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

‚ · ¡μÉ¥ · ¸¸³ É·¨¢ ÕÉ¸Ö  ´ ²¨É¨Î¥¸±¨¥ § ¢¨¸¨³μ¸É¨, ±μÉμ·Ò¥ ¶·¨³¥´ÖÕÉ¸Ö ¤²Ö ¶·¥¤¢ ·¨-
É¥²Ó´μ£μ ¸¨´É¥§  ¨ μ¶·¥¤¥²¥´¨Ö μ¸´μ¢´ÒÌ Ë¨§¨Î¥¸±¨Ì ¨ £¥μ³¥É·¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ ³ £´¨É´μ°
¸É·Ê±ÉÊ·Ò ¨ ¸ ³μ£μ ³ £´¨É  Í¨±²μÉ·μ´ . ’ ±¦¥ ¶·¨¢μ¤ÖÉ¸Ö ¸¶μ¸μ¡ ¶μ²ÊÎ¥´¨Ö, μ¶¨¸ ´¨¥ ¨ £· Ë¨-
Î¥¸±μ¥ ¶·¥¤¸É ¢²¥´¨¥ ÔÉ¨Ì ¤¢Ê³¥·´ÒÌ  ´ ²¨É¨Î¥¸±¨Ì § ¢¨¸¨³μ¸É¥°. ˆÌ ¨¸¶μ²Ó§μ¢ ´¨¥ ¶μ§¢μ²Ö¥É
¶·¥¤¢ ·¨É¥²Ó´μ ¸¨´É¥§¨·μ¢ ÉÓ ¨ μ¶É¨³¨§¨·μ¢ ÉÓ ³ £´¨É´Ò¥ ¸É·Ê±ÉÊ·Ò Í¨±²μÉ·μ´μ¢ ¸ ¶·Ö³Ò³¨ ¨
¸¶¨· ²Ó´Ò³¨ ¸¥±Éμ· ³¨, ¡²¨§±¨¥ ±  §¨³ÊÉ ²Ó´μ-¸¨³³¥É·¨Î´Ò³. �É´μÏ¥´¨¥ ¨Ì ¢μ§¤ÊÏ´ÒÌ § §μ·μ¢
¢ ¤μ²¨´¥ ¨ ¢ · °μ´¥ ¸¥±Éμ·μ¢ ´¥ ¤μ²¦´μ ¶·¥¢ÒÏ ÉÓ §´ Î¥´¨Ö 25, Ê£μ² ¸¶¨· ²Ó´ÒÌ ¸¥±Éμ·μ¢ ´¥
¤μ²¦¥´ ¡ÒÉÓ ¡μ²ÓÏ¥ 40◦ ¨ ¸·¥¤´¥¥ ³ £´¨É´μ¥ ¶μ²¥ ´¥ ¡μ²¥¥ 2 T². �·¨³¥´¥´¨¥ ´¥±μÉμ·ÒÌ ¨§ ÔÉ¨Ì
§ ¢¨¸¨³μ¸É¥° ¸É ²μ ¡ §μ¢Ò³ ¢ · §· ¡μÉ±¥ ¶·μ£· ³³´μ£μ ¶·¨²μ¦¥´¨Ö CyclSyntWin, ±μÉμ·μ¥ ¢ ‹ -
¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° �ˆŸˆ („Ê¡´ ) Ê¦¥ ´¥¸±μ²Ó±μ ²¥É ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ¶·¥¤¢ ·¨É¥²Ó´μ£μ
¸¨´É¥§  ¨ μ¶É¨³¨§ Í¨¨ μ¸´μ¢´ÒÌ ¶ · ³¥É·μ¢ ³ £´¨É´ÒÌ ¸É·Ê±ÉÊ· ¨ ³ £´¨Éμ¢ Í¨±²μÉ·μ´μ¢.

Analytical dependences which are applied to preliminary synthesis and determination of the main
physical and geometrical parameters of magnetic structure and the magnet of a cyclotron are considered.
Also the obtaining method, the description and graphic representation of these two-dimensional analytical
dependences are considered. They allow one to pre-synthesize and optimize the magnetic structures
of cyclotrons with straight and spiral sectors, close to the azimuthally symmetric ones. The ratio of
the air gaps in the valley and in the sectors area should not exceed 25, the angle of the spiral sectors
shall not be greater than 40◦, and the average magnetic ˇeld is no more than 2 T. The application of
some of these was the development of basic software application CyclSyntWin which has been used at
the Laboratory of Nuclear Reactions, JINR, Dubna, for several years prior to preliminary synthesis and
optimization of the main parameters of the magnetic structures and the magnets of cyclotrons.
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„²Ö ¸¨´É¥§  ¨ μ¶É¨³¨§ Í¨¨ ³ £´¨É´ÒÌ ¸É·Ê±ÉÊ· ¨ ³ £´¨Éμ¢ Í¨±²μÉ·μ´μ¢ ¶·¨³¥´Ö-
ÕÉ¸Ö ± ± ¡μ²¥¥ ¶·μ¸ÉÒ¥ ¨ ¤μ¸ÉÊ¶´Ò¥ ¶·μ£· ³³´Ò¥ ¶·¨²μ¦¥´¨Ö (Poisson [1]), É ± ¨ 3D-
¶·¨²μ¦¥´¨Ö, · §· ¡μÉ ´´Ò¥ ±μ³³¥·Î¥¸±¨³¨ Ë¨·³ ³¨ (ANSYS [2], Opera3D-Tosca [3],
MerMaid [4], Kompot [5, 6] ¨ É. ¤.).
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‹ ¡μ· Éμ·¨Ö Ö¤¥·´ÒÌ ·¥ ±Í¨° �ˆŸˆ („Ê¡´ ) Ö¢²Ö¥É¸Ö Ë¨§¨Î¥¸±¨³ Í¥´É·μ³, ¢ ±μ-
Éμ·μ³ ¡Ò²μ · §· ¡μÉ ´μ ¨ ¸μ§¤ ´μ ´¥¸±μ²Ó±μ Í¨±²μÉ·μ´μ¢ ± ± ¤²Ö ¸¢μ¥° Ô±¸¶¥·¨³¥´-
É ²Ó´μ° ¡ §Ò, É ± ¨ ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¡ § ¤·Ê£¨Ì ¸É· ´ (‘²μ¢ ±¨¨, Š § Ì¸É ´ 
¨ É. ¤.).

