
P9-2004-218

�. ƒ. �±¨Ï¨´, �. ‚. �ÊÉ¥´±µ, �. „. Šµ¢ ²¥´±µ,
‚. �. Œ¨Ì °²µ¢, �. ”¨Ï¥·*

Œ�„…‹ˆ��‚��ˆ… Š��…‚›• �””…Š’�‚

Œ�ƒ�ˆ’��ƒ� ��‹Ÿ ‚ ‘‚…�•���‚�„Ÿ™…Œ

„ˆ��‹œ��Œ Œ�ƒ�ˆ’… ’ˆ�� �“Š‹�’����

*GSI, „ ·³ÏÉ ¤É, ƒ¥·³ ´¨Ö



�±¨Ï¨´ �. ƒ. ¨ ¤·. P9-2004-218
Œµ¤¥²¨·µ¢ ´¨¥ ±· ¥¢ÒÌ ÔËË¥±Éµ¢ ³ £´¨É´µ£µ ¶µ²Ö
¢ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥³ ¤¨¶µ²Ó´µ³ ³ £´¨É¥ É¨¶  ´Ê±²µÉ·µ´ 

‚ · ³± Ì ³¥Éµ¤  µ¡Ñ¥³´ÒÌ ¨´É¥£· ²Ó´ÒÌ Ê· ¢´¥´¨° ¶µ¸É·µ¥´  ³ É¥³ É¨Î¥-
¸± Ö ³µ¤¥²Ó ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ ¤¨¶µ²Ó´µ£µ ³ £´¨É  É¨¶  ´Ê±²µÉ·µ´ . �µ²ÊÎ¥´Ò
É·¥Ì³¥·´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ³ £´¨É´µ£µ ¶µ²Ö ¢ · ¡µÎ¥° µ¡² ¸É¨ ¢ § ¢¨¸¨³µ¸É¨ µÉ
¢¥²¨Î¨´Ò Éµ±  ¢µ§¡Ê¦¤¥´¨Ö µ¡³µÉ±¨. �·µ ´ ²¨§¨·µ¢ ´µ ¢²¨Ö´¨¥ Éµ·Í¥¢µ£µ ¶·µ-
Ë¨²Ö ¶µ²Õ¸  ³ £´¨É  (¶·µË¨²Ö �µ£µ¢¸±µ£µ) ´  ´¥²¨´¥°´µ¸ÉÓ ³ £´¨É´µ£µ ¶µ²Ö ¢
±· ¥¢µ° µ¡² ¸É¨.
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Mathematical Simulation of the Magnetic Field End Effects
in Superconducting Nuclotron-Type Dipole Magnet

Mathematical model of a superconducting window-frame Nuclotron-type dipole
was developed within the frames of volume integral equations. 3D distributions
of the magnetic ˇeld in the magnet aperture were calculated for different operating
currents. The in	uence of the magnet ferromagnetic yoke end proˇle (Rogovsky-
type) on the ˇeld nonlinearity is analyzed.

The investigation has been performed at the Veksler and Baldin Laboratory of
of High Energies and Laboratory of Information Technologies, JINR.
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‚‚…„…�ˆ…

