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‚ · ¡μÉ¥ ¶·¥¤¸É ¢²¥´Ò Î¨¸²¥´´Ò¥ · ¸Î¥ÉÒ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¢²¨Ö´¨Ö ¢μ§³Ê-
Ð¥´¨° · ¤¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ ³ £´¨É´μ£μ ¶μ²Ö ´  ¤¨´ ³¨±Ê ¶ÊÎ±  ³¥¤¨Í¨´¸±μ£μ Í¨±²μÉ·μ´ 
‘235-V3 ¤²Ö Í¥´É·  ¶·μÉμ´´μ° É¥· ¶¨¨ ¢ „¨³¨É·μ¢£· ¤¥. �É¨ ¢μ§³ÊÐ¥´¨Ö ¢ μ¡² ¸É¨ ³¨´¨³Ê³ 
Î ¸ÉμÉÒ  ±¸¨ ²Ó´ÒÌ ±μ²¥¡ ´¨° ¶·¨¢μ¤ÖÉ ± É· ´¸Ëμ·³ Í¨¨ ±μ£¥·¥´É´μ£μ  ±¸¨ ²Ó´μ£μ ¤¢¨¦¥´¨Ö
Í¥´É·  ÉÖ¦¥¸É¨ ¶ÊÎ±  ¢ ÔÉμ° μ¡² ¸É¨ ¢ ¤ ²Ó´¥°Ï¥¥ ´¥±μ£¥·¥´É´μ¥ ¤¢¨¦¥´¨¥ μÉ¤¥²Ó´ÒÌ Î ¸É¨Í.
�Éμ ¢Ò§Ò¢ ¥É ¤¢Ê±· É´μ¥ Ê¢¥²¨Î¥´¨¥  ±¸¨ ²Ó´μ£μ · §³¥·  ¶ÊÎ±  ´  · ¤¨Ê¸¥ ∼ 20 ¸³ ¨ ¤μ¶μ²´¨-
É¥²Ó´Ò¥ ¶μÉ¥·¨ ¶·μÉμ´μ¢.

„²Ö Ê³¥´ÓÏ¥´¨Ö ´¥¦¥² É¥²Ó´μ£μ ¤¥°¸É¢¨Ö · ¤¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ ´   ±¸¨ ²Ó´μ¥ ¤¢¨¦¥´¨¥
¶ÊÎ±  ³ £´¨É´ Ö ¸¨¸É¥³  ¢ Í¥´É· ²Ó´μ° μ¡² ¸É¨ ¡Ò²  μ¶É¨³¨§¨·μ¢ ´  ¸ ¶μ³μÐÓÕ ¤¢ÊÌ ¶·μÍ¥¤Ê·:
Ê¸É ´μ¢±¨ Ï¨³³-±μ··¥±Éμ·μ¢ ´  ¸¥±Éμ· Ì ¨ ¢Ò¡μ·  ¸¶¥Í¨ ²Ó´μ£μ ´¥¸¨³³¥É·¨Î´μ£μ · ¸¶μ²μ¦¥´¨Ö
¢¥·Ì´¥° ¨ ´¨¦´¥° Í¥´É· ²Ó´ÒÌ ¢ÉÊ²μ±. �Éμ ¶·¨¢¥²μ ± ¤¢Ê±· É´μ³Ê ¸´¨¦¥´¨Õ  ±¸¨ ²Ó´μ£μ · §³¥· 
¶ÊÎ±  ¨ Ê³¥´ÓÏ¥´¨Õ ¶μÉ¥·Ó Î ¸É¨Í. ‚ ±μ´¥Î´μ³ ¨Éμ£¥ É· ´¸³¨¸¸¨Ö ¶ÊÎ±  ¢ ‘235-V3 ¡Ò² 
Ê¢¥²¨Î¥´  ¤μ 72% ¡¥§ ¤¨ Ë· £³Ò ¸ μ£· ´¨Î¨¢ ÕÐ¥°  ¶¥·ÉÊ·μ°, ±μÉμ· Ö μ¡ÒÎ´μ ¨¸¶μ²Ó§Ê¥É¸Ö ¢ Í¨-
±²μÉ·μ´¥ ÔÉμ£μ É¨¶ . �Éμ ¶μ§¢μ²¨²μ Ê³¥´ÓÏ¨ÉÓ · ¤¨ Í¨μ´´Ò¥ ¶μÉ¥·¨ ´  Ô²¥³¥´É Ì Í¨±²μÉ·μ´  ¨
Ê¢¥²¨Î¨ÉÓ ¢ 1,5 · §  Éμ± ¶ÊÎ±  ´  ¢Ìμ¤¥ ¢ ¤¥Ë²¥±Éμ· ¶μ ¸· ¢´¥´¨Õ ¸ ¥£μ ¸¥·¨°´Ò³ ¢ ·¨ ´Éμ³ ‘235.

The paper presents the numerical simulations and the experimental results related to in
uence of the
magnetic ˇeld radial component imperfection on the beam dynamics in the medical cyclotron C235-V3
of the Dimitrovgrad proton therapy center. This imperfection in the region of the minimal axial betatron
frequency leads to transformation of coherent motion of the beam center gravity to incoherent motion
of the separate particles. The radial component increases twice the axial beam size at radius of 20 cm
which produces the additional losses of the protons.

To reduce unwanted actions of the radial component on the axial motion, the magnetic system in the
central region has been optimized using two procedures: positioning of the shim correctors on sectors
and selection of a special asymmetric arrangement of the upper and lower central plugs. This led to a
reduction in the axial beam size by half and to decreasing of the proton losses. Eventually, the beam
transmission in C235-V3 has been increased up to 72% without a limiting aperture diaphragm, which
is commonly used in this type of cyclotron. This allows one to reduce irradiation dose of the machine
elements in comparison with serial C235 cyclotron and permits one to increase 1.5 times beam current
at the de
ector entrance of cyclotron C235-V3 in comparison with cyclotron C235.
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‚ ¸¥·¨°´ÒÌ Í¨±²μÉ·μ´ Ì ‘235 ¶·μ¨¸Ìμ¤ÖÉ  ±¸¨ ²Ó´Ò¥ ¶μÉ¥·¨ ¶ÊÎ±  ¨§-§  ±μ£¥·¥´É-
´ÒÌ  ±¸¨ ²Ó´ÒÌ ±μ²¥¡ ´¨° ¸  ³¶²¨ÉÊ¤μ° ∼ 5 ³³, ¢μ§´¨± ÕÐ¨Ì ¢ Í¥´É· ²Ó´μ° μ¡² ¸É¨
Ê¸±μ·¨É¥²Ö ¶·¨ ´ ²¨Î¨¨ · ¤¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ ³ £´¨É´μ£μ ¶μ²Ö Br ¢ ¸·¥¤´¥° ¶²μ¸-
±μ¸É¨. ‚ ·¥§Ê²ÓÉ É¥ É· ´¸³¨¸¸¨Ö ¶ÊÎ±  ¢ ¤¨ ¶ §μ´¥ · ¤¨Ê¸μ¢ 30Ä105 ¸³, ± ± ¶· ¢¨²μ,
¸μ¸É ¢²Ö¥É ´¥ ¡μ²¥¥ 50 %. „²Ö Ê³¥´ÓÏ¥´¨Ö ÔÉ¨Ì ¶μÉ¥·Ó ¢ Í¥´É· ²Ó´μ° μ¡² ¸É¨ Í¨±²μ-
É·μ´  ‘235 ´  · ¤¨Ê¸ Ì 15Ä20 ¸³, ±μ£¤  Ô´¥·£¨Ö ¶·μÉμ´μ¢ ∼ 2 ŒÔ‚, Ê¸É ´ ¢²¨¢ ¥É¸Ö
¤¨ Ë· £³  ¸ μ£· ´¨Î¨É¥²Ó´μ° ¢¥·É¨± ²Ó´μ°  ¶¥·ÉÊ·μ° 6 ³³. �·¨ ¥¥ ¨¸¶μ²Ó§μ¢ ´¨¨ ÔË-
Ë¥±É¨¢´μ¸ÉÓ Ê¸±μ·¥´¨Ö μÉ · ¤¨Ê¸  30 ¸³ ¤μ · ¤¨Ê¸  ¢Ò¢μ¤  105 ¸³ ¸μ¸É ¢²Ö¥É ∼ 90%.
�·¨ ³ ±¸¨³ ²Ó´μ³ Éμ±¥ ¶·μÉμ´´μ£μ ¶ÊÎ±  ¶¥·¥¤ ¤¨ Ë· £³μ° 2,5 ³±� Éμ± Ê¸±μ·¥´´μ£μ
¶ÊÎ±  ¶μ¸²¥ ´¥¥ ¸μ¸É ¢²Ö¥É μ±μ²μ 750 ´�. ‚ ·¥§Ê²ÓÉ É¥ ¶·¨ ÔËË¥±É¨¢´μ¸É¨ ¢Ò¢μ¤  50%
Éμ± ¢Ò¢¥¤¥´´μ£μ ¶ÊÎ±  ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸μ ¸¶¥Í¨Ë¨± Í¨¥° Í¨±²μÉ·μ´  ‘235 · ¢¥´ 300 ´�.