	  ÔÉ ¶¥ ¢Ò¡μ·  ¶ · ³¥É·μ¢ Í¨±²μÉ·μ´μ¢ ´¥μ¡Ìμ¤¨³μ §  μÉ´μ¸¨É¥²Ó´μ ±μ·μÉ±μ¥
¢·¥³Ö ¶·μ ´ ²¨§¨·μ¢ ÉÓ ´¥¸±μ²Ó±μ ¢ ·¨ ´Éμ¢ ³ £´¨É´ÒÌ ¸É·Ê±ÉÊ·.

‚ ÔÉμ° · ¡μÉ¥ · ¸¸³ É·¨¢ ÕÉ¸Ö  ´ ²¨É¨Î¥¸±¨¥ § ¢¨¸¨³μ¸É¨, ±μÉμ·Ò¥ ¶·¨³¥´ÖÕÉ¸Ö
¤²Ö ¶·¥¤¢ ·¨É¥²Ó´μ£μ ¸¨´É¥§  ¨ μ¶·¥¤¥²¥´¨Ö μ¸´μ¢´ÒÌ Ë¨§¨Î¥¸±¨Ì ¨ £¥μ³¥É·¨Î¥¸±¨Ì
¶ · ³¥É·μ¢ ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò ¨ ¸ ³μ£μ ³ £´¨É  Í¨±²μÉ·μ´ .

’·¥¡μ¢ ´¨Ö ± ÉμÎ´μ¸É¨ É ±μ£μ ¶·¥¤¢ ·¨É¥²Ó´μ£μ ¸¨´É¥§  ¨  ´ ²¨§  ´¥¢Ò¸μ±¨¥, É ±
± ± ¤²Ö μ±μ´Î É¥²Ó´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¢Ò¡· ´´μ° ¸É·Ê±ÉÊ·Ò Î Ð¥ ¢¸¥£μ ¨¸¶μ²Ó§Ê¥É¸Ö
μ¤´μ ¨§ ¢ÒÏ¥Ê¶μ³Ö´ÊÉÒÌ 3D-¶·μ£· ³³´ÒÌ ¶·¨²μ¦¥´¨°.

�· ±É¨±  ¶μ± § ² , ÎÉμ ¶·¨³¥´¥´¨¥ ¤ ´´ÒÌ § ¢¨¸¨³μ¸É¥° ¸ ´¨¦¥¶μ± § ´´Ò³¨ ¶·¥-
¤¥² ³¨ ´¥ÉμÎ´μ¸É¥° Ê¤μ¢²¥É¢μ·Ö¥É ÔÉ¨³ É·¥¡μ¢ ´¨Ö³.

‡ ¢¨¸¨³μ¸É¨ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¢ ·¥§Ê²ÓÉ É¥ ¶·¨³¥´¥´¨Ö 3D-· ¸Î¥Éμ¢ ¨ μ¡· ¡μÉ±¨ ¡ §
¤ ´´ÒÌ, ·¥ ²Ó´μ · ¡μÉ ÕÐ¨Ì ¨²¨ ¶·μ¥±É¨·Ê¥³ÒÌ Í¨±²μÉ·μ´μ¢ ¸ · §´μ° ±μ´¸É·Ê±Í¨¥°
¨Ì ³ £´¨É´ÒÌ ¸É·Ê±ÉÊ· ¨ ¸ · §´Ò³¨ ³ £´¨É´Ò³¨ ¸¢μ°¸É¢ ³¨ ¸É ²¨ (¸É ²Ó 3, ¸É ²Ó 10,
¸É ²Ó ¤²Ö DC 72 ¸ ¸μ¤¥·¦ ´¨¥³ Ê£²¥·μ¤  μÉ 0,01 ¤μ 0,07%).

	  ¶·¥¤¥²Ò ´¥ÉμÎ´μ¸É¥° ÔÉ¨Ì § ¢¨¸¨³μ¸É¥° ¢ μ¸´μ¢´μ³ ¶μ¢²¨Ö²μ · §´μμ¡· §¨¥ ±μ´-
¸É·Ê±É¨¢´μ£μ ·¥Ï¥´¨Ö ³ £´¨É´ÒÌ ¸É·Ê±ÉÊ·, ¢Ìμ¤ÖÐ¨Ì ¢ ¡ §Ê ¤ ´´ÒÌ, ¨ μ£· ´¨Î¨²μ ¨Ì
μ¡² ¸É¨ ¶·¨³¥´¥´¨Ö.