�µ¸É ´µ¢±  ¤ ´´µ° § ¤ Î¨ ¸¢Ö§ ´  ¸ ¶·µ¡²¥³µ° µ¶É¨³¨§ Í¨¨ ¸¢¥·Ì¶·µ¢µ-
¤ÖÐ¥£µ ¤¨¶µ²Ó´µ£µ ³ £´¨É  ¸ Ë¥··µ³ £´¨É´Ò³ Ö·³µ³ É¨¶  ®µ±µ´´ Ö · ³ ¯ ¨
¶µ²¥³ ¤µ 2 ’² ¤²Ö ¸¨´Ì·µÉ·µ´ . ‚¶¥·¢Ò¥ ³ £´¨ÉÒ É ±µ£µ É¨¶  ¡Ò²¨ ¨¸¶µ²Ó-
§µ¢ ´Ò ¢ Ê¸±µ·¨É¥²¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· Å ´Ê±²µÉ·µ´e, ¸µ§¤ ´´µ³ ¨ ¢¢¥-
¤¥´´µ³ ¢ ¤¥°¸É¢¨¥ ¢ �ˆŸˆ ¡µ²¥¥ ¤¥¸ÖÉ¨ ²¥É ´ § ¤ [1]. ‘¶¥Í¨Ë¨±  ¶µ¤µ¡´ÒÌ
³ £´¨Éµ¢ ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ´¥²¨´¥°´µ¸ÉÓ ³ £´¨É´µ£µ ¶µ²Ö ¢ · ¡µÎ¥° µ¡² ¸É¨
¤µ²¦´  ¡ÒÉÓ µ£· ´¨Î¥´  ¢¥¸Ó³  ³ ²µ° ¢¥²¨Î¨´µ° (∼ 10−4 ¶µ µÉ´µÏ¥´¨Õ ±
¤¨¶µ²Ó´µ° ¸µ¸É ¢²ÖÕÐ¥°) ¢ ¤¨´ ³¨Î¥¸±µ³ ¤¨ ¶ §µ´¥ (BmaxÄBinj)/Binj � 10,
£¤¥ Binj, Bmax Å ¨´¤Ê±Í¨¨ ³ £´¨É´ÒÌ ¶µ²¥°, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¨´¦¥±Í¨¨ ¨
³ ±¸¨³ ²Ó´µ° Ô´¥·£¨¨ Î ¸É¨Í ¢ Ê¸±µ·¨É¥²¥. �·¨ ÔÉµ³ ¸É·¥³²¥´¨¥ ´ ¨¡µ²¥¥
ÔËË¥±É¨¢´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¶·¥¨³ÊÐ¥¸É¢  Ë¥··µ³ £´¨É´µ£µ Ô±· ´  (±µ´Í¥´-
É· Í¨Ö ¶µ²Ö ¢ · ¡µÎ¥³ § §µ·¥ ³ £´¨É ) ¢ Éµ³ Î¨¸²¥ ¨ ¢ µ¡² ¸É¨ ¶¥·¥Ìµ¤  ±
´ ¸ÒÐ¥´¨Õ Ë¥··µ³ £´¥É¨±  µ = µ(H) → 1 É·¥¡Ê¥É ¤¥É ²Ó´µ£µ É·¥Ì³¥·´µ£µ
· ¸Î¥É  ³ £´¨É´µ£µ ¶µ²Ö, ¢±²ÕÎ Ö Éµ·Í¥¢ÊÕ µ¡² ¸ÉÓ ¤¨¶µ²Ö, µ¶É¨³¨§ Í¨Ö ±µ-
Éµ·µ°, ¶µ¸·¥¤¸É¢µ³ ¢Ò¡µ·  ¶·µË¨²Ö Ë¥··µ³ £´¥É¨± ,   É ±¦¥ Ëµ·³Ò ²µ¡µ-
¢µ° Î ¸É¨ µ¡³µÉ±¨ µ± §Ò¢ ¥É ¸ÊÐ¥¸É¢¥´´µ¥ ¢²¨Ö´¨¥ ´  ¨´É¥£· ²Ó´ÊÕ (¢¤µ²Ó
³ £´¨É ) ¢¥²¨Î¨´Ê ´¥²¨´¥°´µ¸É¨ ¶µ²Ö.

