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�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, „Ê¡´ 

ˆ´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¶·μ¡²¥³ 	¥²μ·Ê¸¸±μ£μ £μ¸Ê¤ ·¸É¢¥´´μ£μ Ê´¨¢¥·¸¨É¥É , Œ¨´¸±

�·μ¢¥¤¥´ ¸· ¢´¨É¥²Ó´Ò°  ´ ²¨§ μ¶¨¸ ´¨Ö ¤¨´ ³¨±¨ ¸¶¨´  ¢ Í¨²¨´¤·¨Î¥¸±μ° ¸¨¸É¥³¥ ±μ-
μ·¤¨´ É ¨ ¸¨¸É¥³¥ ±μμ·¤¨´ É ”·¥´¥Ä‘¥··¥, ¨ ¶·μ¤¥³μ´¸É·¨·μ¢ ´  Ô±¢¨¢ ²¥´É´μ¸ÉÓ ¤¢ÊÌ ¸¨-
¸É¥³ ±μμ·¤¨´ É. ‚μ§³μ¦´μ¸ÉÓ ÔËË¥±É¨¢´μ£μ ¨¸¶μ²Ó§μ¢ ´¨Ö Í¨²¨´¤·¨Î¥¸±μ° ¸¨¸É¥³Ò ±μμ·¤¨-
´ É ¤²Ö · ¸Î¥É  Ô¢μ²ÕÍ¨¨ ¸¶¨´  Î ¸É¨Í ¨ Ö¤¥· ¢ Ê¸±μ·¨É¥²ÖÌ ¨ ´ ±μ¶¨É¥²Ó´ÒÌ ±μ²ÓÍ Ì μ¡Ê-
¸²μ¢²¥´  μÉ¸ÊÉ¸É¢¨¥³ ¤¢¨¦¥´¨Ö ±μμ·¤¨´ É´ÒÌ μ¸¥° ¤ ´´μ° ¸¨¸É¥³Ò μÉ´μ¸¨É¥²Ó´μ ´¥¶μ¤¢¨¦´ÒÌ
¤¥É¥±Éμ·μ¢.

A comparative analysis of description of spin dynamics in the cylindrical coordinate system and the
FrenetÄSerret one is made and the equivalence of the two coordinate systems is shown. A possibility of
effective use of the cylindrical coordinate system for calculations of evolution of a particle and nucleus
spin in accelerators and storage rings is caused by the absence of a motion of coordinate axes of this
system relative to immobile detectors.

PACS: 29.20.D-; 29.27.Hj
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‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ³Ò ¶·μ¨§¢μ¤¨³ ¸· ¢´¨É¥²Ó´Ò°  ´ ²¨§ μ¶¨¸ ´¨Ö ¤¨´ ³¨±¨ ¸¶¨´ 
¢ Í¨²¨´¤·¨Î¥¸±μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É ¨ ¸¨¸É¥³¥ ±μμ·¤¨´ É ”·¥´¥Ä‘¥··¥ (FrenetÄSerret).
�¥μ¡Ìμ¤¨³μ¸ÉÓ É ±μ£μ  ´ ²¨§  μ¡Ê¸²μ¢²¥´  ¢ ¦´μ¸ÉÓÕ ¶·¥Í¨§¨μ´´μ£μ ¨§³¥·¥´¨Ö Ô¢μ²Õ-
Í¨¨ ¶μ²Ö·¨§ Í¨¨ ¶ÊÎ±μ¢ Î ¸É¨Í ¨ Ö¤¥· ¢ Ê¸±μ·¨É¥²ÖÌ ¨ ´ ±μ¶¨É¥²Ó´ÒÌ ±μ²ÓÍ Ì. 	 §μ-
¢Ò³ Ê· ¢´¥´¨¥³ ¤¢¨¦¥´¨Ö ¸¶¨´  ¢ Ô²¥±É·μ³ £´¨É´ÒÌ ¶μ²ÖÌ Ö¢²Ö¥É¸Ö Ê· ¢´¥´¨¥ ’μ³ ¸ Ä
	 ·£³ ´´ ÄŒ¨Ï¥²ÖÄ’¥²¥£¤¨ (’-	Œ’) [1], § ¤ ´´μ¥ ¢ ¤¥± ·Éμ¢ÒÌ ±μμ·¤¨´ É Ì. ‚¥¸Ó³ 
¢ ¦´Ò³ Ö¢²Ö¥É¸Ö ¶μ¨¸± Ô²¥±É·¨Î¥¸±¨Ì ¤¨¶μ²Ó´ÒÌ ³μ³¥´Éμ¢ (�„Œ) Î ¸É¨Í ¨ Ö¤¥· ¢ £μ-
Éμ¢ÖÐ¨Ì¸Ö Ô±¸¶¥·¨³¥´É Ì ¢ ´ ±μ¶¨É¥²Ó´ÒÌ ±μ²ÓÍ Ì [2]. „²Ö · ¸Î¥É  ¤¨´ ³¨±¨ ¸¶¨´  ¢
É ±¨Ì Ô±¸¶¥·¨³¥´É Ì ´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ μ¡μ¡Ð¥´¨¥ Ê· ¢´¥´¨Ö ’-	Œ’, ÊÎ¨ÉÒ¢ -
ÕÐ¥¥ ´ ²¨Î¨¥ �„Œ (¸³. [3] ¨ ¶·¨¢¥¤¥´´Ò¥ É ³ ¸¸Ò²±¨).

