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³ £´¨É´ÒÌ ³ É¥·¨ ²µ¢ ¢ Ï¨·µ±µ³ ¤¨ ¶ §µ´¥ ¨´¤Ê±Í¨°

‚ · ¡µÉ¥ µ¶¨¸Ò¢ ¥É¸Ö ¶·¥¤²µ¦¥´´ Ö  ¢Éµ· ³¨ ³¥Éµ¤¨±  ¨§³¥·¥´¨Ö ¸É É¨Î¥¸±¨Ì ´¥²¨-
´¥°´ÒÌ ³ £´¨É´ÒÌ ¸¢µ°¸É¢ Ë¥··µ³ £´¨É´ÒÌ ³ É¥·¨ ²µ¢, ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó µ¸´µ¢´µ° ±·¨-
¢µ° ´ ³ £´¨Î¨¢ ´¨Ö (�Š�), ´  ¡ §¥ · §· ¡µÉ ´´µ° ¢ �ˆˆ�”� ¨³. „. ‚. …Ë·¥³µ¢   ¢Éµ-
³ É¨§¨·µ¢ ´´µ° ¨§³¥·¨É¥²Ó´µ° ¸¨¸É¥³Ò. � §· ¡µÉ ´´ Ö £¨¡± Ö  ·Ì¨É¥±ÉÊ·  ¶·µ£· ³³´µ-
¨§³¥·¨É¥²Ó´µ£µ ±µ³¶²¥±¸  ¶µ§¢µ²Ö¥É ¶µ²ÊÎ ÉÓ · §²¨Î´Ò¥ Ì · ±É¥·¨¸É¨±¨ ³ £´¨É´ÒÌ ³ -
É¥·¨ ²µ¢. Œ¥Éµ¤¨±  ¶·¥¤¶µ² £ ¥É ¨§³¥·¥´¨¥ Ì · ±É¥·¨¸É¨± ¸É ²¥° ¢ ¤¢ÊÌ ¶¥·¥±·Ò¢ -
ÕÐ¨Ì¸Ö ¤¨ ¶ §µ´ Ì ¢¥²¨Î¨´ ³ £´¨É´ÒÌ ¶µ²¥°, ¶· ±É¨Î¥¸±¨ ¶µ²´µ¸ÉÓÕ µÌ¢ ÉÒ¢ ÕÐ¨Ì
¤¨ ¶ §µ´ §´ Î¥´¨°, ¢ ¦´ÒÌ ¤²Ö · ¸ÎeÉµ¢ ³ £´¨É´µ£µ ¶µ²Ö.

ˆ§³¥·¥´¨Ö ¢ µ¡² ¸É¨ ¸² ¡ÒÌ ¶µ²¥° (|B| � 1,9 ’²) ¶·µ¢µ¤ÖÉ¸Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
®É· ¤¨Í¨µ´´ÒÌ¯ ±µ²ÓÍ¥¢ÒÌ µ¡· §Íµ¢. ˆ§³¥·¥´¨Ö ¢ µ¡² ¸É¨ ¸¨²Ó´ÒÌ ¶µ²¥° (|B| > 1,5 ’²)
¶·µ¢µ¤ÖÉ¸Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Í¨²¨´¤·¨Î¥¸±¨Ì µ¡· §Íµ¢ ¸ ¶·¨³¥´¥´¨¥³ ² ¡µ· Éµ·´µ£µ
¤¨¶µ²Ó´µ£µ ³ £´¨É . �·¨¢µ¤ÖÉ¸Ö µÍ¥´±¨ ÉµÎ´µ¸É¨ ·¥§Ê²ÓÉ Éµ¢ ¨§³¥·¥´¨°.

�¥§Ê²ÓÉ ÉÒ ¢ ¢¨¤¥ ¸£² ¦¥´´ÒÌ § ¢¨¸¨³µ¸É¥°  ¢Éµ³ É¨Î¥¸±¨ ¶µ¶µ²´ÖÕÉ ¡ §Ê ¤ ´´ÒÌ
¸¢µ°¸É¢ ³ £´¨É´ÒÌ ³ É¥·¨ ²µ¢, ¨¸¶µ²Ó§Ê¥³ÊÕ ¢ ±µ³¶²¥±¸¥ ¶·µ£· ³³ COMPOT ¤²Ö Î¨-
¸²¥´´µ£µ ³µ¤¥²¨·µ¢ ´¨Ö ¶·µ¸É· ´¸É¢¥´´ÒÌ ¶·¥Í¨§¨µ´´ÒÌ ³ £´¨É´ÒÌ ¶µ²¥°.

� ¡µÉ  ¢Ò¶µ²´¥´  ¢ ‹ ¡µ· Éµ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. �. ”²¥·µ¢  �ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´µ£µ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°. „Ê¡´ , 2004

Amoskov V. M. et al. P13-2004-158
Computer-Based System for Magnetic Measurements
on Ferromagnetics over Typical Field Ranges

A new technique is described to measure static non-linear properties of ferromagnetics,
primarily, the normal magnetization curves. The studies were carried out on the basis of
the computerized measurement system developed at the Efremov Scientiˇc Research Institute
(NIIEFA). Due to 	exible software architecture the system is capable of measuring a vari-
ety of magnetic characteristics. The measurement technique provides determination of steel
properties over two overlapped ˇeld ranges covering a typical computation range.

The measurements are performed on conventional ring-shaped samples in low ˇelds (|B| �
1.9 T) and cylindrical samples in high ˇelds (|B| > 1.5 T). The cylindrical samples are
magnetized with the use of a laboratory dipole magnet. Estimations of the measurement
uncertainty are presented.

Measured data in the form of smoothed curves are automatically added to a material
property database and used as inputs for a precision 3D ˇeld reconstruction with the use of
the COMPOT code.

The investigation has been performed at the Flerov Laboratory of Nuclear Reactions,
JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2004
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—¨¸²¥´´µ¥ ³µ¤¥²¨·µ¢ ´¨¥ ¶·µ¸É· ´¸É¢¥´´µ£µ · ¸¶·¥¤¥²¥´¨Ö ³ £´¨É´µ£µ
¶µ²Ö ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö Ö¢²Ö¥É¸Ö µ¤´¨³ ¨§ ¢ ¦´¥°Ï¨Ì ÔÉ ¶µ¢ ¢ ¶·µÍ¥¸¸¥
· §· ¡µÉ±¨ ¸²µ¦´ÒÌ Ô²¥±É·µË¨§¨Î¥¸±¨Ì Ê¸É·µ°¸É¢, É ±¨Ì ± ± Éµ³µ£· ËÒ,
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ É¥·³µÖ¤¥·´Ò¥ Ê¸É ´µ¢±¨, Ê¸±µ·¨É¥²¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í,
Ô²¥±É·µ¤¢¨£ É¥²¨ ¨ ¤·Ê£¨¥ Ê¸É·µ°¸É¢  ³¥¤¨Í¨´¸±µ£µ ¨ ¶·µ³ÒÏ²¥´´µ£µ ´ §´ -
Î¥´¨Ö.

� §¢¨ÉÒ¥ ¶·µ£· ³³´Ò¥ ¸·¥¤¸É¢  [2, 3, 8] ¶µ§¢µ²ÖÕÉ ¸µ§¤ ¢ ÉÓ ¶·µ¸É· ´-
¸É¢¥´´Ò¥ ³µ¤¥²¨ ³ £´¨É´ÒÌ ¸¨¸É¥³ ¨ ¢Ò¶µ²´ÖÉÓ ¸ ´¥µ¡Ìµ¤¨³µ° ÉµÎ´µ¸ÉÓÕ
· ¸Î¥É ³ £´¨É´µ£µ ¶µ²Ö, a ´  ¥£µ µ¸´µ¢¥  ´ ²¨§ ¨ µ¶É¨³¨§ Í¨Õ ¸ Í¥²ÓÕ µ¡¥¸-
¶¥Î¥´¨Ö É·¥¡Ê¥³ÒÌ É¥Ì´¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± ±µ´¸É·Ê±Í¨¨. �Î¥¢¨¤´µ, ÎÉµ
É ±µ°  ´ ²¨§ É·¥¡Ê¥É §´ ´¨Ö ³ £´¨É´ÒÌ ¸¢µ°¸É¢ ³ É¥·¨ ²µ¢ ± ± ´¥µ¡Ìµ¤¨³ÒÌ
Ê¸²µ¢¨° ¤²Ö § ³Ò± ´¨Ö ¸¨¸É¥³Ò Ê· ¢´¥´¨° Œ ±¸¢¥²² . Œ £´¨É´Ò¥ ¸¢µ°¸É¢ 
³ É¥·¨ ²µ¢ ¢Ò· ¦ ÕÉ¸Ö § ¢¨¸¨³µ¸ÉÓÕ ³¥¦¤Ê ¢¥±Éµ· ³¨ ´ ¶·Ö¦¥´´µ¸É¨ ³ £-
´¨É´µ£µ ¶µ²Ö H ¨ ¶²µÉ´µ¸É¨ ³ £´¨É´µ£µ ¶µÉµ±  B: B = µH, £¤¥ ±µÔËË¨-
Í¨¥´É µ Å ³ £´¨É´ Ö ¶·µ´¨Í ¥³µ¸ÉÓ. • · ±É¥·´Ò³¨ µ¸µ¡¥´´µ¸ÉÖ³¨ ÔÉµ°
§ ¢¨¸¨³µ¸É¨, µ¸µ¡¥´´µ ¤²Ö Ë¥··µ³ £´¨É´ÒÌ ³ É¥·¨ ²µ¢, Ö¢²ÖÕÉ¸Ö: 1) ¸Ê-
Ð¥¸É¢¥´´ Ö ´¥²¨´¥°´µ¸ÉÓ; 2) ¸¢µ°¸É¢µ £¨¸É¥·¥§¨¸ , É. ¥. § ¢¨¸¨³µ¸ÉÓ µÉ ¶·¥-
¤Ò¸Éµ·¨¨ ´ ³ £´¨Î¨¢ ´¨Ö ³ É¥·¨ ² ; 3) ³ £´¨É´ Ö ¶·µ´¨Í ¥³µ¸ÉÓ ¢ µ¡Ð¥³
¸²ÊÎ ¥, ±µÉµ· Ö ¥¸ÉÓ É¥´§µ·, É. ¥. ¢¥±Éµ·Ò B ¨ H ³µ£ÊÉ ¡ÒÉÓ ´¥¶ · ²²¥²Ó´Ò.

�¤´ ±µ ¶·¨ ·¥Ï¥´¨¨ ¡µ²ÓÏ¨´¸É¢  § ¤ Î ³ £´¨Éµ¸É É¨±¨ µ¡ÒÎ´µ ¢ ± -
Î¥¸É¢¥ ³ £´¨É´ÒÌ ¸¢µ°¸É¢ ³ É¥·¨ ²µ¢ ¤µ¸É ÉµÎ´µ §´ ´¨Ö µ¸´µ¢´µ° ±·¨¢µ°
´ ³ £´¨Î¨¢ ´¨Ö, É. ¥. ±·¨¢µ° B(H), µ¡· §µ¢ ´´µ° ³´µ¦¥¸É¢µ³ ¢¥·Ï¨´ ¸¨³-
³¥É·¨Î´ÒÌ ¶¥É¥²Ó £¨¸É¥·¥§¨¸  · §´µ°  ³¶²¨ÉÊ¤Ò. ‚ ÔÉ¨Ì ¸²ÊÎ ÖÌ, ¤²Ö Éµ£µ
ÎÉµ¡Ò Ë ±É¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ ¸µµÉ¢¥É¸É¢µ¢ ²¨ µ¸´µ¢´µ° ±·¨¢µ° ´ ³ £-
´¨Î¨¢ ´¨Ö, ´¥µ¡Ìµ¤¨³ ¸¶¥Í¨ ²Ó´Ò° ·¥¦¨³ ´ ³ £´¨Î¨¢ ´¨Ö ¸¨¸É¥³Ò ¤²Ö ¢Ò-
¢µ¤  ¥e ´  ´µ³¨´ ²Ó´Ò° ·¥¦¨³ · ¡µÉÒ, ±µÉµ·Ò° ¢±²ÕÎ ¥É ¢ ¸¥¡Ö · §³ £-
´¨Î¨¢ ´¨¥ (¶¥·¨µ¤¨Î¥¸±µ¥ ¶¥·¥³ £´¨Î¨¢ ´¨¥ ¸ Ê¡Ò¢ ÕÐ¥°  ³¶²¨ÉÊ¤µ°) ¨
¶µ¸²¥¤ÊÕÐ¥¥ ¶¥·¥³ £´¨Î¨¢ ´¨¥ ¸ ¶µ¸ÉµÖ´´µ°  ³¶²¨ÉÊ¤µ°, ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥
´µ³¨´ ²Ó´µ³Ê ·¥¦¨³Ê · ¡µÉÒ.

