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� ¸¸³ É·¨¢ ¥É¸Ö ¶·μ¡²¥³  μ¶É¨³¨§ Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¤¢Ê³¥·´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ¤¨¶μ²Ó-
´μ£μ ³ £´¨É  ¸ ¶μ²¥³ 4 ’² ¨ ¤¨ ³¥É·μ³  ¶¥·ÉÊ·Ò 100Ä110 ³³, ¶·¥¤´ §´ Î¥´´μ£μ ¤²Ö ¡Ò¸É·μÍ¨-
±²¨·ÊÕÐ¥£μ ¸¨´Ì·μÉ·μ´ . �¤´μ¸²μ°´ Ö ³ ²μ¢¨É±μ¢ Ö μ¡³μÉ±  ³ £´¨É  ¢Ò¶μ²´¥´  ¶μ²Ò³ NbTi-
¸¢¥·Ì¶·μ¢μ¤ÖÐ¨³ ± ¡¥²¥³ ¸ · ¡μÎ¨³ Éμ±μ³ ¤μ 30 ±�. ‚ · ¡μÉ¥ ¤ ´μ μ¶¨¸ ´¨¥ ³ É¥³ É¨Î¥¸±μ£μ
³¥Éμ¤ , ¶μ§¢μ²ÖÕÐ¥£μ ³¨´¨³¨§¨·μ¢ ÉÓ  ³¶²¨ÉÊ¤Ò ¢Ò¸Ï¨Ì £ ·³μ´¨± ³ £´¨É´μ£μ ¶μ²Ö ¸ ¶μ³μÐÓÕ
¢ ·Ó¨·μ¢ ´¨Ö ³¥¸Éμ¶μ²μ¦¥´¨Ö Éμ±μ¢ÒÌ μ¡³μÉμ±. �·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¤¢Ê³¥·´ÒÌ ³ £-
´¨É´ÒÌ ¶μ²¥° ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥£μ ³ £´¨É .

The problem of optimization of the 2D magnetic ˇeld of a 4 T dipole magnet with the aperture
diameter of 100Ä110 mm for a fast cycling synchrotron is considered. A single layer coil is made
of hollow superconducting NbTi cable designed at operating current of 30 kA. The description of
mathematical method developed for minimization of higher harmonic of the magnetic ˇeld by variation
of the coil current loops angular position is given. The numerical simulation results for 2D magnetic
ˇelds are presented.

‚‚…„…�ˆ…

�¥·¢Ò¥ ±μ´Í¥¶ÉÊ ²Ó´Ò¥ ¶·¥¤²μ¦¥´¨Ö ¶μ ¸μ§¤ ´¨Õ ¡Ò¸É·μÍ¨±²¨·ÊÕÐ¨Ì ¸¢¥·Ì¶·μ¢μ-
¤ÖÐ¨Ì ³ £´¨Éμ¢ ¸ ¶μ²¥³ ¤μ 4 ’², ¨¸¶μ²Ó§ÊÕÐ¨Ì ¢ ± Î¥¸É¢¥ μ¡³μÉμ± ¶μ²Ò¥ ¸¢¥·Ì¶·μ¢μ¤Ö-
Ð¨¥ NbTi-± ¡¥²¨, ¡Ò²¨ ¢Ò¸± § ´Ò Î¥ÉÒ·¥ £μ¤  ´ § ¤ ¨ ¶·¥¤¸É ¢²¥´Ò ´  EUCAS2001 [1].
� ¡μÉ  ³μÉ¨¢¨·μ¢ ² ¸Ó ¶² ´ ³¨ · §¢¨É¨Ö Ê¸±μ·¨É¥²Ó´μ£μ ±μ³¶²¥±¸  GSI („ ·³ÏÉ ¤É,
ƒ¥·³ ´¨Ö) [2], ¢ ¸É·Ê±ÉÊ·¥ ±μÉμ·μ£μ ¶·¥¤¶μ² £ ²μ¸Ó ¨¸¶μ²Ó§μ¢ ÉÓ ¤¨¶μ²¨ ¸ ¨´¤Ê±Í¨¥°
4 ’² ¨ ¢ÒÏ¥ ¸μ ¸±μ·μ¸ÉÓÕ ·μ¸É  ³ £´¨É´μ£μ ¶μ²Ö ´¥ ³¥´¥¥ 1 ’²/¸.

