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‚μ¶·μ¸Ò ±μ´É·μ²Ö ¸³¥Ð¥´¨Ö Ìμ²μ¤´μ° ³ ¸¸Ò ±·¨μ³μ¤Ê²Ö

� ¸¸³ É·¨¢ ÕÉ¸Ö ¢μ¶·μ¸Ò ¨¸¶μ²Ó§μ¢ ´¨Ö ¶·μ¢μ²μÎ´μ£μ ¶μ§¨Í¨μ´´μ£μ ³μ´¨-
Éμ·  (WPM) ¤²Ö μ¶·¥¤¥²¥´¨Ö ¶μ²μ¦¥´¨Ö ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì Ê¸±μ·¨É¥²Ó´ÒÌ ¸¥±-
Í¨° (cavity) ¢ ±·¨μ³μ¤Ê²¥, ±μÉμ·Ò° Ö¢²Ö¥É¸Ö μ¸´μ¢´Ò³ ¸É·Ê±ÉÊ·´Ò³ Ô²¥³¥´Éμ³
¸μ¢·¥³¥´´ÒÌ ²¨´¥°´ÒÌ Ê¸±μ·¨É¥²¥°. �·¥¤²μ¦¥´  ¸Ì¥³  ¸μ£² ¸μ¢ ´´μ£μ ¢±²ÕÎ¥-
´¨Ö WPM ¢ ¸¨¸É¥³Ê ¨§³¥·¥´¨Ö ¸³¥Ð¥´¨Ö Ìμ²μ¤´μ° ³ ¸¸Ò. � §¢¨É ´μ¢Ò°, ³μÉ¨-
¢¨·μ¢ ´´Ò° ¶μ¤Ìμ¤ ± ´ Ìμ¦¤¥´¨Õ § ¢¨¸¨³μ¸É¨ ¸³¥Ð¥´¨Ö μÉ  ³¶²¨ÉÊ¤ ¸¨£´ ²μ¢
¸ ±μμ·¤¨´ É´ÒÌ Ô²¥±É·μ¤μ¢ ¨ ¶ · ³¥É·μ¢ ³μ´¨Éμ· . �É  § ¢¨¸¨³μ¸ÉÓ ÊÎ¨ÉÒ¢ ¥É
¤¨ ³¥É· 2R ¶·μ¢μ²μÎ±¨ ¨ ¢ ¤¨ ¶ §μ´¥ ³ ²ÒÌ ¸³¥Ð¥´¨° r � 0,15R μ¶¨¸Ò¢ ¥É
¢¥²¨Î¨´Ê ¸ ÉμÎ´μ¸ÉÓÕ, ´  ¶μ·Ö¤μ± ¶·¥¢ÒÏ ÕÐ¥° Ê¦¥ ¨§¢¥¸É´ÊÕ. ‚¶¥·¢Ò¥ ¶μ-
± § ´  ¢μ§³μ¦´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö ¤¢ÊÌ¸É·¨¶μ¢ÒÌ ¶·μ¢μ²μÎ´ÒÌ ³μ´¨Éμ·μ¢, ÎÉμ
¸ÊÐ¥¸É¢¥´´μ Ê³¥´ÓÏ ¥É ¸Éμ¨³μ¸ÉÓ ¸¨¸É¥³Ò ±μ´É·μ²Ö ¸³¥Ð¥´¨Ö Ìμ²μ¤´μ° ³ ¸¸Ò
±·¨μ³μ¤Ê²¥° ¶·¨ ¸μÌ· ´¥´¨¨ ÉμÎ´μ¸É¨ ¨§³¥·¥´¨Ö.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³ ¨³. ‚.�. „¦¥²¥¶μ¢ 
�ˆŸˆ.
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Volkov A.D. P13-2008-172
Problems of Monitoring the Cryomodule Cold Mass Displacement

The paper deals with the problems of using the wire position monitor (WPM) for
determining the position of superconducting accelerating cavities in the cryomodule
which is the main structure element of modern linear accelerators. The circuit
of matched connection of the WPM into the cold mass displacement measurement
system is proposed. A new appropriately grounded approach to determination of
the relation between the displacement and the amplitudes of the coordinate electrode
signals and the monitor parameters is developed. This relation takes into account the
wire diameter 2R and describes the quantity r with an accuracy order of magnitude
better than the previous one in the range of small displacements r � 0.15R. For the
ˇrst time it is shown that two-strip wire monitors can be used, which substantially
reduces the cost of the cold mass displacement monitoring system for cryomodules
while the measurement accuracy is preserved.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems, JINR.
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‚ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³ �ˆŸˆ £·Ê¶¶  	.�.
Ê¤ £μ¢  ÊÎ ¸É¢Ê¥É ¢
· §· ¡μÉ±¥ ±μ´¸É·Ê±Í¨¨ ±·¨μ³μ¤Ê²¥° ´μ¢μ£μ ¶μ±μ²¥´¨Ö ¨ ³¥Éμ¤μ¢ ±μ´É·μ²Ö
¶μ²μ¦¥´¨Ö ¨Ì ±μ³¶μ´¥´Éμ¢ ¢ ¶·μÍ¥¸¸¥ · ¡μÉÒ. �²¥³¥´ÉÒ ±·¨μ³μ¤Ê²Ö, · -
¡μÉ ÕÐ¨¥ ¢ ¤¨ ¶ §μ´¥ É¥³¶¥· ÉÊ· 2Ä8 Š, ´ §Ò¢ ÕÉ Ìμ²μ¤´μ° ³ ¸¸μ°. �´¨
¶μ¤¢¥·¦¥´Ò ¸¨²Ó´μ³Ê É¥³¶¥· ÉÊ·´μ³Ê ¢²¨Ö´¨Õ, ¨ ¶μÔÉμ³Ê É·¥¡Ê¥É¸Ö ´¥¶·¥-
·Ò¢´Ò° ±μ´É·μ²Ó §  ¨Ì ¶·μ¸É· ´¸É¢¥´´Ò³ ¶μ²μ¦¥´¨¥³. �·Ö³Ò¥ ¨§³¥·¥´¨Ö
¸³¥Ð¥´¨Ö Ô²¥³¥´Éμ¢ ¢ ¶·μÍ¥¸¸¥ · ¡μÉÒ ´¥¤μ¸ÉÊ¶´Ò ¨§Ä§  μ¸μ¡¥´´μ¸É¥° ±μ´-
¸É·Ê±Í¨¨ ¨ Ê¸²μ¢¨° ËÊ´±Í¨μ´¨·μ¢ ´¨Ö ±·¨μ³μ¤Ê²Ö. ‚ ± Î¥¸É¢¥ ¤ ÉÎ¨±μ¢
¶μ²μ¦¥´¨Ö, ¢±²ÕÎ Ö ¨ ¶·μÍ¥¤Ê·Ê Õ¸É¨·μ¢±¨ ³μ¤Ê²¥°, Ï¨·μ±μ¥ ¶·¨³¥´¥´¨¥
´ Ï²¨ ¶·μ¢μ²μÎ´Ò¥ ¶μ§¨Í¨μ´´Ò¥ ³μ´¨Éμ·Ò (WPM) [1Ä5], μ¡¥¸¶¥Î¨¢ ÕÐ¨¥
μ¶·¥¤¥²¥´¨¥ ¸³¥Ð¥´¨Ö ±μ¸¢¥´´Ò³ ³¥Éμ¤μ³.

