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

‚ ¨´¤Ê±Í¨μ´´μ³ ¸¨´Ì·μÉ·μ´¥ ¸ ¶μ¸ÉμÖ´´Ò³ ³ £´¨É´Ò³ ¶μ²¥³ ¶·¨ Ëμ·³¨·μ¢ ´¨¨ § ³±´ÊÉÒÌ
μ·¡¨É ¸ ¶· ±É¨Î¥¸±¨ ¶μ¸ÉμÖ´´Ò³ · ¤¨Ê¸μ³ ¨¸¶μ²Ó§Ê¥É¸Ö ³¥Éμ¤ μÉ· ¦¥´¨Ö Î ¸É¨Í ¶μ²Ö³¨ ¶μ¸ÉμÖ´-
´ÒÌ ³ £´¨Éμ¢. ‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ · ¸¸³ É·¨¢ ¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö É ±¨Ì ¶μ¸ÉμÖ´´ÒÌ
³ £´¨Éμ¢ ¤²Ö  ¢Éμ³ É¨Î¥¸±μ£μ ¢Ò¢μ¤  Î ¸É¨Í ¨§ Í¨±²¨Î¥¸±¨Ì Ê¸±μ·¨É¥²¥° ¸ R = const, B = var.

In the induction synchrotron with a constant magnetic ˇeld at the formation of closed orbits with
a practically constant radius, the method of re	ection of particles by ˇelds of permanent magnets is
applied. We consider the possibility of using such permanent magnets for automatic extraction of
particles from cyclic accelerators with R = const, B = var.

PACS: 29.20.dk; 29.27.Ac

‚‚…„…�ˆ…

‚ · ¡μÉ¥ [1] ¨¸¸²¥¤μ¢ ´ ³¥Éμ¤ μÉ±²μ´¥´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¶μ¸ÉμÖ´´Ò³¨ ³ £-
´¨É´Ò³¨ ¶μ²Ö³¨ ´  § ¤ ´´Ò° Ê£μ², ±μÉμ·Ò° ´¥ § ¢¨¸¨É μÉ Ô´¥·£¨¨ Ê¸±μ·Ö¥³ÒÌ Î ¸É¨Í.
’ ±μ° ¸¶μ¸μ¡ μÉ±²μ´¥´¨Ö Î ¸É¨Í ³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´ ¤²Ö ¢Ò¢μ¤  Î ¸É¨Í ± ± ¨§
É· ¤¨Í¨μ´´ÒÌ Ê¸±μ·¨É¥²¥° ¸ R = const, B = var, É ± ¨ ¨§ Ê¸±μ·¨É¥²¥° ¸ R = const,
B = const.

‚ μ¸´μ¢¥ ³¥Éμ¤  ²¥¦ É ¸¶¥Í¨Ë¨Î¥¸±¨¥ μ¸μ¡¥´´μ¸É¨ ³ £´¨É´μ£μ ¤¨¶μ²Ö ¶μ μÉ· ¦¥´¨Õ
§ ·Ö¦¥´´ÒÌ Î ¸É¨Í. — ¸É¨ÍÒ μÉ· ¦ ÕÉ¸Ö μÉ ³ £´¨É´μ£μ ¤¨¶μ²Ö ´  Ê£μ², ±μÉμ·Ò° ¢
ÉμÎ´μ¸É¨ · ¢¥´ Ê£²Ê ¶ ¤¥´¨Ö Î ¸É¨Í ´  ¤¨¶μ²Ó ¨ ´¥ § ¢¨¸¨É μÉ ¸±μ·μ¸É¨ ¨ Ô´¥·£¨¨
Î ¸É¨ÍÒ.

‘Ì¥³  ³ £´¨É´μ£μ ¤¨¶μ²Ö, μÉ· ¦ ÕÐ¥£μ Î ¸É¨ÍÒ, ¶·¨¢¥¤¥´  ´  ·¨¸. 1.

1E-mail: dol37@mail.ru
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�¨¸. 1. ’· ¥±Éμ·¨¨ Î ¸É¨Í ¢ ¶μ²¥ ³ £´¨É´μ£μ ¤¨¶μ²Ö. 1, 2, 3 Å É· ¥±Éμ·¨¨ Î ¸É¨Í ¸ Ô´¥·£¨¥°
´¨¦¥ ¶μ·μ£μ¢μ£μ §´ Î¥´¨Ö; 4 Å É· ¥±Éμ·¨Ö Î ¸É¨Í ¸ Ô´¥·£¨¥° ¢ÒÏ¥ ¶μ·μ£μ¢μ£μ §´ Î¥´¨Ö. ym Å

±μμ·¤¨´ É , £¤¥ Ê Î ¸É¨ÍÒ ¨³¶Ê²Ó¸Ò Py = 0, Px = P ; xm Å ¤²¨´  ¶·μ¥±Í¨¨ É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ
Lm = Rα ´  ¶·μ¤μ²Ó´ÊÕ μ¸Ó ¤¨¶μ²Ö; α Å Ê£²Ò ¢²¥É  ¨ ¢Ò²¥É  μÉ· ¦¥´´ÒÌ Î ¸É¨Í ¨§ ¤¨¶μ²Ö.

Px = P cos α Å ¶·μ¤μ²Ó´ Ö ¸μ¸É ¢²ÖÕÐ Ö ¨³¶Ê²Ó¸  Î ¸É¨Í ´  ¢Ìμ¤¥ ¨ ¢ÒÌμ¤¥ ¤¨¶μ²Ö

ˆ§³¥´¥´¨¥ ¶·μ¤μ²Ó´μ° ¸μ¸É ¢²ÖÕÐ¥° ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ ¢ μ¡² ¸É¨ ¤¨¶μ²Ö ¸ μ¤´μ·μ¤-
´Ò³ ¢¤μ²Ó μ¸¨ x ¶μ²¥³, £¤¥ ±· ¥¢Ò¥ ¶μ²Ö É ±¦¥ ´¥ § ¢¨¸ÖÉ μÉ x, · ¢´μ

dPx

dt
= qvyBz(y), dPx = qBz(y) dy,

Px,out = P cosα +

ym∫
0

Bz(y) dy +

0∫
ym

Bz(y) = P cosα.

