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�·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ´¥¸É Í¨μ´ ·´ÒÌ ¶·μÍ¥¸¸μ¢ ¢ · §²¨Î´ÒÌ ¸Ì¥-
³ Ì ´¥°É· ²¨§ Í¨¨ § ·Ö¤  ¸¨²Ó´μÉμÎ´ÒÌ Ô²¥±É·μ´´ÒÌ ¶ÊÎ±μ¢ ¨ ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¶ · ³¥É·μ¢
¶ÊÎ±μ¢. �¸´μ¢´μ¥ ¢´¨³ ´¨¥ Ê¤¥²¥´μ ¶ÊÎ± ³ ¸ Éμ±μ³, ¶·¥¢ÒÏ ÕÐ¨³ ¶·¥¤¥²Ó´Ò° Éμ± �²Ó¢¥´ .

Different schemes of non-stationary charge neutralization of high-current electron beams are con-
sidered by means of computer simulation. Some issues concerning electron beam transport and mea-
surements of the beam currents are discussed. Of particular interest are beams of currents exceeding
Alven's limiting current.

PACS: 29.90.+r

‚‚…„…�ˆ…

�¤´¨³ ¨§ ³¥Éμ¤μ¢ Ê¢¥²¨Î¥´¨Ö Éμ±  É· ´¸¶μ·É¨·Ê¥³ÒÌ ¸¨²Ó´μÉμÎ´ÒÌ Ô²¥±É·μ´´ÒÌ
¶ÊÎ±μ¢ Ö¢²Ö¥É¸Ö Î ¸É¨Î´ Ö ´¥°É· ²¨§ Í¨Ö ¨Ì μ¡Ñ¥³´μ£μ § ·Ö¤ . „²Ö ÔÉμ° Í¥²¨ ¨¸¶μ²Ó-
§Ê¥É¸Ö ¨´¦¥±Í¨Ö ¶ÊÎ±  ¢ ´¥°É· ²Ó´Ò° £ §, ¢ § · ´¥¥ ¶μ¤£μÉμ¢²¥´´ÊÕ ¶² §³Ê, ´ ÉÖ£¨¢ -
´¨¥ ¨μ´μ¢ ¢ ¶ÊÎμ± ¸μ¡¸É¢¥´´Ò³ ¶μ²¥³ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  ¨§ ²μ± ²¨§μ¢ ´´μ° ¢´¥
¶ÊÎ±  ¶² §³Ò,   É ±¦¥ Ëμ·³¨·μ¢ ´¨¥ ¶ÊÎ±μ¢ ¢ ¶² §³μ§ ¶μ²´¥´´ÒÌ ¤¨μ¤ Ì [1Ä7]. �μ-
¸²¥¤´¨¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö ¶μ²ÊÎ¥´¨Ö ¸¨²Ó´μÉμÎ´ÒÌ ´¨§±μÔ´¥·£¨Î´ÒÌ ¶ÊÎ±μ¢ Ô²¥±É·μ´μ¢
¤²Ö É¥Ì´μ²μ£¨Î¥¸±¨Ì ¶·¨³¥´¥´¨°. ‚ ´¨Ì ¤μ¸É¨£ ¥É¸Ö ³´μ£μ±· É´μ¥ ¶·¥¢ÒÏ¥´¨¥ Éμ± 
�²Ó¢¥´  ¢ μÉ²¨Î¨¥ μÉ ¸²ÊÎ Ö É· ´¸¶μ·É¨·μ¢±¨ ¶ÊÎ±μ¢ ¢ § · ´¥¥ ¶μ¤£μÉμ¢²¥´´μ° ¶² §³¥.
’ ±, ¢ Ê¸É ´μ¢±¥ ®�¨É³¯ ¶·¨ ´ ¶·Ö¦¥´¨¨ 45 ±‚ Ëμ·³¨·μ¢ ²¸Ö ¶ÊÎμ± ¸ Éμ±μ³ ¤μ 30 ±�,
ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ¶μÎÉ¨ ¶ÖÉ¨±· É´μ³Ê ¶·¥¢ÒÏ¥´¨Õ IA [6], ¢ Ô±¸¶¥·¨³¥´É Ì [7, 8] ¶·¨
´ ¶·Ö¦¥´¨¨ 20 ±‚ Éμ± ¶ÊÎ±  ¤μ¸É¨£ ² 12 ±�, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ¶μÎÉ¨ É·¥Ì±· É´μ³Ê
¶·¥¢ÒÏ¥´¨Õ IA.