�·¨¢²¥± É¥²Ó´μ° ¢μ§³μ¦´μ¸ÉÓÕ ³μ´¨Éμ·μ¢ Ö¢²Ö¥É¸Ö ¨Ì ¸¶μ¸μ¡´μ¸ÉÓ ·¥-
£¨¸É·¨·μ¢ ÉÓ ´¨§±μÎ ¸ÉμÉ´ÊÕ ¢¨¡· Í¨Õ ±·¨μ³μ¤Ê²¥°, ¢Ò§Ò¢ ¥³ÊÕ ±μ²¥¡ -
´¨Ö³¨ §¥³´μ° ¶μ¢¥·Ì´μ¸É¨ ¨ · ¡μÉμ° ³μÐ´ÒÌ ¸¨¸É¥³ Ê¸±μ·¨É¥²Ö [6, 7]. ˆ§-
³¥´¥´¨¥ ¶μ²μ¦¥´¨Ö Ìμ²μ¤´μ° ³ ¸¸Ò ±·¨μ³μ¤Ê²Ö ¢ ¶μ¶¥·¥Î´μ³ ¸¥Î¥´¨¨ xy
μ¶·¥¤¥²Ö¥É¸Ö ¶μ ËÊ´±Í¨¨ ¸³¥Ð¥´¨Ö (”‘) Å § ¢¨¸¨³μ¸É¨  ³¶²¨ÉÊ¤Ò ¸¨£´ -
²μ¢ ³μ´¨Éμ·  μÉ ¢¥²¨Î¨´Ò ¸³¥Ð¥´¨Ö. ˆ§³¥´¥´¨¥ ¶μ²μ¦¥´¨Ö ¢ ¶·μ¤μ²Ó´μ³
´ ¶· ¢²¥´¨¨ ±μ³¶¥´¸¨·Ê¥É¸Ö §  ¸Î¥É ¸¨²ÓËμ´´μ£μ ¸μ¥¤¨´¥´¨Ö ±·¨μ³μ¤Ê²¥°
¨ WPM ¨ ´¥ ·¥£¨¸É·¨·Ê¥É¸Ö. �μ²ÊÎ¥´´ Ö ¢ · ¡μÉ¥ [3] ËÊ´±Í¨Ö ¸³¥Ð¥´¨Ö
 ¢Éμ·Ê ¶·¥¤¸É ¢²Ö¥É¸Ö ¸¶μ·´μ°, ÎÉμ ¶μ¡Ê¤¨²μ ¥£μ ¢Ò¶μ²´¨ÉÓ ¸μμÉ¢¥É¸É¢ÊÕ-
Ð¨¥ · ¸Î¥ÉÒ ¨ Ê¸É· ´¨ÉÓ ¶·μÉ¨¢μ·¥Î¨Ö. ‚ ¦´Ò³ Ê¸²μ¢¨¥³ ¶·¨ μ¶·¥¤¥²¥´¨¨
¸³¥Ð¥´¨Ö Ö¢²Ö¥É¸Ö μÉ¸ÊÉ¸É¢¨¥ ¨¸± ¦¥´¨° ¸¨£´ ²μ¢ ¸Ì¥³μ° ·¥£¨¸É· Í¨¨ ¢ ¶·μ-
Í¥¸¸¥ ¨§³¥·¥´¨Ö. „²Ö ÔÉμ£μ  ¢Éμ·μ³ ¡Ò²  · §· ¡μÉ ´  ¸Ì¥³  ¸μ£² ¸μ¢ ´´μ£μ
¢±²ÕÎ¥´¨Ö ±μμ·¤¨´ É´ÒÌ Ô²¥±É·μ¤μ¢ WPM ¢ Í¥¶Ó ¨§³¥·¥´¨Ö. �É²¨Î¨É¥²Ó´μ¥
± Î¥¸É¢μ ¸Ì¥³Ò: μ´  ¸¤¥² ²  ¢μ§³μ¦´Ò³ ·¥£¨¸É·¨·μ¢ ÉÓ  ³¶²¨ÉÊ¤Ê ¸¨£´ ²μ¢
¡¥§ μÉ· ¦¥´¨Ö ¨ ¨¸± ¦¥´¨Ö Ëμ·³Ò, ÎÉμ μ¡¥¸¶¥Î¨¢ ¥É ¢Ò¸μ±ÊÕ ÉμÎ´μ¸ÉÓ μ¶·¥-
¤¥²¥´¨Ö ¢¥²¨Î¨´Ò ¸³¥Ð¥´¨Ö.

���‚�‹�—�›‰ ��‡ˆ–ˆ���›‰ Œ��ˆ’��

‘É·Ê±ÉÊ·´ Ö ¸Ì¥³  ³μ´¨Éμ·  ¶·¨¢¥¤¥´  ´  ·¨¸. 1. Œμ´¨Éμ· ¸μ¸Éμ¨É ¨§
Î¥ÉÒ·¥Ì ±μμ·¤¨´ É´ÒÌ Ô²¥±É·μ¤μ¢ A, B, C, D, ¢Ò¶μ²´¥´´ÒÌ ¢ ¢¨¤¥ ¸É·¨¶μ¢
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�¨¸. 1. ‘É·Ê±ÉÊ·´ Ö ¸Ì¥³  ¶·μ¢μ²μÎ´μ£μ ¶μ§¨Í¨μ´´μ£μ ³μ´¨Éμ· 

¨ ¶μ³¥Ð¥´´ÒÌ ¢´ÊÉ·¨ Í¨²¨´¤·  ¸ ¢´ÊÉ·¥´´¨³ · ¤¨Ê¸μ³ R. ‘É·¨¶Ò ´ ¶· -
¢²¥´Ò ¶¥·¶¥´¤¨±Ê²Ö·´μ ¶²μ¸±μ¸É¨ xy ¨ ¨³¥ÕÉ ¤²¨´Ê � 10 ¸³. �²¥±É·μ¤Ò
‚, D ¸²Ê¦ É ¤²Ö μ¶·¥¤¥²¥´¨Ö ¸³¥Ð¥´¨Ö ¶μ x-±μμ·¤¨´ É¥,   Ô²¥±É·μ¤Ò A ¨
C Å ¶μ y-±μμ·¤¨´ É¥. –¨²¨´¤· ³μ´¨Éμ·  ¦¥¸É±μ ¸¢Ö§ ´ ¸ Ìμ²μ¤´μ° ³ ¸¸μ°
±·¨μ³μ¤Ê²Ö. ‚´ÊÉ·¨ ³μ´¨Éμ·  ¶·μÌμ¤¨É ¶·μ¢μ²μÎ± , ±μÉμ· Ö ±·¥¶¨É¸Ö ¢ ¸¶¥-
Í¨ ²Ó´ÒÌ ¡μ±¸ Ì. 
μ±¸Ò · ¸¶μ² £ ÕÉ¸Ö ´  ±μ´Í Ì ±·¨μ³μ¤Ê²Ö ¨ ´¥ ¨³¥ÕÉ
¸¢Ö§¨ ¸ ¥£μ ³ ¸¸μ°. Šμ´¸É·Ê±Í¨Ö ¡μ±¸μ¢ (·¨¸. 2) ¶μ§¢μ²Ö¥É ±μ³¶¥´¸¨·μ¢ ÉÓ
É¥³¶¥· ÉÊ·´Ò¥ ¨§³¥´¥´¨Ö ¤²¨´Ò ¶·μ¢μ²μÎ±¨ ¶·¨ ¶μ¸ÉμÖ´´μ° ¸¨²¥ ´ ÉÖ¦¥-
´¨Ö. �·μ¢μ²μÎ±  ¸²Ê¦¨É ®´Ê²¥¢μ° ÉμÎ±μ°¯ (�) ¢ ¸¨¸É¥³¥ ±μμ·¤¨´ É, § ¤ ¢ -
¥³μ° Ô²¥±É·μ¤ ³¨. �¡ÒÎ´μ ¨¸¶μ²Ó§Ê¥É¸Ö ¶·μ¢μ²μÎ±  ¨§ ¡¥·¨²²¨¥¢μ° ¡·μ´§Ò
¤¨ ³¥É·μ³ 500 ³±³. �É´μ¸¨É¥²Ó´μ ´¥¥ ¨§³¥·Ö¥É¸Ö ¸³¥Ð¥´¨¥ Ìμ²μ¤´μ° ³ ¸¸Ò
±·¨μ³μ¤Ê²Ö. �¥·¢μ´ Î ²Ó´μ ¶μ²μ¦¥´¨¥ ¶·μ¢μ²μÎ±¨ μÉ´μ¸¨É¥²Ó´μ ±·¨μ³μ-
¤Ê²Ö ¶·¥Í¨§¨μ´´μ μ¶·¥¤¥²Ö¥É¸Ö ¸ ¶μ³μÐÓÕ ¤·Ê£¨Ì ¤ ÉÎ¨±μ¢ ¶μ²μ¦¥´¨Ö.

‚¤μ²Ó ±·¨μ³μ¤Ê²Ö, ¤²¨´  ±μÉμ·μ£μ ¸μ¸É ¢²Ö¥É � 12 ³, ¤²Ö ±μ´É·μ²Ö ¸³¥-
Ð¥´¨Ö Ê¸É ´ ¢²¨¢ ¥É¸Ö ´¥¸±μ²Ó±μ ³μ´¨Éμ·μ¢. Œ¥¦¤Ê ³μ´¨Éμ· ³¨ ¶·μ¢μ²μÎ± 
Ô±· ´¨·Ê¥É¸Ö ¸ ¶μ³μÐÓÕ É·Ê¡±¨ ¤¨ ³¥É·μ³, · ¢´Ò³ ¤¨ ³¥É·Ê Í¨²¨´¤·  ³μ-
´¨Éμ· , ¨ μ¡· §Ê¥É ¤²Ö É¥¸Éμ¢μ£μ ¸¨£´ ²  ¢μ²´μ¢μ¤ ¶μ ¢¸¥° ¤²¨´¥ ±·¨μ³μ¤Ê²Ö.
�·¨ ³ ²ÒÌ ¸³¥Ð¥´¨ÖÌ ¢μ²´μ¢μ¥ ¸μ¶·μÉ¨¢²¥´¨¥ ¶·μ¢μ²μÎ±¨ ¢¤μ²Ó ±·¨μ³μ-
¤Ê²Ö ¨§³¥´Ö¥É¸Ö ´¥§´ Î¨É¥²Ó´μ, ÎÉμ μ¶·¥¤¥²Ö¥É ±¢ §¨¨¤¥´É¨Î´Ò¥ Ê¸²μ¢¨Ö · -
¡μÉÒ ¢¸¥Ì ³μ´¨Éμ·μ¢. ‚ § ¢¨¸¨³μ¸É¨ μÉ ¤¨ ³¥É·μ¢ ¶·μ¢μ²μÎ±¨ ¨ É·Ê¡±¨ ¢μ²-
´μ¢μ¥ ¸μ¶·μÉ¨¢²¥´¨¥ ¢ ·Ó¨·Ê¥É ¢ ¤¨ ¶ §μ´¥ 180Ä240 �³. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ,
ÎÉμ ¢´ÊÉ·¥´´ÖÖ Ëμ·³  WPM ¨ Ô±· ´´μ° É·Ê¡±¨ ¤μ²¦´  ¡ÒÉÓ μ¤¨´ ±μ¢μ°.
�Éμ μ¡¥¸¶¥Î¨¢ ¥É ¶μ¸ÉμÖ´¸É¢μ ¢μ²´μ¢μ£μ ¸μ¶·μÉ¨¢²¥´¨Ö ¨ μÉ¸ÊÉ¸É¢¨¥ μÉ· -
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�¨¸. 2. � Î ²Ó´Ò° ¨ μ±μ´¥Î´Ò° Ê§²Ò ±·¥¶²¥´¨Ö ¶·μ¢μ²μÎ±¨

