨²µ µ¦¨¤ ¥³µ¥, µ±µ²µ 20 %, ¨ ¸¢Ö§ ´µ ¸ £· ¤¨¥´É-
´Ò³ ³¥Ì ´¨§³µ³ ªÊ£²Ê¡²¥´¨Öª Ê·µ¢´¥° ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ ± ´ ²¨·µ¢ ´´ÒÌ
Î ¸É¨Í ¶·¨ Ê³¥´ÓÏ¥´¨¨ ±·¨¢¨§´Ò ± ´ ²µ¢. ƒµ· §¤µ ¡µ²ÓÏ¨° ÔËË¥±É ´ ¡²Õ-
¤ ²¸Ö ¶·¨ Ô´¥·£¨¨ ¶·µÉµ´µ¢ 60 ƒÔ‚, ¤²Ö ±µÉµ·ÒÌ ¤²¨´  ¤¥± ´ ²¨·µ¢ ´¨Ö ´ 
ÊÎ ¸É±¥ ¸ Ê³¥´ÓÏ ÕÐ¥°¸Ö ±·¨¢¨§´µ° ¶·¥¢µ¸Ìµ¤¨²  ¡µ²¥¥ Î¥³ ¢ É·¨ · §  ¥¥
§´ Î¥´¨¥ ¢ ¶·Ö³µ³ ±·¨¸É ²²¥.

3.3.6. “£²µ¢ Ö · §¢¥·É±  ¤¥± ´ ²¨·µ¢ ´¨Ö. — ¸É¨ÍÒ, ¢Ò¡Ò¢ ÕÐ¨¥ ¨§
·¥¦¨³  ± ´ ²¨·µ¢ ´¨Ö ¢ ¨§µ£´ÊÉµ° Î ¸É¨ ±·¨¸É ²²  ¶·¨ ´¥±µÉµ·µ³ §´ Î¥´¨¨
¶·µ¤µ²Ó´µ° ±µµ·¤¨´ ÉÒ z, µÉ±²µ´ÖÕÉ¸Ö ´  Ê£µ²

ϑ(z) =

∫ z

0

κ(z′)dz′ . (59)

ˆ§³¥·Ö¥³Ò¥ ¢ Ô±¸¶¥·¨³¥´É¥ · ¸¶·¥¤¥²¥´¨Ö Ê£²µ¢ µÉ±²µ´¥´¨Ö ¶µ§¢µ²ÖÕÉ ¸
Ìµ·µÏ¥° ÉµÎ´µ¸ÉÓÕ ¢µ¸¸É ´µ¢¨ÉÓ § ¢¨¸¨³µ¸ÉÓ Fd(z). �É  Ê£²µ¢ Ö · §¢¥·É± 
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�¨¸. 6. � ¸¶·¥¤¥²¥´¨Ö Ê£²µ¢ µÉ±²µ´¥´¨Ö ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 60 ƒÔ‚ ±·¨¸É ²²µ³ ±·¥³-
´¨Ö, ¨§µ£´ÊÉÒ³ ¢¤µ²Ó ¶²µ¸±µ¸É¥° (111) ¢ ¨§£¨¡ ÕÐ¥³ Ê¸É·µ°¸É¢¥ ¸ É·¥³Ö µ¶µ· ³¨,
µÉ¤¥²Ó´µ ¤²Ö Ë· ±Í¨° Î ¸É¨Í, ¨¤ÊÐ¨Ì ¢¡²¨§¨ ¢´¥Ï´¥° ( ) ¨ ¢´ÊÉ·¥´´¥° (¡) £· ´¥°
±·¨¸É ²²  (·¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´É  ¢ � É ¢¨¨)

¶·µÍ¥¸¸  ¤¥± ´ ²¨·µ¢ ´¨Ö ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ Å ª¸¶¥±É·µ³¥É· ¤¥± ´ -
²¨·µ¢ ´¨Öª [12] Å ¤ ¥É Ê¤µ¡´Ò° ¨´¸É·Ê³¥´É ¤²Ö ¨§ÊÎ¥´¨Ö ¤¥± ´ ²¨·µ¢ ´¨Ö
Î ¸É¨Í.

‚ Ô±¸¶¥·¨³¥´É¥ [12] ¶µ µÉ±²µ´¥´¨Õ ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° ¤µ 180 ƒÔ‚
±·¨¸É ²²µ³ ±·¥³´¨Ö, ¨§µ£´ÊÉÒ³ ¢¤µ²Ó ¶²µ¸±µ¸É¥° (111), ¨§£¨¡´µ¥ ¤¥± ´ ²¨-
·µ¢ ´¨¥ ¶·µÖ¢¨²µ¸Ó µÎ¥´Ó µÉÎ¥É²¨¢µ, É ± ± ± ±·¨¢¨§´  ¨§£¨¡  ±·¨¸É ²²  ¡Ò² 
¡²¨§±  ± ±·¨É¨Î¥¸±µ° ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ. �  ·¨¸.6 ¶µ± § ´Ò · ¸¶·¥¤¥-
²¥´¨Ö Ê£²µ¢ µÉ±²µ´¥´¨Ö ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 60 ƒÔ‚, ¶µ²ÊÎ¥´´Ò¥ µÉ¤¥²Ó´µ
¤²Ö Ë· ±Í¨° Î ¸É¨Í, ¨¤ÊÐ¨Ì ¢¡²¨§¨ ¢´¥Ï´¥° ¨ ¢´ÊÉ·¥´´¥° £· ´¥° ¨§µ£´ÊÉµ£µ
±·¨¸É ²² .

� ¸¶·¥¤¥²¥´¨Ö ¸µ¤¥·¦ É, ±·µ³¥ ³ ±¸¨³Ê³µ¢ ¢ ´ ¶· ¢²¥´¨¨ ¶ ¤ ÕÐ¥£µ
¶ÊÎ±  ¨ ¶·¨ Ê£²¥ ¨§£¨¡ , ¥Ð¥ µ¤¨´ ¶·¨³¥·´µ ¶µ¸¥·¥¤¨´¥. �´ Ëµ·³¨·Ê¥É¸Ö
Î ¸É¨Í ³¨, ¶µ±¨´Ê¢Ï¨³¨ ·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö ¢¡²¨§¨ Í¥´É· ²Ó´µ° µ¶µ·Ò,
¨ ¶·µÖ¢²Ö¥É¸Ö ¡µ²¥¥ ¸¨²Ó´µ ¤²Ö Î ¸É¨Í, ¶·µÌµ¤ÖÐ¨Ì ¢ ¸²µ¥ ±·¨¸É ²² , £· ´¨-
Î Ð¥³ ¸ µ¶µ·µ°. „¥²µ ¢ Éµ³, ÎÉµ ¶µ³¨³µ ¨§³¥´¥´¨Ö ª£²µ¡ ²Ó´µ°ª ±·¨¢¨§´Ò
¢¤µ²Ó ±·¨¸É ²²  ¶·¨ ¥£µ ¨§£¨¡¥ ´  É·¥Ì µ¶µ· Ì ¨³¥ÕÉ¸Ö ²µ± ²Ó´Ò¥ ¨¸± ¦¥-
´¨Ö ±·¨¸É ²²¨Î¥¸±µ° ·¥Ï¥É±¨, ¢Ò§¢ ´´Ò¥ ¤ ¢²¥´¨¥³ µ¶µ·, ±µÉµ·Ò¥ ¤²Ö ¸²µ¥¢
±·¨¸É ²² , ¶·¨²¥£ ÕÐ¨Ì ± µ¶µ· ³, ³ ±¸¨³ ²Ó´Ò ¨ ¶µ¸É¥¶¥´´µ Ê³¥´ÓÏ ÕÉ¸Ö
¸ Ê¤ ²¥´¨¥³ ¸²µÖ µÉ µ¶µ·Ò. ‘¨²Ó´µ¥ ²µ± ²Ó´µ¥ ¨¸±·¨¢²¥´¨¥ ± ´ ²µ¢ ±·¨-
¸É ²²  µ±µ²µ Í¥´É· ²Ó´µ° µ¶µ·Ò ¢Ò§Ò¢ ¥É Í¥´É·µ¡¥¦´µ¥ ¤¥± ´ ²¨·µ¢ ´¨¥
Î ¸É¨Í, ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ ¢ §´ Î¨É¥²Ó´µ° ¸É¥¶¥´¨ ¨ Ëµ·³¨·Ê¥É¸Ö Í¥´É· ²Ó-
´Ò° ³ ±¸¨³Ê³ ¢ Ê£²µ¢µ³ · ¸¶·¥¤¥²¥´¨¨.

Œ ±¸¨³Ê³ ¢ ´ ¶· ¢²¥´¨¨ ¶ ¤ ÕÐ¥£µ ¶ÊÎ±  µ¡· §µ¢ ´ Î ¸É¨Í ³¨, ¢Ò¡Ò¢-
Ï¨³¨ ¨§ ·¥¦¨³  ± ´ ²¨·µ¢ ´¨Ö §  ¸Î¥É ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö ¢ ´¥¨§µ£´Ê-
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Éµ° Î ¸É¨ ±·¨¸É ²²  ¨ §  ¸Î¥É Í¥´É·µ¡¥¦´µ£µ ¤¥± ´ ²¨·µ¢ ´¨Ö µ±µ²µ ¶¥·¥¤-
´¥° µ¶µ·Ò. �É²¨Î¨É¥²Ó´µ° µ¸µ¡¥´´µ¸ÉÓÕ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° Ö¢²Ö¥É¸Ö
É ±¦¥ ´ ²¨Î¨¥ ¡µ²ÓÏµ£µ Î¨¸²  Î ¸É¨Í, ¤¥± ´ ²¨·µ¢ ´´ÒÌ ¢ ¶¥·¥¤´¥° ¨§µ£´Ê-
Éµ° Î ¸É¨ ±·¨¸É ²²  ¨ ¶· ±É¨Î¥¸±µ¥ ¨Ì µÉ¸ÊÉ¸É¢¨¥ §  Í¥´É· ²Ó´µ° µ¶µ·µ°.
‚Ò¡Ò¢ ´¨¥ Î ¸É¨Í ¨§ ·¥¦¨³  ± ´ ²¨·µ¢ ´¨Ö ¢ ¶¥·¥¤´¥° Î ¸É¨ ±·¨¸É ²²  ¸
· ¸ÉÊÐ¥° £²µ¡ ²Ó´µ° ±·¨¢¨§´µ° ± ´ ²µ¢ µ¡Ê¸²µ¢²¥´µ ± ± Í¥´É·µ¡¥¦´Ò³ ¤¥-
± ´ ²¨·µ¢ ´¨¥³, É ± ¨ ³´µ£µ±· É´Ò³ · ¸¸¥Ö´¨¥³. Œ ²Ò¥ ¶µÉ¥·¨ Î ¸É¨Í § 
Í¥´É· ²Ó´µ° µ¶µ·µ° µ¡ÑÖ¸´ÖÕÉ¸Ö É¥³, ÎÉµ ·µ¸É £²Ê¡¨´Ò ¶µÉ¥´Í¨ ²Ó´µ° Ö³Ò
¸ Ê³¥´ÓÏ¥´¨¥³ ±·¨¢¨§´Ò ± ´ ²µ¢ § ³¥¤²Ö¥É ¶·µÍ¥¸¸ ¢Ò¡Ò¢ ´¨Ö Î ¸É¨Í § 
¸Î¥É ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö.

‚ Ëµ·³¨·µ¢ ´¨¥ Í¥´É· ²Ó´µ£µ ³ ±¸¨³Ê³ , ¢ ¸¨²Ê ³ ²µ° ¶·µÉÖ¦¥´´µ¸É¨
ÊÎ ¸É±  ±·¨¸É ²²  µ±µ²µ µ¶µ·Ò ¸ ¶µ¢ÒÏ¥´´µ° ²µ± ²Ó´µ° ±·¨¢¨§´µ°, ³´µ£µ-
±· É´µ¥ · ¸¸¥Ö´¨¥ ¢´µ¸¨É ´¥¡µ²ÓÏµ° ¢±² ¤, Éµ ¥¸ÉÓ Í¥´É·µ¡¥¦´µ¥ ¤¥± ´ ²¨-
·µ¢ ´¨¥ §¤¥¸Ó ¶·µÖ¢²Ö¥É¸Ö ¢ ´ ¨¡µ²¥¥ Î¨¸Éµ³ ¢¨¤¥. �Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¡Ò²µ
¨¸¶µ²Ó§µ¢ ´µ ¤²Ö ¨§³¥·¥´¨Ö § ¢¨¸¨³µ¸É¨ Ë· ±Í¨¨ Î ¸É¨Í, ¤¥± ´ ²¨·µ¢ ´´µ°
§  ¸Î¥É Í¥´É·µ¡¥¦´µ£µ ³¥Ì ´¨§³ , µÉ ª¸¨²Ò ¨§£¨¡ ª pv/R [12].

3.4. �ËË¥±É¨¢´µ¸ÉÓ µÉ±²µ´¥´¨Ö ¶ÊÎ±  ±·¨¸É ²²µ³. �·¨ ¨¸¶µ²Ó§µ¢ ´¨¨
¨§µ£´ÊÉÒÌ ±·¨¸É ²²µ¢ ¤²Ö Ê¶· ¢²¥´¨Ö ¶ÊÎ± ³¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢Ò¸µ±¨Ì
Ô´¥·£¨° ¶µ²¥§´Ò ¶·¥¤¢ ·¨É¥²Ó´Ò¥ µÍ¥´±¨ ÔËË¥±É¨¢´µ¸É¨, ¸ ±µÉµ·µ° ¶ÊÎ±¨
³µ£ÊÉ µÉ±²µ´ÖÉÓ¸Ö ±·¨¸É ²²µ³. �ËË¥±É¨¢´µ¸ÉÓ µÉ±²µ´¥´¨Ö ¶ÊÎ±  · ¢´µ³¥·´µ
¨§µ£´ÊÉÒ³ ±·¨¸É ²²µ³ Pd µ¶·¥¤¥²¥´  ¢ [28, 29]. �µ± § ´µ ¸ÊÐ¥¸É¢µ¢ ´¨¥
µ¶É¨³ ²Ó´ÒÌ ¶ · ³¥É·µ¢ ±·¨¸É ²²  ¤²Ö µÉ±²µ´¥´¨Ö ¶ÊÎ±  ´  § ¤ ´´Ò° Ê£µ².

�ËË¥±É¨¢´µ¸ÉÓ µÉ±²µ´¥´¨Ö µ¶·¥¤¥²Ö¥É¸Ö ¢¥·µÖÉ´µ¸ÉÓÕ § Ì¢ É  Î ¸É¨Í ¢
·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö Pc ¨ ¢¥·µÖÉ´µ¸ÉÓÕ ¤²Ö Î ¸É¨Í ¶·µ°É¨ ¢¥¸Ó ±·¨¸É ²² ¢
·¥¦¨³¥ ± ´ ²¨·µ¢ ´¨Ö Pch. ’ ±, ¤²Ö ÔËË¥±É¨¢´µ¸É¨ µÉ±²µ´¥´¨Ö Î ¸É¨Í ´ 
§ ¤ ´´Ò° Ê£µ² α ¨³¥¥³

Pd(α,R) = Pc(R)× Pch(α,R) , (60)

Pch(α,R) = exp [−αR/S1/e(R)] .

�µ¢µ·µÉ ¶ÊÎ±  ´  Ê£µ² α = L/R ³µ¦´µ µ¸ÊÐ¥¸É¢¨ÉÓ ¶·¨ · §²¨Î´ÒÌ · ¤¨Ê¸¥
¨§£¨¡  R ¨ ¤²¨´¥ ±·¨¸É ²²  L.

�  ·¨¸.7,  ¶µ± § ´  § ¢¨¸¨³µ¸ÉÓ ÔËË¥±É¨¢´µ¸É¨ µÉ±²µ´¥´¨Ö ´  Ê£µ²
20 ³· ¤ ¶ · ²²¥²Ó´µ£µ ¶ÊÎ±  ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 10 ƒÔ‚ µÉ · ¤¨Ê¸  ¨§£¨¡ 
±·¨¸É ²²  R. ‡¤¥¸Ó ¦¥ ¶·¨¢¥¤¥´Ò § ¢¨¸¨³µ¸É¨ Pc(R), Pch(R). ‚¥·µÖÉ´µ¸ÉÓ
ª¶·µ± ´ ²¨·µ¢ ÉÓª Î¥·¥§ ¢¥¸Ó ±·¨¸É ²² ³ ±¸¨³ ²Ó´  ¶·¨ ¨§£¨¡¥ ±·¨¸É ²²  ¸
· ¤¨Ê¸µ³ R′m ' 3Rc. “³¥´ÓÏ¥´¨¥ ¥¥ ¶·¨ R < R′m ¶·µ¨¸Ìµ¤¨É §  ¸Î¥É
·¥§±µ£µ Ê³¥´ÓÏ¥´¨Ö ¤²¨´Ò ¤¥± ´ ²¨·µ¢ ´¨Ö, ¶·¨ ¡µ²ÓÏ¨Ì R ¨§-§  Ê¢¥²¨Î¥-
´¨Ö É·¥¡Ê¥³µ° ¤²Ö µÉ±²µ´¥´¨Ö ´  Ê£µ² α ¤²¨´Ò ±·¨¸É ²² . �ËË¥±É¨¢´µ¸ÉÓ
µÉ±²µ´¥´¨Ö ¶ÊÎ±  ¨³¥¥É ³ ±¸¨³Ê³ ¶·¨ Rm > R′m ¨§-§  ·¥§±µ° § ¢¨¸¨³µ¸É¨
¢¥·µÖÉ´µ¸É¨ § Ì¢ É  ¢ ·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö ¢ µ¡² ¸É¨ R < 10Rc.
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�¨¸. 7.  ) ‡ ¢¨¸¨³µ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ § Ì¢ É  ¢ ·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö (1), ¢¥·µÖÉ´µ¸É¨
¶·µ°É¨ ¢¥¸Ó ±·¨¸É ²² ¢ ·¥¦¨³¥ ± ´ ²¨·µ¢ ´¨Ö (2) ¨ ÔËË¥±É¨¢´µ¸É¨ µÉ±²µ´¥´¨Ö ´ 
Ê£µ² 20 ³· ¤ (3) ¤²Ö ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 10 ƒÔ‚ µÉ · ¤¨Ê¸  ¨§£¨¡  ±·¨¸É ²²  ±·¥³´¨Ö
¢¤µ²Ó ¶²µ¸±µ¸É¥° (110). ¡) ‘· ¢´¥´¨¥ ÔËË¥±É¨¢´µ¸É¨ µÉ±²µ´¥´¨Ö ´  Ê£µ² 20 ³· ¤
¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 10 ƒÔ‚ (1) ¨ 40 ƒÔ‚ (2)

�¶É¨³ ²Ó´Ò° · ¤¨Ê¸ ¨§£¨¡  ±·¨¸É ²²  ³µ¦¥É ¡ÒÉÓ µ¶·¥¤¥²¥´ ¨§ (60)
¸µ£² ¸´µ Ê¸²µ¢¨Õ ∂Pd/∂R = 0. �·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¢ ± Î¥¸É¢¥ ¶¥·¥³¥´´µ°
¶·¨¢¥¤¥´´µ° ±·¨¢¨§´Ò ρ = Rc/R ÔËË¥±É¨¢´µ¸ÉÓ µÉ±²µ´¥´¨Ö ¤²Ö ¶ÊÎ±  ¸
· ¢´µ³¥·´Ò³ Ê£²µ¢Ò³ · ¸¶·¥¤¥²¥´¨¥³ ¶·¨´¨³ ¥É ¢¨¤ [30]:

Pd(α, ρ) = P 0
c (1− ρ)2 exp

(
−

α/θD

ρ(1− ρ)2

)
, (61)

¨ Ê· ¢´¥´¨¥ ¤²Ö ¶µ¨¸±  µ¶É¨³ ²Ó´µ£µ ¨§£¨¡  § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

α/θD =
2ρ2(1− ρ)2

1− 3ρ
, (62)

£¤¥ ¶ · ³¥É· θD = S0
1/e/Rc Ì · ±É¥·¨§Ê¥É ´¥±µÉµ·Ò° Ê£µ² µÉ±²µ´¥´¨Ö ±·¨-

¸É ²²µ³, ¡²¨§±¨° ± ³ ±¸¨³ ²Ó´µ ¢µ§³µ¦´µ³Ê. ˆ§ (62) ¸²¥¤Ê¥É µ£· ´¨Î¥´¨¥
Å ρm > 1/3, Éµ ¥¸ÉÓ µ¶É¨³ ²Ó´Ò° · ¤¨Ê¸ ¨§£¨¡  ¢¸¥£¤  ¡µ²ÓÏ¥ 3 Rc.

�  ·¨¸.7,¡ ¶·µ¢µ¤¨É¸Ö ¸· ¢´¥´¨¥ ÔËË¥±É¨¢´µ¸É¨ µÉ±²µ´¥´¨Ö ¶·µÉµ´µ¢
¤²Ö ¤¢ÊÌ §´ Î¥´¨° Ô´¥·£¨¨ Î ¸É¨Í. �·¨ µ¤¨´ ±µ¢µ³ ÔËË¥±É¨¢´µ³ ¨§£¨¡¥
±·¨¸É ²²  ρ ¢¥·µÖÉ´µ¸ÉÓ § Ì¢ É  ¢ ·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö ¨ ²µ± ²¨§ Í¨Ö É· -
¥±Éµ·¨° ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í ¢ ¶µ¶¥·¥Î´¨±¥ ¨§µ£´ÊÉµ£µ ± ´ ²  µ¤¨´ ±µ¢ .
�¤´ ±µ ¸² ¡ Ö § ¢¨¸¨³µ¸ÉÓ µÉ E µ¸É ¥É¸Ö, θD ∼ 1/ ln (kE1/2), ¶µÔÉµ³Ê ¸
·µ¸Éµ³ Ô´¥·£¨¨ Î ¸É¨Í ´ ·Ö¤Ê ¸ ¨§³¥´¥´¨¥³ ³ ¸ÏÉ ¡  ¶µ R ¶·µ¨¸Ìµ¤¨É ³¥¤-
²¥´´µ¥ Ê³¥´ÓÏ¥´¨¥ ¢¥²¨Î¨´Ò ÔËË¥±É¨¢´µ¸É¨ µÉ±²µ´¥´¨Ö.

…¸É¥¸É¢¥´´µ µ¦¨¤ ÉÓ, ÎÉµ Ê¢¥²¨Î¥´¨¥ Ê£²  µÉ±²µ´¥´¨Ö ¤µ²¦´µ Ê³¥´ÓÏ ÉÓ
ÔËË¥±É¨¢´µ¸ÉÓ µÉ±²µ´¥´¨Ö ¶ÊÎ±  ±·¨¸É ²²µ³, É ± ± ± É·¥¡Ê¥É Ê¢¥²¨Î¥´¨Ö
¤²¨´Ò ±·¨¸É ²² , ²¨¡µ ¥£µ ¨§£¨¡  Å ¨ Éµ, ¨ ¤·Ê£µ¥ ¶·¨¢µ¤¨É ± ·µ¸ÉÊ ¤¥-
± ´ ²¨·µ¢ ´¨Ö Î ¸É¨Í. �  ·¨¸.8,  ¶·¥¤¸É ¢²¥´  § ¢¨¸¨³µ¸ÉÓ ³ ±¸¨³ ²Ó´µ°
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�¨¸. 8. ‡ ¢¨¸¨³µ¸É¨ ³ ±¸¨³ ²Ó´µ° ÔËË¥±É¨¢´µ¸É¨ µÉ±²µ´¥´¨Ö (a) ¶ · ²²¥²Ó´µ£µ
¶ÊÎ±  ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 10 ƒÔ‚ ±·¨¸É ²²µ³ ±·¥³´¨Ö, ¨§µ£´ÊÉÒ³ ¢¤µ²Ó ¶²µ¸±µ¸É¥°
(110), ¨ µ¶É¨³ ²Ó´µ£µ · ¤¨Ê¸  ¨§£¨¡  ±·¨¸É ²²  (¡) µÉ ¢¥²¨Î¨´Ò Ê£²  ¨§£¨¡ 

ÔËË¥±É¨¢´µ¸É¨ µÉ±²µ´¥´¨Ö ¶ · ²²¥²Ó´µ£µ ¶ÊÎ±  ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 10 ƒÔ‚
¨§µ£´ÊÉÒ³¨ ¶²µ¸±µ¸É´Ò³¨ ± ´ ² ³¨ (110) ±·¥³´¨Ö µÉ ¢¥²¨Î¨´Ò Ê£²  ¨§£¨¡ .
�ËË¥±É¨¢´µ¸ÉÓ µÉ±²µ´¥´¨Ö Ô±¸¶µ´¥´Í¨ ²Ó´µ Ê¡Ò¢ ¥É ¸ Ê¢¥²¨Î¥´¨¥³ α. ‡ -
¢¨¸¨³µ¸ÉÓ µÉ α µ¶É¨³ ²Ó´µ£µ · ¤¨Ê¸  ¨§£¨¡  Rm ¶·¥¤¸É ¢²¥´  ´  ·¨¸.8,¡.
„²Ö ¡µ²ÓÏ¨Ì Ê£²µ¢ α > 0, 01 · ¤ µ¶É¨³ ²Ó´Ò³ Ö¢²Ö¥É¸Ö ¸¨²Ó´Ò° ¨§£¨¡ ±·¨-
¸É ²²  ¸ r < 5, É ± ± ± ¢¸Ö±µ¥ Ê¢¥²¨Î¥´¨¥ R ¶·¨¢µ¤¨É ± ¶·¨· Ð¥´¨Õ ¤²¨´Ò
±·¨¸É ²² , ¸µ¶µ¸É ¢¨³µ³Ê ¸ ¤²¨´µ° ¤¥± ´ ²¨·µ¢ ´¨Ö.

3.5. �ËË¥±É¨¢´µ¸ÉÓ ±·¨¸É ²²¨Î¥¸±µ£µ ¤¥Ë²¥±Éµ· . „µ ´ ¸ÉµÖÐ¥£µ ¢·¥-
³¥´¨ ¢ ± Î¥¸É¢¥ ¤¥Ë²¥±Éµ·  ¤²Ö · §¤¥²¥´¨Ö ¨ ¢Ò¢µ¤  ¶ÊÎ±  ¨§ Ê¸±µ·¨É¥²Ö
¨¸¶µ²Ó§µ¢ ²¸Ö Éµ²Ó±µ ±·¨¸É ²² ±·¥³´¨Ö. �Éµ µ¡ÑÖ¸´Ö¥É¸Ö ¢Ò¸µ±¨³ ¸µ¢¥·-
Ï¥´¸É¢µ³ ¶µ²ÊÎ ¥³ÒÌ ³µ´µ±·¨¸É ²²µ¢ ¸ ·¥±µ·¤´µ ´¨§±¨³ ¸µ¤¥·¦ ´¨¥³ ¶·¨-
³¥¸¥° ¨ ¶· ±É¨Î¥¸±¨ ¡¥§¤¨¸²µ± Í¨µ´´ÒÌ. Š·µ³¥ Éµ£µ, ±·¨¸É ²² ±·¥³´¨Ö
Ö¢²Ö¥É¸Ö ¶µ²Ê¶·µ¢µ¤´¨±µ³ ¨ ¶µ§¢µ²Ö¥É ¸µ§¤ ¢ ÉÓ ¢¸É·µ¥´´Ò¥ ¶µ¢¥·Ì´µ¸É´µ-
¡ ·Ó¥·´Ò¥ ¤¥É¥±Éµ·Ò, ±µÉµ·Ò¥ ¤¥² ÕÉ ±·¨¸É ²² ª¦¨¢µ°ª ³¨Ï¥´ÓÕ, ¤ ¢ Ö ¨´-
Ëµ·³ Í¨Õ µ ¸µ¸ÉµÖ´¨¨ ¶·µÌµ¤ÖÐ¨Ì Î¥·¥§ ±·¨¸É ²² Î ¸É¨Í ¶µ ¶·µ¨§¢µ¤¨³µ°
¨³¨ ¨µ´¨§ Í¨¨.

ˆ¸¶µ²Ó§µ¢ ´¨¥ ±·¨¸É ²²µ¢ ¸ ¡µ²¥¥ ¢Ò¸µ±¨³  Éµ³´Ò³ ´µ³¥·µ³ ³µ¦¥É ¸Ê-
Ð¥¸É¢¥´´µ ¶µ¢Ò¸¨ÉÓ ÔËË¥±É¨¢´µ¸ÉÓ ±·¨¸É ²²¨Î¥¸±¨Ì ¤¥Ë²¥±Éµ·µ¢ §  ¸Î¥É
Ê¢¥²¨Î¥´¨Ö ¢´ÊÉ·¨±·¨¸É ²²¨Î¥¸±¨Ì ¶µ²¥°. ‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¶·¥¤¶·¨´¨³ -
²¨¸Ó ¶µ¶ÒÉ±¨ ¨¸¶µ²Ó§µ¢ ÉÓ ±·¨¸É ²²Ò £¥·³ ´¨Ö (Z2 = 32) ¢ Ô±¸¶¥·¨³¥´É Ì
¶µ µÉ±²µ´¥´¨Õ ´  ¶·µÉµ´´ÒÌ ¶ÊÎ± Ì [9, 10]. ‚ Ô±¸¶¥·¨³¥´É¥ ¢ –…�� ´ 
¶ÊÎ±¥ ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 450 ƒÔ‚ ¡Ò²µ µÉ³¥Î¥´µ Ê¢¥²¨Î¥´¨¥ ÔËË¥±É¨¢´µ-
¸É¨ µÉ±²µ´¥´¨Ö ¶µ ¸· ¢´¥´¨Õ ¸ ±·¥³´¨¥¢Ò³ ¤¥Ë²¥±Éµ·µ³ ¤²Ö ¡µ²ÓÏ¨Ì Ê£²µ¢
¨§£¨¡ .
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�² £µ¤ ·Ö ³ ²Ò³  ³¶²¨ÉÊ¤ ³ É¥¶²µ¢ÒÌ ±µ²¥¡ ´¨°, ¢Ò¸µ±µ° É¥³¶¥· ÉÊ·¥
¶² ¢²¥´¨Ö ¨ ¢Ò¸µ±µ° · ¤¨ Í¨µ´´µ° ¸Éµ°±µ¸É¨, ¢µ²ÓË· ³ (Z2 = 74) Ö¢²Ö-
¥É¸Ö µ¤´¨³ ¨§ ²ÊÎÏ¨Ì ¢µ§³µ¦´ÒÌ ³ É¥·¨ ²µ¢ ¤²Ö ¨§£µÉµ¢²¥´¨Ö ±·¨¸É ²²¨Î¥-
¸±¨Ì ¤¥Ë²¥±Éµ·µ¢ [17]. �¤´ ±µ ¶µ²ÊÎ¥´¨¥ ±·¨¸É ²²µ¢ ¢µ²ÓË· ³  ´¥µ¡Ìµ¤¨-
³ÒÌ · §³¥·µ¢ ¸ ´¨§±µ° ¶²µÉ´µ¸ÉÓÕ ¤¨¸²µ± Í¨° Ö¢²Ö¥É¸Ö ¸¥·Ó¥§´µ° ¶·µ¡²¥-
³µ° [41].

‘¥Î¥´¨¥ ¤¥± ´ ²¨·µ¢ ´¨Ö ´  ¤¨¸²µ± Í¨ÖÌ · ¸É¥É ¸ Ô´¥·£¨¥° Î ¸É¨Í. Š ±
¶µ± §Ò¢ ÕÉ µÍ¥´±¨ ¸ ÊÎ¥Éµ³ ¡²¨§±¨Ì ¨ ¤ ²¥±¨Ì ¸Éµ²±´µ¢¥´¨° Î ¸É¨Í ¸ ¤¨¸-
²µ± Í¨Ö³¨, ¶·¨³¥´¥´¨¥ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ±·¨¸É ²²µ¢ ¢µ²ÓË· ³  ¸ ¶²µÉ´µ¸ÉÓÕ
¤¨¸²µ± Í¨° ´¨¦¥ 104 ¸³−2 ³µ¦¥É µ¡¥¸¶¥Î¨ÉÓ §´ Î¨É¥²Ó´Ò° ¢Ò¨£·ÒÏ ¢ ÔË-
Ë¥±É¨¢´µ¸É¨ µÉ±²µ´¥´¨Ö ´  ¶ÊÎ± Ì ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· ¸ Ô´¥·£¨¥° ¢ ´¥-
¸±µ²Ó±µ ƒÔ‚/´Ê±²µ´. ˆ³¥¥É¸Ö ¶·µ¥±É ¨¸¸²¥¤µ¢ ´¨Ö ¤¥Ë²¥±Éµ·µ¢ ¨§ ¢µ²ÓË· ³ 
´  ¶ÊÎ±¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· ´Ê±²µÉ·µ´  (�ˆŸˆ) [42].

‚ É ¡²¨Í¥ ¶·¥¤¸É ¢²¥´Ò µ¸´µ¢´Ò¥ ¶ · ³¥É·Ò ¶²µ¸±µ¸É´ÒÌ ± ´ ²µ¢ (110)
¢ ±·¨¸É ²² Ì ±·¥³´¨Ö ¨ ¢µ²ÓË· ³  (¶·¨ rc = 2, 5 u1). ‡´ Î¨É¥²Ó´Ò° ·µ¸É £²Ê-
¡¨´Ò ¶µÉ¥´Í¨ ²Ó´µ° Ö³Ò ¨ ´ ¶·Ö¦¥´´µ¸É¨ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¢ ¢µ²ÓË· ³¥
µ¡¥¸¶¥Î¨¢ ÕÉ Ê¢¥²¨Î¥´¨¥ ¡µ²¥¥ Î¥³ ¢¤¢µ¥ ±·¨É¨Î¥¸±¨Ì Ê£²µ¢ ± ´ ²¨·µ¢ ´¨Ö,
Éµ£¤  ± ± ±·¨É¨Î¥¸±¨¥ · ¤¨Ê¸Ò ¨§£¨¡  Ê³¥´ÓÏ ÕÉ¸Ö ¶·¨³¥·´µ ¢ 7 · §, ÎÉµ
¶µ§¢µ²Ö¥É ¸¨²Ó´¥¥ ¨§µ£´ÊÉÓ ±·¨¸É ²² ¨ ¶µ²ÊÎ¨ÉÓ ¡µ²ÓÏ¥¥ Ê£²µ¢µ¥ µÉ±²µ´¥´¨¥
¶ÊÎ±  ¶·¨ µ¤¨´ ±µ¢µ° ¤²¨´¥ ±·¨¸É ²² . ‘· ¢´¨É¥²Ó´µ ³ ²Ò¥  ³¶²¨ÉÊ¤Ò É¥-
¶²µ¢ÒÌ ±µ²¥¡ ´¨°  Éµ³µ¢ ¢ ¢µ²ÓË· ³¥ µ¡¥¸¶¥Î¨¢ ÕÉ ¡µ²ÓÏÊÕ ÔËË¥±É¨¢´ÊÕ
Ï¨·¨´Ê ± ´ ²µ¢, As = 1 − 2rc/dp, ÎÉµ ´ ·Ö¤Ê ¸ ·µ¸Éµ³ Ê£²µ¢ ± ´ ²¨·µ¢ -
´¨Ö Ê¢¥²¨Î¨¢ ¥É § Ì¢ É Î ¸É¨Í ¢ ·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö. •µÉÖ Ô²¥±É·µ´´ Ö
¶²µÉ´µ¸ÉÓ ¢ ± ´ ² Ì ¢µ²ÓË· ³  ¢ÒÏ¥, ¤²¨´Ò ¤¥± ´ ²¨·µ¢ ´¨Ö µ± §Ò¢ ÕÉ¸Ö
¡µ²ÓÏ¥, Î¥³ ¢ ±·¥³´¨¨, ¨§-§  §´ Î¨É¥²Ó´µ ¡µ²ÓÏ¥° ±·¨É¨Î¥¸±µ° ¶µ¶¥·¥Î´µ°
Ô´¥·£¨¨ ± ´ ²¨·µ¢ ´¨Ö [42].

’ ¡²¨Í . � · ³¥É·Ò ¶²µ¸±µ¸É´ÒÌ ± ´ ²µ¢ (110)
±·¨¸É ²²µ¢ ±·¥³´¨Ö ¨ ¢µ²ÓË· ³ 

Š·¨¸É ²² dp, �A u1, �A As U0, Ô‚ Exc, Ô‚ Emax, ƒ‚/¸³
Si 1,92 0,075 0,8 22,7 14,32 5,97
W 2,238 0,05 0,89 131,9 91,61 42,52

�  ·¨¸.9 ¶·¥¤¸É ¢²¥´  § ¢¨¸¨³µ¸ÉÓ ÔËË¥±É¨¢´µ¸É¨ µÉ±²µ´¥´¨Ö Ö¤¥· 12
6 C

¸ Ô´¥·£¨¥° 6 ƒÔ‚/´Ê±²µ´ ±·¨¸É ²² ³¨ ±·¥³´¨Ö ( ) ¨ ¢µ²ÓË· ³  (¡), ¨§µ-
£´ÊÉÒ³¨ ´  Ê£µ² 100 ³· ¤ ¢¤µ²Ó ¶²µ¸±µ¸É¥° (110), µÉ · ¤¨Ê¸  ¨§£¨¡ . ’µÎ±¨
¶µ± §Ò¢ ÕÉ ·¥§Ê²ÓÉ ÉÒ ±µ³¶ÓÕÉ¥·´µ£µ Ô±¸¶¥·¨³¥´É  [42] ¶µ ³µ¤¥²¨ ¸¨¸É¥³Ò
 Éµ³´ÒÌ ¶²µ¸±µ¸É¥°. �ËË¥±É¨¢´µ¸ÉÓ µÉ±²µ´¥´¨Ö ±·¨¸É ²²µ³ ¢µ²ÓË· ³  ¡µ-
²¥¥ Î¥³ ´  ¶µ·Ö¤µ± ¢ÒÏ¥, Î¥³ ±·¨¸É ²²µ³ ±·¥³´¨Ö. �¤´ ±µ ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ,
ÎÉµ ¤²Ö ´¥¡µ²ÓÏ¨Ì Ê£²µ¢ µÉ±²µ´¥´¨Ö ±·¨¸É ²² ¢µ²ÓË· ³  ´¥ ³µ¦¥É ¤ ÉÓ §´ -
Î¨É¥²Ó´µ£µ ¢Ò¨£·ÒÏ  ¢ ÔËË¥±É¨¢´µ¸É¨.
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�¨¸. 9. ‡ ¢¨¸¨³µ¸ÉÓ ÔËË¥±É¨¢´µ¸É¨ µÉ±²µ´¥´¨Ö Ö¤¥· 12
6 C ¸ Ô´¥·£¨¥° 6 ƒÔ‚/´Ê±²µ´

±·¨¸É ²² ³¨ ±·¥³´¨Ö ( ) ¨ ¢µ²ÓË· ³  (¡), ¨§µ£´ÊÉÒ³¨ ´  Ê£µ² 100 ³· ¤ ¢¤µ²Ó ¶²µ¸-
±µ¸É¥° (110), µÉ · ¤¨Ê¸  ¨§£¨¡ ; 1 Å ¶ · ²²¥²Ó´Ò° ¶ÊÎµ±, 2 Å ¶ÊÎµ± ¸ · ¢´µ³¥·´Ò³
Ê£²µ¢Ò³ · ¸¶·¥¤¥²¥´¨¥³ ¢ ¨´É¥·¢ ²¥ (−ϑc, ϑc). ’µÎ±¨ Å ·¥§Ê²ÓÉ ÉÒ ³µ¤¥²¨·µ¢ ´¨Ö

�·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¨§µ£´ÊÉÒÌ ±·¨¸É ²²µ¢ ¤²Ö ¢Ò¢µ¤  Î ¸É¨Í £ ²µ ¶ÊÎ± 
¨§ ±µ²² °¤¥·  ÔËË¥±É¨¢´µ¸ÉÓ ¢Ò¢µ¤  ¢ §´ Î¨É¥²Ó´µ° ¸É¥¶¥´¨ µ¶·¥¤¥²Ö¥É¸Ö
³´µ£µ±· É´Ò³¨ ¶·µÌµ¦¤¥´¨Ö³¨ Í¨·±Ê²¨·ÊÕÐ¨Ì Î ¸É¨Í Î¥·¥§ ±·¨¸É ²² [11,
43,44]. ‚±² ¤ ³´µ£µ±· É´ÒÌ ¶·µÌµ¦¤¥´¨° ¸¨²Ó´µ § ¢¨¸¨É µÉ Ê£²  ³´µ£µ±· É-
´µ£µ · ¸¸¥Ö´¨Ö ¨ ¶µÉ¥·Ó ¢ Ö¤¥·´ÒÌ ´¥Ê¶·Ê£¨Ì ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¢ ±·¨¸É ²²¥,
±µÉµ·Ò¥ ¤²Ö ¢µ²ÓË· ³  ¡µ²ÓÏ¥. ‚Ò¡µ· µ¶É¨³ ²Ó´µ£µ ±·¨¸É ²²  ¨ ¥£µ ¶ · -
³¥É·µ¢ ¤²Ö ¢Ò¢µ¤  ¶ÊÎ±  ¨§ Ê¸±µ·¨É¥²Ö ¤µ²¦¥´ ¶·µ¢µ¤¨ÉÓ¸Ö ¤²Ö ±µ´±·¥É´µ°
¸¨ÉÊ Í¨¨.

3.6. Š ´ ²¨·µ¢ ´¨¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥·. ‚µ§³µ¦´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö
¨§µ£´ÊÉÒÌ ±·¨¸É ²²µ¢ ¤²Ö Ê¶· ¢²¥´¨Ö ¶ÊÎ± ³¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· ¡Ò² 
Ê¸¶¥Ï´µ ¶·µ¤¥³µ´¸É·¨·µ¢ ´  ¢ „Ê¡´¥ [14] ¨ –…�� [45]. �·¨ ¶¥·¥Ìµ¤¥ µÉ
¶·µÉµ´µ¢ ± Ö¤· ³ ¸ Ê¢¥²¨Î¥´¨¥³ § ·Ö¤  Î ¸É¨Í Ê¢¥²¨Î¨¢ ¥É¸Ö ¸¨² , ¤¥°¸É¢ÊÕ-
Ð Ö ´  Î ¸É¨ÍÊ ¢ ± ´ ²¥, ¨ £²Ê¡¨´  ¶µÉ¥´Í¨ ²Ó´µ° Ö³Ò ¶²µ¸±µ¸É´ÒÌ ± ´ ²µ¢
±·¨¸É ²²  U(x) = Z1U

1(x), £¤¥ U1(x) Å ¶²µ¸±µ¸É´µ° ¶µÉ¥´Í¨ ² ¤²Ö ¶·µÉµ-
´µ¢. ‘µµÉ¢¥É¸É¢¥´´µ Ê¢¥²¨Î¨¢ ¥É¸Ö ±·¨É¨Î¥¸± Ö ¶µ¶¥·¥Î´ Ö Ô´¥·£¨Ö Î ¸É¨Í
Exc. �¤´ ±µ ¶ · ³¥É·Ò ± ´ ²¨·µ¢ ´¨Ö, µ¶·¥¤¥²Ö¥³Ò¥ Ê¸·¥¤´¥´´Ò³ ¶µÉ¥´Í¨-
 ²µ³, É ±¨¥ ± ± ¶·µ¸É· ´¸É¢¥´´Ò° ¶¥·¨µ¤ ±µ²¥¡ ´¨° Î ¸É¨Í ¢ ¶²µ¸±µ¸É´µ³
± ´ ²¥ λ ¨ ±·¨É¨Î¥¸±¨° Ê£µ² ± ´ ²¨·µ¢ ´¨Ö ϑc, µ¸É ÕÉ¸Ö ¨´¢ ·¨ ´É´Ò³¨
µÉ´µ¸¨É¥²Ó´µ ¢¥²¨Î¨´Ò pz = p/Z1, £¤¥ p Å ¶µ²´Ò° ¨³¶Ê²Ó¸ Î ¸É¨ÍÒ [46].

Š·¨É¨Î¥¸±¨° ¤²Ö ± ´ ²¨·µ¢ ´¨Ö · ¤¨Ê¸ ¨§£¨¡  ±·¨¸É ²²  É ±¦¥
¨´¢ ·¨ ´É¥´ ¸ pz:

Rc(pz) =
pzc

eEmax
, (63)
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¶µÔÉµ³Ê ¨ ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ ¶·¨ µ¤¨´ ±µ¢µ³ · ¤¨Ê¸¥ ¨§£¨¡  R ¶ · -
³¥É·Ò ± ´ ²¨·µ¢ ´¨Ö ¨´¢ ·¨ ´É´Ò. �Éµ µ§´ Î ¥É µ¤¨´ ±µ¢ÊÕ ¢¥·µÖÉ´µ¸ÉÓ
§ Ì¢ É  Î ¸É¨Í ¢ ·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö, ±µÉµ· Ö ¤²Ö ¶ÊÎ±  ¸ £ Ê¸¸µ¢¸±¨³ · ¸-
¶·¥¤¥²¥´¨¥³ ¶µ Ê£² ³ ¨³¥¥É ¢¨¤ (¸³.(16 ))

Pc(pz;R, ξ) =
1

dp

∫ xch

rc

Erf

[
1
√

2ξ

(
1−

U1
eff(x0, R)

E1
xc(R)

)]
dx0 , (64)

£¤¥ ξ = ϑ̄x/ϑc, x0 Å ±µµ·¤¨´ É  ÉµÎ±¨ ¢Ìµ¤  Î ¸É¨ÍÒ ¢ ± ´ ², xch Å ±µµ·¤¨-
´ É , µ¶·¥¤¥²ÖÕÐ Ö µ¡² ¸ÉÓ ± ´ ²¨·µ¢ ´¨Ö ¢ ¨§µ£´ÊÉµ³ ± ´ ²¥,
Ueff(xch) = Exc.

„²¨´  ¤¥± ´ ²¨·µ¢ ´¨Ö Î ¸É¨Í ¢ ±·¨¸É ²²¥ µ¶·¥¤¥²Ö¥É¸Ö ¢ µ¸´µ¢´µ³ · ¸-
¸¥Ö´¨¥³ ´  Ô²¥±É·µ´ Ì ±·¨¸É ²² , ¨ ¥¥ § ¢¨¸¨³µ¸ÉÓ µÉ ¶ · ³¥É·µ¢ Î ¸É¨ÍÒ
´¥ ¢Ò· ¦ ¥É¸Ö Éµ²Ó±µ Î¥·¥§ pz, ¨³¥¥É¸Ö ¥Ð¥ ²µ£ ·¨Ë³¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ
µÉ Z1. Š ± ¸²¥¤Ê¥É ¨§ (50), (51), Ìµ·µÏ¥° µÍ¥´±µ° ¤²¨´Ò ¤¥± ´ ²¨·µ¢ ´¨Ö
Ö¢²Ö¥É¸Ö

S1/e(pz , Z1;R) =
2

µ2
0,1

E1
xc

NZvπe4

pzc (1−Rc/R)2

ln (Z1ra
√

2pzc E1
xc/h̄c)

. (65)

�¤´ ±µ § ¢¨¸¨³µ¸ÉÓ µÉ Z1 ¸² ¡ Ö ¨, ± ± ¶µ± § ² Ô±¸¶¥·¨³¥´É [14], ¤²¨´Ò
¤¥± ´ ²¨·µ¢ ´¨Ö ¤²Ö ¶·µÉµ´µ¢ ¨ Ö¤¥· ±¨¸²µ·µ¤  ¸ pz = 9 ƒÔ‚/¸ ¢ ¨§µ£´ÊÉµ³
±·¨¸É ²²¥ ±·¥³´¨Ö ¸µ¢¶ ¤ ÕÉ ¢ ¶·¥¤¥² Ì Ô±¸¶¥·¨³¥´É ²Ó´µ° ¶µ£·¥Ï´µ¸É¨.

’ ±¨³ µ¡· §µ³, ÔËË¥±É¨¢´µ¸ÉÓ µÉ±²µ´¥´¨Ö ¶ÊÎ±  ¨§µ£´ÊÉÒ³ ±·¨¸É ²²µ³
É ±¦¥ ¤µ²¦´  ¡ÒÉÓ ¨´¢ ·¨ ´É´  µÉ´µ¸¨É¥²Ó´µ pz. „¥°¸É¢¨É¥²Ó´µ, ¶·µ¢¥-
¤¥´´Ò° ´¥¤ ¢´µ ¢ –…�� Ô±¸¶¥·¨³¥´É ¶µ µÉ±²µ´¥´¨Õ ¨§µ£´ÊÉÒ³ ±·¨¸É ²²µ³
±·¥³´¨Ö Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· ¸¢¨´Í  ¸ ¨³¶Ê²Ó¸µ³ 33 ’Ô‚/¸ [45] ¶µ± -
§ ², ÎÉµ µÉ±²µ´¥´´ Ö ±·¨¸É ²²µ³ Ë· ±Í¨Ö ¶·¨¡²¨§¨É¥²Ó´µ É  ¦¥, ÎÉµ ¨ ¤²Ö
¶·µÉµ´µ¢ ¸ É¥³ ¦¥ pz. �µ²ÊÎ¥´´Ò¥ ¢ ±µ³¶ÓÕÉ¥·´µ³ Ô±¸¶¥·¨³¥´É¥ ¶µ ³µ¤¥²¨
¸¨¸É¥³Ò  Éµ³´ÒÌ ¶²µ¸±µ¸É¥° ¢¥²¨Î¨´Ò ÔËË¥±É¨¢´µ¸É¨ µÉ±²µ´¥´¨Ö ¸µ¢¶ ²¨
¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¸ ÉµÎ´µ¸ÉÓÕ 15 %.

�É³¥É¨³, ÎÉµ ¢ ¶·Ö³µ³ ±·¨¸É ²²¥ ´ ¡²Õ¤ ¥³Ò¥ ¤²¨´Ò ¤¥± ´ ²¨·µ¢ ´¨Ö
¤²Ö ¶·µÉµ´µ¢ ¢ §´ Î¨É¥²Ó´µ° ¸É¥¶¥´¨ µ¶·¥¤¥²ÖÕÉ¸Ö ¶·µÍ¥¸¸ ³¨ ¶¥·¥§ Ì¢ É  ¢
·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö, Éµ£¤  ± ± ¤²Ö ÉÖ¦¥²ÒÌ Ö¤¥· ¸¨²Ó´Ò° ·µ¸É ¸¥Î¥´¨Ö ´¥-
Ê¶·Ê£¨Ì ¢§ ¨³µ¤¥°¸É¢¨° Ê³¥´ÓÏ ¥É ¢¥·µÖÉ´µ¸ÉÓ ¶¥·¥§ Ì¢ É . ‚ ·¥§Ê²ÓÉ É¥ ¨´-
¢ ·¨ ´É´µ¸ÉÓ ¤²¨´ ¤¥± ´ ²¨·µ¢ ´¨Ö ¸ pz ¢ ¶·Ö³µ³ ±·¨¸É ²²¥ ´ ·ÊÏ ¥É¸Ö [47].

4. Œ�„…‹ˆ��‚��ˆ… ’��…Š’��ˆ‰ —�‘’ˆ– ‚ Š�ˆ‘’�‹‹…

� ¨¡µ²¥¥ £¨¡±¨³ ¨ ¤¥É ²Ó´Ò³ ³¥Éµ¤µ³ ¨¸¸²¥¤µ¢ ´¨Ö ± ´ ²¨·µ¢ ´¨Ö ¢
±·¨¸É ²² Ì Ö¢²Ö¥É¸Ö ³µ¤¥²¨·µ¢ ´¨¥ É· ¥±Éµ·¨° Î ¸É¨Í ¢ ±·¨¸É ²²¥. Š·µ³¥
Éµ£µ, · ¸¸³µÉ·¥´¨¥ É· ¥±Éµ·¨° Î ¸É¨Í ¶µ§¢µ²Ö¥É ¨¸¸²¥¤µ¢ ÉÓ ¡µ²¥¥ ¸²µ¦´Ò¥
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¶·µÍ¥¸¸Ò, ´ ¶·¨³¥·, ¢Ò¢µ¤ Î ¸É¨Í ¨§ Ê¸±µ·¨É¥²Ö ¸ ¶µ³µÐÓÕ ¨§µ£´ÊÉµ£µ ±·¨-
¸É ²² . ˆ¸¶µ²Ó§µ¢ ´´ Ö ¢ ¶¥·¢µ³ ±µ³¶ÓÕÉ¥·´µ³ Ô±¸¶¥·¨³¥´É¥ [3] ³µ¤¥²Ó ¡¨-
´ ·´ÒÌ ¸µÊ¤ ·¥´¨°, ¢ ±µÉµ·µ° É· ¥±Éµ·¨Ö Î ¸É¨ÍÒ Ëµ·³¨·Ê¥É¸Ö ¢ ·¥§Ê²ÓÉ É¥
¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ± ¦¤Ò³  Éµ³µ³ ±·¨¸É ²²  ´  ¶ÊÉ¨ Î ¸É¨ÍÒ, ´¥ ¶µ§¢µ²Ö¥É
· ¸¸³ É·¨¢ ÉÓ ±·¨¸É ²²Ò ¸ ´É¨³¥É·µ¢ÒÌ · §³¥·µ¢ ¨§-§  ¡µ²ÓÏ¨Ì É·¥¡Ê¥³ÒÌ
§ É· É ±µ³¶ÓÕÉ¥·´µ£µ ¢·¥³¥´¨.

�·¨ ³µ¤¥²¨·µ¢ ´¨¨ ¶·µÌµ¦¤¥´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í Î¥·¥§ ¢¥Ð¥¸É¢µ
µ¡ÒÎ´µ ¨¸¶µ²Ó§ÊÕÉ¸Ö ³¥Éµ¤Ò £·Ê¶¶¨·µ¢±¨ ¸Éµ²±´µ¢¥´¨°, µ¤´¨³ ¨§ ±µÉµ·ÒÌ
Ö¢²Ö¥É¸Ö ³µ¤¥²Ó µÉ·¥§±µ¢ [48]. ‚ ³µ¤¥²¨ µÉ·¥§±µ¢ ¶ÊÉÓ Î ¸É¨ÍÒ · §¡¨¢ -
¥É¸Ö ´  µÉ·¥§±¨ µ¶·¥¤¥²¥´´µ° ¤²¨´Ò. ˆ§³¥´¥´¨¥ ¸µ¸ÉµÖ´¨Ö Î ¸É¨ÍÒ ¢ ±µ´Í¥
µÉ·¥§±  µ¶·¥¤¥²Ö¥É¸Ö ³´µ£µ±· É´Ò³ · ¸¸¥Ö´¨¥³. �²µÉ´µ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ ¶¥-
·¥Ìµ¤  ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥

(~r = 0, ~Ω = ~Ω0, E = E0) → (~r, ~Ω, E)

¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥ ¶·µ¨§¢¥¤¥´¨Ö Î¥ÉÒ·¥Ì ¸µ³´µ¦¨É¥²¥°

P (~r, ~Ω, E) = P (E|l) P (~Ω|l) P (z|~ϑ, l) P (~ρ|~ϑ, l) ,

±µÉµ·Ò¥ µ¶¨¸Ò¢ ÕÉ, ¸µµÉ¢¥É¸É¢¥´´µ, · ¸¶·¥¤¥²¥´¨¥ ¶µ Ô´¥·£¨¨, ¶µ ´ ¶· ¢²¥-
´¨Õ ~Ω, · ¸¶·¥¤¥²¥´¨¥ ¶·µ¤µ²Ó´ÒÌ ¸³¥Ð¥´¨° z ¨ · ¸¶·¥¤¥²¥´¨¥ ¶µ¶¥·¥Î´ÒÌ
¸³¥Ð¥´¨° ~ρ Î ¸É¨Í ´  µÉ·¥§±¥ l.

�¡ÒÎ´µ ¤²¨´  µÉ·¥§±  ¢Ò¡¨· ¥É¸Ö É ±µ°, ÎÉµ ¶µÉ¥·Ö³¨ Ô´¥·£¨¨ ³µ¦´µ
¶·¥´¥¡·¥ÎÓ. „²Ö ÉÖ¦¥²ÒÌ Î ¸É¨Í ³µ¦´µ ¶·¥´¥¡·¥ÎÓ É ±¦¥ ¶·µ¤µ²Ó´Ò³¨
¸³¥Ð¥´¨Ö³¨ ¢ ¸¨²Ê ¨Ì µÉ´µ¸¨É¥²Ó´µ° ³ ²µ¸É¨, ¶·¨ ± ´ ²¨·µ¢ ´¨¨ Î ¸É¨Í
¢ ±·¨¸É ²²¥ µ´¨ §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥ ¶µ ¸· ¢´¥´¨Õ ¸ ¤²¨´µ° µ¸Í¨²²ÖÍ¨°
Î ¸É¨Í ¢ ± ´ ²¥, z � λ. “£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¶·¨
³´µ£µ±· É´µ³ · ¸¸¥Ö´¨¨ µ¶¨¸Ò¢ ¥É¸Ö É¥µ·¨¥° Œµ²Ó¥·  [49]. � ¸¶·¥¤¥²¥´¨¥
Œµ²Ó¥·  ¶·¥¤¸É ¢¨³µ ¢ ¢¨¤¥ ·Ö¤ , ¶¥·¢Ò° Î²¥´ ±µÉµ·µ£µ Ö¢²Ö¥É¸Ö £ Ê¸¸¨ ´µ³.
� ¸¶·¥¤¥²¥´¨¥ ¶µ¶¥·¥Î´ÒÌ ¸³¥Ð¥´¨° É ±¦¥ Ö¢²Ö¥É¸Ö ´µ·³ ²Ó´Ò³ [48]. �µ-
¶¥·¥Î´µ¥ ¸³¥Ð¥´¨¥ ¨ Ê£µ² · ¸¸¥Ö´¨Ö Î ¸É¨ÍÒ ¶·¨ ³´µ£µ±· É´µ³ · ¸¸¥Ö´¨¨
±µ··¥²¨·µ¢ ´Ò. ‘³¥Ð¥´¨¥ ¨ Ê£µ² ¸µ¢³¥¸É´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¢ µ¤´µ³¥·´µ³
¸²ÊÎ ¥ ³µ¤¥²¨·ÊÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³ [50]:

∆x = η1 l θ̄/
√

12 + η2 l θ̄/2 , ∆ϑx = η2 θ̄ , (66)

£¤¥ η1, η2 Å ¸²ÊÎ °´Ò¥ Î¨¸²  ¨§ £ Ê¸¸µ¢¸±µ£µ · ¸¶·¥¤¥²¥´¨Ö ¸ ´Ê²¥¢Ò³ ¸·¥¤-
´¨³ §´ Î¥´¨¥³ ¨ ¥¤¨´¨Î´µ° ¤¨¸¶¥·¸¨¥°, θ̄ Å ¸·¥¤´¥±¢ ¤· É¨Î´Ò° Ê£µ² ³´µ-
£µ±· É´µ£µ · ¸¸¥Ö´¨Ö Î ¸É¨Í ¢ · ¸¸³ É·¨¢ ¥³µ³ ¸²µ¥.

‚ µ·¨¥´É¨·µ¢ ´´µ³ ±·¨¸É ²²¥ ³´µ£µ±· É´µ¥ · ¸¸¥Ö´¨¥ § ·Ö¦¥´´ÒÌ Î ¸-
É¨Í ´   Éµ³ Ì · §¤¥²Ö¥É¸Ö ´  ±µ£¥·¥´É´ÊÕ Î ¸ÉÓ, ¸·¥¤´¥¥ ¨§³¥´¥´¨¥ ´ ¶· ¢-
²¥´¨Ö ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ ¢ ±µÉµ·µ° µ¶¨¸Ò¢ ¥É¸Ö ´¥¶·¥·Ò¢´Ò³ ¶µÉ¥´Í¨ ²µ³
¶²µ¸±µ¸É¥° ¨²¨ Í¥¶µÎ¥±  Éµ³µ¢, ¨ ´¥±µ£¥·¥´É´ÊÕ, µ¡Ê¸²µ¢²¥´´ÊÕ · ¸¸¥Ö´¨¥³
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´  Ô²¥±É·µ´ Ì ¨ ·¥ ²Ó´µ° ¤¨¸±·¥É´µ° ¸É·Ê±ÉÊ·¥ ±·¨¸É ²² , ÊÎ¨ÉÒ¢ ÕÐ¥° É¥¶-
²µ¢Ò¥ ¸³¥Ð¥´¨Ö  Éµ³µ¢ ¨§ Ê§²µ¢ ·¥Ï¥É±¨. ˆ³¥´´µ · ¸¸¥Ö´¨¥ ´  Ô²¥±É·µ´ Ì
¨ · ¸¸¥Ö´¨¥, µ¡Ê¸²µ¢²¥´´µ¥ µÉ²¨Î¨¥³ ·¥ ²Ó´µ£µ ¶µÉ¥´Í¨ ²  ±·¨¸É ²²  µÉ ´¥-
¶·¥·Ò¢´µ£µ, ¶·¨¢µ¤ÖÐ¨¥ ± ¨§³¥´¥´¨Õ ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ Î ¸É¨Í, ¨³¥ÕÉ¸Ö ¢
¢¨¤Ê, ±µ£¤  £µ¢µ·¨É¸Ö µ ³´µ£µ±· É´µ³ · ¸¸¥Ö´¨¨ Î ¸É¨Í ¶·¨ ± ´ ²¨·µ¢ ´¨¨
¢ ±·¨¸É ²²¥ [1]. �´µ §´ Î¨É¥²Ó´µ µÉ²¨Î ¥É¸Ö µÉ µ¡ÒÎ´µ£µ ³´µ£µ±· É´µ£µ
· ¸¸¥Ö´¨Ö ¢  ³µ·Ë´µ³ ¢¥Ð¥¸É¢¥, µ¡Ê¸²µ¢²¥´´µ£µ ¢ µ¸´µ¢´µ³ ±Ê²µ´µ¢¸±¨³
· ¸¸¥Ö´¨¥³ ´  Ö¤· Ì.

‚ [51] ¤²Ö · ¸Î¥É  ¶·µÌµ¦¤¥´¨Ö Î ¸É¨Í Î¥·¥§ ±·¨¸É ²² ¶·¨ ¶²µ¸±µ¸É-
´µ° µ·¨¥´É Í¨¨ ¡Ò²  ¸µ§¤ ´  ¡Ò¸É·µ¤¥°¸É¢ÊÕÐ Ö ±µ³¶ÓÕÉ¥·´ Ö ³µ¤¥²Ó ¢
· ³± Ì ´¥¶·¥·Ò¢´µ£µ ¶·¨¡²¨¦¥´¨Ö ¤²Ö ¶µÉ¥´Í¨ ²  ¸¨¸É¥³Ò ¨§µ£´ÊÉÒÌ  Éµ³-
´ÒÌ ¶²µ¸±µ¸É¥° ±·¨¸É ²²  ¸ ¶µÏ £µ¢Ò³ ÊÎ¥Éµ³ ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö ´ 
Ô²¥±É·µ´ Ì ¨ Ö¤· Ì ±·¨¸É ²² .

4.1. Œµ¤¥²Ó ¸¨¸É¥³Ò  Éµ³´ÒÌ ¶²µ¸±µ¸É¥°. Šµ£¤  Î ¸É¨Í  ¢Ìµ¤¨É ¢ ±·¨-
¸É ²² ¶µ¤ ³ ²Ò³ Ê£²µ³ ± ¨§µ£´ÊÉÒ³  Éµ³´Ò³ ¶²µ¸±µ¸ÉÖ³, ¥¥ É· ¥±Éµ·¨Ö ¢
±·¨¸É ²²¥, ¢ ¶¥·¢µ³ ¶·¨¡²¨¦¥´¨¨, ³µ¦¥É ¡ÒÉÓ · ¸¸Î¨É ´  Î¨¸²¥´´Ò³ ·¥Ï¥-
´¨¥³ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¢ ÔËË¥±É¨¢´µ³ ¶µÉ¥´Í¨ ²¥ (18) ¸¨¸É¥³Ò ¨§µ£´ÊÉÒÌ
 Éµ³´ÒÌ ¶²µ¸±µ¸É¥°

ẍ(t) = −
c2

E

d

dx
Ueff(x,R) . (67)

�·¨ · ¸Î¥É¥ ¶·µÌµ¦¤¥´¨Ö Î ¸É¨Í Î¥·¥§ ±·¨¸É ²² ¨§³¥´¥´¨¥³ ¶·µ¤µ²Ó´µ°
¸±µ·µ¸É¨ Î ¸É¨Í ³µ¦´µ ¶·¥´¥¡·¥ÎÓ ¢ ¸¨²Ê ¥£µ µÉ´µ¸¨É¥²Ó´µ° ³ ²µ¸É¨, Éµ£¤ 
± ¦¤µ³Ê Ï £Ê ¨´É¥£·¨·µ¢ ´¨Ö ¶µ ¢·¥³¥´¨ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¸µµÉ¢¥É¸É¢Ê¥É
¶·µ¤¢¨¦¥´¨¥ Î ¸É¨ÍÒ ¢ ±·¨¸É ²²¥ ´  ∆z = v∆t. ‚ ´¥¶·¥·Ò¢´µ³ ¶·¨¡²¨¦¥-
´¨¨ ¶µ¶¥·¥Î´ Ö Ô´¥·£¨Ö Î ¸É¨ÍÒ ¢ ±·¨¸É ²²¥ Ex = mγẋ2/2 + U(x) Ö¢²Ö¥É¸Ö
¨´É¥£· ²µ³ ¤¢¨¦¥´¨Ö, ¶µÔÉµ³Ê Ï £ ¨´É¥£·¨·µ¢ ´¨Ö ∆t ¢Ò¡¨· ²¸Ö ¨§ Ê¸²µ-
¢¨Ö ¸µÌ· ´¥´¨Ö Ex. �¥¶·¥·Ò¢´Ò° ¶µÉ¥´Í¨ ² ¸¨¸É¥³Ò  Éµ³´ÒÌ ¶²µ¸±µ¸É¥°
· ¸¸Î¨ÉÒ¢ ²¸Ö ¢ ¶·¨¡²¨¦¥´¨¨ Œµ²Ó¥·  ¤²Ö  Éµ³´µ£µ ¶µÉ¥´Í¨ ²  (5) ¨ Ê¸·¥¤-
´Ö²¸Ö ¶µ É¥¶²µ¢Ò³ ±µ²¥¡ ´¨Ö³  Éµ³µ¢.

�µ¸²¥ ¶·µÌµ¦¤¥´¨Ö Î ¸É¨Í¥° ¢ ±·¨¸É ²²¥ ´¥±µÉµ·µ£µ · ¸¸ÉµÖ´¨Ö ∆zs =
v∆ts, £¤¥ ∆ts ≥ ∆t, · ¸¸Î¨ÉÒ¢ ²µ¸Ó ¨§³¥´¥´¨¥ ¶µ¶¥·¥Î´µ° ¸±µ·µ¸É¨ Î ¸-
É¨ÍÒ §  ¸Î¥É ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö ´  Ô²¥±É·µ´ Ì ¨ Ö¤· Ì ±·¨¸É ²² .
‚¥²¨Î¨´  Ï £  ∆zs µ£· ´¨Î¨¢ ² ¸Ó ¸´¨§Ê É·¥¡µ¢ ´¨¥³ ¶· ¢µ³¥·´µ¸É¨ ¨¸-
¶µ²Ó§µ¢ ´¨Ö É¥µ·¨¨ ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö. �¡ÒÎ´µ¥ µ£· ´¨Î¥´¨¥ ´  ∆zs
¸¢¥·ÌÊ, ÎÉµ¡Ò ¶µÉ¥·¨ Ô´¥·£¨¨ Î ¸É¨Í ¡Ò²¨ ¶·¥´¥¡·¥¦¨³µ ³ ²Ò³¨, ¤²Ö ÉÖ-
¦¥²ÒÌ Î ¸É¨Í ¢Ò¸µ±¨Ì Ô´¥·£¨° ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ ± ´ ²¨·µ¢ ´¨Õ ¢¸¥£¤ 
¢Ò¶µ²´Ö¥É¸Ö. �¤´ ±µ ¢ ±·¨¸É ²²¥, ±µ£¤  ¤¢¨¦¥´¨¥ Î ¸É¨ÍÒ Ê¶· ¢²Ö¥É¸Ö ´¥-
¶·¥·Ò¢´Ò³ ¶µÉ¥´Í¨ ²µ³, ¨§³¥´¥´¨¥ ¶µ¶¥·¥Î´µ° ¸±µ·µ¸É¨, ¶·¨µ¡·¥É ¥³µ¥
Î ¸É¨Í¥° §  ¸Î¥É ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö ¢ ¸²µ¥ ∆zs, ¡Ê¤¥É ¢Ò§Ò¢ ÉÓ · §´µ¥
¶µ ¢¥²¨Î¨´¥ ¨§³¥´¥´¨¥ ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ ¢ § ¢¨¸¨³µ¸É¨ µÉ ²µ± ²¨§ Í¨¨
ÉµÎ±¨ · ¸¸¥Ö´¨Ö ¢ ¶µ¶¥·¥Î´¨±¥ ± ´ ² . �µÔÉµ³Ê ¢¥²¨Î¨´  Ï £  ∆zs ¤µ²¦´ 
µ£· ´¨Î¨¢ ÉÓ¸Ö ¸¢¥·ÌÊ É·¥¡µ¢ ´¨¥³ ∆zs � λ.
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‘·¥¤´¨° ±¢ ¤· É Ê£²  µÉ±²µ´¥´¨Ö Î ¸É¨Í ´  ¥¤¨´¨Í¥ ¤²¨´Ò ¶ÊÉ¨ ¶·¨ ³´µ-
£µ±· É´µ³ · ¸¸¥Ö´¨¨ Î ¸É¨Í ´  Ö¤· Ì · ¸¸Î¨ÉÒ¢ ²¸Ö ¢ ¶·¨¡²¨¦¥´¨¨ �ÍÊ±¨
Å Š¨É £ ¢Ò [52]:

∆ϑ2

∆z n
(x) =

∆ϑ2

∆z R
Pn(x) , (68)

∆ϑ2

∆z R
=

1

Lr

(
Es

pv

)2

, Pn(x) =
dp

(2πu2
1)1/2

exp (−x2/2u2
1) ,

£¤¥ ∆ϑ2/∆zR Å ¸µµÉ¢¥É¸É¢ÊÕÐ Ö ¢¥²¨Î¨´  ¤²Ö  ³µ·Ë´µ° ¸·¥¤Ò, Pn(x) Å
¶µ¶¥·¥Î´µ¥ · ¸¶·¥¤¥²¥´¨¥  Éµ³µ¢ ¶²µ¸±µ¸É¨ §  ¸Î¥É É¥¶²µ¢µ£µ ¤¢¨¦¥´¨Ö,
Es = 21 ŒÔ‚, Lr Å · ¤¨ Í¨µ´´ Ö ¤²¨´ . “Î¥É ´¥²µ± ²Ó´µ¸É¨ ¢§ ¨³µ¤¥°-
¸É¢¨Ö ¶·¨¢µ¤¨É ± ¡µ²¥¥ ³¥¤²¥´´µ³Ê ¸¶ ¤Ê ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö ´  Ö¤· Ì
¶·¨ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ µÉ ¶²µ¸±µ¸É¥° [53]. �¤´ ±µ ÔÉ¨³ ³µ¦´µ ¶·¥´¥-
¡·¥ÎÓ, É ± ± ± ¢ Í¥´É· ²Ó´µ° µ¡² ¸É¨ ± ´ ²  µ¸´µ¢´ÊÕ ·µ²Ó ¨£· ¥É · ¸¸¥Ö´¨¥
´  Ô²¥±É·µ´ Ì.

‚ ¸Éµ²±´µ¢¥´¨ÖÌ ¸  Éµ³´Ò³¨ Ô²¥±É·µ´ ³¨ ¶¥·¥¤ Î  § ³¥É´µ£µ ¶µ¶¥·¥Î-
´µ£µ ¨³¶Ê²Ó¸  ·¥²ÖÉ¨¢¨¸É¸±µ° ÉÖ¦¥²µ° Î ¸É¨Í¥ ¶·µ¨¸Ìµ¤¨É ¢ ¡²¨§±¨Ì ¸µ-
Ê¤ ·¥´¨ÖÌ. „²Ö ¸·¥¤´¥£µ ±¢ ¤· É  Ê£²  µÉ±²µ´¥´¨Ö ´  ¥¤¨´¨Í¥ ¤²¨´Ò ¶ÊÉ¨,
¨¸¶µ²Ó§ÊÖ ¶·µ¶µ·Í¨µ´ ²Ó´µ¸ÉÓ ¶µÉ¥·Ö³ Ô´¥·£¨¨, ¨³¥¥³ [1]:

∆ϑ2

∆z e
(x) =

me

2mγE∗

(
−
dE

dz

)
ρ(x)

NZ2
, (69)

−
dE

dz
=

4πZ2
1e4

mev2
NZ2

[
ln (

2meγ
2c2β2

I
)− β2

]
,

£¤¥ −(dE/dz) Å Ê¤¥²Ó´Ò¥ ¨µ´¨§ Í¨µ´´Ò¥ ¶µÉ¥·¨ Ô´¥·£¨¨, I Å ¸·¥¤´¨° ¨µ-
´¨§ Í¨µ´´Ò° ¶µÉ¥´Í¨ ², ¤²Ö ±·¥³´¨Ö ´ ³¨ ¨¸¶µ²Ó§µ¢ ²µ¸Ó §´ Î¥´¨¥
I =165 Ô‚, ρ(x) Å ¶²µÉ´µ¸ÉÓ Ô²¥±É·µ´µ¢ ¢ ¶²µ¸±µ¸É´µ³ ± ´ ²¥ ±·¨¸É ²² ,
±µÉµ· Ö µ¶·¥¤¥²Ö² ¸Ó Î¥·¥§ ¶²µ¸±µ¸É´µ° ¶µÉ¥´Í¨ ² ¢ ¶·¨¡²¨¦¥´¨¨ Œµ²Ó¥· 
¨§ Ê· ¢´¥´¨Ö �Ê ¸¸µ´  ¨ · ¸¸Î¨ÉÒ¢ ² ¸Ó ¸ ÊÎ¥Éµ³ ¢±² ¤  ¤¢ÊÌ ¸µ¸¥¤´¨Ì ¶²µ¸-
±µ¸É¥°.

’· ¥±Éµ·¨¨ Î ¸É¨Í ¸ ¡µ²ÓÏ¨³¨ ¶µ¶¥·¥Î´Ò³¨ Ô´¥·£¨Ö³¨, Ex > Exr,
· ¸cÎ¨ÉÒ¢ ²¨¸Ó ± ± ¢  ³µ·Ë´µ³ ¢¥Ð¥¸É¢¥, ¤²Ö ¶·µÉµ´µ¢ ¢ ±·¥³´¨¨ ¡Ò²µ
¶·¨´ÖÉµ Exr = 400 Ô‚. �·¨ ÔÉµ³ Ï £ ¶·µ¸²¥¦¨¢ ´¨Ö Ê¢¥²¨Î¨¢ ²¸Ö, ´µ
µ£· ´¨Î¨¢ ²¸Ö Ê¸²µ¢¨¥³ ¶µ¸É¥¶¥´´µ£µ ¢Ìµ¤  Î ¸É¨ÍÒ ¢ µ¡² ¸ÉÓ, ¢ ±µÉµ·µ°
Ex < Exr.

�  ·¨¸.10 ¶µ± § ´  § ¢¨¸¨³µ¸ÉÓ ¸·¥¤´¥£µ ±¢ ¤· É  Ê£²  µÉ±²µ´¥´¨Ö Î ¸-
É¨Í ´  ¥¤¨´¨Í¥ ¤²¨´Ò ¶ÊÉ¨ ¶·¨ ³´µ£µ±· É´µ³ · ¸¸¥Ö´¨¨ ´  Ö¤· Ì ¨ Ô²¥±É·µ-
´ Ì µÉ ¨Ì · ¸¸ÉµÖ´¨Ö ¤µ ¸É¥´±¨ ± ´ ²  ¤²Ö ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 1 ƒÔ‚. ‚¨¤´µ,
ÎÉµ ´  · ¸¸ÉµÖ´¨¨ ¡µ²¥¥ 2u1 µÉ ¸É¥´µ± ± ´ ²  µ¸´µ¢´µ° ¢±² ¤ ¢ ¨§³¥´¥´¨¥
¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ Î ¸É¨Í ¤ ¥É · ¸¸¥Ö´¨¥ ´  Ô²¥±É·µ´ Ì ±·¨¸É ²² .
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�¨¸. 10. ‡ ¢¨¸¨³µ¸ÉÓ ¸·¥¤´¥£µ
±¢ ¤· É  Ê£²  µÉ±²µ´¥´¨Ö ¶·µ-
Éµ´µ¢ ¸ Ô´¥·£¨¥° 1 ƒÔ‚ ´  ¥¤¨-
´¨Í¥ ¤²¨´Ò ¶ÊÉ¨ §  ¸Î¥É ³´µ-
£µ±· É´µ£µ · ¸¸¥Ö´¨Ö ´  Ö¤· Ì
(1) ¨ Ô²¥±É·µ´ Ì (2) ¢ ±·¨¸É ²²¥
±·¥³´¨Ö µÉ · ¸¸ÉµÖ´¨Ö Î ¸É¨ÍÒ
¤µ ¸É¥´±¨ ± ´ ²  (110)

�·¨ · ¸Î¥É¥ Ê£²  ³´µ£µ±· É´µ£µ · ¸¸¥Ö-
´¨Ö ¢ (69) ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¢¸¥ ¡²¨§±¨¥ ¸µÊ¤ ·¥-
´¨Ö ¸ Ô²¥±É·µ´ ³¨ ¸ ¶¥·¥¤ Î¥° Ô´¥·£¨¨ ¢¶²µÉÓ
¤µ ³ ±¸¨³ ²Ó´µ ¢µ§³µ¦´µ° Tmax, ÌµÉÖ ¢¥·Ì´ÖÖ
£· ´¨Í  µ¡² ¸É¨ ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö, ¸µ-
µÉ¢¥É¸É¢ÊÕÐ Ö ¶¥·¥¤ Î¥ Ô´¥·£¨¨ Tc = T (ϑc),
· ¸¶µ²µ¦¥´  ´¨¦¥ Tmax [54]. �Éµ § ¢ÒÏ¥-
´¨¥ ¢¥·Ì´¥£µ ¶·¥¤¥²  ¢ ¨µ´¨§ Í¨µ´´µ³ ²µ£ -
·¨Ë³¥ ±µ³¶¥´¸¨·Ê¥É¸Ö µ¤´µ¢·¥³¥´´Ò³ § ¢Ò-
Ï¥´¨¥³ ¥£µ ´¨¦´¥£µ ¶·¥¤¥² , ¢ ± Î¥¸É¢¥ ±µ-
Éµ·µ£µ ¨¸¶µ²Ó§Ê¥É¸Ö ¸·¥¤´¨° ¨µ´¨§ Í¨µ´´Ò°
¶µÉ¥´Í¨ ² I , ÌµÉÖ µ¸´µ¢´µ° ¢±² ¤ ¢ ¤¥± ´ ²¨-
·µ¢ ´¨¥ ¤ ¥É · ¸¸¥Ö´¨¥ ´  Ô²¥±É·µ´ Ì ¢´¥Ï-
´¨Ì µ¡µ²µÎ¥±, ¨µ´¨§ Í¨µ´´Ò° ¶µÉ¥´Í¨ ² ±µ-
Éµ·ÒÌ ³¥´ÓÏ¥ ¸·¥¤´¥£µ. �¥§Ê²ÓÉ ÉÒ ±µ³¶ÓÕ-
É¥·´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ µ¶¨-
¸ ´´µ° ³µ¤¥²¨ ´ Ìµ¤ÖÉ¸Ö ¢ Ê¤µ¢²¥É¢µ·¨É¥²Ó-
´µ³ ¸µ£² ¸¨¨ ¸ ¨³¥ÕÐ¨³¨¸Ö Ô±¸¶¥·¨³¥´É ²Ó-
´Ò³¨ ·¥§Ê²ÓÉ É ³¨. �µ²¥¥ ±µ··¥±É´µ¥ · ¸¸³µÉ·¥´¨¥ É·¥¡Ê¥É ÊÎ¥É  ¢±² ¤ 
µÉ¤¥²Ó´ÒÌ µ¡µ²µÎ¥±  Éµ³µ¢ ±·¨¸É ²²  ¢ · ¸¸¥Ö´¨¥.

Š·µ³¥ ¨§³¥´¥´¨Ö Ê£²  §  ¸Î¥É ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö ´  ± ¦¤µ³ Ï £¥
· §Ò£·Ò¢ ²µ¸Ó ´¥Ê¶·Ê£µ¥ Ö¤¥·´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ Î ¸É¨Í ¢ ±·¨¸É ²²¥, ¢ ·¥-
§Ê²ÓÉ É¥ ±µÉµ·µ£µ ¶¥·¢¨Î´ Ö Î ¸É¨Í  (¶·µÉµ´, Ö¤·µ) ¨¸Î¥§ ¥É, ¨ ¶·µÍ¥¸¸ ³µ¤¥-
²¨·µ¢ ´¨Ö ¥¥ ¶·µÌµ¦¤¥´¨Ö Î¥·¥§ ±·¨¸É ²² § ± ´Î¨¢ ¥É¸Ö. ‚¥·µÖÉ´µ¸ÉÓ Ö¤¥·-
´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ¸²µ¥ ∆zs ¤²Ö Î ¸É¨ÍÒ µ¶·¥¤¥²Ö² ¸Ó ± ±

Pin = 1− exp (−∆zs/Lin) ' ∆zs/Lin , Lin = Ln/〈Pn〉 , (70)

£¤¥ Lin Å ¤²¨´  ¸¢µ¡µ¤´µ£µ ¶·µ¡¥£  ³¥¦¤Ê ´¥Ê¶·Ê£¨³¨ Ö¤¥·´Ò³¨ ¢§ ¨³µ¤¥°-
¸É¢¨Ö³¨, ±µÉµ· Ö · ¸¸Î¨ÉÒ¢ ¥É¸Ö ¸ ÊÎ¥Éµ³ ¸·¥¤´¥° ¶²µÉ´µ¸É¨ Ö¤¥· ´  É· ¥±-
Éµ·¨¨ Î ¸É¨ÍÒ ¢ ¤ ´´µ³ ¸²µ¥ N〈Pn〉, Ln = 45, 5 ¸³ Å ¤²¨´  ¶·µ¡¥£  ¤µ
¢§ ¨³µ¤¥°¸É¢¨Ö ¢  ³µ·Ë´µ³ ±·¥³´¨¨.

4.2. Œµ¤¥²¨·µ¢ ´¨¥ ¤¥± ´ ²¨·µ¢ ´¨Ö. �±¸¶¥·¨³¥´É ²Ó´µ¥ ¨¸¸²¥¤µ¢ -
´¨¥ ¤¥± ´ ²¨·µ¢ ´¨Ö ¶·µÉµ´µ¢ ¨ ¶¨µ´µ¢ ¸ Ô´¥·£¨¥° µÉ 60 ¤µ 200 ƒÔ‚ ¢ ¨§µ-
£´ÊÉµ³ ±·¨¸É ²²¥ ±·¥³´¨Ö ¡Ò²¨ ¢Ò¶µ²´¥´Ò ¢ ‹ ¡µ·aÉµ·¨¨ ¨³.”¥·³¨ [24].
‚ ÔÉµ³ Ô±¸¶¥·¨³¥´É¥ ¶·µ¨§¢µ¤¨²¸Ö µÉ¡µ· Î ¸É¨Í ¶µ ¨µ´¨§ Í¨µ´´Ò³ ¶µÉ¥·Ö³
Ô´¥·£¨¨ ¢ ¶¥·¥¤´¥° ´¥¨§µ£´ÊÉµ° Î ¸É¨ ±·¨¸É ²²  ¸ ¶µ³µÐÓÕ ¢¸É·µ¥´´µ£µ
¶µ¢¥·Ì´µ¸É´µ-¡ ·Ó¥·´µ£µ ¤¥É¥±Éµ· . � ¢´µ³¥·´Ò° ¨§£¨¡ ±·¨¸É ²² , ±µÉµ·Ò°
¤µ¸É¨£ ²¸Ö §  ¸Î¥É Éµ´±µ£µ ¸²µÖ ZnO, ´ ´¥¸¥´´µ£µ ¸ ¢´¥Ï´¥° ¸Éµ·µ´Ò ±·¨¸-
É ²² , ¨¸±²ÕÎ ² Í¥´É·µ¡¥¦´µ¥ ¤¥± ´ ²¨·µ¢ ´¨¥ Î ¸É¨Í. — ¸É¨ÍÒ ¤¥± ´ ²¨-
·µ¢ ²¨ Éµ²Ó±µ §  ¸Î¥É ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö ¢ ±·¨¸É ²²¥. � ¢´µ³¥·´µ¸ÉÓ
¨§£¨¡  ±·¨¸É ²²  ¶µ§¢µ²Ö²  Ê¸É ´µ¢¨ÉÓ ¶·µ¸Éµ¥ ¸µµÉ¢¥É¸É¢¨¥ ³¥¦¤Ê Ê£²µ³ µÉ-
±²µ´¥´¨Ö Î ¸É¨ÍÒ ϑx ¨ · ¸¸ÉµÖ´¨¥³ ¢¤µ²Ó ±·¨¸É ²²  S, ±µÉµ·µ¥ ¶·µÌµ¤¨² 
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�¨¸. 11. ‡ ¢¨¸¨³µ¸ÉÓ ¤²¨´Ò ¤¥± ´ ²¨·µ¢ ´¨Ö µÉ Ô´¥·£¨¨ Î ¸É¨Í:  ) ¤²Ö ±·¨¸É ²² 
±·¥³´¨Ö, ¨§µ£´ÊÉµ£µ ¢¤µ²Ó ¶²µ¸±µ¸É¥° (110), ¶·¨ ±µ³´ É´µ° É¥³¶¥· ÉÊ·¥ ¨ µÌ² ¦¤¥´-
´µ£µ ¤µ −145 ◦‘, ¡) ¤²Ö ¶·Ö³µ£µ ±·¨¸É ²² 

Î ¸É¨Í  ¶¥·¥¤ É¥³, ± ± ¶µ±¨´ÊÉÓ ¨§µ£´ÊÉÒ° ¶²µ¸±µ¸É´µ° ± ´ ², S = ϑxR.
’ ±¨³ µ¡· §µ³, ¢ Ô±¸¶¥·¨³¥´É¥ ¡Ò²  ¤¥É ²Ó´µ ¨¸¸²¥¤µ¢ ´  § ¢¨¸¨³µ¸ÉÓ ± -
´ ²¨·µ¢ ´´µ° Ë· ±Í¨¨ µÉ £²Ê¡¨´Ò ¶·µ´¨±´µ¢¥´¨Ö ¶ÊÎ±  ¢ ±·¨¸É ²². �´ 
Ìµ·µÏµ Ë¨É¨·µ¢ ² ¸Ó Ô±¸¶µ´¥´Í¨ ²Ó´µ° ËÊ´±Í¨¥°.

‡ ¢¨¸¨³µ¸ÉÓ ¤²¨´Ò ¤¥± ´ ²¨·µ¢ ´¨Ö µÉ Ô´¥·£¨¨ Î ¸É¨Í, ¶µ²ÊÎ¥´´ Ö ¢
Ô±¸¶¥·¨³¥´É¥ ¤²Ö ±·¨¸É ²²  ±·¥³´¨Ö, ¨§µ£´ÊÉµ£µ ¢¤µ²Ó ¶²µ¸±µ¸É¥° (110), ¶·¨
±µ³´ É´µ° É¥³¶¥· ÉÊ·¥ ¨ µÌ² ¦¤¥´´µ£µ ¤µ −145 ◦‘, ¶µ± § ´  ´  ·¨¸.11, .
�±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ¤É¢¥·¤¨²¨ µÉ¸ÊÉ¸É¢¨¥ ¶·µ¶µ·Í¨µ´ ²Ó´µ¸É¨
¤²¨´Ò ¤¥± ´ ²¨·µ¢ ´¨Ö ¸ Ô´¥·£¨¥° Î ¸É¨Í ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥, ÎÉµ ¢¶¥·-
¢Ò¥ ¡Ò²µ ¶µ± § ´µ ¢ · ¡µÉ¥ [28]. Š·µ³¥ Éµ£µ, ¢ Ô±¸¶¥·¨³¥´É¥ ¡Ò²µ µ¡´ ·Ê-
¦¥´µ §´ Î¨É¥²Ó´µ¥ Ê¸¨²¥´¨¥ É¥³¶¥· ÉÊ·´µ° § ¢¨¸¨³µ¸É¨ ¤²¨´Ò ¤¥± ´ ²¨·µ-
¢ ´¨Ö ¸ ·µ¸Éµ³ Ô´¥·£¨¨ Î ¸É¨Í.

�  ·¨¸.11,  ¶µ± § ´Ò É ±¦¥ ·¥§Ê²ÓÉ ÉÒ ±µ³¶ÓÕÉ¥·´µ£µ Ô±¸¶¥·¨³¥´É ,
¶·µ¢¥¤¥´´µ£µ ¢ · ³± Ì ³µ¤¥²¨  Éµ³´ÒÌ ¶²µ¸±µ¸É¥°. “£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥
Î ¸É¨Í ´  ¢Ìµ¤¥ ¢ ±·¨¸É ²² ¶µ² £ ²µ¸Ó · ¢´µ³¥·´Ò³, É ±¦¥ ¶·µ¢µ¤¨²¸Ö µÉ-
¡µ· Î ¸É¨Í ¶µ ¨µ´¨§ Í¨µ´´Ò³ ¶µÉ¥·Ö³ Ô´¥·£¨¨. �¥§Ê²ÓÉ ÉÒ ³µ¤¥²¨·µ¢ ´¨Ö
Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤ÖÉ ¢¥²¨Î¨´Ò ¤²¨´ ¤¥± ´ ²¨·µ¢ ´¨Ö, ¨Ì ¨§³¥´¥´¨¥ ¸ Ô´¥·-
£¨¥° Î ¸É¨Í ¨ µÉ· ¦ ÕÉ Ê¸¨²¥´¨¥ É¥³¶¥· ÉÊ·´µ° § ¢¨¸¨³µ¸É¨ ¸ ¶¥·¥Ìµ¤µ³
± ¡µ²¥¥ ¢Ò¸µ±¨³ Ô´¥·£¨Ö³ Î ¸É¨Í. �µ¸²¥¤´¥¥ µ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉµ Ê¢¥²¨-
Î¨¢ ¥É¸Ö ÔËË¥±É¨¢´Ò° ¨§£¨¡ ±·¨¸É ²²  ρ = Rc(E)/R, ¢¸²¥¤¸É¢¨¥ Î¥£µ ¡µ²Ó-
Ï Ö ¡²¨§µ¸ÉÓ É· ¥±Éµ·¨° ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í ± ¸É¥´±¥ ± ´ ²  µ¶·¥¤¥²Ö¥É
¡µ²ÓÏ¨° ¢±² ¤ ¢ ¤¥± ´ ²¨·µ¢ ´¨¥ · ¸¸¥Ö´¨Ö ´  Ö¤· Ì.

�  ·¨¸.11,¡ ¶µ± § ´Ò Ô±¸¶¥·¨³¥´É ²Ó´ Ö [36] ¨ · ¸¸Î¨É ´´ Ö § ¢¨¸¨³µ-
¸É¨ ¤²¨´Ò ¤¥± ´ ²¨·µ¢ ´¨Ö µÉ E ¢ ¶·Ö³µ³ ±·¨¸É ²²¥. ‘µ£² ¸¨¥ ¸ Ô±¸¶¥·¨-
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³¥´Éµ³ Ìµ·µÏ¥¥. �É²¨Î¨¥ ´ ¡²Õ¤ ¥³µ° § ¢¨¸¨³µ¸É¨ µÉ ²¨´¥°´µ° (¶Ê´±É¨·)
§  ¸Î¥É ´ ²¨Î¨Ö ²µ£ ·¨Ë³¨Î¥¸±µ£µ ³´µ¦¨É¥²Ö ¢ Ô²¥±É·µ´´µ³ ±µÔËË¨Í¨¥´É¥
É·¥´¨Ö ¸µ¸É ¢²Ö¥É ¤¥¸ÖÉ±¨ ¶·µÍ¥´Éµ¢ ¢ · ¸¸³µÉ·¥´´µ³ ¤¨ ¶ §µ´¥ Ô´¥·£¨°.

5. Š‚�‡ˆŠ���‹ˆ��‚��ˆ… ‚ ˆ‡�ƒ�“’�Œ Š�ˆ‘’�‹‹…

�µ¢¥¤¥´¨¥ ¢ ±·¨¸É ²²¥ ±¢ §¨± ´ ²¨·µ¢ ´´ÒÌ ¨²¨ ´ ¤¡ ·Ó¥·´ÒÌ Î ¸É¨Í,
µ¡² ¤ ÕÐ¨Ì ¶µ¶¥·¥Î´Ò³¨ Ô´¥·£¨Ö³¨ ¢ÒÏ¥ ±·¨É¨Î¥¸±µ° ¤²Ö ± ´ ²¨·µ¢ ´¨Ö
Exc, ´µ ¤¢¨¦ÊÐ¨Ì¸Ö Î¥·¥§ ±·¨¸É ²² ¶µ¤ ³ ²Ò³¨ Ê£² ³¨ ±  Éµ³´Ò³ ¶²µ¸-
±µ¸ÉÖ³, ϑx � 1, É ±¦¥ ¢ §´ Î¨É¥²Ó´µ° ¸É¥¶¥´¨ µ¶·¥¤¥²Ö¥É¸Ö ´¥¶·¥·Ò¢´Ò³
¶µÉ¥´Í¨ ²µ³ ¨ ¨³¥¥É µ¸µ¡¥´´µ¸É¨ ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥.

„²Ö ±¢ §¨± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í ¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨ÖÌ
¡Ò² µ¡´ ·Ê¦¥´ § Ì¢ É ¨§µ£´ÊÉÒ³¨ ¶²µ¸±µ¸É´Ò³¨ ± ´ ² ³¨ ¢ µ¡Ñ¥³¥ ±·¨-
¸É ²²  Å µ¡Ñ¥³´Ò° § Ì¢ É [55,56],   ¢ ±µ³¶ÓÕÉ¥·´µ³ Ô±¸¶¥·¨³¥´É¥ µÉ±²µ´¥-
´¨¥ ¨§µ£´ÊÉÒ³ ±·¨¸É ²²µ³ ¢ ¸Éµ·µ´Ê, ¶·µÉ¨¢µ¶µ²µ¦´ÊÕ ¨§£¨¡Ê, Å µ¡Ñ¥³´µ¥
µÉ· ¦¥´¨¥ [31]. �·µÍ¥¸¸ µ¡Ñ¥³´µ£µ µÉ· ¦¥´¨Ö ¨ § Ì¢ É  Î ¸É¨Í ¸Ì¥³ É¨Î¥-
¸±¨ ¶µ± § ´ ´  ·¨¸.12.

‚ [46,57] ¶·¥¤²µ¦¥´µ ±¨´¥É¨Î¥¸±µ¥ Ê· ¢´¥´¨¥ ¤²Ö ±¢ §¨± ´ ²¨·µ¢ ´´ÒÌ
Î ¸É¨Í ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥, ±µÉµ·µ¥ ¢³¥¸É¥ ¸ Ê· ¢´¥´¨¥³ ¤²Ö ± ´ ²¨·µ¢ ´-
´µ° Ë· ±Í¨¨ ¶µ§¢µ²Ö¥É · ¸¸³ É·¨¢ ÉÓ ¶·µÍ¥¸¸Ò µ¡³¥´  ³¥¦¤Ê Ë· ±Í¨Ö³¨.
‚ [25, 31, 33, 51] ¶·µÍ¥¸¸Ò, ¶·µ¨¸Ìµ¤ÖÐ¨¥ ¸ ±¢ §¨± ´ ²¨·µ¢ ´´µ° Ë· ±Í¨¥°
¶ÊÎ± , ¨¸¸²¥¤µ¢ ²¨¸Ó ¢ Î¨¸²¥´´µ³ Ô±¸¶¥·¨³¥´É¥ ¶µ ³µ¤¥²¨ ¸¨¸É¥³Ò  Éµ³´ÒÌ
¶²µ¸±µ¸É¥°.

5.1. �¡Ñ¥³´µ¥ µÉ· ¦¥´¨¥. � ¸Î¥É ¶·µÌµ¦¤¥´¨Ö ±¢ §¨± ´ ²¨·µ¢ ´´ÒÌ Î ¸-
É¨Í Î¥·¥§ ¨§µ£´ÊÉÒ° ±·¨¸É ²² ¢ ¶·¨¡²¨¦¥´¨¨ ´¥¶·¥·Ò¢´µ£µ ¶µÉ¥´Í¨ ²  ¶²µ¸-
±µ¸É¥° ¸µ£² ¸´µ (32) ¶µ± § ² [31], ÎÉµ ¶·¨ · ¤¨Ê¸¥ ¨§£¨¡  ±·¨¸É ²²  R� Rc
Î ¸É¨ÍÒ µÉ±²µ´ÖÕÉ¸Ö ¢ ¸Éµ·µ´Ê, ¶·µÉ¨¢µ¶µ²µ¦´ÊÕ ¨§£¨¡Ê, ´  Ê£µ² µ±µ²µ 2ϑc,
¨ · §¡·µ¸ Ê£²µ¢ µÉ±²µ´¥´¨Ö ³ ². � ¡²Õ¤ ¥³µ¥ µÉ±²µ´¥´¨¥ ³µ¦´µ · ¸¸³ É·¨-
¢ ÉÓ ± ± µÉ· ¦¥´¨¥ Î ¸É¨Í ¨§µ£´ÊÉÒ³¨  Éµ³´Ò³¨ ¶²µ¸±µ¸ÉÖ³¨, ¶·µ¨¸Ìµ¤Ö-
Ð¥¥ ¢ µ¡Ñ¥³¥ ±·¨¸É ²² , Å µ¡Ñ¥³´µ¥ µÉ· ¦¥´¨¥. �´µ ¨³¥¥É ³¥¸Éµ ¨ ¤²Ö
µÉ·¨Í É¥²Ó´µ § ·Ö¦¥´´ÒÌ Î ¸É¨Í, ´µ Ê£µ² µÉ· ¦¥´¨Ö ¤²Ö ´¨Ì ³¥´ÓÏ¥.

�É±²µ´¥´¨¥ Î ¸É¨Í ¨§µ£´ÊÉÒ³ ±·¨¸É ²²µ³ ¢ ¶·¨¡²¨¦¥´¨¨ ´¥¶·¥·Ò¢´µ£µ
¶µÉ¥´Í¨ ²  ¶·¥¤¸É ¢²Ö¥É ¨¤¥ ²¨§¨·µ¢ ´´Ò° ¸²ÊÎ °. �É²¨Î¨¥ ·¥ ²Ó´µ£µ É·¥Ì-
³¥·´µ£µ ¶µÉ¥´Í¨ ²  ±·¨¸É ²²  µÉ ´¥¶·¥·Ò¢´µ£µ ¨ · ¸¸¥Ö´¨¥ Î ¸É¨Í ´  Ô²¥±-
É·µ´ Ì ¶·¨¢µ¤ÖÉ ± · §¡·µ¸Ê ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  µÉ· ¦¥´´ÒÌ Î ¸É¨Í. ‘µ-
µÉ´µÏ¥´¨¥ Ê£²  µÉ· ¦¥´¨Ö Î ¸É¨Í ¢ ´¥¶·¥·Ò¢´µ³ ¶µÉ¥´Í¨ ²¥ ¨ Ê£²µ¢µ£µ · §-
¡·µ¸ , ¢´µ¸¨³µ£µ ³´µ£µ±· É´Ò³ · ¸¸¥Ö´¨¥³, µ¶·¥¤¥²Ö¥É ¢µ§³µ¦´µ¸ÉÓ Ô±¸¶¥-
·¨³¥´É ²Ó´µ£µ ´ ¡²Õ¤¥´¨Ö µ¡Ñ¥³´µ£µ µÉ· ¦¥´¨Ö ¨ ¨§³¥´Ö¥É¸Ö ¸ Ô´¥·£¨¥°
Î ¸É¨Í.

� §³¥· µ¡² ¸É¨ ±·¨¸É ²²  Svr, ¢ ±µÉµ·µ° ¶·µ¨¸Ìµ¤¨É µ¡Ñ¥³´µ¥ µÉ· -
¦¥´¨¥ Î ¸É¨Í, µ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨´µ° ±·¨É¨Î¥¸±µ£µ Ê£²  ± ´ ²¨·µ¢ ´¨Ö ¨
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�¨¸. 12.  ) ‘Ì¥³ É¨Î¥¸±µ¥ ¨§µ¡· ¦¥´¨¥ ¤²Ö Î ¸É¨ÍÒ, ¢Ìµ¤ÖÐ¥° ¢ ¨§µ£´ÊÉÒ° ±·¨¸-
É ²² ¶µ¤ Ê£²µ³ ϑx0 > ϑc, ¶·µÍ¥¸¸  µ¡Ñ¥³´µ£µ µÉ· ¦¥´¨Ö (1) ¨ § Ì¢ É  (2) ¢ ·¥¦¨³
¶²µ¸±µ¸É´µ£µ ± ´ ²¨·µ¢ ´¨Ö ¢ µ¡² ¸É¨ ± ¸ ´¨Ö ± ¶²µ¸±µ¸ÉÖ³ (¶µ± § ´  ¶Ê´±É¨·µ³),
¡) Éµ ¦¥ ¢ ¶·µ¸É· ´¸É¢¥ (x, Ex) ¢¡²¨§¨ ÉµÎ±¨ ¶µ¢µ·µÉ  ¢ ÔËË¥±É¨¢´µ³ ¶µÉ¥´Í¨ ²¥
Ueff(x,R)

· ¤¨Ê¸µ³ ¨§£¨¡  ±·¨¸É ²² , Svr ∼ Rϑc. ’ ± ± ± · ¸¸¥Ö´¨¥ Î ¸É¨Í ¢ Ê¸·¥¤´¥´-
´µ³ ¶µ²¥ ¶²µ¸±µ¸É¥° ¨§µ£´ÊÉµ£µ ±·¨¸É ²²  ¶·µ¨¸Ìµ¤¨É µ¤¨´ ±µ¢µ ¶·¨ µ¤´µ³
¨ Éµ³ ¦¥ µÉ´µ¸¨É¥²Ó´µ³ ¨§£¨¡¥ ±·¨¸É ²²  r = R/Rc, ¥¸²¨ Ê£µ² µÉ±²µ´¥´¨Ö
¢Ò· ¦ ¥É¸Ö Î¥·¥§ ±·¨É¨Î¥¸±¨° Ê£µ² ± ´ ²¨·µ¢ ´¨Ö [31], Éµ ¶·¨ Ë¨±¸¨·µ¢ ´-
´µ³ r · §³¥· µ¡² ¸É¨ µ¡Ñ¥³´µ£µ µÉ· ¦¥´¨Ö Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ Ô´¥·£¨¥° Î ¸É¨Í,
Svr ∼ rRcϑc ∼ E1/2.

“Ï¨·¥´¨¥ ¶ÊÎ±  ¶·¨ µ¡Ñ¥³´µ³ µÉ· ¦¥´¨¨ ¥£µ ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ ´ 
¤²¨´¥ Svr §  ¸Î¥É ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö ³µ¦´µ µÍ¥´¨ÉÓ, ¶·¥¤¶µ² £ Ö ¤²Ö
´ ¤¡ ·Ó¥·´ÒÌ Î ¸É¨Í · ¸¸¥Ö´¨¥ É ±¨³ ¦¥, ± ± ¢  ³µ·Ë´µ° ³¨Ï¥´¨:

∆ϑ2
vr = Svr

∆ϑ2

∆z R
∼ E−3/2 ,

〈∆ϑ2
vr〉1/2

ϑc
∼ E−1/4 .

�É´µ¸¨É¥²Ó´Ò° Ê£²µ¢µ° · §¡·µ¸ µÉ· ¦¥´´ÒÌ ¢ µ¡Ñ¥³¥ ±·¨¸É ²²  Î ¸É¨Í
Ê³¥´ÓÏ ¥É¸Ö ¸ ·µ¸Éµ³ ¨Ì Ô´¥·£¨¨ ¶·µ¶µ·Í¨µ´ ²Ó´µ E−1/4 ¨ ¶·¨ ´¥±µÉµ·µ°
Ô´¥·£¨¨ Î ¸É¨Í ¸É ´µ¢¨É¸Ö ³¥´ÓÏ¥ Ê£²  µÉ· ¦¥´¨Ö.

’ ±¨³ µ¡· §µ³, ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ Î ¸É¨Í µ¡Ñ¥³´µ¥ µÉ· ¦¥´¨¥ ¢ ¨§µ-
£´ÊÉµ³ ±·¨¸É ²²¥ ´¥ § ÉÊÏ¥¢Ò¢ ¥É¸Ö ³´µ£µ±· É´Ò³ · ¸¸¥Ö´¨¥³ ¨ µÉÎ¥É²¨¢µ
¶·µÖ¢²Ö¥É¸Ö ¢ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨ÖÌ ¤²Ö ¶ · ²²¥²Ó´µ£µ ¶ÊÎ± . �  ·¨¸.13
¶·¥¤¸É ¢²¥´Ò · ¸¸Î¨É ´´Ò¥ ¢ [25] Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶·µÉµ´µ¢ ¸ Ô´¥·-
£¨¥° 900 ƒÔ‚ ´  · §´ÒÌ £²Ê¡¨´ Ì ¢ ±·¨¸É ²²¥ ±·¥³´¨Ö, ¨§µ£´ÊÉµ³ ¢¤µ²Ó
¶²µ¸±µ¸É¥° (110) c · ¤¨Ê¸µ³ R ' 100Rc, ÎÉµ ¸µ¸É ¢²Ö¥É 150 ³, ¤²Ö Ê£² 
´ ±²µ´  ¶ ¤ ÕÐ¥£µ ¶ÊÎ±  ϑ0 ' 2ϑc.
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�¨¸. 13. ˆ²²Õ¸É· Í¨Ö ¶·µÍ¥¸¸  µ¡Ñ¥³´µ£µ µÉ· ¦¥´¨Ö Î ¸É¨Í ¨§µ£´ÊÉÒ³ ±·¨¸É ²²µ³.
“£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 900 ƒÔ‚ ´  · §´ÒÌ £²Ê¡¨´ Ì ¢ ±·¨¸É ²²¥
±·¥³´¨Ö, ¨§µ£´ÊÉµ³ ¢¤µ²Ó ¶²µ¸±µ¸É¥° (110). Œ ²¥´Ó± Ö ¸É·¥²±  Å ´ Î ²Ó´µ¥ ´ ¶· ¢-
²¥´¨¥ ¶ÊÎ± , ¤²¨´´ Ö ¸É·¥²±  (£) Å Ê£µ² ¨§£¨¡  ´  ¤ ´´µ° £²Ê¡¨´¥

�  ·¨¸.13,  Î ¸É¨ÍÒ ¥Ð¥ ´¥ ¤µ¸É¨£²¨ µ¡² ¸É¨ µÉ· ¦¥´¨Ö. –¥´É· Ê£²µ¢µ£µ
· ¸¶·¥¤¥²¥´¨Ö ¸µ¢¶ ¤ ¥É ¸ ´ Î ²Ó´Ò³ ´ ¶· ¢²¥´¨¥³ (³ ²¥´Ó± Ö ¸É·¥²± ),  
¥£µ Ï¨·¨´  µ¶·¥¤¥²Ö¥É¸Ö ³´µ£µ±· É´Ò³ · ¸¸¥Ö´¨¥³ Î ¸É¨Í ¢ ±·¨¸É ²²¥. � 
·¨¸.13,¡ Î ¸ÉÓ ¶ÊÎ±  Ê¦¥ ¨¸¶ÒÉ ²  µ¡Ñ¥³´µ¥ µÉ· ¦¥´¨¥, ¢ Ê£²µ¢µ³ · ¸¶·¥-
¤¥²¥´¨¨ ¶µÖ¢¨²¸Ö ³ ±¸¨³Ê³ ´  · ¸¸ÉµÖ´¨¨ ¶·¨³¥·´µ 2ϑc ¢ ¸Éµ·µ´¥, ¶·µÉ¨-
¢µ¶µ²µ¦´µ° ¨§£¨¡Ê. �  ·¨¸.13,¢ · ¸¶·¥¤¥²¥´¨¥ µÉ¢¥Î ¥É £²Ê¡¨´¥, ¸µµÉ¢¥É-
¸É¢ÊÕÐ¥° £¥µ³¥É·¨Î¥¸±µ° ÉµÎ±¥ ± ¸ ´¨Ö ¨§µ£´ÊÉÒÌ ¶²µ¸±µ¸É¥° ¶ ¤ ÕÐ¨³¨
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Î ¸É¨Í ³¨, S = 2ϑcR. �Éµ ¸¥·¥¤¨´  µ¡² ¸É¨ µÉ· ¦¥´¨Ö, ´  ÔÉµ° £²Ê¡¨´¥
¡�µ²ÓÏ Ö Î ¸ÉÓ ¶ÊÎ±  Ê¦¥ Ëµ·³¨·Ê¥É Ìµ·µÏµ ¢Ò· ¦¥´´Ò° ³ ±¸¨³Ê³ µÉ· -
¦¥´´ÒÌ Î ¸É¨Í, Ï¨·¨´  ±µÉµ·µ£µ ³¥´ÓÏ¥ ¸³¥Ð¥´¨Ö µÉ´µ¸¨É¥²Ó´µ ´ Î ²Ó´µ£µ
´ ¶· ¢²¥´¨Ö. �  ·¨¸.13,£ ¶·¥¤¸É ¢²¥´Ò Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ´  ¢ÒÌµ¤¥ ¨§
µ¡² ¸É¨ µÉ· ¦¥´¨Ö ¤²¨´µ° S = 4ϑcR. „²¨´´µ° ¸É·¥²±µ° §¤¥¸Ó ¶µ± § ´ Ê£µ²
¨§£¨¡  α = 4ϑc. •µ·µÏµ · §²¨Î¨³Ò¥ ¸¨³³¥É·¨Î´Ò¥ ³ ±¸¨³Ê³Ò µ±µ²µ Ê£² 
¨§£¨¡  ´  · ¸¸ÉµÖ´¨¨, ¶·¨³¥·´µ · ¢´µ³ ϑc, µ¡· §µ¢ ´Ò Î ¸É¨Í ³¨, ±µÉµ·Ò¥
¡Ò²¨ § Ì¢ Î¥´Ò ¢ ·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö ¢ µ¡Ñ¥³¥ ±·¨¸É ²²  (¸³. ´¨¦¥) ¨
µÉ±²µ´¨²¨¸Ó ±·¨¸É ²²µ³, ¸²¥¤ÊÖ ¨§µ£´ÊÉÒ³¨ ± ´ ² ³¨.

�¡Ñ¥³´µ¥ µÉ· ¦¥´¨¥ ³µ¦´µ µÉÎ¥É²¨¢µ µ¡´ ·Ê¦¨ÉÓ ¤²Ö Î ¸É¨Í ¢Ò¸µ±µ°
Ô´¥·£¨¨ ¢ Ô±¸¶¥·¨³¥´É¥ ´  ±µ·µÉ±µ³ ±·¨¸É ²²¥ ¸ ¤²¨´µ° ∼ Rϑc, ¸Ëµ·³¨·µ¢ ¢
Ê§±¨° ¶ÊÎµ± ¸ Ê£²µ¢Ò³¨ · §³¥· ³¨ ∼ ϑc, ÎÉµ ³µ¦´µ ¸¤¥² ÉÓ ¸ ¶µ³µÐÓÕ
¤µ¶µ²´¨É¥²Ó´µ£µ ±·¨¸É ²² -Ëµ·³¨·µ¢ É¥²Ö. �¡Ñ¥³´µ¥ µÉ· ¦¥´¨¥ Î ¸É¨Í ¢
¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ ¸± §Ò¢ ¥É¸Ö ¶·¨ · ¡µÉ¥ ¥£µ ¢ ± Î¥¸É¢¥ ¤¥Ë²¥±Éµ·  ¤²Ö
¢Ò¢µ¤  ¶ÊÎ±µ¢ Î ¸É¨Í ¢Ò¸µ±¨Ì Ô´¥·£¨° ¨§ Ê¸±µ·¨É¥²¥°. ’ ±, ¢ [58] c ¶µ³µÐÓÕ
³µ¤¥²¨·µ¢ ´¨Ö ¶µ± § ´µ, ÎÉµ µ¡Ñ¥³´µ¥ µÉ· ¦¥´¨¥ ¶·¨¢µ¤¨É ±  ¸¨³³¥É·¨¨
µ·¨¥´É Í¨µ´´µ° § ¢¨¸¨³µ¸É¨ ÔËË¥±É¨¢´µ¸É¨ ¢Ò¢µ¤  ¶ÊÎ±  ¨§ Í¨±²¨Î¥¸±¨Ì
Ê¸±µ·¨É¥²¥° ¸ ¶µ³µÐÓÕ ±·¨¸É ²² .

5.2. �¡Ñ¥³´Ò° § Ì¢ É Î ¸É¨Í. Šµ£¤  ¶ÊÎµ± Î ¸É¨Í ¶¥·¥¸¥± ¥É ¨§µ£´ÊÉÒ°
±·¨¸É ²², Éµ ¢ µ¡² ¸É¨ ± ¸ ´¨Ö ± ¨§µ£´ÊÉÒ³ ¶²µ¸±µ¸ÉÖ³ ¡µ²ÓÏ Ö Î ¸ÉÓ ¶ÊÎ± 
µÉ· ¦ ¥É¸Ö. �¤´ ±µ ¨³¥ÕÉ¸Ö Î ¸É¨ÍÒ, ±µÉµ·Ò¥ § Ì¢ ÉÒ¢ ÕÉ¸Ö ¨§µ£´ÊÉÒ³¨
¶²µ¸±µ¸É´Ò³¨ ± ´ ² ³¨ ¨ ³µ£ÊÉ µÉ±²µ´¨ÉÓ¸Ö ±·¨¸É ²²µ³ ´  Ê£µ² ¨§£¨¡ .

�¡Ñ¥³´Ò° § Ì¢ É ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ ¡Ò² µ¡´ ·Ê¦¥´ ¢ Ô±¸¶¥·¨³¥´É¥
[55] ´  ¶ÊÎ±¥ ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 1 ƒÔ‚. ‚ ±·¨¸É ²²¥ ±·¥³´¨Ö, ¨§µ£´ÊÉµ³
¢¤µ²Ó ¶²µ¸±µ¸É¥° (111), ¡Ò²µ ¸µ§¤ ´µ É·¨ ¶µ¢¥·Ì´µ¸É´µ-¡ ·Ó¥·´ÒÌ ¤¥É¥±Éµ· ,
ÎÉµ ¶µ§¢µ²Ö²µ ¶µ ¢¥²¨Î¨´¥ ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó Ô´¥·£¨¨ ¢Ò¤¥²ÖÉÓ ± ´ ²¨-
·µ¢ ´´Ò¥ Î ¸É¨ÍÒ ´  · §²¨Î´ÒÌ ÔÉ ¶ Ì ¶·µÌµ¦¤¥´¨Ö ¶ÊÎ±  Î¥·¥§ ±·¨¸É ²².
�µ²ÊÎ¥´´Ò¥ ¢ Ô±¸¶¥·¨³¥´É¥ ¸¶¥±É·Ò ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó ¶µ± § ²¨, ÎÉµ
¶·µ¨¸Ìµ¤¨É ¶µ¶µ²´¥´¨¥ Î ¸É¨Í ¸ ³ ²Ò³¨ ¶µÉ¥·Ö³¨ Ô´¥·£¨¨, ÎÉµ Ê¡¥¤¨É¥²Ó´µ
¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ § Ì¢ É¥ Î ¸É¨Í ¢ ·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö ¨§ ±¢ §¨± ´ ²¨·µ-
¢ ´´µ° Ë· ±Í¨¨ ¢ µ¡Ñ¥³¥ ±·¨¸É ²² .

�·¥¤¶·¨´¨³ ²¨¸Ó ¶µ¶ÒÉ±¨ · §Ò¸± ÉÓ ¸¶¥Í¨Ë¨Î¥¸±¨¥ ³¥Ì ´¨§³Ò ¤¨¸¸¨-
¶ Í¨¨ ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ Î ¸É¨Í ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ [59]. �¤´ ±µ ³¥-
Ì ´¨§³µ³ µ¡Ñ¥³´µ£µ § Ì¢ É  Î ¸É¨Í ¢ · ¢´µ³¥·´µ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ É ±
¦¥, ± ± ¨ ¢ ¶·Ö³µ³ [60], Ö¢²Ö¥É¸Ö ³´µ£µ±· É´µ¥ · ¸¸¥Ö´¨¥, ±µÉµ·µ¥ ³µ¦¥É
¢Ò§Ò¢ ÉÓ ¶¥·¥Ìµ¤Ò Î ¸É¨Í ´¥ Éµ²Ó±µ ¨§ ± ´ ²¨·µ¢ ´´µ° Ë· ±Í¨¨ ¢ ´¥± ´ -
²¨·µ¢ ´´ÊÕ, ´µ ¨ µ¡· É´µ. ‚ · ¡µÉ¥ [51] ¡Ò²  ¶µ± § ´  ¤µ¸É ÉµÎ´µ¸ÉÓ ÔÉµ£µ
³¥Ì ´¨§³  § Ì¢ É  ¤²Ö µ¡ÑÖ¸´¥´¨Ö ·¥§Ê²ÓÉ Éµ¢ Ô±¸¶¥·¨³¥´É  [55].

�¥µ¡Ìµ¤¨³Ò³ Ê¸²µ¢¨¥³ µ¡Ñ¥³´µ£µ § Ì¢ É  Î ¸É¨Í ¢ ·¥¦¨³ ± ´ ²¨·µ¢ -
´¨Ö Ö¢²Ö¥É¸Ö ¢Ò¸µ± Ö ¶²µÉ´µ¸ÉÓ Î ¸É¨Í ¸ ¶µ¶¥·¥Î´Ò³¨ Ô´¥·£¨Ö³¨, ¡²¨§±¨³¨
±·¨É¨Î¥¸±µ° Exc. ‚ ¶·Ö³µ³ ±·¨¸É ²²¥ ÔÉ  ¶²µÉ´µ¸ÉÓ µÎ¥´Ó ³ ²  ¶·¨ Ê£² Ì
µ·¨¥´É Í¨¨ ¶ ¤ ÕÐ¥£µ ¶ÊÎ± , §´ Î¨É¥²Ó´µ ¡�µ²ÓÏ¨Ì ±·¨É¨Î¥¸±µ£µ, É ± ± ±
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�¨¸. 14. „µ²Ö Î ¸É¨Í, § Ì¢ ÉÒ¢ ¥³ÒÌ ¢¶¥·¢Ò¥ ¨§µ£´ÊÉÒ³¨ ± ´ ² ³¨ (110) ±·¥³´¨Ö ¢
¸²µ¥ Éµ²Ð¨´µ° 50 ³±³, µÉ £²Ê¡¨´Ò ¶·µ´¨±´µ¢¥´¨Ö ¶ÊÎ± : a) ¤²Ö ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥°
200 ƒÔ‚ ¶·¨ · §´µ³ · ¤¨Ê¸¥ ¨§£¨¡  ±·¨¸É ²²  R, ³: 30 (1), 15 (2), 5 (3); ±·¨¢ Ö 1′ ¤²Ö
T = −145 ◦C; ¡) ¤²Ö ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 200 ƒÔ‚ (1) ¨ 100 ƒÔ‚ (2) ¶·¨ R = 15 ³

µ¶·¥¤¥²Ö¥É¸Ö Éµ²Ó±µ ¶·µÍ¥¸¸µ³ ¤¨ËËÊ§¨¨ Î ¸É¨Í ¨§ ´ Î ²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö
¢ ·¥§Ê²ÓÉ É¥ ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö, ¶µÔÉµ³Ê ¸µ¡ÒÉ¨Ö µ¡Ñ¥³´µ£µ § Ì¢ É 
Ö¢²ÖÕÉ¸Ö ·¥¤±¨³¨.

ˆ§£¨¡ ±·¨¸É ²²  §´ Î¨É¥²Ó´µ Ê¢¥²¨Î¨¢ ¥É  ¶¥·ÉÊ·Ê Ê£²µ¢ µ·¨¥´É Í¨¨,
¶·¨ ±µÉµ·ÒÌ ¢µ§³µ¦¥´ µ¡Ñ¥³´Ò° § Ì¢ É Î ¸É¨Í ¢ ±·¨¸É ²²¥. �´  µ¶·¥¤¥-
²Ö¥É¸Ö Ê£²µ³ ¨§£¨¡ ,   ´¥ ±·¨É¨Î¥¸±¨³ Ê£²µ³ ± ´ ²¨·µ¢ ´¨Ö. � ¶· ¢²¥´¨¥
¨³¶Ê²Ó¸  Î ¸É¨Í ´  ¢Ìµ¤¥ ¢ ±·¨¸É ²² µ¶·¥¤¥²Ö¥É ´ ²¨Î¨¥ µ¡² ¸É¨ § Ì¢ É , £¤¥
µ´µ ¸É ´µ¢¨É¸Ö ¡²¨§±¨³ ± ´ ¶· ¢²¥´¨Õ ± ¸ É¥²Ó´ÒÌ ± ¶²µ¸±µ¸ÉÖ³. — ¸É¨Í ,
¤¢¨£ Ö¸Ó ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥, ¶·¨¡²¨¦ ¥É¸Ö ²¨¡µ Ê¤ ²Ö¥É¸Ö µÉ µ¡² ¸É¨ § -
Ì¢ É . �Éµ ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± ¶µÖ¢²¥´¨¥ ¤µ¶µ²´¨É¥²Ó´µ£µ ³¥Ì ´¨§³ 
¤·¥°Ë  Î ¸É¨Í ± µ¡² ¸É¨ § Ì¢ É  ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥.

�² £µ¤ ·Ö ¨§£¨¡Ê ±·¨¸É ²²  µ¡² ¸ÉÓ § Ì¢ É  ²µ± ²¨§µ¢ ´ , ¨ µÉ´µ¸¨-
É¥²Ó´µ ³ ²  ¤µ²Ö Î ¸É¨Í, ¤¥± ´ ²¨·µ¢ ´´ÒÌ ¨ § Ì¢ Î¥´´ÒÌ ¢´µ¢Ó [33]. ‚
ÔÉµ³ ¶·µÖ¢²Ö¥É¸Ö µÉ²¨Î¨¥ µÉ ¶·Ö³µ£µ ±·¨¸É ²² , ¢ ±µÉµ·µ³ ¶µ¢Éµ·´Ò° § Ì¢ É
Î ¸É¨Í ¢ ·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö §´ Î¨É¥²¥´, É ± ± ± Î ¸É¨ÍÒ ¤µ²£µ ´ Ìµ¤ÖÉ¸Ö
¢ µ±µ²µ¡ ·Ó¥·´µ° µ¡² ¸É¨ ¶µ¶¥·¥Î´ÒÌ Ô´¥·£¨° ¨ ¶µ±¨¤ ÕÉ ¥¥ Éµ²Ó±µ §  ¸Î¥É
³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö.

‚ ±µ³¶ÓÕÉ¥·´µ³ Ô±¸¶¥·¨³¥´É¥ ¶µ ³µ¤¥²¨ ¸¨¸É¥³Ò  Éµ³´ÒÌ ¶²µ¸±µ¸-
É¥° [33] ¡Ò²µ ¶µ± § ´µ, ÎÉµ µ¡Ñ¥³´Ò° § Ì¢ É Ê³¥´ÓÏ ¥É¸Ö ¸ Ê³¥´ÓÏ¥´¨¥³
· ¤¨Ê¸  ¨§£¨¡  ±·¨¸É ²²  ¨ ·µ¸Éµ³ Ô´¥·£¨¨ Î ¸É¨Í ¨ ¸² ¡µ § ¢¨¸¨É µÉ É¥³-
¶¥· ÉÊ·Ò ±·¨¸É ²² . �  ·¨¸.14 ¶µ± § ´  £²Ê¡¨´´ Ö § ¢¨¸¨³µ¸ÉÓ µ¡Ñ¥³´µ£µ
§ Ì¢ É  ¶·µÉµ´µ¢ ¨§µ£´ÊÉÒ³¨ ± ´ ² ³¨ (110) ±·¥³´¨Ö ¤²Ö · §´ÒÌ · ¤¨Ê¸µ¢
¨§£¨¡  ¨ É¥³¶¥· ÉÊ·Ò ±·¨¸É ²²  ( ) ¨ ¤²Ö · §´ÒÌ Ô´¥·£¨° Î ¸É¨Í (¡). Œ ±-
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¸¨³Ê³ § Ì¢ É  ¸³¥Ð ¥É¸Ö ± ¢Ìµ¤´µ³Ê Éµ·ÍÊ ±·¨¸É ²²  ¸ Ê³¥´ÓÏ¥´¨¥³ · ¤¨-
Ê¸  ¨§£¨¡  R ¨ ¶·¨ ÔÉµ³ · ¸¶µ² £ ¥É¸Ö ± ´¥³Ê ¡²¨¦¥, Î¥³ ÉµÎ±  ± ¸ ´¨Ö
Si = ϑoRi ¨§-§  ¨´É¥´¸¨¢´µ£µ ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö. �Éµ · §²¨Î¨¥ Ê¢¥-
²¨Î¨¢ ¥É¸Ö ¸ ·µ¸Éµ³ · ¤¨Ê¸  ¨§£¨¡  ±·¨¸É ²² . �µ²´µ¥ Î¨¸²µ § Ì¢ ÉÒ¢ ¥³ÒÌ
Î ¸É¨Í, µ¶·¥¤¥²Ö¥³µ¥ ¶²µÐ ¤ÓÕ ¶µ¤ ±·¨¢Ò³¨, Ê³¥´ÓÏ ¥É¸Ö ¸ Ê³¥´ÓÏ¥´¨¥³
R. ˆ§³¥´¥´¨¥ É¥³¶¥· ÉÊ·Ò ±·¨¸É ²²  µ± §Ò¢ ¥É µÎ¥´Ó ¸² ¡µ¥ ¢µ§¤¥°¸É¢¨¥
´  µ¡Ñ¥³´Ò° § Ì¢ É, ÎÉµ µ¡ÑÖ¸´Ö¥É¸Ö ³ ²Ò³ ¨§³¥´¥´¨¥³ Ì · ±É¥·´ÒÌ Ê£²µ¢
ϑc ¨ ϑms, ¸³. ±·¨¢Ò¥ 1 ¨ 1′ ´  ·¨¸.14, . “³¥´ÓÏ¥´¨¥ Ô´¥·£¨¨ Î ¸É¨Í ¶·¨
¸µÌ· ´¥´¨¨ · ¤¨Ê¸  ¨§£¨¡  ±·¨¸É ²² , Ê¢¥²¨Î¨¢ Ö ³´µ£µ±· É´µ¥ · ¸¸¥Ö´¨¥
ϑms ∼ 1/E ¨ ¶·µÉÖ¦¥´´µ¸ÉÓ µ¡² ¸É¨ § Ì¢ É  Svc ∼ Rϑc ∼ E−1/2, £¤¥ ´ -
¶· ¢²¥´¨¥ ¨³¶Ê²Ó¸  Î ¸É¨Í ¡²¨§±µ ± ¸ É¥²Ó´Ò³ ± ¨§µ£´ÊÉÒ³ ¶²µ¸±µ¸ÉÖ³,
¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ µ¡Ñ¥³´µ£µ § Ì¢ É  (·¨¸.14,¡).

‚¶µ¸²¥¤¸É¢¨¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö µ¡Ñ¥³´µ£µ § Ì¢ É  ¢ ¨§µ-
£´ÊÉÒÌ ±·¨¸É ²² Ì ¡Ò²¨ ¢Ò¶µ²´¥´Ò ¢ ˆ”‚� ´  ¶ÊÎ±¥ ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥°
70 ƒÔ‚ [61,62]. �Ò²µ Ê¸É ´µ¢²¥´µ, ÎÉµ ¢¥·µÖÉ´µ¸ÉÓ µ¡Ñ¥³´µ£µ § Ì¢ É  · ¸É¥É
¶·µ¶µ·Í¨µ´ ²Ó´µ · ¤¨Ê¸Ê ¨§£¨¡  ±·¨¸É ²² .

‚¥·µÖÉ´µ¸ÉÓ µ¡Ñ¥³´µ£µ § Ì¢ É  Î ¸É¨Í § ¢¨¸¨É µÉ £²Ê¡¨´Ò § Ì¢ É 
∆Evc = Um − Exc(rc), £¤¥ Um Å ¢¥²¨Î¨´  ¶µÉ¥´Í¨ ²Ó´µ£µ ¡ ·Ó¥· , · §-
¤¥²ÖÕÐ¥£µ ¸µ¸¥¤´¨¥ ¶²µ¸±µ¸É´Ò¥ ± ´ ²Ò ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥, Éµ ¥¸ÉÓ µÉ
¢Ò¡µ·  · ¸¸ÉµÖ´¨Ö ±·¨É¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö ± ¸É¥´± ³ ± ´ ²  rc [63]. ‚
±µ³¶ÓÕÉ¥·´µ³ Ô±¸¶¥·¨³¥´É¥ [25] ¢¥·µÖÉ´µ¸ÉÓ § Ì¢ É  µ¶·¥¤¥²Ö² ¸Ó ± ± µÉ´µ-
Ï¥´¨¥ ¸Ê³³ ·´µ£µ ¶µ ¢¸¥° ¤²¨´¥ ±·¨¸É ²²  Î¨¸²  Î ¸É¨Í, ¨¸¶ÒÉ ¢Ï¨Ì § Ì¢ É,
± ¶µ²´µ³Ê Î¨¸²Ê Î ¸É¨Í ¢ ¶ ¤ ÕÐ¥³ ¶ÊÎ±¥. „²Ö Ô´¥·£¨¨ ¶·µÉµ´µ¢ 1 ƒÔ‚ ¶·¨
¨¸¶µ²Ó§µ¢ ´¨¨ rc = a, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ±·¨É¨Î¥¸±µ° ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨
Exc ' 14 Ô‚, ¢¥·µÖÉ´µ¸ÉÓ § Ì¢ É  ¸µ¸É ¢¨²  ∼11 %, ÎÉµ ¡²¨§±µ ± §´ Î¥´¨Õ,
Ê¸É ´µ¢²¥´´µ³Ê ¢ Ô±¸¶¥·¨³¥´É¥ [55].

‚ · ¡µÉ¥ [62] ¡Ò²µ ¶·¥¤²µ¦¥´µ ¶·µ¸Éµ¥ ¢Ò· ¦¥´¨¥ ¤²Ö µÍ¥´±¨ ¢¥·µ-
ÖÉ´µ¸É¨ µ¡Ñ¥³´µ£µ § Ì¢ É  Î ¸É¨Í ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥. �¢Éµ·Ò ¨¸Ìµ¤¨²¨
¨§ ¶·¨´Í¨¶  µ¡· É¨³µ¸É¨ [1], ¸µ£² ¸´µ ±µÉµ·µ³Ê ¢¥·µÖÉ´µ¸ÉÓ ¶¥·¥Ìµ¤  Î ¸-
É¨ÍÒ ¨§ ´¥± ´ ²¨·µ¢ ´´µ° Ë· ±Í¨¨ ¢ ± ´ ²¨·µ¢ ´´ÊÕ · ¢´  ¢¥·µÖÉ´µ¸É¨
¤¥± ´ ²¨·µ¢ ´¨Ö Î ¸É¨ÍÒ ´  ¤²¨´¥ dz. ‚ ¶·¥¤¶µ²µ¦¥´¨¨ Ô±¸¶µ´¥´Í¨ ²Ó´µ£µ
Ì · ±É¥·  ¤¥± ´ ²¨·µ¢ ´¨Ö ¥£µ ¢¥·µÖÉ´µ¸ÉÓ Pdec = |dfch|/fch = dz/Sd, £¤¥
Sd Å ¤²¨´  ¤¥± ´ ²¨·µ¢ ´¨Ö. ’µ£¤  ´  ¤²¨´¥ Rϑc, ±µÉµ· Ö Ì · ±É¥·¨§Ê¥É
¶·µÉÖ¦¥´´µ¸ÉÓ µ¡² ¸É¨ § Ì¢ É , ¤²Ö ¢¥·µÖÉ´µ¸É¨ µ¡Ñ¥³´µ£µ § Ì¢ É  ¨³¥¥³

Pvc '
Rϑc

Sd
. (71)

’ ±µ¥ µ¶·¥¤¥²¥´¨¥ ¢¥·µÖÉ´µ¸É¨ § Ì¢ É  ³µ¦¥É ¡ÒÉÓ ¶· ¢µ³¥·´Ò³ ¶·¨ ´¥
µÎ¥´Ó ¡µ²ÓÏ¨Ì · ¤¨Ê¸ Ì ¨§£¨¡  ±·¨¸É ²²  ¨ ¤²Ö § Ì¢ É  Î ¸É¨Í ´  £²Ê¡µ±¨¥
Ê·µ¢´¨ ¢ ¶µÉ¥´Í¨ ²¥ ± ´ ² , ±µ£¤  Rϑc � Sd. „²Ö ¨§£¨¡ , ¤ ²¥±µ£µ µÉ
±·¨É¨Î¥¸±µ£µ, ±µ£¤  ±·¨É¨Î¥¸±¨° Ê£µ² ¨ ¤²¨´  ¤¥± ´ ²¨·µ¢ ´¨Ö ¢ ¨§µ£´ÊÉµ³
±·¨¸É ²²¥ ¸µÌ· ´ÖÕÉ § ¢¨¸¨³µ¸ÉÓ µÉ Ô´¥·£¨¨, É ±ÊÕ ¦¥, ± ± ¨ ¢ ¶·Ö³µ³
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�¨¸. 15. ‡ ¢¨¸¨³µ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ µ¡Ñ¥³´µ£µ § Ì¢ É  ¨§µ£´ÊÉÒ³¨ ± ´ ² ³¨ (110) ±·¥³-
´¨Ö µÉ · ¤¨Ê¸  ¨§£¨¡  ±·¨¸É ²²  ( ) ¤²Ö ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 70 ƒÔ‚, µÉ Ô´¥·£¨¨ ¶·µ-
Éµ´µ¢ (¡) ¤²Ö R = 6 ³. �·¨ · §´µ³ ¢Ò¡µ·¥ · ¸¸ÉµÖ´¨Ö ±·¨É¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö
Î ¸É¨Í ± ¶²µ¸±µ¸ÉÖ³ 1 Å rc = 2 u1; 2 Å a

±·¨¸É ²²¥, ¨ ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸ÖÉ µÉ R, ¨§ (71) ¸²¥¤Ê¥É, ÎÉµ Pvc ∼ RE−3/2

[62].

�  ·¨¸.15 ¶·¥¤¸É ¢²¥´  ¶µ²ÊÎ¥´´ Ö ¢ Î¨¸²¥´´µ³ Ô±¸¶¥·¨³¥´É¥ [25] § -
¢¨¸¨³µ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ µ¡Ñ¥³´µ£µ § Ì¢ É  µÉ · ¤¨Ê¸  ¨§£¨¡  ±·¨¸É ²²  ( ) ¨
Ô´¥·£¨¨ Î ¸É¨Í (¡) ¤²Ö ¤¢ÊÌ §´ Î¥´¨° rc. „¥°¸É¢¨É¥²Ó´µ, ¢¥·µÖÉ´µ¸ÉÓ § Ì¢ É 
Î ¸É¨Í ´  £²Ê¡µ±¨¥ Ê·µ¢´¨ ¶µÉ¥´Í¨ ²Ó´µ° Ö³Ò ± ´ ²  Ê¢¥²¨Î¨¢ ¥É¸Ö ²¨´¥°´µ
¸ ·µ¸Éµ³ · ¤¨Ê¸  ¨§£¨¡ . ”¨É¨·µ¢ ´¨¥ § ¢¨¸¨³µ¸É¨ § Ì¢ É  µÉ Ô´¥·£¨¨ Î ¸É¨Í
¶µ± §Ò¢ ¥É, ÎÉµ Pvc ∼ E−3/2 ¶·¨ Ë¨±¸¨·µ¢ ´´µ³ · ¤¨Ê¸¥ ¨§£¨¡  ±·¨¸É ²² ,
É ±¦¥ ¶µ¤É¢¥·¦¤ Ö ¶· ¢µ³¥·´µ¸ÉÓ (71) ¤²Ö µÍ¥´±¨ µ¡Ñ¥³´µ£µ § Ì¢ É .

5.3. ƒ· ¤¨¥´É´Ò° µ¡Ñ¥³´Ò° § Ì¢ É. ‚ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ ´ ·Ö¤Ê ¸
¶µÖ¢²¥´¨¥³ ´µ¢µ£µ Í¥´É·µ¡¥¦´µ£µ ³¥Ì ´¨§³  ¤¥± ´ ²¨·µ¢ ´¨Ö Î ¸É¨Í ´ 
ÊÎ ¸É±¥ ¸ ´ · ¸É ÕÐ¥° ±·¨¢¨§´µ° ¢µ§´¨± ¥É ¢µ§³µ¦´µ¸ÉÓ ¶·¨ Ê³¥´ÓÏ Õ-
Ð¥°¸Ö ±·¨¢¨§´¥ µ¡· É´µ£µ ¶·µÍ¥¸¸  Å ªÍ¥´É·µ¡¥¦´µ£µª ¨²¨ ª£· ¤¨¥´É´µ£µª
[9] µ¡Ñ¥³´µ£µ § Ì¢ É  Î ¸É¨Í ¢ ·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö. ƒ· ¤¨¥´É´Ò° § Ì¢ É
Î ¸É¨Í µ¡Ê¸²µ¢²¥´ Ê¢¥²¨Î¥´¨¥³ £²Ê¡¨´Ò ÔËË¥±É¨¢´µ° ¶µÉ¥´Í¨ ²Ó´µ° Ö³Ò
¶²µ¸±µ¸É´ÒÌ ± ´ ²µ¢ ¢¤µ²Ó ±·¨¸É ²² .

ƒ· ¤¨¥´É´Ò° µ¡Ñ¥³´Ò° § Ì¢ É Î ¸É¨Í ¡Ò² µ¡´ ·Ê¦¥´ ¢ ±µ³¶ÓÕÉ¥·´µ³
Ô±¸¶¥·¨³¥´É¥ [64], µ¡· É´µ³ Éµ³Ê, ¢ ±µÉµ·µ³ ¡Ò²µ ¢¶¥·¢Ò¥ ¨¸¸²¥¤µ¢ ´µ
Í¥´É·µ¡¥¦´µ¥ ¤¥± ´ ²¨·µ¢ ´¨¥ [38]. � ¸Î¥ÉÒ, ¢Ò¶µ²´¥´´Ò¥ ¢ ¶·¨¡²¨¦¥´¨¨
´¥¶·¥·Ò¢´µ£µ ¶µÉ¥´Í¨ ² , ¶µ± § ²¨, ÎÉµ µ¶·¥¤¥²¥´´ Ö ¤µ²Ö Î ¸É¨Í § Ì¢ -
ÉÒ¢ ¥É¸Ö ¢ ·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö ¶·¨ ¶¥·¥Ìµ¤¥ ¨§ · ¢´µ³¥·´µ ¨§µ£´ÊÉµ° ¢
´¥¨§µ£´ÊÉÊÕ Î ¸ÉÓ ±·¨¸É ²² .

‚¥·µÖÉ´µ¸ÉÓ £· ¤¨¥´É´µ£µ µ¡Ñ¥³´µ£µ § Ì¢ É  Î ¸É¨Í ¢ ¨§µ£´ÊÉµ³ ±·¨-
¸É ²²¥ ¸ ³¥¤²¥´´µ Ê³¥´ÓÏ ÕÐ¥°¸Ö ±·¨¢¨§´µ° ¶²µ¸±µ¸É´ÒÌ ± ´ ²µ¢ ¡Ò² 
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µ¶·¥¤¥²¥´  ¢ [65]. ˆ§³¥´¥´¨¥ ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ Î ¸É¨ÍÒ Ex ¢ ·¥§Ê²ÓÉ É¥
Ê³¥´ÓÏ¥´¨Ö ±·¨¢¨§´Ò ∆k ´  ¤²¨´¥ ∆z µ¶·¥¤¥²Ö¥É¸Ö ¸·¥¤´¥° ¶µ¶¥·¥Î´µ°
±µµ·¤¨´ Éµ° Î ¸É¨ÍÒ 〈x〉 ´  ÔÉµ³ ¨´É¥·¢ ²¥ ∆ Ex = ∆k 〈x〉. ‘µµÉ¢¥É¸É¢ÊÕ-
Ð¥¥ ¨§³¥´¥´¨¥ ±·¨É¨Î¥¸±µ° ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ Exc = Ueff(−xc) ¸µ¸É ¢²Ö¥É
∆Exc = −∆k xc. ’ ±¨³ µ¡· §µ³, ¨§³¥´¥´¨¥ Ex Î ¸É¨ÍÒ µÉ´µ¸¨É¥²Ó´µ ¨§-
³¥´¨¢Ï¥£µ¸Ö §´ Î¥´¨Ö ¶µÉ¥´Í¨ ²Ó´µ£µ ¡ ·Ó¥·  ´  ¤²¨´¥ λ ¢ ¶·¨¡²¨¦¥´¨¨
k′ = const · ¢´µ

δEx = ∆Ex −∆Exc = k′(〈x〉 + xc)λ . (72)

‘·¥¤´ÖÖ ±µµ·¤¨´ É  Î ¸É¨ÍÒ §  ¶¥·¨µ¤ ±µ²¥¡ ´¨° µ¶·¥¤¥²Ö¥É¸Ö ¶µ²µ¦¥´¨¥³
¸³¥Ð¥´´µ° µ·¡¨ÉÒ ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í 〈x〉 = x0 ¨ ´  ÊÎ ¸É±¥ ¸ Ê³¥´Ó-
Ï ÕÐ¥°¸Ö ±·¨¢¨§´µ° δEx < 0. �Éµ µ§´ Î ¥É ¢µ§³µ¦´µ¸ÉÓ ¤²Ö ±¢ §¨± ´ -
²¨·µ¢ ´´ÒÌ Î ¸É¨Í ¸ Ex ¢ ¨´É¥·¢ ²¥ (Exc, Exc + δEx) ¡ÒÉÓ § Ì¢ Î¥´´Ò³¨ ¢
·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö.

�µ²´Ò° · §¡·µ¸ ¶µ¶¥·¥Î´ÒÌ Ô´¥·£¨° ±¢ §¨± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í µ±µ²µ
ÉµÎ±¨ ¶µ¢µ·µÉ  ¢ ÔËË¥±É¨¢´µ³ ¶²µ¸±µ¸É´µ³ ¶µÉ¥´Í¨ ²¥ ¨§µ£´ÊÉµ£µ ±·¨-
¸É ²²  µ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨´µ° ¥£µ ¶·¨· Ð¥´¨Ö ´  Ï¨·¨´¥ ± ´ ²  ∆U =
dp(pv/R). �µ² £ Ö · ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í ´  ¨´É¥·¢ ²¥ ∆U · ¢´µ³¥·´Ò³,
¤²Ö ¢¥·µÖÉ´µ¸É¨ £· ¤¨¥´É´µ£µ § Ì¢ É  ¨³¥¥³ [65]:

Pbc = −
δEx

∆U
=
R′λ

R

xc

dp

(
1 +
〈x〉

xc

)
, (73)

£¤¥ R′ = dR/dz. ‚ ¶·¨¡²¨¦¥´¨¨ ¶ · ¡µ²¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² 

Pbc =
R′λ

R

xc

dp

(
1−

Rc

R

)
. (73 )

Šµ£¤  ¨§£¨¡ ±·¨¸É ²²  §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥ ±·¨É¨Î¥¸±µ£µ R� Rc,

Pbc '
R′λ

2R
∼ λ/Lb , (73¡)

£¤¥ Lb Å ¤²¨´  ÊÎ ¸É±  ¸ · ¢´µ³¥·´µ Ê³¥´ÓÏ ÕÐ¥°¸Ö ±·¨¢¨§´µ°. ‚¥·µÖÉ-
´µ¸ÉÓ Í¥´É·µ¡¥¦´µ£µ § Ì¢ É  Î ¸É¨Í · ¸É¥É ¸ Ô´¥·£¨¥° ± ± E1/2, Éµ£¤  ± ±
§ Ì¢ É §  ¸Î¥É ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö Ê³¥´ÓÏ ¥É¸Ö.

�µ²´ Ö ¢¥·µÖÉ´µ¸ÉÓ § Ì¢ É  Î ¸É¨Í ¢ ·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö §  ¸Î¥É £· ¤¨-
¥´É´µ£µ ³¥Ì ´¨§³  ¢ ±·¨¸É ²²¥ ¸ · ¢´µ³¥·´µ Ê¢¥²¨Î¨¢ ÕÐ¨³¸Ö ¢ ¨´É¥·¢ ²¥
(Rc, R) · ¤¨Ê¸µ³ ¤²Ö Ï¨·µ±µ£µ ¶ÊÎ±  ¸µ¢¶ ¤ ¥É ¸ ¢¥²¨Î¨´µ° ¢¥·µÖÉ´µ¸É¨
Éµ·Í¥¢µ£µ § Ì¢ É  ¢ ± ´ ² ¸ · ¤¨Ê¸µ³ R [65], Éµ ¥¸ÉÓ ¸µ§¤ ´¨¥ ´  ¢Ìµ¤¥ ¢
±·¨¸É ²² µ¡² ¸É¨ ¸ Ê³¥´ÓÏ ÕÐ¥°¸Ö ±·¨¢¨§´µ° ´¥ ¶·¨¢¥¤¥É ± Ê¢¥²¨Î¥´¨Õ
ÔËË¥±É¨¢´µ¸É¨ ±·¨¸É ²²¨Î¥¸±µ£µ ¤¥Ë²¥±Éµ· .
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6. ˆ��ˆ‡�–ˆ���›… ��’…�ˆ ��…�ƒˆˆ

ˆ§¢¥¸É´µ, ÎÉµ ¨µ´¨§ Í¨µ´´Ò¥ ¶µÉ¥·¨ Ô´¥·£¨¨ ¡Ò¸É·ÒÌ § ·Ö¦¥´´ÒÌ Î ¸-
É¨Í ¶·¨ ± ´ ²¨·µ¢ ´¨¨ ¢ ±·¨¸É ²²¥ µÉ²¨Î ÕÉ¸Ö µÉ ¶µÉ¥·Ó ¢ · §µ·¨¥´É¨·µ-
¢ ´´µ³ ¸²ÊÎ ¥, ±µ£¤  ´ ¶· ¢²¥´¨¥ ¨Ì ¨³¶Ê²Ó¸  µÉ¸Éµ¨É ¤ ²¥±µ µÉ ¶²µÉ´µ-
Ê¶ ±µ¢ ´´ÒÌ ´ ¶· ¢²¥´¨° ¨ ¶²µ¸±µ¸É¥°. �µÉ¥·¨ ¢ ¡²¨§±¨Ì ¸Éµ²±´µ¢¥´¨ÖÌ
¶·µ¶µ·Í¨µ´ ²Ó´Ò ²µ± ²Ó´µ° ¶²µÉ´µ¸É¨ Ô²¥±É·µ´µ¢ ρ(x), ±µÉµ· Ö ¤²Ö ± ´ -
²¨·µ¢ ´´ÒÌ Î ¸É¨Í µÉ²¨Î ¥É¸Ö µÉ ¸·¥¤´¥° ¶µ ±·¨¸É ²²Ê NZ2 ¨ µ¶·¥¤¥²Ö¥É¸Ö
É· ¥±Éµ·¨¥° Î ¸É¨ÍÒ. ’ ± ± ± ¡²¨§±¨¥ ¨ ¤ ²¥±¨¥ ¸µÊ¤ ·¥´¨Ö Î ¸É¨ÍÒ ¸ Ô²¥±-
É·µ´ ³¨ ¢¥Ð¥¸É¢  ¤ ÕÉ ¶·¨³¥·´µ µ¤¨´ ±µ¢Ò° ¢±² ¤ ¢ ¶µÉ¥·¨ ¶·¨ ¢Ò¸µ±¨Ì
Ô´¥·£¨ÖÌ, Éµ, ¶µ² £ Ö ¢±² ¤ ¤ ²¥±¨Ì ¸Éµ²±´µ¢¥´¨° ´¥§ ¢¨¸¨³Ò³ µÉ É· ¥±Éµ-
·¨¨ Î ¸É¨ÍÒ, ¤²Ö Éµ·³µ§´µ° ¸¶µ¸µ¡´µ¸É¨ µ, ¸µ£² ¸´µ ‹¨´¤Ì ·¤Ê [1], ¨³¥¥³

µ(x) = µa [(1− α) + αρ(x)/(NZ2)] , (74)

£¤¥ α ' 1/2 Å ±µ´¸É ´É  · §¤¥²¥´¨Ö. ‚ · §µ·¨¥´É¨·µ¢ ´´µ³ ±·¨¸É ²²¥
¶²µÉ´µ¸ÉÓ Ô²¥±É·µ´µ¢, Ê¸·¥¤´¥´´ Ö ¢¤µ²Ó É· ¥±Éµ·¨¨ Î ¸É¨ÍÒ, · ¢´  ¸·¥¤´¥°
NZ2, ¨ Éµ·³µ§´ Ö ¸¶µ¸µ¡´µ¸ÉÓ É ± Ö ¦¥, ± ± ¢  ³µ·Ë´µ³ ¢¥Ð¥¸É¢¥ µa. �µ-
²µ¦¨É¥²Ó´µ § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ ¶·¨ ± ´ ²¨·µ¢ ´¨¨ ¤¢¨¦ÊÉ¸Ö ¢ ±·¨¸É ²²¥
Î¥·¥§ µ¡² ¸É¨ ¸ ¶µ´¨¦¥´´µ° Ô²¥±É·µ´´µ° ¶²µÉ´µ¸ÉÓÕ, ¨ ¨Ì Éµ·³µ§´ Ö ¸¶µ-
¸µ¡´µ¸ÉÓ µ¡ÒÎ´µ ³¥´ÓÏ¥ µa. ‘µ£² ¸´µ (74) ³¨´¨³ ²Ó´Ò¥ ¶µÉ¥·¨ ¤²Ö Ìµ·µÏµ
± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í, ¤¢¨¦ÊÐ¨Ì¸Ö ¢ Í¥´É·¥ ± ´ ² , ³µ£ÊÉ ¡ÒÉÓ ¶µÎÉ¨ ¢¤¢µ¥
³¥´ÓÏ¥ ¶µÉ¥·Ó ¢ · §µ·¨¥´É¨·µ¢ ´´µ³ ¸²ÊÎ ¥, µ(0) ' 0, 5µa.

ˆ§³¥·¥´¨Ö ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó Î ¸É¨Í ¸ ¶µ³µÐÓÕ ¢¸É·µ¥´´ÒÌ ¶µ¢¥·Ì-
´µ¸É´µ-¡ ·Ó¥·´ÒÌ ¤¥É¥±Éµ·µ¢ ¶µ§¢µ²ÖÕÉ ¨¸¸²¥¤µ¢ ÉÓ ¨Ì ¸µ¸ÉµÖ´¨Ö ¶·¨ ¶·µ-
Ìµ¦¤¥´¨¨ Î¥·¥§ ±·¨¸É ²² [55, 66]. ’ ±µ° ¤¥É¥±Éµ· ´  ¢Ìµ¤¥ ±·¨¸É ²²  ¨¸-
¶µ²Ó§Ê¥É¸Ö ¤²Ö ¥£µ µ·¨¥´É¨·µ¢ ´¨Ö µÉ´µ¸¨É¥²Ó´µ ¶ÊÎ± . �·¨ µ·¨¥´É Í¨¨
¶ÊÎ±  ¢¤µ²Ó ¶²µ¸±µ¸É¨ ¨²¨ µ¸¨ ±·¨¸É ²²  ¢ ¸¶¥±É·¥ ¶µÉ¥·Ó, ·¥£¨¸É·¨·Ê¥³µ³
¢¸É·µ¥´´Ò³ ¤¥É¥±Éµ·µ³, ´ ¡²Õ¤ ¥É¸Ö ¤µ¶µ²´¨É¥²Ó´Ò° ³ ±¸¨³Ê³ ¸ ¶µÉ¥·Ö³¨,
³¥´ÓÏ¨³¨ µa, §  ¸Î¥É ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í. ‚ [67] ¶µ ¸¶¥±É· ³ ¶µÉ¥·Ó,
·¥£¨¸É·¨·Ê¥³Ò³ ¢¸É·µ¥´´Ò³ ¤¥É¥±Éµ·µ³, ¤µ¡¨¢ ²¨¸Ó Ê¢¥²¨Î¥´¨Ö ± ´ ²¨·µ-
¢ ´´µ° Ë· ±Í¨¨ ¢ ¶ÊÎ±¥, ¶ ¤ ÕÐ¥³ ´  ±·¨¸É ²², ¨§³¥´ÖÖ · §³¥·Ò ¶ÊÎ±  ¢
¶µ¶¥·¥Î´µ° ¶²µ¸±µ¸É¨ ¸ ¶µ³µÐÓÕ ³ £´¨É´ÒÌ Ô²¥³¥´Éµ¢ ± ´ ²  ¨ É¥³ ¸ ³Ò³
Ê³¥´ÓÏ Ö ¥£µ · ¸Ìµ¤¨³µ¸ÉÓ. ’ ±µ° ³¥Éµ¤ ¶µ§¢µ²Ö¥É ¶µ²ÊÎ ÉÓ ¶ÊÎ±¨ ¸ · ¸-
Ìµ¤¨³µ¸ÉÓÕ ³´µ£µ ³¥´ÓÏ¥°, Î¥³ µ¡ÒÎ´Ò¥ ³¥Éµ¤Ò. ‘Ëµ·³¨·µ¢ ´´Ò° É ±¨³
¸¶µ¸µ¡µ³ ¶ÊÎµ± ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 450 ƒÔ‚ ¨³¥² · ¸Ìµ¤¨³µ¸ÉÓ ³¥´ÓÏ¥
3 ³±· ¤, ÎÉµ ¶µ§¢µ²¨²µ ¶µ²ÊÎ¨ÉÓ ·¥±µ·¤´ÊÕ ÔËË¥±É¨¢´µ¸ÉÓ µÉ±²µ´¥´¨Ö ¨§µ-
£´ÊÉÒ³ ±·¨¸É ²²µ³, ±µÉµ· Ö ¤µ¸É¨£ ²  50 % ¤²Ö ´¥¡µ²ÓÏ¨Ì Ê£²µ¢ µÉ±²µ´¥´¨Ö.

ˆ¸¶µ²Ó§µ¢ ´¨¥ ¨§µ£´ÊÉÒÌ ±·¨¸É ²²µ¢, ±µÉµ·Ò¥ ¢Ò¤¥²ÖÕÉ µÉ±²µ´¥´´ÊÕ
Ë· ±Í¨Õ ¶ÊÎ± , ¤ ¥É ¤µ¶µ²´¨É¥²Ó´ÊÕ ¢µ§³µ¦´µ¸ÉÓ ¨¸¸²¥¤µ¢ ÉÓ ¨µ´¨§ Í¨µ´-
´Ò¥ ¶µÉ¥·¨ Ô´¥·£¨¨ Ìµ·µÏµ ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í, µ¡² ¤ ÕÐ¨Ì ³ ²Ò³¨
¶µ¶¥·¥Î´Ò³¨ Ô´¥·£¨Ö³¨ ´  ¢Ìµ¤¥ ¢ ±·¨¸É ²², ¨ ¶µ²´µ¸ÉÓÕ ¨§¡¥¦ ÉÓ ¢±² ¤  ¢
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¸¶¥±É·Ò ¶µÉ¥·Ó µÉ ´¥± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í, ÎÉµ ¡Ò²µ ¶µ± § ´µ ¢ Ô±¸¶¥·¨-
³¥´É¥ [67]. ˆ¸¶µ²Ó§µ¢ ¢Ï¨°¸Ö · ´¥¥ µÉ¡µ· Î ¸É¨Í ¶µ Ê£² ³ ¢Ìµ¤  ¨ ¢ÒÌµ¤ 
¨§ ±·¨¸É ²²  ´¥ ¶µ§¢µ²Ö² ¤µ¡¨ÉÓ¸Ö ÔÉµ£µ [66].

�¨¸. 16. ˆ§³¥´¥´¨¥ ¸·¥¤´¥° Ô²¥±É·µ´-
´µ° ¶²µÉ´µ¸É¨ ( ), ¶µ¶· ¢±¨ C (¡) ¨
Éµ·³µ§´µ° ¸¶µ¸µ¡´µ¸É¨ (¢) ¢ ¶µ¶¥·¥Î-
´¨±¥ ± ´ ²  (111) ±·¥³´¨Ö. ˜É·¨Ìµ-
¢Ò¥ ²¨´¨¨ Å ¤²Ö · §µ·¨¥´É¨·µ¢ ´´µ£µ
¸²ÊÎ Ö, ÏÉ·¨Ì¶Ê´±É¨·´ Ö · §£· ´¨Î¨-
¢ ¥É Ê§±¨° ¨ Ï¨·µ±¨° ± ´ ²Ò (111)

„²Ö É¥µ·¥É¨Î¥¸±µ£µ · ¸¸³µÉ·¥´¨Ö
¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó Î ¸É¨Í ¢ ¨§µ£´Ê-
Éµ³ ±·¨¸É ²²¥ ¸ ÊÎ¥Éµ³ Ô¢µ²ÕÍ¨¨ ¨Ì
· ¸¶·¥¤¥²¥´¨Ö ¶µ ¶µ¶¥·¥Î´Ò³ Ô´¥·£¨Ö³
§  ¸Î¥É ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö ¢ [68]
¶·¥¤²µ¦¥´µ ±¨´¥É¨Î¥¸±µ¥ Ê· ¢´¥´¨¥ µÉ-
¤¥²Ó´µ ¤²Ö ± ´ ²¨·µ¢ ´´µ° ¨ ±¢ §¨± -
´ ²¨·µ¢ ´´µ° Ë· ±Í¨° ¶ÊÎ± . ‚ [69]
¸¶¥±É·Ò ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó ¶·µÉµ-
´µ¢ ¶·¨ ¶·µÌµ¦¤¥´¨¨ Î¥·¥§ ±·¨¸É ²²
±·¥³´¨Ö, ¨§µ£´ÊÉÒ° ¢¤µ²Ó ¶²µ¸±µ¸É¥°
(111), ¨¸¸²¥¤µ¢ ²¨¸Ó ¶ÊÉ¥³ ³µ¤¥²¨·µ-
¢ ´¨Ö. �·¥¤²µ¦¥´´Ò° ³¥Éµ¤ ³µ¤¥²¨-
·µ¢ ´¨Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢ÒÎ¨¸²Ö¥³ÒÌ
¢¤µ²Ó É· ¥±Éµ·¨° Î ¸É¨Í Éµ·³µ§´µ° ¸¶µ-
¸µ¡´µ¸É¨ ¨ Ô²¥±É·µ´´µ° ¶²µÉ´µ¸É¨, ´¥
É·¥¡ÊÖ ¢Ò¸µ±µ° ¸É É¨¸É¨±¨, µ¡¥¸¶¥Î¨-
¢ ¥É Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³
¢ ¢¥²¨Î¨´¥ ´ ¨¡µ²¥¥ ¢¥·µÖÉ´ÒÌ ¶µÉ¥·Ó
Ô´¥·£¨¨ ¨ ¨Ì · §¡·µ¸¥ ± ± ¤²Ö ¢¸¥£µ
¶ÊÎ± , É ± ¨ ¤²Ö µÉ±²µ´¥´´µ° Ë· ±Í¨¨.

� ¸Î¥É É· ¥±Éµ·¨° Î ¸É¨Í ¢ ±·¨-
¸É ²²¥ ¢ [69] ¶·µ¢µ¤¨²¸Ö ¶µ ³µ¤¥²¨ ¸¨¸-
É¥³Ò  Éµ³´ÒÌ ¶²µ¸±µ¸É¥°. „²Ö · ¸Î¥É 
¸·¥¤´¨Ì ¶µÉ¥·Ó Ô´¥·£¨¨ Î ¸É¨ÍÒ ¢ ± ¦-
¤µ³ ¸²µ¥

∆̄tr =
dE

ds
(ρtr, Ctr) SL (75)

¨¸¶µ²Ó§µ¢ ² ¸Ó Éµ·³µ§´ Ö ¸¶µ¸µ¡´µ¸ÉÓ
[70], § ¢¨¸ÖÐ Ö µÉ É· ¥±Éµ·¨¨ Î ¸É¨ÍÒ
¢ ±·¨¸É ²²¥:

µ(x) ≡ −
dE

ds
(x) =

2πZ2
1e4

mv2
{[NZ2 + ρ(x)]×

×[ln
2mv2γ2

I
− β2] + C(x)−NZ2δ}, (76)

C(x) =
∑
Kx 6=0

ρ(Kx)eiKxx ln (2mI/h̄2K2
x) , (77)
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£¤¥ C(x) Å ¶µ¶· ¢± , ÊÎ¨ÉÒ¢ ÕÐ Ö ´¥µ¤´µ·µ¤´µ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ-
´µ¢ ¢ ± ´ ²¥, ρ(Kx) Å ±µÔËË¨Í¨¥´É ”Ê·Ó¥ · §²µ¦¥´¨Ö Ô²¥±É·µ´´µ° ¶²µÉ-
´µ¸É¨ ρ(x), Ê¸·¥¤´¥´´µ° ¢¤µ²Ó ¶²µ¸±µ¸É¥° ±·¨¸É ²² , Kx Å ¢¥±Éµ· µ¡· É´µ°
·¥Ï¥É±¨ ±·¨¸É ²² , δ Å ¶µ¶· ¢±  ´  ÔËË¥±É ¶²µÉ´µ¸É¨, ρtr, Ctr Å §´ Î¥-
´¨Ö Ô²¥±É·µ´´µ° ¶²µÉ´µ¸É¨ ¨ ¶µ¶· ¢±¨ C, Ê¸·¥¤´¥´´Ò¥ ¢¤µ²Ó É· ¥±Éµ·¨¨
Î ¸É¨ÍÒ ¢ ¸²µ¥.

�  ·¨¸.16 ¶µ± § ´µ ¨§³¥´¥´¨¥ ¸·¥¤´¥° Ô²¥±É·µ´´µ° ¶²µÉ´µ¸É¨ ( ), ¶µ-
¶· ¢±¨ C (¡) ¨ Éµ·³µ§´µ° ¸¶µ¸µ¡´µ¸É¨ (¢) ¢ ¶µ¶¥·¥Î´¨±¥ ± ´ ²  (111) ±·¥³-
´¨Ö, · ¸¸Î¨É ´´Ò¥ ¶·¨ ±µ³´ É´µ° É¥³¶¥· ÉÊ·¥ ¢ ¶·¨¡²¨¦¥´¨¨ Œµ²Ó¥· . �µ-
¢¥¤¥´¨¥ ± ± Ô²¥±É·µ´´µ° ¶²µÉ´µ¸É¨, É ± ¨ ¶µ¶· ¢±¨ µ¡Ê¸² ¢²¨¢ ¥É Ê³¥´ÓÏ¥-
´¨¥ Éµ·³µ§´µ° ¸¶µ¸µ¡´µ¸É¨ ¤²Ö Î ¸É¨Í, ¤¢¨¦ÊÐ¨Ì¸Ö ¢ Ï¨·µ±µ³ ± ´ ²¥, ¨,
´ µ¡µ·µÉ, ¥¥ Ê¢¥²¨Î¥´¨¥ ¶·¨ ¤¢¨¦¥´¨¨ Î ¸É¨Í ¢ Ê§±µ³ ± ´ ²¥ ¶µ ¸· ¢´¥´¨Õ
¸ · §µ·¨¥´É¨·µ¢ ´´Ò³ ¸²ÊÎ ¥³.

� ¸¸Î¨É ´´Ò¥ ¢¤µ²Ó É· ¥±Éµ·¨¨ j-° Î ¸É¨ÍÒ ¢ ¸²µ¥ ±·¨¸É ²²  ¸·¥¤´¨¥
¶µÉ¥·¨ Ô´¥·£¨¨ ∆̄j

tr ¨ ¸·¥¤´ÖÖ Ô²¥±É·µ´´ Ö ¶²µÉ´µ¸ÉÓ ρjtr µ¶·¥¤¥²ÖÕÉ ¤²Ö ´¥¥
· ¸¶·¥¤¥²¥´¨¥ ¶µÉ¥·Ó Ô´¥·£¨¨, ±µÉµ·µ¥, ¸µ£² ¸´µ ‹ ´¤ Ê, ¨³¥¥É ¢¨¤

f j(∆i) =
1

ξj
ϕ(λji ),

∫ ∞
0

f(∆) d∆ = 1 , (78)

λji =
∆i − ∆̄j

tr

ξj
− β2 − 0, 423− ln (ξj/Tmax),

ξj =
2πe4

mv2
ρjtr SL ,

£¤¥ ϕ(λ) Å Ê´¨¢¥·¸ ²Ó´ Ö ËÊ´±Í¨Ö ‹ ´¤ Ê, λ Å ¥¥ ¶ · ³¥É·. ’µ²Ð¨´  ¸²µÖ
±·¨¸É ²²  ¶·¨ ³µ¤¥²¨·µ¢ ´¨¨ ¸µ¸É ¢²Ö²  SL = 2, 5 ³³, ÎÉµ µ¡¥¸¶¥Î¨¢ ²µ
¢Ò¶µ²´¥´¨¥ Ê¸²µ¢¨Ö ¶·¨³¥´¨³µ¸É¨ · ¸¶·¥¤¥²¥´¨Ö ‹ ´¤ Ê Tk � ξ � Tmax,
£¤¥ Tk Å Ô´¥·£¨Ö ¸¢Ö§¨ Ô²¥±É·µ´ , Tmax Å ³ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö, ¶¥·¥¤ -
¢ ¥³ Ö Ô²¥±É·µ´Ê. �µ²´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó Ô´¥·£¨¨ ¢
¸²µ¥ ¶µ²ÊÎ ²¨ ¶ÊÉ¥³ ¸Ê³³¨·µ¢ ´¨Ö ¢±² ¤µ¢ µÉ ¢¸¥Ì Î ¸É¨Í ¶ÊÎ± .

‚ Ô±¸¶¥·¨³¥´É¥ [67] ±·¨¸É ²² ±·¥³´¨Ö ¤²¨´µ° 50 ³³ ¨§£¨¡ ²¸Ö ¢¤µ²Ó
¶²µ¸±µ¸É¥° (111) ¸ ¶µ³µÐÓÕ ¨§£¨¡ ÕÐ¥£µ Ê¸É·µ°¸É¢  ¨§ É·¥Ì µ¶µ·, ÎÉµ ¤ ¥É
´¥· ¢´µ³¥·´Ò° ¨§£¨¡ ¸ ³ ±¸¨³ ²Ó´µ° ±·¨¢¨§´µ° µ±µ²µ Í¥´É· ²Ó´µ° µ¶µ·Ò.
�·¨ ³µ¤¥²¨·µ¢ ´¨¨ · §³¥·Ò ±·¨¸É ²²  ¨ ¥£µ Ëµ·³  § ¤ ¢ ²¨¸Ó É ±¨³¨ ¦¥,
± ± ¢ Ô±¸¶¥·¨³¥´É¥.

�  ·¨¸.17,  ¶µ± § ´ ¶µ²ÊÎ¥´´Ò° ¶ÊÉ¥³ ³µ¤¥²¨·µ¢ ´¨Ö ¸¶¥±É· ¨µ´¨§ -
Í¨µ´´ÒÌ ¶µÉ¥·Ó Ô´¥·£¨¨ ¶·µÉµ´µ¢ ¢ ¶¥·¢µ³ ¸²µ¥ ±·¨¸É ²² , µ·¨¥´É¨·µ-
¢ ´´µ³ ¢¤µ²Ó ¶²µ¸±µ¸É¥° (111). ‚ ¸¶¥±É·¥ ¨³¥ÕÉ¸Ö ¤¢  ³ ±¸¨³Ê³  ¶·¨
∆1
mp ' 0, 6∆R

mp ¨ ∆2
mp ' 1, 18∆R

mp, £¤¥ ∆R
mp Å ´ ¨¡µ²¥¥ ¢¥·µÖÉ´Ò¥ ¶µÉ¥·¨ ¢

· §µ·¨¥´É¨·µ¢ ´´µ³ ¸²ÊÎ ¥. �¥·¢Ò° ¶¨± Ëµ·³¨·Ê¥É¸Ö Î ¸É¨Í ³¨, ± ´ ²¨·µ-
¢ ´´Ò³¨ ¢ Ï¨·µ±¨Ì ± ´ ² Ì ¸ ¤µ¸É ÉµÎ´µ ´¨§±¨³¨ ¶µ¶¥·¥Î´Ò³¨ Ô´¥·£¨Ö³¨.
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�¨¸. 17.  ) � ¸¸Î¨É ´´Ò° ¸¶¥±É· ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó Ô´¥·£¨¨ ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥°
450 ƒÔ‚ ´  ¢Ìµ¤¥ ¢ ±·¨¸É ²² Si, µ·¨¥´É¨·µ¢ ´´Ò° ¶²µ¸±µ¸ÉÖ³¨ (111) ¶ · ²²¥²Ó´µ
µ¸¨ ¶ÊÎ± . ‘É·¥²±  R Å ´ ¨¡µ²¥¥ ¢¥·µÖÉ´Ò¥ ¶µÉ¥·¨ ¢ · §µ·¨¥´É¨·µ¢ ´´µ³ ¸²ÊÎ ¥.
’µÎ±¨ Å Ô±¸¶¥·¨³¥´É ¢ –…��. ¡) ’µ ¦¥, ÎÉµ ¨ ( ): § ÏÉ·¨Ìµ¢ ´´ Ö £¨¸Éµ£· ³³  Å
¸¶¥±É· µÉ±²µ´¥´´µ° Ë· ±Í¨¨ ¶ÊÎ±  ¤²Ö Ê£²  ¨§£¨¡  1,4 ³· ¤. ¢) ‘¶¥±É·Ò µÉ±²µ´¥´´µ°
Ë· ±Í¨¨ ¤²Ö · §´ÒÌ Ê£²µ¢ ¨§£¨¡ : 1,4 ¨ 8,9 ³· ¤ (§ ÏÉ·¨Ìµ¢ ´)

‚Éµ·µ° ¶µÖ¢²Ö¥É¸Ö §  ¸Î¥É Î ¸É¨Í, ± ´ ²¨·µ¢ ´´ÒÌ ¢ Ê§±¨Ì ± ´ ² Ì, ¶²Õ¸
Î ¸É¨Í, ± ´ ²¨·µ¢ ´´ÒÌ ¢ Ï¨·µ±¨Ì ± ´ ² Ì, ´µ µ¡² ¤ ÕÐ¨Ì ¡µ²ÓÏ¨³¨ ¶µ-
¶¥·¥Î´Ò³¨ Ô´¥·£¨Ö³¨,   É ±¦¥ §  ¸Î¥É ±¢ §¨± ´ ²¨·µ¢ ´´ÒÌ µ±µ²µ¡ ·Ó¥·´ÒÌ
Î ¸É¨Í. „²Ö ¢¸¥Ì ÔÉ¨Ì Ë· ±Í¨° ¶ÊÎ±  ¸·¥¤´ÖÖ Ô²¥±É·µ´´ Ö ¶²µÉ´µ¸ÉÓ ¢ÒÏ¥,
Î¥³ ¢ · §µ·¨¥´É¨·µ¢ ´´µ³ ¸²ÊÎ ¥, ÎÉµ µ¡Ê¸² ¢²¨¢ ¥É Ê¢¥²¨Î¥´¨¥ ´¥ Éµ²Ó±µ
¢¥·µÖÉ´ÒÌ ¶µÉ¥·Ó, ´µ ¨ · §¡·µ¸ , ¢¸²¥¤¸É¢¨¥ Î¥£µ Ï¨·¨´  ³ ±¸¨³Ê³  ¢Ò¸µ-
±¨Ì ¶µÉ¥·Ó ´  54 % ¶·¥¢µ¸Ìµ¤¨É Ï¨·¨´Ê ¤²Ö · §µ·¨¥´É¨·µ¢ ´´µ£µ ¸²ÊÎ Ö.
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� ¸¸Î¨É ´´Ò° ¸¶¥±É· ¸· ¢´¨¢ ¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ [67], ´ ¡²Õ¤ ¥É¸Ö
Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ ¢ Ï¨·¨´¥ ¨ ¢§ ¨³´µ³ ¶µ²µ¦¥´¨¨ ³ ±¸¨³Ê³µ¢.

�  ·¨¸.17,¡ ±·µ³¥ ¸¶¥±É·  ¢¸¥£µ ¶ÊÎ±  ¢ ¶¥·¢µ³ ¸²µ¥ ¶µ± § ´ µÉ¤¥²Ó´µ
¸¶¥±É· ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó Ô´¥·£¨¨ ¤²Ö µÉ±²µ´¥´´µ° Ë· ±Í¨¨ ¶ÊÎ± . �É-
±²µ´¥´´ Ö Ë· ±Í¨Ö ¸µ¸Éµ¨É ¨§ Î ¸É¨Í, µ¡² ¤ ¢Ï¨Ì ´  ¢Ìµ¤¥ ¢ ±·¨¸É ²² ¶µ-
¶¥·¥Î´Ò³¨ Ô´¥·£¨Ö³¨, ¤µ¸É ÉµÎ´µ ³ ²Ò³¨ ¤²Ö Éµ£µ, ÎÉµ¡Ò ¶·µ°É¨ ¸·¥¤´ÕÕ
ÉµÎ±Ê ±·¨¸É ²² , £²Ê¡¨´  ÔËË¥±É¨¢´µ£µ ¶µÉ¥´Í¨ ²  ¢ ±µÉµ·µ° §´ Î¨É¥²Ó´µ
³¥´ÓÏ¥, Î¥³ ¢ ¶·Ö³µ³ ±·¨¸É ²²¥. �É¨ Î ¸É¨ÍÒ ¤¢¨¦ÊÉ¸Ö ¢ µ¡² ¸É¨ ¶µ´¨¦¥´-
´µ° Ô²¥±É·µ´´µ° ¶²µÉ´µ¸É¨, ¶µÔÉµ³Ê Ëµ·³¨·ÊÕÉ ³ ±¸¨³Ê³ ± ´ ²¨·µ¢ ´´ÒÌ
Î ¸É¨Í ¸µ ¸Éµ·µ´Ò ´¨§±¨Ì ¶µÉ¥·Ó Ô´¥·£¨¨.

“¢¥²¨Î¥´¨¥ Ê£²  ¨§£¨¡  ±·¨¸É ²²  ¥Ð¥ ¸¨²Ó´¥¥ µ£· ´¨Î¨¢ ¥É ¶µ¶¥·¥Î´Ò¥
Ô´¥·£¨¨ µÉ±²µ´¥´´ÒÌ Î ¸É¨Í ´  ¢Ìµ¤¥ ¢ ±·¨¸É ²². �  ·¨¸.17,¢ ¸· ¢´¨¢ ÕÉ¸Ö
¸¶¥±É·Ò ¶µÉ¥·Ó Ô´¥·£¨¨ µÉ±²µ´¥´´µ° Ë· ±Í¨¨ Î ¸É¨Í ¤²Ö ¤¢ÊÌ · §²¨Î´ÒÌ
Ê£²µ¢ ¨§£¨¡ . ˆÌ ¶µ¢¥¤¥´¨¥ É ±¦¥ Ìµ·µÏµ ¸µ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´Éµ³ [67].
„²Ö ¡µ²ÓÏ¥£µ Ê£²  ¨§£¨¡  ±·¨¸É ²²  Ï¨·¨´  ¸¶¥±É·  ³¥´ÓÏ¥, É ± ± ±, ¤¢¨-
£ Ö¸Ó ¸ ³¥´ÓÏ¨³¨  ³¶²¨ÉÊ¤ ³¨ ¢ ± ´ ²¥, ÔÉ¨ Î ¸É¨ÍÒ ¢¸É·¥Î ÕÉ ³¥´ÓÏÊÕ
Ô²¥±É·µ´´ÊÕ ¶²µÉ´µ¸ÉÓ ¨ ¶µÔÉµ³Ê ¨¸¶ÒÉÒ¢ ÕÉ ³¥´ÓÏ¨° · §¡·µ¸ ¢ ¶µÉ¥·ÖÌ
Ô´¥·£¨¨.

7. ˆ‡‹“—…�ˆ… Š���‹ˆ��‚���›• —�‘’ˆ–

‘¨´Ì·µÉ·µ´´µ¥ ¨§²ÊÎ¥´¨¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì § ·Ö¦¥´´ÒÌ Î ¸É¨Í, ¸µ¢¥·Ï -
ÕÐ¨Ì ¢ ³ £´¨É´µ³ ¶µ²¥ ¶¥·¨µ¤¨Î¥¸±µ¥ ¤¢¨¦¥´¨¥ ¶µ ±·Ê£µ¢µ° É· ¥±Éµ·¨¨,
Ìµ·µÏµ ¨§ÊÎ¥´µ ¨ ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö ´ ÊÎ´ÒÌ ¨ ¶·¨±² ¤´ÒÌ Í¥²¥° [71]. �´µ
¨³¥¥É ±¢ §¨´¥¶·¥·Ò¢´Ò° ¸¶¥±É· ¨ ¢ µ¸´µ¢´µ³ ¶·µ¨¸Ìµ¤¨É ¢ µ¡² ¸É¨ Î ¸ÉµÉ
0Ä5ωc, £¤¥ ωc Å Ì · ±É¥·´ Ö Î ¸ÉµÉ  ¨§²ÊÎ¥´¨Ö:

ωc = 3Ω0γ
3/2 , Ω0 = v/R , (79)

Ω0 Å ±·Ê£µ¢ Ö Î ¸ÉµÉ  µ¡· Ð¥´¨Ö Î ¸É¨ÍÒ.
ˆ§²ÊÎ¥´¨¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Î ¸É¨Í ¶·¨ ¤¢¨¦¥´¨¨ ¶µ ¤Ê£¥ µ±·Ê¦´µ¸É¨ Å

¨§²ÊÎ¥´¨¥ ¢ ±µ·µÉ±µ³ ³ £´¨É¥ Å ¡Ò²µ · ¸¸³µÉ·¥´µ ¢ [72]. �·¨ ¤²¨´¥ ¤Ê£¨
L ≤ lc, £¤¥ lc = Rγ−1 Å ¤²¨´  ±µ£¥·¥´É´µ¸É¨ ¤²Ö ¨§²ÊÎ¥´¨Ö ´  Î ¸ÉµÉ¥ ωc
¶·¨ ¤¢¨¦¥´¨¨ Î ¸É¨ÍÒ ¶µ ¤Ê£¥ µ±·Ê¦´µ¸É¨ · ¤¨Ê¸  R, ³ ±¸¨³Ê³ ¢ ¸¶¥±É·¥
´ Ìµ¤¨É¸Ö ¶·¨ ω = 0 Å ¸¶¥±É· ¨§²ÊÎ¥´¨Ö ¢ ±µ·µÉ±µ³ ³ £´¨É¥. ‘ ·µ¸Éµ³
¤²¨´Ò ¤Ê£¨ ¸¶¥±É· ¨§²ÊÎ¥´¨Ö É· ´¸Ëµ·³¨·Ê¥É¸Ö ¢ ¸¨´Ì·µÉ·µ´´Ò° ¸¶¥±É·.
�µ²´µ¥ Ëµ·³¨·µ¢ ´¨¥ ¸¶¥±É·  ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ¸ ³ ±¸¨³Ê³µ³ ¶·¨
ω ' ωc § ¢¥·Ï ¥É¸Ö ¶·¨ ¤²¨´¥ ¤Ê£¨, ¶·¥¢ÒÏ ÕÐ¥° ¡µ²¥¥ Î¥³ ´  ¶µ·Ö¤µ± lc.

�·¨ ± ´ ²¨·µ¢ ´¨¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ ±·¨¸É ²²¥ ¢µ§-
´¨± ¥É ¨§²ÊÎ¥´¨¥, µ¡² ¤ ÕÐ¥¥ ¢Ò¸µ±µ° ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸ÉÓÕ ¨ ´ ¶· ¢-
²¥´´µ¸ÉÓÕ [73]. ‘¢µ°¸É¢  ¨§²ÊÎ¥´¨Ö § ¢¨¸ÖÉ µÉ ¸µµÉ´µÏ¥´¨Ö Ì · ±É¥·´µ£µ
Ê£²  ¨§²ÊÎ¥´¨Ö θeff = γ−1, µ¶·¥¤¥²ÖÕÐ¥£µ Ï¨·¨´Ê Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö
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¨§²ÊÎ¥´¨Ö ¢ ·¥²ÖÉ¨¢¨¸É¸±µ³ ¸²ÊÎ ¥, ¨ Ê£²µ¢ µÉ±²µ´¥´¨Ö ¶·¨ ¤¢¨¦¥´¨¨ Î ¸-
É¨Í. Œ ±¸¨³ ²Ó´Ò° Ê£µ² µÉ±²µ´¥´¨Ö ¤²Ö ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í µ¶·¥¤¥²Ö-
¥É¸Ö ±·¨É¨Î¥¸±¨³ Ê£²µ³ ± ´ ²¨·µ¢ ´¨Ö ϑc. ‚ Ê¸²µ¢¨ÖÌ ϑcγ � 1 ¨§²ÊÎ¥´¨¥
± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í ´µ¸¨É ¤¨¶µ²Ó´Ò° Ì · ±É¥· ¨ Ëµ·³¨·Ê¥É¸Ö ¢¸¥° É· -
¥±Éµ·¨¥° Î ¸É¨ÍÒ ¢ ±·¨¸É ²²¥. ‚ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥, ±µ£¤  ϑcγ � 1, ¨§²Ê-
Î¥´¨¥ ¨³¥¥É ¸¨´Ì·µÉ·µ´´Ò° Ì · ±É¥· ¨ Ëµ·³¨·Ê¥É¸Ö ´  ÊÎ ¸É±¥ É· ¥±Éµ·¨¨,
³¥´ÓÏ¥³ ¤²¨´Ò µ¸Í¨²²ÖÍ¨° Î ¸É¨Í ¢ ± ´ ²¥ λ [74].

ˆ§²ÊÎ¥´¨¥ Î ¸É¨Í ¶·¨ ¶²µ¸±µ¸É´µ³ ± ´ ²¨·µ¢ ´¨¨ ¢ ¶·Ö³µ³ ±·¨¸É ²²¥
¶µ ¸¢µ¨³ Ì · ±É¥·¨¸É¨± ³ ¸Ìµ¤´µ ¸ ¨§²ÊÎ¥´¨¥³ ¢ µ´¤Ê²ÖÉµ· Ì, µ¤´ ±µ §¤¥¸Ó
Î ¸ÉµÉ  ¶µ¶¥·¥Î´ÒÌ ±µ²¥¡ ´¨° Î ¸É¨ÍÒ µ¶·¥¤¥²Ö¥É¸Ö ¶²µ¸±µ¸É´Ò³ ¶µÉ¥´Í¨-
 ²µ³ ±·¨¸É ²²  ¨ § ¢¨¸¨É µÉ Ô´¥·£¨¨ Î ¸É¨ÍÒ: ω0 = cϑc/l ∼ γ−1/2 [73].
ˆ§²ÊÎ¥´¨¥ ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í ¢ § ¤ ´´µ³ ´ ¶· ¢²¥´¨¨ θ ¶·µ¨¸Ìµ¤¨É ´ 
Î ¸ÉµÉ Ì (£ ·³µ´¨±¨ ¨§²ÊÎ¥´¨Ö)

ωk(θ) =
kω0

1− β̄ cos θ
'

kωu

1 + γ2θ2 + 0.5γ2β2
m

, (80)

ωu = 2γ2ω0 ,

±µÉµ·Ò¥ · ¸ÉÊÉ ¸ Ô´¥·£¨¥° Î ¸É¨Í ± ± ωu ∼ γ3/2.
�·¨ ¶²µ¸±µ¸É´µ³ ± ´ ²¨·µ¢ ´¨¨ ¢ · ¢´µ³¥·´µ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ Î ¸-

É¨Í , ¸µ¢¥·Ï Ö µ¸Í¨²²ÖÍ¨¨ ¢ ¶µ²¥ ± ´ ² , ¤¢¨¦¥É¸Ö ¢¤µ²Ó · ¢´µ¢¥¸´µ° µ·-
¡¨ÉÒ, ¶·¥¤¸É ¢²ÖÕÐ¥° ¸µ¡µ° ¤Ê£Ê µ±·Ê¦´µ¸É¨. ’ ±¨³ µ¡· §µ³, ¢ ¸¶¥±É· Ì
¨§²ÊÎ¥´¨Ö ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í ¶·¨ ¨§£¨¡¥ ±·¨¸É ²²  ¢µ§´¨± ÕÉ ¨§³¥´¥-
´¨Ö §  ¸Î¥É ¶µÖ¢²¥´¨Ö ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö, Ëµ·³¨·Ê¥³µ£µ ¶·¨ ¤¢¨¦¥-
´¨¨ Î ¸É¨Í ¶µ ¤Ê£¥ µ±·Ê¦´µ¸É¨ ¢¤µ²Ó ¨§µ£´ÊÉÒÌ ¶²µ¸±µ¸É´ÒÌ ± ´ ²µ¢. ‚ [75]
¡Ò²µ µ¶·¥¤¥²¥´µ ¢ µ¡Ð¨Ì Î¥·É Ì ¢²¨Ö´¨¥, µ± §Ò¢ ¥³µ¥ ¨§£¨¡µ³ ±·¨¸É ²² ,
´  ¨§²ÊÎ¥´¨¥ ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í. ˆ§£¨¡ ±·¨¸É ²²  ¢´µ¸¨É ¶·¨´Í¨¶¨ ²Ó-
´Ò¥ ¨§³¥´¥´¨Ö ¢ ¨§²ÊÎ¥´¨¥ ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í Éµ²Ó±µ ¢ ¸²ÊÎ ¥ ϑcγ ≤ 1.
�·¨ ÔÉµ³ ¨§²ÊÎ¥´¨¥ ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ Ö¢²Ö¥É¸Ö
±¢ §¨µ´¤Ê²ÖÉµ·´Ò³, ±µ£¤ 

lc � λ . (81)

�·¨ ¢Ò¶µ²´¥´¨¨ µ¡· É´µ£µ ´¥· ¢¥´¸É¢  ¨§²ÊÎ¥´¨¥ ´µ¸¨É ±¢ §¨¸¨´Ì·µÉ·µ´-
´Ò° Ì · ±É¥·.

