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�·μ£· ³³  ¤²Ö · ¸Î¥É  ¤¨´ ³¨±¨ ¶ÊÎ± 
¶·¨ ¨´¦¥±Í¨¨ ¢ Í¨±²¨Î¥¸±¨¥ Ê¸±μ·¨É¥²¨

� §· ¡μÉ±  ¨ ¶·μ¥±É¨·μ¢ ´¨¥ ²¨´¨° ¨´¦¥±Í¨¨ ¢ Í¨±²¨Î¥¸±¨¥ Ê¸±μ·¨É¥²¨
É·¥¡ÊÕÉ ¶·μ¢¥¤¥´¨Ö ¡μ²ÓÏμ£μ ±μ²¨Î¥¸É¢  Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢. �¥μ¡Ìμ¤¨³μ ¶·μ-
¢μ¤¨ÉÓ · ¸Î¥ÉÒ Ô²¥±É·μ³ £´¨É´ÒÌ ¶μ²¥° Ô²¥³¥´Éμ¢ ¸¨¸É¥³Ò ¨´¦¥±Í¨¨ ¨ ¤ ²¥¥,
¨¸¶μ²Ó§ÊÖ ¶μ²ÊÎ¥´´Ò¥ ± ·ÉÒ ¶μ²¥°, ¸Î¨É ÉÓ ¤¨´ ³¨±Ê ¤¢¨¦¥´¨Ö Î ¸É¨Í. ‚ · -
¡μÉ¥ μ¶¨¸ ´  ¶·μ£· ³³  DYN, ¸μ§¤ ´´ Ö ¢ Œ tlab, ¨¸¶μ²Ó§ÊÕÐ Ö ·¥§Ê²ÓÉ ÉÒ
· ¸Î¥Éμ¢ Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ¢ ‘omsol, CST Studio ¨²¨ ANSYS. �·μ£· ³³ 
¨´É¥£·¨·Ê¥É Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ Ô²¥±É·μ³ £´¨É´μ³ ¶μ²¥.
‚μ§³μ¦´μ¸É¨ ¶·μ£· ³³Ò ¶μ± § ´Ò ´  ¶·¨³¥·¥ · ¸Î¥É  ¸¶¨· ²Ó´μ£μ Ô²¥±É·μ¸É -
É¨Î¥¸±μ£μ ¨´Ë²¥±Éμ· , ¨¸¶μ²Ó§Ê¥³μ£μ ¶·¨  ±¸¨ ²Ó´μ° ¨´¦¥±Í¨¨ ¶ÊÎ±  ¢ Í¥´É·
Í¨±²μÉ·μ´ ,   É ±¦¥ ²¨´¨¨ ¨´¦¥±Í¨¨ ¶ÊÎ±   ´É¨¶·μÉμ´μ¢ ¢ Ô²¥±É·μ¸É É¨Î¥¸±μ¥
±μ²ÓÍμ AD-REC.
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A Code for Simulation of Beam Dynamics
at Injection into Circular Accelerators

It is important to perform a great number of numeric simulations for designing
injection systems of circular accelerators. Initially, we calculate electromagnetic
ˇelds of the elements of injection lines and then simulate beam dynamics in these
ˇelds. This paper presents the DYN code, created in Matlab, which can use results
from electromagnetic ˇeld simulations performed by ‘omsol, CST Studio or ANSYS.
The code integrates differential equations of motion of the charged particles in the
electromagnetic ˇeld. Simulations of the spiral electrostatic in�ector, dedicated for
axial injection of the beam into the cyclotron center, and the beam line for antiproton
injection into the AD-REC electrostatic ring are presented as examples.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems, JINR.
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�·μ£· ³³  · ¸Î¥É  ¤¢¨¦¥´¨Ö Î ¸É¨Í DYN ¡Ò²  ´ ¶¨¸ ´  ¢ 2003 £. ¨
¸ É¥Ì ¶μ· Ï¨·μ±μ ¨¸¶μ²Ó§μ¢ ² ¸Ó ¢ · ¸Î¥É Ì ¤¨´ ³¨±¨ ¶ÊÎ± , ´ ¶·¨³¥· ¢
±μ³¶ ±É´μ³ Í¨±²μÉ·μ´¥, ¶·¥¤´ §´ Î¥´´μ³ ¤²Ö μ¡´ ·Ê¦¥´¨Ö ¢§·Ò¢Î ÉÒÌ ¢¥-
Ð¥¸É¢ [1], ¢ ¸¨¸É¥³¥ ¢Ò¢μ¤  ¶ÊÎ±  ¨§ Ô²¥±É·μ¸É É¨Î¥¸±μ£μ ±μ²ÓÍ  USR [2],
¢ Í¥´É·¥ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥£μ Í¨±²μÉ·μ´  ‘400 [3] ¨ ¢ ¸¨¸É¥³¥ ¨´¦¥±Í¨¨ ¢
Ô²¥±É·μ¸É É¨Î¥¸±μ¥ ±μ²ÓÍμ  ´É¨¶·μÉμ´μ¢ AD-REC [4]. “· ¢´¥´¨Ö ¤¢¨¦¥-
´¨Ö ¢ ¤¥± ·Éμ¢μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É ´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö · ¸Î¥Éμ¢
²¨´¨° É· ´¸¶μ·É¨·μ¢±¨ ¨ ³μ¤¥²¨·μ¢ ´¨Ö · ¡μÉÒ Ô²¥³¥´Éμ¢ ²¨´¨° É· ´¸-
¶μ·É¨·μ¢±¨ ¶ÊÎ± , É ±¨Ì ± ± ±¢ ¤·Ê¶μ²¨, ¸μ²¥´μ¨¤Ò, ¡ ´Î¥·, ¸± ´¨·ÊÕÐ¨°

