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�·¥¤¸É ¢²¥´ μ¡§μ· · §¢¨É¨Ö Í¨±²¨Î¥¸±¨Ì Ê¸±μ·¨É¥²¥° ¨ ´ ±μ¶¨É¥²¥° § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸
Ëμ±Ê¸¨·μ¢±μ° ¶·μ¤μ²Ó´Ò³ ³ £´¨É´Ò³ ¶μ²¥³ Å ³μ¤¨Ë¨Í¨·μ¢ ´´ÒÌ ¡¥É É·μ´μ¢. �¡² ¸É¨ ¶·¨-
³¥´¥´¨Ö É ±¨Ì Ê¸É ´μ¢μ±: £¥´¥· Í¨Ö ³μÐ´ÒÌ Ô²¥±É·μ´´ÒÌ ¶ÊÎ±μ¢ ¸ Éμ±μ³ ¤μ ´¥¸±μ²Ó±¨Ì ±�
¨ Ô´¥·£¨¥° 20Ä100 ŒÔ‚, · ¤¨ Í¨μ´´ Ö ¨ Ô²¥±É·μ´´ Ö É¥· ¶¨Ö, Ô²¥±É·μ´´μ¥ μÌ² ¦¤¥´¨¥ ¨μ´μ¢
Í¨·±Ê²¨·ÊÕÐ¨³ Ô²¥±É·μ´´Ò³ ¶ÊÎ±μ³, £¥´¥· Í¨Ö  ´É¨¢μ¤μ·μ¤  ¨ ¶μ§¨É·μ´¨Ö. � ¸¸³μÉ·¥´Ò ³¥-
Éμ¤Ò · ¸Î¥É  ¤¨´ ³¨±¨ ¤¢¨¦¥´¨Ö Î ¸É¨Í. �·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´Éμ¢ ¶μ ¨¸¸²¥¤μ¢ ´¨Õ
¤¨´ ³¨±¨ ¶ÊÎ±  ¢ ´ ±μ¶¨É¥²¥ É¨¶  ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ ¡¥É É·μ´  LEPTA (�ˆŸˆ).

The review of the development of modiˇed betatron Å the circular accelerators and charge
particle accumulators with focusing by longitudinal magnetic ˇeld is presented. Such accelerators
may have numerous applications like, generation of powerful electron beams with current about
several kA and energy 20-100 MeV, radiological and electron therapy, electron cooling of ions with
circulating electron beam, generation antihydrogen and positronium. The methods of the computation
particle dynamics in modiˇed betatron are considered. The results of experimental studies of beam
dynamics in modiˇed betatron LEPTA, JINR are described.

‚‚…„…�ˆ…

�¥·¢μ´ Î ²Ó´ Ö ¨¤¥Ö ¨¸¶μ²Ó§μ¢ ´¨Ö ¶·μ¤μ²Ó´μ£μ (Éμ·μ¨¤ ²Ó´μ£μ) ³ £-
´¨É´μ£μ ¶μ²Ö ¢ Í¨±²¨Î¥¸±μ³ Ê¸±μ·¨É¥²¥ ¸¢Ö§ ´  ¸ É¥³, ÎÉμ ¢ μ¡ÒÎ´μ³ ¡¥É -
É·μ´¥ ¶·¥¤¥²Ó´μ¥ §´ Î¥´¨¥ Éμ±  ¶ÊÎ±  μ¶·¥¤¥²Ö¥É¸Ö Ê¸²μ¢¨Ö³¨ ¶·¨ ¨´¦¥±-
Í¨¨, ±μ£¤  ¨§-§  ³ ²μ° Ô´¥·£¨¨ ÔËË¥±ÉÒ ¸μ¡¸É¢¥´´μ£μ ¶μ²Ö ¶ÊÎ±  ³ ±¸¨-
³ ²Ó´Ò,   ¢¥²¨Î¨´  Ëμ±Ê¸¨·ÊÕÐ¥£μ ¶μ¢μ·μÉ´μ£μ ¶μ²Ö ¥Ð¥ ³ ² . ‚¢¥¤¥´¨¥
¤μ¶μ²´¨É¥²Ó´μ°  §¨³ÊÉ ²Ó´μ° ±μ³¶μ´¥´ÉÒ ³ £´¨É´μ£μ ¶μ²Ö ¶μ§¢μ²Ö¥É μ¸Ê-
Ð¥¸É¢¨ÉÓ ÔËË¥±É¨¢´ÊÕ Ëμ±Ê¸¨·μ¢±Ê ¨´É¥´¸¨¢´μ£μ ¶ÊÎ±  ¶·¨ ³ ²μ° Ô´¥·£¨¨
Ê¸±μ·Ö¥³ÒÌ Î ¸É¨Í. –¨±²¨Î¥¸±¨° Ê¸±μ·¨É¥²Ó ¸ É ±μ° ±μ´Ë¨£Ê· Í¨¥° ¶μ²¥°
¶μ²ÊÎ¨² ´ §¢ ´¨¥ ®³μ¤¨Ë¨Í¨·μ¢ ´´Ò° ¡¥É É·μ´¯.

�¥·¢Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶μ Ê¸±μ·¥´¨Õ Ô²¥±É·μ´μ¢ ¢ ¡¥É É·μ´¥ ¸ ¤μ¶μ²´¨-
É¥²Ó´Ò³ Éμ·μ¨¤ ²Ó´Ò³ ¶μ²¥³ ¡Ò²¨ μ¸ÊÐ¥¸É¢²¥´Ò ¢ ‚¥²¨±μ¡·¨É ´¨¨ ¸· §Ê
¶μ¸²¥ ‚Éμ·μ° ³¨·μ¢μ° ¢μ°´Ò. �μÔÉμ³Ê ³μ¤¨Ë¨Í¨·μ¢ ´´Ò¥ ¡¥É É·μ´Ò Ö¢²Ö-
ÕÉ¸Ö ¶·¥¤Ï¥¸É¢¥´´¨± ³¨ É¥·³μÖ¤¥·´ÒÌ (¶² §³¥´´ÒÌ) Ê¸É ´μ¢μ± Å Éμ± ³ -
±μ¢ ¨ ¸É¥²² · Éμ·μ¢, ¢ ±μÉμ·ÒÌ É ±¦¥ ¨¸¶μ²Ó§Ê¥É¸Ö Ëμ±Ê¸¨·μ¢±  ¶·μ¤μ²Ó´Ò³
³ £´¨É´Ò³ ¶μ²¥³. ƒ² ¢´μ¥ ¶·¨´Í¨¶¨ ²Ó´μ¥ μÉ²¨Î¨¥ ¡¥É É·μ´μ¢ μÉ ¶² §³¥´-
´ÒÌ Ê¸É ´μ¢μ± ¢ Éμ³, ÎÉμ Î ¸É¨ÍÒ ¢ ´¨Ì ¨³¥ÕÉ ¢Ò¤¥²¥´´μ¥ ´ ¶· ¢²¥´¨¥ ¤¢¨-
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¦¥´¨Ö: ±μ³¶μ´¥´É  ¨³¶Ê²Ó¸ , ¶ · ²²¥²Ó´ Ö ´ ¶· ¢²¥´¨Õ ³ £´¨É´μ£μ ¶μ²Ö,
³´μ£μ ¡μ²ÓÏ¥ ¤¢ÊÌ ¤·Ê£¨Ì, ¶μ¶¥·¥Î´ÒÌ ± ¶μ²Õ, ±μ³¶μ´¥´É. “¸Éμ°Î¨¢μ° · -
¡μÉÒ ¶¥·¢μ£μ ¡¥É É·μ´  ¤μ¡¨ÉÓ¸Ö Éμ£¤  ´¥ Ê¤ ²μ¸Ó, É ± ± ± ¶ÊÎμ± Ô²¥±É·μ´μ¢
¶μ¸²¥ ´¥¸±μ²Ó±¨Ì μ¡μ·μÉμ¢ ¶μ¶ ¤ ² ´  ¸É¥´±Ê ± ³¥·Ò ¢¡²¨§¨ ÉμÎ±¨ ¨´¦¥±-
Í¨¨. �¥§Ê²ÓÉ ÉÒ ÔÉμ° · ¡μÉÒ ´¥ ¡Ò²¨ μ¶Ê¡²¨±μ¢ ´Ò, ´μ Ê¶μ³¨´ ´¨Ö μ ´¥°
³μ¦´μ ´ °É¨, ´ ¶·¨³¥·, ¢ [1].

„ ²Ó´¥°Ï¥¥ · §¢¨É¨¥ Ê¸±μ·¨É¥²¥° ÔÉμ£μ É¨¶  ´ Î ²μ¸Ó ¶μ¸²¥ · ¡μÉ [2, 3],
¢ ±μÉμ·ÒÌ ¡Ò²¨ ¤ ´Ò μÍ¥´±¨ ¶·¥¤¥²Ó´μ° ¨´É¥´¸¨¢´μ¸É¨ Ê¸±μ·¥´´μ£μ ¶ÊÎ±  ¨
¶·¥¤²μ¦¥´Ò ¡μ²¥¥ Ê¤ Î´Ò¥ ¸Ì¥³Ò ¨´¦¥±Í¨¨. �¤´μ° ¨§ ¶·μ¡²¥³ ³μ¤¨Ë¨Í¨-
·μ¢ ´´μ£μ ¡¥É É·μ´  Ö¢²Ö¥É¸Ö ¨§³¥´¥´¨¥ Ì · ±É¥·  Ê¸Éμ°Î¨¢μ¸É¨ ¤¢¨¦¥´¨Ö
Î ¸É¨Í ¶·¨ ¶¥·¥Ìμ¤¥ μÉ ¤¨ ¶ §μ´  ´¨§±¨Ì Ô´¥·£¨°, £¤¥ Ëμ±Ê¸¨·μ¢±  μ¸ÊÐ¥-
¸É¢²Ö¥É¸Ö, ¢ μ¸´μ¢´μ³, ¶·μ¤μ²Ó´Ò³ ¶μ²¥³, ± ¢Ò¸μ±¨³ Ô´¥·£¨Ö³, £¤¥ Ëμ±Ê¸¨-
·μ¢±  μ¡¥¸¶¥Î¥´  £· ¤¨¥´É´Ò³, ¸¶ ¤ ÕÐ¨³ ¶μ · ¤¨Ê¸Ê ¶μ¢μ·μÉ´Ò³ ¶μ²¥³.
�ÉμÉ ´¥¤μ¸É Éμ± ³μ¦¥É ¡ÒÉÓ ¶·¥μ¤μ²¥´ ¢¢¥¤¥´¨¥³ ¤μ¶μ²´¨É¥²Ó´μ£μ ¸¶¨· ²Ó-
´μ£μ ³Ê²ÓÉ¨¶μ²Ó´μ£μ ¶μ²Ö,  ´ ²μ£¨Î´μ£μ ¶μ²Õ ¸É¥²² · Éμ· . “¸±μ·¨É¥²¨ ¸
É ±¨³ ¤μ¶μ²´¨É¥²Ó´Ò³ ¶μ²¥³ ¡Ò²¨ ¶·¥¤²μ¦¥´Ò ¢ [4] ¨ ¶μ²ÊÎ¨²¨ ´ §¢ ´¨¥
®¸É¥²² É·μ´¯.

�¥¸±μ²Ó±μ Ê¸É ´μ¢μ± É¨¶  ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ ¡¥É É·μ´  ¡Ò²¨ ¸μ§¤ ´Ò
¨ Ô±¸¶¥·¨³¥´É ²Ó´μ ¨¸¸²¥¤μ¢ ´Ò ¢ ‘˜� ¢ ¸¥·¥¤¨´¥ 80-Ì Ä ´ Î ²¥ 90-Ì ££.
¶·μÏ²μ£μ ¢¥± . Š ´¨³ μÉ´μ¸ÖÉ¸Ö: ³μ¤¨Ë¨Í¨·μ¢ ´´Ò° ¡¥É É·μ´ “´¨¢¥·¸¨É¥É 
ÏÉ É  Š ²¨Ëμ·´¨Ö (UCI) [5], ¢¶μ¸²¥¤¸É¢¨¨ ¶¥·¥μ¡μ·Ê¤μ¢ ´´Ò° ¢ ¸É¥²² É·μ´;
®Ê¤²¨´¥´´Ò° ³μ¤¨Ë¨Í¨·μ¢ ´´Ò° ¡¥É É·μ´¯ MEBA [6]; ³μ¤¨Ë¨Í¨·μ¢ ´´Ò°
¡¥É É·μ´ ‹ ¡μ· Éμ·¨¨ ¢μ¥´´μ-³μ·¸±μ£μ Ë²μÉ  ‘˜� [7], ¢ ±μÉμ·μ³ É ±¦¥
¨¸¶μ²Ó§μ¢ ²¨¸Ó ¤μ¶μ²´¨É¥²Ó´Ò¥ ¸É¥²² · Éμ·´Ò¥ μ¡³μÉ±¨; · §·¥§´μ° ³μ¤¨Ë¨-
Í¨·μ¢ ´´Ò° ¡¥É É·μ´ “´¨¢¥·¸¨É¥É  ÏÉ É  �ÓÕ-Œ¥±¸¨±μ, ¢ ±μÉμ·μ³ Ëμ±Ê¸¨-
·μ¢±  ¶ÊÎ±  μ¸ÊÐ¥¸É¢²Ö² ¸Ó ¸ ¶μ³μÐÓÕ ¸¨¸É¥³Ò ¸μ²¥´μ¨¤μ¢ ¸ ¶·μÉ¨¢μ¶μ²μ¦-
´Ò³ ´ ¶· ¢²¥´¨¥³ ¶μ²Ö Å CATE (Casp Array Transport Experiment) [8]. �¨
´  μ¤´μ° ¨§ ÔÉ¨Ì Ê¸É ´μ¢μ± ´¥ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¶·μ¥±É´Ò¥ ¶ · ³¥É·Ò ¶ÊÎ± ;
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö ´  ÔÉ¨Ì Ê¸É ´μ¢± Ì ¡Ò²¨ ¶·¥±· Ð¥´Ò ¢ ¸¥-
·¥¤¨´¥ 1990-Ì ££. �¸´μ¢´Ò³¨ ¶·¨Î¨´ ³¨ ´¥Ê¤ Î¨ ¡Ò²¨ ¸²μ¦´μ¸ÉÓ ¸Ì¥³Ò
¨´¦¥±Í¨¨ ¶ÊÎ±  ¢ ¶·μ¤μ²Ó´μ¥ ¶μ²¥ ¨ ·¥§μ´ ´¸Ò, ¸¢Ö§ ´´Ò¥ ¸ ² ·³μ·μ¢-
¸±¨³ ¢· Ð¥´¨¥³ Ô²¥±É·μ´μ¢, ±μÉμ·Ò¥ ¶·¨¢μ¤¨²¨ ± £¨¡¥²¨ ¶ÊÎ±  ¶·¨ ¢Ò¸μ±¨Ì
Ô´¥·£¨ÖÌ.

CÌ¥³  ´ ±μ¶¨É¥²Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸ Ëμ±Ê¸¨·μ¢±μ° ¶·μ¤μ²Ó´Ò³ ³ £-
´¨É´Ò³ ¶μ²¥³ ¡Ò²  ¶·¥¤²μ¦¥´  ¢ ˆ´¸É¨ÉÊÉ¥ Ö¤¥·´μ° Ë¨§¨±¨ ¨³. ƒ. ˆ. 	Ê¤-
±¥·  (�μ¢μ¸¨¡¨·¸±) ¢ 1980-Ì ££. �·¥¤²μ¦¥´¨¥ ¶μÖ¢¨²μ¸Ó ¢ ¸¢Ö§¨ ¸ · §¢¨-
É¨¥³ ¨¤¥¨ £¥´¥· Í¨¨  ´É¨¢μ¤μ·μ¤  ®´  ²¥ÉÊ¯. ‘Ì¥³  É ±μ° £¥´¥· Í¨¨ [9]
¶·¥¤¶μ² £ ¥É ¨¸¶μ²Ó§μ¢ ´¨¥ ¤¢ÊÌ ´ ±μ¶¨É¥²¥° Å  ´É¨¶·μÉμ´μ¢ ¨ ¶μ§¨É·μ-
´μ¢, ¨³¥ÕÐ¨Ì μ¡ÐÊÕ ¶·Ö³μ²¨´¥°´ÊÕ ¸¥±Í¨Õ, ¢ ±μÉμ·μ° μ¡  ¶ÊÎ±  ¸μ¢³¥-
Ð¥´Ò ¨ ¨³¥ÕÉ μ¤¨´ ±μ¢Ò¥ ¸·¥¤´¨¥ ¸±μ·μ¸É¨. �·¨ ·¥±μ³¡¨´ Í¨¨ ¶μ§¨É·μ´μ¢
¨  ´É¨¶·μÉμ´μ¢ μ¡· §ÊÕÉ¸Ö  Éμ³Ò  ´É¨¢μ¤μ·μ¤ . ˆ§´ Î ²Ó´μ ¢ ÔÉμ° ¸Ì¥³¥
¶·¥¤¶μ² £ ²μ¸Ó ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö ¶μ§¨É·μ´μ¢ μ¡ÒÎ´Ò° ¦¥¸É±μËμ±Ê¸¨·ÊÕÐ¨°
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´ ±μ¶¨É¥²Ó [9]. �μ ¤²Ö ¶μ¸É ´μ¢±¨ Ô±¸¶¥·¨³¥´Éμ¢ ´  ¶μÉμ± Ì  Éμ³μ¢  ´-
É¨¢μ¤μ·μ¤  μ¶É¨³ ²Ó´ Ö Ô´¥·£¨Ö  Éμ³μ¢ ²¥¦¨É ¢ ¤¨ ¶ §μ´¥ ¤¥¸ÖÉ±μ¢ ŒÔ‚,
ÎÉμ É·¥¡Ê¥É Ô´¥·£¨¨ ¶μ§¨É·μ´μ¢ ¢ ´¥¸±μ²Ó±μ ±Ô‚. �¡¥¸¶¥Î¥´¨¥ Ê¸Éμ°Î¨¢μ£μ
¤¢¨¦¥´¨Ö Î ¸É¨Í ¢ μ¡ÒÎ´μ³ ¦¥¸É±μËμ±Ê¸¨·ÊÕÐ¥³ ´ ±μ¶¨É¥²¥ Ö¢²Ö¥É¸Ö § -
É·Ê¤´¨É¥²Ó´Ò³. „²Ö ¶·¥μ¤μ²¥´¨Ö ÔÉμ° É·Ê¤´μ¸É¨ ¢ [10] ¡Ò²μ ¶·¥¤²μ¦¥´μ
¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö Ëμ±Ê¸¨·μ¢±¨ ¶μ§¨É·μ´μ¢ ¶·μ¤μ²Ó´μ¥ ³ £´¨É´μ¥ ¶μ²¥. �¤-
´ ±μ  ¢Éμ· ³ ÔÉμ° · ¡μÉÒ ´¥ Ê¤ ²μ¸Ó ´ °É¨ ·¥Ï¥´¨¥ ¶·μ¡²¥³Ò ¨´¦¥±Í¨¨
¶μ§¨É·μ´μ¢ ¢ ¶·μ¤μ²Ó´μ¥ ³ £´¨É´μ¥ ¶μ²¥ ¡¥§ §´ Î¨É¥²Ó´μ£μ Ê¢¥²¨Î¥´¨Ö ¨Ì
¶μ¶¥·¥Î´ÒÌ ¸±μ·μ¸É¥° ¨ ¸μ¢³¥Ð¥´¨Ö Í¨·±Ê²¨·ÊÕÐ¥£μ ¶μ§¨É·μ´´μ£μ ¶ÊÎ± 
¸ μÌ² ¦¤ ÕÐ¨³ μ¤´μ¶·μ²¥É´Ò³ Ô²¥±É·μ´´Ò³. �μ¸²¥¤´ÖÖ É·Ê¤´μ¸ÉÓ μ± § -
² ¸Ó ¶·¨´Í¨¶¨ ²Ó´μ°, É ± ± ± ¤²Ö ÔËË¥±É¨¢´μ°  ´É¨¶·μÉμ´-¶μ§¨É·μ´´μ°
·¥±μ³¡¨´ Í¨¨ ´¥μ¡Ìμ¤¨³  ´¨§± Ö É¥³¶¥· ÉÊ·  ·¥±μ³¡¨´¨·ÊÕÐ¨Ì Î ¸É¨Í,
ÎÉμ ¢ μ¡² ¸É¨ ³ ²ÒÌ Ô´¥·£¨° ³μ¦¥É ¡ÒÉÓ μ¡¥¸¶¥Î¥´μ Éμ²Ó±μ Ô²¥±É·μ´´Ò³
μÌ² ¦¤¥´¨¥³. �·¨ ÔÉμ³ Ô²¥±É·μ´´μ¥ μÌ² ¦¤¥´¨¥ ¶μ§¨É·μ´μ¢ É ±¦¥ ¸μ¶·μ-
¢μ¦¤ ¥É¸Ö ¶·μÍ¥¸¸μ³ ·¥±μ³¡¨´ Í¨¨ Å Ô²¥±É·μ´μ¢ ¨ ¶μ§¨É·μ´μ¢, ¸ μ¡· -
§μ¢ ´¨¥³ ´ ¶· ¢²¥´´μ£μ ¶μÉμ±  ¶μ§¨É·μ´¨Ö, ÎÉμ ¤ ¥É ¤μ¶μ²´¨É¥²Ó´ÊÕ ¢μ§-
³μ¦´μ¸ÉÓ ¶·μ¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´Éμ¢ ¶μ Ë¨§¨±¥ ¶μ§¨É·μ´¨Ö ¢ ´μ¢μ° ¶μ¸É -
´μ¢±¥.

�¥Ï¥´¨¥ ¡Ò²μ ´ °¤¥´μ  ¢Éμ· ³¨ · ¡μÉ [11, 12], ¢ ±μÉμ·ÒÌ ¡Ò²  ¶·¨-
¢¥¤¥´  ¸Ì¥³  ¨´¦¥±Í¨¨ ¨ ¸μ¢³¥Ð¥´¨Ö § ³ £´¨Î¥´´ÒÌ ¶μ§¨É·μ´´μ£μ ¨ Ô²¥±-
É·μ´´μ£μ ¶ÊÎ±μ¢ (É. ¥. É ±¨Ì, ¨¸ÉμÎ´¨±¨ ±μÉμ·ÒÌ ¶μ£·Ê¦¥´Ò ¢ ¶·μ¤μ²Ó´μ¥
³ £´¨É´μ¥ ¶μ²¥).

„²Ö μ¡¥¸¶¥Î¥´¨Ö ¤μ²£μ¢·¥³¥´´μ° Ê¸Éμ°Î¨¢μ¸É¨ ¤¢¨¦¥´¨Ö ³μ¦´μ ¨¸¶μ²Ó-
§μ¢ ÉÓ ¸¶¨· ²Ó´μ¥ ±¢ ¤·Ê¶μ²Ó´μ¥ ¶μ²¥. �·¥¤²μ¦¥´´ Ö ¸Ì¥³  ´ ±μ¶¨É¥²Ö ¶μ-
§¢μ²Ö¥É μ¸ÊÐ¥¸É¢¨ÉÓ Ê¸Éμ°Î¨¢μ¥ ¤¢¨¦¥´¨¥ ¶ÊÎ±  ¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨° ¤μ ´¥-
¸±μ²Ó±¨Ì ŒÔ‚. �μÔÉμ³Ê ´  ¡ §¥ ÔÉμ° ¸Ì¥³Ò ¡Ò²  · §· ¡μÉ ´  É ±¦¥ ¸¨¸É¥³ 
Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö Í¨·±Ê²¨·ÊÕÐ¨³ Ô²¥±É·μ´´Ò³ ¶ÊÎ±μ³ ¤²Ö μ¡² ¸É¨
¢Ò¸μ±¨Ì, ¶μ·Ö¤±  ´¥¸±μ²Ó±¨Ì ƒÔ‚, Ô´¥·£¨° μÌ² ¦¤ ¥³ÒÌ ¨μ´μ¢ [13]. ‹Õ¡μ-
¶ÒÉ´μ, ÎÉμ  ¢Éμ·Ò · ¡μÉ [11, 12] Ê§´ ²¨ μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ ³μ¤¨Ë¨Í¨·μ¢ ´´ÒÌ
¡¥É É·μ´μ¢ [1Ä8] £μ· §¤μ ¶μ§¤´¥¥.

�·¨ Ô´¥·£¨¨ μÌ² ¦¤ ¥³ÒÌ Î ¸É¨Í ¢ ´¥¸±μ²Ó±μ ƒÔ‚ μ¦¨¤ ¥³Ò¥ ¢·¥³¥´ 
μÌ² ¦¤¥´¨Ö ¸μ¸É ¢²ÖÕÉ μÉ ´¥¸±μ²Ó±¨Ì ³¨´ÊÉ ¤μ ´¥¸±μ²Ó±¨Ì Î ¸μ¢, ¶·¨ ÔÉμ³
§  μ¤¨´ ¶·μ²¥É ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö ¶ · ³¥É·Ò μÌ² ¦¤ ÕÐ¥£μ Ô²¥±É·μ´´μ£μ
¶ÊÎ±  ´¥ Ê¸¶¥¢ ÕÉ ¸ÊÐ¥¸É¢¥´´μ ÊÌÊ¤Ï¨ÉÓ¸Ö. �Éμ ¶μ§¢μ²Ö¥É ³´μ£μ±· É´μ
¨¸¶μ²Ó§μ¢ ÉÓ μ¤¨´ ¨ ÉμÉ ¦¥ Ô²¥±É·μ´´Ò° ¶ÊÎμ±, Í¨·±Ê²¨·ÊÕÐ¨° ¢ ´¥¡μ²Ó-
Ïμ³ ´ ±μ¶¨É¥²¥. ’· ¤¨Í¨μ´´μ ¢ ¸¨¸É¥³ Ì μÌ² ¦¤¥´¨Ö ¶·μ¤μ²Ó´μ¥ ³ £´¨É´μ¥
¶μ²¥ ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö É· ´¸¶μ·É¨·μ¢±¨ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¡¥§ ÊÌÊ¤Ï¥´¨Ö
¥£μ ± Î¥¸É¢ . �·¨³¥´¥´¨¥ ¶·μ¤μ²Ó´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ¢ ¸¨¸É¥³¥ Ô²¥±É·μ´-
´μ£μ μÌ² ¦¤¥´¨Ö ¸ Í¨·±Ê²¨·ÊÕÐ¨³ Ô²¥±É·μ´´Ò³ ¶ÊÎ±μ³ ¶μ§¢μ²Ö¥É ¨¸¶μ²Ó-
§μ¢ ÉÓ ´ ±μ¶¨É¥²Ó É¨¶  ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ ¡¥É É·μ´ . �·¨ ÔÉμ³ Ê¸±μ·¥´¨¥
Ô²¥±É·μ´μ¢ ¤μ É·¥¡Ê¥³μ° Ô´¥·£¨¨ ³μ¦¥É ¡ÒÉÓ μ¸ÊÐ¥¸É¢²¥´μ ¨´¤Ê±Í¨μ´´Ò³
³¥Éμ¤μ³ ¢ Éμ³ ¦¥ ¸ ³μ³ ´ ±μ¶¨É¥²¥ ¸ ¡¥É É·μ´´Ò³ ¸¥·¤¥Î´¨±μ³ (¨´¤Ê±-
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Éμ·). ‘Ì¥³  É ±μ£μ ´ ±μ¶¨É¥²Ö ¤²Ö Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö Í¨·±Ê²¨·Ê-
ÕÐ¨³ ¶ÊÎ±μ³ ¡Ò²  ¶·¥¤¸É ¢²¥´  ´  ±μ´Ë¥·¥´Í¨¨ ¶μ Ô²¥±É·μ´´μ³Ê μÌ² -
¦¤¥´¨Õ Î ¸É¨Í ¶·μ³¥¦ÊÉμÎ´ÒÌ Ô´¥·£¨° ¢ �μ¢μ¸¨¡¨·¸±¥ [13]. �´ ²μ£¨Î-
´μ¥ ¶·¨³¥´¥´¨¥ ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ ¡¥É É·μ´  ¡Ò²μ ¶·¥¤²μ¦¥´μ ¢ � Í¨μ-
´ ²Ó´μ° ² ¡μ· Éμ·¨¨ ¨³. �.”¥·³¨ Å FNAL, ‘˜�, ¶·¨ · §· ¡μÉ±¥ ¶·μ-
¥±É  ¸¨¸É¥³Ò Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö ¤²Ö ´ ±μ¶¨É¥²Ö  ´É¨¶·μÉμ´μ¢ ®Re-
cycler¯ [14]. �¤´ ±μ  ¢Éμ· ÔÉμ° · ¡μÉÒ É ±¦¥ ´¥ ´ Ï¥² ¸¶μ¸μ¡  ¨´¦¥±-
Í¨¨ § ³ £´¨Î¥´´μ£μ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¢ ¶·μ¤μ²Ó´μ¥ ³ £´¨É´μ¥ ¶μ²¥, μ
Î¥³ μ´ ¸± § ² ¢ ¸¢μ¥³ ¸μμ¡Ð¥´¨¨ ´  ¸μ¢¥Ð ´¨¨ ¢ �μ¢μ¸¨¡¨·¸±¥, ¶·¨´Ö¢
¸ Ê¤μ¢²¥É¢μ·¥´¨¥³ ¸Ì¥³Ê, ¶·¥¤²μ¦¥´´ÊÕ ¢ [13]. �μ § ± §Ê FNAL ¢ �¡Ñ-
¥¤¨´¥´´μ³ ¨´¸É¨ÉÊÉ¥ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨° („Ê¡´ ) ¡Ò² · §· ¡μÉ ´ ¶·μ¥±É
¸¨¸É¥³Ò Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö ¤²Ö ´ ±μ¶¨É¥²Ö ®Recycler¯ ´  ¡ §¥ ³μ¤¨-
Ë¨Í¨·μ¢ ´´μ£μ ¡¥É É·μ´ . � · ²²¥²Ó´μ ¢ FNAL ¡Ò²μ ´ Î Éμ ¸μ§¤ ´¨¥ É¥¸Éμ-
¢μ° Ê¸É ´μ¢±¨ MARK-M. � ¡μÉ , ± ¸μ¦ ²¥´¨Õ, ´¥ ¡Ò²  § ±μ´Î¥´ , ¢¢¨¤Ê
Ê¸¶¥Ï´μ£μ § ¢¥·Ï¥´¨Ö É¥¸Éμ¢ÒÌ ¨¸¶ÒÉ ´¨° ¶·μÉμÉ¨¶  ¸¨¸É¥³Ò Ô²¥±É·μ´-
´μ£μ μÌ² ¦¤¥´¨Ö ´  μ¸´μ¢¥ ¢Ò¸μ±μ¢μ²ÓÉ´μ£μ Ô²¥±É·μ¸É É¨Î¥¸±μ£μ Ê¸±μ·¨-
É¥²Ö [15].

‘ Í¥²ÓÕ ¨§ÊÎ¥´¨Ö ¢μ§³μ¦´μ¸É¥° ¶·¨³¥´¥´¨Ö ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ ¡¥-
É É·μ´  ¤²Ö £¥´¥· Í¨¨ ¶μ§¨É·μ´¨Ö ¨  ´É¨¢μ¤μ·μ¤ ,   É ±¦¥ ¤²Ö Ô²¥±É·μ´-
´μ£μ μÌ² ¦¤¥´¨Ö Í¨·±Ê²¨·ÊÕÐ¨³ ¶ÊÎ±μ³ ¢ �ˆŸˆ ¡Ò² ¸μ§¤ ´ ´ ±μ¶¨É¥²Ó
LEPTA (Low Energy Particle Toroidal Accumulator) [13], Ë¨§¨Î¥¸±¨° ¶Ê¸±
±μÉμ·μ£μ ¸ Í¨·±Ê²¨·ÊÕÐ¨³ Ô²¥±É·μ´´Ò³ ¶ÊÎ±μ³ ¡Ò² μ¸ÊÐ¥¸É¢²¥´ ¢ ¸¥´-
ÉÖ¡·¥ 2004 £.

Œμ¤¨Ë¨Í¨·μ¢ ´´Ò¥ ¡¥É É·μ´Ò ¶·¥¤¸É ¢²ÖÕÉ ¨´É¥·¥¸ ¤²Ö ·¥Ï¥´¨Ö ³´μ-
£¨Ì § ¤ Î. Š·μ³¥ Ê¸É ´μ¢±¨ �ˆŸˆ, ´  · §²¨Î´μ° ¸É ¤¨¨ ¶·μ· ¡μÉ±¨ ´ Ìμ-
¤¨É¸Ö ´¥¸±μ²Ó±μ ¶·μ¥±Éμ¢. ’ ±, ´ ¶·¨³¥·, μ¤´¨³ ¨§ ¢μ§³μ¦´ÒÌ ¢ ·¨ ´Éμ¢
·¥ ²¨§ Í¨¨ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö ´  ³ ±¸¨³ ²Ó´μ° Ô´¥·£¨¨ ¸¨´Ì·μÉ·μ´ 
COSY (ˆ¸¸²¥¤μ¢ É¥²Ó¸±¨° Í¥´É·, 
²¨Ì, ƒ¥·³ ´¨Ö) Ö¢²Ö¥É¸Ö ¨¸¶μ²Ó§μ¢ ´¨¥
´ ±μ¶¨É¥²Ö ¸ ¶·μ¤μ²Ó´Ò³ ³ £´¨É´Ò³ ¶μ²¥³ ¤²Ö μÌ² ¦¤¥´¨Ö Í¨·±Ê²¨·ÊÕÐ¨³
¶ÊÎ±μ³ [16]. ‚ • ·Ó±μ¢¸±μ³ Ë¨§¨±μ-É¥Ì´¨Î¥¸±μ³ ¨´¸É¨ÉÊÉ¥ (“±· ¨´ ) ¶·μ-
¤μ²¦ ÕÉ¸Ö ´ Î ÉÒ¥ ¥Ð¥ ¢ 1980-¥ ££. É¥μ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤μ¢ ´¨Ö ¤¨´ ³¨±¨
Î ¸É¨Í ¢ Ê¸±μ·¨É¥²ÖÌ É ±μ£μ É¨¶  [17]. �·¥¤¶μ² £ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ³μ¤¨-
Ë¨Í¨·μ¢ ´´Ò° ¡¥É É·μ´ ¤²Ö ¶·μ¨§¢μ¤¸É¢  ¨´É¥´¸¨¢´ÒÌ ¶μ§¨É·μ´´ÒÌ ¶ÊÎ±μ¢
[18] ¨ ¤²Ö · ¤¨ Í¨μ´´μ° É¥· ¶¨¨ [19].

‚ ¤ ´´μ³ μ¡§μ·¥ μ¶¨¸Ò¢ ÕÉ¸Ö ¶·¨´Í¨¶ · ¡μÉÒ ¨ ¢ ·¨ ´ÉÒ ±μ´¸É·Ê±Í¨¨
³μ¤¨Ë¨Í¨·μ¢ ´´ÒÌ ¡¥É É·μ´μ¢, ³¥Éμ¤Ò · ¸Î¥É  ¤¨´ ³¨±¨ Î ¸É¨Í ¢ ´ ±μ¶¨-
É¥²ÖÌ ¸μ ¸¢Ö§ ´´Ò³ ¤¢¨¦¥´¨¥³ ¢ ¶μ¶¥·¥Î´ÒÌ ¶²μ¸±μ¸ÉÖÌ, μ¸μ¡¥´´μ¸É¨ ´ -
±μ¶¨É¥²¥° ®Ìμ²μ¤´ÒÌ¯ ¶ÊÎ±μ¢ (LEPTA) ¢ ¤¢ÊÌ ·¥¦¨³ Ì · ¡μÉÒ: ¢ ± Î¥¸É¢¥
¸¨¸É¥³Ò Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö ¸ Í¨·±Ê²¨·ÊÕÐ¨³ Ô²¥±É·μ´´Ò³ ¶ÊÎ±μ³ ¨
´ ±μ¶¨É¥²Ö ¶μ§¨É·μ´μ¢ ´¨§±μ° Ô´¥·£¨¨ ¤²Ö £¥´¥· Í¨¨ ¨´É¥´¸¨¢´ÒÌ ¶μÉμ±μ¢
¶μ§¨É·μ´¨Ö. �·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¶¥·¢ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ ¶μ ¨§ÊÎ¥´¨Õ
¤¨´ ³¨±¨ Ô²¥±É·μ´μ¢ ¢ ´ ±μ¶¨É¥²¥ LEPTA.
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ƒ² ¢´Ò³ Ô²¥³¥´Éμ³ ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ ¡¥É É·μ´  Ö¢²Ö¥É¸Ö ¸μ²¥´μ¨¤,
¸μ§¤ ÕÐ¨° ¶·μ¤μ²Ó´μ¥ ³ £´¨É´μ¥ ¶μ²¥ ¨ ¨³¥ÕÐ¨° Ëμ·³Ê Éμ·  ¨²¨ ®·¥°¸-
É·¥± ¯ Å ¶·Ö³μ²¨´¥°´Ò¥ ¸μ²¥´μ¨¤Ò, ¸μ¥¤¨´¥´´Ò¥ μÉ·¥§± ³¨ Éμ·μ¨¤ ²Ó´ÒÌ
¸μ²¥´μ¨¤μ¢. ‚ É ±μ³ Ê¸É·μ°¸É¢¥ ³μ¦´μ Ëμ·³¨·μ¢ ÉÓ ³ £´¨É´Ò¥ ¶μ²Ö ¡μ²Ó-
Ïμ° ´ ¶·Ö¦¥´´μ¸É¨, ÎÉμ μ¡¥¸¶¥Î¨¢ ¥É ÔËË¥±É¨¢´ÊÕ Ëμ±Ê¸¨·μ¢±Ê ¶ÊÎ±  Î -
¸É¨Í. ‚ ¶¥·¢μ³ ¶·¨¡²¨¦¥´¨¨ Î ¸É¨ÍÒ ¤¢¨¦ÊÉ¸Ö ¢¤μ²Ó ¸¨²μ¢ÒÌ ²¨´¨° ¶μ²Ö,
¥¸²¨ ±·¨¢¨§´  ¸¨²μ¢ÒÌ ²¨´¨° ¤μ¸É ÉμÎ´μ ³ ² :

RB � ρL =
pc

eB0
, p = γmv, (1.1)

§¤¥¸Ó RB Å · ¤¨Ê¸ ±·¨¢¨§´Ò ¸¨²μ¢ÒÌ ²¨´¨°; ρL Å ² ·³μ·μ¢¸±¨° · ¤¨Ê¸
Î ¸É¨ÍÒ ¸ § ·Ö¤μ³ e ¨ ¨³¶Ê²Ó¸μ³ p ¢ ³ £´¨É´μ³ ¶μ²¥ B0; c Å ¸±μ·μ¸ÉÓ
¸¢¥É . �μ¤Î¥·±´e³, ÎÉμ ¢¥§¤¥ ´¨¦¥ ¶ · ³¥É· ρL μ¶·¥¤¥²e´ ± ±  ²£¥¡· ¨Î¥¸± Ö
¢¥²¨Î¨´  (É. ¥. ®¸μ §´ ±μ³¯, § ¢¨¸ÖÐ¨³ μÉ ´ ¶· ¢²¥´¨Ö ¶μ²Ö B0).

‚ μ¤´μ·μ¤´μ³ ¨²¨ ¸² ¡μ´¥μ¤´μ·μ¤´μ³ ³ £´¨É´μ³ ¶μ²¥ ´¥É ¢Ò¤¥²¥´´μ°
(· ¢´μ¢¥¸´μ°) É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ, ¥e ¤¢¨¦¥´¨¥ ¡¥§· §²¨Î´μ ± ¶μ²μ¦¥´¨Õ
¸¨²μ¢μ° ²¨´¨¨ ¢ ¶·μ¸É· ´¸É¢¥. �μÔÉμ³Ê ²Õ¡Ò¥ ¢μ§³ÊÐ¥´¨Ö ¤¢¨¦¥´¨Ö Å ´¥-
μ¤´μ·μ¤´μ¸É¨ ¶μ²Ö, Í¥´É·μ¡¥¦´ Ö ¸¨²  ¨´¥·Í¨¨ ´  ÊÎ ¸É± Ì Éμ·μ¨¤ ²Ó´μ£μ
¶μ²Ö ¨ É. ¶. Å ¢Ò§Ò¢ ÕÉ ¤·¥°Ë Î ¸É¨Í ¢ ¶μ¶¥·¥Î´μ³ ´ ¶· ¢²¥´¨¨. „²Ö ¥£μ
Ê¸É· ´¥´¨Ö ¨¸¶μ²Ó§ÊÕÉ ¤¢  ³¥Éμ¤  Å ´ ²μ¦¥´¨¥ ´¥μ¤´μ·μ¤´μ£μ ¶μ¶¥·¥Î´μ£μ
¶μ²Ö ´  Éμ·μ¨¤ ²Ó´ÒÌ ÊÎ ¸É± Ì ¨²¨ ¸¶¨· ²Ó´μ£μ ±¢ ¤·Ê¶μ²Ó´μ£μ ¶μ²Ö ´ 
μ¤´μ³ ¨§ ÊÎ ¸É±μ¢ É· ¥±Éμ·¨¨. ‚ ¶μ¸²¥¤´¥³ ¸²ÊÎ ¥ ³μ¤¨Ë¨Í¨·μ¢ ´´Ò° ¡¥É -
É·μ´ ´μ¸¨É ´ §¢ ´¨¥ ¸É¥²² É·μ´, ¶μ  ´ ²μ£¨¨ ¸ ¶² §³¥´´Ò³¨ Ê¸É ´μ¢± ³¨ Å
¸É¥²² · Éμ· ³¨, ¨³¥ÕÐ¨³¨ ¶μÌμ¦ÊÕ Ëμ±Ê¸¨·ÊÕÐÊÕ ¸¨¸É¥³Ê.

„¨´ ³¨±  Î ¸É¨Í ¢ ³μ¤¨Ë¨Í¨·μ¢ ´´μ³ ¡¥É É·μ´¥ · ¸¸³μÉ·¥´ 
¢ · §¤. 2, 3.

“¸±μ·ÖÕÐ Ö ¸¨¸É¥³  ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ ¡¥É É·μ´  μ¸´μ¢ ´  ´  Éμ³ ¦¥
¶·¨´Í¨¶¥, ÎÉμ ¨ ¢ ±² ¸¸¨Î¥¸±μ³ ¡¥É É·μ´¥: ¢¨Ì·¥¢μ¥ Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥
¸μ§¤ eÉ¸Ö ¶¥·¥³¥´´Ò³ ¢μ ¢·¥³¥´¨ ¶μÉμ±μ³ ³ £´¨É´μ£μ ¶μ²Ö, ¶·μ´¨§Ò¢ ÕÐ¨³
μ·¡¨ÉÊ. Šμ´¸É·Ê±É¨¢´μ Ê¸±μ·ÖÕÐ¨¥ ¸¨¸É¥³Ò ³μ£ÊÉ ¸ÊÐ¥¸É¢¥´´μ · §²¨Î ÉÓ¸Ö
(¸³. μ¶¨¸ ´¨¥ ¡¥É É·μ´μ¢ ´¨¦¥).

Šμ´¥Î´μ, μÉ¸ÊÉ¸É¢¨¥ ®μÉ±·ÒÉÒÌ¯ ÊÎ ¸É±μ¢ μ·¡¨ÉÒ, ¸¢μ¡μ¤´ÒÌ μÉ μ¡³μ-
Éμ± ¸μ²¥´μ¨¤μ¢, § ³¥É´μ Ê¸²μ¦´Ö¥É ¸μμ·Ê¦¥´¨¥ Ê¸É·μ°¸É¢ ¨´¦¥±Í¨¨ ¨ ¤¨ -
£´μ¸É¨±¨ ¶ÊÎ± . �¥·¢Ò³, μÉ´μ¸¨É¥²Ó´μ Ê¸¶¥Ï´μ · ¡μÉ ¢Ï¨³ Ê¸±μ·¨É¥²¥³
É ±μ£μ É¨¶  ¡Ò² ³μ¤¨Ë¨Í¨·μ¢ ´´Ò° ¡¥É É·μ´ UCI (‘˜�) [5]. �  ·¨¸. 1
¶·¨¢¥¤¥´  ¸Ì¥³  ¢ ·¨ ´É  ±μ´¸É·Ê±Í¨¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¸É¥²² · Éμ·´ÒÌ
μ¡³μÉμ±. –¥´É· ²Ó´Ò° ¸μ²¥´μ¨¤ ¸μ§¤ eÉ ³ £´¨É´Ò° ¶μÉμ±, ´¥μ¡Ìμ¤¨³Ò° ¤²Ö
Ê¸±μ·¥´¨Ö, ¶ ·  ± ÉÊÏ¥± ƒ¥²Ó³£μ²ÓÍ  Å ¢¥·É¨± ²Ó´μ¥ ¡¥É É·μ´´μ¥ (®¶μ¢μ-
·μÉ´μ¥¯) ¶μ²¥. ’μ·μ¨¤ ²Ó´μ¥ ¶μ²¥ μ¡· §μ¢ ´μ ´ ¡μ·μ³ ¨§ 24 ± ÉÊÏ¥±, · ¢´μ-
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³¥·´μ · ¸¶μ²μ¦¥´´ÒÌ ¢¤μ²Ó · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ ¶μ ¶¥·¨³¥É·Ê ¸É¥±²Ö´´μ°
¢ ±ÊÊ³´μ° ± ³¥·Ò. ‘¶¨· ²Ó´ Ö μ¡³μÉ±  ±¢ ¤·Ê¶μ²Ó´μ£μ ¶μ²Ö · ¸¶μ²μ¦¥´ 
¢´ÊÉ·¨ ± ÉÊÏ¥± Éμ·μ¨¤ ²Ó´μ£μ ¶μ²Ö Å ÔÉμ Î¥ÉÒ·¥ ¶·μ¢μ¤´¨± , ´ ¢¨ÉÒ¥ ´ 

�¨¸. 1. ‘Ì¥³  ¸É¥²² É·μ´  UCI [5]:
1 Å μ¡³μÉ±¨ Éμ·μ¨¤ ²Ó´μ£μ ¶μ²Ö; 2 Å
μ¡³μÉ±¨ ¢¥·É¨± ²Ó´μ£μ ¶μ²Ö; 3 Å
Í¥´É· ²Ó´Ò° ¸μ²¥´μ¨¤; 4 Å ¸¶¨· ²Ó-
´Ò¥ μ¡³μÉ±¨

Éμ· ¢ ±ÊÊ³´μ° ± ³¥·Ò. Œ ²Ò° · ¤¨Ê¸
ÔÉμ£μ Éμ·  ¶·¨³¥·´μ · ¢¥´ 8 ¸³, ¶·μ-
¢μ¤´¨±¨ ¸μ¥¤¨´¥´Ò ¶μ¶ ·´μ ¨ § ¶¨É ´Ò
Éμ± ³¨ ¢¸É·¥Î´μ£μ ´ ¶· ¢²¥´¨Ö. —¨¸²μ
¶μ²´ÒÌ ¶¥·¨μ¤μ¢ ¸¶¨· ²¨ · ¢´μ 12.

