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NICA (Nuclotron based Ion Collider fAcility) Å ´μ¢Ò° ±μ²² °¤¥· ÉÖ¦¥²ÒÌ ¨μ´μ¢, ±μÉμ·Ò°
· §· ¡ ÉÒ¢ ¥É¸Ö ¢ �ˆŸˆ („Ê¡´ ) ¤²Ö ¨§ÊÎ¥´¨Ö ¸¢μ°¸É¢ £μ·ÖÎ¥° ¨ ¶²μÉ´μ° ¡ ·¨μ´´μ° ³ É¥·¨¨.
�¸´μ¢´Ò³ ¨¸ÉμÎ´¨±μ³ μ£· ´¨Î¥´¨Ö ¶μ¶¥·¥Î´μ° ¤¨´ ³¨Î¥¸±μ°  ¶¥·ÉÊ·Ò ¢ NICA μ± §Ò¢ ¥É¸Ö ´¥-
²¨´¥°´μ¥ ±· ¥¢μ¥ ¶μ²¥ ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ Ë¨´ ²Ó´μ£μ Ëμ±Ê¸ . „²Ö μ¶É¨³¨§ Í¨¨ ¤¨´ ³¨Î¥¸±μ°
 ¶¥·ÉÊ·Ò ³Ò ¶·¨³¥´¨²¨ £¥´¥É¨Î¥¸±¨°  ²£μ·¨É³, Ê¶· ¢²ÖÕÐ¨° ´ ¡μ·μ³ ³Ê²ÓÉ¨¶μ²Ó´ÒÌ ²¨´§. �¥-
§Ê²ÓÉ ÉÒ μ¶É¨³¨§ Í¨¨ μ¡¸Ê¦¤ ÕÉ¸Ö ¢ ¤ ´´μ° · ¡μÉ¥.

NICA (Nuclotron based Ion Collider fAcility) is a new accelerator complex designed at the Joint
Institute for Nuclear Research (Dubna) to study properties of hot and dense baryonic matter. Dynamic
aperture of the NICA is limited mainly by fringe ˇelds of central lenses of ˇnal focus triplets. For
dynamic aperture optimization, we applied the genetic algorithm that controls a set of multipole lenses.
The optimization results are discussed in this paper.

PACS: 29.20.-c
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“¸±μ·¨É¥²Ó´Ò° ±μ³¶²¥±¸ NICA [1] ¸μ§¤ ¥É¸Ö ¤²Ö ¶·μ¢¥¤¥´¨Ö Ï¨·μ±μ£μ ¸¶¥±É·  Ô±¸-
¶¥·¨³¥´Éμ¢ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¢¸É·¥Î´ÒÌ ¶ÊÎ±μ¢ · §²¨Î´ÒÌ Î ¸É¨Í, μÉ ¶·μÉμ´μ¢ ¨ ¶μ²Ö-
·¨§μ¢ ´´ÒÌ ¤¥°É·μ´μ¢ ¤μ ³ ¸¸¨¢´ÒÌ ¨μ´μ¢ §μ²μÉ . Šμ²² °¤¥· ¸μ¸Éμ¨É ¨§ ¤¢ÊÌ ´ ±μ¶¨-
É¥²Ó´ÒÌ ±μ²¥Í, · §³¥Ð¥´´ÒÌ ¤·Ê£ ´ ¤ ¤·Ê£μ³; · §¤¥²¥´¨¥ ¶ÊÎ±μ¢ ¶·μ¨¸Ìμ¤¨É ¢ ¢¥·É¨-
± ²Ó´μ° ¶²μ¸±μ¸É¨ ¶μ¢μ·μÉ´Ò³¨ ³ £´¨É ³¨ ¸ ¤²¨´μ° 1,4 ³ ¨ Ê£²μ³ ¶μ¢μ·μÉ  40 ³· ¤.

Š ¦¤μ¥ ±μ²ÓÍμ ¢Ò¶μ²´¥´μ ¢ Ëμ·³Ë ±Éμ·¥ ®·¥°¸É·¥±¯ ¨ ¸μ¸Éμ¨É ¨§ ¤¢ÊÌ  ·μ± ¨ ¤¢ÊÌ
¶·Ö³μ²¨´¥°´ÒÌ ¶·μ³¥¦ÊÉ±μ¢ ¤²Ö Ê¸É ´μ¢±¨ ¤¥É¥±Éμ·μ¢, ‚—-¸É ´Í¨°, ¸¨¸É¥³ Ô²¥±É·μ´-
´μ£μ ¨ ¸ÉμÌ ¸É¨Î¥¸±μ£μ μÌ² ¦¤¥´¨Ö. ‚ ¶·Ö³μ²¨´¥°´ÒÌ ¶·μ³¥¦ÊÉ± Ì · ¸¶μ²μ¦¥´Ò ¤¢ 
É·¨¶²¥É  ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ Ë¨´ ²Ó´μ£μ Ëμ±Ê¸ , · §¢μ¤ÖÐ¨¥ ³ £´¨ÉÒ, ±μ··¥±É¨·ÊÕÐ¨¥
³ £´¨ÉÒ (¢ Éμ³ Î¨¸²¥ ´¥²¨´¥°´Ò¥) ¨ ¤·Ê£μ¥ μ¡μ·Ê¤μ¢ ´¨¥. �μ¢μ·μÉ´Ò¥  ·±¨ ¸μ¸ÉμÖÉ ¨§
12 ·¥£Ê²Ö·´ÒÌ FODO-ÖÎ¥¥± [2]. �¶É¨Î¥¸±¨¥ ËÊ´±Í¨¨ ¢¸¥£μ ±μ²ÓÍ  ¨ Ë¨´ ²Ó´μ£μ Ëμ±Ê¸ ,

1E-mail: kskaryukina@gmail.com
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· ¸¸Î¨É ´´Ò¥ ¶·μ£· ³³μ° Accelerator Toolbox (AT) ¤²Ö ¸É·Ê±ÉÊ·Ò NICA-ring-81, ¶μ± -
§ ´Ò ´  ·¨¸. 1 ¨ 2. „²¨´  ´ ±μ¶¨É¥²Ó´μ£μ ±μ²ÓÍ  NICA ¸μ¸É ¢²Ö¥É 503 ³. 	¥É É·μ´´Ò¥
ËÊ´±Í¨¨ ¢ ÉμÎ±¥ ¢¸É·¥Î¨ ¢Ò¡· ´Ò · ¢´Ò³¨ 60 ¸³; ³ ±¸¨³ ²Ó´Ò¥ ¡¥É É·μ´´Ò¥ ËÊ´±Í¨¨
¢ Í¥´É· ²Ó´μ° ²¨´§¥ Ë¨´ ²Ó´μ£μ Ëμ±Ê¸  135 ³. �¸´μ¢´Ò¥ ¶ · ³¥É·Ò ´ ±μ¶¨É¥²Ö, ¶·¨
±μÉμ·ÒÌ ¶·μ¨§¢μ¤¨²μ¸Ó ³μ¤¥²¨·μ¢ ´¨¥ ¤¨´ ³¨±¨ ¶ÊÎ± , ¶·¨¢¥¤¥´Ò ¢ É ¡². 1. Œ ±¸¨-
³ ²Ó´ Ö ³ £´¨É´ Ö ¦¥¸É±μ¸ÉÓ Bρ = 45 T² ·³, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É Ô´¥·£¨¨ ¨μ´μ¢ §μ²μÉ 

79Au 4,5 ƒÔ‚/´Ê±²μ´.
‚Ò¡μ· · ¡μÎ¥° ÉμÎ±¨ ¢¡²¨§¨ · §´μ¸É´μ£μ ·¥§μ´ ´¸  ¨ ´ ²¨Î¨¥ ¢ ¸É·Ê±ÉÊ·¥ ±μ²ÓÍ 

¸μ²¥´μ¨¤μ¢ (É ¡². 2, £¤¥ ϕ = eB/p0c) μ¡Ê¸²μ¢²¨¢ ÕÉ ¸¢Ö§Ó ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°, ¸Ê-
Ð¥¸É¢¥´´μ ¢²¨ÖÕÐÊÕ ´  ¤¨´ ³¨±Ê Î ¸É¨Í.

�¨¸. 1. ”Ê´±Í¨¨ ’¢¨¸¸  ¤²Ö ¶μ²μ¢¨´Ò ±μ²ÓÍ  ±μ²² °¤¥·  NICA

�¨¸. 2. ”Ê´±Í¨¨ ’¢¨¸¸  ¢ ³ £´¨É Ì Ë¨´ ²Ó´μ£μ Ëμ±Ê¸  ¶ÊÎ±  ±μ²² °¤¥·  NICA

1‘É·Ê±ÉÊ·  ¶·¥¤¸É ¢²¥´  ‘. Šμ¸É·μ³¨´Ò³.
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’ ¡²¨Í  1. �¸´μ¢´Ò¥ ¶ · ³¥É·Ò ´ ±μ¶¨É¥²Ó´μ£μ ±μ²ÓÍ  ±μ²² °¤¥·  NICA

� · ³¥É· ‡´ Î¥´¨¥

�¥·¨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 0,597/0,601
	¥É É·μ´´Ò¥ Î ¸ÉμÉÒ Qx/Qz 9,43/9,44
� ÉÊ· ²Ó´Ò° Ì·μ³ É¨§³ Q′x/Q′z Ä23,8/Ä23,9
�±Í¥¶É ´¸ ±μ²ÓÍ , π ³³ ·³· ¤ 40
ˆ³¶Ê²Ó¸´Ò°  ±Í¥¶É ´¸ Δp/pmax ± 0,010
Š·¨É¨Î¥¸± Ö Ô´¥·£¨Ö γtr 7,088
�´¥·£¨Ö ¨μ´μ¢ 79Au, ƒÔ‚/´Ê±²μ´ 4,5
Šμ²¨Î¥¸É¢μ ¨μ´μ¢ ¢ ¸£Ê¸É±¥, ³ 2,3 · 109