1. ˆ�†…Š–ˆŸ �“—Š� ‚ �‹�‡Œ“

ˆ´¦¥±Í¨Õ ¶ÊÎ±  ¢ ¶² §³Ê · ¸¸³μÉ·¨³ ´  ¶·¨³¥·¥ ±μ´±·¥É´μ£μ Ô±¸¶¥·¨³¥´É  ¶μ
¨§³¥·¥´¨Õ ¶ · ³¥É·μ¢ ¸¨²Ó´μÉμÎ´ÒÌ Ô²¥±É·μ´´ÒÌ ¶ÊÎ±μ¢, Ëμ·³¨·Ê¥³ÒÌ ¢ •-¶¨´Î Ì.
�ÊÎ±¨ ¨ ¢μ§´¨± ÕÐ¥¥ ¦¥¸É±μ¥ ¨§²ÊÎ¥´¨¥ Ö¢²ÖÕÉ¸Ö ´¥μÉÑ¥³²¥³μ° ¸μ¸É ¢²ÖÕÐ¥° ¨ ¢
¡μ²ÓÏ¥° ¨²¨ ³¥´ÓÏ¥° ¸É¥¶¥´¨ ¶·¨¸ÊÉ¸É¢ÊÕÉ ¢μ ¢¸¥Ì Ô±¸¶¥·¨³¥´É Ì ¸ •-¶¨´Î ³¨ [9].
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ˆ§³¥·¥´¨¥ Éμ±  ¶ÊÎ±  ¨ ±μ¸¢¥´´μ (¶μ Ô´¥·£¨¨ μÉ¸¥Î±¨) Ô´¥·£¨¨ Ô²¥±É·μ´μ¢ ¶·μ¢μ¤¨-
²μ¸Ó ¢ £¥μ³¥É·¨¨, ¶μ± § ´´μ° ´  ·¨¸. 1. �ÊÎμ± ¨§ ¤¨μ¤ , ¢ ±μÉμ·μ³ · §³¥Ð ²¸Ö •-¶¨´Î,
Î¥·¥§ μÉ¢¥·¸É¨¥ ¤¨ ³¥É·μ³ 3 ¨²¨ 8 ³³ ¨ ¶μ¶ ¤ ² ´  Í¨²¨´¤· ” · ¤¥Ö (–”), ´ Ìμ¤ÖÐ¨°¸Ö
´  · ¸¸ÉμÖ´¨¨ 2,5 ¸³ μÉ  ´μ¤ . „¨ ³¥É· ¢Ìμ¤´μ£μ μ±´  –” ¸μ¸É ¢²Ö² 2,5 ¸³, ¤¨ ³¥É·
±μ²²¥±Éμ·  2 ¸³. Šμ²²¥±Éμ· –” · §³¥Ð ²¸Ö ´  · ¸¸ÉμÖ´¨¨ 0,5 ¸³ μÉ ¢Ìμ¤´μ£μ μ±´ ,
±μÉμ·μ¥ ¨¸¶μ²Ó§μ¢ ²μ¸Ó ± ± Ë¨²ÓÉ·, μÉ¸¥± ÕÐ¨° Ô²¥±É·μ´Ò ¸ Ô´¥·£¨¥° ´¨¦¥ ´¥±μÉμ-
·μ°. �·¨ Ê¸²μ¢¨¨, ÎÉμ · ¸¶·¥¤¥²¥´¨¥ ¶²μÉ´μ¸É¨ Éμ±  ¶μ ¸¥Î¥´¨Õ ¡²¨§±μ ± μ¤´μ·μ¤´μ³Ê,
μ±´μ –” μ¡ÒÎ´μ ¤¨ Ë· £³¨·ÊÕÉ ¨ ¤ ´´Ò¥ ¨§³¥·¥´¨° ¶¥·¥¸Î¨ÉÒ¢ ÕÉ ´  ¶μ²´μ¥ ¸¥Î¥-
´¨¥ ¶ÊÎ± . ‚ ¤ ´´μ³ ¸²ÊÎ ¥ ¨§-§  ´¥μ¶·¥¤¥²¥´´μ¸É¥° ¢ · ¸¶·¥¤¥²¥´¨¨ ¶²μÉ´μ¸É¨ Éμ± ,
¶μ¶¥·¥Î´μ£μ · §³¥·  ¨ ¶μ²μ¦¥´¨Ö ¶ÊÎ±  ¨§³¥·Ö²¸Ö ¶μ²´Ò° Éμ±.