‚ · ¸¸³ É·¨¢ ¥³μ³ ´ ³¨ ¸²ÊÎ ¥  ¶¥·ÉÊ·  ³ £´¨É  ¨³¥¥É ±·Ê£μ¢μ¥ ¸¥Î¥´¨¥ ¤¨ ³¥É·μ³
100Ä110 ³³. �¤´μ¸²μ°´ Ö μ¡³μÉ±  ¢Ò¶μ²´¥´  ¶μ²Ò³ NbTi-¸¢¥·Ì¶·μ¢μ¤ÖÐ¨³ ± ¡¥²¥³
¸ ±μ²¨Î¥¸É¢μ³ ¢¨É±μ¢ 2N = 12−16, £¤¥ N Å Î¨¸²μ ¢¨É±μ¢ ¢ ¶μ²Êμ¡³μÉ±¥ (·¨¸. 1).
� ¡μÎ¨° Éμ± ¢ μ¡³μÉ±¥ ³ £´¨É  ¤μ¸É¨£ ¥É 30 ±� ¨ ¢ÒÏ¥. ‡ ³¥É¨³, ÎÉμ ¶μ´¨§¨ÉÓ · -
¡μÎ¨° Éμ± ¨²¨ Ê¢¥²¨Î¨ÉÓ ³ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥ ³ £´¨É´μ£μ ¶μ²Ö ³μ¦´μ ¸ ¶μ³μÐÓÕ
¤¢ÊÌ¸²μ°´μ° μ¡³μÉ±¨, μ¤´ ±μ ÔÉμÉ ¸²ÊÎ ° ¢ ¤ ´´μ° · ¡μÉ¥ ´¥ · ¸¸³ É·¨¢ ¥É¸Ö. ‘¢¥·Ì-
¶·μ¢μ¤ÖÐ¨° ± ¡¥²Ó μ¡³μÉ±¨ μÌ² ¦¤ ¥É¸Ö ¤¢ÊÌË §´Ò³ £¥²¨¥³. ’ ±¦¥ ¡Ò²μ ¶·¥¤²μ¦¥´μ
μ£· ´¨Î¨ÉÓ Ìμ²μ¤´ÊÕ ³ ¸¸Ê ³ £´¨É  (T = 4,5 K) μ¡³μÉ±μ° ¨ Ê¤¥·¦¨¢ ÕÐ¥° ¥¥ ³¥Ì -
´¨Î¥¸±μ° ¸¨¸É¥³μ° Å ±μ²² ·μ³. �Ì² ¦¤¥´¨¥ ¶μ¸²¥¤´¥£μ μ¡¥¸¶¥Î¨¢ ¥É¸Ö É¥·³¨Î¥¸±¨³
±μ´É ±Éμ³ ¸ μ¡³μÉ±μ°. †¥²¥§´μ¥ Ö·³μ ´ Ìμ¤¨É¸Ö ¶·¨ É¥³¶¥· ÉÊ·¥ T = 50−80 K. ‚ É¥-
Î¥´¨¥ É·¥Ì ¶μ¸²¥¤´¨Ì ²¥É ¢ ‹‚� �ˆŸˆ ´  μ¸´μ¢¥ ¸É ´¤ ·É´ÒÌ ¤¨¶μ²¥°, · §· ¡μÉ ´´ÒÌ
¤²Ö ´Ê±²μÉ·μ´  [3], ¡Ò²¨ ¸μ§¤ ´Ò ¨ ¨¸¶ÒÉ ´Ò ³μ¤¥²¨ ¤¨¶μ²¥° É¨¶  ®μ±μ´´ Ö · ³ ¯ ¸
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�¨¸. 1. �μ¶¥·¥Î´Ò¥ ¸¥Î¥´¨Ö:  ) 1/4 ¡Ò¸É·μÍ¨±²¨·ÊÕÐ¥£μ ¤¨¶μ²Ó´μ£μ ³ £´¨É  ´  ¨´¤Ê±Í¨Õ 4 ’²;
¡) ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥£μ ± ¡¥²Ö

Bmax = 2 T², dB/dt = 4 ’²/¸ ¨ É¥³¶¥· ÉÊ·μ° Ö·³  40Ä80 K [4]. ‚ ÔÉμ³ ¸²ÊÎ ¥ Ô±¸¶¥-
·¨³¥´É ²Ó´μ ¤μ¸É¨£´ÊÉμ ¸´¨¦¥´¨¥ ¤¨´ ³¨Î¥¸±¨Ì É¥¶²μ¢ÒÌ ´ £·Ê§μ± ´  Ê·μ¢´¥ 4,5 Š ¢
Î¥ÉÒ·¥ · §  ¶μ ¸· ¢´¥´¨Õ ¸ ¤¨¶μ²¥³ ´Ê±²μÉ·μ´ . ‚μ§³μ¦´μ É ±¦¥ ¤ ²Ó´¥°Ï¥¥ Ê³¥´ÓÏ¥-
´¨¥ ¶μÉ¥·Ó Ô´¥·£¨¨ ¢ ± ¡¥²¥ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì NbTi-´¨É¥° ³¥´ÓÏ¥£μ
¤¨ ³¥É·  (∼ 4 ³±³ ¢³¥¸Éμ 6 ³±³).