“± § ´´Ò¥ Ê· ¢´¥´¨Ö μ¶·¥¤¥²ÖÕÉ ¤¢¨¦¥´¨¥ ¸¶¨´  ¢ ¤¥± ·Éμ¢μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É.
�¤´ ±μ ¶μ²Ö·¨§μ¢ ´´Ò¥ ¶ÊÎ±¨ Î ¸É¨Í ¨ Ö¤¥· ¢ Ê¸±μ·¨É¥²ÖÌ ¨ ´ ±μ¶¨É¥²Ó´ÒÌ ±μ²ÓÍ Ì
¤¢¨¦ÊÉ¸Ö ¶μ ¶· ±É¨Î¥¸±¨ § ³±´ÊÉÒ³ É· ¥±Éμ·¨Ö³. ‚ É¥μ·¨¨ Ê¸±μ·¨É¥²¥° ¸É ´¤ ·É´Ò³
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Ö¢²Ö¥É¸Ö ¢Ò¡μ· ¸¨¸É¥³Ò ±μμ·¤¨´ É ”·¥´¥Ä‘¥··¥ (”‘), μ·¨¥´É Í¨Ö μ¸¥° ±μÉμ·μ° μ¶·¥-
¤¥²Ö¥É¸Ö ¤¢¨¦¥´¨¥³ Î ¸É¨ÍÒ. ‚ ÔÉμ³ ¸²ÊÎ ¥ Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö ¸¶¨´  μ¶¨¸Ò¢ ¥É ¤¢¨-
¦¥´¨¥ (¶¸¥¢¤μ)¢¥±Éμ·  ¸¶¨´  ¶μ μÉ´μÏ¥´¨Õ ± ¢¥±Éμ·Ê ¨³¶Ê²Ó¸ , É. ¥. ¨§³¥´¥´¨¥ μÉ´μ-
¸¨É¥²Ó´μ° μ·¨¥´É Í¨¨ ¤¢ÊÌ ¢¥±Éμ·μ¢. �Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ Ê¸²μ¦´Ö¥É μ¶¨¸ ´¨¥ ¤¨´ ³¨±¨
¸¶¨´ . ‚ ¤¥°¸É¢¨É¥²Ó´μ¸É¨ Ô±¸¶¥·¨³¥´É ²Ó´μ ¨§³¥·Ö¥É¸Ö μ·¨¥´É Í¨Ö ¸¶¨´  μÉ´μ¸¨É¥²Ó´μ
¤¥É¥±Éμ·μ¢, ¶μ²μ¦¥´¨¥ ±μÉμ·ÒÌ Ë¨±¸¨·μ¢ ´μ ¢ ¤¥± ·Éμ¢μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É,   ´¥ μÉ´μ-
¸¨É¥²Ó´μ ¢¥±Éμ·  ¨³¶Ê²Ó¸ , ¶·μ¥±Í¨¨ ±μÉμ·μ£μ ´  ¢¸¥ É·¨ μ¸¨ ¤ ´´μ° ¸¨¸É¥³Ò ±μμ·¤¨´ É
¨§³¥´ÖÕÉ¸Ö. ‚ · ¡μÉ¥ [4] ¡Ò²  ·¥ ²¨§μ¢ ´  ¢μ§³μ¦´μ¸ÉÓ  ²ÓÉ¥·´ É¨¢´μ£μ μ¶¨¸ ´¨Ö ¨
¡Ò²¨ ´ °¤¥´Ò ÉμÎ´Ò¥ Ê· ¢´¥´¨Ö, μÉ· ¦ ÕÐ¨¥ ¤¢¨¦¥´¨¥ Î ¸É¨ÍÒ ¨ ¥¥ ¸¶¨´  ¢ Í¨²¨´¤·¨-
Î¥¸±μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É. �¤´ ±μ ¤¥É ²Ó´μ£μ  ´ ²¨§  · §²¨Î¨° ¢ μ¶¨¸ ´¨¨ ¤¨´ ³¨±¨
¸¶¨´  ¢ ¤¢ÊÌ ¸¨¸É¥³ Ì ±μμ·¤¨´ É ¢ [4] ¢Ò¶μ²´¥´μ ´¥ ¡Ò²μ. ‚ ¸¢Ö§¨ ¸ ¢ ¦´μ¸ÉÓÕ ¶·μ-
¡²¥³Ò ¤¨´ ³¨±¨ ¸¶¨´  Î ¸É¨Í ¨ Ö¤¥· ¢ Ê¸±μ·¨É¥²ÖÌ ¨ ´ ±μ¶¨É¥²Ó´ÒÌ ±μ²ÓÍ Ì ¶·μ¢¥¤¥´¨¥
É ±μ£μ  ´ ²¨§  Ö¢²Ö¥É¸Ö ´¥μ¡Ìμ¤¨³Ò³.

