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�²¥±É·¨Î¥¸±μ¥ ¶μ²¥ ´ ³ £´¨Î¥´´μ£μ Ï ·  ¨ Ê´¨¶μ²Ö·´ Ö ¨´¤Ê±Í¨Ö

‚ · ¡μÉ¥ · ¸¸³ É·¨¢ ¥É¸Ö Ö¢²¥´¨¥ Ê´¨¶μ²Ö·´μ° ¨´¤Ê±Í¨¨.
�·¨ ¢· Ð¥´¨¨ Ï · , ´ ³ £´¨Î¥´´μ£μ ¢¤μ²Ó μ¸¨ ¢· Ð¥´¨Ö, ¶·μÌμ¤ÖÐ¥° Î¥-

·¥§ ¥£μ Í¥´É·, μ¡· §μ¢ ´´μ¥ Ï ·μ³ ³ £´¨É´μ¥ ¶μ²¥ ´¥ ¨§³¥´Ö¥É¸Ö ¢μ ¢·¥³¥´¨ ´¨
¶μ ¢¥²¨Î¨´¥, ´¨ ¶μ ´ ¶· ¢²¥´¨Õ. Œμ¦´μ ²¨ ¢ ÔÉμ³ ¸²ÊÎ ¥ £μ¢μ·¨ÉÓ, ÎÉμ ¶μ²¥
¢· Ð ¥É¸Ö ¢³¥¸É¥ ¸ ³ £´¨Éμ³? Š ± ·¥Ï¨ÉÓ ¢¨¤¨³μ¥ ¶·μÉ¨¢μ·¥Î¨¥ ³¥¦¤Ê ´ ¡²Õ-
¤¥´¨¥³ �„‘ Ê´¨¶μ²Ö·´μ£μ £¥´¥· Éμ·  ¨ § ±μ´μ³ Ô²¥±É·μ³ £´¨É´μ° ¨´¤Ê±Í¨¨
” · ¤¥Ö, ±μÉμ·Ò° £μ¢μ·¨É, ÎÉμ �„‘ = −dΦ/dt = 0 ¶·¨ Φ = const?

�  μ¸´μ¢¥ ±² ¸¸¨Î¥¸±μ° É¥μ·¨¨ Œ ±¸¢¥²²  ¢Ò¢¥¤¥´Ò Ê· ¢´¥´¨Ö ¸¨²μ¢ÒÌ
²¨´¨° Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö, ±μÉμ·μ¥ μ¡· §Ê¥É¸Ö ¶·¨ ¢· Ð¥´¨¨ É ±μ£μ Ï · , ¨
¶μ¸É·μ¥´  ¨Ì ± ·É¨´ . Š·¨É¨±Ê¥É¸Ö ³´¥´¨¥ ´¥±μÉμ·ÒÌ ¸¶¥Í¨ ²¨¸Éμ¢, ÎÉμ ³ £-
´¨É´μ¥ ¶μ²¥ É ±μ£μ Ï ·  ¢· Ð ¥É¸Ö ¢³¥¸É¥ ¸ ´¨³ ¨ ¸μ§¤ ¥É ¢´¥ Ï ·  Ô²¥±-
É·¨Î¥¸±μ¥ ¶μ²¥ ¸ μ¸μ¡Ò³¨ ¸¢μ°¸É¢ ³¨, ¶·μÉ¨¢μ·¥Î Ð¨³¨ ±² ¸¸¨Î¥¸±μ° É¥μ·¨¨
Œ ±¸¢¥²² .

‘μμ¡Ð¥´¨¥ �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2010

Gusev A.V. P4-2010-79
Electrical Field of Magnetized Sphere and Unipolar Induction

This article discusses the phenomenon of unipolar induction.
At rotation of a ball, magnetized lengthwise axis of rotation passing through its

center, a magnetic ˇeld produced by this ball does not change in time neither in
value, nor in a direction. Is it possible in this case to speak that the ˇeld is rotated
together with the magnet? How should one resolve a visible inconsistency between
observation of EMF in a unipolar generator and the Faraday induction law, which
suggests that EMF = −dΦ/dt = 0, when Φ = const?

On the basis of the classic Maxwell theory, equations of lines of force of an
electrical ˇeld, derived at rotation of such a ball, are deduced and their picture is
built. The opinion of some specialists is criticized that the magnetic ˇeld of such a
ball is rotated together with a ball and creates outside of it an electrical ˇeld with
the special properties contradicting the classic Maxwell theory.

Communication of the Joint Institute for Nuclear Research. Dubna, 2010
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Ÿ¢²¥´¨¥ Ê´¨¶μ²Ö·´μ° ¨´¤Ê±Í¨¨ μ¡ÒÎ´μ ´¥ ¢Ìμ¤¨É ¢ ¶·μ£· ³³Ê ¶μ Ë¨§¨±¥
´¥ Éμ²Ó±μ ¢ £Ê³ ´¨É ·´ÒÌ, ´μ ¨ ¢ É¥Ì´¨Î¥¸±¨Ì ¢Ê§ Ì. ’μ³Ê ¥¸ÉÓ 2 ¶·¨Î¨´Ò:
1) ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö μ´μ ´¥ ¨¸¶μ²Ó§Ê¥É¸Ö ¢ É¥Ì´¨±¥ ¶·¨ ¶·μ¥±É¨·μ¢ ´¨¨ £¥-
´¥· Éμ·μ¢, É ± ± ± ´ °¤¥´Ò ¡μ²¥¥ ÔËË¥±É¨¢´Ò¥ É¥Ì´¨Î¥¸±¨¥ ·¥Ï¥´¨Ö; 2) ¥£μ
É¥μ·¥É¨Î¥¸±μ¥ μ¡ÑÖ¸´¥´¨¥ ¢¸É·¥Î ¥É Ê ¶·¥¶μ¤ ¢ É¥²¥° ´¥±μÉμ·Ò¥ ³¥Éμ¤¨Î¥-
¸±¨¥ É·Ê¤´μ¸É¨, μ¡¸Ê¦¤ ¥³Ò¥ ´¨¦¥. �Éμ ¨´μ£¤  ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ ¸¶¥Í¨ -
²¨¸ÉÒ, ¸Éμ²±´Ê¢Ï¨¸Ó ¸ ÔÉ¨³ Ö¢²¥´¨¥³, ¶·¨¤Ê³Ò¢ ÕÉ £¨¶μÉ¥§Ò, ¶·μÉ¨¢μ·¥Î -
Ð¨¥ ±² ¸¸¨Î¥¸±μ° Ô²¥±É·μ¤¨´ ³¨±¥, ¨ ¶·¥¤² £ ÕÉ ¶μ¸É ¢¨ÉÓ ¤μ·μ£μ¸ÉμÖÐ¨¥
Ô±¸¶¥·¨³¥´ÉÒ ¤²Ö ¨Ì ¶μ¤É¢¥·¦¤¥´¨Ö. �μÔÉμ³Ê · ¸¸³μÉ·¥´¨¥ ÔÉμ° É¥³Ò ¢
±Ê·¸¥ Ô²¥±É·μ¤¨´ ³¨±¨ ¨³¥¥É ¢ ¦´μ¥ É¥μ·¥É¨Î¥¸±μ¥ §´ Î¥´¨¥.

“�ˆ��‹Ÿ���Ÿ ˆ�„“Š–ˆŸ

Š· É±μ ´ ¶μ³´¨³, ¢ Î¥³ ¸μ¸Éμ¨É Ö¢²¥´¨¥ Ê´¨¶μ²Ö·´μ° ¨´¤Ê±Í¨¨, ±μ-
Éμ·μ¥ ¡μ²¥¥ ¶μ¤·μ¡´μ · ¸¸³μÉ·¥´μ ¢ ±² ¸¸¨Î¥¸±¨Ì ÊÎ¥¡´¨± Ì [1, 2, 3] ¨ ¤·.
� ¢´μ³¥·´μ ´ ³ £´¨É¨³ ¶·μ¢μ¤ÖÐ¨° Í¨²¨´¤· ¢¤μ²Ó ¥£μ £¥μ³¥É·¨Î¥¸±μ° μ¸¨.
�·¨ ¢· Ð¥´¨¨ Í¨²¨´¤·  ¢μ±·Ê£ ÔÉμ° μ¸¨ ³Ò ³μ¦¥³ § ·¥£¨¸É·¨·μ¢ ÉÓ ¶μ-
Ö¢²¥´¨¥ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö. „²Ö ÔÉμ£μ ¶μ¤¸μ¥¤¨´¨³ ¢μ²ÓÉ³¥É· ¸ ¶μ³μÐÓÕ
Ð¥Éμ± ± μ¸¨ Í¨²¨´¤·  ¨ ± ¥£μ ¡μ±μ¢μ° ¶μ¢¥·Ì´μ¸É¨. �´ ¶μ± ¦¥É ¶μ¸Éμ-
Ö´´ÊÕ · §´μ¸ÉÓ ¶μÉ¥´Í¨ ²μ¢, § ¢¨¸ÖÐÊÕ μÉ ¸±μ·μ¸É¨ ¢· Ð¥´¨Ö ¨ ¢¥²¨Î¨´Ò
´ ³ £´¨Î¨¢ ´¨Ö Í¨²¨´¤· . ‚³¥¸Éμ ¢μ²ÓÉ³¥É·  ³μ¦´μ ¶μ¤¸μ¥¤¨´¨ÉÓ ´ £·Ê§μÎ-
´μ¥ ¸μ¶·μÉ¨¢²¥´¨¥, ¶μ ±μÉμ·μ³Ê ¶μÉ¥Î¥É Ô²¥±É·¨Î¥¸±¨° Éμ±. ŒÒ ¶μ²ÊÎ¨²¨
£¥´¥· Éμ· ¶μ¸ÉμÖ´´μ£μ Éμ± , ±μÉμ·Ò° ¶μ ¨¸Éμ·¨Î¥¸±¨³ ¶·¨Î¨´ ³ ¶μ²ÊÎ¨²
´ §¢ ´¨¥ Ê´¨¶μ²Ö·´μ£μ £¥´¥· Éμ· .