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

‘·¥¤´¥±¢ ¤· É¨Î´Ò° Ô³¨ÉÉ ´¸, π ³³ ·³· ¤ 1,1/0,75
�¨±μ¢ Ö ¸¢¥É¨³μ¸ÉÓ, ¸³−2 · ¸−1 1,0 · 1027

’ ¡²¨Í  2. � · ³¥É·Ò ¸μ²¥´μ¨¤μ¢ ¢ ¸É·Ê±ÉÊ·¥ ±μ²² °¤¥·  NICA

‘μ²¥´μ¨¤ „²¨´  L, ³ ϕ, · ¤/³

„¥É¥±Éμ· SPD 10,5 0
„¥É¥±Éμ· MPD 10,5 0,0112
‘¨¸É¥³  Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö 6 0,0045

ˆ§ÊÎ¥´¨¥ ¤¢¨¦¥´¨Ö ¶ÊÎ±  ¨ μ¶É¨³¨§ Í¨Ö ¤¨´ ³¨Î¥¸±μ°  ¶¥·ÉÊ·Ò ¢Ò¶μ²´Ö²¨¸Ó ¸ ¶μ-
³μÐÓÕ ³μ¤¥²¨·ÊÕÐ¥° ¶·μ£· ³³Ò Accelerator Toolbox (AT) [3]. „²Ö ´ ¤¥¦´μ¸É¨ ·¥§Ê²Ó-
É ÉÒ ¶·μ¢¥·Ö²¨¸Ó ¨ ¶μ¤É¢¥·¦¤ ²¨¸Ó ¶·μ£· ³³ ³¨ TrackKing [4] ¨ MADX [5]; ¶·μ¢¥·± 
¶μ± §Ò¢ ¥É Ìμ·μÏ¥¥ ¸μ£² ¸¨¥.

1. ��—�‹œ��Ÿ „ˆ��Œˆ—…‘Š�Ÿ ��…�’“��

„¨´ ³¨Î¥¸± Ö  ¶¥·ÉÊ·  („�) Å μ¡² ¸ÉÓ Ê¸Éμ°Î¨¢μ£μ ¤¢¨¦¥´¨Ö Î ¸É¨Í ¢ Ï¥¸É¨³¥·-
´μ³ Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥ ¶·¨ ¤¥°¸É¢¨¨ ´¥²¨´¥°´ÒÌ ¢μ§³ÊÐ¥´¨° Å Ö¢²Ö¥É¸Ö ¢ ¦´μ°
Ì · ±É¥·¨¸É¨±μ° Í¨±²¨Î¥¸±μ£μ Ê¸±μ·¨É¥²Ö, μÉ ±μÉμ·μ° § ¢¨¸ÖÉ ¢·¥³Ö ¦¨§´¨ ¶ÊÎ±  ¨ ÔË-
Ë¥±É¨¢´μ¸ÉÓ ¨´¦¥±Í¨¨. ‡¤¥¸Ó ³Ò § ¤ ¥³ ¤¨´ ³¨Î¥¸±ÊÕ  ¶¥·ÉÊ·Ê ¶·μ¸É¥°Ï¨³ (´μ ¨ μ¡-
Ð¥¶·¨´ÖÉÒ³) μ¡· §μ³ ± ± ´ ¡μ· É ±¨Ì ´ Î ²Ó´ÒÌ ±μμ·¤¨´ É Î ¸É¨ÍÒ z0(x0), x′

0 = z′0 = 0
¶·¨ ´¥±μÉμ·μ³ Ë¨±¸¨·μ¢ ´´μ³ §´ Î¥´¨¨ μÉ´μ¸¨É¥²Ó´μ£μ ¨³¶Ê²Ó¸  δ = Δp/p, ¤²Ö ±μÉμ-
·ÒÌ Î ¸É¨Í  μ¸É ¥É¸Ö Ê¸Éμ°Î¨¢μ° ¢ É¥Î¥´¨¥ ´¥±μÉμ·μ£μ (¢ ´ Ï¥³ ¸²ÊÎ ¥ É¨¶¨Î´μ 210)
Î¨¸²  μ¡μ·μÉμ¢. �¸´μ¢´ Ö Í¥²Ó · ¡μÉÒ Å Ê¢¥²¨Î¥´¨¥ ¨ μ¶É¨³¨§ Í¨Ö ¤¨´ ³¨Î¥¸±μ°  ¶¥·-
ÉÊ·Ò Å ·¥Ï ¥É¸Ö ¶ÊÉ¥³ ¨¸¶ÒÉ ´¨° ¨ ¸· ¢´¥´¨° ¡μ²ÓÏμ£μ Î¨¸²  ¢Ò¡μ·μ± §´ Î¥´¨° ¸¨²
´¥²¨´¥°´ÒÌ ³ £´¨É´ÒÌ Ô²¥³¥´Éμ¢, ¡¥É É·μ´´ÒÌ Î ¸ÉμÉ ¨ ¨³¶Ê²Ó¸μ¢ Î ¸É¨Í. �É  ¶·μ-
Í¥¤Ê·  É·¥¡Ê¥É §´ Î¨É¥²Ó´μ£μ ¶·μÍ¥¸¸μ·´μ£μ ¢·¥³¥´¨, ¨ ¶·¨´Í¨¶¨ ²Ó´μ ¢ ¦´μ° ¶·¨
ÔÉμ³ μ± §Ò¢ ¥É¸Ö ¸±μ·μ¸ÉÓ μ¶·¥¤¥²¥´¨Ö „�, ±μÉμ· Ö É¥³ ¢ÒÏ¥, Î¥³ ¶·μÐ¥ μ¶·¥¤¥²¥´¨¥.
„²Ö Ê³¥´ÓÏ¥´¨Ö ¢·¥³¥´¨ Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ³Ò ¸μ§´ É¥²Ó´μ μÉ¸ÉÊ¶ ¥³ μÉ ¡μ²¥¥
¸É·μ£¨Ì (´μ ¨ ¡μ²¥¥ § É· É´ÒÌ ¢ · ¸Î¥É¥) μ¶·¥¤¥²¥´¨°  ¶¥·ÉÊ·Ò ¨ μ¸É ¢²Ö¥³ §  · ³-
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± ³¨ ¸μμÉ¢¥É¸É¢¨¥ ±· É±μ¢·¥³¥´´μ° (¡μ²¥¥ 1000 μ¡μ·μÉμ¢) ¨ ¤μ²£μ¢·¥³¥´´μ° (¶¥·¨μ¤
¶·μ¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´É )  ¶¥·ÉÊ· [6].

‚ · ¡μÉ¥ [7] · ¸¸³ É·¨¢ ²μ¸Ó ¢²¨Ö´¨¥ ´  „� NICA · §²¨Î´ÒÌ ¨¸ÉμÎ´¨±μ¢ ´¥²¨´¥°-
´μ£μ ¢μ§³ÊÐ¥´¨Ö: ¸¥±¸ÉÊ¶μ²Ó´ÒÌ ³ £´¨Éμ¢, ±μ··¥±É¨·ÊÕÐ¨Ì ´ ÉÊ· ²Ó´Ò° Ì·μ³ É¨§³, ¨
´¥²¨´¥°´ÒÌ ±· ¥¢ÒÌ ¶μ²¥° ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§. ˆ³¥´´μ ¶μ¸²¥¤´¨¥ μ£· ´¨Î¨¢ ÕÉ „�
±μ²² °¤¥·  NICA μ¶·¥¤¥²ÖÕÐ¨³ μ¡· §μ³ ¶·¨ · ¢´μ¢¥¸´ÒÌ ¶μ¶¥·¥Î´ÒÌ · §³¥· Ì Í¨·±Ê-
²¨·ÊÕÐ¥£μ ¶ÊÎ± , ¶·¨Î¥³ μ¸´μ¢´μ° ¢±² ¤ ¤ ¥É É·¨¶²¥É ²¨´§ Ë¨´ ²Ó´μ£μ Ëμ±Ê¸  (¨§-§ 
¡μ²ÓÏ¨Ì §´ Î¥´¨° β-ËÊ´±Í¨°),   ¢²¨Ö´¨¥ ±· ¥¢ÒÌ ¶μ²¥° ²¨´§  ·μ± ´¥§´ Î¨É¥²Ó´μ.

�  ·¨¸. 3 ¶μ± § ´  ¤¨´ ³¨Î¥¸± Ö  ¶¥·ÉÊ·  ±μ²² °¤¥·  NICA ¡¥§ ÊÎ¥É  ¨ ¸ ÊÎ¥-
Éμ³ ´¥²¨´¥°´ÒÌ ±· ¥¢ÒÌ ¶μ²¥° ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§. —¥ÉÒ·¥ ¸¥³¥°¸É¢  ¸¥±¸ÉÊ¶μ²Ó´ÒÌ
²¨´§ · §³¥Ð¥´Ò ¢ ¶μ¢μ·μÉ´ÒÌ  ·± Ì ¢¡²¨§¨ ³ ±¸¨³Ê³μ¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¡¥É É·μ´´ÒÌ
ËÊ´±Í¨° ¸É·Ê±ÉÊ·Ò FODO. —¨¸²μ ²¨´§ ¨ ¨Ì ¶ · ³¥É·Ò ¤²Ö Bρ = 45 T² ·³ ¶·¨¢¥¤¥´Ò
¢ É ¡². 3.

