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‚ µ¡§µ·¥ ¶µ¤·µ¡´µ · ¸¸³µÉ·¥´ ¶·¥¤²µ¦¥´´Ò°  ¢Éµ·µ³ ³¥Éµ¤ ´¥¢µ§³ÊÐ ÕÐ¥° ËµÉµÔ²¥±-
É·µ´´µ° ¤¨ £´µ¸É¨±¨ ¶ÊÎ±  (”�„�) µÉ·¨Í É¥²Ó´ÒÌ ¨µ´µ¢. ‚ ¤ ´´µ³ ³¥Éµ¤¥ ´¥µ¡Ìµ¤¨³ Ö ¨´Ëµ·-
³ Í¨Ö µ ¶ÊÎ±¥ ¢Ò¢µ¤¨É¸Ö ¶µ¸·¥¤¸É¢µ³ Ô²¥±É·µ´µ¢, ·µ¦¤ ÕÐ¨Ì¸Ö ¢ ·¥§Ê²ÓÉ É¥ µ±µ²µ¶µ·µ£µ¢µ°
µ¤´µËµÉµ´´µ° µ¡¤¨·±¨ ¶·¥´¥¡·¥¦¨³µ ³ ²µ° Î ¸É¨ ¨µ´µ¢ ´  §µ´¤¨·ÊÕÐ¥° ¶ÊÎµ± ËµÉµ´´µ° ³¨-
Ï¥´¨, ±µÉµ· Ö Ëµ·³¨·Ê¥É¸Ö ¸ ¶µ³µÐÓÕ ² §¥·´µ£µ ¨§²ÊÎ¥´¨Ö. „²Ö · §²¨Î´ÒÌ µÉ·¨Í É¥²Ó´ÒÌ
¨µ´µ¢ ¤¥É ²Ó´µ · ¸¸³µÉ·¥´Ò ¶·¥¤¥²Ó´Ò¥ ¢µ§³µ¦´µ¸É¨ É ±µ° ¤¨ £´µ¸É¨±¨ ¨ ¶·µ¢¥¤¥´  ´ ²¨§
¢²¨Ö´¨Ö ¶·µ¸É· ´¸É¢¥´´µ£µ § ·Ö¤  ¶ÊÎ±  ´  ”�„�. �·¨ ÔÉµ³ µ¸´µ¢´µ¥ ¢´¨³ ´¨¥ Ê¤¥²¥´µ Ï¨-
·µ±µ ¨¸¶µ²Ó§Ê¥³Ò³ ¢ Ê¸±µ·¨É¥²Ó´µ° É¥Ì´¨±¥ ·¥²ÖÉ¨¢¨¸É¸±¨³ ¨µ´ ³ ¢µ¤µ·µ¤  H−. „¥É ²Ó´µ
µ¶¨¸ ´µ · §· ¡µÉ ´´µ¥ ³´µ£µËÊ´±Í¨µ´ ²Ó´µ¥ Ê¸É·µ°¸É¢µ ¤²Ö ·¥ ²¨§ Í¨¨ ”�„� ´  ²¨´¥°´µ³
ÊÎ ¸É±¥ ± ´ ²  É· ´¸¶µ·É¨·µ¢±¨. „ ´´µ¥ Ê¸É·µ°¸É¢µ ³µ¦¥É ¡ÒÉÓ ¸ Ê¸¶¥Ìµ³ ¨¸¶µ²Ó§µ¢ ´µ ¤²Ö
´¥¢µ§³ÊÐ ÕÐ¥° ¤¨ £´µ¸É¨±¨ ¶ÊÎ±  ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¨µ´µ¢ H− ¸ Éµ±µ³ ¤µ ´¥¸±µ²Ó±¨Ì ¸µÉ¥´
³¨²²¨ ³¶¥·, ´ ¶·¨³¥·, ¢ ¶·µ¥±É¨·Ê¥³ÒÌ ¢ · §²¨Î´ÒÌ ´ ÊÎ´ÒÌ Í¥´É· Ì ¨¸ÉµÎ´¨± Ì ´¥°É·µ´µ¢
´  µ¸´µ¢¥ ²¨´¥°´ÒÌ Ê¸±µ·¨É¥²¥°.

The method of nonperturbative photoelectron beam diagnostics (PEBD) of negative ions, pro-
posed by the author, is described in detail in this review. In this method, necessary information
on the beam is extracted by means of electrons, which are produced as a result of near-threshold
single-photon detachment of a negligible part of ions on the photon target, probing the beam, and
formed using laser radiation. The limited possibilities of this diagnostics are considered in detail for
various negative ions, and the in_uence of the beam space-charge on PEBD is analysed. Herewith,
main attention is given to H− relativistic hydrogen ions widely used in accelerator techniques. The
developed multifunctional device for the realization of PEBD in a linear area of the beam transport
line is described in detail. This device can be used successfully for the nonperturbative beam diag-
nostics of H− relativistic ions with a current up to some hundreds of milliamperes, for example, in
neutron sources based on linear accelerators and projected at various scientiˇc centres.

‚‚…„…�ˆ…

‚ ¸µ¢·¥³¥´´ÒÌ Ê¸±µ·¨É¥²Ó´µ-´ ±µ¶¨É¥²Ó´ÒÌ ±µ³¶²¥±¸ Ì Ï¨·µ±µ ¨¸¶µ²Ó-
§Ê¥É¸Ö ¶¥·¥§ ·Ö¤´Ò° ³¥Éµ¤ Ê¶· ¢²¥´¨Ö ¶µÉµ± ³¨ Î ¸É¨Í. ”µ·³¨·ÊÖ ¢´ÊÉ·¥´-
´¨¥ ¶¥·¥§ ·Ö¤´Ò¥ ³¨Ï¥´¨ ´  · §²¨Î´ÒÌ ÊÎ ¸É± Ì ± ´ ²  É· ´¸¶µ·É¨·µ¢±¨
¶ÊÎ± , ³µ¦´µ ¸ÊÐ¥¸É¢¥´´µ ¢²¨ÖÉÓ ´  · ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í ¢ Ë §µ¢µ³ ¶·µ-
¸É· ´¸É¢¥ ¨ ´  Ì · ±É¥· ¨Ì ¤¢¨¦¥´¨Ö ¢µ ¢´¥Ï´¨Ì Ô²¥±É·µ³ £´¨É´ÒÌ ¶µ²ÖÌ,  
É ±¦¥ µ¸ÊÐ¥¸É¢²ÖÉÓ Ê¤µ¡´ÊÕ ¤²Ö Ë¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´Éµ¢ · §¢µ¤±Ê ¶ÊÎ±µ¢
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¢Ò¸µ±¨Ì Ô´¥·£¨° [1]. � ¨¡µ²ÓÏ Ö ÔËË¥±É¨¢´µ¸ÉÓ ³¥Éµ¤  ¤µ¸É¨£ ¥É¸Ö ¶·¨
¨¸¶µ²Ó§µ¢ ´¨¨ µÉ·¨Í É¥²Ó´ÒÌ ¨µ´µ¢ ´  ´ Î ²Ó´µ³ ÔÉ ¶¥ É· ´¸¶µ·É¨·µ¢±¨
¶ÊÎ±  ¨ ´¥¢µ§³ÊÐ ÕÐ¥° ¤¨ £´µ¸É¨±¨ ¥£µ ¶ · ³¥É·µ¢. ‚ § ¢¨¸¨³µ¸É¨ µÉ ·¥-
Ï ¥³µ° § ¤ Î¨ ¢Ò¡¨· ¥É¸Ö ¢´ÊÉ·¥´´ÖÖ ³¨Ï¥´Ó ¸ É ±¨³¨ Ì · ±É¥·¨¸É¨± ³¨,
ÎÉµ¡Ò ¶ÊÎµ± ¶µ¸²¥ ´¥¥ ¸µ¤¥·¦ ² ´¥µ¡Ìµ¤¨³µ¥ ±µ²¨Î¥¸É¢µ ¶·¥¤¸É ¢²ÖÕÐ¨Ì
¨´É¥·¥¸ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í.

‘·¥¤¨ µÉ·¨Í É¥²Ó´ÒÌ ¨µ´µ¢ ´ ¨¡µ²ÓÏ¥¥ · ¸¶·µ¸É· ´¥´¨¥ ¶µ²ÊÎ¨²¨ ¶ÊÎ-
±¨ ¨µ´µ¢ H− (LAMPF, TRIUMF, HERA, BNL, LHC, RAL, FNAL, CERN,
ANL, KEK ¨ ¤·Ê£¨¥ Ê¸±µ·¨É¥²Ó´Ò¥ Í¥´É·Ò). �´¨ É ±¦¥ Ï¨·µ±µ ¨¸¶µ²Ó§Ê-
ÕÉ¸Ö ¶·¨ Ëµ·³¨·µ¢ ´¨¨ ¶µÉµ±µ¢ ´¥°É· ²Ó´ÒÌ  Éµ³µ¢ ¢µ¤µ·µ¤  ¤²Ö ¶ÊÎ±µ¢µ£µ
´ £·¥¢  ¶² §³Ò ¨ ¥¥ ¤¨ £´µ¸É¨±¨ [2Ä5], ¢ Í¨±²¨Î¥¸±¨Ì Ê¸±µ·¨É¥²ÖÌ ¤²Ö ´ · -
¡µÉ±¨ ¨§µÉµ¶µ¢ [6], ¢ ¶·µ¥±É Ì ¸¨²Ó´µÉµÎ´ÒÌ Ê¸±µ·¨É¥²¥° ¤²Ö É· ´¸³ÊÉ Í¨¨
· ¤¨µ ±É¨¢´ÒÌ µÉÌµ¤µ¢ ¨ ¶·¨ · §· ¡µÉ±¥ ¢Ò¸µ±µ¨´É¥´¸¨¢´ÒÌ ¨³¶Ê²Ó¸´ÒÌ
¨¸ÉµÎ´¨±µ¢ ´¥°É·µ´µ¢ [7Ä10], ¤²Ö ¨³¶² ´É Í¨¨ ¨µ´µ¢ [11],   É ±¦¥ ¶·¨ ·¥-
Ï¥´¨¨ ·Ö¤  ¤·Ê£¨Ì ¶·¨±² ¤´ÒÌ § ¤ Î [12Ä17]. ‚ ± Î¥¸É¢¥ ¶¥·¥§ ·Ö¤´ÒÌ,  
É ±¦¥ §µ´¤¨·ÊÕÐ¨Ì ¶ÊÎµ± ¤¨ £´µ¸É¨Î¥¸±¨Ì ³¨Ï¥´¥° ¶·¨ ÔÉµ³ ¨¸¶µ²Ó§ÊÕÉ¸Ö
± ± ±µ·¶Ê¸±Ê²Ö·´Ò¥, É ± ¨ ËµÉµ´´Ò¥ ¢´ÊÉ·¥´´¨¥ ³¨Ï¥´¨.

�µ¤ ´¥¢µ§³ÊÐ ÕÐ¨³¨ ³¥Éµ¤ ³¨ ¤¨ £´µ¸É¨±¨ µ¡ÒÎ´µ ¶µ¤· §Ê³¥¢ ÕÉ¸Ö
É ±¨¥ ¸¶µ¸µ¡Ò ¶µ²ÊÎ¥´¨Ö ¨´Ëµ·³ Í¨¨, ±µ£¤  ¢´µ¸¨³Ò³¨ ¶·¨ ¨§³¥·¥´¨¨ ¢µ§-
³ÊÐ¥´¨Ö³¨ ¶ÊÎ±  ³µ¦´µ ¶·¥´¥¡·¥ÎÓ. � ¨¡µ²¥¥ ¶µ²´µ¥ ¶·¥¤¸É ¢²¥´¨¥ µ
¶ÊÎ±¥ ¨µ´µ¢ ¤ ÕÉ ¨§³¥·¥´¨Ö Éµ±  ¶ÊÎ±  ¢µ ¢·¥³¥´¨, ¥£µ ¶·µ¸É· ´¸É¢¥´´µ£µ
· ¸¶·¥¤¥²¥´¨Ö ¶µ ¸¥Î¥´¨Õ ± ´ ²  É· ´¸¶µ·É¨·µ¢±¨,   É ±¦¥ ¨´Ëµ·³ Í¨Ö µ¡
Ô³¨ÉÉ ´¸´ÒÌ Ì · ±É¥·¨¸É¨± Ì, ±µÉµ·Ò¥ ¸¢Ö§ ´Ò ¸ Ê£²µ¢Ò³ · ¸¶·¥¤¥²¥´¨¥³
¨ Ô´¥·£¥É¨Î¥¸±¨³ ¸¶¥±É·µ³ ¨µ´µ¢ ¢ ¶ÊÎ±¥. �¥¢µ§³ÊÐ ÕÐ¨° Ì · ±É¥· ¨§³¥-
·¥´¨° ¡µ²ÓÏ¨´¸É¢  ÔÉ¨Ì ¶ · ³¥É·µ¢ É·Ê¤´µ ·¥ ²¨§µ¢ ÉÓ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨
É· ¤¨Í¨µ´´ÒÌ ¤²Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ³¥Éµ¤µ¢ ¤¨ £´µ¸É¨±¨ [18]. „µ¶µ²´¨-
É¥²Ó´µ¥ µ¸²µ¦´¥´¨¥ ¢Ò§Ò¢ ¥É ¢ ¦´µ¥ ¤²Ö ¶ÊÎ±µ¢ ¢Ò¸µ±¨Ì Ô´¥·£¨° É·¥¡µ¢ ´¨¥
±µ³¶ ±É´µ¸É¨ ¤¨ £´µ¸É¨Î¥¸±¨Ì Ê¸É·µ°¸É¢. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³  ±ÉÊ ²Ó´µ° § ¤ Î¥°
Ö¢²Ö¥É¸Ö · §· ¡µÉ±  ³¥Éµ¤µ¢ ¨ Ê¸É·µ°¸É¢ ¤²Ö ¨§³¥·¥´¨Ö · §²¨Î´ÒÌ Ì · ±É¥-
·¨¸É¨± ¶ÊÎ±  ¨µ´µ¢ ¶µ ¢Éµ·¨Î´Ò³ Î ¸É¨Í ³, ·µ¦¤¥´´Ò³ ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨
¨µ´µ¢ ¸ ±µ³¶µ´¥´É ³¨ µ¸É ÉµÎ´µ£µ £ §  ¨²¨ ¶· ±É¨Î¥¸±¨ ¶·µ§· Î´µ° ¤²Ö
¶ÊÎ±  ¢´ÊÉ·¥´´¥° ³¨Ï¥´ÓÕ. �¸´µ¢´µ° § ¤ Î¥° ¸¢Ö§ ´´ÒÌ ¸ ÔÉ¨³ ¨¸¸²¥¤µ¢ -
´¨° Ö¢²Ö¥É¸Ö ¢ÒÖ¢²¥´¨¥ ¢µ§³µ¦´µ¸É¨ µ¶·¥¤¥²¥´¨Ö ´¥µ¡Ìµ¤¨³ÒÌ ¶ · ³¥É·µ¢
¶ÊÎ±  ¶µ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ Ì · ±É¥·¨¸É¨± ³ ¢Ò¡· ´´µ£µ É¨¶  ¢Éµ·¨Î´ÒÌ Î -
¸É¨Í,   É ±¦¥ ¨§ÊÎ¥´¨¥ £· ´¨Í ¨¸¶µ²Ó§µ¢ ´¨Ö µ¸´µ¢ ´´ÒÌ ´  ÔÉµ³ ³¥Éµ¤µ¢
¤¨ £´µ¸É¨±¨ ¨ ¤µ¸É¨£ ¥³ÒÌ ¶·¨ ÔÉµ³ ÉµÎ´µ¸É¥°.

‚ § ¢¨¸¨³µ¸É¨ µÉ É¨¶  ¨µ´  ¨ §µ´¤¨·ÊÕÐ¥° ¶ÊÎµ± ¢´ÊÉ·¥´´¥° ³¨Ï¥´¨
¢ ± Î¥¸É¢¥ ´µ¸¨É¥²¥° ¨´Ëµ·³ Í¨¨ µ Ì · ±É¥·¨¸É¨± Ì ¶ÊÎ±  ³µ£ÊÉ ¸²Ê¦¨ÉÓ
· §²¨Î´Ò¥ ¢Éµ·¨Î´Ò¥ Î ¸É¨ÍÒ. � ¶·¨³¥·, ¤²Ö ´¥¢µ§³ÊÐ ÕÐ¥° ¤¨ £´µ¸É¨±¨
¶ÊÎ±  ¨µ´µ¢ H− ¨¸¶µ²Ó§ÊÕÉ¸Ö ¡Ò¸É·Ò¥  Éµ³Ò H0 [19Ä23]. �´¨ ·µ¦¤ ÕÉ¸Ö
¶·¨ µ¡¤¨·±¥ ´¥§´ Î¨É¥²Ó´µ° Î ¸É¨ ¨µ´µ¢ ´  µ¶É¨³ ²Ó´Ò³ µ¡· §µ³ ¸Ëµ·-
³¨·µ¢ ´´ÒÌ ±µ·¶Ê¸±Ê²Ö·´ÒÌ ¨²¨ ËµÉµ´´ÒÌ ³¨Ï¥´ÖÌ. �É¨ ³¥Éµ¤Ò ´ ¨¡µ-
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²¥¥ Ê¤µ¡´Ò ´  ÊÎ ¸É± Ì É· ´¸¶µ·É¨·µ¢±¨ ¶ÊÎ±  ¸ ¶µ¢µ·µÉ´Ò³ ³ £´¨Éµ³, £¤¥
²¥£±µ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¢Ò¢µ¤  Éµ³µ¢ H0 ¨§ ¶ÊÎ±  ¨µ´µ¢. �¥¤µ¸É É± ³¨ ¶·¥¤-
²µ¦¥´´ÒÌ ³¥Éµ¤µ¢ ¤¨ £´µ¸É¨±¨ ¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±¨Ì (¸µÉ´¨ ŒÔ‚) ¶ÊÎ±µ¢
¨µ´µ¢ H− Ö¢²ÖÕÉ¸Ö ¡µ²ÓÏ¨¥ ¶·µ²¥É´Ò¥ ¡ §Ò  Éµ³µ¢ H0 ¢ ¸²ÊÎ ¥ ¢·¥³Ö-
¶·µ²¥É´ÒÌ ¨§³¥·¥´¨° Ô´¥·£¥É¨Î¥¸±µ£µ ¸¶¥±É·  [19,à23], ²¨¡µ §´ Î¨É¥²Ó´Ò¥
¢¥¸µ£ ¡ ·¨É´Ò¥ Ì · ±É¥·¨¸É¨±¨ ³ £´¨É´ÒÌ  ´ ²¨§ Éµ·µ¢ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨
µ¡¤¨·±¨  Éµ³µ¢ ¢ ¶·µÉµ´Ò [21,22]. �µ³¨³µ ÔÉµ£µ ¤ ´´Ò¥ ³¥Éµ¤Ò ´¥ ¶·¨£µ¤´Ò
¢ ²¨´¥°´ÒÌ ¸¨¸É¥³ Ì.

� ¨¡µ²¥¥ ±µ³¶ ±É´Ò¥ ¤¨ £´µ¸É¨Î¥¸±¨¥ Ê¸É·µ°¸É¢  ³µ£ÊÉ ¡ÒÉÓ · §· ¡µ-
É ´Ò ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¢Éµ·¨Î´ÒÌ Ô²¥±É·µ´µ¢. ‚ Î ¸É´µ¸É¨, ¤²Ö ¨§³¥·¥´¨Ö
¶·µË¨²Ö ¶ÊÎ±  ¨ ¥£µ Ë §µ¢µ° ¸É·Ê±ÉÊ·Ò Ï¨·µ±µ ¨¸¶µ²Ó§ÊÕÉ¸Ö Ô²¥±É·µ´Ò
Ô³¨¸¸¨¨ ¶· ±É¨Î¥¸±¨ ¶·µ§· Î´µ° ¤²Ö ¶ÊÎ±  ±µ·¶Ê¸±Ê²Ö·´µ° ³¨Ï¥´¨ [24Ä
27]. �·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ´¥¸±µ²Ó±¨Ì · §´¥¸¥´´ÒÌ ´  ¶·µ²¥É´µ° ¡ §¥ ¶µ¤µ¡-
´ÒÌ Ê¸É·µ°¸É¢ ³µ¦´µ µ¶·¥¤¥²ÖÉÓ ¶µ¶¥·¥Î´Ò° [28] ¨ ¶·µ¤µ²Ó´Ò° [29] Ô³¨É-
É ´¸Ò ¶ÊÎ± . ‚µ§³µ¦´µ¸ÉÓ ¶·Ö³µ£µ ¶¥·¥´¥¸¥´¨Ö ÔÉ¨Ì ³¥Éµ¤µ¢ ¨ Ê¸É·µ°¸É¢,
· §· ¡µÉ ´´ÒÌ ¢ µ¸´µ¢´µ³ ¤²Ö ¶·µÉµ´µ¢ ¨²¨ Ö¤¥·, ´  ¡µ²¥¥ ¸²µ¦´Ò¥ ¨µ´Ò
É·¥¡Ê¥É ¤µ¶µ²´¨É¥²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨°. �¥É·¨¢¨ ²Ó´µ¸ÉÓ ÔÉµ£µ Ï £  ¸¢Ö§ ´ 
¢ µ¸´µ¢´µ³ ¸ ¨Ì  Éµ³´µ° ¸É·Ê±ÉÊ·µ° ¨, ± ± ¸²¥¤¸É¢¨¥, ¡µ²¥¥ ¸²µ¦´Ò³ Ì -
· ±É¥·µ³ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨µ´µ¢ ¸ Î ¸É¨Í ³¨ ³¨Ï¥´¨. ‚ ´ ¨¡µ²ÓÏ¥° ¸É¥¶¥´¨
ÔÉµ µÉ´µ¸¨É¸Ö ± µÉ·¨Í É¥²Ó´Ò³ ¨µ´ ³, ¸² ¡µ¨µ´¨§µ¢ ´´Ò³ ¨ ´¥°É· ²Ó´Ò³
Î ¸É¨Í ³. „²Ö ¨¸¶µ²Ó§µ¢ ´¨Ö ¤ ´´ÒÌ ³¥Éµ¤µ¢ ´¥µ¡Ìµ¤¨³µ, ÎÉµ¡Ò Ô²¥±É·µ´Ò,
¶µÖ¢²ÖÕÐ¨¥¸Ö ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö Ö¤·  Î ¸É¨ÍÒ ¶ÊÎ±  ¸ ³¨Ï¥´ÓÕ,
·µ¦¤ ²¨¸Ó ´¥§ ¢¨¸¨³µ µÉ ¤·Ê£¨Ì ± ´ ²µ¢ ¨ ¨Ì ³µ¦´µ ¡Ò²µ ¢Ò¤¥²¨ÉÓ ´  Ëµ´¥
Ô²¥±É·µ´µ¢ µ¡¤¨·±¨,   É ±¦¥ Ô²¥±É·µ´µ¢ ¨µ´¨§ Í¨¨ ³¨Ï¥´¨, ¢µ§´¨± ÕÐ¨Ì
¶·¨ ¥¥ ¢§ ¨³µ¤¥°¸É¢¨¨ ¸ Ô²¥±É·µ´´Ò³¨ ±µ³¶µ´¥´É ³¨ ´ ²¥É ÕÐ¥° Î ¸É¨ÍÒ.
‚ Éµ ¦¥ ¢·¥³Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ É¥µ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö, ´ ¶·¨-
³¥·, ¸ ¨µ´ ³¨ H− [30Ä42], ¶µ± §Ò¢ ÕÉ, ÎÉµ ¶·¨ Ë¨±¸¨·µ¢ ´´µ³ Ê£²¥ ¢Ò²¥É 
Ô²¥±É·µ´µ¢ ¢ ¨Ì Ô´¥·£¥É¨Î¥¸±µ³ ¸¶¥±É·¥ µÉ¸ÊÉ¸É¢Ê¥É ¶¨±, Ì · ±É¥·´Ò° ¤²Ö
¢§ ¨³µ¤¥°¸É¢¨Ö ¶·µÉµ´µ¢ ¸ ¶· ±É¨Î¥¸±¨ ¸¢µ¡µ¤´Ò³¨ Ô²¥±É·µ´ ³¨ ³¨Ï¥´¨.
‘²¥¤µ¢ É¥²Ó´µ, ¤²Ö ¨µ´µ¢ H− ´¥¶·¨³¥´¨³ ¶·¥¤²µ¦¥´´Ò° ¢ · ¡µÉ Ì [43,44]
³¥Éµ¤ ¨§³¥·¥´¨Ö Ô´¥·£¥É¨Î¥¸±µ£µ ¨ Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨° ¶µ δ-Ô²¥±É·µ´ ³.
Š·µ³¥ Éµ£µ, Ï¨·µ±¨° ¤¨ ¶ §µ´ Ô´¥·£¨° Ô²¥±É·µ´µ¢, ¢Ò²¥É¥¢Ï¨Ì ¶µ¤ ¡µ²Ó-
Ï¨³¨ Ê£² ³¨ (θ ∼ 900) ¶µ µÉ´µÏ¥´¨Õ ± ¨³¶Ê²Ó¸Ê ¨µ´µ¢ H−, § É·Ê¤´Ö¥É ¨Ì
¨¸¶µ²Ó§µ¢ ´¨¥ ¢ Ê¸É·µ°¸É¢ Ì ¤²Ö ¨§³¥·¥´¨Ö Ë §µ¢µ° ¸É·Ê±ÉÊ·Ò ¶ÊÎ±  ¨ ¥£µ
¶·µË¨²Ö, ¶·¥¤²µ¦¥´´ÒÌ ¢ · ¡µÉ Ì [24Ä27]. �ÉµÉ Ë ±É ¶µ¤É¢¥·¦¤ ¥É¸Ö ¢ Ô±¸-
¶¥·¨³¥´É ²Ó´µ° · ¡µÉ¥ [45]. �¥µ¡Ìµ¤¨³ Ö ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨° ¢ ÔÉµ³ ¸²ÊÎ ¥
³µ¦¥É ¡ÒÉÓ ¤µ¸É¨£´ÊÉ  Éµ²Ó±µ ¢¢¥¤¥´¨¥³ ¢ Ê¸É·µ°¸É¢µ ¤µ¶µ²´¨É¥²Ó´µ£µ ³ £-
´¨É´µ£µ ¸¥¶ · Éµ· , ¢Ò¤¥²ÖÕÐ¥£µ Ô²¥±É·µ´Ò c Ô´¥·£¨¥°, ´¥µ¡Ìµ¤¨³µ° ¤²Ö
 ´ ²¨§ . ‚ Éµ ¦¥ ¢·¥³Ö ¡² £µ¤ ·Ö Ô²¥±É·µ´´µ° ¸É·Ê±ÉÊ·¥ µÉ·¨Í É¥²Ó´ÒÌ ¨µ-
´µ¢ ³µ£ÊÉ ¡ÒÉÓ ¶·¥¤²µ¦¥´Ò ¸¢µ¨, µÉ²¨Î´Ò¥ µÉ ¶·µÉµ´µ¢ ¨²¨ Ö¤¥· ³¥Éµ¤Ò ¤¨ -
£´µ¸É¨±¨ ¶ · ³¥É·µ¢ ¶ÊÎ±  ¶µ ¢Éµ·¨Î´Ò³ Ô²¥±É·µ´ ³. ‚ Î ¸É´µ¸É¨, ¢ · ¡µÉ¥
[36] ¤²Ö ¤¨ £´µ¸É¨±¨ ¶ÊÎ±  ¨µ´µ¢ H− ¶·¥¤²µ¦¥´µ ¨¸¶µ²Ó§µ¢ ÉÓ Ô²¥±É·µ´Ò,
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·µ¦¤ ÕÐ¨¥¸Ö ¶·¨ µ¡¤¨·±¥ ¨µ´µ¢ ´  ±µ·¶Ê¸±Ê²Ö·´ÒÌ ³¨Ï¥´ÖÌ. ˆ¤¥Ö ³¥Éµ¤ 
µ¸´µ¢ ´  ´  Éµ³, ÎÉµ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ Éµ´±¨Ì ³¨Ï¥´¥° ÔÉ¨ Ô²¥±É·µ´Ò ¸µ-
¸É ¢²ÖÕÉ µ¸´µ¢´ÊÕ Î ¸ÉÓ µ¡Ð¥£µ ¶µÉµ± ,   ¨Ì ¸±µ·µ¸É¨ ¡²¨§±¨ ¶µ ¢¥²¨Î¨´¥
¨ ´ ¶· ¢²¥´¨Õ ± ¸±µ·µ¸É¨ ¨µ´µ¢. �É¸ÊÉ¸É¢¨¥ ¶·¥¤²µ¦¥´¨° ¶µ É¥Ì´¨Î¥¸±µ°
·¥ ²¨§ Í¨¨ ÔÉµ£µ ³¥Éµ¤  ¤¨ £´µ¸É¨±¨ µ¡Ê¸²µ¢²¥´µ ¢ µ¸´µ¢´µ³ ´¥¤µ¸É ÉµÎ´µ
¢Ò¸µ±µ° ¤µ¸É¨£ ¥³µ° ÉµÎ´µ¸ÉÓÕ (¸³. · §¤. 4).

‡´ Î¨É¥²Ó´µ ¡µ²¥¥ Ï¨·µ±¨¥ ¢µ§³µ¦´µ¸É¨ ¤¨ £´µ¸É¨±¨ ¶ÊÎ±  Î ¸É¨Í ¸
Ô²¥±É·µ´´µ° ¸É·Ê±ÉÊ·µ° µÉ±·Ò¢ ÕÉ¸Ö ¶·¨ ¥£µ §µ´¤¨·µ¢ ´¨¨ ËµÉµ´´µ° ³¨-
Ï¥´ÓÕ. ‚Ò¸µ± Ö ³µ´µÌ·µ³ É¨Î´µ¸ÉÓ ¨ ´ ¶· ¢²¥´´µ¸ÉÓ ² §¥·´µ£µ ¨§²ÊÎ¥´¨Ö,
µÉ´µ¸¨É¥²Ó´ Ö ¶·µ¸ÉµÉ  Ê¶· ¢²¥´¨Ö ¨³ ¢ ¶·µ¸É· ´¸É¢¥ ¶µ§¢µ²ÖÕÉ ÔËË¥±É¨¢´µ
¨¸¶µ²Ó§µ¢ ÉÓ ¤µ¶²¥·-ÔËË¥±É ¤²Ö ¨§¡¨· É¥²Ó´µ£µ ¢µ§¤¥°¸É¢¨Ö ´  µ¶·¥¤¥²¥´-
´Ò¥ ±¢ ´Éµ¢Ò¥ ¸µ¸ÉµÖ´¨Ö ¨µ´  ¢Ò¸µ±µ° Ô´¥·£¨¨ ¨ ·µ¦¤¥´¨Ö ¶·¨ ÔÉµ³ Ô²¥±-
É·µ´µ¢ (Ô²¥±É·µ´µ¢ ËµÉµµ¡¤¨·±¨), ¶µ§¢µ²ÖÕÐ¨Ì µ¸ÊÐ¥¸É¢²ÖÉÓ ¤¨ £´µ¸É¨±Ê
¶ÊÎ±  ¸ É·¥¡Ê¥³µ° ÉµÎ´µ¸ÉÓÕ. �·¨³¥·µ³ ÔÉµ£µ Ö¢²Ö¥É¸Ö ¶·¥¤²µ¦¥´´Ò°  ¢-
Éµ·µ³ ¢ 1984 £. ¨ · ¸¸³µÉ·¥´´Ò° ¢ ¤ ´´µ° · ¡µÉ¥ ËµÉµÔ²¥±É·µ´´Ò° ³¥Éµ¤
´¥¢µ§³ÊÐ ÕÐ¥° ¤¨ £´µ¸É¨±¨ ¶ÊÎ±  µÉ·¨Í É¥²Ó´ÒÌ ¨µ´µ¢.

