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�·¥¤¸É ¢²¥´  μ¶É¨Î¥¸± Ö ¸É·Ê±ÉÊ·  ±μ²² °¤¥·  NICA. �·¨¢¥¤¥´Ò ¨¸¸²¥¤μ¢ ´¨Ö ¨ ³¥Éμ¤Ò · ¸-
Î¥É  μ¡² ¸É¨ Ê¸Éμ°Î¨¢μ¸É¨ ¤¢¨¦¥´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ ±μ²² °¤¥·¥ Å ¤¨´ ³¨Î¥¸±μ°  ¶¥·ÉÊ·Ò.
� ¸¸³μÉ·¥´μ ¢²¨Ö´¨¥ ´¥²¨´¥°´μ¸É¥° ³ £´¨É´μ£μ ¶μ²Ö, ¢ Î ¸É´μ¸É¨ ±· ¥¢ÒÌ ¶μ²¥° ³ £´¨É´ÒÌ Ô²¥-
³¥´Éμ¢, ´  ¤¨´ ³¨Î¥¸±ÊÕ  ¶¥·ÉÊ·Ê. �μ± § ´  § ¢¨¸¨³μ¸ÉÓ ¢¥²¨Î¨´Ò ¤¨´ ³¨Î¥¸±μ°  ¶¥·ÉÊ·Ò μÉ
μ¶É¨Î¥¸±¨Ì ¸¢μ°¸É¢ ±μ²² °¤¥· , ¢Ò¡μ·  · ¡μÎ¥° ÉμÎ±¨ ¡¥É É·μ´´ÒÌ Î ¸ÉμÉ, ´ ¸É·μ°±¨ ÊÎ ¸É± 
¢§ ¨³μ¤¥°¸É¢¨Ö ¶ÊÎ±μ¢. �¡¸Ê¦¤ ÕÉ¸Ö ³¥Éμ¤Ò ±μ³¶¥´¸ Í¨¨ ¢μ§¤¥°¸É¢¨Ö ±· ¥¢ÒÌ ¶μ²¥° ´  Ê¸Éμ°-
Î¨¢μ¸ÉÓ ¤¨´ ³¨±¨ ¶ÊÎ± .

The optimized optical structure of the NICA collider is presented. Studies and calculation methods
of the stability region of the charged particles motion in the collider, the dynamic aperture, are described.
The in	uence of the magnetic ˇeld nonlinearities, in particular, the fringe ˇelds of the magnetic elements,
on the dynamic aperture is considered. The dependence of the dynamic aperture value on the optical
properties of the collider, the choice of the betatron tunes working point are shown. The methods for
compensating the effect of the fringe ˇelds on the stability of beam dynamics are discussed.

PACS: 29.20.-c; 29.20.db; 29.27.Bd

‚‚…„…�ˆ…

“¸±μ·¨É¥²Ó´Ò° ±μ³¶²¥±¸ NICA (Nuclotron-based Ion Collider fAcility) ¸μμ·Ê¦ ¥É¸Ö
¢ �ˆŸˆ ¤²Ö ¶·μ¢¥¤¥´¨Ö Ï¨·μ±μ£μ ¸¶¥±É·  ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨ ¶·¨±² ¤´ÒÌ ¨¸¸²¥¤μ¢ -
´¨° [1]. �¸´μ¢´μ° Ô±¸¶¥·¨³¥´É ²Ó´μ° Ê¸É ´μ¢±μ° ±μ³¶²¥±¸  Ö¢²Ö¥É¸Ö ±μ²² °¤¥·, ´ 
¶¥·¢μ³ ÔÉ ¶¥ Ô±¸¶²Ê É Í¨¨ ±μÉμ·μ£μ ¶² ´¨·Ê¥É¸Ö μ¸ÊÐ¥¸É¢²¥´¨¥ ¸Éμ²±´μ¢¥´¨° ÉÖ¦¥²ÒÌ
¨μ´μ¢ ¶·¨ ¸·¥¤´¥° ¸¢¥É¨³μ¸É¨ 1 · 1027 ¸³−2 · ¸−1 ¢ ³ ±¸¨³ ²Ó´μ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥
±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨: 1Ä4,5 ƒÔ‚/´Ê±²μ´.

‚ ¤ ´´μ° · ¡μÉ¥ μ¶¨¸Ò¢ ÕÉ¸Ö ¶·¨´Í¨¶Ò μ¶É¨³¨§ Í¨¨ μ¶É¨Î¥¸±μ° ¸É·Ê±ÉÊ·Ò ±μ²² °-
¤¥·  NICA ¢ ·¥¦¨³¥ ¸Éμ²±´μ¢¥´¨Ö ¨μ´μ¢ 197Au79+ ¨ · ¸¸³ É·¨¢ ¥É¸Ö μ¤´  ¨§ ¢ ¦´¥°-
Ï¨Ì ¶·μ¡²¥³ ¶·¨ ¥¥ ¶·μ¥±É¨·μ¢ ´¨¨ Å μ¡¥¸¶¥Î¥´¨¥ É·¥¡Ê¥³μ° ¢¥²¨Î¨´Ò ¤¨´ ³¨Î¥¸±μ°
 ¶¥·ÉÊ·Ò ±μ²¥Í.