‚ Ô±¸¶¥·¨³¥´É Ì ¶¨±μ¢Ò¥ §´ Î¥´¨Ö Éμ±  Ô²¥±É·μ´´ÒÌ ¶ÊÎ±μ¢, Ô³¨É¨·μ¢ ´´ÒÌ ¨§ ¤¨-
μ¤  •-¶¨´Î , ¤μ¸É¨£ ²¨ ´¥¸±μ²Ó±¨Ì ±¨²μ ³¶¥·. …¸²¨ ¸Î¨É ÉÓ, ÎÉμ ³ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö
Ô²¥±É·μ´μ¢ ¸μμÉ¢¥É¸É¢Ê¥É ¢¥·Ì´¥° £· ´¨Í¥ ¸¶¥±É·  Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö, É. ¥. ¸μ¸É ¢²Ö¥É
μ±μ²μ 100 ±Ô‚, Éμ ´¥É·Ê¤´μ ¶μ± § ÉÓ, ÎÉμ É· ´¸¶μ·É¨·μ¢±  Ô²¥±É·μ´´ÒÌ ¶ÊÎ±μ¢ ¸ Éμ-
± ³¨ ¤ ¦¥ ±¨²μ ³¶¥·´μ£μ ¤¨ ¶ §μ´  μÉ ¤¨μ¤  ¤μ –”,   É ±¦¥ ³¥¦¤Ê Ô²¥±É·μ¤ ³¨ –”
´¥¢μ§³μ¦´  ¨§-§  § ¶¨· ´¨Ö ¸μ¡¸É¢¥´´Ò³ ¶·μ¸É· ´¸É¢¥´´Ò³ § ·Ö¤μ³. „²Ö ÔÉμ£μ ´¥μ¡Ìμ-
¤¨³  ¶· ±É¨Î¥¸±¨ ¶μ²´ Ö § ·Ö¤μ¢ Ö ´¥°É· ²¨§ Í¨Ö ¶ÊÎ± , ¶μ ±· °´¥° ³¥·¥, ¢ μ¡² ¸É¨
³¥¦¤Ê ¤¨μ¤μ³ ¨ –” [3, 4]. —Éμ ± ¸ ¥É¸Ö ·¥£¨¸É· Í¨¨ Éμ±  ´¥¶μ¸·¥¤¸É¢¥´´μ ¢ –”, ±Ê¤ 
Ô²¥±É·μ´´Ò° ¶ÊÎμ± ¶·μÌμ¤¨É Î¥·¥§ Ë¨²ÓÉ·, ¶μ²´μ¸ÉÓÕ μÉ·¥§ ÕÐ¨° ¨μ´´ÊÕ ±μ³¶μ´¥´ÉÊ,
μ¶·¥¤¥²ÖÕÐ¨³ Ë ±Éμ·μ³ ¢ –” μ¸É ¥É¸Ö ¸μ¡¸É¢¥´´Ò° ¶·μ¸É· ´¸É¢¥´´Ò° § ·Ö¤ ¶ÊÎ± .