�¸µ¡¥´´µ¸É¨ ¸¶¥±É· ²Ó´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¨§²ÊÎ¥´¨Ö ± ´ ²¨·µ¢ ´´ÒÌ
Î ¸É¨Í ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ §  ¸Î¥É ¨´É¥·Ë¥·¥´Í¨¨ ¤¢ÊÌ ³¥Ì ´¨§³µ¢ ¨§-
²ÊÎ¥´¨Ö Å µ´¤Ê²ÖÉµ·´µ£µ ¨ ¸¨´Ì·µÉ·µ´´µ£µ Å ¡Ò²¨ ¨¸¸²¥¤µ¢ ´Ò ¢ [76, 77]
³¥Éµ¤µ³ ±µ³¶ÓÕÉ¥·´µ£µ ³µ¤¥²¨·µ¢ ´¨Ö.

7.1. ˆ´É¥´¸¨¢´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö. �µ²´ Ö ¨´É¥´¸¨¢´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö ¶·¨
¶²µ¸±µ¸É´µ³ ± ´ ²¨·µ¢ ´¨¨ Î ¸É¨Í ¢ ±·¨¸É ²²¥ µ¶·¥¤¥²Ö¥É¸Ö Ê¸±µ·¥´¨¥³,
¶·¨µ¡·¥É ¥³Ò³ ¨³¨ ¢ Ê¸·¥¤´¥´´µ³ Ô²¥±É·¨Î¥¸±µ³ ¶µ²¥ ¶²µ¸±µ¸É´µ£µ ± ´ ² :

I(x) =
2e2

3m2c3
γ2|∇U(x)|2 . (82)
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„²Ö ¨´É¥´¸¨¢´µ¸É¨ ¨§²ÊÎ¥´¨Ö ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥,
Ê¸·¥¤´¥´´µ° ¶µ É· ¥±Éµ·¨Ö³ ¨  ´¸ ³¡²Õ Î ¸É¨Í, ¢ ¸²ÊÎ ¥, ±µ£¤  ¶ · ²²¥²Ó-
´Ò° ¶ÊÎµ± ¢Ìµ¤¨É ¢ ¨§µ£´ÊÉÒ¥ ¶²µ¸±µ¸É´Ò¥ ± ´ ²Ò ¶µ ± ¸ É¥²Ó´µ°, ¢ ¶ · -
¡µ²¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¤²Ö ¶µÉ¥´Í¨ ²  ± ´ ²  ¨³¥¥³ [76]:

I(R) =
2e2

3m2c3
γ2

(
2U0

l2

)2 [
l2

6
+
x2

0 − 2x0l

6
+ x2

0

]
= Ist + Ia(R) + Is(R) ,

(83)
£¤¥ Ist Å ¨´É¥´¸¨¢´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í ¢ ¶·Ö³µ³ ±·¨-
¸É ²²¥, Ia, Is Å Î²¥´Ò, µ¶¨¸Ò¢ ÕÐ¨¥ ¨§³¥´¥´¨¥ ¢ ¨´É¥´¸¨¢´µ¸É¨ ¨§²ÊÎ¥´¨Ö
¶·¨ ¨§£¨¡¥ ±·¨¸É ²²  §  ¸Î¥É Ê³¥´ÓÏ¥´¨Ö ³ ±¸¨³ ²Ó´µ°  ³¶²¨ÉÊ¤Ò ±µ²¥¡ -
´¨° Î ¸É¨Í ¢ ± ´ ²¥ ¨ ¸³¥Ð¥´¨Ö x0 ¨Ì · ¢´µ¢¥¸´µ° µ·¡¨ÉÒ ± ¢´¥Ï´¥° ¸É¥´±¥
¢ µ¡² ¸ÉÓ ´¥´Ê²¥¢µ° ´ ¶·Ö¦¥´´µ¸É¨ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ± ´ ² . �µ¸²¥¤´¨°
Î²¥´ µ¶·¥¤¥²Ö¥É ¨´É¥´¸¨¢´µ¸ÉÓ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö Î ¸É¨Í ¶·¨ ¤¢¨-
¦¥´¨¨ ¢¤µ²Ó ¤Ê£¨ ¨§µ£´ÊÉµ£µ ± ´ ² 

Is(R) =
2

3

e2c

R2
β4γ4 , (84)

±µÉµ· Ö · ¸É¥É ¸ Ê³¥´ÓÏ¥´¨¥³ · ¤¨Ê¸  ± ± R−2. ‚ ·¥§Ê²ÓÉ É¥ ¨§£¨¡  ±·¨-
¸É ²²  Ê³¥´ÓÏ ¥É¸Ö § Ì¢ É Î ¸É¨Í ¢ ·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö, ¶µÔÉµ³Ê Ê¢¥²¨Î¥-
´¨Ö ¢ÒÌµ¤  ¨§²ÊÎ¥´¨Ö µÉ ± ´ ²¨·µ¢ ´´µ° Ë· ±Í¨¨ ¶ÊÎ±  ´¥ ¶·µ¨¸Ìµ¤¨É [76].

7.2. ‘¶¥±É· ¨§²ÊÎ¥´¨Ö. �¡Ð¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¸¶¥±É· ²Ó´µ-Ê£²µ¢µ£µ · ¸-
¶·¥¤¥²¥´¨Ö Ô´¥·£¨¨ ¨§²ÊÎ¥´¨Ö Î ¸É¨ÍÒ ¢ ¢µ²´µ¢µ° §µ´¥ [78, 79] ³µ¦¥É ¡ÒÉÓ
¶·¥¤¸É ¢²¥´µ ¢ ¢¨¤¥

d2W

dh̄ωdΩ
=

α

4π2
|~n×~lf |

2 , (85)

~lf = ~Fk(t) exp [iFa(t)]
∣∣t2
t1 − iω

∫ t2

t1

~β(t) exp [iFa(t)]dt ,

~Fk(t) =
~β(t)

1− ~n~β(t)
, Fa(t) = ω[t− ~n~r(t)/c] ,

£¤¥ α = e2/h̄c, ~n Å ¥¤¨´¨Î´Ò° ¢¥±Éµ· ¢ ´ ¶· ¢²¥´¨¨ ¨§²ÊÎ¥´¨Ö, ~r Å · ¤¨Ê¸-
¢¥±Éµ· Î ¸É¨ÍÒ, t1, t2 Å ³µ³¥´ÉÒ ¢Ìµ¤  ¨ ¢ÒÌµ¤  Î ¸É¨ÍÒ ¨§ ±·¨¸É ²² .
�·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ¢´¥ ±·¨¸É ²²  Î ¸É¨Í  ¤¢¨¦¥É¸Ö ¸ ¶µ¸ÉµÖ´´µ° ¸±µ·µ¸ÉÓÕ.
“· ¢´¥´¨¥ É· ¥±Éµ·¨¨ ± ´ ²¨·µ¢ ´´µ° Î ¸É¨ÍÒ ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ ¢ ¶ -
· ¡µ²¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¤²Ö ¶µÉ¥´Í¨ ²  ± ´ ²  ¨³¥¥É ¢¨¤

r(t) = {rp(t) cos ϕp(t), rp(t) sin ϕp(t), 0} , (86)

rp(t) = R+xm sin ω0t , ϕp(t) =
S(t)

R
=
v

R

[
β̄

β
t−

1

8ω0

(
βm

β

)2

sin 2ω0t

]
,
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�¨¸. 18. ‘¶¥±É·Ò ¨§²ÊÎ¥´¨Ö ¶µ§¨É·µ´  ¸ γ = 104 ¢ ¶²µ¸±µ¸É¨ µ·¡¨ÉÒ ¶·¨ ± ´ ²¨·µ¢ -
´¨¨ ¢ ± ´ ²¥ (110) ¨§µ£´ÊÉµ£µ ±·¨¸É ²²  ±·¥³´¨Ö ¸  ³¶²¨ÉÊ¤µ° ±µ²¥¡ ´¨° xm = 0, 4l:
a) R = 76, 4 ¸³, lc ≥ 11λ, ωu/ωc = 100; ¡) R = 7, 64 ¸³, lc ≥ λ, ωu/ωc = 10

£¤¥ S(t) Å ¶ÊÉÓ, ¶·µÌµ¤¨³Ò° Î ¸É¨Í¥° ¢¤µ²Ó ± ´ ² , µ¸É ²Ó´Ò¥ µ¡µ§´ Î¥´¨Ö
É¥ ¦¥, ÎÉµ ¢ (14). ˆ´É¥£· ² ¢ (85) · §¡¨¢ ²¸Ö ´  N ¨´É¥·¢ ²µ¢ ¤²¨´µ°
³´µ£µ ³¥´ÓÏ¥ ¶¥·¨µ¤  ±µ²¥¡ ´¨°, ´  ±µÉµ·ÒÌ ¨§³¥´¥´¨¥³ ¸±µ·µ¸É¨ Î ¸É¨ÍÒ
³µ¦´µ ¶·¥´¥¡·¥ÎÓ, ¨ c ¨¸¶µ²Ó§µ¢ ´¨¥³ ¤²Ö Fa(s) ²¨´¥°´µ°  ¶¶·µ±¸¨³ Í¨¨
´  ¨´É¥·¢ ²¥ ¢ÒÎ¨¸²Ö²¸Ö  ´ ²¨É¨Î¥¸±¨.

�  ·¨¸.18 ¶·¥¤¸É ¢²¥´Ò · ¸¸Î¨É ´´Ò¥ ¸¶¥±É·Ò ¨§²ÊÎ¥´¨Ö ¶µ§¨É·µ´  ¸
γ = 104 ¶·¨ ± ´ ²¨·µ¢ ´¨¨ ¢ ± ´ ²¥ (110) ¨§µ£´ÊÉµ£µ ±·¨¸É ²²  ±·¥³´¨Ö
¸  ³¶²¨ÉÊ¤µ° ±µ²¥¡ ´¨° xm = 0, 4l ¢ ´ ¶· ¢²¥´¨¨, ²¥¦ Ð¥³ ¢ ¶²µ¸±µ¸É¨
µ·¡¨ÉÒ. �·¨ ´¥¡µ²ÓÏµ³ ¨§£¨¡¥ ±·¨¸É ²²  (·¨¸.18, ), ±µ£¤  lc ≥ 10λ ¨
ωu/ωc = 100, ´ ¡²Õ¤ ¥³Ò¥ ¢ ¸¶¥±É· Ì ³ ±¸¨³Ê³Ò ²¥£±µ ¨¤¥´É¨Ë¨Í¨·µ¢ ÉÓ
¸ £ ·³µ´¨± ³¨ ¨§²ÊÎ¥´¨Ö ¢ ¶·Ö³µ³ ±·¨¸É ²²¥ (µÉ³¥Î¥´Ò ¸É·¥²± ³¨). �¤´ ±µ
¶µÖ¢²ÖÕÉ¸Ö ¸Ê¡£ ·³µ´¨±¨ ´  ³¥´ÓÏ¨Ì Î ¸ÉµÉ Ì. �·¨ ¸¨²Ó´µ³ ¨§£¨¡¥ ±·¨-
¸É ²²  (·¨¸.18,¡), ±µ£¤  lc ≥ λ ¨ ωu/ωc = 10, ¢ ¸¶¥±É·¥ ±·µ³¥ µ¸´µ¢´µ£µ
³ ±¸¨³Ê³  ´  ¶¥·¢µ° £ ·³µ´¨±¥ ¨§²ÊÎ¥´¨Ö ¢ ¶·Ö³µ³ ±·¨¸É ²²¥ ¶·µÖ¢²Ö¥É¸Ö
¤µ¶µ²´¨É¥²Ó´Ò° ³ ±¸¨³Ê³ ¶·¨ ´¨§±¨Ì Î ¸ÉµÉ Ì, µ¡Ê¸²µ¢²¥´´Ò° ¸¨´Ì·µÉ·µ´-
´Ò³ ¨§²ÊÎ¥´¨¥³ Î ¸É¨ÍÒ, ¤¢¨¦ÊÐ¥°¸Ö ¢¤µ²Ó ¤Ê£¨ ¨§µ£´ÊÉµ£µ ± ´ ² .

� ¤¨ ²Ó´Ò¥ ±µ²¥¡ ´¨Ö, ¸µ¢¥·Ï ¥³Ò¥ ± ´ ²¨·µ¢ ´´µ° Î ¸É¨Í¥° ¢ ¨§µ£´Ê-
Éµ³ ±·¨¸É ²²¥ ´  ¤²¨´¥ Ëµ·³¨·µ¢ ´¨Ö ¸¶¥±É·  ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö lc,
¶·¨¢µ¤ÖÉ ± ¶µÖ¢²¥´¨Õ µ¸Í¨²²ÖÍ¨° ¢ ¸¶¥±É· Ì. �·¨Î¥³ ¶¥·¨µ¤ µ¸Í¨²²ÖÍ¨°
¢ ¸¶¥±É·¥ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ± ´ ²¨·µ¢ ´´µ° Î ¸É¨ÍÒ Ê³¥´ÓÏ ¥É¸Ö
¸ Ê³¥´ÓÏ¥´¨¥³ · ¤¨Ê¸  ¨§£¨¡  ±·¨¸É ²² , ÎÉµ ¸¢Ö§ ´µ ¸ Ê³¥´ÓÏ¥´¨¥³ Î¨-
¸²  ±µ²¥¡ ´¨° Î ¸É¨ÍÒ ¢ ± ´ ²¥, Ê±² ¤Ò¢ ÕÐ¨Ì¸Ö ´  ¤²¨´¥ Ëµ·³¨·µ¢ ´¨Ö
¨§²ÊÎ¥´¨Ö.
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�¨¸. 19. ‘¨´Ì·µÉ·µ´´ Ö Î ¸ÉÓ ¸¶¥±É·  ¨§²Ê-
Î¥´¨Ö ¶µ§¨É·µ´  ¸ γ = 104 ¶·¨ ± ´ ²¨·µ-
¢ ´¨¨ c xm = 0, 4l ¢ ± ´ ²¥ (110) ¨§µ-
£´ÊÉµ£µ ±·¨¸É ²²  ±·¥³´¨Ö ¤²Ö ¤¢ÊÌ  §¨³Ê-
É ²Ó´ÒÌ ´ ¶· ¢²¥´¨° ¢ ¶²µ¸±µ¸É¨ µ·¡¨ÉÒ,
R = 7, 64 ¸³. �Ê´±É¨· Å ¸¶¥±É· µ¡ÒÎ´µ£µ
¸¨Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö

� ¤¨ ²Ó´Ò¥ ±µ²¥¡ ´¨Ö ± ´ ²¨-
·µ¢ ´´µ° Î ¸É¨ÍÒ ¶·¨¢µ¤ÖÉ É ±¦¥
± ¶µÖ¢²¥´¨Õ § ¢¨¸¨³µ¸É¨ ¸¶¥±É·µ¢
¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö µÉ  §¨-
³ÊÉ  ´ ¡²Õ¤¥´¨Ö ¢ ¶·¥¤¥² Ì Ê£²µ-
¢µ£µ ¨´É¥·¢ ²  ∆ϕλ = λ/R =
γ−1λ/lc, ÎÉµ µ¡Ê¸²µ¢²¥´µ ¨§³¥´¥-
´¨¥³ Ë §Ò ±µ²¥¡ ´¨° Î ¸É¨ÍÒ ¢
ÉµÎ±¥ ± ¸ ´¨Ö µ·¡¨ÉÒ ¸ ´ ¶· ¢²¥-
´¨¥³ ´ ¡²Õ¤¥´¨Ö. �  ·¨¸.19 ¶µ± -
§ ´Ò ¸¶¥±É·Ò ¤²Ö ¤¢ÊÌ ´ ¶· ¢²¥-
´¨° ¢ ¶²µ¸±µ¸É¨ µ·¡¨ÉÒ, Ë §Ò ±µ-
²¥¡ ´¨° Î ¸É¨ÍÒ ¢ ±µÉµ·ÒÌ · §-
¤¥²¥´Ò ´  ∆φ = π, ±µ£¤  ·¥-
 ²¨§Ê¥É¸Ö ³ ±¸¨³ ²Ó´µ¥ ¶µ²µ¦¨-
É¥²Ó´µ¥ ¨ µÉ·¨Í É¥²Ó´µ¥ ¸³¥Ð¥-
´¨¥ Î ¸É¨ÍÒ µÉ µ·¡¨ÉÒ. �¸Í¨²²Ö-
Í¨¨ ¢ ¸¶¥±É· Ì ¨§²ÊÎ¥´¨Ö ¤²Ö ´¨Ì
¢§ ¨³µµ¡· É´Ò. �Éµ ¶·¨¢µ¤¨É ±
¨Ì ¶µ£ Ï¥´¨Õ ¢ §´ Î¨É¥²Ó´µ° ¸É¥-
¶¥´¨ ¶·¨ Ê¸·¥¤´¥´¨¨ ¶µ  §¨³ÊÉÊ,
±µ£¤  ²¨¡µ ¤¥É¥±Éµ· ¨³¥¥É  §¨-
³ÊÉ ²Ó´Ò¥ · §³¥·Ò ¡µ²ÓÏ¥ ∆ϕλ,
²¨¡µ Î ¸É¨ÍÒ ¢ ± ´ ²¥ ¶¥·¥³¥Ï ´Ò ¶µ Ë § ³ ±µ²¥¡ ´¨°. ’ ±µ¥ ¶¥·¥³¥Ï¨¢ -
´¨¥ ¤¥°¸É¢¨É¥²Ó´µ ¶·µ¨¸Ìµ¤¨É ¨§-§   ´£ ·³µ´¨Î´µ¸É¨ ¶µÉ¥´Í¨ ²  ¶²µ¸±µ¸É-
´µ£µ ± ´ ²  ¨ ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö. �·¨ ¢µ§³µ¦´µ¸É¨ ¶µ²ÊÎ¥´¨Ö Ê§±µ£µ
¶ÊÎ±  ¸ · ¸Ìµ¤¨³µ¸ÉÓÕ ³´µ£µ ³¥´ÓÏ¥° ±·¨É¨Î¥¸±µ£µ Ê£²  ± ´ ²¨·µ¢ ´¨Ö ¨
¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¤¥É¥±Éµ·  ¸ µ±´µ³ ³¥´ÓÏ¥ ∆ϕλ ³µ¦´µ ¡Ò²µ ¡Ò ¶µ ¸¶¥±-
É· ³ ±¢ §¨¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ± ´ ²¨·µ¢ ´´ÒÌ ¶µ§¨É·µ´µ¢ ¸Ê¤¨ÉÓ µ
¶·µÍ¥¸¸¥ Ë §µ¢µ£µ ¶¥·¥³¥Ï¨¢ ´¨Ö ¢  ´¸ ³¡²¥ ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í.

�  ·¨¸.20 ¶µ± § ´Ò ¨´É¥£· ²Ó´Ò¥ ¶µ Ê£²Ê ¸¶¥±É·Ò ¨§²ÊÎ¥´¨Ö ¶µ§¨É·µ´  ¸
γ = 104 ¶·¨ ± ´ ²¨·µ¢ ´¨¨ ¸  ³¶²¨ÉÊ¤µ° xm = 0, 4l ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥.
�·¨ ´¥¡µ²ÓÏµ³ ¨§£¨¡¥ ±·¨¸É ²²  ¸¶¥±É· ¡²¨§µ± ± ¸¶¥±É·Ê ¢ ¶·Ö³µ³ ±·¨-
¸É ²²¥ ¸ ³ ±¸¨³Ê³ ³¨, µ¶·¥¤¥²Ö¥³Ò³¨ ¨§²ÊÎ¥´¨¥³ ´  ¶¥·¢µ° ¨ ¢Éµ·µ° £ ·-
³µ´¨± Ì. ˆ§£¨¡ ¶·¨¢µ¤¨É ²¨ÏÓ ± µ¸Í¨²²ÖÍ¨Ö³ ¢ ¸¶¥±É·¥. ‚ ¸²ÊÎ ¥ ¸¨²Ó´µ£µ
¨§£¨¡  ±·¨¸É ²²  (·¨¸.20,¡) ¢µ§´¨± ÕÐ¥¥ ¸¨´Ì·µÉ·µ´´µ¥ ¨§²ÊÎ¥´¨¥ Ëµ·³¨-
·Ê¥É ³ ±¸¨³Ê³, ¶·¨³¥·´µ · ¢´Ò° ³ ±¸¨³Ê³Ê ¨§²ÊÎ¥´¨Ö ´  ¶¥·¢µ° £ ·³µ´¨±¥.

‚ ¤ ²Ó´¥°Ï¥³ ¨§²ÊÎ¥´¨¥ ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ · ¸¸³ É·¨¢ ²µ¸Ó ¢ · ³-
± Ì ±¢ §¨±² ¸¸¨Î¥¸±µ£µ µ¶¥· Éµ·´µ£µ Ëµ·³ ²¨§³  [80]. ’ ±¦¥ ¡Ò²¨ µ¡´ ·Ê-
¦¥´Ò µ¸Í¨²²ÖÍ¨¨ ¢ ¸¶¥±É· Ì ¨§²ÊÎ¥´¨Ö, µ¡Ê¸²µ¢²¥´´Ò¥ ¢§ ¨³µ¢²¨Ö´¨¥³ ¤¢ÊÌ
³¥Ì ´¨§³µ¢ ¨§²ÊÎ¥´¨Ö. �·¨ R → ∞ ¶µ²ÊÎ¥´´Ò¥ ¢ [80] Ëµ·³Ê²Ò ¶¥·¥Ìµ¤ÖÉ
¢ ¨§¢¥¸É´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¨§²ÊÎ¥´¨Ö ¢ ¶·Ö³µ³ ±·¨¸É ²²¥.
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�¨¸. 20. ˆ´É¥£· ²Ó´Ò° ¸¶¥±É· ¨§²ÊÎ¥´¨Ö ¶µ§¨É·µ´  ¸ γ = 104 ¶·¨ ± ´ ²¨·µ¢ ´¨¨ ¢
± ´ ²¥ (110) ¨§µ£´ÊÉµ£µ ±·¨¸É ²²  ±·¥³´¨Ö ¸ xm = 0, 4l : a) R = 76, 4 ¸³, lc ≥ 11λ;
¡) R = 7, 64 ¸³, lc ≥ λ

— ¸ÉµÉ  ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö ¨ ¥£µ ¨´É¥´¸¨¢´µ¸ÉÓ ¸¨²Ó´µ § ¢¨¸ÖÉ µÉ
·¥²ÖÉ¨¢¨¸É¸±µ£µ Ë ±Éµ·  Î ¸É¨Í, ÎÉµ ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´µ ¤²Ö ¨Ì ¨¤¥´-
É¨Ë¨± Í¨¨. ‚µ§³µ¦´µ¸ÉÓ ¨¤¥´É¨Ë¨± Í¨¨ Î ¸É¨Í ¶ÊÉ¥³ ·¥£¨¸É· Í¨¨ ¸¨´Ì·µ-
É·µ´´µ£µ ¨§²ÊÎ¥´¨Ö, ¢µ§´¨± ÕÐ¥£µ ¶·¨ ± ´ ²¨·µ¢ ´¨¨ Î ¸É¨Í ¢ ¨§µ£´ÊÉµ³
±·¨¸É ²²¥, µ¡¸Ê¦¤ ² ¸Ó ¢ [16].

8. ��…–…‘‘ˆŸ ‘�ˆ�� Š���‹ˆ��‚���›• —�‘’ˆ–

‚ Ô²¥±É·¨Î¥¸±µ³ ¶µ²¥ ~E ¢¥±Éµ· ¸¶¨´  Î ¸É¨ÍÒ ¶·¥Í¥¸¸¨·Ê¥É ¢µ±·Ê£ ¶¸¥¢-
¤µ¢¥±Éµ·  ~ν = [~E~v], ´µ·³ ²Ó´µ£µ ¶²µ¸±µ¸É¨ ¤¢¨¦¥´¨Ö [81]. �·¨ ¶²µ¸±µ¸É´µ³
± ´ ²¨·µ¢ ´¨¨ ¢ ±·¨¸É ²²¥ Î ¸É¨Í  ¤¢¨¦¥É¸Ö ¢ ¸¨²Ó´µ³ ¶µ¶¥·¥Î´µ³ Ô²¥±É·¨-
Î¥¸±µ³ ¶µ²¥, ±µÉµ·µ¥, µ¤´ ±µ, ¸¨²Ó´µ ´¥µ¤´µ·µ¤´µ ¨ ¨§³¥´Ö¥É ´ ¶· ¢²¥´¨¥
¶µ · §´Ò¥ ¸Éµ·µ´Ò ± ´ ²  (¶²µ¸±µ¸É¨). „²Ö ¶µ²µ¦¨É¥²Ó´µ § ·Ö¦¥´´µ° Î ¸-
É¨ÍÒ É· ¥±Éµ·¨Ö µ¸Í¨²²¨·Ê¥É ³¥¦¤Ê ¶²µ¸±µ¸ÉÖ³¨, ¨ ´ ¶· ¢²¥´¨¥ ¢· Ð¥´¨Ö
¥¥ ¨³¶Ê²Ó¸  ¨ ³ £´¨É´µ£µ ³µ³¥´É  ¶¥·¨µ¤¨Î¥¸±¨ ¨§³¥´Ö¥É¸Ö. �·¨ Ê¸·¥¤´¥´¨¨
¶µ  ´¸ ³¡²Õ ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í µÉ±²µ´¥´¨° ¨³¶Ê²Ó¸  ¨ ¸¶¨´  Î ¸É¨Í
´¥ ¶·µ¨¸Ìµ¤¨É. �Éµ ¸²¥¤Ê¥É ¨ ¨§ Éµ£µ Ë ±É , ÎÉµ ¸·¥¤´ÖÖ ¢¤µ²Ó É· ¥±Éµ·¨¨
Î ¸É¨Í ´ ¶·Ö¦¥´´µ¸ÉÓ ¶µ²Ö ¢ ÔÉµ³ ¸²ÊÎ ¥ · ¢´  ´Ê²Õ.

‘·¥¤´ÖÖ ´ ¶·Ö¦¥´´µ¸ÉÓ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö, ¤¥°¸É¢ÊÕÐ¥£µ ´  ± ´ ²¨-
·µ¢ ´´ÊÕ Î ¸É¨ÍÊ ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥, µÉ²¨Î´  µÉ ´Ê²Ö §  ¸Î¥É ¸³¥Ð¥´¨Ö
· ¢´µ¢¥¸´µ° µ·¡¨ÉÒ ¨§ Í¥´É·  ± ´ ² . �Éµ ¶µ²¥, ¶¥·¶¥´¤¨±Ê²Ö·´µ¥ ¨³¶Ê²Ó¸Ê
Î ¸É¨ÍÒ, ¨ ¢Ò§Ò¢ ¥É µÉ±²µ´¥´¨¥ Î ¸É¨ÍÒ ±·¨¸É ²²µ³ ´  Ê£µ² ¨§£¨¡ . Š ±
¢¶¥·¢Ò¥ ¶µ± § ´µ ¢ [82], Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥ ¶²µ¸±µ¸É´ÒÌ ± ´ ²µ¢ ¨§µ£´ÊÉµ£µ
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±·¨¸É ²² , ¨³¥Ö ¢ µ¡² ¸É¨ ± ´ ²¨·µ¢ ´¨Ö Î ¸É¨Í ¶·¥¨³ÊÐ¥¸É¢¥´´ÊÕ ´ ¶· ¢-
²¥´´µ¸ÉÓ, ¶·¨¢µ¤¨É ± §´ Î¨É¥²Ó´Ò³ Ê£² ³ ¶µ¢µ·µÉ  ¸¶¨´  ± ´ ²¨·µ¢ ´´ÒÌ
Î ¸É¨Í.

‚ · ¡µÉ¥ [83] ¨§ · ¸¸³µÉ·¥´¨Ö Ê· ¢´¥´¨Ö � ·£³ ´  Å Œ¨Ï¥²Ö Å ’¥-
²¥£¤¨, ±µÉµ·µ¥ µ¶¨¸Ò¢ ¥É ¶µ¢¥¤¥´¨¥ ¸¶¨´  ·¥²ÖÉ¨¢¨¸É¸±µ° Î ¸É¨ÍÒ ¢ Ô²¥±-
É·µ³ £´¨É´µ³ ¶µ²¥, Ê¸É ´µ¢²¥´µ ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¶·µ¸Éµ° ¸¢Ö§¨ ³¥¦¤Ê Ê£²µ¢µ°
¸±µ·µ¸ÉÓÕ ¶·¥Í¥¸¸¨¨ ¸¶¨´  Ω ¨ ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ Ω0, ¤¢¨¦ÊÐ¥°¸Ö ¢ Ô²¥±-
É·¨Î¥¸±µ³ ¶µ²¥:

Ω =

[
g − 2

2

γ2 − 1

γ
+
γ − 1

γ

]
Ω0 , (87)

£¤¥ g Å Ë ±Éµ· ‹ ´¤¥. Šµ£¤  Ô´¥·£¨Ö Î ¸É¨ÍÒ ¶·¨ ¤¢¨¦¥´¨¨ ¢ ¶µ²¥ ¶· ±É¨-
Î¥¸±¨ ´¥ ³¥´Ö¥É¸Ö, É ± Ö ¦¥ ¸¢Ö§Ó ¸ÊÐ¥¸É¢Ê¥É ¨ ³¥¦¤Ê Ê£² ³¨ ¶µ¢µ·µÉ  ¸¶¨´ 
ϑ ¨ ¨³¶Ê²Ó¸  ϑ0 Î ¸É¨ÍÒ, Éµ ¥¸ÉÓ ¤²Ö γ � 1 ¨³¥¥³

ϑ = ϑ0γ(g − 2)/2 . (88)

‘µµÉ´µÏ¥´¨¥ (88) µ¶·¥¤¥²Ö¥É Ê£µ² ¶·¥Í¥¸¸¨¨ ¸¶¨´  Î ¸É¨ÍÒ, ¶·µÏ¥¤Ï¥°
¨§µ£´ÊÉÒ° ±·¨¸É ²² ¢ ·¥¦¨³¥ ¶²µ¸±µ¸É´µ£µ ± ´ ²¨·µ¢ ´¨Ö, Î¥·¥§ Ê£µ² ¨§£¨¡ 
±·¨¸É ²² .

� §¡·µ¸ Ê£²µ¢ ¶·¥Í¥¸¸¨¨ ¸¶¨´  µÉ±²µ´¥´´ÒÌ ±·¨¸É ²²µ³ ± ´ ²¨·µ¢ ´-
´ÒÌ Î ¸É¨Í µ¡Ê¸²µ¢²¥´ µÉ²¨Î¨¥³ ·¥ ²Ó´µ£µ ¶µÉ¥´Í¨ ²  ±·¨¸É ²²  µÉ Ê¸·¥¤-
´¥´´µ£µ,   É ±¦¥ · ¸¸¥Ö´¨¥³ ´  Ô²¥±É·µ´ Ì ±·¨¸É ²² . �  Ê£µ² ¶·¥Í¥¸¸¨¨
Î ¸É¨Í, ¶·µÏ¥¤Ï¨Ì ±·¨¸É ²², ¸ÊÐ¥¸É¢¥´´µ¥ ¢²¨Ö´¨¥ µ± §Ò¢ ¥É ¢µ§³µ¦´µ¸ÉÓ
Î ¸ÉÓ ¶ÊÉ¨ ¶·µÌµ¤¨ÉÓ, ´¥ ´ Ìµ¤Ö¸Ó ¢ ·¥¦¨³¥ ± ´ ²¨·µ¢ ´¨Ö, Å Î ¸É¨ÍÒ ³µ-
£ÊÉ § Ì¢ ÉÒ¢ ÉÓ¸Ö ¢ ·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö ¨²¨ ¤¥± ´ ²¨·µ¢ ÉÓ ¢ µ¡Ñ¥³¥ ±·¨-
¸É ²² . ‚ · ¡µÉ¥ [84] ¶µ²ÊÎ¥´Ò ±¨´¥É¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö, ±µÉµ·Ò¥ µ¶¨¸Ò¢ ÕÉ
Ô¢µ²ÕÍ¨Õ · ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ¶µ µ·¨¥´É Í¨Ö³ ¸¶¨´  ¶·¨ ¶·µÌµ¦¤¥´¨¨
Î¥·¥§ ¨§µ£´ÊÉÒ° ±·¨¸É ²² ¸ ÊÎ¥Éµ³ ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö ¨ ¶µ§¢µ²ÖÕÉ
µÍ¥´¨ÉÓ ¸¶¥±É· Ê£²µ¢ ¶µ¢µ·µÉ  ¸¶¨´  Î ¸É¨Í §  ±·¨¸É ²²µ³.

ˆ§³¥·¥´¨¥ Ê£²  ¶·¥Í¥¸¸¨¨ ¸¶¨´  Î ¸É¨Í ¶·¨ µÉ±²µ´¥´¨¨ ¨§µ£´ÊÉÒ³ ±·¨-
¸É ²²µ³ ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´µ ¤²Ö ¨§³¥·¥´¨Ö ³ £´¨É´µ£µ ³µ³¥´É  ±µ·µÉ-
±µ¦¨¢ÊÐ¨Ì Î ¸É¨Í [85]. Œ¥Éµ¤ Ê¦¥ Ê¸¶¥Ï´µ µ¶·µ¡µ¢ ´ ¢ Ô±¸¶¥·¨³¥´É¥ ¶µ ¨§-
³¥·¥´¨Õ Ê£²  ¶·¥Í¥¸¸¨¨ ¸¶¨´  Σ+-£¨¶¥·µ´µ¢ ¢ ‹ ¡µ· Éµ·¨¨ ¨³.”¥·³¨ [86].

� ¶·Ö¦¥´´µ¸ÉÓ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö, ¤¥°¸É¢ÊÕÐ¥£µ ´  ± ´ ²¨·µ¢ ´´ÊÕ
Î ¸É¨ÍÊ ¢ ±·¨¸É ²²¥, ¢ ¸¨¸É¥³¥ ¶µ±µÖ Î ¸É¨ÍÒ E ′ = γE ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·-
£¨ÖÌ Î ¸É¨Í ³µ¦¥É ¤µ¸É¨£ ÉÓ ±·¨É¨Î¥¸±µ£µ §´ Î¥´¨Ö E0 = m2c3/eh̄ = 1, 32 ·
1016 ‚/¸³. ‚ É ±¨Ì ¶µ²ÖÌ ±¢ ´Éµ¢ Ö Ô²¥±É·µ¤¨´ ³¨±  ¶·¥¤¸± §Ò¢ ¥É ¨§³¥´¥-
´¨¥  ´µ³ ²Ó´µ£µ ³ £´¨É´µ£µ ³µ³¥´É  Î ¸É¨Í µ′. �ËË¥±É ¨§³¥´¥´¨Ö µ′ ³µ¦¥É
¡ÒÉÓ µ¡´ ·Ê¦¥´ ¢ ·¥§Ê²ÓÉ É¥ ¨§³¥·¥´¨Ö Ê£²  ¶·¥Í¥¸¸¨¨ ¶·¨ ¶·µÌµ¦¤¥´¨¨
Î¥·¥§ ¨§µ£´ÊÉÒ° ±·¨¸É ²² ± ´ ²¨·µ¢ ´´ÒÌ ¶µ§¨É·µ´µ¢ ¸ Ô´¥·£¨¥° ¡µ²ÓÏ¥
100 ƒÔ‚, ¤µ¸É¨¦¨³µ° ´  ¢Éµ·¨Î´ÒÌ ¶ÊÎ± Ì ¶·µÉµ´´ÒÌ Ê¸±µ·¨É¥²¥° [87].
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9. ��‹Ÿ�ˆ‡�–ˆ���›… Ÿ‚‹…�ˆŸ

Š¢ ´Éµ¢Ò¥ ÔËË¥±ÉÒ ¢ ¸¨´Ì·µÉ·µ´´µ³ ¨§²ÊÎ¥´¨¨ Ô²¥±É·µ´µ¢ ¨ ¶µ§¨É·µ-
´µ¢ ¢Ò¸µ±µ° Ô´¥·£¨¨ ¶µ§¢µ²ÖÕÉ ¶µ²ÊÎ ÉÓ ¶µ²Ö·¨§µ¢ ´´Ò¥ e±-¶ÊÎ±¨ ¸ Ô´¥·-
£¨Ö³¨ ∼ 10 ƒÔ‚ ¢ Ô²¥±É·µ´´ÒÌ ´ ±µ¶¨É¥²Ó´ÒÌ ±µ²ÓÍ Ì [71]. � ¤¨ Í¨µ´-
´Ò¥ ¶¥·¥Ìµ¤Ò ³¥¦¤Ê ¸µ¸ÉµÖ´¨Ö³¨ ¸ · §²¨Î´Ò³¨ ¶·µ¥±Í¨Ö³¨ ¸¶¨´  Î ¸É¨Í
´  ´ ¶· ¢²¥´¨¥ ³ £´¨É´µ£µ ¶µ²Ö ¶·¨¢µ¤ÖÉ ± ´ ±µ¶²¥´¨Õ Î ¸É¨Í ´  Ê·µ¢´¥
¸ ³¥´ÓÏ¥° Ô´¥·£¨¥°, Éµ ¥¸ÉÓ ¸¶¨´Ò ¶µ§¨É·µ´µ¢ µ·¨¥´É¨·ÊÕÉ¸Ö ¶µ ¶µ²Õ,  
Ô²¥±É·µ´µ¢ Å ¶·µÉ¨¢ ¶µ²Ö. Š·µ³¥ Éµ£µ, ±¢ ´Éµ¢Ò° Ì · ±É¥· ¸¨´Ì·µÉ·µ´-
´µ£µ ¨§²ÊÎ¥´¨Ö ¶·µÖ¢²Ö¥É¸Ö ¢ ¸¨²Ó´µ° § ¢¨¸¨³µ¸É¨ ¨´É¥´¸¨¢´µ¸É¨ ¨§²ÊÎ¥´¨Ö
¡¥§ ¨§³¥´¥´¨Ö ¶µ²Ö·¨§ Í¨¨ µÉ µ·¨¥´É Í¨¨ ¸¶¨´  Î ¸É¨ÍÒ µÉ´µ¸¨É¥²Ó´µ ¶µ²Ö,
ÎÉµ É ±¦¥ ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´µ ¤²Ö · §¤¥²¥´¨Ö Î ¸É¨Í ¶µ ¸¶¨´ ³ [88].

‚ Ô²¥±É·¨Î¥¸±µ³ ¶µ²¥ ~E § ¢¨¸¨³µ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ ¨§²ÊÎ¥´¨Ö ¸ ¶¥·¥¢µ-
·µÉµ³ ¸¶¨´  µÉ ´ Î ²Ó´µ° µ·¨¥´É Í¨¨ ¸¶¨´  µÉ´µ¸¨É¥²Ó´µ ¶¸¥¢¤µ¢¥±Éµ· 
~ν É ±¦¥ ³µ¦¥É ¶·¨¢µ¤¨ÉÓ ± ¢µ§´¨±´µ¢¥´¨Õ ¶µ¶¥·¥Î´µ° ¶µ²Ö·¨§ Í¨¨ e±.
�·¨ ¶²µ¸±µ¸É´µ³ ± ´ ²¨·µ¢ ´¨¨ ¢ ¶·Ö³µ³ ±·¨¸É ²²¥ ´ ¶· ¢²¥´¨¥ ¶·¥¨³Ê-
Ð¥¸É¢¥´´µ° µ·¨¥´É Í¨¨ ¸¶¨´  ¤²Ö ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í ¶¥·¨µ¤¨Î¥¸±¨ ¨§-
³¥´Ö¥É¸Ö, ¨ ¸·¥¤´ÖÖ ¶µ²Ö·¨§ Í¨Ö ¨§²ÊÎ ÕÐ¨Ì Î ¸É¨Í ¡Ê¤¥É · ¢´  ´Ê²Õ. ‚
¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ ± ´ ²¨·µ¢ ´´Ò¥ Î ¸É¨ÍÒ ¨§-§  ¸³¥Ð¥´¨Ö · ¢´µ¢¥¸´µ°
µ·¡¨ÉÒ ± ¢´¥Ï´¥° ¸É¥´±¥ ± ´ ²  ¤¢¨¦ÊÉ¸Ö ¡�µ²ÓÏÊÕ Î ¸ÉÓ ¢·¥³¥´¨ ¢ µ¡² ¸ÉÖÌ
¸ µ¤´¨³ ´ ¶· ¢²¥´¨¥³ Ê¸·¥¤´¥´´µ£µ ¶µ²Ö ¶²µ¸±µ¸É¥°, ¡² £µ¤ ·Ö Î¥³Ê ³µ¦¥É
¶·µ¨¸Ìµ¤¨ÉÓ · ¤¨ Í¨µ´´ Ö ¶µ²Ö·¨§ Í¨Ö ± ´ ²¨·µ¢ ´´ÒÌ e± [87].

‚µ§´¨±´µ¢¥´¨¥ ±¢ ´Éµ¢ÒÌ ÔËË¥±Éµ¢ ¢ ¨§²ÊÎ¥´¨¨ ¶·¨ ¤¢¨¦¥´¨¨ Î ¸É¨Í
¢ Ô²¥±É·¨Î¥¸±µ³ ¶µ²¥ µ¶·¥¤¥²Ö¥É¸Ö ¶ · ³¥É·µ³ χ = γE/E0, · ¢´Ò³ µÉ´µ-
Ï¥´¨Õ ´ ¶·Ö¦¥´´µ¸É¨ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¢ ¸µ¡¸É¢¥´´µ° ¸¨¸É¥³¥ Î ¸É¨ÍÒ
± ±·¨É¨Î¥¸±µ° ´ ¶·Ö¦¥´´µ¸É¨ ¶µ²Ö. ‚¥·µÖÉ´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö ¸ ¶¥·¥¢µ·µÉµ³
¸¶¨´  Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·µ¸Éµ³ χ. ‚ ´ ±µ¶¨É¥²ÖÌ ¢¥²¨Î¨´  χ � 1, ¶·µÍ¥¸¸Ò
¨§²ÊÎ¥´¨Ö ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´  µÉ´µ¸¨É¥²Ó´µ ·¥¤±¨¥, ¨ ¶µ²Ö·¨§ Í¨Ö ¶·µ¨¸Ìµ-
¤¨É ¢ É¥Î¥´¨e ³´µ£¨Ì µ¡µ·µÉµ¢, ÎÉµ ¢µ§³µ¦´µ ¡² £µ¤ ·Ö ±µ³¶¥´¸ Í¨¨ µ¡Ð¨Ì
· ¤¨ Í¨µ´´ÒÌ ¶µÉ¥·Ó Ô´¥·£¨¨, ±µÉµ·Ò¥ §´ Î¨É¥²Ó´µ ¶·¥¢µ¸Ìµ¤ÖÉ ¶µÉ¥·¨ ´ 
¨§²ÊÎ¥´¨¥ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´  Î ¸É¨Í.

�·¨ ± ´ ²¨·µ¢ ´¨¨ ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ ¢µ§³µ¦´µ¸ÉÓ ¤²Ö ±µ³¶¥´¸ -
Í¨¨ ¶µÉ¥·Ó µÉ¸ÊÉ¸É¢Ê¥É, ¨ § ³¥É´ Ö ¶µ²Ö·¨§ Í¨Ö ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´  Éµ²Ó±µ
¤²Ö e± ¢Ò¸µ±¨Ì Ô´¥·£¨°, ±µ£¤  χ ≥ 1. ’ ± ± ± ¶·¨ ÔÉµ³ Ô´¥·£¨Ö ¨§²Ê-
Î¥´´ÒÌ ËµÉµ´µ¢ ¸µ¶µ¸É ¢¨³  ¸ Ô´¥·£¨¥° e±, Éµ ¶µ²Ö·¨§ Í¨Ö ¶·¨µ¡·¥É ¥É¸Ö
Í¥´µ° §´ Î¨É¥²Ó´µ£µ Ê³¥´ÓÏ¥´¨Ö Ô´¥·£¨¨ Î ¸É¨Í, ¸²¥¤µ¢ É¥²Ó´µ, ¤²¨´  ±·¨-
¸É ²²  ¤µ²¦´  ¡ÒÉÓ ³ ±¸¨³ ²Ó´µ µ£· ´¨Î¥´ . �·µ¡²¥³  ¶µ²Ö·¨§ Í¨¨ e± ¶·¨
± ´ ²¨·µ¢ ´¨¨ ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ ¸ ÊÎ¥Éµ³ ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö ¨
· ¤¨ Í¨µ´´ÒÌ ¶µÉ¥·Ó Ô´¥·£¨¨ Î ¸É¨Í ¨¸¸²¥¤µ¢ ² ¸Ó ¢ [89] ¢ · ³± Ì ±¨´¥É¨-
Î¥¸±µ£µ ¶µ¤Ìµ¤ . �·µ¢¥¤¥´´Ò¥ · ¸Î¥ÉÒ ¶µ± § ²¨, ÎÉµ ¸É¥¶¥´Ó ¶µ²Ö·¨§ Í¨¨
³µ¦¥É ¤µ¸É¨£ ÉÓ 15Ä30 % ¤²Ö e±-¶ÊÎ±µ¢ c Ô´¥·£¨¥° ∼ ’Ô‚.
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ˆ§µ£´ÊÉÒ° ±·¨¸É ²² ¶·¥¤² £ ¥É¸Ö ¨¸¶µ²Ó§µ¢ ÉÓ ´¥ Éµ²Ó±µ ¤²Ö · ¤¨ Í¨µ´-
´µ° ¶µ²Ö·¨§ Í¨¨ e±, ´µ ¨ ¤²Ö ±µ´¢¥·¸¨¨ ËµÉµ´µ¢ ¢ ¶µ²Ö·¨§µ¢ ´´Ò¥ e+e−-
¶ ·Ò. �·¨ ·µ¦¤¥´¨¨ Ô²¥±É·µ´-¶µ§¨É·µ´´µ° ¶ ·Ò ËµÉµ´µ³ ¢ µ¤´µ·µ¤´µ³
Ô²¥±É·¨Î¥¸±µ³ ¶µ²¥ Î ¸É¨ÍÒ ³µ£ÊÉ ¶·¨µ¡·¥É ÉÓ ¢Ò¸µ±ÊÕ ¸É¥¶¥´Ó ¶µ²Ö·¨§ -
Í¨¨, ¶·¨ ±µÉµ·µ° ¸¶¨´ ¶µ§¨É·µ´  ¶ · ²²¥²¥´ ¶¸¥¢¤µ¢¥±Éµ·Ê ~ν,   Ô²¥±É·µ´ 
Å  ´É¨¶ · ²²¥²¥´ [18]. ‚ Ê¸·¥¤´¥´´µ³ ¶µ²¥ ¶²µ¸±µ¸É¥° ±·¨¸É ²²  E ¢±² ¤
ÔÉµ£µ ¶·µÍ¥¸¸  µ¡· §µ¢ ´¨Ö ¶ · ¸ÊÐ¥¸É¢¥´ ¶·¨ κ = h̄ωE/(mc2E0) ≥ 1, £¤¥
ω Å Î ¸ÉµÉ  ËµÉµ´ . Š ± µÉ³¥Î ²µ¸Ó, ¨§£¨¡ ±·¨¸É ²²  ¶·¨¢µ¤¨É ± ¶·¥µ¡-
² ¤ ´¨Õ ¢ µ¡² ¸É¨ ± ´ ²¨·µ¢ ´¨Ö e± ¢ ¶µ¶¥·¥Î´¨±¥ ± ´ ²  Ô²¥±É·¨Î¥¸±µ£µ
¶µ²Ö µ¤´µ£µ ´ ¶· ¢²¥´¨Ö, ¶µÔÉµ³Ê Î ¸É¨ÍÒ ¶ ·Ò, ·µ¦¤¥´´Ò¥ ËµÉµ´µ³ ¢ ¨§µ-
£´ÊÉµ³ ±·¨¸É ²²¥ ¨ § Ì¢ Î¥´´Ò¥ ¢ ·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö, ¡Ê¤ÊÉ µ¡² ¤ ÉÓ ¢Ò-
¸µ±µ° ¶µ²Ö·¨§ Í¨¥° [18]. �É±²µ´¥´¨¥ ±·¨¸É ²²µ³ ´  Ê£µ² ¨§£¨¡  ¶µ§¢µ²Ö¥É
Ê¢¥·¥´´µ ¢Ò¤¥²¨ÉÓ ¶µ²Ö·¨§µ¢ ´´Ò¥ e±. �ÉµÉ ¶·µÍ¥¸¸ ¢ [18] É ±¦¥ ¶·¥¤² £ -
¥É¸Ö ¨¸¶µ²Ó§µ¢ ÉÓ ´  ¢Éµ·¨Î´ÒÌ ËµÉµ´´ÒÌ ¶ÊÎ± Ì ¶·µÉµ´´ÒÌ Ê¸±µ·¨É¥²¥°,
´ ¶·¨³¥·, ´  ÉÔ¢ É·µ´¥, ÎÉµ, ¶µ µÍ¥´± ³, ¶µ§¢µ²¨É ¶µ²ÊÎ ÉÓ ´  µ¤¨´ ËµÉµ´
10−3Ä10−2 ¶µ¶¥·¥Î´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ e± ¸ Ô´¥·£¨Ö³¨ ∼ 100 ƒÔ‚.

10. ‡�Š‹�—…�ˆ…

ˆÉ ±, ¨¤¥Ö µÉ±²µ´¥´¨Ö ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í ¨§µ£´ÊÉÒ³ ±·¨¸É ²²µ³,
± § ¢Ï Ö¸Ö ³´µ£¨³ ¸²¨Ï±µ³ ¸³¥²µ°, µ¡·¥²  ·¥ ²Ó´µ¸ÉÓ ¢ Ô±¸¶¥·¨³¥´É¥ ¨
µ± § ² ¸Ó ¢¥¸Ó³  ¶²µ¤µÉ¢µ·´µ°. Š·µ³¥ ¸ ³µ£µ ÔËË¥±É  µÉ±²µ´¥´¨Ö ± ´ ²¨·µ-
¢ ´´ÒÌ Î ¸É¨Í, ¢ Ô±¸¶¥·¨³¥´É¥ µ¡´ ·Ê¦¥´µ ¨ ¨¸¸²¥¤µ¢ ´µ Ö¢²¥´¨¥ µ¡Ñ¥³´µ£µ
§ Ì¢ É  Î ¸É¨Í ¢ ·¥¦¨³ ± ´ ²¨·µ¢ ´¨Ö ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥. �µ¸²¥¤´¥¥
¸É¨³Ê²¨·µ¢ ²µ ¤¥É ²Ó´µ¥ ¨§ÊÎ¥´¨¥ µ¡Ñ¥³´µ£µ § Ì¢ É  Î ¸É¨Í ¢ ¶·Ö³µ³ ±·¨-
¸É ²²¥, ÎÉµ ¶µ§¢µ²¨²µ ¶µ´ÖÉÓ ·µ²Ó ¶·µÍ¥¸¸µ¢ µ¡Ñ¥³´µ£µ § Ì¢ É  ¨ ¶¥·¥§ Ì¢ É 
¢ Ê¢¥²¨Î¥´¨¨ ´ ¡²Õ¤ ¥³µ° ¤²¨´Ò ¤¥± ´ ²¨·µ¢ ´¨Ö Î ¸É¨Í. ‘ ¶µ³µÐÓÕ ³µ-
¤¥²¨·µ¢ ´¨Ö µ¡´ ·Ê¦¥´µ µÉ±²µ´¥´¨¥ ±¢ §¨± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í ¨§µ£´ÊÉÒ³
±·¨¸É ²²µ³ ¢ ¸Éµ·µ´Ê, ¶·µÉ¨¢µ¶µ²µ¦´ÊÕ ¨§£¨¡Ê, Å µ¡Ñ¥³´µ¥ µÉ· ¦¥´¨¥.

‚ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥ ¶·¨ ¶²µ¸±µ¸É´µ³ ± ´ ²¨·µ¢ ´¨¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì
¶µ§¨É·µ´µ¢ ·¥ ²¨§Ê¥É¸Ö ¸¨ÉÊ Í¨Ö, ±µ£¤  · ¡µÉ ÕÉ ¤¢  ³¥Ì ´¨§³  ¨§²ÊÎ¥´¨Ö:
±¢ §¨µ´¤Ê²ÖÉµ·´Ò° §  ¸Î¥É ±µ²¥¡ ´¨° Î ¸É¨Í ¢ ± ´ ²¥ ¨ ¸¨´Ì·µÉ·µ´´Ò° § 
¸Î¥É µ¡Ð¥° ±·¨¢¨§´Ò ¸ ³µ£µ ± ´ ² . ˆ´É¥·Ë¥·¥´Í¨Ö ¤¢ÊÌ ³¥Ì ´¨§³µ¢ ¶·¨-
¢µ¤¨É ± ¢µ§´¨±´µ¢¥´¨Õ µ¸Í¨²²ÖÍ¨° ¢ ¸¶¥±É· Ì ¨§²ÊÎ¥´¨Ö.

�·¨ ¨§£¨¡¥ ±·¨¸É ²²  Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥ ¶²µ¸±µ¸É´ÒÌ ± ´ ²µ¢ ¶·¨µ¡·¥-
É ¥É ¶·¥¨³ÊÐ¥¸É¢¥´´ÊÕ ´ ¶· ¢²¥´´µ¸ÉÓ ¢ µ¡² ¸É¨ ± ´ ²¨·µ¢ ´¨Ö §  ¸Î¥É ¸³¥-
Ð¥´¨Ö · ¢´µ¢¥¸´µ° µ·¡¨ÉÒ ¨§ Í¥´É·  ± ´ ² . �Éµ ¶·¨¢µ¤¨É ± §´ Î¨É¥²Ó´Ò³
Ê£² ³ ¶µ¢µ·µÉ  ¸¶¨´  ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í ¨ ¢µ§³µ¦´µ¸É¨ · ¤¨ Í¨µ´´µ°
¶µ²Ö·¨§ Í¨¨ ± ´ ²¨·µ¢ ´´ÒÌ Ô²¥±É·µ´µ¢ ¨ ¶µ§¨É·µ´µ¢ ¢Ò¸µ±¨Ì Ô´¥·£¨°.

ˆ§ ³´µ£µÎ¨¸²¥´´ÒÌ ¢µ§³µ¦´ÒÌ ¶·¨³¥´¥´¨° ¨§µ£´ÊÉÒÌ ±·¨¸É ²²µ¢ ¤²Ö
Ê¶· ¢²¥´¨Ö ¶ÊÎ± ³¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ´ ¨¡µ²¥¥ ¢ ¦´Ò³ ¶·¥¤¸É ¢²Ö¥É¸Ö ¨Ì
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¨¸¶µ²Ó§µ¢ ´¨¥ ¢ ¸¨¸É¥³¥ ²µ± ²¨§ Í¨¨ ¶µÉ¥·Ó ±µ²² °¤¥· , ÎÉµ ´ ·Ö¤Ê ¸ ·¥-
 ²¨§ Í¨¥° ¢Ò¢µ¤  Î ¸É¨Í £ ²µ ¶ÊÎ±  ¤²Ö µ¤´µ¢·¥³¥´´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ´ 
Ë¨±¸¨·µ¢ ´´µ° ³¨Ï¥´¨ ¶µ§¢µ²¨É §´ Î¨É¥²Ó´µ Ê³¥´ÓÏ¨ÉÓ · ¤¨ Í¨µ´´Ò° Ëµ´
±µ²² °¤¥·´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢.

•µ·µÏ¨¥ ¶¥·¸¶¥±É¨¢Ò ¨³¥ÕÉ¸Ö ¤²Ö ¶·¨³¥´¥´¨° ¨§µ£´ÊÉÒÌ ±·¨¸É ²²µ¢ ¢
Ë¨§¨±¥ ¢Ò¸µ±¨Ì Ô´¥·£¨°. �¤´¨³ ¨§ ´¨Ì Ö¢²Ö¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¨§³¥·¥´¨Ö
³ £´¨É´ÒÌ ³µ³¥´Éµ¢ ±µ·µÉ±µ¦¨¢ÊÐ¨Ì Î ¸É¨Í ¶µ Ê£²Ê ¶·¥Í¥¸¸¨¨ ¸¶¨´  ¢
¨§µ£´ÊÉµ³ ±·¨¸É ²²¥.

‚ § ±²ÕÎ¥´¨¥ ÌµÎÊ ¢Ò· §¨ÉÓ £²Ê¡µ±ÊÕ ¡² £µ¤ ·´µ¸ÉÓ �.�.–Ò£ ´µ¢Ê § 
¶²µ¤É¢µ·´µ¥ ¸µÉ·Ê¤´¨Î¥¸É¢µ ¨ ¸É¨³Ê²¨·ÊÕÐ¨¥ ¤¨¸±Ê¸¸¨¨. Ÿ µÎ¥´Ó ¶·¨§´ -
É¥²¥´ ¡¥§¢·¥³¥´´µ ÊÏ¥¤Ï¥³Ê ‘.�.‚µ·µ¡Ó¥¢Ê, ¢ ¸µ¢³¥¸É´ÒÌ ¨¸¸²¥¤µ¢ ´¨ÖÌ ¸
±µÉµ·Ò³ ¶µ²ÊÎ¥´Ò ³´µ£¨¥ ¨§ µ¡¸Ê¦¤ ¢Ï¨Ì¸Ö ¢ µ¡§µ·¥ ·¥§Ê²ÓÉ Éµ¢. �² £µ-
¤ ·Õ �.Œ.� ²¤¨´ , ‚.‚.ƒ² £µ²¥¢  ¨ �.„.Šµ¢ ²¥´±µ §  ¶µ¤¤¥·¦±Ê ¨ ¨´É¥·¥¸
± ¤ ´´µ° · ¡µÉ¥.
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‘.‘.ƒ¥·ÏÉ¥°´, �.�.‹µ£Ê´µ¢

ˆ´¸É¨ÉÊÉ Ë¨§¨±¨ ¢Ò¸µ±¨Ì Ô´¥·£¨°, �·µÉ¢¨´µ Œµ¸±µ¢¸±µ° µ¡².

‚ · ³± Ì ̧ ¶¥Í¨ ²Ó´µ° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ · ¸¸³ É·¨¢ ¥É¸Ö § ¤ Î  „¦.‘.�¥²² 
¢ ¨´¥·Í¨ ²Ó´µ° ¨ Ê¸±µ·¥´´µ° ¸¨¸É¥³ Ì ±µµ·¤¨´ É.

The problem of J.S.Bell has been investigated within the frames of special relativity
theory in the inertial and accelerated systems of coordinates.

‚ § ³¥É±¥ [1] „¦.‘.�¥²²  ®Š ± ¶·¥¶µ¤ ¢ ÉÓ ¸¶¥Í¨ ²Ó´ÊÕ É¥µ·¨Õ
µÉ´µ¸¨É¥²Ó´µ¸É¨¯ · ¸¸³µÉ·¥´  ¸²¥¤ÊÕÐ Ö § ¤ Î .

®’·¨ ³ ²¥´Ó±¨Ì ±µ¸³¨Î¥¸±¨Ì · ±¥ÉÒ, �, ‚, ¨ ‘, ¤·¥°ËÊÕÉ ¸¢µ¡µ¤´µ ¢
µ¡² ¸É¨ ¶·µ¸É· ´¸É¢ , Ê¤ ²¥´´µ° µÉ µ¸É ²Ó´µ£µ ¢¥Ð¥¸É¢ , ¡¥§ ¢· Ð¥´¨Ö
¨ ¡¥§ µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö, ¶·¨Î¥³ ‚ ¨ ‘ · ¢´µ Ê¤ ²¥´Ò µÉ � (·¨¸.1).

�µ ¶µ²ÊÎ¥´¨¨ ¸¨£´ ²  µÉ � ¤¢¨£ É¥²¨ ‚ ¨ ‘ § ¶Ê¸± ÕÉ¸Ö, ¨ µ´¨
´ Î¨´ ÕÉ ¶² ¢´µ Ê¸±µ·ÖÉÓ¸Ö (·¨¸.2). �Ê¸ÉÓ · ±¥ÉÒ ‚ ¨ ‘ ¨¤¥´É¨Î´Ò ¨
¨³¥ÕÉ ¨¤¥´É¨Î´Ò¥ ¶·µ£· ³³Ò Ê¸±µ·¥´¨Ö. ’µ£¤  (± ± ¸Î¨É ¥É ´ ¡²Õ¤ -
É¥²Ó ´  �) µ´¨ ¡Ê¤ÊÉ ¢ ± ¦¤Ò° ³µ³¥´É ¢·¥³¥´¨ ¨³¥ÉÓ µ¤¨´ ±µ¢ÊÕ ¸±µ-
·µ¸ÉÓ ¨, É ±¨³ µ¡· §µ³, µ¸É ¢ ÉÓ¸Ö ¸³¥Ð¥´´Ò³¨ ¤·Ê£ µÉ´µ¸¨É¥²Ó´µ ¤·Ê-
£  ´  Ë¨±¸¨·µ¢ ´´µ¥ · ¸¸ÉµÖ´¨¥.

�·¥¤¶µ²µ¦¨³, ÎÉµ ¸ ¸ ³µ£µ ´ Î ²  ‚ ¨ ‘ ¸¢Ö§ ´Ò Éµ´±µ° ´¨ÉÓÕ
(·¨¸.3). ˆ ¥¸²¨ ¶µ´ Î ²Ê ´¨ÉÓ ¤µ¸É ÉµÎ´µ ¤²¨´´ , ÎÉµ¡Ò ¥¥ Ì¢ É¨²µ ´ 
É·¥¡Ê¥³µ¥ · ¸¸ÉµÖ´¨¥, Éµ ¶µ ³¥·¥ Éµ£µ, ± ± · ±¥ÉÒ Ê¸±µ·ÖÕÉ¸Ö, µ´  ¸É -
´¥É ¸²¨Ï±µ³ ±µ·µÉ±µ°, ¶µ¸±µ²Ó±Ê ¶µ¤¢¥·£ ¥É¸Ö Ë¨Í¤¦¥· ²Ó¤µ¢¸±µ³Ê
¸¦ É¨Õ, ¨ ¢ ±µ´Í¥ ±µ´Íµ¢ ¶µ·¢¥É¸Ö. �´  ¤µ²¦´  ¶µ·¢ ÉÓ¸Ö, ±µ£¤  ¶·¨ ¤µ-

�¨¸.1 �¨¸.3�¨¸.2
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¸É ÉµÎ´µ ¡µ²ÓÏµ° ¸±µ·µ¸É¨ ¨¸±Ê¸¸É¢¥´´µ¥ ¶·¥¤µÉ¢· Ð¥´¨¥ ¥¸É¥¸É¢¥´´µ-
£µ ¸¦ É¨Ö ¶·¨¢¥¤¥É ± ´¥¤µ¶Ê¸É¨³µ³Ê ´ ÉÖ¦¥´¨Õ.

„¥°¸É¢¨É¥²Ó´µ ²¨ ÔÉµ É ±? �É  ¸É · Ö § ¤ Î  µ± § ² ¸Ó µ¤´ ¦¤Ò
¶·¥¤³¥Éµ³ µ¡¸Ê¦¤¥´¨Ö ¢ ¸Éµ²µ¢µ° –…��. �¤¨´ Ê¢ ¦ ¥³Ò° Ë¨§¨±-Ô±¸-
¶¥·¨³¥´É Éµ· µÉ± § ²¸Ö ¸µ£² ¸¨ÉÓ¸Ö ¸ É¥³, ÎÉµ ´¨ÉÓ ¶µ·¢¥É¸Ö, ¨ ¸Î¥²
³µÕ Ê¢¥·¥´´µ¸ÉÓ ¢ µ¡· É´µ³ ³µ¨³ ¸µ¡¸É¢¥´´Ò³ ´¥¶µ´¨³ ´¨¥³ ¸¶¥Í¨ ²Ó-
´µ° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨. ŒÒ ·¥Ï¨²¨ µ¡· É¨ÉÓ¸Ö ¢ É¥µ·¥É¨Î¥¸±¨°
µÉ¤¥² –…�� §   ·¡¨É· ¦¥³ ¨ ¶·µ¨§¢¥²¨ (´¥ µÎ¥´Ó ¸¨¸É¥³ É¨Î¥¸±¨°)
µ¶·µ¸ µ¡Ð¥¸É¢¥´´µ£µ ³´¥´¨Ö ´  ÔÉµÉ ¸Î¥É. �¡· §µ¢ ²¸Ö µÉÎ¥É²¨¢Ò° ±µ´-
¸¥´¸Ê¸ ¢ ¶µ²Ó§Ê Éµ£µ, ÎÉµ ´¨ÉÓ ´¥ ¶µ·¢¥É¸Ö! Šµ´¥Î´µ, ³´µ£¨¥, ±Éµ ¶µ´ Î -
²Ê ¤ ¥É ÔÉµÉ ´¥¶· ¢¨²Ó´Ò° µÉ¢¥É, ¶·¨Ìµ¤ÖÉ ¶µ¸²¥ ´¥±µÉµ·µ£µ · §³ÒÏ-
²¥´¨Ö ± ¶· ¢¨²Ó´µ³Ê. �¡ÒÎ´µ µ´¨ ÎÊ¢¸É¢ÊÕÉ ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¶µ¸³µÉ·¥ÉÓ,
± ± ¢¸¥ ÔÉµ ¶·¥¤¸É ¢²Ö¥É¸Ö ´ ¡²Õ¤ É¥²Õ ‚ ¨²¨ ‘. �´¨ µ¡´ ·Ê¦¨¢ ÕÉ,
ÎÉµ ‚, ´ ¶·¨³¥·, ¢¨¤¨É ‘ ¢¸¥ ¤ ²ÓÏ¥ ¨ ¤ ²ÓÏ¥ ¶µ§ ¤¨, É ± ÎÉµ ¤ ´´Ò°
±Ê¸µ± ´¨É±¨ ´¥ ³µ¦¥É ¡µ²ÓÏ¥ ¶µ±·ÒÉÓ · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ´¨³¨. ’µ²Ó±µ
¶·µ¤¥² ¢ ÔÉµ ¨, ¢µ§³µ¦´µ, ¸ µ¸É ÉµÎ´Ò³ µÐÊÐ¥´¨¥³ ± ±µ°-Éµ ´¥²µ¢±µ¸É¨
ÔÉ¨ ²Õ¤¨ ¢ ±µ´Í¥-±µ´Íµ¢ ¶·¨Ìµ¤ÖÉ ± § ±²ÕÎ¥´¨Õ, ±µÉµ·µ¥ ¸µ¢¥·Ï¥´´µ
É·¨¢¨ ²Ó´µ ¸ ÉµÎ±¨ §·¥´¨Ö �, ¢±²ÕÎ Ö Ë¨Í¤¦¥· ²Ó¤µ¢¸±µ¥ ¸µ±· Ð¥´¨¥.
Œµ¥ ¢¶¥Î É²¥´¨¥, ÎÉµ É¥, Ê ±µ£µ ¡µ²¥¥ ±² ¸¸¨Î¥¸±µ¥ µ¡· §µ¢ ´¨¥, ±Éµ §´ -
¥É ±µ¥-ÎÉµ ¨§ · ¸¸Ê¦¤¥´¨° ‹ ·³µ· , ‹µ·¥´Í  ¨ �Ê ´± ·¥,   É ±¦¥
�°´ÏÉ¥°´ , µ¡² ¤ ÕÉ ¡µ²¥¥ ¸¨²Ó´Ò³ ¨ ´ ¤¥¦´Ò³ ¨´¸É¨´±Éµ³¯.

�¥·¥°¤¥³ ±  ´ ²¨§Ê ¤ ´´µ° § ¤ Î¨. �Ê¸ÉÓ ¤²¨´  ´¨É¨, ±µÉµ· Ö ¸µ¥¤¨´Ö-
¥É · ±¥ÉÒ ‚ ¨ ‘ ¢ ¶µ±µÖÐ¥³¸Ö ¸µ¸ÉµÖ´¨¨, · ¢´  · ¸¸ÉµÖ´¨Õ ³¥¦¤Ê ´¨³¨,
· ¢´µ³Ê l0. �·¨ ¤¢¨¦¥´¨¨ ´¨É¨, ¢ ¸¨²Ê ¸µ±· Ð¥´¨Ö ‹µ·¥´Í , ¥¥ ¤²¨´  ¤µ²-

¦´  ¸É ÉÓ ¢ ´¥¶µ¤¢¨¦´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É (£¤¥ ¥¥ ±µ´ÍÒ Ë¨±¸¨·ÊÕÉ¸Ö ¢
µ¤¨´ ¨ ÉµÉ ¦¥ ³µ³¥´É ¢·¥³¥´¨ ¶µ Î ¸ ³ ´¥¶µ¤¢¨¦´µ° ¸¨¸É¥³Ò) · ¢´µ°

l = l0√1 − v2 .

�µ¸±µ²Ó±Ê, µ¤´ ±µ, ±µ´ÍÒ ´¨É¨ ¸±·¥¶²¥´Ò ¸ · ±¥É ³¨, · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê
±µÉµ·Ò³¨ (l

0
) µ¸É ¥É¸Ö ¶µ¸ÉµÖ´´Ò³ (É.±. µ´¨ ¤¢¨¦ÊÉ¸Ö ¶µ µ¤´µ³Ê ¨ Éµ³Ê

¦¥ § ±µ´Ê), ´¨ÉÓ ¤µ²¦´  · §µ·¢ ÉÓ¸Ö. ’ ±µ¥ µ¡ÑÖ¸´¥´¨¥ ¤ ¸É ́  ¡²Õ¤ É¥²Ó,
´ Ìµ¤ÖÐ¨°¸Ö ¢ ´¥¶µ¤¢¨¦´µ° ¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É.

‘ ÉµÎ±¨ §·¥´¨Ö ´ ¡²Õ¤ É¥²Ö, ´ Ìµ¤ÖÐ¥£µ¸Ö ´  µ¤´µ° ¨§ · ±¥É, · §·Ò¢
´¨É¨ ¶·µ¨§µ°¤¥É ¨§-§  Éµ£µ, ÎÉµ · ±¥ÉÒ ¸ É¥Î¥´¨¥³ ¢·¥³¥´¨ Ê¤ ²ÖÕÉ¸Ö ¤·Ê£
µÉ ¤·Ê£ . �Éµ ²¥£±µ Ê¸³µÉ·¥ÉÓ ¨§ ¨´¢ ·¨ ´É´µ¸É¨ ¨´É¥·¢ ²  ¢ ¶·µ¸É· ´¸É¢¥
Œ¨´±µ¢¸±µ£µ. „¥°¸É¢¨É¥²Ó´µ, ¨´É¥·¢ ² ³¥¦¤Ê ¤¢Ê³Ö ¸µ¡ÒÉ¨Ö³¨, ¸µµÉ¢¥É¸É-
¢ÊÕÐ¨³¨ Ë¨±¸ Í¨¨ ¶µ²µ¦¥´¨Ö · ±¥É ‚ ¨ ‘ ¢ µ¤¨´ ¨ ÉµÉ ¦¥ ³µ³¥´É ¢·¥-
³¥´¨ ¶µ Î ¸ ³ ́ ¥¶µ¤¢¨¦´µ° ̧ ¨¸É¥³Ò ±µµ·¤¨´ É, ¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡¥´ ̈

· ¢¥´ S12
2  = − l 0

2. �ÉµÉ ¦¥ ¨´É¥·¢ ² ¢ ¸¨¸É¥³¥ ±µµ·¤¨´ É, ¸µ¶ÊÉ¸É¢ÊÕÐ¨°

· ±¥É ³, ¤µ²¦¥´ ¨³¥ÉÓ ¢·¥³¥´´ÊÕ Î ¸ÉÓ (É.±. ¸µ¡ÒÉ¨Ö, µ¤´µ¢·¥³¥´´Ò¥ ¢
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´¥¶µ¤¢¨¦´µ° ¸¨¸É¥³¥, ´¥µ¤´µ¢·¥³¥´´Ò ¢ ¸µ¶ÊÉ¸É¢ÊÕÐ¥°). �µÔÉµ³Ê ¶·µ¸É-
· ´¸É¢¥´´ Ö Î ¸ÉÓ ¨´É¥·¢ ²  (µ¶·¥¤¥²ÖÕÐ Ö · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê · ±¥É ³¨)
¤µ²¦´  ¡ÒÉÓ ¡µ²ÓÏ¥ l0 ¨ ¢µ§· ¸É ÉÓ ¶µ ³¥·¥ Ê¢¥²¨Î¥´¨Ö ¸±µ·µ¸É¨ · ±¥É.

‚ ¸²ÊÎ ¥ Ê¸±µ·¥´´µ£µ ¤¢¨¦¥´¨Ö, ± ± ¢¨¤´µ ¨§ · ¸¸³ É·¨¢ ¥³µ£µ ¶·¨³¥-
· , ¶·µÖ¢²Ö¥É¸Ö ¤¨´ ³¨Î¥¸± Ö ¶·¨·µ¤  ¶·¥µ¡· §µ¢ ´¨Ö ‹µ·¥´Í . ‘µ±· -
Ð¥´¨¥ ‹µ·¥´Í , ± ±, ¢¶·µÎ¥³, ̈  ̧  ³  £¥µ³¥É·¨Ö ¶²µ¸±µ£µ ¶·µ¸É· ´¸É¢ -¢·¥-
³¥´¨ Œ¨´±µ¢¸±µ£µ, ̈ ³¥ÕÉ ¤¨´ ³¨Î¥¸±ÊÕ ¶·¨·µ¤Ê, ¶µ¸±µ²Ó±Ê µ´¨ µÉ· ¦ ÕÉ
µ¡Ð¨¥ ¤¨´ ³¨Î¥¸±¨¥ ¸¢µ°¸É¢  ³ É¥·¨¨ Å § ±µ´Ò ¸µÌ· ´¥´¨Ö Ô´¥·£¨¨-
¨³¶Ê²Ó¸  ¨ ³µ³¥´É  ±µ²¨Î¥¸É¢  ¤¢¨¦¥´¨Ö. ˆ³¥´´µ ÔÉ¨ µ¡Ð¨¥ § ±µ´Ò,
Ê´¨¢¥·¸ ²Ó´Ò¥ ¤²Ö ²Õ¡ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, ¨ ¶·¨¢µ¤ÖÉ ± ¥¤¨´µ° ¤²Ö ¢¸¥Ì
Ëµ·³ ¤¢¨¦¥´¨Ö ³ É¥·¨¨ ¶¸¥¢¤µ¥¢±²¨¤µ¢µ° £¥µ³¥É·¨¨.

�¸É ´µ¢¨³¸Ö ´  ÔÉµ° § ¤ Î¥ ¶µ¤·µ¡´¥¥. �·µ¢¥¤¥³ ¸´ Î ²   ´ ²¨§
¤¢¨¦¥´¨Ö · ±¥É ¢ ®´¥¶µ¤¢¨¦´µ°¯ ¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É, ¢ ±µÉµ-
·µ° ¸É ·Éµ¢ ²¨ · ±¥ÉÒ ‚ ¨ ‘. �¥²ÖÉ¨¢¨¸É¸±µ¥ ±µ¢ ·¨ ´É´µ¥ Ê· ¢´¥´¨¥
¤¢¨¦¥´¨Ö ± ¦¤µ° ¨§ ́ ¨Ì ¶·µ¨¸Ìµ¤¨É ¶µ¤ ¤¥°¸É¢¨¥³ ¶µ¸ÉµÖ´´µ° ¸¨²Ò f, ¸µ§-
¤ ÕÐ¥° (¢ ¸¨¸É¥³¥ ¶µ±µÖ · ±¥ÉÒ) ¶µ¸ÉµÖ´´µ¥ Ê¸±µ·¥´¨¥  , ¨ ¨³¥¥É ¢¨¤
(¥¸²¨ ¸¨²  f ´ ¶· ¢²¥´  ¶µ µ¸¨ x)

m 
dUx

dτ  = Fx,    m 
dU

0

dτ  = F
0
. (1)

‡¤¥¸Ó Ux, U0
 Å ±µ³¶µ´¥´ÉÒ Î¥ÉÒ·¥Ì¸±µ·µ¸É¨:

U α = 



 

1

√1 − v2
, 

v

√1 − v2
 



 ; (2)

Fx, F0
 Å ±µ³¶µ´¥´ÉÒ Î¥ÉÒ·¥Ì¸¨²Ò:

F α = 






 

fv

√1 − v2
, 

f

√1 − v2
 






 ; (3)

τ Å ¸µ¡¸É¢¥´´µ¥ ¢·¥³Ö. ‘±µ·µ¸ÉÓ ¸¢¥É  c = 1.

�  µ¸´µ¢ ´¨¨ (2) ¨³¥¥³

U 
0
2 − U x

2 = 1. (4)

ˆ§ Ëµ·³Ê² (2) ¨ (3) ¶µ²ÊÎ¨³

F
0
 = fUx,   Fx = fU

0
. (5)

‘ ¶µ³µÐÓÕ ¢Ò· ¦¥´¨° (5) Ê· ¢´¥´¨¥ (1) § ¶¨Ï¥³ ¢ ¢¨¤¥

dUx

dτ  = aU
0
,    

dU
0

dτ  = aUx,    a = 
f
m

. (6)
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�É¨ Ê· ¢´¥´¨Ö ¢ ¸¨²Ê (4) ¨³¥ÕÉ ¶·µ¸Éµ¥ ·¥Ï¥´¨¥

Ux = 
dx
dτ = sinh aτ,    U

0
 = 

dt
dτ = cosh aτ. (7)

�  µ¸´µ¢ ´¨¨ (2) ¨ (7) ¨³¥¥³

v = tanh aτ,    cosh aτ = 
1

√1 − v2
 . (8)

…¸²¨ ¢ ´ Î ²Ó´Ò° ³µ³¥´É ¢·¥³¥´¨ (τ = 0) µ¤´  ¨§ · ±¥É (‚) ´ Ìµ¤¨² ¸Ó ´ 

µ¸¨ x ¢ ÉµÎ±¥ xB
0 ,   ¤·Ê£ Ö ¢ ÉµÎ±¥ xC

0  , Éµ É· ¥±Éµ·¨Ö ¤¢¨¦¥´¨Ö ¶¥·¢µ°

· ±¥ÉÒ ¡Ê¤¥É µ¶·¥¤¥²ÖÉÓ¸Ö ¨§ (7) ¶ · ³¥É·¨Î¥¸±¨ (Î¥·¥§ ¸µ¡¸É¢¥´´µ¥ ¢·¥-
³Ö τ):

xB = 
1
a
 (cosh aτ − 1) + xB

0 , (9)

t = 
1
a
 sinh aτ. (10)

�´ ²µ£¨Î´Ò³ µ¡· §µ³ ¡Ê¤¥É ¶·¥¤¸É ¢²ÖÉÓ¸Ö ¨ É· ¥±Éµ·¨Ö ¢Éµ·µ° · ±¥ÉÒ
‘. � ¢´µÊ¸±µ·¥´´µ¥ ¤¢¨¦¥´¨¥ ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° ³¥Ì ´¨±¥ µ¡ÒÎ´µ ´ §Ò¢ -
ÕÉ £¨¶¥·¡µ²¨Î¥¸±¨³ ¤¢¨¦¥´¨¥³.

�  µ¸´µ¢ ´¨¨ (8) ¨ (10) ¨³¥¥³

cosh aτ = 
1

√1 − v2
 = √1 + a2t 2 . (11)

ˆ¸¶µ²Ó§ÊÖ (11), ´ °¤¥³ Ö¢´ÊÕ § ¢¨¸¨³µ¸ÉÓ ±µµ·¤¨´ É ¨ ¸±µ·µ¸É¨ · ±¥É µÉ
¢·¥³¥´¨ t:

xB = 
1
a
 
 √1 + a2t 2  − 1 

 + x B
0 . (12)

xC = 
1
a
 
 √1 + a2t 2  − 1 

 + x C
0  . (13)

C ¶µ³µÐÓÕ (8), (10) ¨ (11) ´ °¤¥³

vC(t) = vB(t) = 
at

√1 + a2t 2
 . (14)

’ ±¨³ µ¡· §µ³, ¢ ®´¥¶µ¤¢¨¦´µ°¯ ¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É · ¸-
¸ÉµÖ´¨¥ ³¥¦¤Ê ¤¢Ê³Ö · ±¥É ³¨ µ¸É ¥É¸Ö ´¥¨§³¥´´Ò³ ¨ · ¢´Ò³ ¶¥·¢µ´ -
Î ²Ó´µ³Ê · c¸ÉµÖ´¨Õ:

l
0
 = xB(t) − xC(t) = xB

0 − xC
0 . (15)
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�µ-¢¨¤¨³µ³Ê, ¨¸Ìµ¤Ö ¨§ ÔÉµ£µ Ë ±É , ¡µ²ÓÏ¨´¸É¢µ Ë¨§¨±µ¢, µ¶·µÏ¥´´ÒÌ
„¦.�Ô²²µ³, ¨ ÊÉ¢¥·¦¤ ²¨, ÎÉµ ´¨ÉÓ, ¸¢Ö§Ò¢ ÕÐ Ö · ±¥ÉÒ, ´¥ ¤µ²¦´  ¶µ·-
¢ ÉÓ¸Ö. �·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¢ ³¨·¥ Œ¨´±µ¢¸±µ£µ
µ¶·¥¤¥²ÖÕÉ¸Ö ¨´É¥·¢ ²µ³ ³¥¦¤Ê ¸µ¡ÒÉ¨Ö³¨. ‚ § ¤ Î¥ µ ¤¢¨¦¥´¨¨ · ±¥É ‚
¨ ‘ ®´¥¶µ¤¢¨¦´Ò°¯ ´ ¡²Õ¤ É¥²Ó ¢ ¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É, ¶µ
¸ ³µ° ¶µ¸É ´µ¢±¥ § ¤ Î¨, ¨³¥¥É ¤¥²µ ¸ ¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡´Ò³ ¨´É¥·-
¢ ²µ³, · ¢´Ò³

SBC
2  = − (xB(t) − xC(t))2 = − (xB

0 − xC
0 )2 = − l 0

2.

ˆ µ´ ¶µ ¶µ¸É ´µ¢±¥ Ô±¸¶¥·¨³¥´É  ´¥ ¢ ¸µ¸ÉµÖ´¨¨ µ¶·¥¤¥²¨ÉÓ: ¶·µ¨¸Ìµ¤¨É
²¨ ¶·¨ · ¢´µ³¥·´µ Ê¸±µ·¥´´µ³ ¤¢¨¦¥´¨¨ · ±¥É ‚ ¨ ‘ ¢ ¨Ì ¸¨¸É¥³¥ ±µ-
µ·¤¨´ É ¢§ ¨³´µ¥ Ê¤ ²¥´¨¥ · ±¥É ¤·Ê£ µÉ ¤·Ê£ ? �µ ¥¸²¨ ¡Ò ¶·¨ ¶µ¤£µÉµ¢-
±¥ ¤ ´´µ£µ Ô±¸¶¥·¨³¥´É  ¡Ò²µ ¸µ§¤ ´µ ¸¶¥Í¨ ²Ó´µ¥ Ê¸É·µ°¸É¢µ, ±µÉµ·µ¥
¶·¨ · §·Ò¢¥ ´¨É¨ ¸µ§¤ ¥É ¸¢¥Éµ¢µ° ¨³¶Ê²Ó¸, Éµ, Ê¢¨¤¥¢ ¸¢¥Éµ¢µ° ¸¨£´ ²,
®´¥¶µ¤¢¨¦´Ò°¯ ´ ¡²Õ¤ É¥²Ó Ë¨±¸¨·µ¢ ² ¡Ò · §·Ò¢ ´¨É¨. �µ ÎÉµ¡Ò
µ¡ÑÖ¸´¨ÉÓ ÔÉµ Ö¢²¥´¨¥, ¥³Ê ¶·¨Ï²µ¸Ó ¡Ò µÉ±·ÒÉÓ ¶¸¥¢¤µ¥¢±²¨¤µ¢Ê £¥µ-
³¥É·¨Õ ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨. „²Ö µÉ¢¥É  ´  ¶µ¸É ¢²¥´´Ò° ¢ÒÏ¥ ¢µ¶·µ¸
´¥µ¡Ìµ¤¨³µ ¶·µÍ¥¸¸ ¤¢¨¦¥´¨Ö · ±¥É ‚ ¨ ‘ · ¸¸³µÉ·¥ÉÓ ¢ ¸µ¶ÊÉ¸É¢ÊÕÐ¥°
¸¨¸É¥³¥ ±µµ·¤¨´ É. ˆ³¥´´µ ¶ÊÉ¥³ ¸· ¢´¥´¨Ö ¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡´µ°
Î ¸É¨ ¨´É¥·¢ ²  ¢ ¸µ¶ÊÉ¸É¢ÊÕÐ¥° ¸¨¸É¥³¥ ±µµ·¤¨´ É ¸ l

0
 ¨ ³µ¦´µ Ê¸É -

´µ¢¨ÉÓ Ë ±É ¢§ ¨³´µ£µ Ê¤ ²¥´¨Ö · ±¥É ‚ ¨ ‘ ¤·Ê£ µÉ ¤·Ê£  ¸ É¥Î¥´¨¥³
¢·¥³¥´¨.

‘ ¶µ³µÐÓÕ (10) ¨ (11) ²¥£±µ ¢Ò· §¨ÉÓ τ Î¥·¥§ t:

τ = 
1
a
 ln 

at + √1 + a2t 2 
 .

�É¸Õ¤  ¢¨¤´µ, ÎÉµ ¸µ¡¸É¢¥´´µ¥ ¢·¥³Ö · ¸É¥É £µ· §¤µ ³¥¤²¥´´¥¥, Î¥³ ¢·¥-
³Ö t ¢ ®´¥¶µ¤¢¨¦´µ°¯ ¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É. ˆ¸Ìµ¤´ Ö

¨´¥·Í¨ ²Ó´ Ö ¸¨¸É¥³  ±µµ·¤¨´ É, ¢ ±µÉµ·µ° ¨³¥¥É¸Ö ¸¨²µ¢µ¥ ¶µ²¥ F α,
¸µµ¡Ð ÕÐ¥¥ ¶pµ¡´Ò³ É¥² ³ ¶µ¸ÉµÖ´´µ¥ ¢ ¨Ì ¸¨¸É¥³¥ ±µµ·¤¨´ É Ê¸±µ-
·¥´¨¥  , ³µ¦¥É ¡ÒÉÓ ¶·¥µ¡· §µ¢ ´  ¸ ¶µ³µÐÓÕ ±µµ·¤¨´ É´µ£µ ¶·¥µ¡· §µ-
¢ ´¨Ö ¢ · ¢´µ³¥·´µ Ê¸±µ·¥´´ÊÕ ¸¨¸É¥³Ê ±µµ·¤¨´ É. ‚ ®´¥¶µ¤¢¨¦´µ°¯
¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É ¨´É¥·¢ ² ds, Ì · ±É¥·¨§ÊÕÐ¨°
³¥É·¨Î¥¸±¨¥ ¸¢µ°¸É¢  ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨, ¨³¥¥É ¢¨¤

ds2 = dt 2 − dx2 − dy2 − dz2. (16)

ˆ³¥´´µ ¢ ÔÉµ° ¸¨¸É¥³¥ ±µµ·¤¨´ É ¨³¥¥É¸Ö ¸¨²µ¢µ¥ ¶µ²¥ (3) ¸ ±µ³¶µ´¥´-
É ³¨ (F

0
, Fx). „²Ö Éµ£µ ÎÉµ¡Ò ´ £²Ö¤´µ Ê¢¨¤¥ÉÓ, ¶µÎ¥³Ê · §·Ò¢ ¥É¸Ö ´¨ÉÓ,

¶¥·¥°¤¥³ ¢ · ¢´µ³¥·´µ Ê¸±µ·¥´´ÊÕ ¸¨¸É¥³Ê ±µµ·¤¨´ É [2]. ‚¢¥¤¥³ ¶¥·¥-
³¥´´ÊÕ ρ ¸ ¶µ³µÐÓÕ ¶·¥µ¡· §µ¢ ´¨Ö
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ρ = x − 
1
a
 [ cosh aτ − 1], (17)

µ¸É ²Ó´Ò¥ ±µµ·¤¨´ ÉÒ τ, y, z µ¸É ¢¨³ ¡¥§ ¨§³¥´¥´¨Ö. �·¨ É ±µ³ ¶·¥µ¡· -
§µ¢ ´¨¨ ¶·µ¡´Ò¥ É¥²  ¢ ¸µ¶ÊÉ¸É¢ÊÕÐ¥° ´¥¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥ ±µ-
µ·¤¨´ É ´ Ìµ¤ÖÉ¸Ö ¢ ¶µ±µ¥. ‘µ£² ¸´µ Ëµ·³Ê²¥ (10) ¨³¥¥³

dt = dτ cosh aτ. (18)

“Î¨ÉÒ¢ Ö (17) ¨ (18), ¢Ò· ¦¥´¨¥ (16) ¶·¥µ¡· §Ê¥³ ± ¢¨¤Ê

ds2 = dτ2 − dρ2 − 2dρdτ sinh aτ − dy2 − dz2. (19)

ŒÒ ¢¨¤¨³, ÎÉµ ¨´¥·Í¨ ²Ó´ÊÕ ¸¨¸É¥³Ê ±µµ·¤¨´ É (16) ¸ ¸¨²µ¢Ò³ ¶µ²¥³
Fx ³Ò É· ´¸Ëµ·³¨·µ¢ ²¨ ¢ · ¢´µ³¥·´µ Ê¸±µ·¥´´ÊÕ ¸¨¸É¥³Ê ±µµ·¤¨´ É

(19) ¸ ³¥É·¨Î¥¸±¨³¨ ±µÔËË¨Í¨¥´É ³¨

g00 = 1,    gρρ = − 1,    g0ρ = − sinh aτ,    gyy = − 1,    gxx = − 1.

„¥°¸É¢¨¥ ¸¨²µ¢µ£µ ¶µ²Ö ¡Ê¤¥É É¥¶¥·Ó ¶·µÖ¢²ÖÉÓ¸Ö ¢ ³¥É·¨Î¥¸±¨Ì ¸¢µ°¸É-
¢ Ì ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨. „²Ö µ¶·¥¤¥²¥´¨Ö Ë¨§¨Î¥¸±µ£µ ¢·¥³¥´¨ ¨ · ¸-

¸ÉµÖ´¨Ö ¢ · ¢´µ³¥·´µ Ê¸±µ·¥´´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É ¢Ò¤¥²¨³ ¢ ds2 ¢·¥-
³¥´¨¶µ¤µ¡´ÊÕ ¨ ¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡´ÊÕ Î ¸É¨:

ds2 = [dτ − dρ sinh aτ]2 − dρ2 cosh2 aτ − dy2 − dz2. (20)

‚ ÔÉµ³ ¢Ò· ¦¥´¨¨ ¢¥²¨Î¨´ 

dσ = dτ − dρ sinh aτ (21)

µ¶·¥¤¥²Ö¥É ¶·µ³¥¦ÊÉµ± Ë¨§¨Î¥¸±µ£µ ¢·¥³¥´¨ ¢ · ¢´µ³¥·´µ Ê¸±µ·¥´´µ°
¸¨¸É¥³¥ ±µµ·¤¨´ É [2]. ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ Ìµ¤ ¢·¥³¥´¨ dσ § ¢¨¸¨É µÉ
¤¥°¸É¢¨Ö ̧ ¨²µ¢µ£µ ¶µ²Ö, ̧ µµ¡Ð ÕÐ¥£µ ¶µ¸ÉµÖ´´µ¥ Ê¸±µ·¥´¨¥  . ‚ ́ ¥¨´¥·-
Í¨ ²Ó´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É ¢¥²¨Î¨´  dσ, ± ± ÔÉµ ¢¨¤´µ ¨ ¢ ¤ ´´µ³
¶·¨³¥·¥, ´¥ Ö¢²Ö¥É¸Ö ¶µ²´Ò³ ¤¨ËË¥·¥´Í¨ ²µ³. �Éµ µ§´ Î ¥É, ÎÉµ ¢
´¥¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É ´¥ ³µ¦¥É ¡ÒÉÓ µ¸ÊÐ¥¸É¢²¥´  ̧ µÌ· ´Ö-
ÕÐ Ö¸Ö ¸ É¥Î¥´¨¥³ ¢·¥³¥´¨ ¥¤¨´ Ö ¸¨´Ì·µ´¨§ Í¨Ö Î ¸µ¢, ´ Ìµ¤ÖÐ¨Ì¸Ö ¢
· §´ÒÌ ÉµÎ± Ì ¶·µ¸É· ´¸É¢ , ¶µ¸±µ²Ó±Ê µ´  § ¢¨¸¨É µÉ ¶ÊÉ¨ ¸¨´Ì·µ-
´¨§ Í¨¨. ’ ± Ö ¸¨´Ì·µ´¨§ Í¨Ö Î ¸µ¢ ³µ¦¥É ¡ÒÉÓ µ¸ÊÐ¥¸É¢²¥´  Éµ²Ó±µ ¢
¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É. ˆ³¥´´µ ¢ ÔÉµ³ ¸²ÊÎ ¥ ¢¥²¨Î¨´  dσ
Ö¢²Ö¥É¸Ö ¶µ²´Ò³ ¤¨ËË¥·¥´Í¨ ²µ³. Œ¥É·¨Î¥¸±¨¥ ¸¢µ°¸É¢  É·¥Ì³¥·´µ£µ
¶·µ¸É· ´¸É¢ , µ·Éµ£µ´ ²Ó´µ£µ ¢·¥³¥´¨ dσ, µ¶·¥¤¥²ÖÕÉ¸Ö ¢¥²¨Î¨´µ°

dl 2 = dρ2 cosh2 aτ + dy2 + dz2. (22)

‚¥²¨Î¨´  dl § ¢¨¸¨É µÉ ¤¥°¸É¢¨Ö ¸¨²µ¢µ£µ ¶µ²Ö, ¸µµ¡Ð ÕÐ¥£µ ¶µ¸ÉµÖ´´µ¥
Ê¸±µ·¥´¨¥ a. ’ ±¨³ µ¡· §µ³, ¤¥°¸É¢¨¥ ¶µ²Ö ¢ ¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥ ³Ò
É· ´¸Ëµ·³¨·µ¢ ²¨ ¢ · ¢´µ³¥·´µ Ê¸±µ·¥´´ÊÕ ¸¨¸É¥³Ê ±µµ·¤¨´ É ¶·µ¸É-
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· ´¸É¢  Œ¨´±µ¢¸±µ£µ ¨ É¥³ ¸ ³Ò³ ¶¥·¥¢¥²¨ ¢ ³¥É·¨Î¥¸±¨¥ ¸¢µ°¸É¢  ¶·µ-
¸É· ´¸É¢ -¢·¥³¥´¨. � ¢´µ³¥·´µ Ê¸±µ·¥´´ Ö ¸¨¸É¥³  ±µµ·¤¨´ É ´¥ Ö¢²Ö¥É-
¸Ö ®¦¥¸É±µ°¯, ¶µ¸±µ²Ó±Ê ¢ ´¥° · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê Ë¨±¸¨·µ¢ ´´Ò³¨ ÉµÎ-
± ³¨ ¨§³¥´Ö¥É¸Ö ¸µ ¢·¥³¥´¥³. “Î¨ÉÒ¢ Ö (21) ¨ (22), ¨´É¥·¢ ² (20)
¶·¨´¨³ ¥É ¢¨¤

ds2 = dσ2 − dl 2. (23)

�µ¸±µ²Ó±Ê ¤²Ö ¸¢¥É  ¨´É¥·¢ ² ds · ¢¥´ ´Ê²Õ, Éµ ¨§³¥·¥´¨¥ ¤²¨´Ò dl
¸¢µ¤¨É¸Ö ± ¨§³¥·¥´¨Õ ¢·¥³¥´¨ ¶·µÌµ¦¤¥´¨Ö dσ µÉ·¥§±  dl ¸¢¥Éµ¢Ò³
¸¨£´ ²µ³. ˆ³¥´´µ µÉ¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ · ¢´Ò³¨ Ö¢²ÖÕÉ¸Ö É ±¦¥ µÉ·¥§±¨,
±µÉµ·Ò¥ ¸¢¥É ¶·µÌµ¤¨É ¢ µ¤´µ ¨ Éµ ¦¥ ¢·¥³Ö.

ˆ§ Ëµ·³Ê²Ò (22) ¸²¥¤Ê¥É, ÎÉµ Ô²¥³¥´É ¤²¨´Ò ¢¤µ²Ó µ¸¨ ρ · ¢¥´

dlρ = dρ cosh aτ,

¨²¨, ¨¸¶µ²Ó§ÊÖ (11), ´ °¤¥³

dlρ = 
dρ

√1 − v2
 = dρ √1 + a2t 2 . (24)

ˆ³¥´´µ ÔÉ  Ëµ·³Ê²  ¨ ¢µ§´¨± ¥É ¨§-§  ²µ·¥´Í¥¢  ¸µ±· Ð¥´¨Ö ¤²¨´Ò
µÉ·¥§± . ’ ±¨³ µ¡· §µ³, · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê · ±¥É ³¨ ‚ ¨ ‘ ¢ · ¢´µ³¥·´µ
Ê¸±µ·¥´´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

lρ = (xB − xC) √1 + a2t 2 = l
0
 √1 + a2t 2 . (25)

�µ ÔÉµ µ§´ Î ¥É, ÎÉµ ¢ ¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥ Š ¨³¥¥É ³¥¸Éµ (¢ ¶·µÉ¨¢µ-
¶µ²µ¦´µ¸ÉÓ ¢Ò¢µ¤Ê [4]) ²µ·¥´Í¥¢µ ¸µ±· Ð¥´¨¥ ¤²¨´Ò ¸É¥·¦´Ö, ¶µ±µÖÐ¥-

£µ¸Ö ¢ ¸¨¸É¥³¥ KN: xB − xC = lρ √1 − v2 . � ¸¸ÉµÖ´¨¥ ³¥¦¤Ê · ±¥É ³¨ l
0
,

§ Ë¨±¸¨·µ¢ ´´µ¥ ¢ µ¤¨´ ±µ¢Ò° ³µ³¥´É ¢·¥³¥´¨ (tB − tC) ́ ¥¶µ¤¢¨¦´Ò³ ́  -

¡²Õ¤ É¥²¥³ ¢ ¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É, ´¥ ³µ¦¥É ¡ÒÉÓ · ¸¸Éµ-
Ö´¨¥³ ¢ ¸µ¶ÊÉ¸É¢ÊÕÐ¥° ¸¨¸É¥³¥ ±µµ·¤¨´ É, É ± ± ± ³µ³¥´ÉÒ ¢·¥³¥´¨
tB = tC µÉ´µ¸ÖÉ¸Ö ± · §´Ò³ ³µ³¥´É ³ ¢·¥³¥´¨ ¢ ¸µ¶ÊÉ¸É¢ÊÕÐ¥° ¸¨¸É¥³¥

±µµ·¤¨´ É, ¶µ¸±µ²Ó±Ê Ë¨§¨Î¥¸±µ¥ ¢·¥³Ö dσ ´¥ · ¢´µ ´Ê²Õ. ‚Ò· ¦¥´¨¥
(25) ¶µ± §Ò¢ ¥É, ÎÉµ ¨§-§  ´ ²¨Î¨Ö ¸¨²µ¢µ£µ ¶µ²Ö ¸ Ê¸±µ·¥´¨¥³   · ¸¸Éµ-
Ö´¨¥ ³¥¦¤Ê · ±¥É ³¨ ‚ ¨ ‘ Ê¢¥²¨Î¨¢ ¥É¸Ö ¸µ ¢·¥³¥´¥³, ÎÉµ ¨ ¶·¨¢µ¤¨É ±
µ¡·Ò¢Ê ´¨É¨, ¸¢Ö§Ò¢ ÕÐ¥° ÔÉ¨ · ±¥ÉÒ.

‚ µ¡Ð¥³ ¸²ÊÎ ¥ Ê¸±µ·¥´´µ£µ ¤¢¨¦¥´¨Ö ±¢ ¤· É ¨´É¥·¢ ²  ¡Ê¤¥É ¨³¥ÉÓ
¢¨¤

ds2 = gµνdx 
µdxν.
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�´ ²µ£¨Î´µ ¶·¥¤Ò¤ÊÐ¥³Ê ¢Ò¤¥²¨³ ¢ ±¢ ¤· É¥ ¨´É¥·¢ ²  ¢·¥³¥´¨¶µ¤µ¡-
´ÊÕ ¨ ¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡´ÊÕ Î ¸É¨:

ds2 = dσ2 − dl 2,

£¤¥

dσ = 
g0λdx λ

√g00
,    dl 2 = xikdx idx k,    xik = − gik + 

g0ig0k

g00
 .

‚¥²¨Î¨´  dσ Ì · ±É¥·¨§Ê¥É Ë¨§¨Î¥¸±µ¥ ¢·¥³Ö, ±µÉµ·µ¥ ´¥ § ¢¨¸¨É µÉ ¢Ò-
¡µ·  ¶¥·¥³¥´´µ° ¢·¥³¥´¨. „¥°¸É¢¨É¥²Ó´µ, ¶Ê¸ÉÓ, ´ ¶·¨³¥·, ³Ò ¢¢¥¤¥³ ́ µ-

¢ÊÕ ¶¥·¥³¥´´ÊÕ x′0 ¶µ § ±µ´Ê

x′0 = x′0(x0, x i),    x′ i = x′.

’µ£¤  ´  µ¸´µ¢ ´¨¨ É¥´§µ·´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö

g′µν = gαβ 
∂xα

∂x′ µ
 
∂x β

∂x′ ν

¨³¥¥³ ¢ ´ Ï¥³ ¸²ÊÎ ¥

g′00 = g00 



 
∂x0

∂x′0
 




2

,    g′0λ = g0β 
∂x0

∂x′0
 

∂xβ

∂x′ λ
,    dx′ λ = 

∂x′ λ

∂x σ
 dxσ,

ÊÎ¨ÉÒ¢ Ö

∂xβ

∂x′ λ
 
∂x′λ

∂x σ
 = δσ

β ,

´ °¤¥³

dσ = 
g′0λdx′ λ

√g′00
 = 

g0σdxσ

√g00
 .

’ ±¨³ µ¡· §µ³, ³Ò Ê¸É ´µ¢¨²¨, ÎÉµ Ë¨§¨Î¥¸±µ¥ ¢·¥³Ö dσ ´¥ § ¢¨¸¨É µÉ
¸¶µ¸µ¡  ¢Ò¡µ·  ±µµ·¤¨´ É´µ° ¢·¥³¥´´µ° ¶¥·¥³¥´´µ°. Šµµ·¤¨´ É´ Ö ¶¥-
·¥³¥´´ Ö ¢·¥³¥´¨ ´¥ Ì · ±É¥·¨§Ê¥É Ìµ¤ ¢·¥³¥´¨ Ë¨§¨Î¥¸±µ£µ ¶·µÍ¥¸¸ ,
¶µ¸±µ²Ó±Ê µ´  § ¢¨¸¨É µÉ ¶·µ¨§¢µ²  ¢Ò¡µ·  Î ¸µ¢. ”¨§¨Î¥¸±µ¥ ¢·¥³Ö
µ¶·¥¤¥²Ö¥É Ìµ¤ ¢·¥³¥´¨ Ë¨§¨Î¥¸±µ£µ ¶·µÍ¥¸¸ , µ¤´ ±µ ¢¥²¨Î¨´  dσ ¨³¥¥É
²µ± ²Ó´Ò° Ì · ±É¥·, ¶µ¸±µ²Ó±Ê ¢ ´¥¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É µ´ 
´¥ Ö¢²Ö¥É¸Ö ¶µ²´Ò³ ¤¨ËË¥·¥´Í¨ ²µ³,   ¶µÔÉµ³Ê ´¥ ¸ÊÐ¥¸É¢Ê¥É ¶¥·¥³¥´-
´µ° σ. ‚ ¨´¥·Í¨ ²Ó´µ° £ ²¨²¥¥¢µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É dσ ¸µ¢¶ ¤ ¥É ¸
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¤¨ËË¥·¥´Í¨ ²µ³ ±µµ·¤¨´ É´µ° ¶¥·¥³¥´´µ° ¨ Ö¢²Ö¥É¸Ö ¶µ²´Ò³ ¤¨ËË¥-

·¥´Í¨ ²µ³. ‚¥²¨Î¨´  dl 2 Ö¢²Ö¥É¸Ö ±¢ ¤· Éµ³ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ÉµÎ± ³¨,
µ´  ´¥ § ¢¨¸¨É µÉ ¢Ò¡µ·  ±µµ·¤¨´ É´ÒÌ ¶¥·¥³¥´´ÒÌ ¨ ¨³¥¥É ²µ± ²Ó´Ò°
Ì · ±É¥·.

‚ ¤µ¶µ²´¥´¨¥ ± · ´¥¥ ̧ ± § ´´µ³Ê ̧ ²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¶·¥µ¡· §µ¢ ´¨¥
(21) Ö¢²Ö¥É¸Ö ´¥£µ²µ´µ³´Ò³,   ¶µÔÉµ³Ê ´¥ ¸ÊÐ¥¸É¢Ê¥É ¶¥·¥³¥´´µ° σ. ‚ ¸µ-
¶ÊÉ¸É¢ÊÕÐ¥° ´¥¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É ¨´É¥·¢ ² (23) ¡Ê¤¥É ¨³¥ÉÓ
¢¨¤

dsc
2 = dτ2 − dρ2 cosh2 aτ − dy2 − dz2. (23a)

‚ ¸¨²Ê ´¥£µ²µ´µ³´µcÉ¨ ¶·¥µ¡· §µ¢ ´¨Ö (21) ÔÉµÉ ¨´É¥·¢ ² ¡Ê¤¥É ·¨³ ´µ-
¢Ò³ [3]. �  µ¸´µ¢ ´¨¨ (23 ) ²¥£±µ ´ °É¨ ¸¨³¢µ²Ò Š·¨¸ÉµËË¥²Ö:

Γ µν
λ  = 

1
2
 gλρ(∂µgνρ + ∂νgµρ − ∂ρgµν).

�´¨ ¢ ´ Ï¥³ ¸²ÊÎ ¥ · ¢´Ò

Γ 11
0  = a sinh aτ cosh aτ,    Γ 01

1  = a 
sinh aτ
cosh aτ .

�É¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ ±µ³¶µ´¥´ÉÒ É¥´§µ·  ±·¨¢¨§´Ò �¨³ ´ 

R νρσ
λ  = ∂ρΓ νσ

µ  − ∂σΓ νρ
µ  + Γ τρ

µ Γ νσ
τ  − Γ τσ

µ Γ νρ
τ

¤²Ö ³¥É·¨±¨ (23 ) ¡Ê¤ÊÉ · ¢´Ò

R010
1  = − a2,    R110

0  = − a2 cosh2 aτ.

ˆ¸¶µ²Ó§ÊÖ ¨§¢¥¸É´ÊÕ Ëµ·³Ê²Ê ¤²Ö £¥µ¤¥§¨Î¥¸±µ° ¤¥¢¨ Í¨¨

d 2δx µ

dτ2
 + R σλν

µ UσUνδx λ = 0,

¶µ²ÊÎ¨³

d 2δx1

dτ2
 − a2δx1 = 0,

ÎÉµ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ ¢§ ¨³´µ³ Ê¤ ²¥´¨¨ ¸µ ¢·¥³¥´¥³ ¶·µ¡´ÒÌ É¥² ¢ ¸µ-
¶ÊÉ¸É¢ÊÕÐ¥° ´¥¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É.

„µ¶µ²´¨É¥²Ó´ Ö ¨²²Õ¸É· Í¨Ö Ì · ±É¥·  µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö
®· ±¥É �¥²² ¯ ¶µ²ÊÎ¨É¸Ö, ¥¸²¨ ³Ò · ¸¸³µÉ·¨³ ¢µ¶·µ¸ µ Éµ³, ¸³µ£ÊÉ ²¨
´ Ìµ¤ÖÐ¨¥¸Ö ¢ ́ ¨Ì ´ ¡²Õ¤ É¥²¨ ¶µ¤¤¥·¦¨¢ ÉÓ ³¥¦¤Ê ̧ µ¡µ° · ¤¨µ¸¢Ö§Ó. „²Ö
 ´ ²¨§  ¤ ´´µ° § ¤ Î¨ ´ ³ ´¥µ¡Ìµ¤¨³µ ¸ ¶µ³µÐÓÕ ¶·¥µ¡· §µ¢ ´¨° (9) ¨
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(10) § ¶¨¸ ÉÓ ±¢ ¤· É ¨´É¥·¢ ²  ¢ ¶¥·¥³¥´´ÒÌ Ê¸±µ·¥´´µ° ¸¨¸É¥³Ò ±µµ·-
¤¨´ É:

S12
2  = (t2 − t1)2 − (x2 − x1)2 = 

= 



 
2
a
 sinh 

a(τ2 − τ1)
2

 − l0 sinh 
a(τ1 + τ2)

2
 




2

 − l 0
2 cosh2 

a(τ1 + τ2)
2

 ,

§¤¥¸Ó l
0
 = x

2
0 − x

1
2.

‚·¥³Ö ¶·¨Ìµ¤  · ¤¨µc¨£´ ² , ¨¸¶ÊÐ¥´´µ£µ µ¤´¨³ ¨§ ´ ¡²Õ¤ É¥²¥° ±

¤·Ê£µ³Ê, µ¶·¥¤¥²Ö¥É¸Ö Ê¸²µ¢¨¥³ S12
2  = 0. …¸²¨ ¸¨£´ ² ¨¸¶ÊÐ¥´ ¨§ £µ²µ¢´µ°

· ±¥ÉÒ ‚ ¢ ³µ³¥´É ¢·¥³¥´¨ τ1,  Éµ, ± ± ́ ¥É·Ê¤´µ ¶µ± § ÉÓ ¨§ ¢Ò· ¦¥´¨Ö ¤²Ö

¨´É¥·¢ ² , µ´ ¡Ê¤¥É ¶µ²ÊÎ¥´ ´ ¡²Õ¤ É¥²¥³ ¢ · ±¥É¥ ‘ ¢ ³µ³¥´É ¢·¥³¥´¨
τ2, µ¶·¥¤¥²Ö¥³Ò° Ê· ¢´¥´¨¥³

eaτ
2 = eaτ

1 + al0.

’ ±¨³ µ¡· §µ³, · ¤¨µ¸¨£´ ², ̈ ¸¶ÊÐ¥´´Ò° ̈ § · ±¥ÉÒ ‚, ¢¸¥£¤  ¤µ¸É¨£ ¥É
· ±¥ÉÒ ‘. ‘ ÉµÎ±¨ §·¥´¨Ö ´¥¶µ¤¢¨¦´µ£µ ´ ¡²Õ¤ É¥²Ö ¶·¨ aτ1 >> 1 Ê¸²µ¢¨¥

¶·¨´¨³ ¥É ¶·µ¸Éµ° ¢¨¤:

t2 ≅ t1 + 
l0
2
 .

‘µ¢¸¥³ ¤·Ê£µ° ·¥§Ê²ÓÉ É ¶µ²ÊÎ ¥É¸Ö ¶·¨ · ¸¸³µÉ·¥´¨¨ · ¸¶·µ¸É· ´¥´¨Ö
· ¤¨µ¸¨£´ ² , ¨¸¶ÊÐ¥´´µ£µ § ¤´¥° · ±¥Éµ° ‘. ‚·¥³Ö ¶·¨Ìµ¤  ¥£µ ¢ £µ²µ¢-
´ÊÕ · ±¥ÉÊ τ

1
 ¡Ê¤¥É µ¶·¥¤¥²ÖÉÓ¸Ö ¨§ Ê· ¢´¥´¨Ö

e−aτ
1 = e−aτ

2(1 − al0e
aτ

2).

�Éµ Ê· ¢´¥´¨¥ · §·¥Ï¨³µ, Éµ²Ó±µ ¥¸²¨ ¨³¥¥É ³¥¸Éµ ´¥· ¢¥´¸É¢µ

al0e
aτ

2 < 1.

…¸²¨ ÔÉµ Ê¸²µ¢¨¥ ´¥ ¢Ò¶µ²´Ö¥É¸Ö, Éµ ´ ¡²Õ¤ É¥²Ó ¢ · ±¥É¥ ‚ ´¥ ³µ¦¥É
¶µ²ÊÎ¨ÉÓ ´¨± ±µ° ¨´Ëµ·³ Í¨¨ ¨§ · ±¥ÉÒ ‘. ’ ±¨³ µ¡· §µ³, ¤²Ö ´ ¡²Õ-
¤ É¥²Ö ¢ £µ²µ¢´µ° · ±¥É¥ ‚ § ¤´ÖÖ · ±¥É  ‘ ¸ É¥Î¥´¨¥³ ¢·¥³¥´¨ ¤µ²¦´ 
¨¸Î¥§´ÊÉÓ §  £µ·¨§µ´Éµ³ ¸µ¡ÒÉ¨°. „²Ö ¶µ²ÊÎ¥´¨Ö ¢ · ±¥É¥ ‚ ¨´Ëµ·³ Í¨¨
¨§ · ±¥ÉÒ ‘ ´¥µ¡Ìµ¤¨³µ ¢Ò±²ÕÎ¨ÉÓ ¤¢¨£ É¥²¨ · ±¥ÉÒ ‚. ‘± § ´´µ¥ ¢ÒÏ¥
¡Ê¤¥É ·¥ ²Ó´µ ¶·µÖ¢²ÖÉÓ¸Ö ¶·¨ Ê¸±µ·¥´¨¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ ¶µ¸ÉµÖ´-
´µ³ Ô²¥±É·¨Î¥¸±µ³ ¶µ²¥.
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�Ê¸ÉÓ, ´ ¶·¨³¥·, Ô²¥±É·µ´´Ò° ¸£Ê¸Éµ± Ê¸±µ·Ö¥É¸Ö ¢ ²¨´¥°´µ³ Ê¸-
±µ·¨É¥²¥ ¸µ ¸·¥¤´¥° ´ ¶·Ö¦¥´´µ¸ÉÓÕ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö … ¤µ Ô´¥·£¨¨
ε >> m. ’µ£¤  ± ±µ´ÍÊ ¶·µÍ¥¸¸  Ê¸±µ·¥´¨Ö ¸£Ê¸É±  ¨§ Ê¸²µ¢¨Ö

al0e
aτ

2 = al0


at2 + √1 + a2t 2

2  

 < 1

¨³¥¥³ ´¥· ¢¥´¸É¢µ

l0 ≤ 
(mc2)2

2eEε  .

�É¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ ´  £µ²µ¢´ÊÕ Î ¸ÉÓ ¸£Ê¸É±  ¡Ê¤ÊÉ ¢²¨ÖÉÓ ± ±µ´ÍÊ Ê¸±µ-
·¥´¨Ö Éµ²Ó±µ É¥ § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ, ±µÉµ·Ò¥ ¢ ´ Î ²¥ Ê¸±µ·¥´¨Ö ´ -

Ìµ¤¨²¨¸Ó µÉ ´¥£µ ´  · ¸¸ÉµÖ´¨ÖÌ ³¥´ÓÏ¨Ì, Î¥³ 
(mc2)2

2eEε  . „²Ö ¶·µ-

¥±É¨·Ê¥³ÒÌ ²¨´¥°´ÒÌ ±µ²² °¤¥·µ¢ ¸ eE = 100 ŒÔ‚/³ ¨ Ô´¥·£¨¥°

ε = 200 ƒÔ‚ ¢¥²¨Î¨´  l
0
 ¸µ¸É ¢²Ö¥É l

0
 ≅ 6⋅10−7 ¸³.

‡ ¤ Î  „¦.�¥²²  Ê± §Ò¢ ¥É ³Ò¸²¥´´Ò° ¶ÊÉÓ ¶µ¸É·µ¥´¨Ö · ¢´µ³¥·´µ Ê¸-
±µ·¥´´µ° ¸¨¸É¥³Ò ±µµ·¤¨´ É. �Ê¸ÉÓ ¢ ¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É
µ¸ÊÐ¥¸É¢²¥´  ¥¤¨´ Ö ¸¨´Ì·µ´¨§ Í¨Ö Î ¸µ¢ ¢ ± ¦¤µ° ÉµÎ±¥ ¶·µ¸É· ´¸É¢ .
’µ£¤  ³µ¦´µ ·¥ ²¨§µ¢ ÉÓ · ¢´µ³¥·´µ Ê¸±µ·¥´´ÊÕ ¸¨¸É¥³Ê ±µµ·¤¨´ É ¸
¶µ³µÐÓÕ ¡¥¸±µ´¥Î´µ£µ Î¨¸²  ®· ±¥É �Ô²² ¯, ¸É ·ÉÊÕÐ¨Ì µ¤´µ¢·¥³¥´´µ ¨§
· §´ÒÌ ÉµÎ¥± ®´¥¶µ¤¢¨¦´µ°¯ ¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³Ò ±µµ·¤¨´ É ¸ µ¤¨´ ±µ-
¢Ò³ ¨ ¶µ¸ÉµÖ´´Ò³ Ê¸±µ·¥´¨¥³  . ’ ±, ³Ò ³Ò¸²¥´´µ ³µ¦¥³ ¸µ§¤ ÉÓ ¢ ¸±µ²Ó
Ê£µ¤´µ ¡µ²ÓÏµ³ µ¡Ñ¥³¥ ¶·µ¸É· ´¸É¢  · ¢´µ³¥·´µ Ê¸±µ·¥´´ÊÕ ¸¨¸É¥³Ê ±µ-
µ·¤¨´ É. ˆ³¥´´µ É ±ÊÕ ¸¨¸É¥³Ê ±µµ·¤¨´ É ¨ ¸²¥¤Ê¥É ¸· ¢´¨¢ ÉÓ ¸ µ¤´µ·µ¤-
´Ò³ £· ¢¨É Í¨µ´´Ò³ ¶µ²¥³. �¤´ ±µ ¨´µ£¤  ¨¸¶µ²Ó§ÊÕÉ ®¦¥¸É±ÊÕ¯ · ¢´µ-
³¥·´µ Ê¸±µ·¥´´ÊÕ ¸¨¸É¥³Ê ±µµ·¤¨´ É, ¢ ±µÉµ·µ° · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê
Ë¨±¸¨·µ¢ ´´Ò³¨ ÉµÎ± ³¨ ´¥ § ¢¨¸¨É µÉ ¢·¥³¥´¨. ’ ± Ö ¸¨¸É¥³  ¢¢¥¤¥´ 
Œ¥²²¥·µ³, ¢ ´¥° ±µµ·¤¨´ ÉÒ (η, ρ) ¸¢Ö§ ´Ò ¸ ±µµ·¤¨´ É ³¨ ¨´¥·Í¨ ²Ó´µ°
¸¨¸É¥³Ò (t, x) ¸µµÉ´µÏ¥´¨Ö³¨

t = ρ sinh aη,    x = ρ cosh aη (26)

(ÎÉµ¡Ò ´¥ § £·µ³µ¦¤ ÉÓ ¨§²µ¦¥´¨¥, ³Ò µ£· ´¨Î¨³¸Ö µ¤´µ° ¶·µ¸É· ´¸É-
¢¥´´µ° ±µµ·¤¨´ Éµ° Ì). ˆ´É¥·¢ ² ³¥¦¤Ê ¸µ¡ÒÉ¨Ö³¨ ¢ ¸¨¸É¥³¥ Œ¥²²¥· ,
±µÉµ·ÊÕ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ · ¡µÉµ° [4] ¡Ê¤¥³ µ¡µ§´ Î ÉÓ Ka, · ¢¥´

ds2 = dt 2 − dx2 = a2ρ2dη2 − dρ2. (27)

�É¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ ¶·µ³¥¦ÊÉµ± ¸µ¡¸É¢¥´´µ£µ ¢·¥³¥´¨ ¢ ¸¨¸É¥³¥ Ka

· ¢¥´ dτ = aρdη,   · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¸µ¸¥¤´¨³¨ (Ë¨±¸¨·µ¢ ´´Ò³¨) ÉµÎ-
± ³¨ ¶µ¸ÉµÖ´´µ ¨ · ¢´µ dρ. ‚ ÔÉµ³ ¸³Ò¸²¥ ¸¨¸É¥³  Ka Ö¢²Ö¥É¸Ö ®¦¥¸É-
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±µ°¯. „²Ö ¢ÒÖ¢²¥´¨Ö ¥¥ · §²¨Î¨Ö ¸ ¸¨¸É¥³µ° ±µµ·¤¨´ É (9)Å(10) (¨²¨, ¢
µ¡µ§´ Î¥´¨ÖÌ · ¡µÉÒ [4], ¸ ¸¨¸É¥³µ° KN), · ¸¸³µÉ·¨³ ¢µ¶·µ¸ µ Éµ³, ± -

±µ° ̧ µ¢µ±Ê¶´µ¸ÉÓÕ É¥² ³µ¦¥É µ¸ÊÐ¥¸É¢²ÖÉÓ¸Ö ¸¨¸É¥³  Ka. ̂ § (26) ¸²¥¤Ê¥É,

ÎÉµ Ë¨±¸¨·µ¢ ´´ Ö ¢ ¸¨¸É¥³¥ Ka ÉµÎ±  ρ = ρ
0
 ¤¢¨¦¥É¸Ö ¢ ®´¥¶µ¤¢¨¦´µ°¯

¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥ µÉ¸Î¥É  ¶µ § ±µ´Ê

x = ρ
0
√1 + 

t 2

ρ
0
2
 , (28)

É.¥. ¸É ·ÉÊ¥É ¢ ³µ³¥´É t = 0 ¨§ ÉµÎ±¨ x
0
 = ρ

0
 ´  µ¸¨ Ì ¸ ¶µ¸ÉµÖ´´Ò³ Ê¸±µ-

·¥´¨¥³ a
0
 = 

1
ρ

0
. �Éµ µ§´ Î ¥É, ÎÉµ ̧ ¨¸É¥³  Ka ·¥ ²¨§Ê¥É¸Ö ¸¨¸É¥³µ° ®· ±¥É

Œ¥²²¥· ¯, ¸É ·ÉÊÕÐ¨Ì µ¤´µ¢·¥³¥´´µ ¢ ®´¥¶µ¤¢¨¦´µ°¯ ¨´¥·Í¨ ²Ó´µ°
¸¨¸É¥³¥ ±µµ·¤¨´ É ¸ · §´Ò³¨ Ê¸±µ·¥´¨Ö³¨  (Ì), § ¢¨¸ÖÐ¨³¨ µÉ ¨Ì ¶µ²µ-

¦¥´¨Ö ´  µ¸¨ Ì:  a(x) = 
1

x
. …¸²¨ ¢ ®´¥¶µ¤¢¨¦´µ°¯ ¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥

±µµ·¤¨´ É · ±¥ÉÒ Œ¥²²¥· , ´ Ìµ¤ÖÐ¨¥¸Ö ´  · ¸¸ÉµÖ´¨¨ dx, ¸É ·ÉÊÕÉ µ¤-
´µ¢·¥³¥´´µ,   · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ´¨³¨ ¢ Ê¸±µ·¥´´µ° ¸¨¸É¥³¥ Ka · ¢´µ dρ,

Éµ ¢ ®´¥¶µ¤¢¨¦´µ°¯ ¸¨¸É¥³¥ ±µµ·¤¨´ É · ¸¸ÉµÖ´¨¥ dx ¡Ê¤¥É Ê³¥´ÓÏ ÉÓ¸Ö
¸µ ¢·¥³¥´¥³ ¶µ § ±µ´Ê

dx = 
dρ

√1 + 
t 2

ρ2

 , (29)

ÎÉµ ¨ ¸µµÉ¢¥É¸É¢Ê¥É ¸µ±· Ð¥´¨Õ ‹µ·¥´Í . �·¨¢¥¤¥´´Ò¥ ¢ÒÏ¥ ´ £²Ö¤´Ò¥
¸µµ¡· ¦¥´¨Ö ¶µ± §Ò¢ ÕÉ, ÎÉµ ¸¨¸É¥³  Ka (¢ µÉ²¨Î¨¥ µÉ KN) ´¥ ³µ¦¥É

³µ¤¥²¨·µ¢ ÉÓ µ¤´µ·µ¤´µ¥ ¸¨²µ¢µ¥ ¶µ²¥, ¢¸¥ ÉµÎ±¨ ±µÉµ·µ£µ ¶·¥¤¶µ² £ -
ÕÉ¸Ö ¤¢¨¦ÊÐ¨³¨¸Ö ¶µ £¨¶¥·¡µ²¨Î¥¸±µ³Ê § ±µ´Ê (9) ¸ µ¤¨´ ±µ¢Ò³ ¶µ¸Éµ-
Ö´´Ò³ Ê¸±µ·¥´¨¥³  . ‚ ¶·¨´Í¨¶¥ ´¥¢µ§³µ¦´µ ¶µ¸É·µ¨ÉÓ ®¦¥¸É±ÊÕ¯
¸¨¸É¥³Ê ±µµ·¤¨´ É, ±µÉµ· Ö ¨³¨É¨·µ¢ ²  ¡Ò µ¤´µ·µ¤´µ¥ ¸¨²µ¢µ¥ ¶µ²¥.
‚¢¥¤¥´¨¥ ¦¥¸É±µ° ¸¨¸É¥³Ò ±µµ·¤¨´ É ¸µ¶·µ¢µ¦¤ ¥É¸Ö ´¥ Éµ²Ó±µ É¥³, ÎÉµ
µ´  ´ ·ÊÏ ¥É µ¤´µ·µ¤´µ¸ÉÓ ¸¨²µ¢µ£µ ¶µ²Ö, ´µ ¨ µ¡Ö§ É¥²Ó´µ ¶·¨¢µ¤¨É ±
´¥¶µ²´µ³Ê µÉµ¡· ¦¥´¨Õ ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨ ¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³Ò
±µµ·¤¨´ É ¢ Ê¸±µ·¥´´ÊÕ ¸¨¸É¥³Ê. �µÔÉµ³Ê ¶·¥¤¶µÎÉ¥´¨¥ ¸¨¸É¥³Ò Ka ¶µ

¸· ¢´¥´¨Õ ¸ KN, ±µÉµ·µ¥ ¤¥² ÕÉ  ¢Éµ·Ò · ¡µÉÒ [4] ¶·¨ µ¡¸Ê¦¤¥´¨¨

¶·¨´Í¨¶  Ô±¢¨¢ ²¥´É´µ¸É¨, ¶·¥¤¸É ¢²Ö¥É¸Ö ´¥µ¶· ¢¤ ´´Ò³.
�  ¶·¨³¥·¥  ´ ²¨§  § ¤ Î¨ „¦.�Ô²²  ³Ò Ö¸´µ Ê¢¨¤¥²¨, ÎÉµ ̧ ¶¥Í¨ ²Ó´ Ö

É¥µ·¨Ö µÉ´µ¸¨É¥²Ó´µ¸É¨ ¶·¨³¥´¨³  ¨ ± ´¥¨´¥·Í¨ ²Ó´Ò³ ¸¨¸É¥³ ³ ±µ-
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µ·¤¨´ É [2]. ‚¸¥ ÔÉµ ¥¸É¥¸É¢¥´´µ ¨ µÎ¥¢¨¤´µ, ¶µ¸±µ²Ó±Ê ¸ÊÉÓ ¸¶¥Í¨ ²Ó´µ°
É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ ¸µ¸Éµ¨É Éµ²Ó±µ ¢ Éµ³, ÎÉµ ¶·µ¸É· ´¸É¢µ ¨ ¢·¥³Ö
µ¡· §ÊÕÉ ´¥· §·Ò¢´µ ¸¢Ö§ ´´Ò° Î¥ÉÒ·¥Ì³¥·´Ò° ±µ´É¨´ÊÊ³, ¢ ±µÉµ·µ³ ³¥-
·µ° · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ¸µ¡ÒÉ¨Ö³¨ ¸²Ê¦¨É ±¢ ¤· É ¨´É¥·¢ ²  ³¥¦¤Ê ´¨³¨.
“É¢¥·¦¤¥´¨e µ Éµ³, ÎÉµ ¸¶¥Í¨ ²Ó´ÊÕ É¥µ·¨Õ µÉ´µ¸¨É¥²Ó´µ¸É¨ ´¥²Ó§Ö ¨¸-
¶µ²Ó§µ¢ ÉÓ ¤²Ö µ¶¨¸ ´¨Ö Ö¢²¥´¨° ¢ ´¥¨´¥·Í¨ ²Ó´ÒÌ ¸¨¸É¥³ Ì ±µµ·¤¨´ É,
¢Ò£²Ö¤¨É ¸Éµ²Ó ¦¥ ´¥²¥¶µ, ± ± ¨ ÊÉ¢¥·¦¤¥´¨¥ µ Éµ³, ÎÉµ ´  ¶²µ¸±µ¸É¨ ³µ¦-
´µ ¨¸¶µ²Ó§µ¢ ÉÓ Éµ²Ó±µ ¤¥± ·Éµ¢Ê ¸¨¸É¥³Ê ±µµ·¤¨´ É ¨ ´¥²Ó§Ö ¶·¨³¥´ÖÉÓ
±·¨¢µ²¨´¥°´ÊÕ. ’ ±µ¥ § ¡²Ê¦¤¥´¨¥ ¶·µ¨§µÏ²µ ¨§-§  Éµ£µ, ÎÉµ ¶·¨¤ ¢ ²¨
´¥µ¶· ¢¤ ´´µ ¡µ²ÓÏµ¥ §´ Î¥´¨¥ ¶µ´ÖÉ¨Õ µ¤´µ¢·¥³¥´´µ¸É¨ ¢ · §´ÒÌ ÉµÎ± Ì
¶·µ¸É· ´¸É¢  ¨ ¶·µÍ¥¸¸Ê ¸¨´Ì·µ´¨§ Í¨¨ Î ¸µ¢ ¢ · §´ÒÌ ÉµÎ± Ì ¶·µ¸É· ´¸É-
¢ . �µ¸±µ²Ó±Ê ÔÉ¨ ¶µ´ÖÉ¨Ö µ£· ´¨Î¥´´Ò ¨ ¨³¥ÕÉ ¸³Ò¸² Éµ²Ó±µ ¢
¨´¥·Í¨ ²Ó´ÒÌ ¸¨¸É¥³ Ì ±µµ·¤¨´ É, ¶µ-¢¨¤¨³µ³Ê, ¨ ± § ²µ¸Ó, ÎÉµ ¸¶¥Í¨ ²Ó-
´ÊÕ É¥µ·¨Õ µÉ´µ¸¨É¥²Ó´µ¸É¨ ´¥²Ó§Ö ¶·¨³¥´ÖÉÓ ¢ ´¥¨´¥·Í¨ ²Ó´ÒÌ ¸¨¸É¥³ Ì
±µµ·¤¨´ É. ˆ´É¥·¢ ² (16) ¶µ ¸ ³µ³Ê ¶µ¸É·µ¥´¨Õ ´¥ § ¢¨¸¨É µÉ ¢Ò¡µ· 
¸¨¸É¥³Ò ±µµ·¤¨´ É ¢ ¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ. �·¥µ¡· §µ¢ ´¨¥ µÉ ±µ-
µ·¤¨´ É ¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³Ò ± ±µµ·¤¨´ É ³ ´¥¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³Ò
¤µ²¦´µ ¡ÒÉÓ ¢§ ¨³´µ µ¤´µ§´ Î´Ò³ ¨ ¶·¨Éµ³ É ±¨³, ÎÉµ¡Ò µ¡· É´µ¥ ¶·¥µ¡-
· §µ¢ ´¨¥ ¶µ±·Ò¢ ²µ ¢¸¥ ¶·µ¸É· ´¸É¢µ Œ¨´±µ¢¸±µ£µ. ’µ²Ó±µ ¢ ÔÉµ³ ¸²ÊÎ ¥
Ë¨§¨Î¥¸±¨¥ ¶·µÍ¥¸¸Ò, ¶·µÉ¥± ÕÐ¨¥ ¢ ̈ ´¥·Í¨ ²Ó´µ° ̧ ¨¸É¥³¥ ±µµ·¤¨´ É ³µ-
£ÊÉ ¡ÒÉÓ ¶µ²´µ¸ÉÓÕ µÉ· ¦¥´Ò ¶·¨ ¨Ì µ¶¨¸ ´¨¨ ¢ ´¥¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥
±µµ·¤¨´ É.

‘²¥¤Ê¥É µ¸µ¡µ µÉ³¥É¨ÉÓ, ÎÉµ ¶·¥µ¡· §µ¢ ´¨Ö (26) ´¥ µÉ· ¦ ÕÉ ¢¸¥
ÉµÎ±¨ ¶·µ¸É· ´¸É¢  Œ¨´±µ¢¸±µ£µ ¢ Ê¸±µ·¥´´ÊÕ ¸¨¸É¥³Ê ±µµ·¤¨´ É, ¶µ-
¸±µ²Ó±Ê ¤¥É¥·³¨´ ´É ³¥É·¨Î¥¸±µ£µ É¥´§µ· 

g = − aρ

µ¡· Ð ¥É¸Ö ¢ ´Ê²Ó ¢ ÉµÎ±¥ ρ = 0. �µ, ¶µ¸±µ²Ó±Ê, ¸µ£² ¸´µ (26),

x2 − t 2 = (x − t)(x + t) = ρ2,

ÔÉµ µ§´ Î ¥É, ÎÉµ ¶·¥µ¡· §µ¢ ´¨Ö (26)
µÉµ¡· ¦ ÕÉ Éµ²Ó±µ Î ¸ÉÓ ¶·µ¸É· ´¸É-
¢  Œ¨´±µ¢¸±µ£µ, § ±²ÕÎ¥´´µ£µ ³¥¦¤Ê
¶·Ö³Ò³¨ x = t, x = −t. �  ·¨¸.4 ÔÉµ
µ¡² ¸ÉÓ I.

�É¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ µ¶¨¸ ´¨¥
Ë¨§¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢, ±µÉµ·Ò¥ ¢
¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥ (£ ²¨²¥¥¢Ò ±µ-
µ·¤¨´ ÉÒ) § Ì¢ ÉÒ¢ ÕÉ µ¡² ¸É¨, ¢ÒÌµ-
¤ÖÐ¨¥ §  µ¡² ¸ÉÓ I, ¢ ¸¨¸É¥³¥ Œ¥²²¥· 
´¥ ³µ¦¥É ¡ÒÉÓ µ¸ÊÐ¥¸É¢²¥´µ. �¨¸.4
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ˆ´¸É¨ÉÊÉ Ë¨§¨±¨ ¨³. �.ˆ.‘É¥¶ ´µ¢  ���, Œ¨´¸±, �¥²µ·Ê¸¸¨Ö

�¡§µ· ¶µ¸¢ÖÐ¥´ ¨§²µ¦¥´¨Õ · §¢¨Éµ£µ  ¢Éµ· ³¨ §  ¶µ¸²¥¤´¨¥ £µ¤Ò ±µ¢ ·¨ ´É´µ£µ ³¥Éµ¤ 
¢ÒÎ¨¸²¥´¨° ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¶·µÍ¥¸¸µ¢ ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¨ (Š�„) ¢ ¤¨ £µ´ ²Ó´µ³
¸¶¨´µ¢µ³ ¡ §¨¸¥ („‘�) ¨ ¥£µ ¶·¨³¥´¥´¨Õ ¤²Ö · ¸Î¥É  ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨°  ±ÉÊ ²Ó´ÒÌ
¶·µÍ¥¸¸µ¢ ¸ ÊÎ ¸É¨¥³ ¶µ²Ö·¨§µ¢ ´´ÒÌ Î ¸É¨Í. ‚ „‘� ¸¶¨´µ¢Ò¥ 4-¢¥±Éµ·Ò Î ¸É¨Í ¤µ ¢§ ¨³µ¤¥°-
¸É¢¨Ö ¨ ¶µ¸²¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¨Ì 4-¨³¶Ê²Ó¸Ò. ‚ ´¥³ ·¥ ²¨§Ê¥É¸Ö ³ ² Ö £·Ê¶¶ 
‹µ·¥´Í , µ¡Ð Ö ¤²Ö ´ Î ²Ó´µ£µ ¨ ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨°. �Éµ ¶·¨¢µ¤¨É ± ¸µ¢¶ ¤¥´¨Õ ¸¶¨´µ¢ÒÌ
µ¶¥· Éµ·µ¢ ¤²Ö ´ Î ²Ó´ÒÌ ¨ ±µ´¥Î´ÒÌ Î ¸É¨Í, ÎÉµ ¶µ§¢µ²Ö¥É ¢ ±µ¢ ·¨ ´É´µ° Ëµ·³¥ · §¤¥²¨ÉÓ
¢§ ¨³µ¤¥°¸É¢¨Ö ¡¥§ ¨§³¥´¥´¨Ö ¨ ¸ ¨§³¥´¥´¨¥³ ¸¶¨´µ¢ÒÌ ¸µ¸ÉµÖ´¨° Î ¸É¨Í, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥-
 ±Í¨¨ ¨ É¥³ ¸ ³Ò³ ¶·µ¸²¥¤¨ÉÓ §  ¤¨´ ³¨±µ° ¸¶¨´µ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. ‚ µÉ²¨Î¨¥ µÉ ³¥Éµ¤ 
£·Ê¶¶Ò CALCUL ¨ ¤·. · §¢¨ÉÒ° ¶µ¤Ìµ¤ ¸¶· ¢¥¤²¨¢ ± ± ¢ ³ ¸¸¨¢´µ³, É ± ¨ ¢ ¡¥§³ ¸¸µ¢µ³ ¸²Ê-
Î ¥; ¢ ´¥³ ´¥ ¢µ§´¨± ¥É É·Ê¤´µ¸É¥° ¶·¨ · ¸Î¥É¥  ³¶²¨ÉÊ¤ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´ ; µ´ ´¥ É·¥¡Ê¥É
¢¢¥¤¥´¨Ö ¢¸¶µ³µ£ É¥²Ó´ÒÌ ¢¥±Éµ·µ¢. „²Ö ¶µ¸É·µ¥´¨Ö ³ É¥³ É¨Î¥¸±µ£µ  ¶¶ · É , ¸ ¶µ³µÐÓÕ ±µ-
Éµ·µ£µ ¢ÒÎ¨¸²ÖÕÉ¸Ö ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¢ „‘�, ¤µ¸É ÉµÎ´µ 4-¨³¶Ê²Ó¸µ¢ Î ¸É¨Í, ÊÎ ¸É¢ÊÕÐ¨Ì
¢ · ¸¸³ É·¨¢ ¥³µ° ·¥ ±Í¨¨. ‘ ¶µ³µÐÓÕ · §¢¨Éµ£µ ³¥Éµ¤  ¨¸¸²¥¤µ¢ ´Ò ¸²¥¤ÊÕÐ¨¥ ¶·µÍ¥¸¸Ò
Š�„: 1) Éµ·³µ§´µ¥ ³¥²²¥·µ¢¸±µ¥ ¨ ¡ ¡ -· ¸¸¥Ö´¨¥ (e±e− → e±e−γ) ¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±µ³
¡¥§³ ¸¸µ¢µ³ ¶·¥¤¥²¥ ¤²Ö ¸²ÊÎ Ö, ±µ£¤  ´ Î ²Ó´Ò¥ Î ¸É¨ÍÒ,   É ±¦¥ ËµÉµ´ ¸¶¨· ²Ó´µ ¶µ²Ö·¨§µ-
¢ ´Ò; 2) µ¡· É´µ¥ ±µ³¶Éµ´µ¢¸±µ¥ · ¸¸¥Ö´¨¥ ËµÉµ´µ¢ ¨´É¥´¸¨¢´µ° Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ°
² §¥·´µ° ¢µ²´Ò, ¸Ëµ±Ê¸¨·µ¢ ´´µ° ´  ¶ÊÎ±¥ ¶·µ¤µ²Ó´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì
Ô²¥±É·µ´µ¢ (e + nγ0 → e + γ); 3) ·µ¦¤¥´¨¥ e+e−-¶ · ¦¥¸É±¨³ ËµÉµ´µ³ ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ¸
´¥¸±µ²Ó±¨³¨ ² §¥·´Ò³¨ ËµÉµ´ ³¨ µ¤´µ¢·¥³¥´´µ (γ + nγ0 → e+ + e−); 4) ¡¥É¥-£ °É²¥·µ¢¸±¨°
¶·µÍ¥¸¸ ¢ ¸²ÊÎ ¥ ¨§²ÊÎ¥´¨Ö ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ ËµÉµ´  Ô²¥±É·µ´µ³ ¸ ÊÎ¥Éµ³ µÉ¤ Î¨ ¨
Ëµ·³Ë ±Éµ·µ¢ ¶·µÉµ´ ; 5) ·¥ ±Í¨Ö ep → epγ ¸ ÊÎ¥Éµ³ ¶µ²Ö·¨§Ê¥³µ¸É¨ ¶·µÉµ´  ¢ ±¨´¥³ É¨±¥,
£¤¥ ¤µ³¨´¨·Ê¥É ¶·µÉµ´´µ¥ ¨§²ÊÎ¥´¨¥; 6) ¶·µÍ¥¸¸ É·¥ÌËµÉµ´´µ°  ´´¨£¨²ÖÍ¨¨ µ·Éµ¶µ§¨É·µ´¨Ö
(e+e− → 3γ).

�¡§µ· ·¥§Ê²ÓÉ Éµ¢, ¶µ²ÊÎ¥´´ÒÌ ¸ ¶µ³µÐÓÕ · §¢¨Éµ£µ ³¥Éµ¤ , ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ ¥£µ ÔËË¥±-
É¨¢´µ¸É¨ ¶·¨ · ¸Î¥É Ì ³´µ£µÎ ¸É¨Î´ÒÌ ¶·µÍ¥¸¸µ¢ ¸ ÊÎ ¸É¨¥³ ¶µ²Ö·¨§µ¢ ´´ÒÌ Î ¸É¨Í.

The review of recently developed by the authors new techniques for covariant calculation of
matrix elements in QED, the so-called ©formalism of Diagonal Spin Basisª (DSB), is presented.
It is applied to calculating of differential cross sections of processes when polarization of particles
is to be taken into account. In DSB spin 4-vectors of in- and out-fermions are expressed just in
terms of their 4-momenta. In this approach the little Lorentz group, common for the initial and
ˇnal states, is being realized. This brings the spin operators of in- and out-particles to coincidence,
allowing one to separate in a covariant way the spin-ip and nonspin-ip interactions and to follow
in detail the whole dynamics of the spin interaction. In contrast to methods of CALCUL-group, etc.,
the developed approach is valid both for massive fermions and for massless ones. There occur no
problems with accounting for spin-ip amplitudes in it. No auxiliary vectors are to be introduced
in DSB. Just 4-momenta of particles participating in reaction are required in it to construct the



1134 ƒ�‹›�‘Šˆ‰ Œ.‚., ‘ˆŠ�— ‘.Œ.

mathematical apparatus for amplitude calculation. We apply this formalism to the following processes:
1) Méohler's and Bhabha's bremsstrahlung (e±e− → e±e−γ) in the ultrarelativistic (massless) limit
when initial particles and photon are helicity polarized, 2) Compton back-scattering of photons of
intensive circularly polarized laser wave focused on a beam of longitudinally polarized ultrarelativistic
electrons (e + nγ0 → e + γ); 3) e+e−-pair production by a hard photon in simultaneous collision
with several laser beam photons (γ + nγ0 → e+ + e−); 4) Bethe-Heitler process in the case of a
linearly polarized photon emission by an electron with account for proton recoil and form factors;
5) the reaction ep → epγ with proton polarizability being taken into account in a kinematics when
proton bremsstrahlung dominates; 6) orthopositronium 3-photon annihilation (e+e− → 3γ). The
results obtained with the help of the developed DSB-formalism certify its efˇciency for calculating
the multiparticle processes when polarization is to be taken into account.

‚‚…„…�ˆ…

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö Ë¨§¨±  ¸¶¨´µ¢ÒÌ Ö¢²¥´¨° ¸É ²  ´¥µÉÑ¥³²¥³µ° Î ¸ÉÓÕ
¶·µ£· ³³ ³´µ£¨Ì ¡µ²ÓÏ¨Ì Ê¸±µ·¨É¥²¥° ´µ¢µ£µ ¶µ±µ²¥´¨Ö [1Å5]. �Éµ µ¡ÑÖ¸-
´Ö¥É¸Ö, ¢µ-¶¥·¢ÒÌ, Ê¸¶¥Ì ³¨ ¢ · §¢¨É¨¨ ¶µ²Ö·¨§ Í¨µ´´µ° É¥Ì´¨±¨,   ¨³¥´´µ
¸¶µ¸µ¡µ¢ ¶µ²ÊÎ¥´¨Ö ¶µ²Ö·¨§µ¢ ´´ÒÌ ¶ÊÎ±µ¢, ¤µ¸É¨¦¥´¨Ö³¨ ¢ ¸µ§¤ ´¨¨ ¶µ-
²Ö·¨§µ¢ ´´ÒÌ ³¨Ï¥´¥° ¨ ¶µ²Ö·¨³¥É·µ¢ [3]. ‚µ-¢Éµ·ÒÌ, ¢ µ¡² ¸É¨ Ô´¥·£¨°
¸µ¢·¥³¥´´ÒÌ Ê¸±µ·¨É¥²¥° ¢ ¦´  ·µ²Ó Ô²¥±É·µ¸² ¡ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, ´ ·Ê-
Ï ÕÐ¨Ì ± ± P- ¨ C- [6,7], É ± ¨ ±µ³¡¨´¨·µ¢ ´´ÊÕ CP-¨´¢ ·¨ ´É´µ¸ÉÓ [8],
ÎÉµ ¶·¨¢µ¤¨É ± ¶µ²Ö·¨§ Í¨µ´´Ò³ ¸¶¨´µ¢Ò³ ±µ··¥²ÖÍ¨Ö³, ±µÉµ·Ò¥ § Î ¸ÉÊÕ
¨£· ÕÉ ·µ²Ó ¶·¥Í¨§¨µ´´ÒÌ É¥¸Éµ¢ ¤²Ö ¸É ´¤ ·É´µ° ³µ¤¥²¨ ¸ ÉµÎ´µ¸ÉÓÕ, ´¥-
¤µ¸É¨¦¨³µ° ¢ ¤·Ê£¨Ì Ô±¸¶¥·¨³¥´É Ì [1,5]. ‚-É·¥ÉÓ¨Ì, Ö¢´µ¥ ´¥¸µ¢¥·Ï¥´¸É¢µ
¸É ´¤ ·É´µ° ³µ¤¥²¨ É·¥¡Ê¥É ¶µ¨¸±  ¢ÒÌµ¤  §  ¥¥ · ³±¨, ¨ ´  ¶ÊÉÖÌ ÔÉµ£µ
¶µ¨¸±  ¸¶¨´µ¢Ò¥ ÔËË¥±ÉÒ ¤µ²¦´Ò ¸Ò£· ÉÓ § ³¥É´ÊÕ ·µ²Ó [1].

„µ¸É¨¦¥´¨Ö ¢ Ê¸±µ·¨É¥²Ó´µ° ¨ ¶µ²Ö·¨§ Í¨µ´´µ° É¥Ì´¨±¥ µÉ±·Ò¢ ÕÉ ´µ-
¢Ò¥ ¢µ§³µ¦´µ¸É¨ ¤²Ö ¨§ÊÎ¥´¨Ö ¶·µÍ¥¸¸µ¢ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶µ²Ö·¨§µ¢ ´´ÒÌ
Î ¸É¨Í. �µÔÉµ³Ê ¢ É¥µ·¥É¨Î¥¸±µ³ ¶² ´¥ ¢¸¥ ¡µ²¥¥  ±ÉÊ ²Ó´µ° § ¤ Î¥° ¸É -
´µ¢¨É¸Ö ¢ÒÎ¨¸²¥´¨¥ ¢¥·µÖÉ´µ¸É¥° · §²¨Î´ÒÌ ¶·µÍ¥¸¸µ¢ ¢§ ¨³µ¤¥°¸É¢¨° Ô²¥-
³¥´É ·´ÒÌ Î ¸É¨Í ¸ ÊÎ¥Éµ³ ¨Ì ¶µ²Ö·¨§ Í¨° ¨ ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·Ò,   É ±¦¥
· §· ¡µÉ±  ´µ¢ÒÌ ³¥Éµ¤µ¢ · ¸Î¥É . �·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¸É ´¤ ·É´µ£µ ¶µ¤Ìµ¤ 
[9-12] ¤²Ö · ¸Î¥É  ¢¥·µÖÉ´µ¸É¥° · §²¨Î´ÒÌ ¶·µÍ¥¸¸µ¢ (É.¥. ¶·¨ ¢ÒÎ¨¸²¥´¨¨
±¢ ¤· Éµ¢ ³µ¤Ê²¥° ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢) ÊÎ¥É ¶µ²Ö·¨§ Í¨° Î ¸É¨Í ¶·¨¢µ¤¨É
± ·¥§±µ³Ê Ê¸²µ¦´¥´¨Õ ± ± ¸ ³¨Ì ¢ÒÎ¨¸²¥´¨°, É ± ¨ ¸É·Ê±ÉÊ·Ò ¶µ²ÊÎ ¥³ÒÌ
¢Ò· ¦¥´¨°. �·¨ ÔÉµ³ ´¥·¥¤±µ ÊÉ· Î¨¢ ¥É¸Ö ¨Ì ±µ¢ ·¨ ´É´µ¸ÉÓ.

…¸É¥¸É¢¥´´Ò³ ¶ÊÉ¥³, ¶µ§¢µ²ÖÕÐ¨³ ¤µ¸É¨ÎÓ Ê¶·µÐ¥´¨° ¶·¨ · ¸Î¥É¥ ·¥-
 ±Í¨° ¸ ÊÎ ¸É¨¥³ ¶µ²Ö·¨§µ¢ ´´ÒÌ Î ¸É¨Í, Ö¢²Ö¥É¸Ö ¶¥·¥Ìµ¤ µÉ ¢ÒÎ¨¸²¥´¨°
±¢ ¤· Éµ¢ ³µ¤Ê²¥° ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ± ´¥¶µ¸·¥¤¸É¢¥´´µ³Ê ¢ÒÎ¨¸²¥´¨Õ
¸ ³¨Ì ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢, ±µÉµ·µ¥ ³µ¦¥É ¡ÒÉÓ ¸¤¥² ´µ · §²¨Î´Ò³¨ ¸¶µ-
¸µ¡ ³¨ [13]. �¤´  ¨§ É ±¨Ì ¢µ§³µ¦´µ¸É¥° ·¥ ²¨§Ê¥É¸Ö ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨
Ö¢´µ£µ ¢¨¤  µ¸´µ¢´ÒÌ ³ É·¨Í ¨ ËÊ´±Í¨° ¸µ¸ÉµÖ´¨°, § ¶¨¸ ´´ÒÌ ¢ ´¥±µÉµ·µ³
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±µ´±·¥É´µ³ ¡ §¨¸¥ ¶·µ¸É· ´¸É¢  ¶·¥¤¸É ¢²¥´¨° £·Ê¶¶Ò ‹µ·¥´Í , ¢ ±µÉµ·µ³
µ´¨ µ¶·¥¤¥²¥´Ò. ’ ±µ° ´¥±µ¢ ·¨ ´É´Ò° ¶µ¤Ìµ¤ ¤²Ö Î ¸É¨Í ¸µ ¸¶¨´µ³ 1/2
¡Ò² ¶·¨³¥´¥´ ¥Ð¥ ¢ · ¡µÉ¥ �µÊÔ²²  [14] (1949 £.). �¡Ð¥¥ É¥µ·¥É¨Î¥¸±µ¥ · §-
¢¨É¨¥ ÔÉµÉ ³¥Éµ¤ ¶µ²ÊÎ¨² ¢ · ¡µÉ Ì ‘µ±µ²µ¢  [15]. �ÉµÉ ¦¥ ³¥Éµ¤ ¸ Ê¸¶¥Ìµ³
¶·¨³¥´Ö¥É¸Ö ¨ ¤µ ´ ¸ÉµÖÐ¥£µ ¢·¥³¥´¨ [16,17], ¡² £µ¤ ·Ö ¶µÖ¢²¥´¨Õ ³µÐ´ÒÌ
±µ³¶ÓÕÉ¥·´ÒÌ ¶·µ£· ³³ ¤²Ö  ´ ²¨É¨Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨°.

�¤´ ±µ ´ ¨¡µ²¥¥ Ï¨·µ±µ¥ · ¸¶·µ¸É· ´¥´¨¥ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ
Ô²¥³¥´Éµ¢ ¶·µÍ¥¸¸µ¢ Š�„ ¶µ²ÊÎ¨² ±µ¢ ·¨ ´É´Ò° ¶µ¤Ìµ¤, ´¥ ¸¢Ö§ ´´Ò° ¸
¨¸¶µ²Ó§µ¢ ´¨¥³ Ö¢´µ£µ ¢¨¤  ³ É·¨Í ¨ ¢µ²´µ¢ÒÌ ËÊ´±Í¨°, ±µÉµ·Ò° ¡Ò² ¶·¥¤-
²µ¦¥´ ¢ 1961 £. ´¥§ ¢¨¸¨³µ �¥²²µ³µ [18] ¨ �µ£ÊÏ¥³ Å ”¥¤µ·µ¢Ò³ [19]. ‚
µ¸´µ¢¥ ÔÉµ£µ ¶µ¤Ìµ¤  ²¥¦¨É ³¥Éµ¤ ¶·µ¥±É¨¢´ÒÌ µ¶¥· Éµ·µ¢ ¢ É¥µ·¨¨ Ô²¥³¥´-
É ·´ÒÌ Î ¸É¨Í, · §· ¡µÉ ´´Ò° ”¥¤µ·µ¢Ò³ [20].

‚ ³¥Éµ¤¥ �¥²²µ³µ ¨¸¶µ²Ó§Ê¥É¸Ö ¨¸±Ê¸¸É¢¥´´Ò° ¶·¨¥³, § ±²ÕÎ ÕÐ¨°¸Ö
¢ ¤µ³´µ¦¥´¨¨ ³ É·¨Î´µ£µ Ô²¥³¥´É  ¶¥·¥Ìµ¤  M31 = Ψ3QΨ1 ¨§ ´ Î ²Ó´µ£µ
¸µ¸ÉµÖ´¨Ö (Ψ1) ¢ ±µ´¥Î´µ¥ (Ψ3), £¤¥ Q Ä µ¶¥· Éµ· ¢§ ¨³µ¤¥°¸É¢¨Ö, ´  ¢¥²¨-
Î¨´Ê Ψ1ZΨ3/Ψ1ZΨ3, ¡² £µ¤ ·Ö Î¥³Ê  ³¶²¨ÉÊ¤  M31 ³µ¦¥É ¡ÒÉÓ ¸¢¥¤¥´  ±
¢ÒÎ¨¸²¥´¨Õ ¸²¥¤  ∗:

M31 = Tr (P31Q) , P31 = Ψ1 Ψ3 , (1)

P31 = τ1Zτ3/(| Ψ1ZΨ3 | e
iφ) , Ψ1ZΨ3 =| Ψ1ZΨ3 | e

iφ . (2)

‡¤¥¸Ó τ1 ¨ τ3 Ä ¶·µ¥±É¨¢´Ò¥ ³ É·¨ÍÒ-¤¨ ¤Ò ´ Î ²Ó´µ£µ ¨ ±µ´¥Î´µ£µ ¸µ¸Éµ-
Ö´¨° [20]: τi = Ψi Ψi, (i = 1, 3). ‚ ¢Ò· ¦¥´¨¨ (2) µ¶¥· Éµ· Z ³µ¦¥É
¡ÒÉÓ ¶·µ¨§¢µ²Ó´Ò³. ‚ · ¡µÉ¥ [18] ¤²Ö ´¥£µ ¡Ò² ¸¤¥² ´ ¸²¥¤ÊÕÐ¨° ¢Ò¡µ·:
Z = 1. ‡  ¶·µÏ¥¤Ï¨¥ £µ¤Ò ´ ¨¡µ²ÓÏ¨° ¶·µ£·¥¸¸ ¢ · §¢¨É¨¨ ³¥Éµ¤  �¥²²µ³µ
(¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±µ³ ¡¥§³ ¸¸µ¢µ³ ¸²ÊÎ ¥) ¡Ò² ¤µ¸É¨£´ÊÉ ¢ · ¡µÉ Ì £·Ê¶¶Ò
CALCUL [21]. „µ¸É¨¦¥´¨Ö ÔÉµ° £·Ê¶¶Ò Ö¢²ÖÕÉ¸Ö µ¡Ð¥¶·¨§´ ´´Ò³¨ ¨ Ï¨-
·µ±µ ¨¸¶µ²Ó§ÊÕÉ¸Ö ³¥¦¤Ê´ ·µ¤´µ° ´ ÊÎ´µ° µ¡Ð¥¸É¢¥´´µ¸ÉÓÕ. �¡µ¡Ð¥´¨¥
³¥Éµ¤  £·Ê¶¶Ò CALCUL ¤²Ö Ë¥·³¨µ´µ¢ ¸ ´¥´Ê²¥¢µ° ³ ¸¸µ° ¡Ò²µ ¸¤¥² ´µ
¢ · ¡µÉ Ì [22,23], µ¤´ ±µ µ´µ É·¥¡Ê¥É ¢¢¥¤¥´¨Ö ¤µ¶µ²´¨É¥²Ó´ÒÌ ¢¥±Éµ·µ¢,
´¥ ¸¢Ö§ ´´ÒÌ ¸ ±¨´¥³ É¨±µ° · ¸¸³ É·¨¢ ¥³µ£µ ¶·µÍ¥¸¸ , ¨ ¶µ ÔÉµ° ¶·¨Î¨´¥
´¥Ê¤µ¡´µ ¢ · ¡µÉ¥.

‚ ³¥Éµ¤¥, ¶·¥¤²µ¦¥´´µ³ ¢ · ¡µÉ¥ [19], ¶µ¸É·µ¥´¨¥ µ¶¥· Éµ·  P31 =
= Ψ1 Ψ3 µ¸´µ¢ ´µ ´  ¨¸¶µ²Ó§µ¢ ´¨¨ ±µ³¶²¥±¸´µ° ¢¥±Éµ·´µ° ¶ · ³¥É·¨§ Í¨¨
£·Ê¶¶Ò ‹µ·¥´Í  [24Å26] ¨ µ¶¥· Éµ·µ¢ ¶·¥¤¸É ¢²¥´¨° ÔÉµ° £·Ê¶¶Ò T31 ¢
¶·µ¸É· ´¸É¢¥ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° Î ¸É¨ÍÒ [27,28], ¨£· ÕÐ¨Ì ·µ²Ó µ¶¥· Éµ·µ¢
¶¥·¥Ìµ¤  µÉ ´ Î ²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö ± ±µ´¥Î´µ³Ê: Ψ3 = T31Ψ1 , Ψ3 = Ψ1T

−1
31 .

�·¨ ÔÉµ³ µ¶¥· Éµ· P31 = Ψ1 Ψ3 ¢Ò· ¦ ¥É¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³ [13,19]:

P31 = Ψ1 Ψ3 = τ1T
−1
31 = T−1

31 τ3 . (3)

∗‚Ò¡µ· ¨´¤¥±¸µ¢ ¸¢Ö§ ´ ¸ ¤ ²Ó´¥°Ï¨³ ¶·¨³¥´¥´¨¥³ ·¥§Ê²ÓÉ Éµ¢ ± ·¥ ±Í¨¨ 1 + 2→ 3 + 4.
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�¥·¢µ´ Î ²Ó´µ ÔÉµÉ ¢ ·¨ ´É ¡Ò² · §· ¡µÉ ´ ¤²Ö ¶·µ¤µ²Ó´µ ¶µ²Ö·¨§µ¢ ´-
´ÒÌ ¤¨· ±µ¢¸±¨Ì Î ¸É¨Í [29]. „ ²Ó´¥°Ï¥¥ · §¢¨É¨¥ µ´ ¶µ²ÊÎ¨² ¢ · ¡µÉ Ì
”¥¤µ·µ¢  [30Å32] ¨ ¥£µ ÊÎ¥´¨±µ¢ (¸³. [13] ¨ ¶·¨¢¥¤¥´´ÊÕ É ³ ²¨É¥· ÉÊ·Ê).
Œ¥Éµ¤, · §· ¡µÉ ´´Ò° ”¥¤µ·µ¢Ò³ ([13], §36), ¢ ¶·¨´Í¨¶¥ ¶µ§¢µ²Ö¥É ¶µ²Ê-
Î¨ÉÓ  ´ ²¨É¨Î¥¸±¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ · §²¨Î´ÒÌ ¶·µÍ¥¸-
¸µ¢ Š�„ ¢ ¸²ÊÎ ¥ ¶·µ¨§¢µ²Ó´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ ¤¨· ±µ¢¸±¨Ì Î ¸É¨Í, ± ± ¢
³ ¸¸¨¢´µ³, É ± ¨ ¢ ¡¥§³ ¸¸µ¢µ³ ¸²ÊÎ ¥, ÎÉµ ¨ ¸µ¸É ¢²Ö¥É £² ¢´µ¥, ·¥Ï ÕÐ¥¥
¶·¥¨³ÊÐ¥¸É¢µ ¶µ ¸· ¢´¥´¨Õ ¸ ¶µ¤Ìµ¤µ³ £·Ê¶¶Ò CALCUL. �¤´ ±µ ¸É·¥³²¥-
´¨¥ ± µ¡Ð´µ¸É¨ · ¸¸³µÉ·¥´¨Ö ´¥ ¢¸¥£¤  ¸¶µ¸µ¡¸É¢Ê¥É ·µ¸ÉÊ ÔËË¥±É¨¢´µ¸É¨
¨¸¶µ²Ó§Ê¥³µ£µ ¶µ¤Ìµ¤ .

„²Ö ±·Ê£  § ¤ Î Š�„ ¢µ§³µ¦´µ¸ÉÓ · §¢¨É¨Ö ¶µ¤Ìµ¤  [13,19] ¶·¨ ¢ÒÎ¨¸²¥-
´¨¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ ¸²ÊÎ ¥ ³´µ£µÎ ¸É¨Î´ÒÌ ¶·µÍ¥¸¸µ¢ ¢ §´ Î¨É¥²Ó´µ°
¸É¥¶¥´¨ µ¡Ê¸²µ¢²¥´  ¤µ¸É¨¦¥´¨Ö³¨ ¢ · §¢¨É¨¨ ±µ¢ ·¨ ´É´ÒÌ ³¥Éµ¤µ¢ µ¶¨-
¸ ´¨Ö ¸¶¨´µ¢ÒÌ ¸¢µ°¸É¢ ¸¨¸É¥³, ¸µ¸ÉµÖÐ¨Ì ¨§ ¤¢ÊÌ Î ¸É¨Í, µ¸´µ¢ ´´ÒÌ ´ 
¨¸¶µ²Ó§µ¢ ´¨¨ ¢¥±Éµ·´µ° ¶ · ³¥É·¨§ Í¨¨ ³ ²ÒÌ £·Ê¶¶ ‹µ·¥´Í  [13,37].

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ´ ¨¡µ²¥¥ ¶µ¶Ê²Ö·´Ò³ ¢ Ë¨§¨±¥ ¢Ò¸µ±¨Ì Ô´¥·£¨°
Ö¢²Ö¥É¸Ö ¸¶¨· ²Ó´Ò° ¡ §¨¸, ¢¢¥¤¥´´Ò° „¦ ±µ¡µ³ ¨ ‚¨±µ³ [33]. �Éµ ¸¢Ö-
§ ´µ ¸ ¶·µ¸ÉµÉµ° Ë¨§¨Î¥¸±µ° ¨´É¥·¶·¥É Í¨¨ ¶µ´ÖÉ¨Ö ¸¶¨· ²Ó´µ¸É¨ (¶·µ¥±-
Í¨Ö ¸¶¨´  ´  ´ ¶· ¢²¥´¨¥ ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ), ¢Ò¤¥²¥´´µ¸ÉÓÕ ¢ ¸¶¨· ²Ó´µ³
¡ §¨¸¥ ¸¨¸É¥³Ò Í¥´É·  ³ ¸¸ ¨ ¸ É¥³, ÎÉµ ¸¶¨· ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò ¤µ¶Ê¸± ÕÉ
¶·µ¸Éµ° ¶ ·Í¨ ²Ó´Ò°  ´ ²¨§ ´  £·Ê¶¶¥ SO(3) [33]. Š·µ³¥ Éµ£µ, · ¸¸³µÉ·¥-
´¨¥ ¸¶¨· ²Ó´µ¸É¥° ¤¢¨¦ÊÐ¨Ì¸Ö Î ¸É¨Í Ö¢²Ö¥É¸Ö  ´ ²µ£¨Î´Ò³ · ¸¸³µÉ·¥´¨Õ
¸¶¨´  ¶µ±µÖÐ¨Ì¸Ö Î ¸É¨Í [13]. �¤´ ±µ ¸ÊÐ¥¸É¢ÊÕÉ ´¥¸±µ²Ó±µ ¸ÊÐ¥¸É¢¥´´ÒÌ
µ¡¸ÉµÖÉ¥²Ó¸É¢, ±µÉµ·Ò¥ ²¨Ï ÕÉ ¸¶¨· ²Ó´µ¸ÉÓ ¶·¥¨³ÊÐ¥¸É¢¥´´µ° ·µ²¨ ¶·¨
µ¶¨¸ ´¨¨ ¸¶¨´µ¢ÒÌ ¸¢µ°¸É¢ Î ¸É¨Í. �¤´µ ¨§ ´¨Ì § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ
¸¶¨· ²Ó´µ¸ÉÓ ´¥ Ö¢²Ö¥É¸Ö Ì · ±É¥·¨¸É¨±µ° Î ¸É¨ÍÒ, ¨´¢ ·¨ ´É´µ° ¶µ µÉ´µ-
Ï¥´¨Õ ± ¶·¥µ¡· §µ¢ ´¨Ö³ ‹µ·¥´Í  [9,13]. ’¥³ ´¥ ³¥´¥¥ ¢ ²¨É¥· ÉÊ·¥ ¥Ð¥
¶µÖ¢²ÖÕÉ¸Ö ¸É ÉÓ¨ ¸ ´ §¢ ´¨¥³ É¨¶  ªA Covariant Method for Calculating He-
licity Amplitudesª [34]. �¥·¥¤±µ ¶·¨ ¨´É¥·¶·¥É Í¨¨ ¤¨´ ³¨±¨ ¸¶¨´µ¢µ£µ ¢§ -
¨³µ¤¥°¸É¢¨Ö  ³¶²¨ÉÊ¤Ò ¸ ¨§³¥´¥´¨¥³ ¨ ¡¥§ ¨§³¥´¥´¨Ö ¸¶¨· ²Ó´µ¸É¨ Î ¸É¨ÍÒ
´ §Ò¢ ÕÉ  ³¶²¨ÉÊ¤ ³¨ ¸ ¶¥·¥¢µ·µÉµ³ ¨ ¡¥§ ¶¥·¥¢µ·µÉ  ¸¶¨´ . �µ ¶µ¸±µ²Ó±Ê
¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨³¶Ê²Ó¸ Î ¸É¨ÍÒ ¨§³¥´Ö¥É¸Ö, Éµ Ö¸´µ, ÎÉµ É ± Ö
±² ¸¸¨Ë¨± Í¨Ö Ö¢²Ö¥É¸Ö ¢¥¸Ó³  Ê¸²µ¢´µ°. ˆ É , ¨ ¤·Ê£ Ö  ³¶²¨ÉÊ¤Ò Ë ±-
É¨Î¥¸±¨ µ¶¨¸Ò¢ ÕÉ ¶·µÍ¥¸¸ ¸ ´¥±µÉµ·Ò³ ¨§³¥´¥´¨¥³ ¸¶¨´µ¢µ£µ ¸µ¸ÉµÖ´¨Ö
Î ¸É¨ÍÒ.

‚Ò¡µ· µ¶·¥¤¥²¥´´Ò³ µ¡· §µ³ ¸¶¨´µ¢µ£µ ¡ §¨¸  ·¥ ±Í¨¨ ¶µ§¢µ²Ö¥É ¨§-
¡¥¦ ÉÓ ³´µ£¨Ì ¶¥·¥Î¨¸²¥´´ÒÌ É·Ê¤´µ¸É¥°. “± § ´´ Ö ¢µ§³µ¦´µ¸ÉÓ µÉ±·Ò¢ -
¥É¸Ö ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¤¨ £µ´ ²Ó´µ£µ ¸¶¨´µ¢µ£µ ¡ §¨¸  („‘�), ¢ ±µÉµ·µ³
¸¶¨´µ¢Ò¥ 4-¢¥±Éµ·Ò Î ¸É¨Í s1 ¨ s3 c 4-¨³¶Ê²Ó¸ ³¨ p1 ¨ p3 (s1p1 = s3p3 =
= 0, s2

1 = s2
3 = −1) ¶·¨´ ¤²¥¦ É £¨¶¥·¶²µ¸±µ¸É¨, µ¡· §µ¢ ´´µ° 4-¢¥±Éµ· ³¨
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p1 ¨ p3 [35,36]:

s1 = −
(v1v3)v1 − v3√

(v1v3)2 − 1
, s3 =

(v1v3)v3 − v1√
(v1v3)2 − 1

, (4)

£¤¥ v1 = p1/m1 , v3 = p3/m3. �Î¥¢¨¤´µ, ÎÉµ ¸¶¨´µ¢Ò¥ ¢¥±Éµ·Ò (4) ´¥
¨§³¥´ÖÕÉ¸Ö ¶·¨ ¶·¥µ¡· §µ¢ ´¨ÖÌ ³ ²µ° £·Ê¶¶Ò ‹µ·¥´Í , µ¡Ð¥° ¤²Ö Î ¸É¨Í
¸ 4-¨³¶Ê²Ó¸ ³¨ p1 ¨ p3: Lp1,p3p1 = p1, Lp1,p3p3 = p3. �É³¥É¨³, ÎÉµ ÔÉ 
£·Ê¶¶  ¨§µ³µ·Ë´  µ¤´µ¶ · ³¥É·¨Î¥¸±µ° ¶µ¤£·Ê¶¶¥ £·Ê¶¶Ò ¢· Ð¥´¨° ¸ µ¸ÓÕ,
´ ¶· ¢²¥´¨¥ ±µÉµ·µ° µ¶·¥¤¥²Ö¥É¸Ö ¢¥±Éµ·µ³ [13,37]:

~a = c (~p1/p10 − ~p3/p30) , (5)

£¤¥ c Ä ¶·µ¨§¢µ²Ó´µ¥ ¢¥Ð¥¸É¢¥´´µ¥ Î¨¸²µ. � ¶· ¢²¥´¨¥ ~a (5) µ¡² ¤ ¥É É ±¦¥
É¥³ ¸¢µ°¸É¢µ³, ÎÉµ ¶·µ¥±Í¨¨ ´  ´¥£µ ¸¶¨´  ¤²Ö µ¡¥¨Ì Î ¸É¨Í ¡Ê¤ÊÉ ¨³¥ÉÓ
µ¶·¥¤¥²¥´´Ò¥ §´ Î¥´¨Ö ¤ ¦¥ ¢ Éµ³ ¸²ÊÎ ¥, ±µ£¤  Î ¸É¨ÍÒ ¨³¥ÕÉ · §²¨Î´Ò¥
³ ¸¸Ò. ’ ±¨³ µ¡· §µ³, „‘� ¥¸É¥¸É¢¥´´Ò³ µ¡· §µ³ ¶·¨¢µ¤¨É ± ¢µ§³µ¦´µ¸É¨
µ¶¨¸Ò¢ ÉÓ ¸¶¨´µ¢Ò¥ ¸µ¸ÉµÖ´¨Ö ¸¨¸É¥³ ¨§ ²Õ¡ÒÌ ¤¢ÊÌ Î ¸É¨Í (¢ Éµ³ Î¨¸-
²¥ ¨ ¸ · §²¨Î´Ò³¨ ³ ¸¸ ³¨) ¸ ¶µ³µÐÓÕ ¶·µ¥±Í¨° ¸¶¨´  ´  µ¤´µ µ¡Ð¥¥
´ ¶· ¢²¥´¨¥∗, § ¤ ¢ ¥³µ¥ ¢¥±Éµ·µ³ (5).

”Ê´¤ ³¥´É ²Ó´Ò° Ë ±É ·¥ ²¨§ Í¨¨ ¢ „‘� ³ ²µ° £·Ê¶¶Ò ‹µ·¥´Í , µ¡Ð¥°
¤²Ö Î ¸É¨Í ¸ ¨³¶Ê²Ó¸ ³¨ p1 ¨ p3, ¶·¨¢µ¤¨É ± ·Ö¤Ê § ³¥Î É¥²Ó´ÒÌ µ¸µ¡¥´´µ-
¸É¥° [35Å42]. ‚µ-¶¥·¢ÒÌ, ¢ ´¥³ Î ¸É¨ÍÒ ¸ 4-¨³¶Ê²Ó¸ ³¨ p1 (¤µ ¢§ ¨³µ-
¤¥°¸É¢¨Ö) ¨ p3 (¶µ¸²¥ ¢§ ¨³µ¤¥°¸É¢¨Ö) ¨³¥ÕÉ µ¡Ð¨¥ ¸¶¨´µ¢Ò¥ µ¶¥· Éµ·Ò
[38Å40], ÎÉµ ¶µ§¢µ²Ö¥É ¢ ±µ¢ ·¨ ´É´µ° Ëµ·³¥ · §¤¥²¨ÉÓ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸
¨§³¥´¥´¨¥³ ¨ ¡¥§ ¨§³¥´¥´¨Ö ¸¶¨´µ¢ÒÌ ¸µ¸ÉµÖ´¨° Î ¸É¨Í, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥-
 ±Í¨¨, ¨ É¥³ ¸ ³Ò³ ¶·µ¸²¥¤¨ÉÓ §  ¤¨´ ³¨±µ° ¸¶¨´µ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö.

‚µ-¢Éµ·ÒÌ, ¢ „‘� (4) ³ É¥³ É¨Î¥¸± Ö ¸É·Ê±ÉÊ·   ³¶²¨ÉÊ¤ ¶·¥¤¥²Ó´µ
Ê¶·µÐ ¥É¸Ö, ¡² £µ¤ ·Ö ¸µ¢¶ ¤¥´¨Õ ¸¶¨´µ¢ÒÌ µ¶¥· Éµ·µ¢ Î ¸É¨Í, ¢Ò¤¥²¥´¨Õ
¨§  ³¶²¨ÉÊ¤ ¢¨£´¥·µ¢¸±¨Ì ¢· Ð¥´¨° [35,36], Ê³¥´ÓÏ¥´¨Õ Î¨¸²  ´¥§ ¢¨¸¨-
³ÒÌ ¸± ²Ö·´ÒÌ ¶·µ¨§¢¥¤¥´¨°, µ¡· §µ¢ ´´ÒÌ 4-¢¥±Éµ· ³¨, Ì · ±É¥·¨§ÊÕÐ¨Ì
·¥ ±Í¨Õ. ‚-É·¥ÉÓ¨Ì, ¢ ¸²ÊÎ ¥ ¡¥§³ ¸¸µ¢ÒÌ Î ¸É¨Í (p2

1 = p2
3 = 0) ¨Ì ¸¶¨´µ¢Ò¥

¸µ¸ÉµÖ´¨Ö ¢ „‘� ¸ ÉµÎ´µ¸ÉÓÕ ¤µ §´ ±  ¸µ¢¶ ¤ ÕÉ ¸µ ¸¶¨· ²Ó´Ò³¨ [40Å42].
�·¨ µ¡· Ð¥´¨¨ ± „‘� ´¥ É¥·Ö¥É¸Ö µ¡Ð´µ¸ÉÓ · ¸¸³µÉ·¥´¨Ö, ¶µ¸±µ²Ó±Ê

¶¥·¥Ìµ¤ ¢ ¶·µ¨§¢µ²Ó´Ò° ¸¶¨´µ¢Ò° ¡ §¨¸ ¢Ò¶µ²´Ö¥É¸Ö ¶·¨ ¶µ³µÐ¨ D-ËÊ´±-
Í¨° ‚¨£´¥·  [43]. �·¨Î¥³ ¢ ´µ¢ÒÌ ¢Ò· ¦¥´¨ÖÌ ¤²Ö  ³¶²¨ÉÊ¤ ¨¸Ìµ¤´Ò¥
 ³¶²¨ÉÊ¤Ò ´ ¨¡µ²¥¥  ¤¥±¢ É´µ µÉ· ¦ ÕÉ ¤¨´ ³¨±Ê ¸¶¨´µ¢ÒÌ Ö¢²¥´¨°,   D-
ËÊ´±Í¨¨ ¨³¥ÕÉ Î¨¸Éµ ±¨´¥³ É¨Î¥¸±¨° Ì · ±É¥·.

∗ƒ¥µ³¥É·¨Î¥¸±¨° µ¡· § · §´µ¸É¨ ¤¢ÊÌ ¢¥±Éµ·µ¢ ¥¸ÉÓ ¤¨ £µ´ ²Ó ¶ · ²²¥²µ£· ³³ , ÎÉµ ¨
µ¡ÑÖ¸´Ö¥É ¶·µ¨¸Ìµ¦¤¥´¨¥ ´ §¢ ´¨Ö „‘�, ±µÉµ·µ¥ ¡Ò²µ ¤ ´µ ”.ˆ.”¥¤µ·µ¢Ò³.
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’ ±¨³ µ¡· §µ³, „‘� µÉ±·Ò¢ ¥É ´µ¢Ò¥ ¢µ§³µ¦´µ¸É¨ ¤²Ö · §¢¨É¨Ö ³¥Éµ-
¤µ¢ ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¨ ¶µ¢ÒÏ¥´¨Ö ¨Ì ÔËË¥±É¨¢´µ¸É¨ ¶·¨
¨¸¶µ²Ó§µ¢ ´¨¨ ¶µ¤Ìµ¤  �µ£ÊÏ  Ä ”¥¤µ·µ¢  [13,19].

�É³¥É¨³, ÎÉµ ¢¶¥·¢Ò¥ ¢ÒÎ¨¸²¥´¨¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ „‘� ¶·µ¢¥¤¥´µ
¢ · ¡µÉ Ì [35,36] ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¸¶¨´µ·´µ£µ Ëµ·³ ²¨§³ , £¤¥ ¡Ò² ¤ ´
· ¸Î¥É  ³¶²¨ÉÊ¤ ¤²Ö ¶µ²´µ£µ ´ ¡µ·  ¨§ ³ É·¨Í „¨· ±  Γi (i = 1, 2 . . . 16), ¶µ
±µÉµ·Ò³ · ¸±² ¤Ò¢ ¥É¸Ö ¶·µ¨§¢µ²Ó´Ò° µ¶¥· Éµ· Q, ¢Ìµ¤ÖÐ¨° ¢ (1). �É³¥É¨³
É ±¦¥, ÎÉµ ³¥¦¤Ê ³¥Éµ¤ ³¨, ¶·¥¤²µ¦¥´´Ò³¨ ¢ · ¡µÉ Ì [18] ¨ [19], ¸ÊÐ¥¸É¢Ê¥É
¤µ¢µ²Ó´µ É¥¸´ Ö ¸¢Ö§Ó, ¢¶¥·¢Ò¥ Ê¸É ´µ¢²¥´´ Ö ¢ [44], £¤¥ ¡Ò²  ¶·µ¢¥¤¥´ 
±² ¸¸¨Ë¨± Í¨Ö · §²¨Î´ÒÌ ³¥Éµ¤µ¢ ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢.

ˆ¸¶µ²Ó§Ê¥³Ò¥ µ¡µ§´ Î¥´¨Ö ¨ ¸µ±· Ð¥´¨Ö

~x = (xa) Ä É·¥Ì³¥·´Ò° ¢¥±Éµ·; xa (a = 1, 2, 3) Ä ¥£µ ±µ³¶µ´¥´ÉÒ.
p = (pk) = (p0, ~p) Ä Î¥ÉÒ·¥Ì³¥·´Ò° ¢¥±Éµ· ¢ ³¨·¥ Œ¨´±µ¢¸±µ£µ.
~x~y = x1y1 + x2y2 + x3y3 Ä ¸± ²Ö·´µ¥ ¶·µ¨§¢¥¤¥´¨¥ ¢¥±Éµ·µ¢ ~x ¨ ~y.
pp
′

= pµp
′µ = p0p

′

0 − ~p~p
′
Ä ¸± ²Ö·´µ¥ ¶·µ¨§¢¥¤¥´¨¥ 4-¢¥±Éµ·µ¢ p ¨ p

′
.

[~x~y] Ä ¢¥±Éµ·´µ¥ ¶·µ¨§¢¥¤¥´¨¥ É·¥Ì³¥·´ÒÌ ¢¥±Éµ·µ¢ ~x ¨ ~y.
εabc Ä É·¥Ì³¥·´Ò° ¸¨³¢µ² ‹¥¢¨-—¨¢¨É .
[~x~y]a = εabcxbyc.
(~c)×ab = εadb cd, ~c

×~x = [~c ~x] , ~x~c× = [~x ~c] .
~x · ~y = (xayb) Ä ¤¨ ¤ , µ¡· §µ¢ ´´ Ö ¨§ ¢¥±Éµ·µ¢ ~x ¨ ~y .
x · y = (xµyν) Ä ¤¨ ¤ , µ¡· §µ¢ ´´ Ö ¨§ 4- ¢¥±Éµ·µ¢ x = (xµ), y = (yν).
(~x · ~y) = ~x · ~y + ~y · ~x , (x · y) = x · y + y · x Å ¸¨³³¥É·¨·µ¢ ´´Ò¥ ¤¨ ¤Ò.
[~x · ~y] = ~x · ~y − ~y · ~x , [x · y] = x · y − y · x Å  ²ÓÉ¥·´¨·µ¢ ´´Ò¥ ¤¨ ¤Ò.
(α×)µν = 1/2 εµνρσα

ρσ , αµν = −ανµ , (α̃ = −α).
([a · b]×)µν = εµνρσa

ρbσ.
[a, b, c]µ = ([a · b]×c)µ = εµνρσa

νbρcσ.

gµν Ä ³¥É·¨Î¥¸±¨° É¥´§µ·, g = (+,−,−,−)
εµνρσ Ä Î¥ÉÒ·¥Ì³¥·´Ò° ¸¨³¢µ² ‹¥¢¨-—¨¢¨É , ε0123 = −1.
γµ Ä ³ É·¨ÍÒ „¨· ±  , â = aµγ

µ = (γa),
γ5 = −i γ0γ1γ2γ3 , γ5+ = γ5.
�²£¥¡·  ³ É·¨Í „¨· ± : âb̂+ b̂â = 2ab.
âb̂ĉ = d̂− iγ5f̂ , d = (ab+ [a · b])c, f = ([a · b])×c.
„²Ö  ²£¥¡· ¨Î¥¸±¨Ì µ¶¥· Í¨° ¨¸¶µ²Ó§ÊÕÉ¸Ö µ¡µ§´ Î¥´¨Ö:
∗ Ä ±µ³¶²¥±¸´µ¥ ¸µ¶·Ö¦¥´¨¥.
+ Ä Ô·³¨Éµ¢¸±µ¥ ¸µ¶·Ö¦¥´¨¥.
∼ Ä É· ´¸¶µ´¨·µ¢ ´¨¥.
× Ä ¤Ê ²Ó´µ¥ ¸µ¶·Ö¦¥´¨¥.
· Ä ¤¨ ¤´µ¥ ¶·µ¨§¢¥¤¥´¨¥.
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Š�„ Ä ±¢ ´Éµ¢ Ö Ô²¥±É·µ¤¨´ ³¨± .
„‘� Ä ¤¨ £µ´ ²Ó´Ò° ¸¶¨´µ¢Ò° ¡ §¨¸.
��‚ Ä µ·Éµ´µ·³¨·µ¢ ´´Ò° ¡ §¨¸ ¢¥±Éµ·µ¢.
�Š� Ä ·¥ ²Ó´µ¥ ±µ³¶Éµ´µ¢¸±µ¥ · ¸¸¥Ö´¨¥.
‚Š� Ä ¢¨·ÉÊ ²Ó´µ¥ ±µ³¶Éµ´µ¢¸±µ¥ · ¸¸¥Ö´¨¥.
�Œ‚ Ä Ô²¥±É·µ³ £´¨É´ Ö ¢µ²´ .
�Š� Ä µ¡· É´µ¥ ±µ³¶Éµ´µ¢¸±µ¥ · ¸¸¥Ö´¨¥.
‘¨¸É¥³  –ˆ Ä ¸¨¸É¥³  Í¥´É·  ¨´¥·Í¨¨.

‚¥§¤¥ ¨¸¶µ²Ó§Ê¥É¸Ö ¸¨¸É¥³  ¥¤¨´¨Í, ¢ ±µÉµ·µ° ¸±µ·µ¸ÉÓ ¸¢¥É  c ¨ ¶µ¸ÉµÖ´´ Ö
�² ´±  h̄ · ¢´Ò ¥¤¨´¨Í¥: c = h̄ = 1 .