ŒÒ ¨¸¶μ²Ó§Ê¥³ ¸¨¸É¥³Ê ¥¤¨´¨Í c = 1.

1. ‘��‚�…�ˆ… –ˆ‹ˆ�„�ˆ—…‘Š�‰ ‘ˆ‘’…Œ› Š���„ˆ��’
ˆ ‘ˆ‘’…Œ› Š���„ˆ��’ ”�…�…Ä‘…��…

‚ Í¨²¨´¤·¨Î¥¸±μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É  §¨³ÊÉ ²Ó´Ò° Ê£μ² φ μ¶·¥¤¥²Ö¥É¸Ö ¶μ²μ¦¥´¨¥³
Î ¸É¨ÍÒ. �·¨ ¨§³¥´¥´¨¨  §¨³ÊÉ  Î ¸É¨ÍÒ ´  Ê£μ² dφ £μ·¨§μ´É ²Ó´Ò¥ μ¸¨ Í¨²¨´¤·¨Î¥-
¸±μ° ¨ ¤¥± ·Éμ¢μ° ¸¨¸É¥³ ±μμ·¤¨´ É ¶μ¢μ· Î¨¢ ÕÉ¸Ö ¤·Ê£ μÉ´μ¸¨É¥²Ó´μ ¤·Ê£  ´  ÔÉμÉ
¦¥ Ê£μ², É. ¥. Í¨²¨´¤·¨Î¥¸± Ö ¸¨¸É¥³  ±μμ·¤¨´ É ¢· Ð ¥É¸Ö ¶μ μÉ´μÏ¥´¨Õ ± ¤¥± ·Éμ¢μ°
¢μ±·Ê£ μ¸¨ z c ³£´μ¢¥´´μ° Ê£²μ¢μ° ¸±μ·μ¸ÉÓÕ dφ/dt (¸³. [4]).

�¸¨ ¸¨¸É¥³Ò ±μμ·¤¨´ É ”‘ μ¶·¥¤¥²ÖÕÉ¸Ö É· ¥±Éμ·¨¥° Î ¸É¨ÍÒ. �·ÉÒ ÔÉμ° ¸¨¸É¥³Ò
±μμ·¤¨´ É ´ ¶· ¢²¥´Ò ¶μ ± ¸ É¥²Ó´μ° ± É· ¥±Éμ·¨¨ (¶ · ²²¥²Ó´μ ¸±μ·μ¸É¨ ¨ ¨³¶Ê²Ó¸Ê),
¢ ¶²μ¸±μ¸É¨ É· ¥±Éμ·¨¨ ¶μ ´μ·³ ²¨ ± ´¥° (¶ · ²²¥²Ó´μ Ê¸±μ·¥´¨Õ) ¨ ¶μ ¡¨´μ·³ ²¨ ¶¥·-
¶¥´¤¨±Ê²Ö·´μ ¤¢Ê³ Ê± § ´´Ò³ μ·É ³. �μ μÉ´μÏ¥´¨Õ ± ¤¥± ·Éμ¢μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É
¸¨¸É¥³  ±μμ·¤¨´ É ”‘ ¢· Ð ¥É¸Ö ´¥ Éμ²Ó±μ ¢μ±·Ê£ μ¸¨ z, ± ± Í¨²¨´¤·¨Î¥¸± Ö ¸¨¸É¥³ 
±μμ·¤¨´ É, ´μ ¨ ¢μ±·Ê£ ¤¢ÊÌ ¤·Ê£¨Ì μ¸¥°. ‚ Ê¸±μ·¨É¥²ÖÌ ¨ ´ ±μ¶¨É¥²Ó´ÒÌ ±μ²ÓÍ Ì ¤¢¨-
¦¥´¨¥ Î ¸É¨Í ¨ Ö¤¥· ¢ ¢¥·É¨± ²Ó´μ³ ´ ¶· ¢²¥´¨¨ ¨³¥¥É μ¸Í¨²²ÖÍ¨μ´´Ò° Ì · ±É¥·.