ˆ´¦¥±Í¨Ö ¶ÊÎ±  ¢ ¸É¥²² É·μ´ UCI
μ¸ÊÐ¥¸É¢²Ö² ¸Ó ¢ É¥Î¥´¨¥ ´¥¸±μ²Ó±¨Ì
¤¥¸ÖÉ±μ¢ μ¡μ·μÉμ¢ ¶ÊÎ± , ÎÉμ ¶μ§¢μ-
²Ö²μ ´ ±μ¶¨ÉÓ Éμ± ∼ 100 �. ˆ´¦¥±-
Éμ· Å ¶μ¤μ£·¥¢ ¥³ Ö ´¨ÉÓ Å · ¸¶μ-
² £ ²¸Ö ´¥¶μ¸·¥¤¸É¢¥´´μ ¢ ± ³¥·¥ ¡¥-
É É·μ´  ¢ μ±·¥¸É´μ¸É¨ · ¢´μ¢¥¸´μ° μ·-
¡¨ÉÒ. ‚¨Ì·¥¢μ¥ Ê¸±μ·ÖÕÐ¥¥ (®¡¥É -
É·μ´´μ¥¯) Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥ ¸μ§¤ ¢ -
²μ¸Ó ¶¥·¥³¥´´Ò³ ¢μ ¢·¥³¥´¨ ¶μÉμ±μ³
³ £´¨É´μ£μ ¶μ²Ö Í¥´É· ²Ó´μ£μ ¸μ²¥´μ-
¨¤ . ‚ ·¥§Ê²ÓÉ É¥ Ô±¸¶¥·¨³¥´Éμ¢ ´  ÔÉμ°
Ê¸É ´μ¢±¥ ¶ÊÎμ± ¸ Éμ±μ³ ∼ 200 � ¡Ò²
Ê¸±μ·¥´ ¤μ Ô´¥·£¨¨ 4 ŒÔ‚. �  § ¢¥·-
Ï ÕÐ¥° ¸É ¤¨¨ ¶·μÍ¥¸¸  Ê¸±μ·¥´¨Ö ´ -
¡²Õ¤ ²¨¸Ó ¸ÊÐ¥¸É¢¥´´Ò¥ ¶μÉ¥·¨ Ô²¥±-
É·μ´μ¢ ¨§-§  · §¢¨É¨Ö ´¥Ê¸Éμ°Î¨¢μ¸É¨
¶ÊÎ±  ´  ·¥§μ´ ´¸ Ì ¡Ò¸É·μ° (² ·³μ-

·μ¢¸±μ°) ³μ¤Ò ±μ²¥¡ ´¨°. �·μ¡²¥³Ê ÔËË¥±É¨¢´μ£μ ¢Ò¢μ¤  Ê¸±μ·¥´´μ£μ
¶ÊÎ±  μ±μ´Î É¥²Ó´μ ·¥Ï¨ÉÓ ´¥ Ê¤ ²μ¸Ó.

‚ UCI ¡Ò² · §· ¡μÉ ´ ¨ ¨¸¸²¥¤μ¢ ´ É ± ´ §Ò¢ ¥³Ò° ®Ê¤²¨´¥´´Ò°¯ ³μ-
¤¨Ë¨Í¨·μ¢ ´´Ò° ¡¥É É·μ´ MEBA (Modiˇed Elongated Betatron), ¶·¥¤´ §´ -
Î¥´´Ò° ¤²Ö Ê¸±μ·¥´¨Ö ²¥´ÉμÎ´μ£μ ¶ÊÎ±  (·¨¸. 2) [6]. �¤´ ±μ Éμ± Ê¸±μ·¥´-
´ÒÌ Î ¸É¨Í, ¤μ¸É¨£´ÊÉÒ° ´  ÔÉμ° Ê¸É ´μ¢±¥, ¡Ò² ¤ ¦¥ ³¥´ÓÏ¥, Î¥³ ¢ ¸É¥²-
² É·μ´¥.

‚ ³μ¤¨Ë¨Í¨·μ¢ ´´μ³ ¡¥É É·μ´¥ MBA É¨¶  ¸É¥²² É·μ´  ‹ ¡μ· Éμ·¨¨
¢μ¥´´μ-³μ·¸±μ£μ Ë²μÉ  ‘˜� [7] (·¨¸. 3) ¨´¦¥±Í¨Ö ¶ÊÎ±  μ¸ÊÐ¥¸É¢²Ö² ¸Ó μÉ
¢´¥Ï´¥£μ Ê¸±μ·¨É¥²Ö, ¶ÊÎμ± ¶μ¤ ¢ ²¸Ö ¢ ± ³¥·Ê ¡¥É É·μ´  ¶μ¶¥·¥± ¸¨²μ¢ÒÌ
²¨´¨° ¶·μ¤μ²Ó´μ£μ ³ £´¨É´μ£μ ¶μ²Ö (É ¡². 1). �  · ¢´μ¢¥¸´ÊÕ μ·¡¨ÉÊ ¨´¦¥±-
É¨·μ¢ ´´Ò° ¶ÊÎμ± § Ì¢ ÉÒ¢ ²¸Ö ¨§-§  · §¢¨É¨Ö ·¥§¨¸É¨¢´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨.
“¸Éμ°Î¨¢μ¥ Ê¸±μ·¥´¨¥ ¶ÊÎ±  Ê¤ ²μ¸Ó μ¸ÊÐ¥¸É¢¨ÉÓ ¤μ Ô´¥·£¨¨ ∼ 16 ŒÔ‚, ¶μ-
¸²¥ Î¥£μ ´ Î¨´ ²¨¸Ó ¡Ò¸É·Ò¥ ¶μÉ¥·¨ Î ¸É¨Í, ±μÉμ·Ò¥ ·¥£¨¸É·¨·μ¢ ²¨¸Ó ¶μ
¢¸¶²¥¸± ³ ·¥´É£¥´μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö ¶·¨ Ô´¥·£¨ÖÌ, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Í¥²Ò³
·¥§μ´ ´¸ ³ ¡Ò¸É·μ° ³μ¤Ò ±μ²¥¡ ´¨°.
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�¨¸. 2. Œμ¤¨Ë¨Í¨·μ¢ ´´Ò° ¡¥É É·μ´ MEBA: 1 Å Ô²¥±É·μ´´Ò° ¶ÊÎμ±; 2 Å ± ÉÊÏ± 
¶μ²μ¨¤ ²Ó´μ£μ ¶μ²Ö; 3 Å ± ÉÊÏ±  ¡¥É É·μ´´μ£μ ¶μ²Ö; 4 Å μ¡³μÉ±a Éμ·μ¨¤ ²Ó´μ£μ
¶μ²Ö; 5 Å ¨´¦¥±Éμ·

�¨¸. 3. Œμ¤¨Ë¨Í¨·μ¢ ´´Ò° ¡¥-
É É·μ´ MBA [6]: 1 Å ¢¥·É¨-
± ²Ó´Ò¥ (¡¥É É·μ´´Ò¥) μ¡³μÉ±¨;
2 Å μ¡³μÉ±¨ Éμ·μ¨¤ ²Ó´μ£μ
¶μ²Ö; 3 Å μ¡³μÉ±¨ ¸¶¨· ²Ó´μ£μ
¶μ²Ö; 4 Å Ô²¥±É·μ´´μ¥ ±μ²ÓÍμ;
5 Å ¢ ±ÊÊ³´ Ö ± ³¥· 

ˆ´É¥·¥¸´ Ö ¸Ì¥³  Ëμ±Ê¸¨·μ¢±¨ ¨ ¨´¦¥±Í¨¨ Î ¸É¨Í ¡Ò²  ¶·¥¤²μ¦¥´  ¨
Ô±¸¶¥·¨³¥´É ²Ó´μ ¨¸¸²¥¤μ¢ ´  ´  Ê¸É ´μ¢±¥ CATE (·¨¸. 4) [8]. �Éμ ¡Ò² ¶¥·-
¢Ò° ³μ¤¨Ë¨Í¨·μ¢ ´´Ò° ¡¥É É·μ´ ¸ ¶·Ö³μ²¨´¥°´Ò³¨ ¶·μ³¥¦ÊÉ± ³¨ (·¥°¸-
É·¥±).

„²Ö Ëμ±Ê¸¨·μ¢±¨ Í¨·±Ê²¨·ÊÕÐ¥£μ ¶ÊÎ±  ¨¸¶μ²Ó§μ¢ ² ¸Ó ¸¨¸É¥³  ¸μ²¥-
´μ¨¤μ¢ ¸μ ¢¸É·¥Î´Ò³¨ ´ ¶· ¢²¥´¨Ö³¨ ¶μ²¥°. �¤´μμ¡μ·μÉ´ Ö ¨´¦¥±Í¨Ö Ô²¥±-
É·μ´´μ£μ ¶ÊÎ±  μ¸ÊÐ¥¸É¢²Ö² ¸Ó ¸ ¶μ³μÐÓÕ Ô²¥±É·¨Î¥¸±μ£μ ±¨±¥· , ±μÉμ·Ò°
· ¸¶μ² £ ²¸Ö ¢ ¶·Ö³μ²¨´¥°´μ° ¸¥±Í¨¨ ´ ±μ¶¨É¥²Ö ¢´ÊÉ·¨ ¸μ²¥´μ¨¤  ¡μ²Ó-
Ïμ£μ ¤¨ ³¥É· . Š ÉμÎ±¥ ¨´¦¥±Í¨¨ ¶ÊÎμ± ¶μ¤¢μ¤¨²¸Ö μÉ¤¥²Ó´Ò³ ¸μ²¥´μ¨-
¤μ³, ±μÉμ·Ò° ¡Ò² ¢¢¥¤¥´ ´¥¶μ¸·¥¤¸É¢¥´´μ ¢´ÊÉ·Ó ¸μ²¥´μ¨¤  ¶·Ö³μ²¨´¥°´μ°
¸¥±Í¨¨ ´ ±μ¶¨É¥²Ö. �  ÔÉμ° Ê¸É ´μ¢±¥ ¡Ò²  ¶·μ¤¥³μ´¸É·¨·μ¢ ´  ÔËË¥±-
É¨¢´μ¸ÉÓ ¶·¥¤²μ¦¥´´μ° ¸Ì¥³Ò ¨´¦¥±Í¨¨: ´  ¶¥·¢μ³ μ¡μ·μÉ¥ § Ì¢ ÉÒ¢ ²μ¸Ó
¶μÎÉ¨ 100% ¨´¦¥±É¨·Ê¥³μ£μ Éμ± . �¤´ ±μ ¡μ²ÓÏ¥ ¤¢ÊÌ μ¡μ·μÉμ¢ ¶ÊÎ±  ¢ ´ -
±μ¶¨É¥²¥ ¶μ²ÊÎ¨ÉÓ ´¥ Ê¤ ²μ¸Ó. � ¨¡μ²¥¥ ¢¥·μÖÉ´μ¥ μ¡ÑÖ¸´¥´¨¥ ÔÉμ£μ Ë ±É 
¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¶μ²¥ ¸μ²¥´μ¨¤ , ¶μ¤¢μ¤ÖÐ¥£μ ¶ÊÎμ± ¨§ ¨´¦¥±Éμ·  ± ´ ±μ-
¶¨É¥²Õ, ¸¨²Ó´μ ¢μ§³ÊÐ ²μ ¤¢¨¦¥´¨¥ Î ¸É¨Í ´  · ¢´μ¢¥¸´μ° μ·¡¨É¥.
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’ ¡²¨Í  1. � · ³¥É·Ò ¸É¥²² É·μ´μ¢ UCI ¨ Œ‚�

� · ³¥É· UCI MBA

�´¥·£¨Ö, ŒÔ‚ 4 20

‚ ±ÊÊ³´ Ö ± ³¥· 

	μ²ÓÏμ° · ¤¨Ê¸, ¸³ 41 100
‚ ±ÊÊ³, ’μ·· 10−7 10−7Ä10−8

ˆ´¦¥±Éμ· Ô²¥±É·μ´μ¢

�´¥·£¨Ö, ±Ô‚ � 30 600
„²¨É¥²Ó´μ¸ÉÓ ¨³¶Ê²Ó¸ , ³±¸ � 5 �¥É ¸¢¥¤.
’μ± Ô³¨¸¸¨¨, � 3Ä4 � 900

’μ·μ¨¤ ²Ó´μ¥ ¶μ²¥

� ¶·Ö¦e´´μ¸ÉÓ, ’² 1,2 0,34Ä0,8
�§¨³ÊÉ ²Ó´ Ö μ¤´μ·μ¤´μ¸ÉÓ, % < ±2 1

‚¥·É¨± ²Ó´μ¥ ¶μ²¥

� ¶·Ö¦e´´μ¸ÉÓ, ±ƒ¸ � 0,5 0,34Ä2,13

‘¶¨· ²Ó´Ò° ±¢ ¤·Ê¶μ²Ó

Œ ±¸¨³ ²Ó´Ò° Éμ±, ±� 30 ∼ 1
„²¨´  ± ÉÊÏ±¨, ¸³ 2 6,28
—¨¸²μ ¶¥·¨μ¤μ¢ ¸¶¨· ²¨ 6 12
ƒ· ¤¨¥´É ¶μ²Ö, ƒ¸/¸³ �¥É ¸¢¥¤. 31

‚  §¨³ÊÉ ²Ó´μ-μ¤´μ·μ¤´ÒÌ ³μ¤¨Ë¨Í¨·μ¢ ´´ÒÌ ¡¥É É·μ´ Ì UCI, MEBA,
MBA (·¨¸. 1Ä3) Ê¸±μ·¥´¨¥ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  μ¸ÊÐ¥¸É¢²Ö²μ¸Ó ¢¨Ì·¥¢Ò³
Ô²¥±É·¨Î¥¸±¨³ (®¡¥É É·μ´´Ò³¯) ¶μ²¥³, ¢μ§´¨± ÕÐ¨³ ¶·¨ ¨§³¥´¥´¨¨ ¢μ ¢·¥-
³¥´¨ ¶μÉμ±  ³ £´¨É´μ£μ ¶μ²Ö ¸±¢μ§Ó μ·¡¨ÉÊ (¸³. ¶. 4.3). ‚ ¢ ·¨ ´É¥ ±μ´-
¸É·Ê±Í¨¨ Ê¸±μ·¨É¥²Ö ¸ ¶·Ö³μ²¨´¥°´Ò³¨ ¸¥±Í¨Ö³¨ ¢μ§³μ¦´μ ¨¸¶μ²Ó§μ¢ ´¨¥
¡¥É É·μ´´μ£μ ¸¥·¤¥Î´¨±  (¨´¤Ê±Éμ· ), ¶μ³¥Ð¥´´μ£μ ¢´¥ ¸μ²¥´μ¨¤  ¨ Ô±· ´μ¢
μ¸´μ¢´ÒÌ ³ £´¨É´ÒÌ ¶μ²¥°. “¸±μ·ÖÕÐ¥¥ ´ ¶·Ö¦¥´¨¥, £¥´¥·¨·Ê¥³μ¥ ¨´¤Ê±Éμ-
·μ³, ¶·¨±² ¤Ò¢ ¥É¸Ö ¢ ÔÉμ³ ¸²ÊÎ ¥ ± § §μ·Ê ¢´ÊÉ·¨ ¢ ±ÊÊ³´μ° ± ³¥·Ò. ’ ± Ö
±μ´¸É·Ê±Í¨Ö Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³Ò ¶·¥¤² £ ² ¸Ó, ´ ¶·¨³¥·, ¤²Ö Ê¸É ´μ¢±¨
CATE.

Œμ¤¨Ë¨Í¨·μ¢ ´´Ò° ¡¥É É·μ´, ¸μ§¤ ´´Ò° ¢ �ˆŸˆ [20], ¨³¥¥É ¸¥±Í¨μ´¨-
·μ¢ ´´ÊÕ ¸É·Ê±ÉÊ·Ê ¨ ±μ·μÉ±ÊÕ ¸¶¨· ²Ó´ÊÕ μ¡³μÉ±Ê ±¢ ¤·Ê¶μ²Ó´μ£μ ¶μ²Ö,
±μÉμ· Ö, ¢ μÉ²¨Î¨¥ μÉ μ¶¨¸ ´´ÒÌ ¸É¥²² É·μ´μ¢, ¶·¨¸ÊÉ¸É¢Ê¥É ²¨ÏÓ ´  ´¥¡μ²Ó-
Ïμ³ ÊÎ ¸É±¥ μ·¡¨ÉÒ. � §· ¡μÉ±  Ê¸É ´μ¢±¨ μ¸ÊÐ¥¸É¢²Ö² ¸Ó ¶·¨ ¶μ¤¤¥·¦±¥
FNAL (‘˜�) ¢ · ³± Ì ¶·μ¥±É  ¸¨¸É¥³Ò Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö ´ ±μ-
¶¨É¥²Ö  ´É¨¶·μÉμ´μ¢ ®Recycler¯ [21]. �μÔÉμ³Ê μ¸´μ¢´Ò¥ ¶ · ³¥É·Ò ÔÉμ°
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�¨¸. 4. “¸É ´μ¢±  CATE: 1 Å Ô²¥³¥´É Ëμ±Ê¸¨·μ¢±¨ ¨ ¶μ¢μ·μÉ  ¶ÊÎ± ; 2, 6 Å Ê¸±μ·Ö-
ÕÐ¨¥ § §μ·Ò; 3 Å μ¶É¨Î¥¸± Ö ¤¨ £´μ¸É¨± ; 4, 10 Å ³μ´¨Éμ·Ò; 5 Å ¢ ±ÊÊ³´ Ö ± ³¥· ;
7 Å ³ ²Ò° ¸μ²¥´μ¨¤; 8 Å ¨´Ë²¥±Éμ·; 9 Å ± ´ ² ¨´¦¥±Í¨¨; 11 Å Ô²¥±É·μ´´ Ö ¶ÊÏ± 
¨ ¨´¦¥±Éμ·

Ê¸É ´μ¢±¨ (É ¡². 2), É ±¨¥ ± ± ¶·¥¤¥²Ó´Ò¥ §´ Î¥´¨Ö ¶·μ¤μ²Ó´μ£μ ¨ ¶μ¢μ·μÉ-
´μ£μ ¶μ²¥°, Éμ±  Í¨·±Ê²¨·ÊÕÐ¥£μ ¶ÊÎ± , ¡Ò²¨ ¢Ò¡· ´Ò ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸
ÔÉμ° § ¤ Î¥°. Œμ¤¨Ë¨Í¨·μ¢ ´´Ò° ¡¥É É·μ´ �ˆŸˆ ¶·¥¤¶μ² £ ¥É¸Ö ¨¸¶μ²Ó§μ-
¢ ÉÓ ¢ ¤¢ÊÌ ¢ ·¨ ´É Ì. �¥·¢Ò° Å ¨´¤Ê±Í¨μ´´μ¥ Ê¸±μ·¥´¨¥ Ô²¥±É·μ´μ¢ ¤μ
Ô´¥·£¨¨ ¢ ´¥¸±μ²Ó±μ ŒÔ‚ ¤²Ö ¸¨¸É¥³Ò Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö ¸ Í¨·±Ê²¨-
·ÊÕÐ¨³ Ô²¥±É·μ´´Ò³ ¶ÊÎ±μ³. �ÉμÉ ¶·μ¥±É ´μ¸¨É ´ §¢ ´¨¥ MOBY (Modiˇed
Betatron prototype). ‚Éμ·μ° ¢ ·¨ ´É Å ´ ±μ¶²¥´¨¥ ¡¥§ Ê¸±μ·¥´¨Ö Í¨·±Ê²¨·Ê-
ÕÐ¥£μ ¶ÊÎ±  ¶μ§¨É·μ´μ¢ ¸ Ô´¥·£¨¥° ¤μ 10 ±Ô‚ ¸ Ô²¥±É·μ´´Ò³ μÌ² ¦¤¥´¨¥³
¶μ§¨É·μ´μ¢. �ÉμÉ ¢ ·¨ ´É ¡¥É É·μ´  �ˆŸˆ ´ §¢ ´ LEPTA.

‚ ´ ±μ¶¨É¥²¥ LEPTA (·¨¸. 5) Í¨·±Ê²¨·ÊÕÐ¨° ¶μ§¨É·μ´´Ò° ¶ÊÎμ± ¸μ-
¢³¥Ð ¥É¸Ö ¸ μ¤´μ¶·μ²¥É´Ò³ Ô²¥±É·μ´´Ò³ ¢ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö, ¨ μ¡  ¶ÊÎ± 
¨³¥ÕÉ μ¤¨´ ±μ¢Ò¥ ¸·¥¤´¨¥ ¸±μ·μ¸É¨. �·¨ ·¥±μ³¡¨´ Í¨¨ ¶μ§¨É·μ´μ¢ ¨ Ô²¥±-
É·μ´μ¢ μ¡· §ÊÕÉ¸Ö  Éμ³Ò ¶μ§¨É·μ´¨Ö, ±μÉμ·Ò¥ ¶μ±¨¤ ÕÉ ³ £´¨É´ÊÕ ¸¨¸É¥³Ê
´ ±μ¶¨É¥²Ö ¨ ³μ£ÊÉ ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò ¤²Ö ¶·μ¢¥¤¥´¨Ö ¨¸¸²¥¤μ¢ ´¨°. � 
¶μÉμ± Ì ¶μ§¨É·μ´¨Ö ¢ ¢ ±ÊÊ³¥ ³μ¦´μ ·¥ ²¨§μ¢ ÉÓ ·Ö¤ Ô±¸¶¥·¨³¥´Éμ¢ ¢ ¶·¨´-
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’ ¡²¨Í  2. �¸´μ¢´Ò¥ ¶ · ³¥É·Ò Ê¸É ´μ¢±¨ MOBY/LEPTA

� · ³¥É·Ò ±μ²ÓÍ  MOBY LEPTA

�¥·¨³¥É·, ³ 18,28 17,17

�·μ¤μ²Ó´μ¥ ³ £´¨É´μ¥ ¶μ²¥, ƒ¸ 1000 400

� ¤¨Ê¸ Éμ·μ¨¤μ¢, ³ 1,45

�μ¶¥·¥Î´μ¥ ³ £´¨É´μ¥ ¶μ²¥ ¢ Éμ·μ¨¤ Ì, ƒ¸ 1,75Ä124

„²¨´  ¸¶¨· ²Ó´μ£μ ±¢ ¤·Ê¶μ²Ö, ³ 1,6
—¨¸²μ Ï £μ¢ ¸¶¨· ²¨ 2

ƒ· ¤¨¥´É ±¢ ¤·Ê¶μ²Ó´μ£μ ³ £´¨É´μ£μ ¶μ²Ö, ƒ¸/¸³ 10Ä20

� ¤¨Ê¸ Ô²¥±É·μ´´μ£μ ¶ÊÎ± , ¸³ 1

„ ¢²¥´¨¥ μ¸É ÉμÎ´μ£μ £ § , Tμ·· 10−10

� · ³¥É·Ò Ô²¥±É·μ´´μ£μ ¶ÊÎ± 

�´¥·£¨Ö, ±Ô‚ 4360 10

’μ±, � 0,1 0,5

�¥·¨μ¤ μ¡· Ð¥´¨Ö, ´¸ 60 300

� · ³¥É·Ò ¶μ§¨É·μ´´μ£μ ¶ÊÎ± 

�´¥·£¨Ö, ±Ô‚ Å 10

—¨¸²μ Î ¸É¨Í Å 1·109

� ¤¨Ê¸ ¶ÊÎ± , ¸³ Å 0,5

‚·¥³Ö ¦¨§´¨ ¶ÊÎ± , ¸ Å 100

–¨±² Ê¸±μ·¥´¨Ö

�³¶²¨ÉÊ¤  ¨´¤Ê±Í¨μ´´μ£μ ´ ¶·Ö¦¥´¨Ö, ‚ 50 Å

— ¸ÉμÉ  ¶μ¢Éμ·¥´¨°, ƒÍ 1 Å

Í¨¶¨ ²Ó´μ ´μ¢μ° ¶μ¸É ´μ¢±¥ ¡¥§ ¢μ§³ÊÐ ÕÐ¥£μ ¢²¨Ö´¨Ö ¸·¥¤Ò, ´¥¨§¡¥¦-
´μ£μ ¶·¨ É· ¤¨Í¨μ´´ÒÌ ³¥Éμ¤ Ì £¥´¥· Í¨¨ ¶μ§¨É·μ´¨Ö ¢ ³¨Ï¥´ÖÌ. ‚¥²¨-
Î¨´  ¶·μ¤μ²Ó´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ³μ¦¥É ¡ÒÉÓ ¸´¨¦¥´  ¤μ 400 ƒ¸, ¨ μÉ-
¸ÊÉ¸É¢¨¥ Ê¸±μ·¥´¨Ö ¶μ§¨É·μ´μ¢ Ê¶·μÐ ¥É É·¥¡μ¢ ´¨Ö ± ¶μ¢μ·μÉ´Ò³ ¶μ²Ö³.
� ±μ¶¨É¥²Ó ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ±μ²ÓÍ¥¢ÊÕ ¸¨¸É¥³Ê ¸μ²¥´μ¨¤μ¢, ¶μ³¥Ð¥´´ÒÌ
¢ μ¡Ð¨° ³ £´¨É´Ò° Ô±· ´, ¸μ¸ÉμÖÐÊÕ ¨§ ¤¢ÊÌ Éμ·μ¨¤ ²Ó´ÒÌ ¨ ¤¢ÊÌ ¶·Ö³μ-
²¨´¥°´ÒÌ ¸¥±Í¨°, ¸ · §³¥Ð¥´´μ° ¢´ÊÉ·¨ ¢ ±ÊÊ³´μ° ± ³¥·μ°. ‚ ¸¶¥Í¨ ²Ó´ÒÌ
μÉ¢¥É¢²¥´¨ÖÌ ´ Ìμ¤ÖÉ¸Ö ±μ²²¥±Éμ· Ô²¥±É·μ´μ¢ ¨ ¨¸ÉμÎ´¨± ¶μ§¨É·μ´μ¢. �·μ-
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�¨¸. 5. ‘Ì¥³  ´ ±μ¶¨É¥²Ö LEPTA: 1 Å Ëμ·¨´¦¥±Éμ·; 2 Å ¶μ§¨É·μ´´ Ö ²μ¢ÊÏ± ; 3 Å
¸¥±Í¨Ö ¨´¦¥±Í¨¨ ¶μ§¨É·μ´μ¢; 4 Å ¸¥¶ÉÊ³´Ò¥ ¸μ²¥´μ¨¤Ò; 5 Å ±¨±¥· (· ¸¶μ²μ¦¥´
¢´ÊÉ·¨ ¸¥¶ÉÊ³´μ£μ ¸μ²¥´μ¨¤ ); 6 Å Éμ·μ¨¤ ²Ó´Ò¥ ¸μ²¥´μ¨¤Ò; 7 Å ¸μ²¥´μ¨¤ ¨ ±¢ ¤·Ê-
¶μ²Ó´ Ö ± ÉÊÏ± ; 8 Å ¸¥±Í¨Ö Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö, ¶·Ö³μ²¨´¥°´Ò° ¸μ²¥´μ¨¤;
9 Å ¤¨¶μ²Ó´Ò°  ´ ²¨§¨·ÊÕÐ¨° ³ £´¨É; 10 Å ±μμ·¤¨´ É´μ-ÎÊ¢¸É¢¨É¥²Ó´Ò° ¤¥É¥±Éμ·;
11 Å Ô²¥±É·μ´´ Ö ¶ÊÏ± ; 12 Å ±μ²²¥±Éμ· Ô²¥±É·μ´μ¢; 13 Å ¢ ±ÊÊ³´Ò° ´ ¸μ¸

¡²¥³  ¨´¦¥±Í¨¨ ¶ÊÎ±  ¢ ´ ±μ¶¨É¥²Ó ·¥Ï¥´  §  ¸Î¥É ¨¸¶μ²Ó§μ¢ ´¨Ö ¸¥¶ÉÊ³´ÒÌ
μ¡³μÉμ± ¸¶¥Í¨ ²Ó´μ° ±μ´¸É·Ê±Í¨¨ (·¨¸. 6) ¨ Ô²¥±É·¨Î¥¸±μ£μ ±¨±¥· . ’ ± Ö
¸Ì¥³ , ¶·¥¤²μ¦¥´´ Ö ¢ [11, 12], ¢ μÉ²¨Î¨¥ μÉ ¸¨¸É¥³ ¨´¦¥±Í¨¨, ¶·¨³¥´Ö¥-
³ÒÌ ¢ Ê¸É ´μ¢± Ì UCI, CATE, ´¥ ¢μ§³ÊÐ ¥É ¤¢¨¦¥´¨¥ ¶ÊÎ±  ´  · ¢´μ¢¥¸´μ°
μ·¡¨É¥. �Éμ ¤μ¸É¨£ ¥É¸Ö ¡² £μ¤ ·Ö Éμ³Ê, ÎÉμ μ¡³μÉ±¨ ¸¥¶ÉÊ³´μ£μ (£μ·¨§μ´-
É ²Ó´μ£μ) ³ £´¨É´μ£μ ¶μ²Ö, ¶¥·¶¥´¤¨±Ê²Ö·´μ£μ ¶·μ¤μ²Ó´μ³Ê ¶μ²Õ ¸μ²¥´μ¨-
¤μ¢, ¢Ò¶μ²´¥´Ò ¢ ¢¨¤¥ Î¥ÉÒ·eÌ ´ ¡μ·μ¢ Éμ±μ´¥¸ÊÐ¨Ì ¶² ¸É¨´. � ¶· ¢²¥´¨Ö
Éμ±μ¢ ¢ ¶² ¸É¨´ Ì ¢Ò¡· ´Ò É ±, ÎÉμ ¶μ¶¥·¥Î´μ¥ ¶μ²¥ ¨³¥¥É ¶μ²μ¨¤ ²Ó´ÊÕ
Ëμ·³Ê: μ´μ ¸μ§¤ eÉ¸Ö ³¥¦¤Ê ¤¢Ê³Ö ¢¥·Ì´¨³¨ ´ ¡μ· ³¨ ¨ ¤¢Ê³Ö ´¨¦´¨³¨,
  ¢ ¸·¥¤´¥³ § §μ·¥ ¶μ²¥ μÉ¸ÊÉ¸É¢Ê¥É. ‡¤¥¸Ó ¶·μÌμ¤¨É μ·¡¨É  Í¨·±Ê²¨·ÊÕ-
Ð¥£μ ¶ÊÎ± . �μ§¨É·μ´´Ò° ¶ÊÎμ± ¨´¦¥±É¨·Ê¥É¸Ö ¢ ¢¥·Ì´¨° § §μ· ¨ ¸³¥Ð ¥É¸Ö
¢²¥¢μ, ¶μ¶ ¤ Ö ´  ¢ÒÌμ¤¥ ¢ ¢¥·É¨± ²Ó´ÊÕ ¶²μ¸±μ¸ÉÓ ´ ¤ μ·¡¨Éμ° Í¨·±Ê²¨·Ê-
ÕÐ¥£μ ¶ÊÎ± . ˆ³¶Ê²Ó¸´Ò° Ô²¥±É·μ¸É É¨Î¥¸±¨° ±¨±¥·, · ¸¶μ²μ¦¥´´Ò° §  ¸¥¶-
ÉÊ³μ³, μ¶Ê¸± ¥É ¶ÊÎμ± ¢ ³¥¤¨ ´´ÊÕ ¶²μ¸±μ¸ÉÓ. ˆ´¦¥±Í¨Ö μ¤´μμ¡μ·μÉ´ Ö Å
¤²¨É¥²Ó´μ¸ÉÓ ¨³¶Ê²Ó¸  ´ ¶·Ö¦¥´¨Ö ´  ±¨±¥·¥ · ¢´  ¶¥·¨μ¤Ê μ¡· Ð¥´¨Ö Î -
¸É¨Í. „²Ö ¸μ¢³¥Ð¥´¨Ö ¨ · §¢¥¤¥´¨Ö Ô²¥±É·μ´´μ£μ ¨ ¶μ§¨É·μ´´μ£μ ¶ÊÎ±μ¢
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¨¸¶μ²Ó§Ê¥É¸Ö Í¥´É·μ¡¥¦´Ò° ¤·¥°Ë Ô²¥±É·μ´μ¢ ´  Éμ·μ¨¤ ²Ó´ÒÌ ÊÎ ¸É± Ì ´ -
±μ¶¨É¥²Ö, ÎÉμ É ±¦¥ Ö¢²Ö¥É¸Ö μ·¨£¨´ ²Ó´μ° Î¥·Éμ° ¤ ´´μ£μ ¶·μ¥±É . –¥´É·μ-
¡¥¦´Ò° ¤·¥°Ë ¢μ§´¨± ¥É ´  Éμ·μ¨¤ ²Ó´ÒÌ ÊÎ ¸É± Ì ±μ²ÓÍ . „²Ö ¶μ§¨É·μ´μ¢
μ´ ±μ³¶¥´¸¨·μ¢ ´ ´ ²μ¦¥´¨¥³ ¢¥·É¨± ²Ó´μ£μ ¶μ¢μ·μÉ´μ£μ ¶μ²Ö (¸³. Ëμ·-
³Ê²Ê (2.2)). „²Ö Ô²¥±É·μ´μ¢ ÔÉμ ¶μ²¥ ¨³¥¥É ´ ¶· ¢²¥´¨¥, ¶·μÉ¨¢μ¶μ²μ¦´μ¥
´¥μ¡Ìμ¤¨³μ³Ê ¤²Ö ±μ³¶¥´¸ Í¨¨ ¤·¥°Ë , ¶μÔÉμ³Ê ¤²Ö ´¨Ì ¢¥²¨Î¨´  ¤·¥°Ë 
Ê¤¢ ¨¢ ¥É¸Ö. �²¥±É·μ´Ò ¨´¦¥±É¨·ÊÕÉ¸Ö ´¨¦¥ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨, ¸³¥Ð -
ÕÉ¸Ö ¢ ¸¥¶ÉÊ³¥ ¢¶· ¢μ ± · ¢´μ¢¥¸´μ° μ·¡¨É¥ ¶μ§¨É·μ´μ¢ ¨, ¶·μÌμ¤Ö ¶¥·¢Ò°
Éμ·, ¶μ¶ ¤ ÕÉ ´  μ¸Ó ¶μ§¨É·μ´´μ£μ ¶ÊÎ±  ¢ ¶·Ö³μ²¨´¥°´μ° ¸¥±Í¨¨ μÌ² ¦¤¥-
´¨Ö. ‚μ ¢Éμ·μ³ Éμ·¥, Ô²¥±É·μ´Ò ¶·¥É¥·¶¥¢ ÕÉ ¤·¥°Ë ¥Ðe · § ¢¢¥·Ì ¨, ¢μ°¤Ö
¢ ¸¥¶ÉÊ³ ¢ÒÏ¥ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨, ¸³¥Ð ÕÉ¸Ö ¢ ¢¥·Ì´¥³ § §μ·¥ ¸¥¶ÉÊ³ 
¢²¥¢μ ¨ ¶μ¶ ¤ ÕÉ ´  ¥£μ ¢ÒÌμ¤¥ ¢ ±μ²²¥±Éμ·. �¥¦¨³ · ¡μÉÒ Ô²¥±É·μ´´μ£μ
¶ÊÎ±  ´¥¶·¥·Ò¢´Ò°, ±μ²²¥±Éμ· ¶μ³¥Ðe´ ¶μ¤ ¶μÉ¥´Í¨ ², ¶·¥¢ÒÏ ÕÐ¨° ¶μ-
É¥´Í¨ ² ± Éμ¤  ´  ∼ 1 ±‚ (¸Ì¥³  ·¥±Ê¶¥· Í¨¨ Ô´¥·£¨¨). �²¥±É·μ´´Ò° ¶ÊÎμ±
¢±²ÕÎ ¥É¸Ö μ¤´μ¢·¥³¥´´μ ¸ ¢Ò±²ÕÎ¥´¨¥³ ±¨±¥· .

�¨¸. 6. ‘Ì¥³  ¸¥¶ÉÊ³  Ê¸É ´μ¢±¨ MOBY/LEPTA: 1 Å ¶² ¸É¨´Ò-¶·μ¢μ¤´¨±¨ Éμ± ,
Ëμ·³¨·ÊÕÐ¨¥ ¸¥¶ÉÊ³´μ¥ ¶μ²¥; 2 Å ¸¨²μ¢Ò¥ ²¨´¨¨ ¸¥¶ÉÊ³´μ£μ ¶μ²Ö; 3 Å ¶μ§¨É·μ´-
´Ò° ¶ÊÎμ± ¨§ ¨´¦¥±Éμ· ; 4 Å Í¨·±Ê²¨·ÊÕÐ¨° ¶μ§¨É·μ´´Ò° ¶ÊÎμ±; 5 Å Ô²¥±É·μ´´Ò°
¶ÊÎμ± ¨§ ¶ÊÏ±¨; 6 Å ¢Ò¢μ¤ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¢ ±μ²²¥±Éμ·; 7 Å ¢Ò¢μ¤ ¶μ§¨É·μ´´μ£μ
¶ÊÎ± 

�·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ´ ±μ¶¨É¥²Ö LEPTA ¤²Ö £¥´¥· Í¨¨ ¶μ§¨É·μ´¨Ö ¢¥²¨-
Î¨´  ¶·μ¤μ²Ó´μ£μ ³ £´¨É´μ£μ ¶μ²Ö μ¶·¥¤¥²Ö¥É¸Ö ¨§ É·¥¡μ¢ ´¨° ¸μ¢³¥Ð¥´¨Ö
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�¨¸. 7. �¡Ð¨° ¢¨¤ ¡¥É É·μ´  MOBY/LEPTA
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Í¨·±Ê²¨·ÊÕÐ¥£μ ¶μ§¨É·μ´´μ£μ ¶ÊÎ±  ¨ μ¤´μ¶·μ²¥É´μ£μ Ô²¥±É·μ´´μ£μ ¨ ¸μ-
¸É ¢²Ö¥É 400 ƒ¸ ¶·¨ Ô´¥·£¨¨ ¶μ§¨É·μ´μ¢ 10 ±Ô‚. ‚¥²¨Î¨´  ¶μ¢μ·μÉ´μ£μ ¶μ²Ö
¸μ¸É ¢²Ö¥É ³¥´¥¥ 2 ƒ¸. ”μ±Ê¸¨·μ¢±  ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ £· ¤¨¥´É  ÔÉμ£μ ¶μ²Ö
(¸³. ¶. 2.1) ´¥ÔËË¥±É¨¢´ , ¶μÔÉμ³Ê ¶μ± § É¥²Ó ¸¶ ¤  ¢Ò¡· ´ · ¢´Ò³ ´Ê²Õ.
‘¶¨· ²Ó´ Ö ±¢ ¤·Ê¶μ²Ó´ Ö μ¡³μÉ±  ¸  ¤¨ ¡ É¨Î¥¸±¨³ ¨§³¥´¥´¨¥³ £· ¤¨¥´É 
¶μ²Ö ´  ¢Ìμ¤¥ ¨ ¢ÒÌμ¤¥ · §³¥Ð ¥É¸Ö ¢´ÊÉ·¨ ¸μ²¥´μ¨¤  ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö
¨ ¨³¥¥É ¤²¨´Ê 1,6 ³ ¶·¨ Ï £¥ ¸¶¨· ²¨ 0,8 ³. Š ·± ¸ μ¡³μÉ±¨ ¸μ¸Éμ¨É ¨§
±¢ ¤· É´ÒÌ · ³μ± · §³¥·μ³ 12 × 12 ¸³, · §³¥Ðe´´ÒÌ ´  ¢ ±ÊÊ³´μ° ± ³¥·¥
· ¢´μ³¥·´μ ¢¤μ²Ó μ¸¨ ±¢ ¤·Ê¶μ²Ö ¸ ¶μ¢μ·μÉμ³ ± ¦¤μ° · ³±¨ μÉ´μ¸¨É¥²Ó´μ
¶·¥¤Ò¤ÊÐ¥° ´  Ê£μ² 4π/Nframe, Nframe Å Î¨¸²μ · ³μ±. ’μ±μ´¥¸ÊÐ¨¥ ¶·μ-
¢μ¤´¨±¨ Ê²μ¦¥´Ò ¶μ ¸Éμ·μ´ ³ · ³μ±, ¶μ 20 ÏÉÊ± ´  ± ¦¤μ° ¸Éμ·μ´¥. ’ ±¨³
μ¡· §μ³, μ´¨ ´ ¢¨ÉÒ ¢μ±·Ê£ μ¸¨ ±¢ ¤·Ê¶μ²Ö, ±μÉμ·Ò° ¨³¥¥É ¢ ·¥§Ê²ÓÉ É¥
Ëμ·³Ê ®²¨´§Ò � ´μË¸±μ£μ¯ [22] ¢ ± ¦¤μ³ ¶μ¶¥·¥Î´μ³ ¸¥Î¥´¨¨. „μ¸Éμ¨´-
¸É¢μ³ ±μ´¸É·Ê±Í¨¨ Ö¢²Ö¥É¸Ö ¶μ¸ÉμÖ´¸É¢μ £· ¤¨¥´É  ¶μ²Ö ¶μ · ¤¨Ê¸Ê. ƒ· ¤¨-
¥´É ¶μ²Ö É ±μ° ²¨´§Ò · ¢¥´

G =
4πNI

ch2 , (1.2)

£¤¥ N Å Î¨¸²μ ¶·μ¢μ¤´¨±μ¢ ´  μ¤´μ° ¸Éμ·μ´¥ · ³±¨ 2h × 2h; I Å Éμ± ¢
¶·μ¢μ¤´¨± Ì.

‚ ¸¥´ÉÖ¡·¥ 2004 £. ´  Ê¸É ´μ¢±¥ LEPTA (·¨¸. 7) ¡Ò² ¶μ²ÊÎ¥´ ¶¥·¢Ò°
Í¨·±Ê²¨·ÊÕÐ¨° Ô²¥±É·μ´´Ò° ¶ÊÎμ± ¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨° 1Ä10 ±Ô‚. ‚ · §¤. 5
¤ ´μ μ¶¨¸ ´¨¥ ¶¥·¢ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ ¸ Í¨·±Ê²¨·ÊÕÐ¨³ Ô²¥±É·μ´´Ò³ ¶ÊÎ±μ³
´  Ê¸É ´μ¢±¥ LEPTA.

2. „ˆ��ŒˆŠ� —�‘’ˆ– ‚ Œ�„ˆ”ˆ–ˆ��‚����Œ �…’�’���…

Š ± Ê¦¥ μÉ³¥Î ²μ¸Ó, ³μ¤¨Ë¨Í¨·μ¢ ´´Ò¥ ¡¥É É·μ´Ò ¶μ ¸¢μ¥° ±μ´¸É·Ê±-
Í¨¨ ¢μ ³´μ£μ³  ´ ²μ£¨Î´Ò Éμ± ³ ± ³ ¨ ¸É¥²² É·μ´ ³. �μÔÉμ³Ê ³¥Éμ¤Ò  ´ -
²¨§  ¤¨´ ³¨±¨ Î ¸É¨Í ¢ ÔÉ¨Ì Ê¸É ´μ¢± Ì ³μ£ÊÉ ¶·¨³¥´ÖÉÓ¸Ö ¨ ¤²Ö ³μ¤¨Ë¨-
Í¨·μ¢ ´´ÒÌ ¡¥É É·μ´μ¢. �´¨ · ¡μÉ ÕÉ, μ¤´ ±μ, ¢ ¸²ÊÎ ¥ ¤μ¸É ÉμÎ´μ° ®§ ³ £-
´¨Î¥´´μ¸É¨¯ Î ¸É¨Í, ±μ£¤  ¨Ì ² ·³μ·μ¢¸±¨° · ¤¨Ê¸ ¢ ³ £´¨É´μ³ ¶μ²¥ ¡¥É -
É·μ´  ³´μ£μ ³¥´ÓÏ¥ · ¤¨Ê¸  ±·¨¢¨§´Ò ¸¨²μ¢μ° ²¨´¨¨ ¶μ²Ö (Ê¸²μ¢¨¥ (1.1)).
�Éμ É ± ´ §Ò¢ ¥³μ¥ ¤·¥°Ëμ¢μ¥ ¶·¨¡²¨¦¥´¨¥, ±μÉμ·μ¥ § Î ¸ÉÊÕ ´ ·ÊÏ ¥É¸Ö
¢ ³μ¤¨Ë¨Í¨·μ¢ ´´ÒÌ ¡¥É É·μ´ Ì, £¤¥ ¶·μ¤μ²Ó´ Ö (¢¤μ²Ó ¢¥±Éμ·  B) ±μ³¶μ-
´¥´É  ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ ³´μ£μ ¡μ²ÓÏ¥ ¶μ¶¥·¥Î´ÒÌ ± ¶μ²Õ. ‚ ÔÉμ³ ¸²ÊÎ ¥
É·¥¡Ê¥É¸Ö ¡μ²¥¥ ¸É·μ£μ¥ ·¥Ï¥´¨¥. ‚ ¸²ÊÎ ¥  §¨³ÊÉ ²Ó´μ° ¸¨³³¥É·¨¨ Ëμ±Ê-
¸¨·ÊÕÐ¥° ¸É·Ê±ÉÊ·Ò Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö Î ¸É¨Í ¨³¥ÕÉ μ¤¨´ ¨ ÉμÉ ¦¥ ¢¨¤
¢¤μ²Ó ¢¸¥° μ·¡¨ÉÒ ¶ÊÎ±  ¨ ¤μ¸É ÉμÎ´μ ¨¸¸²¥¤μ¢ ÉÓ ¨Ì ´  ´ ²¨Î¨¥ Ê¸Éμ°Î¨¢ÒÌ
·¥Ï¥´¨°. ‚ ¸²ÊÎ ¥ ¸¥±Í¨μ´¨·μ¢ ´´μ° ¸É·Ê±ÉÊ·Ò (³ £´¨É´ Ö ¸¨¸É¥³  ¸μ¸Éμ¨É
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¨§ Éμ·μ¨¤ ²Ó´ÒÌ ¸μ²¥´μ¨¤μ¢, ¸μ¥¤¨´¥´´ÒÌ ³¥¦¤Ê ¸μ¡μ° ¶·Ö³μ²¨´¥°´Ò³¨ ¸μ-
²¥´μ¨¤ ³¨) ³μ£ÊÉ ¡ÒÉÓ ¶·¨³¥´¥´Ò ³¥Éμ¤Ò  ´ ²¨§ , · §¢¨ÉÒ¥ ¢ É¥μ·¨¨ Ê¸±μ-
·¨É¥²¥° ¸ ¦e¸É±μ° Ëμ±Ê¸¨·μ¢±μ°. �¡  ¶μ¤Ìμ¤  Å ¶² §³¥´´μ-¤·¥°Ëμ¢Ò° ¨
Ê¸±μ·¨É¥²Ó´Ò°, ¶·¨¢¥¤¥´Ò ´¨¦¥.

