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‚ · ¡μÉ¥ μ¶¨¸Ò¢ ¥É¸Ö μ¶É¨³¨§ Í¨Ö ¶ · ³¥É·μ¢ ³ £´¨É´μ° ¸¨¸É¥³Ò ³´μ£μÍ¥²¥¢μ£μ ¨§μÌ·μ´-
´μ£μ Í¨±²μÉ·μ´ , ±μÉμ· Ö ¶·μ¢μ¤¨É¸Ö ¸ Í¥²ÓÕ Ê²ÊÎÏ¥´¨Ö · §¤¥²¥´¨Ö ¤¢ÊÌ ¶μ¸²¥¤´¨Ì μ·¡¨É ¨
Ê¢¥²¨Î¥´¨Ö ±μÔËË¨Í¨¥´É  ¢Ò¢μ¤  ¶ÊÎ±μ¢ ¨μ´μ¢. �·¨ ÔÉμ³ ·¥£Ê²¨·ÊÕÉ¸Ö ± ± Ë §  Í¥´É·  ¡ ´Î 
Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ ´  · ¤¨Ê¸¥ · ¸¶μ²μ¦¥´¨Ö Ô²¥±É·μ¸É É¨Î¥¸±μ£μ ¤¥Ë²¥±Éμ· , É ± ¨  ³¶²¨ÉÊ¤  ¨
Ë §  ¶¥·¢μ° £ ·³μ´¨±¨ · ¡μÎ¥£μ ³ £´¨É´μ£μ ¶μ²Ö ´  · ¤¨Ê¸¥ § ¡·μ¸  ¶ÊÎ±  ¢ Ô²¥±É·μ¸É É¨Î¥¸±¨°
¤¥Ë²¥±Éμ·. �¥£Ê²¨·μ¢±  μ¸ÊÐ¥¸É¢²Ö¥É¸Ö §  ¸Î¥É ¨§³¥´¥´¨Ö Éμ±μ¢ ¢ ±μ´Í¥´É·¨Î¥¸±¨Ì ¨ ¢ ¤¢ÊÌ
¶ · Ì £ ·³μ´¨Î¥¸±¨Ì ± ÉÊÏ¥± ±μ··¥±Í¨¨ ¶¥·¢μ° £ ·³μ´¨±¨ ·¥§Ê²ÓÉ¨·ÊÕÐ¥£μ ³ £´¨É´μ£μ ¶μ²Ö.
’ ±¦¥ · ¸¸³ É·¨¢ ¥É¸Ö ´¥μ¤´μ·μ¤´ Ö ¸¨¸É¥³  ´¥²¨´¥°´ÒÌ  ²£¥¡· ¨Î¥¸±¨Ì Ê· ¢´¥´¨°. „ ´´ Ö ¸¨-
¸É¥³  ¶μ§¢μ²Ö¥É ¶μ § ¤ ´´Ò³ §´ Î¥´¨Ö³  ³¶²¨ÉÊ¤Ò ¨ Ë §Ò ¶¥·¢μ° £ ·³μ´¨±¨ · ¡μÎ¥£μ ³ £´¨É´μ£μ
¶μ²Ö ¶·¨ μ¶·¥¤¥²¥´´μ³ §´ Î¥´¨¨ · ¤¨Ê¸  ·¥Ï¨ÉÓ μ¡· É´ÊÕ § ¤ ÎÊ · ¸Î¥É  Éμ±μ¢ ¢ ¤¢ÊÌ ¶ · Ì £ ·-
³μ´¨Î¥¸±¨Ì ± ÉÊÏ¥±. ‚ · ¡μÉ¥ ¶·¨¢μ¤ÖÉ¸Ö ·¥§Ê²ÓÉ ÉÒ Ë¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´Éμ¢, ¢Ò¶μ²´¥´´ÒÌ ¢
 ¶·¥²¥ 2011 £. ´  ³´μ£μÍ¥²¥¢μ³ ¨§μÌ·μ´´μ³ Í¨±²μÉ·μ´¥ �ˆ–-144.

In this work the optimization of the magnetic system parameters of the multi-purpose isochronous
cyclotron is described. The adjustment is carried out for the purpose of improvement of separation of
two last orbits and increase in the factor of ion beam extraction. The phase of accelerated ion bunch
center in the radius of arrangement of the electrostatic de	ector is adjusted. The ˇrst harmonic amplitude
and the ˇrst harmonic phase of the working magnetic ˇeld are also adjusted in the radius of throwing
beam into the electrostatic de	ector. The adjustment is carried out by changing currents in trim coils
and two pairs of harmonious coils of correction of the ˇrst harmonic of the resulting magnetic ˇeld.
In this article the nonuniform system of nonlinear algebraic equations is described. The system allows
ˇnding the solution of the inverse task of calculation of currents in two pairs of harmonic coils. The
calculation is carried out with using preset values of amplitude and phase of the ˇrst harmonic taken in a
certain radius of the working magnetic ˇeld. The results of physical experiments executed in April 2011
on the multi-purpose isochronous cyclotron AIC-144 are also given.

PACS: 29.20.dg
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‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¨§μÌ·μ´´Ò¥ Í¨±²μÉ·μ´Ò ´ Ìμ¤ÖÉ ¶·¨³¥´¥´¨¥ ± ± ¢ μ¡² ¸É¨ ´ -
ÊÎ´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, É ± ¨ ¢ μ¡² ¸É¨ ³¥¤¨Í¨´Ò. ‚ ¤ ´´μ° · ¡μÉ¥ · ¸¸³ É·¨¢ ¥É¸Ö ¨§μ-
Ì·μ´´Ò° Í¨±²μÉ·μ´ �ˆ–-144, · ¸¶μ²μ¦¥´´Ò° ¢ ˆ´¸É¨ÉÊÉ¥ Ö¤¥·´μ° Ë¨§¨±¨ �μ²Ó¸±μ°
 ± ¤¥³¨¨ ´ Ê± (ˆŸ” ���) ¢ Š· ±μ¢¥. �¸´μ¢´Ò¥ ¶ · ³¥É·Ò ¤ ´´μ£μ Ê¸±μ·¨É¥²Ö ¶·¨¢¥-
¤¥´Ò ¢ É ¡². 1 (http://www.ifj.edu.pl/str/dc/pages/eng index.html).
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’ ¡²¨Í  1. �¸´μ¢´Ò¥ ¶ · ³¥É·Ò �ˆ–-144

‚¥¸, É 140
„¨ ³¥É· ¶μ²Õ¸  ³ £´¨É , ¸³ 144

Œ £´¨É´ Ö ¸É·Ê±ÉÊ·  4 ¸¥±Éμ·  ¸ Ê£²μ³ ¸¶¨· ²Ó´μ¸É¨
μÉ 45 ¤μ 54 ◦ (¸¶¨· ²Ó´Ò¥

Ï¨³³Ò ±·¥¶ÖÉ¸Ö ¨§´ÊÉ·¨ ± ¢¥·Ì´¥°
¨ ´¨¦´¥° ±·ÒÏ± ³ ¢ ±ÊÊ³´μ° ± ³¥·Ò)

Œ £´¨É´μ¥ ¶μ²¥, ’² 0,85Ä1,8

’μ± £² ¢´μ° ± ÉÊÏ±¨, � 0Ä650

—¨¸²μ ±μ´Í¥´É·¨Î¥¸±¨Ì ± ÉÊÏ¥± 20

—¨¸²μ £ ·³μ´¨Î¥¸±¨Ì ± ÉÊÏ¥± 4
’μ±¨ ¢ ±μ´Í¥´É·¨Î¥¸±¨Ì ±400
¨ £ ·³μ´¨Î¥¸±¨Ì ± ÉÊÏ± Ì, �

—¨¸²μ ¤Ê ´Éμ¢ 1 (α = 180 ◦)

— ¸ÉμÉ  ‚—-£¥´¥· Éμ· , ŒƒÍ 10Ä27

ŒμÐ´μ¸ÉÓ ‚—-£¥´¥· Éμ· , ±‚É 120

� ¶·Ö¦¥´¨¥ ´  ¤Ê ´É Ì, ±‚ 65
‘¨¸É¥³  ¢Ò¢μ¤  ¶ÊÎ±μ¢ ¨μ´μ¢ 4 £ ·³μ´¨Î¥¸±¨Ì ± ÉÊÏ±¨, É·¥Ì-
´  μ¸´μ¢¥ ³¥Éμ¤  ¶·¥Í¥¸¸¨¨ Í¥´É·  μ·¡¨É ¸¥±Í¨μ´´Ò° Ô²¥±É·μ¸É É¨Î¥¸±¨° ¤¥Ë²¥±Éμ·,

¤¢  ¶ ¸¸¨¢´ÒÌ ¨ μ¤¨´  ±É¨¢´Ò° ³ £´¨É´Ò° ± ´ ²

ˆ¸ÉμÎ´¨± ¨μ´μ¢ ‚´ÊÉ·¥´´¨°, PIG

„ ¢²¥´¨¥ ¢ ¢ ±ÊÊ³´μ° ± ³¥·¥, ³¡ · 6 · 10−6

�ˆ–-144 Å ³´μ£μÍ¥²¥¢μ° ¨§μÌ·μ´´Ò° Í¨±²μÉ·μ´, ÎÉμ ¶μ§¢μ²Ö¥É ¨¸¶μ²Ó§μ¢ ÉÓ ¥£μ
¤²Ö Ê¸±μ·¥´¨Ö Î ¸É¨Í É·¥Ì É¨¶μ¢ ¸ · §²¨Î´Ò³¨ μÉ´μÏ¥´¨Ö³¨ Î¨¸²  ¸É ´¤ ·É´ÒÌ ¥¤¨´¨Í
 Éμ³´μ° ³ ¸¸Ò ± Î¨¸²Ê Ô²¥³¥´É ·´ÒÌ § ·Ö¤μ¢ (A/Z). ‚ É ¡². 2 ¶·¨¢¥¤¥´Ò É¨¶Ò Î ¸É¨Í,
Ê¸±μ·Ö¥³ÒÌ ´  �ˆ–-144.

’ ¡²¨Í  2. ’¨¶Ò Î ¸É¨Í, Ê¸±μ·Ö¥³ÒÌ ´  �ˆ–-144

’¨¶ Î ¸É¨Í A/Z Š¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö, ŒÔ‚

�·μÉμ´Ò 1 20Ä60

„¥°É·μ´Ò 2 15Ä30

α-Î ¸É¨ÍÒ 2 30Ä60

�ˆ–-144 · §· ¡μÉ ´ ¶·¥¦¤¥ ¢¸¥£μ ¸ Í¥²ÓÕ Ê¸±μ·¥´¨Ö ¶ÊÎ±  ¶·μÉμ´μ¢ ¸ ±¨´¥É¨Î¥¸±μ°
Ô´¥·£¨¥° ¢Ò¢μ¤  Ekin ∼ 60 ŒÔ‚, ±μÉμ·Ò° ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¶·¨³¥´Ö¥É¸Ö ¤²Ö ¶·μÉμ´´μ°
É¥· ¶¨¨ ³¥² ´μ³Ò £² §  (μ¸´μ¢´μ° ·¥¦¨³ · ¡μÉÒ Í¨±²μÉ·μ´ ). �ˆ–-144 É ±¦¥ ¨¸¶μ²Ó§Ê-
¥É¸Ö ¤²Ö ¶·μ¨§¢μ¤¸É¢  · §²¨Î´ÒÌ ¢¨¤μ¢ · ¤¨μ¨§μÉμ¶μ¢ (http://www.ifj.edu.pl/str/dc/pages/
eng index.html).