‚ �ˆŸˆ ¨¸¸²¥¤μ¢ ´  ¤¨´ ³¨±  ¶ÊÎ±  ¢ ¶·μÉμ´´μ³ ³¥¤¨Í¨´¸±μ³ Í¨±²μÉ·μ´¥
‘235-V3 [1Ä3] (¸¥·¨°´Ò° ´μ³¥· Ë¨·³Ò IBA Å ���116) ¸ ÊÎ¥Éμ³ ÔËË¥±Éμ¢ · ¤¨ ²Ó-
´μ° ±μ³¶μ´¥´ÉÒ ³ £´¨É´μ£μ ¶μ²Ö Br ¢ ¸·¥¤´¥° ¶²μ¸±μ¸É¨ Í¨±²μÉ·μ´  (z = 0) ¨ ¡ ³¶ 
 ±¸¨ ²Ó´μ£μ ³ £´¨É´μ£μ ¶μ²Ö Bz ¢ Í¥´É· ²Ó´μ° Î ¸É¨ Ê¸±μ·¨É¥²Ö. �Ò²μ ¢ÒÖ¢²¥´μ, ÎÉμ
μ¸´μ¢´μ° ¶·¨Î¨´μ° ¶μÉ¥·Ó ¢μ ¢·¥³Ö Ê¸±μ·¥´¨Ö ¢ ‘235-V3 Ö¢²Ö¥É¸Ö ´ ²¨Î¨¥ Br ¢ ¸·¥¤´¥°
¶²μ¸±μ¸É¨ Í¨±²μÉ·μ´ . ‚ Ìμ¤¥ ¶·μ¢¥¤¥´´ÒÌ Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¨¸¸²¥¤μ¢ ´¨° ¶μ± § ´μ, ÎÉμ ´ ²¨Î¨¥ Br ¢ μ¡² ¸É¨ ³¨´¨³Ê³  Î ¸ÉμÉÒ  ±¸¨ ²Ó´ÒÌ ±μ²¥¡ -
´¨° Qz ∼ 0,04−0,05 (r ∼ 10 ¸³), μ¡Ê¸²μ¢²¥´´μ£μ Ëμ·³μ° ¢¥¤ÊÐ¥£μ ³ £´¨É´μ£μ ¶μ²Ö Bz,
¶·¨¢μ¤¨É ± É· ´¸Ëμ·³ Í¨¨ ±μ£¥·¥´É´μ£μ  ±¸¨ ²Ó´μ£μ ¤¢¨¦¥´¨Ö Í¥´É·  ÉÖ¦¥¸É¨ ¶ÊÎ± 
¢ ÔÉμ° μ¡² ¸É¨ ¢ ¤ ²Ó´¥°Ï¥¥ ´¥±μ£¥·¥´É´μ¥ ¤¢¨¦¥´¨¥ μÉ¤¥²Ó´ÒÌ Î ¸É¨Í. �·¨  §¨³Ê-
É ²Ó´μ³ ¸·¥¤´¥³ §´ Î¥´¨¨ B̄r ≈ 5 ƒ¸ ¨ £· ¤¨¥´É¥ dB̄r/dr ∼= 3 ƒ¸/c³ ÔËË¥±É ¢¥¤¥É ±
¤¢Ê±· É´μ³Ê Ê¢¥²¨Î¥´¨Õ  ±¸¨ ²Ó´μ£μ · §³¥·  ¶ÊÎ±  ´  · ¤¨Ê¸¥ 20 ¸³ ¨ ¤μ¶μ²´¨É¥²Ó´Ò³
¶μÉ¥·Ö³ ¶·μÉμ´μ¢.

„²Ö Ê³¥´ÓÏ¥´¨Ö ´¥¦¥² É¥²Ó´μ£μ ¤¥°¸É¢¨Ö · ¤¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ ´   ±¸¨ ²Ó´μ¥ ¤¢¨-
¦¥´¨¥ ¶ÊÎ±  ³ £´¨É´ Ö ¸¨¸É¥³  ¢ Í¥´É· ²Ó´μ° μ¡² ¸É¨ ¡Ò²  μ¶É¨³¨§¨·μ¢ ´  ¸ ¶μ³μÐÓÕ
¤¢ÊÌ ¶·μÍ¥¤Ê·: Ê¸É ´μ¢±¨ Ï¨³³-±μ··¥±Éμ·μ¢ ´  ¸¥±Éμ· Ì ¨ ¢Ò¡μ·  ¸¶¥Í¨ ²Ó´μ£μ ´¥¸¨³-
³¥É·¨Î´μ£μ · ¸¶μ²μ¦¥´¨Ö ¢¥·Ì´¥° ¨ ´¨¦´¥° Í¥´É· ²Ó´ÒÌ ¢ÉÊ²μ±. �Éμ ¶·¨¢¥²μ ± ¤¢Ê±· É-
´μ³Ê ¸´¨¦¥´¨Õ  ±¸¨ ²Ó´μ£μ · §³¥·  ¶ÊÎ±  ¨ Ê³¥´ÓÏ¥´¨Õ ¶μÉ¥·Ó Î ¸É¨Í. ‚ ±μ´¥Î´μ³
¨Éμ£¥ ÔËË¥±É¨¢´μ¸ÉÓ Ê¸±μ·¥´¨Ö ¢ ‘235-V3 ¡Ò²  Ê¢¥²¨Î¥´  ¤μ 72 % ¡¥§ ¤¨ Ë· £³Ò ¸
μ£· ´¨Î¨¢ ÕÐ¥°  ¶¥·ÉÊ·μ°, ±μÉμ· Ö μ¡ÒÎ´μ ¨¸¶μ²Ó§Ê¥É¸Ö ¢ Í¨±²μÉ·μ´¥ ÔÉμ£μ É¨¶ .
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‚ Î¨¸²¥´´ÒÌ · ¸Î¥É Ì Ô³¨ÉÉ ´¸Ò ¨´¦¥±É¨·Ê¥³μ£μ ¨§ ¶·μÉμ´´μ£μ ¨¸ÉμÎ´¨±  ¶ÊÎ± 
¸μ¸É ¢²Ö²¨ εz = 200π ³³ ·³· ¤ ¨ εr = 50π ³³ ·³· ¤. ‘É ·Éμ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ Î -
¸É¨Í ´  · ¤¨ ²Ó´μ° ¨  ±¸¨ ²Ó´μ° Ë §μ¢ÒÌ ¶²μ¸±μ¸ÉÖÌ ¶·¨¢¥¤¥´μ ´  ·¨¸. 1,  , ¡ ¸μμÉ-
¢¥É¸É¢¥´´μ. � ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í ´  ¶²μ¸±μ¸É¨ ‚—-Ë §  Ä  ±¸¨ ²Ó´ Ö ±μμ·¤¨´ É  Z ¶μ-
± § ´μ ´  ·¨¸. 1, ¢.

