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� ¸Î¥É ³μÐ´μ¸É¨ ¸¶¨´μ¢ÒÌ ·¥§μ´ ´¸μ¢ ´  Ê¸±μ·¨É¥²¥ COSY

‚ · ¡μÉ Ì [1,2] ¨§ÊÎ ²μ¸Ó ¢²¨Ö´¨¥ rf-¤¨¶μ²Ö ´  ¸¶¨´μ¢μ¥ ¤¢¨¦¥´¨¥ ´  Ê¸±μ-
·¨É¥²¥ COSY (�²¨Ì, ƒ¥·³ ´¨Ö). 
Ò²μ μ¡´ ·Ê¦¥´μ · ¸Ìμ¦¤¥´¨¥ É¥μ·¥É¨Î¥¸±¨
· ¸¸Î¨É ´´μ° ³μÐ´μ¸É¨ ¸¶¨´μ¢μ£μ ·¥§μ´ ´¸  ¤²Ö ¶ÊÎ±  ¤¥°É·μ´μ¢ ¸ Ô±¸¶¥·¨-
³¥´É ²Ó´μ ´ ¡²Õ¤ ¥³Ò³ §´ Î¥´¨¥³ [2]. ‚ ¤ ´´μ° · ¡μÉ¥ ¶μ± § ´μ, ÎÉμ · ¸Î¥É
¸ ¶μ³μÐÓÕ ËÊ´±Í¨¨ μÉ±²¨±  ¶μ§¢μ²Ö¥É μ¡ÑÖ¸´¨ÉÓ · ¸Ìμ¦¤¥´¨¥ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ ¤ ´´ÒÌ ¸ É¥μ·¥É¨Î¥¸±¨³¨ · ¸Î¥É ³¨ ³μÐ´μ¸É¥° ¸¶¨´μ¢ÒÌ ·¥§μ´ ´¸μ¢,
¨´¤ÊÍ¨·μ¢ ´´ÒÌ ³μ¤Ê²¨·μ¢ ´´Ò³ · ¤¨ ²Ó´Ò³ ³ £´¨É´Ò³ ¤¨¶μ²¥³.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¨³. ‚.ˆ. ‚¥±¸²¥·  ¨
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The Spin Resonance Strength Calculation at the COSY Accelerator

Papers [1, 2] study the effect of an rf-dipole on spin motion at the COSY
accelerator (Jülich, Germany). A difference between a theoretically calculated value
of spin resonance strength for a deuteron beam and an experimentally obtained
value was found [2]. This paper shows that the difference between the experimental
data and the theoretical calculation of the strength of a spin resonance, induced
by modulated radial magnetic ˇelds, can be explained by using the spin response
function.
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‚‚…„…�ˆ…

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¢¥¤ÊÉ¸Ö ¨¸¸²¥¤μ¢ ´¨Ö ¸ ¶μ²Ö·¨§μ¢ ´´Ò³¨ ¶ÊÎ± ³¨
¤¥°É·μ´μ¢ ¨ ¶·μÉμ´μ¢ ´  Ê¸±μ·¨É¥²Ó´μ³ ±μ³¶²¥±¸¥ COSY (�²¨Ì, ƒ¥·³ -
´¨Ö). �¤´¨³ ¨§ ´ ¶· ¢²¥´¨° ¨¸¸²¥¤μ¢ ´¨° Ö¢²Ö¥É¸Ö ¨§ÊÎ¥´¨¥ ³¥Éμ¤μ¢ Ê¶· -
¢²¥´¨Ö ¢¥±Éμ·μ³ ¶μ²Ö·¨§ Í¨¨ ¶ÊÎ±  ¸ ¶μ³μÐÓÕ · ¤¨ ²Ó´ÒÌ ¨ ¶·μ¤μ²Ó´ÒÌ
³ £´¨É´ÒÌ ¶μ²¥°, ±μÉμ·Ò¥ ³μ¤Ê²¨·ÊÕÉ¸Ö rf-¤¨¶μ²Ö³¨ ¨ rf-¸μ²¥´μ¨¤ ³¨ [1,2].
‚μ§¤¥°¸É¢¨¥ ´  ¸¶¨´ ¶·μ¨¸Ìμ¤¨É ¢ μ¡² ¸É¨ ¨´¤ÊÍ¨·μ¢ ´´μ£μ ¸¶¨´μ¢μ£μ ·¥§μ-
´ ´¸ 

ν = k ± νrf ,

£¤¥ ν = γG = γ(g−2)/2 Å ¶·¨¢¥¤¥´´ Ö ¸¶¨´μ¢ Ö Î ¸ÉμÉ ; νrf Å ¶·¨¢¥¤¥´´ Ö
Î ¸ÉμÉ  ³μ¤Ê²ÖÍ¨¨ ¶μ²Ö rf-¤¨¶μ²Ö ¨²¨ rf-¸μ²¥´μ¨¤ .

‚ ·¥§Ê²ÓÉ É¥ ¨¸¸²¥¤μ¢ ´¨Ö ¡Ò²μ ¶μ²ÊÎ¥´μ, ÎÉμ É¥μ·¥É¨Î¥¸±¨ · ¸¸Î¨É ´-
´ Ö ³μÐ´μ¸ÉÓ ·¥§μ´ ´¸  ¤²Ö ¶ÊÎ±  ¤¥°É·μ´μ¢ §´ Î¨É¥²Ó´μ ¶·¥¢ÒÏ ²  Ô±¸-
¶¥·¨³¥´É ²Ó´μ¥ §´ Î¥´¨¥ ¤²Ö · ¤¨ ²Ó´μ£μ rf-¤¨¶μ²Ö [2]. ‚ ¤ ´´μ° ¸É ÉÓ¥
¶μ± § ´μ, ÎÉμ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¸μ£² ¸ÊÕÉ¸Ö ¸ É¥μ·¥É¨Î¥¸±¨³¨ · ¸-
Î¥É ³¨ ³μÐ´μ¸É¨ ¸¶¨´μ¢μ£μ ·¥§μ´ ´¸ , ¨´¤ÊÍ¨·μ¢ ´´μ£μ ³μ¤Ê²¨·μ¢ ´´Ò³
³ £´¨É´Ò³ ¶μ²¥³.

1. ˆ‡Œ…�…�ˆ… Œ�™��‘’ˆ RF-�…‡����‘� ‚ COSY

�  ·¨¸. 1 ¶μ± § ´ ¶² ´ Ê¸±μ·¨É¥²Ó´μ£μ ±μ³¶²¥±¸  COSY. Šμ²ÓÍμ COSY
¸μ¸Éμ¨É ¨§ ¤¢ÊÌ  ·μ±, ±μÉμ·Ò¥ ¸μ¥¤¨´¥´Ò ³¥¦¤Ê ¸μ¡μ° ¤¢Ê³Ö ¶·Ö³μ²¨´¥°-
´Ò³¨ ÊÎ ¸É± ³¨. Œ £´¨É´ Ö μ¶É¨±  ¢ ¶·Ö³μ²¨´¥°´ÒÌ ÊÎ ¸É± Ì ´ ¸É· ¨¢ ¥É¸Ö
É ±¨³ μ¡· §μ³, ÎÉμ¡Ò ´ ¡¥£ ¡¥É É·μ´´ÒÌ Ë § ¢ ¢¥·É¨± ²Ó´μ³ ¨ £μ·¨§μ´É ²Ó-
´μ³ ´ ¶· ¢²¥´¨ÖÌ ¡Ò² · ¢¥´ 2π. �·¨ É ±μ³ ¢Ò¡μ·¥ ¡¥É É·μ´´μ¥ ¤¢¨¦¥´¨¥
¢  ·± Ì Ô±¢¨¢ ²¥´É´μ ¤¢¨¦¥´¨Õ ¢ Ê¸±μ·¨É¥²¥ ¸ É ±¨³¨ ¦¥  ·± ³¨ ¡¥§ ¶·Ö-
³μ²¨´¥°´ÒÌ ¶·μ³¥¦ÊÉ±μ¢, ¡¥É É·μ´´Ò¥ Î ¸ÉμÉÒ ν ∗

x,z ¢ ±μÉμ·μ³ ¸¢Ö§ ´Ò ¸
Î ¸ÉμÉ ³¨ ·¥ ²Ó´μ£μ Ê¸±μ·¨É¥²Ö ¸μμÉ´μÏ¥´¨¥³ ν ∗

x,z = νx,z − 2. ’ ±¦¥ ´ 
·¨¸. 1 ¶μ± § ´μ ³¥¸Éμ · §³¥Ð¥´¨Ö rf-¤¨¶μ²Ö. ‚ Ô±¸¶¥·¨³¥´É Ì rf-¤¨¶μ²Ó ¡Ò²
· ¸¶μ²μ¦¥´ ´  · ¸¸ÉμÖ´¨¨ 53,5 ³ μÉ ³¥¸É  ¨´¦¥±Í¨¨.

‚μ ¢·¥³Ö Ô±¸¶¥·¨³¥´É  ¨¸¶μ²Ó§μ¢ ²μ¸Ó ¸²¥¤ÊÕÐ¥¥ μ¡μ·Ê¤μ¢ ´¨¥: rf-¤¨-
¶μ²Ó ¸μ ¸·¥¤´¥±¢ ¤· É¨Î´Ò³ §´ Î¥´¨¥³ ¨´É¥£· ²  ¶μ²Ö

∫
Brmsdl= 0,6 ’²·³³;
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�¨¸. 1. �² ´ Ê¸±μ·¨É¥²Ó´μ£μ ±μ³¶²¥±¸  COSY

¶μ²Ö·¨³¥É· ´  ´¨§±¨Ì Ô´¥·£¨ÖÌ (LEP), ¸ ¶μ³μÐÓÕ ±μÉμ·μ£μ ¨§³¥·Ö² ¸Ó ¶μ-
²Ö·¨§ Í¨Ö ¶¥·¥¤ ¨´¦¥±Í¨¥° ¶ÊÎ±  ¢ ±μ²ÓÍμ COSY, ¨ ¤¥É¥±Éμ· EDDA, ¸ ¶μ-
³μÐÓÕ ±μÉμ·μ£μ ¨§³¥·Ö² ¸Ó ¶μ²Ö·¨§ Í¨Ö ¶ÊÎ±  ¤μ ¨ ¶μ¸²¥ Ê¶· ¢²¥´¨Ö rf-
¤¨¶μ²¥³ ¢´ÊÉ·¨ ±μ²ÓÍ .

	±¸¶¥·¨³¥´É ¶μ ¨§³¥·¥´¨Õ ³μÐ´μ¸É¨ ¨´¤ÊÍ¨·μ¢ ´´μ£μ ·¥§μ´ ´¸  § -
±²ÕÎ ²¸Ö ¢ ¸²¥¤ÊÕÐ¥³. �μ²Ö·¨§μ¢ ´´Ò° ¶ÊÎμ± ¤¥°É·μ´μ¢ Ê¸±μ·Ö²¨ ¤μ Ô´¥·-
£¨¨ 1,85 ƒÔ‚/c, Î¥³Ê ¸μμÉ¢¥É¸É¢Ê¥É ¸¶¨´μ¢ Ö Î ¸ÉμÉ  ν = Gγ = −0,2. „ ²¥¥
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¶·¨ ¶μ³μÐ¨ rf-¤¨¶μ²Ö ¨´¤ÊÍ¨·μ¢ ²¨ ¸¶¨´μ¢Ò° ·¥§μ´ ´¸ ν = −νrf. ˆ§³¥·¥-
´¨¥ ³μÐ´μ¸É¨ ·¥§μ´ ´¸  ¶·μ¨§¢μ¤¨²¨ ¶μ ·¥§Ê²ÓÉ É ³ ¨§³¥·¥´¨Ö ´ Î ²Ó´μ°
Pi ¨ ±μ´¥Î´μ° Pf ¸É¥¶¥´¥° ¶μ²Ö·¨§ Í¨¨ ¢ § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ ¶¥·¥¸¥-
Î¥´¨Ö ¸¶¨´μ¢μ£μ ·¥§μ´ ´¸  ¶·¨ Ë¨±¸¨·μ¢ ´´μ³ μÉ±²μ´¥´¨¨ μÉ ·¥§μ´ ´¸´μ°
Î ¸ÉμÉÒ ±Δf/2 = ±150 ƒÍ, ±μÉμ· Ö ¶·¨ ÔÉμ³ ¢ÒÎ¨¸²Ö¥É¸Ö ¶μ ³μ¤¨Ë¨Í¨·μ-
¢ ´´μ° Froissart-Stora (FS) Ëμ·³Ê²¥ [3,4]:

Pf = Pi

{
(1 + η̂) exp

[
− (πwFSfc)2

Δf/Δt

]
− η̂
}

, (1.1)

£¤¥ η̂ Å ¶ · ³¥É·, μ£· ´¨Î¨¢ ÕÐ¨° ¸É¥¶¥´Ó ¶¥·¥¢μ·μÉ  ¸¶¨´  ¶μ¸²¥ ¶¥·¥-
¸¥Î¥´¨Ö ·¥§μ´ ´¸ ; fc Å Î ¸ÉμÉ  μ¡· Ð¥´¨Ö Ê¸±μ·¨É¥²Ö. �¥·¥¸¥Î¥´¨¥ ·¥§μ-
´ ´¸  μ¡¥¸¶¥Î¨¢ ²μ¸Ó ¨§³¥´¥´¨¥³ Î ¸ÉμÉÒ rf-¤¨¶μ²Ö.