Š ± ¨ ¢ ³¥Ì ´¨±¥, ¶·¨ Ê¶·Ê£μ³ μÉ· ¦¥´¨¨ Î ¸É¨Í Ê£μ² μÉ· ¦¥´¨Ö ¢¸¥£¤  · ¢¥´ Ê£²Ê
¶ ¤¥´¨Ö ¨ ´¥ § ¢¨¸¨É μÉ ¸±μ·μ¸É¨ (Ô´¥·£¨¨) Î ¸É¨Í.

„¢  É ±¨Ì ¤¨¶μ²Ö ³μ£ÊÉ μÉ±²μ´¨ÉÓ Î ¸É¨ÍÒ ´  § ¤ ´´Ò°, ´¥ § ¢¨¸ÖÐ¨° μÉ Ô´¥·£¨¨ Ê£μ²
θ = 4α ¨ ¨´¦¥±É¨·μ¢ ÉÓ ¨Ì ´  · ¢´μ¢¥¸´ÊÕ μ·¡¨ÉÊ Ê¸±μ·¨É¥²Ö ¸ ¶μ¸ÉμÖ´´Ò³ · ¤¨Ê¸μ³.

� ¡μÉ  ¤¨¶μ²Ö ¢ ·¥¦¨³¥ μÉ· ¦¥´¨Ö Î ¸É¨Í ³μ¦¥É ¶·μ¨¸Ìμ¤¨ÉÓ Éμ²Ó±μ Éμ£¤ , ±μ£¤ 
Ô´¥·£¨Ö Î ¸É¨ÍÒ ³¥´ÓÏ¥ ¶μ·μ£μ¢μ£μ §´ Î¥´¨Ö. �·¨ Ô´¥·£¨ÖÌ ¡μ²ÓÏ¨Ì, Î¥³ ¶μ·μ£μ-
¢μ¥ §´ Î¥´¨¥ ¤²Ö ¤ ´´μ£μ ¤¨¶μ²Ö, Î ¸É¨ÍÒ ´¥ μÉ· ¦ ÕÉ¸Ö,   ¶·μ´¨± ÕÉ ¸±¢μ§Ó ¤¨¶μ²Ó.
‚ ÔÉμ³ ¸²ÊÎ ¥ μ´¨ ³μ£ÊÉ ¡ÒÉÓ ¢Ò¢¥¤¥´Ò ¨§ Ê¸±μ·¨É¥²Ö.

1. ‘•…Œ� “‘’��‰‘’‚� ‚›‚�„� —�‘’ˆ–

‘Ì¥³  Ê¸É·μ°¸É¢  ¶·¨¢¥¤¥´  ´  ·¨¸. 2. “¸É·μ°¸É¢μ μÉ²¨Î ¥É¸Ö μÉ ¸¥±Í¨¨ ¶μ¢μ·μÉ´μ£μ
³ £´¨É  ¸¨´Ì·μÉ·μ´  ¸ ¶μ¸ÉμÖ´´Ò³ ¶μ²¥³ [1] É¥³, ÎÉμ ¶μ·μ£μ¢μ¥ §´ Î¥´¨¥ Ô´¥·£¨¨ ¢
¤¨¶μ²¥ 1 ¸μμÉ¢¥É¸É¢Ê¥É § ¤ ´´μ° Ô´¥·£¨¨ ¢Ò¢μ¤  Î ¸É¨Í ¨§ Ê¸±μ·¨É¥²Ö (·¨¸. 2). Š·μ³¥
Éμ£μ, ¤²Ö Ê²ÊÎÏ¥´¨Ö ± Î¥¸É¢  ¢Ò¢¥¤¥´´μ£μ ¶ÊÎ±  Î ¸É¨Í ¨¸¶μ²Ó§Ê¥É¸Ö ¤¨¶μ²Ó 2 (·¨¸. 2)
¸ μ¡· É´μ° ¶μ²Ö·´μ¸ÉÓÕ ³ £´¨É´μ£μ ¶μ²Ö.

�·Ö³ Ö ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö ¸μμÉ¢¥É¸É¢Ê¥É ²¨´¨¨, £¤¥ ¸Ê³³ ·´μ¥ ¶μ²¥ · §´μ¶μ²Ö·´ÒÌ
¤¨¶μ²¥° · ¢´μ ´Ê²Õ. „¢¨¦¥´¨¥ Î ¸É¨Í ¢¤μ²Ó ÔÉμ° ²¨´¨¨ ´¥ Ê¸Éμ°Î¨¢μ. — ¸É¨ÍÒ ²¨¡μ
¢Ò¢μ¤ÖÉ¸Ö ¨§ μ¸´μ¢´μ£μ ¤¨¶μ²Ö, ²¨¡μ μÉ· ¦ ÕÉ¸Ö ¤¨¶μ²¥³.