‚μ§³μ¦´μ ´¥¸±μ²Ó±μ ¥¸É¥¸É¢¥´´ÒÌ ¸Í¥´ ·¨¥¢ Ëμ·³¨·μ¢ ´¨Ö É ±¨Ì Î ¸É¨Î´μ-´¥°É· -
²¨§μ¢ ´´ÒÌ ¶ÊÎ±μ¢: 1) ¨μ´¨§ Í¨Ö ¶ÊÎ±μ³ μ¸É ÉμÎ´μ£μ £ §  (´μ ¢·¥³Ö ´¥°É· ²¨§ Í¨¨ ¢
Ê¸²μ¢¨ÖÌ É¥Ì´¨Î¥¸±μ£μ ¢ ±ÊÊ³  ¸ÊÐ¥¸É¢¥´´μ ¶·¥¢ÒÏ ¥É ·¥£¨¸É·¨·Ê¥³Ò¥ ¤²¨É¥²Ó´μ¸É¨
¨³¶Ê²Ó¸μ¢ Éμ± ); 2) ´ É¥± ´¨¥ ¶² §³Ò ¨§ ¢´ÊÉ·¥´´¥£μ μ¡Ñ¥³  ¤¨μ¤ , μ¡· §Ê¥³μ° ¢ É¥-
Î¥´¨¥ ¶·μÍ¥¸¸  Ëμ·³¨·μ¢ ´¨Ö ¶¨´Î  (¶²μÉ´μ¸ÉÓ ±μÉμ·μ°, ¤μ¸É ÉμÎ´ Ö ¤²Ö μ¡¥¸¶¥Î¥´¨Ö
É· ´¸¶μ·É¨·μ¢±¨ ¶ÊÎ± , ´¥¢¥²¨±  ¨ ¸μ¸É ¢²Ö¥É 1012−1014 ¸³−3); 3) ¢ÒÉÖ£¨¢ ´¨¥ ¨μ´μ¢ ¨§
¶² §³Ò ¸μ¡¸É¢¥´´Ò³ ¶μ²¥³ ¶ÊÎ±  Î¥·¥§ μÉ¢¥·¸É¨¥ ¢  ´μ¤¥ (¶·¨ ¤μ¸É ÉμÎ´μ ¢Ò¸μ±μ°, ´ 
Ê·μ¢´¥ 1016−1017 ¸³−3, ¶²μÉ´μ¸É¨ ¶² §³Ò ¢´ÊÉ·¨ ¤¨μ¤ ). �μ¸²¥¤´¨° ¸Í¥´ ·¨° ·¥ ²¨§Ê-
¥É¸Ö, ´ ¶·¨³¥·, ¢ É ± ´ §Ò¢ ¥³Ò° ¤¨μ¤ ‹Õ¸  [2]. �¸´μ¢´μ¥ ¢´¨³ ´¨¥ Ê¤¥²¥´μ ¸Í¥´ ·¨Õ
¸ É· ´¸¶μ·É¨·μ¢±μ° ¶ÊÎ±  ¢ ¶² §³¥ ± ± ´ ¨¡μ²¥¥ ¥¸É¥¸É¢¥´´μ³Ê.

� ¸Î¥ÉÒ É· ´¸¶μ·É¨·μ¢±¨ ¶ÊÎ±  μÉ ¤¨μ¤  ¤μ ±μ²²¥±Éμ·  –” ¶·μ¢¥¤¥´Ò ¶μ Ô²¥±-
É·μ³ £´¨É´μ³Ê PIC-±μ¤Ê Š���’ [10] ¢ £¥μ³¥É·¨¨, ¶μ± § ´´μ° ´  ·¨¸. 1, ¤²Ö ¢Éμ·μ£μ ¨

�¨¸. 1. ƒ¥μ³¥É·¨Ö Ô±¸¶¥·¨³¥´É  ¨ · ¸Î¥É´ Ö £¥μ³¥É·¨Ö. 1 Å ± Éμ¤; 2 Å  ´μ¤; 3 Å •-¶¨´Î; 4 Å