1. ‘�ˆ��‚›… ��…��’��› ‚ „‘�

‚ µ¶¨¸ ´¨¨ ¸¶¨´µ¢ÒÌ ¸¢µ°¸É¢ Î ¸É¨Í ³Ò ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ¸²¥¤ÊÕÐ¨¥
¶µ¤Ìµ¤Ò:

 ) ¶µ¤Ìµ¤, ¶·¥¤²µ¦¥´´Ò° � ·£³ ´µ³ ¨ ‚¨£´¥·µ³, ¢ ±µÉµ·µ³ µ¶¥· Éµ·Ò
¶·µ¥±Í¨¨ ¸¶¨´  µ¶·¥¤¥²ÖÕÉ¸Ö ¸ ¶µ³µÐÓÕ £¥´¥· Éµ·µ¢ ³ ²ÒÌ £·Ê¶¶ ‹µ·¥´Í ,
¨§¢¥¸É´ÒÌ ¢ ²¨É¥· ÉÊ·¥ ± ± µ¶¥· Éµ·Ò � Ê²¨ Å � ·£³ ´  Å ‹Õ¡ ´¸±µ£µ
[43,45].

¡) Kµ¢ ·¨ ´É´ Ö É¥µ·¨Ö ¸¶¨´ , · §¢¨É Ö ”¥¤µ·µ¢Ò³, ´  µ¸´µ¢¥ ¨¸¶µ²Ó-
§µ¢ ´¨Ö ¢¥±Éµ·´µ° ¶ · ³¥É·¨§ Í¨¨ ³ ²ÒÌ £·Ê¶¶ ‹µ·¥´Í  ¨ ¨Ì ¶·¥¤¸É ¢²¥-
´¨° [13].

�µ ¸ÊÐ¥¸É¢Ê ÔÉ¨ ¶µ¤Ìµ¤Ò Ô±¢¨¢ ²¥´É´Ò. �¤´ ±µ ¢¥±Éµ·´ Ö ¶ · ³¥É·¨§ -
Í¨Ö £·Ê¶¶Ò ‹µ·¥´Í  ¶µ§¢µ²Ö¥É ´¥ Éµ²Ó±µ Ê¶·µ¸É¨ÉÓ ¨§²µ¦¥´¨¥ É¥µ·¨¨ ¸¶¨´µ-
¢ÒÌ ¸¢µ°¸É¢ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í, ´µ ¨ Ê¸É· ´¨ÉÓ (¸³.[13]) · ¸¶·µ¸É· ´¥´´Ò¥
¢ ²¨É¥· ÉÊ·¥ ´¥¢¥·´Ò¥ ÊÉ¢¥·¦¤¥´¨Ö, ¶·¨¸ÊÐ¨¥ ´¥±µÉµ·Ò³ ¶µ¤Ìµ¤ ³ [9,10],
µ Éµ³, ÎÉµ ª¶·¨ § ¤ ´´µ³ ¨³¶Ê²Ó¸¥ ¶·µ¥±Í¨Ö ¸¶¨´  ´  ¶·µ¨§¢µ²Ó´ÊÕ µ¸Ó ´¥
³µ¦¥É ¨³¥ÉÓ µ¶·¥¤¥²¥´´µ£µ §´ Î¥´¨Öª (c³.[9], ¸.114,   É ±¦¥ [10], ¸. 110).

�Ê¤¥³ ¨¸Ìµ¤¨ÉÓ ¨§ Éµ£µ, ÎÉµ ¢ ¨³¶Ê²Ó¸´µ³ ¶·¥¤¸É ¢²¥´¨¨ ¸¢µ¡µ¤´µ¥ ¸µ-
¸ÉµÖ´¨¥ Î ¸É¨ÍÒ ¸ 4-¨³¶Ê²Ó¸µ³ p ¨ ¶·µ¥±Í¨¥° ¸¶¨´  δ ´  µ¸Ó ~c µ¶¨¸Ò¢ ¥É¸Ö
¢¥±Éµ·µ³ ¸µ¸ÉµÖ´¨Ö |p, δ > (¨´¤¥±¸Ò, µ¡µ§´ Î ÕÐ¨¥ ¸¶¨´ j, ³ ¸¸Ê m ¨ ¤·Ê-
£¨¥ Ì · ±É¥·¨¸É¨±¨ Î ¸É¨ÍÒ, ³Ò µ¶Ê¸± ¥³). ‘¶¨´ Î ¸É¨ÍÒ j µ¶·¥¤¥²Ö¥É¸Ö
± ± ¢¥²¨Î¨´  ¥¥ ³µ³¥´É  ±µ²¨Î¥¸É¢  ¤¢¨¦¥´¨Ö ¢ ¸¨¸É¥³¥ ¶µ±µÖ, £¤¥ µ·¡¨-
É ²Ó´Ò° ³µ³¥´É · ¢¥´ ´Ê²Õ. �µÔÉµ³Ê Ê¤µ¡´µ µ¶·¥¤¥²¨ÉÓ ¢¥±Éµ· ¸µ¸ÉµÖ´¨Ö
|p, δ > Î¥·¥§ ¢¥±Éµ· ¸µ¸ÉµÖ´¨Ö ¢ ¸¨¸É¥³¥ ¶µ±µÖ |p0, δ >, £¤¥ p0 = (m, 0).
�·¨ ÔÉµ³ ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉµ ¢¥±Éµ·, ´  ±µÉµ·Ò° ¶·µ¥±É¨·Ê¥É¸Ö ¸¶¨´ (É.¥.
µ¸Ó ¸¶¨´µ¢ÒÌ ¶·µ¥±Í¨° ~c), ¢ ¸¨¸É¥³¥ ¶µ±µÖ Î ¸É¨ÍÒ Ö¢²Ö¥É¸Ö ¶·µ¸É· ´¸É¢¥´-
´µ° Î ¸ÉÓÕ ¸¶¨´µ¢µ£µ 4-¢¥±Éµ·  s0 = (0,~c), Ê¤µ¢²¥É¢µ·ÖÕÐ¥£µ Ê¸²µ¢¨Ö³:
s0p0 = 0, s02 = −~c 2 = −1. �Ê¸ÉÓ Λp Ä ¡Ê¸É, É.¥. ¶·¥µ¡· §µ¢ ´¨¥ ‹µ·¥´Í ,
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É ±µ¥, ÎÉµ p = Λp p
0, s = Λps

0, sp = 0, s2 = −1, s = (s0, ~s), £¤¥

~s =

(
1 +

~p · ~p

m(p0 +m)

)
~c , s0 =

~p~c

m
. (1.1)

’µ£¤ 
|p, δ >= Tp |p

0, δ > , (1.2)

£¤¥ Tp = T (Λp) Ä ¸µµÉ¢¥É¸É¢ÊÕÐ¨° µ¶¥· Éµ· ÔÉµ£µ ¶·¥µ¡· §µ¢ ´¨Ö, ¤¥°¸É¢Ê-
ÕÐ¨° ¢ ¶·µ¸É· ´¸É¢¥ ¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨°. ‚¥±Éµ· ¸µ¸ÉµÖ´¨Ö |p, δ > Ê¤µ¢²¥-
É¢µ·Ö¥É ¸²¥¤ÊÕÐ¨³ Ê· ¢´¥´¨Ö³:

Pµ |p, δ >= pµ |p, δ > , (1.3)

σ |p, δ >= δ |p, δ > , (1.4)

w2 |p, δ >= −j(j + 1) |p, δ > . (1.5)

‡¤¥¸Ó Pµ ¨ σ Ä µ¶¥· Éµ·Ò Ô´¥·£¨¨-¨³¶Ê²Ó¸  ¨ ¶·µ¥±Í¨¨ ¸¶¨´ :

σ = sµ wµ , (1.6)

£¤¥ wµ Ä 4-¢¥±Éµ· � Ê²¨ Å ‹Õ¡ ´¸±µ£µ [43]:

wµ = −
1

2m
εµνλρ M

νλ pρ , (1.7)

  Mνλ Ä µ¶¥· Éµ·Ò Ê£²µ¢µ£µ ³µ³¥´É . ‘ ¶µ³µÐÓÕ Ëµ·³Ê² (4), (1.6), (1.7)
´ Ìµ¤¨³, ÎÉµ µ¶¥· Éµ·Ò ¶·µ¥±Í¨° ¸¶¨´  ¤²Ö ´ Î ²Ó´µ° ¨ ±µ´¥Î´µ° Î ¸É¨Í
σ1 = ws1 ¨ σ3 = ws3 ¢ „‘� (4) ¸µ¢¶ ¤ ÕÉ ¨ ¨³¥ÕÉ ¢¨¤ [38,39]:

σ1 = σ3 =
1

2
√

(v1v3)2 − 1
εµνρσM

µνvρ1v
σ
3 . (1.8)

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢ ²Õ¡µ³ ¤·Ê£µ³ ¡ §¨¸¥, µÉ²¨Î´µ³ µÉ ¤¨ £µ´ ²Ó´µ£µ,
µ¶¥· Éµ·Ò σ1 ¨ σ3 ´¥ ¸µ¢¶ ¤ ÕÉ ¨, ¸²¥¤µ¢ É¥²Ó´µ, ´¥ ±µ³³ÊÉ¨·ÊÕÉ ³¥¦¤Ê
¸µ¡µ°.

’·¥¡µ¢ ´¨¥ ¸µ¢¶ ¤¥´¨Ö ³ ²ÒÌ £·Ê¶¶ ‹µ·¥´Í  ¤²Ö Î ¸É¨Í ¸ ¨³¶Ê²Ó¸ ³¨
p1 ¨ p3 ´ ±² ¤Ò¢ ¥É ¦¥¸É±¨¥ µ£· ´¨Î¥´¨Ö ´¥ Éµ²Ó±µ ´  ¢Ò¡µ· ¸¶¨´µ¢ÒÌ
¢¥±Éµ·µ¢ Î ¸É¨Í s1 ¨ s3, ´µ ¨ µ¸¥° ¸¶¨´µ¢ÒÌ ¶·µ¥±Í¨° ~c1 ¨ ~c3 (¸³. (1.1)).
Š ± ¶µ± § ´µ ¢ · ¡µÉ Ì [35,36], ~c1 ¨ ~c3 ¨³¥ÕÉ ¢¨¤:

~c1 =
~v31

| ~v31 |
, ~c3 = −

~v13

| ~v13 |
, (1.9)

£¤¥ ~v13 (~v31) Ä ¶·µ¸É· ´¸É¢¥´´ Ö Î ¸ÉÓ 4-¢¥±Éµ·  ·¥²ÖÉ¨¢¨¸É¸±µ° · §´µ¸É¨
¸±µ·µ¸É¥° ¶¥·¢µ° ¨ É·¥ÉÓ¥° (É·¥ÉÓ¥° ¨ ¶¥·¢µ°) Î ¸É¨Í: vij = vi 	 vj =
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(vij0, ~vij) , ±µÉµ· Ö µ¶·¥¤¥²Ö¥É¸Ö ± ± ¸±µ·µ¸ÉÓ i-° Î ¸É¨ÍÒ ¢ ¸¨¸É¥³¥ ¶µ±µÖ
j-° Î ¸É¨ÍÒ [36]:

vij = vi 	 vj = Λ−1
pj vi . (1.10)

‡¤¥¸Ó Λ−1
pj Ä ¶·¥µ¡· §µ¢ ´¨¥ ¡Ê¸É , Λ−1

pj vj = v0
j = (1, 0). �·¨ ÔÉµ³ v2

ij =

v2
ji = 1 , vij0 = vji0 = vivj , | ~vij |=| ~vji |=

√
(vivj)2 − 1 . ‚¥±Éµ·Ò ~v13 , ~v31

¨³¥ÕÉ ¢¨¤ [36]:

~v13 = ~v1 − ~v3

(
v10 −

~v1~v3

1 + v10

)
, ~v31 = ~v3 − ~v1

(
v30 −

~v1~v3

1 + v30

)
. (1.11)

„²Ö ¨²²Õ¸É· Í¨¨ ¸¢µ°¸É¢ „‘� · ¸¸³µÉ·¨³ ¶·µÍ¥¸¸ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢
¸¨¸É¥³ Ì ¶µ±µÖ ´ Î ²Ó´µ° ¨ ±µ´¥Î´µ° Î ¸É¨Í. ‚ ¶¥·¢µ³ ¸²ÊÎ ¥ (p1 = (m1, 0))
µ¸¨ ¸¶¨´µ¢ÒÌ ¶·µ¥±Í¨° ~c1 ¨ ~c3 ¶ · ²²¥²Ó´Ò ¨³¶Ê²Ó¸Ê ±µ´¥Î´µ° Î ¸É¨ÍÒ (ÔÉµ
¸²¥¤Ê¥É ¨§ (1.9), (1.11)):

~c1 = ~c3 = ~v3/ | ~v3 | . (1.12)

‚ ¸¨¸É¥³¥ ¶µ±µÖ ±µ´¥Î´µ° Î ¸É¨ÍÒ (p3 = (m3, 0)) µ¸¨ ¸¶¨´µ¢ÒÌ ¶·µ¥±Í¨°
 ´É¨¶ · ²²¥²Ó´Ò ¨³¶Ê²Ó¸Ê ´ Î ²Ó´µ° Î ¸É¨ÍÒ:

~c1 = ~c3 = −~v1/ | ~v1 | . (1.13)

�Î¥¢¨¤´µ, ÎÉµ ¢ ÔÉ¨Ì ¸²ÊÎ ÖÌ ³ ² Ö £·Ê¶¶  ‹µ·¥´Í  Lp1p3 Ö¢²Ö¥É¸Ö ¶µ¤£·Ê¶-
¶µ° £·Ê¶¶Ò ¢· Ð¥´¨° ¢µ±·Ê£ ´ ¶· ¢²¥´¨Ö ¨³¶Ê²Ó¸  ¤¢¨¦ÊÐ¥°¸Ö Î ¸É¨ÍÒ,
±µÉµ·µ¥ Ö¢²Ö¥É¸Ö µ¸ÓÕ ¸¶¨´µ¢ÒÌ ¶·µ¥±Í¨° ¤²Ö µ¡¥¨Ì Î ¸É¨Í, ÎÉµ ¶·¥¤¸É -
¢²Ö¥É ¸µ¡µ° Î ¸É´Ò° ¸²ÊÎ ° Ëµ·³Ê²Ò (5).

�·¨¢¥¤¥³ ¥Ð¥ µ¤´µ Ô±¢¨¢ ²¥´É´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö µ¶¥· Éµ·  ¶·µ¥±-
Í¨¨ ¸¶¨´  (1.6), ¢Ò· ¦¥´´µ¥ Î¥·¥§  ´É¨¸¨³³¥É·¨Î´ÊÕ ³ É·¨ÍÊ α(p) = [v·s]×,
(α(p) p = 0) ¨ Mµν :

σ =
1

2
([v · s]×)µν M

µν . (1.14)

‚ „‘�  ²ÓÉ¥·´ ´ÉÒ [v1 · s1] ¨ [v3 · s3] ¸µ¢¶ ¤ ÕÉ:

[v1 · s1] = [v3 · s3] =
[v1 · v3]√

(v1v3)2 − 1
,

ÎÉµ ¨ µ¡Ê¸² ¢²¨¢ ¥É ¸µ¢¶ ¤¥´¨¥ ¸¶¨´µ¢ÒÌ µ¶¥· Éµ·µ¢ σ1 ¨ σ3. ‡ ¶¨Ï¥³
³ É·¨ÍÊ α(p) = [v · s]× ¢ · §¢¥·´ÊÉµ³ ¢¨¤¥:

α(p) =
1

m

(
0 [~c~p]
−[~c~p] p0(1 − ~p · ~p/((p0 +m)p0)~c)×

)
. (1.15)
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�¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ µ´  ¨³¥¥É µ¤¨´ ±µ¢Ò° ¢¨¤ ± ± ¢ ¸¨¸É¥³¥ ¶µ±µÖ
(~p = 0), É ± ¨ ¶·¨ ~c ‖ ~p:

α(p) =

(
0 0
0 ~c ×

)
, (1.16)

£¤¥ ~c Ä ¥¤¨´¨Î´Ò° ¶·µ¨§¢µ²Ó´Ò° ¢¥±Éµ· ¢ ¶¥·¢µ³ ¸²ÊÎ ¥, ²¨¡µ ~c = ~p/|~p|
¢µ ¢Éµ·µ³. ‘²¥¤µ¢ É¥²Ó´µ, · ¸¸³µÉ·¥´¨¥ ¸¶¨· ²Ó´ÒÌ ¸µ¸ÉµÖ´¨° ¤¢¨¦ÊÐ¨Ì¸Ö
Î ¸É¨Í Ö¢²Ö¥É¸Ö  ´ ²µ£¨Î´Ò³ · ¸¸³µÉ·¥´¨Õ ¸¶¨´  ¶µ±µÖÐ¨Ì¸Ö Î ¸É¨Í, ÎÉµ ¨
µ¡ÑÖ¸´Ö¥É µ¤´Ê ¨§ ¶·¨Î¨´ ¶µ¶Ê²Ö·´µ¸É¨ ¸¶¨· ²Ó´µ£µ ¡ §¨¸ .

�¥·¥°¤¥³ ± · ¸¸³µÉ·¥´¨Õ Î ¸É¨Í ¸µ ¸¶¨´µ³ 1/2, ¸µ¸ÉµÖ´¨¥ ±µÉµ·ÒÌ µ¶¨-
¸Ò¢ ¥É¸Ö ¡¨¸¶¨´µ· ³¨ uδ(p, s), Ê¤µ¢²¥É¢µ·ÖÕÐ¨³¨ Ê· ¢´¥´¨Õ „¨· ± :

(p̂−m)uδ(p, s) = 0, uδ(p, s)(p̂−m) = 0 , (1.17)

£¤¥ u = u+γ0, ¶·¨ ÔÉµ³ uδ(p, s)uδ(p, s) = m. „²Ö ³ É·¨Í „¨· ±  ¸¶· ¢¥¤²¨¢Ò
¶¥·¥¸É ´µ¢µÎ´Ò¥ ¨ ·¥±Ê··¥´É´Ò¥ ¸µµÉ´µÏ¥´¨Ö:

γµγν + γνγµ = 2gµν , (1.18)

γµγνγρ = gµνγρ + gνργµ − gµργν + iγ5 εµνρσγσ , (1.19)

γ5γµγν = gµνγ5 − i/2 εµνρσγργσ . (1.20)

�·¥¤¸É ¢¨³ ÔÉ¨ ¸µµÉ´µÏ¥´¨Ö ¢ Ëµ·³¥ ¡¥§ ¨´¤¥±¸µ¢ [13]:

âb̂+ b̂â = 2ab, âb̂ĉ = d̂− iγ5f̂ , (1.21)

γ5âb̂ = abγ5 − i [a · b]× , (1.22)

d = (ab + [a · b])c , f = [a · b]×c = [a, b, c], fµ = εµνρσa
νbρcσ, (1.23)

[a · b]× = 1/2 ([a · b]×)µν γ
µγν . (1.24)

�·¨¢¥¤¥³ É ±¦¥ ´¥±µÉµ·Ò¥ Ëµ·³Ê²Ò, ¶µ²¥§´Ò¥ ¤²Ö ¤ ²Ó´¥°Ï¥£µ [13]:

αâ− âα = 2 α̂a = 2 (γαa), α×â− â α× = 2 α̂×a = 2 (γα×a) , (1.25)

£¤¥ α = 1/2 αµνγ
µγν , α Ä ¶·µ¨§¢µ²Ó´ Ö  ´É¨¸¨³³¥É·¨Î´ Ö ³ É·¨Í . �¥·-

¢ÊÕ ¨§ ÔÉ¨Ì Ëµ·³Ê² ³µ¦´µ ¶µ²ÊÎ¨ÉÓ, Ê³´µ¦ Ö (1.19) ´  1/2αµνaρ, § É¥³ ´ 
1/2aµανρ ¨ ¢ÒÎ¨É Ö ¶µ¸²¥ ÔÉµ£µ ·¥§Ê²ÓÉ ÉÒ. (‚Éµ· Ö ¢Ò¢µ¤¨É¸Ö  ´ ²µ£¨Î´µ.)

‚ ¡¨¸¶¨´µ·´µ³ ¶·µ¸É· ´¸É¢¥ £¥´¥· Éµ·Ò £·Ê¶¶Ò ‹µ·¥´Í  Mµν ¨³¥ÕÉ
¢¨¤ [43]:

Mµν = i/4 (γµγν − γνγµ). (1.26)
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’µ£¤  µ¶¥· Éµ· ¶·µ¥±Í¨¨ ¸¶¨´  (1.14) ¤²Ö Î ¸É¨ÍÒ ¸µ ¸¶¨´µ³ 1/2 ¸ ¶µ³µÐÓÕ
¸µµÉ´µÏ¥´¨° (1.26), (1.22) ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥ [32]:

σ =
i

2
[v · s]× =

1

2
γ5ŝv̂, σp̂ = p̂σ. (1.27)

’ ±¨³ µ¡· §µ³, ±µ¢ ·¨ ´É´Ò° µ¶¥· Éµ· ¶·µ¥±Í¨¨ ¸¶¨´  Ô²¥±É·µ´  (1.14),
´¥¶µ¸·¥¤¸É¢¥´´µ ¸¢Ö§ ´´Ò° ¸ ³ ²µ° £·Ê¶¶µ° ‹µ·¥´Í  [13], ²¨ÏÓ ³´µ¦¨É¥²¥³
v̂ µÉ²¨Î ¥É¸Ö µÉ Ï¨·µ±µ ¨¸¶µ²Ó§Ê¥³µ£µ µ¶¥· Éµ·  σ

′
[9Å12]:

σ
′

=
1

2
γ5ŝ , [σ

′

p̂]− = 0 , s2 = −1 , sp = 0 . (1.28)

�·¨ ÔÉµ³ Ê¸²µ¢¨¥ ±µ³³ÊÉ Í¨¨ µ¶¥· Éµ·µ¢ σ ¨ p̂ ¢Ò¶µ²´Ö¥É¸Ö  ¢Éµ³ É¨-
Î¥¸±¨, ¢ Î¥³ ´¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö ¸ ¶µ³µÐÓÕ (1.25) ¨ · ¢¥´¸É¢  [v · s]×p = 0.
’ ±¨³ µ¡· §µ³, ¢ ¸²ÊÎ ¥ ± ± ¶µ±µÖÐ¥°¸Ö, É ± ¨ ¤¢¨¦ÊÐ¥°¸Ö Î ¸É¨ÍÒ ¶·µ-
¥±Í¨Ö ¸¶¨´  ´  ¶·µ¨§¢µ²Ó´ÊÕ µ¸Ó ³µ¦¥É ¨³¥ÉÓ µ¶·¥¤¥²¥´´µ¥ §´ Î¥´¨¥ [13].
�É³¥É¨³, ÎÉµ ¤¥°¸É¢¨¥ µ¶¥· Éµ·µ¢ σ ¨ σ

′
(1.27) ¨ (1.28) ´  ¢¥±Éµ· ¸µ¸ÉµÖ´¨Ö

Î ¸É¨ÍÒ ¸µ¢¶ ¤ ¥É ¢ ¸¨²Ê ¸¶· ¢¥¤²¨¢µ¸É¨ Ê· ¢´¥´¨Ö „¨· ± .
� ¸¸³µÉ·¨³ ¡¨´ ·´ÊÕ ·¥ ±Í¨Õ p1 + p2 → p3 + p4, ¢ ±µÉµ·µ° µ¤´µÉ¨¶-

´Ò³¨ Ö¢²ÖÕÉ¸Ö Î ¸É¨ÍÒ 1 ¨ 3,   É ±¦¥ 2 ¨ 4 (´ ¶·¨³¥·, Ô²¥±É·µ´-´Ê±²µ´´µ¥
· ¸¸¥Ö´¨¥ ep → ep ¨ É.¤.). ‚ ÔÉµ³ ¸²ÊÎ ¥ ¸¶¨´µ¢ Ö ¸É·Ê±ÉÊ·  ³ É·¨Î-
´ÒÌ Ô²¥³¥´Éµ¢ ¶·µÍ¥¸¸  É ±µ¢ , ÎÉµ ´ ¨¡µ²¥¥ Ê¤µ¡´Ò³ µ± §Ò¢ ¥É¸Ö „‘�,
¢ ±µÉµ·µ³ Ê Î ¸É¨Í 1 ¨ 3,   É ±¦¥ Ê 2 ¨ 4 µ¡Ð¨¥ µ¶¥· Éµ·Ò ¸¶¨´µ¢ÒÌ
¶·µ¥±Í¨°. „²Ö Éµ£µ, ÎÉµ¡Ò ¶µ¸É·µ¨ÉÓ ¶µ¢ÒÏ ÕÐ¨¥ ¨ ¶µ´¨¦ ÕÐ¨¥ ¸¶¨´µ-
¢Ò¥ µ¶¥· Éµ·Ò Î ¸É¨Í, ¢¢¥¤¥³ µ·Éµ´µ·³¨·µ¢ ´´Ò° ¡ §¨¸ ¢¥±Éµ·µ¢ (��‚)
nA , nAnB = gAB (A,B = 0, 1, 2, 3) [36]:

n1 = [n0 · n3]×n2 , n2 = [p1 · p3]×r/ρ ,

n3 =
(p3 − p1)√
−(p3 − p1)2

, n0 =
(p3 + p1)√
(p3 + p1)2

, (1.29)

£¤¥ r Å 4-¨³¶Ê²Ó¸ Î ¸É¨ÍÒ, ÊÎ ¸É¢ÊÕÐ¥° ¢ ·¥ ±Í¨¨, µÉ²¨Î´Ò° µÉ p1 ¨
p3, ρ µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²µ¢¨° ´µ·³¨·µ¢±¨ n2

1 = n2
2 = n2

3 = −n2
0 = −1.

’ ±¨³ µ¡· §µ³, µ·ÉÒ n0 ¨ n3 ¶·¨´ ¤²¥¦ É £¨¶¥·¶²µ¸±µ¸É¨, µ¡· §µ¢ ´´µ°
4-¨³¶Ê²Ó¸ ³¨ p1 ¨ p3,   n1 ¨ n2 Ä µ·Éµ£µ´ ²Ó´Ò ± ´¥°. „²Ö Î¥ÉÒ·¥Ì ¢¥±Éµ·µ¢
nA ¸¶· ¢¥¤²¨¢Ò ¸µµÉ´µÏ¥´¨Ö [36]:

[nA · nB]× = 1/2 εAB
CD[nC · nD] , [nA, nB, nC ] = −εABC

DnD . (1.30)

„²Ö ´¨Ì É ±¦¥ ¢Ò¶µ²´Ö¥É¸Ö ¸µµÉ´µÏ¥´¨¥ ¶µ²´µÉÒ:

n0 · n0 − n1 · n1 − n2 · n2 − n3 · n3 = g , (1.31)
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¸ ¶µ³µÐÓÕ ±µÉµ·µ£µ ¶·µ¨§¢µ²Ó´Ò° 4-¢¥±Éµ· p ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥

p = pn0 · n0 − pn1 · n1 − pn2 · n2 − pn3 · n3 .

‚ „‘� ´¥ Éµ²Ó±µ µ¶¥· Éµ·Ò ¶·µ¥±Í¨¨ ¸¶¨´  σ1 ¨ σ3 (1.27), ´µ ¨ ¶µ¢ÒÏ ÕÐ¨¥
¨ ¶µ´¨¦ ÕÐ¨¥ µ¶¥· Éµ·Ò σ±δ1 ¨ σ±δ3 ¤²Ö ¶¥·¢µ° ¨ É·¥ÉÓ¥° Î ¸É¨Í ¸µ¢¶ ¤ ÕÉ.
‚ ��‚ (1.29) µ´¨ ¨³¥ÕÉ ¢¨¤ [39,40]:

σ = σ1 = σ3 = 1/2γ5ŝ1v̂1 = 1/2γ5ŝ3v̂3 = 1/2γ5n̂0n̂3 = i/2n̂1n̂2 , (1.32)

σ±δ = σ±δ1 = σ±δ3 = −1/2γ5n̂±δ , n±δ = n1 ± iδn2 , δ = ±1 , (1.33)

σuδ(pi) = δ/2uδ(pi) , σ
±δu∓δ(pi) = u±δ(pi) , σ

±δu±δ(pi) = 0 , (1.34)

[σσ±δ ]− = ±δσ±δ, [p̂1σ
±δ]− = [p̂3σ

±δ]− = 0 , (1.35)

£¤¥ uδ(pi) = uδ(pi, si) Ä ¡¨¸¶¨´µ·Ò 1-° ¨ 3-° Î ¸É¨Í.
� ¸¸³µÉ·¨³ ¶·µ¥±É¨¢´Ò¥ µ¶¥· Éµ·Ò τδ = uδ(pi) u

δ(pi) ¤²Ö Î ¸É¨Í ¸µ
¸¶¨´µ³ 1/2 [13,20]:

τδ = 1/4(p̂+m)(1− δγ5ŝ) . (1.36)

‚ „‘� µ¶¥· Éµ·Ò τδi (1.36) ¨³¥ÕÉ ¢¨¤ [39,40]:

τδ1 = 1/4 (m+ (ξ+n̂0 − ξ−n̂3) + δγ5 (ξ−n̂0 − ξ+n̂3 −m n̂3n̂0)) , (1.37)

τδ3 = 1/4 (m+ (ξ+n̂0 + ξ−n̂3)− δγ5 (ξ−n̂0 + ξ+n̂3 +m n̂3n̂0)) , (1.38)

£¤¥ ξ± =
√

(p1p3 ±m2)/2. ‘¶¨´µ¢ Ö Î ¸ÉÓ ¶·µ¥±É¨¢´ÒÌ µ¶¥· Éµ·µ¢ ¤²Ö 1-°
¨ 3-° Î ¸É¨Í ¢ „‘� ¢ ¸¨²Ê (1.32) ³µ¦¥É ¡ÒÉÓ ¸¤¥² ´  µ¤¨´ ±µ¢µ°, ¢ ·¥§Ê²ÓÉ É¥
¡Ê¤¥³ ¨³¥ÉÓ [46,47]:

τδi = −1/8 (p̂i +m) n̂δ n̂
∗
δ , (1.39)

£¤¥ n∗δ = n1 − iδn2 = n−δ, nδn
∗
δ = −2.

�¨¸¶¨´µ·Ò ´ Î ²Ó´µ£µ ¨ ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨° Î ¸É¨Í uδ(p1) ¨ uδ(p3)
³µ£ÊÉ ¡ÒÉÓ ¸¢Ö§ ´Ò ¤·Ê£ ¸ ¤·Ê£µ³ ¶·¨ ¶µ³µÐ¨ µ¶¥· Éµ·µ¢ ¶¥·¥Ìµ¤  T31 ¨
T13 = T−1

31 [13,19]:

uδ(p3) = T31 u
δ(p1) , uδ(p3) = uδ(p1) T13 , (1.40)

±µÉµ·Ò¥ ¢ „‘� ¨³¥ÕÉ ¢¨¤ [39,40]:

T31 =
1 + v̂3v̂1√
2(v1v3 + 1)

, T13 =
1 + v̂1v̂3√
2(v1v3 + 1)

. (1.41)

�¥·¥¶¨¸Ò¢ Ö ¢Ò· ¦¥´¨Ö (1.41) ¢ ��‚ (1.29) ¨ ¢Ò¤¥²ÖÖ ¢ ´¨Ì µ¶¥· Éµ· ¶·µ-
¥±Í¨¨ ¸¶¨´  σ (1.32), ¶µ²ÊÎ¨³ [40]:

T31 = ξ
′

+ − 2ξ
′

−γ
5σ , T13 = ξ

′

+ + 2ξ
′

−γ
5σ , (1.42)
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µÉ±Ê¤  ¸²¥¤Ê¥É ¸¢Ö§Ó ³¥¦¤Ê ¡¨¸¶¨´µ· ³¨ uδ(p3) ¨ uδ(p1) [41]:

uδ(p3) = (ξ
′

+ − δγ
5ξ
′

−) uδ(p1) , uδ(p1) = (ξ
′

+ + δγ5ξ
′

−) uδ(p3) , (1.43)

£¤¥ ξ
′

± = ξ±/m. �É³¥É¨³ É ±¦¥, ÎÉµ µ¶¥· Éµ·Ò ¶¥·¥Ìµ¤  T31 ¨ T13 (1.41)
¶·¨ ¶µ³µÐ¨ Ê· ¢´¥´¨Ö „¨· ±  ³µ£ÊÉ ¡ÒÉÓ ¶·¨¢¥¤¥´Ò ± µ¤´µ³Ê ¨ Éµ³Ê ¦¥
¢¨¤Ê [40]:

T31 = T13 = n̂0 . (1.44)

‚ ¡¥§³ ¸¸µ¢µ³ ¸²ÊÎ ¥ ¶·µ¥±É¨¢´Ò¥ µ¶¥· Éµ·Ò τδ1 ¨ τδ3 (1.38), (1.39) ¶·¨-
´¨³ ÕÉ ¢¨¤ [40-42]:

τδ1 = p̂1 (1− δγ5)/4 , τδ3 = p̂3 (1 + δγ5)/4 . (1.45)

�¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ µ¶¥· Éµ·Ò τδ1 ¨ τδ3 (1.45) Ê¤µ¢²¥É¢µ·ÖÕÉ ¸µµÉ´µÏ¥-
´¨Ö³:

γ5τδ1 = δ τδ1 , γ
5τδ3 = −δ τδ3 , (1.46)

τδ1 γ
5 = −δ τδ1 , τ

δ
3 γ

5 = δ τδ3 , (1.47)

±µÉµ·Ò¥ µ§´ Î ÕÉ, ÎÉµ ¢ ¡¥§³ ¸¸µ¢µ³ ¸²ÊÎ ¥ ´ Î ²Ó´µ¥ ¸µ¸ÉµÖ´¨¥ Ö¢²Ö¥É¸Ö
¸¶¨· ²Ó´Ò³,   ±µ´¥Î´µ¥ ¨³¥¥É µÉ·¨Í É¥²Ó´ÊÕ ¸¶¨· ²Ó´µ¸ÉÓ.

’ ±¨³ µ¡· §µ³, „‘� µ¡² ¤ ¥É ·Ö¤µ³ § ³¥Î É¥²Ó´ÒÌ µ¸µ¡¥´´µ¸É¥°, ±µÉµ-
·Ò¥ ¶µ§¢µ²ÖÕÉ §´ Î¨É¥²Ó´µ Ê¶·µ¸É¨ÉÓ ±µ¢ ·¨ ´É´µ¥ ¢ÒÎ¨¸²¥´¨¥ ³ É·¨Î´ÒÌ
Ô²¥³¥´Éµ¢ ¶·µÍ¥¸¸µ¢ Š�„, ± · ¸¸³µÉ·¥´¨Õ ±µÉµ·ÒÌ ³Ò ¶¥·¥Ìµ¤¨³ ¢ ¸²¥¤Ê-
ÕÐ¥³ · §¤¥²¥.

2. ‚›—ˆ‘‹…�ˆ… Œ�’�ˆ—�›• �‹…Œ…�’�‚ ‚ „‘�

ˆ§ÊÎ¥´¨¥ ³´µ£µÎ ¸É¨Î´ÒÌ ·¥ ±Í¨° ¨ ¨¸¸²¥¤µ¢ ´¨¥ ¶µ²Ö·¨§ Í¨µ´´ÒÌ Ö¢²¥-
´¨°, ¢µ§´¨± ÕÐ¨Ì ¶·¨ ÔÉµ³, É·¥¡ÊÕÉ ÔËË¥±É¨¢´ÒÌ ³¥Éµ¤µ¢ · ¸Î¥É . �¤¨´
¨§ É ±¨Ì ³¥Éµ¤µ¢ ·¥ ²¨§Ê¥É¸Ö ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ „‘� (4). ‚ ´¥³ ¸µ¢¶ ¤ ÕÉ
¸¶¨´µ¢Ò¥ µ¶¥· Éµ·Ò Î ¸É¨Í. �Éµ ¶µ§¢µ²Ö¥É ¢ ±µ¢ ·¨ ´É´µ° Ëµ·³¥ · §¤¥²¨ÉÓ
¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¨§³¥´¥´¨¥³ ¨ ¡¥§ ¨§³¥´¥´¨Ö ¸¶¨´µ¢ÒÌ ¸µ¸ÉµÖ´¨° Î ¸É¨Í,
ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥ ±Í¨¨. ‚ „‘� ¶·µ¨¸Ìµ¤¨É ¢Ò¤¥²¥´¨¥ ¨§  ³¶²¨ÉÊ¤ ¢¨£´¥·µ¢-
¸±¨Ì ¢· Ð¥´¨° [36,38], ¨³¥ÕÐ¨Ì Î¨¸Éµ ±¨´¥³ É¨Î¥¸±¨° Ì · ±É¥·. ‚¸¥ ÔÉµ
¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ ³ É¥³ É¨Î¥¸± Ö ¸É·Ê±ÉÊ·  ¤¨ £µ´ ²Ó´ÒÌ  ³¶²¨ÉÊ¤ ¶·¥-
¤¥²Ó´µ Ê¶·µÐ ¥É¸Ö,   ¶µ²ÊÎ ¥³Ò¥ ¶·¨ ÔÉµ³ ¢Ò· ¦¥´¨Ö ´ ¨¡µ²¥¥  ¤¥±¢ É´µ
µÉ· ¦ ÕÉ Ë¨§¨Î¥¸±ÊÕ ¸ÊÐ´µ¸ÉÓ ¸¶¨´µ¢ÒÌ Ö¢²¥´¨°.

�¥·¥°¤¥³ ± ¢ÒÎ¨¸²¥´¨Õ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¶·µÍ¥¸¸µ¢ Š�„. �´¨
¨³¥ÕÉ ¢¨¤:

M±δ,δ = u±δ(p3)Quδ(p1) , (2.1)
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£¤¥ Q Ä µ¶¥· Éµ· ¢§ ¨³µ¤¥°¸É¢¨Ö,   uδ(p1) ¨ u±δ(p3) Ä ¡¨¸¶¨´µ·Ò ´ Î ²Ó´µ£µ
¨ ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨°, uδ(pi) uδ(pi) = m , p2

i = m2 , (i = 1, 3).
‚ ±µ¢ ·¨ ´É´µ³ ¶µ¤Ìµ¤¥ �µ£ÊÏ  Å ”¥¤µ·µ¢  [13,19] ¢ÒÎ¨¸²¥´¨¥ ³ -

É·¨Î´ÒÌ Ô²¥³¥´Éµ¢, ¨³¥ÕÐ¨Ì ¢¨¤ (2.1), ¸¢µ¤¨É¸Ö ± µ¶¥· Í¨¨ ´ Ìµ¦¤¥´¨Ö
Ï¶Ê· :

M±δ,δ = Tr (P±δ,δ31 Q) , P±δ,δ31 = uδ(p1) u ±δ(p3) , (2.2)

P δ,δ31 = uδ(p1) uδ(p3) = uδ(p1) uδ(p1)T13 = τδ1T13 , (2.3)

P−δ,δ31 = uδ(p1) u −δ(p3) = σ+δu−δ(p1) u −δ(p3) = σ+δP−δ,−δ31 . (2.4)

�¶¥· Éµ·Ò P±δ,δ31 µ¶·¥¤¥²ÖÕÉ ¸É·Ê±ÉÊ·Ê ¸¶¨´µ¢µ° § ¢¨¸¨³µ¸É¨ ³ É·¨Î´ÒÌ
Ô²¥³¥´Éµ¢ (2.1) ¢ ¸²ÊÎ ¥ ¶¥·¥Ìµ¤µ¢ ¡¥§ ¶¥·¥¢µ·µÉ  M δ,δ ¨ ¸ ¶¥·¥¢µ·µÉµ³
¸¶¨´  M−δ,δ. ˆÌ Ö¢´Ò° ¢¨¤ ¢ „‘� ³µ¦¥É ¡ÒÉÓ ²¥£±µ ¶µ²ÊÎ¥´ ¸ ¶µ³µÐÓÕ
(1.37) Ä (1.41), (1.33), (1.44) [39,40]:

4P δ,δ31 = ( ξ+ +m n̂0 − ξ− n̂3n̂0 + δγ5 ( ξ− −m n̂3 − ξ+ n̂3n̂0)) , (2.5)

4P−δ,δ31 = −δ ( ξ− +m n̂3 + ξ+ δ γ5 ) n̂δ . (2.6)

‘ ¶µ³µÐÓÕ ¢Ò· ¦¥´¨° (2.5), (2.6) ³µ£ÊÉ ¡ÒÉÓ ¶·µ¢¥¤¥´Ò · ¸Î¥ÉÒ ³ É·¨Î´ÒÌ
Ô²¥³¥´Éµ¢, ± ± ¡¥§ ¶¥·¥¢µ·µÉ , É ± ¨ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´  ¢ ¸²ÊÎ ¥ ¶·µ¨§-
¢µ²Ó´ÒÌ Q. ‚ Î ¸É´µ¸É¨, ¥¸²¨ µ¶¥· Éµ· ¢§ ¨³µ¤¥°¸É¢¨Ö ¸¢µ¤¨É¸Ö ± ¢¨¤Ê

Q = â+ γ5 b̂ , (2.7)

£¤¥ a ¨ b Ä ´¥±µÉµ·Ò¥ 4-¢¥±Éµ·Ò, Éµ ¤²Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ (2.1) ¡Ê¤¥³
¨³¥ÉÓ [39,40]:

M δ,δ = m (an0 + δ bn3 ) , (2.8)

M−δ,δ = −δξ− anδ + ξ+ bnδ . (2.9)

‚Ò· ¦¥´¨Ö³ (2.5), (2.6) ³µ¦´µ É ±¦¥ ¶·¨¤ ÉÓ ¡µ²¥¥ ±µ³¶ ±É´Ò° ¢¨¤, ¢µ¸-
¶µ²Ó§µ¢ ¢Ï¨¸Ó µ¶¥· Éµ· ³¨ (1.39), (1.44),   É ±¦¥ ¸²¥¤ÊÕÐ¨³¨ ¸µµÉ´µÏ¥´¨-
Ö³¨ [39,40]:

n̂3n̂0n̂δ = −δγ5n̂δ , γ
5n̂δn̂0 = δn̂3n̂δ , γ

5n̂δn̂3 = δn̂0n̂δ . (2.10)

‚ ·¥§Ê²ÓÉ É¥ ¤²Ö µ¶¥· Éµ·µ¢ P±δ,δ31 ¡Ê¤¥³ ¨³¥ÉÓ [46,47]:

4P δ,δ31 = (p̂1 + m) n̂δ n̂0 n̂
∗
δ/2 , (2.11)

4P−δ,δ31 = δ (p̂1 +m) n̂δ n̂3 . (2.12)

�·¨¢¥¤¥³ ¥Ð¥ µ¤´µ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö µ¶¥· Éµ·µ¢ P±δ,δ31 (2.3), (2.4) ¢
„‘� [42]:



„ˆ�ƒ���‹œ�›‰ ‘�ˆ��‚›‰ ��‡ˆ‘ ˆ ��‘—…’ ���–…‘‘�‚ 1147

4P δ,δ31 = (p̂1 +m)

(
1√

2(p1p3 +m2)
−

δγ5√
2(p1p3 −m2)

)
(p̂3 +m) , (2.5a)

4P−δ,δ31 = −
δ(p̂1 +m)

rn1

{
1√

2(p1p3 −m2)

(
r̂ −m

(p1 + p3)r

p1p3 +m2

)
−

−
δγ5√

2(p1p3 +m2)

(
r̂ +m

(p3 − p1)r

p1p3 −m2

) }
(p̂3 +m) , (2.6a)

£¤¥ rn1 ¢ÒÎ¨¸²Ö¥É¸Ö ¸ ¶µ³µÐÓÕ ¸µµÉ´µÏ¥´¨Ö ¶µ²´µÉÒ (1.31):

(rn1)2 = (rn0)2 − (rn3)2 − r2 , rn2 = 0 .

’ ±¨³ µ¡· §µ³, ¶·¥¤¸É ¢²¥´¨¥ (2.5 ), (2.6 ) ¶·¨¢²¥± É¥²Ó´µ É¥³, ÎÉµ Ë ±É¨-
Î¥¸±¨ ¸µ¤¥·¦¨É ¤¨· ±µ¢¸±¨¥ µ¶¥· Éµ·Ò ²¨ÏÓ µÉ 4-¨³¶Ê²Ó¸µ¢ Î ¸É¨Í p1, p3, r,
¢ µÉ²¨Î¨¥ µÉ (2.5), (2.6), (2.11), (2.12), ¶µ¸É·µ¥´´ÒÌ ¸ ¶µ³µÐÓÕ n̂δ, n̂

∗
δ . Š·µ³¥

Éµ£µ, ¸É·Ê±ÉÊ·  µ¶¥· Éµ·µ¢ P±δ,δ31 (2.5 ), (2.6 ) É ±µ¢ , ÎÉµ ¤²Ö ´¨Ì  ¢Éµ³ É¨-

Î¥¸±¨ ¢Ò¶µ²´ÖÕÉ¸Ö Ê· ¢´¥´¨Ö „¨· ± : (p̂1 −m)P±δ,δ31 = P±δ,δ31 (p̂3 −m) = 0.
�É  ¨¤¥Ö ¡Ò²  ¶µ²µ¦¥´  ¢ µ¸´µ¢Ê ¢Ò¢µ¤  Ëµ·³Ê² (2.5 ), (2.6 ) ¶·¨ ¶µ³µÐ¨
(2.5), (2.6).

‘¤¥² ¥³ ´¥±µÉµ·Ò¥ ¶µÖ¸´¥´¨Ö ¶µ ¶µ¢µ¤Ê ¢Ò¡µ·  4-¢¥±Éµ·  r, Î¥·¥§ ±µ-
Éµ·Ò° µ¶·¥¤¥²ÖÕÉ¸Ö µ·ÉÒ n1, n2 (1.29), ¢Ìµ¤ÖÐ¨¥ ¢ (2.5), (2.6). �·¥¦¤¥
¢¸¥£µ µÉ³¥É¨³, ÎÉµ µ´ ¢Ò¡¨· ¥É¸Ö ¨§ 4-¨³¶Ê²Ó¸µ¢ Î ¸É¨Í · ¸¸³ É·¨¢ ¥³µ°
·¥ ±Í¨¨, ¢ µÉ²¨Î¨¥ µÉ ¶µ¤Ìµ¤  CALCUL ¨ ¤·., ¶·¨Î¥³ ÔÉµÉ ¢Ò¡µ· ¤¥² ¥É¸Ö
¨§ ¸µµ¡· ¦¥´¨° Ê¤µ¡¸É¢ . �·µ¨²²Õ¸É·¨·Ê¥³ ¸± § ´´µ¥ ´  ¶·¨³¥·¥ ·¥ ±Í¨¨
e−(p1) + µ−(p2) → e−(p3) + µ−(p4) + γ(k), ±µÉµ·µ° µÉ¢¥Î ÕÉ Ë¥°´³ ´µ¢-
¸±¨¥ ¤¨ £· ³³Ò, ¸µ¤¥·¦ Ð¨¥ ¤¢¥ Ë¥·³¨µ´´Ò¥ ²¨´¨¨. „²Ö ± ¦¤µ° ¨§ ÔÉ¨Ì

²¨´¨° ´¥µ¡Ìµ¤¨³µ ¶µ¸É·µ¨ÉÓ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ µ¶¥· Éµ·Ò P±δ,δ31 ¨ P±δ
′,δ′

42

(2.5a), (2.6a), ¢Ò· ¦¥´´Ò¥ Î¥·¥§ p1, p3, r1 ¨ p2, p4, r2. „²Ö · ¸¸³ É·¨¢ ¥³µ£µ
¶·µÍ¥¸¸  µÎ¥´Ó Ê¤µ¡´µ ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨° ¢Ò¡µ·: r1 = r2 = k, É ± ± ±
¶·¨ ÔÉµ³ kn2 = kn

′

2 = 0, (kn1)2 = (kn0)2 − (kn3)2. ‚ ± Î¥¸É¢¥ ¢¥±Éµ-
·µ¢ r1 ¨ r2 ³µ¦´µ É ±¦¥ ¢Ò¡· ÉÓ 4-¨³¶Ê²Ó¸Ò, ¶·¨´a¤²¥¦ Ð¨¥ ¤·Ê£µ° Ë¥·-
³¨µ´´µ° ²¨´¨¨: r1 = p2, r2 = p1 (¶·¨ ÔÉµ³ ³Ò · ¸¸³ É·¨¢ ¥³ ¶¥·¥Ìµ¤Ò
p1 → p3, p2 → p4). �É³¥É¨³, ÎÉµ ¶·µ¨§¢µ² ¢ ¢Ò¡µ·¥ 4-¢¥±Éµ·  r ¢ (1.29), É.¥.
§ ³¥´  r ´  r′ ¶·¨¢µ¤¨É ± ¸µµÉ´µÏ¥´¨Õ [42]:

n′1 + iδn′2 = eiδφ (n1 + iδn2) , eiδφ =
r( n1 · n1 + iδ [n0 · n3]×)r′

(rn1)(r′n′1)

¨ ¸± §Ò¢ ¥É¸Ö ²¨ÏÓ ´  Ë §µ¢µ³ ³´µ¦¨É¥²¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ M−δ,δ.
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�·µÍ¥¸¸ ³ ¸ ÊÎ ¸É¨¥³ Éµ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í (´ ¶·¨³¥· ee → ee, ee →
eeγ ¨ É.¤.) ¸µµÉ¢¥É¸É¢ÊÕÉ ¶·Ö³Ò¥ ¨ µ¡³¥´´Ò¥ ¤¨ £· ³³Ò [10]. ˆ³ µÉ¢¥Î ÕÉ
³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ M1 ¨ M2, ¨³¥ÕÐ¨¥ ¢¨¤

M1 = u±δ(p3)Q1u
δ(p1) · u±δ

′

(p4)Q2u
δ
′

(p2) ,

M2 = u±δ(p3)Q3u
δ′(p2) · u±δ

′

(p4)Q4u
δ(p1) ,

±µÉµ·Ò¥ ¢ÒÎ¨¸²ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

M1 = Tr (P±δ,δ31 Q1) Tr (P±δ
′,δ′

42 Q2) , M2 = Tr (P±δ,δ31 Q3 P
±δ′,δ′

42 Q4) .

’ ±¨³ µ¡· §µ³, ¢ÒÎ¨¸²¥´¨¥ ¶·Ö³ÒÌ ¤¨ £· ³³ ¸¢µ¤¨É¸Ö ± ¶·µ¨§¢¥¤¥´¨Õ Ï¶Ê-
·µ¢,   µ¡³¥´´ÒÌ Å ± Ê¤²¨´¥´¨Õ Ï¶Ê·  ¨§-§  ¶·µ¨§¢¥¤¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
µ¶¥· Éµ·µ¢ [13].

�·¨¢¥¤¥³ ·Ö¤ ¶µ²¥§´ÒÌ ¸µµÉ´µÏ¥´¨°, ¸¶· ¢¥¤²¨¢ÒÌ ¢ „‘� [40]:

â uδ(p1) = (an0 + an3δγ
5) uδ(p3) + anδγ

5u−δ(p1) ,

â uδ(p3) = (an0 + an3δγ
5) uδ(p1) + anδγ

5u−δ(p3) ,

uδ(p1) â = uδ(p3)(an0 − an3δγ
5)− an∗δ u

−δ(p1) γ5 , (2.13)

uδ(p3) â = uδ(p1)(an0 − an3δγ
5)− an∗δ u

−δ(p3) γ5 ,

£¤¥ a Ä ¶·µ¨§¢µ²Ó´Ò° 4-¢¥±Éµ· (n∗δ = n−δ).
‚ „‘� (4) ¸¶¨´µ¢Ò¥ ¢¥±Éµ·Ò Î ¸É¨Í ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¨Ì 4-¨³¶Ê²Ó-

¸Ò, ÎÉµ ¶µ§¢µ²Ö¥É Ê³¥´ÓÏ¨ÉÓ Î¨¸²µ ´¥§ ¢¨¸¨³ÒÌ ¸± ²Ö·´ÒÌ ¶·µ¨§¢¥¤¥´¨°,
¢Ìµ¤ÖÐ¨Ì ¢ ±µ´¥Î´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¶µ¸²¥ ¢ÒÎ¨¸²¥´¨Ö
Ï¶Ê·µ¢ (2.2). �µ ÔÉµ° ¦¥ ¶·¨Î¨´¥ ¢¥±Éµ· ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´ 
eλ ¸ 4-¨³¶Ê²Ó¸µ³ k, ¨¸¶ÊÐ¥´´µ£µ Î ¸É¨Í¥° ¶·¨ ¶¥·¥Ìµ¤¥ p1 → p3, Ê¤µ¡´µ
µ¶·¥¤¥²¨ÉÓ ¸ ¶µ³µÐÓÕ 4-¢¥±Éµ·µ¢ p1, p3, k [21,40]:

eλ =
[n0 · n3]k + iλ [n0 · n3]×k

√
2ρ

, [n0 · n3] =
[p1 · p3]

2ξ+ξ−
, (2.14)

£¤¥ ρ =
√
−([p1 · p3]k)2/2ξ+ξ− . ’µ£¤  ¤²Ö ³ É·¨ÍÒ ¤¨ ¤Ò eλ · e∗λ ´¥É·Ê¤´µ

¶µ²ÊÎ¨ÉÓ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥:

eλ · e
∗
λ =

1

2

(
−g +

k · n1 + n1 · k

kn1
+
k · k

kn2
1

+ iλ
[k · n1]×

kn1

)
. (2.15)

�¶¥· Éµ·Ò ê±λ (ê∗λ = ê−λ) ¸ ¶µ³µÐÓÕ (1.25), (1.22) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢
¢¨¤¥ [40]:

ê±λ = N13(k̂p̂3p̂1(1∓ λγ5)− p̂3p̂1k̂(1± λγ5)∓ 2p1p3λγ
5k̂) , (2.16)
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N−1
13 = 21/2(8p1p3 · p1k · p3k −m

2((2p1k)2 + (2p3k)2))1/2 .

‚ ¡¥§³ ¸¸µ¢µ³ ¸²ÊÎ ¥ ( p2
1 = p2

3 = 0) µ¶¥· Éµ·Ò P±δ,δ31 (2.5), (2.6) ¶·¨´¨³ ÕÉ
¢¨¤ [40]:

4P δ,δ31 = ξ(1 + δγ5)(1 + n̂0n̂3) , 4P−δ,δ31 = −δξ(1 + δγ5)n̂δ , (2.17)

£¤¥ ξ = ξ+ = ξ− =
√
p1p3/2. �´ ²µ£¨Î´µ, ¨§ (2.5 ), (2.6 ) ¨³¥¥³

4P δ,δ31 =
(1 + δγ5) p̂1 p̂3√

2p1p3
, 4P−δ,δ31 = −δ

(1 − δγ5) p̂1 r̂ p̂3

rn1
√

2p1p3
. (2.17a)

‘ ¶µ³µÐÓÕ (1.25) ´¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ ¶·¥¤¸É ¢²¥´¨Ö (2.17) ¨ (2.17 )
Ô±¢¨¢ ²¥´É´Ò. Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó ¢ÒÏ¥, ¶·¨ · ¸Î¥É¥ ¶·µÍ¥¸¸µ¢ ¸ ¨§²Ê-
Î¥´¨¥³ ²¨¡µ ¶µ£²µÐ¥´¨¥³ ·¥ ²Ó´µ£µ ËµÉµ´  ¸ 4-¨³¶Ê²Ó¸µ³ k ¢ ± Î¥¸É¢¥
4-¢¥±Éµ·  r, ¢Ìµ¤ÖÐ¥£µ ¢ (2.17 ), Ê¤µ¡¥´ ¸²¥¤ÊÕÐ¨° ¢Ò¡µ·: r = k. �·¨
ÔÉµ³ §´ ³¥´ É¥²Ó µ¶¥· Éµ·  P−δ,δ31 ¢ (2.17 ) ¶·¨´¨³ ¥É ¢¨¤: rn1

√
2p1p3 =

=
√

2p1k · 2p3k, ¨ ³Ò ¶µ²ÊÎ ¥³ ·¥§Ê²ÓÉ É,  ´ ²µ£¨Î´Ò° [23], ¸ Éµ° ²¨ÏÓ
Éµ²Ó±µ · §´¨Í¥°, ÎÉµ ¢ ´ Ï¨Ì ¢Ò· ¦¥´¨ÖÌ Ë¨£Ê·¨·Ê¥É 4-¨³¶Ê²Ó¸ ·¥ ²Ó´µ£µ
ËµÉµ´ ,   ´¥ ¢¸¶µ³µ£ É¥²Ó´µ£µ ¸¢¥Éµ¢µ£µ 4-¢¥±Éµ·  k. �É³¥Î¥´´Ò¥ §¤¥¸Ó ³µ-
³¥´ÉÒ Ö¢²ÖÕÉ¸Ö ¢¥¸Ó³  ¸ÊÐ¥¸É¢¥´´Ò³¨ ¤²Ö ¨§² £ ¥³µ£µ ¶µ¤Ìµ¤ , ¢ ±µÉµ·µ³
¨¸¶µ²Ó§ÊÕÉ¸Ö Éµ²Ó±µ 4-¨³¶Ê²Ó¸Ò Î ¸É¨Í, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥ ±Í¨¨.

‘ ¶µ³µÐÓÕ ¸µµÉ´µÏ¥´¨° (1.46), (1.47) ¢Ò· ¦¥´¨Ö (2.13) ³µ¦´µ ¶·¥¤¸É -
¢¨ÉÓ ¢ ¢¨¤¥ [40]:

â uδ(p1) = (an0 − an3) uδ(p3)− δanδu
−δ(p1) ,

â uδ(p3) = (an0 + an3) uδ(p1) + δanδu
−δ(p3) ,

uδ(p1) â = (an0 − an3) uδ(p3)− δan∗δ u
−δ(p1) , (2.18)

uδ(p3) â = (an0 + an3) uδ(p1) + δan∗δ u
−δ(p3) .

‚ ¡¥§³ ¸¸µ¢µ³ ¸²ÊÎ ¥ ¸¢Ö§Ó ³¥¦¤Ê ¡¨¸¶¨´µ· ³¨ ´ Î ²Ó´µ£µ ¨ ±µ´¥Î´µ£µ ¸µ-
¸ÉµÖ´¨° ¨³¥¥É µ¸µ¡¥´´µ ¶·µ¸Éµ° ¢¨¤ (¸³. (1.44)):

uδ(p3) =
p̂3√

2p1p3
uδ(p1) , uδ(p1) =

p̂1√
2p1p3

uδ(p3) . (2.19)

‚ ÔÉµ³ ¦¥ ¡¥§³ ¸¸µ¢µ³ ¶·¥¤¥²¥ Î²¥´Ò, ¸µ¤¥·¦ Ð¨¥ γ5k̂ ¢ ¢Ò· ¦¥´¨¨ (2.16),
¢ ¸¨²Ê ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨ ³µ£ÊÉ ¡ÒÉÓ µÉ¡·µÏ¥´Ò; ¢ ·¥§Ê²ÓÉ É¥
¤²Ö µ¶¥· Éµ·µ¢ ê±λ ¶µ²ÊÎ ¥³ ¢Ò· ¦¥´¨Ö, ¨¸¶µ²Ó§Ê¥³Ò¥ £·Ê¶¶µ° CALCUL
[21,48]:

ê±λ = N13(k̂p̂3p̂1(1∓ λγ5)− p̂3p̂1k̂(1± λγ5)) , (2.20)

N−1
13 = 4 (p1p3 · p1k · p3k)1/2 .
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‘ ¶µ³µÐÓÕ (2.18)Å(2.20) ´¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö ¢ ¸¶· ¢¥¤²¨¢µ¸É¨ ¸µµÉ´µÏ¥´¨°
[21,40,48]:

êλ u
δ(p1) = −(1 + δλ) 2p1k N13p̂3 u

δ(p1) ,

uδ(p3) ê∗λ = (1− δλ) 2p3k N13u
δ(p3) p̂1 . (2.21)

…¸²¨ ¨§²ÊÎ¥´¨¥ ËµÉµ´µ¢ ¶·µ¨¸Ìµ¤¨É ¶·¨ ¶¥·¥Ìµ¤ Ì pA → pB , Éµ, ¶·µ¨§-
¢µ¤Ö ¢ (2.20) § ³¥´Ò (p1, p3)→ (pA, pB), ¶µ²ÊÎ¨³ µ¶¥· Éµ·Ò êλAB , ¤¥°¸É¢¨¥
±µÉµ·ÒÌ ´  ¡¨¸¶¨´µ·Ò ²¨ÏÓ Ë §µ¢Ò³ ³´µ¦¨É¥²¥³ µÉ²¨Î ¥É¸Ö µÉ ¤¥°¸É¢¨Ö
êλ = êλ13 [21,40]:

êλ13 = êλAB exp (iφAB) , exp (iφAB) = iλ21/2eλ13n2(AB) , (2.22)

£¤¥ n2(AB)Ä ¥¤¨´¨Î´Ò¥ ¢¥±Éµ·Ò

n2(AB) = [pA · pB]×k/ρ(AB) , ρ(AB) = (2pApB · pAk · pBk)1/2 .

„µ ¸¨Ì ¶µ· ´ Ï¥ · ¸¸³µÉ·¥´¨¥ µÉ´µ¸¨²µ¸Ó ± ¸²ÊÎ Õ, ±µ£¤  ¢ ´ Î ²Ó´µ³ ¨
±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨ÖÌ ¡Ò²¨ Éµ²Ó±µ Ô²¥±É·µ´Ò. …¸²¨ µ¤´µ ¸µ¸ÉµÖ´¨¥ Ö¢²Ö¥É¸Ö
Ô²¥±É·µ´´Ò³,   ¢Éµ·µ¥ ¶µ§¨É·µ´´Ò³, Éµ  ³¶²¨ÉÊ¤  ¶·µÍ¥¸¸  ¡Ê¤¥É ¨³¥ÉÓ ¢¨¤
[9]:

M±δ,δ31 =
{
u±δ(−p3)Quδ(p1)
u±δ(p3)Quδ(−p1) ,

(2.23)

£¤¥ uδ(−p1) ¨ u±δ(−p3) Ä ¡¨¸¶¨´µ·Ò ¶µ§¨É·µ´  ¢ ±µ´¥Î´µ³ ¨ ´ Î ²Ó´µ³
¸µ¸ÉµÖ´¨ÖÌ, uδ(−pi)uδ(−pi) = −m (i = 1, 3). �·¨ ÔÉµ³ ¢¥·Ì´ÖÖ  ³¶²¨ÉÊ¤ 
¢ (2.23) ¸µµÉ¢¥É¸É¢Ê¥É ¶·µÍ¥¸¸Ê  ´´¨£¨²ÖÍ¨¨,   ´¨¦´ÖÖ Ä µ¡· §µ¢ ´¨Õ ¶ ·Ò.
„²Ö ¶µ¸É·µ¥´¨Ö µ¶¥· Éµ·µ¢

P±δ,δ31 = uδ(p1) u±δ(−p3) , P±δ,δ31 = uδ(−p1) u±δ(p3) , (2.24)

¸ ¶µ³µÐÓÕ ±µÉµ·ÒÌ ´ Ìµ¦¤¥´¨¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ (2.23) ¸¢µ¤¨É¸Ö ± ¢Ò-
Î¨¸²¥´¨Õ ¸²¥¤µ¢ M±δ,δ = Tr (P±δ,δ31 Q), ´¥µ¡Ìµ¤¨³µ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö ¸¢Ö§ÓÕ
³¥¦¤Ê ¡¨¸¶¨´µ· ³¨ ¶µ§¨É·µ´  ¨ Ô²¥±É·µ´  ¢ „‘� [36,38]:

uδ(−p) = −δ γ5 u−δ(p) , uδ(−p) = u−δ(p) δ γ5 . (2.25)

‚ ·¥§Ê²ÓÉ É¥ ¤²Ö µ¶¥· Éµ·µ¢ P±δ,δ31 , ¸ ¶µ³µÐÓÕ ±µÉµ·ÒÌ ¢ÒÎ¨¸²ÖÕÉ¸Ö  ³¶²¨-
ÉÊ¤Ò ¶·µÍ¥¸¸   ´´¨£¨²ÖÍ¨¨ ¶ ·Ò, ¶µ²ÊÎ¨³ ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö:

4P δ,δ31 = δ (p̂1 +m) n̂0 n̂δ , 4P−δ,δ31 = − (p̂1 +m) n̂δ n̂3 n̂
∗
δ/2 . (2.26)

„²Ö µ¶¥· Éµ·µ¢ P±δ,δ31 ¢ ¸²ÊÎ ¥ ·µ¦¤¥´¨Ö ¶ ·Ò ³µ£ÊÉ ¡ÒÉÓ ¶µ²ÊÎ¥´Ò  ´ ²µ-
£¨Î´Ò¥ ¢Ò· ¦¥´¨Ö.

ˆ§²µ¦¥´´Ò° Ëµ·³ ²¨§³ ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ „‘� ¡Ò²
¨¸¶µ²Ó§µ¢ ´  ¢Éµ· ³¨ ¤²Ö · ¸Î¥É  ¸¥Î¥´¨° ·Ö¤   ±ÉÊ ²Ó´ÒÌ ¶·µÍ¥¸¸µ¢ Š�„,
± · ¸¸³µÉ·¥´¨Õ ±µÉµ·ÒÌ ³Ò ¶¥·¥Ìµ¤¨³ ´¨¦¥.
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3. ‘…—…�ˆŸ ���–…‘‘�‚ e±e− → e±e−γ
‚ “‹œ’���…‹Ÿ’ˆ‚ˆ‘’‘Š�Œ �…‡Œ�‘‘�‚�Œ ‘‹“—�…

�·µÍ¥¸¸Ò Éµ·³µ§´µ£µ ³¥²²¥·µ¢¸±µ£µ ¨ ¡ ¡ -· ¸¸¥Ö´¨Ö e±e− → e±e−γ
Ö¢²ÖÕÉ¸Ö Ëµ´µ¢Ò³¨ ¶·¨ ¨§ÊÎ¥´¨¨  ¤·µ´´ÒÌ ¸µ¸ÉµÖ´¨°. Š·µ³¥ Éµ£µ, ¨Ì ¨§Ê-
Î¥´¨¥ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ¶·µ¢¥·±¨ Š�„ ¢ ¢Ò¸Ï¨Ì ¶µ·Ö¤± Ì É¥µ·¨¨ ¢µ§³ÊÐ¥-
´¨°. ‘¥Î¥´¨Ö ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¤µ¢µ²Ó´µ £·µ³µ§¤±¨¥ ¢Ò-
· ¦¥´¨Ö ¤ ¦¥ ¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±µ³ ¶·¥¤¥²¥. ‹¨ÏÓ ¸· ¢´¨É¥²Ó´µ ´¥¤ ¢´µ
¨Ì Ê¤ ²µ¸Ó § ¶¨¸ ÉÓ ¢ ±µ³¶ ±É´µ³ ¢¨¤¥ ¢ ¸²ÊÎ ¥ ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ [49] ¨
¶µ¶¥·¥Î´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ ´ Î ²Ó´ÒÌ Î ¸É¨Í [50]. ‚ · ¡µÉ¥  ¢Éµ·µ¢ [40] ¢
Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±µ³ ¡¥§³ ¸¸µ¢µ³ ¶·¥¤¥²¥ ´  µ¸´µ¢¥ ³¥Éµ¤µ¢, ¨§²µ¦¥´´ÒÌ
¢ÒÏ¥ (¸ ¶µ³µÐÓÕ Ëµ·³Ê² (2.17)Å(2.22)), ¶µ²ÊÎ¥´Ò ±µ³¶ ±É´Ò¥ ¢Ò· ¦¥´¨Ö
¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ¶·µÍ¥¸¸µ¢ e±e− → e±e−γ ¤²Ö ¸²ÊÎ Ö, ±µ£¤ 
´¥ Éµ²Ó±µ ´ Î ²Ó´Ò¥ Î ¸É¨ÍÒ, ´µ ¨ ËµÉµ´ Ö¢²ÖÕÉ¸Ö ¸¶¨· ²Ó´µ ¶µ²Ö·¨§µ¢ ´-
´Ò³¨. Š ± ¶µ± § ´µ ¢ [40], ¸¥Î¥´¨Ö ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢ ¢¨¤¥
¶·µ¨§¢¥¤¥´¨Ö ¤¢ÊÌ ¸µ³´µ¦¨É¥²¥°, µ¤¨´ ¨§ ±µÉµ·ÒÌ Ê´¨¢¥·¸ ²¥´ ¨ ¸µ¢¶ ¤ ¥É ¸
¶µ²ÊÎ¥´´Ò³ · ´¥¥ [49] ¤²Ö ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ Î ¸É¨Í. � ¸¸³µÉ·¨³ ¶·µÍ¥¸¸Ò
Éµ·³µ§´µ£µ ³¥²²¥·µ¢¸±µ£µ ¨ ¡ ¡ -· ¸¸¥Ö´¨Ö:

e−(p1) + e±(p2)→ e−(p3) + e±(p4) + γ(k) , (3.1)

¸Î¨É Ö ´ Î ²Ó´Ò¥ ¨ ±µ´¥Î´Ò¥ e±-Î ¸É¨ÍÒ ¡¥§³ ¸¸µ¢Ò³¨ (p2
i = 0, i = 1, 2, 3, 4).

„¥É ²¨ ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¶·µÍ¥¸¸  (3.1), ±µÉµ·µ³Ê µÉ¢¥Î ÕÉ
¢µ¸¥³Ó Ë¥°´³ ´µ¢¸±¨Ì ¤¨ £· ³³ [9,10], ¤µ¢µ²Ó´µ ¶µ¤·µ¡´µ ¨§²µ¦¥´Ò ¢ [40],
¶µÔÉµ³Ê ³Ò ´¥ ¡Ê¤¥³ §¤¥¸Ó ´  ´¨Ì µ¸É ´ ¢²¨¢ ÉÓ¸Ö. ‚¢¥¤¥³ ¨´¢ ·¨ ´É´Ò¥
¶¥·¥³¥´´Ò¥ [49,50]:

s = (p1 + p2)2 , t = (p1 − p3)2 , u = (p1 − p4)2 ,

s
′

= (p3 + p4)2 , t
′

= (p2 − p4)2 , u
′

= (p2 − p3)2 , (3.2)

  É ±¦¥ µ¡µ§´ Î¥´¨Ö δ, δ
′

¨ λ ¤²Ö ¸¶¨· ²Ó´µ¸É¥° ´ Î ²Ó´ÒÌ Î ¸É¨Í ¨ Ëµ-
Éµ´  ¸µµÉ¢¥É¸É¢¥´´µ (δ = ±1, δ

′
= ±1, λ = ±1). ’µ£¤  ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥

¸¥Î¥´¨Ö ¶·µÍ¥¸¸µ¢ e−e± → e−e±γ ¢ ¸²ÊÎ ¥ ¸¶¨· ²Ó´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ ´ -
Î ²Ó´ÒÌ ²¥¶Éµ´µ¢ ¨ ËµÉµ´  ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤ [40]:

dσM =
α3

π2s
AM WM dΓ , dσB =

α3

π2s
AB WB dΓ , (3.3)

AM = AMB/t t
′

u u
′

, AB = AMB/t t
′

s s
′

, (3.4)

AMB = 1/2 {ss
′

(s2 + s
′2) + tt

′

(t2 + t
′2) + uu

′

(u2 + u
′2) +

+ δ δ
′

(ss
′

(s2 + s
′2)− tt

′

(t2 + t
′2)− uu

′

(u2 + u
′2)) + (3.5)
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+ δ λ (−ss
′

(s2 − s
′2)− tt

′

(t2 − t
′2)− uu

′

(u2 − u
′2)) +

+ δ
′

λ (−ss
′

(s2 − s
′2) + tt

′

(t2 − t
′2) + uu

′

(u2 − u
′2))} ,

WM = −

(
p1

p1k
+

p2

p2k
−

p3

p3k
−

p4

p4k

)2

, (3.6)

WB = −

(
p1

p1k
+

p4

p4k
−

p3

p3k
−

p2

p2k

)2

, (3.7)

dΓ = δ4(p1 + p2 − p3 − p4 − k)
d3~p3

2p30

d3~p4

2p40

d3~k

2 ω
,

£¤¥ xA = pAk (A = 1, 2, 3, 4), α Ä ¶µ¸ÉµÖ´´ Ö Éµ´±µ° ¸É·Ê±ÉÊ·Ò. �É³¥-
É¨³, ÎÉµ ¢Ò· ¦¥´¨¥ (3.5) ¤²Ö AMB Ö¢²Ö¥É¸Ö ¨´¢ ·¨ ´É´Ò³ ¶µ µÉ´µÏ¥´¨Õ ±
¶·¥µ¡· §µ¢ ´¨Ö³ ±·µ¸¸¨´£ :

p2 ↔ −p4 , x2 ↔ −x4 , s↔ u , s
′

↔ u
′

, δ
′

↔ −δ
′

. (3.8)

‚Ò· ¦¥´¨Ö ¤²Ö AMB,WM ¨ WB ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¤·Ê£µ³ ¢¨¤¥ [40]:

AMB = 1/2 {(1 + δδ
′

) ((1 + δλ)ss
′

s
′2 + (1 − δλ)ss

′

s2)+

+(1− δδ
′

) ((1 + δ
′

λ) (tt
′

t2 + uu
′

u2) + (1− δ
′

λ) (tt
′

t
′2 + uu

′

u
′2))} , (3.9)

−WM =
s

x1x2
+

s
′

x3x4
+

t

x1x3
+

t
′

x2x4
+

u

x1x4
+

u
′

x2x3
, (3.10)

WB =
s

x1x2
+

s
′

x3x4
−

t

x1x3
−

t
′

x2x4
+

u

x1x4
+

u
′

x2x3
. (3.11)

‚ ¸²ÊÎ ¥ ¨§²ÊÎ¥´¨Ö ³Ö£±¨Ì ËµÉµ´µ¢ (s = s
′
, t = t

′
, u = u

′
) ¢¥²¨Î¨´Ò AM ¨

AB ¨³¥ÕÉ ¢¨¤ [40]:

AM =
s2 + u2

t2
+
s2 + t2

u2
+

2s2

tu
+ δδ

′

(
s2 − u2

t2
+
s2 − t2

u2
+

2s2

tu

)
, (3.12)

AB =
u2 + s2

t2
+
u2 + t2

s2
+

2u2

st
− δδ

′

(
u2 − s2

t2
+
u2 + t2

s2
+

2u2

st

)
. (3.13)

�´¨ ²¨ÏÓ ³´µ¦¨É¥²Ö³¨ µÉ²¨Î ÕÉ¸Ö µÉ ¸¥Î¥´¨° Ê¶·Ê£¨Ì ¶·µÍ¥¸¸µ¢ e±e− →
e±e− ¢ ¸²ÊÎ ¥, ±µ£¤  ´ Î ²Ó´Ò¥ Î ¸É¨ÍÒ ¶·µ¤µ²Ó´µ ¶µ²Ö·¨§µ¢ ´Ò (¸³. [10],
¸. 373).

„²Ö ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ ËµÉµ´µ¢ ¨§ (3.9) ¨³¥¥³

AMB = (1+δδ
′

) ss
′

(s2 +s
′2)+(1−δδ

′

) (tt
′

(t2 +t
′2)+uu

′

(u2+u
′2)) . (3.14)
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‘²¥¤µ¢ É¥²Ó´µ, µÉ´µÏ¥´¨¥ ¸¥Î¥´¨° ¤²Ö Î ¸É¨Í ¸ ¶ · ²²¥²Ó´Ò³¨ ¨  ´É¨¶ -
· ²²¥²Ó´Ò³¨ ¸¶¨´ ³¨ ¤²Ö µ¡¥¨Ì ·¥ ±Í¨° e±e− → e±e−γ ¨³¥¥É µ¤¨´ ±µ¢Ò°
¢¨¤ (± ± ¨ ¢ ¸²ÊÎ ¥ Ê¶·Ê£¨Ì ¶·µÍ¥¸¸µ¢ e±e− → e±e− (¸³. [10], ¸. 373)) [40]:

dσ↑↑

dσ↑↓
=
tt
′
(t2 + t

′2) + uu
′
(u2 + u

′2)

ss′ (s2 + s′2)
. (3.15)

4. ��‹Ÿ�ˆ‡�–ˆ���›… Ÿ‚‹…�ˆŸ ��ˆ ’�…•”�’����‰
���ˆƒˆ‹Ÿ–ˆˆ ��’���‡ˆ’���ˆŸ

‚ ¶µ¸²¥¤´¨¥ £µ¤Ò ¶·µÍ¥¸¸ É·¥ÌËµÉµ´´µ°  ´´¨£¨²ÖÍ¨¨ µ·Éµ¶µ§¨É·µ´¨Ö
3S1 → 3γ ¶·¨¢²¥± ± ¸¥¡¥ ¶·¨¸É ²Ó´µ¥ ¢´¨³ ´¨¥ ¨¸¸²¥¤µ¢ É¥²¥°, ¶µ¸±µ²Ó±Ê
¢ µ¶ÒÉ Ì ¶µ ¨§³¥·¥´¨Õ Ï¨·¨´Ò · ¸¶ ¤  µ·Éµ¶µ§¨É·µ´¨Ö ¡Ò²µ µ¡´ ·Ê¦¥´µ
¶·µÉ¨¢µ·¥Î¨¥ ¸ É¥µ·¥É¨Î¥¸±¨³¨ ¶·¥¤¸± § ´¨Ö³¨ [51]. „²Ö ¸´ÖÉ¨Ö ÔÉµ£µ ¶·µ-
É¨¢µ·¥Î¨Ö ¡Ò² ¶·¥¤¶·¨´ÖÉ ·Ö¤ ¶µ¶ÒÉµ±. ’ ±, ¢ · ¡µÉ¥ [52] ¡Ò² ¶·µ¢¥¤¥´ ÊÎ¥É
·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶µ¶· ¢µ± ± ¸¥Î¥´¨Õ  ´´¨£¨²ÖÍ¨¨ ³¥¤²¥´´µ° e+e−-¶ ·Ò ¢ ¤¢ 
¨ É·¨ ËµÉµ´ , ÎÉµ, µ¤´ ±µ, ´¥ ¶·¨¢¥²µ ± ·¥Ï¥´¨Õ ¶·µ¡²¥³Ò. �Í¥´±  ¢±² ¤ 
¶ÖÉ¨ËµÉµ´´µ° ³µ¤Ò · ¸¶ ¤  µ·Éµ¶µ§¨É·µ´¨Ö, ¶·µ¢¥¤¥´´ Ö ¢ [53], ¶µ± §Ò¢ ¥É,
ÎÉµ ¨ ÔÉµÉ ³¥Ì ´¨§³ ´¥ ³µ¦¥É ¸´ÖÉÓ ¶·µÉ¨¢µ·¥Î¨Ö ¢ ¥£µ Ï¨·¨´¥. ‚¸¥ ÔÉ¨ ¢µ-
¶·µ¸Ò É·¥¡ÊÕÉ ¤ ²Ó´¥°Ï¥£µ  ´ ²¨§  ¨ ¶µ¤É¢¥·¦¤¥´¨Ö, ¢ Éµ³ Î¨¸²¥ ¨ ·¥§Ê²Ó-
É ÉÒ · ¡µÉ [51,53]. � ¡µÉ   ¢Éµ·µ¢ [54] µÉ´Õ¤Ó ´¥ Ö¢²Ö¥É¸Ö µ¤´µ° ¨§ ¶µ¶ÒÉµ±
·¥Ï¥´¨Ö µÉ³¥Î¥´´µ° ¶·µ¡²¥³Ò µ·Éµ¶µ§¨É·µ´¨Ö. ‚ ´¥° ¶µ²ÊÎ¥´Ò ¶µÎÉ¨ ¢¸¥
¨§¢¥¸É´Ò¥ ·¥§Ê²ÓÉ ÉÒ, µÉ´µ¸ÖÐ¨¥¸Ö ± ¶µ²Ö·¨§ Í¨µ´´Ò³ Ö¢²¥´¨Ö³ ¢ ·¥ ±Í¨¨
e+e− → 3γ, ´µ ´  µ¸´µ¢¥ ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ „‘�. –¥²ÓÕ
ÔÉµ° · ¡µÉÒ ¡Ò²  ¤¥³µ´¸É· Í¨Ö ÔËË¥±É¨¢´µ¸É¨ · §· ¡µÉ ´´µ£µ ³¥Éµ¤  ´ 
¶·¨³¥·¥ É ±µ£µ ¶·µÍ¥¸¸ , £¤¥ ³¥Éµ¤ £·Ê¶¶Ò CALCUL ´¥¶·¨³¥´¨³. Š²ÕÎ¥-
¢Ò³ ³µ³¥´Éµ³ ¨Ì ³¥Éµ¤¨±¨ Ö¢²Ö¥É¸Ö ¢¥¸Ó³  ¸¶¥Í¨Ë¨Î¥¸±¨° ¢Ò¡µ· ¢¥±Éµ·µ¢
¶µ²Ö·¨§ Í¨° ËµÉµ´µ¢ (2.20), ¸¶· ¢¥¤²¨¢Ò° ²¨ÏÓ ¤²Ö ¡¥§³ ¸¸µ¢µ£µ ¸²ÊÎ Ö.

�¸´µ¢´Ò³ ¶·µÍ¥¸¸µ³, µ¶·¥¤¥²ÖÕÐ¨³ ¢·¥³Ö ¦¨§´¨ ¶µ§¨É·µ´¨Ö, Ö¢²Ö¥É¸Ö
É·¥ÌËµÉµ´´ Ö  ´´¨£¨²ÖÍ¨Ö. �·¨ ÔÉµ³ ¢¥·µÖÉ´µ¸ÉÓ · ¸¶ ¤  ³µ¦¥É ¡ÒÉÓ ¸¢Ö-
§ ´  ¸ ¸¥Î¥´¨¥³ ¶·µÍ¥¸¸   ´´¨£¨²ÖÍ¨¨ ¸¢µ¡µ¤´µ° ¶ ·Ò [10]:

e−(p1) + e+(p3)→ γ(k1) + γ(k2) + γ(k3) . (4.1)

�µ¸±µ²Ó±Ê ¨³¶Ê²Ó¸Ò Ô²¥±É·µ´  ¨ ¶µ§¨É·µ´  ¢ ¶µ§¨É·µ´¨¨ ³ ²Ò [10] (| ~p1 |=
=| ~p3 |∼ mα, £¤¥ α Ä ¶µ¸ÉµÖ´´ Ö Éµ´±µ° ¸É·Ê±ÉÊ·Ò), Éµ ¶·¨ ¢ÒÎ¨¸²¥´¨¨
¸¥Î¥´¨Ö  ´´¨£¨²ÖÍ¨¨ ¨Ì ³µ¦´µ ¸Î¨É ÉÓ ¶µ±µÖÐ¨³¨¸Ö ¢ ´ Î ²¥ ±µµ·¤¨´ É (É.¥.
¡Ê¤¥³ ¶µ² £ ÉÓ, ÎÉµ p1 = p3 = p = (m, 0, 0, 0)). ‚ É ±µ³ ¸²ÊÎ ¥ ³ É·¨Î´Ò°
Ô²¥³¥´É ·¥ ±Í¨¨ (4.1) ¶·¨´¨³ ¥É ¢¨¤

M±δ,δ31 = u±δ(−p)Quδ(p) , (4.2)
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£¤¥ uδ(±p) Ä ¡¨¸¶¨´µ·Ò Ô²¥±É·µ´  ¨ ¶µ§¨É·µ´ , uδ(±p)uδ(±p) = ±m , Q Ä
µ¶¥· Éµ· ¢§ ¨³µ¤¥°¸É¢¨Ö, ±µÉµ·µ³Ê µÉ¢¥Î ¥É Ï¥¸ÉÓ Ë¥°´³ ´µ¢¸±¨Ì ¤¨ £· ³³
[10]. � ¸¸³µÉ·¨³ ±¨´¥³ É¨±Ê ¶·µÍ¥¸¸  e+e− → 3γ ¢ ¸¨¸É¥³¥ –ˆ e+e−-
Î ¸É¨Í, ¢ ±µÉµ·µ° ¨³¶Ê²Ó¸Ò p1 ¨ p3 ¨³¥ÕÉ ¢¨¤: p1 = (p0, 0, 0,−mα), p3 =
(p0, 0, 0,mα), p0 = m

√
1 + α2. ‚¢¥¤¥³ ��‚ aA:

a0 = (1, 0, 0, 0) , a1 = (0, 1, 0, 0), a2 = (0, 0, 1, 0), a3 = (0, 0, 0, 1) ,

¸ ¶µ³µÐÓÕ ±µÉµ·ÒÌ ¶µ²ÊÎ¨³

p1 = −ξ−a3 + ξ+a0 , p3 = ξ−a3 + ξ+a0 , (4.3)

s1 = ξ
′

+a3 − ξ
′

−a0 , s3 = ξ
′

+a3 + ξ
′

−a0 , (4.4)

£¤¥ ξ
′

± = ξ±/m, ξ
′

+ =
√

1 + α2, ξ
′

− = α, ¶·¨ ÔÉµ³ s1p1 = s3p3 = 0, s2
1 = s2

2 =
= −1. ‘²¥¤µ¢ É¥²Ó´µ, ¢ ¶·¥¤¥²Ó´µ³ ¸²ÊÎ ¥, ±µ£¤  α→ 0, ¸¶¨´µ¢Ò¥ ¢¥±Éµ·Ò
Ô²¥±É·µ´  ¨ ¶µ§¨É·µ´  s1 ¨ s3 (4.4) ¢ „‘� (4) ¸µ¢¶ ¤ ÕÉ:

s1 = s3 = a3 , (4.5)

É.¥. ¢ ± Î¥¸É¢¥ µ¡Ð¥° µ¸¨ ¸¶¨´µ¢ÒÌ ¶·µ¥±Í¨° ¢Ò¸ÉÊ¶ ¥É ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥-
´¨Ö ¶µ§¨É·µ´ . ‡ ±µ´ ¸µÌ· ´¥´¨Ö ¨³¶Ê²Ó¸ :

~k1 + ~k2 + ~k3 = 0 (4.6)

µ¶·¥¤¥²Ö¥É ¶²µ¸±µ¸ÉÓ  ´´¨£¨²ÖÍ¨¨, ¢ ±µÉµ·µ° ²¥¦ É ¨³¶Ê²Ó¸Ò ËµÉµ´µ¢. �Ê-
¤¥³ É ±¦¥ ¸Î¨É ÉÓ, ÎÉµ ¢¥±Éµ·Ò ~a1 ¨ ~a3 ¶·¨´ ¤²¥¦ É ÔÉµ° ¶²µ¸±µ¸É¨,   ¢¥±Éµ·
~a2 Ö¢²Ö¥É¸Ö ´µ·³ ²ÓÕ ± ´¥°, É.¥. ÎÉµ ~a2~ni = 0 , ~ni = ~ki/ωi , ~n

2
i = 1, (i =

1, 2, 3). �µ¸É·µ¨³ ¢¥±Éµ·Ò ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´µ¢ eλi = (0, ~eλi):

~eλi = ([~a2~ni] + iλi ~a2)/
√

2 , ~eλi ~ni = 0 , ~eλi~e
∗
λi = 1 , (4.7)

£¤¥ λi Ä ¸¶¨· ²Ó´µ¸É¨ ËµÉµ´µ¢, λi = ±1.
‚ · ¸¸³ É·¨¢ ¥³µ³ ¶·¥¤¥²Ó´µ³ ¸²ÊÎ ¥ µ¶¥· Éµ·Ò (2.26), ¸ ¶µ³µÐÓÕ ±µ-

Éµ·ÒÌ ¢ÒÎ¨¸²ÖÕÉ¸Ö ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ (4.2), ¨³¥ÕÉ ¢¨¤:

4P δ,δ31 = δ (m+ p̂) âδ , 4P−δ,δ31 = − (m+ p̂) âδ â3 â
∗
δ/2 , (4.8)

£¤¥ a±δ = a1 ± iδa2 , δ = ± 1 (a∗δ = a−δ).
Ÿ¢´Ò° ¢¨¤ ¤²Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ M±δ,δ ¶·µÍ¥¸¸  (4.1) ¢ ¸²ÊÎ ¥ Í¨·-

±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ ËµÉµ´µ¢ ¡Ò² ¶µ²ÊÎ¥´ ¢ [54]:

23/2M δ,δ = δ

3∑
i=1

αi ( δλi + ci ) (njk − 1)/m , (4.9)
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23/2M−δ,δ =

3∑
i=1

αi si (njk − 1)/m , (4.10)

£¤¥ αi (i=1, 2, 3) Ä ¶µ²Ö·¨§ Í¨µ´´´Ò¥ ³´µ¦¨É¥²¨:

α1 = (1 + λ2λ3)(1 − λ1λ2), α2 = (1 + λ1λ3)(1 − λ2λ3), (4.11)

α3 = (1 + λ1λ2)(1− λ1λ3),

α1 α2 = α1 α3 = α2 α3 = 0 , α2
i = 4 αi , (4.12)

  ¢¥²¨Î¨´Ò ci, si, njk = nkj (i, j, k = 1, 2, 3 ) · ¢´Ò: njk = ~nj~nk =
= cjck + sjsk, ci = ~a3~ni, si = ~a1~ni, s

2
i + c2i = 1, ¶·¨ ÔÉµ³ ¨´¤¥±¸Ò i, j, k ¢

(4.9), (4.10) µ¡· §ÊÕÉ Í¨±²¨Î¥¸±ÊÕ ¶¥·¥¸É ´µ¢±Ê Î¨¸¥² 1, 2, 3.
Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ (4.9), (4.10) µ¶·¥¤¥²ÖÕÉ ¶·µÍ¥¸¸  ´´¨£¨²ÖÍ¨¨ ¸¢µ-

¡µ¤´µ° e+e−-¶ ·Ò ¢ ¸²ÊÎ ¥ ¶ · ²²¥²Ó´ÒÌ (M δ,δ) ¨  ´É¨¶ · ²²¥²Ó´ÒÌ (M−δ,δ)
¸¶¨´µ¢ Ê Ô²¥±É·µ´  ¨ ¶µ§¨É·µ´ . �´¨ ¢¥Ð¥¸É¢¥´´Ò ¨ µ¡· Ð ÕÉ¸Ö ¢ ´µ²Ó, ¥¸²¨
¸¶¨· ²Ó´µ¸É¨ Ê ¢¸¥Ì ËµÉµ´µ¢ µ¤¨´ ±µ¢Ò, É.¥. ±µ£¤  λ1 = λ2 = λ3.

„¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¶·µÍ¥¸¸  (4.1) ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ³ É·¨Î´Ò¥
Ô²¥³¥´ÉÒ M±δ,δ (4.9), (4.10) ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

dσ3γ =
α3(M±δ,δ)2

(2π)2 4m2v

(
3∏
i=1

d3~ki

ωi

)
δ4(2p− k1 − k2 − k3) , (4.13)

£¤¥ v Ä µÉ´µ¸¨É¥²Ó´ Ö ¸±µ·µ¸ÉÓ e+- ¨ e−-Î ¸É¨Í ¢ ¸¨¸É¥³¥ –ˆ (v ∼ α).
‚¢¥¤¥³ µ¡µ§´ Î¥´¨¥: σλ1,λ2,λ3

δe+
= 1/2 ( (M δ,δ)2 + (M δ,−δ)2 ). ’µ£¤  ¤²Ö

¢¥²¨Î¨´Ò σλ1,λ2,λ3

δe+
¡Ê¤¥³ ¨³¥ÉÓ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ [54]:

σλ1,λ2,λ3

δe+
=

3∑
i=1

αi ( 1 + δλi ci ) (1 − njk)2/2m2 , (4.14)

±µÉµ·µ¥ µ¶·¥¤¥²Ö¥É ¸¥Î¥´¨¥  ´´¨£¨²ÖÍ¨¨ ¢ ¸²ÊÎ ¥, ±µ£¤  ¢¸¥ Î ¸É¨ÍÒ, § 
¨¸±²ÕÎ¥´¨¥³ Ô²¥±É·µ´ , ¸¶¨· ²Ó´µ ¶µ²Ö·¨§µ¢ ´Ò. „²Ö ¢¥²¨Î¨´

σλ1,λ2,λ3 = 1/4
∑
δ

((M δ,δ)2 + (M δ,−δ)2),

σλ1

δe+ = 1/2
∑
λ2,λ3

((M δ,δ)2 + (M δ,−δ)2) ,

¸³Ò¸² ±µÉµ·ÒÌ ¶µ´ÖÉ¥´ ¨§ µ¡µ§´ Î¥´¨°, ¶µ²ÊÎ¨³

σλ1,λ2,λ3 = (α1 (1 − n23)2 + α2 (1− n13)2 + α3 (1− n12)2)/2m2 , (4.15)

σλ1

δe+
= 2 ((1 + δλ1c1)(1 − n23)2 + (1− δλ1c2)(1 − n13)2+
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+(1− δλ1c3)(1− n12)2)/m2 . (4.16)

‚ ¸²ÊÎ ¥ ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ Î ¸É¨Í ¨³¥¥³ ¨§¢¥¸É´Ò° ·¥§Ê²ÓÉ É [10]:

σ =
∑

λ1,λ2,λ3

σλ1,λ2,λ3 = 4 ( (1−n12)2 + (1−n13)2 + (1−n23)2 )/m2 . (4.17)

�·µ¢¥¤¥³ · ¸Î¥É ¢¥·µÖÉ´µ¸É¨ ¶·µÍ¥¸¸  (4.1) ±µ£¤  µ¤¨´ ¨§ ËµÉµ´µ¢ ²¨-
´¥°´µ ¶µ²Ö·¨§µ¢ ´ ¢ ¶²µ¸±µ¸É¨  ´´¨£¨²ÖÍ¨¨ (σx) ²¨¡µ ¶¥·¶¥´¤¨±Ê²Ö·´µ ±
´¥° (σy) (¶·¨ ÔÉµ³ µ¸É ²Ó´Ò¥ ¤¢  ´¥¶µ²Ö·¨§µ¢ ´Ò),   É ±¦¥ ¸É¥¶¥´Ó ²¨´¥°´µ°
¶µ²Ö·¨§ Í¨¨:

pl = (σy − σx)/(σy + σx) . (4.18)

„²Ö ÔÉµ£µ ¶¥·¥°¤¥³ µÉ ¸¶¨· ²Ó´ÒÌ ¸µ¸ÉµÖ´¨° ËµÉµ´  ¸ ¨³¶Ê²Ó¸µ³ ~k1

| +1 >= (| x > +i | y >)/
√

2 , | −1 >= (| x > −i | y >)/
√

2 ,

± ¸µ¸ÉµÖ´¨Ö³ ¸ ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¥°

< x |= (< +1 | + < −1 |)/
√

2 , < y |= i (< +1 | − < −1 |)/
√

2 .

’µ£¤  ¤²Ö  ³¶²¨ÉÊ¤ ¨ ¢¥·µÖÉ´µ¸É¥° ¨³¥¥³ [54]:

M δ
x = (M δ, δ

λ2,λ3 +M δ, δ
−λ2,λ3)/

√
2 ,M−δx = (M−δ, δλ2,λ3 +M−δ, δ−λ2,λ3)/

√
2 ,

M δ
y = i (M δ, δ

λ2,λ3 −M
δ, δ
−λ2,λ3)/

√
2 ,M−δy = i (M−δ, δλ2,λ3 −M

−δ, δ
−λ2,λ3)/

√
2 ,

σx = 1/4
∑
δλ2λ3

(|M δ
x |

2 + |M−δx |2), σy = 1/4
∑
δλ2λ3

(|M δ
y |

2 + |M−δy |2) .

�·µ¨§¢¥¤Ö ´¥µ¡Ìµ¤¨³Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¢¥²¨Î¨´ σx, σy, pl, ´ °¤¥³ [54]:

σx = 2(A−B)/m2, σy = 2(A+B)/m2, pl = B/A , (4.19)

A = (1− n12)2 + (1− n13)2 + (1 − n23)2, B = (1− n12)(1− n13)(1 − n23) .

‚Ò· ¦¥´¨Ö (4.19), ¶µ²ÊÎ¥´´Ò¥ ¤²Ö σx, σy, pl, É ±¦¥ ¸µ¢¶ ¤ ÕÉ ¸ ·¥§Ê²ÓÉ É ³¨
· ¡µÉ [55,56].

�µ¸É·µ¨³ ¸ ¶µ³µÐÓÕ (4.9), (4.10)  ³¶²¨ÉÊ¤Ò  ´´¨£¨²ÖÍ¨¨ µ·Éµ¶µ§¨É·µ-
´¨Ö [10]: X1,1 = M++, X1,0 = (M+− + M−+)/

√
2, X1,−1 = M−−(X1,±1 =

= X1,δ), µÉ¢¥Î ÕÐ¨¥ ¶·µ¥±Í¨Ö³ ¶µ²´µ£µ ¸¶¨´  ¸¨¸É¥³Ò ´  ´ ¶· ¢²¥´¨¥ ~a3,
· ¢´Ò³ +1, 0, −1,   É ±¦¥ ¶ · ¶µ§¨É·µ´¨Ö (¸ ¶µ²´Ò³ ¸¶¨´µ³ ¨ ¶·µ¥±Í¨¥°,
· ¢´Ò³¨ ´Ê²Õ): X0,0 = (M+− −M−+)/

√
2. ‚ ·¥§Ê²ÓÉ É¥ ¡Ê¤¥³ ¨³¥ÉÓ [54]:

X1,δ = M δ,δ , X1,0 =
√

2 M δ,−δ , X0,0 = 0 . (4.20)
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�·µ¸Ê³³¨·Ê¥³ ¶µ ¶µ²Ö·¨§ Í¨Ö³ ËµÉµ´µ¢ λ2 ¨ λ3 ¢¥²¨Î¨´Ò X2
1,δ ¨ X2

1,0:∑
λ2,λ3

X2
1,δ = 2 ((1 + δλ1c1)2(1− n23)2 + (1 − δλ1c2)2(1− n13)2+

+ (1− δλ1c3)2(1− n12)2)/m2,∑
λ2,λ3

X2
1,0 = 4 ((1−c21)(1−n23)2 +(1−c22)(1−n13)2 +(1−c23)(1−n12)2 )/m2 .

�·µ¢µ¤Ö ¤ ²Ó´¥°Ï¨¥ Ê¸·¥¤´¥´¨Ö ¢ ±¢ ¤· É Ì ¶µ¸²¥¤´¨Ì  ³¶²¨ÉÊ¤, µ¶ÖÉÓ ¶µ-
²ÊÎ¨³ ¨§¢¥¸É´Ò° ·¥§Ê²ÓÉ É [10]:∑

λ1,λ2,λ3

(X2
1,+1 +X2

1,0 +X2
1,−1) = 4 σ ,

£¤¥ σ µ¶·¥¤¥²¥´µ ¢Ò· ¦¥´¨¥³ (4.17).
‚ · ¡µÉ¥ [55] ¡Ò²µ ¶µ± § ´µ, ÎÉµ  ³¶²¨ÉÊ¤Ò É·¥ÌËµÉµ´´µ°  ´´¨£¨²ÖÍ¨¨

µ·Éµ¶µ§¨É·µ´¨Ö Hfi (X1,+1, X1,0, X1,−1) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

Hfi = ~t~u , ~u = ~u1 + ~u2 + ~u3 , (4.21)

£¤¥ ¢¥±Éµ· ~u1 Ö¢²Ö¥É¸Ö ¸²¥¤ÊÕÐ¥° ËÊ´±Í¨¥° µÉ ¢¥±Éµ·µ¢ ¶µ²Ö·¨§ Í¨° ËµÉµ-
´µ¢:

~u1 = ~e1 (~e2~e3 − ~e
′

2 ~e
′

3 ) + ~e
′

1 (~e2~e
′

3 + ~e3~e
′

2 ) , (4.22)

~ei = ~eλi , ~e
′

i = [~ei~ni] (i = 1, 2, 3) ,

  ¢¥±Éµ·Ò ~u2 ¨ ~u3 ¶µ²ÊÎ ÕÉ¸Ö ¨§ ~u1 Í¨±²¨Î¥¸±µ° ¶¥·¥¸É ´µ¢±µ° ¨´¤¥±¸µ¢.
Šµ³¶²¥±¸´Ò° ¢¥±Éµ· ~t Ì · ±É¥·¨§Ê¥É É·¨¶²¥É´µ¥ ¸µ¸ÉµÖ´¨¥ µ·Éµ¶µ§¨É·µ´¨Ö.

�µ¸É·µ¨³ É¥´§µ· Φ = ~u·~u ∗, Î¥·¥§ ±µÉµ·Ò° ¢Ò· ¦ ¥É¸Ö ¢¥·µÖÉ´µ¸ÉÓ É·¥Ì-
ËµÉµ´´µ°  ´´¨£¨²ÖÍ¨¨. ‘µ£² ¸´µ ´ Ï¨³ · ¸Î¥É ³, É¥´§µ· Φ ³µ¦´µ ¶·¥¤¸É -
¢¨ÉÓ ¢ ¢¨¤¥ É·¥Ì ¸² £ ¥³ÒÌ [54]:

Φ = a1Φ1 + a2Φ2 + a3Φ3 , Φt = a1 + a2 + a3 = m2 σλ1,λ2,λ3/2 , (4.23)

a1 = α1(1− n23)2 , a2 = α2(1− n13)2 , a3 = α3(1− n12)2 , (4.24)

£¤¥ ± ¦¤Ò° ¨§ É¥´§µ·µ¢ Φi (i = 1, 2, 3) ¥¸ÉÓ ´¥ ÎÉµ ¨´µ¥, ± ± É¥´§µ· ¶ÊÎ± 
(É·¥Ì³¥·´µ-±µ¢ ·¨ ´É´ Ö ¶µ²Ö·¨§ Í¨µ´´ Ö ³ É·¨Í  ¶²µÉ´µ¸É¨) ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¥£µ Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ£µ ËµÉµ´  [57]:

Φi = ~eλi · ~e
∗
λi = (1− ~ni · ~ni)/2 + i/2λi ~n

×
i , Φi~ni = 0 , (Φi)t = 1 . (4.25)

�µ¸±µ²Ó±Ê É¥´§µ· Φ ¸µµÉ¢¥É¸É¢Ê¥É ¸Ê³³¥ É·¥Ì ¢µ²´ ¨ ¥£µ ¸²¥¤ Φt = a1+a2+a3

¸ ÉµÎ´µ¸ÉÓÕ ¤µ ³´µ¦¨É¥²Ö ¸µ¢¶ ¤ ¥É ¸ ¢¥·µÖÉ´µ¸ÉÓÕ σλ1,λ2,λ3 , Éµ ± ¦¤ Ö ¨§
¢¥²¨Î¨´ ai (i = 1, 2, 3) (4.24) µ¶·¥¤¥²Ö¥É ¢¥·µÖÉ´µ¸ÉÓ ¶µÖ¢²¥´¨Ö µÉ¤¥²Ó´µ£µ
ËµÉµ´ , ¨³¥ÕÐ¥£µ ¢¥±Éµ· ¶µ²Ö·¨§ Í¨¨ ~eλi ¨ ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö ~ni.
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5. �…�Š–ˆŸ ep→ epγ ˆ ��‹Ÿ�ˆ‡“…Œ�‘’œ ���’���

‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö §´ Î¨É¥²Ó´µ ¢Ò·µ¸ ¨´É¥·¥¸ ± ¨§ÊÎ¥´¨Õ ±µ³¶Éµ´µ¢-
¸±µ£µ · ¸¸¥Ö´¨Ö ´  ´Ê±²µ´¥ ¢ µ¡² ¸É¨ ´¨§±¨Ì ¨ ¸·¥¤´¨Ì Ô´¥·£¨°. �Éµ µ¡Ê-
¸²µ¢²¥´µ É¥³, ÎÉµ ¢ · ¸¸³ É·¨¢ ¥³µ³ ¶·µÍ¥¸¸¥ ³µ£ÊÉ ¡ÒÉÓ µ¶·¥¤¥²¥´Ò ËÊ´¤ -
³¥´É ²Ó´Ò¥ ¸É·Ê±ÉÊ·´Ò¥ ¶µ¸ÉµÖ´´Ò¥ ´Ê±²µ´µ¢ Å Ô²¥±É·¨Î¥¸± Ö ¨ ³ £´¨É´ Ö
¶µ²Ö·¨§Ê¥³µ¸É¨. �µ²Ö·¨§Ê¥³µ¸É¨ ´Ê±²µ´µ¢ ¸µ¤¥·¦ É ¢ ¦´ÊÕ ¨´Ëµ·³ Í¨Õ µ
¸É·Ê±ÉÊ·¥ ¶µ¸²¥¤´¨Ì ´  ¡µ²ÓÏ¨Ì ¨ ¸·¥¤´¨Ì · ¸¸ÉµÖ´¨ÖÌ, ¢ Î ¸É´µ¸É¨, µ · -
¤¨Ê¸¥ ±¢ ·±µ¢µ£µ ±µ· , µ ³¥§µ´´µ° ÏÊ¡¥ ¨ É.¤. (¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¢µ¶·µ¸Ò
¶µ¤·µ¡´µ µ¡¸Ê¦¤ ÕÉ¸Ö ¢ µ¡§µ· Ì [58,59]). ‡´ ´¨¥  ³¶²¨ÉÊ¤ ±µ³¶Éµ´µ¢¸±µ£µ
· ¸¸¥Ö´¨Ö ´  ´Ê±²µ´ Ì É·¥¡Ê¥É¸Ö É ±¦¥ ¤²Ö ¨´É¥·¶·¥É Í¨¨ ¤ ´´ÒÌ ¶µ · ¸-
¸¥Ö´¨Õ ËµÉµ´µ¢ ´  Ö¤· Ì. ’ ±µ£µ ·µ¤  ¨¸¸²¥¤µ¢ ´¨Ö ³µ£ÊÉ, ´ ¶·¨³¥·, ¤ ÉÓ
µÉ¢¥É ´  ¢µ¶·µ¸ µ Éµ³, ´ ¸±µ²Ó±µ · §²¨Î ÕÉ¸Ö Ô²¥±É·µ³ £´¨É´Ò¥ ¸¢µ°¸É¢ 
¸¢µ¡µ¤´ÒÌ ¨ ¸¢Ö§ ´´ÒÌ ´Ê±²µ´µ¢.

‚¸¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´  ¡Ò²¨
¶µ²ÊÎ¥´Ò ¨§ ¤ ´´ÒÌ ¶µ Ê¶·Ê£µ³Ê γp-· ¸¸¥Ö´¨Õ ´¨¦¥ ¶µ·µ£  ËµÉµ·µ¦¤¥´¨Ö
¶¨µ´µ¢. �¤´ ±µ ¢ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¶µÖ¢¨² ¸Ó ¢¥¸Ó³  ¶¥·¸¶¥±É¨¢´ Ö ¢µ§³µ¦-
´µ¸ÉÓ ¨§³¥·ÖÉÓ ¶µ²Ö·¨§Ê¥³µ¸É¨ ¶·µÉµ´  ´  ¸µ§¤ ´´µ³ ¢ �µ¢µ¸¨¡¨·¸±¥ ´ ±µ-
¶¨É¥²Ó´µ³ ±µ²ÓÍ¥ ¸ Ô´¥·£¨¥° Ô²¥±É·µ´´µ£µ ¶ÊÎ±  ¢ 200 MÔ‚ ¸ ¨¸¶µ²Ó§µ¢ -
´¨¥³ ¢´ÊÉ·¥´´¥° ¸É·Ê°´µ° ³¨Ï¥´¨. �É  ¢µ§³µ¦´µ¸ÉÓ ³µ¦¥É ¡ÒÉÓ ·¥ ²¨§µ¢ ´ 
¸ ¶µ³µÐÓÕ ¨¤¥¨, ¶·¥¤²µ¦¥´´µ° ¢ · ¡µÉ¥ [60], ¨¸¶µ²Ó§µ¢ ÉÓ ·¥ ±Í¨Õ

e−(p1) + p+(q1)→ e−(p2) + p+(q2) + γ(k) (5.1)

¢ ±¨´¥³ É¨±¥, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° · ¸¸¥Ö´¨Õ Ô²¥±É·µ´µ¢ ´  ³ ²Ò¥,   ËµÉµ´µ¢
´  ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨¥ Ê£²Ò, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ³ ²µ° ¶¥·¥¤ Î¥ 4-¨³¶Ê²Ó¸ 
µÉ ´ Î ²Ó´µ£µ Ô²¥±É·µ´  ± ±µ´¥Î´Ò³ γ- ¨ p-Î ¸É¨Í ³.

‚ ´ ¨´¨§Ï¥³ ¶µ·Ö¤±¥ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¶·µÍ¥¸¸Ê (5.1) ¸µµÉ¢¥É¸É¢ÊÕÉ
É·¨ ¤¨ £· ³³Ò, ¶·¥¤¸É ¢²¥´´Ò¥ ´  ·¨¸.1. ˆ§ ´¨Ì ¶¥·¢Ò¥ ¤¢¥ (  ¨ ¡) µÉ¢¥Î ÕÉ
Éµ·³µ§´µ³Ê ¨§²ÊÎ¥´¨Õ Ô²¥±É·µ´µ¢ (¡¥É¥-£ °É²¥·µ¢¸±¨¥ ¤¨ £· ³³Ò),   É·¥ÉÓÖ
(¢) Ä ¨§²ÊÎ¥´¨Õ ¶·µÉµ´  (¤¨ £· ³³  ¸ ¢¨·ÉÊ ²Ó´Ò³ ±µ³¶Éµ´µ¢¸±¨³ · ¸¸¥Ö-
´¨¥³ (‚Š�) ´  ¶·µÉµ´¥). ‚Ò¡µ· Ê± § ´´µ° ¢ÒÏ¥ ±¨´¥³ É¨±¨ ¡Ò² µ¡Ê¸²µ¢²¥´
¸²¥¤ÊÕÐ¨³¨ ¶·¨Î¨´ ³¨. ‚µ-¶¥·¢ÒÌ, ¢ ´¥° ·¥ ²¨§Ê¥É¸Ö ¶µ¤¶·µÍ¥¸¸ ·¥ ²Ó´µ£µ
±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö (�Š�) ´  ¶·µÉµ´¥, ¶µ¸±µ²Ó±Ê ¶·¨ ³ ²ÒÌ Ê£² Ì · ¸-
¸¥Ö´¨Ö Ô²¥±É·µ´µ¢ ¢¨·ÉÊ ²Ó´Ò° ËµÉµ´ ¸ 4-¨³¶Ê²Ó¸µ³ r = p1 − p2 (¸³.·¨¸.1)
¸É ´µ¢¨É¸Ö ¶µÎÉ¨ ·¥ ²Ó´Ò³. �·¨ ÔÉµ³ ¢¥²¨Î¨´  |r| =

√
−(p1 − p2)2 µ± §Ò¢ -

¥É¸Ö ³ ²µ° |r| ∼ m, £¤¥ m Ä ³ ¸¸  Ô²¥±É·µ´ . ‚µ-¢Éµ·ÒÌ, ¶·¨ · ¸¸¥Ö´¨¨ Ô²¥±-
É·µ´µ¢ ´  ³ ²Ò¥,   ËµÉµ´µ¢ ´  ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨¥ Ê£²Ò, ¢±² ¤ ¤¨ £· ³³Ò,
¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¶·µÉµ´´µ³Ê ¨§²ÊÎ¥´¨Õ, µ± §Ò¢ ¥É¸Ö ¤µ³¨´¨·ÊÕÐ¨³, É.¥.
µ´ ´  ´¥¸±µ²Ó±µ ¶µ·Ö¤±µ¢ ¶·¥¢ÒÏ ¥É ¢±² ¤ ¡¥É¥-£ °É²¥·µ¢¸±¨Ì ¤¨ £· ³³ ¢
¸¥Î¥´¨¥ ·¥ ±Í¨¨ (5.1) [61], ÎÉµ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° £² ¢´µ¥ É·¥¡µ¢ ´¨¥, ´¥-
µ¡Ìµ¤¨³µ¥ ¤²Ö ¢Ò¤¥²¥´¨Ö ¶µ¤¶·µÍ¥¸¸  ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´  ¶·µÉµ´¥
[60] ¨§ ·¥ ±Í¨¨ ep→ epγ.
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�¨¸. 1. „¨ £· ³³Ò, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ·¥ ±Í¨¨ ep→ epγ

�Í¥´±¨, ¶·µ¢¥¤¥´´Ò¥ ¢ [60] ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ³¥Éµ¤  Ô±¢¨¢ ²¥´É´ÒÌ Ëµ-
Éµ´µ¢ ¨ ¸± ²Ö·´µ° ³µ¤¥²¨, ¶µ± § ²¨, ÎÉµ ·¥ ±Í¨Ö (5.1) ¤ ¥É Ìµ·µÏÊÕ ¢µ§-
³µ¦´µ¸ÉÓ ¤²Ö ¶µ²ÊÎ¥´¨Ö ¢Ò¸µ±µ¸É É¨¸É¨Î¥¸±¨Ì ¤ ´´ÒÌ ¶µ ¸¥Î¥´¨Õ ±µ³¶-
Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ¨ ¶µ²Ö·¨§Ê¥³µ¸É¨ ¶·µÉµ´ . �É³¥É¨³, ÎÉµ ¨§³¥·¥´¨¥
Ô²¥±É·¨Î¥¸±µ° ¨ ³ £´¨É´µ° ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´  (αp ¨ βp) ¸ ¡µ²¥¥ ¢Ò-
¸µ±µ° ¸É¥¶¥´ÓÕ ÉµÎ´µ¸É¨, Î¥³ ¢ ¶·¥¤Ò¤ÊÐ¨Ì · ¡µÉ Ì, ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ°
µ¤´Ê ¨§ ´ ¨¡µ²¥¥ ¶·¨µ·¨É¥É´ÒÌ § ¤ Î ¤²Ö Ô±¸¶¥·¨³¥´Éµ¢ ¡²¨¦ °Ï¥£µ ¡Ê¤Ê-
Ð¥£µ [62,63].

�¤´ ±µ ¤²Ö ¶µ²ÊÎ¥´¨Ö ¢Ò¸µ±µ¸É É¨¸É¨Î¥¸±¨Ì ¤ ´´ÒÌ ¶µ ¸¥Î¥´¨Õ γp-
· ¸¸¥Ö´¨Ö ¨ ¶µ²Ö·¨§Ê¥³µ¸É¨ ¶·µÉµ´  ¤µ²¦´  ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´  ¡µ²¥¥  ±-
±Ê· É´ Ö, Î¥³ ¢ [60], É¥µ·¥É¨Î¥¸± Ö ³µ¤¥²Ó, ±µÉµ· Ö ¤µ²¦´  ÊÎ¨ÉÒ¢ ÉÓ ± ±
¸¶¨´µ¢Ò¥ ¸¢µ°¸É¢  Î ¸É¨Í, É ± ¨ £² ¢´Ò¥ ¸É·Ê±ÉÊ·´Ò¥ ¶ · ³¥É·Ò, Ì · ±É¥-
·¨§ÊÕÐ¨¥ Ô²¥±É·µ³ £´¨É´ÊÕ ¸É·Ê±ÉÊ·Ê  ¤·µ´ . ‚ µ¸´µ¢Ê É ±µ° ³µ¤¥²¨ ³µ£ÊÉ
¡ÒÉÓ ¶µ²µ¦¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¡µÉÒ [64], ¢ ±µÉµ·µ° ¡Ò² ¶·µ¢¥¤¥´ µ¡Ð¨° · ¸-
Î¥É ·¥ ±Í¨¨ ep → epγ. �·¨ ÔÉµ³ ¸¥Î¥´¨¥ ¡Ò²µ ¢Ò· ¦¥´µ Î¥·¥§ ¤¢¥´ ¤Í ÉÓ
Ëµ·³Ë ±Éµ·µ¢, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¶µ¤¶·µÍ¥¸¸Ê ‚Š� ´  ¶·µÉµ´¥ (É.¥. ¢±² ¤Ê
¤¨ £· ³³Ò 1,¢), ¨ ¤¢  Ëµ·³Ë ±Éµ· , µÉ¢¥Î ÕÐ¨Ì ¡¥É¥-£ °É²¥·µ¢¸±¨³ ¤¨ -
£· ³³ ³.

‚ · ¡µÉ¥ [65] ¶·µ¢¥¤¥´ · ¸Î¥É ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ ep→
epγ ¢ Ê± § ´´µ° ¢ÒÏ¥ ±¨´¥³ É¨±¥. �´µ ¡Ò²µ ¢Ò· ¦¥´µ Î¥·¥§ Ï¥¸ÉÓ ¨´¢ -
·¨ ´É´ÒÌ  ³¶²¨ÉÊ¤ ¤²Ö �Š� [58,66],   É ±¦¥ Ô²¥±É·¨Î¥¸±¨° ¨ ³ £´¨É´Ò°
Ëµ·³Ë ±Éµ·Ò ¶·µÉµ´  [10].

� ¸¸³µÉ·¨³  ³¶²¨ÉÊ¤Ò, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¤¨ £· ³³ ³, ¶·¥¤¸É ¢²¥´´Ò³
´  ·¨¸.1. ‘Ê³³¥ ¤¢ÊÌ ¡¥É¥-£ °É²¥·µ¢¸±¨Ì ¤¨ £· ³³ (  ¨ ¡) µÉ¢¥Î ¥É ³ É·¨Î-
´Ò° Ô²¥³¥´É

M1 = u(p2)Qµeu(p1) · u(q2)Γµ(q2)u(q1)
1

q2
, (5.2)

Qµe = γµ
p̂1 − k̂ +m

−2p1k
ê+ ê

p̂2 + k̂ +m

2p2k
γµ , (5.3)

Γµ(q2) = f1 γµ +
µp

4M
f2 ( q̂γµ − γµq̂ ) , (5.4)
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£¤¥ u(pi) ¨ u(qi) Ä ¡¨¸¶¨´µ·Ò Ô²¥±É·µ´µ¢ ¨ ¶·µÉµ´µ¢ ¸ 4-¨³¶Ê²Ó¸ ³¨ pi
¨ qi, p

2
i = m2, q2

i = M2, u(pi) u(pi) = 2m, u(qi) u(qi) = 2M, (i =
1, 2), µp, f1, f2 Ä ¸µµÉ¢¥É¸É¢¥´´µ  ´µ³ ²Ó´Ò° ³ £´¨É´Ò° ³µ³¥´É, ¤¨· ±µ¢-
¸±¨° ¨ ¶ Ê²¨¥¢¸±¨° Ëµ·³Ë ±Éµ·Ò ¶·µÉµ´  [10], q = q2 − q1 Ä ¶¥·¥¤ ´´Ò°
¨³¶Ê²Ó¸, e Ä 4-¢¥±Éµ· ¶µ²Ö·¨§ Í¨¨ ËµÉµ´  ¸ ¨³¶Ê²Ó¸µ³ k, ek = k2 = 0, M Ä
³ ¸¸  ¶·µÉµ´ .

‚ · ¸¸³ É·¨¢ ¥³µ³ ¶·¥¤¥²Ó´µ³ ¸²ÊÎ ¥, ±µ£¤  |r| ∼ m, ³ É·¨Î´Ò° Ô²¥-
³¥´É, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¤¨ £· ³³¥ ·¨¸.1,¢, ¢Ò· ¦ ¥É¸Ö Î¥·¥§ Ï¥¸ÉÓ ¨´¢ ·¨-
 ´É´ÒÌ  ³¶²¨ÉÊ¤ Ti (i = 1, 2 . . . 6) ¤²Ö �Š�, ¶µ²ÊÎ¥´´ÒÌ ¨§ É¥µ·¨¨ ¤¨¸¶¥·¸¨-
µ´´ÒÌ ¸µµÉ´µÏ¥´¨° ¨ ¤ ´´ÒÌ µ ËµÉµ·µ¦¤¥´¨¨ π-³¥§µ´µ¢ ´  ´Ê±²µ´ Ì [66].
�´ ¨³¥¥É ¢¨¤ [64]:

M2 = u(p2)γµu(p1) · u(q2)Mµνe
νu(q1)

1

r2
, (5.5)

Mµν =
CµCν

C2
(T1 + T2K̂) +

DµDν

D2
(T3 + T4K̂)+

+
(CµDν − CνDµ)

D2
γ5 T5 +

(CµDν + CνDµ)

D2
T6D̂ . (5.6)

’¥´§µ· Mµν ¸É·µ¨É¸Ö ¸ ¶µ³µÐÓÕ Î¥É¢¥·±¨ µ·Éµ£µ´ ²Ó´ÒÌ ³¥¦¤Ê ¸µ¡µ°
4-¢¥±Éµ·µ¢ C, D, B, K:

K = 1/2 (r + k) , Q = 1/2(r − k) , R = 1/2(q1 + q2) ,

C = R−
(RK)

K2
K −

(RB)

B2
B , B = Q−

(QK)

K2
K , (5.7)

Dµ = εµνρσK
νBρCσ .

�´ Ê¤µ¢²¥É¢µ·Ö¥É É·¥¡µ¢ ´¨Ö³ ¸µÌ· ´¥´¨Ö Î¥É´µ¸É¨ ¨ Ê¸²µ¢¨Õ ± ²¨¡·µ¢µÎ-
´µ° ¨´¢ ·¨ ´É´µ¸É¨:

Mµνk
ν = rµMµν = 0 . (5.8)

„²Ö ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ (5.2), (5.5) ¢ „‘� ¶µ¸É·µ¨³ ¤¢ 
��‚ aA ¨ bA (A = 0, 1, 2, 3) ¸ ¶µ³µÐÓÕ 4-¨³¶Ê²Ó¸µ¢ p1, p2, k ¨ q1, q2, k :

a0 = p+/
√
p2

+ , a3 = p−/
√
−p2
− , a2 = [a0 · a3]×k/ρ , a1 = [a0 · a3]×a2 ,

(5.9)
p± = p2 ± p1 , a±δ = a1 ± iδa2 , δ = ±1 ,

a2k = 0 , a2
1 = a2

2 = a2
3 = −a2

0 = −1 ,

b0 = q+/
√
q2
+ , b3 = q−/

√
−q2
− , b2 = [b0 · b3]×k/ρ

′

, b1 = [b0 · b3]×b2 ,

(5.10)
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q± = q2 ± q1 , b±δ′ = b1 ± iδ
′

b2 , δ
′

= ±1 ,

b2k = 0 , b21 = b22 = b23 = −b20 = −1 ,

£¤¥ ρ ¨ ρ
′

µ¶·¥¤¥²ÖÕÉ¸Ö ¨§ Ê¸²µ¢¨° ´µ·³¨·µ¢±¨. ’µ£¤  Ô²¥±É·µ´´Ò¥ ¨ ¶·µ-

Éµ´´Ò¥ µ¶¥· Éµ·Ò P±δ,δ21 ¨ Q±δ
′
,δ
′

21 (¸³. (2.11), (2.12)) ¨³¥ÕÉ ¢¨¤

P δ,δ21 = 1/4 (m+ p̂1 ) âδ â0 â
∗
δ , P

−δ,δ
21 = δ/2 (m+ p̂1 ) âδ â3 , (5.11)

Qδ
′,δ′

21 = 1/4 (M + q̂1 ) b̂δ′ b̂0 b̂
∗
δ′ , Q

−δ′,δ′

21 = δ
′

/2 (M + q̂1 ) b̂δ′ b̂3 , (5.12)

  ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ (5.2), (5.5) ¢ ¸²ÊÎ ¥ · §²¨Î´ÒÌ ±µ³¡¨´ Í¨° ¸¶¨´µ¢ÒÌ
¸µ¸ÉµÖ´¨° Ô²¥±É·µ´µ¢ ¨ ¶·µÉµ´µ¢ ¸¢µ¤ÖÉ¸Ö ± ¶·µ¨§¢¥¤¥´¨Õ Ï¶Ê·µ¢:

M1 =
1

q2
Tr ( P±δ,δ21 Qµe ) Tr ( Q±δ

′,δ′

21 Γµ(q2) ) , (5.13)

M2 =
1

r2
Tr ( P±δ,δ21 γµ ) Tr ( Q±δ

′,δ′

21 Mµνe
ν ) . (5.14)

‚ ´¥¶µ²Ö·¨§µ¢ ´´µ³ ¸²ÊÎ ¥ ´ ¨¡µ²¥¥ ÔËË¥±É¨¢´Ò³ µ± §Ò¢ ¥É¸Ö ¨¸¶µ²Ó§µ¢ -
´¨¥ ³¥Éµ¤  ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ „‘� ¢ ¸µÎ¥É ´¨¨ ¸ ¶·¨³¥-
´¥´¨¥³ ¸É ´¤ ·É´µ£µ ¶µ¤Ìµ¤  [10]. � ¸Î¥ÉÒ, ¶·µ¢¥¤¥´´Ò¥ ± ± ¶¥·¢Ò³ (É.¥.
¶µ Ëµ·³Ê² ³ (5.13), (5.14)), É ± ¨ ¢Éµ·Ò³ ¸¶µ¸µ¡µ³ ¤ ÕÉ µ¤¨´ ±µ¢Ò¥ ·¥-
§Ê²ÓÉ ÉÒ. ’¥³ ´¥ ³¥´¥¥ ¢Éµ·µ° ¸¶µ¸µ¡, ±µÉµ·Ò° É ±¦¥ ¡Ê¤¥É ¨§²µ¦¥´ ´¨¦¥,
¡µ²¥¥ ¶·¥¤¶µÎÉ¨É¥²¥´, ¶µ¸±µ²Ó±Ê µ´ §´ Î¨É¥²Ó´µ ¡Ò¸É·¥¥ ¶·¨¢µ¤¨É ± Í¥²¨.
�·¨ ÔÉµ³ ¤²Ö ´ Ìµ¦¤¥´¨Ö ¢¥·µÖÉ´µ¸É¨ ¶·µÍ¥¸¸  (5.1) ¤µ¸É ÉµÎ´µ ¢ÒÎ¨¸²¨ÉÓ
²¨ÏÓ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ Ô²¥±É·µ´´µ£µ ¨ ¶·µÉµ´´µ£µ Éµ±µ¢:

(J±δ,δe )µ = u±δ(p2)γµu(p1)δ = Tr ( P±δ,δ21 γµ ) , (5.15)

(J±δ
′,δ′

p )µ = u±δ
′

(q2)Γµ(q2)uδ
′

(q1) = Tr ( Q±δ
′,δ′

21 Γµ(q2) ) , (5.16)

  É ±¦¥ ¢¥²¨Î¨´Ê

X±δ
′,δ′

µ = u±δ
′

(q2)Mµνe
νuδ

′

(q1) = Tr ( Q±δ
′,δ′

21 Mµνe
ν ) . (5.17)

‚ÒÎ¨¸²¥´¨Ö ¤ ÕÉ [11,36,47]:

(Jδ,δe )µ = 2m(a0)µ , (J−δ,δe )µ = −2δy−(aδ)µ , (5.18)

(Jδ
′,δ′

p )µ = 2geM(b0)µ , (J−δ
′,δ′

p )µ = −2δ
′

y
′

−gm(bδ′)µ , (5.19)

£¤¥ y− =
√
−p2
−/2 , y

′

− =
√
−q2
−/2 ,   ¢¥²¨Î¨´Ò ge ¨ gm ¥¸ÉÓ ´¥ ÎÉµ ¨´µ¥,

± ± Ô²¥±É·¨Î¥¸±¨° ¨ ³ £´¨É´Ò° Ëµ·³Ë ±Éµ·Ò ¶·µÉµ´  [10]:

ge = f1 + µp
q2

4M2
f2 , gm = f1 + µp f2 . (5.20)
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’ ±¨³ µ¡· §µ³, ¢ „‘� ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¶·µÉµ´´µ£µ Éµ± , ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨¥ ¶¥·¥Ìµ¤ ³ ¡¥§ ¶¥·¥¢µ·µÉ  ¸¶¨´ , ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ Ô²¥±É·¨Î¥¸±¨°
Ëµ·³Ë ±Éµ· ge,   ¢§ ¨³µ¤¥°¸É¢¨¥ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´  ¢Ò· ¦ ¥É¸Ö Î¥·¥§
³ £´¨É´Ò° Ëµ·³Ë ±Éµ· gm.

�µ¸²¥ µ¶·¥¤¥²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¶·µÉµ´´µ£µ Éµ±  (5.16) · ¸Î¥É
¢±² ¤  ¤¢ÊÌ ¡¥É¥-£ °É²¥·µ¢¸±¨Ì ¤¨ £· ³³ ¸¢µ¤¨É¸Ö ± ¢ÒÎ¨¸²¥´¨Õ ¶·µÍ¥¸¸ 
‚Š� ´  Ô²¥±É·µ´¥ [47,65]:

|M±δ
′,δ′

1 |2 =
1

q4
|u(p2)

(
Ĵ±δ

′,δ′

p

p̂1 − k̂ +m

−2p1k
ê+ ê

p̂2 + k̂ +m

2p2k
Ĵ±δ

′,δ′

p

)
u(p1)|2 .

(5.21)

�¡µ§´ Î Ö ·¥§Ê²ÓÉ É Ê¸·¥¤´¥´¨Ö ¨ ¸Ê³³¨·µ¢ ´¨Ö ¢Ò· ¦¥´¨Ö |M±δ
′,δ′

1 |2 ¶µ
¶µ²Ö·¨§ Í¨Ö³ ´ Î ²Ó´ÒÌ ¨ ±µ´¥Î´ÒÌ Î ¸É¨Í Î¥·¥§ Yee, ¶µ²ÊÎ¨³ [47,65]:

Yee = 1/4
∑
δ′e

Tr { (p̂2 +m) Q̂±δ
′,δ′

e (p̂1 +m) Q̂
±δ′,δ′

e }/q4 , (5.22)

£¤¥ Q̂±δ
′,δ′

e = (Qµe ) (J±δ
′,δ′

p )µ Ä µ¶¥· Éµ·, ¸ÉµÖÐ¨° ¢ ±·Ê£²ÒÌ ¸±µ¡± Ì ³¥¦¤Ê

¡¨¸¶¨´µ· ³¨ Ô²¥±É·µ´µ¢ u(p2) ¨ u(p1) ¢ ¢Ò· ¦¥´¨¨ (5.21), Q̂
±δ′,δ′

e =

= γ0(Q̂±δ
′,δ′

e )+γ0. �É³¥É¨³, ÎÉµ, ¡² £µ¤ ·Ö Ë ±Éµ·¨§ Í¨¨ Ô²¥±É·¨Î¥¸±µ£µ ¨
³ £´¨É´µ£µ Ëµ·³Ë ±Éµ·µ¢ ge ¨ gm ¢ ¢Ò· ¦¥´¨ÖÌ (5.19), ¡¥É¥-£ °É²¥·µ¢¸±¨°
Î²¥´ ¢ ¸¥Î¥´¨¨ ·¥ ±Í¨¨ ep→ epγ Yee (5.22) ¡Ê¤¥É ¸µ¤¥·¦ ÉÓ Éµ²Ó±µ ±¢ ¤· ÉÒ
Ëµ·³Ë ±Éµ·µ¢ ‘ ±¸  (¸³. [36,47,65,67,68]).

�´ ²µ£¨Î´Ò³ µ¡· §µ³ · ¸Î¥É ¢±² ¤  ¤¨ £· ³³Ò ·¨¸.1,¢ ¸¢µ¤¨É¸Ö ± ¢Ò-
Î¨¸²¥´¨Õ ±¢ §¨·¥ ²Ó´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´  ¶·µÉµ´¥. ‘ ¶µ³µÐÓÕ
¢Ò· ¦¥´¨° ¤²Ö Ô²¥±É·µ´´µ£µ Éµ±  (5.18), ¨³¥¥³:

|M±δ,δ2 |2=
1

r4
| u(q2) Q̂±δ,δp u(q1) |2 , (5.23)

£¤¥ Q̂±δ,δp = (J±δ,δe )µ Mµνe
ν . �¡µ§´ Î Ö ·¥§Ê²ÓÉ É Ê¸·¥¤´¥´¨Ö ¨ ¸Ê³³¨·µ¢ -

´¨Ö ¢Ò· ¦¥´¨Ö (5.23) ¶µ ¶µ²Ö·¨§ Í¨Ö³ ´ Î ²Ó´ÒÌ ¨ ±µ´¥Î´ÒÌ Î ¸É¨Í Î¥·¥§
Ypp, ¶µ²ÊÎ¨³ [65]:

Ypp = 1/4
∑
δe

Tr { (q̂2 + M) Q̂±δ,δp (q̂1 +M) Q̂
±δ,δ

p }/r4 , (5.24)

£¤¥ Q̂
±δ,δ

p = γ0 (Q̂±δ,δp )+γ0 . � ±µ´¥Í, ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¨´É¥·Ë¥·¥´Í¨µ´´µ£µ
Î²¥´  ¢ ¸²ÊÎ ¥ ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ Î ¸É¨Í

Yep = 1/4
∑
δ,δ′,e

2Re M1 M
∗
2 (5.25)
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¨¸¶µ²Ó§Ê¥³ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¶·µÉµ´´µ£µ Éµ±  (5.19),   É ±¦¥ 4-¢¥±Éµ·Ò
X±δ

′,δ′

µ (5.17), ±µÉµ·Ò¥ ¨³¥ÕÉ ¢¨¤ [65]:

X−δ
′,δ′

µ = −2δ
′

y
′

−b1k

(
CµCν

C2
T2 +

DµDν

D2
T4+

+iδ
′

y
′

+y
′

−
(CµDν + CνDµ)

D2
T6

)
eν ,

Xδ′,δ′

µ = 2

(
y
′

+

(
CµCν

C2

(
T1 +

ν1M

1− τ
T2

)
+
DµDν

D2

(
T3 +

ν1M

1− τ
T4

))
+

(5.26)

+ δ
′

y
′

−
(CµDν − CνDµ)

D2
T5

)
eν ,

£¤¥ y
′

+ =
√
q2
+/2 = M

√
1− τ , τ = q2/4M2 , ν1 = kq+/2M

2 . ‚ ·¥§Ê²ÓÉ É¥

¤²Ö ³ É·¨Î´µ£µ Ô²¥³¥´É  M2 (5.5) ¨³¥¥³

M2 = u(p2)X̂±δ
′,δ′u(p1)/r2 , (5.27)

  ¢Ò· ¦¥´¨¥ (5.25) ¸¢µ¤¨É¸Ö ± ¢ÒÎ¨¸²¥´¨Õ Ï¶Ê·  [65]:

Yep = 1/4
∑
δ,δ′,e

2Re {Tr ((p̂2 +m)Q̂±δ
′,δ′

e (p̂1 +m)X̂
±δ′,δ′

}/q2/r2 , (5.28)

£¤¥ X̂±δ
′,δ′ = γµ X±δ

′,δ′

µ , X̂
±δ′,δ′

= (X±δ
′,δ′

µ )∗γµ . �É³¥É¨³, ÎÉµ ¨´É¥·-
Ë¥·¥´Í¨µ´´Ò° Î²¥´ Yep (5.28) ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ²¨´¥°´ÊÕ ±µ³¡¨´ Í¨Õ
Ô²¥±É·¨Î¥¸±µ£µ ¨ ³ £´¨É´µ£µ Ëµ·³Ë ±Éµ·µ¢ ¶·µÉµ´ , ¶µ¸±µ²Ó±Ê µ¶¥· Éµ·Ò
Q̂±δ

′,δ′

e ²¨´¥°´Ò³ µ¡· §µ³ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¶·µÉµ´-
´µ£µ Éµ±  : Q̂±δ

′,δ′

e = (Qe)
µ(J±δ

′,δ′

p )µ , (¸³. (5.3), (5.19)) .
’ ±¨³ µ¡· §µ³, ´ Ìµ¦¤¥´¨¥ ¢¥·µÖÉ´µ¸É¨ ·¥ ±Í¨¨ ep → epγ ¢ ¨¸¶µ²Ó-

§Ê¥³µ³ ¶µ¤Ìµ¤¥ ¸¢¥²µ¸Ó ± ¢ÒÎ¨¸²¥´¨Õ Ï¶Ê·µ¢ (5.22), (5.24), (5.28), · ¸Î¥É
±µÉµ·ÒÌ ¡Ò² ¶·µ¢¥¤¥´ ¸ ¶µ³µÐÓÕ ¶·µ£· ³³Ò REDUCE. ‚ ·¥§Ê²ÓÉ É¥ ¤²Ö
¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¶µ²ÊÎ¥´µ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ [65]:

dσ =
α3 | T |2 δ4(p1 + q1 − p2 − q2 − k)

2π2
√

(p1q1)2 −m2M2

d3~p2

2p20

d3~q2

2q20

d3~k

2ω
, (5.29)

| T |2= 1/4
∑
pol

|Mfi |
2= Yee + Yep + Ypp , (5.30)

Yee =
8M2

q4
( g2

e YI + τ g2
m YII ) , (5.31)
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YI = −
λ1

λ2
−
λ2

λ1
−
m2q2

2

(
1

λ1
−

1

λ2

)2

−
r2q2

2λ1λ2
−

−
m2

2M2(1− τ)

(
p1q+

λ2
−
p2q+

λ1

)2

−
τ

(1− τ)

((p1q+)2 + (p2q+)2)

λ1λ2
, (5.32)

YII = −
λ1

λ2
−
λ2

λ1
−
m2q2

2

(
1

λ1
+

1

λ2

)2

−
r2q2

2λ1λ2
+

+
m2

2M2(1− τ)

(
p1q+

λ2
−
p2q+

λ1

)2

+
τ

(1 − τ)

((p1q+)2 + (p2q+)2)

λ1λ2
− (5.33)

− 2

(
m2

λ1
−
m2

λ2

)2

+ 4 m2

(
1

λ1
−

1

λ2

)
,

Yep = −
32M3

r2q2(4ν2
4 − ν

2
2)

{
geRe

[
y1

(
T1 +

ν1M

1− τ
T2

)
+ y2

(
T3 +

ν1M

1− τ
T4

)]
+

+τgm

[
−
ν1M

1− τ
Re(y1T2 + y2T4) + 4MRe(z1T2 + z2T4 + z3T6)

]}
, (5.34)

Ypp = −

{
(α2

1α3 + ν3)[(1 − τ)|T1|
2 + 2ν1MRe(T1T

∗
2 ) +M2(ν2

1 − ν
2
2 )|T2|

2]+

+ (α2 + ν3)[(1− τ)|T3|
2 + 2ν1MRe(T3T

∗
4 ) +M2(ν2

1 − ν
2
2)|T4|

2]+ (5.35)

+ (α2
1α3 + α2 + 2ν3)τ

(
−
|T5|2

M4ν2
2

+
M2

α3
|T6|

2

)}
16M4

r4
.

„²Ö ¨´¢ ·¨ ´É´ÒÌ ¶¥·¥³¥´´ÒÌ, Î¥·¥§ ±µÉµ·Ò¥ µ¶·¥¤¥²ÖÕÉ¸Ö ¡¥É¥-£ °É²¥-
·µ¢¸±¨° (Yee), ¨´É¥·Ë¥·¥´Í¨µ´´Ò° (Yep) ¨ Î²¥´, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¶·µÉµ´-
´µ³Ê ¨§²ÊÎ¥´¨Õ (Ypp), ¢ ¢Ò· ¦¥´¨ÖÌ (5.30)Å(5.35) ¨¸¶µ²Ó§ÊÕÉ¸Ö µ¡µ§´ Î¥-
´¨Ö, ¶·¨´ÖÉÒ¥ ¢ [64]:

y1 = 2α1[α1α3(ν2ν5− ν1ν4) + 2ν2
4 + ν2ν3], ν1 = kq+/2M

2, ν2 = −kq−/2M
2,

y2 = 2α2(ν2ν5 − ν1ν4)− α1ν
2
2 , ν3 =r2/4M2, ν4 =kq+/4M

2, ν5 =p+q+/4M
2,

y3 = −(4ν3/ν
2
2) [α1α3(ν1ν2(ν2 + ν3)− 2ν4(ν1ν4 − ν2ν5)) + ν4(4ν2

4 − ν
2
2)] ,

α1 = ν5 + ν1ν4(2ν3 + ν2)/ν2
2 , α3 = ν2

2/(ν
2
2 + (ν2 + ν3)(ν2

1 − ν
2
2)) ,

α2 = m2/M2−ν3+M6/D2[−(ν1ν4+ν2ν5)2+4ν3(ν2
4−ν1ν4ν5)−4ν3ν

2
4(ν2+ν3)],

D2 = M6 (ν2
2 + (ν2 + ν3)(ν2

1 − ν
2
2)) = M6ν2

2/α3 , λ1 = p1k , λ2 = p2k ,
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z1 = ν1ν4α
2
1α3 , z2 = ν2ν4α2 , z3 = 1/4α1 (2ν2(2α2 + ν2 + ν3) + 4ν2

4 − ν
2
2) .

�É³¥É¨³, ÎÉµ ¶µ²ÊÎ¥´´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö (5.29)
¸ ÉµÎ´µ¸ÉÓÕ ¤µ µ¶·¥¤¥²¥´¨Ö ¨¸Ìµ¤´ÒÌ ¢¥²¨Î¨´ (É¥´§µ·  Mµν ) ¸µ¢¶ ¤ ÕÉ ¸
·¥§Ê²ÓÉ Éµ³, ¶µ²ÊÎ¥´´Ò³ ¢ [64], ¥¸²¨ ¢ ¶µ¸²¥¤´¥³ ¢Ò· §¨ÉÓ f1 ¨ f2 Î¥·¥§
ge ¨ gm. ’¥³ ´¥ ³¥´¥¥ ¡¥É¥-£ °É²¥·µ¢¸±¨° Yee ¨ ¨´É¥·Ë¥·¥´Í¨µ´´Ò° Yep
Î²¥´Ò ¨³¥ÕÉ ¡µ²¥¥ ±µ³¶ ±É´Ò° ¢¨¤, ¡² £µ¤ ·Ö Ë ±Éµ·¨§ Í¨¨ Ô²¥±É·¨Î¥¸±µ£µ
¨ ³ £´¨É´µ£µ Ëµ·³Ë ±Éµ·µ¢. —Éµ ± ¸ ¥É¸Ö µ¡² ¸É¨ ¶·¨³¥´¨³µ¸É¨ Ëµ·³Ê²
(5.29)Å(5.35), Éµ µ´  µ£· ´¨Î¥´  É·¥¡µ¢ ´¨¥³ ±¢ §¨·¥ ²Ó´µ¸É¨ ¢¨·ÉÊ ²Ó´µ£µ
ËµÉµ´  ¸ 4-¨³¶Ê²Ó¸µ³ r, ÎÉµ ·¥ ²¨§Ê¥É¸Ö ¶·¨ · ¸¸¥Ö´¨¨ Ô²¥±É·µ´µ¢ ´  ³ ²Ò¥
Ê£²Ò ¢¶¥·¥¤.

� ¸¸³µÉ·¨³ ÔËË¥±ÉÒ, µ¡Ê¸²µ¢²¥´´Ò¥ ¢±² ¤µ³ ¢¸¥Ì É·¥Ì ¤¨ £· ³³ ¢ ¸¥Î¥-
´¨¥ ·¥ ±Í¨¨ (5.1) ¢ ¢Ò¡· ´´µ° ±¨´¥³ É¨±¥ ¢ ¸²ÊÎ ¥, ±µ£¤  ´ Î ²Ó´Ò° ¶·µÉµ´
¶µ±µ¨É¸Ö (q1 = (M, 0)),   Ô´¥·£¨Ö Ô²¥±É·µ´´µ£µ ¶ÊÎ±  Ee = 200 MÔ‚. �·µ-
¨§¢µ¤Ö ´¥µ¡Ìµ¤¨³Ò¥ ¨´É¥£·¨·µ¢ ´¨Ö ¶µ Ë §µ¢µ³Ê µ¡Ñ¥³Ê ¢ ¸¨¸É¥³¥ ¶µ±µÖ
´ Î ²Ó´µ£µ ¶·µÉµ´ , ¶µ²ÊÎ ¥³ [65]:

dσ =
α3ω2 | ~q2 | T |2

16π2M | ~p1 | (p2k)
dEpk dΩq2 dΩγ , (5.36)

£¤¥ dΩγ ¨ dΩq2 Ä Ô²¥³¥´ÉÒ É¥²¥¸´ÒÌ Ê£²µ¢ ËµÉµ´  ¨ ¶·µÉµ´ , Epk Ä ±¨´¥É¨-
Î¥¸± Ö Ô´¥·£¨Ö ¶·µÉµ´  µÉ¤ Î¨.

�·µ¢¥¤¥³ Î¨¸²¥´´Ò° · ¸Î¥É ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö (5.36) ¢ µ¡² -
¸É¨ 5 ≤ Epk ≤ 35 ŒÔ‚ ¤²Ö §´ Î¥´¨° ¸Ê³³Ò ¨ · §´µ¸É¨ Ô²¥±É·¨Î¥¸±µ° (αp)
¨ ³ £´¨É´µ° (βp) ¶µ²Ö·¨§Ê¥³µ¸É¥°, · ¢´ÒÌ: αp + βp = 14, αp − βp = 10
[58Å60] (¢ ¥¤¨´¨Í Ì 10−4 Ë³3). �·¨ ÔÉµ³ ¡Ê¤¥³ ¸Î¨É ÉÓ ±¨´¥³ É¨±Ê ·¥-
 ±Í¨¨ ¶²µ¸±µ°,   Ê£²Ò ¢Ò²¥É  ËµÉµ´  ϑγ ¨ ¶·µÉµ´  ϑp ¢Ò¡¥·¥³ · ¢´Ò³¨:
ϑγ = 1350, ϑp = −20, 50. (�É¸Î¥É Ê£²µ¢ ¢¸¥Ì Î ¸É¨Í ¢¥¤¥É¸Ö µÉ ´ ¶· ¢²¥-
´¨Ö ¤¢¨¦¥´¨Ö ´ Î ²Ó´µ£µ ¶ÊÎ±  Ô²¥±É·µ´µ¢.) Š ± ¶µ± §Ò¢ ÕÉ · ¸Î¥ÉÒ [65],
¢µ ¢¸¥° · ¸¸³ É·¨¢ ¥³µ° µ¡² ¸É¨ ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ ¶·µÉµ´  5 ≤ Epk ≤
≤ 35 ŒÔ‚ ¤²Ö ¢Ò¡· ´´ÒÌ Ê£²µ¢ ϑγ = 1350 ¨ ϑp = −20, 50 Ê£µ² · ¸¸¥Ö-
´¨Ö Ô²¥±É·µ´  ϑe ¨ ¢¥²¨Î¨´  ¶¥·¥¤ ´´µ£µ 4-¨³¶Ê²Ó¸  |r| =

√
−(p2 − p1)2

´¥ ¶·¥¢ÒÏ ÕÉ ¸²¥¤ÊÕÐ¨Ì §´ Î¥´¨°: |ϑe| ≤ 6, 40, |r| ≤ 7, 3 ŒÔ‚, ¶·¨Î¥³
³¨´¨³ ²Ó´µ¥ §´ Î¥´¨¥ |r| ¸µµÉ¢¥É¸É¢Ê¥É · ¸¸¥Ö´¨Õ Ô²¥±É·µ´  ¢¶¥·¥¤.

�¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö (5.36)
dσ/dEpk/dΩq2/dΩγ ¢ µ¶¨¸ ´´µ° ¢ÒÏ¥ ±¨´¥³ É¨±¥ ¶·¥¤¸É ¢²¥´Ò £· Ë¨±µ³
´  ·¨¸.2. Š ± ¢¨¤´µ ¨§ ÔÉµ£µ ·¨¸Ê´± , ¢ · ¸¸³ É·¨¢ ¥³µ° µ¡² ¸É¨ Ê£²µ¢
¸¥Î¥´¨¥ ·¥ ±Í¨¨ ep → epγ ¨³¥¥É µ¸É·Ò° ¶¨±, ¸µ¸ÉµÖÐ¨° ¨§ ¤¢ÊÌ ³ ±¸¨³Ê-
³µ¢. �·µ¨¸Ìµ¦¤¥´¨¥ ÔÉµ£µ ¶¨±  µ¡Ê¸²µ¢²¥´µ ³´µ¦¨É¥²¥³ 1/r4 ¢ ¢Ò· ¦¥´¨¨
(5.35) ¤²Ö Ypp. —Éµ ± ¸ ¥É¸Ö ¤¢ÊÌ ³ ±¸¨³Ê³µ¢, Éµ µ´¨ ¨³¥ÕÉ ±¨´¥³ É¨Î¥¸±µ¥
¶·µ¨¸Ìµ¦¤¥´¨¥ ¨ ¶µ²ÊÎ ÕÉ¸Ö ¢ ·¥§Ê²ÓÉ É¥ ¨´É¥·Ë¥·¥´Í¨¨ ¤¢ÊÌ ¶µ²Õ¸´ÒÌ
¤¨ £· ³³, µÉ¢¥Î ÕÐ¨Ì ±¢ §¨·¥ ²Ó´µ³Ê ±µ³¶Éµ´µ¢¸±µ³Ê · ¸¸¥Ö´¨Õ. ‘¥Î¥´¨¥
(5.36) ¨³¥¥É ¸¨²Ó´ÊÕ Ê£²µ¢ÊÕ § ¢¨¸¨³µ¸ÉÓ, ±µÉµ· Ö ¶·¨¢µ¤¨É, ¢ Î ¸É´µ¸É¨, ±
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Éµ³Ê, ÎÉµ ¶·¨ ¨§³¥´¥´¨¨ Ê£²  ¢Ò²¥É  ¶·µÉµ´  (¨²¨ ËµÉµ´ ) ¢¸¥£µ ´  ¶µ²£· -
¤Ê¸  (É.¥. ¶·¨ ϑp = −200) µ¡  ³ ±¸¨³Ê³  ¨¸Î¥§ ÕÉ, ¨ ³Ò ¨³¥¥³ µ¡ÒÎ´Ò° ¶¨±
¶·¨ Epk = 15 ŒÔ‚ (´  ·¨¸Ê´±¥ ³Ò ¥£µ ´¥ ¶·¨¢µ¤¨³).

�¨¸. 2. „¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥
·¥ ±Í¨¨ ep → epγ ¢ ±¨´¥³ É¨±¥,
¸µµÉ¢¥É¸É¢ÊÕÐ¥° · ¸¸¥Ö´¨Õ Ô²¥±-
É·µ´µ¢ ´  ³ ²Ò¥,   ËµÉµ´µ¢ ´  ¤µ-
¸É ÉµÎ´µ ¡µ²ÓÏ¨¥ Ê£²Ò, £¤¥ ¤µ³¨´¨-
·Ê¥É ¶·µÉµ´´µ¥ ¨§²ÊÎ¥´¨¥

�µ²´µ¥ ¸¥Î¥´¨¥ (5.36), ¶·¨¢¥¤¥´´µ¥
´  ·¨¸.2, ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸Ê³³Ê ¡¥É¥-
£ °É²¥·µ¢¸±µ£µ (σee), ¨´É¥·Ë¥·¥´Í¨µ´-
´µ£µ (σep) ¨ ¶·µÉµ´´µ£µ (σpp) Î²¥´µ¢ (¸³.
(5.30)), £¤¥ ¸¨³¢µ² (σ) µ¡µ§´ Î ¥É ¸¥Î¥´¨¥
¢¨¤  (5.36), ¢ ±µÉµ·µ³ ¢³¥¸Éµ | T |2 ¸ÉµÖÉ,
¸µµÉ¢¥É¸É¢¥´´µ, Yee, Yep ¨ Ypp. —¨¸²¥´-
´Ò¥ · ¸Î¥ÉÒ ¶µ± §Ò¢ ÕÉ, ÎÉµ ¢µ ¢¸¥° · ¸-
¸³ É·¨¢ ¥³µ° µ¡² ¸É¨ ±¨´¥É¨Î¥¸±µ° Ô´¥·-
£¨¨ ¶·µÉµ´  5 ≤ Epk ≤ 35 ŒÔ‚ µÉ´µ-
Ï¥´¨Ö ¡¥É¥-£ °É²¥·µ¢¸±µ£µ σee ¨ ¨´É¥·-
Ë¥·¥´Í¨µ´´µ£µ σep ± Î²¥´Ê, ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¥³Ê ¶·µÉµ´´µ³Ê ¨§²ÊÎ¥´¨Õ σpp, ´¥ ¶·¥-
¢ÒÏ ÕÉ ¸²¥¤ÊÕÐ¨Ì §´ Î¥´¨°: σee/σpp <
0, 02, |σep|/σpp < 0, 05. ‚ÒÎ¨¸²¥´¨Ö, ¶·µ-
¢¥¤¥´´Ò¥ ¤²Ö ¤·Ê£µ£µ ´ ¡µ·  Ê£²µ¢ (ϑγ =
1350, ϑp = −200), ¤ ÕÉ ·¥§Ê²ÓÉ ÉÒ, ±µÉµ-
·Ò¥ ³¥´ÖÕÉ¸Ö ´¥§´ Î¨É¥²Ó´µ: σee/σpp <
0, 05, |σep|/σpp < 0, 075. �µ¸±µ²Ó±Ê ÔÉ¨
µÉ´µÏ¥´¨Ö ´ ³´µ£µ ³¥´ÓÏ¥ ¥¤¨´¨ÍÒ, Éµ

É¥³ ¸ ³Ò³ ¢Ò¶µ²´Ö¥É¸Ö £² ¢´µ¥ É·¥¡µ¢ ´¨¥ (¸³. [60]), ´¥µ¡Ìµ¤¨³µ¥ ¤²Ö ¢Ò-
¤¥²¥´¨Ö Ëµ´ , ¢ ± Î¥¸É¢¥ ±µÉµ·µ£µ ¢Ò¸ÉÊ¶ ¥É Ô²¥±É·µ´´µ¥ ¨§²ÊÎ¥´¨¥.

‘ Í¥²ÓÕ ¢ÒÖ¸´¥´¨Ö ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ·¥ ±Í¨¨ ep → epγ ± ¶µ²Ö·¨§Ê¥-
³µ¸É¨ ¶·µÉµ´  ¶·µ¢µ¤¨²¨¸Ó Î¨¸²¥´´Ò¥ · ¸Î¥ÉÒ ¸¥Î¥´¨° (5.36) ¤²Ö µ¤´µ£µ ¨
Éµ£µ ¦¥ ´ ¡µ·  Ê£²µ¢ (ϑγ = 1350, ϑp = −200) ¶·¨ ´¥¨§³¥´´µ° ¸Ê³³¥ Ô²¥±-
É·¨Î¥¸±µ° ¨ ³ £´¨É´µ° ¶µ²Ö·¨§Ê¥³µ¸É¥° αp + βp = 14, ´µ ´¥µ¤¨´ ±µ¢ÒÌ
§´ Î¥´¨ÖÌ ¨Ì · §´µ¸É¥°:  ) αp − βp = 10 ¨ ¡) αp − βp = 6. �± § ²µ¸Ó,
ÎÉµ ¸ Ê³¥´ÓÏ¥´¨¥³ · §´µ¸É¨ ¶µ²Ö·¨§Ê¥³µ¸É¥° ¸¥Î¥´¨¥ (5.36) Ê¢¥²¨Î¨¢ ¥É¸Ö
¶·¨³¥·´µ ´  8%. ’ ±¨³ µ¡· §µ³, ¢ · ¸¸³ É·¨¢ ¥³µ° ±¨´¥³ É¨±¥ ¸¥Î¥´¨¥
·¥ ±Í¨¨ ep → epγ µ¡² ¤ ¥É § ³¥É´µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓÕ ± ¶µ²Ö·¨§Ê¥³µ¸É¨
¶·µÉµ´  [65].

6. ˆ‡‹“—…�ˆ… ‹ˆ�…‰�� ��‹Ÿ�ˆ‡�‚����ƒ� ”�’���
�‹…Š’����Œ ‚ �…�Š–ˆˆ ep→ epγ

� ¸¸³µÉ·¨³ ¶·µÍ¥¸¸ ¨§²ÊÎ¥´¨Ö ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ ËµÉµ´  Ô²¥±-
É·µ´µ³ ¢ ·¥ ±Í¨¨ ep→ epγ ¸ ÊÎ¥Éµ³ µÉ¤ Î¨ ¨ Ëµ·³Ë ±Éµ·µ¢ ¶·µÉµ´ . ‚ ÔÉµ°
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¸¢Ö§¨ ´ Ï¥ · ¸¸³µÉ·¥´¨¥ ¡Ê¤¥É µ£· ´¨Î¥´µ ¢±² ¤µ³ ¤¢ÊÌ ¡¥É¥-£ °É²¥·µ¢¸±¨Ì
¤¨ £· ³³ (  ¨ ¡) ´  ·¨¸.1, ±µÉµ·Ò³ µÉ¢¥Î ¥É ³ É·¨Î´Ò° Ô²¥³¥´É (5.2). �·¨
ÔÉµ³ ¢±² ¤µ³ ¤¨ £· ³³Ò ¸ ‚Š� ´  ¶·µÉµ´¥ ³µ¦´µ ¶·¥´¥¡·¥ÎÓ ¢ ¸²ÊÎ ¥, ±µ-
£¤  ´ Î ²Ó´Ò¥ Ô²¥±É·µ´Ò ¨³¥ÕÉ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±ÊÕ Ô´¥·£¨Õ,   ËµÉµ´ ¨
±µ´¥Î´Ò° Ô²¥±É·µ´ · ¸¸¥¨¢ ÕÉ¸Ö ´  ³ ²Ò¥ Ê£²Ò ¢¶¥·¥¤ (ϑγ ∼ m/Ee, ϑe ∼
m/Ee, m/Ee � 1).

� Ï ¨´É¥·¥¸ ± · ¸¸³ É·¨¢ ¥³Ò³ ÔËË¥±É ³ µ¡Ê¸²µ¢²¥´ ¸²¥¤ÊÕÐ¨³¨ ¶·¨-
Î¨´ ³¨. ‚µ-¶¥·¢ÒÌ, ¡¥É¥-£ °É²¥·µ¢¸±¨° ¶·µÍ¥¸¸, ÌµÉÖ ¨ ¨§ÊÎ ²¸Ö · ´¥¥ ¢
¸²ÊÎ ¥ ¨§²ÊÎ¥´¨Ö ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ ËµÉµ´µ¢ [69,70], Ï¨·µ±µ ¨¸¶µ²Ó-
§Ê¥É¸Ö ¤²Ö ¨Ì ¶µ²ÊÎ¥´¨Ö ´  Ê¸±µ·¨É¥²ÖÌ [71], É¥³ ´¥ ³¥´¥¥ ¤µ ´ ¸ÉµÖÐ¥£µ
¢·¥³¥´¨ ÉµÎ´Ò° ÊÎ¥É µÉ¤ Î¨ ¨ Ëµ·³Ë ±Éµ·µ¢ ¶·µÉµ´  ´¥ ¡Ò² ¶·µ¨§¢¥¤¥´ (¢
µÉ²¨Î¨¥ µÉ ´¥¶µ²Ö·¨§µ¢ ´´µ£µ ¸²ÊÎ Ö). ‚µ-¢Éµ·ÒÌ, ± ± ¡Ò²µ ¶µ± § ´µ ¢ [72],
¨Ì ÊÎ¥É ¢ ¸²ÊÎ ¥ ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ ËµÉµ´µ¢ ¶·¨¢µ¤¨É ± ¸¨²Ó´µ³Ê ¨§³¥´¥-
´¨Õ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¡¥É¥-£ °É²¥·µ¢¸±µ£µ ¶·µÍ¥¸¸ . �µ¸±µ²Ó±Ê
¶µ²Ö·¨§ Í¨µ´´Ò¥ Ì · ±É¥·¨¸É¨±¨ · ¸¸¥Ö´´µ£µ ¨§²ÊÎ¥´¨Ö ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§
¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¶·µÍ¥¸¸  ¨§²ÊÎ¥´¨Ö ´¥¶µ²Ö·¨§µ¢ ´´µ£µ ËµÉµ´ 
(¸³. ´¨¦¥), Éµ Ö¸´µ, ÎÉµ ÊÎ¥É µÉ¤ Î¨ ¨ Ëµ·³Ë ±Éµ·µ¢ ´¥µ¡Ìµ¤¨³.

Šµ¢ ·¨ ´É´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¡¥É¥-£ °É²¥-
·µ¢¸±µ£µ ¶·µÍ¥¸¸  (¢ ¡µ·´µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨) ¸ ÊÎ¥Éµ³ µÉ¤ Î¨ ¨ Ëµ·³-
Ë ±Éµ·µ¢ ¶·µÉµ´  ¢ ¸²ÊÎ ¥ ¨§²ÊÎ¥´¨Ö ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ ËµÉµ´  ¡Ò²µ
¶µ²ÊÎ¥´µ  ¢Éµ· ³¨ ¢ [73]. �´µ ¨³¥¥É ¢¨¤

dσBH =
α3 | Te |2 δ4(p1 + q1 − p2 − q2 − k)

2π2
√

(p1q1)2 −m2M2

d3~p2

2p20

d3~q2

2q20

d3~k

2ω
, (6.1)

| Te |
2=

4M2

q4
( g2

e Y
e

I + τ g2
m Y e

II ) , (6.2)

Y e
I = 2−

λ1

λ2
−
λ2

λ1
−

τ

1− τ

(kq+)2

λ1λ2
+ q2 (ea)2 + 4 (eA)2 , (6.3)

Y e
II = −2−

λ1

λ2
−
λ2

λ1
+

τ

1− τ

(kq+)2

λ1λ2
+ (q2 + 4m2) (ea)2 − 4 (eA)2 , (6.4)

a =
p1

λ1
−
p2

λ2
, A = b0 +

(b0p2)p1

λ1
−

(b0p1)p2

λ2
. (6.5)

‚¸¥ ¢¥²¨Î¨´Ò, ¢Ìµ¤ÖÐ¨¥ ¢ (6.1)Å(6.5), µ¶·¥¤¥²¥´Ò ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥.
’ ±¨³ µ¡· §µ³, ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¡¥É¥-£ °É²¥·µ¢¸±µ£µ ¶·µÍ¥¸¸  ¢
¸²ÊÎ ¥ ¨§²ÊÎ¥´¨Ö ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ ËµÉµ´  dσBH (6.1) ¥¸É¥¸É¢¥´´Ò³
µ¡· §µ³ · ¸¶ ¤ ¥É¸Ö ´  ¸Ê³³Ê ¤¢ÊÌ ¸² £ ¥³ÒÌ, ¸µ¤¥·¦ Ð¨Ì Éµ²Ó±µ ±¢ ¤· ÉÒ
Ëµ·³Ë ±Éµ·µ¢ ‘ ±¸  ¨ µÉ¢¥Î ÕÐ¨Ì §  ¢±² ¤ ¶¥·¥Ìµ¤µ¢ ¡¥§ ¶¥·¥¢µ·µÉ  (∼
g2
e Y

e
I ) ¨ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´  ¶·µÉµ´  (∼ τ g2

mY
e

II ).
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�É³¥É¨³ ¸¢µ°¸É¢ , ±µÉµ·Ò³¨ µ¡² ¤ ÕÉ ± ± 4-¢¥±Éµ· a, Ìµ·µÏµ ¨§¢¥¸É-
´Ò° ¨§ É¥µ·¨¨ ¨§²ÊÎ¥´¨Ö ¤²¨´´µ¢µ²´µ¢ÒÌ ËµÉµ´µ¢ [10], É ± ¨ 4-¢¥±Éµ· A.
�¡  µ´¨ Ê¤µ¢²¥É¢µ·ÖÕÉ Ê¸²µ¢¨Õ, ±µÉµ·µ¥ Ö¢²Ö¥É¸Ö ¥¸É¥¸É¢¥´´Ò³ ·¥§Ê²ÓÉ Éµ³
É·¥¡µ¢ ´¨Ö ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨

a k = A k = 0 ,

¨, ±·µ³¥ Éµ£µ, Ö¢²ÖÕÉ¸Ö ¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡´Ò³¨: a2 < 0, A2 < 0. ‚ ÔÉµ³
´¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö, ¥¸²¨ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö § ±µ´µ³ ¸µÌ· ´¥´¨Ö 4-¨³¶Ê²Ó¸  ¨
Ö¢´Ò³ ¢¨¤µ³ ¤²Ö a2 ¨ A2:

a2 = m2

(
1

λ1
−

1

λ2

)2

+
r2

λ1λ2
, (6.6)

A2 = 1 +
m2

4M2(1− τ)

(
q+p1

λ2
−
q+p2

λ1

)
+

τ

1− τ

q+p1 · q+p2

λ1λ2
. (6.7)

�É³¥É¨³, ÎÉµ 4-¢¥±Éµ· A ¢¶¥·¢Ò¥ ¢¢¥¤¥´ ¢ · ¡µÉ¥ [73].
‘ ¶µ³µÐÓÕ 4-¨³¶Ê²Ó¸µ¢ Ô²¥±É·µ´µ¢ p1, p2 ¨ ËµÉµ´  k ¶µ¸É·µ¨³ 4-¢¥±Éµ·Ò

²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´  e‖ ¨ e⊥ (e‖k = e⊥k = e‖e⊥ = 0):

e‖ =
(p2k)p1 − (p1k)p2

ρ′
, e⊥ =

[p1 · p2]×k

ρ′
, (6.8)

£¤¥ ρ
′

µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²µ¢¨° ´µ·³¨·µ¢±¨: e2
‖ = e2

⊥ = −1. ’µ£¤  ¸É¥¶¥´Ó
²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´  ¡Ê¤¥É µ¶·¥¤¥²ÖÉÓ¸Ö ¸²¥¤ÊÕÐ¨³¨ ¢Ò· ¦¥´¨Ö³¨
[73]:

Pγ =
| T⊥ |2 − | T‖ |

2

| T⊥ |2 + | T‖ |2
=
A1

A2
, (6.9)

£¤¥

A1 =
16 M2

q4
(g2
e A11 + τ g2

m A12) , (6.10)

A2 =
8 M2

q4
(g2
e Y1 + τ g2

m Y2) , (6.11)

A11 = A2 + τ M2 a2 + 2(e⊥b0)2 , (6.12)

A12 = −A2 + τ M2 a2 − 2(e⊥b0)2 +m2 a2 , (6.13)

(e⊥b0)2 = −
4(SD)2

M2(1− τ)a2λ2
1λ

2
2

, (6.14)

SD = 1/2 εµνρσ(p1)µ(p2)ν(q1)ρ(q2)σ , (6.15)
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Y1 = 2−
λ1

λ2
−
λ2

λ1
−

τ

1− τ

(kq+)2

λ1λ2
− 2 τM2 a2 − 2 A2 , (6.16)

Y2 = −2−
λ1

λ2
−
λ2

λ1
+

τ

1− τ

(kq+)2

λ1λ2
− 2 τ M2 a2 + 2 A2 − 2m2 a2 . (6.17)

�¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ ¢¥²¨Î¨´  A2 (6.11) ¸µ¢¶ ¤ ¥É ¸ ¢Ò· ¦¥´¨¥³ ¤²Ö Yee
(5.31), µ¶·¥¤¥²ÖÕÐ¨³ ¡¥É¥-£ °É²¥·µ¢¸±µ¥ ¸¥Î¥´¨¥ ¢ ¸²ÊÎ ¥ ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ
Î ¸É¨Í: A2 = Yee,   É ±¦¥ Y1 = YI , Y2 = YII (¸³. (5.32), (5.33)).

’ ±¨³ µ¡· §µ³, ¡² £µ¤ ·Ö Ë ±Éµ·¨§ Í¨¨ ±¢ ¤· Éµ¢ Ëµ·³Ë ±Éµ·µ¢ ge ¨
gm,   É ±¦¥ ¨¸¶µ²Ó§µ¢ ´¨Õ 4-¢¥±Éµ·µ¢ a ¨ A (6.5), ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥-
Î¥´¨¥ ¡¥É¥-£ °É²¥·µ¢¸±µ£µ ¶·µÍ¥¸¸ , ± ± ¢ ¸²ÊÎ ¥ ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ
(6.2), É ± ¨ ´¥¶µ²Ö·¨§µ¢ ´´µ£µ ËµÉµ´  (6.11), (5.31), ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢
¤µ¢µ²Ó´µ ±µ³¶ ±É´µ³ ¢¨¤¥.

�·µ¢¥¤¥³ ¨´É¥£·¨·µ¢ ´¨¥ ¢Ò· ¦¥´¨Ö (6.1) ¶µ d3~q2 ¨ dp20 ¢ ¸¨¸É¥³¥ ¶µ±µÖ
´ Î ²Ó´µ£µ ¶·µÉµ´  q1 = (M, 0). ‚ ·¥§Ê²ÓÉ É¥ ¨³¥¥³

dσBH

dω dΩγ dΩe
=

α3 ω

(2π)2

|~p2|

|~p1|

|T |2

q4
, (6.18)

|T |2 = g2
e Y

e
I + τ g2

m Y e
II . (6.19)

� ¸¸³µÉ·¨³ ¶·¥¤¥²Ó´Ò° ¶¥·¥Ìµ¤ ¢ ¸¥Î¥´¨¨ (6.18) ¤²Ö ¸²ÊÎ Ö, ±µ£¤  ¶·µÉµ´
Ö¢²ÖÉ¸Ö ÉµÎ¥Î´µ° (¡¥¸¸É·Ê±ÉÊ·´µ°) Î ¸É¨Í¥° c ¡¥¸±µ´¥Î´µ° ³ ¸¸µ°, É.¥. ¡Ê¤¥³
¸Î¨É ÉÓ, ÎÉµ ge = gm = 1, q2 = (M,~q) ' (M, 0), £¤¥ ~q = ~p1 − ~p2 − ~k Ä
¨³¶Ê²Ó¸, ¶¥·¥¤ ¢ ¥³Ò° ¶·µÉµ´Ê. ‚ ÔÉµ³ ¶·¥¤¥²¥ (M →∞) Ekp = ~q 2/2M →
0, ~q/2M → 0, b0 = (1, ~q/2M) ' (1, 0). „²Ö ¢¥±Éµ·µ¢ ¶µ²Ö·¨§ Í¨° ËµÉµ´µ¢
¢Ò¡¥·¥³ ±Ê²µ´µ¢¸±ÊÕ ± ²¨¡·µ¢±Ê: e = (0, ~e), ¢ ·¥§Ê²ÓÉ É¥ ¨³¥¥³

eb0 = 0, ea =
p1e

λ1
−
p2e

λ2
, eA = p20

p1e

λ1
− p10

p2e

λ2
, τ(q+k)2 = ω2q2.

„¥² Ö ¸ ¶µ³µÐÓÕ ÔÉ¨Ì ¸µµÉ´µÏ¥´¨°  ±±Ê· É´Ò° ¶·¥¤¥²Ó´Ò° ¶¥·¥Ìµ¤ ¢ (6.19),
¶µ²ÊÎ ¥³

|T |2 = 2−
λ1

λ2
−
λ2

λ1
−
ω2q2

λ1λ2
+ q2 (ea)2 + 4 (eA)2 , (6.20)

¨²¨ ¦¥ ¢ · §¢¥·´ÊÉµ³ ¢¨¤¥:

|T |2 = 2−
λ1

λ2
−
λ2

λ1
−
ω2q2

λ1λ2
+ ( 4p2

20 + q2 )

(
p1e

λ1

)2

+

+ ( 4p2
10 + q2 )

(
p2e

λ2

)2

− 2 ( 4p10p20 + q2 )
p1e · p2e

λ1λ2
. (6.21)

�µ²ÊÎ¥´´Ò¥ ¢Ò· ¦¥´¨Ö (6.18), (6.21) ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¡¥É¥-
£ °É²¥·µ¢¸±µ£µ ¶·µÍ¥¸¸  dσBH/dω/dΩγ/dΩe ¢ ¶·¥¤¥²¥, ±µ£¤  ¶·µÉµ´ Ö¢²Ö-
¥É¸Ö ¡¥¸±µ´¥Î´µ ÉÖ¦¥²µ° ¡¥¸¸É·Ê±ÉÊ·´µ° Î ¸É¨Í¥°, ¸µ¢¶ ¤ ÕÉ ¸  ´ ²µ£¨Î-
´Ò³¨ ¢Ò· ¦¥´¨Ö³¨ · ¡µÉÒ [69].
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7. ��‹Ÿ�ˆ‡�–ˆŸ ‚ˆ�’“�‹œ��ƒ� ”�’��� ‚ �…�Š–ˆˆ
ep→ epγ (ep→ eX)

‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö §´ Î¨É¥²Ó´µ ¢Ò·µ¸ ¨´É¥·¥¸ ± ¨§ÊÎ¥´¨Õ ·¥ ±Í¨¨ ep→
epγ ¨ ± ¶·µÍ¥¸¸Ê ‚Š� ´  ¶·µÉµ´¥ ¢ µ¡² ¸É¨ ´¥ Éµ²Ó±µ ´¨§±¨Ì ¨ ¸·¥¤´¨Ì
[60], ´µ ¨ ¡µ²ÓÏ¨Ì Ô´¥·£¨° Ô²¥±É·µ´µ¢ ¨ 4-¨³¶Ê²Ó¸ Ì, ¶¥·¥¤ ¢ ¥³ÒÌ ¶·µ-
Éµ´Ê [63,74Å77]. �·µÍ¥¸¸ ‚Š� ¤ ¥É £µ· §¤µ ¡µ²ÓÏ¥ ¢µ§³µ¦´µ¸É¥° ¤²Ö ¨¸-
¸²¥¤µ¢ ´¨Ö ¸É·Ê±ÉÊ·Ò  ¤·µ´ , Î¥³ ¶·µÍ¥¸¸ �Š�, ¶µ¸±µ²Ó±Ê ¢ ´¥³ Ô´¥·£¨Ö ¨
É·¥Ì³¥·´Ò° ¨³¶Ê²Ó¸, ¶¥·¥¤ ¢ ¥³Ò¥ ³¨Ï¥´¨, ³µ£ÊÉ ¢ ·Ó¨·µ¢ ÉÓ¸Ö ´¥§ ¢¨¸¨³µ.
�É¨ ¶·¨¢²¥± É¥²Ó´Ò¥ ¸¢µ°¸É¢  ‚Š� ¶µ§¢µ²¨²¨ ¸¤¥² ÉÓ ¶·¥¤¶µ²µ¦¥´¨¥ µ¡ ¥£µ
¨¸¶µ²Ó§µ¢ ´¨¨ ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨§ÊÎ¥´¨Ö ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  [74,75]
¨ µ¡Ê¸²µ¢¨²¨ ¢¸¥¸Éµ·µ´´¥¥ É¥µ·¥É¨Î¥¸±µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ·¥ ±Í¨¨ ep → epγ
(¢ Éµ³ Î¨¸²¥ ¨ ¸ ¶µ³µÐÓÕ ´¥±µ¢ ·¨ ´É´µ£µ ³¥Éµ¤  ¢ÒÎ¨¸²¥´¨Ö ¸¶¨· ²Ó´ÒÌ
 ³¶²¨ÉÊ¤ (¸³.[63,76,77] ¨ ¶·¨¢¥¤¥´´ÊÕ É ³ ²¨É¥· ÉÊ·Ê). „²Ö · ¸Î¥É  ¶·µ-
Í¥¸¸  ‚Š� ´  ¶·µÉµ´¥ ´¥µ¡Ìµ¤¨³µ §´ ÉÓ  ¤·µ´´Ò° (Wµν ) ¨ ²¥¶Éµ´´Ò° (Lµν )
É¥´§µ·Ò [63,78]:

Lµν = JµJ
∗
ν , Jµ = u(p2)γµu(p1) , (7.1)

£¤¥ u(pi) Ä ¡¨¸¶¨´µ·Ò Ô²¥±É·µ´µ¢, u(pi)u(pi) = 2m, m Ä ³ ¸¸  Ô²¥±É·µ´ ,
(i = 1, 2). �·¨ ÔÉµ³ ¨´É¥·¶·¥É Í¨Ö ·¥§Ê²ÓÉ Éµ¢ §´ Î¨É¥²Ó´µ Ê¶·µÐ ¥É¸Ö,
¥¸²¨ ¢Ò· §¨ÉÓ É¥´§µ· Lµν Î¥·¥§ ¢¥±Éµ·Ò ¶·µ¤µ²Ó´µ° ¨ ¶µ¶¥·¥Î´µ° ¶µ²Ö·¨-
§ Í¨¨ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´ . ‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö ¨³¥ÕÉ¸Ö ¢ [63,78].
‘²¥¤Ê¥É, µ¤´ ±µ, µÉ³¥É¨ÉÓ ¤¢  ´¥¤µ¸É É±  É ±¨Ì ¢Ò· ¦¥´¨°: 1) ¢ ´¨Ì ¶·¥´¥-
¡·¥£ ÕÉ ³ ¸¸µ° Ô²¥±É·µ´ , ÎÉµ, ±µ´¥Î´µ, µ¶· ¢¤ ´´µ ¢ ¸²ÊÎ ¥ Ê²ÓÉ· ·¥²ÖÉ¨-
¢¨¸É¸±¨Ì Ô´¥·£¨° Ô²¥±É·µ´µ¢ ¨ ¶·¨ ¡µ²ÓÏ¨Ì ±¢ ¤· É Ì 4-¨³¶Ê²Ó¸  ¢¨·ÉÊ ²Ó-
´µ£µ ËµÉµ´ ; 2) µ´¨ ¨³¥ÕÉ ´¥±µ¢ ·¨ ´É´Ò° ¢¨¤. ‚ · ¡µÉ¥ [79] ¡Ò² ¶µ¸É·µ¥´
²¥¶Éµ´´Ò° É¥´§µ·, ¸¢µ¡µ¤´Ò° µÉ Ê± § ´´ÒÌ ´¥¤µ¸É É±µ¢.

� ¸¸³µÉ·¨³ ¢µ¶·µ¸ µ ¸µ¸ÉµÖ´¨¨ ¶µ²Ö·¨§ Í¨¨ ¢¨·ÉÊ ²Ó´µ£µ γ-±¢ ´É  ¸
4-¨³¶Ê²Ó¸µ³ r = p1 − p2, ±µÉµ·Ò³ µ¡³¥´¨¢ ÕÉ¸Ö ³¥¦¤Ê ¸µ¡µ° Ô²¥±É·µ´ ¨
¶·µÉµ´ ¢ ·¥ ±Í¨¨ ep → epγ (¸³. ·¨¸.1,¢). ‘ ¶µ³µÐÓÕ ¢¥±Éµ·µ¢ µ·Éµ´µ·³¨-
·µ¢ ´´µ£µ ¡ §¨¸  aA (5.9) (A = (0, 1, 2, 3)):

a0 = p+/
√
p2

+ , a3 = p−/
√
−p2
− , a2 = [a0 · a3]×q1/ρ , a1 = [a0 · a3]×a2 ,

(7.2)
p± = p2 ± p1 , a2q1 = 0 , a2

1 = a2
2 = a2

3 = −a2
0 = −1 , (7.3)

¤²Ö ±µÉµ·ÒÌ ¸¶· ¢¥¤²¨¢µ ¸µµÉ´µÏ¥´¨¥ ¶µ²´µÉÒ:

a0 · a0 − a1 · a1 − a2 · a2 − a3 · a3 = g , (7.4)

¶µ¸É·µ¨³ 4-¢¥±Éµ·Ò ¶µ¶¥·¥Î´µ° (e1, e2) ¨ ¶·µ¤µ²Ó´µ° (e3) ¶µ²Ö·¨§ Í¨¨ ¢¨·-
ÉÊ ²Ó´µ£µ ËµÉµ´  ¸ 4-¨³¶Ê²Ó¸µ³ r [79]:

e1 =
[a0 · a1]q1√
(a3q1)2 + q2

1

, e2 = a2 =
[a0 · a3]×q1

ρ
, e3 =

(1 + a3 · a3)q1√
(a3q1)2 + q2

1

, (7.5)
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£¤¥
ρ2 = (a1q1)2 =

=
2(p1p2)(p1q1)(p2q1)−M2((p1p2)2 −m4)−m2((p1q1)2 + (p2q1)2)

(p1p2)2 −m4
.

�¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö ¢ Éµ³, ÎÉµ 4-¢¥±Éµ·Ò ei (i = 1, 2, 3) µ·Éµ£µ´ ²Ó´Ò
³¥¦¤Ê ¸µ¡µ° (eiej = 0, i 6= j),   É ±¦¥ eir = eia3 = 0, e2

1 = e2
2 = −e2

3 = −1.
�É³¥É¨³, ÎÉµ 4-¢¥±Éµ·Ò ei (7.5) ´¥ ¨§³¥´ÖÕÉ¸Ö ¶·¨ § ³¥´¥ ¢¸¶µ³µ£ É¥²Ó´µ£µ
4-¢¥±Éµ·  q1 ´  q1 + p1 − p2 = q2 + k (¶µ¸±µ²Ó±Ê p1 − p2 = r = −2ya3, £¤¥
y =
√
−r2/2, ¨ ¢ ¸¨²Ê µ·Éµ£µ´ ²Ó´µ¸É¨ ¢¥±Éµ·µ¢ aA (7.2)). �µ ÔÉµ° ¶·¨Î¨´¥

· ¸¸¸³µÉ·¥´¨¥ ¢¥±Éµ·µ¢ ¶µ²Ö·¨§ Í¨¨ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´  ei (7.5) ¢ ¸¨¸É¥³¥
¶µ±µÖ ´ Î ²Ó´µ£µ ¶·µÉµ´ , ²¨¡µ ¢ ¸¨¸É¥³¥ –ˆ ±µ´¥Î´µ£µ ¶·µÉµ´  ¨ ËµÉµ´ ,
Ö¢²Ö¥É¸Ö Ô±¢¨¢ ²¥´É´Ò³ ¨ ¶·¨¢µ¤¨É ± É· ¤¨Í¨µ´´Ò³ ¶·¥¤¸É ¢²¥´¨Ö³. �¨¦¥
³Ò µ£· ´¨Î¨³ ¸¢µ¥ · ¸¸³µÉ·¥´¨¥ ¢ ¸¨¸É¥³¥ ¶µ±µÖ ´ Î ²Ó´µ£µ ¶·µÉµ´  (q1 =
(M, 0, 0, 0)), £¤¥ 4-¢¥±Éµ·Ò ei ¨³¥ÕÉ ¢¨¤

e1 = (0, 1, 0, 0), e2 = (0, 0, 1, 0), e3 =
1

√
−r2

(| ~r |, r0~n3) . (7.6)

‡¤¥¸Ó ~n3 Ä ¥¤¨´¨Î´Ò° ¢¥±Éµ·, ´ ¶· ¢²¥´´Ò° ¢¤µ²Ó ~r (~n 2
3 = 1), r0 Ä ¢·¥³¥´-

´ Ö ±µ³¶µ´¥´É  4-¢¥±Éµ·  r = (r0, ~r).
„²Ö Î¥É¢¥·±¨ µ·Éµ£µ´ ²Ó´ÒÌ ³¥¦¤Ê ¸µ¡µ° ¢¥±Éµ·µ¢ e1, e2, e3, a3 É ±¦¥

¸¶· ¢¥¤²¨¢µ ¸µµÉ´µÏ¥´¨¥ ¶µ²´µÉÒ:

e3 · e3 − e1 · e1 − e2 · e2 − a3 · a3 = g , (7.7)

±µÉµ·µ¥ ¶µ§¢µ²Ö¥É ¢Ò· §¨ÉÓ a0 ¨ a1 Î¥·¥§ e1 ¨ e3:

a1 = αe3 − βe1 , a0 = βe3 − αe1 , β
2 = 1 + α2 , (7.8)

α = e3a1 = a0e1 =
a1q1√

(a3q1)2 + q2
1

, β = e1a1 = e3a0 =
a0q1√

(a3q1)2 + q2
1

.