	¥§ ÊÎ¥É  ±· ¥¢ÒÌ ¶μ²¥° ±¢ ¤·Ê¶μ²¥°  ¶¥·ÉÊ·  μ± §Ò¢ ¥É¸Ö Ax,z ≈ 13σx,z, ±· ¥¢Ò¥
¶μ²Ö Ê³¥´ÓÏ ÕÉ ÔÉμ §´ Î¥´¨¥ ¤μ Ax,z ≈ 7σx,z (¤μ ¢¥²¨Î¨´Ò £¥μ³¥É·¨Î¥¸±μ£μ  ±¸¥¶É ´¸ 
´ ±μ¶¨É¥²Ö), É. ¥. ¶·¨³¥·´μ ¢ ¤¢  · § . ‡ ¢¨¸¨³μ¸ÉÓ Î ¸ÉμÉÒ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° μÉ
 ³¶²¨ÉÊ¤Ò Î ¸É¨ÍÒ ¶μ± § ´  ´  ·¨¸. 4. ‚±² ¤ ±· ¥¢ ²¨´§ ¢ ¤μ¡ ¢±Ê ± Î ¸ÉμÉ¥ ¸ÊÐ¥-

�¨¸. 3 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). ‚²¨Ö´¨¥ ´ 
¤¨´ ³¨Î¥¸±ÊÕ  ¶¥·ÉÊ·Ê ±· ¥¢ÒÌ ¶μ²¥° ±¢ ¤·Ê¶μ²Ó´ÒÌ

²¨´§. Š· ¸´ Ö ²¨´¨Ö (1) Å ¡¥§ ÊÎ¥É  ±· ¥¢ÒÌ ÔËË¥±Éμ¢,

¸¨´ÖÖ (2) Å ¸ ÊÎ¥Éμ³

’ ¡²¨Í  3. � · ³¥É·Ò ¸¥±¸ÉÊ¶μ²Ó-
´ÒÌ ²¨´§ ¤²Ö ±μ··¥±Í¨¨ ´ ÉÊ· ²Ó-
´μ£μ Ì·μ³ É¨§³ 

‹¨´§  N B′′L/Bρ, 1/³−2

SF 16 0,29
SD 16 Ä1,17

�¨¸. 4 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). ‡ ¢¨¸¨³μ¸ÉÓ ¡¥É É·μ´´μ° Î ¸ÉμÉÒ μÉ  ³¶²¨ÉÊ¤Ò ±μ²¥¡ ´¨°

Î ¸É¨ÍÒ. Š· ¸´ Ö ²¨´¨Ö (1) Å ¡¥§ ÊÎ¥É  ±· ¥¢ÒÌ ÔËË¥±Éμ¢; ¸¨´ÖÖ (2) Å ¸ ÊÎ¥Éμ³
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¸É¢¥´´μ ¶·¥¢μ¸Ìμ¤¨É ¢±² ¤ Ì·μ³ É¨Î¥¸±¨Ì ¸¥±¸ÉÊ¶μ²¥°, ¶·¨Î¥³ ¸¤¢¨£ Î ¸ÉμÉ μÉ ±· ¥¢
²¨´§ ¢¸¥£¤  ¶μ²μ¦¨É¥²Ó´Ò° ´¥§ ¢¨¸¨³μ μÉ §´ ±  ±¢ ¤·Ê¶μ²Ó´μ° ²¨´§Ò [8]. ˆ, ¶μ¸±μ²Ó±Ê
´¥¢μ§³ÊÐ¥´´ Ö Î ¸ÉμÉ  ¢Ò¡· ´  ¸²¥£±  ´¨¦¥ ¶μ²ÊÍ¥²μ£μ ·¥§μ´ ´¸ , Ê¢¥²¨Î¥´¨¥  ³¶²¨-
ÉÊ¤Ò ±μ²¥¡ ´¨° ¶·¨¢μ¤¨É ± ¸³¥Ð¥´¨Õ Î ¸ÉμÉ (¨ £μ·¨§μ´É ²Ó´μ°, ¨ ¢¥·É¨± ²Ó´μ°) ¢¶²μÉÓ
¤μ £¨¡¥²¨ Î ¸É¨ÍÒ ´  ¶μ²ÊÍ¥²μ³ ·¥§μ´ ´¸¥. ƒ· Ë¨±¨ § ¢¨¸¨³μ¸É¨ νz(x) ¶μ¸É·μ¥´Ò ¶·¨
³¨´¨³ ²Ó´μ° ¢¥·É¨± ²Ó´μ°  ³¶²¨ÉÊ¤¥ 30 ³±³.

Š��…‚�… ��‹… Š‚�„�“��‹œ��‰ ‹ˆ�‡›

‚²¨Ö´¨¥ ´¥²¨´¥°´μ¸É¨ ±· ¥¢μ£μ ¶μ²Ö ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ ´  ¤¨´ ³¨±Ê ¶ÊÎ±  · ¸¸³ -
É·¨¢ ²μ¸Ó ³´μ£¨³¨  ¢Éμ· ³¨ [9Ä14]. ƒ ³¨²ÓÉμ´¨ ´ ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¸ ÊÎ¥Éμ³ ±· ¥¢ÒÌ
±¢ ¤·Ê¶μ²Ó´ÒÌ ¨ μ±ÉÊ¶μ²Ó´ÒÌ ´¥²¨´¥°´μ¸É¥° (¢ ²¨¤¨·ÊÕÐ¥³ ¶μ·Ö¤±¥) ¨³¥¥É ¢¨¤ [13]

H =
1
2
(p2

x + p2
z) +

1
4
k′
1(pxxz3 − pzzx3) − 1

48
k′′
1 (x4 − z4) +

1
24

k3(x4 − 6x2z2 + z4), (1)

£¤¥ k1 =(dBz/dx)/Bρ Å ¶·¨¢¥¤¥´´Ò° Ëμ±Ê¸¨·ÊÕÐ¨° ±μÔËË¨Í¨¥´É, k′ =(dk/ds)/Bρ Å
¶·μ¨§¢μ¤´ Ö ¸¶ ¤ /¶μ¤Ñ¥³  £· ¤¨¥´É  ²¨´§Ò ´  ±· Õ,   k3 = (d3Bz/dx3)/Bρ Å μ±ÉÊ-
¶μ²Ó´ Ö ´¥²¨´¥°´μ¸ÉÓ. �¥·¢μ¥ ¸² £ ¥³μ¥ ¢ (1) μ¶¨¸Ò¢ ¥É ²¨´¥°´μ¥ ¤¢¨¦¥´¨¥, ¢Éμ·Ò¥
¤¢  Å ¢²¨Ö´¨¥ ±· ¥¢μ£μ ¶μ²Ö ±¢ ¤·Ê¶μ²Ó´μ° ²¨´§Ò, ¶μ¸²¥¤´¥¥ Å ¢±² ¤ μ±ÉÊ¶μ²Ó´ÒÌ
²¨´§. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¢ [15] ¶·¨¢μ¤¨É¸Ö ¤·Ê£μ° ¢¨¤ £ ³¨²ÓÉμ´¨ ´ , μÉ²¨Î ÕÐ¨°¸Ö
μÉ (1) ¢Ò¡μ·μ³ ± ²¨¡·μ¢±¨ ¢¥±Éμ·´μ£μ ¶μÉ¥´Í¨ ²  Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö. �¤´ ±μ
Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ´¥ § ¢¨¸ÖÉ μÉ ¢¨¤  ± ²¨¡·μ¢μÎ´μ° ËÊ´±Í¨¨, ¨ ¤²Ö μ¡μ¨Ì £ ³¨²ÓÉμ-
´¨ ´μ¢

x′′ = −k1

(
x − x′z′z+

3
2
xx′2 +

1
2
xz′2

)
+

1
12

k′′
1 (x3 + 3xz2) + k′

1xzz′ +
1
6
k3(x3 − 3xz2),

(2)

z′′ = k1

(
z − x′z′x+

3
2
zz′2 +

1
2
zx′2

)
− 1

12
k′′
1 (z3 + 3zx2) − k′

1zxx′ +
1
6
k3(z3 − 3zx2).

�¸´μ¢´μ° Î²¥´ ¶μÉ¥´Í¨ ²  ¢μ§³ÊÐ¥´¨Ö ±· ¥¢μ° ¨ μ±ÉÊ¶μ²Ó´μ° ´¥²¨´¥°´μ¸É¥° ¢ (2)
¸μ¤¥·¦¨É ³μ´μ³Ò μ¤´μ° ¨ Éμ° ¦¥ Å Î¥É¢¥·Éμ° Å ¸É¥¶¥´¨ ¶¥·¥³¥´´ÒÌ, ÎÉμ ´ ¢μ¤¨É
´  ³Ò¸²Ó ¶μ¶·μ¡μ¢ ÉÓ ¸±μ³¶¥´¸¨·μ¢ ÉÓ ¢²¨Ö´¨¥ ±· ¥¢μ£μ ¶μ²Ö ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ μ±-
ÉÊ¶μ²Ó´Ò³¨ ±μ··¥±Éμ· ³¨, É¥³ ¡μ²¥¥ ÎÉμ ¢²¨Ö´¨¥ ¸¥±¸ÉÊ¶μ²Ó´ÒÌ ²¨´§ ³ ²μ. ‘²μ¦´μ-
¸É¨, ¢μ§´¨± ÕÐ¨¥ ¶·¨ ÔÉμ³, ³μ¦´μ ¶·μ¨²²Õ¸É·¨·μ¢ ÉÓ, · ¸¸³ É·¨¢ Ö ¸¤¢¨£ Î ¸ÉμÉÒ
¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°, ±μÉμ·Ò°, ± ± ¨§¢¥¸É´μ, ¢ ¶¥·¢μ³ ¶μ·Ö¤±¥ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨Ö
¨³¥¥É ¢¨¤