–”; 5 Å ¶ÊÎμ±
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É·¥ÉÓ¥£μ ¸Í¥´ ·¨¥¢. ˆ³¶Ê²Ó¸´Ò° Ô²¥±É·μ´´Ò° ¶ÊÎμ± ¸ · §²¨Î´Ò³ ¶¨±μ¢Ò³ Éμ±μ³ ¨´¦¥±-
É¨·Ê¥É¸Ö ¨§ ¤¨μ¤  •-¶¨´Î  Î¥·¥§  ¶¥·ÉÊ·Ê ¤¨ ³¥É·μ³ 8 ³³ ¢  ´μ¤¥ ¤¨μ¤  (²¥¢Ò° Ô²¥±É·μ¤
´  ·¨¸Ê´±¥) ¸ μ¤´μ·μ¤´Ò³ · ¸¶·¥¤¥²¥´¨¥³ ¶μ Ô´¥·£¨¨ μÉ 80 ¤μ 100 ±Ô‚ ¨ μ¤´μ·μ¤´Ò³
Ê£²μ¢Ò³ · ¸¶·¥¤¥²¥´¨¥³ μÉ 0 ¤μ 30◦. „²¨É¥²Ó´μ¸ÉÓ É· ¶¥Í¥¨¤ ²Ó´μ£μ ¨³¶Ê²Ó¸  Éμ± 
¶ÊÎ±  ¸μ¸É ¢²Ö¥É 3 ´¸ (Ë·μ´É, ¢¥·Ï¨´ , ¸¶ ¤ Éμ±  Å ¶μ 1 ´¸). ‚ ´ Î ²Ó´Ò° ³μ³¥´É
¢·¥³¥´¨ ¶² §³  ¸ ¶²μÉ´μ¸ÉÓÕ 3 · 1013 ¸³−3 μ¤´μ·μ¤´μ § ¶μ²´Ö¥É μ¡Ñ¥³ ¤¨ ³¥É·μ³ 1 ¸³
³¥¦¤Ê  ´μ¤μ³ ¤¨μ¤  ¨ Ë¨²ÓÉ·μ³ –” (¶·μ³¥¦ÊÉμÎ´Ò° Ô²¥±É·μ¤ ´  ·¨¸Ê´±¥). Šμ²²¥±Éμ·
–” (¶· ¢Ò° Ô²¥±É·μ¤) · ¸¶μ²μ¦¥´ ´  · ¸¸ÉμÖ´¨¨ 0,5 ¸³ μÉ Ë¨²ÓÉ· .