‘μÎ¥É ´¨¥ É ±¨Ì ± Î¥¸É¢, ± ± ³ ² Ö ¨´¤Ê±É¨¢´μ¸ÉÓ μ¡³μÉ±¨ (³ ²μ¥ Î¨¸²μ ¢¨É±μ¢),
¢Ò¸μ± Ö ÔËË¥±É¨¢´μ¸ÉÓ μÌ² ¦¤¥´¨Ö ¸¢¥·Ì¶·μ¢μ¤´¨±  (É·Ê¡Î ÉÒ° ± ¡¥²Ó),   É ±¦¥ ¸Ê-
Ð¥¸É¢¥´´μ¥ Ê³¥´ÓÏ¥´¨¥ É¥¶²μ¢ÒÌ ´ £·Ê§μ± ´  ¸¨¸É¥³Ê μÌ² ¦¤¥´¨Ö ³ £´¨É´μ° ¸¨¸É¥³Ò
Ê¸±μ·¨É¥²Ö (Ö·³μ ³ £´¨É  ¶·¨ T = 50−80 K) ¤¥² ÕÉ μ¶¨¸ ´´Ò° ¶μ¤Ìμ¤ ¢¥¸Ó³  ¶¥·¸¶¥±-
É¨¢´Ò³ ¤²Ö ¶·¨³¥´¥´¨Ö ¢ Ê¸É·μ°¸É¢ Ì ¸ ±·ÊÉ¨§´μ° ´ · ¸É ´¨Ö ³ £´¨É´μ£μ ¶μ²Ö 4 ’²/¸ ¨
 ³¶²¨ÉÊ¤μ° ¤μ 4Ä6 ’², · ¡μÉ ÕÐ¨Ì ¢ Í¨±²¨Î¥¸±¨Ì ·¥¦¨³ Ì ¸ ¶ Ê§ ³¨ ³¥¦¤Ê Í¨±² ³¨,
¡²¨§±¨³¨ ± ´Ê²¥¢Ò³.
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� ¸¸³μÉ·¨³ ¶·μ¡²¥³Ê μ¶É¨³¨§ Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¤¢Ê³¥·´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ¤¨-
¶μ²Ó´μ£μ ³ £´¨É  ¸ ¶μ³μÐÓÕ ¢ ·Ó¨·μ¢ ´¨Ö ³¥¸Éμ¶μ²μ¦¥´¨Ö Éμ±μ¢ÒÌ μ¡³μÉμ±, ¡¥§ ¨§³¥-
´¥´¨Ö ±μ´Ë¨£Ê· Í¨¨ ¦¥²¥§´μ£μ Ô±· ´ . �¸´μ¢´ Ö Í¥²Ó § ±²ÕÎ ¥É¸Ö ¢ ¶μ²ÊÎ¥´¨¨ ¶μ²Ö ¸
§ ¤ ´´μ° ´¥μ¤´μ·μ¤´μ¸ÉÓÕ ¢ · ¡μÎ¥° μ¡² ¸É¨ ³ £´¨É , ¨³¥ÕÐ¥° Ëμ·³Ê ±·Ê£  · ¤¨Ê¸μ³
R. �Ê¸ÉÓ ³Ò ¨³¥¥³ 2N Éμ±μ¢ÒÌ ¢¨É±μ¢, Í¥´É·Ò ±μÉμ·ÒÌ ´ Ìμ¤ÖÉ¸Ö ´  μ±·Ê¦´μ¸É¨ · ¤¨-
Ê¸μ³ r. Œ¥¸Éμ¶μ²μ¦¥´¨¥ ± ¦¤μ° i-° μ¡³μÉ±¨ Ì · ±É¥·¨§Ê¥É¸Ö Ê£²μ³ ϕi. �¥Ï ÉÓ § ¤ ÎÊ
μ¶É¨³¨§ Í¨¨ ¡Ê¤¥³ ¶ÊÉ¥³ ¢ ·Ó¨·μ¢ ´¨Ö Ê£²μ¢ ϕi. �¤´¨³ ¨§ ´ ¨¡μ²¥¥ Ê¤μ¡´ÒÌ ¨´¸É·Ê-
³¥´Éμ¢ μÍ¥´±¨ ± Î¥¸É¢  · ¸¶·¥¤¥²¥´¨Ö ¶μ²Ö Ö¢²Ö¥É¸Ö · §²μ¦¥´¨¥ ±μ³¶μ´¥´É ³ £´¨É´μ£μ
¶μ²Ö ¢ ·Ö¤ ”Ê·Ó¥. ‚ ¶·¥¤¥²¥ ¤²Ö ¶μ²ÊÎ¥´¨Ö  ¡¸μ²ÕÉ´μ μ¤´μ·μ¤´μ£μ ¶μ²Ö ´¥μ¡Ìμ¤¨³μ,
ÎÉμ¡Ò μÉ²¨Î´μ° μÉ ´Ê²Ö ¡Ò²  Éμ²Ó±μ μ¸´μ¢´ Ö ¤¨¶μ²Ó´ Ö ±μ³¶μ´¥´É  ¨´¤Ê±Í¨¨ By,   ¢¸¥
μ¸É ²Ó´Ò¥ · ¢´Ò³¨ ´Ê²Õ. ‘²μ¦´μ¸ÉÓ § ¤ Î¨ § ±²ÕÎ ¥É¸Ö É ±¦¥ ¢ Éμ³, ÎÉμ ´¥μ¡Ìμ¤¨³μ
¶μ²ÊÎ¨ÉÓ μ¤´μ·μ¤´μ¸ÉÓ ¤²Ö ¤μ¸É ÉμÎ´μ Ï¨·μ±μ£μ ¤¨ ¶ §μ´  ¨§³¥´¥´¨Ö ³μ¤Ê²Ö ¨´¤Ê±Í¨¨.
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�É³¥É¨³, ÎÉμ ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ Éμ±  ¢ μ¡³μÉ± Ì Ìμ·μÏμ · ¡μÉ ÕÉ ³μ¤¥²¨, ¨¸¶μ²Ó§Ê-
ÕÐ¨¥ ¶μ¸ÉμÖ´´μ¥ (¤μ¸É ÉμÎ´μ ¡μ²ÓÏμ¥) §´ Î¥´¨¥ ³ £´¨É´μ° ¶·μ´¨Í ¥³μ¸É¨ μ ¢ ¦¥²¥§¥.
�·¥¨³ÊÐ¥¸É¢μ ¤ ´´ÒÌ ³μ¤¥²¥° ¶¥·¥¤ μ¸É ²Ó´Ò³¨ § ±²ÕÎ ¥É¸Ö ¢ Éμ³, ÎÉμ ¶μ²ÊÎ¥´´μ¥
¶μ²¥ Ö¢²Ö¥É¸Ö ²¨´¥°´μ° ¢¥±Éμ·-ËÊ´±Í¨¥° μÉ Éμ±  ¢ μ¡³μÉ± Ì. �ÉμÉ Ë ±É ¶μ§¢μ²Ö¥É ¸Ê-
Ð¥¸É¢¥´´μ ¸μ±· É¨ÉÓ ¢ÒÎ¨¸²¨É¥²Ó´Ò¥ § É· ÉÒ ¶·¨ μ¶É¨³¨§ Í¨¨ ¶ · ³¥É·μ¢ ³ £´¨É´μ°
¸¨¸É¥³Ò.