�¨¸. 1. ‚¨¤ ¡²μ±  ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö
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³ £´¨É. „¥± ·Éμ¢ Ö ¸¨¸É¥³  ±μμ·¤¨´ É ¤μ²¦´  ¡ÒÉÓ § ²μ¦¥´  É ±¦¥ ¢ ¶·μ-
£· ³³¥ · ¸Î¥Éμ¢ ¨´Ë²¥±Éμ·  ¨ Í¥´É·  Í¨±²μÉ·μ´ . �·¨ · ¸Î¥É Ì ¤¨´ ³¨±¨
´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ ¶ÊÎ±  μÎ¥´Ó ¢ ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ·¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ
· ¸Î¥Éμ¢ Ô²¥±É·μ³ £´¨É´ÒÌ ¶μ²¥°, É ± ± ± ÔËË¥±ÉÒ ±· ¥¢ÒÌ ¶μ²¥° ¢´μ¸ÖÉ ¸Ê-
Ð¥¸É¢¥´´Ò° ¢±² ¤ ¢ ¤¢¨¦¥´¨¥ § ·Ö¦¥´´ÒÌ Î ¸É¨Í. �·μ£· ³³  DYN ´ ¶¨¸ ´ 
¢ ¶ ±¥É¥ Matlab ¨ ¸μ¸Éμ¨É ¨§ ·Ö¤  ¡²μ±μ¢ (¶μ¤¶·μ£· ³³), ¶·¥¤´ §´ Î¥´´ÒÌ
¤²Ö ·¥Ï¥´¨Ö · §²¨Î´ÒÌ § ¤ Î ¶·μ¥±É¨·μ¢ ´¨Ö ¸¨¸É¥³ Ê¸±μ·¨É¥²Ö. ‚¨¤ ¡²μ± 
¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 1. ‚ ¢¨¤¥ ¶μ¤¸¨-
¸É¥³ μËμ·³²¥´Ò ¡²μ±¨ § ¤ ´¨Ö ´ Î ²Ó´ÒÌ ¶ · ³¥É·μ¢, É ±¨Ì ± ± ±μμ·¤¨´ ÉÒ
¨ ¸±μ·μ¸É¨ Î ¸É¨Í, ¨Ì Ô´¥·£¨Ö, Ë § . ‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉμ Matlab ¶·¥¤μ¸É -
¢²Ö¥É ¢μ§³μ¦´μ¸ÉÓ ²¥£±μ ³¥´ÖÉÓ ´ Î ²Ó´μ¥ · ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í ¸ ¶μ³μÐÓÕ
· §²¨Î´ÒÌ · ¸¶·¥¤¥²¥´¨°, ´ ¶·¨³¥· ´ ¨¡μ²¥¥ Î ¸Éμ ¶·¨³¥´ÖÕÉ¸Ö ´μ·³ ²Ó-
´μ¥ ¨ · ¢´μ³¥·´μ¥ · ¸¶·¥¤¥²¥´¨¥. �É¤¥²Ó´Ò³¨ ¶μ¤¸¨¸É¥³ ³¨ μËμ·³²¥´Ò
É ±¦¥ ¶·μ£· ³³Ò, · ¸¸Î¨ÉÒ¢ ÕÐ¨¥ ¶μÉ¥·¨ ¨μ´μ¢ ´  ¶¥·¥§ ·Ö¤±Ê ´  μ¸É ÉμÎ-
´μ³ £ §¥, ¨³¥¥É¸Ö ¡²μ± ¸É É¨¸É¨Î¥¸±μ° μ¡· ¡μÉ±¨ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢,
μ¸ÊÐ¥¸É¢²ÖÕÐ¨° · ¸Î¥É Ô³¨ÉÉ ´¸μ¢ ¶ÊÎ± , Î ¸ÉμÉ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨°.

‘�ˆ��‹œ�›‰ �‹…Š’��‘’�’ˆ—…‘Šˆ‰ ˆ�”‹…Š’��
„‹Ÿ ˆ�†…Š–ˆˆ �“—Š� ‚ –…�’� –ˆŠ‹�’����

� ¸Î¥ÉÒ Í¥´É·  Í¨±²μÉ·μ´  μ¸μ¡¥´´μ ¢ ¦´Ò ¶·¨ · §· ¡μÉ±¥ Ê¸±μ·¨É¥²Ö ¸
¢´¥Ï´¥° ¨´¦¥±Í¨¥° ¶ÊÎ± . �¸´μ¢Ê ¶μ¤μ¡´ÒÌ · ¸Î¥Éμ¢ ¸μ¸É ¢²Ö¥É ³μ¤¥²¨·μ-
¢ ´¨¥ ¨´Ë²¥±Éμ·  ¨ £¥μ³¥É·¨¨ Í¥´É· ²Ó´μ° μ¡² ¸É¨, ¢±²ÕÎ ÕÐ¥° £¥μ³¥É·¨Õ
´μ¸¨±μ¢ ¤Ê ´Éμ¢, ±μ·¶Ê¸  ¨´Ë²¥±Éμ·  ¨ ¤¨ Ë· £³ Ë §μ¢μ° ¸¥²¥±Í¨¨.

‚ É¥Î¥´¨¥ ¶μ¸²¥¤´¨Ì ¶ÖÉ¨ ²¥É ¢ · ³± Ì ¸μÉ·Ê¤´¨Î¥¸É¢  IBAÄ�ˆŸˆ £·Ê¶-
¶μ° ¸μÉ·Ê¤´¨±μ¢ �ˆŸˆ ¡Ò² · §· ¡μÉ ´ ¶·μ¥±É ±μ³¶ ±É´μ£μ ¸¢¥·Ì¶·μ¢μ-
¤ÖÐ¥£μ ¨§μÌ·μ´´μ£μ Í¨±²μÉ·μ´  ‘400 [3] ¤²Ö  ¤·μ´´μ° É¥· ¶¨¨, ±μÉμ·Ò°
¡Ê¤¥É Ê¸É ´μ¢²¥´ ¢ ³¥¤¨Í¨´¸±μ³ Í¥´É·¥ ¢ Š ´´¥ (”· ´Í¨Ö). ‘ ¶μ³μÐÓÕ
ÔÉμ£μ Ê¸±μ·¨É¥²Ö ¶·¥¤¶μ² £ ¥É¸Ö ¶μ²ÊÎ ÉÓ ¶ÊÎ±¨ 12C6+ ¨ 4He2+ ¸ Ô´¥·£¨¥°
400 ŒÔ‚/´Ê±²μ´,   É ±¦¥ ¶·μÉμ´Ò ¸ Ô´¥·£¨¥° 260 ŒÔ‚.

�ÊÎμ± ¢¢μ¤¨É¸Ö ¢ Í¨±²μÉ·μ´  ±¸¨ ²Ó´μ ¶μ ²¨´¨¨ ¨´¦¥±Í¨¨. � ¸Î¥ÉÒ ¶μ-
± § ²¨, ÎÉμ ¶·¨ ¨´¦¥±Í¨¨ ¢ ‘400 (¸·¥¤´¥¥ ³ £´¨É´μ¥ ¶μ²¥ ¢ Í¥´É·¥ 2,45 ’²)
³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¸¶¨· ²Ó´Ò° ¨´Ë²¥±Éμ· [5], Ê ±μÉμ·μ£μ § §μ· ³¥¦¤Ê Ô²¥±-
É·μ¤ ³¨ £μ·¨§μ´É ²¥´ ´  ¢¥·É¨± ²Ó´μ³ ¸¥Î¥´¨¨ (¡¥§ ¤μ¶μ²´¨É¥²Ó´μ£μ ¶μ¢μ-
·μÉ , ¸³. ·¨¸. 2). ’ ±μ° ¨´Ë²¥±Éμ· μÉ´μ¸¨É¥²Ó´μ ¶·μ¸É ¢ ¨§£μÉμ¢²¥´¨¨, É ±
± ± Ï¨·¨´  § §μ·  ³¥¦¤Ê Ô²¥±É·μ¤ ³¨ ¨´Ë²¥±Éμ·  ¢¥§¤¥ μ¤¨´ ±μ¢ .