‚¢μ¤ ¨ ¢Ò¢μ¤ Î ¸É¨Í ± ¦¤μ£μ ¨§ ¤¨¶μ²¥° 1 ¨ 3 ¶·μ¨¸Ìμ¤¨É ¶μ¤ Ê£²μ³ α, ¶μÔÉμ³Ê
¸Ê³³ ·´μ¥ μÉ±²μ´¥´¨¥ Î ¸É¨Í ¡Ê¤¥É · ¢´μ θ = 4α.
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�¨¸. 2. ‘Ì¥³  Ê¸É·μ°¸É¢  ¢Ò¢μ¤  Î ¸É¨Í. 1 ¨ 3 Å ¤¨¶μ²¨ ¸¨¸É¥³Ò Ëμ·³¨·μ¢ ´¨Ö μ·¡¨ÉÒ ¶ÊÎ±  [1];

2 Å ¤μ¶μ²´¨É¥²Ó´Ò° ¤¨¶μ²Ó ¸ μ¡· É´μ° ¶μ²Ö·´μ¸ÉÓÕ ¶μ²Ö; 4 Å É· ¥±Éμ·¨Ö μÉ· ¦¥´´μ° Î ¸É¨ÍÒ
¸ Ô´¥·£¨¥° ´¨¦¥ ¶μ·μ£μ¢μ£μ §´ Î¥´¨Ö; 5 Å É· ¥±Éμ·¨Ö ¢Ò¢¥¤¥´´μ° Î ¸É¨ÍÒ ¸ Ô´¥·£¨¥° ¢ÒÏ¥

¶μ·μ£μ¢μ° ¢¥²¨Î¨´Ò; d Å ¤²¨´  ¤·¥°Ë  Î ¸É¨ÍÒ ³¥¦¤Ê ¤¨¶μ²Ö³¨; dm Å ¤²¨´  ¤·¥°Ë  Î ¸É¨ÍÒ
¸ ³¨´¨³ ²Ó´μ° Ô´¥·£¨¥° (d = 2(Rm − R)α, dm = 2Rmα, 2Rα Å ¤²¨´  É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ

¢ ¤¨¶μ²¥)

2. „ˆ��ŒˆŠ� —�‘’ˆ– ‚ “‘’��‰‘’‚… ‚›‚�„�

2.1. � ¤¨ ²Ó´μ¥ ¤¢¨¦¥´¨¥. 2.1.1. „¨´ ³¨±  μÉ· ¦¥´´ÒÌ Î ¸É¨Í. ‘Ì¥³Ò É· ¥±Éμ·¨°
μÉ· ¦¥´´ÒÌ Î ¸É¨Í ¢ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨ μ¸´μ¢´μ£μ ¤¨¶μ²Ö ¶·¨¢¥¤¥´Ò ´  ·¨¸. 3. � 
·¨¸. 3,   ¶μ± § ´Ò É· ¥±Éμ·¨¨ Í¥´É· ²Ó´μ° Î ¸É¨ÍÒ ¨ Î ¸É¨Í, ¸³¥Ð¥´´ÒÌ μÉ Í¥´É· ²Ó´μ°
É· ¥±Éμ·¨¨.

— ¸É¨ÍÒ, ±μÉμ·Ò¥ ´  ¢Ìμ¤¥ ¢ ¤¨¶μ²Ó ¸³¥Ð¥´Ò ´  ¢¥²¨Î¨´Ê +ρ (·¨¸. 3,  ) μÉ´μ¸¨É¥²Ó´μ
Í¥´É· ²Ó´μ° É· ¥±Éμ·¨¨, ´  ¢ÒÌμ¤¥ ¨§ ¤¨¶μ²Ö ¶μ²ÊÎ ÕÉ ¸³¥Ð¥´¨¥ −ρ.

— ¸É¨ÍÒ, ¨³¥ÕÐ¨¥ ´  ¢Ìμ¤¥ ¢ ¤¨¶μ²Ó Ê£²μ¢μ° · §¡·μ¸ +ρ′ μÉ´μ¸¨É¥²Ó´μ Í¥´É· ²Ó-
´μ° É· ¥±Éμ·¨¨, ¨³¥ÕÉ Ê£²μ¢μ° · §¡·μ¸ −ρ′ ´  ¢ÒÌμ¤¥ ¨§ ¤¨¶μ²Ö. Œ É·¨Î´ Ö Ëμ·³ 
Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö μÉ· ¦¥´´ÒÌ Î ¸É¨Í ¢ μ¸´μ¢´μ³ ¤¨¶μ²¥ ¨³¥¥É ¢¨¤[

ρref

ρ′ref

]
= [Rref ]

[
ρin

ρ′in

]
=

[
−1 0
0 −1

] [
ρin

ρ′in

]
.

2.1.2. „¨´ ³¨±  ¢Ò¢¥¤¥´´ÒÌ Î ¸É¨Í. „²Ö ¶·μ¸ÉμÉÒ · ¸¸³μÉ·¨³ ¸²ÊÎ °, ±μ£¤  ¶ · -
³¥É·Ò μ¸´μ¢´μ£μ 1 ¨ ¤μ¶μ²´¨É¥²Ó´μ£μ ¤¨¶μ²Ö 2 μ¤¨´ ±μ¢Ò¥. ‚ ÔÉμ³ ¸²ÊÎ ¥ É· ¥±Éμ·¨¨
¢Ò¢¥¤¥´´ÒÌ ¨§ Ê¸±μ·¨É¥²Ö Î ¸É¨Í ± ± Í¥´É· ²Ó´ÒÌ, É ± ¨ ¢μ§³ÊÐ¥´´ÒÌ ¡Ê¤ÊÉ ¸μμÉ¢¥É-
¸É¢μ¢ ÉÓ ·¨¸. 4 ¨ 5.

