
P11-2006-68

ˆ.�.�¤¨´∗, ˆ. ƒ. ‚μ²μÏ¨´ , …. …. �¥·¥¶¥²±¨´,
�. ‘. �μ¸¸¨°¸± Ö

‚›—ˆ‘‹ˆ’…‹œ�›‰ �Š‘�…�ˆŒ…�’

„‹Ÿ ��‹“—…�ˆŸ �	‘��…„…‹…�ˆŸ ��‹Ÿ

‘�…Š’��Œ…’�ˆ—…‘Š�ƒ� Œ	ƒ�ˆ’	

‚ ���…Š’… �ˆ‘

� ¶· ¢²¥´μ ¢ ¦Ê·´ ² ®�¨¸Ó³  ¢ �—	Ÿ¯

∗E-mail: yudin@jinr.ru



�¤¨´ ˆ.�. ¨ ¤·. P11-2006-68
‚ÒÎ¨¸²¨É¥²Ó´Ò° Ô±¸¶¥·¨³¥´É ¤²Ö ¶μ²ÊÎ¥´¨Ö
· ¸¶·¥¤¥²¥´¨Ö ¶μ²Ö ¸¶¥±É·μ³¥É·¨Î¥¸±μ£μ ³ £´¨É 
¢ ¶·μ¥±É¥ �ˆ‘

„²Ö Ô±¸¶¥·¨³¥´É  �ˆ‘ (Nucleon Intrinsic Strangeness) (±μ·¶Ê¸ 205 ‹‚�
�ˆŸˆ) ¶·μ¢¥¤¥´μ Î¨¸²¥´´μ¥ ³μ¤¥²¨·μ¢ ´¨¥ · ¸¶·¥¤¥²¥´¨Ö ¶μ²Ö ¸¶¥±É·μ³¥É·¨-
Î¥¸±μ£μ ³ £´¨É  1‘�-40-4B ¸ § §μ·μ³ 0,68 ³.

�·¨¢¥¤¥´  ³ É¥³ É¨Î¥¸± Ö ¶μ¸É ´μ¢±  ¶·Ö³μ° ³ £´¨Éμ¸É É¨Î¥¸±μ° § ¤ Î¨.
�¶¨¸Ò¢ ÕÉ¸Ö ¢ÒÎ¨¸²¨É¥²Ó´Ò¥ ¶·μÍ¥¤Ê·Ò ¨  ²£μ·¨É³Ò · ¸Î¥É  ¶μ²Ö ¸ ¶μ³μÐÓÕ
¤¢ÊÌ ¸± ²Ö·´ÒÌ ¶μÉ¥´Í¨ ²μ¢.

�·¨¢¥¤¥´Ò ¶μ¤·μ¡´Ò¥ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¶μ²Ö ³ £´¨É  Ê¸É ´μ¢±¨. „ ´μ
¸· ¢´¥´¨¥ ¸ ¨³¥ÕÐ¨³¨¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

�μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö ¶·μ¢¥¤¥´¨Ö ±μ³¶ÓÕÉ¥·´μ£μ ³μ¤¥-
²¨·μ¢ ´¨Ö Ê¸É ´μ¢±¨ ¨ Ô±¸¶¥·¨³¥´É  ¨ ¢ ¶μ¸²¥¤ÊÕÐ¥³, ¶μ¸²¥ ¶·μ¢¥¤¥´¨Ö ¸¥ ´-
¸μ¢ ´ ¡μ·  Ë¨§¨Î¥¸±¨Ì ¤ ´´ÒÌ, ¡Ê¤ÊÉ ¨¸¶μ²Ó§μ¢ ´Ò ¤²Ö μ¡· ¡μÉ±¨ ÔÉ¨Ì ¤ ´´ÒÌ.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ë¨§¨±¨ Î ¸É¨Í �ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2006

Yudin I. P. et al. P11-2006-68
Numerical Simulation of Distribution of a Field
for the Spectrometric Magnet at the Project NIS

Numerical modeling of ˇeld distribution of the spectrometric 1SP-40-4V magnet
with the 0.68 m gap is given for experiment NIS (Nucleon Intrinsic Strangeness)
(building 205 of LHE JINR).

Mathematical statement of direct magnetostatics problem is written. Computing
procedures and algorithms of ˇeld calculation by means of two scalar potentials are
described.

Detailed results of calculations of the magnet ˇeld of the setup are written.
Comparison with available experimental data is given.

The obtained results are being used for the Monte-Carlo simulation of setup and
experiment, and will be used for analysis of the physical data.

The investigation has been performed at the Laboratory of Particle Physics, JINR.
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‚‚…„…�ˆ…

� ¸ÉμÖÐ Ö · ¡μÉ  ¶μ¸¢ÖÐ¥´  Î¨¸²¥´´μ³Ê ³μ¤¥²¨·μ¢ ´¨Õ ³ £´¨É´μ£μ ¶μ²Ö
¸¶¥±É·μ³¥É·¨Î¥¸±μ£μ ³ £´¨É  ¤²Ö Ô±¸¶¥·¨³¥´É  �ˆ‘ (‹ ¡μ· Éμ·¨Ö Ë¨§¨±¨
Î ¸É¨Í �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, „Ê¡´ ).

�¸´μ¢´Ò³¨ Í¥²Ö³¨ Ô±¸¶¥·¨³¥´É  �ˆ‘ (Nucleon Intrinsic Strangeness) [1]
Ö¢²ÖÕÉ¸Ö ¶μ¨¸± ¨ ¨§ÊÎ¥´¨¥ Ô±§μÉ¨Î¥¸±¨Ì ¡ ·¨μ´μ¢ (¶¥´É ±¢ ·±μ¢) ¨ ¶μ¨¸±
ÔËË¥±Éμ¢ ¸±·ÒÉμ° ¶μ²Ö·¨§μ¢ ´´μ° ¸É· ´´μ¸É¨ ¢ ´Ê±²μ´¥ ¢ NN -·¥ ±Í¨ÖÌ.
“¸É ´μ¢±  (¸³. ·¨¸. 1,  ) · ¸¶μ²μ¦¥´  ¢ ±μ·¶Ê¸¥ 205 ‹ ¡μ· Éμ·¨¨ ¢Ò¸μ±¨Ì
Ô´¥·£¨° �ˆŸˆ ´  ± ´ ²¥ 4‚ ¢Ò¢¥¤¥´´μ£μ ¨§ Ê¸±μ·¨É¥²Ö ®�Ê±²μÉ·μ´¯ ¶·μ-
Éμ´´μ£μ ¶ÊÎ±  ¸ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¥° 1Ä4 ƒÔ‚. �²¥±É·μ³ £´¨É 1‘�-40-4‚
¸¶¥±É·μ³¥É·  ¨³¥¥É ¢´¥Ï´¨¥ · §³¥·Ò 3,196 × 3,258 × 4,485 ³ ¨  ¶¥·ÉÊ·Ê
2,740 × 0,68 ³.