‚ ÔÉμ³ · §¤¥²¥ · ¸¸³μÉ·¥´μ ¤¢¨¦¥´¨¥ Î ¸É¨ÍÒ ¢ ³μ¤¨Ë¨Í¨·μ¢ ´´μ³ ¡¥-
É É·μ´¥ ¸ £· ¤¨¥´É´Ò³ ¶μ¢μ·μÉ´Ò³ ¶μ²¥³ ¨ ¸É¥²² É·μ´¥ ¶·¨ Ê¸²μ¢¨¨ μÉ¸ÊÉ-
¸É¢¨Ö ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  Í¨·±Ê²¨·ÊÕÐ¥£μ ¶ÊÎ±  (μ¤´μÎ ¸É¨Î´μ¥ ¶·¨-
¡²¨¦¥´¨¥). �·¨´Í¨¶ · ¡μÉÒ ¸É¥²² É·μ´  μ¶¨¸ ´ ¢ ¤·¥°Ëμ¢μ³ ¶·¨¡²¨¦¥´¨¨,
´  ¶·¨³¥·¥ ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¢ ¶·Ö³μ²¨´¥°´μ³ ¸μ²¥´μ¨¤¥ ¸ ¤μ¶μ²´¨É¥²Ó-
´Ò³ ¸¶¨· ²Ó´Ò³ ±¢ ¤·Ê¶μ²Ó´Ò³ ¶μ²¥³. ‚²¨Ö´¨¥ ¶μ²¥° ¶·μ¸É· ´¸É¢¥´´μ£μ
§ ·Ö¤   ´ ²¨§¨·Ê¥É¸Ö ¢ ¶. 4.2.

�¨¸. 8. –¨²¨´¤·¨Î¥¸± Ö ¸¨¸É¥³  ±μ-
μ·¤¨´ É ¤²Ö μ¶¨¸ ´¨Ö ¤¢¨¦¥´¨Ö Î -
¸É¨ÍÒ ¢ Éμ·μ¨¤ ²Ó´μ³ Bθ ¨ ¶μ¢μ-
·μÉ´μ³ Bz ³ £´¨É´ÒÌ ¶μ²ÖÌ, R0 Å
· ¤¨Ê¸ ¶μ¢μ·μÉ  (¡μ²ÓÏμ° · ¤¨Ê¸
Éμ·μ¨¤ ²Ó´μ£μ ¸μ²¥´μ¨¤ )

2.1. �¥É É·μ´ ¸ £· ¤¨¥´É´Ò³ ¶μ¢μ·μÉ-
´Ò³ ¶μ²¥³. �¸´μ¢´Ò¥ μ¸μ¡¥´´μ¸É¨ ¤¨´ -
³¨±¨ ¤¢¨¦¥´¨Ö § ·Ö¦¥´´μ° Î ¸É¨ÍÒ ¢ ³μ-
¤¨Ë¨Í¨·μ¢ ´´μ³ ¡¥É É·μ´¥ ¸ £· ¤¨¥´É´Ò³
¶μ¢μ·μÉ´Ò³ ¶μ²¥³ ³μ¦´μ μ¡ÑÖ¸´¨ÉÓ, · ¸-
¸³ É·¨¢ Ö ¤¢¨¦¥´¨¥ § ·Ö¦¥´´μ° Î ¸É¨ÍÒ
¢ ³ £´¨É´ÒÌ ¶μ²ÖÌ Éμ·μ¨¤ ²Ó´μ£μ ¸μ²¥´μ-
¨¤  ¨ ¶μ¶¥·¥Î´μ£μ ¶μ²Ö, ¸¶ ¤ ÕÐ¥£μ ¶μ
· ¤¨Ê¸Ê. � ¸¸³μÉ·¨³ ¤¢¨¦¥´¨¥ Î ¸É¨ÍÒ ¢
É ±μ³ ¶μ²¥ ¢ Éμ·¥, ¢¢¥¤Ö Í¨²¨´¤·¨Î¥¸±ÊÕ
¸¨¸É¥³Ê ±μμ·¤¨´ É (r, θ, z), μ¸Ó z ±μÉμ·μ°
¸μ¢¶ ¤ ¥É ¸ μ¸ÓÕ ¸¨³³¥É·¨¨ Éμ· ,   · ¤¨-
 ²Ó´ Ö ±μμ·¤¨´ É  Î ¸É¨ÍÒ μÉ¸Î¨ÉÒ¢ ¥É¸Ö
μÉ Í¥´É·  Éμ·  (p¨¸. 8).

“· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¸ § ·Ö-
¤μ³ e ¨ ³ ¸¸μ° m ¢ ÔÉμ° ¸¨¸É¥³¥ ±μμ·¤¨-
´ É ¨³¥ÕÉ ¢¨¤⎧⎨

⎩
γmr̈ − γmθ̇2r =

e

c

(
rθ̇Bz − żBθ

)
,

γmz̈ =
e

c

(
ṙBθ − rθ̇Br

)
, γ =

(
1 − β2

)−1/2
, β = v/c,

(2.1)

v Å ¶μ²´ Ö ¸±μ·μ¸ÉÓ Î ¸É¨ÍÒ; c Å ¸±μ·μ¸ÉÓ ¸¢¥É . — ¸É¨Í , É· ¥±Éμ·¨Ö ±μÉμ-
·μ° ¸μ¢¶ ¤ ¥É ¸ μ±·Ê¦´μ¸ÉÓÕ c · ¤¨Ê¸μ³ R0,   ¸±μ·μ¸ÉÓ · ¢´  v0, ´ §Ò¢ ¥É¸Ö
· ¢´μ¢¥¸´μ°. ‡ · ´¥¥ Ö¸´μ, ÎÉμ Ê¸²μ¢¨¥ ¸ÊÐ¥¸É¢μ¢ ´¨Ö É ±μ° Î ¸É¨ÍÒ ¥¸ÉÓ
· ¢¥´¸É¢μ

pθc = −eBz (R0)R0, pθ = γmR0θ̇, ṙ = ż = θ, (2.2)

±μÉμ·μ¥ ´¨¦¥ ¶μ²ÊÎ¨³ É ±¦¥ ¨§ Ê· ¢´¥´¨° (2.1). �¥·¥°¤¥³ ¢ ¸¨¸É¥³Ê ±μμ·-
¤¨´ É (x, z, s), ¸¢Ö§ ´´ÊÕ ¸ É· ¥±Éμ·¨¥° · ¢´μ¢¥¸´μ° Î ¸É¨ÍÒ:

x = r − R0, ds = rdθ, (2.3)
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¨ ¢¢¥¤¥³ ¶·μ¤μ²Ó´ÊÕ ¨ Ê£²μ¢ÊÕ ¸±μ·μ¸É¨ Î ¸É¨ÍÒ

v =
ds

dt
, θ̇ =

1
r

ds

dt
=

v

r
.

ˆ§ Ê¸²μ¢¨Ö rotB = 0 ¸²¥¤Ê¥É § ¢¨¸¨³μ¸ÉÓ  §¨³ÊÉ ²Ó´μ° ±μ³¶μ´¥´ÉÒ ¶μ²Ö μÉ
· ¤¨Ê¸ :

Bθ = B0
R0

r
,

£¤¥ B0 Å ¢¥²¨Î¨´  ¶μ²Ö ´  μ·¡¨É¥ c · ¤¨Ê¸μ³ R0. ˆ§ (2.1) ¶μ²ÊÎ¨³ ¸¨¸É¥³Ê
Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¢ ±μμ·¤¨´ É Ì (x, z):

⎧⎪⎪⎨
⎪⎪⎩

x′′ − 1
R0

1
1 + x/R0

=
eBz

mcγv
− eB0

mcγv

z′

1 + x/R0
,

z′′ = − eBr

mcγv
+

eB0

mcγv

x′

1 + x/R0
.

(2.4)

�·μ¨§¢μ¤´ Ö ¶μ s §¤¥¸Ó ¨ ´¨¦¥ μ¡μ§´ Î¥´  (. . .)′. ‚ ²¨´¥°´μ³ ¶μ x, x′ ¨ z′

¶·¨¡²¨¦¥´¨¨ (x � R0, x′, z′ � 1) ¸¨¸É¥³  Ê· ¢´¥´¨° (2.4) ¶·¨¢μ¤¨É¸Ö ±
¢¨¤Ê ⎧⎪⎪⎨

⎪⎪⎩
x′′ +

x

R2
0

+
z′

ρL
=

1
R0

+
1
ρL

Bz

B0
,

z′′ − x′

ρL
=

1
ρL

Br

B0
,

(2.5)

§¤¥¸Ó ρL Å ² ·³μ·μ¢¸±¨° · ¤¨Ê¸ Î ¸É¨ÍÒ ¢ ³ £´¨É´μ³ ¶μ²¥ B0:

ρL =
γmvc

eB0
. (2.6)

…¸²¨ ¶μ¢μ·μÉ´μ¥ ¶μ²¥ Bz μ¤´μ·μ¤´μ¥, ¸¨¸É¥³  Ê· ¢´¥´¨° (2.5) ¨³¥¥É
Î ¸É´μ¥ ·¥Ï¥´¨¥:

x = const = x0, z′ =
ρL

R0

(
− x0

R0
+ 1 +

eBz

pc

)
= const, (2.7)

ÎÉμ ¤ ¥É ¢¥²¨Î¨´Ê ¸±μ·μ¸É¨ Í¥´É·μ¡¥¦´μ-£· ¤¨¥´É´μ£μ ¤·¥°Ë  Î ¸É¨ÍÒ ¢
Éμ·μ¨¤ ²Ó´μ³ ³ £´¨É´μ³ ¶μ²¥. ‚¥²¨Î¨´  ¸³¥Ð¥´¨Ö Î ¸É¨ÍÒ ¶μ ¢¥·É¨± ²¨,
¢Ò§¢ ´´μ£μ ÔÉ¨³ ¤·¥°Ëμ³, ¸μ¸É ¢²Ö¥É

Δz = z′Δs = z′R0Δθ, (2.8)

£¤¥ Δθ Å  §¨³ÊÉ ²Ó´μ¥ ¸³¥Ð¥´¨¥ Î ¸É¨ÍÒ ¢ Éμ·μ¨¤ ²Ó´μ³ ¸μ²¥´μ¨¤¥ (·¨¸. 8).
„²Ö ±μ³¶¥´¸ Í¨¨ Í¥´É·μ¡¥¦´μ£μ ¤·¥°Ë  ¨ ¢¢μ¤¨É¸Ö ¶μ¢μ·μÉ´μ¥ ¶μ²¥.
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“¸²μ¢¨¥ ÉμÎ´μ° ±μ³¶¥´¸ Í¨¨ ¤·¥°Ë  · ¢´μ¢¥¸´μ° Î ¸É¨ÍÒ (x0 = 0) ¸μ¢-
¶ ¤ ¥É ¸ (2.2). �¤´ ±μ μ¤´μ·μ¤´μ¥ ¶μ¢μ·μÉ´μ¥ ¶μ²¥ ´¥ ¸¶μ¸μ¡´μ ±μ³¶¥´¸¨·μ-
¢ ÉÓ Í¥´É·μ¡¥¦´Ò° ¤·¥°Ë ¤²Ö Î ¸É¨ÍÒ, ¤¢¨¦ÊÐ¥°¸Ö ¸ μÉ±²μ´¥´¨¥³ μÉ μ·¡¨ÉÒ
c · ¤¨Ê¸o³ R0 ¨ ¨³¥ÕÐ¥° ¶·μ¤μ²Ó´ÊÕ ¸±μ·μ¸ÉÓ, μÉ²¨Î´ÊÕ μÉ · ¢´μ¢¥¸´μ°
(2.2). „·¥°Ëμ¢μ¥ ¤¢¨¦¥´¨¥ É ±μ° ´¥· ¢´μ¢¥¸´μ° Î ¸É¨ÍÒ ¢ ´ ¶· ¢²¥´¨¨ μ¸¨
z §  ±μ´¥Î´μ¥ Î¨¸²μ μ¡μ·μÉμ¢ Ê¢μ¤¨É ¥e §   ¶¥·ÉÊ·Ê. �·¨ ÔÉμ³ ´ ¶· ¢²¥´¨¥
¤·¥°Ë  § ¢¨¸¨É μÉ §´ ±  x0.

“¸Éμ°Î¨¢μ¸ÉÓ ¤¢¨¦¥´¨Ö Î ¸É¨Í ¢ μ±·¥¸É´μ¸É¨ · ¢´μ¢¥¸´μ° É· ¥±Éμ·¨¨
³μ¦´μ μ¡¥¸¶¥Î¨ÉÓ, ¢¢¥¤Ö ¸¶ ¤ ¶μ¢μ·μÉ´μ£μ ¶μ²Ö. ˆ¸¶μ²Ó§ÊÖ ¶·¨´ÖÉμ¥ μ¶·¥-
¤¥²¥´¨¥ ¶μ± § É¥²Ö ¸¶ ¤  ¶μ²Ö

n = − R0

B⊥

∂Bz

∂r
, (2.9)

§ ¶¨¸Ò¢ ¥³ ¥£μ ±μ³¶μ´¥´ÉÒ ¢ ¢¨¤¥⎧⎪⎨
⎪⎩

Br = −nB⊥
R0

z, Bz = B⊥ − nB⊥
R0

x,

B⊥ ≡ Bz (R0) ,

(2.10)

£¤¥ B⊥ Å ¢¥²¨Î¨´  ¶μ²Ö ´  · ¢´μ¢¥¸´μ° É· ¥±Éμ·¨¨. ’μ£¤  ¶·¨ ÉμÎ´μ° ±μ³-
¶¥´¸ Í¨¨ Í¥´É·μ¡¥¦´μ£μ ¤·¥°Ë  ´  · ¢´μ¢¥¸´μ° μ·¡¨É¥ ¸¨¸É¥³  (2.5) ¶·¨¢μ-
¤¨É¸Ö ± ¢¨¤Ê ⎧⎪⎪⎨

⎪⎪⎩
x′′ − z′

ρL
+

(1 − n)
R2

0

x = 0,

z′′ +
x′

ρL
− n

R2
0

z = 0.

(2.11)

• · ±É¥· ¤¢¨¦¥´¨Ö Î ¸É¨Í, μ¶¨¸Ò¢ ¥³μ£μ ÔÉ¨³¨ Ê· ¢´¥´¨Ö³¨, ³μ¦¥É
¡ÒÉÓ ¶μ´ÖÉ ¨§ ¸²¥¤ÊÕÐ¥° ¶·μ¸Éμ°  ´ ²μ£¨¨. ‚Éμ·Ò¥ Î²¥´Ò Ê· ¢´¥´¨° (2.11)
μ¶¨¸Ò¢ ÕÉ ¤¢¨¦¥´¨¥ Î ¸É¨ÍÒ ¢ ¶·μ¤μ²Ó´μ³ ³ £´¨É´μ³ ¶μ²¥,   ±μÔËË¨Í¨-
¥´ÉÒ ¶·¨ Î²¥´ Ì, ¸μ¤¥·¦ Ð¨Ì ±μμ·¤¨´ ÉÒ, ¨³¥ÕÉ ÉμÉ ¦¥ ¢¨¤, ÎÉμ ¨ ¶·¨
μ¶¨¸ ´¨¨ ¤¢¨¦¥´¨Ö ¢ ´¥±μÉμ·μ³ ®ÔËË¥±É¨¢´μ³¯ Ô²¥±É·¨Î¥¸±μ³ ¶μ²¥ ¸ ±μ³-
¶μ´¥´É ³¨

Eeff
x =

mv2

eR2
0

nx,

Eeff
z =

mv2

eR2
0

(1 − n)z.

(2.12)

‚ ¶μ²Ö·´ÒÌ ±μμ·¤¨´ É Ì (r, ϕ), μÉ¸Î¨ÉÒ¢ ¥³ÒÌ μÉ · ¢´μ¢¥¸´μ° É· ¥±Éμ·¨¨
(r) ¨ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨ (ϕ), ±μ³¶μ´¥´ÉÒ ¶μ²Ö ³μ£ÊÉ ¡ÒÉÓ ¶¥·¥¶¨¸ ´Ò
¸²¥¤ÊÕÐ¨³ μ¡· §μ³:
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Eeff
r =

mv2

eR2
0

r

2
[1 + (2n − 1) cos 2ϕ],

Eeff
φ =

mv2

eR2
0

r
sin 2ϕ

2
.

(2.13)

„¢¨¦¥´¨¥ ¢ ¸±·¥Ð¥´´ÒÌ · ¤¨ ²Ó´μ³ Ô²¥±É·¨Î¥¸±μ³ ¨ ¶·μ¤μ²Ó´μ³ ³ £-
´¨É´μ³ ¶μ²ÖÌ ¶·¨¢μ¤¨É, ± ± ¨§¢¥¸É´μ, ± Ô²¥±É·¨Î¥¸±μ³Ê ¤·¥°ËÊ Î ¸É¨Í ¢μ-
±·Ê£ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ. ‚ ¨Éμ£¥ ¶·¨ É ±μ° ±μ³¡¨´ Í¨¨ ¶μ²¥° ¶ÊÎμ± Î ¸É¨Í
¶·μ¢μ· Î¨¢ ¥É¸Ö ´  ´¥±μÉμ·Ò° Ê£μ² ϕ ¢μ±·Ê£ ¸¢μ¥° μ¸¨ ´  ± ¦¤μ³ μ¡μ·μÉ¥ ¢
´ ±μ¶¨É¥²¥,   ´¥±μ³¶¥´¸¨·μ¢ ´´Ò° Í¥´É·μ¡¥¦´Ò° ¤·¥°Ë Î ¸É¨ÍÒ ´  · §´ÒÌ
μ¡μ·μÉ Ì ¨³¥¥É · §´μ¥ ´ ¶· ¢²¥´¨¥, ¨, ¢ ¸·¥¤´¥³, ¤¢¨¦¥´¨¥ ¢¸¥Ì Î ¸É¨Í ¶ÊÎ± 
Ê¸Éμ°Î¨¢μ. Š ± ¸²¥¤Ê¥É ¨§ (2.13), ¶·¨ n > 0 ±μ³¶μ´¥´É  Eeff

r ´¥ μ¡· Ð ¥É¸Ö
¢ ´Ê²Ó ¶·¨ ²Õ¡ÒÌ ϕ.

“¸²μ¢¨¥ Ê¸Éμ°Î¨¢μ£μ ¤¢¨¦¥´¨Ö ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´μ ¨§  ´ ²¨§  ¸μ¡-
¸É¢¥´´ÒÌ §´ Î¥´¨° ¸¨¸É¥³Ò (2.11), ±μÉμ·Ò¥ μ¶·¥¤¥²ÖÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨

λ2 = −1
2

(
1
ρ2

L

+
1

R2
0

)
±

√
1
4

(
1
ρ2

L

+
1

R2
0

)2

− (1 − n)n

R4
0

.

�·¨ ³ ²μ° Ô´¥·£¨¨ Î ¸É¨Í ¨²¨ ¡μ²ÓÏμ° ¢¥²¨Î¨´¥ ¶·μ¤μ²Ó´μ£μ ¶μ²Ö, ±μ£¤ 
ρL � R0, ¢¸¥ Î¥ÉÒ·¥ ¸μ¡¸É¢¥´´ÒÌ Î¨¸²  Î¨¸Éμ ³´¨³Ò¥:

λ1,2 ≈ ± i

ρL
, λ3,4 ≈ ± iρL

√
(1 − n)n

R2
0

, i ≡
√
−1. (2.14)

�¥·¢ Ö ¶ ·  ¸μμÉ¢¥É¸É¢Ê¥É ¡Ò¸É·μ³Ê (² ·³μ·μ¢¸±μ³Ê) ¢· Ð¥´¨Õ Î ¸É¨ÍÒ ¢μ-
±·Ê£ ¸¨²μ¢μ° ²¨´¨¨ ¶·μ¤μ²Ó´μ£μ ¶μ²Ö, ¤¢e ¤·Ê£¨Ì Å ³¥¤²¥´´μ³Ê ¢· Ð¥´¨Õ
¶ÊÎ±  ± ± Í¥²μ£μ. ˆ§ ¢Ò· ¦¥´¨Ö ¤²Ö λ3,4 ¸²¥¤Ê¥É, ÎÉμ ³¥¤²¥´´μ¥ ¢· Ð¥´¨¥
¶ÊÎ±  ¡Ê¤¥É Ê¸Éμ°Î¨¢μ, ¥¸²¨

0 < n < 1, (2.15)

± ± ¨ ¢ Ê¸±μ·¨É¥²ÖÌ ¸ ®³Ö£±μ°¯ Ëμ±Ê¸¨·μ¢±μ°. �μ, ¢ μÉ²¨Î¨¥ μÉ ±² ¸¸¨Î¥¸±¨Ì
¡¥É É·μ´μ¢, £¤¥ Î ¸ÉμÉÒ ¢¥·É¨± ²Ó´ÒÌ ¨ £μ·¨§μ´É ²Ó´ÒÌ ±μ²¥¡ ´¨° ¡²¨§±¨
¶μ ¢¥²¨Î¨´¥, §¤¥¸Ó Î ¸ÉμÉ  ² ·³μ·μ¢¸±μ£μ ¢· Ð¥´¨Ö, ± ± ¶· ¢¨²μ, ´ ³´μ£μ
¶·¥¢μ¸Ìμ¤¨É Î ¸ÉμÉÊ ³¥¤²¥´´μ£μ ¢· Ð¥´¨Ö:

ωL =
βc

2πρL
� ωslow =

βc

2π
|λ3, 4| .

2.2. — ¸É¨Í  ¢ ¸É¥²² É·μ´¥. „·¥°Ëμ¢μ¥ ¶·¨¡²¨¦¥´¨¥. �μ¢μ·μÉ ¶ÊÎ±  ± ±
Í¥²μ£μ ¢μ±·Ê£ μ¸¨ ³μ¦¥É ¡ÒÉÓ μ¸ÊÐ¥¸É¢²¥´ É ±¦¥ ¸ ¶μ³μÐÓÕ ¤μ¶μ²´¨É¥²Ó-
´μ£μ ³Ê²ÓÉ¨¶μ²Ó´μ£μ ¸¶¨· ²Ó´μ£μ ¶μ²Ö, ± ± ÔÉμ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¢ ¸É¥²² É·μ-
´ Ì, ¨²¨ §  ¸Î¥É Ëμ±Ê¸¨·μ¢±¨ μÉ¤¥²Ó´Ò³¨ ¸μ²¥´μ¨¤ ³¨ ¸ ¶·μÉ¨¢μ¶μ²μ¦´Ò³
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´ ¶· ¢²¥´¨¥³ ¶μ²Ö. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¤²Ö μ¡¥¸¶¥Î¥´¨Ö Ê¸Éμ°Î¨¢μ£μ ¤¢¨¦¥´¨Ö ´¥
É·¥¡ÊÕÉ¸Ö ´¥ Éμ²Ó±μ ¸¶ ¤ ¶μ¢μ·μÉ´μ£μ ¶μ²Ö, ´μ ¨ ¸ ³μ ¶μ¢μ·μÉ´μ¥ ¶μ²¥.

„¨´ ³¨±  Î ¸É¨Í ¢  §¨³ÊÉ ²Ó´μ-¸¨³³¥É·¨Î´ÒÌ ³μ¤¨Ë¨Í¨·μ¢ ´´ÒÌ ¡¥É -
É·μ´ Ì ¨ ¸É¥²² É·μ´ Ì · ¸¸³ É·¨¢ ² ¸Ó ´¥μ¤´μ±· É´μ [1]. � ¶·¨³¥·, ¢ μ¤´μ-
Î ¸É¨Î´μ³ ¶·¨¡²¨¦¥´¨¨ ¤¢¨¦¥´¨¥ Î ¸É¨Í ¢ É ±μ³ ¸É¥²² É·μ´¥ ¨¸¸²¥¤μ¢ ´μ ¢
[11, 12]. ˆ¸¶μ²Ó§ÊÕÉ¸Ö É ±¦¥ Ëμ±Ê¸¨·ÊÕÐ Ö ¸¨¸É¥³  ¢ Ëμ·³¥ ·¥°¸É·¥±  Å
¶·Ö³μ²¨´¥°´Ò¥ ¨ Éμ·μ¨¤ ²Ó´Ò¥ ¸μ²¥´μ¨¤Ò. ‚ ´¨Ì μ¡³μÉ±Ê ±¢ ¤·Ê¶μ²Ó´μ£μ
¶μ²Ö ³μ¦´μ · §³¥¸É¨ÉÓ ´  ¶·Ö³μ²¨´¥°´ÒÌ ÊÎ ¸É± Ì.

� ¸¸³μÉ·¨³ μ¸μ¡¥´´μ¸É¨ ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¢ ¸É¥²² É·μ´¥ É¨¶  ·¥°¸É·¥±,
¢ μ¤´μ³ ¨§ ¶·Ö³μ²¨´¥°´ÒÌ ¶·μ³¥¦ÊÉ±μ¢ ±μÉμ·μ£μ ¶μ³¥Ð¥´  μ¡³μÉ±  ¸¶¨-
· ²Ó´μ£μ ±¢ ¤·Ê¶μ²Ó´μ£μ ³ £´¨É´μ£μ ¶μ²Ö,   ´  Éμ·μ¨¤ ²Ó´ÒÌ ÊÎ ¸É± Ì ´ -
²μ¦¥´μ μ¤´μ·μ¤´μ¥ ¶μ¶¥·¥Î´μ¥ ³ £´¨É´μ¥ ¶μ²¥, Ê¤μ¢²¥É¢μ·ÖÕÐ¥¥ Ê¸²μ¢¨Õ
(2.2). ‚ ¤·¥°Ëμ¢μ³ ¶·¨¡²¨¦¥´¨¨ (1.1) Î ¸É¨Í  ¢ ¶·Ö³μ²¨´¥°´ÒÌ ¸¥±Í¨ÖÌ
¸É¥²² É·μ´  ¤¢¨¦¥É¸Ö ¢¤μ²Ó ¸¨²μ¢μ° ²¨´¨¨ ³ £´¨É´μ£μ ¶μ²Ö, Ê· ¢´¥´¨¥ ¤²Ö
±μÉμ·μ° ¶μ²ÊÎ¨³, ¢μ¸¶μ²Ó§μ¢ ¢Ï¨¸Ó ¢Ò· ¦¥´¨Ö³¨ ¤²Ö ±μ³¶μ´¥´É ¸¶¨· ²Ó-
´μ£μ ±¢ ¤·Ê¶μ²Ó´μ£μ ¶μ²Ö [11, 12]:

Bx = −G (x sin ψ − z cos ψ) ,

Bz = G (x cos ψ + z sin ψ) , ψ = 2ks,
(2.16)

G Å £· ¤¨¥´É ±¢ ¤·Ê¶μ²Ó´μ£μ ¶μ²Ö (¸³. (1.2)); k = 2π/h, h Å Ï £ ¸¶¨-
· ²¨ μ¡³μÉ±¨ ±¢ ¤·Ê¶μ²Ö. “· ¢´¥´¨¥ ¸¨²μ¢μ° ²¨´¨¨ ´ °¤e³ ¨§ ¨§¢¥¸É´ÒÌ
¸μμÉ´μÏ¥´¨°

dx

Bx
=

dy

By
=

ds

B0
.

‡¤¥¸Ó, ± ± ¨ ¶·¥¦¤¥, B0 Å μ¤´μ·μ¤´μ¥ ³ £´¨É´μ¥ ¶μ²¥ ¶·Ö³μ²¨´¥°´μ£μ ¸μ²¥-
´μ¨¤ . �É¸Õ¤  ¸²¥¤Ê¥É ¸¨¸É¥³  Ê· ¢´¥´¨°, ·¥Ï¥´¨¥ ±μÉμ·μ° ¤ eÉ Ê· ¢´¥´¨¥
¸¨²μ¢μ° ²¨´¨¨: ⎧⎪⎨

⎪⎩
dx

ds
= − G

B0
(x sin ψ − z cos ψ) ,

dz

ds
=

G

B0
(x cos ψ + z sin ψ) .

(2.17)

‚¢¥¤Ö ±μ³¶²¥±¸´ÊÕ ¶¥·¥³¥´´ÊÕ

u = x + iz, (2.18)

Ê³´μ¦¨³ ¢Éμ·μ¥ Ê· ¢´¥´¨¥ (2.17) ´  i ¨ ¸²μ¦¨³ ¸ ¶¥·¢Ò³. �μ²ÊÎ¨³

du

ds
= igu∗ eiψ , g ≡ G

B0
. (2.19)

�¥Ï¥´¨¥ ÔÉμ£μ Ê· ¢´¥´¨Ö ¨Ð¥³ ¢ ¢¨¤¥

u (s) = A (s) eiϕ(s). (2.20)
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�μ¤¸É ¢¨¢ ÔÉμ ·¥Ï¥´¨¥ ¢ (2.19) ¨ ¶·¨· ¢´Ö¢ ¤·Ê£ ¤·Ê£Ê ¶μ± § É¥²¨ Ô±¸¶μ´¥´É,
´ °¤e³ ϕ(s) ¨ Ê· ¢´¥´¨¥ ¤²Ö A(s):

ϕ (s) =
ψ (s)

2
= ks, A′ + ikA = igA∗. (2.21)

�μ¸±μ²Ó±Ê A(s) Å ±μ³¶²¥±¸´ Ö, ¢μμ¡Ð¥ £μ¢μ·Ö, ËÊ´±Í¨Ö, ¶·¥¤¸É ¢¨³ ¥e ¢
¢¨¤¥

A (s) = a (s) + ib(s),

£¤¥ a(s) ¨ b(s) Å ¤¥°¸É¢¨É¥²Ó´Ò¥ ËÊ´±Í¨¨. �μ¤¸É ¢¨¢ A(s) ¢ (2.21) ¨ · §¤¥-
²¨¢ ¤¥°¸É¢¨É¥²Ó´ÊÕ ¨ ³´¨³ÊÕ Î ¸É¨ · ¢¥´¸É¢ , ¶·¨Ìμ¤¨³ ± ¸¨¸É¥³¥ ²¨´¥°´ÒÌ
¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨°

{
a′ − (k + g) b = 0,

b′ + (k − g) a = 0,

·¥Ï¥´¨¥ ±μÉμ·μ° ¥¸ÉÓ ²¨´¥°´ Ö ±μ³¡¨´ Í¨Ö ËÊ´±Í¨° sin κx ¨ cos κx. � ÔÉμ
¶μ§¢μ²Ö¥É ¨¸± ÉÓ ·¥Ï¥´¨¥ μ¶ÖÉÓ-É ±¨ ¢ ±μ³¶²¥±¸´μ° Ëμ·³¥:

a(s) = Ca1 eiκ1s + Ca2 eiκ2s, b(s) = Cb1 eiκ1s + Cb2 eiκ2s,

ÎÉμ ¶·¨¢μ¤¨É ± Ì · ±É¥·¨¸É¨Î¥¸±μ³Ê Ê· ¢´¥´¨Õ, ±μ·´¨ ±μÉμ·μ£μ

κ1,2 = ±
√

k2 − g2 ≡ ±κ. (2.22)

„ ²Ó´¥°Ï Ö, ÌμÉÖ ¨ £·μ³μ§¤± Ö, ´μ ¢¶μ²´¥ ¸É ´¤ ·É´ Ö ¶·μÍ¥¤Ê·  ¢ÒÎ¨¸²¥-
´¨°, ¸ ÊÎeÉμ³ ´ Î ²Ó´ÒÌ Ê¸²μ¢¨°

u (0) = x0 + iz0

¶·¨¢μ¤¨É ± Ê· ¢´¥´¨Ö³ ¸¨²μ¢μ° ²¨´¨¨:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

xB(s) = x0

(
cos κs cos ks +

κ

k + g
sin κs sin ks

)
+

+ z0

(
− cos κs sin ks +

k + g

κ
sin κs cos ks

)
,

zB(s) = x0

(
cos κs sin ks − κ

k + g
sin κs cos ks

)
+

+ z0

(
cos κs cos ks +

k + g

κ
sin κs sin ks

)
.

(2.23)
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‚ ¶·¨¡²¨¦¥´¨¨ ¸² ¡μ£μ £· ¤¨¥´É  k � g ÔÉ¨ ¢Ò· ¦¥´¨Ö ¶·¨´¨³ ÕÉ ¢¨¤

⎧⎪⎨
⎪⎩

xB (s) ≈ x0

(
cos Q0s +

χ

2
cos 2ks

)
− z0

(
sin Q0s −

χ

2
sin 2ks

)
,

zB (s) ≈ x0

(
sin Q0s +

χ

2
sin 2ks

)
+ z0

(
cos Q0s −

χ

2
cos 2ks

)
,

Q0 ≡ G2

2kB2
0

, χ =
g

k
=

G

kB0
.

(2.24)
ˆ§ (2.23) ¢¨¤´μ, ÎÉμ ±μμ·¤¨´ ÉÒ ÉμÎ±¨ ´  ¸¨²μ¢μ° ²¨´¨¨ ³μ¦´μ μ¶¨¸Ò-

¢ ÉÓ ¢ Ëμ·³¥ ³ É·¨Î´μ£μ ¶·¥μ¡· §μ¢ ´¨Ö(
xB (s)
zB (s)

)
= MB

(
xB (0)
zB (0)

)
, detMB = 1. (2.25)

�μ¸²¥¤´¥¥ · ¢¥´¸É¢μ μ§´ Î ¥É, ÎÉμ ÉμÎ± , ¤¢¨¦ÊÐ Ö¸Ö ¶μ ¸¨²μ¢μ° ²¨´¨¨
(2.23), Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Õ μ¶É¨Î¥¸±μ£μ ¶·¥μ¡· §μ¢ ´¨Ö, É. ¥. ¸μÌ· ´¥´¨Õ
Ë §μ¢μ£μ μ¡Ñe³  ³´μ¦¥¸É¢  ÉμÎ¥± (x(s), z(s)) Å ¨§¢¥¸É´ Ö É¥μ·¥³  ‹¨Ê¢¨²²Ö.
�É³¥É¨³, ÎÉμ ¶·¨ G → 0 ³ É·¨Í  MB ¸É ´μ¢¨É¸Ö ¥¤¨´¨Î´μ°. „¥É¥·³¨´ ´É
³ É·¨ÍÒ ¶·¨¡²¨¦¥´´μ£μ ¶·¥μ¡· §μ¢ ´¨Ö (2.24) · ¢¥´ ¥¤¨´¨Íe ¸ ÉμÎ´μ¸ÉÓÕ
¤μ (χ2/4).

’μÎ±  ´  ¸¨²μ¢μ° ²¨´¨¨ ¢ ¶²μ¸±μ¸É¨ (x, z) μ¶¨¸Ò¢ ¥É ±·¨¢ÊÕ (·¨¸. 9,  ),
Ö¢²ÖÕÐÊÕ¸Ö ·¥§Ê²ÓÉ Éμ³ ¡Ò¸É·μ£μ, ¸ ¶¥·¨μ¤μ³ Δs = π/k, ¨ ³¥¤²¥´´μ£μ
¢· Ð¥´¨°. �Éμ ²¥£±μ Ê¸³μÉ·¥ÉÓ ¨§ ¢Ò· ¦¥´¨° (2.24). ‡  μ¤¨´ ¶·μÌμ¤ ¸¶¨-

�¨¸. 9. �·μ¥±Í¨Ö ´  ¶²μ¸±μ¸ÉÓ (x, z) ¸¨²μ¢μ° ²¨´¨¨ ³ £´¨É´μ£μ ¶μ²Ö, ¸Ëμ·³¨·μ¢ ´-
´μ£μ ¶·Ö³Ò³ ¸μ²¥´μ¨¤μ³ ¨ ¸¶¨· ²Ó´Ò³ ±¢ ¤·Ê¶μ²¥³: B0 = 400 ƒ¸, G = 15 ƒ¸/¸³ ( )
¨ 30 ƒ¸/¸³ (¡), L = 2h = 160 ¸³, ´ Î ²Ó´Ò¥ ±μμ·¤¨´ ÉÒ ¸¨²μ¢ÒÌ ²¨´¨° x0, z0 = 0, 1
(1); 1, 0 (2); Ä1, 0 (3); 0, Ä1 (4). �· ¢ Ö ¸¶¨· ²Ó Å ¢· Ð¥´¨¥ ¸¨²μ¢μ° ²¨´¨¨ ¶·μÉ¨¢
Î ¸μ¢μ° ¸É·¥²±¨. ‘²ÊÎ ° ¡ ¸μμÉ¢¥É¸É¢Ê¥É κ = 0,016
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· ²Ó´μ£μ ±¢ ¤·Ê¶μ²Ö ¤²¨´μ° L ÉμÎ±  ¸μ¢¥·Ï ¥É ¶μ¢μ·μÉ ¢μ±·Ê£ μ¸¨ s ´  Ê£μ²

Δϕ ≈ Q0L. (2.26)

�·¨ ÔÉμ³ ´ ¶· ¢²¥´¨¥ ¢· Ð¥´¨Ö ´¥ § ¢¨¸¨É μÉ ´ ¶· ¢²¥´¨Ö ¶μ²Ö ¸μ²¥-
´μ¨¤  B0,   μ¶·¥¤¥²Ö¥É¸Ö ´ ¶· ¢²¥´¨¥³ ¢· Ð¥´¨Ö ¸¶¨· ²¨ ±¢ ¤·Ê¶μ²Ö. �·¨
k > 0 ÔÉμ ¶· ¢Ò° ¢¨´É (·¨¸. 9, μ¸Ó z ´ ¶· ¢²¥´  ®´  ´ ¸¯!). ‘μμÉ¢¥É¸É¢¥´´μ
¶ · ³¥É· Q0 Å  ²£¥¡· ¨Î¥¸± Ö ¢¥²¨Î¨´ , §´ ± ±μÉμ·μ° ¸μ¢¶ ¤ ¥É ¸μ §´ -
±μ³ k.

ˆ§ (2.22) ¸²¥¤Ê¥É ±·¨É¥·¨° μ£· ´¨Î¥´´μ¸É¨ ¸³¥Ð¥´¨Ö ¸¨²μ¢μ° ²¨´¨¨ μÉ
μ¸¨ ±¢ ¤·Ê¶μ²Ö:

g < k, ¨²¨ G < Gcr = kB0. (2.27)

” ±É¨Î¥¸±¨ ÔÉμ ±·¨É¥·¨° § ³±´ÊÉμ¸É¨ ³ £´¨É´ÒÌ ¶μ¢¥·Ì´μ¸É¥°, ´  ±μÉμ·Ò¥
®´ ¢¨¢ ¥É¸Ö¯ ¸¨²μ¢ Ö ²¨´¨Ö. �·¨ G → Gcr ¸¨²μ¢ Ö ²¨´¨Ö ÊÌμ¤¨É μÉ μ¸¨
´¥μ£· ´¨Î¥´´μ ¤ ²¥±μ (·¨¸. 9, ¡).

� ¶μ³´¨³, ÎÉμ ¢ ¤·¥°Ëμ¢μ³ ¶·¨¡²¨¦¥´¨¨ ¸¨²μ¢ Ö ²¨´¨Ö ((2.23) ¨ (2.24))
¸μ¢¶ ¤ ¥É ¸ É· ¥±Éμ·¨¥° Î ¸É¨ÍÒ ´  ÔÉμ³ ÊÎ ¸É±¥.

�  Éμ·μ¨¤ ²Ó´ÒÌ ÊÎ ¸É± Ì ¸É¥²² É·μ´ , £¤¥ ´ ²μ¦¥´μ μ¤´μ·μ¤´μ¥ ¶μ¢μ-
·μÉ´μ¥ ³ £´¨É´μ¥ ¶μ²¥ B⊥, Î ¸É¨Í  ¨¸¶ÒÉÒ¢ ¥É ¤·¥°Ë ¢¤μ²Ó ´ ¶· ¢²¥´¨Ö
μ¸¨ Éμ· , ¥¸²¨ §´ Î¥´¨Ö ¶μ¢μ·μÉ´μ£μ ¶μ²Ö ¨²¨ ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ μÉ²¨Î ÕÉ¸Ö
μÉ · ¢´μ¢¥¸´ÒÌ (2.2) ´  ΔB⊥, Δp ¸μμÉ¢¥É¸É¢¥´´μ, ¨²¨ ¦¥ Î ¸É¨Í  ¤¢¨¦¥É¸Ö
¸μ ¸³¥Ð¥´¨¥³ μÉ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ. ’μ£¤  ¨§ (2.5) ¸²¥¤Ê¥É,  ´ ²μ£¨Î´μ
(2.7), ¢¥²¨Î¨´  ¸±μ·μ¸É¨ ¤·¥°Ë 

z′ =
ρL

R0

(
ΔB − Δp +

x

R0

)
, ΔB ≡ ΔB⊥

B0
, Δp =

Δp

p
. (2.28)

‘³¥Ð¥´¨¥ Î ¸É¨ÍÒ ¢¤μ²Ó μ¸¨ z ¶·¨ ¶·μÌμ¦¤¥´¨¨ μÉ·¥§±  Éμ·μ¨¤ ²Ó´μ£μ ¸μ-
²¥´μ¨¤  ¤²¨´μ° Δs = R0Δθ ¸μ¸É ¢²Ö¥É Δzd = z′Δs = z′R0Δθ. �μÔÉμ³Ê § 
μ¤¨´ μ¡μ·μÉ ¢ ¸É¥²² É·μ´¥ (Δθ = 2π) Î ¸É¨Í  ¸³¥Ð ¥É¸Ö ´ 

Δz
(1)
d = 2πρL

(
ΔB − Δp +

x

R0

)
. (2.29)

‚ Î ¸É´μ¸É¨, ¢ μÉ¸ÊÉ¸É¢¨¥ ¶μ¢μ·μÉ´μ£μ ¶μ²Ö (ΔB = 1, Δp = 0) ¤·¥°Ëμ¢μ¥
¸³¥Ð¥´¨¥ §  μ¤¨´ μ¡μ·μÉ · ¢´μ

Δz
(1)
d (B⊥ = 0) = 2πρL.

�μ¤Î¥·±´e³, ÎÉμ ´ ¶· ¢²¥´¨¥ ¤·¥°Ë  § ¢¨¸¨É μÉ ´ ¶· ¢²¥´¨Ö ¶μ²Ö B0. �μ-
ÔÉμ³Ê, ± ± μÉ³¥Î ²μ¸Ó ¢ÒÏ¥, ² ·³μ·μ¢¸±¨° · ¤¨Ê¸ §¤¥¸Ó ¨ ¶·¨ μ¶¨¸ ´¨¨
ÔËË¥±Éμ¢ ¤·¥°Ë  Ö¢²Ö¥É¸Ö  ²£¥¡· ¨Î¥¸±μ° ¢¥²¨Î¨´μ° (®μ¶·¥¤¥²e´ ¸μ §´ -
±μ³¯), §´ ± ±μÉμ·μ° ¸μμÉ¢¥É¸É¢Ê¥É §´ ±Ê ¶μ²Ö ¢ ¸¨¸É¥³¥ ±μμ·¤¨´ É (x, z, s).
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„·¥°Ëμ¢μ¥ ¤¢¨¦¥´¨¥ Î ¸É¨ÍÒ ¢ ¸É¥²² É·μ´¥ ³μ¦´μ, ± ± ¸²¥¤Ê¥É ¨§ (2.28),
(2.29), μ¶¨¸ ÉÓ ¢ ¢¨¤¥ ³ É·¨Î´ÒÌ ¸μμÉ´μÏ¥´¨°

⎛
⎝ xd

zd

Δp

⎞
⎠

n+1

=

⎛
⎜⎜⎜⎝

1 0 0

2πρL

R0
1 −2πρL

0 0 1

⎞
⎟⎟⎟⎠
⎛
⎝ xd

zd

Δp

⎞
⎠

n

, (2.30)

£¤¥ n Å ´μ³¥· μ¡μ·μÉ . ‚³¥¸É¥ ¸ (2.25) ÔÉμ ¢Ò· ¦¥´¨¥ ¶μ§¢μ²Ö¥É § ¶¨¸ ÉÓ ³ -
É·¨ÍÊ ¶·¥μ¡· §μ¢ ´¨Ö ±μμ·¤¨´ É Î ¸É¨ÍÒ (x, z, Δp) ´  ¶¥·¨μ¤¥ μ¡· Ð¥´¨Ö.
�μ¸±μ²Ó±Ê ³ É·¨Í  ¶·¥μ¡· §μ¢ ´¨Ö ¤²Ö ¶·Ö³μ²¨´¥°´ÒÌ ¸μ²¥´μ¨¤μ¢, ¸¢μ¡μ¤-
´ÒÌ μÉ ±¢ ¤·Ê¶μ²Ó´μ£μ ¶μ²Ö, ¥¤¨´¨Î´ Ö, Éμ ¨¸±μ³ Ö ³ É·¨Í  · ¢´  ¶·μ¸Éμ
¶·μ¨§¢¥¤¥´¨Õ ³ É·¨Í (2.25) ¨ (2.30). “¸·¥¤´¨¢ ¶μ ¡Ò¸É·μ³Ê ¢· Ð¥´¨Õ ¢
±¢ ¤·Ê¶μ²¥, ´ °¤e³ ¢ ¶·¨¡²¨¦¥´¨¨ k � g

M =

⎛
⎝ C −S 0

εC + S −εS + C −εR0

0 0 1

⎞
⎠ , (2.31)

C ≡ cosQ0L, S ≡ sin Q0L, ε = 2π
ρL

R0
.

‘μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ÔÉμ° ³ É·¨ÍÒ:

λ1,2 = C − εS

2
± i

√
1 −

(
C − εS

2

)2

, λ3 = 1. (2.32)

ˆÌ ¶·μ¨§¢¥¤¥´¨¥, ®± ± ¨ ¶μ²μ¦¥´μ¯, · ¢´μ ¥¤¨´¨Í¥:

λ1λ2λ3 = 1,

¨ ¤¢¨¦¥´¨¥ Î ¸É¨ÍÒ ¢ ¤·¥°Ëμ¢μ³ ¶·¨¡²¨¦¥´¨¨ Ê¸Éμ°Î¨¢μ, ¥¸²¨ ¶μ¤±μ·¥´´μ¥
¢Ò· ¦¥´¨¥ ¢ λ1,2 ¶μ²μ¦¨É¥²Ó´μ:

(
C − εS

2

)2

< 1,

¨²¨
− (1 − cos Q0L) <

πρL

R0
sin Q0L < 1 + cos Q0L. (2.33)

�¥¸²μ¦´Ò°  ´ ²¨§ ¶μ± §Ò¢ ¥É, ÎÉμ ÔÉ¨ Ê¸²μ¢¨Ö ¢Ò¶μ²´ÖÕÉ¸Ö ¶·¨

πρL < R0, Q0 > 0

¨ ¶·¨ ²Õ¡ÒÌ ´ ¶· ¢²¥´¨ÖÌ ¶μ²Ö ¸μ²¥´μ¨¤μ¢ ¨ ¢· Ð¥´¨Ö ¸¶¨· ²¨ ±¢ ¤·Ê¶μ²Ö.
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“¸²μ¢¨¥ Ê¸Éμ°Î¨¢μ¸É¨ ¸μ¢¶ ¤ ¥É ¸ ¨§¢¥¸É´Ò³ Ê¸²μ¢¨¥³

−1 < cos μ =
1
2

Sp Mx,z < 1, (2.34)

£¤¥ ¢ ¤ ´´μ³ ¸²ÊÎ ¥ μ Å ´ ¡¥£ Ë §Ò ³¥¤²¥´´μ£μ ¢· Ð¥´¨Ö ¸¨²μ¢μ° ²¨´¨¨ ´ 
μ¤´μ³ μ¡μ·μÉ¥ Î ¸É¨ÍÒ ¢ ¸É¥²² É·μ´¥; Mx,z Å ®Ê±μ·μÎ¥´´ Ö ³ É·¨Í ¯:

Mx,z =

(
C −S

εC + S −εS + C

)
.