�¥¦¨³ · ¡μÉÒ ³´μ£μÍ¥²¥¢μ£μ ¨§μÌ·μ´´μ£μ Í¨±²μÉ·μ´  �ˆ–-144 Ì · ±É¥·¨§Ê¥É¸Ö ¢
μ¸´μ¢´μ³ ¸²¥¤ÊÕÐ¨³¨ ¶ · ³¥É· ³¨: É¨¶μ³ Ê¸±μ·Ö¥³ÒÌ Î ¸É¨Í, §´ Î¥´¨¥³ Ê¸±μ·ÖÕÐ¥£μ
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´ ¶·Ö¦¥´¨Ö ´  ¤Ê ´É Ì, §´ Î¥´¨¥³ Î ¸ÉμÉÒ ‚—-£¥´¥· Éμ· , §´ Î¥´¨Ö³¨ Éμ±μ¢ ¢ ± ÉÊÏ± Ì
Ê¸±μ·¨É¥²Ö, · ¤¨Ê¸μ³ · ¸¶μ²μ¦¥´¨Ö Ô²¥±É·μ¸É É¨Î¥¸±μ£μ ¤¥Ë²¥±Éμ· .

‚ �ˆ–-144 ¨³¥¥É¸Ö É·¨ ¢¨¤  ± ÉÊÏ¥±:

• £² ¢´ Ö ± ÉÊÏ± , ¶·¥¤´ §´ Î¥´´ Ö ¤²Ö ¢μ§¡Ê¦¤¥´¨Ö £² ¢´μ£μ ³ £´¨É , Ëμ·³¨·ÊÕ-
Ð¥£μ μ¸´μ¢´μ¥ ³ £´¨É´μ¥ ¶μ²¥ Bmain (r, θ);

• ¤¢ ¤Í ÉÓ ¢²μ¦¥´´ÒÌ ¤·Ê£ ¢ ¤·Ê£  ±μ´Í¥´É·¨Î¥¸±¨Ì ± ÉÊÏ¥±, ¶·¥¤´ §´ Î¥´´ÒÌ ¤²Ö
Ëμ·³¨·μ¢ ´¨Ö ·¥§Ê²ÓÉ¨·ÊÕÐ¥£μ ³ £´¨É´μ£μ ¶μ²Ö Bres (r, θ) ± ± ¸Ê³³Ò μ¸´μ¢´μ£μ ³ £´¨É-
´μ£μ ¶μ²Ö Bmain (r, θ) ¨ ¢±² ¤μ¢ μÉ 20 ±μ´Í¥´É·¨Î¥¸±¨Ì ± ÉÊÏ¥± Badd, i (r, θ), i = 1−20;

• ¤¢¥ ¶ ·Ò £ ·³μ´¨Î¥¸±¨Ì ± ÉÊÏ¥±, ¶·¥¤´ §´ Î¥´´ÒÌ ¤²Ö ±μ··¥±Í¨¨ ¶¥·¢μ° £ ·-
³μ´¨±¨ ·¥§Ê²ÓÉ¨·ÊÕÐ¥£μ ³ £´¨É´μ£μ ¶μ²Ö Bres (r, θ), ¢μ§´¨± ÕÐ¥° ¨§-§  ´¥ÉμÎ´μ¸É¥°
¸¡μ·±¨ ³ £´¨É´μ° ¸¨¸É¥³Ò ¨ Ê¸É ´μ¢±¨ ¢ ±ÊÊ³´μ° ± ³¥·Ò.

�¶É¨³¨§ Í¨Ö ¶ · ³¥É·μ¢ ³ £´¨É´μ° ¸¨¸É¥³Ò ³´μ£μÍ¥²¥¢μ£μ ¨§μÌ·μ´´μ£μ Í¨±²μÉ·μ´ 
¶·μ¢μ¤¨É¸Ö ¸ Í¥²ÓÕ Ê²ÊÎÏ¥´¨Ö · §¤¥²¥´¨Ö ¤¢ÊÌ ¶μ¸²¥¤´¨Ì μ·¡¨É ¨ Ê¢¥²¨Î¥´¨Ö ±μÔË-
Ë¨Í¨¥´É  ¢Ò¢μ¤  ¶ÊÎ±  ¨μ´μ¢. ‚´ Î ²¥ ·¥£Ê²¨·Ê¥É¸Ö Ë §  Í¥´É·  ¡ ´Î  Ê¸±μ·¥´´ÒÌ
¶·μÉμ´μ¢ ´  · ¤¨Ê¸¥ · ¸¶μ²μ¦¥´¨Ö Ô²¥±É·μ¸É É¨Î¥¸±μ£μ ¤¥Ë²¥±Éμ·  (´  ¢Ìμ¤¥ ¢ É·¥Ì-
¸¥±Í¨μ´´Ò° Ô²¥±É·μ¸É É¨Î¥¸±¨° ¤¥Ë²¥±Éμ·). “± § ´´ Ö Ë §  μÉ¸Î¨ÉÒ¢ ¥É¸Ö μÉ Í¥´É· 
¤Ê ´É , ±μ£¤  Ê¸±μ·ÖÕÐ¥¥ ´ ¶·Ö¦¥´¨¥ ´  ¤Ê ´É¥ · ¢´μ ´Ê²Õ, ¨ ´ Î¨´ ¥É ¢μ§· ¸É ÉÓ. �¥-
£Ê²¨·μ¢±  μ¸ÊÐ¥¸É¢²Ö¥É¸Ö §  ¸Î¥É ¨§³¥´¥´¨Ö Éμ±  ¢μ ¢Éμ·μ° ±μ´Í¥´É·¨Î¥¸±μ° ± ÉÊÏ±¥,
¢±² ¤ μÉ ±μÉμ·μ° ¢²¨Ö¥É ´   ³¶²¨ÉÊ¤Ê Í¥´É· ²Ó´μ£μ ¡ ³¶ . �¥£Ê²¨·μ¢±  Ë §Ò Í¥´É· 
¡ ´Î  ¶μ§¢μ²Ö¥É ¤μ¸É¨ÎÓ ²ÊÎÏ¥£μ · §¤¥²¥´¨Ö ¤¢ÊÌ ¶μ¸²¥¤´¨Ì μ·¡¨É. ‡ É¥³ μ¶É¨³¨§¨-
·ÊÕÉ¸Ö  ³¶²¨ÉÊ¤  ¨ Ë §  ¶¥·¢μ° £ ·³μ´¨±¨ · ¡μÎ¥£μ ³ £´¨É´μ£μ ¶μ²Ö Bwork (r, θ), ¢
±μÉμ·μ³ ¨ ¶·μ¨§¢μ¤¨É¸Ö Ê¸±μ·¥´¨¥ ¨μ´μ¢. �¶É¨³¨§ Í¨Ö μ¸ÊÐ¥¸É¢²Ö¥É¸Ö §  ¸Î¥É ¨§³¥-
´¥´¨Ö Éμ±μ¢ ¢ ¤¢ÊÌ ¶ · Ì £ ·³μ´¨Î¥¸±¨Ì ± ÉÊÏ¥± ±μ··¥±Í¨¨ ¶¥·¢μ° £ ·³μ´¨±¨ ·¥§Ê²Ó-
É¨·ÊÕÐ¥£μ ³ £´¨É´μ£μ ¶μ²Ö Bres (r, θ). Šμ··¥±É¨·μ¢±  ¶¥·¢μ° £ ·³μ´¨±¨ ¶·μ¨§¢μ¤¨É¸Ö
¸ Í¥²ÓÕ ¸μ§¤ ´¨Ö ¶·¥Í¥¸¸¨¨ Í¥´É·μ¢ μ·¡¨É Ê¸±μ·Ö¥³ÒÌ ¨μ´μ¢ (±μ£¥·¥´É´ÒÌ ±μ²¥¡ ´¨°
Ê¸±μ·Ö¥³ÒÌ ¨μ´μ¢) ´  ±μ´¥Î´ÒÌ · ¤¨Ê¸ Ì Ê¸±μ·¥´¨Ö. �Éμ ¶μ§¢μ²Ö¥É ¤μ¸É¨ÎÓ ± ± ²ÊÎ-
Ï¥£μ · §¤¥²¥´¨Ö ¤¢ÊÌ ¶μ¸²¥¤´¨Ì μ·¡¨É, É ± ¨ ´Ê¦´μ£μ Ê£²  ¢Ìμ¤  ¶ÊÎ±  Ê¸±μ·¥´´ÒÌ
¨μ´μ¢ ¢ Ô²¥±É·μ¸É É¨Î¥¸±¨° ¤¥Ë²¥±Éμ·. ƒ ·³μ´¨Î¥¸±¨¥ ± ÉÊÏ±¨, ¢Ìμ¤ÖÐ¨¥ ¢ ¶¥·¢ÊÕ
¶ ·Ê, ¨³¥ÕÉ ´μ³¥· : º21 ¨ º23, ¢μ ¢Éμ·ÊÕ Å º22 ¨ º24. ‚ ± ¦¤μ° ¶ ·¥ £ ·³μ-
´¨Î¥¸±¨¥ ± ÉÊÏ±¨ ¸μ¥¤¨´¥´Ò É ±¨³ μ¡· §μ³, ÎÉμ ±μ£¤  μ¤´  ¨§ ± ÉÊÏ¥± ¤ ¥É ¶μ²μ¦¨-
É¥²Ó´Ò° ¢±² ¤ ¢ ·¥§Ê²ÓÉ¨·ÊÕÐ¥¥ ³ £´¨É´μ¥ ¶μ²¥ Bres (r, θ), Éμ ¤·Ê£ Ö Å μÉ·¨Í É¥²Ó´Ò°.
�·¨ ÔÉμ³ Éμ± ¢ ± ÉÊÏ±¥ º23 ¨³¥¥É Éμ ¦¥ ¸ ³μ¥  ¡¸μ²ÕÉ´μ¥ §´ Î¥´¨¥, ÎÉμ ¨ Éμ± ¢
± ÉÊÏ±¥ ¸ º21, ´μ ¢§ÖÉμ¥ ¸ ¶·μÉ¨¢μ¶μ²μ¦´Ò³ §´ ±μ³. �´ ²μ£¨Î´μ · ¸¸³ É·¨¢ ÕÉ¸Ö
Éμ±¨ ¢ ± ÉÊÏ± Ì ¸ ´μ³¥· ³¨: º24 ¨ º22. „ ²¥¥, ¤²Ö Ê¤μ¡¸É¢ , ¡Ê¤ÊÉ Ê± §Ò¢ ÉÓ¸Ö
Éμ²Ó±μ É¥ Éμ±¨, ±μÉμ·Ò¥ § ¤ ÕÉ¸Ö ¢ £ ·³μ´¨Î¥¸±¨Ì ± ÉÊÏ± Ì ¸ ´μ³¥· ³¨: º21 ¨ º22.
�·¨ ÔÉμ³ ¨´¤¥±¸ Í¨Ö Éμ±μ¢ ¡Ê¤¥É ¸μμÉ¢¥É¸É¢μ¢ ÉÓ ¨´¤¥±¸ Í¨¨ Ê± § ´´ÒÌ £ ·³μ´¨Î¥¸±¨Ì
± ÉÊÏ¥±.