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö £¥´¥· Éμ·Ò ´  ÔÉμ³ ¶·¨´Í¨¶¥ ´¥ ¸É·μÖÉ¸Ö, É ± ± ±
¢¥²¨Î¨´  ´ ¶·Ö¦¥´¨Ö Ê ´¥£μ ¶μ²ÊÎ ¥É¸Ö ´¨§± Ö Å ³¨²²¨¢μ²ÓÉÒ.

�¡ÒÎ´μ ¶·¨ μ¡ÑÖ¸´¥´¨¨ ¶·¨´Í¨¶  · ¡μÉÒ £¥´¥· Éμ·  ¸¶¥Í¨ ²¨¸ÉÒ ¨¸-
¶μ²Ó§ÊÕÉ Ëμ·³Ê²Ê (1), ¨§¢¥¸É´ÊÕ ± ± § ±μ´ Ô²¥±É·μ³ £´¨É´μ° ¨´¤Ê±Í¨¨
” · ¤¥Ö:

�„‘ = −dΦ/dt. (1)
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�²¥±É·μ¤¢¨¦ÊÐ Ö ¸¨²  (�„‘) · ¢´  ¶·μ¨§¢μ¤´μ° ¶μ ¢·¥³¥´¨ t μÉ ³ £´¨É´μ£μ
¶μÉμ±  ” Î¥·¥§ ±μ´ÉÊ·.

‚ ¸²ÊÎ ¥ Ê´¨¶μ²Ö·´μ£μ £¥´¥· Éμ·  ¶·¨ ¢· Ð¥´¨¨ Í¨²¨´¤·  ¢¥±Éμ· ³ £-
´¨É´μ° ¨´¤Ê±Í¨¨ B ¢ ²Õ¡μ° ÉμÎ±¥ μ±·Ê¦ ÕÐ¥£μ ¶·μ¸É· ´¸É¢  ´¥ ¨§³¥´Ö¥É¸Ö
´¨ ¶μ ¢¥²¨Î¨´¥, ´¨ ¶μ ´ ¶· ¢²¥´¨Õ. Œ £´¨É´Ò° ¶μÉμ± Î¥·¥§ ±μ´ÉÊ·, ¸μ¤¥·-
¦ Ð¨° ¢μ²ÓÉ³¥É·, Éμ¦¥ ¶μ¸ÉμÖ´´Ò°. Š·μ³¥ Éμ£μ, ±μ´ÉÊ· ³μ¦´μ · ¸¶μ²μ¦¨ÉÓ
¢¤μ²Ó ¸¨²μ¢ÒÌ ²¨´¨° É ±, ÎÉμ ¶μÉμ± ” Î¥·¥§ ´¥£μ ¡Ê¤¥É · ¢¥´ 0. � ¢´  0 ¨
¥£μ ¶·μ¨§¢μ¤´ Ö,   ¸²¥¤μ¢ É¥²Ó´μ, �„‘ = 0.

‘¶¥Í¨ ²¨¸É ¢ ´¥¤μÊ³¥´¨¨ ´ Î¨´ ¥É ¸μ³´¥¢ ÉÓ¸Ö ¢ É¥μ·¨¨ Œ ±¸¢¥²² .
‡ £ ¤±  ·¥Ï ¥É¸Ö, ¥¸²¨ ´ ¶μ³´¨ÉÓ μ Éμ³, μ Î¥³ Î ¸Éμ § ¡Ò¢ ÕÉ ¸± § ÉÓ ¢

ÊÎ¥¡´¨± Ì ¨ ´  ²¥±Í¨ÖÌ.
‡ ±μ´ ” · ¤¥Ö ¢ ¢¨¤¥ (1) ´¥ Ö¢²Ö¥É¸Ö ¡ §μ¢Ò³ § ±μ´μ³ É¥μ·¨¨ Ô²¥±É·μ-

³ £´¥É¨§³ ,   ³μ¦¥É ¡ÒÉÓ ¢Ò¢¥¤¥´ ¨§ μ¶·¥¤¥²¥´¨Ö �„‘, Ëμ·³Ê²Ò ¤²Ö ¸¨²Ò
‹μ·¥´Í , É¥μ·¥³Ò ‘Éμ±¸  ¨ Ê· ¢´¥´¨Ö Œ ±¸¢¥²²  rotE = −dB/dt. ”μ·-
³Ê²  (1) ´¥ Ö¢²Ö¥É¸Ö Ê´¨¢¥·¸ ²Ó´μ°. �μ¤ ±μ´ÉÊ·μ³ ¢ ÔÉμ° Ëμ·³Ê²¥ ¸²¥¤Ê¥É
¶μ´¨³ ÉÓ ¤μ¸É ÉμÎ´μ Éμ´±¨° ¶·μ¢μ¤´¨±. ‚ ¨¤¥ ²¥ Å ÔÉμ ³ É¥³ É¨Î¥¸± Ö
²¨´¨Ö.

‚ ¤ ´´μ³ ¸²ÊÎ ¥ Í¨²¨´¤· ± ± Î ¸ÉÓ Ô²¥±É·¨Î¥¸±μ° Í¥¶¨ ¸μ ¸±μ²Ó§ÖÐ¨³
±μ´É ±Éμ³ ´¥¢μ§³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ± ± Éμ´±ÊÕ ²¨´¨Õ ±μ´ÉÊ·  ¨, ¸²¥¤μ-
¢ É¥²Ó´μ, £μ¢μ·¨ÉÓ ¶·μ ¶μÉμ± ¨ �„‘ ±μ´ÉÊ· . ‚´ÊÉ·¨ Í¨²¨´¤·  ³μ¦´μ ¶·μ-
¨§¢μ²Ó´μ ¶·μ¢¥¸É¨ ²¨´¨Õ ±μ´ÉÊ· . �μ § ·Ö¤Ò ´¥ ¡Ê¤ÊÉ ¤¢¨£ ÉÓ¸Ö Éμ²Ó±μ
¢¤μ²Ó ÔÉμ° ²¨´¨¨. ˆ ±μ´ÉÊ· ¶μ²ÊÎ¨É¸Ö ´¥¶·¨¢ÒÎ´Ò°: ¥£μ Î ¸ÉÓ ¢´ÊÉ·¨ Í¨-
²¨´¤·  ¨³¥¥É ¸±μ·μ¸ÉÓ,   ¥£μ ¶²μÐ ¤Ó ´¥ ¨§³¥´Ö¥É¸Ö. ‚ É¥μ·¥³¥ ‘Éμ±¸  É ±¨¥
±μ´ÉÊ·Ò ´¥ · ¸¸³ É·¨¢ ÕÉ¸Ö. ‚ ´¥° ±μ´ÉÊ· Å Ë¨±¸¨·μ¢ ´´ Ö ¢ ¶·μ¸É· ´¸É¢¥
³ É¥³ É¨Î¥¸± Ö ²¨´¨Ö.

‚ ´ Ï¥³ ¸²ÊÎ ¥ ´Ê¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ μ¡ÐÊÕ Ëμ·³Ê²Ê ¤²Ö �„‘:

�„‘ =
∫

(F · dl)/q. (2)

�„‘ · ¢´  ±μ´ÉÊ·´μ³Ê ¨´É¥£· ²Ê, ¢§ÖÉμ³Ê ¶μ § ³±´ÊÉμ³Ê ±μ´ÉÊ·Ê Ô²¥±É·¨-
Î¥¸±μ° Í¥¶¨, μÉ ¸± ²Ö·´μ£μ ¶·μ¨§¢¥¤¥´¨Ö ¸¨²Ò F (¤¥°¸É¢ÊÕÐ¥° ´  § ·Ö¤ q)
´  Ô²¥³¥´É ±μ´ÉÊ·  dl.

‚ ´ Ï¥³ ¸²ÊÎ ¥ ´  § ·Ö¤ ¤¥°¸É¢Ê¥É ¸¨²  ‹μ·¥´Í  F1 ¨ ³¥Ì ´¨Î¥¸± Ö
¸¨²  ·¥ ±Í¨¨ F2, ±μÉμ· Ö Ê¤¥·¦¨¢ ¥É § ·Ö¤ μÉ É ´£¥´Í¨ ²Ó´ÒÌ ¶¥·¥³¥Ð¥´¨°
μÉ´μ¸¨É¥²Ó´μ ³ £´¨É : F = F1 + F2. � §²μ¦¨³ F1 ´  · ¤¨ ²Ó´ÊÕ Fr ¨
É ´£¥´Í¨ ²Ó´ÊÕ Ft ¸μ¸É ¢²ÖÕÐ¨¥: F1 = Fr + Ft. ‘¨²  ·¥ ±Í¨¨ F2 Ê· ¢´μ-
¢¥Ï¨¢ ¥É Ft: F2 = −Ft.

