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� ¸¸³ É·¨¢ ¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö Ë¨²ÓÉ·  ‚¨´  ¢ ± Î¥¸É¢¥ ³ ¸¸-¸¥¶ · Éµ·  ¢ ¨¸¸²¥-
¤µ¢ ´¨ÖÌ · ¤¨µ ±É¨¢´ÒÌ ¸¢µ°¸É¢ ´¥°É·µ´´µ-µ¡µ£ Ð¥´´ÒÌ Ö¤¥·, £¥´¥·¨·Ê¥³ÒÌ ¢ ¶·µÍ¥¸¸¥ ¤¥²¥´¨Ö
238U ¢ · ³± Ì ¶·µ¥±É  ®DRIBs¯. �  µ¸´µ¢¥ ³¥Éµ¤  ³µ³¥´Éµ¢ ¶µ²ÊÎ¥´Ò µ¸´µ¢´Ò¥ ¨µ´´µ-µ¶É¨Î¥¸±¨¥
Ì · ±É¥·¨¸É¨±¨ Ë¨²ÓÉ·  ‚¨´  ¨ ¶·µ¢¥¤¥´  µ¶É¨³¨§ Í¨Ö ¥£µ ¶ · ³¥É·µ¢ ¸ Í¥²ÓÕ ¶µ²ÊÎ¥´¨Ö ³ ±¸¨-
³ ²Ó´µ° · §·¥Ï ÕÐ¥° ¸¶µ¸µ¡´µ¸É¨. „¨´ ³¨±  ¨µ´´µ£µ ¶ÊÎ±  ¨ ¢µ§³µ¦´µ¸ÉÓ · §¤¥²¥´¨Ö ÉÖ¦¥²ÒÌ
µ¸±µ²±µ¢ ¨²²Õ¸É·¨·ÊÕÉ¸Ö ·¥§Ê²ÓÉ É ³¨ Î¨¸²¥´´µ£µ ³µ¤¥²¨·µ¢ ´¨Ö Ë¨²ÓÉ·  ‚¨´  ³¥Éµ¤µ³ ±·Ê¶-
´ÒÌ Î ¸É¨Í ¶·¨ ¶ · ³¥É· Ì, ¡²¨§±¨Ì ± µ¶É¨³ ²Ó´Ò³. �µ± § ´µ, ÎÉµ ¢ µ¶É¨³ ²Ó´µ³ ¢ ·¨ ´É¥
Ë¨²ÓÉ·  ‚¨´  ³µ¦´µ ¶µ²ÊÎ¨ÉÓ · §·¥Ï¥´¨¥ ´  Ê·µ¢´¥ ¢ÒÏ¥ 102 ¨ µ¡¥¸¶¥Î¨ÉÓ ¸¥¶ · Í¨Õ ÉÖ¦¥²ÒÌ
¨µ´µ¢ ¸ ¢Ò¸µ±¨³¨ §´ Î¥´¨Ö³¨ ³ ¸¸µ¢ÒÌ Î¨¸¥².

The possibility of using the Wien ˇlter as a mass separator for the neutron enriched nuclei study is
under discussion. The nuclei are produced as a result of 238U ˇssion within the frame of the ®DRIBs¯
project. The main ion-optics characteristics of the Wien ˇlter are obtained using the moment method.
Parameter optimization has been fulˇlled to obtain the maximum resolution. The ion beam dynamics
and heavy ion separation have been illustrated using the macroparticle simulation for the chosen optimal
ˇlter parameter. It is shown that the resolution can be obtained on the level higher than 102. It provides
an effective separation of the ˇssion fragments with the high atomic numbers.

Œ ¸¸-¸¥¶ · Éµ·Ò ¶µ ¸±µ·µ¸ÉÖ³ ¸µ ¸±·¥Ð¥´´Ò³¨ ³ £´¨É´Ò³ ¨ Ô²¥±É·¨Î¥¸±¨³ ¶µ²Ö³¨
(Ë¨²ÓÉ· ‚¨´ ) ´ Ìµ¤ÖÉ Ï¨·µ±µ¥ ¶·¨³¥´¥´¨¥ ¢ Ö¤¥·´µ° Ë¨§¨±¥ [1, 2] ¨ ¶·¨±² ¤´ÒÌ ¨¸-
¸²¥¤µ¢ ´¨ÖÌ (¨µ´´µ-²ÊÎ¥¢ Ö ¨³¶² ´É Í¨Ö, ¤¨ £´µ¸É¨±  ¶µ¢¥·Ì´µ¸É¨ É¢¥·¤ÒÌ É¥²) [3, 4].
‚ Ô±¸¶¥·¨³¥´É Ì ¸ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨³¨ ¶ÊÎ± ³¨ (20Ä100 ±Ô‚) Ë¨²ÓÉ·Ò ‚¨´  ¨¸-
¶µ²Ó§ÊÕÉ¸Ö ¢ µ¡² ¸É¨ ¸· ¢´¨É¥²Ó´µ ²¥£±¨Ì ³ ¸¸ Ö¤¥· (A = 10Ä80). ‚ ¶µ¸²¥¤´¨¥ £µ¤Ò
¢ ‹ ¡µ· Éµ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° �ˆŸˆ ·¥ ²¨§Ê¥É¸Ö ¶·µ¥±É ®DRIBs¯, ´ ¶· ¢²¥´´Ò° ´ 
¶µ²ÊÎ¥´¨¥ ¶ÊÎ±µ¢ · ¤¨µ ±É¨¢´ÒÌ Ö¤¥· ´¨§±µ° Ô´¥·£¨¨ [5,6]. ‚ Î ¸É´µ¸É¨, ¶² ´¨·ÊÕÉ¸Ö
¨¸¸²¥¤µ¢ ´¨Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ¶ÊÎ±µ¢ (20 ±Ô‚) µ¸±µ²±µ¢ ¤¥²¥´¨Ö
(A = 60Ä140) ´  µ¸´µ¢¥ ¨³¥ÕÐ¥£µ¸Ö ¢ ² ¡µ· Éµ·¨¨ ³¨±·µÉ·µ´  Œ’-25. � ¤¨µ ±É¨¢-
´Ò¥ ¶ÊÎ±¨ µ¸±µ²±µ¢ ¤¥²¥´¨Ö ´¨§±µ° Ô´¥·£¨¨ ¢ ‹Ÿ� ¶² ´¨·Ê¥É¸Ö ¶µ²ÊÎ ÉÓ ¶µ ¸Ì¥³¥
·¨¸. 1 [5, 6].

