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

‚ · ¡μÉ¥ ¨§ÊÎ ¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ ¸μ§¤ ´¨Ö Í¨±²¨Î¥¸±μ£μ Ê¸±μ·¨É¥²Ö ´  ¶μ¸ÉμÖ´´ÒÌ ³ £´¨É Ì,
³ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö ±μÉμ·μ£μ μ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨´ ³¨ ³ £´¨É´μ£μ ¶μ²Ö ¨ · ¤¨Ê¸μ³ ¥£μ ¸É Í¨-
μ´ ·´μ° μ·¡¨ÉÒ,   ´¨¦´¨° ¶μ·μ£ Ê¸±μ·Ö¥³μ° Ô´¥·£¨¨ Å Ô´¥·£¨¥° ¨¸ÉμÎ´¨±  ¨μ´μ¢. �·¨ ÔÉμ³
· ¤¨Ê¸ ¸É Í¨μ´ ·´μ° μ·¡¨ÉÒ μ¸É ¥É¸Ö ¶μ¸ÉμÖ´´Ò³.

The possibility of creating a cyclic accelerator on permanent magnets is studied, the maximum
energy of which is determined by the magnetic ˇeld and the radius of its stationary orbit, and the lower
threshold of the accelerated energy is the energy of the source of ions. At the same time, the radius of
the stationary orbit remains constant.

PACS: 29.20.D-; 29.27.Eg; 29.27.Ac

‚‚…„…�ˆ…

–¥²Ó ´ ¸ÉμÖÐ¥° · ¡μÉÒ Å ¶·¨¢²¥ÎÓ ¢´¨³ ´¨¥ ¸¶¥Í¨ ²¨¸Éμ¢ ¶μ Ë¨§¨±¥ ¨ É¥Ì´¨±¥
Ê¸±μ·¨É¥²¥° ± ¥Ð¥ μ¤´μ³Ê ¢ ·¨ ´ÉÊ Ê¸±μ·¨É¥²Ö ¸ ¶μ¸ÉμÖ´´Ò³¨ ³ £´¨É´Ò³ ¶μ²¥³ ¨
· ¤¨Ê¸μ³ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ. �¸μ¡¥´´μ¸ÉÓÕ Ê¸±μ·¨É¥²Ö Ö¢²Ö¥É¸Ö Éμ, ÎÉμ § ³±´ÊÉ Ö μ·-
¡¨É  Ëμ·³¨·Ê¥É¸Ö ´¥ ³¥Éμ¤μ³ μÉ· ¦¥´¨Ö Î ¸É¨Í μÉ ¶μ¸ÉμÖ´´ÒÌ ³ £´¨Éμ¢, ± ± ¨§²μ¦¥´μ
¢ ¸É ÉÓ¥ [1],   ¶μ²Ö³¨ · §´μ¶μ²Ö·´ÒÌ ³ £´¨Éμ¢.

‚ Í¨±²¨Î¥¸±¨Ì Ê¸±μ·¨É¥²ÖÌ ´  ¢Ò¸μ±¨¥ Ô´¥·£¨¨, · ¤¨Ê¸ μ·¡¨ÉÒ ±μÉμ·ÒÌ ³μ¦¥É ¤μ-
¸É¨£ ÉÓ ¢¥²¨Î¨´Ò R0 = 102−103 ³, ±μ·μÉ±¨° ÊÎ ¸Éμ± μ·¡¨ÉÒ ¤²¨´μ° l � R0 ³μ¦´μ
¸Î¨É ÉÓ ¶·Ö³μ²¨´¥°´Ò³. �  ÔÉμ³ ÊÎ ¸É±¥, ¨¸¶μ²Ó§ÊÖ ¤μ¶μ²´¨É¥²Ó´Ò¥ ¤¨¶μ²¨ ¸ μ¡· É´μ°
¶μ²Ö·´μ¸ÉÓÕ ¶μ²Ö, ³μ¦´μ ¸μ§¤ ÉÓ ´  · ¤¨Ê¸¥ R0 ¶μ²¥, · ¢´μ¥ ´Ê²Õ, B = 0 (·¨¸. 1).

„¢¨¦¥´¨¥ Î ¸É¨ÍÒ ¢¤μ²Ó μ¸¨ ¸ ´Ê²¥¢Ò³ ¶μ²¥³ ´¥ § ¢¨¸¨É μÉ ¥¥ ¸±μ·μ¸É¨. — ¸É¨Í ,
μÉ±²μ´¥´´ Ö μÉ μ¸¨ ¢ · ¤¨ ²Ó´μ° ¶²μ¸±μ¸É¨, ¡Ê¤¥É ¸μ¢¥·Ï ÉÓ Ê¸Éμ°Î¨¢Ò¥ ¡¥É É·μ´´Ò¥
±μ²¥¡ ´¨Ö μÉ´μ¸¨É¥²Ó´μ μ¸¨. „²¨´  ¢μ²´Ò ÔÉ¨Ì ±μ²¥¡ ´¨° λ � l.

�¸μ¡¥´´μ¸ÉÓ Í¨±²¨Î¥¸±μ£μ Ê¸±μ·¨É¥²Ö ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¸  ¤¨ ¡ É¨Î¥¸±¨³ Ê¢¥²¨Î¥-
´¨¥³ ¸±μ·μ¸É¨ Î ¸É¨ÍÒ ¶μÖ¢²Ö¥É¸Ö ¤μ¶μ²´¨É¥²Ó´ Ö ¸¨² , ¤¥°¸É¢ÊÕÐ Ö ´  Î ¸É¨ÍÊ. �Éμ
Í¥´É·μ¡¥¦´ Ö ¸¨² , · ¢´ Ö Fc = Mv2/R0. �´  Ô±¢¨¢ ²¥´É´  ¤¥°¸É¢¨Õ ³ £´¨É´μ£μ ¶μ²Ö
¢¥²¨Î¨´μ° Bc = −Mv/qR0 (q Å § ·Ö¤ Î ¸É¨ÍÒ).