1E-mail: okozlov@jinr.ru
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1. ��’ˆ—…‘Š�Ÿ ‘’�“Š’“�� Š�‹œ–�

�¥±μ·¤´μ ´¨§± Ö ¤²Ö  ¤·μ´´ÒÌ ±μ²² °¤¥·μ¢ Ô´¥·£¨Ö Î ¸É¨Í μ¶·¥¤¥²Ö¥É ·Ö¤ ¸¶¥Í¨-
Ë¨Î¥¸±¨Ì μ¸μ¡¥´´μ¸É¥° ¸É·Ê±ÉÊ·Ò ±μ²² °¤¥·  NICA. ƒ¥μ³¥É·¨Î¥¸± Ö Ëμ·³  ±μ²¥Í Å
·¥°¸-É·¥±, ¸μ¸ÉμÖÐ¨° ¨§ ¤¢ÊÌ ¶μ¢μ·μÉ´ÒÌ ( ·μ±) ¨ ¤¢ÊÌ ¶·Ö³μ²¨´¥°´ÒÌ ¸¥±Í¨°, Å μ¶·¥-
¤¥²Ö¥É¸Ö ´¥μ¡Ìμ¤¨³μ¸ÉÓÕ μ¡¥¸¶¥Î¨ÉÓ ¤¢¥ ÉμÎ±¨ ¢¸É·¥Î¨ ¶ÊÎ±μ¢. � ¤¨Ê¸ ¶μ¢μ·μÉ  ¢  ·± Ì
§ ¢¨¸¨É μÉ ¢¥²¨Î¨´Ò ³ £´¨É´μ£μ ¶μ²Ö ¤¨¶μ²Ó´ÒÌ ³ £´¨Éμ¢, ±μÉμ· Ö ¢Ò¡· ´  ³ ±¸¨-
³ ²Ó´μ ¢μ§³μ¦´μ°, ´μ ¥Ð¥ ´¥ ¶·¨¢μ¤ÖÐ¥° ± § ³¥É´Ò³ ´¥²¨´¥°´μ¸ÉÖ³ ¨§-§  ´ ¸ÒÐ¥´¨Ö
Ö·³ . �·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ μ¤´¨³ ¨§ ¶·¨´Í¨¶¨ ²Ó´ÒÌ μ£· ´¨Î¥´¨° ¸¢¥É¨³μ¸É¨ Ö¢²Ö¥É¸Ö
´¥±μ£¥·¥´É´Ò° ¸¤¢¨£ Î ¸ÉμÉÒ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¨§-§  ¶μ²Ö ¶·μ¸É· ´¸É¢¥´´μ£μ § -
·Ö¤  ¶ÊÎ± . �·¨ ÔÉμ³ ¶¨±μ¢ Ö ¸¢¥É¨³μ¸ÉÓ μ¡· É´μ ¶·μ¶μ·Í¨μ´ ²Ó´  ±¢ ¤· ÉÊ ¶¥·¨³¥É· 
±μ²ÓÍ  [2, 3]. �μÔÉμ³Ê ¤²¨´  ¶·Ö³μ²¨´¥°´ÒÌ ¸¥±Í¨° ¢Ò¡· ´  ³¨´¨³ ²Ó´μ ¤μ¸É ÉμÎ´μ°
¤²Ö · §³¥Ð¥´¨Ö ¤¢ÊÌ ¤¥É¥±Éμ·μ¢, Ê¸É·μ°¸É¢ ¨´¦¥±Í¨¨ ¨ ¸¡·μ¸  ¶ÊÎ± , ¢Ò¸μ±μÎ ¸ÉμÉ-
´μ° ¸¨¸É¥³Ò, ´¥μ¡Ìμ¤¨³μ° ¤²Ö ´ ±μ¶²¥´¨Ö ¶ÊÎ±  ¨ Ëμ·³¨·μ¢ ´¨Ö ±μ·μÉ±¨Ì ¸£Ê¸É±μ¢,
¸¨¸É¥³ μ¡· É´ÒÌ ¸¢Ö§¥° ¨ ¸¨¸É¥³ μÌ² ¦¤¥´¨Ö ¶ÊÎ±μ¢. • · ±É¥·´Ò¥ ¢·¥³¥´  ·μ¸É  Ë -
§μ¢μ£μ μ¡Ñ¥³  ¶ÊÎ±  ¨§-§  ¢´ÊÉ·¨¶ÊÎ±μ¢μ£μ · ¸¸¥Ö´¨Ö (‚��) ´¥ ¶μ§¢μ²ÖÕÉ μ¡¥¸¶¥Î¨ÉÓ
¤²¨É¥²Ó´μ¥ ¶·μ¢¥¤¥´¨¥ Ô±¸¶¥·¨³¥´É  ¨ ³μ£ÊÉ μ£· ´¨Î¨¢ ÉÓ ¸·¥¤´ÕÕ ¸¢¥É¨³μ¸ÉÓ. „²Ö ¶μ-
¤ ¢²¥´¨Ö ÔÉμ£μ ÔËË¥±É  ¶² ´¨·Ê¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ¸¨¸É¥³Ò Ô²¥±É·μ´´μ£μ ¨ ¸ÉμÌ ¸É¨Î¥-
¸±μ£μ μÌ² ¦¤¥´¨Ö. �Ì² ¦¤¥´¨¥ ´¥μ¡Ìμ¤¨³μ É ±¦¥ ´  ÔÉ ¶¥ ´ ±μ¶²¥´¨Ö ¶ÊÎ±μ¢ [4]. „²Ö
Ê³¥´ÓÏ¥´¨Ö ¤²¨´Ò ÊÎ ¸É±μ¢ ¸¢¥¤¥´¨ÖÄ· §¢¥¤¥´¨Ö ¶ÊÎ±μ¢ · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê ³¥¤¨ ´´Ò³¨
¶²μ¸±μ¸ÉÖ³¨ ¤¢ÊÌ ±μ²¥Í ±μ²² °¤¥· , · ¸¶μ²μ¦¥´´ÒÌ μ¤´μ ´ ¤ ¤·Ê£¨³, ¢Ò¡· ´μ · ¢´Ò³
32 ¸³, ÎÉμ ¤μ¸É¨£ ¥É¸Ö §  ¸Î¥É ¨¸¶μ²Ó§μ¢ ´¨Ö ¤¢ÊÌ ¶¥·ÉÊ·´ÒÌ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì ³ £´¨Éμ¢.
‚Ò¡μ· μ¶É¨Î¥¸±μ° ¸É·Ê±ÉÊ·Ò  ·μ± μ¶·¥¤¥²Ö²¸Ö Ê¤μ¡¸É¢μ³ · §³¥Ð¥´¨Ö Ê¸É·μ°¸É¢ ¨´¦¥±-
Í¨¨ ¶ÊÎ±μ¢, ³¨´¨³ ²Ó´ÒÌ É¥³¶μ¢ ‚�� ¨ μ¶É¨³ ²Ó´μ£μ · §³¥Ð¥´¨Ö Ô²¥³¥´Éμ¢ ¸¨¸É¥³Ò
¸ÉμÌ ¸É¨Î¥¸±μ£μ μÌ² ¦¤¥´¨Ö.