�²¥±É·µ´´Ò° ¶ÊÎµ± ¸ Ô´¥·£¨¥° 25 ŒÔ‚ ¨ Éµ±µ³ 20 ³±� £¥´¥·¨·Ê¥É Éµ·³µ§´µ¥ ¨§²ÊÎ¥-
´¨¥ ´  ±µ´¢¥·Éµ·¥, ¶µ¤ ¤¥°¸É¢¨¥³ ±µÉµ·µ£µ ¶·µ¨¸Ìµ¤¨É ¤¥²¥´¨¥ 238U, · ¸¶µ²µ¦¥´´µ£µ ¢
´ £·¥Éµ° ¤µ ¢Ò¸µ±µ° É¥³¶¥· ÉÊ·Ò (¡µ²ÓÏ¥ 2000 ◦C) ± ³¥·¥. �¸±µ²±¨ ¤¥²¥´¨Ö ¨§ ± ³¥·Ò
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�¨¸. 1. CÌ¥³  ¶µ²ÊÎ¥´¨Ö · ¤¨µ ±É¨¢´ÒÌ ¶ÊÎ±µ¢ µ¸±µ²±µ¢ ¤¥²¥´¨Ö ´¨§±µ° Ô´¥·£¨¨ ¢ ‹Ÿ�

¢³¥¸É¥ ¸ · ¡µÎ¨³ £ §µ³ ¶µ¸ÉÊ¶ ÕÉ ¢ ¨µ´´Ò° ¨¸ÉµÎ´¨±. �² ´¨·Ê¥É¸Ö ¨¸¶µ²Ó§µ¢ ´¨¥ ¨¸-
ÉµÎ´¨±µ¢ ± ± ¸ Ô²¥±É·µ´´Ò³ Ê¤ ·µ³, É ± ¨ ¸ ¶µ¢¥·Ì´µ¸É´µ° ¨µ´¨§ Í¨¥°. �¤´µ§ ·Ö¤´Ò¥
¨µ´Ò µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¨ · ¡µÎ¥£µ ¢¥Ð¥¸É¢  ¨§ ¨¸ÉµÎ´¨±  ¢ÒÉÖ£¨¢ ÕÉ¸Ö ¨ Ê¸±µ·ÖÕÉ¸Ö
Ô²¥±É·¨Î¥¸±¨³ ¶µ²¥³ ¤µ Ô´¥·£¨¨ 20Ä25 ±Ô‚, ÎÉµ ¤µ¸É ÉµÎ´µ ¤²Ö ÔËË¥±É¨¢´µ£µ µÉ¡µ· 
¨µ´µ¢ ¨ Ëµ·³¨·µ¢ ´¨Ö ¶ÊÎ±  ¨µ´µ¢. „ ²¥¥ ¸²µ¦´Ò° ¶µ ³ ¸¸µ¢µ³Ê ¸µ¸É ¢Ê ¶ÊÎµ± ¨µ´µ¢
´ ¶· ¢²Ö¥É¸Ö ± ³ ¸¸-¸¥¶ · Éµ·Ê ¤²Ö ¢Ò¤¥²¥´¨Ö µ¸±µ²±µ¢ É·¥¡Ê¥³µ° ³ ¸¸Ò. ‚ ¶·µ¥±É¥
®DRIBs¯ ¸·¥¤¨ ³´µ¦¥¸É¢  ¨¸¸²¥¤µ¢ É¥²Ó¸±¨Ì § ¤ Î Ê¤¥²Ö¥É¸Ö ¢´¨³ ´¨¥ ¶·µ¡²¥³¥ ¨¸¸²¥-
¤µ¢ ´¨Ö · ¤¨o ±É¨¢´ÒÌ ¸¢µ°¸É¢ ´¥°É·µ´´µ-µ¡µ£ Ð¥´´ÒÌ Ö¤¥·, £¥´¥·¨·Ê¥³ÒÌ ¢ ¶·µÍ¥¸¸¥
¤¥²¥´¨Ö 238U. �  ¶ÊÎ± Ì ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì µ¸±µ²±µ¢ ¤¥²¥´¨Ö ¶² ´¨·ÊÕÉ¸Ö ¨§³¥·¥-
´¨Ö § ·Ö¤µ¢µ£µ · ¤¨Ê¸  ¨ ±¢ ¤·Ê¶µ²Ó´µ° ¤¥Ëµ·³ Í¨¨ Ö¤¥· (´ ¶·¨³¥·, Zr c A = 95Ä105)
¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ³¥Éµ¤µ¢ Ö¤¥·´µ° ² §¥·´µ° ¸¶¥±É·µ¸±µ¶¨¨, ¨¸¸²¥¤µ¢ ´¨¥ Ì · ±É¥·¨-
¸É¨± β-, γ-· ¸¶ ¤µ¢ ´¥°É·µ´´µ-µ¡µ£ Ð¥´´ÒÌ Ö¤¥·. ˆ´É¥·¥¸´Ò³¨ ¤²Ö ¨§ÊÎ¥´¨Ö ¶·¥¤-
¸É ¢²ÖÕÉ¸Ö Ö¤·  ¢ ´µ¢µ° µ¡² ¸É¨ ¤¥Ëµ·³ Í¨¨ N = 60Ä72, Z = 34Ä46 (SeÄPd), Ö¤· 
¸ § ³±´ÊÉÒ³¨ µ¡µ²µÎ± ³¨ N = 82Ä132Sn, 131In, 140Cd, 124Ar,   É ±¦¥ µ¡² ¸ÉÓ Ö¤¥·
¸ ¢Ò¸µ±µ¸¶¨´µ¢Ò³¨ ¨§µ³¥· ³¨ Z = 49Ä53 ¨ É. ¤. ’ ±¨³ µ¡· §µ³, ¶² ´¨·Ê¥É¸Ö ¨¸¸²¥-
¤µ¢ ´¨¥ · ¤¨µ ±É¨¢´ÒÌ Ö¤¥· ¢ Ï¨·µ±µ° ³ ¸¸µ¢µ° µ¡² ¸É¨ (60 < A < 140). �ÊÎ±¨
· ¤¨µ ±É¨¢´ÒÌ Ö¤¥· ¶·¥¤¸É ¢²ÖÕÉ ¨´É¥·¥¸ ¨ ¤²Ö ¶·¨±² ¤´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, ´ ¶·¨³¥·,
¤²Ö ¨§ÊÎ¥´¨Ö ³¥¤¨±µ-¡¨µ²µ£¨Î¥¸±¨Ì µ¡Ñ¥±Éµ¢, ¨¸¸²¥¤µ¢ ´¨Ö ¶µ¢¥·Ì´µ¸É¨ É¢¥·¤ÒÌ É¥²
¨ É. ¤. „²Ö ¶·µ¢¥¤¥´¨Ö Ê± § ´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ´  ¶ÊÎ± Ì ´¨§±µÔ´¥·-
£¥É¨Î¥¸±¨Ì µ¸±µ²±µ¢ ¤µ¸É ÉµÎ´µ ¨¸¶µ²Ó§µ¢ ÉÓ ³ ¸¸-¸¥¶ · Éµ· ¸ Ê³¥·¥´´Ò³ · §·¥Ï¥´¨¥³
(R ≥ 100Ä200). ‚¶µ²´¥  ¤¥±¢ É´Ò³ ¤²Ö ÔÉµ° Í¥²¨ ³µ¦¥É ¡ÒÉÓ Ë¨²ÓÉ· ¸±µ·µ¸É¥° ‚¨´ .
’ ±, ´ ¶·¨³¥·, ¢ · ¡µÉ¥ [7] ´  ¸¶¥Í¨ ²Ó´µ ¸µ§¤ ´´µ° Ô±¸¶¥·¨³¥´É ²Ó´µ° Ê¸É ´µ¢±¥ ¸
Ë¨²ÓÉ·µ³ ‚¨´  ¶·µ¤¥³µ´¸É·¨·µ¢ ´  Ê¸¶¥Ï´ Ö ¸¥¶ · Í¨Ö 84Kr ¸ Ô´¥p£¨¥° ¨µ´µ¢ 60 ±Ô‚,
¶µ µ¸´µ¢´Ò³ Ì · ±É¥·¨¸É¨± ³ (¤¨¸¶¥·¸¨Ö, · §·¥Ï¥´¨¥, Éµ±µ¶·µÌµ¦¤¥´¨¥) ´¥ Ê¸ÉÊ¶ Õ-
Ð Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¥³Ê 90◦ ³ £´¨É´µ³Ê ¸¥¶ · Éµ·Ê. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¸µ£² ¸´µ [7]