ˆ´¦¥±É¨·Ê¥³Ò° ¶ÊÎμ± μ£· ´¨Î¥´ £¥μ³¥É·¨¥° ¢ÒÌμ¤´μ° Ð¥²¨ ¶·μÉμ´´μ£μ ¨¸ÉμÎ´¨± ,
±μÉμ· Ö ¨³¥¥É · §³¥· 0,7 × 4,0 ³³. ‚ · ¸Î¥É Ì ±μ²¨Î¥¸É¢μ ¶·μÉμ´μ¢ ¢ ¡ ´Î¥ ¸μ¸É -
¢²Ö¥É 2000, ¨Ì ´ Î ²Ó´Ò¥ ‚—-Ë §Ò · ¸¶·¥¤¥²¥´Ò ¢ ¨´É¥·¢ ²¥ 30Ä70◦.
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�¨¸. 1. � ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í ¢ ¡ ´Î¥, ¨´¦¥±É¨·Ê¥³μ³ ¨§ ¶·μÉμ´´μ£μ ¨¸ÉμÎ´¨± 

�””…Š’› Œ…„ˆ����‰ �‹�‘Š�‘’ˆ –ˆŠ‹�’����

	 ²¨Î¨¥ · ¤¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ ³ £´¨É´μ£μ ¶μ²Ö Br ¢ ¸·¥¤´¥° ¶²μ¸±μ¸É¨ Í¨±²μ-
É·μ´  ¶·¨¢μ¤¨É ± ±μ£¥·¥´É´μ³Ê ¸¤¢¨£Ê ¶ÊÎ±  ¢ ¢¥·É¨± ²Ó´μ³ ´ ¶· ¢²¥´¨¨. �·¨ ÔÉμ³
¶·μ¨¸Ìμ¤¨É É ±¦¥ ¸³¥Ð¥´¨¥ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨ (´  ±μÉμ·μ°, ¶μ μ¶·¥¤¥²¥´¨Õ, ¸·¥¤-
´¥¥ §´ Î¥´¨¥ · ¤¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ · ¢´μ ´Ê²Õ) μÉ ¸·¥¤´¥° ¶²μ¸±μ¸É¨ Ê¸±μ·¨É¥²Ö.
�¸´μ¢´μ° ¶·¨Î¨´μ° ´ ²¨Î¨Ö · ¤¨ ²Ó´μ° ¸μ¸É ¢²ÖÕÐ¥° ³ £´¨É´μ£μ ¶μ²Ö ¢ ¸·¥¤´¥° ¶²μ¸-
±μ¸É¨ Ö¢²ÖÕÉ¸Ö ´¥ÉμÎ´μ¸É¨ ¢ ¨§£μÉμ¢²¥´¨¨ ¨ ³μ´É ¦¥ Í¨±²μÉ·μ´ .

�¸μ¡¥´´μ¸É¨ ¤¨´ ³¨±¨ ¶ÊÎ±  ¢ Í¥´É· ²Ó´μ° μ¡² ¸É¨ ¸¢Ö§ ´Ò ¸ ÔËË¥±É ³¨ ³¥¤¨ ´-
´μ° ¶²μ¸±μ¸É¨, ¶ · ³¥É· ³¨ ¡ ³¶  ¸·¥¤´¥£μ ³ £´¨É´μ£μ ¶μ²Ö ¨ ³¨´¨³ ²Ó´Ò³ §´ Î¥´¨¥³
Î ¸ÉμÉÒ  ±¸¨ ²Ó´ÒÌ ±μ²¥¡ ´¨°. ‚ Í¨±²μÉ·μ´¥ ‘235 ¡ ³¶ ¸·¥¤´¥£μ ¶μ²Ö ¤ ¥É Ê¢¥²¨Î¥´¨¥
 ±¸¨ ²Ó´μ° Ëμ±Ê¸¨·μ¢±¨ ´  ¶¥·¢ÒÌ μ¡μ·μÉ Ì (· ¤¨Ê¸Ò 3Ä9 ¸³), ´μ ¶·¨¢μ¤¨É ± ¥¥ Ê³¥´Ó-
Ï¥´¨Õ ¤μ Ê·μ¢´Ö Qz ∼ 0,04−0,05 (·¨¸. 2) ¨§-§  ¸²¨Ï±μ³ ¡μ²ÓÏμ£μ £· ¤¨¥´É  ¸·¥¤´¥£μ
¶μ²Ö ¢ ³¥¸É¥ ¶¥·¥Ìμ¤  μÉ ¡ ³¶  ± ¨§μÌ·μ´´μ³Ê ¶μ²Õ.

„¢  ¢ ·¨ ´É  ³μ¤¥²Ó´μ£μ · ¸¶·¥¤¥²¥´¨Ö · ¤¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ ¢ ¸·¥¤´¥° ¶²μ¸-
±μ¸É¨, ¨¸¶μ²Ó§μ¢ ´´ÒÌ ¢ · ¸Î¥É Ì ´  · ¤¨Ê¸ Ì ³¥´ÓÏ¥ 35 ¸³, ¶·¨¢¥¤¥´Ò ´  ·¨¸. 3,  .
� ¸¶·¥¤¥²¥´¨¥ 1 ¡Ò²μ ¨§³¥·¥´μ ´  Í¨±²μÉ·μ´¥ ‘235 ¸ ¸¥·¨°´Ò³ ´μ³¥·μ³ PAP125 Ê¦¥
¶μ¸²¥ § ¶Ê¸±  Í¨±²μÉ·μ´  ‘235-V3 (���116), · ¸¶·¥¤¥²¥´¨¥ 2 Å ·¥§Ê²ÓÉ É · ¸Î¥É´μ°
μ¶É¨³¨§ Í¨¨ ±·¨¢μ° 1, ±μÉμ· Ö ¡Ò²  ¸¤¥² ´  ¸ Í¥²ÓÕ Ê³¥´ÓÏ¥´¨Ö  ±¸¨ ²Ó´μ£μ · §³¥· 
¶ÊÎ± .

� ¸Î¥ÉÒ ¤¨´ ³¨±¨ ¶·μÉμ´´μ£μ ¶ÊÎ±  ¢μ ¢¸¥° μ¡² ¸É¨ Ê¸±μ·¥´¨Ö ¡Ò²¨ ¢Ò¶μ²´¥´Ò ¤²Ö
É·¥Ì · ¸¶·¥¤¥²¥´¨° · ¤¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ ³ £´¨É´μ£μ ¶μ²Ö: 1) B̄r = 0 ´  ¢¸¥Ì · ¤¨Ê-
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�¨¸. 2. ‡ ¢¨¸¨³μ¸ÉÓ Î ¸ÉμÉ ¸¢μ¡μ¤´ÒÌ ±μ²¥¡ ´¨° μÉ · ¤¨Ê¸  ¢ Í¨±²μÉ·μ´¥ ‘235-V3 ¤μ ¨ ¶μ¸²¥

¨¸¶μ²Ó§μ¢ ´¨Ö Ï¨³³ ´  ¸¥±Éμ· Ì ¨ ¸¤¢¨£  Í¥´É· ²Ó´ÒÌ ¢ÉÊ²μ±

�¨¸. 3. � ¸¶·¥¤¥²¥´¨Ö B̄r-±μ³¶μ´¥´ÉÒ ¢ ¸·¥¤´¥° ¶²μ¸±μ¸É¨:  ) 1 Å ¨§³¥·¥´μ ´  Í¨±²μÉ·μ´¥ ‘235

���125 ¸ Ï¨³³ ³¨ Éμ²Ð¨´μ° 2 ³³; 2 Å · ¸¸Î¨É ´μ ¶·¨ ¨§³¥´¥´¨¨ ¸¨³³¥É·¨¨ ³ £´¨É´μ° ¸¨¸É¥³Ò