�·µ¡²¥³  Ê²ÊÎÏ¥´¨Ö ¶ · ³¥É·µ¢ ¤¨¶µ²¥° É¨¶  ´Ê±²µÉ·µ´a, ¢ Éµ³ Î¨¸²¥
¨ ¶µ¢ÒÏ¥´¨Ö ± Î¥¸É¢  ³ £´¨É´µ£µ ¶µ²Ö ¢ · ¡µÎ¥° µ¡² ¸É¨, ¡Ò²  ¢´µ¢Ó ¶µ¸É -
¢²¥´  ¢ ¸¢Ö§¨ ¸ · §· ¡µÉ±µ° ¶·µ¥±É  Ê¸±µ·¨É¥²Ó´µ£µ ±µ³¶²¥±¸   ´É¨¶·µÉµ´µ¢
¨ ÉÖ¦¥²ÒÌ ¨µ´µ¢ ¢ GSI („ ·³ÏÉ ¤É, ƒ¥·³ ´¨Ö) [2]. �¥±µÉµ·Ò¥ ·¥§Ê²ÓÉ ÉÒ
¸µ¢³¥¸É´ÒÌ �ˆŸˆÄGSI ¨¸¸²¥¤µ¢ ´¨° ¶µ µ¶É¨³¨§ Í¨¨ ¤¨¶µ²Ó´µ£µ ³ £´¨É 
¤²Ö ¡Ò¸É·µÍ¨±²¨·ÊÕÐ¥£µ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ ¸¨´Ì·µÉ·µ´  SIS100, ¸¢Ö§ ´´Ò¥
£² ¢´Ò³ µ¡· §µ³ ¸ Ê³¥´ÓÏ¥´¨¥³ É¥¶²µ¢Ò¤¥²¥´¨° ¢ Ë¥··µ³ £´¨É´µ³ Ö·³¥ ¤¨-
¶µ²Ö, ¶·¨¢¥¤¥´Ò ¢ · ¡µÉ Ì [3, 4]. �Ò²µ ¶µ± § ´µ, ÎÉµ ¤²Ö Ê³¥´ÓÏ¥´¨Ö É¥¶²µ-
¢Ò¤¥²¥´¨° ´¥µ¡Ìµ¤¨³µ ³µ¤¨Ë¨Í¨·µ¢ ÉÓ Éµ·Í¥¢µ° ¶·µË¨²Ó Ö·³  ³ £´¨É  ¨
±µ´Ë¨£Ê· Í¨Õ ²µ¡µ¢µ° Î ¸É¨ µ¡³µÉ±¨ ¢µ§¡Ê¦¤¥´¨Ö. ‚³¥¸É¥ ¸ É¥³ É·¥¡Ê¥³Ò¥
³µ¤¨Ë¨± Í¨¨ ´¥ ¤µ²¦´Ò ¶·¨¢¥¸É¨ ± ÊÌÊ¤Ï¥´¨Õ µ¤´µ·µ¤´µ¸É¨ ³ £´¨É´µ£µ
¶µ²Ö ¢ · ¡µÎ¥° µ¡² ¸É¨ ¤¨¶µ²Ö.

1. Œ�’…Œ�’ˆ—…‘Š�Ÿ ”��Œ“‹ˆ��‚Š� ����‹…Œ›

� ¸¸³µÉ·¨³ § ¤ ÎÊ ´ Ìµ¦¤¥´¨Ö · ¸¶·¥¤¥²¥´¨Ö ³ £´¨É´µ£µ ¶µ²Ö, ¸µ§¤ ¢ -
¥³µ£µ ¸É Í¨µ´ ·´Ò³¨ Éµ± ³¨ ¢ ³ £´¨É´ÒÌ ¸¨¸É¥³ Ì ¸ ¨§µÉ·µ¶´Ò³ Ë¥··µ³ £-
´¨É´Ò³ ³ É¥·¨ ²µ³. �Ê¸ÉÓ B(a), H(a), M(a) ¥¸ÉÓ ¨´¤Ê±Í¨Ö, ´ ¶·Ö¦¥´´µ¸ÉÓ
¨ ´ ³ £´¨Î¥´´µ¸ÉÓ ³ £´¨É´µ£µ ¶µ²Ö ¢ ÉµÎ±¥ a. ‚ µÉ¸ÊÉ¸É¢¨¥ ¶µ¢¥·Ì´µ¸É´ÒÌ
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Éµ±µ¢ ¨ Éµ±µ¢, ¶·µÉ¥± ÕÐ¨Ì ¶µ Ë¥··µ³ £´¥É¨±Ê, ¢¥²¨Î¨´Ò B, H Ê¤µ¢²¥É¢µ-
·ÖÕÉ Ê· ¢´¥´¨Ö³ Œ ±¸¢¥²² :

rota(H(a)) = JS(a), diva(B(a)) = 0, lim
|a|→∞

|B(a)| = 0, (1)