Œ¥Éμ¤¨±  ³ É¥³ É¨Î¥¸±μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ´μ¢ÒÌ ·¥¦¨³μ¢ · ¡μÉÒ ³´μ£μÍ¥²¥¢ÒÌ ¨§μ-
Ì·μ´´ÒÌ Í¨±²μÉ·μ´μ¢ ¸ μ¶¨¸ ´¨¥³ ³ É¥³ É¨Î¥¸±μ° ³μ¤¥²¨, ¶·¥¤´ §´ Î¥´´μ° ¤²Ö · ¸Î¥É 
Éμ±μ¢ ¢ μ¸´μ¢´μ° ¨ ±μ´Í¥´É·¨Î¥¸±¨Ì ± ÉÊÏ± Ì, ¶·¨¢¥¤¥´   ¢Éμ· ³¨ ¢ · ¡μÉ¥ [1]. �²£μ-
·¨É³ Ê²ÊÎÏ¥´¨Ö Ê¸Éμ°Î¨¢μ¸É¨ ·¥Ï¥´¨°, ¶μ²ÊÎ ¥³ÒÌ ¶·¨ ³μ¤¥²¨·μ¢ ´¨¨ ´μ¢ÒÌ ·¥¦¨³μ¢
· ¡μÉÒ, μ¶¨¸ ´  ¢Éμ· ³¨ ¢ · ¡μÉ¥ [2]. �¶¨¸ ´¨¥ ±μ³¶²¥±¸  ¶·μ£· ³³ Cyclotron Opera-
tor Help Program Complex (2004Ä2011), Ê¸É ´μ¢²¥´´μ£μ ´  ¸¥·¢¥·¥ �ˆ–-144, ¶·¨¢¥¤¥´μ
¢ [3]. �²£μ·¨É³ μ¶É¨³¨§ Í¨¨  ³¶²¨ÉÊ¤Ò ¨ Ë §Ò ¶¥·¢μ° £ ·³μ´¨±¨ · ¡μÎ¥£μ ³ £´¨É´μ£μ
¶μ²Ö Bwork (r, θ) ¶·¥¤¸É ¢²¥´ ¢ [4].
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1. Œ�’…Œ�’ˆ—…‘Š�Ÿ Œ�„…‹œ ��‘—…’� ’�Š�‚
‚ „‚“• ����• ƒ��Œ��ˆ—…‘Šˆ• Š�’“˜…Š

„²Ö · ¸Î¥É  Éμ±μ¢ ¢ ¤¢ÊÌ ¶ · Ì £ ·³μ´¨Î¥¸±¨Ì ± ÉÊÏ¥± ¶·¨ μ¶·¥¤¥²¥´´μ³ Ê·μ¢´¥
Éμ±  ¢ £² ¢´μ° ± ÉÊÏ±¥  ¢Éμ· ³¨ ¢Ò¶μ²´¥´ £ ·³μ´¨Î¥¸±¨°  ´ ²¨§ · ¡μÎ¥£μ ³ £´¨É´μ£μ
¶μ²Ö Bwork (r, θ):

Bwork (r, θ) = Bres (r, θ) +
22∑

k=21

(Bk,max (r, θ) I∗k ), I∗k =
Ik

Ik,max
, Ik,max > 0, (1)

§¤¥¸Ó Bres (r, θ) Å ÔÉμ ·¥§Ê²ÓÉ¨·ÊÕÐ¥¥ ³ £´¨É´μ¥ ¶μ²¥; Ik(Ik,max) Å Éμ± (³ ±¸¨³ ²Ó-
´Ò° Éμ±) ¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¶ ·¥ £ ·³μ´¨Î¥¸±¨Ì ± ÉÊÏ¥±; Bk,max (r, θ) Å ³ ±¸¨³ ²Ó´Ò°
¢±² ¤ ¢ ·¥§Ê²ÓÉ¨·ÊÕÐ¥¥ ³ £´¨É´μ¥ ¶μ²¥ Bres (r, θ) μÉ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¶ ·Ò £ ·³μ´¨-
Î¥¸±¨Ì ± ÉÊÏ¥±, ¢ ±μÉμ·μ° § ¤ ´ ³ ±¸¨³ ²Ó´Ò° Éμ± Ik,max. � §²μ¦¥´¨¥ ¢ ·Ö¤ ”Ê·Ó¥
· ¡μÎ¥£μ ³ £´¨É´μ£μ ¶μ²Ö Bwork (r, θ) ¶·¥¤¸É ¢²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Bwork (r, θ) = B (r) +
∑

n

[Hn (r) cos (θn) + Gn (r) sin (θn)], (2)

Bwork (r, θ) = B (r) +
∑

n

[Bn (r) cos (n (θ − ϕn (r)))], (3)

Hn (r) =
B0

π

2π+θ0∫

θ0

[B∗
work (r, θ) cos (θn)]dθ,

Gn (r) =
B0

π

2π+θ0∫

θ0

[B∗
work (r, θ) sin (θn)]dθ,

(4)

B∗
work (r, θ) =

Bwork(r, θ)
B0

, n = 1, 2, . . . (5)

�μ¸²¥ ¶μ¤¸É ´μ¢±¨ (1) ¢ (5) ¢Ò· ¦¥´¨¥ ¤²Ö · ¡μÎ¥£μ ³ £´¨É´μ£μ ¶μ²Ö B∗
work (r, θ) ¢

¡¥§· §³¥·´μ³ ¢¨¤¥ ¢Ò£²Ö¤¨É É ±:

B∗
work (r, θ) = B∗

res (r, θ) +
22∑

k=21

(
B∗

k,max (r, θ) I∗k
)
,

B∗
res (r, θ) =

Bres (r, θ)
B0

, B∗
k,max (r, θ) =

Bk,max (r, θ)
B0

, n = 1, 2, . . .

(6)

‚ Ëμ·³Ê² Ì (1)Ä(6) B (r) Å ÔÉμ ¸·¥¤´¥¥ ³ £´¨É´μ¥ ¶μ²¥; Hn (r), Gn (r) Å ±μÔËË¨-
Í¨¥´ÉÒ ”Ê·Ó¥ ¤²Ö n-° £ ·³μ´¨±¨; Bn (r), ϕn (r) Å  ³¶²¨ÉÊ¤  ¨ Ë §  n-° £ ·³μ´¨±¨;
B0 Å ±μÔËË¨Í¨¥´É ¤²Ö ¶·¨¢¥¤¥´¨Ö §´ Î¥´¨° ³ £´¨É´μ£μ ¶μ²Ö ± ¡¥§· §³¥·´μ³Ê ¢¨¤Ê;
θ0 Å ¸É ·Éμ¢Ò°  §¨³ÊÉ ²Ó´Ò° Ê£μ² ´ Î ²  ¨§³¥·¥´¨° ± ·É ³ £´¨É´ÒÌ ¶μ²¥°. ‘μ¶μ¸É -
¢²ÖÖ ¢Ò· ¦¥´¨Ö (2) ¨ (3), ±μÔËË¨Í¨¥´ÉÒ ”Ê·Ó¥ ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

Hn (r) = B0B
∗
n (r) cos (ϕn (r) n) ,

Gn (r) = B0B
∗
n (r) sin (ϕn (r) n) ,

B∗
n (r) =

Bn (r)
B0

, n = 1, 2, . . .

(7)
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�μ¸²¥ ¶μ¤¸É ´μ¢±¨ (6) ¢ ¶· ¢Ò¥ Î ¸É¨ Ê· ¢´¥´¨° (4) ¨ ¶·¨· ¢´¨¢ ´¨Ö ¤·Ê£ ¤·Ê£Ê
¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¶· ¢ÒÌ Î ¸É¥° Ëμ·³Ê² (4) ¨ (7) ¶μ²ÊÎ ¥É¸Ö ´¥μ¤´μ·μ¤´ Ö ¸¨¸É¥³  ´¥-
²¨´¥°´ÒÌ  ²£¥¡· ¨Î¥¸±¨Ì Ê· ¢´¥´¨°, ±μÉμ· Ö · ¸¸³ É·¨¢ ¥É¸Ö ¤²Ö §´ Î¥´¨Ö n = 1:

‖ai,j (r)‖ · ‖I∗k‖ = ‖bi (r, I∗k )‖ , (8)

a1,1 (r) =

2π+θ0∫

θ0

[
B∗

21,max (r, θ) cos (θ · n)
]
dθ, a1,2 (r) =

2π+θ0∫

θ0

[
B∗

22,max (r, θ) cos (θ · n)
]
dθ,

a2,1 (r) =

2π+θ0∫

θ0

[
B∗

21,max (r, θ) sin (θ · n)
]
dθ, a2,2 (r) =

2π+θ0∫

θ0

[
B∗

22,max (r, θ) sin (θ · n)
]
dθ,

(9)

b1 (r, I∗k ) = πB∗
n (r, I∗k ) cos (ϕn (r, I∗k )n) −

2π+θ0∫

θ0

[B∗
res (r, θ) cos (θ · n)]dθ,

b2 (r, I∗k ) = πB∗
n (r, I∗k ) sin (ϕn (r, I∗k )n) −

2π+θ0∫

θ0

[B∗
res (r, θ) sin (θ · n)]dθ,

i, j = 1, 2, k = 21, 22, n = 1.