‚ · ¡μÉ¥ ¶·¨¢¥¤¥´Ò · ¸Î¥É´Ò¥ Ëμ·³Ê²Ò ¨  ²£μ·¨É³Ò · ¸Î¥É  ¶μ²Ö ¢
³¥Éμ¤¥ ¸± ²Ö·´μ£μ ¶μÉ¥´Í¨ ²  [2, 3]. �μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨¸¶μ²Ó§ÊÕÉ¸Ö
¤²Ö ¶·μ¢¥¤¥´¨Ö ±μ³¶ÓÕÉ¥·´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö Ê¸É ´μ¢±¨ ¨ Ô±¸¶¥·¨³¥´É  ¨
¢ ¶μ¸²¥¤ÊÕÐ¥³, ¶μ¸²¥ ¶·μ¢¥¤¥´¨Ö ¸¥ ´¸μ¢ ´ ¡μ·  Ë¨§¨Î¥¸±¨Ì ¤ ´´ÒÌ ¡Ê¤ÊÉ
¨¸¶μ²Ó§μ¢ ´Ò ¤²Ö μ¡· ¡μÉ±¨ ÔÉ¨Ì ¤ ´´ÒÌ.

„²Ö ´ Ìμ¦¤¥´¨Ö É·¥Ì³¥·´μ£μ · ¸¶·¥¤¥²¥´¨Ö ³ £´¨É´μ£μ ¶μ²Ö ¸É ¢¨² ¸Ó
§ ¤ Î  μÉ´μ¸¨É¥²Ó´μ ¤¢ÊÌ ¸± ²Ö·´ÒÌ ¶μÉ¥´Í¨ ²μ¢ [2, 3]. � ¸Î¥ÉÒ ¡Ò²¨ ¶·μ-
¢¥¤¥´Ò ´  ¶¥·¸μ´ ²Ó´μ³ ±μ³¶ÓÕÉ¥·¥ ´  ¸¥É±¥ ¢ 1650538 Ê§²μ¢.

1. Œ�’…Œ�’ˆ—…‘Š�Ÿ ��‘’���‚Š�
Œ�ƒ�ˆ’�‘’�’ˆ—…‘Š�‰ ‡�„�—ˆ

� ¸¸³μÉ·¨³ Ë¨§¨Î¥¸±ÊÕ ¸¨¸É¥³Ê, ¸μ¸ÉμÖÐÊÕ ¨§ Ë¥··μ³ £´¥É¨±  (μ¡² ¸ÉÓ
Ωf ) ¨ ¢ ±ÊÊ³  (μ¡² ¸ÉÓ Ωv) ¸ § ³±´ÊÉÒ³¨ Éμ±μ¢Ò³¨ μ¡³μÉ± ³¨ (μ¡² ¸ÉÓ Ωc).
�¥Ï ¥É¸Ö § ¤ Î  ´ Ìμ¦¤¥´¨Ö · ¸¶·¥¤¥²¥´¨Ö ³ £´¨É´μ£μ ¶μ²Ö, ¸μ§¤ ´´μ£μ ¸É -
Í¨μ´ ·´Ò³¨ Éμ± ³¨ ¨ ´ ³ £´¨Î¥´´μ¸ÉÓÕ ¨§μÉ·μ¶´ÒÌ Ë¥··μ³ £´¥É¨±μ¢. 
Ê-
¤¥³ ¶·¥¤¶μ² £ ÉÓ μÉ¸ÊÉ¸É¢¨¥ ¶μ¢¥·Ì´μ¸É´ÒÌ Éμ±μ¢ ¨ Éμ±μ¢, ¶·μÉ¥± ÕÐ¨Ì ¶μ
Ë¥··μ³ £´¥É¨±Ê. ’μ£¤  Ê· ¢´¥´¨Ö Œ ±¸¢¥²²  ¤²Ö ¸É Í¨μ´ ·´μ£μ ³ £´¨É´μ£μ
¶μ²Ö ¶·¨³ÊÉ ¢¨¤

rotH(p) = J(p), (1)

div B(p) = 0, (2)

B(p) = μμ0H(p), (3)
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�¨¸. 1.  ) ‘Ì¥³  Ê¸É ´μ¢±¨ �ˆ‘, £μ·¨§μ´É ²Ó´ Ö Z0X-¶²μ¸±μ¸ÉÓ: T Å ¦¨¤±μ¢μ¤μ·μ¤-
´ Ö ³¨Ï¥´Ó; �Š Å ¶·μ¶μ·Í¨μ´ ²Ó´ Ö ± ³¥· ; �� Å ¶·μË¨²μ³¥É· ¶ÊÎ± ; Œ„Š Å
³¨´¨-¤·¥°Ëμ¢ Ö ± ³¥· ; ��‘ Å·¥§¨¸É¨¢´Ò¥ ¶²μ¸±¨¥ ¸Î¥ÉÎ¨±¨; ‘‚„ Å ¸Í¨´É¨²-
²ÖÍ¨μ´´Ò° ¢μ²μ±μ´´Ò° ¤ ÉÎ¨±; ‘�-40 Å  ´ ²¨§¨·ÊÕÐ¨° ³ £´¨É. ¡) �¡Ð¨° ¢¨¤
¸¶¥±É·μ³¥É·¨Î¥¸±μ£μ ³ £´¨É  ‘�-40

  Ê¸²μ¢¨Ö ´  £· ´¨Í¥ · §¤¥²  ¸·¥¤ ¨ ´  ¡¥¸±μ´¥Î´μ¸É¨:

n(Bf − Bv) = 0, n × (Hf − Hv) = 0, H(p) p→∞−→ 0. (4)
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‡¤¥¸Ó ¨¸¶μ²Ó§ÊÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ μ¡μ§´ Î¥´¨Ö: p Å ÉμÎ±  É·¥Ì³¥·´μ£μ ¶·μ-
¸É· ´¸É¢  R

3; ¨´¤¥±¸Ò f ¨ v ¸μμÉ¢¥É¸É¢ÊÕÉ μ¡² ¸É¨ Ë¥··μ³ £´¥É¨±  ¨ ¢ ±Ê-
Ê³ ; H Å ¢¥±Éμ· ´ ¶·Ö¦¥´´μ¸É¨ ³ £´¨É´μ£μ ¶μ²Ö; B Å ¢¥±Éμ· ³ £´¨É´μ°
¨´¤Ê±Í¨¨, J Å ¨§¢¥¸É´Ò° ¢¥±Éμ· μ¡Ñ¥³´μ° ¶²μÉ´μ¸É¨ Éμ± , μÉ²¨Î´Ò° μÉ ´Ê²Ö

¢ μ£· ´¨Î¥´´μ° μ¡² ¸É¨ Ωc ¨ Ê¤μ¢²¥É¢μ·ÖÕÐ¨° ¸μμÉ´μÏ¥´¨Õ

∫
Ωc

JdΩ = 0,

μ(|H|) Å ¨§¢¥¸É´ Ö ¢ μ£· ´¨Î¥´´μ° μ¤´μ¸¢Ö§´μ° μ¡² ¸É¨ Ωf ´¥²¨´¥°´ Ö
ËÊ´±Í¨Ö ³ £´¨É´μ° ¶·μ´¨Í ¥³μ¸É¨ Ë¥··μ³ £´¥É¨±  (¤²Ö ´¥³ £´¨É´μ° ¸·¥¤Ò
μ = 1); μ0 Å ³ £´¨É´ Ö ¶·μ´¨Í ¥³μ¸ÉÓ ¢ ±ÊÊ³ ; n Å ¥¤¨´¨Î´Ò° ¢¥±Éμ·
´μ·³ ²¨ ± ¶μ¢¥·Ì´μ¸É¨ · §¤¥²  ¸·¥¤ Ë¥··μ³ £´¥É¨±Ä¢ ±ÊÊ³.