— ¸É¨ÍÒ, ¢Ò¢¥¤¥´´Ò¥ ¨§ ¤¨¶μ²Ö 2, ±μÉμ·Ò° ¨³¥¥É μ¡· É´ÊÕ μÉ´μ¸¨É¥²Ó´μ ¤¨¶μ²Ö 1
¶μ²Ö·´μ¸ÉÓ, ´¥ ³¥´ÖÕÉ ´¨ ´ ¶· ¢²¥´¨Ö ¸³¥Ð¥´¨Ö, ´¨ Ê£²  ´ ±²μ´  É· ¥±Éμ·¨¨ μÉ´μ¸¨-
É¥²Ó´μ · ¢´μ¢¥¸´μ° É· ¥±Éμ·¨¨ (¶ · ³¥É· ρ′).

�¨¸. 3. ‘Ì¥³Ò É· ¥±Éμ·¨° μÉ· ¦¥´´ÒÌ Î ¸É¨Í ¢ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨ μ¸´μ¢´μ£μ ¤¨¶μ²Ö
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�¨¸. 4. ’· ¥±Éμ·¨¨ Í¥´É· ²Ó´μ° ¨ ¸³¥Ð¥´´ÒÌ

μÉ · ¢´μ¢¥¸´μ° É· ¥±Éμ·¨¨ Î ¸É¨Í ¢ ·¥¦¨³¥
¸¨¸É¥³Ò (¤¨¶μ²Ó 1)

�¨¸. 5. ’· ¥±Éμ·¨¨ Î ¸É¨Í, ¨³¥ÕÐ¨Ì · §´Ò°

Ê£μ² É· ¥±Éμ·¨° ´  ¢Ìμ¤¥ ¢ ¢Ò¢μ¤ ¶ÊÎ±  ¨§ Ê¸±μ-
·¨É¥²Ö

Œ É·¨Î´ Ö Ëμ·³  Ê· ¢´¥´¨° · ¤¨ ²Ó´μ£μ ¤¢¨¦¥´¨Ö Î ¸É¨Í ¢Ò¢¥¤¥´´μ£μ ¶ÊÎ±  ¨³¥-
¥É ¢¨¤ [

ρout

ρ′out

]
= [Rout]

[
ρin

ρ′in

]
=

[
1 0

0 1

] [
ρin

ρ′in

]
.

2.2. ‚¥·É¨± ²Ó´μ¥ ¤¢¨¦¥´¨¥. ‚ ¤¨¶μ²¥ ¸ μ¤´μ·μ¤´Ò³ ³ £´¨É´Ò³ ¶μ²¥³ ¢μ§³ÊÐ¥-
´¨¥ ¢¥·É¨± ²Ó´μ£μ ¤¢¨¦¥´¨Ö Î ¸É¨Í ¸¢Ö§ ´μ Éμ²Ó±μ ¸ ´ ²¨Î¨¥³ ´¥μ¤´μ·μ¤´ÒÌ ±· ¥¢ÒÌ
¶μ²¥° ¤¨¶μ²Ö. �Í¥´±Ê ¢²¨Ö´¨Ö ±· ¥¢ÒÌ ¶μ²¥° ¶·μ¢¥¤¥³ ¤²Ö ³ ±¥É  ¤¨¶μ²Ö, μ¡· §μ¢ ´-
´μ£μ ³ £´¨É´Ò³¨ § ·Ö¤ ³¨, · ¸¶μ²μ¦¥´´Ò³¨ ´  ¤¢ÊÌ ¶ · ²²¥²Ó´ÒÌ ¶²μ¸±μ¸ÉÖÌ. ‹¥£±μ
· ¸¸Î¨É ÉÓ, ÎÉμ Bz(y) ¨ By(y) Å ¸μ¸É ¢²ÖÕÐ¨¥ ¶μ²Ö · ¢´Ò

Bz(y) =
B

π

(π

2
+ arctg

(y

b

))
(¶·¨ z = 0), By(y) =

B

4π
ln

y2 + (b + z)2

y2 + (b − z)2
, (1)

£¤¥ B Å ¶μ²¥ ¢ Í¥´É·¥ ¤¨¶μ²Ö; 2b Å ¢¥²¨Î¨´  § §μ·  ¤¨¶μ²Ö.
…¸²¨ μÉ±²μ´¥´¨Ö É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ μÉ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨ ³ ²Ò ¶μ ¸· ¢´¥´¨Õ

¸ § §μ·μ³ ¤¨¶μ²Ö, Éμ

By(y) ≈
B

π

bz

y2 + b2
. (2)

2.2.1. „¨´ ³¨±  μÉ· ¦¥´´ÒÌ Î ¸É¨Í. �·¨ ¤¢¨¦¥´¨¨ Î ¸É¨ÍÒ ¢¤μ²Ó É· ¥±Éμ·¨¨ L
¨§³¥´¥´¨¥ ¢¥·É¨± ²Ó´μ£μ ¨³¶Ê²Ó¸  μ¶¨¸Ò¢ ¥É¸Ö Ê· ¢´¥´¨¥³

dPz

dt
= qvBy,n,

£¤¥ By,n Å ¸μ¸É ¢²ÖÕÐ Ö ¶μ²Ö, ´μ·³ ²Ó´ Ö É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ.
“Î¨ÉÒ¢ Ö, ÎÉμ

1) v =
dL

dt
, 2)

d2z

dt2
=

dvz

dL

dL

dt
= v

dvz

dL
, 3) vz =

dz

dt
=

dz

dL

dL

dt
= v

dz

dL
,
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�¨¸. 6. �μ·³ ²Ó´ Ö ¸μ¸É ¢²ÖÕÐ Ö ¶μ²Ö ± É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ

´ °¤¥³ ¨§³¥´¥´¨¥ ´ ±²μ´  É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ · ¢´Ò³

Δϕ =
(

dz

dL

)
L2

−
(

dz

dL

)
L1

=
q

Mv

L2∫
L1

By,n dL. (3)