(10)

ˆ´É¥£·¨·μ¢ ´¨¥ ¶μ¤Ò´É¥£· ²Ó´ÒÌ ¢Ò· ¦¥´¨° (9) ¨ (10) ¶μ  §¨³ÊÉ ²Ó´μ³Ê Ê£²Ê ¢Ò-
¶μ²´Ö¥É¸Ö ¸ ¶μ³μÐÓÕ ±¢ ¤· ÉÊ·´ÒÌ Ëμ·³Ê² ‘¨³¶¸μ´ . �·¨ Ë¨±¸¨·μ¢ ´´ÒÌ §´ Î¥´¨ÖÌ
 ³¶²¨ÉÊ¤Ò ¨ Ë §Ò ¶¥·¢μ° £ ·³μ´¨±¨ ´¥μ¤´μ·μ¤´ Ö ¸¨¸É¥³  ´¥²¨´¥°´ÒÌ  ²£¥¡· ¨Î¥-
¸±¨Ì Ê· ¢´¥´¨° (8)Ä(10) ¶·¥¢· Ð ¥É¸Ö ¢ ´¥μ¤´μ·μ¤´ÊÕ ¸¨¸É¥³Ê ²¨´¥°´ÒÌ  ²£¥¡· ¨Î¥-
¸±¨Ì Ê· ¢´¥´¨°. �·¨ ÔÉμ³ Ô²¥³¥´ÉÒ ³ É·¨ÍÒ ±μÔËË¨Í¨¥´Éμ¢ (9) ¨ ¢¥±Éμ·  ¸¢μ¡μ¤´ÒÌ
Î²¥´μ¢ (10) ai,j , bi, i, j = 1, 2, ´ Ìμ¤ÖÉ¸Ö ¶·¨ μ¶·¥¤¥²¥´´μ³ §´ Î¥´¨¨ · ¤¨Ê¸ . �²£μ·¨É³
μ¶É¨³¨§ Í¨¨  ³¶²¨ÉÊ¤Ò ¨ Ë §Ò ¶¥·¢μ° £ ·³μ´¨±¨ · ¡μÎ¥£μ ³ £´¨É´μ£μ ¶μ²Ö Bwork (r, θ)
´  μ¸´μ¢¥ ¨¸¶μ²Ó§μ¢ ´¨Ö ·¥Ï¥´¨° ´¥μ¤´μ·μ¤´μ° ¸¨¸É¥³Ò ´¥²¨´¥°´ÒÌ  ²£¥¡· ¨Î¥¸±¨Ì
Ê· ¢´¥´¨° (8)Ä(10) ¶·¥¤¸É ¢²¥´ ¢ [4].

2. �…‡“‹œ’�’› ”ˆ‡ˆ—…‘Šˆ• �Š‘�…�ˆŒ…�’�‚

‚ ¨Õ´¥ 2009 £. ¤²Ö ³´μ£μÍ¥²¥¢μ£μ ¨§μÌ·μ´´μ£μ Í¨±²μÉ·μ´  �ˆ–-144 ¶·μ¢¥¤¥´μ ³μ-
¤¥²¨·μ¢ ´¨¥ μ¸´μ¢´μ£μ ·¥¦¨³  ¥£μ · ¡μÉÒ (¨¸Ìμ¤´Ò¥ ¤ ´´Ò¥: ¶·μÉμ´Ò, Î ¸ÉμÉ  ‚—-
£¥´¥· Éμ·  Frf = 26,155 ŒƒÍ, ´ ¶·Ö¦¥´¨¥ ´  ¤Ê ´É Ì Uduant = 56 ±‚, · ¤¨Ê¸ · ¸-
¶μ²μ¦¥´¨Ö Ô²¥±É·μ¸É É¨Î¥¸±μ£μ ¤¥Ë²¥±Éμ·  Rdef = 63,5 ¸³). Œμ¤¥²¨·μ¢ ´¨¥ μ¸ÊÐ¥-
¸É¢²¥´μ ¸ ¶μ³μÐÓÕ ±μ³¶²¥±¸  ¶·μ£· ³³ Cyclotron Operator HELP 2009, · §· ¡μÉ ´´μ£μ
´  Ö§Ò±¥ ‘++ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ MS Visual C++ .NET. �¥§Ê²ÓÉ ÉÒ § ¶Ê¸±  ¨ Ô±¸¶²Ê-
 É Í¨¨ �ˆ–-144 ¢ μ¸´μ¢´μ³ ·¥¦¨³¥ · ¡μÉÒ ¶·¥¤¸É ¢²¥´Ò ¢ [1]. �μ ·¥§Ê²ÓÉ É ³ ·Ö¤ 
Ë¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´Éμ¢, ¶·μ¢¥¤¥´´ÒÌ 04.06.2009 £., · ¸¸Î¨É ´Ò ± ± ±μÔËË¨Í¨¥´É
§ ¡·μ¸  ¨ ¶·μÌμ¦¤¥´¨Ö ¶ÊÎ±  Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ Î¥·¥§ É·¥Ì¸¥±Í¨μ´´Ò° Ô²¥±É·μ¸É É¨Î¥-
¸±¨° ¤¥Ë²¥±Éμ·, É ± ¨ ±μÔËË¨Í¨¥´É ¢Ò¢μ¤  ¶ÊÎ±  ¨§ Ê¸±μ·¨É¥²Ö:
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1) ±μÔËË¨Í¨¥´É § ¡·μ¸  ¨ ¶·μÌμ¦¤¥´¨Ö Å μÉ´μÏ¥´¨¥ Éμ±  ¢´ÊÉ·¥´´¥£μ ¶ÊÎ±  ´ 
· ¤¨Ê¸¥ ±μ´Í  ¶² Éμ ¥£μ §´ Î¥´¨° (Ibeam,internal = 120 ´� ´  · ¤¨Ê¸¥ R = 62 ¸³ ¤²Ö
Rdef = 63,5 ¸³) ± Éμ±Ê ¢Ò¢¥¤¥´´μ£μ ¶ÊÎ±  §  É·¥Ì¸¥±Í¨μ´´Ò³ Ô²¥±É·μ¸É É¨Î¥¸±¨³ ¤¥-
Ë²¥±Éμ·μ³;

2) ±μÔËË¨Í¨¥´É ¢Ò¢μ¤  Å μÉ´μÏ¥´¨¥ Éμ±  ¢´ÊÉ·¥´´¥£μ ¶ÊÎ±  ´  · ¤¨Ê¸¥ ±μ´Í  ¶² Éμ
¥£μ §´ Î¥´¨° (Ibeam,internal = 120 ´� ´  · ¤¨Ê¸¥ R = 62 ¸³ ¤²Ö Rdef = 63,5 ¸³) ± Éμ±Ê
¢Ò¢¥¤¥´´μ£μ ¶ÊÎ±  §  ¶¥·¢Ò³ ±μ··¥±É¨·ÊÕÐ¨³ ³ £´¨Éμ³ ¨μ´μ¶·μ¢μ¤ .

� ¸Î¥ÉÒ ¶·μ¨§¢μ¤¨²¨¸Ó ¶·¨ §´ Î¥´¨¨ Éμ±  ¢ £² ¢´μ° ± ÉÊÏ±¥ Imain coil = 576,14 �,
±μ£¤  ¢Ò¢¥¤¥´´Ò° ¶ÊÎμ± ¨³¥² Ëμ·³Ê ¶· ¢¨²Ó´μ£μ ±·Ê£  ¢ ¸¢μ¥³ ¶μ¶¥·¥Î´μ³ ¸¥Î¥´¨¨.
�·¨ ÔÉμ³ ±μÔËË¨Í¨¥´É § ¡·μ¸  ¨ ¶·μÌμ¦¤¥´¨Ö ¸μ¸É ¢¨² Kpas = 2,5 %,   ±μÔËË¨Í¨¥´É
¢Ò¢μ¤  Å Kext = 2,4 %. �·¨ §´ Î¥´¨¨ Éμ±  ¢ £² ¢´μ° ± ÉÊÏ±¥ Imain coil = 576,3 � Éμ±
¢Ò¢¥¤¥´´μ£μ ¶ÊÎ±  ¨³¥² ´ ¨¡μ²ÓÏ¥¥ §´ Î¥´¨¥. �·¨ ÔÉμ³ ±μÔËË¨Í¨¥´É ¢Ò¢μ¤  ¸μ¸É ¢¨²
Kext = 2,8 %. ‚ ¤ ²Ó´¥°Ï¥³ · ¸Î¥É ±μÔËË¨Í¨¥´É  ¢Ò¢μ¤  ¢¸¥£¤  ¶·μ¨§¢μ¤¨²¸Ö ¤²Ö
´ ¨¡μ²ÓÏ¥£μ §´ Î¥´¨Ö Éμ±  ¢Ò¢¥¤¥´´μ£μ ¶ÊÎ±  ¸ ÊÎ¥Éμ³ ·¥£Ê²¨·μ¢±¨ Éμ±  ¢ £² ¢´μ°
± ÉÊÏ±¥.

‡  ¤¢  £μ¤  Ô±¸¶²Ê É Í¨¨ �ˆ–-144 ¢ Ê± § ´´μ³ ·¥¦¨³¥, ¸ Í¥²ÓÕ Ê²ÊÎÏ¥´¨Ö · §¤¥²¥-
´¨Ö ¤¢ÊÌ ¶μ¸²¥¤´¨Ì μ·¡¨É Ê¸±μ·Ö¥³ÒÌ ¨μ´μ¢, Ê¸²μ¢¨Ö · ¡μÉÒ Í¨±²μÉ·μ´  ¡Ò²¨ ¨§³¥´¥´Ò
¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

• ´ ¶·Ö¦¥´¨¥ ´  ¤Ê ´É Ì Ê¢¥²¨Î¥´μ ¸ Uduant = 56 ±‚ ¤μ Uduant = 60 ±‚;

• Ô²¥±É·μ¸É É¨Î¥¸±¨° ¤¥Ë²¥±Éμ· ¶¥·¥´¥¸¥´ ¸ · ¤¨Ê¸  Rdef = 63,5 ¸³ ´  · ¤¨Ê¸ Rdef =
62,8 ¸³;

• Éμ±¨ ¢ £ ·³μ´¨Î¥¸±¨Ì ± ÉÊÏ± Ì ¨§³¥´¥´Ò ¤²Ö I21 ¸ Ä119 ¤μ Ä150; ¤²Ö I22 ¸ 373 �
¤μ 390 �.