£¤¥ JS Å ¢¥±Éµ· µ¡Ñ¥³´µ° ¶²µÉ´µ¸É¨ Éµ±  (µÉ²¨Î¥´ µÉ ´Ê²Ö Éµ²Ó±µ ¢ µ¡-
³µÉ± Ì ³ £´¨É ). ‚¥²¨Î¨´Ò B, H, M ¸¢Ö§ ´Ò ¸²¥¤ÊÕÐ¨³¨ ´¥²¨´¥°´Ò³¨
¸µµÉ´µÏ¥´¨Ö³¨:

H(a) =
B(a)

µ (|B(a)|)µ0
, M(a) =

B(a)
µ0

− H(a), (2)

£¤¥ µ0 Å  ¡¸µ²ÕÉ´ Ö ³ £´¨É´ Ö ¶·µ´¨Í ¥³µ¸ÉÓ ¢ ±ÊÊ³ , µ(x) Å ³ £´¨É´ Ö
¶·µ´¨Í ¥³µ¸ÉÓ (¢´¥ ¦¥²¥§´µ£µ Ö·³  Éµ¦¤¥¸É¢¥´´µ · ¢´ Ö ¥¤¨´¨Í¥,   ¢´ÊÉ·¨
¦¥²¥§´µ£µ Ö·³  Å ´¥²¨´¥°´ Ö ËÊ´±Í¨Ö, Ì · ±É¥·¨§ÊÕÐ Ö ¸¢Ö§Ó ³¥¦¤Ê H
¨ B ¤²Ö ¤ ´´µ£µ É¨¶  Ë¥··µ³ £´¥É¨± ). �  £· ´¨Í¥ · §¤¥²  ¸·¥¤ ¸ · §²¨Î-
´Ò³¨ ³ £´¨É´Ò³¨ Ì · ±É¥·¨¸É¨± ³¨ ¢Ò¶µ²´ÖÕÉ¸Ö Ê¸²µ¢¨Ö ´¥¶·¥·Ò¢´µ¸É¨
´µ·³ ²Ó´µ° ¨ É ´£¥´Í¨ ²Ó´µ° ¸µ¸É ¢²ÖÕÐ¨Ì ¢¥±Éµ·µ¢ H ¨ B ¸µµÉ¢¥É¸É¢¥´´µ:

(n, (B2 − B1)) = 0, [n × (H2 − H1)] = 0, (3)

£¤¥ n Å ¥¤¨´¨Î´Ò° ¢¥±Éµ· ´µ·³ ²¨ ± ¶µ¢¥·Ì´µ¸É¨ · §¤¥²  ¸·¥¤.
“· ¢´¥´¨Ö (1)Ä(3) ´¥Ê¤µ¡´Ò ¤²Ö ´¥¶µ¸·¥¤¸É¢¥´´µ£µ ´ Ìµ¦¤¥´¨Ö ¢¥±Éµ·-

ËÊ´±Í¨° H(a), B(a). ‘ÊÐ¥¸É¢Ê¥É ¡µ²ÓÏµ¥ Î¨¸²µ ¶µ¸É ´µ¢µ±, ¢ÒÉ¥± ÕÐ¨Ì
¨§ Ê· ¢´¥´¨° Œ ±¸¢¥²²  [5]. ‚ ¤ ´´µ° · ¡µÉ¥ ¨¸¶µ²Ó§Ê¥É¸Ö ¨´É¥£· ²Ó´ Ö
¶µ¸É ´µ¢±  § ¤ Î¨ ³ £´¨Éµ¸É É¨±¨ [6]:

H(a) = HS(a) +
1
4π

∇a

∫
Ω

(
M(x), ∇a

1
|x − a|

)
dνx, (4)

£¤¥ H ¨ M Ê¤µ¢²¥É¢µ·ÖÕÉ ´¥²¨´¥°´Ò³ ¸µµÉ´µÏ¥´¨Ö³ (2).
„²Ö ¤¨¸±·¥É¨§ Í¨¨ ´¥²¨´¥°´ÒÌ µ¡Ñ¥³´ÒÌ ¨´É¥£· ²Ó´ÒÌ Ê· ¢´¥´¨° ¶·¥¤-

² £ ¥É¸Ö ¨¸¶µ²Ó§µ¢ ÉÓ ³¥Éµ¤ ±µ²²µ± Í¨¨. ‘²¥¤ÊÖ [7], · §µ¡Ó¥³ µ¡² ¸ÉÓ Ω,
§ ¶µ²´¥´´ÊÕ Ë¥··µ³ £´¥É¨±µ³, ´  ¶µ¤³´µ¦¥¸É¢  {Ωl}:

Ω =
N⋃

l=1

Ωl.