�¨¸. 2. CÌ¥³  Ë¨²ÓÉ·  ‚¨´ ,
¶·¨´ÖÉ Ö ¢ · ¸¸³ É·¨¢ ¥³µ° ³µ-

¤¥²¨

Ë¨²ÓÉ· ‚¨´  ¨³¥¥É ³¥´ÓÏ¨¥ £ ¡ ·¨ÉÒ, ¢¥¸, ¸Éµ¨³µ¸ÉÓ ¨
¶·µÐ¥ ¢ ¨§£µÉµ¢²¥´¨¨, Î¥³ ³ £´¨É´Ò° ¸¥¶ · Éµ·. ‡¤¥¸Ó
p ¸¸³ É·¨¢ ¥É¸Ö ¤¢¨¦¥´¨¥ ³´µ£µ±µ³¶µ´¥´É´µ£µ ¨µ´´µ£µ
¶ÊÎ±  ¢ ³µ¤¥²Ó´µ³ Ë¨²ÓÉ·¥ ‚¨´ , ¶µ± § ´´µ³ ´  p¨¸. 2.
ˆµ´´Ò° ¶ÊÎµ± ¢²¥É ¥É ¢ ¶·µ¸É· ´¸É¢µ ³¥¦¤Ê ¶µÉ¥´Í¨ ²Ó-
´Ò³¨ ¶² ¸É¨´ ³¨ ¤²¨´µ° L (¸³), ¢ ±µÉµ·µ³ ´  ¨µ´Ò ¤¥°-
¸É¢ÊÕÉ ¸±·¥Ð¥´´Ò¥, ¶·µ¸É· ´¸É¢¥´´µ-µ¤´µ·µ¤´Ò¥ Ô²¥±-
É·¨Î¥¸±µ¥ ¶µ²¥ ¸ ´ ¶·Ö¦¥´´µ¸ÉÓÕ E (´ ¶· ¢²¥´´µ¥ ¶µ
µ¸¨ y) ¨ ³ £´¨É´µ¥ ¶µ²¥ ¸ ¨´¤Ê±Í¨¥° B (´ ¶· ¢²¥´´µ¥
¶µ µ¸¨ x). �²µ¸±µ¸ÉÓ  ´ ²¨§¨·ÊÕÐ¥° Ð¥²¨ · ¸¶µ²µ-
¦¥´  ´  · ¸¸ÉµÖ´¨¨ l µÉ Ë¨²ÓÉ· . �·¥¤¶µ² £ ¥É¸Ö, ÎÉµ
¢²¨Ö´¨¥ ±· ¥¢ÒÌ ¶µ²¥° Ê¸É· ´¥´µ ¶ÊÉ¥³ ¨¸¶µ²Ó§µ¢ ´¨Ö

¸¶¥Í¨ ²Ó´ÒÌ ¢¸É ¢µ±,   ¢´ÊÉ·¨ ¶µ¶¥·¥Î´Ò¥ · §³¥·Ò ¶ÊÎ±  ´ ³´µ£µ ³¥´ÓÏ¥ · ¸¸ÉµÖ´¨°
³¥¦¤Ê ¶² ¸É¨´ ³¨ ¨ ¶µ²Õ¸´Ò³¨ ´ ±µ´¥Î´¨± ³¨ ³ £´¨É  ¨ ¶·µ¸É· ´¸É¢¥´´ Ö µ¤´µ·µ¤-
´µ¸ÉÓ Ô²¥±É·¨Î¥¸±µ£µ ¨ ³ £´¨É´µ£µ ¶µ²¥° µ¡¥¸¶¥Î¨¢ ¥É¸Ö ¸¶¥Í¨ ²Ó´Ò³ µ¡· §µ³ [7]. „²Ö
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�¨¸. 3. ‡ ¢¨¸¨³µ¸ÉÓ ËÊ´±Í¨¨ θL/L µÉ

³ ¸¸µ¢µ£µ Î¨¸²  A: 1 Å B = 4 ±ƒ¸;

2 Å B = 6 ±ƒ¸; 3 Å B = 8 ±ƒ¸

�¨¸. 4. ‡ ¢¨¸¨³µ¸ÉÓ ËÊ´±Í¨¨ Dm/L µÉ

θL: 1 Å l/L = 3; 2 Å l/L = 4; 3 Å
l/L = 5

¢Ò¤¥²¥´´µ£µ ¨µ´´µ£µ ±µ³¶µ´¥´É  (¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¥³Ê ±µµ·¤¨´ ÉÒ ¨ ¸±µ·µ¸É¨ ¡Ê¤¥³
µ¡µ§´ Î ÉÓ ¨´¤¥±¸µ³ 0) Ô²¥±É·µ³ £´¨É´µ¥ ¶µ²¥ ¢Ò¡¨· ¥É¸Ö É ±¨³ µ¡· §µ³, ÎÉµ ¢Ò¶µ²-
´Ö¥É¸Ö ¸µµÉ´µÏ¥´¨¥

E − v0

c
B = 0. (1)

–¥´É· ²Ó´ Ö Î ¸É¨Í  ¢Ò¤¥²¥´´µ£µ ±µ³¶µ´¥´É  ¤¢¨¦¥É¸Ö ¢¤µ²Ó µ¸¨ z ¸ ¶µ¸ÉµÖ´´µ° ¸±µ-
·µ¸ÉÓÕ v0. �·¨ ´¥¢Ò¶µ²´¥´¨¨ Ê¸²µ¢¨Ö (1) ¤²Ö ±µ³¶µ´¥´É  i ¢¥·É¨± ²Ó´µ¥ µÉ±²µ´¥´¨¥
Í¥´É· ²Ó´µ° Î ¸É¨ÍÒ ¢´ÊÉ·¨ Ë¨²ÓÉ·  ¢ ¶ · ±¸¨ ²Ó´µ³ ¶·¨¡²¨¦¥´¨¨ µ¶·¥¤¥²Ö¥É¸Ö Ëµ·-
³Ê²µ°

yi0 = gi

(
E − v0

c
B

) 1 − cos (ωciz/v0)
ω2

ci

, (2)

£¤¥ ωci = giB/c Å Í¨±²µÉ·µ´´ Ö Î ¸ÉµÉ  ¨µ´  i-£µ ±µ³¶µ´¥´É ; gi = eZi/MAi; e Å
§ ·Ö¤ Ô²¥±É·µ´ ; M Å ³ ¸¸  ´Ê±²µ´ ; Zi ¨ Ai Å § ·Ö¤ ¨ ³ ¸¸µ¢µ¥ Î¨¸²µ ¨µ´  ¸µµÉ¢¥É-
¸É¢¥´´µ. ‚ ¶²µ¸±µ¸É¨  ´ ²¨§¨·ÊÕÐ¥° Ð¥²¨

yi0(L + l) =
gi(E − v0/cB)

ω2
ci

(
1 − cos θL +

l

L
θL sin θL

)
, (3)

£¤¥ θL = ωciL/vi0. �  p¨¸. 3 ¶µ± § ´  § ¢¨¸¨³µ¸ÉÓ ËÊ´±Í¨¨ θL/L µÉ ³ ¸¸µ¢µ£µ Î¨¸² 
µ¤´µ§ ·Ö¤´µ£µ ¨µ´  ¶·¨ ¢Ò¡· ´´ÒÌ ¶ · ³¥É· Ì: ´ Î ²Ó´ Ö Ô´¥·£¨Ö ¨µ´  Å 20 ±Ô‚,
B = 4, 6, 8 ±ƒ¸.

