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¤²Ö µ¶É¨³¨§ Í¨¨ ¶µ²Ö ³ £´¨Éµ¢ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¨Ì ¸¨´Ì·µÉ·µ´µ¢

‚ · ¡µÉ¥ · ¸¸³ É·¨¢ ¥É¸Ö ¶·µ¡²¥³  µ¶É¨³¨§ Í¨¨ ¶ · ³¥É·µ¢ ¸¢¥·Ì¶·µ¢µ¤Ö-
Ð¨Ì ³ £´¨Éµ¢ É¨¶  ®cosΘ¯ ¶ÊÉ¥³ ¢ ·Ó¨·µ¢ ´¨Ö ± ± ³¥¸Éµ¶µ²µ¦¥´¨Ö Éµ±µ¢ÒÌ
µ¡³µÉµ±, É ± ¨ ¢´ÊÉ·¥´´¥£µ ¶·µË¨²Ö ³ £´¨Éµ¶·µ¢µ¤ . � §· ¡µÉ ´´Ò° ³ É¥³ -
É¨Î¥¸±¨°  ¶¶ · É ¶·¨³¥´Ö¥É¸Ö ¤²Ö µ¶É¨³¨§ Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¤¢Ê³¥·´µ£µ ³ £-
´¨É´µ£µ ¶µ²Ö ¤¨¶µ²Ó´µ£µ ³ £´¨É  ¸ ¶µ²¥³ ¤µ 4 ’².

� ¡µÉ  ¢Ò¶µ²´¥´  ¢ ‹ ¡µ· Éµ·¨¨ ¨´Ëµ·³ Í¨µ´´ÒÌ É¥Ì´µ²µ£¨° �ˆŸˆ.
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Application of a Fictitious Current Winding Method
for Field Optimization of Synchrotron Superconducting Magnets

The ˇeld optimization by current coil positions and internal magnet proˇle for
®cosΘ¯ type superconducting magnet is considered. The proposed mathematical
method is used for 2D ˇeld optimization of a 4 T dipole magnet.

The investigation has been performed at the Laboratory of Information Tech-
nologies, JINR.
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‚ · ¡µÉ¥ [1] ¡Ò²  ¶·¥¤²µ¦¥´  ±µ´Í¥¶Í¨Ö ¤¨¶µ²Ó´µ£µ ³ £´¨É  É¨¶ 
®cosΘ¯ ¸ ¶µ²¥³ 4 ’² ¢  ¶¥·ÉÊ·¥ �100 ³³, Éµ±µ¢ Ö µ¡³µÉ±  ±µÉµ·µ£µ ¢Ò-
¶µ²´Ö¥É¸Ö ¨§ É·Ê¡Î Éµ£µ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ ´¨µ¡¨°-É¨É ´µ¢µ£µ ± ¡¥²Ö, ¨³¥-
ÕÐ¥£µ ´ ·Ê¦´Ò° ¤¨ ³¥É· 8Ä10 ³³ ¨ ¸¶µ¸µ¡´µ£µ ´¥¸É¨ É· ´¸¶µ·É´Ò° Éµ±
¤µ 30 ±A ¶·¨ · ¡µÎ¥° É¥³¶¥· ÉÊ·¥ 4,5 K. �Ò²µ É ±¦¥ ¶·¥¤²µ¦¥´µ Ê²ÊÎ-
Ï¨ÉÓ ± Î¥¸É¢µ Ëµ·³¨·Ê¥³µ£µ ¶µ²Ö ´¥ Éµ²Ó±µ §  ¸Î¥É ¶µ¤¡µ·   §¨³ÊÉ ²Ó´µ£µ
¶µ²µ¦¥´¨Ö Éµ±µ´¥¸ÊÐ¨Ì ¢¨É±µ¢ µ¡³µÉ±¨, ´µ ¨ §  ¸Î¥É µ¶É¨³¨§ Í¨¨ Ëµ·³Ò
£· ´¨ÍÒ Ë¥··µ³ £´¨É´µ£µ Ô±· ´ , µ±·Ê¦ ÕÐ¥£µ µ¡³µÉ±Ê.