�¨¸. 3. ‘μ¥¤¨´¥´¨¥ WPM ¸ Ìμ²μ¤´μ° ³ ¸¸μ°
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�¨¸. 4. ‘μ¥¤¨´¥´¨¥ WPM ¸ Ô±· ´´μ° É·Ê¡±μ°

¦¥´¨°. ‘μ¥¤¨´¥´¨¥ WPM ¸ Ìμ²μ¤´μ° ³ ¸¸μ° ±·¨μ³μ¤Ê²Ö ¨ Ô±· ´´μ° É·Ê¡±μ°
¶μ± § ´μ ´  ·¨¸. 3 ¨ 4. �¨¸. 2Ä4 ¢§ÖÉÒ ¨§ [2Ä4].

‚Š‹�—…�ˆ… Œ��ˆ’��� ‚ ‘ˆ‘’…Œ“ ˆ‡Œ…�…�ˆŸ

Œ¥Éμ¤ ¢±²ÕÎ¥´¨Ö Ô²¥±É·μ¤μ¢ WPM ¢ Í¥¶Ó μ¡· É´μ° Ô²¥±É·μ³ £´¨É´μ°
¢μ²´Ò μ¶¨¸ ´ R.E. Shafer [8]. Œ¥Éμ¤ · §· ¡μÉ ´ ¤²Ö ·¥£¨¸É· Í¨¨ ¶μ²μ¦¥´¨Ö
¶ÊÎ±  ¸ ¶μ³μÐÓÕ ¸É·¨¶μ¢μ£μ ³μ´¨Éμ·  (Beam Position Monitor) ¨ Ö¢²Ö¥É¸Ö
´¥· §·ÊÏ ÕÐ¨³. — ¸É¨ÍÒ ¶ÊÎ± , ²¥ÉÖÐ¨¥ ¢´ÊÉ·¨ Ô±· ´´μ° É·Ê¡±¨, ¨´¤ÊÍ¨-
·ÊÕÉ ´  ¥¥ ¢´ÊÉ·¥´´¥° ¸Éμ·μ´¥ ¸¨£´ ² Éμ±  μ¡· É´μ° ¶μ²Ö·´μ¸É¨. ‘ ¶μ³μ-
ÐÓÕ ¸É·¨¶μ¢ÒÌ Ô²¥±É·μ¤μ¢, ¶μ³¥Ð¥´´ÒÌ ¢´ÊÉ·¨ É·Ê¡±¨, ¸¨£´ ² (Éμ± ¨²¨
´ ¶·Ö¦¥´¨¥) ·¥£¨¸É·¨·Ê¥É¸Ö, ¨ ¶μ ¨§¢¥¸É´μ° ËÊ´±Í¨¨ ¸³¥Ð¥´¨Ö ¢ÒÎ¨¸²Ö¥É¸Ö
μÉ±²μ´¥´¨¥ ¶ÊÎ± .

�·¨³¥´¨É¥²Ó´μ ± WPM ¨¸ÉμÎ´¨±μ³ ¸¨£´ ²  ¸²Ê¦¨É ¢´¥Ï´¨° £¥´¥· Éμ·,
¸ ±μÉμ·μ£μ ´  ¶·μ¢μ²μÎ±Ê ¶μ¤ ¥É¸Ö ´¥¶·¥·Ò¢´Ò° ¸¨´Ê¸μ¨¤ ²Ó´Ò° ¸¨£´ ² ¶μ-
¸ÉμÖ´´μ° Î ¸ÉμÉÒ 100Ä150 ŒƒÍ ¨  ³¶²¨ÉÊ¤Ò 1Ä8 ‚. ‘³¥Ð¥´¨¥ ¸É·¨¶μ-
¢ÒÌ Ô²¥±É·μ¤μ¢, ¢Ò§Ò¢ ¥³μ¥ ¸³¥Ð¥´¨¥³ Ìμ²μ¤´μ° ³ ¸¸Ò μÉ´μ¸¨É¥²Ó´μ ¶·μ-
¢μ²μÎ±¨, ¶·¨¢μ¤¨É ± ¨§³¥´¥´¨Õ  ³¶²¨ÉÊ¤Ò ¸¨£´ ²  ´  ´¨Ì. ‡´ Ö ËÊ´±Í¨Õ
¸³¥Ð¥´¨Ö, ³μ¦´μ ¢ÒÎ¨¸²ÖÉÓ ¥£μ ¢¥²¨Î¨´Ê ¶μ ·¥§Ê²ÓÉ É ³ ¨§³¥·¥´¨°  ³¶²¨-
ÉÊ¤ ¸¨£´ ²μ¢ ¸ ±μμ·¤¨´ É´ÒÌ Ô²¥±É·μ¤μ¢. ‚ ¸¨¸É¥³¥ ¨§³¥·¥´¨Ö ¸É·¨¶ μ¤´μ-
¢·¥³¥´´μ ¢±²ÕÎ¥´ ¢ Í¥¶Ó · ¸¶·μ¸É· ´¥´¨Ö É¥¸Éμ¢μ£μ ¸¨£´ ²  ¶μ ¶·μ¢μ²μÎ±¥
¨ ¢ Í¥¶Ó · ¸¶·μ¸É· ´¥´¨Ö ¨´¤ÊÍ¨·μ¢ ´´μ£μ ¸¨£´ ²  ¶μ ¸É·¨¶Ê. �¥§Ê²ÓÉ ÉÒ
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¨§³¥·¥´¨Ö ¸³¥Ð¥´¨Ö ¢ §´ Î¨É¥²Ó´μ° ¸É¥¶¥´¨ § ¢¨¸ÖÉ μÉ ¸μ£² ¸μ¢ ´¨Ö ¢μ²´μ-
¢ÒÌ ¸μ¶·μÉ¨¢²¥´¨° ¸É·¨¶  ZSL ¨ ²¨´¨¨ ZTL [8]. ‘μ£² ¸μ¢ ´´μ¥ ¢±²ÕÎ¥´¨¥
³μ´¨Éμ·  ZTL = ZSL ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ³ ±¸¨³ ²Ó´ÊÕ  ³¶²¨ÉÊ¤Ê ¸¨£´ ² 
´  ¸É·¨¶¥ ¶·¨ μÉ¸ÊÉ¸É¢¨¨ μÉ· ¦¥´¨°. �¢Éμ·Ò [3] μÏ¨¡μÎ´μ ¢Ò¶μ²´¨²¨ ¸μ£² -
¸μ¢ ´¨¥ ¸É·¨¶  ¸ ¢μ²´μ¢Ò³ ¸μ¶·μÉ¨¢²¥´¨¥³ ± ¡¥²Ö ZSL = Z0 = 50 �³ , ÎÉμ
¶·¨¢μ¤¨É ± μÉ· ¦¥´¨Õ ¸¨£´ ²  ·¥£¨¸É· Í¨¨ ¨ Ê³¥´ÓÏ¥´¨Õ ¥£μ  ³¶²¨ÉÊ¤Ò ¢
É·¨ · § .