By Å ¸μ¸É ¢²ÖÕÐ Ö ³ £´¨É´μ£μ ¶μ²Ö ¤¨¶μ²Ö (1), (2).
„²Ö μ¶·¥¤¥²¥´¨Ö ´μ·³ ²Ó´μ° ¸μ¸É ¢²ÖÕÐ¥° ¶μ²Ö ± É· ¥±Éμ·¨¨ Î ¸É¨Í ¢μ¸¶μ²Ó§Ê¥³¸Ö

± ¸ É¥²Ó´μ° (k − k) ± ¶·μ¨§¢μ²Ó´μ° ÉμÎ±¥ É· ¥±Éμ·¨¨ (·¨¸. 6). Š ¸ É¥²Ó´ Ö y′ = tg β,
£¤¥ β Å Ê£μ² ³¥¦¤Ê ± ¸ É¥²Ó´μ° ¨ μ¸ÓÕ x. �μ·³ ²Ó (n−n) ± ± ¸ É¥²Ó´μ° ¨ É· ¥±Éμ·¨¨
Î ¸É¨ÍÒ ¸μ¸É ¢²Ö¥É ± μ¸¨ y É ±μ° ¦¥ Ê£μ² β. �μÔÉμ³Ê

By,n = By cos β = By
1√

1 + tg2β
= By

1√
1 + (y′)2

, dL =
√

1 + (y′)2 dx.

’ ±, ¸ ÊÎ¥Éμ³ ¢Ò· ¦¥´¨Ö (2) ¨§³¥´¥´¨¥ ´ ±²μ´  É· ¥±Éμ·¨¨ ¡Ê¤¥É · ¢´μ

Δϕ ≈ q

Mv

L2∫
L1

By,n dL =
qB

πMv

L2∫
L1

bz

y2 + b2
dx.

�·¨ ¡μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ (·¥¦¨³ ¢Ò¢μ¤ ) É· ¥±Éμ·¨Ö Î ¸É¨ÍÒ ¢ μ¡² ¸É¨ ±· ¥¢μ£μ ¶μ²Ö
(L1 − L2) ³μ¦¥É ¡ÒÉÓ μ¶¨¸ ´  ¢Ò· ¦¥´¨¥³ y = x · tg α. ‚ ÔÉμ³ ¸²ÊÎ ¥, ¶·¨ L2 � b,
L1 � −b, arctg (L1,2/b) = π/2,  

L2∫
L1

By,n dL =
Bz

π tg α

(
arctg

y

b

)L2

L1

≈ Bz

tg α
.

ˆ§³¥´¥´¨¥ ´ ±²μ´  É· ¥±Éμ·¨¨ ¨ ¸¢Ö§ ´´μ¥ ¸ ÔÉ¨³ Ëμ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥ · ¢´Ò

Δϕ =
qB

Mv

z

tg α
=

z

R
ctg α, fd =

z

tg Δϕ
≈ z

Δϕ
= R tg α, £¤¥ R =

Mv

qB
.

�Éμ ¢Ò· ¦¥´¨¥ ¢ ÉμÎ´μ¸É¨ ¸μ¢¶ ¤ ¥É ¸ ¢Ò· ¦¥´¨¥³ ¤²Ö Ëμ±Ê¸´μ£μ · ¸¸ÉμÖ´¨Ö, ¶μ²ÊÎ¥´-
´Ò³ ¢ · ¡μÉ¥ [2]. �·¨ ³ ²ÒÌ Ê£² Ì α fd = Rα.
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�É· ¦ ¥³ Ö Î ¸É¨Í  ¸´ Î ²  μÉ±²μ´Ö¥É¸Ö ±· ¥¢Ò³ ¶μ²¥³ ¤¨¶μ²Ö [fd] =
[

1 0
1/fd 1

]
,

§ É¥³ ¸¢μ¡μ¤´μ ¤·¥°ËÊ¥É ¢¤μ²Ó ¸¨²μ¢ÒÌ ²¨´¨° ³ £´¨É´μ£μ ¶μ²Ö ¤¨¶μ²Ö [L] =

[
1 2Rα

0 1

]

(¸³. ·¨¸. 1) ¨ ¸´μ¢  μÉ±²μ´Ö¥É¸Ö ¶·¨ ¢ÒÌμ¤¥ ¨§ ¤¨¶μ²Ö [fd] =

[
1 0

1/fd 1

]
. „²¨´  ¤·¥°Ë 

Î ¸É¨ÍÒ ¢ ¤¨¶μ²¥ · ¢´  L = 2Rα (¸³. ·¨¸. 1). “· ¢´¥´¨¥ ¢¥·É¨± ²Ó´μ£μ ¤¢¨¦¥´¨Ö
μÉ· ¦¥´´μ° Î ¸É¨ÍÒ ¢ ¤¨¶μ²¥ 1 · ¢´μ

[
zref

z′ref

]
= [Zref ]

[
zin

z′in

]
=

⎡
⎣ 3 2Rα

4
Rα

1

⎤
⎦

[
zin

z′in

]
.

2.2.2. „¨´ ³¨±  ¢Ò¢¥¤¥´´ÒÌ Î ¸É¨Í. Šμ´Ë¨£Ê· Í¨Ö ¸¨²μ¢ÒÌ ²¨´¨° ±· ¥¢ÒÌ ¶μ²¥°
μ¸´μ¢´μ£μ ¨ ¤μ¶μ²´¨É¥²Ó´μ£μ ³ £´¨É´ÒÌ ¤¨¶μ²¥° ¶·¨¢¥¤¥´  ´  ·¨¸. 7. Š ± ¢¨¤´μ, ¶μ²Ö
μ¡μ¨Ì ¤¨¶μ²¥° μ¸ÊÐ¥¸É¢²ÖÕÉ ¢¥·É¨± ²Ó´ÊÕ Ëμ±Ê¸¨·μ¢±Ê Î ¸É¨Í, ¶μ¸±μ²Ó±Ê ¸μ¸É ¢²ÖÕ-
Ð Ö By ±· ¥¢μ£μ ¶μ²Ö · §´μ¶μ²Ö·´ÒÌ ¤¨¶μ²¥° ´¥ ³¥´Ö¥É §´ ± .

