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‚ ± Î¥¸É¢¥ ¨´¦¥±Éµ·  ¤²Ö Ë §µÉ·µ´  �ˆŸˆ · ¸¸³ É·¨¢ ¥É¸Ö ¸¥±Éµ·´Ò° ¨§µÌ·µ´´Ò° Í¨±²µ-
É·µ´ –ˆ-5 ¸ ±µ´¥Î´µ° Ô´¥·£¨¥° �−-¨µ´µ¢, · ¢´µ° 5 ŒÔ‚, ¨ ¸·¥¤´¨³ Éµ±µ³ ¶ÊÎ±  10Ä30 ³�.
�·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ É·eÌ³¥·´µ£µ ±µ³¶ÓÕÉ¥·´µ£µ ³µ¤¥²¨·µ¢ ´¨Ö ³ £´¨É´µ° ¨ Ê¸±µ·ÖÕÐ¥°
¸¨¸É¥³ Í¨±²µÉ·µ´ ,   É ±¦¥ ¤¨´ ³¨±¨ Î ¸É¨Í ¸ ÊÎ¥Éµ³ ÔËË¥±Éµ¢ ¶·µ¸É· ´¸É¢¥´´µ£µ § ·Ö¤ . —¨-
¸²¥´´Ò¥ · ¸ÎeÉÒ, ¶·µ¢¥¤e´´Ò¥ ¶µ ¶·¨´Í¨¶¨ ²Ó´µ µÉ²¨Î´Ò³ ³¥Éµ¤¨± ³, ¶µ± § ²¨ µ¤¨´ ·¥§Ê²ÓÉ É:
ÔËË¥±ÉÒ ¶·µ¸É· ´¸É¢¥´´µ£µ § ·Ö¤  ¶µ§¢µ²ÖÉ Ê¸±µ·¨ÉÓ H−-¨µ´Ò ¸ ¶·µ¥±É´µ° ¨´É¥´¸¨¢´µ¸ÉÓÕ.

Separated sector cyclotron CI-5 with extraction energy of �− ions 5 MeV and beam intensity
10Ä30 mA for injection into JINR Phasotron is considered. The results of 3D electromagnetic ˇeld
calculations of magnetic and accelerating systems are presented. A number of dynamic simulations
taking into account space charge effects using fundamentally different methods performed by independent
researchers conˇrm that current limit for separated turns is about 30 mA for this cyclotron.

‚‚…„…�ˆ…

„²Ö Ê¢¥²¨Î¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ Ë §µÉ·µ´  �ˆŸˆ µÉ 5 ¤µ 50 ³±� · §· ¡ ÉÒ¢ ¥É¸Ö
¶·µ¥±É ¢´¥Ï´¥° ¨´¦¥±Í¨¨ ¶ÊÎ±  ¢ Í¥´É· ²Ó´ÊÕ µ¡² ¸ÉÓ Ê¸±µ·¨É¥²Ö.