1E-mail: dol37@mail.ru
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�¨¸. 1. ‘Ì¥³  ¶μ¶¥·¥Î´μ£μ ¸¥Î¥´¨Ö ³ £´¨É´μ° ¸¨¸É¥³Ò ¸ · §´μ¶μ²Ö·´Ò³¨ ¤¨¶μ²Ö³¨

�Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ · ¢´μ¢¥¸´ Ö μ·¡¨É  (BΣ = 0) ¸³¥Ð ¥É¸Ö ¢μ
¢¸¥ ¡μ²¥¥ ¨ ¡μ²¥¥ ¸¨²Ó´Ò¥ ¶μ²Ö μ¸´μ¢´μ£μ ¤¨¶μ²Ö. �·μÍ¥¸¸ ¶·μ¤μ²¦ ¥É¸Ö ¤μ É¥Ì ¶μ·,
¶μ±  Î ¸É¨Í  ´¥ ¡Ê¤¥É ¢Ò¢¥¤¥´  ¨§ Ê¸±μ·¨É¥²Ö.

�·μ¡²¥³  ´¥Ê¸Éμ°Î¨¢μ¸É¨ ¢¥·É¨± ²Ó´μ£μ z-¤¢¨¦¥´¨Ö, ¶·¨  ¤¨ ¡ É¨Î¥¸±μ³ Ê¢¥²¨Î¥-
´¨¨ ¸±μ·μ¸É¨ Î ¸É¨ÍÒ, ·¥Ï ¥É¸Ö ¶ÊÉ¥³ Ëμ·³¨·μ¢ ´¨Ö ¤μ¶μ²´¨É¥²Ó´ÒÌ ¶μ²¥° ¢ ³ £´¨É-
´μ° ¸¨¸É¥³¥, ±μÉμ·Ò¥ ¶μμÎ¥·¥¤´μ Éμ Ëμ±Ê¸¨·ÊÕÉ, Éμ ¤¥Ëμ±Ê¸¨·ÊÕÉ Î ¸É¨ÍÊ, ·¥ ²¨§ÊÖ
¦¥¸É±ÊÕ Ëμ±Ê¸¨·μ¢±Ê. „²Ö ÔÉμ£μ ³μ£ÊÉ ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò ±· ¥¢Ò¥ ¶μ²Ö ¤¨¶μ²¥° [2]
¨²¨ ¶μ²Ö ²¨´§ ¸ ¶²μ¸±¨³¨ ³ £´¨É´Ò³¨ ¶μ²Õ¸ ³¨ [3].

Œ�ƒ�ˆ’��Ÿ ‘ˆ‘’…Œ� “‘Š��ˆ’…‹Ÿ

� ¸¸³μÉ·¨³ ±¢ §¨¶·Ö³μ²¨´¥°´Ò° ÊÎ ¸Éμ± μ·¡¨ÉÒ, ¶μ¶¥·¥Î´μ¥ ¸¥Î¥´¨¥ ±μÉμ·μ£μ ¨§μ-
¡· ¦¥´μ ´  ·¨¸. 1. �¸´μ¢´μ° ¤¨¶μ²Ó ¸ ³ £´¨É´Ò³ ¶μ²¥³ +B1 ¨ ¤μ¶μ²´¨É¥²Ó´Ò° ¤¨¶μ²Ó
¸ ¶μ²¥³ −B2 Ëμ·³¨·ÊÕÉ ´  É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ ¶μ²¥, · ¢´μ¥ ´Ê²Õ. �É  É· ¥±Éμ·¨Ö
Ö¢²Ö¥É¸Ö · ¢´μ¢¥¸´μ° ¤²Ö Î ¸É¨ÍÒ ¸ ³ ²μ° ¸±μ·μ¸ÉÓÕ, ±μ£¤  Í¥´É·μ¡¥¦´μ° ¸¨²μ° ³μ¦´μ
¶·¥´¥¡·¥ÎÓ.

„¥°¸É¢¨¥ Í¥´É·μ¡¥¦´μ° ¸¨²Ò ¶·¨¢μ¤¨É ± ¸³¥Ð¥´¨Õ · ¢´μ¢¥¸´μ° É· ¥±Éμ·¨¨ ¢ ¡μ²¥¥
¸¨²Ó´Ò¥ ¶μ²Ö μ¸´μ¢´μ£μ ¤¨¶μ²Ö. �μ²μ¦¥´¨¥ · ¢´μ¢¥¸´μ° É· ¥±Éμ·¨¨ μ¶·¥¤¥²Ö¥É¸Ö · -
¢¥´¸É¢μ³ ¸¨² FΣ = vqB1− vqB2 −Mv2/(R0 +ΔR) = 0, ΔR/R0 � 1, É ± ± ± a/2 � R0

(¸³. ·¨¸. 1).
“¸Éμ°Î¨¢μ¸ÉÓ ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨°. ‚ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨ (ρ, x) ³ £´¨É´μ° ¸¨-

¸É¥³Ò Î ¸É¨ÍÒ ¸μ¢¥·Ï ÕÉ Ê¸Éμ°Î¨¢Ò¥ · ¤¨ ²Ó´Ò¥ ±μ²¥¡ ´¨Ö, ¤²¨´  ¢μ²´Ò ±μÉμ·ÒÌ
· ¢´  λ (·¨¸. 2). �Ê¸ÉÓ Î ¸É¨Í  ¶¥·¥¸¥± ¥É μ¸Ó x ¸¨¸É¥³Ò ¶μ¤ Ê£²μ³ α. �μ¤ ¤¥°¸É¢¨¥³
³ £´¨É´μ£μ ¶μ²Ö ¸μ¸É ¢²ÖÕÐ Ö ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ Pρ Ê³¥´ÓÏ ¥É¸Ö ¨ ¶·¨ ´¥±μÉμ·μ³
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�¨¸. 2. “¸·¥¤´¥´´Ò¥ ¶ · ³¥É·Ò É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ

ρ = ρm μ¡· Ð ¥É¸Ö ¢ 0 ¨ Î ¸É¨Í  ³¥´Ö¥É ´ ¶· ¢²¥´¨¥ ρ-¤¢¨¦¥´¨Ö

dPx

dt
= qvρBz(ρ), dPx = qBz(ρ) dρ, Px = Px, in +

ρ∫
0

qBx(ρ) dρ,

£¤¥ q Å § ·Ö¤ Î ¸É¨ÍÒ, Px, in = P cos α.

�·¨ ρ = ρm Pρ = 0,   Px = P , ¨
ρm∫
0

qBz,(ρ) = (1 − cos α)P .

„ ²Ó´¥°Ï¥¥ ¤¢¨¦¥´¨¥ Î ¸É¨ÍÒ ¢ ¤¨¶μ²¥ ¸μ¶·μ¢μ¦¤ ¥É¸Ö Ê³¥´ÓÏ¥´¨¥³ Px-¨³¶Ê²Ó¸ 

¨ ¶·¨ μ¡· É´μ³ ¶¥·¥¸¥Î¥´¨¨ μ¸¨ ¨³¶Ê²Ó¸ ¡Ê¤¥É · ¢¥´ Px, out = Px, in +
ρm∫
0

qBz(ρ) dρ +

0∫
ρmax

qBz(ρ) dρ = Px, in = P cos α.

�·¨ Ê¸²μ¢¨¨ μ¤´μ·μ¤´μ¸É¨ ³ £´¨É´μ£μ ¶μ²Ö ¢¤μ²Ó μ¸¨ x Î ¸É¨Í  ¸´μ¢  ¶¥·¥¸¥± ¥É
μ¸Ó ¸¨¸É¥³Ò ¶μ¤ É¥³ ¦¥ Ê£²μ³. � ¢¥´¸É¢μ Ê£²μ¢ ¶¥·¥¸¥Î¥´¨Ö μ¸¨ ´¥ § ¢¨¸¨É μÉ Ô´¥·£¨¨
Î ¸É¨ÍÒ,

α = αinj = const.

�μ¸²¥ ¶¥·¥¸¥Î¥´¨Ö · ¢´μ¢¥¸´μ° É· ¥±Éμ·¨¨, £¤¥ ¸Ê³³ ·´μ¥ ¶μ²¥ · ¢´μ ´Ê²Õ, Î ¸É¨Í 
¶μ¶ ¤ ¥É ¢ ¶μ²¥ μ¡· É´μ° ¶μ²Ö·´μ¸É¨, ±μÉμ·μ¥ μÉ±²μ´Ö¥É Î ¸É¨ÍÊ μ¡· É´μ ± μ¸¨. �μÔÉμ³Ê
· ¤¨ ²Ó´Ò¥ ±μ²¥¡ ´¨Ö Î ¸É¨ÍÒ μÉ´μ¸¨É¥²Ó´μ μ¸¨ Ê¸Éμ°Î¨¢Ò.

�Ê¸ÉÓ ¶·¨ ρ = 0 P0,x = P cos α, Éμ£¤  ¶·¨ ρ = ρm Px = P (¸³. ·¨¸. 2).

P (1 − cos α) = q

ρm∫
0

Bz dρ = qBaverρm, ρm = (1 − cos α)Raver,

£¤¥ Baver Å ¸·¥¤´ÖÖ ¢¥²¨Î¨´  ¶μ²Ö Bz(ρ) ´  É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ,   Raver Å ¸·¥¤´¨°
· ¤¨Ê¸ É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ.

„ ²¥¥ ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ Ê¸·¥¤´¥´´Ò¥ ¶ · ³¥É·Ò É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ (·¨¸. 2), ±μÉμ-
·Ò¥ ¶μ§¢μ²ÖÕÉ μ¶·¥¤¥²¨ÉÓ μ¡² ¸ÉÓ Ê¸Éμ°Î¨¢μ¸É¨ ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨°.

„²¨´  ¶·μ¥±Í¨¨ É· ¥±Éμ·¨¨ L ´  μ¸Ó x · ¢´  xm = Raver sin α ∼= Raverα, É ± ± ±
α � 1. „²¨´  ¢μ²´Ò ±μ²¥¡ ´¨° Î ¸É¨ÍÒ λ = 4xm = 4Raverα.

�μ¸±μ²Ó±Ê ¤²¨´  ¢μ²´Ò ±μ²¥¡ ´¨° ¶·μ¶μ·Í¨μ´ ²Ó´  ¨³¶Ê²Ó¸Ê Î ¸É¨ÍÒ, Éμ ¥¥ ³¨´¨-
³ ²Ó´μ¥ §´ Î¥´¨¥ ¸μμÉ¢¥É¸É¢Ê¥É ¨³¶Ê²Ó¸Ê ¨´¦¥±Í¨¨ Pinj. Œ¨´¨³ ²Ó´μ¥ §´ Î¥´¨¥ ¤²¨´Ò
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¢μ²´Ò λmin § ¢¨¸¨É μÉ ¸μμÉ´μÏ¥´¨Ö Pinj/qBinj, aver ¨ ³μ¦¥É ¡ÒÉÓ ¢Ò¡· ´μ ¢ ¸μμÉ¢¥É¸É¢¨¨
¸ Ê¸²μ¢¨Ö³¨ § ¤ Î¨.