�·£ ´¨§ Í¨Ö ¢ÒÎ¨¸²¨É¥²Ó´µ£µ ¶·µÍ¥¸¸  ¶·µ£· ³³´ÒÌ ±µ³¶²¥±¸µ¢ ¶·¨
·¥Ï¥´¨¨ ¸¨¸É¥³ ´¥²¨´¥°´ÒÌ  ²£¥¡· ¨Î¥¸±¨Ì Ê· ¢´¥´¨°, ± ±µÉµ·Ò³ ¸¢µ¤¨É¸Ö
¤¨¸±·¥É¨§¨·µ¢ ´´ Ö ¶µ²¥¢ Ö § ¤ Î , É·¥¡Ê¥É §´ ´¨Ö ·Ö¤  § ¢¨¸¨³µ¸É¥° (´ -
¶·¨³¥·, ∂µ/∂H), ¶µ²ÊÎ ¥³ÒÌ ¨§ ¨¸Ìµ¤´µ° ±·¨¢µ° ´ ³ £´¨Î¨¢ ´¨Ö. �Éµ
´ ² £ ¥É µ¶·¥¤¥²e´´Ò¥ É·¥¡µ¢ ´¨Ö ´  ¸É¥¶¥´Ó £² ¤±µ¸É¨ ËÊ´±Í¨°, µ¶¨¸Ò-
¢ ÕÐ¨Ì ¨¸Ìµ¤´ÊÕ ±·¨¢ÊÕ.
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Œ £´¨É´ Ö ¸¨¸É¥³  Ô²¥±É·µË¨§¨Î¥¸±µ£µ Ê¸É·µ°¸É¢  ³µ¦¥É ¸µ¸ÉµÖÉÓ ¨§
·Ö¤  ±µ´¸É·Ê±É¨¢´ÒÌ Ô²¥³¥´Éµ¢, ¨³¥ÕÐ¨Ì ¶·¨´Í¨¶¨ ²Ó´µ · §²¨Î´Ò¥ ±·¨¢Ò¥
´ ³ £´¨Î¨¢ ´¨Ö, ÎÉµ µ¡Ê¸²µ¢²¥´µ ± ± ±µ´¸É·Ê±É¨¢´Ò³¨ ¨ ¸Éµ¨³µ¸É´Ò³¨ É·¥-
¡µ¢ ´¨Ö³¨ (´ ¶·¨³¥·, · §²¨Î´Ò³¨ ³ É¥·¨ ² ³¨ ³ £´¨Éµ¶·µ¢µ¤  ¨ ¶µ²Õ¸ ),
É ± ¨ É¥Ì´µ²µ£¨Î¥¸±¨³¨ Ë ±Éµ· ³¨ (´ ¶·¨³¥·, ¨§£µÉµ¢²¥´¨¥³ Ô²¥³¥´Éµ¢ ³ £-
´¨É´µ° ¸¨¸É¥³Ò ¨§ · §´ÒÌ µÉ²¨¢µ± ¸É ²¥°). �µÔÉµ³Ê ¸ÊÐ¥¸É¢Ê¥É ´¥µ¡Ìµ¤¨-
³µ¸ÉÓ ± ± ¸µ§¤ ´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸·¥¤¸É¢ · ¡µÉÒ ¸ ¡ § ³¨ ¤ ´´ÒÌ ¸¢µ°¸É¢
³ £´¨É´ÒÌ ³ É¥·¨ ²µ¢ [8, 9], É ± ¨ ¶µ¶µ²´¥´¨Ö ¡ §Ò ¤ ´´ÒÌ ¶ÊÉe³ § ¤ -
´¨Ö § ¢¨¸¨³µ¸É¨ B(H) ¢ ¢¨¤¥ Ë °²  § ¤ ´´µ£µ Ëµ·³ É  ¢ ± Î¥¸É¢¥ ¢Ìµ¤´ÒÌ
¤ ´´ÒÌ.

‘ Í¥²ÓÕ µ¡¥¸¶¥Î¥´¨Ö É¥Ì´µ²µ£¨Î¥¸±¨ § ³±´ÊÉµ£µ ¶·µÍ¥¸¸  · ¸Î¥É  ³ £-
´¨É´ÒÌ ¸¨¸É¥³ ¢ ”ƒ“� �ˆˆ Ô²¥±É·µË¨§¨Î¥¸±µ°  ¶¶ · ÉÊ·Ò ¨³. „. ‚. …Ë·¥-
³µ¢  ¡Ò² · §· ¡µÉ ´  ¶¶ · É´µ-¶·µ£· ³³´Ò° ±µ³¶²¥±¸ ¤²Ö ¨§³¥·¥´¨Ö ³ £-
´¨É´ÒÌ ¸¢µ°¸É¢ ³ É¥·¨ ²µ¢, ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó µ¸´µ¢´µ° ±·¨¢µ° ´ ³ £´¨-
Î¨¢ ´¨Ö. Œ¥Éµ¤¨±  ¨§³¥·¥´¨Ö ¡ §¨·Ê¥É¸Ö ´  ¨§¢¥¸É´ÒÌ ¸Ì¥³ Ì ¨§³¥·¥´¨Ö
³ £´¨É´ÒÌ ¸¢µ°¸É¢ ³ É¥·¨ ²µ¢ ¨ ¸µµÉ¢¥É¸É¢Ê¥É É·¥¡µ¢ ´¨Ö³ ƒ�‘’a 8.377-80
[1]. ‘ Í¥²ÓÕ ¶µ¢ÒÏ¥´¨Ö ¶·µ¤Ê±É¨¢´µ¸É¨, ÉµÎ´µ¸É¨ ¨§³¥·¥´¨° ¨ · ¸Ï¨·¥-
´¨Ö ¤¨ ¶ §µ´  ¶·¨³¥´¨³µ¸É¨ ¸Ì¥³ ¨§³¥·¥´¨° ¡Ò² ¶·¨´ÖÉ ·Ö¤ É¥Ì´¨Î¥¸±¨Ì ¨
³¥Éµ¤µ²µ£¨Î¥¸±¨Ì ·¥Ï¥´¨°.

Œ¥Éµ¤¨±  ¶·¥¤¶µ² £ ¥É ¨§³¥·¥´¨Ö ³ £´¨É´ÒÌ ¸¢µ°¸É¢ ¢ ¤¢ÊÌ ¶¥·¥±·Ò¢ -
ÕÐ¨Ì¸Ö ¤¨ ¶ §µ´ Ì ³ £´¨É´ÒÌ ¶µ²¥°, ± ¦¤Ò° ¸µ ¸¢µ¥° ¸Ì¥³µ° ¨§³¥·¥´¨Ö. ‚
¸Ê³³¥ µ´¨ µÌ¢ ÉÒ¢ ÕÉ ¶· ±É¨Î¥¸±¨ ¢¥¸Ó §´ Î¨³Ò° ¤²Ö · ¸Î¥Éµ¢ ³ £´¨É´ÒÌ
¸¨¸É¥³ ¤¨ ¶ §µ´ ¶µ²¥°. �¥·¥±·ÒÉ¨¥ ¤¨ ¶ §µ´µ¢ ¶µ§¢µ²Ö¥É ¤µ¶µ²´¨É¥²Ó´µ
±µ´É·µ²¨·µ¢ ÉÓ ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨° ¶µ ¸É¥¶¥´¨ ¸µ¢¶ ¤¥´¨Ö ±·¨¢ÒÌ.

ˆ§³¥·¥´¨Ö ¢ µ¡² ¸É¨ ³ ²ÒÌ ¶µ²¥° (µ·¨¥´É¨·µ¢µÎ´µ 0,05 < H < 15 ±�/³,
B < 1,9 ’²) ¶·µ¢µ¤ÖÉ¸Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ±µ²ÓÍ¥¢ÒÌ µ¡· §Íµ¢ ¸ ´ ³µÉ ´´Ò³¨
´  ´¨Ì ¢Éµ·¨Î´µ° (¨§³¥·¨É¥²Ó´µ°) ¨ ¶¥·¢¨Î´µ° (¢µ§¡Ê¦¤ ÕÐ¥°) µ¡³µÉ± ³¨.
� ¶·Ö¦¥´´µ¸ÉÓ ¶µ²Ö ¢´ÊÉ·¨ µ¡· §Í  µ¶·¥¤¥²Ö¥É¸Ö ¶µ ¢¥²¨Î¨´¥ Éµ±  ¢ ¶¥·-
¢¨Î´µ° µ¡³µÉ±¥.

ˆ§³¥·¥´¨Ö ¢ µ¡² ¸É¨ ¸¨²Ó´ÒÌ ¶µ²¥° (µ·¨¥´É¨·µ¢µÎ´µ 1 < H < 600 ±�/³,
B > 1,5 ’²) ¶·µ¢µ¤ÖÉ¸Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Í¨²¨´¤·¨Î¥¸±¨Ì µ¡· §Íµ¢, ¢¸É -
¢²¥´´ÒÌ ¢ µ¶· ¢±Ê ¸ ¨§³¥·¨É¥²Ó´µ° µ¡³µÉ±µ° ¢µ±·Ê£ µ¡· §Í  ¨ ¶µ³¥Ð¥´-
´ÒÌ ³¥¦¤Ê ¶µ²Õ¸ ³¨ ² ¡µ· Éµ·´µ£µ ³ £´¨É , ¸µ§¤ ÕÐ¥£µ ¶·µ¤µ²Ó´µ¥ ¶µ²¥
¢ µ¡· §Í¥. � ¶·Ö¦¥´´µ¸ÉÓ ¶µ²Ö ¢´ÊÉ·¨ µ¡· §Í  µ¶·¥¤¥²Ö¥É¸Ö ¸ ¶µ³µÐÓÕ
Ô±¸É· ¶µ²ÖÍ¨µ´´µ° ¶·µÍ¥¤Ê·Ò ¶µ ¶µ± § ´¨Ö³ ´¥¸±µ²Ó±¨Ì ¤ ÉÎ¨±µ¢ •µ²² 
(§ ±·¥¶²¥´´ÒÌ ¢ µ¶· ¢±¥), · ¸¶µ²µ¦¥´´ÒÌ ¢ ´¥¶µ¸·¥¤¸É¢¥´´µ° ¡²¨§µ¸É¨ ´ 
· §´ÒÌ · ¸¸ÉµÖ´¨ÖÌ µÉ µ¡· §Í .

‚¥²¨Î¨´  ¨´¤Ê±Í¨¨ ¢ µ¡¥¨Ì ¸Ì¥³ Ì µ¶·¥¤¥²Ö¥É¸Ö ¸ ¶µ³µÐÓÕ ¢Éµ·¨Î´µ°
(¨§³¥·¨É¥²Ó´µ°) µ¡³µÉ±¨ ¶ÊÉ¥³ ¨§³¥·¥´¨Ö Ô. ¤. ¸. Ô²¥±É·µ³ £´¨É´µ° ¨´¤Ê±-
Í¨¨ ´  ´¥°, ¢µ§´¨± ÕÐ¥° ¢¸²¥¤¸É¢¨¥ ¨§³¥´¥´¨Ö ¶µÉµ±µ¸Í¥¶²¥´¨Ö Î¥·¥§ ¢¨É±¨
¢Éµ·¨Î´µ° µ¡³µÉ±¨. �¥·¥³¥´´µ¥ ³ £´¨É´µ¥ ¶µ²¥ ¢ µ¡µ¨Ì ¸²ÊÎ ÖÌ ¸µ§¤ ¥É¸Ö § 
¸Î¥É ¶¥·¥³¥´´µ£µ Éµ±  ¢ ¶¥·¢¨Î´µ° µ¡³µÉ±¥, ¢ ¶¥·¢µ³ ¸²ÊÎ ¥ ¢µ±·Ê£ ¸ ³µ£µ
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±µ²ÓÍ¥¢µ£µ µ¡· §Í , ¢µ ¢Éµ·µ³ Å ¢ ¢µ§¡Ê¦¤ ÕÐ¥° µ¡³µÉ±¥ ² ¡µ· Éµ·´µ£µ
³ £´¨É . ”µ·³  ¨ Î ¸ÉµÉ  ¨³¶Ê²Ó¸  Éµ±  ¢Ò¡¨· ÕÉ¸Ö É ±¨³¨, ÎÉµ¡Ò ¢ · ¢´µ°
¸É¥¶¥´¨ ¨¸±²ÕÎ¨ÉÓ ¢²¨Ö´¨¥ ± ± ¢¨Ì·¥¢ÒÌ Éµ±µ¢ ¢ µ¡· §Í¥, É ± ¨ ÏÊ³µ¢ ¢
¨§³¥·¨É¥²Ó´µ³ ± ´ ²¥.

�µ± § ´¨Ö ¢¸¥Ì ¨§³¥·¨É¥²Ó´ÒÌ Ê¸É·µ°¸É¢ (Éµ± ¢ ¢µ§¡Ê¦¤ ÕÐ¥° µ¡³µÉ±¥,
´ ¶·Ö¦¥´¨¥ ¢ ¨§³¥·¨É¥²Ó´µ° µ¡³µÉ±¥, ¶µ± § ´¨Ö ¤ ÉÎ¨±µ¢ •µ²² ) ¶µ¸·¥¤-
¸É¢µ³ Ô²¥±É·µ´´µ° ¸¨¸É¥³Ò ¸¡µ·  ¨´Ëµ·³ Í¨¨ ¢ ´¥¶·¥·Ò¢´µ³ ·¥¦¨³¥ ¶µ¤ -
ÕÉ¸Ö ´  ¢Ìµ¤ ±µ³¶ÓÕÉ¥·´µ° ¶·µ£· ³³Ò  ¢Éµ³ É¨§¨·µ¢ ´´µ° ¸¨¸É¥³Ò Ê¶· -
¢²¥´¨Ö ¶·µÍ¥¸¸µ³ ¨§³¥·¥´¨° ¨ µ¡· ¡µÉ±¨ ¨Ì ·¥§Ê²ÓÉ Éµ¢. �É  ¦¥ ¶·µ£· ³³ 
¶µ ¤ ´´Ò³, ¢¢¥¤e´´Ò³ ¶¥·¸µ´ ²µ³ ¤µ ´ Î ²  ¨§³¥·¥´¨°, Ê¶· ¢²Ö¥É ¢¸¥³ ¶·µ-
Í¥¸¸µ³ ¨§³¥·¥´¨° ¢  ¢Éµ´µ³´µ³ ·¥¦¨³¥, ÎÉµ ¶µ§¢µ²Ö¥É ¢ §´ Î¨É¥²Ó´µ° ¸É¥-
¶¥´¨  ¢Éµ³ É¨§¨·µ¢ ÉÓ ¶·µÍ¥¸¸ ¶µ²ÊÎ¥´¨Ö µ¸´µ¢´µ° ±·¨¢µ° ´ ³ £´¨Î¨¢ ´¨Ö,
±µÉµ·Ò° § ±²ÕÎ ¥É¸Ö ¢ ¶µ¸²¥¤µ¢ É¥²Ó´µ³ Ëµ·³¨·µ¢ ´¨¨ ·Ö¤  ¸¨³³¥É·¨Î´ÒÌ
¶¥É¥²Ó £¨¸É¥·¥§¨¸  · §²¨Î´µ°  ³¶²¨ÉÊ¤Ò (µ¡ÒÎ´µ 10Ä20 ÉµÎ¥± ¢ ± ¦¤µ³ ¤¨ -
¶ §µ´¥) ¨ ¶µ²ÊÎ¥´¨¨ ¤²Ö ± ¦¤µ° ¨§ ´¨Ì ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ÉµÎ±¨ B(H) µ¸´µ¢-
´µ° ±·¨¢µ° ´ ³ £´¨Î¨¢ ´¨Ö. �¤´µ ¨§³¥·¥´¨¥ (Ëµ·³¨·µ¢ ´¨¥ µ¤´µ° ¶¥É²¨ ¨
¶µ²ÊÎ¥´¨¥ µ¤´µ° ÉµÎ±¨ ´  ±·¨¢µ°) § ´¨³ ¥É µÉ 2 ¤µ 20 ³¨´, ¢ § ¢¨¸¨³µ¸É¨
µÉ Ê·µ¢´Ö ¶µ²Ö ¢ µ¡· §Í¥. „²Ö ¶µ²ÊÎ¥´¨Ö ¶µ²´µ° ±·¨¢µ° (¢ ¤¢ÊÌ ¤¨ ¶ §µ-
´ Ì) É·¥¡Ê¥É¸Ö µÉ 0,5Ä1,5 Î ¸ ÊÎeÉµ³ ³ £´¨É´µ° ¶µ¤£µÉµ¢±¨ µ¡· §Íµ¢ ¨ É¥¸É 
 ¶¶ · ÉÊ·Ò.