�μ²ÊÎ¥´´Ò° Ô±¸¶¥·¨³¥´É ²Ó´Ò° ·¥§Ê²ÓÉ É wFS ¸· ¢´¨¢ ²¨ ¸ É¥μ·¥É¨Î¥-
¸±¨³ · ¸Î¥Éμ³ ³μÐ´μ¸É¨ wrf . ŒμÐ´μ¸ÉÓ ¨´¤ÊÍ¨·μ¢ ´´μ£μ ·¥§μ´ ´¸  ¶·¨
ÔÉμ³ · ¸¸Î¨ÉÒ¢ ² ¸Ó ¶μ Ëμ·³Ê²¥

wrf =
1

2
√

2π

1 + Gγ

Bρ

∫
Brmsdl, (1.2)

£¤¥ Bρ Å ³ £´¨É´ Ö ¦¥¸É±μ¸ÉÓ Ê¸±μ·¨É¥²Ö, ±μÉμ· Ö · ¢´  6,17 ’² · ³.
�μ¸²¥ μ¡· ¡μÉ±¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¤²Ö ³μÐ´μ¸É¨ ·¥§μ´ ´¸ ,

Ô±¸É· ¶μ²¨·μ¢ ´´μ° ¶μ Ëμ·³Ê²¥ (1.1), ¡Ò²μ ¶μ²ÊÎ¥´μ §´ Î¥´¨¥
wFS = 1,39 · 10−6, ¢ Éμ ¢·¥³Ö ± ± §´ Î¥´¨¥ ³μÐ´μ¸É¨ ·¥§μ´ ´¸ , · ¸¸Î¨-
É ´´μ¥ ¶μ Ëμ·³Ê²¥ (1.2), · ¢´μ wrf = 8,8 · 10−6.

2. Œ�™��‘’œ “…„ˆ�…���ƒ� �…‡����‘�,
ˆ�„“–ˆ��‚����ƒ� RF-„ˆ��‹…Œ

�É³¥É¨³, ÎÉμ ¢ÒÎ¨¸²¥´¨¥ ³μÐ´μ¸É¨ ¸¶¨´μ¢μ£μ ·¥§μ´ ´¸  ¶μ Ëμ·³Ê-
²¥ (1.2) ÊÎ¨ÉÒ¢ ¥É ²¨ÏÓ ¶·Ö³μ¥ ¤¥°¸É¢¨¥ rf-¤¨¶μ²Ö, ±μÉμ·μ¥ ´¥ Ö¢²Ö¥É¸Ö
μ¶·¥¤¥²ÖÕÐ¨³.

‚ μ¡Ð¥³ ¸²ÊÎ ¥, ¶·¨ μÉ¸ÊÉ¸É¢¨¨ ¶·μ¤μ²Ó´μ£μ ¶μ²Ö By ¢¤μ²Ó · ¢´μ¢¥¸-
´μ° μ·¡¨ÉÒ, ³μÐ´μ¸ÉÓ Ê¥¤¨´¥´´μ£μ ¸¶¨´μ¢μ£μ ·¥§μ´ ´¸  (ËÊ·Ó¥-£ ·³μ´¨± 
¸¶¨´μ¢μ£μ ¢μ§³ÊÐ¥´¨Ö) ¢ÒÎ¨¸²Ö¥É¸Ö ¶μ Ëμ·³Ê²¥ [5Ä10]:

wk =
1
R

〈[
νz′′ − i GKzz

′ − i
(
1 + G

)
K ′

z z
]
ei ν Θ

〉
, (2.1)

£¤¥ Kz = Bz/
〈
Bz

〉
Å ¡¥§· §³¥·´ Ö ±·¨¢¨§´  · ¢´μ¢¥¸´μ° ¶²μ¸±μ° μ·¡¨ÉÒ;

2πR Å ¤²¨´  · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ; ¸±μ¡±¨
〈
. . .
〉

μ§´ Î ÕÉ Ê¸·¥¤´¥´¨¥ ¶μ
 §¨³ÊÉÊ Î ¸É¨ÍÒ θ; z Å ¢¥·É¨± ²Ó´μ¥ μÉ±²μ´¥´¨¥ Î ¸É¨ÍÒ μÉ ¶²μ¸±μ¸É¨
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μ·¡¨ÉÒ; z′ ≡ dz

dθ
, z′′ ≡ d2z

dθ2
Å ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶·μ¨§¢μ¤´Ò¥ ¢¥·É¨± ²Ó´μ£μ

μÉ±²μ´¥´¨Ö ¶μ  §¨³ÊÉÊ; Θ =
∫ θ

0 Kz dθ Å ³ £´¨É´Ò°  §¨³ÊÉ Î ¸É¨ÍÒ.
“¸·¥¤´¥´¨¥ ¶μ  §¨³ÊÉÊ ¢ Ëμ·³Ê²¥ (2.1) ¶·μ¨§¢μ¤¨É¸Ö ¶·¨ §´ Î¥´¨¨ ¸¶¨-

´μ¢μ° Î ¸ÉμÉÒ ν = νk, £¤¥ νk Å ·¥§μ´ ´¸´ Ö Î ¸ÉμÉ , · ¢´ Ö Í¥²μÎ¨¸²¥´´μ°
±μ³¡¨´ Í¨¨ ¨§ Î ¸ÉμÉ μ·¡¨É ²Ó´μ£μ ¤¢¨¦¥´¨Ö.

‚ ¦´Ò³ ³μ³¥´Éμ³ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¸·¥¤´¨Ì §´ Î¥´¨° Ö¢²Ö¥É¸Ö Éμ, ÎÉμ
¨´É¥£·¨·μ¢ ´¨¥ ¢ μ¡Ð¥³ ¸²ÊÎ ¥ ´ ¤μ ¶·μ¢μ¤¨ÉÓ ¢ É¥Î¥´¨¥ ³´μ£¨Ì μ¡μ·μ-
Éμ¢ Î ¸É¨Í ¢ Ê¸±μ·¨É¥²¥ (§  ¨¸±²ÕÎ¥´¨¥³ Í¥²ÒÌ ¸¶¨´μ¢ÒÌ ·¥§μ´ ´¸μ¢ ¶·¨
ν = k). �¥§Ê²ÓÉ É Ê¸·¥¤´¥´¨Ö ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¨´É¥£·¨·μ¢ ´¨¥³ ¶μ μ¤´μ³Ê
μ¡μ·μÉÊ Ê¸±μ·¨É¥²Ö, ¥¸²¨ ´¥ ÊÎ¨ÉÒ¢ ÉÓ ®´¥·¥§μ´ ´¸´ÊÕ¯ £ ·³μ´¨±Ê ¢μ§³ÊÐ¥-
´¨Ö. ‚±² ¤ μÉ ´¥·¥§μ´ ´¸´μ° £ ·³μ´¨±¨ ¶·¨ ¨´É¥£·¨·μ¢ ´¨¨ Ê³¥´ÓÏ ¥É¸Ö
¶·μ¶μ·Í¨μ´ ²Ó´μ Î¨¸²Ê μ¡μ·μÉμ¢ ¨ ³μ¦¥É ¡ÒÉÓ μÉ¡·μÏ¥´ ¸· §Ê. ’ ±¨³ μ¡· -
§μ³, § ³¥´ÖÖ Ëμ·³ ²Ó´μ ¢¥·É¨± ²Ó´μ¥ μÉ±²μ´¥´¨¥ z ´  zres, ¶μ²ÊÎ ¥³ Ëμ·-
³Ê²Ê ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¸·¥¤´¨Ì §´ Î¥´¨° ¨´É¥£·¨·μ¢ ´¨¥³ ²¨ÏÓ ¶μ μ¤´μ³Ê
μ¡μ·μÉÊ Ê¸±μ·¨É¥²Ö:

〈
A(θ) e i νΘ

〉
=
〈
Ares(θ) e i νΘ

〉
=

1
2π

2π∫
0

Ares(θ) e i νΘ dθ. (2.2)

‚Ò¢μ¤ ¢Ò· ¦¥´¨Ö ¤²Ö ³μÐ´μ¸É¨ ·¥§μ´ ´¸  ¢ · ¡μÉ Ì [6Ä10] ¶·μ¨§¢μ¤¨²¸Ö
¢ ®´ ÉÊ· ²Ó´μ°¯ ¸¨¸É¥³¥ ±μμ·¤¨´ É (¸³. A.5), ¸¢Ö§ ´´μ° ¸ ÉμÎ´Ò³ ´ ¶· ¢²¥-
´¨¥³ ¸±μ·μ¸É¨, ¢ ±μÉμ·μ° ¸¶¨´μ¢μ¥ ¢μ§³ÊÐ¥´¨¥ �w (μÉ±²μ´¥´¨¥ Ê£²μ¢μ° ¸±μ-
·μ¸É¨ ¢· Ð¥´¨Ö ¸¶¨´  μÉ´μ¸¨É¥²Ó´μ · ¢´μ¢¥¸´μ° Î ¸É¨ÍÒ) · ¢´μ (¸³. �·¨-
²μ¦¥´¨¥):

�w =
{

ν
z′′

R
; GKz

z′

R
+ (1 + G)K ′

z

z

R
; ν

(
Δγ

γ
Kz − x′′

R

)}
. (2.3)

Šμ³¶μ´¥´ÉÒ ¸¶¨´μ¢μ£μ ¢μ§³ÊÐ¥´¨Ö ¢ (2.3) ³μ¦´μ ¢Ò· §¨ÉÓ ¨ Î¥·¥§ §´ -
Î¥´¨Ö ³ £´¨É´ÒÌ ¶μ²¥° ´  ÉμÎ´μ° É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ, ¥¸²¨ ÊÎ¥¸ÉÓ, ÎÉμ ¢¥-
²¨Î¨´  z′′ = RBx/

〈
Bz

〉
¸¢Ö§ ´  ¸ · ¤¨ ²Ó´μ° ¸μ¸É ¢²ÖÕÐ¥° ³ £´¨É´μ£μ ¶μ²Ö

Bx, §´ Î¥´¨¥
〈
Bz

〉
Kzz

′/R ¥¸ÉÓ ¶·μ¥±Í¨Ö ¢¥·É¨± ²Ó´μ£μ ¶μ²Ö ´  ´ ¶· ¢²¥-
´¨¥ ¢¤μ²Ó ÉμÎ´μ° ¸±μ·μ¸É¨,  

〈
Bz

〉
K ′

zz/R Å ¶·μ¤μ²Ó´μ¥ ¶μ²¥ By ´  ±· ÖÌ
¶μ¢μ·μÉ´ÒÌ ³ £´¨Éμ¢.

�μ¤Î¥·±´¥³, ÎÉμ ³μÐ´μ¸ÉÓ ·¥§μ´ ´¸  Ö¢²Ö¥É¸Ö Ë¨§¨Î¥¸±μ° ¢¥²¨Î¨´μ°,
±μÉμ· Ö Ì · ±É¥·¨§Ê¥É Ê¸Éμ°Î¨¢μ¸ÉÓ ¸¶¨´μ¢μ£μ ¤¢¨¦¥´¨Ö ¢ ±μ²ÓÍ¥ Ê¸±μ·¨-
É¥²Ö, ¨ ¥¥ §´ Î¥´¨¥ ´¥ § ¢¨¸¨É μÉ ¸¨¸É¥³Ò ±μμ·¤¨´ É, ¢ ±μÉμ·μ° μ´  ¢ÒÎ¨-
¸²Ö¥É¸Ö.

