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‚. ‘. �²¥±¸ ´¤·μ¢, ƒ. ƒ. ƒÊ²Ó¡¥±Ö´, �.�. Š § ·¨´μ¢
�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, „Ê¡´ 

‘ Í¥²ÓÕ ¶μ¢ÒÏ¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±  ¨μ´μ¢, ¨´¦¥±É¨·Ê¥³ÒÌ ¢ Í¨±²μÉ·μ´, ¨¸¸²¥¤Ê¥É¸Ö
¢μ§³μ¦´μ¸ÉÓ Ëμ±Ê¸¨·μ¢±¨ ¶ÊÎ±  ¶·¨μ¸¥¢Ò³ ¶μÉ¥´Í¨ ²Ó´Ò³ Ô²¥±É·μ¤μ³. �Í¥´¨¢ ÕÉ¸Ö ¢²¨Ö´¨¥
Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö Ô²¥±É·μ¤  ´  Ô³¨ÉÉ ´¸ ¶ÊÎ±  ¨ ¶μÉ¥·¨ Î ¸É¨Í ´  Ô²¥±É·μ¤¥. �¥§Ê²ÓÉ ÉÒ Î¨-
¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¸· ¢´¨¢ ÕÉ¸Ö ¸ É¥μ·¥É¨Î¥¸±¨³¨ μÍ¥´± ³¨.

For increasing of intensity of an ion beam injected in a cyclotron, possibility of focusing by axial
potential electrode is investigated. In	uence of electric ˇeld of an electrode on beam emittance and
particle losses at electrode are estimated. Results of numerical simulation are compared with theoretical
estimations.

PACS: 29.27.-a

‚‚…„…�ˆ…

‚ ± Î¥¸É¢¥ ¨¸ÉμÎ´¨±μ¢ ¨μ´μ¢ ¤²Ö Í¨±²μÉ·μ´μ¢ Ï¨·μ±μ¥ · ¸¶·μ¸É· ´¥´¨¥ ¶μ²ÊÎ¨²¨
�–�-¨¸ÉμÎ´¨±¨. ‚ ¶ÊÎ± Ì É ±¨Ì ¨¸ÉμÎ´¨±μ¢ ¶·¨¸ÊÉ¸É¢ÊÕÉ ¨μ´Ò · §²¨Î´ÒÌ § ·Ö¤´μ¸É¥°.
�μÔÉμ³Ê ¶μ²´Ò° Éμ± ¶ÊÎ± , ± ± ¶· ¢¨²μ, §´ Î¨É¥²Ó´μ ¶·¥¢ÒÏ ¥É Éμ± ¨μ´μ¢ § ·Ö¤´μ¸É¨,
É·¥¡Ê¥³μ° ¤²Ö Ê¸±μ·¥´¨Ö. �Éμ ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ ¸μ¡¸É¢¥´´μ¥ ¶μ²¥ ¨μ´μ¢ ¶·¥¶ÖÉ-
¸É¢Ê¥É Ê¢¥²¨Î¥´¨Õ ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±  ¨§-§  ¤¥Ëμ±Ê¸¨·μ¢±¨ ´  ÊÎ ¸É±¥ ³¥¦¤Ê ¨¸ÉμÎ´¨-
±μ³ ¨ ³ £´¨Éμ³-¸¥¶ · Éμ·μ³. ‚ · ¡μÉ¥ ¨¸¸²¥¤Ê¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ ±μ³¶¥´¸ Í¨¨ ÔËË¥±É 
¸μ¡¸É¢¥´´μ£μ ¶μ²Ö ¶ÊÎ±  ¸ ¶μ³μÐÓÕ ¶·¨μ¸¥¢μ£μ Ô²¥±É·μ¤ , μÍ¥´¨¢ ¥É¸Ö ¢¥²¨Î¨´  É·¥-
¡Ê¥³μ£μ ¶μÉ¥´Í¨ ²  Ô²¥±É·μ¤ , ¶μÉ¥·¨ Î ¸É¨Í ´  ´¥³,   É ±¦¥ ¢²¨Ö´¨¥ ´  Ô³¨ÉÉ ´¸
¶ÊÎ± . �¥§Ê²ÓÉ ÉÒ ¶μ²ÊÎ¥´Ò ¶·¨³¥´¨É¥²Ó´μ ± ¶ÊÎ±Ê ¨μ´μ¢  ·£μ´ , ¨§¢²¥± ¥³ÒÌ ¨§ ¨¸-
ÉμÎ´¨±  DECRIS-4 [1]. Œμ¤¥²¨·μ¢ ´¨¥ ¤¢¨¦¥´¨Ö ¶ÊÎ±  ¨μ´μ¢ ¶·μ¨§¢μ¤¨²μ¸Ó ¸ ¶μ³μÐÓÕ
PIC-±μ¤  MCIB04 [2], ÊÎ¨ÉÒ¢ ÕÐ¥£μ ¸μ¡¸É¢¥´´μ¥ ¶μ²¥ ¶ÊÎ± . „²Ö ¢ÒÎ¨¸²¥´¨Ö ¢´¥Ï´¨Ì
Ô²¥±É·¨Î¥¸±μ£μ ¨ ³ £´¨É´μ£μ ¶μ²¥° ¨¸¶μ²Ó§μ¢ ² ¸Ó ¶·μ£· ³³  POISSON [3].