—Éμ¡Ò ¨§¡¥¦ ÉÓ ¨´É¥·Ë¥·¥´Í¨¨ ¸¨£´ ²μ¢ ¢ ²¨´¨¨ ¨ ´  ¸É·¨¶¥, ¸±μ-
·μ¸ÉÓ ¨Ì · ¸¶·μ¸É· ´¥´¨Ö ¤μ²¦´  ¡ÒÉÓ μ¤¨´ ±μ¢μ°. ‘±μ·μ¸ÉÓ · ¸¶·μ¸É· -
´¥´¨Ö Ô²¥±É·¨Î¥¸±μ£μ ¸¨£´ ²  μ¶·¥¤¥²Ö¥É¸Ö ¸μμÉ´μÏ¥´¨¥³

v = 1/
√

εε0μμ0 (1)

‡¤¥¸Ó ε0, μ0 Å ¤¨Ô²¥±É·¨Î¥¸± Ö ¨ ³ £´¨É´ Ö ¶μ¸ÉμÖ´´Ò¥ ¢ ±ÊÊ³ ; ε Å ¤¨-
Ô²¥±É·¨Î¥¸± Ö ¶μ¸ÉμÖ´´ Ö ¸·¥¤Ò ³¥¦¤Ê Ô²¥±É·μ¤ ³¨ ¨ μ Å ³ £´¨É´ Ö ¶μ¸Éμ-
Ö´´ Ö ³ É¥·¨ ² . ‘μ£² ¸μ¢ ´¨¥ ¸±μ·μ¸É¥° ¤μ¸É¨£ ¥É¸Ö ¢Ò¡μ·μ³ ³ É¥·¨ ²μ¢
¶·μ¢μ²μÎ±¨ ¨ ¸É·¨¶  (μ) ¨ ±μ´¸É·Ê±Í¨¨ Ô²¥±É·μ¤μ¢ WPM (ε).

�¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ, ÎÉμ ¶·¨ ¶¥·¥¤ Î¥ ¸¨£´ ²  ·¥£¨¸É· Í¨¨ ¶μ ± ¡¥²Õ
¸ ¢μ²´μ¢Ò³ ¸μ¶·μÉ¨¢²¥´¨¥³ 50 �³ ´  ¶·¨¥³´μ³ ±μ´Í¥ É·¥¡Ê¥É¸Ö ¸μ£² ¸Ê-
ÕÐ Ö ´ £·Ê§±  Z0 = 50 �³. „²Ö ¸μ£² ¸μ¢ ´´μ£μ ¢±²ÕÎ¥´¨Ö ¸É·¨¶  ¢ Í¥¶Ó
¨§³¥·¥´¨Ö μ¡  ¥£μ ±μ´Í  ¤μ²¦´Ò ¡ÒÉÓ ¸μ£² ¸μ¢ ´Ò ¸ ¢μ²´μ¢Ò³ ¸μ¶·μÉ¨¢²¥-
´¨¥³ ²¨´¨¨. �¥±μ³¥´¤Ê¥³ Ö  ¢Éμ·μ³ ¸Ì¥³  ¸μ£² ¸μ¢ ´´μ£μ ¢±²ÕÎ¥´¨Ö ¸É·¨¶ 
¢ ¨§³¥·¨É¥²Ó´ÊÕ Í¥¶Ó ¶μ± § ´  ´  ·¨¸. 5. Šμ´¥Í ¸É·¨¶ , ¸ ±μÉμ·μ£μ ·¥£¨-

�¨¸. 5. ‘μ£² ¸μ¢ ´´μ¥ ¢±²ÕÎ¥´¨¥ ¸É·¨¶  ¢ ¨§³¥·¨É¥²Ó´ÊÕ Í¥¶Ó

¸É·¨·Ê¥É¸Ö ¸¨£´ ², ¸μ£² ¸Ê¥É¸Ö ¸ ¶μ³μÐÓÕ ±μ³¶¥´¸¨·ÊÕÐ¥£μ ·¥§¨¸Éμ·  Z1 ¨
Z0 ¢ ¸μμÉ´μÏ¥´¨¨

Z1 = ZTL − Z0 (2)

Š ¶·μÉ¨¢μ¶μ²μ¦´μ³Ê ±μ´ÍÊ ¸É·¨¶  ¶μ¤±²ÕÎ ¥É¸Ö ¸μ¶·μÉ¨¢²¥´¨¥ ZTL. �μ-
¸±μ²Ó±Ê É¥³¶¥· ÉÊ·´Ò¥ ¨§³¥´¥´¨Ö ¶·¨ · ¡μÉ¥ ±·¨μ³μ¤Ê²Ö ¢²¨ÖÕÉ ´  ¢¥²¨-
Î¨´Ê ¢μ²´μ¢μ£μ ¸μ¶·μÉ¨¢²¥´¨Ö ²¨´¨¨, Í¥²¥¸μμ¡· §´μ É ±¦¥ ¨ ± ¢Ìμ¤Ê ²¨´¨¨
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É¥¸Éμ¢μ£μ ¸¨£´ ²  ¶μ¤±²ÕÎ¨ÉÓ ¢μ²´μ¢ÊÕ ´ £·Ê§±Ê. ‘μ£² ¸μ¢ ´´ Ö ´ £·Ê§± 
´  ¢Ìμ¤¥ ¶μ¤ ¢¨É ¶μ¢Éμ·´Ò¥ μÉ· ¦¥´¨Ö ¸¨£´ ² . ’¥¸Éμ¢Ò° ¸¨£´ ² ¶μ¸ÉÊ¶ ¥É
´  ¶·μ¢μ²μÎ±Ê Î¥·¥§ ¡ÊË¥·´Ò° É· ´§¨¸Éμ·´Ò° ¶μ¢Éμ·¨É¥²Ó ¨ · §¤¥²¨É¥²Ó´ÊÕ
¥³±μ¸ÉÓ ‘. �·¨³¥´¥´¨¥ ±μ²²¥±Éμ·´μ£μ ¢ÒÌμ¤  É· ´§¨¸Éμ·´μ£μ ¶μ¢Éμ·¨É¥²Ö
¶μ§¢μ²Ö¥É ¨¸¶μ²Ó§μ¢ ÉÓ ¥£μ ´ £·Ê§±Ê ¤²Ö ¸μ£² ¸μ¢ ´¨Ö ¶¥·¥¤ ÕÐ¥° ²¨´¨¨ ¨
μ¤´μ¢·¥³¥´´μ ¨§¡¥¦ ÉÓ ¢§ ¨³μ¢²¨Ö´¨Ö Í¥¶¥° ¢μ§¡Ê¦¤¥´¨Ö ¨ ·¥£¨¸É· Í¨¨.

”“�Š–ˆŸ ‘Œ…™…�ˆŸ •�‹�„��‰ Œ�‘‘›

�μ¸É ´μ¢±  § ¤ Î¨.‚¥²¨Î¨´  ¸³¥Ð¥´¨Ö Ìμ²μ¤´μ° ³ ¸¸Ò ¢ÒÎ¨¸²Ö¥É¸Ö
¶μ ËÊ´±Í¨¨ ¸³¥Ð¥´¨Ö, ¢ ±μÉμ·μ° ¢Ìμ¤´Ò³¨ ¶ · ³¥É· ³¨ Ö¢²ÖÕÉ¸Ö ¨§³¥·Ö¥-
³Ò¥  ³¶²¨ÉÊ¤Ò ¸¨£´ ²μ¢ ¸ ±μμ·¤¨´ É´ÒÌ Ô²¥±É·μ¤μ¢ WPM. �¢Éμ· ¶μ¶ÒÉ ²¸Ö
Ê¸É· ´¨ÉÓ μÎ¥¢¨¤´μ¥ ¶·μÉ¨¢μ·¥Î¨¥ ËÊ´±Í¨¨ ¸³¥Ð¥´¨Ö, ¶μ²ÊÎ¥´´μ° ¢ · ¡μÉ¥
[3]. �·¨ μÉ´μ¸¨É¥²Ó´μ³ ¸³¥Ð¥´¨¨ x = 0,5; y = 0 ¶·¥¤¸É ¢²¥´´ Ö ËÊ´±-
Í¨Ö ¤ ¥É §´ Î¥´¨¥ ¶ · ³¥É·  Dx ≈ 1,25, ÎÉμ ¶·μÉ¨¢μ·¥Î¨É ¥£μ μ¶·¥¤¥²¥´¨Õ.
Œ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥ ¶ · ³¥É·  ´¥ ³μ¦¥É ¶·¥¢ÒÏ ÉÓ ¥¤¨´¨ÍÒ. ‘ ¤·Ê-
£μ° ¸Éμ·μ´Ò, É·¥¡μ¢ ´¨¥ μ¶·¥¤¥²ÖÉÓ ¸³¥Ð¥´¨¥ ¸ ÉμÎ´μ¸ÉÓÕ ²ÊÎÏ¥ 200 ³±³
μ¡Ö§Ò¢ ¥É ÊÎ¨ÉÒ¢ ÉÓ ¢²¨Ö´¨¥ ¤¨ ³¥É·  ¶·μ¢μ²μÎ±¨. � ¸ÉμÖÐ¨° ¢Ò¢μ¤ ËÊ´±-
Í¨¨ ¸³¥Ð¥´¨Ö ¸¤¥² ´ ¤²Ö ¤¨ ¶ §μ´  ¸³¥Ð¥´¨° Ìμ²μ¤´μ° ³ ¸¸Ò r � 0,15R
¢ ¶·¥¤¶μ²μ¦¥´¨¨:  ) § ·Ö¤ ´  ¶·μ¢μ²μÎ±¥ ¶·¥¤¸É ¢²¥´ ÉμÎ¥Î´Ò³; ¡) § ·Ö¤
· ¸¶μ²μ¦¥´ ´  ¶μ¢¥·Ì´μ¸É¨ ¶·μ¢μ²μÎ±¨ ¨ ¸³¥Ð¥´ μÉ´μ¸¨É¥²Ó´μ ¥¥ Í¥´É·  ´ 
· ¸¸ÉμÖ´¨¥, · ¢´μ¥ · ¤¨Ê¸Ê ¶·μ¢μ²μÎ±¨.