‚ Î ¸É´μ³ ¸²ÊÎ ¥, ±μ£¤  ¶ · ³¥É·Ò ¤¨¶μ²¥° μÉ²¨Î ÕÉ¸Ö Éμ²Ó±μ ¶μ²Ö·´μ¸ÉÓÕ ¶μ²¥°,
¸Ê³³ ·´μ¥ ¶μ²¥ · ¢´μ

By,1−2 =
Bbz

π

(
1

(y − a)2 + b2
+

1
(y + a)2 + b2

)
.

ˆ§³¥´¥´¨¥ ´ ±²μ´  É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ ¢ ±· ¥¢μ³ ¶μ²¥ ¤¨¶μ²¥° ¡Ê¤¥É · ¢´μ (3)

Δϕ1−2 =
q

Mv

L2∫
L1

By,n,1−2 dL =
q

Mv

L2∫
L1

By,1−2 dx.

„²Ö ¢ÒÎ¨¸²¥´¨Ö ¨´É¥£· ²   ¶¶·μ±¸¨³¨·Ê¥³ É· ¥±Éμ·¨Õ L Î ¸É¨ÍÒ ¢ ¨´É¥·¢ ²¥ L1−L2

(−a−a) (·¨¸. 8), £¤¥ É· ¥±Éμ·¨Ö Î ¸É¨ÍÒ ¡²¨§±  ± ¶·Ö³μ° ²¨´¨¨ ¸μμÉ¢¥É¸É¢¥´´μ ËÊ´±Í¨¨

�¨¸. 7. Šμ´Ë¨£Ê· Í¨Ö ¸¨²μ¢ÒÌ ²¨´¨° ±· ¥¢ÒÌ ¶μ²¥° · §´μ¶μ²Ö·´ÒÌ ¤¨¶μ²¥°
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�¨¸. 8. ’· ¥±Éμ·¨Ö Î ¸É¨ÍÒ ¢ μ¸´μ¢´μ³ 1 ¨ ¤μ¶μ²´¨É¥²Ó´μ³ 2 ¤¨¶μ²ÖÌ

y = tg δ · x, Éμ£¤ 

Δϕ1−2 ≈ k
z

R

1
tg δ

,

k = 1 (¥¸²¨ L2 = +a, L1 = −a),
k = 2 (¥¸²¨ L2 � +a, L2 � −a).

‚ ·¥ ²Ó´μ³ ¸²ÊÎ ¥ 1 < k < 2.
‚¥²¨Î¨´Ê ¶ · ³¥É·  tg δ ³μ¦´μ μÍ¥´¨ÉÓ ¶μ ¨§³¥´¥´¨Õ ¨³¶Ê²Ó¸  Px = P cos δ ¢ ±· -

¥¢ÒÌ ¶μ²ÖÌ ¤¨¶μ²¥° 1 ¨ 2. …¸²¨ ´  μ¸¨ ¸¨¸É¥³Ò Bz = B1,z + B2,z = 0 ¨³¶Ê²Ó¸ Î ¸É¨ÍÒ
· ¢¥´ Px(y=0) = P , Éμ ¨³¶Ê²Ó¸ Î ¸É¨ÍÒ, ¸³¥Ð¥´´μ° μÉ μ¸¨ ´  y = a, ¡Ê¤¥É · ¢¥´
Px(y=a) = P cos δ,

P (cos δ − 1) = q

a∫
0

Bz,1−2 dy. (4)

„²Ö · ¸¸³ É·¨¢ ¥³μ£μ ¢ ·¨ ´É  ¶μ²¥° ¤¨¶μ²¥° 1 ¨ 2 ¸Ê³³ ·´μ¥ ¶μ²¥ · §´μ¶μ²Ö·´ÒÌ
¤¨¶μ²¥° ¡Ê¤¥É · ¢´μ

Bz,1−2 = −B

π

(
arctg

y − a

b
+ arctg

y + a

b

)

(Bz(y) = B (¶·¨ y � −a) ¨ Bz(y) = −B (¶·¨ y � a)).

ˆ´É¥£· ² ¤¥°¸É¢¨Ö ¶μ²Ö ´  Î ¸É¨ÍÊ · ¢¥´

q

a∫
0

Bz(y) dy = −qB

π
2a arctg

a/b

1 + 2(a/b)2
≈ −qBb

π

(
¶μ¸±μ²Ó±Ê

a

b
� 1

)
.

ˆ§ · ¢¥´¸É¢  (4) ¸²¥¤Ê¥É, ÎÉμ ±μ£¤  δ � 1,

1 − cos δ ≈ 1
2
δ2 =

qBb

πP
=

1
π

b

R
,   δ ≈ tg δ =

√
2
π

b

R

(
R =

P

qB

)
.

‚ ·¥§Ê²ÓÉ É¥

Δϕ1−2 =
(

dz

dL

)
L2

−
(

dz

dL

)
L1

= −kz

√
π

2
1

Rb
.
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”μ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥ ¸¨¸É¥³Ò ±· ¥¢ÒÌ ¶μ²¥° · §´μ¶μ²Ö·´ÒÌ ¤¨¶μ²¥° · ¢´μ

f1−2 =
z

Δϕ1−2
= −R

√
2
π

b

R

1
k

= −Rα1, α1 =

√
2
π

b

R

1
k

.