�¸μ¡¥´´μ¸É¨ Í¨²¨´¤·¨Î¥¸±μ° ¸¨¸É¥³Ò ±μμ·¤¨´ É ¨ ¸¨¸É¥³Ò ±μμ·¤¨´ É ”‘ ³μ¦´μ
±μ²¨Î¥¸É¢¥´´μ μ¶¨¸ ÉÓ, μ¶·¥¤¥²¨¢ Ô¢μ²ÕÍ¨Õ ¥¤¨´¨Î´μ£μ ¢¥±Éμ·  ¢ ´ ¶· ¢²¥´¨¨ ¸±μ·μ-
¸É¨ ¨ ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ: N = v/v = p/p. ˆ§ Ê· ¢´¥´¨Ö ‹μ·¥´Í 

dp
dt

= e (E + β × B) , β =
v
c

=
p

γm
(1)

¸²¥¤Ê¥É, ÎÉμ ÔÉμÉ ¢¥±Éμ· ¢· Ð ¥É¸Ö ¸ ³£´μ¢¥´´μ° Ê£²μ¢μ° ¸±μ·μ¸ÉÓÕ [4]

ω = − e

γm

(
B − N × E

β

)
. (2)

„μ¶μ²´¨É¥²Ó´μ¥ (¶μ μÉ´μÏ¥´¨Õ ± ¢· Ð¥´¨Õ Í¨²¨´¤·¨Î¥¸±μ° ¸¨¸É¥³Ò ±μμ·¤¨´ É)
¢· Ð¥´¨¥ ¸¨¸É¥³Ò ±μμ·¤¨´ É ”‘ μÉ´μ¸¨É¥²Ó´μ ¤¥± ·Éμ¢μ° ¸¨¸É¥³Ò ±μμ·¤¨´ É ¨³¥¥É
³¥¸Éμ ¶·¨ ´ ²¨Î¨¨ ´¥´Ê²¥¢ÒÌ £μ·¨§μ´É ²Ó´ÒÌ ±μ³¶μ´¥´É ³ £´¨É´μ£μ ¨/¨²¨ ±¢ §¨³ £-
´¨É´μ£μ ¶μ²¥° B ¨ N × E. ‘¢Ö§Ó ³¥¦¤Ê Ê£²μ¢μ° ¸±μ·μ¸ÉÓÕ ¢· Ð¥´¨Ö ¢¥±Éμ·  N ¨
μÉ´μ¸¨É¥²Ó´Ò³ ¤¢¨¦¥´¨¥³ Í¨²¨´¤·¨Î¥¸±μ° ¨ ¤¥± ·Éμ¢μ° ¸¨¸É¥³ ±μμ·¤¨´ É, ´ °¤¥´´ Ö
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¢ [4], ´¥ Ö¢²Ö¥É¸Ö É·¨¢¨ ²Ó´μ°. 	Ê¤¥³ μ¡μ§´ Î ÉÓ ¶·μ¥±Í¨Õ ²Õ¡μ£μ ¢¥±Éμ·  ´  £μ·¨-
§μ´É ²Ó´ÊÕ ¶²μ¸±μ¸ÉÓ ¸¨³¢μ²μ³ ®‖¯. �μ¸±μ²Ó±Ê ¢¥±Éμ· N ´ ¶· ¢²¥´ ¶μ ± ¸ É¥²Ó´μ° ±
É· ¥±Éμ·¨¨, ¨§³¥´¥´¨¥  §¨³ÊÉ  Î ¸É¨ÍÒ ¢ ÔÉμ° ¶²μ¸±μ¸É¨ · ¢´μ Ê£²Ê ³¥¦¤Ê ¤¢Ê³Ö £μ-
·¨§μ´É ²Ó´Ò³¨ ¶·μ¥±Í¨Ö³¨ ¤ ´´μ£μ ¢¥±Éμ· , ±μÉμ·Ò¥ ³Ò μ¡μ§´ Î¨³ Î¥·¥§ N‖ ¨ N′

‖.
	¥¸±μ´¥Î´μ ³ ²Ò° Ê£μ² dφ, Ì · ±É¥·¨§ÊÕÐ¨° ¨§³¥´¥´¨¥  §¨³ÊÉ  Î ¸É¨ÍÒ, μ¶·¥¤¥²Ö¥É¸Ö
¢Ò· ¦¥´¨¥³

dφ =
(N‖ × N′

‖) · ez

|N‖| · |N′
‖|

=
(N‖ × dN‖) · ez

|N‖|2
,

£¤¥ dN‖ = N′
‖ − N‖ Å ¡¥¸±μ´¥Î´μ ³ ²Ò° ¢¥±Éμ·. Œ£´μ¢¥´´ Ö ¸±μ·μ¸ÉÓ ¨§³¥´¥´¨Ö

 §¨³ÊÉ  [4]