’ ¡²¨Í  1

’¨¶ Í¨±²µÉ·µ´  ‘¥±Éµ·´Ò°
“¸±µ·Ö¥³ Ö Î ¸É¨Í  H−

�´¥·£¨Ö ¨´¦¥±Í¨¨, ŒÔ‚ 0,5

Šµ´¥Î´ Ö Ô´¥·£¨Ö, ŒÔ‚ 5,0

ˆ´É¥´¸¨¢´µ¸ÉÓ, ³� 10, 30

— ¸ÉµÉ  µ¡· Ð¥´¨Ö, ŒƒÍ 6,7965

Š· É´µ¸ÉÓ Ê¸±µ·¥´¨Ö 8

— ¸ÉµÉÒ ¸¢µ¡µ¤´ÒÌ ±µ²¥¡ ´¨°:
· ¤¨ ²Ó´ÒÌ 1,1Ä1,2
 ±¸¨ ²Ó´ÒÌ 0,8Ä0,9

‚ ± Î¥¸É¢¥ ¨´¦¥±Éµ·  · ¸¸³ É·¨¢ ¥É¸Ö
¸¥±Éµ·´Ò° ¨§µÌ·µ´´Ò° Í¨±²µÉ·µ´ –ˆ-5
¸ ±µ´¥Î´µ° Ô´¥·£¨¥° �−-¨µ´µ¢, · ¢´µ°
5 ŒÔ‚, ¨ ¸·¥¤´¨³ Éµ±µ³ ¶ÊÎ±  10Ä30 ³�.
‚ Í¨±²µÉ·µ´ –ˆ-5 �−-¨µ´Ò ¨´¦¥±É¨·Ê-
ÕÉ¸Ö ¶µ¸²¥ Ê¸±µ·¥´¨Ö ¢ ¶·¥¤¢ ·¨É¥²Ó´µ³
¨´¦¥±Éµ·¥ ¤µ Ô´¥·£¨¨ 500 ±Ô‚.

–¨±²µÉ·µ´-¨´¦¥±Éµ· –ˆ-5 ¨³¥¥É ³ £-
´¨É´ÊÕ ¸É·Ê±ÉÊ·Ê ¸ Î¥ÉÒ·Ó³Ö · §¤¥²¥´-
´Ò³¨ ¸¥±Éµ· ³¨ ¨ Ê¸±µ·ÖÕÐÊÕ ¸¨¸É¥³Ê,
¸µ¸ÉµÖÐÊÕ ¨§ ¤¢ÊÌ ¶µ²Ê¢µ²´µ¢ÒÌ ·¥§µ-
´ Éµ·µ¢. �¸´µ¢´Ò¥ ¶ · ³¥É·Ò Ê¸±µ·¨É¥²Ö
¶·¨¢¥¤¥´Ò ¢ É ¡². 1.

1. Œ�ƒ�ˆ’��Ÿ ‘ˆ‘’…Œ�

„²Ö Í¨±²µÉ·µ´  –ˆ-5 ¡Ò²  ¢Ò¡· ´  ¸¥±Éµ·´ Ö ¸É·Ê±ÉÊ·  ³ £´¨É´µ£µ ¶µ²Ö ¢¢¨¤Ê ´¥-
µ¡Ìµ¤¨³µ¸É¨ ¶µ²ÊÎ¥´¨Ö ¡µ²ÓÏµ£µ Ë² ÉÉ¥· , ÎÉµ ¢ ¦´µ ¤²Ö Ê¸±µ·¥´¨Ö ¶ÊÎ±µ¢ ¡µ²ÓÏµ°
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¨´É¥´¸¨¢´µ¸É¨. Š·µ³¥ Éµ£µ, ¸¥±Éµ·´ Ö ¸É·Ê±ÉÊ·  ³ £´¨É  ¶µ§¢µ²Ö¥É · §³¥¸É¨ÉÓ Ê¸±µ·Ö-
ÕÐ¨¥ ·¥§µ´ Éµ·Ò ¢ ¶·µ³¥¦ÊÉ± Ì ³¥¦¤Ê ¸¥±Éµ· ³¨ ¨ §  ¸ÎeÉ ÔÉµ£µ µ¡¥¸¶¥Î¨ÉÓ ¡µ²ÓÏµ°
´ ¡µ· Ô´¥·£¨¨ §  µ¡µ·µÉ. � · ³¥É·Ò ³ £´¨É´µ° ¸¨¸É¥³Ò Í¨±²µÉ·µ´  –ˆ-5, ±µ³¶ÓÕÉ¥·-
´ Ö ³µ¤¥²Ó ±µÉµ·µ° ¨§µ¡· ¦¥´  ´  ·¨¸. 1, ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 2.