‡ ¢¨¸¨³μ¸ÉÓ ³ £´¨É´μ° ¶·μ´¨Í ¥³μ¸É¨ μ(|H|) μÉ ´ ¶·Ö¦¥´´μ¸É¨ ¶μ²Ö
´¥²¨´¥°´ Ö, £¥μ³¥É·¨Ö μ¡² ¸É¥°, § ´¨³ ¥³ÒÌ Ë¥··μ³ £´¥É¨±μ³ Ωf ¨ Éμ±μ-
¢Ò³¨ μ¡³μÉ± ³¨ Ωc, ¸²μ¦´ Ö, ¶μÔÉμ³Ê ´ Ìμ¦¤¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö ³ £´¨É-
´μ£μ ¶μ²Ö ¨§ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (1) ¢μ§³μ¦´μ Éμ²Ó±μ Î¨¸²¥´´Ò³¨ ³¥Éμ¤ ³¨.
‚¢¥¤¥³ ¸± ²Ö·´Ò° ¶μÉ¥´Í¨ ² ϕ:

H (p) = Tc (p) −∇ϕ (p) , (5)

£¤¥ Tc Å ¶μ²¥, ¸μ§¤ ´´μ¥ Éμ±μ¢Ò³¨ μ¡³μÉ± ³¨, μ¶·¥¤¥²Ö¥³μ¥ ¶μ § ±μ´Ê

¨μÄ‘ ¢ · Ä‹ ¶² ¸ :

Tc (p) =
1
4π

∫
Ωc

J (q) ×∇q
1

rpq
dΩq. (6)

“Î¨ÉÒ¢ Ö (5), ¨§ (2) ¶μ²ÊÎ ¥³ Ê· ¢´¥´¨¥ ¤²Ö μ¶·¥¤¥²¥´¨Ö ¸± ²Ö·´μ£μ ¶μÉ¥´-
Í¨ ² 

div (μ (|∇ϕ (p)|)∇ϕ (p)) = div (μ (|∇ϕ (p)|)Tc (p)) . (7)

ˆ¸¶μ²Ó§ÊÖ (5), ¨§ (4) ¶μ²ÊÎ ¥³ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ £· ´¨Î´Ò¥ Ê¸²μ¢¨Ö ¤²Ö ϕ:

ϕf − ϕv = 0, μ
∂ϕ

∂n

∣∣∣
Γ−

− ∂ϕ

∂n

∣∣∣
Γ+

= (μ − 1)(Tc,n), ϕ(p)
p→∞−→ 0. (8)

�·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ μ ¢ μ¡² ¸É¨ Ωf ¢¥±Éμ·Ò Tc ¨ ∇ϕ ¸É ´μ¢ÖÉ¸Ö ¡μ²Ó-
Ï¨³¨, ¡²¨§±¨³¨ ¶μ §´ Î¥´¨Õ. �Éμ ¶·¨¢μ¤¨É ± ¶μÉ¥·¥ ÉμÎ´μ¸É¨ ¢ÒÎ¨¸²¥´¨°.
„²Ö ¶·¥μ¤μ²¥´¨Ö ÔÉμ° É·Ê¤´μ¸É¨ ¢¢¥¤¥³ ¶μ²´Ò° ¸± ²Ö·´Ò° ¶μÉ¥´Í¨ ² Ψ ¶μ
Ëμ·³Ê²¥

H (p) = −∇Ψ (p) , p ∈ Ωf . (9)

’ ±¨³ μ¡· §μ³, ¶·¨Ìμ¤¨³ ± ¶μ¸É ´μ¢±¥ § ¤ Î¨ ³ £´¨Éμ¸É É¨±¨ μÉ´μ¸¨É¥²Ó´μ
¤¢ÊÌ ´¥¨§¢¥¸É´ÒÌ ¸± ²Ö·´ÒÌ ¶μÉ¥´Í¨ ²μ¢ Ψ ¨ ϕ.

div (μ (|∇Ψ(p)|)∇Ψ(p)) = 0, p ∈ Ωf , (10)
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Δϕ(p) = 0, p ∈ R
3\ (Ωf ∪ Γ) . (11)

“· ¢´¥´¨¥ (10) ¶μ²ÊÎ ¥É¸Ö ¨§ (2) ¸ ÊÎ¥Éμ³ Éμ£μ, ÎÉμ μ = 1 ¢ μ¡² ¸É¨
R

3\ (Ωf ∪ Γ) ¨ div Tc = 0. �  £· ´¨Í¥ μ¡² ¸É¨ Ωf ¨³¥ÕÉ ³¥¸Éμ Ê¸²μ¢¨Ö,
¢ÒÉ¥± ÕÐ¨¥ ¨§ (4):

−μ
∂Ψ
∂n

∣∣∣
Γ−

= (Tc,n)
∣∣∣
Γ+

− ∂ϕ

∂n

∣∣∣
Γ+

, Ψ(p) − ϕ(p) = −
P∫

Q

Tc dr, (12)

£¤¥ p Å ¶·μ¨§¢μ²Ó´ Ö ÉμÎ±  ´  ¶μ¢¥·Ì´μ¸É¨ Γ,   dr Å ¢¥±Éμ· ¨´É¥£·¨·μ¢ ´¨Ö
¶μ ±μ´ÉÊ·Ê QP .

2. �‹ƒ��ˆ’Œ› —ˆ‘‹…���ƒ� �…˜…�ˆŸ Š��…‚�‰ ‡�„�—ˆ

� ¸¸³μÉ·¨³ ³ £´¨É ¸¶¥±É·μ³¥É·  �ˆ‘ (·¨¸. 1). 
Ê¤¥³ ·¥Ï ÉÓ É·¥Ì³¥·-
´ÊÕ § ¤ ÎÊ μÉ´μ¸¨É¥²Ó´μ ¤¢ÊÌ ¸± ²Ö·´ÒÌ ¶μÉ¥´Í¨ ²μ¢. �Ê¸ÉÓ μ¡² ¸ÉÓ Ω1 ¸μ-
¤¥·¦¨É Ë¥··μ³ £´¥É¨± ¨ Ω1 ∪ Γ1 ∪ Ω′

2 = R3, £¤¥ Ω′
2 Å μ¡² ¸ÉÓ ¢ ±ÊÊ³ ,

¸μ¤¥·¦ Ð Ö ¡¥¸±μ´¥Î´μ Ê¤ ²¥´´ÊÕ ÉμÎ±Ê; Ω3 Å ¢¸¶μ³μ£ É¥²Ó´ Ö μ¡² ¸ÉÓ
(¶ · ²²¥²¥¶¨¶¥¤ ¸ ±¢ ¤· É´Ò³ μ¸´μ¢ ´¨¥³) ¸ £· ´¨Í¥° Γ3 [4, 5]. „²Ö ÔÉμ£μ
¶·¥¤¸É ¢¨³ u2 (x) = u′

2 (x) + u′′
2 (x), £¤¥ u′′

2 (x) Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥³ § ¤ Î¨

Δu′′
2 = 0, x ∈ Ω2, u′′

2 = Φ(x), x ∈ Γ1, u′′
2 = yn, x ∈ Γ3. (13)

„²Ö μ¶·¥¤¥²¥´¨Ö ¢ Ω3 ËÊ´±Í¨¨ u(x) =

{
u1(x), x ∈ Ω1,

u′
2(x) x ∈ Ω2

¶μ²ÊÎ ¥³ ¸²¥¤Ê-

ÕÐÊÕ μ¤´μ·μ¤´ÊÕ ´¥²¨´¥°´ÊÕ ±· ¥¢ÊÕ § ¤ ÎÊ:

3∑
i=1

d

dxi

(
μ

d

dxi
u

)
= 0, x ∈ (Ω3\Γ1),

[
du

dn1

]
= Ψ(x) +

du′′
2

dn1
,

x ∈ Γ1, [u] = 0, x ∈ Γ1, u(x) = 0, x ∈ Γ3.