(7.9)
‚ „‘� (4) ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ Ô²¥±É·µ´´µ£µ Éµ±  ¨³¥ÕÉ ¢¨¤ (5.18):

(Jδ,δe )µ = 2m(a0)µ, (J−δ,δe )µ = −2δy (aδ)µ, (7.10)

£¤¥ a±δ = a1 ± iδa2, δ = ±1. ‚Ò· §¨³ ¨Ì Î¥·¥§ 4-¢¥±Éµ·Ò ei (7.5) [79]:

(Jδ,δe )µ = 2m (βe3 − αe1)µ , (J−δ,δe )µ = −2δy (αe3 − βe1 + iδe2)µ . (7.11)

’ ±¨³ µ¡· §µ³, ¢¥±Éµ· ¶µ²Ö·¨§ Í¨¨ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´  ¢ ¸²ÊÎ ¥ ¶¥·¥Ìµ¤ 
¡¥§ ¶¥·¥¢µ·µÉ  ¸¶¨´  Ô²¥±É·µ´  (Jδ,δe ) ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸Ê¶¥·¶µ§¨Í¨Õ ¢¥±-
Éµ·µ¢ ¶·µ¤µ²Ó´µ° (βe3) ¨ ¶µ¶¥·¥Î´µ° ²¨´¥°´µ° (−αe1) ¶µ²Ö·¨§ Í¨°,   ¢ ¸²Ê-
Î ¥ ¶¥·¥Ìµ¤µ¢ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´  (J−δ,δe ), ¸µµÉ¢¥É¸É¢¥´´µ, ¸Ê¶¥·¶µ§¨Í¨Õ
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¶·µ¤µ²Ó´µ° (αe3) ¨ ¶µ¶¥·¥Î´µ° Ô²²¨¶É¨Î¥¸±µ° (eδ = (0, ~eδ) = −βe1 + iδe2)
¶µ²Ö·¨§ Í¨°. �·¨ ÔÉµ³ ¸µ¸ÉµÖ´¨¥ ËµÉµ´  ¸ ¢¥±Éµ·µ³ Ô²²¨¶É¨Î¥¸±µ° ¶µ²Ö-
·¨§ Í¨¨ eδ = (0, ~eδ) ¡Ê¤¥É ¨³¥ÉÓ ¸É¥¶¥´Ó ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ (· ¢´µ°
µÉ´µÏ¥´¨Õ · §´µ¸É¨ ±¢ ¤· Éµ¢ ¶µ²Êµ¸¥° ± ¨Ì ¸Ê³³¥ [57]) [79]:

κγ =
β2 − 1

β2 + 1
=

α2

β2 + 1
. (7.12)

�¡· Ð Ö ÔÉÊ ¸¢Ö§Ó, ¶µ²ÊÎ¨³

β2 =
1 + κγ

1− κγ
, α2 =

2κγ
1− κγ

. (7.13)

� °¤¥³ ±¢ ¤· ÉÒ ³µ¤Ê²¥° ¢¥±Éµ·µ¢ ~eδ ¨ ~aδ:

| ~eδ |
2= 1 + β2 =

2

1− κγ
, | ~aδ |

2= (1 + β2) (1 + κL) , (7.14)

κL = κγ~e
2

3 = κγ
r2
0

(−r2)
, ~e 2

3 =
r2
0

(−r2)
. (7.15)

‚¢¥¤¥³ ´µ·³¨·µ¢ ´´Ò¥ ¢¥±Éµ·Ò ~eδ
′ ¨ ~aδ ′ :

~eδ
′ =

~eδ√
1 + β2

=

√
1− κγ

2
~eδ , |~e

′

δ |
2 = 1 . (7.16)

~aδ
′ =

~aδ√
1 + β2

=

√
1− κγ

2
~aδ , |~a

′

δ |
2 = 1 + κγ~e

2
3 = 1 + κL . (7.17)

‘²¥¤µ¢ É¥²Ó´µ, ¢¥±Éµ· Ô²²¨¶É¨Î¥¸±µ° ¶µ²Ö·¨§ Í¨¨ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´  ~eδ
³µ¦¥É ¡ÒÉÓ ´µ·³¨·µ¢ ´ ´  ¥¤¨´¨ÍÊ (|~eδ ′|2 = 1),   ´ ²¨Î¨¥ ¶·µ¤µ²Ó´µ° ¶µ²Ö-
·¨§ Í¨¨ ¤¥² ¥É ÔÉÊ ´µ·³¨·µ¢±Ê µ¤´µ¢·¥³¥´´µ ´¥¢µ§³µ¦´µ° ¤²Ö ¶µ²´µ£µ ¢¥±-
Éµ·  ~aδ ′. ‚¥²¨Î¨´  κL (7.15), µÉ¢¥Î ÕÐ Ö §  ´¥· ¢¥´¸É¢µ |~aδ ′|2 = 1+κL 6= 1,
¨³¥¥É ¸³Ò¸² ¸É¥¶¥´¨ ¶·µ¤µ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´ , ¨¸¶Ê-
Ð¥´´µ£µ ¶·¨ ¶¥·¥Ìµ¤¥ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´  Ô²¥±É·µ´ . ‚ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É-
¸±µ³ ¶·¥¤¥²¥, ±µ£¤  ³ ¸¸µ° Ô²¥±É·µ´  ³µ¦´µ ¶·¥´¥¡·¥ÎÓ, ¢¥²¨Î¨´Ò κγ ¨ κL
¡Ê¤ÊÉ ¨³¥ÉÓ ¸³Ò¸² ¶µ²´ÒÌ ¢¥²¨Î¨´ ¸É¥¶¥´¨ ²¨´¥°´µ° ¨ ¶·µ¤µ²Ó´µ° ¶µ²Ö·¨-
§ Í¨¨ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´ . ‚ · ¸¸³ É·¨¢ ¥³µ³ (¡¥§³ ¸¸µ¢µ³) ¸²ÊÎ ¥

(a3q1)2 + q2
1 = −M2 ~r

2

r2
, (a1q1)2 = M2 ctg2ϑ/2 , (7.18)

κ−1
γ = 1− 2

~r 2

r2
tg2ϑ/2 , (7.19)
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£¤¥ ϑ Ä Ê£µ² ³¥¦¤Ê ¢¥±Éµ· ³¨ ~p1 ¨ ~p2. ‚Ò· ¦¥´¨¥ (7.19) ¤²Ö κγ ¸µ¢¶ ¤ ¥É ¸
·¥§Ê²ÓÉ Éµ³, ¶·¨¢¥¤¥´´Ò³ ¢ [78].

‚¥±Éµ· ~aδ ′ (7.17) ³µ¦´µ É ±¦¥ ¶·¥¤¸É ¢¨ÉÓ ¢ ¤·Ê£µ³ ¢¨¤¥:

~aδ
′ =
√
κL ~n3 −

√
1 + κγ

2
~e1 + iδ

√
1− κγ

2
~e2 , (7.20)

¸ ¶µ³µÐÓÕ ±µÉµ·µ£µ ²¥£±µ ¶µ¸É·µ¨ÉÓ ¶µ²Ö·¨§ Í¨µ´´ÊÕ ³ É·¨ÍÊ ¶²µÉ´µ¸É¨
¤²Ö ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´  ¢ ¡¥§³ ¸¸µ¢µ³ ¶·¥¤¥²¥ (± ± ¢ ¶µ²Ö·¨§µ¢ ´´µ³ ¸²Ê-
Î ¥, ±µÉµ·µ¥ ¤²Ö ¡¥§³ ¸¸µ¢ÒÌ Î ¸É¨Í Ö¢²Ö¥É¸Ö ¸¶¨· ²Ó´Ò³, É ± ¨ ¢ ´¥¶µ²Ö-
·¨§µ¢ ´´µ³, ¸³. [78], ¸. 261 ).

—Éµ¡Ò ¶µ²ÊÎ¨ÉÓ ¶µ²´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö κγ ¨ κL, µ¡Ê¸²µ¢²¥´´Ò¥ ¢±² ¤ ³¨
³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢, ± ± ¡¥§ ¶¥·¥¢µ·µÉ , É ± ¨ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´ , ¶µ-
¸É·µ¨³ ²¥¶Éµ´´Ò° É¥´§µ·, Ê¸·¥¤´¥´´Ò° ¶µ ¸¶¨´µ¢Ò³ ¸µ¸ÉµÖ´¨Ö³ Ô²¥±É·µ´ .
‘ ¶µ³µÐÓÕ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ (7.10), (7.11) ÔÉµ ¤¥² ¥É¸Ö ¤µ¢µ²Ó´µ ¶·µ¸Éµ
[79]:

Lµν = 4m2 (a0)µ(a0)ν + 4y2 ((a1)µ(a1)ν + (a2)µ(a2)ν) . (7.21)

�µ²Ó§ÊÖ¸Ó Ê¸²µ¢¨Ö³¨ ¶µ²´µÉÒ (7.3) ¨ ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨, É¥´§µ·
Lµν ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

Lµν = 4x2 (a0)µ(a0)ν − 4y2 gµν , (7.22)

£¤¥ x2 = m2 + y2. �É³¥É¨³, ÎÉµ ¸ ¶µ³µÐÓÕ É¥´§µ·  Lµν (7.22) ¢ÒÎ¨¸²¥´¨¥
¢±² ¤  ¤¨ £· ³³Ò ¸ ‚Š� ´  ¶·µÉµ´¥ ¢ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ep→ epγ ³µ¦¥É ¡ÒÉÓ
¸¢¥¤¥´µ ± ¢ÒÎ¨¸²¥´¨Õ ¸²¥¤  µÉ ¶·µ¨§¢¥¤¥´¨Ö É¥´§µ·µ¢:

Ypp = Lµν Wµν , Wµν = VµV
∗
ν , Vµ = u(q2) Mµνe

ν u(q1)
1

r2
. (7.23)

‚Ò· §¨³ É¥´§µ· Lµν (7.21) Î¥·¥§ ¢¥±Éµ·Ò ¶µ²Ö·¨§ Í¨° ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´ 
ei (7.5). ‚ ·¥§Ê²ÓÉ É¥ µ´ ¥¸É¥¸É¢¥´´Ò³ µ¡· §µ³ · ¸¶ ¤¥É¸Ö ´  ¸Ê³³Ê É·¥Ì
¸² £ ¥³ÒÌ, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¢±² ¤Ê ¶µ¶¥·¥Î´ÒÌ ¸µ¸ÉµÖ´¨° (LT ), ¶·µ¤µ²Ó-
´µ£µ (LL) ¨ ¨Ì ¨´É¥·Ë¥·¥´Í¨¨ (LLT ) [79]:

L = 4y2 (LT + LL + LLT ) , (7.24)

LT = e1 · e1 (β2 + α2m2/y2) + e2 · e2 , (7.25)

LL = e3 · e3 (α2 + β2m2/y2) , (7.26)

LLT = − (e1 · e3 + e3 · e1) αβ (1 +m2/y2) . (7.27)

’µ£¤  ¶µ²´ Ö ¸É¥¶¥´Ó ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´  ¡Ê¤¥É µ¶·¥-
¤¥²ÖÉÓ¸Ö ¸²¥¤ÊÕÐ¨³¨ ¸µµÉ´µÏ¥´¨Ö³¨:

κ′γ =
β2 + α2m2/y2 − 1

β2 + α2m2/y2 + 1
=

α2

β2 + 1− 2m2/x2
. (7.28)
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�µ¸±µ²Ó±Ê ¢ ¢Ò· ¦¥´¨ÖÌ (7.12), (7.28) α ¨ β µ¤´¨ ¨ É¥ ¦¥ (¸³. (7.9)), Éµ
¨§³¥´¥´¨¥ ¢¥²¨Î¨´Ò κγ , µ¡Ê¸²µ¢²¥´´µ¥ ÊÎ¥Éµ³ ³ ¸¸Ò Ô²¥±É·µ´  ¢ Ê²ÓÉ· -
·¥²ÖÉ¨¢¨¸É¸±µ³ ¶·¥¤¥²¥, ¡Ê¤¥É ´¥§´ Î¨É¥²Ó´Ò³ ¨ ¶·µ¨§µ°¤¥É ¢ ¸Éµ·µ´Ê ¥¥
Ê¢¥²¨Î¥´¨Ö [79]:

κ′γ ' κγ

(
1 +

2m2

x2(1 + β2)

)
. (7.29)

�¡· Ð Ö ¸¢Ö§Ó ¢ ¢Ò· ¦¥´¨¨ (7.28), ¶µ²ÊÎ ¥³

β2 + α2m2/y2 =
1 + κ′γ

1− κ′γ
, α2 + β2m2/y2 =

2κ′γ
1− κ′γ

+
m2

y2
. (7.30)

‚ ¶µ¶¥·¥Î´µ³ É¥´§µ·¥ LT (7.25) ³µ¦´µ ¢Ò¤¥²¨ÉÓ ¶µ²´µ¸ÉÓÕ ¶µ²Ö·¨§µ¢ ´´ÊÕ
¨ ´¥¶µ²Ö·¨§µ¢ ´´ÊÕ Î ¸É¨ [79]:

LT = e1 · e1 (β2 + α2m2/y2 − 1) + e1 · e1 + e2 · e2 =

=
2

1− κ′γ
( κ′γ e1 · e1 + (1 − κ′γ) (e1 · e1 + e2 · e2)/2 ) . (7.31)

C²¥¤µ¢ É¥²Ó´µ, ¶µ²Ö·¨§ Í¨µ´´ Ö ³ É·¨Í  ¶²µÉ´µ¸É¨ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´  ρij
¶µ²ÊÎ ¥É¸Ö ¨§ É¥´§µ·  Lij (7.24) ÉµÎ´µ É ± ¦¥, ± ± ¨ ¢ ¡¥§³ ¸¸µ¢µ³ ¸²ÊÎ ¥
(¸³. [78]):

ρij = (1− κ′γ) Lij/8y
2 . (7.32)

’ ±¨³ µ¡· §µ³, ¤²Ö ¸É¥¶¥´¨ ¶·µ¤µ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´ 
¨³¥¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥:

κ′L =
r2
0

(−r2)
κ′γ

(
1 +

m2

y2

(1 − κ′γ)

2κ′γ

)
. (7.33)

�Î¥¢¨¤´µ, ÎÉµ ¢Ò· ¦¥´¨Ö (7.28), (7.33) ¤²Ö κ′γ ¨ κ′L ¶·¨ m = 0 ¶¥·¥Ìµ¤ÖÉ ¢
κγ ¨ κL (7.12), (7.15).

�É³¥É¨³ ¢ § ±²ÕÎ¥´¨¥, ÎÉµ µ¡² ¸ÉÓ ¶·¨³¥´¥´¨Ö É¥´§µ·  Lµν (7.24) ´¥
µ£· ´¨Î¨¢ ¥É¸Ö Éµ²Ó±µ ¶·µÍ¥¸¸µ³ ‚Š� ´  ¶·µÉµ´¥. �µ¸±µ²Ó±Ê ¢ Ô±¸¶¥·¨-
³¥´É Ì ´  Ë¨±¸¨·µ¢ ´´ÒÌ ³¨Ï¥´ÖÌ ¸¥Î¥´¨¥ · ¸¸¥Ö´¨Ö § ·Ö¦¥´´ÒÌ ²¥¶Éµ´µ¢
¶·¨ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì Ô´¥·£¨ÖÌ µ¶·¥¤¥²Ö¥É¸Ö, ¢ µ¸´µ¢´µ³, µ¡³¥´µ³ ¢¨·ÉÊ ²Ó-
´Ò³¨ ËµÉµ´ ³¨, Éµ É¥´§µ· Lµν (7.24) ³µ¦¥É ´ °É¨ ¶·¨³¥´¥´¨¥ ¨ ¶·¨ ¨¸¸²¥-
¤µ¢ ´¨¨ £²Ê¡µ±µ´¥Ê¶·Ê£¨Ì ¶·µÍ¥¸¸µ¢ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢ (e±p → e±X),  
É ±¦¥ ³Õµ´µ¢ (µ±p→ µ±X), £¤¥ ÊÎ¥É ³ ¸¸Ò ¡µ²¥¥ ¸ÊÐ¥¸É¢¥´.



„ˆ�ƒ���‹œ�›‰ ‘�ˆ��‚›‰ ��‡ˆ‘ ˆ ��‘—…’ ���–…‘‘�‚ 1175

8. ����’��… Š�Œ�’���‚‘Š�… ��‘‘…Ÿ�ˆ…
”�’���‚ –ˆ�Š“‹Ÿ��� ��‹Ÿ�ˆ‡�‚����‰ ‹�‡…���‰ ‚�‹�›

�� �“—Š… “‹œ’���…‹Ÿ’ˆ‚ˆ‘’‘Šˆ• ���„�‹œ��
��‹Ÿ�ˆ‡�‚���›• �‹…Š’����‚

‚ · ¡µÉ Ì [80,81] ¡Ò²µ ¶µ± § ´µ, ÎÉµ ´  ¡ §¥ ¤¥°¸É¢ÊÕÐ¨Ì (SLC) ¨ ¶·µ-
¥±É¨·Ê¥³ÒÌ (‚‹���) Ê¸±µ·¨É¥²¥° ¸µ ¢¸É·¥Î´Ò³¨ e+e−-¶ÊÎ± ³¨ ³µ¦´µ ·¥ -
²¨§µ¢ ÉÓ ¢¸É·¥Î´Ò¥ γe- ¨ γγ-¶ÊÎ±¨ ¶·¨³¥·´µ ¸ É¥³¨ ¦¥ Ô´¥·£¨Ö³¨ ¨ ¸¢¥É¨³µ-
¸ÉÖ³¨, ÎÉµ ¨ ¤²Ö ¨¸Ìµ¤´ÒÌ e+e−-¶ÊÎ±µ¢. �¥µ¡Ìµ¤¨³Ò¥ ¤²Ö ÔÉµ£µ ¨´É¥´¸¨¢´Ò¥
¶ÊÎ±¨ ¦¥¸É±¨Ì γ-±¢ ´Éµ¢ ¶·¥¤²µ¦¥´µ ¶µ²ÊÎ ÉÓ ¶·¨ µ¡· É´µ³ ±µ³¶Éµ´µ¢¸±µ³
· ¸¸¥Ö´¨¨ (�Š�) ³µÐ´µ° ² §¥·´µ° ¢¸¶ÒÏ±¨, ¸Ëµ±Ê¸¨·µ¢ ´´µ° ´  Ô²¥±É·µ´-
´µ³ ¶ÊÎ±¥ [82]. �·¨ ¤µ¸É ÉµÎ´µ° ³µÐ´µ¸É¨ ¢¸¶ÒÏ±¨ ¢ µ¡² ¸É¨ ±µ´¢¥·¸¨¨
[81] ¸É ´µ¢ÖÉ¸Ö ¸ÊÐ¥¸É¢¥´´Ò³¨ ¶·µÍ¥¸¸Ò, ¨¤ÊÐ¨¥ §  ¸Î¥É µ¤´µ¢·¥³¥´´µ£µ
¶µ£²µÐ¥´¨Ö ¨§ ¢µ²´Ò ´¥¸±µ²Ó±¨Ì ² §¥·´ÒÌ ËµÉµ´µ¢:

e− + n γ0 → e− + γ , n ≥ 1 , (8.1)

γ + s γ0 → e+ + e− , s ≥ 1 . (8.2)

�¥·¢Ò° ¨§ ÔÉ¨Ì ´¥²¨´¥°´ÒÌ ¶·µÍ¥¸¸µ¢ ¶·¨¢µ¤¨É ± · ¸Ï¨·¥´¨Õ ¸¶¥±É·  ¢Ò-
¸µ±µÔ´¥·£¥É¨Î¥¸±¨Ì ËµÉµ´µ¢ [83],   ¢Éµ·µ° ÔËË¥±É¨¢´µ ¸´¨¦ ¥É ¶µ·µ£ ·µ¦-
¤¥´¨Ö e+e−-¶ · [84].

‘¨¸É¥³ É¨Î¥¸±µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ¶·µÍ¥¸¸µ¢ (8.1), (8.2) ¤ ´µ ¢ [85]. ‚ · -
¡µÉ¥ [16] µ´¨ ¨¸¸²¥¤µ¢ ²¨¸Ó ¸ ÉµÎ±¨ §·¥´¨Ö ¨¸ÉµÎ´¨±µ¢ ¤²Ö ¶µ²ÊÎ¥´¨Ö ¶µ-
²Ö·¨§µ¢ ´´ÒÌ γ- ¨ e+e−-¶ÊÎ±µ¢. ‚ · ¡µÉ¥ [86] ¡Ò² ¶·µ¢¥¤¥´  ´ ²¨§ Ö¢²¥-
´¨°, ¢µ§´¨± ÕÐ¨Ì ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ¶µ²Ö·¨§µ¢ ´´ÒÌ Ô²¥±É·µ´µ¢ ¸ ËµÉµ-
´ ³¨ Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ° �Œ‚; ¨§ÊÎ ²¨¸Ó ´¥²¨´¥°´Ò¥ ÔËË¥±ÉÒ ¢
µ¡² ¸É¨ §´ Î¥´¨° ´¥ Éµ²Ó±µ ξ2 < 1, ´µ ¨ ξ2 ≥ 1 ¶ · ³¥É·  ¨´É¥´¸¨¢´µ¸É¨
¢µ²´Ò

ξ2 = nγ

(
4πα

m2ω

)
, (8.3)

£¤¥ nγ Ä ¶²µÉ´µ¸ÉÓ ËµÉµ´µ¢ ¢ ¢µ²´¥,   ω Å ¨Ì Ô´¥·£¨Ö. �É³¥É¨³, ÎÉµ Î¨¸²¥´-
´Ò° · ¸Î¥É ¸¶¥±É·µ¢ ¨§²ÊÎ¥´¨Ö ¶·¨ ¡µ²ÓÏ¨Ì ¨´É¥´¸¨¢´µ¸ÉÖÌ
(ξ2 ≥ 1) ¡Ò² ¢¶¥·¢Ò¥ ¶·µ¢¥¤¥´ ¢ · ¡µÉ¥ [83], ¶·¨ ÔÉµ³ ¶µ²Ö·¨§ Í¨¨ Î ¸É¨Í
´¥ ÊÎ¨ÉÒ¢ ²¨¸Ó.

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢ µ¡² ¸É¨ ¶ · ³¥É·  ξ ∼ 1 ´  Ê¸±µ·¨É¥²¥ SLAC [87]
§ ±µ´Î¨² ¸Ó ¸¥·¨Ö Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¶·µ¢¥·±¥ ´¥²¨´¥°´µ° Š�„, ÎÉµ ¸É ²µ
¢µ§³µ¦´Ò³ ¡² £µ¤ ·Ö ¨¸¶µ²Ó§µ¢ ´¨Õ ¸¢¥·Ì±µ·µÉ±¨Ì ¨ ¦¥¸É±µ ¸Ëµ±Ê¸¨·µ-
¢ ´´ÒÌ ² §¥·´ÒÌ ¨³¶Ê²Ó¸µ¢. ‚ ÔÉµ° ¸¢Ö§¨ µ¡² ¸ÉÓ ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢,
µ¶·¥¤¥²Ö¥³ Ö Ê¸²µ¢¨¥³ ξ2 ≥ 1, Ö¢²Ö¥É¸Ö ¢¥¸Ó³   ±ÉÊ ²Ó´µ° ¨ ¶·¥¤¸É ¢²Ö¥É
´ ¨¡µ²ÓÏ¨° ¨´É¥·¥¸, ¶µ¸±µ²Ó±Ê ¢ ´¥° ¸É ´µ¢ÖÉ¸Ö ¸ÊÐ¥¸É¢¥´´Ò³¨ ¶·µÍ¥¸¸Ò
¨§²ÊÎ¥´¨Ö, ¨¤ÊÐ¨¥ §  ¸Î¥É µ¤´µ¢·¥³¥´´µ£µ ¶µ£²µÐ¥´¨Ö ¨§ ¢µ²´Ò ¡µ²ÓÏµ£µ
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±µ²¨Î¥¸É¢  ËµÉµ´µ¢,   ¨Ì ¢¥·µÖÉ´µ¸É¨ Ö¢²ÖÕÉ¸Ö ¸ÊÐ¥¸É¢¥´´µ ´¥²¨´¥°´Ò³¨
ËÊ´±Í¨Ö³¨ ´ ¶·Ö¦¥´´µ¸É¨ ¶µ²Ö.

‚ ²¨É¥· ÉÊ·¥ ¤²Ö µ¶¨¸ ´¨Ö ³µ¤¥²¨ ² §¥·´µ° ¢µ²´Ò, ± ± ¶· ¢¨²µ, ¨¸¶µ²Ó-
§Ê¥É¸Ö ¶µ²¥ ¶²µ¸±µ° �Œ‚ [85,86]. ‚µ¶·µ¸ µ ¶·¨³¥´¨³µ¸É¨ É ±µ° ³µ¤¥²¨ ¢
¸¨²Ó´ÒÌ ¶µ²ÖÌ ¨¸¸²¥¤µ¢ ²¸Ö ¢ · ¡µÉ¥ [88].

‘µ£² ¸´µ [10], Ô²¥³¥´É S-³ É·¨ÍÒ ¤²Ö ¶¥·¥Ìµ¤  Ô²¥±É·µ´  ¨§ ¸µ¸ÉµÖ´¨Ö
ψp = ψδ(p, s) ¢ ¸µ¸ÉµÖ´¨¥ ψp′ = ψ±δ(p′, s′) , (δ = ±1) c ¨§²ÊÎ¥´¨¥³ ËµÉµ´  ¸

4-¨³¶Ê²Ó¸µ³ k′ = (ω′, ~k′) ¨ ¢¥±Éµ·µ³ ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¨ eλ′ µ¶·¥¤¥²Ö¥É¸Ö
¢Ò· ¦¥´¨¥³

Sfi = −i e

∫
ψp′ ê

∗
λ′ ψp exp(ik

′x) (2ω′)−1/2 d4x , (8.4)

£¤¥ ψp ¨ ψp′ Ä ÉµÎ´Ò¥ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ Ô²¥±É·µ´µ¢ ¢ ¶µ²¥ Í¨·±Ê²Ö·´µ
¶µ²Ö·¨§µ¢ ´´µ° �Œ‚, ±µÉµ·µ° µÉ¢¥Î ¥É ¢¥±Éµ·´Ò° ¶µÉ¥´Í¨ ²:

A = a1 cos (kx) + λa2 sin (kx), λ = ±1, (8.5)

£¤¥ k Ä ¢µ²´µ¢µ° ¢¥±Éµ·, k2 = 0, a1k = a2k = a1a2 = 0, a2
1 = a2

2 = a2, λ, λ
′

Ä ¸¶¨· ²Ó´µ¸É¨ ² §¥·´µ£µ ¨ ±µ´¥Î´µ£µ ËµÉµ´µ¢. Ÿ¢´Ò° ¢¨¤ ¤²Ö ³ É·¨Î´ÒÌ
Ô²¥³¥´Éµ¢ (8.4) ¢ „‘� ¡Ò² ¶µ²ÊÎ¥´ ¢ [38,86]:

Sfi = −
ie (4π)1/2

(2ω′ 2q0 2q′0)1/2

∞∑
n=1

M
(n)
±δ,δ (2π)4 δ4(nk + q − q′ − k′) , (8.6)

M
(n)
−δ,δ = −

1

2
λ′ (−λ)n ξ

{
−

2(1− u/un)
√
vv′ − 1

(Jn−1 + Jn+1)+

+
1

2(u+ 1)

(
(u+ 2)2

√
vv′ + 1

− δλ′
u2

√
vv′ − 1

)
Jn+λλ′

}
, (8.7)

M
(n)
δ,δ = −

1

2
λ′ (−λ)n ξ

√
u

un

(
1−

u

un

) (
u+ 2

u

√
vv′ − 1

vv′ + 1
− δλ′

)
×

×

(√
vv′ − 1

1 + ξ2
(Jn−1 + Jn+1)−

uun
√

1 + ξ2

2(u+ 1)
√
vv′ − 1

Jn+λλ′

)
,

(8.8)

£¤¥

q = p+
ξ2m2

2kp
k , q′ = p′ +

ξ2m2

2kp′
k , q2 = q′2 = m2

∗ = m2 (1 + ξ2) ,
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u =
kk′

kp′
, un =

2nkp

m2
∗

, 2(vv′ − 1) =
uun

u+ 1

(
1 + ξ2

(
1−

u

un

))
, (8.9)

Jn+λλ′ =
(1 + λλ′)

2
Jn+1 +

(1 − λλ′)

2
Jn−1 , nk + q = k′ + q′ ,

zn =
2nξ√
1 + ξ2

√
u

un

(
1−

u

un

)
.

‡¤¥¸Ó M
(n)
δ,δ ¨ M

(n)
−δ,δ Ä  ³¶²¨ÉÊ¤Ò ¨§²ÊÎ¥´¨Ö n-° £ ·³µ´¨±¨, ¸µµÉ¢¥É¸É¢Ê-

ÕÐ¨¥ ¶¥·¥Ìµ¤ ³ ¡¥§ ¶¥·¥¢µ·µÉ  ¨ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´  Ô²¥±É·µ´ , q ¨ q′

Ä 4-¢¥±Éµ·Ò ±¢ §¨¨³¶Ê²Ó¸µ¢ Ô²¥±É·µ´µ¢, q = (q0, ~q), q
′ = (q′0, ~q

′), Jn Ä
ËÊ´±Í¨¨ �¥¸¸¥²Ö n-£µ ¶µ·Ö¤±  µÉ  ·£Ê³¥´É  zn. �¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ  ³-

¶²¨ÉÊ¤Ò M
(n)
±δ,δ ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨¥ ±¨´¥³ É¨Î¥¸±¨¥ µ¸µ¡¥´´µ¸É¨: ¶·¨ u = un

¨ n > 1 µ´¨ µ¡· Ð ÕÉ¸Ö ¢ ´µ²Ó: (M (n)
±δ,δ(u = un) = 0). �·¨Î¨´  É ±µ£µ

¶µ¢¥¤¥´¨Ö  ³¶²¨ÉÊ¤ ¡Ê¤¥É µ¡ÑÖ¸´¥´  ´¨¦¥. ‡´ ´¨¥ ¤¨ £µ´ ²Ó´ÒÌ  ³¶²¨ÉÊ¤
(8.7), (8.8) ¶µ§¢µ²Ö¥É ¶¥·¥°É¨ ± ¸¶¨· ²Ó´Ò³. ‚ ·¥§Ê²ÓÉ É¥ ¤²Ö ¤¨ËË¥·¥´Í¨-
 ²Ó´µ£µ ¸¥Î¥´¨Ö ¶·µÍ¥¸¸  ¨§²ÊÎ¥´¨Ö ËµÉµ´  Ô²¥±É·µ´µ³ ¢ ¶µ²¥ Í¨·±Ê²Ö·´µ
¶µ²Ö·¨§µ¢ ´´µ° �Œ‚ ¶µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö [86]:

dσc

du
=

πα2

xm2ξ2(u+ 1)2

∞∑
n=1

( F1n + λλe F2n + λλ′ F3n + λeλ
′ F4n ) , (8.10)

F1n = −4 J2
n + ξ2

(
2 +

u2

u+ 1

)
(J2
n−1 + J2

n+1 − 2J2
n) ,

F2n = ξ2 (2 + u)u

u+ 1

(
1− 2

u

un

)
(J2
n−1 − J

2
n+1) ,

F3n = ξ2

(
2 +

u2

u+ 1

) (
1− 2

u

un

)
(J2
n−1 − J

2
n+1) , (8.11)

F4n =
u

u+ 1
(−4 J2

n + ξ2 (2 + u) (J2
n−1 + J2

n+1 − 2J2
n) ) ,

£¤¥ x = 2kp/m2, λe = ±1. ‚Ò· ¦¥´¨¥, ¸ÉµÖÐ¥¥ ¶µ¤ §´ ±µ³ ¸Ê³³Ò ¢ (8.10),
µ¶·¥¤¥²Ö¥É ¢¥·µÖÉ´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö n-° £ ·³µ´¨±¨ ¢ ¸²ÊÎ ¥, ±µ£¤  ¶µ²Ö·¨§ -
Í¨µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö ² §¥·´µ£µ ¨ ¨¸¶ÊÐ¥´´µ£µ ËµÉµ´µ¢,   É ±¦¥ ´ Î ²Ó´µ£µ
Ô²¥±É·µ´  Ö¢²ÖÕÉ¸Ö ¸¶¨· ²Ó´Ò³¨. �É³¥É¨³, ÎÉµ ¶·¨ ξ2 = 0 Ëµ·³Ê²  (8.10)
¸µ¢¶ ¤ ¥É ¸ ·¥§Ê²ÓÉ Éµ³, ¶µ²ÊÎ¥´´Ò³ ¢ [89].

‘ ¶µ³µÐÓÕ (8.10) ¸É¥¶¥´Ó Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´  ¢ ±µ´¥Î´µ³
¸µ¸ÉµÖ´¨¨ λf µ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

λf =
∞∑
n=1

(λ F3n + λe F4n ) /
∞∑
n=1

( F1n + λλe F2n ) . (8.12)
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�·¨ ξ2 < 1 £² ¢´Ò° ¢±² ¤ ¢ ¢¥·µÖÉ´µ¸ÉÓ ¶·µÍ¥¸¸  (8.1) ¤ ÕÉ ´¥¸±µ²Ó±µ
¶¥·¢ÒÌ £ ·³µ´¨±. �·µ¢¥¤¥³ · §²µ¦¥´¨¥ ¢Ò· ¦¥´¨° (8.11) ¶µ ¶ · ³¥É·Ê ∆ =
= ξ2/(1 + ξ2), ¶·¨Î¥³ ¢Ò¶µ²´¨³ · §²µ¦¥´¨¥ Éµ²Ó±µ ¤²Ö ËÊ´±Í¨° �¥¸¸¥²Ö,
  ¤²Ö ¢¥²¨Î¨´ un ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ÉµÎ´Ò¥ Ëµ·³Ê²Ò. ‚ ·¥§Ê²ÓÉ É¥ ¤²Ö
¶¥·¢ÒÌ É·¥Ì £ ·³µ´¨± ¨³¥¥³ [86]:

¤²Ö ¶¥·¢µ° £ ·³µ´¨±¨:

F11

ξ2
= 2 +

u2

1 + u
− 4

u

u1

(
1−

u

u1

)
+

+ 4∆
u

u1

(
1−

u

u1

)[
1 +

u2

1 + u
−

u

u1

(
1−

u

u1

)]
+

+ ∆2 u
2

u2
1

(
1−

u

u1

)2 [
7

2
+

15

4

u2

1 + u
−

5

3

u

u1

(
1−

u

u1

)]
,

F21

ξ2
=

u(2 + u)

1 + u

(
1− 2

u

u1

)
×

×

[
1− 2∆

u

u1

(
1−

u

u1

)
+

5

4
∆2u

2

u2
1

(
1−

u

u1

)2
]
,

F31

ξ2
=

(
2 +

u2

1 + u

)(
1− 2

u

u1

)
× (8.13)

×

[
1− 2∆

u

u1

(
1−

u

u1

)
+

5

4
∆2u

2

u2
1

(
1−

u

u1

)2
]
,

F41

ξ2
=

u

1 + u

{
2 + u− 4

u

u1

(
1−

u

u1

)
−

− 4∆
u

u1

(
1−

u

u1

)[
1 + u−

u

u1

(
1−

u

u1

)]
+

+ ∆2 u
2

u2
1

(
1−

u

u1

)2 [
7

2
+

15

4
u−

5

3

u

u1

(
1−

u

u1

)]}
,

¤²Ö ¢Éµ·µ° £ ·³µ´¨±¨:

F12 = 4ξ2∆
u

u2

(
1−

u

u2

){
2 +

u2

1 + u
− 4

u

u2

(
1−

u

u2

)
−

− 2 ∆
u

u2

(
1−

u

u2

)(
4 +

3u2

1 + u
−

16

3

u

u2

(
1−

u

u2

))}
, (8.14)

F22 = 4ξ2∆
u

u2

(
1−

u

u2

)
u(2 + u)

1 + u

(
1− 2

u

u2

)[
1− 4∆

u

u2

(
1−

u

u2

)]
,

F32 = 4ξ2∆
u

u2

(
1−

u

u2

)(
2 +

u2

1 + u

)(
1− 2

u

u2

)
×
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×

[
1− 4∆

u

u2

(
1−

u

u2

)]
,

F42 = 4ξ2∆
u

u2

(
1−

u

u2

)
u

1 + u

{
2 + u− 4

u

u2

(
1−

u

u2

)
−

− 2∆
u

u2

(
1−

u

u2

)[
4 + 3u−

16

3

u

u2

(
1−

u

u2

)]}
,

¤²Ö É·¥ÉÓ¥° £ ·³µ´¨±¨:

F13 =
81

4
ξ2∆2 u

2

u2
3

(
1−

u

u3

)2 (
2 +

u2

1 + u
− 4

u

u3

(
1−

u

u3

) )
,

F23 =
81

4
ξ2∆2 u

2

u2
3

(
1−

u

u3

)2
u (2 + u)

1 + u

(
1− 2

u

u3

)
,

F33 =
81

4
ξ2∆2 u

2

u2
3

(
1−

u

u3

)2 (
2 +

u2

1 + u

) (
1− 2

u

u3

)
, (8.15)

F43 =
81

4
ξ2∆2 u

2

u2
3

(
1−

u

u3

)2
u

1 + u

(
2 + u− 4

u

u3

(
1−

u

u3

) )
.

„µ¶µ²´¨É¥²Ó´Ò° ÊÎ¥É É·¥ÉÓ¥° £ ·³µ´¨±¨, ¢¥·µÖÉ´µ¸ÉÓ ±µÉµ·µ° ¶·µ¶µ·-
Í¨µ´ ²Ó´  ∆2, ¶·¨¢µ¤¨É ± ¶µÖ¢²¥´¨Õ Î²¥´µ¢, ¸µ¤¥·¦ Ð¨Ì ∆2 ¢ ¢Ò· ¦¥´¨ÖÌ
(8.13), (8.14). �Éµ ¸µ¸É ¢²Ö¥É £² ¢´Ò¥ µÉ²¨Î¨Ö ·¥§Ê²ÓÉ Éµ¢, ¶µ²ÊÎ¥´´ÒÌ ¢
[86] ¤²Ö ¢¥·µÖÉ´µ¸É¥° ¨§²ÊÎ¥´¨Ö ¶¥·¢ÒÌ ¤¢ÊÌ £ ·³µ´¨±, µÉ  ´ ²µ£¨Î´ÒÌ ¢Ò-
· ¦¥´¨°, ¨³¥ÕÐ¨Ì¸Ö ¢ [16,85].

� ¸¸³µÉ·¨³ ¸²ÊÎ ° ²µ¡µ¢µ£µ ¸Éµ²±´µ¢¥´¨Ö Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ô²¥±-
É·µ´µ¢ ¸ ËµÉµ´ ³¨ ² §¥·´µ° ¢µ²´Ò. „²Ö ¶µ²ÊÎ¥´¨Ö · ¸¶·¥¤¥²¥´¨Ö ¶µ Ô´¥·-
£¨¨ µ¡· §ÊÕÐ¨Ì¸Ö ËµÉµ´µ¢ dσc/dy, £¤¥ y = ω′/E , E Ä Ô´¥·£¨Ö Ô²¥±É·µ´µ¢,
¢ ¢Ò· ¦¥´¨¨ (8.10) ´¥µ¡Ìµ¤¨³µ ¶·µ¨§¢¥¸É¨ § ³¥´Ê: u→ y/(1− y) [85]. �·¨
ÔÉµ³ ¨§³¥´¥´¨Õ ¶¥·¥³¥´´µ° u ¢ ¶·¥¤¥² Ì 0 ≤ u ≤ un ¸µµÉ¢¥É¸É¢ÊÕÉ ¶·¥¤¥²Ò
¨§³¥´¥´¨Ö ¶¥·¥³¥´´µ° y : 0 ≤ y ≤ yn, £¤¥

un =
nx

1 + ξ2
, yn =

un

1 + un
=

nx

nx+ 1 + ξ2
, x =

2kp

m2
=

4ωE

m2
.

‘· ¢´¨¢ Ö ³ ±¸¨³ ²Ó´µ ¢µ§³µ¦´ÊÕ Ô´¥·£¨Õ ËµÉµ´µ¢, µ¡· §ÊÕÐ¨Ì¸Ö ¢ µ¡ÒÎ-
´µ³ ±µ³¶Éµ´µ¢¸±µ³ · ¸¸¥Ö´¨¨ (n = 1, ξ2 = 0 ), ¸ Ô´¥·£¨¥°, ±µÉµ· Ö ¢ÒÎ¨-
¸²¥´  ¸ ÊÎ¥Éµ³ ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ (ξ2 6= 0 ), ¢¨¤´µ, ÎÉµ ËµÉµ´Ò ¶¥·¢µ°
£ ·³µ´¨±¨ (n = 1) µ¡² ¤ ÕÉ ³¥´ÓÏ¥° ³ ±¸¨³ ²Ó´µ ¢µ§³µ¦´µ° Ô´¥·£¨¥°.
�´¥·£¨Ö ¦¥ γ-±¢ ´Éµ¢, ¨¸¶ÊÐ¥´´ÒÌ ¶·¨ ¶µ£²µÐ¥´¨¨ ´¥¸±µ²Ó±¨Ì ËµÉµ´µ¢
(n > 1 + ξ2), ¶·¥¢ÒÏ ¥É Ô´¥·£¨Õ, ¤µ¸É¨¦¨³ÊÕ ¢ µ¡ÒÎ´µ³ ±µ³¶Éµ´µ¢¸±µ³
· ¸¸¥Ö´¨¨. �·µ¨§¢µ¤Ö § ³¥´Ê: u → y/(1 − y) ¢ ¢Ò· ¦¥´¨ÖÌ (8.10), (8.11)
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¶µ²ÊÎ¨³ · ¸¶·¥¤¥²¥´¨¥ ¶µ Ô´¥·£¨¨ ¦¥¸É±¨Ì γ-±¢ ´Éµ¢ y = ω′/E [86]:

dσc

dy
=

πα2

xm2ξ2

∞∑
n=1

( F1n + λλe F2n + λλ′ F3n + λeλ
′ F4n ) , (8.16)

F1n = −4 J2
n + ξ2

(
1− y +

1

1− y

)
(J2
n−1 + J2

n+1 − 2J2
n) ,

F2n = ξ2

(
−1 + y +

1

1− y

) (
1− 2

y

yn

(1− yn)

(1− y)

)
(J2
n−1 − J

2
n+1) ,

F3n = ξ2

(
1− y +

1

1− y

) (
1− 2

y

yn

(1 − yn)

(1 − y)

)
(J2
n−1−J

2
n+1) , (8.17)

F4n = −4y J2
n + ξ2

(
−1 + y +

1

1− y

)
(J2
n−1 + J2

n+1 − 2J2
n ) ,

zn =
2nξ√
1 + ξ2

√
αn, αn =

y

yn

(
1−

y

yn

)
(1− yn)

(1− y)2
.

�¥·¥°¤¥³ ± ¡µ²¥¥ ¤¥É ²Ó´µ³Ê  ´ ²¨§Ê ¢²¨Ö´¨Ö ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ ¢
· ¸¸³ É·¨¢ ¥³µ³ ¶·µÍ¥¸¸¥. �Ê¤¥³ ¨¸Ìµ¤¨ÉÓ ¨§ ¸²¥¤ÊÕÐ¨Ì ´ Î ²Ó´ÒÌ Ê¸²µ-
¢¨°: ¸Éµ²±´µ¢¥´¨¥ ¸Î¨É ¥³ ²µ¡µ¢Ò³, Ô²¥±É·µ´Ò ¨³¥ÕÉ Ô´¥·£¨Õ E = 50 ¨
300 ƒÔ‚, ω = 1,17 Ô‚ (´¥µ¤¨³µ¢Ò° ² §¥·). �·¨ Î¨¸²¥´´ÒÌ · ¸Î¥É Ì Ô´¥·£¥-
É¨Î¥¸±¨Ì ¸¶¥±É·µ¢ (1/W ) dW/dy (£¤¥ W =

∑nmax

n=1 Wn Ä ¶µ²´ Ö ¢¥·µÖÉ´µ¸ÉÓ
¨§²ÊÎ¥´¨Ö) ¨ ¸É¥¶¥´¨ Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ ¨¸¶ÊÐ¥´´µ£µ ËµÉµ´  λf ¶·¨
ξ2 < 1 ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ · §²µ¦¥´¨Ö (8.13)Å(8.15). ‚ Éµ ¦¥ ¢·¥³Ö ¶·¨
ξ2 ≥ 1 ¢µ¸¶µ²Ó§Ê¥³¸Ö ÉµÎ´Ò³¨ ¢Ò· ¦¥´¨Ö³¨ (8.16), (8.17). �É³¥É¨³, ÎÉµ ¢
ÔÉµ³ ¸²ÊÎ ¥ nmax µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²µ¢¨° ¸Ìµ¤¨³µ¸É¨ ·Ö¤  (8.16).

�¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·µ¢ ¤²Ö · §²¨Î´ÒÌ
¶µ²Ö·¨§ Í¨° ´ Î ²Ó´ÒÌ Ô²¥±É·µ´µ¢ (λe) ¨ ËµÉµ´µ¢ ² §¥·´µ° ¢µ²´Ò (λ) ¶·¥¤-
¸É ¢²¥´Ò £· Ë¨± ³¨ ´  ·¨¸. 3, Å¢, ¶µ¸É·µ¥´´Ò³¨, ¸µµÉ¢¥É¸É¢¥´´µ, ¤²Ö §´ -
Î¥´¨° ¶ · ³¥É·  ξ2, · ¢´ÒÌ 0,3, 1 ¨ 3. Š ± ¢¨¤´µ ¨§ ÔÉ¨Ì ·¨¸Ê´±µ¢, ÊÎ¥É ´¥-
²¨´¥°´ÒÌ ÔËË¥±Éµ¢ ¶·¨¢µ¤¨É ± ¸ÊÐ¥¸É¢¥´´µ³Ê µÉ²¨Î¨Õ · ¸¸Î¨É ´´ÒÌ ¸¶¥±-
É·µ¢ µÉ ¸¶¥±É·µ¢ µ¡ÒÎ´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö. ‚µ-¶¥·¢ÒÌ, µ¤´µ¢·¥-
³¥´´µ¥ ¶µ£²µÐ¥´¨¥ ¨§ ¢µ²´Ò ´¥¸±µ²Ó±¨Ì ËµÉµ´µ¢ ¶·¨¢µ¤¨É ± · ¸Ï¨·¥´¨Õ
¸¶¥±É·  ¦¥¸É±¨Ì γ-±¢ ´Éµ¢, ¶µÖ¢²¥´¨Õ ¤µ¶µ²´¨É¥²Ó´ÒÌ ¶¨±µ¢, ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨Ì ¨§²ÊÎ¥´¨Õ £ ·³µ´¨± ¡µ²¥¥ ¢Ò¸µ±µ£µ ¶µ·Ö¤± . �Éµ ÊÏ¨·¥´¨¥ ¤²Ö µ¤´µ°
¨ Éµ° ¦¥ Ô´¥·£¨¨ Ô²¥±É·µ´  É¥³ ¡µ²ÓÏ¥, Î¥³ ¡µ²ÓÏ¥ ¨´É¥´¸¨¢´µ¸ÉÓ ¢µ²´Ò.
’ ±, ¤²Ö E = 50 ƒÔ‚ ¨ ¶·¨ ξ2 = 0, 3 ¸¶¥±É· µ£· ´¨Î¥´ ¸¢¥·ÌÊ §´ Î¥´¨¥³
y ' 0, 67,   ¶·¨ ξ2 = 1 µ´ ¶· ±É¨Î¥¸±¨ µ¡· Ð ¥É¸Ö ¢ ´µ²Ó ¶·¨ y ' 0, 8, ÌµÉÖ
´¥§´ Î¨É¥²Ó´ Ö Î ¸ÉÓ ËµÉµ´µ¢ ³µ¦¥É Ê´µ¸¨ÉÓ ¤µ 97% Ô´¥·£¨¨ Ô²¥±É·µ´ . ‚µ-
¢Éµ·ÒÌ, ÔËË¥±É¨¢´µ¥ ÊÉÖ¦¥²¥´¨¥ Ô²¥±É·µ´  [85] m2 → m2

∗ = m2(1 + ξ2)
¶·¨¢µ¤¨É ± ¸¦ É¨Õ ¸¶¥±É·µ¢ ¢ ¸Éµ·µ´Ê ³¥´ÓÏ¨Ì §´ Î¥´¨° y, ¶µ¸±µ²Ó±Ê ¤²Ö
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�¨¸. 3. ‘¶¥±É·Ò �Š�, ¶µ¸É·µ¥´´Ò¥ ¤²Ö ¸²¥¤ÊÕÐ¨Ì §´ Î¥´¨° ¶ · ³¥É·  ¨´É¥´¸¨¢-
´µ¸É¨:  ) ξ2 = 0, 3, ¡) ξ2 = 1, ¢) ξ2 = 3. ˜É·¨Ìµ¢Ò¥ ²¨´¨¨ µÉ¢¥Î ÕÉ µ¡ÒÎ´µ³Ê
±µ³¶Éµ´µ¢¸±µ³Ê · ¸¸¥Ö´¨Õ (ξ2 = 0). ‹¨´¨¨ 1Å3 ¸µµÉ¢¥É¸É¢ÊÕÉ ¸²¥¤ÊÕÐ¥³Ê ¢Ò¡µ·Ê
¸¶¨· ²Ó´µ¸É¥° Ô²¥±É·µ´  ¨ ËµÉµ´  ² §¥·´µ° ¢µ²´Ò: 1) λe = 0, λ = 1, 2) λe = 1,
λ = −1, 3) λe = 1, λ = 1
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± ¦¤µ£µ n ¸¶¥±É· µ£· ´¨Î¥´ ¸¢¥·ÌÊ ¢¥²¨Î¨´µ° yn = nx/(1 + nx + ξ2),   ´¥
nx/(1+nx). “¢¥²¨Î¥´¨¥ Ô´¥·£¨¨ Ô²¥±É·µ´  Ê³¥´ÓÏ ¥É µÉ´µ¸¨É¥²Ó´µ¥ ¸¦ É¨¥
¶¥·¢µ° £ ·³µ´¨±¨ (¸³.·¨¸.3, ). �·¨ ¸· ¢´¨É¥²Ó´µ ´¥¡µ²ÓÏµ° ¨´É¥´¸¨¢´µ¸É¨
² §¥·´µ° ¢µ²´Ò (ξ2 = 0, 3) µ¸´µ¢´µ° ¢±² ¤ ¢ ¨§²ÊÎ¥´¨¥ ¤ ÕÉ ËµÉµ´Ò ¶¥·-
¢µ° £ ·³µ´¨±¨, ¢ÒÌµ¤ ËµÉµ´µ¢ ¡µ²¥¥ ¢Ò¸µ±¨Ì £ ·³µ´¨± ´¥§´ Î¨É¥²¥´. �·¨
¸·¥¤´¨Ì §´ Î¥´¨ÖÌ ¨´É¥´¸¨¢´µ¸É¨ (ξ2 = 1) ÊÏ¨·¥´¨¥ ¸¶¥±É·  §  ¸Î¥É ´¥-
²¨´¥°´ÒÌ ÔËË¥±Éµ¢ ¸µ¶·µ¢µ¦¤ ¥É¸Ö Ê¢¥²¨Î¥´¨¥³ ¢¥·µÖÉ´µ¸É¨, ¢ÒÌµ¤ ¡µ²¥¥
¦¥¸É±¨Ì ËµÉµ´µ¢ ¸É ´µ¢¨É¸Ö ¸ÊÐ¥¸É¢¥´´Ò³. ˆ, ´ ±µ´¥Í, ¶·¨ ¡µ²ÓÏ¨Ì ¨´-
É¥´¸¨¢´µ¸ÉÖÌ (ξ2 = 3), ± ± ¢¨¤´µ ¨§ ·¨¸.3,¢, ¨§²ÊÎ¥´¨¥ §  ¸Î¥É ´¥²¨´¥°´ÒÌ
¶·µÍ¥¸¸µ¢ ³´µ£µËµÉµ´´ÒÌ ¶µ£²µÐ¥´¨° ¸É ´µ¢¨É¸Ö ¸· ¢´¨³Ò³ ¸ µ¤´µËµÉµ´-
´Ò³ ¨ ¤ ¦¥ ¶·¥µ¡² ¤ ÕÐ¨³ (¶·¨ E = 50 ƒÔ‚). ’ ±¨³ µ¡· §µ³, ¢ ¸¶¥±É· Ì
�Š� ¢ ¶µ²¥ Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ° �Œ‚ ¶·¨ ξ2 = 0, 3 ¤µ³¨´¨·Ê¥É ¨§-
²ÊÎ¥´¨¥ ¶¥·¢µ° £ ·³µ´¨±¨,   ¶·¨ ξ2 = 3 ¨§²ÊÎ¥´¨¥ ¢ µ¸´µ¢´µ³ ¨¤¥É §  ¸Î¥É
¡µ²¥¥ ¢Ò¸µ±¨Ì £ ·³µ´¨±, É.¥. ¶·µÍ¥¸¸ ¨§²ÊÎ¥´¨Ö ¦¥¸É±µ£µ ËµÉµ´  Ô²¥±É·µ´µ³
¸É ´µ¢¨É¸Ö ¸ÊÐ¥¸É¢¥´´µ ´¥²¨´¥°´Ò³ [86].

C Í¥²ÓÕ ¨§ÊÎ¥´¨Ö ¶µ²Ö·¨§ Í¨µ´´ÒÌ ÔËË¥±Éµ¢ ¶·¨ ± ¦¤µ³ §´ Î¥´¨¨
Ô´¥·£¨¨ E ¶µ¸É·µ¥´Ò Ô´¥·£¥É¨Î¥¸±¨¥ ¸¶¥±É·Ò ¤²Ö ¸²¥¤ÊÕÐ¨Ì ¸µ¸ÉµÖ´¨° ¶µ-
²Ö·¨§ Í¨¨ Ô²¥±É·µ´  ¨ ² §¥·´µ£µ ËµÉµ´ :

1→ λe = 0, λ = 1; 2→ λe = 1, λ = −1; 3→ λe = 1 , λ = 1.

�  ·¨¸.3 ¨³ µÉ¢¥Î ÕÉ ²¨´¨¨ 1, 2 ¨ 3 ¸µµÉ¢¥É¸É¢¥´´µ. ‚¸¥ ¸± § ´´µ¥ ¢ÒÏ¥ µ
¶µ¢¥¤¥´¨¨ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·µ¢ µÉ´µ¸¨²µ¸Ó ¸· §Ê ±µ ¢¸¥³ É·¥³ ²¨´¨Ö³
1, 2 ¨ 3. —Éµ ± ¸ ¥É¸Ö ¨Ì ¢§ ¨³´µ£µ · ¸¶µ²µ¦¥´¨Ö, Éµ, ± ± ¢¨¤´µ ¨§ ·¨¸.3,
´ ¨¡µ²¥¥ ¨´É¥´¸¨¢´Ò¥ ¸¶¥±É·Ò ¸µµÉ¢¥É¸É¢ÊÕÉ ¸²ÊÎ Õ, ±µ£¤  ¸¶¨´Ò Ê Ô²¥±-
É·µ´  ¨ ² §¥·´µ£µ ËµÉµ´  ¶ · ²²¥²Ó´Ò (λλe = −1),   ´ ¨³¥´¥¥ ¨´É¥´¸¨¢´Ò¥
µÉ¢¥Î ÕÉ  ´É¨¶ · ²²¥²Ó´Ò³ ¸¶¨´ ³ (λλe = 1), ± ± ¨ ¢ ¸²ÊÎ ¥ µ¡ÒÎ´µ£µ
±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö (¸³. [89]).

�É³¥É¨³ É ±¦¥, ÎÉµ · §´¨Í  ³¥¦¤Ê ¸¶¥±É· ³¨, ¶µ¸É·µ¥´´Ò³¨ ¤²Ö É·¥Ì
· ¸¸³µÉ·¥´´ÒÌ ¸²ÊÎ ¥¢ ¶µ²Ö·¨§ Í¨¨ Ô²¥±É·µ´  ¨ ² §¥·´µ£µ ËµÉµ´ , ¸Éµ²Ó
¸ÊÐ¥¸É¢¥´´ Ö ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ ¶ · ³¥É·  ¨´É¥´¸¨¢´µ¸É¨ (ξ2 = 0, 3),
¸É ´µ¢¨É¸Ö ´¥§´ Î¨É¥²Ó´µ° ¶·¨ ξ2 = 3 (E = 50 ƒÔ‚). �´  ¢´µ¢Ó ¢µ§´¨± ¥É
²¨ÏÓ ¢ ¸¢Ö§¨ ¸ ·µ¸Éµ³ Ô´¥·£¨¨ Ô²¥±É·µ´  (¸³.·¨¸.3,¢ ¶·¨ E = 300 ƒÔ‚).

� ¸¸³µÉ·¨³ Ô´¥·£¥É¨Î¥¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ ¸É¥¶¥´¨ ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¨
¦¥¸É±µ£µ γ-±¢ ´É , ¶·¥¤¸É ¢²¥´´ÊÕ £· Ë¨± ³¨ ´  ·¨¸.4 ¨ 5. „²Ö ÔÉµ£µ Ê± -
¦¥³ ¶·¥¦¤¥ ¢¸¥£µ ´  Éµ, ÎÉµ µÉ³¥Î¥´´Ò¥ ¢ÒÏ¥ ±¨´¥³ É¨Î¥¸±¨¥ µ¸µ¡¥´´µ-

¸É¨ ¶µ¢¥¤¥´¨Ö  ³¶²¨ÉÊ¤ M
(n)
±δ,δ (8.7), (8.8) ¨³¥ÕÉ ¸¶¨´µ¢µ¥ ¶·µ¨¸Ìµ¦¤¥´¨¥

[86]. „¥°¸É¢¨É¥²Ó´µ, · ¢¥´¸É¢µ u = un ¸µµÉ¢¥É¸É¢Ê¥É ¨§²ÊÎ¥´¨Õ ËµÉµ´  ¢
´ ¶· ¢²¥´¨¨ ¤¢¨¦¥´¨Ö ´ Î ²Ó´µ£µ ¶ÊÎ±  Ô²¥±É·µ´µ¢. ‚ ¸²ÊÎ ¥ ¶µ£²µÐ¥´¨Ö
¨§ ¢µ²´Ò n ËµÉµ´µ¢ (n > 1) ¨ ÉµÎ´µ£µ · ¸¸¥Ö´¨Ö ´ § ¤ ¦¥¸É±µ£µ ËµÉµ´ 
¶µ²´ Ö ¸¶¨· ²Ó´µ¸ÉÓ ¸¨¸É¥³ e + nγ0 ¨ e + γ ¤µ ¨ ¶µ¸²¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ´¥
¸µÌ· ´Ö¥É¸Ö. ˆ³¥´´µ ÔÉ¨³ µ¡Ê¸²µ¢²¥´µ µ¡· Ð¥´¨¥ ¢ ´µ²Ó ¢¸¥Ì  ³¶²¨ÉÊ¤
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�¨¸. 4. ‡ ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ¸É¥¶¥´¨ Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ ¢Ò¸µ±µÔ´¥·£¥É¨Î¥-
¸±¨Ì ËµÉµ´µ¢, ¢ÒÎ¨¸²¥´´Ò¥ ¶·¨ ξ2 = 0, 3 ¤²Ö ¸²¥¤ÊÕÐ¨Ì ¶µ²Ö·¨§ Í¨µ´´ÒÌ ¸µ¸ÉµÖ´¨°
¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í: a) λe = 0, λ = 1, ¡) λe = 1, λ = −1, ¢) λe = 1, λ = 1.
˜É·¨Ìµ¢Ò¥ ²¨´¨¨ µÉ¢¥Î ÕÉ µ¡ÒÎ´µ³Ê ±µ³¶Éµ´µ¢¸±µ³Ê · ¸¸¥Ö´¨Õ
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M
(n)
±δ,δ(u = un) ¶·¨ n > 1,   É ±¦¥ M (n)

δ,δ (u = u1). ’·¥¡µ¢ ´¨¥ ¸µÌ· ´¥-
´¨Ö ¸¶¨· ²Ó´µ¸É¨ ¶·¨¢µ¤¨É É ±¦¥ ± Éµ³Ê, ÎÉµ ¤²Ö µ¡ÒÎ´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ
· ¸¸¥Ö´¨Ö ´  £· ´¨Í¥ ¸¶¥±É·  ¨³¥¥³: λf = −λ [86].

Š ± ¢¨¤´µ ¨§ ·¨¸.4, 5, ÊÎ¥É ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ (ξ2 6= 0) Ê³¥´ÓÏ ¥É
¸É¥¶¥´Ó ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¨ ¢ ¶¥·¢µ³ ¶¨±¥. ‚±² ¤ ¡µ²¥¥ ¢Ò¸µ±¨Ì £ ·³µ-
´¨± ¶·¨¢µ¤¨É ± ¶µÖ¢²¥´¨Õ ¤µ¶µ²´¨É¥²Ó´ÒÌ ¶¨±µ¢, ¶·¨Î¥³ ´  £· ´¨Í¥ ¸¶¥±-
É·  (¶·¨ n = nmax), ± ± ¨ ¢ ¸²ÊÎ ¥ µ¡ÒÎ´µ£µ · ¸¸¥Ö´¨Ö, ¸¶· ¢¥¤²¨¢µ ¸µµÉ-
´µÏ¥´¨¥: λf = −λ. ‘²¥¤Ê¥É, µ¤´ ±µ, § ³¥É¨ÉÓ, ÎÉµ ¢ÒÌµ¤ É ±¨Ì ËµÉµ´µ¢
´¥§´ Î¨É¥²¥´, ¶µ¸±µ²Ó±Ê ¸¶¥±É·Ò ¶· ±É¨Î¥¸±¨ µ¡·Ò¢ ÕÉ¸Ö ¶·¨ §´ Î¥´¨ÖÌ y,
´ ³´µ£µ ³¥´ÓÏ¨Ì, Î¥³ ynmax . � ¨¡µ²¥¥ ¡² £µ¶·¨ÖÉ´µ° ¢ ÔÉµ³ µÉ´µÏ¥´¨¨
µ± §Ò¢ ¥É¸Ö ¸¨ÉÊ Í¨Ö ¸ λλe = −1, ±µ£¤  ¢¥²¨± ¨´É¥·¢ ² Ô´¥·£¨° ¦¥¸É±¨Ì γ-
±¢ ´Éµ¢, ¢ ±µÉµ·µ³ ¸É¥¶¥´Ó Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ | λf | ´ ¨¡µ²¥¥ ¡²¨§± 
± ¥¤¨´¨Í¥.

9. ��†„…�ˆ… e+e−-��� †…‘’ŠˆŒ ”�’���Œ
��ˆ ‘’�‹Š��‚…�ˆˆ ‘ ”�’���Œˆ ‹�‡…���‰ ‚�‹�›

‚ · ¡µÉ¥ [84] ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¦¥¸É±¨° ËµÉµ´ γ, ¶µ²ÊÎ¥´´Ò° ¢ ·¥ ±-
Í¨¨ (8.1), ³µ¦¥É ¶µ·µ¤¨ÉÓ e+e−-¶ ·Ò ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ¸ ËµÉµ´ ³¨ Éµ£µ ¦¥
² §¥·´µ£µ ¶ÊÎ± . �µ·µ£ É ±µ° ·¥ ±Í¨¨ (8.2) ¶·¨ s = 1 µÎ¥´Ó ¢Ò¸µ±. � ¨³¥´Ó-
Ï¥¥ §´ Î¥´¨¥ Ô´¥·£¨¨ ±µ³¶Éµ´µ¢¸±µ£µ ËµÉµ´  (s = 1) ¢ ¶·µÍ¥¸¸¥ (8.2) ¶·¨ ¨¸-
¶µ²Ó§µ¢ ´¨¨ ´¥µ¤¨³µ¢µ£µ ² §¥·  ¸ ω0 = 1, 17 Ô‚ · ¢´µ ω = m2/ω0 = 223 ƒÔ‚.
�  ¸ ³µ³ ¤¥²¥ e+e−-¶ ·Ò ¡Ê¤ÊÉ ·µ¦¤ ÉÓ¸Ö ¢ ¡µ²ÓÏ¨Ì ±µ²¨Î¥¸É¢ Ì ¨ ¶·¨
§´ Î¨É¥²Ó´µ ³¥´ÓÏ¨Ì Ô´¥·£¨ÖÌ §  ¸Î¥É ¸µÊ¤ ·¥´¨Ö ¦¥¸É±µ£µ ËµÉµ´  γ ¸ ´¥-
¸±µ²Ó±¨³¨ ² §¥·´Ò³¨ ËµÉµ´ ³¨ γ0 µ¤´µ¢·¥³¥´´µ [84]. � ¡²Õ¤¥´¨¥ ¶·µÍ¥¸¸ 
(8.2) ¶·¥¤¸É ¢²Ö¥É ´¥¸µ³´¥´´Ò° ¨´É¥·¥¸ ¤²Ö ¶·µ¢¥·±¨ Š�„ ¢ ´µ¢µ° µ¡² ¸É¨
¶ · ³¥É·µ¢. ‚ Éµ ¦¥ ¢·¥³Ö µ´ ¶·¥¤¸É ¢²Ö¥É ¸ÊÐ¥¸É¢¥´´Ò° Ëµ´ ¤²Ö γe- ¨
γγ-¸µÊ¤ ·¥´¨°, ¢µ§³µ¦´Ò° ¸¶µ¸µ¡ ¡µ·Ó¡Ò ¸ ±µÉµ·Ò³ µ¶¨¸ ´ ¢ · ¡µÉ¥ [84].

�¥ ±Í¨Ö (8.2), É ± ¦¥, ± ± ¨ (8.1), ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ´¥²¨´¥°´Ò° ¶µ
¨´É¥´¸¨¢´µ¸É¨ ¶µ²Ö ¶·µÍ¥¸¸ ¢§ ¨³µ¤¥°¸É¢¨Ö Ô²¥±É·µ´µ¢ ¨ ËµÉµ´µ¢ ¸ ¶µ²¥³
�Œ‚. �¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ ÊÎ¥É ¢²¨Ö´¨Ö ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ ¢ ¶·µ-
Í¥¸¸¥ (8.1) ´  ¶·µÍ¥¸¸ (8.2) É ±¦¥ ¢¥¤¥É ± ¸ÊÐ¥¸É¢¥´´µ³Ê ¸´¨¦¥´¨Õ ¶µ·µ£ 
·µ¦¤¥´¨Ö e+e−-¶ · ¨ ± Ê¢¥²¨Î¥´¨Õ ¨Ì Î¨¸²  [90].

Œ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö ±µ³¶Éµ´µ¢¸±µ£µ ËµÉµ´  γ, ¶µ²ÊÎ¥´´µ£µ ¶·¨ ¶µ-
£²µÐ¥´¨¨ Ô²¥±É·µ´µ³ ¸ Ô´¥·£¨¥° E ¨§ ¢µ²´Ò n ² §¥·´ÒÌ ËµÉµ´µ¢ ¸ Ô´¥·£¨¥°
ω0, · ¢´ 

ωn =
nx

1 + nx
E , x =

4ω0E

m2
. (9.1)

�µ·µ£µ¢µ¥ §´ Î¥´¨¥ Ô´¥·£¨¨ ËµÉµ´  γ ¤²Ö ¶·µÍ¥¸¸  (8.2) µ¶·¥¤¥²Ö¥É¸Ö ¨§
¸µµÉ´µÏ¥´¨Ö

(k + sk0)2 = 4m2 , (9.2)

£¤¥ k ¨ k0 Ä 4-¨³¶Ê²Ó¸Ò ËµÉµ´µ¢ γ ¨ γ0.
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�¨¸. 5. ‡ ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ¸É¥¶¥´¨ Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ ¢Ò¸µ±µÔ´¥·£¥É¨-
Î¥¸±¨Ì ËµÉµ´µ¢, ¢ÒÎ¨¸²¥´´Ò¥ ¶·¨ ξ2 = 1 ¤²Ö ¸²¥¤ÊÕÐ¨Ì ¶µ²Ö·¨§ Í¨µ´´ÒÌ ¸µ¸Éµ-
Ö´¨° ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í: a) λe = 0, λ = 1, ¡) λe = 1, λ = −1, ¢) λe = 1,
λ = 1. ‘¶²µÏ´Ò¥ ²¨´¨¨ µÉ¢¥Î ÕÉ Ô´¥·£¨¨ Ô²¥±É·µ´  Å E = 50 ƒÔ‚, ÏÉ·¨Ìµ¢Ò¥
E = 300 ƒÔ‚
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‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¶µ·µ£µ¢Ò¥ §´ Î¥´¨Ö Ô´¥·£¨¨ Ô²¥±É·µ´µ¢ ¢ ¶ÊÎ±¥ Ê¸±µ-
·¨É¥²Ö Ens ¤²Ö ·µ¦¤¥´¨Ö e+e−-¶ · §  ¸Î¥É ¶µ£²µÐ¥´¨Ö ¨³ ¨§ ¢µ²´Ò n Ëµ-
Éµ´µ¢ ¨ ¸µÊ¤ ·¥´¨Ö ¸ s ² §¥·´Ò³¨ ËµÉµ´ ³¨ µ¶·¥¤¥²ÖÕÉ¸Ö ¸ ¶µ³µÐÓÕ (9.1),
(9.2) ¨ · ¢´Ò

Ens =
m2

2ω0s
(1 + (1 + s/n)1/2) . (9.3)

�·¨ n = 1 ³Ò ¶µ²ÊÎ ¥³ Ëµ·³Ê²Ê (7) ¨§ · ¡µÉÒ [84]. ‘ ¶µ³µÐÓÕ (9.3)
¶·µ¨§¢¥¤¥³ · ¸Î¥É §´ Î¥´¨° E1s ¨ E2s ¤²Ö ω0 = 1, 17 Ô‚ ¶·¨ 1 ≤ s ≤ 6,
±µÉµ·Ò¥ (¢ ¥¤¨´¨Í Ì ƒÔ‚) ¶·¨¢¥¤¥´Ò ¢ É ¡²¨Í¥.

’ ¡²¨Í . �µ·µ£µ¢Ò¥ §´ Î¥´¨Ö Ô´¥·£¨¨ Ô²¥±É·µ´µ¢
¢ ¶ÊÎ±¥ Ê¸±µ·¨É¥²Ö Ens (¢ ƒÔ‚) ¤²Ö ·µ¦¤¥´¨Ö e+e−-¶ ·

¶·¨ · §²¨Î´ÒÌ n ¨ s ¢ ¸²ÊÎ ¥ ´¥µ¤¨³µ¢µ£µ ² §¥· 

s 1 2 3 4 5 6

E1s 269 153 112 90 77 68

E2s 248 135 96 76 64 56

�´¨ ´ £²Ö¤´µ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ Éµ³, ÎÉµ ÊÏ¨·¥´¨¥ ¸¶¥±É·  ¦¥¸É±¨Ì γ-
±¢ ´Éµ¢ §  ¸Î¥É ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ É ±¦¥ ¶·¨¢µ¤¨É ± ¸´¨¦¥´¨Õ ¶µ·µ£ 
·µ¦¤¥´¨Ö e+e−-¶ ·.

Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ M
(s)
±µµ = M

(s)λλ′

±µµ ¨ ¤¨ËË¥·¥´Í¨ ²Ó´ Ö ¢¥·µÖÉ´µ¸ÉÓ
¶·µÍ¥¸¸  (8.2) ¢ ¶µ²¥ Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ° �Œ‚ µ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤Ê-
ÕÐ¨³¨ ¢Ò· ¦¥´¨Ö³¨ [90]:

dW (s) =
e2m2

4πω
|M (s)λλ′

±µ,µ |
2 δ4(sk0 + k − q − q′)

d3qd3q′

q0q
′
0

, (9.4)

M (s)
µµ = (−λ)s{−λ′µn1n

′
3Js +

ξms

m2
∗us

(ukn′0 − λ
′µε
√
u(u− 1)kn′3)Js−λλ′},

M
(s)
−µµ = −λ′(−λ)s(n1n

′
1 + λ′µ)×

×{
√

(vv′ + 1)/2 Js +
ξmsu

m2
∗us

√
(vv′ − 1)/2kn′1Js−λλ′},

£¤¥

n1n
′
3 = −

m2
∗us

m2u
√

2(vv′ − 1)

z

sξ
, kn′0 =

2m2
∗us

ms
√

2(vv′ + 1)
,

kn′3 = −ε
2m2
∗us
√

(u− 1)/u

ms
√

2(vv′ − 1)
, n1n

′
1 = ε

√
u− 1

u

√
vv′ + 1

vv′ − 1
,

kn′1 = −
m4
∗u

2
s

s2m3u
√

(vv′)2 − 1

z

ξ
, ε = sign

√
us(u − 1)

u(us − 1)
,
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u =
(kk0)2

4k0q · k0q′
, us =

s

s0
=
skk0

2m2
∗

, z =
2sξ√
1 + ξ2

√
u

us

(
1−

u

us

)
,

q = p+
ξ2m2

2k0p
k0, q

′ = p′ +
ξ2m2

2k0p′
k0, q

2 = (q′)2 = m2
∗ = m2(1 + ξ2) ,

sk0 + k = q + q′, vv′ − 1 = 2(us − 1 + ξ2(us − u)) .

‡¤¥¸Ó k0, λ ¨ k, λ′ ¥¸ÉÓ 4-¨³¶Ê²Ó¸Ò ¨ ¸¶¨· ²Ó´µ¸É¨ ² §¥·´µ£µ ¨ ¦¥¸É±µ£µ
ËµÉµ´µ¢, µ Ä ¶·µ¥±Í¨Ö ¸¶¨´  ¶µ§¨É·µ´  ´  µ¸Ó (1.9), q ¨ q

′
Ä ±¢ §¨¨³¶Ê²Ó¸Ò

¶µ§¨É·µ´  ¨ Ô²¥±É·µ´ , s0 Ä ¶µ·µ£µ¢µ¥ §´ Î¥´¨¥ ¤²Ö Î¨¸²  ¶µ£²µÐ¥´´ÒÌ
±¢ ´Éµ¢, Js = Js(z) Ä ËÊ´±Í¨¨ �¥¸¸¥²Ö µÉ  ·£Ê³¥´É  z, ξ2 Ä ¶ · ³¥É· ¨´É¥´-
¸¨¢´µ¸É¨ ¢µ²´Ò (8.3).

�µ²´ Ö ¢¥·µÖÉ´µ¸ÉÓ µ¡· §µ¢ ´¨Ö ¶ ·Ò ËµÉµ´µ³ ¢ ¶·µÍ¥¸¸¥ (8.2), · ¸-
¸Î¨É ´´ Ö ´  ¥¤¨´¨ÍÊ µ¡Ñ¥³  ¨ ¥¤¨´¨ÍÊ ¢·¥³¥´¨, µ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³¨
¢Ò· ¦¥´¨Ö³¨ [90]:

W =
αm2

4 ω

∞∑
s>s0

us∫
1

(F0s + λλ′F2s + µλG0s + µλ′G2s)
du

u
√
u(u− 1)

, (9.5)

F0s = J2
s + ξ2 (2u− 1) (−J2

s + (J2
s−1 + J2

s+1)/2 ) ,

F2s = ξ2 (2u− 1)(2u/us − 1)(J2
s−1 − J

2
s+1)/2 ,

G0s = ψ+ψ− ξ
2 u/us(us − 1) (J2

s−1 − J
2
s+1 ) ,

G2s = ψ+ψ− {usJ
2
s + ξ2[usJ

2
s + u(u− 1)(J2

s−1 + J2
s+1) ]} ,

£¤¥ ψ± = 1/
√

(vv′ ± 1)/2.
�µ²´µ¥ Î¨¸²µ e+e−-¶ ·, ·µ¦¤¥´´ÒÌ ¦¥¸É±¨³ ËµÉµ´µ³, ¶µ²ÊÎ ¥É¸Ö ¸Ê³-

³¨·µ¢ ´¨¥³ ¶µ Ô´¥·£¥É¨Î¥¸±µ³Ê ¸¶¥±É·Ê ±µ³¶Éµ´µ¢¸±¨Ì ËµÉµ´µ¢ [84]:

Ne+e− = Nγ
τ

4

∞∑
s0

ωn∫
0

W (s)(ω, ω0, ξ)
1

σc(E)

dσc

dω
dω ,

£¤¥ Nγ Ä ¶µ²´µ¥ Î¨¸²µ ¦¥¸É±¨Ì ËµÉµ´µ¢, σc(E) ¨ dσc/dω Ä ¶µ²´µ¥ ¨ ¤¨Ë-
Ë¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ �Š�, W (s)(ω, ω0, ξ) Ä ¢¥·µÖÉ´µ¸ÉÓ ·µ¦¤¥´¨Ö ¶ ·Ò
¦¥¸É±¨³ ËµÉµ´µ³ §  ¥¤¨´¨ÍÊ ¢·¥³¥´¨ ¢ ¶·µÍ¥¸¸¥ (8.2), τ Ä ¤²¨É¥²Ó´µ¸ÉÓ ² -
§¥·´µ° ¢¸¶ÒÏ±¨. �¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢ ¢¥²¨Î¨´Ò lg (Ne+e−/Ne)
¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ Ô²¥±É·µ´µ¢ ¢ ¶ÊÎ±¥ E ¤²Ö · §²¨Î´ÒÌ Ô´¥·£¨° ² -
§¥·´µ° ¢¸¶ÒÏ±¨ A, ¶µ²Ö·¨§ Í¨° ¢µ²´Ò λ, ¸¶¨· ²Ó´µ¸É¥° ´ Î ²Ó´µ£µ ¶ÊÎ± 
Ô²¥±É·µ´µ¢ λe ¨ ¶·µ¥±Í¨° ¸¶¨´  µ ´  µ¸Ó ~c3 (1.9) ¤²Ö ¶µ§¨É·µ´µ¢ ¶µ± § ´Ò ´ 
·¨¸.6 [90]. ‹¨´¨¨ 1, 2, 3 ¸µµÉ¢¥É¸É¢ÊÕÉ ¸²¥¤ÊÕÐ¥³Ê ¢Ò¡µ·Ê ¸¶¨· ²Ó´µ¸É¥°:
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�¨¸. 6. ‡ ¢¨¸¨³µ¸ÉÓ Î¨¸²  ·µ¦¤¥´´ÒÌ e+e−-¶ · ¦¥¸É±¨³ ±µ³¶Éµ´µ¢¸±¨³ ËµÉµ´µ³ µÉ
Ô´¥·£¨¨ Ô²¥±É·µ´´µ£µ ¶ÊÎ±  ¤²Ö · §²¨Î´ÒÌ Ô´¥·£¨° ² §¥·´µ° ¢¸¶ÒÏ±¨ A ¨ ¶µ²Ö·¨-
§ Í¨° Î ¸É¨Í. ‹¨´¨¨ 1Å3 ¸µµÉ¢¥É¸É¢ÊÕÉ ¸²¥¤ÊÕÐ¥³Ê ¢Ò¡µ·Ê ¸¶¨· ²Ó´µ¸É¥° λ ¨ λe
´ Î ²Ó´ÒÌ Î ¸É¨Í ¢ ·¥ ±Í¨¨ (8.1): 1) λλe = 0, 2) λλe = −1, 3) λλe = 1, ¸¶²µÏ´Ò¥
²¨´¨¨ µÉ¢¥Î ÕÉ n = 2,   ÏÉ·¨Ìµ¢Ò¥ Ä n = 1 ¢ ¶·µÍ¥¸¸¥ (8.1);  ) ¶·µ¥±Í¨Ö ¸¶¨´ 
¶µ§¨É·µ´  µ = −1, ¡) µ = 1

1) λλe = 0, 2) λλe = −1, 3) λλe = 1; c¶²µÏ´Ò¥ ²¨´¨¨ Å n = 2, ÏÉ·¨Ìµ¢Ò¥
Å n = 1 ¢ ¶·µÍ¥¸¸¥ (8.1). ˆ§ ·¨¸. 6 ¸²¥¤Ê¥É, ÎÉµ ´¥²¨´¥°´Ò¥ ÔËË¥±ÉÒ ¢ �Š�
¶·¨¢µ¤ÖÉ ± ¸ÊÐ¥¸É¢¥´´µ³Ê Ê¢¥²¨Î¥´¨Õ Î¨¸²  e+e−-¶ ·, ·µ¦¤¥´´ÒÌ ¦¥¸É±¨³
ËµÉµ´µ³ ¢ µ¡² ¸É¨ Ô´¥·£¨° ¸µ¢·¥³¥´´ÒÌ Ê¸±µ·¨É¥²¥°.

‡�Š‹�—…�ˆ…

–¥²Ó ´ ¸ÉµÖÐ¥£µ µ¡§µ·  Å µ¡ÑÖ¸´¨ÉÓ, ÎÉµ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° „‘�, ÎÉµ
´µ¢µ£µ µ´ ¤ ¥É ¤²Ö µ¶¨¸ ´¨Ö ¸¶¨´µ¢ÒÌ ¸¢µ°¸É¢ Î ¸É¨Í,   É ±¦¥ ¤²Ö · §¢¨É¨Ö
±µ¢ ·¨ ´É´µ£µ ³¥Éµ¤  ¢ÒÎ¨¸²¥´¨° ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ ¶µ¤Ìµ¤¥ �µ£ÊÏ 
Å ”¥¤µ·µ¢ , ¨ ± ± ÔÉµÉ ³¥Éµ¤ ¸µµÉ´µ¸¨É¸Ö ¸ ¤·Ê£¨³¨, É ±¨³¨, ± ± ³¥Éµ¤
£·Ê¶¶Ò CALCUL ¨ É.¤.

ˆ§ ¨§²µ¦¥´´µ£µ ¢ÒÏ¥ ³ É¥·¨ ²  Ö¸´µ, ÎÉµ „‘� § ´¨³ ¥É µ¸µ¡µ¥ ¶µ-
²µ¦¥´¨¥ ¸·¥¤¨ ¢¸¥Ì µ¸É ²Ó´ÒÌ, ¶µ¸±µ²Ó±Ê ¢ ´¥³ ·¥ ²¨§Ê¥É¸Ö ³ ² Ö £·Ê¶¶ 
‹µ·¥´Í , µ¡Ð Ö ¤²Ö Î ¸É¨Í ¸ 4-¨³¶Ê²Ó¸ ³¨ p1 (¤µ ¢§ ¨³µ¤¥°¸É¢¨Ö) ¨ p3 (¶µ-
¸²¥ ¢§ ¨³µ¤¥°¸É¢¨Ö). „‘� ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ µ¶¨¸Ò¢ ÉÓ ¸¶¨´µ¢Ò¥ ¸µ¸ÉµÖ´¨Ö
¸¨¸É¥³, ¸µ¸ÉµÖÐ¨Ì ¨§ ¤¢ÊÌ Î ¸É¨Í (¢ Éµ³ Î¨¸²¥ ¨ ¸ · §²¨Î´Ò³¨ ³ ¸¸ ³¨) ¸
¶µ³µÐÓÕ ¶·µ¥±Í¨° ¸¶¨´  ´  µ¤´µ µ¡Ð¥¥ ´ ¶· ¢²¥´¨¥. ‘µ¢¶ ¤¥´¨¥ ³ ²ÒÌ
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£·Ê¶¶ ‹µ·¥´Í  ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ Î ¸É¨ÍÒ ¤µ ¨ ¶µ¸²¥ ¢§ ¨³µ¤¥°¸É¢¨Ö
¨³¥ÕÉ µ¡Ð¨° ´ ¡µ· ¸¶¨´µ¢ÒÌ µ¶¥· Éµ·µ¢, ±µ³³ÊÉ¨·ÊÕÐ¨Ì ³¥¦¤Ê ¸µ¡µ°,
ÎÉµ ¶µ§¢µ²Ö¥É ¢ ±µ¢ ·¨ ´É´µ³ ¢¨¤¥ · §¤¥²¨ÉÓ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¨§³¥´¥´¨¥³
¨ ¡¥§ ¨§³¥´¥´¨Ö ¸¶¨´µ¢ÒÌ ¸µ¸ÉµÖ´¨° Î ¸É¨Í, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥ ±Í¨¨, ¨ É¥³
¸ ³Ò³ ¶·µ¸²¥¤¨ÉÓ §  ¤¨´ ³¨±µ° ¸¶¨´µ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. �² £µ¤ ·Ö ¸µ-
¢¶ ¤¥´¨Õ ¸¶¨´µ¢ÒÌ µ¶¥· Éµ·µ¢,   É ±¦¥ ¢Ò¤¥²¥´¨Õ ¢¨£´¥·µ¢¸±¨Ì ¢· Ð¥´¨°,
³ É¥³ É¨Î¥¸± Ö ¸É·Ê±ÉÊ·  ¤¨ £µ´ ²Ó´ÒÌ  ³¶²¨ÉÊ¤ ¶·¥¤¥²Ó´µ Ê¶·µÐ ¥É¸Ö.

„²Ö ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ ±µ¢ ·¨ ´É´µ³ ¶µ¤Ìµ¤¥ �µ£ÊÏ  Å
”¥¤µ·µ¢  ´¥µ¡Ìµ¤¨³µ §´ ÉÓ ¶·µ¥±É¨¢´Ò¥ µ¶¥· Éµ·Ò ¸µ¸ÉµÖ´¨° Î ¸É¨Í, µ¶¥-
· Éµ· ¶¥·¥Ìµ¤  µÉ ´ Î ²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö ± ±µ´¥Î´µ³Ê (¨ µ¡· É´Ò° ± ´¥³Ê),  
É ±¦¥ ¶µ¢ÒÏ ÕÐ¨¥ ¨ ¶µ´¨¦ ÕÐ¨¥ ¸¶¨´µ¢Ò¥ µ¶¥· Éµ·Ò ¢ ¸²ÊÎ ¥ ¶¥·¥Ìµ¤µ¢
¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´ . ‚ µ¡§µ·¥ ¤ ´µ · §¢¨É¨¥ ÔÉµ£µ ±µ¢ ·¨ ´É´µ£µ ¶µ¤Ìµ¤ 
§  ¸Î¥É ¨¸¶µ²Ó§µ¢ ´¨Ö „‘�. �µ¸É·µ¥´Ò µ¶¥· Éµ·Ò uδ(p1) u ±δ(p3), ¸ ¶µ³µ-
ÐÓÕ ±µÉµ·ÒÌ ¢ÒÎ¨¸²ÖÕÉ¸Ö ¤¨ £µ´ ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò ¢ ¸²ÊÎ ¥ ¶¥·¥Ìµ¤µ¢ ¡¥§
¶¥·¥¢µ·µÉ  ¨ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´ . �´¨ ¸¶· ¢¥¤²¨¢Ò ± ± ¢ ³ ¸¸¨¢´µ³, É ±
¨ ¢ ¡¥§³ ¸¸µ¢µ³ ¸²ÊÎ ¥. „²Ö ´¨Ì ¶µ²ÊÎ¥´µ É·¨ Ô±¢¨¢ ²¥´É´ÒÌ ¶·¥¤¸É ¢²¥-
´¨Ö, ¨³¥ÕÐ¨Ì ±µ³¶ ±É´Ò° ¢¨¤. � ¸¸³µÉ·¥´ É ±¦¥ ¶¥·¥Ìµ¤ ± ¡¥§³ ¸¸µ¢µ³Ê
¸²ÊÎ Õ, ¢ ±µÉµ·µ³ „‘� ¸ ÉµÎ´µ¸ÉÓÕ ¤µ §´ ±  ¸µ¢¶ ¤ ¥É ¸µ ¸¶¨· ²Ó´Ò³.

�É³¥É¨³, ÎÉµ ¢ ³¥Éµ¤¥ CALCUL ¡¥§³ ¸¸µ¢µ¸ÉÓ Ë¥·³¨µ´  Ö¢²Ö¥É¸Ö ´¥-
µ¡Ìµ¤¨³µ°. Š²ÕÎ¥¢Ò³ ³µ³¥´Éµ³ ¨Ì ³¥Éµ¤¨±¨ Ö¢²Ö¥É¸Ö ¢¥¸Ó³  Ê¤µ¡´Ò° ¢Ò-
¡µ· ¢¥±Éµ·µ¢ ¶µ²Ö·¨§ Í¨° ËµÉµ´µ¢, ¢ ±µÉµ·ÒÌ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¨³¶Ê²Ó¸Ò É¥Ì
Ë¥·³¨µ´µ¢, ¨§ ±µÉµ·ÒÌ ÔÉ¨ ËµÉµ´Ò ¨§²ÊÎ ÕÉ¸Ö. �Éµ µ¡¥¸¶¥Î¨¢ ¥É ± ²¨¡·µ-
¢µÎ´ÊÕ ¨´¢ ·¨ ´É´µ¸ÉÓ, ¶µ§¢µ²Ö¥É Ê¶·µ¸É¨ÉÓ ¸É·Ê±ÉÊ·Ê  ³¶²¨ÉÊ¤ ¨ ¢ ±µ´¥Î-
´µ³ ¨Éµ£¥ ¢ÒÎ¨¸²¨ÉÓ ¨Ì. Œ ¸¸Ê ¢ ³¥Éµ¤¥ CALCUL Ê¤ ¥É¸Ö ÊÎ¥¸ÉÓ Éµ²Ó±µ
¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±µ³ ¸²ÊÎ ¥ ¨ ²¨ÏÓ ¢ ± Î¥¸É¢¥ £·µ³µ§¤±¨Ì ³ ¸¸µ¢ÒÌ ¶µ-
¶· ¢µ±. �¡µ¡Ð¥´¨Ö ÔÉµ£µ ³¥Éµ¤  ´  ³ ¸¸¨¢´Ò° ¸²ÊÎ °, ± ± ¶· ¢¨²µ, É·¥¡ÊÕÉ
¢¢¥¤¥´¨Ö ¢¸¶µ³µ£ É¥²Ó´ÒÌ ¢¥±Éµ·µ¢, ´¥ ¸¢Ö§ ´´ÒÌ ¸ ±¨´¥³ É¨±µ° § ¤ Î¨, ¨
¶µÉµ³Ê ´¥Ê¤µ¡´Ò ¢ · ¡µÉ¥. ’¥³ ´¥ ³¥´¥¥ ÔÉµÉ ³¥Éµ¤ ¸µ¤¥·¦¨É ¶·¨¢²¥± É¥²Ó-
´ÊÕ ¨¤¥Õ ¸É·µ¨ÉÓ ¢¥±Éµ·Ò ¶µ²Ö·¨§ Í¨° ËµÉµ´µ¢ Î¥·¥§ 4-¨³¶Ê²Ó¸Ò Î ¸É¨Í,
ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥ ±Í¨¨. �Éµ ¶µ§¢µ²Ö¥É Ê³¥´ÓÏ¨ÉÓ Î¨¸²µ ´¥§ ¢¨¸¨³ÒÌ ¸± -
²Ö·´ÒÌ ¶·µ¨§¢¥¤¥´¨° ¢ ±µ´¥Î´ÒÌ ¢Ò· ¦¥´¨ÖÌ ¤²Ö  ³¶²¨ÉÊ¤ ¨ É¥³ ¸ ³Ò³
Ê¶·µ¸É¨ÉÓ · ¸Î¥ÉÒ. ’ ±¨³ µ¡· §µ³, µÉ± § µÉ µ¡Ð´µ¸É¨ · ¸¸³µÉ·¥´¨Ö ¶·¨-
¢µ¤¨É ± ·µ¸ÉÊ ÔËË¥±É¨¢´µ¸É¨ ·¥Ï¥´¨Ö § ¤ Î¨. �Éµ É¥³ ¡µ²¥¥ ¸¶· ¢¥¤²¨¢µ
¶µ µÉ´µÏ¥´¨Õ ± · §¢¨Éµ³Ê ³¥Éµ¤Ê ¢ÒÎ¨¸²¥´¨Ö ¤¨ £µ´ ²Ó´ÒÌ  ³¶²¨ÉÊ¤, ¶µ-
¸±µ²Ó±Ê ¢ ´¥³ ¤²Ö ¶µ¸É·µ¥´¨Ö ³ É¥³ É¨Î¥¸±µ£µ  ¶¶ · É  ¨¸¶µ²Ó§ÊÕÉ¸Ö Éµ²Ó±µ
4-¨³¶Ê²Ó¸Ò Î ¸É¨Í, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥ ±Í¨¨. ‚ „‘� ¨Ì ¢¶µ²´¥ ¤µ¸É ÉµÎ´µ,
¡² £µ¤ ·Ö ¨¸¶µ²Ó§µ¢ ´¨Õ ¨¤¥° ±µ¢ ·¨ ´É´µ£µ ¶µ¤Ìµ¤  �µ£ÊÏ  Å ”¥¤µ·µ¢ .

�¥·¥Î¨¸²¨³ ±· É±µ µ¸´µ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ·Ö¤  ±µ´±·¥É´ÒÌ  ±ÉÊ-
 ²Ó´ÒÌ ¶·µÍ¥¸¸µ¢ Š�„, ¶µ²ÊÎ¥´´ÒÌ ¸ ¶µ³µÐÓÕ · §¢¨Éµ£µ ³¥Éµ¤  ¢ÒÎ¨¸²¥´¨Ö
³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ „‘�.

�µ± § ´µ, ÎÉµ ¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±µ³, (¡¥§³ ¸¸µ¢µ³) ¶·¥¤¥²¥ ¤¨ËË¥-
·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¶·µÍ¥¸¸µ¢ Éµ·³µ§´µ£µ ³¥²²¥·µ¢¸±µ£µ ¨ ¡ ¡ -· ¸¸¥Ö´¨Ö
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(e±e− → e±e−γ) ¢ ¸²ÊÎ ¥, ±µ£¤  ´¥ Éµ²Ó±µ ´ Î ²Ó´Ò¥ e±, e−-Î ¸É¨ÍÒ, ´µ ¨
ËµÉµ´ Ö¢²ÖÕÉ¸Ö ¸¶¨· ²Ó´µ ¶µ²Ö·¨§µ¢ ´´Ò³¨, ³µ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥
¶·µ¨§¢¥¤¥´¨Ö ¤¢ÊÌ ¸µ³´µ¦¨É¥²¥°, µ¤¨´ ¨§ ±µÉµ·ÒÌ Ê´¨¢¥·¸ ²¥´ ¨ ¸µ¢¶ ¤ ¥É
¸ ¶µ²ÊÎ¥´´Ò³ · ´¥¥ £·Ê¶¶µ° CALCUL ¢ ¸²ÊÎ ¥ µÉ¸ÊÉ¸É¢¨Ö ¶µ²Ö·¨§ Í¨°.

‚ÒÎ¨¸²¥´Ò ¸¶¨· ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò ¶·µÍ¥¸¸  É·¥ÌËµÉµ´´µ°  ´´¨£¨²ÖÍ¨¨
¸¢µ¡µ¤´µ° ¶ ·Ò e+e− → 3γ,   É ±¦¥  ³¶²¨ÉÊ¤Ò  ´´¨£¨²ÖÍ¨¨ µ·Éµ¶µ§¨É·µ-
´¨Ö, µÉ¢¥Î ÕÐ¨¥ ¶·µ¥±Í¨Ö³ ¶µ²´µ£µ ¸¶¨´  0,±1. �µ²ÊÎ¥´Ò ¤¨ËË¥·¥´Í¨-
 ²Ó´Ò¥ ¸¥Î¥´¨Ö ¸ ÊÎ¥Éµ³ ¶µ²Ö·¨§ Í¨° · §²¨Î´ÒÌ Î ¸É¨Í. � ¸¸Î¨É ´  ¢¥·µ-
ÖÉ´µ¸ÉÓ  ´´¨£¨²ÖÍ¨¨ ¢ ¸²ÊÎ ¥, ±µ£¤  µ¤¨´ ¨§ γ-±¢ ´Éµ¢ Ö¢²Ö¥É¸Ö ²¨´¥°´µ
¶µ²Ö·¨§µ¢ ´´Ò³,   µ¸É ²Ó´Ò¥ ¤¢  ´¥¶µ²Ö·¨§µ¢ ´Ò. �µ²ÊÎ¥´´µ¥ ¢Ò· ¦¥´¨¥
¤²Ö ¸É¥¶¥´¨ ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´  ¸µ¢¶ ¤ ¥É ¸ ·¥§Ê²ÓÉ É ³¨ ¤·Ê£¨Ì
 ¢Éµ·µ¢.

„²Ö ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¡¥É¥-£ °É²¥·µ¢¸±µ£µ ¶·µÍ¥¸¸  ¨§²ÊÎ¥-
´¨Ö ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ ËµÉµ´  Ô²¥±É·µ´µ³ ¸ ÊÎ¥Éµ³ µÉ¤ Î¨ ¨ Ëµ·³-
Ë ±Éµ·µ¢ ¶·µÉµ´  ¶µ²ÊÎ¥´µ ±µ³¶ ±É´µ¥ ¢Ò· ¦¥´¨¥, ¡² £µ¤ ·Ö Ë ±Éµ·¨§ Í¨¨
±¢ ¤· Éµ¢ Ô²¥±É·¨Î¥¸±µ£µ ¨ ³ £´¨É´µ£µ Ëµ·³Ë ±Éµ·µ¢ ¶·µÉµ´ . ‚ ¶·¥¤¥²Ó-
´µ³ ¸²ÊÎ ¥, ±µ£¤  ¶·µÉµ´ Ö¢²Ö¥É¸Ö ÉµÎ¥Î´µ° Î ¸É¨Í¥° c ¡¥¸±µ´¥Î´µ° ³ ¸¸µ°,
¶µ²ÊÎ¥´´µ¥ ¢Ò· ¦¥´¨¥ ¶¥·¥Ìµ¤¨É ¢ ¨§¢¥¸É´µ¥.

�·µ¢¥¤¥´µ ¨¸¸²¥¤µ¢ ´¨¥ ·¥ ±Í¨¨ ep → epγ ¸ ÊÎ¥Éµ³ ¶µ²Ö·¨§Ê¥³µ¸É¨
¶·µÉµ´  ¢ ±¨´¥³ É¨±¥, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° · ¸¸¥Ö´¨Õ Ô²¥±É·µ´µ¢ ´  ³ ²Ò¥,  
ËµÉµ´µ¢ ´  ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨¥ Ê£²Ò, £¤¥ ¤µ³¨´¨·Ê¥É ¶·µÉµ´´µ¥ ¨§²ÊÎ¥´¨¥.
�¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢, ¶·µ¢¥¤¥´´ÒÌ ¢ ¸¨¸É¥³¥ ¶µ±µÖ ´ Î ²Ó´µ£µ
¶·µÉµ´  ¶·¨ Ô´¥·£¨¨ Ô²¥±É·µ´´µ£µ ¶ÊÎ±  Ee = 200 ŒÔ‚ ¢ ¢Ò¡· ´´µ° ±¨´¥-
³ É¨±¥, ¶µ± §Ò¢ ÕÉ, ÎÉµ Ê¸²µ¢¨Ö, ´¥µ¡Ìµ¤¨³Ò¥ ¤²Ö ¢Ò¤¥²¥´¨Ö ¶µ¤¶·oÍ¥¸¸ 
γp → γp ¨§ ·¥ ±Í¨¨ ep → epγ, ¢Ò¶µ²´ÖÕÉ¸Ö, ¶µ¸±µ²Ó±Ê µÉ´µ¸¨É¥²Ó´Ò°
¢±² ¤ ¡¥É¥-£ °É²¥·µ¢¸±µ£µ ¨ ¨´É¥·Ë¥·¥´Í¨µ´´µ£µ Î²¥´µ¢ ¢ ¸¥Î¥´¨¥ ·¥ ±Í¨¨
´¥ ¶·¥¢ÒÏ ¥É 10 %,   ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ep→ epγ µ¡² ¤ ¥É § ³¥É´µ° ÎÊ¢¸É¢¨-
É¥²Ó´µ¸ÉÓÕ ± ¶µ²Ö·¨§Ê¥³µ¸É¨ ¶·µÉµ´ .

�µ¸É·µ¥´µ ±µ¢ ·¨ ´É´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ²¥¶Éµ´´µ£µ É¥´§µ· , ¢ ±µÉµ·µ³
¢Ò¤¥²¥´ ¢±² ¤ ¸µ¸ÉµÖ´¨° ¸ ¶µ¶¥·¥Î´µ° ¨ ¶·µ¤µ²Ó´µ° ¶µ²Ö·¨§ Í¨¥° ¢¨·ÉÊ-
 ²Ó´µ£µ ËµÉµ´ . �µ± § ´µ, ÎÉµ ÊÎ¥É ³ ¸¸Ò ²¥¶Éµ´  ¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ
¸É¥¶¥´¨ ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´ .

ˆ¸¸²¥¤µ¢ ´Ò ´¥²¨´¥°´Ò¥ ÔËË¥±ÉÒ ¶·¨ µ¡· É´µ³ ±µ³¶Éµ´µ¢¸±µ³ · ¸-
¸¥Ö´¨¨ ËµÉµ´µ¢ ¨´É¥´¸¨¢´µ° Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ° ² §¥·´µ° ¢µ²´Ò,
¸Ëµ±Ê¸¨·µ¢ ´´µ° ´  ¶ÊÎ±¥ ¶·µ¤µ²Ó´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì
Ô²¥±É·µ´µ¢ (e + nγ0 → e + γ). �µ± § ´µ, ÎÉµ ¶·¨ ¡µ²ÓÏ¨Ì ¨´É¥´¸¨¢´µ-
¸ÉÖÌ ¶·µÍ¥¸¸ ¨§²ÊÎ¥´¨Ö ¦¥¸É±µ£µ ËµÉµ´  Ö¢²Ö¥É¸Ö ¸ÊÐ¥¸É¢¥´´µ ´¥²¨´¥°´Ò³,
  ¢²¨Ö´¨¥ ¶µ²Ö·¨§ Í¨° § ³¥É´µ Ê³¥´ÓÏ ¥É¸Ö.

�µ± § ´µ, ÎÉµ ÊÏ¨·¥´¨¥ ¸¶¥±É·  ¢ µ¡· É´µ³ ±µ³¶Éµ´µ¢¸±µ³ · ¸¸¥Ö´¨¨ § 
¸Î¥É ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ ¶·¨¢µ¤¨É ± ¸´¨¦¥´¨Õ ¶µ·µ£  ·µ¦¤¥´¨Ö e+e−-¶ ·
¨ ± Ê¢¥²¨Î¥´¨Õ ¨Ì Î¨¸²  ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ¦¥¸É±µ£µ ±µ³¶Éµ´µ¢¸±µ£µ ËµÉµ´ 
¸ ´¥¸±µ²Ó±¨³¨ ² §¥·´Ò³¨ ËµÉµ´ ³¨ µ¤´µ¢·¥³¥´´µ (γ + nγ0 → e+ + e−).
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’ ±¨³ µ¡· §µ³, µÉ¸ÊÉ¸É¸É¢¨¥ É·Ê¤´µ¸É¥°, ¸¢Ö§ ´´ÒÌ ¸ ÊÎ¥Éµ³ ³ ¸¸Ò ¨
· ¸Î¥Éµ³  ³¶²¨ÉÊ¤ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´ ,   É ±¦¥ ±· ¸µÉ  ¨ ¨§ÖÐ¥¸É¢µ ¶µ-
²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢, ´¥¸µ³´¥´´µ, Ö¢²ÖÕÉ¸Ö ¸¢¨¤¥É¥²Ó¸É¢µ³ ÔËË¥±É¨¢´µ¸É¨
· §¢¨Éµ£µ ³¥Éµ¤  ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢.

�¢Éµ·Ò ¡² £µ¤ ·´Ò ¸µ§¤ É¥²Ö³ ±µ¢ ·¨ ´É´µ£µ ¶µ¤Ìµ¤ : Î²¥´Ê.-±µ··. ���
�.�.�µ£ÊÏÊ ¨  ± ¤¥³¨±Ê ”.ˆ.”¥¤µ·µ¢Ê. ˆÌ ¡² £µÉ¢µ·´Ò¥ ¨¤¥¨ ¨ ³¥Éµ¤Ò
¢µ ³´µ£µ³ µ¶·¥¤¥²¨²¨ ´ ¶· ¢²¥´¨¥ ¨¸¸²¥¤µ¢ ´¨° ¨ Ì · ±É¥· · ¡µÉÒ. �¢-
Éµ·Ò ¶·¨§´ É¥²Ó´Ò ‚.ˆ.ŠÊ¢Ï¨´µ¢Ê, ¸É¨³Ê²¨·µ¢ ¢Ï¥³Ê ´ ¶¨¸ ´¨¥ ´ ¸ÉµÖ-
Ð¥£µ µ¡§µ· ,   É ±¦¥ ˆ.”.ƒ¨´§¡Ê·£Ê, �.�.ŠÊ· ¥¢Ê, Œ.ˆ.‹¥¢ÎÊ±Ê, �.ˆ.‹Ó¢µ¢Ê
¨ ‚.�.�¥É·Ê´Ó±¨´Ê §  ¶µ¸É ´µ¢±Ê § ¤ Î, ¶µ²¥§´Ò¥ µ¡¸Ê¦¤¥´¨Ö ¨ ¨´É¥·¥¸ ±
· ¡µÉ¥.
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�.†.‡ ²¨Ì ´µ¢

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

ˆ§²µ¦¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤µ¢ ´¨° ¶·µ¢µ²µÎ´ÒÌ ± ³¥· ¢ µ¡² ¸É¨ £ §µ¢µ£µ Ê¸¨²¥´¨Ö, ¸µµÉ-
¢¥É¸É¢ÊÕÐ¥£µ µ¡· §µ¢ ´¨Õ ¢ Ô²¥±É·µ´´µ° ² ¢¨´¥ ¸É·¨³¥· .

‚¶¥·¢Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´µ ¶·µ¤¥³µ´¸É·¨·µ¢ ´  ¤¨´ ³¨±  · §¢¨É¨Ö ² ¢¨´Ò ¨ ¥¥ É· ´¸-
Ëµ·³¨·µ¢ ´¨¥ ¢ ¶² §³¥´´µ¥ µ¡· §µ¢ ´¨¥, ¢ ±µÉµ·µ³ ¶·µÖ¢²ÖÕÉ¸Ö ± Î¥¸É¢¥´´µ ´µ¢Ò¥ Ì · ±-
É¥·¨¸É¨±¨, ¶µ§¢µ²ÖÕÐ¨¥ µ¶·¥¤¥²¨ÉÓ ´¥µ¡Ìµ¤¨³Ò¥ Ê¸²µ¢¨Ö ¤²Ö Ëµ·³¨·µ¢ ´¨Ö ¸É·¨³¥·  ¨ ¥£µ
¶·µ· ¸É ´¨Ö ¢ ´ ¶· ¢²¥´¨¨ ± ± Éµ¤Ê.

�µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò ¤²Ö · §¢¨É¨Ö ³¥Éµ¤¨±¨ Ë¨§¨Î¥¸±µ£µ Ô±¸-
¶¥·¨³¥´É  ¨ ¢ Ë¨§¨±¥ £ §µ¢µ£µ · §·Ö¤ .

The paper reports the results of investigating wire chambers in the gas ampliˇcation region
corresponding to formation of a streamer in the electron avalanche.

The avalanche development dynamics and transformation of the avalanche into a plasma stuff
is shown for the ˇrst time. This plasma stuff exhibits qualitatively new characteristics that allow
one to determine the necessary conditions for the formation of a streamer and the mechanism for its
spreading towards the cathode.

The results of this investigation can be used for developments of physics experiment techniques
and in gas discharge physics.

1. ‚‚…„…�ˆ…

ˆ§ ±² ¸¸¨Ë¨± Í¨¨ · §²¨Î´ÒÌ É¨¶µ¢ ¨ µ¡² ¸É¥° £ §µ¢µ£µ · §·Ö¤  ¢ ´¥µ¤-
´µ·µ¤´ÒÌ Ô²¥±É·¨Î¥¸±¨Ì ¶µ²ÖÌ ¸²¥¤Ê¥É, ÎÉµ É Ê´¸¥´¤µ¢¸±¨° · §·Ö¤ ¶¥·¥Ìµ¤¨É
²¨¡µ ¢ ±µ·µ´´Ò° · §·Ö¤ (·¥¦¨³ ƒ¥°£¥·  Å ŒÕ²²¥· ), ²¨¡µ ¢ ¸ ³µ£ ¸ÖÐ¨°¸Ö
¸É·¨³¥·´Ò° · §·Ö¤. �¥·¥Ìµ¤ · §·Ö¤  ¢ ÉµÉ ¨²¨ ¨´µ° ·¥¦¨³ § ¢¨¸¨É ± ± µÉ ¸µ-
¸É ¢  £ § , ¢ ±µÉµ·µ³ ¶·µ¨¸Ìµ¤¨É · §·Ö¤, É ± ¨ µÉ £¥µ³¥É·¨Î¥¸±¨Ì ¶ · ³¥É·µ¢
± ³¥·Ò [1Å4].

ˆ§¢¥¸É´µ, ÎÉµ ¤²Ö ¶¥·¥Ìµ¤  É Ê´¸¥´¤µ¢¸±µ£µ · §·Ö¤  ¢ ±µ·µ´´Ò° ·¥Ï Õ-
ÐÊÕ ·µ²Ó ¢ · §¢¨É¨¨ ² ¢¨´Ò ¨£· ¥É ËµÉµ¨µ´¨§ Í¨Ö. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¶µ²´Ò°
±µÔËË¨Í¨¥´É £ §µ¢µ£µ Ê¸¨²¥´¨Ö, ¢Ò· ¦ ¥³Ò° ¸µµÉ´µÏ¥´¨¥³ [5]:

Mγ = M +M2γ +M3γ2 + ... =
M

1−Mγ
, (1)
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³µ¦¥É §´ Î¨É¥²Ó´µ ¶·¥¢µ¸Ìµ¤¨ÉÓ ±µÔËË¨Í¨¥´É £ §µ¢µ£µ Ê¸¨²¥´¨Ö É Ê´¸¥´-
¤µ¢¸±µ° ² ¢¨´Ò M , É ± ± ± ¢¥·µÖÉ´µ¸ÉÓ ¶µÖ¢²¥´¨Ö ËµÉµÔ²¥±É·µ´  γ ´  µ¤¨´
¢Éµ·¨Î´Ò° Ô²¥±É·µ´ · ¸É¥É ¸ ¶µ¢ÒÏ¥´¨¥³ ´ ¶·Ö¦¥´¨Ö.

‘ Ê¢¥²¨Î¥´¨¥³ ±µ²¨Î¥¸É¢  £ ¸ÖÐ¨Ì ¶·¨³¥¸¥° ¨ ¶µ¢ÒÏ¥´¨¥³ ´ ¶·Ö¦¥-
´¨Ö É Ê´¸¥´¤µ¢¸±¨° · §·Ö¤ ¢ ± ³¥·¥ ¶¥·¥Ìµ¤¨É ¢ ¸ ³µ£ ¸ÖÐ¨°¸Ö ¸É·¨³¥·´Ò°
· §·Ö¤. ‚ µÉ²¨Î¨¥ µÉ ¸É·¨³¥·´µ£µ · §·Ö¤  ¢ µ¤´µ·µ¤´µ³ ¶µ²¥ ¸É·¨³¥·, µ¡· -
§ÊÕÐ¨°¸Ö ¢ ´¥µ¤´µ·µ¤´µ³ ¶µ²¥ ¢¡²¨§¨  ´µ¤´µ° ¶·µ¢µ²µ±¨, ¢ ¶·µÍ¥¸¸¥ ¤¢¨-
¦¥´¨Ö ± ± Éµ¤Ê ¤µ¸É¨£ ¥É µ¡² ¸É¨ ¸ ´¨§±µ° ´ ¶·Ö¦¥´´µ¸ÉÓÕ Ô²¥±É·¨Î¥¸±µ£µ
¶µ²Ö ¨ ¶·¥±· Ð ¥É ¸¢µ¥ ¸ÊÐ¥¸É¢µ¢ ´¨¥. ‚ µÉ´µÏ¥´¨¨ ³¥Ì ´¨§³  ¶¥·¥Ìµ¤ 
É Ê´¸¥´¤µ¢¸±µ° ² ¢¨´Ò ¢ ¸É·¨³¥·´Ò° · §·Ö¤ ¢ ´¥µ¤´µ·µ¤´µ³ ¶µ²¥ ³Ò ³µ¦¥³
¶·¥¤¸É ¢¨ÉÓ ¸¥¡¥ ²¨ÏÓ ± Î¥¸É¢¥´´ÊÕ ± ·É¨´Ê · §¢¨É¨Ö · §·Ö¤ , ±µÉµ· Ö ¡ -
§¨·Ê¥É¸Ö ¢ µ¸´µ¢´µ³ ´  ¸É·¨³¥·´µ° É¥µ·¨¨, ¶·¥¤²µ¦¥´´µ° ‹¥¡µ³ ¨ Œ¨±µ³
¤²Ö µ¤´µ·µ¤´µ£µ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö [6]. �·¥¤¶µ² £ ¥É¸Ö, ÎÉµ §¤¥¸Ó, É ±
¦¥, ± ± ¨ ¤²Ö µ¡² ¸É¨ ƒ¥°£¥·  Å ŒÕ²²¥· , ·¥Ï ÕÐÊÕ ·µ²Ó ¢ ¸µ§¤ ´¨¨ ¢Éµ-
·¨Î´ÒÌ ² ¢¨´ ¨£· ÕÉ ËµÉµ´Ò, µ¡· §ÊÕÐ¨¥¸Ö ¢ ¶·µÍ¥¸¸¥ · §¢¨É¨Ö ¶¥·¢¨Î´µ°
² ¢¨´Ò ¨ ¸¶µ¸µ¡´Ò¥ ¨µ´¨§¨·µ¢ ÉÓ ³µ²¥±Ê²Ò £ § . …¸²¨ Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥
² ¢¨´Ò µ± §Ò¢ ¥É¸Ö ¶µ·Ö¤±  ¢´¥Ï´¥£µ ¶µ²Ö, Éµ ¨Ì ¸Ê¶¥·¶µ§¨Í¨Ö ¤ ¸É ¶µ²¥,
¸ÊÐ¥¸É¢¥´´µ ¡µ²¥¥ ¸¨²Ó´µ¥ ´  µ¸¨ ² ¢¨´Ò, Î¥³ ¸¡µ±Ê µÉ ´¥¥. �µÔÉµ³Ê ¶·¥-
¨³ÊÐ¥¸É¢¥´´µ ¡Ê¤ÊÉ · §¢¨¢ ÉÓ¸Ö ² ¢¨´Ò, ¢µ§´¨± ÕÐ¨¥ ¢¡²¨§¨ µ¸¨ ¶¥·¢¨Î´µ°
² ¢¨´Ò. �É¨ ¢Éµ·¨Î´Ò¥ ² ¢¨´Ò ¡Ê¤ÊÉ ¢²¨¢ ÉÓ¸Ö ¢ ¶¥·¢¨Î´ÊÕ ¨ µ¡· §µ¢Ò¢ ÉÓ
¸É·¨³¥· [7].

�¥ ²Ó´µ¸ÉÓ É ±µ£µ ³¥Ì ´¨§³  ± ± ¤²Ö µ¤´µ·µ¤´µ£µ, É ± ¨ ¤²Ö ´¥µ¤´µ-
·µ¤´µ£µ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¤µ ¸¨Ì ¶µ· ´¥ ¶µ²ÊÎ¨²  Ô±¸¶¥·¨³¥´É ²Ó´µ£µ
¶µ¤É¢¥·¦¤¥´¨Ö ¨ ¶µ¸ÉµÖ´´µ ¶µ¤¢¥·£ ¥É¸Ö ¸µ³´¥´¨Õ. ” ±É ¨µ´¨§ Í¨¨ £ § 
±µ·µÉ±µ¢µ²´µ¢Ò³ ¨§²ÊÎ¥´¨¥³ ² ¢¨´Ò ¸ Î¨¸²µ³ ´µ¸¨É¥²¥° § ·Ö¤ , ¡²¨§±¨³
± ±·¨É¨Î¥¸±µ³Ê (N±· ≈ 108), ¡Ò² § ·¥£¨¸É·¨·µ¢ ´ �¥É¥·µ³ [8]. �µ¸²¥-
¤ÊÕÐ¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ËµÉµ¨µ´¨§ Í¨¨ ¸¢¥Éµ³ µÉ ² ¢¨´ [9,10] ¶µ± § ²¨, ÎÉµ
±µ·µÉ±µ¢µ²´µ¢µ¥ ¨§²ÊÎ¥´¨¥ Ì · ±É¥·¨§Ê¥É¸Ö µÎ¥´Ó ¢Ò¸µ±¨³ ±µÔËË¨Í¨¥´Éµ³
¶µ£²µÐ¥´¨Ö µ = (200÷ 600) ¸³−1 ¨ µÉ´µ¸¨É¥²Ó´µ ´¨§±¨³ ¢ÒÌµ¤µ³ ËµÉµ´µ¢
´  µ¤¨´ ¢Éµ·¨Î´Ò° Ô²¥±É·µ´ (NË ≤ 10−3 ¶·¨ E/p ≤ 100 ‚/¸³·’µ··). �·¨

ÔÉµ³ ¸ Ê¢¥²¨Î¥´¨¥³ ¤ ¢²¥´¨Ö £ §  ´ ¡²Õ¤ ¥É¸Ö Ê³¥´ÓÏ¥´¨¥ NË, ¸¢Ö§ ´´µ¥

¸ ÉÊÏ¥´¨¥³ ¢µ§¡Ê¦¤¥´´ÒÌ  Éµ³µ¢ ¨ ³µ²¥±Ê² [11]. �Î¥¢¨¤´µ, ÎÉµ ¤ ´´Ò¥
§´ Î¥´¨Ö, Ì · ±É¥·¨§ÊÕÐ¨¥ ¢ÒÌµ¤ ¨µ´¨§ÊÕÐ¥£µ ¨§²ÊÎ¥´¨Ö ¨§ · §·Ö¤  ¨ ¶µ-
£²µÐ¥´¨¥ ¥£µ ¢ £ §¥, ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ ´¥ ¢ ¶µ²Ó§Ê ³¥Ì ´¨§³  ËµÉµ¨µ´¨§ Í¨¨.
„²Ö ¸µ§¤ ´¨Ö ¢Éµ·¨Î´ÒÌ Ô²¥±É·µ´µ¢ ËµÉµ´Ò ¤µ²¦´Ò ¶·µ²¥É¥ÉÓ ¨§ £µ²µ¢±¨
¶¥·¢¨Î´µ° ² ¢¨´Ò ¢ ´ ¶· ¢²¥´¨¨ ± ± Éµ¤Ê ´  · ¸¸ÉµÖ´¨¥ ´¥ ³¥´ÓÏ¥, Î¥³
¤²¨´  ² ¢¨´Ò, É.¥. ∼ 200 ³±³, ¢ Éµ ¢·¥³Ö ± ± ¤²¨´  ¨Ì ¶µ£²µÐ¥´¨Ö ¢ £ §¥
¸µ¸É ¢²Ö¥É (20÷ 40) ³±³.

‚Ò¸µ± Ö ¸É¥¶¥´Ó ²µ± ²¨§ Í¨¨ ² ¢¨´Ò ¢ ‘ƒ‘-·¥¦¨³¥ µÉ´µ¸¨É¥²Ó´µ µ¸¨
² ¢¨´Ò, ¶·µ¤¥³µ´¸É·¨·µ¢ ´´ Ö ¢ · ¡µÉ¥ [12], É ±¦¥ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ ¸¨²Ó-
´µ³ ¶µ¤ ¢²¥´¨¨ ¶·µÍ¥¸¸  ËµÉµ¨µ´¨§ Í¨¨: ¢ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥ ¶¥·¥¤ ¶¥·¥-
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Ìµ¤µ³ ² ¢¨´Ò ¢ ¸É·¨³¥· ËµÉµ´Ò ¸ ¡µ²ÓÏ¥° ¢¥·µÖÉ´µ¸ÉÓÕ µ¡· §µ¢ ²¨ ¡Ò
¢Éµ·¨Î´Ò¥ Ô²¥±É·µ´Ò ¢¤µ²Ó  ´µ¤´µ° ¶·µ¢µ²µ±¨, É.±. ¢ ÔÉµ³ ¸²ÊÎ ¥ É·¥¡Ê¥É¸Ö
¢ 2Å3 · §  ³¥´ÓÏ Ö ¤²¨´  ¶·µ¡¥£ . ‚µ§³µ¦´µ¸ÉÓ É ±µ£µ ³¥Ì ´¨§³  ¸²¥¤Ê¥É
¨§ ·¥§Ê²ÓÉ Éµ¢ ¨¸¸²¥¤µ¢ ´¨Ö Ì · ±É¥·¨¸É¨± ± ³¥·Ò, · ¡µÉ ÕÐ¥° ¢ ¶·¥¤¸É·¨-
³¥·´µ³ ·¥¦¨³¥ [13]. �Ò²µ ¶µ± § ´µ, ÎÉµ Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥ ¢µ§²¥  ´µ¤´µ°
¶·µ¢µ²µ±¨ §  ¶·¥¤¥² ³¨ · §¢¨¢ ÕÐ¥°¸Ö ² ¢¨´Ò ´¥ ¨¸¶ÒÉÒ¢ ¥É Ô±· ´¨·µ¢±¨
¶·µ¸É· ´¸É¢¥´´Ò³ § ·Ö¤µ³ ¨ ¶· ±É¨Î¥¸±¨ ¸µÌ· ´Ö¥É ¸¢µ¥ §´ Î¥´¨¥.

�·¥¤¶µ² £ ÕÉ, ÎÉµ § É· ¢µÎ´Ò¥ Ô²¥±É·µ´Ò ¤²Ö ¢Éµ·¨Î´ÒÌ ² ¢¨´, Ëµ·-
³¨·ÊÕÐ¨Ì ± Éµ¤µ´ ¶· ¢²¥´´Ò° ¸É·¨³¥·, ³µ£ÊÉ ·µ¦¤ ÉÓ¸Ö ¨ ¢ ·¥§Ê²ÓÉ É¥ ·¥-
 ±Í¨°  ¸¸µÍ¨ É¨¢´µ° ¨µ´¨§ Í¨¨ É¨¶  A + A∗ = A+

2 + e−, ¶·µÉ¥± ÕÐ¥°
¢ Ì¢µ¸É¥ ² ¢¨´Ò. ˆµ´¨§ Í¨Ö É ±µ£µ É¨¶  ´ ¨¡µ²¥¥ ÔËË¥±É¨¢´ , ±µ£¤  ¶µ-
É¥´Í¨ ² ¨µ´¨§ Í¨¨  Éµ³  ¸· ¢´¨³ ¸ Ô´¥·£¨¥° ¤¨¸¸µÍ¨ Í¨¨ ³µ²¥±Ê²Ö·´µ£µ
¨µ´  [14]. ˆ¸ÉµÎ´¨±µ³ ¢Éµ·¨Î´ÒÌ ² ¢¨´ ³µ¦¥É ¡ÒÉÓ ¨ ¸ÉÊ¶¥´Î É Ö ¨µ´¨§ -
Í¨Ö ¶·¨ ¸Éµ²±´µ¢¥´¨ÖÌ Ô²¥±É·µ´µ¢ ¸ ¢µ§¡Ê¦¤¥´´Ò³¨  Éµ³ ³¨, Î¨¸²µ ±µÉµ-
·ÒÌ · ¸É¥É ¸ Ê¢¥²¨Î¥´¨¥³ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¢ ± ³¥·¥ [15]. ‚ ·¥§Ê²ÓÉ É¥
¨µ´¨§ Í¨Ö  Éµ³µ¢ ¨²¨ ³µ²¥±Ê² ¸µ¢¥·Ï ¥É¸Ö ³´µ£µÎ¨¸²¥´´Ò³¨ ³¥¤²¥´´Ò³¨
Ô²¥±É·µ´ ³¨, ¸µ¤¥·¦ Ð¨³¨¸Ö ¢ ¸¨²Ó´µ° ² ¢¨´¥. ‚µ§³µ¦´µ¸ÉÓ ¢±²ÕÎ¥´¨Ö É -
±µ£µ ³¥Ì ´¨§³  ¸²¥¤Ê¥É ¨§ Éµ£µ, ÎÉµ ¸¥Î¥´¨¥ ¨µ´¨§ Í¨¨ ¢µ§¡Ê¦¤¥´´ÒÌ  Éµ³µ¢
¨ ³µ²¥±Ê² Ô²¥±É·µ´ ³¨ ¢¥²¨±µ ¶µ ¸· ¢´¥´¨Õ ¸ ¸¥Î¥´¨¥³ ¨µ´¨§ Í¨¨  Éµ³µ¢
¨ ³µ²¥±Ê², ´ Ìµ¤ÖÐ¨Ì¸Ö ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨ [15].

�·µÉ¥± ´¨¥ ¶·¨¢¥¤¥´´ÒÌ ¢ÒÏ¥ ¶·µÍ¥¸¸µ¢ ¢ ³µÐ´ÒÌ ² ¢¨´ Ì ¸ £ §µ¢Ò³
Ê¸¨²¥´¨¥³ > 107 ¢¶µ²´¥ ·¥ ²Ó´µ [14]. �¤´ ±µ · ¸¸³µÉ·¥´¨¥ ¨Ì ¢ ± Î¥¸É¢¥
¨¸ÉµÎ´¨±µ¢, µ¡¥¸¶¥Î¨¢ ÕÐ¨Ì ¢Éµ·¨Î´Ò¥ Ô²¥±É·µ´Ò §  £µ²µ¢±µ° ² ¢¨´Ò, É·¥-
¡Ê¥É Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¶µ¤É¢¥·¦¤¥´¨Ö.

2. –…‹œ ����’›

–¥²ÓÕ ´ ¸ÉµÖÐ¥° · ¡µÉÒ Ö¢²Ö¥É¸Ö ¶µ²ÊÎ¥´¨¥ ¨  ´ ²¨§ ¤ ´´ÒÌ µ · §¢¨-
É¨¨ Ô²¥±É·µ´´µ° ² ¢¨´Ò ¢ µ¡² ¸É¨ ³¥¦¤Ê µ£· ´¨Î¥´´µ ¶·µ¶µ·Í¨µ´ ²Ó´Ò³
¨ ¸ ³µ£ ¸ÖÐ¨³¸Ö ¸É·¨³¥·´Ò³ ·¥¦¨³ ³¨ ¢ · §²¨Î´ÒÌ £ §µ¢ÒÌ ³µ²¥±Ê²Ö·´ÒÌ
¸³¥¸ÖÌ. �·¨¸ÊÉ¸É¢¨¥ ¢ ± ³¥·¥ ¸²µ¦´ÒÌ £ §µ¢ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ · §·Ö¤
¨¤¥É Éµ²Ó±µ ¢ µ¤´Ê ¸É ¤¨Õ §  ¸Î¥É ¨µ´¨§ Í¨¨ Ô²¥±É·µ´´Ò³ Ê¤ ·µ³,   ¢²¨Ö´¨¥
ËµÉµ´´µ£µ ³¥Ì ´¨§³  Ê¸É· ´Ö¥É¸Ö.

„ ´´ Ö µ¡² ¸ÉÓ ¨´É¥·¥¸´  ¶µ ¸²¥¤ÊÕÐ¨³ ¸µµ¡· ¦¥´¨Ö³: · §¢¨É¨¥ ² ¢¨´Ò
¢ ¶·µ¢µ²µÎ´ÒÌ ± ³¥· Ì ¨³¥¥É µÎ¥´Ó ³ ²ÊÕ, ´µ ±µ´¥Î´ÊÕ ¤²¨É¥²Ó´µ¸ÉÓ, ¨ ¤µ
É¥Ì ¶µ·, ¶µ±  Ô²¥±É·µ´Ò ´¥ Ê°¤ÊÉ ´   ´µ¤, ±µ´Í¥´É· Í¨Ö ¶µ²µ¦¨É¥²Ó´µ£µ ¨
µÉ·¨Í É¥²Ó´µ£µ § ·Ö¤  ¢ ² ¢¨´¥ ¶· ±É¨Î¥¸±¨ µ¤¨´ ±µ¢ . ‘ ·µ¸Éµ³ £ §µ¢µ£µ
Ê¸¨²¥´¨Ö ¶²µÉ´µ¸ÉÓ § ·Ö¤  ¢ ² ¢¨´¥ · ¸É¥É, ¨, ±µ£¤  µ´  ¤µ¸É¨£ ¥É µ¶·¥-
¤¥²¥´´µ° ¢¥²¨Î¨´Ò, ´ Î¨´ ÕÉ ¶·µÖ¢²ÖÉÓ¸Ö Ô²¥±É·¨Î¥¸±¨¥ ¸¨²Ò, ¸¢Ö§Ò¢ Õ-
Ð¨¥ § ·Ö¤Ò ¶·µÉ¨¢µ¶µ²µ¦´ÒÌ §´ ±µ¢. �µ¸±µ²Ó±Ê ¨µ´Ò ¨ Ô²¥±É·µ´Ò ¢ ² ¢¨´¥
¤·¥°ËÊÕÉ ¢ ¶·µÉ¨¢µ¶µ²µ¦´ÒÌ ´ ¶· ¢²¥´¨ÖÌ ¸ · §´µ° ¸±µ·µ¸ÉÓÕ, Éµ ¤·¥°Ë ¢
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² ¢¨´¥ ´¥¨§¡¥¦´µ ¶·¨¢µ¤¨É ± · §¤¥²¥´¨Õ § ·Ö¤µ¢ ¨ ± ¢µ§´¨±´µ¢¥´¨Õ Ô²¥±-
É·¨Î¥¸±µ£µ ¶µ²Ö, ¸É·¥³ÖÐ¥£µ¸Ö Ê¸É· ´¨ÉÓ ¢µ§´¨±Ï¥¥ · §¤¥²¥´¨¥. ‚²¨Ö´¨¥
¢´¥Ï´¥£µ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö, ¸É·¥³ÖÐ¥£µ¸Ö · §¤¥²¨ÉÓ ¸¢Ö§ ´´Ò¥ § ·Ö¤Ò, ¸
·µ¸Éµ³ Ê¸¨²¥´¨Ö ¡Ê¤¥É ¸ÊÐ¥¸É¢¥´´µ µ¸² ¡²ÖÉÓ¸Ö ¨§-§  ¢µ§· ¸É ÕÐ¥£µ Ô±· -
´¨·µ¢ ´¨Ö § ·Ö¤µ¢ ¢´ÊÉ·¨ ² ¢¨´Ò. ƒ²Ê¡¨´  ¶·µ´¨±´µ¢¥´¨Ö ¢´¥Ï´¥£µ Ô²¥±-
É·¨Î¥¸±µ£µ ¶µ²Ö ¢ µ¡² ¸ÉÓ, § ´ÖÉÊÕ § ·Ö¤ ³¨, µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ [16]:

E = E0e
− xrD , (2)

£¤¥ E0 Ä ´ ¶·Ö¦¥´´µ¸ÉÓ ¶µ²Ö ¢´¥ ² ¢¨´Ò; E Ä ´ ¶·Ö¦¥´´µ¸ÉÓ ¶µ²Ö ´  · ¸¸Éµ-
Ö´¨¨ x µÉ £· ´¨ÍÒ ² ¢¨´Ò; rD Ä · ¤¨Ê¸ „¥¡ Ö, Ì · ±É¥·¨§ÊÕÐ¨° · ¸¸ÉµÖ´¨Ö,
´  ±µÉµ·ÒÌ ¢µ§³µ¦´Ò · §¤¥²¥´¨Ö § ·Ö¤µ¢ ¢ ² ¢¨´¥ ¸ ¶²µÉ´µ¸ÉÓÕ ¨ É¥¶²µ¢µ°
Ô´¥·£¨¥° Ô²¥±É·µ´µ¢ n ¨ kTe ¸µµÉ¢¥É¸É¢¥´´µ (Te Ä É¥³¶¥· ÉÊ·  Ô²¥±É·µ´µ¢,
¶µ´¨³ ¥³ Ö ´¥ ¢ ¸É·µ£µ³ ¸³Ò¸²¥,  , ¸±µ·¥¥, ± ± ¢¥²¨Î¨´ , Ì · ±É¥·¨§ÊÕÐ Ö
¸·¥¤´ÕÕ É¥¶²µ¢ÊÕ Ô´¥·£¨Õ Ô²¥±É·µ´µ¢, É.±. ² ¢¨´  ¢ ´¥µ¤´µ·µ¤´µ³ ¶µ²¥ ´¥
³µ¦¥É ´ Ìµ¤¨ÉÓ¸Ö ¢ É¥·³µ¤¨´ ³¨Î¥¸±µ³ · ¢´µ¢¥¸¨¨).

—¥³ ¢ÒÏ¥ ¶²µÉ´µ¸ÉÓ ² ¢¨´Ò, É¥³ ³¥´ÓÏ¥ ³ ¸ÏÉ ¡Ò · §¤¥²¥´¨Ö § ·Ö¤µ¢ ¢
¶·µ¸É· ´¸É¢¥ ¨ ¢µ ¢·¥³¥´¨ ¨ É¥³ ¸¨²Ó´¥¥ ¶·µÖ¢²Ö¥É¸Ö  ¢Éµ³ É¨Î¥¸±¨° ³¥Ì -
´¨§³ ¤²Ö ¢Ò· ¢´¨¢ ´¨Ö § ·Ö¤µ¢ ¶·µÉ¨¢µ¶µ²µ¦´ÒÌ §´ ±µ¢. „¢¨¦¥´¨¥ Î ¸É¨Í
¢ ´¥° ¶·µ¨¸Ìµ¤¨É É ±¨³ µ¡· §µ³, ÎÉµ ¨µ´Ò ´¥ ³µ£ÊÉ µÉµ·¢ ÉÓ¸Ö µÉ Ô²¥±-
É·µ´µ¢ [17]. „¨´ ³¨±  · §¢¨É¨Ö ² ¢¨´Ò ¢ É ±¨Ì Ê¸²µ¢¨ÖÌ ¤µ²¦´  ´µ¸¨ÉÓ
± Î¥¸É¢¥´´µ ¨´µ° Ì · ±É¥·, ¶µ¸±µ²Ó±Ê ² ¢¨´  ´ Î¨´ ¥É É· ´¸Ëµ·³¨·µ¢ ÉÓ¸Ö
¢ ¸µ¸ÉµÖ´¨¥ ¶² §³Ò [18]. �Éµ µ§´ Î ¥É, ÎÉµ ¢ ² ¢¨´¥ ¸ £ §µ¢Ò³ Ê¸¨²¥´¨¥³
107 − 108 ¤µ²¦´Ò ¶·µÖ¢²ÖÉÓ¸Ö Î¨¸Éµ ¶² §³¥´´Ò¥ ¶·µÍ¥¸¸Ò, É ±¨¥ ± ± Éµ·-
³µ¦¥´¨¥ Ô²¥±É·µ´µ¢, Ô²¥±É·µ´¥°É· ²¨§ Í¨Ö § ·Ö¤µ¢,   É ±¦¥ Ô²¥±É·µ¸É É¨-
Î¥¸±¨¥ ¶² §³¥´´Ò¥ ±µ²¥¡ ´¨Ö ¨µ´´µ° ¢¥É¢¨ ¨ ¤·Ê£¨¥ ¶·µÍ¥¸¸Ò [17,19,20],
µÉ¸ÊÉ¸É¢ÊÕÐ¨¥ ¢ É Ê´¸¥´¤µ¢¸±µ° ² ¢¨´¥.

3. ��™ˆ… ‘�����†…�ˆŸ

‘²¥¤ÊÖ  ´ ²¨§Ê, ¶·µ¢¥¤¥´´µ³Ê  ¢Éµ·µ³ ³µ´µ£· Ë¨¨ [21] µÉ´µ¸¨É¥²Ó´µ
¸ÊÐ´µ¸É¨ Ö¢²¥´¨Ö £ §µ¢µ£µ · §·Ö¤ , ¶·¥¤¸É ¢²Ö¥É¸Ö ¶µ²¥§´Ò³ ±µ·µÉ±µ ¶¥·¥-
¤ ÉÓ ¥£µ ¸µ¤¥·¦ ´¨¥ ¸ ´¥±µÉµ·Ò³¨ ¤µ¶µ²´¥´¨Ö³¨ ¶·¨³¥´¨É¥²Ó´µ ± · §·Ö¤Ê ¢
¶·µ¢µ²µÎ´ÒÌ ± ³¥· Ì.

�²¥±É·µ´´ Ö ² ¢¨´  ¢ ³´µ£µ¶·µ¢µ²µÎ´ÒÌ ± ³¥· Ì ´ Î¨´ ¥É¸Ö ¸ ´¥¡µ²Ó-
Ïµ£µ ±µ²¨Î¥¸É¢  ¶¥·¢¨Î´ÒÌ Í¥´É·µ¢ ¨µ´¨§ Í¨¨, ±µÉµ·Ò¥ µ¡· §ÊÕÉ¸Ö ¢¤µ²Ó
É·¥±  ·¥£¨¸É·¨·Ê¥³ÒÌ Î ¸É¨Í. �¤´µ¢·¥³¥´´µ ¸ ¨µ´¨§ Í¨¥°, µ¡¥¸¶¥Î¨¢ Õ-
Ð¥° · §³´µ¦¥´¨¥ Ô²¥±É·µ´µ¢ ¶µ¤ ¤¥°¸É¢¨¥³ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ± ³¥·Ò,
¨³¥ÕÉ¸Ö ¶·µÍ¥¸¸Ò, ±µÉµ·Ò¥ ¶·¥¶ÖÉ¸É¢ÊÕÉ · §¢¨É¨Õ ² ¢¨´Ò.

‹ ¢¨´Ê µ£· ´¨Î¨¢ ÕÉ ¢ µ¸´µ¢´µ³ É·¨ ¶·µÍ¥¸¸ : ¶µÉ¥·¨ Ô´¥·£¨¨ Ô²¥±É·µ-
´µ¢, ¶µÉ¥·¨ ¸ ³¨Ì Ô²¥±É·µ´µ¢ ¨ ÊÌµ¤ Ô²¥±É·µ´µ¢ ¨§ µ¡² ¸É¨ ² ¢¨´µµ¡· §µ-
¢ ´¨Ö ¢¡²¨§¨  ´µ¤´µ° ¶·µ¢µ²µ±¨ ¢ ·¥§Ê²ÓÉ É¥ ¤¨ËËÊ§¨¨. �¥·¢Ò° ¶·µÍ¥¸¸
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§ ³¥¤²Ö¥É ¶·¨µ¡·¥É¥´¨¥ Ô²¥±É·µ´µ³ ¢ Ô²¥±É·¨Î¥¸±µ³ ¶µ²¥ ± ³¥·Ò Ô´¥·£¨¨,
¤µ¸É ÉµÎ´µ° ¤²Ö ¨µ´¨§ Í¨¨. „¢  ¤·Ê£¨Ì ¶·µÍ¥¸¸  ¶·¨¢µ¤ÖÉ ± ¶µ²´µ³Ê ¨²¨
Î ¸É¨Î´µ³Ê µ¡·Ò¢Ê Í¥¶µÎ¥± ¢ Í¥¶´µ° ·¥ ±Í¨¨ · §³´µ¦¥´¨Ö. �µÔÉµ³Ê ¸Ê¤Ó¡ 
² ¢¨´Ò ·¥Ï ¥É¸Ö ´  ¥¥ · ´´¥° ¸É ¤¨¨, ±µ£¤  ¢¥·µÖÉ´µ¸ÉÓ ¶µÉ¥·¨ Ô²¥±É·µ´µ¢
§  ¸Î¥É ¨Ì ·¥±µ³¡¨´ Í¨¨ ¸ ¨µ´ ³¨ ¶· ±É¨Î¥¸±¨ ¥Ð¥ · ¢´  ´Ê²Õ.

�´¥·£¥É¨Î¥¸±¨¥ ¶µÉ¥·¨ Ô²¥±É·µ´µ¢ ¢ ³µ²¥±Ê²Ö·´ÒÌ £ § Ì · ¸Ìµ¤ÊÕÉ¸Ö ¢
µ¸´µ¢´µ³ ´  ¢µ§¡Ê¦¤¥´¨¥ ±µ²¥¡ É¥²Ó´ÒÌ ¨ Ô²¥±É·µ´´ÒÌ Ê·µ¢´¥°. �µ²Ó ÔÉ¨Ì
¶·µÍ¥¸¸µ¢ ¢ · §·Ö¤ Ì ¨§¢¥¸É´ . �¥·¢Ò° ¨§ ´¨Ì ¸²Ê¦¨É ¤²Ö ¶¥·¥¤ Î¨ Ô´¥·£¨¨
Ô²¥±É·µ´µ¢ ³µ²¥±Ê² ³ ¨ É¥³ ¸ ³Ò³ ¶µ¢ÒÏ ¥É É¥³¶¥· ÉÊ·Ê £ § . ‚Éµ·µ° ¶·µ-
Í¥¸¸ ¶·¨¢µ¤¨É ± ¢µ§¡Ê¦¤¥´¨Õ ³µ²¥±Ê², ±µÉµ·Ò¥ § É¥³ ³µ£ÊÉ ¡ÒÉÓ ¨µ´¨§µ¢ ´Ò
³´µ£µÎ¨¸²¥´´Ò³¨ µÉ´µ¸¨É¥²Ó´µ ³¥¤²¥´´Ò³¨ Ô²¥±É·µ´ ³¨, ´ Ìµ¤ÖÐ¨³¨¸Ö ¢
¸¨²Ó´µÉµÎ´µ° ² ¢¨´¥. �·µÉ¥± ´¨¥ ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ ¢¥¤¥É ¢ ¨Éµ£¥ ± § ³¥¤²¥´¨Õ
· §¢¨É¨Ö ² ¢¨´. �µÔÉµ³Ê ¤²Ö ¤µ¸É¨¦¥´¨Ö ¢ ³µ²¥±Ê²Ö·´µ³ £ §¥ ¡µ²ÓÏµ£µ §´ -
Î¥´¨Ö £ §µ¢µ£µ Ê¸¨²¥´¨Ö ¨ Ê¸±µ·¥´¨Ö ¶·µÉ¥± ´¨Ö ¶·µÍ¥¸¸  ² ¢¨´µµ¡· §µ¢ ´¨Ö
´¥µ¡Ìµ¤¨³µ, ÎÉµ¡Ò £ § µ¡² ¤ ² ¤µ¸É ÉµÎ´µ° ¤¨Ô²¥±É·¨Î¥¸±µ° ¶·µÎ´µ¸ÉÓÕ ¸
Í¥²ÓÕ µ¡¥¸¶¥Î¥´¨Ö ¢Ò¸µ±¨Ì §´ Î¥´¨° ´ ¶·Ö¦¥´´µ¸É¨ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö.
�·¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥³ ¢Ò¡µ·¥ · ¡µÎ¥£µ £ §  Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥ ¢¡²¨§¨  ´µ¤ 
¢ ¶·µ¢µ²µÎ´ÒÌ ± ³¥· Ì ³µ¦¥É ¤µ¸É¨£ ÉÓ §´ Î¥´¨Ö (3 ÷ 5) · 105 ‚/¸³ ¸ ·¥§±µ
¢Ò· ¦¥´´µ° ´¥µ¤´µ·µ¤´µ¸ÉÓÕ. �·¨Î¥³ ´  ¤²¨´¥ ¸¢µ¡µ¤´µ£µ ¶·µ¡¥£  Ô²¥±-
É·µ´  (l ≈ 10−4 ¸³) ¶µ²¥ ³µ¦¥É ³¥´ÖÉÓ¸Ö ¢ ´ ¶· ¢²¥´¨¨ ±  ´µ¤Ê ¤µ 10%. �µ
ÔÉµ° ¶·¨Î¨´¥ ¶·¨ ¤¢¨¦¥´¨¨ Ô²¥±É·µ´  ¢¡²¨§¨  ´µ¤  µ´ ´¥ Ê¸¶¥¢ ¥É ¶·¨µ¡·¥-
É ÉÓ · ¢´µ¢¥¸´ÊÕ ¸±µ·µ¸ÉÓ, ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ ¤ ´´µ³Ê §´ Î¥´¨Õ ¶µ²Ö, É.¥.
Ô²¥±É·µ´ ´¥ Ê¸¶¥¢ ¥É ¶·¥µ¡· §µ¢ ÉÓ Ô´¥·£¨Õ, ¶µ²ÊÎ¥´´ÊÕ µÉ ¶µ²Ö, ¢ Ô´¥·£¨Õ
Ì µÉ¨Î¥¸±µ£µ ¤¢¨¦¥´¨Ö. �² £µ¤ ·Ö ÔÉµ³Ê ´¥±µÉµ· Ö Î ¸ÉÓ Ô²¥±É·µ´µ¢ ² ¢¨´Ò
¢ µ¡² ¸É¨ ¸¨²Ó´µ° ´¥µ¤´µ·µ¤´µ¸É¨ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¶¥·¥Ìµ¤¨É ¢ ·¥¦¨³
Ê¸±µ·¥´¨Ö, ¨ ¨´É¥´¸¨¢´µ¸ÉÓ ¨µ´¨§ Í¨¨, ¢µ§· ¸É Ö, ¸³¥Ð ¥É¸Ö ¢ ¸Éµ·µ´Ê ´ -
¶· ¢²¥´¨Ö ¤¢¨¦¥´¨Ö [22]. �¥·¥Ìµ¤ Î ¸É¨ Ô²¥±É·µ´µ¢ ¢ ·¥¦¨³ Ê¸±µ·¥´¨Ö
·¥§±µ µ¸² ¡²Ö¥É Éµ·³µ§ÖÐ¥¥ ¤¥°¸É¢¨¥ ´  ´¨Ì ¨µ´µ¢ ¨§-§  ¸¨²Ó´µ£µ ¶ ¤¥´¨Ö
±Ê²µ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö [17].

�  ¶µÉ¥·Õ Ô²¥±É·µ´µ¢ ¢ ² ¢¨´¥ ³µ¦´µ ¢²¨ÖÉÓ, ¢ ´¥±µÉµ·µ° ¸É¥¶¥´¨, ¢Ò-
¡µ·µ³ £ §µ¢µ° ¸³¥¸¨, ¢ ±µÉµ·µ° µÉ¸ÊÉ¸É¢ÊÕÉ Ô²¥±É·µµÉ·¨Í É¥²Ó´Ò¥ ¶·¨³¥¸¨.
…¸²¨ £ § ¢¸¥ ¦¥ ¸µ¤¥·¦¨É É ±¨¥ ¶·¨³¥¸¨, Éµ ¨¸¶µ²Ó§ÊÕÉ ª£ ¸ÖÐ¨¥ª ¤µ¡ ¢±¨
¤²Ö ªµÌ² ¦¤¥´¨Öª Ô²¥±É·µ´µ¢ ¶ÊÉ¥³ Ê³¥´ÓÏ¥´¨Ö ¨Ì ¸·¥¤´¥° Ô´¥·£¨¨ ¢ ¸Éµ²±-
´µ¢¥´¨ÖÌ ¸ ³µ²¥±Ê² ³¨ ª£ ¸ÖÐ¥£µª £ §  ¨ ¶¥·¥¢µ¤  ÔÉµ° Ô´¥·£¨¨ ¢ µ¡² ¸ÉÓ
³¨´¨³Ê³  � ³§ ÊÔ·  Å ’ Ê´¸¥´¤  ¢ ¸¥Î¥´¨¨ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢ [15].

“Ìµ¤ Ô²¥±É·µ´µ¢ ¨§ µ¡² ¸É¨ ² ¢¨´µµ¡· §µ¢ ´¨Ö ¢¡²¨§¨  ´µ¤  ¢ ·¥§Ê²Ó-
É É¥ ¤¨ËËÊ§¨¨ ³µ¦´µ §´ Î¨É¥²Ó´µ Ê³¥´ÓÏ¨ÉÓ ¶ÊÉ¥³ Ê¢¥²¨Î¥´¨Ö ÔÉµ° µ¡² ¸É¨.
“¢¥²¨Î¥´¨¥ µ¡² ¸É¨ ² ¢¨´µµ¡· §µ¢ ´¨Ö ³µ¦¥É ¡ÒÉÓ ¤µ¸É¨£´ÊÉµ ¤¢µÖ±¨³ ¶Ê-
É¥³,   ¨³¥´´µ: ²¨¡µ ¨§£µÉµ¢²¥´¨¥³  ´µ¤´µ° ¶²µ¸±µ¸É¨ ¨§ ªÉµ²¸ÉÒÌª ¶·µ¢µ²µ±
¤¨ ³¥É·µ³ ≥50 ³±³ ¢ ± ³¥· Ì ¸ § §µ·µ³  ´µ¤ Å ± Éµ¤ (5 ÷ 8) ³³ [4], ²¨¡µ
Ê³¥´ÓÏ¥´¨¥³ § §µ·   ´µ¤ Å ± Éµ¤ ¨ Ï £  ¸¨£´ ²Ó´ÒÌ ¶·µ¢µ²µ± ¤µ (1÷2) ³³.
‚ ÔÉµ³ ¸²ÊÎ ¥  ´µ¤´ Ö ¶²µ¸±µ¸ÉÓ ³µ¦¥É ¡ÒÉÓ ¨§£µÉµ¢²¥´  ¨§ ¶·µ¢µ²µ±¨ ¤¨ -
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³¥É·µ³ (10 ÷ 20) ³±³ [23]. ˆ¸¶µ²Ó§µ¢ ´¨¥ ¢ Ê§±µ§ §µ·´ÒÌ ± ³¥· Ì  ´µ¤´ÒÌ
¶·µ¢µ²µ± ¤¨ ³¥É·µ³ ≥50 ³±³ §´ Î¨É¥²Ó´µ Ê¢¥²¨Î¨¢ ¥É µ¡² ¸ÉÓ ² ¢¨´µµ¡· -
§µ¢ ´¨Ö, ´µ ¶·¨ ÔÉµ³  ³¶²¨ÉÊ¤  ¨³¶Ê²Ó¸µ¢ ¡Ê¤¥É ¸¨²Ó´µ § ¢¨¸¥ÉÓ µÉ ³¥¸É 
¶µ¶ ¤ ´¨Ö ¨ ´ ¶· ¢²¥´¨Ö ¤¢¨¦¥´¨Ö ·¥£¨¸É·¨·Ê¥³ÒÌ Î ¸É¨Í [13].

’ ±¨³ µ¡· §µ³, ± ± ¢ Ê§±µ§ §µ·´ÒÌ ± ³¥· Ì, É ± ¨ ¢ ¸É ´¤ ·É´ÒÌ ± -
³¥· Ì ¸ ªÉµ²¸Éµ°ª  ´µ¤´µ° ¶·µ¢µ²µ±µ° ¶·¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥³ ¢Ò¡µ·¥ £ -
§µ¢µ° ¸³¥¸¨ ³µ¦´µ ¤µ¸É¨£ ÉÓ ¢¥¸Ó³  ¢Ò¸µ±µ£µ £ §µ¢µ£µ Ê¸¨²¥´¨Ö (¶µ·Ö¤± 
(5 ÷ 10) · 107 [13,24,28]), ¶·¨ ±µÉµ·µ³ ·¥ ²¨§Ê¥É¸Ö ¨§¢¥¸É´µ¥ Ê¸²µ¢¨¥ ¶·µ-
¡µÖ ‹¥¡  ¨ Œ¨±  [6] α(E0) · d = 18 ÷ 19 ¤²Ö µ¤´µ·µ¤´µ£µ Ô²¥±É·¨Î¥¸±µ£µ
¶µ²Ö ´ ¶·Ö¦¥´´µ¸ÉÓÕ E0; d Ä ³¥¦Ô²¥±É·µ¤´µ¥ · ¸¸ÉµÖ´¨¥; α Ä ±µÔËË¨Í¨¥´É
¨µ´¨§ Í¨¨. ‚Ò¶µ²´¥´¨¥ ÔÉµ£µ Ê¸²µ¢¨Ö, ¥¸²¨ ¸²¥¤µ¢ ÉÓ É¥µ·¨¨ ‹¥¡  ¨ Œ¨± ,
µÉµ¦¤¥¸É¢²Ö¥É¸Ö ¸ Ë ±Éµ³ ¢µ§´¨±´µ¢¥´¨Ö ¸É·¨³¥· . ‚ Ê§±µ§ §µ·´ÒÌ ± ³¥· Ì
¸ ³ ²Ò³ Ï £µ³  ´µ¤´ÒÌ ¶·µ¢µ²µ± §´ Î¥´¨¥ E/p, Ê¸·¥¤´¥´´µ¥ ¢¤µ²Ó ¸¨²µ-
¢ÒÌ ²¨´¨° ¸ÊÐ¥¸É¢¥´´µ ¢ÒÏ¥, Î¥³ ¢ ¸É ´¤ ·É´ÒÌ ± ³¥· Ì. ˆ³¥´´µ ¶µÔÉµ³Ê
Ê§±µ§ §µ·´Ò¥ ± ³¥·Ò Ö¢²ÖÕÉ¸Ö Ìµ·µÏ¨³ ¨´¸É·Ê³¥´Éµ³ ¤²Ö ¶µ²ÊÎ¥´¨Ö ¨´Ëµ·-
³ Í¨¨ µ · §¢¨É¨¨ ² ¢¨´Ò ¢ ³µ³¥´É Ëµ·³¨·µ¢ ´¨Ö ¸É·¨³¥· .

4. �Š‘�…�ˆŒ…�’�‹œ��Ÿ ������’“��

„ ´´Ò¥ µ · §¢¨É¨¨ Ô²¥±É·µ´´µ£µ ²¨¢´Ö ¢ µ¡² ¸É¨ ³¥¦¤Ê µ£· ´¨Î¥´´µ
¶·µ¶µ·Í¨µ´ ²Ó´Ò³ ¨ ¸ ³µ£ ¸ÖÐ¨³¸Ö ¸É·¨³¥·´Ò³ ·¥¦¨³ ³¨ ¡Ò²¨ ¶µ²ÊÎ¥´Ò
¸ ¶µ³µÐÓÕ ¤¢ÊÌ Ê§±µ§ §µ·´ÒÌ ± ³¥· ¸µ ¸²¥¤ÊÕÐ¥° £¥µ³¥É·¨¥°:

± ³¥·  1 Ä Ï £ ¸¨£´ ²Ó´ÒÌ ¶·µ¢µ²µ± 1,1 ³³; · ¸¸ÉµÖ´¨¥  ´µ¤ Å ± Éµ¤
±1, 5 ³³; ÎÊ¢¸É¢¨É¥²Ó´ Ö ¶²µÐ ¤Ó 150× 140, 8 ³³; Î¨¸²µ  ´µ¤´ÒÌ ¶·µ-
¢µ²µ± 128;

± ³¥·  2 Ä Ï £  ´µ¤´ÒÌ ¶·µ¢µ²µ± 2,2 ³³; · ¸¸ÉµÖ´¨¥  ´µ¤ Å ± Éµ¤ ±2 ³³;
ÎÊ¢¸É¢¨É¥²Ó´ Ö ¶²µÐ ¤Ó 220× 211, 2 ³³; Î¨¸²µ  ´µ¤´ÒÌ ¶·µ¢µ²µ± 96.

�´µ¤´ Ö ¶²µ¸±µ¸ÉÓ ¢ ± ³¥· Ì ¢Ò¶µ²´¥´  ¨§ §µ²µÎ¥´µ£µ ¢µ²ÓË· ³  ¤¨ -
³¥É·µ³ 20 ³±³ Ë¨·³Ò ªLuma Metalsª [25]. Š Éµ¤Ò ± ³¥· ¨§£µÉµ¢²¥´Ò ¨§
² ¢¸ ´µ¢µ° ¶²¥´±¨ ¸ Ê£²¥·µ¤´Ò³ ¶µ±·ÒÉ¨¥³. ’µ²Ð¨´  ² ¢¸ ´  20 ³±³, Ê£²¥-
·µ¤´µ£µ ¶µ±·ÒÉ¨Ö Å 5 ³±³. ‘µ¶·µÉ¨¢²¥´¨¥ ¶·µ¢µ¤ÖÐ¥£µ ¸²µÖ ± Éµ¤µ¢ · ¢´µ
400 �³/¸³2. Š ³¥·Ò ¨§£µÉµ¢²¥´Ò ¶µ É¥Ì´µ²µ£¨¨, µ¶¨¸ ´´µ° ¢ · ¡µÉ¥ [26].

ˆ§³¥·¥´¨Ö ¶·µ¢µ¤¨²¨¸Ó ´  ¸É¥´¤¥ (·¨¸.1) ¸ ¶µ³µÐÓÕ · ¤¨µ ±É¨¢´ÒÌ ¨¸-
ÉµÎ´¨±µ¢ 90Sr ¨ 55Fe. �·µÌµ¦¤¥´¨¥ β-Î ¸É¨Í Î¥·¥§ ± ³¥·Ê ·¥£¨¸É·¨·µ¢ ²µ¸Ó
¸Í¨´É¨²²ÖÍ¨µ´´Ò³ ¸Î¥ÉÎ¨±µ³, ¶·µ¸³ É·¨¢ ¥³Ò³ ¸ Éµ·Íµ¢ ¤¢Ê³Ö ËµÉµÊ³´µ-
¦¨É¥²Ö³¨, ¢±²ÕÎ¥´´Ò³¨ ´  ¸µ¢¶ ¤¥´¨¥. ‘¨£´ ²Ò ¸µ ¸Ì¥³Ò ¸µ¢¶ ¤¥´¨Ö ¨¸-
¶µ²Ó§µ¢ ²¨¸Ó ¤²Ö Ê¶· ¢²¥´¨Ö ¡²µ±µ³ ª‡ ·Ö¤-±µ¤ª ¶·¨  ´ ²¨§¥  ³¶²¨ÉÊ¤´ÒÌ
Ì · ±É¥·¨¸É¨± ¨ ¢ ± Î¥¸É¢¥ ¸¨£´ ²  ª‘É ·Éª ¶·¨ ¨§³¥·¥´¨¨ ¢·¥³¥´´ÒÌ Ì -
· ±É¥·¨¸É¨± ± ³¥·.



1200 ‡�‹ˆ•���‚ �.†.

�²¥±É·µ´´Ò° ¶ÊÎµ± ¨ ¥£µ ¨´É¥´¸¨¢´µ¸ÉÓ Ëµ·³¨·µ¢ ²¨¸Ó ¸ ¶µ³µÐÓÕ ·¥£Ê-
²¨·Ê¥³ÒÌ Ð¥²¥¢ÒÌ ±µ²²¨³ Éµ·µ¢, Ê¸É ´µ¢²¥´´ÒÌ ¶¥·¥¤ ± ³¥·µ° ¨ ´¥¶µ¸·¥¤-
¸É¢¥´´µ ´  ¸Í¨´É¨²²ÖÍ¨µ´´µ³ ¸Î¥ÉÎ¨±¥. — ¸É¨Î´µ¥ ¶µ¤ ¢²¥´¨¥ ·¥£¨¸É· Í¨¨
· ¸¸¥Ö´´ÒÌ ´  ¢¥Ð¥¸É¢¥ ± ³¥·Ò Ô²¥±É·µ´µ¢ ¤µ¸É¨£ ²µ¸Ó ¶ÊÉ¥³ ¢ ·Ó¨·µ¢ ´¨Ö
Ï¨·¨´Ò Ð¥²¥¢ÒÌ ±µ²²¨³ Éµ·µ¢ ¨ · ¸¸ÉµÖ´¨Ö µÉ ´¨Ì ¤µ ± ³¥·Ò.

ˆ§ÊÎ¥´¨¥ ± ³¥· ¶·µ¢µ¤¨²µ¸Ó ¸ £ §µ¢µ° ¸³¥¸ÓÕ 80% CF4 + 20% C4H10.

�¨¸. 1. ‘Ì¥³  ¨§³¥·¥´¨Ö Ì · ±É¥·¨¸É¨±
± ³¥· ¨ Ô²¥±É·µ´´µ° ² ¢¨´Ò

32-± ´ ²Ó´Ò¥ ¶·¥¤Ê¸¨²¨É¥²¨ ¤²Ö
¸¨£´ ²Ó´ÒÌ Ô²¥±É·µ¤µ¢ ¡Ò²¨ ¢Ò¶µ²-
´¥´Ò ´  µ¸´µ¢¥ É¢¥·¤µÉ¥²Ó´µ£µ Ê¸¨-
²¨É¥²Ö MAR 6 Ë¨·³Ò ªMini Circuitsª
[27] ¨ · ¸¶µ² £ ²¨¸Ó ¶·Ö³µ ´  ± -
³¥·¥. �·¨ ¨§³¥·¥´¨¨  ³¶²¨ÉÊ¤Ò ¸¨£-
´ ²µ¢ ¢ÒÌµ¤ µ¤´µ£µ ¨§ ± ´ ²µ¢ ¶·¥¤-
Ê¸¨²¨É¥²Ö ¶µ¸ÉÊ¶ ² (¶·¨ ´¨§±µ³ Ê¸¨-
²¥´¨¨ ´  ± ³¥·¥) ´  ¢Ìµ¤ ¢Éµ·µ£µ
Ê¸¨²¨É¥²Ö ¸ ±µÔËË¨Í¨¥´Éµ³ Ê¸¨²¥´¨Ö
10,   § É¥³ ´  ¢Ìµ¤ ¡²µ±  ª‡ ·Ö¤-
±µ¤ª. ‚ ÔÉ¨Ì ¨§³¥·¥´¨ÖÌ Ð¥²¥¢Ò¥
±µ²²¨³ Éµ·Ò ´ ¸É· ¨¢ ²¨¸Ó ´  ¢Ò-
¡· ´´Ò° ± ´ ². �·¨ ¨§³¥·¥´¨¨ ¢·¥-
³¥´´µ£µ ª¤¦¨ÉÉ¥· ª ¸¨£´ ²Ò ¸ ¢ÒÌµ¤ 
¶·¥¤Ê¸¨²¨É¥° ¶µ¸ÉÊ¶ ²¨ ´  ¤¢¥ 16-
± ´ ²Ó´Ò¥ ¶² ÉÒ ±µ³¶ · Éµ·µ¢. �µ¸-
²¥ ²µ£¨Î¥¸±µ£µ ¸Ê³³¨·µ¢ ´¨Ö ¸¨£´ -

²µ¢ ª�Ò¸É·µ¥ ˆ‹ˆª ¸ ÔÉ¨Ì ¶² É ¸¨£´ ² ¶µ¸ÉÊ¶ ² ´  ¢Ìµ¤ ª‘Éµ¶ª ¢·¥³¥´´µ£µ
±µ¤¨·µ¢Ð¨± .

‚Ò¸µ±µ¥ ´ ¶·Ö¦¥´¨¥ ¶µ¤ ¢ ²µ¸Ó ´  ± Éµ¤Ò ± ³¥· Î¥·¥§ µ£· ´¨Î¨¢ Õ-
Ð¥¥ ¸µ¶·µÉ¨¢²¥´¨¥, · ¢´µ¥ 3 Œ�³. ˆ´Ëµ·³ Í¨Ö ¸ ± Éµ¤µ¢ ¸´¨³ ² ¸Ó Î¥·¥§
¢Ò¸µ±µ¢µ²ÓÉ´Ò° ±µ´¤¥´¸ Éµ· ¥³±µ¸ÉÓÕ 220 ¶”×6 ±‚. �É¨ ± ´ ²Ò ¨¸¶µ²Ó-
§µ¢ ²¨¸Ó É ±¦¥ ¤²Ö ±µ´É·µ²Ö ± ³¥·Ò ¨ Ô²¥±É·µ´¨±¨, ¤²Ö ÔÉµ£µ ¶µ ´¨³ ´ 
± Éµ¤Ò ± ³¥· ¶µ¤ ¢ ²¨¸Ó µÉ £¥´¥· Éµ·  ¶·Ö³µÊ£µ²Ó´Ò¥ ¨³¶Ê²Ó¸Ò ¤²¨É¥²Ó-
´µ¸ÉÓÕ 10 ´¸ ¨  ³¶²¨ÉÊ¤µ° 0,7 ‚, ±µÉµ·Ò¥ Î¥·¥§ ¥³±µ¸ÉÓ  ´µ¤ Å ± Éµ¤
¶µ¸ÉÊ¶ ²¨ ¶µ ¸¨£´ ²Ó´Ò³ ¶·µ¢µ²µ± ³ ´  ¢Ìµ¤Ò Ê¸¨²¨É¥²¥°.

5. ��‘��…„…‹…�ˆ… �‹…Š’�ˆ—…‘Š�ƒ� ��‹Ÿ ‚ Š�Œ…��•

Š ·É¨´  ¶µ²Ö ¢ ± ³¥· Ì (·¨¸.1) µ¶·¥¤¥²Ö² ¸Ó Ï¨·µ±µ · ¸¶·µ¸É· ´¥´´Ò³
³¥Éµ¤µ³ ¨§µ¡· ¦¥´¨°. �µ²¥ ¢ ± ³¥·¥ ¢ ÉµÎ±¥ (x,z) ¨³¥¥É ¢¨¤

Ex =
2πU0

z0C0

k=m∑
k=−m

sh
π(x − ks)

z0
cos πzz0

ch
2π(x− ks)

z0
− cos 2πz

z0

, (3)
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�¨¸. 2.  ) �¡² ¸ÉÓ ² ¢¨´µµ¡· §µ¢ ´¨Ö ¢µ±·Ê£  ´µ¤´µ° ¶·µ¢µ²µ±¨, µ£· ´¨Î¥´´ Ö §´ -
Î¥´¨¥³ ´ ¶·Ö¦¥´´µ¸É¨ ¶µ²Ö 20 ±‚/¸³: 1) L0/2 = 8, S = 2, d = 0, 02; 2) L0/2 = 1, 5,
S = 1, d = 0, 02; 3) L0/2 = 2, S = 2, d = 0, 02; ¨ ¡) · ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·¨Î¥-
¸±µ£µ ¶µ²Ö ¢ ´ ¶· ¢²¥´¨¨ ± ± Éµ¤Ê: (Å) Å L0/2 = 15, S = 1, d = 0, 02; ( - - - ) Å
L0/2 = 2, S = 2, d = 0, 02; (−·−·−) Å L0/2 = 8, S = 1, d = 0, 02. ƒ¥µ³¥É·¨Î¥¸±¨¥
¶ · ³¥É·Ò ± ³¥· ¤ ´Ò ¢ ³³. � ¶·Ö¦¥´¨¥ ´  ± ³¥· Ì 2500 ‚
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�¨¸. 3. ’µ ¦¥, ÎÉµ ´  ·¨¸.2, ¶·¨ ´ ¶·Ö¦¥´¨¨ ´  ± ³¥· Ì 3800 ‚
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Ez =
2πU0

z0C0

k=m∑
k=−m

ch
π(x− ks)

z0
sin πzz0

ch
2π(x− ks)

z0
− cos 2πz

z0

, (4)

C0 =

k=m∑
k=−m

arcth

cos πr0
z0

chπksz0

 , (5)

£¤¥ z0 Å Ê¤¢µ¥´´µ¥ · ¸¸ÉµÖ´¨¥  ´µ¤-± Éµ¤; s Å Ï £  ´µ¤´ÒÌ ¶·µ¢µ²µÎ¥±;
2m+ 1 Å Î¨¸²µ  ´µ¤´ÒÌ ¶·µ¢µ²µ± ¢ ± ³¥·¥.

�¨¸. 4. ’µ ¦¥, ÎÉµ ´  ·¨¸.2, ¤²Ö ± ³¥·Ò ¸ ªÉµ²-
¸Éµ°ª ¶·µ¢µ²µ±µ°:  ) L0/2 = 8, S = 10, d = 0, 05;
¡) L0/2 = 8, S = 10, d = 0, 05. � §³¥·Ò ¤ ´Ò ¢ ³³.
� ¶·Ö¦¥´¨¥ ´  ± ³¥·¥ 3500 ‚

�  ·¨¸.2,  ¨ 3,  ¶µ± -
§ ´Ò · ¸¶·¥¤¥²¥´¨Ö Ô²¥±-
É·¨Î¥¸±µ£µ ¶µ²Ö ¶·¨ ´ -
¶·Ö¦¥´¨¨ ´  ± ³¥·¥ 2,5
¨ 3,8 ±‚ ¢ ´ ¶· ¢²¥´¨¨
µ¸¨ z µÉ  ´µ¤´µ° ¶·µ-
¢µ²µ±¨ ± ± Éµ¤Ê ¤²Ö ± -
³¥· 1 ¨ 2,   É ±¦¥ ¤²Ö
¸É ´¤ ·É´µ° ± ³¥·Ò. � ¸-
Î¥ÉÒ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±-
É·¨Î¥¸±µ£µ ¶µ²Ö ¶µ± § ²¨,
ÎÉµ ¶·¨¢¥¤¥´´µ¥ §´ Î¥-
´¨¥ E/p, Ê¸·¥¤´¥´´µ¥ ¶µ
¶ÊÉ¨ ¤·¥°Ë  ¤²Ö ± ³¥·
1 ¨ 2, ¢ÒÏ¥, Î¥³ ¢
¸É ´¤ ·É´µ° ± ³¥·¥, ¡µ-
²¥¥ Î¥³ ¢ 5Å8 · §. …¸²¨
§  ¶µ·µ£µ¢µ¥ §´ Î¥´¨¥ ² -
¢¨´µµ¡· §µ¢ ´¨Ö ¶·¨´ÖÉÓ
¢¥²¨Î¨´Ê ¶µ²Ö, · ¢´ÊÕ
20 ±‚/¸³ (¶µÉ¥´Í¨ ² ¨µ-
´¨§ Í¨¨ CF4 · ¢¥´ 17 Ô‚,
  ¤²¨´  ¸¢µ¡µ¤´µ£µ ¶·µ-
¡¥£  Ô²¥±É·µ´  ¢ ¤ ´´µ³
£ §¥ · ¢´  ∼ 10−3 ¸³),
Éµ ¶·¨ ´ ¶·Ö¦¥´¨¨ ´  ± -
³¥·¥ 3,8 ±‚ ¤ ´´µ¥ ¶µ²¥
¸µ§¤ ¥É¸Ö ¤²Ö ± ³¥·Ò 1 ´ 
· ¸¸ÉµÖ´¨¨ d = 0, 35 ³³, ¤²Ö ± ³¥·Ò 2Å0,3 ³³,   ¤²Ö ¸É ´¤ ·É´µ° ± ³¥·Ò
Ä 0,12 ³³ µÉ  ´µ¤´µ° ¶·µ¢µ²µ±¨. ”µ·³  ¨ ¶²µÐ ¤Ó µ¡² ¸É¥° ² ¢¨´µµ¡· -
§µ¢ ´¨Ö, µ£· ´¨Î¥´´ÒÌ §´ Î¥´¨¥³ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¢ 20 ±‚/¸³, ¨§µ¡· -
¦¥´Ò ´  ·¨¸. 2,¡ ¨ 3,¡. ’ ± Ö ¦¥ · ¸Ï¨·¥´´ Ö µ¡² ¸ÉÓ ² ¢¨´µµ¡· §µ¢ ´¨Ö
(·¨¸.4) ·¥ ²¨§Ê¥É¸Ö ¢ ± ³¥· Ì ¸ ªÉµ²¸Éµ°ª  ´µ¤´µ° ¶·µ¢µ²µ±µ°, µ¶¨¸ ´´ÒÌ
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¢ · ¡µÉ Ì [1Å4], ¢ ±µÉµ·ÒÌ ¨¸¸²¥¤µ¢ ²¨¸Ó Ì · ±É¥·¨¸É¨±¨ ¸ ³µ£ ¸ÖÐ¥£µ¸Ö
¸É·¨³¥·´µ£µ ·¥¦¨³ .

6. •���Š’…�ˆ‘’ˆŠˆ Š�Œ…�

‚ ¸¢Ö§¨ ¸ É¥³, ÎÉµ ¢¸¥ Ì · ±É¥·¨¸É¨±¨, ¨§³¥·¥´´Ò¥ ¤²Ö ± ³¥· 1 ¨ 2, ¶· ±-
É¨Î¥¸±¨ ¸µ¢¶ ¤ ÕÉ (§  ¨¸±²ÕÎ¥´¨¥³ ¢·¥³¥´´µ£µ ¤¦¨ÉÉ¥·  ¨ ¡Ò¸É·µ¤¥°¸É¢¨Ö),
´¨¦¥ ¶·¨¢µ¤ÖÉ¸Ö ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨°, ¶µ²ÊÎ¥´´Ò¥ ´  ± ³¥·¥ 1. ˆ³¥ÕÐ¨¥-
¸Ö · §²¨Î¨Ö ¢ ± ³¥· Ì 1 ¨ 2 ¡Ê¤ÊÉ ¸¶¥Í¨ ²Ó´µ µÉ³¥Î¥´Ò ¢ ¶. 6.2, ¶µ¸¢ÖÐ¥´-
´µ³ ¢·¥³¥´´Ò³ Ì · ±É¥·¨¸É¨± ³. ’µ, ÎÉµ Ì · ±É¥·¨¸É¨±¨ ± ³¥· 1 ¨ 2 ¡Ê¤ÊÉ
¶· ±É¨Î¥¸±¨ ¨¤¥´É¨Î´Ò³¨, ¸²¥¤µ¢ ²µ µ¦¨¤ ÉÓ, ¥¸²¨ ¸· ¢´¨ÉÓ · ¸¶·¥¤¥²¥´¨Ö
Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¢ ± ³¥· Ì ¨ ¢¥²¨Î¨´Ò µ¡² ¸É¥° ² ¢¨´µµ¡· §µ¢ ´¨Ö. Š ±
¢¨¤´µ ¨§ ·¨¸. 2 ¨ 3, ÔÉ¨ §´ Î¥´¨Ö ¶· ±É¨Î¥¸±¨ ¸µ¢¶ ¤ ÕÉ ¢µ ¢¸¥³ ¤¨ ¶ §µ´¥
´ ¶·Ö¦¥´¨°.

‚Ò¡µ· Ê§±µ§ §µ·´µ° ± ³¥·Ò 1 ¶·µ¤¨±Éµ¢ ´ ¸²¥¤ÊÕÐ¨³¨ ¸µµ¡· ¦¥´¨Ö³¨.
�µ ¶µ¢µ¤Ê · ¡µÉÒ É ±¨Ì ± ³¥· ¢ ·¥¦¨³¥ £ §µ¢µ£µ Ê¸¨²¥´¨Ö (>5·106) ¢Ò¸± §Ò-
¢ ÕÉ¸Ö ¸ ³Ò¥ ¶·µÉ¨¢µ·¥Î¨¢Ò¥ ³´¥´¨Ö. ‚ · ¡µÉ¥ [28], ¢Ò¶µ²´¥´´µ° ¢ –…��,
¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ± ³¥·  · ¡µÉ ¥É ¢ µ£· ´¨Î¥´´µ³ ¸É·¨³¥·´µ³ ·¥¦¨³¥. ‚
Éµ ¦¥ ¢·¥³Ö ¨¸¸²¥¤µ¢ ´¨Ö, ¶·µ¢¥¤¥´´Ò¥ ¢ ˆ´¸É¨ÉÊÉ¥ Ô±¸¶¥·¨³¥´É ²Ó´µ° Ë¨-
§¨±¨ ‚ ·Ï ¢¸±µ£µ Ê´¨¢¥·¸¨É¥É  [29], ¶µ± § ²¨ ´ ²¨Î¨¥  ³¶²¨ÉÊ¤´µ° § ¢¨¸¨-
³µ¸É¨ ¸¨£´ ²µ¢ ¸ ± ³¥·Ò µÉ ¶¥·¢¨Î´µ° ¨µ´¨§ Í¨¨. ‚ ¨¸¸²¥¤µ¢ ´¨ÖÌ [30,31],
¢Ò¶µ²´¥´´ÒÌ ´  Ê¸±µ·¨É¥²¥ TRIUMF (Š ´ ¤ ) ¨ ¢ ˆ´¸É¨ÉÊÉ¥ Ë¨§¨±¨ ¢Ò¸µ-
±¨Ì Ô´¥·£¨° (‘¥·¶ÊÌµ¢), ¶µ± § ´  ¢µ§³µ¦´µ¸ÉÓ · ¡µÉÒ ± ³¥· ¤ ´´µ£µ É¨¶ 
¶·¨ ¢Ò¸µ±¨Ì ¸±µ·µ¸ÉÖÌ ¸Î¥É , ¸µÌ· ´ÖÕÐ¨Ì ¶·¨ ÔÉµ³ ¢Ò¸µ±ÊÕ · ¤¨ Í¨µ´´ÊÕ
¸Éµ°±µ¸ÉÓ. ˆ, ´ ±µ´¥Í,  ¢Éµ·Ò · ¡µÉ [32,33] ¢Ò· ¦ ÕÉ ¸µ³´¥´¨¥ ¢ ¶·¨´Í¨-
¶¨ ²Ó´µ° ¢µ§³µ¦´µ¸É¨ ¸É ¡¨²Ó´µ° · ¡µÉÒ Ê§±µ§ §µ·´ÒÌ ± ³¥· ¸  ´µ¤´µ°
¶·µ¢µ²µ±µ° >10 ³±³, ´ ³µÉ ´´µ° ¸ ³ ²Ò³ Ï £µ³.

‘ ÊÎ¥Éµ³ ¨§²µ¦¥´´ÒÌ ¢ÒÏ¥ ¶·µÉ¨¢µ·¥Î¨° ¢ µÍ¥´± Ì · ¡µÉÒ Ê§±µ§ §µ·-
´ÒÌ ± ³¥· ¢ µ¡² ¸É¨ ¡µ²ÓÏµ£µ £ §µ¢µ£µ Ê¸¨²¥´¨Ö, Í¥²¥¸µµ¡· §´µ ¶·µ¢¥¸É¨
¡µ²¥¥ ¤¥É ²Ó´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ · ¡µÉÒ ± ³¥·Ò ¢ Ê± § ´´µ° µ¡² ¸É¨. ’¥³ ¡µ²¥¥,
ÎÉµ, ± ± µÉ³¥Î ²µ¸Ó · ´¥¥, ¤ ´´ Ö µ¡² ¸ÉÓ Ö¢²Ö¥É¸Ö ¨¸Ìµ¤´µ° ¤²Ö ¶¥·¥Ìµ¤ 
² ¢¨´Ò ¢ ¸É·¨³¥·.

�¸´µ¢´Ò¥ Ì · ±É¥·¨¸É¨±¨ ± ³¥· ¢ µ¡² ¸É¨ ¶·µ¶µ·Í¨µ´ ²Ó´µ£µ Ê¸¨²¥´¨Ö
2200÷2600 ‚ Ìµ·µÏµ ¸µ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨, ¶µ²ÊÎ¥´´Ò³¨ ¢ · ¡µÉ¥ [30]
¤²Ö ± ³¥·Ò, µ¡µ§´ Î¥´´µ° É ³ º2. �µÔÉµ³Ê ¢ ¸É ÉÓ¥ ¶·¨¢¥¤¥´Ò ¢ µ¸´µ¢´µ³
·¥§Ê²ÓÉ ÉÒ ¤²Ö µ¡² ¸É¨ ´ ¶·Ö¦¥´¨° ¡µ²ÓÏ¥ 2600 ‚, ±µÉµ· Ö ± ± ¢ ¶·¨¢¥¤¥´-
´µ° · ¡µÉ¥ [30], É ± ¨ ¢ · ¡µÉ Ì [28Å32] ¨§ÊÎ¥´  ´¥¤µ¸É ÉµÎ´µ ¶µ¤·µ¡´µ.

6.1. �³¶²¨ÉÊ¤´Ò¥ Ì · ±É¥·¨¸É¨±¨. �  ·¨¸.5 ¶·¨¢¥¤¥´Ò  ³¶²¨ÉÊ¤´Ò¥
¸¶¥±É·Ò ¤²Ö ¶·µÏ¥¤Ï¨Ì Î¥·¥§ ± ³¥·Ê β-Î ¸É¨Í ¨ γ-±¢ ´Éµ¢, ¶µ£²µÉ¨¢Ï¨Ì¸Ö
¢ £ §µ¢µ³ § §µ·¥ ± ³¥·Ò. ‘¶¥±É·Ò ¶µ¤ ´µ³¥·µ³ 1 ¨§³¥·¥´Ò ¶·¨ ´ ¶·Ö¦¥´¨¨
´  ± ³¥·¥ 2400 ‚ ¨ ¨²²Õ¸É·¨·ÊÕÉ ¥¥ · ¡µÉÊ ¢ ¶·µ¶µ·Í¨µ´ ²Ó´µ³ ·¥¦¨³¥.
�³¶²¨ÉÊ¤´Ò° ¸¶¥±É· 1 µÉ 90Sr ¨³¥¥É Ëµ·³Ê · ¸¶·¥¤¥²¥´¨Ö ‹ ´¤ Ê,   ¸¶¥±É· 1
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�¨¸. 5. ˆ§³¥´¥´¨¥ Ëµ·³Ò  ³¶²¨ÉÊ¤´ÒÌ ¸¶¥±É·µ¢, ¶µ²ÊÎ¥´´ÒÌ µÉ ¨¸ÉµÎ´¨±µ¢ 55Fe ¨
90Sr, ¢ § ¢¨¸¨³µ¸É¨ µÉ ¢Ò¸µ±µ£µ ´ ¶·Ö¦¥´¨Ö ´  ± ³¥·¥

µÉ 55Fe µ¶·¥¤¥²Ö¥É Ô´¥·£¥É¨Î¥¸±µ¥ · §·¥Ï¥´¨¥ ± ³¥·Ò, · ¢´µ¥ 21% (�˜�‚).
‘ ·µ¸Éµ³ ´ ¶·Ö¦¥´¨Ö ¶·µ¶µ·Í¨µ´ ²Ó´µ¸ÉÓ ¢ ± ³¥·¥ ´ ·ÊÏ ¥É¸Ö. �¥¶·¥·Ò¢-
´µ¥, ´µ µÉ²¨Î´µ¥ ¶µ Ì · ±É¥·Ê ¨§³¥´¥´¨¥ Ëµ·³Ò  ³¶²¨ÉÊ¤´ÒÌ ¸¶¥±É·µ¢,
¶µ²ÊÎ¥´´ÒÌ µÉ · §´ÒÌ ¨¸ÉµÎ´¨±µ¢, É¥³ ´¥ ³¥´¥¥ § ¢¥·Ï ¥É¸Ö ´  ±µ´Í¥ ¶² Éµ
ÔËË¥±É¨¢´µ¸É¨ ¶µÎÉ¨ ¶µ²´Ò³ ¨Ì ¸µ¢¶ ¤¥´¨¥³. �·¨Î¥³  ³¶²¨ÉÊ¤´Ò° · §¡·µ¸
¶µ¸²¥¤´¨Ì ¸¶¥±É·µ¢ · ¢¥´ 10%,   § ·Ö¤µ¢µ¥ Ê¸¨²¥´¨¥ ¶·¨ ÔÉµ³ ¶·¥¢ÒÏ ¥É
5·107. ‘¨²Ó´µ¥ ´ ¸ÒÐ¥´¨¥ ¸¨£´ ²µ¢ ¸  ´µ¤´ÒÌ ¶·µ¢µ²µ± ¸¢¨¤¥É¥²Ó¸É¢Ê¥É
µ ¸É ¡¨²Ó´µ° · ¡µÉ¥ ± ³¥·Ò ¨ µ¶·¥¤¥²Ö¥É¸Ö ¢ µ¸´µ¢´µ³ ±µ´Ë¨£Ê· Í¨¥° ± -
³¥·Ò, · ¡µÎ¨³ £ §µ³ ¨ ¢Ò¸µ±¨³ ¸·¥¤´¨³ §´ Î¥´¨¥³ E/p ¢ · ¸Ï¨·¥´´µ°
µ¡² ¸É¨ ² ¢¨´µµ¡· §µ¢ ´¨Ö ¢µ±·Ê£  ´µ¤´ÒÌ ¶·µ¢µ²µ±.

� ¸Ï¨·¥´´ Ö µ¡² ¸ÉÓ ² ¢¨´µµ¡· §µ¢ ´¨Ö ¶·µÖ¢²Ö¥É¸Ö É ±¦¥ ¢ ¶µ¢¥¤¥´¨¨
 ³¶²¨ÉÊ¤ ¨³¶Ê²Ó¸µ¢ ¶·¨ µ¡²ÊÎ¥´¨¨ ± ³¥·Ò ¨¸ÉµÎ´¨± ³¨ 90Sr ¨ 55Fe (·¨¸.6).
„ ¦¥ ¶·¨ ¡µ²ÓÏµ° · §´¨Í¥ ¢ ±µ²¨Î¥¸É¢¥ ¶¥·¢¨Î´ÒÌ ¶ · ¨µ´µ¢, µ¡· §Ê¥³ÒÌ
¢ ± ³¥·¥ ÔÉ¨³¨ ¨¸ÉµÎ´¨± ³¨ (≈ 2, 2 · § ), ´ Î¨´ Ö ¸ ´ ¶·Ö¦¥´¨Ö 3500 ‚,  ³-
¶²¨ÉÊ¤  ¸¨£´ ²µ¢ µÉ 90Sr ¶·¥¢ÒÏ ¥É  ³¶²¨ÉÊ¤Ê µÉ 55Fe. �¥¸³µÉ·Ö ´  ¶¥·¥´ -
¸ÒÐ¥´´Ò° ·¥¦¨³ · ¡µÉÒ ± ³¥·Ò ¶·¨ ¡µ²ÓÏ¨Ì ´ ¶·Ö¦¥´¨ÖÌ, ¶·¨¢¥¤¥´´Ò¥ ´ 
·¨¸.6 § ¢¨¸¨³µ¸É¨ ¨³¥ÕÉ É¥´¤¥´Í¨Õ ± ¶µ¸ÉµÖ´´µ³Ê ·µ¸ÉÊ  ³¶²¨ÉÊ¤Ò. Š·µ³¥
Éµ£µ, ¨§ ·¨¸Ê´±  ¢¨¤´µ, ÎÉµ, ´ Î¨´ Ö ¸ ´ ¶·Ö¦¥´¨Ö 3300 ‚, Ì · ±É¥· ¶µ¢¥¤¥-
´¨Ö £ §µ¢µ£µ Ê¸¨²¥´¨Ö ¶·¥É¥·¶¥¢ ¥É µÎ¥¢¨¤´µ¥ ¨§³¥´¥´¨¥ Ä ¶·µÖ¢²Ö¥É¸Ö ¡µ²¥¥
·¥§±¨° ¥£µ ·µ¸É. „²Ö ´ £²Ö¤´µ° ¤¥³µ´¸É· Í¨¨ ¸É¥¶¥´¨ £ §µ¢µ£µ Ê¸¨²¥´¨Ö ¢
± ³¥·¥ ¶· ¢ Ö Ï± ²  ´  ·¨¸.6 ¸µµÉ¢¥É¸É¢Ê¥É §´ Î¥´¨Ö³  ³¶²¨ÉÊ¤, ¨§³¥·¥´´ÒÌ
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´¥¶µ¸·¥¤¸É¢¥´´µ ¸ ¸¨£´ ²Ó´ÒÌ ¶·µ¢µ²µ± ¸ ¶µ³µÐÓÕ µ¸Í¨²²µ£· Ë  ¸ ¢Ìµ¤´Ò³
¸µ¶·µÉ¨¢²¥´¨¥³ 50 �³.