� · ¢´μ¤¥°¸É¢ÊÕÐ Ö F = F1 + F2 = Fr.
‘¨²  ‹μ·¥´Í  · ¢´ 

F1 = q(E + [V × B]). (3)
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‚ ÔÉμ° Ëμ·³Ê²¥ E Å ´ ¶·Ö¦¥´´μ¸ÉÓ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö; B Å ¨´¤Ê±Í¨Ö
³ £´¨É´μ£μ ¶μ²Ö; V Å ¸±μ·μ¸ÉÓ § ·Ö¤  q. E, ¢ ¸¢μÕ μÎ¥·¥¤Ó, · ¢´ 

E = −gradφ − dA/dt, (4)

£¤¥ φ Å Ô²¥±É·μ¸É É¨Î¥¸±¨° ¶μÉ¥´Í¨ ²; A Å ¢¥±Éμ·´Ò° ¶μÉ¥´Í¨ ².
�μ¤¸É ¢¨¢ (4) ¢ (3), ¶μ²ÊÎ¨³ 3 ¸² £ ¥³ÒÌ ¤²Ö ¸¨²Ò ‹μ·¥´Í :

F1 = q(−gradϕ − dA/dt + [V × B]). (5)

ˆ´É¥·¥¸ÊÕÐ Ö ´ ¸ ¥¥ · ¤¨ ²Ó´ Ö ¸μ¸É ¢²ÖÕÐ Ö · ¢´ 

Fr = q(E + [Vt × B]). (6)

’¥¶¥·Ó ¤²Ö ¢ÒÎ¨¸²¥´¨Ö �„‘ ´Ê¦´μ ¸¨²Ê Fr · §¤¥²¨ÉÓ ´  § ·Ö¤ Ô²¥±É·μ´ 
¨ ¶·μ¨´É¥£·¨·μ¢ ÉÓ ¶μ ¶ÊÉ¨, ¶μ ±μÉμ·μ³Ê ¤¢¨¦¥É¸Ö § ·Ö¤. �μ²ÊÎ ÕÉ¸Ö É·¨
¸² £ ¥³ÒÌ: ¶¥·¢μ¥ Å μÉ £· ¤¨¥´É  ¶μÉ¥´Í¨ ²Ó´μ£μ ¶μ²Ö Å · ¢´μ ´Ê²Õ.
‚¥±Éμ·´Ò° ¶μÉ¥´Í¨ ² A = const ¤²Ö ¶μ¸ÉμÖ´´μ£μ ³ £´¨É´μ£μ ¶μ²Ö, ¶μÔÉμ³Ê
¢Éμ·μ¥ �2 = dA/dt = 0. ’·¥ÉÓ¥ ¸² £ ¥³μ¥ ¤ ¥É ´Ê¦´ÊÕ ´ ³ �„‘:

�„‘ = �3 =

R∫
0

[Vt × B] dl. (7)

ˆ´É¥£· ² ³μ¦´μ ¡· ÉÓ ´¥ ¶μ ¢¸¥³Ê ±μ´ÉÊ·Ê,   Éμ²Ó±μ ¢´ÊÉ·¨ ³ £´¨É , £¤¥ Vt

´¥ · ¢´μ 0,   · ¢´μ Vt = ωr.
�·¨ ¢· Ð¥´¨¨ ¤¨¸±  ¸ ¶μ¸ÉμÖ´´μ° Ê£²μ¢μ° ¸±μ·μ¸ÉÓÕ ω ¶μ²ÊÎ¨³

�„‘ = ω

R∫
0

Bz(r)rdr. (8)

…¸²¨ Bz(r) = const = B, Éμ Ëμ·³Ê²Ê (8) ³μ¦´μ Ê¶·μ¸É¨ÉÓ, ¢¢¥¤Ö ¶μÉμ±
Î¥·¥§ ¸¥Î¥´¨¥ ³ £´¨É  (  ´¥ Î¥·¥§ ¢¥¸Ó ±μ´ÉÊ·!): Φ = BS = BπR2, ω = 2πn
(n Å Î¨¸²μ μ¡μ·μÉμ¢). ˆ§ (8) ¶μ²ÊÎ¨³ μÎ¥´Ó ¶·μ¸ÉÊÕ Ëμ·³Ê²Ê:

�„‘ = Φn. (9)

�μ²ÊÎ¨²μ¸Ó, ÎÉμ ¢ ¤ ´´μ³ ¸²ÊÎ ¥ �„‘ § ¢¨¸¨É ´¥ μÉ ¶·μ¨§¢μ¤´μ° ¶μÉμ± 
¨´¤Ê±Í¨¨ Î¥·¥§ ¢¥¸Ó ±μ´ÉÊ·,   μÉ ¸ ³μ£μ ¶μÉμ±  ¨´¤Ê±Í¨¨ Î¥·¥§ ¸¥Î¥´¨¥
Í¨²¨´¤·  (  ´¥ ¢¸¥£μ ±μ´ÉÊ· ).

�¥ ¸²¥¤Ê¥É § ¡Ò¢ ÉÓ, ÎÉμ ÔÉ  Ëμ·³Ê²  ¶μ²ÊÎ¥´  ¶·¨ Ê¸²μ¢¨¨ · ¢´μ³¥·-
´μ£μ · ¸¶·¥¤¥²¥´¨Ö ³ £´¨É´μ° ¨´¤Ê±Í¨¨ ¶μ ¸¥Î¥´¨Õ ³ £´¨É .

3



�¥±μÉμ·Ò¥  ¢Éμ·Ò ¤¥² ²¨ ¶μ¶ÒÉ±¨ § Ð¨É¨ÉÓ Ê´¨¢¥·¸ ²Ó´μ¸ÉÓ Ëμ·³Ê-
²Ò (1) ¤²Ö ¸²ÊÎ Ö Ê´¨¶μ²Ö·´μ£μ £¥´¥· Éμ· , · ¸¸³ É·¨¢ Ö §  ¢·¥³Ö dt ¢μ-
μ¡· ¦ ¥³μ¥ ¨³¨ Ê¢¥²¨Î¥´¨¥ ¶²μÐ ¤¨ ±μ´ÉÊ·  dS, ¨ ¶μ²ÊÎ ²¨ ¶· ¢¨²Ó´ÊÕ
Ëμ·³Ê²Ê ¤²Ö �„‘. �μ ¢ ÔÉμ³ ¸²ÊÎ ¥ B = const, e = const, B ¶ · ²²¥²Ó´μ S
¨ ¨§ (1) ¸²¥¤Ê¥É

d(BS)/dt = e > 0, dS/dt = e/B, dS =
∫

(e/B)dt, S = So + (e/B)t.

ˆ μ¸É ¥É¸Ö Éμ²Ó±μ ¶μ¶·μ¸¨ÉÓ É ±μ£μ  ¢Éμ·  ¶μ± § ÉÓ ´  Î¥·É¥¦¥, £¤¥ ´ Ìμ-
¤¨É¸Ö ±μ´ÉÊ· ¸ Éμ±μ³, ¶²μÐ ¤Ó ±μÉμ·μ£μ S ¢¸¥ ¢·¥³Ö Ê¢¥²¨Î¨¢ ¥É¸Ö.

ˆÉ ±, ¶·¨ ¢· Ð¥´¨¨ ³ £´¨É  ¢μ±·Ê£ μ¸¨ ¸¨³³¥É·¨¨ ¢ ´¥³ ¨²¨ ¢ ³¥É ²-
²¨Î¥¸±μ³ ¤¨¸±¥ ¢´ÊÉ·¨ ´¥£μ ¢μ§´¨± ¥É �„‘, ±μÉμ· Ö ¸μ§¤ ¥É Ô²¥±É·¨Î¥¸±μ¥
¶μ²¥ ± ± ¢´ÊÉ·¨, É ± ¨ ¢´¥ ³ £´¨É .

„ ²¥¥ ³Ò · ¸¸³μÉ·¨³ ±μ´Ë¨£Ê· Í¨Õ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¶·¨ ¢· Ð¥´¨¨
´ ³ £´¨Î¥´´μ£μ Ï · .

�‹…Š’�ˆ—…‘Š�… ��‹… ��Œ�ƒ�ˆ—…���ƒ� ˜���

‡´ Ö · ¸¶·¥¤¥²¥´¨¥ ¶μÉ¥´Í¨ ²  ´  ¶μ¢¥·Ì´μ¸É¨ ¨ ¢´ÊÉ·¨ ¢· Ð ÕÐ¥£μ¸Ö
³ £´¨É , ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥, ±μÉμ·μ¥ ¸μ§¤ ¥É É ±μ¥ · ¸¶·¥-
¤¥²¥´¨¥, ¨ ¶μ¸É·μ¨ÉÓ ¸¨²μ¢Ò¥ ²¨´¨¨ ÔÉμ£μ ¶μ²Ö. Š ¸μ¦ ²¥´¨Õ, ¤²Ö Í¨²¨´¤· 
ÔÉ  § ¤ Î  ¶·¨¢μ¤¨É ± ¨´É¥£· ² ³, ±μÉμ·Ò¥ ´¥ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ Ô²¥³¥´É ·-
´Ò¥ ËÊ´±Í¨¨. ‡ Éμ ¤²Ö ´ ³ £´¨Î¥´´μ£μ Ï ·  μ´  ³μ¦¥É ¡ÒÉÓ ÉμÎ´μ ·¥Ï¥´ .