— ¸É¨ÍÒ ¢Ò¢μ¤¨³μ£μ ¶ÊÎ±  ¢´ Î ²¥ ¤¥Ëμ±Ê¸¨·ÊÕÉ¸Ö ±· ¥¢Ò³ ¶μ²¥³ ´  ¢Ìμ¤¥ ¢ ¤¨¶μ²Ó 1

¸μ£² ¸´μ

[
1 0

1/Rα 1

]
; ¤·¥°ËÊÕÉ ¢¤μ²Ó ¸¨²μ¢ÒÌ ²¨´¨° ³ £´¨É´μ£μ ¶μ²Ö ¢ ¤¨¶μ²¥ 1,[

1 Rα
0 1

]
; Ëμ±Ê¸¨·ÊÕÉ¸Ö ¸Ê³³ ·´Ò³ ±· ¥¢Ò³ ¶μ²¥³ ¤¨¶μ²¥° 1 ¨ 2

[
1 0

−1/Rα1 1

]
; ¸´μ¢ 

¤·¥°ËÊÕÉ ¢ ¤¨¶μ²¥ 2 ¨ ¤¥Ëμ±Ê¸¨·ÊÕÉ¸Ö ¥£μ ±· ¥¢Ò³ ¶μ²¥³ ´  ¢ÒÌμ¤¥

[
1 0

1/Rα 1

]
.

‚ ·¥§Ê²ÓÉ É¥ ¶ · ³¥É·Ò ¢Ò¢¥¤¥´´ÒÌ Î ¸É¨Í ¨§ ¤¨¶μ²Ö 2 ¸¢Ö§ ´Ò ¸ ¶ · ³¥É· ³¨ Î ¸É¨Í
´  ¢Ìμ¤¥ ¢ ¤¨¶μ²Ó 1 ¸μμÉ´μÏ¥´¨¥³[

zout

z′out

]
= [Zout]

[
zin

z′in

]
=

[
1 + 2n Rα(1 + n)

4n/Rα 1

][
zin

z′in

]
, £¤¥ n = (1 − α/α1),

[
ρout

ρ′out

]
= [Rout]

[
ρin

ρ′in

]
=

[
1 0

0 1

][
ρin

ρ′in

]
.

2.3. ‚¢μ¤ Î ¸É¨Í ´  · ¢´μ¢¥¸´ÊÕ μ·¡¨ÉÊ Ê¸±μ·¨É¥²Ö. �·¨ · ¢¥´¸É¢¥ Ê£²μ¢ ¶ ¤¥´¨Ö
¨ μÉ· ¦¥´¨Ö Î ¸É¨ÍÒ, μÉ· ¦¥´´Ò¥ ¤¨¶μ²¥³ 1, ¡Ê¤ÊÉ μÉ±²μ´¥´Ò ´  Ê£μ² Δ = 2α, ±μÉμ-
·Ò° ´¥ § ¢¨¸¨É μÉ Ô´¥·£¨¨ Î ¸É¨Í. …¸²¨ ÔÉ¨ Î ¸É¨ÍÒ ¨´¦¥±É¨·μ¢ ÉÓ ¢ ¤¨¶μ²Ó 3 ¶μ¤
Ê£²μ³ α ± ¶·μ¤μ²Ó´μ° μ¸¨ ¤¨¶μ²Ö 3, Éμ ¸Ê³³ ·´Ò° Ê£μ² μÉ±²μ´¥´¨Ö Î ¸É¨Í, ¢Ò¢¥¤¥´´ÒÌ
¨§ ¤¨¶μ²Ö 3, ¨ ¸μ¸É ¢¨É ¢¥²¨Î¨´Ê, · ¢´ÊÕ θ = 4α, ±μÉμ· Ö É ±¦¥ ´¥ § ¢¨¸¨É μÉ Ô´¥·£¨¨
Î ¸É¨Í. ‚¥²¨Î¨´  Ê£²  θ ¤μ²¦´  ¸μμÉ¢¥É¸É¢μ¢ ÉÓ ¢Ò¢μ¤Ê Î ¸É¨Í ´  · ¢´μ¢¥¸´ÊÕ μ·¡¨ÉÊ
Ê¸±μ·¨É¥²Ö. �μ¸±μ²Ó±Ê ¶ · ³¥É·Ò ¤¨¶μ²¥° 1 ¨ 3 ¨¤¥´É¨Î´Ò, Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö Î ¸É¨Í
¢ ¤¨¶μ²¥ 3 É ±¨¥ ¦¥, ± ± ¨ ¢ ¤¨¶μ²¥ 1.

�É· ¦¥´´Ò¥ ¤¨¶μ²¥³ 1 Î ¸É¨ÍÒ, ¶·¥¦¤¥ Î¥³ ¶μ¶ ¸ÉÓ ¢ ¤¨¶μ²Ó 3, ¤·¥°ËÊÕÉ ´ 
ÊÎ ¸É±¥ ¤²¨´μ° d = 2(xm − x) cos α (¸³. ·¨¸. 1 ¨ 2), £¤¥ xm = 2Rm sin α, x =
2R sin α, Rm = Pm/qB. „¥°¸É¢¨¥ ¤·¥°Ë  Î ¸É¨Í ³¥¦¤Ê ¤¨¶μ²Ö³¨ ÊÎ¨ÉÒ¢ ¥É¸Ö ³ -

É·¨Í¥°

[
1 2d
0 1

]
.