φ̇ ≡ dφ

dt
=

(N‖ × Ṅ‖) · ez

|N‖|2
= ωz − o, (3)

£¤¥

o =
(ωxNx + ωyNy)Nz

1 − N2
z

=
(ωρNρ + ωφNφ)Nz

1 − N2
z

. (4)

Šμ³¶μ´¥´ÉÒ ¢¥±Éμ·  ω μ¶·¥¤¥²ÖÕÉ¸Ö Ê· ¢´¥´¨¥³ (2).
“· ¢´¥´¨Ö (3), (4) Ö¢²ÖÕÉ¸Ö ÉμÎ´Ò³¨. ‚ · ¡μÉ¥ [4] ÔÉμ ¶μ± § ´μ ´  ¶·¨³¥·¥ Î ¸É¨ÍÒ,

¤¢¨¦ÊÐ¥°¸Ö ¶μ μ±·Ê¦´μ¸É¨, ´μ·³ ²Ó ± ±μÉμ·μ° μÉ±²μ´¥´  μÉ μ¸¨ z ´  ´¥±μÉμ·Ò° Ê£μ².
“Î¥É ¶μ¶· ¢±¨, μ¶·¥¤¥²Ö¥³μ° ¢¥²¨Î¨´μ° o, ¶μ§¢μ²Ö¥É ÉμÎ´μ μ¶¨¸ ÉÓ ¤¢¨¦¥´¨¥ Î ¸É¨ÍÒ,
¸¶·μ¥Í¨·μ¢ ´´μ¥ ´  £μ·¨§μ´É ²Ó´ÊÕ ¶²μ¸±μ¸ÉÓ. �¤´ ±μ ¢¥²¨Î¨´  o ¢ ¡μ²ÓÏ¨´¸É¢¥ ¸²Ê-
Î ¥¢ Ö¢²Ö¥É¸Ö ¢¥¸Ó³  ³ ²μ°. …¸²¨ £μ·¨§μ´É ²Ó´ Ö ¶²μ¸±μ¸ÉÓ ¸μ¢¶ ¤ ¥É ¸ ¶²μ¸±μ¸ÉÓÕ
´¥¢μ§³ÊÐ¥´´μ£μ ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ, ¥Õ μ¡ÒÎ´μ ³μ¦´μ ¶·¥´¥¡·¥ÎÓ (¸³.  ´ ²¨§ ¢ [4]).

2. “��‚�…�ˆŸ „‚ˆ†…�ˆŸ ‘�ˆ��

‚μ ¢¸¥Ì · ¸¸³ É·¨¢ ¥³ÒÌ ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¸¨¸É¥³ Ì ±μμ·¤¨´ É ¤¢¨¦¥´¨¥ ¸¶¨´ 
Ö¢²Ö¥É¸Ö ¶·¥Í¥¸¸¨μ´´Ò³. �ËË¥±ÉÒ, μ¡Ê¸²μ¢²¥´´Ò¥ ¸¶¨´-É¥´§μ·´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³
(¸³. [7Ä10] ¨ ¶·¨¢¥¤¥´´Ò¥ É ³ ¸¸Ò²±¨), ³Ò ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ´¥ · ¸¸³ É·¨¢ ¥³. �Ê¸ÉÓ
Î ¸É¨Í , ¨³¥ÕÐ Ö Ô²¥±É·¨Î¥¸±¨° ¨ ³ £´¨É´Ò° ¤¨¶μ²Ó´Ò¥ ³μ³¥´ÉÒ, ¤¢¨¦¥É¸Ö ¢ Ô²¥±-
É·μ³ £´¨É´μ³ ¶μ²¥. “· ¢´¥´¨Ö, μ¶¨¸Ò¢ ÕÐ¨¥ ¤¨´ ³¨±Ê ¥¥ ¸¶¨´  ¢ ¤¥± ·Éμ¢μ° ¸¨¸É¥³¥
±μμ·¤¨´ É, ¨³¥ÕÉ ¢¨¤ [3]

ds
dt

= Ω × s, Ω = ΩMDM + ΩEDM,

ΩMDM = − e

m

[(
a +

1
γ

)
B − aγ

γ + 1
β(β · B) −

(
a +

1
γ + 1

)
(β × E)

]
, (5)