(14)

‡¤¥¸Ó ¸±μ¡±¨ [•] μ§´ Î ÕÉ ¸± Îμ± ËÊ´±Í¨¨ ²¨¡μ ¥¥ ±μ´μ·³ ²Ó´μ° ¶·μ¨§¢μ¤-
´μ°. ‚μ¸¶μ²Ó§Ê¥³¸Ö ¸¢μ°¸É¢ ³¨ ¸¨³³¥É·¨Î´μ¸É¨ ¶μ²Ö ¤¨¶μ²Ó´μ£μ ³ £´¨É  ¨
¤²Ö · §´μ¸É´μ°  ¶¶·μ±¸¨³ Í¨¨ ±· ¥¢ÒÌ § ¤ Î (13) ¨ (14) ¸Ê§¨³ · ¸Î¥É´ÊÕ
μ¡² ¸ÉÓ, ¶μ¸É ¢¨¢ ´  ¶²μ¸±μ¸ÉÖÌ Z = 0 ¨ X = 0 Ê¸²μ¢¨Ö ¸¨³³¥É·¨Î´μ¸É¨
¸± ²Ö·´μ£μ ¶μÉ¥´Í¨ ² ,   ´  ¶²μ¸±μ¸É¨ Y = 0 Å Ê¸²μ¢¨¥  ´É¨¸¨³³¥É·¨Î-
´μ¸É¨. �μ¸É·μ¨³ ´¥· ¢´μ³¥·´ÊÕ ¸¥É±Ê ¸ Ô²¥³¥´É ·´Ò³¨ ÖÎ¥°± ³¨ (·¨¸. 2) ¢
¢¨¤¥ ¶ · ²²¥²¥¶¨¶¥¤μ¢:

Ω̄h
3 =

⎧⎨
⎩

xi+1 = xi + hx
i , i = 1...X4,

(xi, yi, zi) , yj+1 = yj + hy
j , j = 1...Y4,

zk+1 = zk + hz
k , k = 1...Z2.

⎫⎬
⎭

4



�¨¸. 2. �²¥³¥´É ·´ Ö ÖÎ¥°±  · §´μ¸É´μ° ¸Ì¥³Ò

„ ²¥¥ ¢¥§¤¥ ¨¸¶μ²Ó§Ê¥³ μ¡μ§´ Î¥´¨¥ (i, j, k) = (xi, yj , zk). ‚¥·Ï¨´ ³¨
ÖÎ¥°±¨ Πijk Ö¢²ÖÕÉ¸Ö Ê§²Ò (a, b, c), a = i, i+1, ..; b = j, j +1, ..; c = k, k+1...
�¡μ§´ Î¨³ Í¥´É· ÖÎ¥°±¨ Πi,j,k Î¥·¥§ (i + 1/2, j + 1/2, k + 1/2). ƒ· ´¨Í 
· ¸Î¥É´μ° μ¡² ¸É¨ Γ3 ¨ ¢´ÊÉ·¥´´ÖÖ £· ´¨Í  Γ1 · §¤¥²  ¸·¥¤ ¸ · §²¨Î´Ò³¨
³ £´¨É´Ò³¨ Ì · ±É¥·¨¸É¨± ³¨ Ö¢²ÖÕÉ¸Ö Ê§²μ¢Ò³¨ ²¨´¨Ö³¨. Ω̄h

3 = Γh
3 ∪Ωh

2 ∪
Γh

1 ∪ Ωh
1 . ‘Î¨É ¥³, ÎÉμ ¶μ²¥ Tc § ¤ ´μ ¨ ¶μÔÉμ³Ê μ¡² ¸ÉÓ Ωc ¤²Ö ¸¥ÉμÎ´μ°

 ¶¶·μ±¸¨³ Í¨¨ § ¤ Î¨ ´¥ · ¸¸³ É·¨¢ ¥³. „²Ö ÔÉμ° ±μ´Ë¨£Ê· Í¨¨ ¶μ² £ ¥³

hx
i = Hx

1 , i = 1...X1, ; hx
i = Hx

2 , i = (X1 + 1) ...X2,
hx

i = Hx
3 , i = (X2 + 1) ...X3 ; hx

i = Hx
4 , i = (X3 + 1) ...X4,

hy
j = Hy

1 , j = 1...Y1 ; hy
j = Hy

2 , j = (Y1 + 1) ...Y2,

hy
j = Hy

3 , j = (1 + Y2) ...Y3 ; hy
j = Hy

4 , j = (Y3 + 1) ...Y4,

hz
k = Hz

1 , k = 1...Z1 ; hz
k = Hz

2 , k = (1 + Z1) ...Z2 ,

£¤¥ X, Y, Z (§¤¥¸Ó μ¶ÊÐ¥´Ò ¨´¤¥±¸Ò) Ö¢²ÖÕÉ¸Ö ±μμ·¤¨´ É ³¨ ¸¥ÉμÎ´ÒÌ ¶²μ¸-
±μ¸É¥°. ˆ´É¥£·¨·ÊÖ (13) ¶μ μ¡Ñ¥³Ê ¶ · ²²¥²¥¶¨¶¥¤  Π, ±μÉμ·Ò° ¸μ¤¥·¦¨É
Ê§¥² (i, j, k) ¨ ¢¥·Ï¨´ ³¨ ±μÉμ·μ£μ Ö¢²ÖÕÉ¸Ö Í¥´É·Ò Ô²¥³¥´É ·´ÒÌ ÖÎ¥¥±
(i ± 1/2, j ± 1/2, k ± 1/2), ¨ ¶·¨³¥´ÖÖ Ëμ·³Ê²Ê ƒ·¨´ , ¶μ²ÊÎ¨³ ¤²Ö Ê§²μ¢
(i, j, k) /∈ Γh

1 , (i, j, k) /∈ Γh
3 , i �= 1, j �= 1, k �= 1

∫
Π

3∑
i=1

d

dxi

(
μ

d

dxi
u

)
dV =

∫
SΠ

μ∇udS = 0. (15)