Œ ±¸¨³ ²Ó´ Ö ¢¥²¨Î¨´  ´ ¶·Ö¦¥´´μ¸É¨ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ³¥¦¤Ê ¶² -
¸É¨´ ³¨ ¨´Ë²¥±Éμ·  ¸μ¸É ¢²Ö¥É E0 ∼ 24 ±‚/¸³ (μ£· ´¨Î¥´  ´ ¶·Ö¦¥´´μ¸ÉÓÕ
¶·μ¡μÖ). ‚Ò¸μÉ  ¨´Ë²¥±Éμ· , ± ± ¶· ¢¨²μ, μ£· ´¨Î¥´  § §μ·μ³ ¢ Í¥´É·¥
Ê¸±μ·¨É¥²Ö, ´μ ¢ ´ Ï¥³ ¸²ÊÎ ¥ ¡μ²ÓÏμ¥ ³ £´¨É´μ¥ ¶μ²¥ ¢ Í¥´É·¥ § ¤ ¥É
· ¤¨Ê¸ ¶¥·¢μ£μ μ¡μ·μÉ  μ±μ²μ 2 ¸³, É ±¨³ μ¡· §μ³, μ£· ´¨Î¨¢ Ö · §³¥·Ò,
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�¨¸. 2. Œμ¤¥²Ó Í¥´É·  Í¨±²μÉ·μ´  ‘400 ¸ ¨´Ë²¥±Éμ·μ³ ¢ § §¥³²¥´´μ³ ±μ·¶Ê¸¥

¸²¥¤μ¢ É¥²Ó´μ, ¨ ¢Ò¸μÉÊ ¨´Ë²¥±Éμ· . ‡ §μ· ³¥¦¤Ê ¶μÉ¥´Í¨ ²Ó´Ò³¨ ¶² ¸É¨-
´ ³¨ · ¢¥´ 6 ³³, ¤²Ö μ¡¥¸¶¥Î¥´¨Ö ¶·μÌμ¦¤¥´¨Ö ¶ÊÎ±  ¸ Ô³¨ÉÉ ´¸μ³ μ±μ²μ
50 π ·³³ ·³· ¤. ˜¨·¨´  Ô²¥±É·μ¤μ¢ ¢Ò¡¨· ¥É¸Ö · ¢´μ° ¤¢Ê³ § §μ· ³ ³¥¦¤Ê
¶μÉ¥´Í¨ ²Ó´Ò³¨ ¶² ¸É¨´ ³¨ (¤²Ö Ê³¥´ÓÏ¥´¨Ö ÔËË¥±Éμ¢ ±· ¥¢ÒÌ ¶μ²¥°).

�·μÍ¥¸¸ ¸μ§¤ ´¨Ö ±μ³¶ÓÕÉ¥·´μ° ³μ¤¥²¨ ¨´Ë²¥±Éμ·  ´ Î¨´ ¥É¸Ö ¸  ´ -
²¨É¨Î¥¸±μ£μ · ¸Î¥É  É· ¥±Éμ·¨¨ Í¥´É· ²Ó´μ° Î ¸É¨ÍÒ ¤²Ö § ¤ ´´ÒÌ ¢¥²¨Î¨´
Ô²¥±É·¨Î¥¸±μ£μ ¨ ³ £´¨É´μ£μ ¶μ²¥°. ‘²¥¤ÊÕÐ¨° ÔÉ ¶ ³μ¤¥²¨·μ¢ ´¨Ö ¨´Ë²¥±-
Éμ·  Å · ¸Î¥É ¶μ¢¥·Ì´μ¸É¨ Ô²¥±É·μ¤μ¢ ¢μ±·Ê£  ´ ²¨É¨Î¥¸±μ° É· ¥±Éμ·¨¨
Í¥´É· ²Ó´μ° Î ¸É¨ÍÒ ¨ É·¥Ì³¥·´Ò° · ¸Î¥É ¶μ²Ö ¨´Ë²¥±Éμ· . �μ¸²¥ · ¸Î¥É 
Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¶μ²ÊÎ¥´´μ£μ ¨´Ë²¥±Éμ· , ¢´μ¢Ó, É¥¶¥·Ó Ê¦¥ Î¨¸²¥´´μ,
¨´É¥£·¨·μ¢ ´¨¥³ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö · ¸¸Î¨ÉÒ¢ ¥É¸Ö É· ¥±Éμ·¨Ö Í¥´É· ²Ó-
´μ° Î ¸É¨ÍÒ. Š· ¥¢Ò¥ ¶μ²Ö ´  ¢Ìμ¤¥ ¨ ¢ÒÌμ¤¥ ¨§ ¨´Ë²¥±Éμ·  ¸ÊÐ¥¸É¢¥´´μ
¨§³¥´ÖÕÉ É· ¥±Éμ·¨Õ ¨μ´ . „ ²¥¥ ¶·μ¨§¢μ¤¨É¸Ö ¥Ð¥ μ¤´  ¨É¥· Í¨Ö · ¸Î¥É 
¶μ¢¥·Ì´μ¸É¥° Ô²¥±É·μ¤μ¢ Ê¦¥ ¢μ±·Ê£ ´μ¢μ° É· ¥±Éμ·¨¨ Í¥´É· ²Ó´μ° Î ¸É¨ÍÒ.

�  ·¨¸. 2 ¶μ± § ´  ¨¸¶μ²Ó§Ê¥³ Ö ¢ · ¸Î¥É Ì ³μ¤¥²Ó Í¥´É·  Í¨±²μÉ·μ´ ,
´  ·¨¸. 3 Å · ¸¸Î¨É ´´Ò¥ ¢ ³μ¤¥²¨ É· ¥±Éμ·¨¨ ¨μ´μ¢ Ê£²¥·μ¤  ¸ Ô´¥·£¨¥°
30 ±Ô‚ ´ Î¨´ Ö μÉ ¢Ìμ¤  ¢ ±μ·¶Ê¸ ¨´Ë²¥±Éμ·  ¨ ¤ ²¥¥ ¶μ Í¥´É·Ê Í¨±²μÉ·μ´ .
‘μμÉ¢¥É¸É¢ÊÕÐ Ö Ô´¥·£¨Ö ¨μ´μ¢ ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 4.