ˆ¸¶μ²Ó§ÊÖ Éμ¦¤¥¸É¢μ, ¸¶· ¢¥¤²¨¢μ¥ ¶·¨ ν = νk:〈
d

d θ

[
z′ e i νΘ

]〉
=
〈[

z′′ + i ν Kz z′
]
e i νΘ

〉
= 0 , (2.4)
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³μ¦´μ ¶·¥μ¡· §μ¢ ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö ³μÐ´μ¸É¨ ·¥§μ´ ´¸  (2.1) ± ¢¨¤Ê, ¶·¨-
¢¥¤¥´´μ³Ê ¢ · ¡μÉ¥ E.D. Courant ¨ R.D. Ruth [11]:

wk =
1
R

〈[(
1 + ν

)
z′′ + i

(
1 + ν

)
Kz z′ − i

(
1 + G

)
(Kz z)′

]
e i νΘ

〉
. (2.5)

‚Ò¢μ¤ ¢Ò· ¦¥´¨Ö ¤²Ö ³μÐ´μ¸É¨ ·¥§μ´ ´¸  (2.5) ¶·μ¨§¢μ¤¨²¸Ö ¢ ®Ê¸±μ-
·¨É¥²Ó´μ°¯ ¸¨¸É¥³¥ ±μμ·¤¨´ É (¸³. A.3), ¸¢Ö§ ´´μ° ¸ ¶²μ¸±μ° · ¢´μ¢¥¸´μ°
μ·¡¨Éμ° ¶ÊÎ± , ¢ ±μÉμ·μ° ¸¶¨´μ¢μ¥ ¢μ§³ÊÐ¥´¨¥ �w · ¢´μ

�w =
{
(1 + ν)

z′′

R
; (1 + G)

(
Kz

z

R

)′
− (1 + ν)Kz

z′

R
;

− (1 + ν)
x′′

R
+

Δγ

γ
ν Kz

}
. (2.6)

Œμ¦´μ ¨¸±²ÕÎ¨ÉÓ ¸² £ ¥³μ¥, ¸μ¤¥·¦ Ð¥¥ ¶·μ¨§¢μ¤´ÊÕ z′′ ¢ ¢Ò· ¦¥-
´¨¨ (2.1) ¨²¨ (2.5). “Î¨ÉÒ¢ Ö ¸μμÉ´μÏ¥´¨¥ (2.4), ¶μ²ÊÎ¨³

wk = − i

R

〈[(
ν2 + G

)
Kz z′ +

(
1 + G

)
K ′

z z
]
e i νΘ

〉
. (2.7)

�·¨³¥´ÖÖ Éμ¦¤¥¸É¢μ,  ´ ²μ£¨Î´μ¥ (2.4),〈
d

d θ

[
Kz z e i νΘ

]〉
=
〈[

(K ′
z + i νK2

z )z + Kz z′
]
e i νΘ

〉
= 0, (2.8)

¶μ²ÊÎ¨³ ¢Ò· ¦¥´¨¥ ¤²Ö ³μÐ´μ¸É¨ ·¥§μ´ ´¸ , ±μÉμ·μ¥ ´¥ ¸μ¤¥·¦¨É ¶·μ¨§¢μ¤-
´ÒÌ ¢¥·É¨± ²Ó´μ£μ μÉ±²μ´¥´¨Ö:

wk =
1
R

〈[
ν
(
ν2 + G

)
K2

z + i
(
ν2 − 1

)
K ′

z

]
z e i νΘ

〉
. (2.9)

Š ± ¢¨¤¨³ ¨§ Ëμ·³Ê² (2.4) ¨ (2.8), ¸ÊÐ¥¸É¢Ê¥É ¦¥¸É± Ö ¸¢Ö§Ó ³¥¦¤Ê ¢±² -
¤ ³¨ ¢ ³μÐ´μ¸ÉÓ ·¥§μ´ ´¸  μÉ · ¤¨ ²Ó´μ£μ ¶μ²Ö, μÉ ¶·μ¤μ²Ó´μ° ¶·μ¥±Í¨¨
¶μ²Ö ¶μ¢μ·μÉ´ÒÌ ³ £´¨Éμ¢ ¨ μÉ ¶·μ¤μ²Ó´μ£μ ¶μ²Ö, ¢μ§´¨± ÕÐ¥£μ ´  ±· ÖÌ
¶μ¢μ·μÉ´ÒÌ ³ £´¨Éμ¢:〈

z′′ e i νΘ
〉

= −i ν
〈
Kz z′ e i νΘ

〉
= i ν

〈
K ′

z z e i νΘ
〉
− ν2

〈
K2

z z e i νΘ
〉
. (2.10)

’μÎ´μ É ± ¦¥, ± ± Ê¸²μ¢´Ò³ Ö¢²Ö¥É¸Ö · §¤¥²¥´¨¥ ´  ¶·Ö³μ¥ ¤¥°¸É¢¨¥
rf-¤¨¶μ²Ö ¨ ¨´¤ÊÍ¨·μ¢ ´´μ¥, Ê¸²μ¢´Ò³ Ö¢²Ö¥É¸Ö · §¤¥²¥´¨¥ ´  ¢μ§¤¥°¸É¢¨¥
μÉ¤¥²Ó´ÒÌ ±μ³¶μ´¥´É ¢μ§³ÊÐ¥´¨Ö. ŒμÐ´μ¸ÉÓ ¸¶¨´μ¢μ£μ ·¥§μ´ ´¸  Ö¢²Ö¥É¸Ö
¨´É¥£· ²Ó´μ° Ì · ±É¥·¨¸É¨±μ° ¸¶¨´μ¢μ£μ ¤¢¨¦¥´¨Ö, μ¶·¥¤¥²ÖÕÐ¥° ¦¥¸É±ÊÕ
¸¢Ö§Ó ³¥¦¤Ê ¢±² ¤ ³¨ μÉ¤¥²Ó´ÒÌ ±μ³¶μ´¥´É ³ £´¨É´μ£μ ¶μ²Ö. 
μ²¥¥ Éμ£μ,
· §¤¥²¥´¨¥ ¢±² ¤  μÉ¤¥²Ó´ÒÌ ±μ³¶μ´¥´É ³ £´¨É´μ£μ ¶μ²Ö ´¥ ¨´¢ ·¨ ´É´μ ¨
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§ ¢¨¸¨É μÉ ¸¨¸É¥³Ò ±μμ·¤¨´ É, ¢ ±μÉμ·μ° ¶·μ¢μ¤¨É¸Ö  ´ ²¨§. ’ ±, ¢ É· -
¤¨Í¨μ´´μ° Ê¸±μ·¨É¥²Ó´μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É ¢±² ¤ · ¤¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ
³ £´¨É´μ£μ ¶μ²Ö ¶·μ¶μ·Í¨μ´ ²¥´ Ë ±Éμ·Ê (1+ν), ¢ Éμ ¢·¥³Ö ± ± ¢ ´ ÉÊ· ²Ó-
´μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É μ´ ¶·μ¶μ·Í¨μ´ ²¥´ ν. ‹¨ÏÓ ¶·¨´Í¨¶ ®¶·μ¸ÉμÉÒ¯
Ê· ¢´¥´¨° ³μ¦¥É ¢Ò¤¥²¨ÉÓ ¡μ²¥¥ Ê¤μ¡´ÊÕ ¸¨¸É¥³Ê ±μμ·¤¨´ É, ¨¸¶μ²Ó§Ê¥³ÊÕ
¶·¨ · ¸Î¥É Ì ³μÐ´μ¸É¨ ¸¶¨´μ¢μ£μ ·¥§μ´ ´¸ .

“Î¨ÉÒ¢ Ö ¸± § ´´μ¥, ³μ¦´μ £μ¢μ·¨ÉÓ μ ¢±² ¤¥ μ¤´μ° ±μ³¶μ´¥´ÉÒ ³ £´¨É-
´μ£μ ¶μ²Ö ¢ ¶·¥¤¥²Ó´ÒÌ ¸¨ÉÊ Í¨ÖÌ. � ¶·¨³¥·, ¶·¨ ν � 1 μ¸´μ¢´μ° ¢±² ¤ ¢
³μÐ´μ¸ÉÓ ¸¶¨´μ¢μ£μ ·¥§μ´ ´¸  ¤ ¥É · ¤¨ ²Ó´ Ö ±μ³¶μ´¥´É  ³ £´¨É´μ£μ ¶μ²Ö

wk ≈ ν

R

〈
z ′′e i νΘ

〉
. (2.11)

‚ ÔÉμ³ ¶·¥¤¥²Ó´μ³ ¸²ÊÎ ¥, ÊÎ¨ÉÒ¢ Ö ¸μμÉ´μÏ¥´¨Ö (2.10), ³μ¦´μ É ±¦¥
ÊÉ¢¥·¦¤ ÉÓ, ÎÉμ μ¸´μ¢´μ° ÔËË¥±É ¸¢Ö§ ´ ¸ ±μ³¶μ´¥´Éμ° ¢¥·É¨± ²Ó´μ£μ ¶μ²Ö
¢¤μ²Ó ¸±μ·μ¸É¨:

wk ≈ − i ν2

R

〈
Kz z ′e i νΘ

〉
. (2.12)

„·Ê£μ° ¶·¨³¥· ¶·¨¢¥¤¥³ ¶·¨ ν → 0. ‚ ÔÉμ³ ¸²ÊÎ ¥ μ¸´μ¢´μ° ¢±² ¤ ¤ ¥É
¶·μ¤μ²Ó´μ¥ ¶μ²¥ ´  ±· ÖÌ ¶μ¢μ·μÉ´ÒÌ ³ £´¨Éμ¢:

wk ≈ − i

R

〈
K ′

z z e i νΘ
〉
→ − i

R
〈K ′

z z〉 . (2.13)

�¤´ ±μ ¸ É¥³ ¦¥ μ¸´μ¢ ´¨¥³, ¨¸¶μ²Ó§ÊÖ ¸μμÉ´μÏ¥´¨Ö (2.10), ³Ò ³μ-
¦¥³ ÊÉ¢¥·¦¤ ÉÓ, ÎÉμ ³μÐ´μ¸ÉÓ ¸¶¨´μ¢μ£μ ·¥§μ´ ´¸  ¶·¨ ¤μ¸É ÉμÎ´μ ³ -
²μ³ §´ Î¥´¨¨ ν μ¶·¥¤¥²Ö¥É¸Ö · ¤¨ ²Ó´μ° ±μ³¶μ´¥´Éμ° ¶μ²Ö ¸ ³´μ¦¨É¥²¥³
−1/ν

(〈
K

′

z z
〉
	= 0
)
:

wk ≈ − 1
ν R

〈
z ′′e i νΘ

〉
. (2.14)

ŒÒ ³μ¦¥³ μ¡Ñ¥¤¨´¨ÉÓ ÔÉ¨ ¤¢  ¶·¥¤¥²Ó´ÒÌ ¸²ÊÎ Ö, ¨ · ¸Î¥É ¶μ Ëμ·³Ê²¥

wk ≈
(
ν − 1

ν

) 1
R

〈
z ′′e i νΘ

〉
(2.15)

¡Ê¤¥É ¶· ¢¨²Ó´Ò³ ¸ ÉμÎ´μ¸ÉÓÕ ∼ ν ¶·¨ ³ ²ÒÌ ν ¨ ¸ ÉμÎ´μ¸ÉÓÕ ∼ 1/ν ¶·¨
¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ ν. �Ï¨¡±  ¢ ¢ÒÎ¨¸²¥´¨ÖÌ ³μÐ´μ¸É¨ ¸¶¨´μ¢μ£μ ·¥§μ-
´ ´¸  ¶μ Ëμ·³Ê²¥ (2.15) ³μ¦¥É ¡ÒÉÓ §´ Î¨É¥²Ó´μ° ¢ ¸²ÊÎ ¥, ±μ£¤  ν ∼ 1.
�É³¥É¨³ É ±¦¥ ¨ ¸²ÊÎ °, ±μ£¤  ν → 0,   rf-¤¨¶μ²Ó · ¸¶μ²μ¦¥´ ¢ μ¡² ¸É¨
μ·¡¨ÉÒ, ¢ ±μÉμ·μ° μ¸´μ¢´μ° ¢±² ¤ ±· ¥¢μ£μ ¶·μ¤μ²Ó´μ£μ ¶μ²Ö ¸±μ³¶¥´¸¨·μ-
¢ ´:

〈
K

′

z z exp(iνΘ)
〉
→ 0. ‚ ÔÉμ° ¸¨ÉÊ Í¨¨ Ëμ·³Ê²Ò (2.13), (2.14) ¨ (2.15)

´¥ ¢¥·´Ò,   ³μÐ´μ¸ÉÓ ·¥§μ´ ´¸  ¡Ê¤¥É ¸É·¥³¨ÉÓ¸Ö ± ´Ê²Õ ¢³¥¸É¥ ¸ ν ± ±
νG = γG2.
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�·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¢ÒÏ¥¶·¨¢¥¤¥´´ÒÌ Ëμ·³Ê² ¸²¥¤Ê¥É ¨³¥ÉÓ ¢ ¢¨¤Ê, ÎÉμ
¸ÊÐ¥¸É¢Ê¥É μ£· ´¨Î¥´¨¥ ¸´¨§Ê ¶·¨ ¸É·¥³²¥´¨¨ ν ± ´Ê²Õ: ν � |wk|, ±μÉμ-
·μ¥ μ§´ Î ¥É, ÎÉμ ¤¥°¸É¢¨¥ ¢μ§³ÊÐ ÕÐ¨Ì ¶μ²¥° ´  ¤¢¨¦¥´¨¥ ¸¶¨´  ³ ²μ ¢
É¥Î¥´¨¥ ¢·¥³¥´¨ μ¡μ·μÉ  Î ¸É¨Í ¢ Ê¸±μ·¨É¥²¥.