�¶¶ · É´µ-¶·µ£· ³³´Ò° ±µ³¶²¥±¸ ¨ ³¥Éµ¤¨±  ¨§³¥·¥´¨° ¡Ò²¨ · §· ¡µ-
É ´Ò ¨ µÉ² ¦¥´Ò ¢ Ìµ¤¥ · ¡µÉ ¶µ ¨§³¥·¥´¨Õ ¸¢µ°¸É¢ Ô²¥±É·µÉ¥Ì´¨Î¥¸±¨Ì
¸É ²¥°, ¶·µ¨§¢¥¤¥´´ÒÌ ´  Š· ³ Éµ·¸±µ³ § ¢µ¤¥, ¤²Ö ¨§£µÉµ¢²¥´¨Ö ³ £´¨É´µ°
¸¨¸É¥³Ò Í¨±²µÉ·µ´  „–-72 (Í¥´É· Ö¤¥·´µ° Ë¨§¨±¨ ¨ ³¥¤¨Í¨´Ò C²µ¢ Í±µ£µ
¨´¸É¨ÉÊÉ  ³¥É·µ²µ£¨¨, �· É¨¸² ¢ , ‘²µ¢ ±¨Ö), · §· ¡µÉ ´´µ£µ ¨ ¸µ§¤ ´´µ£µ
¢ ‹Ÿ� ¨³. ƒ. �. ”²e·µ¢  �ˆŸˆ [11]. �¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¡Ò²¨ ¨¸¶µ²Ó§µ-
¢ ´Ò ¤²Ö ³µ¤¥²¨·µ¢ ´¨Ö ³ £´¨É´µ£µ ¶µ²Ö ¢ Í¨±²µÉ·µ´¥ ¨ µ¶É¨³¨§ Í¨¨ ¥£µ
³ £´¨É´µ° ¸¨¸É¥³Ò ¸ Í¥²ÓÕ Ëµ·³¨·µ¢ ´¨Ö É·¥¡Ê¥³µ° ¸É·Ê±ÉÊ·Ò ³ £´¨É´µ£µ
¶µ²Ö.

•µÉÖ · §· ¡µÉ ´´ Ö ³¥Éµ¤¨±  ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ Ö  ¶¶ · ÉÊ·  ´ Í¥²¥´Ò ¢
¶¥·¢ÊÕ µÎ¥·¥¤Ó ´  ¶µ²ÊÎ¥´¨¥ µ¸´µ¢´µ° ±·¨¢µ° ´ ³ £´¨Î¨¢ ´¨Ö, ¸ ¨Ì ¶µ³µ-
ÐÓÕ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¨²¨, ¶µ ±· °´¥° ³¥·¥, µÍ¥´¨ÉÓ ¨ ¤·Ê£¨¥ Ì · ±É¥·¨¸É¨±¨
³ £´¨É´ÒÌ ¸¢µ°¸É¢ ³ É¥·¨ ²µ¢, É ±¨¥ ± ± ¶·¥¤¥²Ó´ Ö ´ ³ £´¨Î¥´´µ¸ÉÓ, ´ -
Î ²Ó´ Ö ¨ ³ ±¸¨³ ²Ó´ Ö ³ £´¨É´ Ö ¶·µ´¨Í ¥³µ¸ÉÓ, ±µÔ·Í¨É¨¢´ Ö ¸¨²  (± ±
¶µ ¨´¤Ê±Í¨¨, É ± ¨ ¶µ ´ ³ £´¨Î¥´´µ¸É¨) ¨ ¤·. Š·µ³¥ Éµ£µ, ´¥¸±µ²Ó±µ ¢¨-
¤µ¨§³¥´¨¢ ¸Í¥´ ·¨° Ëµ·³¨·µ¢ ´¨Ö ¶µ²Ö ¢µ ¢·¥³¥´¨, ³µ¦´µ ´ ¸É·µ¨ÉÓ ³¥-
Éµ¤¨±Ê ´  ¶µ²ÊÎ¥´¨¥ ¤·Ê£¨Ì Ì · ±É¥·¨¸É¨Î¥¸±¨Ì § ¢¨¸¨³µ¸É¥° B(H), É ±¨Ì
± ±, ´ ¶·¨³¥·, ¨¤¥ ²Ó´ Ö ±·¨¢ Ö ´ ³ £´¨Î¨¢ ´¨Ö (³´µ¦¥¸É¢µ ÉµÎ¥±, ± ±µÉµ-
·Ò³ ¸É·¥³¨É¸Ö ¢ ¶·¥¤¥²¥ B ¶·¨ ¶¥·¥³ £´¨Î¨¢ ´¨¨ ¸ Ê¡Ò¢ ÕÐ¥°  ³¶²¨ÉÊ¤µ°
¢µ±·Ê£ Ë¨±¸¨·µ¢ ´´µ£µ §´ Î¥´¨Ö N ) ¨²¨ ´ Î ²Ó´ Ö ±·¨¢ Ö ´ ³ £´¨Î¨¢ ´¨Ö
(§ ¢¨¸¨³µ¸ÉÓ B(H) ¸ ¶µ²´µ¸ÉÓÕ · §³ £´¨Î¥´´µ£µ ¸µ¸ÉµÖ´¨Ö).
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1. Œ…’�„ˆŠ� ˆ‡Œ…�…�ˆ‰ Œ�ƒ�ˆ’�›• ‘‚�‰‘’‚
‘ ˆ‘��‹œ‡�‚��ˆ…Œ Š�‹œ–…‚›• ����‡–�‚

Œ¥Éµ¤¨±  ¨§³¥·¥´¨° ³ £´¨É´ÒÌ ¸¢µ°¸É¢ ³ É¥·¨ ²µ¢ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
±µ²ÓÍ¥¢ÒÌ µ¡· §Íµ¢ ¡ §¨·Ê¥É¸Ö ´  ¨´¤Ê±Í¨µ´´µ-´¥¶·¥·Ò¢´µ³ ³¥Éµ¤¥ ¨§³¥-
·¥´¨Ö ¶¥·¥³¥´´µ° Ô. ¤. ¸., ¢µ§´¨± ÕÐ¥° ¢ ¨§³¥·¨É¥²Ó´µ° µ¡³µÉ±¥ ¶·¨ ¨§³¥-
´¥´¨¨ ¶µÉµ±µ¸Í¥¶²¥´¨Ö, ¢Ò§Ò¢ ¥³µ£µ ¶¥·¥³¥´´Ò³ Éµ±µ³ ¢ ´ ³ £´¨Î¨¢ Õ-
Ð¥° µ¡³µÉ±¥. ‘Ì¥³  ¨§³¥·¥´¨Ö ¶·¨¢¥¤¥´  ´  ·¨¸. 1. Œ £´¨É´µ¥ ¶µ²¥ ¢´ÊÉ·¨
µ¡· §Í  ¸µ§¤ eÉ¸Ö Éµ±µ³ I1 ¢ ¶¥·¢¨Î´µ° µ¡³µÉ±¥, · ¢´µ³¥·´µ ´ ³µÉ ´´µ° ¢µ-
±·Ê£ ¸¥Î¥´¨Ö µ¡· §Í  ¶µ ¢¸¥° µ±·Ê¦´µ¸É¨. ˆ§³¥´ÖÕÐ¥¥¸Ö ¢µ ¢·¥³¥´¨ ³ £´¨É-
´µ¥ ¶µ²¥ ¢´ÊÉ·¨ µ¡· §Í  ¨´¤ÊÍ¨·Ê¥É Ô. ¤. ¸. ³ £´¨É´µ° ¨´¤Ê±Í¨¨ ¢µ ¢Éµ·¨Î´µ°
(¨§³¥·¨É¥²Ó´µ°) µ¡³µÉ±¥, É ±¦¥ · ¢´µ³¥·´µ ´ ³µÉ ´´µ° ´  ÔÉµ³ µ¡· §Í¥.

�¨¸. 1. ‘Ì¥³  ³ £´¨Éµ¨§³¥·¨É¥²Ó´µ° Ê¸É ´µ¢±¨ ¸ ±µ²ÓÍ¥¢Ò³ µ¡· §Íµ³

� ¶·Ö¦e´´µ¸ÉÓ ³ £´¨É´µ£µ ¶µ²Ö ¢´ÊÉ·¨ µ¡· §Í  µ¶·¥¤¥²Ö¥É¸Ö ¶µ ¢¥²¨-
Î¨´¥ Éµ±  ¢ ¶¥·¢¨Î´µ° µ¡³µÉ±¥. �·¨ Ê¸²µ¢¨¨, ÎÉµ ¢¨É±¨ ¶¥·¢¨Î´µ° µ¡-
³µÉ±¨ ´ ³µÉ ´Ò ¤µ¸É ÉµÎ´µ ¶²µÉ´µ ¨ · ¢´µ³¥·´µ, ¢ µ¡· §Í¥ Ëµ·³¨·Ê¥É¸Ö
 ±¸¨ ²Ó´µ-¸¨³³¥É·¨Î´µ¥ ¶µ²¥, ¥¤¨´¸É¢¥´´ Ö  §¨³ÊÉ ²Ó´ Ö ±µ³¶µ´¥´É  ±µÉµ-
·µ£µ ´  · ¸¸ÉµÖ´¨¨ R µÉ µ¸¨ µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²µ¢¨Ö

W1I1 =
∮
L

Hldl = H2πR,

£¤¥ W1 Å ¶µ²´µ¥ Î¨¸²µ ¢¨É±µ¢ ´ ³ £´¨Î¨¢ ÕÐ¥° µ¡³µÉ±¨. ’ ±¨³ µ¡· §µ³,
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´ ¶·Ö¦e´´µ¸ÉÓ ¶µ²Ö ¢ µ¡· §Í¥ ´  · ¤¨Ê¸¥ R

H(R) =
W1I1

2πR
=

I

2πR
. (1)

‘µµÉ¢¥É¸É¢ÊÕÐ Ö ¢¥²¨Î¨´  ¨´¤Ê±Í¨¨

B = µ0µH = µ0µ
W1I1

2πR
.

�·¨ Ê¸²µ¢¨¨, ÎÉµ µ¡· §¥Í ¨³¥¥É ¶·Ö³µÊ£µ²Ó´µ¥ ¸¥Î¥´¨¥, § ¤ ÕÐ¥¥¸Ö · §³¥-
· ³¨ R1 Å ¢´ÊÉ·¥´´¥£µ · ¤¨Ê¸ , R2 Å ¢´¥Ï´¥£µ · ¤¨Ê¸ , D Å Éµ²Ð¨´Ò ¢
 ±¸¨ ²Ó´µ³ ´ ¶· ¢²¥´¨¨, ¨ ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ µ ¶µ¸ÉµÖ´´µ ¶µ ¸¥Î¥´¨Õ
µ¡· §Í , ¶µÉµ± ³ £´¨É´µ° ¨´¤Ê±Í¨¨ Î¥·¥§ ¸¥Î¥´¨¥ µ¡· §Í  · ¢¥´

Φ =
∫
S

BdS = µ0µ
W1I1

2π

D∫
0

dz

R2∫
R1

1
R

dR = µ0µ
W1I1

2π
D

(
ln

R2

R1

)
. (2)

’µ£¤  ¸·¥¤´¥¥ ¶µ ¸¥Î¥´¨Õ ¶µ²¥

B¸· =
Φ
S

=
Φ

D (R2 − R1)
= µ0µ

W1I1

2π

ln (R2/R1)
R2 − R1

, (3)

£¤¥ S Å ¶²µÐ ¤Ó ¶µ¶¥·¥Î´µ£µ ¸¥Î¥´¨Ö ±µ²ÓÍ¥¢µ£µ µ¡· §Í . � ¸µµÉ¢¥É¸É¢ÊÕ-
Ð Ö ¥³Ê ´ ¶·Ö¦¥´´µ¸ÉÓ ¤µ²¦´  · ¸¸Î¨ÉÒ¢ ÉÓ¸Ö ± ±

H¸· =
B¸·

µ0µ
=

W1I1

2π

ln (R2/R1)
R2 − R1

. (4)

„²Ö µ¶·¥¤¥²¥´¨Ö ¢¥²¨Î¨´Ò ³ £´¨É´µ° ¨´¤Ê±Í¨¨ ¸²Ê¦¨É ¢Éµ·¨Î´ Ö µ¡³µÉ± .
ˆ¸¶µ²Ó§Ê¥É¸Ö ¸µµÉ´µÏ¥´¨¥

U2 =
dΨ2

dt2
, (5)

£¤¥ U2 Å ´ ¶·Ö¦¥´¨¥ ´  ¢Éµ·¨Î´µ° µ¡³µÉ±¥, Ψ2 = W2Φ Å ¶µÉµ±µ¸Í¥¶²¥´¨¥
Î¥·¥§ ¢¨É±¨ ¢Éµ·¨Î´µ° µ¡³µÉ±¨, W2 Å Î¨¸²µ ¢¨É±µ¢ ¢Éµ·¨Î´µ° µ¡³µÉ±¨,
Φ Å ³ £´¨É´Ò° ¶µÉµ± Î¥·¥§ ¸¥Î¥´¨¥ µ¡· §Í . �·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ¶µÉµ±
Î¥·¥§ ¸¥Î¥´¨¥ µ¡· §Í  ¨ ¶µÉµ± Î¥·¥§ ¸¥Î¥´¨¥, µÌ¢ ÉÒ¢ ¥³µ¥ µ¤´¨³ ¢¨É±µ³
¢Éµ·¨Î´µ° µ¡³µÉ±¨, µ¤¨´ ±µ¢Ò. �Éµ Ê¸²µ¢¨¥ ¢Ò¶µ²´Ö¥É¸Ö ¢ Éµ³ ¸²ÊÎ ¥, ¥¸²¨
¢Éµ·¨Î´ Ö µ¡³µÉ±  ´ ³µÉ ´  ³ ±¸¨³ ²Ó´µ ¡²¨§±µ ± ±µ´ÉÊ·Ê ¸¥Î¥´¨Ö µ¡· §Í 
(¤²Ö ÔÉµ£µ ¢Éµ·¨Î´ Ö µ¡³µÉ±  ´ ³ ÉÒ¢ ¥É¸Ö ´¥¶µ¸·¥¤¸É¢¥´´µ ´  µ¡· §¥Í,  
¶¥·¢¨Î´ Ö Å ¶µ¢¥·Ì ´¥e),   Éµ²Ð¨´  ¨§µ²ÖÍ¨¨ ¨ ¶·µ¢µ¤  ¢Éµ·¨Î´µ° µ¡³µÉ±¨
¸ÊÐ¥¸É¢¥´´µ ³¥´ÓÏ¥ Ì · ±É¥·´ÒÌ · §³¥·µ¢ ¸¥Î¥´¨Ö µ¡· §Í , ²¨¡µ ³ £´¨É´ Ö
¶·µ´¨Í ¥³µ¸ÉÓ ³ É¥·¨ ²  µ¡· §Í  (¶·¨ ¨§³¥·Ö¥³µ³ Ê·µ¢´¥ ¶µ²Ö) ¸ÊÐ¥¸É¢¥´´µ
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¡µ²ÓÏ¥ ³ £´¨É´µ° ¶·µ´¨Í ¥³µ¸É¨ ¢µ§¤ÊÌ . ’µ£¤  ¸·¥¤´¥¥ §´ Î¥´¨¥ ¨´¤Ê±Í¨¨
¢ µ¡· §Í¥ ´ Ìµ¤¨É¸Ö ± ± ¨´É¥£· ²:

B¸· =
Φ
S

= B0 +
1

W2S

t∫
0

U2(t)dt ≈ B0 +
1

W2S

∑
i

U2(ti)∆t. (6)

�µ± § ´¨Ö U2(ti) ´¥¶·¥·Ò¢´µ ¸´¨³ ÕÉ¸Ö ¸µ ¢Éµ·¨Î´µ° µ¡³µÉ±¨ ¸ ¶¥·¨µ¤¨Î-
´µ¸ÉÓÕ t ¨ § É¥³ ¸Ê³³¨·ÊÕÉ¸Ö ¸¶¥Í¨ ²Ó´µ° µ¡· ¡ ÉÒ¢ ÕÐ¥° ¢ÒÎ¨¸²¨É¥²Ó´µ°
¶·µÍ¥¤Ê·µ°. � Î ²Ó´ Ö ¢¥²¨Î¨´  ¨´¤Ê±Í¨¨ B0 ²¨¡µ ¤µ²¦´  ¡ÒÉÓ ¨§¢¥¸É´ 
§ · ´¥¥, ²¨¡µ ¢ÒÎ¨¸²Ö¥É¸Ö ¶µ ¸¶¥Í¨ ²Ó´µ° ³¥Éµ¤¨±¥. ‚ ¶¥·¢µ³ ¸²ÊÎ ¥, ¶·¨-
´Ö¢ B0 = 0, ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ´ Î ²Ó´ÊÕ ±·¨¢ÊÕ ´ ³ £´¨Î¨¢ ´¨Ö. �·¨ ÔÉµ³
µ¡· §¥Í ¶¥·¥¤ ´ Î ²µ³ ¨§³¥·¥´¨° ¤µ²¦¥´ ¡ÒÉÓ ¶µ²´µ¸ÉÓÕ · §³ £´¨Î¥´. ‚
¸²ÊÎ ¥ ¨§³¥·¥´¨Ö µ¸´µ¢´µ° ±·¨¢µ° ´ ³ £´¨Î¨¢ ´¨Ö ´ Î ²Ó´µ¥ §´ Î¥´¨¥ B0

´ Ìµ¤¨É¸Ö ¸ ¶·¨¢²¥Î¥´¨¥³ ¸¢µ°¸É¢  ¸¨³³¥É·¨Î´µ° ¶¥É²¨ £¨¸É¥·¥§¨¸ :

Bmax = −Bmin.

„²Ö µ¡¥¸¶¥Î¥´¨Ö ÔÉµ£µ Ê¸²µ¢¨Ö µ¡· §¥Í ¤µ²¦¥´ ¡ÒÉÓ ¶¥·¥¤ ´ Î ²µ³ ¨§³¥·¥-
´¨° ³´µ£µ±· É´µ ¶¥·¥³ £´¨Î¥´ (µ¡ÒÎ´µ 5Ä10 · §) ¸ ¶µ¸ÉµÖ´´µ°  ³¶²¨ÉÊ¤µ°.
’µ£¤ , ¶·¥¤¸É ¢¨¢ (6) ¢ ¢¨¤¥

B¸·(t) = B0 + ∆B(t),

£¤¥

∆B(t) = − 1
W2S

t∫
0

U2(t)dt ≈ 1
W2S

∑
i

U2(ti)∆t,

¶µ²ÊÎ¨³

B0 = −1
2
(∆Bmax + ∆Bmin).

‘µµÉ´µÏ¥´¨¥ · §³¥·µ¢ µ¡· §Íµ¢ ¤µ²¦´µ Ê¤µ¢²¥É¢µ·ÖÉÓ É·¥¡µ¢ ´¨Ö³ [1].
�¡· §ÍÒ ¶µ¤¢¥·£ ÕÉ¸Ö µÉ¦¨£Ê ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ É·¥¡µ¢ ´¨Ö³¨ ´µ·³ É¨¢´µ-
É¥Ì´¨Î¥¸±µ° ¤µ±Ê³¥´É Í¨¨ ´  ¨¸¶ÒÉÊ¥³Ò° ³ É¥·¨ ². �µ¸²¥ É¥·³¨Î¥¸±µ° µ¡-
· ¡µÉ±¨ ´  ±µ²ÓÍ¥¢Ò¥ µ¡· §ÍÒ ´ ³ ÉÒ¢ ÕÉ¸Ö ³¥¤´Ò³ ¨§µ²¨·µ¢ ´´Ò³ ¶·µ-
¢µ¤µ³ ¨§³¥·¨É¥²Ó´ Ö ¨ ´ ³ £´¨Î¨¢ ÕÐ Ö µ¡³µÉ±¨, ¶·¨ ÔÉµ³ ¶µ¸²¥¤´ÖÖ · ¸-
¶µ² £ ¥É¸Ö · ¢´µ³¥·´µ ¶µ ¤²¨´¥ µ±·Ê¦´µ¸É¨ µ¡· §Í  ¢¨Éµ± ± ¢¨É±Ê ¶µ¢¥·Ì
¨§³¥·¨É¥²Ó´µ° µ¡³µÉ±¨. �¡³µÉ±¨ ¤·Ê£ µÉ ¤·Ê£  ¨ µ¡· §¥Í µÉ µ¡³µÉµ± ¨§µ²¨-
·ÊÕÉ¸Ö ² ¢¸ ´µ¢µ° ¶²¥´±µ°. —¨¸²µ ¢¨É±µ¢ ´ ³ £´¨Î¨¢ ÕÐ¥° µ¡³µÉ±¨ ¸µ¸É -
¢²Ö¥É ¢ ¤ ´´µ³ ¸²ÊÎ ¥ W1 = 230, ¨§³¥·¨É¥²Ó´µ° Å W2 = 330. Œ ±¸¨³ ²Ó´ Ö
¢¥²¨Î¨´  Éµ±  ¢ ´ ³ £´¨Î¨¢ ÕÐ¥° µ¡³µÉ±¥ ´¥ ¶·¥¢ÒÏ ¥É I � 8 � (µ£· ´¨-
Î¨¢ ¥É¸Ö ¢ ¤ ´´µ³ ¸²ÊÎ ¥ ³µÐ´µ¸ÉÓÕ ¨¸ÉµÎ´¨±  ¶¨É ´¨Ö).
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�·¨¢¥¤¥´´ Ö ´  ·¨¸. 1 ¸Ì¥³  ³ £´¨Éµ¨§³¥·¨É¥²Ó´µ° Ê¸É ´µ¢±¨ ¶µ¸É·µ-
¥´  ´  ¡ §¥ �‚Œ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ 16-· §·Ö¤´µ° ¶² ÉÒ  ´ ²µ£µ-Í¨Ë·µ¢µ£µ
¸¡µ·  ¤ ´´ÒÌ (�‘„) �-826PG, ICP DAS Inc. ¸ Î ¸ÉµÉµ° ¸¡µ·  ¨´Ëµ·³ Í¨¨ ¤µ
100 ±ƒÍ ¢ µ¤´µ± ´ ²Ó´µ³ ·¥¦¨³¥. ˆ¸¶µ²Ó§µ¢ ´¨¥ ¢ÒÎ¨¸²¨É¥²Ó´µ° ¨  ´ ²µ£µ-
Í¨Ë·µ¢µ° ¨§³¥·¨É¥²Ó´µ° É¥Ì´¨±¨ ¶µ§¢µ²Ö¥É  ¢Éµ³ É¨§¨·µ¢ ÉÓ ¶·µÍ¥¸¸ ¨§³¥-
·¥´¨°, ·¥£¨¸É· Í¨Õ ¨ µ¡· ¡µÉ±Ê ·¥§Ê²ÓÉ Éµ¢, ¶µ¢Ò¸¨ÉÓ ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨°,
¢ Éµ³ Î¨¸²¥ §  ¸Î¥É ¤¨´ ³¨Î¥¸±µ£µ ·¥£Ê²¨·µ¢ ´¨Ö ¨§³¥´¥´¨Ö ¢¥²¨Î¨´Ò Éµ±  ¢
´ ³ £´¨Î¨¢ ÕÐ¥° µ¡³µÉ±¥ ¢ § ¢¨¸¨³µ¸É¨ µÉ µÉ´µÏ¥´¨Ö ¸¨£´ ²/ÏÊ³ ¢ ± ´ ²¥
¨§³¥·¥´¨Ö ´ ¶·Ö¦¥´¨Ö.

ˆ¸ÉµÎ´¨± ¸É ¡¨²Ó´µ£µ Éµ±  (¸ ´¥¸É ¡¨²Ó´µ¸ÉÓÕ ≈ 10−3 ¨ ²ÊÎÏ¥, ¢ § ¢¨-
¸¨³µ¸É¨ µÉ ¢¥²¨Î¨´Ò Éµ± ) ¶µ¤±²ÕÎ¥´ ± ´ ³ £´¨Î¨¢ ÕÐ¥° µ¡³µÉ±¥ ±µ²ÓÍ¥-
¢µ£µ µ¡· §Í  ¨ Ê¶· ¢²Ö¥É¸Ö ¶·µ£· ³³´µ ¸ �‚Œ µÉ 12-· §·Ö¤´µ£µ Í¨Ë·µ ´ ²µ-
£µ¢µ£µ ¶·¥µ¡· §µ¢ É¥²Ö, ¶µ§¢µ²ÖÕÐ¥£µ Ëµ·³¨·µ¢ ÉÓ ¨³¶Ê²Ó¸ Éµ±  § ¤ ´´µ°
Ëµ·³Ò.

16-· §·Ö¤´Ò°  ´ ²µ£µ-Í¨Ë·µ¢µ° ¶·¥µ¡· §µ¢ É¥²Ó (�–�) ¢ ¸µ¸É ¢¥ �‘„,
Ê¶· ¢²Ö¥³Ò° É ±¦¥ ¶·µ£· ³³´µ µÉ �‚Œ, ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö ¨§³¥·¥´¨Ö ¨ ¶¥-
·¥¤ Î¨ É¥±ÊÐ¨Ì §´ Î¥´¨° ´ ³ £´¨Î¨¢ ÕÐ¥£µ Éµ±  ¨ ´ ¶·Ö¦¥´¨Ö ´  ¨§³¥·¨-
É¥²Ó´µ° µ¡³µÉ±¥ ¶µ ± ´ ² ³ �–� ¢ �‚Œ.

�¥·¥¤ ¶·µ¢¥¤¥´¨¥³ ³ £´¨É´ÒÌ ¨§³¥·¥´¨° ¶·µ¢µ¤¨É¸Ö ± ²¨¡·µ¢±   ´ ²µ£µ-
Í¨Ë·µ¢µ£µ ± ´ ²  (�–Š) ³ £´¨Éµ¨§³¥·¨É¥²Ó´µ° Ê¸É ´µ¢±¨ ¸ ¶µ³µÐÓÕ § ¤ -

�¨¸. 2 . �·µ£· ³³  PERMEABILITY-1, µ±´µ ±µ´É·µ²Ö ¸¨£´ ²µ¢. ’¨¶¨Î´ Ö § ¢¨¸¨-

³µ¸ÉÓ Éµ±  ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ÔÉµ³Ê Éµ±Ê ´ ¶·Ö¦¥´¨¥ ´  ¨§³¥·¨É¥²Ó´µ° ± ÉÊÏ±¥
±µ²ÓÍ¥¢µ£µ µ¡· §Í  ¶·¨ ¥£µ · §³ £´¨Î¨¢ ´¨¨
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¢ ¥³ÒÌ ¸¨´Ê¸µ¨¤ ²Ó´µ£µ ¨ ¶µ¸ÉµÖ´´µ£µ ´ ¶·Ö¦¥´¨°, ÎÉµ ¶µ§¢µ²Ö¥É µÍ¥´¨ÉÓ
¶µ£·¥Ï´µ¸ÉÓ ≈ 0,1 %, ¢´µ¸¨³ÊÕ ¢¸¥³ �–Š ¢ ±µ´¥Î´Ò° ·¥§Ê²ÓÉ É ¨§³¥·¥´¨°.

�¨¸. 2¡. �·µ£· ³³  PERMEABILITY-2, µ±´µ Ê¶· ¢²¥´¨Ö ¨§³¥·¨É¥²Ó´Ò³ ¶·µÍ¥¸¸µ³.