� ¸¸³μÉ·¨³ ¨´É¥£· ²Ó´ÊÕ ¶μ¸É ´μ¢±Ê § ¤ Î¨ ³ £´¨Éμ¸É É¨±¨. �Ê¸ÉÓ B(x) Å ¨´¤Ê±-
Í¨Ö ³ £´¨É´μ£μ ¶μ²Ö ¢ ÉμÎ±¥ x; H(x) Å ´ ¶·Ö¦¥´´μ¸ÉÓ; M(x) Å ³ £´¨É´Ò° ³μ³¥´É;
μ = μ(x) Å ³ £´¨É´ Ö ¶·μ´¨Í ¥³μ¸ÉÓ; HS(x) Å ¶μ²¥ μÉ Éμ±μ¢ÒÌ Ô²¥³¥´Éμ¢. �Ê¸ÉÓ
G Å μ¡² ¸ÉÓ, § ¶μ²´¥´´ Ö ¦¥²¥§μ³. ˆ´É¥£· ²Ó´ Ö ¶μ¸É ´μ¢±  § ¤ Î¨ ³ £´¨Éμ¸É É¨±¨ ¢
É·¥Ì³¥·´μ³ ¸²ÊÎ ¥ ¨³¥¥É ¢¨¤ [5]

H(a) = HS(a) +
1
4π

∇a

∫
G

(
M(x),∇a

1
|x − a|

)
dVx. (1)

‚¥²¨Î¨´Ò B(x), H(x) ¨ M(x) Ê¤μ¢²¥É¢μ·ÖÕÉ ¸²¥¤ÊÕÐ¨³ ¸μμÉ´μÏ¥´¨Ö³:

H(a) = − B(a)
μ(|B(a)|)μ0

, M(a) =
B(a)
μ0

− H(a). (2)

�μ²¥ HS(a) ¢ (1) ³μ¦¥É ¡ÒÉÓ ¶μ¸Î¨É ´μ ¶μ § ±μ´Ê �¨μÄ‘ ¢ ·· :

HS(a) =
1
4π

N∑
i=1

∫
Ωi

[
∇a

1
|x − a|J

S
i (x)

]
dVx, (3)

£¤¥ {Ωi, i = 1, N} Å Éμ±μ¢Ò¥ μ¡³μÉ±¨; JS
i (x) Å ¶²μÉ´μ¸ÉÓ Éμ±  ¢ i-° μ¡³μÉ±¥.