Œ É·¨Î´ Ö Ëμ·³  Ê· ¢´¥´¨Ö · ¤¨ ²Ó´ÒÌ ±μ²¥¡ ´¨° μÉ´μ¸¨É¥²Ó´μ · ¢´μ¢¥¸´μ° É· -
¥±Éμ·¨¨ ¨³¥¥É ¢¨¤

[
ρ
ρ′

]
=

[
cos kx

1
k

sin kx

−k sin kx cos kx

] [
ρ1

ρ′1

]
,

£¤¥ k = 2πx/λ. …¸²¨ x � λ, Éμ

[
ρ
ρ′

]
∼=

[
1 x

−k2x 1

][
ρ1

ρ′1

]
.

“· ¢´¥´¨¥ ´¥Ê¸Éμ°Î¨¢μ£μ z-¤¢¨¦¥´¨Ö ¶·¨ x � λ ¨³¥¥É ¢¨¤

[
z
z′

]
∼=

[
1 x

k2x 1

] [
z1

z′1

]
.

� ¸¸³μÉ·¨³ ¸²ÊÎ °, ±μ£¤  ¢ ³ £´¨É´μ° ¸¨¸É¥³¥ ¸Ëμ·³¨·μ¢ ´Ò ¤μ¶μ²´¨É¥²Ó´Ò¥ ¶μ²Ö,
±μÉμ·Ò¥ ¸ ¨´É¥·¢ ²μ³, · ¢´Ò³ S, ¶μμÎ¥·¥¤´μ Éμ Ëμ±Ê¸¨·ÊÕÉ, Éμ ¤¥Ëμ±Ê¸¨·ÊÕÉ Î ¸É¨ÍÒ.
�Ê¸ÉÓ Ëμ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥ ¤²Ö Ëμ±Ê¸¨·ÊÕÐ¥£μ ¨ ¤¥Ëμ±Ê¸¨·ÊÕÐ¥£μ ¤¥°¸É¢¨Ö ÔÉ¨Ì ¶μ²¥°
· ¢´μ ±F . ’ ±¨¥ ¶μ²Ö μ·£ ´¨§ÊÕÉ ¦¥¸É±ÊÕ Ëμ±Ê¸¨·μ¢±Ê Î ¸É¨Í.

Œ É·¨Í  ¶¥·¨μ¤  É ±μ° Ëμ±Ê¸¨·ÊÕÐ¥° ¸¨¸É¥³Ò ¤²Ö z-¤¢¨¦¥´¨Ö ¡Ê¤¥É ¸²¥¤ÊÕÐ¥°:

[Vz ] =

[
1 S

k2S 1

] ⎡
⎣ 1 0

− 1
F

1

⎤
⎦

[
1 S

k2S 1

]⎡
⎣ 1 0

1
F

1

⎤
⎦ ,

£¤¥ F Å Ëμ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥ Ëμ±Ê¸¨·ÊÕÐ¨Ì ¨ ¤¥Ëμ±Ê¸¨·ÊÕÐ¨Ì Ô²¥³¥´Éμ¢, ±μÉμ·Ò¥
¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ±μ·μÉ±¨¥ ²¨´§Ò; S � λ Å · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê ÔÉ¨³¨ ²¨´§ ³¨,

[Vz ] =

[
V11 V12

V21 V22

]
,

V11 = 1 −
(

S

F

)2

+ k2S2 +
S

F
, V12 = S

(
2 − S

F

)
,

V21 = k2S

(
2 +

S

F

)
− S

F 2
, V22 = k2S2 − S

F
+ 1.

‚¥·É¨± ²Ó´μ¥ z-¤¢¨¦¥´¨¥ ¡Ê¤¥É Ê¸Éμ°Î¨¢Ò³ [2], ¥¸²¨ σz ¤¥°¸É¢¨É¥²Ó´μ ¢ ¢Ò· ¦¥´¨¨

cos σz =
1
2

(V11 + V22) = 1 + k2S2 − 1
2

(
S

F

)2

.

‚¥²¨Î¨´  σz ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¨§³¥´¥´¨¥ Ë §Ò ¢¥·É¨± ²Ó´ÒÌ ±μ²¥¡ ´¨° §  ÊÎ ¸Éμ±
Ëμ±Ê¸¨·μ¢±¨. ‚¥²¨Î¨´  σz ¤¥°¸É¢¨É¥²Ó´ , ±μ£¤  −1 � cos σz � 1.
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�Éμ ´¥· ¢¥´¸É¢μ ¢Ò¶μ²´Ö¥É¸Ö, ¥¸²¨

k2S2 � 1
2

(
S

F

)2

� (2 + k2S2).

� ¤¨ ²Ó´Ò¥ ±μ²¥¡ ´¨Ö Î ¸É¨Í ¢ ÔÉμ³ ¸²ÊÎ ¥ ¸μμÉ¢¥É¸É¢ÊÕÉ Ê· ¢´¥´¨Õ

[Rρ] =

[
1 S

−k2S 1

]⎡
⎣ 1 0

+
1
F

1

⎤
⎦[

1 S

−k2S 1

]⎡
⎣ 1 0

− 1
F

1

⎤
⎦ ,

cos σρ = 1 − k2S2 − 1
2

(
S

F

)2

.

� ¤¨ ²Ó´Ò¥ ¡¥É É·μ´´Ò¥ ±μ²¥¡ ´¨Ö ¡Ê¤ÊÉ Ê¸Éμ°Î¨¢Ò³¨, ¥¸²¨

−k2S2 � 1
2

(
S

F

)2

� 2 − k2S2.