‚ ¶¥·¨μ¤ ¸ Ë¥¢· ²Ö ¶μ  ¶·¥²Ó 2011 £. ´  �ˆ–-144, § ¶ÊÐ¥´´μ³ ¢ μ¸´μ¢´μ³ ·¥¦¨³¥
· ¡μÉÒ ¢ 2009 £., Ê¸¶¥Ï´μ ¶·μ¢¥¤¥´  ¶·μÉμ´´ Ö É¥· ¶¨Ö ³¥² ´μ³Ò £² §  ¶¥·¢ÒÌ ¤¥¢ÖÉ¨
¶ Í¨¥´Éμ¢. �·¨ ³ ±¸¨³ ²Ó´μ³ Éμ±¥ ¶ÊÎ±  ¨§ ¨¸ÉμÎ´¨±  ¨μ´μ¢ ³ ±¸¨³ ²Ó´Ò° Éμ± ¶ÊÎ± 
¢Ò¢¥¤¥´´ÒÌ ¶·μÉμ´μ¢ ¢ ± ³¥·¥ μ¡²ÊÎ¥´¨Ö ¶ Í¨¥´Éμ¢ ¸μ¸É ¢¨² Ibeam,extr.largest = 30 ´�.
‘ Í¥²ÓÕ Ê²ÊÎÏ¥´¨Ö ´ ¤¥¦´μ¸É¨ · ¡μÉÒ Í¨±²μÉ·μ´  ¶¥·¥¤ Í¨±²μÉ·μ´´Ò³ μÉ¤¥²μ³ –¨±²μ-
É·μ´´μ£μ Í¥´É·  ¢ 
·μ´μ¢¨Í¥ ¤¨·¥±Í¨¥° ˆŸ” ��� ¡Ò²  ¶μ¸É ¢²¥´  § ¤ Î  Ê¢¥²¨Î¥´¨Ö
±μÔËË¨Í¨¥´É  ¢Ò¢μ¤  ¶ÊÎ±  Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ (Ê¢¥²¨Î¥´¨Ö ³ ±¸¨³ ²Ó´μ£μ Éμ±  ¶ÊÎ± 
¢Ò¢¥¤¥´´ÒÌ ¶·μÉμ´μ¢ ¤μ Ibeam,extr.largest = 100 ´�). ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¢ ±μ´Í¥  ¶·¥²Ö
2011 £. ´  �ˆ–-144 ¶·μ¢¥¤¥´ ·Ö¤ Ë¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´Éμ¢, ¸¢Ö§ ´´ÒÌ ¸ ·¥£Ê²¨·μ¢±μ°
Ë §Ò Í¥´É·  ¡ ´Î  Ê¸±μ·¥´´ÒÌ ¶·μÉμ´μ¢ ´  · ¤¨Ê¸¥ · ¸¶μ²μ¦¥´¨Ö Ô²¥±É·μ¸É É¨Î¥¸±μ£μ
¤¥Ë²¥±Éμ· , ¸ ¶μ¸²¥¤ÊÕÐ¥° μ¶É¨³¨§ Í¨¥°  ³¶²¨ÉÊ¤Ò ¨ Ë §Ò ¶¥·¢μ° £ ·³μ´¨±¨ · ¡μÎ¥£μ
³ £´¨É´μ£μ ¶μ²Ö Bwork (r, θ).

‚ É ¡². 3 ¶·¥¤¸É ¢²¥´Ò §´ Î¥´¨Ö Éμ±μ¢ ¢ £² ¢´μ° ¨ ±μ´Í¥´É·¨Î¥¸±¨Ì ± ÉÊÏ± Ì, · ¸-
¸Î¨É ´´Ò¥ ¢ 2009 £. ¸ ¶μ³μÐÓÕ ±μ³¶²¥±¸  ¶·μ£· ³³ Cyclotron Operator HELP 2009 ¤²Ö
μ¸´μ¢´μ£μ ·¥¦¨³  · ¡μÉÒ �ˆ–-144. ‚ ÔÉμ° ¦¥ É ¡²¨Í¥ ¶·¨¢¥¤¥´Ò Éμ±¨ ¢ ¤¢ÊÌ ¶ · Ì
£ ·³μ´¨Î¥¸±¨Ì ± ÉÊÏ¥±, §´ Î¥´¨Ö ±μÉμ·ÒÌ · ¸¸Î¨É ´Ò ¸ ¶μ³μÐÓÕ ±μ³¶²¥±¸  ¶·μ£· ³³
Cyclotron Operator HELP 2011. �μ¢ Ö ¢¥·¸¨Ö ±μ³¶²¥±¸  ¶·μ£· ³³ ¶μ§¢μ²Ö¥É Ëμ·³¨·μ-
¢ ÉÓ ´¥ Éμ²Ó±μ ¸·¥¤´¥¥ ³ £´¨É´μ¥ ¶μ²¥ ¢ § ¢¨¸¨³μ¸É¨ μÉ · ¤¨Ê¸ , ´μ ¨ · ¸¸Î¨ÉÒ¢ ÉÓ Éμ±¨
¢ ¤¢ÊÌ ¶ · Ì £ ·³μ´¨Î¥¸±¨Ì ± ÉÊÏ¥± ¶μ § ¤ ´´Ò³ §´ Î¥´¨Ö³  ³¶²¨ÉÊ¤Ò ¨ Ë §Ò ¶¥·¢μ°
£ ·³μ´¨±¨ · ¡μÎ¥£μ ³ £´¨É´μ£μ ¶μ²Ö Bwork (r, θ), ¢§ÖÉÒ³ ¤²Ö μ¶·¥¤¥²¥´´μ£μ · ¤¨Ê¸ .
“¸É ´μ¢²¥´´Ò¥ §´ Î¥´¨Ö: Éμ± ¢ £² ¢´μ° ± ÉÊÏ±¥ Imain coil = (577 ± 1) A, Éμ±¨ ¢ ¤¢ÊÌ
¶ · Ì £ ·³μ´¨Î¥¸±¨Ì ± ÉÊÏ¥± I21 = −117 A, I22 = 364 A.
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’ ¡²¨Í  3. ’μ±¨ ¢ ±μ´Í¥´É·¨Î¥¸±¨Ì ± ÉÊÏ± Ì �ˆ–-144 (2009 £.)

Šμ´Í¥´É·¨Î¥¸± Ö Itrim coil, Šμ´Í¥´É·¨Î¥¸± Ö Itrim coil, Šμ´Í¥´É·¨Î¥¸± Ö Itrim coil,
± ÉÊÏ±  A ± ÉÊÏ±  A ± ÉÊÏ±  A

1 0 8 27 15 Ä358
2 335 9 Ä87 16 Ä388
3 0 10 Ä154 17 0
4 0 11 Ä243 18 Ä265
5 154 12 Ä203 19 Ä116
6 0 13 Ä133 20 0
7 92 14 Ä126

’μ±¨ ¢ £ ·³μ´¨Î¥¸±¨Ì ± ÉÊÏ± Ì μ¶·¥¤¥²ÖÕÉ ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö  ³¶²¨ÉÊ¤Ò ¨ Ë §Ò
¶¥·¢μ° £ ·³μ´¨±¨ · ¡μÎ¥£μ ³ £´¨É´μ£μ ¶μ²Ö Bwork (r, θ), · ¸¸Î¨É ´´Ò¥ ´  · ¤¨Ê¸¥ § -
¡·μ¸  ¶ÊÎ±  ¢ Ô²¥±É·μ¸É É¨Î¥¸±¨° ¤¥Ë²¥±Éμ· Rext = 0,62 ³: B1 = 18,2 ƒ¸; Φ1 = 133 ◦.

” §  Í¥´É·  ¡ ´Î  Ê¸±μ·¥´´ÒÌ ¶·μÉμ´μ¢ ´  · ¤¨Ê¸¥ · ¸¶μ²μ¦¥´¨Ö ¸¥¶ÉÊ³  Ô²¥±É·μ-
¸É É¨Î¥¸±μ£μ ¤¥Ë²¥±Éμ·  ¡Ò²  Ê²ÊÎÏ¥´  §  ¸Î¥É ·¥£Ê²¨·μ¢±¨  ³¶²¨ÉÊ¤Ò Í¥´É· ²Ó´μ£μ
¡ ³¶  · ¡μÎ¥£μ ³ £´¨É´μ£μ ¶μ²Ö Bwork (r, θ). �·¨ ³ ²μ³ Éμ±¥ ¶ÊÎ±  ¨§ ¨¸ÉμÎ´¨±  ¨μ´μ¢
¤²Ö ± ¦¤μ£μ §´ Î¥´¨Ö Éμ±  ¢μ ¢Éμ·μ° ±μ´Í¥´É·¨Î¥¸±μ° ± ÉÊÏ±¥, ¶·¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¥°
¶μ¤¸É·μ°±¥ Éμ±  ¢ £² ¢´μ° ± ÉÊÏ±¥, μ¶·¥¤¥²Ö²¸Ö ´ ¨¡μ²ÓÏ¨° Éμ± ¶ÊÎ±  ¢Ò¢¥¤¥´´ÒÌ
¶·μÉμ´μ¢. ’μ± ¶ÊÎ±  ¢Ò¢¥¤¥´´ÒÌ ¶·μÉμ´μ¢ ¨§³¥·Ö²¸Ö §  Í¨±²μÉ·μ´μ³, ¢´ÊÉ·¨ ¨μ´μ¶·μ-
¢μ¤ , ¶μ¸²¥ ¶·μÌμ¦¤¥´¨Ö ¶ÊÎ±μ³ ¤¢ÊÌ ±μ··¥±É¨·ÊÕÐ¨Ì ³ £´¨Éμ¢ ¨ ¤¢ÊÌ ±¢ ¤·Ê¶μ²¥°.
�¥£Ê²¨·μ¢±  ¶·μ¨§¢μ¤¨² ¸Ó ¸ Í¥²ÓÕ ¶·¨¡²¨§¨ÉÓ ¸¤¢¨£ Ë §Ò Í¥´É·  ¡ ´Î  Ê¸±μ·¥´´ÒÌ
¶·μÉμ´μ¢, ¡¥·ÊÐ¨°¸Ö ´  · ¤¨Ê¸¥ · ¸¶μ²μ¦¥´¨Ö ¸¥¶ÉÊ³  Ô²¥±É·μ¸É É¨Î¥¸±μ£μ ¤¥Ë²¥±-
Éμ·  Rdef = 0,628 ³, ± §´ Î¥´¨Õ Δϕp = 0 ◦. �·¨ ¢Ò¶μ²´¥´¨¨ Ê± § ´´μ£μ Ê¸²μ¢¨Ö
¨ μ¶·¥¤¥²¥´´ÒÌ §´ Î¥´¨ÖÌ  ³¶²¨ÉÊ¤Ò ¨ Ë §Ò ¶¥·¢μ° £ ·³μ´¨±¨ · ¡μÎ¥£μ ³ £´¨É´μ£μ
¶μ²Ö Bwork (r, θ) ¤μ¸É¨£ ¥É¸Ö ´ ¨²ÊÎÏ¥¥ · §¤¥²¥´¨¥ ¤¢ÊÌ ¶μ¸²¥¤´¨Ì μ·¡¨É. �·¨ ÔÉμ³
¸μ§¤ ÕÉ¸Ö ´ ¨²ÊÎÏ¨¥ Ê¸²μ¢¨Ö ¤²Ö § ¡·μ¸  ¶ÊÎ±  Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ ¢ Ô²¥±É·μ¸É É¨Î¥-
¸±¨° ¤¥Ë²¥±Éμ·. �  ·¨¸. 1 ¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ ´ ¨¡μ²ÓÏ¥£μ Éμ±  ¶ÊÎ±  ¢Ò¢¥¤¥´´ÒÌ
¶·μÉμ´μ¢ μÉ Éμ±  ¢μ ¢Éμ·μ° ±μ´Í¥´É·¨Î¥¸±μ° ± ÉÊÏ±¥.