„²Ö ¤¢ÊÌ ¨§³¥·¥´¨° (1) ·¥¤ÊÍ¨·Ê¥É¸Ö ± ¸²¥¤ÊÕÐ¥³Ê Ê· ¢´¥´¨Õ:

H(a) = HS(a) +
1
2π

∇a

∫
G

(M(x),∇x ln |x − a|)dSx. (4)

�μ²¥ HS(a) ³μ¦¥É ¡ÒÉÓ ¶μ¸Î¨É ´μ ¶μ ¸²¥¤ÊÕÐ¨³ Ëμ·³Ê² ³:

HS(a) =
1
2π

N∑
i=1

∫
Ωi

[
∇x ln |x − a| e0J

S
i (x)

]
dSx, (5)

£¤¥ e0 Å ¥¤¨´¨Î´Ò° ¢¥±Éμ·, μ·Éμ£μ´ ²Ó´Ò° ¶²μ¸±μ¸É¨.
‚ ¸²ÊÎ ¥ ¶μ¸ÉμÖ´´μ° ³ £´¨É´μ° ¶·μ´¨Í ¥³μ¸É¨ μ Ê· ¢´¥´¨¥ (4) ¸¢μ¤¨É¸Ö ± £· ´¨Î-

´μ³Ê ¨´É¥£· ²Ó´μ³Ê Ê· ¢´¥´¨Õ:

H(a) = HS(a) +
1
2π

∇a

∮
DG

(M(x), nx ln |x − a|)dlx. (6)

�Ê¸ÉÓ ¤²Ö x ∈ DG ËÊ´±Í¨Ö σ(x) ¥¸ÉÓ σ(x) = (B(x), nx). ’μ£¤  ¨§ (2), (6) ¶μ²ÊÎ ¥³ [6]

σ(a)
μ

= μ0(HS(a), na) +
1
2π

(
1 − 1

μ

) ⎛
⎝na,∇a

∮
DG

σ(x) ln |x − a| dlx

⎞
⎠ . (7)
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�Ê¸ÉÓ HS(a) ¥¸ÉÓ
HS(a) =

1
2π

∫
Ωi

[
∇x ln |x − a| e0J

S
i (x)

]
dSx.

’μ£¤  σ(a) ¨§ (7) · ¢´μ

σ(a) =
N∑

i=1

σi(a), (8)

£¤¥ σi(a) ¥¸ÉÓ ·¥Ï¥´¨¥

σi(a)
μ

= μ0(HS
i (a), na) +

1
2π

(
1 − 1

μ

) ⎛
⎝na,∇a

∮
DG

σi(x) ln |x − a| dlx

⎞
⎠ . (9)

’ ±¨³ μ¡· §μ³, ¢ ¸²ÊÎ ¥ ¶μ¸ÉμÖ´´μ° ³ £´¨É´μ° ¶·μ´¨Í ¥³μ¸É¨ μ ¶μ²¥ μÉ ´¥¸±μ²Ó±¨Ì μ¡-
³μÉμ± ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´μ ± ± ¸Ê³³  ¶μ²¥° μÉ ± ¦¤μ° μ¡³μÉ±¨ ¢ μÉ¤¥²Ó´μ¸É¨. �Î¥¢¨¤-
´Ò³ ¸²¥¤¸É¢¨¥³ ÔÉμ£μ Ö¢²Ö¥É¸Ö Ë ±É, ÎÉμ ±μÔËË¨Í¨¥´ÉÒ ËÊ·Ó¥-· §²μ¦¥´¨Ö ±μ³¶μ´¥´É
¶μ²Ö ¤²Ö ¸¨¸É¥³Ò, ¸μ¸ÉμÖÐ¥° ¨§ ³ £´¨É  ¨ ´¥¸±μ²Ó±¨Ì μ¡³μÉμ±, ³μ£ÊÉ ¡ÒÉÓ ¶μ¸Î¨É ´Ò
± ± ¸Ê³³  ±μÔËË¨Í¨¥´Éμ¢ ËÊ·Ó¥-· §²μ¦¥´¨Ö ¤²Ö ¸¨¸É¥³, ¸μ¸ÉμÖÐ¨Ì ¨§ ³ £´¨É  ¨ ± ¦¤μ°
μ¡³μÉ±¨ ¢ μÉ¤¥²Ó´μ¸É¨.