„¥²μ ¢ Éμ³, ÎÉμ Ï · ³μ¦´μ · ¢´μ³¥·´μ ´ ³ £´¨É¨ÉÓ,   ¢ Í¨²¨´¤·¥ · ¢´μ-
³¥·´μ¥ · ¸¶·¥¤¥²¥´¨¥ Ô²¥³¥´É ·´ÒÌ ³ £´¨É´ÒÌ ³μ³¥´Éμ¢ ¶·¨¢μ¤¨É ± ´¥· ¢-
´μ³¥·´μ³Ê ³ £´¨É´μ³Ê ¶μ²Õ, ±μÉμ·μ¥ Éμ¦¥ ´¥ μ¶¨¸Ò¢ ¥É¸Ö Ô²¥³¥´É ·´Ò³¨
ËÊ´±Í¨Ö³¨.

„²Ö ´ ³ £´¨Î¥´´μ£μ Ï ·  § ¤ Î  μ · ¸¶·¥¤¥²¥´¨¨ Ô²¥±É·¨Î¥¸±μ£μ ¶μÉ¥´-
Í¨ ²  ¶·¨ ¢· Ð¥´¨¨ Ï ·  ·¥Ï¥´ , ´ ¶·¨³¥·, Ê ˆ. …. ’ ³³  [1, ¸. 553, 621].

‚ ¸Ë¥·¨Î¥¸±μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É ¸ ´ Î ²μ³ ¢ Í¥´É·¥ Ï ·  · ¤¨Ê¸  a,
· ¢´μ³¥·´μ ´ ³ £´¨Î¥´´μ£μ ¢¤μ²Ó μ¸¨ Z ¸ ¨´¤Ê±Í¨¥° B0, ¶·¨ ¢· Ð¥´¨¨ ¥£μ
¢μ±·Ê£ μ¸¨ Z c Ê£²μ¢μ° ¸±μ·μ¸ÉÓÕ ω ¶μÉ¥´Í¨ ² ¢´ÊÉ·¨ u1 ¨ ¢´¥ Ï ·  u2 ¢
ÉμÎ±¥ A(θ, φ, r) μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³Ê² ³¨

u1 = −k(0,5(3 cos2 θ − 1)r2 + a2 − r2), r � a,

u2 = −k(0,5(3 cos2 θ − 1)a5/r3), r � a,

£¤¥ k = ωB0/(3c), c Å ¸±μ·μ¸ÉÓ ¸¢¥É .
„²Ö ¶μ¸É·μ¥´¨Ö Ô±¢¨¶μÉ¥´Í¨ ²¥° u2 = const = c1 ¨ ¸¨²μ¢ÒÌ ²¨´¨°

Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö E ¶¥·¥°¤¥³ ¢ ¤¥± ·Éμ¢Ê ¸¨¸É¥³Ê ±μμ·¤¨´ É.
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�μ¸±μ²Ó±Ê ¶μÉ¥´Í¨ ² μ¡² ¤ ¥É Í¨²¨´¤·¨Î¥¸±μ° ¸¨³³¥É·¨¥° (μ´ ´¥ § ¢¨-
¸¨É μÉ ϕ), ³Ò ³μ¦¥³ μ£· ´¨Î¨ÉÓ¸Ö · ¸¸³μÉ·¥´¨¥³ ± ·É¨´Ò ¢ ¶²μ¸-
±μ¸É¨ ZOX :

u2 = −0,5ka2(2z2 − x2)/r5 = c1, (2z2 − x2) = c2 · r5, r5 = (z2 + x2)5/2,

(2z2 − x2) = c2(z2 + x2)5/2. �μ²ÊÎ¨²¨ Ê· ¢´¥´¨Ö ²¨´¨° · ¢´μ£μ ¶μÉ¥´Í¨ ² 
¤²Ö ¶²μ¸±μ¸É¨ ZOX .

„¨ËË¥·¥´Í¨ ²Ó´μ¥ Ê· ¢´¥´¨¥ ¤²Ö ¸¨²μ¢ÒÌ ²¨´¨° ¶μ²Ö E

Ex

dx
=

Ez

dz
¨²¨

Ez

Ex
= z′x, £¤¥ Ex = (u2)′x, Ez = (u2)′z.

�·¨ ¢ÒÎ¨¸²¥´¨¨ Ex ¨ Ez ´ ³ ¶μÉ·¥¡Ê¥É¸Ö ¢ÒÎ¨¸²¨ÉÓ

(r−5)′x = ((z2 + x2−)−5/2)′x = (−5/2)(z2 + x2−)−7/22x = −5xr−7.

�´ ²μ£¨Î´μ ¶·μ¨§¢μ¤´μ° ¶μ x ¢ÒÎ¨¸²Ö¥³ ¶·μ¨§¢μ¤´ÊÕ ¶μ z:

(r−5)′z = −5zr−7.

�  μ¸´μ¢¥ ¶·¥¤Ò¤ÊÐ¨Ì Ëμ·³Ê² ¢ÒÎ¨¸²Ö¥³:

Ex = u2′x = 2xr−5 − 5xr−7(x2 − 2z2) =
x

r7
(2x2 + 2z2 − 5x2 + 10z2) =

=
x

r7
(12z2 − 3x2),

u2′x =
3x

r7
(4z2 − x2) = Ex,

Ez = u2′z = −4zr−5 − 5zr−7(x2 − 2z2) =
z

r7
(−4r2 − 5(x2 − 2z2) =

=
z

r7
(−4x2 − 4z2 − 5x2 + 10z2) =

z

r7
(6z2 − 9x2),

u2′z =
3z

r7
(2z2 − 3x2) = Ez .

’ ±¨³ μ¡· §μ³, ³Ò ¶μ²ÊÎ¨²¨ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ Ê· ¢´¥´¨¥ ¸¨²μ¢ÒÌ ²¨-

´¨° E: z′x =
Ez

Ex
=

(2z2 − 3x2)z
(4z2 − x2)x

.

„²Ö ¥£μ ·¥Ï¥´¨Ö ¸¤¥² ¥³ § ³¥´Ê ¶¥·¥³¥´´μ°:

Z = ux, u = z/x, z′x = (ux)′x = u′
xx + u.

�μ²ÊÎ¨³ u′
xx + u =

u(2u2 − 3)
4u2 − 1

.

5



�·¥μ¡· §Ê¥³ ¥£μ ± ¢¨¤Ê g(u)du =
dx

x
:

u′
x =

(
u(2u2 − 3)

4u2 − 1
− u

)
1
x

=
(
−2u(u2 + 1)

4u2 − 1

)
1
x

=
du

dx
,

−(4u2 − 1)
2u(u2 + 1)

du =
dx

x
,

g(u) = −−(4u2 − 1)
2u(u2 + 1)

=
1

2u(u2 + 1)
− 2u

u2 + 1

¨ ¶·μ¨´É¥£·¨·Ê¥³
∫

g(u)du =
∫

(1/x)dx:

1
2

∫
du

u(u2 + 1)
− 2

∫
udu

u2 + 1
= lnx + C,

1
2 · 2 ln

u2

u2 + 1
− 2

1
2

ln(u2 + 1) = lnx + C,

ln
u2

u2 + 1
− 4 ln(u2 + 1) = 4 lnx + C,

ln
((

u2

u2 + 1

)
/(u2 + 1)4

)
= ln(Cx4),

u2(u2 + 1)−5 = Cx4, u =
z

x
,

z2

x2

(
x2

z2 + x2

)5

= Cx4,
z2x4

(z2 + x2)5
= C.

�±μ´Î É¥²Ó´μ ¶μ²ÊÎ ¥³ Ê· ¢´¥´¨¥ ¸¥³¥°¸É¢  ¸¨²μ¢ÒÌ ²¨´¨°:

z2x4 − C(z2 + x2)5 = 0.

„²Ö ¨Ì ¶μ¸É·μ¥´¨Ö ¶μ²¥§´μ ¶·¥¤¸É ¢¨ÉÓ ÔÉμ Ê· ¢´¥´¨¥ ¢ ¶μ²Ö·´ÒÌ ±μμ·¤¨´ -
É Ì ´  ¶²μ¸±μ¸É¨ XOZ:

r3 = C(3 cos2 ϕ − 1).

„²Ö ¶μ¸É·μ¥´¨Ö £· Ë¨±μ¢ ¨¸¶μ²Ó§Ê¥³ ¶·μ£· ³³Ê Advanced Grapher [6].
ƒ· Ë¨±¨ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 1.

‹¨´¨¨ ´Ê²¥¢μ£μ ¶μÉ¥´Í¨ ²  μÉ³¥Î¥´Ò 0. ˆÌ ´ ±²μ´ ± μ¸¨ X ¡²¨§μ±
± 35◦. �μ²Ö·´μ¸ÉÓ μ¡² ¸É¥° ¨ ²¨´¨° ¶μÉ¥´Í¨ ²  § ¢¨¸¨É μÉ ´ ¶· ¢²¥´¨Ö ¢· -
Ð¥´¨Ö Ï ·  ¨ ¥£μ ´ ³ £´¨Î¨¢ ´¨Ö. � ¶·¨³¥·, ¤¢  ¶μ²μ¦¨É¥²Ó´ÒÌ ¶μ²Õ¸ 
¸¢¥·ÌÊ ¨ ¸´¨§Ê ¨ μ¤´μ μÉ·¨Í É¥²Ó´μ¥ ±μ²ÓÍμ ¶μ¸·¥¤¨´¥. ‚μ§³μ¦´  ¨ μ¡· É-
´ Ö ¶μ²Ö·´μ¸ÉÓ. �μ  ´ ²μ£¨¨ ¸ ¤¨¶μ²¥³ ÔÉÊ ±μ´Ë¨£Ê· Í¨Õ ³μ¦´μ ´ §¢ ÉÓ
®É·¨¶μ²Ó¯. ‚¨¤´μ, ÎÉμ ¸¨²μ¢Ò¥ ²¨´¨¨ ¶¥·¶¥´¤¨±Ê²Ö·´Ò ²¨´¨Ö³ ¶μÉ¥´Í¨ ² .
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�¨¸. 1.