� §¡·μ¸ ³ £´¨É´ÒÌ ¸¢μ°¸É¢ ¨¸¶μ²Ó§Ê¥³μ° ¸É ²¨ ¤²Ö ¨Ì ±μ´¸É·Ê¨·μ¢ ´¨Ö ³¥´ÓÏ¥ ¢²¨-
Ö¥É ´  ÉμÎ´μ¸ÉÓ ·¥§Ê²ÓÉ Éμ¢ ¶·¨³¥´¥´¨Ö ÔÉ¨Ì  ´ ²¨É¨Î¥¸±¨Ì § ¢¨¸¨³μ¸É¥°.

�´ ²¨É¨Î¥¸±¨¥ § ¢¨¸¨³μ¸É¨ ¶μ§¢μ²ÖÕÉ ¶·¥¤¢ ·¨É¥²Ó´μ ¸¨´É¥§¨·μ¢ ÉÓ ¨ μ¶É¨³¨§¨·μ-
¢ ÉÓ ³ £´¨É´Ò¥ ¸É·Ê±ÉÊ·Ò Í¨±²μÉ·μ´μ¢ ¸ ¶·Ö³Ò³¨ ¨ ¸¶¨· ²Ó´Ò³¨ ¸¥±Éμ· ³¨, ¡²¨§±¨¥
±  §¨³ÊÉ ²Ó´μ-¸¨³³¥É·¨Î´Ò³. �É´μÏ¥´¨¥ ¨Ì ¢μ§¤ÊÏ´ÒÌ § §μ·μ¢ ¢ ¤μ²¨´¥ ¨ ¢ · °μ´¥
¸¥±Éμ·μ¢ ´¥ ¤μ²¦´μ ¶·¥¢ÒÏ ÉÓ ¢¥²¨Î¨´Ê 25, Ê£μ² ¸¶¨· ²Ó´ÒÌ ¸¥±Éμ·μ¢ ´¥ ¤μ²¦¥´ ¡ÒÉÓ
¡μ²ÓÏ¥ 40◦ ¨ ¸·¥¤´¥¥ ³ £´¨É´μ¥ ¶μ²¥ ´¥ ¡μ²ÓÏ¥ 2 ’².

�·¨³¥´¥´¨¥ ´¥±μÉμ·ÒÌ ¨§ ´¨Ì ¸É ²μ ¡ §μ¢Ò³ ¢ · §· ¡μÉ±¥ ¶·μ£· ³³´μ£μ ¶·¨²μ¦¥-
´¨Ö CyclSyntWin, ±μÉμ·μ¥ ¢ ² ¡μ· Éμ·¨¨ Ê¦¥ ´¥¸±μ²Ó±μ ²¥É ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ¶·¥¤¢ ·¨-
É¥²Ó´μ£μ ¸¨´É¥§  ¨ μ¶É¨³¨§ Í¨¨ μ¸´μ¢´ÒÌ ¶ · ³¥É·μ¢ ³ £´¨É´ÒÌ ¸É·Ê±ÉÊ· ¨ ³ £´¨Éμ¢
Í¨±²μÉ·μ´μ¢.
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�¥·¢Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ £· Ë¨Î¥¸±¨¥ § ¢¨¸¨³μ¸É¨ ¸·¥¤´¥£μ ³ £´¨É´μ£μ ¶μ²Ö 〈B〉,
¶¥·¥¶ ¤  Ê·μ¢´¥° ³ £´¨É´μ£μ ¶μ²Ö ¢ · °μ´¥ ¸¥±Éμ·μ¢ ¨ ¢ ¤μ²¨´¥ ΔBhill

vall,   É ±¦¥ Ë² É-
É¥·  F ³ £´¨É´ÒÌ ¸É·Ê±ÉÊ· ³μ¤¥²Ó´ÒÌ ¨ ¤¥°¸É¢ÊÕÐ¨Ì Í¨±²μÉ·μ´μ¢ ¡Ò²¨ ¨¸¶μ²Ó§μ-
¢ ´Ò ¤²Ö ¶·¥¤¢ ·¨É¥²Ó´μ£μ ¸¨´É¥§  Í¨±²μÉ·μ´  U200B. ”¨§¨±μ-É¥Ì´¨Î¥¸±μ¥ μ¡μ¸´μ¢ -
´¨¥ ÔÉμ£μ ¶·μ¥±É  · §· ¡ ÉÒ¢ ²μ¸Ó ¤²Ö 
· É¨¸² ¢Ò (—¥Ìμ¸²μ¢ ±¨Ö) [7].

‚ ¶μ¸²¥¤ÊÕÐ¨¥ £μ¤Ò ÔÉ  ¡ §  ¤ ´´ÒÌ · ¸Ï¨·Ö² ¸Ó. 
Ò²¨ ¤μ¡ ¢²¥´Ò Ô±¸¶¥·¨³¥´-
É ²Ó´Ò¥ ¤ ´´Ò¥ ± ± ¸ ³μ¤¥²Ó´ÒÌ (U225R, U200B), É ± ¨ ¸ ·¥ ²Ó´μ ¤¥°¸É¢ÊÕÐ¨Ì (U400,
U400M) Í¨±²μÉ·μ´μ¢. „²Ö μ¡· ¡μÉ±¨ ÔÉ¨Ì ¤ ´´ÒÌ, ¶μ¨¸±   ´ ²¨É¨Î¥¸±¨Ì ËÊ´±Í¨° · §-
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· ¡μÉ ´μ ¶·μ£· ³³´μ¥ ¶·¨²μ¦¥´¨¥ QuickFit [8] ¨ ¶μ²ÊÎ¥´Ò ¤¢Ê³¥·´Ò¥  ´ ²¨É¨Î¥¸±¨¥
§ ¢¨¸¨³μ¸É¨ Ì · ±É¥·¨¸É¨± ³ £´¨É´ÒÌ ¸É·Ê±ÉÊ· ¢ ¢¨¤¥ ¶μ²¨´μ³μ¢ [9].