Œ¥·  ¶¥·¥¸¥Î¥´¨Ö Ωl c Ωm · ¢´  ´Ê²Õ ¶·¨ l �= m. ‚ ± ¦¤µ³ Ωl ¢ ± Î¥¸É¢¥
ÉµÎ±¨ ´ ¡²Õ¤¥´¨Ö al ¢Ò¡¥·¥³ Í¥´É·µ¨¤ Ωl:

al =

∫
Ωi

xdνx

∫
Ωl

dνx
.
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�·¨¡²¨§¨³ ´ ³ £´¨Î¥´´µ¸ÉÓ M(x) ¢ ± ¦¤µ³ Ô²¥³¥´É¥ Ωi ¶µ¸ÉµÖ´´Ò³ ¢¥±Éµ-
·µ³ Mi.

’µ£¤  ¤¨¸±·¥É¨§µ¢ ´´ Ö ¸¨¸É¥³  Ê· ¢´¥´¨° (4) ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

Hl = HS(al) +
N∑

j=1

∇a

4π




∫
Ωj

(
Mj, ∇a

1
|x− a|

)
dνx




∣∣∣∣∣∣∣
a=al

, (5)

HS(al) = rota


 1

4π

∫
ΩS

J(x)
|x − a|dνx




∣∣∣∣∣∣
a=al

. (6)

‚¥±Éµ·Ò Hl ¨ Ml Ê¤µ¢²¥É¢µ·ÖÕÉ ´¥²¨´¥°´Ò³ ¸µµÉ´µÏ¥´¨Ö³ (2).
‚¢¥¤¥³ ¸²¥¤ÊÕÐ¨¥ µ¡µ§´ Î¥´¨Ö. �Ê¸ÉÓ

B̂ = (B1,B2, ...,BN )T , M̂(B̂) = (M(B1),M(B2), ...,M(BN ))T ,

ĤS = (HS(a1),HS(a2), ...,HS(aN ))T .

�¶·¥¤¥²¨³ ³ É·¨ÍÊ [A] ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

[A] =


 [A11] ... [A1N ]

... ... ...
[AN1] ... [ANN ]


 ,

£¤¥ [Aij ] Å ³ É·¨Í  · §³¥·´µ¸É¨ [3 × 3], É ± Ö, ÎÉµ ¤²Ö ²Õ¡µ£µ ¶µ¸ÉµÖ´´µ£µ
¢¥±Éµ·  M ¸¶· ¢¥¤²¨¢µ ¸µµÉ´µÏ¥´¨¥

[Aij ]M =
∇a

4π




∫
Ωj

(
M, ∇a

1
|x − a|

)
dνx




∣∣∣∣∣∣∣
a=ai

.

“Î¨ÉÒ¢ Ö (2), ¸¨¸É¥³Ê (5) ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

B̂ = µ0ĤS + ([A] + [E]) M̂(B̂), (7)

£¤¥ [E] Å ¥¤¨´¨Î´ Ö ³ É·¨Í  · §³¥·´µ¸É¨ [3N × 3N ].
„²Ö ·¥Ï¥´¨Ö ¸¨¸É¥³Ò Ê· ¢´¥´¨° (7) ¶·¨³¥´Ö¥É¸Ö ¸²¥¤ÊÕÐ¨° ¨É¥· Í¨µ´-

´Ò° ¶·µÍ¥¸¸:
B̂k+1 = µ0ĤS + ([A] + [E]) M̂(B̂k+1), (8)