1. ”ˆ‡ˆ—…‘Šˆ… ‘�‚› Œ…’„� ”’�‹…Š’���‰
„ˆ�ƒ�‘’ˆŠˆ �“—Š� (”�„�) ’�ˆ–�’…‹œ�›• ˆ�‚

‚›‘Š‰ ��…�ƒˆˆ

„²Ö ¶µ²ÊÎ¥´¨Ö ¨´Ëµ·³ Í¨¨ µ ¶ · ³¥É· Ì ¶ÊÎ±  µÉ·¨Í É¥²Ó´ÒÌ ¨µ´µ¢
´  ¶·Ö³µ²¨´¥°´ÒÌ ÊÎ ¸É± Ì ± ´ ²  É· ´¸¶µ·É¨·µ¢±¨ ¶·¥¤²µ¦¥´ ³¥Éµ¤ ¤¨ £-
´µ¸É¨±¨, µ¸´µ¢ ´´Ò° ´  ¨¸¶µ²Ó§µ¢ ´¨¨ Ô²¥±É·µ´µ¢ µ¤´µËµÉµ´´µ° µ¡¤¨·±¨,
·µ¦¤ ÕÐ¨Ì¸Ö ¶·¨ §µ´¤¨·µ¢ ´¨¨ ¸ ¶µ³µÐÓÕ ËµÉµ´´µ° ³¨Ï¥´¨ ¸² ¡µ¸¢Ö-
§ ´´µ£µ ±¢ ´Éµ¢µ£µ ¸µ¸ÉµÖ´¨Ö ¨µ´  ¢¡²¨§¨ ¶µ·µ£  εt [46Ä48]. �·¨ ¶µ£²µ-
Ð¥´¨¨ ËµÉµ´  ¸ Ô´¥·£¨¥° �ω, ¶·¥¢ÒÏ ÕÐ¥° ¶µ·µ£, ¶·µ¨¸Ìµ¤¨É ®¸É·ÖÌ¨¢ -
´¨¥¯ Ô²¥±É·µ´  ¨§ ¤ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ ´¥¶·¥·Ò¢´Ò° ¸¶¥±É· ¸ ¢¥²¨Î¨´µ° ¨
´ ¶· ¢²¥´¨¥³ ¸±µ·µ¸É¨, ¡²¨§±¨³¨ ± ¨µ´´µ°. x¥§ ÊÎ¥É  ¶µ¸²¥¸Éµ²±´µ¢¨É¥²Ó-
´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸  Éµ³´Ò³ µ¸Éµ¢µ³ ¨µ´  ¶·¨µ¡·¥É ¥³Ò¥ Ô²¥±É·µ´µ³
³ ±¸¨³ ²Ó´Ò¥ ¢µ§³ÊÐ¥´¨Ö ³µ£ÊÉ ¡ÒÉÓ µ¶·¥¤¥²¥´Ò ´  µ¸´µ¢¥  ´ ²¨§  ±¨´¥-
³ É¨±¨ ¸¶µ´É ´´µ£µ (®¸ ³µ¶·µ¨§¢µ²Ó´µ£µ¯) · §·ÊÏ¥´¨Ö Î ¸É¨ÍÒ ¸ ¨§¢¥¸É´µ°
¶µ²µ¦¨É¥²Ó´µ° Ô´¥·£¨¥° · ¸¶ ¤  εp ´  ¤¢¥ ¸µ¸É ¢²ÖÕÐ¨¥ Î ¸É¨, ¨§µÉ·µ¶´µ
¢Ò²¥É ÕÐ¨e ¢ ¥¥ ¸¨¸É¥³¥ ¶µ±µÖ ¨ ¤¢¨¦ÊÐ¨e¸Ö ´¥§ ¢¨¸¨³µ ¤·Ê£ µÉ ¤·Ê£  (¸³.,
´ ¶·¨³¥·, [49]). �·¥´¥¡·¥¦¨³µ ³ ²Ò° ¨³¶Ê²Ó¸ ËµÉµ´  ¢ ¸¨¸É¥³¥ ¶µ±µÖ ¨µ´ 
¶µ§¢µ²Ö¥É · ¸¸³ É·¨¢ ÉÓ ËµÉµµ¡¤¨·±Ê ± ± ¶·µÍ¥¸¸ ¶µ£²µÐ¥´¨Ö ËµÉµ´  ¸ ·µ-
¦¤¥´¨¥³ ¶· ±É¨Î¥¸±¨ ¶µ±µÖÐ¥°¸Ö ±¢ §¨Î ¸É¨ÍÒ ¨ ¥¥ ¶µ¸²¥¤ÊÕÐ¨° · §¢ ² ¸
εp = �ω − εt. ‘ ÊÎ¥Éµ³ ·¥²ÖÉ¨¢¨§³  ¶·¨ ¶¥·¥Ìµ¤¥ ¢ ² ¡µ· Éµ·´ÊÕ ¸¨¸É¥³Ê
µÉ¸Î¥É  ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ³ ±¸¨³ ²Ó´µ£µ · §¡·µ¸  Ô²¥±-
É·µ´µ¢ ¶µ Ô´¥·£¨¨ Ee (¢ µÉ´. ¥¤.) ¨ Ê£²Ê θe (¢ · ¤) ¢ Ô²¥³¥´É ·´ÒÌ  ±É Ì
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¸¢µ¥£µ ·µ¦¤¥´¨Ö:

∆Ee/Ee =
2βγ

(γ − 1)

√
2(�ω − εt)
meC2

; ∆θe[· ¤] =
2
γβ

√
2(�ω − εt)
meC2

; (1.1)

£¤¥ Ee = Ei · me/Mi, me ¨ Mi Å ³ ¸¸Ò ¶µ±µÖ Ô²¥±É·µ´  ¨ ¨µ´  ¸µµÉ-
¢¥É¸É¢¥´´µ, Ei Å ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ¨µ´  ¢ ² ¡µ· Éµ·´µ° ¸¨¸É¥³¥ µÉ-
¸Î¥É , C Å ¸±µ·µ¸ÉÓ ¸¢¥É , β ¨ γ Å ·¥²ÖÉ¨¢¨¸É¸±¨¥ ¶ · ³¥É·Ò ¶ÊÎ± ,
γ = 1/

√
1− β2, ω = ωoγ(1− β cos η), ωo Å Î ¸ÉµÉ  ËµÉµ´  ¢ ² ¡µ· Éµ·´µ°

¸¨¸É¥³¥ µÉ¸Î¥É , η Å Ê£µ² ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨ ¨µ´  ¨ ËµÉµ´ . Œ¨´¨³ ²Ó-
´ Ö ¢¥²¨Î¨´  �ω − εt, ±µÉµ·ÊÕ ³µ¦´µ ·¥ ²¨§µ¢ ÉÓ ¤²Ö ¶ÊÎ±  ¨µ´µ¢, µ¶·¥-
¤¥²Ö¥É¸Ö ¢ µ¸´µ¢´µ³ · §¡·µ¸µ³ ¶µ ¢¥²¨Î¨´¥ (∆β) ¨ ´ ¶· ¢²¥´¨Õ (∆θi) ¨Ì
¸±µ·µ¸É¨ ¨ ¢Ò¡¨· ¥É¸Ö É ±µ°, ÎÉµ¡Ò ¸¥Î¥´¨¥ µ±µ²µ¶µ·µ£µ¢µ° ËµÉµµ¡¤¨·±¨
σ(ω) ∝ (�ω − εt)q (q = 3/2 ¨ 1/2 ¤²Ö Ô²¥±É·µ´µ¢ ¢ s- ¨ p-±¢ ´Éµ¢ÒÌ ¸µ¸ÉµÖ-
´¨ÖÌ ¸µµÉ¢¥É¸É¢¥´´µ) [50] ¡Ò²µ µ¤¨´ ±µ¢Ò³ ¤²Ö ¢¸¥Ì ¨µ´µ¢:

(�ω − εt)min � qγ�ωo
{∣∣ ∆β[β(1 − β cos η)γ2 − cos η]

∣∣ +β sin η ∣∣ ∆θi ∣∣}.
(1.2)

‘ ÊÎ¥Éµ³ ·¥§Ê²ÓÉ Éµ¢ · ¡µÉÒ [51] ¢Ò²¥É Ô²¥±É·µ´  ¢ ¸¨¸É¥³¥ ¶µ±µÖ ±¢ -
§¨Î ¸É¨ÍÒ ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ´¥ ¨§µÉ·µ¶¥´ ¨ § ¢¨¸¨É µÉ ¶µ²Ö·¨§ Í¨¨ ¶µ£²µ-
Ð¥´´µ£µ ËµÉµ´ , ¥£µ Ô´¥·£¨¨ ¨ ¨¸Ìµ¤´µ£µ ±¢ ´Éµ¢µ£µ ¸µ¸ÉµÖ´¨Ö Ô²¥±É·µ´ .
‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ´  ³¨Ï¥´¨, §µ´¤¨·ÊÕÐ¥° ¶ÊÎµ±, ·¥ ²Ó´Ò¥ ÉµÎ´µ¸É¨ ¸µµÉ¢¥É-
¸É¢¨Ö · ¸¶·¥¤¥²¥´¨° µÉ·¨Í É¥²Ó´ÒÌ ¨µ´µ¢ ¨ Ô²¥±É·µ´µ¢ ËµÉµµ¡¤¨·±¨ ¶µ µÉ-
´µ¸¨É¥²Ó´µ° Ô´¥·£¨¨ ¨ Ê£²Ê µ¶·¥¤¥²ÖÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨ (1.1), Ê³´µ¦¥´´Ò³¨
´  ±µÔËË¨Í¨¥´ÉÒ We ≤ 1 ¨ Wθ ≤ 1 ¸µµÉ¢¥É¸É¢¥´´µ, ¸ ÊÎ¥Éµ³ (1.2). �·¨
ÔÉµ³ ¢¥²¨Î¨´Ò We ¨ Wθ § ¢¨¸ÖÉ µÉ · ¸¶·¥¤¥²¥´¨° Ô²¥±É·µ´µ¢ ¶µ Ô´¥·£¨¨ ¨
¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê ¢ Ô²¥³¥´É ·´ÒÌ  ±É Ì ¸¢µ¥£µ ·µ¦¤¥´¨Ö (¸µ¡¸É¢¥´´ÒÌ
· ¸¶·¥¤¥²¥´¨°) ¢ ¶·¥¤¥² Ì ±¨´¥³ É¨Î¥¸±¨ µ¶·¥¤¥²Ö¥³ÒÌ £· ´¨Í.

2. �””…Š’› �‹Ÿ�ˆ‡�–ˆˆ Œˆ˜…�ˆ ��ˆ „�”’��Œ
�†„…�ˆˆ �‹…Š’��‚ ‘ ����Œ…’��Œˆ “ƒ‹‚‰

�‘ˆŒŒ…’�ˆˆ βo = 2, 0,−1

“£²µ¢ Ö ±µ³¶µ´¥´É  ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ ËµÉµ¨µ´¨§ -
Í¨¨ ¸ ¶µ£²µÐ¥´¨¥³ µ¤´µ£µ ËµÉµ´  ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ -
³¨±¥ ¨³¥¥É ¢¨¤ [52]:

dσ

dΩ
=

∑
L′,L′′,Λ

(−1)j+1/2+Λ+q [j
′, j′′,Λ]
4π

(
L′ L′′ Λ
−q q 0

)
×

×
(
j′ j′′ Λ
1/2 −1/2 0

) (
j′ L′ j
1/2 0 −1/2

)(
j′′ L′′ j
1/2 0 −1/2

)
×
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×
{
L′ L′′ Λ
j′′ j′ j

}
PΛ(cos θ)

∑
β′β′′

‖ < ρ k′ j′ β′ |al′L′(r)| n k j − β′ > ×

× < ρ k′′ j′′ β′′|al′′L′′(r)|n k j − β′′ >∗ ‖; (2.1)

£¤¥ [l1, l2, l3, . . .] ≡ [(2l1+1)(2l2+1)(2l3+1)·. . .]; Λ = L,L±1;
(
L1 L2 L3

j1 j2 j3

)
,{

A B C
a b c

}
Å 3j- ¨ 6j-¸¨³¢µ²Ò ¸µµÉ¢¥É¸É¢¥´´µ (¸³., ´ ¶·¨³¥·, [53]);

< pkm|alL′ |p′k′m′ > Å ³ É·¨Î´Ò° Ô²¥³¥´É ¶¥·¥Ìµ¤  ¢ Ô²¥±É·µ³ £´¨É´µ³
¶µ²¥; PΛ Å ¶µ²¨´µ³ ‹¥¦ ´¤· . „²Ö ´¥¶µ²Ö·¨§µ¢ ´´µ° ¨µ´¨§Ê¥³µ° Î ¸É¨ÍÒ
¢ Ô²¥±É·¨Î¥¸±µ³ ¤¨¶µ²Ó´µ³ ¶·¨¡²¨¦¥´¨¨ (¤²¨´  ¢µ²´Ò ËµÉµ´  ³´µ£µ ¡µ²ÓÏ¥
Ì · ±É¥·´ÒÌ · §³¥·µ¢ Î ¸É¨ÍÒ) µÉ¸ÊÉ¸É¢Ê¥É § ¢¨¸¨³µ¸ÉÓ µÉ Ê£²  ϕ, ¨ ¤²Ö ¨§-
²ÊÎ¥´¨Ö · §²¨Î´µ° ¸É¥¶¥´¨ ¶µ²Ö·¨§ Í¨¨ ¢Ò· ¦¥´¨¥ (2.1) ³µ¦¥É ¡ÒÉÓ ¸¢¥¤¥´µ
± ¡µ²¥¥ ¶·µ¸Éµ³Ê ¢¨¤Ê (¸³., ´ ¶·¨³¥·, [51,54,55]). ‚ Î ¸É´µ¸É¨, ¤²Ö ²¨´¥°´µ
¶µ²Ö·¨§µ¢ ´´ÒÌ ËµÉµ´µ¢ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥

dσ

dΩ |l
=
σnl(ω)
4π

[1 + β0 · P2(cos θke)] ; (2.2)

£¤¥ P2(x) = 0, 5(3x2 − 1); σnl(ω) Å ¶µ²´µ¥ ¸¥Î¥´¨¥ ËµÉµ¨µ´¨§ Í¨¨
nl-¶µ¤µ¡µ²µÎ±¨ ËµÉµ´µ³ ¸ Ô´¥·£¨¥° �ω; β0 Å ¶ · ³¥É· Ê£²µ¢µ°  ¸¨³³¥-
É·¨¨, § ¢¨¸ÖÐ¨° µÉ ´ Î ²Ó´µ£µ ¨ ±µ´¥Î´µ£µ ±¢ ´Éµ¢ÒÌ ¸µ¸ÉµÖ´¨° Ô²¥±É·µ´ 
¨ ³ É·¨Î´µ£µ Ô²¥³¥´É  ¶¥·¥Ìµ¤  ¶·¨ ËµÉµ¨µ´¨§ Í¨¨; θke Å Ê£µ² ³¥¦¤Ê ¢¥±-
Éµ·µ³ ¶µ²Ö·¨§ Í¨¨ ËµÉµ´µ¢ ¨ ´ ¶· ¢²¥´¨¥³ ¨³¶Ê²Ó¸  Ô²¥±É·µ´µ¢ ¢ ¸¨¸É¥³¥
Í¥´É·  ³ ¸¸. ˆ§ µÎ¥¢¨¤´µ£µ Ê¸²µ¢¨Ö dσ/dΩ > 0 ¸²¥¤Ê¥É, ÎÉµ −1 ≤ β0 ≤ 2.
�¥¶µ²Ö·¨§µ¢ ´´Ò¥ ËµÉµ´Ò Ô±¢¨¢ ²¥´É´Ò ²¨´¥°´µ° ±µ³¡¨´ Í¨¨ ¤¢ÊÌ ´¥±µ£¥-
·¥´É´ÒÌ ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ ¶µÉµ±µ¢ ¨§²ÊÎ¥´¨Ö. –¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ-
¢ ´´µ¥ (¨²¨ ¸ ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¥°) ¨§²ÊÎ¥´¨¥, ¢ ¸¢µÕ µÎ¥·¥¤Ó, ³µ¦¥É ¡ÒÉÓ
¶·¥¤¸É ¢²¥´µ ± ± ²¨´¥°´ Ö ±µ³¡¨´ Í¨Ö ¤¢ÊÌ ±µ£¥·¥´É´ÒÌ ²¨´¥°´µ ¶µ²Ö·¨§µ-
¢ ´´ÒÌ ¶µÉµ±µ¢ · ¢´µ° ¨´É¥´¸¨¢´µ¸É¨ ¸µ ¸¤¢¨´ÊÉµ° ´  π/2 Ë §µ°. „²Ö ÔÉ¨Ì
¤¢ÊÌ ¸²ÊÎ ¥¢ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¢Ò²¥É  Ô²¥±É·µ´  ¢ ¸¨¸É¥³¥ Í¥´É· 
³ ¸¸ ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´µ ¢ ¢¨¤¥

dσ

dΩ |n,k
=
σnl(ω)
4π

[
1− 1

2
β0 · P2(cos θk)

]
, (2.3)

£¤¥ θk Å Ê£µ² ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨ Ô²¥±É·µ´  ¨ ËµÉµ´ . — ¸É¨Î´µ ²¨´¥°´µ
¶µ²Ö·¨§µ¢ ´´µ¥ ¨§²ÊÎ¥´¨¥ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¤¢ÊÌ ´¥±µ£¥·¥´É´ÒÌ ²¨-
´¥°´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ ¶µÉµ±µ¢ ËµÉµ´µ¢ ¸ ±µ²¥¡²ÕÐ¨³¨¸Ö Ô²¥±É·¨Î¥¸±¨³¨
¢¥±Éµ· ³¨ µÉ´µ¸¨É¥²Ó´µ µ·Éµ£µ´ ²Ó´ÒÌ X- ¨ Y -µ¸¥° (¨³¶Ê²Ó¸ ËµÉµ´  ´ -
¶· ¢²¥´ ¶µ µ¸¨ Z). ’µ£¤ 

dσ

dΩ |plp
=
σnl(ω)
4π

{
1− 1

2
β0

[
P2(cos θz)−

3
2
Q(cos2 θx − cos2 θy)

]}
, (2.4)
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£¤¥ Q = (Ix − Iy)/(Ix + Iy) Å ¸É¥¶¥´Ó ¶µ²Ö·¨§ Í¨¨ ¨§²ÊÎ¥´¨Ö; Ix ¨ Iy Å
¶µÉµ±¨ ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ ËµÉµ´µ¢ ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ ´ ¶· ¢²¥´¨¥³
Ô²¥±É·¨Î¥¸±µ£µ ¢¥±Éµ· ; θx, θy ¨ θz Å Ê£²Ò ´ ¶· ¢²¥´¨Ö ¨³¶Ê²Ó¸  Ô²¥±É·µ´ 
µÉ´µ¸¨É¥²Ó´µ ±µµ·¤¨´ É´ÒÌ µ¸¥°. ‚ ¸¢Ö§¨ ¸ É¥³, ÎÉµ Ô²²¨¶É¨Î¥¸±¨ ¶µ²Ö·¨-
§µ¢ ´´Ò° ¸¢¥É µÉ²¨Î ¥É¸Ö µÉ Î ¸É¨Î´µ ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ ¨§²ÊÎ¥´¨Ö
É¥³, ÎÉµ µ´ ¶·µÖ¢²Ö¥É ±µ£¥·¥´É´µ¸ÉÓ ³¥¦¤Ê X- ¨ Y -±µ³¶µ´¥´É ³¨ Ô²¥±É·¨-
Î¥¸±µ£µ ¢¥±Éµ· , ¤²Ö ´¥£µ ¸¶· ¢¥¤²¨¢µ  ´ ²µ£¨Î´µ¥ (2.4) ¢Ò· ¦¥´¨¥, ¸ É¥³
µÉ²¨Î¨¥³, ÎÉµ Ix ¨ Iy ¥¸ÉÓ ¨´É¥´¸¨¢´µ¸É¨ ¶µÉµ±µ¢ ËµÉµ´µ¢ ¸ ¶µ²Ö·¨§ Í¨Ö³¨
¢¤µ²Ó £² ¢´ÒÌ µ¸¥° Ô²²¨¶¸ .

‚ ·¥²ÖÉ¨¢¨¸É¸±µ° ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¥ ¶ · ³¥É· β0 µ¶·¥¤¥²Ö¥É¸Ö
¢Ò· ¦¥´¨¥³ [52]:

β0 =

{
(2j − 3)(2j − 1)

48j2
R2
j−1 −

(2j − 1)(2j + 3)
48j2(j + 1)2

R2
j+

+
(2j + 3)(2j + 5)

48(j + 1)2
R2
j+1 +

(2j − 1)
8j2(j + 1)

|RjR
∗
j−1|+

+
(2j + 3)
8j(j + 1)2

|RjR
∗
j+1|+

(2j − 1)(2j + 3)
8j(j + 1)

|Rj−1R
∗
j+1|

}
×

×
{
(2j − 1)
12j

R2
j−1 +

1
12j(j + 1)

R2
j +

(2j + 3)
12(j + 1)

R2
j+1

}−1

, (2.5)

£¤¥ Rj′ =
∑

β{β(k − k′) − 1} < pk′j′β|nkj − β > exp(iηj′) Å · ¤¨ ²Ó´Ò¥
³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¢µ²´µ¢ÒÌ ËÊ´±Í¨° Ô²¥±É·µ´ , ηj Å
Ë §µ¢Ò° ¸¤¢¨£ j-° ¶ ·Í¨ ²Ó´µ° ¢µ²´Ò ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É· . ‚ ´¥·¥²ÖÉ¨-
¢¨¸É¸±µ³ ¶·¥¤¥²¥ µ´µ ¸¢µ¤¨É¸Ö ± ¨§¢¥¸É´µ³Ê ¢Ò· ¦¥´¨Õ [51]:

β0|nr =
l(l − 1)R2

l−1 + (l + 1)(l + 2)R2
l+1 − 6l(l+ 1)|Rl−1R

∗
l+1|

(2l+ 1){lR2
l−1 + (l + 1)R2

l+1}
, (2.6)

£¤¥ Rl±1 Å · ¤¨ ²Ó´ Ö ±µ³¶µ´¥´É  ¤¨¶µ²Ó´µ£µ ³ É·¨Î´µ£µ Ô²¥³¥´É  l ± 1
± ´ ² , l Å µ·¡¨É ²Ó´µ¥ ±¢ ´Éµ¢µ¥ Î¨¸²µ ¨´¦¥±É¨·Ê¥³µ£µ Ô²¥±É·µ´  ¤µ Ëµ-
Éµ¨µ´¨§ Í¨¨. �¢Éµ·Ò · ¡µÉÒ [52] ¶µ± § ²¨, ÎÉµ ¢¥²¨Î¨´  β0 ¡Ê¤¥É µÉ²¨Î ÉÓ¸Ö
µÉ ¢¥²¨Î¨´Ò, ¶·¥¤¸± §Ò¢ ¥³µ° ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì ¢µ²´µ¢ÒÌ
ËÊ´±Í¨° (β0|nr), Éµ²Ó±µ ±µ£¤  ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¨ µÉ´µ¸¨É¥²Ó´Ò¥ ¸¤¢¨£¨
Ë § ¨§³¥´ÖÕÉ¸Ö ¶·¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì · ¸Î¥É Ì. ‚ ´ ¨¡µ²ÓÏ¥° ¸É¥¶¥´¨ ÔÉµÉ
ÔËË¥±É ¶·µÖ¢²ÖeÉ¸Ö ¶·¨ ËµÉµ¨µ´¨§ Í¨¨ s-±¢ ´Éµ¢ÒÌ ¸µ¸ÉµÖ´¨° (j = 1/2
¢ ¢Ò· ¦¥´¨¨ (2.5)) ¨ ¶·¨¢µ¤¨É ± ¸¨²Ó´µ³Ê ¨§³¥´¥´¨Õ β0 ¢ µ¶·¥¤¥²¥´´µ³
¤¨ ¶ §µ´¥ Ô´¥·£¨° ËµÉµ´µ¢ (µ¡² ¸ÉÓ ®cooper¯-³¨´¨³Ê³ ). ‘µµÉ¢¥É¸É¢ÊÕÐ¥¥
¢Ò· ¦¥´¨¥ ¤²Ö ¶ · ³¥É·  Ê£²µ¢µ°  ¸¨³³¥É·¨¨ ¨³¥¥É ¢¨¤

β0|s =
2R2

p̂ + 4|Rp̂R
∗
p̄|

R2
p̄ + 2R2

p̂

=
2R2

p̂ + 4Rp̂Rp̄ cos(ηp̂ − ηp̄)
R2
p̄ + 2R2

p̂

, (2.7)
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£¤¥ ¨¸¶µ²Ó§µ¢ ´Ò µ¡µ§´ Î¥´¨Ö p̄ ¤²Ö p1/2- ¨ p̂ ¤²Ö p3/2-¸µ¸ÉµÖ´¨° Ô²¥±É·µ´  ¢
´¥¶·¥·Ò¢´µ³ ¸¶¥±É·¥. �·¨ · ¢´ÒÌ · ¤¨ ²Ó´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´É Ì ¨ ¨¤¥´-
É¨Î´ÒÌ Ë §µ¢ÒÌ ¸¤¢¨£ Ì ¤²Ö ¤¢ÊÌ µ·¡¨É ²¥° ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É·  ¶µ²ÊÎ ¥³
´¥ § ¢¨¸ÖÐÊÕ µÉ Ô´¥·£¨¨ ËµÉµ´  ´¥·¥²ÖÉ¨¢¨¸É¸±ÊÕ ¢¥²¨Î¨´Ê β0|nr,s = 2.
„ ´´Ò¥ Ê¸²µ¢¨Ö ³µ£ÊÉ ¡ÒÉÓ ¢Ò¶µ²´¥´Ò, ´ ¶·¨³¥·, ¶·¨ µ¤´µËµÉµ´´µ° µ¡-
¤¨·±¥ s-±¢ ´Éµ¢ÒÌ ¸µ¸ÉµÖ´¨° µÉ·¨Í É¥²Ó´ÒÌ ¨µ´µ¢ ´¥±µÉµ·ÒÌ Ð¥²µÎ´ÒÌ
³¥É ²²µ¢ (Li−, Na−, K−), µ¸É ¢²ÖÕÐ¥°  Éµ³´Ò° µ¸Éµ¢ ¢ µ¸´µ¢´µ³ ¸µ¸Éµ-
Ö´¨¨ [51,56]. �·¨ µ±µ²µ¶µ·µ£µ¢µ° ËµÉµµ¡¤¨·±¥ É¥Ì ¦¥ ¨µ´µ¢ ¸ ¶¥·¥¢µ¤µ³
 Éµ³´µ£µ µ¸Éµ¢  ¢ ¶¥·¢µ¥ ¢µ§¡Ê¦¤¥´´µ¥ ¸µ¸ÉµÖ´¨¥ ¶ · ³¥É· Ê£²µ¢µ°  ¸¨³³¥-
É·¨¨ β0 ≈ 0 [57], ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ¨§µÉ·µ¶´µ³Ê ¢Ò²¥ÉÊ Ô²¥±É·µ´  ¢ ¸¨¸É¥³¥
Í¥´É·  ³ ¸¸ (¸³. (2.2) ¨ (2.3)). �´ ²µ£¨Î´Ò¥ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ ¶·¥¤-
¸± §Ò¢ ÕÉ¸Ö É ±¦¥ ¶·¨ µ±µ²µ¶µ·µ£µ¢µ° ËµÉµµ¡¤¨·±¥ np-¶µ¤µ¡µ²µÎ¥± ¨µ´µ¢
C−, Si− ¨ Ge− [58], ³¥É ¸É ¡¨²Ó´µ£µ He−(4P0) [59], ¨µ´  O− [60] ¨ ¤·.
� ¨³¥´ÓÏ¥¥ §´ Î¥´¨¥ ¶ · ³¥É·  β0 = −1 Ì · ±É¥·¨§Ê¥É, ¢ Î ¸É´µ¸É¨, ËµÉµ-
µ¡¤¨·±Ê ¢ µ¡² ¸É¨ Ëµ·³-·¥§µ´ ´¸µ¢ µÉ·¨Í É¥²Ó´ÒÌ ¨µ´µ¢ C−(2s), Si−(3s) ¨
Ge−(4s) [58],   É ±¦¥ ËµÉµµ¡¤¨·±Ê ³¥É ¸É ¡¨²Ó´µ£µ He−(4P0) ¶·¨ ´¥±µÉµ-
·µ° µÉ¸É·µ°±¥ µÉ ¶µ·µ£ , ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ¶¥·¥Ìµ¤Ê ´¥°É· ²Ó´µ£µ µ¸Éµ¢  ¢
He(3S)-¸µ¸ÉµÖ´¨¥ [59].

‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ §´ Î¥´¨Õ β0 = 2 ¸µ¡¸É¢¥´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ-
´µ¢ ¢ ¶·µ¸É· ´¸É¢¥ ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢ (Px, Py, Pz) ¨ ±¨´¥É¨Î¥¸±µ° Ô´¥·-
£¨¨ (Ee) ¢ ² ¡µ· Éµ·´µ° ¸¨¸É¥³¥ µÉ¸Î¥É , ¤²Ö · §²¨Î´µ° µ·¨¥´É Í¨¨ ¶²µ¸±µ-
¸É¨ ¶µ²Ö·¨§ Í¨¨ ¨ ¨³¶Ê²Ó¸  ËµÉµ´µ¢, ¤¥É ²Ó´µ · ¸¸³µÉ·¥´Ò ¢ · ¡µÉ Ì [61,62]
´  ¶·¨³¥·¥ ¨µ´µ¢ H− (εt= 0,754 Ô‚). ‚ µ¸´µ¢Ê Î¨¸²¥´´µ£µ ³µ¤¥²¨·µ¢ ´¨Ö
· ¸¶·¥¤¥²¥´¨° ¶µ²µ¦¥´µ ¢Ò· ¦¥´¨¥ (2.2) ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö
¢Ò²¥É  Ô²¥±É·µ´  ¢ ¸¨¸É¥³¥ ¶µ±µÖ ¨µ´  ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ·¥²ÖÉ¨¢¨¸É¸±¨¥
¶·¥µ¡· §µ¢ ´¨Ö ¶·¨ ¶¥·¥Ìµ¤¥ ¢ ² ¡µ· Éµ·´ÊÕ ¸¨¸É¥³Ê µÉ¸Î¥É :

Px = P0(cos θke sinα− sin θke cosϕ cosα);

Py = P0[sin θke sinϕ sin η − (sin θke cosϕ sinα+ cos θke cosα) cos η];

Pz = meγβC+γP0[(sin θke cosϕ sinα+cos θke cosα) sin η−sin θke sinϕ cos η];

Ee = me(γ − 1)C2 + γβCP0[(sin θke cosϕ sinα+

+cos θke cosα) sin η − sin θke sinϕ cos η], (2.8)

£¤¥ Pz Å ±µ³¶µ´¥´É  ¨³¶Ê²Ó¸  Ô²¥±É·µ´  ¢ ´ ¶· ¢²¥´¨¨ ¤¢¨¦¥´¨Ö ¨µ´ ; Px
´ ¶· ¢²¥´  ¶¥·¶¥´¤¨±Ê²Ö·´µ,   Py ²¥¦¨É ¢ ¶²µ¸±µ¸É¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ËµÉµ´ 
¨ ¨µ´ ; P0 =

√
2µe0(�ω − εt), µe0 ≈ me Å ¶·¨¢¥¤¥´´ Ö ³ ¸¸  Ô²¥±É·µ´  ¨

 Éµ³´µ£µ µ¸Éµ¢ , ϕ Å  §¨³ÊÉ ²Ó´Ò° Ê£µ² ¢Ò²¥É  Ô²¥±É·µ´  µÉ´µ¸¨É¥²Ó´µ
¢¥±Éµ·  ¶µ²Ö·¨§ Í¨¨ ËµÉµ´  (0 ≤ ϕ ≤ 2π); α Å Ê£µ² ³¥¦¤Ê ¶²µ¸±µ¸ÉÓÕ
¶µ²Ö·¨§ Í¨¨ ËµÉµ´  ¨ ¶²µ¸±µ¸ÉÓÕ ¥£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¨µ´µ³. �µ Ê£²Ê ϕ,
  É ±¦¥ ¶µ Ê£²Ê α ¤²Ö ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ ËµÉµ´µ¢ ¶µ² £ ²¨¸Ó ¸²ÊÎ °´Ò¥
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¨¸. 1. ’·¥Ì³¥·´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ´µ·³¨·µ¢ ´´µ£µ ¸µ¡¸É¢¥´´µ£µ f (1)(Px, Py)-· ¸-
¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ ¨ ¥£µ Éµ¶µ£· ³³  ¶·¨ µ¤´µËµÉµ´´µ° µ¡¤¨·±¥ ¨µ´µ¢ H− ¸
α = 0, η = π/2. †¨·´µ° ±·¨¢µ° ´  Éµ¶µ£· ³³¥ ¢Ò¤¥²¥´ Ê·µ¢¥´Ó 0,5 µÉ  ³¶²¨ÉÊ¤Ò
· ¸¶·¥¤¥²¥´¨Ö

· ¢´µ³¥·´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¢ ¶·¥¤¥² Ì [0, 2π] ¨ [0, π] ¸µµÉ¢¥É¸É¢¥´´µ. Šµ-
²¨Î¥¸É¢µ ÖÎ¥¥± ¤¨¸±·¥É´ÒÌ · §¡¨¥´¨° ¸µ¸É ¢²Ö²µ 20 × 20 ¤²Ö ¶·µ¸É· ´¸É¢ 
¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢ ¨ 20 ¶µ Ô´¥·£¨¨. �·¨ ÔÉµ³ µ¡Ð¥¥ ±µ²¨Î¥¸É¢µ ¶·µ-
 ´ ²¨§¨·µ¢ ´´ÒÌ Ô²¥±É·µ´µ¢ (µ¡ÒÎ´µ ∼ 5 · 105) ¢Ò¡¨· ²µ¸Ó É ±¨³, ÎÉµ¡Ò
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¨¸. 2. ’µ ¦¥, ÎÉµ ´  ·¨¸. 1, ¤²Ö α = 0, η = π/4

¸É É¨¸É¨Î¥¸±¨° · §¡·µ¸ Î¨¸²  ¸µ¡ÒÉ¨° ¢ ± ¦¤µ° ÖÎ¥°±¥ Ê·µ¢´Ö 0,1 µÉ ³ ±¸¨-
³Ê³  · ¸¶·¥¤¥²¥´¨Ö ´¥ ¶·¥¢ÒÏ ² 5Ä10%. �¥±µÉµ·Ò¥ ¨§ ¶µ²ÊÎ¥´´ÒÌ É ±¨³
µ¡· §µ³ ¢ · ¡µÉ Ì [61,62] É·¥Ì³¥·´Òx ¶·¥¤¸É ¢²¥´¨° ´µ·³¨·µ¢ ´´ÒÌ ¶µ  ³-
¶²¨ÉÊ¤¥ ¸µ¡¸É¢¥´´ÒÌ f (1)(Px, Py)-· ¸¶·¥¤¥²¥´¨° ¨ ¨Ì Éµ¶µ£· ³³,   É ±¦¥
f(XS)-· ¸¶·¥¤¥²¥´¨Ö, £¤¥ XS = [Ee − me(γ − 1)C2]/(0, 1γβP0C), ¶·¨¢¥-
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¨¸. 3. ’µ ¦¥, ÎÉµ ´  ·¨¸. 1, ¤²Ö α = π/4 (3π/4), η = π/2

¤¥´Ò ´  ·¨¸. 1Ä7. �·¥¤¸É ¢²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ± §Ò¢ ÕÉ, ÎÉµ ¸µ¡¸É¢¥´´Ò¥
· ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ ¶·¨ µ¤´µËµÉµ´´µ° µ¡¤¨·±¥ ¨µ´µ¢ H− ¸ÊÐ¥¸É¢¥´-
´Ò³ µ¡· §µ³ § ¢¨¸ÖÉ µÉ ¶µ²Ö·¨§ Í¨¨ ËµÉµ´µ¢ ¨ Ê£²  ¶¥·¥¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°-
¸É¢ÊÕÐ¨Ì ¶ÊÎ±µ¢. „²Ö f(XS)-· ¸¶·¥¤¥²¥´¨° Ì · ±É¥·´  ¸¨³³¥É·¨Ö µÉ´µ¸¨-
É¥²Ó´µ ¸·¥¤´¥£µ §´ Î¥´¨Ö Ô´¥·£¨¨ Ô²¥±É·µ´  Ēe = me(γ − 1)C2 ¸ £· ´¨Í ³¨
me(γ − 1)C2 ± γβP0C (¸³. ·¨¸. 7). �·¨ ÔÉµ³ ´ ¨¡µ²¥¥ Ê§±¨¥ · ¸¶·¥¤¥²¥´¨Ö
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¨¸. 4. ’µ ¦¥, ÎÉµ ´  ·¨¸. 1, ¤²Ö α = π/4, η = π/4

¶µ Ô´¥·£¨¨ ¶µ²ÊÎ ÕÉ¸Ö ´¥§ ¢¨¸¨³µ µÉ η ¤²Ö α = π/2. „²Ö f (1)(Px, Py)-
· ¸¶·¥¤¥²¥´¨°, §  ¨¸±²ÕÎ¥´¨¥³ α = 0 ¨ η = π/2, Ì · ±É¥·´µ µÉ¸ÊÉ¸É¢¨¥  ±-
¸¨ ²Ó´µ° ¸¨³³¥É·¨¨ µÉ´µ¸¨É¥²Ó´µ ´ ¶· ¢²¥´¨Ö ¨³¶Ê²Ó¸  ¨µ´ . �±¸¨ ²Ó´µ-
¸¨³³¥É·¨Î´Ò° ¸²ÊÎ ° (¸³. ·¨¸. 1) ¸µµÉ¢¥É¸É¢Ê¥É ´ ¨¡µ²¥¥ Ê§±µ³Ê Ê£²µ¢µ³Ê
· ¸¶·¥¤¥²¥´¨Õ Ô²¥±É·µ´µ¢ ¢ ² ¡µ· Éµ·´µ° ¸¨¸É¥³¥ µÉ¸Î¥É . ‚ ¸¢Ö§¨ ¸ É¥³, ÎÉµ
¶·¨ ËµÉµµ¡¤¨·±¥ ¶·µ¨¸Ìµ¤¨É ¤¢ÊÌÎ ¸É¨Î´Ò° · §¢ ² ¨µ´  H−, f (1)(Px, Py)-
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¨¸. 5. ’µ ¦¥, ÎÉµ ´  ·¨¸. 1, ¤²Ö η = π/4, ´¥¶µ²Ö·¨§µ¢ ´´µ¥ ¨§²ÊÎ¥´¨¥

· ¸¶·¥¤¥²¥´¨Ö ¶·µ¤Ê±Éµ¢ · §¢ ²  (Ô²¥±É·µ´,  Éµ³ ¢µ¤µ·µ¤ ) ¨³¥ÕÉ µ¤¨´ ±µ-
¢Ò° ¢¨¤. �·¥¤¸± § ´´Ò¥ ¶µ²Ö·¨§ Í¨µ´´Ò¥ ÔËË¥±ÉÒ ¤²Ö η = π/2 ¨ α = 0, π/2
¶µ²ÊÎ¨²¨ ± Î¥¸É¢¥´´µ¥ ¶µ¤É¢¥·¦¤¥´¨¥ ¶·¨ ·¥£¨¸É· Í¨¨ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥-
´¨°  Éµ³µ¢ ¢µ¤µ·µ¤  ¢ Ô±¸¶¥·¨³¥´É¥ ¶µ ËµÉµo¡¤¨·±¥ ²¥´ÉµÎ´µ£µ ¶ÊÎ±  ¨µ´µ¢
H− [63].
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¨¸. 6. ’µ ¦¥, ÎÉµ ´  ·¨¸. 1, ¤²Ö α = π/2 ¨ ¶·µ¨§¢µ²Ó´µ£µ η

Œµ¤¥²¨·µ¢ ´¨¥ ËµÉµ¨µ´¨§ Í¨¨ ¸ β0 = 0 ¶·¨¢µ¤¨É ± ¶·¥¤¸É ¢²¥´´Ò³ ´ 
·¨¸. 8, 9 f (1)(Px, Py)- ¨ f(XS)-· ¸¶·¥¤¥²¥´¨Ö³. �µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ Ìµ-
·µÏµ ¸µ£² ¸ÊÕÉ¸Ö ¸  ´ ²¨É¨Î¥¸±¨³ · ¸¸³µÉ·¥´¨¥³ ±¨´¥³ É¨±¨ ¸¶µ´É ´´µ£µ
· ¸¶ ¤  Î ¸É¨ÍÒ ´  ¤¢¥ ¸µ¸É ¢²ÖÕÐ¨¥ Î ¸É¨ (¸³., ´ ¶·¨³¥·, [64]).

—¨¸²¥´´µ¥ ¨§ÊÎ¥´¨¥ ¸µ¡¸É¢¥´´ÒÌ · ¸¶·¥¤¥²¥´¨° Ô²¥±É·µ´µ¢, ·µ¦¤ Õ-
Ð¨Ì¸Ö ¢ ·¥§Ê²ÓÉ É¥ µ¤´µËµÉµ´´µ° µ¡¤¨·±¨ ¨µ´µ¢ ¸ ¶ · ³¥É·µ³ Ê£²µ¢µ°  ¸¨³-
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¨¸. 7. �µ·³¨·µ¢ ´´µ¥ ¸µ¡¸É¢¥´´µ¥ · ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·µ´µ¢ ¶µ Ô´¥·£¨¨ ¶·¨ µ¤-
´µËµÉµ´´µ° µ¡¤¨·±¥ ¨µ´µ¢ H− ¸ η = π/4, 3π/4 ( ) ¨ η = π/2 (¡) ¤²Ö · §²¨Î´µ°
¶µ²Ö·¨§ Í¨¨ ¨§²ÊÎ¥´¨Ö: α = π/4 (•), α = 0 (+), ´¥¶µ²Ö·¨§µ¢ ´´Ò¥ ËµÉµ´Ò (�),
α = π/2, ¶·µ¨§¢µ²Ó´µ¥ η (∗), α = π/4, η = 3π/4 (�)

³¥É·¨¨ β0 = −1, ¶·µ¢¥¤¥´µ ¢ · ¡µÉ¥ [65]. „²Ö ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ
¨§²ÊÎ¥´¨Ö ¢ ÔÉµ³ ¸²ÊÎ ¥ dσ/dΩ|l ∝ sin2 θke. �¥±µÉµ·Ò¥ ¨§ ¶µ²ÊÎ¥´´ÒÌ ·¥-
§Ê²ÓÉ Éµ¢ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 10Ä12. �´¨ Ê± §Ò¢ ÕÉ ´  ¸² ¡ÊÕ § ¢¨¸¨³µ¸ÉÓ
f (1)(Px, Py)-· ¸¶·¥¤¥²¥´¨° µÉ §´ Î¥´¨° Ê£²µ¢ α ¨ η,   ¶µ¤¡µ·µ³ ÔÉ¨Ì ¶ · ³¥-
É·µ¢ ´¥ Ê¤ ¥É¸Ö ¶µ²ÊÎ¨ÉÓ · ¸¶·¥¤¥²¥´¨Ö ¸ Ö·±µ ¢Ò· ¦¥´´Ò³¨ ³ ±¸¨³Ê³ ³¨
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¨¸. 8. ’·¥Ì³¥·´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ´µ·³¨·µ¢ ´´µ£µ ¸µ¡¸É¢¥´´µ£µ f (1)(Px, Py)-· ¸-
¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ ¨ ¥£µ Éµ¶µ£· ³³  ¶·¨ µ¤´µËµÉµ´´µ° µ¡¤¨·±¥ ¨µ´µ¢ ¸ β0 = 0.
†¨·´µ° ±·¨¢µ° ´  Éµ¶µ£· ³³¥ ¢Ò¤¥²¥´ Ê·µ¢¥´Ó 0,5 µÉ  ³¶²¨ÉÊ¤Ò · ¸¶·¥¤¥²¥´¨Ö

¨ ³ ²Ò³¨ Ï¨·¨´ ³¨ ¨Ì ¶·µ¥±Í¨° ´  Px/P0 - ¨²¨ Py/P0 -±µµ·¤¨´ ÉÒ. �´ -
²µ£¨Î´Ò° ¢Ò¢µ¤ ³µ¦¥É ¡ÒÉÓ ¸¤¥² ´ ¨ ¤²Ö f(XS)-· ¸¶·¥¤¥²¥´¨°.

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ (2.6) ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¢Ò²¥É  Ô²¥±É·µ´  ¶·¨
§´ Î¥´¨ÖÌ l ≥ 1 µ¶·¥¤¥²Ö¥É¸Ö (l±1)-¢µ²´ ³¨ ¸ Ë § ³¨ ηl±1. ‚¥²¨Î¨´  ¢±² ¤ 
¶¥·¥Ìµ¤µ¢ l → l ± 1 · §²¨Î´  ¨ ¢µ ³´µ£¨Ì ¸²ÊÎ ÖÌ (l → l + 1)-¶ ·Í¨ ²Ó´µ¥
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¨¸. 9. �µ·³¨·µ¢ ´´µ¥ ¸µ¡¸É¢¥´´µ¥ · ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·µ´µ¢ ¶µ Ô´¥·£¨¨ ¶·¨ µ¤´µ-
ËµÉµ´´µ° µ¡¤¨·±¥ ¨µ´µ¢ ¸ β0 = 0

¸¥Î¥´¨¥ Ö¢²Ö¥É¸Ö µ¸´µ¢´Ò³. �·¨ ÔÉµ³ (¸³., ´ ¶·¨³¥·, [54]) §´ Î¥´¨¥ β0|nr
¡²¨§±µ ± ¢¥²¨Î¨´¥ (l+2)/(2l+1). „µ³¨´¨·µ¢ ´¨¥ ¢±² ¤  (l → l−1)-¶¥·¥Ìµ¤ 
¶·¨¢µ¤¨É ± §´ Î¥´¨Õ β0|nr(ω) ≈ (l−1)/(2l+1). ‚ ¶·µ³¥¦ÊÉµÎ´ÒÌ ¸¨ÉÊ Í¨ÖÌ,
± ± µÉ³¥Î ¥É¸Ö ¢ · ¡µÉ¥ [54], ´ ²¨Î¨¥ ¶¥·¥±·¥¸É´µ£µ Î²¥´  ¢ (2.6) ¨ ¢µ§³µ¦-
´µ¸ÉÓ ¨§³¥´¥´¨Ö · §´µ¸É¨ Ë § ηl+1 − ηl−1 ¢ Ï¨·µ±¨Ì ¶·¥¤¥² Ì µ¶·¥¤¥²ÖÕÉ
¨´É¥·Ë¥·¥´Í¨µ´´ÊÕ ± ·É¨´Ê ¶µ ω ¢ ¤¨ËË¥·¥´Í¨ ²Ó´µ³ ¸¥Î¥´¨¨ dσ/dΩ ¶·¨
·¥£¨¸É· Í¨¨ ËµÉµÔ²¥±É·µ´  ¶µ¤ µ¶·¥¤¥²¥´´Ò³ Ê£²µ³ θke (θk). ‚ ÔÉµ³ ¸²ÊÎ ¥,
± ± ¢¨¤´µ ¨§ ¶·¨¢¥¤¥´´ÒÌ ´  ·¨¸. 1Ä12 ·¥§Ê²ÓÉ Éµ¢, § ³¥É´Ò¥ µ¸Í¨²²ÖÍ¨¨ ¢
ËÊ´±Í¨µ´ ²Ó´µ° § ¢¨¸¨³µ¸É¨ β0(ω) ¶·¨¢¥¤ÊÉ ± ¶¥·¨µ¤¨Î¥¸±µ³Ê ¨§³¥´¥´¨Õ
´µ·³¨·µ¢ ´´ÒÌ ¸µ¡¸É¢¥´´ÒÌ f (1)(Px, Py)- ¨ f(XS)-· ¸¶·¥¤¥²¥´¨° Ô²¥±É·µ-
´µ¢ ¶·¨ ¨§³¥´¥´¨¨ Ô´¥·£¨¨ ËµÉµ´µ¢.

�·µ¢¥¤¥´´Ò° ¢ÒÏ¥  ´ ²¨§ ¨ ¶·¥¤¸É ¢²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ± §Ò¢ ÕÉ, ÎÉµ
¢ Ô²¥±É·¨Î¥¸±µ³ ¤¨¶µ²Ó´µ³ ¶·¨¡²¨¦¥´¨¨ ¸É¥¶¥´Ó ¢²¨Ö´¨Ö ¶·µ¸É· ´¸É¢¥´´µ°
µ·¨¥´É Í¨¨ ¨³¶Ê²Ó¸  ¨ ¶µ²Ö·¨§ Í¨¨ ¨§²ÊÎ¥´¨Ö ³¨Ï¥´¨ ´  µ¤´µËµÉµ´´ÊÕ µ¡-
¤¨·±Ê ¨µ´µ¢ ¢ ² ¡µ· Éµ·´µ° ¸¨¸É¥³¥ µÉ¸Î¥É  ¸ÊÐ¥¸É¢¥´´Ò³ µ¡· §µ³ § ¢¨¸¨É
µÉ ¢¥²¨Î¨´Ò ¶ · ³¥É·  Ê£²µ¢µ°  ¸¨³³¥É·¨¨ β0. �·¨Î¥³, ¢ § ¢¨¸¨³µ¸É¨ µÉ
Ô´¥·£¨¨ ËµÉµ´µ¢ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸, ± ¢§ ¨³µ¤¥°¸É¢¨Õ ¶µ¤±²ÕÎ ÕÉ¸Ö
· §²¨Î´Ò¥ ±¢ ´Éµ¢Ò¥ ¸µ¸ÉµÖ´¨Ö Î ¸É¨ÍÒ, ¨ ¶ · ³¥É· β0 ³µ¦¥É ³¥´ÖÉÓ¸Ö ¢
Ï¨·µ±¨Ì ¶·¥¤¥² Ì. ’ ±¨³ µ¡· §µ³, ¢ · ¸¸³ É·¨¢ ¥³µ³ ³¥Éµ¤¥ ¤¨ £´µ¸É¨±¨,
µ¸´µ¢ ´´µ³ ´  µ±µ²µ¶µ·µ£µ¢µ° µ¤´µËµÉµ´´µ° µ¡¤¨·±¥ µÉ·¨Í É¥²Ó´ÒÌ ¨µ-
´µ¢, ¶·¥¤¥²Ó´ Ö ÉµÎ´µ¸ÉÓ ¢µ¸¶·µ¨§¢¥¤¥´¨Ö ¨´Ëµ·³ Í¨¨ µ ¶ÊÎ±¥ Ô²¥±É·µ´ ³¨
¸ÊÐ¥¸É¢¥´´Ò³ µ¡· §µ³ § ¢¨¸¨É µÉ Ì · ±É¥·¨¸É¨± ¸² ¡µ¸¢Ö§ ´´µ£µ ±¢ ´Éµ¢µ£µ
¸µ¸ÉµÖ´¨Ö ¨ ¸É·Ê±ÉÊ·Ò ¨µ´ , ±µÉµ·Ò¥ ¶·µÖ¢²ÖÕÉ¸Ö Î¥·¥§ ¢¥²¨Î¨´Ê ¶ · ³¥É· 



”�’��‹…Š’���›‰ Œ…’�„ 1259

¨¸. 10. ’·¥Ì³¥·´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ´µ·³¨·µ¢ ´´µ£µ ¸µ¡¸É¢¥´´µ£µ f (1)(Px, Py)-· ¸-
¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ ¨ ¥£µ Éµ¶µ£· ³³  ¶·¨ µ¤´µËµÉµ´´µ° µ¡¤¨·±¥ ¨µ´µ¢ ¸ β0 =
−1 ¨ α = π/4, η = π/4. †¨·´µ° ±·¨¢µ° ´  Éµ¶µ£· ³³¥ ¢Ò¤¥²¥´ Ê·µ¢¥´Ó 0,5 µÉ
 ³¶²¨ÉÊ¤Ò · ¸¶·¥¤¥²¥´¨Ö
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¨¸. 11. ’µ ¦¥, ÎÉµ ´  ·¨¸. 10, ¤²Ö α = π/2, ¶·µ¨§¢µ²Ó´µ¥ η
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¨¸. 12. �µ·³¨·µ¢ ´´µ¥ ¸µ¡¸É¢¥´´µ¥ · ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·µ´µ¢ ¶µ Ô´¥·£¨¨ ¶·¨ µ¤-
´µËµÉµ´´µ° µ¡¤¨·±¥ ¨µ´µ¢ ¸ β0 = −1 ¤²Ö η = π/4, 3π/4 (a) ¨ η = π/2 (¡) ¶·¨
· §²¨Î´µ° ¶µ²Ö·¨§ Í¨¨ ¨§²ÊÎ¥´¨Ö: α = π/4 (•), α = 0 (+), ´¥¶µ²Ö·¨§µ¢ ´´Ò¥
ËµÉµ´Ò (�), α = π/2 (∗), α = π/4 η = 3π/4 (�)

Ê£²µ¢µ°  ¸¨³³¥É·¨¨ β0 (−1 ≤ β0 ≤ 2). �·¨ ÔÉµ³ ³ ±¸¨³ ²Ó´ Ö ÎÊ¢¸É¢¨-
É¥²Ó´µ¸ÉÓ ÔÉµ° ÉµÎ´µ¸É¨ ± ¶µ²Ö·¨§ Í¨¨ ËµÉµ´µ¢ ¨ Ê£²Ê ¨Ì ¶¥·¥¸¥Î¥´¨Ö ¸
¶ÊÎ±µ³ ¨µ´µ¢ ¢ ¶·¥¤¥² Ì ±¨´¥³ É¨Î¥¸±¨ µ¶·¥¤¥²Ö¥³ÒÌ £· ´¨Í, ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¨ÌWe =Wθ = 1, ¶·µÖ¢²Ö¥É¸Ö ¤²Ö Ô²¥±É·µ´µ¢, ·µ¦¤ ÕÐ¨Ì¸Ö ¸ ¶ · ³¥É· ³¨
Ê£²µ¢µ°  ¸¨³³¥É·¨¨ β0 = 2 (´ ¶·¨³¥·, µ¤´µËµÉµ´´ Ö µ¡¤¨·±  µÉ·¨Í É¥²Ó´ÒÌ
¨µ´µ¢ H−, Ag−, Cu−, Au−). ‚ ÔÉµ³ ¸²ÊÎ ¥ ¶µ¤¡µ·µ³ ´ ¶· ¢²¥´¨Ö ¶²µ¸±µ¸É¨
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¶µ²Ö·¨§ Í¨¨ ËµÉµ´µ¢ ¢ ¶·µ¸É· ´¸É¢¥ ³µ£ÊÉ ¡ÒÉÓ ·¥ ²¨§µ¢ ´Ò ³¨´¨³ ²Ó´Ò¥
Ï¨·¨´Ò ´  ¶µ²Ê¢Ò¸µÉ¥ · ¸¶·¥¤¥²¥´¨° Ô²¥±É·µ´µ¢ ¶µ ¶·µ¥±Í¨¨ Ê£²  ¨ Ô´¥·-
£¨¨. � ¶·¨³¥·, ´ ¨¡µ²¥¥ Ê§±¨¥ · ¸¶·¥¤¥²¥´¨Ö ¢¤µ²Ó µ¸¨ X ′ (X ′ = Px/Pz)
¨³¥ÕÉ ³¥¸Éµ, ±µ£¤  ¨§²ÊÎ¥´¨¥ ËµÉµ´´µ° ³¨Ï¥´¨ ¶µ²Ö·¨§µ¢ ´µ ¢ ¶²µ¸±µ¸É¨
Y Z ¤¥± ·Éµ¢ÒÌ ±µµ·¤¨´ É ¸ µ¸ÓÕ Z, ´ ¶· ¢²¥´´µ° ¶µ ¶ÊÎ±Ê ¨µ´µ¢ (¸³. ·¨¸. 1,
2). Œ ±¸¨³Ê³Ò ÔÉ¨Ì · ¸¶·¥¤¥²¥´¨° · ¸¶µ²µ¦¥´Ò ¢¤µ²Ó µ¸¨ Y ′ (Y ′ = Py/Pz)
´  · ¸¸ÉµÖ´¨¨, § ¢¨¸ÖÐ¥³ µÉ Ê£²  η, ¨ ¸²¨¢ ÕÉ¸Ö ¢ µ¤¨´ ¶·¨ η = π/2.

„²Ö ËµÉµ´´µ° ³¨Ï¥´¨ ¸ Ê± § ´´µ° ¶µ²Ö·¨§ Í¨¥° ÉµÎ´µ¸ÉÓ ∆X ′ ¢µ¸-
¶·µ¨§¢¥¤¥´¨Ö Ô²¥±É·µ´ ³¨ ¨´Ëµ·³ Í¨¨ µ · ¸¶·¥¤¥²¥´¨¨ ¨µ´µ¢ ¢ ¶ÊÎ±¥ ¶µ
µ¸¨ X ′ µ¶·¥¤¥²Ö¥É¸Ö Ï¨·¨´µ° ´  ¶µ²Ê¢Ò¸µÉ¥ · ¸¶·¥¤¥²¥´¨° ϕ(1)(Px) =
=

∫
f (1)(Px, Py)dPx, ´¥ § ¢¨¸¨É µÉ η ¨ ¸µoÉ¢¥É¸É¢ÊeÉ Wθ ≈ 1/8. �·¨ ÔÉµ³

¶µ² £ ¥É¸Ö, ÎÉµ ¨§³¥·¨É¥²Ó´µ¥ Ê¸É·µ°¸É¢µ µ¸ÊÐ¥¸É¢²Ö¥É ¨´É¥£·¨·µ¢ ´¨¥ · ¸-
¶·¥¤¥²¥´¨° ¢¤µ²Ó µ¸¨ Py ¡¥§ ¢µ§³ÊÐ¥´¨Ö ¨´Ëµ·³ Í¨¨ ¢ Ë §µ¢µ° ¶²µ¸±µ¸É¨
X ′X .