”¨§¨Î¥¸± Ö ³μÉ¨¢¨·μ¢± . ’¥¸Éμ¢Ò° ¸¨£´ ² I0, ¶¥·¥¤ ¢ ¥³Ò° ¶μ ¶·μ-
¢μ²μÎ±¥ ¢ ´ £·Ê§±Ê ZTL, ¢Ò§Ò¢ ¥É ´  ¢´ÊÉ·¥´´¥° ¸É¥´±¥ Ô±· ´´μ° É·Ê¡±¨
¶·μÉ¥± ´¨¥ Éμ±  μ¡· É´μ° ¶μ²Ö·´μ¸É¨. — ¸ÉÓ ÔÉμ£μ Éμ±  IS ¶·μÉ¥± ¥É ¶μ
¸É·¨¶Ê. ˆ´¤ÊÍ¨·μ¢ ´´Ò° ¢ ¸É·¨¶¥ Éμ± ¶·¨ ´Ê²¥¢μ³ ¸³¥Ð¥´¨¨ μÉ´μ¸¨É¥²Ó´μ
¶·μ¢μ²μÎ±¨ · ¢¥´

IS = − w0

2πR
· I0 = −ϕ0

2π
· I0 (3)

‚¸²¥¤¸É¢¨¥ ¶ · ²²¥²Ó´μ£μ ¸μ¥¤¨´¥´¨Ö ·¥§¨¸Éμ·μ¢ ZTL ¨ ZSL Î¥·¥§ ´ £·Ê§±Ê
Z0 ¶·μÉ¥± ¥É ¶μ²μ¢¨´  Éμ± , ¶μÔÉμ³Ê  ³¶²¨ÉÊ¤  ¸¨£´ ²  Uout ¸μ¸É ¢²Ö¥É

Uout = − w0

2πR
· I0 · ZTL||ZSL = − w0

4πR
· I0 · ZTL = −ϕ0

4π
· I0 · ZTL. (4)

‚ ¸μμÉ´μÏ¥´¨ÖÌ (3), (4) w0 ¨ ϕ0 Å ¸μμÉ¢¥É¸É¢¥´´μ ²¨´¥°´ Ö ¨ Ê£²μ¢ Ö Ï¨-
·¨´  ¸É·¨¶ ; R Å ¢´ÊÉ·¥´´¨° · ¤¨Ê¸ ³μ´¨Éμ· . �·¨ ¸³¥Ð¥´¨¨ ¸É·¨¶  μÉ-
´μ¸¨É¥²Ó´μ Í¥´É·  ¶·μ¢μ²μÎ±¨ ´  ¢¥²¨Î¨´Ê r  ³¶²¨ÉÊ¤  ¸¨£´ ²  ¨§³¥´Ö¥É¸Ö.
� ¸¸³μÉ·¨³ ¸²ÊÎ ° ³ ²ÒÌ ¸³¥Ð¥´¨°, ±μ£¤  ZTL ³μ¦´μ ¸Î¨É ÉÓ ¶μ¸ÉμÖ´´μ°
¢¥²¨Î¨´μ°. ‚ · ¸¸³ É·¨¢ ¥³μ³ ¤¨ ¶ §μ´¥ ¸³¥Ð¥´¨° ¶²μÉ´μ¸ÉÓ Éμ±  is ¢ ± -
¦¤μ° ÉμÎ±¥ ¸É·¨¶  ³μ¦´μ ¢Ò· §¨ÉÓ § ¢¨¸¨³μ¸ÉÓÕ (3) ¸ ÊÎ¥Éμ³ · ¸¸ÉμÖ´¨Ö
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³¥¦¤Ê ¶·μ¢μ²μÎ±μ° ¨ ÉμÎ±μ° ¸É·¨¶  L (r, θ, ϕ):

is = − I0

2πL (r, θ, ϕ)
(5)

�·¨³¥´Ö¥³Ò¥ ¶·¨ ¢ÒÎ¨¸²¥´¨ÖÌ μ¡μ§´ Î¥´¨Ö ¶·¨¢¥¤¥´Ò ´  ·¨¸. 1, £¤¥: r Å ¢¥-
²¨Î¨´  ¸³¥Ð¥´¨Ö; θ Å Ê£μ² ¸³¥Ð¥´¨Ö; ϕ Ä  §¨³ÊÉ ²Ó´Ò° Ê£μ² · ¸¸³ É·¨¢ ¥-
³μ° ÉμÎ±¨ ¸É·¨¶ . � ¸¸ÉμÖ´¨¥ ³¥¦¤Ê ¶·μ¢μ²μÎ±μ° ¨ ¸É·¨¶μ³
O1L = L (r, θ, ϕ) ¤μ²¦´μ ¢ÒÎ¨¸²ÖÉÓ¸Ö ¢¤μ²Ó ¸¨²μ¢ÒÌ ²¨´¨° Ô²¥±É·¨Î¥¸±μ£μ
¶μ²Ö, ¨´¤ÊÍ¨·Ê¥³μ£μ § ·Ö¤ ³¨ ´  ¶·μ¢μ²μÎ±¥. ‘¨²μ¢Ò¥ ²¨´¨¨ ¶μ²Ö ´ ¶· -
¢²¥´Ò ¶μ ´μ·³ ²¨ ± ¶μ¢¥·Ì´μ¸É¨ ¶·μ¢μ²μÎ±¨ ¨ ¸É·¨¶ , ¶μÔÉμ³Ê μ´¨ ¨³¥ÕÉ
¨§£¨¡ ¢ μ¡² ¸É¨ ¸É·¨¶ . �μ¸±μ²Ó±Ê ¶μ²¥ ¸² ¡μ¥, Éμ ¢¥²¨Î¨´  ¨§£¨¡  ³ ² 
¶μ ¸· ¢´¥´¨Õ ¸ · ¸¸ÉμÖ´¨¥³ ³¥¦¤Ê ¸É·¨¶μ³ ¨ ¶·μ¢μ²μÎ±μ°. ‚ ÔÉμ³ ¸²ÊÎ ¥
· ¸¸ÉμÖ´¨¥ L (r, θ, ϕ) ³μ¦´μ  ¶¶·μ±¸¨³¨·μ¢ ÉÓ ¶·Ö³μ° ²¨´¨¥°, ¤²¨´  ±μÉμ-
·μ° ¸ ÊÎ¥Éμ³ ¤¨ ³¥É·  ¶·μ¢μ²μÎ±¨ d μ¶·¥¤¥²Ö¥É¸Ö ¨§ É·¨£μ´μ³¥É·¨Î¥¸±μ£μ
¸μμÉ´μÏ¥´¨Ö

L (r, θ, ϕ) =
√

R2 + r2 − 2rR cos (ϕ − θ)−

− d

2
≈ R

[
1 +

r2

2R2
− d

2R
− r

R
· cos (ϕ − θ)

]
. (6)

�·¨ · §²μ¦¥´¨¨ ¶μ¤±μ·¥´´μ£μ ¢Ò· ¦¥´¨Ö (6) ¢ ·Ö¤ ’¥°²μ·  ¨¸¶μ²Ó§μ¢ ²¸Ö
Éμ²Ó±μ Î²¥´ ¶¥·¢μ£μ ¶μ·Ö¤±  ³ ²μ¸É¨. ’μ± ¢ ¸É·¨¶¥ · ¢¥´ ¨´É¥£· ²Ê μÉ ¥£μ
¶²μÉ´μ¸É¨ ¶μ Ï¨·¨´¥ ¸É·¨¶  w:

IB =

w0/2∫
−w

/
02

isdw ≈ − I0

2π

ϕ0/2∫
−ϕ0/2

[
1 +

r

R
cos (ϕ − θ) − r2

2R2
+

d

2R

]
dϕ =

= −ϕ0

2π
· I0

[
1 − r2

2R2
+

d

2R
+

2
ϕ0

· r

R
· cos θ · sin ϕ0

2

]
. (7)

�·¨ ¢ÒÎ¨¸²¥´¨¨ ¨´É¥£· ²  (7) ¨¸¶μ²Ó§μ¢ ²μ¸Ó ¶·¨¡²¨¦¥´´μ¥ ¢Ò· ¦¥´¨¥

1
1 ∓ r

R · cos (ϕ − θ) + r2

2R2 − d
2R

≈ 1 ± r

R
cos (ϕ − θ) − r2

2R2
+

d

2R
. (8)