ˆ · ¤¨ ²Ó´Ò¥, ¨ ¢¥·É¨± ²Ó´Ò¥ ¡¥É É·μ´´Ò¥ ±μ²¥¡ ´¨Ö ¡Ê¤ÊÉ Ê¸Éμ°Î¨¢Ò³¨, ±μ£¤ 

k2S2 � 1
2

(
S

F

)2

� (2 − k2S2).

� ¶·¨³¥·, ¥¸²¨
1
2

(
S

F

)2

= 1,

Éμ cos σρ = −k2S2, cos σz = k2S2 (k2S2 � 1),

σρ =
π

2
+ Δσ, σz =

π

2
− Δσ

(
Δσ � π

2

)
.

‚ ÔÉμ³ ¸²ÊÎ ¥ ¤²¨´Ò ¢μ²´Ò ρ- ¨ z-±μ²¥¡ ´¨° ¡Ê¤ÊÉ ¶·¨³¥·´μ · ¢´Ò λρ,z ≈ 8S.
�μ¸±μ²Ó±Ê ¢ É ±μ° ³ £´¨É´μ° ¸¨¸É¥³¥ μ¡² ¸ÉÓ Ê¸Éμ°Î¨¢μ¸É¨ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°

´¥ § ¢¨¸¨É μÉ ¸±μ·μ¸É¨ (Ô´¥·£¨¨) Î ¸É¨ÍÒ (É ± ± ± λ ¨ F ¶·μ¶μ·Í¨μ´ ²Ó´Ò P ), Éμ ¥¥
³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¢ Ï¨·μ±μ¶μ²μ¸´μ³ Ê¸±μ·¨É¥²¥, £¤¥ ¸±μ·μ¸ÉÓ Î ¸É¨Í ³¥´Ö¥É¸Ö μÉ
v ∼ 10−2c, ¤μ v ∼ c.

‘¨´Ì·μ´¨§ Í¨Ö Î ¸É¨Í ¨ ¶μ²Ö ¶·¨ Ê¸±μ·¥´¨¨ Î ¸É¨Í. ˜¨·μ±¨° ¤¨ ¶ §μ´ ¨§³¥´¥-
´¨Ö ¸±μ·μ¸É¥° Î ¸É¨Í ¨ ¶¥·¨μ¤  ¨Ì μ¡· Ð¥´¨Ö § É·Ê¤´Ö¥É ¨¸¶μ²Ó§μ¢ ´¨¥ ·¥§μ´ ´¸´ÒÌ
Ê¸±μ·ÖÕÐ¨Ì ¸¨¸É¥³. ‡ ¤ Î  ³μ¦¥É ¡ÒÉÓ ·¥Ï¥´  ¨¸¶μ²Ó§μ¢ ´¨¥³ ¨´¤Ê±Í¨μ´´μ° Ê¸±μ·Ö-
ÕÐ¥° ¸¨¸É¥³Ò, ±μÉμ· Ö ¶μ§¢μ²Ö¥É ¶·μ¨§¢μ¤¨ÉÓ ¸¨´Ì·μ´¨§ Í¨Õ ¶ÊÉ¥³ ¨§³¥´¥´¨Ö Î ¸ÉμÉÒ
¶μ¢Éμ·¥´¨Ö Ê¸±μ·ÖÕÐ¨Ì ¨³¶Ê²Ó¸μ¢. ˆ¸¶μ²Ó§ÊÖ ¢·¥³Ö¶·μ²¥É´ÊÕ ³¥Éμ¤¨±Ê, ³μ¦´μ μ¶·¥-
¤¥²¨ÉÓ ¢·¥³Ö ¶μ¤²¥É  ¸£Ê¸É±  Ê¸±μ·Ö¥³ÒÌ Î ¸É¨Í ± ¨´¤Ê±Í¨μ´´μ° ¸¥±Í¨¨ ¨ ¢±²ÕÎ¨ÉÓ
Ê¸±μ·ÖÕÐ¨° ¨³¶Ê²Ó¸.

�·μ¤μ²Ó´ Ö Ê¸Éμ°Î¨¢μ¸ÉÓ Ê¸±μ·Ö¥³ÒÌ ¸£Ê¸É±μ¢ Î ¸É¨Í. �·μ¤μ²Ó´ Ö Ê¸Éμ°Î¨¢μ¸ÉÓ
Î ¸É¨Í μ¸ÊÐ¥¸É¢²Ö¥É¸Ö Ëμ·³μ° ¢¥·Ï¨´Ò Ê¸±μ·ÖÕÐ¨Ì ¨³¶Ê²Ó¸μ¢. �  ·¨¸. 3 ¶·¨¢¥¤¥´Ò
¢μ§³μ¦´Ò¥ Ëμ·³Ò ¨´¤Ê±Í¨μ´´ÒÌ ¨³¶Ê²Ó¸μ¢, ±μÉμ·Ò¥ μ¸ÊÐ¥¸É¢²ÖÕÉ £·Ê¶¶¨·μ¢±Ê Î ¸É¨Í
(³¥Éμ¤ ‚¥±¸²¥· , Œ ±³¨²² ´ ).
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�¨¸. 3. ‚μ§³μ¦´Ò¥ Ëμ·³Ò ¨´¤Ê±Í¨μ´´ÒÌ Ê¸±μ·ÖÕÐ¨Ì ¨³¶Ê²Ó¸μ¢