1. ‘��‘’‚…���… ��‹… �“—Š�

� ¸¸³μÉ·¨³ · ¢´μ³¥·´μ § ·Ö¦¥´´Ò° ¶ÊÎμ± ¨μ´μ¢ ±·Ê£μ¢μ£μ ¸¥Î¥´¨Ö · ¤¨Ê¸μ³ a, ¸
Éμ±μ³ I . �ÊÎμ± ¤¢¨¦¥É¸Ö ¢ § §¥³²¥´´μ° É·Ê¡¥ · ¤¨Ê¸μ³ R. �μÉ¥´Í¨ ² ¸μ¡¸É¢¥´´μ£μ
¶μ²Ö ¶ÊÎ±  ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:
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�¨¸. 1. �μÉ¥´Í¨ ² ¶ÊÎ± 

£¤¥ Ub = 2I/βc, I Å Éμ± ¶ÊÎ± ; β Å ¶·μ¤μ²Ó´ Ö ¸±μ·μ¸ÉÓ ¨μ´μ¢, μÉ´¥¸¥´´ Ö ± ¸±μ·μ¸É¨
¸¢¥É  c.

‡ ¢¨¸¨³μ¸ÉÓ ¶μÉ¥´Í¨ ²  ¶ÊÎ±  ¨μ´μ¢  ·£μ´ , ¶μ²ÊÎ ¥³μ£μ ¢ DECRIS-4, μÉ · ¤¨Ê¸ 
¶·¨ Ub = 38,6 ‚, a = 1 ¸³ ¨ R = 3,5 ¸³ ¶μ± § ´  ´  ·¨¸. 1.

2. ��’…�–ˆ�‹ ��ˆ�‘…‚�ƒ� �‹…Š’��„�

‡ ¢¨¸¨³μ¸ÉÓ μÉ · ¤¨Ê¸  ¶μÉ¥´Í¨ ²  Φe ¶·¨μ¸¥¢μ£μ Ô²¥±É·μ¤  · ¤¨Ê¸μ³ r0 ¨³¥¥É ¸²¥-
¤ÊÕÐ¨° ¢¨¤:

Φe =
U0 − Φb (r0)

ln (R/r0)
ln
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)
, r0 � r � R, (2)

£¤¥ U0 Å ¶μÉ¥´Í¨ ² ´  ¶μ¢¥·Ì´μ¸É¨ Ô²¥±É·μ¤ .
Š ± ¢¨¤´μ ¨§ (2), ËÊ´±Í¨μ´ ²Ó´ Ö § ¢¨¸¨³μ¸ÉÓ ¶μÉ¥´Í¨ ²  Φe É ± Ö ¦¥, ± ± ¨ ¶μÉ¥´-