„²Ö ¢ÒÎ¨¸²¥´¨Ö ¨´É¥£· ²μ¢ ¢ (15) § ³¥´Ö¥³ ¶·μ¨§¢μ¤´Ò¥ ¨Ì · §´μ¸É´Ò³¨
 ´ ²μ£ ³¨ ¨ ¸Î¨É ¥³ ³ £´¨É´ÊÕ ¶·μ´¨Í ¥³μ¸ÉÓ μ ¶μ¸ÉμÖ´´μ° ¢ ¶·¥¤¥² Ì
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μ¤´μ° Ô²¥³¥´É ·´μ° ÖÎ¥°±¨ ¨ · ¢´μ° §´ Î¥´¨Õ ¢ Í¥´É·¥ ÖÎ¥°±¨. �μ²ÊÎ ¥³
¸¨¸É¥³Ê ´¥²¨´¥°´ÒÌ Ê· ¢´¥´¨° ¤²Ö μ¶·¥¤¥²¥´¨Ö ¸¥ÉμÎ´μ° ËÊ´±Í¨¨ ui,j,k =
u (i, j, k)

Aiui+1,j,k + Ai−1ui−1,j,k + Bjui,j+1,k + Bj−1ui,j−1,k+
+ Ckui,j,k+1 + Ck−1ui,j,k−1 − Si,j,kui,j,k = 0, (16)

Ai =
1
hx

i

j∑
m=j−1

k∑
n=k−1

μi,m,nhy
mhz

n, Bj =
1
hy

j

i∑
m=i−1

k∑
n=k−1

μm,j,nhx
mhz

n,

Ck =
1
hz

k

i∑
m=i−1

j∑
n=j−1

μm.n,khx
mhy

n,

Si,j,k = Ai + Ai−1 + Bj + Bj−1 + Ck + Ck−1,

μi,j,k = μ (|B (i + 1/2, j + 1/2, k + 1/2)|) , (i, j, k) ∈ Ωh
1 ,

μi,j,k = 1, (i, j, k) ∈ Ωh
2 .

ˆ§ ¸¨¸É¥³Ò (16) ¶μ²ÊÎ ¥É¸Ö É ±¦¥  ²£¥¡· ¨Î¥¸± Ö ¸¨¸É¥³ ,  ¶¶·μ±¸¨³¨·ÊÕ-
Ð Ö (13) Å ÔÉμ Ê§²Ò (i, j, k) ∈ Ωh

2 . �  ¶²μ¸±μ¸ÉÖÌ X = 0 (i = 1) ¨ Z = 0
(k = 1) § ¶¨¸Ò¢ ¥³ Ê¸²μ¢¨¥ ¸¨³³¥É·¨Î´μ¸É¨ ¤²Ö ¸± ²Ö·´μ£μ ¶μÉ¥´Í¨ ² 

ui,j,1 − ui,j,2

Hz
1

= 0;
u1,j,k − u2,j,k

Hx
1

= 0, (17)

  ´  ¶²μ¸±μ¸É¨ Y = 0 (j = 1) Ê¸²μ¢¨Ö  ´É¨¸¨³³¥É·¨Î´μ¸É¨ ui,j,k = 0. „²Ö
(13) ´  Γh

1 § ¶¨¸Ò¢ ¥³ Ê¸²μ¢¨¥ „¨·¨Ì²¥ (Ê ¸¥ÉμÎ´ÒÌ ËÊ´±Í¨° ¤²Ö ±· É±μ¸É¨
μ¶ÊÐ¥´Ò ¨§³¥´ÖÕÐ¨¥¸Ö ¨´¤¥±¸Ò):

u′′
Ba

= Φ(i, j, k), (i, j, k) ∈ ΓBa , B = X, Y, a = 1, 2, 3; B = Z, a = 2,
(18)

  ¤²Ö (14) · §´μ¸É´μ¥ ¸μμÉ´μÏ¥´¨¥, μ¶·¥¤¥²ÖÕÐ¥¥ ¸± Îo± ´μ·³ ²Ó´μ° ¶·μ-
¨§¢μ¤´μ°:

μB1

uB1+1 − uB1

HB
4

− uB1 − uB1−1

HB
3

= φ (i, j, k) +
u′′

B1
− u′′

B1−1

HB
3

,

(i, j, k) ∈ ΓB1 , B = X, Y,

(19)

μB2−1
uB2 − uB2−1

HB
3

− uB2+1 − uB2

HB
4

= φ (i, j, k) +
u′′

B2+1 − u′′
B2

HB
3

,

(i, j, k) ∈ ΓB2 , B = X, Y, Z.

”Ê´±Í¨¨ Φ ¨ φ μ¶·¥¤¥²¥´Ò ¢ (10), (11). „²Ö ·¥Ï¥´¨Ö ´¥²¨´¥°´μ° ¸¨¸É¥³Ò
· §´μ¸É´ÒÌ Ê· ¢´¥´¨° (16)Ä(19) ¶·¨³¥´Ö¥É¸Ö ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒ° ¨É¥· Í¨μ´´Ò°
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¶·μÍ¥¸¸, ¢ ±μÉμ·μ³ Í¨±²Ò ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¢¥·Ì´¥° ·¥² ±¸ Í¨¨ ¶·¨ ¢ÒÎ¨-
¸²¥´¨¨ ¶μÉ¥´Í¨ ²  Î¥·¥¤ÊÕÉ¸Ö ¸ ´¨¦´¥° ·¥² ±¸ Í¨¥° ¤²Ö ³ £´¨É´μ° ¶·μ´¨-
Í ¥³μ¸É¨:

μn+1
i,j,k = (1 − η)μn

i,j,k + ημ
n+1/2
i,j,k , 0 < η � 1, μ

n+1/2
i,j,k = μ

(
μn

i,j,k |gradu|
)

|gradu| =

⎧⎪⎨
⎪⎩

⎡
⎣1

4

j∑
m=j−1

k∑
l=k−1

(
un+1

i+1,m,l − un
i,m,l

hx
i

)⎤
⎦

2

+

+

[
1
4

j∑
m=i−1

k∑
l=k−1

un+1
m,j+1,l − un+1

m,j,l

hy
j

]2

+

+

⎡
⎣1

4

i∑
m=i−1

j∑
l=j−1

un+1
m,l,k+1 − un+1

m,l,k

hz
k

⎤
⎦

2
⎫⎪⎬
⎪⎭

1/2

.

‚¥±Éμ·Ò φ ¨ Φ ¢ÒÎ¨¸²ÖÕÉ¸Ö μ¤¨´ · § ¤μ ´ Î ²  ¨É¥· Í¨μ´´μ£μ ¶·μÍ¥¸¸  ¨
¨¸¶μ²Ó§ÊÕÉ¸Ö ¢ ¤ ²Ó´¥°Ï¨Ì ¨É¥· Í¨ÖÌ. „²Ö Ëμ·³¨·μ¢ ´¨Ö φ ¨ Φ ´¥μ¡Ìμ-
¤¨³μ §´ ÉÓ ¶μ²¥ Tc ´  ¶μ¢¥·Ì´μ¸É¨ Ë¥··μ³ £´¥É¨± , ¸μ§¤ ¢ ¥³μ¥ Éμ±μ¢Ò³¨
μ¡³μÉ± ³¨ Ωc

ˆÉ¥· Í¨¨ ¶·¥±· Ð ÕÉ¸Ö ¶·¨ ¢Ò¶μ²´¥´¨¨ Ê¸²μ¢¨Ö

∑
i,j,k

∣∣∣un
i,j,k − un−1

i,j,k

∣∣∣ /
∣∣un

i,j,k

∣∣ < ε.