�¨¸. 2.
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�´¨ ´ Î¨´ ÕÉ¸Ö ´  ¶μ²μ¦¨É¥²Ó´ÒÌ § ·Ö¤ Ì ¶μ¢¥·Ì´μ¸É¨ Ï ·  ¨ ±μ´Î ÕÉ¸Ö
´  μÉ·¨Í É¥²Ó´ÒÌ § ·Ö¤ Ì ¥£μ ¶μ¢¥·Ì´μ¸É¨.

‚´ÊÉ·¨ Ï ·  Ô±¢¨¶μÉ¥´Í¨ ²¨ Å Í¨²¨´¤·Ò, μ¸¨ ±μÉμ·ÒÌ ¸μ¢¶ ¤ ÕÉ ¸
μ¸ÓÕ ¢· Ð¥´¨Ö Ï · . � ¤¨Ê¸ Í¨²¨´¤·  ¸ ´Ê²¥¢Ò³ ¶μÉ¥´Í¨ ²μ³ · ¢¥´ a

√
2/3.

‘¨²μ¢Ò¥ ²¨´¨¨ E ¢´ÊÉ·¨ Ï ·  Å ²ÊÎ¨, ±μÉμ·Ò¥ ´ Î¨´ ÕÉ¸Ö ´  μ¸¨ ¢· Ð¥´¨Ö
Ï ·  ¨ ¶¥·¶¥´¤¨±Ê²Ö·´Ò ¥°.

‚¥²¨Î¨´  E · ¸É¥É ²¨´¥°´μ ¶μ · ¤¨Ê¸Ê. �μÔÉμ³Ê ¶²μÉ´μ¸ÉÓ § ·Ö¤  ¢´ÊÉ·¨
Ï ·  ρ = div(E) = const. ‡ ·Ö¤Ò ´  ¶μ¢¥·Ì´μ¸É¨ Ê¢¥²¨Î¨¢ ÕÉ¸Ö ± Ô±¢ Éμ·Ê.
� ¸¸³μÉ·¥´´ÊÕ ±μ´Ë¨£Ê· Í¨Õ § ·Ö¤μ¢ ³μ¦´μ ¸μ§¤ ÉÓ ´¥ Éμ²Ó±μ ¢· Ð¥´¨¥³
Ï · . …¸²¨ § ·Ö¤Ò § Ë¨±¸¨·μ¢ ÉÓ É ³, £¤¥ μ´¨ μ± § ²¨¸Ó ¶·¨ ¢· Ð¥´¨¨, Éμ
Ï · ³μ¦´μ μ¸É ´μ¢¨ÉÓ.

�μÌμ¦ Ö ± ·É¨´  ¶μ²Ö ¶μ²ÊÎ¨É¸Ö ¨ ¢ ¸²ÊÎ ¥, ¥¸²¨ ´  ¶μ²μ¦¨É¥²Ó´Ò°
Ï ·¨± ´ ¤¥ÉÓ μÉ·¨Í É¥²Ó´μ¥ ±μ²ÓÍμ ¨²¨ ¥¸²¨ ¢ ³μ¤¥²¨ 	μ·   Éμ³  ¢μ¤μ·μ¤ 
¸Î¨É ÉÓ, ÎÉμ ¶²μÉ´μ¸ÉÓ Ô²¥±É·μ´ , ¢ ¸·¥¤´¥³, · ¢´μ³¥·´μ · ¸¶·¥¤¥²¥´  ¶μ
¥£μ μ·¡¨É¥.

Š�ˆ’ˆŠ� �‹œ’…���’ˆ‚�›• ����’ ˆ ’…��ˆ‰

� ¨¡μ²ÓÏ¥¥ Î¨¸²μ ¢μ§· ¦¥´¨° ¢Ò§Ò¢ ¥É · ¡μÉ  ¸Éμ·μ´´¨±  ³μ¤¥²¨ ¤¢¨-
¦ÊÐ¨Ì¸Ö ¸¨²μ¢ÒÌ ²¨´¨° („‘‹) 	μ£ Î  [4].

�  ¸. 3 	μ£ Î ¶¨Ï¥É, ÎÉμ ®¸ ¢Ò¸μ±μ° ¢¥·μÖÉ´μ¸ÉÓÕ ³μ¦´μ μ¦¨¤ ÉÓ ¢μ§-
´¨±´μ¢¥´¨Ö Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¶·¨ ¢· Ð¥´¨¨ ¸¨³³¥É·¨Î´μ£μ ³ £´¨É´μ£μ.
ˆ ÔÉ  ¢μ§³μ¦´μ¸ÉÓ ¤μ²¦´  ¡ÒÉÓ Ô±¸¶¥·¨³¥´É ²Ó´μ ¶·μ¢¥·¥´ ¯. �μ ¢¥¤Ó
¸ ³ Ë ±É ¸ÊÐ¥¸É¢μ¢ ´¨Ö Ê´¨¶μ²Ö·´μ£μ £¥´¥· Éμ·  ¤μ± §Ò¢ ¥É ¸ÊÐ¥¸É¢μ¢ ´¨¥
Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¢ ¶μ²´μ³ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ô²¥±É·μ¤¨´ ³¨±μ° ¨ É¥μ·¨¥°
μÉ´μ¸¨É¥²Ó´μ¸É¨, ¨ ´¥É μ¸´μ¢ ´¨° ¨¸± ÉÓ ´¥±μ¥ μ¸μ¡μ¥ ¶μ²¥, ¶·μÉ¨¢μ·¥Î Ð¥¥
Ê· ¢´¥´¨Ö³ Œ ±¸¢¥²² .

�  ¸. 7 μ´ ¶¨Ï¥É: ®…¸²¨ Ë¨§¨Î¥¸±¨ ¸¶· ¢¥¤²¨¢  Ëμ·³Ê² , ¤ ´´ Ö ‹ ´-
¤ Ê ¨ ¤·. ¢ [3, ¸. 390]. . . Éμ ³ £´¨É´Ò¥ ¸¨²μ¢Ò¥ ²¨´¨¨ ¡Ê¤ÊÉ ¢· Ð ÉÓ¸Ö ¨
¤μ²¦´μ ¢μ§´¨±´ÊÉÓ Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥, μ¡Ê¸²μ¢²¥´´μ¥ ÔÉ¨³ ¢· Ð¥´¨¥³. ’μ-
£¤  ¤μ²¦´  ¶μ²ÊÎ¨ÉÓ¸Ö ± ·É¨´ , ¨§μ¡· ¦¥´´ Ö ´  ·¨¸. 2¯.

„ ²¥¥ μ´ ¶·¨¢μ¤¨É ± ·É¨´Ê ¶μ²Ö (¸³. ·¨¸. 2). ‚¨¤´μ, ÎÉμ ¸¨²μ¢Ò¥ ²¨-
´¨¨ ¢ÒÌμ¤ÖÉ ¨§ Ï · , ´μ ´¥ ¢Ìμ¤ÖÉ ¢ ´¥£μ. �Éμ μ§´ Î ¥É, ÎÉμ ´¥§ ·Ö¦¥´´Ò°
Ï · ¡² £μ¤ ·Ö ¢· Ð¥´¨Õ ¸É ² § ·Ö¦¥´´Ò³, ÎÉμ ¶·μÉ¨¢μ·¥Î¨É ¶·¨´Í¨¶Ê ¸μ-
Ì· ´¥´¨Ö § ·Ö¤ . ”μ·³Ê²  ‹ ´¤ Ê, ±μ´¥Î´μ, ¸¶· ¢¥¤²¨¢ , ´μ ¨§ ´¥¥ ´¨± ± ´¥
¸²¥¤Ê¥É ± ·É¨´  ¶μ²Ö ¨§ ·¨¸. 2 ¨ ´¥ ¸²¥¤Ê¥É, ÎÉμ ¸¨²μ¢Ò¥ ²¨´¨¨ ¢· Ð ÕÉ¸Ö.

�  ¸. 19 (·¨¸. 6) ³Ò ¢¨¤¨³ ¥Ð¥ μ¤´Ê ± ·É¨´Ê Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¤²Ö
Í¨²¨´¤· . �¶ÖÉÓ, ¥¸²¨ ¶·¨³¥´¨ÉÓ ± ÔÉμ³Ê ·¨¸Ê´±Ê É¥μ·¥³Ê ƒ Ê¸¸  μ ¶μ-
Éμ±¥ ¢¥±Éμ·  ´ ¶·Ö¦¥´´μ¸É¨ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö E, Éμ ¢¨¤´μ, ÎÉμ ¢´ÊÉ·¨
¨ Ï · , ¨ Í¨²¨´¤·  ¶·¨ ¢· Ð¥´¨¨ ¶μÖ¢¨²¸Ö Ô²¥±É·¨Î¥¸±¨° § ·Ö¤, ±μÉμ·μ£μ
¢ ´¨Ì ´¥ ¡Ò²μ ¤μ ¢· Ð¥´¨Ö. �Éμ ¶·μÉ¨¢μ·¥Î¨É ¶·¨´Í¨¶Ê ¸μÌ· ´¥´¨Ö § ·Ö¤ .
�±¸¶¥·¨³¥´É ²Ó´Ò¥ Ë ±ÉÒ ¤²Ö ¶μ¸É·μ¥´¨Ö ¨³¥´´μ É ±¨Ì ± ·É¨´ ¶μ²´μ¸ÉÓÕ
μÉ¸ÊÉ¸É¢ÊÕÉ.
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�  ¸. 21 ¸± § ´μ: ®ˆ¸Ìμ¤Ö ¨§ ¨§²μ¦¥´´μ£μ, ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤ μ Éμ³,
ÎÉμ ¢μ§´¨± ÕÐ¥¥ ¶·¨ ¢· Ð¥´¨¨ ´ ³ £´¨Î¥´´μ£μ Ï ·  Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥
μ¡² ¤ ¥É ´¥ μ¶¨¸ ´´Ò³¨ · ´¥¥ ¢ Ô²¥±É·μ¤¨´ ³¨±¥ ¸¢μ°¸É¢ ³¨, μÉ²¨Î ¥É¸Ö μÉ
μ¡Ð¥¶·¨´ÖÉÒÌ ¢¨Ì·¥¢μ£μ ¨ ¶μÉ¥´Í¨ ²Ó´μ£μ ¢¨¤μ¢ ¶μ²¥°, ¨ ¶μÔÉμ³Ê ¶μÖ¢²Ö-
¥É¸Ö ´¥μ¡Ìμ¤¨³μ¸ÉÓ · §· ¡μÉ±¨ ¥£μ  ¤¥±¢ É´μ£μ ³ É¥³ É¨Î¥¸±μ£μ μ¶¨¸ ´¨Ö¯.