‚¨¤ ¸¨£´ ²µ¢ Å ´  ¨§³¥·¨É¥²Ó´µ° ± ÉÊÏ±¥ (1), Éµ±  · §³ £´¨Î¨¢ ´¨Ö (2), ´ ¶·Ö¦¥´¨Ö

´  µ¤´µ³ ¨§ ¤ ÉÎ¨±µ¢ •µ²²  (3) Å ¢µ ¢·¥³Ö · §³ £´¨Î¨¢ ´¨Ö µ¡· §Í 

�¥¶µ¸·¥¤¸É¢¥´´µ ¶¥·¥¤ ´ Î ²µ³ ³ £´¨É´ÒÌ ¨§³¥·¥´¨° µ¡· §ÍÒ · §³ £-
´¨Î¨¢ ÕÉ¸Ö ¶¥·¥³¥´´Ò³ ¶µ²¥³ ¸ Î ¸ÉµÉµ° ∼= 0,5 ƒÍ ¸ Ê¡Ò¢ ÕÐ¥° ²¨´¥°´µ
¶· ±É¨Î¥¸±¨ ¤µ ´Ê²Ö  ³¶²¨ÉÊ¤µ° (¸³. ·¨¸. 2a, 2¡). ‚·¥³Ö · §³ £´¨Î¨¢ ´¨Ö
¸µ¸É ¢²Ö¥É 3,5 ³¨´. �µ¸²¥ · §³ £´¨Î¨¢ ´¨Ö ¤µ ´ Î ²  ¨§³¥·¥´¨° µ¡· §ÍÒ
¢Ò¤¥·¦¨¢ ÕÉ¸Ö ¢ É¥Î¥´¨¥ 15 ³¨´ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ [1] ¨§-§  ¤¥§ ±±µ³µ¤ Í¨¨
³ £´¨É´µ° ¶·µ´¨Í ¥³µ¸É¨. �  ·¨¸. 3 ¶·¨¢¥¤¥´Ò É¨¶¨Î´ Ö Ëµ·³  ¨³¶Ê²Ó¸ 
Éµ±  ¶·¨ ¤¨´ ³¨Î¥¸±µ³ ·¥£Ê²¨·µ¢ ´¨¨ ¸±µ·µ¸É¨ ¥£µ ¨§³¥´¥´¨Ö ¨ ¨§³¥·Ö¥³µ¥
´ ¶·Ö¦¥´¨¥ ´  ¨§³¥·¨É¥²Ó´µ° µ¡³µÉ±¥. ‘±µ·µ¸ÉÓ ¨§³¥´¥´¨Ö ´ ³ £´¨Î¨¢ -
ÕÐ¥£µ Éµ±  µ¶É¨³¨§¨·Ê¥É¸Ö É ±¨³ µ¡· §µ³, ÎÉµ¡Ò ³µ¦´µ ¡Ò²µ ¶·¥´¥¡·¥ÎÓ
¢²¨Ö´¨¥³ ¢¨Ì·¥¢ÒÌ Éµ±µ¢ ¢ µ¡· §Í¥ ´  ÉµÎ´µ¸ÉÓ µ¶·¥¤¥²¥´¨Ö ³ £´¨É´ÒÌ Ì -
· ±É¥·¨¸É¨±. �¶É¨³¨§ Í¨Ö § ±²ÕÎ ¥É¸Ö ¢ ³¨´¨³¨§ Í¨¨ ¶²µÐ ¤¨ ¶¥É²¨ £¨¸É¥-
·¥§¨¸  ¶·¨ ¸µÌ· ´¥´¨¨ ¢¥²¨Î¨´Ò ¶µ²¥§´µ£µ ¨§³¥·¥´´µ£µ ¸¨£´ ² .

„²Ö ¸É ¡¨²¨§ Í¨¨ ¨ ¶µ²ÊÎ¥´¨Ö ¸¨³³¥É·¨Î´µ° ¶¥É²¨ £¨¸É¥·¥§¨¸  ¶·¨ ¨§-
³¥·¥´¨ÖÌ µ¡· §ÍÒ ¶µ¤¢¥·£ ÕÉ¸Ö É ± ´ §Ò¢ ¥³µ° ³ £´¨É´µ° ¶µ¤£µÉµ¢±¥, § -
±²ÕÎ ÕÐ¥°¸Ö ¢ 10-±· É´µ³ ¶µ¢Éµ·¥ Í¨±²  ¨§³¥´¥´¨Ö Éµ±  ¢ ´ ³ £´¨Î¨¢ Õ-
Ð¥° µ¡³µÉ±¥ ¸ µ¤¨´ ±µ¢µ°  ³¶²¨ÉÊ¤µ°. Šµµ·¤¨´ ÉÒ ¢¥·Ï¨´Ò ± ¦¤µ° ¶¥É²¨
£¨¸É¥·¥§¨¸  µ¶·¥¤¥²ÖÕÉ¸Ö ¢ ·¥§Ê²ÓÉ É¥ Ê¸·¥¤´¥´¨Ö ¶µ 5 ¨§³¥·¥´¨Ö³. �Í¥´¨¢ -
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�¨¸. 3. �·µ£· ³³  PERMEABILITY-1, µ±´µ Ê¶· ¢²¥´¨Ö ¨§³¥·¨É¥²Ó´Ò³ ¶·µÍ¥¸¸µ³.
’¨¶¨Î´ Ö Ëµ·³  ¨³¶Ê²Ó¸  Éµ±  ¶·¨ ¤¨´ ³¨Î¥¸±µ³ ·¥£Ê²¨·µ¢ ´¨¨ ¨§³¥´¥´¨Ö ¥£µ ¢¥-
²¨Î¨´Ò ¨ ´ ¶·Ö¦¥´¨Ö ´  ¨§³¥·¨É¥²Ó´µ° µ¡³µÉ±¥: 1 Å Éµ±; 2 Å ´ ¶·Ö¦¥´¨¥

¥³ Ö ¶µ£·¥Ï´µ¸ÉÓ ¨§³¥·¥´¨° µ¸´µ¢´µ° ±·¨¢µ° ´ ³ £´¨Î¨¢ ´¨Ö ´¥ ÌÊ¦¥ 0,5 %.
‚²¨Ö´¨¥ · ¤¨ ²Ó´µ° ´¥µ¤´µ·µ¤´µ¸É¨ · ¸¶·¥¤¥²¥´¨Ö ¶µ²Ö ¢ ±µ²ÓÍ¥¢µ³

µ¡· §Í¥ ´  µÏ¨¡±Ê µ¶·¥¤¥²¥´¨Ö µ ³µ¦´µ µÍ¥´¨ÉÓ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. �·¥¤-
¸É ¢¨³ µ(H) ¢ ¢¨¤¥

µ = µ(0) + µ(1)H +
1
2
µ(2)H2 + . . .

∑
µ(i) Hi

i!
,

£¤¥

µ(i) =
∂iµ

∂Hi

∣∣∣∣
H=0

.

Tµ£¤  ¸ ÊÎ¥Éµ³ (1)

B = µ0µH = µ0

∑
µ(i) H

i+1

i!
= µ0

∑ µ(i)

i!

(
I

2πR

)i+1

.

Œ £´¨É´Ò° ¶µÉµ± Î¥·¥§ ¸¥Î¥´¨¥ µ¡· §Í  · ¢¥´

Φ =

D∫
0

dz

R2∫
R1

BdR = Dµ0
I

2π

(
µ(0) ln

R2

R1
+

∑ µ(i)

ii!

(
I

2π

)i (
1

Ri
1

− 1
Ri

2

))
.
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’µ£¤  ¸·¥¤´ÖÖ ¨´¤Ê±Í¨Ö

B¸· =
Φ

D(R2 − R1)
=

=
µ0I

2π(R2 − R1)

(
µ(0) ln

R2

R1
+

∑ µ(i)

ii!

(
I

2π

)i (
1

Ri
1

− 1
Ri

2

))
.

‘µ£² ¸´µ (4) ¸·¥¤´ÖÖ ´ ¶·Ö¦¥´´µ¸ÉÓ ¶µ²Ö ¢ µ¡· §Í¥ µ¶·¥¤¥²Ö¥É¸Ö ± ±

H¸· =
I

2π(R2 − R1)
ln

R2

R1
,

Éµ£¤  ¢¥²¨Î¨´  µ, ¶µ²ÊÎ ÕÐ Ö¸Ö ¢ ·¥§Ê²ÓÉ É¥ ¨§³¥·¥´¨°, · ¢´ 

µ̃ =
B¸·

µ0H¸·
= µ(0) +

1
ln (R2/R1)

∑ µ(i)

ii!

(
H¸·(R2 − R1)
ln (R2/R1)

)i (
1

Ri
1

− 1
Ri

2

)
.

�¤´ ±µ ¢ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ ¢¥²¨Î¨´  µ, ¸µµÉ¢¥É¸É¢ÊÕÐ Ö H¸·, · ¢´ 

µH = µ(0) +
∑ µ(i)

i!
Hi

¸·.

‘· ¢´¨³ ÔÉ¨ ¢¥²¨Î¨´Ò. „²Ö ÔÉµ£µ · §²µ¦¨³ µ ¢ ·Ö¤ ’¥°²µ·  ¢¡²¨§¨
ÉµÎ±¨ H¸·:

µ(H¸· + ∆H) = µH +
∑

k

µ
(k)
H

∆Hk

k!
,

£¤¥

µ
(k)
H =

∂kµ

∂Hk

∣∣∣∣
H¸·

.

ŠµÔËË¨Í¨¥´ÉÒ µ(i) ´ Ìµ¤ÖÉ¸Ö ± ± ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¶·µ¨§¢µ¤´Ò¥ µ(H¸·+
∆H) ¶·¨ ∆H = −H¸·:

µ(i) = µ
(i)
H +

∑ µ
(i+k)
H

k!
(−H)k.

�µ¸²¥ ¶µ¤¸É ´µ¢µ± µ±µ´Î É¥²Ó´µ ¶µ²ÊÎ ¥³

µ̃ =
∑
k=0

µ
(k)
H

k!
(−H)k+

+
1

ln (R2/R1)

∑
k=1

µ
(k)
H Hk

k∑
i=1

(−1)k−i

ii!(k − i)!

(
R2 − R1

ln (R2/R1)

)i (
1

Ri
1

− 1
Ri

2

)
.
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„²Ö ¨´É¥£· ²Ó´ÒÌ µÍ¥´µ± ¤µ¸É ÉµÎ´µ ¨¸¶µ²Ó§µ¢ ÉÓ É·¨ Î²¥´  · §²µ¦¥´¨Ö:

µ̃ ≈ µ
(0)
H + µ

(1)
H

[
−1 +

1
ln R2

R1

(
R2 − R1

ln R2
R1

) (
1

R1
− 1

R2

)]
H+

+ µ
(2)
H

[
1
2

+
1

ln R2
R1

(
−1
1

(
R2 − R1

ln R2
R1

)(
1

R1
− 1

R2

)
+

+
1
4

(
R2 − R1

ln R2
R1

)2 (
1

R2
1

− 1
R2

2

))]
H2+

+ µ
(3)
H

[
−1

6
+

1
ln R2

R1

(
1
2

(
R2 − R1

ln R2
R1

)(
1

R1
− 1

R2

)
−

− 1
4

(
R2 − R1

ln R2
R1

)2 (
1

R2
1

− 1
R2

2

)
+

1
18

(
R2 − R1

ln R2
R1

)3 (
1

R3
1

− 1
R3

2

))]
H3.

ˆÉµ£µ, ´ ¶·¨³¥·, ¤²Ö É¨¶¨Î´ÒÌ · §³¥·µ¢ Ê¸É ´µ¢±¨ R1 = 16 ³³, R2 = 20 ³³
µÉ´µ¸¨É¥²Ó´ Ö µÏ¨¡±  ∆µ/µ ¸µ¸É ¢²Ö¥É:

• ¤²Ö ¤¨ ¶ §µ´  H < 0,2−0,3 ±�/³ ∆µ/µ � +1%,

• ¤²Ö ¤¨ ¶ §µ´  0,3 < H < 100 ±�/³ ∆µ/µ ≈ −0,2%.

‚µ§³µ¦´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö ±µ²ÓÍ¥¢ÒÌ µ¡· §Íµ¢ ¢ ¶µ²´µ³ É·¥¡Ê¥³µ³
¤¨ ¶ §µ´¥ H , ¢¶²µÉÓ ¤µ ¸µ¸ÉµÖ´¨Ö ¨Ì É¥Ì´¨Î¥¸±µ£µ ´ ¸ÒÐ¥´¨Ö, µ£· ´¨Î¥´ 
´ £·¥¢ ´¨¥³ ´ ³ £´¨Î¨¢ ÕÐ¥° µ¡³µÉ±¨, ¢Ò§Ò¢ ÕÐ¥° ´ £·¥¢ ´¨¥ µ¡· §Í , ¨,
± ± ¸²¥¤¸É¢¨¥, ¶·µÖ¢²¥´¨¥³ É¥³¶¥· ÉÊ·´µ° § ¢¨¸¨³µ¸É¨ ³ £´¨É´µ° ¶·µ´¨Í -
¥³µ¸É¨.

2. Œ…’�„ˆŠ� ˆ‡Œ…�…�ˆ‰ Œ�ƒ�ˆ’�›• ‘‚�‰‘’‚
‘ ˆ‘��‹œ‡�‚��ˆ…Œ –ˆ‹ˆ�„�ˆ—…‘Šˆ• ����‡–�‚

�·¥¤²µ¦¥´´ Ö  ¢Éµ· ³¨ ³¥Éµ¤¨±  ¨§³¥·¥´¨° ³ £´¨É´ÒÌ Ì · ±É¥·¨¸É¨±
Í¨²¨´¤·¨Î¥¸±µ£µ µ¡· §Í  ¡ §¨·Ê¥É¸Ö ´  ¶·¥¤¶µ²µ¦¥´¨¨ ¥£µ µ¤´µ·µ¤´µ£µ ´ -
³ £´¨Î¨¢ ´¨Ö ¢ ³ £´¨É´µ³ ¶µ²¥ Ô²¥±É·µ³ £´¨É , ÎÉµ ¡Ò²µ ¶µ¤É¢¥·¦¤¥´µ
· ¸Î¥É ³¨ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·µ£· ³³´µ£µ ±µ³¶²¥±¸  C�Œ��’ [2]. ƒ�‘’
8.377-80 [1] ¤µ¶Ê¸± ¥É µ¶·¥¤¥²¥´¨¥ ³ £´¨É´ÒÌ Ì · ±É¥·¨¸É¨± ¨ ¶ · ³¥É·µ¢
µ¡· §Íµ¢ ´   ¶¶ · ÉÊ·¥ ¸ · §²¨Î´Ò³¨ ¶·¨´Í¨¶ ³¨ · ¡µÉÒ ¶·¨ Ê¸²µ¢¨¨ µ¡¥¸-
¶¥Î¥´¨Ö ³ £´¨É´ÒÌ ¨§³¥·¥´¨° ¸ É·¥¡Ê¥³Ò³¨ ÉµÎ´µ¸ÉÖ³¨. Œ¥Éµ¤¨±  ¨¸¶ÒÉ -
´¨° µ¸´µ¢ ´a ´  ¨´¤Ê±Í¨µ´´µ-´¥¶·¥·Ò¢´µ³ ³¥Éµ¤¥, µ¶¨¸ ´´µ³ ¢ · §¤. 1.