‚ · ¡µÉ¥ [2] ¢ · ³± Ì ¤¢Ê³¥·´ÒÌ ³µ¤¥²¥° ¡Ò² ¶·¥¤²µ¦¥´ ³¥Éµ¤ µ¶É¨-
³¨§ Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ³ £´¨É´µ£µ ¶µ²Ö ¢ · ¡µÎ¥° µ¡² ¸É¨ ³ £´¨Éµ¢ Ê¸±µ·¨-
É¥²¥° ¶ÊÉ¥³ ¢ ·Ó¨·µ¢ ´¨Ö ³¥¸Éµ¶µ²µ¦¥´¨Ö Éµ±µ¢ÒÌ µ¡³µÉµ± ¡¥§ ¨§³¥´¥´¨Ö
¶·¨ ÔÉµ³ ±µ´Ë¨£Ê· Í¨¨ ¦¥²¥§ . ‚ ¤ ´´µ° · ¡µÉ¥ ³Ò · ¸¸³µÉ·¨³ ¶µ¤Ìµ¤,
±µÉµ·Ò° ¶µ§¢µ²Ö¥É ¶·µ¢µ¤¨ÉÓ µ¶É¨³¨§ Í¨Õ ¶µ²Ö ´¥ Éµ²Ó±µ §  ¸Î¥É ¨§³¥´¥-
´¨Ö ±µ´Ë¨£Ê· Í¨¨ µ¡³µÉµ±, ´µ É ±¦¥ ¨ ¢ ·Ó¨·µ¢ ´¨¥³ ¢´ÊÉ·¥´´¥£µ ¶·µË¨²Ö
³ £´¨É .
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‚ · ¡µÉ¥ [2] ¤²Ö ³ É¥³ É¨Î¥¸±µ£µ µ¶¨¸ ´¨Ö ¶·µ¡²¥³Ò ¨¸¶µ²Ó§µ¢ ² ¸Ó
¨´É¥£· ²Ó´ Ö ¶µ¸É ´µ¢±  § ¤ Î¨ ³ £´¨Éµ¸É É¨±¨ [3]. ‚ ¤ ´´µ³ · §¤¥²¥ ³Ò
¨§²µ¦¨³ ³¥Éµ¤ µ¡Ñ¥³´ÒÌ ¨ £· ´¨Î´ÒÌ ¨´É¥£· ²Ó´ÒÌ Ê· ¢´¥´¨° ¤²Ö ¤¢Ê³¥·-
´µ£µ ¸²ÊÎ Ö. �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¨±¨ ¢ ¤¢Ê³¥·-
´µ³ ¸²ÊÎ ¥ [4] ¨³¥¥É ¢¨¤

H(a) = Hs(a) +
1
2π

∇a

∫
G

(M(x),∇x ln |x − a|) dSx, (1)

H(a) =
B(a)

µ (|B(a)|) µ0
, M(a) =

B(a)
µ0

− H(a). (2)

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

Hs(a) =
1
2π

N∑
i=1

∫
Ωi

[∇x ln |x − a| × e0js
i (x)] dSx, (3)

£¤¥ {Ωi} Å Éµ±µ¢Ò¥ µ¡³µÉ±¨; js
i (x) Å ¶²µÉ´µ¸ÉÓ Éµ±  ¢ Ωi; e0 Å ¥¤¨´¨Î´Ò°

¢¥±Éµ·, µ·Éµ£µ´ ²Ó´Ò° ¶²µ¸±µ¸É¨. “· ¢´¥´¨Ö (1)Ä(3) ¶µ§¢µ²ÖÕÉ ¢ÒÎ¨¸²ÖÉÓ
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³ £´¨É´µ¥ ¶µ²¥ ¤²Ö Ï¨·µ±µ£µ ¤¨ ¶ §µ´  ¥£µ ¨§³¥´¥´¨Ö, ¢±²ÕÎ Ö ÔËË¥±ÉÒ
´ ¸ÒÐ¥´¨Ö ³ £´¨Éµ¶·µ¢µ¤ .