Œ É·¨Í  (2.31) ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ É ±¦¥ §´ Î¥´¨Ö ¤¨¸¶¥·¸¨μ´´μ° ËÊ´±-
Í¨¨ D(s) ¸É¥²² É·μ´  ¢ ¤·¥°Ëμ¢μ³ ¶·¨¡²¨¦¥´¨¨. �μ¢Éμ·ÖÖ ¸É ´¤ ·É´Ò°
¶·¨¥³ ¢ÒÎ¨¸²¥´¨Ö D(s) (¸³., ´ ¶·¨³¥·, [22]) ¨ ÊÎ¨ÉÒ¢ Ö ¶¥·¨μ¤¨Î´μ¸ÉÓ
¸É·Ê±ÉÊ·Ò ¸É¥²² É·μ´ , ´ Ìμ¤¨³

Dx (s∗) =
m13 (1 − m22) + m12m23

2 (1 − cos μ)
=

εSR0

2 (1 − C) + εS
,

Dz (s∗) =
m23 (1 − m11) + m13m21

2 (1 − cos μ)
= − εSR0 (1 − C)

2 (1 − C) + εS
.

(2.35)

‡¤¥¸Ó mik Å Ô²¥³¥´ÉÒ ³ É·¨ÍÒ M (2.31); s∗ Å ±μμ·¤¨´ ÉÒ ÉμÎ¥± ³¥¦¤Ê
¢ÒÌμ¤μ³ ¨§ ¶¥·¢μ£μ Éμ·  ¨ ¢Ìμ¤μ³ ¢ ±¢ ¤·Ê¶μ²Ó ¨ ³¥¦¤Ê ¢ÒÌμ¤μ³ ¨§ ±¢ -
¤·Ê¶μ²Ö ¨ ¢Ìμ¤μ³ ¢μ ¢Éμ·μ° Éμ· (¸³. ·¨¸. 5). �  ÔÉ¨Ì μÉ·¥§± Ì É· ¥±Éμ-
·¨¨ Î ¸É¨Í  ¤¢¨¦¥É¸Ö ¢¤μ²Ó ¶·Ö³μ²¨´¥°´ÒÌ ¸¨²μ¢ÒÌ ²¨´¨° ¨ ¤¨¸¶¥·¸¨μ´´ Ö
ËÊ´±Í¨Ö ¶μ¸ÉμÖ´´ . ‚ ±¢ ¤·Ê¶μ²¥ μ¡¥ ËÊ´±Í¨¨ μ¸Í¨²²¨·ÊÕÉ. „¥É ²¨ ¶μ¢¥-
¤¥´¨Ö ¤¨¸¶¥·¸¨μ´´μ° ËÊ´±Í¨¨ ¤ eÉ ³ É·¨Î´Ò°  ´ ²¨§, ·¥§Ê²ÓÉ ÉÒ ±μÉμ·μ£μ
¤²Ö ´ ±μ¶¨É¥²Ö LEPTA ¶·¨¢¥¤¥´Ò ¢ ¶. 4.4 (·¨¸. 20).

…¸²¨ |sin Q0L| ∼ |cos Q0L| ∼ 0,5, Éμ ¶·¨¡²¨¦e´´μ ³μ¦´μ ¶·¨´ÖÉÓ

Dx (s∗) ≈ εSR0

2 (1 − C)
=

πρLS

(1 − C)
, Dz (s∗) ≈ −εSR0

2
= −πρLS. (2.36)

’ ±¨³ μ¡· §μ³, ³ ±¸¨³ ²Ó´Ò¥ §´ Î¥´¨Ö ¤¨¸¶¥·¸¨μ´´ÒÌ ËÊ´±Í¨° ¸μ¸É ¢²ÖÕÉ

(Dx)max ∼ (Dz)max ∼ πρL.

‘μμÉ´μÏ¥´¨Ö (2.36) ¤²Ö ¤¨¸¶¥·¸¨μ´´ÒÌ ËÊ´±Í¨° ¶μ§¢μ²ÖÕÉ ´ °É¨ ±μÔË-
Ë¨Í¨¥´É ¤¨¸¶¥·¸¨¨ Î ¸ÉμÉÒ μ¡· Ð¥´¨Ö ¶μ ¨³¶Ê²Ó¸Ê

η =
p

ω

dω

dp
. (2.37)

�μ¸±μ²Ó±Ê ω = 2π
v

Cring
, Éμ

η = γm

((
∂p

∂v

)−1

− v

Cring

∂Cring

∂p

)
.
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‚ ¸É¥²² É·μ´¥ ¨§³¥´¥´¨¥ ¤²¨´Ò μ·¡¨ÉÒ ¸ ¨³¶Ê²Ó¸μ³ ΔCring ¨³¥¥É ³¥¸Éμ ¢
Éμ· Ì:

ΔCring = 2πΔxp = 2πψx (s∗)
Δp

p
.

‘μμÉ¢¥É¸É¢¥´´μ ´ Ìμ¤¨³

η =
1
γ2

− 1
γ2
tr

, γ−2
tr =

4π2ρL

Cring

sin Q0L

2 (1 − cos Q0L) + ε sin Q0L
, (2.38)

£¤¥ γtrmc2 Å É ± ´ §Ò¢ ¥³ Ö ±·¨É¨Î¥¸± Ö (transition) Ô´¥·£¨Ö. �·¨ Q0L � 1
¨ ε � 1 ¶μ²ÊÎae³

γtr ≈
1
2π

√
Q0LCring

ρL
. (2.39)

‡ ³¥É¨³, ÎÉμ ¤²Ö  ±¸¨ ²Ó´μ-¸¨³³¥É·¨Î´μ£μ ¡¥É É·μ´ , ¢ ±μÉμ·μ³ ¸¶¨· ²Ó´Ò°
±¢ ¤·Ê¶μ²Ó § ´¨³ ¥É ¢¥¸Ó ¶¥·¨³¥É·, ¢ ÔÉμ³ ¸μμÉ´μÏ¥´¨¨ ¸²¥¤Ê¥É ¶μ²μ¦¨ÉÓ
L = Cring = 2πR0, ÎÉμ ¤ eÉ [11, 12]

γtr ≈
√

R0

ρL
Q0.

‚ ¦´μ° μ¸μ¡¥´´μ¸ÉÓÕ ¶μ²ÊÎ¥´´μ£μ §´ Î¥´¨Ö γtr Ö¢²Ö¥É¸Ö § ¢¨¸¨³μ¸ÉÓ ÔÉμ°
¢¥²¨Î¨´Ò μÉ ´ ¶· ¢²¥´¨Ö ³ £´¨É´μ£μ ¶μ²Ö (§´ ± ¶ · ³¥É·  ρL). �·¨ ρL < 0
¨ Q0 > 0 §´ Î¥´¨¥ γtr Ö¢²Ö¥É¸Ö ³´¨³Ò³,   ¶ · ³¥É· η ¢¸¥£¤  ¶μ²μ¦¨É¥²¥´.

2.3. — ¸É¨Í  ¢ ¸¶¨· ²Ó´μ³ ±¢ ¤·Ê¶μ²Ó´μ³ ¨ μ¤´μ·μ¤´μ³ ¸μ²¥´μ¨¤ ²Ó-
´μ³ ¶μ²ÖÌ. �´ ²¨É¨Î¥¸±μ¥ ·¥Ï¥´¨¥. ‚ · ¡μÉ¥ [11, 12] ¶μ²ÊÎ¥´μ  ´ ²¨-
É¨Î¥¸±μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¢  ±¸¨ ²Ó´μ-¸¨³³¥É·¨Î´μ³
¸É¥²² É·μ´¥, £¤¥ μ¡³μÉ±  ¸¶¨· ²Ó´μ£μ ±¢ ¤·Ê¶μ²Ö ¶μ±·Ò¢ ¥É ¢¸Õ É· ¥±Éμ·¨Õ
¶ÊÎ± . �´ ²μ£¨Î´μ ³μ¦´μ ¶·μ¨´É¥£·¨·μ¢ ÉÓ  ´ ²¨É¨Î¥¸±¨ Ê· ¢´¥´¨Ö ¤¢¨¦¥-
´¨Ö Î ¸É¨ÍÒ ¢ ¶·Ö³μ²¨´¥°´μ³ ¸μ²¥´μ¨¤¥ ¨ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¸¶¨· ²Ó´μ£μ ±¢ -
¤·Ê¶μ²Ó´μ£μ ¶μ²Ö. �Éμ ·¥Ï¥´¨¥ ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ¤²Ö  ´ ²¨§  ¤¢¨¦¥´¨Ö
Î ¸É¨Í ¢ ¸É¥²² É·μ´¥ É¨¶  ·¥°¸É·¥±.

�μ²ÊÎ¨³ ¨¸Ìμ¤´Ò¥ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¢ ¤¥± ·Éμ¢μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É
(x, y, s), ¶μ²μ¦¨¢ ¢ (2.5) R0 = ∞ ¨ § ³¥´¨¢ Br ´  Bx,  §¨³ÊÉ ²Ó´ÊÕ ±μ³-
¶μ´¥´ÉÊ ¶μ²Ö ´  Bθ ≡ B0 = const∗. Š ± ¨ ¢ (2.5), μ£· ´¨Î¨³¸Ö ²¨´¥°´Ò³
(¶ · ±¸¨ ²Ó´Ò³) ¶·¨¡²¨¦¥´¨¥³ x � R0, x′, z′ � 1. �μ¤¸É ¢²ÖÖ §´ Î¥´¨Ö

∗‘²¥¤Ê¥É μ¡· É¨ÉÓ ¢´¨³ ´¨¥ ´  ¨§³¥´¥´¨¥ ¶μ·Ö¤±  μ¸¥° ¶·¨ ¶¥·¥Ìμ¤¥ μÉ ¸¨¸É¥³Ò (r, θ, z)
± (x, z, s). ‘ ÔÉ¨³ ¸¢Ö§ ´μ · §²¨Î¨¥ ¢ §´ ± Ì Î²¥´μ¢ Ê· ¢´¥´¨° (2.5) ¨ (2.7).
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Bx, Bz (2.16), ¶·¨Ìμ¤¨³ ± Ê· ¢´¥´¨Ö³⎧⎪⎪⎨
⎪⎪⎩

x′′ − z′

ρL
= − g

ρL
(x cos ψ + z sin ψ),

z′′ +
x′

ρL
= − g

ρL
(x sin ψ − z cos ψ).

(2.40)

‡¤¥¸Ó, ± ± ¨ ¶·¥¦¤¥, g = G/B0, ψ = 2ks. „ ²Ó´¥°Ï Ö ¶·μÍ¥¤Ê·   ´ ²μ£¨Î´a
(2.18), (2.19),   Ê· ¢´¥´¨¥, ¶μ²ÊÎ¥´´μ¥ ¢ ·¥§Ê²ÓÉ É¥, μÉ²¨Î ¥É¸Ö μÉ (2.19)
¸² £ ¥³Ò³ u′′:

u′′ +
i

ρL
u′ +

g

ρL
u∗ eiψ = 0, u = x + iz. (2.41)

�¥Ï¥´¨¥ ÔÉμ£μ Ê· ¢´¥´¨Ö ¸²¥¤Ê¥É, ± ± ¨ ¶·¥¦¤¥, ¨¸± ÉÓ ¢ Ëμ·³¥ (2.20). �μ¤-
¸É ¢¨¢ ¨¸±μ³μ¥ ·¥Ï¥´¨¥ ¢ (2.41), ´ Ìμ¤¨³, ÎÉμ ψ = ks,   Ê· ¢´¥´¨¥ ¤²Ö A(s)
¨³¥¥É ¢¨¤

A′′ + i (2k + kL) A′ − k (k + kL)A + gkLA∗ = 0, kL ≡ 1
ρL

. (2.42)

�μ¢Éμ·ÖÖ ¶·¨¥³, ¨¸¶μ²Ó§μ¢ ´´Ò° ¢ÒÏ¥, É. ¥. ¶μ¤¸É ¢¨¢

A(s) = a(s) + ib(s),

£¤¥ a(s), b(s) Å ¤¥°¸É¢¨É¥²Ó´Ò¥ ËÊ´±Í¨¨, ¶·¨Ìμ¤¨³ ± ¸¨¸É¥³¥ ²¨´¥°´ÒÌ
¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¢Éμ·μ£μ ¶μ·Ö¤± {

a′′ − (k2 + kLk − gkL)a − (2k + kL)b′ = 0,

b′′ − (k2 + kLk + gkL)b + (2k + kL)a′ = 0,

Ì · ±É¥·¨¸É¨Î¥¸±μ¥ Ê· ¢´¥´¨¥ ±μÉμ·μ° ¨³¥¥É Î¥ÉÒ·¥ ±μ·´Ö

κ1−4 = ±
[
k(k + kL) +

k2
L

2
± kL

√
k(k + kL) +

k2
L

4
+ g2

]1/2

.

‚ ¶·¨¡²¨¦¥´¨¨ ¸² ¡μ£μ £· ¤¨¥´É  ¨ § ³ £´¨Î¥´´μ° Î ¸É¨ÍÒ

g � k � kL

ÔÉμ ¢Ò· ¦¥´¨¥ ³μ¦´μ · §²μ¦¨ÉÓ (¸ ÉμÎ´μ¸ÉÓÕ ¤μ Î²¥´μ¢ ¶μ·Ö¤±  k2 ¨ g2), ÎÉμ
¤ ¥É Ë¨§¨Î¥¸±¨ Ö¸´Ò° ·¥§Ê²ÓÉ É: ¤¢  ±μ·´Ö Ê· ¢´¥´¨Ö ¶·¨¡²¨¦e´´μ · ¢´Ò
(¶μ ³μ¤Ê²Õ) μ¡· É´μ³Ê ² ·³μ·μ¢¸±μ³Ê · ¤¨Ê¸Ê Î ¸É¨ÍÒ,   ¤¢  ¤·Ê£¨Ì ¸μμÉ-
¢¥É¸É¢ÊÕÉ ³¥¤²¥´´μ³Ê ¢· Ð¥´¨Õ Î ¸É¨ÍÒ ®¢³¥¸É¥¯ ¸ ¸¨²μ¢μ° ²¨´¨¥°:

κ1,2 = ±kL = ±ρ−1
L ,

κ3,4 = ±
√

k2 − g2.
(2.43)
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’ ±¨³ μ¡· §μ³, ·¥Ï¥´¨¥ ¢ Ëμ·³¥ (2.20) μ¶¨¸Ò¢ ¥É É¥¶¥·Ó ¶·μ¸É· ´¸É¢¥´´μ¥
¢· Ð¥´¨¥ ¸¨²μ¢μ° ²¨´¨¨ (2.23), (2.24) ¨ ¡Ò¸É·μ¥ ² ·³μ·μ¢¸±μ¥ ¢· Ð¥´¨¥
Î ¸É¨ÍÒ ¢μ±·Ê£ ´¥¥. �±μ´Î É¥²Ó´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ ¢
¤ ´´μ³ ¶·¨¡²¨¦¥´¨¨ § ¶¨¸Ò¢ ¥É¸Ö ®¸· §Ê¯ ± ± ¸Ê³³  Ê· ¢´¥´¨° ±μμ·¤¨´ É
¸¨²μ¢μ° ²¨´¨¨ (2.24) ¨ Ê· ¢´¥´¨° ±μμ·¤¨´ É Î ¸É¨ÍÒ, ¤¢¨¦ÊÐ¥°¸Ö ¢¤μ²Ó
ÔÉμ° ¸¨²μ¢μ° ²¨´¨¨:

x (s) ≈ xB (s) + ρL (x′
0 sin (s/ρL) + z′0 cos (s/ρL)) ,

z (s) ≈ zB (s) + ρL (x′
0 cos (s/ρL) − z′0 sin (s/ρL)) .

‡¤¥¸Ó xB(s), zB(s) Å Ê· ¢´¥´¨Ö ¸¨²μ¢μ° ²¨´¨¨ (2.24); x′
0, z′0 Å ´ Î ²Ó´Ò¥

§´ Î¥´¨Ö μÉ´μÏ¥´¨° ¶μ¶¥·¥Î´ÒÌ ±μ³¶μ´¥´É ¸±μ·μ¸É¨ Î ¸É¨ÍÒ ± ¶·μ¤μ²Ó´μ°.
2.4. ‚·¥³Ö ¦¨§´¨ Î ¸É¨ÍÒ ¢ ¸É¥²² É·μ´¥. ƒ² ¢´Ò³¨ ®μ¤´μÎ ¸É¨Î´Ò³¨¯

ÔËË¥±É ³¨, μ¶·¥¤¥²ÖÕÐ¨³¨ ¤²¨É¥²Ó´μ¸ÉÓ ¢·¥³¥´¨ ¦¨§´¨ Î ¸É¨ÍÒ ¢ ¸É¥²² -
É·μ´¥, Ö¢²ÖÕÉ¸Ö ¥e · ¸¸¥Ö´¨¥ ´   Éμ³ Ì μ¸É ÉμÎ´μ£μ £ §  ¨ ¢§ ¨³μ¤¥°¸É¢¨¥ ¸
´¥¨¤¥ ²Ó´μ° ³ £´¨É´μ° ¸¨¸É¥³μ°. �ËË¥±ÉÒ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤ , É ±¦¥
¢²¨ÖÕÐ¨¥ ´  ¢·¥³Ö ¦¨§´¨, · ¸¸³μÉ·¥´Ò ¢ ¶. 4.2.

ˆ§¢¥¸É´Ò¥ ¶·μÍ¥¸¸Ò μ¤´μ±· É´μ£μ ¨ ³´μ£μ±· É´μ£μ · ¸¸¥Ö´¨Ö Î ¸É¨Í ´ 
μ¸É ÉμÎ´μ³ £ §¥ ¢ Ê¸±μ·¨É¥²ÖÌ ¶·¨μ¡·¥É ÕÉ ¸¢μ¥μ¡· §´Ò¥ μ¸μ¡¥´´μ¸É¨ ¢ ³μ-
¤¨Ë¨Í¨·μ¢ ´´μ³ ¡¥É É·μ´¥. ‚ ¶·μ¤μ²Ó´μ³ ³ £´¨É´μ³ ¶μ²¥ Î ¸É¨Í , · ¸¸¥Ö¢-
Ï Ö¸Ö ´  Ê£μ² θ � 1, ÊÌμ¤¨É ¸ ¨¸Ìμ¤´μ° É· ¥±Éμ·¨¨ ´  ¢¥²¨Î¨´Ê

Δθ � ρθ = θρL.

�É¸Õ¤  ± ± · § ¨ ¢¨¤´μ, ÎÉμ ² ·³μ·μ¢¸±¨° · ¤¨Ê¸ Î ¸É¨ÍÒ ρL ¨£· ¥É ·μ²Ó
¡¥É -ËÊ´±Í¨¨ ¦e¸É±μËμ±Ê¸¨·ÊÕÐ¥£μ Ê¸±μ·¨É¥²Ö. � Éμ£¤  ¤²Ö μÍ¥´μ± ®¢ -
±ÊÊ³´μ£μ¯ ¢·¥³¥´¨ ¦¨§´¨ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ®Ê¸±μ·¨É¥²Ó´Ò°¯ ¶μ¤Ìμ¤. ‡ -
¶¨¸Ò¢ Ö ¢Ò· ¦¥´¨¥ ¤²Ö ¸Ê³³Ò ·¥§¥·Ëμ·¤μ¢¸±μ£μ ¨ ³e²²¥·μ¢¸±μ£μ ¸¥Î¥´¨°
· ¸¸¥Ö´¨Ö ¤²Ö ¸²ÊÎ Ö ³ ²ÒÌ Ê£²μ¢

dσ

dΩ
=

4r2
e

β4γ2
Z0 (Z0 + 1)

1
θ4

,

´ Ìμ¤¨³ Î¨¸²μ · ¸¸¥Ö´¨° Ô²¥±É·μ´  ´  ¤²¨´¥ ds ´  Ê£μ², ¶·¥¢ÒÏ ÕÐ¨°
® ¶¥·ÉÊ·´Ò°¯ Ê£μ² θA. ‡¤¥¸Ó re Å ±² ¸¸¨Î¥¸±¨° · ¤¨Ê¸ Ô²¥±É·μ´ ; Z0 Å
 Éμ³´Ò° ´μ³¥· · ¸¸¥¨¢ ÕÐ¥£μ  Éμ³ . �μ²ÊÎ ¥³

dNA = 2π

π/2∫
θA

dσ

dΩ
sin θdθn0ds ≈ 4πr2

eZ0 (Z0 + 1)n0

β4γ2

ds

θ2
A

, (2.44)

n0 Å ¶²μÉ´μ¸ÉÓ  Éμ³μ¢. ’μ£¤  ¢·¥³Ö ¦¨§´¨ Ô²¥±É·μ´  ¶μ μ¤´μ±· É´μ³Ê · ¸-
¸¥Ö´¨Õ

τsingle =
(
−dNA

ds
βc

)−1

=
β3γ2θ2

A

4πZ0 (Z0 + 1) r2
ecn0

. (2.45)
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‚ ± Î¥¸É¢¥  ¶¥·ÉÊ·´μ£μ Ê£²  ¸²¥¤Ê¥É ¶·¨´ÖÉÓ ¢ ¤ ´´μ³ ¸²ÊÎ ¥

θA ∼ b

ρL
, (2.46)

£¤¥ 2b Å  ¶¥·ÉÊ· . ˆ§ (2.45), (2.46) ¨ (1.1) ¸²¥¤Ê¥É, ÎÉμ

τsingle ∝ B2
0β.

„²Ö ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ ¡¥É É·μ´  Ì · ±É¥·´μ ¸μμÉ´μÏ¥´¨¥ ÔÉ¨Ì ¶ · ³¥É·μ¢
ρL � b. �μÔÉμ³Ê μ¤´μ±· É´μ¥ Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥ Ô²¥±É·μ´μ¢ ´   Éμ³ Ì μ¸É -
ÉμÎ´μ£μ £ §  ´  Ê£μ² θA (2.46) μ¶·¥¤¥²Ö¥É ¢·¥³Ö ¦¨§´¨ Î ¸É¨Í Éμ²Ó±μ ¢ ¸²ÊÎ ¥
¸² ¡μ£μ ¶μ²Ö B0. �¤´ ±μ É ±μ¥ · ¸¸¥Ö´¨¥ ¶·¨¢μ¤¨É ± ¨§³¥´¥´¨Õ ¶·μ¤μ²Ó´μ°
±μ³¶μ´¥´ÉÒ ¨³¶Ê²Ó¸  Ô²¥±É·μ´ 

Δpθ = p (1 − cos θA) ≈ pθ2
A

2
,

ÎÉμ ¸μ¶·μ¢μ¦¤ ¥É¸Ö ¸³¥Ð¥´¨¥³ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ ´  ¢¥²¨Î¨´Ê

Δxθ ∼ Dx (s∗)Δpθ, Δzθ ∼ Dz (s∗) Δpθ.

�μ² £ Ö Δxθ ∼ Δzθ � h, Dx (s∗) ∼ Dz (s∗) ∼ 2πρL (¸³. (2.36)), ´ Ìμ¤¨³

θAΔp �
√

b

πρL
. (2.47)

‘μμÉ¢¥É¸É¢¥´´μ ¢ (2.45) ¸²¥¤Ê¥É ¶μ¤¸É ¢¨ÉÓ ³¨´¨³ ²Ó´μ¥ ¨§ §´ Î¥´¨° (2.46)
¨ (2.47), ±μÉμ·μ¥ ¶·¨ ρL ∼ b · §²¨Î ÕÉ¸Ö ¸² ¡μ.

	μ²¥¥ ¸¨²Ó´Ò³ ÔËË¥±Éμ³ Ö¢²Ö¥É¸Ö ¤¨ËËÊ§¨μ´´Ò° ÊÌμ¤ Ô²¥±É·μ´μ¢ ´ 
 ¶¥·ÉÊ·Ê ¨§-§  ¨Ì ³´μ£μ±· É´μ£μ · ¸¸¥Ö´¨Ö ´  μ¸É ÉμÎ´μ³ £ §¥. „²Ö μÍ¥´±¨
¢·¥³¥´¨ ¦¨§´¨ ¶μ ³´μ£μ±· É´μ³Ê · ¸¸¥Ö´¨Õ ´¥μ¡Ìμ¤¨³μ ´ °É¨ ¸·¥¤´¥±¢ -
¤· É¨Î´μ¥ ¶·¨· Ð¥´¨¥ Ê£²  θ ´  ¤²¨´¥ ds. �´ ²μ£¨Î´μ (2.44) ´ Ìμ¤¨³

d
〈
θ2
〉

ds
= 2πn0

θmax∫
θmin

θ2 dσ

dΩ
sin θdθ = 8πZ0 (Z0 + 1)n0r

2
eLz, (2.48)

£¤¥ Lz = ln
θmax

θmin
≈ ln

(
183Z

−1/3
0

)
Å É ± ´ §Ò¢ ¥³Ò° ±Ê²μ´μ¢¸±¨° ²μ£ ·¨Ë³

¤²Ö ¸²ÊÎ Ö · ¸¸¥Ö´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ´   Éμ³ Ì. �·¨· Ð¥´¨¥ Ê£²  · ¸¸¥-
Ö´¨Ö 〈θ2〉 ¶·¨¢μ¤¨É ± ¤¨ËËÊ§¨μ´´μ³Ê ¸³¥Ð¥´¨Õ Ô²¥±É·μ´  ¶μ¶¥·e± ¶μ²Ö ´ 
μ¤´μ³ · ¸¸¥Ö´¨¨ ¢ ¸·¥¤´¥³ ´  ¢¥²¨Î¨´Ê

Δx2 ∼ Δz2 ∼ ρ2
L

〈
θ2
〉
. (2.49)
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ˆ§ Ê· ¢´¥´¨Ö ¤¨ËËÊ§¨¨

d
〈
Δx2

〉
ds

∼
d
〈
Δz2

〉
ds

∼ ρ2
L

d
〈
θ2
〉

ds

¨ (2.48) ¸ ÊÎeÉμ³ §´ Î¥´¨Ö ρL ´ Ìμ¤¨³ §´ Î¥´¨¥ ¢·¥³¥´¨ ¦¨§´¨

τmulti =

(
1
b2

d
〈
Δx2

〉
ds

βc

)−1

=
βb2

8πZ0 (Z0 + 1) r2
ecn0Lz

(
eB0

mc2

)2

. (2.50)

’ ±¨³ μ¡· §μ³, ¢·¥³Ö ¦¨§´¨ Î ¸É¨ÍÒ ¢ ³μ¤¨Ë¨Í¨·μ¢ ´´μ³ ¡¥É É·μ´¥ (2.45),
(2.50) ¶·μ¶μ·Í¨μ´ ²Ó´μ ±¢ ¤· ÉÊ  ¶¥·ÉÊ·Ò b2 ¨ ¶μ²Ö B2

0 ¨ § ¢¨¸¨É μÉ Ô´¥·£¨¨
± ± β.

�μ¶¥·¥Î´ Ö ±μ³¶μ´¥´É  ¨³¶Ê²Ó¸  Ô²¥±É·μ´  ³μ¦¥É ¢μ§· ¸É ÉÓ ¶·¨ ¶·μ-
Ìμ¦¤¥´¨¨ ÊÎ ¸É±μ¢ ´¥μ¤´μ·μ¤´μ£μ ³ £´¨É´μ£μ ¶μ²Ö. ’ ±, ¥¸²¨ ¤²¨´  ÊÎ ¸É± 
¢μ§³ÊÐ¥´¨Ö ¶μ²Ö LB ¸· ¢´¨³  ¸ ² ·³μ·μ¢¸±¨³ · ¤¨Ê¸μ³, Éμ ¶·¨ ¶·μÌμ¦¤¥-
´¨¨ É ±μ£μ ÊÎ ¸É±  Ô²¥±É·μ´ ®´ ¡¨· ¥É Ê£μ²¯ ΔθB ¨ ÊÌμ¤¨É ¸ ¸¨²μ¢μ° ²¨´¨¨
´  ¢¥²¨Î¨´Ê ΔxB [22]:

√
〈Δθ2

0〉 ∼
rLB

ρ2
L

e−LB/ρL
ΔBmax

B0
,

√
〈Δx2

B〉 � rLB

ρL
e−LB/ρL

ΔBmax

B0
,

(2.51)

£¤¥ r Å · ¸¸ÉμÖ´¨¥ É· ¥±Éμ·¨¨ μÉ μ¸¨ ¸¨³³¥É·¨¨ ¶μ²Ö B0; ΔBmax Å ³ ±¸¨-
³ ²Ó´μ¥ μÉ±²μ´¥´¨¥ §´ Î¥´¨Ö ¶μ²Ö μÉ ¸·¥¤´¥£μ B0. ‚μ§³ÊÐ¥´¨¥ ΔB(s) §¤¥¸Ó
¶·¥¤¶μ² £ ¥É¸Ö ¶² ¢´Ò³, ´ ¶·¨³¥·, Ìμ·μÏμ  ¶¶·μ±¸¨³¨·Ê¥É¸Ö ËÊ´±Í¨¥°

ΔB (s) = ΔBmax
L2

B

s2 + L2
B

.

�·¨ ³´μ£μ±· É´μ³ ¶·μÌμ¦¤¥´¨¨ É ±μ£μ ÊÎ ¸É±  ¶·μÍ¥¸¸ ¸³¥Ð¥´¨Ö Ô²¥±É·μ´ 
¶·¨μ¡·¥É ¥É ¤¨ËËÊ§¨μ´´Ò° Ì · ±É¥·. ’μ£¤ ,  ´ ²μ£¨Î´μ (2.45), (2.50), ´ °-
¤e³ ¢·¥³Ö ¦¨§´¨ ¢ ®¢μ§³ÊÐe´´μ³¯ ³ £´¨É´μ³ ¶μ²¥, ¸Î¨É Ö, ÎÉμ §  μ¤¨´
μ¡μ·μÉ ¢ ¡¥É É·μ´¥ Î ¸É¨Í  ¶·μÌμ¤¨É NB ¢μ§³ÊÐ¥´¨° ¶μ²Ö ¶·μÉÖ¦e´´μ¸ÉÓÕ

L
(i)
B ¸ ³ ±¸¨³ ²Ó´Ò³ ¢μ§³ÊÐ¥´¨¥³ ΔBi:

τB ∼ Tb2

[
NB∑
i=1

(〈
(Δx

(i)
B )2

〉
+ ρ2

L

〈
(Δθ

(i)
B )2

〉)]−1

∼

∼ T

NB

(
bρL

rLB
eLB/ρL

)2(ΔBmax

B0

)2

. (2.52)
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‡¤¥¸Ó T Å ¶¥·¨μ¤ μ¡· Ð¥´¨Ö Î ¸É¨ÍÒ ¢ ¡¥É É·μ´¥. �É¸Õ¤  ¸²¥¤Ê¥É, ÎÉμ ¶·¨
b ∼ ρL ∼ r ∼ LB/5, ΔBmax/B0 ∼ 3 · 10−2, NB = 6 Î ¸É¨Í  ®¦¨¢eÉ¯ ¢
¡¥É É·μ´¥ ´¥ ³¥´¥¥ 5 · 106 μ¡μ·μÉμ¢. ˆ§ (2.52) ¸²¥¤Ê¥É, ÎÉμ τB Ê¢¥²¨Î¨¢ ¥É¸Ö
¸ ·μ¸Éμ³ ¶μ²Ö ¨ ¶ ¤ ¥É ¸ ·μ¸Éμ³ Ô´¥·£¨¨ Î ¸É¨Í ε:

τ ∝ ε3/2

B2
0

exp

{√
2

εmc2
BLB

}
. (2.53)

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ μÍ¥´±¨ (2.52), (2.53) ¸¶· ¢¥¤²¨¢Ò ¤²Ö §´ Î¥´¨° ρL �
LB . �·¨ ρL > LB ÔÉ¨ μÍ¥´±¨ ´¥±μ··¥±É´Ò (¢·¥³Ö ¦¨§´¨ Ê¢¥²¨Î¨¢ ¥É¸Ö ¸
·μ¸Éμ³ Ô´¥·£¨¨) ¨ ¸²¥¤Ê¥É ¶μ²Ó§μ¢ ÉÓ¸Ö ¶·¨¡²¨¦¥´¨¥³ ±μ·μÉ±μ£μ ¢μ§³ÊÐ¥´¨Ö
(¸³. ¤¥É ²¨ ¢ [22]).

3. Œ…’�„› ��‘—…’� „ˆ��ŒˆŠˆ —�‘’ˆ–
‚ ‘…Š–ˆ��ˆ��‚����Œ Œ�„ˆ”ˆ–ˆ��‚����Œ �…’�’���…

‚ ³μ¤¨Ë¨Í¨·μ¢ ´´μ³ ¡¥É É·μ´¥ ¸  §¨³ÊÉ ²Ó´μ-μ¤´μ·μ¤´μ° ¸É·Ê±ÉÊ·μ°
Ê¤ eÉ¸Ö ´ °É¨  ´ ²¨É¨Î¥¸±μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ [11, 12].
‚ ¸¥±Í¨μ´¨·μ¢ ´´μ° ¸É·Ê±ÉÊ·¥ ¢¨¤ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö · §²¨Î¥´ ¢ · §´ÒÌ
μ¶É¨Î¥¸±¨Ì Ô²¥³¥´É Ì, ¨ ¨¸¸²¥¤μ¢ ´¨¥ ¤¨´ ³¨±¨ Ê¤μ¡´μ ¶·μ¢μ¤¨ÉÓ ¸ ¨¸¶μ²Ó-
§μ¢ ´¨¥³ ³ É·¨Î´μ£μ Ëμ·³ ²¨§³ . ‚ ¶·¨¸ÊÉ¸É¢¨¨ ¶·μ¤μ²Ó´μ£μ ³ £´¨É´μ£μ
¶μ²Ö ¤¢¨¦¥´¨¥ Î ¸É¨Í, ¢ μÉ²¨Î¨¥ μÉ μ¡ÒÎ´ÒÌ ¦¥¸É±μËμ±Ê¸¨·ÊÕÐ¨Ì Ê¸±μ·¨-
É¥²¥°, Ö¢²Ö¥É¸Ö ¸¢Ö§ ´´Ò³ ¢ £μ·¨§μ´É ²Ó´μ° ¨ ¢¥·É¨± ²Ó´μ° ¶²μ¸±μ¸É¨. �´ -
²¨§ Ê¸Éμ°Î¨¢μ¸É¨ ¤¢¨¦¥´¨Ö ¨ · ¸Î¥É ¤¨¸¶¥·¸¨μ´´ÒÌ ËÊ´±Í¨° ±μ²ÓÍ  ¢ ÔÉμ³
¸²ÊÎ ¥ ¶·μ¢μ¤¨É¸Ö ¶μ²´μ¸ÉÓÕ  ´ ²μ£¨Î´μ ¸²ÊÎ Õ ´¥¸¢Ö§ ´´μ£μ ¤¢¨¦¥´¨Ö. „²Ö
· ¸Î¥É  ¨´¢ ·¨ ´Éμ¢ ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¨ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ´ ±μ¶¨É¥²Ö
¶·¨ ¸¢Ö§ ´´μ³ ¤¢¨¦¥´¨¨ ³μ¦´μ ¶·¨³¥´¨ÉÓ ²¨¡μ ³¥Éμ¤ �¤¢ ·¤¸ Ä’¥´£  [23],
²¨¡μ ³¥Éμ¤ ´ Ìμ¦¤¥´¨Ö ¸μ¡¸É¢¥´´ÒÌ ¢¥±Éμ·μ¢ ³ É·¨ÍÒ ¶¥·¥Ìμ¤ , § ¶¨¸ ´´μ°
¤²Ö ± ´μ´¨Î¥¸±¨ ¸μ¶·Ö¦¥´´ÒÌ ¶¥·¥³¥´´ÒÌ [24Ä26].

3.1. �μ¸É ´μ¢±  § ¤ Î¨. ”μ±Ê¸¨·ÊÕÐ Ö ¸¨¸É¥³  ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ ¡¥-
É É·μ´  ³μ¦¥É ¸μ¸ÉμÖÉÓ ¨§ ¸²¥¤ÊÕÐ¨Ì Ô²¥³¥´Éμ¢:

• Éμ·μ¨¤ ²Ó´ Ö ¸¥±Í¨Ö ¸ ¶·μ¤μ²Ó´Ò³ ¨ ¶μ¶¥·¥Î´Ò³ (¶μ¢μ·μÉ´Ò³) ³ £-
´¨É´Ò³ ¶μ²e³;

• Éμ·μ¨¤ ²Ó´ Ö ¸¥±Í¨Ö ¸ ¤μ¶μ²´¨É¥²Ó´Ò³ ¸¶¨· ²Ó´Ò³ ±¢ ¤·Ê¶μ²Ó´Ò³
¶μ²¥³;

• ¶·Ö³μ²¨´¥°´ Ö ¸¥±Í¨Ö ¸ ¶·μ¤μ²Ó´Ò³ ³ £´¨É´Ò³ ¶μ²¥³;
• ¶·Ö³μ²¨´¥°´ Ö ¸¥±Í¨Ö ¸ ¶·μ¤μ²Ó´Ò³ ³ £´¨É´Ò³ ¨ ¤μ¶μ²´¨É¥²Ó´Ò³

¸¶¨· ²Ó´Ò³ ±¢ ¤·Ê¶μ²Ó´Ò³ ¶μ²¥³;
• ¸¥±Í¨Ö, ¢ ±μÉμ·μ° ¶ · ³¥É·Ò ³ £´¨É´ÒÌ ¶μ²¥° ³μ£ÊÉ ³¥´ÖÉÓ¸Ö ¸ ¶·μ-

¤μ²Ó´μ° ±μμ·¤¨´ Éμ°: ´ ¶·¨³¥·, ¶·Ö³μ²¨´¥°´ Ö ¨²¨ Éμ·μ¨¤ ²Ó´ Ö ¸¥±Í¨Ö
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¸  ¤¨ ¡ É¨Î¥¸±¨³ ¨§³¥´¥´¨¥³ (´ · ¸É ´¨¥³ ¨ Ê³¥´ÓÏ¥´¨¥³) £· ¤¨¥´É  ¸¶¨-
· ²Ó´μ£μ ±¢ ¤·Ê¶μ²Ó´μ£μ ¶μ²Ö.

‚ μ¡Ð¥³ ¸²ÊÎ ¥ ¤²Ö ¶ÊÎ±  ±·Ê£²μ° Ëμ·³Ò ¸ ¶²μÉ´μ¸ÉÓÕ nb, ¶μ¸ÉμÖ´´μ°
¶μ ¥£μ ¸¥Î¥´¨Õ, Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö ¢ ²Õ¡μ³ ¨§ ¶¥·¥Î¨¸²¥´´ÒÌ Ëμ±Ê¸¨·ÊÕ-
Ð¨Ì Ô²¥³¥´Éμ¢ ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´μ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥ (¸³. (2.11) ¨ (2.40))
[11, 22]:

x′′ − z′

ρL
+
(
− 1

r2
d

+
1 − n

R2

)
x − g (x cos (2ks) + z sin (2ks)) = 0,

z′′ +
x′

ρL
−
(

1
r2
d

+
n

R2

)
z − g (x sin (2ks) − z cos (2ks)) = 0,

(3.1)

£¤¥ x, z, s Å ±μμ·¤¨´ ÉÒ Î ¸É¨ÍÒ, μÉ¸Î¨ÉÒ¢ ¥³Ò¥ μÉ (¨ ¢¤μ²Ó) · ¢´μ¢¥¸´μ°

É· ¥±Éμ·¨¨ (¸³. · §¤. 2); rd =
(
β2γ3/2πrenb

)1/2
Å ¤¥¡ ¥¢¸±¨° · ¤¨Ê¸ ¶ÊÎ± ;

R Å · ¤¨Ê¸ Éμ·μ¨¤ ²Ó´μ£μ ÊÎ ¸É± ; n Å ¶μ± § É¥²Ó ¸¶ ¤  ¶μ¢μ·μÉ´μ£μ ¶μ²Ö
(2.9); k ¨ g μ¶·¥¤¥²¥´Ò ¢ (2.16) ¨ (2.40). � ¤¨Ê¸ ¶μ¢μ·μÉ  ¨ £· ¤¨¥´É ¸¶¨-
· ²Ó´μ£μ ±¢ ¤·Ê¶μ²Ó´μ£μ ¶μ²Ö ¢ Ê· ¢´¥´¨ÖÌ (3.1) § ¢¨¸ÖÉ, ¢μμ¡Ð¥ £μ¢μ·Ö, μÉ
¶·μ¤μ²Ó´μ° ±μμ·¤¨´ ÉÒ s, ¨ ¤²Ö · §´ÒÌ μ¶É¨Î¥¸±¨Ì Ô²¥³¥´Éμ¢ Î ¸ÉÓ ¶ · ³¥-
É·μ¢ ³μ¦¥É ®μÉ¸ÊÉ¸É¢μ¢ ÉÓ¯: g = 0, R = ∞ ¨ É. ¶.

�μ²μ¦¥´¨¥ Î ¸É¨ÍÒ ¢ Ï¥¸É¨³¥·´μ³ Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥ ¡Ê¤¥³ μ¶¨¸Ò-
¢ ÉÓ · ¤¨Ê¸μ³-¢¥±Éμ·μ³ ¸ ±μμ·¤¨´ É ³¨

X =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

x

px/p

z

pz/p

s

Δp/p

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

, (3.2)

£¤¥ px, pz Å ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶μ¶¥·¥Î´Ò¥ ±μ³¶μ´¥´ÉÒ ¨³¶Ê²Ó¸ ; Δp Å μÉ-
±²μ´¥´¨¥ ¶·μ¤μ²Ó´μ° ±μ³¶μ´¥´ÉÒ ¨³¶Ê²Ó¸  μÉ · ¢´μ¢¥¸´μ£μ §´ Î¥´¨Ö; p Å
¶·μ¤μ²Ó´Ò° ¨³¶Ê²Ó¸ Î ¸É¨ÍÒ. �μ¶¥·¥Î´Ò¥ ±μμ·¤¨´ ÉÒ ¢¥±Éμ·  X ¸¢Ö§ ´Ò
¸ ¶¥·¥³¥´´Ò³¨ ¢ Ê· ¢´¥´¨ÖÌ (3.1) μÎ¥¢¨¤´Ò³ ¸μμÉ´μÏ¥´¨¥³: px/p = x′,
pz/p = z′, £¤¥ ()′ = d/ds.

‚ ¶·¨¸ÊÉ¸É¢¨¨ ¶·μ¤μ²Ó´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ¶¥·¥³¥´´Ò¥ (3.2) ´¥ Ö¢²Ö-
ÕÉ¸Ö ± ´μ´¨Î¥¸±¨ ¸μ¶·Ö¦¥´´Ò³¨, μ¤´ ±μ μ´¨ É· ¤¨Í¨μ´´μ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö
É· ¥±Éμ·´μ£μ  ´ ²¨§  ¸¢μ°¸É¢ μ¶É¨Î¥¸±¨Ì ¸É·Ê±ÉÊ·. �É¨ ¶¥·¥³¥´´Ò¥ ¨³¥ÕÉ
¶·μ¸ÉÊÕ Ë¨§¨Î¥¸±ÊÕ ¨´É¥·¶·¥É Í¨Õ ¨ ¸ ¨Ì ¶·¨³¥´¥´¨¥³ ³μ£ÊÉ ¡ÒÉÓ ¤μ¸É -
ÉμÎ´μ ¶·μ¸Éμ ¨¸¸²¥¤μ¢ ´Ò Ê¸²μ¢¨Ö Ê¸Éμ°Î¨¢μ¸É¨ ¤¢¨¦¥´¨Ö ¨ ¤¨¸¶¥·¸¨μ´´Ò¥
¸¢μ°¸É¢  ´ ±μ¶¨É¥²Ö. �μÔÉμ³Ê ¢ ¤ ²Ó´¥°Ï¥³ ¡μ²ÓÏ¨´¸É¢μ ·¥§Ê²ÓÉ Éμ¢ ¶·¨-
¢μ¤¨É¸Ö ¢ ÔÉ¨Ì ¶¥·¥³¥´´ÒÌ,   ¶¥·¥Ìμ¤ ± ± ´μ´¨Î¥¸±¨ ¸μ¶·Ö¦¥´´Ò³ ¶¥·¥³¥´-
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´Ò³ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö Éμ²Ó±μ ¶·¨ · ¸Î¥É¥ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ´μ·³ ²Ó´ÒÌ
³μ¤ ±μ²¥¡ ´¨°.