Δνx = axxJx + axzJz,
(3)

Δνz = azxJx + azzJz ,

£¤¥ ¶¥·¥³¥´´ Ö ¤¥°¸É¢¨Ö μ¶·¥¤¥²Ö¥É¸Ö ¸μ£² ¸´μ x =
√

2Jxβx cos φx (¨  ´ ²μ£¨Î´μ ¤²Ö z),
  ±μÔËË¨Í¨¥´ÉÒ § ¶¨¸Ò¢ ÕÉ¸Ö ± ± [13]

axx =
1

16π

∮
k3β

2
x ds − 1

32π

∮
k′′
1 β2

x ds,

azx = axz = − 1
8π

∮
k3βxβz ds +

1
8π

∮
k′
1(azβx − axβz) ds, (4)

azz =
1

16π

∮
k3β

2
z ds +

1
32π

∮
k′′
1β2

z ds,
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£¤¥ ax,z = −β′
x,z/2. Š § ²μ¸Ó ¡Ò, ¸ ³μ¥ ¶·μ¸Éμ¥ Å ÔÉμ ¶μ¶ÒÉ ÉÓ¸Ö ¢´¥¸É¨ ±Ê¡¨Î¥¸±ÊÕ

±μ³¶μ´¥´ÉÊ ¶μ²Ö ¶·Ö³μ ¢ ±¢ ¤·Ê¶μ²Ó´ÊÕ ²¨´§Ê, ÎÉμ¡Ò ²μ± ²Ó´μ ¨¸¶· ¢¨ÉÓ ÔËË¥±É, ¢´μ-
¸¨³Ò° ±· Ö³¨ ²¨´§Ò. …¸²¨ ²¨´§  Ëμ±Ê¸¨·Ê¥É ´¥ μÎ¥´Ó ¸¨²Ó´μ, É ± ÎÉμ L

√
k1 < 1, Éμ (4)

³μ¦´μ ¸ÊÐ¥¸É¢¥´´μ Ê¶·μ¸É¨ÉÓ, ¨¸¶μ²Ó§ÊÖ ±Ê¸μÎ´μ-¶μ¸ÉμÖ´´ÊÕ  ¶¶·μ±¸¨³ Í¨Õ ³ £´¨É-
´μ£μ ¶μ²Ö ¨ ¶¥·¥Ìμ¤Ö μÉ ¨´É¥£·¨·μ¢ ´¨Ö ± ¸Ê³³¨·μ¢ ´¨Õ ¶μ ³ £´¨É ³ [13],

axx ≈ 1
16π

∑
i

(k3β2
xL)i +

1
8π

∑
i

(k2
1β

2
xL)i,

azx = axz ≈ −1
8π

∑
i

(k3βx · βzL)i +
1
4π

∑
i

(k2
1βx · βzL)i, (5)

azz ≈ 1
16π

∑
i

(k3β2
zL)i +

1
8π

∑
i

(k2
1β

2
zL)i,

£¤¥ ¢§ÖÉÒ ¸·¥¤´¨¥ ¶μ ¤²¨´¥ ²¨´§Ò ¡¥É É·μ´´Ò¥ ËÊ´±Í¨¨. ˆ§ (5) ¢¨¤´μ, ÎÉμ ¤²Ö ²¨-
±¢¨¤ Í¨¨ ®¶·Ö³ÒÌ¯ ±μÔËË¨Í¨¥´Éμ¢ axx ¨ azz ¢¥²¨Î¨´  ±μ··¥±É¨·ÊÕÐ¥° ±Ê¡¨Î¥¸±μ°
±μ³¶μ´¥´ÉÒ ¶μ²Ö ¢ ²¨´§¥ ¤μ²¦´  ¡ÒÉÓ k3 = −2k1; ¶·¨ ÔÉμ³, μ¤´ ±μ, ¢¥²¨Î¨´  ¶¥·¥±·¥¸É-
´μ£μ ±μÔËË¨Í¨¥´É  axz Ê¤¢ ¨¢ ¥É¸Ö, ¨ Ê¢¥²¨Î¥´¨¥ ¤¨´ ³¨Î¥¸±μ°  ¶¥·ÉÊ·Ò ¸É ´μ¢¨É¸Ö
´¥μÎ¥¢¨¤´Ò³. �μÔÉμ³Ê ¶·¨Ìμ¤¨É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ¡μ²¥¥ ¸²μ¦´Ò¥ ¸Ì¥³Ò · §³¥Ð¥´¨Ö μ±-
ÉÊ¶μ²Ó´ÒÌ ±μ··¥±Éμ·μ¢. ‚ § ±²ÕÎ¥´¨¥ μÉ³¥É¨³, ÎÉμ ´ ¨¡μ²¥¥ ¶·μ¸Éμ° ¨ ¡Ò¸É·Ò° ³¥Éμ¤
¶·¥μ¡· §μ¢ ´¨Ö ±μμ·¤¨´ É Î ¸É¨ÍÒ Î¥·¥§ ¶¥·¢Ò° (¢Ìμ¤´μ°) ´¥²¨´¥°´Ò° ±· ° ±¢ ¤·Ê-
¶μ²Ó´μ° ²¨´§Ò ¨³¥¥É ¢¨¤ (£² ¢´Ò° ¶μ·Ö¤μ±) [15]:

Δx = −k1

12
(x3 + 3xz2), Δpx =

k1

4
((x2 + z2)px + 2xzpz),

(6)

Δz =
k1

12
(z3 + 3zx2), Δpz = −k1

4
((x2 + z2)pz + 2zxpx).

�Éμ ¶·¥μ¡· §μ¢ ´¨¥ ¸¨³¶²¥±É¨Î´μ. �  ¢Éμ·μ³ (¢ÒÌμ¤´μ³) ±· ¥ §´ ± ¶·¥μ¡· §μ¢ ´¨Ö
³¥´Ö¥É¸Ö ´  ¶·μÉ¨¢μ¶μ²μ¦´Ò°.

ƒ…�…’ˆ—…‘Šˆ‰ �‹ƒ��ˆ’Œ

„²Ö μ¶É¨³¨§ Í¨¨ ¤¨´ ³¨Î¥¸±μ°  ¶¥·ÉÊ·Ò ±μ²² °¤¥·  NICA ³Ò ¶μ²Ó§μ¢ ²¨¸Ó ¶·μ-
£· ³³μ° NGPM, ·¥ ²¨§μ¢ ´´μ° ´  Matlab [16]. NGPM Å  ¡¡·¥¢¨ ÉÊ·  μÉ ®A NSGA-II
Program in Matlab¯. NSGA-II Å ÔÉμ ³´μ£μ±·¨É¥·¨ ²Ó´Ò° £¥´¥É¨Î¥¸±¨°  ²£μ·¨É³, ¶μ-
¤·μ¡´μ¸É¨ ±μÉμ·μ£μ ³μ¦´μ ´ °É¨ ¢ [17]. ƒ¥´¥É¨Î¥¸±¨°  ²£μ·¨É³ Å ÔÉμ  ¤ ¶É¨¢´Ò°
³¥Éμ¤ ¶μ¨¸±  μ¶É¨³ ²Ó´μ£μ ·¥Ï¥´¨Ö (³ ±¸¨³Ê³  ¨²¨ ³¨´¨³Ê³  Í¥²¥¢μ° ËÊ´±Í¨¨). �¥·-
¢Ò¥ · ¡μÉÒ ¶μ ¸¨³Ê²ÖÍ¨¨ Ô¢μ²ÕÍ¨¨ ¡Ò²¨ ¶·μ¢¥¤¥´Ò ¢ 1954 £. �. 	 ·¨Î¥²²¨ [18]. ‘¢μÕ
¶μ¶Ê²Ö·´μ¸ÉÓ £¥´¥É¨Î¥¸±¨¥  ²£μ·¨É³Ò ¶·¨μ¡·¥²¨ ¡² £μ¤ ·Ö · ¡μÉ¥ „¦.•μ²² ´¤  ¢ ´ -
Î ²¥ 1970-Ì £μ¤μ¢ ¨ ¥£μ ±´¨£¥ ®�¤ ¶É Í¨Ö ¢ ¥¸É¥¸É¢¥´´ÒÌ ¨ ¨¸±Ê¸¸É¢¥´´ÒÌ ¸¨¸É¥-
³ Ì¯ [19]. ‚ μ¸´μ¢¥  ²£μ·¨É³  ²¥¦¨É ³¥Ì ´¨§³ £¥´¥É¨Î¥¸±μ£μ ´ ¸²¥¤μ¢ ´¨Ö ¨ ¥¸É¥-
¸É¢¥´´μ£μ μÉ¡μ·  É¥μ·¨¨ Ô¢μ²ÕÍ¨¨ —. „ ·¢¨´ . �μ¸±μ²Ó±Ê ¨¤¥Ö £¥´¥É¨Î¥¸±μ£μ  ²£μ·¨É³ 
§ ¨³¸É¢μ¢ ´  Ê ¦¨¢μ° ¶·¨·μ¤Ò, ¶·¨³¥´Ö¥³ Ö É¥·³¨´μ²μ£¨Ö ´ ¶μ³¨´ ¥É ¡¨μ²μ£¨Î¥¸±ÊÕ.
’ ±, ¶·μ¡´μ¥ ·¥Ï¥´¨¥ § ¤ Î¨ μ¶É¨³¨§ Í¨¨ ´ §Ò¢ ¥É¸Ö μ¸μ¡ÓÕ ¨²¨ Ì·μ³μ¸μ³μ°,   ´ -
¡μ· ¢¸¥Ì ¶·μ¡´ÒÌ ·¥Ï¥´¨° ´  ¤ ´´μ³ Ô¢μ²ÕÍ¨μ´´μ³ Ï £¥ Å ¶μ¶Ê²ÖÍ¨¥°. �¸´μ¢´ Ö
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�¨¸. 5. ‘Ì¥³  £¥´¥É¨Î¥¸±μ£μ  ²£μ·¨É³ 

Í¥²Ó · §¢¨É¨Ö £¥´¥É¨Î¥¸±¨Ì  ²£μ·¨É³μ¢ Å ·¥Ï¥´¨¥ ¶·μ¡²¥³Ò ¶·¥¦¤¥¢·¥³¥´´μ° ¸Ìμ¤¨-
³μ¸É¨, ±μ£¤  Í¥²¥¢ Ö ËÊ´±Í¨Ö ¶·¨´¨³ ¥É §´ Î¥´¨¥ ²μ± ²Ó´μ£μ,   ´¥ £²μ¡ ²Ó´μ£μ Ô±¸-
É·¥³Ê³ .