ˆ§£µÉµ¢²¥´¨¥, µÉ¦¨£ ¨ ³ £´¨É´ Ö ¶µ¤£µÉµ¢±  Í¨²¨´¤·¨Î¥¸±¨Ì µ¡· §Íµ¢
¶·µ¨§¢µ¤ÖÉ¸Ö  ´ ²µ£¨Î´Ò³ ¤²Ö ±µ²ÓÍ¥¢ÒÌ µ¡· §Íµ¢ ¸¶µ¸µ¡µ³. ‘µµÉ´µÏ¥´¨Ö
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· §³¥·µ¢ µ¡· §Íµ¢ µ¶·¥¤¥²¥´Ò ƒ�‘’µ³ 8.268-77. ‹¨´¥°´Ò¥ · §³¥·Ò Í¨-
²¨´¤·¨Î¥¸±¨Ì µ¡· §Íµ¢ µ¡Ê¸²µ¢²¥´Ò §µ´µ° µ¤´µ·µ¤´µ¸É¨ ³ £´¨É´µ£µ ¶µ²Ö,
¸µ§¤ ¢ ¥³µ£µ ¤¨¶µ²Ó´Ò³ ² ¡µ· Éµ·´Ò³ ³ £´¨Éµ³.

‚ ± Î¥¸É¢¥ Ê¸É·µ°¸É¢  ¤²Ö ´ ³ £´¨Î¨¢ ´¨Ö ¨ · §³ £´¨Î¨¢ ´¨Ö µ¡· §Íµ¢
¶·¨³¥´¥´ ¤¨¶µ²Ó´Ò° ² ¡µ· Éµ·´Ò° Ô²¥±É·µ³ £´¨É ¸ ·¥£Ê²¨·Ê¥³Ò³ § §µ·µ³

�¨¸. 4. �¸±¨§ ¨§³¥·¨É¥²Ó-
´µ° µ¸´ ¸É±¨

Model 2H2 (2®High Power Electromagnet System2¯
Horizontal H-Frame Magnet, Applied Magnetics Lab-
oratory Inc., Baltimore, MD21209, USA). Šµ´¸É·Ê±-
Í¨Ö ¶µ²Õ¸´ÒÌ ´ ±µ´¥Î´¨±µ¢ ³ £´¨É  ¨ ¨§³¥·¨-
É¥²Ó´ Ö µ¸´ ¸É±  (¸³. ·¨¸. 4) µ¡¥¸¶¥Î¨¢ ÕÉ ¶²µÉ-
´µ¥ § ¦ É¨¥ µ¡· §Í  ¡¥§ ¥£µ ¶µ¢·¥¦¤¥´¨Ö. ‚´¥Ï-
´¨° ¢¨¤ ² ¡µ· Éµ·´µ£µ ³ £´¨É  ¸ ¨§³¥·¨É¥²Ó´µ°
µ¸´ ¸É±µ° ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 5. ‘Ì¥³  ¨§³¥·¨-
É¥²Ó´µ° Ê¸É ´µ¢±¨ ¶·¨¢¥¤¥´  ´  ·¨¸. 6. �Éµ ±² ¸-
¸¨Î¥¸± Ö ¸Ì¥³  ¶¥·³¥ ³¥É·  [5, 6] Å Ê¸É·µ°¸É¢ 
¤²Ö ¨§³¥·¥´¨Ö ³ £´¨É´ÒÌ Ì · ±É¥·¨¸É¨± µ¡· §Íµ¢
· §µ³±´ÊÉµ° Ëµ·³Ò (¢ ¤ ´´µ³ Î ¸É´µ³ ¸²ÊÎ ¥ Í¨-
²¨´¤·µ¢), ¶µ¸É·µ¥´´µ£µ ´  ¡ §¥ ¤¨¶µ²Ó´µ£µ ² ¡µ-
· Éµ·´µ£µ ³ £´¨É , ¸µ¤¥·¦ Ð¥£µ ¶µ¤¢¨¦´Ò¥ ¶µ-
²Õ¸´Ò¥ ´ ±µ´¥Î´¨±¨. ˆ¸¶ÒÉÊ¥³Ò° µ¡· §¥Í ¸µ¸É -
¢²Ö¥É ¸ Ö·³µ³ Ô²¥±É·µ³ £´¨É  § ³±´ÊÉÊÕ ³ £´¨É-
´ÊÕ Í¥¶Ó. ‚ ´¥¶µ¸·¥¤¸É¢¥´´µ° ¡²¨§µ¸É¨ ± µ¡· §ÍÊ
´ Ìµ¤ÖÉ¸Ö Ê¸É·µ°¸É¢  ¤²Ö ¨§³¥·¥´¨Ö ¨´¤Ê±Í¨¨ B ¨
´ ¶·Ö¦¥´´µ¸É¨ H ³ £´¨É´µ£µ ¶µ²Ö ¢ µ¡· §Í¥. ˆ´-
¤Ê±Í¨Õ µ¶·¥¤¥²ÖÕÉ ¸ ¶µ³µÐÓÕ ¨§³¥·¨É¥²Ó´µ° µ¡-
³µÉ±¨, ´ ¶·Ö¦¥´´µ¸ÉÓ ¸ ¶µ³µÐÓÕ ´¥¸±µ²Ó±¨Ì ¶·¥-
µ¡· §µ¢ É¥²¥° •µ²² , Ê¸É ´µ¢²¥´´ÒÌ ´  · §²¨Î´ÒÌ
· ¸¸ÉµÖ´¨ÖÌ µÉ µ¸¨ Í¨²¨´¤·¨Î¥¸±µ£µ µ¡· §Í .

‚ ± Î¥¸É¢¥ ¸·¥¤¸É¢  ¨§³¥·¥´¨Ö ¨´¤Ê±Í¨¨ ³ £-
´¨É´µ£µ ¶µ²Ö ¨¸¶µ²Ó§Ê¥É¸Ö ¨§³¥·¨É¥²Ó´ Ö ± ÉÊÏ± ,

´ ³µÉ ´´ Ö ´  ¶µ²Ò° Í¨²¨´¤·¨Î¥¸±¨° ¨§µ²ÖÍ¨µ´´Ò° ± ·± ¸ Éµ²Ð¨´µ°
0,1 ³³, ±µÉµ·Ò° ¢³¥¸É¥ ¸ ± ÉÊÏ±µ° Ë¨±¸¨·Ê¥É¸Ö ¢ ¨§³¥·¨É¥²Ó´µ° µ¸´ ¸É±¥
(·¨¸. 4). ˆ§³¥·¨É¥²Ó´ Ö ± ÉÊÏ±  ±µ·µÎ¥ µ¡· §Í  ¢ ¤¢  · §  ¨ · ¸¶µ² £ ¥É¸Ö
¢³¥¸É¥ ¸ ± ·± ¸µ³ ´  ¥£µ ¡µ±µ¢µ° ¶µ¢¥·Ì´µ¸É¨ ¸¨³³¥É·¨Î´µ µÉ´µ¸¨É¥²Ó´µ
¶µ²Õ¸´ÒÌ ¶µ¢¥·Ì´µ¸É¥° Ô²¥±É·µ³ £´¨É  É ±¨³ µ¡· §µ³, ÎÉµ ¥¥ µ¸Ó ¸µ¢¶ ¤ ¥É
¸ ´ ¶· ¢²¥´¨¥³ ³ £´¨É´µ£µ ¶µ²Ö.

‚ ± Î¥¸É¢¥ ¸·¥¤¸É¢ ¨§³¥·¥´¨Ö ´ ¶·Ö¦¥´´µ¸É¨ ³ £´¨É´µ£µ ¶µ²Ö ¨¸¶µ²Ó§µ-
¢ ´Ò ¤ ÉÎ¨±¨ •µ²²  KSY44 (Inˇneon Technologies, ƒ¥·³ ´¨Ö), µ¡¥¸¶¥Î¨¢ Õ-
Ð¨¥ ¶µ£·¥Ï´µ¸ÉÓ ¨§³¥·¥´¨Ö ¢ · ¸¸³ É·¨¢ ¥³µ³ ¤¨ ¶ §µ´¥ ´¥ ÌÊ¦¥ ±0,2 %.
Š ²¨¡·µ¢±  ¤ ÉÎ¨±µ¢ •µ²² , ¨³¥ÕÐ¨Ì ¶· ±É¨Î¥¸±¨ ²¨´¥°´ÊÕ ± ²¨¡·µ¢µÎ-
´ÊÕ ±·¨¢ÊÕ, ¶·µ¢µ¤¨² ¸Ó ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ŸŒ�-¤ ÉÎ¨±  ¨ Ê¶µ³Ö´ÊÉµ£µ
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¢ÒÏ¥ ² ¡µ· Éµ·´µ£µ ³ £´¨É , ±µÉµ·Ò° µ¡¥¸¶¥Î¨¢ ² µ¤´µ·µ¤´µ¸ÉÓ ³ £´¨É´µ£µ
¶µ²Ö ¢ ³¥¸É¥ · §³¥Ð¥´¨Ö ¤ ÉÎ¨±µ¢ ´¥ ÌÊ¦¥ 0,02Ä0,03 %. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¨§³¥-
·¨É¥²Ó ³ £´¨É´µ° ¨´¤Ê±Í¨¨ ˜1-9 ´  µ¸´µ¢¥ ŸŒ� [4] µ¡¥¸¶¥Î¨¢ ¥É ¶µ£·¥Ï-
´µ¸ÉÓ ¨§³¥·¥´¨°, ´¥ ¶·¥¢ÒÏ ÕÐÊÕ 0,01Ä0,04 %.

�¨¸. 5. ‚´¥Ï´¨° ¢¨¤ ² ¡µ· Éµ·´µ£µ ³ £´¨É  ¸ ¨§³¥·¨É¥²Ó´µ° µ¸´ ¸É±µ°

�¨¸. 6. ‘Ì¥³  ³ £´¨Éµ¨§³¥·¨É¥²Ó´µ° Ê¸É ´µ¢±¨ ¸ Í¨²¨´¤·¨Î¥¸±¨³ µ¡· §Íµ³

ˆ¸¶µ²Ó§µ¢ ´¨¥ ¤¨¶µ²Ó´µ£µ ² ¡µ· Éµ·´µ£µ ³ £´¨É  ¤²Ö ´ ³ £´¨Î¨¢ ´¨Ö
Í¨²¨´¤·¨Î¥¸±¨Ì µ¡· §Íµ¢ ¶µ§¢µ²Ö¥É ¶·µ¢µ¤¨ÉÓ ¨§³¥·¥´¨Ö ¤µ ´ ¶·Ö¦¥´´µ¸É¨
³ £´¨É´µ£µ ¶µ²Ö H = 600 ±�/³ (¨²¨ B ≈ 3 ’²) ¤²Ö ¸É ²¨ 8.
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‘¶µ¸µ¡ ¨§³¥·¥´¨Ö ´ ¶·Ö¦¥´´µ¸É¨ ³ £´¨É´µ£µ ¶µ²Ö H ¢ µ¡· §Í¥ ¡ §¨-
·Ê¥É¸Ö ´  ¸¢µ°¸É¢¥ ³ £´¨É´µ£µ ¶µ²Ö, ¸µ£² ¸´µ ±µÉµ·µ³Ê ± ¸ É¥²Ó´ Ö ¸µ¸É ¢-

�¨¸. 7. ‚´¥Ï´¨° ¢¨¤ ¨§³¥·¨É¥²Ó-
´µ£µ Ê¸É·µ°¸É¢  ¨§ É·¥Ì ¤ ÉÎ¨±µ¢
•µ²² , · ¸¶µ²µ¦¥´´ÒÌ ´  ³¥¤´µ°
Ï °¡¥

²ÖÕÐ Ö ¢¥±Éµ·  ´ ¶·Ö¦¥´´µ¸É¨ ³ £´¨É-
´µ£µ ¶µ²Ö Hτ ´  £· ´¨Í¥ · §¤¥²  ¸·¥¤
¸µÌ· ´Ö¥É ¸¢µ¥ §´ Î¥´¨¥ [7]. ‚ ¸¨²Ê
¸¨³³¥É·¨¨ ¨§³¥·¨É¥²Ó´µ° Ê¸É ´µ¢±¨ ¶µ²¥
´  ¶²µ¸±µ¸É¨ ¸¨³³¥É·¨¨ (¶·µÌµ¤ÖÐ¥° Î¥-
·¥§ Í¥´É· ²Ó´µ¥ ¸¥Î¥´¨¥ µ¡· §Í ) ¨³¥¥É
Éµ²Ó±µ µ¤´Ê ¶·µ¤µ²Ó´ÊÕ ¸µ¸É ¢²ÖÕÐÊÕ,
± ¸ É¥²Ó´ÊÕ ± ¡µ±µ¢µ° Í¨²¨´¤·¨Î¥¸±µ°
¶µ¢¥·Ì´µ¸É¨ µ¡· §Í . � ¸¶µ² £ Ö ¤ ÉÎ¨±
³ £´¨É´µ£µ ¶µ²Ö (µ¤´µ±µ³¶µ´¥´É´Ò° ¤ É-
Î¨± •µ²² , ¸³. ·¨¸. 7) ¢¡²¨§¨ ¶µ¢¥·Ì´µ-
¸É¨ Í¨²¨´¤·¨Î¥¸±µ£µ µ¡· §Í  ¢ ¶²µ¸±µ-
¸É¨ ¸¨³³¥É·¨¨ ¶ · ²²¥²Ó´µ ÔÉµ° ¶²µ¸±µ-
¸É¨ (É ±, ÎÉµ¡Ò µ´ ¨§³¥·Ö² ¶·µ¤µ²Ó´ÊÕ
±µ³¶µ´¥´ÉÊ ¶µ²Ö), ³µ¦´µ ¶µ²ÊÎ¨ÉÓ §´ -
Î¥´¨¥ H ´  £· ´¨Í¥ µ¡· §Í . �µ¸±µ²Ó±Ê

¶µ²¥ ¢ µ¡· §Í¥ ¢ ¶²µ¸±µ¸É¨ ¸¨³³¥É·¨¨ ³µ¦´µ ¸ ¤µ¸É ÉµÎ´µ° ÉµÎ´µ¸ÉÓÕ ¸Î¨-
É ÉÓ µ¤´µ·µ¤´Ò³ (Î¨¸²¥´´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶µ± § ²¨, ÎÉµ ÔÉµ ·¥ ²¨§Ê¥É¸Ö

�¨¸. 8. � ¸ÎeÉ´µ¥ · ¸¶·¥¤¥²¥´¨¥ ´ -
¶·Ö¦e´´µ¸É¨ ³ £´¨É´µ£µ ¶µ²Ö ¢ Í¥´É· ²Ó-
´µ³ ¸¥Î¥´¨¨ ¢ ¸²ÊÎ ¥ ³ ²µ£µ Ê·µ¢´Ö ¶µ²Ö
¶·¨ · §²¨Î´ÒÌ ¢¥²¨Î¨´ Ì § §µ·  ³¥¦¤Ê
µ¡· §Íµ³ ¨ ¶µ²Õ¸µ³ ³ £´¨É 