‚ ¶·μ£· ³³¥, ·¥ ²¨§ÊÕÐ¥° ¤ ´´Ò°  ²£μ·¨É³, ¨¸¶μ²Ó§Ê¥É¸Ö §´ Î¥´¨¥ ε =
10−6.

3. �…‡“‹œ’�’› ��‘—…’�‚

� ¸Î¥É´μ¥ · ¸¶·¥¤¥²¥´¨¥ ³ £´¨É´μ£μ ¶μ²Ö ¸¶¥±É·μ³¥É·¨Î¥¸±μ£μ ³ £´¨É 
Ê¸É ´μ¢±¨ �ˆ‘ ¶μ²ÊÎ¥´μ ¸ ¶μ³μÐÓÕ  ¢Éμ·¸±μ° ‘++ ¶·μ£· ³³Ò, ´ ¶¨¸ ´´μ°
´  μ¸´μ¢¥ · ¸¸³μÉ·¥´´ÒÌ ¢ÒÏ¥  ²£μ·¨É³μ¢ ³¥Éμ¤  ¤¢ÊÌ ¸± ²Ö·´ÒÌ ¶μÉ¥´Í¨-
 ²μ¢.

�μ²ÊÎ¥´´Ò¥ ¤ ´´Ò¥ ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢ ¸¨¸É¥³¥ ±μμ·¤¨´ É XY Z, ¢ ±μÉμ-
·μ° μ¸Ó Z ´ ¶· ¢²¥´  ¶μ ¶ÊÎ±Ê ´ ²¥É ÕÐ¨Ì ´  ³¨Ï¥´Ó ¶¥·¢¨Î´ÒÌ Î ¸É¨Í,
μ¸Ó Y Å ¶¥·¶¥´¤¨±Ê²Ö·´μ ¢¢¥·Ì ± ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨,   μ¸Ó X μ¡· §Ê¥É
¶· ¢ÊÕ É·μ°±Ê ¢¥±Éμ·μ¢. � Î ²μ³ ¸¨¸É¥³Ò ±μμ·¤¨´ É Ö¢²Ö¥É¸Ö Í¥´É· ³ £´¨É 
‘�Ä40.
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�¨¸. 3. ‡ ¢¨¸¨³μ¸É¨ a) By(x, 0, z); ¡) By(x,−0,3 ³, z); ¢) Bx(x,−0,3 ³, z);
£) Bz(x,−0,3 ³, z) ¤²Ö Éμ±  1100 	

�¨¸. 4. ‡ ¢¨¸¨³μ¸É¨ a) By(x,−0,2 ³, z); ¡) Bx(x,−0,2 ³, z); ¢) Bz(x,−0,2 ³, z) ¤²Ö
Éμ±  1100 	
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� ¸Î¥É´ Ö ¸¥É±  ¢  ¶¥·ÉÊ·¥ ³ £´¨É  ¢Ò¡· ´  ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:
Å ¶μ x μÉ 0 ¤μ 0,50 ³ ¸ Ï £μ³ 0,02 ³, ¤ ²¥¥ 26-° ¨ 27-° Ê§²Ò Å 0,522 ³,

0,544 ³, 28Ä31-° Ê§²Ò ¸ Ï £μ³ 0,02275 ³, 32Ä35-° Ê§²Ò ¸ Ï £μ³ 0,0275 ³,
36Ä61-° Ê§²Ò ¸ Ï £μ³ 0,02 ³ ¨ 62Ä66-° Ê§²Ò ¸ Ï £μ³ 0,021 ³ (É. ¥. 66-° Ê§¥²
x66 = 1,37 ³); ¶μ y μÉ 0 ¤μ 0,34 ³ ¸ Ï £μ³ hy = 0,24286 ³;

Å ¶μ z μÉ 0 ¤μ 0,75 ³ ¸ Ï £μ³ hz = 0,012097 ³, ¤ ²¥¥ 63Ä64-° Ê§²Ò Å
0,763 ³, 0,776 ³, 65Ä74-° Ê§²Ò ¸ Ï £μ³ 0,0122 ³, 75-° Ê§¥² 0,91 ³, 76Ä78-°
Ê§²Ò ¸ Ï £μ³ 0,01567 ³, 79-° Ê§¥² 0,977 ³, 80Ä122-° Ê§¥² ¸ Ï £μ³ 0,01209 ³,
123-° Ê§¥² 1,517 ³, 124Ä162-° Ê§²Ò ¸ Ï £μ³ 0,012075 ³ (z162 = 1,988 ³).

�  ·¨¸. 3 ¶·¨¢μ¤¨³ § ¢¨¸¨³μ¸É¨ By(x, 0, z), By(x,−0,3 ³, z),
Bx(x,−0,3 ³, z), Bz(x,−0,3 ³, z) ¤²Ö Éμ±  1100 	. �  ·¨¸. 3,   ¤a´μ · ¸-
¶·¥¤¥²¥´¨¥ μ¸´μ¢´μ° ±μ³¶μ´¥´ÉÒ ¶μ²Ö By(x, 0, z) ´  ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨
(y = 0). �¡² ¸ÉÓ μ¤´μ·μ¤´μ£μ ¶μ²Ö ´  Ê·μ¢´¥ 0,59 ’² ´ Ìμ¤¨É¸Ö Í¥²¨±μ³
¶μ¤ ¶μ²Õ¸μ³ ³ £´¨É , ¸¶ ¤ Ö ´  ±· ÖÌ ¶μ²Õ¸  (¨ ¢ ¶μ¶¥·¥Î´μ³ ´ ¶· ¢²¥´¨¨,
¨ ¶μ ¶ÊÎ±Ê) ¤μ ¢¥²¨Î¨´ ¶μ·Ö¤±  10 ƒ¸ ¤²Ö z = 2,5 ³ (x = y = 0) ¨ ¤μ 0 ¢
¶μ¶¥·¥Î´μ³ ´ ¶· ¢²¥´¨¨ ¤²Ö x = 1,35 ³ (y = z = 0).

�  ·¨¸. 3, ¡ ¶·¨¢¥¤¥´μ · ¸¶·¥¤¥²¥´¨¥ μ¸´μ¢´μ° ±μ³¶μ´¥´ÉÒ ¶μ²Ö
By(x,−0,3 ³, z) ´  ¶²μ¸±μ¸É¨ y = −0,3 ³. �¡² ¸ÉÓ μ¤´μ·μ¤´μ£μ ¶μ²Ö ´ 
Ê·μ¢´¥ 0,59 ’² ´ Ìμ¤¨É¸Ö É ±¦¥ ¶μ¤ ¶μ²Õ¸μ³ ³ £´¨É , ´μ ´  ±· ÖÌ ¶μ²Õ¸ 
±μ³¶μ´¥´É  By Ê¢¥²¨Î¨¢ ¥É¸Ö ·¥§±μ ¨ ¨³¥¥É ¢¸¶²¥¸± ¢¡²¨§¨ ¦¥²¥§  ¶μ²Õ¸ 
¤μ 0,8 ’². „ ²¥¥ ¶μ²¥ ¸¶ ¤ ¥É É ±¦¥ ´  ±· ÖÌ ¶μ²Õ¸  (¨ ¢ ¶μ¶¥·¥Î´μ³ ´ ¶· -
¢²¥´¨¨, ¨ ¶μ ¶ÊÎ±Ê) ¤μ ¢¥²¨Î¨´ ¶μ·Ö¤±  10 ƒ¸ ¤²Ö z = 2,5 ³ (x = y = 0) ¨
¤μ 0 ¢ ¶μ¶¥·¥Î´μ³ ´ ¶· ¢²¥´¨¨ ¤²Ö x = 1,35 ³ (y = z = 0).