Í¨ ²  ¶ÊÎ±  Φb ¢´¥ ¥£μ £· ´¨ÍÒ. �μÉ·¥¡μ¢ ¢ · ¢¥´¸É¢  (¸ μ¡· É´Ò³ §´ ±μ³) ¶μÉ¥´Í¨ ²μ¢
Ô²¥±É·μ¤  ¨ ¶ÊÎ±  ¶·¨ r � a, ¶μ²ÊÎ¨³

Φe = −Ub ln
(

R

r

)
, r0 � r � R. (3)

�·¨ É ±μ³ μ¶·¥¤¥²¥´¨¨ ´ ¶·Ö¦¥´¨Ö ´  Ô²¥±É·μ¤¥ ¶μÉ¥´Í¨ ² ¸Ê³³ ·´μ£μ Ô²¥±É·¨Î¥¸±μ£μ
¶μ²Ö ¢´¥ ¶ÊÎ±  · ¢¥´ ´Ê²Õ. ‡ ¢¨¸¨³μ¸ÉÓ ¸Ê³³ ·´μ£μ ¶μÉ¥´Í¨ ²  Φb + Φe ¶μ± § ´ 
´  ·¨¸. 2 ¸¶²μÏ´μ° ±·¨¢μ°. ˜É·¨Ìμ¢Ò³¨ ±·¨¢Ò³¨ ´  ÔÉμ³ ¦¥ ·¨¸Ê´±¥ ¶μ± § ´Ò ¶μ-
É¥´Í¨ ²Ò Ô²¥±É·μ¤  (2) ¸ ¤¨ ³¥É·μ³ ∅ = 100 ³±³ ¨ ¶ÊÎ±  ¤²Ö Ê± § ´´ÒÌ ¢ÒÏ¥ (1)
¶ · ³¥É·μ¢.

� ¤¨ ²Ó´μ¥ Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥ ´  ¶μ¢¥·Ì´μ¸É¨ Ô²¥±É·μ¤  Es μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³Ê²μ°

Es
∼= −Ub

r0
(4)

¨ ¤²Ö Ê± § ´´ÒÌ ¢ÒÏ¥ ¶ · ³¥É·μ¢ ¸μ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê 7,7 ±‚/¸³.
’ ±¨³ μ¡· §μ³, ¶·¨μ¸¥¢μ° Ô²¥±É·μ¤ ¤¨ ³¥É·μ³ 100 ³±³ ¸ ¶·¨²μ¦¥´´Ò³ ´ ¶·Ö-

¦¥´¨¥³ ´  ´¥³ 250 ‚ ¶μ²´μ¸ÉÓÕ ±μ³¶¥´¸¨·Ê¥É ¸μ¡¸É¢¥´´μ¥ ¶μ²¥ ¶ÊÎ±  ¨μ´μ¢  ·£μ´ ,
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�¨¸. 2. ‘Ê³³ ·´Ò° ¶μÉ¥´Í¨ ² ¶ÊÎ±  ¨ Ô²¥±É·μ¤  (∅ = 100 ³±³)

¶μ²ÊÎ¥´´μ£μ ¢ DECRIS-4. �μ¢¥·Ì´μ¸É´μ¥ Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥ ´  Ô²¥±É·μ¤¥ ¶·¨ ÔÉμ³
´¥ ¶·¥¢ÒÏ ¥É 8 ±‚/¸³. “³¥´ÓÏ¥´¨¥ ¤¨ ³¥É·  ¶·¨μ¸¥¢μ£μ Ô²¥±É·μ¤  ´¥¦¥² É¥²Ó´μ, ¶μ-
¸±μ²Ó±Ê ¶·¨¢¥¤¥É ± Ê¢¥²¨Î¥´¨Õ ¶μ¢¥·Ì´μ¸É´μ£μ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö.