�·±  ¸μ¸Éμ¨É ¨§ 12 FODO-ÖÎ¥¥± ¸ ´ ¡¥£μ³ Ë §Ò ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° 90◦ ´ 
ÖÎ¥°±¥. ‘μ¸¥¤´¨¥ ¸ ¶·Ö³μ²¨´¥°´Ò³¨ ¸¥±Í¨Ö³¨ 1,5 ÖÎ¥°±¨ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö ¶μ¤ ¢²¥´¨Ö
£μ·¨§μ´É ²Ó´μ° ¤¨¸¶¥·¸¨¨ §  ¸Î¥É ¤¢ÊÌ ¸¥³¥°¸É¢ ±¢ ¤·Ê¶μ²Ó´ÒÌ ±μ··¥±Éμ·μ¢.

�¥·¨μ¤¨Î¥¸± Ö ÖÎ¥°±  FODO ¤²¨´μ° 12 ³ ¸μ¸Éμ¨É ¨§ Î¥ÉÒ·¥Ì ¶·Ö³μÊ£μ²Ó´ÒÌ ¤¨-
¶μ²Ó´ÒÌ ³ £´¨Éμ¢ (80 ³ £´¨Éμ¢ ´  ±μ²ÓÍμ), ¤¢ÊÌ ±¢ ¤·Ê¶μ²¥°, ³Ê²ÓÉ¨¶μ²Ó´μ£μ ±μ··¥±-
Éμ· , ¸μ¢³¥Ð¥´´μ£μ ¸ ¤ ÉÎ¨± ³¨ ¶μ²μ¦¥´¨Ö ¶ÊÎ± . Œ ±¸¨³ ²Ó´μ¥ ¶μ²¥ ¢ ¤¨¶μ²¥ ¤²¨-
´μ° 1,94 ³ ¸μ¸É ¢²Ö¥É 1,8 ’², ³ ±¸¨³ ²Ó´Ò° £· ¤¨¥´É ±¢ ¤·Ê¶μ²Ó´μ° ²¨´§Ò ¤²¨´μ°
0,47 ³ Å 23 ’²/³. ŒÊ²ÓÉ¨¶μ²Ó´Ò° ±μ··¥±Éμ· ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ´¥¸±μ²Ó±μ É¨¶μ¢ μ¡³μ-
Éμ± Å ¤¨¶μ²Ó´Ò¥ (±μ··¥±Í¨Ö μ·¡¨ÉÒ), ±¢ ¤·Ê¶μ²Ó´Ò¥ (´ ¸É·μ°±  ¡¥É É·μ´´ÒÌ Î ¸ÉμÉ),
®±μ¸Ò¥¯ ±¢ ¤·Ê¶μ²Ó´Ò¥ (±μ··¥±Í¨Ö ¸¢Ö§¨ ±μ²¥¡ ´¨° ¨ ¢¥·É¨± ²Ó´μ° ¤¨¸¶¥·¸¨¨), ¸¥±¸ÉÊ-
¶μ²Ó´Ò¥ (±μ··¥±Í¨Ö Ì·μ³ É¨Î´μ¸É¨) ¨ μ±ÉÊ¶μ²Ó´Ò¥ [5].