�  ·¨¸. 3, ¢ ¶·¨¢¥¤¥´μ · ¸¶·¥¤¥²¥´¨¥ ¶μ¶¥·¥Î´μ° ±μ³¶μ´¥´ÉÒ ¶μ²Ö
Bx(x,−0,3 ³, z) ´  ¶²μ¸±μ¸É¨ y = −0,3 ³. �¡² ¸ÉÓ μ¤´μ·μ¤´μ¸É¨ ¶μ²Ö ´ 
Ê·μ¢´¥ Ä0,32 ’² ´ Ìμ¤¨É¸Ö É ±¦¥ ¶μ¤ ¶μ²Õ¸μ³ ³ £´¨É , ´μ ´  ±· ÖÌ ¶μ²Õ¸ 
±μ³¶μ´¥´É  Bx Ê¢¥²¨Î¨¢ ¥É¸Ö (¶μ ³μ¤Ê²Õ) ¤μ Ä0,32 ’². „ ²¥¥ ¶μ²¥ ¸¶ ¤ ¥É
É ±¦¥ ´  ±· ÖÌ ¶μ²Õ¸  (¨ ¢ ¶μ¶¥·¥Î´μ³ ´ ¶· ¢²¥´¨¨, ¨ ¶μ ¶ÊÎ±Ê) ¤μ ¢¥²¨Î¨´
¶μ·Ö¤±  7 ƒ¸.

�  ·¨¸. 3, £ ¶·¨¢¥¤¥´μ · ¸¶·¥¤¥²¥´¨¥ ¶·μ¤μ²Ó´μ° ±μ³¶μ´¥´ÉÒ ¶μ²Ö
Bz(x,−0,3 ³, z) ´  ¶²μ¸±μ¸É¨ y = −0,3 ³. �μ¤ ¶μ²Õ¸μ³ ³ £´¨É  ±μ³¶μ-
´¥´É  Bz · ¢´  ´Ê²Õ, ´μ ´  ±· ÖÌ ¶μ²Õ¸  ±μ³¶μ´¥´É  Bz Ê¢¥²¨Î¨¢ ¥É¸Ö (¶μ
³μ¤Ê²Õ) ¤μ Ä0,4 ’². „ ²¥¥ ¶μ²¥ ¸¶ ¤ ¥É É ±¦¥ ´  ±· ÖÌ ¶μ²Õ¸  (¨ ¢ ¶μ¶¥·¥Î-
´μ³ ´ ¶· ¢²¥´¨¨, ¨ ¶μ ¶ÊÎ±Ê) ¤μ ³ ²ÒÌ ¢¥²¨Î¨´, ¡²¨§±¨Ì ± ´Ê²Õ.


μ²¥¥ ¶μ¤·μ¡´μ (¤²Ö É·¥Ì ¶²μ¸±μ¸É¥° y = 0,−0,2 ¨ −0,3 ³) £· Ë¨±¨
¢¥²¨Î¨´ Bx, By, Bz ¢ § ¢¨¸¨³μ¸É¨ μÉ z ¨ μÉ x ³Ò ¶·¨¢¥²¨ ´  ·¨¸. 4Ä10.

�  ·¨¸. 4 ¤ ´Ò § ¢¨¸¨³μ¸É¨ By(x,−0,2 ³, z), Bx(x,−0,2 ³, z),
Bz(x,−0,2 ³, z) ¤²Ö Éμ±  1100 	.

�  ·¨¸. 5 ¶·¨¢¥¤¥´Ò § ¢¨¸¨³μ¸É¨ By(z), Bx(z), Bz(z) ¤²Ö x = 0 (¸²¥¢ )
¨ ¤²Ö x = 0,50 ³ (¸¶· ¢ ) ¤²Ö Éμ±  1100 	. �  ·¨¸. 6 ¶·¨¢¥¤¥´Ò § ¢¨¸¨³μ¸É¨
By(x), Bx(x), Bz(x) ¤²Ö z = 0 (¸²¥¢ ) ¨ ¤²Ö z = 0,75 ³ (¸¶· ¢ ) ¤²Ö Éμ± 
1100 	.
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�¨¸. 5. ‡ ¢¨¸¨³μ¸É¨ By(z), Bx(z), Bz(z) ¤²Ö x = 0 (¸²¥¢ ) ¨ ¤²Ö x = 0,50 ³ (¸¶· ¢ )
¤²Ö Éμ±  1100 	

„²Ö ¸· ¢´¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ · ¸Î¥É´ÒÌ ¤ ´´ÒÌ ´  ·¨¸. 7 ¶·¨¢¥-
¤¥´Ò § ¢¨¸¨³μ¸É¨ By(z), Bx(z), Bz(z) ¤²Ö x = 0 (¸²¥¢ ) ¨ ¤²Ö x = 0,50 ³
(¸¶· ¢ ) ¤²Ö Éμ±  1100 	. ˆ ´  ·¨¸. 8 ¶·¨¢¥¤¥´Ò § ¢¨¸¨³μ¸É¨ By(x), Bx(x),
Bz(x) ¤²Ö z = 0 (¸²¥¢ ) ¨ ¤²Ö z = 0,75 ³ (¸¶· ¢ ) ¤²Ö Éμ±  1100 	.
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�¨¸. 6. ‡ ¢¨¸¨³μ¸É¨ By(x),Bx(x), Bz(x) ¤²Ö z = 0 (¸²¥¢ ) ¨ ¤²Ö z = 0.75³ (¸¶· ¢ )
¤²Ö Éμ±  1100 	 (¸¶²μÏ´ Ö ²¨´¨Ö ¸μμÉ¢¥É¸É¢Ê¥É ¶²μ¸±μ¸É¨ y = 0 ³, ÏÉ·¨Ìμ¢ Ö
²¨´¨Ö Å y = −0,2 ³, ¶Ê´±É¨·´ Ö ²¨´¨Ö Å y = −0,3 ³)

�  ·¨¸. 9 ¶μ± § ´  · §´¨Í  ³¥¦¤Ê Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¨ · ¸Î¥É´Ò³¨
¤ ´´Ò³¨ ±μ³¶μ´¥´É ¶μ²Ö By(z), Bx(z), Bz(z) ¤²Ö x = 0 (¸²¥¢ ) ¨ ¤²Ö x =
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�¨¸. 7. ‡ ¢¨¸¨³μ¸É¨ By(z), Bx(z), Bz(z) ¤²Ö x = 0 (¸²¥¢ ) ¨ ¤²Ö x = 0,50 ³ (¸¶· ¢ )
¤²Ö Éμ±  1100 	 (¸¶²μÏ´Ò¥ ²¨´¨¨ Å · ¸Î¥É, ÏÉ·¨Ìμ¢Ò¥ Å Ô±¸¶¥·¨³¥´É; 1 ¸μμÉ¢¥É-
¸É¢Ê¥É ¶²μ¸±μ¸É¨ y = 0 ³, 2 Å ¶²μ¸±μ¸É¨ y = −0,2 ³, 3 Å ¶²μ¸±μ¸É¨ y = −0,3 ³)