�  ¶¥·¢μ³ Ï £¥ £¥´¥É¨Î¥¸±¨°  ²£μ·¨É³ (·¨¸. 5) Ëμ·³¨·Ê¥É ´ Î ²Ó´ÊÕ ¶μ¶Ê²ÖÍ¨Õ Å
´ ¡μ· ¤μ¶Ê¸É¨³ÒÌ ·¥Ï¥´¨° § ¤ Î¨ Å ²¨¡μ ¸²ÊÎ °´Ò³ μ¡· §μ³, ²¨¡μ ¸ ¶μ³μÐÓÕ ¢¥·μ-
ÖÉ´μ¸É´ÒÌ ³¥Éμ¤μ¢. •μ·μÏ Ö ´ Î ²Ó´ Ö ¶μ¶Ê²ÖÍ¨Ö ³μ¦¥É ¸ÊÐ¥¸É¢¥´´μ ¸μ±· É¨ÉÓ ¢·¥³Ö
¤μ¸É¨¦¥´¨Ö £²μ¡ ²Ó´μ£μ μ¶É¨³Ê³ . ‡ É¥³ ¸ ¶μ³μÐÓÕ μ¶¥· Éμ·μ¢ ¸¥²¥±Í¨¨ ¢Ò¡¨· ÕÉ¸Ö
¤¢  ·¥Ï¥´¨Ö-·μ¤¨É¥²Ö, ±μÉμ·Ò¥ ¸ ¶μ³μÐÓÕ μ¶¥· Éμ·μ¢ ¸±·¥Ð¨¢ ´¨Ö ¶·μ¨§¢μ¤ÖÉ ´μ¢μ¥
·¥Ï¥´¨¥ (¶μÉμ³± ). �Éμ ·¥Ï¥´¨¥ ¶μ¤¢¥·£ ¥É¸Ö ´¥¡μ²ÓÏ¨³ ¸²ÊÎ °´Ò³ ³μ¤¨Ë¨± Í¨Ö³
(³ÊÉ Í¨Ö³), ±μÉμ·Ò¥ ¶μ§¢μ²ÖÕÉ ¨§¡¥¦ ÉÓ ²μ± ²Ó´ÒÌ ³¨´¨³Ê³μ¢. ’ ±μ° ¶·μÍ¥¸¸ · §³´μ-
¦¥´¨Ö ¨³¥¥É Í¥²ÓÕ ¸μ§¤ ´¨¥ ´μ¢μ° ¶μ¶Ê²ÖÍ¨¨ ¸ ·¥Ï¥´¨Ö³¨, ±μÉμ·Ò¥ ¡Ò²¨ ¡Ò ¡²¨¦¥ ±
£²μ¡ ²Ó´μ³Ê ³¨´¨³Ê³Ê, Î¥³ ¶·¥¤Ò¤ÊÐ Ö ¶μ¶Ê²ÖÍ¨Ö. �´ ²μ£¨Î´μ ¡¨μ²μ£¨Î¥¸±μ³Ê Ô¢μ²Õ-
Í¨μ´´μ³Ê ¶·μÍ¥¸¸Ê §¤¥¸Ó · ¡μÉ ¥É ¶·¨´Í¨¶ ¢Ò¦¨¢ ´¨Ö ¸¨²Ó´¥°Ï¨Ì: ·¥Ï¥´¨Ö, ¡²¨§±¨¥
± μ¶É¨³ ²Ó´μ³Ê, § ±·¥¶²ÖÕÉ¸Ö ¢ ¶μ¶Ê²ÖÍ¨¨,   ¤ ²¥±¨¥ μÉ μ¶É¨³Ê³  (¸² ¡Ò¥ ¶μÉμ³±¨)
μÉ¡· ±μ¢Ò¢ ÕÉ¸Ö. �·μÍ¥¸¸ ¶μ¢Éμ·Ö¥É¸Ö ¤μ ¤μ¸É¨¦¥´¨Ö ¦¥² ¥³μ£μ ·¥§Ê²ÓÉ É  ²¨¡μ ¤μ
¤μ¸É¨¦¥´¨Ö § ¤ ´´μ£μ ±μ²¨Î¥¸É¢  ¶μ¶Ê²ÖÍ¨° ¨²¨ ¢·¥³¥´¨, § ¤ ´´μ£μ ´  Ô¢μ²ÕÍ¨Õ.

Šμ´¥Î´μ, ¶·¨¢¥¤¥´´ Ö ± ·É¨´  ¢¥¸Ó³  Ê¶·μÐ¥´ . „²Ö ¡μ²¥¥ ¤¥É ²Ó´μ£μ §´ ±μ³¸É¢ 
¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ £¥´¥É¨Î¥¸±¨Ì  ²£μ·¨É³μ¢ ¤²Ö ·¥Ï¥´¨Ö § ¤ Î Ê¸±μ·¨É¥²¥° § ·Ö¦¥´´ÒÌ
Î ¸É¨Í ³μ¦´μ ·¥±μ³¥´¤μ¢ ÉÓ [20Ä25]. ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¸ÊÐ¥¸É¢Ê¥É ´¥¸±μ²Ó±μ ¶·μ-
£· ³³ ¤²Ö ³μ¤¥²¨·μ¢ ´¨Ö, · §· ¡μÉ±¨ ¨ μ¶É¨³¨§ Í¨¨ Ê¸±μ·¨É¥²¥° § ·Ö¦¥´´ÒÌ Î ¸É¨Í,
μ¸´ Ð¥´´ÒÌ £¥´¥É¨Î¥¸±¨³¨  ²£μ·¨É³ ³¨.

���ƒ��ŒŒ� ACCELERATOR TOOLBOX

�·μ£· ³³  Accelerator Toolbox (AT) ¡Ò²  ¨§´ Î ²Ó´μ · §· ¡μÉ ´  �. ’¥·¥¡¨²μ [26]
¤²Ö · ¸Î¥É  ¨ ³μ¤¥²¨·μ¢ ´¨Ö ± ± Í¨±²¨Î¥¸±¨Ì Ê¸±μ·¨É¥²¥°, É ± ¨ ²¨´¥°´ÒÌ ¸É·Ê±ÉÊ·
(± ´ ²μ¢ É· ´¸¶μ·É¨·μ¢±¨ ¶ÊÎ± ). �¸μ¡¥´´μ¸ÉÓÕ ¶·μ£· ³³Ò Ö¢²Ö¥É¸Ö Éμ, ÎÉμ μ´  ·¥ -
²¨§μ¢ ´  ´  ¶² ÉËμ·³¥ Ï¨·μ±μ · ¸¶·μ¸É· ´¥´´μ£μ ¨ ³μÐ´μ£μ ±μ³³¥·Î¥¸±¨ ¤μ¸ÉÊ¶´μ£μ
¶ ±¥É  ¶·¨±² ¤´ÒÌ ¶·μ£· ³³ Matlab [27] ¤²Ö ·¥Ï¥´¨Ö § ¤ Î É¥Ì´¨Î¥¸±μ£μ, Ë¨§¨Î¥¸±μ£μ,
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³ É¥³ É¨Î¥¸±μ£μ ¨ ¤·Ê£μ£μ ´ ÊÎ´μ£μ Ì · ±É¥· . �μ³¨³μ ¨´É¥· ±É¨¢´μ° ¸·¥¤Ò Matlab
¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¢Ò¸μ±μÊ·μ¢´¥¢Ò° ¨´É¥·¶·¥É¨·Ê¥³Ò° Ö§Ò± ¶·μ£· ³³¨·μ¢ ´¨Ö, ´  ±μ-
Éμ·μ³, ¸μ¡¸É¢¥´´μ, ¨ ´ ¶¨¸ ´Ò μ¸´μ¢´Ò¥ ËÊ´±Í¨¨ ¨ ¶·μÍ¥¤Ê·Ò �’. ’¥ ËÊ´±Í¨¨, ±μÉμ·Ò¥
É·¥¡ÊÕÉ ¢Ò¸μ±μ° ¸±μ·μ¸É¨ ¢ÒÎ¨¸²¥´¨Ö (É·¥±¨´£ Î ¸É¨Í ¨ É. ¶.), ·¥ ²¨§μ¢ ´Ò ´  Ö§Ò±¥
‘/‘++ ¨ ¸±μ³¶¨²¨·μ¢ ´Ò ¢ ¡¨´ ·´Ò¥ Ë °²Ò, § ¶Ê¸± ¥³Ò¥ ¢ ¸·¥¤¥ Matlab. “¤μ¡¸É¢μ É -
±μ£μ ¶μ¤Ìμ¤  § ±²ÕÎ ¥É¸Ö ¢ Éμ³, ÎÉμ ¶μ²Ó§μ¢ É¥²Ó ³μ¦¥É ¶·¨³¥´ÖÉÓ ¤²Ö ·¥¤ ±É¨·μ¢ ´¨Ö
¨ Ê¶· ¢²¥´¨Ö ¤ ´´Ò³¨, ¢¨§Ê ²¨§ Í¨¨, μ¶É¨³¨§ Í¨¨ ¨ μ¡· ¡μÉ±¨ ·¥§Ê²ÓÉ Éμ¢ ³μ¤¥²¨·μ¢ -
´¨Ö Ê¸±μ·¨É¥²Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í (´ ¶·¨³¥·, ¢ÒÎ¨¸²¥´¨Ö ·Ö¤  ”Ê·Ó¥ ¤²Ö μ¶·¥¤¥²¥´¨Ö
Î ¸ÉμÉÒ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°) Ìμ·μÏμ ¶·μ¢¥·¥´´Ò¥ ¢¸É·μ¥´´Ò¥ ËÊ´±Í¨¨ Matlab, ¨§-
¡¥£ Ö ¶·μ¡²¥³ Ô±¸¶μ·É  ¨ ¸μ£² ¸μ¢ ´¨Ö Ëμ·³ Éμ¢ ¤ ´´ÒÌ. �É±·ÒÉÒ° ±μ¤ �’ ¶μ§¢μ²Ö¥É
¶·¨ ´¥μ¡Ìμ¤¨³μ¸É¨ ¸μ§¤ ¢ ÉÓ ¸¢μ¨ ¶·μÍ¥¤Ê·Ò ¨ ËÊ´±Í¨¨. ‘¥°Î ¸ Accelerator Toolbox Å
ÔÉμ ±μ²² ¡μ· Í¨Ö ²Õ¤¥° ¶μ ¢¸¥³Ê ³¨·Ê, ±μÉμ·Ò¥ § ´¨³ ÕÉ¸Ö ´ ¶¨¸ ´¨¥³ ±μ¤  [28].