Š ±μ¢Ò ¦¥ μ¸´μ¢ ´¨Ö ¤²Ö ¸Éμ²Ó ¤ ²¥±μ ¨¤ÊÐ¨Ì ¢Ò¢μ¤μ¢  ¢Éμ· ? �  ¸. 22
Î¨É ¥³: ®…¤¨´¸É¢¥´´Ò° Ô±¸¶¥·¨³¥´É, ¢ ±μÉμ·μ³ Ë ±É¨Î¥¸±¨ ¡Ò²μ ¨§³¥·¥´μ
¨¸±μ³μ¥ Ô²¥±É·μ¸É É¨Î¥¸±μ¥ ¶μ²¥, ¢Ò¶μ²´¥´´Ò° ˆ. ‡ ¥¢Ò³ ¨ ‚. „μ±ÊÎ ¥-
¢Ò³ [5], ¶μ²´μ¸ÉÓÕ ¸μμÉ¢¥É¸É¢Ê¥É μ¶¨¸ ´´Ò³ ¢ÒÏ¥ ¸¢μ°¸É¢ ³, ÎÉμ ¶μ¤É¢¥·-
¦¤ ¥É ¸¶· ¢¥¤²¨¢μ¸ÉÓ £¨¶μÉ¥§Ò¯ (	μ£ Î ).

�  ¸ ³μ³ ¤¥²¥ ˆ. ‡ ¥¢ ¨ ‚. „μ±ÊÎ ¥¢ ¸¢μ¨³ Ô±¸¶¥·¨³¥´Éμ³ ¥Ð¥ · §
¶μ¤É¢¥·¤¨²¨ ´ ²¨Î¨¥ Ô²¥±É·μ¸É É¨Î¥¸±μ£μ ¶μ²Ö ¢´ÊÉ·¨ ³ £´¨É´μ° ¸¨¸É¥³Ò,
±μÉμ·μ¥ ¨ ¤μ²¦´μ ¶μÖ¢¨ÉÓ¸Ö ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ê· ¢´¥´¨Ö³¨ Œ ±¸¢¥²²  ¨ ¨§-
¢¥¸É´μ° Ëμ·³Ê²μ° ¤²Ö ¸¨²Ò ‹μ·¥´Í . �Éμ ¶μ²¥ Å μ¸´μ¢  · ¡μÉÒ Ê´¨¶μ²Ö·-
´μ£μ £¥´¥· Éμ· , ±μÉμ·Ò° ¡Ò² ¨§¢¥¸É¥´ · ´¥¥.

‚´¥ ³ £´¨É´μ° ¸¨¸É¥³Ò μ´¨ ¨§³¥·¥´¨Ö ´¥ ¶·μ¢μ¤¨²¨. �¡ Ô±§μÉ¨Î¥¸±¨Ì
¸¢μ°¸É¢ Ì ¢´¥Ï´¥£μ ¶μ²Ö ´¨ Ô±¸¶¥·¨³¥´É, ´¨  ¢Éμ·Ò ´¥ £μ¢μ·ÖÉ ´¨Î¥£μ.

�  ¸. 32 	μ£ Î ¶·¥¤²μ¦¨² ¤²Ö μ¡´ ·Ê¦¥´¨Ö Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¶μ¸É -
¢¨ÉÓ Ô±¸¶¥·¨³¥´É, ¶μÌμ¦¨° ´  Ô±¸¶¥·¨³¥´É ˆ. ‡ ¥¢  ¨ ‚.„μ±ÊÎ ¥¢ , ´μ Ê¦¥
¸ ³ £´¨Éμ¶·μ¢μ¤μ³ ³¥É·μ¢μ£μ ¤¨ ³¥É· , ¸ ¶·¨³¥´¥´¨¥³ ¢ ±ÊÊ³´μ° ± ³¥·Ò ¨
®¸μ¢·¥³¥´´ÒÌ ³ É¥·¨ ²μ¢ ¨ É¥Ì´μ²μ£¨°¯. ‚ ÔÉμ³ Ô±¸¶¥·¨³¥´É¥ μ´ ¶·¥¤² -
£ ¥É ¨¸± ÉÓ Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥ ¢´ÊÉ·¨ ³ £´¨É´μ° ¸¨¸É¥³Ò. �μ ¨ ¡¥§ Ô±¸¶¥-
·¨³¥´É  Ö¸´μ, ÎÉμ ¢´ÊÉ·¨ ³ £´¨É´μ° ¸¨¸É¥³Ò μ¡· §Ê¥É¸Ö Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥,
¸¢μ°¸É¢  ±μÉμ·μ£μ ¸μμÉ¢¥É¸É¢ÊÕÉ § ±μ´ ³ Ô²¥±É·μ¤¨´ ³¨±¨. Š ± ¢¨¤´μ ¨§
¤ ´´μ° · ¡μÉÒ, ¢³¥¸Éμ ÔÉμ£μ ¸²¥¤μ¢ ²μ ¡Ò ¨¸± ÉÓ ¢´¥ ³ £´¨É´μ° ¸¨¸É¥³Ò
μÉ²¨Î¨¥ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö μÉ ®¤¢¨¦ÊÐ¨Ì¸Ö ¸¨²μ¢ÒÌ ²¨´¨° („‘‹)¯, ¸¶ ¤ -
ÕÐ¥£μ ± ± ∼ 1/r2, μÉ ¶μ²Ö, ¶·¥¤¸± § ´´μ£μ ±² ¸¸¨Î¥¸±μ° É¥μ·¨¥°, ±μÉμ·μ¥
¸¶ ¤ ¥É ± ± ∼ 1/r4.

’¥μ·¥É¨Î¥¸±μ¥ μ¡μ¸´μ¢ ´¨¥ £¨¶μÉ¥§Ò 	μ£ Î  ¶ÒÉ ¥É¸Ö ¤ ÉÓ ‹¥Ê¸ ¢ · -
¡μÉ¥ [7]. ‚ ´¥° ‹¥Ê¸ ¢ÒÎ¨¸²Ö¥É ¤¨¢¥·£¥´Í¨Õ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¢´¥ Ï · 
¨ ´ Ìμ¤¨É, ÎÉμ μ´  ´¥ · ¢´  0 [7, ¸. 134, 136]. �μ± ¦¥³, ÎÉμ ¤²Ö ¶· ¢¨²Ó´μ
¢ÒÎ¨¸²¥´´μ£μ ¶μ²Ö ÔÉμ ´¥ É ±. � ¨³¥´´μ, ÎÉμ ¢´¥ Ï ·  divE = 0.

‚ÒÏ¥ ³Ò ¢¨¤¥²¨, ÎÉμ ¶μÉ¥´Í¨ ² Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¢´¥ Ï ·  · ¢¥´

u = k
3 cos2 θ − 1

r3
, £¤¥ k = a5ωB0/(6c).

‚ÒÎ¨¸²¨³ ¢¥±Éμ· E ¶μ²Ö ¢ ¸Ë¥·¨Î¥¸±¨Ì ±μμ·¤¨´ É Ì:

E = gradu = Erer + Eθeθ + Eϕeϕ,

Er =
∂u

∂r
− 3k

3 cos2 θ − 1
r4

,
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Eθ =
1
r

∂u

∂θ
=

−2 · 3 cos θ sin θ

r3

k

r
=

−3k sin 2θ

r4
,

Eϕ =
1

r sin θ

∂u

∂ϕ
= 0.