�¨¸. 6. ˆ§³¥´¥´¨¥ ¸·¥¤´¥°  ³¶²¨ÉÊ¤Ò ¸¨£´ ² 
´   ´µ¤¥ ± ³¥·Ò µÉ ¨¸ÉµÎ´¨±µ¢ 55Fe ¨ 90Sr ¢
§ ¢¨¸¨³µ¸É¨ µÉ ´ ¶·Ö¦¥´¨Ö ´  ± ³¥·¥

Š ± ¨§¢¥¸É´µ, ¶µ²¥ ¶·µ-
¸É· ´¸É¢¥´´µ£µ § ·Ö¤  µ± §Ò¢ ¥É
¸ÊÐ¥¸É¢¥´´µ¥ ¢²¨Ö´¨¥ ´  · §¢¨-
É¨¥ ² ¢¨´Ò. �£· ´¨Î¥´¨¥ µ¡² -
¸É¨ ¶·µ¶µ·Í¨µ´ ²Ó´µ¸É¨ ¢ ¶·µ-
¢µ²µÎ´ÒÌ ± ³¥· Ì ± ± · § ¨ ¢Ò-
§¢ ´µ ¶·µÖ¢²¥´¨¥³ ÔÉµ£µ § ·Ö¤ ,
¤¥°¸É¢¨¥ ±µÉµ·µ£µ · ¸É¥É ¸ ·µ-
¸Éµ³ ² ¢¨´Ò. ‚ ¸¨²Ó´µÉµÎ´µ³
£ §µ¢µ³ · §·Ö¤¥ ¢¸¥£¤  ¶·¨¸ÊÉ-
¸É¢Ê¥É ¡µ²ÓÏµ¥ ±µ²¨Î¥¸É¢µ ³¥¤-
²¥´´ÒÌ Ô²¥±É·µ´µ¢, µ¡· §µ¢ ¢-
Ï¨Ì¸Ö ¢ ·¥§Ê²ÓÉ É¥ ¶µÉ¥·¨ Ô´¥·-
£¨¨ ¶·¨ ´¥Ê¶·Ê£¨Ì ¸µÊ¤ ·¥´¨ÖÌ ¸
³µ²¥±Ê² ³¨ £ § , Éµ·³µ¦¥´¨Ö ¨Ì
¶µ²¥³ ¨µ´´µ£µ µ¡² ± , ¨ µÉ ² -
¢¨´, µ¡· §µ¢ ¢Ï¨Ì¸Ö µÉ ¶µ¸²¥¤Ê-
ÕÐ¨Ì ±² ¸É¥·µ¢ ¨µ´¨§ Í¨¨. ’ ±
± ± ¢·¥³¥´´Ò¥ ³ ¸ÏÉ ¡Ò ·¥² ±-

¸ Í¨¨ § ·Ö¤µ¢ ¸ÊÐ¥¸É¢¥´´µ ³¥´ÓÏ¥ ¢·¥³¥´¨ · §¢¨É¨Ö ² ¢¨´Ò, Éµ ¢ ´¥° ¸
·µ¸Éµ³ ¶²µÉ´µ¸É¨ § ·Ö¤µ¢ ¢µ§³µ¦´Ò ¶·µÍ¥¸¸Ò, ¶·¨¢µ¤ÖÐ¨¥ ± ¸¢Ö§Ò¢ ´¨Õ
§ ·Ö¤µ¢ §  ¸Î¥É ±Ê²µ´µ¢¸±¨Ì ¸¨². �·µÖ¢²¥´¨¥ ÔÉµ£µ ³¥Ì ´¨§³  ¶·¨¢µ¤¨É ±
Éµ³Ê, ÎÉµ ¢¸¥ ³¥¤²¥´´Ò¥ Ô²¥±É·µ´Ò µ¸É ÕÉ¸Ö ¶· ±É¨Î¥¸±¨ ¢´ÊÉ·¨ ¨µ´´µ£µ
µ¡² ±  ² ¢¨´Ò, ±µÉµ· Ö · §¢¨¢ ¥É¸Ö §  ¸Î¥É Ô²¥±É·µ´µ¢, ´ Ìµ¤ÖÐ¨Ì¸Ö ´  ¥¥
Ë·µ´É¥. �µÔÉµ³Ê Î ¸ÉÓ ¨µ´µ¢, § ³Ò± Ö¸Ó ´  ³¥¤²¥´´Ò¥ Ô²¥±É·µ´Ò ¨ µ¡· §ÊÖ
´¥±µÉµ·µ¥ ¶µ¤µ¡¨¥ ¤¨¶µ²Ö, ¡Ê¤¥É Ô±· ´¨·µ¢ ÉÓ¸Ö ¨³¨ µÉ  ´µ¤´µ° ¶·µ¢µ²µ±¨
¨ É¥³ ¸ ³Ò³ ¶·µ¨§¢µ¤¨ÉÓ ³¥´ÓÏÊÕ ¶µ²Ö·¨§ Í¨Õ ´   ´µ¤¥, Î¥³ ´  ± Éµ¤¥,
É.¥. ¤¥°¸É¢¨¥ ÔÉµ£µ ³¥Ì ´¨§³  ¤µ²¦´µ ¶·µÖ¢¨ÉÓ¸Ö ¢ · §²¨Î¨¨  ³¶²¨ÉÊ¤´ÒÌ
· ¸¶·¥¤¥²¥´¨°, ¨§³¥·¥´´ÒÌ ´   ´µ¤¥ ¨ ± Éµ¤¥ ¸ ·µ¸Éµ³ £ §µ¢µ£µ Ê¸¨²¥´¨Ö.

�¥§Ê²ÓÉ ÉÒ É ±¨Ì ¨§³¥·¥´¨° ¶·¨¢¥¤¥´Ò ´  ·¨¸.7 ¸ Ê± § ´¨¥³ ¢¥²¨Î¨´Ò
´ ¶·Ö¦¥´¨Ö ´  ± ³¥·¥ ¨ ¢¥²¨Î¨´Ò µ¸² ¡²¥´¨Ö ¸¨£´ ²µ¢. ‚¨¤´µ, ÎÉµ ¶·¨ ´¨§-
±µ³ Ê¸¨²¥´¨¨ (< 105)  ³¶²¨ÉÊ¤Ò ¨³¶Ê²Ó¸µ¢ ´   ´µ¤¥ ¨ ± Éµ¤¥ ¨³¥ÕÉ ¶µÎÉ¨
µ¤¨´ ±µ¢ÊÕ Ëµ·³Ê · ¸¶·¥¤¥²¥´¨Ö, ¶·¨ ÔÉµ³ ¸·¥¤´ÖÖ  ³¶²¨ÉÊ¤  ´   ´µ¤¥ ¢ 2,4
· §  ¶·¥¢ÒÏ ¥É ¸·¥¤´ÕÕ  ³¶²¨ÉÊ¤Ê ´  ± Éµ¤¥. �·¨ ´ ¶·Ö¦¥´¨¨ ´  ± ³¥·¥,
· ¢´µ³ 3300 ‚, Ëµ·³  · ¸¶·¥¤¥²¥´¨° ´ Î¨´ ¥É ³¥´ÖÉÓ¸Ö. �Éµ ¶·µÖ¢²Ö¥É¸Ö ¢
Éµ³, ÎÉµ ´   ³¶²¨ÉÊ¤´µ³ ¸¶¥±É·¥ ¨³¶Ê²Ó¸µ¢ ¸ ± Éµ¤  Î¥É±µ ¢Ò·¨¸µ¢Ò¢ ¥É¸Ö
¢Éµ·µ° ¶¨±. �É´µÏ¥´¨¥ ¸·¥¤´¨Ì  ³¶²¨ÉÊ¤, µ¶·¥¤¥²¥´´µ¥ ¶µ ¶¥·¢Ò³ ¶¨± ³,
¸µ¸É ¢²Ö¥É 2,2. ‘ ¶µ¢ÒÏ¥´¨¥³ ´ ¶·Ö¦¥´¨Ö ´  ± ³¥·¥ ¤µ 3800 ‚  ³¶²¨ÉÊ¤ 
¢Éµ·µ£µ ¶¨±  ¢µ§· ¸É ¥É,   µÉ´µÏ¥´¨¥ ¸·¥¤´¨Ì  ³¶²¨ÉÊ¤ (¶µ ¶¥·¢Ò³ ¶¨± ³)
¸É ´µ¢¨É¸Ö · ¢´Ò³ 1,6. � ¡²Õ¤ ¥³µ¥ ¸± Î±µµ¡· §´µ¥ Ê¢¥²¨Î¥´¨¥  ³¶²¨ÉÊ¤Ò
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�¨¸. 7. �³¶²¨ÉÊ¤´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¸¨£´ ²µ¢, ¨§³¥·¥´´µ¥ ¶·¨ ´ ¶·Ö¦¥´¨¨ ´  ± ³¥·¥
 ) 2400 ‚: 1 Ä ¸¶¥±É· ± Éµ¤´ÒÌ ¸¨£´ ²µ¢ µ¸² ¡²¥´ ´  6 ¤�, 2 Ä ¸¶¥±É·  ´µ¤´ÒÌ
¸¨£´ ²µ¢ µ¸² ¡²¥´ ´  12 ¤�; ¡) 3300 ‚: 1 Ä ¸¶¥±É· ± Éµ¤´ÒÌ ¸¨£´ ²µ¢ µ¸² ¡²¥´ ´ 
34 ¤�, 2 Ä ¸¶¥±É·  ´µ¤´ÒÌ ¸¨£´ ²µ¢ µ¸² ¡²¥´ ´  38 ¤�; ¢) 3800 ‚: 1 Ä ¸¶¥±É· ± Éµ¤´ÒÌ
¸¨£´ ²µ¢ µ¸² ¡²¥´ ´  40 ¤�, 2 Ä ¸¶¥±É·  ´µ¤´ÒÌ ¸¨£´ ²µ¢ µ¸² ¡²¥´ ´  40 ¤�
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(¶·¨³¥·´µ ¢ ¤¢  · § ), ¸µ£² ¸´µ · ¡µÉ¥ [3], ¸¢Ö§ ´µ ¸ Ëµ·³¨·µ¢ ´¨¥³ ¢ ² ¢¨´¥
± Éµ¤µ´ ¶· ¢²¥´´µ£µ ¸É·¨³¥· .

’ ±¨³ µ¡· §µ³, · §²¨Î¨¥  ³¶²¨ÉÊ¤´ÒÌ ¸¶¥±É·µ¢ ¸  ´µ¤  ¨ ± Éµ¤  ± ³¥·Ò,
¶·µÖ¢²ÖÕÐ¥¥¸Ö ¸ ·µ¸Éµ³ Ê¸¨²¥´¨Ö, ³µ¦¥É ¸²Ê¦¨ÉÓ Ê± § ´¨¥³ ´  ¸²µ¦´Ò°
³¥Ì ´¨§³ ¤¥°¸É¢¨Ö ¶·µ¸É· ´¸É¢¥´´µ£µ § ·Ö¤  ¢´ÊÉ·¨ ² ¢¨´Ò, ¶·¨¢µ¤ÖÐ¨° ±
¢µ§· ¸É ´¨Õ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ´  ± Éµ¤´µ³ ±µ´Í¥ ¨µ´´µ£µ µ¡² ± . „µ-
¶µ²´¨É¥²Ó´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ¶µ¤É¢¥·¦¤ ÕÐ¨¥ ¶·¥¤¶µ²µ¦¥´¨¥
µ ¢±²ÕÎ¥´¨¨  ¢Éµ³ É¨Î¥¸±µ£µ ³¥Ì ´¨§³  ¤²Ö ¢Ò· ¢´¨¢ ´¨Ö § ·Ö¤µ¢ ¶·µÉ¨¢µ-
¶µ²µ¦´ÒÌ §´ ±µ¢ ¸ ·µ¸Éµ³ £ §µ¢µ£µ Ê¸¨²¥´¨Ö, ¶·¨¢µ¤ÖÉ¸Ö ¢ ¶.8.1, 8.2, ¨ 8.3.

6.2. ‚·¥³¥´´Ò¥ Ì · ±É¥·¨¸É¨±¨. ‘µµÉ´µÏ¥´¨¥ ³¥¦¤Ê ¤·¥°Ëµ¢µ° v−¤· ¨
Ì µÉ¨Î¥¸±µ° v ¸±µ·µ¸ÉÖ³¨ Ô²¥±É·µ´µ¢ µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ [21]:

�¨¸. 8. ‚·¥³¥´´Ò¥ Ì · ±É¥·¨¸É¨±¨
± ³¥·Ò:  ) § ¢¨¸¨³µ¸ÉÓ ¢·¥³¥´´µ£µ
¤¦¨ÉÉ¥·  µÉ ´ ¶·Ö¦¥´¨Ö ´  ± ³¥·¥
¤²Ö  ´µ¤´ÒÌ (1) ¨ ± Éµ¤´ÒÌ (2) ¸¨£-
´ ²µ¢; ¡) ¨§³¥´¥´¨¥ ¶µ²µ¦¥´¨Ö ³ ±-
¸¨³Ê³  ¢µ ¢·¥³¥´´ÒÌ ¸¶¥±É· Ì ¢ § -
¢¨¸¨³µ¸É¨ µÉ ´ ¶·Ö¦¥´¨Ö ´  ± ³¥·¥
¤²Ö  ´µ¤´ÒÌ (1) ¨ ± Éµ¤´ÒÌ (2) ¸¨£-
´ ²µ¢

v−¤·
v

=

√
3π

4

√
δ ≈ 0, 8

√
δ , (6)

£¤¥ δ Ä ¸·¥¤´¨¥ Ô´¥·£¥É¨Î¥¸±¨¥ ¶µÉ¥·¨
Ô²¥±É·µ´  ¢ £ §¥ ¢ µÉ¤¥²Ó´µ³  ±É¥ ¸Éµ²±´µ-
¢¥´¨Ö. ˆ§ ¤ ´´µ£µ ¸µµÉ´µÏ¥´¨Ö ¸²¥¤Ê¥É,
ÎÉµ ¤²Ö ¶µ¢ÒÏ¥´¨Ö ¸±µ·µ¸É¨ ¤·¥°Ë  ´¥-
µ¡Ìµ¤¨³µ, ÎÉµ¡Ò ¤·¥°ËÊÕÐ¨° Ô²¥±É·µ´,
¨¸¶ÒÉÒ¢ Ö §´ Î¨É¥²Ó´Ò¥ ´¥Ê¶·Ê£¨¥ ¶µÉ¥·¨
´  ¢µ§¡Ê¦¤¥´¨¥ ³µ²¥±Ê² £ § , Ê³¥´ÓÏ ²
¸¢µÕ ¸·¥¤´ÕÕ Ô´¥·£¨Õ. ª�Ì² ¦¤¥´¨¥ª
¤·¥°ËÊÕÐ¨Ì Ô²¥±É·µ´µ¢ µ¡ÒÎ´µ ¤µ¸É¨£ -
¥É¸Ö ¢ ¸Éµ²±´µ¢¥´¨ÖÌ ¸ ³µ²¥±Ê² ³¨ ª£ ¸Ö-
Ð¥£µª £ § . �ÉµÉ ¶·µÍ¥¸¸ µ¸µ¡¥´´µ ÔËË¥±-
É¨¢¥´ ¢ ¸¨²Ó´ÒÌ Ô²¥±É·¨Î¥¸±¨Ì ¶µ²ÖÌ, ±µ-
£¤  Ô²¥±É·µ´ ´  ¤²¨´¥ ¸¢µ¡µ¤´µ£µ ¶·µ¡¥£ 
¸¶µ¸µ¡¥´ ¶µ²ÊÎ¨ÉÓ §´ Î¨É¥²Ó´ÊÕ Ô´¥·£¨Õ,
±µÉµ·ÊÕ § É¥³ ¡Ò¸É·µ ¶µÉ¥·Ö¥É ´  ¢µ§¡Ê-
¦¤¥´¨¥ Ô²¥±É·µ´´ÒÌ ¸µ¸ÉµÖ´¨° ³µ²¥±Ê².
�·¨ ÔÉµ³ ¥£µ ´ ¶· ¢²¥´´ Ö ¸µ¸É ¢²ÖÕÐ Ö
¶µ ¶µ²Õ ·¥§±µ ¢µ§· ¸É ¥É.

�¤´ ±µ µÉ´µ¸¨É¥²Ó´µ ¶·µ¢µ²µÎ´ÒÌ
± ³¥· ÔÉµÉ ¶·¨¥³ ¶µ¢ÒÏ¥´¨Ö ¤·¥°Ëµ¢µ°
¸±µ·µ¸É¨ ´¥µ¡Ìµ¤¨³µ ¸¢Ö§ ÉÓ ¸ £¥µ³¥É·¨¥°
± ³¥·Ò, ¶µ¸±µ²Ó±Ê ¸ ¤µ¡ ¢²¥´¨¥³ ª£ ¸Ö-
Ð¥°ª ¶·¨³¥¸¨ ¨§³¥´Ö¥É¸Ö ¸·¥¤´¥¥ §´ Î¥-
´¨¥ E/p. �µÔÉµ³Ê £ §µ¢Ò¥ ¸³¥¸¨ ¸²¥-
¤Ê¥É µ¶É¨³¨§¨·µ¢ ÉÓ ¶µ ³¨´¨³Ê³Ê ¢·¥³¥´-
´µ£µ ¤¦¨ÉÉ¥·  ¤²Ö ± ¦¤µ° £¥µ³¥É·¨¨ µÉ-
¤¥²Ó´µ [32].
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‘µ£² ¸´µ ·¥±µ³¥´¤ Í¨Ö³ Ê± § ´´µ° · ¡µÉÒ, ±µ²¨Î¥¸É¢µ ¨§µ¡ÊÉ ´ , ¤µ-
¡ ¢²Ö¥³µ£µ ¢ CF4, µ¶É¨³¨§¨·µ¢ ²µ¸Ó ¶µ ³¨´¨³ ²Ó´µ³Ê ¤¦¨ÉÉ¥·Ê ¨ ¸µ¸É -
¢¨²µ 20%.

ˆ§³¥´¥´¨¥ ¢·¥³¥´´µ£µ ¤¦¨ÉÉ¥·  ¤²Ö ± ³¥·Ò 2 (¶µ²´ Ö Ï¨·¨´  ´  ¶µ-
²Ê¢Ò¸µÉ¥) ¢ § ¢¨¸¨³µ¸É¨ µÉ ´ ¶·Ö¦¥´¨Ö ´  ± ³¥·¥ ¶µ± § ´µ ´  ·¨¸.8, . „²Ö
 ´µ¤´µ£µ ¸¨£´ ²  ´ ¡²Õ¤ ¥É¸Ö µÎ¥´Ó ¸² ¡µ¥ Ê³¥´ÓÏ¥´¨¥ ¢¥²¨Î¨´Ò ¤¦¨ÉÉ¥· 
¸ Ê¢¥²¨Î¥´¨¥³ ´ ¶·Ö¦¥´¨Ö. �µ¸²¥ ¤µ¸É¨¦¥´¨Ö ³¨´¨³Ê³  ¢¥²¨Î¨´  ¤¦¨ÉÉ¥· 
¶µ¸ÉµÖ´´µ · ¸É¥É ¸ ·µ¸Éµ³ ´ ¶·Ö¦¥´¨Ö. � ¡²Õ¤ ¥³µ¥ ¶µ¢¥¤¥´¨¥ ¤¦¨ÉÉ¥·  ¸
¨§³¥´¥´¨¥³ ´ ¶·Ö¦¥´¨Ö Ê± §Ò¢ ¥É, ÎÉµ, ´ Î¨´ Ö ¸ ´ ¶·Ö¦¥´¨Ö, ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¥£µ ³¨´¨³Ê³Ê ¤¦¨ÉÉ¥· , ¸±µ·µ¸ÉÓ ¤·¥°Ë  Ô²¥±É·µ´µ¢ ¢ µ¡² ¸É¨ ¡µ²ÓÏµ£µ
£ §µ¢µ£µ Ê¸¨²¥´¨Ö ¶µ¸ÉµÖ´´µ ¸´¨¦ ¥É¸Ö [32]. �´ ²µ£¨Î´Ò¥ Ì · ±É¥·¨¸É¨±¨
¤²Ö ± ³¥·Ò 1 ³µ¦´µ ´ °É¨ ¢ · ¡µÉ¥ [13].

�¨¸. 9. ‚·¥³¥´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¸¨£´ ²µ¢ ¸
 ´µ¤  ± ³¥·Ò: 1 Å U± = 2400 ‚; 2 Å U± =
3700 ‚

�¥¸±µ²Ó±µ µÉ²¨Î´µ¥ ¶µ¢¥¤¥-
´¨¥ ¤¦¨ÉÉ¥·  ¶·µÖ¢²Ö¥É¸Ö ¶·¨
¢·¥³¥´´µ³  ´ ²¨§¥ ¸¨£´ ²µ¢ ¸
± Éµ¤µ¢. �µ²¥¥ ±·ÊÉµ¥ Ê³¥´ÓÏ¥-
´¨¥ ¤¦¨ÉÉ¥·  ¨ ¸¤¢¨£ ¥£µ ³¨-
´¨³ ²Ó´µ£µ §´ Î¥´¨Ö ¢¶· ¢µ ¶µ
´ ¶·Ö¦¥´¨Õ µ¶·¥¤¥²Ö¥É¸Ö ¶µ·µ-
£µ¢Ò³¨ ÔËË¥±É ³¨ ±µ³¶ · Éµ-
·µ¢ ¨§-§  Éµ£µ, ÎÉµ  ³¶²¨ÉÊ¤ 
ÔÉ¨Ì ¸¨£´ ²µ¢ ³¥´ÓÏ¥  ³¶²¨-
ÉÊ¤Ò  ´µ¤´ÒÌ ¸¨£´ ²µ¢ ¡µ²¥¥
Î¥³ ¢ ¤¢  · § . „µ¶µ²´¨É¥²Ó-
´Ò³ Ë ±Éµ·µ³ ¸¤¢¨£  Ö¢²Ö¥É¸Ö
¡µ²ÓÏ Ö ¥³±µ¸ÉÓ ± Éµ¤  µÉ´µ-
¸¨É¥²Ó´µ §¥³²¨, ÎÉµ ¶·¨¢µ¤¨É ±
¨´É¥£·¨·µ¢ ´¨Õ ¸¨£´ ²µ¢. ‘ ¶µ-
¢ÒÏ¥´¨¥³ ´ ¶·Ö¦¥´¨Ö ¢¥²¨Î¨´ 
¤¦¨ÉÉ¥·  ± Éµ¤´ÒÌ ¸¨£´ ²µ¢ ¤µ¸É¨£ ¥É ³¨´¨³ ²Ó´µ£µ §´ Î¥´¨Ö ¨ § É¥³ ¢ÒÌµ-
¤¨É ´  ¶² Éµ.

�  ·¨¸.8,¡ ¶µ± § ´µ ¨§³¥´¥´¨¥ ¶µ²µ¦¥´¨Ö ¸·¥¤´¥£µ §´ Î¥´¨Ö ¢·¥³¥´´ÒÌ
¸¶¥±É·µ¢ ¤²Ö  ´µ¤´ÒÌ (1) ¨ ± Éµ¤´ÒÌ (2) ¸¨£´ ²µ¢ ¢ § ¢¨¸¨³µ¸É¨ µÉ ´ ¶·Ö-
¦¥´¨Ö ´  ± ³¥·¥. ’ ±µ° ¦¥ ÔËË¥±É, ¸¢Ö§ ´´Ò° ¸µ ¸³¥Ð¥´¨¥³ ¶µ²µ¦¥´¨Ö
¢·¥³¥´´ÒÌ ¸¶¥±É·µ¢ ¢ ¸Éµ·µ´Ê ³¥´ÓÏ¨Ì ¢·¥³¥´ ¸ ¶µ¢ÒÏ¥´¨¥³ ´ ¶·Ö¦¥´¨Ö
´  ± ³¥·¥, ¶·¨¢¥¤¥´ ¢ · ¡µÉ¥ [34].

‚ § ±²ÕÎ¥´¨¥ µÉ³¥É¨³, ÎÉµ ¨§³¥·¥´´Ò° ³¨´¨³ ²Ó´Ò° ¤¦¨ÉÉ¥· ¶µ²´µ¸ÉÓÕ
µ¶·¥¤¥²Ö¥É¸Ö Ë²Ê±ÉÊ Í¨Ö³¨ ¢µ ¢·¥³¥´¨ ¤·¥°Ë  ¶¥·¢ÒÌ Ô²¥±É·µ´µ¢, µ¡· §µ-
¢ ¢Ï¨Ì¸Ö ¢¡²¨§¨ ¶²µ¸±µ¸É¨  ´µ¤ , ´  ¤²¨´¥, · ¢´µ° ¶µ²µ¢¨´¥ Ï £  ³¥¦¤Ê
 ´µ¤ ³¨ [32].

‚¥¸Ó³  ¶µ· §¨É¥²Ó´Ò³ Ö¢²Ö¥É¸Ö ¶µ¢¥¤¥´¨¥ ¢·¥³¥´´ÒÌ · ¸¶·¥¤¥²¥´¨° ¸¨£-
´ ²µ¢ ¸  ´µ¤´ÒÌ ¶·µ¢µ²µ± ¢ § ¢¨¸¨³µ¸É¨ µÉ ´ ¶·Ö¦¥´¨Ö ´  ± ³¥· Ì. �  ·¨¸.9
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¶·¨¢¥¤¥´Ò ¤¢  ¢·¥³¥´´ÒÌ ¸¶¥±É· , ¨§³¥·¥´´ÒÌ ¶·¨ 2400 ¨ 3700 ‚. �¡· Ð ¥É
´  ¸¥¡Ö ¢´¨³ ´¨¥ ´¥ Éµ²Ó±µ ¨Ì ¸¤¢¨£ µÉ´µ¸¨É¥²Ó´µ ¤·Ê£ ¤·Ê£  ¢µ ¢·¥³¥´¨, ´µ ¨
¸¨²Ó´µ¥ ¨§³¥´¥´¨¥ Ëµ·³Ò · ¸¶·¥¤¥²¥´¨°. ‘¶¥±É· 1, ¶µ²ÊÎ¥´´Ò° ¶·¨ ´ ¶·Ö-
¦¥´¨¨ 2400 ‚, Ìµ·µÏµ µ¶¨¸Ò¢ ¥É¸Ö · ¸¶·¥¤¥²¥´¨¥³ ƒ Ê¸¸  ¨ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É
µ Éµ³, ÎÉµ · ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·µ´µ¢ ¶µ ¸±µ·µ¸ÉÖ³ ¶·¨¡²¨¦ ¥É¸Ö ± ³ ±¸¢¥²-
²µ¢¸±µ³Ê. ‘¶¥±É· 2, ¶µ²ÊÎ¥´´Ò° ¶·¨ ´ ¶·Ö¦¥´¨¨ 3700 ‚, £µ¢µ·¨É µ Ö¢´µ³
´ ·ÊÏ¥´¨¨ ³ ±¸¢¥²²µ¢¸±µ£µ · ¸¶·¥¤¥²¥´¨Ö ¨ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ ´ ²¨Î¨¨ ¢
² ¢¨´¥ ¶µ ±· °´¥° ³¥·¥ ¤¢ÊÌ £·Ê¶¶ Ô²¥±É·µ´µ¢ Ä ª¡Ò¸É·ÒÌª ¨ ª³¥¤²¥´´ÒÌª.

�¨¸. 10. ‚·¥³¥´´µ° ¸¶¥±É· ¸¨£´ ²µ¢ ¸  ´µ¤  ± -
³¥·Ò ¶·¨ U± = 3100 ‚

� §¤¥²¥´¨¥ Ô²¥±É·µ´´ÒÌ ² -
¢¨´ ¶µ ¸±µ·µ¸ÉÖ³ ´ Î¨´ ¥É
¶·µÖ¢²ÖÉÓ¸Ö ¢µ ¢·¥³¥´´ÒÌ
¸¶¥±É· Ì ¶·¨ ´ ¶·Ö¦¥´¨¨
2700 ‚ (·¨¸.10) ¨ Ê¸¨²¨¢ -
¥É¸Ö ¸ ¶µ¢ÒÏ¥´¨¥³ ´ ¶·Ö¦¥-
´¨Ö. � §´µ¸ÉÓ ³¥¦¤Ê ¸·¥¤-
´¨³¨ §´ Î¥´¨Ö³¨ (·¨¸.9) ¤²Ö
¸¶¥±É·  1 ¨ ª³¥¤²¥´´Ò³¨ª
Ô²¥±É·µ´ ³¨ ¸¶¥±É·  2 ¸µ¸É ¢-
²Ö¥É 8 ´¸,   ¤²Ö ª¡Ò¸É·ÒÌª
Ä 12 ´¸. ’µ, ÎÉµ ª¡Ò¸É·Ò¥ª
Ô²¥±É·µ´Ò µ¶¥·¥¦ ÕÉ µ¸´µ¢-
´ÊÕ Î ¸ÉÓ Ô²¥±É·µ´µ¢ ² ¢¨´Ò
¡µ²¥¥ Î¥³ ´  7 ´¸ (·¨¸.9),
µ§´ Î ¥É, ÎÉµ ¸±µ·µ¸ÉÓ ¤·¥°Ë 

ª³¥¤²¥´´ÒÌª Ô²¥±É·µ´µ¢ ¢ µ¡² ¸É¨ ² ¢¨´µµ¡· §µ¢ ´¨Ö ¶ ¤ ¥É. � ¡²Õ¤ ¥³µ¥
Ê¢¥²¨Î¥´¨¥ ¢·¥³¥´´µ£µ ¤¦¨ÉÉ¥·  ¢ µ¡² ¸É¨ ¡µ²ÓÏ¨Ì Ê¸¨²¥´¨° (·¨¸.8, ) µ¡Ê-
¸²µ¢²¥´µ ¶µ¸ÉµÖ´´Ò³ ·µ¸Éµ³ ¢·¥³¥´´µ£µ ¨´É¥·¢ ²  ³¥¦¤Ê ª³¥¤²¥´´Ò³¨ª ¨
ª¡Ò¸É·Ò³¨ª Ô²¥±É·µ´ ³¨ ¸ ·µ¸Éµ³ ´ ¶·Ö¦¥´¨Ö ´  ± ³¥·¥. ‘³¥Ð¥´¨¥ ¢·¥³¥´-
´ÒÌ ¸¶¥±É·µ¢ (·¨¸.8.¡ ¨ 9) ¸ ¶µ¢ÒÏ¥´¨¥³ ´ ¶·Ö¦¥´¨Ö ´  ± ³¥·¥ ´¥ ³µ¦¥É
¡ÒÉÓ µ¡ÑÖ¸´¥´µ §  ¸Î¥É ¶µ¢ÒÏ¥´¨Ö ¸±µ·µ¸É¨ ¤·¥°Ë  Ô²¥±É·µ´µ¢, É ± ± ± ¶·¨
ÔÉµ³ ¢¥²¨Î¨´  ¤¦¨ÉÉ¥·  ¤µ²¦´  Ê³¥´ÓÏ ÉÓ¸Ö. �  ¸ ³µ³ ¦¥ ¤¥²¥ ¢ ¶µ¢¥¤¥´¨¨
¤¦¨ÉÉ¥·  ¶·µÖ¢²Ö¥É¸Ö µ¡· É´Ò° ÔËË¥±É (·¨¸.8). �·¨Î¨´  É ±µ° § ¢¨¸¨³µ-
¸É¨ ¸¢Ö§ ´  ¸ ¶·µÍ¥¸¸µ³ · §¢¨É¨Ö ² ¢¨´Ò ¨ ¡Ê¤¥É µ¡ÑÖ¸´¥´  ¢ ¶.8.2. „µ²Ö
ª¡Ò¸É·ÒÌª ² ¢¨´, ¸µ¤¥·¦ Ð¨Ì¸Ö ¢ ¸¶¥±É·¥ 2, ³µ¦¥É ¡ÒÉÓ µ¶·¥¤¥²¥´ , ¥¸²¨
¸¶¥±É· ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¸Ê³³Ò ¤¢ÊÌ ¸¶¥±É·µ¢, µ¶¨¸Ò¢ ¥³ÒÌ · ¸¶·¥¤¥²¥-
´¨¥³ ƒ Ê¸¸ . ’ ± Ö µ¶¥· Í¨Ö ¶µ± § ´  ´  ·¨¸.9, ¨§ ±µÉµ·µ£µ ¸²¥¤Ê¥É, ÎÉµ
¤µ²Ö ª¡Ò¸É·ÒÌª Ô²¥±É·µ´´ÒÌ ² ¢¨´ ¶·¨ ´ ¶·Ö¦¥´¨¨ 3700 ‚ ¸µ¸É ¢²Ö¥É 31%.
‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢·¥³¥´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¸¨£´ ²µ¢ ¸ ± Éµ¤   ´ ²µ-
£¨Î´Ò ¢·¥³¥´´Ò³ · ¸¶·¥¤¥²¥´¨Ö³ ¸¨£´ ²µ¢ ¸  ´µ¤  ± ³¥·Ò.

�É³¥É¨³, ÎÉµ ¸ ·µ¸Éµ³ £ §µ¢µ£µ Ê¸¨²¥´¨Ö ¢ ± ³¥· Ì ´ ¡²Õ¤ ¥É¸Ö ¶µ¸É¥-
¶¥´´µ¥ Ê±µ·µÎ¥´¨¥ ¤²¨É¥²Ó´µ¸É¨  ´µ¤´ÒÌ ¸¨£´ ²µ¢. …¸²¨ ¢ ¶·µ¶µ·Í¨µ´ ²Ó-
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´µ³ ·¥¦¨³¥ ¤²¨É¥²Ó´µ¸ÉÓ  ´µ¤´ÒÌ ¸¨£´ ²µ¢ ´  Ê·µ¢´¥ 0,1 µÉ ³ ±¸¨³Ê³   ³-
¶²¨ÉÊ¤Ò · ¢´  ¶·¨³¥·´µ 20Å40 ´¸, Éµ ¢ ¸¨²Ó´µÉµÎ´µ³ ·¥¦¨³¥ ¤²¨É¥²Ó´µ¸ÉÓ
¸¨£´ ²µ¢ Ê³¥´ÓÏ ¥É¸Ö ¤µ 5Å10 ´¸. ”µ·³  Ê±µ·µÎ¥´´ÒÌ ¸¨£´ ²µ¢ ¶µ²´µ¸ÉÓÕ
¶µ¢Éµ·Ö¥É Ëµ·³Ê ¸¨£´ ² , ¶·¨¢¥¤¥´´µ£µ ¢ [28] ´  ·¨¸.8.

6.3. ‘Î¥É´Ò¥ Ì · ±É¥·¨¸É¨±¨. ‘É¥´¤µ¢Ò¥ ¨¸¶ÒÉ ´¨Ö ± ³¥· ¸ ¶µ³µÐÓÕ
· ¤¨µ ±É¨¢´µ£µ ¨¸ÉµÎ´¨±  90Sr ¶·µ¢µ¤¨²¨¸Ó ¶·¨ ¶µ·µ£¥ ·¥£¨¸É· Í¨¨ 1 ³±�.
� ¡µÎ¥¥ ¶² Éµ ÔËË¥±É¨¢´µ¸É¨ ¸µ¸É ¢¨²µ 1600 ‚ ¨ ´ Ìµ¤¨²µ¸Ó ¢ ¨´É¥·¢ ²¥
2200÷3800 ‚. �ËË¥±É¨¢´µ¸ÉÓ ·¥£¨¸É· Í¨¨ · ¢´Ö² ¸Ó 99%. ‚ µ¡² ¸É¨ ´¨§-
±¨Ì ´ ¶·Ö¦¥´¨° ¨¸¶µ²Ó§µ¢ ²¨¸Ó Ê¸¨²¨É¥²¨ ¸ ±µÔËË¨Í¨¥´Éµ³ Ê¸¨²¥´¨Ö 500,
¸¶¥Í¨ ²Ó´µ · §· ¡µÉ ´´Ò¥ ¤²Ö · ¡µÉÒ ± ³¥· ¢ Ê¸²µ¢¨ÖÌ ¡µ²ÓÏ¨Ì § £·Ê§µ±. ‚
µ¡² ¸É¨ Ê¸¨²¥´¨Ö 106 ÔÉ¨ Ê¸¨²¨É¥²¨ ¡Ò²¨ § ³¥´¥´Ò ´  ¤·Ê£¨¥, ¸ ±µÔËË¨Í¨-
¥´Éµ³ Ê¸¨²¥´¨Ö 10. �·¨ ¶µ·µ£¥ ·¥£¨¸É· Í¨¨ 5 ³±� · ¡µÎ¥¥ ¶² Éµ ´ Ìµ¤¨É¸Ö
¢ ¨´É¥·¢ ²¥ 2200÷3800 ‚ ¤²Ö ± ³¥·Ò 1 ¨ 2100÷3900 ‚ ¤²Ö ± ³¥·Ò 2.

�ËË¥±É¨¢´µ¸ÉÓ ·¥£¨¸É· Í¨¨, ¨§³¥·¥´´ Ö ´  ¶ÊÎ±¥ ³Õµ´µ¢ ¸ ¨´É¥´¸¨¢´µ-
¸ÉÓÕ 105 ¸−1 ¶·¨ ¶µ·µ£¥ ¸· ¡ ÉÒ¢ ´¨Ö Ê¸¨²¨É¥²¥°-Ëµ·³¨·µ¢ É¥²¥° 1,5 ³±�,
¸µ¸É ¢¨²  99,6% [23]. ˆ§³¥·¥´¨¥ ÏÊ³µ¢ ± ³¥· ¶·µ¢µ¤¨²µ¸Ó ¢µ ¢·¥³Ö µ¸É -
´µ¢±¨ Ê¸±µ·¨É¥²Ö. �·¨ ´ ¶·Ö¦¥´¨¨ 2900 ‚ ÏÊ³Ò ¸ ± ³¥· ¸µ¸É ¢²Ö²¨ 1 ƒÍ
´  ¶·µ¢µ²µ±Ê. ‚ ±µ´Í¥ ¶² Éµ ÏÊ³Ò ¸ ¶·µ¢µ²µ±¨ ´¥ ¶·¥¢ÒÏ ²¨ 10 ƒÍ.
�Éµ ¶µ²µ¦¨É¥²Ó´µ¥ ± Î¥¸É¢µ ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ Ê¤ Î´µ° ±µ´¸É·Ê±Í¨¥° ± -
³¥·Ò, ¢ ±µÉµ·µ° µÉ¸ÊÉ¸É¢Ê¥É ¤¨Ô²¥±É·¨± ³¥¦¤Ê  ´µ¤µ³ ¨ ± Éµ¤ ³¨. ‚ ÔÉµ³
¸²ÊÎ ¥ Ê¸É· ´Ö¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ´ ±µ¶²¥´¨Ö ´  ¤¨Ô²¥±É·¨±¥ Ô²¥±É·¨Î¥¸±¨Ì
§ ·Ö¤µ¢, ÊÉ¥Î±  ±µÉµ·ÒÌ ´  Ô²¥±É·µ¤Ò ¨ Ö¢²Ö¥É¸Ö µ¸´µ¢´Ò³ ¨¸ÉµÎ´¨±µ³
ÏÊ³µ¢ÒÌ ¸¨£´ ²µ¢.

ˆ§ÊÎ¥´¨¥ § £·Ê§µÎ´ÒÌ Ì · ±É¥·¨¸É¨± ± ³¥· ¶µ± § ²µ, ÎÉµ µ´¨ ´¥ É¥·ÖÕÉ
ÔËË¥±É¨¢´µ¸É¨ ¶·¨ ¶²µÉ´µ¸ÉÖÌ ¶ÊÎ±  ¢¶²µÉÓ ¤µ ³ ±¸¨³ ²Ó´µ ¤µ¸É¨¦¨³µ°
(2,3·106 ¸−1 · ¸³−2) ´  ± ´ ²¥ 4� Ê¸±µ·¨É¥²Ö “-70 [23].

�ËË¥±É¨¢´µ¸ÉÓ ± ³¥·Ò ¢ ¨´É¥·¢ ²¥ £ §µ¢µ£µ Ê¸¨²¥´¨Ö (106÷107) Ê³¥´Ó-
Ï ¥É¸Ö ¸ 99% ¤µ 97% ¨ ¶· ±É¨Î¥¸±¨ ´¥ ³¥´Ö¥É¸Ö ¤µ § £·Ê§µ± 105 ¸−1 ·
¸³−2. ˆ§³¥´¥´¨¥ ¶µ·µ£  ·¥£¨¸É· Í¨¨ ¤µ 50 ³±� É ±¦¥ ´¥ ¶·¨¢µ¤¨É ± ¶µÉ¥·¥
ÔËË¥±É¨¢´µ¸É¨.

‚¸¥ ¶·¨¢¥¤¥´´Ò¥ ¢ÒÏ¥  ³¶²¨ÉÊ¤´Ò¥, ¢·¥³¥´´Ò¥ ¨ ¸Î¥É´Ò¥ Ì · ±É¥·¨¸-
É¨±¨ µÎ¥´Ó ¸É ¡¨²Ó´Ò ¢µ ¢·¥³¥´¨. „²¨É¥²Ó´µ¥ ¨¸¶ÒÉ ´¨¥ ± ³¥· ¶·¨ ´ ¶·Ö-
¦¥´¨¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¥³ ±µ´ÍÊ ¶² Éµ (3800 ‚), ´¨ · §Ê ´¥ ¶·¨¢¥²µ ± ¨¸-
±·µ¢µ³Ê ¶·µ¡µÕ. ‘µ ¢·¥³¥´¥³, ¢¸²¥¤¸É¢¨¥ ¸É ·¥´¨Ö ± ³¥·Ò ¨§-§  ¢Ò¸µ±µ£µ
£ §µ¢µ£µ Ê¸¨²¥´¨Ö, ´ ¡²Õ¤ ¥É¸Ö Ê³¥´ÓÏ¥´¨¥  ³¶²¨ÉÊ¤Ò ¸¨£´ ²µ¢ ¢ ¸·¥¤´¥³
´  20% ¶·¨ ¸µ§¤ ´¨¨ ´  ¶·µ¢µ²µ± Ì ¸Ê³³ ·´µ£µ § ·Ö¤  ¸ ²¨´¥°´µ° ¶²µÉ-
´µ¸ÉÓÕ 0,5 Š²/¸³. �·¨ ¤ ²Ó´¥°Ï¥° · ¡µÉ¥ ¨§³¥´¥´¨° ¢ ± ³¥·¥ ´¥ ´ ¡²Õ¤ -
¥É¸Ö ¢¶²µÉÓ ¤µ § ·Ö¤µ¢ 5 Ä 6 Š²/¸³. ’ ±µ¥ ¶µ¢¥¤¥´¨¥ ± ³¥·Ò ¶· ±É¨Î¥¸±¨
¶µ²´µ¸ÉÓÕ ¸µ¢¶ ¤ ¥É ¸ ¶µ¢¥¤¥´¨¥³ µ¶¨¸ ´´µ° ¢ · ¡µÉ¥ [30] ± ³¥·Ò º2.

�·¨¢¥¤¥´´Ò¥ ¢ÒÏ¥ µ¸´µ¢´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¸¨²Ó´µÉµÎ´µ£µ ·¥¦¨³  ¢Ò-
§Ò¢ ÕÉ ·Ö¤ ¢µ¶·µ¸µ¢, ± ´ ¨¡µ²¥¥ ¢ ¦´Ò³ ¨§ ±µÉµ·ÒÌ ³µ£ÊÉ ¡ÒÉÓ µÉ´¥¸¥´Ò
¸²¥¤ÊÕÐ¨¥.
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1. Š ±µ¢  ¶·¨·µ¤  ³¥Ì ´¨§³  £ §µ¢µ£µ · §·Ö¤ , ¶µ§¢µ²ÖÕÐ¥£µ ¤µ¸É¨ÎÓ Ê¸¨-
²¥´¨Ö Ô²¥±É·µ´´µ° ² ¢¨´Ò ¤µ (5÷10) · 107?

2. —Éµ Ö¢²Ö¥É¸Ö ¶·¨Î¨´µ° Ê±µ·µÎ¥´¨Ö ¤²¨É¥²Ó´µ¸É¨ ¸¨£´ ²µ¢ ¤µ 5÷ 10 ´¸
¶µ µ¸´µ¢ ´¨Õ ´  Ê·µ¢´¥ 0,1 µÉ ³ ±¸¨³Ê³   ³¶²¨ÉÊ¤Ò?

3. �µÎ¥³Ê ¶·¨ £ §µ¢µ³ Ê¸¨²¥´¨¨ 107 ÔËË¥±É¨¢´ Ö · ¡µÉ  ± ³¥·Ò ¸µÌ· -
´Ö¥É¸Ö ¢¶²µÉÓ ¤µ ¶²µÉ´µ¸É¨ ¶ÊÎ± , · ¢´µ° 105 ¸−1 · ¸³−2?

4. ‘²¥¤¸É¢¨¥³ ± ±¨Ì ¶·¨Î¨´ Ö¢²Ö¥É¸Ö ´ ¡²Õ¤ ¥³µ¥ ¶µ¸ÉµÖ´´µ¥ ªÊ³¥´Ó-
Ï¥´¨¥ ¢·¥³¥´¨ ¶·µ²¥É ª Ë·µ´É ²Ó´ÒÌ Ô²¥±É·µ´µ¢ ² ¢¨´Ò ±  ´µ¤Ê ¸
Ê¢¥²¨Î¥´¨¥³ ´ ¶·Ö¦¥´¨Ö ´  ± ³¥·¥?

5. —¥³ ¢Ò§¢ ´µ ¨§³¥´¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ ¶µ ¸±µ·µ¸ÉÖ³, ¶·µ-
Ö¢²ÖÕÐ¥¥¸Ö ¢ ¶·µ¢ ² Ì ¢µ ¢·¥³¥´´ÒÌ ¸¶¥±É· Ì ¶·¨ ¢Ò¸µ±¨Ì §´ Î¥´¨ÖÌ
£ §µ¢µ£µ Ê¸¨²¥´¨Ö?

�¨ µ¤¨´ ¨§ ¨§¢¥¸É´ÒÌ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ³¥Ì ´¨§³µ¢ £ §µ¢µ£µ · §·Ö¤  ´¥ ¤ ¥É
µ¸´µ¢ ´¨Ö ¶µ²´µ¸ÉÓÕ µÉ¢¥É¨ÉÓ ´  ÔÉ¨ ¢µ¶·µ¸Ò.

…¸²¨ ¶·¥¤¶µ²µ¦¨ÉÓ, ± ±  ¢Éµ·Ò · ¡µÉÒ [28], ÎÉµ ¸ ¶µ¢ÒÏ¥´¨¥³ ´ ¶·Ö¦¥-
´¨Ö ´  ± ³¥·¥ £ §µ¢Ò° · §·Ö¤ ¶² ¢´µ ¶¥·¥Ìµ¤¨É ¢ ¸ ³µ£ ¸ÖÐ¨°¸Ö ¸É·¨³¥·´Ò°
·¥¦¨³, Éµ Éµ£¤  ¤µ¸É¨£ ÕÉ¸Ö ¡µ²ÓÏ¨¥ ¨³¶Ê²Ó¸Ò Éµ± . �µ ¶·¨ ÔÉµ³ Ê± § ´´Ò°
³¥Ì ´¨§³ ´¥ ¤ ¥É µÉ¢¥É  ´  µ¸É ²Ó´Ò¥ ¢µ¶·µ¸Ò ¨, ¢ Î ¸É´µ¸É¨, ´  ¶·¨Î¨´Ò
Ê±µ·µÎ¥´¨Ö ¤²¨É¥²Ó´µ¸É¨ ¸¨£´ ²µ¢ ¨ ¢Ò¸µ±µ£µ ¡Ò¸É·µ¤¥°¸É¢¨Ö, ±µÉµ·µ¥ ¡µ-
²¥¥ Î¥³ ´  ¤¢  ¶µ·Ö¤±  ¶·¥¢µ¸Ìµ¤¨É ¸±µ·µ¸ÉÓ ¸Î¥É  ± ³¥·Ò, · ¡µÉ ÕÐ¥° ¢
‘ƒ‘-·¥¦¨³¥ [35].

…¸²¨ ¦¥ ¢ µ¸´µ¢¥ ¸¨²Ó´µÉµÎ´µ£µ ·¥¦¨³  ²¥¦¨É É Ê´¸¥´¤µ¢¸±¨° ² ¢¨´-
´Ò° ³¥Ì ´¨§³ [11], Éµ ¶µÎ¥³Ê ¸ ¶µ¢ÒÏ¥´¨¥³ £ §µ¢µ£µ Ê¸¨²¥´¨Ö ¢³¥¸Éµ Ê¢¥-
²¨Î¥´¨Ö ¢·¥³¥´¨ ¶·µ²¥É  Ô²¥±É·µ´µ¢ ±  ´µ¤Ê ¨§-§  Éµ·³µ§ÖÐ¥£µ ¤¥°¸É¢¨Ö
¶·µ¸É· ´¸É¢¥´´µ£µ § ·Ö¤  [11] ´ ¡²Õ¤ ¥É¸Ö ¥£µ Ê³¥´ÓÏ¥´¨¥ ¨ µ¤´µ¢·¥³¥´´µ¥
¨§³¥´¥´¨¥ ¢ · ¸¶·¥¤¥²¥´¨¨ Ô²¥±É·µ´µ¢ ¶µ ¸±µ·µ¸ÉÖ³ (¸³. ·¨¸.9, 10 ¨ ·¨¸.5 ¢
· ¡µÉ¥ [34]).

�É´µ¸¨É¥²Ó´µ µÉ¢¥É  ´  ¤¢  ¶µ¸²¥¤´¨Ì ¢µ¶·µ¸ , ¶·¨¢¥¤¥´´ÒÌ ¢ÒÏ¥, ³µ¦-
´µ ´ °É¨ Ê± § ´¨¥ ´  ¢µ§³µ¦´Ò¥ ¶·¨Î¨´Ò ¢ · ¡µÉ Ì [36,37] ¨ ³µ´µ£· Ë¨ÖÌ
[21,38], ¨§ ±µÉµ·ÒÌ ¸²¥¤Ê¥É, ÎÉµ, ´ Î¨´ Ö ¸ µ¶·¥¤¥²¥´´µ£µ Î¨¸²  ´µ¸¨É¥²¥°
¢ ² ¢¨´¥ (' 108), ¶µ²¥ ¶·µ¸É· ´¸É¢¥´´µ£µ § ·Ö¤  ¸µ§¤ ¥É Ê¸²µ¢¨Ö ¤²Ö ´¥¶·¥-
·Ò¢´µ£µ Ê¸±µ·¥´¨Ö Ô²¥±É·µ´µ¢, ¤¢¨¦ÊÐ¨Ì¸Ö ¢µ Ë·µ´É¥ ² ¢¨´Ò. �Éµ ¸É ´µ-
¢¨É¸Ö ¢µ§³µ¦´Ò³ ¡² £µ¤ ·Ö Éµ³Ê, ÎÉµ Ë·µ´É ²Ó´Ò¥ Ô²¥±É·µ´Ò ² ¢¨´Ò Ô±· -
´¨·ÊÕÉ¸Ö µÉ ¶µ²µ¦¨É¥²Ó´µ£µ § ·Ö¤  ³¥¤²¥´´Ò³¨ Ô²¥±É·µ´ ³¨, ´ Ìµ¤ÖÐ¨³¨¸Ö
¶µ§ ¤¨ Ë·µ´É  ¨ ´¥ ¸¶µ¸µ¡´Ò³¨ µÉµ·¢ ÉÓ¸Ö µÉ ¨µ´µ¢. ˆ³¥´´µ ¶µÔÉµ³Ê ¤²Ö
Ë·µ´É ²Ó´ÒÌ Ô²¥±É·µ´µ¢, ´ Ìµ¤ÖÐ¨Ì¸Ö ¢ ·¥¦¨³¥ Ê¸±µ·¥´¨Ö, ´ ·ÊÏ ¥É¸Ö ¡ -
² ´¸ ³¥¦¤Ê Ê¸±µ·ÖÕÐ¨³ ¤¥°¸É¢¨¥³ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö, Ê¸¨²¥´´µ£µ ¸ ³¨³¨
Ô²¥±É·µ´ ³¨, ¨ Éµ·³µ§ÖÐ¨³¨ ¸Éµ²±´µ¢¥´¨Ö³¨ ¨Ì ¸ ´¥°É· ²Ó´Ò³¨ Î ¸É¨Í ³¨
£ § , ÎÉµ ¨ ¶·¨¢µ¤¨É ± ¨§³¥´¥´¨Õ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ ¶µ ¸±µ·µ¸ÉÖ³.
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�·¨´¨³ Ö É ±µ¥ µ¡ÑÖ¸´¥´¨¥, ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢ ´ ¸ÉµÖÐ¥° · ¡µÉ¥
ÔËË¥±É Ê¸±µ·¥´¨Ö ¨ ¨§³¥´¥´¨Ö · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ ¶µ ¸±µ·µ¸ÉÖ³ ´ -
Î¨´ ¥É ¶·µÖ¢²ÖÉÓ¸Ö ¶·¨ Î¨¸²¥ ´µ¸¨É¥²¥° § ·Ö¤  ¢ ² ¢¨´¥, · ¢´µ³ 107, ÎÉµ
´ Ìµ¤¨É¸Ö §´ Î¨É¥²Ó´µ ´¨¦¥ §´ Î¥´¨°, ¶·¨ ±µÉµ·ÒÌ Ô²¥±É·µ´´ Ö ² ¢¨´  ¶¥-
·¥Ìµ¤¨É ¢ ¸É·¨³¥·. � ²¨Î¨¥ ¶µ¤µ¡´ÒÌ ÔËË¥±Éµ¢ ¶·¨ ³ ²µ³ Î¨¸²¥ Î ¸É¨Í ¢
² ¢¨´¥ É·¥¡Ê¥É ¤µ¶µ²´¨É¥²Ó´µ£µ µ¡ÑÖ¸´¥´¨Ö.

7. ˆ‡Œ…�…�ˆ… •���Š’…�ˆ‘’ˆŠ ‹�‚ˆ�›
�‘–ˆ‹‹�ƒ��”ˆ—…‘ŠˆŒ Œ…’�„�Œ

‚¢¨¤Ê ¢ ¦´µ¸É¨ ¨§ÊÎ¥´¨Ö ¶¥·¥Ìµ¤  ² ¢¨´Ò ¢ ¸É·¨³¥·, µ¡² ¸ÉÓ ¶¥·¥Ìµ¤ 
¨¸¸²¥¤µ¢ ² ¸Ó ¡µ²¥¥ ¶µ¤·µ¡´µ. � ¸±µ²Ó±µ ´ ³ ¨§¢¥¸É´µ, · §·Ö¤Ò ¢ ´¥µ¤´µ·µ¤-
´ÒÌ ¶µ²ÖÌ · ´¥¥ ´¥ ¨¸¸²¥¤µ¢ ²¨¸Ó ¸ ¶·¨¢²¥Î¥´¨¥³ ¸¨£´ ²µ¢, ¨´¤ÊÍ¨·µ¢ ´´ÒÌ
´  ³´µ£¨Ì Ô²¥±É·µ¤ Ì ± ³¥·Ò § ·Ö¤µ³ ² ¢¨´Ò Ê  ´µ¤´µ° ¶·µ¢µ²µ±¨.

„²Ö ¶µ²ÊÎ¥´¨Ö ¡µ²¥¥ ¶µ¤·µ¡´µ° ¨´Ëµ·³ Í¨¨ µ · §¢¨É¨¨ Ô²¥±É·µ´´µ°
² ¢¨´Ò ¢µ ¢·¥³¥´¨ ¨¸¶µ²Ó§µ¢ ² ¸Ó ¸Ì¥³  ¨§³¥·¥´¨°, ¶·¨¢¥¤¥´´ Ö ´  ·¨¸.1.
‚ ²µ£¨±¥ ¢Ò¤¥²¥´¨Ö  ±É  ¶·µÌµ¦¤¥´¨Ö Ô²¥±É·µ´  Î¥·¥§ ± ³¥·Ê ¨¸¶µ²Ó§µ¢ -
² ¸Ó µ¤´   ´µ¤´ Ö ¶·µ¢µ²µ±  2, ¢±²ÕÎ¥´´ Ö ´  ¸µ¢¶ ¤¥´¨¥ ¸µ ¸Í¨´É¨²²ÖÍ¨-
µ´´Ò³ ¸Î¥ÉÎ¨±µ³. ‘¨´Ì·µ´¨§¨·ÊÕÐ¨° ¸¨£´ ² ¤²Ö µ¸Í¨²²µ£· Ë  ¢Ò· ¡ ÉÒ-
¢ ²¸Ö ¸Ì¥³µ° ¸µ¢¶ ¤¥´¨Ö ¶·¨ ¶µ¸ÉÊ¶²¥´¨¨ ¸¨£´ ²  ¸  ´µ¤´µ° ¶·µ¢µ²µ±¨ 2.
�Éµ ¶µ§¢µ²Ö²µ § Ë¨±¸¨·µ¢ ÉÓ ¶µ²µ¦¥´¨¥  ´ ²¨§¨·Ê¥³ÒÌ ¸¨£´ ²µ¢ ¸ ± ³¥·Ò
´  · §¢¥·É±¥ µ¸Í¨²²µ£· Ë . �´ ²¨§Ê ¶µ¤¢¥·£ ²¨¸Ó ¨´¤ÊÍ¨·µ¢ ´´Ò¥ ¸¨£´ ²Ò
¸ µ¡Ñ¥¤¨´¥´´ÒÌ  ´µ¤´ÒÌ ¶·µ¢µ²µ± 1 ¨ 3 (¢ ¤ ²Ó´¥°Ï¥³ ÔÉ¨ ¶·µ¢µ²µ±¨ ¡Ê¤ÊÉ
´ §Ò¢ ÉÓ¸Ö ±µ´É·µ²Ó´Ò³¨), ¸ µ¡Ñ¥¤¨´¥´´ÒÌ ± Éµ¤´ÒÌ ¶²µ¸±µ¸É¥° ¨  ´µ¤´Ò°
¸¨£´ ² ¸ ¶·µ¢µ²µ±¨ 2. ‘¨£´ ²Ò ¸ ±µ´É·µ²Ó´ÒÌ ¶·µ¢µ²µ± ¨§³¥·Ö²¨¸Ó µ¤´µ-
¢·¥³¥´´µ ²¨¡µ ¸ ± Éµ¤´Ò³¨, ²¨¡µ ¸  ´µ¤´Ò³¨ ¸¨£´ ² ³¨. �·¨ ÔÉµ³ ± Éµ¤´Ò¥
¨  ´µ¤´Ò¥ ¸¨£´ ²Ò µ¸² ¡²Ö²¨¸Ó ´  20 ¤� ´¥¶µ¸·¥¤¸É¢¥´´µ ¶¥·¥¤ ¢Ìµ¤µ³ ¢ µ¸-
Í¨²²µ£· Ë. ‚¸¥ ¸¨£´ ²Ò ¶·Ö³µ ¸ ¨§³¥·Ö¥³ÒÌ ± ´ ²µ¢ ¶µ¸ÉÊ¶ ²¨ ´  µ¸Í¨²²µ-
£· Ë Î¥·¥§ ¸µ£² ¸µ¢ ´´Ò¥ ´  µ¡µ¨Ì ±µ´Í Ì ±µ ±¸¨ ²Ó´Ò¥ ± ¡¥²¨ ¸ ¢µ²´µ¢Ò³
¸µ¶·µÉ¨¢²¥´¨¥³ 50 �³. ‚·¥³Ö · ¸¶·µ¸É· ´¥´¨Ö ¸¨£´ ²µ¢ ¸ ± Éµ¤  ¨  ´µ¤´ÒÌ
¶·µ¢µ²µ± ¤µ µ¸Í¨²²µ£· Ë  ¡Ò²µ ¢Ò· ¢´¥´µ ¸ ÉµÎ´µ¸ÉÓÕ ±0,2% ¨ ¸µ¸É ¢²Ö²µ
(50 ± 0, 1) ´¸. ˆ§³¥·¥´¨Ö ¶·µ¢µ¤¨²¨¸Ó ¸ ¶µ³µÐÓÕ Í¨Ë·µ¢µ£µ ¤¢ÊÌ± ´ ²Ó-
´µ£µ µ¸Í¨²²µ£· Ë  Ë¨·³Ò ªTektronixª, ³µ¤¥²Ó TDS 380 (Î ¸ÉµÉ  µÍ¨Ë·µ¢±¨
2 ƒƒÍ).

–¥²Ó ¨§³¥·¥´¨° ¸µ¸ÉµÖ²  ¢ ¶µ²ÊÎ¥´¨¨ ¤ ´´ÒÌ µ ³µ³¥´É Ì ¶µÖ¢²¥´¨Ö
 ´ ²¨§¨·Ê¥³ÒÌ ¸¨£´ ²µ¢ ¢µ ¢·¥³¥´¨ µÉ´µ¸¨É¥²Ó´µ ¤·Ê£ ¤·Ê£ ,   É ±¦¥ ¢ ´ -
¡²Õ¤¥´¨¨ §  ¨§³¥´¥´¨¥³ ¢·¥³¥´´ÒÌ ¨  ³¶²¨ÉÊ¤´ÒÌ Ì · ±É¥·¨¸É¨± ¸¨£´ ²µ¢
¶·¨ Ê¢¥²¨Î¥´¨¨ ´ ¶·Ö¦¥´¨Ö ´  ± ³¥·¥.

ˆ§³¥·¥´¨Ö ¶·µ¢µ¤¨²¨¸Ó ¤²Ö Ï¥¸É¨ · §²¨Î´ÒÌ £ §µ¢ÒÌ ´ ¶µ²´¥´¨° ± -
³¥·Ò. ƒ §µ¢ Ö ¸³¥¸Ó ¶·¨£µÉ ¢²¨¢ ² ¸Ó ¢ · §²¨Î´ÒÌ ¸µµÉ´µÏ¥´¨ÖÌ ¨ ±µ³¡¨-
´ Í¨ÖÌ ¸ ¶µ³µÐÓÕ ·µÉ ³¥É·µ¢ ¨§ ¸²¥¤ÊÕÐ¥£µ  ¸¸µ·É¨³¥´É : CF4, C4H10, Ar
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¨ ´ ¸ÒÐ¥´´Ò¥ ¶·¨ É¥³¶¥· ÉÊ·¥ 25 0C ¶ ·Ò  Í¥Éµ´ , ¨§µ¶·µ¶¨²µ¢µ£µ ¸¶¨·É 
¨ ·ÉÊÉ¨. —¨¸ÉµÉ  £ §µ¢ ¸µµÉ¢¥É¸É¢µ¢ ²  ¶·µ³ÒÏ²¥´´Ò³ ¸É ´¤ ·É ³ ¨ ¸µ¸É ¢-
²Ö²  ¤²Ö CF4 Ä 99,7%, Ar − 99, 997%, C4H10 − 99, 99%. ‚ ± ¦¤µ° ¸¥·¨¨
¨§³¥·¥´¨°, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ±µ´±·¥É´µ³Ê £ §µ¢µ³Ê ´ ¶µ²´¥´¨Õ, ³¨´¨³ ²Ó-
´µ¥ ´ ¶·Ö¦¥´¨¥ ´  ± ³¥·¥ µ¶·¥¤¥²Ö²µ¸Ó ¢µ§³µ¦´µ¸ÉÓÕ ´ ¡²Õ¤ ÉÓ ¸¨£´ ²Ò
´¥¶µ¸·¥¤¸É¢¥´´µ ¸ ±µ´É·µ²Ó´ÒÌ ¶·µ¢µ²µ± ¶·¨ ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ µ¸Í¨²²µ-
£· Ë  2 ³‚/¤¥². �¥§Ê²ÓÉ ÉÒ ¶·µ¢¥¤¥´´ÒÌ ¨§³¥·¥´¨° ¶µ± § ´Ò ´  ·¨¸.11Å
14. �¸Í¨²²µ£· ³³Ò, ¶·¨¢¥¤¥´´Ò¥ ´  ·¨¸Ê´± Ì, ¶µ²ÊÎ¥´Ò ¶ÊÉ¥³ Ê¸·¥¤´¥´¨Ö
256 ¸µ¡ÒÉ¨°. ”µ·³  µ¤¨´µÎ´ÒÌ ¸µ¡ÒÉ¨° ¶· ±É¨Î¥¸±¨ ´¨Î¥³ ´¥ µÉ²¨Î ¥É¸Ö
µÉ Ëµ·³Ò ¸¨£´ ² Ì, ¶µ²ÊÎ¥´´ÒÌ Ê¸·¥¤´¥´¨¥³. ‘¨£´ ²Ò µÉ²¨Î ÕÉ¸Ö Éµ²Ó±µ
 ³¶²¨ÉÊ¤ ³¨, ¨³¥ÕÐ¨³¨ · ¸¶·¥¤¥²¥´¨¥, ¸¢Ö§ ´´µ¥ ¸ Ë²Ê±ÉÊ Í¨Ö³¨ ¢ ´ ¡²Õ-
¤ ¥³ÒÌ ¶·µÍ¥¸¸ Ì.

�¸Í¨²²µ£· ³³Ò, ¶·¥¤¸É ¢²¥´´Ò¥ ¢ ²¥¢ÒÌ ±¢ ¤· É Ì, ¸µ¤¥·¦ É ¨´Ëµ·³ -
Í¨Õ µ · §¢¨É¨¨ Ô²¥±É·µ´´µ° ² ¢¨´Ò ¨  ´ ²¨§¨·Ê¥³ÒÌ ¸¨£´ ²µ¢ ¢ ¨´É¥·¢ ²¥
100 ´¸,   ´  ¶· ¢ÒÌ Ä §  ¶¥·¢Ò¥ 30 ´¸ ÔÉµ£µ ¨´É¥·¢ ² . � §²¨Î´Ò¥ ¢·¥³¥´´Ò¥
³ ¸ÏÉ ¡Ò ¶µ§¢µ²ÖÕÉ ´ ¡²Õ¤ ÉÓ  ³¶²¨ÉÊ¤´Ò¥ ¨ ¢·¥³¥´´Ò¥ Ì · ±É¥·¨¸É¨±¨
¸¨£´ ²µ¢,   É ±¦¥ ¨§³¥´¥´¨¥ ¨Ì Ëµ·³Ò ¸ ¨§³¥´¥´¨¥³ £ §µ¢µ£µ Ê¸¨²¥´¨Ö. ‘
¤·Ê£µ° ¸Éµ·µ´Ò, ÔÉµ ¶µ§¢µ²Ö¥É ¡µ²¥¥ ÉµÎ´µ ±µ´É·µ²¨·µ¢ ÉÓ ¨ ¨§³¥·ÖÉÓ ³µ-
³¥´ÉÒ ¶µÖ¢²¥´¨Ö ¸¨£´ ²µ¢ µÉ´µ¸¨É¥²Ó´µ ¤·Ê£ ¤·Ê£ . �µ µ¸¨ µ·¤¨´ É µÉ²µ¦¥´Ò
 ³¶²¨ÉÊ¤Ò  ´ ²¨§¨·Ê¥³ÒÌ ¸¨£´ ²µ¢ ¢ ³¨²²¨¢µ²ÓÉ Ì, ¨§³¥·¥´´Ò¥ ´  ´ £·Ê§±¥
50 �³. ˆ§-§  · §²¨Î¨Ö §´ Î¥´¨°  ³¶²¨ÉÊ¤ ¸ ± Éµ¤  ¨  ´µ¤  ³ ¸ÏÉ ¡ ¶µ µ¸¨
µ·¤¨´ É ¤²Ö ÔÉ¨Ì ¢¥²¨Î¨´ ¢ ´¥±µÉµ·ÒÌ ¸²ÊÎ ÖÌ ¨³¥¥É · §´Ò¥ §´ Î¥´¨Ö. „²Ö
± ¦¤µ° ¸¥·¨¨ µ¸Í¨²²µ£· ³³ Ê± § ´Ò ¸µ¸É ¢ £ §  ¨ §´ Î¥´¨¥ ¢Ò¸µ±µ£µ ´ ¶·Ö-
¦¥´¨Ö, ¶·¨ ±µÉµ·µ³ µ´¨ ¶µ²ÊÎ¥´Ò.

8. �…‡“‹œ’�’› ˆ‡Œ…�…�ˆ‰ ˆ ˆ• ��‘“†„…�ˆ…

�  ·¨¸.11Å14 ¶·¥¤¸É ¢²¥´Ò µ¸Í¨²²µ£· ³³Ò, ¨²²Õ¸É·¨·ÊÕÐ¨¥ ¶· ±É¨-
Î¥¸±¨ ¢¸¥ Ì · ±É¥·¨¸É¨±¨ · §¢¨É¨Ö ² ¢¨´Ò, ¨ ¨Ì § ¢¨¸¨³µ¸ÉÓ µÉ ·¥¦¨³ 
· ¡µÉÒ ± ³¥·Ò.

8.1. ‚·¥³¥´´ Ö ±µ··¥²ÖÍ¨Ö ¸¨£´ ²µ¢. ˆ§ µ¸Í¨²²µ£· ³³ ´  ·¨¸.11Å14
Ìµ·µÏµ ¢¨¤´µ, ÎÉµ ¶·¨ · ¡µÉ¥ ± ³¥·Ò ¸ ³ ²Ò³ £ §µ¢Ò³ Ê¸¨²¥´¨¥³ (¤µ 105)
¢¸¥  ´ ²¨§¨·Ê¥³Ò¥ ¸¨£´ ²Ò ¨´¤ÊÍ¨·ÊÕÉ¸Ö ´  ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ô²¥±É·µ¤Ò
¶· ±É¨Î¥¸±¨ µ¤´µ¢·¥³¥´´µ. ‘ ·µ¸Éµ³ £ §µ¢µ£µ Ê¸¨²¥´¨Ö ÔÉ  ±µ··¥²ÖÍ¨Ö ´ -
·ÊÏ ¥É¸Ö ¨, ´ Î¨´ Ö ¸ Ê¸¨²¥´¨Ö 105, ¸¨£´ ² ´  ± Éµ¤¥ ´ Î¨´ ¥É ¶µÖ¢²ÖÉÓ¸Ö ¸
§ ¤¥·¦±µ° µÉ´µ¸¨É¥²Ó´µ ³µ³¥´É  ¶µÖ¢²¥´¨Ö ¸¨£´ ²µ¢ ´  ¤·Ê£¨Ì Ô²¥±É·µ¤ Ì.
� ¶·¨³¥·, ¶·¨ · ¡µÉ¥ ± ³¥·Ò ¸ £ §µ¢Ò³ ´ ¶µ²´¨É¥²¥³ 80%CF4 + 20%C4H10

(·¨¸.11, Ä¢) ÔËË¥±É § ¤¥·¦±¨ ± Éµ¤´µ£µ ¸¨£´ ²  ¶·µÖ¢²Ö¥É¸Ö ¶· ±É¨Î¥¸±¨
¶·¨ · ¡µÉ¥ ± ³¥·Ò ¢ ¶·µ¶µ·Í¨µ´ ²Ó´µ³ ·¥¦¨³¥ (V = 2300 ‚). ‚¨¤´µ, ÎÉµ ¢¥-
²¨Î¨´  § ¤¥·¦±¨ ¨³¥¥É ¸¨²Ó´ÊÕ § ¢¨¸¨³µ¸ÉÓ µÉ ´ ¶·Ö¦¥´¨Ö ´  ± ³¥·¥. Œ ±-
¸¨³ ²Ó´µ¥ §´ Î¥´¨¥ § ¤¥·¦±¨ ¤µ¸É¨£ ¥É¸Ö ¶·¨ ´ ¶·Ö¦¥´¨¨ 2600 ‚ ¨ · ¢´µ
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�¨¸. 11. �¸Í¨²²µ£· ³³Ò ¸¨£´ ²µ¢ ¸ ±µ´É·µ²Ó´ÒÌ ¶·µ¢µ²µ± (¢¥·Ì´¨¥) ¨ ¸ ± Éµ¤  ( Ä£)
¨²¨  ´µ¤  (¤) ¶·¨ ´ ¶µ²´¥´¨¨ ± ³¥·Ò £ §µ¢µ° ¸³¥¸ÓÕ 80% CF4 +20% C4H10 ( , ¡, ¢)
¨²¨ 95% CF4 + 5% C4H10 (£, ¤) . � ¶·Ö¦¥´¨¥ ´  ± ³¥·¥ Ê± § ´µ ´  µ¸Í¨²²µ£· ³³ Ì.
�¸² ¡²¥´¨¥ ± Éµ¤´ÒÌ ¸¨£´ ²µ¢ (´¨¦´¨¥ µ¸Í¨²²µ£· ³³Ò) 20 ¤� ( , ¡, ¢) ¨ 10 ¤� (£),
 ´µ¤´ÒÌ (¤) Å 12 ¤�
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�¨¸. 11¡



�‹�‡Œ…��›‰ Œ…•��ˆ‡Œ ��‡�Ÿ„� ‚ ���‚�‹�—�›• Š�Œ…��• 1217

�¨¸. 11¢
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�¨¸. 11£



�‹�‡Œ…��›‰ Œ…•��ˆ‡Œ ��‡�Ÿ„� ‚ ���‚�‹�—�›• Š�Œ…��• 1219

�¨¸. 11¤
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�¨¸. 12. �¸Í¨²²µ£· ³³Ò ¸¨£´ ²µ¢ ¸ ±µ´É·µ²Ó´ÒÌ ¶·µ¢µ²µ± (¢¥·Ì´¨¥) ¨ ¸ ± Éµ¤  ( )
¨²¨  ´µ¤  (¡) ¶·¨ ´ ¶µ²´¥´¨¨ ± ³¥·Ò £ §µ¢µ° ¸³¥¸ÓÕ 70%Ar + 30%C4H10. � ¶·Ö-
¦¥´¨¥ ´  ± ³¥·¥ Ê± § ´µ ´  µ¸Í¨²²µ£· ³³ Ì. �¸² ¡²¥´¨¥ ± Éµ¤´ÒÌ ¸¨£´ ²µ¢ 20 ¤�
( ),  ´µ¤´ÒÌ (¡) Å 12 ¤� (´¨¦´¨¥ µ¸Í¨²²µ£· ³³Ò)
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�¨¸. 13. �¸Í¨²²µ£· ³³Ò ¸¨£´ ²µ¢ ¸ ±µ´É·µ²Ó´ÒÌ ¶·µ¢µ²µ± (¢¥·Ì´¨¥) ¨ ¸ ± Éµ¤ 
( ) ¨²¨  ´µ¤  (¡) ¶·¨ ´ ¶µ²´¥´¨¨ ± ³¥·Ò £ §µ¢µ° ¸³¥¸ÓÕ 85%CF4 + 13%C4H10 +
2%CO(CH3)2. � ¶·Ö¦¥´¨¥ ´  ± ³¥·¥ Ê± § ´µ ´  µ¸Í¨²²µ£· ³³ Ì. �¸² ¡²¥´¨¥ ± -
Éµ¤´ÒÌ ¸¨£´ ²µ¢ ( ) 10 ¤� ¨  ´µ¤´ÒÌ (¡) 12 ¤� (´¨¦´¨¥ µ¸Í¨²²µ£· ³³Ò)
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�¨¸. 14. �¸Í¨²²µ£· ³³Ò ¸¨£´ ²µ¢ ¸ ±µ´É·µ²Ó´ÒÌ ¶·µ¢µ²µ± (¢¥·Ì´¨¥) ¨ ¸ ± Éµ¤  ( )
¨²¨  ´µ¤  (¡) ¶·¨ ´ ¶µ²´¥´¨¨ ± ³¥·Ò £ §µ¢µ° ¸³¥¸ÓÕ 90%CF4 + 10%C4H10+
+2, 5 · 10−4Hg. � ¶·Ö¦¥´¨¥ ´  ± ³¥·¥ Ê± § ´µ ´  µ¸Í¨²²µ£· ³³ Ì. �¸² ¡²¥´¨¥
± Éµ¤´ÒÌ ¸¨£´ ²µ¢ ( ) 10 ¤� ¨  ´µ¤´ÒÌ (¡) 12 ¤� (´¨¦´¨¥ µ¸Í¨²²µ£· ³³Ò)
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¢·¥³¥´¨ ´ · ¸É ´¨Ö  ³¶²¨ÉÊ¤Ò ¶¥·¢µ£µ ¶¨±  ´  ±µ´É·µ²Ó´ÒÌ ¶·µ¢µ²µ± Ì ¤µ
³ ±¸¨³ ²Ó´µ£µ §´ Î¥´¨Ö. �·¨ ´ ¶·Ö¦¥´¨¨ ´  ± ³¥·¥ ≥2600 ‚ ¢¥²¨Î¨´  § -
¤¥·¦±¨ ´¥ ³¥´Ö¥É¸Ö. �´ ²µ£¨Î´ Ö § ¢¨¸¨³µ¸ÉÓ ¢ · §²¨Î´µ° ¸É¥¶¥´¨ ¨³¥¥É
³¥¸Éµ ¨ ¤²Ö ¤·Ê£¨Ì £ §µ¢ÒÌ ¸µ¸É ¢µ¢. ‘¨²Ó´µ¥ µÉ±²µ´¥´¨¥ ¢ ¶µ¢¥¤¥´¨¨ § ¤¥·-
¦¥± ± Éµ¤´µ£µ ¸¨£´ ²  ´ ¡²Õ¤ ¥É¸Ö ¶·¨ · ¡µÉ¥ ± ³¥·Ò ¸ £ §µ¢Ò³¨ ¸µ¸É ¢ ³¨
95%CF4 + 5%C4H10 ¨ 70%Ar + 30%C4H10. „²Ö ¶¥·¢µ£µ ¨§ ´¨Ì (·¨¸.11,£,¤)
§ ¤¥·¦±  ¶·µÖ¢²Ö¥É¸Ö Éµ²Ó±µ ¶·¨ ´ ¶·Ö¦¥´¨¨ 3100 ‚,   ¶·¨ 3200 ‚ § ¤¥·¦± 
¸µ¸É ¢²Ö¥É ¢¸¥£µ 2,3 ´¸, ÌµÉÖ ¶·¨ ¤ ´´ÒÌ ´ ¶·Ö¦¥´¨ÖÌ ± ³¥·  · ¡µÉ ¥É ¢
µ£· ´¨Î¥´´µ ¶·µ¶µ·Í¨µ´ ²Ó´µ³ ·¥¦¨³¥ ¸ Ê¸¨²¥´¨¥³ > 106. „²Ö ¢Éµ·µ£µ
¸µ¸É ¢  £ §  (·¨¸.12) § ¤¥·¦±  ± Éµ¤´µ£µ ¸¨£´ ²  ¶· ±É¨Î¥¸±¨ µÉ¸ÊÉ¸É¢Ê¥É.

ˆ§ ¸· ¢´¥´¨Ö ³µ³¥´Éµ¢ ¶µÖ¢²¥´¨Ö ¸¨£´ ²µ¢ ´   ´µ¤¥ ¨ ±µ´É·µ²Ó´ÒÌ ¶·µ-
¢µ²µ± Ì ¢¨¤´µ, ÎÉµ ¢µ ¢¸¥³ ¤¨ ¶ §µ´¥ ¨§³¥´¥´¨Ö ¢Ò¸µ±µ£µ ´ ¶·Ö¦¥´¨Ö ´ 
± ³¥·¥ ¤ ´´Ò¥ ¸¨£´ ²Ò µ¡· §ÊÕÉ¸Ö µ¤´µ¢·¥³¥´´µ (·¨¸.11¤, 12¡, 13¡, 14¡).

� ¡²Õ¤ ¥³ÊÕ § ±µ´µ³¥·´µ¸ÉÓ ¶µÖ¢²¥´¨Ö ¸¨£´ ²  ´  ± Éµ¤¥ ³µ¦´µ µ¡Ñ-
Ö¸´¨ÉÓ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. �·¨ ´ ¶·Ö¦¥´¨ÖÌ ´  ± ³¥·¥, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
£ §µ¢µ³Ê Ê¸¨²¥´¨Õ < 105, ² ¢¨´  ¨³¥¥É ¥Ð¥ ´¨§±ÊÕ ¶²µÉ´µ¸ÉÓ n+ ¨ n−
§ ·Ö¦¥´´ÒÌ Î ¸É¨Í, ¶µÔÉµ³Ê ¢§ ¨³µ¤¥°¸É¢¨¥ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ ² ¢¨´¥
´¨ÎÉµ¦´µ ¨ § ·Ö¤Ò · §´ÒÌ §´ ±µ¢ ¸¢µ¡µ¤´µ ¤·¥°ËÊÕÉ ± ¸µµÉ¢¥É¸É¢ÊÕÐ¨³
Ô²¥±É·µ¤ ³ ´¥§ ¢¨¸¨³µ ¤·Ê£ µÉ ¤·Ê£ . ‚ ·¥§Ê²ÓÉ É¥ ¤¢¨¦¥´¨Ö § ·Ö¤µ¢ ¢ Í¥¶¨
´ Î¨´ ¥É É¥ÎÓ Éµ±, ¶·¥¤¸É ¢²ÖÕÐ¨° ¸µ¡µ° ¸Ê³³Ê Ô²¥±É·µ´´µ£µ ¨ ¨µ´´µ£µ
Éµ±  [39]:

i = i+ + i− =
E

V
(n+v

+
¤· + n−v

−
¤·) . (7)

�É´µÏ¥´¨¥ ´ ¶·Ö¦¥´´µ¸É¨ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö E ± · §´µ¸É¨ ¶µÉ¥´Í¨ ²µ¢
V , ¶·¨²µ¦¥´´µ° ± ± ³¥·¥, µ¶·¥¤¥²Ö¥É¸Ö £¥µ³¥É·¨¥° ± ³¥·Ò. ‚ ÔÉµ³ ¸²Ê-
Î ¥ ¶µ¤ ¢µ§¤¥°¸É¢¨¥³ ¤¢¨¦ÊÐ¨Ì¸Ö § ·Ö¤µ¢ ² ¢¨´Ò ´  Ô²¥±É·µ¤ Ì ± ³¥·Ò µ¤-
´µ¢·¥³¥´´µ ¨´¤ÊÍ¨·ÊÕÉ¸Ö ¸¨£´ ²Ò ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¶µ²Ö·´µ¸É¨. �µÖ¢²¥´¨¥
§ ¤¥·¦±¨ ¢ ¨´¤Ê±Í¨¨ ¸¨£´ ²  ´  ± Éµ¤ µ§´ Î ¥É, ÎÉµ ¸±µ·µ¸ÉÓ ¤·¥°Ë  ¨µ´µ¢
v+
¤· ¢ É¥Î¥´¨¥ ÔÉµ£µ ¢·¥³¥´¨ ¶· ±É¨Î¥¸±¨ · ¢´  ´Ê²Õ. �·¨ ´¨§±µ° ¶²µÉ´µ¸É¨

² ¢¨´Ò ÔÉµ ³µ¦¥É ¡ÒÉÓ Éµ²Ó±µ ¢ ¸²ÊÎ ¥, ±µ£¤  ¨µ´Ò, ´ Ìµ¤ÖÐ¨¥¸Ö ¢ Ì¢µ¸É¥
² ¢¨´Ò, § ³Ò± Ö¸Ó ´  Ô²¥±É·µ´Ò, ¨¸¶ÒÉÒ¢ ÕÉ ¸¨²Ó´µ¥ ¢§ ¨³´µ¥ Éµ·³µ¦¥´¨¥
¨ µ¤´µ¢·¥³¥´´µ Ô±· ´¨·ÊÕÉ ± Éµ¤ µÉ Ô²¥±É·µ´µ¢, ¤¢¨¦ÊÐ¨Ì¸Ö ±  ´µ¤Ê.

�¤´ ±µ ÔÉµ ´¥ ¥¤¨´¸É¢¥´´Ò° ¶·µÍ¥¸¸ ¢ ² ¢¨´¥, ¶·¨¢µ¤ÖÐ¨° ± Éµ·³µ-
¦¥´¨Õ ¨µ´µ¢. ‚ ¸¨²Ó´µÉµÎ´µ° ² ¢¨´¥ Ê³¥´ÓÏ¥´¨¥ ÔËË¥±É¨¢´µ° ¸±µ·µ¸É¨
¤·¥°Ë  ¨µ´µ¢ ³µ¦¥É ¶·µÌµ¤¨ÉÓ ¶·¨ ¸Éµ²±´µ¢¥´¨ÖÌ ¸ ¢µ§¡Ê¦¤¥´´Ò³¨ ³µ²¥-
±Ê² ³¨,   É ±¦¥ ¢ ¶·µÍ¥¸¸ Ì ¶¥·¥§ ·Ö¤±¨ [22]. � ¶· ¢²¥´´µ¥ ¤¢¨¦¥´¨¥ ¨µ´µ¢
¢ Ô²¥±É·¨Î¥¸±µ³ ¶µ²¥ ³µ¦¥É ¡ÒÉÓ É ±¦¥ ´ ·ÊÏ¥´µ ¢ ¶·µÍ¥¸¸¥ ¸Éµ²±´µ¢¥´¨Ö
¸ ³µ²¥±Ê² ³¨ £ § . �µ´ÖÉ´µ, ÎÉµ ¤¥°¸É¢¨¥ ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ ´  · §¢¨É¨¥ ² ¢¨´Ò
¶·µÖ¢²Ö¥É¸Ö Éµ²Ó±µ ¶·¨ ¢Ò¸µ±¨Ì ¶²µÉ´µ¸ÉÖÌ, ±µ£¤  Î¨¸²µ ´µ¸¨É¥²¥° § ·Ö¤  ¢
² ¢¨´¥ ¡²¨§±µ ± ±·¨É¨Î¥¸±µ³Ê §´ Î¥´¨Õ, · ¢´µ³Ê 108 [38]. Šµ£¤  ¦¥ ² ¢¨´ 
¨³¥¥É ´¨§±ÊÕ ¶²µÉ´µ¸ÉÓ, Éµ·³µ¦¥´¨¥ ¨µ´µ¢ ³µ¦¥É µ¸ÊÐ¥¸É¢²ÖÉÓ¸Ö Éµ²Ó±µ
¶·¨ ¢±²ÕÎ¥´¨¨ ¢ · §¢¨É¨¥ ² ¢¨´Ò  ³¡¨¶µ²Ö·´µ° ¤¨ËËÊ§¨¨ [40] §  ¸Î¥É ¤¥°-
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¸É¢¨Ö ±Ê²µ´µ¢¸±¨Ì ¸¨², ±µÉµ·Ò¥ ¶·µÖ¢²ÖÕÉ¸Ö ¢ ¸¢Ö§Ò¢ ´¨¨ § ·Ö¤µ¢ ¶·µÉ¨¢µ-
¶µ²µ¦´µ£µ §´ ± . ‚±²ÕÎ¥´¨¥ ÔÉµ£µ ¶·µÍ¥¸¸  ¶·µÖ¢²Ö¥É¸Ö ¶·¥¦¤¥ ¢¸¥£µ ¢ Éµ³,
ÎÉµ ´ Î¨´ ¥É¸Ö Éµ·³µ¦¥´¨¥ Ô²¥±É·µ´µ¢ ² ¢¨´Ò,   ¸ ³µ¸µ£² ¸µ¢ ´´µ¥ ¶µ²¥
Ô²¥±É·µ´µ¢ [20] ´ Î¨´ ¥É ¢²¨ÖÉÓ ´  ¸±µ·µ¸ÉÓ ¤·¥°Ë  ¨µ´µ¢. Š ± ¨§¢¥¸É´µ
¨§ Ë¨§¨±¨ £ §µ¢µ£µ · §·Ö¤ , ¶·¨ ¢Ò¸µ±¨Ì ¶²µÉ´µ¸ÉÖÌ ² ¢¨´Ò (≥ 1012 ¸³−3)
 ³¡¨¶µ²Ö·´ Ö ¤¨ËËÊ§¨Ö ¸¶µ¸µ¡´  ¶·¨¢¥¸É¨ ´¥ Éµ²Ó±µ ± ¶µ²´µ³Ê Ê´¨ÎÉµ-
¦¥´¨Õ ¸±µ·µ¸É¨ ¤·¥°Ë  ¨µ´µ¢, ´µ ¨ ± ¨§³¥´¥´¨Õ ´ ¶· ¢²¥´¨Ö ¤¢¨¦¥´¨Ö
¨µ´µ¢ [21].

�µ¸±µ²Ó±Ê ¨µ´Ò ¨ Ô²¥±É·µ´Ò ¢ ² ¢¨´¥ ¶¥·¥±·Ò¢ ÕÉ¸Ö ¨ ¤·¥°ËÊÕÉ ¸
· §´µ° ¸±µ·µ¸ÉÓÕ ¢ ¶·µÉ¨¢µ¶µ²µ¦´ÒÌ ´ ¶· ¢²¥´¨ÖÌ, Éµ ¤·¥°Ë ¢ ² ¢¨´¥ ´¥-
¨§¡¥¦´µ ¶·¨¢¥¤¥É ± · §¤¥²¥´¨Õ § ·Ö¤µ¢ ¨ ± ¢µ§´¨±´µ¢¥´¨Õ Ô²¥±É·¨Î¥¸±µ£µ
¶µ²Ö, ¸É·¥³ÖÐ¥£µ¸Ö Ê¸É· ´¨ÉÓ ¢µ§´¨±Ï¥¥ · §¤¥²¥´¨¥. —¥³ ¢ÒÏ¥ ¶²µÉ´µ¸ÉÓ
² ¢¨´Ò, É¥³ ³¥´ÓÏ¥ ³ ¸ÏÉ ¡Ò · §¤¥²¥´¨Ö § ·Ö¤µ¢ ¢ ¶·µ¸É· ´¸É¢¥ ¨ ¢µ ¢·¥-
³¥´¨ ¨ É¥³ ¸¨²Ó´¥¥ ¶·µÖ¢²Ö¥É¸Ö  ¢Éµ³ É¨Î¥¸±¨° ³¥Ì ´¨§³ ¤²Ö ¢Ò· ¢´¨¢ ´¨Ö
§ ·Ö¤µ¢ ¶·µÉ¨¢µ¶µ²µ¦´ÒÌ §´ ±µ¢. „¢¨¦¥´¨¥ Î ¸É¨Í ¢ ´¥° ¶·µ¨¸Ìµ¤¨É É ±¨³
µ¡· §µ³, ÎÉµ ¨µ´Ò ´¥ ³µ£ÊÉ µÉµ·¢ ÉÓ¸Ö µÉ Ô²¥±É·µ´µ¢ [17]. …¸²¨ · §´µ¸ÉÓ
¶µÉ¥´Í¨ ²µ¢ ´  ¤²¨´¥ · §¤¥²¥´¨Ö ¸É ´µ¢¨É¸Ö ¸· ¢´¨³µ° ¶µ  ¡¸µ²ÕÉ´µ° ¢¥-
²¨Î¨´¥ ¸ · §´µ¸ÉÓÕ ¶µÉ¥´Í¨ ²µ¢, ¸µ§¤ ¢ ¥³µ° ´  ÔÉµ° ¤²¨´¥ ¢´¥Ï´¨³ ¨¸-
ÉµÎ´¨±µ³, Éµ ¸±µ·µ¸ÉÓ ¨µ´µ¢ ¨ Ô²¥±É·µ´µ¢ ¡Ê¤¥É ¡²¨§±  ± ´Ê²Õ. �µ ³¥·¥
· §¢¨É¨Ö ² ¢¨´Ò ¶µ¤µ¡´Ò° ¶·µÍ¥¸¸ ¡Ê¤¥É ´ · ¸É ÉÓ ¨ · ¸¶·µ¸É· ´ÖÉÓ¸Ö ¢ ´ -
¶· ¢²¥´¨¨ ±  ´µ¤Ê ¢¸²¥¤¸É¢¨¥ ·µ¸É  ¶²µÉ´µ¸É¨ § ·Ö¤µ¢ ¨ ¡µ²¥¥ ¨´É¥´¸¨¢´µ£µ
¶·µÖ¢²¥´¨Ö Éµ·³µ¦¥´¨Ö Ô²¥±É·µ´µ¢. ‘É·¥³²¥´¨¥ ± Ê¸É ´µ¢²¥´¨Õ ±¢ §¨´¥°-
É· ²Ó´µ¸É¨ ¶·¨¢¥¤¥É ± Éµ³Ê, ÎÉµ ¸ · §¢¨É¨¥³ ² ¢¨´Ò ¢¸¥ ¡µ²ÓÏ Ö Î ¸ÉÓ ³¥¤-
²¥´´ÒÌ Ô²¥±É·µ´µ¢ ¡Ê¤¥É Éµ·³µ§¨ÉÓ¸Ö ± ± ¢´ÊÉ·¨ ¶µ²µ¦¨É¥²Ó´µ § ·Ö¦¥´´µ£µ
µ¡² ± , É ± ¨ ´  Ë·µ´É¥ ² ¢¨´Ò. …¸É¥¸É¢¥´´µ, ÎÉµ ÔÉµÉ ¶·µÍ¥¸¸ ¶·¨¢¥¤¥É ±
µ¸² ¡²¥´¨Õ ¤¥°¸É¢¨Ö ¢´¥Ï´¥£µ ¶µ²Ö ¢´ÊÉ·¨ ² ¢¨´Ò ¨§-§  ±Ê²µ´µ¢¸±µ£µ Ô±· -
´¨·µ¢ ´¨Ö (2) [42]. ‚ Éµ ¦¥ ¢·¥³Ö ¤²Ö Î ¸É¨ ¶¥·¥¤´¨Ì Ô²¥±É·µ´µ¢, ¢¸²¥¤¸É¢¨¥
·µ¸É  ¶µ²Ö ³¥¦¤Ê ´¨³¨ ¨  ´µ¤µ³, Ê¸²µ¢¨Ö ·¥§±µ ¨§³¥´ÖÕÉ¸Ö: Ô²¥±É·µ´Ò ¶¥-
·¥Ìµ¤ÖÉ ¢ ·¥¦¨³ ´¥¶·¥·Ò¢´µ£µ Ê¸±µ·¥´¨Ö (¸³. ·¨¸.9) ¨ ¨´É¥´¸¨¢´µ ¨µ´¨§ÊÕÉ
³µ²¥±Ê²Ò £ § , É ± ± ± § Éµ·³µ§¨¢Ï¨¥¸Ö ¨µ´´Ò³ µ¡² ±µ³ Ô²¥±É·µ´Ò, ´ Ìµ¤Ö-
Ð¨¥¸Ö ¶¥·¥¤ µ¡² ±µ³, ¡Ê¤ÊÉ § ³Ò± ÉÓ ´  ¸¥¡Ö ¨µ´Ò, µ¡· §µ¢ ´´Ò¥ ¡Ò¸É·Ò³¨
Ô²¥±É·µ´ ³¨ [21].

�¶¨¸ ´´ Ö ¢ÒÏ¥ ± ·É¨´  ¥¸ÉÓ Î ¸ÉÓ ¤¨´ ³¨±¨ · §¢¨É¨Ö ² ¢¨´Ò, ¨ µ´ 
¢ ¦´  ¸ ÉµÎ±¨ §·¥´¨Ö ¶·µÍ¥¸¸  µ¡· §µ¢ ´¨Ö ¸¨£´ ²µ¢ ´  Ô²¥±É·µ¤ Ì ± ³¥·Ò.
„¥°¸É¢¨É¥²Ó´µ, ¶µÎ¥³Ê ¸¨£´ ² ´  ± Éµ¤¥ ¶µÖ¢²Ö¥É¸Ö ¶·¨ ´¨§±µ³ Ê¸¨²¥´¨¨ ¢
± ³¥·¥ µ¤´µ¢·¥³¥´´µ ¸ ¤·Ê£¨³¨ ¸¨£´ ² ³¨,   ¸ ¶µ¢ÒÏ¥´¨¥³ £ §µ¢µ£µ Ê¸¨²¥-
´¨Ö µ´ ´ Î¨´ ¥É § ¤¥·¦¨¢ ÉÓ¸Ö? …¸²¨ ¢¸¥  ´ ²¨§¨·Ê¥³Ò¥ ¸¨£´ ²Ò µÉ¢¥Î ÕÉ
µ¤´µ³Ê ¨ Éµ³Ê ¦¥ Éµ±Ê Î¥·¥§ ± ³¥·Ê ¨ ¢´¥Ï´ÕÕ Í¥¶Ó, Éµ, ¸µ£² ¸´µ É¥µ·¥³¥
� ³µ Å ˜µ±²¨ [5], ÔÉ¨ ¸¨£´ ²Ò ¤µ²¦´Ò ¶µÖ¢²ÖÉÓ¸Ö ¢¸¥£¤  µ¤´µ¢·¥³¥´´µ. ‘
¤·Ê£µ° ¸Éµ·µ´Ò, ± ± ¡Ò²µ ¸± § ´µ ¢ÒÏ¥, ¤¢¨¦¥´¨¥ § ·Ö¤µ¢ ±  ´µ¤Ê Ô±· ´¨-
·Ê¥É¸Ö µÉ ± Éµ¤  ¶· ±É¨Î¥¸±¨ ´¥¶µ¤¢¨¦´Ò³ ¨µ´´Ò³ ¸²µ¥³. …¸²¨ ÔÉµ É ±, Éµ
¢ Í¥¶¨ ¢µµ¡Ð¥ ´¥ ³µ¦¥É É¥ÎÓ Éµ± ¤µ É¥Ì ¶µ·, ¶µ±  Ô±· ´¨·µ¢±  ¸ÊÐ¥¸É¢Ê¥É.
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�µ, É¥³ ´¥ ³¥´¥¥, ¸¨£´ ²Ò ´   ´µ¤´ÒÌ Ô²¥±É·µ¤ Ì µ¡· §ÊÕÉ¸Ö. �·¨Î¨´ 
¸µ¸Éµ¨É ¢ ¸²¥¤ÊÕÐ¥³: ¢ ¶·µ¢µ²µÎ´ÒÌ ± ³¥· Ì ¶²µÉ´µ¸ÉÓ Î ¸É¨Í ² ¢¨´Ò ¢
´ ¶· ¢²¥´¨¨ ±  ´µ¤Ê ¸¨²Ó´µ ´¥µ¤´µ·µ¤´ ,   ¢Ò¸µ± Ö ¶²µÉ´µ¸ÉÓ ² ¢¨´Ò ¸µ-
§¤ ¥É ¸¨²Ó´µ¥ Ô±· ´¨·µ¢ ´¨¥ § ·Ö¤µ¢ µÉ ¢´¥Ï´¥£µ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö. �Éµ
µ¡¸ÉµÖÉ¥²Ó¸É¢µ µ¡Ö§ É¥²Ó´µ ¢Ò§µ¢¥É ¤¨ËËÊ§¨µ´´Ò° Éµ±, ±µÉµ·Ò° ¸É·¥³¨É¸Ö
Ê¸É· ´¨ÉÓ ¸µ§¤ ¢Ï¨°¸Ö £· ¤¨¥´É ¶²µÉ´µ¸É¨. �µ²´Ò° Éµ±, ± ± ¶· ¢¨²µ, ¤µ²-
¦¥´ ¸µ¸ÉµÖÉÓ ¨§ ¤·¥°Ëµ¢ÒÌ ¨ ¤¨ËËÊ§¨µ´´ÒÌ Î ¸É¥°. �·¨ ÔÉµ³ ¶²µÉ´µ¸É¨
¶µÉµ±µ¢ Ô²¥±É·µ´µ¢ ¨ ¨µ´µ¢ ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢Ò· ¦¥´¨¥³ [21]:

Γ± = ±n±µ±E −D±∇n , (8)

£¤¥ µ, D Ä ±µÔËË¨Í¨¥´ÉÒ ¶µ¤¢¨¦´µ¸É¨ ¨ ¤¨ËËÊ§¨¨ ¤²Ö Ô²¥±É·µ´µ¢ ¨ ¨µ´µ¢;
E Ä Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥, · ¢´µ¥ ¸Ê³³¥ ¢´¥Ï´¥£µ ¶µ²Ö ¨ ¶µ²Ö ¶µ²Ö·¨§ Í¨¨,
¢Ò§¢ ´´µ£µ · §¤¥²¥´¨¥³ § ·Ö¤µ¢ ¨ £· ¤¨¥´Éµ³ ¶²µÉ´µ¸É¨; n Ä ¶²µÉ´µ¸ÉÓ Î ¸-
É¨Í ¢ ¥¤¨´¨Í¥ µ¡Ñ¥³ .

�²µÉ´µ¸ÉÓ Éµ±  j ¢ ÔÉµ° ¸¨ÉÊ Í¨¨ ´  µ¸´µ¢ ´¨¨ (8) ¡Ê¤¥É · ¢´  [21]:

j = e(Γ− − Γ+) = (D− −D+)e∇n+ (µ− + µ+)Een , (9)

  Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥, · ¢´µ¥ ¸Ê³³¥ ¢´¥Ï´¥£µ ¶µ²Ö, µÉ¢¥É¸É¢¥´´µ£µ §  Éµ±
Î¥·¥§ ± ³¥·Ê, ¨ ¶µ²Ö ¶µ²Ö·¨§ Í¨¨, ¢Ò§¢ ´´µ£µ ´ ²¨Î¨¥³ £· ¤¨¥´Éµ¢ ¢ ² ¢¨´¥,
¶·¥¤¸É ¢²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

E =
j

e(µ− + µ+)n
−
D− −D+

µ− + µ+

∇n

n
. (10)

’ ± ± ± D− � D+, Éµ ¶·¨ ¸¨²Ó´µ° Ô±· ´¨·µ¢±¥ ¢´¥Ï´¥£µ ¶µ²Ö ¢ ² ¢¨´¥
¶²µÉ´µ¸ÉÓ Éµ±  ¸µ£² ¸´µ (9) ¡Ê¤¥É µ¶·¥¤¥²ÖÉÓ¸Ö ¢ µ¸´µ¢´µ³ ¤¨ËËÊ§¨µ´´µ°
Î ¸ÉÓÕ j ≈ eD−∇n, É.¥. £² ¢´Ò³ ¶¥·¥´µ¸Î¨±µ³ Éµ±  ¸É ´µ¢¨É¸Ö ¸¢µ¡µ¤-
´ Ö ¤¨ËËÊ§¨Ö Ô²¥±É·µ´µ¢ [21]. �µÔÉµ³Ê, ¢µ§¢· Ð Ö¸Ó ± ´ Ï¥° ¶·µ¡²¥³¥,
³µ¦´µ ¶µ´ÖÉÓ, ÎÉµ ¥¸²¨ Éµ±  ¢ Í¥¶¨ ´¥É, Éµ ¢´¥Ï´¨° ¨¸ÉµÎ´¨± ¶¨É ´¨Ö ´¥
¸µ¢¥·Ï ¥É · ¡µÉÒ ¶µ · §¤¥²¥´¨Õ ¸¢Ö§ ´´ÒÌ § ·Ö¤µ¢, ¨ ÎÉµ Ô²¥±É·µ´Ò ¢´Ê-
É·¨ ² ¢¨´Ò ´¥ ¶µ²ÊÎ ÕÉ Ô´¥·£¨Õ µÉ ¶µ²Ö ¨ ´¥ ³µ£ÊÉ ÉÖ´ÊÉÓ §  ¸µ¡µ° ¨µ´Ò.
�¡· §´µ £µ¢µ·Ö, ¤¨´ ³¨Î¥¸± Ö ¸¨¸É¥³ , ¡Ê·´µ · §¢¨¢ ¢Ï Ö¸Ö ¢ É¥Î¥´¨¥ ´¥-
¸±µ²Ó±¨Ì ´ ´µ¸¥±Ê´¤, ´ Î¨´ ¥É ±µ´¸¥·¢¨·µ¢ ÉÓ¸Ö. �·µÍ¥¸¸ ¶·µ¤µ²¦ ¥É¸Ö ¤µ
É¥Ì ¶µ·, ¶µ±  ´¥ ¶µ°¤¥É ¤¨ËËÊ§¨µ´´Ò° Éµ±. ‡ ·Ö¤, ¶·¨µ¡·¥É¥´´Ò°  ´µ¤´µ°
¶·µ¢µ²µ±µ° 2 (·¨¸.1) ¶µ ³¥·¥ ¤µ¸É¨¦¥´¨Ö ¥¥ ¤·¥°ËÊÕÐ¨³¨ Ë·µ´É ²Ó´Ò³¨ ¨
¤¨ËËÊ´¤¨·ÊÕÐ¨³¨ Ô²¥±É·µ´ ³¨, ¢Ò§µ¢¥É §  ¸Î¥É Ô²¥±É·µ¸É É¨Î¥¸±µ° ¨´¤Ê±-
Í¨¨ ¶¥·¥· ¸¶·¥¤¥²¥´¨¥ § ·Ö¤µ¢ µ¡· É´µ£µ §´ ±  ´  ¢¸¥Ì ¸µ¸¥¤´¨Ì ¶·µ¢µ²µ± Ì,
Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥ ±µÉµ·ÒÌ Ê³¥´ÓÏ ¥É ¶µÉ¥´Í¨ ² ¶·µ¢µ²µ±¨ 2. �µÉ¥´Í¨ ²Ò
¦¥ ¶·µ¢µ²µ± 1, 3 ¨ ¤·Ê£¨Ì ¶µ¢Ò¸ÖÉ¸Ö. ‚µ§´¨±Ï¥¥ ¶·¨ ÔÉµ³ Ô²¥±É·¨Î¥¸±µ¥
¶µ²¥ ¨§³¥´Ö¥É¸Ö ¢µ ¢·¥³¥´¨ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¨§³¥´¥´¨¥³ § ·Ö¤ , ¶µ¸ÉÊ¶ Õ-
Ð¥£µ ´   ´µ¤´ÊÕ ¶·µ¢µ²µ±Ê 2 ¨§ ² ¢¨´Ò. �´µ¤´Ò¥ ¶·µ¢µ²µ±¨ ¸¢Ö§ ´Ò ³¥¦¤Ê
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¸µ¡µ° ¥³±µ¸É´µ° ¸¢Ö§ÓÕ ¨, ± ± ¶· ¢¨²µ, ¸µ¥¤¨´¥´Ò Î¥·¥§ ´ £·Ê§µÎ´Ò¥ ¸µ¶·µ-
É¨¢²¥´¨Ö ¸ µ¡Ð¨³ ¶·µ¢µ¤µ³, ¨¤ÊÐ¨³ ± ª¶²Õ¸Êª ¢Ò¸µ±µ¢µ²ÓÉ´µ£µ ¨¸ÉµÎ´¨± .
’ ± ± ± Éµ± Î¥·¥§ ¨¸ÉµÎ´¨± ¨ ± ³¥·Ê µÉ¸ÊÉ¸É¢Ê¥É, Éµ ¤¨ËËÊ§¨µ´´Ò° Ô²¥±-
É·µ´´Ò° Éµ± ¡² £µ¤ ·Ö ¨§³¥´ÖÕÐ¥³Ê¸Ö Ô²¥±É·¨Î¥¸±µ³Ê ¶µ²Õ § ³Ò± ¥É¸Ö ´ 
¸µ¸¥¤´¨¥  ´µ¤´Ò¥ ¶·µ¢µ²µ±¨ Î¥·¥§ ³¥¦ ´µ¤´Ò¥ ¥³±µ¸É¨ ¨ ´ £·Ê§µÎ´Ò¥ ¸µ-
¶·µÉ¨¢²¥´¨Ö. �·¨Î¥³ Éµ±, ¶·µÉ¥± ÕÐ¨° Î¥·¥§ ¸µ¶·µÉ¨¢²¥´¨¥ ¶·µ¢µ²µ±¨ 2,
· ¢¥´ ¸Ê³³¥ Éµ±µ¢, ¨¤ÊÐ¨Ì Î¥·¥§ µ¸É ²Ó´Ò¥ ¸µ¶·µÉ¨¢²¥´¨Ö.

�· ±É¨Î¥¸±¨ ¸ ´ Î ²µ³ ¶·µÉ¥± ´¨Ö Ô²¥±É·µ´´µ£µ Éµ±  ´ Î´¥É¸Ö Ê¸¨²¥´¨¥
Ô±· ´¨·µ¢ ´¨Ö  ´µ¤  ¶·µ¸É· ´¸É¢¥´´Ò³ § ·Ö¤µ³ ¨µ´µ¢, ÎÉµ ¢Ò§µ¢¥É ¶µ´¨¦¥-
´¨¥ ¢´¥Ï´¥£µ ¶µ²Ö ¢¡²¨§¨  ´µ¤  ¨ ¶µ¢ÒÏ¥´¨¥ ¥£µ ¢ ´ ¶· ¢²¥´¨¨ ± ± Éµ¤Ê.
�µ¤ ¤¥°¸É¢¨¥³ £· ¤¨¥´É  ¶²µÉ´µ¸É¨ ¨ Ê¸¨²¥´´µ£µ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¨µ´Ò
µ¡² ±  ¨ ¸¢Ö§ ´´Ò¥ ¸ ´¨³¨ Ô²¥±É·µ´Ò ´ Î´ÊÉ ¶¥·¥³¥Ð ÉÓ¸Ö ¨§ µ¡² ¸É¨ ¸
¡µ²¥¥ ¢Ò¸µ±µ° ¶²µÉ´µ¸ÉÓÕ ¨ ¡µ²¥¥ ¸² ¡Ò³ ¶µ²¥³ ¢ µ¡² ¸ÉÓ ¸ ¶µ´¨¦¥´´µ°
¶²µÉ´µ¸ÉÓÕ ¨ ¡µ²¥¥ ¸¨²Ó´Ò³ ¶µ²¥³, É.¥. ´ Î´¥É¸Ö  ³¡¨¶µ²Ö·´ Ö ¤¨ËËÊ§¨Ö
¨  ³¡¨¶µ²Ö·´Ò° ¤·¥°Ë § ·Ö¤µ¢ ¢¤µ²Ó ´¥µ¤´µ·µ¤´µ£µ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö.
�³¡¨¶µ²Ö·´Ò° ¶µÉµ± § ·Ö¤µ¢ Ì · ±É¥·¨§Ê¥É¸Ö µÉ´µÏ¥´¨¥³ [21]:

DE

Da
=

E2

4πnkT
=

{E[/¸³]}2

1, 8 · 10−6nT [Ô‚]
, (11)

£¤¥ DE Ä ÔËË¥±É¨¢´Ò° ±µÔËË¨Í¨¥´É ¤¨ËËÊ§¨¨ ¶·¨  ³¡¨¶µ²Ö·´µ³ ¤·¥°Ë¥;
Da Ä ±µÔËË¨Í¨¥´É  ³¡¨¶µ²Ö·´µ° ¤¨ËËÊ§¨¨.

ˆ§ (11) ¢¨¤´µ, ÎÉµ ¢ ¶·µ¢µ²µÎ´ÒÌ ± ³¥· Ì  ³¡¨¶µ²Ö·´Ò° ¤·¥°Ë ´ Î¨´ ¥É
¶·¥µ¡² ¤ ÉÓ ´ ¤  ³¡¨¶µ²Ö·´µ° ¤¨ËËÊ§¨¥°, ¥¸²¨ ¶µ²¥ ¶·µ¸É· ´¸É¢¥´´µ£µ § -
·Ö¤  E > 102 ‚/¸³,   ±µ´Í¥´É· Í¨Ö Î ¸É¨Í ¢ ² ¢¨´¥ n = 1010 ¸³−3. „ ´´Ò¥
§´ Î¥´¨Ö ·¥ ²¨§ÊÕÉ¸Ö ¢ ¶·µ¢µ²µÎ´µ° ± ³¥·¥ Ê¦¥ ¶·¨ £ §µ¢µ³ Ê¸¨²¥´¨¨ 105.

‘±µ·µ¸ÉÓ ¶¥·¥³¥Ð¥´¨Ö  ³¡¨¶µ²Ö·´µ£µ ¶µÉµ±  ¡Ê¤¥É · ¢´  [43]:

v = µ+E −
D+

n+

dn+

dx
, (12)

£¤¥ E Ä Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥ ¢¤µ²Ó ¤¢¨¦¥´¨Ö ¨µ´µ¢, · ¢´µ¥ ¸Ê³³¥ ¢´¥Ï´¥£µ
¶µ²Ö ¨ ¶µ²Ö ¶·µ¸É· ´¸É¢¥´´µ£µ § ·Ö¤ .

�¥·¥± Î¨¢ ´¨¥ ¶·µ¸É· ´¸É¢¥´´µ£µ § ·Ö¤  ¢ ´ ¶· ¢²¥´¨¨ Ì¢µ¸É  ² ¢¨´Ò
¶·¨¢¥¤¥É ¢ ¤¢¨¦¥´¨¥ Ô²¥±É·µ´Ò, Ê¤¥·¦¨¢ ¥³Ò¥ Ô±· ´¨·ÊÕÐ¨³ ¨µ´´Ò³ ¸²µ¥³,
ÎÉµ, ¢ ¸¢µÕ µÎ¥·¥¤Ó, ¶µ§¢µ²¨É ÔÉµ³Ê ¸²µÕ ´ Î ÉÓ ¤¢¨¦¥´¨¥ ± ± Éµ¤Ê ¨, ¶·µ-
¨§¢µ¤Ö ¥£µ ¶µ²Ö·¨§ Í¨Õ, ¢Ò§¢ ÉÓ Éµ± ¢µ ¢¸¥° Í¥¶¨. �²¥±É·µ´Ò ¦¥, µ¸¢µ¡µ-
¤¨¢Ï¨¥¸Ö µÉ ¨µ´´µ£µ ¸²µÖ, ¡Ê¤ÊÉ Î ¸É¨Î´µ § Éµ·³µ¦¥´Ò ¢ ¶²µÉ´µ³ ¨µ´´µ³
µ¡² ±¥.

‚ § ±²ÕÎ¥´¨¥ ¶·¨¢¥¤¥³ µÍ¥´±Ê ³ ¸ÏÉ ¡  · §¤¥²¥´¨Ö § ·Ö¤µ¢ ¢ Ô±· -
´¨·ÊÕÐ¥³ ¸²µ¥. �·¨ ´ ¶·Ö¦¥´¨¨ ´  ± ³¥·¥ 2,5 ±‚ ¨ £ §µ¢µ³ ´ ¶µ²´¥-
´¨¨ 80% CF4 + 20% C4H10 ¢¥²¨Î¨´  § ¤¥·¦±¨ ± Éµ¤´µ£µ ¸¨£´ ²  · ¢´ 
t ≈ 6 ´¸ (·¨¸.11, ). ‚·¥³¥´´µ° ¤¦¨ÉÉ¥· ¸¨£´ ²µ¢ ´   ´µ¤¥ ¢ ÔÉµ³ ¸²ÊÎ ¥ · ¢¥´
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∆t = 9, 2 ´¸ (·¨¸.8, ). ’ ± ± ± ¤¦¨ÉÉ¥· ¶µ²´µ¸ÉÓÕ µ¶·¥¤¥²Ö¥É¸Ö Ë²Ê±ÉÊ Í¨-
Ö³¨ ¢µ ¢·¥³¥´¨ ¤·¥°Ë  ¶¥·¢ÒÌ Ô²¥±É·µ´µ¢, µ¡· §µ¢ ¢Ï¨Ì¸Ö ¢¡²¨§¨ ¶²µ¸±µ¸É¨
 ´µ¤ , ´  ¤²¨´¥, · ¢´µ° ¶µ²µ¢¨´¥ Ï £  S ³¥¦¤Ê  ´µ¤ ³¨ [32], Éµ ¸±µ·µ¸ÉÓ
¤·¥°Ë  Ô²¥±É·µ´µ¢ ¡Ê¤¥É · ¢´ 

S

2∆t
=

0, 1

9, 2 · 10−9
= 1, 1 · 107¸³/¸. (13)

�·¨ ¤ ´´µ° ¸±µ·µ¸É¨ Ô²¥±É·µ´´Ò° ¸²µ° §  ¶¥·¢ÊÕ ´ ´µ¸¥±Ê´¤Ê § ¤¥·¦±¨ ± -
Éµ¤´µ£µ ¸¨£´ ²  ¸³¥¸É¨É¸Ö µÉ´µ¸¨É¥²Ó´µ ¨µ´´µ£µ ¸²µÖ ´  · ¸¸ÉµÖ´¨¥
10−9 · 1, 1 · 107 = 1, 1 · 10−2 ¸³. �  ¸ ³µ³ ¤¥²¥ ·¥ ²Ó´ Ö ¤²¨´  · §¤¥²¥-
´¨Ö ¤µ²¦´  ¡ÒÉÓ ¸ÊÐ¥¸É¢¥´´µ ³¥´ÓÏ¥°, É.±. Ô²¥±É·µ´Ò ¶·¨ ¸¢µ¥³ ¤¢¨¦¥´¨¨
¨¸¶ÒÉÒ¢ ÕÉ ¢²¨Ö´¨¥ ¸¤¥·¦¨¢ ÕÐ¨Ì ±Ê²µ´µ¢¸±¨Ì ¸¨². �µÔÉµ³Ê ¨Ì ¸±µ·µ¸ÉÓ
¤·¥°Ë  ¡Ê¤¥É ¶ ¤ ÉÓ ¨ ¶µ²´µ¸ÉÓÕ ¶·¥±· É¨É¸Ö, ±µ£¤ , ± ± µÉ³¥Î ²µ¸Ó ¢ÒÏ¥,
´  ¤²¨´¥ · §¤¥²¥´¨Ö Ê¸É ´µ¢¨É¸Ö · ¢¥´¸É¢µ · §´µ¸É¨ ¶µÉ¥´Í¨ ²µ¢. ‘ ÔÉµ£µ
³µ³¥´É  ¸µ¸ÉµÖ´¨¥ ¨ ±µ´Ë¨£Ê· Í¨Ö Ô²¥±É·µ´´µ£µ ¸²µÖ ¡Ê¤ÊÉ µ¶·¥¤¥²ÖÉÓ¸Ö
¸µ¸ÉµÖ´¨¥³ ¨µ´´µ£µ ¸²µÖ.

8.2. ‚·¥³Ö · §¢¨É¨Ö ² ¢¨´Ò. ˆ´Ëµ·³ Í¨Õ µ¡ ÔÉµ° µÎ¥´Ó ¢ ¦´µ° Ì · ±-
É¥·¨¸É¨±¥ ² ¢¨´Ò ¤ ÕÉ ¸¨£´ ²Ò, µ¡· §ÊÕÐ¨¥¸Ö ´  ±µ´É·µ²Ó´ÒÌ ¶·µ¢µ²µ± Ì.
‘µ£² ¸´µ ¶·¨¢¥¤¥´´Ò³ µ¸Í¨²²µ£· ³³ ³ ´  ·¨¸.11Å14, ¢·¥³Ö · §¢¨É¨Ö ² -
¢¨´Ò τ² · ¢´µ ¢·¥³¥´¨ ´ · ¸É ´¨Ö ¶¥·¢µ£µ ¶¨±  (¢¥·Ì´¨¥ µ¸Í¨²²µ£· ³³Ò)
¤µ ³ ±¸¨³ ²Ó´µ°  ³¶²¨ÉÊ¤Ò. ’µ, ÎÉµ ¨²²Õ¸É·¨·Ê¥É¸Ö ´  µ¸Í¨²²µ£· ³³ Ì § 
¶¥·¢Ò³ ¶¨±µ³, µÉ¢¥Î ¥É ¤·Ê£¨³ ¶·µÍ¥¸¸ ³, ¢µ§´¨± ÕÐ¨³ ¢ ² ¢¨´¥ ¶µ¸²¥ ¥¥
§ ¢¥·Ï¥´¨Ö. �É¨ ¶·µÍ¥¸¸Ò ¡Ê¤ÊÉ · ¸¸³µÉ·¥´Ò ¢ ¶. 8.3.

�  µ¸Í¨²²µ£· ³³ Ì Ìµ·µÏµ ¢¨¤´µ, ÎÉµ ¢·¥³Ö · §¢¨É¨Ö ² ¢¨´Ò § ¢¨¸¨É
± ± µÉ ¢¥²¨Î¨´Ò £ §µ¢µ£µ Ê¸¨²¥´¨Ö ¢ ± ³¥·¥, É ± ¨ µÉ ¸µ¸É ¢  £ §µ¢µ° ¸³¥¸¨.
�¡Ð¨³ ¤²Ö ¢¸¥Ì £ §µ¢ÒÌ ¸³¥¸¥° ¨ ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸ÖÐ¨³ µÉ ¢¥²¨Î¨´Ò
£ §µ¢µ£µ Ê¸¨²¥´¨Ö Ö¢²Ö¥É¸Ö µÎ¥´Ó ´¨§± Ö ¸±µ·µ¸ÉÓ · §¢¨É¨Ö ² ¢¨´Ò ´  ¥¥ ´ -
Î ²Ó´µ³ ÔÉ ¶¥, ¸¢Ö§ ´´ Ö ¸ ¤¨ËËÊ§¨µ´´Ò³ Éµ±µ³ (¸³. ¶. 8.1). ‚·¥³Ö ÔÉµ£µ
ÔÉ ¶  ¸µ¸É ¢²Ö¥É ¶µÎÉ¨ ¶µ²µ¢¨´Ê µÉ ¶µ²´µ£µ ¢·¥³¥´¨ · §¢¨É¨Ö ² ¢¨´Ò ¨ ´ -
Ìµ¤¨É¸Ö ¢ ¨´É¥·¢ ²¥ µÉ 2,5 ´¸ ¤²Ö ¸³¥¸¨ 80% CF4 +20% C4H10 ¶·¨ τ² = 5 ´¸
¤µ 5 ´¸ ¤²Ö ¸³¥¸¨ 95%CF4 + 5%C4H10 ¶·¨ τ² = 12 ´¸. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò,
¸ ·µ¸Éµ³ Ê¸¨²¥´¨Ö ¢µ ¢¸¥Ì £ §µ¢ÒÌ ¸³¥¸ÖÌ τ² ¸É·¥³¨É¸Ö ± ¶·¥¤¥²Ê, · ¢´µ³Ê
4,5 ´¸. �¤´ ±µ ¤µ¸É¨£ ¥É¸Ö ÔÉµÉ ¶·¥¤¥² ¢ ± ¦¤µ° ¸³¥¸¨ ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ
£ §µ¢µ£µ Ê¸¨²¥´¨Ö (·¨¸.15).

ˆ´É¥·¥¸´µ° ¸Éµ·µ´µ° ¶µ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢ Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ¶·¥¤¥²Ó-
´µ¥ §´ Î¥´¨¥ τ² ¢ ± ¦¤µ° £ §µ¢µ° ¸³¥¸¨ ¤µ¸É¨£ ¥É¸Ö ¶·¨ £ §µ¢µ³ Ê¸¨²¥-
´¨¨, ±µÉµ·µ¥ ¸µµÉ¢¥É¸É¢Ê¥É Ê¸É ´µ¢²¥´¨Õ ³ ±¸¨³ ²Ó´µ° § ¤¥·¦±¨ ± Éµ¤´ÒÌ
¸¨£´ ²µ¢.

…¸²¨ ² ¢¨´  ¤µ¸É¨£²  ¸¢µ¥£µ ³¨´¨³ ²Ó´µ£µ ¢·¥³¥´¨ · §¢¨É¨Ö, Éµ ÔÉµ
µ§´ Î ¥É, ÎÉµ ¸±µ·µ¸ÉÓ ¤¢¨¦¥´¨Ö µ¸´µ¢´µ° Î ¸É¨ Ô²¥±É·µ´µ¢ ¢ ¶·µÍ¥¸¸¥ Éµ·-
³µ¦¥´¨Ö µ¡Ñ¥³´Ò³ § ·Ö¤µ³ ¤µ¸É¨£²  ¸¢µ¥£µ ³¨´¨³ ²Ó´µ£µ §´ Î¥´¨Ö, ¢¸²¥¤
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§  ±µÉµ·Ò³ Ô²¥±É·µ´Ò ÔËË¥±É¨¢´µ ¸¢Ö§Ò¢ ÕÉ¸Ö ¨µ´ ³¨. ˆ³¥´´µ ¸ ÔÉµ£µ ³µ-
³¥´É  ¤ ²Ó´¥°Ï¥¥ Ê¸¨²¥´¨¥ ¢ ² ¢¨´¥ ¶·µ¨¸Ìµ¤¨É £² ¢´Ò³ µ¡· §µ³ §  ¸Î¥É
Ë·µ´É ²Ó´ÒÌ Ô²¥±É·µ´µ¢, ±µÉµ·Ò¥, ± ± µÉ³¥Î ²µ¸Ó ¢ ¶. 8.1, ¨³¥ÕÉ ¤²Ö ÔÉµ£µ
¡² £µ¶·¨ÖÉ´Ò¥ Ê¸²µ¢¨Ö.

�¨¸. 15. ‡ ¢¨¸¨³µ¸ÉÓ ¢·¥³¥´¨ · §¢¨É¨Ö
² ¢¨´Ò ¶·¨ · §²¨Î´µ³ £ §µ¢µ³ ´ ¶µ²´¥-
´¨¨ ± ³¥·Ò µÉ ´ ¶·Ö¦¥´¨Ö ´  ± ³¥·¥:
1) 95%CF4 + 5%C4H10, 2) 85%CF4 +
13%C4H10+2%CO(CH3)2, 3) 90%CF4+
10%C4H10+2, 5 · 10−4Hg, 4) 80% CF4+
20% C4H10

ˆ§ ·¨¸.15 ¢¨¤´µ, ÎÉµ ´¥µ¡Ìµ¤¨³ Ö
¶²µÉ´µ¸ÉÓ ² ¢¨´Ò, ¶·¨ ±µÉµ·µ° § ¢¥·-
Ï ¥É¸Ö Éµ·³µ¦¥´¨¥ ¨ ¸¢Ö§Ò¢ ´¨¥ § ·Ö-
¤µ¢, ¢ · §´ÒÌ ¸³¥¸ÖÌ ¤µ¸É¨£ ¥É¸Ö ¶·¨
· §´ÒÌ £ §µ¢ÒÌ Ê¸¨²¥´¨ÖÌ: Î¥³ ÉÖ¦¥-
²¥¥ £ §, É¥³ ¶·¨ ³¥´ÓÏ¥³ Ê¸¨²¥´¨¨ ¨
¢·¥³¥´¨ µ´  ¤µ¸É¨£ ¥É¸Ö. „ ²Ó´¥°Ï¥¥
¨§³¥´¥´¨¥ ¶²µÉ´µ¸É¨ Î ¸É¨Í ¢ ² ¢¨´¥
¡Ê¤¥É µ¶·¥¤¥²ÖÉÓ¸Ö Éµ²Ó±µ µ¸É ¢Ï¨³¸Ö
· ¸¸ÉµÖ´¨¥³ ¤µ  ´µ¤ , ±µÉµ·µ¥ ¤µ²¦´Ò
¡Ê¤ÊÉ ¶·µ°É¨ Ë·µ´É ²Ó´Ò¥ Ô²¥±É·µ´Ò.
�Î¥´Ó ¶µ²¥§´µ° Ö¢²Ö¥É¸Ö ¨´Ëµ·³ Í¨Ö
µ ¢·¥³¥´¨ · §¢¨É¨Ö ² ¢¨´Ò ¤µ Éµ£µ,
± ± µ´µ ¤µ¸É¨£´¥É ´ ¸ÒÐ¥´¨Ö (·¨¸.15),
É ± ± ± ÔÉµ ¢·¥³Ö Ìµ·µÏµ µÉ· ¦ ¥É ¶µ-
¢¥¤¥´¨¥ ¸±µ·µ¸É¨ ¤·¥°Ë  Ô²¥±É·µ´µ¢ ¢
µ¡² ¸É¨ ² ¢¨´µµ¡· §µ¢ ´¨Ö ¢ Ê¸²µ¢¨ÖÌ
¢µ§· ¸É ÕÐ¥£µ ¤¥°¸É¢¨Ö ´  ´¨Ì ¶·µ-
¸É· ´¸É¢¥´´µ£µ § ·Ö¤ .

Š ¦ÊÐ¥¥¸Ö Ê³¥´ÓÏ¥´¨¥ ¢·¥³¥´¨
¸¡µ·  Ô²¥±É·µ´µ¢ ´   ´µ¤ ± ³¥·Ò
(·¨¸.8,¡) µ¡ÑÖ¸´Ö¥É¸Ö ´  ¸ ³µ³ ¤¥²¥
¸¨²Ó´Ò³ Ê³¥´ÓÏ¥´¨¥³ Ë·µ´É  ¸¨£´ -
²µ¢ ¸ ¶µ¢ÒÏ¥´¨¥³ ´ ¶·Ö¦¥´¨Ö. ˆ§ µ¸-
Í¨²²µ£· ³³ Ìµ·µÏµ ¢¨¤´µ, ÎÉµ ¸ ¶µ¢ÒÏ¥´¨¥³ ´ ¶·Ö¦¥´¨Ö ¤µ 3,5 ±‚ ¤²¨-
É¥²Ó´µ¸ÉÓ Ë·µ´É   ´µ¤´ÒÌ ¸¨£´ ²µ¢ ´  ·¨¸.13,¡ ¨ 14,¡ Ê³¥´ÓÏ¨² ¸Ó ¡µ²¥¥
Î¥³ ¢ ¤¢  · §  ¨ ¸µ¸É ¢¨²  6 ¨ 11 ´¸ ¸µµÉ¢¥É¸É¢¥´´µ. �µ ÔÉµ° ¦¥ ¶·¨Î¨´¥ ¸
¶µ¢ÒÏ¥´¨¥³ ´ ¶·Ö¦¥´¨Ö ¢¸¥ µ¸Í¨²²µ£· ³³Ò ¸¤¢¨£ ÕÉ¸Ö ¢¶· ¢µ.

8.3. �²¥±É·µ¸É É¨Î¥¸±¨¥ ±µ²¥¡ ´¨Ö ¨µ´µ¢ ¨ ¨µ´´Ò° §¢Ê±. ‚ ¶. 8.1 ¡Ò²µ
µÉ³¥Î¥´µ, ÎÉµ ¤¢¨¦¥´¨¥ Ô²¥±É·µ´µ¢, Ê¤¥·¦¨¢ ¥³ÒÌ Ô±· ´¨·ÊÕÐ¨³ ¨µ´´Ò³
¸²µ¥³, ¸¢Ö§ ´µ ¸ ¶¥·¥± Î¨¢ ´¨¥³ ¨µ´´µ£µ µ¡² ±  ¢ ´ ¶· ¢²¥´¨¨ ± Éµ¤ . �ÉµÉ
¶·µÍ¥¸¸ ¶·µÉ¥± ¥É ¢ É¥Î¥´¨¥ ¢·¥³¥´¨, µ¶·¥¤¥²Ö¥³µ£µ ¢·¥³¥´¥³ § ¤¥·¦±¨ ± -
Éµ¤´µ£µ ¸¨£´ ² . …¸²¨ ¢·¥³Ö § ¤¥·¦±¨ t§ ³¥´ÓÏ¥ ¢·¥³¥´¨ · §¢¨É¨Ö ² ¢¨´Ò
τ², Éµ · §¢¨É¨¥ ² ¢¨´Ò ¶·µ¤µ²¦ ¥É¸Ö. � ¢¥´¸É¢µ t§ = τ² µ§´ Î ¥É, ÎÉµ ¶·µ-
Í¥¸¸ ¨µ´¨§ Í¨¨ Ô²¥±É·µ´ ³¨, ¤¢¨¦ÊÐ¨³¨¸Ö ¢µ Ë·µ´É¥ ² ¢¨´Ò, Î¥·¥§ ¢·¥³Ö
t§ § ¢¥·Ï¨²¸Ö. �·¨Î¥³, ¶µ±  ² ¢¨´  · §¢¨¢ ¥É¸Ö, Î ¸ÉÓ Ô²¥±É·µ´µ¢ ² ¢¨´Ò
ÊÌµ¤¨É ´   ´µ¤ §  ¸Î¥É ¤¨ËËÊ§¨µ´´µ£µ Éµ± ,   ¢ µ¡² ¸É¨ ² ¢¨´µµ¡· §µ¢ ´¨Ö
µ¸É ¥É¸Ö ´¥°É· ²¨§µ¢ ´´µ¥ µ¡² ±µ ¨µ´µ¢.
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�¥·¥± Î¨¢ ´¨¥ ¨µ´´µ£µ µ¡² ±  ± ± Éµ¤Ê §  ¸Î¥É  ³¡¨¶µ²Ö·´µ° ¤¨ËËÊ§¨¨
¨  ³¡¨¶µ²Ö·´µ£µ ¤·¥°Ë  ¢Ò§Ò¢ ¥É Ê¢¥²¨Î¥´¨¥ ¢´¥Ï´¥£µ ¶µ²Ö ³¥¦¤Ê µ¡² ±µ³
¨  ´µ¤µ³. Œ¥¤²¥´´Ò¥ Ô²¥±É·µ´Ò, ´ Ìµ¤ÖÐ¨¥¸Ö ¢ µ¡² ±¥, ´ Î¨´ ÕÉ ¨¸¶ÒÉÒ-
¢ ÉÓ ¨§-§  ·µ¸É  ¶µ²Ö  ³¡¨¶µ²Ö·´Ò° ¤·¥°Ë ±  ´µ¤Ê. �ÉµÉ ¤·¥°Ë ´¥¨§¡¥¦´µ
¶·¨¢¥¤¥É ± ¢µ§´¨±´µ¢¥´¨Õ ¢µ§¢· Ð ÕÐ¥° ¸¨²Ò, ¶·µ¶µ·Í¨µ´ ²Ó´µ° ¸³¥Ð¥-
´¨Õ Ô²¥±É·µ´µ¢, ¶ÒÉ ÕÐ¨Ì¸Ö ¶·µ·¢ ÉÓ¸Ö ±  ´µ¤Ê. �¤´ ±µ Ô²¥±É·µ´Ò, ¶µ²Ê-
Î Ö ´  ¸¢µ¥³ ¶ÊÉ¨ ¢¸¥ ¡µ²ÓÏÊÕ Ô´¥·£¨Õ µÉ ¢µ§· ¸É ÕÐ¥£µ ¢´¥Ï´¥£µ ¶µ²Ö,
¡Ê¤ÊÉ ¢Ò´Ê¦¤¥´Ò § É· Î¨¢ ÉÓ Î ¸ÉÓ ÔÉµ° Ô´¥·£¨¨ ´  ¨µ´Ò, ÎÉµ¡Ò ÉÖ´ÊÉÓ ¨Ì
§  ¸µ¡µ° ¨ É¥³ ¸ ³Ò³ £·Ê¶¶¨·µ¢ ÉÓ ¨Ì ¢ ¶²µÉ´Ò° ¸£Ê¸Éµ±. �µ¸²¥ ÊÌµ¤  ¤ ´-
´ÒÌ Ô²¥±É·µ´µ¢ ´   ´µ¤ ¶·µ¨§µ°¤¥É ·¥§±µ¥ ¢µ§· ¸É ´¨¥ · ¸É ²±¨¢ ÕÐ¥° ¸¨²Ò
³¥¦¤Ê  ´µ¤µ³ ¨ ¶²µÉ´Ò³ ¨µ´´Ò³ µ¡² ±µ³. ‡ ³¥É¨³, ÎÉµ ¤¥°¸É¢¨¥ ÔÉµ° ¸¨²Ò
´  Ô²¥±É·µ´Ò ¨ ¨µ´Ò µ¡² ±  ¡Ê¤¥É ¶·µÖ¢²ÖÉÓ¸Ö ¢ ¶·µÉ¨¢µ¶µ²µ¦´ÒÌ ´ ¶· -
¢²¥´¨ÖÌ. �É¨ ¶·µÍ¥¸¸Ò ± ± · § ¨ ¨²²Õ¸É·¨·ÊÕÉ ¢¥·Ì´¨¥ µ¸Í¨²²µ£· ³³Ò,
¶µ²ÊÎ¥´´Ò¥ ¸ ±µ´É·µ²Ó´ÒÌ ¶·µ¢µ²µ±.

�¥§±µ¥ Ê³¥´ÓÏ¥´¨¥  ³¶²¨ÉÊ¤Ò ¶¥·¢µ£µ ¶¨±  (É.¥. ¨§³¥´¥´¨¥ ´ ¶· ¢²¥-
´¨Ö Éµ± ) ¶µ¸²¥ ¤µ¸É¨¦¥´¨Ö ³ ±¸¨³ ²Ó´µ£µ §´ Î¥´¨Ö ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ Éµ³,
ÎÉµ ´¥°É· ²¨§µ¢ ´´µ¥ µ¡² ±µ ¨µ´µ¢ ¶µ¤ ¤¥°¸É¢¨¥³ É¥¶²µ¢µ£µ Ô²¥±É·µ´´µ£µ
¤ ¢²¥´¨Ö ¨ ¶µ²Ö · §¤¥²¥´¨Ö ¤¢¨¦¥É¸Ö §  ¤·¥°ËÊÕÐ¨³¨ Ô²¥±É·µ´ ³¨ ¢ ´ ¶· -
¢²¥´¨¨ ±  ´µ¤Ê. �  ¢Ò¸µ±ÊÕ ¸É¥¶¥´Ó ´¥°É· ²¨§ Í¨¨ ¨µ´´µ£µ µ¡² ±  É ±¦¥
Ê± §Ò¢ ¥É ¸² ¡µ¥ ¨§³¥´¥´¨¥  ³¶²¨ÉÊ¤Ò ¸¨£´ ²µ¢ ´   ´µ¤¥ ± ³¥·Ò. Š ± ¢¨¤´µ
¨§ µ¸Í¨²²µ£· ³³, ¢ É¥Î¥´¨¥ ¶¥·¨µ¤¨Î¥¸±¨ ¨§³¥´ÖÕÐ¨Ì¸Ö ¸¨£´ ²µ¢ ´  ±µ´-
É·µ²Ó´ÒÌ ¶·µ¢µ²µ± Ì  ³¶²¨ÉÊ¤   ´µ¤´ÒÌ ¸¨£´ ²µ¢ Ê¢¥²¨Î¨¢ ¥É¸Ö ¢¸¥£µ ´ 
10Ä20%, ¢ Éµ ¢·¥³Ö ± ± ´  ± Éµ¤¥ ´ ¡²Õ¤ ¥É¸Ö ¸¨²Ó´ Ö § ¢¨¸¨³µ¸ÉÓ  ³¶²¨-
ÉÊ¤Ò ¸¨£´ ²µ¢ µÉ ¶¥·¨µ¤¨Î¥¸±µ£µ ¨§³¥´¥´¨Ö ¨´¤Ê±Í¨µ´´µ£µ § ·Ö¤ . �µ ¢¸¥°
¢¨¤¨³µ¸É¨, ÔÉµ ¸¢Ö§ ´µ ¸ ´¥°É· ²¨§ Í¨¥° µ¡² ±  ¢ µ¸´µ¢´µ³ ¢¤µ²Ó µ¸¨ ² -
¢¨´Ò. ‚µ ¢¸¥Ì ¤·Ê£¨Ì ´ ¶· ¢²¥´¨ÖÌ ¨´¤Ê±Í¨Ö § ·Ö¤ , ¸¢Ö§ ´´ Ö ¢ µ¸´µ¢´µ³
¸ ¤¢¨¦¥´¨¥³ ¨µ´µ¢, ¤ ¥É § ³¥É´Ò° ¢±² ¤.

�µ¤ ¤¥°¸É¢¨¥³ · ¸É ²±¨¢ ÕÐ¥° ¸¨²Ò ¨µ´Ò ´ Î´ÊÉ ¤¢¨£ ÉÓ¸Ö ¢ ´ ¶· ¢²¥-
´¨¨ ± ± Éµ¤Ê,   Ô²¥±É·µ´Ò, ´ Ìµ¤ÖÐ¨¥¸Ö ¢ µ¡² ±¥, ¶µ ³¥·¥ ¢ÒÉÖ£¨¢ ´¨Ö ¨Ì
¢´¥Ï´¨³ ¶µ²¥³, ¡Ê¤ÊÉ ¤·¥°Ëµ¢ ÉÓ ±  ´µ¤Ê. � §¤¥²¥´¨¥ § ·Ö¤µ¢ ¶·¨¢¥¤¥É ±
¤¥°¸É¢¨Õ ¢µ§¢· Ð ÕÐ¥° ¸¨²Ò. �¤´ ±µ Ô²¥±É·µ´Ò, µ¡² ¤ Ö ¡µ²ÓÏµ° ¶µ¤¢¨¦-
´µ¸ÉÓÕ ¨ ¶·¨ ¶µ¤¤¥·¦±¥  ´µ¤ ,  ¤¨ ¡ É¨Î¥¸±¨ ¶·¨¸¶µ¸ ¡²¨¢ ÕÉ¸Ö ± ¶¥·¥³¥-
Ð¥´¨Ö³ ¨µ´µ¢, µ± §Ò¢ Ö ¢²¨Ö´¨¥ ´  ¨Ì ¤¢¨¦¥´¨¥. ‚ ·¥§Ê²ÓÉ É¥ ¸µ¢³¥¸É´µ¥
¤¥°¸É¢¨¥ ¸¨² ¤ ¢²¥´¨Ö ± ± Ô²¥±É·µ´µ¢ ¢ ¨µ´´µ³ µ¡² ±¥, É ± ¨ Ô²¥±É·¨Î¥¸±µ£µ
¶µ²Ö · §¤¥²¥´¨Ö ¶·¨¢¥¤¥É ± ¢µ²´µ¢µ³Ê ¤¢¨¦¥´¨Õ ¨µ´µ¢ [16,17,20].

�·¥¦¤¥ Î¥³ ¶·µ¤µ²¦¨ÉÓ ¤ ²Ó´¥°Ï¥¥ µ¡¸Ê¦¤¥´¨¥ ¶µ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ -
Éµ¢, ¡Ê¤¥É ¶µ²¥§´µ ±µ·µÉ±µ ´ ¶µ³´¨ÉÓ µ¸´µ¢´Ò¥ ¸¢¥¤¥´¨Ö µ¡ Ô²¥±É·µ¸É É¨-
Î¥¸±¨Ì ±µ²¥¡ ´¨ÖÌ ¢ ¶² §³¥ [16,17,41].

ˆ§ Ë¨§¨±¨ ¶² §³Ò ¨§¢¥¸É´µ, ÎÉµ ¸³¥Ð¥´¨¥ · §´µ¨³¥´´µ § ·Ö¦¥´´ÒÌ Î ¸-
É¨Í ¢ ¶·µÉ¨¢µ¶µ²µ¦´ÒÌ ´ ¶· ¢²¥´¨ÖÌ, É.¥. ¨Ì · §¤¥²¥´¨¥, ¢¥¤¥É ± ¢µ§´¨±´µ-
¢¥´¨Õ ²µ± ²Ó´µ£µ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö, ±µÉµ·µ¥ ¨ ¸µ§¤ ¥É ±µ²¥¡ ´¨Ö § ·Ö-
¤µ¢. ‘µ¢³¥¸É´µ¥ ¦¥ ¸³¥Ð¥´¨¥ § ·Ö¤µ¢ µ¡µ¨Ì §´ ±µ¢ ¢ µ¤´µ³ ´ ¶· ¢²¥´¨¨



�‹�‡Œ…��›‰ Œ…•��ˆ‡Œ ��‡�Ÿ„� ‚ ���‚�‹�—�›• Š�Œ…��• 1233

¶·¨¢µ¤¨É ± ²µ± ²Ó´µ³Ê ¢µ§´¨±´µ¢¥´¨Õ µ¡² ¸É¨ ¶µ¢ÒÏ¥´´µ£µ ¤ ¢²¥´¨Ö, ÎÉµ
¶µ·µ¦¤ ¥É Ê¶·Ê£¨¥ (¨²¨ ¶µ  ´ ²µ£¨¨ §¢Ê±µ¢Ò¥) ±µ²¥¡ ´¨Ö.

�¡ÒÎ´µ ¢ Ë¨§¨±¥ ¶² §³Ò, £µ¢µ·Ö µ ¶² §³¥´´ÒÌ ±µ²¥¡ ´¨ÖÌ, ¨³¥ÕÉ ¢
¢¨¤Ê ¢Ò¸µ±µÎ ¸ÉµÉ´Ò¥ Ô²¥±É·µ´´Ò¥ ±µ²¥¡ ´¨Ö, ¢ ±µÉµ·ÒÌ ¤¢¨¦¥´¨¥³ ¨µ´µ¢
¶·¥´¥¡·¥£ ¥É¸Ö. ‚Ò· ¦¥´¨¥ ¤²Ö Ô²¥±É·µ´´µ° ¶² §³¥´´µ° Î ¸ÉµÉÒ ¨³¥¥É ¢¨¤

ω0 =

√
4πne2

m
; f =

ω0

2π
= 8960

√
n , (14)

£¤¥ n Ä ¶²µÉ´µ¸ÉÓ Ô²¥±É·µ´µ¢. � ¶·¨³¥·, ¶·¨ n = 2 · 1013 ¸³−3 Î ¸ÉµÉ 
Ô²¥±É·µ¸É É¨Î¥¸±¨Ì ¶² §³¥´´ÒÌ ±µ²¥¡ ´¨° Ô²¥±É·µ´´µ° ¢¥É¢¨ ¡Ê¤¥É · ¢´ 
f0 = 4 · 1010 ¸−1 = 40 ƒƒÍ. „¨¸¶¥·¸¨µ´´µ¥ Ê· ¢´¥´¨¥ ¤²Ö ´¨§±µÎ ¸ÉµÉ´µ°
¢¥É¢¨ ¶² §³¥´´ÒÌ ±µ²¥¡ ´¨°, ¢µ§´¨± ÕÐ¨Ì §  ¸Î¥É ¤¢¨¦¥´¨Ö ¨µ´µ¢, ¨³¥¥É
¢¨¤

ω2 =
k2ω2

0

γeTe + γiTi

Mi
+ k4γeγi

TeTi

meMi

ω0 + k2(γe
Te

me
+ γi

Ti

Mi
)

, (15)

£¤¥ k Ä ¢µ²´µ¢µ¥ Î¨¸²µ; Te ¨ Ti Ä Ô²¥±É·µ´´ Ö ¨ ¨µ´´ Ö É¥³¶¥· ÉÊ·Ò ¢
Ô´¥·£¥É¨Î¥¸±¨Ì ¥¤¨´¨Í Ì; γe ¨ γi Ä ¶µ± § É¥²¨  ¤¨ ¡ ÉÒ. “· ¢´¥´¨¥ (15)
§ ¶¨¸ ´µ ¤²Ö µ¤´µ§ ·Ö¤´ÒÌ ¨µ´µ¢.

‚ ¶·¥¤¥²Ó´ÒÌ ¸²ÊÎ ÖÌ ¤²Ö ¢µ²´µ¢µ£µ Î¨¸² , ±µ£¤  k → 0 ¨²¨∞, ´¨§±µÎ ¸-
ÉµÉ´ Ö ¢¥É¢Ó (15) ¤ ¥É ¨µ´´Ò° §¢Ê± ¸ ´¥¸±µ²Ó±µ · §²¨Î´Ò³¨ ¤¨¸¶¥·¸¨µ´´Ò³¨
Ê· ¢´¥´¨Ö³¨:

1) ¤²Ö ¤²¨´´ÒÌ ¢µ²´ (k → 0)

ω2 ≈ k2 γeTe + γiTi

Mi
; (16)

2) ¤²Ö ±µ·µÉ±¨Ì ¢µ²´ (k →∞)

ω2 ≈ k2γi
Ti

Mi
. (17)

� §´¨Í  ³¥¦¤Ê (16) ¨ (17) § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ ¢ ¸²ÊÎ ¥ ¤²¨´´ÒÌ ¢µ²´ ¢
· ¸¶·µ¸É· ´¥´¨¨ ¨µ´´µ£µ §¢Ê±  ¶·¨´¨³ ÕÉ ÊÎ ¸É¨¥ ¨ Ô²¥±É·µ´Ò, ´µ ¤¢¨¦ÊÉ¸Ö
µ´¨ É ±, ± ± ¥¸²¨ ¡Ò ± ¦¤Ò° ¨§ ´¨Ì ¨³¥² ³ ¸¸Ê Mi.

3) �Ê¸ÉÓ Ti → 0,   ¢µ²´µ¢µ¥ Î¨¸²µ ¨ É¥³¶¥· ÉÊ·  Ô²¥±É·µ´µ¢ ¶µ¸ÉµÖ´´Ò
(¸²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢ Ô²¥±É·µ´´µ° ² ¢¨´¥, µ¡· §ÊÕÐ¥°¸Ö ¢ ¶·µ¢µ²µÎ´ÒÌ
± ³¥· Ì, Ê¸²µ¢¨Ö ¸²ÊÎ Ö 3 Ìµ·µÏµ ¢Ò¶µ²´ÖÕÉ¸Ö). ‚ ÔÉµ³ ¶·¥¤¥²Ó´µ³ ¸²ÊÎ ¥
¤²Ö ±µ·µÉ±¨Ì ¢µ²´ Ê· ¢´¥´¨¥ (15) ¶·¨´¨³ ¥É ¢¨¤

ω2 ≈
me

Mi
ω2

0 , (18)
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�¨¸. 16. — ¸ÉµÉ  ¶² §³¥´´ÒÌ ±µ²¥¡ ´¨° ¨µ´µ¢ ¢ · §²¨Î´ÒÌ £ §µ¢ÒÌ ¸³¥¸ÖÌ ¶·¨ ´ -
¶·Ö¦¥´¨¨ ´  ± ³¥·¥:  ) 2,6 ±‚, 1) 95%CF4 + 5%CH3CH2(OH)CH3, 2) 96%CF4 +
4%CO(CH3)2, 3) 85%CF4 + 13%C4H10 + 2%CO(CH3)2, ¡) 2,9 ±‚, 1) 90%CF4 +
10%C4H10 + 2, 5 · 10−4Hg, 2) 95% CF4 + 5% C4H10, 3) 80% CF4 + 20% C4H10

Éµ ¥¸ÉÓ ¢³¥¸Éµ ¨µ´´µ£µ §¢Ê±  ¨³¥ÕÉ ³¥¸Éµ Î¨¸Éµ Ô²¥±É·µ¸É É¨Î¥¸±¨¥ ±µ²¥¡ -
´¨Ö ¨µ´µ¢:

ω =

√
4πne2

Mi
. (19)

‚Ò· ¦¥´¨¥³ (19) ¨ µ¶·¥¤¥²Ö¥É¸Ö ¨µ´´ Ö ¶² §³¥´´ Ö Î ¸ÉµÉ , ±µÉµ· Ö ¢µ§-
´¨± ¥É ¢ ·¥§Ê²ÓÉ É¥ ¸³¥Ð¥´¨Ö ¨µ´µ¢ ¢ ¸ ³µ¸µ£² ¸µ¢ ´´µ³ Ô²¥±É·¨Î¥¸±µ³
¶µ²¥ Ô²¥±É·µ´µ¢ ¨ µ¶·¥¤¥²Ö¥É¸Ö ¤ ²Ó´µ¤¥°¸É¢ÊÕÐ¨³ ±Ê²µ´µ¢¸±¨³ ¢§ ¨³µ-
¤¥°¸É¢¨¥³ ¨µ´µ¢.

’ ±¨³ µ¡· §µ³, ¶·¨ ¤µ¸É ÉµÎ´µ Ìµ²µ¤´ÒÌ ¨µ´ Ì, ´µ £µ·ÖÎ¨Ì Ô²¥±É·µ´ Ì
¢ Ï¨·µ±µ³ ¨´É¥·¢ ²¥ ¤²¨´ ¢µ²´, ¨µ´´ Ö ¢¥É¢Ó ¨³¥¥É Î¨¸Éµ Ô²¥±É·µ¸É É¨Î¥-
¸±¨° Ì · ±É¥·. ‚ ÔÉµ³ ¨´É¥·¢ ²¥ ¨µ´Ò ±µ²¥¡²ÕÉ¸Ö ¸ ¶µ¸ÉµÖ´´µ° Ô²¥±É·µ-
¸É É¨Î¥¸±µ° Î ¸ÉµÉµ°. �µ ¶·¨ ¢ÒÌµ¤¥ ¨§ ´¥£µ ± ± ¢ ¸Éµ·µ´Ê ¤²¨´´ÒÌ, É ± ¨
¢ ¸Éµ·µ´Ê ±µ·µÉ±¨Ì ¢µ²´ Ô²¥±É·µ¸É É¨Î¥¸±¨¥ ±µ²¥¡ ´¨Ö ¨µ´µ¢ ¶¥·¥Ìµ¤ÖÉ ¢
¨µ´´Ò° §¢Ê± [17,41].

— ¸ÉµÉ  Ô²¥±É·µ¸É É¨Î¥¸±¨Ì ±µ²¥¡ ´¨° Ìµ²µ¤´ÒÌ ¨µ´µ¢ É ±µ¢ , ± ± ¥¸²¨
¡Ò ¸³¥Ð¥´¨¥ ¨µ´µ¢ ¶·µ¨¸Ìµ¤¨²µ ¶·¨ ´¥¶µ¤¢¨¦´ÒÌ Ô²¥±É·µ´ Ì. ‚ ¤¥°¸É¢¨-
É¥²Ó´µ¸É¨, Ô²¥±É·µ´Ò ¢¸¥£¤  ´ ³´µ£µ ¶µ¤¢¨¦´¥¥ ¨µ´µ¢, ´µ ¥¸²¨ Ô²¥±É·µ´Ò
£µ·ÖÎ¨¥, Éµ É¥¶²µ¢µ¥ ¤¢¨¦¥´¨¥ ª· §³ §Ò¢ ¥Éª ±µ´Í¥´É· Í¨Õ Ô²¥±É·µ´µ¢ · ¢-
´µ³¥·´µ ¶µ ¶·µ¸É· ´¸É¢Ê. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¨µ´´Ò¥ ±µ²¥¡ ´¨Ö ¶·µ¨¸Ìµ¤ÖÉ ´ 
µ¤´µ·µ¤´µ³ Ô²¥±É·µ´´µ³ Ëµ´¥ [17,41].
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�¨¸. 17. — ¸ÉµÉ  ¶² §³¥´´ÒÌ ±µ²¥¡ ´¨° ¨µ´µ¢ ¶·¨ ´ ¶µ²´¥´¨¨ ± ³¥·Ò £ §µ¢µ° ¸³¥¸ÓÕ
 ) 90%CF4 + 10%C4H10 + 2, 5 · 10−4Hg ¶·¨ ´ ¶·Ö¦¥´¨ÖÌ ´  ± ³¥·¥: 1 Å 2,6 ±‚, 2
Å 2,8 ±‚, 3 Å 3,0 ±‚, 4 Å 3,2 ±‚, ¡) 85%CF4 + 13%C4H10 + 2%CO(CH3)2 ¶·¨
´ ¶·Ö¦¥´¨ÖÌ ´  ± ³¥·¥: 1 Å 2,45 ±‚, 2 Å 2,5 ±‚, 3 Å 2,9 ±‚

�  ·¨¸.16 ¶·¨¢¥¤¥´Ò µ¸Í¨²²µ£· ³³Ò ¸ ±µ´É·µ²Ó´ÒÌ ¶·µ¢µ²µ± ¢ ¨´É¥·-
¢ ²¥ ¤µ 30 ´¸, ¨§³¥·¥´´Ò¥ ¶·¨ ´ ¶·Ö¦¥´¨¨ ´  ± ³¥·¥ 2,6 ±‚ ¨ 2,9 ±‚ ¸µ-
µÉ¢¥É¸É¢¥´´µ, ´µ ¤²Ö · §²¨Î´ÒÌ £ §µ¢ÒÌ ¸µ¸É ¢µ¢. �  ·¨¸.17 ¶µ± § ´µ ¶µ-
¢¥¤¥´¨¥ ¸¨£´ ²µ¢ ´  ±µ´É·µ²Ó´ÒÌ ¶·µ¢µ²µ± Ì ¢ § ¢¨¸¨³µ¸É¨ µÉ ´ ¶·Ö¦¥´¨Ö
´  ± ³¥·¥ ¶·¨ £ §µ¢µ³ ´ ¶µ²´¥´¨¨ 90%CF4 + 10%C4H10 + 2, 5 · 10−4Hg ¨
85%CF4 + 13%C4H10 + 2%CO(CH3)2. „²Ö Ê¤µ¡¸É¢  ¶·µ¢¥¤¥´¨Ö ¸· ¢´¥´¨Ö
Î ¸ÉµÉ´ÒÌ Ì · ±É¥·¨¸É¨± ¨ ¨Ì § ¢¨¸¨³µ¸É¨ µÉ £ §µ¢µ£µ ¸µ¸É ¢  ¨ ´ ¶·Ö¦¥-
´¨Ö ´  ± ³¥·¥  ³¶²¨ÉÊ¤Ò ¸¨£´ ²µ¢ ¨§³¥´¥´Ò ¶·µ¶µ·Í¨µ´ ²Ó´Ò³ µ¡· §µ³ É ±,
ÎÉµ¡Ò  ³¶²¨ÉÊ¤Ò ¶¥·¢µ£µ ¶¨±  ¤²Ö · §´ÒÌ µ¸Í¨²²µ£· ³³ ¸µ¢¶ ¤ ²¨. �µÔÉµ³Ê
 ³¶²¨ÉÊ¤´Ò¥ Ì · ±É¥·¨¸É¨±¨ µ¸Í¨²²µ£· ³³ ´  ·¨¸.16,17 ¶¥·¥¤ ÕÉ Éµ²Ó±µ
¢·¥³¥´´Ò¥ ¨ Î ¸ÉµÉ´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¨ §´ Î¥´¨Ö ¶¥·¨µ¤µ¢ ±µ²¥¡ ´¨°,  
É ±¦¥ ¤²¨É¥²Ó´µ¸ÉÓ ¢·¥³¥´¨ · §¢¨É¨Ö ² ¢¨´Ò. ˆ§ ¸· ¢´¥´¨Ö µ¸Í¨²²µ£· ³³
¢¨¤´µ, ÎÉµ Î ¸ÉµÉ  ¨µ´´ÒÌ ±µ²¥¡ ´¨° § ¢¨¸¨É µÉ £ §µ¢µ£µ ¸µ¸É ¢  ¨ ¨§³¥´Ö-
¥É¸Ö ¢ ¶·¥¤¥² Ì 116÷133 ŒƒÍ (·¨¸.16). ‘ ¨§³¥´¥´¨¥³ ´ ¶·Ö¦¥´¨Ö ´  ± -
³¥·¥ ¶·¨ Ë¨±¸¨·µ¢ ´´µ³ ´ ¶µ²´¥´¨¨ É ±¦¥ ´ ¡²Õ¤ ¥É¸Ö ¨§³¥´¥´¨¥ Î ¸ÉµÉÒ
±µ²¥¡ ´¨° µÉ 119 ¤µ 125 ŒƒÍ (·¨¸.17, ) ¨ µÉ 106 ¤µ 120 ŒƒÍ (·¨¸.17,¡).
„ ´´µ¥ ¶µ¢¥¤¥´¨¥ Î ¸ÉµÉÒ ±µ²¥¡ ´¨° ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ Éµ³, ÎÉµ ¢ · §´ÒÌ
£ §µ¢ÒÌ ¸µ¸É ¢ Ì ¶·¨ ¤ ´´µ³ ´ ¶·Ö¦¥´¨¨ ´  ± ³¥·¥ µ¡¥¸¶¥Î¨¢ ¥É¸Ö · §´ Ö
¸·¥¤´ÖÖ Ô´¥·£¨Ö Ô²¥±É·µ´µ¢. ˆ§³¥´¥´¨¥ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¢ ± ³¥·¥ ¶·¨¢µ-
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¤¨É ± Éµ³Ê, ÎÉµ ¸·¥¤´ÖÖ Ô´¥·£¨Ö Ô²¥±É·µ´µ¢ ¢ Ë¨±¸¨·µ¢ ´´µ° £ §µ¢µ° ¸³¥¸¨
¨§³¥´Ö¥É¸Ö.

�·¨¢¥¤¥´´Ò¥ § ¢¨¸¨³µ¸É¨ ¶·¥¤µ¸É ¢²ÖÕÉ ¶µ²¥§´ÊÕ ¨´Ëµ·³ Í¨Õ ¤²Ö Ë¨-
§¨±¨ £ §µ¢µ£µ · §·Ö¤  ¢ ³µ²¥±Ê²Ö·´ÒÌ £ § Ì, É ± ± ± ¨§ ´¨Ì ³µ¦´µ ¶µ²ÊÎ¨ÉÓ
¸¢¥¤¥´¨Ö µ ¸·¥¤´¥° É¥¶²µ¢µ° ¸±µ·µ¸É¨ Ô²¥±É·µ´µ¢, ±µÉµ· Ö ¸¢Ö§ ´  ¸µ ¸±µ-
·µ¸ÉÓÕ ¤·¥°Ë  ¨ ¸ Ô´¥·£¥É¨Î¥¸±¨³¨ ¶µÉ¥·Ö³¨ Ô²¥±É·µ´µ¢ ¢ ¤ ´´µ³ £ §¥ (¸³.
¢Ò· ¦¥´¨¥ (6)).

‡´ Ö Î ¸ÉµÉÊ ¨µ´´ÒÌ ±µ²¥¡ ´¨°, ´  µ¸´µ¢ ´¨¨ (19) ³µ¦´µ µ¶·¥¤¥²¨ÉÓ
¶²µÉ´µ¸ÉÓ ¨µ´µ¢ ¢ ¨µ´´µ³ µ¡² ±¥. � ¶·¨³¥·, ¤²Ö £ §µ¢µ° ¸³¥¸¨ 80% CF4 +
20% C4H10 (·¨¸.16,¡) ²¨´¥°´ Ö Î ¸ÉµÉ  ¨µ´´ÒÌ ±µ²¥¡ ´¨° f = 133 ŒƒÍ.
Š·Ê£µ¢ Ö Î ¸ÉµÉ  · ¢´  ω = 2πf = 837, 5 ŒƒÍ. ˆ§ ¢Ò· ¦¥´¨Ö (19) ¤²Ö
¶²µÉ´µ¸É¨ ¨µ´µ¢ ¨³¥¥³ ni = 2, 1 · 1013 ¸³−3.

‡´ ´¨¥ ¶²µÉ´µ¸É¨ ² ¢¨´Ò ¶µ§¢µ²Ö¥É ¶·µ¢¥¸É¨ µÍ¥´±Ê ¶·µ¸É· ´¸É¢¥´´µ£µ
· §³¥·  ² ¢¨´Ò. �·Ö³Ò¥ ¨§³¥·¥´¨Ö  ³¶²¨ÉÊ¤Ò  ´µ¤´µ£µ ¸¨£´ ²  ´  ¸µ¶·µ-
É¨¢²¥´¨¨ 50 �³ ¤ ÕÉ ¸·¥¤´¨¥ §´ Î¥´¨Ö 50 ³‚ ¶·¨ ´ ¶·Ö¦¥´¨¨ ´  ± ³¥·¥
3,2 ±‚ (·¨¸.6). �·¨ Ï¨·¨´¥ ¸¨£´ ²  ´  ¶µ²Ê¢Ò¸µÉ¥, · ¢´µ° 5 · 10−9 ´¸,
Î¨¸²µ Î ¸É¨Í ¢ ² ¢¨´¥ ¸µ¸É ¢¨É n = It/e = 3, 1 · 107. �¡Ñ¥³ ² ¢¨´Ò ¶·¨
¤ ´´µ³ Î¨¸²¥ ´µ¸¨É¥²¥° § ·Ö¤  ¡Ê¤¥É · ¢¥´ n/(ni + ne) = 1, 5 · 10−6 ¸³3.
„²¨´  µ¡² ¸É¨ ² ¢¨´µµ¡· §µ¢ ´¨Ö (·¨¸.3) ¨§ Ê¸²µ¢¨Ö, ÎÉµ ¶µ·µ£µ¢µ¥ §´ Î¥-
´¨¥ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö · ¢´µ 20 ±‚/¸³, ¸µ¸É ¢²Ö¥É 0,03 ¸³. ‘²¥¤µ¢ É¥²Ó´µ,
0, 03(∆y ·∆z) = 1, 5 · 10−6 ¸³3, ¨²¨ ∆y ·∆z = 0, 5 · 10−4 ¸³2. ‘Î¨É Ö ² ¢¨´Ê
¸¨³³¥É·¨Î´µ° µÉ´µ¸¨É¥²Ó´µ µ¸¨ x, ¨³¥¥³ ∆y = ∆z = 0, 7 · 10−2 ¸³. ’ ±
± ± ² ¢¨´  ¢ ¶·µÍ¥¸¸¥ · §¢¨É¨Ö ¶µ¸É¥¶¥´´µ · ¸Ï¨·Ö¥É¸Ö ¨ ¶·¨´¨³ ¥É ¸¨£ -
·µµ¡· §´ÊÕ Ëµ·³Ê, Éµ, §´ Ö µ¡Ñ¥³ ² ¢¨´Ò, ³µ¦´µ ²¥£±µ É· ´¸Ëµ·³¨·µ¢ ÉÓ
¶ · ²²¥²¥¶¨¶¥¤ ¢ ¶·¨³¥·´ÊÕ Ëµ·³Ê ² ¢¨´Ò.

�µ²ÊÎ¥´´Ò¥ ¢ÒÏ¥ §´ Î¥´¨Ö ¶µ§¢µ²ÖÕÉ ¶·µ¢¥¸É¨ µÍ¥´±Ê É ±¨Ì ¢ ¦´ÒÌ
¶ · ³¥É·µ¢ ¸¨²Ó´µÉµÎ´µ° ² ¢¨´Ò, ± ± · ¤¨Ê¸ „¥¡ Ö ¨ Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥ ¢
µ¡² ¸É¨ · §¤¥²¥´¨Ö § ·Ö¤µ¢.

…¸²¨ ²¨´¥°´Ò¥ · §³¥·Ò µ¡² ¸É¨ · §¤¥²¥´¨Ö ³ ¸ÏÉ ¡  x,   ±µ´Í¥´É· Í¨Ö
§ ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ ² ¢¨´¥ n, Éµ [40]:

div E ≈
E

x
= 4πne , E = 4πnex . (20)

‘ ¢µ§´¨±´µ¢¥´¨¥³ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö · §¤¥²¥´¨Ö § ·Ö¤µ¢ ¤¨ËËÊ§¨Ö ¨³¥¥É
 ³¡¨¶µ²Ö·´Ò° Ì · ±É¥·, ¥¸²¨ § ³¥É´Ò° ¶¥·¥¶ ¤ ¶²µÉ´µ¸É¨ § ·Ö¤µ¢ ¶·µ¨¸Ìµ-
¤¨É ´  · ¸¸ÉµÖ´¨ÖÌ, ¡µ²ÓÏ¨Ì ¤¥¡ ¥¢¸±µ£µ · ¤¨Ê¸  Ô±· ´¨·µ¢ ´¨Ö [39]. �Éµ
Ê¸²µ¢¨¥ ¢Ò· ¦ ¥É¸Ö ¸µµÉ´µÏ¥´¨¥³ [21]:

δn

n
≈

kTe

4πne2

1

R
=
(rD
R

)2

, rD =

(
kTe

4πne2

) 1
2

= 6, 9

(
Te

n

) 1
2

, (21)

£¤¥ R Ä Ì · ±É¥·´Ò° · §³¥· µ¡² ¸É¨ ¸¨²Ó´µ£µ ¶¥·¥¶ ¤  ¶²µÉ´µ¸É¨ § ·Ö¤µ¢
(É.¥. ¤²¨´  ² ¢¨´Ò); rD Ä ¤¥¡ ¥¢¸±¨° · ¤¨Ê¸ Ô±· ´¨·µ¢ ´¨Ö; Te Ä É¥³¶¥· ÉÊ· 
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Ô²¥±É·µ´µ¢ (¸·¥¤´ÖÖ É¥¶²µ¢ Ö Ô´¥·£¨Ö); n Ä ±µ´Í¥´É· Í¨Ö ´µ¸¨É¥²¥° § ·Ö¤  ¢
² ¢¨´¥.

…¸²¨ Î¥·¥§ ¢´¥Ï´ÕÕ Í¥¶Ó Éµ±  ´¥É ¨²¨ µ´ ¥¸ÉÓ, ´µ ³ ² ¶µ ¸· ¢´¥´¨Õ ¸
¤¨ËËÊ§¨µ´´Ò³ Éµ±µ³ Ô²¥±É·µ´µ¢ (¶µ²¥ · §¤¥²¥´¨Ö ¢ (10) ¸· ¢´¨³µ ¸ ¢´¥Ï-
´¨³), Éµ ² ¢¨´  ¡Ê¤¥É ±¢ §¨´¥°É· ²Ó´µ° ¢ ¸²ÊÎ ¥ R � rD ,   ¸²¥¤µ¢ É¥²Ó´µ,
δn/n� 1. �µÔÉµ³Ê ±·¨É¥·¨¥³ ±¢ §¨´¥°É· ²Ó´µ¸É¨ ¡Ê¤¥É µÉ´µÏ¥´¨¥ [21]:(rD

R

)2

� 1 , (22)

±µÉµ·µ¥ µ§´ Î ¥É, ÎÉµ ¢µ§´¨±Ï¥¥ ¶µ²¥ · §¤¥²¥´¨Ö § ·Ö¤µ¢ ¶·¥¶ÖÉ¸É¢Ê¥É ´ -
·ÊÏ¥´¨Õ ±¢ §¨´¥°É· ²Ó´µ¸É¨ ´  · ¸¸ÉµÖ´¨ÖÌ, ¡�µ²ÓÏ¨Ì ¤¥¡ ¥¢¸±µ£µ · ¤¨Ê¸ 
Ô±· ´¨·µ¢ ´¨Ö.

�Í¥´¨³ · ¤¨Ê¸ „¥¡ Ö ¤²Ö ´ Ï¥£µ ¸²ÊÎ Ö. ‘µ£² ¸´µ · ¡µÉ¥ [44] ¸·¥¤´ÖÖ
É¥¶²µ¢ Ö Ô´¥·£¨Ö Ô²¥±É·µ´µ¢ ¢ £ §µ¢µ° ¸³¥¸¨ 80% CF4 +20% C4H10, ¸µµÉ¢¥É-
¸É¢ÊÕÐ Ö ³¨´¨³Ê³Ê ¢ ¸¥Î¥´¨¨ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢ ¢ CF4, · ¢´  0,2 Ô‚. � -
¤¨Ê¸ „¥¡ Ö ¸µ£² ¸´µ (21) · ¢¥´ rD = 1, 8 ·10−4 ¸³. �·¨ · §¤¥²¥´¨¨ § ·Ö¤µ¢ ´ 
¢¥²¨Î¨´Ê · ¤¨Ê¸  „¥¡ Ö rD ¢µ§´¨± ¥É ¶µ²¥, · ¢´µ¥ E = 4πnerD ≈ 7000 ‚/¸³.
…¸²¨ ³ ¸ÏÉ ¡ · §¤¥²¥´¨Ö ¢µ§· ¸É ¥É §  ¸Î¥É ¤¥°¸É¢¨Ö £· ¤¨¥´Éµ¢ ¶²µÉ´µ¸É¨,
¢´¥Ï´¥£µ ¶µ²Ö ¨ ¡�µ²ÓÏµ° ¶µ¤¢¨¦´µ¸É¨ Ô²¥±É·µ´µ¢ ¤µ 10rD = 18 ·10−4 ¸³, Éµ
¶µ²¥ · §¤¥²¥´¨Ö · ¢´µ 7·104 ‚/¸³ ¨ ¸µ¸É ¢¨É 35% µÉ ¶µ²Ö ¢ ± ³¥·¥ ´  · ¸¸Éµ-
Ö´¨¨ 18 ·10−4 ¸³ µÉ  ´µ¤ . �·¨ É ±µ³ · §¤¥²¥´¨¨ § ·Ö¤µ¢ ±¢ §¨´¥°É· ²Ó´µ¸ÉÓ
² ¢¨´Ò, ¸µ£² ¸´µ (22), ¸µÌ· ´Ö¥É¸Ö:(

10rD
R

)2

=

(
18 · 10−4

3 · 10−2

)2

= 3, 6 · 10−3 � 1 . (23)

‚ ¨¸¶µ²Ó§µ¢ ´´ÒÌ £ §µ¢ÒÌ ¸³¥¸ÖÌ ¸·¥¤´¨¥ É¥¶²µ¢Ò¥ Ô´¥·£¨¨ Ô²¥±É·µ´µ¢
¸² ¡µ µÉ²¨Î ÕÉ¸Ö ¤·Ê£ µÉ ¤·Ê£ . �µÔÉµ³Ê ¸ ¶µ´¨¦¥´¨¥³ ¶²µÉ´µ¸É¨ ² ¢¨´Ò
¤²¨´  Ô±· ´¨·µ¢ ´¨Ö, Ê¢¥²¨Î¨¢ Ö¸Ó, ¶·¨¡²¨¦ ¥É¸Ö ± ¤²¨´¥ ¢µ²´Ò ¨µ´´ÒÌ
±µ²¥¡ ´¨°. ˆ§ ¢Ò· ¦¥´¨Ö ±µÔËË¨Í¨¥´É  § ÉÊÌ ´¨Ö ¤²Ö ¨µ´´ÒÌ ±µ²¥¡ ´¨°

δ ≈

√
πω

2
√

2

(
λ

2πrD

)3

e
− λ2

8π2r2
D (24)

¸²¥¤Ê¥É, ÎÉµ ¥¸²¨ ¢¥²¨Î¨´  rD ¶·¨¡²¨¦ ¥É¸Ö ¨²¨ · ¢´  ¤²¨´¥ ¢µ²´Ò λ ≈(
πTe
ne2

) 1
2 , Éµ § ÉÊÌ ´¨¥ ¶·µ¨¸Ìµ¤¨É §  ¢·¥³Ö ¶µ·Ö¤±  ¶¥·¨µ¤  ±µ²¥¡ ´¨° [17].

ˆ²²Õ¸É·¨·Ê¥³Ò¥ ´  µ¸Í¨²²µ£· ³³ Ì ¨µ´´Ò¥ ±µ²¥¡ ´¨Ö Ìµ·µÏµ ¸µ£² ¸ÊÕÉ¸Ö
¸ ÔÉ¨³ ¢Ò¢µ¤µ³. ‚¨¤´µ, ÎÉµ ±µ²¥¡ ´¨Ö, ¶·µÉ¥± ÕÐ¨¥ ¢ £ §µ¢ÒÌ ¸³¥¸ÖÌ, § 
¨¸±²ÕÎ¥´¨¥³ 80% CF4 + 20% C4H10, ¤²ÖÉ¸Ö ´¥ ¡µ²¥¥ ¤¢ÊÌ ¶¥·¨µ¤µ¢. ‚
Ê± § ´´µ° ¸³¥¸¨ ¶·µ¤µ²¦¨É¥²Ó´µ¸ÉÓ ±µ²¥¡ ´¨° ¸µ¸É ¢²Ö¥É Ï¥¸ÉÓ ¶¥·¨µ¤µ¢.

�·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ É ±¦¥ ¶µ¢¥¤¥´¨¥ ±µ²¥¡ ´¨° µÉ´µ¸¨É¥²Ó´µ ¶µ²µ¦¥-
´¨Ö ª· ¢´µ¢¥¸¨Öª. ‡¤¥¸Ó Éµ¦¥ ´ ¡²Õ¤ ¥É¸Ö § ¢¨¸¨³µ¸ÉÓ µÉ ¶²µÉ´µ¸É¨ ² ¢¨´Ò.
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�·¨ ´ ¶µ²´¥´¨¨ ± ³¥·Ò ¸³¥¸ÓÕ 85%CF4 + 13%C4H10 + 2%CO(CH3)2 ¶µ-
²µ¦¨É¥²Ó´Ò¥ ¨ µÉ·¨Í É¥²Ó´Ò¥ Ë §Ò ±µ²¥¡ ´¨° ¶· ±É¨Î¥¸±¨ ¸¨³³¥É·¨Î´Ò
(·¨¸.13). ‡ ³¥´  ´ ¸ÒÐ¥´´ÒÌ ¶ ·µ¢  Í¥Éµ´  ¶ · ³¨ ·ÉÊÉ¨ (·¨¸.14) ¶·¨¢µ-
¤¨É ± ·µ¸ÉÊ ¶µ²µ¦¨É¥²Ó´µ° ¨ Ê³¥´ÓÏ¥´¨Õ µÉ·¨Í É¥²Ó´µ° Ë § ±µ²¥¡ ´¨°. ‚
£ §µ¢µ° ¸³¥¸¨ ´  ·¨¸.11, Ä¢ µÉÎ¥É²¨¢µ ¢¨¤´  ¶· ±É¨Î¥¸±¨ ¶µ²´ Ö  ¸¨³³¥É-
·¨Ö ¢ ¸Éµ·µ´Ê ¶µ²µ¦¨É¥²Ó´µ° Ë §Ò. ‘±µ·¥¥ ¢¸¥£µ,  ¸¨³³¥É·¨Ö ¸¢Ö§ ´  ¸
´ ¶· ¢²¥´¨¥³ Ô²¥±É·µ´´µ£µ ¤ ¢²¥´¨Ö ¢ ² ¢¨´¥ ¨ ¶·µÖ¢²¥´¨¥³ ¸¨²Ò Éµ·³µ-
¦¥´¨Ö (±Ê²µ´µ¢¸±µ¥ É·¥´¨¥), ¢Ò§¢ ´´µ° ¢µ§· ¸É ÕÐ¨³¨ Ô²¥±É·µ´´Ò³¨ ¢§ ¨-
³µ¤¥°¸É¢¨Ö³¨ ¢ ³µ³¥´É ¸¦ É¨Ö ¢µ²´Ò,   É ±¦¥ ¤¥°¸É¢¨¥³ ¶µ²Ö ¢µ²´Ò ´ 
§ ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ ¨µ´´µ£µ µ¡² ± .

— ¸É¨ÍÒ ¢ ² ¢¨´¥ ¨³¥ÕÉ ¸±µ·µ¸É¨ ± ± ³¥´ÓÏÊÕ, É ± ¨ ¡�µ²ÓÏÊÕ, Î¥³
Ë §µ¢ Ö ¸±µ·µ¸ÉÓ ¢µ²´Ò. �  Î ¸É¨ÍÒ ¸ ³¥´ÓÏ¥° ¸±µ·µ¸ÉÓÕ ¤¥°¸É¢¨¥ ¶µ²Ö
µ¶¥·¥¦ ÕÐ¥° ¨Ì ¢µ²´Ò ¸µ¸Éµ¨É ¢ ¶¥·¥¤ Î¥ ¨³ ¨³¶Ê²Ó¸ , É.¥. ¢µ²´  Ê¢²¥± ¥É
Î ¸É¨ÍÒ §  ¸µ¡µ°. — ¸É¨ÍÒ ¦¥, ¤¢¨¦ÊÐ¨¥¸Ö ¡Ò¸É·¥¥ ¢µ²´Ò, É¥·ÖÕÉ ¨³¶Ê²Ó¸,
µÉ¤ ¢ Ö ¥£µ ¢µ²´¥. Š ± ¶· ¢¨²µ, Î¨¸²µ Î ¸É¨Í, Ê¢²¥± ¥³ÒÌ ¢µ²´µ°, ¶·¥¢ÒÏ ¥É
Î¨¸²µ Î ¸É¨Í, ¶¥·¥¤ ÕÐ¨Ì ¨³¶Ê²Ó¸ ¢µ²´¥ [20]. ‚ ¨Éµ£¥ ´ ¸ÉÊ¶ ¥É ¡Ò¸É·µ¥
§ ÉÊÌ ´¨¥ ¶² §³¥´´ÒÌ ±µ²¥¡ ´¨° ¨µ´µ¢ ¨ ¶¥·¥Ìµ¤ ¨Ì ¢ ¨µ´´Ò° §¢Ê±. Š ±
¸²¥¤Ê¥É ¨§ Ë¨§¨±¨ ¶² §³Ò, · ¸¶·µ¸É· ´¥´¨¥ ¨µ´´µ£µ §¢Ê±  ¡¥§ § ÉÊÌ ´¨Ö ¢µ§-
³µ¦´µ Éµ²Ó±µ ¢ ¸²ÊÎ ¥, ±µ£¤  É¥³¶¥· ÉÊ·  Ô²¥±É·µ´µ¢ §´ Î¨É¥²Ó´µ ¶·¥¢ÒÏ ¥É
É¥³¶¥· ÉÊ·Ê ¨µ´µ¢ [17].

Œµ³¥´É ¶¥·¥Ìµ¤  ¨µ´´ÒÌ ±µ²¥¡ ´¨° ¢ ¨µ´´Ò° §¢Ê± µÉ³¥Î¥´ ´  ´¥±µ-
Éµ·ÒÌ µ¸Í¨²²µ£· ³³ Ì ¦¨·´µ° ÉµÎ±µ°. „²Ö £ §µ¢ÒÌ ¸³¥¸¥° ¸ ¸µ¤¥·¦ ´¨¥³
¶ ·µ¢  Í¥Éµ´  ¨ ·ÉÊÉ¨ ¶·µ¤µ²¦¨É¥²Ó´µ¸ÉÓ ±µ²¥¡ ´¨° ¨µ´´µ£µ §¢Ê±  ¢ ±¢ §¨-
´¥°É· ²Ó´µ³ µ¡² ±¥ · ¢´  ¶·¨³¥·´µ 60÷ 65 ´¸. „²Ö ´ ¶µ²´¥´¨Ö 80% CF4 +
20% C4H10 ±µ²¥¡ ´¨Ö ¨µ´´µ£µ §¢Ê±  (·¨¸.11,¡) ¶·µ¤µ²¦ ÕÉ¸Ö ¡µ²¥¥ 100 ´¸.
�·¨Î¥³ Î ¸ÉµÉ  ±µ²¥¡ ´¨° ¢ ÔÉµ³ ¸²ÊÎ ¥ ¶·¨³¥·´µ ´  25% ¢ÒÏ¥, Î¥³ ¢ ¤·Ê-
£¨Ì £ § Ì. Š ± ¢¨¤´µ ¨§ µ¸Í¨²²µ£· ³³ (·¨¸.11,¤ ¨ 12, ), ¢ £ §µ¢ÒÌ ¸³¥¸ÖÌ
95%CF4 + 5%C4H10 ¨ 70%Ar + 30%C4H10 ¨µ´´Ò¥ ¨ §¢Ê±µ¢Ò¥ ±µ²¥¡ ´¨Ö
¶· ±É¨Î¥¸±¨ µÉ¸ÊÉ¸É¢ÊÕÉ.

�·¨¢²¥± ¥É ± ¸¥¡¥ ¢´¨³ ´¨¥ § ¢¨¸¨³µ¸ÉÓ ¤²¨É¥²Ó´µ¸É¨  ´µ¤´µ£µ ¨ ± -
Éµ¤´µ£µ ¸¨£´ ²µ¢ µÉ ¸É¥¶¥´¨ · ¸± Î±¨ ¨µ´´ÒÌ ±µ²¥¡ ´¨°. Š ± ¢¨¤´µ ¨§
·¨¸.11Å14, ¶µ ³¥·¥ ·µ¸É   ³¶²¨ÉÊ¤Ò ±µ²¥¡ ´¨° ´ ¡²Õ¤ ¥É¸Ö Ê±µ·µÎ¥´¨¥
¤²¨É¥²Ó´µ¸É¨  ´µ¤´µ£µ ¨ ± Éµ¤´µ£µ ¸¨£´ ²µ¢ ¸ µ¤´µ¢·¥³¥´´Ò³ ¨§³¥´¥´¨¥³
¨Ì Ëµ·³Ò. �·¨Î¥³ ÔÉ¨ ¨§³¥´¥´¨Ö Ö·±µ ¢Ò· ¦¥´Ò ¢ £ §µ¢ÒÌ ¸³¥¸ÖÌ, ¢ ±µ-
Éµ·ÒÌ ¢µ§´¨± ÕÉ ¶² §³¥´´Ò¥ ±µ²¥¡ ´¨Ö ¨µ´µ¢ ¨ Î¥É±µ ¸ ´¨³¨ ¸¢Ö§ ´Ò. ‚
¶·µÍ¥¸¸¥ · ¸± Î±¨ ±µ²¥¡ ´¨° ¤²¨É¥²Ó´µ¸ÉÓ  ´µ¤´µ£µ ¸¨£´ ²  ¸É ´µ¢¨É¸Ö · ¢-
´µ° ¶·¨³¥·´µ ¶¥·¨µ¤Ê ±µ²¥¡ ´¨° ¢ µ¡² ¸É¨ ¸ ³ ±¸¨³ ²Ó´µ°  ³¶²¨ÉÊ¤µ°.
ˆ§-§  ³ ²µ¸É¨ ¶µ¸²¥¤ÊÕÐ¨Ì ±µ²¥¡ ´¨° ¢²¨Ö´¨¥ ¨Ì ´  Ëµ·³Ê ¸¨£´ ²µ¢ ´¥§´ -
Î¨É¥²Ó´µ. —Éµ ± ¸ ¥É¸Ö ± Éµ¤´ÒÌ ¸¨£´ ²µ¢, Éµ ¨§-§  ¡µ²ÓÏµ° ¥³±µ¸É¨ ± Éµ¤ 
µÉ´µ¸¨É¥²Ó´µ ª§¥³²¨ª ¢²¨Ö´¨¥ ¨µ´´ÒÌ ±µ²¥¡ ´¨° ´  ´¨Ì ¨´É¥£·¨·Ê¥É¸Ö.

„²Ö ¸· ¢´¥´¨Ö ¢²¨Ö´¨Ö ¶¥·¢¨Î´µ° ¨µ´¨§ Í¨¨ ´  Ì · ±É¥·¨¸É¨±¨ ¶² §-
³¥´´µ£µ µ¡· §µ¢ ´¨Ö ¡Ò²¨ ¶·µ¢¥¤¥´Ò ¨§³¥·¥´¨Ö ¸ γ-¨¸ÉµÎ´¨±µ³ 55Fe. ˆ§-
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³¥·¥´¨Ö ¶µ± § ²¨, ÎÉµ ¶² §³¥´´Ò¥ ±µ²¥¡ ´¨Ö ¨µ´µ¢ ¢ ² ¢¨´¥ ¢ ÔÉµ³ ¸²Ê-
Î ¥ ´ Î¨´ ÕÉ¸Ö ¶·¨³¥·´µ ´  300 ‚ · ´ÓÏ¥. �¨± ±¨Ì ¤·Ê£¨Ì µ¸µ¡¥´´µ¸É¥°,
Ì · ±É¥·´ÒÌ ¤²Ö ¤ ´´µ£µ É¨¶  ¨¸ÉµÎ´¨± , ¢ ¸· ¢´¥´¨¨ ¸ · ¤¨µ ±É¨¢´Ò³
β-¨¸ÉµÎ´¨±µ³ 90Sr, § ·¥£¨¸É·¨·µ¢ ´µ ´¥ ¡Ò²µ.

‚ § ±²ÕÎ¥´¨¥ ¶µ± ¦¥³, ÎÉµ ¨µ´´Ò¥ ±µ²¥¡ ´¨Ö ¢ ±¢ §¨´¥°É· ²Ó´µ³ µ¡² ±¥
Ö¢²ÖÕÉ¸Ö ³ ²Ò³¨. ‚ ¶. 8.4 ¡Ê¤¥É ¶µ± § ´µ, ÎÉµ ¢ ¶·µÍ¥¸¸¥ ±µ²¥¡ ´¨° ¸·¥¤´ÖÖ
Ô´¥·£¨Ö ¨µ´µ¢ ¤µ¸É¨£ ¥É §´ Î¥´¨Ö 0,2 Ô‚, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ¸±µ·µ¸É¨ ¨µ´µ¢
8, 5·104 ¸³/¸. �·¨ ¤ ´´µ° ¸±µ·µ¸É¨ µÉ±²µ´¥´¨¥ ±µ²¥¡²ÕÐ¨Ì¸Ö ¨µ´µ¢ µÉ´µ¸¨-
É¥²Ó´µ ¶µ²µ¦¥´¨Ö · ¢´µ¢¥¸¨Ö ¶·¨ Î ¸ÉµÉ¥ ±µ²¥¡ ´¨° 133,5 ŒƒÍ §  ¶µ²µ¢¨´Ê
¶¥·¨µ¤  ¡Ê¤¥É · ¢´µ v · T/2 = 3, 2 ³±³. ˆ§-§   ¸¨³³¥É·¨Î´µ¸É¨ ±µ²¥¡ ´¨°
(·¨¸.11,¡,¢) ¨µ´Ò ¡Ê¤ÊÉ ±µ²¥¡ ÉÓ¸Ö ¢ µ¸´µ¢´µ³ ³¥¦¤Ê  ´µ¤µ³ ¨ ¶µ²µ¦¥´¨¥³
· ¢´µ¢¥¸¨Ö.