¢ Í¥´É·¥ ¸ Í¥²ÓÕ ³¨´¨³¨§ Í¨¨ B̄r ¢ · °μ´¥ ³¨´¨³Ê³  Qz §  ¸Î¥É Ê³¥´ÓÏ¥´¨Ö Éμ²Ð¨´Ò ¤μ 1,7 ³³;
¡) · ¸¸Î¨É ´μ ´  μ¸´μ¢¥ ¨§³¥·¥´´μ£μ ¢¥·É¨± ²Ó´μ£μ ¶μ²μ¦¥´¨Ö Í¥´É·  ÉÖ¦¥¸É¨ ¶·μÉμ´´μ£μ ¶ÊÎ± 

¢ Í¨±²μÉ·μ´¥ ‘235-V3 ���116

¸ Ì, 2) ´  · ¤¨Ê¸ Ì r < 35 ¸³ B̄r ¸μμÉ¢¥É¸É¢Ê¥É Ô±¸¶¥·¨³¥´É ²Ó´μ° ±·¨¢μ° 1 ·¨¸. 3,   ¶·¨
¨¸¶μ²Ó§μ¢ ´¨¨ Ï¨³³ Éμ²Ð¨´μ° 2 ³³, ´  · ¤¨Ê¸ Ì r > 35 ¸³ B̄r ¸μμÉ¢¥É¸É¢Ê¥É ±·¨¢μ°
·¨¸. 3, ¡, ¶μ²ÊÎ¥´´μ° ¨¸Ìμ¤Ö ¨§ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¶μ²μ¦¥´¨Ö ¶ÊÎ±  ¢ C235-V3 ´  · -
¤¨Ê¸ Ì r < 35 ¸³, 3) ´  · ¤¨Ê¸ Ì r < 35 ¸³ B̄r ¸μμÉ¢¥É¸É¢Ê¥É · ¸Î¥É´μ° ±·¨¢μ° 2 ·¨¸. 3,  
¤²Ö Ï¨³³ ´  ¸¥±Éμ· Ì ¸ Éμ²Ð¨´μ° 1,7 ³³, ´  · ¤¨Ê¸ Ì r > 35 ¸³ B̄r ¸μμÉ¢¥É¸É¢Ê¥É
±·¨¢μ° ·¨¸. 3, ¡.

…¸²¨ ¢ μ¡² ¸É¨ ³¨´¨³Ê³  Qz ¢ ¸·¥¤´¥° ¶²μ¸±μ¸É¨ Ê¸±μ·¨É¥²Ö ¶·¨¸ÊÉ¸É¢Ê¥É B̄r ¢¥-
²¨Î¨´μ° ∼ ±5 ƒ¸ ¨ £· ¤¨¥´Éμ³ ±3 ƒ¸/c³ (±·¨¢ Ö 1 ·¨¸. 3,  ), Éμ ÔÉμ ¶·¨¢μ¤¨É ± É· ´¸-
Ëμ·³ Í¨¨ ±μ£¥·¥´É´μ£μ ¤¢¨¦¥´¨Ö Í¥´É·  ÉÖ¦¥¸É¨ ¶ÊÎ±  ¢ ÔÉμ° μ¡² ¸É¨ ¢ ¤ ²Ó´¥°Ï¥¥
´¥±μ£¥·¥´É´μ¥ ¤¢¨¦¥´¨¥ μÉ¤¥²Ó´ÒÌ Î ¸É¨Í.
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�μ¤·μ¡´¥¥ μ¡¸Ê¤¨³ ¤ ´´Ò° ÔËË¥±É. “· ¢´¥´¨¥  ±¸¨ ²Ó´ÒÌ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°
¢ ¶·¨¸ÊÉ¸É¢¨¨ · ¤¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ B̄r ¢ ¸·¥¤´¥° ¶²μ¸±μ¸É¨ ¨³¥¥É ¢¨¤

z′′ +
Q2

z

r2
z = −1

r

B̄r

Bz
,

£¤¥ z Å  ±¸¨ ²Ó´ Ö ±μμ·¤¨´ É  É· ¥±Éμ·¨¨ ¶·μÉμ´  μÉ´μ¸¨É¥²Ó´μ ¸·¥¤´¥° ¶²μ¸±μ¸É¨;
z′′ Å ¢Éμ· Ö ¶·μ¨§¢μ¤´ Ö  ±¸¨ ²Ó´μ° ±μμ·¤¨´ ÉÒ ¢¤μ²Ó É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ s; r Å
· ¤¨Ê¸; Bz = Bz(0, r) Å  ±¸¨ ²Ó´ Ö ±μ³¶μ´¥´É  ³ £´¨É´μ£μ ¶μ²Ö ¢ ¸·¥¤´¥° ¶²μ¸±μ¸É¨;
Qz Å Î ¸ÉμÉ   ±¸¨ ²Ó´ÒÌ ±μ²¥¡ ´¨°. — ¸ÉμÉ   ±¸¨ ²Ó´ÒÌ ±μ²¥¡ ´¨° μ¶·¥¤¥²Ö¥É¸Ö £· -
¤¨¥´Éμ³ ¸·¥¤´¥£μ ³ £´¨É´μ£μ ¶μ²Ö, ¶ · ³¥É· ³¨  §¨³ÊÉ ²Ó´μ° ¢ ·¨ Í¨¨ ¶μ²Ö,   É ±¦¥
¤¥°¸É¢¨¥³ Ô²¥±É·¨Î¥¸±μ° Ëμ±Ê¸¨·μ¢±¨, ±μÉμ· Ö § ¢¨¸¨É μÉ ‚—-Ë §Ò ¶·μÉμ´μ¢ ¢ ³μ³¥´É
¶·μ²¥É  Ê¸±μ·ÖÕÐ¨Ì Ð¥²¥°:

Q2
z = − r

Bz

∂Bz

∂r
+ F [1 + 2(tg δ)2] + Q2

el,

£¤¥ F Å Ë² ÉÉ¥·; δ Å Ê£²μ¢ Ö ¸¶¨· ²Ó´μ¸ÉÓ ¸¥±Éμ·μ¢; Q2
el Å ±¢ ¤· É  ±¸¨ ²Ó´μ° Î -

¸ÉμÉÒ, μ¡Ê¸²μ¢²¥´´Ò° Ô²¥±É·¨Î¥¸±μ° Ëμ±Ê¸¨·μ¢±μ°. �¥Ï¥´¨¥ Ê· ¢´¥´¨Ö  ±¸¨ ²Ó´ÒÌ ±μ-
²¥¡ ´¨° ¸ ¶· ¢μ° Î ¸ÉÓÕ ¨³¥¥É ¢¨¤

z ≈ z0

√
Q0

Qz
cos

⎛
⎝ s∫

0

Qz ds′

r
+ ϕ0

⎞
⎠ − rB̄r

Q2
zBz

+

√
Q1

Qz
α

(
r1B̄r1

Q2
1Bz

)
cos

⎛
⎝ s∫

s1

Qz

r
ds′ + ϕ1

⎞
⎠ .