B̂0 = µ0ĤS , k = 0, 1, 2, ... (9)
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2. Œ�„…‹ˆ��‚��ˆ… ˆ —ˆ‘‹…��›… �…‡“‹œ’�’›

Šµ³¶²¥±¸ ¶·µ£· ³³ · ¸Î¥É  É·¥Ì³¥·´ÒÌ ³ £´¨É´ÒÌ ¸¨¸É¥³, ¸µ§¤ ´´Ò° ´ 
µ¸´µ¢¥ ¶µ¤Ìµ¤ , ¨§²µ¦¥´´µ£µ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, ¨¸¶µ²Ó§µ¢ ²¸Ö ¤²Ö ³µ¤¥-
²¨·µ¢ ´¨Ö ³ £´¨É´µ£µ ¶µ²Ö ¢ · ¡µÎ¥° µ¡² ¸É¨ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ ¤¨¶µ²Ó´µ£µ
³ £´¨É , Éµ·Í¥¢ Ö Î ¸ÉÓ ±µÉµ·µ£µ ¶µ± § ´  ´  ·¨¸. 1. „²Ö ¸µ±· Ð¥´¨Ö § -
É· É ¢·¥³¥´¨ ¶·µÍ¥¸¸µ·  ÊÎ¨ÉÒ¢ ² ¸Ó ¤¨¶µ²Ó´ Ö ¸¨³³¥É·¨Ö ³ £´¨É´µ£µ ¶µ²Ö
¨ ¢ÒÎ¨¸²¥´¨Ö ¶·µ¢µ¤¨²¨¸Ó ´  PC AMD (2,8 ƒƒÍ) ¤²Ö µ¤´µ° ¢µ¸Ó³µ° Î ¸É¨
³ £´¨É .

�¨¸. 1. Tµ·Í¥¢ Ö Î ¸ÉÓ ¤¨¶µ²Ó´µ£µ ³ £´¨É  É¨¶  ´Ê±²µÉ·µ´a: 1 Å µ¡³µÉ± , 2 Å Éµ·¥Í
Ë¥··µ³ £´¨É´µ£µ Ö·³ 

”µ·³  Éµ·Í  Ö·³  ¨ £¥µ³¥É·¨Ö ²µ¡µ¢µ° Î ¸É¨ µ¡³µÉ±¨ ¢ ¸²ÊÎ ¥ ¸É ´¤ ·É-
´µ£µ ¤¨¶µ²Ö ´Ê±²µÉ·µ´  ¶µ± § ´  ´  ·¨¸. 2, a. ƒ¥µ³¥É·¨Ö ³µ¤¥·´¨§¨·µ¢ ´´µ°
Î ¸É¨ Ö·³  ¶·¨¢¥¤¥´  ´  ·¨¸. 2, ¡.

�¤´  ¢µ¸Ó³ Ö Î ¸ÉÓ Ö·³  ³ £´¨É  ¶·¨ ³µ¤¥²¨·µ¢ ´¨¨ · §¡¨¢ ²a¸Ó ´  5415
Ô²¥³¥´Éµ¢, ÎÉµ ¸µµÉ¢¥É¸É¢µ¢ ²µ · §¡¨¥´¨Õ ¢¸¥£µ ³ £´¨É  ´  43320 Ô²¥³¥´-
Éµ¢. �µ²´ Ö ¸¢¥·Ì¶·µ¢µ¤ÖÐ Ö µ¡³µÉ±  ³µ¤¥²¨·µ¢ ² ¸Ó 16 µÉ¤¥²Ó´Ò³¨ ¢¨É-
± ³¨ Ëµ·³Ò ®saddleshape¯ ¸ ¶µ¶¥·¥Î´Ò³ ¸¥Î¥´¨¥³ 6× 6 ³³. „²Ö · ¸¸³ É·¨-
¢ ¥³µ° ±µ´Ë¨£Ê· Í¨¨ ³ £´¨É´µ° ¸¨¸É¥³Ò µ± § ²µ¸Ó ¢ ¸·¥¤´¥³ ¤µ¸É ÉµÎ´µ
100 Ï £µ¢ ¨É¥· Í¨µ´´µ£µ ¶·µÍ¥¸¸  (8)Ä(9) ¤²Ö ·¥Ï¥´¨Ö ´¥²¨´¥°´µ° ¸¨¸É¥³Ò
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�¨¸. 2. a) CÉ ´¤ ·É´ Ö £¥µ³¥É·¨Ö Éµ·Í¥¢µ° Î ¸É¨ ¤¨¶µ²Ö (1 Å ¸¢¥·Ì¶·µ¢µ¤ÖÐ Ö Éµ-
±µ¢ Ö µ¡³µÉ± , ¸µ¸ÉµÖÐ Ö ¨§ 2× 8 ¢¨É±µ¢); ¡) Ë· £³¥´É Ö·³ , ¤µ· ¡µÉ ´´Ò° ¶µ É¨¶Ê
¶·µË¨²Ö �µ£µ¢¸±µ£µ