�¤´ ±µ ¢ ¸²ÊÎ ¥ ³ ²ÒÌ ¶µ²¥° Ìµ·µÏµ · ¡µÉ ÕÉ ³µ¤¥²¨ ¸ ¶µ¸ÉµÖ´´µ°
³ £´¨É´µ° ¶·µ´¨Í ¥³µ¸ÉÓÕ. ‚ ¸²ÊÎ ¥ ¶µ¸ÉµÖ´´µ° ³ £´¨É´µ° ¶·µ´¨Í ¥³µ¸É¨
µ Ê· ¢´¥´¨¥ (1) ¸¢µ¤¨É¸Ö ± £· ´¨Î´µ³Ê ¨´É¥£· ²Ó´µ³Ê Ê· ¢´¥´¨Õ [5]

H(a) = Hs(a) +
1
2π

∇a

∮
DG

(M(x),nx) ln |x − a|dlx. (4)

�Ê¸ÉÓ ¤²Ö x ∈ DG ËÊ´±Í¨Ö σ(x) ¥¸ÉÓ σ(x) = (B(x),nx), £¤¥ nx Å
¢´¥Ï´ÖÖ ´µ·³ ²Ó ¢ ÉµÎ±¥ x. ’µ£¤  ¨§ (2), (4) ¶µ²ÊÎ ¥³

σ(a)
µ

= µ0(Hs(a),na) +
1
2π

(
1 − 1

µ

) 
na,∇a

∮
DG

σ(x) ln |x − a|dlx


 . (5)

�Ê¸ÉÓ

Hs
i (a) =

1
2π

∫
Ωi

[∇x ln |x − a| × e0js
i (x)] dSx. (6)

’µ£¤  σ(a) ¨§ (5) · ¢´µ

σ(a) =
N∑

i=1

σi(a), (7)

£¤¥ 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


 . (8)

ˆ³¥´´µ ¢ · ³± Ì ³¥Éµ¤  £· ´¨Î´ÒÌ ¨´É¥£· ²Ó´ÒÌ Ê· ¢´¥´¨° ¢ · ¡µÉ¥ [2]
¡Ò²¨ ¶·¥¤²µ¦¥´Ò  ²£µ·¨É³Ò µ¶É¨³¨§ Í¨¨ ¶ · ³¥É·µ¢ Ê¸±µ·¨É¥²Ó´ÒÌ ³ £´¨-
Éµ¢ ¶ÊÉ¥³ ¢ ·Ó¨·µ¢ ´¨Ö ³¥¸Éµ¶µ²µ¦¥´¨Ö Éµ±µ¢ÒÌ µ¡³µÉµ±. „²Ö ¸²ÊÎ Ö ¶µ¸Éµ-
Ö´´µ° ³ £´¨É´µ° ¶·µ´¨Í ¥³µ¸É¨ µ ¶µ²¥ µÉ ´¥¸±µ²Ó±¨x 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 ÉµÉ Ë ±É, ÎÉµ ±µÔËË¨Í¨¥´ÉÒ ËÊ·Ó¥-· §²µ¦¥´¨Ö
±µ³¶µ´¥´É ¶µ²Ö ¤²Ö ¸¨¸É¥³Ò, ¸µ¸ÉµÖÐ¥° ¨§ ³ £´¨É  ¨ ´¥¸±µ²Ó±¨x µ¡³µÉµ±,
³µ£ÊÉ ¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò ± ± ¸Ê³³  ±µÔËË¨Í¨¥´Éµ¢ ËÊ·Ó¥-· §²µ¦¥´¨Ö ¤²Ö ¸¨-
¸É¥³, ¸µ¸ÉµÖÐ¨Ì ¨§ ³ £´¨É  ¨ ± ¦¤µ° µ¡³µÉ±¨ ¢ µÉ¤¥²Ó´µ¸É¨. �ÉµÉ ¢Ò¢µ¤
¶µ§¢µ²¨² ¸ÊÐ¥¸É¢¥´´µ ¸µ±· É¨ÉÓ ¢ÒÎ¨¸²¨É¥²Ó´Ò¥ § É· ÉÒ, ´¥µ¡Ìµ¤¨³Ò¥ ¤²Ö
µ¶É¨³¨§ Í¨¨ ³ £´¨É .
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‚ · ¡µÉ¥ [2] · ¸¸³ É·¨¢ ²¨¸Ó ³ £´¨ÉÒ ¢ Ëµ·³¥ ±µ ±¸¨ ²Ó´ÒÌ Í¨²¨´-
¤·µ¢, ¸¢¥·Ì¶·µ¢µ¤ÖÐ¨¥ µ¡³µÉ±¨ É ±¦¥ ¨³¥²¨ Ëµ·³Ê ±µ ±¸¨ ²Ó´ÒÌ Í¨²¨´-
¤·µ¢. �¶É¨³¨§ Í¨Ö ¸¢µ¤¨² ¸Ó ± ¢ ·Ó¨·µ¢ ´¨Õ ³¥¸Éµ¶µ²µ¦¥´¨Ö µ¡³µÉµ±, ¶·¨
ÔÉµ³ ±µ´Ë¨£Ê· Í¨Ö ³ £´¨Éµ¶·µ¢µ¤  µ¸É ¢ ² ¸Ó ¡¥§ ¨§³¥´¥´¨°. ‚ ¤ ´´µ³ · §-
¤¥²¥ ³Ò · ¸¸³µÉ·¨³ ¶µ¤Ìµ¤, ¢±²ÕÎ ÕÐ¨° É ±¦¥ µ¶É¨³¨§ Í¨Õ ¢´ÊÉ·¥´´¥£µ
¶·µË¨²Ö ³ £´¨É .