’¥¶¥·Ó ¢ÒÎ¨¸²¨³ div E ¨ ¶μ± ¦¥³, ÎÉμ div E = 0:

div E =
1
r2

∂(r2Er)
∂r

+
1

r sin θ

∂(Eθ sin θ)
∂θ

+
1

r sin θ

∂Eϕ

∂ϕ
= (S1) + (S2) + 0,

(S1) =
1
r2

∂(r2Er)
∂r

=
1
r2

(
−3k

3 cos2 θ − 1
r2

)′

r

= −3k
−2(3cos2θ − 1)

r5
,

(S2) =
1

r sin θ

∂(Eθ sin θ)
∂θ

=
1

r sin θ

(
−3k

2 cos θ sin2 θ

r4

)′

θ

=

=
−3k · 2
r sin θ

− sin3 θ + 2 sin θ cos2 θ

r4
=

=
−3k

r sin θ

2 sin θ

r4
(− sin2 θ + 2 cos2 θ) = −3k

2(3 cos2 θ − 1)
r5

,

div E = (S1) + (S2) = 0.
‘²¥¤Ê¥É ¥Ð¥ μ¡· É¨ÉÓ ¢´¨³ ´¨¥ ¸Éμ·μ´´¨±μ¢ ³μ¤¥²¨ „‘‹ ´  μÉ¸ÊÉ¸É¢¨¥

¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ ¢ ¨Ì · ¸¸Ê¦¤¥´¨ÖÌ. �´¨ ÊÉ¢¥·¦¤ ÕÉ, ÎÉμ ¨§ ¤¢¨¦¥´¨Ö
³ £´¨É´μ£μ ¶μ²Ö (¨ ¥£μ ¸¨²μ¢ÒÌ ²¨´¨°) Ô²¥³¥´É ·´ÒÌ ³ £´¨É¨±μ¢, ¨§ ±μ-
Éμ·ÒÌ ¸μ¸Éμ¨É ³ £´¨É, ¸²¥¤Ê¥É, ÎÉμ ¨Ì ¸Ê¶¥·¶μ§¨Í¨Ö Å ¶μ²¥ Í¨²¨´¤·¨Î¥-
¸±¨ ¸¨³³¥É·¨Î´μ£μ ³ £´¨É  Å Éμ¦¥ ¤¢¨¦¥É¸Ö. �·¨³¥´¨³ ¨Ì · ¸¸Ê¦¤¥´¨¥ ±
¤¢¨¦ÊÐ¨³¸Ö § ·Ö¤ ³. �Î¥¢¨¤´μ, ÎÉμ ¨Ì ³ £´¨É´μ¥ ¶μ²¥ (¨ ¥£μ ¸¨²μ¢Ò¥ ²¨-
´¨¨) ¤¢¨¦¥É¸Ö ¢³¥¸É¥ ¸ § ·Ö¤ ³¨. �μ ¥¸²¨ ³´μ£μ É ±¨Ì § ·Ö¤μ¢ ¤¢¨¦¥É¸Ö ¶μ
¶·Ö³μ°, ÔÉμ ´ §Ò¢ ¥É¸Ö Ô²¥±É·¨Î¥¸±¨° Éμ±. ’μ£¤  ¸Éμ·μ´´¨±¨ „‘‹ ¤μ²¦´Ò
¶·¨¤É¨ ± ¢Ò¢μ¤Ê, ÎÉμ ¸¨²μ¢Ò¥ ²¨´¨¨ ´¥¶μ¤¢¨¦´μ£μ ¶·μ¢μ¤´¨±  ¸ Éμ±μ³ ¤¢¨-
¦ÊÉ¸Ö. �μ ÔÉμ° ¦¥ ¶·¨Î¨´¥ ¤¢¨¦ÊÉ¸Ö ¸¨²μ¢Ò¥ ²¨´¨¨ ´¥¶μ¤¢¨¦´μ£μ ¸μ²¥-
´μ¨¤ , ¶μ ±μÉμ·μ³Ê É¥Î¥É Éμ±. ˆ§¢¥¸É´μ, ÎÉμ ³ £´¨É´μ¥ ¶μ²¥ ¸μ²¥´μ¨¤  ´¥
μÉ²¨Î ¥É¸Ö μÉ ¶μ²Ö Í¨²¨´¤·¨Î¥¸±μ£μ ³ £´¨É . ‡´ Î¨É, ¸¨²μ¢Ò¥ ²¨´¨¨ ´¥¶μ-
¤¢¨¦´μ£μ ³ £´¨É  ¤¢¨¦ÊÉ¸Ö!

�ÉμÉ ± §Ê¸ ¶μ²ÊÎ ¥É¸Ö μÉ ´¥¶μ´¨³ ´¨Ö Éμ£μ Ë ±É , ÎÉμ ¶μ²¥, μ¡· §μ-
¢ ´´μ¥ ¶ÊÉ¥³ ¸Ê¶¥·¶μ§¨Í¨¨, ´¥ μ¡Ö§ É¥²Ó´μ μ¡² ¤ ¥É ¢¸¥³¨ ¸¢μ°¸É¢ ³¨ ¥£μ
¸μ¸É ¢²ÖÕÐ¨Ì ¶μ²¥°. �´μ ³μ¦¥É ¶·¨μ¡·¥É ÉÓ ´μ¢μ¥ ¸¢μ°¸É¢μ, ±μÉμ·μ¥ Ê ¸μ-
¸É ¢²ÖÕÐ¨Ì ¶μ²¥° μÉ¸ÊÉ¸É¢Ê¥É.

…Ð¥ μ¤´  ²μ£¨Î¥¸± Ö ´¥¸ÉÒ±μ¢±  Ê ¸Éμ·μ´´¨±μ¢ „‘‹ ¢μ§´¨± ¥É ¸ Ëμ·³Ê-
²μ° ¤²Ö ¸¨²Ò ‹μ·¥´Í . ‚μ ¢¸¥Ì ÊÎ¥¡´¨± Ì ´ ¶¨¸ ´μ, ÎÉμ ¸±μ·μ¸ÉÓ V, ±μÉμ· Ö
Ë¨£Ê·¨·Ê¥É ¢ Ëμ·³Ê²¥ ¤²Ö ¸¨²Ò ‹μ·¥´Í  (3), μ§´ Î ¥É ¸±μ·μ¸ÉÓ Éμ£μ § ·Ö¤ ,
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´  ±μÉμ·Ò° ¤¥°¸É¢Ê¥É ¸¨² . �´¨ ¦¥, ¢μ¶·¥±¨ ÊÎ¥¡´¨± ³, ¢´¥ ³ £´¨É  ¶μ¤-
¸É ¢²ÖÕÉ ¢ ± Î¥¸É¢¥ V ¸±μ·μ¸ÉÓ ¤¢¨¦¥´¨Ö ¨¸ÉμÎ´¨±  ¶μ²Ö. “± § ¢, ÎÉμ ¤²Ö
¢· Ð ÕÐ¥£μ¸Ö ³ £´¨É  V = ω × r, μ´¨ ¶μ¤¸É ¢²ÖÕÉ ¢ Ëμ·³Ê²Ê ‹μ·¥´Í  ω
³ £´¨É , ¢³¥¸Éμ Éμ£μ ÎÉμ¡Ò ¶μ¤¸É ¢¨ÉÓ 0 ¤²Ö ´¥¶μ¤¢¨¦´μ° ¢´¥ ³ £´¨É  ÉμÎ±¨,
¢ ±μÉμ·μ° ¨§³¥·Ö¥É¸Ö ¶μ²¥.

‚ É ±μ³ ¸²ÊÎ ¥ μ´¨ ¤μ²¦´Ò ¶·¨§´ ÉÓ, ÎÉμ ´  ´¥¶μ¤¢¨¦´Ò° ¨ ´  ¢· Ð -
ÕÐ¨°¸Ö ¸ Ê£²μ¢μ° ¸±μ·μ¸ÉÓÕ ω ¶·μ¡´Ò¥ § ·Ö¤Ò ¤¥°¸É¢ÊÕÉ μ¤¨´ ±μ¢Ò¥ ¸¨²Ò.
’μ, ÎÉμ ÔÉμ ¶·μÉ¨¢μ·¥Î¨É ¨ μ¡Ð¥¶·¨´ÖÉμ° É¥μ·¨¨, ¨ μ¶ÒÉÊ, μ´¨ ´¥ § ³¥Î ÕÉ.

‡  ¸¨²μ¢Ò³¨ ²¨´¨Ö³¨ ´¥É ´¨± ±μ° Ë¨§¨Î¥¸±μ° ·¥ ²Ó´μ¸É¨. �Éμ ´ Ï 
³μ¤¥²Ó, ±μÉμ· Ö ¶μ³μ£ ¥É ´ ³ ²ÊÎÏ¥ ¶·¥¤¸É ¢¨ÉÓ ´¥¢¨¤¨³μ¥ ³ £´¨É´μ¥ ¶μ²¥.
…¸²¨ ÔÉ  ³μ¤¥²Ó ¶μ³μ£ ¥É ¶μ´ÖÉÓ, ¶μÎ¥³Ê É ±μ¢Ò Ëμ·³Ê²Ò Œ ±¸¢¥²²  ¨ ‹μ-
·¥´Í  ¨ ± ± · ¡μÉ ¥É Ô²¥±É·μ¤¢¨£ É¥²Ó, Éμ ÔÉμ Å ¶μ²¥§´Ò° ³μ¤¥²Ó´Ò° ¨´-
¸É·Ê³¥´É. �μ ¥¸²¨ ´  μ¸´μ¢ ´¨¨ É ±μ° ³μ¤¥²¨ ¨¸± ¦ ÕÉ¸Ö Ëμ·³Ê²Ò Œ ±¸-
¢¥²²  ¨ ‹μ·¥´Í , Éμ ´Ê¦´μ, ± ± ³¨´¨³Ê³, ¶·¥¤ÑÖ¢¨ÉÓ Ô±¸¶¥·¨³¥´É, £¤¥ ¤μ± -
§Ò¢ ¥É¸Ö μÏ¨¡μÎ´μ¸ÉÓ μ¡Ð¥¶·¨´ÖÉÒÌ Ëμ·³Ê².