� ¸¸³ É·¨¢ Ö ³ ²Ò¥ ¢¥·É¨± ²Ó´Ò¥ µÉ±²µ´¥´¨Ö ¢ ¶²µ¸±µ¸É¨  ´ ²¨§¨·ÊÕÐ¥° Ð¥²¨ ¤²Ö
±µ³¶µ´¥´Éa ¸ ³ ¸¸µ° m0 + ∆m (m0 Å ³ ¸¸  ¢Ò¤¥²¥´´µ£µ, · ¸¶·µ¸É· ´ÖÕÐ¥£µ¸Ö ¢¤µ²Ó
µ¸¨ z ±µ³¶µ´¥´Éa), ¸ ¶µ³µÐÓÕ Ëµ·³Ê²Ò (3) ¶µ²ÊÎ¨³ ¢Ò· ¦¥´¨¥ ¤²Ö ¤¨¸¶¥·¸¨¨ ¶µ ³ ¸¸¥:

Dm = δy0
m0

∆m
=

L

2θL

(
1 − cos θL +

l

L
θL sin θL

)
, (4)

±µÉµ·µ¥ ¸µ¢¶ ¤ ¥É ¸ ¶µ²ÊÎ¥´´Ò³ ¢ · ¡µÉ¥ [4]. �  p¨¸. 4 ¶µ± § ´  § ¢¨¸¨³µ¸ÉÓ ËÊ´±Í¨¨
Dm/L µÉ θL ¶·¨ ¶ · ³¥É· Ì l/L = 3, 4, 5.
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„²Ö ¤ ²Ó´¥°Ï¥£µ  ´ ²¨§  Ì · ±É¥·¨¸É¨± ¨µ´´µ£µ ¶ÊÎ±  Ê¤µ¡´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¸·¥¤´¥-
±¢ ¤· É¨Î´Ò¥ · §³¥·Ò ¶ÊÎ±  [8, 9] ¨²¨ Ô±¢¨¢ ²¥´É´Ò° ¢ ¤ ´´µ³ ¸²ÊÎ ¥ ³¥Éµ¤ ³µ³¥´-
Éµ¢ [10]. Œ É·¨Í  Í¥´É· ²Ó´ÒÌ ³µ³¥´Éµ¢ ¢Éµ·µ£µ ¶µ·Ö¤± , Ô²¥³¥´ÉÒ ±µÉµ·µ° MI,ik

(¨´¤¥±¸Ò 1, 2, 3 ¸µµÉ¢¥É¸É¢ÊÕÉ x, y, z) µ¶·¥¤¥²¨³ ± ±

MI = XIXT
I (5)

(Î¥·É  µ§´ Î ¥É Ê¸·¥¤´¥´¨¥ ¶µ  ´¸ ³¡²Õ ¨µ´µ¢ ±µ³¶µ´¥´Éa i, ¶ÖÉ¨³¥·´Ò° ¢¥±Éµ· Å
¸É·µ±  XT ), ¸µ¸É ¢²¥´a ¨§ ±µµ·¤¨´ É ¨ ¸±µ·µ¸É¥° ri1, vi1:

XT
I = (xi1, vix1, yi1, viy1, viz1), (6)

£¤¥ ¨´¤¥±¸ ®1¯ Ê± §Ò¢ ¥É ´  µÉ±²µ´¥´¨¥ ¢¥²¨Î¨´ µÉ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì Í¥´É· ²Ó´µ° É· ¥±-
Éµ·¨¨. ’ ±¨³ µ¡· §µ³, ¤¨ £µ´ ²Ó´Ò¥ ±µ³¶µ´¥´ÉÒ ³ É·¨ÍÒ MI,11 ¨ MI,22 ¤ ÕÉ ±¢ ¤· ÉÒ
¸·¥¤´¥±¢ ¤· É¨Î´ÒÌ ¶µ¶¥·¥Î´ÒÌ · §³¥·µ¢ ¶ÊÎ± . � °¤¥³ ÔÉ¨ ±µ³¶µ´¥´ÉÒ ¢ ¶²µ¸±µ¸É¨
 ´ ²¨§¨·ÊÕÐ¥° Ð¥²¨, ¨¸¶µ²Ó§ÊÖ  ´ ²¨É¨Î¥¸±¨¥ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° ¤²Ö µÉ±²µ´¥´¨° µÉ
Í¥´É· ²Ó´ÒÌ É· ¥±Éµ·¨° ¢ ¶ · ±¸¨ ²Ó´µ³ ¶·¨¡²¨¦¥´¨¨:

MI,11(L + l) =
(

xi1(0) +
vix1(0)(L + l)

vi0

)2

, (7)

MI,22(L + l) =

=
(

yi1(0) +
viz1(0)

ωci

(
cos θL − 1 − l

L
θL sin θL

)
+

viy1(0)
ωci

(
sin θL +

l

L
θL cos θL

))2

,

(8)