ˆ´¦¥±Í¨Ö Î ¸É¨Í ´  · ¢´μ¢¥¸´ÊÕ μ·¡¨ÉÊ ¶μ²Ö³¨ ¶μ¸ÉμÖ´´ÒÌ ³ £´¨Éμ¢. ‚ · -
¡μÉ¥ [4] · ¸¸³μÉ·¥´  ¢μ§³μ¦´μ¸ÉÓ ³´μ£μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¨ ¸ § ¶μ²´¥´¨¥³ ¶·μ¤μ²Ó-
´μ£μ  ±¸¥¶É ´¸  Ê¸±μ·¨É¥²Ö. ’ ±μ° ¸¶μ¸μ¡, ¢ ¶·¨´Í¨¶¥, ´¥ ¨³¥¥É μ£· ´¨Î¥´¨° ¢ Î¨¸²¥
μ¡μ·μÉμ¢, ÎÉμ ¨³¥¥É §´ Î¥´¨¥ ¶·¨ · ¡μÉ¥ ¸ ¨¸ÉμÎ´¨± ³¨ ¨μ´μ¢ ³ ²μ° ¨´É¥´¸¨¢´μ¸É¨
(³´μ£μ§ ·Ö¤´Ò¥ ¨μ´Ò). —¨¸²μ § Ì¢ Î¥´´ÒÌ μ¡μ·μÉμ¢ μ£· ´¨Î¨¢ ¥É¸Ö ²¨¡μ ¶·¥¤¥²Ó´μ°
¨´É¥´¸¨¢´μ¸ÉÓÕ § Ì¢ Î¥´´μ£μ ¶ÊÎ± , ²¨¡μ É·¥¡μ¢ ´¨¥³ μÉ´μ¸¨É¥²Ó´μ£μ Ô´¥·£¥É¨Î¥¸±μ£μ
· §¡·μ¸  ¢ Ê¸±μ·¥´´μ³ ¶ÊÎ±¥ (ΔE/E = ΔEinj/Eaccel), ±μÉμ·Ò° ¶·¨ ¡μ²ÓÏ¨Ì Ê¸±μ·¥´´ÒÌ
Ô´¥·£¨ÖÌ ³μ¦¥É ¡ÒÉÓ ´¥§´ Î¨É¥²Ó´Ò³.

“¶·μÐ¥´´ Ö ¸Ì¥³  ¸¨¸É¥³Ò ¨´¦¥±Í¨¨ ¶·¨¢¥¤¥´  ´  ·¨¸. 4.
„¢  · §´μ¶μ²Ö·´ÒÌ ³ £´¨É  ¢Ò¢μ¤ÖÉ ¨´¦¥±É¨·Ê¥³Ò° ¶ÊÎμ± ´  · ¢´μ¢¥¸´ÊÕ μ·¡¨ÉÊ.

�  · ¢´μ¢¥¸´μ° μ·¡¨É¥ Î ¸É¨ÍÒ Ê¸±μ·ÖÕÉ¸Ö ¨ ¸ ¶μ³μÐÓÕ Î¥ÉÒ·¥Ì · §´μ¶μ²Ö·´ÒÌ ³ £´¨-
Éμ¢ ¸´μ¢  ¢¢μ¤ÖÉ¸Ö ´  · ¢´μ¢¥¸´ÊÕ μ·¡¨ÉÊ. �·¨ ÔÉμ³ μÉ±²μ´¥´¨¥ ¶ÊÎ±  μÉ · ¢´μ¢¥¸´μ°
μ·¡¨ÉÒ ¡Ê¤¥É ³¥´ÓÏ¥, Î¥³ ¸³¥Ð¥´¨¥ μÉ μ·¡¨ÉÒ ¨´¦¥±É¨·μ¢ ´´μ£μ ¶ÊÎ± , É ± ± ± Ô´¥·-
£¨Ö Î ¸É¨Í ¡μ²ÓÏ¥, Î¥³ Ô´¥·£¨Ö ¨´¦¥±Í¨¨. Œ¥´ÓÏ¥¥ μÉ±²μ´¥´¨¥ Î ¸É¨Í μÉ · ¢´μ¢¥¸´μ°
μ·¡¨ÉÒ ¶μ§¢μ²Ö¥É ¶·μ³ Ì´ÊÉÓ¸Ö ¶ÊÎ±Ê ³¨³μ ¨´Ë²¥±Éμ· . �  ¸²¥¤ÊÕÐ¨Ì μ¡μ·μÉ Ì μÉ±²μ-
´¥´¨¥ μÉ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ ¡Ê¤¥É ¢¸¥ ³¥´ÓÏ¥ ¨ ³¥´ÓÏ¥.

�¨¸. 4. ‘Ì¥³  ³´μ£μμ¡μ·μÉ´μ° ¨´¦¥±Í¨¨ ¸ § ¶μ²´¥´¨¥³ ¶·μ¤μ²Ó´μ£μ  ±¸¥¶É ´¸  Ê¸±μ·¨É¥²Ö.

DM Å ³ £´¨É´Ò¥ ¤¨¶μ²¨, μÉ±²μ´ÖÕÐ¨¥ Î ¸É¨ÍÒ μÉ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ; RM Å ³ £´¨É´Ò¥ ¤¨-

¶μ²¨, ¢μ§¢· Ð ÕÐ¨¥ Î ¸É¨ÍÒ ± · ¢´μ¢¥¸´μ° μ·¡¨É¥; 1 Å É· ¥±Éμ·¨Ö Î ¸É¨Í ¸ ¨³¶Ê²Ó¸μ³, · ¢´Ò³
¨³¶Ê²Ó¸Ê ¨´¦¥±É¨·μ¢ ´´ÒÌ Î ¸É¨Í; 2, 3 Å É· ¥±Éμ·¨¨ Î ¸É¨Í, ¶μ²ÊÎ¨¢Ï¨Ì ¶·¨· Ð¥´¨¥ ¨³¶Ê²Ó¸ 