�¨¸. 1. � ¨¡μ²ÓÏ¨° Éμ± ¶ÊÎ±  ¢Ò¢¥¤¥´´ÒÌ ¶·μÉμ´μ¢ ¢ § ¢¨¸¨³μ¸É¨ μÉ Éμ±  ¢μ ¢Éμ·μ° ±μ´Í¥´É·¨-

Î¥¸±μ° ± ÉÊÏ±¥
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’μ± ¢μ ¢Éμ·μ° ±μ´Í¥´É·¨Î¥¸±μ° ± ÉÊÏ±¥ μ£· ´¨Î¥´ ³ ±¸¨³ ²Ó´Ò³ §´ Î¥´¨¥³ Éμ± 
¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ¨¸ÉμÎ´¨±  ¶¨É ´¨Ö Å 400 �. „²Ö ¶μ¸²¥¤ÊÕÐ¥° μ¶É¨³¨§ Í¨¨  ³¶²¨-
ÉÊ¤Ò ¨ Ë §Ò ¶¥·¢μ° £ ·³μ´¨±¨ · ¡μÎ¥£μ ³ £´¨É´μ£μ ¶μ²Ö Bwork (r, θ) ¢Ò¡· ´μ ¸²¥¤ÊÕÐ¥¥
§´ Î¥´¨¥ Éμ±  ¢μ ¢Éμ·μ° ±μ´Í¥´É·¨Î¥¸±μ° ± ÉÊÏ±¥: Itrim coil2 = 395 �. ‚ É ¡². 4 ¶·¥¤-
¸É ¢²¥´Ò §´ Î¥´¨Ö  ³¶²¨ÉÊ¤Ò ¨ Ë §Ò ¶¥·¢μ° £ ·³μ´¨±¨, § ¤ ´´Ò¥ ´  · ¤¨Ê¸¥ § ¡·μ¸ 
¶ÊÎ±  ¢ Ô²¥±É·μ¸É É¨Î¥¸±¨° ¤¥Ë²¥±Éμ· Rext = 0,62 ³,   É ±¦¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³ §´ -
Î¥´¨Ö Éμ±μ¢ ¢ ¤¢ÊÌ ¶ · Ì £ ·³μ´¨Î¥¸±¨Ì ± ÉÊÏ¥±, · ¸¸Î¨É ´´Ò¥ ¸ ¶μ³μÐÓÕ ±μ³¶²¥±¸ 
¶·μ£· ³³ Cyclotron Operator HELP 2011. ‚ É ¡²¨Í¥ É ±¦¥ ¶·¨¢¥¤¥´Ò ´ ¨¡μ²ÓÏ¨¥ ¨§-
³¥·¥´´Ò¥ §´ Î¥´¨Ö Éμ±  ¶ÊÎ±  ¢Ò¢¥¤¥´´ÒÌ ¶·μÉμ´μ¢, ¶μ²ÊÎ¥´´Ò¥ ¶·¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¥°
¶μ¤¸É·μ°±¥ Éμ±  ¢ £² ¢´μ° ± ÉÊÏ±¥.

’ ¡²¨Í  4. ‡ ¢¨¸¨³μ¸ÉÓ Éμ±  ¢Ò¢¥¤¥´´μ£μ ¶ÊÎ±  μÉ · ¸Î¥É´ÒÌ §´ Î¥´¨°  ³¶²¨ÉÊ¤Ò ¨ Ë §Ò
¶¥·¢μ° £ ·³μ´¨±¨

�μ³¥· B1, ƒ¸ Φ1,
◦ IHC21, IHC22, Ibeam extr.largest, Imain coil,

¨§³¥·¥´¨Ö (62 ¸³) (62 ¸³) A A ´� A

1 17 139 Ä146 332 2,2 577,2
2 19 139 Ä157 366 3,4 577,2
3 20 139 Ä163 383 2,4 577,3
4 18,5 139 Ä154 357 3,6 577,3
5 18,5 138 Ä149 359 3,6 577,2
6 18,5 136 Ä137 364 3,1 577,2
7 18,5 141 Ä166 352 3,1 577,2

�¶É¨³ ²Ó´Ò° ¢ ·¨ ´É 18,5 139 Ä154 357 3,6 577,3

’μÎ´μ¸ÉÓ · ¸Î¥É  Éμ±μ¢ ¢ ¤¢ÊÌ ¶ · Ì £ ·³μ´¨Î¥¸±¨Ì ± ÉÊÏ¥± § ¢¨¸¨É μÉ ¢Ò¡· ´´ÒÌ
¤¨ ¶ §μ´μ¢ ¨ Ï £μ¢ ¶μ  ³¶²¨ÉÊ¤¥ ¨ Ë §¥ ¶¥·¢μ° £ ·³μ´¨±¨ · ¡μÎ¥£μ ³ £´¨É´μ£μ ¶μ²Ö
Bwork (r, θ) ¨ ´ Ìμ¤¨É¸Ö ¢ ¶·¥¤¥² Ì ÉμÎ´μ¸É¨ Ê¸É ´μ¢±¨ ¶μ²ÊÎ¥´´ÒÌ §´ Î¥´¨° ´  ¨¸ÉμÎ-
´¨± Ì ¶¨É ´¨Ö: δI = ±1 �. ˆ¸Ìμ¤Ö ¨§ ·¥§Ê²ÓÉ Éμ¢ ·Ö¤  Ë¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´Éμ¢ ¡Ò²¨
μ¶·¥¤¥²¥´Ò μ¶É¨³ ²Ó´Ò¥ §´ Î¥´¨Ö Ï £μ¢ ¶μ  ³¶²¨ÉÊ¤¥ ¨ Ë §¥ ¶¥·¢μ° £ ·³μ´¨±¨, ±μÉμ-
·Ò¥ ¨¸¶μ²Ó§μ¢ ´Ò ¢ ¶μ¸²¥¤ÊÕÐ¨Ì · ¸Î¥É Ì. �É¨ §´ Î¥´¨Ö ¸μ¸É ¢¨²¨: HB1,opt = 0,1 ƒ¸;
HΦ1,opt = 0,5 ◦.

�μ¸²¥ ¶·μ¢¥¤¥´´ÒÌ μ¶¥· Í¨° μ¸´μ¢´μ° ·¥¦¨³ · ¡μÉÒ �ˆ–-144 ¡Ò² § ´μ¢μ ¸³μ¤¥²¨-
·μ¢ ´ ¸ ¶μ³μÐÓÕ ±μ³¶²¥±¸  ¶·μ£· ³³ Cyclotron Operator HELP 2011. �·¨ ÔÉμ³ · ¸Î¥É-
´μ¥ §´ Î¥´¨¥ Éμ±  ¢μ ¢Éμ·μ° ±μ´Í¥´É·¨Î¥¸±μ° ± ÉÊÏ±¥ ¸μ¸É ¢¨²μ Itrim coil2 = 390 �.

’ ¡²¨Í  5. ’μ±¨ ¢ ±μ´Í¥´É·¨Î¥¸±¨Ì ± ÉÊÏ± Ì �ˆ–-144 (2011 £.)

Šμ´Í¥´É·¨Î¥¸± Ö Itrim coil, Šμ´Í¥´É·¨Î¥¸± Ö Itrim coil, Šμ´Í¥´É·¨Î¥¸± Ö Itrim coil,
± ÉÊÏ±  A ± ÉÊÏ±  A ± ÉÊÏ±  A

1 0 8 28 15 Ä357
2 390 9 Ä87 16 Ä388
3 0 10 Ä154 17 0
4 0 11 Ä243 18 Ä268
5 152 12 Ä204 19 Ä111
6 0 13 Ä132 20 0
7 93 14 Ä127
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‡ É¥³ μ¶É¨³¨§ Í¨Ö  ³¶²¨ÉÊ¤Ò ¨ Ë §Ò ¶¥·¢μ° £ ·³μ´¨±¨ · ¡μÎ¥£μ ³ £´¨É´μ£μ ¶μ²Ö
Bwork (r, θ) ¡Ò²  ¶·μ¤¥² ´  § ´μ¢μ. ‚ É ¡². 5 ¶·¥¤¸É ¢²¥´Ò ¶μ²ÊÎ¥´´Ò¥ §´ Î¥´¨Ö Éμ±μ¢
¢ £² ¢´μ°, ±μ´Í¥´É·¨Î¥¸±¨Ì ¨ ¢ ¤¢ÊÌ ¶ · Ì £ ·³μ´¨Î¥¸±¨Ì ± ÉÊÏ¥±. “¸É ´μ¢²¥´´Ò¥ §´ -
Î¥´¨Ö: Éμ± ¢ £² ¢´μ° ± ÉÊÏ±¥ Imain coil = (577± 1) A, Éμ±¨ ¢ ¤¢ÊÌ ¶ · Ì £ ·³μ´¨Î¥¸±¨Ì
± ÉÊÏ¥± I21 = −170 A, I22 = 343 A.