�μ§¦¥ ¡Ò²¨ ¤μ¡ ¢²¥´Ò ¤ ´´Ò¥ Í¨±²μÉ·μ´  DC 72 ¤²Ö ‘²μ¢ ±¨¨ [10, 11, 14, 15] ¨ Í¨-
±²μÉ·μ´μ¢ DC 60 [12] ¨ DC 350 ¤²Ö Š § Ì¸É ´  [13], ¶μ²ÊÎ¥´´Ò¥ 3D-· ¸Î¥É ³¨ ÔÉ¨Ì
¸É·Ê±ÉÊ·. „ ´´Ò¥ ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò ¤²Ö ¶·μ¢¥·±¨ ¨ ÊÉμÎ´¥´¨Ö Ê¦¥ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì
¤¢Ê³¥·´ÒÌ  ´ ²¨É¨Î¥¸±¨Ì § ¢¨¸¨³μ¸É¥° ¶ · ³¥É·μ¢ ³ £´¨É´ÒÌ ¸É·Ê±ÉÊ·.

�· ±É¨Î¥¸± Ö · ¡μÉ  ¸ ÔÉ¨³¨ § ¢¨¸¨³μ¸ÉÖ³¨ ¢Ò§¢ ²  ´¥μ¡Ìμ¤¨³μ¸ÉÓ · ¸Ï¨·¥´¨Ö ¢μ§-
³μ¦´μ¸É¥° ¨Ì ¶·¨³¥´¥´¨Ö ¢´¥ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì £· ´¨Í, μÉ´μÏ¥´¨Ö ¢μ§¤ÊÏ´ÒÌ § §μ·μ¢
¢ ¤μ²¨´¥ ¨ ¢ · °μ´¥ ¸¥±Éμ·μ¢ ¤μ 5.

„²Ö · ¸Ï¨·¥´¨Ö ÔÉ¨Ì £· ´¨Í ¡Ò²  ¸μ§¤ ´  ¨ ¶·μ ´ ²¨§¨·μ¢ ´  3D-¶·μ£· ³³´Ò³ ¶·¨-
²μ¦¥´¨¥³ ³μ¤¥²Ó ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò (·¨¸. 1) ¸ ¡μ²¥¥ £²Ê¡μ±μ° ¢ ·¨ Í¨¥° ³ £´¨É´μ£μ
¶μ²Ö, ¸ μÉ´μÏ¥´¨¥³ ¢μ§¤ÊÏ´ÒÌ § §μ·μ¢ ¢ ¤μ²¨´¥ ¨ ¢ · °μ´¥ ¸¥±Éμ·μ¢ ¤μ 25.

�¨¸. 1. ’·¥Ì³¥·´Ò° ¢¨¤ · ¸Î¥É´μ° ³μ¤¥²¨ ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò

’ ±¨³ ¸¶μ¸μ¡μ³ ¶μ²ÊÎ¥´Ò ´μ¢Ò¥  ´ ²¨É¨Î¥¸±¨¥ § ¢¨¸¨³μ¸É¨ ¶ · ³¥É·μ¢ ³ £´¨É´ÒÌ
¸É·Ê±ÉÊ·, ´¥±μÉμ·Ò¥ ¨§ ´¨Ì ¢μÏ²¨ ¢ μ¸´μ¢Ê ¶μ¸²¥¤´¥° ¢¥·¸¨¨ ¶·μ£· ³³´μ£μ ¶·¨²μ¦¥´¨Ö
CyclSyntWin.
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2.1. ‡ ¢¨¸¨³μ¸ÉÓ B = f(AmTurhill, dvall, hill); 0,6 < AmTurhill < 25, 1,5 <
dvall, hill < 25. ‡ ¢¨¸¨³μ¸ÉÓ ¸·¥¤´¥£μ ³ £´¨É´μ£μ ¶μ²Ö B μÉ ¢¥²¨Î¨´Ò  ³¶¥·-¢¨É±μ¢ ´ 
¥¤¨´¨ÍÊ ¢μ§¤ÊÏ´μ£μ § §μ·  ¢ · °μ´¥ ¸¥±Éμ·μ¢ ¨ μÉ´μÏ¥´¨Ö ¢μ§¤ÊÏ´ÒÌ § §μ·μ¢ ¢ ¤μ²¨´¥
¨ ¢ Ìμ²³¥ dvall, hill ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò μ¶·¥¤¥²Ö¥É¸Ö ¶μ Ëμ·³Ê²¥ ¢¨¤ 

B =
(
a0 + a1 × ln (AmTurhill) + a2 × (ln (AmTurhill))2 + a3 × dvall, hill+

+ a4 × d2
vall, hill + a5 × d3

vall, hill

)/(
1 + a6 × ln (AmTurhill) + a7 × (ln (AmTurhill))2+

+ a8 × (ln (AmTurhill))3 + a9 × dvall, hill

)
.