‡¤¥¸Ó z0 Å  ³¶²¨ÉÊ¤   ±¸¨ ²Ó´ÒÌ ±μ²¥¡ ´¨° ¢ ÉμÎ±¥ s = 0, ¸μμÉ¢¥É¸É¢ÊÕÐ¥° Q0; ϕ0 Å
Ë §   ±¸¨ ²Ó´ÒÌ ±μ²¥¡ ´¨° ¢ ÔÉμ° ÉμÎ±¥; s ¨ s′ Å É¥±ÊÐ¨¥ ±μμ·¤¨´ ÉÒ ¢¤μ²Ó É· ¥±Éμ·¨¨
¶·μÉμ´ ; r1 Å · ¤¨Ê¸ μ·¡¨ÉÒ ¶·μÉμ´ , ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ³¨´¨³Ê³Ê Î ¸ÉμÉÒ Q1; ϕ1 Å
Ë §  ±μ²¥¡ ´¨° ¶·μÉμ´ , ¢μ§´¨± ÕÐ¨Ì ¢¡²¨§¨ · ¤¨Ê¸  r1; s1 Å ¶·μ¤μ²Ó´ Ö ±μμ·¤¨-
´ É  ¶·μÉμ´ , ¸μμÉ¢¥É¸É¢ÊÕÐ Ö r1; B̄r1 Å Ì · ±É¥·´ Ö ¢¥²¨Î¨´   §¨³ÊÉ ²Ó´μ£μ ¸·¥¤´¥£μ
§´ Î¥´¨Ö · ¤¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ ¶μ²Ö ¢ μ¡² ¸É¨ ³¨´¨³Ê³  Î ¸ÉμÉÒ; α Å ¶ · ³¥É·,
§ ¢¨¸ÖÐ¨° μÉ ¨§³¥´¥´¨Ö Ë §Ò  ±¸¨ ²Ó´ÒÌ ±μ²¥¡ ´¨° ¢ μ¡² ¸É¨ ³¨´¨³Ê³  Î ¸ÉμÉÒ. �É-
³¥É¨³, ÎÉμ ¶ · ³¥É· α É ±¦¥ § ¢¨¸¨É μÉ ±μ´±·¥É´μ£μ ¢¨¤  ËÊ´±Í¨¨ B̄r(r). � ¸¸³μÉ·¨³
μ¡² ¸ÉÓ ¢μ§³ÊÐ¥´¨Ö B̄r ¢ ¸·¥¤´¥° ¶²μ¸±μ¸É¨ ¸ Ì · ±É¥·´Ò³ · ¤¨ ²Ó´Ò³ ³ ¸ÏÉ ¡μ³ Δr

¢ μ¡² ¸É¨ ³¨´¨³Ê³  ¡¥É É·μ´´μ° Î ¸ÉμÉÒ Q1. ˆ§³¥´¥´¨¥ Ë §Ò ¡¥É É·μ´´ÒÌ ±μ²¥¡ -
´¨° ¶·¨ ¶·μÌμ¦¤¥´¨¨ ÔÉμ£μ ¢μ§³ÊÐ¥´¨Ö μÍ¥´¨¢ ¥É¸Ö ¸μμÉ´μÏ¥´¨¥³ Δϕ ≈ 2πQ1n, £¤¥
n = Δr/δr Å Î¨¸²μ μ¡μ·μÉμ¢ Î ¸É¨ÍÒ, §  ±μÉμ·μ¥ μ´  ¶¥·¥³¥Ð ¥É¸Ö ¢ · ¤¨ ²Ó´μ³
´ ¶· ¢²¥´¨¨ ´  · ¸¸ÉμÖ´¨¨ Δr, δr Å · ¤¨ ²Ó´μ¥ ¸³¥Ð¥´¨¥ Î ¸É¨ÍÒ §  μ¤¨´ μ¡μ·μÉ.
“Î¨ÉÒ¢ Ö, ÎÉμ §  μ¤¨´ μ¡μ·μÉ ´ ¡μ· Ô´¥·£¨¨ ¶·μÉμ´  ´  4-° £ ·³μ´¨±¥ ‚— ¸μ¸É ¢²Ö¥É
4eURF sin (2ψd), £¤¥ URF Å ‚—-´ ¶·Ö¦¥´¨¥, ψd Å Ê£²μ¢ Ö ¶·μÉÖ¦¥´´μ¸ÉÓ ¤Ê ´É , ¶μ-
²ÊÎ ¥³ δr/r1 = 4eURF sin (2ψd)/2E1, £¤¥ E1 Å Ô´¥·£¨Ö ¶·μÉμ´  ´  μ·¡¨É¥ ¸ · ¤¨Ê¸μ³ r1.

‚ ·¥§Ê²ÓÉ É¥ ¨³¥¥³ Δϕ ≈ πQ1

(
E1

eURF sin (2ψd)

) (
Δr

r1

)
. � · ³¥É· α § ¢¨¸¨É μÉ ¨§³¥-

´¥´¨Ö Ë §Ò Δϕ: ¶·¨ Δϕ ≈ 1 · ¤ α ≈ 1,   ¶·¨ Δϕ � 1 · ¤ α ≈ exp (−Δϕ)/Δϕ. ’¨-
¶¨Î´Ò¥ ¶ · ³¥É·Ò ¢ Í¥´É· ²Ó´μ° μ¡² ¸É¨ Í¨±²μÉ·μ´  ‘235-V3 ¸²¥¤ÊÕÐ¨¥: Δr

∼= 2 ¸³,
r1

∼= 10 ¸³, Q1
∼= 0,05, E1

∼= 2 ŒÔ‚, eURF = 0,06 ŒÔ‚, ψd = 40◦ ¨ Δϕ ≈ 1 · ¤.
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	 ²¨Î¨¥ · ¤¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ ¢ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨ ¶·¨¢μ¤¨É ± ¤¢Ê³ ÔËË¥±É ³.

�¥·¢Ò° ÔËË¥±É ¸¢Ö§ ´ ¸ ±μ£¥·¥´É´Ò³ ¸³¥Ð¥´¨¥³ ¶·μÉμ´´μ£μ ¶ÊÎ±  ´  Δz =
rB̄r

Q2
zBz

.

‚Éμ·μ° ÔËË¥±É ¸¢Ö§ ´ ¸ ·μ¸Éμ³  ³¶²¨ÉÊ¤Ò ´¥±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨°, ¸μÌ· ´ÖÕÐ¨Ì¸Ö
¶μ¸²¥ ¶·μÌμ¦¤¥´¨Ö ¢μ§³ÊÐ¥´¨Ö B̄r ¢ μ¡² ¸É¨ ³¨´¨³Ê³  ¡¥É É·μ´´μ° Î ¸ÉμÉÒ, ¥¸²¨
Δϕ ≈ 1 · ¤.

�É³¥É¨³, ÎÉμ ¢ Ê¸²μ¢¨ÖÌ Í¥´É· ²Ó´μ° μ¡² ¸É¨ Í¨±²μÉ·μ´  ‘235-V3 Ì · ±É¥·´Ò° ³ ¸-
ÏÉ ¡ ¨§³¥´¥´¨Ö B̄r(r) ¸· ¢´¨³ ¸ · ¤¨ ²Ó´Ò³ · §³¥·μ³, ´  ±μÉμ·μ³ ¶·μ¨¸Ìμ¤¨É ¶μ²μ¢¨´ 
¶¥·¨μ¤   ±¸¨ ²Ó´ÒÌ ±μ²¥¡ ´¨°. ‚ ·¥§Ê²ÓÉ É¥ ÔÉμ£μ Î ¸É¨Î´μ ¸μÌ· ´ÖÕÉ¸Ö ±μ£¥·¥´É´Ò¥
±μ²¥¡ ´¨Ö ¶ÊÎ± , ¶·¨μ¡·¥É¥´´Ò¥ ¨³ ¢ μ¡² ¸É¨ ³¨´¨³Ê³  ¡¥É É·μ´´μ° Î ¸ÉμÉÒ, ´¥¸³μ-
É·Ö ´  § ³¥É´μ¥ ¸´¨¦¥´¨¥ ¢μ§³ÊÐ¥´¨Ö · ¤¨ ²Ó´μ£μ ¶μ²Ö ¢ μ¡² ¸É¨ · ¤¨Ê¸μ¢ r > 20 c³,
¨ Î ¸É¨Î´μ ¶·μ¨¸Ìμ¤¨É É· ´¸Ëμ·³ Í¨Ö ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ±  ¢ ´¥±μ£¥·¥´É´Ò¥
±μ²¥¡ ´¨Ö μÉ¤¥²Ó´ÒÌ Î ¸É¨Í.