� ¸¸³µÉ·¨³ § ¤ ÎÊ Ëµ·³¨·µ¢ ´¨Ö µ¤´µ·µ¤´µ£µ ¶µ²Ö ¢ ¤¨¶µ²Ó´µ³ ³ £´¨É¥
Éµ²Ó±µ Éµ±µ¢Ò³¨ µ¡³µÉ± ³¨. ‡ ³¥É¨³, ÎÉµ ¤²Ö ÉµÎ¥± ´ ¡²Õ¤¥´¨Ö ¢´¥ µ¡³µÉµ±
¶µ²¥ µÉ ¡¥¸±µ´¥Î´ÒÌ ±µ ±¸¨ ²Ó´ÒÌ Í¨²¨´¤·¨Î¥¸±¨Ì µ¡³µÉµ± ¸µ¢¶ ¤ ¥É ¸
¶µ²¥³ µÉ ¡¥¸±µ´¥Î´ÒÌ ÉµÎ¥Î´ÒÌ ²¨´¨° ¸ É¥³ ¦¥ ¸Ê³³ ·´Ò³ Éµ±µ³ ¨ Í¥´É·µ³
´  ¶²µ¸±µ¸É¨. �ÉµÉ Ë ±É ¶µ§¢µ²Ö¥É ´ ³ · ¸¸³ É·¨¢ ÉÓ µ¡³µÉ±¨ ± ± ÉµÎ¥Î´Ò¥
¨¸ÉµÎ´¨±¨, ÎÉµ ¸ÊÐ¥¸É¢¥´´µ Ê¶·µÐ ¥É ´ Ï¥ ¤ ²Ó´¥°Ï¥¥ · ¸¸³µÉ·¥´¨¥. �µ²¥
Hs(a) ¶µ¸²¥ ÊÎ¥É  ¸¨³³¥É·¨¨ ¢Ò· ¦ ¥É¸Ö Î¥·¥§ £· ¤¨¥´É ¸Ê³³Ò ¢¥±Éµ·´ÒÌ
¶µÉ¥´Í¨ ²µ¢ {ui(a)}:

ui(a) =
js
i

2π
ln

[
((a1 − xi

1)
2 + (a2 − xi

2)
2) × ((a1 − xi

1)
2 + (a2 + xi

2)
2)