� ¸Î¥ÉÒ ¶·μ¢¥¤¥´Ò ¤²Ö ¶² §³Ò, μ¡· §μ¢ ´´μ° ²¥£±¨³¨ ¨μ´ ³¨ (¢μ¤μ·μ¤) ¨ ¨μ´ ³¨
¸·¥¤´¥° ³ ¸¸Ò (Al). �  ·¨¸. 2 ¶μ± § ´  Ëμ·³  ¨´¦¥±É¨·Ê¥³μ£μ Éμ±  (b, 2E), Ëμ·³  Éμ± 
¶ÊÎ±  (b, 1A) ¨ Éμ±  ¶² §³¥´´ÒÌ Ô²¥±É·μ´μ¢ (e, 1A) ´  Ë¨²ÓÉ· –” ¤²Ö ¶¨±μ¢ÒÌ Éμ±μ¢
¶ÊÎ±  5, 10, 20 ¨ 30 ±� ¶·¨ Ê¸²μ¢¨¨, ÎÉμ Ë¨²ÓÉ· –” ¶μ²´μ¸ÉÓÕ ¶μ£²μÐ ¥É ¢¸¥ Î ¸É¨ÍÒ
(Ô²¥±É·μ´Ò ¶ÊÎ± , ¶² §³¥´´Ò¥ Ô²¥±É·μ´Ò ¨ ¨μ´Ò). ‚¨¤´  Î¥É± Ö ¤¨¸±·¨³¨´ Í¨Ö Éμ± 
¶ÊÎ± , ¤μ¸É¨£ ÕÐ¥£μ Ë¨²ÓÉ·  –”, ´  Ê·μ¢´¥ μ±μ²μ 10 ±� ´¥§ ¢¨¸¨³μ μÉ ¢¥²¨Î¨´Ò Éμ± 
¨´¦¥±Í¨¨. �·¨ Éμ± Ì ¨´¦¥±Í¨¨ 5 ¨ 10 ±� (·¨¸. 2,  , ¡) ¶ÊÎμ± ¢¥¸Ó ¶·μÌμ¤¨É ¤μ Ë¨²Ó-
É·  –”,   ¶·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ (·¨¸. 2, ¢, £) μ£· ´¨Î¨¢ ¥É¸Ö ¸μ¡¸É¢¥´´Ò³ ³ £´¨É´Ò³
¶μ²¥³ ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ¶·¨³¥·´μ · ¢¥´ ¶·¥¤¥²Ó´μ³Ê Éμ±Ê �²Ó¢¥´  IA = 17βγ ±�, £¤¥
γ Å ·¥²ÖÉ¨¢¨¸É¸±¨° Ë ±Éμ·,   β Å ¸±μ·μ¸ÉÓ Ô²¥±É·μ´μ¢ ¢ ¥¤¨´¨Í Ì ¸±μ·μ¸É¨ ¸¢¥É .
�·¨ Ô´¥·£¨¨ Ô²¥±É·μ´μ¢ 100 ±Ô‚ IA ≈ 11 ±�. ˆ§³¥´¥´¨¥ ¶²μÉ´μ¸É¨ ¶² §³Ò ¢ Ï¨-
·μ±μ³ ¤¨ ¶ §μ´¥ (¤μ ¢μ§´¨±´μ¢¥´¨Ö Éμ±μ¢μ° ´¥°É· ²¨§ Í¨¨) ¶· ±É¨Î¥¸±¨ ´¥ ¢²¨Ö¥É ´ 
¶μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ. ’· ´¸¶μ·É¨·μ¢±  ¸μ¶·μ¢μ¦¤ ¥É¸Ö É· ´¸Ëμ·³ Í¨¥° ¶·μ¤μ²Ó´μ°
¸±μ·μ¸É¨ Ô²¥±É·μ´μ¢ ¢ ¶μ¶¥·¥Î´ÊÕ, É. ¥. ¶ÊÎμ± ¸É ´μ¢¨É¸Ö ®£μ·ÖÎ¨³¯, Ê¢¥²¨Î¥´¨¥³ Ô´¥·-

�¨¸. 2. ’· ´¸¶μ·É¨·μ¢±  ¶ÊÎ±  ¢ ¢μ¤μ·μ¤´μ° ¶² §³¥
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£¥É¨Î¥¸±μ£μ · §¡·μ¸  ¨ ´¥μ¤´μ·μ¤´μ¸É¨ ¶μ¶¥·¥Î´μ£μ · ¸¶·¥¤¥²¥´¨Ö Éμ± , ÎÉμ ¸¨²Ó´μ
¸± §Ò¢ ¥É¸Ö ´  ¥£μ ¶·μÌμ¦¤¥´¨¨ Ê¦¥ ¢´ÊÉ·¨ –”. ‘²¥¤Ê¥É ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ¨§-§  μ¡· -
§μ¢ ´¨Ö ¢¨·ÉÊ ²Ó´μ£μ ± Éμ¤  ¢´ÊÉ·¨ –” μÉ· ¦¥´´Ò¥ μÉ ´¥£μ Ô²¥±É·μ´Ò ¢μ§¢· Ð ÕÉ¸Ö ¢
μ¡² ¸ÉÓ ³¥¦¤Ê ¤¨μ¤μ³ ¨ –” ¨ ³μ£ÊÉ ¸ÊÐ¥¸É¢¥´´μ ¢²¨ÖÉÓ ´  ÔËË¥±É¨¢´μ¸ÉÓ É· ´¸¶μ·É¨-
·μ¢±¨ ¶ÊÎ±  ¢ ÔÉμ° μ¡² ¸É¨.