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¢ ³¨·¥ ´ ¡²Õ¤ ¥É¸Ö · ¸ÉÊÐ¨° ¨´É¥·¥¸ ± ¸μ§¤ ´¨Õ
¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì ¸¨´Ì·μÍ¨±²μÉ·μ´μ¢ ¸ ¢Ò¸μ±¨³ ¸·¥¤´¨³ ¶μ²¥³. � ¶·¨³¥·,
· §· ¡ ÉÒ¢ ¥É¸Ö ¶·μ¥±É Ê¸±μ·¨É¥²Ö ¸μ ¸·¥¤´¨³ ¶μ²¥³ 4,5 ’² ¤²Ö ²¥Î¥´¨Ö μ´-
±μ²μ£¨Î¥¸±¨Ì § ¡μ²¥¢ ´¨° ¨μ´ ³¨ Ê£²¥·μ¤  [6]. ‚μ¶·μ¸ ¨´¦¥±Í¨¨ ¢ Í¥´É·
É ±μ£μ Ê¸±μ·¨É¥²Ö μ¸É ¥É¸Ö μÉ±·ÒÉÒ³. �¢Éμ· ³¨ [6] ¶·¥¤² £ ¥É¸Ö ¨¸¶μ²Ó§μ-
¢ ÉÓ ¤²Ö ¨´¦¥±Í¨¨ ¸¶¨· ²Ó´Ò° ¨´Ë²¥±Éμ· ¸ ¡μ²ÓÏ¨³ ¶ · ³¥É·μ³ tilt = 3−5,
μ¤´ ±μ ±μ´±·¥É´ÒÌ · ¸Î¥Éμ¢, ¤μ± §Ò¢ ÕÐ¨Ì ·¥ ²¨¸É¨Î´μ¸ÉÓ ¶μ¤μ¡´μ£μ ¨´-
Ë²¥±Éμ· , ´¥ ¶·¨¢μ¤¨É¸Ö.

ŒÒ ¶·μ¢¥²¨ · ¸Î¥ÉÒ ¶μ¤μ¡´μ£μ ¨´Ë²¥±Éμ· . �  ·¨¸. 5 ¶μ± § ´  ±μ³¶ÓÕ-
É¥·´ Ö ³μ¤¥²Ó ¨´Ë²¥±Éμ· , ¸¶μ¸μ¡´μ£μ ¨´¦¥±É¨·μ¢ ÉÓ ¶ÊÎμ± ¢ ¸¨´Ì·μÍ¨±²μ-
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�¨¸. 3. ’· ¥±Éμ·¨¨ ¶ÊÎ±  ¢ Í¥´É·¥

�¨¸. 4. 	´¥·£¨Ö Î ¸É¨Í ¢ É¥Î¥´¨¥ ¶¥·¢ÒÌ ¤¢ÊÌ μ¡μ·μÉμ¢

É·μ´ c ¢¥²¨Î¨´μ° ¸·¥¤´¥£μ ¶μ²Ö ¢ Í¥´É·¥ 4,5 ’². � · ³¥É·Ò ¨´Ë²¥±Éμ· :
´ ¶·Ö¦¥´´μ¸ÉÓ ¶μ²Ö 12 ±‚, ¢Ò¸μÉ , ¨²¨ Ô²¥±É·¨Î¥¸±¨° · ¤¨Ê¸, 41,6 ³³, tilt-
¶ · ³¥É· 3, · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê Ô²¥±É·μ¤ ³¨ 6 ³³. 	´¥·£¨Ö ¨´¦¥±É¨·Ê¥³μ£μ
¶ÊÎ±  ¨μ´μ¢ Ê£²¥·μ¤  ¸ A/Z = 2 · ¢´  25 ±Ô‚/Z.

�¥μ¡Ìμ¤¨³μ¸ÉÓ ¸Éμ²Ó ¸²μ¦´μ° ±μ´¸É·Ê±Í¨¨ ¨´Ë²¥±Éμ·  (·¨¸. 5) ¸¢Ö§ ´ 
¸ μÎ¥´Ó ³ ²¥´Ó±¨³ · ¤¨Ê¸μ³ (< 8 ³³), ´  ±μÉμ·Ò° ´Ê¦´μ ¨´¦¥±É¨·μ¢ ÉÓ
¶ÊÎμ±. � ¸Î¥É É· ¥±Éμ·¨° ¶ÊÎ±  ¢ É ±μ³ ¨´Ë²¥±Éμ·¥ ¶μ± § ², ÎÉμ  ±¸¨ ²Ó´ Ö
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�¨¸. 5. Šμ³¶ÓÕÉ¥·´ Ö ³μ¤¥²Ó ¨´Ë²¥±Éμ·  ¢ § §¥³²¥´´μ³ ±μ·¶Ê¸¥ ( ); É· ¥±Éμ·¨¨
¶ÊÎ±  ¢ ¨´Ë²¥±Éμ·¥ (¡); É· ¥±Éμ·¨¨ ¶ÊÎ±  ¢ ¨´Ë²¥±Éμ·¥ (¢¨¤ ¸¢¥·ÌÊ) (¢)

¨´¦¥±Í¨Ö ¢ ¸¨´Ì·μÍ¨±²μÉ·μ´ ¸ ³ £´¨É´Ò³ ¶μ²¥³ 4,5 ’² ·¥ ²Ó´ , μ¤´ ±μ,
ÊÎ¨ÉÒ¢ Ö ³ ²¥´Ó±¨¥ · §³¥·Ò Í¥´É· , ¥£μ ±μ´¸É·Ê±Í¨Ö É ±¦¥ ¡Ê¤¥É ´¥¶·μ¸Éμ°
§ ¤ Î¥°.

‹ˆ�ˆŸ ˆ�†…Š–ˆˆ �“—Š�
‚ �‹…Š’��‘’�’ˆ—…‘Š�… Š�‹œ–� AD-REC

�·μ£· ³³  DYN ¨¸¶μ²Ó§μ¢ ² ¸Ó ¶·¨ · ¸Î¥É¥ ²¨´¨¨ ¨´¦¥±Í¨¨ ´¨§±μÔ´¥·-
£¥É¨Î¥¸±¨Ì  ´É¨¶·μÉμ´μ¢ ¢ Ô²¥±É·μ¸É É¨Î¥¸±μ¥ ±μ²ÓÍμ AD-REC.

‘μ§¤ ´¨¥ ¢ –…�� ±μ²ÓÍ , § ³¥¤²ÖÕÐ¥£μ  ´É¨¶·μÉμ´Ò AD (Antiproton
Decelerator) [7], μÉ±·Ò²μ Ï¨·μ±¨¥ ¢μ§³μ¦´μ¸É¨ ¤²Ö ¨§ÊÎ¥´¨Ö ¸¢μ°¸É¢ ± ±
¸ ³¨Ì  ´É¨¶·μÉμ´μ¢, É ± ¨ ¨Ì ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ¢¥Ð¥¸É¢μ³ ¨  ´É¨¢¥Ð¥¸É¢μ³
¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ. � ±μ¶¨É¥²Ó´μ¥ ±μ²ÓÍμ AD-REC (RECYCLER), ±μÉμ·μ¥
¡Ê¤¥É Ê¸É ´μ¢²¥´μ ´  ²¨´¨¨ ²μ¢ÊÏ±¨  ´É¨¶·μÉμ´μ¢ MRT MUSASHI [8] ¢
CERN-AD, ¶μ§¢μ²¨É ¶¥·¥°É¨ ± ¨§ÊÎ¥´¨Õ  ´É¨¶·μÉμ´μ¢ ¶·¨ Ê²ÓÉ· ´¨§±¨Ì
Ô´¥·£¨ÖÌ.