�¨¸. 1. Œ £´¨É´ Ö ¸¨¸É¥³  Í¨±²µÉ·µ´  �¨¸. 2. Œ £´¨É´µ¥ ¶µ²¥ Í¨±²µÉ·µ´  –ˆ-5:
B0 Å ¸·¥¤´¥¥ ³ £´¨É´µ¥ ¶µ²¥ ¢ § ¢¨¸¨³µ-

¸É¨ µÉ · ¤¨Ê¸ ; B4, B8, B12 Å  ³¶²¨ÉÊ¤Ò

4-°, 8-° ¨ 12-° £ ·³µ´¨± ³ £´¨É´µ£µ ¶µ²Ö
(¸µµÉ¢¥É¸É¢¥´´µ)

’ ¡²¨Í  2. � · ³¥É·Ò ³ £´¨É´µ° ¸¨¸É¥³Ò Í¨±²µÉ·µ´ 

—¨¸²µ ¸¥±Éµ·µ¢ 4
“£²µ¢ Ö ¶·µÉÖ¦¥´´µ¸ÉÓ ¸¥±Éµ· , ◦ 24Ä38
Œ¥¦¶µ²Õ¸´Ò° § §µ·, ¸³ 4
� ¤¨ ²Ó´ Ö ¶·µÉÖ¦¥´´µ¸ÉÓ ¶µ²Õ¸ , ¸³ 18Ä88
‘·¥¤´¥¥ ³ £´¨É´µ¥ ¶µ²¥, T² 0,43
”² ÉÉ¥· 0,8Ä0,95

„²Ö  ´ ²¨§  ¤¨´ ³¨±¨ ¶ÊÎ±  Ê¸É ´µ¢±¨ ¡Ò²¨ ¶·µ¢¥¤¥´Ò É·eÌ³¥·´Ò¥ · ¸ÎeÉÒ ³ £-
´¨É´µ° ¸¨¸É¥³Ò Í¨±²µÉ·µ´ , ·¥§Ê²ÓÉ Éµ³ ±µÉµ·ÒÌ Ö¢¨²µ¸Ó ¶µ²ÊÎ¥´¨¥ ± ·ÉÒ ³ £´¨É´µ£µ
¶µ²Ö. �  ·¨¸. 2 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸ÎeÉµ¢ ³ £´¨É´µ£µ ¶µ²Ö.

2. “‘Š��Ÿ�™�Ÿ ‘ˆ‘’…Œ�

„²Ö Ê¸±µ·¥´¨Ö �−-¨µ´µ¢ ¢ Í¨±²µÉ·µ´¥ ¶·¥¤¶µ² £ ¥É¸Ö ¨¸¶µ²Ó§µ¢ ÉÓ ¢Ò¸µ±µÎ ¸ÉµÉ-
´Ò° ¶µ²Ê¢µ²´µ¢µ° ·¥§µ´ Éµ·. �¥§µ´ Éµ· ¨³¥¥É ±µ·µÉ±µ§ ³±´ÊÉÒ¥ µÉ·¥§±¨ ±µ ±¸¨ ²Ó´ÒÌ
²¨´¨° 1 ¨ 2, ±µ·¶Ê¸ 3 (¸³. ·¨¸. 3,a); ´  ·¨¸. 3, ¡ ¶µ± § ´Ò Ô²¥³¥´ÉÒ, ´ Ìµ¤ÖÐ¨¥¸Ö ¢´Ê-
É·¨ ±µ·¶Ê¸  3: ®· ³±¨¯ ¨ ∆-Ô²¥±É·µ¤, ´  ·¨¸. 3, ¢ Å µÉ¤¥²Ó´µ ∆-Ô²¥±É·µ¤. �¸´µ¢´Ò¥
¶ · ³¥É·Ò ·¥§µ´ Éµ·  ¤ ´Ò ¢ É ¡². 3.
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�¨¸. 3. ‚¨¤ ·¥§µ´ Éµ·  �¨¸. 4. ‡ ¢¨¸¨³µ¸É¨ ¸µ¸É ¢²ÖÕÐ¨Ì Ô²¥±-
É·¨Î¥¸±µ£µ ¶µ²Ö Eϕ, Er, Ez µÉ · ¤¨Ê¸ 