�μ¨¸±¨ μ¸μ¡μ£μ, ´¥ ³ ±¸¢¥²²μ¢¸±μ£μ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¢¸É·¥Î ÕÉ¸Ö
´¥ Éμ²Ó±μ Ê 	μ£ Î  ¨ ‹¥Ê¸ , ´μ ¨ ¢ ¸μ²¨¤´ÒÌ ¦Ê·´ ² Ì [8].

’·¨  ³¥·¨± ´¸±¨Ì ¶·μË¥¸¸μ·  ¨§ μÉ¤¥²  Ë¨§¨±¨ ¨  ¸É·μË¨§¨±¨ “´¨¢¥·-
¸¨É¥É  ÏÉ É  Šμ²μ· ¤μ μ¶¨¸Ò¢ ÕÉ ¢¥¸Ó³  ¤μ·μ£μ¸ÉμÖÐ¨° μ¶ÒÉ, ±μÉμ·Ò° μ´¨
¶·μ¢¥²¨, ¨¸Ìμ¤Ö ¨§ ¸¢μ¨Ì ¶·¥¤¸É ¢²¥´¨° μ¡ Ê´¨¶μ²Ö·´μ° ¨´¤Ê±Í¨¨ [8]. �´¨
¶ÒÉ ²¨¸Ó μ¡´ ·Ê¦¨ÉÓ Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥ ¢¨¤  E = k[V×B], ±μÉμ·μ¥, ¶μ ¨Ì
³´¥´¨Õ, ¤μ²¦´μ ¸μ§¤ ¢ ÉÓ ¤¢¨¦¥´¨¥ ¸¨²μ¢ÒÌ ²¨´¨° ¶·¨ ¢· Ð¥´¨¨ ¨¸ÉμÎ´¨± 
³ £´¨É´μ£μ ¶μ²Ö.

� ¡μÉ  [8] ¶μ± §Ò¢ ¥É, ÎÉμ ¨¤¥Ö 	μ£ Î  μ¡´ ·Ê¦¨ÉÓ Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥
¢¨¤  E = [V × B] ´¥ Ö¢²Ö¥É¸Ö μ·¨£¨´ ²Ó´μ°. �´  ¡Ò²  ¶·¥¤²μ¦¥´  ¥Ð¥
¤μ 	 ·É²¥É  ¨ ¶·μ¢¥·Ö² ¸Ó ¢ μ¶ÒÉ Ì 	 ·É²¥É  ¨ ¤·. ¢ ¡μ²¥¥ μ¡Ð¥³ ¸²ÊÎ ¥:
E = k[V × B].

‚μÉ Í¨É É  ¨§  ´´μÉ Í¨¨ ± · ¡μÉ¥ [8]: ®‘μ£² ¸´μ É¥μ·¨¨ ¢· Ð¥´¨Ö ¸¨²μ-
¢ÒÌ ²¨´¨° Ê´¨¶μ²Ö·´μ° ¨´¤Ê±Í¨¨ ¢· Ð ÕÐ¥¥¸Ö ³ £´¨É´μ¥ ¶μ²¥ £¥´¥·¨·Ê¥É
Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥ E = −(ω × r) × B ¢ μ¡² ¸É¨, μ±·Ê¦ ÕÐ¥° ³ £´¨É. . .
ŒÒ ´ ¶· ¸´μ ¨¸± ²¨ É ±μ° ÔËË¥±É ¨ § ±²ÕÎ ¥³, ÎÉμ, ¥¸²¨ ³ £´¨É´Ò¥ ¸¨-
²μ¢Ò¥ ²¨´¨¨ ¢· Ð ÕÉ¸Ö ¢³¥¸É¥ ¸ ³ £´¨Éμ³, ±μÔËË¨Í¨¥´É Ê¢²¥Î¥´¨Ö ³¥´ÓÏ¥
Î¥³ 1,4 · 10−4. �ÉμÉ ·¥§Ê²ÓÉ É ¶·¨¡²¨§¨É¥²Ó´μ ¢ 100 · § ¡μ²¥¥ ÉμÎ´Ò°, Î¥³
¨§³¥·¥´¨¥ Š¥´´ ·¤  ¢ 1912 £μ¤Ê¯.

’ ±¨³ μ¡· §μ³, 	μ£ Î ¶·¥¤²μ¦¨² ®¸¢μÕ¯ £¨¶μÉ¥§Ê, §´ Ö, ÎÉμ μ´  · ´¥¥
¡Ò²  Ê¦¥ μ¶·μ¢¥·£´ÊÉ  ¢ μ¶ÒÉ Ì 	 ·É²¥É  ¨ ¤·.

‘ÊÐ¥¸É¢¥´´Ò³ ´¥¤μ¸É É±μ³ ¢¸¥Ì ¶μ¤μ¡´ÒÌ · ¡μÉ Ö¢²Ö¥É¸Ö Éμ, ÎÉμ  ¢Éμ·Ò,
¨¸Ìμ¤Ö ¨§ „‘‹-¶·¥¤¸É ¢²¥´¨°, ¤¥² ÕÉ μ¶ÒÉÒ ¨ ¢Ò¢μ¤Ò, ´¥ ¶ÒÉ Ö¸Ó ¸· ¢´¨ÉÓ
¨Ì ¸ · ¸Î¥É ³¨ ¶μ ±² ¸¸¨Î¥¸±μ° É¥μ·¨¨ Ô²¥±É·μ³ £´¥É¨§³ , ±μÉμ·Ò¥, ± ±
¢¨¤´μ ¨§ ÔÉμ° · ¡μÉÒ, ´¥ ¢Ò§Ò¢ ÕÉ § É·Ê¤´¥´¨°.

�±¸¶¥·¨³¥´É, ±μÉμ·Ò° ¶μ¤É¢¥·¦¤ ¥É μÉ¸ÊÉ¸É¢¨¥ Ê¢²¥Î¥´¨Ö ³ £´¨É´μ£μ
¶μ²Ö ¶·¨ ¢· Ð¥´¨¨ ¸¨³³¥É·¨Î´μ£μ ³ £´¨É , μ¶¨¸ ´ ¢ [9].
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‡�Š‹	—…�ˆ…

�  μ¸´μ¢¥ ±² ¸¸¨Î¥¸±μ° É¥μ·¨¨ Œ ±¸¢¥²²  ¢Ò¢¥¤¥´Ò Ê· ¢´¥´¨Ö ¸¨²μ¢ÒÌ
²¨´¨° Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö, ±μÉμ·μ¥ μ¡· §Ê¥É¸Ö ¶·¨ ¢· Ð¥´¨¨ ´ ³ £´¨Î¥´-
´μ£μ Ï · , ¨ ¶μ¸É·μ¥´  ¨Ì ± ·É¨´ . Š·¨É¨±Ê¥É¸Ö ³´¥´¨¥ ´¥±μÉμ·ÒÌ ¸¶¥Í¨ -
²¨¸Éμ¢, ÎÉμ ³ £´¨É´μ¥ ¶μ²¥ É ±μ£μ Ï ·  ¢· Ð ¥É¸Ö ¢³¥¸É¥ ¸ ´¨³ ¨ ¸μ§¤ ¥É ¢´¥
Ï ·  Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥ ¸ μ¸μ¡Ò³¨ ¸¢μ°¸É¢ ³¨, ¶·μÉ¨¢μ·¥Î Ð¨³¨ ±² ¸¸¨-
Î¥¸±μ° É¥μ·¨¨ Œ ±¸¢¥²² . �μ± § ´μ, ÎÉμ ¶·¥¤¸É ¢²¥´¨¥ μ ¢· Ð¥´¨¨ ³ £´¨É-
´μ£μ ¶μ²Ö ¶·¨ ¢· Ð¥´¨¨ μ¸¥¸¨³³¥É·¨Î´μ£μ ´ ³ £´¨Î¥´´μ£μ ¨¸ÉμÎ´¨±  ¢´Ê-
É·¥´´¥ ¶·μÉ¨¢μ·¥Î¨¢μ, § ±μ´ Ô²¥±É·μ³ £´¨É´μ° ¨´¤Ê±Í¨¨ ” · ¤¥Ö ¢ Ëμ·³¥
�„‘ = −dΦ/dt ¨ ´¥ Ö¢²Ö¥É¸Ö Ê´¨¢¥·¸ ²Ó´Ò³ (É. ¥. ¢ μÉ¤¥²Ó´ÒÌ ¸²ÊÎ ÖÌ μ´ ´¥
¢Ò¶μ²´Ö¥É¸Ö), É¥μ·¨Ö Œ ±¸¢¥²²  ¶μ§¢μ²Ö¥É μ¡ÑÖ¸´¨ÉÓ · ¡μÉÊ Ê´¨¶μ²Ö·´μ£μ
£¥´¥· Éμ·  ¨ · ¸¸Î¨É ÉÓ ¥£μ �„‘.

•μÉÖ · ¡μÉ  ¸¨²Ò ‹μ·¥´Í  ¢¸¥£¤  · ¢´  0, ¶·¨ ´ ²¨Î¨¨ ¤·Ê£¨Ì ¸¨² ÔÉÊ
· ¡μÉÊ ³μ¦¥É ¸μ¢¥·Ï ÉÓ μ¤´  ¨§ ¸μ¸É ¢²ÖÕÐ¨Ì ¸¨²Ò ‹μ·¥´Í  (¥¥ ¶·μ¥±Í¨Ö).

	² £μ¤ ·Õ §  ¶μ²¥§´Ò¥ μ¡¸Ê¦¤¥´¨Ö �.�. 	 ±Ê²¥¢ , „. ˆ. Š § ±μ¢ ,
	. ‘. �¥£ ´μ¢ , ‚. 	. �·¨¥§¦¥¢ .
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