� ¸¸³μÉ·¨³ ¶·μÍ¥¤Ê·Ê μ¶É¨³¨§ Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¶μ²Ö. �¡μ§´ Î¨³ {fi, i = 0; L}
¨ {gi, i = 0; L} ¶¥·¢Ò¥ (L + 1)-£ ·³μ´¨±¨ ±μ³¶μ´¥´ÉÒ ³ £´¨É´μ£μ ¶μ²Ö Bx ¨ By ¸μμÉ-
¢¥É¸É¢¥´´μ. �¶·¥¤¥²¨³ ËÊ´±Í¨μ´ ² F , μÉ¢¥Î ÕÐ¨° §  μ¤´μ·μ¤´μ¸ÉÓ ³ £´¨É´μ£μ ¶μ²Ö,
¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

F = F (ϕ1,ϕ2, . . . , ϕN ) =
L∑

i=0

(
fi

g0

)2

+
L∑

j=1

(
gi

g0

)2

. (10)

„²Ö ³¨´¨³¨§ Í¨¨ ËÊ´±Í¨μ´ ²  F (ϕ1, ϕ2, . . . , ϕN ) ¨¸¶μ²Ó§μ¢ ²¸Ö ³¥Éμ¤ £· ¤¨¥´É´μ£μ
¸¶Ê¸± . �¤´ ±μ ¸²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¢¢¨¤Ê ¸¨²Ó´μ° ´¥²¨´¥°´μ° § ¢¨¸¨³μ¸É¨ ¶μ²Ö μÉ
Éμ±  ¢ μ¡³μÉ± Ì μ¤´μ·μ¤´μ¸ÉÓ ¶μ²Ö ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ ´¥ £ · ´É¨·Ê¥É μ¤´μ·μ¤´μ¸É¨
¶·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ ¨´¤Ê±Í¨¨. �μÔÉμ³Ê ¤²Ö ¢Ò¡· ´´μ° ±μ´Ë¨£Ê· Í¨¨ μ¡³μÉμ± ¶·μ-
¢μ¤¨²μ¸Ó ·¥Ï¥´¨¥ ¨´É¥£· ²Ó´μ£μ Ê· ¢´¥´¨Ö (4), ¶μ§¢μ²ÖÕÐ¥¥ ÊÎ¥¸ÉÓ ÔËË¥±ÉÒ ´ ¸ÒÐ¥´¨Ö
¦¥²¥§  ¶·¨ ¡μ²ÓÏ¨Ì ¶μ²ÖÌ [7].

2. �…‡“‹œ’�’› ��‘—…’�‚ ˆ ��‘“†„…�ˆ…

� ¸Î¥ÉÒ ¶μ± § ²¨, ÎÉμ É·¥¡Ê¥³ Ö ¨´¤Ê±Í¨Ö ³ £´¨É´μ£μ ¶μ²Ö 4 ’² ·¥ ²¨§Ê¥É¸Ö ¢ ³ £-
´¨É¥ ¸ ¸¥³ÓÕ ¢¨É± ³¨ ± ¡¥²Ö �/ 7 ³³ ¢ ¶μ²Êμ¡³μÉ±¥ ¶·¨ Éμ±¥ ∼ 30 ±�. „²Ö Ï¥¸É¨ ¢¨É±μ¢
¨´¤Ê±Í¨Ö ¶μ²Ö ¶·¨ Éμ±¥ 30 ±� ¸μ¸É ¢²Ö¥É 3,5 ’² (c³. ·¨¸. 2). “£²μ¢Ò¥ ±μμ·¤¨´ ÉÒ ¢¨É±μ¢
(c³. ·¨¸. 1,  ) ¢Ò¡¨· ²¨¸Ó É ±¨³ μ¡· §μ³, ÎÉμ¡Ò ³¨´¨³¨§¨·μ¢ ÉÓ  ³¶²¨ÉÊ¤Ò ´¥Î¥É´ÒÌ
£ ·³μ´¨± ¶μ²Ö, ´ Î¨´ Ö ¸ É·¥ÉÓ¥°. 	¥±μÉμ·Ò¥ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 2
¨ 3. ‡´ Î¥´¨Ö ´¥²¨´¥°´μ¸É¥° ¶μ²Ö · ¸¸Î¨ÉÒ¢ ²¨¸Ó ´  · ¤¨Ê¸¥ 40 ³³. � ¸Î¥ÉÒ ¶·μ¢μ¤¨-
²¨¸Ó ¤²Ö ¤¢ÊÌ ¢ ·¨ ´Éμ¢ É·Ê¡Î ÉÒÌ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì ± ¡¥²¥° ¸ ¢´¥Ï´¨³¨ ¤¨ ³¥É· ³¨ 7
¨ 9 ³³. �·¨ ÔÉμ³ · ¤¨Ê¸Ò · ¸¶μ²μ¦¥´¨Ö Í¥´É·μ¢ ¢¨É±μ¢ ¡Ò²¨ 57 ¨ 64 ³³.
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�¨¸. 2. ‡ ¢¨¸¨³μ¸ÉÓ ¤¨¶μ²Ó´μ° ±μ³¶μ´¥´ÉÒ
³ £´¨É´μ£μ ¶μ²Ö μÉ · ¡μÎ¥£μ Éμ±  ¤²Ö ³ £´¨É 