3. “‘’���‚Š�

‘Ì¥³  Ê¸É ´μ¢±¨, ¤²Ö ±μÉμ·μ° ¶·μ¢μ¤¨²¨¸Ó · ¸Î¥ÉÒ, ¶μ± § ´  ´  ·¨¸. 3. Œ £´¨É´μ¥
¶μ²¥ (·¨¸. 4) ¸μ§¤ ¥É¸Ö É·¥³Ö ± ÉÊÏ± ³¨ DECRIS-4 ¨ ²¨´§μ°, μÉ¸ÉμÖÐ¥° μÉ ¨μ´´μ£μ
¨¸ÉμÎ´¨±  ´  403 ³³. ‡  ´ Î ²μ ±μμ·¤¨´ É ¶·¨´ÖÉ  ÉμÎ±  Ô±¸É· ±Í¨¨ ¶ÊÎ±  (12 ¸³ μÉ
Í¥´É·  ¨¸ÉμÎ´¨± ). �¡² ¸ÉÓ ³μ¤¥²¨·μ¢ ´¨Ö ¶μ ¶·μ¤μ²Ó´μ° ±μμ·¤¨´ É¥ μÉ 0 ¤μ 100 ¸³,
Ô³¨ÉÉ ´¸ ¶ÊÎ±  ¢ÒÎ¨¸²Ö²¸Ö ´  ¢ÒÌμ¤¥ ¨§ ³ £´¨É´μ£μ ¶μ²Ö. �  μ¸¨ Ê¸É ´μ¢±¨ ¶μ³¥Ð¥´

�¨¸. 3. ‘Ì¥³  Ê¸É ´μ¢±¨
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�¨¸. 4. � ¸¶·¥¤¥²¥´¨¥ ³ £´¨É´μ£μ ¶μ²Ö ´  μ¸¨ Ê¸É ´μ¢±¨
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�¨¸. 5. ‘Ì¥³  · §³¥Ð¥´¨Ö ¶·¨μ¸¥¢μ£μ Ô²¥±É·μ¤ 

¶·¨μ¸¥¢μ° Ô²¥±É·μ¤ (·¨¸. 5) ¤¨ ³¥É·μ³ 100 ³±³, ¶μÉ¥´Í¨ ² ±μÉμ·μ£μ ¢ ·Ó¨·μ¢ ²¸Ö ¢
¶·¥¤¥² Ì 0−2,5 ±‚.

4. ��—�‹œ�›… ����Œ…’�› �“—Š� ˆ���‚

� · ³¥É·Ò ¶ÊÎ± , ¨¸¶μ²Ó§μ¢ ´´Ò¥ ¶·¨ ³μ¤¥²¨·μ¢ ´¨¨, ¶·¨¢¥¤¥´Ò ¢ É ¡²¨Í¥. � Î ²Ó-
´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶μ § ·Ö¤´μ¸ÉÖ³ ¢ ¶ÊÎ±¥  ·£μ´  ¶μ± § ´μ ´  ·¨¸. 6.

�´¥·£¨Ö ¨μ´μ¢, ±Ô‚/q 20

’μ± ¶ÊÎ± , e³� 0Ä12

‘·¥¤´¥±¢ ¤· É¨Î´Ò° Ô³¨ÉÉ ´¸, π · ¸³ · · ¤ 10−4

α 0

β, ¸³/· ¤ 625
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�¨¸. 6. ‘¶¥±É· ¶ÊÎ±   ·£μ´ 
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5. �…‡“‹œ’�’› Œ�„…‹ˆ��‚��ˆŸ