Œ ±¸¨³ ²Ó´ Ö ÉµÎ´µ¸ÉÓ ¢µ¸¶·µ¨§¢¥¤¥´¨Ö Ô²¥±É·µ´ ³¨ ¤ ´´µ£µ É¨¶  (β0 =
2) ¨´Ëµ·³ Í¨¨ µ ¶·µ¤µ²Ó´µ³ Ô³¨ÉÉ ´¸¥ ¶ÊÎ±  ¨ ¸¶¥±É·¥ ¨µ´µ¢ ¶µ Ô´¥·£¨¨
¤µ¸É¨£ ¥É¸Ö, ¥¸²¨ ¶²µ¸±µ¸É¨ ¶µ²Ö·¨§ Í¨¨ ËµÉµ´´µ° ³¨Ï¥´¨ ¨ ¢§ ¨³µ¤¥°-
¸É¢¨Ö ¨µ´µ¢ ¸ ËµÉµ´ ³¨ ¢§ ¨³´µ ¶¥·¶¥´¤¨±Ê²Ö·´Ò (·¨¸. 7). ‚ ¤ ´´µ³ ¸²ÊÎ ¥
ÉµÎ´µ¸ÉÓ ¸µµÉ¢¥É¸É¢¨Ö · ¸¶·¥¤¥²¥´¨° ¨µ´µ¢ (¢ ³ ¸ÏÉ ¡¥ Ei ·me/Mi) ¨ Ô²¥±-
É·µ´µ¢ ¶µ Ô´¥·£¨¨ µ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨´µ° We ≈ 1/5. �µÉµ± Ô²¥±É·µ´µ¢
 ¤¥±¢ É´µ µÉ· ¦ ¥É · ¸¶·¥¤¥²¥´¨Ö ¨µ´µ¢ ¢ ¶²µ¸±µ¸É¨ X ′X ¨ ¶µ Ô´¥·£¨¨ ¶·¨
¢Ò¶µ²´¥´¨¨ Ê¸²µ¢¨° (1.2), ∆X ′ � ∆θi ¨ 0, 6

√
(�ω − εt)/meC2 � γ2∆β ¤²Ö

µ¶É¨³ ²Ó´µ ¶µ²Ö·¨§µ¢ ´´µ° ³¨Ï¥´¨. ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¶·¨ Ëµ·³¨·µ¢ -
´¨¨ ³¨Ï¥´¨ ¸ µ¶É¨³ ²Ó´µ° ¶µ²Ö·¨§ Í¨¥° ËµÉµ´µ¢ É ± Ö ¦¥ ÉµÎ´µ¸ÉÓ ¨§³¥-
·¥´¨Ö · ¸¶·¥¤¥²¥´¨° ¨µ´µ¢ ¶µ X ′ ¨ ¶µ Ô´¥·£¨¨, ± ± ¨ ¶·¨ ´¥¶µ²Ö·¨§µ¢ ´´µ°
³¨Ï¥´¨ (We ≈ 1, Wθ ≈ 1), ³µ¦¥É ¡ÒÉÓ ¤µ¸É¨£´ÊÉ  ¶·¨ Ê¤ ²¥´¨¨ µÉ ¶µ·µ£ 
¨ Ê¢¥²¨Î¥´¨¨ §´ Î¥´¨Ö

√
�ω − εt ¢ 8 ¨ 5 · § ¸µµÉ¢¥É¸É¢¥´´µ. „²Ö ¨µ´µ¢ H−,

¢ Î ¸É´µ¸É¨, ÔÉµ ¶·¨¢µ¤¨É ± Ê³¥´ÓÏ¥´¨Õ ´¥µ¡Ìµ¤¨³µ° ¶²µÉ´µ¸É¨ ³µÐ´µ¸É¨
¨§²ÊÎ¥´¨Ö ¢ ∼ 500 ¨²¨ ∼ 100 · § (q = 3/2 ¢ ¢Ò· ¦¥´¨¨ ¤²Ö ¸¥Î¥´¨Ö µ±µ²µ¶µ-
·µ£µ¢µ° ËµÉµµ¡¤¨·±¨, ¸³. · §¤. 1) ¢ § ¢¨¸¨³µ¸É¨ µÉ ¨§³¥·Ö¥³µ£µ ¶ · ³¥É· 
¶ÊÎ± . ‘ Ê³¥´ÓÏ¥´¨¥³ β0 µÉ · ¸¸³µÉ·¥´´µ£µ ¢ÒÏ¥ ³ ±¸¨³ ²Ó´µ£µ §´ Î¥´¨Ö
ÉµÎ´µ¸ÉÓ ¢µ¸¶·µ¨§¢¥¤¥´¨Ö · ¸¶·¥¤¥²¥´¨° ÊÌÊ¤Ï ¥É¸Ö ¤µ §´ Î¥´¨° We ≈ 1 ¨
Wθ ≈ 1, µÉ¢¥Î ÕÐ¨Ì µ±µ²µ¶µ·µ£µ¢µ° ËµÉµµ¡¤¨·±¥ ¨µ´µ¢ ¸ |β0| � 1 (´ ¶·¨-
³¥·, O− [60], F−, Cl−, Br−, I− [66] ¨ ¤·.). �·¨ ¤ ²Ó´¥°Ï¥³ Ê³¥´ÓÏ¥´¨¨
ÔÉµ£µ ¶ · ³¥É·  ´¥§´ Î¨É¥²Ó´µ¥ Ê²ÊÎÏ¥´¨¥ ÉµÎ´µ¸É¨ (≈ 1, 4 · §  ¶µ ¶·µ¥±-
Í¨¨ Ê£²  ¨ ≈ 1, 2 · §  ¶µ Ô´¥·£¨¨ µÉ´µ¸¨É¥²Ó´µ ¢¥²¨Î¨´ Wθ = We = 1)
³µ¦¥É ¡ÒÉÓ ¤µ¸É¨£´ÊÉµ, ¥¸²¨ µ±µ²µ¶µ·µ£µ¢ Ö ËµÉµµ¡¤¨·±  ¨µ´µ¢ ¶·µ¨¸Ìµ¤¨É
¶µ ± ´ ²Ê ·µ¦¤¥´¨Ö Ô²¥±É·µ´µ¢ ¸µ §´ Î¥´¨¥³ β0, ¡²¨§±¨³ ± −1. ‚ ÔÉµ° ¸¢Ö§¨
¸²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢ ´¥±µÉµ·ÒÌ ¸²ÊÎ ÖÌ, ±µ£¤  ¶ · ³¥É· Ê£²µ¢µ°  ¸¨³³¥-
É·¨¨ §´ Î¨É¥²Ó´µ ³¥´Ö¥É¸Ö ¸ ¨§³¥´¥´¨¥³ Î ¸ÉµÉÒ ËµÉµ´µ¢, ¤²Ö Ê²ÊÎÏ¥´¨Ö
ÉµÎ´µ¸É¨ ¨§³¥·¥´¨° ¢Ò£µ¤´¥¥ µÉ¸É·µ¨ÉÓ¸Ö µÉ ¶µ·µ£ , £¤¥ β0 ≈ 0, ¨ ¶µ¶ ¸ÉÓ
¢ µ¡² ¸ÉÓ ´ ¨¡µ²¥¥ ¡² £µ¶·¨ÖÉ´µ° ËµÉµµ¡¤¨·±¨ ¸ β0 ≈ 2. ‚ Î ¸É´µ¸É¨,
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ÔÉµ ¨³¥¥É ³¥¸Éµ, ´ ¶·¨³¥·, ¤²Ö ¨µ´µ¢ He−(4P0) [59], ±µ£¤ , µÉ¸É·µ¨¢Ï¨¸Ó
µÉ ¶µ·µ£  ´  ¢¥²¨Î¨´Ê ∆(�ω) ≈ 0, 5 ÷ 1, 0 Ô‚, ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ËµÉµ´µ¢
¸ µ¶É¨³ ²Ó´µ° ¶µ²Ö·¨§ Í¨¥° ³µ¦´µ · ¸¸Î¨ÉÒ¢ ÉÓ ´  Ê¢¥²¨Î¥´¨¥ ÉµÎ´µ¸É¨
¨§³¥·¥´¨° ¶µ Ê£²Ê ¢ ´¥¸±µ²Ó±µ · §.

3. ‘#…��‘’ˆ ”’#„ˆ�Šˆ ‚ ˆ�’…�‘ˆ‚�Œ �’Š…
”’�‚ �� ��ˆŒ…�… ˆ�‚ H−

�·¥Í¨§¨µ´´Ò¥ ¢´ÊÉ·¥´´¨¥ ³¨Ï¥´¨ ËµÉµ´µ¢ ¤²Ö §µ´¤¨·µ¢ ´¨Ö ¶ÊÎ±  µÉ-
·¨Í É¥²Ó´ÒÌ ¨µ´µ¢, ´ ¶·¨³¥·, H−, ¶·¨ ¥£µ ¤¨ £´µ¸É¨±¥ Ëµ·³¨·ÊÕÉ¸Ö ¸ ¶µ³µ-
ÐÓÕ ² §¥·´µ£µ ¨§²ÊÎ¥´¨Ö (¸³., ´ ¶·¨³¥·, [19, 20, 67]). ‚ µÉ²¨Î¨¥ µÉ µ¤´µËµ-
Éµ´´µ£µ ³¥Ì ´¨§³  ¶·¨ ËµÉµµ¡¤¨·±¥ µÉ·¨Í É¥²Ó´ÒÌ ¨µ´µ¢ ¢ ² §¥·´ÒÌ ¶µ²ÖÌ
³µ£ÊÉ ¶·µÖ¢²ÖÉÓ¸Ö ÔËË¥±ÉÒ ¤¨´ ³¨Î¥¸±µ£µ ¸¤¢¨£  ¶µ·µ£ , ±µ··¥²ÖÍ¨µ´´µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö Ô²¥±É·µ´µ¢ ¨ ³´µ£µËµÉµ´´µ° µ¡¤¨·±¨ [68Ä74]. “¢¥²¨Î¥´¨¥
¶µ·µ£  ¸¢Ö§ ´µ ¸µ ÏÉ ·±µ¢¸±¨³ ¸¤¢¨£µ³ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö Ô²¥±É·µ´  ¨
£· ´¨ÍÒ ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É· . ‚ · ¡µÉ¥ [75] µÉ³¥Î ¥É¸Ö, ÎÉµ ÊÎ¥É ±µ··¥-
²ÖÍ¨µ´´ÒÌ ÔËË¥±Éµ¢ ¢ ¦¥´ ¤²Ö ¨µ´µ¢ ¸ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨³ § ·Ö¤µ³ Ö¤· 
(´ ¶·¨³¥·, ¤²Ö µÉ·¨Í É¥²Ó´ÒÌ ¨µ´µ¢ Ð¥²µÎ´ÒÌ ³¥É ²²µ¢),   ¶·¨ · §·ÊÏ¥-
´¨¨ H− ¶·¨¢µ¤¨É ²¨ÏÓ ± ³ ²Ò³ ¶µ¶· ¢± ³ ± ¤¨¸¶¥·¸¨µ´´µ° § ¢¨¸¨³µ¸É¨
¢¥·µÖÉ´µ¸É¨ ËµÉµµÉ·Ò¢  Ô²¥±É·µ´ .

�·¨ ¤µ¸É ÉµÎ´µ ¢Ò¸µ±µ° ¶²µÉ´µ¸É¨ ËµÉµ´µ¢ ¢ ³¨Ï¥´¨ ·µ¦¤ ÕÉ¸Ö Ô²¥±-
É·µ´Ò ¶µ ± ´ ²Ê n-ËµÉµ´´µ° µ¡¤¨·±¨ µÉ·¨Í É¥²Ó´ÒÌ ¨µ´µ¢ (n > 1), ¢¥·µÖÉ-
´µ¸ÉÓ ±µÉµ·µ° ¢ ¥¤¨´¨ÍÊ ¢·¥³¥´¨ · ¢´  (¸³., ´ ¶·¨³¥·, [76])

W (n) = σ(n)(Iγ)n = 4−n(2π)−2kf

∫
|V (n)

fi |2dΩf , (3.1)

£¤¥ σ(n) Å ¸¥Î¥´¨¥ n-ËµÉµ´´µ° µ¡¤¨·±¨ ¤²Ö ¤ ´´µ° Î ¸ÉµÉÒ ¨ ¶µ²Ö·¨§ Í¨¨

¨§²ÊÎ¥´¨Ö, V (n)
fi Å ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ³ É·¨Î´Ò° Ô²¥³¥´É ¶¥·¥Ìµ¤  Ô²¥±É·µ´ 

¨§ ´ Î ²Ó´µ£µ i-¸µ¸ÉµÖ´¨Ö ¢ ±µ´¥Î´µ¥ ¸µ¸ÉµÖ´¨¥ f ¢ Ô²¥±É·µ³ £´¨É´µ³ ¶µ²¥ c
´ ¶·Ö¦¥´´µ¸ÉÓÕ F , Iγ Å ¶²µÉ´µ¸ÉÓ ³µÐ´µ¸É¨ ËµÉµ´´µ° ³¨Ï¥´¨ ¨²¨ ¶²µÉ-
´µ¸ÉÓ ¶µÉµ±  ËµÉµ´µ¢ (¢ § ¢¨¸¨³µ¸É¨ µÉ ¨¸¶µ²Ó§Ê¥³ÒÌ ¥¤¨´¨Í ¨§³¥·¥´¨Ö
σ(n)) ¢ ¸¨¸É¥³¥ ¶µ±µÖ ¨µ´ , dΩf = sin θfdθfdϕf , kf ¨ (θf , ϕf ) Å ¨³¶Ê²Ó¸
ËµÉµÔ²¥±É·µ´  ¨ ¥£µ ¸Ë¥·¨Î¥¸±¨¥ ±µµ·¤¨´ ÉÒ ¸µµÉ¢¥É¸É¢¥´´µ. „²Ö É ±¨Ì ³¨-
Ï¥´¥° ¸ Ô´¥·£¨¥° ËµÉµ´µ¢ ¢¡²¨§¨ ¶µ·µ£  εt (0 < ω − εt � εt) µ¸´µ¢´Ò³
±µ´±Ê·¨·ÊÕÐ¨³ ¶·µÍ¥¸¸µ³ µ¤´µËµÉµ´´µ° µ¡¤¨·±¨ (¸³. ¢Ò· ¦¥´¨¥ ¤²Ö ¸¥-
Î¥´¨Ö σ(ω) ≡ σ(1)(ω) ¢ · §¤. 1) Ö¢²Ö¥É¸Ö ± ´ ² · §¢ ²  µÉ·¨Í É¥²Ó´µ£µ ¨µ´ 
¸ n = 2. „²Ö Ê¤µ¡¸É¢  §¤¥¸Ó ¨ ¤ ²¥¥ ¢ ¤ ´´µ³ · §¤¥²¥ ¨¸¶µ²Ó§Ê¥É¸Ö  Éµ³´ Ö
¸¨¸É¥³  ¥¤¨´¨Í (| e |= me = � = 1). ˆ§¢¥¸É´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ ¤¢ÊÌËµÉµ´´µ°
µ¡¤¨·±¥ H− ¶·¨ Ô´¥·£¨¨ ËµÉµ´µ¢ ¢ ¸¨¸É¥³¥ ¶µ±µÖ ¨µ´  ´¨¦¥ µ¤´µËµÉµ´-
´µ£µ ¶µ·µ£  εt ¸ÊÐ¥¸É¢¥´´µ § ¢¨¸ÖÉ ´¥ Éµ²Ó±µ µÉ ¶µ²Ö·¨§ Í¨¨ ËµÉµ´µ¢, ´µ
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¨ µÉ ¢Ò¡· ´´µ° É¥µ·¥É¨Î¥¸±µ° ³µ¤¥²¨ [73]. �µÔÉµ³Ê ¶·¨ ¨§ÊÎ¥´¨¨ ¢²¨Ö-
´¨Ö ¶µ²Ö·¨§ Í¨¨ ¨ ³µÐ´µ¸É¨ ËµÉµ´´µ° ³¨Ï¥´¨ ´  µ±µ²µ¶µ·µ£µ¢Ò° · §¢ ²
¨µ´µ¢ H− (0 < ω − εt � εt), ¶·¥¤¸É ¢²ÖÕÐ¨° ¨´É¥·¥¸ ¤²Ö ¤¨ £´µ¸É¨±¨,
¢ ¦´µ · ¸¸³ É·¨¢ ÉÓ µ¤´µËµÉµ´´Ò° ¨ ¤¢ÊÌËµÉµ´´Ò° ± ´ ²Ò ¢ · ³± Ì ¥¤¨-
´µ£µ ¶µ¤Ìµ¤ . ‚ ¸¢Ö§¨ ¸ É¥³, ÎÉµ ¸É É¨Î¥¸± Ö ¨ ¤¨´ ³¨Î¥¸± Ö ¶µ²Ö·¨§Ê¥³µ¸É¨
 Éµ³´µ£µ µ¸Éµ¢  H− ³ ²Ò ¶µ ¢¥²¨Î¨´¥,   ¨Ì §´ Î¥´¨Ö ¤²Ö ¨µ´  ¸² ¡µÎÊ¢¸É¢¨-
É¥²Ó´Ò ± ±µ´±·¥É´µ³Ê ¢¨¤Ê ¶µÉ¥´Í¨ ²  ¢§ ¨³µ¤¥°¸É¢¨Ö Ô²¥±É·µ´  ¸  Éµ³µ³
[74], ¢ · ¡µÉ Ì [62,77,78] ¤ ´´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ¶·µ¢µ¤¨²¨¸Ó ¢ · ³± Ì  ´ -
²¨É¨Î¥¸±¨ ·¥Ï ¥³µ° µ¤´µÔ²¥±É·µ´´µ° ³µ¤¥²¨ ¶µÉ¥´Í¨ ²  ´Ê²¥¢µ£µ · ¤¨Ê¸ 
(δ-¶µÉ¥´Í¨ ² [79]). �¨¦¥ ¶·¨¢¥¤¥´Ò ¢Ò¤¥·¦±¨ ¨ ´¥±µÉµ·Ò¥ ·¥§Ê²ÓÉ ÉÒ · -
¡µÉÒ [62].

‚µ²´µ¢ Ö ËÊ´±Í¨Ö ¥¤¨´¸É¢¥´´µ£µ ¸¢Ö§ ´´µ£µ s-¸µ¸ÉµÖ´¨Ö ¢ ¶µÉ¥´Í¨ ²¥
´Ê²¥¢µ£µ · ¤¨Ê¸  ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥

Ψ0 =

√
ζ

2π
· 1
r
exp (−ζr), (3.2)

£¤¥ εt = ζ2/2Å Ô´¥·£¨Ö ¸¢Ö§¨. �·¨ ÔÉµ³ ÊÎ¥É ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ δ-¶µÉ¥´Í¨ ²µ³
Ô±¢¨¢ ²¥´É¥´ ¢¢µ¤Ê £· ´¨Î´µ£µ Ê¸²µ¢¨Ö

d ln(rΨ0)
dr

|r=0= −ζ. (3.3)

‚ ´¥¶·¥·Ò¢´µ³ ¸¶¥±É·¥ µÉ ¶²µ¸±¨Ì ¢µ²´ µÉ²¨Î ÕÉ¸Ö Éµ²Ó±µ s-¢µ²´Ò ¸ Ë §µ°
· ¸¸¥Ö´¨Ö

ηs = − arctan
k

ζ
, (3.4)

£¤¥ k Å ¨³¶Ê²Ó¸ Ô²¥±É·µ´ , k2 ≡ P 2
0 = 2(ω − εt). Œ É·¨Î´Ò° Ô²¥³¥´É

µ¤´µËµÉµ´´µ° µ¡¤¨·±¨ ¨µ´  ¨§ s-¸¢Ö§ ´´µ£µ ¢ p-±µ´É¨´Ê ²Ó´µ¥ ¸µ¸ÉµÖ´¨¥ ¢
¤¨¶µ²Ó´µ³ ¶·¨¡²¨¦¥´¨¨ ¨³¥¥É ¢¨¤

V (1)
ps = F

∫
Ψ(−)∗
�k

(7e7r)Ψ0d7r =

= F
1
2k

∑
l

(−i)l(2l + 1) exp(iηl)
∫
P ∗
l (cos θ�k�r)×

×2k · jl(kr)(7e7r)
1
r

√
ζ

2π
exp(−ζr)r2dr · d7n, (3.5)

£¤¥ Ψ(±)
�k

= (1/2k)
∑

l i
l(2l + 1) exp(±iηl) · Pl(cos θ�k�r) × Rkl(r) Å ¢µ²´µ¢Ò¥

ËÊ´±Í¨¨ ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É·  ¢ ¶²µ¸±µ¢µ²´µ¢µ³ ¶·¨¡²¨¦¥´¨¨ Rkl(r) =
= 2k · jl(kr),

∫
Ψ(±)∗
�k′ ·Ψ(±)

�k
d7k = (2π)3δ(7k′ −7k), jl(kr) Å ¸Ë¥·¨Î¥¸±¨¥ ËÊ´±-

Í¨¨ x¥¸¸¥²Ö ¸ ´µ·³¨·µ¢±µ°
∫
jl(k′r)jl(kr)r2dr = πδ(k′−k)/2k′k, 7eÅ ¢¥±Éµ·
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¶µ²Ö·¨§ Í¨¨, 7n = 7r/r. ‚Ò· ¦¥´¨¥ ¤²Ö µ¶¥· Éµ·  (7e7n) § ¢¨¸¨É µÉ ¶µ²Ö·¨-
§ Í¨¨ ¨§²ÊÎ¥´¨Ö. ‚ Î ¸É´µ¸É¨, ¤²Ö ²¨´¥°´µ° ¨ ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¨ (¸³.,
´ ¶·¨³¥·, [54]):

(7e 7n) =

{√
4π/3 · Y10(θne, ϕne) Å ²¨´¥°´ Ö ¶µ²Ö·¨§ Í¨Ö,√
8π/3 · Y1,±1(θn, ϕn) Å ²¥¢µ±·Ê£µ¢ Ö (+), ¶· ¢µ±·Ê£µ¢ Ö (−),

(3.6)
£¤¥ Y10 ¨ Y1,±1 Å Ï ·µ¢Ò¥ (¸Ë¥·¨Î¥¸±¨¥) ËÊ´±Í¨¨, (θne, ϕne) ¨ (θn, ϕn) Å
¸Ë¥·¨Î¥¸±¨¥ ±µµ·¤¨´ ÉÒ ¢¥±Éµ·  7n µÉ´µ¸¨É¥²Ó´µ ¢¥±Éµ·  ¶µ²Ö·¨§ Í¨¨ ¨ ¨³-
¶Ê²Ó¸  ËµÉµ´  ¸µµÉ¢¥É¸É¢¥´´µ. ‘Î¨É Ö θke Ê£²µ³ ³¥¦¤Ê ¨³¶Ê²Ó¸µ³ Ô²¥±É·µ´ 
¨ ¢¥±Éµ·µ³ ¶µ²Ö·¨§ Í¨¨ ËµÉµ´  ¢ ¸¨¸É¥³¥ ¶µ±µÖ ¨µ´ , ¶µ²ÊÎ ¥³ ¨§¢¥¸É´ÊÕ
¢ ²¨É¥· ÉÊ·¥ (¸³., ´ ¶·¨³¥·, [80]) Ê£²µ¢ÊÕ § ¢¨¸¨³µ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ ¢Ò²¥É 
Ô²¥±É·µ´  ¤²Ö ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ ¨§²ÊÎ¥´¨Ö:

V
(1)
ps|l = 4F

√
2πζ

k

(ζ2 + k2)2
P1(cos θke),

dσ(1)

dΩ
(θke)|l ∝ |V (1)

ps|l|
2 ∝ cos2 θke. (3.7)

�´  ¸µµÉ¢¥É¸É¢Ê¥É §´ Î¥´¨Õ β0 = 2 ¢ (2.2).
„²Ö ¨§²ÊÎ¥´¨Ö ¸ ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¥° ³ É·¨Î´Ò° Ô²¥³¥´É (3.5) ¶·¨-

µ¡·¥É ¥É ¢¨¤

V
(1)
ps|± = ∓4F

√
2πζ

k

(ζ2 + k2)2
sin θk exp (±iϕk), (3.8)

£¤¥ (θk, ϕk) Å ¸Ë¥·¨Î¥¸±¨¥ ±µµ·¤¨´ ÉÒ ¢¥±Éµ·  7k µÉ´µ¸¨É¥²Ó´µ ¨³¶Ê²Ó¸ 
ËµÉµ´ , ¢¥·Ì´¨° §´ ± ¸µµÉ¢¥É¸É¢Ê¥É ²¥¢µ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¨,   ´¨¦´¨° Å
¶· ¢µ±·Ê£µ¢µ°. �·¨ ÔÉµ³ Ê£²µ¢ Ö § ¢¨¸¨³µ¸ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö
µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

dσ(1)

dΩ
(θk)|± ∝ |V (1)

ps|±|
2 ∝ sin2 θk, (3.9)

±µÉµ·µ¥ ¸µ¢¶ ¤ ¥É ¸ (2.3) ¶·¨ β0 = 2. “¸·¥¤´ÖÖ (3.7) ¶µ ´ ¶· ¢²¥´¨Ö³
¢¥±Éµ·  ¶µ²Ö·¨§ Í¨¨ ËµÉµ´µ¢, ¶µ²ÊÎ ¥³  ´ ²µ£¨Î´ÊÕ (3.9) § ¢¨¸¨³µ¸ÉÓ ¤²Ö
´¥¶µ²Ö·¨§µ¢ ´´µ£µ ¨§²ÊÎ¥´¨Ö (¸³. É ±¦¥ [81]).

‘²¥¤ÊÖ · ¡µÉ¥ [73], ¤¢ÊÌËµÉµ´´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É ¶¥·¥Ìµ¤  ¨§ µ¸´µ¢-
´µ£µ |s > ¸µ¸ÉµÖ´¨Ö ¢ ¸µ¸ÉµÖ´¨¥ |k′ > ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É·  ³µ¦´µ ¶·¥¤-
¸É ¢¨ÉÓ ¢ ¢¨¤¥

V
(2)
k′s =

1
(2π)3

∫
V

(1)
k′kV

(1)
ks d

7k

Ek + εt − ω − iξ , ξ → +0 , (3.10)
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£¤¥ Ek = k2/2, V (1)
k′k = F

∫
Ψ(−)∗
�k′ (7e7r)Ψ(+)

�k
d7r Å µ¤´µËµÉµ´´Ò° ³ É·¨Î´Ò°

Ô²¥³¥´É ¶¥·¥Ìµ¤  ¢ ´¥¶·¥·Ò¢´µ³ ¸¶¥±É·¥. ‚ ¢Ò· ¦¥´¨¨ (3.10) ÊÎÉ¥´  ¶²µÉ-
´µ¸ÉÓ ¶·µ³¥¦ÊÉµÎ´ÒÌ ¸µ¸ÉµÖ´¨° Ô²¥±É·µ´  d7k/(2π)3 ¢ ¨´É¥·¢ ²¥ ¨³¶Ê²Ó¸µ¢
7k÷7k+ d7k ¤²Ö ¨¸¶µ²Ó§Ê¥³ÒÌ ¢µ²´µ¢ÒÌ ËÊ´±Í¨°. ‘ ÊÎ¥Éµ³ (3.7) ¨ ¢¨¤  ËÊ´±-

Í¨° Ψ(±)
�k

, ¤²Ö ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ ¨§²ÊÎ¥´¨Ö ¶µ²ÊÎ ¥³

V
(2)
k′s|l =

F 2

(2π)3

∫ ∑
l′l

(−i)l′(i)l(2l′ + 1)(2l + 1) exp [i(ηl − ηl′)]×

×Wl′lIl′l(−i)
√
2πζ

4k
(ζ2 + k2)2

P1(cos θke)
d7k

Ek + εt − ω − iξ , (3.11)

£¤¥ Wl′l=
∫
r3jl′(k′r)jl(kr)dr, Il′l=

∫
P ∗
l′ (cos θ�k′�r)(7e7n)Pl(cos θ�k�r)d7n. ’ ± ± ±

¢ ÔÉµ³ ¸²ÊÎ ¥ ¢µ§³µ¦´Ò sps- ¨ spd-¤¢ÊÌËµÉµ´´Ò¥ ¶¥·¥Ìµ¤Ò, ¸ ÊÎ¥Éµ³ (3.4) ¨
· ¤¨ ²Ó´µ° Î ¸É¨ s-¢µ²´Ò ¢ ±µ´¥Î´µ³ |k′ >-¸µ¸ÉµÖ´¨¨ Rk′0 = (2/r) sin(k′r+
+ηs), ¤²Ö ¨´É¥£· ²µ¢ Wl′l ¨ I

(2)
l′l ≡

∫
(2l′ + 1)(2l + 1)Il′lP1(cos θke)dΩ�k ¸¶· -

¢¥¤²¨¢Ò ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö:

W21 = 0, 5π
[
1
k′k

∂

∂k
δ(k′ − k) + 2

(k′)3
δ(k′ − k)

]
;

W01 =
1√

ζ2 + (k′)2

[
−πζ
2
∂

∂k

δ(k′ − k)
k′k

+

+
k

(k2 − k′2 − iα)2 +
k

(k2 − k′2 + iα)2

]
;

I
(2)
21 =

2
3
(4π)2P2(cos θk′e); I

(2)
01 =

1
3
(4π)2P0(cos θk′e). (3.12)

‚ ·¥§Ê²ÓÉ É¥ ¢ ¸²ÊÎ ¥ ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ ¨§²ÊÎ¥´¨Ö ¢Ò· ¦¥´¨¥ ¤²Ö ³ -
É·¨Î´µ£µ Ô²¥³¥´É  ¤¢ÊÌËµÉµ´´µ£µ ¶¥·¥Ìµ¤  Ô²¥±É·µ´  ¢ ±µ´¥Î´µ¥ ¸µ¸ÉµÖ´¨¥
¸ ¨³¶Ê²Ó¸µ³ k′ ≡ P0w =

√
2(2ω − εt) ¢ ¸¨¸É¥³¥ ¶µ±µÖ ¨µ´  ¶·¨µ¡·¥É ¥É ¢¨¤

V
(2)
k′s|l = F

2 4
√
2πζ

(2π)3

∫
[I(2)01 exp(−iη0)W01−I(2)21 W21]

k3

(ζ2+k2)2
dk

Ek+εt−ω−iξ
=

= F 2

√
2πζ
3ω4

{
exp(−iη0)[ζ(ω − εt) + i

√
2(ω − εt)3/2]×

×P0(cos θk′e)√
ω

− 2P2(cos θk′e)(2ω − εt)
}
, (3.13)
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£¤¥ ¶¥·¢µ¥ ¸² £ ¥³µ¥ ¢ Ë¨£Ê·´ÒÌ ¸±µ¡± Ì ¸µµÉ¢¥É¸É¢Ê¥É sps-¶¥·¥Ìµ¤Ê ¨ ÊÎ¨-
ÉÒ¢ ¥É ¢±² ¤ ·¥§µ´ ´¸´ÒÌ ¶·µ³¥¦ÊÉµÎ´ÒÌ ¸µ¸ÉµÖ´¨° ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É· 
¸ Ô´¥·£¨¥° Ek = ω−εt,   ¢Éµ·µ¥ ¥¸ÉÓ ·¥§Ê²ÓÉ É ¨´É¥£·¨·µ¢ ´¨Ö ¢ ¸³Ò¸²¥ £² ¢-
´µ£µ §´ Î¥´¨Ö ¨ ¸µµÉ¢¥É¸É¢Ê¥É ¢¨·ÉÊ ²Ó´µ³Ê spd-¶¥·¥Ìµ¤Ê (¸³. É ±¦¥ [73]).
“£²µ¢ Ö § ¢¨¸¨³µ¸ÉÓ ¤¢ÊÌËµÉµ´´µ£µ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¢¡²¨§¨ ¶µ-
·µ£  εt (0 < ω − εt � εt) µ¶·¥¤¥²Ö¥É¸Ö

dσ(2)

dΩ
(θk′e)|l ∝ |V (2)

k′s|l|
2 ∝ (3 cos2 θk′e − 1)2. (3.14)

�·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ µ¶¥· Éµ·  (3.6) ¨ §´ Î¥´¨Ö V (1)
ks ¢ ¢¨¤¥ (3.8) ¸ ¶µ³µÐÓÕ

(3.10) ¶µ²ÊÎ ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ³ É·¨Î´µ£µ Ô²¥³¥´É  ¤¢ÊÌËµ-
Éµ´´µ° µ¡¤¨·±¨ ¨µ´  ¨ Ê£²µ¢µ° ±µ³¶µ´¥´ÉÒ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¢
³¨Ï¥´¨ ¸ ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¥°:

V
(2)
k′s|± = −F 2

√
2πζ
4

exp(±2iϕk′) sin2 θk′
2ω − εt
ω4

,

dσ(2)

dΩ
(θk′)|± ∝ |V (2)

k′s|±|
2 ∝ sin4 θk′ . (3.15)

„²Ö Ô´¥·£¨¨ ËµÉµ´µ¢ ´¨¦¥ µ¤´µËµÉµ´´µ£µ ¶µ·µ£   ´ ²µ£¨Î´ Ö § ¢¨¸¨³µ¸ÉÓ
¶µ²ÊÎ¥´  ¢ · ¡µÉ¥ [82]. ‚ Éµ ¦¥ ¢·¥³Ö ¤²Ö ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ ¨§-
²ÊÎ¥´¨Ö ¸ ÊÎ¥Éµ³ ¢Ò· ¦¥´¨Ö (3.13) ¤²Ö ´ ¤¶µ·µ£µ¢µ° ¤¢ÊÌËµÉµ´´µ° µ¡¤¨·±¨
¨µ´µ¢ H− ¨ ·¥§Ê²ÓÉ Éµ¢ · ¡µÉÒ [82] ¤²Ö εt/2 < ω < εt Ì · ±É¥·´  ¸ÊÐ¥¸É¢¥´-
´ Ö § ¢¨¸¨³µ¸ÉÓ Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö ËµÉµÔ²¥±É·µ´µ¢ µÉ Ô´¥·£¨¨ ËµÉµ´µ¢.
�´  ³¥´Ö¥É¸Ö µÉ ¶· ±É¨Î¥¸±¨ ¨§µÉ·µ¶´µ£µ ¢¡²¨§¨ ¤¢ÊÌËµÉµ´´µ£µ ¶µ·µ£  ¤µ
Ö·±µ ¢Ò· ¦¥´´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¶µ ´ ¶· ¢²¥´¨Õ ¢¥±Éµ·  ¶µ²Ö·¨§ Í¨¨ ¶·¨
ω ≈ εt. ‚ µ±·¥¸É´µ¸É¨ µ¤´µËµÉµ´´µ£µ ¶µ·µ£  · ¸¶·¥¤¥²¥´¨¥ (3.14) ¨ ·¥§Ê²Ó-
É ÉÒ · ¡µÉÒ [82] Ìµ·µÏµ ¸µ£² ¸ÊÕÉ¸Ö ³¥¦¤Ê ¸µ¡µ°. “¸·¥¤´¥´¨¥ ¢Ò· ¦¥´¨Ö
(3.14) ¶µ ´ ¶· ¢²¥´¨Ö³ ¢¥±Éµ·  ¶µ²Ö·¨§ Í¨¨ ËµÉµ´µ¢ ¶·¨¢µ¤¨É ± ¸²¥¤ÊÕÐ¥°
Ê£²µ¢µ° § ¢¨¸¨³µ¸É¨ ¢Ò²¥É  Ô²¥±É·µ´µ¢ µÉ´µ¸¨É¥²Ó´µ ¨³¶Ê²Ó¸  ËµÉµ´µ¢ ¶·¨
¤¢ÊÌËµÉµ´´µ° µ±µ²µ¶µ·µ£µ¢µ° µ¡¤¨·±¥ ¨µ´µ¢ ¢ ´¥¶µ²Ö·¨§µ¢ ´´µ³ ¨§²ÊÎ¥-
´¨¨:

dσ(2)

dΩ
(θk′)|up ∝ 3 sin4 θk′ − (8/3) sin2 θk′ + 8/9. (3.16)