((a1 + xi
1)2 + (a2 − xi

2)2) × ((a1 + xi
1)2 + (a2 + xi

2)2)

]
, (9)

£¤¥ a = (a1, a2)T ; xi = (xi
1, x

i
2)T Å ±µµ·¤¨´ ÉÒ Í¥´É·  i-° µ¡³µÉ±¨. „²Ö

¸µ±· Ð¥´¨Ö Î¨¸²  ¢ ·Ó¨·Ê¥³ÒÌ ¶ · ³¥É·µ¢ ¢ (9) ÊÎÉ¥´Ò ¸· §Ê 4 µ¡³µÉ±¨. ˆ,
± ± ¸²¥¤¸É¢¨¥, ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ±µµ·¤¨´ ÉÒ {xi

1, x
i
2} ¢ (9) ¶µ²µ¦¨É¥²Ó´Ò¥.

„²Ö ¨³¨É Í¨¨ Ë¥··µ³ £´¨É´µ£µ Ô±· ´  ¢¢µ¤ÖÉ¸Ö ¤µ¶µ²´¨É¥²Ó´Ò¥ Ë¨±É¨¢´Ò¥
µ¡³µÉ±¨. ‡ ³¥É¨³, ÎÉµ ¶·¨ ³ ²ÒÌ ¶µ²ÖÌ ³µ¤¥²Ó ¸ ¡¥¸±µ´¥Î´µ° ³ £´¨É´µ°
¶·µ´¨Í ¥³µ¸ÉÓÕ ¤µ¸É ÉµÎ´µ Ìµ·µÏµ µ¶¨¸Ò¢ ¥É · ¸¶·¥¤¥²¥´¨¥ ¶µ²Ö ¢ · ¡µÎ¥°
µ¡² ¸É¨. �·¨ ÔÉµ³ ¸¨²µ¢Ò¥ ²¨´¨¨ ¶µ²Ö ¶¥·¶¥´¤¨±Ê²Ö·´Ò ¶µ¢¥·Ì´µ¸É¨ Ë¥··µ-
³ £´¥É¨± . …¸²¨ ³Ò ¸Ê³¥¥³ ¶µ¸É·µ¨ÉÓ É ±µ° ±µ´ÉÊ·, ´  ±µÉµ·µ³ ´µ·³ ²Ó´ Ö
¶·µ¨§¢µ¤´ Ö ∂u/∂na ¸Ê³³ ·´µ£µ ¢¥±Éµ·´µ£µ ¶µÉ¥´Í¨ ²  u(a) =

∑N
i=1 ui(a)

· ¢´  ´Ê²Õ, Éµ ³Ò ¸³µ¦¥³ µ¡· É¨ÉÓ § ¤ ÎÊ. �É¸Õ¤  ¢ÒÉ¥± ¥É ¸²¥¤ÊÕÐ¨°
 ²£µ·¨É³. �  ¶¥·¢µ³ ÔÉ ¶¥ ³Ò µ¶É¨³¨§¨·Ê¥³ · ¸¶·¥¤¥²¥´¨¥ ¶µ²Ö ¢ · ¡µ-
Î¥° µ¡² ¸É¨ ³ £´¨É  ¢ ·¨ Í¨¥° ³¥¸Éµ¶µ²µ¦¥´¨Ö Éµ±µ¢ÒÌ µ¡³µÉµ±, ¢±²ÕÎ Ö
¨ Ë¨±É¨¢´Ò¥ Éµ±µ¢Ò¥ µ¡³µÉ±¨. �  ¢Éµ·µ³ ÔÉ ¶¥ ¤²Ö Ê¦¥ § Ë¨±¸¨·µ¢ ´´µ£µ
· ¸¶µ²µ¦¥´¨Ö µ¡³µÉµ± ³Ò ¸É·µ¨³ ±µ´ÉÊ· G, Ê¤µ¢²¥É¢µ·ÖÕÐ¨° Ê¸²µ¢¨Õ, ÎÉµ
´µ·³ ²Ó´ Ö ¶·µ¨§¢µ¤´ Ö ∂u/∂na ´  ÔÉµ³ ±µ´ÉÊ·¥ · ¢´  ´Ê²Õ. ˆ³¥´´µ ÔÉµÉ
±µ´ÉÊ· ¨ ¡Ê¤¥É ¸µµÉ¢¥É¸É¢µ¢ ÉÓ ¢´ÊÉ·¥´´¥³Ê ¶·µË¨²Õ ³ £´¨É . ŒÒ ¡Ê¤¥³
¶·¥¤¶µ² £ ÉÓ, ÎÉµ ¢´¥Ï´¨° ±µ´ÉÊ· ³ £´¨É  ´ Ìµ¤¨É¸Ö ¤µ¸É ÉµÎ´µ ¤ ²¥±µ µÉ
· ¡µÎ¥° µ¡² ¸É¨ ¨ ´¥ µ± §Ò¢ ¥É ¸ÊÐ¥¸É¢¥´´µ£µ ¢²¨Ö´¨Ö ´  ± Î¥¸É¢µ ¶µ²Ö ¢
´¥°.