ˆ¸¶μ²Ó§μ¢ ´¨¥ Ô±¢¨¢ ²¥´É´ÒÌ Ëμ·³Ê² (2.1), (2.5), (2.7), (2.9) ¶·¨ · ¸-
Î¥É¥ ³μÐ´μ¸É¨ ·¥§μ´ ´¸  wk μ¶·¥¤¥²Ö¥É¸Ö ²¨ÏÓ Ê¤μ¡¸É¢μ³ ¢ÒÎ¨¸²¥´¨° ¨
¶·¨¢μ¤¨É ± μ¤´μ³Ê ·¥§Ê²ÓÉ ÉÊ.

3. � ®��ŸŒ�Œ¯ ‚�‡„…‰‘’‚ˆˆ ��„ˆ�‹œ��ƒ� RF-„ˆ��‹Ÿ

Š ± Ê¦¥ μÉ³¥Î ²μ¸Ó, ¢Ò¤¥²¥´¨¥ ¢ ³μÐ´μ¸É¨ ¸¶¨´μ¢μ£μ ·¥§μ´ ´¸  ÔË-
Ë¥±É  ¶·Ö³μ£μ ¢μ§¤¥°¸É¢¨Ö rf-¤¨¶μ²Ö Ö¢²Ö¥É¸Ö Ê¸²μ¢´Ò³. �·Ö³μ³Ê ¤¥°¸É¢¨Õ
±μ·μÉ±μ£μ ÊÎ ¸É±  ¸ · ¤¨ ²Ó´Ò³ rf-¤¨¶μ²¥³ ´¥¨§¡¥¦´μ ¸μ¶ÊÉ¸É¢Ê¥É É ± ´ §Ò-
¢ ¥³μ¥ ®¨´¤ÊÍ¨·μ¢ ´´μ¥¯ ¤¥°¸É¢¨¥ · ¤¨ ²Ó´μ£μ ¶μ²Ö, ¢μ§´¨± ÕÐ¥£μ ¢ ±¢ -
¤·Ê¶μ²ÖÌ ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò Ê¸±μ·¨É¥²Ö.

„²Ö ¶·¨³¥·  · ¸¸³μÉ·¨³ ¶·μ¸ÉÊÕ § ¤ ÎÊ μ ¸¶¨´μ¢μ³ ·¥§μ´ ´¸¥
ν = k − νrf , ¨´¤ÊÍ¨·μ¢ ´´μ³ ²μ± ²Ó´Ò³ rf-¤¨¶μ²¥³ ¢ ±·Ê£²μ³ Ê¸±μ·¨É¥²¥
¸μ ¸£² ¦¥´´μ° Ëμ±Ê¸¨·μ¢±μ°:

Kz = 1 , Θ = θ , β =
R

νz
= const, (3.1)

£¤¥ β Å ¡¥É -ËÊ´±Í¨Ö ¢¥·É¨± ²Ó´ÒÌ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°.
� °¤¥³ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö ¤²Ö ¢¥·É¨± ²Ó´μ£μ μÉ±²μ´¥´¨Ö, ¨´¤ÊÍ¨·μ¢ ´-

´μ£μ · ¤¨ ²Ó´Ò³ ¤¨¶μ²¥³ ¤²¨´μ° Δθ → 0, · ¸¶μ²μ¦¥´´Ò³ ¢ ´ Î ²¥ ±μμ·¤¨-
´ É θ = 0:

z′′ + ν2
z z = R ϕx cos(νrf θ)

∑
k

δ(θ − 2πk), (3.2)

£¤¥ ϕx Å ³ ±¸¨³ ²Ó´Ò° Ê£μ² ¶μ¢μ·μÉ  · ¤¨ ²Ó´Ò³ ¤¨¶μ²¥³:

ϕx =
BxΔθ〈

Bz

〉 =
1

Bρ

∫
B dl =

√
2

Bρ

∫
Brmsdl. (3.3)

‡¤¥¸Ó Bx = �B �ex, Bz = �B �ez, �ex ¨ �ez Å ¸μμÉ¢¥É¸É¢¥´´μ · ¤¨ ²Ó´Ò° ¨
¢¥·É¨± ²Ó´Ò° μ·ÉÒ ¢ Ê¸±μ·¨É¥²Ó´μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É.

�  ¨´É¥·¢ ²¥ 0 < θ < 2π (¢´¥ §μ´Ò · ¸¶μ²μ¦¥´¨Ö · ¤¨ ²Ó´μ£μ ¤¨¶μ²Ö)
¨³¥¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò´Ê¦¤¥´´μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (3.2):

z = z+ + z− = z+ + z∗+,

z+

R
=

ϕx

8νz
ei πνrf

[
ei νz(π−θ)

sin π(νz + νrf)
+

e−i νz(π−θ)

sin π(νz − νrf)

]
.

(3.4)
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‡¤¥¸Ó z+ Å ·¥§μ´ ´¸´ Ö £ ·³μ´¨±  ¢¥·É¨± ²Ó´μ£μ μÉ±²μ´¥´¨Ö ¸μ ¸¢μ°¸É¢μ³

z+(θ + 2π) = z+(θ) e i 2πνrf , (3.5)

¸ ¶μ³μÐÓÕ ±μÉμ·μ£μ ¢μ§³μ¦´μ ¶·μ¤²¨ÉÓ z+ ´  ¢¸Õ μ¡² ¸ÉÓ §´ Î¥´¨°  §¨-
³ÊÉ  θ.

�É³¥É¨³ É ±¦¥, ÎÉμ μÉ±²μ´¥´¨¥ z μ¸É ¥É¸Ö ´¥¶·¥·Ò¢´Ò³ ¶·¨ ¶·μ²¥É¥
±μ·μÉ±μ£μ ÊÎ ¸É±  ¸ · ¤¨ ²Ó´Ò³ ¤¨¶μ²¥³, ¢ Éμ ¢·¥³Ö ± ± μÉ±²μ´¥´¨¥ ´ ¶· -
¢²¥´¨Ö ¸±μ·μ¸É¨ z′/R ¨¸¶ÒÉÒ¢ ¥É ¸± Îμ± ¨ ¢Ò§Ò¢ ¥É ¨¸± ¦¥´¨¥ μ·¡¨ÉÒ ¢
±¢ ¤·Ê¶μ²ÖÌ.

‚ÒÎ¨¸²¨³ ¸²¥¤ÊÕÐ¨¥ ¨´É¥£· ²Ò ¶μ μ¡μ·μÉÊ ¢ Ê¸±μ·¨É¥²¥
(ν = νk = k − νrf ):

1
2πR

2π∫
0

z+
′′ei νk θdθ =

1
2πR

Δθ∫
0

z+
′′ei νk θdθ − ν2

z

2πR

2π∫
Δθ

z+ei νk θdθ =

=
ϕx

4π
+

ϕx

4π

ν2
z

γ2G2 − ν2
z

,

1
2πR

2π∫
0

z+
′ei νk θdθ =

ϕx

4π

i Gγ

γ2G2 − ν2
z

.

(3.6)

ˆ§ Ëμ·³Ê²Ò ¤²Ö ³μÐ´μ¸É¨ ·¥§μ´ ´¸  (2.5), ¢Ò¶¨¸ ´´μ° ¢ É· ¤¨Í¨μ´´μ°
Ê¸±μ·¨É¥²Ó´μ° ¸¨¸É¥³¥, ¸ ¶μ³μÐÓÕ ¨´É¥£· ²μ¢ (3.6) μ±μ´Î É¥²Ó´μ ¶μ²ÊÎ¨³:

wk = (1 + Gγ)
ϕx

4π
+ (1 + Gγ)

ϕx

4π

ν2
z

γ2G2 − ν2
z

+ i (Gγ − G)
ϕx

4π

i γG

γ2G2 − ν2
z

=

=
ϕx

4π

γG(γ2G2 + G)
γ2G2 − ν2

z

=
ϕx

4π

ν (ν2 + G)
ν2 − ν2

z

.

(3.7)

’μÎ´μ É ±μ° ¦¥ ·¥§Ê²ÓÉ É (3.7) ¶μ²ÊÎ ¥É¸Ö ¨ ¤²Ö ¸¶¨´μ¢μ£μ ·¥§μ´ ´¸ 
νk = νrf + k. �·¨ ÔÉμ³ ¢ ¨´É¥£· ² Ì (3.6) ¸²¥¤Ê¥É § ³¥´¨ÉÓ z+ ´  z− = z∗+.

�¥·¢μ¥ ¸² £ ¥³μ¥ ¢ (3.7) ¸μμÉ¢¥É¸É¢Ê¥É ®¶·Ö³μ³Ê¯ ¤¥°¸É¢¨Õ rf-¤¨¶μ²Ö,
±μÉμ·μ¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¶μ Ëμ·³Ê²¥ (1.2). ‚Éμ·μ¥ ¨ É·¥-
ÉÓ¥ ¸² £ ¥³Ò¥ μ¡Ö§ ´Ò ÊÎ¥ÉÊ ³ £´¨É´ÒÌ ¶μ²¥°, ¨´¤ÊÍ¨·μ¢ ´´ÒÌ rf-¤¨¶μ²¥³
¢¤μ²Ó ¢¸¥£μ ±μ²ÓÍ  Ê¸±μ·¨É¥²Ö. �·¨ ¶·¨¡²¨¦¥´¨¨ ± ¢´ÊÉ·¥´´¥³Ê ·¥§μ´ ´¸Ê
νk = γG → νz ÔÉ¨ ¸² £ ¥³Ò¥ ¨³¥ÕÉ · ¸ÉÊÐ¨¥ ³´μ¦¨É¥²¨ ¨ ¶·¥¢ÒÏ ÕÉ ¶μ
¢¥²¨Î¨´¥ ¶·Ö³μ¥ ¤¥°¸É¢¨¥ rf-¤¨¶μ²Ö. �·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ γG ®¶·Ö³μ¥¯ ¤¥°-
¸É¢¨¥ rf-¤¨¶μ²Ö ±μ³¶¥´¸¨·Ê¥É¸Ö · ¤¨ ²Ó´Ò³ ¶μ²¥³, ¨´¤ÊÍ¨·μ¢ ´´Ò³ ¢¤μ²Ó
μ¸É ¢Ï¥£μ¸Ö ±μ²ÓÍ  (¢Éμ·Ò³ ¸² £ ¥³Ò³).
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’ ±¨³ μ¡· §μ³, ¶·Ö³μ¥ ¢μ§¤¥°¸É¢¨¥ rf-¤¨¶μ²Ö ´¥ ³μ¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö
μÉ¤¥²Ó´μ μÉ ¨´¤ÊÍ¨·μ¢ ´´μ£μ ÔÉ¨³ ¦¥ ¤¨¶μ²¥³ · ¤¨ ²Ó´μ£μ ¶μ²Ö ¢ ±¢ ¤·Ê¶μ-
²ÖÌ ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò Ê¸±μ·¨É¥²Ö.