¸ ÉµÎ´µ¸ÉÓÕ ∼ 10−4), Éµ §´ Î¥´¨¥
H ´  £· ´¨Í¥ ³µ¦´µ ¸Î¨É ÉÓ ¸·¥¤-
´¨³ ¢ µ¡· §Í¥. �¤´ ±µ ÎÊ¢¸É¢¨É¥²Ó-
´ Ö §µ´  ¤ ÉÎ¨±  •µ²²  ¨³¥¥É ±µ-
´¥Î´Ò¥ · §³¥·Ò. Š·µ³¥ Éµ£µ, ³¥¦¤Ê
¤ ÉÎ¨±µ³ ¨ µ¡· §Íµ³ ¥¸ÉÓ µ¶·¥¤¥-
²¥´´Ò° É¥Ì´µ²µ£¨Î¥¸±¨° § §µ·. �µ-
ÔÉµ³Ê ¶µ²¥ ´¥ ³µ¦¥É ¡ÒÉÓ ¨§³¥-
·¥´µ ´¥¶µ¸·¥¤¸É¢¥´´µ ¢¡²¨§¨ £· -
´¨ÍÒ,   Éµ²Ó±µ ´  ´¥±µÉµ·µ³ µÉ-
¤ ²¥´¨¨. —¨¸²¥´´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ,
¢Ò¶µ²´¥´´Ò¥ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ±µ³-
¶²¥±¸  ¶·µ£· ³³ COMPOT [2], ¶µ-
± § ²¨, ÎÉµ ´  · ¸¸ÉµÖ´¨¨ 1 ³³ µÉ
¶µ¢¥·Ì´µ¸É¨ µ¡· §Í  ¶µ²¥ ¢µ§· ¸É ¥É
´  1Ä5 % ¢ § ¢¨¸¨³µ¸É¨ µÉ ´ ¸Ò-
Ð¥´¨Ö µ¡· §Í  (Î¥³ ³¥´ÓÏ¥ ¶µ²¥
¨ Î¥³ ¡µ²ÓÏ¥ ³ £´¨É´ Ö ¶·µ´¨Í ¥-
³µ¸ÉÓ µ¡· §Í , É¥³ ¡µ²ÓÏ¥ ´¥µ¤´µ-
·µ¤´µ¸ÉÓ ¶µ²Ö ¢¡²¨§¨ µ¡· §Í ), ¶·¨-
Î¥³ ¶·¨ ¨¤¥ ²Ó´µ³ ±µ´É ±É¥ µ¡· §Í 

¸ ¶µ²Õ¸ ³¨ ³ £´¨É  ¢ ³¥¸É¥ § ¦¨³ . …¸²¨ ¦¥ ¨³¥¥É¸Ö ÌµÉÖ ¡Ò ´¥¡µ²ÓÏµ°
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§ §µ·, ´¥µ¤´µ·µ¤´µ¸ÉÓ ¶µ²Ö ¢µ§· ¸É ¥É ´  ¶µ·Ö¤±¨. ‚ Î ¸É´µ¸É¨, ¶·¨ § §µ·¥
25 ³±³ ·µ¸É ¶µ²Ö ´  · ¸¸ÉµÖ´¨¨ 1 ³³ ¸µ¸É ¢²Ö¥É ∼ 200 %. �  ·¨¸. 8, 9 ¢
± Î¥¸É¢¥ ¶·¨³¥·  ¶·¨¢¥¤¥´Ò · ¸Î¥É´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ´ ¶·Ö¦e´´µ¸É¨ ³ £-
´¨É´µ£µ ¶µ²Ö ¨  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´Ò ³ £´¨É´µ° ¨´¤Ê±Í¨¨ ¢ § ¢¨¸¨³µ¸É¨ µÉ
· ¤¨Ê¸  ¶·¨ · §²¨Î´ÒÌ Ê·µ¢´ÖÌ ¶µ²Ö ¨ ¶·¨ · §²¨Î´ÒÌ § §µ· Ì ³¥¦¤Ê µ¡· §-
Íµ³ ¨ ¶µ²Õ¸ ³¨ ³ £´¨É .

�¨¸. 9. � ¸Î¥É´µ¥ · ¸¶·¥¤¥²¥´¨¥  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´Ò ³ £´¨É´µ° ¨´¤Ê±Í¨¨ B (±ƒ¸)
¢ ¢¥·É¨± ²Ó´µ³ ¸¥Î¥´¨¨ ¶µ µ¸¨ ¸¨³³¥É·¨¨ µ¡· §Í  I = 0,02 ±A ¡¥§ § §µ· 

�  µ¸´µ¢ ´¨¨ Î¨¸²¥´´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¡Ò²¨ ¸¤¥² ´Ò ¢Ò¢µ¤Ò:
1) ´¥µ¤´µ·µ¤´µ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö ´ ¶·Ö¦e´´µ¸É¨ ³ £´¨É´µ£µ ¶µ²Ö ¢ § ¢¨-

¸¨³µ¸É¨ µÉ · ¸¸ÉµÖ´¨Ö ¤µ µ¡· §Í  ¢µ§· ¸É ¥É ± ± ¶·¨ Ê³¥´ÓÏ¥´¨¨ ¢¥²¨Î¨´Ò
¶µ²Ö ¨ Ê¢¥²¨Î¥´¨¨ ³ £´¨É´µ° ¶·µ´¨Í ¥³µ¸É¨ µ¡· §Í , É ± ¨ ¶·¨ Ê¢¥²¨Î¥´¨¨
§ §µ·  ³¥¦¤Ê µ¡· §Íµ³ ¨ ¶µ²Õ¸ ³¨ ³ £´¨É ;

2) ÔÉµ · ¸¶·¥¤¥²¥´¨¥ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° £² ¤±ÊÕ ±·¨¢ÊÕ, ÔËË¥±É¨¢´µ
µ¶¨¸Ò¢ ÕÐÊÕ¸Ö ¢¡²¨§¨ £· ´¨ÍÒ µ¡· §Í  ¸É¥¶¥´´Ò³ ¶µ²¨´µ³µ³ ³ ²µ£µ ¶µ-
·Ö¤± .

ˆ§ ¶¥·¢µ£µ ¢Ò¢µ¤  ¸²¥¤Ê¥É µ£· ´¨Î¥´´µ¸ÉÓ ¸´¨§Ê ¤µ¶Ê¸É¨³µ£µ ¤¨ ¶ §µ´ 
´ ³ £´¨Î¨¢ ÕÐ¥£µ ¶µ²Ö,   É ±¦¥ É·¥¡µ¢ ´¨¥ ³ ±¸¨³ ²Ó´µ ¶²µÉ´µ£µ ±µ´É ±É 
µ¡· §Í  ¸ ¶µ²Õ¸ ³¨.
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ˆ§ ¢Éµ·µ£µ ¢Ò¢µ¤  ¢ÒÉ¥± ¥É ¢µ§³µ¦´µ¸ÉÓ Ô±¸É· ¶µ²ÖÍ¨¨ §´ Î¥´¨Ö ¶µ²Ö
´  ¶µ¢¥·Ì´µ¸ÉÓ Í¨²¨´¤·¨Î¥¸±µ£µ µ¡· §Í  ¶µ ¢¥²¨Î¨´ ³ ¶µ²Ö, ¨§³¥·¥´´Ò³
¢ ´¥¸±µ²Ó±¨Ì ÉµÎ± Ì ´  · §²¨Î´ÒÌ · ¸¸ÉµÖ´¨ÖÌ µÉ ¡µ±µ¢µ° ¶µ¢¥·Ì´µ¸É¨
µ¡· §Í .

�·¨´Ö¢ ±µ²¨Î¥¸É¢µ ÉµÎ¥± ¨§³¥·¥´¨Ö · ¢´Ò³ É·¥³, ¶·µÍ¥¤Ê·Ê Ô±¸É· ¶µ²Ö-
Í¨¨ ³µ¦´µ µ¶·¥¤¥²¨ÉÓ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. �Ê¸ÉÓ d1, d2, d3 Å · ¸¸ÉµÖ´¨Ö µÉ
ÉµÎ¥± ¨§³¥·¥´¨Ö (Í¥´É·µ¢ ÎÊ¢¸É¢¨É¥²Ó´ÒÌ §µ´ ¤ ÉÎ¨±µ¢ ³ £´¨É´µ£µ ¶µ²Ö) ¤µ
¶µ¢¥·Ì´µ¸É¨ µ¡· §Í ; H1, H2, H3 Å ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¶µ± § ´¨Ö ¤ ÉÎ¨±µ¢.
�·¨³¥³ ¶µ²¨´µ³¨ ²Ó´Ò° (¢ ¤ ´´µ³ ¸²ÊÎ ¥ ±¢ ¤· É¨Î´Ò°) § ±µ´ ¨§³¥´¥´¨Ö
¶µ²Ö µÉ · ¸¸ÉµÖ´¨Ö

Hi = H0 + Adi + Bd2
i , i = 1, 2, 3.

’µ£¤  §´ Î¥´¨Ö H0 ´  £· ´¨Í¥ µ¡· §Í  ´ Ìµ¤ÖÉ¸Ö ¶ÊÉe³ ·¥Ï¥´¨Ö ¶µ²ÊÎ¨¢-
Ï¥°¸Ö ²¨´¥°´µ° ¸¨¸É¥³Ò É·¥Ì Ê· ¢´¥´¨° (µÉ´µ¸¨É¥²Ó´µ ´¥¨§¢¥¸É´ÒÌ H0, A
¨ B).

�Í¥´±¨ ¶µ± §Ò¢ ÕÉ, ÎÉµ ¶·¨³¥´¥´¨¥ ¶µ¤µ¡´µ° Ô±¸É· ¶µ²ÖÍ¨µ´´µ° ¶·µ-
Í¥¤Ê·Ò ¶µ§¢µ²Ö¥É ¸´¨§¨ÉÓ ¶·¥¤¥²Ó´ÊÕ (³¨´¨³ ²Ó´ÊÕ) ¢¥²¨Î¨´Ê ¨´¤Ê±Í¨¨ ¸
1,9 ¤µ 1,5 ’² (H ≈ 1 ±�/³) ¶·¨ µ¡¥¸¶¥Î¥´¨¨ ÉµÎ´µ¸É¨ ∼ 0,5 %. ’·¨ ¤ ÉÎ¨± 
•µ²²  · ¸¶µ² £ ÕÉ¸Ö ¢ ¨§³¥·¨É¥²Ó´µ° µ¸´ ¸É±¥ ¢ £µ·¨§µ´É ²Ó´µ° ¶²µ¸±µ¸É¨
(¸³. ·¨¸. 7) ¸¨³³¥É·¨Î´µ µÉ´µ¸¨É¥²Ó´µ ¶µ²Õ¸´ÒÌ ¶µ¢¥·Ì´µ¸É¥° Ô²¥±É·µ³ £-
´¨É .

�·¨ µ¡· ¡µÉ±¥ ·¥§Ê²ÓÉ Éµ¢ ¨§³¥·¥´¨° ¨´¤Ê±Í¨¨ ³ £´¨É´µ£µ ¶µ²Ö ¨§³¥-
·¨É¥²Ó´µ° ± ÉÊÏ±µ° ´  Í¨²¨´¤·¨Î¥¸±¨Ì µ¡· §Í Ì ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ ´ -
²¨Î¨¥ ³ £´¨É´µ£µ ¶µÉµ±  ¢ § §µ·¥ ³¥¦¤Ê ¡µ±µ¢µ° ¶µ¢¥·Ì´µ¸ÉÓÕ µ¡· §Í  ¨
¨§³¥·¨É¥²Ó´µ° µ¡³µÉ±µ°. ‘ ÊÎeÉµ³ ÔÉµ£µ

B =
Φ¨§³

πR2
− µ0H

2∆R

R
,

£¤¥ B, H Å ¨´¤Ê±Í¨Ö ¨ ´ ¶·Ö¦¥´´µ¸ÉÓ ³ £´¨É´µ£µ ¶µ²Ö ¢ Í¨²¨´¤·¨Î¥¸±µ³
µ¡· §Í¥; R Å · ¤¨Ê¸ Í¨²¨´¤·¨Î¥¸±µ£µ µ¡· §Í , (R + ∆R) Å ÔËË¥±É¨¢´Ò°
· ¤¨Ê¸ ¨§³¥·¨É¥²Ó´µ° µ¡³µÉ±¨, ±µÉµ·Ò° µ¶·¥¤¥²Ö¥É¸Ö ¶µ ·¥§Ê²ÓÉ É ³ ³ £-
´¨É´ÒÌ ¨§³¥·¥´¨° ¢ µÉ¸ÊÉ¸É¢¨¥ µ¡· §Í  ¢ ¢µ§¤ÊÏ´µ³ § §µ·¥ Ô²¥±É·µ³ £´¨É 
¨§ Ê¸²µ¢¨Ö B = µ0H ¢ ¢µ§¤ÊÌ¥; Φ¨§³ Å ¨§³¥·¥´´Ò° ³ £´¨É´Ò° ¶µÉµ±.

„µ¸Éµ¢¥·´µ¸ÉÓ ¶µ± § ´¨° ¨§³¥·¨É¥²Ó´µ°  ¶¶ · ÉÊ·Ò ¶¥·¥¤ ´ Î ²µ³ ¨§-
³¥·¥´¨° ±µ´É·µ²¨·Ê¥É¸Ö ¶ÊÉ¥³ ¨§³¥·¥´¨Ö ³ £´¨É´µ° ¶·µ´¨Í ¥³µ¸É¨ ¢µ§¤ÊÌ 
(¢ µÉ¸ÊÉ¸É¢¨¥ µ¡· §Í ), · ¢´µ° ¶µ µ¶·¥¤¥²¥´¨Õ ¥¤¨´¨Í¥.