	¥§ ÊÎ¥É  ¨§³¥´¥´¨Ö ¶·μ¤μ²Ó´μ£μ ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ ³ É·¨Í  ¶¥·¥Ìμ¤ 
μ¶É¨Î¥¸±μ£μ Ô²¥³¥´É  ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

M =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

m11 m12 m13 m14 0 m16

m21 m22 m23 m24 0 m26

m31 m32 m33 m34 0 m36

m41 m42 m43 m44 0 m46

m51 m52 m53 m54 1 m56

0 0 0 0 0 1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (3.3)

ŠμÔËË¨Í¨¥´ÉÒ mij ³μ£ÊÉ ¡ÒÉÓ ¶μ²ÊÎ¥´Ò ¶ÊÉ¥³  ´ ²¨É¨Î¥¸±μ£μ ·¥Ï¥-
´¨Ö Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ, ¨²¨, ¢ ¸²ÊÎ ¥, ±μ£¤  Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö
´¥ ¨³¥¥É  ´ ²¨É¨Î¥¸±μ£μ ·¥Ï¥´¨Ö, ¸ ¶μ³μÐÓÕ Î¨¸²¥´´μ£μ ¨´É¥£·¨·μ¢ ´¨Ö
³¥Éμ¤μ³ �Ê´£¥ÄŠÊÉÉ . � ¶·¨³¥·, ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¤²Ö ¶·Ö³μ²¨-
´¥°´μ° ¸¥±Í¨¨ ¸μ ¸¶¨· ²Ó´Ò³ ±¢ ¤·Ê¶μ²Ó´Ò³ ¶μ²¥³ (2.40) ¢ ¸²ÊÎ ¥ Í¥²μ£μ
Î¨¸²  Ï £μ¢ ¸¶¨· ²¨ ±¢ ¤·Ê¶μ²Ö ´  ¤²¨´¥ Ô²¥³¥´É  (s = nh, 2ks = 2nπ,
n Å Í¥²μ¥) ¶·¨¢μ¤¨É ± ¸²¥¤ÊÕÐ¥³Ê ¢¨¤Ê Ô²¥³¥´Éμ¢ m11−m44 ¢¥·Ì´¥° ²¥¢μ°
Î ¸É¨ ³ É·¨ÍÒ ¶·¥μ¡· §μ¢ ´¨Ö:⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

α1

(
C − χk

kL
c

)
−α1

(S−s)
kL

−α1

(
S−χk

kL
s

)
−α1

(C+c)
kL

−α1 (Q0S−χks) −α1
(Q0C−kLc)

kL
−α1 (Q0C−χkc) α1

(Q0S+kLs)
kL

α2

(
S−χk

kL
s

)
α2

(C−c)
kL

α2

(
C+

χk

kL
c

)
−α2

(S+s)
kL

α2 (Q0C−χkc) −α2
(Q0S−kLs)

kL
−α2 (Q0S+χks) −α2

(Q0C+kLc)
kL

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

(3.4)

‡¤¥¸Ó ¢¢¥¤¥´Ò μ¡μ§´ Î¥´¨Ö: α1 = 1 +
χ

2
; α2 = 1 − χ

2
; S = sin (Q0L);

C = cos (Q0L); s = sin (kLL); c = cos (kLL); L Å ¤²¨´  ±¢ ¤·Ê¶μ²Ó´μ°
μ¡³μÉ±¨; χ = G/kB0.

‚Ò· ¦¥´¨Ö ¤²Ö ±μÔËË¨Í¨¥´Éμ¢ ³ É·¨Í ¶¥·¥Ìμ¤  ´¥±μÉμ·ÒÌ μ¶É¨Î¥¸±¨Ì
Ô²¥³¥´Éμ¢ ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ ¡¥É É·μ´ , ¶μ²ÊÎ¥´´Ò¥  ´ ²¨É¨Î¥¸±¨³ ¶ÊÉ¥³,
¶·¥¤¸É ¢²¥´Ò ¢ [27]. Œ É·¨Í  ¶¥·¥Ìμ¤  ¤²Ö ´ ±μ¶¨É¥²Ö ¢ Í¥²μ³ · ¢´ , ± ±
¨§¢¥¸É´μ, ¶·μ¨§¢¥¤¥´¨Õ ³ É·¨Í μÉ¤¥²Ó´ÒÌ μ¶É¨Î¥¸±¨Ì Ô²¥³¥´Éμ¢.

3.2. Œ É·¨Î´Ò°  ´ ²¨§ Ê¸Éμ°Î¨¢μ¸É¨ ¤¢¨¦¥´¨Ö Î ¸É¨Í ¢ ¡¥É É·μ´¥.
�´ ²¨§ ¤¢¨¦¥´¨Ö Î ¸É¨Í ´  Ê¸Éμ°Î¨¢μ¸ÉÓ ¸¢μ¤¨É¸Ö ± ´ Ìμ¦¤¥´¨Õ ¸μ¡¸É¢¥´-
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´ÒÌ Î¨¸¥² ³ É·¨ÍÒ ¶¥·¥Ìμ¤  ±μ²ÓÍ  (¨²¨ ³ É·¨ÍÒ ¸Ê¶¥·¶¥·¨μ¤  ¶·¨ ´ -
²¨Î¨¨ ¶¥·¨μ¤¨Î´μ¸É¨). ‚ μ¡Ð¥³ ¸²ÊÎ ¥ ³ É·¨Í  ¢¨¤  (3.3) ¨³¥¥É ¤¢¥ ¶ ·Ò
±μ³¶²¥±¸´μ-¸μ¶·Ö¦¥´´ÒÌ ¸μ¡¸É¢¥´´ÒÌ Î¨¸¥²:

λ1,2 = |λ1| exp (±iμ1) , λ3,4 = |λ3| exp (±iμ2) , (3.5)

£¤¥ μ1,2 Å Ë §Ò ¸μ¡¸É¢¥´´ÒÌ Î¨¸¥², Ö¢²ÖÕÐ¨¥¸Ö ¤¥°¸É¢¨É¥²Ó´Ò³¨ Î¨¸² ³¨.
„ ²¥¥ ¢ ¢ÒÎ¨¸²¥´¨ÖÌ ¶·¨´ÖÉμ, ÎÉμ ¶·μ¤μ²Ó´ Ö ±μ³¶μ´¥´É  ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ
´¥ § ¢¨¸¨É μÉ ¶μ¶¥·¥Î´ÒÌ ±μμ·¤¨´ É ¨ ¸±μ·μ¸É¥° ¨ ´¥ ¨§³¥´Ö¥É¸Ö ¸μ ¢·¥-
³¥´¥³. ‚ ÔÉμ³ ¸²ÊÎ ¥ λ5,6 = 1. „²Ö Ê¸Éμ°Î¨¢μ¸É¨ ¶μ¶¥·¥Î´μ£μ ¤¢¨¦¥´¨Ö
´¥μ¡Ìμ¤¨³μ, ÎÉμ¡Ò ¢¸¥ Î¥ÉÒ·¥ ¸μ¡¸É¢¥´´ÒÌ Î¨¸²  (3.5) ¡Ò²¨ · §²¨Î´Ò,   ¨Ì
³μ¤Ê²¨ · ¢´Ò ¥¤¨´¨Í¥. ‚ μ¡² ¸É¨ ¸É·Ê±ÉÊ·´μ£μ ·¥§μ´ ´¸  ³μ¤Ê²¨ ¤¢ÊÌ ¨§ Î¥-
ÉÒ·¥Ì ¸μ¡¸É¢¥´´ÒÌ Î¨¸¥² ³ É·¨ÍÒ ¶¥·¥Ìμ¤  ´¥ · ¢´Ò ¥¤¨´¨Í¥: |λj=1,...,4| 
= 1.
� · ³¥É·¨Î¥¸±¨° ·¥§μ´ ´¸ ¸μμÉ¢¥É¸É¢Ê¥É Ê¸²μ¢¨Õ cos μ1 = ±1 ¨²¨ cos μ2 =
±1. �¥§μ´ ´¸ ¸¢Ö§¨ ¨³¥¥É ³¥¸Éμ ¶·¨ cos μ1 = cos μ2.

�·¨ ¤¢¨¦¥´¨¨ ¢ ¸É¥²² É·μ´¥ Ê¸²μ¢¨¥ Ê¸Éμ°Î¨¢μ¸É¨ (2.33), (2.34) ¨³¥¥É
¶·μ¸ÉÊÕ Ë¨§¨Î¥¸±ÊÕ ¨´É¥·¶·¥É Í¨Õ. �μ¶¥·¥Î´Ò¥ ±μ²¥¡ ´¨Ö Î ¸É¨ÍÒ ¢ ¶¥·-
¢μ³ ¶·¨¡²¨¦¥´¨¨ ¢±²ÕÎ ÕÉ ¢ ¸¥¡Ö ¤¢¥ ´¥§ ¢¨¸¨³Òe ¸μ¸É ¢²ÖÕÐ¨e [13, 27] Å
² ·³μ·μ¢¸±μ¥ ¢· Ð¥´¨¥ Î ¸É¨ÍÒ ¢μ±·Ê£ ¸¨²μ¢μ° ²¨´¨¨ ¶μ²Ö ¸ Î ¸ÉμÉμ° ωL,
· ¢´μ°

ωL =
eB0

γmc
= QLω0, QL ≈ Cring

2πρL
, (3.6)

¨ ³¥¤²¥´´μ¥ ¡¥É É·μ´´μ¥ ¢· Ð¥´¨¥ ¶ÊÎ±  ± ± Í¥²μ£μ ¢μ±·Ê£ · ¢´μ¢¥¸´μ°
μ·¡¨ÉÒ ¸ Î ¸ÉμÉμ°

ωbet = Qbetω0, Qbet ≈ 2πQ0L, (3.7)

£¤¥ ω0 Å Î ¸ÉμÉ  μ¡· Ð¥´¨Ö Î ¸É¨ÍÒ ¢ ±μ²ÓÍ¥ ¶¥·¨³¥É·  Cring; L Å ¸Ê³³ 
¤²¨´ ¸¥±Í¨° ¸μ ¸¶¨· ²Ó´Ò³ ±¢ ¤·Ê¶μ²Ó´Ò³ ¶μ²¥³. �·¨ Ê¸Éμ°Î¨¢μ³ ¤¢¨¦¥-
´¨¨ Ë §Ò ¸μ¡¸É¢¥´´ÒÌ Î¨¸¥² ³ É·¨ÍÒ ¶¥·¥Ìμ¤  ±· É´Ò ¸μμÉ¢¥É¸É¢ÊÕÐ¨³
Î ¸ÉμÉ ³:

μ1 ≈ 2πQL ± 2πn, μ2 ≈ 2πQbet ± 2πm,

£¤¥ n ¨ m Å Í¥²Ò¥ Î¨¸² . “¸²μ¢¨Ö Ê¸Éμ°Î¨¢μ¸É¨ ¢ É ±μ³ ¸²ÊÎ ¥ ³μ£ÊÉ ¡ÒÉÓ
§ ¶¨¸ ´Ò ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

QL 
= l/2, Qbet 
= m/2, QL ± Qbet 
= n, (3.8)

£¤¥ l, m, n Å Í¥²Ò¥ Î¨¸² . ” §Ò ¸μ¡¸É¢¥´´ÒÌ Î¨¸¥² ³ É·¨ÍÒ ¶¥·¥Ìμ¤  μ¤-
´μ§´ Î´μ μ¶·¥¤¥²ÖÕÉ Éμ²Ó±μ ¤·μ¡´ÊÕ Î ¸ÉÓ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¡¥É É·μ´´ÒÌ
Î¨¸¥², ¤²Ö · ¸Î¥É  Í¥²μ° Î ¸É¨ ´¥μ¡Ìμ¤¨³μ ¢ÒÎ¨¸²¥´¨¥ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±-
Í¨° ¨ ¨Ì ¨´É¥£·¨·μ¢ ´¨¥ ¢¤μ²Ó μ·¡¨ÉÒ ´ ±μ¶¨É¥²Ö.
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3.3. „¨¸¶¥·¸¨μ´´Ò¥ ËÊ´±Í¨¨ ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ ¡¥É É·μ´ . ˆ¸¶μ²Ó-
§ÊÖ ³ É·¨ÍÊ ¸Ê¶¥·¶¥·¨μ¤  Ëμ±Ê¸¨·ÊÕÐ¥° ¸É·Ê±ÉÊ·Ò ¢ Ëμ·³¥ (3.3), ³μ¦´μ
· ¸¸Î¨É ÉÓ ¢¥±Éμ· ¤¨¸¶¥·¸¨¨ ¶¥·¢μ£μ ¶μ·Ö¤± . ‚¥±Éμ· ¤¨¸¶¥·¸¨¨ § ¤ ¥É ¶μ-
²μ¦¥´¨¥ § ³±´ÊÉμ° μ·¡¨ÉÒ ¤²Ö Î ¸É¨ÍÒ ¸ μÉ±²μ´¥´¨¥³ Δp μÉ · ¸Î¥É´μ£μ
§´ Î¥´¨Ö:

X§μ = D
Δp

p
, (3.9)

£¤¥ ¢¥±Éμ·Ò X ¨ D ¨³¥ÕÉ ¶μ Î¥ÉÒ·¥ ±μ³¶μ´¥´ÉÒ:

X§μ =

⎛
⎜⎜⎜⎝

x

x′

z

z′

⎞
⎟⎟⎟⎠

§μ

, D§μ =

⎛
⎜⎜⎜⎝

Dx

D′
x

Dz

D′
z

⎞
⎟⎟⎟⎠ .

‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¤²Ö § ³±´ÊÉμ° μ·¡¨ÉÒ ¤μ²¦´μ ¢Ò¶μ²´ÖÉÓ¸Ö ¸²¥¤ÊÕÐ¥¥
μÎ¥¢¨¤´μ¥ Ê¸²μ¢¨¥:

X§μ = AX§μ + R
Δp

p
, (3.10)

£¤¥

A =

⎛
⎜⎜⎜⎝

m11 m12 m13 m14

m21 m22 m23 m24

m31 m32 m33 m34

m41 m42 m43 m44

⎞
⎟⎟⎟⎠ , R =

⎛
⎜⎜⎜⎝

m16

m26

m36

m46

⎞
⎟⎟⎟⎠ ,

mik Å Ô²¥³¥´ÉÒ ³ É·¨ÍÒ (3.3). ‚ ·¥§Ê²ÓÉ É¥ ¶·μ¸ÉÒÌ ³ É·¨Î´ÒÌ ¶·¥μ¡· -
§μ¢ ´¨° ¨§ (3.10) ´ Ìμ¤¨³

⎛
⎜⎜⎜⎝

Dx

Dx′

Dz

D′
z

⎞
⎟⎟⎟⎠ = (I − A)−1

⎛
⎜⎜⎜⎝

m16

m26

m36

m46

⎞
⎟⎟⎟⎠ . (3.11)

‡¤¥¸Ó I Å ¥¤¨´¨Î´ Ö ³ É·¨Í  · §³¥·μ³ 4 × 4.
3.4. ‘É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ 	¤¢ ·¤¸ Ä’¥´£ . ‚ ³¥Éμ¤¥ �¤¢ ·¤¸ Ä’¥´£ 

²¨´¥°´ Ö ³ É·¨Í  ¶¥·¥Ìμ¤  ¤²Ö ¶μ¶¥·¥Î´ÒÌ ±μμ·¤¨´ É Î ¸É¨ÍÒ, μ¶·¥¤¥²¥´-
´ Ö ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, · §¡¨¢ ¥É¸Ö ´  Î¥ÉÒ·¥ ¡²μ±  · §³¥·´μ¸ÉÓÕ 2× 2:

A =

(
A1 A2

A3 A4

)
. (3.12)
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�É  ³ É·¨Í  ¶μ¸²¥ ¸μ¶·Ö¦¥´¨Ö ¸ ´¥±μÉμ·μ° ¸¨³¶²¥±É¨Î´μ° ³ É·¨Í¥°

P =

(
I cos ϕ T̄ sin ϕ

−T sin ϕ I cos ϕ

)
(3.13)

¨ ¥° μ¡· É´μ° ¶·¨¢μ¤¨É¸Ö ± ¡²μÎ´μ-¤¨ £μ´ ²Ó´μ³Ê ¢¨¤Ê

PAP−1 =

(
B1 0
0 B2

)
. (3.14)

‡¤¥¸Ó T Å ³ É·¨Í  · §³¥·´μ¸ÉÓÕ 2 × 2 ¸ ¥¤¨´¨Î´Ò³ μ¶·¥¤¥²¨É¥²¥³,   ³ -
É·¨Í  T̄ Å ¸¨³¶²¥±É¨Î´μ ¸μ¶·Ö¦¥´´ Ö ¥°. Šμ£¤  ¶μ¶¥·¥Î´μ¥ ¤¢¨¦¥´¨¥ Î -
¸É¨ÍÒ Ê¸Éμ°Î¨¢μ, Ô²¥³¥´ÉÒ ³ É·¨ÍÒ T ³μ£ÊÉ ¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò ¨§ ³ É·¨Î´μ£μ
Ê· ¢´¥´¨Ö [23]

T = −
(

1
2

(TrA1 − Tr A4) + sign
(∣∣A2 + Ā3

∣∣)×
×
√∣∣A2 + Ā3

∣∣+ 1
4

(TrA1 − TrA4)
2

)−1 (
A2 + Ā3

)
, (3.15)

B1 = A1 − A2T, B2 = A4 − T̄A3.

„²Ö ³ É·¨Í B1 ¨ B2 ¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ �¤¢ ·¤¸ Ä’¥´£  ¢ÒÎ¨¸²ÖÕÉ¸Ö
± ± μ¡ÒÎ´Ò¥ ¶ · ³¥É·Ò ’¢¨¸¸ . ’·¥±¨´£ ¤¨¸¶¥·¸¨¨ ¨ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±-
Í¨° �¤¢ ·¤¸ Ä’¥´£  μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¢ÒÎ¨¸²¥´¨¥³ Ô²¥³¥´Éμ¢ Tij ± ± ËÊ´±-
Í¨° ¶·μ¤μ²Ó´μ° ±μμ·¤¨´ ÉÒ. �·¨³¥´¥´¨¥ ³¥Éμ¤  �¤¢ ·¤¸ Ä’¥´£  ¶μ§¢μ²Ö¥É
· ¸¸³ É·¨¢ ÉÓ ¶μ¶¥·¥Î´μ¥ ¤¢¨¦¥´¨¥ ± ± ¶·μ¥±Í¨¨ ¤¢ÊÌ ´¥¸¢Ö§ ´´ÒÌ ³μ¤ ¤¢¨-
¦¥´¨Ö. ˆ´¢ ·¨ ´ÉÒ ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ÔÉ¨³ ³μ¤ ³, ¢ÒÎ¨-
¸²ÖÕÉ¸Ö  ´ ²μ£¨Î´μ ¨´¢ ·¨ ´É ³ ŠÊ· ´É Ä‘´ °¤¥· . �¤´ ±μ ¨¸¶μ²Ó§μ¢ ´¨¥
ËÊ´±Í¨°, ¢ÒÎ¨¸²¥´´ÒÌ ÔÉ¨³ ³¥Éμ¤μ³, ´¥Ê¤μ¡´μ ¨§-§  ´ ²¨Î¨Ö ÉμÎ¥± · §·Ò¢ 
¢ ·¥Ï¥´¨¨ Ê· ¢´¥´¨Ö (3.15). „·Ê£ Ö ¶·μ¡²¥³  ¤ ´´μ£μ ³¥Éμ¤  § ±²ÕÎ ¥É¸Ö ¢
Éμ³, ÎÉμ ¨´¢ ·¨ ´ÉÒ ¤¢¨¦¥´¨Ö, ¶μ²ÊÎ¥´´Ò¥ ¢ É ±μ³ Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥,
¢μμ¡Ð¥ £μ¢μ·Ö, ´¥ ¨³¥ÕÉ μÎ¥¢¨¤´μ° Ë¨§¨Î¥¸±μ° ¨´É¥·¶·¥É Í¨¨. �μÔÉμ³Ê ¶·¨
· ¸Î¥É Ì ¸¢Ö§ ´´μ£μ ¤¢¨¦¥´¨Ö ¢ μ¡ÒÎ´ÒÌ ¦¥¸É±μËμ±Ê¸¨·ÊÕÐ¨Ì ´ ±μ¶¨É¥²ÖÌ
³¥Éμ¤ �¤¢ ·¤¸ Ä’¥´£  ´¥ ´ Ï¥² Ï¨·μ±μ£μ ¶·¨³¥´¥´¨Ö.

„²Ö Ëμ±Ê¸¨·ÊÕÐ¥° ¸É·Ê±ÉÊ·Ò ¸É¥²² É·μ´  ¶·¨ ³ ²μ° ¢¥²¨Î¨´¥ £· ¤¨¥´É 
¸¶¨· ²Ó´μ£μ ±¢ ¤·Ê¶μ²Ó´μ£μ ¶μ²Ö ³ É·¨Í  B1 ¢ (3.14) ¸ Ìμ·μÏ¥° ÉμÎ´μ¸ÉÓÕ
· ¢´  ¡²μ±Ê (

m11 m13

m31 m33

)
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¨§ ³ É·¨ÍÒ ±μ²ÓÍ  ¢ Ëμ·³¥ (3.3), ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¨´¢ ·¨ ´É ¤¢¨¦¥´¨Ö Å
ÔÉμ ¢¥²¨Î¨´  ¶²μÐ ¤¨ ¶μ¶¥·¥Î´μ£μ ¸¥Î¥´¨Ö ¶ÊÎ±  Sb, ¸μÌ· ´¥´¨¥ ±μÉμ·μ°
¸²¥¤Ê¥É É ±¦¥ ¨§ ¨§¢¥¸É´μ° É¥μ·¥³Ò 	ÊÏ . ‘É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ �¤¢ ·¤¸ Ä
’¥´£  β ¨ α, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ÔÉμ° ³μ¤¥ ±μ²¥¡ ´¨°, Ö¢²ÖÕÉ¸Ö ¡¥§· §³¥·´Ò³¨
¢¥²¨Î¨´ ³¨, ±μÉμ·Ò¥ μ¶¨¸Ò¢ ÕÉ Ô²²¨¶É¨Î´μ¸ÉÓ ¶μ¶¥·¥Î´μ£μ ¸¥Î¥´¨Ö ¶ÊÎ± .
� ¶·¨³¥·, ¢ ÉμÎ± Ì ¸ ´Ê²¥¢Ò³ §´ Î¥´¨¥³ α-ËÊ´±Í¨¨ ¶μ¶¥·¥Î´Ò¥ · §³¥·Ò
¶ÊÎ±  · ¢´Ò

xb =
√

Sbβ, zb =
√

Sb/β.

ˆ´¢ ·¨ ´É ¤¢¨¦¥´¨Ö, ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¢Éμ·μ° ³μ¤¥ ±μ²¥¡ ´¨°, ¶·¨³¥·´μ · -
¢¥´ ±¢ ¤· ÉÊ ¶μ¶¥·¥Î´μ° ¸±μ·μ¸É¨ Î ¸É¨ÍÒ ¨²¨, ¸ ÉμÎ´μ¸ÉÓÕ ¤μ ±μ´¸É ´ÉÒ,
É¥³¶¥· ÉÊ·¥ ¶μ¶¥·¥Î´μ° ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò. ’ ± Ö Ë¨§¨Î¥¸±¨ ´ £²Ö¤´ Ö ¨´-
É¥·¶·¥É Í¨Ö ¨´¢ ·¨ ´Éμ¢ ¤¢¨¦¥´¨Ö ¢ ¸²ÊÎ ¥ Ëμ±Ê¸¨·μ¢±¨ ¶·μ¤μ²Ó´Ò³ ³ £-
´¨É´Ò³ ¶μ²¥³ ¤¥² ¥É ³¥Éμ¤ �¤¢ ·¤¸ Ä’e´£  ¤μ¸É ÉμÎ´μ ¶·¨¢²¥± É¥²Ó´Ò³.
„²Ö ´ ±μ¶¨É¥²Ö LEPTA · ¸Î¥É ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° �¤¢ ·¤¸ Ä’e´£  ¡Ò²
¶·μ¨§¢¥¤¥´ ¢ · ¡μÉ¥ [28]. �¤´ ±μ ¶·¨ ¡μ²ÓÏμ° ¢¥²¨Î¨´¥ £· ¤¨¥´É  ¸¶¨· ²Ó-
´μ£μ ±¢ ¤·Ê¶μ²Ó´μ£μ ¶μ²Ö ¶²μÐ ¤Ó ¶μ¶¥·¥Î´μ£μ ¸¥Î¥´¨Ö ¶ÊÎ±  ¨ É¥³¶¥· ÉÊ· 
¥£μ ¢ ¶μ¶¥·¥Î´μ³ ´ ¶· ¢²¥´¨¨ ¶¥·¥¸É ÕÉ ¡ÒÉÓ ´¥§ ¢¨¸¨³Ò³¨, ¨ ¨´É¥·¶·¥É -
Í¨Ö ·¥§Ê²ÓÉ Éμ¢ · ¸Î¥É  ¸É ´μ¢¨É¸Ö ¶·μ¡²¥³ É¨Î´μ°. Š·μ³¥ Éμ£μ, ¢ ´ ¸ÉμÖ-
Ð¥¥ ¢·¥³Ö ¢ ³¥Éμ¤¥ �¤¢ ·¸ Ä’¥´£  μÉ¸ÊÉ¸É¢Ê¥É · §¢¨É Ö É¥μ·¨Ö ´¥²¨´¥°´ÒÌ
±μ²¥¡ ´¨°.

3.5. Œ¥Éμ¤ ± ´μ´¨Î¥¸±¨ ¸μ¶·Ö¦¥´´ÒÌ ¶¥·¥³¥´´ÒÌ. „·Ê£μ° ³¥Éμ¤, ¨¸-
¶μ²Ó§Ê¥³Ò° ¢ · ¸Î¥É Ì, ¶·¥¤¸É ¢²¥´´ÒÌ ¢ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥, Å ¶μ¨¸± ¸μ¡-
¸É¢¥´´ÒÌ ¢¥±Éμ·μ¢ ³ É·¨ÍÒ ¶¥·¥Ìμ¤ , § ¶¨¸ ´´μ° ¤²Ö ± ´μ´¨Î¥¸±¨ ¸μ¶·Ö-
¦¥´´ÒÌ ¶¥·¥³¥´´ÒÌ. �  ¶¥·¢μ³ Ï £¥  ²£μ·¨É³  ³ É·¨Í  ¶¥·¥Ìμ¤  ¶·¨¢μ-
¤¨É¸Ö ± ¸¨³¶²¥±É¨Î´μ³Ê ¢¨¤Ê. “¸²μ¢¨¥ ¸¨³¶²¥±É¨Î´μ¸É¨ ³ É·¨ÍÒ μ¶·¥¤¥²Ö-
¥É¸Ö · ¢¥´¸É¢μ³

MT MSM = MS , (3.16)

£¤¥ ¨´¤¥±¸ T μ¡μ§´ Î ¥É É· ´¸¶μ´¨·μ¢ ´¨¥, MS Å μ¡μ¡Ð¥´¨¥ ¸¨³¶²¥±É¨Î-
´μ° ³ É·¨ÍÒ

MS =

[
0 1
−1 0

]
.

�Éμ ¸μμÉ´μÏ¥´¨¥ μ§´ Î ¥É, ÎÉμ ³ É·¨Í  M μ¶·¥¤¥²Ö¥É ¶·¥μ¡· §μ¢ ´¨¥ ¤²Ö
± ´μ´¨Î¥¸±¨ ¸μ¶·Ö¦¥´´ÒÌ ¶¥·¥³¥´´ÒÌ. ®�¥± ´μ´¨Î¥¸± Ö¯ ³ É·¨Í  M ³μ-
¦¥É ¡ÒÉÓ ¶·¥μ¡· §μ¢ ´  ¢ ®± ´μ´¨Î¥¸±ÊÕ¯ Ëμ·³Ê MC ¸ ¶μ³μÐÓÕ ´¥±μ°
³ É·¨ÍÒ MQ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

MC = MQMM−1
Q . (3.17)
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‚ ÔÉμ³ ¸²ÊÎ ¥ ¢¥±Éμ· X ±μμ·¤¨´ É Î ¸É¨Í ¶·¥μ¡· §Ê¥É¸Ö ± ± ´μ´¨Î¥¸±μ³Ê
¢¨¤Ê

XC = MQX, (3.18)

£¤¥ ¨´¤¥±¸ C μ§´ Î ¥É ± ´μ´¨Î¥¸±ÊÕ ¸μ¶·Ö¦¥´´μ¸ÉÓ. Œ É·¨Í  MQ ³μ¦¥É
¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥

MQ =

⎛
⎜⎜⎜⎝

1 0 0 0
0 1 q 0
0 0 1 0
−q 0 0 1

⎞
⎟⎟⎟⎠ . (3.19)

ŠμÔËË¨Í¨¥´É q μ¶·¥¤¥²Ö¥É¸Ö ¨§ ³ É·¨Î´μ£μ Ê· ¢´¥´¨Ö

2q
(
MT J − JM−1

)
= MSM−1 − MT MS ,

£¤¥

J =

⎛
⎜⎜⎜⎝

0 0 −1 0
0 0 0 0
1 0 0 0
0 0 0 0

⎞
⎟⎟⎟⎠ . (3.20)

‚ ´ Ï¥³ ¸²ÊÎ ¥, ±μ£¤  ¶·μ¤μ²Ó´μ¥ ³ £´¨É´μ¥ ¶μ²¥ μ¤¨´ ±μ¢μ ¶μ §´ Î¥´¨Õ
¢μ ¢¸¥Ì ÉμÎ± Ì μ·¡¨ÉÒ, ±μÔËË¨Í¨¥´É q = 0,5ρL, £¤¥ ρL Å ² ·³μ·μ¢¸±¨° · -
¤¨Ê¸ Î ¸É¨ÍÒ. ”¨§¨Î¥¸±¨° ¸³Ò¸² É ±μ£μ ¶·¥μ¡· §μ¢ ´¨Ö ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ
¢ ¶·¨¸ÊÉ¸É¢¨¨ ³ £´¨É´μ£μ ¶μ²Ö ±μ³¶μ´¥´ÉÒ ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ, ± ´μ´¨Î¥¸±¨
¸μ¶·Ö¦¥´´Ò¥ ¥e ±μμ·¤¨´ É ³, § ¤ ÕÉ¸Ö ¨§¢¥¸É´Ò³ ¢Ò· ¦¥´¨¥³ ¤²Ö μ¡μ¡Ðe´-
´μ£μ ¨³¶Ê²Ó¸  PC = p+eA, £¤¥ A Å ¢¥±Éμ·´Ò° ¶μÉ¥´Í¨ ². �·¥μ¡· §μ¢ ´¨¥
(3.18) μ¸ÊÐ¥¸É¢²Ö¥É ¶¥·¥Ìμ¤ ± É ±¨³ ±μ³¶μ´¥´É ³ ¨³¶Ê²Ó¸ .

�μ¸²¥ ¶¥·¥Ìμ¤  ± ± ´μ´¨Î¥¸±¨ ¸μ¶·Ö¦¥´´Ò³ ¶¥·¥³¥´´Ò³ ´ Ìμ¤¨³ ¸μ¡-
¸É¢¥´´Ò¥ ¢¥±Éμ·Ò Vj , j = 1, . . . , 4, ³ É·¨ÍÒ ¶¥·¥Ìμ¤ . ‘μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò
μ¶·¥¤¥²ÖÕÉ¸Ö ¸ ÉμÎ´μ¸ÉÓÕ ¤μ ¶·μ¨§¢μ²Ó´μ° ±μ´¸É ´ÉÒ, ±μÉμ· Ö ³μ¦¥É ¡ÒÉÓ
¢Ò¡· ´  ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ê¸²μ¢¨¥³ ´μ·³¨·μ¢±¨

Y T
j MSY ∗

k =

{
−2i, j = k,

0, j 
= k,
(3.21)

£¤¥ ¨´¤¥±¸ ∗ μ§´ Î ¥É, ± ± μ¡ÒÎ´μ, ±μ³¶²¥±¸´ÊÕ ¸μ¶·Ö¦¥´´μ¸ÉÓ. ’ ± Ö ´μ·-
³¨·μ¢±  ¢ ¸²ÊÎ ¥ ´¥§ ¢¨¸¨³μ£μ ¤¢¨¦¥´¨Ö ¢ £μ·¨§μ´É ²Ó´μ° ¨ ¢¥·É¨± ²Ó´μ°
¶²μ¸±μ¸ÉÖÌ ¶·¨¢μ¤¨É ± μ¡Ð¥¶·¨´ÖÉÒ³ ¢Ò· ¦¥´¨Ö³ ¤²Ö ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨°
¢ Ëμ·³¥ ¶ · ³¥É·μ¢ ’¢¨¸¸ . �μ·³ ²¨§μ¢ ´´Ò¥ ¸μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò ³μ¦´μ
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¶μ²ÊÎ¨ÉÓ ¨§ ¢ÒÎ¨¸²¥´´ÒÌ ¸μ¡¸É¢¥´´ÒÌ ¢¥±Éμ·μ¢ Vj ¸ ÊÎ¥Éμ³ Ê¸²μ¢¨Ö (3.21),
¨¸¶μ²Ó§ÊÖ ¢Ò· ¦¥´¨¥

Yj = −Vj

√
1
2
(
V T

j SV ∗
j

)
. (3.22)

�¥Ï¥´¨¥ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´μ Éμ£¤  ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

x =
1
2
(
I1Y1,1 + I∗1Y ∗

1,1

)
+

1
2
(
I2Y2,1 + I∗2Y ∗

2,1

)
+ Dx

Δp

p
,

z =
1
2
(
I1Y1,3 + I∗1Y ∗

1,3

)
+

1
2
(
I2Y2,3 + I∗2 Y ∗

2,3

)
+ Dy

Δp

p
,

(3.23)

£¤¥ I1,2 Å ¨´¢ ·¨ ´ÉÒ ¤¢¨¦¥´¨Ö, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¤¢Ê³ ¸μ¡¸É¢¥´´Ò³ ³μ¤ ³
±μ²¥¡ ´¨°. “· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö (3.23) ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´μ ¢ ³ É·¨Î´μ°
Ëμ·³¥

X =
1
2
Q−1ZI + D

Δp

p
, (3.24)

£¤¥ ¢¥±Éμ· ¨´¢ ·¨ ´Éμ¢

I =

⎛
⎜⎜⎜⎜⎜⎝

I1

I∗1

I2

I∗2

⎞
⎟⎟⎟⎟⎟⎠

· ¸¸Î¨É ´ ¶μ Ëμ·³Ê²¥
I =

√
2Z−1XC ,

Z = (Y1 Y ∗
1 Y2 Y ∗

2 ) Å ³ É·¨Í  · §³¥·´μ¸ÉÓÕ 4 × 4, μ¡· §μ¢ ´´ Ö ¨§ ¢Ò-
¡· ´´ÒÌ ´μ·³ ²¨§μ¢ ´´ÒÌ ¸μ¡¸É¢¥´´ÒÌ ¢¥±Éμ·μ¢. CÉ·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ ´ -
±μ¶¨É¥²Ö, μ¶¨¸Ò¢ ÕÐ¨¥ ¶ · ³¥É·Ò ¶ÊÎ±  ¶μ¤μ¡´μ ¨´¢ ·¨ ´É ³ ŠÊ· ´É Ä
‘´ °¤¥· , ³μ£ÊÉ ¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò ¨§ ³ É·¨ÍÒ Z:

βm, n = Z2m−1, nZ2m−1, n;

γm, n = Z2m, nZ2m, n;

αm, n = Z2m−1, nZ2m, n.

ˆ´¤¥±¸Ò m = 1, 2 ¸μμÉ¢¥É¸É¢ÊÕÉ ¶μ¶¥·¥Î´Ò³ ±μμ·¤¨´ É ³ x ¨ z, n = 1, 2 Å
¤¢Ê³ ¸μ¡¸É¢¥´´Ò³ ³μ¤ ³.

Šμ³¶²¥±¸´Ò° ¨´¢ ·¨ ´É ¤¢¨¦¥´¨Ö ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´ ¢ Ëμ·³¥ I =
|I| eiϕ, £¤¥ |I| ¶·μ¶μ·Í¨μ´ ²¥´ ¢¥²¨Î¨´¥ μ¡Ñ¥³  Î¥ÉÒ·¥Ì³¥·´μ£μ £¨¶¥·Ô²²¨¶-
¸μ¨¤ , ¶·¥¤¸É ¢²¥´´μ£μ Ë §μ¢μ° É· ¥±Éμ·¨¥° Î ¸É¨Í, ¨ ϕ Å ´ Î ²Ó´ Ö Ë § 
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±μ²¥¡ ´¨° Î ¸É¨ÍÒ. ‚ÒÎ¨¸²¥´¨¥ ´μ·³ ²¨§μ¢ ´´ÒÌ ¸μ¡¸É¢¥´´ÒÌ ¢¥±Éμ·μ¢ ¨
¨´¢ ·¨ ´Éμ¢ ¤¢¨¦¥´¨Ö ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ¸·¥¤´¥±¢ ¤· É¨Î´ÊÕ ³ É·¨ÍÊ ¤²Ö
μ¡¥¨Ì ³μ¤:

Σ =
2∑

j=1

Σj =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

〈xx〉
〈

x
px

p

〉
〈xz〉

〈
x

pz

p

〉
〈

px

p
x

〉 〈
px

p

px

p

〉 〈
px

p
z

〉 〈
px

p

pz

p

〉

〈zx〉
〈

z
px

p

〉
〈zz〉

〈
z
pz

p

〉
〈

pz

p
x

〉 〈
pz

p
x

〉 〈
pz

p
z

〉 〈
pz

p

pz

p

〉

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, (3.25)

£¤¥

Σj =
1
2
IjI

∗
j

(
Yj

(
Y ∗

j

)T + Y ∗
j Y T

j

)
.

“£²μ¢Ò¥ ¸±μ¡±¨ 〈. . .〉 μ§´ Î ÕÉ ¨´É¥£· ² ¶μ Ë § ³ ϕ1 ¨ ϕ2 ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì
³μ¤ ±μ²¥¡ ´¨°, ¶μ¤¥²e´´Ò° ´  4π2. Š ¦¤Ò° Ô²¥³¥´É ³ É·¨ÍÒ · ¢¥´ ¸·¥¤-
´¥³Ê ±¢ ¤· ÉÊ ¶μ²Êμ¸¨ ¶·μ¥±Í¨¨ £¨¶¥·Ô²²¨¶¸μ¨¤ , μ¶¨¸Ò¢ ¥³μ£μ Î ¸É¨Í¥° ¢
¸μμÉ¢¥É¸É¢ÊÕÐ¥° Ë §μ¢μ° ¶²μ¸±μ¸É¨.

�·¥¤¸É ¢²¥´´Ò° Ëμ·³ ²¨§³ ¶μ§¢μ²Ö¥É ¶μ ´ Î ²Ó´Ò³ ±μμ·¤¨´ É ³ Î -
¸É¨ÍÒ μ¶·¥¤¥²¨ÉÓ ¨´¢ ·¨ ´ÉÒ ¥¥ ¤¢¨¦¥´¨Ö,   ¸ ¶μ³μÐÓÕ ³ É·¨ÍÒ (3.25)
¶μ¸É·μ¨ÉÓ ¶·μ¥±Í¨¨ ¥¥ Ë §μ¢μ° É· ¥±Éμ·¨¨ ´  ¶μ¶¥·¥Î´Ò¥ Ë §μ¢Ò¥ ¶²μ¸±μ-
¸É¨ ¢ ²Õ¡μ³ ¸¥Î¥´¨¨ ´ ±μ¶¨É¥²Ö. Š·μ³¥ Éμ£μ, ¤ ´´Ò° ³¥Éμ¤ Ö¢²Ö¥É¸Ö ¥¸É¥-
¸É¢¥´´Ò³ μ¡μ¡Ð¥´¨¥³ ¸É ´¤ ·É´μ° É¥μ·¨¨ ¦¥¸É±μ° Ëμ±Ê¸¨·μ¢±¨ ´  ¸²ÊÎ °
¡μ²ÓÏ¥£μ Î¨¸²  ¶¥·¥³¥´´ÒÌ, ¨ ¢ ¥£μ · ³± Ì ³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´ · §¢¨-
ÉÒ° £ ³¨²ÓÉμ´μ¢ Ëμ·³ ²¨§³ ¤²Ö  ´ ²¨§  ´¥²¨´¥°´μ£μ ¤¢¨¦¥´¨Ö. �¥²¨´¥°´Ò¥
ÔËË¥±ÉÒ ³μ£ÊÉ ¨£· ÉÓ §´ Î¨É¥²Ó´ÊÕ ·μ²Ó ¢ ¤¨´ ³¨±¥ Î ¸É¨Í ¢ ³μ¤¨Ë¨Í¨·μ-
¢ ´´μ³ ¡¥É É·μ´¥ ¨§-§  ¶·¨¸ÊÉ¸É¢¨Ö ´¥μ¤´μ·μ¤´μ¸É¥° (®μÏ¨¡μ±¯) ¶·μ¤μ²Ó-
´μ£μ ³ £´¨É´μ£μ ¶μ²Ö,   É ±¦¥ ¥£μ · ¤¨ ²Ó´μ° § ¢¨¸¨³μ¸É¨ ¢ Éμ·μ¨¤ ²Ó´ÒÌ
¸¥±Í¨ÖÌ ±μ²ÓÍ . �μ¸²¥¤´ÖÖ ´¥²¨´¥°´μ¸ÉÓ ¸¢Ö§ ´  ¸ ¸ ³¨³ ¶·¨´Í¨¶μ³ · ¡μÉÒ
´ ±μ¶¨É¥²Ö ¨ ´¥ ³μ¦¥É ¡ÒÉÓ ¸¢¥¤¥´  ± ³¨´¨³Ê³Ê, ± ± ¢ ¤·Ê£¨Ì μ¶É¨Î¥¸±¨Ì
Ô²¥³¥´É Ì. ’ ±, ´ ¶·¨³¥·, ´¥²¨´¥°´Ò¥ Î²¥´Ò ¢ · §²μ¦¥´¨¨ ¶μ²¥° ¸¶¨· ²Ó-
´μ° ±¢ ¤·Ê¶μ²Ó´μ° μ¡³μÉ±¨ ³μ£ÊÉ ¡ÒÉÓ ¸¤¥² ´Ò ¶· ±É¨Î¥¸±¨ ´Ê²¥¢Ò³¨ § 
¸Î¥É μ¸μ¡μ° ±μ´¸É·Ê±Í¨¨ μ¡³μÉμ±. ˜¨·¨´  ¨ ³μÐ´μ¸ÉÓ ´¥²¨´¥°´ÒÌ ·¥§μ-
´ ´¸μ¢ ³μ¦¥É ¡ÒÉÓ μÍ¥´¥´ , ´ ¶·¨³¥·, ³¥Éμ¤μ³ Ê¸·¥¤´¥´¨Ö, μ¶¨¸ ´´Ò³ ¢
[29], ¸ ³μ¤¨Ë¨± Í¨Ö³¨, ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ¤¢ÊÌ³¥·´μ³Ê ¸²ÊÎ Õ. ‚ ¤ ´´μ³
μ¡§μ·¥ μ¡¸Ê¦¤ ¥É¸Ö ¤¨´ ³¨±  Í¨·±Ê²¨·ÊÕÐ¥£μ ¶ÊÎ±  Éμ²Ó±μ ¢ ²¨´¥°´μ³ ¶·¨-
¡²¨¦¥´¨¨.
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4. ��Š��ˆ’…‹ˆ ®•�‹�„�›•¯ �“—Š�‚

“¸É ´μ¢±  MOBY/LEPTA ¶·μ¥±É¨·μ¢ ² ¸Ó ¸ ÊÎ¥Éμ³ ¤¢ÊÌ ¢μ§³μ¦´ÒÌ ·¥-
¦¨³μ¢ ¥¥ · ¡μÉÒ. �¸´μ¢´μ¥ ¥¥ ´ §´ Î¥´¨¥ Å Ô²¥±É·μ´´μ¥ μÌ² ¦¤¥´¨¥ ¶μ-
§¨É·μ´μ¢ ¨ £¥´¥· Í¨Ö ¨´É¥´¸¨¢´ÒÌ ¶μÉμ±μ¢  Éμ³μ¢ ¶μ§¨É·μ´¨Ö. ‚ ÔÉμ³ ·¥-
¦¨³¥ Ô´¥·£¨Ö Í¨·±Ê²¨·ÊÕÐ¥£μ ¶μ§¨É·μ´´μ£μ ¶ÊÎ±  ¶μ¸ÉμÖ´´  ¨ ¸μ¸É ¢²Ö¥É
∼ 10 ±Ô‚,   ¥£μ ¨´É¥´¸¨¢´μ¸ÉÓ, μ¶·¥¤¥²Ö¥³ Ö ¢μ§³μ¦´μ¸ÉÖ³¨ ¨´¦¥±Éμ·  ´ 
¡ §¥ · ¤¨μ ±É¨¢´μ£μ ¨¸ÉμÎ´¨± , ´¥ ¶·¥¢ÒÏ ¥É 50 ³±�. �Í¥´±¨ Ì · ±É¥·-
´μ£μ ¢·¥³¥´¨ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö ¤ ÕÉ ¢¥²¨Î¨´Ê ¶μ·Ö¤±  ´¥¸±μ²Ó±¨Ì
³¨²²¨¸¥±Ê´¤, ¨ ³μ¦´μ ¶·¥¤¶μ²o¦¨ÉÓ, ÎÉμ ¢¸¥ ¤¨ËËÊ§¨μ´´Ò¥ ¶·μÍ¥¸¸Ò, ¶·¨-
¢μ¤ÖÐ¨¥ ± ÊÌÊ¤Ï¥´¨Õ ± Î¥¸É¢  ¶μ§¨É·μ´´μ£μ ¶ÊÎ± , ¡Ê¤ÊÉ ¶μ¤ ¢²¥´Ò μÌ² -
¦¤¥´¨¥³. �·μ¥±É´ Ö ¢¥²¨Î¨´  ¶·μ¤μ²Ó´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ¢ ÔÉμ³ ·¥¦¨³¥
· ¡μÉÒ ¸μ¸É ¢²Ö¥É 400 ƒ¸ (É ¡². 2), ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ¡μ²¥¥ Î¥³ 300 Ï £ ³
² ·³μ·μ¢¸±μ° ¸¶¨· ²¨ ¶μ§¨É·μ´μ¢ ´  ¶¥·¨³¥É·¥ ´ ±μ¶¨É¥²Ö. Œμ¦´μ μ¦¨-
¤ ÉÓ, ÎÉμ ·¥§μ´ ´¸Ò ¸Éμ²Ó ¢Ò¸μ±μ£μ ¶μ·Ö¤±  É ±¦¥ ´¥ ¡Ê¤ÊÉ ¸ÊÐ¥¸É¢¥´´μ
¢²¨ÖÉÓ ´  ± Î¥¸É¢μ ¶ÊÎ± . � ¨¡μ²¥¥ ¸¥·Ó¥§´Ò³ É·¥¡μ¢ ´¨¥³ ± ´ ±μ¶¨É¥²Õ ¢
ÔÉμ³ ·¥¦¨³¥ · ¡μÉÒ Ö¢²Ö¥É¸Ö μ¡¥¸¶¥Î¥´¨¥ ¡μ²ÓÏμ£μ ¢·¥³¥´¨ ¦¨§´¨ Í¨·±Ê-
²¨·ÊÕÐ¨Ì ¶μ§¨É·μ´μ¢ ∼ 100 ¸, ÎÉμ ¶·¨ ´¨§±μ° Ô´¥·£¨¨ Ö¢²Ö¥É¸Ö ¸¥·Ó¥§´μ°
¶·μ¡²¥³μ°.