�´ ²¨É¨Î¥¸±¨¥ § ¢¨¸¨³μ¸É¨, ¶·¨³¥´Ö¥³Ò¥ ¤²Ö ¶·¥¤¢ ·¨É¥²Ó´μ£μ ¸¨´É¥§  ¨ μ¶É¨³¨§ Í¨¨ 305

	¨¦¥ ¶·¥¤¸É ¢²¥´Ò ±μÔËË¨Í¨¥´ÉÒ ÔÉμ° § ¢¨¸¨³μ¸É¨, ¨ ´  ·¨¸. 2 μÉμ¡· ¦¥´μ ¥¥ £· -
Ë¨Î¥¸±μ¥ ¶·¥¤¸É ¢²¥´¨¥.

a0 = 1,0738666, a1 = 0,5286792, a2 = 0,044533871, a3 = −0,066655629,

a4 = 0,0058337835, a5 = −0,00012529687, a6 = −0,33771759, a7 = 0,27363826,

a8 = −0,045545475, a9 = 0,028238817.

�¨¸. 2. ƒ· Ë¨Î¥¸±μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤¢Ê³¥·´μ° § ¢¨¸¨³μ¸É¨ ¸·¥¤´¥£μ ³ £´¨É´μ£μ ¶μ²Ö B

‚ ¶·μÍ¥¸¸¥ ¸· ¢´¥´¨Ö ¤ ´´ÒÌ ¸·¥¤´¥£μ ³ £´¨É´μ£μ ¶μ²Ö B, ¶μ²ÊÎ¥´´ÒÌ ¶μ ÔÉμ° § -
¢¨¸¨³μ¸É¨, ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¡Ò²  μ¶·¥¤¥²¥´  ´¥ÉμÎ´μ¸ÉÓ ¨Ì ¢ÒÎ¨¸²¥´¨Ö
¢ ¶·¥¤¥² Ì +2 ÷−3%.

2.2. ‡ ¢¨¸¨³μ¸ÉÓ AmTurhill = f(B, dvall, hill); 0,5 < B < 2,0, 1,5 < dvall, hill < 25.
‡ ¢¨¸¨³μ¸ÉÓ  ³¶¥·-¢¨É±μ¢ ´  ¥¤¨´¨ÍÊ ¢μ§¤ÊÏ´μ£μ § §μ·  ¢ · °μ´¥ ¸¥±Éμ·μ¢ AmTurhill

μÉ ¸·¥¤´¥£μ ³ £´¨É´μ£μ ¶μ²Ö B ¨ μÉ´μÏ¥´¨Ö ¢μ§¤ÊÏ´ÒÌ § §μ·μ¢ dvall, hill ¢ ¤μ²¨´¥ ¨ ¢
· °μ´¥ ¸¥±Éμ·μ¢ ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò μ¶·¥¤¥²Ö¥É¸Ö ¶μ Ëμ·³Ê²¥ ¢¨¤ 

AmTurhill =
b0 + b1

1 + ((B − b2)/b3)2
+

b4

1 + ((dvall, hill − b5)/b6)2
+

+
b7

(1 + ((B − b2)/b3)2) × (1 + ((dvall, hill − b5)/b6)2)
.

	¨¦¥ ¶·¥¤¸É ¢²¥´Ò ±μÔËË¨Í¨¥´ÉÒ ÔÉμ° § ¢¨¸¨³μ¸É¨, ¨ ´  ·¨¸. 3 μÉμ¡· ¦¥´μ ¥¥ £· -
Ë¨Î¥¸±μ¥ ¶·¥¤¸É ¢²¥´¨¥.

b0 = 10,861889, b1 = −289,23006, b2 = 2,2198545, b3 = 0,28540518,

b4 = −22,510264, b5 = 80,353384, b6 = 72,891167, b7 = 651,48818.

‚ ¶·μÍ¥¸¸¥ ¸· ¢´¥´¨Ö ¤ ´´ÒÌ  ³¶¥·-¢¨É±μ¢ ´  ¥¤¨´¨ÍÊ ¢μ§¤ÊÏ´μ£μ § §μ·  ¢ · °μ´¥
¸¥±Éμ·μ¢ AmTurhill, ¶μ²ÊÎ¥´´ÒÌ ¶μ ÔÉμ° § ¢¨¸¨³μ¸É¨, ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨
¡Ò²  μ¶·¥¤¥²¥´  ´¥ÉμÎ´μ¸ÉÓ ¨Ì ¢ÒÎ¨¸²¥´¨Ö ¢ ¶·¥¤¥² Ì +8 ÷−5%.
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�¨¸. 3. ƒ· Ë¨Î¥¸±μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤¢Ê³¥·´μ° § ¢¨¸¨³μ¸É¨ ¤²Ö μ¶·¥¤¥²¥´¨Ö  ³¶¥·-¢¨É±μ¢ ´ 
¥¤¨´¨ÍÊ ¢μ§¤ÊÏ´μ£μ § §μ·  AmTurhill ¢ · °μ´¥ ¸¥±Éμ·μ¢

2.3. ‡ ¢¨¸¨³μ¸ÉÓ FieDifhill,vall = f(B, dvall, hill); 0,5 < B < 2,0, 1,5 < dvall, hill <
25. ‚¥²¨Î¨´  ¶¥·¥¶ ¤  Ê·μ¢´¥° ³ £´¨É´μ£μ ¶μ²Ö FieDifhill,vall ¢ · °μ´¥ ¸¥±Éμ·μ¢ ¨ ¢
¤μ²¨´ Ì ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò μÉ ¸·¥¤´¥£μ ³ £´¨É´μ£μ ¶μ²Ö B ¨ μÉ´μÏ¥´¨Ö ¢μ§¤ÊÏ´ÒÌ
§ §μ·μ¢ dvall, hill ¢ ¤μ²¨´¥ ¨ ¢ · °μ´¥ ¸¥±Éμ·μ¢ μ¶·¥¤¥²Ö¥É¸Ö ¶μ Ëμ·³Ê²¥ ¢¨¤ 

FieDifhill,vall =
(
k0 + k2 × B + k4 × ln (dvall, hill) + k6 × B2 + k8 × (ln (dvall, hill))2+

+ k10 × B × ln (dvall, hill)
)/(

1 + k1 × B + k3 × ln (dvall, hill) + k5 × B2+

+ k7 × (ln (dvall, hill))2 + k9 × B × ln (dvall, hill)
)
.