’ ± ± ± α � 1, d ∼= 4(Rm − R)α. � · ³¥É·Ò Î ¸É¨Í, ¢¢¥¤¥´´ÒÌ ´  · ¢´μ¢¥¸´ÊÕ
μ·¡¨ÉÊ ¸ ¶ · ³¥É· ³¨ Î ¸É¨Í ´  ¢Ìμ¤¥ ¢ ¤¨¶μ²Ó 1, μ¶·¥¤¥²ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨³¨ · ¢¥´-
¸É¢ ³¨: [

zent

z′ent

]
=

[
1 + 16(1 + 3m) 12Rα(1 + 3m)

(8/Rα)(3 + 8m) 1 + 16(1 + 3m)

][
zin

z′in

]
,

[
ρent

ρ′ent

]
=

[
1 4Rαm

0 1

][
ρin

ρ′in

]
, £¤¥ m = (Rmax/R).
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‡�Š‹	—…�ˆ…

�μ± § ´  ¶·¨´Í¨¶¨ ²Ó´ Ö ¢μ§³μ¦´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö ¤¨¶μ²¥° ¸ ¶μ¸ÉμÖ´´Ò³ ³ £-
´¨É´Ò³ ¶μ²¥³ ¤²Ö ¢Ò¢μ¤  Î ¸É¨Í ¨§ Í¨±²¨Î¥¸±μ£μ Ê¸±μ·¨É¥²Ö ¸ ¶μ¸ÉμÖ´´Ò³ · ¤¨Ê¸μ³
μ·¡¨ÉÒ. — ¸É¨ÍÒ, Ô´¥·£¨Ö ±μÉμ·ÒÌ ¶·¥¢ÒÏ ¥É ¶μ·μ£μ¢μ¥ §´ Î¥´¨¥, ¶·μ´¨± ÕÉ ¸±¢μ§Ó
¤¨¶μ²Ó ¨ ¢Ò¢μ¤ÖÉ¸Ö ¨§ Ê¸±μ·¨É¥²Ö. — ¸É¨ÍÒ ¸ Ô´¥·£¨¥° ´¨¦¥ ¶μ·μ£μ¢μ£μ §´ Î¥´¨Ö, μÉ· -
¦ Ö¸Ó μÉ ¤¨¶μ²Ö, ¢μ§¢· Ð ÕÉ¸Ö ´  · ¢´μ¢¥¸´ÊÕ μ·¡¨ÉÊ Ê¸±μ·¨É¥²Ö. ‚¥²¨Î¨´  ¶μ·μ£μ¢μ£μ
§´ Î¥´¨Ö Ô´¥·£¨¨ Î ¸É¨Í μ¶·¥¤¥²Ö¥É¸Ö ²¨¡μ ±μ´¸É·Ê±Í¨¥° ¤¨¶μ²Ö, ²¨¡μ ¢¥²¨Î¨´μ° ³ £-
´¨É´μ£μ ¶μ²Ö.

„²¨É¥²Ó´μ¸ÉÓ ¶·μÍ¥¸¸  ³¥¤²¥´´μ£μ ¢Ò¢μ¤  § ¢¨¸¨É μÉ É¥³¶  ´ ¡μ·  Ô´¥·£¨¨ Î ¸É¨-
Í ³¨. �·¨ ´¥μ¡Ìμ¤¨³μ¸É¨ ¸² ¡Ò³¨ ¨³¶Ê²Ó¸ ³¨ Ô²¥±É·μ³ £´¨É´ÒÌ ¶μ²¥° ¢μ§³μ¦´  ·¥ -
²¨§ Í¨Ö ¡Ò¸É·μ£μ ¢Ò¢μ¤  Î ¸É¨Í.

�μ¸±μ²Ó±Ê μÍ¥´±¨ ¶ · ³¥É·μ¢ Î ¸É¨Í ¢Ò¢¥¤¥´´μ£μ ¨²¨ ¢μ§¢· Ð¥´´μ£μ ´  μ·¡¨ÉÊ ¶ÊÎ-
±μ¢ ¶·μ¢¥¤¥´Ò ¢ μ¤´μÎ ¸É¨Î´μ³ ¶·¨¡²¨¦¥´¨¨, É·¥¡Ê¥É¸Ö ¸μ£² ¸μ¢ ´¨¥ ·¥ ²Ó´ÒÌ ¶ÊÎ±μ¢
¸ Ëμ±Ê¸¨·ÊÕÐ¨³ ± ´ ²μ³ É· ´¸¶μ·É¨·μ¢±¨ ¢Ò¢¥¤¥´´μ£μ ¶ÊÎ±  ¨ ¸¨¸É¥³μ° Ëμ±Ê¸¨·μ¢±¨
´  · ¢´μ¢¥¸´μ° μ·¡¨É¥. Š ¦¤Ò° ± ´ ² Ëμ±Ê¸¨·μ¢±¨ ¨³¥¥É ¸¢μ° · ¢´μ¢¥¸´Ò° · §³¥· μ£¨-
¡ ÕÐ¥° ¶ÊÎ±  ¸ ¤ ´´Ò³¨ Ë §μ¢Ò³ μ¡Ñ¥³μ³ ¨ ¨´É¥´¸¨¢´μ¸ÉÓÕ [3]. ’ ± ± ± μ£¨¡ ÕÐ Ö
´¥¸μ£² ¸μ¢ ´´μ£μ ¶ÊÎ±  ±μ²¥¡²¥É¸Ö μ±μ²μ · ¢´μ¢¥¸´μ£μ · §³¥· , É·¥¡Ê¥É¸Ö · ¸Î¥É ¸¨¸É¥³
¸μ£² ¸μ¢ ´¨Ö ¤²Ö ¢Ò¢¥¤¥´´μ£μ ¨ ¢μ§¢· Ð¥´´μ£μ ´  · ¢´μ¢¥¸´ÊÕ μ·¡¨ÉÊ ¶ÊÎ±μ¢.
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