¸ Ï¥¸ÉÓÕ (�) ¨ ¸¥³ÓÕ (�) ¢¨É± ³¨ 7-³³ ± ¡¥²Ö

¢ ¶μ²Êμ¡³μÉ±¥ (R = 57 ³³)

�¨¸. 3. �É´μ¸¨É¥²Ó´ Ö ¢¥²¨Î¨´  ¸¥±¸ÉÊ¶μ²Ó´μ°

±μ³¶μ´¥´ÉÒ ¶μ²Ö ´  · ¤¨Ê¸¥ 40 ³³ ¤μ (�) ¨ ¶μ-
¸²¥ (�) μ¶É¨³¨§ Í¨¨ ³ £´¨É  ¸ ¸¥³ÓÕ ¢¨É± ³¨

7-³³ ± ¡¥²Ö ¢ ¶μ²Êμ¡³μÉ±¥

�É´μ¸¨É¥²Ó´Ò¥ ¢¥²¨Î¨´Ò ¢Ò¸Ï¨Ì £ ·³μ´¨± ³ £´¨É´μ£μ ¶μ²Ö ¶·¨ ¨´¤Ê±Í¨¨ 4 ’²

ƒ ·³μ´¨±¨ N = 7 (¡¥§ μ¶É¨³¨§ Í¨¨) N = 7 (¶μ¸²¥ μ¶É¨³¨§ Í¨¨)

5 −1,29 · 10−3 3,01 · 10−5

7 5,93 · 10−3 −2,28 · 10−5

9 1,29 · 10−3 −6,81 · 10−6

�¨¸. 4. � ¸¶·¥¤¥²¥´¨¥ ¶μ£·¥Ï´μ¸É¨ ¶μ²Ö ΔBy/B0 ¶μ
· ¤¨Ê¸Ê ¤²Ö ³ £´¨É  ¸ ¸¥³ÓÕ ¢¨É± ³¨ 9-³³ ± ¡¥²Ö ¢

¶μ²Êμ¡³μÉ±¥: 1, � Å 1,83 ’², 14,5 ±�; 2, � Å 2,55 ’²,

20,3 ±�; 3 Å 3,79 ’², 31,9 ±�

� ¸Î¥ÉÒ ¶μ± § ²¨, ÎÉμ ¤²Ö ¸¥³¨¢¨É±μ¢μ° μ¡-
³μÉ±¨ · ¤¨Ê¸μ³ 57 ³³ ¨§ 7-³³ ± ¡¥²Ö ±μ³¶¥´¸ -
Í¨Ö ¸¥±¸ÉÊ¶μ²Ó´μ° ±μ³¶μ´¥´ÉÒ ³ £´¨É´μ£μ ¶μ²Ö
¢ ¤¨ ¶ §μ´¥ §´ Î¥´¨° μ¸´μ¢´μ° £ ·³μ´¨±¨ μÉ 0
¤μ 4 ’² ¸ÊÐ¥¸É¢¥´´μ ²ÊÎÏ¥, Î¥³ ¢ ¸²ÊÎ ¥ 9-³³
± ¡¥²Ö. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¤ ¦¥ ¢ ÔÉμ³ ¸²ÊÎ ¥ ´¥
Ê¤ ¥É¸Ö ¶μ²ÊÎ¨ÉÓ μÉ´μ¸¨É¥²Ó´ÊÕ ¢¥²¨Î¨´Ê ¸¥±-
¸ÉÊ¶μ²Ó´μ° ´¥²¨´¥°´μ¸É¨ ³¥´¥¥ 4,0 · 10−3 ¶·¨
B ≈ 4 ’² ¢ · ¡μÎ¥° μ¡² ¸É¨, ¸μ¸É ¢²ÖÕÐ¥° 75 %
¶μ²´μ°  ¶¥·ÉÊ·Ò ¤¨¶μ²Ö, ¢ ·Ó¨·ÊÖ Éμ²Ó±μ ¶μ²μ-
¦¥´¨¥ ¢¨É±μ¢ ¶μ  §¨³ÊÉÊ (¸³. ·¨¸. 3). ‚¥²¨Î¨´Ò
´¥²¨´¥°´μ¸É¥° ¡μ²¥¥ ¢Ò¸μ±μ£μ ¶μ·Ö¤±  ¤²Ö ÔÉμ£μ
¸²ÊÎ Ö ¶·¥¤¸É ¢²¥´Ò ¢ É ¡²¨Í¥.