‹¨´¥°´ Ö w ¨ Ê£²μ¢ Ö ϕ Ï¨·¨´  ¸É·¨¶  ¸¢Ö§ ´Ò ¸μμÉ´μÏ¥´¨¥³

dw = Rdϕ. (9)

‘μμÉ¢¥É¸É¢¥´´μ Éμ± ¢ ¤·Ê£¨Ì ¸É·¨¶ Ì ¸μ¸É ¢¨É

ID = −ϕ0

2π
· I0

[
1 − r2

2R2
+

d

2R
− 2

ϕ0
· r

R
· cos θ · sin ϕ0

2

]
, (10)
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IA = −ϕ0

2π
· I0

[
1 − r2

2R2
+

d

2R
+

2
ϕ0

· r

R
sin θ · sin ϕ0

2

]
, (11)

IC = −ϕ0

2π
· I0

[
1 − r2

2R2
+

d

2R
− 2

ϕ0
· r

R
· sin θ · sin ϕ0

2

]
. (12)

”Ê´±Í¨Ö ¸³¥Ð¥´¨Ö. ‘³¥Ð¥´¨¥ Ìμ²μ¤´μ° ³ ¸¸Ò ¶μ μ¸Ö³ x, y ´ Ìμ¤¨É¸Ö
¨§ ·¥Ï¥´¨Ö ¸¨¸É¥³Ò Ê· ¢´¥´¨° (7), 10)Ä(12). �¥Ï¥´¨¥ ¸¨¸É¥³Ò Ê· ¢´¥´¨°
¶·¨¢μ¤¨É¸Ö ¢ ¶·¨²μ¦¥´¨¨ 1. �μ²ÊÎ¥´´ Ö ËÊ´±Í¨Ö ¸³¥Ð¥´¨Ö ¨³¥¥É ¢¨¤

x ≈
(

1 +
d

2R

)
Dx − 0,5

(
D2

x + D2
y

)
, (13)

y ≈
(

1 +
d

2R

)
Dy − 0,5

(
D2

x + D2
y

)
. (14)

®Difference over sum¯ ¶ · ³¥É·Ò Dx, Dy ¢ÒÎ¨¸²ÖÕÉ¸Ö ¶μ Ëμ·³Ê² ³

Dx =
UB − UD

UB + UD
, Dy =

UA − UC

UA + UC
, (15)

£¤¥ UA, UB, UC, UD Å ·¥£¨¸É·¨·Ê¥³Ò¥ ¸¨£´ ²Ò ¸ ±μμ·¤¨´ É´ÒÌ ¸É·¨¶μ¢.
�¶·¥¤¥²¨ÉÓ ¸³¥Ð¥´¨¥ Ìμ²μ¤´μ° ³ ¸¸Ò ³μ¦´μ ¨ ¸ ¶μ³μÐÓÕ ²Õ¡ÒÌ ¤¢ÊÌ

¶¨± ¶-Ô²¥±É·μ¤μ¢, · ¸¶μ²μ¦¥´´ÒÌ μ·Éμ£μ´ ²Ó´μ, ´ ¶·¨³¥· � ¨ ‚. �É³¥É¨³,
ÎÉμ ÔÉ ²μ´´ Ö ¢¥²¨Î¨´  ¸¨£´ ²  ¶·¨ μÉ¸ÊÉ¸É¢¨¨ ¸³¥Ð¥´¨Ö U0 ¸μ¸É ¢²Ö¥É

U0 = −ϕ0

2π
· I0 · Z0 (16)

‚ ÔÉμ³ ¸²ÊÎ ¥ ¸³¥Ð¥´¨¥ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ËÊ´±Í¨¥°  ³¶²¨ÉÊ¤Ò ¸¨£´ ²μ¢
¸ ¢Ò¡· ´´ÒÌ Ô²¥±É·μ¤μ¢, μÉ´μ·³¨·μ¢ ´´ÒÌ ´  ÔÉ ²μ´´ÊÕ ¢¥²¨Î¨´Ê (16), ¨
·¥Ï¨ÉÓ ¸¨¸É¥³Ê ¨§ ¤¢ÊÌ Ê· ¢´¥´¨°. �³¶²¨ÉÊ¤Ò ¸¨£´ ²μ¢ ´  ¸É·¨¶ Ì � ¨ ‚
μ¶·¥¤¥²ÖÕÉ¸Ö ¸μμÉ´μÏ¥´¨Ö³¨ (7), (11). �¥Ï¥´¨¥ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (7), (11)
¸ ÊÎ¥Éμ³ ´μ·³¨·μ¢±¨ ¶·¨¢μ¤¨É¸Ö ¢ ¶·¨²μ¦¥´¨¨ 2. ‚ ÔÉμ³ ¸²ÊÎ ¥ ËÊ´±Í¨Ö
¸³¥Ð¥´¨Ö ¤²Ö ¤¢ÊÌ¸É·¨¶μ¢μ£μ WPM ¶μ²ÊÎ ¥É¸Ö ±¢ ¤· É¨Î´μ°:

y = Sy + 0.25 (Sx − Sy)2 − d

2R
, (17)

x = Sx + 0.25 (Sx − Sy)2 − d

2R
, (18)

Sx =
UB − U0

U0
, Sy =

UA − U0

U0
. (19)
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‘· ¢´¨É¥²Ó´Ò°  ´ ²¨§ ËÊ´±Í¨° ¸³¥Ð¥´¨Ö. Š ± ¶μ± § ´μ ¢ÒÏ¥, § ¤ Î 
μ¶·¥¤¥²¥´¨Ö ¸³¥Ð¥´¨Ö Ìμ²μ¤´μ° ³ ¸¸Ò Ê¸¶¥Ï´μ ·¥Ï ¥É¸Ö ¸ ¶·¨³¥´¥´¨¥³
¤¢ÊÌ¸É·¨¶μ¢μ£μ WPM. ˆ¸¶μ²Ó§μ¢ ´¨¥ É ±μ£μ ³μ´¨Éμ·  ¶μ§¢μ²Ö¥É ¢¤¢μ¥ ¸μ-
±· É¨ÉÓ ±μ²¨Î¥¸É¢μ ·¥£¨¸É·¨·ÊÕÐ¥° Ô²¥±É·μ´¨±¨ ¨ ± ¡¥²¥° ¸Î¨ÉÒ¢ ´¨Ö ¨
Ê³¥´ÓÏ¨ÉÓ § É· ÉÒ ´  ³μ´É ¦ ¸¨¸É¥³Ò ±μ´É·μ²Ö ¸³¥Ð¥´¨Ö ´  ¡ §¥ WPM. ‘
³ É¥³ É¨Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö, Î¥ÉÒ·¥Ì¸É·¨¶μ¢Ò° ³μ´¨Éμ· Ö¢²Ö¥É¸Ö ¨§¡ÒÉμÎ-
´Ò³ ¤²Ö μ¶¨¸ ´¨Ö ¤¢ÊÌ ´¥¨§¢¥¸É´ÒÌ ¢¥²¨Î¨´ ¸³¥Ð¥´¨Ö x, y.

’μÎ´μ¸ÉÓ μ¶·¥¤¥²¥´¨Ö ¸³¥Ð¥´¨Ö ¸ ¶μ³μÐÓÕ ¤¢ÊÌ¸É·¨¶μ¢μ£μ ³μ´¨Éμ· 
¶·¥¢μ¸Ìμ¤¨É ÉμÎ´μ¸ÉÓ Î¥ÉÒ·¥Ì¸É·¨¶μ¢μ£μ. �Éμ μ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉμ ¶ · ³¥-
É·Ò Dx, Dy (22), (23) μ¶·¥¤¥²ÖÕÉ¸Ö ¶·¨¡²¨¦¥´´μ ¢¸²¥¤¸É¢¨¥  ¶¶·μ±¸¨³ Í¨¨
³´μ£μÎ²¥´  ¢ §´ ³¥´ É¥²¥,   ¶ · ³¥É·Ò Sx, Sy μ¶·¥¤¥²ÖÕÉ¸Ö ¡μ²¥¥ ÉμÎ´Ò³¨
¸μμÉ´μÏ¥´¨Ö³¨ (37), (38). �μ¶· ¢μÎ´Ò° Î²¥´ ¢ ¢Ò· ¦¥´¨ÖÌ (37), (38) ¨³¥¥É
¢Éμ·ÊÕ ¸É¥¶¥´Ó, Éμ£¤  ± ± ¢ ¢Ò· ¦¥´¨ÖÌ (22), (23) μ´ μ¶¨¸Ò¢ ¥É¸Ö É·¥ÉÓ¥°
¸É¥¶¥´ÓÕ. ‚¥²¨Î¨´Ò Dx, Dy ¨ Sx, Sy ¨³¥ÕÉ μ¤¨´ ±μ¢ÊÕ ÉμÎ´μ¸ÉÓ ¨§³¥·¥´¨Ö.