ˆ§ ¢Ò· ¦¥´¨° (3.13) ¨ (3.15) ¢¨¤´µ, ÎÉµ ¢ µ¤´µÔ²¥±É·µ´´µ° ³µ¤¥²¨ ¶µ-
É¥´Í¨ ²  ´Ê²¥¢µ£µ · ¤¨Ê¸  ¤¢ÊÌËµÉµ´´ Ö µ¡¤¨·±  µÉ·¨Í É¥²Ó´µ£µ ¨µ´  ¨³¥¥É
³¥¸Éµ ¤ ¦¥ ¶·¨ ω = εt ¨ · ¢´µ³ ´Ê²Õ ³ É·¨Î´µ³ Ô²¥³¥´É¥ (3.7). �·¨ ÔÉµ³
¢ µ±µ²µ¶µ·µ£µ¢µ° µ¡² ¸É¨ µ¸´µ¢´Ò³ ± ´ ²µ³ ËµÉµµ¡¤¨·±¨ ¸ n= 2 Ö¢²Ö¥É¸Ö
¢¨·ÉÊ ²Ó´Ò° spd-¶¥·¥Ìµ¤. �´ ²µ£¨Î´Ò° ¢Ò¢µ¤ · ´¥¥ ¡Ò² ¸¤¥² ´ ¢ · ¡µÉ¥
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[73],   ¤²Ö ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ ¨§²ÊÎ¥´¨Ö ¢ µ¡² ¸É¨ ´¨¦¥ µ¤´µËµÉµ´-
´µ£µ ¶µ·µ£  (ω < εt) Å ¢ · ¡µÉ Ì [83Ä85]. �µ²ÊÎ¥´´Ò¥ ¤²Ö ²¨´¥°´µ ¶µ²Ö-

·¨§µ¢ ´´µ£µ ¨§²ÊÎ¥´¨Ö ·¥§Ê²ÓÉ ÉÒ (3.7) ¨ (3.14) ¸µ£² ¸ÊÕÉ¸Ö (¶·¨ a(1)2 = 1,
a
(2)
2 = 10/7 ¨ a(2)4 = 18/7) ¸ ¶·¨¢¥¤¥´´Ò³ ¢ · ¡µÉ¥ [50] ¢Ò· ¦¥´¨¥³

dσ(n)

dΩ
= σ(n)

[
1 +

n∑
m=1

a
(n)
2mP2m(cos θke)

]
, (3.17)

¤²Ö Ê£²µ¢µ° § ¢¨¸¨³µ¸É¨ n-ËµÉµ´´µ£µ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¨µ´¨§ -
Í¨¨ Î ¸É¨Í, ¶·¨ ´ ²¨Î¨¨ Ê ´¨Ì ¶·µ³¥¦ÊÉµÎ´ÒÌ ·¥§µ´ ´¸´ÒÌ ¸µ¸ÉµÖ´¨° ¸ ¶µ-

£²µÐ¥´¨¥³ m ËµÉµ´µ¢ (m < n). ŠµÔËË¨Í¨¥´ÉÒ a(n)
2m Ö¢²ÖÕÉ¸Ö ¢ µ¡Ð¥³ ¸²Ê-

Î ¥ ËÊ´±Í¨Ö³¨ ¨´É¥´¸¨¢´µ¸É¨ ¨ Ï¨·¨´Ò ¸¶¥±É·  ¨§²ÊÎ¥´¨Ö ³¨Ï¥´¨. „ ´´µ¥
¸µ£² ¸¨¥ Ê± §Ò¢ ¥É ´  ¶· ¢µ³¥·´µ¸ÉÓ Ëµ·³ ²Ó´µ£µ ¶·¥¤¸É ¢²¥´¨Ö ¤¢ÊÌËµÉµ´-
´µ° µ¡¤¨·±¨ ¨µ´µ¢ H− ¢¡²¨§¨ µ¤´µËµÉµ´´µ£µ ¶µ·µ£  ± ± ¨µ´¨§ Í¨¨ Î ¸É¨Í,
¤²Ö ±µÉµ·ÒÌ ¢ ± Î¥¸É¢¥ ¶·µ³¥¦ÊÉµÎ´µ£µ ·¥§µ´ ´¸´µ£µ ¸µ¸ÉµÖ´¨Ö ³µ¦´µ · ¸-
¸³ É·¨¢ ÉÓ £· ´¨ÍÊ ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É· .

‚ · ¡µÉ¥ [62] · ¸Î¥É · ¸¶·¥¤¥²¥´¨° ¢¥·µÖÉ´µ¸É¨ ¢Ò²¥É  Ô²¥±É·µ´  ¶µ
± ´ ²Ê n = 2 ¢ ¶·µ¸É· ´¸É¢¥ ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢ ¢ ² ¡µ· Éµ·´µ° ¸¨¸É¥³¥
µÉ¸Î¥É  (Px/P0w, Py/P0w) ¨ ¶µ Ô´¥·£¨¨, ¶·¥¤¸É ¢²¥´´µ° ¢ ¡¥§· §³¥·´ÒÌ ¥¤¨-
´¨Í Ì XW = [Ee − (γ − 1)C2]/(0, 1γβP0wC) (¸µ¡¸É¢¥´´Ò¥ ¤¢ÊÌËµÉµ´´Ò¥
· ¸¶·¥¤¥²¥´¨Ö), ¤²Ö ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ ¨ ´¥¶µ²Ö·¨§µ¢ ´´µ£µ ¨§²ÊÎ¥-
´¨Ö ¶·µ¢µ¤¨²¸Ö Î¨¸²¥´´Ò³ ³µ¤¥²¨·µ¢ ´¨¥³ ¶·¨ 0 < ω− εt � εt ¸ ¨¸¶µ²Ó§µ-
¢ ´¨¥³ ¢Ò· ¦¥´¨° (2.8) ¨ (3.14). ‡  ¨¸±²ÕÎ¥´¨¥³ £¥´¥· Í¨¨ ¸²ÊÎ °´µ£µ · ¸-
¶·¥¤¥²¥´¨Ö Ê£²  θk′e ¶µ § ±µ´Ê (3 cos2 θk′e − 1)2 µ¸µ¡¥´´µ¸É¨ ³µ¤¥²¨·µ¢ ´¨Ö
 ´ ²µ£¨Î´Ò · ¸¸³µÉ·¥´´µ³Ê ¢ÒÏ¥ µ¤´µËµÉµ´´µ³Ê ± ´ ²Ê. �¥±µÉµ·Ò¥ ¨§ ¶µ-
²ÊÎ¥´´ÒÌ ¤²Ö · §²¨Î´ÒÌ §´ Î¥´¨° α ¨ η É·¥Ì³¥·´Òx ¶·¥¤¸É ¢²¥´¨° ´µ·³¨·µ-
¢ ´´ÒÌ ¶µ  ³¶²¨ÉÊ¤¥ ¸µ¡¸É¢¥´´ÒÌ ¤¢ÊÌËµÉµ´´ÒÌ f (2)(Px, Py)-· ¸¶·¥¤¥²¥´¨°
¨ ¨Ì Éµ¶µ£· ³³Ò,   É ±¦¥ f(XW )-· ¸¶·¥¤¥²¥´¨Ö ¶·¨¢¥¤¥´Ò ´  ·¨¸. 13Ä16.
�·¥¤¸É ¢²¥´´Ò¥ ¢ · ¡µÉ¥ ·¥§Ê²ÓÉ ÉÒ ¶µ± §Ò¢ ÕÉ, ÎÉµ ¸ ÊÎ¥Éµ³ P0w � P0

µ¡Ð¨° Ì · ±É¥· · ¸¶·¥¤¥²¥´¨° ¶·¨ É¥Ì ¦¥ α ¨ η ¡²¨§µ± ± ·¥§Ê²ÓÉ É ³, ¶µ-
²ÊÎ¥´´Ò³ ¤²Ö µ¤´µËµÉµ´´µ° µ¡¤¨·±¨ ¨µ´µ¢ (¸³. ·¨¸. 2, 4, 5, 7).

¥§Ê²ÓÉ¨·ÊÕÐ¨¥ ¸µ¡¸É¢¥´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ ¢ ¶·µ¸É· ´¸É¢¥
¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢ ² ¡µ· Éµ·´µ° ¸¨¸É¥³Ò µÉ¸Î¥É  (Px, Py) ¨ ¶µ Ô´¥·£¨¨
(Ee) µ¶·¥¤¥²ÖÕÉ¸Ö ¸Ê³³µ° ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì · ¸¶·¥¤¥²¥´¨° µÉ µ¤´µËµÉµ´-
´µ£µ ¨ ¤¢ÊÌËµÉµ´´µ£µ ± ´ ²µ¢ µ¡¤¨·±¨ ¸ ÊÎ¥Éµ³ ¨Ì ¸É É¨¸É¨Î¥¸±¨Ì ¢¥¸µ¢.
‘É É¨¸É¨Î¥¸±¨° ¢¥¸ · ¸¶·¥¤¥²¥´¨Ö µ¶·¥¤¥²Ö¥É¸Ö ¢¥·µÖÉ´µ¸ÉÓÕ µ¡¤¨·±¨ (3.1)
¤²Ö ¤ ´´µ° ¶µ²Ö·¨§ Í¨¨ ¨ ³µÐ´µ¸É¨ ËµÉµ´´µ° ³¨Ï¥´¨. Œ É·¨Î´Ò¥ Ô²¥-
³¥´ÉÒ (3.7), (3.8), (3.13) ¨ (3.15), ¶·¨ ÊÎ¥É¥ ¶²µÉ´µ¸É¨ d7k′/(2π)3 ±µ´¥Î´ÒÌ
¸µ¸ÉµÖ´¨° Ô²¥±É·µ´  ¢ ´¥¶·¥·Ò¢´µ³ ¸¶¥±É·¥, ¶·¨¢µ¤ÖÉ ± ¸²¥¤ÊÕÐ¨³ ¢Ò· ¦¥-
´¨Ö³ ¤²Ö ¢¥·µÖÉ´µ¸É¨ n-ËµÉµ´´µ° µ¡¤¨·±¨ (n = 1, 2) ¢ ³¨Ï¥´¨ ¸ ²¨´¥°´µ°
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¨ ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨Ö³¨:

W
(1)
l =W (1)

± = (2/3)F 2ω−4√εt(ω − εt)3/2,

W
(2)
l = (1/18)F 4ω−8

√
εt(2ω − εt)[(ω − εt)2(εt/ω)+

+(ω − εt)3/ω + (2/5)(2ω − εt)2],

W
(2)
± = (1/120)F 4ω−8

√
εt(2ω − εt)(2ω − εt)2,

W
(2)
l |(0<ω−εt�εt)≈ (8/3)W (2)

± . (3.18)

’ ±¨³ µ¡· §µ³, ¢ µ¤´µÔ²¥±É·µ´´µ° ³µ¤¥²¨ ¶µÉ¥´Í¨ ²  ´Ê²¥¢µ£µ · ¤¨Ê¸  ¢¥-
·µÖÉ´µ¸ÉÓ ¤¢ÊÌËµÉµ´´µ° ´ ¤¶µ·µ£µ¢µ° µ¡¤¨·±¨ ¨µ´  ¸ÊÐ¥¸É¢¥´´Ò³ µ¡· §µ³
§ ¢¨¸¨É µÉ ¶µ²Ö·¨§ Í¨¨ ³¨Ï¥´¨, ¶·¨Î¥³ ¤²Ö ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ ¨§-
²ÊÎ¥´¨Ö µ´  §´ Î¨É¥²Ó´µ ¡µ²ÓÏ¥, Î¥³ ¢ ¸²ÊÎ ¥ ¸ ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¥°.
‚ µ¡² ¸É¨ ´¨¦¥ µ¤´µËµÉµ´´µ£µ ¶µ·µ£  ¤ ´´Ò° ¢µ¶·µ¸ É¥µ·¥É¨Î¥¸±¨ · ¸-
¸³ É·¨¢ ²¸Ö, ´ ¶·¨³¥·, ¢ · ¡µÉ Ì [82, 86Ä89]. ‚ µÉ²¨Î¨e µÉ ¶µ²ÊÎ¥´´µ£µ
¢ÒÏ¥ ·¥§Ê²ÓÉ É  ¢ ÔÉµ° µ¡² ¸É¨ (ω < εt) ¸µµÉ´µÏ¥´¨¥ ³¥¦¤Ê ¢¥·µÖÉ´µ¸ÉÖ³¨
¤¢ÊÌËµÉµ´´µ° µ¡¤¨·±¨ ¢ ²¨´¥°´µ ¨ Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ³ ¨§²ÊÎ¥´¨¨
± Î¥¸É¢¥´´µ ³¥´Ö¥É¸Ö ¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ËµÉµ´µ¢. ‚ Î ¸É´µ¸É¨, ´¥-
¸³µÉ·Ö ´  ±µ²¨Î¥¸É¢¥´´µ¥ · §²¨Î¨¥ ·¥§Ê²ÓÉ Éµ¢ · §´ÒÌ · ¡µÉ, ´¥· ¢¥´¸É¢µ

ρ ≡ W
(2)
l (ω)/W (2)

± (ω) � 1 ¢ µ¡² ¸É¨ ¤¢ÊÌËµÉµ´´µ£µ ¶µ·µ£  (ω ≥ εt/2)
¶¥·¥Ìµ¤¨É ¢ ¸µµÉ´µÏ¥´¨¥ ρ ≤ 1 ¶·¨ ω ≤ εt. ‚ · ¸¸³µÉ·¥´´µ° É¥µ·¥É¨Î¥-
¸±µ° ³µ¤¥²¨ § ¢¨¸¨³µ¸ÉÓ (3.18) ¤²Ö µ±µ²µ¶µ·µ£µ¢µ° µ¤´µËµÉµ´´µ° µ¡¤¨·±¨
¨µ´  H− ¸µ£² ¸Ê¥É¸Ö ¸ ¢¨£´¥·µ¢¸±¨³ § ±µ´µ³ ¨µ´¨§ Í¨¨ s-±¢ ´Éµ¢µ£µ ¸µ¸Éµ-
Ö´¨Ö [81, 90, 91] ¨ ¨§¢¥¸É´Ò³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ·¥§Ê²ÓÉ É ³¨ [92,93]. ‚
¸µµÉ¢¥É¸É¢¨¨ ¸ (3.18) µÉ´µÏ¥´¨¥ ¸É É¢¥¸µ¢ ¸µ¡¸É¢¥´´ÒÌ · ¸¶·¥¤¥²¥´¨° µ¤-
´µËµÉµ´´µ£µ ¨ ¤¢ÊÌËµÉµ´´µ£µ ± ´ ²µ¢ µ¡¤¨·±¨ ¢¡²¨§¨ ¶µ·µ£  µ¶·¥¤¥²Ö¥É¸Ö
¸µµÉ´µÏ¥´¨¥³

W
(1)
l

W
(2)
l

=
3
8
W

(1)
±

W
(2)
±

≈ 15ε1,5t (ω − εt)1,5C
4πIγ

, (3.19)

£¤¥ Iγ = F 2C/8π Å ¶²µÉ´µ¸ÉÓ ³µÐ´µ¸É¨ ³¨Ï¥´¨ ¢  Éµ³´ÒÌ ¥¤¨´¨Í Ì
(1 a.e. = 6, 436 · 1015 ‚É/¸³2). ‘ ÊÎ¥Éµ³ ¢Ò· ¦¥´¨Ö (3.1) ¤²Ö ²¨´¥°´µ
¶µ²Ö·¨§µ¢ ´´µ£µ ¨§²ÊÎ¥´¨Ö ´  ·¨¸. 17 ¶·¨¢¥¤¥´  ¶µ²ÊÎ¥´´ Ö ¢ · ¡µÉ¥ [62] É¥-
µ·¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ ¶ ·Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¤¢ÊÌËµÉµ´´µ° µ¡¤¨·±¨ ¨µ´ 
H− µÉ Ô´¥·£¨¨ ËµÉµ´  ¶·¨ ω > εt. „²Ö ¸· ¢´¥´¨Ö É ³ ¦¥ ¶·¥¤¸É ¢²¥´Ò
É¥µ·¥É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ · ¡µÉ [84, 94, 95] ¤²Ö ËµÉµ´µ¢ ¸ ω < εt. �·¨¢¥¤¥´-
´Ò¥ ¸¥Î¥´¨Ö ´µ·³¨·µ¢ ´Ò ´  µ¤¨´ ¨§ ¤¢ÊÌ Ô²¥±É·µ´µ¢ Ê ¨µ´  H− ¨ Ìµ·µÏµ
¸ÉÒ±ÊÕÉ¸Ö ´  £· ´¨Í¥ µ¤´µËµÉµ´´µ° µ¡¤¨·±¨.

�·¥¤¸É ¢²¥´´Ò¥ ¢ÒÏ¥ ¤²Ö ± ´ ²µ¢ n = 1, 2 ·¥§Ê²ÓÉ ÉÒ ¶µ§¢µ²ÖÕÉ ¤¥-
É ²Ó´µ ¨¸¸²¥¤µ¢ ÉÓ Ô¢µ²ÕÍ¨Õ ·¥§Ê²ÓÉ¨·ÊÕÐ¨Ì ¸µ¡¸É¢¥´´ÒÌ · ¸¶·¥¤¥²¥´¨°
Ô²¥±É·µ´µ¢ ¢ ² ¡µ· Éµ·´µ° ¸¨¸É¥³¥ µÉ¸Î¥É  ¶·¨ ´ ¤¶µ·µ£µ¢µ° ËµÉµµ¡¤¨·±¥



1270 �’EŒ�‚ �.‘.

¨¸. 13. ’·¥Ì³¥·´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ´µ·³¨·µ¢ ´´µ£µ ¸µ¡¸É¢¥´´µ£µ f (2)(Px, Py)-· ¸-
¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ ¨ ¥£µ Éµ¶µ£· ³³  ¶·¨ ¤¢ÊÌËµÉµ´´µ° µ±µ²µ¶µ·µ£µ¢µ° µ¡¤¨·±¥
¨µ´µ¢ H− ¸ α = 0, η = π/4. †¨·´µ° ±·¨¢µ° ´  Éµ¶µ£· ³³¥ ¢Ò¤¥²¥´ Ê·µ¢¥´Ó 0,5 µÉ
 ³¶²¨ÉÊ¤Ò · ¸¶·¥¤¥²¥´¨Ö
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¨¸. 14. ’µ ¦¥, ÎÉµ ´  ·¨¸. 13, ¤²Ö α = π/4, η = π/4

¨µ´µ¢ H− ´  ³¨Ï¥´ÖÌ · §²¨Î´µ° ¶µ²Ö·¨§ Í¨¨, Î ¸ÉµÉÒ ¨ ³µÐ´µ¸É¨ ¨§²ÊÎ¥-
´¨Ö. ‚ ¶·µ¸É· ´¸É¢¥ ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢ ¢ ² ¡µ· Éµ·´µ° ¸¨¸É¥³¥ µÉ¸Î¥É 
(Px, Py) ÔÉ¨ · ¸¶·¥¤¥²¥´¨Ö µ¶·¥¤¥²ÖÕÉ¸Ö ¢Ò· ¦¥´¨¥³

f(Px, Py)|α,η = f
(1)
|α,η(Px, Py)

W
(1)
α

P 2
0 V

(1)
α,η

+ f (2)
|α,η(Px, Py)

W
(2)
α

P 2
0wV

(2)
α,η

, (3.20)
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¨¸. 15. ’µ ¦¥, ÎÉµ ´  ·¨¸. 13, ¤²Ö η = π/4, ´¥¶µ²Ö·¨§µ¢ ´´µ¥ ¨§²ÊÎ¥´¨¥

£¤¥ f (1,2)
|α,η (Px, Py)Å ´µ·³¨·µ¢ ´´Ò¥ ¶ ·Í¨ ²Ó´Ò¥ ¸µ¡¸É¢¥´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö

µ¤´µËµÉµ´´µ£µ ¨ ¤¢ÊÌËµÉµ´´µ£µ ± ´ ²µ¢ ¤²Ö ¢Ò¡· ´´µ£µ Ê£²  η ¢ ³¨Ï¥´¨

¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¶µ²Ö·¨§ Í¨¥° α; f (1)
|α,η(Px, Py) ≡ 0 ¶·¨ P 2

x + P
2
y ≥ P 2

0 ;

f
(2)
|α,η(Px, Py) ≡ 0 ¶·¨ P 2

x + P 2
y ≥ P 2

0w; V
(1,2)
α,η Å ¶µ¤¶µ¢¥·Ì´µ¸É´Ò° µ¡Ñ¥³
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¨¸. 16. �µ·³¨·µ¢ ´´µ¥ ¸µ¡¸É¢¥´´µ¥ · ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·µ´µ¢ ¶µ Ô´¥·£¨¨ ¶·¨ ¤¢ÊÌ-
ËµÉµ´´µ° µ±µ²µ¶µ·µ£µ¢µ° µ¡¤¨·±¥ ¨µ´µ¢ H− ¸ η = π/4, 3π/4 (a) ¨ η = π/2 (¡)
¤²Ö · §²¨Î´µ° ¶µ²Ö·¨§ Í¨¨ ¨§²ÊÎ¥´¨Ö: α = π/4 (•), α = 0 (+), ´¥¶µ²Ö·¨§µ¢ ´´Ò¥
ËµÉµ´Ò (�); α = π/2, ¶·µ¨§¢µ²Ó´µ¥ η (∗), α = π/4 η = 3π/4 (�)

´µ·³¨·µ¢ ´´ÒÌ ¶ ·Í¨ ²Ó´ÒÌ · ¸¶·¥¤¥²¥´¨°. ‚ ¢Ò· ¦¥´¨¨ (3.20) ÊÎÉ¥´  ´µ·-

³¨·µ¢±  f (1,2)
|α,η (Px, Py)-· ¸¶·¥¤¥²¥´¨° ¶µ  ³¶²¨ÉÊ¤¥, ¨Ì ¶·¥¤¸É ¢²¥´¨¥ ¢ ¶·µ-

¸É· ´¸É¢¥ ¡¥§· §³¥·´ÒÌ ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢ (¸³. ·¨¸.1Ä6, 13Ä15),   ¨´É¥-
£· ² · ¸¶·¥¤¥²¥´¨Ö ¶µ Ô´¥·£¨¨ ¶µ² £ ¥É¸Ö · ¢´Ò³ ¥¤¨´¨Í¥. ‘µµÉ¢¥É¸É¢ÊÕÐ¥¥
¢Ò· ¦¥´¨¥ ¤²Ö ·¥§Ê²ÓÉ¨·ÊÕÐ¥£µ ¸µ¡¸É¢¥´´µ£µ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ ¶µ
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¨¸. 17. ‡ ¢¨¸¨³µ¸ÉÓ ¶ ·Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¤¢ÊÌËµÉµ´´µ° µ¡¤¨·±¨ ¨µ´  H− ¢ ²¨-

´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ° ³¨Ï¥´¨ (σ(2)
l ) µÉ Ô´¥·£¨¨ ËµÉµ´  (ω). Š·¨¢Ò¥ 1, 2, 3 Å É¥µ-

·¥É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ · ¡µÉ [84, 94, 95] ¸µµÉ¢¥É¸É¢¥´´µ

Ô´¥·£¨¨ ¨³¥¥É ¢¨¤

f|α,η(Ee) = f|α,η(XS)
10W (1)

α

γβCS
(1)
α,ηP0

+ f|α,η(XW )
10W (2)

α

γβCS
(2)
α,ηP0w

, (3.21)

£¤¥ S
(1,2)
α,η Å ¶²µÐ ¤¨ ´µ·³¨·µ¢ ´´ÒÌ ¶µ  ³¶²¨ÉÊ¤¥ ¶ ·Í¨ ²Ó´ÒÌ

f|α,η(XS, XW )-· ¸¶·¥¤¥²¥´¨°, ¨ ¨¸¶µ²Ó§Ê¥É¸Ö ¥¤¨´¨Î´ Ö ´µ·³¨·µ¢±  ¨´-
É¥£· ²  ¶ ·Í¨ ²Ó´ÒÌ · ¸¶·¥¤¥²¥´¨° ¢ ¶·µ¸É· ´¸É¢¥ ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢.

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¨§-§  ³ ²µ° ¶µ²Ö·¨§Ê¥³µ¸É¨  Éµ³´µ£µ µ¸Éµ¢  H−

¶·¨ ¨§ÊÎ¥´¨¨ µ±µ²µ¶µ·µ£µ¢µ° ËµÉµµ¡¤¨·±¨ ¨µ´  ¢ · ¸¸³µÉ·¥´´µ° ³µ¤¥²¨ ´¥
ÊÎ¨ÉÒ¢ ²µ¸Ó ¶µ¸²¥¸Éµ²±´µ¢¨É¥²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¶·µ¤Ê±Éµ¢ · §¢ ²  (Ô²¥±-
É·µ´,  Éµ³ ¢µ¤µ·µ¤ ), ±µÉµ·µ¥ ¤²Ö ¤·Ê£¨Ì µÉ·¨Í É¥²Ó´ÒÌ ¨µ´µ¢ ³µ¦¥É ¨£· ÉÓ
¢ ¦´ÊÕ ·µ²Ó (¸³., ´ ¶·¨³¥·, [88, 96, 97]).

�Í¥´¨³ ³ ±¸¨³ ²Ó´ÊÕ ¶²µÉ´µ¸ÉÓ ³µÐ´µ¸É¨ ËµÉµ´´µ° ³¨Ï¥´¨ Iγ|∆, ¶·¨
±µÉµ·µ° ¤¨´ ³¨Î¥¸±¨° ·µ¸É ¶µ·µ£  ËµÉµµ¡¤¨·±¨ ∆εt ¥Ð¥ ´¥ µ± §Ò¢ ¥É § -
³¥É´µ£µ ¢²¨Ö´¨Ö ´  ¶·¥¤¸É ¢²¥´´Ò¥ ¢ÒÏ¥ ·¥§Ê²ÓÉ ÉÒ. ‘ ÊÎ¥Éµ³ [74] ¨ ¢¥²¨-
Î¨´ ÏÉ ·±µ¢¸±¨Ì ¸¤¢¨£µ¢ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö Ô²¥±É·µ´  ¨ £· ´¨ÍÒ ´¥¶·¥-
·Ò¢´µ£µ ¸¶¥±É·  ¢ ² §¥·´µ³ ¶µ²¥ F ÔÉµ ¨³¥¥É ³¥¸Éµ ¶·¨ ∆εt ≈ τ0F

2/4+
+F 2/4ω2 ≈ 0, 1(ω − εt), £¤¥ τ0 Å ¤¨´ ³¨Î¥¸± Ö ¶µ²Ö·¨§Ê¥³µ¸ÉÓ Ê·µ¢´Ö ´ 
Î ¸ÉµÉ¥ ¶µ²Ö ω (¤²Ö ¨µ´  H− ¢¡²¨§¨ ¶µ·µ£  ËµÉµµ¡¤¨·±¨ τ0 ≈ 103  .¥. [98]).
�É¸Õ¤  ¶µ²ÊÎ ¥³

Iγ|∆ ≈ 5 · 10−2C

π

ω − εt
τ0 + 1/ε2t

. (3.22)

�É´µÏ¥´¨¥ ÔÉµ° ¢¥²¨Î¨´Ò ¨ Iγ|1,2, ¶·¨ ±µÉµ·µ° W (1)
l /W

(2)
l ≈ 1, ¤ ¥É

Iγ|1,2/Iγ|∆ ≈ 0, 37(ω − εt)0,5(τ0 + 1/ε2t ) ≈ 8 · 102(ω − εt)0,5. (3.23)
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„²Ö ¤µ¸É ÉµÎ´µ ³µÐ´ÒÌ ³¨Ï¥´¥° ¢²¨Ö´¨¥ ¸¤¢¨£  ¶µ·µ£  µ¤´µËµÉµ´´µ° µ¡-
¤¨·±¨ ´  ¶µ²ÊÎ¥´´Ò¥ ¢ÒÏ¥ ·¥§Ê²ÓÉ ÉÒ ³µ¦´µ ÊÎ¥¸ÉÓ ¶·¨ § ³¥´¥ εt ´ 
εt = εt +∆εt ¨ ¸µÌ· ´¥´¨¨ ËÊ´±Í¨µ´ ²Ó´ÒÌ § ¢¨¸¨³µ¸É¥°.

�·¨¢¥¤¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤¥É ²Ó´µ£µ ¨§ÊÎ¥´¨Ö · ¸¶·¥¤¥²¥´¨° ËµÉµÔ²¥±-
É·µ´µ¢ ¢ ² ¡µ· Éµ·´µ° ¸¨¸É¥³¥ µÉ¸Î¥É  Ê± §Ò¢ ÕÉ ´  ¢µ§³µ¦´µ¸ÉÓ ÔËË¥±É¨¢-
´µ£µ Ê¶· ¢²¥´¨Ö ¶·µÍ¥¸¸µ³ ËµÉµµ¡¤¨·±¨ ¡Ò¸É·ÒÌ ¨µ´µ¢ H− ¢ ² §¥·´µ³ ¨§²Ê-
Î¥´¨¨. „²Ö § ¤ Î ¤¨ £´µ¸É¨±¨ ¶ÊÉ¥³ ¶µ¤¡µ·  ³µÐ´µ¸É¨ ¨§²ÊÎ¥´¨Ö, ¶·µ¸É· ´-
¸É¢¥´´µ° µ·¨¥´É Í¨¨ ¨³¶Ê²Ó¸  ¨ ¶µ²Ö·¨§ Í¨¨ ËµÉµ´µ¢ ³µ¦´µ ·¥ ²¨§µ¢ ÉÓ
Ê¸²µ¢¨Ö ¶¥·¥¤ Î¨ ´¥µ¡Ìµ¤¨³µ° ¨´Ëµ·³ Í¨¨ µ ¶ÊÎ±¥ ¡Ò¸É·Ò³ Ô²¥±É·µ´ ³ ¸
³ ±¸¨³ ²Ó´µ° ÉµÎ´µ¸ÉÓÕ.