8.4. ”µ·³¨·µ¢ ´¨¥ ¸É·¨³¥·  ¨ ³¥Ì ´¨§³ ¥£µ ¶·µ· ¸É ´¨Ö ± ± Éµ¤Ê.
‚ ¶. 6.1 ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¸ Ê¢¥²¨Î¥´¨¥³ £ §µ¢µ£µ Ê¸¨²¥´¨Ö ´ ¡²Õ¤ ¥É¸Ö
É¥´¤¥´Í¨Ö ± ¸± Î±µµ¡· §´µ³Ê Ê¢¥²¨Î¥´¨Õ  ´µ¤´µ£µ ¨ ± Éµ¤´µ£µ ¸¨£´ ²µ¢.
‘µ£² ¸´µ · ¡µÉ¥ [35] ¶µÖ¢²¥´¨¥ ¸± Î±  ¢  ³¶²¨ÉÊ¤ Ì ¸¨£´ ²µ¢ ¸¢Ö§ ´µ ¸ ¶·µ-
Ö¢²¥´¨¥³ ¸É·¨³¥· . �¤´ ±µ Ö¸´µ£µ µ¶¨¸ ´¨Ö ³¥Ì ´¨§³  Ëµ·³¨·µ¢ ´¨Ö ¸É·¨-
³¥·  ¢ Ê± § ´´µ° · ¡µÉ¥, ¤  ¨ ¢µ ³´µ£¨Ì ¤·Ê£¨Ì [7,18,36,45], ´¥ ¶·¥¤¸É ¢²¥´µ.
‚ µ¸´µ¢´µ³ ´¥É Î¥É±µ£µ µ¡ÑÖ¸´¥´¨Ö Ê¸²µ¢¨Ö ¶¥·¥Ìµ¤  Ô²¥±É·µ´´µ° ² ¢¨´Ò ¢
¸É·¨³¥· ¨ ¢µ§´¨±´µ¢¥´¨Ö ¢Éµ·¨Î´ÒÌ Ô²¥±É·µ´µ¢ ¢¶¥·¥¤¨ Ë·µ´É  · ¸¶·µ¸É· -
´¥´¨Ö ¸É·¨³¥· .

„¨´ ³¨±  ÔÉ¨Ì ¸²µ¦´ÒÌ ¶·µÍ¥¸¸µ¢ ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´  Éµ²Ó±µ ¶·¨ ÉÐ -
É¥²Ó´µ³ ¨§ÊÎ¥´¨¨ ¢¸¥Ì Ö¢²¥´¨°, ¸¶µ¸µ¡¸É¢ÊÕÐ¨Ì ¤ ´´µ³Ê ¶¥·¥Ìµ¤Ê. Š ± ¸²¥-
¤Ê¥É ¨§ ¶·¥¤Ò¤ÊÐ¥£µ · §¤¥² , ¶·µ¸É· ´¸É¢¥´´ Ö ¸É·Ê±ÉÊ·  ² ¢¨´Ò ¶·¨ £ §µ¢µ³
Ê¸¨²¥´¨¨ 106 ´¥ ³µ¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ¸µ¢µ±Ê¶´µ¸ÉÓ ¤¢ÊÌ ¶·µÉ¨¢µ¶µ-
²µ¦´µ § ·Ö¦¥´´ÒÌ µ¡² ±µ¢ ¢ ¸¢Ö§¨ ¸ É¥³, ÎÉµ ¤¥°¸É¢¨¥ ¤ ²Ó´µ¤¥°¸É¢ÊÕÐ¨Ì
±Ê²µ´µ¢¸±¨Ì ¢§ ¨³µ¤¥°¸É¢¨° ¶·¨¢µ¤¨É ¢ ¨Éµ£¥ ± ¶¥·¥³¥Ï¨¢ ´¨Õ § ·Ö¤µ¢, ÎÉµ,
¢ ¸¢µÕ µÎ¥·¥¤Ó, ¸¶µ¸µ¡¸É¢Ê¥É ¶¥·¥Ìµ¤Ê ² ¢¨´Ò ¢ ±¢ §¨´¥°É· ²Ó´ÊÕ ¶² §³Ê.
‚ ´µ¢µ³ ¸µ¸ÉµÖ´¨¨ ±¢ §¨´¥°É· ²Ó´µ° ¶² §³Ò ³¥¦¤Ê Î ¸É¨Í ³¨ ² ¢¨´Ò ¡µ²¥¥
¨´É¥´¸¨¢´µ ¶·µÉ¥± ÕÉ ¶·µÍ¥¸¸Ò É¥¶²µµ¡³¥´ , ¢Ò· ¢´¨¢ ÕÉ¸Ö §´ Î¥´¨Ö Ê¸±µ-
·¥´¨° ¢µ ¢´¥Ï´¥³ ¶µ²¥, ·¥§Î¥ ¶·µÖ¢²Ö¥É¸Ö § ¢¨¸¨³µ¸ÉÓ ¢ ¤¢¨¦¥´¨¨ Î ¸É¨Í
¤·Ê£ µÉ ¤·Ê£ .

�¤´ ±µ É· ´¸Ëµ·³¨·µ¢ ´¨¥ ² ¢¨´Ò ¢ ±¢ §¨´¥°É· ²Ó´ÊÕ ¶² §³Ê ¥Ð¥ ´¥
Ö¢²Ö¥É¸Ö ¤µ¸É ÉµÎ´Ò³ Ê¸²µ¢¨¥³ ¤²Ö ´ Î ²  Ëµ·³¨·µ¢ ´¨Ö ¸É·¨³¥· . �¥µ¡-
Ìµ¤¨³µ ¥Ð¥, ÎÉµ¡Ò ¶²µÉ´µ¸ÉÓ ´µ¸¨É¥²¥° § ·Ö¤  ¢ ¶² §³¥´´µ³ µ¡² ±¥ ¶·¥¢Ò-
¸¨²  ´¥±µÉµ·µ¥ ¶µ·µ£µ¢µ¥ §´ Î¥´¨¥. …¸²¨ ¶µ¸²¥¤´¥¥ Ê¸²µ¢¨¥ ´¥ ¢Ò¶µ²´Ö¥É¸Ö,
Éµ ¢ ² ¢¨´¥ ¶· ±É¨Î¥¸±¨ ´¥ µ¡· §ÊÕÉ¸Ö Ê¸±µ·¥´´Ò¥ Ô²¥±É·µ´Ò. ˆÌ µÉ¸ÊÉ-
¸É¢¨¥ ¸± §Ò¢ ¥É¸Ö ´  ´¨§±µ° ¸É¥¶¥´¨ ´¥°É· ²¨§ Í¨¨ ¨µ´´µ£µ µ¡² ± , É ± ± ±
³¥¤²¥´´Ò¥ Ô²¥±É·µ´Ò ´¥ ¡Ê¤ÊÉ § Ô±· ´¨·µ¢ ´Ò µÉ  ´µ¤ . ‚ ¨Éµ£¥ ¶² §³¥´-
´Ò¥ ±µ²¥¡ ´¨Ö ¨µ´µ¢ ¡Ò¸É·µ § ÉÊÌ ÕÉ, ¨ ¶² §³  ¸É ´µ¢¨É¸Ö ´¥Ê¸Éµ°Î¨¢µ°
¤ ¦¥ ¶·¨ ³ ²ÒÌ ¶·µ¸É· ´¸É¢¥´´ÒÌ ¶¥·¥· ¸¶·¥¤¥²¥´¨ÖÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í.
�·¨³¥·µ³ ÔÉµ£µ ³µ£ÊÉ ¸²Ê¦¨ÉÓ µ¸Í¨²²µ£· ³³Ò, ¶·¨¢¥¤¥´´Ò¥ ´  ·¨¸.13,  ¨
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14, . ‚¨¤´µ, ÎÉµ ¤ ¦¥ ´¥§´ Î¨É¥²Ó´µ¥ Ê¢¥²¨Î¥´¨¥ ¶²µÉ´µ¸É¨ £ §µ¢µ° ¸³¥¸¨
¶ÊÉ¥³ § ³¥´Ò ¶ ·µ¢  Í¥Éµ´  ¶ · ³¨ ·ÉÊÉ¨ (¡µ²¥¥  ±É¨¢´ÒÌ ¢ ¶² ´¥ · §¢¨-
É¨Ö ² ¢¨´Ò ¨ ¡µ²¥¥ ÉÖ¦¥²ÒÌ) ¶·¨¢µ¤¨É ± µÎ¥¢¨¤´µ³Ê ¨§³¥´¥´¨Õ Ì · ±É¥-
·¨¸É¨± ¶² §³¥´´µ£µ µ¡² ± , ¢Ò· ¦ ÕÐ¥³Ê¸Ö ¢ ·µ¸É¥ ¶µ²µ¦¨É¥²Ó´µ° Ë §Ò
±µ²¥¡ ´¨°. � ¨¡µ²¥¥ ¶µ²´µ É·¥¡Ê¥³Ò³ Ê¸²µ¢¨Ö³ Ê¤µ¢²¥É¢µ·Ö¥É £ §µ¢ Ö ¸³¥¸Ó
80% CF4 + 20% C4H10. ‚ ÔÉµ³ £ §¥ ¤µ¸É¨£ ÕÉ¸Ö ¡µ²ÓÏ¨¥ §´ Î¥´¨Ö £ §µ¢µ£µ
Ê¸¨²¥´¨Ö. ‚Ò¸µ± Ö ¶²µÉ´µ¸ÉÓ ² ¢¨´Ò, ¶·µÖ¢²ÖÕÐ Ö¸Ö ¢ § ¤¥·¦±¥ Ô²¥±É·µ-
´µ¢ ¶µ²¥³ ¨µ´µ¢ (·¥¦¨³  ³¡¨¶µ²Ö·´µ° ¤¨ËËÊ§¨¨), ·¥ ²¨§Ê¥É¸Ö ¶· ±É¨Î¥-
¸±¨ ¢ ´ Î ²¥ ¶·µ¶µ·Í¨µ´ ²Ó´µ£µ ·¥¦¨³ . ‘ ·µ¸Éµ³ Ê¸¨²¥´¨Ö Ê¢¥²¨Î¨¢ ¥É¸Ö
¶·µ¤µ²¦¨É¥²Ó´µ¸ÉÓ ¶² §³¥´´ÒÌ ±µ²¥¡ ´¨° ¨µ´µ¢ ¨, ´ Î¨´ Ö ¸ Ê¸¨²¥´¨Ö ¶·¨-
³¥·´µ 4 ·107 (U± = 3, 5 ±‚), · §¢¨É¨¥ ² ¢¨´Ò ¶¥·¥Ìµ¤¨É ¢ ´µ¢ÊÕ ¸É ¤¨Õ. �Éµ
¢Ò· ¦ ¥É¸Ö ¢ Î¥É±µ³ · §¤¥²¥´¨¨ Ô²¥±É·µ´µ¢ ¢ ² ¢¨´¥ ´  ¤¢¥ £·Ê¶¶Ò (·¨¸.9),
´ Î ²¥  ³¶²¨ÉÊ¤´µ£µ ¸± Î±  (·¨¸.7,¡) ¨ ´ Î ²¥ ¢Éµ·µ° ¸É ¤¨¨ ¶² §³¥´´ÒÌ
±µ²¥¡ ´¨° ¨µ´µ¢. ‚·¥³¥´´µ° ¨´É¥·¢ ² ¢Éµ·µ° ¸¥·¨¨ ±µ²¥¡ ´¨° µÉ³¥Î¥´ ´ 
·¨¸.11,¢ ¤¢Ê³Ö ¦¨·´Ò³¨ ÉµÎ± ³¨.

� ¨¡µ²¥¥ ¶µ· §¨É¥²Ó´Ò³ Ö¢²Ö¥É¸Ö ´ ²¨Î¨¥ § ¤¥·¦±¨ ³¥¦¤Ê ³µ³¥´Éµ³
§ ¢¥·Ï¥´¨Ö ¶¥·¢µ° ² ¢¨´Ò ¨ ´ Î ²µ³ ¢Éµ·µ° (·¨¸.11,¢), · ¢´µ° ¶·¨³¥·´µ
27 ´¸. ‚¥²¨Î¨´  ÔÉµ° § ¤¥·¦±¨ ¨³¥¥É ¸¨²Ó´ÊÕ § ¢¨¸¨³µ¸ÉÓ µÉ ¸É¥¶¥´¨ ²µ± -
²¨§ Í¨¨ ² ¢¨´Ò. …¸²¨ Ð¥²¥¢µ° ±µ²²¨³ Éµ· ¸ § §µ·µ³ 0,15 ³³ · ¸¶µ²µ¦¨ÉÓ
¶·Ö³µ ´ ¶·µÉ¨¢  ´µ¤´µ° ¶·µ¢µ²µ±¨ 2 (·¨¸.1), Éµ ¢ ÔÉµ³ ¸²ÊÎ ¥ µ¡¥¸¶¥Î¨-
¢ ¥É¸Ö ³ ±¸¨³ ²Ó´ Ö ¶²µÉ´µ¸ÉÓ ² ¢¨´Ò, ¨ § ¤¥·¦±  · ¢´  ¶·¨³¥·´µ 10 ´¸.
�¥·¥³¥Ð¥´¨¥ ±µ²²¨³ Éµ·  ¢²¥¢µ ¨²¨ ¢¶· ¢µ µÉ ¶·µ¢µ²µ±¨ ¶·¨¢µ¤¨É ± · §³Ò-
É¨Õ ² ¢¨´Ò, É ± ± ± ±² ¸É¥·Ò µÉ ¨µ´¨§ Í¨¨, ¤·¥°ËÊÖ ¢¤µ²Ó · §´ÒÌ ¸¨²µ¢ÒÌ
²¨´¨°, µ¡· §ÊÕÉ ³¥´¥¥ ¶²µÉ´ÊÕ ² ¢¨´Ê, Î¥³ ¢ ¶¥·¢µ³ ¸²ÊÎ ¥. �µ ÔÉ¨³ ¨§-
³¥·¥´¨Ö³ ¨´É¥·¢ ² ¨§³¥´¥´¨Ö § ¤¥·¦±¨ ¤²Ö ¤ ´´µ£µ £ §  µ± § ²¸Ö · ¢´Ò³
10 ÷ 30 ´¸. �· ±É¨Î¥¸±¨ É ±¨¥ ¦¥ ¢·¥³¥´  ³¥¦¤Ê ³µ³¥´Éµ³ § ¢¥·Ï¥´¨Ö
² ¢¨´Ò ¨ ³µ³¥´Éµ³ µ¡· §µ¢ ´¨Ö ¸É·¨³¥·  ¶µ²ÊÎ¥´Ò ¢ · ¡µÉ Ì [46,47].

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ µÉ ¸É¥¶¥´¨ ²µ± ²¨§ Í¨¨ ² ¢¨´Ò ¸¨²Ó´µ § ¢¨¸¨É
¤µ²Ö ² ¢¨´ ¸ ¡Ò¸É·Ò³¨ Ô²¥±É·µ´ ³¨. ‚ ¸²ÊÎ ¥ ¢Ò¸µ±µ° ²µ± ²¨§ Í¨¨ (¨¸-
ÉµÎ´¨± ´ ¶·µÉ¨¢ ¶·µ¢µ²µ±¨ 2) ±µ²¨Î¥¸É¢µ ² ¢¨´ ¸ ¡Ò¸É·Ò³¨ Ô²¥±É·µ´ ³¨
¸µ¸É ¢²Ö¥É ¶·¨³¥·´µ 45%. ‘ ¶µ´¨¦¥´¨¥³ ¶²µÉ´µ¸É¨ ² ¢¨´Ò (¨¸ÉµÎ´¨± ¸¤¢¨-
´ÊÉ ¢²¥¢µ µÉ ¶·µ¢µ²µ±¨ ´  0,8 ³³) ¤µ²Ö ² ¢¨´ ¸ ¡Ò¸É·Ò³¨ Ô²¥±É·µ´ ³¨ ¶ ¤ ¥É
¤µ 20%.

�µ-¢¨¤¨³µ³Ê, ¢ ¶² ´¥ Ëµ·³¨·µ¢ ´¨Ö ¸É·¨³¥·  ´ ²¨Î¨¥ § ¤¥·¦±¨ ³¥¦¤Ê
² ¢¨´ ³¨ ¨£· ¥É µÎ¥´Ó ¢ ¦´ÊÕ ·µ²Ó. �¥µ¡Ìµ¤¨³µ¸ÉÓ ÔÉµ£µ ¢·¥³¥´´µ£µ ¨´-
É¥·¢ ²  ³µ¦¥É ¡ÒÉÓ ¢Ò§¢ ´  ´¥· ¢´µ¢¥¸´Ò³ ¸µ¸ÉµÖ´¨¥³ ¶² §³¥´´µ£µ µ¡² ± ,
¢ ±µÉµ·µ³ ´¥¨§¡¥¦´µ ¤µ²¦´Ò ¢µ§´¨±´ÊÉÓ ¸ ³µ¶·µ¨§¢µ²Ó´Ò¥ ¶·µÍ¥¸¸Ò ¶¥·¥-
Ìµ¤  ¢ ¸µ¸ÉµÖ´¨¥ · ¢´µ¢¥¸¨Ö. ‚ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ¢ ¨§ÊÎ ¥³µ° ¸·¥¤¥, ± ± ¸²¥-
¤Ê¥É ¨§ ¤¨´ ³¨±¨ µ¡· §µ¢ ´¨Ö ² ¢¨´Ò ¢ ´¥µ¤´µ·µ¤´µ³ ¶µ²¥, ´ ¨¡µ²¥¥ ¢Ò· -
¦¥´´Ò³¨ Ö¢²ÖÕÉ¸Ö £· ¤¨¥´ÉÒ ¶²µÉ´µ¸É¨, ¤ ¢²¥´¨Ö ¨ É¥³¶¥· ÉÊ·Ò. Š ± ¡Ò²µ
¶µ± § ´µ ¢ÒÏ¥, ¢ ·¥§Ê²ÓÉ É¥ ´ ²¨Î¨Ö £· ¤¨¥´Éµ¢ ¢´ÊÉ·¨ ² ¢¨´Ò ¢µ§´¨± ÕÉ
³ ±·µ¸±µ¶¨Î¥¸±¨¥ ¤¢¨¦¥´¨Ö, ¶·¨¢µ¤ÖÐ¨¥ ± ±µ²¥¡ ´¨Ö³ ¨µ´µ¢. ‘ ´ Î ²µ³
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ÔÉ¨Ì ±µ²¥¡ ´¨° ± É¥¶²µ¢µ³Ê ¤ ¢²¥´¨Õ Ô²¥±É·µ´µ¢ (p = n−kT−), ±µÉµ·µ¥
¤¥°¸É¢Ê¥É ´  ¨µ´Ò, ¤µ¡ ¢²Ö¥É¸Ö ¤ ¢²¥´¨¥ ¸µ ¸Éµ·µ´Ò · ¸¶·µ¸É· ´ÖÕÐ¥°¸Ö
¢µ²´Ò ¢¤µ²Ó ¶² §³¥´´µ£µ µ¡² ± . �·¨¢¥¤¥´´Ò¥ ´  ·¨¸.11, Ä¢ µ¸Í¨²²µ£· ³³Ò
±µ²¥¡ ´¨° ´ £²Ö¤´µ µÉ· ¦ ÕÉ ¤¨´ ³¨±Ê ¶·µÍ¥¸¸µ¢, ¶·µÉ¥± ÕÐ¨Ì ¢ ² ¢¨´¥
¢ § ¢¨¸¨³µ¸É¨ µÉ ¢Ò¸µ±µ£µ ´ ¶·Ö¦¥´¨Ö ´  ± ³¥·¥. ˆ§ ·¨¸Ê´±µ¢ ¢¨¤´µ, ÎÉµ
¢ µ¡² ¸É¨ ´ ¶·Ö¦¥´¨° ´  ± ³¥·¥ ¤µ 3,0 ±‚  ³¶²¨ÉÊ¤  ¨µ´´µ-§¢Ê±µ¢ÒÌ ¢µ²´
¢ ¶² §³¥´´µ³ µ¡² ±¥ ²¨´¥°´µ ´ · ¸É ¥É. Šµ²¥¡ ´¨Ö ¶µ¤¤¥·¦¨¢ ÕÉ¸Ö ¢ ·¥-
§Ê²ÓÉ É¥ ¶·¨Éµ±  ± ´¨³ Ô´¥·£¨¨ µÉ ¢´¥Ï´¥£µ ¶µ²Ö. �¥·¥´µ¸Î¨± ³¨ Ô´¥·£¨¨
Ö¢²ÖÕÉ¸Ö Ô²¥±É·µ´Ò. “¢¥²¨Î¥´¨¥ ¶·¨Éµ±  Ô´¥·£¨¨ ± ¢µ²´¥ §  ¸Î¥É · §³´µ¦¥-
´¨Ö Ô²¥±É·µ´µ¢ ¶·¨¢µ¤¨É ± ·µ¸ÉÊ  ³¶²¨ÉÊ¤Ò ±µ²¥¡ ´¨°.

‚ ¶. 8.1 ¡Ò²µ µÉ³¥Î¥´µ, ÎÉµ Ê¸É· ´¥´¨¥ Ô±· ´¨·ÊÕÐ¥£µ ¸²µÖ ¢ ´ ¶· ¢²¥-
´¨¨ ± Éµ¤  ³¥¤²¥´´Ò³ ¤¨ËËÊ§¨µ´´Ò³ Éµ±µ³ ¢Ò§µ¢¥É Éµ± Î¥·¥§ ± ³¥·Ê. �ÉµÉ
Éµ± ¶·¨¢¥¤¥É ± ¸³¥Ð¥´¨Õ ¢ · ¸¶·¥¤¥²¥´¨¨ Ô²¥±É·µ´µ¢ ¶µ ¸±µ·µ¸ÉÖ³ ¢ ¸Éµ-
·µ´Ê ¡µ²¥¥ ¢Ò¸µ±¨Ì ¸±µ·µ¸É¥° ¤·¥°Ë . „¥±·¥³¥´É § ÉÊÌ ´¨Ö ¨µ´´µ-§¢Ê±µ¢ÒÌ
±µ²¥¡ ´¨° ¢ ¶² §³¥ ¸ ´ ¶· ¢²¥´´Ò³ ¶µÉµ±µ³ Ô²¥±É·µ´µ¢ · ¢¥´ [53]:

γes(k)

(
1−

kvd
kvs

)
= γs0(k) , (25)

£¤¥ γes(k) Ä ¤¥±·¥³¥´É ²¨´¥°´µ£µ § ÉÊÌ ´¨Ö ‹ ´¤ Ê ¤²Ö ¨µ´´µ-§¢Ê±µ¢ÒÌ ¢µ²´,
µ¡Ê¸²µ¢²¥´´Ò° Ô²¥±É·µ´ ³¨; vd Ä ¸·¥¤´ÖÖ ¤·¥°Ëµ¢ Ö ¸±µ·µ¸ÉÓ Ô²¥±É·µ´µ¢
¨ vs Ä ¸±µ·µ¸ÉÓ ¨µ´´µ£µ §¢Ê± . ˆ§ ¢Ò· ¦¥´¨Ö (25) ¢¨¤´µ, ÎÉµ ¶·¨ vd > vs
γs0 < 0 ¨ ¢§ ¨³µ¤¥°¸É¢¨¥ ¨µ´´µ-§¢Ê±µ¢ÒÌ ¢µ²´ ¸ ¤·¥°ËÊÕÐ¨³¨ Ô²¥±É·µ´ ³¨
¶·¨¢¥¤¥É ± ´ · ¸É ´¨Õ  ³¶²¨ÉÊ¤ ¢µ²´. � · ¸É ´¨¥ ¡Ê¤¥É ¶·µ¤µ²¦ ÉÓ¸Ö ¤µ
¶·µÖ¢²¥´¨Ö ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢, ¢Ò§¢ ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨¥³ ³¥¦¤Ê ¢µ²-
´µ° ¨ Î ¸É¨Í ³¨ ¶² §³Ò. ‚ ·¥§Ê²ÓÉ É¥ ÔÉ¨Ì ¢§ ¨³µ¤¥°¸É¢¨° ¶·µ¨¸Ìµ¤¨É
µ¡³¥´ Ô´¥·£¨¥° ³¥¦¤Ê ±µ²¥¡ ´¨Ö³¨ ¨ Î ¸É¨Í ³¨, ±µÉµ·Ò° ¶·¨¢¥¤¥É ¢ ¨Éµ£¥
± Éµ³Ê, ÎÉµ ´ · ¸É ÕÐ¨¥ ¢µ²´Ò, ¤µ¸É¨£ Ö ±µ´¥Î´µ°  ³¶²¨ÉÊ¤Ò, ¨§³¥´ÖÉ ¶ -
· ³¥É·Ò ¶² §³Ò. ‚ ÔÉ¨Ì Ê¸²µ¢¨ÖÌ ¸É ´µ¢¨É¸Ö ´¥µ¡Ìµ¤¨³Ò³ ÊÎ¥É ´¥²¨´¥°´µ£µ
§ ÉÊÌ ´¨Ö ¨µ´´µ-§¢Ê±µ¢ÒÌ ±µ²¥¡ ´¨°.

‚ · ¡µÉ¥ [53] ¶µ± § ´µ, ÎÉµ µ¸´µ¢´µ° ¢±² ¤ ¢ ËÊ´±Í¨Õ, Ì · ±É¥·¨§ÊÕ-
ÐÊÕ ´¥²¨´¥°´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¨µ´´µ-§¢Ê±µ¢ÒÌ ¢µ²´ ¸ Î ¸É¨Í ³¨ ¶² §³Ò,
¢´µ¸¨É ¢§ ¨³µ¤¥°¸É¢¨¥ ÔÉ¨Ì ¢µ²´ ¸ ¨µ´ ³¨. �·¨ ´¥²¨´¥°´µ³ ¢§ ¨³µ¤¥°¸É¢¨¨
¤¢ÊÌ ¨µ´´µ-§¢Ê±µ¢ÒÌ ±µ²¥¡ ´¨° ¸ ¢µ²´µ¢Ò³¨ ¢¥±Éµ· ³¨ k ¨ k1 ¢µ§´¨± ÕÉ
¡¨¥´¨Ö ¸ Ë §µ¢µ° ¸±µ·µ¸ÉÓÕ [53]:

vph =
vs√

1 + 4kk1(k − k1)2 sin2 θ
2

, (26)

£¤¥ θ Ä Ê£µ² ³¥¦¤Ê ¢¥±Éµ· ³¨ k ¨ k1. …¸²¨ Î ¸ÉµÉÒ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¢µ²´

¡²¨§±¨ ¤·Ê£ ± ¤·Ê£Ê, É ± ÎÉµ (k − k1)/
√
kk1 ∼

√
Ti
Te

sin θ
2 , Éµ ¸±µ·µ¸ÉÓ vph

¸É ´µ¢¨É¸Ö · ¢´µ° ¶µ ¶µ·Ö¤±Ê ¢¥²¨Î¨´Ò É¥¶²µ¢µ° ¸±µ·µ¸É¨ ¨µ´µ¢ vi. ’ ±¨¥
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¡¨¥´¨Ö ¨´É¥´¸¨¢´µ ¶µ£²µÐ ÕÉ¸Ö ¨µ´ ³¨, ¶·¨¢µ¤Ö É¥³ ¸ ³Ò³ ± § ÉÊÌ ´¨Õ
¨¸Ìµ¤´ÒÌ ¨µ´´µ-§¢Ê±µ¢ÒÌ ¢µ²´ ¨ ± ¶µ¢ÒÏ¥´¨Õ É¥¶²µ¢µ° Ô´¥·£¨¨ ¨µ´µ¢. � 
¶µ¢ÒÏ¥´¨¥ É¥³¶¥· ÉÊ·Ò ¨µ´µ¢ Ê± §Ò¢ ¥É É ±¦¥ µ¸Í¨²²µ£· ³³  ´  ·¨¸.18,
¨§ ±µÉµ·µ° ¢¨¤´µ, ÎÉµ ¶² §³¥´´Ò¥ ±µ²¥¡ ´¨Ö ¨µ´µ¢ ¶¥·¥Ìµ¤ÖÉ ¢ ¨µ´´Ò°
§¢Ê± ¢ ¸Éµ·µ´Ê ±µ·µÉ±¨Ì ¢µ²´ ¸ Î ¸ÉµÉµ° 162 ŒƒÍ. „²Ö ±µ·µÉ±µ¢µ²´µ¢µ£µ
¨µ´´µ£µ §¢Ê±  ¶·¥¤¥²Ó´Ò° ¢¨¤ ¤¨¸¶¥·¸¨µ´´µ£µ Ê· ¢´¥´¨Ö (15) ¶¥·¥Ìµ¤¨É ¢
¢Ò· ¦¥´¨¥ (17), ¨§ ±µÉµ·µ£µ ³µ¦´µ µ¶·¥¤¥²¨ÉÓ É¥³¶¥· ÉÊ·Ê ¨µ´µ¢. �·¨´¨³ Ö
¢ ¢Ò· ¦¥´¨¨ (17) §´ Î¥´¨¥ ¶µ± § É¥²Ö  ¤¨ ¡ ÉÒ ¤²Ö ¨µ´µ¢ · ¢´Ò³ ¶µ± § É¥²Õ
 ¤¨ ¡ ÉÒ ¤²Ö ÉÖ¦¥²ÒÌ ³µ²¥±Ê²Ö·´ÒÌ £ §µ¢ γ = 1, 4, µ¶·¥¤¥²¨³ É¥³¶¥· ÉÊ·Ê
¨µ´µ¢:

T+ ∼
ω2T−M+

4πn+e2γ
∼ 0, 2 Ô‚ ; k =

2π

λ
; λ =

(
πT−

n+e2

) 1
2

; ω = 2πf .

(27)

�¨¸. 18. — ¸ÉµÉ  ¶² §³¥´´ÒÌ ±µ²¥¡ ´¨°
¨µ´µ¢ ¢ ¶¥·¢µ° ¨ ¢Éµ·µ° ² ¢¨´ Ì ¨ ¨µ´-
´µ£µ §¢Ê±  ¶·¨ ´ ¶µ²´¥´¨¨ ± ³¥·Ò £ §µ-
¢µ° ¸³¥¸ÓÕ 80% CF4 + 20% C4H10

�µ²ÊÎ¥´´µ¥ §´ Î¥´¨¥ É¥³¶¥· ÉÊ·Ò
¨µ´µ¢ (¢¥·´¥¥, ¨Ì ¸·¥¤´ÖÖ É¥¶-
²µ¢ Ö Ô´¥·£¨Ö) ¢ ¶² §³¥´´µ³ ·¥-
¦¨³¥ ¶·¨³¥·´µ ´  ¶µ·Ö¤µ± ¶·¥¢µ¸-
Ìµ¤¨É É¥³¶¥· ÉÊ·Ê ¨µ´µ¢, µ¡· §ÊÕ-
Ð¨Ì¸Ö ¢ ¶·µ¶µ·Í¨µ´ ²Ó´µ³ ·¥¦¨³¥
(∼ 0, 025 Ô‚).

’µ, ÎÉµ ¸ ´ Î ²µ³ ¤·¥°Ëµ¢µ£µ
Éµ±  Î¥·¥§ ± ³¥·Ê ±µ²¥¡ ´¨Ö ¤µ¸É¨-
£ ÕÉ ±µ´¥Î´µ°  ³¶²¨ÉÊ¤Ò §  ¢·¥³Ö,
³¥´ÓÏ¥¥ ¶µ²Ê¶¥·¨µ¤  (·¨¸.11,¡), ¸¢¨-
¤¥É¥²Ó¸É¢Ê¥É, ÎÉµ ¶·µÍ¥¸¸ ¶¥·¥¤ Î¨
Ô´¥·£¨¨ µÉ ¤·¥°ËÊÕÐ¨Ì Ô²¥±É·µ´µ¢
¢µ²´¥ ¨³¥¥É Ì · ±É¥· Ë §µ¢µ£µ ·¥-
§µ´ ´¸ . ‚ ¨´É¥·¢ ²¥ ´ ¶·Ö¦¥´¨°
3, 0 ÷ 3, 2 ±‚ (·¨¸.11,¡) Ê¢¥²¨Î¥´¨¥
¶²µÉ´µ¸É¨ ² ¢¨´Ò ´¥ ¶·¨¢µ¤¨É ±
·µ¸ÉÊ  ³¶²¨ÉÊ¤Ò ±µ²¥¡ ´¨° ¶¥·¢ÒÌ
¤¢ÊÌ ¶µ²µ¦¨É¥²Ó´ÒÌ ¶¨±µ¢, · ¢´µ°
10 ³‚. ˆ§³¥´¥´¨Õ ¶µ¤¢¥·¦¥´Ò ²¨ÏÓ
¤²¨É¥²Ó´µ¸É¨ ¢¥·Ï¨´µ± ÔÉ¨Ì ¶¨±µ¢,

±µÉµ·Ò¥, Ê¤²¨´ÖÖ¸Ó ¸ ·µ¸Éµ³ ´ ¶·Ö¦¥´¨Ö, ¸É ´µ¢ÖÉ¸Ö ¸· ¢´¨³Ò³¨ ¸ ¢·¥³¥-
´¥³ · §¢¨É¨Ö ² ¢¨´Ò.

Š ± µÉ³¥Î ²µ¸Ó ¢ÒÏ¥, ±µ´¥Î´ Ö  ³¶²¨ÉÊ¤ , ¤µ¸É¨£ ¥³ Ö ¢µ²´µ° ¢ ¶·µ-
Í¥¸¸¥ · ¸± Î±¨, µ¶·¥¤¥²Ö¥É¸Ö ¢§ ¨³µ¤¥°¸É¢¨¥³ ¢µ²´Ò ¸ ¶² §³¥´´Ò³ µ¡² ±µ³,
±µÉµ·µ¥ ¨ ¶·¨¢µ¤¨É ± ¨§³¥´¥´¨Õ ¥£µ ¶ · ³¥É·µ¢. ‚ ¨´É¥·¢ ²¥ ´ ¶·Ö¦¥´¨°
3, 0 ÷ 3, 2 ±‚ ÔÉ¨ ¨§³¥´¥´¨Ö ¸¢Ö§ ´Ò ¸ É¥³, ÎÉµ Ê¸É ´ ¢²¨¢ ¥É¸Ö ³ ±¸¨³ ²Ó-
´ Ö § ¤¥·¦±  ± Éµ¤´µ£µ ¸¨£´ ² , ¢ É¥Î¥´¨¥ ±µÉµ·µ° ¶·µ¨¸Ìµ¤¨É ¨´É¥´¸¨¢´µ¥
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¸¢Ö§Ò¢ ´¨¥ § ·Ö¤µ¢ ¨ ¶µ¸²¥ ±µÉµ·µ° ´ Î¨´ ¥É¸Ö ¤·¥°Ëµ¢Ò° Éµ± Î¥·¥§ ± -
³¥·Ê. ‚±²ÕÎ¥´¨¥ ´¥²¨´¥°´ÒÌ ¶·µÍ¥¸¸µ¢ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢µ²´Ò ¸ Î ¸É¨Í ³¨
¶·¨¢¥¤¥É ± ¶µ¢ÒÏ¥´¨Õ É¥³¶¥· ÉÊ·Ò ¨µ´µ¢. �µ, ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ¨§³¥´¥-
´¨Ö ¶ · ³¥É·µ¢ ¶² §³¥´´µ£µ µ¡² ±  ¶·¨¢µ¤ÖÉ ± ´ Î ²Ê µ¡· §µ¢ ´¨Ö ¢ ² ¢¨´¥
Ê¸±µ·¥´´ÒÌ Ô²¥±É·µ´µ¢ ¨ ± ´ Î ²Ê · §¢¨É¨Ö ¢Éµ·µ° ² ¢¨´Ò, ¶·¨¢µ¤ÖÐ¥° ±
 ³¶²¨ÉÊ¤´µ³Ê ¸± Î±Ê (¸³. ·¨¸.7,¡ ¨ 10).

�·¨ ¶µ¢ÒÏ¥´¨¨ ´ ¶·Ö¦¥´¨Ö ¤µ 3,3 ±‚ ´ Î¨´ ¥É¸Ö ¢Éµ· Ö ¸¥·¨Ö ¡µ²¥¥
³µÐ´µ° · ¸± Î±¨ ±µ²¥¡ ´¨°, ±µÉµ· Ö ¸µ¶·µ¢µ¦¤ ¥É¸Ö ·µ¸Éµ³ Éµ±  Î¥·¥§ ± -
³¥·Ê, ¢Ò§¢ ´´Ò³, ¶µ-¢¨¤¨³µ³Ê, ¸ÉÊ¶¥´Î Éµ° ¨µ´¨§ Í¨¥°. • · ±É¥· ¶µ¢¥¤¥-
´¨Ö £ §µ¢µ£µ Ê¸¨²¥´¨Ö É ±¦¥ ¶·¥É¥·¶¥¢ ¥É ¨§³¥´¥´¨Ö, ÎÉµ ¶·µÖ¢²Ö¥É¸Ö ¢ ¥£µ
¡µ²¥¥ ·¥§±µ³ ·µ¸É¥ (·¨¸.6). ‘·¥¤´ÖÖ Ô´¥·£¨Ö ¨µ´µ¢ ¢µ§· ¸É ¥É ¤µ 0,2 Ô‚.
� Î¨´ ¥É¸Ö ¢Éµ· Ö µÎ¥·¥¤Ó ¶² §³¥´´ÒÌ ±µ²¥¡ ´¨° ¨µ´µ¢ (·¨¸.11,¢) ¢µ ¢Éµ-
·µ° ² ¢¨´¥. ‚ ·¥§Ê²ÓÉ É¥ ¢Éµ·µ° · ¸± Î±¨ ¤µ¸É¨£ ¥É¸Ö ±µ´¥Î´ Ö  ³¶²¨ÉÊ¤ 
±µ²¥¡ ´¨° 24 ³‚ (·¨¸.11,¢), ±µÉµ· Ö ´¥ ¨§³¥´Ö¥É¸Ö ¤µ ´ ¶·Ö¦¥´¨Ö 3,8 ±‚.

—Éµ ± ¸ ¥É¸Ö  ¸¨³³¥É·¨¨ ±µ²¥¡ ´¨° ¢ ¶¥·¢µ° ² ¢¨´¥ ¢ ¸Éµ·µ´Ê ¶µ²µ-
¦¨É¥²Ó´µ° Ë §Ò, Éµ µ´  Ê¢¥²¨Î¨² ¸Ó ¢ 1,4 · §  ¶·¨ ´ ¶·Ö¦¥´¨¨ 3,7 ±‚ ¶µ
¸· ¢´¥´¨Õ ¸  ¸¨³³¥É·¨¥° ±µ²¥¡ ´¨°, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ´ ¶·Ö¦¥´¨Õ 3,5 ±‚
(·¨¸.11,¢). ‡ ³¥É¨³, ÎÉµ ¢ ¨´É¥·¢ ²¥ 3, 5÷ 3, 8 ±‚  ³¶²¨ÉÊ¤´Ò¥ ¨ Î ¸ÉµÉ´Ò¥
Ì · ±É¥·¨¸É¨±¨ ¨µ´´ÒÌ ±µ²¥¡ ´¨° ¢µ ¢Éµ·µ° ² ¢¨´¥ ¶· ±É¨Î¥¸±¨ ´¥ ¨§³¥´¨-
²¨¸Ó. �·¨Î¥³ Î ¸ÉµÉ  ¶² §³¥´´ÒÌ ±µ²¥¡ ´¨° ¨µ´µ¢ ¢µ ¢Éµ·µ° ² ¢¨´¥ (·¨¸.18)
· ¢´  88 ŒƒÍ ¨, ¶µ-¢¨¤¨³µ³Ê, µ¶·¥¤¥²Ö¥É¸Ö ´¨§±µ° Ô´¥·£¨¥° Ô²¥±É·µ´µ¢.

Š ± ¸²¥¤Ê¥É ¨§ Ë¨§¨±¨ ¶² §³Ò, ¶·¨ ¤µ¸É¨¦¥´¨¨ ±µ´¥Î´µ°  ³¶²¨ÉÊ¤Ò
±µ²¥¡ ´¨° ¢ ¶² §³¥ ³µ¦¥É ¡ÒÉÓ ¢µ§¡Ê¦¤¥´µ ¡µ²ÓÏµ¥ Î¨¸²µ ¢µ²´, ¢ ±µÉµ·ÒÌ
¸µ¸·¥¤µÉµÎ¥´  Ô´¥·£¨Ö, ¸· ¢´¨³ Ö ¸ É¥¶²µ¢µ° Ô´¥·£¨¥° ¶² §³Ò. �·¨ É ±¨Ì
Ê¸²µ¢¨ÖÌ ´ Î¨´ ÕÉ § ³¥É´µ ¶·µÖ¢²ÖÉÓ¸Ö ´¥²¨´¥°´Ò¥ ÔËË¥±ÉÒ, µ¡Ê¸²µ¢²¥´-
´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨¥³ ³¥¦¤Ê ¢µ²´ ³¨ ¨ Î ¸É¨Í ³¨ ¶² §³Ò. �¸µ¡¥´´µ ¸ÊÐ¥-
¸É¢¥´´Ò ÔÉ¨ ÔËË¥±ÉÒ ¢ ¸²ÊÎ ¥ ±µ·µÉ±µ¢µ²´µ¢µ£µ ¢µ§³ÊÐ¥´¨Ö ¢ ¶² §³¥, ±µ£¤ 
Ï¨·¨´  ¶¥·¥¤´¥£µ Ë·µ´É  ¢µ²´Ò ¸· ¢´¨¢ ¥É¸Ö ¸ ¤¥¡ ¥¢¸±¨³ · ¤¨Ê¸µ³. �µ-
ÔÉµ³Ê ¸É ´µ¢¨É¸Ö ´¥µ¡Ìµ¤¨³Ò³ ÊÎ¥É ¤¨¸¶¥·¸¨¨ ¶² §³¥´´ÒÌ ±µ²¥¡ ´¨° ¨µ´µ¢,
µ¶·¥¤¥²ÖÕÐ¥° § ¢¨¸¨³µ¸ÉÓ ¸±µ·µ¸É¨ · ¸¶·µ¸É· ´¥´¨Ö ¢µ§³ÊÐ¥´¨° µÉ ¤²¨´Ò
¢µ²´Ò. �·¨ ÔÉµ³ § ¢¨¸¨³µ¸ÉÓ ¸±µ·µ¸É¨ · ¸¶·µ¸É· ´¥´¨Ö ¢µ§³ÊÐ¥´¨Ö µÉ ¥£µ
 ³¶²¨ÉÊ¤Ò ¨ µÉ ¤²¨´Ò ¢µ²´Ò ³µ£ÊÉ ¢§ ¨³´µ ±µ³¶¥´¸¨·µ¢ ÉÓ¸Ö, ¨ ¸É ´µ¢¨É¸Ö
¢µ§³µ¦´Ò³ ¢µ§¡Ê¦¤¥´¨¥ ¢ ¶² §³¥ ¸É Í¨µ´ ·´ÒÌ ¢µ²´ [53]. � ¨¡µ²¥¥ ¢ ¦-
´Ò³¨ ¸ ÉµÎ±¨ §·¥´¨Ö · ¸¶·µ¸É· ´¥´¨Ö ¢µ§³ÊÐ¥´¨Ö ¢ ¶² §³¥ Ö¢²ÖÕÉ¸Ö Ê¥¤¨-
´¥´´Ò¥ ¨ ±¢ §¨Ê¤ ·´Ò¥ ¢µ²´Ò, ±µÉµ·Ò¥ ³µ£ÊÉ ¡ÒÉÓ, ¢ § ¢¨¸¨³µ¸É¨ µÉ Ê¸²µ¢¨°
µ¡· §µ¢ ´¨Ö, ¢µ²´ ³¨ ¸¦ É¨Ö ¨²¨ · §·¥¦¥´¨Ö. —Éµ ¦¥ ± ¸ ¥É¸Ö µ¡· §µ¢ ´¨Ö
¸É·¨³¥· , Éµ, ¶µ-¢¨¤¨³µ³Ê, ¶·¥¤¶µÎÉ¨É¥²Ó´¥¥ Ê¥¤¨´¥´´Ò¥ ¢µ²´Ò ¸¦ É¨Ö, É ±
± ± ¨Ì µ¸´µ¢´ Ö µ¸µ¡¥´´µ¸ÉÓ ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ µÉ¢¥Î ÕÐ¨¥ ¨³ ¢µ§³ÊÐ¥´¨Ö
´¥ · §³Ò¢ ÕÉ¸Ö ¢ ¶·µ¸É· ´¸É¢¥ ¸µ ¢·¥³¥´¥³,   ¸µÌ· ´ÖÕÉ ¸¢µÕ Ëµ·³Ê [20,48].

‘µ¢¥·Ï¥´´µ Ö¸´µ, ÎÉµ ¸É·¨³¥· Ö¢²Ö¥É¸Ö ·¥§Ê²ÓÉ Éµ³ ¨´É¥´¸¨¢´ÒÌ ¶·µ-
Í¥¸¸µ¢, ¶·µÉ¥± ÕÐ¨Ì ¢ ¶² §³¥´´µ³ µ¡² ±¥. ’µ, ÎÉµ µ´ µ¡² ¤ ¥É ´¥±µÉµ·Ò³
¢·¥³¥´¥³ ¦¨§´¨ ¤ ¦¥ ¢ µÉ¸ÊÉ¸É¢¨¥ ¢´¥Ï´¥£µ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö [11], ¸¢¨¤¥-
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É¥²Ó¸É¢Ê¥É µ Éµ³, ÎÉµ ¸É·¨³¥· ¥¸ÉÓ ¶²µÉ´µ¥, ±¢ §¨´¥°É· ²Ó´µ¥ µ¡· §µ¢ ´¨¥ ¸
¤µ¸É ÉµÎ´µ° ¢´ÊÉ·¥´´¥° Ô´¥·£¨¥° ¤²Ö ¸ ³µ¸ÉµÖÉ¥²Ó´µ£µ ¸ÊÐ¥¸É¢µ¢ ´¨Ö. �µ-
ÔÉµ³Ê ¢ ¶·µÍ¥¸¸¥ ¥£µ µ¡· §µ¢ ´¨Ö ¢¥¸Ó³  ¢¥·µÖÉ´µ ¢µ§¡Ê¦¤¥´¨¥ Ê¥¤¨´¥´´µ°
¢µ²´Ò ¸¦ É¨Ö.

‚µ§¢· Ð Ö¸Ó ± Ë¨§¨±¥ ¶² §³Ò µÉ³¥É¨³, ÎÉµ ¢§ ¨³µ¤¥°¸É¢¨¥ ¢µ§¡Ê¦¤¥´-
´ÒÌ ¢µ²´ ¸ ¶² §³µ° ¨ ¤·Ê£ ¸ ¤·Ê£µ³ ¶·¨¢µ¤¨É ± ´¥·¥£Ê²Ö·´µ³Ê ¶µ¢¥¤¥´¨Õ
Ô²¥±É·¨Î¥¸±¨Ì ¶µ²¥°, ¢µ§´¨± ÕÐ¨Ì ¢ ¶² §³¥,   É ±¦¥ ± ´ ·ÊÏ¥´¨Õ ¸¨³³¥É-
·¨¨ ¶·µ¸É· ´¸É¢¥´´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¶²µÉ´µ¸É¨ Î ¸É¨Í. …¸²¨ ¶²µÉ´µ¸ÉÓ
Ô´¥·£¨¨, § ±²ÕÎ¥´´µ° ¢ ¶² §³¥´´ÒÌ ±µ²¥¡ ´¨ÖÌ, ¨³¥¥É § ³¥É´ÊÕ ¢¥²¨Î¨´Ê,
Éµ ±µ²¥¡ ´¨Ö ³µ£ÊÉ ¸µ¸·¥¤µÉµÎ¨ÉÓ¸Ö ¢ µ£· ´¨Î¥´´µ° µ¡² ¸É¨ ¶·µ¸É· ´¸É¢  ¨
µ± § ÉÓ¸Ö ¸¢Ö§ ´´Ò³¨ [48]. Š ± ¨§¢¥¸É´µ, É ±µ¥ ¸É Í¨µ´ ·´µ¥ µ¡· §µ¢ ´¨¥
´ §Ò¢ ¥É¸Ö ¸µ²¨Éµ´µ³ ¨²¨ Ê¥¤¨´¥´´µ° ¢µ²´µ° [20].

“¥¤¨´¥´´ Ö ¢µ²´  Å ÔÉµ ²µ± ²¨§µ¢ ´´Ò°, ¸ ³µ¶µ¤¤¥·¦¨¢ ÕÐ¨°¸Ö ¢µ²-
´µ¢µ° ¶ ±¥É. ‚ ´¥° ¸ÊÐ¥¸É¢Ê¥É ¡ ² ´¸ ³¥¦¤Ê ¤¢Ê³Ö ±µ´±Ê·¨·ÊÕÐ¨³¨ É¥´-
¤¥´Í¨Ö³¨. ‘ µ¤´µ° ¸Éµ·µ´Ò, ¢µ²´µ¢µ° ¶ ±¥É ¸É·¥³¨É¸Ö · ¸¶²Ò¢ ÉÓ¸Ö ¨§-§ 
¤¨¸¶¥·¸¨¨, ¶µÉµ³Ê ÎÉµ ¡µ²¥¥ ±µ·µÉ±¨¥ ¢µ²´Ò, ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¤¨¸¶¥·¸¨µ´-
´Ò³ ¸µµÉ´µÏ¥´¨¥³

ω = vgrk

(
1−

r2
Dk

2

2

)
, (28)

· ¸¶·µ¸É· ´ÖÕÉ¸Ö ¸ ³¥´ÓÏ¥° ¸±µ·µ¸ÉÓÕ (vgr Ä £·Ê¶¶µ¢ Ö ¸±µ·µ¸ÉÓ ¢µ²´Ò). ‘
¤·Ê£µ° ¸Éµ·µ´Ò, ¢¸²¥¤¸É¢¨¥ ´¥²¨´¥°´µ¸É¨, ¢µ²´µ¢µ° ¶ ±¥É ¨¸¶ÒÉÒ¢ ¥É ¸¦ -
É¨¥ ¨ É¥³ ¸ ³Ò³ ±µ³¶¥´¸¨·Ê¥É ¢²¨Ö´¨¥ ¤¨¸¶¥·¸¨¨ [48]. ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ,
ÎÉµ ¤¨¸¶¥·¸¨µ´´µ¥ ¸µµÉ´µÏ¥´¨¥ (28) ´ ¶¨¸ ´µ ¶·¨³¥´¨É¥²Ó´µ ± ¶² §³¥´´Ò³
±µ²¥¡ ´¨Ö³ ¨µ´µ¢.

‘¨¸É¥³  Ê· ¢´¥´¨°, ¶µ§¢µ²ÖÕÐ Ö ¨¸¸²¥¤µ¢ ÉÓ · ¸¶·¥¤¥²¥´¨¥ ¶²µÉ´µ¸É¨
Ô²¥±É·µ´µ¢ ne(r, t), ¨µ´µ¢ ni(r, t), ¨Ì ¸±µ·µ¸É¥° ve(r, t) ¨ vi(r, t) ¢ Ô²¥±-
É·µ¸É É¨Î¥¸±µ³ ¶µ²¥ ¸ ³¥´ÖÕÐ¨³¸Ö ¢ ¶·µ¸É· ´¸É¢¥ ¨ ¢·¥³¥´¨ ¶µÉ¥´Í¨ ²µ³
ϕ(r, t),   É ±¦¥ ¶·µ¸²¥¤¨ÉÓ §  · §¢¨É¨¥³ ´¥²¨´¥°´ÒÌ ¢µ§³ÊÐ¥´¨° ±µ´¥Î´µ°
 ³¶²¨ÉÊ¤Ò, ¶·¨¢¥¤¥´  ¢ ³µ´µ£· Ë¨¨ [53]. �µ¤·µ¡´Ò°  ´ ²¨§ · ¸¶·µ¸É· ´¥-
´¨Ö ´¥²¨´¥°´ÒÌ ¨µ´´µ-§¢Ê±µ¢ÒÌ ¢µ²´ ´  ¡ §¥ Ê· ¢´¥´¨Ö Šµ·É¥¢¥£ Ä¤¥ ‚·¨§ 
¤ ´ ¢ ³µ´µ£· Ë¨ÖÌ [20, 48]. �µÔÉµ³Ê §¤¥¸Ó µ£· ´¨Î¨³¸Ö ¢Ò· ¦¥´¨Ö³¨, ¸¢Ö-
§Ò¢ ÕÐ¨³¨  ³¶²¨ÉÊ¤Ò ¶²µÉ´µ¸É¨ Ô²¥±É·µ´µ¢ ¨ ¨µ´µ¢ nemax, nimax ¸ ³ ±¸¨-
³ ²Ó´Ò³ Ô²¥±É·µ¸É É¨Î¥¸±¨³ ¶µÉ¥´Í¨ ²µ³ Ê¥¤¨´¥´´µ° ¢µ²´Ò ϕmax [53]:

nemax = ne0 exp

(
eϕmax

Te

)
, nimax = ni0

(
1−

2eϕmax

MiV

)− 1
2

, (29)

£¤¥ ne0 ¨ ni0 Ä ¶²µÉ´µ¸É¨ Ô²¥±É·µ´µ¢ ¨ ¨µ´µ¢ ¢ ÉµÎ±¥ ϕ = 0; V Ä ¸±µ-
·µ¸ÉÓ Ê¥¤¨´¥´´µ° ¢µ²´Ò, ¶·¥¢ÒÏ ÕÐ Ö ¸±µ·µ¸ÉÓ ¨µ´´µ-§¢Ê±µ¢ÒÌ ¢µ²´. ˆ§
¢Ò· ¦¥´¨° (29) ¢¨¤´µ, ÎÉµ nemax > ne0 ¨ nimax > ni0, ¨§ Î¥£µ ¸²¥¤Ê¥É, ÎÉµ
Ê¥¤¨´¥´´ Ö ¢µ²´  ¢ ±¢ §¨· ¢´µ¢¥¸´µ° ¶² §³¥ ¸ ³ ±¸¢¥²²µ¢¸±¨³ · ¸¶·¥¤¥²¥-
´¨¥³ Ô²¥±É·µ´µ¢ ¶µ ¸±µ·µ¸ÉÖ³ ¢¸¥£¤  Ö¢²Ö¥É¸Ö ¢µ²´µ° ¸¦ É¨Ö.
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‘¢Ö§Ó ³¥¦¤Ê ³ ±¸¨³ ²Ó´Ò³ ¶µÉ¥´Í¨ ²µ³ ¢ Ê¥¤¨´¥´´µ° ¢µ²´¥ ϕmax ¨
¸±µ·µ¸ÉÓÕ ¥¥ · ¸¶·µ¸É· ´¥´¨Ö V µ¶·¥¤¥²Ö¥É¸Ö Ê· ¢´¥´¨¥³ [48]:

1− eψ + 2η(1−
√

1− ψ/η) = 0 , (30)

£¤¥ ψ = eϕmax/Te, η = MiV
2/2Te. …¸²¨  ³¶²¨ÉÊ¤  Ê¥¤¨´¥´´µ° ¢µ²´Ò ³ ² 

(eϕmax � Te), Éµ ¸±µ·µ¸ÉÓ ¥¥ · ¸¶·µ¸É· ´¥´¨Ö ¸É·¥³¨É¸Ö ± Ë §µ¢µ° ¸±µ·µ¸É¨
¨µ´´µ-§¢Ê±µ¢µ° ¢µ²´Ò V =

√
Te/Mi. ‚ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥ ³ ±¸¨³ ²Ó´µ°

 ³¶²¨ÉÊ¤Ò ¡Ê¤¥³ ¨³¥ÉÓ

eϕmax = 1, 3Te, V = 1, 6
√
Te/Mi. (31)

’µ, ÎÉµ ¢ ·¥§Ê²ÓÉ É¥ · §¢¨É¨Ö ´¥Ê¸Éµ°Î¨¢µ¸É¥°, ¶·¨¢µ¤ÖÐ¨Ì ± ´¥²¨´¥°-
´Ò³ Ö¢²¥´¨Ö³ ¢ · ¸¸³ É·¨¢ ¥³µ° ¶² §³¥, ¤¥°¸É¢¨É¥²Ó´µ ¶·µ¨¸Ìµ¤¨É ¶µ¸É¥-
¶¥´´µ¥ ¸¦ É¨¥ ¶² §³¥´´µ£µ µ¡² ± , ¨²²Õ¸É·¨·ÊÕÉ µ¸Í¨²²µ£· ³³Ò, ¶·¨¢¥-
¤¥´´Ò¥ ´  ·¨¸.11,¡,¢. ‚¨¤´µ, ÎÉµ ¸ ·µ¸Éµ³ ¶²µÉ´µ¸É¨ ¶² §³¥´´µ£µ µ¡² ± 
¢µ§· ¸É ¥É  ¸¨³³¥É·¨Ö ±µ²¥¡ ´¨° ¢ ¸Éµ·µ´Ê ¶µ²µ¦¨É¥²Ó´µ° Ë §Ò, ÎÉµ ¸¢¨¤¥-
É¥²Ó¸É¢Ê¥É µ¡ Ê¢¥²¨Î¥´¨¨ ¸¢Ö§Ò¢ ÕÐ¥° Ô²¥±É·µ¸É É¨Î¥¸±µ° ¸¨²Ò ¨ Ê¸¨²¥´¨¨
±µ²²¥±É¨¢´µ£µ ÔËË¥±É , É.¥. ¨µ´Ò ¢ ¶·µÍ¥¸¸¥ ±µ²¥¡ ´¨Ö ÉÖ´ÊÉ §  ¸µ¡µ° Ô²¥±-
É·µ´Ò. ‘µ¢³¥¸É´µ¥ ¤¢¨¦¥´¨¥ · §´µ¨³¥´´ÒÌ § ·Ö¤µ¢, ¢Ò§¢ ´´µ¥ ±µ²¥¡²ÕÐ¨-
³¨¸Ö ¨µ´ ³¨, ¶·¨¢¥¤¥É ± Ê¤²¨´¥´¨Õ ´ ¸ÒÐ¥´¨Ö ¶µ²µ¦¨É¥²Ó´ÒÌ  ³¶²¨ÉÊ¤ ¨ ±
¢µ§´¨±´µ¢¥´¨Õ Ê¶·Ê£¨Ì (§¢Ê±µ¢ÒÌ) ±µ²¥¡ ´¨°. ˆ§ ¸· ¢´¥´¨Ö µ¸Í¨²²µ£· ³³ ´ 
·¨¸.11,¡,¢ ¢¨¤´µ, ÎÉµ ¢ ¨´É¥·¢ ²¥ ´ ¶·Ö¦¥´¨° 3,0÷3,2 ±‚, ¢ ±µÉµ·µ³ ¤µ¸É¨-
£ ¥É¸Ö ±µ´¥Î´ Ö  ³¶²¨ÉÊ¤ , · ¢´ Ö 10 ³‚, ¶µ¢¥¤¥´¨¥ ¶² §³¥´´ÒÌ ±µ²¥¡ ´¨°
¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î ¥É¸Ö µÉ ¶² §³¥´´ÒÌ ±µ²¥¡ ´¨°, ¨§³¥·¥´´ÒÌ ¢ ¨´É¥·¢ ²¥
3,3÷3,7 ±‚. ‚ ¶µ¸²¥¤´¥³ ¨´É¥·¢ ²¥ ´ ¶·Ö¦¥´¨°, ¢ ·¥§Ê²ÓÉ É¥ ¢Éµ·µ£µ ÔÉ ¶ 
· ¸± Î±¨ ±µ²¥¡ ´¨°, ¤µ¸É¨£ ¥É¸Ö ±µ´¥Î´ Ö  ³¶²¨ÉÊ¤  24 ³‚. …¸²¨ ¢ ¶¥·¢µ³
¨´É¥·¢ ²¥ ´ ¶·Ö¦¥´¨° ´¥²¨´¥°´Ò¥ ÔËË¥±ÉÒ ¥Ð¥ µÎ¥´Ó ³ ²Ò ¨ § ÉÊÌ ´¨¥
¶² §³¥´´ÒÌ ¢µ²´ ¶·µ¶µ·Í¨µ´ ²Ó´µ ³ ²µ³Ê ¶ · ³¥É·Ê [20]

√
me/Mi, Éµ ¢µ

¢Éµ·µ³ ¨´É¥·¢ ²¥ ± ·É¨´  ·¥§±µ ³¥´Ö¥É¸Ö ¨§-§  ¢µ§· ¸É ÕÐ¥° ·µ²¨ · §¢¨-
É¨Ö ¢µ§³ÊÐ¥´¨Ö ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢. � ¡²Õ¤ ¥É¸Ö ´¥ Éµ²Ó±µ Ê³¥´ÓÏ¥´¨¥
¶·µ¤µ²¦¨É¥²Ó´µ¸É¨ ¶² §³¥´´ÒÌ ±µ²¥¡ ´¨° ¨µ´µ¢, ´µ É ±¦¥ ¶µ¸²¥ ¶¥·¢µ£µ
¶¥·¨µ¤  ±µ²¥¡ ´¨° ¨Ì  ³¶²¨ÉÊ¤Ò § ³¥É´µ µ¸² ¡²ÖÕÉ¸Ö. „²Ö Éµ£µ ÎÉµ¡Ò ÔÉµ
¨³¥²µ ³¥¸Éµ, ´¥µ¡Ìµ¤¨³µ, ÎÉµ¡Ò ¤²Ö  ³¶²¨ÉÊ¤Ò ¢µ§³ÊÐ¥´¨Ö ¶²µÉ´µ¸É¨ Î ¸-
É¨Í ¢ ¶² §³¥´´µ³ µ¡² ±¥ δne ¢Ò¶µ²´Ö²µ¸Ó Ê¸²µ¢¨¥ [53] δne/ne �

√
me/Mi.

Š ¸µ¦ ²¥´¨Õ, ´ ²¨Î¨¥ ¢ £ §¥ CF4 Ô²¥±É·µµÉ·¨Í É¥²Ó´ÒÌ ¶·¨³¥¸¥° (¸· ¢-
´¨É¥ ·¨¸.11, Ä¢,£,¤), ´¥ ¶µ§¢µ²Ö¥É ¢ ¶·¥¤¥² Ì · ¡µÎ¨Ì ´ ¶·Ö¦¥´¨° ¤µ¸É¨£´ÊÉÓ
±·¨É¨Î¥¸±µ° ¶²µÉ´µ¸É¨ § ·Ö¤  ¢ ² ¢¨´¥ ¨ ¶¥·¥¢¥¸É¨ ± ³¥·Ê ¢ ¸ ³µ£ ¸ÖÐ¨°¸Ö
¸É·¨³¥·´Ò° ·¥¦¨³, ÎÉµ¡Ò ¶·µ¸²¥¤¨ÉÓ ¤µ ±µ´Í  ÔÉ ¶Ò Ëµ·³¨·µ¢ ´¨Ö ¸É·¨-
³¥· . �¤´ ±µ ´  µ¸´µ¢ ´¨¨ ¶·¨¢¥¤¥´´ÒÌ ¢ÒÏ¥ ¤ ´´ÒÌ ³µ¦´µ ¸Î¨É ÉÓ, ÎÉµ ¨§
µ¸´µ¢´µ° Î ¸É¨ ±¢ §¨´¥°É· ²Ó´µ£µ  ´¸ ³¡²Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸ ·µ¸Éµ³ ¥£µ
¶²µÉ´µ¸É¨ ¶µ¸É¥¶¥´´µ ¢ ¶·µÍ¥¸¸¥ ¸¦ É¨Ö Ëµ·³¨·Ê¥É¸Ö ¶²µÉ´µ¥ µ¡· §µ¢ ´¨¥,
Ö¢²ÖÕÐ¥¥¸Ö § ·µ¤ÒÏ¥³ ¸É·¨³¥· .
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�¨¸. 19. �¸Í¨²²µ£· ³³Ò ¸¨£´ ²µ¢, Ê¸·¥¤´¥´´ÒÌ ¶µ 256 ¸µ¡ÒÉ¨Ö³, ¸ ±µ´É·µ²Ó´ÒÌ
¶·µ¢µ²µ± (¢¥·Ì´¨¥) ¨ ¸  ´µ¤  ¶·¨ ´ ¶µ²´¥´¨¨ ± ³¥·Ò £ §µ¢µ° ¸³¥¸ÓÕ 80%CF4 +
20%C4H10 + 2, 5 · 10−4Hg. � ¶·Ö¦¥´¨¥ ´  ± ³¥·¥ Ê± § ´µ ´  µ¸Í¨²²µ£· ³³ Ì

—Éµ¡Ò Ê¡¥¤¨ÉÓ¸Ö ¢ ¸¤¥² ´´ÒÌ ¢ÒÏ¥ ¶·¥¤¶µ²µ¦¥´¨ÖÌ, ¨¸¸²¥¤µ¢ ´¨Ö Ëµ·-
³¨·µ¢ ´¨Ö ¸É·¨³¥·  ¡Ò²¨ ¶·µ¤µ²¦¥´Ò ¸ £ §µ¢Ò³ ´ ¶µ²´¥´¨¥³ ± ³¥· 80%CF4

+ 20%C4H10 + 2, 5 · 10−4Hg. ˆ¸¶µ²Ó§µ¢ ´¨¥ ¶ ·µ¢ ·ÉÊÉ¨ ¡Ò²µ ¶·µ¤¨±Éµ-
¢ ´µ ¡µ²ÓÏ¨³ ¸¥Î¥´¨¥³ ¨µ´¨§ Í¨¨  Éµ³µ¢ ³¥É ¸É ¡¨²Ó´Ò³¨ ³µ²¥±Ê² ³¨,  
É ±¦¥ ´ ²¨Î¨¥³  ¸¸µÍ¨ É¨¢´µ° ¨µ´¨§ Í¨¨ ¸ ÊÎ ¸É¨¥³ ¤¢ÊÌ ¢µ§¡Ê¦¤¥´´ÒÌ
 Éµ³µ¢ [21]: Hg(63P1) + Hg(63P0) → Hg+

2 + e. ‚±²ÕÎ¥´¨¥ ÔÉ¨Ì ¶·µÍ¥¸¸µ¢
¢ Ô²¥±É·µ´´µ° ² ¢¨´¥ ¶µ§¢µ²¨²µ Ê¢¥²¨Î¨ÉÓ ¥¥ ¶²µÉ´µ¸ÉÓ, µ Î¥³ ¸¢¨¤¥É¥²Ó-
¸É¢ÊÕÉ µ¸Í¨²²µ£· ³³Ò, ¶·¨¢¥¤¥´´Ò¥ ´  ·¨¸.19 ¨ 20. �¸Í¨²²µ£· ³³Ò, ¶·¨¢¥-
¤¥´´Ò¥ ´  ·¨¸.19, ¶µ²ÊÎ¥´Ò ¶ÊÉ¥³ Ê¸·¥¤´¥´¨Ö 256 ¸µ¡ÒÉ¨°. �¸Í¨²²µ£· ³³Ò
¤²Ö µ¤¨´µÎ´ÒÌ ¸µ¡ÒÉ¨° ¶·¨ Ë¨±¸¨·µ¢ ´´µ³ ´ ¶·Ö¦¥´¨¨ ´  ± ³¥·¥ 2,6 ±‚
¶·¨¢¥¤¥´Ò ´  ·¨¸.20. �  µ¸Í¨²²µ£· ³³¥ (·¨¸.19), ¶µ²ÊÎ¥´´µ° ¶·¨ ´ ¶·Ö¦¥-
´¨¨ ´  ± ³¥·¥ 2,5 ±‚, ´ ¡²Õ¤ ¥É¸Ö Éµ²Ó±µ ¶µ²µ¦¨É¥²Ó´ Ö Ë §  ¶² §³¥´´ÒÌ
±µ²¥¡ ´¨° ¨µ´µ¢, ¶·µ¤µ²¦ ÕÐ¨Ì¸Ö ¢ É¥Î¥´¨¥ µ¤´µ£µ ¶¥·¨µ¤ . Šµ²¥¡ ´¨Ö
¨µ´´µ£µ §¢Ê±  µÉ¸ÊÉ¸É¢ÊÕÉ ¢¸²¥¤¸É¢¨¥ ¨´É¥´¸¨¢´ÒÌ ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ ¢
¶² §³¥´´µ³ µ¡² ±¥. �·¨ ¶µ´¨¦¥´¨¨ ´ ¶·Ö¦¥´¨Ö ´  ± ³¥·¥ ´ ¡²Õ¤ ¥É¸Ö ¸² -
¡µ¥ ¶·µÖ¢²¥´¨¥ §¢Ê±µ¢ÒÌ ±µ²¥¡ ´¨°. ’ ±µ¥ ¶µ¢¥¤¥´¨¥ ² ¢¨´Ò ¸¢Ö§ ´µ ¸ É¥³,
ÎÉµ ¤¨ ¶ §µ´ ¶² §³¥´´µ£µ ·¥¦¨³  ¨§-§  ¡Ò¸É·µ£µ ·µ¸É  ¶²µÉ´µ¸É¨ ¶² §³¥´-
´µ£µ µ¡² ±  ¨ ¨´É¥´¸¨¢´µ£µ · §¢¨É¨Ö ´¥²¨´¥°´ÒÌ ¶·µÍ¥¸¸µ¢ ¸¨²Ó´µ µ£· ´¨-
Î¨¢ ¥É¸Ö, É ± ± ± µ´ ¢¸¥ ¡Ò¸É·¥¥ ¨ · ´ÓÏ¥ ¶¥·¥Ìµ¤¨É ¢ ¸É·¨³¥·´Ò° ·¥¦¨³.
�  µ¸Í¨²²µ£· ³³ Ì, ¶µ²ÊÎ¥´´ÒÌ ¶·¨ ´ ¶·Ö¦¥´¨ÖÌ ´  ± ³¥·¥ 3,0 ¨ 3,4 ±‚,
Î¥É±µ ¢¨¤´Ò ³µ³¥´ÉÒ µ¡· §µ¢ ´¨Ö ¨ ¶·µË¨²Ó Ê¥¤¨´¥´´µ° ¢µ²´Ò, · ¸¶·µ¸É· -
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�¨¸. 20. �¸Í¨²²µ£· ³³Ò ¸¨£´ ²µ¢ ¸ ±µ´É·µ²Ó´ÒÌ ¶·µ¢µ²µ± (¢¥·Ì´¨¥) ¨ ¸  ´µ¤  ¶·¨
´ ¶µ²´¥´¨¨ ± ³¥·Ò £ §µ¢µ° ¸³¥¸ÓÕ 80%CF4+20%C4H10+2, 5·10−4Hg. � ¶·Ö¦¥´¨¥
´  ± ³¥·¥ 2,5 ±‚

´ÖÕÐ¥°¸Ö ¢ ´ ¶· ¢²¥´¨¨ ± Éµ¤ , ¶µÉµ³Ê ÎÉµ ¸¦ É¨¥ ¶² §³¥´´µ£µ µ¡² ±  µ¸Ê-
Ð¥¸É¢²Ö¥É¸Ö ¶·µ¤µ²Ó´Ò³¨ ±µ²¥¡ ´¨Ö³¨ ¨µ´µ¢. ’ ± ± ± Ô²¥±É·µ¸É É¨Î¥¸±¨°
¶µÉ¥´Í¨ ² Ê¥¤¨´¥´´µ° ¢µ²´Ò ¸¦ É¨Ö ¢¸¥£¤  ¶µ²µ¦¨É¥²Ó´Ò°, Éµ ¨´¤ÊÍ¨·µ¢ ´-
´Ò¥ ¨³ ¸¨£´ ²Ò ´  ±µ´É·µ²Ó´ÒÌ ¶·µ¢µ²µ± Ì ¨  ´µ¤¥ ¶·¨ ¤¢¨¦¥´¨¨ ¢µ²´Ò ±
± Éµ¤Ê ¡Ê¤ÊÉ ¨³¥ÉÓ µ¡· É´ÊÕ ¶µ²Ö·´µ¸ÉÓ.

ˆ§ ¸· ¢´¥´¨Ö µ¸Í¨²²µ£· ³³ ´  ·¨¸.19 ¢¨¤´µ, ÎÉµ ³µ³¥´É ¶µÖ¢²¥´¨Ö
Ê¥¤¨´¥´´µ° ¢µ²´Ò ¸¤¢¨£ ¥É¸Ö ¢²¥¢µ ¸ ·µ¸Éµ³ ´ ¶·Ö¦¥´¨Ö. �·¨ ÔÉµ³  ³¶²¨ÉÊ-
¤   ´µ¤´µ£µ ¸¨£´ ²  ¨§-§  ¸¨²Ó´µ£µ ´ ¸ÒÐ¥´¨Ö, ¸¢Ö§ ´´µ£µ ¸ ·µ¸Éµ³ Ô²¥±É·¨-
Î¥¸±µ£µ ¶µ²Ö µ¡Ñ¥³´µ£µ § ·Ö¤  ¤µ ¢¥²¨Î¨´Ò ¢´¥Ï´¥£µ ¶µ²Ö, ¶· ±É¨Î¥¸±¨ ´¥
³¥´Ö¥É¸Ö. —Éµ ± ¸ ¥É¸Ö ¤²¨É¥²Ó´µ¸É¨  ´µ¤´µ£µ ¸¨£´ ² , Éµ µ´  ¸µµÉ¢¥É¸É¢Ê¥É
¤²¨É¥²Ó´µ¸É¨ ¸¨£´ ² , µ¡· §ÊÕÐ¥£µ¸Ö ¢ ‘ƒ‘-·¥¦¨³¥ [35], ¨ ¡µ²¥¥ Î¥³ ¢ ¶ÖÉÓ
· § ¶·¥¢µ¸Ìµ¤¨É ¤²¨É¥²Ó´µ¸ÉÓ ¸¨£´ ² , µ¡· §ÊÕÐ¥£µ¸Ö ¢ ¶² §³¥´´µ³ ·¥¦¨³¥.

�µ²¥¥ ¨´Ëµ·³ É¨¢´Ò³¨ Ö¢²ÖÕÉ¸Ö µ¸Í¨²²µ£· ³³Ò µ¤¨´µÎ´ÒÌ ¸¨£´ ²µ¢,
¶·¨¢¥¤¥´´Ò¥ ´  ·¨¸.20. �¥·¢ Ö µ¸Í¨²²µ£· ³³  ¨²²Õ¸É·¨·Ê¥É ¢µ§¡Ê¦¤¥´¨¥ ¨
¡Ò¸É·µ¥ § ÉÊÌ ´¨¥ Ê¥¤¨´¥´´µ° ¢µ²´Ò ¸ ´¨§±¨³ ¶µÉ¥´Í¨ ²µ³ ¢´ÊÉ·¨ ¸É·¨³¥· .
ˆ´Ëµ·³ Í¨Ö µ¡ ÔÉµ³ ¸µ¤¥·¦¨É¸Ö ¢  ´µ¤´µ³ ¸¨£´ ²¥ ¨ ¶·µÖ¢²Ö¥É¸Ö ¢ ¨§³¥-
´¥´¨¨ ¥£µ § ¤´¥£µ Ë·µ´É , ¢Ò§¢ ´´µ£µ ´ ²µ¦¥´¨¥³ ´  ´¥£µ ¨´¤ÊÍ¨·µ¢ ´´µ£µ
¸¨£´ ²  µÉ Ê¥¤¨´¥´´µ° ¢µ²´Ò, ¤¢¨¦ÊÐ¥°¸Ö ¢´ÊÉ·¨ ¸É·¨³¥·  ¢ ´ ¶· ¢²¥´¨¨ ±
± Éµ¤Ê.

�¸´µ¢´ÊÕ ·µ²Ó ¢ § ÉÊÌ ´¨¨ Ê¥¤¨´¥´´µ° ¢µ²´Ò ¢ ¸É·¨³¥·¥ ¨£· ÕÉ ¨µ´Ò,
É.±. ¨Ì ¸·¥¤´ÖÖ É¥¶²µ¢ Ö ¸±µ·µ¸ÉÓ ¶· ±É¨Î¥¸±¨ ¸· ¢´¨³  ¸µ ¸±µ·µ¸ÉÓÕ · ¸-
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¶·µ¸É· ´¥´¨Ö Ê¥¤¨´¥´´µ° ¢µ²´Ò. ‘µ£² ¸´µ (31)  ³¶²¨ÉÊ¤  ¨ ¸±µ·µ¸ÉÓ Ê¥¤¨-
´¥´´µ° ¢µ²´Ò ³µ£ÊÉ ¶·¨´¨³ ÉÓ µ£· ´¨Î¥´´Ò¥ §´ Î¥´¨Ö, ¶µÔÉµ³Ê Ê¥¤¨´¥´´Ò¥
¢µ²´Ò, µ¡· §µ¢ ¢Ï¨¥¸Ö ¢ ¸É·¨³¥·¥ ¡²¨¦¥ ±  ´µ¤Ê, ¡Ê¤ÊÉ § ÉÊÌ ÉÓ. …¸²¨ ¢µ²´ 
µ¡· §Ê¥É¸Ö ¢ ¸É·¨³¥·¥ ¡²¨¦¥ ± ± Éµ¤Ê, Éµ ¶·¨ ¤µ¸É ÉµÎ´µ³ ¥£µ ¶µÉ¥´Í¨ ²¥
µ´  ³µ¦¥É ¢Ò°É¨ ¨§ ¸É·¨³¥·  ¢ µ¡² ¸ÉÓ ¸ ´¨§±µ° ¶²µÉ´µ¸ÉÓÕ § ·Ö¤ . ˆ³¥´´µ
É ± Ö ¸¨ÉÊ Í¨Ö ¨²²Õ¸É·¨·Ê¥É¸Ö ´  ¢Éµ·µ° µ¸Í¨²²µ£· ³³¥ ·¨¸.20. �  ¤ ´´µ°
µ¸Í¨²²µ£· ³³¥ Î¥É±µ ¢¨¤¥´ ¶·µË¨²Ó Ê¥¤¨´¥´´µ° ¢µ²´Ò. ‚·¥³¥´´Ò¥ Ì · ±É¥-
·¨¸É¨±¨  ´µ¤´µ£µ ¸¨£´ ²  ¢ ÉµÎ´µ¸É¨ ¶µ¢Éµ·ÖÕÉ ¶·µË¨²Ó Ê¥¤¨´¥´´µ° ¢µ²´Ò.
�É³¥É¨³, ÎÉµ  ³¶²¨ÉÊ¤  ¸¨£´ ²µ¢, ´ ¢¥¤¥´´ÒÌ ´  ±µ´É·µ²Ó´ÒÌ ¶·µ¢µ²µ± Ì
¢ÒÏ¥¤Ï¥° ¨§ ¸É·¨³¥·  Ê¥¤¨´¥´´µ° ¢µ²´µ°, ³¥´Ö¥É¸Ö ¢ µÎ¥´Ó Ï¨·µ±¨Ì ¶·¥-
¤¥² Ì ¨ ¨´µ£¤  ¶· ±É¨Î¥¸±¨ ¤µ¸É¨£ ¥É  ³¶²¨ÉÊ¤Ò  ´µ¤´µ£µ ¸¨£´ ² . ‘ ·µ¸Éµ³
 ³¶²¨ÉÊ¤Ò ¢µ²´  ¸Ê¦ ¥É¸Ö, ¨ · §³¥· µ¡² ¸É¨, § ´ÖÉµ° ¢µ§³ÊÐ¥´¨¥³, µ¡· É´µ
¶·µ¶µ·Í¨µ´ ²¥´ ±µ·´Õ ±¢ ¤· É´µ³Ê ¨§  ³¶²¨ÉÊ¤Ò Ê¥¤¨´¥´´µ° ¢µ²´Ò [48].

’·¥ÉÓÖ µ¸Í¨²²µ£· ³³  ¨²²Õ¸É·¨·Ê¥É µ¡· §µ¢ ´¨¥ ¤¢ÊÌ ¸É·¨³¥·µ¢. � 
¢¥·Ì´¥° µ¸Í¨²²µ£· ³³¥ Î¥É±µ · §¤¥²ÖÕÉ¸Ö ¤¢¥ £·Ê¶¶Ò ¶² §³¥´´ÒÌ ±µ²¥¡ -
´¨° ¸ ¸¨²Ó´µ°  ¸¨³³¥É·¨¥° ¢ µ¡² ¸ÉÓ ¶µ²µ¦¨É¥²Ó´µ° Ë §Ò. �·¨Î¥³ ¢¥²¨Î¨´ 
 ¸¨³³¥É·¨¨ ¢Éµ·µ° £·Ê¶¶Ò ¶² §³¥´´ÒÌ ±µ²¥¡ ´¨° µÉ´µ¸¨É¥²Ó´µ ¶µ²µ¦¥´¨Ö
· ¢´µ¢¥¸¨Ö ¢ÒÏ¥, Î¥³ ¢ ¶¥·¢µ° £·Ê¶¶¥. �µ-¢¨¤¨³µ³Ê, ÔÉµ Ê± §Ò¢ ¥É ´  Éµ,
ÎÉµ ¶²µÉ´µ¸ÉÓ ¢Éµ·µ£µ ¸É·¨³¥·  ´¥¸±µ²Ó±µ ¡µ²ÓÏ¥, Î¥³ ¶²µÉ´µ¸ÉÓ ¶¥·¢µ£µ.
“¥¤¨´¥´´Ò¥ ¢µ²´Ò, ¸¢¨¤¥É¥²Ó¸É¢ÊÕÐ¨¥ µ¡ µ¡· §µ¢ ´¨¨ ¸É·¨³¥·µ¢, § ÉÊÌ ÕÉ
¢ ´¨Ì, ´µ ¨´Ëµ·³ Í¨Ö µ¡ ¨Ì ¤¢¨¦¥´¨¨ Ìµ·µÏµ ¢¨¤´  ´  ´¨¦´¥° µ¸Í¨²²µ-
£· ³³¥  ´µ¤´µ£µ ¸¨£´ ² . �¥·¥´¥¸Ö ¢·¥³¥´´Ò¥ ÉµÎ±¨, ¢ ±µÉµ·ÒÌ ¤µ¸É¨£ ÕÉ¸Ö
³ ±¸¨³ ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò ¸¨£´ ²µ¢, ¨´¤ÊÍ¨·µ¢ ´´ÒÌ Ê¥¤¨´¥´´Ò³¨ ¢µ²´ ³¨
´   ´µ¤¥, ´  ¢¥·Ì´ÕÕ µ¸Í¨²²µ£· ³³Ê, ¶µ²ÊÎ¨³ ¶·¨³¥·´µ¥ ¢·¥³Ö, ´¥µ¡Ìµ¤¨-
³µ¥ ¤²Ö ¤µ¸É¨¦¥´¨Ö ¢ ± ¦¤µ³ ¶² §³¥´´µ³ µ¡² ±¥ ±·¨É¨Î¥¸±µ° ¶²µÉ´µ¸É¨.
Š ± ¢¨¤´µ ¨§ ·¨¸Ê´± , ÔÉ  ¶²µÉ´µ¸ÉÓ ¤µ¸É¨£ ¥É¸Ö ¶µ¸²¥ § ¢¥·Ï¥´¨Ö ² ¢¨´Ò
§  ¶¥·¨µ¤ ¶² §³¥´´ÒÌ ±µ²¥¡ ´¨°, É.¥. ¶·¨³¥·´µ §  7,5 ´¸.

�µ ¸ ³µ¥ £² ¢´µ¥, ÎÉµ É·¥ÉÓÖ µ¸Í¨²²µ£· ³³  µÉ· ¦ ¥É, ¶µ-¢¨¤¨³µ³Ê, ³¥-
Ì ´¨§³ µ¡· §µ¢ ´¨Ö ¢Éµ·¨Î´ÒÌ Ô²¥±É·µ´µ¢ ¢ £µ²µ¢±¥ ¶¥·¢µ£µ ¸É·¨³¥· . �² -
£µ¤ ·Ö Éµ³Ê, ÎÉµ ¶µ²¥ ¢´ÊÉ·¨ ¸É·¨³¥·  ¶· ±É¨Î¥¸±¨ · ¢´µ ´Ê²Õ,   ¶µÉ¥´Í¨ ²
¶¥·¢µ° Ê¥¤¨´¥´´µ° ¢µ²´Ò ¢ÒÏ¥ ¸·¥¤´¥° Ô´¥·£¨¨ Ô²¥±É·µ´µ¢ (31), µ´  ³µ-
¦¥É Ê¢²¥ÎÓ §  ¸µ¡µ° ´¥±µÉµ·ÊÕ Î ¸ÉÓ Ô²¥±É·µ´µ¢. „¢¨£ Ö¸Ó ¸ Ê¸±µ·¥´¨¥³ ¢
µ¡² ¸ÉÓ Ê¸¨²¥´´µ£µ ¶µ²Ö ¢ £µ²µ¢±¥ ¸É·¨³¥· , Ô²¥±É·µ´Ò ³µ£ÊÉ ´ ¡· ÉÓ ¡µ²Ó-
ÏÊÕ Ô´¥·£¨Õ ´ ¶· ¢²¥´´µ£µ ¤¢¨¦¥´¨Ö ¨ ¢Ò°É¨ §  ¶·¥¤¥²Ò ¸É·¨³¥· . �Í¥´¨³
Î¨¸²µ É ±¨Ì Ô²¥±É·µ´µ¢. �·¥¤¶µ²µ¦¨³, ÎÉµ µ¡Ñ¥³ ¸É·¨³¥·  · ¢¥´ ¶µ²µ¢¨´¥
µ¡Ñ¥³  ² ¢¨´Ò, µÍ¥´±  ±µÉµ·µ£µ ¶·¨¢¥¤¥´  ¢ ¶. 8.3, É.¥. 0, 75 ·10−6 ¸³3,   Î¨-
¸²µ Ô²¥±É·µ´µ¢ ¢ ´¥³ 108. …¸²¨ Ï¨·¨´  Ë·µ´É  ¢µ²´Ò · ¢´  · ¤¨Ê¸Ê „¥¡ Ö,
É.¥. 1, 8 · 10−4 ¸³, ¨ µ´  µ¡· §µ¢ ² ¸Ó ´  · ¸¸ÉµÖ´¨¨ 2 · 10−3 ¸³ µÉ £µ²µ¢±¨
¸É·¨³¥· , Éµ ¢ ¶µ²µ¸±¥ µ¡Ñ¥³µ³ 1, 8 ·10−4×1, 8 ·10−4×2 ·10−3 = 6, 5 ·10−11

¸³3 ¡Ê¤¥É ¸µ¤¥·¦ ÉÓ¸Ö ¶·¨³¥·´µ 8 ·103 Ô²¥±É·µ´µ¢. �µÔÉµ³Ê, ¤ ¦¥ ¥¸²¨ ¢µ²´ 
Ê¢²¥Î¥É §  ¸µ¡µ° 1% µÉ ÔÉ¨Ì Ô²¥±É·µ´µ¢ ´  10Å20 ¤²¨´ ¨Ì ¸¢µ¡µ¤´µ£µ ¶·µ-
¡¥£  ¢ µ¡² ¸ÉÓ ¸¨²Ó´µ£µ ¸Ê³³ ·´µ£µ ¶µ²Ö, Éµ, ¤·¥°ËÊÖ ± £µ²µ¢±¥ ¸É·¨³¥· ,
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µ´¨ ¸¶µ¸µ¡´Ò · §¢¨ÉÓ ³µÐ´ÊÕ ² ¢¨´Ê. �µ¸²¥¤µ¢ É¥²Ó´µ¥ ¶·µÉ¥± ´¨¥ É -
±¨Ì ¶·µÍ¥¸¸µ¢ ¢ ¸Ê³³ ·´µ³ ¶µ²¥ µ¡¥¸¶¥Î¨¢ ¥É ´¥¶·¥·Ò¢´µ¥ · ¸¶·µ¸É· ´¥´¨¥
¸É·¨³¥·  ¢ ´ ¶· ¢²¥´¨¨ ± ± Éµ¤Ê. ’ ± ± ± ¤¢¨¦¥´¨¥ ¶·µ¨¸Ìµ¤¨É ¢ ´¥µ¤´µ-
·µ¤´µ³ ¶µ²¥, Éµ ¢¸²¥¤¸É¢¨¥ ¶ ¤¥´¨Ö ¸Ê³³ ·´µ£µ ¶µ²Ö ¶·µ· ¸É ´¨¥ ¸É·¨³¥· 
µ¸É ´µ¢¨É¸Ö, ± ± Éµ²Ó±µ Ô²¥±É·µ´´Ò° Éµ± µÉ ¶µ¸²¥¤´¥° ² ¢¨´Ò ¡Ê¤¥É ´¥¤µ-
¸É ÉµÎ¥´ ¤²Ö ¶µ¤¤¥·¦ ´¨Ö ±¢ §¨´¥°É· ²Ó´µ¸É¨ ¸É·¨³¥· , ÎÉµ ¶·¨¢¥¤¥É ± ¥£µ
· ¸¶ ¤Ê.

�·µ¢¥¤¥´´Ò°  ´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ µÉ-
¢¥ÉÒ ´  ¸²¥¤ÊÕÐ¨¥ ¢µ¶·µ¸Ò:

1. —Éµ É ±µ¥  ´µ¤µ´ ¶· ¢²¥´´Ò° ¸É·¨³¥·?

2. ‘µ¶·¨± ¸ ¥É¸Ö ²¨ ¸É·¨³¥· ¸  ´µ¤µ³?

3. �µÎ¥³Ê ³¥·É¢µ¥ ¢·¥³Ö ³´µ£µ¶·µ¢µ²µÎ´µ° ± ³¥·Ò, · ¡µÉ ÕÐ¥° ¢ ¸ ³µ-
£ ¸ÖÐ¥³¸Ö ¸É·¨³¥·´µ³ ·¥¦¨³¥, ¨³¥¥É ¡µ²ÓÏµ¥ §´ Î¥´¨¥?

1. ‘µ£² ¸´µ ¶·¨¢¥¤¥´´Ò³ ¢ÒÏ¥ ¤ ´´Ò³,   É ±¦¥ ¤ ´´Ò³ ¨§ · ¡µÉ [46,47],
´  Ëµ·³¨·µ¢ ´¨¥ ¸É·¨³¥·  (¢ § ¢¨¸¨³µ¸É¨ µÉ Ê¸²µ¢¨°) ´¥µ¡Ìµ¤¨³µ 10÷30 ´¸.
�·¨Î¥³ ¸É·¨³¥· Ëµ·³¨·Ê¥É¸Ö ¶µ¸²¥ § ¢¥·Ï¥´¨Ö ² ¢¨´Ò, ÔÉ ¶Ò ±µÉµ·µ£µ Ìµ-
·µÏµ µÉ· ¦ ÕÉ¸Ö ´  µ¸Í¨²²µ£· ³³ Ì. —Éµ ± ¸ ¥É¸Ö  ´µ¤µ´ ¶· ¢²¥´´µ£µ
¸É·¨³¥·  [11], ´¨± ±¨Ì Ê± § ´¨° ´  ¥£µ µ¡· §µ¢ ´¨¥ ¢ ¶µ²ÊÎ¥´´ÒÌ ¤ ´´ÒÌ
´¥É. ‚·¥³Ö · §¢¨É¨Ö ² ¢¨´Ò ¶·¨ Ê¸¨²¥´¨ÖÌ, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ´ Î ²Ê µ¡· -
§µ¢ ´¨Ö ¸É·¨³¥· , µÎ¥´Ó ³ ²µ ¨ · ¢´µ 4,5 ´¸. ‚ É¥Î¥´¨¥ ÔÉµ£µ ¢·¥³¥´¨ ¢
´ ¶· ¢²¥´¨¨ ±  ´µ¤Ê µ¡· §ÊÕÉ¸Ö Éµ²Ó±µ Ê¸±µ·¥´´Ò¥ Ô²¥±É·µ´Ò, ±µÉµ·Ò¥ ¨§-
§  ¢Ò¸µ±µ° ¸±µ·µ¸É¨ ¤·¥°Ë  §  ¤µ²¨ ´ ´µ¸¥±Ê´¤Ò ÊÌµ¤ÖÉ ¢  ´µ¤. �µÔÉµ³Ê
£µ¢µ·¨ÉÓ µ ¶¥·¥Ìµ¤¥ ² ¢¨´Ò ¢  ´µ¤µ´ ¶· ¢²¥´´Ò° ¸É·¨³¥· ¢ ¶·µ¢µ²µÎ´µ°
± ³¥·¥ ´¥É µ¸´µ¢ ´¨°.

�µ-¢¨¤¨³µ³Ê, ÔËË¥±É¨¢´ Ö ¨µ´¨§ Í¨Ö, ¶·µ¨§¢µ¤¨³ Ö ¤µ¢µ²Ó´µ ¡µ²ÓÏ¨³
Î¨¸²µ³ ¶µ¸ÉµÖ´´µ Ê¸±µ·ÖÕÐ¨Ì¸Ö ¨ ´¥ ¨¸¶ÒÉÒ¢ ÕÐ¨Ì Éµ·³µ¦¥´¨Ö Ô²¥±É·µ-
´µ¢, ¸µ§¤ ¥É ¢ Ê§±µ³ É¥²¥¸´µ³ Ê£²¥ µÎ¥´Ó ¶²µÉ´ÊÕ ² ¢¨´Ê, ±µÉµ· Ö ¸ ¢Ò¸µ±µ°
¸±µ·µ¸ÉÓÕ ¶·µ· ¸É ¥É ±  ´µ¤Ê ¨ ¸µ§¤ ¥É É¥³ ¸ ³Ò³ ¢¶¥Î É²¥´¨¥ ¸É·¨³¥· .

2. ˆ¸¶µ²Ó§ÊÖ ¢Ò· ¦¥´¨¥ ¤²Ö ¶·µ¢µ¤¨³µ¸É¨ ¢ ¸² ¡µ¨µ´¨§¨·µ¢ ´´µ° ¶² §-
³¥ [21] σ ∼ 10−16ne/P [ É³] �³−1·¸³−1, µÍ¥´¨³ ¥£µ §´ Î¥´¨¥ ¤²Ö ´ Ï¥£µ
¸²ÊÎ Ö. �·¨ ¤ ¢²¥´¨¨ £ §  ¢ ± ³¥·¥ P = 1  É³ ¨ ne = 2 · 1013 ¸³−3, σ =
2, 1 · 10−3 �³−1·¸³−1. �É¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ ´ ²¨Î¨¥ ¶² §³¥´´ÒÌ ¨ ¨µ´´µ-
§¢Ê±µ¢ÒÌ ±µ²¥¡ ´¨° ¢ ¸É·¨³¥·¥ Ê± §Ò¢ ¥É ´  µÉ¸ÊÉ¸É¢¨¥ ¸µ¶·¨±µ¸´µ¢¥´¨Ö ¥£µ
¸  ´µ¤µ³. ‚ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥ ¶·¨ ±µ´É ±É¥ ¸É·¨³¥·  ¸  ´µ¤µ³ Ô²¥±É·µ´Ò,
´ Ìµ¤ÖÐ¨¥¸Ö ¢ µ¡Ñ¥³¥ ¸É·¨³¥· , §  ¢·¥³Ö ¶µ·Ö¤±  1 − 2 ´¸ ¨§-§  ¢Ò¸µ±µ°
¶·µ¢µ¤¨³µ¸É¨ ¶² §³Ò ÊÏ²¨ ¡Ò ´   ´µ¤ ¨ ±µ²¥¡ ´¨Ö ¶·¥±· É¨²¨¸Ó. ‘µ£² ¸´µ
µ¸Í¨²²µ£· ³³ ³ ´  ·¨¸.11,¢, ³Ò ¢¨¤¨³ ±µ²¥¡ ´¨Ö ´¥ Éµ²Ó±µ ¢ ¶¥·¢µ° ² ¢¨´¥,
¢ ±µÉµ·µ° µ¡· §Ê¥É¸Ö ¸É·¨³¥·, ´µ ¨ ¢µ ¢Éµ·µ° µÎ¥·¥¤¨ ¶² §³¥´´ÒÌ ±µ²¥¡ ´¨°,
¶¥·¥Ìµ¤ÖÐ¨Ì ¢ ¶·µ¤µ²¦¨É¥²Ó´Ò¥ ¨µ´´µ-§¢Ê±µ¢Ò¥ ±µ²¥¡ ´¨Ö.
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3. ‚ ± ³¥· Ì, · ¡µÉ ÕÐ¨Ì ¢ ‘ƒ‘-·¥¦¨³¥, ¶µ¸²¥ ¶·µÌµ¦¤¥´¨Ö Î ¸É¨ÍÒ
ªµ³¥·É¢²Ö¥É¸Öª ÊÎ ¸Éµ± ¸¨£´ ²Ó´µ° ¶·µ¢µ²µ±¨. �ËË¥±É¨¢´ Ö ¢¥²¨Î¨´  ¶·µ-
¨§¢¥¤¥´¨Ö ¤²¨´Ò ÔÉµ£µ ÊÎ ¸É±  ´  ¢·¥³Ö, ¢ É¥Î¥´¨¥ ±µÉµ·µ£µ µ´ µ¸É ¥É¸Ö
´¥ÎÊ¢¸É¢¨É¥²Ó´Ò³, ¸µ¸É ¢²Ö¥É 33 ³±¸·¸³ [35]. ‘¢Ö§ ´µ ÔÉµ ¸ É¥³, ÎÉµ ¶µ¸-
²¥ ¶·µÉ¥± ´¨Ö ¢Éµ·µ° ² ¢¨´Ò ¸É·¨³¥· µ± §Ò¢ ¥É¸Ö § ¶¥·ÉÒ³ ³¥¦¤Ê ¨µ´´Ò³
µ¡² ±µ³, ¸µ§¤ ´´Ò³ ª¡Ò¸É·Ò³¨ª Ô²¥±É·µ´ ³¨ ¨  ´µ¤µ³, ¨ ±¢ §¨´¥°É· ²Ó´Ò³
¨µ´´Ò³ µ¡² ±µ³ ¢Éµ·µ° ² ¢¨´Ò. �³¡¨¶µ²Ö·´ Ö ¤¨ËËÊ§¨Ö ¨  ³¡¨¶µ²Ö·´Ò°
¤·¥°Ë § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸É·¨³¥·  ¢ ´ ¶· ¢²¥´¨¨ ± ± Éµ¤Ê ¡Ê¤¥É ¢µ§³µ¦¥´
Éµ²Ó±µ ¶µ¸²¥ · ¸É¥± ´¨Ö µ¸´µ¢´µ° Î ¸É¨ ¨µ´´µ£µ µ¡² ±  ¢Éµ·µ° ² ¢¨´Ò. �µ-
ÔÉµ³Ê ³¥·É¢µ¥ ¢·¥³Ö ± ³¥·Ò ¡Ê¤¥É µ¶·¥¤¥²ÖÉÓ¸Ö, £² ¢´Ò³ µ¡· §µ³, ¢·¥³¥´¥³
¦¨§´¨ ¸É·¨³¥· . �·¨Î¥³ ÔËË¥±É¨¢´ Ö ¸±µ·µ¸ÉÓ ¤·¥°Ë  ¨µ´µ¢ ¢ ¸É·¨³¥·¥
¡Ê¤¥É ·¥§±µ ¶µ¤ ¢²¥´  ¨§-§  ¨Ì ¢Ò¸µ±µ° ¶µ¤¢¨¦´µ¸É¨.

�Éµ ¢·¥³Ö ³µ¦´µ µÍ¥´¨ÉÓ ¤¢Ê³Ö ¸¶µ¸µ¡ ³¨: ²¨¡µ ± ± ¢·¥³Ö, ´¥µ¡Ìµ¤¨³µ¥
¤²Ö ¶¥·¥³¥Ð¥´¨Ö ¸É·¨³¥·  §  ¶·¥¤¥²Ò µ¡² ¸É¨ ² ¢¨´µµ¡· §µ¢ ´¨Ö, ¨¸¶µ²Ó§ÊÖ
¤²Ö ¥£µ µ¶·¥¤¥²¥´¨Ö ¸±µ·µ¸ÉÓ ¤¢¨¦¥´¨Ö  ³¡¨¶µ²Ö·´µ£µ ¶µÉµ±  (12) ¨ · ¸¶·¥-
¤¥²¥´¨¥ ¨µ´µ¢ ¢ ¸É·¨³¥·¥, ²¨¡µ ¶µ Ê³¥´ÓÏ¥´¨Õ ¶²µÉ´µ¸É¨ § ·Ö¤µ¢ ¢ ¸É·¨³¥·¥
¢ ·¥§Ê²ÓÉ É¥ Ô²¥±É·µ´´µ-¨µ´´µ° ·¥±µ³¡¨´ Í¨¨ ¸ ¶µ³µÐÓÕ ¢Ò· ¦¥´¨Ö [21]:

dne

dt
= −βnen+ , ne =

noe
1 + βnoet·¥±

−→
1

βt·¥±
. (32)

„²Ö ¶·¨³¥· : ¨§-§  µÉ¸ÊÉ¸É¢¨Ö §´ Î¥´¨Ö ±µÔËË¨Í¨¥´É  Ô²¥±É·µ´´µ-¨µ´´µ°
·¥±µ³¡¨´ Í¨¨ ¤²Ö £ §  CF4 ¢µ¸¶µ²Ó§Ê¥³¸Ö ±µÔËË¨Í¨¥´Éµ³ ·¥±µ³¡¨´ Í¨¨ β
¤²Ö ¨´¥·É´ÒÌ £ §µ¢, §´ Î¥´¨¥ ±µÉµ·µ£µ ¤²Ö ¶² §³Ò ¸ É¥³¶¥· ÉÊ·µ° Ô²¥±É·µ´µ¢
0,2 Ô‚ ´ Ìµ¤¨É¸Ö ¢ ¨´É¥·¢ ²¥ (0, 2÷0, 3) ·10−7 ¸³3/¸. �·¨ ne = 2 ·1013 ¸³−3

¢·¥³Ö ·¥±µ³¡¨´ Í¨¨ (¨²¨ ¢·¥³Ö · ¸¶ ¤  ¸É·¨³¥· ) ¡Ê¤¥É · ¢´µ 17÷ 25 ³±¸.
’ ± ± ± ¢ ³µ²¥±Ê²Ö·´µ° ¶² §³¥ ±µÔËË¨Í¨¥´É ·¥±µ³¡¨´ Í¨¨ ¨³¥¥É ´¥¸±µ²Ó±µ
³¥´ÓÏ¥¥ §´ Î¥´¨¥, Î¥³ ¢  Éµ³ ·´µ°, Éµ ¶·¨¢¥¤¥´´ Ö µÍ¥´±  Ê± §Ò¢ ¥É ´ 
Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³.

9. ‚�‡Œ�†�›… ��ˆŒ…�…�ˆŸ �‹�‡Œ…���ƒ� �…†ˆŒ�

�  µ¸´µ¢ ´¨¨ ¶µ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ³µ¦´µ ¢Ò¤¥²¨ÉÓ ´¥¸±µ²Ó±µ µ¸´µ¢-
´ÒÌ ¸¢µ°¸É¢, ¶·µÖ¢²ÖÕÐ¨Ì¸Ö ¶·¨ É· ´¸Ëµ·³¨·µ¢ ´¨¨ Ô²¥±É·µ´´µ° ² ¢¨´Ò ¢
¶² §³Ê, ±µÉµ·Ò¥ ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò ¢ ¶· ±É¨Î¥¸±¨Ì Í¥²ÖÌ.

1. ‚ ¶. 8.3 ¡Ò²µ µÉ³¥Î¥´µ, ÎÉµ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ γ-¨¸ÉµÎ´¨±  55Fe
¶² §³¥´´Ò¥ ±µ²¥¡ ´¨Ö ¨µ´µ¢ ´ Î¨´ ÕÉ¸Ö ¶·¨³¥·´µ ´  300 ‚ · ´ÓÏ¥, Î¥³
µÉ β-¨¸ÉµÎ´¨± . �Éµ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ É·¥¡Ê¥³ Ö ¶²µÉ´µ¸ÉÓ ² ¢¨´Ò ¤²Ö
¶¥·¥Ìµ¤  ¥¥ ¢ ¶² §³¥´´µ¥ ¸µ¸ÉµÖ´¨¥ ¤µ¸É¨£ ¥É¸Ö ¶·¨ ³¥´ÓÏ¥³ Ê¸¨²¥´¨¨ ¢
± ³¥·¥ ¨§-§  ¡µ²ÓÏµ° ¨µ´¨§¨·ÊÕÐ¥° ¸¶µ¸µ¡´µ¸É¨ ¤ ´´µ£µ γ-¨¸ÉµÎ´¨± . —Ê¢-
¸É¢¨É¥²Ó´µ¸ÉÓ ± ¨µ´¨§ Í¨¨ ¶² §³¥´´ÒÌ ¨ ¨µ´´µ-§¢Ê±µ¢ÒÌ ±µ²¥¡ ´¨° ¨µ´µ¢
³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´  ¤²Ö ¨¤¥´É¨Ë¨± Í¨¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì § ·Ö¦¥´´ÒÌ



�‹�‡Œ…��›‰ Œ…•��ˆ‡Œ ��‡�Ÿ„� ‚ ���‚�‹�—�›• Š�Œ…��• 1251

Î ¸É¨Í. ‚ µ¸´µ¢´µ³ ¤ ´´Ò° ³¥Éµ¤  ´ ²µ£¨Î¥´ ³¥Éµ¤Ê ¨§³¥·¥´¨Ö ¶¥·¢¨Î´µ°
¨µ´¨§ Í¨¨, ±µÉµ·Ò°, ± ± ¨§¢¥¸É´µ, ¨³¥¥É ·Ö¤ ¶·¥¨³ÊÐ¥¸É¢ ¶µ ¸· ¢´¥´¨Õ ¸
¨§³¥·¥´¨¥³ ¶µ²´µ° ¨µ´¨§ Í¨¨. ‚³¥¸É¥ ¸ É¥³ ¶·¥¤² £ ¥³Ò° ³¥Éµ¤ ¢ ¸· ¢-
´¥´¨¨ ¸ ³¥Éµ¤µ³ ¶¥·¢¨Î´µ° ¨µ´¨§ Í¨¨, ¶·¥¤²µ¦¥´´Ò³ �. ‚ ²¥´Éµ° [49],
¸ÊÐ¥¸É¢¥´´µ ¶·µÐ¥, É ± ± ± ¸Î¥É ±µ²¥¡ ´¨° ¶·µ¨§¢µ¤¨É¸Ö ¢ µ¡ÒÎ´ÒÌ Ê§±µ§ -
§µ·´ÒÌ ± ³¥· Ì. �  ·¨¸.11,¡ ¢¨¤´µ, ÎÉµ ¶·¨ Ê¸¨²¥´¨¨ ≥ 5 · 106 (´ ¶·Ö¦¥´¨¥
´  ± ³¥·¥ 3,0 Ä 3,2 ±‚)  ³¶²¨ÉÊ¤Ò ¶µ²µ¦¨É¥²Ó´µ° Ë §Ò ±µ²¥¡ ´¨°, ¨§³¥-
·¥´´Ò¥ ¶·Ö³µ ¸  ´µ¤´ÒÌ ¶·µ¢µ²µ±, · ¸¶µ²µ¦¥´´ÒÌ ¸²¥¢  ¨ ¸¶· ¢  µÉ ¸· ¡µ-
É ¢Ï¥°, ´  ´ £·Ê§±¥ 50 �³, ´ Ìµ¤ÖÉ¸Ö ¢ ¨´É¥·¢ ²¥ 1÷ 15 ³‚,   ´ ¡²Õ¤ ¥³µ¥
Î¨¸²µ ±µ²¥¡ ´¨° · ¢´µ ∼ 25, ÎÉµ ¶µ·Ö¤±  Î¨¸²  ±² ¸É¥·µ¢, µ¡· §ÊÕÐ¨Ì¸Ö ¢
¤ ´´µ³ £ §¥ ´  ¤²¨´¥ 4 ³³. �·¨ Ê± § ´´ÒÌ Ê¸¨²¥´¨ÖÌ Ê§±µ§ §µ·´ Ö ± ³¥·  ¸
Ï £µ³ ¸¨£´ ²Ó´ÒÌ Ô²¥±É·µ¤µ¢ 2 ³³ ¸¶µ¸µ¡´  · ¡µÉ ÉÓ ¢ ¶ÊÎ± Ì ¸ ¶²µÉ´µ¸ÉÓÕ
5 ·105−106 ¸−1 ·¸³−2. „²Ö Ê¸¨²¥´¨Ö ¸¨£´ ²µ¢ ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´ ¢Ò¸µ-
±µÎ ¸ÉµÉ´Ò° É¢¥·¤µÉ¥²Ó´Ò° Ê¸¨²¨É¥²Ó MAR 8 [27]. �²¥±É·µ´´Ò° ± ´ ² ¤µ²-
¦¥´ ¸µ¤¥·¦ ÉÓ Ê¸¨²¨É¥²Ó, ±µ³¶ · Éµ· ¨ ¢µ¸Ó³¨· §·Ö¤´Ò° ¸Î¥É´Ò° Ô²¥³¥´É
¸ ¡Ò¸É·µ¤¥°¸É¢¨¥³ 200 ŒƒÍ. �¤´µ¢·¥³¥´´µ É ± Ö µ·£ ´¨§ Í¨Ö Ô²¥±É·µ´¨±¨
¶µ§¢µ²¨É ¶µ Î¨¸²Ê § ·¥£¨¸É·¨·µ¢ ´´ÒÌ ±µ²¥¡ ´¨° ¢ ²¥¢µ³ ¨ ¢ ¶· ¢µ³ ± -
´ ² Ì µÉ´µ¸¨É¥²Ó´µ ¸· ¡µÉ ¢Ï¥° ¶·µ¢µ²µ±¨ ÊÉµÎ´¨ÉÓ ¢ ¤¢  · §  ±µµ·¤¨´ ÉÊ
Î ¸É¨ÍÒ.

’ ±¨³ µ¡· §µ³, ¶·¨ Î¨¸²¥ ±µ²¥¡ ´¨° ¢ µ¤´µ³ § §µ·¥ ± ³¥·Ò, · ¢´µ³
N±(1) = 25, ³µ¦´µ ¸µ§¤ ÉÓ ¨¤¥´É¨Ë¨± Éµ·, ¸µ¤¥·¦ Ð¨° 40 ¸²µ¥¢ Ê§±µ§ -
§µ·´ÒÌ ± ³¥· (¨²¨ ¸É ´¤ ·É´ÒÌ ± ³¥· ¸ ªÉµ²¸Éµ°ª  ´µ¤´µ° ¶·µ¢µ²µ±µ°) ¸
· §·¥Ï¥´¨¥³ σ±/N±(40) ≈ 3%, £¤¥ N±(40) Ä ¸·¥¤´¥¥ Î¨¸²µ § ·¥£¨¸É·¨·µ¢ ´-
´ÒÌ ±µ²¥¡ ´¨° ¢ 40 ¸²µÖÌ,   σ± Ä ¸·¥¤´¥±¢ ¤· É¨Î´µ¥ µÉ±²µ´¥´¨¥ · ¸¶·¥¤¥-
²¥´¨Ö N±(40). “± § ´´µ¥ · §·¥Ï¥´¨¥ µ¡¥¸¶¥Î¨É ´ ¤¥¦´ÊÕ ¨¤¥´É¨Ë¨± Í¨Õ
(π, k, p)-Î ¸É¨Í ¢ µ¡² ¸É¨ ¨³¶Ê²Ó¸µ¢ 5 ÷ 30 ƒÔ‚/¸. �·¥¤² £ ¥³Ò° ¨¤¥´É¨-
Ë¨± Éµ· ´  µ¸´µ¢¥ Ê§±µ§ §µ·´ÒÌ ± ³¥· ¡Ê¤¥É ¨³¥ÉÓ ¤²¨´Ê ¤µ 25Ä30 ¸³, ÎÉµ
¢ 15 · § ±µ·µÎ¥ ¨¤¥´É¨Ë¨± Éµ· , · ¡µÉ ÕÐ¥£µ ´  µ¸´µ¢¥ ¨§³¥·¥´¨Ö ¶¥·¢¨Î-
´µ° ¨µ´¨§ Í¨¨ [50] ¨ ¢ 50 · § ±µ·µÎ¥ ¨¤¥´É¨Ë¨± Éµ· , ¨§³¥·ÖÕÐ¥£µ ¶µ²´Ò¥
¨µ´¨§ Í¨µ´´Ò¥ ¶µÉ¥·¨ Î ¸É¨Í [51,52].

2. ˜¨·µ±¨¥ ¢µ§³µ¦´µ¸É¨ ¶·¨³¥´¥´¨Ö ¶² §³¥´´µ£µ ·¥¦¨³  ¢ É¥Ì´¨±¥
Ë¨§¨Î¥¸±µ£µ Ô±¸¶¥·¨³¥´É  ¸²¥¤ÊÕÉ ¨§ ¥£µ µ¸´µ¢´ÒÌ Ì · ±É¥·¨¸É¨±. „²Ö ´ -
£²Ö¤´µ¸É¨ ¶·¨¢¥¤¥³ ÔÉ¨ Ì · ±É¥·¨¸É¨±¨ ¢³¥¸É¥ ¸ Ì · ±É¥·¨¸É¨± ³¨
‘ƒ‘-·¥¦¨³  [7], ±µÉµ·Ò¥ ¤ ´Ò ¢ ¸±µ¡± Ì:

Ä  ³¶²¨ÉÊ¤  ¸¨£´ ² : A = 0, 2÷ 4 ³� (0, 2÷ 4 ³�);

Ä ¸É ¡¨²Ó´µ¸ÉÓ · ¡µÉÒ ¨²¨ Ï¨·¨´  ¸Î¥É´µ° Ì · ±É¥·¨¸É¨±¨: 1400 ‚
(1000 ‚);

Ä  ³¶²¨ÉÊ¤´Ò° · §¡·µ¸: ∆A/A ∼ 15% (∼ 40%);

Ä ¤²¨É¥²Ó´µ¸ÉÓ ¸¨£´ ²  ´  ¶µ²Ê¢Ò¸µÉ¥: t1/2 ∼ 5 ´¸ (∼ 40 ´¸);
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Ä ¤²¨É¥²Ó´µ¸ÉÓ ¸¨£´ ²  ´  Ê·µ¢´¥ 10% µÉ ³ ±¸¨³Ê³   ³¶²¨ÉÊ¤Ò:
t0,1 ∼ 10 ´¸ (∼ 100 ´¸);

Ä ¸±µ·µ¸ÉÓ ¸Î¥É : 105 ¸−1 · ¸³−2 (103 ¸−1 · ¸³−2);

Ä · ¤¨ Í¨µ´´ Ö ¸Éµ°±µ¸ÉÓ: 5 Š²/¸³ (0,5 Š²/¸³).

‚¨¤´µ, ÎÉµ ¢ ¶² §³¥´´µ³ ·¥¦¨³¥ ¤µ¸É¨£ ÕÉ¸Ö ¸ÊÐ¥¸É¢¥´´µ ²ÊÎÏ¨¥ ¶ -
· ³¥É·Ò, ÎÉµ ¶µ§¢µ²Ö¥É Ê¸¶¥Ï´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¥£µ ¢  ¤·µ´´ÒÌ ± ²µ·¨³¥-
É· Ì ¨ ³Õµ´´ÒÌ ¨¤¥´É¨Ë¨± Éµ· Ì ¢³¥¸Éµ ¶·¨³¥´Ö¥³µ£µ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö
‘ƒ‘-·¥¦¨³ .

�² £µ¤ ·Ö ¢Ò¸µ±µ° ¸±µ·µ¸É¨ ¸Î¥É  ¨ ³ ²µ³Ê  ³¶²¨ÉÊ¤´µ³Ê · §¡·µ¸Ê ¢
± ³¥· Ì ³µ¦¥É ¡ÒÉÓ ²¥£±µ ·¥ ²¨§µ¢ ´ ÔËË¥±É¨¢´Ò° ¨ ¡Ò¸É·Ò° É·¨££¥· ´ 
³´µ¦¥¸É¢¥´´µ¸ÉÓ ·¥£¨¸É·¨·Ê¥³ÒÌ Î ¸É¨Í ´   ´ ²µ£µ¢µ³ Ê·µ¢´¥. �²¥±É·µ´´Ò¥
² ¢¨´Ò, µ¡· §ÊÕÐ¨¥¸Ö Ê  ´µ¤´ÒÌ ¶·µ¢µ²µ±, ¸µ§¤ ¤ÊÉ ´  ± Éµ¤¥ ¸Ê³³ ·´Ò°
¨´¤ÊÍ¨·µ¢ ´´Ò° § ·Ö¤, · ¢´Ò° n∆q (n Ä Î¨¸²µ ² ¢¨´; ∆q Ä § ·Ö¤, ¨´¤ÊÍ¨-
·µ¢ ´´Ò° ´  ± Éµ¤¥ µÉ  ´µ¤´µ° ² ¢¨´Ò). ‘Ê³³ ·´Ò° ¸¨£´ ² ¶µ¸ÉÊ¶¨É ´ 
¤¨¸±·¨³¨´ Éµ· ¨, ¢ ¸²ÊÎ ¥ ¶·¥¢ÒÏ¥´¨Ö Ê¸É ´µ¢²¥´´µ£µ ¶µ·µ£  ·¥£¨¸É· Í¨¨,
¢Ò§µ¢¥É ¥£µ ¸· ¡ ÉÒ¢ ´¨¥.

“§±µ§ §µ·´Ò¥ ± ³¥·Ò, · ¡µÉ ÕÐ¨¥ ¢ ¶² §³¥´´µ³ ·¥¦¨³¥, ³µ£ÊÉ ¡ÒÉÓ
¨¸¶µ²Ó§µ¢ ´Ò ¤²Ö ¨§³¥·¥´¨Ö Î¨¸²  Î ¸É¨Í ¢ ²¨¢´¥ ¨ ¨Ì · ¸¶·¥¤¥²¥´¨Ö ¢
¶·µ¸É· ´¸É¢¥ ¢ ±µ³¶ ±É´µ³ ¨ ¡Ò¸É·µ³ Ô²¥±É·µ³ £´¨É´µ³ ± ²µ·¨³¥É·¥ [28].

3. ’ ± ± ± ¨µ´Ò ¨ Ô²¥±É·µ´Ò ² ¢¨´Ò ¤·¥°ËÊÕÉ ¢ ± ³¥·¥ ¢ ¶·µÉ¨¢µ¶µ-
²µ¦´ÒÌ ´ ¶· ¢²¥´¨ÖÌ, Éµ ¸ ¢±²ÕÎ¥´¨¥³  ³¡¨¶µ²Ö·´µ° ¤¨ËËÊ§¨¨ ¸±µ·µ¸ÉÓ
¤·¥°Ë  Î ¸É¨Í ¡Ê¤¥É ¶ ¤ ÉÓ. � Î ²µ ¤¥°¸É¢¨Ö ¸¨² Éµ·³µ¦¥´¨Ö ³µ¦´µ µ¶·¥-
¤¥²¨ÉÓ ¶µ ¶µÖ¢²¥´¨Õ § ¤¥·¦±¨ ¢ µ¡· §µ¢ ´¨¨ ¸¨£´ ²  ´  ± Éµ¤¥. ˆ¸¶µ²Ó§µ-
¢ ´¨¥ ÔÉµ£µ ¸¶µ¸µ¡  ¶µ§¢µ²¨É µ¶É¨³¨§¨·µ¢ ÉÓ ª¡Ò¸É·ÊÕª £ §µ¢ÊÕ ¸³¥¸Ó ¤²Ö
Ï¨·µ±µ£µ ¨´É¥·¢ ²  §´ Î¥´¨° ¶·¨¢¥¤¥´´µ° ´ ¶·Ö¦¥´´µ¸É¨ Ô²¥±É·¨Î¥¸±µ£µ
¶µ²Ö E/p ¢ ¶·µ¢µ²µÎ´ÒÌ ± ³¥· Ì, · ¡µÉ ÕÐ¨Ì ¢ Ê¸²µ¢¨ÖÌ ¡µ²ÓÏ¨Ì § £·Ê§µ±.
�¶É¨³¨§ Í¨Ö £ §µ¢µ£µ ¸µ¸É ¢  § ±²ÕÎ ¥É¸Ö ¢ Ê¸É· ´¥´¨¨ § ¤¥·¦±¨ ± Éµ¤´µ£µ
¸¨£´ ²  ¶ÊÉ¥³ ¶µ¤¡µ·  ª£ ¸ÖÐ¨Ìª ¤µ¡ ¢µ± ¢ · ¡µÎ¥³ ¤¨ ¶ §µ´¥ ± ³¥·Ò ¶µ
¢Ò¸µ±µ³Ê ´ ¶·Ö¦¥´¨Õ.

4. Šµ²¥¡ ´¨Ö ¨µ´´µ° ±µ³¶µ´¥´ÉÒ ¶·µ¨¸Ìµ¤ÖÉ ¢ ¸ ³µ¸µ£² ¸µ¢ ´´µ³ Ô²¥±-
É·¨Î¥¸±µ³ ¶µ²¥ Ô²¥±É·µ´´µ° ±µ³¶µ´¥´ÉÒ. �µÔÉµ³Ê, ¥¸²¨ ¨§³¥·¨ÉÓ Î ¸ÉµÉÊ
¨µ´´ÒÌ ±µ²¥¡ ´¨° ¤µ Éµ£µ, ± ±  ³¶²¨ÉÊ¤  ±µ²¥¡ ´¨° ¤µ¸É¨£´¥É ´ ¸ÒÐ¥´¨Ö,
Éµ ³µ¦´µ ¡Ê¤¥É µÍ¥´¨ÉÓ ¸·¥¤´ÕÕ Ô´¥·£¨Õ Ô²¥±É·µ´µ¢. ‚µ§³µ¦´µ¸ÉÓ ¶·µ¢¥-
¤¥´¨Ö É ±¨Ì µÍ¥´µ± µ¸µ¡¥´´µ ¢ ¦´  ¤²Ö ³µ²¥±Ê²Ö·´ÒÌ £ §µ¢ ¶·¨ ³µ¤¥²¨-
·µ¢ ´¨¨ ¨ · ¸Î¥É Ì Ë¨§¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢, ¶·µÉ¥± ÕÐ¨Ì ¢ ² ¢¨´¥. ’ ± ± ±
¨µ´´Ò¥ ¶² §³¥´´Ò¥ ±µ²¥¡ ´¨Ö ¶¥·¥Ìµ¤ÖÉ ¢ ±µ·µÉ±µ¢µ²´µ¢ÊÕ µ¡² ¸ÉÓ ¨µ´´µ-
§¢Ê±µ¢ÒÌ ±µ²¥¡ ´¨°, Éµ Î ¸ÉµÉ  ÔÉ¨Ì ±µ²¥¡ ´¨° µ¶·¥¤¥²Ö¥É ¸·¥¤´ÕÕ Ô´¥·£¨Õ
¨µ´µ¢ ¢ ³µ³¥´É ¶¥·¥Ìµ¤  ¨µ´´ÒÌ ±µ²¥¡ ´¨° ¢ ¨µ´´Ò° §¢Ê±. ‡´ ´¨¥ É¥³¶¥· -
ÉÊ·Ò ¨µ´µ¢ ¢ ¸É·¨³¥·¥ ¶µ§¢µ²¨É ¤µ¢µ²Ó´µ ÉµÎ´µ · ¸¸Î¨É ÉÓ ¥£µ ¸µ¡¸É¢¥´´ÊÕ
Ô´¥·£¨Õ.
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„²Ö ¶·¨¡²¨¦¥´´µ° µÍ¥´±¨ · §³¥·µ¢ ² ¢¨´Ò ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¶²µÉ-
´µ¸ÉÓ ´µ¸¨É¥²¥° § ·Ö¤ , ±µÉµ· Ö µ¶·¥¤¥²Ö¥É¸Ö ¨§ Î ¸ÉµÉÒ ¶² §³¥´´ÒÌ ¨µ´´ÒÌ
±µ²¥¡ ´¨°.

5. ˆ§ ·¨¸.11, Ä¢ ¢¨¤´µ, ÎÉµ ¶·µ¸É· ´¸É¢¥´´µ¥ · ¸¶·¥¤¥²¥´¨¥ § ·Ö¦¥´-
´ÒÌ Î ¸É¨Í ¶² §³Ò Ê¸Éµ°Î¨¢µ ¶µ µÉ´µÏ¥´¨Õ ± ³ ²Ò³ ¶¥·¥³¥Ð¥´¨Ö³ ¢ É¥-
Î¥´¨¥ ¢·¥³¥´¨, ´¥µ¡Ìµ¤¨³µ£µ ¤²Ö Ëµ·³¨·µ¢ ´¨¥ ¸É·¨³¥· . ‘ ·µ¸Éµ³ Éµ± 
Î¥·¥§ ± ³¥·Ê ³ ²Ò¥ ±µ²¥¡ ´¨Ö ´ · ¸É ÕÉ ¨ ¤µ¸É¨£ ÕÉ ¢ ¨Éµ£¥  ³¶²¨ÉÊ¤Ò,
¶·¨ ±µÉµ·µ° ¶·µ¨¸Ìµ¤¨É ¨§³¥´¥´¨¥ ¶ · ³¥É·µ¢ ¶² §³Ò. ‚ ¶. 8.4 ¡Ò²µ µÉ-
³¥Î¥´µ, ÎÉµ ¢ £ §µ¢µ° ¸³¥¸¨ 80% CF4 + 20% C4H10 ·¥ ²¨§ÊÕÉ¸Ö ¤¢  ÔÉ ¶ 
· ¸± Î±¨ ¨µ´´ÒÌ ±µ²¥¡ ´¨°. ‚ ·¥§Ê²ÓÉ É¥ ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ ¢ ±µ²¥¡ ´¨ÖÌ ¨µ-
´µ¢ ±µ´Í¥´É·¨·Ê¥É¸Ö ¢¸¥ ¡µ²ÓÏ Ö Ô´¥·£¨Ö, ±µÉµ· Ö ³µ¦¥É µ± § ÉÓ ¢²¨Ö´¨¥ ´ 
¶·µÍ¥¸¸Ò Ê¸É ´µ¢²¥´¨Ö · ¢´µ¢¥¸¨Ö ¨ Ê¸·¥¤´¥´¨Ö Ì · ±É¥·¨¸É¨± ¶² §³Ò [48].
‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ¶µ¤¡µ· £ §µ¢µ° ¸³¥¸¨, ¢ ±µÉµ·µ° ¨³¥-
² ¸Ó ¡Ò ¢µ§³µ¦´µ¸ÉÓ ¤µ¸É¨ÎÓ ¡�µ²ÓÏ¥£µ Î¨¸²  ÔÉ ¶µ¢ · ¸± Î±¨ ±µ²¥¡ ´¨°. ‚
·¥§Ê²ÓÉ É¥ ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ ¤µ²¦¥´ µ¡· §µ¢ ÉÓ¸Ö µÎ¥´Ó ¶²µÉ´Ò° ¸É·¨³¥·, ¢ £µ-
²µ¢±¥ ±µÉµ·µ£µ Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥ ¤µ²¦´µ ¡ÒÉÓ ¸· ¢´¨³µ ¸ ¶µ²¥³ Ê  ´µ¤´µ°
¶·µ¢µ²µ±¨. �¸´µ¢ ´¨¥³ ¤²Ö ÔÉµ£µ Ö¢²Ö¥É¸Ö · §²¨Î´µ¥ ¶·µÖ¢²¥´¨¥ ±µ²¥¡ ´¨°
¶² §³Ò ¢ · §´ÒÌ £ §µ¢ÒÌ ¸³¥¸ÖÌ. ˆ§ ÔÉµ£µ ¸²¥¤Ê¥É, ÎÉµ ¶ · ³¥É· ³¨ ¶² §³Ò
³µ¦´µ Ê¶· ¢²ÖÉÓ ¶ÊÉ¥³ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ¶µ¤¡µ·  ª£ ¸ÖÐ¨Ìª, ¶µ²Ö·´ÒÌ ¨
Ô²¥±É·µµÉ·¨Í É¥²Ó´ÒÌ ¤µ¡ ¢µ±.

10. ‡�Š‹�—…�ˆ…

�µ¤¢µ¤Ö ¨Éµ£¨ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨¸¸²¥¤µ¢ ´¨Ö · §¢¨É¨Ö ² ¢¨´Ò ¢ ¶·µ-
¢µ²µÎ´ÒÌ ± ³¥· Ì, ³µ¦´µ ÊÉ¢¥·¦¤ ÉÓ ¸²¥¤ÊÕÐ¥¥:

Ä ¶·¨ · ¡µÉ¥ ± ³¥· ¢ ·¥¦¨³¥ ¡µ²ÓÏµ£µ £ §µ¢µ£µ Ê¸¨²¥´¨Ö Ô²¥±É·µ´´ Ö ² -
¢¨´  É· ´¸Ëµ·³¨·Ê¥É¸Ö ¢ ¶² §³¥´´µ¥ µ¡· §µ¢ ´¨¥ ¸ ¶·µÖ¢²¥´¨¥³ µ¸´µ¢-
´ÒÌ ¸¢µ°¸É¢, Ì · ±É¥·¨§ÊÕÐ¨Ì ¶² §³Ê;

Ä ¶·¨³¥´¥´¨¥ Ë¨§¨±¨ ¶² §³Ò ¶µ§¢µ²Ö¥É µ¡ÑÖ¸´¨ÉÓ ´¥ Éµ²Ó±µ Ê¸²µ¢¨Ö
Ëµ·³¨·µ¢ ´¨Ö ¸É·¨³¥·  ¨ ¥£µ ¶·µ· ¸É ´¨¥ ± ± Éµ¤Ê, ´µ É ±¦¥ µÉ¤¥²Ó-
´Ò¥ Ô²¥³¥´É ·´Ò¥ ¶·µÍ¥¸¸Ò ¨ ¨Ì ¢§ ¨³´µ¥ ¢²¨Ö´¨¥ ¨ ¢§ ¨³µ¤¥°¸É¢¨¥
¢ £ §µ¢µ³ · §·Ö¤¥;

Ä ´µ¢Ò° ¶µ¤Ìµ¤ ± ¶·µ¡²¥³¥ ¨§ÊÎ¥´¨Ö £ §µ¢µ£µ · §·Ö¤  Ö¢²Ö¥É¸Ö ¶²µ¤µ-
É¢µ·´Ò³ ± ± ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ¸ ³µ£µ ³¥Ì ´¨§³  £ §µ¢µ£µ · §·Ö¤ , É ±
¨ ¤²Ö ¥£µ É¥Ì´¨Î¥¸±µ£µ ¶·¨²µ¦¥´¨Ö.

�´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¶·µ¢¥¤¥´´Ò° ´  µ¸´µ¢¥ ´µ¢µ£µ ¶µ¤-
Ìµ¤ , ¶µ§¢µ²Ö¥É ¶·¥¤¸É ¢¨ÉÓ ¸²¥¤ÊÕÐ¨¥ ÔÉ ¶Ò · §¢¨É¨Ö ² ¢¨´Ò.
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1. „¥°¸É¢¨¥ ±Ê²µ´µ¢¸±¨Ì ¸¨², ¸É·¥³ÖÐ¨Ì¸Ö ¸¢Ö§ ÉÓ § ·Ö¤Ò ¶·µÉ¨¢µ¶µ-
²µ¦´ÒÌ §´ ±µ¢, ´ Î¨´ ¥É ¶·µÖ¢²ÖÉÓ¸Ö ¶·¨ ´¨§±µ° ¶²µÉ´µ¸É¨ ² ¢¨´Ò, ±µ£¤ 
Î¨¸²µ ´µ¸¨É¥²¥° § ·Ö¤  ¢ ² ¢¨´¥ ¤µ¸É¨£ ¥É ∼ 5 · 105.

2. ‘ ·µ¸Éµ³ ¶²µÉ´µ¸É¨ ² ¢¨´Ò ¤¥°¸É¢¨¥  ¢Éµ³ É¨Î¥¸±µ£µ ³¥Ì ´¨§³  ¤²Ö
¸¢Ö§Ò¢ ´¨Ö § ·Ö¤µ¢ · ¸É¥É,   ¶·µ¸É· ´¸É¢¥´´Ò¥ ³ ¸ÏÉ ¡Ò · §¤¥²¥´¨Ö § ·Ö¤µ¢
Ê³¥´ÓÏ ÕÉ¸Ö. �Éµ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ ¨µ´Ò ¨ Ô²¥±É·µ´Ò ´¥ ³µ£ÊÉ µÉµ·-
¢ ÉÓ¸Ö ¤·Ê£ µÉ ¤·Ê£ . �·µÖ¢²Ö¥É¸Ö ÔÉµ ¢ Éµ³, ÎÉµ ´  ¢·¥³Ö ¤¥°¸É¢¨Ö ¸¢Ö§Ò¢ -
ÕÐ¨Ì ¸¨² ¤·¥°Ëµ¢Ò° Éµ± Î¥·¥§ ± ³¥·Ê µÉ¸ÊÉ¸É¢Ê¥É, ¨ ¸¨£´ ²Ò ´   ´µ¤´ÒÌ
Ô²¥±É·µ¤ Ì µ¡· §ÊÕÉ¸Ö ¡² £µ¤ ·Ö ¤¨ËËÊ§¨µ´´µ³Ê Éµ±Ê, ¢Ò§¢ ´´µ³Ê ´ ²¨Î¨¥³
£· ¤¨¥´Éµ¢ ¢ ² ¢¨´¥.

3. �·¨ Ê¸¨²¥´¨¨ ¢ ± ³¥·¥ ≥ 106 Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥ · §¤¥²¥´¨Ö § -
·Ö¤µ¢ É ±µ¢µ, ÎÉµ Éµ± Î¥·¥§ ± ³¥·Ê µÉ¸ÊÉ¸É¢Ê¥É ¢ É¥Î¥´¨¥ ¢·¥³¥´¨ · §¢¨É¨Ö
² ¢¨´Ò. ‡  ÔÉµ ¢·¥³Ö ¶·µ¨¸Ìµ¤¨É ÔËË¥±É¨¢´ Ö ´¥°É· ²¨§ Í¨Ö ¶·µ¸É· ´¸É¢¥´-
´µ£µ § ·Ö¤  ² ¢¨´Ò ¶ÊÉ¥³ Éµ·³µ¦¥´¨Ö ¨ ¸¢Ö§Ò¢ ´¨Ö ³¥¤²¥´´ÒÌ Ô²¥±É·µ´µ¢
¨ µ¤´µ¢·¥³¥´´µ ¸µ§¤ ÕÉ¸Ö Ê¸²µ¢¨Ö ¤²Ö ¶¥·¥Ìµ¤  Ô²¥±É·µ´µ¢, ´ Ìµ¤ÖÐ¨Ì¸Ö ¢µ
Ë·µ´É¥ ² ¢¨´Ò, ¢ ·¥¦¨³ ´¥¶·¥·Ò¢´µ£µ Ê¸±µ·¥´¨Ö.

4. ‘ ·µ¸Éµ³ ¶²µÉ´µ¸É¨ ² ¢¨´Ò ¢µ§³ÊÐ¥´¨Ö, ¢Ò§¢ ´´Ò¥ · §¤¥²¥´¨¥³ ¨²¨
³ ±·µ¸±µ¶¨Î¥¸±¨³ ¶¥·¥³¥Ð¥´¨¥³ § ·Ö¤µ¢, ´¥ µ¸É ÕÉ¸Ö ²µ± ²¨§µ¢ ´´Ò³¨:
¢¸²¥¤¸É¢¨¥ ¤ ²Ó´µ¤¥°¸É¢ÊÕÐ¨Ì ±Ê²µ´µ¢¸±¨Ì ¢§ ¨³µ¤¥°¸É¢¨° µ´¨ ¶·¨¢µ¤ÖÉ
± ³ ²Ò³ ¶² §³¥´´Ò³ ±µ²¥¡ ´¨Ö³ ¨µ´µ¢ ¨ · ¸¶·µ¸É· ´ÖÕÉ¸Ö ¢ ¢¨¤¥ ¢µ²´Ò
¢¤µ²Ó ¢¸¥° ² ¢¨´Ò. �·¨Î¥³ ¶·µ¤µ²¦¨É¥²Ó´µ¸ÉÓ ±µ²¥¡ ´¨° · ¸É¥É ± ± µÉ
¶²µÉ´µ¸É¨ ¶¥·¢¨Î´µ° ¨µ´¨§ Í¨¨, É ± ¨ µÉ ¶²µÉ´µ¸É¨ ¨ ¸µ¸É ¢  · ¡µÎ¥£µ £ § .

5. ‚ ·¥§Ê²ÓÉ É¥ ¶¥·¥¤ Î¨ Ô´¥·£¨¨ Ô²¥±É·µ´ ³¨ ¶² §³¥´´Ò³ ¢µ²´ ³ ¶·µ-
¨¸Ìµ¤¨É ¶µ¸²¥¤µ¢ É¥²Ó´ Ö · ¸± Î±  ±µ²¥¡ ´¨°,  ³¶²¨ÉÊ¤  ±µÉµ·ÒÌ, ´ · ¸É Ö,
¤µ¸É¨£ ¥É ´ ¸ÒÐ¥´¨Ö. �·µÉ¥± ÕÐ¥¥ ¶·¨ ÔÉµ³ ¢§ ¨³µ¤¥°¸É¢¨¥ ±µ²¥¡ ´¨°
¶² §³¥´´µ£µ µ¡² ±  ¸ ¸ ³¨³ ¶² §³¥´´Ò³ µ¡² ±µ³ ¢¥¤¥É ± ¨§³¥´¥´¨Õ ¥£µ ¸µ-
¸ÉµÖ´¨Ö §  ¸Î¥É ¨§³¥´¥´¨Ö ¶ · ³¥É·µ¢ ¶² §³Ò ¨ ¢Ò· ¦ ¥É¸Ö ¶·¥¦¤¥ ¢¸¥£µ ¢
¶µ¢ÒÏ¥´¨¨ É¥³¶¥· ÉÊ·Ò ¨µ´µ¢.

6. ‚§ ¨³µ¤¥°¸É¢¨¥ ¨´É¥´¸¨¢´ÒÌ ´¥²¨´¥°´ÒÌ ¢µ²´ ¤·Ê£ ¸ ¤·Ê£µ³ ¨ ¸
¶² §³¥´´Ò³ µ¡² ±µ³ ¶·¨¢µ¤¨É ± µ¡· §µ¢ ´¨Õ ¶²µÉ´µ£µ ±¢ §¨´¥°É· ²Ó´µ£µ
¸£Ê¸É±  ¸ ±µ´¥Î´Ò³ ¢·¥³¥´¥³ ¦¨§´¨, ±µÉµ·Ò° ¶·¨´ÖÉµ ´ §Ò¢ ÉÓ ¸É·¨³¥·µ³.
‚µ§³ÊÐ¥´¨¥, ¢Ò§¢ ´´µ¥ ´ ·ÊÏ¥´¨¥³ ¸¨³³¥É·¨¨ ¶·µ¸É· ´¸É¢¥´´µ£µ · ¸¶·¥-
¤¥²¥´¨Ö ¶²µÉ´µ¸É¨ Î ¸É¨Í ¶² §³¥´´µ£µ µ¡² ± , ¶·µÖ¢²Ö¥É¸Ö ¢ µ¡· §µ¢ ´¨¨
Ê¥¤¨´¥´´µ° ¢µ²´Ò, Ô²¥±É·µ¸É É¨Î¥¸±¨° ¶µÉ¥´Í¨ ² ±µÉµ·µ° µ¶·¥¤¥²Ö¥É · §-
³¥· µ¡² ¸É¨, § ´ÖÉµ° ¢µ§³ÊÐ¥´¨¥³ ¶²µÉ´µ¸É¨.

7. ’ ± ± ± Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥ ¢´ÊÉ·¨ ¸É·¨³¥·  ¡²¨§±µ ± ´Ê²Õ, Éµ ¶·¨
Ê¸²µ¢¨¨, ÎÉµ ¶µÉ¥´Í¨ ² Ê¥¤¨´¥´´µ° ¢µ²´Ò ¢ÒÏ¥ ¸·¥¤´¥° Ô´¥·£¨¨ Ô²¥±É·µ´µ¢,
µ´  ³µ¦¥É Ê¢²¥ÎÓ §  ¸µ¡µ° ¢ ´ ¶· ¢²¥´¨¨ ± ± Éµ¤Ê ´¥±µÉµ·ÊÕ Î ¸ÉÓ Ô²¥±É·µ-
´µ¢. „¢¨£ Ö¸Ó ¸ Ê¸±µ·¥´¨¥³ ¢ µ¡² ¸ÉÓ Ê¸¨²¥´´µ£µ ¶µ²Ö ¢ £µ²µ¢±¥ ¸É·¨³¥· ,
Ô²¥±É·µ´Ò ³µ£ÊÉ ´ ¡· ÉÓ ¡µ²ÓÏÊÕ Ô´¥·£¨Õ ´ ¶· ¢²¥´´µ£µ ¤¢¨¦¥´¨Ö ¨ ¢Ò°É¨
§  ¶·¥¤¥²Ò ¸É·¨³¥·  ¢ µ¡² ¸ÉÓ ¡µ²¥¥ ¸² ¡µ£µ ¶µ²Ö. „·¥°ËÊÖ ¢ µ¡² ¸ÉÓ ¸¨²Ó-
´µ£µ ¶µ²Ö ¶¥·¥¤ £µ²µ¢±µ° ¸É·¨³¥· , · ¢´µ£µ ¸Ê³³¥ ¢´¥Ï´¥£µ ¶µ²Ö ¨ ¶µ²Ö
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¨µ´µ¢, Ô²¥±É·µ´Ò ´ Î´ÊÉ ´µ¢Ò° ¶·µÍ¥¸¸ ² ¢¨´µµ¡· §µ¢ ´¨Ö. ‚ ·¥§Ê²ÓÉ É¥
¸ ³µ¶µ¤¤¥·¦¨¢ ÕÐ¥£µ¸Ö ³¥Ì ´¨§³ , µ¡¥¸¶¥Î¨¢ ÕÐ¥£µ ¢Éµ·¨Î´Ò¥ Ô²¥±É·µ´Ò
¨§ ² ¢¨´Ò, · §·Ö¤ ´ Î´¥É ¶·¨µ¡·¥É ÉÓ Ì · ±É¥· ¸É·¨³¥· , ¶·µ· ¸É ÕÐ¥£µ ¢
´ ¶· ¢²¥´¨¨ ± Éµ¤ .

8. �¨± ±¨Ì Ê± § ´¨° ´  µ¡· §µ¢ ´¨¥  ´µ¤µ´ ¶· ¢²¥´´µ£µ ¸É·¨³¥·  ¢
É¥Î¥´¨¥ ¢·¥³¥´¨ · §¢¨É¨Ö ² ¢¨´Ò ¢ ¶·µ¢¥¤¥´´ÒÌ ¨§³¥·¥´¨ÖÌ ´¥ ¶µ²ÊÎ¥´µ.
‚ É¥Î¥´¨¥ ÔÉµ£µ ¢·¥³¥´¨ ´  ±µ´¥Î´µ³ ÊÎ ¸É±¥ µ¡² ¸É¨ ² ¢¨´µµ¡· §µ¢ ´¨Ö
¢µ§´¨± ÕÉ ¶µ¸ÉµÖ´´µ Ê¸±µ·ÖÕÐ¨¥¸Ö Ô²¥±É·µ´Ò, ¤¢¨¦ÊÐ¨¥¸Ö ±  ´µ¤Ê ¸µ ¸±µ-
·µ¸ÉÓÕ, ±µÉµ· Ö ¶·¨³¥·´µ ¢ É·¨ÄÎ¥ÉÒ·¥ · §  ¶·¥¢ÒÏ ¥É ¸±µ·µ¸ÉÓ ¤·¥°Ë 
ª³¥¤²¥´´ÒÌª Ô²¥±É·µ´µ¢ ¢ ² ¢¨´¥.

9. ‚µ§³ÊÐ¥´¨¥, ¢Ò§¢ ´´µ¥ ´ ·ÊÏ¥´¨¥³ ¶·µ¸É· ´¸É¢¥´´µ£µ · ¸¶·¥¤¥²¥-
´¨Ö ¶²µÉ´µ¸É¨ Î ¸É¨Í, ¡Ê¤¥É · ¸¶·µ¸É· ´ÖÉÓ¸Ö ¢ ¶·µÉ¨¢µ¶µ²µ¦´ÒÌ ´ ¶· ¢²¥-
´¨ÖÌ [20]. �µÔÉµ³Ê, ¢ µ¤´µ·µ¤´ÒÌ ¶µ²ÖÌ, ±µ£¤  ¸É·¨³¥· µ¡· §Ê¥É¸Ö ¢¤ ²¨
µÉ  ´µ¤ , ¶·¨Î¨´µ° ¡Ò¸É·µ£µ µ¡· §µ¢ ´¨Ö Ô²¥±É·µ´µ¢ ¢¶¥·¥¤¨ ² ¢¨´Ò ³µ-
¦¥É ¡ÒÉÓ Ê¥¤¨´¥´´ Ö ¢µ²´ . � ¸¶·µ¸É· ´ÖÖ¸Ó ¢ ´ ¶· ¢²¥´¨¨  ´µ¤ , µ´  ³µ¦¥É
Ê¢²¥ÎÓ §  ¸µ¡µ° Ô²¥±É·µ´Ò. „¢¨£ Ö¸Ó ¸ Ê¸±µ·¥´¨¥³ ¢ µ¡² ¸ÉÓ Ê¸¨²¥´´µ£µ ¶µ²Ö
¢ £µ²µ¢±¥ ² ¢¨´Ò, Ô²¥±É·µ´Ò ³µ£ÊÉ ´ ¡· ÉÓ ¡µ²ÓÏÊÕ Ô´¥·£¨Õ ´ ¶· ¢²¥´´µ£µ
¤¢¨¦¥´¨Ö.

10. � §²¨Î´µ¥ ¶·µÖ¢²¥´¨¥ ¶² §³¥´´ÒÌ ±µ²¥¡ ´¨° ¨µ´µ¢ ¢ · §´ÒÌ £ §µ¢ÒÌ
¸³¥¸ÖÌ Ê± §Ò¢ ¥É ´  ¢µ§³µ¦´µ¸ÉÓ Ê¶· ¢²¥´¨Ö ¶ · ³¥É· ³¨ ¶² §³Ò ¢ ² ¢¨´¥
¶ÊÉ¥³ ¶µ¤¡µ·  ª£ ¸ÖÐ¨Ìª ¨²¨ Ô²¥±É·µµÉ·¨Í É¥²Ó´ÒÌ ¤µ¡ ¢µ±.

11. Œ¥·É¢µ¥ ¢·¥³Ö ¶·µ¢µ²µÎ´µ° ± ³¥·Ò, · ¡µÉ ÕÐ¥° ¢ ¸ ³µ£ ¸ÖÐ¥³¸Ö
¸É·¨³¥·´µ³ ·¥¦¨³¥, µ¶·¥¤¥²Ö¥É¸Ö ¢·¥³¥´¥³ ¦¨§´¨ ¸É·¨³¥· , ±µÉµ·µ¥ § ¢¨-
¸¨É µÉ ¨´É¥´¸¨¢´µ¸É¨ Ô²¥±É·µ´´µ-¨µ´´µ° ·¥±µ³¡¨´ Í¨¨ ¢ ¨¸¶µ²Ó§Ê¥³µ³ · -
¡µÎ¥³ £ §¥.

12. �·¨ · ¡µÉ¥ ¢ ‘ƒ‘-·¥¦¨³¥ ¸ £ §µ¢Ò³ ´ ¶µ²´¥´¨¥³, ¸µ¤¥·¦ Ð¨³
¨´¥·É´Ò° £ §, ¶·µÍ¥¸¸Ò, ¶·¥¤Ï¥¸É¢ÊÕÐ¨¥ Ëµ·³¨·µ¢ ´¨Õ ¸É·¨³¥· , ¡Ê¤ÊÉ
¶·µÉ¥± ÉÓ ¶· ±É¨Î¥¸±¨ ¢ É¥Î¥´¨¥ ¢·¥³¥´¨ · §¢¨É¨Ö ² ¢¨´Ò, ÎÉµ ¨ µ¡¥¸¶¥Î¨É
¢Ò¸µ±ÊÕ ¸±µ·µ¸ÉÓ ¥£µ ¶·µ· ¸É ´¨Ö ± ± Éµ¤Ê.

13. �· ±É¨Î¥¸±µ¥ ¨¸¶µ²Ó§µ¢ ´¨¥ ¶² §³¥´´µ£µ (¶·¥¤¸É·¨³¥·´µ£µ) ·¥¦¨³ 
¢³¥¸Éµ ¸ ³µ£ ¸ÖÐ¥£µ¸Ö ¸É·¨³¥·´µ£µ ·¥¦¨³  Ö¢²Ö¥É¸Ö ¡µ²¥¥ ¶·¥¤¶µÎÉ¨É¥²Ó-
´Ò³, É ± ± ± ¶·¨ · ¢´ÒÌ Éµ±µ¢ÒÌ Ì · ±É¥·¨¸É¨± Ì ¶¥·¢Ò° µ¡² ¤ ¥É ¸Ê-
Ð¥¸É¢¥´´µ ³¥´ÓÏ¨³ ³¥·É¢Ò³ ¢·¥³¥´¥³, ¡µ²¥¥ ¢Ò¸µ±µ° · ¤¨ Í¨µ´´µ° ¸Éµ°-
±µ¸ÉÓÕ ¨ ²ÊÎÏ¨³ ¢·¥³¥´´Ò³ · §·¥Ï¥´¨¥³.

‚ § ¢¥·Ï¥´¨¥ ¤ ´´µ° · ¡µÉÒ ´ ¤µ µ¸µ¡µ ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ ¥¥ ¸²¥¤Ê¥É
¢µ¸¶·¨´¨³ ÉÓ, ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ± ± ¶µ¶ÒÉ±Ê ¶·µ¤¥³µ´¸É·¨·µ¢ ÉÓ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ, µÉ· ¦ ÕÐ¨¥ ¸²µ¦´µ¸ÉÓ ¨ · §´µµ¡· §¨¥ ¶·µÍ¥¸-
¸µ¢, ¶·µÉ¥± ÕÐ¨Ì ¢ Ô²¥±É·µ´´µ° ² ¢¨´¥. �·¨³¥´¥´¨¥ ¢ ± Î¥¸É¢¥ µ¸´µ¢´µ£µ
· ¡µÎ¥£µ £ §  CF4, ¸µ¤¥·¦ Ð¥£µ Ô²¥±É·µµÉ·¨Í É¥²Ó´Ò¥ ¶·¨³¥¸¨, ¶µ§¢µ²¨²µ
· ¸ÉÖ´ÊÉÓ ¶µ ¢Ò¸µ±µ³Ê ´ ¶·Ö¦¥´¨Õ µ¡² ¸ÉÓ ¶¥·¥Ìµ¤  Ô²¥±É·µ´´µ° ² ¢¨´Ò ¢
¸É·¨³¥· ¨ ¢ ª§ ³¥¤²¥´´µ³ª ¢¨¤¥ ¶·¨ ¶µ³µÐ¨ ±µ´É·µ²Ó´ÒÌ ¶·µ¢µ²µ± (§µ´¤µ¢)
´ ¡²Õ¤ ÉÓ ¤¨´ ³¨±Ê ¶·µÍ¥¸¸µ¢, ¶·¨¢µ¤ÖÐ¨Ì ¢ ¨Éµ£¥ ± ¤ ´´µ³Ê ¶¥·¥Ìµ¤Ê. �¥-
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²Ó§Ö ´¥ ¸µ£² ¸¨ÉÓ¸Ö, ÎÉµ ¤¨´ ³¨±  µÎ¥´Ó ¸²µ¦´ Ö. �¸µ¡¥´´µ ¢ Éµ° µ¡² ¸É¨,
£¤¥ Ëµ·³¨·Ê¥É¸Ö ¸É·¨³¥·, µ ±µÉµ·µ° ¢ ´ Ï¨Ì §´ ´¨ÖÌ ¨³¥¥É¸Ö ¸ÊÐ¥¸É¢¥´-
´Ò° ¶·µ¡¥². �µÔÉµ³Ê ´ ¸ÉµÖÐ Ö · ¡µÉ  ´¥ ¶·¥É¥´¤Ê¥É ´  ¶µ²´µÉÊ ¨ ÉµÎ´µ¸ÉÓ
¨´É¥·¶·¥É Í¨¨ ³´µ£¨Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¶µ²ÊÎ¥´´ÒÌ ¢¶¥·¢Ò¥. ‚
µ¤´µ°, ¤ ¦¥ ¡µ²ÓÏµ° · ¡µÉ¥ ÔÉµ ¸¤¥² ÉÓ ´¥¢µ§³µ¦´µ, É ± ± ±, ¢ ¢¨¤Ê ¸²µ¦´µ-
¸É¨ ¨ ¢ ¦´µ¸É¨ ¶·µ¡²¥³Ò, É·¥¡Ê¥É¸Ö ¶·µ¢¥¤¥´¨¥ ³´µ£µÎ¨¸²¥´´ÒÌ ¨¸¸²¥¤µ¢ -
´¨°, · ¸Î¥Éµ¢ ¨ ³µ¤¥²¨·µ¢ ´¨Ö, ÎÉµ¡Ò ³µ¦´µ ¡Ò²µ ¸¤¥² ÉÓ ± ±¨¥-Éµ ¢Ò¢µ¤Ò.
ˆ ¢¸¥ ¦¥ µ¸´µ¢´µ° ¢Ò¢µ¤, ¸²¥¤ÊÕÐ¨° ¨§ ¤ ´´µ° · ¡µÉÒ, ´¥µ¡Ìµ¤¨³µ ¢Ò¤¥-
²¨ÉÓ: ¨§ ¶·¥¤¸É ¢²¥´´µ£µ ±·Ê£  ¶·µ¡²¥³ ¸²¥¤Ê¥É, ÎÉµ ¨´Ëµ·³ Í¨Õ µ £ §µ¢µ³
· §·Ö¤¥ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ´¥ ¨§ µÉ¤¥²Ó´ÒÌ Ô²¥³¥´É ·´ÒÌ ¶·µÍ¥¸¸µ¢,   Éµ²Ó±µ
²¨ÏÓ ¨§ ¤¨´ ³¨±¨ ¥£µ · §¢¨É¨Ö.

�¢Éµ· ¸Î¨É ¥É ¸¢µ¨³ ¶·¨ÖÉ´Ò³ ¤µ²£µ³ ¢Ò· §¨ÉÓ ¨¸±·¥´´ÕÕ ¡² £µ¤ ·-
´µ¸ÉÓ Î²¥´Ê-±µ··¥¸¶µ´¤¥´ÉÊ ��� ‚.�.„¦¥²¥¶µ¢Ê, Î²¥´Ê-±µ··¥¸¶µ´¤¥´ÉÊ ���
ˆ.�.Œ¥Ï±µ¢Ê, ¶·µË¥¸¸µ· ³ �.Š.�±¨³µ¢Ê, ‚.ƒ.‡¨´µ¢Ê, ‚.ˆ.Šµ³ ·µ¢Ê,
�.�.’Ö¶±¨´Ê, ‚.�.”²Ö£¨´Ê §  Í¥´´Ò¥ § ³¥Î ´¨Ö ¨ ¸µ¢¥ÉÒ,   É ±¦¥ §  ¢´¨-
³ ´¨¥ ¨ ¶µ¤¤¥·¦±Ê ¢ · ¡µÉ¥.

�¢Éµ· £²Ê¡µ±µ ¡² £µ¤ ·¥´ �.�.�¥É·Ê¸Ê ¨ ˆ.�.�µÉ· ¶Ê §  ¶µ²¥§´Ò¥ µ¡¸Ê¦-
¤¥´¨Ö, ¢Ò¶µ²´¥´¨¥ · ¸Î¥Éµ¢ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¢ ± ³¥· Ì ¨
¶µ³µÐÓ ¢ ¶·µ¢¥¤¥´¨¨ ¨§³¥·¥´¨° ¨ ¶µ¤£µÉµ¢±¥ ¤ ´´µ° · ¡µÉÒ.

‚ § ±²ÕÎ¥´¨¥  ¢Éµ· ¶µ²Ó§Ê¥É¸Ö ¸²ÊÎ ¥³ ¢Ò· §¨ÉÓ ¸¢µÕ ¶·¨§´ É¥²Ó´µ¸ÉÓ
¸µÉ·Ê¤´¨±Ê ˆ´¸É¨ÉÊÉ  � Ê²Ö ˜¥·¥·  (PSI, ˜¢¥°Í ·¨Ö) ¤µ±Éµ·Ê „.…£¥·Ê § 
¡µ²ÓÏµ° ¨´É¥·¥¸ ¨ ¶µ²¥§´Ò¥ ¤¨¸±Ê¸¸¨¨ ¶µ ¶·µ¡²¥³ ³ · ¡µÉÒ ¶·µ¢µ²µÎ´ÒÌ
± ³¥· ¢ ·¥¦¨³¥ ¡µ²ÓÏµ£µ £ §µ¢µ£µ Ê¸¨²¥´¨Ö.
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‚ µ¡§µ·¥ · ¸¸³µÉ·¥´Ò ±·¨É¨Î¥¸±¨¥ ¸¢µ°¸É¢  ¶·µ¸É¥°Ï¨Ì (2+1)-³¥·´ÒÌ ³µ¤¥²¥° É¥µ·¨¨
¶µ²Ö ¸ Î¥ÉÒ·¥ÌË¥·³¨µ´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ ¶·¨ ´ ²¨Î¨¨ É¥³¶¥· ÉÊ·Ò, Ì¨³¨Î¥¸±µ£µ ¶µÉ¥´Í¨-
 ²  ¨ ¢´¥Ï´¨Ì ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥°. �µ± § ´µ, ÎÉµ ¢´¥Ï´¥¥ ³ £´¨É´µ¥ ¶µ²¥ Ö¢²Ö¥É¸Ö ± É -
²¨§ Éµ·µ³ ¸¶µ´É ´´µ£µ ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨. •·µ³µ³ £´¨É´Ò° £²Õµ´´Ò° ±µ´¤¥´¸ É ¢ Š•„3

É ±¦¥ µ¡² ¤ ¥É ¸¶µ¸µ¡´µ¸ÉÓÕ ¸¶µ´É ´´Ò³ µ¡· §µ³ ´ ·ÊÏ ÉÓ ±¨· ²Ó´ÊÕ ¸¨³³¥É·¨Õ. ‚ · ¡µÉ¥
¤¥É ²Ó´µ ¨§ÊÎ¥´  É¥·³µ¤¨´ ³¨±  ÔÉ¨Ì ÔËË¥±Éµ¢. �µ²ÊÎ¥´Ò Ê¸²µ¢¨Ö, ¶·¨ ±µÉµ·ÒÌ ¢ É·¥Ì³¥·´ÒÌ
³µ¤¥²ÖÌ É¨¶  ƒ·µ¸¸  Ä �¥¢Ó¥ ¢µ§³µ¦´Ò ¸¢¥·Ì¶·µ¢µ¤ÖÐ¨¥ Ë §µ¢Ò¥ ¶¥·¥Ìµ¤Ò,   É ±¦¥ ¤¨´ ³¨Î¥-
¸± Ö £¥´¥· Í¨Ö Î²¥´  —¥·´  Ä ‘ °³µ´¸ .

The critical behaviour of some of the (2+1) - dimensional models with four fermionic inter-
actions at nonzero temperature, chemical potential and external gauge ˇelds is investigated in this
review. It is shown that external magnetic ˇeld is a good catalyst for the spontaneous breaking of
symmetry. Chromomagnetic gluonic condensate in QCD also promotes the spontaneous breaking
of chiral symmetry. The catalysis effect has been studied in detail in the presence of temperature
and chemical potential. The existence of superconductive phase transitions in some three dimensional
Gross Ä Neveu type models is proved. Sufˇcient conditions for the dynamical generation of the Chern
Ä Simons term are derived.

‚‚…„…�ˆ…

•µ·µÏµ ¨§¢¥¸É´µ, ÎÉµ ¢ µ¸´µ¢¥ ³´µ£¨Ì Ö¢²¥´¨° ¶·¨·µ¤Ò ²¥¦ É Ë §µ-
¢Ò¥ ¶·¥¢· Ð¥´¨Ö. �µÔÉµ³Ê § ¤ Î  ¶µ ¨¸¸²¥¤µ¢ ´¨Õ ¢ ±ÊÊ³  ¥Ð¥ ¤µ²£µ ¡Ê-
¤¥É µ¶·¥¤¥²ÖÕÐ¥° ¶·¨ ¢Ò¡µ·¥ ¢ ¦´¥°Ï¨Ì ´ ¶· ¢²¥´¨° · §¢¨É¨Ö ¸µ¢·¥³¥´-
´µ° Ë¨§¨±¨, ¢±²ÕÎ Ö Ë¨§¨±Ê Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í (”�—). ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ,
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ÎÉµ ¸ÊÐ¥¸É¢µ¢ ´¨¥ ”�— ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ´¥³Ò¸²¨³µ ¡¥§ Ë¥´µ³¥´  ¸¶µ´-
É ´´µ£µ ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨, ¶·¨ ±µÉµ·µ³ É ±¦¥ ¶·µ¨¸Ìµ¤¨É ¶¥·¥¸É·µ°± 
µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö.

�·µ£·¥¸¸ ¢ ¸µ¢·¥³¥´´µ° ”�— ¢ §´ Î¨É¥²Ó´µ° ³¥·¥ µ¸´µ¢ ´ ´  µ¸µ§´ -
´¨¨ ¶·¨´Í¨¶µ¢ ¸¨³³¥É·¨¨ ¨, ¶µ¦ ²Ê°, ¢ ¥Ð¥ ¡µ²ÓÏ¥° ¸É¥¶¥´¨ ´  ³¥Ì -
´¨§³ Ì ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨ ¢ ³µ¤¥²ÖÌ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í. �¤´¨³ ¨§
¢ ¦´ÒÌ ÔÉ ¶µ¢ ¶µ¸É·µ¥´¨Ö ± ²¨¡·µ¢µÎ´µ° É¥µ·¨¨ ¶µ²Ö Ö¢¨²µ¸Ó ¶µ´¨³ ´¨¥
·µ²¨ ³¥Ì ´¨§³  •¨££¸  Ä ¸¶µ´É ´´µ£µ ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨, ¸µ¶·µ¢µ¦¤ ¥-
³µ£µ ¢µ§´¨±´µ¢¥´¨¥³ ³ ¸¸Ò Ê ± ²¨¡·µ¢µÎ´ÒÌ ¡µ§µ´µ¢. �ÉµÉ ÔËË¥±É ¶µ²µ-
¦¥´ ¢ µ¸´µ¢Ê ¥¤¨´µ° É¥µ·¨¨ Ô²¥±É·µ¸² ¡ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, ³µ¤¥²¥° ‚¥²¨-
±µ£µ µ¡Ñ¥¤¨´¥´¨Ö ¨ É.¤. ‚³¥¸É¥ ¸ É¥³ µ¤´µ£µ ÔÉµ£µ ³¥Ì ´¨§³  ´ ·ÊÏ¥´¨Ö
¸¨³³¥É·¨¨, ±µÉµ·Ò° ¢²¥Î¥É §  ¸µ¡µ° ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¢¢¥¤¥´¨Ö ¢ É¥µ·¨Õ ËÊ´-
¤ ³¥´É ²Ó´ÒÌ ¸± ²Ö·´ÒÌ ¶µ²¥°, Ö¢´µ ´¥¤µ¸É ÉµÎ´µ ¤²Ö ¶µ¸É·µ¥´¨Ö ¶µ¸²¥-
¤µ¢ É¥²Ó´µ° É¥µ·¨¨. ‘ÊÐ¥¸É¢Ê¥É ¥Ð¥ µ¤¨´, ¤¨´ ³¨Î¥¸±¨°, ¸¶µ¸µ¡ ´ ·ÊÏ¨ÉÓ
¸¨³³¥É·¨Õ ¸¶µ´É ´´Ò³ µ¡· §µ³, ¢¶¥·¢Ò¥ · ¸¸³µÉ·¥´´Ò° ¢ · ¡µÉ Ì [1]. ‚
ÔÉµ³ ¸²ÊÎ ¥ ¢ ± Î¥¸É¢¥ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¢Ò¸ÉÊ¶ ÕÉ ¸¶¨´µ·´Ò¥ ¶µ²Ö, ¸¢Ö§ ´-
´Ò¥ ¸µ¸ÉµÖ´¨Ö ±µÉµ·ÒÌ µ¡· §ÊÕÉ ¡µ§µ´Ò. „¨´ ³¨Î¥¸±¨° ¸¶µ¸µ¡ ´ ·ÊÏ¥´¨Ö
¸¨³³¥É·¨¨ ·¥ ²¨§Ê¥É¸Ö, ± ± ¶· ¢¨²µ, ¢ ³µ¤¥²ÖÌ ¸ Î¥ÉÒ·¥ÌË¥·³¨µ´´Ò³ ¢§ ¨-
³µ¤¥°¸É¢¨¥³, µ¤´µ° ¨§ µ¸µ¡¥´´µ¸É¥° ±µÉµ·ÒÌ Ö¢²Ö¥É¸Ö ´¥¶¥·¥´µ·³¨·Ê¥³µ¸ÉÓ
¢ (3+1)-³¥·´µ³ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨. (‘¶· ¢¥¤²¨¢µ¸É¨ · ¤¨ ´Ê¦´µ µÉ³¥É¨ÉÓ,
ÎÉµ ¤²Ö ÔÉ¨Ì ³µ¤¥²¥° ¸ÊÐ¥¸É¢ÊÕÉ ¶µ¶ÒÉ±¨ ¶·µ¢¥¸É¨ µ¸³Ò¸²¥´´Ò¥ ¢ÒÎ¨¸²¥-
´¨Ö ¤¨´ ³¨Î¥¸±¨Ì ¢¥²¨Î¨´ ¢´¥ · ³µ± µ¡ÒÎ´µ° É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°, ´¥¸³µÉ·Ö
´  ¨Ì ´¥¶¥·¥´µ·³¨·Ê¥³µ¸ÉÓ [2].) ‚ ¸¨²Ê ÔÉµ£µ ¨Ì Ê¤µ¡´µ ¶·¨¢²¥± ÉÓ ¤²Ö
¶µ¸É·µ¥´¨Ö ÔËË¥±É¨¢´ÒÌ ³µ¤¥²¥°  ¤·µ´µ¢ [3]. Š·µ³¥ Éµ£µ, ¤¨´ ³¨Î¥¸±µ¥
´ ·ÊÏ¥´¨¥ ±¨· ²Ó´µ° ¨´¢ ·¨ ´É´µ¸É¨ ¸ ¶µ³µÐÓÕ Î¥ÉÒ·¥ÌË¥·³¨µ´´ÒÌ ² -
£· ´¦¨ ´µ¢ ²¥¦¨É ¢ µ¸´µ¢¥ µ¶¨¸ ´¨Ö ¸¶¨´µ¢ÒÌ ÔËË¥±Éµ¢ ¢ Ë¨§¨±¥ ¸¨²Ó´ÒÌ
¢§ ¨³µ¤¥°¸É¢¨° [4] ¨ É.¤.

�¸µ¡µ ¢Ò¤¥²¨³ Í¨±² · ¡µÉ (¸³. µ¡§µ· [5]) ¶µ ¨§ÊÎ¥´¨Õ ± ²¨¡·µ¢µÎ´ÒÌ
É¥µ·¨° ¶µ²Ö ¶·¨ ´ ²¨Î¨¨ ¢´¥Ï´¨Ì ¸¢¥·Ì±·¨É¨Î¥¸±¨Ì ±Ê²µ´µ¶µ¤µ¡´ÒÌ ¸¨².
’ ± Ö ¸¨ÉÊ Í¨Ö ³µ¦¥É ¢µ§´¨±´ÊÉÓ ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ÉÖ¦¥²ÒÌ ·¥²ÖÉ¨¢¨¸É-
¸±¨Ì ¨µ´µ¢. �± §Ò¢ ¥É¸Ö, ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥ É ±¦¥ ¶·µ¨¸Ìµ¤¨É ¤¨´ ³¨Î¥¸±µ¥
´ ·ÊÏ¥´¨¥ ¸¨³³¥É·¨¨, ¨ Ë¥·³¨µ´Ò ¶·¨µ¡·¥É ÕÉ ³ ¸¸Ê.

‘ ÉµÎ±¨ §·¥´¨Ö ¶µ¸É·µ¥´¨Ö ¶µ¸²¥¤µ¢ É¥²Ó´µ° Š’� ¡µ²¥¥ ¨´É¥·¥¸´Ò³¨
¶µ ¸· ¢´¥´¨Õ ¸ Î¥ÉÒ·¥Ì³¥·´Ò³¨ Ö¢²ÖÕÉ¸Ö (1+1) - ¨ (2+1)-³¥·´Ò¥ ¢ ·¨ ´ÉÒ
Î¥ÉÒ·¥ÌË¥·³¨µ´´ÒÌ ³µ¤¥²¥°. ‹ £· ´¦¨ ´ µ¤´µ° ¨§ ´¨Ì, ´ §Ò¢ ¥³µ° ³µ¤¥-
²ÓÕ ƒ·µ¸¸  Ä �¥¢Ó¥ (ƒ�), ¨³¥¥É ¢¨¤ [6]:

Lψ =

N∑
k=1

ψ̄ki∂̂ψk +
g0

2N
(

N∑
k=1

ψ̄kψk)2. (1)

‚ ¤¢Ê³¥·¨¨ ³µ¤¥²Ó (1) ¶¥·¥´µ·³¨·Ê¥³ , µÎ¥¢¨¤´µ, ¶µ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°,
µ¤´ ±µ ¶¥·¥´µ·³¨·Ê¥³µ¸ÉÓ ¥¥ ¢ (2+1)-³¥·´µ³ (É·¥Ì³¥·´µ³) ¶·µ¸É· ´¸É¢¥-
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¢·¥³¥´¨ ¡Ò²  ¤µ± § ´  ¸· ¢´¨É¥²Ó´µ ´¥¤ ¢´µ [7] ¢ · ³± Ì ´¥¶¥·ÉÊ·¡ É¨¢´µ£µ
³¥Éµ¤  1/N -· §²µ¦¥´¨Ö. „¢Ê³¥·´ÊÕ ³µ¤¥²Ó ƒ� ¢ ¸¨²Ê ¥¥ ¶·µ¸ÉµÉÒ ³µ¦´µ
¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö ¨²²Õ¸É· Í¨¨  ¸¨³¶ÉµÉ¨Î¥¸±µ° ¸¢µ¡µ¤Ò, ¸¶µ´É ´´µ£µ ´ ·Ê-
Ï¥´¨Ö ±¨· ²Ó´µ° ¨´¢ ·¨ ´É´µ¸É¨ ¨ ¤·Ê£¨Ì ËÊ´¤ ³¥´É ²Ó´ÒÌ ¸¢µ°¸É¢ ±¢ ´-
Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¨. �¤´ ±µ ¨´É¥·¥¸ ± ÔÉµ° ³µ¤¥²¨ µ¡Ê¸²µ¢²¥´ ´¥ Éµ²Ó±µ
³¥Éµ¤¨Î¥¸±¨³¨, ´µ ¨ ¶· ±É¨Î¥¸±¨³¨ ¸µµ¡· ¦¥´¨Ö³¨, ¶µ¸±µ²Ó±Ê ¥¥ ³µ¦´µ
¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö µ¶¨¸ ´¨Ö ±¢ §¨µ¤´µ³¥·´ÒÌ ¶·µ¢µ¤ÖÐ¨Ì ¸µ¥¤¨´¥´¨°, ¶µ²Ê-
Î¨¢Ï¨Ì ´ §¢ ´¨¥ ¶ °¥·²¸µ¢¸±¨Ì ¤¨Ô²¥±É·¨±µ¢ [8]. ‘¢µ°¸É¢  ¢ ±ÊÊ³  (1+1)-
³¥·´µ° ³µ¤¥²¨ ƒ� Ê¦¥ ¨¸¸²¥¤µ¢ ²¨¸Ó ¶·¨ ´¥´Ê²¥¢ÒÌ §´ Î¥´¨ÖÌ É¥³¶¥· ÉÊ·Ò
¨ Ì¨³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  [9Ä11], ¢µ ¢´¥Ï´¨Ì Ô²¥±É·¨Î¥¸±µ³ ¨ £· ¢¨É Í¨-
µ´´µ³ ¶µ²ÖÌ [12]. �¥¤ ¢´µ ¢ Í¥²µ³ ·Ö¤¥ · ¡µÉ [13] Ë §µ¢Ò¥ ¶·¥¢· Ð¥´¨Ö
¢ ÔÉµ° É¥µ·¨¨ ¶µ²Ö ¡Ò²¨ · ¸¸³µÉ·¥´Ò ¢ ¤¢Ê³¥·´µ³ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ ¸
Éµ¶µ²µ£¨¥° R1 × S1.

’·¥Ì³¥·´ Ö ³µ¤¥²Ó ƒ� ¸É ²  µ¡Ñ¥±Éµ³ ¨§ÊÎ¥´¨Ö ¸· ¢´¨É¥²Ó´µ ´¥¤ ¢´µ ¢
¸¢Ö§¨ ¸ µÉ±·ÒÉ¨¥³ Ö¢²¥´¨Ö ¢Ò¸µ±µÉ¥³¶¥· ÉÊ·´µ° ¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨ (‚’‘�)
(¸³. µ¡§µ· [14]),   É ±¦¥ ´¥µ¡Ìµ¤¨³µ¸ÉÓÕ µ¡ÑÖ¸´¥´¨Ö ±¢ ´Éµ¢µ£µ ÔËË¥±É 
•µ²²  [15]. �ËË¥±É •µ²²  ´ ¡²Õ¤ ¥É¸Ö ¢ ¶²µ¸±¨Ì µ¡· §Í Ì, ¶µ³¥Ð¥´´ÒÌ
¢ ¸¨²Ó´µ¥ ³ £´¨É´µ¥ ¶µ²¥,   ‚’‘� ¶·µ¨¸Ìµ¤¨É ¢ ³ É¥·¨ ² Ì É¨¶  La2CuO4,
¢ ±µÉµ·ÒÌ Ô²¥±É·µ´Ò ¶·µ¢µ¤¨³µ¸É¨ ¸±µ´Í¥´É·¨·µ¢ ´Ò ¢ ¶²µ¸±µ¸ÉÖÌ, µ¡· -
§µ¢ ´´ÒÌ  Éµ³ ³¨ Cu ¨ O. ‚µÉ ¶µÎ¥³Ê ¢ ¶µ¸²¥¤´¥¥ ¤¥¸ÖÉ¨²¥É¨¥ ³´µ£¨¥
Ë¨§¨±¨-É¥µ·¥É¨±¨ ¨´É¥´¸¨¢´µ ¨¸¸²¥¤ÊÕÉ (2+1)-³¥·´Ò¥ É¥µ·¨¨ ¶µ²Ö, É¥³ ¸ -
³Ò³ ¨¸¶µ²Ó§ÊÖ ³¥Éµ¤Ò ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö ¢ Ë¨§¨±¥ ±µ´¤¥´¸¨·µ¢ ´´ÒÌ
¸µ¸ÉµÖ´¨°. Š ´ ¨¡µ²¥¥ ³µ¤´Ò³ ¸¥°Î ¸ ³µ¤¥²Ö³ ³µ¦´µ µÉ´¥¸É¨ É·¥Ì³¥·´ÊÕ
±¢ ´Éµ¢ÊÕ Ô²¥±É·µ¤¨´ ³¨±Ê, ´¥²¨´¥°´ÊÕ σ-³µ¤¥²Ó ¨ µ¸µ¡¥´´µ (2+1)-³¥·´ÊÕ
³µ¤¥²Ó ƒ� (1).

„¥²µ ¢ Éµ³, ÎÉµ ¢ É·¥Ì³¥·´ÒÌ É¥µ·¨ÖÌ ¸ Î¥ÉÒ·¥ÌË¥·³¨µ´´Ò³ ¢§ ¨³µ¤¥°-
¸É¢¨¥³ ¤µ¢µ²Ó´µ ´ ¤¥¦´µ Ê¸É ´µ¢²¥´Ò Ë ±ÉÒ ¸¶µ´É ´´µ£µ ´ ·ÊÏ¥´¨Ö ¸¨³-
³¥É·¨¨ [7],   É ±¦¥ ¤¨´ ³¨Î¥¸±µ° £¥´¥· Í¨¨ ³ ¸¸ ¶µ²¥°, ¶µÔÉµ³Ê ´  µ¸´µ¢¥
³µ¤¥²¥° ÔÉµ£µ É¨¶  Ê¦¥ ¤¥² ²¨¸Ó ¶µ¶ÒÉ±¨ µ¡ÑÖ¸´¨ÉÓ Ö¢²¥´¨¥ ‚’‘� [16].
Š·µ³¥ Éµ£µ, ¨Ì ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö µ¶¨¸ ´¨Ö ¸¢µ°¸É¢ ¶² ´ ·´ÒÌ  ´É¨-
Ë¥··µ³ £´¥É¨±µ¢, É.±. ´¥±µÉµ·Ò¥ ·¥Ï¥ÉµÎ´Ò¥ É¢¥·¤µÉ¥²Ó´Ò¥ ³µ¤¥²¨ ÔÉ¨Ì ¢¥-
Ð¥¸É¢ ¢ ´¥¶·¥·Ò¢´µ³ ¶·¥¤¥²¥ ¨³¥ÕÉ ² £· ´¦¨ ´Ò ¢¨¤  (1) [17]. Š ± ¨ ²Õ¡Ò¥
¤·Ê£¨¥ É·¥Ì³¥·´Ò¥ É¥µ·¨¨, ³µ¤¥²¨ É¨¶  ƒ� ³µ£ÊÉ ¸²Ê¦¨ÉÓ Ìµ·µÏ¥° µ¸´µ¢µ°
¤²Ö µ¡ÑÖ¸´¥´¨Ö Ë¨§¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢, ¶·µ¨¸Ìµ¤ÖÐ¨Ì ¢ Éµ´±¨Ì ¶²¥´± Ì. � -
±µ´¥Í, É¥µ·¨Ö ¶µ²Ö (1) Ö¢²Ö¥É¸Ö µÉ²¨Î´µ° ² ¡µ· Éµ·¨¥°, ¶µ§¢µ²ÖÕÐ¥° ¶·¥¤-
¸± §Ò¢ ÉÓ ´µ¢Ò¥ ÔËË¥±ÉÒ Î¥ÉÒ·¥Ì³¥·´µ£µ ³¨· .

�·¥¤² £ ¥³Ò° µ¡§µ· ¶µ¸¢ÖÐ¥´ ¸¨¸É¥³ É¨Î¥¸±µ³Ê ¨§²µ¦¥´¨Õ ¸¢µ°¸É¢ ¢ -
±ÊÊ³  ´¥±µÉµ·ÒÌ (2+1)-³¥·´ÒÌ É¥µ·¨° ¸ Î¥ÉÒ·¥ÌË¥·³¨µ´´Ò³ ¢§ ¨³µ¤¥°-
¸É¢¨¥³ ¢ § ¢¨¸¨³µ¸É¨ µÉ T, µ ¨ ¢´¥Ï´¨Ì ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥°,   É ±¦¥
¸¢Ö§ ´´Ò³ ¸ ÔÉ¨³ ´µ¢Ò³ ¤¨´ ³¨Î¥¸±¨³ ÔËË¥±É ³.

Š²ÕÎ¥¢Ò³ ³µ³¥´Éµ³, µ¡Ñ¥¤¨´ÖÕÐ¨³ · ¸¸³ É·¨¢ ¥³Ò¥ §¤¥¸Ó ³µ¤¥²¨, Ö¢²Ö-
¥É¸Ö ¨Ì µ¡Ð¥¥ ¸¢µ°¸É¢µ, ±µÉµ·µ¥ ³µ¦´µ ¶·µ¤¥³µ´¸É·¨·µ¢ ÉÓ ´  ¸²¥¤ÊÕ-
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Ð¥³ ¶·µ¸Éµ³ ¶·¨³¥·¥. � ¸¸³µÉ·¨³ ¸¨¸É¥³Ê ¸¢µ¡µ¤´ÒÌ Ë¥·³¨µ´µ¢ ¢ R2+1

¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¸ ¢´¥Ï´¨³ µ¤´µ·µ¤´Ò³ ³ £´¨É-
´Ò³ ¶µ²¥³. …¥ ² £· ´¦¨ ´ ¨³¥¥É ¢¨¤

L = ψ̄(i∂̂ − eÂ−m)ψ.

‚ ¡¥§³ ¸¸µ¢µ³ ¶·¥¤¥²¥ ¤²Ö ±µ´¤¥´¸ É  < ψ̄ψ > ³µ¦´µ ¶µ²ÊÎ¨ÉÓ

lim
m→0

< ψ̄ψ >= −eH/π.

(�ÉµÉ ¦¥ ·¥§Ê²ÓÉ É ¶µ²ÊÎ ¥É¸Ö ¨§ ³¥Éµ¤  ÔËË¥±É¨¢´µ£µ ¶µÉ¥´Í¨ ²  ¨ ¸¢Ö§¨
¥£µ  ¡¸µ²ÕÉ´µ£µ ³¨´¨³Ê³  ¸ ±¢ §¨¸·¥¤´¨³¨ �µ£µ²Õ¡µ¢  [18], É.±. ¢¢¥¤¥´´Ò°
¢ · ¸¸³ É·¨¢ ¥³Ò° ² £· ´¦¨ ´ ³ ¸¸µ¢Ò° Î²¥´ Ë¥·³¨µ´µ¢ Ö¢´µ ´ ·ÊÏ ¥É ±¨-
· ²Ó´ÊÕ ¸¨³³¥É·¨Õ,   ±µ´¤¥´¸ É Ö¢²Ö¥É¸Ö ±¢ §¨¸·¥¤´¥°, ±µÉµ· Ö ¢ ´ Ï¥³
¸²ÊÎ ¥ ´¥ µ¡· Ð ¥É¸Ö ¢ ´Ê²Ó ¶·¨ m → 0.) �É¸Õ¤  ¢¨¤´µ, ÎÉµ ¢ ¶·¨¸ÊÉ-
¸É¢¨¨ ¢´¥Ï´¥£µ µ¤´µ·µ¤´µ£µ ³ £´¨É´µ£µ ¶µ²Ö µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ±¢ ´Éµ¢µ-
¶µ²¥¢µ° ¸¨¸É¥³Ò ¡¥§³ ¸¸µ¢ÒÌ Ë¥·³¨µ´µ¢ ¢ R2+1 ¢Ò·µ¦¤¥´µ,   ±¨· ²Ó´ Ö
¸¨³³¥É·¨Ö ¸¶µ´É ´´µ ´ ·ÊÏ¥´ . (�·¨Î¨´Ò ÔÉµ£µ Ö¢²¥´¨Ö ³Ò µ¡¸Ê¤¨³ ´¨¦¥.)

‚ · §¤.1 ´¥¶¥·ÉÊ·¡ É¨¢´Ò³ ³¥Éµ¤µ³ 1/N -· §²µ¦¥´¨Ö ¤¥É ²Ó´µ ¨¸¸²¥¤Ê-
ÕÉ¸Ö ±·¨É¨Î¥¸±¨¥ ¸¢µ°¸É¢  É·¥Ì³¥·´µ° É¥µ·¨¨ ƒ·µ¸¸  Ä �¥¢Ó¥ ¶·¨ ´ ²¨-
Î¨¨ ¢´¥Ï´¥£µ ³ £´¨É´µ£µ ¶µ²Ö, É¥³¶¥· ÉÊ·Ò T ¨ Ì¨³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² 
µ. ‡¤¥¸Ó µ¶¨¸ ´µ ´¥¨§¢¥¸É´µ¥ · ´¥¥ Ö¢²¥´¨¥ ¤¨´ ³¨Î¥¸±µ£µ ´ ·ÊÏ¥´¨Ö ±¨-
· ²Ó´µ° ¨ ¸¨³³¥É·¨¨ ¶µ  ·µ³ É ³ ¸±µ²Ó Ê£µ¤´µ ³ ²Ò³ ¢´¥Ï´¨³ ³ £´¨É´Ò³
¶µ²¥³ H . �µ¸É·µ¥´Ò Ë §µ¢Ò¥ ¶µ·É·¥ÉÒ ³µ¤¥²¨ ¢ ¶¥·¥³¥´´ÒÌ (T, µ), (H,T )
¨ (H,µ),   É ±¦¥ ´ °¤¥´Ò ±·¨É¨Î¥¸±¨¥ §´ Î¥´¨Ö ¶ · ³¥É·µ¢, ¶·¨ ±µÉµ·ÒÌ
¶·µ¨¸Ìµ¤¨É ¢µ¸¸É ´µ¢²¥´¨¥ ¨¸Ìµ¤´µ° ¸¨³³¥É·¨¨. Š·µ³¥ Éµ£µ, ¶µ± § ´µ, ÎÉµ
¢ ¶²µ¸±µ¸É¨ (T, µ) ¸ÊÐ¥¸É¢Ê¥É É·¨±·¨É¨Î¥¸± Ö ÉµÎ± , £¤¥ ±·¨¢ Ö Ë §µ¢ÒÌ
¶¥·¥Ìµ¤µ¢ ¶¥·¢µ£µ ·µ¤  ¶·¥¢· Ð ¥É¸Ö ¢ ±·¨É¨Î¥¸±ÊÕ ±·¨¢ÊÕ ¢Éµ·µ£µ ·µ¤ .