2. ”��Œˆ��‚��ˆ… �“—Š� ‚ �‹�‡Œ�����‹�…���Œ „ˆ�„…

‘¨²Ó´μÉμÎ´Ò¥ ´¨§±μÔ´¥·£¨Î´Ò¥ ¶ÊÎ±¨ Ô²¥±É·μ´μ¢ ´ Ìμ¤ÖÉ ·Ö¤ É¥Ì´μ²μ£¨Î¥¸±¨Ì ¶·¨-
³¥´¥´¨°, ¶·¥¦¤¥ ¢¸¥£μ, ¢ ¨³¶Ê²Ó¸´μ° ¶ÊÎ±μ¢μ° ³μ¤¨Ë¨± Í¨¨ ¶μ¢¥·Ì´μ¸É¥° ³ É¥·¨ ²μ¢.
„²Ö £¥´¥· Í¨¨ É ±¨Ì ¶ÊÎ±μ¢ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¶² §³μ´ ¶μ²´¥´´Ò¥ ¤¨μ¤Ò ¸ ¢§·Ò¢μÔ³¨¸¸¨μ´-
´Ò³¨ ± Éμ¤ ³¨. “¸±μ·¥´¨¥ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¢ ´¨Ì ¶·μ¨¸Ìμ¤¨É ¢ Éμ´±μ³ ¸²μ¥, ±μÉμ-
·Ò° μ¡· §Ê¥É¸Ö ¢¡²¨§¨ ¶·¨³Ò± ÕÐ¥° ± ¶μ¢¥·Ì´μ¸É¨ ± Éμ¤  ¶² §³¥ ¸ ´ Î ²μ³ ¨³¶Ê²Ó¸ 
Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö. ”μ·³¨·μ¢ ´¨¥ ¸¨²Ó´μÉμÎ´μ£μ ¶ÊÎ±  ¨¸¸²¥¤μ¢ ²μ¸Ó ´  ³μ¤¥²¨
Ê¸É ´μ¢±¨ [7, 8].

‚ ´ Î ²Ó´Ò° ³μ³¥´É ¢·¥³¥´¨ ¶² §³¥´´Ò° ¸Éμ²¡ Éμ£μ ¦¥ ¤¨ ³¥É· , ÎÉμ ¨ ¸¨²Ó´μÉμÎ-
´Ò° ± Éμ¤ (1 ¸³), ¶μ²´μ¸ÉÓÕ § ¶μ²´Ö¥É ¢ ¶·μ¤μ²Ó´μ³ ´ ¶· ¢²¥´¨¨ ¶·μ¸É· ´¸É¢μ ³¥¦¤Ê
± Éμ¤μ³ ¨  ´μ¤´Ò³ Ô²¥±É·μ¤μ³. �²μÉ´μ¸ÉÓ ¶² §³Ò μ¤´μ·μ¤´  ¢  ±¸¨ ²Ó´μ³ ¨ · ¤¨ ²Ó´μ³
´ ¶· ¢²¥´¨ÖÌ, ´ Î ²Ó´ Ö É¥³¶¥· ÉÊ·  ¢ ·Ó¨·μ¢ ² ¸Ó ¢ ¶·¥¤¥² Ì 2Ä10 Ô‚. �·¨¢¥¤¥´´Ò¥
´¨¦¥ ·¥§Ê²ÓÉ ÉÒ ¶μ²ÊÎ¥´Ò ¤²Ö ¶²μÉ´μ¸É¨ ¶² §³Ò 7 ·1013 ¸³−3. � ¶·Ö¦¥´¨¥, ¶μ¤ ¢ ¥³μ¥
´  ± Éμ¤, ´ · ¸É ²μ ¤μ 20 ±‚ §  10 ´¸ ¨ § É¥³ μ¸É ¢ ²μ¸Ó ´  ¶μ¸ÉμÖ´´μ³ Ê·μ¢´¥. ‘ ± -

�¨¸. 3

�¨¸. 4
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Éμ¤´μ° ¨  ´μ¤´μ° ¶μ¢¥·Ì´μ¸É¥° ¡Ò² · §·¥Ï¥´ ¢ÒÌμ¤ Ô²¥±É·μ´μ¢ ¢ ¶² §³Ê ¶·¨ ´ ²¨Î¨¨
¢ÒÉÖ£¨¢ ÕÐ¥£μ ¶μ²Ö, ¶·¥¢ÒÏ ÕÐ¥£μ § ¤ ´´μ¥ §´ Î¥´¨¥.