�¨¸. 4. ƒ· Ë¨Î¥¸±μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤¢Ê³¥·´μ° § ¢¨¸¨³μ¸É¨ ¤²Ö μ¶·¥¤¥²¥´¨Ö ¶¥·¥¶ ¤  Ê·μ¢´¥°
³ £´¨É´μ£μ ¶μ²Ö FieDifhill,vall ¢ · °μ´¥ ¸¥±Éμ·μ¢ ¨ ¢ ¤μ²¨´ Ì ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò
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	¨¦¥ ¶·¥¤¸É ¢²¥´Ò ±μÔËË¨Í¨¥´ÉÒ ÔÉμ° § ¢¨¸¨³μ¸É¨, ¨ ´  ·¨¸. 4 μÉμ¡· ¦¥´μ ¥¥ £· -
Ë¨Î¥¸±μ¥ ¶·¥¤¸É ¢²¥´¨¥.

k0 = 0,001844899, k1 = −1,0778569, k2 = −0,00085883606, k3 = −0,011408802,

k4 = 0,23317092, k5 = 0,41351787, k6 = 0,00048921454, k7 = 0,003162237,

k8 = −0,04179965, k9 = 0,043875015, k10 = 0,14439138.

‚ ¶·μÍ¥¸¸¥ ¸· ¢´¥´¨Ö ¤ ´´ÒÌ ¶¥·¥¶ ¤  Ê·μ¢´¥° ³ £´¨É´μ£μ ¶μ²Ö FieDifhill,vall ¢ · °-
μ´¥ ¸¥±Éμ·μ¢ ¨ ¢ ¤μ²¨´ Ì ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò, ¶μ²ÊÎ¥´´ÒÌ ¶μ ÔÉμ° § ¢¨¸¨³μ¸É¨,
¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¡Ò²  μ¶·¥¤¥²¥´  ´¥ÉμÎ´μ¸ÉÓ ¨Ì ¢ÒÎ¨¸²¥´¨Ö ¢ ¶·¥¤¥-
² Ì +8 ÷−6%.

2.4. ‡ ¢¨¸¨³μ¸ÉÓ F = f(B, dvall, hill); 0,5 < B < 2, 1,5 < dvall, hill < 25. „²Ö μ¶·¥¤¥-
²¥´¨Ö § ¢¨¸¨³μ¸É¨ Ë² ÉÉ¥·  F μÉ ¸·¥¤´¥£μ ³ £´¨É´μ£μ ¶μ²Ö B ¨ μÉ´μÏ¥´¨Ö ¢μ§¤ÊÏ´ÒÌ
§ §μ·μ¢ ¢ ¤μ²¨´¥ ¨ ¢ · °μ´¥ ¸¥±Éμ·μ¢ dvall, hill ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò ¨¸¶μ²Ó§Ê¥É¸Ö Ëμ·-
³Ê²  ¢¨¤ 

F =
(
g0 + g2 × B + g4 × ln (dvall, hill) + g6 × B2 + g8 × (ln (dvall, hill))2+

+ g10 × B × ln (dvall, hill)
)/(

1 + g1 × B + g3 × ln (dvall, hill) + g5 × B2+

+ g7 × (ln (dvall, hill))2 + g9 × B × ln (dvall, hill)
)
.

	¨¦¥ ¶·¥¤¸É ¢²¥´Ò ±μÔËË¨Í¨¥´ÉÒ ÔÉμ° § ¢¨¸¨³μ¸É¨, ¨ ´  ·¨¸. 5 μÉμ¡· ¦¥´μ ¥¥ £· -
Ë¨Î¥¸±μ¥ ¶·¥¤¸É ¢²¥´¨¥.

g0 = −0,0080627258, g1 = −1,0004107, g2 = −0,025489002, g3 = −0,19517653,

g4 = 0,12772326, g5 = 0,37831192, g6 = 0,016029042, g7 = 0,050626375,

g8 = 0,0092329886, g9 = 0,074609724, g10 = −0,057478022.

�¨¸. 5. ƒ· Ë¨Î¥¸±μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤¢Ê³¥·´μ° § ¢¨¸¨³μ¸É¨ ¤²Ö μ¶·¥¤¥²¥´¨Ö Ë² ÉÉ¥·  F
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‚ ¶·μÍ¥¸¸¥ ¸· ¢´¥´¨Ö ¤ ´´ÒÌ Ë² ÉÉ¥·  F , ¶μ²ÊÎ¥´´ÒÌ ¶μ ÔÉμ° § ¢¨¸¨³μ¸É¨, ¸ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¡Ò²  μ¶·¥¤¥²¥´  ´¥ÉμÎ´μ¸ÉÓ ¨Ì ¢ÒÎ¨¸²¥´¨Ö ¢ ¶·¥¤¥² Ì
+13 ÷−19%.