�¨¸. 3. ‡ ¢¨¸¨³µ¸ÉÓ ¤¨¶µ²Ó´µ° ±µ³¶µ´¥´ÉÒ
¶µ²Ö ¢ Í¥´É·¥ ³ £´¨É  µÉ · ¡µÎ¥£µ Éµ± 

Ê· ¢´¥´¨° (7). ‘Ê³³ ·´µ¥ ¸Î¥É-
´µ¥ ¢·¥³Ö ´  ¢ÒÎ¨¸²¥´¨¥ ±µÔËË¨-
Í¨¥´Éµ¢ ³ É·¨ÍÒ [A], ·¥Ï¥´¨¥ ´¥-
²¨´¥°´µ° ¸¨¸É¥³Ò ¨ ´¥µ¡Ìµ¤¨³Ò°
¶¥·¥¸Î¥É ¶µ²Ö ¤²Ö µ¤´µ£µ §´ Î¥´¨Ö
Éµ±  ¢ µ¡³µÉ± Ì ¸µ¸É ¢¨²µ µ±µ²µ
20 Î · ¡µÉÒ ¶·µÍ¥¸¸µ· . �´ ²µ£¨Î-
´Ò¥ · ¸Î¥ÉÒ ¶·µ¢µ¤¨²¨¸Ó ¤²Ö ³ £-
´¨É  ¸ ±µ´Ë¨£Ê· Í¨¥° ¶µ²Õ¸  ´ 
Éµ·Í Ì, ¶µ± § ´´µ° ´  ·¨¸. 2, ¡.
‚¢¨¤Ê ¸²µ¦´µ¸É¨ ¶µ¢¥¤¥´¨Ö ¶µ²Ö
´  ±· Õ ³ £´¨É  ¤²Ö ¶µ²ÊÎ¥´¨Ö ·¥-
Ï¥´¨Ö ´¥²¨´¥°´µ° ¸¨¸É¥³Ò (7) ¢
ÔÉµ³ ¸²ÊÎ ¥ ¶µÉ·¥¡µ¢ ²µ¸Ó µ±µ²µ
150 Ï £µ¢ ¨É¥· Í¨µ´´µ£µ ¶·µÍ¥¸¸ 
(8)Ä(9). �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¶·¥¤-
¸É ¢²¥´Ò ´  ·¨¸. 3 ¨ 4.

ˆ´É¥£· ²Ó´Ò¥ ¢¥²¨Î¨´Ò £ ·³µ´¨± ¶µ²Ö ¤¨¶µ²Ó´µ£µ ³ £´¨É  ´  · ¤¨Ê¸ Ì
2 ¨ 2,5 ¸³ ¶·¨ §´ Î¥´¨¨ ¶µ²Ö ¢ Í¥´É·¥ ³ £´¨É  2 ’² ¶·¨¢¥¤¥´Ò ¢ É ¡²¨Í¥.
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�¨¸. 4. �É´µ¸¨É¥²Ó´Ò¥ ¢¥²¨Î¨´Ò ¸¥±¸ÉÊ¶µ²Ó´µ° (a, ¡) ¨ ¤¥± ¶µ²Ó´µ° (¢, £) £ ·³µ´¨±
¶µ²Ö ¤²Ö ³ £´¨É  ¸ ¶·Ö³µÊ£µ²Ó´Ò³ Éµ·Íµ³ Ö·³  (¶Ê´±É¨·) ¨ ¸ ®¶µ²Õ¸µ³ �µ£µ¢¸±µ£µ¯
(¸¶²µÏ´ Ö ²¨´¨Ö) ¶·¨ §´ Î¥´¨ÖÌ Éµ±µ¢ ¢ µ¡³µÉ± Ì ¢µ§¡Ê¦¤¥´¨Ö: a, ¢ Å 1,2 ±� (¶µ²¥
0,42 ’²); ¡, £ Å 6,1 ±� (¶µ²¥ 2 ’²)