Š ± ¶μ± §Ò¢ ÕÉ  ´ ²¨É¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¤²Ö ‘235-V3, ´ ²¨Î¨¥ ¢μ§³ÊÐ¥´¨° · ¤¨ ²Ó-
´μ° ±μ³¶μ´¥´ÉÒ ³ £´¨É´μ£μ ¶μ²Ö ¢ ¸·¥¤´¥° ¶²μ¸±μ¸É¨ ¸ Ê·μ¢´¥³ ¶μ²Ö ±5 ƒ¸ ¨ £· ¤¨¥´-
Éμ³ ±3 ƒ¸/c³ (±·¨¢ Ö 1, ·¨¸. 3,  ) ¶·¨ Δϕ ≈ 1 · ¤ ¶·¨¢μ¤¨É ¶·¨³¥·´μ ± ¤¢Ê±· É´μ³Ê
Ê¢¥²¨Î¥´¨Õ ¸·¥¤´¥±¢ ¤· É¨Î´μ£μ  ±¸¨ ²Ó´μ£μ · §³¥·  ¶ÊÎ±  ´  · ¤¨Ê¸ Ì 20 ¸³ ¶μ ¸· ¢-
´¥´¨Õ ¸μ ¸²ÊÎ ¥³, ±μ£¤  B̄r = 0. �É³¥É¨³, ÎÉμ ¶ · ³¥É· α ≈ 1 ¶·¨ Δϕ ≈ 1 · ¤, ´μ
¥£μ ÉμÎ´ Ö ¢¥²¨Î¨´  § ¢¨¸¨É μÉ ±μ´±·¥É´μ£μ ¢¨¤  ËÊ´±Í¨¨ B̄r(r). �¶É¨³¨§ Í¨Ö ËÊ´±-
Í¨¨ B̄r(r) ¢ μ¡² ¸É¨ ³¨´¨³Ê³   ±¸¨ ²Ó´μ° Î ¸ÉμÉÒ (±·¨¢ Ö 2 ´  ·¨¸. 3,  ) ¶·¨¢μ¤¨É ±
¸´¨¦¥´¨Õ ¸·¥¤´¥±¢ ¤· É¨Î´μ£μ  ±¸¨ ²Ó´μ£μ · §³¥·  ¶ÊÎ± .

—ˆ‘‹…��›… ��‘—…’› „ˆ��ŒˆŠˆ �“—Š�

�¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¤¨´ ³¨±¨ Î ¸É¨Í ¢ Í¥´É· ²Ó´μ° μ¡² ¸É¨ Í¨±²μ-
É·μ´  ‘235-V3 ¢ É¥Î¥´¨¥ ¶¥·¢ÒÌ 30 μ¡μ·μÉμ¢ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 4 ¢ μÉ¸ÊÉ¸É¢¨¥ B̄r

¢ ¸·¥¤´¥° ¶²μ¸±μ¸É¨ ¨ ¤²Ö ³μ¤¥²Ó´ÒÌ · ¸¶·¥¤¥²¥´¨° B̄r (·¨¸. 3,  ). �·μÉμ´´Ò° ¶ÊÎμ±
´  · ¤¨Ê¸¥ 10 ¸³ ¢μ ¢¸¥Ì ¸²ÊÎ ÖÌ ¶μ²´μ¸ÉÓÕ § ¶μ²´Ö¥É  ¶¥·ÉÊ·Ê ¤Ê ´Éμ¢. 	 ²¨Î¨¥ · -
¤¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ ¶·¨¢μ¤¨É ± ¢μ§´¨±´μ¢¥´¨Õ ±μ£¥·¥´É´ÒÌ  ±¸¨ ²Ó´ÒÌ ±μ²¥¡ ´¨°.
�³¶²¨ÉÊ¤  ±μ²¥¡ ´¨° ¸μ¸É ¢²Ö¥É ∼ 5 ³³ ´  · ¤¨Ê¸¥ 14 ¸³ ¤²Ö · ¤¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ
·¨¸. 3,  , ±·¨¢ Ö 1. �³¶²¨ÉÊ¤  ÔÉ¨Ì ±μ²¥¡ ´¨° Ê³¥´ÓÏ ¥É¸Ö ¤μ 3 ³³ ¢ ¸²ÊÎ ¥ · ¤¨ ²Ó-
´μ° ±μ³¶μ´¥´ÉÒ ·¨¸. 3,  , ±·¨¢ Ö 2. ’ ±¦¥ ¡² £μ¤ ·Ö ´ ²¨Î¨Õ B̄r ¢ μ¡² ¸É¨ ³¨´¨³Ê³ 
 ±¸¨ ²Ó´μ° Î ¸ÉμÉÒ ¶·μ¨¸Ìμ¤¨É É· ´¸Ëμ·³ Í¨Ö ±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ±  ¢ ´¥±μ£¥-
·¥´É´Ò¥ ±μ²¥¡ ´¨Ö μÉ¤¥²Ó´ÒÌ Î ¸É¨Í.

�±¸¨ ²Ó´Ò¥ ¶μÉ¥·¨ ¡Ò²¨ · ¸¸Î¨É ´Ò ¸ ÊÎ¥Éμ³ Ê¢¥²¨Î¥´¨Ö  ¶¥·ÉÊ·Ò ¤Ê ´Éμ¢ μÉ 10 ³³
´  · ¤¨Ê¸¥ 1,5 ¸³ ¤μ 20 ³³, ´ Î¨´ Ö ¸ · ¤¨Ê¸  10 ¸³. �·μÉμ´Ò É ±¦¥ ¸Î¨É ²¨¸Ó ¶μÉ¥-
·Ö´´Ò³¨, ¥¸²¨ ¨Ì · ¤¨Ê¸ Ê³¥´ÓÏ ²¸Ö ¸ ´ Î ²Ó´μ£μ §´ Î¥´¨Ö 1,6 ¸³ ¤μ 1 ¸³. �±¸¨ ²Ó´Ò¥
¶μÉ¥·¨ · ¸¸³ É·¨¢ ²¨¸Ó Éμ²Ó±μ ´  ¤Ê´É Ì, ¨Ì ¶μÉ¥·¨ ´  ¸¥±Éμ· Ì ³ £´¨É´μ° ¸¨¸É¥³Ò ´¥
ÊÎ¨ÉÒ¢ ²¨¸Ó, É ± ¦¥ ± ± ¨ ¶μÉ¥·¨ ´  ¤¥Ë²¥±Éμ·¥ ¸¨¸É¥³Ò ¢Ò¢μ¤ .

	 ²¨Î¨¥ B̄r ¢ ¸·¥¤´¥° ¶²μ¸±μ¸É¨ (±·¨¢ Ö 1 ·¨¸. 3,  ) ¶·¨¢μ¤¨É ± ¤¢Ê±· É´μ³Ê Ê¢¥²¨Î¥-
´¨Õ ¶μÉ¥·Ó ¢ Í¥´É· ²Ó´μ° μ¡² ¸É¨ Ê¸±μ·¨É¥²Ö (É ¡²¨Í ). ’ ±μ° ·μ¸É  ±¸¨ ²Ó´ÒÌ ¶μÉ¥·Ó
¢ ¸Ê³³¥ ¸ · ¤¨ ²Ó´Ò³¨ ¶μÉ¥·Ö³¨ ¶·¨¢μ¤¨É ± ¸´¨¦¥´¨Õ ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±  ¶·¨³¥·´μ
¢ 1,5 · § .