Šμ´¸É·Ê±Í¨Ö ³ £´¨É´μ° ¸¨¸É¥³Ò ¡Ò²  · §· ¡μÉ ´  É ±¨³ μ¡· §μ³, ÎÉμ¡Ò,
±·μ³¥ μ¸´μ¢´μ£μ ´ §´ Î¥´¨Ö Ê¸É ´μ¢±¨, ¨³¥ÉÓ ¢μ§³μ¦´μ¸ÉÓ ¶·μ¢¥·¨ÉÓ ¢μ§-
³μ¦´μ¸ÉÓ ¥¥ ¨¸¶μ²Ó§μ¢ ´¨Ö ¢ ± Î¥¸É¢¥ ¸¨¸É¥³Ò Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö ¸
Í¨·±Ê²¨·ÊÕÐ¨³ Ô²¥±É·μ´´Ò³ ¶ÊÎ±μ³. ‚ ÔÉμ³ ¸²ÊÎ ¥ Éμ± Ô²¥±É·μ´´μ£μ ¶ÊÎ± 
¦¥² É¥²Ó´μ ¨³¥ÉÓ ´  Ê·μ¢´¥ 1 �; ¶·¨ Ô´¥·£¨¨ ¢ ´¥¸±μ²Ó±μ ŒÔ‚, É ± ¦¥, ± ±
¨ ¶·¨ Ô´¥·£¨¨ ¨´¦¥±Í¨¨, ´¥μ¡Ìμ¤¨³ ÊÎ¥É ¢²¨Ö´¨Ö ´  ¤¨´ ³¨±Ê ¸μ¡¸É¢¥´´μ£μ
¶μ²Ö ¶ÊÎ± . ‚μ¶·μ¸ ¢·¥³¥´¨ ¦¨§´¨ Î ¸É¨Í ¢ ÔÉμ³ ¸²ÊÎ ¥ ´¥ ¸Éμ²Ó ¶·¨´Í¨¶¨ -
²¥´, É ± ± ± ¤μ¸É ÉμÎ´μ μ¡¥¸¶¥Î¨ÉÓ Ê¸Éμ°Î¨¢ÊÕ Í¨·±Ê²ÖÍ¨Õ ´  ³ ±¸¨³ ²Ó´μ°
Ô´¥·£¨¨ ¢ É¥Î¥´¨¥ ´¥¸±μ²Ó±¨Ì ¸¥±Ê´¤. �¤´ ±μ ¢¸¥ ¶·μÍ¥¸¸Ò, ¸¶μ¸μ¡´Ò¥ ¶·¨-
¢¥¸É¨ ± ÊÌÊ¤Ï¥´¨Õ ± Î¥¸É¢  ¶ÊÎ± , ¤μ²¦´Ò ¡ÒÉÓ ÉÐ É¥²Ó´μ ¨§ÊÎ¥´Ò. ’ ±,
´ ¶·¨³¥·, ¤²Ö ÔËË¥±É¨¢´μ£μ μÌ² ¦¤¥´¨Ö  ´É¨¶·μÉμ´μ¢ ¢ ´ ±μ¶¨É¥²¥ ®Re-
cy¸ler¯ É·¥¡Ê¥É¸Ö, ÎÉμ¡Ò Ê£²μ¢μ° · §¡·μ¸ Ô²¥±É·μ´μ¢ ¢ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö
¡Ò² ¶μ·Ö¤±  10−4.

“£²μ¢μ° · §¡·μ¸ Í¨·±Ê²¨·ÊÕÐ¥£μ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  μ¶·¥¤¥²Ö¥É¸Ö ´¥-
¸±μ²Ó±¨³¨ Ë ±Éμ· ³¨: É¥³¶¥· ÉÊ·μ° ± Éμ¤  ¨ μ¶É¨±μ° Ô²¥±É·μ´´μ° ¶ÊÏ±¨,
¢μ§³ÊÐ¥´¨Ö³¨ ¢ Ô²¥±É·μ´´μ³ ¶ÊÎ±¥ ¢μ ¢·¥³Ö ¨´¦¥±Í¨¨, Ê¸Éμ°Î¨¢μ¸ÉÓÕ ¶μ¶¥-
·¥Î´μ£μ ¤¢¨¦¥´¨Ö Î ¸É¨Í ¢μ ¢·¥³Ö Ê¸±μ·¥´¨Ö, ¢²¨Ö´¨¥³ ¸¶¨· ²Ó´μ° ±¢ ¤·Ê-
¶μ²Ó´μ° Ëμ±Ê¸¨·μ¢±¨. ‚μ§³ÊÐ¥´¨Ö ¢ Ô²¥±É·μ´´μ³ ¶ÊÎ±¥ ¢μ ¢·¥³Ö ¨´¦¥±Í¨¨
³μ£ÊÉ ¡ÒÉÓ ³¨´¨³¨§¨·μ¢ ´Ò ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ É ± ´ §Ò¢ ¥³μ° ·¥§μ´ ´¸´μ°
μ¶É¨±¨ [22]: ¤²¨´  ¸¥¶ÉÊ³´ÒÌ ¨ ±¨±¥·´ÒÌ μ¡³μÉμ± ¤μ²¦´  ¡ÒÉÓ · ¢´μ° Í¥-
²μ³Ê Î¨¸²Ê Ï £μ¢ ² ·³μ·μ¢¸±μ° ¸¶¨· ²¨ Ô²¥±É·μ´μ¢. “ÌÊ¤Ï¥´¨¥ ¶ · ³¥É·μ¢
Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¢ ¶·μÍ¥¸¸¥ Í¨·±Ê²ÖÍ¨¨ ³μ¦´μ ¶·¥¤¢ ·¨É¥²Ó´μ μÍ¥´¨ÉÓ
Éμ²Ó±μ ´  μ¸´μ¢ ´¨¨ Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¤¨´ ³¨±¨ ¢ ´ ±μ¶¨É¥²¥.



Œ�„ˆ”ˆ–ˆ��‚���›‰ 	…’�’��� 1111

‚¢¨¤Ê ¸¶¥Í¨Ë¨±¨ Ô²¥³¥´Éμ¢ μ¶É¨Î¥¸±μ° ¸É·Ê±ÉÊ·Ò ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ
¡¥É É·μ´  ´¨ μ¤´  ¨§ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ±μ³¶ÓÕÉ¥·´ÒÌ ¶·μ-
£· ³³, μ·¨¥´É¨·μ¢ ´´ÒÌ ´  ¶·μ¥±É¨·μ¢ ´¨¥ Ê¸±μ·¨É¥²¥°, ´¥ ¶μ§¢μ²Ö¥É ¨¸-
¸²¥¤μ¢ ÉÓ ¢¸¥ ¢μ¶·μ¸Ò, ¸¢Ö§ ´´Ò¥ ¸ Ô¢μ²ÕÍ¨¥° ¶ · ³¥É·μ¢ ¶ÊÎ±  ¢ É ±¨Ì
Ê¸É ´μ¢± Ì. �μÔÉμ³Ê ¤²Ö Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¤¨´ ³¨±¨ Î ¸É¨Í ¢ ´ -
±μ¶¨É¥²ÖÌ ¸μ ¸¢Ö§ ´´Ò³ ¤¢¨¦¥´¨¥³ ¢ �ˆŸˆ ¡Ò²  · §· ¡μÉ ´  ¸¶¥Í¨ ²Ó´ Ö
¶·μ£· ³³  BETATRON [30]. � ¸Î¥É ²¨´¥°´μ° ¤¨´ ³¨±¨ Î ¸É¨Í ¢ ÔÉμ° ¶·μ-
£· ³³¥ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ³ É·¨Î´Ò³ ³¥Éμ¤μ³, μ¶¨¸ ´´Ò³ ¢ · §¤. 3. �·μ£· ³³ 
¶·μ¢μ¤¨É  ´ ²¨§ Ê¸Éμ°Î¨¢μ¸É¨ ¤¢¨¦¥´¨Ö Í¨·±Ê²¨·ÊÕÐ¥£μ ¶ÊÎ±  ¢ ²¨´¥°´μ³
¶·¨¡²¨¦¥´¨¨ ¨ ¸É·μ¨É ¤¨ £· ³³Ê Ê¸Éμ°Î¨¢μ¸É¨, · ¸¸Î¨ÉÒ¢ ¥É ¸É·Ê±ÉÊ·´Ò¥
ËÊ´±Í¨¨ ´ ±μ¶¨É¥²Ö, ±·¨É¨Î¥¸±ÊÕ Ô´¥·£¨Õ, ¶μ§¢μ²Ö¥É μÍ¥´¨ÉÓ ±Ê²μ´μ¢¸±¨°
¸¤¢¨£ Î ¸ÉμÉ ±μ²¥¡ ´¨°, μ¸ÊÐ¥¸É¢²Ö¥É É· ¥±Éμ·´Ò°  ´ ²¨§ ¨ · ¸¸Î¨ÉÒ¢ ¥É
¶ · ³¥É·Ò ¶·μ¥±Í¨° É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ ´  ¶μ¶¥·¥Î´Ò¥ Ë §μ¢Ò¥ ¶²μ¸±μ¸É¨.
Š·μ³¥ Éμ£μ, ¶·μ£· ³³  ¶μ§¢μ²Ö¥É μÍ¥´¨ÉÓ Ï¨·¨´Ê ¨ ³μÐ´μ¸ÉÓ ´¥±μÉμ·ÒÌ
´¥²¨´¥°´ÒÌ ·¥§μ´ ´¸μ¢ ³¥Éμ¤μ³ Ê¸·¥¤´¥´¨Ö.

‚ ¤ ´´μ³ · §¤¥²¥ ¶·¨¢μ¤ÖÉ¸Ö μ¸´μ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¤²Ö μ¡μ¨Ì
¶² ´¨·Ê¥³ÒÌ ·¥¦¨³μ¢ · ¡μÉÒ ´ ±μ¶¨É¥²Ö MOBY/LEPTA ¨  ´ ²¨§ ¸¶¥Í¨Ë¨-
Î¥¸±¨Ì μ£· ´¨Î¥´¨° ¤²Ö ± ¦¤μ£μ ¨§ ´¨Ì.

4.1. �·μ¥±É MOBY Å ¸¨¸É¥³  Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö ¸ Í¨·±Ê²¨-
·ÊÕÐ¨³ Ô²¥±É·μ´´Ò³ ¶ÊÎ±μ³. �¸´μ¢´μ¥ É·¥¡μ¢ ´¨¥, ±μÉμ·μ¥ ¤μ²¦´μ ¡ÒÉÓ
¢Ò¶μ²´¥´μ ¶·¨ ¶·μ¥±É¨·μ¢ ´¨¨ ¸¨¸É¥³Ò Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö ¸ Í¨·±Ê-
²¨·ÊÕÐ¨³ Ô²¥±É·μ´´Ò³ ¶ÊÎ±μ³, Å μ¡¥¸¶¥Î¥´¨¥ ¢ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö ¢Ò-
¸μ±μ£μ ± Î¥¸É¢  ¨´É¥´¸¨¢´μ£μ Ô²¥±É·μ´´μ£μ ¶ÊÎ± , ³ ²μ£μ Ê£²μ¢μ£μ · §¡·μ¸ 
¨ ³ ²μ£μ · §¡·μ¸  ¶μ ¨³¶Ê²Ó¸Ê [13]. Œ ²Ò° · §¡·μ¸ ¶μ ¨³¶Ê²Ó¸Ê ³μ¦¥É
¡ÒÉÓ ¶μ²ÊÎ¥´, ´ ¶·¨³¥·, ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¨´¤Ê±Í¨μ´´μ£μ Ê¸±μ·¥´¨Ö [31].
�É  ¢μ§³μ¦´μ¸ÉÓ  ´ ²¨§¨·Ê¥É¸Ö ¢ ¶. 4.3. “£²μ¢μ° · §¡·μ¸ ¢ Í¨·±Ê²¨·ÊÕÐ¥³
¶ÊÎ±¥, ¢ μ¸´μ¢´μ³, μ¶·¥¤¥²Ö¥É¸Ö ¶ · ³¥É· ³¨ ¸¶¨· ²Ó´μ° ±¢ ¤·Ê¶μ²Ó´μ° μ¡-
³μÉ±¨. …¸²¨ ² ·³μ·μ¢¸±¨° · ¤¨Ê¸ Ô²¥±É·μ´μ¢ ³´μ£μ ³¥´ÓÏ¥ Ï £  ¸¶¨· ²¨
±¢ ¤·Ê¶μ²Ö, Ê£²μ¢μ° · §¡·μ¸ ¢ ¸¥±Í¨¨ ¸μ ¸¶¨· ²Ó´μ° ±¢ ¤·Ê¶μ²Ó´μ° μ¡³μÉ±μ°
³μ¦¥É ¡ÒÉÓ μÍ¥´¥´ ± ± Ê£μ² α(s) ³¥¦¤Ê ¸¨²μ¢μ° ²¨´¨¥° ¶μ²Ö ¨ ¶·μ¤μ²Ó´μ°
μ¸ÓÕ. ˆ§ (2.23) ¸²¥¤Ê¥É ¶·¨ χ � 1

α (s) =

√(
dx

ds

)2

+
(

dz

ds

)2

� kχ
√

x2
0 + z2

0 � G

B0
rbeam. (4.1)

‚¥²¨Î¨´  α(s) ²¥¦¨É ¢ μ¡² ¸É¨ ³¥¦¤Ê 10−3 ¨ 10−2 · ¤ ¤²Ö É¨¶¨Î´ÒÌ §´ -
Î¥´¨° (É ¡². 2) £· ¤¨¥´É  ±¢ ¤·Ê¶μ²Ó´μ£μ ¶μ²Ö G ∼ 5−10 ƒ¸/c³ ¨ §´ Î¥-
´¨Ö ¶μ²Ö B0 ∼ 1 ±ƒ¸ ¶·¨ · ¤¨Ê¸¥ ¶ÊÎ±  1 ¸³. �Éμ μ§´ Î ¥É, ÎÉμ ¢´ÊÉ·¨
¸¥±Í¨¨ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö ´ ²¨Î¨¥ ¸¶¨· ²Ó´μ° ±¢ ¤·Ê¶μ²Ó´μ° μ¡-
³μÉ±¨ ´¥¤μ¶Ê¸É¨³μ. ˆ§ Ëμ·³Ê²Ò (4.1) ¢¨¤´μ, ÎÉμ ¶·¥¤¶μÎÉ¨É¥²Ó´μ ¨³¥ÉÓ
¢μ§³μ¦´μ ¡�o²ÓÏÊÕ ¢¥²¨Î¨´Ê ¶·μ¤μ²Ó´μ£μ ¶μ²Ö,   ¢¥²¨Î¨´Ê £· ¤¨¥´É  ¸¶¨-
· ²Ó´μ£μ ¶μ²Ö Å ± ± ³μ¦´μ ³¥´ÓÏÊÕ. 	μ²ÓÏ Ö ¢¥²¨Î¨´  ¶·μ¤μ²Ó´μ£μ ¶μ²Ö
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É ±¦¥ ¶·¥¤¶μÎÉ¨É¥²Ó´  ¨ ¸ ÉμÎ±¨ §·¥´¨Ö ¶μ²ÊÎ¥´¨Ö ³ ±¸¨³ ²Ó´μ° ¢¥²¨Î¨´Ò
¸¨²Ò É·¥´¨Ö ¶·¨ μÌ² ¦¤¥´¨¨ ¨μ´μ¢ [13]. Š·μ³¥ Éμ£μ, ¤²Ö μ¡¥¸¶¥Î¥´¨Ö  ¤¨ -
¡ É¨Î´μ¸É¨ ¤¢¨¦¥´¨Ö Ô²¥±É·μ´μ¢ ¢ ¶μ¢μ·μÉ´ÒÌ ¸¥±Í¨ÖÌ ´ ±μ¶¨É¥²Ö Ï £ ² ·-
³μ·μ¢¸±μ° ¸¶¨· ²¨ ¤μ²¦¥´ ¡ÒÉÓ ¸ÊÐ¥¸É¢¥´´μ ³¥´ÓÏ¥ · ¤¨Ê¸  ¶μ¢μ·μÉ , ÎÉμ,
¸μ ¸¢μ¥° ¸Éμ·μ´Ò, É·¥¡Ê¥É Ê¢¥²¨Î¥´¨Ö ¶·μ¤μ²Ó´μ£μ ¶μ²Ö ¸ Ê¢¥²¨Î¥´¨¥³ Ô´¥·-
£¨¨ Ô²¥±É·μ´μ¢. ‚ ´ ±μ¶¨É¥²¥ MOBY/LEPTA ¤²Ö · ¡μÉÒ ¢ ·¥¦¨³¥ Í¨·±Ê²Ö-
Í¨¨ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¸ Ô´¥·£¨¥° ¢ ´¥¸±μ²Ó±μ ŒÔ‚ ¶·¥¤Ê¸³μÉ·¥´  ³ ±¸¨-
³ ²Ó´ Ö ¢¥²¨Î¨´  ¶·μ¤μ²Ó´μ£μ ¶μ²Ö 1 ±ƒ¸. �μÔÉμ³Ê ¢¸¥ ¤ ²Ó´¥°Ï¨¥ · ¸Î¥ÉÒ
¢ ¤ ´´μ³ ¶Ê´±É¥ ¶·¨¢¥¤¥´Ò ¨³¥´´μ ¤²Ö ÔÉμ£μ §´ Î¥´¨Ö ¶μ²Ö.

„²Ö ¸´¨¦¥´¨Ö £· ¤¨¥´É  ¸¶¨· ²Ó´μ£μ ±¢ ¤·Ê¶μ²Ó´μ£μ ¶μ²Ö ¶·¨ Ë¨±¸¨-
·μ¢ ´´μ° Î ¸ÉμÉ¥ ³¥¤²¥´´μ° ³μ¤Ò ±μ²¥¡ ´¨° Qbet ´¥μ¡Ìμ¤¨³μ, ÎÉμ¡Ò ¸Ê³-
³ ·´ Ö ¤²¨´  ¸¥±Í¨° ¸ É ±¨³ ¶μ²¥³ ¡Ò²  ³ ±¸¨³ ²Ó´ . �μÔÉμ³Ê ¸¶¨· ²Ó´ÊÕ
μ¡³μÉ±Ê ¶·¨Ìμ¤¨É¸Ö ¸ ÔÉμ° Í¥²ÓÕ · §³¥Ð ÉÓ ¢ Éμ·μ¨¤ ²Ó´ÒÌ ¸μ²¥´μ¨¤ Ì ¨,
¥¸²¨ ÔÉμ ¶μ§¢μ²Ö¥É ¸Ì¥³  ¨´¦¥±Í¨¨, ¢ ¶·Ö³μ²¨´¥°´μ° ¸¥±Í¨¨, ¶·μÉ¨¢μ¶μ-
²μ¦´μ° ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö (·¨¸. 5). “¸¨²¥´¨¥ Ëμ±Ê¸¨·μ¢±¨ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ
É ±¦¥ ¢¢¥¤¥´¨¥³ £· ¤¨¥´É  ¶μ¢μ·μÉ´μ£μ ¶μ²Ö ¢ Éμ· Ì (¸³. (2.14)).

�·¨ ·¥§±μ³ (¶μ ¸· ¢´¥´¨Õ ¸ Ï £μ³ ² ·³μ·μ¢¸±μ° ¸¶¨· ²¨ Ô²¥±É·μ´μ¢)
¨§³¥´¥´¨¨ £· ¤¨¥´É  ±¢ ¤·Ê¶μ²Ó´μ£μ ¶μ²Ö ´  ¢Ìμ¤¥ ¨ ¢ÒÌμ¤¥ ¸¥±Í¨¨ μÌ² ¦¤¥-
´¨Ö ¶·¨μ¡·¥Ée´´Ò° §¤¥¸Ó Ê£²μ¢μ° · §¡·μ¸ ¶ÊÎ±  (4.1) ¸μÌ· ´¨É¸Ö ¨ ¢ ¸¥±Í¨¨
μÌ² ¦¤¥´¨Ö. ˆ§¡¥¦ ÉÓ ÔÉμ£μ ³μ¦´μ §  ¸Î¥É  ¤¨ ¡ É¨Î¥¸±¨ ³¥¤²¥´´μ£μ ¨§³¥-
´¥´¨Ö £· ¤¨¥´É  ³ £´¨É´μ£μ ¶μ²Ö ¶·¨ ¶¥·¥Ìμ¤¥ μ¤´μ·μ¤´μ£μ ¶μ²Ö ¢ ¸¥±Í¨Õ
¸μ ¸¶¨· ²Ó´Ò³ ±¢ ¤·Ê¶μ²Ó´Ò³ ¶μ²¥³ ¨ ¶·¨ ¢ÒÌμ¤¥ ¨§ ´¥£μ. �·¨ ÔÉμ³ Ê£²μ¢μ°
· §¡·μ¸ μ¶·¥¤¥²Ö¥É¸Ö ¸μμÉ´μÏ¥´¨¥³,  ´ ²μ£¨Î´Ò³ (2.51):

Δθ ∼ rbeam�

ρ2
L

e−	/ρL
Grbeam

B
, (4.2)

£¤¥ � Å ¤²¨´  ÊÎ ¸É±  ¸¶ ¤  ¨ ·μ¸É  £· ¤¨¥´É  ¶μ²Ö. ‚ ¶·¨¢μ¤¨³ÒÌ ´¨¦¥
Î¨¸²¥´´ÒÌ · ¸Î¥É Ì ¶·μ¢μ¤¨É¸Ö ¸· ¢´¥´¨¥ ¢ ·¨ ´Éμ¢ ¸É·Ê±ÉÊ·Ò ´ ±μ¶¨É¥²Ö
¸μ ¸± Î±μμ¡· §´Ò³ ¨ ²¨´¥°´Ò³ ¶μ ¤²¨´¥ ¨§³¥´¥´¨¥³ £· ¤¨¥´É  ¸¶¨· ²Ó´μ£μ
¶μ²Ö.

� ¸Î¥ÉÒ ¶·μ¢μ¤¨²¨¸Ó ¤²Ö Ô´¥·£¨¨ Ô²¥±É·μ´μ¢ 4,3 ŒÔ‚, ´¥μ¡Ìμ¤¨³μ° ¤²Ö
μÌ² ¦¤¥´¨Ö  ´É¨¶·μÉμ´μ¢ ¢ ´ ±μ¶¨É¥²¥ ®Recycler¯. �·¥¤¶μ² £ ²μ¸Ó, ÎÉμ £¥μ-
³¥É·¨Ö ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò ´ ±μ¶¨É¥²Ö LEPTA ¢ ¤ ´´μ³ ·¥¦¨³¥ · ¡μÉÒ
μ¸É ¥É¸Ö ´¥¨§³¥´´μ°: ¤¢  ¶·Ö³μ²¨´¥°´ÒÌ ¶·μ³¥¦ÊÉ±  ¸ ¶·μ¤μ²Ó´Ò³ ³ £-
´¨É´Ò³ ¶μ²¥³ (¸μ²¥´μ¨¤Ò), ¸μ¥¤¨´¥´´Ò¥ ¢ ·¥°¸É·¥± ¤¢Ê³Ö Éμ·μ¨¤ ²Ó´Ò³¨
¸μ²¥´μ¨¤ ³¨. 	μ²ÓÏ¨¥ · ¤¨Ê¸Ò μ¡μ¨Ì Éμ·μ¢ · ¢´Ò 1,45 ³, μ¡¥ ¶·Ö³μ²¨´¥°-
´Ò¥ ¸¥±Í¨¨ ¨³¥ÕÉ ¤²¨´Ê 4,56 ³. ‘¶¨· ²Ó´Ò¥ ±¢ ¤·Ê¶μ²Ó´Ò¥ μ¡³μÉ±¨ ³μ£ÊÉ
· ¸¶μ² £ ÉÓ¸Ö ²¨¡μ Éμ²Ó±μ ¢ Éμ·μ¨¤ ²Ó´ÒÌ ¸¥±Í¨ÖÌ (·¨¸. 10), ²¨¡μ § ´¨³ ÉÓ
¢¥¸Ó ¶¥·¨³¥É· ´ ±μ¶¨É¥²Ö, §  ¨¸±²ÕÎ¥´¨¥³ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö (·¨¸. 11). ‚
¶¥·¢μ³ ¢ ·¨ ´É¥ ¸É·Ê±ÉÊ·  ´ ±μ¶¨É¥²Ö ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¤¢  ¶¥·¨μ¤  Ëμ±Ê¸¨-
·μ¢±¨, ¢μ ¢Éμ·μ³ ¢ ·¨ ´É¥ ¶¥·¨μ¤¨Î´μ¸ÉÓ μÉ¸ÊÉ¸É¢Ê¥É. „²Ö ¶¥·¢μ£μ ¢ ·¨ ´É 
¶·μ¢μ¤¨²μ¸Ó ¸· ¢´¥´¨¥ ¤¢ÊÌ ·¥ ²¨§ Í¨° μ¶É¨Î¥¸±μ° ¸É·Ê±ÉÊ·Ò ¸ μ¤¨´ ±μ¢Ò³
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ÔËË¥±É¨¢´Ò³ §´ Î¥´¨¥³ ±¢ ¤·Ê¶μ²Ó´μ£μ ¶μ²Ö: ¸± Î±μμ¡· §´μ¥ ¨§³¥´¥´¨¥
£· ¤¨¥´É  ³ £´¨É´μ£μ ¶μ²Ö ¶·¨ ¶¥·¥Ìμ¤¥ ¨§ Éμ·μ¨¤ ²Ó´μ° ¸¥±Í¨¨ ¢ ¶·Ö-
³μ²¨´¥°´Ò° ¸μ²¥´μ¨¤ (·¨¸. 10, a), ¨  ¤¨ ¡ É¨Î¥¸±μ¥ (²¨´¥°´μ¥) ¨§³¥´¥´¨¥
£· ¤¨¥´É  ¶μ²Ö (·¨¸. 10, ¡). ‚ ± ¦¤μ° ¨§ ¸¥±Í¨°, ¸μ¤¥·¦ Ð¨Ì ¸¶¨· ²Ó´ÊÕ
±¢ ¤·Ê¶μ²Ó´ÊÕ μ¡³μÉ±Ê, Î¨¸²μ Ï £μ¢ ¸¶¨· ²¨ ¶μ² £ ²μ¸Ó Í¥²Ò³ ¨ · ¢´Ò³ 2.
�μ± § É¥²Ó ¸¶ ¤  ¶μ¢μ·μÉ´μ£μ ¶μ²Ö ¢ Éμ·μ¨¤ ²Ó´ÒÌ ¸¥±Í¨ÖÌ ¢Ò¡· ´ · ¢´Ò³
0,5 (¸¥±Í¨Ö ®’μ·μ¨¤-1/2¯ ´  ·¨¸Ê´± Ì).

�¨¸. 10. ‘Ì¥³  ¶¥·¨μ¤¨Î¥¸±μ° ¸É·Ê±ÉÊ·Ò ¡¥É É·μ´  ¸ · §²¨Î´μ° ±μ´¸É·Ê±Í¨¥° ±¢ -
¤·Ê¶μ²Ó´μ° μ¡³μÉ±¨: ¸± Î±μμ¡· §´μ¥ (a) ¨  ¤¨ ¡ É¨Î¥¸±μ¥ (¡) ¨§³¥´¥´¨¥ £· ¤¨¥´É 
¶μ²Ö

�¨¸. 11. ‘Ì¥³  ´¥¶¥·¨μ¤¨Î¥¸±μ° ¸É·Ê±ÉÊ·Ò ¡¥É É·μ´ 

“¸Éμ°Î¨¢μ¸ÉÓ ¶μ¶¥·¥Î´μ£μ ¤¢¨¦¥´¨Ö Î ¸É¨Í ¢ MOBY/LEPTA μ¶·¥¤¥²Ö-
¥É¸Ö £² ¢´Ò³ μ¡· §μ³ ¤¢Ê³Ö ¶ · ³¥É· ³¨ Å ¨Ì Ô´¥·£¨¥° ¨ £· ¤¨¥´Éμ³ ¸¶¨-
· ²Ó´μ£μ ±¢ ¤·Ê¶μ²Ó´μ£μ ¶μ²Ö. �μÔÉμ³Ê ¤¨ £· ³³Ê Ê¸Éμ°Î¨¢μ¸É¨ ¤¢¨¦¥´¨Ö
Î ¸É¨ÍÒ Í¥²¥¸μμ¡· §´μ ¶μ¸É·μ¨ÉÓ ¢ ¶²μ¸±μ¸É¨: ®£· ¤¨¥´É Ëμ±Ê¸¨·ÊÕÐ¥£μ
¶μ²Ö Å Ô´¥·£¨Ö Ô²¥±É·μ´μ¢¯. ’ ± Ö ¤¨ £· ³³ , · ¸¸Î¨É ´´ Ö ¤²Ö ¢ ·¨ ´Éμ¢
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Ëμ±Ê¸¨·ÊÕÐ¥° ¸É·Ê±ÉÊ·Ò, ¨§μ¡· ¦¥´´ÒÌ ´  ·¨¸. 10, a ¨ ·¨¸. 11, ¶·¥¤¸É ¢²¥´ 
´  ·¨¸. 12. †¨·´Ò¥ ²¨´¨¨ ´  ¤¨ £· ³³ Ì ¸μμÉ¢¥É¸É¢ÊÕÉ ·¥§μ´ ´¸ ³ Å ¸²Ê-
Î Õ, ±μ£¤  ³μ¤Ê²¨ ¸μ¡¸É¢¥´´ÒÌ Î¨¸¥² ³ É·¨ÍÒ ¶¥·¥Ìμ¤  μ¶É¨Î¥¸±μ° ¸É·Ê±-
ÉÊ·Ò ´¥ · ¢´Ò ¥¤¨´¨Í¥. �±μ²μ ± ¦¤μ° ²¨´¨¨ ·¥§μ´ ´¸  Ê± § ´Ò ¥£μ É¨¶
¨ ¶μ·Ö¤μ±. �  ·¨¸. 12, a ¶μ± § ´μ ¢μ§³μ¦´μ¥ ¶μ²μ¦¥´¨¥ · ¡μÎ¥° ÉμÎ±¨ Å
³¥¦¤Ê 18 ¨ 19 Í¥²Ò³¨ ·¥§μ´ ´¸ ³¨ ¡Ò¸É·μ° ³μ¤Ò ±μ²¥¡ ´¨° ¨ ³¥¦¤Ê ´Ê²¥-
¢Ò³ ¨ ¶¥·¢Ò³ ·¥§μ´ ´¸μ³ ³¥¤²¥´´μ° ³μ¤Ò.

�¨¸. 12. „¨ £· ³³  Ê¸Éμ°Î¨¢μ¸É¨: a) ¶¥·¨μ¤¨Î¥¸± Ö ¸É·Ê±ÉÊ· ; ¡) ´¥¶¥·¨μ¤¨Î¥¸± Ö
¸É·Ê±ÉÊ· . � Å · ¡μÎ Ö ÉμÎ±a

‡´ Î¥´¨¥ δλ = |λ|−1 ¢ μ¡² ¸É¨ ·¥§μ´ ´¸μ¢ ¸¨²Ó´μ § ¢¨¸¨É μÉ ¶ · ³¥É·μ¢
Ëμ±Ê¸¨·ÊÕÐ¥° ¸É·Ê±ÉÊ·Ò ¨ ¸μ¸É ¢²Ö¥É ¶·¨³¥·´μ 10−2−10−3. ‚·¥³Ö ¦¨§´¨
Ô²¥±É·μ´μ¢ ¢ μ¡² ¸É¨ ·¥§μ´ ´¸  τlife ≈ T/nsδλ, £¤¥ T Å ¶¥·¨μ¤ μ¡· Ð¥´¨Ö,
ns Å Î¨¸²μ ¸Ê¶¥·¶¥·¨μ¤μ¢ ¢ ¸É·Ê±ÉÊ·¥. ‚Ò¡· ¢ · ¡μÎÊÕ ÉμÎ±Ê ¢¤ ²¨ μÉ ·¥-
§μ´ ´¸μ¢, ³μ¦´μ μ¡¥¸¶¥Î¨ÉÓ ¤μ²£μ¢·¥³¥´´ÊÕ Ê¸Éμ°Î¨¢μ¸ÉÓ Í¨·±Ê²¨·ÊÕÐ¥£μ
Ô²¥±É·μ´´μ£μ ¶ÊÎ± .

„²Ö ÔËË¥±É¨¢´μ£μ μÌ² ¦¤¥´¨Ö ¨μ´μ¢ ¶ÊÎ±μ³ Ô²¥±É·μ´μ¢ MOBY ¦¥² -
É¥²Ó´μ, ÎÉμ¡Ò Ëμ·³  ¶μ¶¥·¥Î´μ£μ ¸¥Î¥´¨Ö Í¨·±Ê²¨·ÊÕÐ¥£μ Ô²¥±É·μ´´μ£μ
¶ÊÎ±  ¡Ò²  ¡²¨§±  ± ±·Ê£²μ°,   ¤¨¸¶¥·¸¨Ö ¢ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö μÉ¸ÊÉ¸É¢μ-
¢ ² . �¤´ ±μ ¢ ¸É·Ê±ÉÊ·¥ ¸ ¶·μ¤μ²Ó´Ò³ ³ £´¨É´Ò³ ¶μ²¥³ Ê¶· ¢²ÖÉÓ ¤¨¸-
¶¥·¸¨μ´´Ò³¨ ËÊ´±Í¨Ö³¨ (2.35) ¤μ¸É ÉμÎ´μ ¸²μ¦´μ. „¥°¸É¢¨É¥²Ó´μ, ¸μ£² ¸´μ
(2.35) ¤²Ö ÔÉμ£μ ´Ê¦´μ ¢Ò¡· ÉÓ Q0L = 2πQbet = 2πn, n Å Í¥²μ¥, ÎÉμ ÉμÎ´μ
¸μμÉ¢¥É¸É¢Ê¥É Ê¸²μ¢¨Õ ·¥§μ´ ´¸  (3.8). ’ ±, ¤²Ö μ¡¥¨Ì ¸É·Ê±ÉÊ·, ¨§μ¡· ¦¥´-
´ÒÌ ´  ·¨¸. 10, ¢¥·É¨± ²Ó´ Ö ¨ £μ·¨§μ´É ²Ó´ Ö ¤¨¸¶¥·¸¨¨ ¶·¨¸ÊÉ¸É¢ÊÕÉ ´ 
¢¸¥° μ·¡¨É¥ ´ ±μ¶¨É¥²Ö, §  ¨¸±²ÕÎ¥´¨¥³ μÉ¤¥²Ó´ÒÌ ÉμÎ¥± (·¨¸. 13).

�¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ´ ±μ¶¨É¥²Ö MOBY ¶·¨¢¥¤¥´Ò
´  ·¨¸. 14. �²ÓË - ¨ ¡¥É -ËÊ´±Í¨¨, ¤²Ö ¡μ²ÓÏ¥° ´ £²Ö¤´μ¸É¨, ¶¥·¥¸Î¨É ´Ò
´  ÔÉμ³ ·¨¸Ê´±¥ ¢ μÉ´μÏ¥´¨¨ ¶μ²Êμ¸¥° ¶μ¶¥·¥Î´μ£μ ¸¥Î¥´¨Ö ¶ÊÎ±  a/b, ¨
Ê£μ² ´ ±²μ´  ¡μ²ÓÏμ° ¶μ²Êμ¸¨ ¶·¥¤¸É ¢²ÖÕÐ¥£μ Ô²²¨¶¸  ± £μ·¨§μ´É ²Ó´μ°
¶²μ¸±μ¸É¨.



Œ�„ˆ”ˆ–ˆ��‚���›‰ 	…’�’��� 1115

�¨¸. 13. „¨¸¶¥·¸¨μ´´Ò¥ ËÊ´±Í¨¨ ¢ £μ·¨§μ´É ²Ó´μ° (Dx) ¨ ¢¥·É¨± ²Ó´μ° (Dy) ¶²μ¸-
±μ¸ÉÖÌ ´ ±μ¶¨É¥²Ö MOBY. ‘± Î±μμ¡· §´μ¥ (a) ¨  ¤¨ ¡ É¨Î¥¸±μ¥ (¡) ¨§³¥´¥´¨¥ £· -
¤¨¥´É . E = 4,3 ŒÔ‚, G = 10 ƒ¸/c³, μ¤´μÎ ¸É¨Î´μ¥ ¶·¨¡²¨¦¥´¨¥

�¨¸. 14. ‘É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ ´ ±μ¶¨É¥²Ö MOBY. E = 4,3 ŒÔ‚, G = 10 ƒ¸/c³,
μ¤´μÎ ¸É¨Î´μ¥ ¶·¨¡²¨¦¥´¨¥; 1 Å μÉ´μÏ¥´¨e ¶μ¶¥·¥Î´Òx pa§³¥po¢ ¶ÊÎ± ; 2 Å Ê£μ²
³¥¦¤Ê ¡μ²ÓÏμ° ¶μ²Êμ¸ÓÕ Ô²²¨¶¸  ¨ μ¸ÓÕ X

�¤¨ ¡ É¨Î¥¸± Ö ¸É·Ê±ÉÊ· , ¶μ ¸· ¢´¥´¨Õ ¸μ ¸²ÊÎ ¥³ ¸± Î±μμ¡· §´μ£μ ¨§-
³¥´¥´¨Ö £· ¤¨¥´É  ¶μ²Ö, ¶·¨¢μ¤¨É ± ³¥´ÓÏ¨³  ³¶²¨ÉÊ¤ ³ ±μ²¥¡ ´¨° ¤¨¸¶¥·-
¸¨μ´´μ° ËÊ´±Í¨¨ (·¨¸. 13). ‚ ¶·Ö³μ²¨´¥°´μ° ¸¥±Í¨¨, ±μÉμ·ÊÕ ¶² ´¨·Ê¥É¸Ö
¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö, §´ Î¥´¨¥ ¤¨¸¶¥·¸¨¨ ¢ ¢¥·É¨± ²Ó-
´μ° ¶²μ¸±μ¸É¨ ¡²¨§±μ ± ´Ê²Õ,   ¢ £μ·¨§μ´É ²Ó´μ° ¸μ¸É ¢²Ö¥É ¶·¨³¥·´μ 80 ¸³
¶·¨ £· ¤¨¥´É¥ ¸¶¨· ²Ó´μ£μ ¶μ²Ö 10 ƒ¸/¸³. ‚ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö Ô²¥±É·μ´´Ò°
¶ÊÎμ± ¢ ¸²ÊÎ ¥  ¤¨ ¡ É¨Î¥¸±μ° ¸É·Ê±ÉÊ·Ò ¨³¥¥É ¶μ¸ÉμÖ´´ÊÕ ¶μ ¤²¨´¥ ¨ ¶· ±-
É¨Î¥¸±¨ ±·Ê£²ÊÕ Ëμ·³Ê ¶μ¶¥·¥Î´μ£μ ¸¥Î¥´¨Ö. ‡ ¢¨¸¨³μ¸É¨ ¤¨¸¶¥·¸¨μ´´μ° ¨
¡¥É -ËÊ´±Í¨° μÉ £· ¤¨¥´É  Ëμ±Ê¸¨·ÊÕÐ¥£μ ¶μ²Ö (·¨¸. 15, a, ¡) ¶μ± §Ò¢ ÕÉ,
ÎÉμ ¤²Ö ¶μ²ÊÎ¥´¨Ö ³ ²μ£μ §´ Î¥´¨Ö ¤¨¸¶¥·¸¨¨ ¢ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö §´ Î¥´¨¥
£· ¤¨¥´É  ±¢ ¤·Ê¶μ²Ó´μ£μ ¶μ²Ö ¤μ²¦´μ ²¥¦ ÉÓ ¢ ¤¨ ¶ §μ´¥ μÉ 10 ¤μ 15 ƒ¸/¸³.
‚ ÔÉμ³ ¸²ÊÎ ¥ Ô²²¨¶É¨Î´μ¸ÉÓ ¸¥Î¥´¨Ö ¶ÊÎ±  ¤²Ö  ¤¨ ¡ É¨Î¥¸±μ° ¸É·Ê±ÉÊ·Ò
´¥ ¶·¥¢ÒÏ ¥É 20 %.
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�¨¸. 15. ‡ ¢¨¸¨³μ¸É¨ ¸·¥¤´¨Ì §´ Î¥´¨° ¤¨¸¶¥·¸¨¨ (a) ¨ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° (¡)
μÉ £· ¤¨¥´É  ±¢ ¤·Ê¶μ²Ó´μ£μ ¶μ²Ö: 1 Å o¤´μ·μ¤´ Ö ¸¶¨· ²Ó´ Ö μ¡³μÉ±  ¢¤μ²Ó ¢¸¥£μ
¶¥·¨³¥É·  ±μ²ÓÍ ; 2 Å  ¤¨ ¡ É¨Î¥¸±μ¥ ¨§³¥´¥´¨¥ ¢¥²¨Î¨´Ò £· ¤¨¥´É  ´  ¢Ìμ¤¥ ¨
¢ÒÌμ¤¥ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö. E = 4,3 ŒÔ‚, μ¤´μÎ ¸É¨Î´μ¥ ¶·¨¡²¨¦¥´¨¥

“¢¥²¨Î¥´¨¥ £μ·¨§μ´É ²Ó´μ£μ · §³¥·  ¶ÊÎ± , ¸¢Ö§ ´´μ¥ ¸ ¤¨¸¶¥·¸¨¥°, ¶·μ-
¶μ·Í¨μ´ ²Ó´μ ¶·μ¨§¢¥¤¥´¨Õ ¤¨¸¶¥·¸¨¨ ´  · §¡·μ¸ ¶μ ¨³¶Ê²Ó¸Ê, ¨ ¤²Ö μ¦¨¤ -
¥³ÒÌ ¢¥²¨Î¨´ · §¡·μ¸  Δp/p < 10−3 ÊÏ¨·¥´¨¥ ¶ÊÎ±  ´¥ ¶·¥¢ÒÏ ¥É 0,4 ³³,
ÎÉμ ³´μ£μ ³¥´ÓÏ¥ · ¤¨Ê¸  ¶ÊÎ± .

�¨¸. 16. ‡ ¢¨¸¨³μ¸ÉÓ Ê£²μ¢μ£μ · §¡·μ¸  Ô²¥±-
É·μ´μ¢ ¢ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö μÉ £· ¤¨¥´É  ±¢ -
¤·Ê¶μ²Ó´μ£μ ¶μ²Ö: 1 Å μ¤´μ·μ¤´ Ö ¸¶¨· ²Ó-
´ Ö μ¡³μÉ± ; 2 Å  ¤¨ ¡ É¨Î¥¸±μ¥ ¨§³¥´¥´¨¥
¢¥²¨Î¨´Ò £· ¤¨¥´É  ´  ¢Ìμ¤¥ ¨ ¢ÒÌμ¤¥ ¸¥±Í¨¨
μÌ² ¦¤¥´¨Ö. E = 4,3 ŒÔ‚, B = 1 ±ƒ¸, · ¤¨Ê¸
¶ÊÎ±  1 ¸³

“£²μ¢μ° · §¡·μ¸ Ô²¥±É·μ´μ¢ ¢ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö ¸ÊÐ¥¸É¢¥´´μ § ¢¨¸¨É μÉ
§´ Î¥´¨Ö £· ¤¨¥´É  ¸¶¨· ²Ó´μ£μ ±¢ ¤·Ê¶μ²Ó´μ£μ ¶μ²Ö ¨ Ì · ±É¥·  ¥£μ § ¢¨¸¨-
³μ¸É¨ μÉ ±μμ·¤¨´ ÉÒ s (·¨¸. 16). Šμ£¤  ±¢ ¤·Ê¶μ²Ó´ Ö μ¡³μÉ±  § ´¨³ ¥É ¢¥¸Ó
¶¥·¨³¥É· ´ ±μ¶¨É¥²Ö, Î ¸É¨ÍÒ ¨³¥ÕÉ ¡μ²ÓÏμ° Ê£²μ¢μ° · §¡·μ¸, ¶·¨³¥·´μ
¸μμÉ¢¥É¸É¢ÊÕÐ¨° μÍ¥´±¥ (4.1). �´ ²μ£¨Î´ Ö ¸¨ÉÊ Í¨Ö ¨³¥¥É ³¥¸Éμ ¨ ¶·¨
·¥§±μ³ ¨§³¥´¥´¨¨ £· ¤¨¥´É  ¸¶¨· ²Ó´μ£μ ¶μ²Ö. ‚ ¸²ÊÎ ¥  ¤¨ ¡ É¨Î¥¸±μ£μ
¨§³¥´¥´¨Ö £· ¤¨¥´É  Ê£²μ¢μ° · §¡·μ¸ ¢ Ô²¥±É·μ´´μ³ ¶ÊÎ±¥ ¢ ¸¥±Í¨¨ μÌ² -
¦¤¥´¨Ö ¸μ¸É ¢²Ö¥É ³¥´¥¥ 10−3, ÎÉμ ¡²¨§±μ ± É·¥¡Ê¥³μ° ¢¥²¨Î¨´¥ (±·¨¢ Ö 2
´  ·¨¸. 16, ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¸²ÊÎ Õ ²¨´¥°´μ£μ ¸¶ ¤  ¢¥²¨Î¨´Ò £· ¤¨¥´É  ´ 
¢Ìμ¤¥ ¨ ²¨´¥°´μ£μ ·μ¸É  ¢¥²¨Î¨´Ò £· ¤¨¥´É  ´  ¢ÒÌμ¤¥ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö
´  ¤²¨´¥ 1,14 ³ (·¨¸. 10, ¡)).
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4.2. 	ËË¥±ÉÒ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤ . �ËË¥±ÉÒ ¶·μ¸É· ´¸É¢¥´´μ£μ
§ ·Ö¤  ³μ£ÊÉ ¶·¨¢μ¤¨ÉÓ ± μ£· ´¨Î¥´¨Õ Éμ±  Í¨·±Ê²¨·ÊÕÐ¥£μ ¶ÊÎ±  ¨§-§ 
¸¤¢¨£  · ¡μÎ¥° ÉμÎ±¨ ¢ μ¡² ¸ÉÓ ·¥§μ´ ´¸  ¨²¨ ¨§-§  · §¢¨É¨Ö ¶ÊÎ±μ¢ÒÌ ´¥-
Ê¸Éμ°Î¨¢μ¸É¥°. � ¸¸³μÉ·¥´¨¥ ÔÉ¨Ì ÔËË¥±Éμ¢ ´ £²Ö¤´μ ¤¥³μ´¸É·¨·Ê¥É ¶·¥¨³Ê-
Ð¥¸É¢ , ±μÉμ·Ò¥ ¤ ¥É ¢¢¥¤¥´¨¥ ¢ ¡¥É É·μ´ ¤μ¶μ²´¨É¥²Ó´μ£μ  §¨³ÊÉ ²Ó´μ£μ
¶μ²Ö.