� ±μ¶¨É¥²Ó´μ¥ ±μ²ÓÍμ AD-REC ¶·¥¤´ §´ Î¥´μ ¤²Ö ¶·μ¢¥¤¥´¨Ö Ô±¸¶¥·¨-
³¥´Éμ¢ ¸  ´É¨¶·μÉμ´ ³¨, ¨³¥ÕÐ¨³¨ Ô´¥·£¨Õ μÉ 3 ¤μ 30 ±Ô‚. Šμ²ÓÍμ ¡Ê¤¥É
¸μ¸ÉμÖÉÓ ¨§ Ô²¥±É·μ¸É É¨Î¥¸±¨Ì Ô²¥³¥´Éμ¢, ¤²Ö ¨§³¥·¥´¨° ¸¥Î¥´¨° ¢§ ¨³μ-
¤¥°¸É¢¨Ö  ´É¨¶·μÉμ´μ¢ ¸ £ §μ¢Ò³¨ ³¨Ï¥´Ö³¨ ¢ ´¥³ ¡Ê¤¥É Ê¸É ´μ¢²¥´ É ±
´ §Ò¢ ¥³Ò° ³¨±·μ¸±μ¶ ·¥ ±Í¨° RM (Reaction Microscope). �¥μ¡Ìμ¤¨³μ¸ÉÓ
¶·¨³¥´¥´¨Ö ¨¸±²ÕÎ¨É¥²Ó´μ Ô²¥±É·μ¸É É¨Î¥¸±¨Ì Ô²¥³¥´Éμ¢ ¸¢Ö§ ´  ¶·¥¦¤¥
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¢¸¥£μ ¸ μÉ¸ÊÉ¸É¢¨¥³ ¢ ´¨Ì μ¸É ÉμÎ´μ£μ ´ ³ £´¨Î¨¢ ´¨Ö, ¢ μÉ²¨Î¨¥ μÉ ³ £´¨É-
´ÒÌ Ô²¥³¥´Éμ¢.

‚ ²¨´¨¨ ¨´¦¥±Í¨¨ É ±¦¥ ¡Ê¤ÊÉ ¶μ²´μ¸ÉÓÕ μÉ¸ÊÉ¸É¢μ¢ ÉÓ ³ £´¨É´Ò¥ Ô²¥-
³¥´ÉÒ. �¸´μ¢´Ò¥ É·¥¡μ¢ ´¨Ö ± ²¨´¨¨ ¨´¦¥±Í¨¨:

1) ¶·μ¢¥¸É¨ ¶ÊÎμ±  ´É¨¶·μÉμ´μ¢ μÉ MRT MUSASHI ± ±μ²ÓÍÊ AD-REC ¸
³¨´¨³ ²Ó´μ ¢μ§³μ¦´Ò³¨ ¶μÉ¥·Ö³¨, É ± ± ± ±μ²¨Î¥¸É¢μ  ´É¨¶·μÉμ´μ¢, ¢Ò¢μ-
¤¨³μ¥ ¨§ ²μ¢ÊÏ±¨, ¸μ¸É ¢²Ö¥É ¢¸¥£μ 5 · 105;

2) ´ Î ²Ó´ Ö Ô´¥·£¨Ö ¶ÊÎ±  ¤μ²¦´  ¡ÒÉÓ ¢ ¤¨ ¶ §μ´¥ 150Ä500 Ô‚;
3) Ô´¥·£¨Ö ¨´¦¥±Í¨¨ ¢ ±μ²ÓÍμ AD-REC ¤μ²¦´  ¡ÒÉÓ ¢ ·Ó¨·Ê¥³  μÉ 3

¤μ 30 ±Ô‚;
4) ´¥μ¡Ìμ¤¨³μ ¨´¦¥±É¨·μ¢ ÉÓ ¶ÊÎμ± ¸μ£² ¸μ¢ ´´μ ¸μ ¸É·Ê±ÉÊ·μ° ±μ²ÓÍ ,

¶·¨Î¥³ ¶ÊÎμ± ¤μ²¦¥´ ¡ÒÉÓ ¸Ëμ±Ê¸¨·μ¢ ´ ´  ³¨Ï¥´¨ ¸ ³¨´¨³ ²Ó´μ ¢μ§³μ¦-
´Ò³ · §³¥·μ³, É. ¥. Ô³¨ÉÉ ´¸ ¨´¦¥±É¨·Ê¥³μ£μ ¶ÊÎ±  ¤μ²¦¥´ ¡ÒÉÓ ´¥ ¡μ²¥¥
15−30 π ·³³ ·³· ¤,   · §¡·μ¸ ¶μ Ô´¥·£¨¨ 1Ä3% ¤²Ö ¤¨ ¶ §μ´  Ô´¥·£¨° ¨´-
¦¥±Í¨¨ 3Ä30 ±Ô‚ ¸μμÉ¢¥É¸É¢¥´´μ.

„²Ö ¸μÌ· ´¥´¨Ö ± Î¥¸É¢  ¶ÊÎ±  ¨§ ²μ¢ÊÏ±¨ MUSASHI ¶·¨ É· ´¸¶μ·É¨-
·μ¢±¥ ± ±μ²ÓÍÊ AD-REC ´¥μ¡Ìμ¤¨³μ ¶·¥¦¤¥ ¢¸¥£μ Ê¸±μ·¨ÉÓ ¶ÊÎμ± ¤μ ¶² ´¨-
·Ê¥³μ° ¢ ±μ²ÓÍ¥ Ô´¥·£¨¨, ¤ ²¥¥ ¸Ëμ·³¨·μ¢ ÉÓ ¶ÊÎμ± É ±, ÎÉμ¡Ò ³μ¦´μ ¡Ò²μ
¨´¦¥±É¨·μ¢ ÉÓ ¥£μ ¸μ£² ¸μ¢ ´´μ ¸μ ¸É·Ê±ÉÊ·μ° ±μ²ÓÍ . �μÔÉμ³Ê ´ ÏÊ ²¨´¨Õ
³μ¦´μ Ê¸²μ¢´μ · §¤¥²¨ÉÓ ´  ¤¢¥ ¸¥±Í¨¨ Å Ê¸±μ·ÖÕÐÊÕ ¨ ¸μ£² ¸ÊÕÐÊÕ.

’ ± ± ± ±μ²¨Î¥¸É¢μ  ´É¨¶·μÉμ´μ¢ ¨§ ²μ¢ÊÏ±¨ MUSASHI μÎ¥´Ó μ£· ´¨-
Î¥´μ, ´ ² ¤±Ê ±μ²ÓÍ  �D-REC ´¥μ¡Ìμ¤¨³μ ¡Ê¤¥É μ¸ÊÐ¥¸É¢²ÖÉÓ ´  ¶ÊÎ±¥ H−-
¨μ´μ¢, ¶μÔÉμ³Ê ³Ò ¶·¥¤Ê¸³μÉ·¥²¨ ¢μ§³μ¦´μ¸ÉÓ Ê¸É ´μ¢±¨ ¢ ²¨´¨¨ ¨´¦¥±Í¨¨
¸¥±Í¨¨ ¨μ´´μ£μ ¨¸ÉμÎ´¨± . ‘¥±Í¨Ö ¨¸ÉμÎ´¨±  ¡Ê¤¥É ¢±²ÕÎ ÉÓ ¢ ¸¥¡Ö ¤Êμ¶² §-
³μÉ·μ´ (¨¸ÉμÎ´¨± H-¨μ´μ¢), ²¨´§Ê 	´§¥²Ö, ¤¢  ¸É¨·¥· , Í¨²¨´¤· ” · ¤¥Ö ¨
¸¨¸É¥³Ê μÉ± Î±¨.