’ ¡²¨Í  3. �¸´µ¢´Ò¥ ¶ · ³¥É·Ò ·¥§µ´ Éµ· 

�¥§µ´ ´¸´ Ö Î ¸ÉµÉ , ŒƒÍ 54,372
� ¸Î¥É´ Ö ¤µ¡·µÉ´µ¸ÉÓ 5700
—¨¸²µ ∆-Ô²¥±É·µ¤µ¢ 2
“£²µ¢ Ö ¶·µÉÖ¦¥´´µ¸ÉÓ ∆-Ô²¥±É·µ¤µ¢, ◦ 16,5
� ¤¨ ²Ó´ Ö ¶·µÉÖ¦¥´´µ¸ÉÓ ∆-Ô²¥±É·µ¤µ¢ (Rmin/Rmax), ³³ 180/770
˜¨·¨´  Ê¸±µ·¨É¥²Ó´µ° Ð¥²¨, ◦ 6
�±¸¨ ²Ó´ Ö  ¶¥·ÉÊ· , ¸³ 3
‚—-´ ¶·Ö¦¥´¨¥, ±‚ 175Ä220

�Ò²¨ ¶·µ¢¥¤¥´Ò É·eÌ³¥·´Ò¥ Î¨¸²¥´´Ò¥ · ¸ÎeÉÒ ‚—-·¥§µ´ Éµ· , ±µÉµ·Ò¥ ¶µ± § ²¨,
ÎÉµ Ê¸±µ·ÖÕÐ¥¥ ´ ¶·Ö¦¥´¨¥ Ê¢¥²¨Î¨¢ ¥É¸Ö µÉ Í¥´É·  ± ¶¥·¨Ë¥·¨¨ ¶·¨¡²¨§¨É¥²Ó´µ ¢
1,3 · §  [1]. ‚ ·¥§Ê²ÓÉ É¥ · ¸ÎeÉµ¢ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ± ·ÉÒ Ô²¥±É·¨Î¥¸±µ£µ ¨ ³ £´¨É´µ£µ
¶µ²¥° ·¥§µ´ Éµ· . �  ·¨¸. 4 ¶µ± § ´Ò § ¢¨¸¨³µ¸É¨ ¸µ¸É ¢²ÖÕÐ¨Ì Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö
Eϕ, Er, Ez µÉ · ¤¨Ê¸ , Eϕ, Er ¤ ´Ò ¤²Ö ¸¥·¥¤¨´Ò Ê¸±µ·ÖÕÐ¥£µ ¶·µ³¥¦ÊÉ±  ¢ ³¥¤¨ ´´µ°
¶²µ¸±µ¸É¨, Ez Å ¤²Ö z = 0,8 ¸³ ¨  §¨³ÊÉ ²Ó´µ£µ Ê£² , ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ³ ±¸¨³Ê³Ê Ez.

3. �””…Š’› ���‘’���‘’‚…���ƒ� ‡��Ÿ„�

„²Ö ¨´¦¥±Í¨¨ ¢ Ë §µÉ·µ´ �ˆŸˆ ´¥µ¡Ìµ¤¨³µ Ê¸±µ·¨ÉÓ ¶ÊÎµ± ¨µ´µ¢ ¸ ¨´É¥´¸¨¢´µ¸ÉÓÕ
10Ä30 ³�. �·¨ ¶·µ¥±É¨·µ¢ ´¨¨ Í¨±²µÉ·µ´  ¸ É ±¨³ ¸·¥¤´¨³ Éµ±µ³ ¶ÊÎ±  ´¥µ¡Ìµ¤¨³µ
¨³¥ÉÓ ¤¥É ²Ó´ÊÕ ¨´Ëµ·³ Í¨Õ µ ¢²¨Ö´¨¨ ¶·µ¸É· ´¸É¢¥´´µ£µ § ·Ö¤  ´  ¤¨´ ³¨±Ê Î ¸É¨Í.
‚ µÉ¤¥²¥ ´µ¢ÒÌ Ê¸±µ·¨É¥²¥° ‹Ÿ� �ˆŸˆ ¶·µ¢¥¤¥´  ÉÐ É¥²Ó´ Ö É¥µ·¥É¨Î¥¸± Ö ¶·µ¢¥·± 
¢µ§³µ¦´µ¸É¨ Ê¸±µ·¥´¨Ö ¨´É¥´¸¨¢´ÒÌ ¶ÊÎ±µ¢ ¢ ¸¥±Éµ·´µ³ Í¨±²µÉ·µ´¥ –ˆ-5. „²Ö ·¥Ï¥-
´¨Ö ÔÉµ° § ¤ Î¨ ¡Ò²¨ ¸µ§¤ ´Ò ¶·µ£· ³³Ò PHASCOL [2], KASCADS [3], ¶µ§¢µ²ÖÕÐ¨¥
¨¸¸²¥¤µ¢ ÉÓ ÔËË¥±ÉÒ ¶·µ¸É· ´¸É¢¥´´µ£µ § ·Ö¤ . ’ ±¦¥ ¨¸¶µ²Ó§µ¢ ²¨¸Ó · ´¥¥ ´ ¶¨¸ ´-
´Ò¥ ¶·µ£· ³³Ò ¤·Ê£¨Ì  ¢Éµ·µ¢, É ±¨¥ ± ± NAJO [4], PICS [5]. —¨¸²¥´´Ò¥ · ¸ÎeÉÒ,