4. ‚›—ˆ‘‹…�ˆ… Œ�™��‘’ˆ ‘�ˆ��‚�ƒ� �…‡����‘�
‘ ��Œ�™œ� ”“�Š–ˆˆ �’Š‹ˆŠ�

� °¤¥³ ³μÐ´μ¸ÉÓ rf-·¥§μ´ ´¸  ¢ Ê¸±μ·¨É¥²¥ ¸ ¶·μ¨§¢μ²Ó´μ° Ëμ±Ê¸¨·μ¢-
±μ°. „²Ö ÔÉμ£μ ¸²¥¤Ê¥É ´ °É¨ ¢Ò´Ê¦¤¥´´μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö ¤²Ö ¢¥·É¨± ²Ó-
´μ£μ μÉ±²μ´¥´¨Ö μÉ ¶²μ¸±μ¸É¨ μ·¡¨ÉÒ zs, ¨´¤ÊÍ¨·μ¢ ´´μ£μ ¶μ²¥³ ¢μ§³ÊÐ¥-
´¨Ö Q:

z′′s + gzzs = Q R. (4.1)

	Éμ ·¥Ï¥´¨¥ ³μ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´μ Î¥·¥§ ¸μ¡¸É¢¥´´Ò¥ ·¥Ï¥´¨Ö μ¤´μ-
·μ¤´μ£μ Ê· ¢´¥´¨Ö, Éμ ¥¸ÉÓ Î¥·¥§ ËÊ´±Í¨Õ ”²μ±¥ fz(θ). ”Ê´±Í¨Ö ”²μ±¥
μ¡² ¤ ¥É ¨§¢¥¸É´Ò³ ¸¢μ°¸É¢μ³ [12]:

fz(θ + 2π) = e i 2πνz fz(θ), (4.2)

£¤¥ νz Å ¶·¨¢¥¤¥´´ Ö Î ¸ÉμÉ  ¢¥·É¨± ²Ó´ÒÌ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°. Šμ³-
¶²¥±¸´μ¥ ·¥Ï¥´¨¥ ”²μ±¥ Ê¤μ¢²¥É¢μ·Ö¥É μ¤´μ·μ¤´μ³Ê Ê· ¢´¥´¨Õ

f ′′
z + gz fz = 0 (4.3)

¨ ³μ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´μ Î¥·¥§ β-ËÊ´±Í¨Õ:

fz(θ) =

√
βz(θ)

R
exp
(

i

θ∫
0

R

βz
dθ
)
. (4.4)

ˆ§ Ëμ·³Ê²Ò (4.4) ¸²¥¤Ê¥É
νz =

〈
R/βz

〉
. (4.5)

‘ ¶μ³μÐÓÕ ËÊ´±Í¨¨ ”²μ±¥ ¢Ò´Ê¦¤¥´´μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (4.1) ¤²Ö
¢¥·É¨± ²Ó´μ£μ μÉ±²μ´¥´¨Ö § ¶¨Ï¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

zs =
R

2i

[
fz

θ∫
−∞

Q f ∗
z dθ − f ∗

z

θ∫
−∞

Q fz dθ
]

= R Im
(
fz

θ∫
−∞

Q f ∗
z dθ

)
. (4.6)

�¥Ï¥´¨¥ (4.6) ¸μ¤¥·¦¨É ²¨ÏÓ ¸¶¥±É· Î ¸ÉμÉ ¢μ§³ÊÐ¥´¨Ö Q(θ). …¸²¨
¢μ§³ÊÐ¥´¨¥ Q(θ) ³μ¦´μ · §¡¨ÉÓ ´  ¤¢¥ Î ¸É¨ Q = Q+ + Q− ¸μ ¸¢μ°¸É¢ ³¨:

Q+(θ + 2π) = e i 2πνrf Q+(θ), Q−(θ + 2π) = e− i 2πνrf Q−(θ), (4.7)
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Éμ, ¸μμÉ¢¥É¸É¢¥´´μ, ¨ ¨¸± ¦¥´¨¥ μ·¡¨ÉÒ zs ³μ¦´μ · §¡¨ÉÓ ´   ´ ²μ£¨Î´Ò¥
¸² £ ¥³Ò¥ ¸  ´ ²μ£¨Î´Ò³¨ ¸¢μ°¸É¢ ³¨ (4.7), ÉμÎ´μ É ± ¦¥, ± ± ¨ ¢ ±·Ê£²μ³
Ê¸±μ·¨É¥²¥ (¸³. 3.4).

„²Ö ¢ÒÎ¨¸²¥´¨Ö ³μÐ´μ¸É¨ ¸¶¨´μ¢μ£μ ·¥§μ´ ´¸  ´ °¤¥´´μ¥ ·¥Ï¥´¨¥ ¸²¥-
¤Ê¥É ¶μ¤¸É ¢¨ÉÓ ¢ Ëμ·³Ê²Ê (2.7) ¨ Ê¸·¥¤´¨ÉÓ ¶μ ³´μ£¨³ μ¡μ·μÉ ³ Î ¸É¨Í.
‹¨ÏÓ ¢Ò¤¥²¥´¨¥ ·¥§μ´¨·ÊÕÐ¥° £ ·³μ´¨±¨ ¢μ§³ÊÐ¥´¨Ö ¶μ§¢μ²Ö¥É ¸¢¥¸É¨ ¢Ò-
Î¨¸²¥´¨Ö ± ¨´É¥£·¨·μ¢ ´¨Õ ¶μ μ¤´μ³Ê μ¡μ·μÉÊ.

Œμ¦´μ ¶μ²ÊÎ¨ÉÓ ¡μ²¥¥ ¶·Ö³ÊÕ Ëμ·³Ê²Ê ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ³μÐ´μ¸É¨ ¸¶¨-
´μ¢μ£μ ·¥§μ´ ´¸  ν = νk ¸ ¶μ³μÐÓÕ ¶¥·¨μ¤¨Î¥¸±μ° ËÊ´±Í¨¨ μÉ±²¨±  F (θ)
[7Ä10]. ˆ´É¥£·¨·ÊÖ (2.7) ¶μ Î ¸ÉÖ³ ¨ ¨¸¶μ²Ó§ÊÖ Ëμ·³Ê²Ê (4.6) ¤²Ö ¢¥·É¨± ²Ó-
´μ£μ μÉ±²μ´¥´¨Ö, ¶μ²ÊÎ ¥³

wk =
〈
Q F e i νkΘ

〉
=

1
2π

2π∫
0

QresF e i νkΘ dθ, (4.8)

£¤¥ ËÊ´±Í¨Ö F (θ) = F (θ + 2π) ¢ÒÎ¨¸²Ö¥É¸Ö ¶μ Ëμ·³Ê²¥

F =
e−i νΘ

2

⎡
⎣f∗

z

θ∫
−∞

[(
ν2 + G

)
f ′

z Kz +
(
1 + G

)
fz K ′

z

]
e i νΘ dθ−

− fz

θ∫
−∞

[(
ν2 + G

)
f∗ ′

z Kz +
(
1 + G

)
f∗

z K ′
z

]
e i νΘ dθ

⎤
⎦

(4.9)

¨ μ¶·¥¤¥²Ö¥É¸Ö ³ £´¨É´μ° ¸É·Ê±ÉÊ·μ° ±μ²ÓÍ . ”Ê´±Í¨Ö μÉ±²¨±  Ö¢²Ö¥É¸Ö É -
±μ° ¦¥ Ì · ±É¥·¨¸É¨±μ° ¸¶¨´μ¢μ£μ ¤¢¨¦¥´¨Ö, ± ± ¨ ËÊ´±Í¨Ö ”²μ±¥ fz ¤²Ö
¢¥·É¨± ²Ó´μ£μ ¡¥É É·μ´´μ£μ ¤¢¨¦¥´¨Ö.

…¸²¨ ¨¸Ìμ¤¨ÉÓ ¨§ · §´ÒÌ ¸¨¸É¥³ ±μμ·¤¨´ É (±μÉμ·Ò³ ¸μμÉ¢¥É¸É¢ÊÕÉ Ëμ·-
³Ê²Ò (2.1), (2.5), (2.7), (2.9)), ³μ¦´μ ¢Ò¶¨¸ ÉÓ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ Ëμ·³Ê²Ò ¤²Ö
ËÊ´±Í¨¨ μÉ±²¨± , ±μÉμ·Ò¥ Î¨¸²¥´´μ ¸μ¢¶ ¤ ÕÉ ¸ (4.9). � ¶·¨³¥·,  ´ ²μ£¨Î-
´ Ö Ëμ·³Ê²  ¨³¥¥É ¢¨¤

F =
e−i νΘ

2 i

⎡
⎣fz

θ∫
−∞

[
ν
(
ν2 + G

)
K2

z + i
(
ν2 − 1

)
K ′

z

]
f ∗

z e i νΘ dθ−

− f ∗
z

θ∫
−∞

[
ν
(
ν2 + G

)
K2

z + i
(
ν2 − 1

)
K ′

z

]
fz e i νΘ dθ

⎤
⎦ .

(4.10)

„²Ö ²μ± ²Ó´μ£μ ¤¨¶μ²Ö, · ¸¶μ²μ¦¥´´μ£μ ¢ ³¥¸É¥ μ·¡¨ÉÒ ¸  §¨³ÊÉμ³ θrf ,
¨³¥¥³

Q = ϕx cos(νrf θ)
∑

k

δ(θ − θrf − 2πk), wrf =
ϕx

4π

∣∣∣F (θrf)
∣∣∣. (4.11)
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�¨¸. 2. βz-ËÊ´±Í¨Ö ¢ COSY

�¨¸. 3. Œμ¤Ê²Ó ËÊ´±Í¨¨ μÉ±²¨±  ¢ COSY

‚ ±·Ê£²μ³ Ê¸±μ·¨É¥²¥ ¸μ ¸£² ¦¥´´μ° Ëμ±Ê¸¨·μ¢±μ° ËÊ´±Í¨Ö μÉ±²¨± 
· ¢´  (fz = 1/

√
νz exp(i νzθ))

F =
γG(γ2G2 + G)

γ2G2 − ν2
z

=
ν (ν2 + G)
ν2 − ν2

z

. (4.12)

�μ¤¸É ¢¨¢ §´ Î¥´¨¥ (4.12) ¢ Ëμ·³Ê²Ê (4.11), ¶μ²ÊÎ¨³ §´ Î¥´¨¥ ³μÐ´μ¸É¨
·¥§μ´ ´¸  (3.7).

�  ·¨¸. 2 ¨ 3 ¶·¨¢¥¤¥´Ò £· Ë¨±¨ ¤²Ö ¢¥·É¨± ²Ó´μ° βz-ËÊ´±Í¨¨ ¨ ³μ-
¤Ê²Ö ËÊ´±Í¨¨ μÉ±²¨±  |F | ¤²Ö ¤¥°É·μ´μ¢ ¢ ¸É·Ê±ÉÊ·¥ COSY ¢ § ¢¨¸¨³μ-
¸É¨ μÉ ±μμ·¤¨´ ÉÒ ¢¤μ²Ó · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ. �·¨ · ¸Î¥É Ì ¢¥·É¨± ²Ó´μ°
βz-ËÊ´±Í¨¨ ¨ ³μ¤Ê²Ö ËÊ´±Í¨¨ μÉ±²¨±  ¶·¥¤¶μ² £ ²μ¸Ó, ÎÉμ ¶μ¢μ·μÉ´Ò¥ ³ £-
´¨ÉÒ ¨³¥ÕÉ ·¥§±¨¥ ±· Ö.

�μ¤¸É ¢¨¢ §´ Î¥´¨Ö ¨´É¥£· ²μ¢ ¶μ²¥°, ¨¸¶μ²Ó§Ê¥³ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥, ¶μ-
²ÊÎ¨³ ¸²¥¤ÊÕÐÊÕ Ëμ·³Ê²Ê ¤²Ö · ¸Î¥É :

wrf = 11,12 · |F (θrf)
∣∣∣ · 10−6. (4.13)

‡´ Î¥´¨¥ ³μ¤Ê²Ö ËÊ´±Í¨¨ μÉ±²¨±  ¢ ³¥¸É¥ · ¸¶μ²μ¦¥´¨Ö rf-¤¨¶μ²Ö ¶·¨-
³¥·´μ · ¢´μ 0,09, ¨ ¶μ²ÊÎ ¥³, ÎÉμ §´ Î¥´¨¥ ³μÐ´μ¸É¨ rf-·¥§μ´ ´¸  · ¢´μ
wrf = 10−6.

�É²¨Î¨¥ ¶μ²ÊÎ¥´´μ£μ ·¥§Ê²ÓÉ É  μÉ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¢¶μ²´¥ μ¡ÑÖ¸´Ö-
¥É¸Ö ¢Ò¡· ´´Ò³ ¶·¨¡²¨¦¥´¨¥³ ¶·¨ · ¸Î¥É Ì. “Î¥É ®¢Ò¶ ¤ ´¨Ö¯ ³ £´¨É´μ£μ
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¶μ²Ö ´  ±· ÖÌ ¶μ¢μ·μÉ´ÒÌ ³ £´¨Éμ¢,   É ±¦¥ ±μ´¥Î´μ¸ÉÓ ¤²¨´Ò rf-¤¨¶μ²Ö ³μ-
£ÊÉ ¨§³¥´¨ÉÓ ¶μ²ÊÎ¥´´μ¥ §´ Î¥´¨¥ ³μÐ´μ¸É¨ ·¥§μ´ ´¸  (¤²Ö ¶·¨³¥· , §´ Î¥-
´¨¥ ³μ¤Ê²Ö ËÊ´±Í¨¨ μÉ±²¨±  ¢ ¶Ê¸Éμ³ ¶·μ³¥¦ÊÉ±¥, £¤¥ Ê¸É ´μ¢²¥´ rf-¤¨¶μ²Ó,
¨§³¥´Ö¥É¸Ö ¢ ¨´É¥·¢ ²¥ μÉ 0,09 ¤μ 0,15).