“± § ´´Ò¥ §´ Î¥´¨Ö Éμ±μ¢ ¢ ¤¢ÊÌ ¶ · Ì £ ·³μ´¨Î¥¸±¨Ì ± ÉÊÏ¥± ¸μμÉ¢¥É¸É¢ÊÕÉ ¸²¥-
¤ÊÕÐ¨³ §´ Î¥´¨Ö³  ³¶²¨ÉÊ¤Ò ¨ Ë §Ò ¶¥·¢μ° £ ·³μ´¨±¨ · ¡μÎ¥£μ ³ £´¨É´μ£μ ¶μ²Ö
Bwork (r, θ), · ¸¸Î¨É ´´Ò³ ´  · ¤¨Ê¸¥ § ¡·μ¸  ¶ÊÎ±  ¢ Ô²¥±É·μ¸É É¨Î¥¸±¨° ¤¥Ë²¥±Éμ·
Rext = 0,62 ³: B1 = 18,1 ƒ¸; Φ1 = 142 ◦. ‚¸¥ · ¸Î¥ÉÒ ¸¤¥² ´Ò ´  μ¸´μ¢¥ ¶μ¸²¥¤´¨Ì
¨³¥ÕÐ¨Ì¸Ö ¢ ´ ²¨Î¨¨ ± ·É ³ £´¨É´ÒÌ ¶μ²¥°, ¨§³¥·¥´´ÒÌ ¢ 2006 £. ‘ ÊÎ¥Éμ³ ·¥§Ê²ÓÉ Éμ¢
· ¸Î¥Éμ¢ ¤¨´ ³¨±¨ ¶ÊÎ±  ¶·μÉμ´μ¢, ¢Ò¶μ²´¥´´ÒÌ ¢ ����“ ‹Ÿ� �ˆŸˆ ¢ 2007 £. ¤²Ö
¶μÌμ¦¥£μ μ¸´μ¢´μ£μ ·¥¦¨³  · ¡μÉÒ �ˆ–-144 [5],  ³¶²¨ÉÊ¤  ¨ Ë §  ¶¥·¢μ° £ ·³μ´¨±¨
· ¡μÎ¥£μ ³ £´¨É´μ£μ ¶μ²Ö Bwork (r, θ), · ¸¸Î¨É ´´Ò¥ ´  · ¤¨Ê¸¥ § ¡·μ¸  ¶ÊÎ±  ¢ Ô²¥±-
É·μ¸É É¨Î¥¸±¨° ¤¥Ë²¥±Éμ· Rext = 0,62 ³, ¤μ²¦´Ò ¡ÒÉÓ ¶μ·Ö¤±  B1 ∼ 2 ƒ¸; Φ1 ∼ 200 ◦.
� §´¨Í  ³¥¦¤Ê ¤¢Ê³Ö Ê± § ´´Ò³¨ §´ Î¥´¨Ö³¨  ³¶²¨ÉÊ¤Ò ¶¥·¢μ° £ ·³μ´¨±¨ ¡¥§ ÊÎ¥É 
§´ Î¥´¨Ö Ë §Ò ¶¥·¢μ° £ ·³μ´¨±¨ ¸μ¸É ¢²Ö¥É ΔB1 ≈ 16 ƒ¸. ‘Éμ²Ó §´ Î¨É¥²Ó´ Ö · §´¨Í 
Ê± §Ò¢ ¥É, ¸±μ·¥¥ ¢¸¥£μ, ´  ¸¤¢¨£ ¢ ±ÊÊ³´μ° ± ³¥·Ò, ±μÉμ·Ò° ¤μ²¦¥´ ¡ÒÉÓ Ê¸É· ´¥´.
�μ²ÊÎ¥´´Ò° μ¸´μ¢´μ° ·¥¦¨³ · ¡μÉÒ �ˆ–-144 ¡Ò² Ê¸É ´μ¢²¥´ ´  Í¨±²μÉ·μ´¥. ‚ ¨Éμ£¥
¶ÊÎμ± ¶·μÉμ´μ¢ Ê¸¶¥Ï´μ Ê¸±μ·¥´ ¨ ¢Ò¢¥¤¥´ ¨§ �ˆ–-144. �  ·¨¸. 2 ¨ 3 ¶·¥¤¸É ¢²¥´ Éμ±
¢´ÊÉ·¥´´¥£μ ¶ÊÎ±  Ê¸±μ·Ö¥³ÒÌ ¶·μÉμ´μ¢ ¢ § ¢¨¸¨³μ¸É¨ μÉ · ¤¨Ê¸  ¨ Éμ± ¶ÊÎ±  ¢Ò¢¥¤¥´-
´ÒÌ ¨μ´μ¢ ¶μ¸²¥ É·¥Ì¸¥±Í¨μ´´μ£μ Ô²¥±É·μ¸É É¨Î¥¸±μ£μ ¤¥Ë²¥±Éμ· .

�¨¸. 2. ’μ± ¢´ÊÉ·¥´´¥£μ ¶ÊÎ±  Ê¸±μ·Ö¥³ÒÌ ¨μ´μ¢ ¢ § ¢¨¸¨³μ¸É¨ μÉ · ¤¨Ê¸ . Frf Å Î ¸ÉμÉ  ‚—-

£¥´¥· Éμ· ; Uduant Å ´ ¶·Ö¦¥´¨¥ ´  ¤Ê ´É Ì; Imain coil Å Éμ± ¢ £² ¢´μ° ± ÉÊÏ±¥; Rbump Å · ¤¨Ê¸
±μ´Í  Í¥´É· ²Ó´μ£μ ¡ ³¶ ; Rwork Å · ¤¨Ê¸ · ¡μÎ¥° ÉμÎ±¨ (· ¤¨Ê¸ ¶¥·¥¸¥Î¥´¨Ö ¸·¥¤´¥£μ μ¸´μ¢´μ£μ

Bmain(r) ¨ ¨§μÌ·μ´´μ£μ Bis(r) ³ £´¨É´ÒÌ ¶μ²¥°, ¢§ÖÉÒ° ¢ μ¡² ¸É¨ ±μ´¥Î´ÒÌ · ¤¨Ê¸μ¢ Ê¸±μ·¥´¨Ö
¨ μ¶·¥¤¥²ÖÕÐ¨° §´ Î¥´¨¥ Éμ±  ¢ £² ¢´μ° ± ÉÊÏ±¥); Redge Å · ¤¨Ê¸ ´ Î ²  ±· ¥¢μ£μ ³ £´¨É´μ£μ

¶μ²Ö; Rext Å · ¤¨Ê¸ § ¡·μ¸  ¶ÊÎ±  ¢ É·¥Ì¸¥±Í¨μ´´Ò° Ô²¥±É·μ¸É É¨Î¥¸±¨° ¤¥Ë²¥±Éμ·; Rdef Å

· ¤¨Ê¸ · ¸¶μ²μ¦¥´¨Ö ¸¥¶ÉÊ³  É·¥Ì¸¥±Í¨μ´´μ£μ Ô²¥±É·μ¸É É¨Î¥¸±μ£μ ¤¥Ë²¥±Éμ· ; Ibeam,extr Å Éμ±
¢Ò¢¥¤¥´´μ£μ ¶ÊÎ± 
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�¨¸. 3. ’μ± ¶ÊÎ±  ¢Ò¢¥¤¥´´ÒÌ ¨μ´μ¢ ¶μ¸²¥ É·¥Ì¸¥±Í¨μ´´μ£μ Ô²¥±É·μ¸É É¨Î¥¸±μ£μ ¤¥Ë²¥±Éμ·  ¢

§ ¢¨¸¨³μ¸É¨ μÉ · ¤¨Ê¸  (¸³. ¶μ²´ÊÕ § ¢¨¸¨³μ¸ÉÓ ´  ·¨¸. 2). �¡μ§´ Î¥´¨Ö ¶·¨¢¥¤¥´Ò ¢ ¶μ¤¶¨¸¨

± ·¨¸. 2

�μ ·¥§Ê²ÓÉ É ³ ·Ö¤  Ë¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´Éμ¢, ¶·μ¢¥¤¥´´ÒÌ 22.04.2011, · ¸¸Î¨É ´Ò
± ± ±μÔËË¨Í¨¥´É § ¡·μ¸  ¨ ¶·μÌμ¦¤¥´¨Ö ¶ÊÎ±  Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ Î¥·¥§ É·¥Ì¸¥±Í¨μ´´Ò°
Ô²¥±É·μ¸É É¨Î¥¸±¨° ¤¥Ë²¥±Éμ·, É ± ¨ ±μÔËË¨Í¨¥´É ¢Ò¢μ¤  ¶ÊÎ±  ¨§ Ê¸±μ·¨É¥²Ö:

1) ±μÔËË¨Í¨¥´É § ¡·μ¸  ¨ ¶·μÌμ¦¤¥´¨Ö Å μÉ´μÏ¥´¨¥ Éμ±  ¢´ÊÉ·¥´´¥£μ ¶ÊÎ±  ´ 
· ¤¨Ê¸¥ ±μ´Í  ¶² Éμ ¥£μ §´ Î¥´¨° (Ibeam,internal = 146 ´� ´  · ¤¨Ê¸¥ R = 60 ¸³ ¤²Ö
Rdef = 62,8 ¸³) ± Éμ±Ê ¢Ò¢¥¤¥´´μ£μ ¶ÊÎ±  §  É·¥Ì¸¥±Í¨μ´´Ò³ Ô²¥±É·μ¸É É¨Î¥¸±¨³ ¤¥-
Ë²¥±Éμ·μ³;

2) ±μÔËË¨Í¨¥´É ¢Ò¢μ¤  Å μÉ´μÏ¥´¨¥ Éμ±  ¢´ÊÉ·¥´´¥£μ ¶ÊÎ±  ´  · ¤¨Ê¸¥ ±μ´Í 
¶² Éμ ¥£μ §´ Î¥´¨° (Ibeam,internal = 146 ´� ´  · ¤¨Ê¸¥ R = 60 ¸³ ¤²Ö Rdef = 62,8 ¸³)
± Éμ±Ê ¢Ò¢¥¤¥´´μ£μ ¶ÊÎ±  §  ¤¢Ê³Ö ±μ··¥±É¨·ÊÕÐ¨³¨ ³ £´¨É ³¨ ¨ ¤¢Ê³Ö ±¢ ¤·Ê¶μ²Ö³¨
¨μ´μ¶·μ¢μ¤ .

�·μÉμ´´ Ö É¥· ¶¨Ö ¶¥·¢ÒÌ ¤¥¢ÖÉ¨ ¶ Í¨¥´Éμ¢ ¶·μÏ²  ¶·¨ §´ Î¥´¨¨ ±μÔËË¨Í¨¥´É 
§ ¡·μ¸  ¨ ¶·μÌμ¦¤¥´¨Ö ¶ÊÎ±  Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ Î¥·¥§ É·¥Ì¸¥±Í¨μ´´Ò° Ô²¥±É·μ¸É É¨Î¥-
¸±¨° ¤¥Ë²¥±Éμ· Kpas < 2 %. ˆ§ ¶·¨¢¥¤¥´´ÒÌ ¢ÒÏ¥ ·¥§Ê²ÓÉ Éμ¢ Ë¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´-
Éμ¢ ±μÔËË¨Í¨¥´É § ¡·μ¸  ¨ ¶·μÌμ¦¤¥´¨Ö ¶ÊÎ±  Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ Î¥·¥§ É·¥Ì¸¥±Í¨μ´´Ò°
Ô²¥±É·μ¸É É¨Î¥¸±¨° ¤¥Ë²¥±Éμ· ¸μ¸É ¢¨² Kpas = 3,4 %,   ±μÔËË¨Í¨¥´É ¢Ò¢μ¤  ¶ÊÎ±  ¨§
Ê¸±μ·¨É¥²Ö ¨§³¥´¨²¸Ö ¢ É¥Î¥´¨¥ μ¤´μ° · ¡μÎ¥° ¸³¥´Ò μÉ Kext = 3,3 % ¤μ Kext = 1,9 %.
�μÉ¥·¨ Éμ±  ¶ÊÎ±  ¢Ò¢¥¤¥´´ÒÌ ¶·μÉμ´μ¢ μÉ É·¥Ì¸¥±Í¨μ´´μ£μ Ô²¥±É·μ¸É É¨Î¥¸±μ£μ ¤¥-
Ë²¥±Éμ·  ¤μ Ê± § ´´μ£μ ¢ÒÏ¥ ³¥¸É  ¥£μ ¨§³¥·¥´¨Ö ¢ ¨μ´μ¶·μ¢μ¤¥ ¢ ±μ´Í¥ · ¡μÎ¥° ¸³¥´Ò
¸μ¸É ¢¨²¨ σIbeam,extr.,losses ≈ 43 %, ÎÉμ £μ¢μ·¨É μ ´¥μ¡Ìμ¤¨³μ¸É¨ ´ ¸É·μ°±¨ Ô²¥³¥´Éμ¢
É· ±É  ¶ÊÎ±μ¢ ¢Ò¢¥¤¥´´ÒÌ ¨μ´μ¢.