� ¸Î¥ÉÒ ¡Ò²¨ ¶·μ¢¥¤¥´Ò ¤²Ö ¢μ¤μ·μ¤´μ°,  §μÉ´μ° ¨ ±¸¥´μ´μ¢μ° ¶² §³Ò ¤²Ö · §²¨Î-
´ÒÌ §´ Î¥´¨° ¢´¥Ï´¥£μ ³ £´¨É´μ£μ ¶μ²Ö, ¢ Éμ³ Î¨¸²¥ ¨ ¶·¨ ¥£μ μÉ¸ÊÉ¸É¢¨¨. �  ·¨¸. 3
¶μ± § ´Ò ¸É·Ê±ÉÊ·  ¶ÊÎ±  ¢ ´¥±μÉμ·Ò° ³μ³¥´É ¢·¥³¥´¨ ¨ Ì · ±É¥·´Ò° ¢¨¤ É· ¥±Éμ·¨°
´¥¸±μ²Ó±¨Ì Ô²¥±É·μ´μ¢. �  ·¨¸. 4 ¶·¨¢¥¤¥´Ò Ëμ·³Ò Éμ±  ¶ÊÎ±  (b, 3), Éμ±  ¶² §³¥´´ÒÌ
Ô²¥±É·μ´μ¢ (e, 3) ¨ Éμ±  ¨μ´μ¢ (i, 3) ´   ´μ¤. �¨±μ¢μ¥ §´ Î¥´¨¥ Éμ±  ¶ÊÎ±  ¶·¨³¥·´μ ¢
¤¢  · §  ¶·¥¢ÒÏ ¥É IA.

‡�Š‹�—…�ˆ…

�¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¶μ¤É¢¥·¦¤ ÕÉ ¶μ²ÊÎ¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ ¤²Ö ¶² §³μ´ ¶μ²´¥´´ÒÌ ¤¨μ¤μ¢. ‚ Éμ ¦¥ ¢·¥³Ö, ¶μ ±· °´¥° ³¥·¥, ¢ Î¨¸²¥´´μ³
³μ¤¥²¨·μ¢ ´¨¨ ¨´¦¥±Í¨¨ ‘�� ¸  ´ ²μ£¨Î´Ò³¨ ¶ · ³¥É· ³¨ ¢ § · ´¥¥ ¸μ§¤ ´´ÊÕ ¶² §³Ê
¸ μÉ´μ¸¨É¥²Ó´μ ´¥¢Ò¸μ±μ° ¶²μÉ´μ¸ÉÓÕ (ÎÉμ¡Ò ¨§¡¥¦ ÉÓ ¢μ§´¨±´μ¢¥´¨Ö Éμ±μ¢μ° ´¥°É· -
²¨§ Í¨¨) Éμ± ¶·μÌμ¤ÖÐ¥£μ ¶ÊÎ±  ®·¥¦¥É¸Ö¯ ´  Ê·μ¢´¥ IA, ± ± ¨ ¶·¨ Ëμ·³¨·μ¢ ´¨¨
¶ÊÎ±  ¢ ¸Í¥´ ·¨¨ ¶·μ¤μ²Ó´μ° ´¥°É· ²¨§ Í¨¨. �·¨Î¨´Ò ¶μ¤μ¡´μ£μ ¶μ¢¥¤¥´¨Ö ¸¢Ö§ ´Ò,
¶μ-¢¨¤¨³μ³Ê, ¸ Ê¸²μ¢¨Ö³¨ Ëμ·³¨·μ¢ ´¨Ö ¶ÊÎ±  ¢ ¶² §³μ´ ¶μ²´¥´´ÒÌ ¤¨μ¤ Ì.

� ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ ¶μ¤¤¥·¦±¥ �””ˆ ¶μ £· ´ÉÊ º09-02-00715.
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