‚ ¦´μ μÉ³¥É¨ÉÓ, ÎÉμ ËÊ´±Í¨Ö μÉ±²¨±  ¤¥°É·μ´μ¢ ¶·¨ ³ ²ÒÌ Ô´¥·£¨ÖÌ
(ν = γG � 1) ¢ μ¸´μ¢´μ³ μ¶·¥¤¥²Ö¥É¸Ö ¶·μ¤μ²Ó´Ò³ ¶μ²¥³ ´  ±· ÖÌ ¶μ¢μ·μÉ-
´ÒÌ ³ £´¨Éμ¢ By =

〈
Bz

〉
K ′

zz (¨²¨ ±μ³¶μ´¥´Éμ° ³ £´¨É´μ£μ ¶μ²Ö ¤¨¶μ²¥° ´ 
ÉμÎ´μ¥ ´ ¶· ¢²¥´¨¥ ¸±μ·μ¸É¨):

F ≈ i F0, F0 = Im
(
f ∗z

θ∫
−∞

K′
z fz dθ

)
= −Im

(
f ∗z

θ∫
−∞

Kz f′z dθ
)
. (4.14)

Œμ¤Ê²Ó ËÊ´±Í¨¨ μÉ±²¨±  F ¶μÎÉ¨ ¢μ ¢¸¥Ì ÉμÎ± Ì μ¶·¥¤¥²Ö¥É¸Ö §´ Î¥´¨¥³
|F0|. ˆ¸±²ÕÎ¥´¨¥³ Ö¢²ÖÕÉ¸Ö ÉμÎ±¨, ¢ ±μÉμ·ÒÌ F0(θ) = 0 ¨ ¢ ±μÉμ·ÒÌ ³μ¤Ê²Ó
ËÊ´±Í¨¨ μÉ±²¨±  ¶·μ¶μ·Í¨μ´ ²¥´ ν. ”μ·³Ê²  (4.14) ¶μ§¢μ²Ö¥É ¢ÒÎ¨¸²ÖÉÓ
ËÊ´±Í¨Õ μÉ±²¨±  ¸ ÉμÎ´μ¸ÉÓÕ ∼ ν. �¤´ ±μ ¶·¨ · ¸¶μ²μ¦¥´¨¨ rf-¤¨¶μ²Ö ¢
ÉμÎ± Ì μ·¡¨ÉÒ, ¢ ±μÉμ·ÒÌ F0(θrf) = 0, É·¥¡Ê¥É¸Ö ¶μ¢Ò¸¨ÉÓ ÉμÎ´μ¸ÉÓ ¢ÒÎ¨-
¸²¥´¨Ö. Œμ¦´μ ¶μ²Ó§μ¢ ÉÓ¸Ö Ëμ·³Ê²μ° (2.15), ±μÉμ· Ö μ¡Ö§ ´  ·¥§μ´ ´¸´μ°
£ ·³μ´¨±¥ ¶·μ¤μ²Ó´μ£μ ¶μ²Ö, ¢μ§´¨± ÕÐ¥° ´  ±· ÖÌ ¶μ¢μ·μÉ´ÒÌ ³ £´¨Éμ¢ ¸
Éμ° Ê¸²μ¢´μ¸ÉÓÕ, μ ±μÉμ·μ° ¸± § ´μ ¢ÒÏ¥.

�·¨ ÔÉμ³ ¶·¨¡²¨¦¥´´ Ö ËÊ´±Í¨Ö μÉ±²¨± , ¸ ÉμÎ´μ¸ÉÓÕ ¶μ·Ö¤±  ν2, ¶·¨-
³¥É ¢¨¤

F ≈ e−i νΘ

2

⎡
⎣f∗

z

θ∫
−∞

fz K ′
z e i νΘ dθ − fz

θ∫
−∞

f∗
z K ′

z e i νΘ dθ

⎤
⎦ . (4.15)

„²Ö μ¡¸Ê¦¤ ¥³ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ ¢ COSY ÉμÎ´μ¸ÉÓ ¢ÒÎ¨¸²¥´¨Ö ¶μ Ëμ·-
³Ê²¥ (4.15) ¸μ¸É ¢²Ö¥É ´¥¸±μ²Ó±μ ¶·μÍ¥´Éμ¢.

ˆ³¥´´μ É ± Ö ¸¨ÉÊ Í¨Ö ¢ Ô±¸¶¥·¨³¥´É¥ ¢ COSY. ‚ ¢Ò¡· ´´μ³ ³¥¸É¥
· ¸¶μ²μ¦¥´¨Ö rf-¤¨¶μ²Ö (L = 53,5 ³) ËÊ´±Í¨Ö μÉ±²¨±  ¶·μ¶μ·Í¨μ´ ²Ó´ 
 ´μ³ ²Ó´μ° Î ¸É¨ £¨·μ³ £´¨É´μ£μ μÉ´μÏ¥´¨Ö G ¨ ¶·¨ G → 0 ¢¥²¨Î¨´ ∣∣F (θrf)

∣∣→ 0. �¤´ ±μ ÔÉμ ´¥ É ±, ¥¸²¨ rf-¤¨¶μ²Ó · ¸¶μ²μ¦¥´ ¢ ¤·Ê£¨Ì ³¥¸É Ì
μ·¡¨ÉÒ.

„²Ö ¸· ¢´¥´¨Ö ´  ·¨¸. 4 ¶·¨¢¥¤¥´ £· Ë¨± ³μ¤Ê²Ö ¢¥²¨Î¨´Ò F0, ´  ±μÉμ-
·μ³ ¢¨¤¨³, ÎÉμ ¶·¥¤¥²Ó´ Ö ËÊ´±Í¨Ö μÉ±²¨±  F0 ¶·¨ L = 53,5 ³ ¸É·¥³¨É¸Ö ±
´Ê²Õ. B ¤·Ê£¨Ì ³¥¸É Ì μ·¡¨ÉÒ ËÊ´±Í¨Ö μÉ±²¨±  F ¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ¥É ¸
¶·¥¤¥²Ó´μ° ËÊ´±Í¨¥° F0.

ˆ´É¥·¥¸´μ ¶·μ¸²¥¤¨ÉÓ §  ¸² £ ¥³Ò³

w1 =
1
R

〈
ν z′′e i νΘ

〉
, (4.16)
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�¨¸. 4. Œμ¤Ê²Ó ¶·¥¤¥²Ó´μ° ËÊ´±Í¨¨ μÉ±²¨±  ¤²Ö £¨¶μÉ¥É¨Î¥¸±μ° Î ¸É¨ÍÒ ¢ COSY

�¨¸. 5. „μ²Ö ¢ ³μÐ´μ¸É¨ ·¥§μ´ ´¸ , μ¡Ö§ ´´ Ö · ¤¨ ²Ó´μ³Ê ¶μ²Õ, ¢ § ¢¨¸¨³μ¸É¨ μÉ
³¥¸É  · ¸¶μ²μ¦¥´¨Ö rf-¤¨¶μ²Ö ¢ ±μ²ÓÍ¥ COSY

ÊÎ¨ÉÒ¢ ÕÐ¨³ ¢±² ¤ · ¤¨ ²Ó´μ£μ ¶μ²Ö ¢ ´ ÉÊ· ²Ó´μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É ¢
¶μ²´μ¥ §´ Î¥´¨¥ ³μÐ´μ¸É¨ ·¥§μ´ ´¸  (2.1). �  ·¨¸. 5 ¶μ± § ´μ μÉ´μÏ¥´¨¥
|w1|/|wk| ¢ § ¢¨¸¨³μ¸É¨ μÉ ³¥¸É  · ¸¶μ²μ¦¥´¨Ö rf-¤¨¶μ²Ö, ¨§ ±μÉμ·μ£μ ¸²¥-
¤Ê¥É, ÎÉμ ®¢±² ¤ · ¤¨ ²Ó´μ£μ¯ ¶μ²Ö ¢ ³μÐ´μ¸ÉÓ ·¥§μ´ ´¸  ¶·¨ · ¸¶μ²μ¦¥´¨¨
rf-¤¨¶μ²Ö ¢ ²Õ¡μ³ ³¥¸É¥ μ·¡¨ÉÒ ³ ² (³¥´¥¥ 12 %). Š ± ¸²¥¤Ê¥É ¨§ Ëμ·-
³Ê²Ò (2.15), μÉ´μÏ¥´¨¥ |w1|/|wk| ¶·¨ ν → 0 ¸μ¸É ¢²Ö¥É ¶·¨³¥·´μ ¢¥²¨Î¨´Ê
ν2 = 0,04. �É±²μ´¥´¨¥ μÉ Ê± § ´´μ° ¢¥²¨Î¨´Ò ¶·μ¨¸Ìμ¤¨É ¢ ³¥¸É Ì, £¤¥
¢±² ¤ ¢ ³μÐ´μ¸ÉÓ ·¥§μ´ ´¸  μÉ ±· ¥¢ÒÌ ¶·μ¤μ²Ó´ÒÌ ¶μ²¥° ¸É·¥³¨É¸Ö ± ´Ê²Õ
¨ ¨¸¶μ²Ó§μ¢ ´¨¥ Ëμ·³Ê²Ò (2.15) ¸É ´μ¢¨É¸Ö ´¥±μ··¥±É´Ò³.

‚ § ±²ÕÎ¥´¨¥ μÉ³¥É¨³, ÎÉμ ËÊ´±Í¨Ö μÉ±²¨±  ¶μ§¢μ²Ö¥É ²¥£±μ ´ Ìμ¤¨ÉÓ
³μÐ´μ¸ÉÓ ¸¶¨´μ¢μ£μ ·¥§μ´ ´¸  ¤²Ö ²Õ¡μ£μ ±μ²¨Î¥¸É¢  rf-¤¨¶μ²¥°. �·¨ ÔÉμ³
³μÐ´μ¸ÉÓ rf-·¥§μ´ ´¸  μ¶·¥¤¥²Ö¥É¸Ö ´¥ Éμ²Ó±μ ³μ¤Ê²¥³ ËÊ´±Í¨¨ μÉ±²¨± , ´μ
¨ ¥¥ Ë §μ°. ‘É ´μ¢¨É¸Ö ·¥ ²Ó´μ° § ¤ Î  ÔËË¥±É¨¢´μ£μ ¢μ§¤¥°¸É¢¨Ö ´  ¸¶¨-
´μ¢μ¥ ¤¢¨¦¥´¨¥ ¶·¨ Ê¸²μ¢¨¨ ±μ³¶¥´¸ Í¨¨ ·¥§μ´ ´¸´μ£μ ¢μ§¡Ê¦¤¥´¨Ö ¢¥·É¨-
± ²Ó´μ£μ ¤¢¨¦¥´¨Ö ¸ ¶μ³μÐÓÕ ´¥¸±μ²Ó±¨Ì rf-¤¨¶μ²¥°.

5. Œ�™��‘’œ �…‡����‘�, ˆ�„“–ˆ��‚����ƒ� RF-„ˆ��‹…Œ,
‚�‹ˆ‡ˆ ‚�“’�…��…ƒ� �…‡����‘�

‚ · ¡μÉ¥ [2] ¨§³¥·Ö² ¸Ó § ¢¨¸¨³μ¸ÉÓ ³μÐ´μ¸É¨ rf-·¥§μ´ ´¸  μÉ §´ Î¥-
´¨Ö ¢¥·É¨± ²Ó´μ° ¡¥É É·μ´´μ° Î ¸ÉμÉÒ νz ¶·¨ ¶·¨¡²¨¦¥´¨¨ ± ¢´ÊÉ·¥´´¥³Ê
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·¥§μ´ ´¸Ê:
νk = kN ± ν∗

z = kN ± (νz − 2), (5.1)

£¤¥ N Å ±μ²¨Î¥¸É¢μ ¸Ê¶¥·¶¥·¨μ¤μ¢, ±μÉμ·μ¥ ¶·¨ §´ Î¥´¨¨ ¢¥·É¨± ²Ó´μ°
¡¥É É·μ´´μ° Î ¸ÉμÉÒ νz = 3,6 · ¢´μ 6.