‚ ¸²ÊÎ ¥ ¨¸¶μ²Ó§μ¢ ´¨Ö 9-³³ ± ¡¥²Ö ¨ μ¡³μÉ±¨ ¸ · ¤¨Ê¸μ³ 64 ³³ ´¥μÌμ¤¨³μ Ê¢¥-
²¨Î¨¢ ÉÓ Éμ± ¤μ 34 ±�, ÎÉμ¡Ò ¶μ²ÊÎ¨ÉÓ ¶μ²¥ 4 ’² ¢  ¶¥·ÉÊ·¥ ³ £´¨É . �É´μ¸¨É¥²Ó´ Ö
¢¥²¨Î¨´  ¸¥±¸ÉÊ¶μ²Ó´μ° ´¥²¨´¥°´μ¸É¨ ´  · ¤¨Ê¸¥ 40 ³³ (∼ 68 % ¶μ²´μ°  ¶¥·ÉÊ·Ò) ¶·¨
B = 3,79 ’² (I = 31,9 ±�) ¢ μ¶É¨³¨§¨·μ¢ ´´μ³ ¢ ·¨ ´É¥ ¸μ¸É ¢²Ö¥É ∼ 5 · 10−3. � ¸-
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¶·¥¤¥²¥´¨¥ ¸Ê³³ ·´μ° μÉ´μ¸¨É¥²Ó´μ° ´¥μ¤´μ·μ¤´μ¸É¨ ³ £´¨É´μ£μ ¶μ²Ö ¶μ · ¤¨Ê¸Ê ¤²Ö
μ¶É¨³¨§¨·μ¢ ´´μ£μ ¢ ·¨ ´É  ¸¥³¨¢¨É±μ¢μ° μ¡³μÉ±¨ · ¤¨Ê¸μ³ 64 ³³ ¨§ 9-³³ ¸¢¥·Ì¶·μ-
¢μ¤ÖÐ¥£μ ± ¡¥²Ö ¶·¨¢¥¤¥´μ ´  ·¨¸. 4.

„ ²Ó´¥°Ï Ö μ¶É¨³¨§ Í¨Ö ¶·¥¤¶μ² £ ¥É É ±¦¥ ³μ¤¨Ë¨± Í¨Õ ¢´ÊÉ·¥´´¥° £· ´¨ÍÒ Ë¥·-
·μ³ £´¨É´μ£μ Ô±· ´ .

‚›‚�„›

� §· ¡μÉ±  ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥£μ ¡Ò¸É·μÍ¨±²¨·ÊÕÐ¥£μ ¤¨¶μ²Ó´μ£μ ³ £´¨É  ´  ¨´¤Ê±Í¨Õ
4 ’², μ¸´μ¢ ´´μ£μ ´  ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥³ ¶μ²μ³ ± ¡¥²¥, ¶·μ¤μ²¦ ¥É¸Ö. 	  ¤ ´´μ³ ÔÉ ¶¥
¡Ò²  ¶·μ¢¥¤¥´  ¶·μ¢¥·±  ¢μ§³μ¦´μ¸É¥° μ¶É¨³¨§ Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö ¢ · ¡μÎ¥° μ¡² ¸É¨
¶μ¸·¥¤¸É¢μ³ ¨§³¥´¥´¨Ö Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö ¢¨É±μ¢ ± ÉÊÏ±¨. „ ²Ó´¥°Ï¥¥ Ê²ÊÎÏ¥´¨¥
± Î¥¸É¢  ¶μ²Ö ³Ò ¸¢Ö§Ò¢ ¥³ ¸ μ¶É¨³¨§ Í¨¥° Ëμ·³Ò Ë¥··μ³ £´¨É´μ£μ Ô±· ´ . ‚ ²Õ-
¡μ³ ¸²ÊÎ ¥ μ¡¥¸¶¥Î¥´¨¥ § ¤ ´´ÒÌ ¤μ¶Ê¸±μ¢ ´  ´¥²¨´¥°´μ¸ÉÓ ³ £´¨É´μ£μ ¶μ²Ö ¢  ¶¥·ÉÊ·¥
¤¨¶μ²Ö ³μ¦¥É ¡ÒÉÓ ¤μ¸É¨£´ÊÉ  ¢¢¥¤¥´¨¥³  ±É¨¢´μ° ±μ··¥±Í¨¨ ¸¥±¸ÉÊ¶μ²Ó´μ° ¸μ¸É ¢²Ö-
ÕÐ¥°.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹‚� ¨ ‹ˆ’ �ˆŸˆ ¶·¨ Ë¨´ ´¸μ¢μ° ¶μ¤¤¥·¦±¥ �””ˆ (£· ´É
03-01-00290 ).
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