2.5. ‡ ¢¨¸¨³μ¸ÉÓ dvall, hill = f(B, F ); 0,5 < B < 2,0, 0,02 < F < 0,7. „²Ö μ¶·¥¤¥-
²¥´¨Ö § ¢¨¸¨³μ¸É¨ μÉ´μÏ¥´¨Ö ¢μ§¤ÊÏ´ÒÌ § §μ·μ¢ ¢ ¤μ²¨´¥ ¨ ¢ · °μ´¥ ¸¥±Éμ·μ¢ dvall, hill

³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò μÉ ¸·¥¤´¥£μ ³ £´¨É´μ£μ ¶μ²Ö B ¨ Ë² ÉÉ¥·  F ¨¸¶μ²Ó§Ê¥É¸Ö Ëμ·-
³Ê²  ¢¨¤ 

dvall, hill =
(
h0 + h1 × ln (B) + h2 × (ln (B))2 + h3 × (ln (B))3 + h4 × ln (F )+

+ h5 × (ln (F ))2
)/(

1 + h6 × ln (B) + h7(ln (B))2 + h8 × (ln (B))3 + h9 × ln (F )
)
.

	¨¦¥ ¶·¥¤¸É ¢²¥´Ò ±μÔËË¨Í¨¥´ÉÒ ÔÉμ° § ¢¨¸¨³μ¸É¨, ¨ ´  ·¨¸. 6 μÉμ¡· ¦¥´μ ¥¥ £· -
Ë¨Î¥¸±μ¥ ¶·¥¤¸É ¢²¥´¨¥.

h0 = −3,3870461, h1 = 3,8867933, h2 = 0,41973313,

h3 = −7,3487012, h4 = 3,1914273, h5 = 0,39757636,

h6 = 1,4210509, h7 = 2,9395,

h8 = 1,7711816, h9 = 2,3284448.

�¨¸. 6. ƒ· Ë¨Î¥¸±μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤¢Ê³¥·´μ° § ¢¨¸¨³μ¸É¨ ¤²Ö μ¶·¥¤¥²¥´¨Ö μÉ´μÏ¥´¨Ö ¢μ§¤ÊÏ´ÒÌ
§ §μ·μ¢ dvall, hill

‚ ¶·μÍ¥¸¸¥ ¸· ¢´¥´¨Ö ¤ ´´ÒÌ μÉ´μÏ¥´¨Ö ¢μ§¤ÊÏ´ÒÌ § §μ·μ¢ ¢ ¤μ²¨´¥ ¨ ¢ · °μ´¥
¸¥±Éμ·μ¢ dvall,hill, ¶μ²ÊÎ¥´´ÒÌ ¶μ ÔÉμ° § ¢¨¸¨³μ¸É¨, ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨
¡Ò²  μ¶·¥¤¥²¥´  ´¥ÉμÎ´μ¸ÉÓ ¨Ì ¢ÒÎ¨¸²¥´¨Ö ¢ ¶·¥¤¥² Ì +23 ÷−9%.

2.6. ‡ ¢¨¸¨³μ¸ÉÓ F = f(AmTurhill, dvall, hill); 0,6 < AmTurhill < 25, 1,5 <
dvall, hill < 25. „²Ö μ¶·¥¤¥²¥´¨Ö § ¢¨¸¨³μ¸É¨ Ë² ÉÉ¥·  F μÉ ¢¥²¨Î¨´Ò  ³¶¥·-¢¨É±μ¢
´  ¥¤¨´¨ÍÊ ¢μ§¤ÊÏ´μ£μ § §μ·  ¢ · °μ´¥ ¸¥±Éμ·μ¢ AmTurhill ¨ μÉ´μÏ¥´¨Ö ¢μ§¤ÊÏ´ÒÌ
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§ §μ·μ¢ dvall, hill ¢ ¤μ²¨´¥ ¨ ¢ · °μ´¥ ¸¥±Éμ·μ¢ ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò ¨¸¶μ²Ó§Ê¥É¸Ö Ëμ·-
³Ê²  ¢¨¤ 

F =
(
c0 + c2× ln (AmTurhill)+ c4×dvall, hill + c6× (ln (AmTurhill))2 + c8× (dvall, hill)2+

+ c10 × dvall, hill × ln (AmTurhill)
)/(

1 + c1 × ln (AmTurhill) + c3 × dvall, hill+

+ c5 × (ln (AmTurhill))2 + c7 × d2
vall, hill + c9 × dvall, hill × ln (AmTurhill)

)
.

	¨¦¥ ¶·¥¤¸É ¢²¥´Ò ±μÔËË¨Í¨¥´ÉÒ ÔÉμ° § ¢¨¸¨³μ¸É¨, ¨ ´  ·¨¸. 7 μÉμ¡· ¦¥´μ ¥¥ £· -
Ë¨Î¥¸±μ¥ ¶·¥¤¸É ¢²¥´¨¥.

c0 = −0,23882947, c1 = −0,094081445, c2 = −0,028164011, c3 = 0,22309093,

c4 = 0,21180831, c5 = 0,69161584, c6 = 0,024887266, c7 = 0,0014473193,

c8 = −0,00039530272, c9 = −0,041767806, c10 = −0,024363604.