� ¸¶·¥¤¥²¥´¨¥  ±¸¨ ²Ó´ÒÌ ¶μÉ¥·Ó ¶·μÉμ´μ¢ ¶μ · ¤¨Ê¸Ê ¶μ± § ´μ ´  £¨¸Éμ£· ³³ Ì
·¨¸. 5. 	¥¸³μÉ·Ö ´  · §´ÊÕ Ëμ·³Ê £¨¸Éμ£· ³³ ¡ ¨ ¢, ¸Ê³³ ·´Ò¥  ±¸¨ ²Ó´Ò¥ ¶μÉ¥·¨
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�¨¸. 4. �±¸¨ ²Ó´Ò¥ É· ¥±Éμ·¨¨ ¶·μÉμ´μ¢ ¢μ ¢·¥³Ö ¶¥·¢ÒÌ 30 μ¡μ·μÉμ¢.  ) B̄r = 0; ¡) B̄r ¸μμÉ¢¥É-

¸É¢Ê¥É ±·¨¢μ° 1 ´  ·¨¸. 3,  ; ¢) B̄r ¸μμÉ¢¥É¸É¢Ê¥É ±·¨¢μ° 2 ´  ·¨¸. 3,  . ‘¢¥É²Ò³¨ ÉμÎ± ³¨ ¶μ± § ´ 

É· ¥±Éμ·¨Ö Í¥´É·  ÉÖ¦¥¸É¨ ¶·μÉμ´´μ£μ ¶ÊÎ± 

� ¸Î¥É´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶μÉ¥·Ö´´ÒÌ ¨ § Ì¢ Î¥´´ÒÌ ¢ Ê¸±μ·¥´¨¥ ¶·μÉμ´μ¢ ¢ Í¥´É·¥ Í¨±²μÉ·μ´ 

� ¤¨ ²Ó´Ò¥
¶μÉ¥·¨, %

�±¸¨ ²Ó´Ò¥
¶μÉ¥·¨, %

‡ Ì¢ Î¥´μ
¢ Ê¸±μ·¥´¨¥, % B̄r

18 21 61 0
18 42 40 �¨¸. 3,  

¶·μÉμ´μ¢ ¸ ÉμÎ´μ¸ÉÓÕ ¤μ 1 % ¶μ²ÊÎ¨²¨¸Ó μ¤¨´ ±μ¢Ò¥. “¢¥²¨Î¥´¨¥ ¶μÉ¥·Ó ´  · ¤¨Ê-
¸ Ì 10Ä11 ¸³ ¢ ¸²ÊÎ ¥ ±·¨¢μ° 2 ·¨¸. 3,   ±μ³¶¥´¸¨·Ê¥É¸Ö ¨Ì μÉ¸ÊÉ¸É¢¨¥³ ´  · ¤¨Ê¸ Ì
13Ä15 ¸³.

�¤´ ±μ ¢ μ¸´μ¢´μ° μ¡² ¸É¨ Ê¸±μ·¥´¨Ö ¶μÉ¥·¨ ¶·μÉμ´μ¢ ´ Î¨´ ÕÉ ¸ÊÐ¥¸É¢¥´´μ § ¢¨-
¸¥ÉÓ μÉ · ¸¶·¥¤¥²¥´¨Ö B̄r ¢ Í¥´É·¥ Í¨±²μÉ·μ´ . �±¸¨ ²Ó´Ò° ¸·¥¤´¥±¢ ¤· É¨Î´Ò° (±2σ)
· §³¥· ¶ÊÎ±  ¢μ ¢¸¥° μ¡² ¸É¨ Ê¸±μ·¥´¨Ö ¢ μÉ¸ÊÉ¸É¢¨¥ Br ¢ ¸·¥¤´¥° ¶²μ¸±μ¸É¨ ¨ ¶·¨
´ ²¨Î¨¨ ¤¢ÊÌ § ¢¨¸¨³μ¸É¥° Br ¶μ± § ´ ´  ·¨¸. 6. ‚ μÉ¸ÊÉ¸É¢¨¥ Br  ±¸¨ ²Ó´Ò° · §³¥·
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�¨¸. 5. � ¸¶·¥¤¥²¥´¨¥  ±¸¨ ²Ó´ÒÌ ¶μÉ¥·Ó ¶·μÉμ´μ¢ ¶μ · ¤¨Ê¸Ê ¢ Í¥´É·¥ Í¨±²μÉ·μ´ :  ) B̄r = 0;
¡) B̄r ¸μμÉ¢¥É¸É¢Ê¥É ±·¨¢μ° 1 ´  ·¨¸. 3,  ; ¢) B̄r ¸μμÉ¢¥É¸É¢Ê¥É ±·¨¢μ° 2 ´  ·¨¸. 3,  

�¨¸. 6. ‡ ¢¨¸¨³μ¸ÉÓ  ±¸¨ ²Ó´μ£μ ¸·¥¤´¥±¢ ¤· É¨Î´μ£μ (±2σ) · §³¥·  ¶ÊÎ±  μÉ · ¤¨Ê¸ : 1 Å
B̄r ¸μμÉ¢¥É¸É¢Ê¥É ±·¨¢μ° 1 ´  ·¨¸. 3,   ¨ ±·¨¢μ° ´  ·¨¸. 3, ¡; 2 Å B̄r ¸μμÉ¢¥É¸É¢Ê¥É ±·¨¢μ° 2 ´ 

·¨¸. 3,   ¨ ±·¨¢μ° ´  ·¨¸. 3, ¡; 3 Å B̄r = 0
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�¨¸. 7. � ¸¶·¥¤¥²¥´¨¥ ¶μÉ¥·Ó ¶ÊÎ±  ¢ ¤¨ ¶ §μ´¥ · ¤¨Ê¸μ¢ 60Ä100 ¸³ ¤²Ö B̄r , ¸μμÉ¢¥É¸É¢ÊÕÐ¥°

±·¨¢μ° 1 ´  ·¨¸. 3,   ¨ ±·¨¢μ° ´  ·¨¸. 3, ¡

�¨¸. 8. �·μË¨²¨ ¶·μÉμ´´μ£μ ¶ÊÎ±  ¢ ¶²μ¸±μ¸É¨ (r, z):  ) B̄r ¸μμÉ¢¥É¸É¢Ê¥É ±·¨¢μ° 1 ´  ·¨¸. 3,  
¶·¨ r < 35 ¸³ ¨ ±·¨¢μ° ´  ·¨¸. 3, ¡ ¶·¨ r > 35 ¸³; ¡) B̄r ¸μμÉ¢¥É¸É¢Ê¥É ±·¨¢μ° 2 ´  ·¨¸. 3,   ¶·¨

r < 35 ¸³ ¨ ±·¨¢μ° ´  ·¨¸. 3, ¡ ¶·¨ r > 35 ¸³; ¢) B̄r = 0
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¶ÊÎ± , ´ Î¨´ Ö ¸ · ¤¨Ê¸  30 ¸³, · ¢¥´ 6 ³³. 	 ²¨Î¨¥ Br ¢ Í¥´É· ²Ó´μ° μ¡² ¸É¨ Í¨±²μ-
É·μ´  ¢ ¢¨¤¥ ±·¨¢μ° 1 ·¨¸. 3,   ¶·¨¢μ¤¨É ± Ê¢¥²¨Î¥´¨Õ  ±¸¨ ²Ó´μ£μ · §³¥·  ¤μ 12 ³³ ¨
¤μ¶μ²´¨É¥²Ó´Ò³ ¶μÉ¥·Ö³ 20% ¶·μÉμ´μ¢ ¢ ¤¨ ¶ §μ´¥ · ¤¨Ê¸μ¢ 60Ä100 ¸³ (·¨¸. 7). ‘´¨-
¦¥´¨¥ Br ¢ μ¡² ¸É¨ ³¨´¨³Ê³  Qz (·¨¸. 3,  , ±·¨¢ Ö 2) ¢Ò§Ò¢ ¥É Ê³¥´ÓÏ¥´¨¥ · §³¥· 
¶ÊÎ±  ¤μ 8 ³³, ¶·¨ ÔÉμ³ ¶μÉ¥·¨ ¶ÊÎ±  ¢ ¤¨ ¶ §μ´¥ · ¤¨Ê¸μ¢ 60Ä100 ¸³ μÉ¸ÊÉ¸É¢ÊÕÉ, ÎÉμ
¶·¨¢μ¤¨É ± Ê¢¥²¨Î¥´¨Õ É· ´¸³¨¸¸¨¨ ¶ÊÎ±  ´  20 % ¢ ¤¨ ¶ §μ´¥ · ¤¨Ê¸μ¢ 15Ä105 ¸³ ¶μ
¸· ¢´¥´¨Õ ¸ B̄r, ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ±·¨¢μ° 1 ·¨¸. 3,  .