£¤¥ Î¥·É  µ§´ Î ¥É Ê¸·¥¤´¥´¨¥ ¶µ ´ Î ²Ó´Ò³ §´ Î¥´¨Ö³ µÉ±²µ´¥´¨°, µ¡µ§´ Î¥´´ÒÌ  ·-
£Ê³¥´Éµ³ (0). ‡ ³¥É¨³, ÎÉµ, ¶µ-¢¨¤¨³µ³Ê, ¶·¨ ¨´É¥£·¨·µ¢ ´¨¨ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¤²Ö
¢¥·É¨± ²Ó´ÒÌ µÉ±²µ´¥´¨° ¢ · ¡µÉ Ì [3, 4] ¡Ò²  ¤µ¶ÊÐ¥´  µÏ¨¡± , ¶·¨¢µ¤ÖÐ Ö ± ´¥-
¶· ¢¨²Ó´Ò³ É· ¥±Éµ·¨Ö³ Î ¸É¨Í ¨ ¨¸¶· ¢²¥´´ Ö §¤¥¸Ó. „²Ö ¢Ò¤¥²¥´´µ£µ ±µ³¶µ´¥´É ,
Í¥´É· ²Ó´ Ö Î ¸É¨Í  ±µÉµ·µ£µ · ¸¶·µ¸É· ´Ö¥É¸Ö ¢¤µ²Ó µ¸¨ z, É· ¥±Éµ·¨¨ Î ¸É¨Í ¸ µ¤´¨³
Éµ²Ó±µ ¢¥·É¨± ²Ó´Ò³ ´ Î ²Ó´Ò³ µÉ±²µ´¥´¨¥³ ¶ · ²²¥²Ó´Ò µ¸¨. �ÉµÉ ·¥§Ê²ÓÉ É µÎ¥¢¨¤¥´,
É. ±. Ô²¥±É·µ³ £´¨É´µ¥ ¶µ²¥ µ¤´µ·µ¤´µ¥ ¨ Í¥´É· ²Ó´ Ö É· ¥±Éµ·¨Ö ´¨Î¥³ ´¥ ¢Ò¤¥²¥´ .
’ ±¨³ µ¡· §µ³, Ë¨²ÓÉ· ‚¨´  ´¥²Ó§Ö · ¸¸³ É·¨¢ ÉÓ ± ± Ëµ±Ê¸¨·ÊÕÐÊÕ ²¨´§Ê ¨ ¨¸± ÉÓ ¥¥
Ëµ±Ê¸´µ¥ · ¸¸ÉµÖ´¨¥, ± ± ÔÉµ µÏ¨¡µÎ´µ ¤¥² ¥É¸Ö ¢ [3,4]. ‘Î¨É Ö ´  ¢Ìµ¤¥ ¢ Ë¨²ÓÉ· ¢¥-
²¨Î¨´Ò ¢¥·É¨± ²Ó´ÒÌ µÉ±²µ´¥´¨° ¨ ¸±µ·µ¸É¥° Î ¸É¨Í,   É ±¦¥ · §¡·µ¸  ¶µ ¶·µ¤µ²Ó´Ò³
¸±µ·µ¸ÉÖ³ ¸É É¨¸É¨Î¥¸±¨ ´¥§ ¢¨¸¨³Ò³¨ (¨´¦¥±Í¨Ö Î ¸É¨Í ¢ Ë¨²ÓÉ· ‚¨´  ¶·µ¢µ¤¨É¸Ö ¢
±·µ¸¸µ¢¥·¥ ¶ÊÎ± ), ¨§ ¶µ¸²¥¤´¥° Ëµ·³Ê²Ò ¶µ²ÊÎ¨³

MI,22(L + l) = y2
rms(0) +

v2
iz1(0)
v2

i0

L2Σ2
z + ϑ2

rmsL
2Σ2

y, (9)

£¤¥ yrms(0) Å ¸·¥¤´¥±¢ ¤· É¨Î´Ò° ¢¥·É¨± ²Ó´Ò° · §³¥· ¶ÊÎ± ;
√

v2
iz1/v2

i0 Å ¸·¥¤´¥-

±¢ ¤· É¨Î´Ò° · §¡·µ¸ ¶·µ¤µ²Ó´ÒÌ ¸±µ·µ¸É¥°; ϑrms =
√

v2
iy1/v2

i0 Å ¸·¥¤´¥±¢ ¤· É¨Î´Ò°
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�¨¸. 5. ‡ ¢¨¸¨³µ¸ÉÓ ËÊ´±Í¨¨ Σy µÉ θL: 1 Å l/L = 3; 2 Å l/L = 4; 3 Å l/L = 5

�¨¸. 6. �¶É¨³¨§¨·µ¢ ´´ Ö µÉ´µ¸¨É¥²Ó´ Ö ¤¨¸¶¥·¸¨Ö Dm/L ± ± ËÊ´±Í¨Ö θL

Ê£µ² ¢²¥É  Î ¸É¨Í ´  ¢Ìµ¤¥ ¢ Ë¨²ÓÉ· ‚¨´ . ”Ê´±Í¨¨ Σz,y ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ (8) ¨ ¸ ÊÎ¥Éµ³
(4) · ¢´Ò

Σz =
1
θL

(
cos θL − 1 − l

L
θL sin θL

)
= −2

Dm

L
, (10)

Σy =
1
θL

(
sin θL +

l

L
θL cos θL

)
. (11)

ƒ· Ë¨± ËÊ´±Í¨¨ Σy(θL), ¸µ¢¶ ¤ ÕÐ¨° ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ËÊ´±Í¨¥° ¢ [4], ¶µ± § ´ ´ 
p¨¸. 5 ¤²Ö ¶ · ³¥É·µ¢ l/L = 3, 4, 5.