„²Ö µ¶É¨³¨§ Í¨¨ ¶µ²Ö ³Ò ¨¸¶µ²Ó§µ¢ ²¨ ¶µ¤Ìµ¤, µ¶¨¸ ´´Ò° ¢ · ¡µÉ¥ [2].
�¡µ§´ Î¨³ {fx

i , i = 1, L} ¨ {gx
i , i = 0, L}, {fy

i , i = 1, L} ¨ {gy
i , i = 0, L}

¶¥·¢Ò¥ 2L + 1 £ ·³µ´¨±¨ ±µ³¶µ´¥´É ³ £´¨É´µ£µ ¶µ²Ö Bx ¨ By ¸µµÉ¢¥É-
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¸É¢¥´´µ. „²Ö µ¶É¨³¨§ Í¨¨ · ¸¶µ²µ¦¥´¨Ö µ¡³µÉµ± ³Ò ¨¸¶µ²Ó§µ¢ ²¨ ËÊ´±Í¨-
µ´ ² F , µÉ¢¥Î ÕÐ¨° §  µ¤´µ·µ¤´µ¸ÉÓ ³ £´¨É´µ£µ ¶µ²Ö:

F =
L∑

i=1

[(
fx

i

gy
0

)2

+
(

gx
i

gy
0

)2

+
(

fy
i

gy
0

)2

+
(

gy
i

gy
0

)2
]

. (10)

„²Ö ³¨´¨³¨§ Í¨¨ ËÊ´±Í¨µ´ ²  F , ± ± ¨ · ´¥¥, ¨¸¶µ²Ó§µ¢ ²¸Ö ³¥Éµ¤ £· -
¤¨¥´É´µ£µ ¸¶Ê¸± . ‚ ¶·µÍ¥¸¸¥ ³µ¤¥²¨·µ¢ ´¨Ö ³Ò ¨¸¶µ²Ó§µ¢ ²¨ 7 µ¸´µ¢´ÒÌ
(¸ ÊÎ¥Éµ³ ¸¨³³¥É·¨° Å 28) ¨ 50 Ë¨±É¨¢´ÒÌ (¸ ÊÎ¥Éµ³ ¸¨³³¥É·¨° Å 200)
µ¡³µÉµ±. �  ·¨¸. 1 ¶·¥¤¸É ¢²¥´µ · ¸¶·¥¤¥²¥´¨¥ ¸Ê³³ ·´µ£µ ¢¥±Éµ·´µ£µ ¶µ-
É¥´Í¨ ²  u(a),   É ±¦¥ ¶µ¸É·µ¥´´Ò° ±µ´ÉÊ· G. �  ·¨¸. 2 ¶·¨¢¥¤¥´ µ¡Ð¨°
¢¨¤ ³ £´¨É  ¸ ¢´¥Ï´¨³ · ¤¨Ê¸µ³ R = 0,18 ³.