‘¨²Ó´µÉµÎ´Ò° Í¨±²µÉ·µ´-¨´¦¥±Éµ· ¤²Ö Ë §µÉ·µ´  �ˆŸˆ 27

�¨¸. 5. �·¡¨ÉÒ Î ¸É¨Í ¢ Ê¸±µ·¨É¥²¥: a) I = 0 ³�; ¡) I = 30 ³�

�¨¸. 6. �±¸¨ ²Ó´µ¥ ¤¢¨¦¥´¨¥ Î ¸É¨Í: a) I = 0 ³�; ¡) I = 30 ³�

¶·µ¢¥¤e´´Ò¥  ¢Éµ· ³¨ ¶µ ¶·¨´Í¨¶¨ ²Ó´µ µÉ²¨Î´Ò³ ³¥Éµ¤¨± ³, ¶µ± § ²¨ ¢µ§³µ¦´µ¸ÉÓ
Ê¸±µ·¨ÉÓ H−-¨µ´Ò ¸ ¶·µ¥±É´µ° ¨´É¥´¸¨¢´µ¸ÉÓÕ [1Ä5].

�  ·¨¸. 5, 6 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ · ¸ÎeÉµ¢ ¤¨´ ³¨±¨ ¶ÊÎ±  ¢ Í¨±²µ-
É·µ´¥-¨´¦¥±Éµ·¥ ¸ ÊÎeÉµ³ ÔËË¥±Éµ¢ ¶·µ¸É· ´¸É¢¥´´µ£µ § ·Ö¤ . „²Ö · ¸ÎeÉµ¢ ¨¸¶µ²Ó-
§µ¢ ²¨¸Ó ± ·ÉÒ Ô²¥±É·¨Î¥¸±µ£µ ¨ ³ £´¨É´µ£µ ¶µ²¥°, ¶µ²ÊÎ¥´´Ò¥ ¢ ·¥§Ê²ÓÉ É¥ Î¨¸²¥´-
´ÒÌ É·eÌ³¥·´ÒÌ · ¸ÎeÉµ¢ ³ £´¨É´µ° ¨ Ê¸±µ·ÖÕÐ¥° ¸¨¸É¥³ Í¨±²µÉ·µ´ . Œµ¤¥²¨·µ¢ ´¨¥
¤¨´ ³¨±¨ Î ¸É¨Í ¶·µ¢µ¤¨²µ¸Ó ¤²Ö ¡ ´Î  ¸ Ë §µ¢µ° ¶·µÉÖ¦e´´µ¸ÉÓÕ 16◦ ‚—, Î ¸É¨ÍÒ
· ¢´µ³¥·´µ · ¸¶·¥¤¥²Ö²¨¸Ó ¢´ÊÉ·¨ Ë §µ¢ÒÌ Ô²²¨¶¸µ¢ ( ±¸¨ ²Ó´Ò° ¨ · ¤¨ ²Ó´Ò° Ô³¨É-
É ´¸Ò ´  ¨´¦¥±Í¨¨ ¸µ¸É ¢²Ö²¨ 50 π · ³³ · ³· ¤). Šµ²¨Î¥¸É¢µ ³ ±·µÎ ¸É¨Í ¢ · ¸ÎeÉ Ì ´¥
¶·¥¢ÒÏ ²µ 10 000.