� Î´e³ ¸ μÍ¥´±¨ ±Ê²μ´μ¢¸±μ£μ ¸¤¢¨£  Î ¸ÉμÉ (´¥±μ£¥·¥´É´ÒÌ) ¶μ¶¥·¥Î-
´ÒÌ ±μ²¥¡ ´¨° ¢  §¨³ÊÉ ²Ó´μ-¸¨³³¥É·¨Î´μ³ ³μ¤¨Ë¨Í¨·μ¢ ´´μ³ ¡¥É É·μ´¥,
±μÉμ·Ò° ³μ¦´μ · ¸¸Î¨É ÉÓ  ´ ²¨É¨Î¥¸±¨. ‚ μ¡ÒÎ´μ³ ¡¥É É·μ´¥ ¸μ¡¸É¢¥´´μ¥
¶μ²¥ ¶ÊÎ±  ¸ ±·Ê£μ¢Ò³ ¶μ¶¥·¥Î´Ò³ ¸¥Î¥´¨¥³ c · ¤¨Ê¸μ³ a ¨ Î¨¸²μ³ Î ¸É¨Í
Ne ¶·¨¢μ¤¨É ± ¨§³¥´¥´¨Õ ¡¥É É·μ´´μ£μ Î¨¸² , ±μÉμ·μ¥ μ¶¨¸Ò¢ ¥É¸Ö ¨§¢¥¸É-
´μ° Ëμ·³Ê²μ° (É ± ´ §Ò¢ ¥³Ò° ®² ¸²¥ÉÉμ¢¸±¨°¯ ¸¤¢¨£)

ΔQ ≈ re

4π

NeR

β2γ3a2Q
, (4.3)

£¤¥ re Å ±² ¸¸¨Î¥¸±¨° · ¤¨Ê¸ Ô²¥±É·μ´ ; R Å · ¤¨Ê¸ ±·Ê£μ¢μ° μ·¡¨ÉÒ Î -
¸É¨Í. �·¥¤¥²Ó´Ò° Éμ± Ô²¥±É·μ´μ¢ Imax, ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ³ ±¸¨³ ²Ó´μ ¤μ¶Ê-
¸É¨³μ³Ê ¶μ Ê¸²μ¢¨Ö³ Ê¸Éμ°Î¨¢μ¸É¨ ¸¤¢¨£Ê ¡¥É É·μ´´μ£μ Î¨¸²  ΔQmax, ³μ¦¥É
¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

Imax = 2I0β
3γ3

( a

R

)2

QΔQmax, (4.4)

£¤¥ I0 =
e

mc3
Å Ì · ±É¥·¨¸É¨Î¥¸±¨° Éμ±, ¤²Ö Ô²¥±É·μ´μ¢ I0 ≈ 17 ±�.

‚ ³μ¤¨Ë¨Í¨·μ¢ ´´μ³ ¡¥É É·μ´¥ ¸μ¡¸É¢¥´´μ¥ ¶μ²¥ ¶ÊÎ±  ¶· ±É¨Î¥¸±¨ ´¥
¢²¨Ö¥É ´  Î ¸ÉμÉÊ ² ·³μ·μ¢¸±μ£μ ¢· Ð¥´¨Ö Ô²¥±É·μ´μ¢,   ¶·¨¢μ¤¨É ± ¢· Ð¥-
´¨Õ ¶ÊÎ±  ± ± Í¥²μ£μ ¨§-§  Ô²¥±É·¨Î¥¸±μ£μ ¤·¥°Ë  Ô²¥±É·μ´μ¢ ¢ ¸±·¥Ð¥´´ÒÌ
¶·μ¤μ²Ó´μ³ ³ £´¨É´μ³ ¶μ²¥ ¨ · ¤¨ ²Ó´μ³ Ô²¥±É·¨Î¥¸±μ³ ¨  §¨³ÊÉ ²Ó´μ³
³ £´¨É´μ³ ¶μ²ÖÌ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  ¶ÊÎ± :

Er =
2I

βc

r

a2
, Bϕ = βEr.

„·¥°Ëμ¢ Ö ¸±μ·μ¸ÉÓ

vϕ = c
Er − βBϕ

B0
= c

Er

γ2B0

´ ¶· ¢²¥´  ¶μ  §¨³ÊÉÊ, ÎÉμ ¶·¨¢μ¤¨É ± ¢· Ð¥´¨Õ ¶ÊÎ±  ± ± Í¥²μ£μ ¸ Ê£²μ¢μ°
¸±μ·μ¸ÉÓÕ

ϕ̇d =
2I

βγ2B0a2
.

“£μ² ¶·μ¢μ·μÉ  ¶ÊÎ±  §  μ¤¨´ μ¡μ·μÉ ¢ ¡¥É É·μ´¥ μ¶·¥¤¥²Ö¥É ¨§³¥´¥´¨¥ ¡¥-
É É·μ´´μ£μ Î¨¸² , ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ³¥¤²¥´´μ° ³μ¤¥ ±μ²¥¡ ´¨°:

ΔQslow ≈ Trevϕ̇d

2π
.
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�´ ²μ£¨Î´μ (4.3), (4.4) ´ Ìμ¤¨³ ¶·¥¤¥²Ó´Ò° Éμ± Ô²¥±É·μ´μ¢ ¢ ³μ¤¨Ë¨Í¨·μ-
¢ ´´μ³ ¡¥É É·μ´¥:

Imax = β3γ2c
a2B0

2R
ΔQmax = I0β

3γ3 a2

2ρLR
ΔQmax. (4.5)

ˆ§ ¸· ¢´¥´¨Ö ¢Ò· ¦¥´¨° (4.4) ¨ (4.5) ¢¨¤´μ, ÎÉμ ¨¸¶μ²Ó§μ¢ ´¨¥ Éμ·μ¨¤ ²Ó´μ£μ
¶μ²Ö ¶·¨¢μ¤¨É ± ¢Ò¨£·ÒÏÊ ¢ ¢¥²¨Î¨´¥ ¶·¥¤¥²Ó´μ£μ Éμ±  ¢ μÉ´μÏ¥´¨¨

R

4QρL
� 1.

‚ ´ ±μ¶¨É¥²¥ ¸ ¸¥±Í¨μ´¨·μ¢ ´´μ° ¸É·Ê±ÉÊ·μ° μÍ¥´±Ê ¸¤¢¨£  Î ¸ÉμÉ ³μ¦-
´μ ¶·μ¨§¢¥¸É¨ ¤²Ö Ê¶·μÐ¥´´μ° ³μ¤¥²¨ ¶ÊÎ± . � ¶·¨³¥·, ¢ Ê· ¢´¥´¨ÖÌ (3.1)
¢²¨Ö´¨¥ ¸μ¡¸É¢¥´´μ£μ ¶μ²Ö ÊÎÉ¥´μ ¢ ¶·¥¤¶μ²μ¦¥´¨¨, ÎÉμ ¶ÊÎμ± · ¢´μ³¥·´μ
§ ·Ö¦¥´ ¨ ¨³¥¥É ±·Ê£²μ¥ ¶μ¶¥·¥Î´μ¥ ¸¥Î¥´¨¥. Š ± ¶μ± § ´μ ¢ ¶·¥¤Ò¤ÊÐ¥³
· §¤¥²¥, É ±μ¥ ¶·¥¤¶μ²μ¦¥´¨¥ ¤μ¸É ÉμÎ´μ Ìμ·μÏμ ¢Ò¶μ²´Ö¥É¸Ö ¤²Ö ¸£² ¦¥´-
´μ° ¸É·Ê±ÉÊ·Ò ´ ±μ¶¨É¥²Ö MOBY/LEPTA ¨ §´ Î¥´¨Ö £· ¤¨¥´É  G � 10 ƒ¸/¸³.
�·¨ ÔÉμ³ Ô²²¨¶É¨Î´μ¸ÉÓ ¸¥Î¥´¨Ö ¶ÊÎ±  ³¥´ÓÏ¥ 20%. ‘ Ê³¥´ÓÏ¥´¨¥³ £· -
¤¨¥´É  Ô²²¨¶É¨Î´μ¸ÉÓ ¶μ¶¥·¥Î´μ£μ ¸¥Î¥´¨Ö ¶ÊÎ±  ¢μ§· ¸É ¥É, ¨ ¸¤¢¨£ Î ¸ÉμÉ
´¥μ¡Ìμ¤¨³μ · ¸¸Î¨ÉÒ¢ ÉÓ ± ± ¸ ³μ¸μ£² ¸μ¢ ´´μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö ¤¢¨¦¥-
´¨Ö ¸ ÊÎ¥Éμ³ ·¥ ²Ó´μ£μ · ¤¨ ²Ó´μ£μ · ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í. ‚ ¸²ÊÎ ¥ ¶ÊÎ± 
±·Ê£²μ£μ ¸¥Î¥´¨Ö ¸¤¢¨£ Î ¸ÉμÉ ¢ÒÎ¨¸²Ö¥É¸Ö ¨§ ¸μ¡¸É¢¥´´ÒÌ §´ Î¥´¨° ³ É·¨ÍÒ
¶¥·¥Ìμ¤  ±μ²ÓÍ , § ¶¨¸ ´´μ° ¸ ÊÎ¥Éμ³ ¶μ²¥° ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤ . � -
¶·¨³¥·, ¤¨ £· ³³Ò Ê¸Éμ°Î¨¢μ¸É¨, ¶·¨¢¥¤¥´´Ò¥ ´  ·¨¸. 12, · ¸¸Î¨ÉÒ¢ ²¨¸Ó ¸
ÊÎ¥Éμ³ ¸μ¡¸É¢¥´´μ£μ ¶μ²Ö ±·Ê£²μ£μ ¶ÊÎ±  ¸ · ¤¨Ê¸μ³ 1 ¸³ ¨ Éμ±μ³ 0,5 �.
ˆ³¥´´μ ¢²¨Ö´¨¥ ¸μ¡¸É¢¥´´μ£μ ¶μ²Ö ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ ·¥§μ´ ´¸, ¸μμÉ¢¥É-
¸É¢ÊÕÐ¨° ´Ê²¥¢μ³Ê §´ Î¥´¨Õ Î ¸ÉμÉÒ ³¥¤²¥´´μ° ³μ¤Ò ±μ²¥¡ ´¨°, ¸¤¢¨´ÊÉ
¶μ μ¸¨ £· ¤¨¥´É  ¢ ¶μ²μ¦¨É¥²Ó´ÊÕ μ¡² ¸ÉÓ.

ŠÊ²μ´μ¢¸±¨° ¸¤¢¨£ Î ¸ÉμÉ ³¥¤²¥´´μ° ¨ ¡Ò¸É·μ° ³μ¤ ±μ²¥¡ ´¨° ¶ÊÎ± 
±·Ê£²μ£μ ¸¥Î¥´¨Ö ¢μ§· ¸É ¥É ²¨´¥°´μ ¸ Éμ±μ³ ¶ÊÎ±  (·¨¸. 17). �¥μ¡Ìμ¤¨³μ

�¨¸. 17. ‡ ¢¨¸¨³μ¸ÉÓ ¡¥É É·μ´´ÒÌ Î¨¸¥² μÉ ¢¥²¨Î¨´Ò Éμ±  ¶ÊÎ± . E = 4,3 ŒÔ‚,
B0 = 1 ±ƒ¸, G = 10 ƒ¸/c³
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μÉ³¥É¨ÉÓ, ÎÉμ ¢ · ¸¸³ É·¨¢ ¥³μ° Ëμ±Ê¸¨·ÊÕÐ¥° ¸É·Ê±ÉÊ·¥ ¸¤¢¨£ Î ¸ÉμÉÒ ³¥¤-
²¥´´μ° ³μ¤Ò ±μ²¥¡ ´¨° ³μ¦¥É ¡ÒÉÓ ¸±μ³¶¥´¸¨·μ¢ ´ ¨§³¥´¥´¨¥³ ¢¥²¨Î¨´Ò
¶·μ¤μ²Ó´μ£μ ¶μ²Ö ¨ ±¢ ¤·Ê¶μ²Ó´μ£μ £· ¤¨¥´É  ¢μ ¢·¥³Ö Ê¸±μ·¥´¨Ö. �·¨ ³ ±-
¸¨³ ²Ó´μ° Ô´¥·£¨¨ ¶ÊÎ±  ±Ê²μ´μ¢¸±¨° ¸¤¢¨£ Î ¸ÉμÉÒ ³¥¤²¥´´μ° ³μ¤Ò ±μ²¥-
¡ ´¨° ¶·¥´¥¡·¥¦¨³μ ³ ² ¢¶²μÉÓ ¤μ Éμ±  ¶ÊÎ±  ¢ ´¥¸±μ²Ó±μ  ³¶¥· (·¨¸. 17).

�¤´¨³ ¨§ ´ ¨¡μ²¥¥ μ¶ ¸´ÒÌ ¢¨¤μ¢ ¶·μ¤μ²Ó´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨ ¶ÊÎ± 
Ö¢²Ö¥É¸Ö ³¨±·μ¢μ²´μ¢ Ö ´¥Ê¸Éμ°Î¨¢μ¸ÉÓ. „¨´ ³¨±  ¥e · §¢¨É¨Ö ¢ ³μ¤¨Ë¨-
Í¨·μ¢ ´´μ³ ¡¥É É·μ´¥, ¢ ¶·¨´Í¨¶¥, É ± Ö ¦¥, ± ± ¨ ¢ μ¡ÒÎ´μ³ ´ ±μ¶¨É¥²¥.
�μÔÉμ³Ê ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¨§¢¥¸É´Ò° ±·¨É¥·¨° ¶·μ¤μ²Ó´μ° Ê¸Éμ°Î¨¢μ¸É¨
¨´É¥´¸¨¢´μ£μ ¶ÊÎ±  ¸ Éμ±μ³ I (±·¨É¥·¨° Š °² Ä˜´¥²²Ö):

I � 4Flong
mc2β2γ|η|
e|Zn/n| σ2

f , (4.6)

£¤¥ σf Å · §¡·μ¸ Î ¸É¨Í ¶μ ¨³¶Ê²Ó¸ ³ (¶μ²ÊÏ¨·¨´  ´  ¶μ²Ê¢Ò¸μÉ¥); Zn Å
¶·μ¤μ²Ó´Ò° ¨³¶¥¤ ´¸ ¶ÊÎ±  ¤²Ö ³μ¤Ò ¸ ´μ³¥·μ³ n. ” ±Éμ· Flong ÊÎ¨ÉÒ¢ ¥É
·¥ ²Ó´ÊÕ Ëμ·³Ê ¤¨ £· ³³Ò Ê¸Éμ°Î¨¢μ¸É¨ (¢ ¸É ´¤ ·É´μ³ ±·¨É¥·¨¨ Š °² Ä
˜´¥²²Ö Flong = 1). Šμ£¤  Ô´¥·£¨Ö ¶ÊÎ±  ´¨¦¥ ±·¨É¨Î¥¸±μ° ¨ ËÊ´±Í¨Ö
· ¸¶·¥¤¥²¥´¨Ö ¶μ ¨³¶Ê²Ó¸ ³ ¨³¥¥É ¤²¨´´Ò¥ ®Ì¢μ¸ÉÒ¯, §´ Î¥´¨¥ Flong ³μ¦¥É
§´ Î¨É¥²Ó´μ ¶·¥¢ÒÏ ÉÓ ¥¤¨´¨ÍÊ. ‚ [28] ¶μ± § ´μ, ÎÉμ ¢ É ±μ³ ¸²ÊÎ ¥ ³μ¦´μ
¸ Ìμ·μÏ¥° ÉμÎ´μ¸ÉÓÕ ¶·¨´ÖÉÓ

Flong
∼= σ2

0/2σ2
f , (4.7)

£¤¥ σ0 Å ¤¨´ ³¨Î¥¸± Ö  ¶¥·ÉÊ·  Ê¸±μ·¨É¥²Ö ¶μ · §¡·μ¸Ê ¶μ ¨³¶Ê²Ó¸ ³. …¸²¨
¶¥·¥¸¥Î¥´¨¥ ¶μ²ÊÍ¥²μ£μ ·¥§μ´ ´¸  ´¥¢μ§³μ¦´μ, Éμ

σ0 ≈ 1
4QL

. (4.8)

�·¨ Ô´¥·£¨¨ Ô²¥±É·μ´μ¢ ¢ ´¥¸±μ²Ó±μ ŒÔ‚ ¶·μ¤μ²Ó´Ò° ¨³¶¥¤ ´¸, ¨§³¥·Ö¥³Ò°
¢ O³, · ¢¥´ ∣∣∣∣Zn

n

∣∣∣∣ = 377
2βγ2

(
1 + 2 ln

b

a

)
(4.9)

¨ ¸μ¸É ¢²Ö¥É ¶μ·Ö¤±  ´¥¸±μ²Ó±¨Ì �³. ‡¤¥¸Ó b ¨ a Å · ¤¨Ê¸Ò ¢ ±ÊÊ³´μ° ± -
³¥·Ò ¨ Ô²¥±É·μ´´μ£μ ¶ÊÎ± . „²Ö Ëμ±Ê¸¨·ÊÕÐ¥° ¸É·Ê±ÉÊ·Ò É¨¶  ¸É¥²² É·μ´a
±·¨É¨Î¥¸± Ö Ô´¥·£¨Ö ¤²Ö ±μ²ÓÍ  ³μ¦¥É ¡ÒÉÓ μÍ¥´¥´  ± ± [11] (¸³. (2.39))

γ2
tr ≈ ±QLQbet. (4.10)

‚Ò¡¨· Ö ´ ¶· ¢²¥´¨Ö ¶·μ¤μ²Ó´μ£μ ³ £´¨É´μ£μ ¸¶¨· ²Ó´μ£μ ¶μ²Ö ¨ ¢· Ð¥´¨Ö
¸¶¨· ²Ó´μ£μ ±¢ ¤·Ê¶μ²Ö É ±, ÎÉμ γ2

tr < 0, ³μ¦´μ μ¡¥¸¶¥Î¨ÉÓ ·¥¦¨³ ¸ ¶μ²μ-
¦¨É¥²Ó´Ò³ §´ ±μ³ ¤¨¸¶¥·¸¨¨ Î ¸ÉμÉÒ η (2.38) (η > 0), ±μ£¤  ´¥Ê¸Éμ°Î¨¢μ¸ÉÓ
μÉ·¨Í É¥²Ó´μ° ³ ¸¸Ò, ± ± ¨§¢¥¸É´μ, μÉ¸ÊÉ¸É¢Ê¥É.
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‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ (4.6) ¶·¨ Ô´¥·£¨¨ Ô²¥±É·μ´μ¢ ¢ ´¥¸±μ²Ó±μ ŒÔ‚ (σ0 ≈
1 %) Ô²¥±É·μ´´Ò° ¶ÊÎμ± ¸ Éμ±μ³ ¢ ´¥¸±μ²Ó±μ ¸μÉ¥´ ³� Ê¸Éμ°Î¨¢. �·¨ Ô´¥·-
£¨¨ ¨´¦¥±Í¨¨ É ±μ¥ μ£· ´¨Î¥´¨¥ ¡μ²¥¥ ¸É·μ£μ¥, ¨ ´¥μ¡Ìμ¤¨³Ò ¸¶¥Í¨ ²Ó´Ò¥
Ê¸¨²¨Ö ¤²Ö Éμ£μ, ÎÉμ¡Ò ¶μ¤ ¢¨ÉÓ ³¨±·μ¢μ²´μ¢ÊÕ ´¥Ê¸Éμ°Î¨¢μ¸ÉÓ.

4.3. ˆ´¤Ê±Í¨μ´´μ¥ Ê¸±μ·¥´¨¥. ˆ¸¶μ²Ó§μ¢ ´¨¥ ¨´¤Ê±Í¨μ´´μ£μ (¡¥É É·μ´-
´μ£μ) Ê¸±μ·¥´¨Ö Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¤²Ö ¸¨¸É¥³Ò Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö
¶·¥¤¸É ¢²Ö¥É¸Ö ¶·¨¢²¥± É¥²Ó´Ò³, É ± ± ± ¶μ§¢μ²Ö¥É, ± ± ¶μ± § ´μ ´¨¦¥, ¸μ-
Ì· ´¨ÉÓ ³ ²Ò° · §¡·μ¸ Î ¸É¨Í ¶μ ¨³¶Ê²Ó¸Ê ¶·¨ Ê¸±μ·¥´¨¨. �·¨ ÔÉμ³ μ¸´μ¢-
´Ò³ μ£· ´¨Î¥´¨¥³ ´  ¢¥²¨Î¨´Ê ±μ´¥Î´μ° É¥³¶¥· ÉÊ·Ò ¨´É¥´¸¨¢´μ£μ ¶ÊÎ± 
Ö¢²Ö¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ · §¢¨É¨Ö ³¨±·μ¢μ²´μ¢μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨, · ¸¸³μÉ·¥´-
´μ° ¢ÒÏ¥.

‚ É¥Î¥´¨¥ Í¨±²  Ê¸±μ·¥´¨Ö ¶μ¢μ·μÉ´μ¥ ¶μ²¥ ¢ Éμ·μ¨¤ ²Ó´ÒÌ ¸μ²¥´μ¨¤ Ì
B⊥ ¤μ²¦´μ ¡ÒÉÓ ¸μ£² ¸μ¢ ´μ ¶μ ¢¥²¨Î¨´¥ ¸ ¨³¶Ê²Ó¸μ³ Ô²¥±É·μ´μ¢, ÎÉμ¡Ò
μ¡¥¸¶¥Î¨ÉÓ Ê¸²μ¢¨¥ ¶μ¸ÉμÖ´¸É¢  · ¤¨Ê¸  μ·¡¨ÉÒ ¶ÊÎ±  R0(t) ¢ Éμ·μ¨¤ ²Ó´ÒÌ
¸¥±Í¨ÖÌ (¸³. (2.2)). „²Ö ÔÉμ£μ ´Ê¦´μ μ¡¥¸¶¥Î¨ÉÓ · ¢¥´¸É¢μ

R(t) =
p(t)c

eB⊥(t)
= const, (4.11)

±μ£¤  p(t) ¨§³¥´Ö¥É¸Ö ¢μ ¢·¥³¥´¨ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ê· ¢´¥´¨Ö³¨

dp (t)
dt

= e 〈E(t)〉 , 〈E(t)〉 =
∑

V (t)
Cring

.

‡¤¥¸Ó p(t) Å ¨³¶Ê²Ó¸ Ô²¥±É·μ´ ; 〈E(t)〉 Å ¢¨Ì·¥¢μ¥ (®¡¥É É·μ´´μ¥¯) Ô²¥±-
É·¨Î¥¸±μ¥ ¶μ²¥, Ê¸·¥¤´e´´μ¥ ¶μ ¶¥·¨³¥É·Ê ±μ²ÓÍ  Cring; ΣV (t) Å ¸Ê³³ 
´ ¶·Ö¦¥´¨°, ¸μ§¤ ¢ ¥³ÒÌ ¨´¤Ê±Éμ·μ³ ¨ μ¡³μÉ± ³¨ ¶μ¢μ·μÉ´μ£μ ¶μ²Ö. „²Ö
R(t) = R = const ¨³¥¥³

∂B⊥
∂t

= − c

eR

dp

dt
= − c

CringR

∑
V (t). (4.12)

�É¸Õ¤ 

B⊥(t) = Binj −
c

CringR

t∫
0

∑
V (τ)dτ , (4.13)

£¤¥ Binj =
pinjc

eR
Å §´ Î¥´¨¥ ¶μ¢μ·μÉ´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ¶·¨ ¨´¦¥±Í¨¨.

‘Ê³³  ´ ¶·Ö¦¥´¨° ∑
V (t) = −1

c

dΦ (t)
dt

= −1
c

〈
Ḃ (t)

〉
, (4.14)

£¤¥ Φ(t) Å ¶μ²´Ò° ¶μÉμ± ¶¥·¥³¥´´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ¸±¢μ§Ó μ·¡¨ÉÊ;

〈B(t)〉 =
Φ(t)
Sring

Å ¸·¥¤´¥¥ §´ Î¥´¨¥ ¶¥·¥³¥´´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ¸±¢μ§Ó
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μ·¡¨ÉÊ ¶²μÐ ¤¨ Sring. „²Ö Ê¸±μ·¨É¥²¥° ¸ ±μ´Ë¨£Ê· Í¨¥° CATE (·¨¸. 4) ¨
MOBY/LEPTA (·¨¸. 5) ¨ ¶·¨ ¤²¨´¥ ± ¦¤μ£μ ¨§ ¤¢ÊÌ ¶·Ö³μ²¨´¥°´ÒÌ ¶·μ³¥-
¦ÊÉ±μ¢ L ¶²μÐ ¤Ó, μÌ¢ ÉÒ¢ ¥³ Ö μ·¡¨Éμ°, · ¢´  Sring = 2LR + πR2. ’μ£¤ 
¨§ (4.14) ¸²¥¤Ê¥É

B⊥(t) = Bring +
2L + πR

2 (L + πR)
〈B(t)〉 → Binj +

1
2
〈B(t)〉 .

�Éμ ¥¸ÉÓ μ¡μ¡Ð¥´¨¥ ¨§¢¥¸É´μ£μ ®Ê¸²μ¢¨Ö 2:1¯ ¤²Ö ¡¥É É·μ´μ¢ ´  ¸²ÊÎ ° ¸É¥²-
² É·μ´ . �μ²μ¦¥´¨¥ μ·¡¨ÉÒ Î ¸É¨Í ³μ¦¥É ¡ÒÉÓ ¢Ò¡· ´μ É ±¨³ μ¡· §μ³,
ÎÉμ¡Ò ¶μÉμ± Î¥·¥§ ´¥¥, ¸μ§¤ ¢ ¥³Ò° μ¡³μÉ± ³¨ ¶μ¢μ·μÉ´μ£μ ¶μ²Ö, ¡Ò² ´Ê²¥-
¢Ò³. ’μ£¤  ¶μ¢μ·μÉ´μ¥ ¶μ²¥ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (4.14), (4.15) ¤μ²¦´μ ¨§³¥´ÖÉÓ¸Ö
¸μ ¢·¥³¥´¥³ ± ±

B(t) = Binj +
Φind(t)
CringR

, (4.15)

£¤¥ Φind(t) Å ¶μÉμ±, ¸μ§¤ ¢ ¥³Ò° ¨´¤Ê±Éμ·μ³. �Éμ Ê¸²μ¢¨¥ ¶·μ¸Éμ ¢Ò¶μ²-
´¨ÉÓ, § ¶¨ÉÒ¢ Ö μ¡³μÉ±¨ ¶μ¢μ·μÉ´μ£μ ¶μ²Ö ¨ ¨´¤Ê±Éμ·  μÉ μ¡Ð¥£μ ¨¸ÉμÎ´¨± 
Éμ± .

Œ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö Ê¸±μ·¥´´ÒÌ Î ¸É¨Í μ¶·¥¤¥²Ö¥É¸Ö, ± ± ¨ ¢ ±² ¸-
¸¨Î¥¸±μ³ ¡¥É É·μ´¥, ®· §³ Ìμ³¯ ¶μÉμ±  ΔΦ(t). „¥°¸É¢¨É¥²Ó´μ, ¨§ (4.12) ¨
(4.15) ¸²¥¤Ê¥É

pmax(t) = pinj +
eΔΦ(t)
cCring

, ΔΦ = Φ(t) − Φinj. (4.16)

� ¶·¨³¥·, ¢ MOBY (É ¡². 2) Ô´¥·£¨Ö Ô²¥±É·μ´μ¢ 4,36 ŒÔ‚ ¤μ¸É¨£ ¥É¸Ö ¶·¨
(ΔΦ)max ≈ 0,26 ‚¡ (1 ’² × 0,26 ³2). ’ ± Ö Ô´¥·£¨Ö ´ ¡¨· ¥É¸Ö §  ¢·¥³Ö Ê¸±μ-
·¥´¨Ö Taccel ≈ 10 ³¸ ¶·¨ ´ ¶·Ö¦¥´¨¨ ´  Ê¸±μ·ÖÕÐ¥³ § §μ·¥
Vaccel ≈ 25 ‚.

� ¨¡μ²¥¥ ¸¥·Ó¥§´μ° ¶·μ¡²¥³μ° ¶·¨ ¡¥É É·μ´´μ³ Ê¸±μ·¥´¨¨ Ö¢²Ö¥É¸Ö
μ¡¥¸¶¥Î¥´¨¥ Ê¸Éμ°Î¨¢μ¸É¨ ¶μ¶¥·¥Î´μ£μ ¤¢¨¦¥´¨Ö Î ¸É¨Í. �¥§μ´ ´¸μ¢ ³¥¤-
²¥´´μ° ³μ¤Ò ±μ²¥¡ ´¨° (¸³. (3.8)) ³μ¦´μ ¨§¡¥¦ ÉÓ ¢μ ¢¸¥³ ¤¨ ¶ §μ´¥ ¨§-
³¥´¥´¨Ö Ô´¥·£¨¨ ¶ÊÎ±  ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ ¢Ò¡μ·μ³ £· ¤¨¥´É  ¸¶¨· ²Ó´μ£μ
±¢ ¤·Ê¶μ²Ó´μ£μ ¶μ²Ö ¨ Ô´¥·£¨¨ ¨´¦¥±Í¨¨. �¤´ ±μ ¶·¨ ¶μ¸ÉμÖ´´μ³ §´ Î¥-
´¨¨ ¶·μ¤μ²Ó´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö Î ¸É¨ÍÒ ¶¥·¥¸¥± ÕÉ
¡μ²ÓÏμ¥ ±μ²¨Î¥¸É¢μ §μ´ Í¥²ÒÌ ¨ ¶μ²ÊÍ¥²ÒÌ ·¥§μ´ ´¸μ¢ ¡Ò¸É·μ° ³μ¤Ò ±μ-
²¥¡ ´¨° ¨ ·¥§μ´ ´¸μ¢ ¸¢Ö§¨. ’ ±¨¥ ·¥§μ´ ´¸Ò ¡Ò²¨ Ô±¸¶¥·¨³¥´É ²Ó´μ μ¡-
´ ·Ê¦¥´Ò, ´ ¶·¨³¥·, ´  Ê¸É ´μ¢±¥ MBA [7]. ‚ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö ¶μÉ¥·¨
Î ¸É¨Í ´ ¡²Õ¤ ²¨¸Ó ¸ ¶μ³μÐÓÕ ·¥£¨¸É· Í¨¨ ·¥´É£¥´μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö Ô²¥±-
É·μ´μ¢, ¶μ¶ ¤ ÕÐ¨Ì ´  ¸É¥´±¨ ¢ ±ÊÊ³´μ° ± ³¥·Ò. ‘¨£´ ² ¸μ¤¥·¦ ² μ¸É·Ò¥
¶¨±¨, ¸μμÉ¢¥É¸É¢μ¢ ¢Ï¨¥ μ¤´μ³Ê ¨ Éμ³Ê ¦¥ Í¥²μ³Ê Î¨¸²Ê Ï £μ¢ ² ·³μ·μ¢-
¸±μ° ¸¶¨· ²¨ ´  ¶¥·¨³¥É·¥ Ê¸±μ·¨É¥²Ö, ´¥§ ¢¨¸¨³μ μÉ £· ¤¨¥´É  ¸¶¨· ²Ó´μ£μ
±¢ ¤·Ê¶μ²Ó´μ£μ ¶μ²Ö.
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�μÉ¥·¨ Î ¸É¨Í ¨ ÊÌÊ¤Ï¥´¨¥ ± Î¥¸É¢  ¶ÊÎ±  ¢ §μ´¥ ·¥§μ´ ´¸  § ¢¨¸ÖÉ μÉ
¸±μ·μ¸É¨ ¥¥ ¶¥·¥¸¥Î¥´¨Ö. �¥§μ´ ´¸Ò ¢Ò¸μ±μ£μ ¶μ·Ö¤±  ³μ¦´μ μ¡μ°É¨, ¥¸²¨
μ¡¥¸¶¥Î¨ÉÓ ´ ¡μ· Ô´¥·£¨¨ Î ¸É¨Í ´  μ¡μ·μÉ¥ ¸ÊÐ¥¸É¢¥´´μ ¡μ²ÓÏ¥ Ï¨·¨´Ò ·¥-
§μ´ ´¸ . �¤´ ±μ ¤²Ö ·¥§μ´ ´¸μ¢ ´¨§±μ£μ ¶μ·Ö¤±  É ± Ö ¸Ì¥³  ´¥·¥ ²¨¸É¨Î´ 
¨§-§  É¥Ì´¨Î¥¸±¨Ì μ£· ´¨Î¥´¨° É¥³¶  Ê¸±μ·¥´¨Ö. “ÌÊ¤Ï¥´¨Ö ± Î¥¸É¢  ¶ÊÎ± 
³μ¦´μ ¨§¡¥¦ ÉÓ, ¨§³¥´ÖÖ ¶·μ¤μ²Ó´μ¥ ³ £´¨É´μ¥ ¶μ²¥ ¶·¨ Ê¸±μ·¥´¨¨ ¢ ¸μμÉ-
¢¥É¸É¢¨¨ ¸ Ê¸²μ¢¨¥³ QL = const. ’μ£¤  ¨§ (3.6) ¸²¥¤Ê¥É Ê¸²μ¢¨¥

B0(t) = 2πQL
p(t)c
eCring

. (4.17)

�μ¤μ¡´Ò° ®¸¨´Ì·μ´´Ò°¯ ·¥¦¨³ Ê¸±μ·¥´¨Ö É ±¦¥ ¡Ò² ¶·μÉ¥¸É¨·μ¢ ´ ´ 
MBA. ‚ É¥Î¥´¨¥ ¶¥·¨μ¤  ¢·¥³¥´¨, ±μ£¤  ¶μ²¥ Éμ·μ¨¤ ²Ó´μ£μ ¸μ²¥´μ¨¤  ¢μ§-
· ¸É ²μ ¸μ£² ¸μ¢ ´´μ ¸ ¨³¶Ê²Ó¸μ³ Î ¸É¨Í, ¶μÉ¥·¨ Î ¸É¨Í ¡Ò²¨ ¶μ²´μ¸ÉÓÕ
¶μ¤ ¢²¥´Ò.

„²Ö É ±μ£μ ·¥¦¨³  ®¸μ£² ¸μ¢ ´´μ£μ Ê¸±μ·¥´¨Ö¯ ¶·¥¤¶μÎÉ¨É¥²Ó´μ ¢Ò¡¨-
· ÉÓ Ô´¥·£¨Õ ¨´¦¥±Í¨¨ ¢ · °μ´¥ ´¥¸±μ²Ó±¨Ì ¸μÉ¥´ ±Ô‚. ‚¥²¨Î¨´  ³ £´¨É-
´μ£μ ¶μ²Ö ¢ ÔÉμ³ ¸²ÊÎ ¥ ¤μ²¦´  ¢μ§· ¸É ÉÓ ¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö μÉ ´¥-
¸±μ²Ó±¨Ì ¸μÉ¥´ ¤μ ´¥¸±μ²Ó±¨Ì ÉÒ¸ÖÎ ƒ¸. ˆ§-§  ÔÉμ£μ · ¤¨Ê¸ Ô²¥±É·μ´´μ£μ
¶ÊÎ±  Ê³¥´ÓÏ ¥É¸Ö, ¨ · §¡·μ¸ ¶μ ¶μ¶¥·¥Î´μ³Ê ¨³¶Ê²Ó¸Ê ¢μ§· ¸É ¥É ¶·μ¶μ·-
Í¨μ´ ²Ó´μ ±μ·´Õ ±¢ ¤· É´μ³Ê ¨§ ¢¥²¨Î¨´Ò ³ £´¨É´μ£μ ¶μ²Ö:

P 2
⊥

B0(t)
= Inv.

Œμ¦´μ ³¨´¨³¨§¨·μ¢ ÉÓ ÔÉμÉ ÔËË¥±É, ¶μ³¥¸É¨¢ ± Éμ¤ Ô²¥±É·μ´´μ° ¶ÊÏ±¨
¢ ³ £´¨É´μ¥ ¶μ²¥, ¢¥²¨Î¨´  ±μÉμ·μ£μ · ¢´  ³ ±¸¨³ ²Ó´μ³Ê §´ Î¥´¨Õ ¶μ²Ö
B0(t) ¢ ±μ´Í¥ Ê¸±μ·¥´¨Ö.

� §¡·μ¸ Î ¸É¨Í ¶μ ¨³¶Ê²Ó¸Ê, ¶·¨μ¡·¥É ¥³Ò° Ô²¥±É·μ´ ³¨ ¶·¨ ¨´¤Ê±Í¨-
μ´´μ³ Ê¸±μ·¥´¨¨ [31], μ¶·¥¤¥²Ö¥É¸Ö · §´¨Í¥° ¢ ¤²¨É¥²Ó´μ¸É¨ ¶·¥¡Ò¢ ´¨Ö Î -
¸É¨Í ¢ ±μ²ÓÍ¥. …¸²¨ ¨´¦¥±Í¨Ö ¨ ¢Ò¶Ê¸± Î ¸É¨Í ¶·μ¨§¢μ¤ÖÉ¸Ö §  μ¤¨´ μ¡μ·μÉ,
Éμ ®¶¥·¢ Ö¯ ¨´¦¥±É¨·μ¢ ´´ Ö Î ¸É¨Í  ¨ ®¶μ¸²¥¤´ÖÖ¯ ¶·μÌμ¤ÖÉ Ê¸±μ·ÖÕÐ¨°
§ §μ· ¶·¨ · §´μ³ ´ ¶·Ö¦¥´¨¨ ´  ´e³. ‘μμÉ¢¥É¸É¢¥´´μ ¨³¶Ê²Ó¸Ò · §²¨Î ÕÉ¸Ö
´  ¢¥²¨Î¨´Ê (¸³. (4.16))

Δp =
e

Ccooler

⎡
⎢⎣

textr+Textr∫
tinj+Tinj

Vaccel(t)dt −
textr∫

tinj

Vaccel(t)dt

⎤
⎥⎦ .

‡¤¥¸Ó tinj ¨ textr Å ³μ³¥´ÉÒ ¨´¦¥±Í¨¨ ¨ ¢Ò¶Ê¸±  ¸μμÉ¢¥É¸É¢¥´´μ; Tinj ¨
Textr Å §´ Î¥´¨Ö ¶¥·¨μ¤μ¢ μ¡· Ð¥´¨Ö Î ¸É¨Í ¢ ÔÉ¨ ³μ³¥´ÉÒ. �É¸Õ¤  ¸²¥¤Ê¥É
μ£· ´¨Î¥´¨¥ ´  · §¡·μ¸ Î ¸É¨Í ¶μ ¨³¶Ê²Ó¸Ê ¢ Ê¸±μ·¥´´μ³ ¶ÊÎ±¥:

Δp

pextr
≈ e

pextrc

[
Vextr

βextr
− Vinj

βinj

]
. (4.18)
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�·¨ Vinj ≈ Vextr ≈ 26 B, εinj = 10 ±Ô‚, εextr = 4,36 ŒÔ‚

Δp

pextr
≈ 2 · 10−5.

4.4. LEPTA Å £¥´¥· Éμ· ¶μ§¨É·μ´¨Ö. �ËË¥±É¨¢´ Ö £¥´¥· Í¨Ö ¶μ§¨É·μ-
´¨Ö ¶·¨ ·¥±μ³¡¨´ Í¨¨ ¶μ§¨É·μ´μ¢, Í¨·±Ê²¨·ÊÕÐ¨Ì ¢ ´ ±μ¶¨É¥²¥, ¸ Ô²¥±-
É·μ´ ³¨ μÌ² ¦¤ ÕÐ¥£μ μ¤´μ¶·μ²eÉ´μ£μ ¶ÊÎ±  (c³. · §¤. 1) É ±¦¥ É·¥¡Ê¥É
¢μ§³μ¦´μ ´¨§±μ° É¥³¶¥· ÉÊ·Ò μ¡μ¨Ì ¶ÊÎ±μ¢. �Éμ ¸²¥¤Ê¥É ¨§ Ëμ·³Ê²Ò, μ¶¨-
¸Ò¢ ÕÐ¥° ¸±μ·μ¸ÉÓ Ô²¥±É·μ´-¶μ§¨É·μ´´μ° ·¥±μ³¡¨´ Í¨¨:

R =
dN

dt
= αrnenpV,

£¤¥ αr Å ±μÔËË¨Í¨¥´É ·¥±μ³¡¨´ Í¨¨,

αr =
80αr2

ec
2Lc

v
;

ne, np Å ¶²μÉ´μ¸É¨ Ô²¥±É·μ´´μ£μ ¨ ¶μ§¨É·μ´´μ£μ ¶ÊÎ±μ¢ ¸μμÉ¢¥É¸É¢¥´´μ;

α = 1/137; v =
√

v2
p + v2

e , ve,p =
√

Te, p/m; Te, Tp Å ¸±μ·μ¸É¨ μ¡μ¨Ì ¶ÊÎ-

±μ¢, É¥³¶¥· ÉÊ·Ò Ô²¥±É·μ´μ¢ ¨ ¶μ§¨É·μ´μ¢ ¢ ¸¨¸É¥³¥, ¤¢¨¦ÊÐ¥°¸Ö ¸μ ¸·¥¤´¥°
¸±μ·μ¸ÉÓÕ; re, m Å ±² ¸¸¨Î¥¸±¨° · ¤¨Ê¸ ¨ ³ ¸¸  Ô²¥±É·μ´  ¸μμÉ¢¥É¸É¢¥´´μ;
Lc = ln αc/v; V = lrecπa2, lrec Å ¤²¨´  ÊÎ ¸É±  ·¥±μ³¡¨´ Í¨¨, a Å ³¨´¨-
³ ²Ó´Ò° ¨§ · ¤¨Ê¸μ¢ Ô²¥±É·μ´´μ£μ ¨ ¶μ§¨É·μ´´μ£μ ¶ÊÎ±μ¢. ‚ ·¥§Ê²ÓÉ É¥ ¤¥°-
¸É¢¨Ö Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö É¥³¶¥· ÉÊ·Ò μ¡μ¨Ì ¶ÊÎ±μ¢ ¸É ´μ¢ÖÉ¸Ö · ¢-
´Ò³¨ ¨ ³μ¦´μ μ¦¨¤ ÉÓ, ÎÉμ μ¡¥ μ´¨ ¶μ ¶μ·Ö¤±Ê ¢¥²¨Î¨´Ò · ¢´Ò É¥³¶¥· ÉÊ·¥
± Éμ¤  ¶ÊÏ±¨:

Te ∼ Tp ∼ 0,1 Ô‚. (4.19)

„²Ö ¶ · ³¥É·μ¢, ¶·¨¢¥¤e´´ÒÌ ¢ É ¡². 2, ³μ¦´μ μ¦¨¤ ÉÓ ¸±μ·μ¸ÉÓ ·¥±μ³¡¨´ -
Í¨¨ ´  Ê·μ¢´¥ 104  Éμ³μ¢ ¶μ§¨É·μ´¨Ö ¢ ¸¥±Ê´¤Ê (¸³. ¤¥É ²¨ ¢ [11, 12]).

� · ³¥É·Ò ´ ±μ¶¨É¥²Ö LEPTA (É ¡². 2) μ¡¥¸¶¥Î¨¢ ÕÉ Ê¸Éμ°Î¨¢μ¥ ¤¢¨-
¦¥´¨¥ Í¨·±Ê²¨·ÊÕÐ¥£μ ¶ÊÎ± , ± ± ÔÉμ ¢¨¤´μ ¨§ ¤¨ £· ³³Ò ·¨¸. 18, ¶·¨ £· -
¤¨¥´É¥ ±¢ ¤·Ê¶μ²Ö ¸¶¨· ²Ó´μ£μ ¶μ²Ö 10Ä15 ƒ¸/¸³. �·¨ ÔÉμ³ ¡¥É É·μ´´μ¥ Î¨-
¸²μ, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ³¥¤²¥´´μ° ³μ¤¥ ±μ²¥¡ ´¨°, ¨³¥¥É §´ Î¥´¨¥ 0,3Ä0,4
(·¨¸. 19, a). 	¥É É·μ´´μ¥ Î¨¸²μ, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ² ·³μ·μ¢¸±μ° ³μ¤¥ ±μ²¥-
¡ ´¨°, ²¥¦¨É ¢ ¨´É¥·¢ ²¥ ³¥¦¤Ê 343-³ ¨ 344-³ Í¥²Ò³¨ ·¥§μ´ ´¸ ³¨ ¨ ¸² ¡μ
§ ¢¨¸¨É μÉ ¢¥²¨Î¨´Ò £· ¤¨¥´É  ¸¶¨· ²Ó´μ£μ ¶μ²Ö (·¨¸. 19, ¡).