� §³ £´¨Î¨¢ ´¨¥, ¢Ò¤¥·¦±  ¨ ³ £´¨É´ Ö ¶µ¤£µÉµ¢±  Í¨²¨´¤·¨Î¥¸±¨Ì µ¡· §-
Íµ¢ µ¸ÊÐ¥¸É¢²ÖÕÉ¸Ö É¥³ ¦¥ ¸¶µ¸µ¡µ³, ÎÉµ ¨ ¤²Ö ±µ²ÓÍ¥¢ÒÌ µ¡· §Íµ¢. �¦¨-
¤ ¥³ Ö ¶µ£·¥Ï´µ¸ÉÓ ³ £´¨É´ÒÌ ¨§³¥·¥´¨° ¡Ò²  µÍ¥´¥´  ¢ 0,5 %.
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3. ���ƒ��ŒŒ��… ��…‘�…—…�ˆ… ˆ‡Œ…�ˆ’…‹œ��ƒ�
Š�Œ�‹…Š‘�

„²Ö Ê¶· ¢²¥´¨Ö  ¶¶ · É´µ-¶·µ£· ³³´Ò³ ±µ³¶²¥±¸µ³ · §· ¡µÉ ´µ ¸¶¥-
Í¨ ²Ó´µ¥ ¶·µ£· ³³´µ¥ µ¡¥¸¶¥Î¥´¨¥, ·¥ ²¨§ÊÕÐ¥¥ ¢¸¥ µ¶¨¸ ´´Ò¥ ¢ÒÏ¥ ·¥-
¦¨³Ò · ¡µÉÒ. �·µ£· ³³Ò PERMEABILITY-1 ¨ PERMEABILITY-2 µ·¨¥´-
É¨·µ¢ ´Ò ´  · ¡µÉÊ ¸ ±µ²ÓÍ¥¢Ò³¨ ¨ ¸ Í¨²¨´¤·¨Î¥¸±¨³¨ µ¡· §Í ³¨ ¸µµÉ¢¥É-
¸É¢¥´´µ. �·µ£· ³³Ò ¸´ ¡¦¥´Ò ¶µ¤·µ¡´Ò³ ·Ê±µ¢µ¤¸É¢µ³ ¶µ²Ó§µ¢ É¥²Ö [10].
�·µ£· ³³´µ¥ µ¡¥¸¶¥Î¥´¨¥ · §· ¡µÉ ´µ ¢ ¸·¥¤¥ Borland Delphi, · ¡µÉ ¥É ¶µ¤
Ê¶· ¢²¥´¨¥³ Windows 9x ¨ ¢ÒÏ¥, ¶·¥¤¸É ¢²ÖÖ ¸µ¡µ° ³´µ£µ¶µÉµÎ´µ¥ · §´µ-
¶·¨µ·¨É¥É´µ¥ Win32-¶·¨²µ¦¥´¨¥. �  ·¨¸. 2, 3, 10 ¢ ± Î¥¸É¢¥ ¶·¨³¥·  ¶·¥¤-
¸É ¢²¥´ ¢´¥Ï´¨° ¢¨¤ ·Ö¤  ± ¤·µ¢ ¢Ò¤ Î¨ ·¥§Ê²ÓÉ Éµ¢ ¢ £· Ë¨Î¥¸±µ° Ëµ·³¥
¶·µ£· ³³  ¢Éµ³ É¨§ Í¨¨ ¸¨¸É¥³Ò ¨§³¥·¥´¨Ö ³ £´¨É´ÒÌ ¸¢µ°¸É¢ Ë¥··µ³ £-
´¨É´ÒÌ ³ É¥·¨ ²µ¢.

�¨¸. 10. �·µ£· ³³  PERMEABILITY-1, µ±´µ ·¥§Ê²ÓÉ É  ¨§³¥·¥´¨°, É¨¶¨Î´ Ö Ëµ·³ 
¶¥É²¨ £¨¸É¥·¥§¨¸ 

�·µ£· ³³Ò ¶µ§¢µ²ÖÕÉ ± ± ¶·µ¢¥¤¥´¨¥ ¶µÏ £µ¢ÒÌ ¨§³¥·¥´¨°, ¤²Ö ÊÉµÎ-
´¥´¨Ö ¶ · ³¥É·µ¢ ¨§³¥·¨É¥²Ó´µ£µ ¶·µÍ¥¸¸   ¢Éµ³ É¨Î¥¸±¨ § ¶µ³¨´ Ö ¨Ì ¢
Ë °² Ì Ï ¡²µ´µ¢, É ± ¨ ¶µ²´µ¸ÉÓÕ  ¢Éµ³ É¨§¨·µ¢ ÉÓ Í¨±² ¨§³¥·¥´¨° ¸¢µ°¸É¢
³ É¥·¨ ²  (· ¡µÉ  ¸ ¶ ±¥Éµ³ Ï ¡²µ´µ¢). ‚µ§³µ¦´µ¸ÉÓ ¤¨´ ³¨Î¥¸±µ£µ ·¥£Ê-
²¨·µ¢ ´¨Ö ¸±µ·µ¸É¨ ¨§³¥´¥´¨Ö Éµ±  ¢ ³ £´¨É´µ° ¸¨¸É¥³¥ ¶µ§¢µ²Ö¥É ¸µ±· -
É¨ÉÓ µ¡Ð¥¥ ¢·¥³Ö ¨§³¥·¨É¥²Ó´µ£µ ¶·µÍ¥¸¸ . �¥·¥¤ ¨§³¥·¥´¨¥³  ¢Éµ³ É¨Î¥¸±¨
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¶·µ¨§¢µ¤¨É¸Ö ³ £´¨É´ Ö ¶µ¤£µÉµ¢±  µ¡· §Í . ˆ³¥ÕÉ¸Ö Ï¨·µ±¨¥ ¢µ§³µ¦´µ¸É¨
¶µ¸ÉµÖ´´µ£µ ¢¨§Ê ²Ó´µ£µ ±µ´É·µ²Ö ´ ¤ Ëµ·³µ° ¨ Ê·µ¢´Ö³¨ ¸¨£´ ²µ¢. �¥·¥¤
´ Î ²µ³ ¨ ¶µ µ±µ´Î ´¨¨ Í¨±²  ¨§³¥·¥´¨° µ¡· §¥Í  ¢Éµ³ É¨Î¥¸±¨ · §³ £´¨-
Î¨¢ ¥É¸Ö.

” °²Ò ¢ÒÌµ¤´µ° ¨´Ëµ·³ Í¨¨  ¢Éµ³ É¨§¨·µ¢ ´´µ£µ ±µ³¶²¥±¸  ³ £´¨É-
´ÒÌ ¨§³¥·¥´¨° ¨¸¶µ²Ó§ÊÕÉ¸Ö ¤²Ö ¶µ¸É·µ¥´¨Ö ¸£² ¦¥´´ÒÌ § ¢¨¸¨³µ¸É¥° B(H),
µ(H), µ(B) ¨ ¤·., ¢¨§Ê ²¨§¨·ÊÕÉ¸Ö ¨ ¢´µ¸ÖÉ¸Ö ¢ ¡ §Ê ¤ ´´ÒÌ ¸¢µ°¸É¢ ³ £´¨É-
´ÒÌ ³ É¥·¨ ²µ¢. ‚ ¤ ²Ó´¥°Ï¥³ ¡ §  ¤ ´´ÒÌ ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö Î¨¸²¥´´µ£µ
³µ¤¥²¨·µ¢ ´¨Ö ³ £´¨É´µ£µ ¶µ²Ö · §²¨Î´ÒÌ ³ £´¨É´ÒÌ ¸¨¸É¥³ ¸ ¨¸¶µ²Ó§µ¢ -
´¨¥³ ±µ³¶²¥±¸µ¢ ¶·µ£· ³³ COMPOT [2], KLONDIKE [3].

4. ‚›‚�„›

�·¥¤²µ¦¥´  ³¥Éµ¤¨±  ¨§³¥·¥´¨° ¸¢µ°¸É¢ Ë¥··µ³ £´¨É´ÒÌ ³ É¥·¨ ²µ¢
¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Í¨²¨´¤·¨Î¥¸±¨Ì µ¡· §Íµ¢, ÔËË¥±É¨¢´ Ö ¶·¨ ¨§³¥·¥´¨ÖÌ

�¨¸. 11. ‘¥³¥°¸É¢µ ¸¨³³¥É·¨Î´ÒÌ (Ê¸É ´µ¢¨¢-
Ï¨Ì¸Ö) ¶¥É¥²Ó £¨¸É¥·¥§¨¸ , ±µÔ·Í¨É¨¢´ Ö ¸¨² 
¶µ ¨´¤Ê±Í¨¨ ¶² ¢±¨ º 902908 ¸µ¸É ¢²Ö¥É Hc

∼=
190 �/³

¢ µ¡² ¸É¨ ¡µ²ÓÏ¨Ì §´ Î¥´¨°
³ £´¨É´µ° ¨´¤Ê±Í¨¨ (¸²ÊÎ °
¸¨²Ó´µ£µ ´ ¸ÒÐ¥´¨Ö Ë¥··µ-
³ £´¥É¨± ). �·¨¢¥¤¥´µ µ¡µ¸´µ-
¢ ´¨¥ ³¥Éµ¤¨±¨ ¸ ¶·¨¢²¥Î¥-
´¨¥³ ¶·¥Í¨§¨µ´´µ£µ Î¨¸²¥´´µ£µ
³µ¤¥²¨·µ¢ ´¨Ö ¶·µ¸É· ´¸É¢¥´-
´µ° ± ·É¨´Ò ³ £´¨Éµ¸É É¨Î¥-
¸±µ£µ ¶µ²Ö ¢ ¨§³¥·¨É¥²Ó´µ°
Ê¸É ´µ¢±¥.

‘¨´É¥§ ¶·¥¤²µ¦¥´´µ£µ ¶µ¤-
Ìµ¤  ¨ ¸É ´¤ ·É´µ° ³¥Éµ¤¨±¨,
¡ §¨·ÊÕÐ¥°¸Ö ´  ¨¸¶µ²Ó§µ¢ -
´¨¨ ±µ²ÓÍ¥¢ÒÌ µ¡· §Íµ¢, ¶µ-
§¢µ²¨² µÌ¢ É¨ÉÓ ¢¥¸Ó §´ Î¨³Ò°
¤¨ ¶ §µ´ ¨´¤Ê±Í¨¨ ¨ µÍ¥´¨ÉÓ
ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨Ö µ¸´µ¢´µ°
±·¨¢µ° ´ ³ £´¨Î¨¢ ´¨Ö.

� §· ¡µÉ ´´ Ö É¥Ì´µ²µ£¨Ö
¨§³¥·¥´¨Ö ¸¢µ°¸É¢ ³ £´¨É´ÒÌ
³ É¥·¨ ²µ¢ ¶µ§¢µ²Ö¥É ¢ §´ Î¨-

É¥²Ó´µ° ¸É¥¶¥´¨  ¢Éµ³ É¨§¨·µ¢ ÉÓ ¶·µÍ¥¸¸ ¶µ²ÊÎ¥´¨Ö µ¸´µ¢´µ° ±·¨¢µ° ´ -
³ £´¨Î¨¢ ´¨Ö, ±µÉµ· Ö ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö Ì · ±É¥·¨¸É¨±¨ ´ ³ £´¨Î¨¢ ´¨Ö ³ -
É¥·¨ ²µ¢ ¢ ¶µ¸ÉµÖ´´ÒÌ ¶µ²ÖÌ.

�  ¡ §¥ ¢Ò¸µ±µ ¢Éµ³ É¨§¨·µ¢ ´´µ£µ  ¶¶ · É´µ-¶·µ£· ³³´µ£µ ¨§³¥·¨É¥²Ó-
´µ£µ ±µ³¶²¥±¸ , ¢±²ÕÎ ÕÐ¥£µ ¢ ¸¥¡Ö:
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�¨¸. 12. �±¸¶¥·¨³¥´É ²Ó´Ò¥ § ¢¨¸¨³µ¸É¨ µ¸´µ¢´µ° ±·¨¢µ° ´ ³ £´¨Î¨¢ ´¨Ö ³ É¥·¨ ² 
¶² ¢±¨ º 902908 ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ±µ²ÓÍ¥¢µ£µ (Éµ·µ¨¤ ²Ó´µ£µ) ¨ Í¨²¨´¤·¨Î¥¸±µ£µ
µ¡· §Íµ¢

�¨¸. 13. ‡ ¢¨¸¨³µ¸ÉÓ ³ £´¨É´µ° ¶·µ´¨Í ¥³µ¸É¨ µB ¤²Ö · §²¨Î´ÒÌ ¶² ¢µ± ¢ § ¢¨¸¨-
³µ¸É¨ µÉ ¶·µÍ¥´É´µ£µ ¸µ¤¥·¦ ´¨Ö Ê£²¥·µ¤ 
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1) ¤¨¶µ²Ó´Ò° ² ¡µ· Éµ·´Ò° ³ £´¨É, Ê¶· ¢²Ö¥³Ò° ±µ³¶ÓÕÉ¥·µ³ Î¥·¥§
¡²µ± Ê¶· ¢²¥´¨Ö ¨¸ÉµÎ´¨±µ³ ¶¨É ´¨Ö,

2) ¸¨¸É¥³Ê ³ £´¨É´ÒÌ ¨§³¥·¥´¨°, ¸µ¸ÉµÖÐÊÕ ¨§ ´¥¸±µ²Ó±¨Ì ¶·¥µ¡· §µ-
¢ É¥²¥° ³ £´¨É´µ£µ ¶µ²Ö ´  £¥´¥· Éµ· Ì •µ²² , ± ²¨¡·Ê¥³ÒÌ ¨§³¥·¨É¥²¥³
¨´¤Ê±Í¨¨ ´  µ¸´µ¢¥ Ö¤¥·´µ£µ ³ £´¨É´µ£µ ·¥§µ´ ´¸ ,

3) ³´µ£µ± ´ ²Ó´ÊÕ ¶² ÉÊ ¸¡µ·  ¨´Ëµ·³ Í¨¨,
4) · §· ¡µÉ ´´µ¥ ¸¶¥Í¨ ²Ó´µ¥ ¶·µ£· ³³´µ¥ µ¡¥¸¶¥Î¥´¨¥,

¡Ò²¨ ¢Ò¶µ²´¥´Ò ¨§³¥·¥´¨Ö 22 ³ É¥·¨ ²µ¢ (44 µ¡· §Íµ¢), ±µÉµ·Ò¥ ¨¸¶µ²Ó§Ê-
ÕÉ¸Ö ¶·¨ ¶·µ¨§¢µ¤¸É¢¥ ³ £´¨É´µ° ¸¨¸É¥³Ò Í¨±²µÉ·µ´  „–-72. �  ·¨¸. 11Ä13
¶·¥¤¸É ¢²¥´Ò É¨¶¨Î´Ò¥ ·¥§Ê²ÓÉ ÉÒ ³ £´¨É´ÒÌ ¨§³¥·¥´¨°, µ¶¨¸ ´´Òe ¢ÒÏ¥.
�µ± § ´µ, ÎÉµ ¶µ£·¥Ï´µ¸ÉÓ ³ £´¨É´ÒÌ ¨§³¥·¥´¨° ±·¨¢µ° ´ ³ £´¨Î¨¢ ´¨Ö ´¥
¶·¥¢ÒÏ ¥É 0,5 %.
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