ΩEDM = − eη

2m

(
E− γ

γ + 1
β(β · E) + β × B

)
,

£¤¥ ¢¥²¨Î¨´Ò ΩMDM ¨ ΩEDM μ¶·¥¤¥²ÖÕÉ ¢±² ¤Ò ³ £´¨É´μ£μ ¨ Ô²¥±É·¨Î¥¸±μ£μ ¤¨¶μ²Ó-
´ÒÌ ³μ³¥´Éμ¢ ¸μμÉ¢¥É¸É¢¥´´μ. ’ ±μ° ¦¥ ¢¨¤ ¶·¨μ¡·¥É ÕÉ ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±¨¥ Ê· ¢-
´¥´¨Ö ¤¢¨¦¥´¨Ö ¸¶¨´  Î ¸É¨Í ¸μ ¸¶¨´ ³¨ 1/2 [5] ¨ 1 [6] ¶μ¸²¥ ¶¥·¥Ìμ¤  ± ±² ¸¸¨Î¥¸±μ³Ê
¶·¥¤¥²Ê.
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“£²μ¢ Ö ¸±μ·μ¸ÉÓ ¢· Ð¥´¨Ö ¸¶¨´  ¢ Í¨²¨´¤·¨Î¥¸±μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É ¶μ²ÊÎ ¥É¸Ö
¢ÒÎ¨É ´¨¥³ ¨§ Ω ¢¥²¨Î¨´Ò φ̇ez. �·¨ ¶·¥´¥¡·¥¦¥´¨¨ ¶μ¶· ¢±μ° o μ´  μ¶·¥¤¥²Ö¥É¸Ö
¢Ò· ¦¥´¨¥³

Ωcyl = − e

m

{
aB− aγ

γ + 1
β(β ·B) +

(
1

γ2 − 1
− a

)
(β × E) +

+
1
γ

[
B‖ −

1
β2

(β × E)‖

]
+

η

2

(
E− γ

γ + 1
β(β ·E) + β×B

)}
, (6)

£¤¥ a = (g − 2)/2. ‘· ¢´¥´¨¥ Ê· ¢´¥´¨° (5) ¨ (6) ¶μ± §Ò¢ ¥É, ÎÉμ £μ·¨§μ´É ²Ó´Ò¥
¶·μ¥±Í¨¨ ¢¥±Éμ·μ¢ Ω ¨ Ωcyl ¸μ¢¶ ¤ ÕÉ.

„²Ö ´ Ìμ¦¤¥´¨Ö Ê£²μ¢μ° ¸±μ·μ¸É¨ ¤¢¨¦¥´¨Ö ¸¶¨´  ¢ ¸¨¸É¥³¥ ±μμ·¤¨´ É ”‘ ¨§ Ω
´¥μ¡Ìμ¤¨³μ ¢ÒÎ¥¸ÉÓ Ê£²μ¢ÊÕ ¸±μ·μ¸ÉÓ ¢· Ð¥´¨Ö ¢¥±Éμ·  N. ’ ±¨³ μ¡· §μ³, ¢ ¤ ´´μ°
¸¨¸É¥³¥ ±μμ·¤¨´ É Ê£²μ¢ Ö ¸±μ·μ¸ÉÓ ¢· Ð¥´¨Ö ¸¶¨´  [3]

ΩFS = − e

m

[
aB− aγ

γ + 1
β(β ·B) +

(
1

γ2 − 1
− a

)
(β × E) +

+
η

2

(
E− γ

γ + 1
β(β ·E) + β × B

)]
. (7)

“· ¢´¥´¨¥ (7) μ¡ÒÎ´μ ¨¸¶μ²Ó§Ê¥É¸Ö ¢ ¸¶¥Í¨ ²Ó´μ° ²¨É¥· ÉÊ·¥ ¤²Ö μ¶¨¸ ´¨Ö ¤¢¨¦¥´¨Ö
¸¶¨´  ¢ Ê¸±μ·¨É¥²ÖÌ ¨ ´ ±μ¶¨É¥²Ó´ÒÌ ±μ²ÓÍ Ì.