4. ��…„…‹œ�›… ‚‡Œ†�‘’ˆ „ˆ�ƒ�‘’ˆŠˆ �“—Š� ˆ�‚
H− � �‹…Š’���Œ ˆ• #„ˆ�Šˆ �� ��‡‹ˆ—�›•

Œˆ˜…�Ÿ•

’µÎ´µ¸É¨ ¸µµÉ¢¥É¸É¢¨Ö · ¸¶·¥¤¥²¥´¨° ¨µ´µ¢ H− ¨ Ô²¥±É·µ´µ¢ ¢ ¶ÊÎ±¥ ¶µ
Ê£²Ê ¨ Ô´¥·£¨¨ (¨³¶Ê²Ó¸Ê) µ¶·¥¤¥²ÖÕÉ¸Ö ¢¥²¨Î¨´µ° ¨ Ì · ±É¥·µ³ ¢µ§³ÊÐ¥-
´¨Ö, ¶·¨µ¡·¥É ¥³µ£µ Ô²¥±É·µ´ ³¨ ¢ Ô²¥³¥´É ·´ÒÌ  ±É Ì ¸¢µ¥£µ ·µ¦¤¥´¨Ö, ¨
§ ¢¨¸ÖÉ µÉ É¨¶  ¨¸¶µ²Ó§Ê¥³µ° §µ´¤¨·ÊÕÐ¥° ³¨Ï¥´¨. ‘· ¢´¨É¥²Ó´Ò°  ´ ²¨§
ÔÉ¨Ì ÉµÎ´µ¸É¥° ³µ¦¥É ¡ÒÉÓ ¶·µ¢¥¤¥´ ¸ ¶µ³µÐÓÕ ¶·¥¤¸É ¢²¥´´ÒÌ ´  ·¨¸. 18
§ ¢¨¸¨³µ¸É¥° [99]. „²Ö ±µ·¶Ê¸±Ê²Ö·´ÒÌ ³¨Ï¥´¥° ¶·¨¢¥¤¥´Ò Ï¨·¨´Ò ´  ¶µ-
²Ê¢Ò¸µÉ¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì · ¸¶·¥¤¥²¥´¨° ¶·¨ ·µ¦¤¥´¨¨ Ô²¥±É·µ´µ¢ ¸ ÊÎ¥Éµ³
¨§¢¥¸É´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ [30Ä35] ¨ É¥µ·¥É¨Î¥¸±¨Ì [36] ·¥§Ê²ÓÉ Éµ¢. „²Ö
ËµÉµ´´ÒÌ ³¨Ï¥´¥° ¨¸¶µ²Ó§µ¢ ´Ò ¶·¥¤¸É ¢²¥´´Ò¥ ¢ · §¤. 2 ¤ ´´Ò¥. �·¨ ÔÉµ³
¸¶²µÏ´Ò¥ ±·¨¢Ò¥ ¸µµÉ¢¥É¸É¢ÊÕÉ É¥µ·¥É¨Î¥¸±¨³ §´ Î¥´¨Ö³ ³ ±¸¨³ ²Ó´µ£µ
Ê£²µ¢µ£µ ¨ Ô´¥·£¥É¨Î¥¸±µ£µ · §¡·µ¸µ¢ Ô²¥±É·µ´µ¢ ¢ ·¥§Ê²ÓÉ É¥ µ¤´µËµÉµ´-
´µ° µ¡¤¨·±¨ ¨µ´µ¢ H− ¶·¨ § ¤ ´´µ° ¤²¨´¥ ¢µ²´Ò ËµÉµ´µ¢ ¢ ¸¨¸É¥³¥ ¶µ±µÖ
¨µ´µ¢. ˜É·¨Ì¶Ê´±É¨·´Ò³¨ ±·¨¢Ò³¨ µÉ³¥Î¥´Ò Ï¨·¨´Ò ´  ¶µ²Ê¢Ò¸µÉ¥ · ¸-
¶·¥¤¥²¥´¨° ¶·¨ Éµ° ¦¥ ¤²¨´¥ ¢µ²´Ò ËµÉµ´µ¢, ´µ µ¶É¨³ ²Ó´µ³ ´ ¶· ¢²¥´¨¨
¨Ì ¨³¶Ê²Ó¸  (Ê£µ² η) ¨ ¶²µ¸±µ¸É¨ ¶µ²Ö·¨§ Í¨¨ (α).

ˆ§ ¶·¥¤¸É ¢²¥´´ÒÌ ´  ·¨¸. 18 § ¢¨¸¨³µ¸É¥° ¢¨¤´µ, ÎÉµ ¢Ò¡µ· ³ É¥·¨-
 ²  ±µ·¶Ê¸±Ê²Ö·´µ° ³¨Ï¥´¨ ¶· ±É¨Î¥¸±¨ ´¥ ¢²¨Ö¥É ´  ³ ±¸¨³ ²Ó´ÊÕ ÉµÎ-
´µ¸ÉÓ ¸µµÉ¢¥É¸É¢¨Ö · ¸¶·¥¤¥²¥´¨° ¨µ´µ¢ H− ¨ Ô²¥±É·µ´µ¢. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³
¤²Ö § ¤ Î ¤¨ £´µ¸É¨±¨ ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ´ ¨¡µ²¥¥ Ê¤µ¡´Ò¥ ¸ ÉµÎ±¨ §·¥´¨Ö
Ëµ·³¨·µ¢ ´¨Ö §µ´¤¨·ÊÕÐ¥° ³¨Ï¥´¨ £ §µ¢ÊÕ ÖÎ¥°±Ê, É¨¶ £ §  ¨²¨ Ëµ²Ó£¨.
‘ÊÐ¥¸É¢¥´´µ¥ Ê²ÊÎÏ¥´¨¥ ÉµÎ´µ¸É¥° ¸µµÉ¢¥É¸É¢¨Ö · ¸¶·¥¤¥²¥´¨° ³µ¦¥É ¡ÒÉÓ
¤µ¸É¨£´ÊÉµ ¶·¨ ¶¥·¥Ìµ¤¥ ± ËµÉµ´´Ò³ ³¨Ï¥´Ö³. �·¨ §µ´¤¨·µ¢ ´¨¨ ¶ÊÎ±µ¢
² §¥·´Ò³ ¨§²ÊÎ¥´¨¥³ ³µ¦´µ Ëµ·³¨·µ¢ ÉÓ ³¨Ï¥´¨ ¸ ¤µ¸É ÉµÎ´µ ³ ²Ò³¨
¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´�Ò³¨ · §³¥· ³¨. ’ ±¨³ µ¡· §µ³, µÉ±·Ò¢ ¥É¸Ö ¢µ§-
³µ¦´µ¸ÉÓ ¤¨ £´µ¸É¨±¨ ¸ ¶µ³µÐÓÕ ±µ³¶ ±É´ÒÌ Ê¸É·µ°¸É¢ ¶·¨ ·¥£¨¸É· Í¨¨
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¨¸. 18. Œ ±¸¨³ ²Ó´ Ö ÉµÎ´µ¸ÉÓ ¸µµÉ¢¥É¸É¢¨Ö · ¸¶·¥¤¥²¥´¨° ¨µ´µ¢ H− ¨ Ô²¥±É·µ´µ¢
¶µ µÉ´µ¸¨É¥²Ó´µ° Ô´¥·£¨¨ (∆Ee/Ee, ±·¨¢Ò¥ 1Ä5) ¨ Ê£²Ê (∆θe, ±·¨¢Ò¥ 6Ä10) ¤²Ö
· §²¨Î´ÒÌ ±µ·¶Ê¸±Ê²Ö·´ÒÌ (1, 6 → (�) Å Kr [34], (∗) Å Ne, CH3Cl [35], (◦) Å
He [31, 33, 35], (×) Å Ar [30, 32], (•) Å C [36]) ¨ ËµÉµ´´ÒÌ (λ = 10600 �A → 2, 3,
7, 8; λ = 16300 �A → 4, 5, 9, 10 [62]) ³¨Ï¥´¥° ¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ¨µ´µ¢

Ô²¥±É·µ´µ¢, ·µ¦¤ ÕÐ¨Ì¸Ö ¢ ·¥§Ê²ÓÉ É¥ µ±µ²µ¶µ·µ£µ¢µ° µ¤´µËµÉµ´´µ° µ¡-
¤¨·±¨ ¨µ´µ¢ H− ´  ÔÉ ¶¥ ¸Î¨ÉÒ¢ ´¨Ö ¨´Ëµ·³ Í¨¨ µ ¶ÊÎ±¥.

5. ƒ���ˆ—…�ˆŸ �� �‹’�‘’œ Œ™�‘’ˆ ”’��‰
Œˆ˜…�ˆ

�²µÉ´µ¸ÉÓ ³µÐ´µ¸É¨ ³¨Ï¥´¨ Iγ|max, ¶·¨ ±µÉµ·µ° ¨´Ëµ·³ Í¨Ö µ ¶ · ³¥-
É· Ì ¶ÊÎ±  § ³¥É´µ ¨¸± ¦ ¥É¸Ö ¨§-§  ¤¢ÊÌËµÉµ´´µ° µ¡¤¨·±¨ µÉ·¨Í É¥²Ó´ÒÌ
¨µ´µ¢, § ¢¨¸¨É µÉ ¶µ¢¥¤¥´¨Ö ¸¥Î¥´¨° ± ´ ²µ¢ n = 1, 2 ¢¡²¨§¨ ¶µ·µ£  εt, ±µ´-
±·¥É´µ£µ ¢¨¤  ¸µ¡¸É¢¥´´ÒÌ · ¸¶·¥¤¥²¥´¨° Ô²¥±É·µ´µ¢ ¢ Ô²¥³¥´É ·´ÒÌ  ±É Ì
¨Ì ·µ¦¤¥´¨Ö,   É ±¦¥ µÉ ¢¥²¨Î¨´ ∆β ¨ ∆θi ¨µ´µ¢ ¢ ¶ÊÎ±¥. „²Ö · ¸¸³µÉ·¥´-
´ÒÌ ¢ÒÏ¥ ´ ¨¡µ²¥¥ µ¶É¨³ ²Ó´ÒÌ · ¸¶·¥¤¥²¥´¨° ¸ β0 = 2 ÔÉµ ¨³¥¥É ³¥¸Éµ
¶·¨ (¸³. ·¨¸.1,2,7,13,16)

W
(1)
l /∆θi ≤ 10W (2)

l /
√
(∆X ′

cr)2 + (∆θi)2 (5.1)

¨

W
(1)
l /ξi ≤ 10W (2)

l /
√
(ξi)2 + (ξ(2))2, (5.2)

¢ ¸²ÊÎ ¥ ¨§³¥·¥´¨Ö · ¸¶·¥¤¥²¥´¨° ¨µ´µ¢ ¢ ¶²µ¸±µ¸É¨ X ′X ¨ ¶µ Ô´¥·£¨¨
¸µµÉ¢¥É¸É¢¥´´µ. ‚ ¶·¨¢¥¤¥´´ÒÌ ¢Ò· ¦¥´¨ÖÌ ξi = β∆βγ3/(γ − 1), ξ(2) ≈
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≈ (0, 6γβ/(γ − 1))
√
εt/meC2 ¨ ∆X ′

cr ≈ (0, 25/γβ)
√
2εt/meC2. ‘ ÊÎ¥Éµ³

·¥§Ê²ÓÉ Éµ¢, ¶·¥¤¸É ¢²¥´´ÒÌ ¢ · §¤. 3 ¶·¨³¥´¨É¥²Ó´µ ± ¶ÊÎ± ³ ¨µ´µ¢ H−,
´¥É·Ê¤´µ ¶µ²ÊÎ¨ÉÓ ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö Iγ|max[‚É/¸³

2] ¢ ¸¨¸É¥³¥ Í¥´É· 
³ ¸¸:

Iγ|max ≈ 5, 21·1012[εt(�ω−εt)]1,5




√
1 +

( 0, 35
γβ∆θi

)2 εt
meC

2 → (X ′X)

√
1 +

(
0, 6
γ2∆β

)2
εt

meC
2 → (Ei),

(5.3)

£¤¥ ¢¥²¨Î¨´Ò �ω ¨ εt ¢Ò· ¦¥´Ò ¢ Ô²¥±É·µ´-¢µ²ÓÉ Ì. Š·¨É¨Î¥¸± Ö ¶²µÉ´µ¸ÉÓ
³µÐ´µ¸É¨ ³¨Ï¥´¨ Iγ|cr[‚É/¸³

2], ¶·¨ ±µÉµ·µ° ¸µ¡¸É¢¥´´Ò¥ µ¤´µËµÉµ´´Ò¥

· ¸¶·¥¤¥²¥´¨Ö ϕ(1)(Px) ¨ f(XS) Ô²¥±É·µ´µ¢ ¸ β0 = 2 ¶µ²´µ¸ÉÓÕ ®¸É¨· ÕÉ-

¸Ö¯  ´ ²µ£¨Î´Ò³¨ ¤¢ÊÌËµÉµ´´Ò³¨ (W (1)
l /P0 ≈ W

(2)
l /P0w), µ¶·¥¤¥²Ö¥É¸Ö ¢

¤ ´´µ³ ¸²ÊÎ ¥ ¢Ò· ¦¥´¨¥³

Iγ|cr ≈ 4, 4 · 1013ε2t (�ω − εt). (5.4)

�·¨ É ±µ° ³µÐ´µ¸É¨ ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨Ö ¶ · ³¥É·µ¢ ¶ÊÎ±  ¨µ´µ¢ H− µ£· -
´¨Î¥´  ¢¥²¨Î¨´ ³¨ ∆X ′

cr ¶µ Ê£²Ê ¨ ξ(2) ¶µ µÉ´µ¸¨É¥²Ó´µ° Ô´¥·£¨¨.

6. Œ�ƒ”“�Š–ˆ��‹œ�… “‘’�‰‘’‚ „‹Ÿ
�…‚‡Œ“™�(™…‰ ”�„� ’�ˆ–�’…‹œ�›• ˆ�‚

‚›‘Š‰ ��…�ƒˆˆ

„²Ö ·¥ ²¨§ Í¨¨ · ¸¸³µÉ·¥´´µ£µ ¢ÒÏ¥ ³¥Éµ¤  ´¥¢µ§³ÊÐ ÕÐ¥° ¤¨ £´µ-
¸É¨±¨ ¶ÊÎ±  µÉ·¨Í É¥²Ó´ÒÌ ¨µ´µ¢ ¢Ò¸µ±µ° Ô´¥·£¨¨ (´ ¶·¨³¥·, ¢ ³¥§µ´-
´ÒÌ Ë ¡·¨± Ì) ¶·¥¤²µ¦¥´µ ¨ · §· ¡µÉ ´µ ±µ³¶ ±É´µ¥ ³´µ£µËÊ´±Í¨µ´ ²Ó´µ¥
Ê¸É·µ°¸É¢µ, ¸Ì¥³  ±µÉµ·µ£µ ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 19 [48,100]. ‚Ò¢µ¤ Ô²¥±É·µ-
´µ¢ ËµÉµµ¡¤¨·±¨ ¨§ ¶ÊÎ±  ¨µ´µ¢ ¨  ´ ²¨§ ¶¥·¥´µ¸¨³µ° ¨³¨ ¨´Ëµ·³ Í¨¨
µ¸ÊÐ¥¸É¢²Ö¥É¸Ö µ¤´¨³ ´¥¶µ¤¢¨¦´Ò³ ³ £´¨É´Ò³ Ô²¥³¥´Éµ³ ¸ µ¤´µ·µ¤´Ò³
¶µ²¥³ (MA). „²Ö ¶µ²´µ° ±µ³¶¥´¸ Í¨¨ ´¥§´ Î¨É¥²Ó´ÒÌ ¶·µ¸É· ´¸É¢¥´´ÒÌ
¨ Ê£²µ¢ÒÌ ¢µ§³ÊÐ¥´¨° ¨µ´µ¢ ¤µ ¨ ¶µ¸²¥ ´¥£µ · ¸¶µ²µ¦¥´Ò ±µ··¥±É¨·ÊÕ-
Ð¨¥ ³ £´¨ÉÒ M1 ¨ M2. ‘µ£² ¸µ¢ ´´µ¥ ¨§³¥´¥´¨¥  ´ ²¨§¨·ÊÕÐ¥£µ ¨ ±µ·-
·¥±É¨·ÊÕÐ¨Ì ¶µ²¥° µ¡¥¸¶¥Î¨¢ ¥É¸Ö ¶µ¸²¥¤µ¢ É¥²Ó´Ò³ ¸µ¥¤¨´¥´¨¥³ µ¡³µÉµ±
³ £´¨Éµ¢ ¨ µ¡Ð¨³ ¨¸ÉµÎ´¨±µ³ Éµ± . Œ¥¦¶µ²Õ¸´µ¥ · ¸¸ÉµÖ´¨¥ Lm ¢Ò¡¨· -
¥É¸Ö ¤µ¸É ÉµÎ´Ò³ ¤²Ö ¡¥c¶·¥¶ÖÉ¸É¢¥´´µ£µ ¶·µÌµ¦¤¥´¨Ö ¶ÊÎ±  ¢ ¢ ±ÊÊ³´µ°
± ³¥·¥ ³¥¦¤Ê ¶µ²Õ¸ ³¨ ³ £´¨É  ¨ ¶µ¶ ¤ ´¨Ö ´  ¤¥É¥±Éµ·Ò ¢¸¥Ì Ô²¥±É·µ´µ¢,
·µ¦¤ ÕÐ¨Ì¸Ö ´  ËµÉµ´´ÒÌ ³¨Ï¥´ÖÌ.
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¨¸. 19. ‘Ì¥³  ³´µ£µËÊ´±Í¨µ´ ²Ó´µ£µ Ê¸É·µ°¸É¢  ¤²Ö ´¥¢µ§³ÊÐ ÕÐ¥° ËµÉµÔ²¥±É·µ´-
´µ° ¤¨ £´µ¸É¨±¨ ¶ÊÎ±  µÉ·¨Í É¥²Ó´ÒÌ ¨µ´µ¢ c ¢Ò¸µ±µ° Ô´¥·£¨¥°

ˆ§³¥·¥´¨¥ Ô´¥·£¥É¨Î¥¸±µ£µ ¸¶¥±É·  ¨ ¶·µ¤µ²Ó´µ£µ Ô³¨ÉÉ ´¸  ¶ÊÎ± 
¨µ´µ¢ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶µ ¨§¢¥¸É´µ° ¤²Ö ³ £´¨É´ÒÌ  ´ ²¨§ Éµ·µ¢ ¸Ì¥³¥
(·¨¸. 19, ), ¢ ±µÉµ·µ° ¢³¥¸Éµ ¤¨ Ë· £³¨·ÊÕÐ¥° Ð¥²¨ ¸ ¶µ³µÐÓÕ ² §¥·-
´µ£µ ¨§²ÊÎ¥´¨Ö Ëµ·³¨·Ê¥É¸Ö ¢ ¶²µ¸±µ¸É¨ XZ ²¥´ÉµÎ´ Ö ËµÉµ´´ Ö ³¨Ï¥´Ó
O ¸ É·¥¡Ê¥³µ° ¶·µ¸É· ´¸É¢¥´´µ° ²µ± ²¨§ Í¨¥° ∆Y ¶µ µ¸¨ Y . ‘¶¥±É· ¨µ´µ¢
¶µ Ô´¥·£¨¨ ¨²¨ ¨³¶Ê²Ó¸Ê ¢µ¸¸É ´ ¢²¨¢ ¥É¸Ö ¶µ ¨§³¥·¥´´µ³Ê ´  ¤¥É¥±Éµ·¥
De1 ¶·µ¸É· ´¸É¢¥´´µ³Ê · ¸¶·¥¤¥²¥´¨Õ ¶²µÉ´µ¸É¨ ¶µÉµ±  Ô²¥±É·µ´µ¢ ¢¤µ²Ó
µ¸¨ Yd ¸ ÊÎ¥Éµ³ ¶·µ¸É· ´¸É¢¥´´µ£µ · §·¥Ï¥´¨Ö (d) ¤¥É¥±Éµ· . �²¥±É·µ´Ò ¸
É·¥¡Ê¥³Ò³¨ ¤²Ö Ë §µ¢µ£µ  ´ ²¨§  ¨³¶Ê²Ó¸ ³¨ ¤µ¸É ÉµÎ´µ µ¶¥· É¨¢´µ ¢Ò¤¥-
²ÖÕÉ¸Ö ¤¨ Ë· £³µ° D ¶·¨ ¨§³¥´¥´¨¨ §´ ±  ¨ ¢¥²¨Î¨´Ò ³ £´¨É´µ£µ ¶µ²Ö.
�µ¸²¥ ¶·¥¤¢ ·¨É¥²Ó´µ° Õ¸É¨·µ¢±¨ ¤¨ Ë· £³¨·ÊÕÐ¥° ¸¨¸É¥³Ò D1 ¨ Ð¥²¥-
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¢µ£µ ¤¥É¥±Éµ·  ËµÉµ´µ¢ Dγ µÉ´µ¸¨É¥²Ó´µ  ´ ²¨§ Éµ·  ±µ´É·µ²Ó ³µÐ´µ¸É¨
¨ Ê£²µ¢µ° µ·¨¥´É Í¨¨ ³¨Ï¥´¨ µ¸ÊÐ¥¸É¢²ÖeÉ¸Ö ¶µ ¸¨£´ ²Ê ¤¥É¥±Éµ·  µÉ ¶·µ-
Ï¥¤Ï¥£µ Î¥·¥§ µ¡² ¸ÉÓ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨§²ÊÎ¥´¨Ö. „²Ö ÔÉµ£µ µ´µ ¶¥·¥¢µ-
¤¨É¸Ö ¢ ¶²µ¸±µ¸ÉÓ Y Z ¸ ¶µ³µÐÓÕ ±²¨´µ¢¨¤´µ£µ §¥·± ²  M , · ¸¶µ²µ¦¥´´µ£µ
¢ ¢ ±ÊÊ³´µ° ± ³¥·¥ ´  µ¤´µ³ ¨§ ³ £´¨É´ÒÌ ¶µ²Õ¸µ¢  ´ ²¨§ Éµ· . �·µ¤µ²Ó-
´Ò° Ô³¨ÉÉ ´¸ ¶ÊÎ±  ¨µ´µ¢ µ¶·¥¤¥²Ö¥É¸Ö ¶µ ¸µ¢µ±Ê¶´µ¸É¨ ¶·µ¸É· ´¸É¢¥´´ÒÌ
· ¸¶·¥¤¥²¥´¨° ¢Ò¤¥²¥´´ÒÌ Ô²¥±É·µ´µ¢ ´  ¤¥É¥±Éµ·¥ De2 ¶µ¸²¥ Ê¸É·µ°¸É¢ 
Ë §µ¢µ° · §¢¥·É±¨ (CDP ), ´ ¶·¨³¥·,  ´ ²µ£¨Î´µ£µ ¶·¥¤²µ¦¥´´µ³Ê ¢ · -
¡µÉ¥ [101]. �¸´µ¢´Ò³ ¥£µ Ô²¥³¥´Éµ³ Ö¢²Ö¥É¸Ö Í¨²¨´¤·¨Î¥¸±¨° ·¥§µ´ Éµ·,
´ £·Ê¦¥´´Ò° ¤¨¸± ³¨, ¢ ±µÉµ·µ³ ¢µ§¡Ê¦¤ ÕÉ¸Ö Ô²¥±É·µ³ £´¨É´Ò¥ ±µ²¥¡ ´¨Ö
EH11n ¸ ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¥°. �·¨ · ¢¥´¸É¢¥ Î ¸ÉµÉÒ ¢· Ð¥´¨Ö ¶²µ¸±µ¸É¨
¶µ²Ö·¨§ Í¨¨ ¢ CDP ¨ · ¡µÎ¥° Î ¸ÉµÉÒ ‚—-¶µ²Ö Ê¸±µ·¨É¥²Ö · ¸¶·¥¤¥²¥´¨¥
¶²µÉ´µ¸É¨ ¶µÉµ±  Ô²¥±É·µ´µ¢ ¶µ ¤²¨´¥ ±µ²ÓÍ  ´  ¤¥É¥±Éµ·¥ µ¶·¥¤¥²Ö¥É Ë §µ-
¢Ò° ¸¶¥±É· ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¨µ´µ¢ ¢ ¶ÊÎ±¥. �·¨ ÔÉµ³ ¸É¥¶¥´Ó ¸µµÉ¢¥É¸É¢¨Ö
Ë §µ¢µ° ¸É·Ê±ÉÊ·Ò ¶µÉµ±µ¢ ¨µ´µ¢ ¨ Ô²¥±É·µ´µ¢ ËµÉµµ¡¤¨·±¨ (δΨ) µ¶·¥¤¥-
²Ö¥É¸Ö ¢ µ¸´µ¢´µ³ ¶·µ¥±Í¨¥° ∆Zm µ¡² ¸É¨ ËµÉµ´´µ° ³¨Ï¥´¨, ¸ ±µÉµ·µ°
¢Ò¤¥²¥´´Ò¥ ¤¨ Ë· £³µ° Ô²¥±É·µ´Ò ¸µ¡¨· ÕÉ¸Ö ´  ¤¥É¥±Éµ·,   É ±¦¥ · §´µ-
¸ÉÓÕ ¤²¨´ É· ¥±Éµ·¨° ÔÉ¨Ì Ô²¥±É·µ´µ¢ ¢ ³ £´¨É´µ³  ´ ²¨§ Éµ·¥ ¨§-§  ¨Ì
Ê£²µ¢µ£µ · §¡·µ¸ .

�·¨ · ¡µÉ¥ Ê¸É·µ°¸É¢  ¶µ ¸Ì¥³¥, ¶·¥¤¸É ¢²¥´´µ° ´  ·¨¸. 19,¡, ¢ ¶²µ¸-
±µ¸ÉÖÌ, ¶ · ²²¥²Ó´ÒÌ Y Z, ¸ ¶µ³µÐÓÕ ¤¨ Ë· £³¨·ÊÕÐ¨Ì Ð¥²¥° Dn Ëµ·³¨-
·Ê¥É¸Ö µ¤´ , ¶¥·¥³¥Ð ¥³ Ö ¢¤µ²Ó µ¸¨ X , ¨²¨ ´¥¸±µ²Ó±µ ´¥¶µ¤¢¨¦´ÒÌ ²¥´-
ÉµÎ´ÒÌ ËµÉµ´´ÒÌ ³¨Ï¥´¥° ¸ É·¥¡Ê¥³µ° ¤²Ö ¨§³¥·¥´¨° ¶·µ¸É· ´¸É¢¥´´µ°
²µ± ²¨§ Í¨¥° ∆X . ‚ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥ ¤µ¶Ê¸É¨³µ¥ · ¸¸ÉµÖ´¨¥ δX ³¥¦¤Ê
³¨Ï¥´Ö³¨ µ¶·¥¤¥²Ö¥É¸Ö Ê¸²µ¢¨¥³ ¶¥·¥±·ÒÉ¨Ö · ¸¶·¥¤¥²¥´¨° Ô²¥±É·µ´µ¢ µÉ
´¨Ì ´  ¤¥É¥±Éµ·¥ De1. „ ´´µ¥ · ¸¶µ²µ¦¥´¨¥ ³¨Ï¥´¥° ¢ ¶·µ¸É· ´¸É¢¥ ¸¢µ¤¨É
± ³¨´¨³Ê³Ê ¢§ ¨³´µ¥ ¢²¨Ö´¨¥ Ê£²µ¢µ£µ ¨ Ô´¥·£¥É¨Î¥¸±µ£µ ¸¶¥±É·µ¢ Ô²¥±É·µ-
´µ¢ ´  ¨Ì · ¸¶·¥¤¥²¥´¨¥ ¢¤µ²Ó µ¸¨ Xd ¢ Ëµ± ²Ó´µ° ¶²µ¸±µ¸É¨  ´ ²¨§ Éµ· .
—¨¸²¥´´µ¥ ³µ¤¥²¨·µ¢ ´¨¥ ¢²¨Ö´¨Ö ¥£µ £¥µ³¥É·¨¨, Õ¸É¨·µ¢±¨ ¨ ±· ¥¢ÒÌ ¶µ-
²¥° ¶µ µ¶É¨³¨§¨·µ¢ ´´µ° ¶·µ£· ³³¥ TRANSPORT (TURTLE) ¶µ± § ²µ, ÎÉµ
¢ ÔÉµ³ ¸²ÊÎ ¥ · ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·µ´µ¢ ´  ¤¥É¥±Éµ·¥ De1 ¢¤µ²Ó µ¸¨ Xd µ¶¨-
¸Ò¢ ¥É¸Ö ¢Ò· ¦¥´¨¥³

Xd = AX +BX ′, (6.1)

£¤¥ ¶ · ³¥É·Ò A ¨ B µ¶·¥¤¥²ÖÕÉ¸Ö Éµ²Ó±µ Ì · ±É¥·¨¸É¨± ³¨ ¢Ò¡· ´´µ£µ
 ´ ²¨§ Éµ· .  ¸¶·¥¤¥²¥´¨¥ ¨µ´µ¢ ¢ (X ′X)-Ë §µ¢µ° ¶²µ¸±µ¸É¨, X-¶·µË¨²Ó
¶ÊÎ±  ¨ ¥£µ ¶µ¶¥·¥Î´Ò° Ô³¨ÉÉ ´¸ ³µ£ÊÉ ¡ÒÉÓ µ¶·¥¤¥²¥´Ò ¶µ ¨§³¥·¥´´Ò³
¢¤µ²Ó µ¸¨ Xd ¶·µ¸É· ´¸É¢¥´´Ò³ · ¸¶·¥¤¥²¥´¨Ö³ ¶µÉµ±µ¢ Ô²¥±É·µ´µ¢ ¶·¨
±µ´É·µ²¨·Ê¥³ÒÌ Ì · ±É¥·¨¸É¨± Ì ËµÉµ´´ÒÌ ³¨Ï¥´¥° (µ¶·¥¤¥²ÖÕÐ¨Ì ¢¥·µ-
ÖÉ´µ¸ÉÓ ·µ¦¤¥´¨Ö Ô²¥±É·µ´ ), ¨Ì Ê£²µ¢µ° µ·¨¥´É Í¨¨ ¨ ¶µ²µ¦¥´¨Ö ¢ ¶·µ-
¸É· ´¸É¢¥ ¶µ µ¸¨ X . „ ´´Ò° ±µ´É·µ²Ó µ¸ÊÐ¥¸É¢²Ö¥É¸Ö n-± ´ ²Ó´Ò³ Ð¥²¥¢Ò³
¤¥É¥±Éµ·µ³ Dγn, £¤¥ n Å Î¨¸²µ Ëµ·³¨·ÊÕÐ¨Ì ¤¨ Ë· £³.
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�µ ·¥§Ê²ÓÉ É ³ Î¨¸²¥´´µ£µ ³µ¤¥²¨·µ¢ ´¨Ö µ¶·¥¤¥²¥´Ò µ¶É¨³ ²Ó´Ò¥ Ì -
· ±É¥·¨¸É¨±¨ Ê¸É·µ°¸É¢ , ¶·¨ ±µÉµ·ÒÌ µ¡¥¸¶¥Î¨¢ ¥É¸Ö ¤µ¸É ÉµÎ´ Ö ÉµÎ´µ¸ÉÓ
¨§³¥·¥´¨Ö ¶ · ³¥É·µ¢ ¶ÊÎ± . ‚ Î ¸É´µ¸É¨, ¤²Ö ´¥¢µ§³ÊÐ ÕÐ¥° ¤¨ £´µ¸É¨±¨
¶ÊÎ±  ¨µ´µ¢ H− ¸ Ô´¥·£¨¥° EH− = 600 ŒÔ‚, ∆β/β ≈ ±10−3 ¨ ∆θi ≈
≈ ±10−3 · ¤ · §· ¡µÉ ´µ Ê¸É·µ°¸É¢µ ¸ R = 200 ³³, Lm = 60 ³³, d ≈
≈ ∆X ≈ ∆Y ≈ 0, 1 ³³, δX ≈ 1, 5 ³³, · ¸Î¥É´Ò³¨ ¶ · ³¥É· ³¨ A = 1
¨ B = 0, 072 ¸³/³· ¤, ∆Zm ≤ 1 ³³ ¤²Ö Ë §µ¢µ£µ  ´ ²¨§  ¸ δΨ ≈ ±10