P¨¸. 1

�¤´ ±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 Éµ±  ´¥
£ · ´É¨·Ê¥É µ¤´µ·µ¤´µ¸É¨ ¤²Ö ¥£µ ¡µ²ÓÏ¨Ì §´ Î¥´¨°. �µÔÉµ³Ê ¤²Ö ¢Ò¡· ´-
´µ° ±µ´Ë¨£Ê· Í¨¨ µ¡³µÉµ± ¶·µ¢µ¤¨²µ¸Ó ·¥Ï¥´¨¥ ¨´É¥£· ²Ó´µ£µ Ê· ¢´¥´¨Ö
(1)Ä(3), ¶µ§¢µ²ÖÕÐ¥¥ ÊÎ¥¸ÉÓ ÔËË¥±ÉÒ ´ ¸ÒÐ¥´¨Ö ¦¥²¥§  ¶·¨ ¡µ²ÓÏ¨Ì ¶µ²ÖÌ.
� ¸Î¥É ¶·µ¢µ¤¨²¸Ö ¶µ ³¥Éµ¤¨±¥, ¨§²µ¦¥´´µ° ¢ [4]. ‡ ¢¨¸¨³µ¸ÉÓ ¶¥·¢ÒÌ Î¥É-
´ÒÌ 5 £ ·³µ´¨± ±µ³¶µ´¥´ÉÒ By (¢ ’²) µÉ · ¡µÎ¥£µ Éµ±  J (¢ �) ¤²Ö ¢´¥Ï´¥£µ
· ¤¨Ê¸  Ö·³  ³ £´¨É  R = 0,18 ³ ¶·¨¢¥¤¥´a ¢ É ¡². 1. �´ ²µ£¨Î´Ò¥ · ¸¶·¥¤¥-
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P¨¸. 2

’ ¡²¨Í  1

|J| 0,29E+4 0,87E+4 0,174E+5 0,232E+5 0,29E+5 0,377E+5 0,435E+5

c0 0,284E+0 0,853E+0 0,170E+1 0,227E+1 0,283E+1 0,358E+1 0,403E+1

c2 0,207E-4 0,565E-4 0,933E-4 0,522E-4 Ä0,199E-2 Ä0,201E-1 Ä0,375E-1

c4 0,154E-5 0,437E-5 0,8394E-5 0,262E-5 Ä0,337E-3 Ä0,274E-2 Ä0,433E-2

c6 0,664E-6 0,202E-5 0,3934E-5 0,444E-5 Ä0,444E-4 Ä0,294E-3 Ä0,321E-3

c8 Ä0,956E-6 Ä0,286E-5 Ä0,574E-5 Ä0,772E-5 Ä0,166E-4 Ä0,405E-4 Ä0,212E-4

’ ¡²¨Í  2

|J| 0,29E+4 0,87E+4 0,174E+5 0,232E+5 0,29E+5 0,377E+5 0,435E+5

c0 0,284E+0 0,853E+0 0,170E+1 0,227E+1 0,284E+1 0,366E+1 0,416E+1

c2 0,154E-4 0,454E-4 0,746E-4 0,809E-4 Ä0,215E-4 Ä0,553E-2 Ä0,169E-1

c4 0,125E-5 0,358E-5 0,702E-5 0,790E-5 Ä0,280E-5 Ä0,841E-3 Ä0,245E-2

c6 0,638E-6 0,195E-5 0,387E-5 0,506E-5 0,535E-5 Ä0,106E-3 Ä0,314E-3

c8 Ä0,961E-6 Ä0,287E-5 Ä0,576E-5 Ä0,767E-5 Ä0,972E-5 Ä0,247E-4 Ä0,502E-4

5



²¥´¨Ö ¤²Ö ¢´¥Ï´¨Ì · ¤¨Ê¸o¢ Ö·³  ³ £´¨É  R = 0,20 ³ ¨ R = 0,22 ³ ¶·¨-
¢¥¤¥´Ò ¢ É ¡². 2 ¨ 3 ¸µµÉ¢¥É¸É¢¥´´µ. Š ± ¢¨¤´µ ¨§ É ¡². 1Ä3, µ¤´µ·µ¤´µ¸ÉÓ
¶µ²Ö ¤²Ö ¡µ²ÓÏ¨Ì §´ Î¥´¨° Éµ±  ¢ µ¡³µÉ± Ì ¸ ·µ¸Éµ³ ¢´¥Ï´¥£µ · ¤¨Ê¸  Ö·³ 
³ £´¨É  Ê²ÊÎÏ ¥É¸Ö.