´  ¶¥·¢μ³ ¨ ¶μ¸²¥¤ÊÕÐ¨Ì μ¡μ·μÉ Ì
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ˆ¸¶μ²Ó§μ¢ ´¨¥ ¶μ¸ÉμÖ´´ÒÌ ³ £´¨Éμ¢ ¤²Ö  ¢Éμ³ É¨Î¥¸±μ£μ ¢Ò¢μ¤  Î ¸É¨Í ¨§ μ·-
¡¨ÉÒ Ê¸±μ·¨É¥²Ö. �μ¤  ¢Éμ³ É¨Î¥¸±¨³ ¢Ò¢μ¤μ³ Î ¸É¨Í ¶μ¤· §Ê³¥¢ ¥É¸Ö É ±μ° ·¥¦¨³
· ¡μÉÒ Ê¸±μ·¨É¥²Ö, ±μ£¤  Ê¸±μ·Ö¥³ Ö Î ¸É¨Í , ¤μ¸É¨£´Ê¢ § ¤ ´´μ£μ Ê·μ¢´Ö Ô´¥·£¨¨, ¸ ³μ-
¶·μ¨§¢μ²Ó´μ ¶μ±¨¤ ¥É ³ £´¨É´ÊÕ ¸¨¸É¥³Ê Ê¸±μ·¨É¥²Ö [5]. ’ ±μ£μ ·¥¦¨³  ³μ¦´μ ¤μ¸É¨ÎÓ,
¨¸¶μ²Ó§ÊÖ ¢ μ¤´μ° ¨§ ¸¥±Í¨° ³ £´¨É´μ° ¸¨¸É¥³Ò ¤μ¶μ²´¨É¥²Ó´Ò° ¤¨¶μ²Ó ¸ μ¡· É´μ° ¶μ-
²Ö·´μ¸ÉÓÕ ¶μ²Ö, −B3. ‘ ¶μ³μÐÓÕ ÔÉμ£μ ¤¨¶μ²Ö Ëμ·³¨·Ê¥É¸Ö ¶μ²¥, ¢ ±μÉμ·μ³ ´  ²¨´¨¨
O1ÄO1 ¸Ê³³ ·´Ò¥ ¸¨²Ò, ¤¥°¸É¢ÊÕÐ¨¥ ´  Î ¸É¨ÍÒ, · ¢´Ò ´Ê²Õ (FΣ = 0). “¶·μÐ¥´´ Ö
¸Ì¥³  ¢Ò¢μ¤  Î ¸É¨ÍÒ ¨§μ¡· ¦¥´  ´  ·¨¸. 5.

�¨¸. 5. “¶·μÐ¥´´ Ö ¸Ì¥³  ¢Ò¢μ¤  Î ¸É¨Í ¨§ ³ £´¨É´μ° ¸¨¸É¥³Ò Ê¸±μ·¨É¥²Ö

�·¨ ³ ²ÒÌ ¸±μ·μ¸ÉÖÌ Î ¸É¨ÍÒ ¸μ¢¥·Ï ÕÉ · ¤¨ ²Ó´Ò¥ ±μ²¥¡ ´¨Ö μÉ´μ¸¨É¥²Ó´μ · ¢-
´μ¢¥¸´μ° μ·¡¨ÉÒ O−O. ‘ ·μ¸Éμ³ ¸±μ·μ¸É¨ (Ô´¥·£¨¨) Î ¸É¨Í ¨Ì Í¥´É·μ¡¥¦´Ò¥ ¸¨²Ò
Mv2/R  ¤¨ ¡ É¨Î¥¸±¨ ¸³¥Ð ÕÉ Î ¸É¨ÍÒ ¨ ¨Ì · ¢´μ¢¥¸´ÊÕ μ·¡¨ÉÊ, EquilÄEquil, ¢μ ¢¸¥
¡μ²¥¥ ¨ ¡μ²¥¥ ¸¨²Ó´Ò¥ ¶μ²Ö ¤¨¶μ²Ö +B1. �μ¸É Ô´¥·£¨¨ Î ¸É¨ÍÒ ³μ¦¥É ¶·μ¤μ²¦ ÉÓ¸Ö
¤μ É¥Ì ¶μ·, ¶μ±   ³¶²¨ÉÊ¤  · ¤¨ ²Ó´ÒÌ ±μ²¥¡ ´¨° ´¥ ¤μ¸É¨£´¥É ´Ê²¥¢μ° ²¨´¨¨ O1−O1.
„¢¨¦¥´¨¥ Î ¸É¨ÍÒ ¶μ ÔÉμ° ²¨´¨¨ ´¥Ê¸Éμ°Î¨¢μ. — ¸É¨Í  ²¨¡μ ¶μ¶ ¤ ¥É ¢ ¶μ²Ö ¤¨¶μ²Ö
−B3 ¨ ¢Ò¢μ¤¨É¸Ö ¨§ Ê¸±μ·¨É¥²Ö, ²¨¡μ ¢μ§¢· Ð ¥É¸Ö ¢ ³ £´¨É´ÊÕ ¸¨¸É¥³Ê Ê¸±μ·¨É¥²Ö.
„²Ö ¸μ±· Ð¥´¨Ö ¢·¥³¥´¨ ¢Ò¢μ¤  Î ¸É¨Í ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¸² ¡Ò¥ ¨³¶Ê²Ó¸´Ò¥ ¶μ²Ö.

