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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
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¤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



1116 ’���’ˆ� �.Œ.

¨¸¶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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