�·¥¨³ÊÐ¥¸É¢μ³ Î¥ÉÒ·¥Ì¸É·¨¶μ¢μ£μ WPM Ö¢²Ö¥É¸Ö μÉ¸ÊÉ¸É¢¨¥ ¢²¨Ö´¨Ö
É¥³¶¥· ÉÊ·Ò ´  ¶ · ³¥É·Ò Dx, Dy. ‚ ¸²ÊÎ ¥ ¤¢ÊÌ¸É·¨¶μ¢μ£μ ³μ´¨Éμ·  ´μ·-
³¨·μ¢μÎ´ Ö ¢¥²¨Î¨´  U0 ¶μ¤¢¥·¦¥´  É¥³¶¥· ÉÊ·´μ³Ê ¢²¨Ö´¨Õ Î¥·¥§ ¸μ¶·μ-
É¨¢²¥´¨Ö ZTL ¨ ¸μ¶·μÉ¨¢²¥´¨Ö ¶·μ¢μ²μÎ±¨ ZW. �μÔÉμ³Ê ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨
¤¢ÊÌ¸É·¨¶μ¢μ£μ WPM É·¥¡Ê¥É¸Ö ¥£μ ¶·¥¤¢ ·¨É¥²Ó´ Ö ± ²¨¡·μ¢± .

‚ ·¨ ´É Î¥ÉÒ·¥Ì¸É·¨¶μ¢μ£μ ³μ´¨Éμ·  ¶μ§¢μ²Ö¥É ¨¸¶μ²Ó§μ¢ ÉÓ ¥£μ ¢ ± -
Î¥¸É¢¥ Î¥ÉÒ·¥Ì ´¥§ ¢¨¸¨³ÒÌ ¤¢ÊÌ¸É·¨¶μ¢ÒÌ ³μ´¨Éμ·μ¢. ‚ ÔÉμ³ ¸²ÊÎ ¥ ± -
¦¤ Ö ¶ ·  x, y ±μμ·¤¨´ É´ÒÌ ¸É·¨¶μ¢ ³μ¦¥É ¨¸¶μ²Ó§μ¢ ÉÓ¸Ö ¤²Ö μ¶·¥¤¥²¥´¨Ö
¸³¥Ð¥´¨Ö ¢ ± Î¥¸É¢¥ ´¥§ ¢¨¸¨³ÒÌ ³μ´¨Éμ·μ¢,   ¸·¥¤´¥¥ §´ Î¥´¨¥ ¸³¥Ð¥´¨Ö
¡Ê¤¥É ¨³¥ÉÓ ³¥´ÓÏÊÕ μÏ¨¡±Ê. �Ï¨¡±  μ¶·¥¤¥²¥´¨Ö ¸³¥Ð¥´¨Ö ¢ ¤¨ ¶ §μ´¥
0 � x, y � 0,15 ¶μ Ëμ·³Ê² ³ (13), (14), (17), (18) ¸μ¸É ¢²Ö¥É ³¥´¥¥ 5%. ‚
¸²ÊÎ ¥ ¡μ²ÓÏ¨Ì ¸³¥Ð¥´¨° μÏ¨¡±  ¢μ§· ¸É ¥É, ¨ ¤²Ö ¶μ²ÊÎ¥´¨Ö ÉμÎ´μ£μ §´ -
Î¥´¨Ö ¸³¥Ð¥´¨Ö É·¥¡Ê¥É¸Ö ±μ··¥±É¨·μ¢±  · §²μ¦¥´¨° (6), (8),   É ±¦¥ ÊÎ¥É
Î²¥´μ¢ É·¥ÉÓ¥° ¸É¥¶¥´¨ ¶·¨ · §²μ¦¥´¨¨ ¢ ·Ö¤ ’¥°²μ·  ¢Ò· ¦¥´¨° (32), (33).
‡ ¢¨¸¨³μ¸É¨ (13), (14), (17), (18) ¶·¨³¥´¨³Ò ¨ ¶·¨ ±μ´É·μ²¥ ¶μ²μ¦¥´¨Ö
¶ÊÎ±  ¸ ¶μ³μÐÓÕ ¶ÊÎ±μ¢μ£μ ³μ´¨Éμ·  (‚�Œ).

‚›‚�„›

Å �·¥¤²μ¦¥´  ¸Ì¥³  ¸μ£² ¸μ¢ ´´μ£μ ¢±²ÕÎ¥´¨Ö WPM ¢ ¸¨¸É¥³Ê ¨§³¥·¥-
´¨Ö ¸³¥Ð¥´¨Ö Ìμ²μ¤´μ° ³ ¸¸Ò ±·¨μ³μ¤Ê²Ö. “± § ´Ò ¶·¨Î¨´Ò, ¢Ò§Ò¢ ÕÐ¨¥
· ¸¸μ£² ¸μ¢ ´¨¥, ¨ · ¸¸³μÉ·¥´μ ¨Ì ¢²¨Ö´¨¥ ´  ·¥§Ê²ÓÉ ÉÒ μ¶·¥¤¥²¥´¨Ö ¢¥²¨-
Î¨´Ò ¸³¥Ð¥´¨Ö.

Å ‚Ò¶μ²´¥´Ò · ¸Î¥ÉÒ § ¢¨¸¨³μ¸É¨ ¸³¥Ð¥´¨Ö Ìμ²μ¤´μ° ³ ¸¸Ò ¸ ÊÎ¥Éμ³
¤¨ ³¥É·  ¶·μ¢μ²μÎ±¨. �μ²ÊÎ¥´´ Ö ËÊ´±Í¨Ö ¸³¥Ð¥´¨Ö ¢ ¤¨ ¶ §μ´¥ r � 0,15R
μ¶¨¸Ò¢ ¥É ¥£μ ¢¥²¨Î¨´Ê ¸ ÉμÎ´μ¸ÉÓÕ, ´  ¶μ·Ö¤μ± ¶·¥¢ÒÏ ÕÐÊÕ Ê¦¥ ¨§¢¥¸É-
´ÊÕ [3, 8].
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Å ‚¶¥·¢Ò¥ ¶μ± § ´  ¢μ§³μ¦´μ¸ÉÓ ·¥£¨¸É· Í¨¨ ¸³¥Ð¥´¨Ö ¸ ¶μ³μÐÓÕ
¤¢Ê¸É·¨¶μ¢ÒÌ ³μ´¨Éμ·μ¢, μ¡· §ÊÕÐ¨Ì μ·Éμ£μ´ ²Ó´ÊÕ ¸¨¸É¥³Ê ±μμ·¤¨´ É.

Å ‚ ·¨ ´É ¨¸¶μ²Ó§μ¢ ´¨Ö Î¥ÉÒ·¥Ì¸É·¨¶μ¢μ£μ WPM ¢ ± Î¥¸É¢¥ Î¥ÉÒ·¥Ì
´¥§ ¢¨¸¨³ÒÌ ¤¢Ê¸É·¨¶μ¢ÒÌ WPM ¶μ§¢μ²Ö¥É ¢¤¢μ¥ ¶μ¢Ò¸¨ÉÓ ÉμÎ´μ¸ÉÓ μ¶·¥¤¥-
²¥´¨Ö ¸³¥Ð¥´¨Ö Ìμ²μ¤´μ° ³ ¸¸Ò.

Å �μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶·¥¤¸É ¢²ÖÕÉ ¨´É¥·¥¸ ¤²Ö ±μ´É·μ²Ö ¶μ²μ¦¥-
´¨Ö ¶ÊÎ±  ¢ ¢Ò¢μ¤´μ° É·Ê¡¥. Œ¥Éμ¤ ±μ´É·μ²Ö Ö¢²Ö¥É¸Ö ´¥· §·ÊÏ ÕÐ¨³ ¨
μ¡¥¸¶¥Î¨¢ ¥É ¢Ò¸μ±ÊÕ ÉμÎ´μ¸ÉÓ μ¶·¥¤¥²¥´¨Ö ¶μ²μ¦¥´¨Ö.

	² £μ¤ ·´μ¸É¨. �¢Éμ· ¡² £μ¤ ·¥´ 	.�. 
Ê¤ £μ¢Ê ¨ ƒ. „.˜¨·±μ¢Ê §  ¶μ¤-
¤¥·¦±Ê · ¡μÉÒ, �. ‚.ŠÊ²¨±μ¢Ê §  Í¥´´Ò¥ § ³¥Î ´¨Ö ¶·¨ ¶μ¤£μÉμ¢±¥ ¶Ê¡²¨-
± Í¨¨, �. ‹.Š²¨³μ¢Ê §  ¶²μ¤μÉ¢μ·´Ò¥ μ¡¸Ê¦¤¥´¨Ö ¶·μ¡²¥³Ò.