‡�Š‹�—…�ˆ…

Šµ³¶ÓÕÉ¥·´µ¥ ³µ¤¥²¨·µ¢ ´¨¥ ¤¨´ ³¨±¨ Î ¸É¨Í ¶µ± § ²µ, ÎÉµ ´¥µ¡Ìµ¤¨³Ò° ´ ¡µ·
Ô´¥·£¨¨ ¶·µ¨¸Ìµ¤¨É §  Ï¥¸ÉÓ µ¡µ·µÉµ¢, · §¤¥²¥´¨¥ µ·¡¨É ¸µÌ· ´Ö¥É¸Ö ´  ¶·µÉÖ¦¥´¨¨
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¢¸¥£µ Í¨±²  Ê¸±µ·¥´¨Ö ¶·¨ ¨´É¥´¸¨¢´µ¸É¨ Éµ±  ¢¶²µÉÓ ¤µ 30 ³�,  ³¶²¨ÉÊ¤   ±¸¨ ²Ó´ÒÌ
±µ²¥¡ ´¨° ¶·¨ ÔÉµ³ ´¥ ¶·¥¢ÒÏ ¥É 1,5 ¸³. �´¥·£¥É¨Î¥¸±¨° · §¡·µ¸ ´  ¢Ò¢µ¤¥ ¸µ¸É ¢²Ö¥É
±0,05 ŒÔ‚, ¨²¨ ±1%, ¶·¨ ¸·¥¤´¥³ Éµ±¥ ¶ÊÎ±  0 ³� ¨ ±0,15 ŒÔ‚, ¨²¨ ±3%, ¶·¨ Éµ±¥
30 ³�.

Š·µ³¥ ¶·¨±² ¤´µ° Í¥²¨ Å Ê¢¥²¨Î¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ Ë §µÉ·µ´  �ˆŸˆ Å ¸µ§¤ ´¨¥
Í¨±²µÉ·µ´ -¨´¦¥±Éµ·  ¶µ§¢µ²¨É, ¶·µ¤¥³µ´¸É·¨·µ¢ ¢ Ê¸±µ·¥´¨¥ ¸¨²Ó´µÉµÎ´ÒÌ ¶ÊÎ±µ¢ ¢
Í¨±²¨Î¥¸±µ³ Ê¸±µ·¨É¥²¥, ¶·¨¸ÉÊ¶¨ÉÓ ± · §· ¡µÉ±¥ Ê¸±µ·¨É¥²Ó´ÒÌ ±µ³¶²¥±¸µ¢, ¶·¥¤´ -
§´ Î¥´´ÒÌ ¤²Ö ¨¸¶µ²Ó§µ¢ ´¨Ö ¢ Ô´¥·£¥É¨±¥, ¤²Ö É· ´¸³ÊÉ Í¨¨ µÉ· ¡µÉ ´´µ£µ Ö¤¥·´µ£µ
Éµ¶²¨¢  ¨ · ¤¨µ ±É¨¢´ÒÌ µÉÌµ¤µ¢ ¨ ¤·Ê£¨Ì ¶· ±É¨Î¥¸±¨Ì ¶·¨³¥´¥´¨°, É·¥¡ÊÕÐ¨Ì ¶ÊÎ-
±µ¢ ¡µ²ÓÏµ° ³µÐ´µ¸É¨.

�¢Éµ·Ò ¡² £µ¤ ·´Ò „. ‚. ‚¨´µ£· ¤µ¢µ° ¨ �. …. ‹¨¸¥´±µ¢µ° §  µËµ·³²¥´¨¥ ·Ê±µ¶¨¸¨.
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