ƒ¥µ³¥É·¨Ö
ƒ ·³µ´¨±a

Éµ·Í¥¢µ°
Î ¸É¨ B1 (R = 2 ¸³/2,5 ¸³) B3 (R = 2 ¸³/2,5 ¸³) B5 (R = 2 ¸³/2,5 ¸³)

�¡ÒÎ´Ò°
¶µ²Õ¸ 1,385/1,385 1,083 · 10−3/1,694 · 10−3 1,554 · 10−4/3,793 · 10−4

®�µ²Õ¸
�µ£µ¢¸±µ£µ¯ 1,374/1,374 1,269 · 10−3/1,984 · 10−3 1,734 · 10−4/4,226 · 10−4

‡�Š‹�—…�ˆ…

‚ · ³± Ì ³¥Éµ¤  µ¡Ñ¥³´ÒÌ ¨´É¥£· ²Ó´ÒÌ Ê· ¢´¥´¨° ¶µ¸É·µ¥´  ³ É¥³ É¨-
Î¥¸± Ö ³µ¤¥²Ó ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ ¤¨¶µ²Ó´µ£µ ³ £´¨É  É¨¶  ´Ê±²µÉ·µ´ . �µ²Ê-
Î¥´Ò É·¥Ì³¥·´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ³ £´¨É´µ£µ ¶µ²Ö ¢ · ¡µÎ¥° µ¡² ¸É¨ ¢ § ¢¨¸¨-
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³µ¸É¨ µÉ ¢¥²¨Î¨´Ò Éµ±  ¢µ§¡Ê¦¤¥´¨Ö µ¡³µÉ±¨ ¤²Ö ¤¢ÊÌ ¢ ·¨ ´Éµ¢ Éµ·Í¥¢µ£µ
¶·µË¨²Ö Ë¥··µ³ £´¨É´µ£µ Ö·³  ¤¨¶µ²Ó´µ£µ ³ £´¨É  É¨¶  ®µ±µ´´ Ö · ³ ¯.
�¥§Ê²ÓÉ ÉÒ · ¸Î¥É  µÉ´µ¸¨É¥²Ó´ÒÌ ¨´É¥£· ²Ó´ÒÌ ¢¥²¨Î¨´ ¸¥±¸ÉÊ¶µ²Ó´µ° ¨
¤¥± ¶µ²Ó´µ° ´¥²¨´¥°´µ¸É¥° ³ £´¨É´µ£µ ¶µ²Ö ¢ · ¸¸³µÉ·¥´´ÒÌ ¸²ÊÎ ÖÌ ¶µ± -
§Ò¢ ÕÉ, ÎÉµ ´¥µ¤´µ·µ¤´µ¸ÉÓ ¶µ²Ö ¢ ±· ¥¢µ° µ¡² ¸É¨ ¤¨¶µ²Ö Ê³¥´ÓÏ ¥É¸Ö ¢
¸²ÊÎ ¥ ¶·µË¨²¨·µ¢ ´´µ£µ Éµ·Í  Ö·³ . � ¡µÉ  ¶µ 3D-µ¶É¨³¨§ Í¨¨ ¶·µË¨²Ö
Ö·³  ¨ µ¡³µÉ±¨ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ ³ £´¨É  ¸ Í¥²ÓÕ Ê³¥´ÓÏ¥´¨Ö ¨´É¥£· ²Ó´µ°
´¥²¨´¥°´µ¸É¨ ¶µ²Ö ¡Ê¤¥É ¶·µ¤µ²¦¥´ .

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