0,50 ³ (¸¶· ¢ ) ¤²Ö Éμ±  1100 	 ´  ¶²μ¸±μ¸É¨ y = −0,2 ³. �  ·¨¸. 10 ¶·¨¢¥-
¤¥´  · §´¨Í  ³¥¦¤Ê Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¨ · ¸Î¥É´Ò³¨ ¤ ´´Ò³¨ ±μ³¶μ´¥´É
By(x), Bx(x), Bz(x) ¤²Ö z = 0 (¸²¥¢ ) ¨ ¤²Ö z = 0,75 ³ (¸¶· ¢ ) ¤²Ö Éμ± 
1100 	 ´  ¶²μ¸±μ¸É¨ y = −0,2 ³.
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�¨¸. 8. ‡ ¢¨¸¨³μ¸É¨ By(x),Bx(x), Bz(x) ¤²Ö z = 0 (¸²¥¢ ) ¨ ¤²Ö z = 0,75³ (¸¶· ¢ )
¤²Ö Éμ±  1100 	 (¸¶²μÏ´Ò¥ ²¨´¨¨ Å · ¸Î¥É, ÏÉ·¨Ìμ¢Ò¥ Å Ô±¸¶¥·¨³¥´É; 1 ¸μμÉ¢¥É-
¸É¢Ê¥É ¶²μ¸±μ¸É¨ y = 0 ³, 2 Å ¶²μ¸±μ¸É¨ y = −0,2 ³, 3 Å ¶²μ¸±μ¸É¨ y = −0,3 ³)

‡�Š‹�—…�ˆ…

‚ · ¡μÉ¥ ¶·¨¢¥¤¥´Ò · ¸Î¥É´Ò¥ Ëμ·³Ê²Ò ¨  ²£μ·¨É³Ò · ¸Î¥É  ¶μ²Ö ¢
³¥Éμ¤¥ ¤¢ÊÌ ¸± ²Ö·´ÒÌ ¶μÉ¥´Í¨ ²μ¢.
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�¨¸. 9. � §´¨Í  ³¥¦¤Ê Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¨ · ¸Î¥É´Ò³¨ ¤ ´´Ò³¨ ±μ³¶μ´¥´É ¶μ²Ö
¤²Ö x = 0 (¸²¥¢ ) ¨ ¤²Ö x = 0,50 ³ (¸¶· ¢ ) ¤²Ö Éμ±  1100 	

� ¸Î¥É´Ò³ ¶ÊÉ¥³ ¶μ²ÊÎ¥´μ ¢  ¶¥·ÉÊ·¥ (−1,37 � x � 1,37 ³, −0,3 � y �
0,3 ³, −2,5 � z � 2,5 ³) É·¥Ì³¥·´μ¥ · ¸¶·¥¤¥²¥´¨¥ ±μ³¶μ´¥´É ³ £´¨É´μ£μ
¶μ²Ö ¸¶¥±É·μ³¥É·  �ˆ‘, ±μÉμ·μ¥ ¸μ£² ¸Ê¥É¸Ö ¸ ¨³¥ÕÐ¨³¨¸Ö Ô±¸¶¥·¨³¥´-

14



�¨¸. 10. � §´¨Í  ³¥¦¤Ê Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¨ · ¸Î¥É´Ò³¨ ¤ ´´Ò³¨ ±μ³¶μ´¥´É ¶μ²Ö
¤²Ö z = 0 (¸²¥¢ ) ¨ ¤²Ö z = 0,75 ³ (¸¶· ¢ ) ¤²Ö Éμ±  1100 	

É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¢ ¶·¥¤¥² Ì 60 ƒ¸ ¤²Ö μ¡² ¸É¨ −0,2 � y � 0,2 ³ (¸ É ±μ°
¦¥ ÉμÎ´μ¸ÉÓÕ ¶·μ¢¥¤¥´Ò ¨§³¥·¥´¨Ö ¶μ²Ö [6]).

� ¸Î¥ÉÒ ¡Ò²¨ ¶·μ¢¥¤¥´Ò ´  ¶¥·¸μ´ ²Ó´μ³ ±μ³¶ÓÕÉ¥·¥ Celeron 1000 ŒƒÍ
(RAM 256 Œ¡) ´  ¸¥É±¥ ¢ 1650538 Ê§²μ¢. � ¸Î¥É μ¤´μ° ±μ´Ë¨£Ê· Í¨¨ § ´Ö²
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21 Î. ‡ ³¥É¨³, ÎÉμ ¸Î¥É´μ¥ ¢·¥³Ö ´ Ï¥° § ¤ Î¨ ´  ¶¥·¸μ´ ²Ó´μ³ ±μ³¶ÓÕÉ¥·¥
Intel Pentium 450 MƒÍ (RAM 512 Œ¡) ¸ Î¨¸²μ³ Ê· ¢´¥´¨° 160 000 ¸μ¸É ¢¨²o
1 Î.

�μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö ¶·μ¢¥¤¥´¨Ö ±μ³¶ÓÕÉ¥·´μ£μ ³μ-
¤¥²¨·μ¢ ´¨Ö Ê¸É ´μ¢±¨ ¨ Ô±¸¶¥·¨³¥´É  ¨ ¢ ¶μ¸²¥¤ÊÕÐ¥³, ¶μ¸²¥ ¶·μ¢¥¤¥´¨Ö
¸¥ ´¸μ¢ ´ ¡μ·  Ë¨§¨Î¥¸±¨Ì ¤ ´´ÒÌ ¡Ê¤ÊÉ ¨¸¶μ²Ó§μ¢ ´Ò ¤²Ö μ¡· ¡μÉ±¨ ÔÉ¨Ì
¤ ´´ÒÌ.

	¢Éμ·Ò ¢Ò· ¦ ÕÉ ¡² £μ¤ ·´μ¸ÉÓ ¶·μË. ‚. „. Š¥±¥²¨¤§¥ ¨ ±.Ë-³.´.
�. Š.�μÉ·¥¡¥´¨±μ¢Ê §  ¶μ¤¤¥·¦±Ê · ¡μÉÒ ¨ ¤.Ë.-³.´. …. 	. ‘É·μ±μ¢¸±μ³Ê § 
¶μ¸É ´μ¢±Ê § ¤ Î¨ ¨ μ¡¸Ê¦¤¥´¨¥ ·¥§Ê²ÓÉ Éμ¢.

� ¡μÉ  ¶·μ¢μ¤¨² ¸Ó ¶·¨ ¶μ¤¤¥·¦±¥ �μ¸¸¨°¸±μ£μ Ëμ´¤  ËÊ´¤ ³¥´É ²Ó´ÒÌ
¨¸¸²¥¤μ¢ ´¨° ¢ · ³± Ì £· ´Éμ¢ 02-02-16875 ¨ 04-02-17104.
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