	¥§Ê¸²μ¢´μ, Ê· ¢´¥´¨¥ (7) Ö¢²Ö¥É¸Ö ¡μ²¥¥ ±μ³¶ ±É´Ò³. �μ ÔÉ  ±μ³¶ ±É´μ¸ÉÓ ¤μ¸É¨-
£ ¥É¸Ö ¡² £μ¤ ·Ö Éμ³Ê, ÎÉμ Ê£²Ò μÉ±²μ´¥´¨Ö μ¸¥° ¸¨¸É¥³Ò ±μμ·¤¨´ É ”‘ μÉ ¢¥·É¨± ²¨
¨§³¥´ÖÕÉ¸Ö ¸μ ¢·¥³¥´¥³, · ¤¨ ²Ó´ Ö ¨  §¨³ÊÉ ²Ó´ Ö ¦¥ μ¸¨ Í¨²¨´¤·¨Î¥¸±μ° ¸¨¸É¥³Ò
±μμ·¤¨´ É ¢¸¥£¤  ´ Ìμ¤ÖÉ¸Ö ¢ £μ·¨§μ´É ²Ó´μ° ¶²μ¸±μ¸É¨. �μÔÉμ³Ê, ¢ Î ¸É´μ¸É¨, Ê· ¢´¥-
´¨¥ (7) ³μ¦¥É ¶μ·μ¤¨ÉÓ ¨²²Õ§¨Õ, ÎÉμ ¢ μ¡ÒÎ´ÒÌ Ê¸²μ¢¨ÖÌ (β · B = 0) ÔËË¥±É¨¢´μ¸ÉÓ
¢μ§¤¥°¸É¢¨Ö ¢¥·É¨± ²Ó´μ£μ ¨ · ¤¨ ²Ó´μ£μ ¶μ²¥° ´  ¸¶¨´ Ö¢²Ö¥É¸Ö μ¤¨´ ±μ¢μ°. ‚ ¤¥°-
¸É¢¨É¥²Ó´μ¸É¨, μ¤´ ±μ, ¶·¨ E = 0 ¨ ¶·¥´¥¡·¥¦¥´¨¨ �„Œ μÉ´μÏ¥´¨Ö Ωcyl

ρ /Bρ ¨ Ωcyl
z /Bz

· §²¨Î ÕÉ¸Ö ¢ (aγ + 1)/(aγ) · §. „²Ö ²¥¶Éμ´μ¢ (Ô²¥±É·μ´, ³Õμ´) ÔÉμ μÉ´μÏ¥´¨¥ ³μ-
¦¥É ¡ÒÉÓ ¢¥¸Ó³  ¡μ²ÓÏ¨³. �·¨Î¨´  ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¤²Ö μ¶·¥¤¥²¥´¨Ö ´ ¡²Õ¤ ¥³μ£μ
ÔËË¥±É  ± ¤¢¨¦¥´¨Õ ¸¶¨´  ¢ ¸¨¸É¥³¥ ±μμ·¤¨´ É ”‘ ´Ê¦´μ ¶·¨¡ ¢¨ÉÓ ¤¢¨¦¥´¨¥ É ´-
£¥´Í¨ ²Ó´μ° ¨ ´μ·³ ²Ó´μ° μ¸¥° ÔÉμ° ¸¨¸É¥³Ò ±μμ·¤¨´ É. �·¨ ÊÎ¥É¥ ¤ ´´μ£μ Ë ±Éμ· 
Í¨²¨´¤·¨Î¥¸± Ö ¸¨¸É¥³  ±μμ·¤¨´ É ¨ ¸¨¸É¥³  ±μμ·¤¨´ É ”‘ ¤ ÕÉ Ô±¢¨¢ ²¥´É´μ¥ μ¶¨¸ -
´¨¥ ¤¢¨¦¥´¨Ö ¸¶¨´ .

‚ ± Î¥¸É¢¥ ¶·¨³¥· , ¤¥³μ´¸É·¨·ÊÕÐ¥£μ ´¥μ¡Ìμ¤¨³μ¸ÉÓ ±μ··¥±É´μ£μ ÊÎ¥É  ¢· Ð¥´¨Ö
¸¶¨´  ¢μ±·Ê£ £μ·¨§μ´É ²Ó´ÒÌ μ¸¥° ±μμ·¤¨´ É, Ê± ¦¥³ Ô±¸¶¥·¨³¥´É ¶μ ¨§³¥·¥´¨Õ  ´μ-
³ ²Ó´μ£μ ³ £´¨É´μ£μ ³μ³¥´É  ³Õμ´  [11]. ‚ ´¥³ ¨³¶Ê²Ó¸ ³Õμ´μ¢ Ê¤μ¢²¥É¢μ·Ö² Ê¸²μ¢¨Õ
1/(γ2 − 1) = a. � ²¨Î¨¥ ¸² ¡μ£μ · ¤¨ ²Ó´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ¨ ±μ³¶¥´¸¨·ÊÕÐ¥£μ ¥£μ
¢μ§¤¥°¸É¢¨¥ ´  ¤¢¨¦¥´¨¥ Î ¸É¨Í ¢¥·É¨± ²Ó´μ£μ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¶·¨¢μ¤¨É ± ´¥±μÉμ-