�¨¸. 7. ƒ· Ë¨Î¥¸±μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤¢Ê³¥·´μ° § ¢¨¸¨³μ¸É¨ ¤²Ö μ¶·¥¤¥²¥´¨Ö Ë² ÉÉ¥·  F

‚ ¶·μÍ¥¸¸¥ ¸· ¢´¥´¨Ö ¤ ´´ÒÌ Ë² ÉÉ¥·  F , ¶μ²ÊÎ¥´´ÒÌ ¶μ ÔÉμ° § ¢¨¸¨³μ¸É¨, ¸ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¡Ò²  μ¶·¥¤¥²¥´  ´¥ÉμÎ´μ¸ÉÓ ¨Ì ¢ÒÎ¨¸²¥´¨Ö ¢ ¶·¥¤¥² Ì
+12 ÷−17%.

‡�Š‹	—…�ˆ…

� ¸¸³μÉ·¥´´Ò¥ ¢ · ¡μÉ¥ ¤¢Ê³¥·´Ò¥  ´ ²¨É¨Î¥¸±¨¥ § ¢¨¸¨³μ¸É¨ ¶ · ³¥É·μ¢ ³ £´¨É-
´ÒÌ ¸É·Ê±ÉÊ· Í¨±²μÉ·μ´μ¢ ³μ£ÊÉ ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò ¤²Ö ¶·¥¤¢ ·¨É¥²Ó´μ£μ  ´ ²¨§  ¨
μ¶·¥¤¥²¥´¨Ö μ¸´μ¢´ÒÌ Ë¨§¨Î¥¸±¨Ì ¨ £¥μ³¥É·¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ ³ £´¨É´ÒÌ ¸É·Ê±ÉÊ·
Í¨±²μÉ·μ´μ¢ ¸ ¶·Ö³Ò³¨ ¨ ¸¶¨· ²Ó´Ò³¨ ¸¥±Éμ· ³¨, ¡²¨§±¨Ì  §¨³ÊÉ ²Ó´μ-¸¨³³¥É·¨Î´Ò³.

�· ±É¨±  ¶μ± § ² , ÎÉμ ¶·¨³¥´¥´¨¥ ¤ ´´ÒÌ § ¢¨¸¨³μ¸É¥° ¸ ¶μ± § ´´Ò³¨ ¶·¥¤¥² ³¨
´¥ÉμÎ´μ¸É¥° Ê¤μ¢²¥É¢μ·Ö¥É É·¥¡μ¢ ´¨Ö³ ¤²Ö ¶·¥¤¢ ·¨É¥²Ó´μ£μ · ¸Î¥É  ¶ · ³¥É·μ¢ ³ £-
´¨É´ÒÌ ¸É·Ê±ÉÊ· ¨ ³ £´¨Éμ¢ Í¨±²μÉ·μ´μ¢ ¨ ÉμÎ´μ¸ÉÓ · ¸Î¥É  ¤μ¸É ÉμÎ´  ¤²Ö ¨Ì ¤ ²Ó´¥°-
Ï¥£μ ¨¸¶μ²Ó§μ¢ ´¨Ö ¢ ¡μ²¥¥ ÉμÎ´ÒÌ 3D-¶·μ£· ³³´ÒÌ ¶·¨²μ¦¥´¨ÖÌ.
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„¢Ê³¥·´Ò¥  ´ ²¨É¨Î¥¸±¨¥ § ¢¨¸¨³μ¸É¨ ¶ · ³¥É·μ¢ ³ £´¨É´ÒÌ ¸É·Ê±ÉÊ· ¡Ò²¨ ¶μ²Ê-
Î¥´Ò ¢ ·¥§Ê²ÓÉ É¥ μ¡· ¡μÉ±¨ ¡ § ¤ ´´ÒÌ ·¥ ²Ó´μ · ¡μÉ ÕÐ¨Ì ¨²¨ ¶·μ¥±É¨·Ê¥³ÒÌ Í¨-
±²μÉ·μ´μ¢. „¨ ¶ §μ´ ¶·¨³¥´¨³μ¸É¨ ÔÉ¨Ì § ¢¨¸¨³μ¸É¥° μ£· ´¨Î¥´ ¸·¥¤´¨³ ³ £´¨É´Ò³
¶μ²¥³ ´¥ ¡μ²¥¥ 2 ’², μÉ´μÏ¥´¨¥³ ¢μ§¤ÊÏ´ÒÌ § §μ·μ¢ ¢ ¤μ²¨´¥ ¨ ¢ · °μ´¥ ¸¥±Éμ·μ¢ ´¥
¡μ²¥¥ 25 ¨ Ê£²μ³ ¸¶¨· ²Ó´ÒÌ ¸¥±Éμ·μ¢ ´¥ ¡μ²¥¥ 40◦.

	¥±μÉμ·Ò¥ ¨§ · ¸¸³μÉ·¥´´ÒÌ ¤¢Ê³¥·´ÒÌ  ´ ²¨É¨Î¥¸±¨Ì § ¢¨¸¨³μ¸É¥° ²¥£²¨ ¢ μ¸´μ¢Ê
· §· ¡μÉ±¨ ¶·μ£· ³³´μ£μ ¶·¨²μ¦¥´¨Ö CyclSyntWin, ¨¸¶μ²Ó§Ê¥³μ£μ ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·-
´ÒÌ ·¥ ±Í¨° �ˆŸˆ ¢ ± Î¥¸É¢¥ ¨´¸É·Ê³¥´É  ¤²Ö ¶·¥¤¢ ·¨É¥²Ó´μ£μ ¸¨´É¥§  ¨ μ¶É¨³¨§ Í¨¨
μ¸´μ¢´ÒÌ ¶ · ³¥É·μ¢ ³ £´¨É´ÒÌ ¸É·Ê±ÉÊ· ¨ ³ £´¨Éμ¢ Í¨±²μÉ·μ´μ¢.
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