“¸±μ·ÖÕÐ Ö ¸¥±Í¨Ö. ‘Ì¥³ É¨Î¥¸±¨ Ê¸±μ·ÖÕÐ Ö ¸¥±Í¨Ö ¶μ± § ´ 
´  ·¨¸. 6. �μ¸²¥ ¢ÒÌμ¤  ¨§ ²μ¢ÊÏ±¨ MUSASHI  ´É¨¶·μÉμ´Ò ¶·μÌμ¤ÖÉ Î¥·¥§

�¨¸. 6. Œμ¤¥²Ó Ê¸±μ·ÖÕÐ¥° ¸¥±Í¨¨
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²¨´§Ò 	´§¥²Ö ¢ÒÉÖ£¨¢ ÕÐ¥£μ Ô²¥±É·μ¤ , ´ Ìμ¤ÖÐ¨¥¸Ö ¢ §μ´¥ ¸¶ ¤  ³ £´¨É-
´μ£μ ¶μ²Ö ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥£μ ¸μ²¥´μ¨¤ . 	²¥±É·μ¸É É¨Î¥¸±μ¥ ±μ²ÓÍμ ¡Ê¤¥É
· ¡μÉ ÉÓ ¸ ¶ÊÎ±μ³  ´É¨¶·μÉμ´μ¢, ¶μ²ÊÎ¥´´Ò³ ¨§ MUSASHI ¶μ¸·¥¤¸É¢μ³ ¡Ò-
¸É·μ£μ ¢Ò¢μ¤ . „μ ´ ¸ÉμÖÐ¥£μ ¢·¥³¥´¨ ¡Ò¸É·Ò° ¢Ò¢μ¤ μ¸ÊÐ¥¸É¢²Ö²¨ ¶·¨
Ô´¥·£¨¨ 150 Ô‚. �¤´ ±μ Ê¸±μ·ÖÕÐ Ö ¸¥±Í¨Ö ¤μ²¦´  μ¡¥¸¶¥Î¨¢ ÉÓ ¢μ§³μ¦-
´μ¸ÉÓ Ê¸±μ·¥´¨Ö ¶ÊÎ±  ¸ ´ Î ²Ó´μ° Ô´¥·£¨¥° ¢ ¤¨ ¶ §μ´¥ 150Ä500 Ô‚, É ± ± ±
¢ Í¥²ÖÌ Ê²ÊÎÏ¥´¨Ö ± Î¥¸É¢  ¶ÊÎ±  ¢μ§³μ¦´Ò ¨§³¥´¥´¨Ö Ê¸²μ¢¨° ¶·μ¢¥¤¥´¨Ö
¡Ò¸É·μ£μ ¢Ò¢μ¤ . Šμ´¥Î´ Ö Ô´¥·£¨Ö ¤μ²¦´  ¡ÒÉÓ ¢ ·Ó¨·Ê¥³  ¢ ¤¨ ¶ §μ´¥ μÉ 3
¤μ 30 ±Ô‚.

“¸±μ·ÖÕÐ Ö ¸¥±Í¨Ö § ³¥´¨É · ¡μÉ ÕÐÊÕ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ²¨´¨Õ
KEN [9], É ± ± ± μ¡¥¸¶¥Î¨É ²ÊÎÏ¥¥ ± Î¥¸É¢μ ¶ÊÎ±  ´  ¢Ìμ¤¥ ¢ AD-REC.
“¸±μ·ÖÕÐ Ö ¸¥±Í¨Ö ¡Ê¤¥É ¸μ¸ÉμÖÉÓ ¨§ ¤¢ÊÌ Î ¸É¥°, · §¤¥²¥´´ÒÌ É·Ê¡±μ°
¤·¥°Ë .

�¥·¢ Ö Î ¸ÉÓ, ¸μ¸ÉμÖÐ Ö ¨§ 5 Ô²¥±É·μ¤μ¢, ¡Ê¤¥É Ê¸±μ·ÖÉÓ ¶ÊÎμ±  ´É¨¶·μ-
Éμ´μ¢ μÉ Ô´¥·£¨¨ 150Ä500 Ô‚ ¤μ 400Ä1300 Ô‚, μ¡¥¸¶¥Î¨¢ Ö ¶·¨ ÔÉμ³ Ëμ±Ê¸¨-
·μ¢±Ê, ±μÉμ· Ö ¶μ§¢μ²¨É ¶ÊÎ±Ê ¤·¥°Ëμ¢ ÉÓ ¢´ÊÉ·¨ É·Ê¡±¨. Šμ£¤  ¶ÊÎμ± ¡Ê¤¥É
´ Ìμ¤¨ÉÓ¸Ö ¢´ÊÉ·¨ É·Ê¡±¨ ¤·¥°Ë , ´ ¶·Ö¦¥´¨¥ ´  ´¥° ¶¥·¥±²ÕÎ¨É¸Ö ´  μÉ-
·¨Í É¥²Ó´μ¥, É ±¨³ μ¡· §μ³, ¶·¨ ¢Ò²¥É¥ ¨§ ´¥¥ ¶ÊÎμ± ¶·μ¤μ²¦¨É Ê¸±μ·¥´¨¥
¤μ ¶·μ¥±É´ÒÌ 3Ä30 ±Ô‚. 6 Ô²¥±É·μ¤μ¢ ¢μ ¢Éμ·μ° Î ¸É¨ Ê¸±μ·ÖÕÐ¥° ¸¥±Í¨¨
¢Ò¶μ²´ÖÉ É ±¦¥ ¤¢¥ ËÊ´±Í¨¨: Ê¸±μ·ÖÉ ¨ ¸Ëμ±Ê¸¨·ÊÕÉ ¶ÊÎμ±.