„²¨´´Ò¥ ¶·Ö³μ²¨´¥°´Ò¥ ¸¥±Í¨¨ ¶·¥¤´ §´ Î¥´Ò ¤²Ö · §³¥Ð¥´¨Ö ¢¸É·μ¥´´ÒÌ ¶·¨-
¡μ·μ¢. �´¨ ¦¥ μ¡¥¸¶¥Î¨¢ ÕÉ ´ ¸É·μ°±Ê Î ¸ÉμÉ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¨ ¸¢¥¤¥´¨¥Ä
· §¢¥¤e´¨¥ ¶ÊÎ±μ¢ ¢ ÉμÎ± Ì ¢¸É·¥Î¨.

„¢ÊÌ ¶¥·ÉÊ·´Ò¥ ±¢ ¤·Ê¶μ²¨ ¨³¥ÕÉ ¶·μÉ¨¢μ¶μ²μ¦´μ¥ ¶μ Éμ±Ê ¶¨É ´¨Ö ¢±²ÕÎ¥´¨¥
¤²Ö ¢¥·Ì´¥£μ ¨ ´¨¦´¥£μ ±μ²¥Í,   μ¡Ð¨¥ ¤²Ö μ¡μ¨Ì ±μ²¥Í ±¢ ¤·Ê¶μ²¨ Ë¨´ ²Ó´μ° Ëμ-
±Ê¸¨·μ¢±¨ ¶ÊÎ±  ¨³¥ÕÉ  ´É¨¸¨³³¥É·¨Î´μ¥ ¢±²ÕÎ¥´¨¥ μÉ´μ¸¨É¥²Ó´μ ÉμÎ±¨ ¢¸É·¥Î¨ (IP).
’ ±¨³ μ¡· §μ³ μ¡¥¸¶¥Î¨¢ ÕÉ¸Ö μ¤¨´ ±μ¢Ò¥ Î ¸ÉμÉÒ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¤²Ö ¶ÊÎ±μ¢,
Í¨·±Ê²¨·ÊÕÐ¨Ì ¢ ¶·μÉ¨¢μ¶μ²μ¦´ÒÌ ´ ¶· ¢²¥´¨ÖÌ. �¸´μ¢´Ò¥ ¶ · ³¥É·Ò ±μ²ÓÍ  ±μ²-
² °¤¥·  ¶·¨¢¥¤¥´Ò ¢ É ¡²¨Í¥,   ¥£μ ¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ Å ´  ·¨¸. 1. �μ³¨´ ²Ó´Ò¥
¶·μ¥±É´Ò¥ Î ¸ÉμÉÒ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° (· ¡μÎ Ö ÉμÎ±  1, ·¨¸. 2) Qx,y = 9,42−9,44
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�¸´μ¢´Ò¥ ¶ · ³¥É·Ò ±μ²ÓÍ  ±μ²² °¤¥·  ¨ ¶ÊÎ± 