��’ˆŒˆ‡�–ˆŸ ‘’�“Š’“�›

�¶É¨³¨§ Í¨Ö „� ±μ²² °¤¥·  NICA ¶·μ¢μ¤¨² ¸Ó ¸ ¶μ³μÐÓÕ μ±ÉÊ¶μ²Ó´ÒÌ ±μ··¥±É¨-
·ÊÕÐ¨Ì ³ £´¨Éμ¢ Œ1ÄŒ4, · §³¥Ð¥´´ÒÌ ¸²¥¢  ¨ ¸¶· ¢  μÉ (± ¦¤μ°) ÉμÎ±¨ ¢¸É·¥Î¨, ± ±
ÔÉμ ¶μ± § ´μ ´  ·¨¸. 2. � ¸¸³ É·¨¢ ²¨¸Ó · §²¨Î´Ò¥ ¢ ·¨ ´ÉÒ · ¸¶·¥¤¥²¥´¨Ö ¸¨² ±μ··¥±-
Éμ·μ¢, ± ± μ¡² ¤ ÕÐ¨¥ §¥·± ²Ó´μ° ¸¨³³¥É·¨¥° μÉ´μ¸¨É¥²Ó´μ ³¥¸É ¢¸É·¥Î¨, É ± ¨ ¡¥§ ´¥¥.

�¨¸. 6. ˆ²²Õ¸É· Í¨Ö ¶μ¸É·μ¥´¨Ö ¤¨´ ³¨-
Î¥¸±μ°  ¶¥·ÉÊ·Ò

‚ ¶μ¸²¥¤´¥³ ¸²ÊÎ ¥  ²£μ·¨É³ μ¶É¨³¨§ Í¨¨ ¸ ³
¢μ¸¸É ´ ¢²¨¢ ² ¶·¨¡²¨§¨É¥²Ó´ÊÕ ¸¨³³¥É·¨Õ,
±μÉμ·μ° ³Ò ¨ ¶μ²Ó§Ê¥³¸Ö ¤ ²ÓÏ¥, ¶μ¸±μ²Ó±Ê ÔÉμ
Ê³¥´ÓÏ ¥É Î¨¸²μ ¨¸ÉμÎ´¨±μ¢ ¶¨É ´¨Ö ±μ··¥±-
Éμ·μ¢.

ŒÒ μ¶É¨³¨§¨·μ¢ ²¨ · §³¥· „�, ¶μ²Ó§ÊÖ¸Ó
13 ²ÊÎ ³¨ ´  £· Ë¨±¥ z0(x0) ¸ Ê£²μ¢Ò³ Ï -
£μ³ 15◦, ± ± ÔÉμ ¶μ± § ´μ ´  ·¨¸. 6. �¸¨ ¸¨-
¸É¥³Ò ±μμ·¤¨´ É ´μ·³¨·μ¢ ´Ò ´  ¸μμÉ¢¥É¸É¢Ê-
ÕÐ¨¥ ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ · §³¥·Ò ¶ÊÎ±  σx,z.

‚¤μ²Ó ± ¦¤μ£μ ²ÊÎ  ¶¥·¥³¥Ð ¥É¸Ö ´ Î ²Ó-
´ Ö ±μμ·¤¨´ É  § ¶Ê¸±  É·¥±¨´£  Î ¸É¨ÍÒ Î¥-
·¥§ ³ £´¨É´ÊÕ ¸É·Ê±ÉÊ·Ê (´ Î¨´ Ö ¸ ¡μ²ÓÏ¨Ì
¨ § ¢¥¤μ³μ ´¥Ê¸Éμ°Î¨¢ÒÌ §´ Î¥´¨° ¨ ¤¢¨£ Ö¸Ó
± ´ Î ²Ê ±μμ·¤¨´ É ¸ § ¤ ´´Ò³ Ï £μ³); ¶¥·¢ Ö
ÉμÎ± , Ê¸Éμ°Î¨¢ Ö ¢ É¥Î¥´¨¥ 210 μ¡μ·μÉμ¢, ¨ ¸Î¨É ¥É¸Ö £· ´¨Í¥° „� ¢ ¤ ´´μ³ ´ ¶· ¢²¥-
´¨¨. ˆ§-§  ´ ²¨Î¨Ö ´¥¸±μ³¶¥´¸¨·μ¢ ´´μ° ¸¢Ö§¨ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° μ¸¨ ³μ¤ ¶μ¶¥-
·¥Î´ÒÌ ±μ²¥¡ ´¨° μ± §Ò¢ ÕÉ¸Ö ¸²¥£±  ¶μ¢¥·´ÊÉÒ³¨ μÉ´μ¸¨É¥²Ó´μ μ¸¥° ¶·μ£· ³³Ò ³μ-
¤¥²¨·μ¢ ´¨Ö ¢ ÉμÎ±¥ ¢Ò¢μ¤  ·¥§Ê²ÓÉ Éμ¢ ( §¨³ÊÉ ¢¸É·¥Î¨), ± ± ÔÉμ ¢¨¤´μ ´  ·¨¸. 6. �ÉμÉ
ÔËË¥±É ¨¸Î¥§´¥É ¶μ¸²¥ ±μ··¥±Í¨¨ ¡¥É É·μ´´μ° ¸¢Ö§¨ ¨ ´¥ ¶·¨´Í¨¶¨ ²¥´ ¤²Ö Í¥²¥° ¤ ´-
´μ° · ¡μÉÒ Å ¶μ¨¸±  ³¥Éμ¤μ¢ ¨  ²£μ·¨É³μ¢ ¤²Ö Ê¢¥²¨Î¥´¨Ö „�. �¤´ ±μ ¢ ¤ ²Ó´¥°Ï¥³
¶μ¸²¥ ±μ³¶¥´¸ Í¨¨ ¸¢Ö§¨ ³μ¦¥É ¶μ´ ¤μ¡¨ÉÓ¸Ö ¤μ¶μ²´¨É¥²Ó´ Ö ´¥¡μ²ÓÏ Ö μ¶É¨³¨§ Í¨Ö.

�¥§Ê²ÓÉ ÉÒ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 7 ¨ ¢ É ¡². 4. ‚ ¢¥·É¨± ²Ó´μ³ ´ ¶· ¢²¥´¨¨ ·¥§Ê²Ó-
É ÉÒ ¶·¨³¥´¥´¨Ö ¤¢ÊÌ ¨ Î¥ÉÒ·¥Ì ±μ··¥±Éμ·μ¢ ¶·¨³¥·´μ μ¤¨´ ±μ¢Ò: Nσz ≈ 9σz. �μ
£μ·¨§μ´É ²¨ ¦¥ μ¶É¨³¨§ Í¨Ö Î¥ÉÒ·Ó³Ö ±μ··¥±Éμ· ³¨ Œ1ÄŒ4 ¤ ¥É ¡μ²ÓÏÊÕ  ¶¥·ÉÊ·Ê:
Nσx ≈ 15,7σx ¢ ¸· ¢´¥´¨¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Éμ²Ó±μ Œ1, Œ2 (Nσx ≈ 10,9σx). �μ¸²¥¤´¥¥
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³μ¦¥É μ± § ÉÓ¸Ö ¶μ²¥§´Ò³ ¤²Ö ¨´¦¥±Í¨¨ ¶μ £μ·¨§μ´É ²¨. ˆ´É¥£· ²Ó´Ò¥ ¸¨²Ò μ±ÉÊ¶μ²Ó-
´ÒÌ ±μ··¥±Éμ·μ¢ ¤²Ö £· Ë¨±μ¢, ¶μ± § ´´ÒÌ ´  ·¨¸. 7, ¶·¨¢¥¤¥´Ò ¢ É ¡². 5, 6. �  ·¨¸. 8
¶μ± § ´μ ¶μ¢¥¤¥´¨¥ Î ¸ÉμÉÒ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° μÉ ´ Î ²Ó´ÒÌ ±μμ·¤¨´ É νx,z(x, z)
¤²Ö ¨¸Ìμ¤´μ£μ ¸²ÊÎ Ö ¨ ¶μ¸²¥ μ¶É¨³¨§ Í¨¨ ±μ··¥±Éμ· ³¨ Œ1, Œ2 ¨ Œ1ÄŒ4. ‚¨¤´μ, ÎÉμ