 ´Î ¤²¨É¥²Ó´μ¸ÉÓÕ 2 ³±¸ ¶·¨ Ô´¥·£¨¨ 400 Ô‚ ¶·μ²¥É¨É É·Ê¡Ê ¤²¨´μ°
1,5 ³ §  5 ³±¸, É. ¥. ¤²Ö ÔÉμ° Ô´¥·£¨¨ ¤²¨´  É·Ê¡±¨ ¨§¡ÒÉμÎ´ ; ³Ò ¸¶·μ¥±É¨-
·μ¢ ²¨ É·Ê¡±Ê É ±μ° ¤²¨´Ò, É ± ± ± ¤²¨É¥²Ó´μ¸ÉÓ ¶ÊÎ±  ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö
´¥ μ¶·¥¤¥²¥´  ¦¥¸É±μ ¨ ¡Ê¤¥É § ¢¨¸¥ÉÓ μÉ Ê¸²μ¢¨° Ô±¸¶²Ê É Í¨¨ ²μ¢ÊÏ±¨
MUSASHI. ‚μ§³μ¦´μ, ¸¶¥Í¨ ²¨¸É ³ MUSASHI Ê¤ ¸É¸Ö ¸´¨§¨ÉÓ Ô´¥·£¥É¨Î¥-
¸±¨° · §¡·μ¸ ¶ÊÎ±  Í¥´μ° Ê¢¥²¨Î¥´¨Ö ¤²¨É¥²Ó´μ¸É¨ ¨³¶Ê²Ó¸ ; ¢ É ±μ³ ¸²ÊÎ ¥
Éμ, ÎÉμ ²¨´¨Ö ¨´¦¥±Í¨¨ ³μ¦¥É · ¡μÉ ÉÓ ¸ ¶ÊÎ±μ³ ¤²¨É¥²Ó´μ¸ÉÓÕ ¤μ 5 ³±¸,
μ± ¦¥É¸Ö ¶μ²¥§´Ò³.

�·¨ ´¥μ¡Ìμ¤¨³μ¸É¨ ¨§³¥´¨ÉÓ ´ Î ²Ó´ÊÕ Ô´¥·£¨Õ ¶ÊÎ±  ´Ê¦´μ ¡Ê¤¥É ³¥-
´ÖÉÓ ´ ¶·Ö¦¥´¨¥ ´  Ê¸±μ·ÖÕÐ¨Ì Ô²¥±É·μ¤ Ì ± ± ¶¥·¢μ°, É ± ¨ ¢Éμ·μ° Î ¸É¨
Ê¸±μ·ÖÕÐ¥° ¸¥±Í¨¨. …¸²¨ ´Ê¦´μ ¶μ³¥´ÖÉÓ Éμ²Ó±μ ±μ´¥Î´μ¥ §´ Î¥´¨¥ Ô´¥·£¨¨
¶ÊÎ± , ¤μ¸É ÉμÎ´μ ¨§³¥´¨ÉÓ ´ ¶·Ö¦¥´¨¥ ´  Ô²¥±É·μ¤ Ì ¢Éμ·μ° Î ¸É¨ Ê¸±μ·Ö-
ÕÐ¥° ¸¥±Í¨¨.

‘μ£² ¸ÊÕÐ Ö ¸¥±Í¨Ö. ‘μ£² ¸ÊÕÐ Ö ¸¥±Í¨Ö ¡Ê¤¥É ¸μ¸ÉμÖÉÓ ¨§ Î¥ÉÒ·¥Ì
Ô²¥±É·μ¸É É¨Î¥¸±¨Ì ±¢ ¤·Ê¶μ²¥°. ‚ ±μ³¶ÓÕÉ¥·´μ° ³μ¤¥²¨ ¸¥±Í¨¨ Ô±¢¨¶μ-
É¥´Í¨ ²Ó´Ò¥ ¶μ¢¥·Ì´μ¸É¨ Ô²¥±É·μ¤μ¢ ¨³¥ÕÉ £¨¶¥·¡μ²¨Î¥¸±ÊÕ Ëμ·³Ê. ‚¨¤
³μ¤¥²¨ ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 7, · ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  Å
´  ·¨¸. 8.

� ¸Î¥ÉÒ ¤¨´ ³¨±¨ ¶ÊÎ± . � ¸Î¥ÉÒ ¤¢¨¦¥´¨Ö ¶ÊÎ±  ¶μ ²¨´¨¨ ¨´¦¥±Í¨¨
´ Î¨´ ²¨ ¨§ ²μ¢ÊÏ±¨ MUSASHI, É ³, £¤¥ ³ £´¨É´μ¥ ¶μ²¥ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥£μ
¸μ²¥´μ¨¤  ¨³¥¥É ³ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥ Å 2,5 ’² (z = 0,4 ³), É. ¥. ¤μ ´ Î ² 
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�¨¸. 7. Šμ³¶ÓÕÉ¥·´ Ö ³μ¤¥²Ó ¸μ£² ¸ÊÕÐ¥° ¸¥±Í¨¨

�¨¸. 8. � ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  ±¢ ¤·Ê¶μ²Ó´μ£μ ±¢ ¤·Ê¶²¥É 

�¨¸. 9. �·μ¤μ²Ó´ Ö ±μ³¶μ´¥´É  ³ £´¨É´μ£μ ¶μ²Ö ¸μ²¥´μ¨¤  ²μ¢ÊÏ±¨ MUSASHI
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¸¶ ¤  ¶μ²Ö. „ ²¥¥ ¶ÊÎμ± ¶·μÌμ¤¨² μ¡² ¸ÉÓ ¸¶ ¤  ³ £´¨É´μ£μ ¶μ²Ö (¸³. ·¨¸. 9)
¨ Éμ²Ó±μ ¶μ¸²¥ ÔÉμ£μ ¶μ¶ ¤ ² ¢ §μ´Ê ¤¥°¸É¢¨Ö Ê¸±μ·ÖÕÐ¥° ¸¥±Í¨¨ ²¨´¨¨
É· ´¸¶μ·É¨·μ¢±¨.

’ ± ± ± ¤¢¨¦¥´¨¥ Î ¸É¨Í ¶·μ¨¸Ìμ¤¨É ¢ μ¡² ¸É¨ ¤¥°¸É¢¨Ö ³ £´¨É´μ£μ
¶μ²Ö ²μ¢ÊÏ±¨ MUSASHI, ´¥μ¡Ìμ¤¨³μ μ¸ÊÐ¥¸É¢²ÖÉÓ É·¥Ì³¥·´Ò¥ · ¸Î¥ÉÒ ¤¨-
´ ³¨±¨ ¶ÊÎ± . ‚ Éμ ¦¥ ¢·¥³Ö μ¸¥¢ Ö ¸¨³³¥É·¨Ö Ê¸±μ·ÖÕÐ¥° ¸¥±Í¨¨ ¶μ§¢μ-
²Ö¥É ¨¸¶μ²Ó§μ¢ ÉÓ ·¥§Ê²ÓÉ ÉÒ 2D-³μ¤¥²¨·μ¢ ´¨Ö Ô²¥±É·μ¸É É¨Î¥¸±μ£μ ¶μ²Ö.
’ ±¨³ μ¡· §μ³, ¸ Í¥²ÓÕ Ô±μ´μ³¨¨ ±μ³¶ÓÕÉ¥·´μ£μ ¢·¥³¥´¨ ¨ ¤²Ö Ê¢¥²¨Î¥-
´¨Ö ÉμÎ´μ¸É¨ · ¸Î¥É  ³Ò ·¥Ï ²¨ É·¥Ì³¥·´Ò¥ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö, ¶·¨ ÔÉμ³
¨¸¶μ²Ó§μ¢ ²¨ ·¥§Ê²ÓÉ ÉÒ ¤¢Ê³¥·´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö Ê¸±μ·ÖÕÐ¥° ¸¥±Í¨¨ ¨
É·¥Ì³¥·´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¸μ£² ¸ÊÕÐ¥° ¸¥±Í¨¨.