�¥·¨³¥É· ±μ²ÓÍ , ³ 503,04

Šμ²¨Î¥¸É¢μ ¸£Ê¸É±μ¢ 22

‘·¥¤´¥±¢ ¤· É¨Î´ Ö ¤²¨´  ¸£Ê¸É± , ³ 0,6

β-ËÊ´±Í¨Ö ¢ ÉμÎ±¥ ¢¸É·¥Î¨, ³ 0,35


¥É É·μ´´Ò¥ Î ¸ÉμÉÒ Qx/Qy 9,44/9,44

•·μ³ É¨Î´μ¸É¨ Q′
x/Q′

y −33/−28

�±¸¥¶É ´¸ ±μ²ÓÍ , π ³³ ·³· ¤ 40

ˆ³¶Ê²Ó¸´Ò°  ±¸¥¶É ´¸ Δp/p ± 0,010

” ±Éμ· ±·¨É¨Î¥¸±μ° Ô´¥·£¨¨ γtr 7,088

�´¥·£¨Ö ¨μ´μ¢ Au79+, ƒÔ‚/´Ê±²μ´ 1,0 3,0 4,5

Šμ²¨Î¥¸É¢μ ¨μ´μ¢ ¢ ¸£Ê¸É±¥ 2,0 · 108 2,4 · 109 2,3 · 109

‘·¥¤´¥±¢ ¤· É¨Î´Ò° ¨³¶Ê²Ó¸´Ò° · §¡·μ¸ Δp/p 0,55 · 10−3 1,15 · 10−3 1,5 · 10−3

‘·¥¤´¥±¢ ¤· É¨Î´Ò° Ô³¨ÉÉ ´¸, π ³³ ·³· ¤ 1,1/0,95 1,1/0,85 1,1/0,75

‘¢¥É¨³μ¸ÉÓ, ¸³−2 · ¸−1 0,6 · 1025 1,0 · 1027 1,0 · 1027

‚·¥³Ö ·μ¸É  ‚��, ¸ 160 460 1800

�¨¸. 1. 
¥É É·μ´´Ò¥ (β) ¨ ¤¨¸¶¥·¸¨μ´´Ò¥ (D)
ËÊ´±Í¨¨ ¶μ²Ê±μ²ÓÍ  ±μ²² °¤¥· 

�¨¸. 2. „¨ £· ³³  ·¥§μ´ ´¸μ¢ ¤μ ¶ÖÉμ£μ
¶μ·Ö¤± . �É³¥Î¥´¨Ò · ¡μÎ¨¥ ÉμÎ±¨ Î ¸ÉμÉ

¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°

¶·¥¤¶μÎÉ¨É¥²Ó´Ò ¤²Ö ¸ÉμÌ ¸É¨Î¥¸±μ£μ μÌ² ¦¤¥´¨Ö ¶ÊÎ±μ¢, ¨¸¶μ²Ó§Ê¥³μ£μ ¢ ¤¨ ¶ §μ´¥
Ô´¥·£¨¨ 3Ä4,5 ƒÔ‚/´Ê±²μ´. ‚Éμ· Ö · ¡μÎ Ö ÉμÎ±  ±μ²² °¤¥·  Qx,y = 9,1, · ¸¶μ²μ¦¥´-
´ Ö ¢¤ ²¨ μÉ μ¶ ¸´ÒÌ ·¥§μ´ ´¸μ¢, μ¶É¨³ ²Ó´  ¤²Ö Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö ¶·¨ ´¨§±¨Ì
Ô´¥·£¨ÖÌ. �¥£Ê²¨·μ¢±  ¡¥É É·μ´´ÒÌ Î ¸ÉμÉ Qx, Qy ¨ §´ Î¥´¨° β∗

x,y ¢ ÉμÎ± Ì ¢¸É·¥Î¨ μ¸Ê-
Ð¥¸É¢²Ö¥É¸Ö ¸ ¶μ³μÐÓÕ ´ ¸É·μ¥Î´ÒÌ ±¢ ¤·Ê¶μ²¥° ¢ ¤²¨´´ÒÌ ¶·Ö³μ²¨´¥°´ÒÌ ¸¥±Í¨ÖÌ ¨
μ¸´μ¢´ÒÌ ±¢ ¤·Ê¶μ²¥° ¢  ·± Ì (¸¨²Ó´ Ö ¶¥·¥¸É·μ°±  Î ¸ÉμÉ).
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2. „ˆ��Œˆ—…‘Š�Ÿ ��…�’“��

‚²¨Ö´¨¥ ´¥²¨´¥°´ÒÌ ¸¨² ´  ¤¢¨¦¥´¨¥ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¶·¨¢μ¤¨É ± μ£· ´¨Î¥´¨Õ
μ¡² ¸É¨ Ê¸Éμ°Î¨¢μ¸É¨ ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨°, ¢¥²¨Î¨´  ±μÉμ·μ° Ì · ±É¥·¨§Ê¥É¸Ö ¤¨´ -
³¨Î¥¸±μ°  ¶¥·ÉÊ·μ° („�). ‚ μ¶É¨³ ²Ó´μ ¸¶·μ¥±É¨·μ¢ ´´μ° ¸É·Ê±ÉÊ·¥ „� ¤μ²¦´  ¸
´¥±μÉμ·Ò³ § ¶ ¸μ³ ¶·¥¢ÒÏ ÉÓ £¥μ³¥É·¨Î¥¸±¨°  ±¸¥¶É ´¸.

�Í¥´±¨ „� ±μ²¥Í ±μ²² °¤¥·  NICA ¶·μ¢μ¤¨²¨¸Ó ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. �  ¶²μ¸±μ¸É¨
¨´¢ ·¨ ´Éμ¢ ¶μ¶¥·¥Î´μ£μ ¤¢¨¦¥´¨Ö Ex,y (¨´¢ ·¨ ´Éμ¢ ŠÊ· ´É Ä‘´ °¤¥· ) ´ Ìμ¤¨² ¸Ó
μ¡² ¸ÉÓ ´ Î ²Ó´ÒÌ §´ Î¥´¨°, ¶·¨ ±μÉμ·ÒÌ Î ¸É¨Í  ¥Ð¥ ¶·μ¤μ²¦ ¥É ¸¢μ¡μ¤´μ Í¨·±Ê-
²¨·μ¢ ÉÓ ¢ Ê¸±μ·¨É¥²¥ ¢ É¥Î¥´¨¥ § ¤ ´´μ£μ ±μ²¨Î¥¸É¢  μ¡μ·μÉμ¢ Nturn, ´¥§ ¢¨¸¨³μ μÉ
´ Î ²Ó´μ° Ë §Ò ±μ²¥¡ ´¨° (¤²Ö ¶·¨³¥·  ¸³. ·¨¸. 3 ¨ 4). ‚ ± Î¥¸É¢¥ §´ Î¥´¨Ö „� ¶·¨-
´¨³ ²μ¸Ó ¸·¥¤´¥¥ · ¸¸ÉμÖ´¨¥ μÉ ´ Î ²  ±μμ·¤¨´ É ¤μ £· ´¨ÍÒ μ¡² ¸É¨ Ê¸Éμ°Î¨¢μ¸É¨.
—¨¸²¥´´μ¥ ¨´É¥£·¨·μ¢ ´¨¥ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢μ ¢´¥Ï´¨Ì Ô²¥±-

�¨¸. 3.  ) �¶É¨Î¥¸±¨¥ ËÊ´±Í¨¨ Î¥É¢¥·É¨ ±μ²ÓÍ  ±μ²² °¤¥·  ¶·¨ Qx,y = 9,44, β∗
x,y = 0,35 ³;