”Ê´±Í¨Õ μÉ±²¨±  (4.9) ¢ ¶·¥¤¥²¥ ¶·¨ ¶·¨¡²¨¦¥´¨¨ ± ¢´ÊÉ·¥´´¥³Ê ·¥-
§μ´ ´¸Ê (ν → νk) ³μ¦´μ ¢Ò· §¨ÉÓ Î¥·¥§ §´ Î¥´¨¥ ³μÐ´μ¸É¨ ÔÉμ£μ ·¥§μ´ ´¸ 
|wintr

k | (2.7):

|F | → R|fz|
2|az|

|wintr
k |

|ν − νk|
, (5.2)

£¤¥  ³¶²¨ÉÊ¤  ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° az μ¶·¥¤¥²Ö¥É¸Ö ´μ·³ ²¨§μ¢ ´´Ò³
Ô³¨ÉÉ ´¸μ³ ¶ÊÎ±  εN :

|az| =

√
εNR

4π (βγ)
. (5.3)

‘²¥¤μ¢ É¥²Ó´μ, ³μÐ´μ¸ÉÓ rf-·¥§μ´ ´¸  ¢ ¶·¥¤¥²¥ ν → kN±(νz−2) ³μ¦¥É
¡ÒÉÓ ¢Ò· ¦¥´  Î¥·¥§ ³μÐ´μ¸ÉÓ ¡²¨¦ °Ï¥£μ ¢´ÊÉ·¥´´¥£μ ¸¶¨´μ¢μ£μ ·¥§μ´ ´¸ 
¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ·¥§Ê²ÓÉ Éμ³ S. Y. Lee (¸³. (16) ¨ (17) ¢ · ¡μÉ¥ [13]):

|wrf | →
ϕx

8π

R|fz|
|az|

|wintr
k |

|ν − νk|
. (5.4)

ˆ¸¶μ²Ó§μ¢ ´¨¥ ¸μμÉ´μÏ¥´¨Ö (5.4) ¢³¥¸Éμ μ¡Ð¥° Ëμ·³Ê²Ò (4.11) ¢¡²¨§¨
´¥¸Ê¶¥·¶¥·¨μ¤´ÒÌ ·¥§μ´ ´¸μ¢ ¸ ³ ²μ° ³μÐ´μ¸ÉÓÕ wm (νm = m ± ν ∗

z , ¶·¨
m 	= kN ) Ö¢²Ö¥É¸Ö ¶·μ¡²¥³ É¨Î´Ò³, É ± ± ± ÔÉμ ¸μμÉ´μÏ¥´¨¥ ¸¶· ¢¥¤²¨¢μ
²¨ÏÓ ¢ Ê§±μ° ¶μ²μ¸¥ ¶μ Δν = |ν − νm|:

Δν �
∣∣∣∣ wm

wintr
k

∣∣∣∣ . (5.5)

‚ Ê± § ´´μ° Ê§±μ° ¶μ²μ¸¥ (5.5) É·¥¡Ê¥É¸Ö ¶·μ¢μ¤¨ÉÓ ¡μ²¥¥ ÉμÎ´Ò°  ´ ²¨§.
ˆ³¥´´μ É ± Ö ¸¨ÉÊ Í¨Ö Ì · ±É¥·´  ¤²Ö ¤¥°É·μ´μ¢ ¢ ¸É·Ê±ÉÊ·¥ COSY ¶·¨

ν = −0,2. 
²¨¦ °Ï¨° ·¥§μ´ ´¸ νk = νz−4 Ö¢²Ö¥É¸Ö ´¥¸Ê¶¥·¶¥·¨μ¤´Ò³ ¸ ¤μ-
¸É ÉμÎ´μ ³ ²μ° ³μÐ´μ¸ÉÓÕ, ¶·¨ ÔÉμ³ ¡²¨¦ °Ï¨³ ¸Ê¶¥·¶¥·¨μ¤´Ò³ Ö¢²Ö¥É¸Ö
·¥§μ´ ´¸ νintr

k = νz−2 ¸ ¤μ¸É ÉμÎ´μ ¡μ²ÓÏμ° ³μÐ´μ¸ÉÓÕ. ‘μμÉ´μÏ¥´¨¥ (5.4)
¡Ê¤¥É ¸¶· ¢¥¤²¨¢Ò³ ²¨ÏÓ ¢ Ê§±μ° ¶μ²μ¸¥ Δν � 0,01.

�  ·¨¸. 6 ¶·¨¢¥¤¥´Ò £· Ë¨±¨ · ¸Î¥É  ³μÐ´μ¸É¨ rf-·¥§μ´ ´¸ . ‘¶²μÏ´ Ö
²¨´¨Ö ¸μμÉ¢¥É¸É¢Ê¥É · ¸Î¥ÉÊ ³μÐ´μ¸É¨ ·¥§μ´ ´¸  ¶μ μ¡Ð¥° Ëμ·³Ê²¥ (4.11)
(¶·¨ μÉ¸ÊÉ¸É¢¨¨ ¨³¶Ê²Ó¸´μ£μ · §¡·μ¸ ), ¶Ê´±É¨·´ Ö ²¨´¨Ö ¸μμÉ¢¥É¸É¢Ê¥É · ¸-
Î¥ÉÊ ¶μ ¶·¨¡²¨¦¥´´μ° Ëμ·³Ê²¥ (5.4). �  £· Ë¨±¥ É ±¦¥ ¶·¨¸ÊÉ¸É¢ÊÕÉ ÉμÎ±¨,
±μÉμ·Ò¥ ¸μμÉ¢¥É¸É¢ÊÕÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ·¥§Ê²ÓÉ É ³.

‚¨¤¨³, ÎÉμ ¤ ´´Ò¥ ´ Ìμ¤ÖÉ¸Ö ¢ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ³ ¸μ£² ¸¨¨ ¸ μ¶ÒÉμ³.
Š ± Ê¦¥ μÉ³¥Î ²μ¸Ó ¢ÒÏ¥, · ¸Î¥É ¶μ ¶·¨¡²¨¦¥´´μ° Ëμ·³Ê²¥ (5.4) ¸μ¢¶ -
¤ ¥É ¸ · ¸Î¥Éμ³ ¶μ μ¡Ð¥° Ëμ·³Ê²¥ (4.11) ²¨ÏÓ ¢ Ê§±μ° ¶μ²μ¸¥. �É³¥É¨³,
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�¨¸. 6. ŒμÐ´μ¸ÉÓ rf-·¥§μ´ ´¸  ¨´¤ÊÍ¨·μ¢ ´´μ£μ ¢¡²¨§¨ ·¥§μ´ ´¸  ν = νz0 − 4 ¢
§ ¢¨¸¨³μ¸É¨ μÉ ¢¥·É¨± ²Ó´μ° ¡¥É É·μ´´μ° Î ¸ÉμÉÒ νz . ‘¶²μÏ´ Ö ²¨´¨Ö ¸μμÉ¢¥É¸É¢Ê¥É
³μÐ´μ¸É¨ ·¥§μ´ ´¸  wrf ¶μ (4.11), ¶Ê´±É¨·´ Ö ²¨´¨Ö Å ¶μ (5.4). ’μÎ±¨ ¸μμÉ¢¥É¸É¢ÊÕÉ
Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ·¥§Ê²ÓÉ É ³

ÎÉμ Ô±¸¶¥·¨³¥´É ¶·μ¨¸Ìμ¤¨² ¶·¨ ¢Ò±²ÕÎ¥´´μ³ μÌ² ¦¤¥´¨¨ ¶ÊÎ± . �É²¨Î¨¥
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° ¢ ¶¥·¢μ³ ¶·¨¡²¨¦¥´¨¨ μ¡ÑÖ¸´Ö¥É¸Ö ´¥ÊÎÉ¥´´μ°
¶·¨ · ¸Î¥É Ì ±μ··¥±Í¨¥° ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò COSY, ¶·¨ ±μÉμ·μ° ¶·μ¢μ-
¤¨²¨¸Ó Ô±¸¶¥·¨³¥´ÉÒ. ‘²¥¤Ê¥É ÊÎ¥¸ÉÓ ·¥ ²Ó´ÊÕ ¤²¨´Ê rf-¤¨¶μ²Ö, Ë §μ¢Ò°
· §¡·μ¸ Î ¸É¨Í ¢ ¸£Ê¸É±¥, · §¡·μ¸ μÉ¸É·μ°±¨ ¸¶¨´μ¢μ£μ ·¥§μ´ ´¸  ± ± ¶μ
Ô´¥·£¨¨, É ± ¨ ¨§-§  Ì·μ³ É¨Î´μ¸É¨ ¢¥·É¨± ²Ó´ÒÌ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°.
‚ ·¥ ²Ó´μ³ Ê¸±μ·¨É¥²¥ ¶·¨´Í¨¶¨ ²Ó´Ò³ ³μ¦¥É ¡ÒÉÓ ÊÎ¥É ³¥¤²¥´´μ° ¸¨´-
Ì·μÉ·μ´´μ° ³μ¤Ê²ÖÍ¨¨ Ë §Ò ¨ Ô´¥·£¨¨ Î ¸É¨Í. �¥ÉμÎ´μ¸ÉÓ ³μ¦¥É ¢´μ¸¨ÉÓ
É ±¦¥ μ¡· ¡μÉ±  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¶μ ³μ¤¨Ë¨Í¨·μ¢ ´´μ° FS-
Ëμ·³Ê²¥ (1.1). �·¨ ¶·¨¡²¨¦¥´¨¨ Î ¸ÉμÉÒ ¶·¥Í¥¸¸¨¨ ± ¢´ÊÉ·¥´´¥³Ê ·¥§μ-
´ ´¸Ê,   É ±¦¥ ± Í¥²μ³Ê ¨²¨ ¶μ²ÊÍ¥²μ³Ê §´ Î¥´¨Õ, ´¥μ¡Ìμ¤¨³μ ¶·μ ´ ²¨§¨-
·μ¢ ÉÓ § ¤ ÎÊ μ ¶¥·¥¸¥Î¥´¨¨ ®¸¤¢μ¥´´ÒÌ¯ (´¥¨§μ²¨·μ¢ ´´ÒÌ) ·¥§μ´ ´¸μ¢.

��ˆ‹�†…�ˆ…. ‘�ˆ��‚�… ‚�‡Œ“™…�ˆ… ‚ ��’“��‹œ��‰
‘ˆ‘’…Œ… Š���„ˆ��’

’¥±¸É ¤ ´´μ£μ ¶·¨²μ¦¥´¨Ö μ¸´μ¢Ò¢ ¥É¸Ö ´  · ¡μÉ Ì [6Ä10] ¨ ¤·.
‚ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É Ê· ¢´¥´¨¥ ’μ³ ¸ ÄBMT ¢Ò£²Ö¤¨É

¸²¥¤ÊÕÐ¨³ μ¡· §μ³ [14,15]:

d�S

dt
≡ �̇S =

[
�Ω × �S

]
, �Ω = − e

γm

[
(1 + ν) �BT + (1 + G) �BL

]
, (A.1)

£¤¥ �BT ¨ �BL Å ¶μ¶¥·¥Î´ Ö ¨ ¶·μ¤μ²Ó´ Ö ±μ³¶μ´¥´ÉÒ ³ £´¨É´μ£μ ¶μ²Ö μÉ-
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´μ¸¨É¥²Ó´μ ÉμÎ´μ° ¸±μ·μ¸É¨ ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ �v

�BL = ( �B �τ )�τ , �BT = �B − �BL, �τ =
�v

v
. (A.2)

…¸²¨ ¤¢¨¦¥´¨¥ ¸¶¨´  μ¶¨¸Ò¢ ÉÓ μÉ´μ¸¨É¥²Ó´μ ®´ ÉÊ· ²Ó´μ°¯ ¸¨¸É¥³Ò
μ·Éμ¢, ¸¢Ö§ ´´μ° ¸ ÉμÎ´Ò³ ´ ¶· ¢²¥´¨¥³ ¸±μ·μ¸É¨, ³Ò ¤μ²¦´Ò ¢ÒÎ¥¸ÉÓ ¸±μ-
·μ¸ÉÓ ¢· Ð¥´¨Ö ®´ ÉÊ· ²Ó´μ£μ¯ ¡ §¨¸  μÉ´μ¸¨É¥²Ó´μ ´¥¶μ¤¢¨¦´μ° ¸¨¸É¥³Ò
±μμ·¤¨´ É. � ÉÊ· ²Ó´Ò° ¡ §¨¸, ±·μ³¥ ´ ¶· ¢²¥´¨Ö ¶μ ÉμÎ´μ° ¸±μ·μ¸É¨, É·¥-
¡Ê¥É μ¶·¥¤¥²¥´¨Ö ¤¢ÊÌ ¤·Ê£¨Ì μ·Éμ£μ´ ²Ó´ÒÌ ± ¸±μ·μ¸É¨ μ·Éμ¢. †¥² É¥²Ó´μ,
ÎÉμ¡Ò μ´¨ ³ ²μ μÉ²¨Î ²¨¸Ó μÉ Ê¸±μ·¨É¥²Ó´μ£μ ¡ §¨¸ , μ¶·¥¤¥²Ö¥³μ£μ FrenelÄ
Serret ±μμ·¤¨´ É ³¨ [12]:

�r(x, θ, z) = �r0(θ) + x�ex(θ) + z �ez(θ), �ey =
1
R

d�r0

dθ
≡ �r0

′

R
, (A.3)

£¤¥ �r0 Å ¢¥±Éμ·, ¸¢Ö§ ´´Ò° ¸ § ³±´ÊÉμ°, ¶²μ¸±μ° · ¢´μ¢¥¸´μ° μ·¡¨Éμ°; x
¨ z μ§´ Î ÕÉ · ¤¨ ²Ó´μ¥ ¨ ¢¥·É¨± ²Ó´μ¥ μÉ±²μ´¥´¨Ö μÉ ¶²μ¸±μ¸É¨ μ·¡¨ÉÒ;
2πR Å ¤²¨´  · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ. ‚ ´ Ï¥³ ¸²ÊÎ ¥

�ex
′ = Kz �ey, �ey

′ = −Kz �ex, �ez
′ = 0 , Kz(θ) =

Bz(�r0)〈
Bz(�r0)

〉 . (A.4)

‡¤¥¸Ó Kz Å ¡¥§· §³¥·´ Ö ±·¨¢¨§´  § ³±´ÊÉμ° μ·¡¨ÉÒ.
�É³¥É¨³, ÎÉμ ´¥±μÉμ·Ò° ¶·μ¨§¢μ² ¢ ¢Ò¡μ·¥ ¤¢ÊÌ ¤·Ê£¨Ì μ·Éμ£μ´ ²Ó´ÒÌ

± ¸±μ·μ¸É¨ μ·Éμ¢ ¢ ´ Ï¥³ ¸²ÊÎ ¥ ´¥ ¸± §Ò¢ ¥É¸Ö ´  Ëμ·³Ê²¥ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö
³μÐ´μ¸É¨ ¸¶¨´μ¢μ£μ ·¥§μ´ ´¸ . �μÔÉμ³Ê ¢Ò¡¥·¥³ ®´ ÉÊ· ²Ó´ÊÕ¯ ¸¨¸É¥³Ê
±μμ·¤¨´ É ¤²Ö μ¶¨¸ ´¨Ö ¸¶¨´μ¢μ£μ ¤¢¨¦¥´¨Ö, ´ ¶·¨³¥·, ¢ ¢¨¤¥

�a = [�τ × �ez] , �τ , �b = [�a × �τ ] . (A.5)


 §¨¸ {�a , �τ ,�b} ¶· ±É¨Î¥¸±¨ ´¥ μÉ²¨Î ¥É¸Ö μÉ ®Ê¸±μ·¨É¥²Ó´μ£μ¯ ¡ §¨¸ 
{�ex , �ey , �ez}:

�a ≈ �ex − x′

R
�ey, �τ ≈ �ey +

x′

R
�ex +

z′

R
�ez, �b ≈ �ez −

z′

R
�ey. (A.6)

—Éμ¡Ò ´¥ § £·μ³μ¦¤ ÉÓ Ëμ·³Ê²Ò ¨§²¨Ï´¨³¨ μ¡μ¡Ð¥´¨Ö³¨, ÊÎÉ¥³ ²¨ÏÓ
¢¥·É¨± ²Ó´μ¥ ¨¸± ¦¥´¨¥ É· ¥±Éμ·¨¨ Î ¸É¨Í · ¤¨ ²Ó´Ò³ ¶μ²¥³ ¶·¨ μÉ¸ÊÉ-
¸É¢¨¨ ´  ¶²μ¸±μ° · ¢´μ¢¥¸´μ° μ·¡¨É¥ ¶·μ¤μ²Ó´μ° ±μ³¶μ´¥´ÉÒ ³ £´¨É´μ£μ
¶μ²Ö.

“£²μ¢ Ö Î ¸ÉμÉ  ¢· Ð¥´¨Ö ´ ÉÊ· ²Ó´μ£μ ¡ §¨¸  ¸É ´μ¢¨É¸Ö ¸²¥¤ÊÕÐ¥°:

�Ωb =
1
2

([
�a × �̇a

]
+
[
�b × �̇b

]
+
[
�τ × �̇τ

])
=
[
�τ × �̇τ

]
+(�τ �ez)

([
�τ × �̇τ

]
�ez

)
�τ =

= − e

γm
�BT − e

γm
(�τ �ez)( �BT �ez)�τ = − e

γm
�BT − e

γ v m
ż Bz �τ . (A.7)
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�·¨ ¢Ò¢μ¤¥ (A.7) ¡Ò²μ ¨¸¶μ²Ó§μ¢ ´μ ¸μμÉ´μÏ¥´¨¥

[
�τ × �̇τ

]
= − e

γm
�BT . (A.8)

Š Î ¸ÉμÉ¥ ¢· Ð¥´¨Ö ¡ §¨¸  ¤μ¡ ¢²Ö¥É¸Ö ¶μ¶· ¢±  ¢¤μ²Ó ÉμÎ´μ£μ ´ ¶· -
¢²¥´¨Ö ¸±μ·μ¸É¨, ¸¢Ö§ ´´ Ö ¸ μÉ±²μ´¥´¨¥³ ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ μÉ ¶²μ¸±μ¸É¨
μ·¡¨ÉÒ (´ ¶· ¢²¥´¨¥ ¸±μ·μ¸É¨ Ê¦¥ ´¥ μ·Éμ£μ´ ²Ó´μ ´ ¶· ¢²¥´¨Õ �ez).

‚Éμ·μ° ¤μ¶μ²´¨É¥²Ó´Ò° Î²¥´ ¢¤μ²Ó ¸±μ·μ¸É¨ Î ¸É¨ÍÒ ´¥ ¶μ¶· ¢²Ö¥É ¶·¥-
Í¥¸¸¨Õ ¸¶¨´  ¢ ³¥¸É¥ · ¸¶μ²μ¦¥´¨Ö rf-¤¨¶μ²Ö, μ¤´ ±μ ¢¥·É¨± ²Ó´μ¥ ¨¸± ¦¥-
´¨¥ μ·¡¨ÉÒ, ¢Ò§Ò¢ ¥³μ¥ rf-¤¨¶μ²¥³, ¸ÊÐ¥¸É¢¥´´μ ¨§³¥´Ö¥É ¤¢¨¦¥´¨¥ ¸¶¨´ 
¢ É¥Î¥´¨¥ ± ¦¤μ£μ μ¡μ·μÉ  Î ¸É¨ÍÒ ¢ Ê¸±μ·¨É¥²¥. “· ¢´¥´¨¥ ¤²Ö ¸¶¨´  ¸É -
´μ¢¨É¸Ö ¸²¥¤ÊÕÐ¨³:

d�S

dt
=
[(

�Ω − �Ωb

)
× �S
]
, (A.9)

£¤¥

�Ω − �Ωb = − e

γm

(
γG �BT +

[
G (�τ �ez)( �BT �ez) + (1 + G) �By

]
�τ
)

=

= − e

m
G �BT − e

γ v m

[
GBz ż + (1 + G)Ḃz z

]
�τ.

(A.10)

‚¥·É¨± ²Ó´μ¥ μÉ±²μ´¥´¨¥ z μÉ ¶²μ¸±μ¸É¨ μ·¡¨ÉÒ ¢´¥ §μ´Ò rf-¤¨¶μ²Ö ¸²¥-
¤Ê¥É É ±¦¥ ÊÎ¨ÉÒ¢ ÉÓ. ‚ ±·Ê£²μ³ Ê¸±μ·¨É¥²¥ Ḃz = 0 ¨ ³μÐ´μ¸ÉÓ ¸¶¨´μ¢μ£μ
·¥§μ´ ´¸  ¶·μ¶μ·Í¨μ´ ²Ó´   ´μ³ ²Ó´μ³Ê ³ £´¨É´μ³Ê ³μ³¥´ÉÊ G.

�¥·¥°¤¥³ ¢³¥¸Éμ ¶¥·¥³¥´´μ° ¢·¥³¥´¨ t ± ´μ¢μ° ´¥§ ¢¨¸¨³μ° ¶¥·¥³¥´-
´μ° Å μ¡μ¡Ð¥´´μ³Ê  §¨³ÊÉÊ Î ¸É¨ÍÒ θ. “· ¢´¥´¨¥ ¤²Ö ¸¶¨´  ¢ ´ ÉÊ· ²Ó´μ°
¸¨¸É¥³¥ ±μμ·¤¨´ É ¸É ´μ¢¨É¸Ö ¸²¥¤ÊÕÐ¨³:

d�S

dθ
=
[

�W × �S
]
, (A.11)

£¤¥ ¶·¨¢¥¤¥´´ Ö Ê£²μ¢ Ö ¸±μ·μ¸ÉÓ ¢· Ð¥´¨Ö ¸¶¨´  ¡Ê¤¥É, μÎ¥¢¨¤´μ, · ¢´ 

�W =
�Ω − �Ωb

θ̇
. (A.12)

„²Ö ¶²μ¸±μ° · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ Î ¸ÉμÉ  ¢· Ð¥´¨Ö Î ¸É¨ÍÒ θ̇ μ¶·¥¤¥²Ö-
¥É¸Ö Ìμ·μÏμ ¨§¢¥¸É´Ò³ ¢Ò· ¦¥´¨¥³ [12]:

θ̇ =
v√(

R + Kz x
)2 + x ′ 2 + z ′ 2

. (A.13)
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ˆ¸¶μ²Ó§ÊÖ Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¢ ³ £´¨É´μ³ ¶μ²¥ ¤²Ö ¢¥·É¨± ²Ó-
´μ£μ μÉ±²μ´¥´¨Ö z μÉ ¶²μ¸±μ¸É¨ μ·¡¨ÉÒ, ¶μ²ÊÎ ¥³

�W �a = ν
z′′

R
, �W �τ = GKz

z′

R
+ (1 + G)Kz

′ z

R
,

�W �b = ν

(
Kz −

x′′

R

)
. (A.14)

”Ê·Ó¥-£ ·³μ´¨±  wk ¸¶¨´μ¢μ£μ ·¥§μ´ ´¸  ν = νk · ¢´ 

wk =
〈[(

�W�a − i �W�τ
)
ei ν(Θ−θ)

]
ei νk θ

〉 ∣∣∣
ν=νk

=

=
〈[

ν
z′′

R
− i GKz

z′

R
− i (1 + G)

(
Kz

′ z

R
+ Ky

)]
ei νk Θ

〉
,

(A.15)

£¤¥ ν Å ¸¶¨´μ¢ Ö Î ¸ÉμÉ , νk Å Í¥²μÎ¨¸²¥´´ Ö ±μ³¡¨´ Í¨Ö Î ¸ÉμÉ μ·¡¨É ²Ó-
´μ£μ ¤¢¨¦¥´¨Ö. ŒμÐ´μ¸ÉÓ Ê¥¤¨´¥´´μ£μ ¸¶¨´μ¢μ£μ ·¥§μ´ ´¸  · ¢´  ¢¥²¨Î¨´¥
|wk|.

‚Ò· ¦ ¥³ ¡² £μ¤ ·´μ¸ÉÓ Ÿ. ‘. „¥·¡¥´¥¢Ê, A.D.Krisch, E. D.Courant,
‚. ‘.Œμ·μ§μ¢Ê, Œ.�. ‹¥μ´μ¢μ°, �.”.�·²μ¢Ê, A.W.Chao, D.W. Sivers,
S. Y. Lee, A. Lehrach, A.U. Luccio ¨ ¤·Ê£¨³ ÊÎ ¸É´¨± ³ É¥²¥±μ´Ë¥·¥´Í¨¨
SPIN@COSY, ¶·¨´Ö¢Ï¨³  ±É¨¢´μ¥ ÊÎ ¸É¨¥ ¢ μ¡¸Ê¦¤¥´¨¨ ·¥§Ê²ÓÉ Éμ¢ ¤ ´-
´μ° · ¡μÉÒ ¨ ¸É¨³Ê²¨·μ¢ ¢Ï¨³ ¶Ê¡²¨± Í¨Õ ÔÉμ° ¸É ÉÓ¨. � ³ ¶·¨ÖÉ´μ ¶μ-
¡² £μ¤ ·¨ÉÓ É ±¦¥ ‘. ‘.˜¨³ ´¸±μ£μ §  μ¡¸Ê¦¤¥´¨Ö ¨ ¶μ¸ÉμÖ´´Ò° ¨´É¥·¥¸ ±
· ¡μÉ¥.
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