‡�Š‹	—…�ˆ…

�μ± § ´  ¶·¨´Í¨¶¨ ²Ó´ Ö ¢μ§³μ¦´μ¸ÉÓ Ëμ·³¨·μ¢ ´¨Ö Ê¸Éμ°Î¨¢ÒÌ § ³±´ÊÉÒÌ μ·¡¨É
¸ ¶μ³μÐÓÕ ¸¨¸É¥³Ò · §´μ¶μ²Ö·´ÒÌ ¤¨¶μ²¥° ¸ ¶μ¸ÉμÖ´´Ò³ ³ £´¨É´Ò³ ¶μ²¥³. ‚ μ¤´μ-
Î ¸É¨Î´μ³ ¶·¨¡²¨¦¥´¨¨ μ¶·¥¤¥²¥´ ¤¨ ¶ §μ´ ¶ · ³¥É·μ¢, ±μ£¤  ¨ · ¤¨ ²Ó´Ò¥, ¨ ¢¥·É¨-
± ²Ó´Ò¥ ¡¥É É·μ´´Ò¥ ±μ²¥¡ ´¨Ö Î ¸É¨Í Ê¸Éμ°Î¨¢Ò. �·¨ ÔÉμ³ ¶·¨ Ê¸±μ·¥´¨¨ Î ¸É¨Í
· ¤¨Ê¸Ò · ¢´μ¢¥¸´ÒÌ μ·¡¨É ¨§³¥´ÖÕÉ¸Ö ´¥§´ Î¨É¥²Ó´μ. � §´μ¶μ²Ö·´Ò¥ ³ £´¨ÉÒ ³μ£ÊÉ
¡ÒÉÓ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨³¨ ¨²¨ ¢Ò¶μ²´¥´´Ò³¨ ¨§ ¶μ¸ÉμÖ´´ÒÌ ³ £´¨Éμ¢ (´ ¶·¨³¥·, NdFeB
¨²¨ CmCo) (B ∼= 1 T²).

‚μ§³μ¦´μ¸ÉÓ Ê¸±μ·¥´¨Ö Î ¸É¨Í ¢ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ ¸±μ·μ¸É¥°, μÉ v ∼ 10−2c ¤μ
v ∼ c, ·¥ ²¨§Ê¥É¸Ö ¸ ¶μ³μÐÓÕ Ê¸±μ·¥´¨Ö Î ¸É¨Í ¨´¤Ê±Í¨μ´´Ò³, ´¥·¥§μ´ ´¸´Ò³ ³¥Éμ-
¤μ³ Ê¸±μ·¥´¨Ö. ‘¨´Ì·μ´¨§ Í¨Ö ¸£Ê¸É±μ¢ Î ¸É¨Í ¨ Ê¸±μ·ÖÕÐ¥£μ ¶μ²Ö μ¸ÊÐ¥¸É¢²Ö¥É¸Ö
¶ÊÉ¥³ ¨§³¥´¥´¨Ö Î ¸ÉμÉÒ ¶μ¢Éμ·¥´¨Ö Ê¸±μ·ÖÕÐ¨Ì ¨³¶Ê²Ó¸μ¢. ˆ´¤Ê±Í¨μ´´Ò° ¨³¶Ê²Ó¸
¢±²ÕÎ ¥É¸Ö Éμ£¤ , ±μ£¤  ¸£Ê¸Éμ± Î ¸É¨Í ¶μ¤²¥É ¥É ± Ê¸±μ·ÖÕÐ¥° ¸¥±Í¨¨.
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�·μ¤μ²Ó´ Ö Ê¸Éμ°Î¨¢μ¸ÉÓ Î ¸É¨Í ¢ ¸£Ê¸É±¥ μ¡¥¸¶¥Î¨¢ ¥É¸Ö Ëμ·³μ° ¢¥·Ï¨´Ò ¨´¤Ê±-
Í¨μ´´μ£μ ¨³¶Ê²Ó¸  (³¥Éμ¤ ‚¥±¸²¥· , Œ ±³¨²² ´ ).

�μ± § ´  ¢μ§³μ¦´μ¸ÉÓ ¸μ§¤ ´¨Ö ³´μ£μμ¡μ·μÉ´μ° ¸¨¸É¥³Ò ¨´¦¥±Í¨¨ ´  ¡ §¥ ¶μ¸ÉμÖ´-
´ÒÌ ³ £´¨Éμ¢. ’ ± Ö ¸¨¸É¥³  ¨¸¶μ²Ó§Ê¥É ´ ±μ¶²¥´¨¥ Î ¸É¨Í ¶ÊÉ¥³ § ¶μ²´¥´¨Ö ¶·μ¤μ²Ó-
´μ£μ  ±¸¥¶É ´¸  Ê¸±μ·¨É¥²Ö. Œ ±¸¨³ ²Ó´μ¥ Î¨¸²μ § Ì¢ Î¥´´ÒÌ μ¡μ·μÉμ¢ μ£· ´¨Î¥´μ
²¨¡μ ¨´É¥´¸¨¢´μ¸ÉÓÕ § Ì¢ Î¥´´μ£μ ¶ÊÎ± , ²¨¡μ É·¥¡μ¢ ´¨¥³ Ô´¥·£¥É¨Î¥¸±μ£μ · §¡·μ¸ .

ˆ¸¶μ²Ó§ÊÖ ¢ μ¤´μ° ¨§ ¸¥±Í¨° ³ £´¨É´μ° ¸¨¸É¥³Ò ¥Ð¥ μ¤¨´ ¤μ¶μ²´¨É¥²Ó´Ò° ¤¨¶μ²Ó
¸ μ¡· É´μ° ¶μ²Ö·´μ¸ÉÓÕ, ³μ¦´μ ¸Ëμ·³¨·μ¢ ÉÓ ¶μ²¥, ¢ ±μÉμ·μ³ Î ¸É¨Í , ¤μ¸É¨£´Ê¢ § -
¤ ´´μ° ¢¥²¨Î¨´Ò Ô´¥·£¨¨, ¸ ³μ¶·μ¨§¢μ²Ó´μ ( ¢Éμ³ É¨Î¥¸±¨) ¢Ò¢μ¤¨É¸Ö ¨§ ³ £´¨É´μ°
¸¨¸É¥³Ò.
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