‚ · §¤.2 ¤µ± § ´µ, ÎÉµ ³µ¤¥²Ó ƒ� ¸ SU(3) Ë¥·³¨µ´´Ò³¨ ¶µ²Ö³¨ ÉµÎ´µ
·¥Ï ¥³  ¢ £² ¢´µ³ ¶µ·Ö¤±¥ 1/N -· §²µ¦¥´¨Ö ¢µ ¢´¥Ï´¥³ Ì·µ³µ³ £´¨É´µ³
¶µ²¥. „ ´´ÊÕ ³µ¤¥²Ó ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± É·¥Ì³¥·´Ò°  ´ ²µ£ É¥µ·¨¨,
ÔËË¥±É¨¢´µ µ¶¨¸Ò¢ ÕÐ¥° ´¨§±µÔ´¥·£¥É¨Î¥¸±ÊÕ µ¡² ¸ÉÓ ±¢ ´Éµ¢µ° Ì·µ³µ-
¤¨´ ³¨±¨. ‚´¥Ï´¥¥ ´¥ ¡¥²¥¢µ ¶µ²¥ §¤¥¸Ó ¢Ò¸ÉÊ¶ ¥É ¢ ± Î¥¸É¢¥ ¶µ²Ö £²Õµ´-
´µ£µ ±µ´¤¥´¸ É , ´  Ëµ´¥ ±µÉµ·µ£µ ¨¤ÊÉ ¶·µÍ¥¸¸Ò ¸ ÊÎ ¸É¨¥³ ±¢ ·±µ¢. ŒÒ
¶µ± § ²¨, ÎÉµ ¢´¥Ï´¨¥ ¶µ¸ÉµÖ´´Ò¥ Ì·µ³µ³ £´¨É´Ò¥ ± ±  ¡¥²¥¢µ¶µ¤µ¡´Ò¥,
É ± ¨ ´¥ ¡¥²¥¢Ò ¶µ²Ö ¸²Ê¦ É ± É ²¨§ Éµ·µ³ ¸¶µ´É ´´µ£µ ´ ·ÊÏ¥´¨Ö ±¨· ²Ó-
´µ° ¨´¢ ·¨ ´É´µ¸É¨. (‡ ³¥É¨³, ÎÉµ ¢Ò¡µ· ¶µ²¥°, ³µ¤¥²¨·ÊÕÐ¨Ì µ¸´µ¢´µ¥
¸µ¸ÉµÖ´¨¥ Š•„, ´¥ ¨¸Î¥·¶Ò¢ ¥É¸Ö · ¸¸³µÉ·¥´´Ò³¨ ´ ³¨ ±µ´Ë¨£Ê· Í¨Ö³¨,
ÎÉµ ¶·µ¤¥³µ´¸É·¨·µ¢ ´µ ¢ Í¨±²¥ · ¡µÉ [19,20], ¢ ±µÉµ·ÒÌ ¤¥É ²Ó´µ µ¡¸Ê¦¤ -
ÕÉ¸Ö ( ´É¨-)¸ ³µ¤Ê ²Ó´Ò¥ ¶µ²Ö,   É ±¦¥ ¤·Ê£¨¥ ¢µ§³µ¦´Ò¥ ±µ´Ë¨£Ê· Í¨¨ ¶µ-
²¥° [21], Ö¢²ÖÕÐ¨Ì¸Ö ·¥Ï¥´¨Ö³¨ Ê· ¢´¥´¨° Ÿ´£  Ä Œ¨²²¸ .) ‘²¥¤µ¢ É¥²Ó´µ,
¢ Š•„ ´¥´Ê²¥¢µ° Ì·µ³µ³ £´¨É´Ò° £²Õµ´´Ò° ±µ´¤¥´¸ É Ö¢²Ö¥É¸Ö µ¤´µ° ¨§
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¶·¨Î¨´ ´ ·ÊÏ¥´¨Ö ±¨· ²Ó´µ° ¸¨³³¥É·¨¨. � °¤¥´µ É ±¦¥ ±·¨É¨Î¥¸±µ¥ §´ -
Î¥´¨¥ É¥³¶¥· ÉÊ·Ò, ¶·¨ ±µÉµ·µ° ¶·µ¨¸Ìµ¤¨É ¢µ¸¸É ´µ¢²¥´¨¥ ±¨· ²Ó´µ° ¸¨³-
³¥É·¨¨.

‚ · §¤.3 ¤¥É ²Ó´µ ¨¸¸²¥¤ÊÕÉ¸Ö ¤¢¥ É·¥Ì³¥·´Ò¥ ³µ¤¥²¨ ¸ ¡µ²¥¥ ¸²µ¦-
´µ° ¸É·Ê±ÉÊ·µ° ¢§ ¨³µ¤¥°¸É¢¨Ö Ë¥·³¨µ´µ¢. �µ± § ´µ, ÎÉµ ¢ ´¨Ì ¢µ§³µ¦´Ò
± ± ±¨· ²Ó´Ò¥ Ë §µ¢Ò¥ ¶¥·¥Ìµ¤Ò, É ± ¨ ¶¥·¥Ìµ¤Ò ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ É¨¶ 
¸µ ¸¶µ´É ´´Ò³ ´ ·ÊÏ¥´¨¥³ U(1)-£·Ê¶¶Ò. Š·µ³¥ Éµ£µ, ¢ ÔÉµ³ · §¤¥²¥ Ê¤¥²Ö-
¥É¸Ö µ¸µ¡µ¥ ¢´¨³ ´¨¥ ¢µ§³µ¦´µ¸É¨ ¤¨´ ³¨Î¥¸±µ° £¥´¥· Í¨¨ Î²¥´  —¥·´  Ä
‘ °³µ´¸  (Éµ¶µ²µ£¨Î¥¸±µ° ³ ¸¸Ò ± ²¨¡·µ¢µÎ´µ£µ ¶µ²Ö), ¡² £µ¤ ·Ö ±µÉµ·µ³Ê
Ê Î ¸É¨Í ¶µÖ¢²ÖÕÉ¸Ö ¤·µ¡´Ò¥ ¸¶¨´ ¨ ¸É É¨¸É¨± . �  ¶·¨³¥·¥ ÔÉ¨Ì ³µ¤¥-
²¥° ¶µ± § ´µ, ÎÉµ ´ ·ÊÏ¥´¨¥ P -Î¥É´µ¸É¨ ¥¸ÉÓ Éµ²Ó±µ ´¥µ¡Ìµ¤¨³µ¥, ´µ ´¥
¤µ¸É ÉµÎ´µ¥ Ê¸²µ¢¨¥ ¸¶µ´É ´´µ° £¥´¥· Í¨¨ Î²¥´  —¥·´  Ä ‘ °³µ´¸ . �¡-
´ ·Ê¦¥´ É ±¦¥ ÔËË¥±É, ±µ£¤  ¶ · ³¥É·µ³ ¶µ·Ö¤±  É¥µ·¨¨ (É.¥. ¢¥²¨Î¨´µ°,
´ Ìµ¤ÖÐ¥°¸Ö ¢µ ¢§ ¨³´µ µ¤´µ§´ Î´µ³ ¸µµÉ¢¥É¸É¢¨¨ ¸µ ¸É·Ê±ÉÊ·µ° ¢ ±ÊÊ³ )
Ö¢²Ö¥É¸Ö Éµ¶µ²µ£¨Î¥¸± Ö ³ ¸¸  ± ²¨¡·µ¢µÎ´µ£µ ¶µ²Ö.

1. Š�ˆ’ˆ—…‘Šˆ… ‘‚�‰‘’‚� ’�…•Œ…���‰ Œ�„…‹ˆ ƒ�
��ˆ T, µ,H 6= 0

‚ ¶·¥¤² £ ¥³µ³ · §¤¥²¥ ¡Ê¤¥É ¨¸¸²¥¤µ¢ ÉÓ¸Ö Ë §µ¢ Ö ¸É·Ê±ÉÊ·  É·¥Ì³¥·-
´µ° ³µ¤¥²¨ ƒ·µ¸¸  Ä �¥¢Ó¥ ¶·¨ µ, T,H 6= 0. ‹ £· ´¦¨ ´ ³µ¤¥²¨ ¨³¥¥É ¢¨¤
(1), ¶·¨Î¥³ ∂̂ = ∂µΓµ, £¤¥ Γµ Ä 4 × 4 ³ É·¨ÍÒ,  ²£¥¡·  ±µÉµ·ÒÌ µ¶¨¸ ´ 
¢ ¶·¨²µ¦¥´¨¨ A,   ± ¦¤µ¥ ¨§ N Ë¥·³¨µ´´ÒÌ ¶µ²¥° ¥¸ÉÓ 4-±µ³¶µ´¥´É´Ò°
¸¶¨´µ· „¨· ± :

ψk =

(
ψ1k

ψ2k

)
. (2)

‡¤¥¸Ó k = 1, ..., N,   ψik (i = 1, 2) Ä µ¡ÒÎ´Ò¥ ¤¢ÊÌ±µ³¶µ´¥´É´Ò¥ ¸¶¨´µ·Ò
„¨· ± . ‚ ÔÉµ³ ¸²ÊÎ ¥ ² £· ´¦¨ ´ (1) ¨´¢ ·¨ ´É¥´ µÉ´µ¸¨É¥²Ó´µ ¤¢ÊÌ ¤¨¸-
±·¥É´ÒÌ ¶·¥µ¡· §µ¢ ´¨°. �¥·¢µ¥ ¨§ ´¨Ì ¥¸ÉÓ

ψk → Γ3ψk; k = 1, ..., N (3)

(£¤¥ ³ É·¨Í  Γ3 ¤ ´  ¢ ¶·¨²µ¦¥´¨¨ (A.8)) ¨ ¶¥·¥¸É ¢²Ö¥É ³¥¸É ³¨ ¶µ±µ²¥´¨Ö
¸¶¨´µ·µ¢ ψ1k ¨ ψ2k ¨§ (2). (‘¨³³¥É·¨Õ µÉ´µ¸¨É¥²Ó´µ (3) ´ §Ò¢ ÕÉ ¥Ð¥
 ·µ³ Éµ¸¨³³¥É·¨¥°.) ‚Éµ·µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ¨³¥¥É ¢¨¤

ψk → Γ5ψk; k = 1, ..., N, (4)

  Γ5 ¤ ´  ¢ Ëµ·³Ê²¥ (A.9). ‘¨³³¥É·¨Õ µÉ´µ¸¨É¥²Ó´µ (4) ¡Ê¤¥³ ´ §Ò¢ ÉÓ
¤¨¸±·¥É´µ° ±¨· ²Ó´µ° ¸¨³³¥É·¨¥°, É.±. Γ5 ∼ Γ0Γ1Γ2Γ3 ¨ ¶µ ¢¨¤Ê Ëµ·³ ²Ó´µ
¸µ¢¶ ¤ ¥É ¸ £¥´¥· Éµ·µ³ ±¨· ²Ó´ÒÌ ¶·¥µ¡· §µ¢ ´¨° ¤²Ö ¸¶¨´µ·´ÒÌ ¶µ²¥° ¢
Î¥ÉÒ·¥Ì³¥·´µ³ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨.
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‹ £· ´¦¨ ´ (1) ¨´¢ ·¨ ´É¥´ É ±¦¥ µÉ´µ¸¨É¥²Ó´µ ´¥¶·¥·Ò¢´ÒÌ ¶·¥µ¡· -
§µ¢ ´¨° ¢¨¤ 

ψk → exp (iα)ψk; k = 1, ..., N. (5)

” §µ¢Ò¥ ¸¢µ°¸É¢  ÔÉµ° ³µ¤¥²¨ ³Ò ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ¢ · ³± Ì ²¨¤¨·ÊÕ-
Ð¥£µ ¶µ·Ö¤±  1/N -· §²µ¦¥´¨Ö.

1.1. ‘²ÊÎ ° T, µ 6= 0. �·¨ ´Ê²¥¢ÒÌ §´ Î¥´¨ÖÌ T, µ ² £· ´¦¨ ´ (1) Ô±¢¨-
¢ ²¥´É¥´ ´  Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö ¤²Ö ¶µ²Ö σ ¸²¥¤ÊÕÐ¥³Ê ¢¸¶µ³µ£ É¥²Ó´µ³Ê
² £· ´¦¨ ´Ê:

Lσ =

N∑
k=1

[
ψ̄ki∂̂ψk + σψ̄kψk

]
−
Nσ2

2go
. (6)

‚ É¥·³¨´ Ì ÔÉµ£µ ² £· ´¦¨ ´  ¤¨¸±·¥É´Ò¥ ¸¨³³¥É·¨¨ (3)Ä(4) ¶·¥µ¡· §ÊÕÉ¸Ö
± ¢¨¤Ê

ψk → Γψk, σ → −σ; k = 1, ..., N, (7)

£¤¥ Γ Ä µ¤´  ¨§ ³ É·¨Í Γ3 ¨²¨ Γ5. �¥É·Ê¤´µ ¶µ± § ÉÓ, ÎÉµ ¢ £² ¢´µ³ ¶µ·Ö¤±¥
1/N -· §²µ¦¥´¨Ö ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ¢ Ô±¢¨¢ ²¥´É´µ° ¢¸¶µ³µ£ É¥²Ó´µ°
³µ¤¥²¨ (6) ¨³¥¥É ¢¨¤ [7,22]:

1

N
V0(σ) =

σ2

2g0
− 2

∫
d3p

(2π)3
ln (p2 + σ2). (8)

‡¤¥¸Ó ¨´É¥£·¨·µ¢ ´¨¥ ¶·µ¢µ¤¨É¸Ö ¶µ É·¥Ì³¥·´µ³Ê ¥¢±²¨¤µ¢Ê ¶·µ¸É· ´¸É¢Ê.
‚Ò· ¦¥´¨¥ (8) ¸µ¤¥·¦¨É Ê²ÓÉ· Ë¨µ²¥Éµ¢Ò¥ (“”) · ¸Ìµ¤¨³µ¸É¨, ±µÉµ·Ò¥ Ê¸-
É· ´ÖÕÉ¸Ö ¢ ·¥§Ê²ÓÉ É¥ ¶·µ¢¥¤¥´¨Ö ¶¥·¥´µ·³¨·µ¢µÎ´µ° ¶·µÍ¥¤Ê·Ò. „²Ö ÔÉµ£µ
¶·¥¤¶µ²µ¦¨³, ÎÉµ ¢ (8) |p| < Λ, Éµ£¤  ´¥É·Ê¤´µ ¸µ¸Î¨É ÉÓ

1

N
V0(σ) =

σ2

2

(
1

g0
−

2Λ

π2

)
+
|σ|3

3π
. (9)

�É¸Õ¤  ¸ ¶µ³µÐÓÕ ´µ·³¨·µ¢µÎ´µ£µ Ê¸²µ¢¨Ö

d2Veff

dσ2 σ = m
=

N

g(m)

³µ¦´µ ¶µ± § ÉÓ, ÎÉµ

1

g0
−

2Λ

π2
=

1

g(m)
−

2m

π
≡

1

g
(10)

(m Ä ÉµÎ±  ´µ·³¨·µ¢±¨, g(m) Ä ¶¥·¥´µ·³¨·µ¢ ´´ Ö ±µ´¸É ´É  ¸¢Ö§¨), £¤¥
¢¢¥¤¥´ ´µ¢Ò° ¶ · ³¥É· g, ±µÉµ·Ò° ´¥ § ¢¨¸¨É ´¨ µÉ ÉµÎ±¨ ´µ·³¨·µ¢±¨ m
(É.±. g0 ´¥ § ¢¨¸¨É µÉ m), ´¨ µÉ ¶ · ³¥É·  “”-µ¡·¥§ ´¨Ö Λ (É.±. g(m) ´¥
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§ ¢¨¸¨É µÉ Λ). �µ¤¸É ¢²ÖÖ (10) ¢ (9), ¶µ²ÊÎ ¥³ ±µ´¥Î´µ¥ ·¥´µ·³¨´¢ ·¨ ´É´µ¥
¢Ò· ¦¥´¨¥ ¤²Ö V0(σ):

1

N
V0(σ) =

σ2

2g
+
|σ|3

3π
. (11)

�¥É·Ê¤´µ ¢¨¤¥ÉÓ, ÎÉµ ¶·¨ g > 0  ¡¸µ²ÕÉ´Ò° ³¨´¨³Ê³ ËÊ´±Í¨¨ (11) ´ Ìµ-
¤¨É¸Ö ¢ ´Ê²¥, ¶µÔÉµ³Ê ¤¨¸±·¥É´Ò¥ ¸¨³³¥É·¨¨ (3)Ä(4) ³µ¤¥²¨ ´¥ ´ ·ÊÏ¥´Ò.
…¸²¨ g < 0, Éµ ÉµÎ±  £²µ¡ ²Ó´µ£µ ³¨´¨³Ê³  ¶µÉ¥´Í¨ ²  ¥¸ÉÓ

σ0 ≡< σ >= −π/g ≡M, (12)

¢ ÔÉµ³ ¸²ÊÎ ¥ ¤¨¸±·¥É´Ò¥ ¸¨³³¥É·¨¨ ³µ¤¥²¨ ¸¶µ´É ´´µ ´ ·ÊÏ¥´Ò,   Ë¥·³¨-
µ´Ò ¤¨´ ³¨Î¥¸±¨ ¶·¨µ¡·¥É ÕÉ ³ ¸¸Ê, · ¢´ÊÕ M (12).

�·¥¤¶µ²µ¦¨³ É¥¶¥·Ó, ÎÉµ ´ Ï  ¸¨¸É¥³ , µ¶¨¸Ò¢ ¥³ Ö ² £· ´¦¨ ´µ³ (1)
(¨²¨, ÎÉµ Éµ ¦¥ ¸ ³µ¥, ² £· ´¦¨ ´µ³ (6)), ¶µ³¥Ð¥´  ¢ É¥·³µ¸É É. ‚ ÔÉµ³
¸²ÊÎ ¥ ´¥µ¡Ìµ¤¨³µ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö ³¥Éµ¤ ³¨ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö ¶·¨
±µ´¥Î´µ° É¥³¶¥· ÉÊ·¥, · §¢¨ÉÒ³¨ ¢ · ¡µÉ Ì [23]. ‘¢µ°¸É¢  ¸¨¸É¥³Ò ¢ ¸µ-
¸ÉµÖ´¨¨ É¥·³µ¤¨´ ³¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö µ¶·¥¤¥²ÖÕÉ¸Ö É¥·³µ¤¨´ ³¨Î¥¸±¨³
¶µÉ¥´Í¨ ²µ³ Ω(T, µ):

βV Ω(T, µ) = −ln Tr exp−β(Ĥ−µN̂), (13)

£¤¥ β = 1/T, V Ä ¤¢Ê³¥·´Ò° µ¡Ñ¥³ ¸¨¸É¥³Ò, Ĥ Ä ¥¥ £ ³¨²ÓÉµ´¨ ´, N̂ Ä
£¥´¥· Éµ· £·Ê¶¶Ò ¶·¥µ¡· §µ¢ ´¨° (5):

N̂ ∼

∫
d2x ψ̄(~x, t)Γ0ψ(~x, t),

Ω(T, µ) Ä §´ Î¥´¨¥ ÔËË¥±É¨¢´µ£µ ¶µÉ¥´Í¨ ²  VTµ(σ) ¢ ÉµÎ±¥ £²µ¡ ²Ó´µ£µ
³¨´¨³Ê³ . „²Ö ´ Ìµ¦¤¥´¨Ö VTµ(σ) ¤µ¸É ÉµÎ´µ ³¥·Ê ¨´É¥£·¨·µ¢ ´¨Ö ¶µ Ô´¥·-
£¥É¨Î¥¸±µ° ¥¢±²¨¤µ¢µ° ¶¥·¥³¥´´µ° ¢ (8) ¶·¥µ¡· §µ¢ ÉÓ ¶µ ¶· ¢¨²Ê [24]:∫

dp0

2π
f(p0)→ T

∞∑
n=−∞

f(p0n); p0n = (2n+ 1)πT − iµ. (14)

’¥¶¥·Ó ¨³¥¥³

1

N
VTµ(σ) =

σ2

2g0
− 2T

∞∑
n=−∞

∫
d2p

(2π)2
ln [p2

1 + p2
2 + σ2 + π2T 2(2n+ 1)2−

−µ2 − 2iµπT (2n+ 1)]. (15)

�·µ¸Ê³³¨·µ¢ ¢ ¢ ÔÉµ³ ¢Ò· ¦¥´¨¨ ¶µ n, ¶µ²ÊÎ ¥³

VTµ(σ) = V0(σ)−
NT

2π

∫ ∞
0

dxln [ (1 + exp [−β
√
x+ σ2 − βµ])(1+
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+ exp [−β
√
x+ σ2 + βµ]) ], (16)

£¤¥ V0(σ) Ä ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ¶·¨ ´Ê²¥¢ÒÌ §´ Î¥´¨ÖÌ T, µ (8) ¨²¨ (11).
�¥ É¥·ÖÖ µ¡Ð´µ¸É¨ · ¸¸³µÉ·¥´¨Ö, ³Ò ¡Ê¤¥³ ¤ ²¥¥ ¨¸¸²¥¤µ¢ ÉÓ ÔÉÊ ËÊ´±-

Í¨Õ Éµ²Ó±µ ¶·¨ ¶µ²µ¦¨É¥²Ó´ÒÌ §´ Î¥´¨ÖÌ σ. “· ¢´¥´¨¥ ¸É Í¨µ´ ·´µ¸É¨ ¤²Ö
(16) ¢Ò£²Ö¤¨É É ±:

∂VTµ(σ)/∂σ = NσfTµ(σ) = 0, (17)

£¤¥

fTµ(σ) =
1

g
+
σ

π
+
T

π
ln [(1 + e−βσ−βµ)(1 + e−βσ+βµ)]. (18)

�Ê¸ÉÓ T 6= 0. ”Ê´±Í¨Ö fTµ(σ) ³µ´µÉµ´´µ ¢µ§· ¸É ¥É ´  ¨´É¥·¢ ²¥ (0,∞),
¶·¨Î¥³ fTµ(∞) =∞. Š·µ³¥ Éµ£µ,

fTµ(0) =
1

g
+
T

π
ln [(1 + e−βµ)(1 + eβµ)]. (19)

ˆ§ (19) Ö¸´µ, ÎÉµ ¶·¨ g > 0 fTµ(0) > 0, ¶µÔÉµ³Ê ¨ fTµ(σ) > 0. ‚ ÔÉµ³ ¸²Ê-
Î ¥ ¥¤¨´¸É¢¥´´Ò³ ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö ¸É Í¨µ´ ·´µ¸É¨ (17) Ö¢²Ö¥É¸Ö ÉµÎ± 
σ = 0, ±µÉµ· Ö ¥¸ÉÓ ¸É É¨¸É¨Î¥¸±µ¥ ¸·¥¤´¥¥ ¶µ²Ö σ. �É  ÉµÎ±  ¨´¢ ·¨-
 ´É´  µÉ´µ¸¨É¥²Ó´µ ¤¨¸±·¥É´ÒÌ ¶·¥µ¡· §µ¢ ´¨° (7), ¶µÔÉµ³Ê ¨ ¢ ±ÊÊ³ ³µ-
¤¥²¨ (§¤¥¸Ó ¨ ¤ ²¥¥ ¶µ¤ ¢ ±ÊÊ³µ³ ¶·¨ T, µ 6= 0 ³Ò ¶µ¤· §Ê³¥¢ ¥³ ¸µ¸ÉµÖ´¨¥
É¥·³µ¤¨´ ³¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö ¸¨¸É¥³Ò) É ±¦¥ ¸¨³³¥É·¨Î¥´ µÉ´µ¸¨É¥²Ó´µ
ÔÉ¨Ì ¶·¥µ¡· §µ¢ ´¨° ¶·¨ ²Õ¡ÒÌ §´ Î¥´¨ÖÌ µ, T .

�¨¸. 1. ” §µ¢Ò° ¶µ·É·¥É ³µ¤¥²¨
ƒ·µ¸¸  Ä �¥¢Ó¥ ¶·¨ g < 0 ¢ ¶¥-
·¥³¥´´ÒÌ µ, T

�Ê¸ÉÓ É¥¶¥·Ó g < 0 ¨, ±·µ³¥ Éµ£µ, T ¨ µ
¶·¨´¨³ ÕÉ É ±¨¥ §´ Î¥´¨Ö, ÎÉµ fTµ(0) < 0.
‚ ÔÉµ³ ¸²ÊÎ ¥ ¨§Ä§  Éµ£µ, ÎÉµ fTµ(σ) ³µ-
´µÉµ´´µ ¢µ§· ¸É ÕÐ Ö ËÊ´±Í¨Ö, µ¡Ö§ É¥²Ó´µ
¸ÊÐ¥¸É¢Ê¥É ¥¤¨´¸É¢¥´´ Ö ´¥´Ê²¥¢ Ö ÉµÎ±  σ0,
§ ¢¨¸ÖÐ Ö µÉ T, µ, É ± Ö, ÎÉµ fTµ(σ0) = 0.
Š·µ³¥ Éµ£µ, fTµ(σ) ≤ 0 ¶·¨ σ ≤ σ0. �µÔÉµ³Ê
¨§ (17) ¸²¥¤Ê¥É, ÎÉµ ¶¥·¢ Ö ¶·µ¨§¢µ¤´ Ö ¶µ σ
ËÊ´±Í¨¨ VTµ(σ) µÉ·¨Í É¥²Ó´  ´  ¨´É¥·¢ ²¥
(0, σ0), É.¥. VTµ(σ) Ê¡Ò¢ ¥É ´  ÔÉµ³ ¨´É¥·¢ ²¥
¨, §´ Î¨É, VTµ(0) > VTµ(σ0). ’ ±¨³ µ¡· §µ³,
³Ò ¶µ± § ²¨, ÎÉµ ¶·¨ g < 0 ¨ fTµ(0) < 0
ÉµÎ±  σ0 6= 0 Ö¢²Ö¥É¸Ö £²µ¡ ²Ó´Ò³ ³¨´¨³Ê³µ³
¶µÉ¥´Í¨ ²  (16),   ¸¨³³¥É·¨Ö (7) ³µ¤¥²¨ ¸¶µ´-
É ´´µ ´ ·ÊÏ¥´ . ‹¥£±µ ¢¨¤¥ÉÓ, ÎÉµ σ0 → 0 ¶·¨

fTµ(0) → 0. �Î¥¢¨¤´µ, ÎÉµ ¶·¨ g < 0 ¨ fTµ(0) > 0 Ê· ¢´¥´¨¥ ¸É Í¨µ´ ·-
´µ¸É¨ (17) ¡Ê¤¥É ¨³¥ÉÓ Éµ²Ó±µ µ¤¨´ ±µ·¥´Ó σ = 0. �Éµ µ§´ Î ¥É, ÎÉµ ¶·¨
É ±¨Ì §´ Î¥´¨ÖÌ T, µ, ±µ£¤  fTµ(0) ¸É ´µ¢¨É¸Ö ¶µ²µ¦¨É¥²Ó´µ° ¢¥²¨Î¨´µ°,
¸¨³³¥É·¨Ö ³µ¤¥²¨ µÉ´µ¸¨É¥²Ó´µ (7) ¢µ¸¸É ´ ¢²¨¢ ¥É¸Ö. ‡ ³¥É¨³, ÎÉµ ¸¨¸É¥-
³ É¨Î¥¸±µ¥ ¨¸¸²¥¤µ¢ ´¨¥ Ë §µ¢ÒÌ ¶¥·¥Ìµ¤µ¢ ¢ Ë¨§¨±¥ ±µ´¤¥´¸¨·µ¢ ´´µ£µ
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¸µ¸ÉµÖ´¨Ö,   É ±¦¥ ¢ Ë¨§¨±¥ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¨ ±µ¸³µ²µ£¨¨ ¡Ò²µ ¶·µ-
¢¥¤¥´µ ¢ · ¡µÉ Ì [25].

�¥§Ê²ÓÉ ÉÒ ¢¸¥£µ ¸± § ´´µ£µ ³µ¦´µ ¨§µ¡· §¨ÉÓ ¢ ¢¨¤¥ Ë §µ¢µ£µ ¶µ·É·¥É 
³µ¤¥²¨ ¢ ¶²µ¸±µ¸É¨ ¶¥·¥³¥´´ÒÌ T, µ. �  ·¨¸.1 ¨§µ¡· ¦¥´  ±·¨É¨Î¥¸± Ö
±·¨¢ Ö, ±µÉµ· Ö § ¤ ¥É¸Ö Ê· ¢´¥´¨¥³ fTµ(0) = 0. �´  µÉ¤¥²Ö¥É ³´µ¦¥¸É¢µ
ÉµÎ¥± (T, µ), ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì Ë §¥ ¸ ³ ¸¸¨¢´Ò³¨ Ë¥·³¨µ´ ³¨ ¨ ¸¶µ´É ´´Ò³
´ ·ÊÏ¥´¨¥³ ¤¨¸±·¥É´ÒÌ ¸¨³³¥É·¨°, µÉ ³´µ¦¥¸É¢ , ±µÉµ·µ³Ê ¸µµÉ¢¥É¸É¢Ê¥É
¡¥§³ ¸¸µ¢ Ö ¸¨³³¥É·¨Î´ Ö Ë §  É¥µ·¨¨. �  ±·¨É¨Î¥¸±µ° ±·¨¢µ° É¥³¶¥· ÉÊ· 
¨ Ì¨³¨Î¥¸±¨° ¶µÉ¥´Í¨ ² ¸¢Ö§ ´Ò ³¥¦¤Ê ¸µ¡µ° ¸µµÉ´µÏ¥´¨¥³

µ(T ) = T ln K(T ), (20)

£¤¥

K(T ) = −1 +
1

2
exp (βM) +

√[
−1 +

1

2
exp (βM)

]2

− 1 ,

  M Ä ³ ¸¸  Ë¥·³¨µ´µ¢ ¶·¨ T, µ = 0. ”Ê´±Í¨Ö (20) µ¡· Ð ¥É¸Ö ¢ ´Ê²Ó ¢
ÉµÎ±¥ Tc = M/(2ln 2). Š·µ³¥ Éµ£µ, µ(0) = M, µ′(Tc) = −∞, µ′(0) = 0.
�É³¥É¨³, ÎÉµ ¶·¨ ¶¥·¥¸¥Î¥´¨¨ ±·¨É¨Î¥¸±µ° ±·¨¢µ° ¢ É¥µ·¨¨ ¶·µ¨¸Ìµ¤¨É Ë -
§µ¢Ò° ¶¥·¥Ìµ¤ ¢Éµ·µ£µ ·µ¤ , É.±. ¶ · ³¥É· ¶µ·Ö¤±  Ä ÉµÎ±  £²µ¡ ²Ó´µ£µ ³¨´¨-
³Ê³  ¶µÉ¥´Í¨ ²  Ä ´  ÔÉµ° ±·¨¢µ° Ö¢²Ö¥É¸Ö ´¥¶·¥·Ò¢´µ° ËÊ´±Í¨¥° ¢´¥Ï´¨Ì
¶ · ³¥É·µ¢ T, µ.

„µ ¸¨Ì ¶µ· ³Ò ¶·¥¤¶µ² £ ²¨, ÎÉµ T 6= 0. �·¨ T = 0 ± ·É¨´  ± Î¥¸É¢¥´´µ
¨´ Ö. ‡¤¥¸Ó ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¨§ (16) ¶·¨ T → 0:

Vµ(σ) = V0(σ)−
N

6π
Θ(µ− σ)(µ − σ)2(µ+ 2σ), (21)

£¤¥ Θ(x) Ä ¸ÉÊ¶¥´Î É Ö ËÊ´±Í¨Ö •Ô¢¨¸ °¤ ,   Ê· ¢´¥´¨¥ ¸É Í¨µ´ ·´µ¸É¨
¨³¥¥É ¢¨¤

σ

[
1

g
+
σ

π
+

1

π
Θ(µ− σ)(µ− σ)

]
= 0.

ˆ¸¸²¥¤µ¢ ´¨¥ ¶µÉ¥´Í¨ ²  (21) ¶µ± §Ò¢ ¥É, ÎÉµ ¶·¨ g > 0 ´¨ ¶·¨ ± ±¨Ì §´ -
Î¥´¨ÖÌ Ì¨³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ¸¨³³¥É·¨¨ (7) ´¥ ´ ·ÊÏ ÕÉ¸Ö. �¤´ ±µ ¥¸²¨
g < 0, Éµ ¸ÊÐ¥¸É¢Ê¥É ±·¨É¨Î¥¸±µ¥ §´ Î¥´¨¥ Ì¨³¶µÉ¥´Í¨ ²  µc = M , ´¨¦¥
±µÉµ·µ£µ ÉµÎ±µ° £²µ¡ ²Ó´µ£µ ³¨´¨³Ê³  ËÊ´±Í¨¨ Vµ(σ) Ö¢²Ö¥É¸Ö σ0 = M ,  
¶·¨ µ > µc  ¡¸µ²ÕÉ´Ò° ³¨´¨³Ê³ ´ Ìµ¤¨É¸Ö ¢ ´Ê²¥. �µ¸±µ²Ó±Ê ¢ ÉµÎ±¥ µc
¶ · ³¥É· ¶µ·Ö¤±  ¸± Î±µ³ ³¥´Ö¥É ¸¢µ¥ §´ Î¥´¨¥, Éµ §¤¥¸Ó ³Ò ¨³¥¥³ Ë §µ-
¢Ò° ¶¥·¥Ìµ¤ ¶¥·¢µ£µ ·µ¤ . ‘µµÉ¢¥É¸É¢¥´´µ ´  Ë §µ¢µ° ¤¨ £· ³³¥ p¨¸.1 ÉµÎ± 
(0,M) Ö¢²Ö¥É¸Ö É·¨±·¨É¨Î¥¸±µ° ÉµÎ±µ° [26], ¶µ¸±µ²Ó±Ê ¢ ´¥° ±·¨¢ Ö Ë §µ¢ÒÌ
¶¥·¥Ìµ¤µ¢ ³¥´Ö¥É ¸¢µ° Ì · ±É¥· ¸ ²¨´¨¨ Ë §µ¢ÒÌ ¶¥·¥Ìµ¤µ¢ ¶¥·¢µ£µ ·µ¤  ´ 
±·¨¢ÊÕ Ë §µ¢ÒÌ ¶¥·¥Ìµ¤µ¢ ¢Éµ·µ£µ ·µ¤  ¨ ´ µ¡µ·µÉ.
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1.2. ‘²ÊÎ °H 6= 0. �ËË¥±É ± É ²¨§ Í¨¨. ˆ¸¸²¥¤Ê¥³ É¥¶¥·Ó ±·¨É¨Î¥¸±¨¥
¸¢µ°¸É¢  É·¥Ì³¥·´µ° ³µ¤¥²¨ ƒ� ¢µ ¢´¥Ï´¥³ ¶µ¸ÉµÖ´´µ³ ³ £´¨É´µ³ ¶µ²¥ H
¶·¨ T, µ = 0. ‹ £· ´¦¨ ´ ³µ¤¥²¨ ¢ É¥·³¨´ Ì ¢¸¶µ³µ£ É¥²Ó´µ£µ ¸± ²Ö·´µ£µ
¶µ²Ö σ(x) ¢ ÔÉµ³ ¸²ÊÎ ¥ ¨³¥¥É ¢¨¤

Lσ =

N∑
k=1

[
ψ̄k(i∂̂ − eÂ)ψk + σψ̄kψk

]
−
Nσ2

2go
, (22)

£¤¥ Â ≡ AµΓµ, e Ä § ·Ö¤ Ë¥·³¨-Î ¸É¨Í,   ¢¥±Éµ·´Ò° ¶µÉ¥´Í¨ ², ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨° ¶µ¸ÉµÖ´´µ³Ê ¢´¥Ï´¥³Ê ³ £´¨É´µ³Ê ¶µ²Õ H , ¨³¥¥É ¢¨¤ A0,1 =0, A2 =
x1H. � ¶¨Ï¥³ ¶·µ¨§¢µ¤ÖÐ¨° ËÊ´±Í¨µ´ ² ¤²Ö ËÊ´±Í¨° ƒ·¨´  ¸± ²Ö·´µ£µ
¶µ²Ö σ:

exp {iW (J)} =

∫
Dψ̄DψDσ exp {i

∫
d3x[ Lσ + J(x)σ(x) ]}.

�·µ¨´É¥£·¨·µ¢ ¢ §¤¥¸Ó ¶µ ¸¶¨´µ·´Ò³ ¶µ²Ö³, ¶µ²ÊÎ ¥³

exp {iW (J)} =

∫
Dσ exp {i

∫
d3x[ Leff(σ) + J(x)σ(x) ]},

£¤¥ ∫
d3x Leff(σ) =

∫
d3x(−Nσ2/(2g0))− iNTr ln ∆. (23)

‚ ÔÉµ³ ¢Ò· ¦¥´¨¨ ∆ = i∂̂−eÂ+σ. �·¥¤¶µ²µ¦¨³ É¥¶¥·Ó, ÎÉµ ¶µ²¥ σ ´¥ § ¢¨-
¸¨É µÉ ÉµÎ¥± ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨. ’µ£¤  ¢ £² ¢´µ³ ¶µ·Ö¤±¥ 1/N -· §²µ¦¥´¨Ö
ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ³µ¤¥²¨ ¢µ ¢´¥Ï´¥³ ³ £´¨É´µ³ ¶µ²¥ ¨³¥¥É ¢¨¤

Veff ≡ VH(σ) = −Leff(σ),

Éµ ¥¸ÉÓ

VH(σ) =
Nσ2

2g0
+
iN

v
Tr ln ∆, (24)

£¤¥ v =
∫
d3x. ‚ · ¡µÉ¥ [27] ¶µ± § ´µ, ÎÉµ ËÊ´±Í¨Ö (24) ¸¨³³¥É·¨Î´  µÉ-

´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨Ö σ → −σ, ¶µÔÉµ³Ê ¤µ¸É ÉµÎ´µ · ¸¸³µÉ·¥ÉÓ ¥£µ
¸¢µ°¸É¢  ¶·¨ σ ≥ 0.

�¡· É¨³¸Ö ¸´ Î ²  ± ¶·¨Î¨´´µ° ËÊ´±Í¨¨ ƒ·¨´  µ¶¥· Éµ·  ∆, ±µÉµ·ÊÕ
³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³ [29]:

∆−1
αβ(x, t;x′, t′) = −iΘ(t− t′)

∑
{n}

ψ
(+)
{n}α(x, t) ψ̄

(+)
{n}β(x′, t′)+

+iΘ(t′ − t)
∑
{n}

ψ
(−)
{n}α(x, t) ψ̄

(−)
{n}β(x′, t′). (25)
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‡¤¥¸Ó {n} = (i, n, k), £¤¥ i = 1, 2; n = 0, 1, 2, ...; k Ä ¢¥Ð¥¸É¢¥´´µ¥ Î¨¸²µ:

−∞ < k < ∞. Š·µ³¥ Éµ£µ, ψ(±)
{n} Ä ÔÉµ ¶µ²µ¦¨É¥²Ó´µ- ¨ µÉ·¨Í É¥²Ó´µ-

Î ¸ÉµÉ´Ò¥ µ·Éµ´µ·³¨·µ¢ ´´Ò¥ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö „¨· ±  ∆ψ = 0, ±µÉµ·Ò¥
¨³¥ÕÉ ¢¨¤ (T Ä ¸¨³¢µ² É· ´¸¶µ´¨·µ¢ ´¨Ö):

ψ
(±)T
1nk (x, t) =

= exp (∓iεnt+ ikx2)

(√
εn ∓ σ

4πεn
hn,k(x1),±

√
εn ± σ

4πεn
hn−1,k(x1), 0, 0

)
,

ψ
(±)T
2nk (x, t) = (26)

= exp (∓iεnt+ ikx2)

(
0, 0,

√
εn ± σ

4πεn
hn,k(x1),±

√
εn ∓ σ

4πεn
hn−1,k(x1)

)
,

£¤¥

hn,k(x1) =
(eH)1/4

(2nn!
√
π)1/2

exp (−ξ2/2)Hn(ξ), (27)

Hn(ξ) Ä ¶µ²¨´µ³Ò �·³¨É , εn =
√
σ2 + 2eHn, ξ =

√
eH(x1 − k/(eH)).

”Ê´±Í¨¨ (27) Ê¤µ¢²¥É¢µ·ÖÕÉ Ê¸²µ¢¨Ö³∫
dx1 h

2
n,k(x1) =

1

eH

∫
dk h2

n,k(x1) = 1. (28)

Š·µ³¥ Éµ£µ, ¢ Ëµ·³Ê² Ì (26) ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ h−1,k(x1) ≡ 0.
’¥¶¥·Ó ³Ò ¨³¥¥³ ³ É¥·¨ ², ´¥µ¡Ìµ¤¨³Ò° ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¢¥²¨Î¨´Ò

∂

∂σ
VH(σ) =

Nσ

g0
+
iN

v
Tr (∆−1). (29)

„²Ö ÔÉµ£µ ¸´ Î ²  ´Ê¦´µ ¨§¡ ¢¨ÉÓ¸Ö µÉ Θ-ËÊ´±Í¨° ¢ (25) ¶µ ¶· ¢¨²Ê

∓Θ(±t) exp (∓iεnt)f(εn) =

∫
dω

2πi

f(±ω) exp (−iωt)

ω ∓ (εn − io)
. (30)

�µ¤¸É ¢²ÖÖ § É¥³ ¶µ²ÊÎ¥´´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ËÊ´±Í¨¨ ƒ·¨´  ¢ (29), ¨³¥¥³

∂

∂σ
VH(σ) =

Nσ

g0
−
iNσ

2π2v

∫
d3x

∫
dω

∫
dk

∞∑
n=0

h2
n−1,k(x1) + h2

n,k(x1)

ω2 − ε2
n + io

.

‡¤¥¸Ó ³µ¦´µ ¶·µ¨´É¥£·¨·µ¢ ÉÓ ¶µ ¶¥·¥³¥´´µ° k (¸³. (28)):

∂

∂σ
VH(σ) =

Nσ

g0
−
iNσeH

2π2

∫
dω

∞∑
n=0

sn

ω2 − ε2
n + io

, (31)
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£¤¥ sn = 2 − δ0n. �¥·¥°¤¥³ ¢ ¢Ò· ¦¥´¨¨ (31) ± e¢±²¨¤µ¢µ° ³¥É·¨±¥, É.¥.
¸¤¥² ¥³ § ³¥´Ê ω → iω ¨ ¢µ¸¶µ²Ó§Ê¥³¸Ö α-¶·¥¤¸É ¢²¥´¨¥³ [28]. �µ¸²¥ ¨´É¥-
£·¨·µ¢ ´¨Ö ¶µ α ¨ ¸Ê³³¨·µ¢ ´¨Ö ¶µ n ¶µ²ÊÎ¨³:

∂

∂σ
VH(σ) =

Nσ

g0
−
NσeH

2π3/2

∫ ∞
0

dα
√
α

exp (−ασ2) cth (eHα). (32)

ˆ´É¥£·¨·ÊÖ µ¡¥ Î ¸É¨ ÔÉµ£µ · ¢¥´¸É¢  ¶µ σ ¢ ¶·¥¤¥² Ì µÉ σ ¤µ ∞ ¨ µ¶Ê¸± Ö
´¥¸ÊÐ¥¸É¢¥´´Ò¥, ´¥ § ¢¨¸ÖÐ¨¥ µÉ σ ±µ´¸É ´ÉÒ, ´ °¤¥³

VH(σ) =
Nσ2

2g0
+
NeH

4π3/2

∫ ∞
0

dα

α3/2
exp (−ασ2) cth (eHα). (33)

‚ ÔÉµ³ ¢Ò· ¦¥´¨¨ ¨´É¥£· ² · ¸Ìµ¤¨É¸Ö ´  ´¨¦´¥³ ¶·¥¤¥²¥. ‘¤¥² ¢ Éµ¦¤¥-
¸É¢¥´´Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö ¢ (33), ³µ¦´µ ²µ± ²¨§µ¢ ÉÓ ÔÉÊ · ¸Ìµ¤¨³µ¸ÉÓ ¢
ÔËË¥±É¨¢´µ³ ¶µÉ¥´Í¨ ²¥ ¶·¨ H = 0:

VH(σ) = V0(σ) +
NeH

4π3/2

∫ ∞
0

dα

α3/2
exp (−ασ2)

[
cth (eHα)−

1

eHα

]
. (34)

‡¤¥¸Ó

V0(σ) ≡
Nσ2

2g0
+

N

4π3/2

∫ ∞
0

dα

α5/2
exp (−ασ2) =

σ2

2g
+
σ3

3π
. (35)

�É³¥É¨³, ÎÉµ Ëµ·³Ê²Ê (34) ¤²Ö VH(σ) ³µ¦´µ ¢Ò¢¥¸É¨, ¨¸¶µ²Ó§ÊÖ ³¥Éµ¤ ¸µ¡-
¸É¢¥´´µ£µ ¢·¥³¥´¨ ˜¢¨´£¥·  [30].

�ËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² (34) ³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´ ¨ ¢ ¡µ²¥¥ ±µ³¶ ±É´µ³
¢¨¤¥ [32]:

VH(σ) =
Nσ2

2g
+
NeHσ

2π
−
N(2eH)3/2

2π
ζ

(
−

1

2
,
σ2

2eH

)
, (36)

£¤¥ ζ(s, v) Ä µ¡µ¡Ð¥´´ Ö ζ-ËÊ´±Í¨Ö �¨³ ´  [33],   Ê· ¢´¥´¨¥ ¸É Í¨µ´ ·´µ¸É¨
¤²Ö ´¥£µ ¥¸ÉÓ:

∂VH(σ)

∂σ
=
Nσ

g
+
NeH

2π
−
Nσ
√

2eH

2π
ζ

(
1

2
,
σ2

2eH

)
= 0. (37)

�·¨ σ → 0 ¤²Ö ζ-ËÊ´±Í¨¨ ¨§¢¥¸É´µ ¸²¥¤ÊÕÐ¥¥ · §²µ¦¥´¨¥ [34]:

ζ

(
1

2
,
σ2

2eH

)
=

√
2eH

σ
+ const + o(σ/

√
2eH). (38)

�µ¤¸É ¢²ÖÖ ¥£µ ¢ (37), ²¥£±µ ¢¨¤¥ÉÓ, ÎÉµ Ê· ¢´¥´¨¥ ¸É Í¨µ´ ·´µ¸É¨ ´¥ ¨³¥¥É
·¥Ï¥´¨Ö σ = 0 ¶·¨ H 6= 0. ’ ±¨³ µ¡· §µ³, ¢µ ¢´¥Ï´¥³ ³ £´¨É´µ³ ¶µ²¥
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µ¡Ö§ É¥²Ó´µ ¸¶µ´É ´´µ ´ ·ÊÏ¥´Ò ± ±  ·µ³ Éµ¸¨³³¥É·¨Ö (3), É ± ¨ ±¨· ²Ó-
´ Ö (4) ¸¨³³¥É·¨Ö É·¥Ì³¥·´µ° ³µ¤¥²¨ ƒ·µ¸¸ Ä�¥¢Ó¥ ´¥§ ¢¨¸¨³µ µÉ §´ ± 
±µ´¸É ´ÉÒ ¸¢Ö§¨ g, ¶·¨ ¸±µ²Ó Ê£µ¤´µ ³ ²µ³ §´ Î¥´¨¨ H . �Éµ Ö¢²¥´¨¥ ´ -
§Ò¢ ¥É¸Ö ÔËË¥±Éµ³ ± É ²¨§ Í¨¨ ¸¶µ´É ´´µ£µ ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨ ¢´¥Ï´¨³
³ £´¨É´Ò³ ¶µ²¥³.

‚ · ¡µÉ Ì [22,27] ¶µ± § ´µ, ÎÉµ (37) ¨³¥¥É ¥¤¨´¸É¢¥´´µ¥ ·¥Ï¥´¨¥ σ0(H),
¸¢µ°¸É¢  ±µÉµ·µ£µ ¸ÊÐ¥¸É¢¥´´Ò³ µ¡· §µ³ § ¢¨¸ÖÉ µÉ H, g. �·¥¤¶µ²µ¦¨³, ÎÉµ
g > 0,   ¢´¥Ï´¥¥ ¶µ²¥ ¸² ¡µ¥, É.¥. eHg2 << 1. �µ¤¸É ¢²ÖÖ (38) ¢ (37), ¢ ÔÉµ³
¸²ÊÎ ¥ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ

σ0(H) = egH/(2π) + .... (39)

(�µ²¥¥ ¶µ¤·µ¡´µ¥ µ¡µ¸´µ¢ ´¨¥ ÔÉµ°  ¸¨³¶ÉµÉ¨±¨ Ë¥·³¨µ´´µ° ³ ¸¸Ò ¨§²µ-
¦¥´µ ¢ [27].)

…¸²¨ g < 0, Éµ σ0(H)→ M ¶·¨ H → 0, ¶µÔÉµ³Ê §¤¥¸Ó ´Ê¦´µ ¨¸¶µ²Ó§µ-
¢ ÉÓ ¸²¥¤ÊÕÐ¥¥ · §²µ¦¥´¨¥ [33] (x ≡ 2eH/(σ2)):

ζ

(
1

2
,

1

x

)
= −2x−1/2+

1

2
x1/2+

1
√
π

m∑
n=1

B2n
Γ(2n− 1/2)

(2n)!
x2n−1/2+O(x2m+3/2).

(40)
‡¤¥¸Ó B2n Å Î¨¸²  �¥·´Ê²²¨: B2 = 1/6, ... ‘ ¶µ³µÐÓÕ (40) ¨§ (37) ¢ ÔÉµ³
¸²ÊÎ ¥ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ

σ0(H) = M{1 + (eH)2/(12M4) + o((eH)2/M4)}. (41)

� ¸¸³µÉ·¨³ É¥¶¥·Ó µ¡² ¸ÉÓ ¡µ²ÓÏ¨Ì §´ Î¥´¨° ¢´¥Ï´¥£µ ³ £´¨É´µ£µ ¶µ²Ö.
�¸´µ¢Ò¢ Ö¸Ó ´  · ¡µÉ Ì [27,35], ³µ¦´µ ¶µ± § ÉÓ, ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥

σ0(H) ≈ 0, 45
√
eH. (42)

1.3. ‘²ÊÎ °H,T 6= 0. ˆ¸¸²¥¤Ê¥³ É¥¶¥·Ó ¸µ¢³¥¸É´µ¥ ¢²¨Ö´¨¥ É¥³¶¥· ÉÊ·Ò
¨ ¢´¥Ï´¥£µ ¶µ¸ÉµÖ´´µ£µ ³ £´¨É´µ£µ ¶µ²Ö ´  Ë §µ¢ÊÕ ¸É·Ê±ÉÊ·Ê É·¥Ì³¥·´µ°
³µ¤¥²¨ ƒ�. „²Ö ¶µ²ÊÎ¥´¨Ö ÔËË¥±É¨¢´µ£µ ¶µÉ¥´Í¨ ²  ¢ ÔÉµ³ ¸²ÊÎ ¥ ¤µ¸É -
ÉµÎ´µ ¢ Ëµ·³Ê²¥ (31) ¸¤¥² ÉÓ e¢±²¨¤µ¢ · §¢µ·µÉ ω → ip0,   ¶µÉµ³ ¶·¨³¥´¨ÉÓ
µ¶¥· Í¨Õ (14). �µ¸²¥ ´¥¸²µ¦´ÒÌ ¶·¥µ¡· §µ¢ ´¨° ¶·¨Ìµ¤¨³ ± ¸²¥¤ÊÕÐ¥³Ê
¢Ò· ¦¥´¨Õ ¤²Ö VHT (σ):

VHT (σ) =
Nσ2

2g0
+
NeHT

2π

∑
n

∫ ∞
0

dα

α
exp (−ασ2−α(2n+1)2π2T 2) cth (eHα).

(43)
� §µ¡Ó¥³ (43) ´  ¤¢  ¸² £ ¥³ÒÌ:

VHT (σ) ≡ VT (σ) + ṼTH(σ), (44)
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£¤¥

VT (σ) =
Nσ2

2g0
+
NT

2π

∑
n

∫ ∞
0

dα

α2
exp (−ασ2 − α(2n+ 1)2π2T 2),

ṼHT (σ) =
NT

2π

∑
n

∫ ∞
0

dα

α2
exp (−ασ2−α(2n+1)2π2T 2) [eHα cth (eHα)−1].

(45)
ˆ¸¸²¥¤Ê¥³ É¥¶¥·Ó ËÊ´±Í¨Õ (44) ´   ¡¸µ²ÕÉ´Ò° ³¨´¨³Ê³. “· ¢´¥´¨¥ ¸É -

Í¨µ´ ·´µ¸É¨ ¤²Ö ´¥¥ ¨³¥¥É ¢¨¤

∂VTH(σ)/∂σ = Nσ[fT (σ)− F (σ)] = 0, (46)

£¤¥ fT (σ) ¸µ¢¶ ¤ ¥É ¸ fTµ(σ) (18) ¶·¨ µ = 0,   NF (σ) = ∂ṼHT (σ)/∂σ:

F (σ) =
T

π

∑
n

∫ ∞
0

dα

α
exp (−ασ2 − α(2n+ 1)2π2T 2) [eHα cth (eHα)− 1].

(47)
ˆ§ Ëµ·³Ê²Ò (47) µÎ¥¢¨¤´µ, ÎÉµ F (σ) > 0 ¶·¨ σ ≥ 0. Š·µ³¥ Éµ£µ, F ′(σ) < 0,
É.¥. F (σ) Ä ³µ´µÉµ´´µ Ê¡Ò¢ ÕÐ Ö ËÊ´±Í¨Ö ´  ¶µ²Êµ¸¨ σ ≥ 0. ‚ ¶·¨²µ¦¥´¨¨
B ¶µ± § ´µ, ÎÉµ F (0) = const < ∞. ’ ³ ¦¥ ¶µ²ÊÎ¥´Ò ¢¥·Ì´ÖÖ ¨ ´¨¦´ÖÖ
µÍ¥´±¨ ´  ¢¥²¨Î¨´Ê F (0), µÉ±Ê¤  Ö¸´µ, ÎÉµ F (0)→∞ ¶·¨ T → 0 ¨ F (0)→ 0
¶·¨ T →∞. ˆ§ (46) ¢¨¤´µ, ÎÉµ ¤²Ö ²Õ¡ÒÌ §´ Î¥´¨° É¥³¶¥· ÉÊ·Ò, ´¥ · ¢´µ°
´Ê²Õ, ¢¸¥£¤  ¸ÊÐ¥¸É¢Ê¥É ·¥Ï¥´¨¥ σ = 0 ÔÉµ£µ Ê· ¢´¥´¨Ö. ‚ § ¢¨¸¨³µ¸É¨ µÉ
¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê fT (0) ¨ F (0) Ê· ¢´¥´¨¥ ¸É Í¨µ´ ·´µ¸É¨ ³µ¦¥É ¨³¥ÉÓ ¨²¨
´¥ ¨³¥ÉÓ ´¥´Ê²¥¢ÒÌ ·¥Ï¥´¨°, ±µÉµ·Ò¥, µÎ¥¢¨¤´µ, Ê¤µ¢²¥É¢µ·ÖÕÉ Ê· ¢´¥´¨Õ

fT (σ) = F (σ). (48)

’ ±, ¶·¨ ¤µ¸É ÉµÎ´µ ³ ²ÒÌ T , ±µ£¤  fT (0) < F (0), Ê· ¢´¥´¨¥ (48) ¨³¥¥É
¥¤¨´¸É¢¥´´µ¥ ·¥Ï¥´¨¥ σ0 6= 0 (¥¤¨´¸É¢¥´´µ¸ÉÓ ¸²¥¤Ê¥É ¨§ Éµ£µ, ÎÉµ fT (σ)
Ä ³µ´µÉµ´´µ ¢µ§· ¸É ÕÐ Ö,   F (σ) Ä ³µ´µÉµ´´µ Ê¡Ò¢ ÕÐ Ö ËÊ´±Í¨¨). �·¨
ÔÉµ³ µÎ¥¢¨¤´µ, ÎÉµ fT (σ) < F (σ), ¥¸²¨ 0 < σ < σ0. �µÔÉµ³Ê ¨§ (46)
¸²¥¤Ê¥É, ÎÉµ V ′HT < 0 ¶·¨ 0 < σ < σ0. ’ ±¨³ µ¡· §µ³, ´  ¨´É¥·¢ ²¥ (0, σ0)
¶µÉ¥´Í¨ ² VHT (σ) Ö¢²Ö¥É¸Ö ³µ´µÉµ´´µ Ê¡Ò¢ ÕÐ¥° ËÊ´±Í¨¥°, É.¥. VHT (0) >
VHT (σ0), ¨ ¥£µ £²µ¡ ²Ó´Ò° ³¨´¨³Ê³ ´ Ìµ¤¨É¸Ö ¢ ÉµÎ±¥ σ0. ‘²¥¤µ¢ É¥²Ó´µ,
¢ ÔÉµ³ ¸²ÊÎ ¥ ¤¨¸±·¥É´Ò¥ ¸¨³³¥É·¨¨ (3)Ä(4) ³µ¤¥²¨ ¸¶µ´É ´´µ ´ ·ÊÏ¥´Ò,  
Ë¥·³¨µ´Ò ¶·¨µ¡·¥É ÕÉ ´¥´Ê²¥¢ÊÕ ³ ¸¸Ê σ0.

�·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì T , ±µ£¤  fT (0) > F (0), Ê· ¢´¥´¨¥ (48) ´¥ ¨³¥¥É
·¥Ï¥´¨°, µ¶ÖÉÓ ¦¥ ¨§-§  Éµ£µ, ÎÉµ fT (σ) Ä ³µ´µÉµ´´µ ¢µ§· ¸É ÕÐ Ö,   F (σ) Ä
³µ´µÉµ´´µ Ê¡Ò¢ ÕÐ Ö ËÊ´±Í¨¨. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¢ ±ÊÊ³ ³µ¤¥²¨ ¸¨³³¥É·¨Î¥´,
  Ë¥·³¨µ´Ò ¡¥§³ ¸¸µ¢Ò. ’ ±¨³ µ¡· §µ³, ³Ò ¢¨¤¨³, ÎÉµ ¢ ¶²µ¸±µ¸É¨ (T,H)
· ¢¥´¸É¢µ

fT (0) = F (0) (49)



„ˆ��Œˆ—…‘Šˆ… �””…Š’› ‚ (2+1)-Œ…��›• ’…��ˆŸ• 1273

µ¶·¥¤¥²Ö¥É ±·¨É¨Î¥¸±ÊÕ ±·¨¢ÊÕ lc. �´  µÉ¤¥²Ö¥É µ¡² ¸ÉÓ ¶ · ³¥É·µ¢ (T,H),
¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸¨³³¥É·¨Î´µ³Ê ¢ ±ÊÊ³Ê, µÉ µ¡² ¸É¨, £¤¥ ¤¨¸±·¥É´Ò¥ ¸¨³³¥-
É·¨¨ (3)Ä(4) ¸¶µ´É ´´µ ´ ·ÊÏ¥´Ò. …¸²¨ ¶·¨ ¨§³¥´¥´¨¨ T ¨ H ³Ò ¶¥·¥¸¥± ¥³
±·¨É¨Î¥¸±ÊÕ ±·¨¢ÊÕ, Éµ ¢ ³µ¤¥²¨ ¶·µ¨¸Ìµ¤¨É Ë §µ¢Ò° ¶¥·¥Ìµ¤ ¢Éµ·µ£µ ·µ¤ .
�Éµ ²¥£±µ ¶µ´ÖÉÓ, ¥¸²¨ ÊÎ¥¸ÉÓ, ÎÉµ ¶·¨ fT (0)→ F (0) ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö ¸É -
Í¨µ´ ·´µ¸É¨ σ0 ¸É·¥³¨É¸Ö ± ´Ê²Õ. ‡´ Î¨É, ÔËË¥±É¨¢´ Ö ³ ¸¸  Ë¥·³¨µ´  ´ 
lc Ä ´¥¶·¥·Ò¢´ Ö ËÊ´±Í¨Ö ¶ · ³¥É·µ¢ T,H , ÎÉµ Ö¢²Ö¥É¸Ö ´¥µ¡Ìµ¤¨³Ò³ ¨
¤µ¸É ÉµÎ´Ò³ Ê¸²µ¢¨¥³ Ë §µ¢µ£µ ¶¥·¥Ìµ¤  ¢Éµ·µ£µ ·µ¤ .

ˆ¸¸²¥¤Ê¥³ ¡µ²¥¥ ¶µ¤·µ¡´µ ¸¢µ°¸É¢  ±·¨É¨Î¥¸±µ° ±·¨¢µ°. � ¢¥´¸É¢µ (49)
µ¶·¥¤¥²Ö¥É É¥³¶¥· ÉÊ·Ê ± ± ´¥±µÉµ·ÊÕ ËÊ´±Í¨Õ ¢´¥Ï´¥£µ ³ £´¨É´µ£µ ¶µ²Ö.
’ ±¨³ µ¡· §µ³, ¢ ¶²µ¸±µ¸É¨ (T,H) ±·¨É¨Î¥¸± Ö ±·¨¢ Ö ³µ¦¥É ¡ÒÉÓ § ¤ ´  ¢
¢¨¤¥

lc = {(H,T ) : T = Tc(H)}. (50)

”Ê´±Í¨Õ Tc(H) ´ §µ¢¥³ ±·¨É¨Î¥¸±µ° É¥³¶¥· ÉÊ·µ°. �Í¥´¨³ ¥¥ ¶µ¢¥¤¥´¨¥
¶·¨ ¡µ²ÓÏ¨Ì ¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ H .

�·¥¤¶µ²µ¦¨³, ÎÉµ g > 0. �² £µ¤ ·Ö µÍ¥´± ³ ´  ¢¥²¨Î¨´Ê F (0), ¶µ-
²ÊÎ¥´´Ò³ ¢ ¶·¨²µ¦¥´¨¨ B, ±·¨É¨Î¥¸± Ö É¥³¶¥· ÉÊ·  ¤µ²¦´  Ê¤µ¢²¥É¢µ·ÖÉÓ
¸²¥¤ÊÕÐ¨³ ´¥· ¢¥´¸É¢ ³:

Φ1(Tc(H), H) > fT (0) = F (0) > Φ2(Tc(H), H), (51)

£¤¥ Φ1 ¨ Φ2 Ö¢²ÖÕÉ¸Ö ¢¥·Ì´¥° (B.3) ¨ ´¨¦´¥° (B.5) µÍ¥´± ³¨ ¢¥²¨Î¨´Ò F (0)
¸µµÉ¢¥É¸É¢¥´´µ. �µ¤¸É ¢²ÖÖ ¸Õ¤  ¢³¥¸Éµ fT (0) ¢Ò· ¦¥´¨¥ (18) ¶·¨ µ = 0 ¨
·¥Ï Ö ¶µ²ÊÎ¥´´µ¥ ´¥· ¢¥´¸É¢µ ¶·¨ H →∞, ´ Ìµ¤¨³

C1

√
eH < Tc(H) < C2

√
eH, (52)

£¤¥ C1,2 Ä ´¥±µÉµ·Ò¥ ¨§¢¥¸É´Ò¥ ±µ´¸É ´ÉÒ (ÎÉµ¡Ò ´¥ § £·µ³µ¦¤ ÉÓ É¥±¸É
´¥¸ÊÐ¥¸É¢¥´´Ò³¨ ¤µ¶µ²´¨É¥²Ó´Ò³¨ Ëµ·³Ê² ³¨, ³Ò ´¥ ¶·¨¢µ¤¨³ §¤¥¸Ó C1,2

¢ Ö¢´µ³ ¢¨¤¥). ˆ§ (52) ¸²¥¤Ê¥É, ÎÉµ ¶·¨ H →∞

Tc(H) ∼ C3

√
eH, (53)

  C3 ¤²Ö ´ ¸ Ê¦¥ ´¥¨§¢¥¸É´ Ö ±µ´¸É ´É . �¥Ï Ö (51) ¢ µ¡² ¸É¨ ³ ²ÒÌ §´ Î¥´¨°
H , ³µ¦´µ ¶µ²ÊÎ¨ÉÓ

C4geH < Tc(H) < C5geH. (54)

�É¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ ¶·¨ H → 0

Tc(H) ∼ C6geH. (55)

‚ ¶µ¸²¥¤´¨Ì Ëµ·³Ê² Ì C4,5 Ä ¨§¢¥¸É´Ò¥,   C6 Ä ´¥¨§¢¥¸É´ Ö ±µ´¸É ´ÉÒ.
” §µ¢Ò° ¶µ·É·¥É ³µ¤¥²¨ ¶·¨ g > 0 ¨§µ¡· ¦¥´ ´  ·¨¸.2.
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�¨¸. 2. ” §µ¢Ò° ¶µ·É·¥É ³µ-
¤¥²¨ ƒ·µ¸¸  Ä �¥¢Ó¥ ¶·¨ g > 0
¢ ¶¥·¥³¥´´ÒÌ T,H

ˆ¸¸²¥¤Ê¥³ É¥¶¥·Ó ±·¨É¨Î¥¸±ÊÕ É¥³¶¥· -
ÉÊ·Ê ¶·¨ µÉ·¨Í É¥²Ó´ÒÌ g. ‡¤¥¸Ó ¶·¨ H → ∞
Tc(H) ¶·µ¶µ·Í¨µ´ ²Ó´ 

√
eH ¸ ´¥¨§¢¥¸É´Ò³

±µÔËË¨Í¨¥´Éµ³ ¶·µ¶µ·Í¨µ´ ²Ó´µ¸É¨ (· ¸¸³µ-
É·¥´¨¥  ´ ²µ£¨Î´µ ¸²ÊÎ Õ g > 0). ‚ µ¡² ¸É¨
H → 0 ¶µ²ÊÎ¨³  ¸¨³¶ÉµÉ¨±Ê ËÊ´±Í¨¨ F (σ)
[22]:

F (σ) = −
(eH)2

12πσ

∂

∂σ

[
1

σ
th

σ

2T

]
+ o((eH)2).

(56)
�É¸Õ¤  ´ °¤¥³ ¢¥²¨Î¨´Ê F (0) ¨ ¶µ¤¸É ¢¨³ ¥¥
¢ Ê· ¢´¥´¨¥ (49), ·¥Ï¥´¨¥ ±µÉµ·µ£µ ¶·¨ ³ ²µ³
¶ · ³¥É·¥ eH ¨³¥¥É ¢¨¤

Tc(H) = Tc + (eH)2/ [T 3
c 288 ln 2] + o(eH)2), (57)

£¤¥ Tc = M/(2 ln 2) Ä ±·¨É¨Î¥¸± Ö É¥³¶¥· ÉÊ·  ¶·¨ H = 0 (¸³. ¶.1.1).
�¥§Ê²ÓÉ ÉÒ ¶·µ¢¥¤¥´´µ£µ  ´ ²¨§  ¤ ´Ò ´  ·¨¸.3, £¤¥ ¶·¥¤¸É ¢²¥´ Ë §µ¢Ò°
¶µ·É·¥É É·¥Ì³¥·´µ° ³µ¤¥²¨ ƒ� ¶·¨ g < 0.

�¨¸. 3. ” §µ¢Ò° ¶µ·É·¥É ³µ¤¥²¨
ƒ·µ¸¸  Ä �¥¢Ó¥ ¶·¨ g < 0 ¢ ¶¥-
·¥³¥´´ÒÌ T,H

1.4. ‘²ÊÎ ° H,µ 6= 0. Š ± ¨ ¢ ¶·¥¤Ò¤Ê-
Ð¨Ì ¸²ÊÎ ÖÌ, Ë §µ¢ Ö ¸É·Ê±ÉÊ·  ³µ¤¥²¨ ƒ·µ¸¸ 
Ä �¥¢Ó¥ ¢µ ¢´¥Ï´¥³ ¶µ¸ÉµÖ´´µ³ ³ £´¨É´µ³
¶µ²¥ ¨ ¸ ´¥´Ê²¥¢Ò³ Ì¨³¨Î¥¸±¨³ ¶µÉ¥´Í¨ ²µ³
µ¶·¥¤¥²Ö¥É¸Ö ¸ ¶µ³µÐÓÕ ÔËË¥±É¨¢´µ£µ ¶µÉ¥´-
Í¨ ² . —Éµ¡Ò ¥£µ ¶µ²ÊÎ¨ÉÓ, ³µ¦´µ ¸É ·Éµ¢ ÉÓ
¨§ ¢Ò· ¦¥´¨Ö (31). �·¥¤¶µ² £ Ö ´  ¢·¥³Ö, ÎÉµ
¢³¥¸É¥ ¸ H,µ µÉ²¨Î´  µÉ ´Ê²Ö ¨ É¥³¶¥· ÉÊ· ,
´¥µ¡Ìµ¤¨³µ É ³ ¸¤¥² ÉÓ e¢±²¨¤µ¢ · §¢µ·µÉ ¨
¨´É¥£·¨·µ¢ ´¨¥ ¶µ ω § ³¥´¨ÉÓ ´  ¸Ê³³¨·µ-
¢ ´¨¥ ¶µ ³ ÍÊ¡ ·µ¢¸±¨³ Î ¸ÉµÉ ³ (¸³. (14)).
„ ²¥¥ ³Ò ´¥³´µ£µ ¨§³¥´¨³ É ±É¨±Ê ¨, ¢³¥-
¸Éµ Éµ£µ, ÎÉµ¡Ò ¸Ê³³¨·µ¢ ÉÓ ¶µ ¸µ¡¸É¢¥´´Ò³
§´ Î¥´¨Ö³ µ¶¥· Éµ·  „¨· ±  (¨¤Ö É ±¨³ ¶Ê-
É¥³, ³Ò ¶µ¸Î¨É ²¨ ÔËË¥±É¨¢´Ò¥ ¶µÉ¥´Í¨ ²Ò

¢ ¤¢ÊÌ ¶·¥¤Ò¤ÊÐ¨Ì ¸²ÊÎ ÖÌ), ¶·µ¸Ê³³¨·Ê¥³ ¢ ¶µ²ÊÎ¥´´µ³ ¢Ò· ¦¥´¨¨ ¶µ ³ -
ÍÊ¡ ·µ¢¸±¨³ Î ¸ÉµÉ ³:

∂

N∂σ
VHµT (σ) =

{
σ

g0
−
eHσ

2π

∑
n

sn

εn

}
+

+
eHσ

2π

∑
n

sn

εn

[[
1 + e−β(εn+µ)

]−1

+
[
1 + e−β(εn−µ)

]−1
]
. (58)
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‡¤¥¸Ó εn =
√
σ2 + 2eHn, sn = 2 − δ0n. �¥É·Ê¤´µ ¢¨¤¥ÉÓ, ÎÉµ ¢Ò· ¦¥´¨¥

¢ Ë¨£Ê·´ÒÌ ¸±µ¡± Ì ¢ (58) ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ³´µ¦¨É¥²Ö N ¥¸ÉÓ ´¥ ÎÉµ ¨´µ¥,
± ± ¶· ¢ Ö Î ¸ÉÓ ¢ (31). ‘²¥¤µ¢ É¥²Ó´µ, ¶µ¸²¥ ¨´É¥£·¨·µ¢ ´¨Ö µ¡¥¨Ì Î ¸É¥°
· ¢¥´¸É¢  (58) ¢ ¶·¥¤¥² Ì µÉ σ ¤µ ∞ ¶µ²ÊÎ ¥³ ¸¶¥±É· ²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥
¤²Ö ÔËË¥±É¨¢´µ£µ ¶µÉ¥´Í¨ ²  ¶·¨ H,T, µ 6= 0:

VHµT (σ)=VH(σ)−
NTeH

2π

∞∑
n=0

snln
{[

1 + e−β(εn+µ)
][

1 + e−β(εn−µ)
]}

,

(59)
£¤¥ ËÊ´±Í¨Ö VH(σ) ¤ ´  ¢ (34) ¨²¨ (36). � ±µ´¥Í, ¶µ¸²¥ ¶¥·¥Ìµ¤  ¢ (59) ±
¶·¥¤¥²Ê β →∞, ¶µ²ÊÎ ¥³ ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ¶·¨ H,µ 6= 0, T = 0:

VHµ(σ) = VH(σ)−
eHN

2π

∞∑
n=0

snΘ(µ− εn)(µ− εn), (60)

Ê· ¢´¥´¨¥ ¸É Í¨µ´ ·´µ¸É¨ ¤²Ö ±µÉµ·µ£µ ¨³¥¥É ¢¨¤

0 =
σ

g
+
eH

2π
−
σ
√

2eH

2π
ζ

(
1

2
,
σ2

2eH

)
+
eH

2π

∞∑
n=0

snΘ(µ− εn)
σ

εn
. (61)

ˆ¸¸²¥¤Ê¥³ ¸´ Î ²  ´   ¡¸µ²ÕÉ´Ò° ³¨´¨³Ê³ ËÊ´±Í¨Õ (60) ¶·¨ g > 0.
‚ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ¶µ± ¦¥³, ÎÉµ ¶·¨ µ > σ0(H), £¤¥ σ0(H) Ä ¥¤¨´¸É¢¥´´µ¥
·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö ¸É Í¨µ´ ·´µ¸É¨ (37) ¢ ¸²ÊÎ ¥ µ = 0, H 6= 0, ¢ É¥µ·¨¨
·¥ ²¨§Ê¥É¸Ö ¸¨³³¥É·¨Î´ Ö Ë § . „²Ö ÔÉµ£µ · §µ¡Ó¥³ ¶²µ¸±µ¸ÉÓ ¶ · ³¥É·µ¢
(µ,H) (¶·¨ µ,H ≥ 0) ´  µ¡² ¸É¨ Ωn:

(µ,H) =

∞⋃
n=0

Ωn; Ωn = {(µ,H) : 2eHn ≤ µ2 ≤ 2eH(n+ 1)}. (62)

�Î¥¢¨¤´µ, ÎÉµ ¢ µ¡² ¸É¨ Ω0 ¢±² ¤ ¢ Ê· ¢´¥´¨¥ (61) ¡Ê¤¥É ¤ ¢ ÉÓ Éµ²Ó±µ ¶¥·¢µ¥
¸² £ ¥³µ¥ ¶µ¤ §´ ±µ³ ¸ÉµÖÐ¥° É ³ ¸Ê³³Ò, ¢ Ω1 Ä µÉ²¨Î´Ò µÉ ´Ê²Ö ¶¥·¢µ¥ ¨
¢Éµ·µ¥ ¸² £ ¥³Ò¥ ¶µ¤ §´ ±µ³ ¸Ê³³Ò ¨ É.¤. ‚ ¤ ²Ó´¥°Ï¥³ ´ ³ ¶µ´ ¤µ¡¨É¸Ö
µÎ¥´Ó ¢ ¦´µ¥ · §²µ¦¥´¨¥ ζ-ËÊ´±Í¨¨ �¨³ ´  [34] (ϑ = σ2/(eH)):

ζ(
1

2
, ϑ) =

k∑
i=0

(ϑ+ i)−1/2 − 2
√
k + ϑ−

∞∑
i=k

fi(ϑ), (63)

£¤¥

fi(ϑ) =
1

2

∫ i+1

i

(u− i)du

(u+ ϑ)3/2
> 0. (64)

�·¥¤¶µ²µ¦¨³, ÎÉµ (µ,H) ∈ Ω0. ‘ ÊÎ¥Éµ³  ¸¨³¶ÉµÉ¨± (39) ¨ (42) µÎ¥¢¨¤´µ,
ÎÉµ ¶·¨ ¤µ¸É ÉµÎ´µ ³ ²ÒÌ ¨ ¡µ²ÓÏ¨Ì §´ Î¥´¨ÖÌ H ±·¨¢ Ö µ = σ0(H) ¶·µÌµ-
¤¨É Î¥·¥§ µ¡² ¸ÉÓ Ω0. ‘²¥¤µ¢ É¥²Ó´µ, ¢´ÊÉ·¨ Ω0 ¥¸ÉÓ ÉµÎ±¨, Ê¤µ¢²¥É¢µ·ÖÕÐ¨¥
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Ê¸²µ¢¨Õ µ > σ0(H). ‚ ÔÉµ³ ¸²ÊÎ ¥ Ê· ¢´¥´¨¥ ¸É Í¨µ´ ·´µ¸É¨ (61) ¸ ¶µ³µ-
ÐÓÕ Ëµ·³Ê²Ò (63), ¢ ±µÉµ·ÊÕ ´Ê¦´µ ¶µ¤¸É ¢¨ÉÓ k = 0, ³µ¦´µ ¶·¨¢¥¸É¨ ±
¢¨¤Ê

σ

f
+
σ2

π
+
σ
√

2eH

2π

∞∑
i=0

fi

(
σ2

2eH

)
−
eH

2π

[
1−Θ(µ− σ)

]
= 0. (65)

�Éµ Ê· ¢´¥´¨¥ ¤²Ö µ > σ ¨³¥¥É Éµ²Ó±µ µ¤´µ ·¥Ï¥´¨¥ σ1 = 0. …¸²¨ µ ≤ σ, Éµ
(65) Ëµ·³ ²Ó´µ ¸µ¢¶ ¤ ¥É ¸ (37), ÎÉµ ´¥É·Ê¤´µ ¢¨¤¥ÉÓ ¸ ¶µ³µÐÓÕ · §²µ¦¥´¨Ö
(63), ¨ ¡Ê¤¥É ¨³¥ÉÓ ·¥Ï¥´¨¥ σ0(H) Éµ²Ó±µ ¶·¨ µ < σ0(H). …¸²¨ ¦¥, ± ± ³Ò
¤µ£µ¢µ·¨²¨¸Ó ¢´ Î ²¥, µ > σ0(H), Éµ Ê· ¢´¥´¨¥ (65) ´¥ ¡Ê¤¥É ¨³¥ÉÓ ·¥Ï¥´¨°,
´ Ìµ¤ÖÐ¨Ì¸Ö ¢ µ¡² ¸É¨ µ ≤ σ. ’ ±¨³ µ¡· §µ³, ¤²Ö ÉµÎ¥± ¨§ Ω0 ¶·¨ Ê¸²µ¢¨¨
µ > σ0(H) ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² (60) ¨³¥¥É ¥¤¨´¸É¢¥´-
´ÊÕ ¸É Í¨µ´ ·´ÊÕ ÉµÎ±Ê σ1 = 0. �´ ²µ£¨Î´Ò¥ ¢Ò±² ¤±¨ ³µ¦´µ ¶·µ¢¥¸É¨
¤²Ö ²Õ¡µ° µ¡² ¸É¨ Ωn, ¶µÔÉµ³Ê ¸¶· ¢¥¤²¨¢µ ¸²¥¤ÊÕÐ¥¥ ÊÉ¢¥·¦¤¥´¨¥. ’µÎ± ³
¶²µ¸±µ¸É¨ (µ,H), ²¥¦ Ð¨³ ¢ÒÏ¥ ±·¨¢µ° µ = σ0(H), µÉ¢¥Î ¥É ÔËË¥±É¨¢´Ò°
¶µÉ¥´Í¨ ², Ê ±µÉµ·µ£µ ¢ σ1 = 0 · ¸¶µ² £ ¥É¸Ö £²µ¡ ²Ó´Ò° ³¨´¨³Ê³, É.¥. ¶·¨
µ > σ0(H) ´ Ìµ¤¨É¸Ö ¡¥§³ ¸¸µ¢ Ö, ¸¨³³¥É·¨Î´ Ö µÉ´µ¸¨É¥²Ó´µ ¤¨¸±·¥É´ÒÌ
¶·¥µ¡· §µ¢ ´¨° (3)Ä(4) Ë §  É¥µ·¨¨.

…¸²¨ µ < σ0(H), Éµ ´¥É·Ê¤´µ ¶µ± § ÉÓ, ÎÉµ Ê ¶µÉ¥´Í¨ ²  ¶µÖ¢²Ö¥É¸Ö
¥Ð¥ µ¤´  ¸É Í¨µ´ ·´ Ö ÉµÎ±  σ2 = σ0(H), ¢ ±µÉµ·µ°, ¢µµ¡Ð¥ £µ¢µ·Ö, ´ Ìµ-
¤¨É¸Ö ²µ± ²Ó´Ò° ³¨´¨³Ê³. ‘µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¥³Ê µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ³¥É -
¸É ¡¨²Ó´µ ¤µ É¥Ì ¶µ·, ¶µ±  ³Ò ´¥ ¶¥·¥¸¥Î¥³ ±·¨É¨Î¥¸±ÊÕ ±·¨¢ÊÕ µ = µc(H),
±µÉµ· Ö ´ Ìµ¤¨É¸Ö ¨§ Ê¸²µ¢¨Ö

VHµ(0) = VHµ(σ0(H)). (66)

�¨¦¥ ÔÉµ° ±·¨¢µ° £²µ¡ ²Ó´Ò° ³¨´¨³Ê³ ¶¥·¥Ìµ¤¨É ¢ ÉµÎ±Ê σ2 = σ0(H) 6=
6= 0, ¶µÔÉµ³Ê §¤¥¸Ó ¸É ¡¨²Ó´  Ë §  ¸ ³ ¸¸¨¢´Ò³¨ Ë¥·³¨µ´ ³¨ ¨ ¸¶µ´É ´´µ
´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¥° (3)Ä(4),   ¡¥§³ ¸¸µ¢ Ö Ä ³¥É ¸É ¡¨²Ó´ . ‚ ¸¨²Ê Éµ£µ,
ÎÉµ ¶ · ³¥É· ¶µ·Ö¤±  ¶·¨ ¶¥·¥¸¥Î¥´¨¨ ±·¨É¨Î¥¸±µ° ±·¨¢µ° ¸± Î±µ³ ³¥´Ö¥É
¸¢µ¥ §´ Î¥´¨¥, ¢ ³µ¤¥²¨ ¶·µ¨¸Ìµ¤¨É Ë §µ¢Ò° ¶¥·¥Ìµ¤ ¶¥·¢µ£µ ·µ¤ . �µ²¥¥
¤¥É ²Ó´Ò° ¢¨¤ Ê· ¢´¥´¨Ö ¤²Ö ±·¨É¨Î¥¸±µ° ±·¨¢µ° µ = µc(H) ³µ¦´µ ¶µ²ÊÎ¨ÉÓ
¨§ (66) ¸ ÊÎ¥Éµ³ (60):

VH(σ0(H)) = VH(0)−
eHN

2π

∞∑
n=0

snΘ(µ−
√

2eHn)(µ−
√

2eHn). (67)

ˆ§ ¢ÒÏ¥¶·¨¢¥¤¥´´ÒÌ · ¸¸Ê¦¤¥´¨° Ö¸´µ, ÎÉµ µc(H) ¤µ²¦´  ²¥¦ ÉÓ ¶µ¤ ±·¨-
¢µ° µ = σ0(H). ŒÒ, µ¤´ ±µ, Ê¦¥ µÉ³¥Î ²¨, ÎÉµ ± ± ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì,
É ± ¨ ¶·¨ ¤µ¸É ÉµÎ´µ ³ ²ÒÌ §´ Î¥´¨ÖÌ H ²¨´¨Ö µ = σ0(H) ´ Ìµ¤¨É¸Ö ¢ µ¡² -
¸É¨ Ω0. ‡´ Î¨É, ¶·¨ ÔÉ¨Ì §´ Î¥´¨ÖÌ H ¨ ±·¨É¨Î¥¸± Ö ±·¨¢ Ö ´ Ìµ¤¨É¸Ö ¢ Ω0



„ˆ��Œˆ—…‘Šˆ… �””…Š’› ‚ (2+1)-Œ…��›• ’…��ˆŸ• 1277

¨, ¸²¥¤µ¢ É¥²Ó´µ, ¢ Ê· ¢´¥´¨¨ (67) ¶µ¤ §´ ±µ³ ¸Ê³³Ò ´¥µ¡Ìµ¤¨³µ µ¸É ¢¨ÉÓ
Éµ²Ó±µ ¶¥·¢µ¥ ¸² £ ¥³µ¥. ‚ ·¥§Ê²ÓÉ É¥ ³Ò ¶µ²ÊÎ ¥³ ¢¨¤ ±·¨¢µ° µ = µc(H)
¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì ¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ H :

µc(H) =
2π

eHN
[ VH(0)− VH(σ0(H)) ]. (68)

�·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ H , ±µ£¤  σ0(H) ³ ²µ, ¨§ (68) ¸²¥¤Ê¥É

µc(H) ∼=
2π

eHN

dVH(0)

dσ
σ0(H) = σ0(H). (69)

�·¨ H →∞ ¨§ (42) ¨ (68) ¨³¥¥³

µc(H) ∼
√
eH. (70)

�·¨ µÉ·¨Í É¥²Ó´ÒÌ §´ Î¥´¨ÖÌ ±µ´¸É ´ÉÒ ¸¢Ö§¨ g ¸¨ÉÊ Í¨Ö ¡µ²¥¥ ´¥µ¶·¥-
¤¥²¥´´ Ö. „¥²µ ¢ Éµ³, ÎÉµ §¤¥¸Ó Ê· ¢´¥´¨Ö ¸É Í¨µ´ ·´µ¸É¨ ¨³¥ÕÉ ´¥±µÉµ·Ò¥
µ¸µ¡¥´´µ¸É¨, ±µÉµ·Ò¥ ¶µ§¢µ²ÖÕÉ ¶µ²ÊÎ¨ÉÓ ¸É·µ£¨¥ ·¥§Ê²ÓÉ ÉÒ ²¨ÏÓ ¶·¨ ¤µ-
¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì §´ Î¥´¨ÖÌ ³ £´¨É´µ£µ ¶µ²Ö.

�·¥¤¶µ²µ¦¨³, ÎÉµ (µ,H) ∈ Ω0 ¨ g < 0. � ¸¸³µÉ·¨³ Ê· ¢´¥´¨¥ (65).
’µ£¤  ¶·¨ µ < σ µ´µ ³µ¦¥É ¨³¥ÉÓ ·¥Ï¥´¨¥ σ0(H) (¶·¨ µ < σ0(H)) ¨²¨ ´¥
¨³¥ÉÓ ·¥Ï¥´¨° ¢µ¢¸¥ (¶·¨ µ > σ0(H)). ‚ µ¡² ¸É¨ µ > σ Ê· ¢´¥´¨¥ (65), µÎ¥-
¢¨¤´µ, ¨³¥¥É É·¨¢¨ ²Ó´µ¥ ·¥Ï¥´¨¥ σ = 0. Š·µ³¥ Éµ£µ, ¨§-§  µÉ·¨Í É¥²Ó´µ£µ
§´ Î¥´¨Ö g Ê· ¢´¥´¨¥ (65) ³µ¦¥É ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ¨³¥ÉÓ ¢ ÔÉµ° µ¡² ¸É¨ ¤·Ê£¨¥
´¥É·¨¢¨ ²Ó´Ò¥ ·¥Ï¥´¨Ö, µÉ²¨Î´Ò¥ µÉ σ0(H). ‚ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥ ¶·µÍ¥¸¸
´ Ìµ¦¤¥´¨Ö Éµ° ¸É Í¨µ´ ·´µ° ÉµÎ±¨, ¢ ±µÉµ·µ° ¶µÉ¥´Í¨ ² ¨³¥¥É £²µ¡ ²Ó´Ò°
³¨´¨³Ê³, §´ Î¨É¥²Ó´µ Ê¸²µ¦´Ö¥É¸Ö. —Éµ¡Ò ÔÉµ£µ ¨§¡¥¦ ÉÓ, ³Ò ¢Ò¤¥²¨³ §´ -
Î¥´¨Ö H , ¶·¨ ±µÉµ·ÒÌ Ê· ¢´¥´¨¥ (65) ³µ¦¥É ¨³¥ÉÓ ´¥ ¡µ²¥¥ ¤¢ÊÌ ·¥Ï¥´¨°
σ1 = 0 ¨ σ2 = σ0(H).

‘ ÔÉµ° Í¥²ÓÕ ¢ÒÎ¨¸²¨³ ¨´É¥£· ² f0(ϑ) (64) ¨ ¶·¥¤¸É ¢¨³ (65) ¢ ¢¨¤¥

σ

π

{
−M +

σ2 + eH
√
σ2 + 2eH

}
+
σ
√

2eH

2π

∞∑
i=1

fi

(
σ2

2eH

)
−
eH

2π

[
1−Θ(µ−σ)

]
= 0,

(71)
£¤¥ M = −π/g. ‚Ò· ¦¥´¨¥ ¢ Ë¨£Ê·´ÒÌ ¸±µ¡± Ì ¢ (71) ¶µ²µ¦¨É¥²Ó´µ ¤²Ö
¢¸¥Ì σ ≥ 0, ¥¸²¨

2M2 < eH. (72)

’¥¶¥·Ó, ´ ²µ¦¨¢ ´  ³ £´¨É´µ¥ ¶µ²¥ µ£· ´¨Î¥´¨¥ (72), ³Ò ³µ¦¥³ ¸¤¥² ÉÓ É¥
¦¥ ¢Ò¢µ¤Ò µ Ë §µ¢µ° ¸É·Ê±ÉÊ·¥ ³µ¤¥²¨ ¢ µ¡² ¸É¨ Ω0, ÎÉµ ¡Ò²¨ ¸¤¥² ´Ò ¤²Ö
¸²ÊÎ Ö g > 0. Œµ¦´µ ¶µ± § ÉÓ, ÎÉµ Ê· ¢´¥´¨Ö ¸É Í¨µ´ ·´µ¸É¨ ¶µÉ¥´Í¨ ² 
VHµ(σ) ¤²Ö (µ,H) ∈ Ωn (n > 0) É ±¦¥ ¨³¥ÕÉ ´¥ ¡µ²¥¥ ¤¢ÊÌ ·¥Ï¥´¨° σ =
= 0 ¨ σ0(H) ¶·¨ µ£· ´¨Î¥´¨¨ (72). ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ³µ¦´µ ÊÉ¢¥·¦¤ ÉÓ,
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ÎÉµ ¶·¨ g < 0, eH > 2M2 ¢ ¶²µ¸±µ¸É¨ (µ,H) ¸ÊÐ¥¸É¢Ê¥É ±·¨É¨Î¥¸± Ö
±·¨¢ Ö µ = µc(H), ±µÉµ· Ö § ¤ ¥É¸Ö Ê· ¢´¥´¨¥³ (67). ‚ µ¡² ¸É¨ Ω0 µ´ 
¨³¥¥É, µÎ¥¢¨¤´µ, ¢¨¤ (68), ¨ ¶µÔÉµ³Ê µc(H) ∼

√
eH ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì

H . �É¨ ¢Ò¢µ¤Ò ¶µ²ÊÎ ÕÉ¸Ö  ´ ²µ£¨Î´µ ¸²ÊÎ Õ g > 0. Š ¸µ¦ ²¥´¨Õ, µ
¶µ¢¥¤¥´¨¨ ±·¨É¨Î¥¸±µ° ±·¨¢µ° ¢ µ¡² ¸É¨ ³ ²ÒÌ H ¶·¨ g < 0 ³Ò ´¨Î¥£µ ´¥
³µ¦¥³ ¸± § ÉÓ, ±·µ³¥ Éµ£µ, ÎÉµ µc(0) = M (¸³. ¶.1.1).

1.5. �¡¸Ê¦¤¥´¨¥ ·¥§Ê²ÓÉ Éµ¢. ‡¤¥¸Ó ´  µ¸´µ¢¥ · ¡µÉ [22, 27, 37, 41] · ¸-
¸³µÉ·¥´  Ë §µ¢ Ö ¸É·Ê±ÉÊ·  É·¥Ì³¥·´µ° ³µ¤¥²¨ ƒ� ¶·¨ ´ ²¨Î¨¨ É¥³¶¥· -
ÉÊ·Ò, Ì¨³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ¨ ¢´¥Ï´¥£µ ¶µ¸ÉµÖ´´µ£µ ³ £´¨É´µ£µ ¶µ²Ö.

� ³¨ ¶µ²ÊÎ¥´µ ÉµÎ´µ¥ ¢Ò· ¦¥´¨¥ (20) ¤²Ö ±·¨É¨Î¥¸±µ° ±·¨¢µ° ÔÉµ° ³µ-
¤¥²¨ ¶·¨ T, µ 6= 0 ¢ £² ¢´µ³ ¶µ·Ö¤±¥ 1/N -· §²µ¦¥´¨Ö,   É ±¦¥ ¶µ± § ´µ,
ÎÉµ ´  ÔÉµ° Ë §µ¢µ° ¤¨ £· ³³¥ ¸ÊÐ¥¸É¢Ê¥É É·¨±·¨É¨Î¥¸± Ö ÉµÎ± . �É¨ ·¥-
§Ê²ÓÉ ÉÒ ¢¶¥·¢Ò¥ µ¶Ê¡²¨±µ¢ ´Ò ¢ [37] ¨ ¢¶µ¸²¥¤¸É¢¨¨ ¶¥·¥µÉ±·ÒÉÒ ¤·Ê£¨³¨
 ¢Éµ· ³¨ [10,38]. ‚ [10], ±·µ³¥ Éµ£µ, ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¢ D-³¥·´ÒÌ ³µ¤¥-
²ÖÌ ƒ� ¸ 2 < D < 3 É·¨±·¨É¨Î¥¸± Ö ÉµÎ±  Ê¦¥ ´¥ § ´¨³ ¥É ¶µ²µ¦¥´¨¥ ´ 
£· ´¨Í¥,   ¸³¥Ð ¥É¸Ö ¢´ÊÉ·Ó µ¡² ¸É¨ T, µ ≥ 0. �´ ²µ£¨Î´Ò° ·¥§Ê²ÓÉ É ¤²Ö
¤¢Ê³¥·´µ° ³µ¤¥²¨ ƒ� ¶µ²ÊÎ¥´ ¢ [11].

‚ · ¸¸³ É·¨¢ ¥³µ³ · §¤¥²¥ ¡Ò²µ ¶·¥¤¸É ¢²¥´µ ´µ¢µ¥ ¸¢µ°¸É¢µ ¢´¥Ï´¥£µ
³ £´¨É´µ£µ ¶µ²Ö ¸¶µ¸µ¡¸É¢µ¢ ÉÓ ¸¶µ´É ´´µ³Ê ´ ·ÊÏ¥´¨Õ · §²¨Î´ÒÌ ¸¨³³¥-
É·¨° [22, 27]. (‚ ¸µ¢·¥³¥´´µ° ²¨É¥· ÉÊ·¥ ÔÉµ Ö¢²¥´¨¥ ´µ¸¨É ´ §¢ ´¨¥ ÔË-
Ë¥±É  ± É ²¨§ Í¨¨.) ‚ É¥·³¨´ Ì ³µ¤¥²¨ ƒ·µ¸¸  Ä �¥¢Ó¥ ÔÉµ µ§´ Î ¥É, ÎÉµ
¶·¨ g > 0 ±¨· ²Ó´ Ö ¨  ·µ³ Éµ¸¨³³¥É·¨Ö (3)Ä(4) ¸¶µ´É ´´µ ´ ·ÊÏ ÕÉ¸Ö ²Õ-
¡Ò³, ¸±µ²Ó Ê£µ¤´µ ³ ²Ò³ §´ Î¥´¨¥³ ¢´¥Ï´¥£µ ³ £´¨É´µ£µ ¶µ²Ö H . Š·µ³¥
Éµ£µ, µ´µ ¸²Ê¦¨É Ë ±Éµ·µ³, ¸É ¡¨²¨§¨·ÊÕÐ¨³ Ë §Ê ¸ ´ ·ÊÏ¥´´Ò³¨ ¸¨³³¥-
É·¨Ö³¨. ’ ±, ¶·¨ g < 0 É·¥Ì³¥·´ Ö ³µ¤¥²Ó (1) ´ Ìµ¤¨É¸Ö ¢ ´¥¸¨³³¥É·¨Î-
´µ° Ë §¥ ¸ ³ ¸¸¨¢´Ò³¨ Ë¥·³¨µ´ ³¨,   ¢´¥Ï´¥¥ ¶µ²¥ H Éµ²Ó±µ Ê¢¥²¨Î¨¢ ¥É
³ ¸¸Ê Ë¥·³¨-Î ¸É¨Í. (‚²¨Ö´¨¥ ¢´¥Ï´¥£µ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ´  ³ ¸¸¨¢´ÊÕ
Ë §Ê ³µ¤¥²¨ µ¡· É´µ¥ [36], É ± ± ± µ´µ Ê³¥´ÓÏ ¥É ³ ¸¸Ê Ë¥·³¨µ´µ¢ ¤µ É¥Ì
¶µ·, ¶µ±  ¶·¨ ´¥±µÉµ·µ³ §´ Î¥´¨¨ Ec ¸¨¸É¥³  ´¥ ¶¥·¥°¤¥É ¢ ¡¥§³ ¸¸µ¢ÊÕ
Ë §Ê.) …¸²¨ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ÔÉµ ± Î¥¸É¢µ ³ £´¨É´µ£µ ¶µ²Ö ¸µÌ· ´Ö¥É¸Ö ¨
¢ Î¥ÉÒ·¥Ì³¥·´µ³ ³¨·¥, Éµ ¸É ´µ¢¨É¸Ö ¶µ´ÖÉ´µ° µ¤´  ¨§ ¶·¨Î¨´ ¸¶µ´É ´´µ£µ
´ ·ÊÏ¥´¨Ö ±¨· ²Ó´µ° ¨ ¤·Ê£¨Ì ¸¨³³¥É·¨° ¢ Ë¨§¨±¥ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í.

‚²¨Ö´¨¥ ³ £´¨É´µ£µ ¶µ²Ö ´  É·¥Ì³¥·´ÊÕ ³µ¤¥²Ó ƒ·µ¸¸  Ä �¥¢Ó¥ ¡Ò²µ
É ±¦¥ · ¸¸³µÉ·¥´µ ¢ · ¡µÉ Ì [35, 39], ¢ ±µÉµ·ÒÌ µ¡¸Ê¦¤ ² ¸Ó ¸¢Ö§Ó ± É -
²¨§¨·ÊÕÐ¥° ·µ²¨ ³ £´¨É´µ£µ ¶µ²Ö ¸ ´Ê²¥¢Ò³¨ ³µ¤ ³¨ µ¶¥· Éµ·  „¨· ±  ¨
³µ¤¨Ë¨± Í¨¥° ¨´Ë· ±· ¸´µ£µ ·¥¦¨³ . �ÉµÉ ÔËË¥±É · ¸¸³ É·¨¢ ²¸Ö É ±¦¥
¢ [39] ¨ ¶µ²ÊÎ¨² ¤ ²Ó´¥°Ï¥¥ · §¢¨É¨¥ ¢ ·Ö¤¥ · ¡µÉ [40], £¤¥ ¡Ò²µ ¶µ± -
§ ´µ, ÎÉµ ÔËË¥±É ± É ²¨§ Í¨¨ ´ ¡²Õ¤ ¥É¸Ö ¨ ¢ ¤·Ê£¨Ì ³µ¤¥²ÖÌ É¥µ·¨¨ ¶µ²Ö:
¢ É·¥Ì³¥·´µ° ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¥, ¢ ³µ¤¥²¨ � ³¡Ê Ä ˆµ´ -‹ §¨´¨µ
¨ ¤·. ‚ ÔÉ¨Ì ¦¥ · ¡µÉ Ì ¡Ò²µ ¶·¥¤²µ¦¥´µ µ¡ÑÖ¸´¥´¨¥ ÔËË¥±É  ± É ²¨§ -
Í¨¨, ±µÉµ·Ò° ¢ R2+1 µ¡Ê¸²µ¢²¥´ Éµ²Ó±µ ´ ²¨Î¨¥³ ¢´¥Ï´¥£µ ³ £´¨É´µ£µ ¶µ²Ö
(¸ ±µÉµ·Ò³ ¢§ ¨³µ¤¥°¸É¢Ê¥É ¸¶¨´ Ë¥·³¨µ´µ¢, ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ ·¥Ï ÕÐ¨³
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µ¡· §µ³ ³¥´Ö¥É¸Ö ¨´Ë· ±· ¸´Ò° ·¥¦¨³ ¢ ¸¨¸É¥³¥) ¨ ´¥ ¸¢Ö§ ´ ¸ ´ ²¨Î¨¥³
Î¥ÉÒ·¥ÌË¥·³¨µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ¨¸Ìµ¤´µ³ ² £· ´¦¨ ´¥.

‘²¥¤Ê¥É É ±¦¥ § ³¥É¨ÉÓ, ÎÉµ ¢ ¶·¥¤² £ ¥³µ³ µ¡§µ·¥ Ê± § ´Ò ¤ ²¥±µ ´¥
¢¸¥ ¢´¥Ï´¨¥ Ë ±Éµ·Ò, µÉ ±µÉµ·ÒÌ ³µ¦¥É § ¢¨¸¥ÉÓ ¸É·Ê±ÉÊ·  ¢ ±ÊÊ³  ³µ¤¥²¨
(1). ŒÒ ´¥ · ¸¸³ É·¨¢ ²¨ ¢²¨Ö´¨Ö ´¥É·¨¢¨ ²Ó´µ° Éµ¶µ²µ£¨¨ ¨ ±·¨¢¨§´Ò
¶·µ¸É· ´¸É¢ -¢·¥³¥´¨,   É ±¦¥ ÔËË¥±Éµ¢, ¸¢Ö§ ´´ÒÌ ¸ ±µ´¥Î´Ò³ µ¡Ñ¥³µ³,
´  Ë §µ¢ÊÕ ¸É·Ê±ÉÊ·Ê É·¥Ì³¥·´µ° ³µ¤¥²¨ ƒ�. †¥² ÕÐ¨Ì µ§´ ±µ³¨ÉÓ¸Ö ¸
ÔÉ¨³ ´ ¶· ¢²¥´¨¥³ ¨¸¸²¥¤µ¢ ´¨° ³Ò µÉ¸Ò² ¥³ ± · ¡µÉ ³ [42].

2. ƒ‹����›‰ Š��„…�‘�’
ˆ ’�…•Œ…���Ÿ (ψ̄ψ)2-’…��ˆŸ ��‹Ÿ

‚ ¶·¥¤² £ ¥³µ³ · §¤¥²¥ ³Ò ¶·µ¤µ²¦¨³ ¨¸¸²¥¤µ¢ ´¨¥ ±·¨É¨Î¥¸±¨Ì ¸¢µ°¸É¢
É·¥Ì³¥·´µ° ³µ¤¥²¨ ƒ·µ¸¸  Ä �¥¢Ó¥ ¸ ÊÎ¥Éµ³ ¢²¨Ö´¨Ö ¢´¥Ï´¨Ì ´¥ ¡¥²¥¢ÒÌ ± -
²¨¡·µ¢µÎ´ÒÌ ¶µ²¥°, ¸É·Ê±ÉÊ·  ±µÉµ·ÒÌ µ¡¸Ê¦¤ ² ¸Ó ¢ · ¡µÉ Ì [46Ä49]. �·¨
ÔÉµ³ ² £· ´¦¨ ´ ³µ¤¥²¨ ¨³¥¥É ¢¨¤

Lψ = ψ̄Γµ(i∂µ + eAaµλa/2)ψ +
g0

2N
[ψ̄ψ]2, (73)

£¤¥ ¶µ²¥ ψ Ä Î¥ÉÒ·¥Ì±µ³¶µ´¥´É´Ò° ¸¶¨´µ· „¨· ± , ±µÉµ·µ¥ ³µ¦´µ ¶µ¸É -
¢¨ÉÓ ¢ ¸µµÉ¢¥É¸É¢¨¥ ±¢ ·± ³. ‚ ÔÉµ³ ¸²ÊÎ ¥ e Ä ±µ´¸É ´É  ¢§ ¨³µ¤¥°¸É¢¨Ö
±¢ ·±µ¢ ¸ £²Õµ´ ³¨, Γµ Ä 4 × 4-³ É·¨ÍÒ,  ²£¥¡·Ê ±µÉµ·ÒÌ ³µ¦´µ ´ °É¨
¢ ¶·¨²µ¦¥´¨¨ �. Š·µ³¥ Éµ£µ, ¸¶¨´µ· ψ ¶·¥µ¡· §Ê¥É¸Ö ¶µ ËÊ´¤ ³¥´É ²Ó-
´Ò³ ¶·¥¤¸É ¢²¥´¨Ö³ Í¢¥É´µ° £·Ê¶¶Ò SU(3) ¨ £·Ê¶¶Ò SU(N), ±µÉµ· Ö ´µ¸¨É
¢¸¶µ³µ£ É¥²Ó´Ò° Ì · ±É¥· ¨ ¢¢¥¤¥´  ´ ³¨ ¤²Ö Éµ£µ, ÎÉµ¡Ò ¢ ³µ¤¥²¨ ¶µÖ¢¨²¸Ö
³ ²Ò° ¶ · ³¥É· 1/N ¶·¨ N → ∞. (� ¤¨ ¶·µ¸ÉµÉÒ Ê ¸¶¨´µ·µ¢ ¢ (73) ´¥
Ê± § ´Ò ¢ Ö¢´µ³ ¢¨¤¥ £·Ê¶¶µ¢Ò¥ ¨´¤¥±¸Ò, ¶µ ±µÉµ·Ò³ É ³ ¶µ¤· §Ê³¥¢ ¥É¸Ö
¸Ê³³¨·µ¢ ´¨¥.) λa Ä £¥´¥· Éµ·Ò SU(3)-£·Ê¶¶Ò (a = 1, ..., 8), Aaµ Ä ¢´¥Ï´¥¥
´¥ ¡¥²¥¢µ (Í¢¥É´µ¥) ± ²¨¡·µ¢µÎ´µ¥ ¶µ²¥. „²Ö ¶·µ¸ÉµÉÒ ³Ò · ¸¸³ É·¨¢ ¥³
³µ¤¥²Ó, ¨´¢ ·¨ ´É´ÊÕ µÉ´µ¸¨É¥²Ó´µ ¤¨¸±·¥É´µ£µ ±¨· ²Ó´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö
(4), ÌµÉÖ ³µ¦´µ ¡¥§ É·Ê¤  ¨¸¸²¥¤µ¢ ÉÓ ¨ ³µ¤¥²Ó É¨¶  (73) ¸ ´¥¶·¥·Ò¢´µ°
±¨· ²Ó´µ° ¨´¢ ·¨ ´É´µ¸ÉÓÕ.

2.1. �ËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ². ‘É·Ê±ÉÊ·  ¢´¥Ï´¨Ì ¶µ²¥°. ” §µ¢Ò°  ´ -
²¨§ ³µ¤¥²¨ (73) Ê¤µ¡´µ ¶·µ¢µ¤¨ÉÓ ¢ É¥·³¨´ Ì ¢¸¶µ³µ£ É¥²Ó´µ£µ ¸± ²Ö·´µ£µ
¶µ²Ö σ(x). „²Ö ÔÉµ£µ ´Ê¦´µ ¢¢¥¸É¨ ¢¸¶µ³µ£ É¥²Ó´Ò° ² £· ´¦¨ ´

Lσ = ψ̄(i∂̂ +
1

2
eλaÂa)ψ −

Nσ2

2g0
+ σψ̄ψ, (74)

±µÉµ·Ò° ´  Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö Ô±¢¨¢ ²¥´É¥´ Lψ (73). ’¥¶¥·Ó ¶µ  ´ ²µ£¨¨
¸ ¶·¥¤Ò¤ÊÐ¨³ · §¤¥²µ³ (¸³. ¢Ò¢µ¤ Ëµ·³Ê²Ò (24)) ³µ¦´µ ¶µ± § ÉÓ, ÎÉµ ¢
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£² ¢´µ³ ¶µ·Ö¤±¥ 1/N -· §²µ¦¥´¨Ö ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ³µ¤¥²¨ (73) ¢µ
¢´¥Ï´¥³ ´¥ ¡¥²¥¢µ³ ¶µ²¥ ¨³¥¥É ¢¨¤

V (σ) =
Nσ2

2g0
+
iN

v
Tr ln (Π̂ + σ), (75)

£¤¥ Π̂ = Γµ(i∂µ+eAaµλa/2), v =
∫
d3x. ‘ ÊÎ¥Éµ³ Éµ¦¤¥¸É¢  (³ É·¨Í  Γ5 ¤ ´ 

¢ ¶·¨²µ¦¥´¨¨ �)

Π̂ + σ = Γ5Γ5(Π̂ + σ) = Γ5(−Π̂ + σ)Γ5

ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² (75) ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ´¥¸ÊÐ¥¸É¢¥´´µ°, ´¥ § ¢¨¸ÖÐ¥°
µÉ σ ±µ´¸É ´ÉÒ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

V (σ) =
Nσ2

2g0
+
iN

2v
Tr ln D, (76)

£¤¥

D = (Π̂ + σ)(−Π̂ + σ) = σ2 −ΠµΠµ −
ie

4
ΓµΓνλaF aµν ,

F aµν = ∂µA
a
ν − ∂νA

a
µ + efabcAbµA

c
ν , Πµ = i∂µ +

1

2
eλaAaµ. (77)

‚ Ëµ·³Ê² Ì (75)Ä(77) ¶µ²¥ σ Ê¦¥ ´¥ § ¢¨¸¨É µÉ ÉµÎ¥± ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨,
fabc Ä ¸É·Ê±ÉÊ·´Ò¥ ±µ´¸É ´ÉÒ £·Ê¶¶Ò SU(3). ŒÒ ÌµÉ¨³ ¨¸¸²¥¤µ¢ ÉÓ É·¥Ì-
³¥·´ÊÕ ³µ¤¥²Ó (73)Ä(74) ¢µ ¢´¥Ï´¨Ì ¶µ¸ÉµÖ´´ÒÌ: i) Ì·µ³µ³ £´¨É´µ³, ii) Ì·µ-
³µÔ²¥±É·¨Î¥¸±µ³ ¶µ²ÖÌ. ‚ ¸²ÊÎ ¥ (i) ¶Ê¸ÉÓ, ´ ¶·¨³¥·, F 3

12 = −F 3
21 = H 6= 0,

  µ¸É ²Ó´Ò¥ ±µ³¶µ´¥´ÉÒ É¥´§µ·  F aµν · ¢´Ò ´Ê²Õ. �·¨ ÔÉµ³ ¢µ§³µ¦´Ò ¤¢ 
´¥§ ¢¨¸¨³ÒÌ ¢Ò¡µ·  ¢¥±Éµ·´µ£µ ¶µ²Ö Aaµ. ‚ ¶¥·¢µ³ ¸²ÊÎ ¥ Aaµ ¥¸ÉÓ  ¡¥²¥¢µ-
¶µ¤µ¡´Ò° ¢¥±Éµ·-¶µÉ¥´Í¨ ², ¸ ¶µ³µÐÓÕ ±µÉµ·µ£µ ³µ¤¥²¨·µ¢ ²¸Ö ¢ ±ÊÊ³´Ò°
£²Õµ´´Ò° ±µ´¤¥´¸ É ¢ · ¡µÉ Ì [44,45]:

Aaµ = Hδµ2x1δ
a3. (78)

‡¤¥¸Ó, µ¤´ ±µ, ³Ò ´¥ ¡Ê¤¥³ µ¸É ´ ¢²¨¢ ÉÓ¸Ö ´  ¢Ò· ¦¥´¨¨ (78), É ± ± ± ¶·¨
ÔÉµ³ ²¥£±µ ¶µ²ÊÎ¨ÉÓ É¥ ¦¥ ·¥§Ê²ÓÉ ÉÒ, ÎÉµ ¨ ¤²Ö ³µ¤¥²¨ ƒ·µ¸¸  Ä �¥¢Ó¥ ¢µ
¢´¥Ï´¥³ ³ £´¨É´µ³ ¶µ²¥ (¸³. ¶·¥¤Ò¤ÊÐ¨° · §¤¥²). ‚µ ¢Éµ·µ³ ¸²ÊÎ ¥ ¢¥±Éµ·-
¶µÉ¥´Í¨ ² Ê¦¥ ´¥ § ¢¨¸¨É µÉ ÉµÎ¥± ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨:

Aaµ = δaµ
√
H/e (a = 1, ..., 8;µ = 0, 1, 2). (79)

�ÉµÉ ¸²ÊÎ ° ± Î¥¸É¢¥´´µ µÉ²¨Î¥´ µÉ (78) ¶µÉµ³Ê, ÎÉµ §¤¥¸Ó ¢ Ö¢´µ³ ¢¨¤¥
¢Ò¸ÉÊ¶ ¥É ´¥ ¡¥²¥¢  ¶·¨·µ¤  ¶µ²¥° Ÿ´£  Ä Œ¨²²¸ . ˆ³¥´´µ ¤²Ö ± ²¨¡·µ-
¢µÎ´µ£µ ¶µ²Ö (79) ´¨¦¥ ¡Ê¤¥É ´ °¤¥´ ¨ ¨¸¸²¥¤µ¢ ´ ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ²
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(75)Ä(76) ¨¸Ìµ¤´µ° ³µ¤¥²¨. �¸µ¡µ ¶µ¤Î¥·±´¥³, ÎÉµ ¸µ¢·¥³¥´´Ò¥ É¥µ·¥É¨Î¥-
¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö Ê± §Ò¢ ÕÉ ´  Éµ, ÎÉµ ¢ Š•„ ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì
É¥³¶¥· ÉÊ· Ì ¸É ¡¨²Ó´Ò³ Ö¢²Ö¥É¸Ö ¢ ±ÊÊ³, ¢ ±µÉµ·µ³ £²Õµ´´Ò° ±µ´¤¥´¸ É,
¢¥·µÖÉ´¥¥ ¢¸¥£µ, ¨³¥¥É ¢¨¤ (78). �¤´ ±µ ¶·¨ ¤µ¸É ÉµÎ´µ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì
Ëµ´µ¢µ¥ £²Õµ´´µ¥ ¶µ²¥ ¤µ²¦´µ ¨³¥ÉÓ ´¥ ¡¥²¥¢Ò ±µ³¶µ´¥´ÉÒ [47]. ‘²¥¤µ-
¢ É¥²Ó´µ, ¢¥±Éµ·-¶µÉ¥´Í¨ ² (79) Ö¢²Ö¥É¸Ö ¢µ§³µ¦´Ò³ ¶·¥É¥´¤¥´Éµ³ ´  ·µ²Ó
£²Õµ´´µ£µ ±µ´¤¥´¸ É  ¢ ¨¸É¨´´µ³ ¢ ±ÊÊ³¥ Š•„ ¶·¨ T = 0. �É³¥É¨³, ÎÉµ ¶µ-
¤µ¡´ Ö ¸É·Ê±ÉÊ·  ¢´¥Ï´¥£µ ± ²¨¡·µ¢µÎ´µ£µ ¶µ²Ö ¨ ¢²¨Ö´¨¥ ¥£µ ´  · §²¨Î´Ò¥
Ë¨§¨Î¥¸±¨¥ ¶·µÍ¥¸¸Ò Ê¦¥ · ¸¸³ É·¨¢ ² ¸Ó [46].

‚ ¸²ÊÎ ¥ (ii) ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ¥¤¨´¸É¢¥´´Ò³¨ µÉ²¨Î´Ò³¨ µÉ ´Ê²Ö ±µ³-
¶µ´¥´É ³¨ É¥´§µ·  Fµν Ö¢²ÖÕÉ¸Ö F 3

01 = −F 3
10 = E. ‡¤¥¸Ó É ±¦¥ ³Ò ¡Ê¤¥³

· ¡µÉ ÉÓ Éµ²Ó±µ ¸ ¸ÊÐ¥¸É¢¥´´µ ´¥ ¡¥²¥¢Ò³ ¢¥±Éµ·-¶µÉ¥´Í¨ ²µ³, ±µÉµ·Ò° ¶µ
 ´ ²µ£¨¨ ¸ (79) ¨³¥¥É ¢¨¤

A1
µ = (

√
E/e, 0, 0), A2

µ = (0,
√
E/e, 0); Aaµ = 0; a = 3, ..., 8. (80)

„¥²µ ¢ Éµ³, ÎÉµ ¸²ÊÎ ° ¸  ¡¥²¥¢µ¶µ¤µ¡´Ò³ ± ²¨¡·µ¢µÎ´Ò³ ¶µ²¥³

Aaµ = −Eδµ0x1δ
a3

· ¸¸³ É·¨¢ ¥É¸Ö  ´ ²µ£¨Î´µ ¸²ÊÎ Õ É·¥Ì³¥·´µ° ³µ¤¥²¨ ƒ·µ¸¸  Ä �¥¢Ó¥ ¢µ
¢´¥Ï´¥³ Ô²¥±É·¨Î¥¸±µ³ ¶µ²¥ [36].

’¥¶¥·Ó, ¶¥·¥Ìµ¤Ö ¢ (76) ± ¨³¶Ê²Ó¸´µ³Ê ¶·µ¸É· ´¸É¢Ê, ¡¥§ É·Ê¤  ¶µ²ÊÎ ¥³

1

N
V (σ) =

σ2

2g0
+

i

2(2π)3
Tr

∫
d3pln D̃(p), (81)

£¤¥ Tr µ§´ Î ¥É ¸²¥¤ ± ± ¶µ ¸¶¨´µ·´Ò³, É ± ¨ ¶µ ¨´¤¥±¸ ³ SU(3)-£·Ê¶¶Ò;
D̃(p) Ä ËÊ·Ó¥-µ¡· § µ¶¥· Éµ·  D ¨§ (77). �Î¥¢¨¤´µ, ÎÉµ D̃(p) Ö¢²Ö¥É¸Ö ³ É·¨-
Í¥° ¢ ¸¶¨´µ·´µ³ ¨ Í¢¥Éµ¢µ³ ¶·µ¸É· ´¸É¢ Ì, ±µÉµ· Ö ¨³¥¥É É·¨ Î¥ÉÒ·¥Ì±· É´µ
¢Ò·µ¦¤¥´´ÒÌ ¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨Ö [50,51]:

di(p) = E2
i (p̄)− p2

0; i = 1, 2, 3, (82)

£¤¥ Ei(p̄) ´¥ § ¢¨¸ÖÉ µÉ p0. (‚ ± ¦¤µ³ ¨§ ¸²ÊÎ ¥¢ (i) ¨²¨ (ii) ¢¥²¨Î¨´Ò (82)
¡Ê¤ÊÉ ¶·¥¤¸É ¢²¥´Ò ´¨¦¥.) �µ¤¸É ¢²ÖÖ (82) ¢ (81) ¨ ¨´É¥£·¨·ÊÖ ¶µ ¶¥·¥³¥´´µ°
p0, ¶µ²ÊÎ ¥³

1

N
V (σ) =

σ2

2g0
− 2

∫
d2p

(2π)2

3∑
i=1

Ei(p̄). (83)
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2.2. ‚´¥Ï´¥¥ Ì·µ³µ³ £´¨É´µ¥ ¶µ²¥. �·¥¤¶µ²µ¦¨³, ÎÉµ ¢ ±ÊÊ³´Ò° £²Õ-
µ´´Ò° ±µ´¤¥´¸ É § ¤ ¥É¸Ö ¢¥±Éµ·-¶µÉ¥´Í¨ ²µ³ ¢¨¤  (79). ‚ ÔÉµ³ ¸²ÊÎ ¥ ¢¥-
²¨Î¨´Ò Ei(p̄) ¨§ (82) ²¥£±µ ¢ÒÎ¨¸²ÖÕÉ¸Ö [50,52]:

E2
1(p̄) = p̄2 + σ2; p̄2 = p2

1 + p2
2;

E2
2,3(p̄) = p̄2 + σ2 +

eH

2
±

1

2

√
(eH)2 + 4eHp̄2. (84)

�µ¤¸É ¢²ÖÖ (84) ¢ (83), ¨³¥¥³ (V ≡ VH):

1

N
VH(σ) =

1

N
V0(σ)−

|σ|3

3π
+

(σ2 + eH)3/2

3π
−
eH

4π
(σ2 + eH)1/2 −

−
σ2
√
eH

4π
ln [ (

√
eH +

√
σ2 + eH)/|σ| ], (85)

£¤¥
1

N
V0(σ) =

σ2

2g0
−

3σ2Λ

2π
+
|σ|3

π
(86)

Ä ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ³µ¤¥²¨ ¶·¨ H = 0, Λ Ä ¶ · ³¥É· Ê²ÓÉ· Ë¨µ²¥-
Éµ¢µ£µ µ¡·¥§ ´¨Ö µ¡² ¸É¨ ¨´É¥£·¨·µ¢ ´¨Ö ¢ (83). ‚ ¸¨²Ê ¸¨³³¥É·¨Î´µ¸É¨
ËÊ´±Í¨¨ (85) µÉ´µ¸¨É¥²Ó´µ µÉ· ¦¥´¨Ö σ → −σ, ³Ò ¡Ê¤¥³ ¢ ¤ ²Ó´¥°Ï¥³ · ¸-
¸³ É·¨¢ ÉÓ Éµ²Ó±µ µ¡² ¸ÉÓ σ ≥ 0. Š ± ¨ ¢ · §¤.1, ËÊ´±Í¨Ö (86) ³µ¦¥É ¡ÒÉÓ
¶¥·¥´µ·³¨·µ¢ ´  ¨ ¶·¨¢¥¤¥´  ± ·¥´µ·³ ²¨§ Í¨µ´´µ-¨´¢ ·¨ ´É´µ³Ê ¢¨¤Ê

1

N
V0(σ) =

σ2

2g
+
σ3

π
, (87)

£¤¥ ±µ´¥Î´ Ö ±µ´¸É ´É  ¸¢Ö§¨ g ´¥ § ¢¨¸¨É ´¨ µÉ ÉµÎ±¨ ´µ·³¨·µ¢±¨, ´¨ µÉ Λ:

1

g
=

1

g0
−

3Λ

π
.

�¥§´ Î¨É¥²Ó´µ¥ µÉ²¨Î¨¥ ¶µÉ¥´Í¨ ²  (87) µÉ  ´ ²µ£¨Î´µ° ¢¥²¨Î¨´Ò (11) µ¡Ñ-
Ö¸´Ö¥É¸Ö ´ ²¨Î¨¥³ Ê Ë¥·³¨µ´µ¢ (±¢ ·±µ¢) ¢ ³µ¤¥²¨ (73) ¤µ¶µ²´¨É¥²Ó´ÒÌ Í¢¥-
Éµ¢ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò. �µÔÉµ³Ê ¢ ¸²ÊÎ ¥ H = 0 ¨§ (87) ¸²¥¤Ê¥É, ÎÉµ ¶·¨
g > 0  ¡¸µ²ÕÉ´Ò° ³¨´¨³Ê³ ËÊ´±Í¨¨ V0(σ) ´ Ìµ¤¨É¸Ö ¢ ´Ê²¥,   ¸¨³³¥É·¨Ö
(4) ´¥ ´ ·ÊÏ¥´ . �·¨ g < 0 ÉµÎ±  £²µ¡ ²Ó´µ£µ ³¨´¨³Ê³  ¨³¥¥É ¢¨¤

σ0 = −π/3g ≡M. (88)

‚ ÔÉµ³ ¸²ÊÎ ¥ ±¨· ²Ó´ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ (4) ¸¶µ´É ´´µ ´ ·ÊÏ¥´ ,   ±¢ ·±¨
¶·¨µ¡·¥É ÕÉ ³ ¸¸Ê M .

�Ê¸ÉÓH 6= 0. ‘²¥¤µ¢ É¥²Ó´µ, ´Ê¦´µ ¨¸¸²¥¤µ¢ ÉÓ ´  £²µ¡ ²Ó´Ò° ³¨´¨³Ê³
ËÊ´±Í¨Õ (85), ¸É Í¨µ´ ·´Ò¥ ÉµÎ±¨ ±µÉµ·µ° Ê¤µ¢²¥É¢µ·ÖÕÉ Ê· ¢´¥´¨Õ

σ{A(H) + 4x−GH(x)} = 0, (89)
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£¤¥

A(H) =
2π

f
√
eH

, x =
σ
√
eH

,

GH(x) = ln [ (1 +
√

1 + x2)/x ]− 2
√

1 + x2. (90)

�¥É·Ê¤´µ ¶µ± § ÉÓ, ÎÉµ ´  ¨´É¥·¢ ²¥ (0,∞) ËÊ´±Í¨Ö GH(x) ³µ´µÉµ´´µ Ê¡Ò-
¢ ¥É µÉ +∞ ¤µ −∞. ‘²¥¤µ¢ É¥²Ó´µ, ¢ (89) ¢Ò· ¦¥´¨¥ ¢ Ë¨£Ê·´ÒÌ ¸±µ¡± Ì
µ¡· Ð ¥É¸Ö ¢ ´Ê²Ó ¢ ¥¤¨´¸É¢¥´´µ° ÉµÎ±¥ x0(H) 6= 0,   Ê· ¢´¥´¨¥ ¸É Í¨µ´ ·-
´µ¸É¨ (89) ¨³¥¥É ¤¢  ·¥Ï¥´¨Ö, µ¤´µ ¨§ ±µÉµ·ÒÌ ¥¸ÉÓ σ = 0,   ¤·Ê£µ¥ · ¢´µ
σ0(H) =

√
eHx0(H). (…¸²¨ ¡Ò ¢´¥Ï´¥¥ ¶µ²¥ ¡Ò²µ  ¡¥²¥¢µ¶µ¤µ¡´Ò³, Éµ, ± ±

¶µ± § ´µ ¢ · §¤.1, Ê· ¢´¥´¨¥ ¸É Í¨µ´ ·´µ¸É¨ ´¥ ¨³¥²µ ¡Ò ·¥Ï¥´¨Ö σ = 0.)
‘ ¶µ³µÐÓÕ (89) ´¥É·Ê¤´µ ¢¨¤¥ÉÓ, ÎÉµ ´  ¨´É¥·¢ ²¥ σ ∈ (0, σ0(H)) ¶·µ¨§¢µ¤-
´ Ö ∂VH(σ)/∂σ µÉ·¨Í É¥²Ó´ . ‚ ¸¨²Ê ÔÉµ£µ  ¡¸µ²ÕÉ´Ò° ³¨´¨³Ê³ ËÊ´±Í¨¨
VH(σ) ²¥¦¨É ¢ ÉµÎ±¥ σ0(H) 6= 0,   ¸¨³³¥É·¨Ö (4) ¸¶µ´É ´´µ ´ ·ÊÏ¥´  ± ±
¶·¨ g < 0, É ± ¨ ¶·¨ g > 0 ¤²Ö ²Õ¡ÒÌ §´ Î¥´¨° ¢´¥Ï´¥£µ Ì·µ³µ³ £´¨É´µ£µ
¶µ²Ö H 6= 0. ’ ±¨³ µ¡· §µ³, ¢´¥Ï´¥¥ Ì·µ³µ³ £´¨É´µ¥ ¶µ²¥, ± ±  ¡¥²¥¢µ¶µ-
¤µ¡´µ¥, É ± ¨ ´¥ ¡¥²¥¢µ, Ö¢²Ö¥É¸Ö Ë ±Éµ·µ³, ¸¶µ¸µ¡¸É¢ÊÕÐ¨³ ¸¶µ´É ´´µ³Ê
´ ·ÊÏ¥´¨Õ ±¨· ²Ó´µ° ¸¨³³¥É·¨¨ (4),   Ê Ë¥·³¨µ´µ¢ ¶·¨ ÔÉµ³ ¶µÖ¢²Ö¥É¸Ö
´¥´Ê²¥¢ Ö ³ ¸¸  σ0(H).

�Í¥´¨³ É¥¶¥·Ó ¶µ¢¥¤¥´¨¥ ¤¨´ ³¨Î¥¸±¨ ¢µ§´¨±Ï¥° ³ ¸¸Ò Ë¥·³¨µ´µ¢
(≡ σ0(H)) ¶·¨ ¡µ²ÓÏ¨Ì ¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ H . �Ê¸ÉÓ k Ö¢²Ö¥É¸Ö ·¥Ï¥-
´¨¥³ Ê· ¢´¥´¨Ö 4k = GH(k). ’µ£¤  ¶·¨ H → ∞ ¢¨¤´µ, ÎÉµ A(H) → 0, É.¥.
x0(H)→ k. ‘²¥¤µ¢ É¥²Ó´µ, ¶·¨ H →∞

σ0(H) ≡
√
eHx0(H)→ k

√
eH. (91)

�¸¨³¶ÉµÉ¨±  (91) ´¥ § ¢¨¸¨É µÉ §´ ±  ±µ´¸É ´ÉÒ g. „²Ö ¸· ¢´¥´¨Ö µÉ³¥-
É¨³, ÎÉµ ¢ ¸²ÊÎ ¥ ¸ ¢´¥Ï´¨³ ³ £´¨É´Ò³ ¶µ²¥³ (¸³. ¶.1.2) ³ ¸¸  Ë¥·³¨µ´µ¢
± Î¥¸É¢¥´´µ ¨³¥¥É É ±µ¥ ¦¥ ¶µ¢¥¤¥´¨¥ ¶·¨ H →∞.

� ¸¸³µÉ·¨³ É¥¶¥·Ó ³ ²Ò¥ §´ Î¥´¨Ö H . ‡¤¥¸Ó ´¥µ¡Ìµ¤¨³µ ¢Ò¤¥²¨ÉÓ ¤¢ 
¸²ÊÎ Ö. �Ê¸ÉÓ g > 0. �µ´ÖÉ´µ, ÎÉµ Ê· ¢´¥´¨¥, ±µÉµ·µ³Ê Ê¤µ¢²¥É¢µ·Ö¥É x0(H),
¶·¨ H → 0 ¨³¥¥É ¢¨¤

A(H) = −ln x0(H).

�É¸Õ¤  ´¥É·Ê¤´µ ´ °É¨ x0(H) ¨ σ0(H) ¶·¨ H → 0 :

σ0(H) ∼
√
eH exp (−2π/(g

√
eH)), (92)

É.¥. ¸ Ê¡Ò¢ ´¨¥³ H ³ ¸¸  Ë¥·³¨µ´µ¢ Ô±¸¶µ´¥´Í¨ ²Ó´µ ¶ ¤ ¥É. ˆ´É¥·¥¸´µ
µÉ³¥É¨ÉÓ, ÎÉµ ¢µ ¢´¥Ï´¥³ ³ £´¨É´µ³ ¶µ²¥ ³ ¸¸  Ë¥·³¨µ´µ¢ Ê¡Ò¢ ¥É ²¨´¥°´µ,
É.¥. ¡µ²¥¥ ³¥¤²¥´´µ, ¶·¨ H → 0 (¸³. ¶.1.2).

�Ê¸ÉÓ g < 0. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¶·¨ ³ ²ÒÌ H ¶ · ³¥É· A(H) ¨§ (90)
¸É·¥³¨É¸Ö ± −∞, ¸²¥¤µ¢ É¥²Ó´µ, ·¥Ï¥´¨¥ x0(H) Ê· ¢´¥´¨Ö (89) ¸É·¥³¨É¸Ö ±
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+∞. ˆ¸¶µ²Ó§ÊÖ ¢ (89)  ¸¨³¶ÉµÉ¨±Ê ËÊ´±Í¨¨ GH(x) ¶·¨ ¡µ²ÓÏ¨Ì x, ´¥É·Ê¤´µ
¶µ± § ÉÓ, ÎÉµ ¶·¨ H → 0

σ0(H) = M{1 + (eH)2/(72M4) + o((eH)2/M4)}, (93)

£¤¥ M Ä ³ ¸¸  Ë¥·³¨µ´µ¢ ¶·¨ H = 0 (¸³. (88)).
’ ±¨³ µ¡· §µ³, ¢´¥Ï´¨¥ ± ± ³ £´¨É´µ¥, É ± ¨ Ì·µ³µ³ £´¨É´Ò¥, É¨¶ 

(78)Ä(79), ¶µ²Ö ¢Ò§Ò¢ ÕÉ ¢ Î¥ÉÒ·¥ÌË¥·³¨µ´´ÒÌ ³µ¤¥²ÖÌ ¸¶µ´É ´´µ¥ ´ ·Ê-
Ï¥´¨¥ ±¨· ²Ó´µ° ¨´¢ ·¨ ´É´µ¸É¨.

2.3. ‚´¥Ï´¥¥ Ì·µ³µÔ²¥±É·¨Î¥¸±µ¥ ¶µ²¥. �µ³¥¸É¨³ É¥¶¥·Ó ¨¸Ìµ¤´ÊÕ ³µ-
¤¥²Ó ¢µ ¢´¥Ï´¥¥ ¶µ¸ÉµÖ´´µ¥ Ì·µ³µÔ²¥±É·¨Î¥¸±µ¥ ¶µ²¥, ¢¥±Éµ·-¶µÉ¥´Í¨ ² ±µ-
Éµ·µ£µ ¨³¥¥É ¸ÊÐ¥¸É¢¥´´µ ´¥ ¡¥²¥¢Ê Ëµ·³Ê (80). ’¥¶¥·Ó ¢¥²¨Î¨´Ò E2,3(p̄)
¨§ (82) ¨³¥ÕÉ ¢¨¤ [51]:

E2
2,3(p̄) = σ2 + p̄2 + eE/2±

√
eE(σ2 + p̄2 + p2

1), (94)

  E1(p̄) ¨ p̄2 µ¶·¥¤¥²¥´Ò ¢ (84). ‘ ÊÎ¥Éµ³ ÔÉµ£µ ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² (83)
³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥ (V ≡ VE):

1

N
VE(σ) =

1

N
V0(σ) +

1

3π
(D3

+ +D3
− − 2|σ|3)−

−
B

4π
(D+ −D−)−

3eE

16π
(D+ +D−)−

−
1

4π2

2π∫
0

dϕ
4(CA−B2)− C2

8
√
C

ln

[ √
C +D+ +D−

−
√
C +D+ +D−

]
. (95)

‡¤¥¸Ó ¶µÉ¥´Í¨ ² V0(σ) µ¶·¥¤¥²¥´ ¢ (86)Ä(87) ¨

D± =
√

(A±B), A = σ2 + eE/2,

B =
√
σ2eE, C = eE(1 + cos2 ϕ). (96)

�·¨ ¢Ò¢µ¤¥ (95) ³Ò ¨¸¶µ²Ó§µ¢ ²¨ ¶µ²Ö·´ÊÕ ¸¨¸É¥³Ê ±µµ·¤¨´ É.
ˆ¸¸²¥¤Ê¥³ É¥¶¥·Ó ËÊ´±Í¨Õ (95) ´   ¡¸µ²ÕÉ´Ò° ³¨´¨³Ê³ ´  ¶µ²Êµ¸¨

σ ≥ 0. �¥É·Ê¤´µ ¶µ± § ÉÓ, ÎÉµ

1

N

∂VE

∂σ
= σ{H(σ)−GE(σ)}, (97)

£¤¥

H(σ) =
1

g
+

1

π
(σ +D+ +D−),
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GE(σ) =
1

4π2

2π∫
0

dϕ
C − eE
√
C

ln

[
D+ +D− +

√
C

D+ +D− −
√
C

]
. (98)

�Î¥¢¨¤´µ, ÎÉµ H(σ) ³µ´µÉµ´´µ ¢µ§· ¸É ¥É,   GE(σ) ³µ´µÉµ´´µ Ê¡Ò¢ ¥É ¶·¨
σ ≥ 0. ‘²¥¤µ¢ É¥²Ó´µ, ¢ ¸²ÊÎ ¥ H(0) > GE(0) Ê· ¢´¥´¨¥ ¸É Í¨µ´ ·´µ¸É¨
∂VE/∂σ = 0 ¡Ê¤¥É ¨³¥ÉÓ ¥¤¨´¸É¢¥´´µ¥ ·¥Ï¥´¨¥ σ = 0, ¢ ±µÉµ·µ³ ¶µÉ¥´Í¨ ²
VE(σ) ¤µ¸É¨£ ¥É ¸¢µ¥£µ ´ ¨³¥´ÓÏ¥£µ §´ Î¥´¨Ö. …¸²¨ ¦¥ H(0) < GE(0), Éµ
¶µÖ¢¨É¸Ö ¥Ð¥ µ¤´  ÉµÎ±  ¸É Í¨µ´ ·´µ¸É¨ σ0(E) 6= 0, ¢ ±µÉµ·µ° Ê ËÊ´±Í¨¨
VE(σ) ¡Ê¤¥É £²µ¡ ²Ó´Ò° ³¨´¨³Ê³. �Í¥´¨¢ Î¨¸²¥´´µ ¢¥²¨Î¨´Ê GE(0), ³Ò
¶µ²ÊÎ¨³

H(0)−GE(0) ∼=
1

g
+
√
eE · 0, 2923... (99)

�É¸Õ¤  ¢¨¤´µ, ÎÉµ ¶·¨ ¶µ²µ¦¨É¥²Ó´ÒÌ g ´¥· ¢¥´¸É¢µ H(0) > GE(0) ¢Ò¶µ²-
´Ö¥É¸Ö ¶·¨ ²Õ¡ÒÌ §´ Î¥´¨ÖÌ ¢´¥Ï´¥£µ Ì·µ³µÔ²¥±É·¨Î¥¸±µ£µ ¶µ²Ö E. ‚ ÔÉµ³
¸²ÊÎ ¥ ±¨· ²Ó´ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ ³µ¤¥²¨ µ¸É ¥É¸Ö ´¥´ ·ÊÏ¥´´µ°,   ±¢ ·±¨
Ä ¡¥§³ ¸¸µ¢Ò³¨. (� ¶µ³´¨³, ÎÉµ ¶·¨ g > 0, ¢ µÉ²¨Î¨¥ µÉ Ì·µ³µÔ²¥±É·¨Î¥-
¸±µ£µ, ¸±µ²Ó Ê£µ¤´µ ³ ²Ò¥ §´ Î¥´¨Ö ¢´¥Ï´¥£µ Ì·µ³µ³ £´¨É´µ£µ ¶µ²Ö ¢Ò§Ò-
¢ ÕÉ ¸¶µ´É ´´µ¥ ´ ·ÊÏ¥´¨¥ ±¨· ²Ó´µ° ¨´¢ ·¨ ´É´µ¸É¨.)

� ¸¸³µÉ·¨³ ¡µ²¥¥ ¶µ¤·µ¡´µ ¸²ÊÎ ° g < 0. ˆ§ (99) ¸²¥¤Ê¥É, ÎÉµ ¶·¨ ¤µ-
¸É ÉµÎ´µ ³ ²ÒÌ §´ Î¥´¨ÖÌ E H(0) < GE(0), É.¥. ³µ¤¥²Ó ´ Ìµ¤¨É¸Ö ¢ Ë §¥
¸µ ¸¶µ´É ´´Ò³ ´ ·ÊÏ¥´¨¥³ ±¨· ²Ó´µ° ¸¨³³¥É·¨¨. �¤´ ±µ ¶·¨ ¤µ¸É ÉµÎ´µ
¡µ²ÓÏ¨Ì §´ Î¥´¨ÖÌ E ³Ò ¡Ê¤¥³ ¨³¥ÉÓ Ë §Ê ¸ ´¥´ ·ÊÏ¥´´µ° ±¨· ²Ó´µ° ¨´-
¢ ·¨ ´É´µ¸ÉÓÕ. �¥·¥Ìµ¤ ¨§ µ¤´µ° Ë §Ò ¢ ¤·Ê£ÊÕ ¶·µ¨¸Ìµ¤¨É ¶·¨ E = Ec:

eEc = (g · 0, 2923...)−2 ∼= M2 · 10, 6730... (100)

(Š·¨É¨Î¥¸± Ö ´ ¶·Ö¦¥´´µ¸ÉÓ Ì·µ³µÔ²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ´ Ìµ¤¨É¸Ö ¨§ Ê¸²µ-
¢¨Ö, ÎÉµ ¶· ¢ Ö Î ¸ÉÓ (99) µ¡· Ð ¥É¸Ö ¢ ´Ê²Ó.) ‚ ±·¨É¨Î¥¸±µ° ÉµÎ±¥ ³Ò
¨³¥¥³ Ë §µ¢Ò° ¶¥·¥Ìµ¤ ¢Éµ·µ£µ ·µ¤ .

�Í¥´¨³ É¥¶¥·Ó ³ ¸¸Ê Ë¥·³¨µ´µ¢ ¶·¨ 0 < E ≤ Ec. �Éµ ³µ¦´µ ¸¤¥² ÉÓ,
¨¸Ìµ¤Ö ¨§ Ê· ¢´¥´¨Ö ¸É Í¨µ´ ·´µ¸É¨. ‚ ¸ ³µ³ ¤¥²¥, ´¥É·Ê¤´µ ¶µ± § ÉÓ, ÎÉµ
¶·¨ E → 0

σ0(E) = M(1− (eE)2/(72M4) + ...) (101)

�¤´ ±µ ¢¡²¨§¨ ±·¨É¨Î¥¸±µ° ÉµÎ±¨ (E → Ec):

σ0(E) ∼=
e(Ec − E)
√
eEc

· 0, 4591... (102)

� ±µ´¥Í, µÉ³¥É¨³, ÎÉµ Ê ÔËË¥±É¨¢´µ£µ ¶µÉ¥´Í¨ ²  (95) ´¥É ³´¨³µ° Î -
¸É¨. ‘²¥¤µ¢ É¥²Ó´µ, ¢ ±ÊÊ³ ³µ¤¥²¨ ¢µ ¢´¥Ï´¥³ Ì·µ³µÔ²¥±É·¨Î¥¸±µ³ ¶µ²¥ (8)
Ö¢²Ö¥É¸Ö ¸É ¡¨²Ó´Ò³ ¸µ¸ÉµÖ´¨¥³. ‚ µÉ²¨Î¨¥ µÉ ÔÉµ£µ ¢µ ¢´¥Ï´¥³ Ô²¥±É·¨Î¥-
¸±µ³ ¶µ²¥ ¢ ±ÊÊ³ É¥µ·¨¨ ƒ·µ¸¸  Ä �¥¢Ó¥ ´¥¸É ¡¨²¥´ [36].
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2.4. ‘²ÊÎ ° H,T 6= 0. �·¥¤¶µ²µ¦¨³ É¥¶¥·Ó, ÎÉµ ¸¨¸É¥³ , µ¶¨¸Ò¢ ¥³ Ö
² £· ´¦¨ ´µ³ (73), ¶µ³¥Ð¥´  ¢ É¥·³µ¸É É. �·¥¦¤¥ Î¥³ ¶·¥¤¸É ¢¨ÉÓ ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨° ÔÉµ³Ê ¸²ÊÎ Õ ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ², ¶·¨¢¥¤¥³ ¶µÉ¥´Í¨ ² (81) ¸
ÊÎ¥Éµ³ (82) ± ¡µ²¥¥ Ê¤µ¡´µ³Ê ¢¨¤Ê

1

N
V (σ) =

σ2

2g0
+

2i

(2π)3

3∑
k=1

∫
d3pln dk(p). (103)

�·µ¢µ¤Ö ¤ ²¥¥ ¢ÒÎ¨¸²¥´¨Ö,  ´ ²µ£¨Î´Ò¥ ¶·¥¤¸É ¢²¥´´Ò³ ¢ ¶.1.1 ¶·¨ T, µ 6= 0,
¶µ²ÊÎ¨³

1

N
V (σ) =

σ2

2g0
− 2

3∑
k=1

∫
d2p

(2π)2
{ Ek+

+T ln [ 1 + exp [−β(Ek + µ)] ] + T ln [ 1 + exp [−β(Ek − µ)] ] }, (104)

£¤¥ ¸¢Ö§Ó ³¥¦¤Ê Ek ¨ dk(p) ¤ ´  ¸µµÉ´µÏ¥´¨¥³ (82). �·¥¤¶µ² £ Ö É¥¶¥·Ó,
ÎÉµ µ = 0 ¨ ¶µ²¥³ £²Õµ´´µ£µ ±µ´¤¥´¸ É  Ö¢²Ö¥É¸Ö ´¥ ¡¥²¥¢µ Ì·µ³µ³ £´¨É-
´µ¥ ¶µ²¥, ±µ£¤  ¢¥²¨Î¨´Ò Ek(p̄) ¨³¥ÕÉ ¢¨¤ (84), ¨§ (104) ¶µ²ÊÎ ¥³ ¶µ¸²¥
É·¨¢¨ ²Ó´ÒÌ ¶·¥µ¡· §µ¢ ´¨° ¢Ò· ¦¥´¨¥ ¤²Ö ÔËË¥±É¨¢´µ£µ ¶µÉ¥´Í¨ ²  ¶·¨
H,T 6= 0 (V (σ) ≡ VHT (σ)):

1

N
VHT (σ) =

1

N
VH(σ)−

3∑
i=1

Fi(σ), (105)

£¤¥

Fi(σ) =
T

π

∫ ∞
0

dxln [ 1 + exp [−βEi(x)] ], (106)

x = p̄2, ËÊ´±Í¨Ö VH(σ) µ¶·¥¤¥²¥´  ¢ (85). ’ ± ± ± ¢¸Ö § ¢¨¸¨³µ¸ÉÓ µÉ
±µ³¶µ´¥´É ¨³¶Ê²Ó¸µ¢ ¢¥²¨Î¨´Ò Ek(p̄) ¸¢µ¤¨É¸Ö ± ¥¥ § ¢¨¸¨³µ¸É¨ µÉ ±µ³¡¨-
´ Í¨¨ p̄2 (¸³. (84)), Éµ ¢ (106) ³Ò ¶·¨´Ö²¨ µ¡µ§´ Î¥´¨¥ Ek(x) ≡ Ek(p̄) |p̄2=x.
“· ¢´¥´¨¥ ¸É Í¨µ´ ·´µ¸É¨ ¤²Ö ËÊ´±Í¨¨ (105) ¨³¥¥É ¢¨¤

σ{ ω(σ)− ϕ(σ) } = 0, (107)

£¤¥

ω(σ) =
1

g
+

2σ

π
+

1

π

√
σ2 + eH+

+
2T

π
{ 2ln ( 1 + exp [−βσ] ) + ln ( 1 + exp [−β

√
σ2 + eH ] ) }, (108)

ϕ(σ) =

√
eH

2π

∫ √σ2+eH

σ

dE
√
E2 − σ2

th

(
E

2T

)
. (109)
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�Î¥¢¨¤´µ, ÎÉµ σ = 0 Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö (107). �¥±µÉµ·Ò¥ ¸¢µ°-
¸É¢  ËÊ´±Í¨° ω(σ) ¨ ϕ(σ) ¶·¨¢¥¤¥´Ò ¢ ¶·¨²µ¦¥´¨¨ C, £¤¥ ¶µ± § ´µ, ÎÉµ ´ 
¨´É¥·¢ ²¥ (0,∞) ω′(σ) > ϕ′(σ). ’ ³ ¦¥ ¶µ± § ´µ, ÎÉµ ¶·¨ σ →∞ ω(σ) ∼
4σ/π, ϕ(σ)→ 0. �É¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ, ¥¸²¨ ω(0) < ϕ(0), Éµ ¢ (108) ¢Ò· ¦¥-
´¨¥ ¢ Ë¨£Ê·´ÒÌ ¸±µ¡± Ì µ¡· Ð ¥É¸Ö ¢ ´Ê²Ó ¢ ¥¤¨´¸É¢¥´´µ° ÉµÎ±¥ σ0 6= 0, £¤¥
ËÊ´±Í¨Ö VHT (σ) ¨³¥¥É £²µ¡ ²Ó´Ò° ³¨´¨³Ê³. ‘²¥¤µ¢ É¥²Ó´µ, ¢ ÔÉµ³ ¸²ÊÎ ¥
±¨· ²Ó´ Ö ¸¨³³¥É·¨Ö ³µ¤¥²¨ ¸¶µ´É ´´µ ´ ·ÊÏ¥´ ,   Ë¥·³¨µ´Ò ¤¨´ ³¨Î¥-
¸±¨³ µ¡· §µ³ ¶·¨µ¡·¥É ÕÉ ³ ¸¸Ê σ0. …¸²¨ ¦¥ ω(0) > ϕ(0), Éµ Ë¥·³¨µ´Ò
¡¥§³ ¸¸µ¢Ò.

’ ±¨³ µ¡· §µ³, ³Ò ¢¨¤¨³, ÎÉµ ¢ ¶²µ¸±µ¸É¨ ¶ · ³¥É·µ¢ (T,H) · ¢¥´¸É¢µ

ω(0) = ϕ(0) (110)

µ¶·¥¤¥²Ö¥É ±·¨É¨Î¥¸±ÊÕ ±·¨¢ÊÕ lc, ±µÉµ· Ö µÉ¤¥²Ö¥É ³´µ¦¥¸É¢µ ¶ · ³¥É·µ¢
(T,H), ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸¨³³¥É·¨Î´µ³Ê µ¸´µ¢´µ³Ê ¸µ¸ÉµÖ´¨Õ, µÉ µ¡² ¸É¨,
£¤¥ ¸¨³³¥É·¨Ö (4) ¸¶µ´É ´´µ ´ ·ÊÏ¥´ . �Î¥¢¨¤´µ, ÎÉµ ¶·¨ ¶¥·¥¸¥Î¥´¨¨ ±·¨-
É¨Î¥¸±µ° ±·¨¢µ° ¢ ³µ¤¥²¨ ¶·µ¨¸Ìµ¤¨É Ë §µ¢Ò° ¶¥·¥Ìµ¤ ¢Éµ·µ£µ ·µ¤  (¸¨ÉÊ -
Í¨Ö,  ´ ²µ£¨Î´ Ö ¸²ÊÎ Õ ¢´¥Ï´¥£µ ³ £´¨É´µ£µ ¶µ²Ö (¸³. ¶.1.3)). Š·¨É¨Î¥¸± Ö
±·¨¢ Ö ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

lc = { (T,H) : T = Tc(H) ; T,H ≥ 0 },

£¤¥ ËÊ´±Í¨Õ Tc(H) ´ §µ¢¥³ ±·¨É¨Î¥¸±µ° É¥³¶¥· ÉÊ·µ°.
—Éµ¡Ò ¨¸¸²¥¤µ¢ ÉÓ ÔÉÊ ËÊ´±Í¨Õ, Ê¤µ¡´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¶¥·¥³¥´´Ò¥

t =

√
eH

2T
, h =

2π

g
√
eH

, (111)

¢ É¥·³¨´ Ì ±µÉµ·ÒÌ Ê· ¢´¥´¨¥ (110) ¨³¥¥É ¢¨¤

h ≡ h(t) =

∫ t

0

dτ
th τ

τ
− 2−

2

t
[ 2ln 2 + ln (1 + exp (−2t)) ]. (112)

�·¥¨³ÊÐ¥¸É¢µ ¶ · ³¥É·µ¢ (t, h) § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ (112) ¤ ¥É ¢ Ö¢´µ³
¢¨¤¥ ËÊ´±Í¨µ´ ²Ó´ÊÕ § ¢¨¸¨³µ¸ÉÓ ³¥¦¤Ê ´¨³¨. ˆ§ (112) ¢¨¤´µ, ÎÉµ h(t) Ö¢²Ö-
¥É¸Ö ³µ´µÉµ´´µ ¢µ§· ¸É ÕÐ¥° µÉ −∞ ¤µ +∞ ËÊ´±Í¨¥°, ±µ£¤  t ¨§³¥´Ö¥É¸Ö
µÉ ´Ê²Ö ¤µ +∞. ‘²¥¤µ¢ É¥²Ó´µ, ¸ÊÐ¥¸É¢Ê¥É t0 > 0, £¤¥ h(t) µ¡· Ð ¥É¸Ö ¢
´Ê²Ó. �Î¥¢¨¤´µ, ÎÉµ ¶·¥µ¡· §µ¢ ´¨¥ (111) ¶¥·¥¢µ¤¨É ±·¨É¨Î¥¸±ÊÕ ±·¨¢ÊÕ lc
¢µ ³´µ¦¥¸É¢µ ÉµÎ¥±

L+ = { (t, h) : h = h(t) , t > t0 },

¥¸²¨ g > 0, ¨ ¢µ ³´µ¦¥¸É¢µ ÉµÎ¥±

L− = { (t, h) : h = h(t) , 0 < t < t0 },
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¥¸²¨ g < 0. �·¨ ÔÉµ³ §´ Î¥´¨Ö t ∼ t0 ´  ±·¨¢ÒÌ L± ¸µµÉ¢¥É¸É¢ÊÕÉ ¡µ²ÓÏ¨³
§´ Î¥´¨Ö³ Ì·µ³µ³ £´¨É´µ£µ ¶µ²Ö. �·¥¤¥²Ò t → ∞ ´  ±·¨¢µ° L+(g > 0)
¨ t → 0 ´  ±·¨¢µ° L−(g < 0) ¸µµÉ¢¥É¸É¢ÊÕÉ ³ ²Ò³ §´ Î¥´¨Ö³ ¢´¥Ï´¥£µ
¶µ²Ö H . ‡´ Ö ¸¢µ°¸É¢  ËÊ´±Í¨¨ h(t), É¥¶¥·Ó ´¥É·Ê¤´µ ¶µ²ÊÎ¨ÉÓ ¶µ¢¥¤¥´¨¥
±·¨É¨Î¥¸±µ° É¥³¶¥· ÉÊ·Ò Tc(H) ¶·¨ ¡µ²ÓÏ¨Ì ¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ H .

‚ ¸ ³µ³ ¤¥²¥, ¶·¥¤¥² t→ t0, ±µ£¤  h(t)→ 0, ¤ ¥É ´ ³ (¸³. (111)) H →∞
¨

Tc(H) ∼
√
eH (113)

± ± ¤²Ö ¶µ²µ¦¨É¥²Ó´ÒÌ, É ± ¨ ¤²Ö µÉ·¨Í É¥²Ó´ÒÌ §´ Î¥´¨° ±µ´¸É ´ÉÒ ¸¢Ö§¨ g.
�Ê¸ÉÓ g > 0 ¨ t → ∞. �É  Î ¸ÉÓ ±·¨¢µ° L+ ¸µµÉ¢¥É¸É¢Ê¥É ³ ²Ò³

§´ Î¥´¨Ö³ H . �¥É·Ê¤´µ ¶µ± § ÉÓ, ÎÉµ ¶·¨ t → ∞ h(t) ∼ ln t. ‚Ò· ¦ Ö ¢
ÔÉµ³ ¸µµÉ´µÏ¥´¨¨ h ¨ t Î¥·¥§ T ¨ H (¸³. (111)), ¨³¥¥³ ¶·¨ H → 0

Tc(H) ∼
√
eH exp (−2π/ (g

√
eH) ). (114)

” §µ¢Ò° ¶µ·É·¥É ³µ¤¥²¨ ¢ ¸²ÊÎ ¥ g > 0 ¶·¥¤¸É ¢²¥´ ´  ·¨¸.4.

�¨¸. 4. ” §µ¢ Ö ¸É·Ê±ÉÊ·  ³µ-
¤¥²¨ (73) ¶·¨ g > 0 ¢µ ¢´¥Ï-
´¥³ ´¥ ¡¥²¥¢µ³ Ì·µ³µ³ £´¨É-
´µ³ ¶µ²¥

�Ê¸ÉÓ É¥¶¥·Ó g < 0 ¨ t→ 0. ‚ ÔÉµ³ ¸²ÊÎ ¥
³Ò É ±¦¥ ¶µ²ÊÎ ¥³ ÉÊ Î ¸ÉÓ ±·¨¢µ° L−, ±µÉµ-
· Ö ¸µµÉ¢¥É¸É¢Ê¥É ³ ²Ò³ §´ Î¥´¨Ö³ H . � §-
² £ Ö ËÊ´±Í¨Õ (112) ¢ ·Ö¤ ¶µ ³ ²µ³Ê ¶ · -
³¥É·Ê t ¨ ¨¸¶µ²Ó§ÊÖ § É¥³ ¸µµÉ´µÏ¥´¨Ö (111),
´¥É·Ê¤´µ ¶µ²ÊÎ¨ÉÓ ¶·¨ H → 0

Tc(H) = Tc + (eH)2/[T 3
c 1728ln 2] + o((eH)2),

(115)
£¤¥ Tc Ä ±·¨É¨Î¥¸± Ö É¥³¶¥· ÉÊ·  ¶·¨ H = 0:

Tc = −π/[6gln 2].

�·¨ g < 0 Tc(H) § ¢¨¸¨³µ¸ÉÓ ± Î¥¸É¢¥´´µ
¨³¥¥É ÉµÉ ¦¥ ¢¨¤, ÎÉµ ¨ ±·¨¢ Ö, ¨§µ¡· ¦¥´´ Ö
´  ·¨¸.3.

2.5. ‘²ÊÎ ° H,µ 6= 0. ‚ ¶·¥¤² £ ¥³µ³ · §¤¥²¥ ³Ò ¨¸¸²¥¤Ê¥³ Ë §µ¢ÊÕ
¸É·Ê±ÉÊ·Ê É·¥Ì³¥·´µ° ³µ¤¥²¨ ƒ·µ¸¸  Ä �¥¢Ó¥ ¸ ÊÎ¥Éµ³ ¢´¥Ï´¥£µ Ì·µ³µ³ £-
´¨É´µ£µ ¶µ²Ö ¨ Ì¨³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  µ, ´µ ¶·¨ T = 0. ‚ ÔÉµ³ ¸²ÊÎ ¥
¨§ (104) ´¥É·Ê¤´µ ¶µ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö ÔËË¥±É¨¢´µ£µ ¶µÉ¥´Í¨ ²  ³µ¤¥²¨
(V (σ) ≡ VHµ(σ)):

VHµ(σ) = VH(σ) −
NΘ(µ− σ)

12π
B1(σ)−

NΘ(µ2 − eH − σ2)

12π
B2(σ). (116)

‡¤¥¸Ó Θ(x) Ä ¸ÉÊ¶¥´Î É Ö ËÊ´±Í¨Ö •Ô¢¨¸ °¤  ¨

B1(σ) = 4µ3 + 8σ3 − 12σ2µ+ 3µ
√
eH(µ2 − σ2)−
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−3σ2
√
eHln [ (µ+

√
µ2 − σ2 )/σ ],

B2(σ) = 2µ3 − 6µσ2 + 4(σ2 + eH)3/2 − 3µ
√
eH(µ2 − σ2)−

−3eH
√
σ2 + eH + 3σ2

√
eHln

[
µ+

√
µ2 − σ2

√
eH +

√
σ2 + eH

]
. (117)

”Ê´±Í¨¨ Bi(σ) µ¡² ¤ ÕÉ ¸¢µ°¸É¢µ³ (¶·¨ µ2 ≥ eH):

B1(µ) = B2(
√
µ2 − eH) = 0. (118)

’¥¶¥·Ó ¨§ (116) ²¥£±µ ¶µ²ÊÎ¨ÉÓ Ê· ¢´¥´¨¥ ¸É Í¨µ´ ·´µ¸É¨:

∂VHµ(σ)

∂σ
= 0 =

∂VH(σ)

∂σ
−
NΘ(µ− σ)

12π
b1(σ)−

NΘ(µ2 − eH − σ2)

12π
b2(σ),

(119)
£¤¥ bi(σ) = ∂Bi(σ)/∂σ. �É³¥É¨³, ÎÉµ ¶·¨ ¢Ò¢µ¤¥ (119) ³Ò ´¥ ÊÎ¨ÉÒ¢ ²¨
Î²¥´Ò, ¶·µ¶µ·Í¨µ´ ²Ó´Ò¥ δ(µ − σ) ¨ δ(µ2 − σ2 − eH). �Î¥¢¨¤´µ, ÎÉµ µ´¨
¤µ²¦´Ò µ¡· É¨ÉÓ¸Ö ¢ ´Ê²Ó ¨§Ä§  ¸µµÉ´µÏ¥´¨Ö (118).

�Ê¸ÉÓ H 6= 0. ‚ ¶.2.2 ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¶·¨ µ = 0 ÔËË¥±É¨¢´Ò° ¶µ-
É¥´Í¨ ² VH(σ) µ¡Ö§ É¥²Ó´µ ¨³¥¥É £²µ¡ ²Ó´Ò° ³¨´¨³Ê³ ¢ ÉµÎ±¥ σ0(H) 6= 0,
É.¥. ±¨· ²Ó´ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ ³µ¤¥²¨ ¸¶µ´É ´´µ ´ ·ÊÏ ¥É¸Ö ¶µ¤ ¤¥°¸É¢¨¥³
¢´¥Ï´¨Ì Ì·µ³µ³ £´¨É´ÒÌ ¶µ²¥°. �Ê¸ÉÓ 0 < µ << σ0(H). ‘ ¶µ³µÐÓÕ (116)
´¥É·Ê¤´µ ¶µ²ÊÎ¨ÉÓ, ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥ VHµ = VH+∆V, £¤¥ ∆V = O(µ2). ‘²¥-
¤µ¢ É¥²Ó´µ, ¶·¨ ¤µ¸É ÉµÎ´µ ³ ²ÒÌ §´ Î¥´¨ÖÌ µ £²µ¡ ²Ó´Ò° ³¨´¨³Ê³ ÔËË¥±-
É¨¢´µ£µ ¶µÉ¥´Í¨ ²  ¶µ-¶·¥¦´¥³Ê ¡Ê¤¥É ´ Ìµ¤¨ÉÓ¸Ö ¢ ÉµÎ±¥ σ0(H). �µ± ¦¥³,
ÎÉµ ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì §´ Î¥´¨ÖÌ µ ±¨· ²Ó´ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ ³µ¤¥²¨
¢µ¸¸É ´ ¢²¨¢ ¥É¸Ö. ˆÉ ±, ¶Ê¸ÉÓ µ >>

√
eH, |g|. � §µ¡Ó¥³ ¶µ²Êµ¸Ó σ ≥ 0, £¤¥

´¥µ¡Ìµ¤¨³µ ·¥Ï¨ÉÓ Ê· ¢´¥´¨¥ (119), ´  É·¨ ³´µ¦¥¸É¢ .
1) �Ê¸ÉÓ σ ≥ µ. ‚ ÔÉµ³ ¸²ÊÎ ¥ (119) ¨³¥¥É ¢¨¤ (89), É.¥. ∂VH/∂σ = 0.

�¤´ ±µ ²¥£±µ ¶µ± § ÉÓ, ÎÉµ ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì µ ÉµÎ±¨ σ = 0 ¨ σ0(H),
±µÉµ·Ò¥ Ëµ·³ ²Ó´µ Ö¢²ÖÕÉ¸Ö ·¥Ï¥´¨Ö³¨ Ê· ¢´¥´¨Ö (89), ´¥ Ê¤µ¢²¥É¢µ·ÖÕÉ
Ê¸²µ¢¨Õ (1) ¨ ¶µÔÉµ³Ê ´¥ Ö¢²ÖÕÉ¸Ö ±µ·´Ö³¨ Ê· ¢´¥´¨Ö (119).

2) �Ê¸ÉÓ
√
µ2 − eH ≤ σ ≤ µ. ‡¤¥¸Ó Ê· ¢´¥´¨¥ ¸É Í¨µ´ ·´µ¸É¨ ¶µÉ¥´Í¨-

 ²  VHµ ¨³¥¥É ¢¨¤

σ

{
2π

g
+ 4µ+

√
eH ln

[
µ+

√
µ2 − σ2

√
eH +

√
σ2 + eH

]}
= 0.

�¥É·Ê¤´µ ¶µ± § ÉÓ, ÎÉµ ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì §´ Î¥´¨ÖÌ µ ÔÉµ Ê· ¢´¥´¨¥
´¥ ¨³¥¥É ·¥Ï¥´¨°, Ê¤µ¢²¥É¢µ·ÖÕÐ¨Ì Ê¸²µ¢¨Ö³ (2).

3) �Ê¸ÉÓ 0 ≤ σ ≤
√
µ2 − eH. ‚ ÔÉµ³ ¸²ÊÎ ¥ Ê· ¢´¥´¨¥ ¸É Í¨µ´ ·´µ¸É¨

(119) ¢Ò£²Ö¤¨É É ±:
σ{3µ+ π/g} = 0.
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�¥Ï¥´¨¥³ ¥£µ ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì §´ Î¥´¨ÖÌ µ ¡Ê¤¥É ¥¤¨´¸É¢¥´´ Ö ÉµÎ± 
σ = 0, ±µÉµ· Ö Ê¤µ¢²¥É¢µ·Ö¥É µ£· ´¨Î¥´¨Ö³ (3).

’ ±¨³ µ¡· §µ³, ³Ò ¶µ± § ²¨, ÎÉµ ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì µ ¨§ ¢¸¥£µ
³´µ¦¥¸É¢  σ ≥ 0 Éµ²Ó±µ µ¤´  ÉµÎ±  σ = 0 Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö
(119), ¢ ´¥° Ê ¶µÉ¥´Í¨ ²  (116) ¡Ê¤¥É ´ Ìµ¤¨ÉÓ¸Ö  ¡¸µ²ÕÉ´Ò° ³¨´¨³Ê³. �Éµ
µ§´ Î ¥É, ÎÉµ ¶·¨ Ë¨±¸¨·µ¢ ´´ÒÌ §´ Î¥´¨ÖÌ H ±¨· ²Ó´ Ö ¸¨³³¥É·¨Ö (4)
³µ¤¥²¨, ¸¶µ´É ´´µ ´ ·ÊÏ¥´´ Ö ¶·¨ ³ ²ÒÌ µ, µ¡Ö§ É¥²Ó´µ ¢µ¸¸É ´ ¢²¨¢ ¥É¸Ö
¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì §´ Î¥´¨ÖÌ Ì¨³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² .

2.6. �¡¸Ê¦¤¥´¨¥ ·¥§Ê²ÓÉ Éµ¢. Š ± ¶µ± § ´µ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, ¢  ¡¥-
²¥¢µ° É¥µ·¨¨ ÔËË¥±É ± É ²¨§ Í¨¨ µ¡Ê¸²µ¢²¥´ ¢§ ¨³µ¤¥°¸É¢¨¥³ ¸¶¨´  Ë¥·³¨-
µ´µ¢ ¸ ³ £´¨É´Ò³ ¶µ²¥³. ‚ ´¥ ¡¥²¥¢µ° É¥µ·¨¨ ¸¨ÉÊ Í¨Ö ¡µ²¥¥ ¸²µ¦´ Ö ¢¢¨¤Ê
´ ²¨Î¨Ö ¨§µ¸¶¨´µ¢µ° ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò Ê Î ¸É¨Í. ‚ ·¥§Ê²ÓÉ É¥ ¤²Ö  ¡¥²¥¢µ¶µ-
¤µ¡´µ° ±µ´Ë¨£Ê· Í¨¨ ³ £´¨É´µ£µ ¶µ²Ö ³Ò ÔËË¥±É¨¢´µ ¶·¨Ìµ¤¨³ ± ¸²ÊÎ Õ,
· ¸¸³µÉ·¥´´µ³Ê ¢ÒÏ¥ (¸³. · §¤. 1), ¶µ¸±µ²Ó±Ê ´  ±² ¸¸¨Î¥¸±µ³ Ö§Ò±¥ ¤¢¨¦¥-
´¨Ö ¢ ¨§µ¸¶¨´µ¢µ³ ¨ µ¡ÒÎ´µ³ ¶·µ¸É· ´¸É¢ Ì · §¤¥²ÖÕÉ¸Ö. „²Ö ´¥ ¡¥²¥¢ÒÌ
±µ´Ë¨£Ê· Í¨° ¶µ²¥° · §¤¥²¥´¨Ö ¤¢¨¦¥´¨° ´¥ ¶·µ¨¸Ìµ¤¨É, ¨ ´  ¸¶¥±É· Î ¸É¨Í
µ± §Ò¢ ÕÉ ¢²¨Ö´¨¥ ± ± ¸¶¨´, É ± ¨ ¨§µ¸¶¨´ Î ¸É¨Í,   É ±¦¥ ¨Ì µÉ´µ¸¨É¥²Ó-
´ Ö µ·¨¥´É Í¨Ö. ˆ³¥´´µ ÔÉ  ¸¨ÉÊ Í¨Ö ¨ µ¡¸Ê¦¤ ² ¸Ó ¢ ¶·¥¤² £ ¥³µ³ · §¤¥²¥,
´ ¶¨¸ ´´µ³ ´  µ¸´µ¢¥ [50Å52].

C ÊÎ¥Éµ³ ¸± § ´´µ£µ, ´ ³¨ · ¸¸³µÉ·¥´µ ¢²¨Ö´¨¥ ¢ ±ÊÊ³´µ£µ £²Õµ´´µ£µ
±µ´¤¥´¸ É  ´  Ë §µ¢ÊÕ ¸É·Ê±ÉÊ·Ê É·¥Ì³¥·´µ° ³µ¤¥²¨ ƒ� (¢ Î¥ÉÒ·¥Ì³¥·¨¨
³µ¤¥²¨ ÔÉµ£µ É¨¶  ÔËË¥±É¨¢´µ µ¶¨¸Ò¢ ÕÉ ¤¨´ ³¨±Ê ±¢ ·±µ¢ ¶·¨ ´¨§±¨Ì
Ô´¥·£¨ÖÌ). ‚ · ³± Ì Î¥ÉÒ·¥ÌË¥·³¨µ´´ÒÌ ³µ¤¥²¥° £²Õµ´´Ò° ±µ´¤¥´¸ É ´¥
Ö¢²Ö¥É¸Ö ¤¨´ ³¨Î¥¸±µ° ¢¥²¨Î¨´µ°,  , ¸±µ·¥¥, ¢Ò¸ÉÊ¶ ¥É ± ± ¢´¥Ï´¨° ¶ · -
³¥É·, ±µÉµ·Ò° µ¡ÒÎ´µ µÉµ¦¤¥¸É¢²Ö¥É¸Ö ¸ ¢´¥Ï´¨³ Í¢¥Éµ¢Ò³ ¶µ²¥³, ´ ¶·¨-
³¥·, ¢¨¤  (78)Ä(80), ¢µ§¤¥°¸É¢ÊÕÐ¨³ ´  ¸¨¸É¥³Ê. ‚²¨Ö´¨¥  ¡¥²¥¢µ¶µ¤µ¡´ÒÌ
Í¢¥Éµ¢ÒÌ ¶µ²¥° É¨¶  (78) ´  Î¥ÉÒ·¥ÌË¥·³¨µ´´ÊÕ ³µ¤¥²Ó (73) ¶·¨¢µ¤¨É ± É¥³
¦¥ ·¥§Ê²ÓÉ É ³, ÎÉµ ¨ ¢µ§¤¥°¸É¢¨¥ ¢´¥Ï´¥£µ ³ £´¨É´µ£µ ¶µ²Ö, · ¸¸³µÉ·¥´´µ¥
¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, ´  µ¡ÒÎ´ÊÕ ³µ¤¥²Ó ƒ�, ¢ ±µÉµ·µ° Ê Ë¥·³¨µ´µ¢ ´¥É
Í¢¥Éµ¢ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò. �µÔÉµ³Ê §¤¥¸Ó ÔÉµÉ ¸²ÊÎ ° µÉ¸ÊÉ¸É¢Ê¥É, ¨ µ¸´µ¢-
´µ¥ ¢´¨³ ´¨¥ ³Ò § É· É¨²¨ ´  ¨¸¸²¥¤µ¢ ´¨¥ ±·¨É¨Î¥¸±¨Ì ¸¢µ°¸É¢ É¥µ·¨¨ (73)
´  Ëµ´¥ ¢´¥Ï´¨Ì ´¥ ¡¥²¥¢ÒÌ ¶µ²¥° É¨¶  (79), (80). „¥²µ ¢ Éµ³, ÎÉµ ¢ ¨¸-
É¨´´µ³ ¢ ±ÊÊ³¥ Š•„ £²Õµ´´Ò° ±µ´¤¥´¸ É ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì ¤µ²¦¥´
¨³¥ÉÓ ¸ÊÐ¥¸É¢¥´´µ ´¥ ¡¥²¥¢Ê Ëµ·³Ê [47],   ¶µ²¥ (79) (¨²¨ (80)) Ö¢²Ö¥É¸Ö Ìµ-
·µÏ¨³ ± ´¤¨¤ Éµ³ ´  ÔÉÊ ·µ²Ó [49]. �¥§Ê²ÓÉ ÉÒ ´ Ï¥£µ  ´ ²¨§  ¸²¥¤ÊÕÐ¨¥.

�Ê¸ÉÓ ´  ¨¸Ìµ¤´ÊÕ É¥µ·¨Õ (73) ¢µ§¤¥°¸É¢Ê¥É ¢´¥Ï´¥¥ Ì·µ³µ³ £´¨É´µ¥
¶µ²¥ (79). ‚ ÔÉµ³ ¸²ÊÎ ¥ ³µ¤¥²Ó ÉµÎ´µ ·¥Ï ¥³  ¶·¨ N →∞. �Éµ µ§´ Î ¥É,
ÎÉµ ¢ £² ¢´µ³ ¶µ·Ö¤±¥ 1/N -· §²µ¦¥´¨Ö ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² Ö¢²Ö¥É¸Ö ¸Ê-
¶¥·¶µ§¨Í¨¥° Ô²¥³¥´É ·´ÒÌ ËÊ´±Í¨°. �Éµ ¥¤¨´¸É¢¥´´Ò° ¶·¨³¥· É¥µ·¥É¨±µ-
¶µ²¥¢µ° ³µ¤¥²¨, ¢ ±µÉµ·µ° ¢µ§¤¥°¸É¢¨¥ ¢´¥Ï´¥£µ ¶µ²Ö ³µ¦¥É ¡ÒÉÓ ÊÎÉ¥´µ
ÉµÎ´µ (µ¡ÒÎ´µ ¨¸¶µ²Ó§Ê¥É¸Ö É¥µ·¨Ö ¢µ§³ÊÐ¥´¨° ¶µ ¢´¥Ï´¥³Ê ¶µ²Õ, É.¥. ¶·µ-
Í¥¤Ê· , ±µÉµ· Ö ´ ±² ¤Ò¢ ¥É µ£· ´¨Î¥´¨Ö ´  µ¡² ¸ÉÓ ¶·¨³¥´¨³µ¸É¨ ·¥§Ê²Ó-
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É Éµ¢ ¢ÒÎ¨¸²¥´¨°), ¨ µÉ±²¨± ¸¨¸É¥³Ò ´  Ì·µ³µ³ £´¨É´µ¥ ¢µ§¤¥°¸É¢¨¥ ³µ¦¥É
¡ÒÉÓ ¨§ÊÎ¥´ ¢ Ï¨·µ±µ³ ¤¨ ¶ §µ´¥ ¥£µ §´ Î¥´¨°.

ŒÒ ¶µ± § ²¨, ÎÉµ ´¥ ¡¥²¥¢µ (  É ±¦¥  ¡¥²¥¢µ¶µ¤µ¡´µ¥) Ì·µ³µ³ £´¨É´µ¥
¶µ²¥ ¶·¨ g > 0 ¢Ò§Ò¢ ¥É ¸¶µ´É ´´µ¥ ´ ·ÊÏ¥´¨¥ ±¨· ²Ó´µ° ¨´¢ ·¨ ´É´µ¸É¨
(4),   ¶·¨ g < 0 µ´µ ¥Ð¥ ¡µ²ÓÏ¥ ¸É ¡¨²¨§¨·Ê¥É ´¥¸¨³³¥É·¨Î´Ò° ¢ ±ÊÊ³.
’ ±¨³ µ¡· §µ³, Î¨¸Éµ Ì·µ³µ³ £´¨É´Ò° £²Õµ´´Ò° ±µ´¤¥´¸ É ¢¨¤  (78), (79)
³µ¦¥É ¸²Ê¦¨ÉÓ ± É ²¨§ Éµ·µ³ ¸¶µ´É ´´µ£µ ´ ·ÊÏ¥´¨Ö ±¨· ²Ó´µ° ¸¨³³¥É·¨¨
¢ ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¥. ‚ ¶.2.2 µ¶·¥¤¥²¥´µ ¶µ¢¥¤¥´¨¥ ³ ¸¸Ò Ë¥·³¨µ´µ¢
¶·¨ H → ∞ (¸³. (91)),   É ±¦¥ ¢ µ¡² ¸É¨ ³ ²ÒÌ §´ Î¥´¨° H (¸³. (92) ¶·¨
g > 0 ¨ (93) ¶·¨ g < 0 ).

�·¨ ¢µ§¤¥°¸É¢¨¨ ´  ³µ¤¥²Ó ¢´¥Ï´¥£µ Ì·µ³µÔ²¥±É·¨Î¥¸±µ£µ ¶µ²Ö E ¢¨¤ 
(80) ±¨· ²Ó´ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ µ¸É ¥É¸Ö ´¥´ ·ÊÏ¥´´µ° ¶·¨ g > 0. �Ê¸ÉÓ
±µ´¸É ´É  ¸¢Ö§¨ g < 0. ’µ£¤  ±¨· ²Ó´ Ö ¸¨³³¥É·¨Ö, ¸¶µ´É ´´µ ´ ·ÊÏ¥´-
´ Ö ¢ µ¡² ¸É¨ ³ ²ÒÌ E, ¢µ¸¸É ´ ¢²¨¢ ¥É¸Ö ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì §´ Î¥-
´¨ÖÌ E. ŒÒ ´ Ï²¨ ±·¨É¨Î¥¸±µ¥ §´ Î¥´¨¥ Ì·µ³µÔ²¥±É·¨Î¥¸±µ£µ ¶µ²Ö Ec
(100), ¶·¨ ±µÉµ·µ³ ¶·µ¨¸Ìµ¤¨É Ë §µ¢Ò° ¶¥·¥Ìµ¤ ¢Éµ·µ£µ ·µ¤  ¨§ Ê¶µ·Ö¤µ-
Î¥´´µ° Ë §Ò ¢ ´¥Ê¶µ·Ö¤µÎ¥´´ÊÕ. Š·µ³¥ Éµ£µ, ´ °¤¥´µ ¶µ¢¥¤¥´¨¥ ³ ¸¸Ò
±¢ ·±µ¢ ¶·¨ E → 0,   É ±¦¥ ¢ µ±·¥¸É´µ¸É¨ ±·¨É¨Î¥¸±µ£µ §´ Î¥´¨Ö ¢´¥Ï´¥£µ
¶µ²Ö (¸³. ¶.2.3). ‚ ¦´µ ¶µ¤Î¥·±´ÊÉÓ ¸²¥¤ÊÕÐÊÕ µ¸µ¡¥´´µ¸ÉÓ ´¥ ¡¥²¥¢µ£µ
Ì·µ³µÔ²¥±É·¨Î¥¸±µ£µ ±µ´¤¥´¸ É . ‚ ÔÉµ³ ¸²ÊÎ ¥ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ É¥µ·¨¨
ƒ·µ¸¸  Ä �¥¢Ó¥ Ö¢²Ö¥É¸Ö ¸É ¡¨²Ó´Ò³ ¸µ¸ÉµÖ´¨¥³ (¢µ ¢´¥Ï´¥³  ¡¥²¥¢µ¶µ¤µ¡-
´µ³ Ì·µ³µÔ²¥±É·¨Î¥¸±µ³ ¶µ²¥ ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ³µ¤¥²¨ ¨³¥¥É ³´¨-
³ÊÕ Î ¸ÉÓ [36], ÎÉµ £µ¢µ·¨É µ ´¥¸É ¡¨²Ó´µ³ ¢ ±ÊÊ³¥). �ÉµÉ Ë ±É, ´  ´ Ï
¢§£²Ö¤, ³µ¦´µ É· ±Éµ¢ ÉÓ ± ± ¢µ§³µ¦´µ¸ÉÓ ¸ÊÐ¥¸É¢µ¢ ´¨Ö µÉ²¨Î´ÒÌ µÉ ´Ê²Ö
Ì·µ³µÔ²¥±É·¨Î¥¸±¨Ì ±µ³¶µ´¥´É £²Õµ´´µ£µ ±µ´¤¥´¸ É  ¢ Š•„.

�Ê¸ÉÓ ´ ·Ö¤Ê ¸ ¢´¥Ï´¨³ ´¥ ¡¥²¥¢Ò³ Ì·µ³µ³ £´¨É´Ò³ ¶µ²¥³ µÉ²¨Î´  µÉ
´Ê²Ö ¨ É¥³¶¥· ÉÊ· . ’µ£¤ , ± ± ¶µ± § ´µ ¢ ¶.2.4, ¸ÊÐ¥¸É¢Ê¥É ±·¨É¨Î¥¸± Ö
É¥³¶¥· ÉÊ·  Tc(H), ¶·¨ ±µÉµ·µ° ¢ ³µ¤¥²¨ ¶·µ¨¸Ìµ¤¨É Ë §µ¢Ò° ¶¥·¥Ìµ¤ ¢Éµ-
·µ£µ ·µ¤  ¨§ ±¨· ²Ó´µ-´¥¨´¢ ·¨ ´É´µ£µ ¢ ±¨· ²Ó´µ-¨´¢ ·¨ ´É´µ¥ ¸µ¸ÉµÖ´¨¥
É¥·³µ¤¨´ ³¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö. Š·¨É¨Î¥¸± Ö É¥³¶¥· ÉÊ·  ¶·¨ H →∞ ¶·µ-
¶µ·Í¨µ´ ²Ó´ 

√
eH,   ¶·¨ H → 0 ¶µ¢¥¤¥´¨¥ Tc(H) ¶·¨¢¥¤¥´µ ¢ Ëµ·³Ê² Ì

(114) (¶·¨ g > 0) ¨ (115) (¶·¨ g < 0).
� ±µ´¥Í, ¡Ò² · ¸¸³µÉ·¥´ ¸²ÊÎ °, ±µ£¤  µÉ²¨Î´Ò µÉ ´Ê²Ö H ¨ Ì¨³¨Î¥¸±¨°

¶µÉ¥´Í¨ ² µ. ‡¤¥¸Ó ´ ³ Ê¤ ²µ¸Ó ¤µ± § ÉÓ, ÎÉµ ±¨· ²Ó´ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ (4)
³µ¤¥²¨, ¸¶µ´É ´´µ ´ ·ÊÏ¥´´ Ö ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ µ, µ¡Ö§ É¥²Ó´µ ¢µ¸¸É -
´ ¢²¨¢ ¥É¸Ö ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì µ.

‚ ·¥ ²Ó´µ³ Î¥ÉÒ·¥Ì³¥·´µ³ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ ¢µ§¤¥°¸É¢¨¥ ¢´¥Ï´¨Ì
± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥° ´  Î¥ÉÒ·¥ÌË¥·³¨µ´´Ò¥ ³µ¤¥²¨ É ±¦¥ ¨§ÊÎ ²µ¸Ó [53,
54]. ‚ · ¡µÉ Ì [53]  ¢Éµ·Ò µ£· ´¨Î¨²¨¸Ó Éµ²Ó±µ  ¡¥²¥¢µ¶µ¤µ¡´Ò³¨ ¢¥±Éµ·-
´Ò³¨ ¶µÉ¥´Í¨ ² ³¨ É¨¶  (78),   ±µ²¨Î¥¸É¢µ ¶µ²ÊÎ¥´´ÒÌ ¨³¨ ·¥§Ê²ÓÉ Éµ¢,
±µ´¥Î´µ, §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥ ¶µ ¸· ¢´¥´¨Õ ¸ É·¥Ì³¥·´Ò³ ¸²ÊÎ ¥³. ‚ [54]
¶µ± § ´µ, ÎÉµ · §²¨Î´Ò¥ É¨¶Ò ¢´¥Ï´¨Ì Ì·µ³µ³ £´¨É´ÒÌ ¶µ²¥° ¢ ³µ¤¥²¨
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� ³¡Ê Ä ˆµ´ -‹ §¨´¨µ É ±¦¥ ¶·¨¢µ¤ÖÉ ± ¸¶µ´É ´´µ³Ê ´ ·ÊÏ¥´¨Õ ±¨· ²Ó-
´µ° ¸¨³³¥É·¨¨.