¡) μ¡² ¸ÉÓ Ê¸Éμ°Î¨¢μ£μ ¤¢¨¦¥´¨Ö ¸ ÊÎ¥Éμ³ ±· ¥¢ÒÌ ¶μ²¥° ¨ ¡¥§ ¨Ì ÊÎ¥É 

�¨¸. 4.  ) �¶É¨Î¥¸±¨¥ ËÊ´±Í¨¨ Î¥É¢¥·É¨ ±μ²ÓÍ  ±μ²² °¤¥·  ¶·¨ Qx,y = 9,44, β∗
x,y = 1 ³;

¡) μ¡² ¸ÉÓ Ê¸Éμ°Î¨¢μ£μ ¤¢¨¦¥´¨Ö ¸ ÊÎ¥Éμ³ ±· ¥¢ÒÌ ¶μ²¥° ¨ ¡¥§ ¨Ì ÊÎ¥É 



716 Šμ§²μ¢ �.‘. ¨ ¤·.

É·μ³ £´¨É´ÒÌ ¶μ²ÖÌ ¶·μ¢μ¤¨²¨¸Ó ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶·μ£· ³³Ò MADX [6], ¢ ±μÉμ·μ°
·¥ ²¨§μ¢ ´Ò ¤¢  ³¥Éμ¤ . �¥·¢Ò° Å ³¥Éμ¤ Éμ´±¨Ì ²¨´§ Å É· ´¸Ëμ·³¨·Ê¥É ± ¦¤Ò° ³ £-
´¨É ¢ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ Éμ´±¨Ì Ô²¥³¥´Éμ¢ ¨²¨ ¶μ³¥Ð ¥É μ¤¨´ Ô²¥³¥´É ´Ê²¥¢μ° ¤²¨´Ò
¢ Í¥´É· ¶·μÉÖ¦¥´´μ£μ ³ £´¨É . „·Ê£μ° ³¥Éμ¤ Å Polymorphic Tracking Code (PTC) Å
·¥Ï ¥É § ¤ ÎÊ ¸¨³¶²¥±É¨Î¥¸±μ£μ ¨´É¥£·¨·μ¢ ´¨Ö Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ. ‚ ÔÉμ³
³¥Éμ¤¥ ·¥ ²¨§Ê¥É¸Ö ³μ¤¥²Ó ±· ¥¢ÒÌ ¶μ²¥°, ¶·¨Î¥³ ¤ ´´ Ö μ¶Í¨Ö ¶·¨³¥´Ö¥É¸Ö ¸· §Ê ±μ
¢¸¥³ Ô²¥³¥´É ³ ±μ²ÓÍ . ‚ ¶·¨¢¥¤¥´´ÒÌ ´¨¦¥ ¤ ´´ÒÌ Ê¸Éμ°Î¨¢μ¸ÉÓ ¤¢¨¦¥´¨Ö Î ¸É¨Í
¶·μ¢¥·Ö² ¸Ó ¶·¨ Nturn = 103.

�·¨ · ¸Î¥É Ì „� ÊÎ¨ÉÒ¢ ²¨¸Ó ¸²¥¤ÊÕÐ¨¥ Ë ±Éμ·Ò:

Å ´¥²¨´¥°´Ò¥ £ ·³μ´¨±¨ ¸É·Ê±ÉÊ·´ÒÌ ¤¨¶μ²Ó´ÒÌ ¨ ±¢ ¤·Ê¶μ²Ó´ÒÌ ³ £´¨Éμ¢ ±μ²-
² °¤¥· , ¸¨¸É¥³ É¨Î¥¸±¨¥ ¨ ¸²ÊÎ °´Ò¥, ¶μ²ÊÎ¥´´Ò¥ ´  μ¸´μ¢¥ ·¥§Ê²ÓÉ Éμ¢ ³ £´¨É´ÒÌ
¨§³¥·¥´¨°;

�¨¸. 5. ’· ¥±Éμ·¨¨ Î ¸É¨Í ´  Ë §μ¢ÒÌ ¶²μ¸±μ¸ÉÖÌ (¢¥·Ì´¨° ·Ö¤ Å x−x′, ´¨¦´¨° ·Ö¤ Å y−y′)

¡¥§ ÊÎ¥É  ±· ¥¢ÒÌ ¶μ²¥° (¸²¥¢ ) ¨ ¸ ¨Ì ÊÎ¥Éμ³ (¸¶· ¢ ) ¤²Ö ¸²ÊÎ Ö Qx,y = 9,44, β∗
x,y = 0,6 ³
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�¨¸. 6. ’· ¥±Éμ·¨¨ Î ¸É¨Í ´  Ë §μ¢ÒÌ ¶²μ¸±μ¸ÉÖÌ (¢¥·Ì´¨° ·Ö¤ Å x−x′, ´¨¦´¨° ·Ö¤ Å y−y′)

¡¥§ ÊÎ¥É  ±· ¥¢ÒÌ ¶μ²¥° (¸²¥¢ ) ¨ ¸ ¨Ì ÊÎ¥Éμ³ (¸¶· ¢ ) ¤²Ö ¸²ÊÎ Ö Qx,y = 9,12, β∗
x,y = 0,6 ³