�·¨²μ¦¥´¨¥ 1

‘³¥Ð¥´¨¥ Ìμ²μ¤´μ° ³ ¸¸Ò ¶μ μ¸Ö³ ´ Ìμ¤¨É¸Ö ¨§ ·¥Ï¥´¨Ö ¸¨¸É¥³Ò Ê· ¢-
´¥´¨° (7), (10)Ä(12). �·¨ ·¥Ï¥´¨¨ μ¡ÒÎ´μ ¡¥·ÊÉ ¨Ì μÉ´μ¸¨É¥²Ó´Ò¥ ¢¥²¨Î¨´Ò:

x =
r

R
· cos θ; y =

r

R
· sin θ; x2 + y2 =

( r

R

)2

(20)

¨ ¶·¨³¥´Ö¥É¸Ö ¶·¨¡²¨¦¥´¨¥

sin aϕ0 ≈ aϕ0, (21)

¸¶· ¢¥¤²¨¢μ¥ ¤²Ö ³ ²ÒÌ Ê£²μ¢. ‚³¥¸Éμ Éμ±  Ê¤μ¡´¥¥ ¨§³¥·ÖÉÓ  ³¶²¨ÉÊ¤Ò ´ -
¶·Ö¦¥´¨Ö ´  ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Ô²¥±É·μ¤ Ì UA, UB, UC, UD, ±μÉμ·Ò¥ · ¢´Ò
¶·μ¨§¢¥¤¥´¨Õ Éμ±  ´  ¢¥²¨Î¨´Ê ´ £·Ê§±¨: U = IZ0. �·μÍ¥¤Ê·  ·¥Ï¥´¨Ö
μ¡ÒÎ´μ ¶·¥¤Ê¸³ É·¨¢ ¥É ¢¢¥¤¥´¨¥ ¶ · ³¥É·μ¢ Dx, Dy. �É¨ ¶ · ³¥É·Ò ¨§-
³¥·ÖÕÉ¸Ö Ô±¸¶¥·¨³¥´É ²Ó´μ ¨ Ê¶·μÐ ÕÉ ¶·μÍ¥¤Ê·Ê ¢ÒÎ¨¸²¥´¨° ¸³¥Ð¥´¨Ö.
�´¨ ¶μ²ÊÎ¨²¨ ´ §¢ ´¨¥ ®difference over sum¯:

Dx =
UB − UD

UB − UD
=

4
ϕ0

· r

R
· cos θ · sin ϕ0

2

2 − r2

R2
+

d

2R

≈ x ·
[
1 − d

2R
+ 0.5

(
x2 + y2

)]
,

(22)

Dy =
UA − UC

UA + UC
=

4
ϕ0

· r

R
· sin θ · sin ϕ0

2

2 − r2

R2
+

d

2R

≈ y

[
1 − d

2R
+ 0.5

(
x2 + y2

)]
.

(23)
‚§ ¨³μ¸¢Ö§Ó ³¥¦¤Ê ¶ · ³¥É· ³¨ ¨ ¸³¥Ð¥´¨¥³ ¢Ò· ¦ ¥É¸Ö ¸μμÉ´μÏ¥´¨¥³

x = y · Dx

Dy
. (24)
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�μ¸²¥ ¶μ¤¸É ´μ¢±¨ ¸μμÉ´μÏ¥´¨Ö (16) ¢ Ê· ¢´¥´¨¥ (15) ¶μ²ÊÎ¨³

(
D2

x + D2
y

)
· y3 + 2D2

y

(
1 − d

2R

)
· y − 2D3

y = 0. (25)

“· ¢´¥´¨¥ (23) ¶·¨¢μ¤¨É¸Ö ± ± ´μ´¨Î¥¸±μ³Ê ¢¨¤Ê:

y3 + 3py − 2q = 0, (26)

£¤¥

p =
2
3
·
D2

y

(
1 − d

2R

)
D2

x + D2
y

, q =
D3

y

D2
x + D2

y

. (27)

‘μ£² ¸´μ „. Š ·¤ ´μ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (24) ¨Ð¥É¸Ö ¢ ¢¨¤¥

y = 3
√

u − 3
√

v. (28)

”Ê´±Í¨¨ ´ Ìμ¤ÖÉ¸Ö ¨§ ·¥Ï¥´¨Ö ¸¨¸É¥³Ò Ê· ¢´¥´¨°

u − v = 2q, u · v = p3. (29)

�¥Ï¥´¨¥³ ¤ ´´μ° ¸¨¸É¥³Ò Ö¢²ÖÕÉ¸Ö ËÊ´±Í¨¨

u =
√

q2 + p3 + q, v =
√

q2 + p3 − q. (30)

�Í¥´¨³ ¸μμÉ´μÏ¥´¨¥ ¢¥²¨Î¨´ p3 ¨ q2:

p3

q2
=

8
(

1 − d

2R

)3

27
(
D2

x + D2
y

) ≈ 0.295
D2

x + D2
y

. (31)

�·¨ ¸³¥Ð¥´¨ÖÌ r � 0,15R ¢Ò¶μ²´Ö¥É¸Ö ¸μμÉ´μÏ¥´¨¥

D2
x + D2

y � 0,295 (32)

¨ ¤μ³¨´¨·Ê¥É Î²¥´ p3,   ¶·¨ ¡μ²ÓÏ¨Ì ¸³¥Ð¥´¨ÖÌ ¤μ³¨´¨·Ê¥É q2. ‚ ¸²ÊÎ ¥
³ ²ÒÌ ¸³¥Ð¥´¨°, ¶·¥¤¸É ¢²ÖÕÐ¥³ μ¸´μ¢´μ° ¨´É¥·¥¸, ¶μ¤±μ·¥´´Ò¥ ¢Ò· ¦¥-
´¨Ö ³μ¦´μ · §²μ¦¨ÉÓ ¢ ·Ö¤ ’¥°²μ· :

√
q2 + p3 ≈ p

3
2

(
1 +

q2

2p3

)
, (33)

3
√

1 + x ≈ 1 +
x

3
− x2

9
+

x3

81
. (34)
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‘μ£² ¸´μ ¤ ´´Ò³ · §²μ¦¥´¨Ö³, ¸³¥Ð¥´¨¥ ¶μ μ¸¨ y ¸μ¸É ¢¨É

y ≈ 3
√√

q2 + p3 + q − 3
√√

q2 + p3 − q ≈

≈ √
p ·

[
3

√
1 +

q

p
3
2

+
q2

2p3
− 3

√
1 − q

p
3
2

+
q2

2p3

]
≈

≈ 2q

3p
− 8q3

81p4
≈

(
1 +

d

2R

)
Dy − 0.5Dy

(
D2

x + D2
y

)
. (35)

‘μμÉ¢¥É¸É¢¥´´μ:

x ≈
(

1 +
d

2R

)
Dx − 0.5Dx

(
D2

x + D2
y

)
. (36)

�·¨²μ¦¥´¨¥ 2

�μ·³¨·μ¢±   ³¶²¨ÉÊ¤ ·¥£¨¸É·¨·Ê¥³ÒÌ ¸¨£´ ²μ¢ ´  ¢¥²¨Î¨´Ê U0 ¤ ¥É μÉ-
´μÏ¥´¨Ö Sx, Sy, Ô±¢¨¢ ²¥´É´Ò¥ ¶ · ³¥É· ³ Dx ¨ Dy:

Sx =
UB − U0

U0
= x − 0.5

(
x2 + y2

)
+

d

2R
, (37)

Sy =
UA − U0

U0
= y − 0.5

(
x2 + y2

)
+

d

2R
. (38)

‡ ¢¨¸¨³μ¸ÉÓ ³¥¦¤Ê ¸³¥Ð¥´¨¥³ x, y ¨ ¶ · ³¥É· ³¨ Sx, Sy ¢ ÔÉμ³ ¸²ÊÎ ¥ ¨³¥¥É
¢¨¤

x = y + (Sx − Sy) . (39)

�μ¤¸É ¢²ÖÖ §´ Î¥´¨¥ x ¢ ¢Ò· ¦¥´¨¥ (35), ¶μ²ÊÎ¨³ ±¢ ¤· É´μ¥ Ê· ¢´¥´¨¥ μÉ-
´μ¸¨É¥²Ó´μ y:

y2 − [1 − (Sx − Sy)] y + Sy +
(Sx − Sy)2

2
− d

2R
. (40)

…£μ ·¥Ï¥´¨¥:

y = 0,5 [1 − (Sx − Sy)]±

±
√

0.25 [1 − (Sx − Sy)]2 − Sy − 0.5 (Sx − Sy)2 +
d

2R
≈

≈ 0.5 [1 − (Sx − Sy)] ± 0,5
[
1 − (Sx + Sy) − 0,5 (Sx − Sy)2 +

d

2R

]
. (41)
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”¨§¨Î¥¸±¨° ¸³Ò¸² ¨³¥¥É Éμ²Ó±μ ·¥Ï¥´¨¥

y = Sy + 0,25 (Sx − Sy)2 − d

2R
, (42)

x = Sx + 0,25 (Sx − Sy)2 − d

2R
. (43)
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