‚ · ¸Î¥É Ì · ¤¨Ê¸ ¢ ±ÊÊ³´μ° É·Ê¡±¨ ¡Ò² ¶·¨´ÖÉ 5 ¸³, ÎÉμ¡Ò ¨§¡¥¦ ÉÓ ¶μÉ¥·Ó ¨μ´μ¢
´  ´¥° ¨ ¢Ò¤¥²¨ÉÓ ¶μÉ¥·¨ ´  ¶·¨μ¸¥¢μ³ Ô²¥±É·μ¤¥. Šμ²¨Î¥¸É¢μ ³ ±·μÎ ¸É¨Í μÉ 5000
¤μ 10000. �  ·¨¸. 7Ä10 ¶μ± § ´Ò Ì · ±É¥·´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö Éμ±  ¶ÊÎ±  1,2 ³� ¨
§´ Î¥´¨° ¶μÉ¥´Í¨ ²  Ô²¥±É·μ¤  0 ¨ Ä250 ‚.

�¨¸. 7. ’· ¥±Éμ·¨¨ Î ¸É¨Í ¶ÊÎ±  ¨ ³ £´¨É´μ¥ ¶μ²¥. Φe = 0

�¨¸. 8. ’· ¥±Éμ·¨¨ Î ¸É¨Í ¶ÊÎ±  ¨ ³ £´¨É´μ¥ ¶μ²¥. Φe = 250 ‚
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�¨¸. 9. �£¨¡ ÕÐ¨¥ ¶ÊÎ± , Φe = 0
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�¨¸. 10. �³¨ÉÉ ´¸, Φe = 0
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�¨¸. 11. �£¨¡ ÕÐ¨¥ ¶ÊÎ± , Φe = 250 ‚ �¨¸. 12. �³¨ÉÉ ´¸, Φe = 250 ‚

�¨¸. 13. ”¨´ ²Ó´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¨μ´μ¢ ´  ¶²μ¸±μ¸É¨ XX ′ ¨ ¸¥Î¥´¨¨ ¶ÊÎ± . –¢¥É  ÉμÎ¥±,

¨§μ¡· ¦ ÕÐ¨Ì · §´Ò¥ § ·Ö¤Ò, ¶μ± § ´Ò ¢ É ¡²¨Î±¥ ´  ·¨¸Ê´±¥

‡�Š‹	—…�ˆ…

�μ²ÊÎ¥´μ Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ ·¥§Ê²ÓÉ Éμ¢ Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¸ É¥μ·¥É¨Î¥¸±¨³¨
μÍ¥´± ³¨. �·¨μ¸¥¢μ° Ô²¥±É·μ¤ ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ ±μ³¶¥´¸¨·μ¢ ÉÓ ¸μ¡¸É¢¥´´μ¥ ¶μ²¥ ¶ÊÎ± 
¨μ´μ¢.

„²Ö ¶ÊÎ±   ·£μ´  ¶·¨¢¥¤¥´´ÒÌ ¢ÒÏ¥ ¶ · ³¥É·μ¢
• Ô³¨ÉÉ ´¸ ¶ÊÎ± , ´ Î¨´ Ö ¸ ´¥±μÉμ·μ£μ §´ Î¥´¨Ö ¶μÉ¥´Í¨ ²  ¶·¨μ¸¥¢μ£μ Ô²¥±É·μ¤ ,

¢ÒÌμ¤¨É ´  Ê·μ¢¥´Ó, ±μÉμ·Ò° ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸¨É μÉ Éμ±  ¶ÊÎ±  (¢ ¶·¥¤¥² Ì
0Ä1,2 ³�). “·μ¢¥´Ó Ô³¨ÉÉ ´¸  ¸μ¸É ¢²Ö¥É ∼ 0,05 ¸³ · · ¤;

• ¸ÊÐ¥¸É¢¥´´ÒÌ ¶μÉ¥·Ó ´  ¶·¨μ¸¥¢μ³ Ô²¥±É·μ¤¥ ´¥ ´ ¡²Õ¤ ²μ¸Ó, ¤²Ö Éμ±μ¢ ¶ÊÎ± 
0Ä1,2 ³� μ´¨ ¸μ¸É ¢²Ö²¨ ¤μ²¨ ¶·μÍ¥´É .
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