Å ´¥²¨´¥°´μ¸É¨, ¢´μ¸¨³Ò¥ ¸¨¸É¥³μ° ±μ··¥±Í¨¨ Ì·μ³ É¨Î´μ¸É¨, ¸μ¸ÉμÖÐ¥° ¨§ Î¥ÉÒ-
·¥Ì ¸¥³¥°¸É¢ ¸¥±¸ÉÊ¶μ²Ó´ÒÌ ±μ··¥±Éμ·μ¢ (Ëμ±Ê¸¨·ÊÕÐ¨Ì ¨ ¤¥Ëμ±Ê¸¨·ÊÕÐ¨Ì);

Å ±· ¥¢Ò¥ ¶μ²Ö ¸É·Ê±ÉÊ·´ÒÌ ³ £´¨Éμ¢ ±μ²² °¤¥· .

ˆ§-§  ¡μ²ÓÏμ° ¢¥²¨Î¨´Ò ´ ÉÊ· ²Ó´μ° Ì·μ³ É¨Î´μ¸É¨ ±μ²ÓÍ , μ¡Ê¸²μ¢²¥´´μ° ¸¨²Ó´μ°
³μ¤Ê²ÖÍ¨¥° β-ËÊ´±Í¨° ¢ μ¡² ¸É¨ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶ÊÎ±μ¢, ´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ ¸¨-
¸É¥³Ê ±μ··¥±Í¨¨ ¤²Ö μ¡¥¸¶¥Î¥´¨Ö É·¥¡Ê¥³μ£μ  ±¸¥¶É ´¸  ¶μ μÉ´μ¸¨É¥²Ó´μ³Ê μÉ±²μ´¥´¨Õ
¨³¶Ê²Ó¸ . ‚¥²¨Î¨´  „� ±μ²² °¤¥·  ¶·¨ ¢±²ÕÎ¥´´μ° ¸¨¸É¥³¥ ±μ··¥±Í¨¨ Ì·μ³ É¨Î´μ¸É¨
¸μ¸É ¢²Ö¥É ¶·¨³¥·´μ 160π ³³ ·³· ¤. �¦¨¤ ¥³Ò¥ £ ·³μ´¨Î¥¸±¨¥ ¸μ¸É ¢²ÖÕÐ¨¥ ³ £´¨É-
´μ£μ ¶μ²Ö ¸É·Ê±ÉÊ·´ÒÌ ¤¨¶μ²Ó´ÒÌ ¨ ±¢ ¤·Ê¶μ²Ó´ÒÌ ³ £´¨Éμ¢ ±μ²² °¤¥·  [7] ¶·¨¢μ¤ÖÉ ±
´¥§´ Î¨É¥²Ó´μ³Ê ¤μ¶μ²´¨É¥²Ó´μ³Ê Ê³¥´ÓÏ¥´¨Õ „�.

� ¨¡μ²¥¥ ¸¥·Ó¥§´μ¥ ¢²¨Ö´¨¥ ´  ¤¨´ ³¨±Ê ¨μ´μ¢ μ± §Ò¢ ÕÉ ±· ¥¢Ò¥ ¶μ²Ö ³ £´¨É-
´ÒÌ Ô²¥³¥´Éμ¢, ¢ Î ¸É´μ¸É¨ ²¨´§ Ë¨´ ²Ó´μ£μ Ëμ±Ê¸ , £¤¥ §´ Î¥´¨Ö β-ËÊ´±Í¨° (· §³¥·μ¢
¶ÊÎ± ) ¢ ±μ²ÓÍ¥ ³ ±¸¨³ ²Ó´Ò. �·¨ ¢±²ÕÎ¥´¨¨ ¢ · ¸Î¥ÉÒ ±· ¥¢ÒÌ ¶μ²¥° ¢¥²¨Î¨´  „�
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¸É ´μ¢¨É¸Ö ³¥´ÓÏ¥ ¢¥²¨Î¨´Ò £¥μ³¥É·¨Î¥¸±μ£μ  ±¸¥¶É ´¸  (¸³. ·¨¸. 3). ‡  ¸Î¥É μ¶É¨-
³¨§ Í¨¨ Éμ²Ó±μ ²¨´¥°´μ° μ¶É¨±¨ ±μ²ÓÍ  ¢μ§³μ¦´μ Ê³¥´ÓÏ¨ÉÓ ´¥²¨´¥°´Ò° ÔËË¥±É μÉ
±· ¥¢ÒÌ ¶μ²¥° ¶ÊÉ¥³ Ê¢¥²¨Î¥´¨Ö §´ Î¥´¨Ö β∗ ¨, ¸μμÉ¢¥É¸É¢¥´´μ, Ê³¥´ÓÏ¥´¨Ö βmax ¢
É·¨¶²¥É¥ Ë¨´ ²Ó´μ£μ Ëμ±Ê¸ . � ¶·¨³¥·, μ¶É¨±  ±μ²ÓÍ  ¸ Qx,y = 9,44, β∗