�¨¸. 7 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). �¥§Ê²ÓÉ ÉÒ μ¶É¨³¨§ Í¨¨ „� ±μ²² °¤¥·  NICA ¤¢Ê³Ö ¸¥-
³¥°¸É¢ ³¨ μ±ÉÊ¶μ²Ó´ÒÌ ±μ··¥±Éμ·μ¢ Œ1, Œ2 (§¥²¥´Ò° ±μ´ÉÊ·, 1) ¨ Î¥ÉÒ·Ó³Ö Œ1ÄŒ4 (±· ¸´Ò°

±μ´ÉÊ·, 2). � Î ²Ó´ Ö ´¥μ¶É¨³¨§¨·μ¢ ´´ Ö  ¶¥·ÉÊ·  ¶μ± § ´  ¸¨´¨³ Í¢¥Éμ³ (3)

’ ¡²¨Í  4. ‡´ Î¥´¨Ö £· ´¨Í ¤¨´ ³¨Î¥¸±μ°  ¶¥·ÉÊ·Ò

‘É·Ê±ÉÊ·  ‡´ Î¥´¨¥ σx ‡´ Î¥´¨¥ σz

� Î ²Ó´ Ö 8,2 5,7
�¶É¨³¨§ Í¨Ö μ±ÉÊ¶μ²Ö³¨ M1, M2 10,9 8,8
�¶É¨³¨§ Í¨Ö μ±ÉÊ¶μ²Ö³¨ M1ÄM4 15,7 9,5

’ ¡²¨Í  5. ‘¨²Ò μ±ÉÊ¶μ²Ó´ÒÌ ±μ··¥±Éμ·μ¢ ¤²Ö μ¶É¨³¨§ Í¨¨ ¤¢Ê³Ö ¸¥³¥°¸É¢ ³¨

ˆ³Ö ¸¥³¥°¸É¢ 
μ±ÉÊ¶μ²¥°

ˆ´É¥£· ²Ó´Ò¥ ¸¨²Ò μ±ÉÊ¶μ²Ó´ÒÌ

±μ··¥±Éμ·μ¢
1

6

1

Bρ

d3Bz

dx3
l, ³−3

M1 0,28
M2 Ä8

’ ¡²¨Í  6. ‘¨²Ò μ±ÉÊ¶μ²Ó´ÒÌ ±μ··¥±Éμ·μ¢ ¤²Ö μ¶É¨³¨§ Í¨¨ Î¥ÉÒ·Ó³Ö ¸¥³¥°¸É¢ ³¨

ˆ³Ö ¸¥³¥°¸É¢ 
μ±ÉÊ¶μ²¥°

�μ·³ ²Ó´Ò° μ±ÉÊ¶μ²Ó´Ò°

±μÔËË¨Í¨¥´É
1

6

1

Bρ

d3Bz

dx3
l, ³−3

M1 0,03
M2 Ä5
M3 0,92
M4 1,41
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�¨¸. 8 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). ‡ ¢¨¸¨³μ¸ÉÓ ¡¥É É·μ´´ÒÌ Î ¸ÉμÉ μÉ  ³¶²¨ÉÊ¤Ò ¶μ¶¥·¥Î´ÒÌ
±μ²¥¡ ´¨°. –¢¥É  ¸μμÉ¢¥É¸É¢ÊÕÉ ·¨¸. 7

�¨¸. 9 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). ˆ§³¥´¥´¨¥ Ô´¥·£¥É¨Î¥¸±μ£μ  ±¸¥¶É ´¸ . –¢¥É  ¸μμÉ¢¥É-
¸É¢ÊÕÉ ·¨¸. 7

Î ¸É¨Í  É¥·Ö¥É Ê¸Éμ°Î¨¢μ¸ÉÓ ¢ μ¡² ¸É¨ ¸¨²Ó´ÒÌ ·¥§μ´ ´¸μ¢ ¶·¨ μÉ±²μ´¥´¨¨ ¡¥É É·μ´´μ°
Î ¸ÉμÉÒ ²¨¡μ ¢ÒÏ¥ ´ Î ²Ó´μ° ÉμÎ±¨ νx,z(x, z) ≈ 9,44 (´ ¨¡μ²¥¥ ¢¥·μÖÉ´μ Å ÔÉμ ¶μ²ÊÍ¥-
²Ò° ·¥§μ´ ´¸ νx,z(x, z) ≈ 9,5), ²¨¡μ ´¨¦¥ ¥¥ (¶·¥¤¶μ²μ¦¨É¥²Ó´μ, ´  νx,z(x, z) ≈ 9,33).
“¤¥·¦ ´¨¥ Î ¸ÉμÉ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¢ ´¥±μÉμ·μ° ¶μ²μ¸¥ ¢¤ ²¨ μÉ ÔÉ¨Ì ·¥§μ´ ´¸μ¢
¡² £μÉ¢μ·´μ ¸± §Ò¢ ¥É¸Ö ´  ¢¥²¨Î¨´¥  ¶¥·ÉÊ·Ò. ‚¥²¨Î¨´  ¨³¶Ê²Ó¸´μ£μ  ±¸¥¶É ´¸  ´¥
Ö¢²Ö² ¸Ó μ¡Ñ¥±Éμ³ μ¶É¨³¨§ Í¨¨, ¶μ¸±μ²Ó±Ê ¨ ¤²Ö ¨¸Ìμ¤´μ° ¸É·Ê±ÉÊ·Ò, ¨ ¤²Ö μ¡μ¨Ì ´ -
¡μ·μ¢ ´¥²¨´¥°´ÒÌ ±μ··¥±Éμ·μ¢ μ´  § ¢¥¤μ³μ Ê¤μ¢²¥É¢μ·Ö¥É ¸¶¥Í¨Ë¨± Í¨Ö³ ±1%, ± ±
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³μ¦´μ ¢¨¤¥ÉÓ ´  ·¨¸. 9. „²Ö § ¶Ê¸±  £¥´¥É¨Î¥¸±μ£μ  ²£μ·¨É³  ´¥μ¡Ìμ¤¨³μ ¢Ò¡· ÉÓ · §³¥·
¶μ¶Ê²ÖÍ¨¨, ¸¶μ¸μ¡Ò ³ÊÉ Í¨¨, ±μ²¨Î¥¸É¢μ ¶μ±μ²¥´¨° ¨ É. ¤. ’μÎ´ÒÌ ±·¨É¥·¨¥¢ μ¶É¨³ ²Ó-
´μ£μ ¢Ò¡μ·  ÔÉ¨Ì ¶ · ³¥É·μ¢ ´¥É, ´μ ¸ÊÐ¥¸É¢ÊÕÉ ·¥±μ³¥´¤ Í¨¨. ’ ±, ¥¸²¨ ±μ²¨Î¥¸É¢μ
¶¥·¥³¥´´ÒÌ μÉ ¤¢ÊÌ ¤μ ¶ÖÉ¨, Éμ · §³¥· ¶μ¶Ê²ÖÍ¨¨ ¢Ò¡¨· ¥É¸Ö 50,   ¥¸²¨ ¡μ²ÓÏ¥, Éμ 200.
Šμ²¨Î¥¸É¢μ ¶μ±μ²¥´¨° 100 ´Ê¦´μ Ê³´μ¦¨ÉÓ ´  Î¨¸²μ ¶¥·¥³¥´´ÒÌ. …¸²¨ ·¥Ï¥´¨¥ ¡Ò¸É·μ
¸Ìμ¤¨É¸Ö ¨ ¥¸ÉÓ ¶μ¤μ§·¥´¨¥, ÎÉμ ³¨´¨³Ê³ ²μ± ²Ó´Ò°, Éμ ¸²¥¤Ê¥É Ê¢¥²¨Î¨ÉÓ ¢¥·μÖÉ´μ¸ÉÓ
³ÊÉ Í¨°. � · ²²¥²Ó´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¶·μ¢μ¤¨²¨¸Ó ´  4-Ö¤¥·´μ³ ¶·μÍ¥¸¸μ·¥ Intel Core i7-
4790 CPU 3.6 GHz. „²Ö ¤¢ÊÌ ¶¥·¥³¥´´ÒÌ μ¤´μ ¶μ±μ²¥´¨¥ · ¸¸Î¨ÉÒ¢ ¥É¸Ö μ±μ²μ 2640 ¸
(147 Î ´  Ô¢μ²ÕÍ¨Õ 50 μ¸μ¡¥° ¢ 200 ¶μ±μ²¥´¨°), ¤²Ö 6 ¶¥·¥³¥´´ÒÌ μ±μ²μ 8700 ¸ (60 ¸ÊÉ
´  Ô¢μ²ÕÍ¨Õ 200 μ¸μ¡¥° ¢ 600 ¶μ±μ²¥´¨°). ‚ ¡μ²ÓÏ¨´¸É¢¥ ¸²ÊÎ ¥¢ ¡Ò²μ ¸´¨¦¥´μ Î¨-
¸²μ μ¡μ·μÉμ¢ É·¥±¨´£ , ÎÉμ ´¥ ¶μ¢²¨Ö²μ ´  ¶·¨´Í¨¶¨ ²Ó´μ¸ÉÓ ·¥§Ê²ÓÉ Éμ¢. ŒÒ É ±¦¥
¶ÒÉ ²¨¸Ó ³¨´¨³¨§¨·μ¢ ÉÓ Î¨¸²μ μ±ÉÊ¶μ²Ó´ÒÌ ±μ··¥±Éμ·μ¢ ¤²Ö Ê¢¥²¨Î¥´¨Ö  ¶¥·ÉÊ·Ò,
¨¸¶μ²Ó§ÊÖ ´¥ ¢¥¸Ó ´ ¡μ· Œ1ÄŒ4,   Éμ²Ó±μ ¡²¨¦ °Ï¨¥ ± ÉμÎ±¥ ¢¸É·¥Î¨ Œ1, Œ2.