¨ ∆Zm ≤ 10 ³³ ¤²Ö ¨§³¥·¥´¨Ö · ¸¶·¥¤¥²¥´¨° ¢ (X ′X)-Ë §µ¢µ³ ¶·µ¸É· ´-
¸É¢¥ ¨ ¶µ Ô´¥·£¨¨. ‚¥²¨Î¨´  ³ £´¨É´µ£µ ¶µ²Ö  ´ ²¨§ Éµ·  Ô²¥±É·µ´µ¢ (Ee =
= 327 ±Ô‚) ¶·¨ ÔÉµ³ ¸µ¸É ¢²Ö¥É H = 110 �. �¥ÉµÎ´µ¸É¨ Õ¸É¨·µ¢±¨ ¨ ¨§£µÉµ-
¢²¥´¨Ö  ´ ²¨§ Éµ·  ¶·¨¢µ¤ÖÉ ± µÉ±²µ´¥´¨Õ ¶ · ³¥É·µ¢ A, B ¨ ¤¨¸¶¥·¸¨¨ µÉ
· ¸Î¥É´ÒÌ ¨ ³µ£ÊÉ ¡ÒÉÓ ÊÎÉ¥´Ò ¶·¨ ¥£µ ± ²¨¡·µ¢±¥ É¥¸Éµ¢Ò³ Ô²¥±É·µ´´Ò³
¶ÊÎ±µ³. ’µÎ´µ¸ÉÓ ¸µµÉ¢¥É¸É¢¨Ö · ¸¶·¥¤¥²¥´¨° ¨µ´µ¢ ¨ Ô²¥±É·µ´µ¢ ËµÉµµ¡-
¤¨·±¨ ∆X ′ ≈ 5 · 10−5 · ¤ ¨ ∆Ee/Ee ≈ 3 · 10−2% ¤µ¸É¨£ ¥É¸Ö ´  µ¶É¨³ ²Ó´µ
¶µ²Ö·¨§µ¢ ´´ÒÌ ËµÉµ´´ÒÌ ³¨Ï¥´ÖÌ ¶·¨ η = (41 ± 0, 5)◦, ±µÉµ·Ò¥ Ëµ·³¨-
·ÊÕÉ¸Ö ¤¨ Ë· £³¨·µ¢ ´¨¥³ ¨§²ÊÎ¥´¨Ö Nd : ˆ�ƒ-² §¥·  (�ω0 = 1, 17 Ô‚) ¸µ
¸·¥¤´¥° ¨³¶Ê²Ó¸´µ° ¶²µÉ´µ¸ÉÓÕ ³µÐ´µ¸É¨ Iγ|L ≤ 30 ±‚É/¸³2 ¢ ² ¡µ· Éµ·-
´µ° ¸¨¸É¥³¥ µÉ¸Î¥É . ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¤ ´´Ò° Ê£µ² ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨
¨µ´µ¢ ¨ ËµÉµ´µ¢ ¡²¨§µ± ± ¢¥²¨Î¨´¥ ηb = arccos(β) ≈ 38◦, ¶·¨ ±µÉµ·µ°
¶·µ¨¸Ìµ¤¨É ËµÉµµ¡¤¨·±  ¢ ³¨´¨³ ²Ó´µ³ Ë §µ¢µ³ ¨´É¥·¢ ²¥ (² §¥·´Ò° ²ÊÎ
¶¥·¶¥´¤¨±Ê²Ö·¥´ ¶ÊÎ±Ê ¨µ´µ¢ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸).  §· ¡µÉ ´´Ò° ² §¥·
¨§²ÊÎ ¥É ¢ Ê¤µ¡´µ³ ¤²Ö ¤¨ £´µ¸É¨±¨ ±¢ §¨´¥¶·¥·Ò¢´µ³ ·¥¦¨³¥ £¥´¥· Í¨¨
¸ ¤²¨É¥²Ó´µ¸ÉÓÕ · ¢´µ³¥·´µ° Î ¸É¨ ¨³¶Ê²Ó¸  τγ ≈ 250 ÷ 500 ³±¸, Î ¸Éµ-
Éµ° fγ ≈ 1/5 ƒÍ ¨ Ê£²µ¢µ° · ¸Ìµ¤¨³µ¸ÉÓÕ ¨§²ÊÎ¥´¨Ö αγ ≈ 2 · 10−4 · ¤,  
¸¶¥Í¨ ²Ó´µ¥ Ô²¥±É·µ´´µ¥ Ê¸É·µ°¸É¢µ ¢±²ÕÎ ¥É ² §¥· ¸µ£² ¸µ¢ ´´µ ¸ ¶ÊÎ±µ³
¨µ´µ¢ (τi ≈ 100 ³±¸, fi = 1, 100 ƒÍ) ¢µ ¢·¥³¥´¨ ¨ µ¡¥¸¶¥Î¨¢ ¥É ¶¥·¥-
±·ÒÉ¨¥ ¨³¶Ê²Ó¸µ¢ ´  ÊÎ ¸É±¥ ¶· ±É¨Î¥¸±¨ ¶µ¸ÉµÖ´´µ° ³µÐ´µ¸É¨ ¨§²ÊÎ¥´¨Ö
[102]. �¶É¨³ ²Ó´µ¥ ¸µ£² ¸µ¢ ´¨¥ ¨³¶Ê²Ó¸µ¢ ² §¥·  ¢µ ¢·¥³¥´¨ µ¸ÊÐ¥¸É¢²Ö-
¥É¸Ö ¶ÊÉ¥³ ·¥£Ê²¨·µ¢±¨ µ¶¥·¥¦¥´¨Ö ¶µ¤¦¨£ . ˆ§²ÊÎ¥´¨¥ ¸¨´Ì·µ´¨§¨·Ê¥É¸Ö
¸ ²Õ¡Ò³ ¨¸ÉµÎ´¨±µ³, ¨³¥ÕÐ¨³ ¸¥·¢¨¸´Ò° É °³¥· c ¶·µ¨§¢µ²Ó´µ° Î ¸ÉµÉµ°
f ≤ 2 · 105 ƒÍ ¨ ¤²¨É¥²Ó´µ¸ÉÓÕ ¨³¶Ê²Ó¸µ¢, ±· É´µ° 10 ³±¸. — ¸ÉµÉ  ¶µ-
¢Éµ·¥´¨Ö ¨³¶Ê²Ó¸µ¢ ² §¥·  µ¶·¥¤¥²Ö¥É¸Ö ¢·¥³¥´¥³ ·¥² ±¸ Í¨¨ ´ ¢¥¤¥´´ÒÌ
µ¸É ÉµÎ´ÒÌ É¥¶²µ¢ÒÌ ¤¥Ëµ·³ Í¨° ±·¨¸É ²²  £· ´ É , ¶·¨¢µ¤ÖÐ¨Ì ± · ¸Ëµ-
±Ê¸¨·µ¢±¥ ¨ ¶ ¤¥´¨Õ ¨´É¥´¸¨¢´µ¸É¨ ¨§²ÊÎ¥´¨Ö ¢ §µ´¥ ¢§ ¨³µ¤¥°¸É¢¨Ö [103].
„²Ö Ê³¥´ÓÏ¥´¨Ö · ¤¨ Í¨µ´´µ£µ ¢µ§¤¥°¸É¢¨Ö ´   ±É¨¢´Ò° Ô²¥³¥´É ² §¥·  ¶·¥-
¤Ê¸³µÉ·¥´ ¢ ·¨ ´É ¥£µ · §³¥Ð¥´¨Ö ¢ ¶µ¤¢ ²Ó´µ³ ¶µ³¥Ð¥´¨¨ ¶µ¤ Ê¸±µ·¨É¥-
²¥³ ¨ É· ´¸¶µ·É¨·µ¢±¨ ¨§²ÊÎ¥´¨Ö ¤µ ¤¨ £´µ¸É¨Î¥¸±µ£µ Ê¸É·µ°¸É¢  ¸ ¶µ³µÐÓÕ
§¥·± ². �Éµ É ±¦¥ Ê¶·µÐ ¥É ¤µ¸ÉÊ¶ ± µÉ¤¥²Ó´Ò³ Ô²¥³¥´É ³ ² §¥·  ¢ ¸²ÊÎ ¥
¥£µ Ô±¸¶²Ê É Í¨¨ ¶·¨ · ¡µÉ ÕÐ¥³ Ê¸±µ·¨É¥²¥. ‚ § ¢¨¸¨³µ¸É¨ µÉ ¢Ò¡· ´-
´µ£µ ·¥¦¨³  · ¡µÉÒ Ê¸É·µ°¸É¢  ¶·¨ ¤¨¸É ´Í¨µ´´µ³ ³¥Ì ´¨Î¥¸±µ³ ¢· Ð¥´¨¨
§¥·± ² ¶µ²Ö·¨§µ¢ ´´µ¥ ¨§²ÊÎ¥´¨¥ ¢Ò¡µ·µÎ´µ ¶µ¤ ¥É¸Ö ´  µ¤´Ê ¨§ ¤¢ÊÌ ¤¨ -
Ë· £³¨·ÊÕÐ¨Ì ¸¨¸É¥³ (D1 ¨²¨ Dn) ¤²Ö Ëµ·³¨·µ¢ ´¨Ö ³¨Ï¥´¨ ¸ ´Ê¦´µ°
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¶·µ¸É· ´¸É¢¥´´µ° µ·¨¥´É Í¨¥°. �· ±É¨Î¥¸±¨ 100% ¶µ²Ö·¨§ Í¨Ö ¤µ¸É¨£ ¥É¸Ö
¶·¨ ¶µ³µÐ¨ ¸Éµ¶Ò ±²¨´µ¢¨¤´ÒÌ ¸É¥±²Ö´´ÒÌ ¶² ¸É¨´µ±, · ¸¶µ²µ¦¥´´µ° ¢
¶²µ¸±µ³ ·¥§µ´ Éµ·¥ ² §¥·  ¶µ¤ Ê£²µ³ x·Õ¸É¥·  ± ¥£µ µ¸¨. �µ¢µ·µÉ ¶²µ¸±µ¸É¨
¶µ²Ö·¨§ Í¨¨ ´  Ê£µ² π/2 ( ¶·¨ ¨§³¥´¥´¨¨ ·¥¦¨³  · ¡µÉÒ Ê¸É·µ°¸É¢ ) ¶·µ¨§-
¢µ¤¨É¸Ö ¶ÊÉ¥³ ¢¢¥¤¥´¨Ö ±¢ ·Í¥¢µ° ¶µ²Ê¢µ²´µ¢µ° ¶² ¸É¨´Ò, · ¸¶µ²µ¦¥´´µ°
´  ¢ÒÌµ¤¥ ² §¥· . � ¶· ¢²¥´¨¥ ¨ ¸É¥¶¥´Ó ¶µ²Ö·¨§ Í¨¨ ¨§²ÊÎ¥´¨Ö ³µ£ÊÉ ¶¥-
·¨µ¤¨Î¥¸±¨ ±µ´É·µ²¨·µ¢ ÉÓ¸Ö  ´ ²¨§ Éµ·µ³ ¨ ËµÉµ¤¨µ¤µ³ ¸ µ¸Í¨²²µ£· Ëµ³.
„²Ö ¡µ²¥¥ µ¶¥· É¨¢´µ° · ¡µÉÒ Ê¸É·µ°¸É¢  ¢ · §´ÒÌ ·¥¦¨³ Ì (·¨¸. 19,  ¨²¨
¡) ³µ£ÊÉ ¨¸¶µ²Ó§µ¢ ÉÓ¸Ö ¤¢  ¶µµÎ¥·¥¤´µ ¢±²ÕÎ ¥³ÒÌ ² §¥·  ¸ É·¥¡Ê¥³Ò³¨
¶·µ¸É· ´¸É¢¥´´Ò³¨ µ·¨¥´É Í¨Ö³¨ ¨§²ÊÎ¥´¨Ö ¨ ¥£µ ¶µ²Ö·¨§ Í¨¨.

�¥µ¡Ìµ¤¨³ Ö ¤²Ö ¨§³¥·¥´¨° ¢¥²¨Î¨´  ³µÐ´µ¸É¨ µ¤´µ° ²¥´ÉµÎ´µ° ³¨-
Ï¥´¨ Pγ|L [‚É] ¢ ² ¡µ· Éµ·´µ° ¸¨¸É¥³¥ µÉ¸Î¥É  µ¶·¥¤¥²Ö¥É¸Ö Ê¸²µ¢¨¥³ ¢Ò¤¥-
²¥´¨Ö Ô²¥±É·µ´µ¢ µÉ µ¤´µËµÉµ´´µ° µ¡¤¨·±¨ ¨µ´µ¢ ¨§ ¶µÉµ±  Ëµ´µ¢ÒÌ Ô²¥±-
É·µ´µ¢, ¨³¥ÕÐ¨Ì É ±ÊÕ ¦¥ ¸·¥¤´ÕÕ Ô´¥·£¨Õ. �´¨ ·µ¦¤ ÕÉ¸Ö ¶·¨ ¢§ ¨³µ-
¤¥°¸É¢¨¨ ¨µ´µ¢ H− ¸ ±µ³¶µ´¥´É ³¨ µ¸É ÉµÎ´µ£µ £ §  (¸³. ·¨¸. 18),   É ±¦¥
¢ ·¥§Ê²ÓÉ É¥ ¤¢ÊÌËµÉµ´´µ° µ¡¤¨·±¨ (¸³. · §¤. 3) ¨ ²µ·¥´Í¥¢¸±µ° ¤¨¸¸µÍ¨-
 Í¨¨ ¨µ´µ¢ ¢ ³ £´¨É´µ³ ¶µ²¥ ¤¨¶µ²¥°. ‚²¨Ö´¨¥³ µ¸É ÉµÎ´µ£µ £ §  ³µ¦´µ
¶·¥´¥¡·¥ÎÓ ¶·¨ ¢Ò¶µ²´¥´¨¨ Ê¸²µ¢¨Ö

Pγ|Lσ(ω)(1 − β cos η)
4, 8 · 10−9�ω0 sin η · β∆l

≥ 3 · 1016νeνrσ−1bPblb, (6.2)

£¤¥ νe Å ±· É´µ¸ÉÓ ¶·¥¢ÒÏ¥´¨Ö ¶²µÉ´µ¸É¨ ¶µÉµ±  ¨´Ëµ·³ Í¨µ´´ÒÌ Ô²¥±-
É·µ´µ¢ ´ ¤ Ëµ´µ¢Ò³¨ ´  ¤¥É¥±Éµ·¥; νr Å ±µÔËË¨Í¨¥´É ²¨´¥°´µ£µ ÊÏ¨-
·¥´¨Ö ¨§µ¡· ¦¥´¨Ö ËµÉµ´´µ° ³¨Ï¥´¨ ¢ Ëµ± ²Ó´µ° ¶²µ¸±µ¸É¨  ´ ²¨§ Éµ· 
¨§-§  · §¡·µ¸  Ô²¥±É·µ´µ¢ ¶µ Ê£²Ê ¨ ¨³¶Ê²Ó¸Ê (§ ¢¨¸¨É µÉ É¨¶   ´ ²¨§ Éµ· );
σ−1b = σ−10|b + σ−11|b Å ¸·¥¤´¥¥ ¸¥Î¥´¨¥ µ¡¤¨·±¨ ¨µ´µ¢ H− ´  ±µ³¶µ-
´¥´É Ì µ¸É ÉµÎ´µ£µ £ §  [¸³2]; Pb Å ¤ ¢²¥´¨¥ µ¸É ÉµÎ´µ£µ £ §  [Éµ·p]; lb Å
ÔËË¥±É¨¢´ Ö ¤²¨´ , ¸ ±µÉµ·µ° Ëµ´µ¢Ò¥ Ô²¥±É·µ´Ò ¶µ¶ ¤ ÕÉ ´  ¤¥É¥±Éµ·;
∆lÅ ¶µ¶¥·¥Î´Ò° ± ¶²µ¸±µ¸É¨ ¶¥·¥¸¥Î¥´¨Ö ¶µÉµ±µ¢ ËµÉµ´µ¢ ¨ ¨µ´µ¢ H− · §-
³¥· ³¨Ï¥´¨ (∆X ¨²¨ ∆Y ) [¸³]; σ(1)(ω) = 2 · 10−16(�ω− εt)3/2(�ω)−3 [¸³2]
Å ¸¥Î¥´¨¥ µ¤´µËµÉµ´´µ° µ¡¤¨·±¨ ¨µ´  H− ¢¡²¨§¨ ¶µ·µ£  [91Ä93]. �·¨
νeνr ≈ 102, σ−1b ≈ 6 · 10−19 ¸³2, lb ≈ 25 ¸³ (· ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ³ £´¨Éµ³
M1 ¨  ´ ²¨§ Éµ·µ³ MA), ∆l ≈ 10−2 ¸³ ¨ Pb ≈ 5 · 10−8 Éµ·p ¶µ²ÊÎ ¥³
Pγ|L ≥ 130 ‚É. �Éµ ¸µµÉ¢¥É¸É¢Ê¥É ´¥µ¡Ìµ¤¨³µ° ¶²µÉ´µ¸É¨ ³µÐ´µ¸É¨ ¨§²Ê-
Î¥´¨Ö ² §¥·  Iγ|L ≥ 20 ±‚É/¸³2 ¶·¨ ¨§³¥·¥´¨¨ ¶·µË¨²Ö, ¶µ¶¥·¥Î´µ£µ Ô³¨É-
É ´¸  ¨ ¸¶¥±É·  ¨µ´µ¢ ¶µ Ô´¥·£¨¨ ¸ ¶µ³µÐÓÕ ²¥´ÉµÎ´ÒÌ ËµÉµ´´ÒÌ ³¨Ï¥´¥°
¤²¨´µ° lγ ≈ 6 ³³.

„²Ö Ë §µ¢µ£µ  ´ ²¨§  ¨ ¨§³¥·¥´¨Ö ¶·µ¤µ²Ó´µ£µ Ô³¨ÉÉ ´¸  ¶·¨ ¶µ¶¥·¥Î-
´µ³ ¸¥Î¥´¨¨ §µ´¤¨·ÊÕÐ¥° ³¨Ï¥´¨ 0, 1 × 0, 5 ³³, ¸µµÉ¢¥É¸É¢¥´´µ, ¶µ²ÊÎ ¥³
Iγ|L ≥ 260 ±‚É/¸³2. ’ ±µ¥ Ê¢¥²¨Î¥´¨¥ ¶²µÉ´µ¸É¨ ³µÐ´µ¸É¨ ¨§²ÊÎ¥´¨Ö ¨¸-
¶µ²Ó§Ê¥³µ£µ ² §¥·  ³µ¦¥É ¡ÒÉÓ ¤µ¸É¨£´ÊÉµ ¸ ¶µ³µÐÓÕ É¥²¥¸±µ¶ , Ê³¥´ÓÏ Õ-
Ð¥£µ ¢ 3Ä4 · §  ¶µ¶¥·¥Î´Ò° · §³¥· ¶ÊÎ±  ËµÉµ´µ¢. �·¨ ÔÉµ³ Ê¢¥²¨Î¨¢ ¥É¸Ö
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Ê£²µ¢ Ö · ¸Ìµ¤¨³µ¸ÉÓ ¨§²ÊÎ¥´¨Ö, µ¤´ ±µ µ´  µ¸É ¥É¸Ö ¢ ´¥¸±µ²Ó±µ · § ³¥´ÓÏ¥
¢¥²¨Î¨´Ò ∆θi.

„²Ö ¢Ò¡· ´´µ£µ Ê£²  η ¸ ¶µ³µÐÓÕ ¢Ò· ¦¥´¨° (5.3) ¨ (5.4) ´¥É·Ê¤´µ µÍ¥-
´¨ÉÓ §´ Î¥´¨Ö ³ ±¸¨³ ²Ó´µ° ¨ ±·¨É¨Î¥¸±µ° ¶²µÉ´µ¸É¨ ³µÐ´µ¸É¨ ² §¥·´µ£µ
¨§²ÊÎ¥´¨Ö ¢ ¸¨¸É¥³¥ ¶µ±µÖ ¨µ´µ¢ Iγ|max ≈ 1010 ‚É/¸³2, Iγ|cr ≈ 5·1011 ‚É/¸³2.
‘²¥¤Ê¥É µÉ³¥É¨ÉÓ ÎÉµ ¶·¨ ¤µ³¨´¨·ÊÕÐ¥° ·µ²¨ ¤¢ÊÌËµÉµ´´µ° µ¡¤¨·±¨ ¨µ-
´µ¢ ´  ¤¨ £´µ¸É¨Î¥¸±µ° ³¨Ï¥´¨ (Iγ ≥ Iγ|cr) ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨Ö ¶ · ³¥-
É·µ¢ ¶ÊÎ±  ÊÌÊ¤Ï¨É¸Ö ¤µ §´ Î¥´¨° ∆X ′

|cr ≈ 3 · 10−4 · ¤ ¨ ∆Ee/Ee|cr ≈
≈ 2 · 10−3 µÉ´.¥¤.

• · ±É¥·´µ¥ ¢·¥³Ö ¦¨§´¨ ¨µ´µ¢ H− ¢ ¸µ¡¸É¢¥´´µ° ¸¨¸É¥³¥ µÉ¸Î¥É  ¶·¨
¨Ì ¤¢¨¦¥´¨¨ Î¥·¥§ ³ £´¨É´µ¥ ¶µ²¥ 7H ³µ¦´µ µÍ¥´¨ÉÓ ¸ ¶µ³µÐÓÕ ¢Ò· ¦¥´¨Ö
[104,105]:

τ(F )[c] ≈ (8 · 10−14/F ) exp(42, 6/F ), (6.3)

£¤¥ F [Œ‚/¸³] = 0, 3γ | [7β × 7H ] |,   H ¢Ò· ¦¥´µ ¢ ±�. �¥É·Ê¤´µ ¶µ± § ÉÓ,
ÎÉµ ¶µ²Ö Ô²¥³¥´Éµ¢ M1, M2 ¨ MA ¤ ´´µ£µ Ê¸É·µ°¸É¢  ¢¥¸Ó³  ³ ²Ò, ÎÉµ¡Ò
¢Ò§¢ ÉÓ ²µ·¥´Í¥¢c±ÊÕ ¤¨¸¸µÍ¨ Í¨Õ ¶ÊÎ± . ’¥³ ´¥ ³¥´¥¥ Î¥·¥§ ¨´¤ÊÍ¨·Ê¥³µ¥
¤¢¨¦¥´¨¥³ Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥ F µ´¨ ¢²¨ÖÕÉ ´  ¶·µÍ¥¸¸ ËµÉµµ¡¤¨·±¨ ¨µ´µ¢
H− ¢Ò¸µ±µ° Ô´¥·£¨¨ [106]. ‚ Î ¸É´µ¸É¨, ÔÉµ ¢²¨Ö´¨¥ ¶·µÖ¢²Ö¥É¸Ö ¢ ¨§³¥´¥-
´¨¨ µ±µ²µ¶µ·µ£µ¢µ£µ ¶µ¢¥¤¥´¨Ö ¸¥Î¥´¨Ö µ¤´µËµÉµ´´µ° µ¡¤¨·±¨ σ(1)(ω, F ),
¥£µ ¢¥²¨Î¨´Ò ¶·¨ �ω = εt ¨ ¶µÖ¢²¥´¨¨ µ¸Í¨²²ÖÍ¨° ¢ ËÊ´±Í¨µ´ ²Ó´µ° § -
¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ËµÉµ´µ¢, ¶·¥¢ÒÏ ÕÐ¥° ¶µ·µ£ [106Ä109]. ‚¥²¨Î¨´ 
¤ ´´ÒÌ ÔËË¥±Éµ¢ ³ ±¸¨³ ²Ó´  ¶·¨ ¶µ²Ö·¨§ Í¨¨ ¨§²ÊÎ¥´¨Ö, ¶ · ²²¥²Ó´µ°
Ô²¥±É·¨Î¥¸±µ³Ê ¶µ²Õ (π-¶µ²Ö·¨§ Í¨Ö), ¨ ³µ¦¥É ¡ÒÉÓ µÍ¥´¥´  ¸ ¶µ³µÐÓÕ
¢Ò· ¦¥´¨Ö [108]

σ(1)(ω, F ) ≈




0, 16 · 10−17 F
(�ω)3

exp [−68, 3(εt − �ω)3/2/F ]

¶·¨ �ω < εt,

21, 5 · 10−17

(�ω)3
{(�ω − εt)3/2+0, 015F cos [68, 3(�ω − εt)3/2/F ]}

¶·¨ �ω > εt,
(6.4)

£¤¥ �ω ¨ εt ¢Ò· ¦¥´Ò ¢ Ô²¥±É·µ´-¢µ²ÓÉ Ì,   F Å ¢ Œ‚/¸³. �² ¢´Ò° ¶¥·¥-
Ìµ¤ ³¥¦¤Ê ¶·¨¢¥¤¥´´Ò³¨ § ¢¨¸¨³µ¸ÉÖ³¨ ¨ ¡µ²¥¥ ÉµÎ´µ¥ ¶µ¢¥¤¥´¨¥ ¸¥Î¥´¨Ö
σ(1)(ω, F ) ¢ µ¡² ¸É¨ �ω ∼ εt µ¶¨¸Ò¢ ¥É¸Ö É ¡Ê²¨·µ¢ ´´µ° ËÊ´±Í¨¥°, ±µÉµ-
· Ö ¤ ¥É ¶·µ³¥¦ÊÉµÎ´Ò° ·¥§Ê²ÓÉ É ³¥¦¤Ê §´ Î¥´¨Ö³¨ (6.4) ¶·¨ �ω = εt ± 0.
”µ·³¨·Ê¥³ Ö ¤¨ £´µ¸É¨Î¥¸± Ö ³¨Ï¥´Ó Ö¢²Ö¥É¸Ö π-¶µ²Ö·¨§µ¢ ´´µ° ¢ ¢ ·¨-
 ´É¥ ¨§³¥·¥´¨° ¶µ ¸Ì¥³¥ ·¨¸. 19,  ¨ ¨³¥¥É ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ ¶·µ¥±Í¨Õ ¢¥±-
Éµ·  ¶µ²Ö·¨§ Í¨¨ ´  ¶µ²¥ 7F ¢ ·¥¦¨³¥ · ¡µÉÒ Ê¸É·µ°¸É¢ , ¶·¥¤¸É ¢²¥´´µ³ ´ 
·¨¸. 19,¡. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ (6.4) ¤²Ö ¢Ò¡· ´´ÒÌ η ¨ H ¸¥Î¥´¨¥ Ê¢¥²¨Î¨¢ ¥É¸Ö
´  ≈ 20%. …¸²¨ ¢ ± Î¥¸É¢¥ ´µ¢µ£µ ¶µ·µ£  ËµÉµµ¡¤¨·±¨ ¨µ´µ¢ H− ¢ ¶µ²¥
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F ¶·¨´ÖÉÓ Ô´¥·£¨Õ ËµÉµ´µ¢ �ωF = εt −∆εt|F , ¶·¨ ±µÉµ·µ° σ(1)(ωF , F ) ≈
≈ 0, 1σ(1)(εt/�, F ), Éµ ¶µ²ÊÎ¨³ §´ Î¥´¨¥ ∆εt|F [Ô‚] ≈ 0, 1(F [Œ‚/¸³])3/2. ‘
ÊÎ¥Éµ³ §´ Î¥´¨° Wθ ≈ 1/8, We ≈ 1/5 (¸³. · §¤. 2) ¨ ËµÉµµ¡¤¨·±¨ ¶ÊÎ±  ¢
±· ¥¢µ³ ¶µ²¥  ´ ²¨§ Éµ·  (¸³. ·¨¸. 19) Ê³¥´ÓÏ¥´¨¥ ¶µ·µ£  ´  ÔÉÊ ¢¥²¨Î¨´Ê
¶·¨¢¥¤¥É ± ÊÌÊ¤Ï¥´¨Õ ÉµÎ´µ¸É¨ ¨§³¥·¥´¨° ´  ≤ 25%. �·¨ ´¥µ¡Ìµ¤¨³µ¸É¨
µÉ³¥Î¥´´Ò¥ ¨§³¥´¥´¨Ö ³µ¦´µ Ê¸É· ´¨ÉÓ ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ±µ··¥±Í¨¥° Ê£² 
η. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö µÉ¸ÊÉ¸É¢Ê¥É ¨´Ëµ·³ Í¨Ö µ ¢²¨Ö´¨¨ ¢´¥Ï´¨Ì Ô²¥±-
É·¨Î¥¸±µ£µ ¨ ³ £´¨É´µ£µ ¶µ²¥° ´  Ê£²µ¢Ò¥ ¨ Ô´¥·£¥É¨Î¥¸±¨¥ · ¸¶·¥¤¥²¥´¨Ö
Ô²¥±É·µ´µ¢ ¶·¨ µ¤´µËµÉµ´´µ° µ¡¤¨·±¥ ¨µ´µ¢ H− ¢ ² ¡µ· Éµ·´µ° ¸¨¸É¥³¥ µÉ-
¸Î¥É . �Éµ ¸¢Ö§ ´µ ¸µ ¸²µ¦´µ¸ÉÓÕ µ¶¨¸ ´¨Ö ÔÉµ£µ ¶·µÍ¥¸¸  ¢ ¸¨¸É¥³¥ ¶µ±µÖ
¨µ´  ¶·¨ · §²¨Î´µ° ¶·µ¸É· ´¸É¢¥´´µ° µ·¨¥´É Í¨¨ ¶µ²¥° ¨ ¢¥±Éµ·  ¶µ²Ö·¨-
§ Í¨¨ ËµÉµ´µ¢. �¤´ ±µ ¢ ´ Ï¥³ ¸²ÊÎ ¥ ´ ¶· ¢²¥´¨¥ ¶µ²Ö 7F µÉ´µ¸¨É¥²Ó´µ
¶²µ¸±µ¸É¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨µ´µ¢ ¨ ËµÉµ´µ¢ ¸µ¢¶ ¤ ¥É ¸ Ê¸²µ¢¨¥³ µ¶É¨³ ²Ó-
´µ° ¶µ²Ö·¨§ Í¨¨ ¶µ¸²¥¤´¨Ì. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ³µ¦´µ · ¸¸Î¨ÉÒ¢ ÉÓ, ÎÉµ ¢²¨Ö´¨¥
±· ¥¢µ£µ ¶µ²Ö  ´ ²¨§ Éµ·  ´¥ ÊÌÊ¤Ï¨É · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ f(XS) ¨
ϕ(1)(Px/P0) (¸³. · §¤. 2), µ¶·¥¤¥²ÖÕÐ¨Ì ¶·¥¤¥²Ó´Ò¥ ¢µ§³µ¦´µ¸É¨ ¤¨ £´µ-
¸É¨±¨.