ˆ§ Ëµ·³Ê² (7) ¨ (9)Ä(11) ³µ¦´µ ´ °É¨ ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ · §³¥·Ò ¶ÊÎ±  ¢ ¶²µ¸±µ-
¸É¨  ´ ²¨§¨·ÊÕÐ¥° Ð¥²¨:

xrms =
√

MI,11(L + l), yrms =
√

MI,22(L + l). (12)

„²Ö ¶ÊÎ±µ¢ ¸ ¡µ²ÓÏµ° Ê£²µ¢µ° · ¸Ìµ¤¨³µ¸ÉÓÕ ¨³¥¥É ¸³Ò¸² µ¶É¨³¨§¨·µ¢ ÉÓ ¶ · ³¥É·Ò
Ë¨²ÓÉ·  ‚¨´  É ±¨³ µ¡· §µ³, ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ ³¨´¨³ ²Ó´Ò¥ ¤µ¶Ê¸É¨³Ò¥ §´ Î¥´¨Ö ËÊ´±-
Í¨¨ Σy ¨ ³ ±¸¨³ ²Ó´µ ¢µ§³µ¦´Ò¥ §´ Î¥´¨Ö ¤¨¸¶¥·¸¨¨. �´ ²¨§¨·ÊÖ p¨¸. 4 ¨ 5, § ³¥É¨³,
ÎÉµ ÔÉµ ¤µ¸É¨£ ¥É¸Ö ¶·¨ §´ Î¥´¨ÖÌ ¶ · ³¥É·  θL, ¡²¨§±¨Ì ± π/2. �¶É¨³ ²Ó´Ò¥ §´ Î¥´¨Ö
µÉ´µÏ¥´¨° l/L, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Σy = 0, ´ Ìµ¤ÖÉ¸Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Ëµ·³Ê²Ò (11).
�  p¨¸. 6 ¶µ± § ´  µÉ´µ¸¨É¥²Ó´ Ö ¤¨¸¶¥·¸¨Ö Dm/L ¤²Ö µ¶É¨³ ²Ó´ÒÌ §´ Î¥´¨° l/L ± ±
ËÊ´±Í¨Ö θL. � ¶·¨³¥·, §´ Î¥´¨Õ θL = 1,7 ¸µµÉ¢¥É¸É¢ÊÕÉ l/L = 4,527 ¨ Dm/L = 2,577.
‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¶·¨ É ±¨Ì ¡µ²ÓÏ¨Ì §´ Î¥´¨ÖÌ ¤¨¸¶¥·¸¨¨ ´¥µ¡Ìµ¤¨³ ¢Ò¸µ±¨° Ê·µ-
¢¥´Ó ¸É ¡¨²¨§ Í¨¨ ´ ¶·Ö¦¥´¨Ö ´  ¨µ´´µ³ ¨¸ÉµÎ´¨±¥, ±µÉµ·Ò° µÍ¥´¨¢ ¥É¸Ö ¶µ Ëµ·³Ê² ³
(9), (10).

�µ  ´ ²µ£¨¨ ¸ [4,11] µ¶·¥¤¥²¨³ · §·¥Ï ÕÐÊÕ ¸¶µ¸µ¡´µ¸ÉÓ Ë¨²ÓÉ·  ‚¨´  ± ±

Rm(E) =
m0

∆m
=

E0

∆E0
=

|Dm|
4
√

MI,22(L + l)
. (13)
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�¨¸. 7. � ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í ¢  ´ ²¨§¨·ÊÕÐ¥° ¶²µ¸±µ¸É¨

Œ´µ¦¨É¥²Ó 4 ¢ ÔÉµ° Ëµ·³Ê²¥
¢¢¥¤¥´ É ±, ÎÉµ¡Ò ¢ ¸²ÊÎ ¥ Ô²²¨¶-
É¨Î¥¸±µ£µ ¸¥Î¥´¨Ö ¶ÊÎ±  ¸ ¶µ¸Éµ-
Ö´´µ° ¶²µÉ´µ¸ÉÓÕ §´ ³¥´ É¥²Ó
¢ (13) ¸µµÉ¢¥É¸É¢µ¢ ² Ê¤¢µ¥´´µ°
¢¥·É¨± ²Ó´µ° ¶µ²Êµ¸¨ Ô²²¨¶¸ .
�·µ¢¥¤¥´´ Ö ¢ÒÏ¥ µ¶É¨³¨§ Í¨Ö
¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ · §·¥Ï Õ-
Ð Ö ¸¶µ¸µ¡´µ¸ÉÓ Ë¨²ÓÉ·  ‚¨´ 
¸É ´µ¢¨É¸Ö ¡²¨§±µ° ± ¶·¥¤¥²Ó-
´µ° Rm(E) ≈ |Dm|/4yrms. „²Ö
¨²²Õ¸É· Í¨¨ ¢µ§³µ¦´µ¸É¨ · §¤¥-
²¥´¨Ö ÉÖ¦¥²ÒÌ µ¸±µ²±µ¢ ¶·¨¢¥-
¤¥³ ·¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´µ£µ ³µ-
¤¥²¨·µ¢ ´¨Ö Ë¨²ÓÉ·  ‚¨´  ³¥-
Éµ¤µ³ ±·Ê¶´ÒÌ Î ¸É¨Í ¶·¨ ¶ -
· ³¥É· Ì, ¡²¨§±¨Ì ± µ¶É¨³ ²Ó-
´Ò³ ¤²Ö A = 100. �·¨ §´ Î¥-
´¨¨ ¨´¤Ê±Í¨¨ ³ £´¨É´µ£µ ¶µ²Ö
B = 8 ±ƒ¸ ¨ Ô´¥·£¨¨ ¨µ´µ¢
20 ±Ô‚ É·¥¡Ê¥É¸Ö ¸· ¢´¨É¥²Ó´µ
´¥¢Ò¸µ±µ¥ §´ Î¥´¨¥ ´ ¶·Ö¦¥´´µ-