·μ³Ê Ê¢¥²¨Î¥´¨Õ Ê£²μ¢μ° ¸±μ·μ¸É¨ ¢· Ð¥´¨Ö ¸¶¨´ ,
√

Ω2
z + Ω2

ρ ¢³¥¸Éμ Ωz. � ¨¢´μ¥ ¨¸-

¶μ²Ó§μ¢ ´¨¥ Ëμ·³Ê²Ò (7) ¤²Ö · ¸Î¥É  Ωz ¡¥§ ÊÎ¥É  ¤¢¨¦¥´¨Ö É ´£¥´Í¨ ²Ó´μ° ¨ ´μ·³ ²Ó-
´μ° μ¸¥° ¸¨¸É¥³Ò ±μμ·¤¨´ É ”‘ ¶·¨¢μ¤¨É ± ¢Ò· ¦¥´¨Õ, ¸ÊÐ¥¸É¢¥´´μ μÉ²¨Î ÕÐ¥³Ê¸Ö μÉ
¤ ¢ ¥³μ£μ Ëμ·³Ê²μ° (6) ¶· ¢¨²Ó´μ£μ ·¥§Ê²ÓÉ É . �É³¥É¨³, ÎÉμ ÉÐ É¥²Ó´μ¥ Ê¸É· ´¥´¨¥ ´¥-
μ¤´μ·μ¤´μ¸É¥° ³ £´¨É´μ£μ ¶μ²Ö ¢ Ô±¸¶¥·¨³¥´É¥ [11] ¶μ§¢μ²¨²μ ¸ÊÐ¥¸É¢¥´´μ Ê³¥´ÓÏ¨ÉÓ
· ¤¨ ²Ó´μ¥ ³ £´¨É´μ¥ ¶μ²¥, ¨ ¥£μ ¢±² ¤ ¢ ·¥§Ê²ÓÉ¨·ÊÕÐÊÕ Ê£²μ¢ÊÕ ¸±μ·μ¸ÉÓ ¢· Ð¥´¨Ö
¸¶¨´  ¢ Ê± § ´´μ³ Ô±¸¶¥·¨³¥´É¥ ¡Ò² ¶·¥´¥¡·¥¦¨³μ ³ ².
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�·μ¢¥¤¥´´Ò° ¸· ¢´¨É¥²Ó´Ò°  ´ ²¨§ μ¶¨¸ ´¨Ö ¤¨´ ³¨±¨ ¸¶¨´  ¢ Í¨²¨´¤·¨Î¥¸±μ° ¸¨-
¸É¥³¥ ±μμ·¤¨´ É ¨ ¸¨¸É¥³¥ ±μμ·¤¨´ É ”‘ ¤¥³μ´¸É·¨·Ê¥É ¢μ§³μ¦´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö
μ¡¥¨Ì ¸¨¸É¥³ ±μμ·¤¨´ É. �·¥¨³ÊÐ¥¸É¢μ³ ¸¨¸É¥³Ò ±μμ·¤¨´ É ”‘ Ö¢²Ö¥É¸Ö ´ ²¨Î¨¥ ¤¥-
É ²Ó´μ · §· ¡μÉ ´´μ£μ ³ É¥³ É¨Î¥¸±μ£μ  ¶¶ · É , ¶μ¸É·μ¥´´μ£μ ´  ¥¥ ¡ §¥ ¤²Ö μ¶¨¸ ´¨Ö
Ô¢μ²ÕÍ¨¨ ¸¶¨´  Î ¸É¨Í ¨ Ö¤¥· ¢ Ê¸±μ·¨É¥²ÖÌ ¨ ´ ±μ¶¨É¥²Ó´ÒÌ ±μ²ÓÍ Ì. �¤´ ±μ Í¨²¨´-
¤·¨Î¥¸± Ö ¸¨¸É¥³  ±μμ·¤¨´ É É ±¦¥ ³μ¦¥É ÔËË¥±É¨¢´μ ¨¸¶μ²Ó§μ¢ ÉÓ¸Ö ¤²Ö ÔÉμ° Í¥²¨.
…¥ ¤μ¸Éμ¨´¸É¢μ³ Ö¢²Ö¥É¸Ö μÉ¸ÊÉ¸É¢¨¥ ¤¢¨¦¥´¨Ö ±μμ·¤¨´ É´ÒÌ μ¸¥° μÉ´μ¸¨É¥²Ó´μ ¶²μ¸-
±μ¸É¨ ´¥¢μ§³ÊÐ¥´´μ£μ ¤¢¨¦¥´¨Ö Î ¸É¨Í ¨, ¸²¥¤μ¢ É¥²Ó´μ, μÉ´μ¸¨É¥²Ó´μ ´¥¶μ¤¢¨¦´ÒÌ
¤¥É¥±Éμ·μ¢.

� ¡μÉ  ¶μ¤¤¥·¦ ´  £· ´Éμ³ 	¥²μ·Ê¸¸±μ£μ ·¥¸¶Ê¡²¨± ´¸±μ£μ Ëμ´¤  ËÊ´¤ ³¥´É ²Ó´ÒÌ
¨¸¸²¥¤μ¢ ´¨° º ”14„-007.
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