’ ±¨³ µ¡· §µ³, Ëµ·³¨·Ê¥³ Ö ¢ Ê¸É·µ°¸É¢¥ ËµÉµ´´ Ö ³¨Ï¥´Ó ¸ Iγ/Iγ|L =
= (ω/ωo)2 ≈ 0, 44 ¶µ§¢µ²Ö¥É ´ ¤¥¦´µ ¢Ò¤¥²ÖÉÓ ¨´Ëµ·³ Í¨µ´´Ò¥ Ô²¥±É·µ´Ò
µÉ µ¤´µËµÉµ´´µ° µ¡¤¨·±¨ ¨µ´µ¢ H− ¨§ Ëµ´ . �·¨ ÔÉµ³ É ±¦¥ µ¡¥¸¶¥Î¨¢ -
¥É¸Ö ¤µ¸É ÉµÎ´µ ¢Ò¸µ± Ö ÉµÎ´µ¸ÉÓ ¶¥·¥¤ Î¨ ¨´Ëµ·³ Í¨¨ µ ¶ÊÎ±¥ Ô²¥±É·µ´ ³.
�É´µ¸¨É¥²Ó´Ò¥ ¶µÉ¥·¨ Î ¸É¨ ¨µ´µ¢, ¶·µ²¥É ÕÐ¨Ì Î¥·¥§ µ¡² ¸ÉÓ ³¨Ï¥´¨ ¶·¨
¨§³¥·¥´¨ÖÌ, µÍ¥´¨¢ ÕÉ¸Ö ¢¥²¨Î¨´µ° ≈ 2 · 10−6.

„²Ö ¶·¥Í¨§¨µ´´µ° · ¡µÉÒ Ê¸É·µ°¸É¢  ´¥µ¡Ìµ¤¨³µ µ¡¥¸¶¥Î¨ÉÓ ±µ´É·µ²Ó
¶·µ¸É· ´¸É¢¥´´µ£µ ¶µ²µ¦¥´¨Ö ²¥´ÉµÎ´ÒÌ ËµÉµ´´ÒÌ ³¨Ï¥´¥° µÉ´µ¸¨É¥²Ó´µ
µ¸¥° X ¨ Y ¸ ÉµÎ´µ¸ÉÖ³¨ δx ≈ δy ≤ 0, 1 ³³, αx ≈ αy ≤ 3 ³· ¤,   É ±¦¥
Ìµ·µÏÊÕ Ô±· ´¨·µ¢±Ê Ëµ´µ¢ÒÌ ³ £´¨É´ÒÌ ¶µ²¥° (Hb) ¨ ¢Ò¸µ±ÊÕ ÉµÎ´µ¸ÉÓ
(δH) Ê¸É ´µ¢±¨ ´¥µ¡Ìµ¤¨³µ£µ ³ £´¨É´µ£µ ¶µ²Ö ¢  ´ ²¨§ Éµ·¥ Hb ≈ δH ≤
3 · 10−4H . Šµ´É·µ²Ó ³ £´¨É´µ£µ ¶µ²Ö ¸ É·¥¡Ê¥³µ° ÉµÎ´µ¸ÉÓÕ ³µ¦¥É ¡ÒÉÓ
µ¸ÊÐ¥¸É¢²¥´, ´ ¶·¨³¥·, ¸ ¶µ³µÐÓÕ ¤ ÉÎ¨±  ´   ³µ·Ë´ÒÌ Œˆ-Ô²¥³¥´É Ì É¨¶ 
£¥´¥· Éµ·  Šµ²¶¨É¸  [110].

�¶¥· É¨¢´µ¸ÉÓ ¤¨ £´µ¸É¨±¨ § ¢¨¸¨É µÉ ¨§³¥·Ö¥³µ£µ ¶ · ³¥É·  ¶ÊÎ±  ¨
³µÐ´µ¸É¨ ¸Ëµ·³¨·µ¢ ´´ÒÌ ËµÉµ´´ÒÌ ³¨Ï¥´¥°. ‚ Î ¸É´µ¸É¨, ´¥¢µ§³ÊÐ Õ-
Ð¥¥ ¨§³¥·¥´¨¥ ¸¶¥±É·  ¨µ´µ¢ ¶µ Ô´¥·£¨¨ (¨³¶Ê²Ó¸Ê) ¨²¨ · ¸¶·¥¤¥²¥´¨Ö ¢
(X ′X)-Ë §µ¢µ° ¶²µ¸±µ¸É¨ ³µ¦¥É ¡ÒÉÓ ·¥ ²¨§µ¢ ´µ §  ¢·¥³Ö ¨³¶Ê²Ó¸  ¶ÊÎ± 
(τi ≈ 100 ³±¸, Ii ≈ 50 ³A) ¶·¨ Iγ|L ≈ 20 ±‚É/¸³2. xµ²ÓÏµ° ¨³¶Ê²Ó¸´Ò°
¶µÉµ± Ô²¥±É·µ´µ¢ ËµÉµµ¡¤¨·±¨ (∼ 109 ÷ 1010 e/c ¸ µ¤´µ° ²¥´ÉµÎ´µ° ËµÉµ´-
´µ° ³¨Ï¥´¨) ¶µ§¢µ²Ö¥É ¸Î¨ÉÒ¢ ÉÓ ¤ ´´ÊÕ ¨´Ëµ·³ Í¨Õ §  ¢·¥³Ö ≤ 10 ³±¸.
‚±²ÕÎ¥´¨¥ ¤¥É¥±Éµ·  ´  ¤ ´´µ¥ ¢·¥³Ö ¶·¨ ¶µ¸²¥¤µ¢ É¥²Ó´ÒÌ ¨§³¥·¥´¨ÖÌ,
´ ¶·¨³¥·, ¸ ¤¨¸±·¥É´µ¸ÉÓÕ ¸¤¢¨£  ¢µ ¢·¥³¥´¨ ≈ 10 ³±¸ µÉ´µ¸¨É¥²Ó´µ ´ -
Î ²  ¨³¶Ê²Ó¸  ¶ÊÎ± , ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ¶·µ¸²¥¦¨¢ ÉÓ ¨§³¥´¥´¨¥ ¤ ´´ÒÌ ¶ -
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· ³¥É·µ¢ ¢¤µ²Ó ¨³¶Ê²Ó¸  §  ¢·¥³Ö ¶µ·Ö¤±  ³¨´ÊÉÒ (10 ¨³¶Ê²Ó¸µ¢ ³¨Ï¥´¨).
‚ Éµ ¦¥ ¢·¥³Ö ¨´Ëµ·³ Í¨Ö µ · ¸¶·¥¤¥²¥´¨¨ ¨µ´µ¢ ¢ (∆Pi/Pi,Ψ)-Ë §µ¢µ³
¶·µ¸É· ´¸É¢¥ ¨²¨ ¶·µ¤µ²Ó´µ³ Ô³¨ÉÉ ´¸¥ ¶ÊÎ±  ´¥ ¸Éµ²Ó µ¶¥· É¨¢´  ¨ ¶·¨
Iγ|L ≈ 300 ±‚É/c³2 ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´  §  ¢·¥³Ö ∼ 8 ³¨´ (∼ 100 ¨³-
¶Ê²Ó¸µ¢ ² §¥· ). �·¨ ÔÉµ³ ¶µÉµ±µ³ Ëµ´µ¢ÒÌ Ô²¥±É·µ´µ¢ ³µ¦´µ ¶·¥´¥¡·¥ÎÓ
Éµ²Ó±µ ¶·¨ ¢±²ÕÎ¥´¨¨ ¤¥É¥±Éµ·  ´  ¢·¥³Ö ¸ÊÐ¥¸É¢µ¢ ´¨Ö ËµÉµ´´µ° ³¨Ï¥´¨.
‚ Ê¸²µ¢¨ÖÌ µ¦¨¤ ¥³µ£µ · ¤¨ Í¨µ´´µ£µ Ëµ´  ÔÉµ ³µ¦´µ ·¥ ²¨§µ¢ ÉÓ, ´ ¶·¨-
³¥·, ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¶·¥¤²µ¦¥´´µ£µ ¨ ¤¥É ²Ó´µ µ¶¨¸ ´´µ£µ ¢ · ¡µÉ¥ [111]
Ê¶· ¢²Ö¥³µ£µ · ¤¨ Í¨µ´´µ ¸Éµ°±µ£µ ¤¥É¥±Éµ·  ¶·µ¸É· ´¸É¢¥´´µ£µ · ¸¶·¥¤¥-
²¥´¨Ö ¨³¶Ê²Ó¸´µ£µ ¶µÉµ±  ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ô²¥±É·µ´µ¢. ‡´ Î¨É¥²Ó´µ¥ Ê³¥´Ó-
Ï¥´¨¥ ¢·¥³¥´¨ ¨§³¥·¥´¨Ö · ¸¶·¥¤¥²¥´¨° ¨µ´µ¢ H− ¢ ¶·µ¤µ²Ó´µ³ Ë §µ¢µ³
¶·µ¸É· ´¸É¢¥ · ¸¸³µÉ·¥´´µ£µ ¢ÒÏ¥ ¶ÊÎ±  ¸¢Ö§ ´µ ¸ ¶µ¨¸±µ³ ¨ · §· ¡µÉ±µ°
¤·Ê£¨Ì  ±É¨¢´ÒÌ Ô²¥³¥´Éµ¢ ² §¥· , ¤µ¶Ê¸± ÕÐ¨Ì ¥£µ · ¡µÉÊ ¸ ¶µ¢ÒÏ¥´´µ°
Î ¸ÉµÉµ° ¨ £¥´¥· Í¨¥° ¨§²ÊÎ¥´¨Ö ¢ ´Ê¦´µ³ ¤¨ ¶ §µ´¥ ¤²¨´ ¢µ²´, ³µÐ´µ¸É¥°,
¤²¨É¥²Ó´µ¸É¨ ¨³¶Ê²Ó¸µ¢,   É ±¦¥ ¸ É·¥¡Ê¥³µ° ¤²Ö Ëµ·³¨·µ¢ ´¨Ö ³¨Ï¥´¨
Ê£²µ¢µ° · ¸Ìµ¤¨³µ¸ÉÓÕ.

7. ‚‹ˆŸ�ˆ… ’Š� �“—Š� ’�ˆ–�’…‹œ�›• ˆ�‚
�� …ƒ „ˆ�ƒ�‘’ˆŠ“ � �‹…Š’���Œ #„ˆ�Šˆ

Š ± µÉ³¥Î ²µ¸Ó ¢ÒÏ¥, ¤µ¸É ÉµÎ´µ ¢Ò¸µ± Ö ÉµÎ´µ¸ÉÓ ¤¨ £´µ¸É¨±¨ ¶ÊÎ± 
µÉ·¨Í É¥²Ó´ÒÌ ¨µ´µ¢ ¶µ Ô²¥±É·µ´ ³ µ¡¤¨·±¨ ¤µ¸É¨£ ¥É¸Ö ¶·¨ ¥£µ §µ´¤¨·µ-
¢ ´¨¨ ² §¥·´Ò³ ¨§²ÊÎ¥´¨¥³ µ¶É¨³ ²Ó´µ° ¶µ²Ö·¨§ Í¨¨. �¤´ ±µ ¶¥·¥¤ ¢ ¥-
³ Ö Ô²¥±É·µ´ ³ ¨´Ëµ·³ Í¨Ö ³µ¦¥É ¨¸± ¦ ÉÓ¸Ö ¢ ¤¨ £´µ¸É¨Î¥¸±µ³ Ê¸É·µ°-
¸É¢¥ ´  ÔÉ ¶¥ ¢Ò¢µ¤  ¨§ ¶ÊÎ± . ‚¥²¨Î¨´  ¨ Ì · ±É¥· ¨¸± ¦¥´¨Ö § ¢¨¸ÖÉ µÉ
É¨¶  Ê¸É·µ°¸É¢  ¨ µ¡Ê¸²µ¢²¥´Ò ¤¢Ê³Ö ¶·¨Î¨´ ³¨. �¥·¢ Ö ¸¢Ö§ ´  ¸ ´¥¸µ-
¢¥·Ï¥´¸É¢µ³ Ê¸É·µ°¸É¢  ¨ ³µ¦¥É ¡ÒÉÓ ÊÎÉ¥´  ¶·¨ ¥£µ ± ²¨¡·µ¢±¥ É¥¸Éµ¢Ò³
Ô²¥±É·µ´´Ò³ ¶ÊÎ±µ³. „·Ê£ Ö µ¡Ê¸²µ¢²¥´  ¢²¨Ö´¨¥³ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö
¶ÊÎ±  ¨µ´µ¢ ´  ¨§³¥·Ö¥³Ò¥  ´ ²¨§ Éµ·µ³ Ì · ±É¥·¨¸É¨±¨ ¶µÉµ±  Ô²¥±É·µ-
´µ¢. ‚ ¤ ´´µ³ · §¤¥²¥ ´  µ¸´µ¢¥ · ¡µÉÒ [112] ¶·µ¢¥¤¥´  ´ ²¨§ ÔÉµ£µ ÔËË¥±É 
¤²Ö 180◦ ³ £´¨É´µ£µ  ´ ²¨§ Éµ·  ¸ µ¤´µ·µ¤´Ò³ ¶µ²¥³ · §²¨Î´µ° ¢¥²¨Î¨´Ò.
�·¨ Ëµ·³¨·µ¢ ´¨¨ §µ´¤¨·ÊÕÐ¥° ³¨Ï¥´¨ ´  £· ´¨Í¥ ¶µ²Ö ¤ ´´Ò°  ´ ²¨§ -
Éµ· µ¡¥¸¶¥Î¨¢ ¥É ´¥µ¡Ìµ¤¨³Ò¥ ¨§³¥·¥´¨Ö ¨ ³¨´¨³ ²Ó´µ¥ ¢·¥³Ö ´ Ìµ¦¤¥´¨Ö
´µ¸¨É¥²¥° ¨´Ëµ·³ Í¨¨ ¢ µ¡² ¸É¨ ÔËË¥±É¨¢´µ£µ ¶µ²Ö ¶ÊÎ±  (¸³. · §¤. 6).

„¢¨¦¥´¨¥ Ô²¥±É·µ´  ¢ Ô²¥±É·µ³ £´¨É´µ³ (7Ft, 7Ht)-¶µ²¥ µ¶¨¸Ò¢ ¥É¸Ö ¤¨Ë-
Ë¥·¥´Í¨ ²Ó´Ò³ Ê· ¢´¥´¨¥³ ¤²Ö ¨³¶Ê²Ó¸  ¢µ ¢·¥³¥´¨ t:

d7P

dt
= e 7Ft +

e

C
[7V × 7Ht], (7.1)

£¤¥ e , 7P ¨ 7V Å § ·Ö¤, ¨³¶Ê²Ó¸ ¨ ¸±µ·µ¸ÉÓ Ô²¥±É·µ´  ¢ ¥¤¨´¨Í Ì ‘ƒ‘�.
�µ¸²¥¤´¨¥ ¢¥²¨Î¨´Ò ¸¢Ö§ ´Ò ¤·Ê£ ¸ ¤·Ê£µ³ Î¥·¥§ ¥£µ ³ ¸¸Ê ¨§¢¥¸É´Ò³¨ ¸µµÉ-
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¨¸. 20. ‘Ì¥³  ¨§³¥·¥´¨° ¶ · ³¥É·µ¢ ¶ÊÎ±  µÉ·¨Í É¥²Ó´ÒÌ ¨µ´µ¢ ¶µ Ô²¥±É·µ´ ³
µ¡¤¨·±¨

´µÏ¥´¨Ö³¨: 7P = γme
7V , γ = (1− β2)−0,5 ¨ β =| 7V | /C. „²Ö  ´ ²¨§¨·Ê¥³µ°

¸¨ÉÊ Í¨¨ ¢¥²¨Î¨´Ò β ¨ γ ¸µ¢¶ ¤ ÕÉ ¸ ·¥²ÖÉ¨¢¨¸É¸±¨³¨ ¶ · ³¥É· ³¨ ¶ÊÎ± .
‚Ò¢µ¤ ¨  ´ ²¨§ Ô²¥±É·µ´µ¢ ¤²Ö ¤¢ÊÌ ¢ ·¨ ´Éµ¢ ¶µ²µ¦¥´¨Ö ³¨Ï¥´¨ (1 ¨ 2)
¸Ì¥³ É¨Î¥¸±¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 20. ‚ ³µ¤¥²¨ ¡¥¸±µ´¥Î´µ£µ · ¢´µ³¥·´µ
§ ·Ö¦¥´´µ£µ Í¨²¨´¤·  c · ¤¨Ê¸µ³ Rb ´  ÊÎ ¸É±¥ ¤¨ £´µ¸É¨±¨ ¶ÊÎ±  (3) c Éµ-
±µ³ Ii ¸ÊÐ¥¸É¢ÊÕÉ Éµ²Ó±µ · ¤¨ ²Ó´ Ö Fbr ¨  ±¸¨ ²Ó´ Ö Hbθ-±µ³¶µ´¥´ÉÒ ¥£µ
Ô²¥±É·¨Î¥¸±µ£µ ¨ ³ £´¨É´µ£µ ¶µ²¥°:

Fbr(r) =
2Ii
βCR2

b

{
r, ¶·¨ r ≤ Rb

R2
b/r, ¶·¨ r > Rb,

Hbθ(r) = βFbr(r), (7.2)

£¤¥ r Å· ¸¸ÉµÖ´¨¥ µÉ µ¸¨ ¶ÊÎ± . xÊ¤¥³ ¶µ² £ ÉÓ, ÎÉµ ³ £´¨É´µ¥ ¶µ²¥ 7H  ´ -
²¨§ Éµ·  ´ ¶· ¢²¥´µ ¶ · ²²¥²Ó´µ µ¸¨ X . ’µ£¤  ¤²Ö ¶·¥¤¸É ¢²ÖÕÐ¨Ì ¨´É¥·¥¸
¶·µ¥±Í¨° ¨³¶Ê²Ó¸  Ô²¥±É·µ´  Px ¨ Py ¸ ¶¥·¢µ´ Î ²Ó´Ò³¨ ±µµ·¤¨´ É ³¨ X0

¨ Y0 ¶µ²ÊÎ ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ Ê· ¢´¥´¨Ö:

dPx
dY

= FO(Y )X0;
dPy
dY

= FO(Y )Y − eH(R− Y + Y0)
C

√
2R(Y − Y0)− (Y − Y0)2

; (7.3)

FO(Y ) =
2eRTi

C2
√
2R(Y − Y0)− (Y − Y0)2

(
1
β2

− R− Y + Y0

R

)
×

×
{

1, ¶·¨ | Y |≤
√
1−X2

0

(X2
0 + Y

2)−1, ¶·¨ | Y |>
√
1−X2

0 ,
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¨¸. 21. ”Ê´±Í¨¨ F1(Y ) (¸¶²µÏ´Ò¥ ²¨´¨¨) ¨ F2(Y ) (¶Ê´±É¨·´Ò¥ ²¨´¨¨) ¤²Ö · §-
²¨Î´ÒÌ §´ Î¥´¨° R, X0 ¨ Y0: 1 Å X0 = ±0, 7, Y0 = −0, 7; 2 Å X0 = ±0, 25,
Y0 = 0, 25; 3 Å X0 = ±0, 7, Y0 = 0, 25; 4 Å X0 = ±0, 7, Y0 = 0, 7

£¤¥ ÊÎÉ¥´  ¸¢Ö§Ó ³¥¦¤Ê t, Y ¨ β ´  ´¥ ¢µ§³ÊÐ¥´´µ° ¶ÊÎ±µ³ ¶µ²Ê±·Ê£µ¢µ°
É· ¥±Éµ·¨¨ Ô²¥±É·µ´µ¢ · ¤¨Ê¸µ³ R = γβmeC/eHRb. �·¨ ÔÉµ³ ¢¥²¨Î¨´Ò
R, Y,X0 ¨ Y0 ¢Ò· ¦¥´Ò ¢ µÉ´µ¸¨É¥²Ó´ÒÌ ¥¤¨´¨Í Ì ± · ¤¨Ê¸Ê ¶ÊÎ± . —¨¸²¥´-
´Ò¥ ·¥Ï¥´¨Ö ÔÉ¨Ì Ê· ¢´¥´¨° ¤²Ö ¸µ¸É ¢²ÖÕÐ¨Ì ¨³¶Ê²Ó¸  Ô²¥±É·µ´ , µ¡Ê¸²µ-
¢²¥´´ÒÌ ¤¥°¸É¢¨¥³ Éµ±  ¶ÊÎ± , ¨³¥ÕÉ ¢¨¤

Px(Y ) =
2eIi
C2

X0R[F1(Y )/β2 − F2(Y )] (7.4)

¨

Pyb(Y ) =
2eIi
C2

R[F3(Y )/β2 − F4(Y )]. (7.5)

”Ê´±Í¨¨ F1(Y ), F2(Y ), F3(Y ) ¨ F4(Y ) ¤²Ö Y ≥ 1 ¨ ´¥±µÉµ·ÒÌ §´ Î¥´¨°
R, X0 ¨ Y0 ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 21, 22.
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¨¸. 22. ”Ê´±Í¨¨ F3(Y ) (¸¶²µÏ´Ò¥ ²¨´¨¨) ¨ F4(Y ) (¶Ê´±É¨·´Ò¥ ²¨´¨¨) ¤²Ö · §-
²¨Î´ÒÌ §´ Î¥´¨° R, X0 ¨ Y0: 1 Å X0 = ±0, 7, Y0 = 0, 25; 2 Å X0 = 0, Y0 = 0;
3 Å X0 = ±0, 25, Y0 = 0; 4 Å X0 = ±0, 7, Y0 = 0; 5 Å X0 = ±0, 7, Y0 = −0, 25

‚ · ¸¸³ É·¨¢ ¥³µ³ Ê¸É·µ°¸É¢¥ Ì · ±É¥·¨¸É¨±¨ ¶ÊÎ±  ¢ (X ′X)-Ë §µ¢µ°
¶²µ¸±µ¸É¨ µ¶·¥¤¥²ÖÕÉ¸Ö ¶µ · ¸¶·¥¤¥²¥´¨Ö³ ¶²µÉ´µ¸É¨ Ô²¥±É·µ´µ¢ ¢¤µ²Ó µ¸¨
Xd ´  ¤¥É¥±Éµ·¥ D ¶·¨ · §²¨Î´ÒÌ ±µµ·¤¨´ É Ì X0 §µ´¤¨·ÊÕÐ¥° ³¨Ï¥´¨
1. ‚ ¸¢Ö§¨ ¸ É¥³, ÎÉµ § ¢¨¸¨³µ¸É¨ F1(Y ) ¨ F2(Y ) ¡Ò¸É·µ ¢ÒÌµ¤ÖÉ ´ 
 ¸¨³¶ÉµÉ¨±Ê, ¢²¨Ö´¨¥ ¶ÊÎ±  ´  ÔÉ¨ ¨§³¥·¥´¨Ö Ì · ±É¥·¨§Ê¥É¸Ö ¢¥²¨Î¨´µ°
δX ′

b = Px|max(X0, Y0)/γβmeC. Œ ±¸¨³ ²Ó´µ¥ §´ Î¥´¨¥ Px|max/Ii ¤²Ö ¤ ´-
´µ£µ R ¢Ò¡¨· ¥É¸Ö ¸·¥¤¨ ´µ·³¨·µ¢ ´´ÒÌ ´  Éµ±  ¸¨³¶ÉµÉ¨± ¢Ò· ¦¥´¨Ö (7.4)
¤²Ö · §²¨Î´ÒÌ ±µµ·¤¨´ É Ô²¥±É·µ´µ¢ X0 ¨ Y0 ¶µ ¸¥Î¥´¨Õ ¶ÊÎ± . �·¨ ¤µ¶Ê-
¸É¨³ÒÌ ¢µ§³ÊÐ¥´¨ÖÌ δX ′

b ≈ 2 · 10−4 · ¤ ¨ β = 0, 79 (EH− = 600 ŒÔ‚) ÔÉµ
¸µµÉ¢¥É¸É¢Ê¥É ³ ±¸¨³ ²Ó´Ò³ Éµ± ³ Ii ≈ 400 ³� ¶·¨ R = 40 ¨ Ii ≈ 550 ³�
¶·¨ R = 20. „²Ö ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì ¨µ´µ¢ ¢²¨Ö´¨¥ ¶ÊÎ±  ¶·µÖ¢²Ö¥É¸Ö ¡Ò-
¸É·¥¥ ¨ ¢Ò§Ò¢ ¥É ¢µ§³ÊÐ¥´¨¥ δX ′

b ≈ 10−3 · ¤ Ê¦¥ ¶·¨ Éµ± Ì Ii ≈ 3 ³� ¤²Ö
β = 0, 12 (EH− = 7 ŒÔ‚) ¨ R = 10.
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‚µ§³ÊÐ¥´¨¥ ¨³¶Ê²Ó¸  Pyb ¨§-§  ¢µ§¤¥°¸É¢¨Ö ¶µ²Ö ¶ÊÎ±  ¶·µÖ¢²Ö¥É¸Ö ¢
¤µ¶µ²´¨É¥²Ó´µ³ ¸³¥Ð¥´¨¨ ±µµ·¤¨´ ÉÒ Yd Ô²¥±É·µ´  ´  ¤¥É¥±Éµ·¥ ¶·¨ Ë¨±-
¸¨·µ¢ ´´µ³ ¶µ²µ¦¥´¨¨ ³¨Ï¥´¨ 2. ‚ ¸²ÊÎ ¥ ³ ²µ£µ µÉ±²µ´¥´¨Ö É· ¥±Éµ·¨¨
Ô²¥±É·µ´µ¢ µÉ ¶µ²Êµ±·Ê¦´µ¸É¨ · ¤¨Ê¸  R ÔÉµ ¶·¨¢µ¤¨É ± ¸²¥¤ÊÕÐ¥° ¶µ£·¥Ï-
´µ¸É¨ ¢ µ¶·¥¤¥²¥´¨¨ ¢¥²¨Î¨´Ò ¨³¶Ê²Ó¸ :

δP

P
=

eRIi
βγmeC3

2R+Y0∫
Y0

F3(Y )/β2 − F4(Y )√
2R(Y − Y0)− (Y − Y0)2

dY. (7.6)

—¨¸²¥´´µ¥ ¨´É¥£·¨·µ¢ ´¨¥ ÔÉµ£µ ¢Ò· ¦¥´¨Ö, ´ ¶·¨³¥·, ¤²Ö ³¨Ï¥´¨ ¸ Y0 = 0
¨ · §²¨Î´ÒÌ X0 ¶·¨¢µ¤¨É ± ³ ±¸¨³ ²Ó´Ò³ Éµ± ³ ¶ÊÎ±  Ii ≈ 200 ³� (R = 40)
¨ Ii ≈ 300 ³� (R = 20) ¶·¨ β = 0, 79 ¨ ¤µ¶Ê¸É¨³µ³ ¢µ§³ÊÐ¥´¨¨ δP/P ≈
≈ 2 · 10−4. ‚ ´¥·¥²ÖÉ¨¢¨¸É¸±µ³ ¸²ÊÎ ¥ ¸ β = 0, 12 ¶µ²ÊÎ ¥³ Ii ≈ 5 ³� ¶·¨
R = 10 ¨ δP/P ≈ 2 · 10−3.

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¡µ²¥¥ ¤¥É ²Ó´µ¥ ¨§ÊÎ¥´¨¥ · ¸¸³µÉ·¥´´ÒÌ ÔËË¥±-
Éµ¢ ¤²Ö ¤·Ê£¨Ì · ¤¨ ²Ó´ÒÌ § ¢¨¸¨³µ¸É¥° ¶²µÉ´µ¸É¨ Éµ±  ¨µ´µ¢, ¸ ÊÎ¥Éµ³
´ Î ²Ó´ÒÌ · ¸¶·¥¤¥²¥´¨° Ô²¥±É·µ´µ¢ ¶µ Ê£²Ê ¨ ¨³¶Ê²Ó¸Ê, É·¥¡Ê¥É ¸²µ¦´µ£µ
Î¨¸²¥´´µ£µ ³µ¤¥²¨·µ¢ ´¨Ö ¨§-§  · §²¨Î´µ° ¸¨³³¥É·¨¨ ¶µ²¥° ¶ÊÎ±  ¨  ´ ²¨-
§ Éµ· .

‡�Š‹(—…�ˆ…

�·¥¤¸É ¢²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨ ¶·µ¢¥¤¥´´Ò° ¢ÒÏ¥  ´ ²¨§ ¶µ± §Ò¢ ÕÉ, ÎÉµ
³¥Éµ¤ ´¥¢µ§³ÊÐ ÕÐ¥° ¤¨ £´µ¸É¨±¨ ¶ÊÎ±  µÉ·¨Í É¥²Ó´ÒÌ ¨µ´µ¢ ¶µ Ô²¥±É·µ-
´ ³ µÉ µ±µ²µ¶µ·µ£µ¢µ° µ¤´µËµÉµ´´µ° µ¡¤¨·±¨ ¨ · ¸¸³µÉ·¥´´µ¥ ³´µ£µËÊ´±-
Í¨µ´ ²Ó´µ¥ Ê¸É·µ°¸É¢µ ¤²Ö ¥£µ ·¥ ²¨§ Í¨¨ ³µ£ÊÉ ¡ÒÉÓ ¸ Ê¸¶¥Ìµ³ ¨¸¶µ²Ó§µ-
¢ ´Ò ¤²Ö ¤µ¸É ÉµÎ´µ ¨´É¥´¸¨¢´ÒÌ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶ÊÎ±µ¢ H−, ´ ¶·¨³¥·, ¢
¸ÊÐ¥¸É¢ÊÕÐ¨Ì ³¥§µ´´ÒÌ Ë ¡·¨± Ì ¨²¨ ¢ ¶·µ¥±É¨·Ê¥³ÒÌ Ê¸±µ·¨É¥²ÖÌ ¤²Ö
Ô²¥±É·µÖ¤¥·´µ£µ ¸¶µ¸µ¡  ¶µ²ÊÎ¥´¨Ö Ô´¥·£¨¨ ¨ É· ´¸³ÊÉ Í¨¨ · ¤¨µ ±É¨¢´ÒÌ
µÉÌµ¤µ¢ [7Ä10].

‚ § ±²ÕÎ¥´¨¥  ¢Éµ· ¢Ò· ¦ ¥É £²Ê¡µ±ÊÕ ¡² £µ¤ ·´µ¸ÉÓ ¢¸¥³ ±µ²²¥£ ³
¨§ ‘ÊÌÊ³¸±µ£µ Ë¨§¨±µ-É¥Ì´¨Î¥¸±µ£µ ¨´¸É¨ÉÊÉ , ˆ´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥-
¤µ¢ ´¨° �� (’·µ¨Í±) ¨ �¡Ñ¥¤¨´¥´´µ£µ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°,
±µÉµ·Ò¥ ¸¢µ¨³ É¢µ·Î¥¸±¨³ É·Ê¤µ³ ¨ ¶µ¤¤¥·¦±µ° ¸¶µ¸µ¡¸É¢µ¢ ²¨ ¶µ²ÊÎ¥´¨Õ
¶·¨¢¥¤¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ´  · §²¨Î´ÒÌ ÔÉ ¶ Ì · §· ¡µÉ±¨ µ¶¨¸ ´´µ£µ ³¥Éµ¤ 
¤¨ £´µ¸É¨±¨.
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