� Î ²Ó´Ò¥ ¶ · ³¥É·Ò ¶ÊÎ±  ¢Ò¡¨· ²¨, ¨¸Ìμ¤Ö ¨§ ¨´Ëμ·³ Í¨¨
· ¡μÉÒ [10]. �¢Éμ·Ò [10], μ¸´μ¢Ò¢ Ö¸Ó ´  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¶·¨-
Ï²¨ ± ¢Ò¢μ¤Ê, ÎÉμ ¸¦ ÉÒ° ¶ÊÎμ± ¢´ÊÉ·¨ ²μ¢ÊÏ±¨ ÉμÎ´¥¥ ¢¸¥£μ μ¶¨¸Ò¢ ¥É¸Ö
¤¢Ê³Ö · ¸¶·¥¤¥²¥´¨Ö³¨ ƒ Ê¸¸ . � ¤¨Ê¸Ò ¶ÊÎ±  45 %  ´É¨¶·μÉμ´μ¢ · ¸¶·¥¤¥-
²¥´Ò ¶μ ƒ Ê¸¸Ê ¸ σ = 0,25 ³³, μ¸É ²Ó´Ò¥ 55%  ´É¨¶·μÉμ´μ¢ · ¸¶·¥¤¥²¥´Ò
¸ σ = 4,0 ³³ (¸³. ·¨¸. 10).

„²Ö ´ Ï¨Ì · ¸Î¥Éμ¢ ³Ò § ¤ ²¨ ´ Î ²Ó´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶ÊÎ±   ´ ²μ-
£¨Î´Ò³ μ¡· §μ³, ¶·¨ ÔÉμ³ ¨¸¶μ²Ó§μ¢ ²¨ Éμ²Ó±μ Ö¤·μ ¶ÊÎ± , μ£· ´¨Î¥´´μ¥
μ±·Ê¦´μ¸ÉÓÕ · ¤¨Ê¸μ³ R = 0,25 ³³ (¸³. ·¨¸. 11), É ± ± ± Î ¸É¨ÍÒ, ¸μ-
¸É ¢²ÖÕÐ¨¥ £ ²μ ¶ÊÎ±  (¨¸Ìμ¤Ö ¨§ μ¶ÒÉ   ¢Éμ·μ¢ [10]), ¢¸¥ · ¢´μ ¡Ê¤ÊÉ
¶μÉ¥·Ö´Ò.

�¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö ¤¨´ ³¨±¨ ¶ÊÎ±  ¢ ¶·μÍ¥¸¸¥ ¤¢¨¦¥´¨Ö ¶μ ²¨-
´¨¨ ¨´¦¥±Í¨¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 12. 	´¥·£¨Ö ¶ÊÎ±  ¢ ¶¥·¢μ° Î ¸É¨ Ê¸±μ-

�¨¸. 10. � ¸¶·¥¤¥²¥´¨¥ ¶ÊÎ±  ¢ ²μ¢ÊÏ±¥ �¨¸. 11. � Î ²Ó´μ¥ · ¸¶·¥¤¥²¥´¨¥
¶ÊÎ±  ´  Ë §μ¢μ° ¶²μ¸±μ¸É¨ (Î -
¸É¨ÍÒ ¢´ÊÉ·¨ μ±·Ê¦´μ¸É¨ · ¤¨Ê¸μ³
0,25 ³³)
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�¨¸. 12. �¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö ¤¨´ ³¨±¨ ¶ÊÎ± : a) É· ¥±Éμ·¨¨ Î ¸É¨Í μÉ ¢ÒÌμ¤ 
¨§ ²μ¢ÊÏ±¨ ¤μ ¨´¦¥±Í¨¨ ¢ ±μ²ÓÍμ (É¥³´Ò³ ¨ ¸¢¥É²Ò³ ¶μ± § ´Ò ¶·μ¥±Í¨¨ ´  ¢§ ¨³´μ
¶¥·¶¥´¤¨±Ê²Ö·´Ò¥ μ¸¨); ¡) Ô´¥·£¨Ö Î ¸É¨Í ¢ ¶·μÍ¥¸¸¥ ¤¢¨¦¥´¨Ö ¶μ ²¨´¨¨ ¨´¦¥±Í¨¨

·ÖÕÐ¥° ¸¥±Í¨¨ ¡Ò²  Ê¢¥²¨Î¥´  ¤μ 400 Ô‚, ¢μ ¢Éμ·μ° Î ¸É¨ Å ¤μ 30 ±Ô‚. Š¢ -
¤·Ê¶μ²¨ ¶μ§¢μ²ÖÕÉ ¨´¦¥±É¨·μ¢ ÉÓ ¶ÊÎμ± ¸μ£² ¸μ¢ ´´μ ¸μ ¸É·Ê±ÉÊ·μ° ±μ²ÓÍ 
AD-REC, ±μÉμ·μ¥ ¡Ê¤¥É · ¡μÉ ÉÓ ¢ · §²¨Î´ÒÌ ·¥¦¨³ Ì.

‡�Š‹	—…�ˆ…

�·μ£· ³³  DYN ¶μ§¢μ²Ö¥É ³μ¤¥²¨·μ¢ ÉÓ ¤¨´ ³¨±Ê ¶ÊÎ±  ¶·¨ ¶·μ¥±É¨-
·μ¢ ´¨¨ Í¥´É·  Í¨±²μÉ·μ´  ¨ ²¨´¨¨ ¨´¦¥±Í¨¨. ‚ · ³± Ì ³¥¦¤Ê´ ·μ¤´μ£μ
¸μÉ·Ê¤´¨Î¥¸É¢  ¸ MPI (ƒ¥°¤¥²Ó¡¥·£, ƒ¥·³ ´¨Ö) ¶μ ·¥§Ê²ÓÉ É ³ · ¸Î¥Éμ¢ ¤¨-
´ ³¨±¨ ¶ÊÎ±   ´É¨¶·μÉμ´μ¢ ¨§ MUSASHI μ¸ÊÐ¥¸É¢²¥´ ±μ´Í¥¶ÉÊ ²Ó´Ò° ¶·μ-
¥±É ²¨´¨¨ ¨´¦¥±Í¨¨ ¶ÊÎ±   ´É¨¶·μÉμ´μ¢ ¸ ´ Î ²Ó´μ° Ô´¥·£¨¥° 150Ä500 Ô‚,
Ê¸±μ·ÖÕÐ¥° ¶ÊÎμ± ¤μ 3Ä30 ±Ô‚ ¨ ¶·μ¢μ¤ÖÐ¥° ¶ÊÎμ± ´¨§±μ° ¨´É¥´¸¨¢´μ¸É¨
¢ ±μ²ÓÍμ AD-REC.
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