�μ²´Ò¥  ±¸¨ ²Ó´Ò¥ ¶·μË¨²¨ ¶ÊÎ±  ¶μ± § ´Ò ´  ·¨¸. 8 ¤²Ö É·¥Ì ¢ ·¨ ´Éμ¢, ±μÉμ·Ò¥
¸μμÉ¢¥É¸É¢ÊÕÉ ±·¨¢Ò³ ¸·¥¤´¥±¢ ¤· É¨Î´μ£μ · §³¥·  ¶ÊÎ± , ¨§μ¡· ¦¥´´Ò³ ´  ·¨¸. 6.

�Š‘�…�ˆŒ…�’�‹œ�›… ˆ‘‘‹…„�‚��ˆŸ „ˆ��ŒˆŠˆ �“—Š�
‚ –ˆŠ‹�’���… ‘235-V3

‚ ‘235-V3 ¸É·Ê±ÉÊ·  ³ £´¨É´μ£μ ¶μ²Ö ¢ μ¡² ¸É¨ ³¨´¨³Ê³  Qz (r ∼ 10 ¸³) ¡Ò² 
¢¶¥·¢Ò¥ μ¶É¨³¨§¨·μ¢ ´  ¸·¥¤¨ Í¨±²μÉ·μ´μ¢ ¸¥·¨¨ ‘235 ¸ ¶μ³μÐÓÕ ¤¢ÊÌ ¶·μÍ¥¤Ê·: Ê¸É -
´μ¢±¨ Ï¨³³-±μ··¥±Éμ·μ¢ ´  ¸¥±Éμ· Ì ¨ ¢Ò¡μ·  ¸¶¥Í¨ ²Ó´μ£μ ´¥¸¨³³¥É·¨Î´μ£μ · ¸¶μ²μ-
¦¥´¨Ö ¢¥·Ì´¥° ¨ ´¨¦´¥° Í¥´É· ²Ó´ÒÌ ¢ÉÊ²μ± ³ £´¨É´μ° ¸¨¸É¥³Ò. �·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ
Î ¸ÉμÉÒ Qz ∼ 0,04 ¶·¨¸ÊÉ¸É¢¨¥ ¸·¥¤´¥° · ¤¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ ³ £´¨É´μ£μ ¶μ²Ö ¶·¨-
¢μ¤¨É ± ±μ£¥·¥´É´μ³Ê ¸³¥Ð¥´¨Õ ¶ÊÎ±  ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ëμ·³Ê²μ° Δz = rB̄r/B̄zQ

2
z ¨

¢μ§´¨±´μ¢¥´¨Õ ´¥±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨°, ¸μÌ· ´ÖÕÐ¨Ì¸Ö ¶μ¸²¥ ¶·μÌμ¦¤¥´¨Ö ¢μ§³ÊÐ¥-
´¨Ö · ¤¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ ¶μ²Ö. ‚ ·¥§Ê²ÓÉ É¥ ÔÉμ£μ ¸·¥¤´¥±¢ ¤· É¨Î´Ò°  ±¸¨ ²Ó´Ò°
· §³¥· ¶ÊÎ±  ¢ ¤¨ ¶ §μ´¥ · ¤¨Ê¸μ¢ 15Ä20 ¸³ ¢ ¶¥·¢ÒÌ Ô±¸¶¥·¨³¥´É Ì ¸ ¶ÊÎ±μ³ ¸μ¸É ¢²Ö²
∼ 17−18 ³³ (·¨¸. 9, ±·¨¢ Ö 1), ÎÉμ ¸· ¢´¨³μ ¸ ¢¥·É¨± ²Ó´μ°  ¶¥·ÉÊ·μ° 20 ³³ ¤Ê ´Éμ¢
Ê¸±μ·¨É¥²Ö.

‚ ·¥§Ê²ÓÉ É¥ μ¶É¨³¨§ Í¨¨ Í¥´É· ²Ó´μ° μ¡² ¸É¨ Í¨±²μÉ·μ´   ±¸¨ ²Ó´Ò° · §³¥· ¶·μ-
Éμ´´μ£μ ¶ÊÎ±  ¢ ¤¨ ¶ §μ´¥ · ¤¨Ê¸μ¢ 15Ä20 ¸³ ¡Ò² Ê³¥´ÓÏ¥´ ¢ ¤¢  · §  ¨ ¸μ¸É ¢¨²

�¨¸. 9. �±¸¨ ²Ó´Ò° ¸·¥¤´¥±¢ ¤· É¨Î´Ò° · §³¥· ¶ÊÎ±  (1, 2) ¨ ¶μ²μ¦¥´¨¥ ¥£μ Í¥´É·  ÉÖ¦¥¸É¨ (3, 4),
´ Î¨´ Ö ¸ · ¤¨Ê¸  150 ³³. 1, 3 Å ¤μ μ¶É¨³¨§ Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö; 2, 4 Å ¶μ¸²¥ μ¶É¨³¨§ Í¨¨
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∼ 7−8 ³³ (·¨¸. 9, ±·¨¢ Ö 2). �Éμ ¶·¨¢¥²μ ± Éμ³Ê, ÎÉμ ÔËË¥±É¨¢´μ¸ÉÓ Ê¸±μ·¥´¨Ö ¢
Í¨±²μÉ·μ´¥ ‘235-V3 ¡Ò²  Ê¢¥²¨Î¥´  ¤μ 72% ¡¥§ Ê¸É ´μ¢±¨ ¤¨ Ë· £³Ò, μ£· ´¨Î¨¢ Õ-
Ð¥° ¢¥·É¨± ²Ó´ÊÕ  ¶¥·ÉÊ·Ê.

‡�Š‹	—…�ˆ…

Œμ¤¥²¨·μ¢ ´¨¥ ¤¨´ ³¨±¨ ¶ÊÎ±  ¶μ± § ²μ, ÎÉμ μ¶É¨³¨§ Í¨Ö · ¤¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ
³ £´¨É´μ£μ ¶μ²Ö ¢ μ¡² ¸É¨ ³¨´¨³ ²Ó´μ°  ±¸¨ ²Ó´μ° Ëμ±Ê¸¨·μ¢±¨ ¶·¨¢μ¤¨É ± Ê³¥´Ó-
Ï¥´¨Õ  ±¸¨ ²Ó´μ£μ · §³¥·  ¶ÊÎ±  ¢ 1,5 · §  ¨ Ê¢¥²¨Î¥´¨Õ ¥£μ É· ´¸³¨¸¸¨¨ ´  20 % ¢
¤¨ ¶ §μ´¥ · ¤¨Ê¸μ¢ 15Ä105 ¸³.

‚ ·¥§Ê²ÓÉ É¥ Ô±¸¶¥·¨³¥´É ²Ó´μ° μ¶É¨³¨§ Í¨¨ ¸É·Ê±ÉÊ·Ò ³ £´¨É´μ£μ ¶μ²Ö ¢ Í¥´É· ²Ó-
´μ° μ¡² ¸É¨ Í¨±²μÉ·μ´  ÔËË¥±É¨¢´μ¸ÉÓ Ê¸±μ·¥´¨Ö ¶·μÉμ´´μ£μ ¶ÊÎ±  ¡¥§ Ê¸É ´μ¢±¨ ¤¨ -
Ë· £³Ò, μ£· ´¨Î¨¢ ÕÐ¥° ¢¥·É¨± ²Ó´ÊÕ  ¶¥·ÉÊ·Ê, ¤μ¸É¨£²  72 %, ÎÉμ ¶μ§¢μ²¨²μ ¶·¨-
³¥·´μ ¢ 1,5 · §  Ê¢¥²¨Î¨ÉÓ Éμ± Ê¸±μ·¥´´ÒÌ ¶·μÉμ´μ¢ ´  ¢Ìμ¤¥ ¢ ¤¥Ë²¥±Éμ· ‘235-V3 ¶μ
¸· ¢´¥´¨Õ ¸ ¸¥·¨°´Ò³ Í¨±²μÉ·μ´μ³ ‘235.
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