‘ ³¨ ·¥§μ´ ´¸Ò ² ·³μ·μ¢¸±μ° ³μ¤Ò ¨³¥ÕÉ μÎ¥´Ó ¢Ò¸μ±¨° ¶μ·Ö¤μ± ¨
¶μÎÉ¨ ´¥§ ³¥É´Ò ´  ¤¨ £· ³³¥ Ê¸Éμ°Î¨¢μ¸É¨ (·¨¸. 18). ˆ§³¥´¥´¨¥³ Éμ±  ¸¶¨-
· ²Ó´μ° ±¢ ¤·Ê¶μ²Ó´μ° μ¡³μÉ±¨ ³μ¦´μ ¤μ¸É ÉμÎ´μ ¶·μ¸Éμ ·¥£Ê²¨·μ¢ ÉÓ ¶μ-
²μ¦¥´¨¥ · ¡μÎ¥° ÉμÎ±¨ ´ ±μ¶¨É¥²Ö.
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�¨¸. 18. „¨ £· ³³  Ê¸Éμ°Î¨¢μ¸É¨. ‹¨´¨¨ ·¥§μ´ ´¸  ¶μ± § ´Ò ¦¨·´μ. B = 400 ƒ¸

�¨¸. 19. ‡ ¢¨¸¨³μ¸ÉÓ ³¥¤²¥´´μ£μ (a) ¨ ¡Ò¸É·μ£μ (¡) ¡¥É É·μ´´ÒÌ Î¨¸¥² μÉ £· ¤¨¥´É 
¸¶¨· ²Ó´μ£μ ³ £´¨É´μ£μ ¶μ²Ö

� ¨¡μ²¥¥ ¸²μ¦´μ° § ¤ Î¥° ¶·¨ £¥´¥· Í¨¨ ¶μÉμ±μ¢ ¶μ§¨É·μ´¨Ö Ö¢²Ö¥É¸Ö
μ¡¥¸¶¥Î¥´¨¥ ¤²¨É¥²Ó´μ£μ ¢·¥³¥´¨ ¦¨§´¨ Í¨·±Ê²¨·ÊÕÐ¥£μ ¶ÊÎ±  (¶. 2.4). ‘¶¥-
Í¨Ë¨±  ´ ±μ¶¨É¥²Ö ¸ Ëμ±Ê¸¨·μ¢±μ° ¶·μ¤μ²Ó´Ò³ ³ £´¨É´Ò³ ¶μ²¥³ É ±μ¢ ,
ÎÉμ ¤ ¦¥ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ÔËË¥±É¨¢´μ£μ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö ¶·μÍ¥¸¸Ò
¤¨ËËÊ§¨¨ ³μ£ÊÉ ¡ÒÉÓ ¸² ¡μ ¶μ¤ ¢²¥´Ò, ¥¸²¨ ³¥¦¤Ê ¤¢Ê³Ö ¶μ¸²¥¤μ¢ É¥²Ó-
´Ò³¨ · ¸¸¥Ö´¨Ö³¨ ´  ³ ²Ò¥ Ê£²Ò ¶μ§¨É·μ´ ´¥ Ê¸¶¥¢ ¥É ®μÌ² ¤¨ÉÓ¸Ö¯. Šμ-
´¥Î´μ, ¢¥·Ì´¨° ¶·¥¤¥² ¢·¥³¥´¨ ¦¨§´¨ ¶μ§¨É·μ´  μ¶·¥¤¥²Ö¥É¸Ö μ¤´μ±· É´Ò³
· ¸¸¥Ö´¨¥³ ´  ¡μ²ÓÏ¨¥ Ê£²Ò ´   Éμ³ Ì μ¸É ÉμÎ´μ£μ £ §  (2.45). ‚ μ¡ÒÎ´ÒÌ
¦¥¸É±μËμ±Ê¸¨·ÊÕÐ¨Ì ´ ±μ¶¨É¥²ÖÌ ¢¥²¨Î¨´  ® ¶¥·ÉÊ·´μ£μ¯ Ê£²  θmax ¸μ¸É -
¢²Ö¥É ¢ ²ÊÎÏ¥³ ¸²ÊÎ ¥ ¤¥¸ÖÉ±¨ ³· ¤, ¨ ¶·¨ Ô´¥·£¨¨ Í¨·±Ê²¨·ÊÕÐ¨Ì Î ¸É¨Í ¢
¤¨ ¶ §μ´¥ ´¥¸±μ²Ó±¨Ì ±Ô‚ ¨ ¢ ±ÊÊ³¥ ∼ 10−10 Tμ·· ¢·¥³Ö ¦¨§´¨ ¸μ¸É ¢²Ö¥É
¤¥¸ÖÉ±¨ ¨²¨ ¸μÉ´¨ ³¨²²¨¸¥±Ê´¤. �·¨´Í¨¶¨ ²Ó´Ò³ μÉ²¨Î¨¥³ ´ ±μ¶¨É¥²Ö ¸
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Ëμ±Ê¸¨·μ¢±μ° ¶·μ¤μ²Ó´Ò³ ³ £´¨É´Ò³ ¶μ²¥³, ± ± Ê¦¥ μÉ³¥Î ²μ¸Ó ¢ ¶. 2.4,
Ö¢²Ö¥É¸Ö ÉμÉ Ë ±É, ÎÉμ · ¸¸¥Ö´¨¥ ¤ ¦¥ ´  Ê£μ² 90◦ ´¥ ¢¥¤¥É  ¢Éμ³ É¨Î¥¸±¨
± £¨¡¥²¨ Î ¸É¨ÍÒ. ’ ±, ¤²Ö ¶ · ³¥É·μ¢ ´ ±μ¶¨É¥²Ö LEPTA · ¤¨Ê¸ ² ·³μ-
·μ¢¸±μ£μ ¢· Ð¥´¨Ö ¶μ§¨É·μ´ , · ¸¸Î¨É ´´Ò° ¶μ ¶μ²´μ° Ô´¥·£¨¨, ¸μ¸É ¢²Ö¥É
¶·¨³¥·´μ 0,9 ¸³, ÎÉμ ³¥´ÓÏ¥ · §³¥·   ¶¥·ÉÊ·Ò.

‚ μÉ¸ÊÉ¸É¢¨¥ μÌ² ¦¤¥´¨Ö ¢·¥³Ö ¦¨§´¨ μ£· ´¨Î¨¢ ÕÉ ¤¨ËËÊ§¨μ´´Ò¥ ¶·μ-
Í¥¸¸Ò (2.50), (2.52).

�¨¸. 20. „¨¸¶¥·¸¨μ´´Ò¥ ËÊ´±Í¨¨ ´ ±μ¶¨É¥²Ö LEPTA. 1Ä5 Å ÊÎ ¸É±¨ ±μ²ÓÍ : 1, 3 Å
Éμ·Ò; 2, 5 Å ¸¢μ¡μ¤´Ò¥ ¶·Ö³μ²¨´¥°´Ò¥ ¶·μ³¥¦ÊÉ±¨; 4 Å ¸¶¨· ²Ó´Ò° ±¢ ¤·Ê¶μ²Ó.
G = 10 ƒ¸/¸³, B0 = 400 ƒ¸

�¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¤¨¸¶¥·¸¨μ´´ÒÌ ËÊ´±Í¨° ´ ±μ¶¨É¥²Ö LEPTA ³ É·¨Î-
´Ò³ ³¥Éμ¤μ³ (·¨¸. 20) ¸μ£² ¸ÊÕÉ¸Ö ± Î¥¸É¢¥´´μ ¸ · ¸¸³μÉ·¥´¨¥³, ¶·μ¢¥¤e´-
´Ò³ ¢ ¤·¥°Ëμ¢μ³ ¶·¨¡²¨¦¥´¨¨ (c³. Ëμ·³Ê²Ò (2.35)). ’¥³ ¦¥ ³¥Éμ¤μ³ (¶·μ-
£· ³³  BETATRON) [30, 32] ¡Ò²¨ · ¸¸Î¨É ´Ò ¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ ¤²Ö
μ¡¥¨Ì ³μ¤ ±μ²¥¡ ´¨° (·¨¸. 21, aÄ£). ‘ ¶μ³μÐÓÕ ¶·μ£· ³³Ò BETATRON · ¸-
¸Î¨ÉÒ¢ ÕÉ¸Ö É ±¦¥ ±·¨É¨Î¥¸± Ö Ô´¥·£¨Ö ¨ ±μÔËË¨Í¨¥´É Ê¶²μÉ´¥´¨Ö μ·¡¨É,
±μÉμ·Ò° ¤²Ö ¢Ò¡· ´´ÒÌ ¶ · ³¥É·μ¢ ´ ±μ¶¨É¥²Ö (É ¡². 2, G = 10 ƒ¸/¸³) ¸μ-
¸É ¢²Ö¥É γtr = 5,68 ¢ Ìμ·μÏ¥³ ¸μ£² ¸¨¨ ¸ ³ É·¨Î´Ò³ · ¸ÎeÉμ³ (2.39).

�¶¥·ÉÊ·  ´ ±μ¶¨É¥²Ö LEPTA μ¶·¥¤¥²Ö¥É¸Ö · ¸¸ÉμÖ´¨¥³ ³¥¦¤Ê ¶² ¸É¨-
´ ³¨ ¨´¦¥±Í¨μ´´μ£μ ±¨±¥·  ¨ · ¢´  b = 1,2 ¸³. �·¨ ÔÉμ³ ¤²Ö ³ ±¸¨³ ²Ó´μ£μ
Ê£²  · ¸¸¥Ö´¨Ö θmax μÍ¥´±¨ (2.46) ¨ (2.47) ¤ ÕÉ 1,5 ¨ 0,7 · ¤ ¸μμÉ¢¥É¸É¢¥´´μ,
  ¡μ²¥¥ ÉμÎ´μ¥ · ¸¸Î¨É ´´μ¥ §´ Î¥´¨¥, ¸ ÊÎeÉμ³ ¤¨¸¶¥·¸¨¨ ¢ ÉμÎ±¥ ¨´¦¥±Í¨¨,
∼ 0,5 · ¤. �Éμ ¡μ²¥¥ Î¥³ ´  ¶μ·Ö¤μ± ¶·¥¢ÒÏ ¥É ¸μμÉ¢¥É¸É¢ÊÕÐÊÕ ¢¥²¨Î¨´Ê
Ê μ¡ÒÎ´ÒÌ ´ ±μ¶¨É¥²¥°. „²Ö ® §μÉ´μ£μ¯ ¢ ±ÊÊ³ , ¸²μ¦¨¢ μ¡· É´Ò¥ ¢·¥³¥´ 
¤²Ö ÔËË¥±Éμ¢ (2.46) ¨ (2.47), ¶μ²ÊÎ¨³ ¶·¨ ¤ ¢²¥´¨¨ 10−10 ’μ·· ¢·¥³Ö ¦¨§´¨
∼ 300 ¸. �·¨³¥·´μ É ±ÊÕ ¦¥ ¢¥²¨Î¨´Ê ¤ eÉ μÍ¥´±  ¶μ ³´μ£μ±· É´μ³Ê · ¸¸¥-
Ö´¨Õ (2.50).

‚·¥³Ö ¦¨§´¨ ¶ÊÎ± , μ¶·¥¤¥²Ö¥³μ¥ ¤¨ËËÊ§¨¥° ´  ´¥μ¤´μ·μ¤´μ¸ÉÖÌ ³ £-
´¨É´μ£μ ¶μ²Ö (2.52), ¸μ£² ¸´μ μÍ¥´± ³, ¶·¨¢¥¤e´´Ò³ ¢ ¶. 2.4, ³μ¦¥É ¸μ¸É -
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�¨¸. 21. ‚¥·É¨± ²Ó´Ò¥ ¨ £μ·¨§μ´É ²Ó´Ò¥ ¡¥É -ËÊ´±Í¨¨ (a, ¡) ¨  ²ÓË -ËÊ´±Í¨¨ (¢, £)
¤²Ö ¤¢ÊÌ ³μ¤ ±μ²¥¡ ´¨°:  , ¢) ³¥¤²¥´´ Ö (¡¥É É·μ´´ Ö) ³μ¤ ; ¡, £) ¡Ò¸É· Ö (² ·³μ·μ¢-
¸± Ö) ³μ¤ . G = 10 ƒ¸/¸³, B0 = 400 ƒ¸

¢²ÖÉÓ ´¥¸±μ²Ó±μ ¸¥±Ê´¤. �¤´ ±μ ÔÉμÉ ÔËË¥±É μÎ¥´Ó ÎÊ¢¸É¢¨É¥²¥´ ± ¤²¨´¥
¢μ§³ÊÐ¥´¨Ö: ¢·¥³Ö ¦¨§´¨ · ¸ÉeÉ ¸ LB ± ± ±¢ ¤· É Ô±¸¶μ´¥´ÉÒ.

4.5. „¨´ ³¨±  Í¨·±Ê²¨·ÊÕÐ¥£μ Ô²¥±É·μ´´μ£μ ¶ÊÎ± . ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö
¸¢μ°¸É¢  ´ ±μ¶¨É¥²Ö LEPTA ¨§ÊÎ ÕÉ¸Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³μ¤¥²Ó´μ£μ Ô²¥±-
É·μ´´μ£μ ¶ÊÎ±  [33, 34]. ‚ μÉ¸ÊÉ¸É¢¨e μÌ² ¦¤¥´¨Ö ¢¸¥ Ë ±Éμ·Ò, ¶·¨¢μ¤ÖÐ¨¥
± ·μ¸ÉÊ Ê£²μ¢μ£μ · §¡·μ¸  ¨ · ¤¨Ê¸  Í¨·±Ê²¨·ÊÕÐ¥£μ ¶ÊÎ± , ¸É ´μ¢ÖÉ¸Ö ¸Ê-
Ð¥¸É¢¥´´Ò³¨.

“£²μ¢μ° · §¡·μ¸ ¢ ¶ÊÎ±¥, Ê¸É ´ ¢²¨¢ ÕÐ¨°¸Ö ¶μ¸²¥ ¨´¦¥±Í¨¨, μ¶·¥¤¥²Ö-
¥É¸Ö ¢ μ¸´μ¢´μ³ £· ¤¨¥´Éμ³ ¸¶¨· ²Ó´μ° ±¢ ¤·Ê¶μ²Ó´μ° μ¡³μÉ±¨. �  ·¨¸. 22
¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ É· ¥±Éμ·´μ£μ  ´ ²¨§  ¤¨´ ³¨±¨ ¤¢¨¦¥´¨Ö ¤²Ö μ¤¨´μÎ-
´μ° Î ¸É¨ÍÒ (¶Ê´±É¨·´Ò¥ ²¨´¨¨ ¶μ± §Ò¢ ÕÉ ¨§³¥´¥´¨¥ ±μμ·¤¨´ É Î ¸É¨Í ´ 
¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¶²μ¸±μ¸É¨ ¶μ¶¥·¥Î´μ£μ Ë §μ¢μ£μ ¶·μ¸É· ´¸É¢  ¶·¨ ¥¥ ¤¢¨-
¦¥´¨¨ ¢¤μ²Ó ´ ±μ¶¨É¥²Ö) ¨ ¶·μ¥±Í¨¨ Ë §μ¢μ° É· ¥±Éμ·¨¨, · ¸¸Î¨É ´´Ò¥ ¶μ
±μÔËË¨Í¨¥´É ³ ¸·¥¤´¥±¢ ¤· É¨Î´μ° ³ É·¨ÍÒ. � ¸Î¥É ¶·μ¢μ¤¨²¸Ö ¤²Ö ±¢ -
¤·Ê¶μ²Ó´μ° μ¡³μÉ±¨ ¸μ ¸± Î±μμ¡· §´Ò³ ¨§³¥´¥´¨¥³ £· ¤¨¥´É  ´  ¢Ìμ¤¥ ¨
¢ÒÌμ¤¥ ¨ ¸μμÉ¢¥É¸É¢¥´´μ ¤ ¥É ¢¥·Ì´ÕÕ μÍ¥´±Ê ¤²Ö Ê£²μ¢μ£μ · §¡·μ¸  ¢ Í¨·-
±Ê²¨·ÊÕÐ¥³ ¶ÊÎ±¥. ˆ§ ·¨¸. 22 ¢¨¤´μ, ÎÉμ ·¥§Ê²ÓÉ ÉÒ É· ¥±Éμ·´μ£μ  ´ ²¨§ 
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´ Ìμ¤ÖÉ¸Ö ¢ Ìμ·μÏ¥³ ¸μ£² ¸¨¨ ¸ · ¸Î¥É ³¨, ¸¤¥² ´´Ò³¨ ´  μ¸´μ¢¥ É¥μ·¨¨
¸¢Ö§ ´´μ£μ ¤¢¨¦¥´¨Ö, ¨§²μ¦¥´´μ° ¢ ¶. 3.5. �¦¨¤ ¥³Ò° Ê£²μ¢μ° · §¡·μ¸ ¢
¶ÊÎ±¥ ´¥ ¶·¥¢ÒÏ ¥É 50 ³· ¤.

�¨¸. 22. ” §μ¢Ò¥ ¶μ·É·¥ÉÒ μ¡· §ÊÕÐ¨Ì Ô²²¨¶¸μ¢ ¶ÊÎ±  ¨ ¤¨´ ³¨±  Î ¸É¨ÍÒ ¢ · §-
²¨Î´ÒÌ Ë §μ¢ÒÌ ¶²μ¸±μ¸ÉÖÌ:  ) ¶μ¶¥·¥Î´μ¥ ¸¥Î¥´¨¥ ¢ ¶²μ¸±μ¸É¨ x, y; ¡) ¶²μ¸±μ¸ÉÓ
y, y′; ¢) ¶²μ¸±μ¸ÉÓ x, x′

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö ¤¨´ ³¨±¨ Í¨·±Ê²¨·ÊÕÐ¥£μ Ô²¥±É·μ´-
´μ£μ ¶ÊÎ±  ¶μ± § ²¨, ÎÉμ ¶μ²ÊÍ¥²Ò° ·¥§μ´ ´¸ ³¥¤²¥´´μ° ³μ¤Ò, ¸μμÉ¢¥É¸É¢Ê-
ÕÐ¨° ¢¥²¨Î¨´¥ £· ¤¨¥´É  ¸¶¨· ²Ó´μ£μ ¶μ²Ö 22 ƒ¸/¸³, ¶·¨¢μ¤¨É ± £¨¡¥²¨
¶ÊÎ± . ‚²¨Ö´¨¥ ·¥§μ´ ´¸μ¢ ¡Ò¸É·μ° ³μ¤Ò ´  ¶ · ³¥É·Ò ¶ÊÎ±  μ¡´ ·Ê¦¨ÉÓ
´¥ Ê¤ ²μ¸Ó.

5. �…�‚›… 	Š‘�…�ˆŒ…�’› �� „ˆ��ŒˆŠ… 	‹…Š’�����ƒ�
�“—Š� ‚ ��Š��ˆ’…‹… LEPTA

”¨§¨Î¥¸±¨° ¶Ê¸± ´ ±μ¶¨É¥²Ö LEPTA ¸ Í¨·±Ê²¨·ÊÕÐ¨³ Ô²¥±É·μ´´Ò³
¶ÊÎ±μ³ ¡Ò² μ¸ÊÐ¥¸É¢²¥´ ¢ ¸¥´ÉÖ¡·¥ 2004 £ [35]. �·¥¤¢ ·¨É¥²Ó´μ ¸ ¶μ³μ-
ÐÓÕ ¨³¶Ê²Ó¸´μ£μ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¡Ò²¨ ¶·μÉ¥¸É¨·μ¢ ´Ò ¥£μ μ¸´μ¢´Ò¥
Ô²¥³¥´ÉÒ: ¸¶¨· ²Ó´ Ö ±¢ ¤·Ê¶μ²Ó´ Ö ²¨´§  ¨ Ô²¥³¥´ÉÒ ¨´¦¥±Í¨¨ Å ¸¥¶ÉÊ³
¨ ±¨±¥·.

‘¶¨· ²Ó´ Ö ±¢ ¤·Ê¶μ²Ó´ Ö ²¨´§ , ¶μ³¥Ð¥´´ Ö ¢ ¶·μ¤μ²Ó´μ¥ ³ £´¨É´μ¥
¶μ²¥, ¶μ¢μ· Î¨¢ ¥É ¶ÊÎμ± ± ± Í¥²μ¥ ¢μ±·Ê£ μ¸¨ ²¨´§Ò ´  Ê£μ² Δϕ (2.26),
±μÉμ·Ò° ¶·μ¶μ·Í¨μ´ ²¥´ ±¢ ¤· ÉÊ μÉ´μÏ¥´¨Ö ³ £´¨É´μ£μ ¶μ²Ö ±¢ ¤·Ê¶μ²Ö ±
¶μ²Õ ¸μ²¥´μ¨¤  (2.24).

Š¢ ¤·Ê¶μ²Ó ¡Ò² ¶·μÉ¥¸É¨·μ¢ ´ ¨³¶Ê²Ó¸´Ò³ Ô²¥±É·μ´´Ò³ ¶ÊÎ±μ³ ¸ ¤¨ ³¥É-
·μ³ 13 ³³. „²Ö ÔÉμ£μ ´  ¶ÊÉ¨ ¥£μ ¶·μÌμ¦¤¥´¨Ö ¡Ò²  Ê¸É ´μ¢²¥´  ¤¨ Ë· £³ 
¸ ¤¢Ê³Ö μÉ¢¥·¸É¨Ö³¨ ¸ ¤¨ ³¥É·μ³ 1,5 ³³ ¨ · ¸¸ÉμÖ´¨¥³ ³¥¦¤Ê ´¨³¨ 10 ³³.
’ ±¨³ μ¡· §μ³, ¶·¨ ¶·μÌμ¦¤¥´¨¨ ¶ÊÎ±  Î¥·¥§ É ±ÊÕ ¤¨ Ë· £³Ê Ëμ·³¨·μ-
¢ ²¨¸Ó ¤¢  Éμ´±¨Ì ²ÊÎ . �¤¨´ ¨§ ´¨Ì ¢Ò¢μ¤¨²¨ ´  μ¸Ó ±¢ ¤·Ê¶μ²Ö,   Ê£μ²
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¶μ¢μ·μÉ  ¢Éμ·μ£μ ¨§³¥·Ö²¨ ± ± ËÊ´±Í¨Õ Éμ±  ±¢ ¤·Ê¶μ²Ö. �μ²μ¦¥´¨¥ ¶ÊÎ-
±μ¢ ¶μ¸²¥ ¶·μÌμ¦¤¥´¨Ö ±¢ ¤·Ê¶μ²Ö ´ ¡²Õ¤ ²¨ ´  ²Õ³¨´¥¸Í¥´É´μ³ Ô±· ´¥.
‡ ¢¨¸¨³μ¸ÉÓ Ê£²  ¶μ¢μ·μÉ  μÉ Éμ±  ±¢ ¤·Ê¶μ²Ö ´ Ìμ¤¨É¸Ö ¢ Ìμ·μÏ¥³ ¸μ£² ¸¨¨
¸ Ëμ·³Ê² ³¨ (2.25) ¨ (1.2) (·¨¸. 23).

�¨¸. 23. ‡ ¢¨¸¨³μ¸ÉÓ Ê£²  ¶μ¢μ·μÉ  ¶ÊÎ±  ¢ ¸¶¨· ²Ó´μ° ±¢ ¤·Ê¶μ²Ó´μ° ²¨´§¥ μÉ Éμ±  ¢
¥e μ¡³μÉ±¥ ¤²Ö · §²¨Î´ÒÌ §´ Î¥´¨° ¶·μ¤μ²Ó´μ£μ ³ £´¨É´μ£μ ¶μ²Ö: B = 0,027 (�, 1);
0,04 (�, 2); 0,053 ’² (�, 3)

�´ ²μ£¨Î´μ ¨³¶Ê²Ó¸´Ò³ ¶ÊÎ±μ³ É¥¸É¨·μ¢ ²¨¸Ó Ô²¥³¥´ÉÒ ¨´¦¥±Í¨¨ Å
±¨±¥· ¨ ¸¥¶ÉÊ³, Ê¸É ´μ¢²¥´Ò¥ ¢ ¸¥¶ÉÊ³´μ³ ¸μ²¥´μ¨¤¥. �ÊÏ±  ¡Ò²  ¶μ³¥-
Ð¥´  ¢ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨ ´  ¢ÒÌμ¤¥ ±¨±¥·  É ±, ÎÉμ¡Ò Ô²¥±É·μ´´Ò°
¶ÊÎμ± ¶μ¸ÉÊ¶ ² ¢ ±¨±¥· ¢ ´ ¶· ¢²¥´¨¨, ¶·μÉ¨¢μ¶μ²μ¦´μ³ ÏÉ É´μ³Ê. �·¨
É¥¸É¨·μ¢ ´¨¨ ´  ¶² ¸É¨´Ò ±¨±¥·  ¶μ¤ ¢ ²μ¸Ó ¸É É¨Î¥¸±μ¥ ´ ¶·Ö¦¥´¨¥, ±μÉμ-
·μ¥ ¢ § ¢¨¸¨³μ¸É¨ μÉ ¶μ²Ö·´μ¸É¨ ¸³¥Ð ²μ ¶ÊÎμ± ¢¢¥·Ì ¨²¨ ¢´¨§. �  ¢Ìμ¤´ÒÌ
Ë² ´Í Ì É·¥Ì ± ´ ²μ¢ ¢ ±ÊÊ³´μ° ± ³¥·Ò ¸¥¶ÉÊ³ , É. ¥. ¸μ ¸Éμ·μ´Ò, ¶·μÉ¨¢μ-
¶μ²μ¦´μ° ±¨±¥·Ê, ¡Ò²¨ Ê¸É ´μ¢²¥´Ò ²Õ³¨´¥¸Í¥´É´Ò¥ Ô±· ´Ò. �·¨ ¨§³¥´¥-
´¨¨ ´ ¶·Ö¦¥´¨Ö ´  ¶² ¸É¨´ Ì ±¨±¥·  ¶ÊÎμ± ¶μμÎ¥·¥¤´μ ´ ¡²Õ¤ ²¸Ö ´  ¢¸¥Ì
É·¥Ì Ô±· ´ Ì, ¢±²ÕÎ Ö Í¥´É· ²Ó´Ò°. ’μ± ¢ ¸¥¶ÉÊ³´ÒÌ μ¡³μÉ± Ì ¨ ´ ¶·Ö¦¥-
´¨¥ ´  ¶² ¸É¨´ Ì μ¶É¨³¨§¨·μ¢ ´Ò ¤²Ö ¶μ²ÊÎ¥´¨Ö ´ ¨²ÊÎÏ¥£μ ¶·μÌμ¦¤¥´¨Ö
¶ÊÎ± . ˆ§³¥´¥´¨¥ Éμ± , ¶¨É ÕÐ¥£μ ¸¥¶ÉÊ³´Ò¥ μ¡³μÉ±¨, ´¥ ¢²¨Ö²μ ´  ¶μ-
²μ¦¥´¨¥ ¶ÊÎ±  ¢ Í¥´É· ²Ó´μ³ ± ´ ²¥. ’ ±¨³ μ¡· §μ³, ¡Ò²μ ¶μ± § ´μ, ÎÉμ
¶·¥¤²μ¦¥´´ Ö ¸Ì¥³  ¶μ§¢μ²Ö¥É μ¸ÊÐ¥¸É¢¨ÉÓ ¨´¦¥±Í¨Õ ¶μ§¨É·μ´´μ£μ ¶ÊÎ± 
´  · ¢´μ¢¥¸´ÊÕ μ·¡¨ÉÊ,   É ±¦¥ ¢¢μ¤ μ¤´μμ¡μ·μÉ´μ£μ Ô²¥±É·μ´´μ£μ ¶ÊÎ± ,
¡¥§ ¢μ§³ÊÐ¥´¨Ö ¶ÊÎ± , Í¨·±Ê²¨·ÊÕÐ¥£μ ´  · ¢´μ¢¥¸´μ° μ·¡¨É¥.

�·¨ ´ ¸É·μ°±¥ ¢¸¥£μ ´ ±μ¶¨É¥²Ö ¢ ± Î¥¸É¢¥ ¨´¦¥±Éμ·  ¨¸¶μ²Ó§μ¢ ² ¸Ó
Ô²¥±É·μ´´ Ö ¶ÊÏ±  ¸¨¸É¥³Ò Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö, Ê¸É ´μ¢²¥´´ Ö ¢ ¥e
ÏÉ É´μ³ ¶μ²μ¦¥´¨¨, ¢ ²¥¢μ³ ´¨¦´¥³ ± ´ ²¥ ¸¥¶ÉÊ³  (·¨¸. 6). ’μ± Ô²¥±É·μ´-
´μ£μ ¶ÊÎ±  ¨§ ¶ÊÏ±¨ ¨§³¥·Ö²¸Ö ¸ ¶μ³μÐÓÕ ¶μÖ¸  �μ£μ¢¸±μ£μ ¢ Í¥¶¨ ± Éμ¤ .
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„¨ £´μ¸É¨±  Í¨·±Ê²¨·ÊÕÐ¥£μ ¶ÊÎ±  μ¸ÊÐ¥¸É¢²Ö² ¸Ó ¸¥£³¥´É´Ò³¨ ¤¨ -
Ë· £³ ³¨ ¨ ¤¢Ê³Ö ¶¨± ¶-¸É ´Í¨Ö³¨, ¶·¥¤¸É ¢²ÖÕÐ¨³¨ ¸μ¡μ° Í¨²¨´¤·Ò, ¸μ-
μ¸´Ò¥ ¸ μ¸ÓÕ ¢ ±ÊÊ³´μ° ± ³¥·Ò. –¨²¨´¤·Ò · §·¥§ ´Ò ´  ¤¢¥ μ¤¨´ ±μ¢Ò¥
Î ¸É¨ Å ¶¥·¢Ò° ¢ ¢¥·É¨± ²Ó´μ°,   ¢Éμ·μ° ¢ £μ·¨§μ´É ²Ó´μ° ¶²μ¸±μ¸É¨. ‘
¶μ³μÐÓÕ ¶¨± ¶-¸É ´Í¨¨ ³μ¦´μ ±μ´É·μ²¨·μ¢ ÉÓ ¶μ²μ¦¥´¨¥ ¶ÊÎ±  ¶μ μ¤´μ°
¨§ ±μμ·¤¨´ É: ¢¥·É¨± ²Ó´μ° ´  ¢Ìμ¤¥ ¢ ¶·Ö³μ²¨´¥°´ÊÕ ¸¥±Í¨Õ ¨ £μ·¨§μ´-
É ²Ó´μ° ´  ¥¥ ¢ÒÌμ¤¥. ‘¥£³¥´É´Ò¥ ¤¨ Ë· £³Ò ¢Ò¶μ²´¥´Ò ¢ ¢¨¤¥ μÉ¤¥²Ó´ÒÌ
¨§μ²¨·μ¢ ´´ÒÌ ³¥É ²²¨Î¥¸±¨Ì ¶² ¸É¨´, · §³¥Ð¥´´ÒÌ ´  £· ´¨Í Ì  ¶¥·ÉÊ·Ò
´  ¢ÒÌμ¤¥ ¸¥¶ÉÊ³´ÒÌ μ¡³μÉμ± ¨ ±¨±¥· .

�μ¸²¥ § ³Ò± ´¨Ö μ·¡¨ÉÒ ´ ¡²Õ¤ ²¸Ö ¸¨£´ ² ¸ ¶¨± ¶-¸É ´Í¨° μÉ ´¥¸±μ²Ó-
±¨Ì μ¡μ·μÉμ¢ Í¨·±Ê²¨·ÊÕÐ¥£μ ¶ÊÎ±  (·¨¸. 24).

�¨¸. 24. �¸Í¨²²μ£· ³³  ¸¨£´ ²μ¢ ¸
¶² ¸É¨´ ¢¥·É¨± ²Ó´μ° ¶¨± ¶-¸É ´Í¨¨.
–¥´  ¤¥²¥´¨Ö ¶μ £μ·¨§μ´É ²Ó´μ° μ¸¨
0,5 ³±¸, ¢¥·É¨± ²Ó´μ° Å 100 ³‚

�¨¸. 25. �¸Í¨²²μ£· ³³  ¸¨£´ ²μ¢ ¸
¶² ¸É¨´ ¢¥·É¨± ²Ó´μ° ¶¨± ¶-¸É ´Í¨¨
¶·¨ ¢±²ÕÎ¥´´μ³ ±¢ ¤·Ê¶μ²¥. –¥´  ¤¥-
²¥´¨Ö ¶μ £μ·¨§μ´É ²Ó´μ° μ¸¨ 2,5 ³±¸,
¢¥·É¨± ²Ó´μ° Å 50 ³‚

„²¨É¥²Ó´μ¸ÉÓ § ¤´¥£μ Ë·μ´É  ±¨±¥·  ¸μ¸É ¢²Ö¥É μ±μ²μ 30 ´¸, ¢ ·¥§Ê²Ó-
É É¥ Í¨·±Ê²¨·ÊÕÐ¨° ¶ÊÎμ± § ¶μ²´Ö¥É ¶¥·¨³¥É· ´ ±μ¶¨É¥²Ö ´¥ ¶μ²´μ¸ÉÓÕ
¨ ¶μÔÉμ³Ê ³μ¦¥É ´¥±μÉμ·μ¥ ¢·¥³Ö ´ ¡²Õ¤ ÉÓ¸Ö ¶¨± ¶-¸É ´Í¨¥°. ‘¨£´ ²Ò ¸
¶¨± ¶-¸É ´Í¨°, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ μÉ¤¥²Ó´Ò³ μ¡μ·μÉ ³ ¶ÊÎ± , ´ ¡²Õ¤ ÕÉ¸Ö
¸· §Ê ¶μ¸²¥ ¢Ò±²ÕÎ¥´¨Ö ±¨±¥· . ‚±²ÕÎ¥´¨¥ ±¢ ¤·Ê¶μ²Ö ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ
Ê¸Éμ°Î¨¢μ¥ ¤¢¨¦¥´¨¥ ´  · ¢´μ¢¥¸´μ° μ·¡¨É¥ (·¨¸. 25).

’μ± Í¨·±Ê²¨·ÊÕÐ¥£μ ¶ÊÎ±  μÍ¥´¨¢ ²¸Ö ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ± ²¨¡·μ¢±μ°
¶¨± ¶μ¢ ¨ ´  ´¥¸±μ²Ó±¨Ì ¶¥·¢ÒÌ μ¡μ·μÉ Ì ¸μ¸É ¢²Ö² ∼ 60 ³� ¶·¨ Éμ±¥
¨´¦¥±Í¨¨ 120 ³�. ‘¨£´ ²Ò μÉ μÉ¤¥²Ó´ÒÌ μ¡μ·μÉμ¢ ´ ¡²Õ¤ ²¨ ¢ É¥Î¥-
´¨¥ ∼ 10 ³±¸, ¶μ±  ¶ÊÎμ± ´¥ ®· ¸¶²Ò¢ ²¸Ö¯ ¨ ¶μ¸É¥¶¥´´μ § ¶μ²´Ö² ¢¸Õ
μ·¡¨ÉÊ. �¤´ ±μ ¤μ ³μ³¥´É  ∼ 200 ³±¸ ³μ¦´μ, ¶·¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ´ -
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¸É·μ°± Ì Ê£²  ¨´¦¥±Í¨¨ ¶ÊÎ± , ´ ¡²Õ¤ ÉÓ ¸¨£´ ² ³¥´ÓÏ¥°  ³¶²¨ÉÊ¤Ò ¨ ¸
³¥´ÓÏ¥° Î ¸ÉμÉμ° (·¨¸. 26). �É  ³¥¤²¥´´ Ö Î ¸ÉμÉ  ¸μμÉ¢¥É¸É¢Ê¥É ¢· Ð¥´¨Õ

�¨¸. 26. Œ¥¤²¥´´μ¥ ¢· Ð¥´¨¥ ¶ÊÎ± .
–¥´  ¤¥²¥´¨Ö ¶μ £μ·¨§μ´É ²Ó´μ° μ¸¨
5 ³±¸, ¶μ ¢¥·É¨± ²Ó´μ° Å 5 ³‚

¶ÊÎ±  ± ± Í¥²μ£μ μÉ´μ¸¨É¥²Ó´μ · ¢´μ-
¢¥¸´μ° μ·¡¨ÉÒ, ¨ ¥¥ §´ Î¥´¨¥ μ¶·¥¤¥-
²Ö¥É¸Ö £· ¤¨¥´Éμ³ ¶μ²Ö ¢ ±¢ ¤·Ê¶μ²¥
(¸³. (3.7)). ‘¨£´ ²Ò ³¥¤²¥´´μ° Î -
¸ÉμÉÒ ¸ ¤¢ÊÌ ¶² ¸É¨´ ¶¨± ¶-¸É ´Í¨¨
¨³¥ÕÉ ¶·μÉ¨¢μ¶μ²μ¦´ÊÕ Ë §Ê, ÎÉμ ¨
¶μ¤É¢¥·¦¤ ¥É ¢· Ð¥´¨¥ ¶ÊÎ±  ± ± Í¥-
²μ£μ.

Š ± μÉ³¥Î ²μ¸Ó ¢ÒÏ¥, ¢ ¶¥·¢μ³
¶·¨¡²¨¦¥´¨¨ ¤¢¨¦¥´¨¥ Î ¸É¨Í ¢ É ±μ³
´ ±μ¶¨É¥²¥ ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ± ±
¸Ê³³Ê ¤¢ÊÌ ´¥§ ¢¨¸¨³ÒÌ ¢· Ð¥´¨° Å
¡Ò¸É·μ£μ ² ·³μ·μ¢¸±μ£μ ¢μ±·Ê£ ¸¨²μ-
¢μ° ²¨´¨¨ ¶μ²Ö ¨ ³¥¤²¥´´μ£μ ¢· Ð¥-
´¨Ö ¶ÊÎ±  ± ± Í¥²μ£μ ¢μ±·Ê£ · ¢´μ-
¢¥¸´μ° μ·¡¨ÉÒ. “£μ² ¶μ¢μ·μÉ  ¶ÊÎ± 
± ± Í¥²μ£μ §  μ¤¨´ μ¡μ·μÉ Ë ±É¨Î¥¸±¨
Ö¢²Ö¥É¸Ö ³¥¤²¥´´Ò³ ¡¥É É·μ´´Ò³ Î¨-

¸²μ³ Qbet, ±μÉμ·μ¥ · ¢´μ μÉ´μÏ¥´¨Õ Î ¸ÉμÉÒ ³¥¤²¥´´μ£μ ¢· Ð¥´¨Ö ¶ÊÎ± 
¢μ±·Ê£ μ¸¨ ± Î ¸ÉμÉ¥ μ¡· Ð¥´¨Ö (3.7).

ˆ§³¥·¥´¨¥ § ¢¨¸¨³μ¸É¨ Qbet μÉ Éμ±  ±¢ ¤·Ê¶μ²Ö ¶μ± § ²μ, ÎÉμ μ¡² ¸ÉÓ
Ê¸Éμ°Î¨¢μ° Í¨·±Ê²ÖÍ¨¨ ¶ÊÎ±  ²¥¦¨É ¢ ¶·¥¤¥² Ì ¨§³¥´¥´¨Ö Éμ±  ±¢ ¤·Ê¶μ²Ö
μÉ 35 ¤μ 60 �, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É Qbet = 0,1−0,4 (·¨¸. 27).

�¨¸. 27. ‡ ¢¨¸¨³μ¸ÉÓ ¡¥É É·μ´´μ£μ Î¨-
¸²  Qbet μÉ Éμ±  ±¢ ¤·Ê¶μ²Ö ¶·¨ Ô´¥·-
£¨¨ Í¨·±Ê²¨·ÊÕÐ¥£μ ¶ÊÎ±  8,2 ±Ô‚
(�, 1) ¨ 2,3 ±Ô‚ (�, 2)

�¨¸. 28. ‡ ¢¨¸¨³μ¸ÉÓ ¢·¥³¥´¨ ¦¨§´¨
Ô²¥±É·μ´μ¢ μÉ Ô´¥·£¨¨, B = 350 ƒ¸.
�, 1 Å P = 7 · 10−8 Tμ··; �, 2 Å
P = 5 · 10−7 Tμ··
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ˆ§³¥·¥´¨¥ ¢·¥³¥´¨ ¦¨§´¨ ¶ÊÎ±  ¶·μ¨§¢μ¤¨²μ¸Ó ³¥Éμ¤μ³ ¸¡·μ¸  ¶ÊÎ± 
¢ § ¤ ´´Ò° ³μ³¥´É ¢·¥³¥´¨. „²Ö ÔÉμ£μ ´  μ¤´Ê ¨§ ¶² ¸É¨´ ±¨±¥·  ¶μ¤ -
¥É¸Ö ¨³¶Ê²Ó¸ ´ ¶·Ö¦¥´¨Ö c  ³¶²¨ÉÊ¤μ° 500 ‚ ¨ § ¤¥·¦±μ°, ·¥£Ê²¨·Ê¥³μ°
¶μ ¢·¥³¥´¨. �Éμ ¨³¶Ê²Ó¸´μ¥ ¶μ¶¥·¥Î´μ¥ ¶μ²¥ ¸³¥Ð ¥É ¶ÊÎμ± ¶μ ¢¥·É¨± ²¨
¨ ¶·¨¢μ¤¨É ± ¥£μ £¨¡¥²¨. �·¨ ÔÉμ³ ¸ ¶¨± ¶-¸É ´Í¨° ´ ¡²Õ¤ ¥É¸Ö ¸¨£´ ²,
¶·μ¶μ·Í¨μ´ ²Ó´Ò° Éμ±Ê ¶ÊÎ± , Í¨·±Ê²¨·μ¢ ¢Ï¥£μ ¤μ ®Ê¤ · ¯. ‡ ¢¨¸¨³μ¸ÉÓ
¢·¥³¥´¨ ¦¨§´¨ μÉ Ô´¥·£¨¨ (·¨¸. 28) ¶μ± §Ò¢ ¥É, ÎÉμ ¸ÊÐ¥¸É¢ÊÕÉ ¤¢¥ μ¡² ¸É¨
§´ Î¥´¨° Ô´¥·£¨¨:

0 � εI � 2,2 ±Ô‚, 2,2 ±Ô‚ < εII.

‚ μ¡² ¸É¨ εI ¢·¥³Ö ¦¨§´¨ Ìμ·μÏμ  ¶¶·μ±¸¨³¨·Ê¥É¸Ö § ¢¨¸¨³μ¸ÉÓÕ μÉ Ô´¥·-
£¨¨:

τ = Aβ, (5.20)

£¤¥ A Å Î¨¸²¥´´Ò° ³´μ¦¨É¥²Ó, § ¢¨¸ÖÐ¨° μÉ · §³¥·   ¶¥·ÉÊ·Ò ¨ ¢¥²¨Î¨´Ò
³ £´¨É´μ£μ ¶μ²Ö B0; βc Å ¸±μ·μ¸ÉÓ Î ¸É¨Í ¢ ´ ±μ¶¨É¥²¥ (¸³. (2.50)). �Éμ
μ§´ Î ¥É, ÎÉμ ¢·¥³Ö ¦¨§´¨ ¢ μ¡² ¸É¨ εI μ¶·¥¤¥²Ö¥É¸Ö ¢ ±ÊÊ³´Ò³¨ Ê¸²μ¢¨-
Ö³¨. ‚ μ¡² ¸É¨ εII ´ ¡²Õ¤ ¥É¸Ö ¡Ò¸É·Ò° ¸¶ ¤ ¢·¥³¥´¨ ¦¨§´¨ ¸ Ô´¥·£¨¥°, ÎÉμ
³μ¦´μ μ¡ÑÖ¸´¨ÉÓ ´ ·ÊÏ¥´¨¥³  ¤¨ ¡ É¨Î´μ¸É¨ ¤¢¨¦¥´¨Ö Î ¸É¨Í ¢ ´¥μ¤´μ·μ¤-
´μ³ ³ £´¨É´μ³ ¶μ²¥ (¸³. (2.52), (2.53)), ¨ ÔÉμÉ ³¥Ì ´¨§³ ¶·¥μ¡² ¤ ¥É ´ ¤
· ¸¸¥Ö´¨¥³ ´  μ¸É ÉμÎ´μ³ £ §¥. ’ ±μ¥ ´¥μ¤´μ·μ¤´μ¥ ³ £´¨É´μ¥ ¶μ²¥ ¶·¨¸ÊÉ-
¸É¢Ê¥É ¢ μ¡² ¸É¨ ¸ÉÒ±μ¢ Ô²¥³¥´Éμ¢ ±μ²ÓÍ .

�  ·¨¸. 28 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨Ö ¢·¥³¥´¨ ¦¨§´¨ ¶·¨ ¤¢ÊÌ
§´ Î¥´¨ÖÌ ¤ ¢²¥´¨Ö ¢ ¢ ±ÊÊ³´μ° ± ³¥·¥. ‘ Ê¢¥²¨Î¥´¨¥³ ¤ ¢²¥´¨Ö (±·¨¢ Ö 2)
¢·¥³Ö ¦¨§´¨ Ê³¥´ÓÏ ¥É¸Ö ¢ μ¡² ¸É¨ εI,   ´ Î¨´ Ö ¸ Ô´¥·£¨¨ ∼ 5 ±Ô‚ ´¥
§ ¢¨¸¨É μÉ ¤ ¢²¥´¨Ö. ’ ±¨³ μ¡· §μ³, ¢·¥³Ö ¦¨§´¨ ¢ μ¡² ¸É¨ εII μ¶·¥¤¥²Ö¥É¸Ö
´¥ ¢ ±ÊÊ³´Ò³¨ Ê¸²μ¢¨Ö³¨.

‡�Š‹
—…�ˆ…

Œμ¤¨Ë¨Í¨·μ¢ ´´Ò° ¡¥É É·μ´ ¨ ¥£μ · §´μ¢¨¤´μ¸ÉÓ Å ¸É¥²² É·μ´ ¶·¥¤-
¸É ¢²ÖÕÉ ¸μ¡μ° ¦e¸É±μËμ±Ê¸¨·ÊÕÐ¨° Ê¸±μ·¨É¥²Ó, ¸¢μ¥μ¡· §´Ò¥ Ë¨§¨Î¥¸±¨¥
Ì · ±É¥·¨¸É¨±¨ ±μÉμ·μ£μ ¶μ§¢μ²ÖÕÉ ´ ± ¶²¨¢ ÉÓ ¨ Ê¸±μ·ÖÉÓ ¶ÊÎ±¨ § ·Ö¦¥´-
´ÒÌ Î ¸É¨Í c ¨´É¥´¸¨¢´μ¸ÉÓÕ, ³´μ£μ±· É´μ ¶·¥¢μ¸Ìμ¤ÖÐ¥° Ê·μ¢¥´Ó, ¤μ¸ÉÊ¶-
´Ò° ¤²Ö ±² ¸¸¨Î¥¸±¨Ì ¡¥É É·μ´μ¢. ‚¢¥¤¥´¨¥ ¶·Ö³μ²¨´¥°´ÒÌ ¶·μ³¥¦ÊÉ±μ¢
¤ ¥É ¤μ¶μ²´¨É¥²Ó´Ò¥ ¢μ§³μ¦´μ¸É¨ ¤²Ö · §³¥Ð¥´¨Ö Ê¸É·μ°¸É¢ ¢¶Ê¸± -¢Ò¶Ê¸± ,
¤¨ £´μ¸É¨±¨ ¨ É. ¶. �·¥¤²μ¦¥´´ Ö ´¥¤ ¢´μ μ·¨£¨´ ²Ó´ Ö ¸Ì¥³  ¨´¦¥±Í¨¨
¶ÊÎ±μ¢ μÉ±·Ò¢ ¥É ¤μ¶μ²´¨É¥²Ó´Ò¥ ¢μ§³μ¦´μ¸É¨ ¤²Ö · §²¨Î´ÒÌ ¶·¨³¥´¥´¨°
ÔÉμ£μ Ê¸±μ·¨É¥²Ö. ’ ±¨³ μ¡· §μ³, ³μ¤¨Ë¨Í¨·μ¢ ´´Ò° ¡¥É É·μ´ Ö¢²Ö¥É¸Ö ¶¥·-
¸¶¥±É¨¢´Ò³ ¨´¸É·Ê³¥´Éμ³ Ê¸±μ·¨É¥²Ó´μ° É¥Ì´¨±¨.
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�² £μ¤ ·´μ¸É¨. �¢Éμ·Ò ¢Ò· ¦ ÕÉ ¡² £μ¤ ·´μ¸ÉÓ �. �. ‡¥´±¥¢¨ÎÊ,
„. Œée²Õ, �.�. ‘±·¨´¸±μ³Ê ¨ •.ˆ.˜É °´Ê §  ¶²μ¤μÉ¢μ·´Ò¥ ¤¨¸±Ê¸¸¨¨,
�. ƒ. Šμ¡¥ÍÊ, 
.‚.Šμ·μÉ ¥¢Ê, �. ‚.�¨¢¨´Ê, ‘.‹. Ÿ±μ¢¥´±μ §  ¶μ³μÐÓ ¢ ¶·μ-
¢¥¤¥´¨¨ Ô±¸¶¥·¨³¥´Éμ¢. �¢Éμ·Ò ¶·¨§´ É¥²Ó´Ò „¦. „¦¥±¸μ´Ê, ’. Š É Ö³¥ ¨
‚.�²¥·ÉÊ §  ¨´É¥·¥¸ ± · ¡μÉ¥ ¨ ¶μ¤¤¥·¦±Ê, ’. �. ‘É¥¶ ´μ¢μ° §  ¶μ³μÐÓ ¢
¶μ¤£μÉμ¢±¥ ·Ê±μ¶¨¸¨ ± ¶Ê¡²¨± Í¨¨.

� ¡μÉ  ¶μ¤¤¥·¦ ´  £· ´Éμ³ �””ˆ 02-02-16911.
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