3. „ˆ��Œˆ—…‘Š�Ÿ ƒ…�…��–ˆŸ —‹…�� —…��� Ä ‘�‰Œ��‘�
‚ ����™…��›• —…’›�…•”…�Œˆ���›• Œ�„…‹Ÿ•

‚ ¶·¥¤Ò¤ÊÐ¨Ì · §¤¥² Ì Ê¦¥ ¡Ò²  µÉ³¥Î¥´  ¢ ¦´µ¸ÉÓ ¨¸¸²¥¤µ¢ ´¨Ö É·¥Ì-
³¥·´ÒÌ ³µ¤¥²¥° ¸ Î¥ÉÒ·¥ÌË¥·³¨µ´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ ¢ ¸¢Ö§¨ ¸ ¨Ì ¢µ§³µ¦-
´Ò³ ´¥¶µ¸·¥¤¸É¢¥´´Ò³ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·¨ µ¶¨¸ ´¨¨ ¢Ò¸µ±µÉ¥³¶¥· ÉÊ·´µ°
¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨ (‚’‘�). ‘ÊÐ¥¸É¢Ê¥É, µ¤´ ±µ, ¥Ð¥ µ¤¨´ ¶µ¤Ìµ¤ ± ¶µ¸É·µ-
¥´¨Õ É¥µ·¨¨ ‚’‘�, ¢ ±µÉµ·µ³ ¤²Ö µ¡ÑÖ¸´¥´¨Ö ÔÉµ£µ Ö¢²¥´¨Ö ¶·¨¢²¥± ÕÉ¸Ö
Î ¸É¨ÍÒ ¸ ¤·µ¡´Ò³¨ ¸¶¨´µ³ ¨ ¸É É¨¸É¨±µ°, É.±. ¤ ¦¥ ¨¤¥ ²Ó´Ò° £ § É ±¨Ì Î -
¸É¨Í µ¡² ¤ ¥É ¸¢¥·Ì¶·µ¢µ¤ÖÐ¨³¨ ¸¢µ°¸É¢ ³¨ [55]. ‚ ¸¢µÕ µÎ¥·¥¤Ó, ¨§¢¥¸É´µ,
ÎÉµ ¤·µ¡´ Ö ¸É É¨¸É¨±  ¶·¨¸ÊÐ  Éµ²Ó±µ É¥³ É·¥Ì³¥·´Ò³ ¶µ²Ö³, ¤¨´ ³¨± 
±µÉµ·ÒÌ µ¶·¥¤¥²Ö¥É¸Ö ² £· ´¦¨ ´ ³¨, ¸µ¤¥·¦ Ð¨³¨ É ± ´ §Ò¢ ¥³Ò° Î²¥´
—¥·´  Ä ‘ °³µ´¸  (—‘):

LCS = G εµνλ∂µAνAλ, (120)

£¤¥ Aµ Ä ¢¥±Éµ·´µ¥ ¶µ²¥ (¸³., ´ ¶·¨³¥·, µ¡§µ· [56]). ‘²¥¤µ¢ É¥²Ó´µ, ¢ ¦´µ
¶µ´¨³ ÉÓ ³¥Ì ´¨§³Ò ¢µ§´¨±´µ¢¥´¨Ö Î²¥´µ¢ —‘ ¢ É¥µ·¨¨. Œµ¦´µ, ±µ´¥Î´µ,
¶·µ¸Éµ ¤µ¡ ¢¨ÉÓ LCS ¢ ¨¸Ìµ¤´Ò° ² £· ´¦¨ ´ É¥µ·¨¨, µ¤´ ±µ Ë¨§¨±µ¢ ¢¸¥-
£¤  ¨´É¥·¥¸µ¢ ²  ¢µ§³µ¦´µ¸ÉÓ ¶µ²ÊÎ¨ÉÓ ÉÊ ¨²¨ ¨´ÊÕ ¢¥²¨Î¨´Ê ¤¨´ ³¨Î¥¸±¨³
¶ÊÉ¥³, É.¥. §  ¸Î¥É · ¤¨ Í¨µ´´ÒÌ ¶µ¶· ¢µ±, É.±. ¢ ÔÉµ³ ¸²ÊÎ ¥ Ë¨§¨Î¥¸±¨¥
Ö¢²¥´¨Ö ³µ¦´µ µ¶¨¸Ò¢ ÉÓ ³¥´ÓÏ¨³ ±µ²¨Î¥¸É¢µ³ ¶ · ³¥É·µ¢. �É³¥É¨³, ÎÉµ,
¤ ¦¥ ¥¸²¨ ¢ § É· ¢µÎ´µ³ ² £· ´¦¨ ´¥ ³µ¤¥²¨ Î²¥´ —‘ µÉ¸ÊÉ¸É¢Ê¥É, ¢ É¥µ-
·¨¨ ¸ ´ ·ÊÏ¥´´µ° P - ¨ T -Î¥É´µ¸ÉÓÕ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ³ ¸¸¨¢´ÒÌ Ë¥·³¨µ´µ¢
µ´ £¥´¥·¨·Ê¥É¸Ö §  ¸Î¥É ±¢ ´Éµ¢ÒÌ ¶µ¶· ¢µ±. �·¨ ÔÉµ³ ¥£µ ¢¥²¨Î¨´  ³µ-
¦¥É ¸ÊÐ¥¸É¢¥´´µ § ¢¨¸¥ÉÓ ± ± µÉ ±µ´¥Î´ÒÌ É¥³¶¥· ÉÊ·Ò ¨ ¶²µÉ´µ¸É¨, É ± ¨
µÉ ¢´¥Ï´¥£µ ¶µ²Ö. ‚ µ¤´µ¶¥É²¥¢µ³ ¶·¨¡²¨¦¥´¨¨ ¢ ÔÉµ³ ³µ¦´µ Ê¡¥¤¨ÉÓ¸Ö,
¢ÒÎ¨¸²ÖÖ ¶µ²Ö·¨§ Í¨µ´´Ò° µ¶¥· Éµ· (��) [57].

‚ ¸¨²Ê Éµ£µ, ÎÉµ ² £· ´¦¨ ´ (120) ´¥ ¨´¢ ·¨ ´É¥´ µÉ´µ¸¨É¥²Ó´µ ¶·¥-
µ¡· §µ¢ ´¨Ö P -Î¥É´µ¸É¨ (t, x, y)→ (t,−x, y), µ¤¨´ ¨§ ¶ÊÉ¥° ¶µ²ÊÎ¥´¨Ö Î²¥´ 
—‘ Ä ¤¨´ ³¨Î¥¸±µ¥ ´ ·ÊÏ¥´¨¥ P -¨´¢ ·¨ ´É´µ¸É¨. Š ± ¡Ò²µ µÉ³¥Î¥´µ ¢ [58],
¢ · ³± Ì ¡¥§³ ¸¸µ¢µ° É·¥Ì³¥·´µ° ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¨ ´¥ É ± ²¥£±µ
´ ·ÊÏ¨ÉÓ P -Î¥É´µ¸ÉÓ. �µÔÉµ³Ê ¡µ²ÓÏµ¥ ¢´¨³ ´¨¥ ¡Ò²µ Ê¤¥²¥´µ ¨¸¸²¥¤µ¢ -
´¨Õ  ¡¥²¥¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ É¥µ·¨° ¸µ ¸± ²Ö·´Ò³¨ ¶µ²Ö³¨ [59], £¤¥ ¡Ò²µ
¶µ± § ´µ, ÎÉµ Î²¥´ —‘ ³µ¦¥É ¢µ§´¨±´ÊÉÓ ¸¶µ´É ´´Ò³ µ¡· §µ³. Š·µ³¥ Éµ£µ,
 ¢Éµ·Ò ·Ö¤  · ¡µÉ [16,60] ¶·¨Ï²¨ ± ¢Ò¢µ¤Ê, ÎÉµ ¢ ¶·µ¸É¥°Ï¨Ì É·¥Ì³¥·´ÒÌ
³µ¤¥²ÖÌ ¸ Î¥ÉÒ·¥ÌË¥·³¨µ´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ É ±¦¥ ¢µ§³µ¦´µ ¤¨´ ³¨-
Î¥¸±µ¥ ´ ·ÊÏ¥´¨¥ P -Î¥É´µ¸É¨, ¶·¨¢µ¤ÖÐ¥¥ ¢ ±µ´¥Î´µ³ ¸Î¥É¥ ± £¥´¥· Í¨¨
Î²¥´  —‘.
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‚ ¶·¥¤² £ ¥³µ³ · §¤¥²¥ ¶·µ¤µ²¦ ¥É¸Ö ¨¸¸²¥¤µ¢ ´¨¥ É·¥Ì³¥·´ÒÌ É¥µ·¨°
¶µ²Ö ´¥¶¥·ÉÊ·¡ É¨¢´Ò³ ³¥Éµ¤µ³ 1/N -· §²µ¦¥´¨Ö. �  ÔÉµÉ · § ³Ò · ¸-
¸³µÉ·¨³ ¤¢¥ ³µ¤¥²¨ ¸ µ¡µ¡Ð¥´´Ò³ Î¥ÉÒ·¥ÌË¥·³¨µ´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³,
µ¡· Ð Ö µ¸µ¡µ¥ ¢´¨³ ´¨¥ ´  ¤µ¸É ÉµÎ´Ò¥ Ê¸²µ¢¨Ö ¤¨´ ³¨Î¥¸±µ° £¥´¥· Í¨¨
Î²¥´  —‘.

3.1. �¡µ¡Ð¥´¨¥ ³µ¤¥²¨ ƒ·µ¸¸  Ä �¥¢Ó¥. � ¸¸³µÉ·¨³ ¸²¥¤ÊÕÐ¨° ² £· ´-
¦¨ ´:

L = ψ̄1i∂̂ψ1 + ψ̄2i∂̂ψ2 +
G̃1

2N
[ (ψ̄1ψ1)2 + (ψ̄2ψ2)2 ] +

G̃2

N
ψ̄1ψ1ψ̄2ψ2+

+
H̃1

2N
[ (ψ̄1ψ2)2 + (ψ̄2ψ1)2 ] +

H̃2

N
ψ̄1ψ2ψ̄2ψ1. (121)

‡¤¥¸Ó ψ1,2 Ä ¤¢  ËÊ´¤ ³¥´É ²Ó´ÒÌ ³Ê²ÓÉ¨¶²¥É  U(N)-£·Ê¶¶Ò, ± ¦¤ Ö ±µ³¶µ-
´¥´É  ±µÉµ·ÒÌ Ä ¤¢ÊÌ±µ³¶µ´¥´É´Ò° ¸¶¨´µ· „¨· ± . � ¤¨ ¶·µ¸ÉµÉÒ ¢ (121)
³Ò µ¶Ê¸É¨²¨ ¸¨³¢µ² ¸Ê³³¨·µ¢ ´¨Ö ¶µ ¨´¤¥±¸ ³ U(N)-£·Ê¶¶Ò, ¶µÔÉµ³Ê ¢Ò-
· ¦¥´¨Ö É¨¶  ψ̄iψj É ³ ¸²¥¤Ê¥É ¶µ´¨³ ÉÓ É ±:

ψ̄iψj =

N∑
k=1

ψ̄ikψjk.

‚ Ëµ·³Ê²¥ (121) ¨¸¶µ²Ó§ÊÕÉ¸Ö 2×2 γ-³ É·¨ÍÒ ¨§ ¶·¨²µ¦¥´¨Ö A. �¥µ¡Ìµ¤¨³µ
µÉ³¥É¨ÉÓ ¨´¢ ·¨ ´É´µ¸ÉÓ ÔÉµ£µ ² £· ´¦¨ ´  µÉ´µ¸¨É¥²Ó´µ ´¥¶·¥·Ò¢´µ° U(1)
± ²¨¡·µ¢µÎ´µ° £·Ê¶¶Ò ¶·¥µ¡· §µ¢ ´¨°

U(1) : ψ1 → eiαψ1; ψ2 → eiαψ2, (122)

  É ±¦¥ ¶·¥µ¡· §µ¢ ´¨Ö Î¥É´µ¸É¨ P ¨ ¤¢ÊÌ ¤¨¸±·¥É´ÒÌ ¶·¥µ¡· §µ¢ ´¨° Γ3 ¨
Γ5:

P : ψ1k(t, x, y)←→ γ1ψ2k(t,−x, y),

Γ3 : ψ1k(t, x, y)←→ ψ2k(t, x, y),

Γ5 : ψ1k(t, x, y)←→ iψ2k(t, x, y). (123)

�·¨ ¨§ÊÎ¥´¨¨ É¥µ·¨¨ ¶µ²Ö (121) Ê¤µ¡´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¤·Ê£¨¥ µ¡µ§´ Î¥´¨Ö.
�µ¸É·µ¨³ ¨§ ψ1 ¨ ψ2 ¥Ð¥ µ¤¨´ ËÊ´¤ ³¥´É ²Ó´Ò° ³Ê²ÓÉ¨¶²¥É ψ U(N)-
£·Ê¶¶Ò, ¢ ±µÉµ·µ³ ± ¦¤ Ö ±µ³¶µ´¥´É  ψk ¡Ê¤¥É Ê¦¥ Î¥ÉÒ·¥Ì±µ³¶µ´¥´É´Ò³

¸¶¨´µ·µ³ „¨· ±  (¸³. · §¤.1): ψk =

(
ψ1k

ψ2k

)
, k = 1, ..., N . ‚ É¥·³¨´ Ì ψ

² £· ´¦¨ ´ (121) ¶·¥¤¸É ¢¨³ ¢ ¢¨¤¥

L = ψ̄i∂̂ψ +
G1

2N
(ψ̄ψ)2 +

G2

2N
(ψ̄τψ)2 +

H1

2N
(iψ̄Γ5ψ)2 +

H2

2N
(iψ̄Γ3ψ)2. (124)
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‚ ¢Ò· ¦¥´¨¨ (124) µ¶ÊÐ¥´ ¸¨³¢µ² ¸Ê³³¨·µ¢ ´¨Ö ¶µ ¨´¤¥±¸ ³ U(N)-£·Ê¶¶Ò.
�¤´ ±µ §¤¥¸Ó ¨ ´¨¦¥ ÔÉµ ¸Ê³³¨·µ¢ ´¨¥ ¶µ¤· §Ê³¥¢ ¥É¸Ö. ‚ µÉ²¨Î¨¥ µÉ (121)
² £· ´¦¨ ´ (124) ¸µ¤¥·¦¨É 4× 4-³ É·¨ÍÒ Γµ,Γ3,Γ5, ±µÉµ·Ò¥ ¶·¥¤¸É ¢²¥´Ò

¢ ¶·¨²µ¦¥´¨¨ A,   4× 4-³ É·¨Í  τ ¨³¥¥É ¢¨¤ τ =

(
1 0
0− 1

)
. Š·µ³¥ Éµ£µ,

G̃1 = G1 +G2; G̃2 = G2 −G1; H̃1 = H1 −H2; H̃2 = H1 + H2.

„¨¸±·¥É´Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö (123) ´¥É·Ê¤´µ ¶¥·¥¶¨¸ ÉÓ, ¨¸¶µ²Ó§ÊÖ Î¥ÉÒ·¥Ì-
±µ³¶µ´¥´É´Ò¥ ¸¶¨´µ·Ò

P : ψ(t, x, y)→ iΓ1Γ5ψ(t,−x, y); Γ5 : ψ → Γ5ψ; Γ3 : ψ → Γ3ψ.

„²Ö ¨¸¸²¥¤µ¢ ´¨Ö Ë §µ¢µ° ¸É·Ê±ÉÊ·Ò ³µ¤¥²¨ (121)Ä(124) ¢¢¥¤¥³ ¢¸¶µ³µ-
£ É¥²Ó´Ò° ² £· ´¦¨ ´

L̃ = ψ̄i∂̂ψ+σ1(ψ̄ψ)+σ2(ψ̄τψ)+φ1(iψ̄Γ5ψ)+φ2(iψ̄Γ3ψ)−
N

2

2∑
k=1

(
σ2
k

Gk
+
φ2
k

Hk

)
,

(125)
£¤¥ σi, φk Ä ¢¸¶µ³µ£ É¥²Ó´Ò¥ ¢¥Ð¥¸É¢¥´´Ò¥, ¸µµÉ¢¥É¸É¢¥´´µ, ¸± ²Ö·´Ò¥ ¨
¶¸¥¢¤µ¸± ²Ö·´Ò¥ ¶µ²Ö. ’¥µ·¨¨ ¶µ²Ö (124) ¨ (125) Ô±¢¨¢ ²¥´É´Ò ³¥¦¤Ê ¸µ¡µ°
¶µÉµ³Ê, ÎÉµ c ¶µ³µÐÓÕ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ³µ¦´µ ¨¸±²ÕÎ¨ÉÓ ¶µ²Ö σi, φk
¨§ (125) ¨ ¶µ²ÊÎ¨ÉÓ ² £· ´¦¨ ´ (124). �¥É·Ê¤´µ ¶µ± § ÉÓ, ÎÉµ µÉ´µ¸¨É¥²Ó´µ
¤¨¸±·¥É´ÒÌ ¸¨³³¥É·¨° (123) ¢¸¶µ³µ£ É¥²Ó´Ò¥ ¶µ²Ö ¶·¥µ¡· §ÊÕÉ¸Ö ¸²¥¤ÊÕ-
Ð¨³ µ¡· §µ³:

P : σ1 → σ1; σ2 → −σ2; φ1 → −φ1; φ2 → φ2;

Γ5 : σ1 → −σ1; σ2 → σ2; φ1 → −φ1; φ2 → φ2;

Γ3 : σ1 → −σ1; σ2 → σ2; φ1 → φ1; φ2 → −φ2. (126)

ˆ¸Ìµ¤Ö ¨§ ¢Ò· ¦¥´¨Ö (125), ³µ¦´µ ´ °É¨ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ É¥µ·¨¨,
±µÉµ·µ¥ ¢ µ¤´µ¶¥É²¥¢µ³ ¶·¨¡²¨¦¥´¨¨ (≡ ¢ £² ¢´µ³ ¶µ·Ö¤±¥ 1/N -· §²µ¦¥´¨Ö
¢ ³µ¤¥²¨ (124)) ¨³¥¥É ¢¨¤

Seff(σ, φ) = −N
2∑

k=1

(
σ2
k

2Gk
+

φ2
k

2Hk

)
− iTr ln ∆̂, (127)

£¤¥
∆̂ = i∂̂ + σ1 + σ2τ + iφ1Γ5 + iφ2Γ3.

‡¤¥¸Ó ¶µ²Ö σi, φk § ¢¨¸ÖÉ µÉ ÉµÎ¥± ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨. —Éµ¡Ò ¶µ²ÊÎ¨ÉÓ
ÔËË¥±É¨¢´Ò° ¶µÉ¥Í¨ ² ³µ¤¥²¨, ´Ê¦´µ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö µ¶·¥¤¥²¥´¨¥³

V (σ, φ) = −Seff(σ, φ) |σ,φ=const, (128)
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¢ ±µÉµ·µ³ ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ¡µ§µ´´Ò¥ ¶µ²Ö Ê¦¥ ´¥ § ¢¨¸ÖÉ µÉ ±µµ·¤¨´ É. ‘
¶µ³µÐÓÕ (127)Ä(128) ³µ¦´µ ´ °É¨ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ÔËË¥±É¨¢´µ£µ
¶µÉ¥´Í¨ ²  ³µ¤¥²¨ (124) ¢ £² ¢´µ³ ¶µ·Ö¤±¥ 1/N -· §²µ¦¥´¨Ö:

V (σ, φ) = N

2∑
k=1

(
σ2
k

2Gk
+

φ2
k

2Hk
−

∫
d3p

(2π)3
ln (p2 +M2

k )

)
, (129)

£¤¥

M1,2 = | σ2 ±
√
σ2

1 + φ2
1 + φ2

2 |. (130)

”µ·³Ê²  (129) ¢Ò¢µ¤¨É¸Ö  ´ ²µ£¨Î´µ Éµ³Ê, ± ± ¡Ò² ¶µ²ÊÎ¥´ ÔËË¥±É¨¢´Ò°
¶µÉ¥´Í¨ ² ¢ · ¡µÉ¥ [61]. �·µ¨´É¥£·¨·Ê¥³ ¢ (129) ¶µ µ¡² ¸É¨ 0 ≤ p2 ≤ Λ2:

V (σ, φ) = N

2∑
k=1

[
σ2
k

2

(
1

Gk
−

2Λ

π2

)
+
φ2
k

2

(
1

Hk
−

2Λ

π2

)
+
M3
k

6π

]
. (131)

’¥¶¥·Ó, ÎÉµ¡Ò ¨¸±²ÕÎ¨ÉÓ ¨§ (131) ¶ · ³¥É· µ¡·¥§ ´¨Ö Λ, ¢¢¥¤¥³ ¶¥·¥´µ·³¨-
·µ¢ ´´Ò¥ ±µ´¸É ´ÉÒ ¸¢Ö§¨ ¸ ¶µ³µÐÓÕ ´µ·³¨·µ¢µÎ´ÒÌ Ê¸²µ¢¨° (i = 1, 2):

1

N

∂2V

(∂σi)2 σi = m
=

1

Gi
−

2Λ

π2
+

2m

π
≡

1

gi(m)
,

1

N

∂2V

(∂φi)2 φi = m
=

1

Hi
−

2Λ

π2
+

2m

π
≡

1

hi(m)
. (132)

‡¤¥¸Ó ´¥µ¡Ìµ¤¨³µ ¶µÖ¸´¨ÉÓ, ÎÉµ ¢ ¶¥·¢µ³ ¨§ · ¢¥´¸É¢ (132) ¡¥·¥É¸Ö §´ Î¥´¨¥
ËÊ´±Í¨¨ ∂2V/(∂σi)

2 ¢ ÉµÎ±¥ φ1,2 = 0, σi = m, σj = 0 (i 6= j). ‚µ ¢Éµ·µ³
· ¢¥´¸É¢¥ Ê ÉµÎ±¨ ´µ·³¨·µ¢±¨ ËÊ´±Í¨¨ ∂2V/(∂φi)

2 µÉ²¨Î´  µÉ ´Ê²Ö ²¨ÏÓ
±µ³¶µ´¥´É  φi = m. ‘µµÉ´µÏ¥´¨Ö (132) ¤ ÕÉ ´ ³ ¢µ§³µ¦´µ¸ÉÓ ¶¥·¥¶¨¸ ÉÓ
ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ¢ É¥·³¨´ Ì Ê²ÓÉ· Ë¨µ²¥Éµ¢µ-±µ´¥Î´ÒÌ ¢¥²¨Î¨´:

V (σ, φ) = N

2∑
k=1

[
gk

2
σ2
k +

hk

2
φ2
k +

M3
k

6π

]
, (133)

£¤¥

gi =
1

gi(m)
−

2m

π
, hj =

1

hj(m)
−

2m

π
. (134)

� ¶µ³´¨³, ÎÉµ £µ²Ò¥ ±µ´¸É ´ÉÒ ¸¢Ö§¨ Gi, Hj ´¥ § ¢¨¸ÖÉ µÉ ´µ·³¨·µ¢µÎ´µ°
³ ¸¸Ò m. ‚ ¸¨²Ê ÔÉµ£µ ¨§ (132)Ä(134) ¸²¥¤Ê¥É, ÎÉµ ±µ´¸É ´ÉÒ gi, hj É ±¦¥ ´¥
§ ¢¨¸ÖÉ µÉm, É.¥. ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² (133) Ö¢²Ö¥É¸Ö ·¥´µ·³ ²¨§ Í¨µ´´µ-
¨´¢ ·¨ ´É´µ° ¢¥²¨Î¨´µ°.

’ ±¨³ µ¡· §µ³, ³Ò Ë ±É¨Î¥¸±¨ ¶·µ¤¥³µ´¸É·¨·µ¢ ²¨, ÎÉµ ¢ £² ¢´µ³ ¶µ-
·Ö¤±¥ 1/N -· §²µ¦¥´¨Ö ³µ¤¥²Ó (121) ¶¥·¥´µ·³¨·Ê¥³ . �µ²´µ¥ ¤µ± § É¥²Ó¸É¢µ
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Éµ£µ, ÎÉµ É¥µ·¨Ö ¶µ²Ö (121) ¶¥·¥´µ·³¨·Ê¥³ , ´¥ Ö¢²Ö¥É¸Ö ¶·¥¤³¥Éµ³ ´ -
Ï¥£µ · ¸¸³µÉ·¥´¨Ö. �¤´ ±µ ³Ò ¤Ê³ ¥³, ÎÉµ ÔÉµ É ± ¨ ¥¸ÉÓ, µ¶¨· Ö¸Ó ´ 
· ¡µÉÒ [7,62], ¢ ±µÉµ·ÒÌ ¡Ò²µ ¤µ± § ´µ, ÎÉµ ¶·µ¸É¥°Ï¨¥ É·¥Ì³¥·´Ò¥ ³µ¤¥²¨
¸ Î¥ÉÒ·¥ÌË¥·³¨µ´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ ¶¥·¥´µ·³¨·Ê¥³Ò ¢ · ³± Ì ´¥¶¥·ÉÊ·-
¡ É¨¢´µ£µ ³¥Éµ¤  1/N -· §²µ¦¥´¨Ö.

3.2. ” §µ¢ Ö ¸É·Ê±ÉÊ·  ³µ¤¥²¨. ‡¤¥¸Ó ¡Ê¤¥É · ¸¸³µÉ·¥´  § ¢¨¸¨³µ¸ÉÓ Ë -
§µ¢µ° ¸É·Ê±ÉÊ·Ò ³µ¤¥²¨ µÉ ·¥´µ·³¨´¢ ·¨ ´É´ÒÌ ±µ´¸É ´É gi, hj (134). „²Ö
ÔÉµ£µ ´¥µ¡Ìµ¤¨³µ ´ °É¨ ¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥ ¢¸¶µ³µ£ É¥²Ó´ÒÌ ¶µ²¥°, ±µÉµ·Ò¥,
± ± ¨§¢¥¸É´µ, µ¶·¥¤¥²ÖÕÉ¸Ö ¨§ ÉµÎ±¨ £²µ¡ ²Ó´µ£µ ³¨´¨³Ê³  ÔËË¥±É¨¢´µ£µ
¶µÉ¥´Í¨ ² . ‘ ÔÉµ° Í¥²ÓÕ ´ ¶¨Ï¥³ Ê· ¢´¥´¨Ö ¸É Í¨µ´ ·´µ¸É¨ ¤²Ö ËÊ´±Í¨¨
(133):

∂V

∂σ1
= Nσ1

[
g1 +

M1 +M2

2π
+

2σ2
2

π(M1 +M2)

]
= 0,

∂V

∂σ2
= Nσ2

[
g2 +

M1 +M2

2π
+

2(σ2
1 + φ2

1 + φ2
2)

π(M1 +M2)

]
= 0,

∂V

∂φi
= Nφi

[
hi +

M1 +M2

2π
+

2σ2
2

π(M1 +M2)

]
= 0. (135)

‚ ¶µ¸²¥¤´¥³ Ê· ¢´¥´¨¨ i = 1, 2. „ ²¥¥ ´¥µ¡Ìµ¤¨³µ ´ °É¨ ¢¸¥ ·¥Ï¥´¨Ö ¸¨-
¸É¥³Ò Ê· ¢´¥´¨° (135) ¨ ¢§ÖÉÓ Éµ ¨§ ´¨Ì, ´  ±µÉµ·µ³ ¶µÉ¥´Í¨ ² ¶·¨´¨-
³ ¥É ´ ¨³¥´ÓÏ¥¥ §´ Î¥´¨¥. ’¥³ ¸ ³Ò³ ¡Ê¤ÊÉ ´ °¤¥´Ò ¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥
< σi >,< φj >. —Éµ¡Ò ´¥ § £·µ³µ¦¤ ÉÓ É¥±¸É ÊÉµ³¨É¥²Ó´Ò³¨ · ¸Î¥É ³¨,
³Ò ´¥ ¡Ê¤¥³ ¶·¨¢µ¤¨ÉÓ §¤¥¸Ó ¶µ¤·µ¡´µ¥ ·¥Ï¥´¨¥ ÔÉµ° ¸¨¸É¥³Ò, É.±. ¶µÌµ¦¨¥
Ê· ¢´¥´¨Ö ¨¸¸²¥¤µ¢ ²¨¸Ó ¢ ´ Ï¥° · ¡µÉ¥ [61]. �µÔÉµ³Ê ¸· §Ê ¶·¥¤¸É ¢¨³
ÉµÎ±Ê £²µ¡ ²Ó´µ£µ ³¨´¨³Ê³  ¶µÉ¥´Í¨ ² , ¥¥ ¸¢µ°¸É¢  ¸¨³³¥É·¨¨,   É ±¦¥ ¥¥
§ ¢¨¸¨³µ¸ÉÓ µÉ ±µ´¸É ´É gi, hj .

� §µ¡Ó¥³ ¶²µ¸±µ¸ÉÓ ±µ´¸É ´É ¸¢Ö§¨ (h1, h2) ´  É·¨ µ¡² ¸É¨:

I1 = {h1, h2 > 0} , I2 = {h1 > h2, h2 < 0} , I3 = {h1 < h2, h1 < 0}, (136)

¨ ¡Ê¤¥³ ¢ ¤ ²Ó´¥°Ï¥³ ¨¸¶µ²Ó§µ¢ ÉÓ µ¡µ§´ Î¥´¨Ö < σi >≡ σi, < φj >≡ φj .
�Ê¸ÉÓ (h1, h2) ∈ I1. ‚ ÔÉµ³ ¸²ÊÎ ¥ ±µ´¸É ´ÉÒ ¸¢Ö§¨ (g1, g2) ³µ£ÊÉ ´ Ìµ-

¤¨É¸Ö ¢ µ¤´µ° ¨§ É·¥Ì µ¡² ¸É¥°:

a1 = {g1, g2 > 0} , b1 = {g2 < 0, g2 < g1} , c1 = {g1 < 0, g2 > g1}, (137)

£¤¥ ¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥ ¨³¥ÕÉ ¢¨¤

(h1, h2) ∈ I1 , (g1, g2) ∈ a1 : σ1 = σ2 = φ1 = φ2 = 0,

(h1, h2) ∈ I1 , (g1, g2) ∈ b1 : σ1 = φ1,2 = 0, σ2 = −πg2,

(h1, h2) ∈ I1 , (g1, g2) ∈ c1 : σ2 = φ1,2 = 0, σ1 = −πg1.
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�Ê¸ÉÓ (h1, h2) ∈ I2. �²µ¸±µ¸ÉÓ ¶ · ³¥É·µ¢ (g1, g2) · §¡¨¢ ¥É¸Ö ´  É·¨
µ¡² ¸É¨:

a2 = {g1, g2 > h2} , b2 = {g2 < h2, g2 < g1} , c2 = {g1 < h2, g2 > g1},
(138)

¢ ±µÉµ·ÒÌ ¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥ ¢¸¶µ³µ£ É¥²Ó´ÒÌ ¶µ²¥° ¨³¥ÕÉ ¢¨¤

(h1, h2) ∈ I2 , (g1, g2) ∈ a2 : σ1 = σ2 = φ1 = 0, φ2 = −πh2, (139)

(h1, h2) ∈ I2 , (g1, g2) ∈ b2 : σ1 = φ1 = φ2 = 0, σ2 = −πg2,

(h1, h2) ∈ I2 , (g1, g2) ∈ c2 : σ2 = φ1 = φ2 = 0, σ1 = −πg1.

�Ê¸ÉÓ (h1, h2) ∈ I3. ‚ ÔÉµ³ ¸²ÊÎ ¥ ±µ´¸É ´ÉÒ ¸¢Ö§¨ (g1, g2) µ¡Ö§ ´Ò ´ Ìµ-
¤¨É¸Ö ¢ µ¤´µ° ¨§ É·¥Ì µ¡² ¸É¥°:

a3 = {g1, g2 > h1} , b3 = {g2 < h1, g2 < g1} , c3 = {g1 < h1, g2 > g1},
(140)

¢ ±µÉµ·ÒÌ ÉµÎ±   ¡¸µ²ÕÉ´µ£µ ³¨´¨³Ê³  ÔËË¥±É¨¢´µ£µ ¶µÉ¥´Í¨ ²  ¨³¥¥É ¢¨¤

(h1, h2) ∈ I3 , (g1, g2) ∈ a3 : σ1 = σ2 = φ2 = 0, φ1 = −πh1, (141)

(h1, h2) ∈ I3 , (g1, g2) ∈ b3 : σ1 = φ1 = φ2 = 0, σ2 = −πg2, (142)

(h1, h2) ∈ I3 , (g1, g2) ∈ c3 : σ2 = φ1 = φ2 = 0, σ1 = −πg1. (143)

’ ±¨³ µ¡· §µ³, ¤²Ö ²Õ¡ÒÌ Ë¨±¸¨·µ¢ ´´ÒÌ §´ Î¥´¨° ±µ´¸É ´É ¸¢Ö§¨ g1,2

¨ h1,2 ³Ò ³µ¦¥³ Ê± § ÉÓ ÉµÎ±Ê £²µ¡ ²Ó´µ£µ ³¨´¨³Ê³  ÔËË¥±É¨¢´µ£µ ¶µÉ¥´-
Í¨ ² ,   É ±¦¥ ¸¢µ°¸É¢  ¸¨³³¥É·¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¨¸Ìµ¤´µ° É¥µ·¨¨.
„²Ö ÔÉµ£µ ´¥µ¡Ìµ¤¨³µ ´ °É¨ É¥ ¨§ ¶·¥µ¡· §µ¢ ´¨° (122)Ä(123), µÉ´µ¸¨É¥²Ó´µ
±µÉµ·ÒÌ ÔÉ  ÉµÎ±  ¨´¢ ·¨ ´É´ .

‚¢¥¤¥³ É¥¶¥·Ó ´µ¢Ò¥ µ¡µ§´ Î¥´¨Ö. �Ê¸ÉÓ Ai Ä ³´µ¦¥¸É¢µ (i = 1, 2, 3)
§´ Î¥´¨° ±µ´¸É ´É ¸¢Ö§¨ gk, hl É ±µ¥, ÎÉµ (g1, g2) ∈ ai ¨ (h1, h2) ∈ Ii. ‡¤¥¸Ó
Ii µ¶·¥¤¥²¥´Ò ¢ (136),   ³´µ¦¥¸É¢  ai ´¥É·Ê¤´µ ´ °É¨ ¢ Ëµ·³Ê² Ì (137), (138)
¨ (140), É.¥.

Ai = { g1, g2, h1, h2 : (g1, g2) ∈ ai , (h1, h2) ∈ Ii}. (144)

�´ ²µ£¨Î´µ µ¶·¥¤¥²¨³ ¸²¥¤ÊÕÐ¨¥ ³´µ¦¥¸É¢  ¶ · ³¥É·µ¢ (i = 1, 2, 3):

Bi = { g1, g2, h1, h2 : (g1, g2) ∈ bi , (h1, h2) ∈ Ii}, (145)

Ci = { g1, g2, h1, h2 : (g1, g2) ∈ ci , (h1, h2) ∈ Ii}. (146)

‚¢¥¤¥³, ´ ±µ´¥Í, ¥Ð¥ ¤¢  ³´µ¦¥¸É¢ :

B =
3⋃
i=1

Bi , C =
3⋃
i=1

Ci. (147)
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ˆ§ ¢ÒÏ¥¸± § ´´µ£µ ¸²¥¤Ê¥É, ÎÉµ µ¡µ¡Ð¥´´ Ö Î¥ÉÒ·¥ÌË¥·³¨µ´´ Ö É¥µ·¨Ö
¶µ²Ö (121) µ¶¨¸Ò¢ ¥É ¸¨¸É¥³Ê, ±µÉµ· Ö ³µ¦¥É ´ Ìµ¤¨ÉÓ¸Ö ¢ ¶ÖÉ¨ · §²¨Î´ÒÌ
Ë §µ¢ÒÌ ¸µ¸ÉµÖ´¨ÖÌ, ¶·¨Î¥³ ´¨ ¢ µ¤´µ° ¨§ ´¨Ì ´¥¶·¥·Ò¢´ Ö ± ²¨¡·µ¢µÎ´ Ö
¸¨³³¥É·¨Ö (122) ´¥ ´ ·ÊÏ ¥É¸Ö.

1) …¸²¨ ±µ´¸É ´ÉÒ ¸¢Ö§¨ ´ Ìµ¤ÖÉ¸Ö ¢ µ¡² ¸É¨ A1, Éµ ¨¸Ìµ¤´ Ö ¸¨³³¥É·¨Ö
´¥ ´ ·ÊÏ¥´ , ¨ ¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥ ¢¸¶µ³µ£ É¥²Ó´ÒÌ ¶µ²¥° · ¢´Ò ´Ê²Õ.

2) ‚ µ¡² ¸É¨ ±µ´¸É ´É ¸¢Ö§¨ B ¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥ ¨³¥ÕÉ ¢¨¤ (142).
‘ ¶µ³µÐÓÕ (126) ´¥É·Ê¤´µ ¶µ± § ÉÓ, ÎÉµ §¤¥¸Ó ³Ò ¨³¥¥³ Ë §Ê Éµ²Ó±µ ¸
´ ·ÊÏ¥´¨¥³ P -Î¥É´µ¸É¨.

3) �Ê¸ÉÓ ³Ò ´ Ìµ¤¨³¸Ö ¢ µ¡² ¸É¨ C (147). ‡¤¥¸Ó ¢ ±ÊÊ³ P Î¥É¥´, ´µ
¸¶µ´É ´´µ ´ ·ÊÏ¥´Ò Γ5- ¨ Γ3-¸¨³³¥É·¨¨. ‚ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥ ¶µ²¥° ¨³¥ÕÉ
¢¨¤ (143).

4) �·¥¤¶µ²µ¦¨³, ÎÉµ ±µ´¸É ´ÉÒ ¸¢Ö§¨ ¶·¨´ ¤²¥¦ É ³´µ¦¥¸É¢Ê A2. ‚
ÔÉµ³ ¸²ÊÎ ¥ ¢¸¶µ³µ£ É¥²Ó´Ò¥ ¶µ²Ö ¨³¥ÕÉ ¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥ ¢¨¤  (139),  
µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ É¥µ·¨¨ P - ¨ Γ5-¨´¢ ·¨ ´É´µ. �·¨ ÔÉµ³, µ¤´ ±µ, ¸¶µ´-
É ´´µ ´ ·ÊÏ¥´  Γ3-¸¨³³¥É·¨Ö.

5) �¸É ´µ¢¨³¸Ö, ´ ±µ´¥Í, ´  ¸¨ÉÊ Í¨¨, ±µ£¤  ±µ´¸É ´ÉÒ ¸¢Ö§¨ ´ Ìµ¤ÖÉ¸Ö
¢ µ¡² ¸É¨ A3. ‡¤¥¸Ó ³Ò ¨³¥¥³ Ë §Ê, ¢ ±µÉµ·µ° ¸¶µ´É ´´µ ´ ·ÊÏ¥´Ò ± ± P -
Î¥É´µ¸ÉÓ, É ± ¨ ±¨· ²Ó´ Ö ¸¨³³¥É·¨Ö Γ5,   ¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥ ¶µ²¥° ¤ ´Ò ¢
(141). �Éµ µ¤¨´ ¨§ ´ ¨¡µ²¥¥ ¨´É¥·¥¸´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ¶·¥¤² £ ¥³µ£µ · §¤¥² ,
É.±. ¢µ ¢¸¥Ì ¶·µ¸É¥°Ï¨Ì Î¥ÉÒ·¥ÌË¥·³¨µ´´ÒÌ ³µ¤¥²ÖÌ [7, 16, 60] É ± Ö Ë § 
µÉ¸ÊÉ¸É¢Ê¥É.

3.3. ‘¶¥±É· ³ ¸¸ ³µ¤¥²¨. ‚ ¸¨²Ê Éµ£µ, ÎÉµ ¢ ³µ¤¥²¨ ¶·µ¨¸Ìµ¤¨É ¸¶µ´É ´-
´µ¥ ´ ·ÊÏ¥´¨¥ ´¥±µÉµ·ÒÌ ¸¨³³¥É·¨°, ¨ Î ¸ÉÓ ¢¸¶µ³µ£ É¥²Ó´ÒÌ ¶µ²¥° ¶·¨-
µ¡·¥É ÕÉ ´¥´Ê²¥¢Ò¥ ¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥, Ë¥·³¨µ´Ò ¸É ´µ¢ÖÉ¸Ö ³ ¸¸¨¢´Ò³¨.
‹¥£Î¥ ¢¸¥£µ ÔÉµ § ³¥É¨ÉÓ, ¥¸²¨ ¢ (125) ¸¤¥² ÉÓ ¸¤¢¨¦±Ê: σi → σi+ < σi >,
φj → φj+ < φj >, É.±. ¶·¨ ÔÉµ³ ¢ ² £· ´¦¨ ´¥ ¶µÖ¢¨É¸Ö Ë¥·³¨µ´´Ò° ³ ¸¸µ-
¢Ò° Î²¥´. ‚ § ¢¨¸¨³µ¸É¨ µÉ Éµ£µ, ¢ ± ±µ° ¨§ Ë § ´ Ìµ¤¨É¸Ö É¥µ·¨Ö, ³ ¸¸µ¢Ò°
Î²¥´ Ë¥·³¨µ´µ¢ ¨³¥¥É ¢¨¤

A2 : − πh2(iψ̄Γ3ψ) = −iπh2(ψ̄1ψ2 − ψ̄2ψ1),

A3 : − πh1(iψ̄Γ5ψ) = πh1(ψ̄1ψ2 + ψ̄2ψ1),

B : − πg2(ψ̄τψ) = −πg2(ψ̄1ψ1 + ψ̄2ψ2),

C : − πg1(ψ̄ψ) = −πg1(ψ̄1ψ1 − ψ̄2ψ2), (148)

  ¢ Ë §¥ A1, µÎ¥¢¨¤´µ, Ë¥·³¨µ´Ò ¡¥§³ ¸¸µ¢Ò. ‡´ Î¥´¨¥ ³ ¸¸Ò Ë¥·³¨-¶µ²¥°
¢ ± ¦¤µ° ¨§ ¢ÒÏ¥¶¥·¥Î¨¸²¥´´ÒÌ Ë § ´¥É·Ê¤´µ ´ °É¨ ¸ ¶µ³µÐÓÕ (148).

—Éµ¡Ò ´ °É¨ ¸¶¥±É· ³ ¸¸ ¡µ§µ´µ¢ ¢ £² ¢´µ³ ¶µ·Ö¤±¥ 1/N -· §²µ¦¥´¨Ö,
µ¡· É¨³¸Ö ± ÔËË¥±É¨¢´µ³Ê ¤¥°¸É¢¨Õ (127). ˆ§¢¥¸É´µ, ÎÉµ µ´µ Ö¢²Ö¥É¸Ö
¶·µ¨§¢µ¤ÖÐ¨³ ËÊ´±Í¨µ´ ²µ³ µ¤´µÎ ¸É¨Î´µ-´¥¶·¨¢µ¤¨³ÒÌ (1—�) ËÊ´±Í¨°
ƒ·¨´  ¡µ§µ´´ÒÌ ¶µ²¥°. ‘²¥¤µ¢ É¥²Ó´µ, ¤²Ö Éµ£µ, ÎÉµ¡Ò ´ °É¨ 1—� ËÊ´±Í¨Õ
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ƒ·¨´ , ´ ¶·¨³¥·, ¤¢ÊÌ σ1 ¶µ²¥°, ´¥µ¡Ìµ¤¨³µ ¤¢ ¦¤Ò ¶·µ¤¨ËË¥·¥´Í¨·µ¢ ÉÓ
Seff ¶µ ¶µ²Õ σ1 ¨ ¢ ¶µ²ÊÎ¥´´µ³ ¢Ò· ¦¥´¨¨ ¶·¨· ¢´ÖÉÓ ¢¸¥ ¶µ²Ö ¨Ì ¢ ±ÊÊ³-
´Ò³ ¸·¥¤´¨³.

� ¸¸³µÉ·¨³ Ë §Ê C, ¢ ±µÉµ·µ° < σ1 > 6= 0,   ¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥ µ¸É ²Ó-
´ÒÌ ¶µ²¥° · ¢´Ò ´Ê²Õ (ÎÉµ¡Ò ¨§¡¥¦ ÉÓ ¢¢¥¤¥´¨Ö ¤µ¶µ²´¨É¥²Ó´ÒÌ ³ É¥³ É¨-
Î¥¸±¨Ì ¸¨³¢µ²µ¢, ³Ò ¡Ê¤¥³ ± ¦¤ÊÕ Ë §Ê µ¡µ§´ Î ÉÓ É ± ¦¥, ± ± ¨ ¸µµÉ¢¥É-
¸É¢ÊÕÐÊÕ ¥° µ¡² ¸ÉÓ ±µ´¸É ´É ¸¢Ö§¨). ‚ ÔÉµ³ ¸²ÊÎ ¥

Γσ1σ1(x, y) ≡
δ2Seff(σ, φ)

Nδσ1(x)δσ1(y)
= −i Tr

[
∆̂−1
xy ∆̂−1

yx

]
+
δ(x− y)

G1
, (149)

£¤¥ (
∆̂−1

)αβ
xy

=

∫
d3p

(2π)3

[
p̂+ < σ1 >

< σ1 >2 −p2

]αβ
exp (ip(x− y)) . (150)

‘¨³¢µ² Tr µ§´ Î ¥É ¸²¥¤ ¶µ ¸¶¨´µ·´Ò³ ¨´¤¥±¸ ³. Œµ¦´µ ¶µ± § ÉÓ, ÎÉµ
ËÊ·Ó¥-µ¡· § ËÊ´±Í¨¨ (149) ¨³¥¥É ¢¨¤

Γσ1σ1(p) =
4 < σ1 >

2 −p2

2π
√
−p2

Γ(p) , Γ(p) = arctg

[ √
−p2

2 < σ1 >

]
. (151)

‡¤¥¸Ó, ± ± ¨ ¢ (150), ¨³¶Ê²Ó¸´µ¥ ¶·µ¸É· ´¸É¢µ ¨³¥¥É ³¥É·¨±Ê Œ¨´±µ¢¸±µ£µ.
�´ ²µ£¨Î´µ ³µ¦´µ ¶µ± § ÉÓ, ÎÉµ ¢ ÔÉµ° Ë §¥

Γσ2σ2(x, y) =
δ(x − y)

G2
− i Tr

[
τ∆̂−1

xy τ∆̂−1
yx

]
,

Γφ2φ2(x, y) =
δ(x − y)

H2
+ i Tr

[
Γ3∆̂−1

xy Γ3∆̂−1
yx

]
,

Γφ1φ1(x, y) =
δ(x − y)

H1
+ i Tr

[
Γ5∆̂−1

xy Γ5∆̂−1
yx

]
,

ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ¸²¥¤ÊÕÐ¥³Ê ¨³¶Ê²Ó¸´µ³Ê ¶·¥¤¸É ¢²¥´¨Õ ÔÉ¨Ì ËÊ´±Í¨°
(k=1,2):

Γσ2σ2(p) = g2 − g1 +
4 < σ1 >

2 −p2

2π
√
−p2

Γ(p) , (152)

Γφkφk(p) = hk − g1 +

√
−p2

2π
Γ(p) . (153)

�É³¥É¨³, ÎÉµ ¢ ÔÉµ°,   É ±¦¥ ¤·Ê£¨Ì Ë § Ì ¨¸Ìµ¤´µ° ³µ¤¥²¨, ¸³¥Ï ´´Ò¥
1—� ËÊ´±Í¨¨ ƒ·¨´  ¤¢ÊÌ ¶µ²¥° (Γσ1σ2 ,Γσ1φ1 ¨ É.¤.) · ¢´Ò ´Ê²Õ. ”Ê´±Í¨¨,
µ¡· É´Ò¥ ± ¢¥²¨Î¨´ ³ (151)Ä(153), Ö¢²ÖÕÉ¸Ö ¶·µ¶ £ Éµ· ³¨ ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¨Ì ¡µ§µ´´ÒÌ ¶µ²¥°. •µ·µÏµ ¨§¢¥¸É´µ, ÎÉµ ¸¨´£Ê²Ö·´µ¸É¨ ¶·µ¶ £ Éµ·µ¢ ¶µ
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¶¥·¥³¥´´µ° p2 µ¶·¥¤¥²ÖÕÉ ¸¶¥±É· ³ ¸¸ ¡µ§µ´µ¢. �´ ²¨É¨Î¥¸±¨¥ ¸¢µ°¸É¢ 
ËÊ´±Í¨°, ¶µÌµ¦¨Ì ´  (151)Ä(153), ¨¸¸²¥¤µ¢ ²¨¸Ó ¢ [7], µÉ±Ê¤  ¸²¥¤Ê¥É, ÎÉµ
¤²Ö ±µ´¸É ´É ¸¢Ö§¨ ¨§ µ¡² ¸É¨

C̃ = { h1 ≥ g1 , h2 ≥ g1 , g2 ≥ g1 }

ÔÉ¨ ËÊ´±Í¨¨ ´¥ µ¡· Ð ÕÉ¸Ö ¢ ´Ê²Ó ¶·¨ p2 < 0. ’ ± ± ± C̃ ⊃ C (¸³. (147)), Éµ
µÎ¥¢¨¤´µ, ÎÉµ ¢ Ë §¥ C Ê ¶·µ¶ £ Éµ·µ¢ µÉ¸ÊÉ¸É¢Ê¥É É Ì¨µ´´ Ö ¸¨´£Ê²Ö·´µ¸ÉÓ.
’ ±¦¥ ³µ¦´µ ¶µ± § ÉÓ, ÎÉµ ¸± ²Ö·´µ¥ ¶µ²¥ σ1 ¸µµÉ¢¥É¸É¢Ê¥É ¸É ¡¨²Ó´µ° Î -
¸É¨Í¥ ¸ Ê¤¢µ¥´´µ° ³ ¸¸µ° Ë¥·³¨µ´ , ±µÉµ· Ö ¥¸ÉÓ < σ1 >. — ¸É¨Í  σ2

Ö¢²Ö¥É¸Ö ¶¸¥¢¤µ¸± ²Ö·´Ò³ ·¥§µ´ ´¸µ³, ±µÉµ·µ³Ê ¸µµÉ¢¥É¸É¢Ê¥É ¶µ²Õ¸ ¶·µ¶ -
£ Éµ·  ´  ¢Éµ·µ³ ²¨¸É¥ ¥£µ µ¡² ¸É¨  ´ ²¨É¨Î´µ¸É¨. �µ²Ö³ φ1,2 ¸µµÉ¢¥É¸É¢ÊÕÉ
¤¢  ¸É ¡¨²Ó´ÒÌ ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨Ö Ë¥·³¨µ´µ¢ ¸ ´¥´Ê²¥¢µ° Ô´¥·£¨¥° ¸¢Ö§¨.
�¤´  ¨§ ÔÉ¨Ì Î ¸É¨Í Ä ¸± ²Ö· (φ1), ¤·Ê£ Ö Ä ¶¸¥¢¤µ¸± ²Ö· (φ2).

—Éµ¡Ò ¶µ²ÊÎ¨ÉÓ 1—� ¤¢ÊÌÉµÎ¥Î´Ò¥ ËÊ´±Í¨¨ ƒ·¨´  ¢ Ë §¥ B, £¤¥ Éµ²Ó±µ
< σ2 > 6= 0, ´Ê¦´µ ¢ Ëµ·³Ê² Ì (151)Ä(153) ¸¤¥² ÉÓ § ³¥´Ê σ1 ↔ σ2, g1 ↔ g2.

…¸²¨ ¦¥ ³Ò ´ Ìµ¤¨³¸Ö ¢ µ¤´µ° ¨§ Ë § A2,3, £¤¥ < φi > 6= 0,   ¢ ±ÊÊ³´Ò¥
¸·¥¤´¨¥ ¶µ²¥° φj , σ1,2 · ¢´Ò ´Ê²Õ (i 6= j), Éµ ¸²¥¤ÊÕÐ Ö § ³¥´  µ¡µ§´ Î¥´¨°
¢ Ëµ·³Ê² Ì (151)Ä(153) σ1 ↔ φi, σ2 ↔ φj , g1 ↔ hi, g2 ↔ hj ¤ ¸É ´ ³
¤¢ÊÌÉµÎ¥Î´Ò¥ 1—� ËÊ´±Í¨¨ ƒ·¨´  ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¥° Ë §¥ É¥µ·¨¨. ‘¶¥±É·
³ ¸¸ ¡µ§µ´µ¢ ¢ Ë § Ì B, A2, A3 ³µ¦¥É ¡ÒÉÓ µ¶¨¸ ´ É ± ¦¥, ± ± ¨ ¢ Ë §¥ C.
Š·µ³¥ Éµ£µ, ¢ ´¨Ì µÉ¸ÊÉ¸É¢ÊÕÉ É Ì¨µ´Ò.

� ±µ´¥Í, µÉ³¥É¨³, ÎÉµ ¢ Ë §¥ A1, £¤¥ Ë¥·³¨µ´Ò ¡¥§³ ¸¸µ¢Ò, ¶·µ¶ £ -
Éµ·Ò ¡µ§µ´´ÒÌ ¶µ²¥° ¨³¥ÕÉ ¸¨´£Ê²Ö·´µ¸ÉÓ É¨¶ 

√
−p2, ÎÉµ Ê± §Ò¢ ¥É ´ 

¶·¨¸ÊÉ¸É¢¨¥ ¡¥§³ ¸¸µ¢ÒÌ ¡µ§µ´µ¢ ¢ ¸¶¥±É·¥ ³ ¸¸ É¥µ·¨¨.
3.4. �¥±µÉµ·Ò¥ Î ¸É´Ò¥ ¸²ÊÎ ¨. ‚ ÔÉµ³ · §¤¥²¥ ³Ò · ¸¸³µÉ·¨³ Ê¸²µ-

¢¨Ö, ¶·¨ ±µÉµ·ÒÌ ¨¸Ìµ¤´ Ö ³µ¤¥²Ó (121)Ä(124) ¨´¢ ·¨ ´É´  µÉ´µ¸¨É¥²Ó´µ ´¥-
¶·¥·Ò¢´ÒÌ ¸¨³³¥É·¨°. �·¥¦¤¥ ¢¸¥£µ, µÉ³¥É¨³, ÎÉµ ¡¥§ ¢¸Ö±¨Ì µ£· ´¨Î¥´¨°
É¥µ·¨Ö ¸¨³³¥É·¨Î´  µÉ´µ¸¨É¥²Ó´µ ¸²¥¤ÊÕÐ¥° ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶Ò:

U(1) : ψ → eiαψ . (154)

�É  ¸¨³³¥É·¨Ö µ¸É ¥É¸Ö ´¥´ ·ÊÏ¥´´µ° ¶·¨ ²Õ¡ÒÌ §´ Î¥´¨ÖÌ ±µ´¸É ´É ¸¢Ö§¨.
…¸²¨ ´ ²µ¦¨ÉÓ ´  ¶ · ³¥É·Ò ³µ¤¥²¨ µ£· ´¨Î¥´¨Ö, Éµ ¢ É¥µ·¨¨ ¶µÖ¢ÖÉ¸Ö ¤µ-
¶µ²´¨É¥²Ó´Ò¥ ´¥¶·¥·Ò¢´Ò¥ ¸¨³³¥É·¨¨. � ¸¸³µÉ·¨³ ´¥¸±µ²Ó±µ ¸²ÊÎ ¥¢.

a) �·¥¤¶µ²µ¦¨³, ÎÉµ £µ²Ò¥ ±µ´¸É ´ÉÒ ¸¢Ö§¨ G2, H2 ¶·µ¨§¢µ²Ó´Ò,  

G1 = H1 (155)

(¸²¥¤µ¢ É¥²Ó´µ, g1 = h1 ≡ g). ’µ£¤ , ±·µ³¥ U(1) (154), É¥µ·¨Ö ¡Ê¤¥É ¨´¢ ·¨-
 ´É´  µÉ´µ¸¨É¥²Ó´µ ±¨· ²Ó´µ° £·Ê¶¶Ò ¶·¥µ¡· §µ¢ ´¨°:

U5(1) : ψ → exp (iαΓ5)ψ ≡

(
cosα ψ1 + sinα ψ2

cosα ψ2 − sinα ψ1

)
. (156)
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ˆ§ ¶.3.2 ¸²¥¤Ê¥É, ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥ ¢ ³µ¤¥²¨ ¡Ê¤ÊÉ ·¥ ²¨§µ¢ ´Ò Éµ²Ó±µ Ë §Ò
A1, A2, B ¨ C (Ë §  A3 ±¨· ²Ó´µ-Ô±¢¨¢ ²¥´É´  Ë §¥ C, É.¥. ¢ ±ÊÊ³´Ò¥ ¸·¥¤-
´¨¥ ¢¨¤  (141) ¸ ¶µ³µÐÓÕ ¶·¥µ¡· §µ¢ ´¨Ö ¨§ £·Ê¶¶Ò (156) ³µ¦´µ ¶·¨¢¥¸É¨ ±
¢¨¤Ê (143)). ‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ ÔÉ¨³ Ë § ³ µ¡² ¸É¨ ±µ´¸É ´É ¸¢Ö§¨ (g, g2, h2)
µ¡µ§´ Î¨³ ± ± A15, A25, B5, C5, £¤¥

A15 = {g, h2, g2 > 0}, A25 = {g, g2 > h2;h2 < 0}, C5 = {h2, g2 > g; g < 0},
(157)

  µ¡² ¸ÉÓ B5 µ¡· §ÊeÉ É¥ §´ Î¥´¨Ö ±µ´¸É ´É ¸¢Ö§¨, ±µÉµ·Ò¥ ´¥ ¶·¨´ ¤²¥¦ É
³´µ¦¥¸É¢ ³ (157). �¥É·Ê¤´µ ¢¨¤¥ÉÓ, ÎÉµ Éµ²Ó±µ C5 ´ Ìµ¤¨É¸Ö ´  £· ´¨Í¥
µ¡² ¸É¨ C (147),   ³´µ¦¥¸É¢  A15, A25, B5 ²¥¦ É ¢´ÊÉ·¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
µ¡² ¸É¥° A1, A2, B (144)Ä(147).

’¥¶¥·Ó µÎ¥¢¨¤´µ, ÎÉµ ¢ ¨¸Ìµ¤´µ° ³µ¤¥²¨ ¸µ ¸¢Ö§ÓÕ (155) ´¥¶·¥·Ò¢´ Ö
±¨· ²Ó´ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ (156) ¸¶µ´É ´´µ ´ ·ÊÏ¥´  Éµ²Ó±µ ¢ Ë §¥ C, ¶·¨
ÔÉµ³, ± ± ¸²¥¤Ê¥É ¨§ ¶·¥¤Ò¤ÊÐ¥£µ · §¤¥² , ¶·µ¶ £ Éµ· ¶µ²Ö φ1 ¸¨´£Ê²Ö·¥´ ¢
ÉµÎ±¥ p2 = 0 (¸³. (153) ¶·¨ g1 = h1), É.¥. ¢ É¥µ·¨¨ ¶µÖ¢²Ö¥É¸Ö £µ²¤¸ÉµÊ´µ¢¸± Ö
Î ¸É¨Í  ³ ¸¸Ò ´Ê²Ó.

¡) …¸²¨ G1 = H2,   G2, H1 Ä ¶·µ¨§¢µ²Ó´Ò, Éµ ¢ ³µ¤¥²¨ ¤µ¶µ²´¨É¥²Ó´µ ±
U(1) (154) ¢µ§´¨±´¥É ¥Ð¥ µ¤´  ´¥¶·¥·Ò¢´ Ö ¸¨³³¥É·¨Ö:

U3(1) : ψ → exp (iαΓ3)ψ. (158)

�ÉµÉ ¸²ÊÎ ° ³µ¦´µ µ¶¨¸ ÉÓ  ´ ²µ£¨Î´µ (a), ¶µÔÉµ³Ê ³Ò ´¥ ¡Ê¤¥³ ´  ´¥³
¶µ¤·µ¡´µ µ¸É ´ ¢²¨¢ ÉÓ¸Ö.

¢) …¸²¨ ³Ò ÌµÉ¨³, ÎÉµ¡Ò ³µ¤¥²Ó ¡Ò²  ¨´¢ ·¨ ´É´  µÉ´µ¸¨É¥²Ó´µ ¶·¥-
µ¡· §µ¢ ´¨° ¨§ £·Ê¶¶Ò U(1)× Uτ (1), £¤¥

Uτ (1) : ψ → exp (iατ)ψ, (159)

Éµ ´¥µ¡Ìµ¤¨³µ ´ ²µ¦¨ÉÓ ¸¢Ö§Ó H1 = H2 ≡ H. �·¨ ÔÉµ³, µÎ¥¢¨¤´µ, ¤¢ÊÌ-
±µ³¶µ´¥´É´Ò¥ ¸¶¨´µ·Ò ¨ ¢¸¶µ³µ£ É¥²Ó´Ò¥ ¶µ²Ö ¶·¥µ¡· §ÊÕÉ¸Ö ¸²¥¤ÊÕÐ¨³
µ¡· §µ³:

Uτ (1) : ψ1 → eiαψ1; ψ2 → e−iαψ2; (φ1 − iφ2)→ exp (−2iα)(φ1 − iφ2)
(160)

(¶µ²Ö σi ¨´¢ ·¨ ´É´Ò µÉ´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨Ö (159)). Ÿ¸´µ, ÎÉµ ¢ ÔÉµ³
¸²ÊÎ ¥ ³µ¤¥²Ó É ±¦¥ ÉµÎ´µ ·¥Ï ¥³  ¢ ²¨¤¨·ÊÕÐ¥³ ¶µ·Ö¤±¥ 1/N -· §²µ¦¥´¨Ö,
¨ ± ¦¤Ò° ¡¥§ É·Ê¤  ³µ¦¥É (¨¸¶µ²Ó§ÊÖ ·¥§Ê²ÓÉ ÉÒ ¶·¥¤Ò¤ÊÐ¨Ì · §¤¥²µ¢) ¶·¥¤-
¸É ¢¨ÉÓ ¥¥ Ë §µ¢Ò° ¶µ·É·¥É, ±µÉµ·Ò° ¸µ¸Éµ¨É ¨§ Î¥ÉÒ·¥Ì Ë § A1, A2, B, C.
(‚ ±ÊÊ³´µ¥ ¸·¥¤´¥¥ < φ1 > 6= 0 Ë §Ò A3 ³µ¦¥É ¡ÒÉÓ ¶·¥µ¡· §µ¢ ´µ ¸ ¶µ-
³µÐÓÕ (160) ¢ < φ2 > 6= 0, É.¥. ¢ ¢ ±ÊÊ³´µ¥ ¸·¥¤´¥¥ ¡µ§µ´´ÒÌ ¶µ²¥° Ë §Ò
A2. ‘²¥¤µ¢ É¥²Ó´µ, ÔÉ¨ Ë §Ò Ê´¨É ·´µ Ô±¢¨¢ ²¥´É´Ò ¤·Ê£ ¤·Ê£Ê µÉ´µ¸¨É¥²Ó´µ
¶·¥µ¡· §µ¢ ´¨° (159), ¶µÔÉµ³Ê A3 ³Ò ´¥ ¢±²ÕÎ ¥³ ¢ Ë §µ¢Ò° ¶µ·É·¥É ³µ-
¤¥²¨ ¶·¨ Ê± § ´´µ³ ¢ÒÏ¥ µ£· ´¨Î¥´¨¨ ´  ±µ´¸É ´ÉÒ ¸¢Ö§¨.) ‘ ¶µ³µÐÓÕ (160)
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´¥É·Ê¤´µ ¢¨¤¥ÉÓ, ÎÉµ ¢ Ë §¥ A2 ¸¨³³¥É·¨Ö Uτ (1) c¶µ´É ´´µ ´ ·ÊÏ¥´ . �·¨
H = 0 ¶µ²ÊÎ ¥É¸Ö É¥µ·¨Ö, ±µÉµ· Ö Ê¦¥ ¨¸¸²¥¤µ¢ ² ¸Ó ¢ ¸¢Ö§¨ ¸ Ö¢²¥´¨¥³ ¢Ò¸µ-
±µÉ¥³¶¥· ÉÊ·´µ° ¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨ [16,60], µ¤´ ±µ ¢ ´¥° Uτ (1)-¸¨³³¥É·¨Ö
´¨±µ¨³ µ¡· §µ³ ´¥ ´ ·ÊÏ ¥É¸Ö.

£) …¸ÉÓ ¥Ð¥ µ¤¨´ ±² ¸¸ ³µ¤¥²¥° ¢¨¤ 

LV P = ψ̄i∂̂ψ + V (ψ̄Γµψ)2 + P (ψ̄Γντψ)2, (161)

¨´¢ ·¨ ´É´ÒÌ µÉ´µ¸¨É¥²Ó´µ Uτ (1). �ÉµÉ ² £· ´¦¨ ´ É ±¦¥ Ö¢²Ö¥É¸Ö Î ¸É-
´Ò³ ¸²ÊÎ ¥³ µ¡µ¡Ð¥´´µ° ³µ¤¥²¨ (121)Ä(124) ¶·¨ N = 1, É.¥. ±µ£¤  ¸¶¨-
´µ·Ò ψ, ψ1, ψ2 ´¥ ¨³¥¥ÕÉ ¨´¤¥±¸µ¢ U(N)-£·Ê¶¶Ò. ‚ ¸ ³µ³ ¤¥²¥, ¨¸¶µ²Ó§ÊÖ
¶·¥µ¡· §µ¢ ´¨Ö ”¨·Í  (A.6) ¤²Ö ¤¢ÊÌ±µ³¶µ´¥´É´ÒÌ ¸¶¨´µ·µ¢ „¨· ±  (¸³.
¶·¨²µ¦¥´¨¥ A), ´¥É·Ê¤´µ ¶µ± § ÉÓ, ÎÉµ

LV P = ψ̄1i∂̂ψ1 + ψ̄2i∂̂ψ2 − 3(V + P )[ (ψ̄1ψ1)2 + (ψ̄2ψ2)2 ]+

+(P − V )[ 4ψ̄1ψ2ψ̄2ψ1 + 2ψ̄1ψ1ψ̄2ψ2 ]. (162)

‚¢µ¤Ö É¥¶¥·Ó £µ²Ò¥ ±µ´¸É ´ÉÒ Gi, Hj (¸³. (124)), ¨³¥¥³ ¤²Ö ² £· ´¦¨ ´ 
(162) H2 = H1, G2 = H1 + G1. ‘²¥¤µ¢ É¥²Ó´µ, ¶·¨ µ¶¨¸ ´¨¨ Ë §µ¢µ°
¸É·Ê±ÉÊ·Ò ³µ¤¥²¨ ¤µ¸É ÉµÎ´µ §´ ÉÓ ¢¥²¨Î¨´Ò ¶ · ³¥É·µ¢ h1 ¨ g1. ’µ£¤ 
¶·¨ h1 > 0, g1 > 0 ¡Ê¤¥É Ë §  A1, ¶·¨ h1 > 0, g1 < 0 Ä Ë §  C, ¶·¨
h1 < 0, g1 < 0 Ä Ë §  B, ¨ ¶·¨ h1 < 0, g1 > 0 ³Ò ¶µ²ÊÎ ¥³ Ë §Ê A2 ¸µ
¸¶µ´É ´´Ò³ ´ ·ÊÏ¥´¨¥³ Uτ (1)-¨´¢ ·¨ ´É´µ¸É¨.

¤) � ±µ´¥Í, ¢µ§³µ¦´  ¸¨ÉÊ Í¨Ö, ±µ£¤  É¥µ·¨Ö ¨´¢ ·¨ ´É´  µÉ´µ¸¨É¥²Ó´µ
¶·¥µ¡· §µ¢ ´¨° ¨§ £·Ê¶¶Ò U(2):

U(2) : ψ ≡

(
ψ1

ψ2

)
→ U

(
ψ1

ψ2

)
. (163)

(‚ (163) U ¥¸ÉÓ 2 × 2 Ê´¨É ·´Ò¥ ³ É·¨ÍÒ.) �¥É·Ê¤´µ ¢¨¤¥ÉÓ, ÎÉµ ¢ ÔÉµ³
¸²ÊÎ ¥ G1 = H1 = H2 ≡ H , É.¥., ± ± ¸²¥¤Ê¥É ¨§ µ¶·¥¤¥²¥´¨° (132)Ä(134),
g1 = h1 = h2 ≡ h. ’ ±¨³ µ¡· §µ³, §¤¥¸Ó ³Ò ¨³¥¥³ ¢¸¥£µ ¤¢¥ ´¥§ ¢¨¸¨³Ò¥
±µ´¸É ´ÉÒ ¸¢Ö§¨, ¶µÔÉµ³Ê Ë §µ¢Ò° ¶µ·É·¥É ³µ¤¥²¨ ¢Ò£²Ö¤¨É µ¸µ¡¥´´µ ¶·µ-
¸Éµ. ’ ±, ¡¥§³ ¸¸µ¢ Ö Ë §  ·¥ ²¨§Ê¥É¸Ö ¶·¨ g2, h > 0. Œµ¤¥²Ó ´ Ìµ¤¨É¸Ö ¢
Ë §¥ B, ±µ£¤  ±µ´¸É ´ÉÒ ¸¢Ö§¨ Ê¤µ¢²¥É¢µ·ÖÕÉ ¸µµÉ´µÏ¥´¨Ö³ g2 < 0, h > g2.
�·¨ ÔÉµ³ U(2)-¸¨³³¥É·¨Ö µ¸É ¥É¸Ö ´¥´ ·ÊÏ¥´´µ°. …¸²¨ h < 0 ¨ g2 > h,
Éµ ³Ò ¨³¥¥³ Ë §Ê C, ¢ ±µÉµ·µ° U(2)-¸¨³³¥É·¨Ö ¸¶µ´É ´´µ ´ ·ÊÏ ¥É¸Ö ¤µ
U(1)×Uτ(1),   ¢ ¸¶¥±É·¥ ³ ¸¸ É¥µ·¨¨ ¶·¨¸ÊÉ¸É¢ÊÕÉ £µ²¤¸ÉµÊ´µ¢¸±¨¥ ¡µ§µ´Ò.
�¸É ²Ó´Ò¥ ¸¢µ°¸É¢  ³µ¤¥²¨, ´ Ìµ¤ÖÐ¥°¸Ö ¢ µ¤´µ° ¨§ Ë § B ¨²¨ C, µ¸É ÕÉ¸Ö
´¥¨§³¥´´Ò³¨ ¨ ¶·¨¢¥¤¥´Ò ¢ ¶·¥¤Ò¤ÊÐ¨Ì · §¤¥² Ì.

…¸²¨ ¢ ² £· ´¦¨ ´¥ (161) ¶µ²µ¦¨ÉÓ P = 0 , Éµ ¶µ²ÊÎ¨É¸Ö É¥µ·¨Ö ¸
¢¥±Éµ·-¢¥±Éµ·´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ Ë¥·³¨µ´µ¢. �·¨ N = 1 µ´  Ö¢²Ö¥É¸Ö
Î ¸É´Ò³ ¸²ÊÎ ¥³ µ¡µ¡Ð¥´´µ° ³µ¤¥²¨ ƒ·µ¸¸  Ä �¥¢Ó¥ (121)Ä(124), ¢ ±µÉµ·µ°
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G1 = H1 = H2 ≡ H ,G2 = 2H , É.¥. ¨³¥¥É¸Ö U(2)-¨´¢ ·¨ ´É´µ¸ÉÓ. �Î¥-
¢¨¤´µ, ÎÉµ §¤¥¸Ó, ±·µ³¥ A1, ¢µ§³µ¦´  Éµ²Ó±µ Ë §  B ¡¥§ ´ ·ÊÏ¥´¨Ö U(2)-
¨´¢ ·¨ ´É´µ¸É¨.

3.5. „¨´ ³¨Î¥¸± Ö £¥´¥· Í¨Ö Î²¥´  —‘. �·µ¤µ²¦¨³ ¨¸¸²¥¤µ¢ ´¨¥ µ¡µ¡-
Ð¥´´µ° ³µ¤¥²¨ (121) ¨ · ¸¸³µÉ·¨³ Ê¸²µ¢¨Ö, ¶·¨ ±µÉµ·ÒÌ ¢ ´¥° ¢µ§³µ¦´ 
¸¶µ´É ´´ Ö £¥´¥· Í¨Ö Î²¥´  —¥·´  Ä ‘ °³µ´¸  (120). „²Ö ÔÉµ£µ ¸¤¥² ¥³ £²µ-
¡ ²Ó´ÊÕ ´¥¶·¥·Ò¢´ÊÕ ± ²¨¡·µ¢µÎ´ÊÕ ¸¨³³¥É·¨Õ (122) ²µ± ²Ó´µ°, É.¥. ¢¢¥-
¤¥³ ¢ É¥µ·¨Õ ¢¥±Éµ·´µ¥ ± ²¨¡·µ¢µÎ´µ¥ ¶µ²¥ Aµ, ² £· ´¦¨ ´ ¢§ ¨³µ¤¥°¸É¢¨Ö
±µÉµ·µ£µ ¸ Ë¥·³¨µ´ ³¨ ¨³¥¥É ¢¨¤

Lint ∼ ψ̄ΓµψAµ ≡ (ψ̄1γ
µψ1 + ψ̄2γ

µψ2)Aµ.

ŒÒ ¡Ê¤¥³ ¶·¥¤¶µ² £ ÉÓ, ÎÉµ ¶µ²´Ò° ² £· ´¦¨ ´ ¸¨¸É¥³Ò ´¥ ¸µ¤¥·¦¨É ±¨´¥-
É¨Î¥¸±µ£µ Î²¥´  Œ ±¸¢¥²²  ¤²Ö ± ²¨¡·µ¢µÎ´µ£µ ¶µ²Ö, É.¥.

Ltot = L+ Lint, (164)

£¤¥ L ¤ ´ ¢ (121). �·¥¤¶µ²µ¦¨³ ¤ ²¥¥, ÎÉµ ±µ´¸É ´ÉÒ ¢§ ¨³µ¤¥°¸É¢¨Ö ´ Ìµ-
¤ÖÉ¸Ö ¢ µ¡² ¸ÉÖÌ B ¨²¨ C (147), £¤¥ Éµ²Ó±µ ¶µ²Ö σi ³µ£ÊÉ ¨³¥ÉÓ ´¥´Ê²¥¢Ò¥
¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥. ‘¤¥² ¢ ¢ (164) ¸¤¢¨¦±Ê σi → σi+ < σi >, ³Ò ¶µ²ÊÎ ¥³
¢ Ltot ³ ¸¸µ¢Ò° Ë¥·³¨µ´´Ò° Î²¥´ ¤¨ £µ´ ²Ó´µ£µ ¢¨¤ 

Ltot =

2∑
k=1

ψ̄k(i∂̂ +mk)ψk + ... (165)

‡¤¥¸Ó mk µ¡µ§´ Î ¥É ³ ¸¸Ê k-£µ ¸¶¨´µ·´µ£µ ³Ê²ÓÉ¨¶²¥É . �¶¨· Ö¸Ó ´  ÔÉµÉ
² £· ´¦¨ ´, ±µÉµ·µ³Ê ¡Ê¤ÊÉ ¸µµÉ¢¥É¸É¢µ¢ ÉÓ ¶· ¢¨²  ”¥°´³ ´  ¸ ³ ¸¸¨¢-
´Ò³¨ Ë¥·³¨µ´´Ò³¨ ¶·µ¶ £ Éµ· ³¨, ³µ¦´µ ´ °É¨ · ¤¨ Í¨µ´´Ò¥ ¶µ¶· ¢±¨ ±
ÔËË¥±É¨¢´µ³Ê ¤¥°¸É¢¨Õ, ¨³¥ÕÐ¨¥ ¸² £ ¥³µ¥, ¶·µ¶µ·Í¨µ´ ²Ó´µ¥ A2

µ:

Seff =

∫
d3pÃµ(−p)πµνÃν(p) + ..., (166)

£¤¥ Ãµ(p) Ä ËÊ·Ó¥-µ¡· § ¶µ²Ö Aµ(x), πµν Ä ¶µ²Ö·¨§ Í¨µ´´Ò° µ¶¥· Éµ· ± -
²¨¡·µ¢µÎ´µ£µ ¶µ²Ö, ±µÉµ·Ò° ¢ µ¤´µ¶¥É²¥¢µ³ ¶·¨¡²¨¦¥´¨¨ ¶·¨ ³ ²ÒÌ §´ Î¥-
´¨ÖÌ ¨³¶Ê²Ó¸µ¢ ¨³¥¥É ¢¨¤

πµν ∼ εµναpα

2∑
k=1

sign mk. (167)

�µ¤¸É ¢²ÖÖ (167) ¢ (166) ¨ ¶¥·¥Ìµ¤Ö ¢ ±µµ·¤¨´ É´µ¥ ¶·¥¤¸É ¢²¥´¨¥, ¶µ²Ê-
Î ¥³ Î²¥´ —‘, ±µÉµ·Ò° £¥´¥·¨·Ê¥É¸Ö ¤¨´ ³¨Î¥¸±¨³ µ¡· §µ³, É.¥. ¸ ¶µ³µÐÓÕ
· ¤¨ Í¨µ´´ÒÌ ¶µ¶· ¢µ±:

SCS ∼ (sign m1 + sign m2)

∫
d3xεµναAµ∂νAα. (168)
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�É¸Õ¤  ¢¨¤´µ, ÎÉµ ¢ Ë §¥ B ³µ¤¥²¨, £¤¥ m1 = m2 (¸³.(148)) ¨ P -Î¥É´µ¸ÉÓ
¸¶µ´É ´´µ ´ ·ÊÏ¥´ , Î²¥´ —‘ ´¥ · ¢¥´ ´Ê²Õ, µ¤´ ±µ ¢ Ë §¥ C, £¤¥ ³ ¸¸Ò
Ë¥·³¨µ´µ¢ ¶·µÉ¨¢µ¶µ²µ¦´Ò ¶µ §´ ±Ê, SCS = 0.

�¡· É¨³¸Ö É¥¶¥·Ó ± ¸²ÊÎ Õ, ±µ£¤  ±µ´¸É ´ÉÒ ¸¢Ö§¨ ²¥¦ É ¢ µ¡² ¸ÉÖÌ
A2,3 (144). ‡¤¥¸Ó ¸¶µ´É ´´µ ¢µ§´¨± ¥É Ë¥·³¨µ´´Ò° ³ ¸¸µ¢Ò° Î²¥´ ´¥¤¨ £µ-
´ ²Ó´µ£µ ¢¨¤  (¸³.(148)), ¶µÔÉµ³Ê Ëµ·³Ê²  (168) ´¥¶·¨³¥´¨³ . ‚ ÔÉµ³ ¸²ÊÎ ¥
³µ¦´µ ¸¤¥² ÉÓ Ê´¨É ·´µ¥ ¶·¥µ¡· §µ¢ ´¨¥ Ë¥·³¨µ´´ÒÌ ¶µ²¥°:(

ψ1

ψ2

)
= U

(
f1

f2

)
,

±µÉµ·µ¥, ´ ¶·¨³¥·, ¤²Ö µ¡² ¸É¨ A3 ¨³¥¥É ¢¨¤ U = 1√
2

(
1 1
−1 1

)
. ‚ É¥·³¨-

´ Ì ¸¶¨´µ·µ¢ fi ³ ¸¸µ¢Ò¥ Î²¥´Ò ³µ¤¥²¨ ¢ Ë § Ì A2,3 ¡Ê¤ÊÉ Ê¦¥ ¤¨ £µ´ ²Ó´Ò,
´µ ¸ ¶·µÉ¨¢µ¶µ²µ¦´Ò³¨ §´ ± ³¨ ³ ¸¸. �µÔÉµ³Ê Î²¥´ —‘ ´¥ ¢µ§´¨± ¥É ¤¨´ -
³¨Î¥¸±¨³ µ¡· §µ³ ´¨ ¢ A2-, ´¨ ¢ A3-Ë §¥ ¸µ£² ¸´µ Ëµ·³Ê²¥ (168).

‘²¥¤µ¢ É¥²Ó´µ, ³Ò ¨³¥¥³ ¶·¨³¥· Ö¢²¥´¨Ö, ±µ£¤  P -Î¥É´µ¸ÉÓ ¸¶µ´É ´´µ
´ ·ÊÏ¥´  (¢ Ë §¥ A3), ´µ Î²¥´ —‘ ´¥ £¥´¥·¨·Ê¥É¸Ö.

3.6. ‘É·Ê±ÉÊ·  ¢ ±ÊÊ³  ¢ (ψ̄λaψ)2-É¥µ·¨¨. ‚ ¶·¥¤² £ ¥³µ³ ¶µ¤· §¤¥²¥
¡Ê¤¥É ¨¸¸²¥¤µ¢ ´  ¢ £² ¢´µ³ ¶µ·Ö¤±¥ 1/N -· §²µ¦¥´¨Ö Ë §µ¢ Ö ¸É·Ê±ÉÊ· 
É·¥Ì³¥·´µ° Î¥ÉÒ·¥ÌË¥·³¨µ´´µ° É¥µ·¨¨ ¶µ²Ö ¢¨¤ 

Lψ = iψ̄∂̂ψ +mψ̄ψ + g(ψ̄λaψ)2/(2N), (169)

£¤¥
ψ̄ψ =

∑
i,α

ψ̄iαψiα, ψ̄λ
aψ =

∑
i,α

ψ̄iαλ
a
αβψiβ . (170)

‡¤¥¸Ó ¸Ê³³¨·µ¢ ´¨¥ ¶µ i ¨¤¥É µÉ 1 ¤µ N ,   ¶µ α, β Å µÉ 1 ¤µ K , ¶·¨Î¥³
¤²Ö ¢¸¥Ì Ë¨±¸¨·µ¢ ´´ÒÌ §´ Î¥´¨° i ¨ α ψiα Ä ¤¢ÊÌ±µ³¶µ´¥´É´Ò° ¸¶¨´µ·
„¨· ± , λa Ä £¥´¥· Éµ·Ò SU(K)-£·Ê¶¶Ò (a = 1, ...,K2 − 1). ’ ±¨³ µ¡· §µ³,
ψ ¶·¥µ¡· §Ê¥É¸Ö ¶µ ËÊ´¤ ³¥´É ²Ó´Ò³ ¶·¥¤¸É ¢²¥´¨Ö³ U(N)- ¨ U(K)-£·Ê¶¶,
  É¥µ·¨Ö (169), ´¥ Ö¢²ÖÕÐ Ö¸Ö Î ¸É´Ò³ ¸²ÊÎ ¥³ µ¡µ¡Ð¥´´µ° ³µ¤¥²¨ (121),
¨´¢ ·¨ ´É´  µÉ´µ¸¨É¥²Ó´µ U(N) × U(K). ‚¸¥ ¢ÒÎ¨¸²¥´¨Ö ³Ò ¡Ê¤¥³ ¶·µ-
¢µ¤¨ÉÓ ¢ £² ¢´µ³ ¶µ·Ö¤±¥ 1/N -· §²µ¦¥´¨Ö. �·¨ ÔÉµ³ ¶µ¤· §Ê³¥¢ ¥É¸Ö, ÎÉµ
· ´£ U(N)-£·Ê¶¶Ò Ä µÎ¥´Ó ¡µ²ÓÏ Ö ¢¥²¨Î¨´  (É.¥. 1/N Ä ³ ²Ò° ¶ · ³¥É·).
‘É·Ê±ÉÊ·  ² £· ´¦¨ ´  (169) É ±µ¢ , ÎÉµ U(N)-¨´¢ ·¨ ´É´µ¸ÉÓ É¥µ·¨¨ ´¥
´ ·ÊÏ ¥É¸Ö ´¨ ¶·¨ ± ±¨Ì §´ Î¥´¨ÖÌ m ¨ g. �µÔÉµ³Ê, ±µ£¤  ³Ò ¡Ê¤¥³ £µ¢µ-
·¨ÉÓ µ¡ µ¸É ÉµÎ´µ° ¸¨³³¥É·¨¨ ¢ ±ÊÊ³ , ¢¸¥£¤  ¡Ê¤¥³ ¶µ¤· §Ê³¥¢ ÉÓ ¥Ð¥ ¥£µ
¨´¢ ·¨ ´É´µ¸ÉÓ µÉ´µ¸¨É¥²Ó´µ U(N).

—Éµ¡Ò ¶µ²ÊÎ¨ÉÓ ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ¨¸Ìµ¤´µ° ³µ¤¥²¨, Ê¤µ¡´µ ¢µ¸-
¶µ²Ó§µ¢ ÉÓ¸Ö Ô±¢¨¢ ²¥´É´µ° É¥µ·¨¥° ¸µ ¢¸¶µ³µ£ É¥²Ó´Ò³¨ ¸± ²Ö·´Ò³¨ ¶µ-
²Ö³¨

Lσ = iψ̄∂̂ψ +mψ̄ψ + σa(ψ̄λaψ)−N(σa)2/(2g) =
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= iψ̄∂̂ψ +mψ̄ψ + ψ̄ϕψ −NTr (ϕ2)/(4g), (171)

£¤¥ ϕ = σaλa, Tr ϕ = 0. (‘ ¶µ³µÐÓÕ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ²¥£±µ ¨¸±²ÕÎ¨ÉÓ
σa ¨§ (171) ¨ ¶µ²ÊÎ¨ÉÓ ¢ ·¥§Ê²ÓÉ É¥ Lψ (169).) Œµ¦´µ ¶µ± § ÉÓ (¸³. [63]), ÎÉµ
¢ É¥µ·¨¨ (171) ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ¢ £² ¢´µ³ ¶µ·Ö¤±¥ 1/N -· §²µ¦¥´¨Ö
¨³¥¥É ¢¨¤

2π

N
V (ϕ) =

K∑
i=1

{
a

2
ϕ2
i +

1

3
|ϕi +m|3}, (172)

£¤¥ a = π/g,   ¶¥·¥³¥´´Ò¥ ϕi Ê¤µ¢²¥É¢µ·ÖÕÉ Ê¸²µ¢¨Õ

ϕ1 + ...ϕK = 0. (173)

�·¨ ¢Ò¢µ¤¥ (172) ³Ò ¨¸¶µ²Ó§µ¢ ²¨ · §³¥·´ÊÕ ·¥£Ê²Ö·¨§ Í¨Õ, ¤µ¸Éµ¨´¸É¢µ
±µÉµ·µ° ¢ É·¥Ì³¥·´µ³ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ·¥£Ê²Ö·¨-
§µ¢ ´´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ÔËË¥±É¨¢´µ£µ ¶µÉ¥´Í¨ ²  ¢ ²¨¤¨·ÊÕÐ¥³ ¶µ·Ö¤±¥
1/N -· §²µ¦¥´¨Ö ´¥ ¸µ¤¥·¦¨É Ê²ÓÉ· Ë¨µ²¥Éµ¢ÒÌ · ¸Ìµ¤¨³µ¸É¥°. ‚ ¸¨²Ê ÔÉµ£µ
£µ²Ò¥ ±µ´¸É ´ÉÒ ¸¢Ö§¨ g ¨ ³ ¸¸  m Ö¢²ÖÕÉ¸Ö ±µ´¥Î´Ò³¨ ¢¥²¨Î¨´ ³¨.

‘ ÊÎ¥Éµ³ ·¥§Ê²ÓÉ Éµ¢ · ¡µÉÒ [63],   É ±¦¥ Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢, ¶·µ-
¤¥² ´´ÒÌ ´ ³¨ ¤²Ö §´ Î¥´¨° N ≤ 1000, ³µ¦´µ ¸± § ÉÓ, ÎÉµ ¢ ¡¥§³ ¸¸µ¢µ³
¸²ÊÎ ¥ (m = 0) £²µ¡ ²Ó´Ò° ³¨´¨³Ê³ ¶µÉ¥´Í¨ ²  (172) µ¡² ¤ ¥É U(n)×U(n)-
¸¨³³¥É·¨¥° ¤²Ö K = 2n ¨²¨ U(n + 1) × U(n) ¤²Ö K = 2n + 1, ¥¸²¨ g < 0.
…¸²¨ g > 0, Éµ ¨¸Ìµ¤´ Ö U(K)-¨´¢ ·¨ ´É´µ¸ÉÓ ³µ¤¥²¨ ´¥ ´ ·ÊÏ ¥É¸Ö.

’¥¶¥·Ó µ¡¸Ê¤¨³ ¸¢µ°¸É¢  ¶µÉ¥´Í¨ ²  (172) ¢ ³ ¸¸¨¢´µ³ ¸²ÊÎ ¥. ‘ ÔÉµ°
Í¥²ÓÕ ¢¢¥¤¥³ ¡¥§· §³¥·´Ò¥ ¢¥²¨Î¨´Ò, ¶µ¤¥²¨¢ µ¡¥ Î ¸É¨ ¢Ò· ¦¥´¨Ö (172) ´ 
m3:

2π

m3N
V (w) =

K∑
i=1

{
b

2
(wi − 1)2 +

1

3
|wi|

3}, (174)

£¤¥ b = a/m, wi = 1 + ϕi/m. �µ¢Ò¥ ¶¥·¥³¥´´Ò¥, µÎ¥¢¨¤´µ, Ê¤µ¢²¥É¢µ·ÖÕÉ
¸µµÉ´µÏ¥´¨Õ

w1 + ...+ wK = K. (175)

ˆ§ (174) ¸²¥¤ÊÕÉ Ê· ¢´¥´¨Ö ¸É Í¨µ´ ·´µ¸É¨ ¤²Ö V (w) (i = 1, ...,K − 1):

bwi − bwK + |wi|wi − |wK |wK = 0. (176)

�·¨ ¢Ò¢µ¤¥ (176) ¢ ± Î¥¸É¢¥ ´¥§ ¢¨¸¨³ÒÌ ¶¥·¥³¥´´ÒÌ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¶¥·¢Ò¥
(K − 1) ±µ³¶µ´¥´É wi,   wK µ¶·¥¤¥²¥´  Ê¸²µ¢¨¥³ (175).

�Ê¸ÉÓ b > 0 (É.¥. g > 0). �¥Ï Ö Ê· ¢´¥´¨Ö (175)Ä(176), ²¥£±µ ¶µ± § ÉÓ,
ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥ ËÊ´±Í¨Ö V (w) ¨³¥¥É Éµ²Ó±µ µ¤´Ê ¸É Í¨µ´ ·´ÊÕ ÉµÎ±Ê
ΩK = (1, ..., 1), ¢ ±µÉµ·µ° Ê ´¥¥ ´ Ìµ¤¨É¸Ö £²µ¡ ²Ó´Ò° ³¨´¨³Ê³. �Î¥¢¨¤´µ,
ÎÉµ ΩK ¸µµÉ¢¥É¸É¢Ê¥É U(K)-¸¨³³¥É·¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö É¥µ·¨¨ (169).
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’¥¶¥·Ó · ¸¸³µÉ·¨³ ¸²ÊÎ ° b < 0 (É.¥. g < 0). �µ± ¦¥³ ¶·¥¦¤¥ ¢¸¥£µ, ÎÉµ
¶·µ¨§¢µ²Ó´ Ö ÉµÎ±  Ω = (w1, ..., wK), £¤¥ ¢¸¥ wi Ê¤µ¢²¥É¢µ·ÖÕÉ (175)Ä(176),
¨³¥¥É ´¥ ¡µ²¥¥ É·¥Ì · §²¨Î´ÒÌ ±µ³¶µ´¥´É.

�ÉµÉ Ë ±É ´¥¶µ¸·¥¤¸É¢¥´´µ ¸²¥¤Ê¥É ¨§ Ê· ¢´¥´¨° (176), ·¥Ï Ö ±µÉµ·Ò¥,
³µ¦´µ Ê¸É ´µ¢¨ÉÓ, ÎÉµ ¤²Ö ¶·µ¨§¢µ²Ó´µ£µ Ë¨±¸¨·µ¢ ´´µ£µ i < K ¸µµÉ¢¥É-
¸É¢ÊÕÐ Ö ±µ³¶µ´¥´É  wi ¸É Í¨µ´ ·´µ° ÉµÎ±¨ Ω ³µ¦¥É ¶·¨´¨³ ÉÓ µ¤´µ ¨§
É·¥Ì §´ Î¥´¨° (¶·¨ ÔÉµ³, ´¥ É¥·ÖÖ µ¡Ð´µ¸É¨, ³Ò ¶·¥¤¶µ² £ ¥³, ÎÉµ wK > 0):

w̃1 = wK , w̃2 = −b− wK , w̃3 =
b

2
−

√
b2

4
− bwK − w2

K (177)

¶·¨ 0 < wK < −b, ¨²¨

w̃1, w̃3, w̃4 =
b

2
+

√
b2

4
− bwK − w2

K (178)

¶·¨ −b < wK < −b(1 +
√

2)/2. �·¨ ¤·Ê£¨Ì ¶µ²µ¦¨É¥²Ó´ÒÌ §´ Î¥´¨ÖÌ wK
¢¸¥ ±µ³¶µ´¥´ÉÒ wi · ¢´Ò wK . „²Ö µ¶·¥¤¥²¥´¨Ö ±µ³¶µ´¥´ÉÒ wK ¸µµÉ¢¥É-
¸É¢ÊÕÐ¥° ÉµÎ±¨ ¸É Í¨µ´ ·´µ¸É¨ ´Ê¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ Ê¸²µ¢¨¥ (175).

„²Ö ´ Ìµ¦¤¥´¨Ö ÉµÎ±¨ £²µ¡ ²Ó´µ£µ ³¨´¨³Ê³  ¶µÉ¥´Í¨ ²  ³Ò ¶·¨³¥´¨³
¸²¥¤ÊÕÐÊÕ ¶·µÍ¥¤Ê·Ê. ‘´ Î ²  ¸ ¶µ³µÐÓÕ (177), (178) ´¥µ¡Ìµ¤¨³µ ¶µ¸É·µ-
¨ÉÓ ¢¸¥¢µ§³µ¦´Ò¥ ÉµÎ±¨ ¸É Í¨µ´ ·´µ¸É¨ ¸ ¤¢Ê³Ö,   É ±¦¥ ¸ É·¥³Ö · §²¨Î-
´Ò³¨ ±µ³¶µ´¥´É ³¨, ± ¦¤Ò° · § µ¶·¥¤¥²ÖÖ wK ¨§ Ê¸²µ¢¨Ö (175). �µÉµ³
´ °É¨ §´ Î¥´¨Ö ËÊ´±Í¨¨ V (w) ´  ± ¦¤µ° ¨§ ÔÉ¨Ì ÉµÎ¥± ¨ µ¶·¥¤¥²¨ÉÓ ÉÊ
¨§ ´¨Ì, ¢ ±µÉµ·µ° V ¶·¨´¨³ ¥É ´ ¨³¥´ÓÏ¥¥ §´ Î¥´¨¥. …¸É¥¸É¢¥´´µ, ÎÉµ ¸
·µ¸Éµ³ K ±µ²¨Î¥¸É¢µ ÉµÎ¥± ¸É Í¨µ´ ·´µ¸É¨ ¶µÉ¥´Í¨ ²  V (w) §´ Î¨É¥²Ó´µ
¢µ§· ¸É ¥É. �µÔÉµ³Ê ³Ò µ£· ´¨Î¨²¨¸Ó ´¥¸±µ²Ó±¨³¨ §´ Î¥´¨Ö³¨ K . �¶Ê¸± Ö
¤¥É ²¨ ¢ÒÎ¨¸²¥´¨°, ¶·¨¢¥¤¥³ ²¨ÏÓ ±µ´¥Î´Ò¥ ·¥§Ê²ÓÉ ÉÒ.

a) �Ê¸ÉÓ K = 2. ˆ§ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (175), (176) ¸²¥¤Ê¥É, ÎÉµ £²µ¡ ²Ó-
´Ò° ³¨´¨³Ê³ ËÊ´±Í¨¨ (174) ´ Ìµ¤¨É¸Ö ¢ ÉµÎ±¥

Ω11 =

(
1 +

b

2
−

1

2

√
b2 − 4, 1−

b

2
+

1

2

√
b2 − 4

)
,

¥¸²¨ b < −2. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¨¸Ìµ¤´ Ö U(2)-¸¨³³¥É·¨Ö ¸¶µ´É ´´µ ´ ·ÊÏ ¥É¸Ö
¤µ U(1)× U(1). …¸²¨ ¦¥ b > −2, Éµ ¸¨³³¥É·¨Ö µ¸É ¥É¸Ö ´¥´ ·ÊÏ¥´´µ°.

¡) �Ê¸ÉÓ K = 3. —¨¸²¥´´Ò¥ · ¸Î¥ÉÒ (¢ ÔÉµ³ ¨ ¶µ¸²¥¤ÊÕÐ¨Ì ¸²ÊÎ ÖÌ)
¶µ± §Ò¢ ÕÉ, ÎÉµ ¶·¨ b < b∗3 = −1, 5388... ÉµÎ±  £²µ¡ ²Ó´µ£µ ³¨´¨³Ê³  ¥¸ÉÓ
Ω21 = (x1, x1, y1), £¤¥ y1 = 3− 2x1 ¨

x1 = −[3(b− 4)−
√

9b2 − 12b− 36]/10.

�Î¥¢¨¤´µ, ÎÉµ Ω21,   §´ Î¨É ¨ ¢ ±ÊÊ³ ³µ¤¥²¨, µ¡² ¤ ¥É U(2)×U(1)-¸¨³³¥É·¨¥°.
�·¨ b > b∗3 É¥µ·¨Ö U(3) ¨´¢ ·¨ ´É´ .
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¢) �Ê¸ÉÓ K = 4. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¶·¨ b < b∗4 = −4, 0694... £²µ¡ ²Ó´Ò°
³¨´¨³Ê³ ¶µÉ¥´Í¨ ²  ¤µ¸É¨£ ¥É¸Ö ¢ ÉµÎ±¥ Ω22 = (x2, x2, y2, y2), £¤¥ y2 = 2−x2

¨

x2 = 1−
b

2
+

1

2

√
b2 − 4.

Ÿ¸´µ, ÎÉµ ¢ ÔÉµ° µ¡² ¸É¨ §´ Î¥´¨° ¶ · ³¥É·  b ¸¨³³¥É·¨Ö ³µ¤¥²¨ ¸¶µ´É ´´µ
´ ·ÊÏ¥´  ¤µ U(2)× U(2).

�·¨ b∗4 < b < b∗∗4 = −1, 3572...  ¡¸µ²ÕÉ´Ò° ³¨´¨³Ê³ ËÊ´±Í¨¨ (174)
· ¸¶µ² £ ¥É¸Ö ¢ ÉµÎ±¥ Ω31 = (x3, x3, x3, y3), £¤¥ y3 = 4− 3x3

x3 =
6− b

5
+

1

5

√
b2 − 2b− 4.

�Î¥¢¨¤´µ, ÎÉµ Ω31 ¨´¢ ·¨ ´É´  µÉ´µ¸¨É¥²Ó´µ U(3)× U(1)-£·Ê¶¶Ò. �·¨ b >
b∗∗4 ¨¸Ìµ¤´ Ö U(4)-¸¨³³¥É·¨Ö ´¥ ´ ·ÊÏ ¥É¸Ö.

£) � ±µ´¥Í, ¤²Ö K = 5 ³µ¤¥²Ó ´ Ìµ¤¨É¸Ö ¢ U(3) × U(2) ¸¨³³¥É·¨Î´µ°
Ë §¥, ¥¸²¨ b < b∗5 = −2, 5300.... �·¨ §´ Î¥´¨ÖÌ b∗5 < b < b∗∗5 = −1, 2654...
¢ ±ÊÊ³´µ¥ ¸µ¸ÉµÖ´¨¥ µ¡² ¤ ¥É ¨´¢ ·¨ ´É´µ¸ÉÓÕ µÉ´µ¸¨É¥²Ó´µ £·Ê¶¶Ò U(4)×
U(1). ‚ Éµ ¦¥ ¢·¥³Ö ¨¸Ìµ¤´ Ö U(5)-¸¨³³¥É·¨Ö ´¥ ´ ·ÊÏ ¥É¸Ö ¶·¨ b > b∗∗5 .
‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ ÔÉ¨³ Ë § ³ ÉµÎ±¨ £²µ¡ ²Ó´µ£µ ³¨´¨³Ê³  ÔËË¥±É¨¢´µ£µ
¶µÉ¥´Í¨ ²  ¨³¥ÕÉ ¢¨¤

U(3)× U(2) : Ω32 = (x4, x4, x4, y4, y4); y4 = (5− 3x4)/2,

x4 = [15− 5b+
√

25b2 − 20b− 100]/13,

U(4)× U(1) : Ω41 = (x5, x5, x5, x5, y5); y5 = 5− 4x5,

x5 = [40− 5b+
√

25b2 − 60b− 100]/34,

U(5) : Ω5 = (1, 1, 1, 1, 1).

�µ¤¢µ¤Ö ¨Éµ£, ³µ¦´µ ¸± § ÉÓ, ÎÉµ ¶·¨ K > 3 Ë §µ¢ Ö ¸É·Ê±ÉÊ·  ¢ ³ ¸-
¸¨¢´µ° ³µ¤¥²¨ (169) £µ· §¤µ ¡µ£ Î¥, Î¥³ ¢ ¡¥§³ ¸¸µ¢µ³ ¸²ÊÎ ¥.

3.7. „¨´ ³¨Î¥¸± Ö £¥´¥· Í¨Ö Î²¥´  —‘. ‡¤¥¸Ó ³Ò · ¸¸³µÉ·¨³ ¢µ§³µ¦-
´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö ³µ¤¥²¨ (169) ¤²Ö ¤¨´ ³¨Î¥¸±µ° £¥´¥· Í¨¨ Éµ¶µ²µ£¨Î¥-
¸±µ° ³ ¸¸Ò ¢¥±Éµ·´µ£µ ¶µ²Ö, ±µÉµ·µ° ¢ ² £· ´¦¨ ´¥ ¸µµÉ¢¥É¸É¢Ê¥É Î²¥´ —‘
¢¨¤  (120). ‘ ÔÉµ° Í¥²ÓÕ ¢¢¥¤¥³ ³¨´¨³ ²Ó´Ò³ µ¡· §µ³ ¢§ ¨³µ¤¥°¸É¢¨¥ ¸É É¨-
¸É¨Î¥¸±µ£µ ¢¥±Éµ·´µ£µ ¶µ²Ö Aµ ¸µ ¸¶¨´µ·´Ò³¨ ¶µ²Ö³¨. Œµ¤¨Ë¨Í¨·µ¢ ´´Ò°
² £· ´¦¨ ´ (171) ¶·¨³¥É ¢¨¤:

Lσ → L̃σ = ψ̄i(∂̂ + ieÂ)ψ +mψ̄ψ + ψ̄ϕψ −NTr (ϕ2)/(4g), (179)

Œµ¤¥²Ó (179) ¢ £² ¢´µ³ ¶µ·Ö¤±¥ 1/N -· §²µ¦¥´¨Ö µ¡² ¤ ¥É É ±¨³ ¦¥ ÔË-
Ë¥±É¨¢´Ò³ ¶µÉ¥´Í¨ ²µ³, ÎÉµ ¨ ³µ¤¥²Ó (169)Ä(171). ‘²¥¤µ¢ É¥²Ó´µ, ·¥§Ê²Ó-
É ÉÒ ¶·¥¤Ò¤ÊÐ¥£µ · §¤¥²  ¶·¨³¥´¨³Ò ± É¥µ·¨¨ (179), ¨ ³µ¦´µ ÊÉ¢¥·¦¤ ÉÓ,
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ÎÉµ ¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥ ¸± ²Ö·´ÒÌ ¶µ²¥° < ϕαβ > ¨§ L̃σ ¢ µ¡Ð¥³ ¸²ÊÎ ¥
µÉ²¨Î´Ò µÉ ´Ê²Ö, É.¥. µ´¨ ¸µ¢¶ ¤ ÕÉ ¸ ±µµ·¤¨´ É ³¨ ÉµÎ±¨ £²µ¡ ²Ó´µ£µ
³¨´¨³Ê³  ÔËË¥±É¨¢´µ£µ ¶µÉ¥´Í¨ ² . ‘¤¥² ¥³ ¢ (179) § ³¥´Ê ¶¥·¥³¥´´ÒÌ
ϕαβ → ϕαβ+ < ϕαβ >. ‘ ÊÎ¥Éµ³ Éµ£µ, ÎÉµ < ϕαβ >= diag (ϕ1, ..., ϕK),
³ ¸¸µ¢Ò° Î²¥´ Ë¥·³¨µ´µ¢ ¶·¨³¥É ¢¨¤

L̃σ = (...) +
K∑
i=1

(m+ ϕi)ψ̄iψi, (180)

£¤¥ Ê± § ´µ ¢ Ö¢´µ³ ¢¨¤¥ Éµ²Ó±µ ¸Ê³³¨·µ¢ ´¨¥ ¶µ ¨´¤¥±¸ ³ U(K)-£·Ê¶¶Ò,
  ¸Ê³³¨·µ¢ ´¨¥ ¶µ ¨´¤¥±¸ ³ U(N)-£·Ê¶¶Ò ¶µ¤· §Ê³¥¢ ¥É¸Ö. �É¸Õ¤  ¢¨¤´µ,
ÎÉµ ¢ £² ¢´µ³ ¶µ·Ö¤±¥ 1/N -· §²µ¦¥´¨Ö i-° ³Ê²ÓÉ¨¶²¥É ¸¶¨´µ·´ÒÌ ¶µ²¥°
¨³¥¥É ³ ¸¸Ê Mi = m + ϕi, ±µÉµ· Ö, ¢µµ¡Ð¥ £µ¢µ·Ö, µÉ²¨Î´  µÉ § É· ¢µÎ´µ°
³ ¸¸Ò m ¨¸Ìµ¤´µ£µ ² £· ´¦¨ ´ . �Î¥¢¨¤´µ, ÎÉµ §´ Î¥´¨Ö Mi ¸ÊÐ¥¸É¢¥´´Ò³
µ¡· §µ³ § ¢¨¸ÖÉ µÉ ¸¢µ°¸É¢ ¢ ±ÊÊ³  É¥µ·¨¨, É.¥. µÉ Éµ£µ, ¢ ± ±µ° Ë §¥ µ´ 
´ Ìµ¤¨É¸Ö.

ˆ¸Ìµ¤Ö ¨§ ² £· ´¦¨ ´  (180), ³µ¦´µ ¶µ± § ÉÓ (¸³. ¶.3.5), ÎÉµ ¢ £² ¢´µ³
¶µ·Ö¤±¥ ¶µ N ¢ É¥µ·¨¨ ¶µ²Ö (179), (180) ¤¨´ ³¨Î¥¸±¨³ µ¡· §µ³ ¢µ§´¨± ¥É
Î²¥´ —‘ ¢¨¤  (120), £¤¥

G = e2
K∑
i=1

sign (m+ ϕi) ≡ e
2G̃. (181)

� · ³¥É· G̃ ´¥¶µ¸·¥¤¸É¢¥´´µ ¸¢Ö§ ´ ± ± ¸ Éµ¶µ²µ£¨Î¥¸±µ° ³ ¸¸µ° ¢¥±Éµ·´µ£µ
¶µ²Ö, É ± ¨ ¸µ §´ Î¥´¨Ö³¨ ¤·µ¡´ÒÌ ¸¶¨´  ¨ ¸É É¨¸É¨±¨ ¶µ²¥° ³ É¥·¨¨.

�·¥¤¶µ²µ¦¨³ ¸´ Î ² , ÎÉµ m = 0. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¶·¨ K = 2n Î²¥´
—‘ ´¥ ¡Ê¤¥É £¥´¥·¨·µ¢ ÉÓ¸Ö ¢µ¢¸¥. �ÉµÉ Ë ±É ²¥£±µ ¶µ´ÖÉÓ, ¥¸²¨ ¶·¨´ÖÉÓ ¢µ
¢´¨³ ´¨¥ ¢¨¤ ÉµÎ±¨ £²µ¡ ²Ó´µ£µ ³¨´¨³Ê³  ¶µÉ¥´Í¨ ² , ±µÉµ· Ö ¨³¥¥É µ¤¨-
´ ±µ¢µ¥ ±µ²¨Î¥¸É¢µ µÉ·¨Í É¥²Ó´ÒÌ ¨ ¶µ²µ¦¨É¥²Ó´ÒÌ ±µ³¶µ´¥´É [63]. …¸²¨
K = 2n+ 1, Éµ ¢ U(n+ 1)×U(n) ¸¨³³¥É·¨Î´µ° Ë §¥ É¥µ·¨¨ Î²¥´ —‘ µ¡Ö§ -
É¥²Ó´µ ¢µ§´¨± ¥É ¤¨´ ³¨Î¥¸±¨³ µ¡· §µ³, ´¥¸³µÉ·Ö ´  Éµ, ÎÉµ ¢ ¡¥§³ ¸¸µ¢µ°
Ë §¥ µ´ µÉ¸ÊÉ¸É¢Ê¥É.

�µ²¥¥ ¨´É¥·¥¸´  ¸¨ÉÊ Í¨Ö ¢ ³ ¸¸¨¢´µ³ ¸²ÊÎ ¥ (m 6= 0). ‡¤¥¸Ó ¶ · ³¥É·
¸É É¨¸É¨±¨ G̃, ± ± ¸²¥¤Ê¥É ¨§ (181) ¨ ·¥§Ê²ÓÉ Éµ¢ ¶.3.6, ¶·¨´¨³ ¥É ¢ § ¢¨¸¨-
³µ¸É¨ µÉ Ë §Ò É¥µ·¨¨ ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö: K,K − 2, ...,K − 2n (n = K/2
¤²Ö Î¥É´ÒÌ ¨ n = (K − 1)/2 ¤²Ö ´¥Î¥É´ÒÌ K). �·¨Î¥³ G̃ = K ¢ Ë §¥ ¸
³ ±¸¨³ ²Ó´µ° ¸¨³³¥É·¨¥° U(K) ¨ G̃ Ä ³¨´¨³ ²Ó´µ (É.¥. ´Ê²Ó ¨²¨ ¥¤¨´¨Í )
¢ Ë §¥ ¸ ³¨´¨³ ²Ó´µ° ¸¨³³¥É·¨¥° (¤²Ö Î¥É´ÒÌ K = 2n : U(n) × U(n) ¨²¨
U(n+ 1)×U(n) ¤²Ö ´¥Î¥É´ÒÌ K = 2n+ 1). ‚ ¦´µ µÉ³¥É¨ÉÓ, ÎÉµ §´ Î¥´¨Ö G̃
¨ ¢µ§³µ¦´Ò¥ £·Ê¶¶Ò ¸¨³³¥É·¨¨ ¢ ±ÊÊ³  É¥µ·¨¨ ´ Ìµ¤ÖÉ¸Ö ¢µ ¢§ ¨³´µ µ¤´µ-
§´ Î´µ³ ¸µµÉ¢¥É¸É¢¨¨. ‡´ Ö ¸É É¨¸É¨±Ê Î ¸É¨Í (¨²¨ ¨Ì ¸¶¨´), ³µ¦´µ ´ §¢ ÉÓ
£·Ê¶¶Ê ¨´¢ ·¨ ´É´µ¸É¨ ¢ ±ÊÊ³  ¨ ´ µ¡µ·µÉ.
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’ ±¨³ µ¡· §µ³, ¸¤¥² ¥³ ¸²¥¤ÊÕÐ¨¥ ¢Ò¢µ¤Ò.
1) ‚³¥¸Éµ ´ ¡µ·  ¢ ±ÊÊ³´ÒÌ ¸·¥¤´¨Ì ¸± ²Ö·´ÒÌ ¶µ²¥° < ϕαβ > ¢ É¥µ·¨¨

¤µ¸É ÉµÎ´µ ¨³¥ÉÓ ²¨ÏÓ µ¤¨´ ¶ · ³¥É· ¶µ·Ö¤± , ±µÉµ·Ò° ¢µ§´¨± ¥É ¤¨´ ³¨-
Î¥¸±¨³ µ¡· §µ³, Å ÔÉµ ¶ · ³¥É· ¸É É¨¸É¨±¨ G̃ (181).

2) �¥·¥Ìµ¤ µÉ µ¤´µ° Ë §Ò É¥µ·¨¨ ± ¤·Ê£µ° ¸µ¶·µ¢µ¦¤ ¥É¸Ö ¸± Î±µµ¡· §-
´Ò³ ¨§³¥´¥´¨¥³ (É· ´¸³ÊÉ Í¨¥°) ¸É É¨¸É¨±¨ ¨ ¸¶¨´  ¶µ²¥° ³ É¥·¨¨.

‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉµ ¢¸¥ ¢ÒÏ¥¶¥·¥Î¨¸²¥´´µ¥ µÉ´µ¸¨É¸Ö ± ³ ¸¸¨¢´µ°
É¥µ·¨¨ ¶µ²Ö (169)Ä(171), ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥° ¸ ¢¥±Éµ·´Ò³ ¶µ²¥³ ¨, ¸É·µ£µ
£µ¢µ·Ö, ¤²Ö ¸²ÊÎ ¥¢K ≤ 5. �¤´ ±µ, ¢ ¸¨²Ê ¸¢µ¥° µÎ¥¢¨¤´µ¸É¨, ÔÉ¨ ·¥§Ê²ÓÉ ÉÒ,
¶µ-¢¨¤¨³µ³Ê, ¸¶· ¢¥¤²¨¢Ò ¨ ¤²Ö §´ Î¥´¨° K > 5.

3.8. �¡¸Ê¦¤¥´¨¥ ·¥§Ê²ÓÉ Éµ¢. ‚ ¶·¥¤² £ ¥³µ³ · §¤¥²¥ ´  µ¸´µ¢¥ · -
¡µÉ [61, 63, 66] ¨¸¸²¥¤µ¢ ²¨¸Ó ¤¢¥ É·¥Ì³¥·´Ò¥ Î¥ÉÒ·¥ÌË¥·³¨µ´´Ò¥ ³µ¤¥²¨
´¥¸É ´¤ ·É´µ£µ ¢¨¤ . �¥·¢ÊÕ ³µ¤¥²Ó (121)Ä(124) ³Ò ´ §¢ ²¨ µ¡µ¡Ð¥´´µ°
³µ¤¥²ÓÕ ƒ� ¢ ¸¨²Ê Éµ£µ, ÎÉµ ¶·¨ G1 6= 0; G2, H1, H2 = 0 µ´  ¸µ¢¶ ¤ ¥É ¸
µ¡ÒÎ´µ° É¥µ·¨¥° ƒ·µ¸¸  Ä �¥¢Ó¥ ¨§ · §¤.1. ‹ £· ´¦¨ ´ (121) ¸¨³³¥É·¨Î¥´
µÉ´µ¸¨É¥²Ó´µ ¤¨¸±·¥É´ÒÌ P,Γ3,Γ5-¶·¥µ¡· §µ¢ ´¨° (123). ‡¤¥¸Ó ¶µ± § ´µ,
ÎÉµ µ¡µ¡Ð¥´´ Ö É¥µ·¨Ö ³µ¦¥É ¸ÊÐ¥¸É¢µ¢ ÉÓ ¢ ¶ÖÉ¨ · §´ÒÌ Ë § Ì, ¸·¥¤¨ ±µ-
Éµ·ÒÌ ¤¢¥ Ä A2 ¨ A3 Ä ´¥ ¡Ò²¨ · ´¥¥ § ³¥Î¥´Ò ¢ ¶·µ¸É¥°Ï¨Ì ³µ¤¥²ÖÌ É¨¶ 
ƒ·µ¸¸  Ä �¥¢Ó¥. ‚ Ë §¥ A2 ¸¶µ´É ´´µ ´ ·ÊÏ¥´  Éµ²Ó±µ Γ3-¸¨³³¥É·¨Ö,   ¢
Ë §¥ A3 ´ ·ÊÏ¥´Ò P ¨ Γ5 µ¤´µ¢·¥³¥´´µ. �¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ¶µ¸²¥¤´¥°
Ë §Ò ¸¢µ¨³¨ ¸¢µ°¸É¢ ³¨ ´ ¶µ³¨´ ¥É ¢ ±ÊÊ³ Š•„, £¤¥ ¸¶µ´É ´´µ ´ ·ÊÏ¥´Ò
± ± ±¨· ²Ó´ Ö, É ± ¨ CP -¨´¢ ·¨ ´É´µ¸É¨.

‘¶¥±É· ³ ¸¸ ¡µ§µ´µ¢ É¥µ·¨¨ (121), ¢ µÉ²¨Î¨¥ µÉ ¶·µ¸É¥°Ï¨Ì ³µ¤¥²¥°
ƒ�, ¸µ¤¥·¦¨É ¸É ¡¨²Ó´Ò¥ Î ¸É¨ÍÒ ¸ ´¥É·¨¢¨ ²Ó´µ° Ô´¥·£¨¥° ¸¢Ö§¨,   É ±¦¥
·¥§µ´ ´¸Ò ¸ ±µ´¥Î´Ò³ ¢·¥³¥´¥³ ¦¨§´¨.

� ³¨ ¡Ò²¨ · ¸¸³µÉ·¥´Ò ´¥±µÉµ·Ò¥ Î ¸É´Ò¥ ¸²ÊÎ ¨, ¸·¥¤¨ ±µÉµ·ÒÌ É¥µ-
·¨Ö ¸ ¢¥±Éµ·-¢¥±Éµ·´µ° ¸¢Ö§ÓÕ Ë¥·³¨-¶µ²¥°,   É ±¦¥ ³µ¤¥²Ó (¶·¨ H1 = H2)
¸ ´¥¶·¥·Ò¢´µ° £²µ¡ ²Ó´µ° Uτ (1)-¸¨³³¥É·¨¥° (160), ±µÉµ· Ö ¸¶µ´É ´´µ ´ ·Ê-
Ï ¥É¸Ö ¢ Ë §¥ A2.

�·¥¤¶µ²µ¦¨³, ÎÉµ ¶µ²Ö ψ1 ¨ ψ2 µ¶¨¸Ò¢ ÕÉ Î ¸É¨ÍÒ ¸ ¶·µÉ¨¢µ¶µ²µ¦-
´Ò³ Ô²¥±É·¨Î¥¸±¨³ § ·Ö¤µ³. ’µ£¤  £¥´¥· Éµ· Uτ (1)-£·Ê¶¶Ò ¶µ Ë¨§¨Î¥¸±µ³Ê
¸³Ò¸²Ê Ö¢²Ö¥É¸Ö µ¶¥· Éµ·µ³ Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤  É¥µ·¨¨. �·¨ ÔÉµ³ ³µ¦´µ
¸± § ÉÓ, ÎÉµ ¢ · ³± Ì µ¡µ¡Ð¥´´µ° ³µ¤¥²¨ (121) ¸ÊÐ¥¸É¢ÊÕÉ ± ± ±¨· ²Ó´Ò¥
Ë §µ¢Ò¥ ¶¥·¥Ìµ¤Ò (±µ£¤  ´ ·ÊÏ ¥É¸Ö Γ5-¨´¢ ·¨ ´É´µ¸ÉÓ), É ± ¨ Ë §µ¢Ò¥ ¶¥-
·¥Ìµ¤Ò ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ É¨¶ . ‚ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥ ± ²¨¡·µ¢µÎ´ Ö £·Ê¶¶ 
Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤  UE(1) ≡ Uτ (1) ¸¶µ´É ´´µ ´ ·ÊÏ ¥É¸Ö (Ë §  A2 ³µ-
¤¥²¨ (121)Ä(124) ¶·¨ H1 = H2 (¸³. ¶.3.4)), ¨ ¢ É¥µ·¨¨ ¶µÖ¢²ÖÕÉ¸Ö ¸± ²Ö·´Ò¥
§ ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ φ ∼ ψ̄1ψ2 ( ´ ²µ£ ±Ê¶¥·µ¢¸±¨Ì ¶ · ¢ µ¡ÒÎ´µ° É¥µ·¨¨
¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨).

ŒÒ É ±¦¥ ¶µ± § ²¨, ÎÉµ ¢ ³µ¤¥²¨ (121) Î²¥´ —‘ ¢µ§´¨± ¥É ¤¨´ ³¨Î¥¸±¨³
µ¡· §µ³ Éµ²Ó±µ ¢ Ë §¥ B, ±µ£¤  ¸¶µ´É ´´µ ´ ·ÊÏ¥´  P -Î¥É´µ¸ÉÓ. Š·µ³¥
Éµ£µ, ¢ ¶.3.5 ¤µ± § ´µ, ÎÉµ ´ ·ÊÏ¥´¨¥ P -Î¥É´µ¸É¨ ´¥ Ö¢²Ö¥É¸Ö ¤µ¸É ÉµÎ´Ò³
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Ê¸²µ¢¨¥³ £¥´¥· Í¨¨ Î²¥´  —‘ (¢ Ë §¥ A3 P -Î¥É´µ¸ÉÓ ´ ·ÊÏ¥´ , µ¤´ ±µ Î²¥´
—‘ ¢ É¥µ·¨¨ µÉ¸ÊÉ¸É¢Ê¥É).

‚µ ¢Éµ·µ° ³µ¤¥²¨, ¨¸¸²¥¤µ¢ ´´µ° §¤¥¸Ó ´¥¶¥·ÉÊ·¡ É¨¢´Ò³ ³¥Éµ¤µ³ 1/N -
· §²µ¦¥´¨Ö, ¸¶¨´µ·´Ò¥ ¶µ²Ö ¨³¥ÕÉ ¢´ÊÉ·¥´´¨¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò, ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨¥ U(K)-¸¨³³¥É·¨¨ (U(N)-£·Ê¶¶Ê ¶·¨ N → ∞ ³Ò ¢ · ¸Î¥É ´¥ ¶·¨-
´¨³ ¥³, É.±. µ´  ´µ¸¨É ¢¸¶µ³µ£ É¥²Ó´Ò° Ì · ±É¥·). Œµ¤¥²Ó ¨³¥¥É É¥ ¦¥
Ë¨§¨Î¥¸±¨¥ µ¸´µ¢ ´¨Ö ¤²Ö ¥¥ · ¸¸³µÉ·¥´¨Ö, ÎÉµ ¨ ¤·Ê£¨¥ É·¥Ì³¥·´Ò¥ É¥µ·¨¨.
�¤´ ±µ ¥¸ÉÓ ¨ ¤µ¶µ²´¨É¥²Ó´Ò¥ ³µÉ¨¢Ò.

�¥¤ ¢´µ ¢ · ¡µÉ¥ [64] ¡Ò²µ ¢Ò¸± § ´µ ¶·¥¤¶µ²µ¦¥´¨¥, ÎÉµ Ô²¥±É·¨Î¥¸±¨°
§ ·Ö¤ ¨³¥¥É Éµ¶µ²µ£¨Î¥¸±ÊÕ ¶·¨·µ¤Ê. �É  ¨¤¥Ö ¶·µ¢¥·Ö² ¸Ó, ¢ Î ¸É´µ¸É¨, ¢
· ³± Ì ± ²¨¡·µ¢µÎ´µ° É¥µ·¨¨, µ¸´µ¢ ´´µ° ´  ² £· ´¦¨ ´¥ (169). �·¨ ÔÉµ³
¤²Ö  ¢Éµ·µ¢ ¡Ò²  µÎ¥´Ó ¸ÊÐ¥¸É¢¥´´µ° ¢µ§³µ¦´µ¸ÉÓ ¸¶µ´É ´´µ£µ ´ ·ÊÏ¥´¨Ö
¨¸Ìµ¤´µ° U(K)-¸¨³³¥É·¨¨ ¤µ U(K−1)×U(1). �µ¸²¥¤´¨° Ë ±É Ê ´¨Ì Ö¢²Ö-
¥É¸Ö ·¥§Ê²ÓÉ Éµ³  ´ ²¨§  Ê· ¢´¥´¨° „ °¸µ´  Ä ˜¢¨´£¥· , ±µÉµ·Ò³ ¤µ²¦´Ò
Ê¤µ¢²¥É¢µ·ÖÉÓ ³ ¸¸Ò Ë¥·³¨-Î ¸É¨Í ³µ¤¥²¨ (169) [65]. �µ ´ Ï¥³Ê ³´¥´¨Õ,
³¥Éµ¤ Ê· ¢´¥´¨° „ °¸µ´  Ä ˜¢¨´£¥·  ´¥ Ö¢²Ö¥É¸Ö ´ ¤¥¦´µ° µ¸´µ¢µ° ¤²Ö Ë -
§µ¢µ£µ  ´ ²¨§  É¥µ·¨¨ ¶µ²Ö ¸ ¤µ¸É ÉµÎ´µ £·µ³µ§¤±µ° ¸É·Ê±ÉÊ·µ° ² £· ´¦¨ ´ 
¢§ ¨³µ¤¥°¸É¢¨Ö. „¥²µ ¢ Éµ³, ÎÉµ ³ ¸¸µ¢Ò¥ Ê· ¢´¥´¨Ö §¤¥¸Ó ¨³¥ÕÉ, ± ± ¶· -
¢¨²µ, ´¥¸±µ²Ó±µ ·¥Ï¥´¨°, ¨§ ±µÉµ·ÒÌ µÎ¥´Ó É·Ê¤´µ ¢Ò¡· ÉÓ ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥
µ¸´µ¢´µ³Ê ¸µ¸ÉµÖ´¨Õ É¥µ·¨¨. ŒÒ ¨¸¸²¥¤µ¢ ²¨ ¢ ±ÊÊ³´Ò¥ ¸¢µ°¸É¢  ³µ¤¥²¨
(169) ¡µ²¥¥  ¤¥±¢ É´Ò³ ³¥Éµ¤µ³ Ä ³¥Éµ¤µ³ ÔËË¥±É¨¢´µ£µ ¶µÉ¥´Í¨ ²  ¨ ¶µ-
± § ²¨, ÎÉµ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ³µ¦¥É ¡ÒÉÓ U(K − 1)× U(1) ¨´¢ ·¨ ´É´Ò³
Éµ²Ó±µ ¢ ³ ¸¸¨¢´µ° É¥µ·¨¨ (169).

‚ ±µ´Í¥ · §¤¥²  ¢ ³µ¤¥²¨ (169) ³¨´¨³ ²Ó´Ò³ µ¡· §µ³ ÊÎÉ¥´µ ¢§ ¨³µ-
¤¥°¸É¢¨¥ ¶µ²¥° ³ É¥·¨¨ ψ ¸ ¢¥±Éµ·´Ò³ ¸É É¨¸É¨Î¥¸±¨³ ¶µ²¥³ Aµ ¨ · ¸¸³µ-
É·¥´  ¢µ§³µ¦´µ¸ÉÓ ¤¨´ ³¨Î¥¸±µ° £¥´¥· Í¨¨ Î²¥´  —‘, ¡² £µ¤ ·Ö ±µÉµ·µ³Ê
¸É É¨cÉ¨±  ¶µ²¥° ψ ¸· §Ê ¸É ´µ¢¨É¸Ö ¤·µ¡´µ°. ‡¤¥¸Ó ¶µ± § ´µ, ÎÉµ ¢ ³ ¸¸¨¢-
´µ³ ¸²ÊÎ ¥ (m 6= 0) ¢³¥¸Éµ ³´µ£µ±µ³¶µ´¥´É´µ° ÉµÎ±¨ £²µ¡ ²Ó´µ£µ ³¨´¨³Ê³ 
¶µÉ¥´Í¨ ²  ¢ ± Î¥¸É¢¥ ¶ · ³¥É·  ¶µ·Ö¤±  ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ Éµ²Ó±µ µ¤¨´
¶ · ³¥É· Å Éµ¶µ²µ£¨Î¥¸±ÊÕ ³ ¸¸Ê ¢¥±Éµ·´µ£µ ¶µ²Ö (±µÔËË¨Í¨¥´É ¶¥·¥¤ Î²¥-
´µ³ —‘). �·¨ ¶¥·¥Ìµ¤¥ ¨§ µ¤´µ° Ë §Ò ¢ ¤·Ê£ÊÕ ¸É É¨¸É¨±  Î ¸É¨Í ¸± Î±µ³
³¥´Ö¥É ¸¢µ¥ §´ Î¥´¨¥.

‡�Š‹�—…�ˆ…

‚ ¶·¥¤² £ ¥³µ³ µ¡§µ·¥ ¤¥É ²Ó´µ ¨§ÊÎ¥´Ò ±·¨É¨Î¥¸±¨¥ ¸¢µ°¸É¢  ´¥±µ-
Éµ·ÒÌ É·¥Ì³¥·´ÒÌ ¸ Î¥ÉÒ·¥ÌË¥·³¨µ´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ ³µ¤¥²¥° É¥µ·¨¨
¶µ²Ö ¸ ÊÎ¥Éµ³ ¢´¥Ï´¨Ì ¢µ§¤¥°¸É¢¨° (É¥³¶¥· ÉÊ·Ò, ³ £´¨É´ÒÌ ¶µ²¥° ¨ É.¤.),
¸ÊÐ¥¸É¢¥´´Ò³ µ¡· §µ³ ¢²¨ÖÕÐ¨Ì ´  ¸É·Ê±ÉÊ·Ê ¢ ±ÊÊ³ .

‚ ·¥§Ê²ÓÉ É¥ É ±µ£µ · ¸¸³µÉ·¥´¨Ö ¢ ´ Ï¥° · ¡µÉ¥ µ¡´ ·Ê¦¥´Ò ´¥¨§¢¥¸É-
´Ò¥ · ´¥¥ ¤¨´ ³¨Î¥¸±¨¥ ÔËË¥±ÉÒ. ’ ±, ³Ò ¶µ± § ²¨, ÎÉµ ¢´¥Ï´¥¥ ³ £´¨É-
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´µ¥ ¶µ²¥ µ¡² ¤ ¥É ¸¶µ¸µ¡´µ¸ÉÓÕ ¸¶µ´É ´´Ò³ µ¡· §µ³ ´ ·ÊÏ ÉÓ ¸¨³³¥É·¨Õ
[22,27,41] (¸¥°Î ¸ ÔÉµÉ ÔËË¥±É ´µ¸¨É ´ §¢ ´¨¥ ÔËË¥±É  ± É ²¨§ Í¨¨ ¸¶µ´É ´-
´µ£µ ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨ ¢µ ¢´¥Ï´¥³ ³ £´¨É´µ³ ¶µ²¥). Š·µ³¥ Éµ£µ, §¤¥¸Ó
¤µ± § ´µ, ÎÉµ ¨ Ì·µ³µ³ £´¨É´Ò° £²Õµ´´Ò° ±µ´¤¥´¸ É ¢ Š•„ É ±¦¥ Ö¢²Ö¥É¸Ö
± É ²¨§ Éµ·µ³ ¸¶µ´É ´´µ£µ ´ ·ÊÏ¥´¨Ö ±¨· ²Ó´µ° ¨´¢ ·¨ ´É´µ¸É¨ [50Ä52].
�É³¥É¨³, ÎÉµ ÔËË¥±É ± É ²¨§ Í¨¨ ¸¶µ´É ´´µ£µ ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨ ¢´¥Ï-
´¨³¨ ± ²¨¡·µ¢µÎ´Ò³¨ ¶µ²Ö³¨ ¸Éµ¨É ¢ µ¡Ð¥³ ·Ö¤Ê ¸ Ìµ·µÏµ ¨¸¸²¥¤µ¢ ´´Ò³¨
ÔËË¥±É ³¨, ¶·µ¨§¢µ¤¨³Ò³¨ ( ´É¨-)¸ ³µ¤Ê ²Ó´Ò³¨ ¶µ²Ö³¨ [20]. ˆ¸ÉµÎ´¨± Ê
¢¸¥Ì ÔÉ¨Ì Ö¢²¥´¨° µ¡Ð¨° Ä ³µ¤¨Ë¨± Í¨Ö ¨´Ë· ±· ¸´µ£µ ·¥¦¨³  ¨§-§  ¢§ ¨-
³µ¤¥°¸É¢¨Ö ¸¶¨´  Ë¥·³¨µ´  ¸ ¢´¥Ï´¨³ ± ²¨¡·µ¢µÎ´Ò³ ¶µ²¥³.

�  µ¸´µ¢¥ ¨¸¸²¥¤µ¢ ´¨Ö · ¤¨ Í¨µ´´ÒÌ ¶µ¶· ¢µ± ± ÔËË¥±É¨¢´µ³Ê ¤¥°-
¸É¢¨Õ ¢ · ¡µÉ¥ ¶µ²ÊÎ¥´Ò ¤µ¸É ÉµÎ´Ò¥ Ê¸²µ¢¨Ö ¤¨´ ³¨Î¥¸±µ£µ ¢µ§´¨±´µ¢¥´¨Ö
Î²¥´  —¥·´  Ä ‘ °³µ´¸  [63, 66], ¨£· ÕÐ¥£µ ¢ ¦´ÊÕ ·µ²Ó ¢  ´¨µ´´µ° É¥µ-
·¨¨ ¢Ò¸µ±µÉ¥³¶¥· ÉÊ·´µ° ¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨. � ±µ´¥Í, ¶·µ¤¥³µ´¸É·¨·µ¢ ´ 
¶·¨´Í¨¶¨ ²Ó´ Ö ¢µ§³µ¦´µ¸ÉÓ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¢ É·¥Ì³¥·´ÒÌ Î¥ÉÒ·¥ÌË¥·³¨µ´-
´ÒÌ ³µ¤¥²ÖÌ, ±·µ³¥ ±¨· ²Ó´ÒÌ, ¥Ð¥ ¨ Ë §µ¢ÒÌ ¶¥·¥Ìµ¤µ¢ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ
É¨¶  [61]. (‚ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥ ´ ·ÊÏ ¥É¸Ö ± ²¨¡·µ¢µÎ´ Ö U(1)-¸¨³³¥É·¨Ö.)

�¢Éµ·Ò ¶·¨§´ É¥²Ó´Ò �.”. Š²¨³¥´±µ §  ¶µ¤£µÉµ¢±Ê ·Ê±µ¶¨¸¨ ¸É ÉÓ¨,
  É ±¦¥ �µ¸¸¨°¸±µ³Ê Ëµ´¤Ê ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨° §  Ë¨´ ´¸µ¢ÊÕ
¶µ¤¤¥·¦±Ê ¶µ ¶·µ¥±ÉÊ 98-02-16690.

��ˆ‹�†…�ˆŸ

A. �²£¥¡·  γ-³ É·¨Í ¢ É·¥Ì³¥·¨¨. „¢ÊÌ±µ³¶µ´¥´É´Ò¥ ¸¶¨´µ·Ò „¨· ±  ¢
É·¥Ì³¥·´µ³ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ ·¥ ²¨§ÊÕÉ ´¥¶·¨¢µ¤¨³µ¥ ¤¢Ê³¥·´µ¥ ¶·¥¤-
¸É ¢²¥´¨¥ £·Ê¶¶Ò ‹µ·¥´Í . ‚ ÔÉµ³ ¸²ÊÎ ¥ 2× 2-³ É·¨ÍÒ γ ¨³¥ÕÉ ¢¨¤

γ0 = σ3 =

(
1 0
0 −1

)
, γ1 = iσ1 =

(
0 i
i 0

)
, γ2 = iσ2 =

(
0 1
−1 0

)
.

(A.1)
�É¨ ³ É·¨ÍÒ µ¡² ¤ ÕÉ ¸¢µ°¸É¢ ³¨

Tr (γµγν) = 2gµν ; [γµ, γν] = −2iεµναγα; γµγν = −iεµναγα + gµν , (A.2)

£¤¥ gµν = gµν = diag (1,−1,−1), γα = gαβγ
β , ε012 = 1. Š·µ³¥ Éµ£µ,

Tr (γµγνγα) = −2iεµνα. (A.3)

Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ γ-³ É·¨Í Ê¤µ¢²¥É¢µ·ÖÕÉ Éµ¦¤¥¸É¢ ³ ”¨·Í :

(γµ)mn(γµ)ṁṅ =
3

2
(1)mṅ(1)ṁn −

1

2
(γν)mṅ(γν)ṁn, (A.4)
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£¤¥ m,n, ṁ, ṅ = 1, 2, ¨ ¸Ê³³¨·µ¢ ´¨¥ ¢ Ëµ·³Ê²¥ (A.4) ¶µ ¨´¤¥±¸ ³ µ, ν µÉ 0
¤µ 2 ¶µ¤· §Ê³¥¢ ¥É¸Ö. ˆ§ (A.4) ¸²¥¤Ê¥É

ψ̄1γ
µψ2ψ̄3γµψ4 = −

3

2
ψ̄1ψ4ψ̄3ψ2 +

1

2
ψ̄1γ

νψ4ψ̄3γνψ2, (A.5)

£¤¥ ψk (k = 1, 2, 3, 4) Ä ¶·µ¨§¢µ²Ó´Ò¥  ´É¨±µ³³ÊÉ¨·ÊÕÐ¨¥ ¤¢ÊÌ±µ³¶µ´¥´É-
´Ò¥ ¸¶¨´µ·Ò. …¸²¨ ¢ ¶· ¢µ° Î ¸É¨ (A.5) ¥Ð¥ · § ¨¸¶µ²Ó§µ¢ ÉÓ Éµ¦¤¥¸É¢µ
”¨·Í  (A.4), Éµ ¶µ²ÊÎ¨É¸Ö

ψ̄1γ
µψ2ψ̄3γµψ4 = −2ψ̄1ψ4ψ̄3ψ2 − ψ̄1ψ2ψ̄3ψ4. (A.6)

‘ ¶µ³µÐÓÕ ÔÉµ£µ ¸µµÉ´µÏ¥´¨Ö ¢¥±Éµ·-¢¥±Éµ·´ Ö ¸¢Ö§Ó ³¥¦¤Ê ¸¶¨´µ· ³¨
²¥£±µ ¶·¥µ¡· §Ê¥É¸Ö ¢ ¸± ²Ö·-¸± ²Ö·´ÊÕ ¸¢Ö§Ó.

‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¤²Ö ¸¶¨´µ·´ÒÌ ¶µ²¥° µÎ¥´Ó Î ¸Éµ ¨¸¶µ²Ó§ÊÕÉ ¶·¨¢µ-
¤¨³µ¥ Î¥ÉÒ·¥Ì³¥·´µ¥ ¶·¥¤¸É ¢²¥´¨¥ £·Ê¶¶Ò ‹µ·¥´Í . ‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¥³Ê
£ ³³ -³ É·¨ÍÒ ¨³¥ÕÉ ¢¨¤ Γµ = diag (γµ,−γµ), £¤¥ γµ ¤ ´Ò ¢ (A.1). �¥-
É·Ê¤´µ ¶µ± § ÉÓ, ÎÉµ (µ, ν = 0, 1, 2):

Tr (ΓµΓν) = 4gµν; ΓµΓν = σµν + gµν ;

σµν =
1

2
[Γµ,Γν ] = diag (−iεµναγα,−iεµναγα). (A.7)

� §³¥·´µ¸ÉÓ  ²£¥¡·Ò ³ É·¨Í, ¤¥°¸É¢ÊÕÐ¨Ì ¢ Î¥ÉÒ·¥Ì³¥·´µ³ ¸¶¨´µ·´µ³ ¶·µ-
¸É· ´¸É¢¥, · ¢´  16, ¨ µ¡· §ÊÕÐ¨³¨ ÔÉµ°  ²£¥¡·Ò ¢Ò¸ÉÊ¶ ÕÉ Γµ (µ = 0, 1, 2)
¨  ´É¨±µ³³ÊÉ¨·ÊÕÐ Ö ¸ ´¨³¨ ³ É·¨Í  Γ3:

Γ3 =

(
0 I
I 0

)
, (A.8)

£¤¥ I Ä ¥¤¨´¨Î´ Ö 2 × 2-³ É·¨Í . ‘ÊÐ¥¸É¢Ê¥É ¥Ð¥ µ¤´  ³ É·¨Í , ±µÉµ· Ö
 ´É¨±µ³³ÊÉ¨·Ê¥É ¸µ ¢¸¥³¨ Γµ ¨ ¸ Γ3. �´  ¨³¥¥É ¢¨¤

Γ5 = i

(
0 −I
I 0

)
. (A.9)

B. �Í¥´±¨ ´  ¢¥²¨Î¨´Ê F (0) ¨§ ¶.1.3. ‘¤¥² ¥³ ¢ Ëµ·³Ê²¥ (47) § ³¥´Ê
¶¥·¥³¥´´ÒÌ: eHα = τ, σ2 = eHσ̃2, T 2 = eHT̃ 2. ’µ£¤ 

F (σ) =
T

π

∑
n

∫ ∞
0

dτ exp (−τσ̃2 − τ(2n+ 1)2π2T̃ 2) [cth τ − 1/τ ]. (B.1)

�Ê¸ÉÓ ϕ(τ) = [cth τ − 1/τ ]. �Î¥¢¨¤´µ, ÎÉµ ϕ′(τ) > 0, ¸²¥¤µ¢ É¥²Ó´µ, ϕ(τ)
Ä ³µ´µÉµ´´µ ¢µ§· ¸É ÕÐ Ö ËÊ´±Í¨Ö. ’¥¶¥·Ó, Ê¸É·¥³²ÖÖ τ ± ¡¥¸±µ´¥Î´µ¸É¨,
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¨³¥¥³ ϕ(τ) < 1 ´  ¢¸¥° ¶µ²Êµ¸¨ 0 ≤ τ < ∞. ‘ ÊÎ¥Éµ³ ÔÉµ£µ ¨§ (B.1)
¶µ²ÊÎ ¥³

F (σ) <
T

π

∑
n

∫ ∞
0

dτ exp (−τσ̃2 − τ(2n+ 1)2π2T̃ 2) =

=
T

π

∑
n

(σ̃2 + (2n+ 1)2π2T̃ 2)−1 =
eH

2πσ
th (σ/2T ), (B.2)

£¤¥ ¶·¨ ¢Ò¢µ¤¥ ¶µ¸²¥¤´¥£µ · ¢¥´¸É¢  ¢ (B.2) ³Ò ¨¸¶µ²Ó§µ¢ ²¨ Ëµ·³Ê²Ê ¸Ê³-
³¨·µ¢ ´¨Ö [32]: ∑

n≥0

[(2n+ 1)2 + a2]−1 =
π

4a
th (πa/2).

ˆ§ (B.2) ¢¨¤´µ, ÎÉµ ¶·¨ σ → 0

F (0) <
eH

4πT
≡ Φ1(T,H). (B.3)

�É¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ ¶·¨ T 6= 0 F (0) = const < ∞; ¶·¨ T → ∞ F (0) → 0
(H Ë¨±¸¨·µ¢ ´µ).

’¥¶¥·Ó µÍ¥´¨³ ¸´¨§Ê ¢¥²¨Î¨´Ê F (0). ˆ§ (B.1) ¢¨¤´µ, ÎÉµ ¢¸¥ Î²¥´Ò ÔÉµ£µ
·Ö¤  Ä ¶µ²µ¦¨É¥²Ó´Ò¥ ¢¥²¨Î¨´Ò. ‚ ¸¨²Ê ÔÉµ£µ, µÉ¡· ¸Ò¢ Ö ¢¸¥ ¸² £ ¥³Ò¥,
±·µ³¥ Éµ£µ, ±µÉµ·Ò° ¸µµÉ¢¥É¸É¢Ê¥É n = 0, ¨³¥¥³

F (0) >
T

π

∫ ∞
0

dτ exp (−τπ2T̃ 2) [cth τ − 1/τ ] >

>
T

π

∫ ∞
1

dτ exp (−τπ2T̃ 2) ϕ(τ) >
CT

π

∫ ∞
1

dτ exp(−τπ2T̃ 2), (B.4)

£¤¥ C = ϕ(1). ‚ÒÎ¨¸²ÖÖ ¶µ¸²¥¤´¨° ¨´É¥£· ² ¢ (B.4), ¨³¥¥³

F (0) >
CeH

Tπ3
exp

(
−
π2T 2

eH

)
≡ Φ2(T,H). (B.5)

�É¸Õ¤  ¢¨¤´µ, ÎÉµ F (0) → ∞ ¶·¨ Ë¨±¸¨·µ¢ ´´µ³ §´ Î¥´¨¨ ¢´¥Ï´¥£µ ³ £-
´¨É´µ£µ ¶µ²Ö ¨ T → 0.

C. ‘¢µ°¸É¢  ËÊ´±Í¨° ω(σ) ¨ ϕ(σ) ¨§ ¶.2.4. � ¸¸³µÉ·¨³ ´¥±µÉµ·Ò¥
¸¢µ°¸É¢  ËÊ´±Í¨° ω(σ) ¨ ϕ(σ), µ¶·¥¤¥²¥´´ÒÌ ¢ Ëµ·³Ê² Ì (108) ¨ (109) ¸µ-
µÉ¢¥É¸É¢¥´´µ. �µ± ¦¥³ ¸´ Î ² , ÎÉµ ω′(σ) ≥ ϕ′(σ) ´  ¨´É¥·¢ ²¥ (0,∞). ˆ§
(108) µÎ¥¢¨¤´µ, ÎÉµ (β = 1/T ):

ω′(σ) =
2

π
th (βσ/2) +

σ

πσ̃
th (βσ̃/2), (C.1)
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£¤¥ σ̃ =
√
σ2 + eH. �·¥¤¸É ¢¨³ ËÊ´±Í¨Õ (109) ¢ ¢¨¤¥

2π
√
eH

ϕ(σ) =

=

∫ σ̃

σ

dE
√
E2 − σ2

[ th (βE/2)− th (βσ/2) ]+ th (βσ/2)

∫ σ̃

σ

dE
√
E2 − σ2

. (C.2)

�Éµ ¢Ò· ¦¥´¨¥ ¡µ²¥¥ Ê¤µ¡´µ ¤²Ö ¤¨ËË¥·¥´Í¨·µ¢ ´¨Ö ¶µ σ, Î¥³ (109):

ϕ′(σ) =
σ
√
eH

2π

∫ σ̃

σ

dE

(E2 − σ2)3/2
[ th (βE/2)− th (βσ/2) ]+

+
σ

2πσ̃
th (βσ̃/2)−

σ̃

2πσ
th (βσ/2). (C.3)

�¥·¢µ¥ ¸² £ ¥³µ¥ ¢ ¶· ¢µ° Î ¸É¨ (C.3) ³µ¦´µ µÍ¥´¨ÉÓ, ¨¸¶µ²Ó§ÊÖ ´¥· ¢¥´¸É¢µ
(x > x0):

th x− th x0 < [ th x0]′(x − x0). (C.4)

‚ ·¥§Ê²ÓÉ É¥ ¨³¥¥³

ϕ′(σ) < ϕ̃′(σ) ≡
β(σ̃ − σ)

4π ch2(βσ/2)
+

σ

2πσ̃
th (βσ̃/2)−

σ̃

2πσ
th (βσ/2). (C.5)

‚¢¥¤¥³ ¤¢¥ ´µ¢Ò¥ ËÊ´±Í¨¨:

A(σ) ≡ ω′(σ)−
σ

2πσ̃
th (βσ̃/2) =

σ

2πσ̃
th (βσ̃/2) +

2

π
th (βσ/2), (C.6)

Ã(σ) ≡ ϕ̃′(σ)−
σ

2πσ̃
th (βσ̃/2) = −

βσ

4π ch2(βσ/2)
−
σ̃[ sh (βσ) − βσ]

8πσ ch2(βσ/2)
. (C.7)

�Î¥¢¨¤´µ, ÎÉµ A(σ) ≥ 0, Ã(σ) ≤ 0 (¢ ¸¨²Ê Éµ£µ, ÎÉµ ¢Ò· ¦¥´¨¥ ¢ ±¢ ¤· É´ÒÌ
¸±µ¡± Ì ¢ (C.7) ¶µ²µ¦¨É¥²Ó´µ) ¤²Ö ¢¸¥Ì σ ¨§ ¨´É¥·¢ ²  (0,∞), É.¥. A(σ) ≥
Ã(σ). ’µ£¤  ¨§ µ¶·¥¤¥²¥´¨° (C.6)Ä(C.7) ¨ ´¥· ¢¥´¸É¢  (C.5) ¸²¥¤Ê¥É, ÎÉµ

ω′(σ) ≥ ϕ̃′(σ) > ϕ′(σ) (C.8)

¤²Ö ¢¸¥Ì σ ∈ (0,∞).
’¥¶¥·Ó · ¸¸³µÉ·¨³ ¶µ¢¥¤¥´¨¥ ËÊ´±Í¨° ω(σ) ¨ ϕ(σ) ¶·¨ σ → ∞. ˆ§

(108) ´¥É·Ê¤´µ ¶µ± § ÉÓ, ÎÉµ ¶·¨ σ →∞

ω(σ) ∼ 4σ/π. (C.9)
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„²Ö ËÊ´±Í¨¨ ϕ(σ) µ¶ÖÉÓ Ê¤µ¡´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¶·¥¤¸É ¢²¥´¨¥ (C.2), µÉ±Ê¤ , ¸
ÊÎ¥Éµ³ ´¥· ¢¥´¸É¢  (C.4), ¨³¥¥³

ϕ(σ) <
β
√
eH

4π ch2(βσ/2)

∫ σ̃

σ

dE(E − σ)
√
E2 − σ2

+

√
eH

2π
th

(
βσ

2

)
ln

[√
eH + σ̃

σ

]
.

(C.10)
’ ± ± ± ϕ(σ) > 0, Éµ ¨§ (C.10) ¸²¥¤Ê¥É, ÎÉµ ¶·¨ σ → ∞ ϕ(σ) → 0. ‘µ-
µÉ´µÏ¥´¨Ö (C.8)Ä(C.10) ¶µ§¢µ²ÖÕÉ ´ ³ ¸Ëµ·³Ê²¨·µ¢ ÉÓ ¢ ¦´µ¥ ÊÉ¢¥·¦¤¥´¨¥:
¥¸²¨ ω(0) < ϕ(0), Éµ Ê· ¢´¥´¨¥ ω(σ) = ϕ(σ) ¨³¥¥É ¥¤¨´¸É¢¥´´µ¥ ·¥Ï¥´¨¥
σ0(H) 6= 0. ‚ ¸ ³µ³ ¤¥²¥, ¶Ê¸ÉÓ α(σ) ≡ ω(σ) − ϕ(σ). ’µ£¤  ¨§ (C.8)Ä(C.10)
¢¨¤´µ, ÎÉµ α(σ) ³µ´µÉµ´´µ ¢µ§· ¸É ÕÐ Ö ËÊ´±Í¨Ö ´  ¨´É¥·¢ ²¥ (0,∞), ¶·¨-
Î¥³ α(∞) =∞. …¸²¨ α(0) < 0, Éµ, µÎ¥¢¨¤´µ, ¸ÊÐ¥¸É¢Ê¥É ¥¤¨´¸É¢¥´´ Ö ÉµÎ± 
´  µ¸¨ σ, ¢ ±µÉµ·µ° α(σ) µ¡· É¨É¸Ö ¢ ´Ê²Ó.
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“„Š 539.1.076
Š ´ ²¨·µ¢ ´¨¥ Î ¸É¨Í ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥. ’ · É¨´ �.Œ. ”¨§¨±  Ô²¥³¥´É ·´ÒÌ
Î ¸É¨Í ¨  Éµ³´µ£µ Ö¤· , 1998, Éµ³ 29, ¢Ò¶.5, ¸.1063.

Š ´ ²¨·µ¢ ´¨¥ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢Ò¸µ±¨Ì Ô´¥·£¨° ¢ ¨§µ£´ÊÉÒÌ ±·¨¸É ²² Ì ´ -
Ìµ¤¨É ¢¸¥ ¡µ²¥¥ Ï¨·µ±µ¥ ¶·¨³¥´¥´¨¥ ¤²Ö Ê¶· ¢²¥´¨Ö ¶ÊÎ± ³¨ Î ¸É¨Í ¢ ±·Ê¶´¥°Ï¨Ì
Ê¸±µ·¨É¥²Ó´ÒÌ Í¥´É· Ì, µ¡¥¸¶¥Î¨¢ Ö ¢µ§³µ¦´µ¸ÉÓ ¢Ò¢µ¤  ¶ÊÎ±  ¨²¨ ¥£µ £ ²µ ¨§ Ê¸-
±µ·¨É¥²Ö ̈  ¤·µ¡²¥´¨¥ ¢Ò¢¥¤¥´´µ£µ ¶ÊÎ± . •µ·µÏ¨¥ ¶¥·¸¶¥±É¨¢Ò ̈ ³¥ÕÉ¸Ö ¤²Ö ̈ ¸¶µ²Ó-
§µ¢ ´¨Ö ¸¨²Ó´ÒÌ ¢´ÊÉ·¨±·¨¸É ²²¨Î¥¸±¨Ì ¶µ²¥° ¨§µ£´ÊÉÒÌ ±·¨¸É ²²µ¢ ¢ Ë¨§¨±¥ ¢Ò-
¸µ±¨Ì Ô´¥·£¨°, ´ ¶·¨³¥·, ¤²Ö ¨§³¥·¥´¨Ö ³ £´¨É´ÒÌ ³µ³¥´Éµ¢ ±µ·µÉ±µ¦¨¢ÊÐ¨Ì
Î ¸É¨Í ¶µ Ê£²Ê ¶·¥Í¥¸¸¨¨ ¸¶¨´  ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥. „ ¥É¸Ö µ¡§µ· ·¥§Ê²ÓÉ Éµ¢
¨¸¸²¥¤µ¢ ´¨° ± ´ ²¨·µ¢ ´¨Ö Î ¸É¨Í ¢Ò¸µ±¨Ì Ô´¥·£¨° ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥. � ¸-
¸³ É·¨¢ ÕÉ¸Ö µ¸µ¡¥´´µ¸É¨ ± ´ ²¨·µ¢ ´¨Ö ¨ ±¢ §¨± ´ ²¨·µ¢ ´¨Ö, ¨µ´¨§ Í¨µ´´Ò¥
¶µÉ¥·¨ Ô´¥·£¨¨ ¨ ¨§²ÊÎ¥´¨¥ ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í. �¡¸Ê¦¤ ¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ
¶µ²Ö·¨§ Í¨µ´´ÒÌ ÔËË¥±Éµ¢ ¤²Ö ± ´ ²¨·µ¢ ´´ÒÌ Î ¸É¨Í.

’ ¡².1. ˆ².20. �¨¡²¨µ£·.: 89.

“„Š 539.1.01
‡ ¤ Î  „¦.‘.�¥²² . ƒ¥·ÏÉ¥°´ ‘.‘., ‹µ£Ê´µ¢ �.�. ”¨§¨±  Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¨
 Éµ³´µ£µ Ö¤· , 1998, Éµ³ 29, ¢Ò¶.5, ¸.1119.

‚ · ³± Ì ̧ ¶¥Í¨ ²Ó´µ° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ · ¸¸³ É·¨¢ ¥É¸Ö § ¤ Î  „¦.‘.�¥²-
²  ¢ ¨´¥·Í¨ ²Ó´µ° ¨ Ê¸±µ·¥´´µ° ¸¨¸É¥³ Ì ±µµ·¤¨´ É.

ˆ².4. �¨¡²¨µ£·.: 4.

“„Š 539.12; 539.123.17 
„¨ £µ´ ²Ó´Ò° ¸¶¨´µ¢Ò° ¡ §¨¸ ¨ · ¸Î¥É ¶·µÍ¥¸¸µ¢ ¸ ÊÎ ¸É¨¥³ ¶µ²Ö·¨§µ¢ ´´ÒÌ
Î ¸É¨Í. ƒ ²Ò´¸±¨° Œ.‚., ‘¨± Î ‘.Œ. ”¨§¨±  Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¨  Éµ³´µ£µ Ö¤· .
1998, Éµ³ 29, ¢Ò¶.5, c.1133.

‚ µ¡§µ·¥ ¶·¨¢µ¤ÖÉ¸Ö ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤µ¢ ´¨°, ¸¢Ö§ ´´ÒÌ ¸ · §· ¡µÉ±µ° ±µ-
¢ ·¨ ´É´µ£µ ³¥Éµ¤  ¢ÒÎ¨¸²¥´¨° ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¶·µÍ¥¸¸µ¢ ±¢ ´Éµ¢µ° Ô²¥±É-
·µ¤¨´ ³¨±¨ (Š�„) ¢ ¤¨ £µ´ ²Ó´µ³ ¸¶¨´µ¢µ³ ¡ §¨¸¥ („‘�) ¨ ¥£µ ¶·¨³¥´¥´¨¥³ ¤²Ö
· ¸Î¥É  ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨°  ±ÉÊ ²Ó´ÒÌ ¶·µÍ¥¸¸µ¢ ¸ ÊÎ ¸É¨¥³ ¶µ²Ö·¨§µ¢ ´-
´ÒÌ Î ¸É¨Í. ‚ „‘� ¸¶¨´µ¢Ò¥ 4-¢¥±Éµ·Ò Î ¸É¨Í ¤µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ ¶µ¸²¥ ¢§ ¨³µ-
¤¥°¸É¢¨Ö ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¨Ì 4-¨³¶Ê²Ó¸Ò. ‚ ´¥³ ·¥ ²¨§Ê¥É¸Ö ³ ² Ö £·Ê¶¶  ‹µ·¥´Í ,
µ¡Ð Ö ¤²Ö ´ Î ²Ó´µ£µ ¨ ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨°. �Éµ ¶·¨¢µ¤¨É ± ¸µ¢¶ ¤¥´¨Õ ¸¶¨´µ¢ÒÌ
µ¶¥· Éµ·µ¢ ¤²Ö ´ Î ²Ó´ÒÌ ¨ ±µ´¥Î´ÒÌ Î ¸É¨Í, ÎÉµ ¶µ§¢µ²Ö¥É ¢ ±µ¢ ·¨ ´É´µ° Ëµ·³¥
· §¤¥²¨ÉÓ ¢§ ¨³µ¤¥°¸É¢¨Ö ¡¥§ ¨§³¥´¥´¨Ö ¨ ¸ ¨§³¥´¥´¨¥³ ¸¶¨´µ¢ÒÌ ¸µ¸ÉµÖ´¨° Î ¸É¨Í,
ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥ ±Í¨¨, ¨ É¥³ ¸ ³Ò³ ¶·µ¸²¥¤¨ÉÓ §  ¤¨´ ³¨±µ° ¸¶¨´µ¢µ£µ ¢§ ¨³µ-
¤¥°¸É¢¨Ö. ‚ µÉ²¨Î¨¥ µÉ ³¥Éµ¤  £·Ê¶¶Ò CALCUL ¨ ¤·., · §¢¨ÉÒ° ¶µ¤Ìµ¤ ¸¶· ¢¥¤²¨¢
± ± ¢ ³ ¸¸¨¢´µ³, É ± ̈  ¢ ¡¥§³ ¸¸µ¢µ³ ̧ ²ÊÎ ¥. ‚ ́ ¥³ ́ ¥ ¢µ§´¨± ¥É ¶·µ¡²¥³ ¶·¨ · ¸Î¥É¥
 ³¶²¨ÉÊ¤ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´ , ±·µ³¥ Éµ£µ, µ´ ´¥ É·¥¡Ê¥É ¢¢¥¤¥´¨Ö ¢¸¶µ³µ£ É¥²Ó´ÒÌ
¢¥±Éµ·µ¢. „²Ö ¶µ¸É·µ¥´¨Ö ³ É¥³ É¨Î¥¸±µ£µ  ¶¶ · É , ¸ ¶µ³µÐÓÕ ±µÉµ·µ£µ
¢ÒÎ¨¸²ÖÕÉ¸Ö ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¢ „‘�, ¤µ¸É ÉµÎ´µ 4-¨³¶Ê²Ó¸µ¢ Î ¸É¨Í, ÊÎ ¸É¢Ê-
ÕÐ¨Ì ¢ · ¸¸³ É·¨¢ ¥³µ° ·¥ ±Í¨¨. ‘ ¶µ³µÐÓÕ · §¢¨Éµ£µ ³¥Éµ¤  ¢ÒÎ¨¸²¥´¨Ö ¤¨ £µ-
´ ²Ó´ÒÌ  ³¶²¨ÉÊ¤ ̈ ¸¸²¥¤µ¢ ´Ò ̧ ²¥¤ÊÕÐ¨¥ ¶·µÍ¥¸¸Ò Š�„: 1) Éµ·³µ§´µ¥ ³¥²²¥·µ¢¸±µ¥

¨ ¡ ¡ -· ¸¸¥Ö´¨¥ (e±e− → e±e−γ) ¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±µ³ (¡¥§³ ¸¸µ¢µ³) ¶·¥¤¥²¥ ¤²Ö
¸²ÊÎ Ö, ±µ£¤  ́  Î ²Ó´Ò¥ Î ¸É¨ÍÒ,   É ±¦¥ ËµÉµ´ ̧ ¶¨· ²Ó´µ ¶µ²Ö·¨§µ¢ ´Ò; 2) µ¡· É´µ¥
±µ³¶Éµ´µ¢¸±µ¥ · ¸¸¥Ö´¨¥ ËµÉµ´µ¢ ̈ ´É¥´¸¨¢´µ° Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ° ² §¥·´µ°



¢µ²´Ò, ¸Ëµ±Ê¸¨·µ¢ ´´µ° ´  ¶ÊÎ±¥ ¶·µ¤µ²Ó´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì

Ô²¥±É·µ´µ¢ (e + nγ0 → e + γ); 3) ·µ¦¤¥´¨¥ e+e−-¶ · ¦¥¸É±¨³ ËµÉµ´µ³ ¶·¨ ¸Éµ²±´µ-

¢¥´¨¨ ¸ ´¥¸±µ²Ó±¨³¨ ² §¥·´Ò³¨ ËµÉµ´ ³¨ µ¤´µ¢·¥³¥´´µ (γ + nγ0 → e+ + e−); 4) ¡¥É¥-
£ °É²¥·µ¢¸±¨° ¶·µÍ¥¸¸ ¢ ¸²ÊÎ ¥ ¨§²ÊÎ¥´¨Ö ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ ËµÉµ´  Ô²¥±É·µ-
´µ³ ¸ ÊÎ¥Éµ³ µÉ¤ Î¨ ¨ Ëµ·³Ë ±Éµ·µ¢ ¶·µÉµ´ ; 5) ·¥ ±Í¨Ö ep → epγ ¸ ÊÎ¥Éµ³
¶µ²Ö·¨§Ê¥³µ¸É¨ ¶·µÉµ´  ¢ ±¨´¥³ É¨±¥, £¤¥ ¤µ³¨´¨·Ê¥É ¶·µÉµ´´µ¥ ¨§²ÊÎ¥´¨¥; 6)

¶·µÍ¥¸¸ É·¥ÌËµÉµ´´µ°  ´´¨£¨²ÖÍ¨¨ µ·Éµ¶µ§¨É·µ´¨Ö (e+e− → 3γ). �¡§µ· ·¥§Ê²ÓÉ Éµ¢,
¶µ²ÊÎ¥´´ÒÌ ¸ ¶µ³µÐÓÕ · §¢¨Éµ£µ ³¥Éµ¤ , ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ ¥£µ ÔËË¥±É¨¢´µ¸É¨ ¶·¨
· ¸Î¥É Ì ³´µ£µÎ ¸É¨Î´ÒÌ ¶·µÍ¥¸¸µ¢ ¸ ÊÎ ¸É¨¥³ ¶µ²Ö·¨§µ¢ ´´ÒÌ Î ¸É¨Í. 

’ ¡².1. ˆ².6. �¨¡²¨µ£·.: 90.

“„Š 537.52.523
�² §³¥´´Ò° ³¥Ì ´¨§³ · §·Ö¤  ¢ ¶·µ¢µ²µÎ´ÒÌ ± ³¥· Ì ¢ ·¥¦¨³¥ ¡µ²ÓÏµ£µ £ §µ¢µ-
£µ Ê¸¨²¥´¨Ö. ‡ ²¨Ì ´µ¢ �.†. ”¨§¨±  Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¨  Éµ³´µ£µ Ö¤· , 1998,
Éµ³ 29, ¢Ò¶.5, ¸.1194.

ˆ§²µ¦¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤µ¢ ´¨° ¶·µ¢µ²µÎ´ÒÌ ± ³¥· ¢ µ¡² ¸É¨ £ §µ¢µ£µ
Ê¸¨²¥´¨Ö, ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ µ¡· §µ¢ ´¨Õ ¢ Ô²¥±É·µ´´µ° ² ¢¨´¥ ¸É·¨³¥· . 

‚¶¥·¢Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´µ ¶·µ¤¥³µ´¸É·¨·µ¢ ´  ¤¨´ ³¨±  · §¢¨É¨Ö ² ¢¨´Ò ¨ ¥¥
É· ´¸Ëµ·³¨·µ¢ ´¨¥ ¢ ¶² §³¥´´µ¥ µ¡· §µ¢ ´¨¥, ¢ ±µÉµ·µ³ ¶·µÖ¢²ÖÕÉ¸Ö ± Î¥¸É¢¥´´µ
´µ¢Ò¥ Ì · ±É¥·¨¸É¨±¨, ¶µ§¢µ²ÖÕÐ¨¥ µ¶·¥¤¥²¨ÉÓ ´¥µ¡Ìµ¤¨³Ò¥ Ê¸²µ¢¨Ö ¤²Ö
Ëµ·³¨·µ¢ ´¨Ö ¸É·¨³¥·  ¨ ¥£µ ¶·µ· ¸É ´¨Ö ¢ ´ ¶· ¢²¥´¨¨ ± ± Éµ¤Ê. 

�µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò ¤²Ö · §¢¨É¨Ö ³¥Éµ¤¨±¨ Ë¨§¨Î¥-
¸±µ£µ Ô±¸¶¥·¨³¥´É  ¨ ¢ Ë¨§¨±¥ £ §µ¢µ£µ · §·Ö¤ .

ˆ².20. �¨¡²¨µ£·.: 53.

“„Š 539.1.01 
„¨´ ³¨Î¥¸±¨¥ ÔËË¥±ÉÒ ¢ (2+1)-³¥·´ÒÌ É¥µ·¨ÖÌ ¸ Î¥ÉÒ·¥ÌË¥·³¨µ´´Ò³ ¢§ ¨³µ¤¥°-
¸É¢¨¥³.  ‚Ï¨¢Í¥¢ �.‘. , Œ £´¨Í±¨° �.‚., †Ê±µ¢¸±¨° ‚.—., Š²¨³¥´±µ Š.ƒ. ”¨§¨±  Ô²¥-
³¥´É ·´ÒÌ Î ¸É¨Í ¨  Éµ³´µ£µ Ö¤· , 1998, Éµ³ 29, ¢Ò¶.5, ¸.1259.

‚ µ¡§µ·¥ · ¸¸³µÉ·¥´Ò ±·¨É¨Î¥¸±¨¥ ¸¢µ°¸É¢  ¶·µ¸É¥°Ï¨Ì (2+1)-³¥·´ÒÌ ³µ¤¥²¥°
É¥µ·¨¨ ¶µ²Ö ¸ Î¥ÉÒ·¥ÌË¥·³¨µ´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ ¶·¨ ´ ²¨Î¨¨ É¥³¶¥· ÉÊ·Ò,
Ì¨³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ¨ ¢´¥Ï´¨Ì ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥°. �µ± § ´µ, ÎÉµ ¢´¥Ï´¥¥
³ £´¨É´µ¥ ¶µ²¥ Ö¢²Ö¥É¸Ö ± É ²¨§ Éµ·µ³ ¸¶µ´É ´´µ£µ ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨, ¨, ±·µ³¥
Éµ£µ, ¸É ¡¨²¨§¨·Ê¥É Ë §Ê ¸ Ê¦¥ ´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¥°. •·µ³µ³ £´¨É´Ò° £²Õµ´´Ò°
±µ´¤¥´¸ É ¢ Š•„3 É ±¦¥ µ¡² ¤ ¥É ¸¶µ¸µ¡´µ¸ÉÓÕ ¸¶µ´É ´´Ò³ µ¡· §µ³ ´ ·ÊÏ ÉÓ ±¨-
· ²Ó´ÊÕ ̧ ¨³³¥É·¨Õ. „¥°¸É¢¨¥ ́ ¥ ¡¥²¥¢¸±µ£µ Ì·µ³µÔ²¥±É·¨Î¥¸±µ£µ £²Õµ´´µ£µ ±µ´¤¥´-
¸ É  ´  ¢ ±ÊÊ³ Š•„3 ¨´µ¥. ‚µ-¶¥·¢ÒÌ, µ´ ´¥ ¶·¨¢µ¤¨É ± ´¥¸É ¡¨²Ó´µ¸É¨ ¢ ±ÊÊ³  (± ±
¢ ̧ ²ÊÎ ÖÌ ̧  ¢´¥Ï´¨³¨  ¡¥²¥¢µ¶µ¤µ¡´Ò³¨ (Ì·µ³µ)Ô²¥±É·¨Î¥¸±´³¨ ¶µ²Ö³¨), ¢µ-¢Éµ·ÒÌ,
¸É·¥³¨É¸Ö ¢µ¸¸É ´µ¢¨ÉÓ ´ ·ÊÏ¥´´ÊÕ ±¨· ²Ó´ÊÕ ¸¨³³¥É·¨Õ. ‚ · ¡µÉ¥ ¤¥É ²Ó´µ ¨§ÊÎ¥-
´  É¥·³µ¤¨´ ³¨±  ÔËË¥±É  ± É ²¨§ Í¨¨ ¶·¨ ´¥´Ê²¥¢ÒÌ §´ Î¥´¨ÖÌ É¥³¶¥· ÉÊ·Ò ¨
Ì¨³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² . 

�µ²ÊÎ¥´Ò Ê¸²µ¢¨Ö, ¶·¨ ±µÉµ·ÒÌ ¢ É·¥Ì³¥·´ÒÌ ³µ¤¥²ÖÌ É¨¶  ƒ·µ¸¸ Å�¥¢Ó¥ ¢µ§-
³µ¦´Ò ¸¢¥·Ì¶·µ¢µ¤ÖÐ¨¥ Ë §µ¢Ò¥ ¶¥·¥Ìµ¤Ò,   É ±¦¥ ¤¨´ ³¨Î¥¸± Ö £¥´¥· Í¨Ö Î²¥´ 
—¥·´ Å‘ °³µ´¸  (—‘). �µ± § ´µ, ÎÉµ ´ ·ÊÏ¥´¨¥ �-Î¥É´µ¸É¨ Ö¢²Ö¥É¸Ö Éµ²Ó±µ ´¥µ¡-
Ìµ¤¨³Ò³, ´µ ´¥¤µ¸É ÉµÎ´Ò³ Ê¸²µ¢¨¥³ ¸¶µ´É ´´µ£µ ¢µ§´¨±´µ¢¥´¨Ö Î²¥´  —‘. �É³¥Î¥-
´µ, ÎÉµ ¢ ́ ¥±µÉµ·ÒÌ ³µ¤¥²ÖÌ Éµ¶µ²µ£¨Î¥¸± Ö ³ ¸¸  ± ²¨¡·µ¢µÎ´µ£µ ¶µ²Ö ̧ ²Ê¦¨É ¶ · -
³¥É·µ³ ¶µ·Ö¤±  ¸¨¸É¥³Ò, ¢§ ¨³´µ µ¤´µ§´ Î´µ ¸¢Ö§ ´´Ò³ ¸ ¥¥ Ë §µ¢µ° ¸É·Ê±ÉÊ·µ°. 

ˆ². 4. �¨¡²¨µ£·.: 66.

1320 �…”…��’›



‘�„…�†��ˆ…

’ · É¨´ �.Œ.
Š ´ ²¨·µ¢ ´¨¥ Î ¸É¨Í ¢ ¨§µ£´ÊÉµ³ ±·¨¸É ²²¥  . . . . . . . . . . . . . . . . . 1063

ƒ¥·ÏÉ¥°´ ‘.‘., ‹µ£Ê´µ¢ �.�.
‡ ¤ Î  „¦.‘.�¥²²   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1119

ƒ ²Ò´¸±¨° Œ.‚., ‘¨± Î ‘.Œ.
„¨ £µ´ ²Ó´Ò° ¸¶¨´µ¢Ò° ¡ §¨¸ ¨ · ¸Î¥É ¶·µÍ¥¸¸µ¢ 
¸ ÊÎ ¸É¨¥³ ¶µ²Ö·¨§µ¢ ´´ÒÌ Î ¸É¨Í  . . . . . . . . . . . . . . . . . . . . . . . . . . 1133

‡ ²¨Ì ´µ¢ �.†.
�² §³¥´´Ò° ³¥Ì ´¨§³ · §·Ö¤  ¢ ¶·µ¢µ²µÎ´ÒÌ ± ³¥· Ì 
¢ ·¥¦¨³¥ ¡µ²ÓÏµ£µ £ §µ¢µ£µ Ê¸¨²¥´¨Ö  . . . . . . . . . . . . . . . . . . . . . . . . 1194

 ‚Ï¨¢Í¥¢ �.‘. , Œ £´¨Í±¨° �.‚., †Ê±µ¢¸±¨° ‚.—., Š²¨³¥´±µ Š.ƒ.
„¨´ ³¨Î¥¸±¨¥ ÔËË¥±ÉÒ ¢ (2 + 1)-³¥·´ÒÌ É¥µ·¨ÖÌ 
¸ Î¥ÉÒ·¥ÌË¥·³¨µ´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³  . . . . . . . . . . . . . . . . . . . . . . 1259

CONTENTS

Taratin A.M.
Particle Channeling in a Bent Crystal . . . . . . . . . . . . . . . . . . . . . . . . . . 1063

Gerstein S.S., Logunov A.A.
J.S.Bell's Problem  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1119

Galynskii M.V., Sikach S.M.
The Diagonal Spin Basis and Calculation of Processes 
with Polarized Particles  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1133

Zalikhanov B.Zh.
Plasma Mechanism for Discharge in Wire Chambers 
under Large Gas Amplification  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1194

 Vshivtsev A.S. , Magnitsky B.V., Zhukovsky V.Ch., Klimenko K.G.
Dynamical Effects in (2 + 1)-Dimensional Theories 
with Four Fermionic Interactions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1259

®”ˆ‡ˆŠ� �‹…Œ…�’���›• —�‘’ˆ– ˆ �’�Œ��ƒ� Ÿ„��¯
1998, ’.29, ‚›�.5



Š ‘‚…„…�ˆ� �‚’���‚

‚ ¦Ê·´ ²¥ ®”¨§¨±  Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¨  Éµ³´µ£µ Ö¤· ¯ (�—�Ÿ) ¶¥Î É ÕÉ¸Ö µ¡§µ·Ò ¶µ
 ±ÉÊ ²Ó´Ò³ ¶·µ¡²¥³ ³ É¥µ·¥É¨Î¥¸±µ° ¨ Ô±¸¶¥·¨³¥´É ²Ó´µ° Ë¨§¨±¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¨
 Éµ³´µ£µ Ö¤· , ¶·µ¡²¥³ ³ ¸µ§¤ ´¨Ö ´µ¢ÒÌ Ê¸±µ·¨É¥²Ó´ÒÌ ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸É ´µ¢µ±,  ¢Éµ-
³ É¨§ Í¨¨ µ¡· ¡µÉ±¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. ‘É ÉÓ¨ ¶¥Î É ÕÉ¸Ö ´  ·Ê¸¸±µ³ ¨  ´£²¨°¸±µ³
Ö§Ò± Ì. �¥¤ ±Í¨Ö ¶·µ¸¨É  ¢Éµ·µ¢ ¶·¨ ´ ¶· ¢²¥´¨¨ ¸É ÉÓ¨ ¢ ¶¥Î ÉÓ ·Ê±µ¢µ¤¸É¢µ¢ ÉÓ¸Ö ¨§²µ¦¥´-
´Ò³¨ ´¨¦¥ ¶· ¢¨² ³¨.

1. ’¥±¸É ¸É ÉÓ¨ ¤µ²¦¥´ ¡ÒÉÓ ´ ¶¥Î É ´ ´  ³ Ï¨´±¥ Î¥·¥§ ¤¢  ¨´É¥·¢ ²  ´  µ¤´µ° ¸Éµ·µ´¥
²¨¸É  (µ¡Ö§ É¥²Ó´µ ¶·¥¤¸É ¢²Ö¥É¸Ö ¶¥·¢Ò° ³ Ï¨´µ¶¨¸´Ò° Ô±§¥³¶²Ö·). �µ²Ö ¸ ²¥¢µ° ¸Éµ·µ´Ò
¤µ²¦´Ò ¡ÒÉÓ ´¥ Ê¦¥ 3Å4 ¸³, ·Ê±µ¶¨¸´Ò¥ ¢¸É ¢±¨ ´¥ ¤µ¶Ê¸± ÕÉ¸Ö. �±§¥³¶²Ö· ¸É ÉÓ¨ ¤µ²¦¥´
¢±²ÕÎ ÉÓ  ´´µÉ Í¨¨ ¨ ´ §¢ ´¨¥ ´  ·Ê¸¸±µ³ ¨  ´£²¨°¸±µ³ Ö§Ò± Ì, ·¥Ë¥· É ´  ·Ê¸¸±µ³ Ö§Ò±¥,
“„Š, ¸¢¥¤¥´¨Ö µ¡  ¢Éµ· Ì: Ë ³¨²¨Ö ¨ ¨´¨Í¨ ²Ò (´  ·Ê¸¸±µ³ ¨  ´£²¨°¸±µ³ Ö§Ò± Ì), ´ §¢ ´¨¥
¨´¸É¨ÉÊÉ ,  ¤·¥¸ ¨ É¥²¥Ëµ´. ‚¸¥ ¸É· ´¨ÍÒ É¥±¸É  ¤µ²¦´Ò ¡ÒÉÓ ¶·µ´Ê³¥·µ¢ ´Ò. ‘É ÉÓÖ ¤µ²¦´ 
¡ÒÉÓ ¶µ¤¶¨¸ ´  ¢¸¥³¨  ¢Éµ· ³¨. ’¥±¸É ¸É ÉÓ¨ ³µ¦¥É ¡ÒÉÓ ´ ¶¥Î É ´ ´  ¶·¨´É¥·¥ ¸ ¸µ¡²Õ¤¥´¨¥³
É¥Ì ¦¥ ¶· ¢¨².

2. ”µ·³Ê²Ò ¨ µ¡µ§´ Î¥´¨Ö ¤µ²¦´Ò ¡ÒÉÓ ¢¶¨¸ ´Ò ±·Ê¶´µ, Î¥É±µ, µÉ ·Ê±¨ É¥³´Ò³¨
Î¥·´¨² ³¨ (²¨¡µ ´ ¶¥Î É ´Ò ´  ¶·¨´É¥·¥ ¨ µ¡Ö§ É¥²Ó´µ · §³¥Î¥´Ò). †¥² É¥²Ó´µ ´Ê³¥·µ¢ ÉÓ
Éµ²Ó±µ É¥ Ëµ·³Ê²Ò, ´  ±µÉµ·Ò¥ ¨³¥ÕÉ¸Ö ¸¸Ò²±¨ ¢ É¥±¸É¥. �µ³¥· Ëµ·³Ê²Ò Ê± §Ò¢ ¥É¸Ö ¸¶· ¢  ¢
±·Ê£²ÒÌ ¸±µ¡± Ì. �¸µ¡µ¥ ¢´¨³ ´¨¥ ¸²¥¤Ê¥É µ¡· É¨ÉÓ ´   ±±Ê· É´µ¥ ¨§µ¡· ¦¥´¨¥ ¨´¤¥±¸µ¢ ¨
¶µ± § É¥²¥° ¸É¥¶¥´¥°: ´¨¦´¨¥ ¨´¤¥±¸Ò µÉ³¥Î ÕÉ¸Ö §´ ±µ³ ¶µ´¨¦¥´¨Ö ∩, ¢¥·Ì´¨¥ Å §´ ±µ³
¶µ¢ÒÏ¥´¨Ö ∪; ÏÉ·¨Ì¨ ́ ¥µ¡Ìµ¤¨³µ Î¥É±µ µÉ²¨Î ÉÓ µÉ ¥¤¨´¨ÍÒ,   ¥¤¨´¨ÍÊ Å µÉ § ¶ÖÉµ°. ‘²¥¤Ê¥É,
¶µ ¢µ§³µ¦´µ¸É¨, ¨§¡¥£ ÉÓ £·µ³µ§¤±¨Ì µ¡µ§´ Î¥´¨° ¨ Ê¶·µÐ ÉÓ ´ ¡µ· Ëµ·³Ê² (´ ¶·¨³¥·, ¶·¨³¥-
´ÖÖ exp, ¤·µ¡Ó Î¥·¥§ ±µ¸ÊÕ Î¥·ÉÊ).

‚µ ¨§¡¥¦ ´¨¥ ´¥¤µ· §Ê³¥´¨° ¨ µÏ¨¡µ± ¸²¥¤Ê¥É ¤¥² ÉÓ Ö¸´µ¥ · §²¨Î¨¥ ³¥¦¤Ê ¶·µ¶¨¸´Ò³¨
¨ ¸É·µÎ´Ò³¨ ¡Ê±¢ ³¨, µ¤¨´ ±µ¢Ò³¨ ¶µ ´ Î¥·É ´¨Õ (V ¨ v, U ¨ u, W ¨ w, O ¨ o, K ¨ k, S ¨ s, C
¨ c, P ¨ p, Z ¨ z), ¶·µ¶¨¸´Ò¥ ¶µ¤Î¥·±¨¢ ÕÉ ¤¢Ê³Ö Î¥·É ³¨ ¸´¨§Ê, ¸É·µÎ´Ò¥ Å ¤¢Ê³Ö Î¥·É ³¨
¸¢¥·ÌÊ (S ¨ s, C ¨ c). �¥µ¡Ìµ¤¨³µ ¤¥² ÉÓ Î¥É±µ¥ · §²¨Î¨¥ ³¥¦¤Ê ¡Ê±¢ ³¨ e, l, O (¡µ²ÓÏµ°) ¨ µ
(³ ²µ°) ¨ 0 (´Ê²¥³), ¤²Ö Î¥£µ ¡Ê±¢Ò � ¨ µ µÉ³¥Î ÕÉ ¤¢Ê³Ö Î¥·ÉµÎ± ³¨,   ´Ê²Ó µ¸É ¢²ÖÕÉ ¡¥§
¶µ¤Î¥·±¨¢ ´¨Ö. ƒ·¥Î¥¸±¨¥ ¡Ê±¢Ò ¶µ¤Î¥·±¨¢ ÕÉ ±· ¸´Ò³ ± · ´¤ Ïµ³, ¢¥±Éµ·Ò Å ¸¨´¨³, ²¨¡µ
§´ ±µ³     ¸´¨§Ê Î¥·´¨² ³¨. �¥ ·¥±µ³¥´¤Ê¥É¸Ö ¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö µ¡µ§´ Î¥´¨Ö ¢¥²¨Î¨´ ¡Ê±¢Ò
£µÉ¨Î¥¸±µ£µ, ·Ê±µ¶¨¸´µ£µ ¨ ¤·Ê£¨Ì ³ ²µÊ¶µÉ·¥¡¨³ÒÌ ¢ ¦Ê·´ ²Ó´ÒÌ ¸É ÉÓÖÌ Ï·¨ËÉµ¢, µ¤´ ±µ
¥¸²¨ É ±ÊÕ ¡Ê±¢Ê ´¥²Ó§Ö § ³¥´¨ÉÓ ¡Ê±¢µ° ² É¨´¸±µ£µ ¨²¨ £·¥Î¥¸±µ£µ  ²Ë ¢¨É , Éµ ¥¥ · §³¥Î ÕÉ
¶·µ¸ÉÒ³ ± · ´¤ Ïµ³ (µ¡¢µ¤ÖÉ ±·Ê¦±µ³). ‚ ¸²ÊÎ ¥, ¥¸²¨ ´ ¶¨¸ ´¨¥ ³µ¦¥É ¢Ò§¢ ÉÓ ¸µ³´¥´¨¥,
´¥µ¡Ìµ¤¨³µ ´  ¶µ²ÖÌ ¤ ÉÓ ¶µÖ¸´¥´¨¥, ´ ¶·¨³¥·: ζ Å ®¤§¥É ¯, ξ Å ®±¸¨¯, k Å ² É., ± Å ·Ê¸¸±.

3. �¨¸Ê´±¨ ¶·¥¤¸É ¢²ÖÕÉ ´  µÉ¤¥²Ó´ÒÌ ²¨¸É Ì ¡¥²µ° ¡Ê³ £¨ ¨²¨ ± ²Ó±¨ ¸ Ê± § ´¨¥³ ´ 
µ¡µ·µÉ¥ ´µ³¥·  ·¨¸Ê´±  ¨ ´ §¢ ´¨Ö ¸É ÉÓ¨. ’µ´µ¢Ò¥ ËµÉµ£· Ë¨¨ ¤µ²¦´Ò ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¢
¤¢ÊÌ Ô±§¥³¶²Ö· Ì, ´  µ¡µ·µÉ¥ ± · ´¤ Ïµ³ Ê± § ÉÓ: ®¢¥·Ì¯, ®´¨§¯. ƒ· Ë¨±¨ ¤µ²¦´Ò ¡ÒÉÓ ÉÐ -
É¥²Ó´µ ¢Ò¶µ²´¥´Ò ÉÊÏÓÕ ¨²¨ Î¥·´Ò³¨ Î¥·´¨² ³¨; ´¥ ·¥±µ³¥´¤Ê¥É¸Ö § £·µ³µ¦¤ ÉÓ ·¨¸Ê´µ± ´¥-
´Ê¦´Ò³¨ ¤¥É ²Ö³¨: ¡µ²ÓÏ¨´¸É¢µ ´ ¤¶¨¸¥° ¢Ò´µ¸¨É¸Ö ¢ ¶µ¤¶¨¸Ó,   ´  ·¨¸Ê´±¥ § ³¥´Ö¥É¸Ö
Í¨Ë· ³¨ ¨²¨ ¡Ê±¢ ³¨. †¥² É¥²Ó´µ, ÎÉµ¡Ò ·¨¸Ê´±¨ ¡Ò²¨ £µÉµ¢Ò ± ¶·Ö³µ³Ê ·¥¶·µ¤ÊÍ¨·µ¢ ´¨Õ.
�µ¤¶¨¸¨ ± ·¨¸Ê´± ³ ¶·¥¤¸É ¢²ÖÕÉ¸Ö ´  µÉ¤¥²Ó´ÒÌ ²¨¸É Ì.

4. ’ ¡²¨ÍÒ ¤µ²¦´Ò ¡ÒÉÓ ´ ¶¥Î É ´Ò ´  µÉ¤¥²Ó´ÒÌ ²¨¸É Ì, ± ¦¤ Ö É ¡²¨Í  ¤µ²¦´  ¨³¥ÉÓ
§ £µ²µ¢µ±. ‘²¥¤Ê¥É Ê± §Ò¢ ÉÓ ¥¤¨´¨ÍÒ ¨§³¥·¥´¨Ö ¢¥²¨Î¨´ ¢ É ¡²¨Í Ì.

5. ‘¶¨¸µ± ²¨É¥· ÉÊ·Ò ¶µ³¥Ð ¥É¸Ö ¢ ±µ´Í¥ ¸É ÉÓ¨. ‘¸Ò²±¨ ¢ É¥±¸É¥ ¤ ÕÉ¸Ö ¸ Ê± § ´¨¥³
´µ³¥·  ¸¸Ò²±¨ ´  ¸É·µ±¥ ¢ ±¢ ¤· É´ÒÌ ¸±µ¡± Ì. ‚ ²¨É¥· ÉÊ·´µ° ¸¸Ò²±¥ ¤µ²¦´Ò ¡ÒÉÓ Ê± § ´Ò:
¤²Ö ±´¨£ Å Ë ³¨²¨¨  ¢Éµ·µ¢, ¨´¨Í¨ ²Ò, ´ §¢ ´¨¥ ±´¨£¨, £µ·µ¤, ¨§¤ É¥²Ó¸É¢µ (¨²¨ µ·£ ´¨§ Í¨Ö),



£µ¤ ¨§¤ ´¨Ö, Éµ³ (Î ¸ÉÓ, £² ¢ ), Í¨É¨·Ê¥³ Ö ¸É· ´¨Í , ¥¸²¨ ´Ê¦´µ; ¤²Ö ¸É É¥° Å Ë ³¨²¨¨  ¢Éµ-
·µ¢, ̈ ´¨Í¨ ²Ò, ́  §¢ ´¨¥ ¦Ê·´ ² , ̧ ¥·¨Ö, £µ¤ ̈ §¤ ´¨Ö, Éµ³ (´µ³¥·, ¢Ò¶Ê¸±, ¥¸²¨ ÔÉµ ́ ¥µ¡Ìµ¤¨³µ),
¶¥·¢ Ö ¸É· ´¨Í  ¸É ÉÓ¨. …¸²¨  ¢Éµ·µ¢ ¡µ²¥¥ ¶ÖÉ¨, Éµ Ê± § ÉÓ Éµ²Ó±µ ¶¥·¢Ò¥ É·¨ Ë ³¨²¨¨.
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