¸É¨ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö (1,56 ±‚/¸³). �µ² £ Ö θL = 1,7, ¶µ²ÊÎ ¥³ ¤²¨´Ê Ë¨²ÓÉ· 
‚¨´  L = 43,4 c³. ‘¥¶ · Í¨Ö · §²¨Î´ÒÌ ¨µ´µ¢ ¶·µ¨§¢µ¤¨É¸Ö §  ¸Î¥É ¨§³¥´¥´¨Ö ¨´-
¤Ê±Í¨¨ ³ £´¨É´µ£µ ¶µ²Ö. � Î ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥ ¶µ¶¥·¥Î´ÒÌ
±µµ·¤¨´ É ¨ ¸±µ·µ¸É¥° Î ¸É¨Í ¢Ò¡¨· ²µ¸Ó ¢ ¢¨¤¥ ³¨±·µ± ´µ´¨Î¥¸±µ£µ · ¸¶·¥¤¥²¥´¨Ö
‚² ¤¨³¨·¸±µ£µÄŠ ¶Î¨´¸±µ£µ [12]. „²Ö ¨³¨É Í¨¨ ²¥´ÉµÎ´µ£µ ¶ÊÎ±  ¶µ²Ê· §³¥·Ò Ô²²¨-
¶É¨Î¥¸±µ£µ ¸¥Î¥´¨Ö ¶ÊÎ±  ¢ ±µµ·¤¨´ É´µ° ¶²µ¸±µ¸É¨ § ¤ ¢ ²¨¸Ó ± ± 2xrms(0) = 0,5 ¸³;
2yrms(0) = 0,1 ¸³. “£²µ¢µ° · §¡·µ¸ ¶ÊÎ±  ´  ¢Ìµ¤¥ µ£· ´¨Î¨¢ ²¸Ö §´ Î¥´¨Ö³¨, µ¤¨´ ±µ-
¢Ò³¨ ¤²Ö µ¡µ¨Ì ´ ¶· ¢²¥´¨° 2ϑrms(0) = 0,02 · ¤. �ÊÎµ± ¸Î¨É ²¸Ö ³µ´µÔ´¥·£¥É¨Î¥¸±¨³.
�µ²ÊÎ¥´´Ò¥ ¢ ·¥§Ê²ÓÉ É¥ · ¸Î¥É  · ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ¢  ´ ²¨§¨·ÊÕÐ¥° ¶²µ¸±µ¸É¨ ¤²Ö
¢Ò¤¥²Ö¥³ÒÌ ¶ÊÎ±µ¢ ¸ A = 60, 100, 140 ¨ ¸µµÉ¢¥É¸É¢¥´´µ ¶ÊÎ±µ¢ ¸ A = 61, 101, 141 ¶µ-
± § ´Ò ´  p¨¸. 7. Š ± ¢¨¤´µ, ¨³ ¸µµÉ¢¥É¸É¢Ê¥É · §·¥Ï¥´¨¥ ´  Ê·µ¢´¥ ´¥¸±µ²Ó±¨Ì ¸µÉ¥´.
‡ ³¥É¨³, ÎÉµ Ê¢¥²¨Î¥´¨¥ £µ·¨§µ´É ²Ó´µ£µ · §³¥·  ¶ÊÎ±  ¨§-§  ¸¢µ¡µ¤´µ£µ · §²¥É  ³µ¦´µ
Ê¸É· ´¨ÉÓ, Ëµ±Ê¸¨·ÊÖ ¶ÊÎµ± ¶¥·¥¤ ¢Ìµ¤µ³ ¢ Ë¨²ÓÉ· ‚¨´ . ’ ±¨³ µ¡· §µ³, ¢ µ¶É¨³ ²Ó´µ³
¢ ·¨ ´É¥ Ë¨²ÓÉ·  ‚¨´  ³µ¦´µ ¶µ²ÊÎ¨ÉÓ · §·¥Ï¥´¨¥ ´  Ê·µ¢´¥ ¢ÒÏ¥ 102 ¨ µ¡¥¸¶¥Î¨ÉÓ
¸¥¶ · Í¨Õ ÉÖ¦¥²ÒÌ ¨µ´µ¢ ¸ ¢Ò¸µ±¨³¨ §´ Î¥´¨Ö³¨ ³ ¸¸µ¢ÒÌ Î¨¸¥².

‚ § ±²ÕÎ¥´¨¥  ¢Éµ·Ò ¢Ò· ¦ ÕÉ ¡² £µ¤ ·´µ¸ÉÓ �. �. ƒ ´£·¸±µ³Ê, 	. �. Œ ·±µ¢Ê ¨
�. �. �¥´¨µ´¦±¥¢¨ÎÊ §  ¶µ²¥§´Ò¥ µ¡¸Ê¦¤¥´¨Ö.
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