’ ¡²¨Í  3

|J| 0,29E+4 0,87E+4 0,174E+5 0,232E+5 0,29E+5 0,377E+5 0,435E+5

c0 0,284E+0 0,853E+0 0,170E+1 0,227E+1 0,284E+1 0,369E+1 0,423E+1

c2 0,100E-4 0,326E-4 0,509E-4 0,592E-4 0,357E-4 Ä0,522E-3 Ä0,462E-2

c4 0,933E-6 0,275E-5 0,532E-5 0,705E-5 0,735E-5 Ä0,310E-4 Ä0,636E-3

c6 0,612E-6 0,189E-5 0,377E-5 0,503E-5 0,646E-5 Ä0,168E-5 Ä0,106E-3

c8 Ä0,966E-6 Ä0,289E-5 Ä0,578E-5 Ä0,771E-5 Ä0,962E-5 Ä0,142E-4 Ä0,295E-4

‡�Š‹�—…�ˆ…

‚ · ¡µÉ¥ ¶·¥¤²µ¦¥´ ´µ¢Ò° ³ É¥³ É¨Î¥¸±¨° ³¥Éµ¤ µ¶É¨³¨§ Í¨¨ Ëµ·³Ò
¢´ÊÉ·¥´´¥° ¶µ¢¥·Ì´µ¸É¨ Ë¥··µ³ £´¨É´µ£µ Ô±· ´  ¤¨¶µ²Ó´ÒÌ ³ £´¨Éµ¢ É¨¶ 
®cosΘ¯ ¤²Ö ¸¨´Ì·µÉ·µ´µ¢. �ÊÉ¥³ ¢¢¥¤¥´¨Ö Ë¨±É¨¢´ÒÌ Éµ±µ¢ÒÌ µ¡³µÉµ± Ê¤ -
²µ¸Ó ¶µ²ÊÎ¨ÉÓ ÔËË¥±É¨¢´Ò¥  ²£µ·¨É³Ò ¶µ¸É·µ¥´¨Ö µ¶É¨³ ²Ó´µ£µ ¢´ÊÉ·¥´-
´¥£µ ¶·µË¨²Ö Ö·³  ³ £´¨É . �¥§Ê²ÓÉ ÉÒ ³µ¤¥²¨·µ¢ ´¨Ö ¶µ± §Ò¢ ÕÉ, ÎÉµ ¶·¥¤-
²µ¦¥´´Ò° ¢ [1] ¢ ·¨ ´É ¤¨¶µ²Ó´µ£µ ³ £´¨É  ³µ¦¥É µ¡¥¸¶¥Î¨ÉÓ § ¤ ´´ÊÕ ¢Ò-
¸µ±ÊÕ µ¤´µ·µ¤´µ¸ÉÓ ¶µ²Ö ¢ Ï¨·µ±µ³ ¤¨ ¶ §µ´¥ ¨§³¥´¥´¨Ö · ¡µÎ¥£µ Éµ± .
� §¢¨É Ö ³¥Éµ¤¨±  ³µ¦¥É ¡ÒÉÓ ¶·¨³¥´¥´  ¨ ¤²Ö µ¶É¨³¨§ Í¨¨ ¶ · ³¥É·µ¢
¤·Ê£¨Ì É¨¶µ¢ ³ £´¨Éµ¢, ´ ¶·¨³¥· ±¢a¤·Ê¶µ²Ó´µ£µ ³ £´¨É .

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