‡�Š‹�—…�ˆ…

�·μ¢¥¤¥´  μ¶É¨³¨§ Í¨Ö ¶μ¶¥·¥Î´μ° ¤¨´ ³¨Î¥¸±μ°  ¶¥·ÉÊ·Ò ±μ²² °¤¥·  NICA ¸ ¶μ-
³μÐÓÕ £¥´¥É¨Î¥¸±μ£μ  ²£μ·¨É³  ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ · §´ÒÌ ´ ¡μ·μ¢ ´¥²¨´¥°´ÒÌ μ±ÉÊ-
¶μ²Ó´ÒÌ ±μ··¥±Éμ·μ¢, · ¸¶μ²μ¦¥´´ÒÌ ¢ ¶·Ö³μ²¨´¥°´μ³ ¶·μ³¥¦ÊÉ±¥ ¢¡²¨§¨ μ¡μ¨Ì ³¥¸É
¢¸É·¥Î¨ Í¨·±Ê²¨·ÊÕÐ¨Ì ¶ÊÎ±μ¢. �μ²ÊÎ¥´μ ¸ÊÐ¥¸É¢¥´´μ¥ Ê¢¥²¨Î¥´¨¥  ¶¥·ÉÊ·Ò ¢ ≈ 1,5−2
· §  ¶μ ¸· ¢´¥´¨Õ ¸ ¨¸Ìμ¤´μ°, ÎÉμ ´  ´ Î ²Ó´μ³ ÔÉ ¶¥ ¶·¥¤¸É ¢²Ö¥É¸Ö Ê¤μ¢²¥É¢μ·¨É¥²Ó-
´Ò³. ‚ ± Î¥¸É¢¥ ¸²¥¤ÊÕÐ¥£μ Ï £  ¶·¥¤¶μ² £ ¥É¸Ö ¢±²ÕÎ¨ÉÓ ¢ · ¸¸³μÉ·¥´¨¥ · §²¨Î´Ò¥
μÏ¨¡±¨ ¶μ²¥° ¨ ¢Ò¸É ¢±¨ ³ £´¨É´ÒÌ Ô²¥³¥´Éμ¢, ¨¸± ¦¥´¨¥ § ³±´ÊÉμ° μ·¡¨ÉÒ, ¸¢Ö§¨
¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¨ É. ¶.

� ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ ¶μ¤¤¥·¦±¥ �μ¸¸¨°¸±μ£μ ´ ÊÎ´μ£μ Ëμ´¤  (¶·μ¥±É
º14-50-00080).

‘�ˆ‘�Š ‹ˆ’…��’“�›

1. Kekelidze V.D., Matveev V. A., Meshkov I. N., Sorin A. S., Trubnikov G. V. Project of Nuclotron-
Based Ion Collider Facility at JINR // Phys. Part. Nucl. 2017. V. 48. P. 727Ä741.

2. Kozlov O., Eliseev A., Khodzhibagiyan H., Kostromin S., Meshkov I., Sidorin A., Trubnikov G.
Collider of the NICA Accelerator Complex: Optical Structure and Beam Dynamics // Proc. of
RuPAC2012, Saint-Petersburg, Russia, 2012. MOPPA017.

3. https://atcollab.github.io/at/

4. Glukhov S., Levichev E., Nikitin S., Piminov P., Shatilov D., Sinyatkin S. 6D Tracking with Compute
Uniˇed Device Architecture (CUDA) Technology // Proc. of ICAP 2015, Shanghai, China, 2015.
WEP34.

5. Grote H., Schmidt F., Deniau L., Roy G. The MAD-X Program (Methodical Accelerator Design)
Version 5.02.06: User's Reference Manual. http://madx.web.cern.ch/madx/.

6. Bolshakov A. E., Zenkevich P. R., Kozlov O. S. Study of the Asymptotic Dynamic Aperture in the
NICA Collider Using Symplectic Tracking Codes // Phys. Part. Nucl. Lett. 2015. V. 12, No. 7.
P. 831Ä835.

7. Glukhov S. A., Levichev E. B. Dynamic Aperture Optimization of the NICA Collider // Proc. of
RuPAC2016, St. Petersburg, Russia, 2016. FRCAMH08.



�¶É¨³¨§ Í¨Ö ¤¨´ ³¨Î¥¸±μ°  ¶¥·ÉÊ·Ò ±μ²² °¤¥·  NICA 33

8. Levichev E. B., Piminov P. A. Analytic Estimation of the Non-Linear Tune Shift Due to the Quadru-
pole Magnet Fringe Field. arXiv:0903.3028. 2009.

9. Muratori B. D., Jones J. K., Wolski A. Analytical Expressions for Fringe Fields in Multipole Mag-
nets // Phys. Rev. ST Accel. Beams. 2015. V. 18. P. 064001; arXiv:1404.1762.

10. Oide K., Koiso H. Dynamic Aperture of Electron Storage Rings with Noninterleaved Sextupoles //
Phys. Rev. E. 2010. V. 47.

11. Wolski A., Gratus J., Tucker R.W. Symplectic Integrator for s-Dependent Static Magnetic Fields
Based on Mixed-Variable Generating Functions // J. Instr. 2012. V. 7. P. P04013; arXiv:1206.6654.

12. Venturini M., Dragt A. Accurate Computation of Transfer Maps from Magnetic Field Data // Nucl.
Instr. Meth. 1999. V. 427, Nos. 1Ä2. P. 387Ä392.

13. Baartman R. Intrinsic Third Order Aberration in Electrostatic and Magnetic Quadrupoles // Proc.
of the Part. Accel. Conf., Vancouver, Canada, 1997.

14. Bogomyagkov A. V., Levichev E. B., Piminov P. A., Chance A., Dalena B., Payet J., Maria R.,
Fartoukh S., Giovannozzi M. Analysis of the Non-Linear Fringe Effects of Large Aperture Triplets
for HL-LHC Project // Proc. of IPAC 2013, Shanghai, China, 2013. WEPEA049.

15. Hoffstatter G.H., Berz M. Symplectic Scaling of Transfer Maps Including Fringe Fields // Phys.
Rev. E. 1996. V. 54, No. 5. P. 5664Ä5672.

16. Lin Song. NGPM Å A NGSA-II Program in Matlab. Aerospace Structural Dynamics Res. Lab.,
2011.

17. Deb K., Pratap A., Agarwal S., Meyarivan T. A Fast and Elitist Multiobjective Genetic Algorithm
NSGA-II[J] // Evol. Comp. 2011. V. 6, No. 2. P. 182Ä197.

18. Barricelli N. Symbiogenetic Evolution Processes Realized by Artiˇcial Methods // Methodos. 1957.
V. 9. P. 143Ä182.

19. Holland J. H. Adaptation in Natural and Artiˇcial Systems. Ann Arbor: Univ. of Michigan Press,
1975.

20. Ho�er A. S. Genetic Algorithms and Their Applications in Accelerator Physics // Proc. of PAC
2013, Pasadena, CA, USA, 2013. P. 1111Ä1115. THTB1.

21. Sun C., Robin D., Nishimura H., Steier C. Dynamic Aperture Optimization Using Genetic Algo-
rithms // Proc. of 2011 Part. Accel. Conf., New York, NY, USA, 2011. TUON4.

22. Carmignani N., Farvacque L., Liuzzo S. M., Nash B., Perron T., Raimondi P., Versteegen R.,
White S. Linear and Nonlinear Optimization for the ESRF Upgrade Lattice // Proc. of IPAC2015,
Richmond, VA, USA, 2015.

23. Ehrlichman M. P. Genetic Algorithm for Chromaticity Correction in Diffraction Limited Storage
Rings // Phys. Rev. ST Accel. Beams. 2016. V. 19. P. 044001.

24. Wang L., Xiaobiao H., Nosochkov Yu., Safranek J. A., Borland M. Optimization of the Dynamic
Aperture for SPEAR-3 Low-Emittance Upgrade. SLAC-PUB-15037. 2012.

25. Gavalda X. N. Multi-Objective Genetic Based Algorithms and Experimental Beam Lifetime Studies
for the Synchrotron SOLEIL Storage Ring. Univ. ParisÄSaclay, 2016.

26. Terebilo A. Accelerator Toolbox for MATLAB. SLAC-PUB-8732. 2001.

27. https://matlab.ru/

28. Nash B., Carmignani N., Farvacque L., Liuzzo S., Perron T., Raimondi P., Versteegen R., White S.
New Functionality for Beam Dynamics in Accelerator Toolbox (AT) // Proc. of IPAC 2015,

Richmond, VA, USA, 2015.

�μ²ÊÎ¥´μ 12 ¨Õ²Ö 2018 £.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