x,y = 1 ³ μ¡¥¸-
¶¥Î¨¢ ¥É „� ´  Ê·μ¢´¥ E = 400π ³³ ·³· ¤ (¡¥§ ±· ¥¢ÒÌ ¶μ²¥°) ¨ E = 100π ³³ ·³· ¤
(±· ¥¢Ò¥ ¶μ²Ö ¢±²ÕÎ¥´Ò) (¸³. ·¨¸. 4). Šμ³¶·μ³¨¸¸´Ò° ¢ ·¨ ´É ´ ¸É·μ°±¨ μ¶É¨±¨ ±μ²-
² °¤¥·  ¤²Ö β∗

x,y = 0,6 ³ É ±¦¥ ¶μ§¢μ²Ö¥É ¤μ¸É ÉμÎ´μ ±μ³¶¥´¸¨·μ¢ ÉÓ ¢²¨Ö´¨¥ ±· ¥¢ÒÌ
¶μ²¥°, ¶·¨ ÔÉμ³ É·¥¡Ê¥³ Ö ¢¥²¨Î¨´  ¸¢¥É¨³μ¸É¨ ¤μ¸É¨£ ¥É¸Ö Ê¢¥²¨Î¥´¨¥³ ¨´É¥´¸¨¢´μ¸É¨
¸É ²±¨¢ ÕÐ¨Ì¸Ö ¶ÊÎ±μ¢. �  ·¨¸. 5 ¨ 6 ¶·¨¢¥¤¥´Ò ¸· ¢´¥´¨Ö Ë §μ¢ÒÌ ¶μ·É·¥Éμ¢ ¶ÊÎ± 
¢ IP ¤²Ö §´ Î¥´¨° β-ËÊ´±Í¨° ¢ ÉμÎ±¥ 0,6 ³ ¨ ¤¢ÊÌ · ¡μÎ¨Ì ÉμÎ± Ì ¡¥É É·μ´´ÒÌ Î ¸ÉμÉ
Qx,y = 9,44 ¨ Qx,y = 9,1. ‚¨¤´μ, ÎÉμ ¤²Ö ¶¥·¢μ° · ¡μÎ¥° ÉμÎ±¨ ¶·¨ ÊÎ¥É¥ ¤¥°¸É¢¨Ö
±· ¥¢ÒÌ ¶μ²¥° · §³¥· μ¡² ¸É¨ Ê¸Éμ°Î¨¢μ¸É¨ ¸· ¢´¨³ ¸ £¥μ³¥É·¨Î¥¸±μ°  ¶¥·ÉÊ·μ°. ‚Éμ-
·ÊÕ · ¡μÎÊÕ ÉμÎ±Ê, ¢ ±μÉμ·μ° „� ¶·¥¢μ¸Ìμ¤¨É  ±¸¥¶É ´¸ ¢ ´¥¸±μ²Ó±μ · §, ¶² ´¨·Ê¥É¸Ö
¨¸¶μ²Ó§μ¢ ÉÓ ´  ÔÉ ¶¥ ¸É ·Éμ¢μ° ´ ¸É·μ°±¨ ±μ²² °¤¥· .

‡�Š‹�—…�ˆ…

„²Ö ¶·μ¥±É´μ° ¸É·Ê±ÉÊ·Ò ±μ²¥Í ±μ²² °¤¥·  · ¸¸Î¨É ´  ¨Ì „� ¸ ÊÎ¥Éμ³ ¢²¨Ö´¨Ö ´¥-
²¨´¥°´ÒÌ ³ £´¨É´ÒÌ ¶μ²¥° ¸É·Ê±ÉÊ·´ÒÌ Ô²¥³¥´Éμ¢. “¸É ´μ¢²¥´  μ¶·¥¤¥²ÖÕÐ Ö ·μ²Ó
±· ¥¢ÒÌ ¶μ²¥° ³ £´¨É´ÒÌ Ô²¥³¥´Éμ¢ ¶·¨ Ê³¥´ÓÏ¥´¨¨ „�. �·¥¤²μ¦¥´Ò ³¥Éμ¤Ò ±μ³¶¥´-
¸ Í¨¨ ÔÉ¨Ì ÔËË¥±Éμ¢ §  ¸Î¥É ´ ¸É·μ°±¨ ²¨´¥°´μ° μ¶É¨±¨ ±μ²² °¤¥·  Å ¨¸¶μ²Ó§μ¢ ´¨Ö
¤¢ÊÌ · ¡μÎ¨Ì ÉμÎ¥± ¡¥É É·μ´´ÒÌ Î ¸ÉμÉ ¨ ¶¥·¥¸É·μ°±¨ β-ËÊ´±Í¨¨ ¢ ÉμÎ± Ì ¢¸É·¥Î¨.
‚ μ¶É¨³¨§¨·μ¢ ´´μ° ¸É·Ê±ÉÊ·¥ ±μ²² °¤¥·  ¢¥²¨Î¨´  „� ³μ¦¥É ¢ ´¥¸±μ²Ó±μ · § ¶·¥¢Ò-
Ï ÉÓ £¥μ³¥É·¨Î¥¸±¨°  ±¸¥¶É ´¸, ÎÉμ ¤ ¥É ¤μ¸É ÉμÎ´Ò° § ¶ ¸ ´  ¥¥ ¢μ§³μ¦´μ¥ Ê³¥´ÓÏ¥´¨¥
¨§-§  ¤·Ê£¨Ì ÔËË¥±Éμ¢.
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