�  § ¢¥·Ï ÕÐ¥³ ÔÉ ¶¥ ´ ¸É·μ°±¨ ¶ · ³¥É·μ¢ ³ £´¨É´μ° ¸¨¸É¥³Ò �ˆ–-144 ´  ¢ÒÌμ¤¥
¨§ Í¨±²μÉ·μ´  ¶μ ¸¥³¨ ÉμÎ± ³ ¡Ò² ¨§³¥·¥´ Éμ± ¶ÊÎ±  ¢Ò¢¥¤¥´´ÒÌ ¶·μÉμ´μ¢ ¢ § ¢¨¸¨³μ-
¸É¨ μÉ Éμ±  ¢ £² ¢´μ° ± ÉÊÏ±¥. �¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨°, ¶·μ¢μ¤¨¢Ï¨Ì¸Ö ¢ Ê± § ´´μ³ ¢ÒÏ¥
³¥¸É¥ ¨μ´μ¶·μ¢μ¤ , ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 4.

’ ±¨³ μ¡· §μ³, ¶μ¸²¥ ¶·μ¢¥¤¥´´μ° μ¶É¨³¨§ Í¨¨ ¶·¨ ¨§³¥´¥´¨¨ Éμ±  ¶ÊÎ±  ¢Ò¢¥-
¤¥´´ÒÌ ¶·μÉμ´μ¢ μÉ 90% ¤μ 90 % μÉ ¥£μ ´ ¨¡μ²ÓÏ¥£μ §´ Î¥´¨Ö Ibeam,extr.largest = 2 ´�,
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�¨¸. 4. ’μ± ¶ÊÎ±  ¢Ò¢¥¤¥´´ÒÌ ¶·μÉμ´μ¢ ¢ § ¢¨¸¨³μ¸É¨ μÉ Éμ±  ¢ £² ¢´μ° ± ÉÊÏ±¥

Ê¸É ´μ¢²¥´´μ£μ §  ¸Î¥É ·¥£Ê²¨·μ¢±¨ ¨¸ÉμÎ´¨±  ¨μ´μ¢, ¤¨ ¶ §μ´ ¨§³¥´¥´¨Ö Éμ±  ¢ £² ¢´μ°
± ÉÊÏ±¥ ¸μ¸É ¢¨² ΔImain coil = 0,44 �, ÎÉμ £μ¢μ·¨É μ Ìμ·μÏ¥° ¸É ¡¨²Ó´μ¸É¨ μ¸´μ¢´μ£μ
·¥¦¨³  · ¡μÉÒ �ˆ–-144.

‡�Š‹	—…�ˆ…

�¸´μ¢´μ° ·¥¦¨³ · ¡μÉÒ ³´μ£μÍ¥²¥¢μ£μ ¨§μÌ·μ´´μ£μ Í¨±²μÉ·μ´  �ˆ–-144 ¶·¥¤´ -
§´ Î¥´ ¤²Ö Ê¸±μ·¥´¨Ö ¶ÊÎ±  ¶·μÉμ´μ¢ ¸ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¥° ¢Ò¢μ¤  Ekin ∼ 60 ŒÔ‚,
¶·¨³¥´ÖÕÐ¥£μ¸Ö ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¤²Ö ¶·μÉμ´´μ° É¥· ¶¨¨ ³¥² ´μ³Ò £² §  ¶ Í¨¥´-
Éμ¢. �ˆ–-144 É ±¦¥ ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ¶·μ¨§¢μ¤¸É¢  · §²¨Î´ÒÌ ¢¨¤μ¢ · ¤¨μ¨§μÉμ¶μ¢
(http://www.ifj.edu.pl/str/dc/pages/eng index.html). 
² £μ¤ ·Ö ÉμÎ´μ¸É¨ · ¸Î¥Éμ¢, ¸¤¥² ´-
´ÒÌ ¸ ¶μ³μÐÓÕ ±μ³¶²¥±¸  ¶·μ£· ³³ Cyclotron Operator HELP 2009, μ¸´μ¢´μ° ·¥¦¨³
· ¡μÉÒ �ˆ–-144 ¶μ²ÊÎ¥´ ¡¥§ ¶·μ¢¥¤¥´¨Ö ± ±¨Ì-²¨¡μ ¤μ¶μ²´¨É¥²Ó´ÒÌ ³ £´¨É´ÒÌ ¨§³¥-
·¥´¨°, ¶·¨¢μ¤ÖÐ¨Ì ± μ¸É ´μ¢±¥, · §¡μ·±¥ Í¨±²μÉ·μ´  ¨ ¶μÉ¥·Ö³ · ¡μÎ¥£μ ¢·¥³¥´¨. �ÉμÉ
·¥¦¨³ ¡Ò² Ê¸¶¥Ï´μ § ¶ÊÐ¥´ ´  Í¨±²μÉ·μ´¥ ¢ 2009 £. ¡¥§ Ô³¶¨·¨Î¥¸±μ° ¶μ¤¸É·μ°±¨ Éμ±μ¢
¢ ±μ´Í¥´É·¨Î¥¸±¨Ì ± ÉÊÏ± Ì ¨ ¡¥§ ±μ··¥±Í¨¨ Î ¸ÉμÉÒ ‚—-£¥´¥· Éμ· . ‚¢¨¤Ê ¦¥¸É±¨Ì
¢·¥³¥´´ÒÌ · ³μ±, Ê¸É ´μ¢²¥´´ÒÌ ¤¨·¥±Í¨¥° ˆŸ” ���, · ¸Î¥É´μ-Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¨É¥· Í¨¨ ¤²Ö μ¸´μ¢´μ£μ ·¥¦¨³  · ¡μÉÒ �ˆ–-144 ´¥ ¶·μ¢μ¤¨²¨¸Ó. �·¨ ÔÉμ³ Éμ± ¶ÊÎ± 
¢Ò¢¥¤¥´´ÒÌ ¶·μÉμ´μ¢ ¡Ò² ¨§³¥·¥´ §  ¶¥·¢Ò³ ±μ··¥±É¨·ÊÕÐ¨³ ³ £´¨Éμ³ ¨μ´μ¶·μ¢μ¤ .
‚ ¶¥·¨μ¤ ¸ Ë¥¢· ²Ö ¶μ  ¶·¥²Ó 2011 £. ´  �ˆ–-144 Ê¸¶¥Ï´μ ¶·μ¢¥¤¥´  ¶·μÉμ´´ Ö É¥· -
¶¨Ö ³¥² ´μ³Ò £² §  ¶¥·¢ÒÌ ¤¥¢ÖÉ¨ ¶ Í¨¥´Éμ¢ (¶¨¸Ó³μ ¤¨·¥±Í¨¨ ˆŸ” ��� ± ¤¨·¥±Í¨¨
‹Ÿ� �ˆŸˆ μÉ 27  ¶·¥²Ö 2011 £. BD/48/2011). �μ¸²¥ ¶·μ¢¥¤¥´¨Ö ¶·μÉμ´´μ° É¥· ¶¨¨
μ¶É¨³¨§¨·μ¢ ´ μ¸´μ¢´μ° ·¥¦¨³ · ¡μÉÒ �ˆ–-144. �·¨ ÔÉμ³ §´ Î¥´¨¥ ±μÔËË¨Í¨¥´É 
¢Ò¢μ¤  ¶ÊÎ±  Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ Ê¢¥²¨Î¥´μ ¶μ ¸· ¢´¥´¨Õ ¸ ¢¥²¨Î¨´μ°, ¨³¥¢Ï¥° ³¥¸Éμ
¶·¨ ¶·μ¢¥¤¥´¨¨ ¶·μÉμ´´μ° É¥· ¶¨¨, ¢ ¸·¥¤´¥³ ¢ K = 2,2 · § . �μ¸±μ²Ó±Ê ¢ ±ÊÊ³´ Ö
± ³¥·  ¸μ¤¥·¦¨É ³ £´¨É´Ò¥ Ô²¥³¥´ÉÒ (¸¶¨· ²Ó´Ò¥ Ï¨³³Ò, ±μÉμ·Ò¥ ±·¥¶ÖÉ¸Ö ¨§´ÊÉ·¨
¢ ±ÊÊ³´μ° ± ³¥·Ò), ¥¥ ¶μ²μ¦¥´¨¥ μÉ´μ¸¨É¥²Ó´μ Í¥´É· ²Ó´μ° μ¸¨, ¶·μÌμ¤ÖÐ¥° Î¥·¥§ ¶μ-
²Õ¸  £² ¢´μ£μ ³ £´¨É , ¢²¨Ö¥É ´  ¢¥²¨Î¨´Ê ¶¥·¢μ° £ ·³μ´¨±¨ · ¡μÎ¥£μ ³ £´¨É´μ£μ ¶μ²Ö
Bwork (r, θ). �Î¥¢¨¤´μ, ¸ Í¥²ÓÕ §´ Î¨É¥²Ó´μ£μ Ê¢¥²¨Î¥´¨Ö ±μÔËË¨Í¨¥´É  ¢Ò¢μ¤  ´¥μ¡-
Ìμ¤¨³μ Ê¸É ´μ¢¨ÉÓ ¢ ±ÊÊ³´ÊÕ ± ³¥·Ê ¢ É ±μ¥ ¶μ²μ¦¥´¨¥, ¶·¨ ±μÉμ·μ³  ³¶²¨ÉÊ¤  ¶¥·¢μ°
£ ·³μ´¨±¨ B1 ´¥ ¡Ê¤¥É ¶·¥¢ÒÏ ÉÓ (3±1) ƒ¸ ´  · ¤¨Ê¸¥ § ¡·μ¸  ¶ÊÎ±  Ê¸±μ·¥´´ÒÌ ¨μ´μ¢
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¢ Ô²¥±É·μ¸É É¨Î¥¸±¨° ¤¥Ë²¥±Éμ· Rext = 0,62 ³. �μ¸²¥ Ë¨±¸ Í¨¨ ¢ ±ÊÊ³´μ° ± ³¥·Ò ¢
¢Ò¡· ´´μ³ ¶μ²μ¦¥´¨¨ ´¥μ¡Ìμ¤¨³μ ¨§³¥·¨ÉÓ ± ·ÉÒ μ¸´μ¢´ÒÌ ³ £´¨É´ÒÌ ¶μ²¥° ¶·¨ É·¥Ì
Ê·μ¢´ÖÌ Éμ±  ¢ £² ¢´μ° ± ÉÊÏ±¥ Imain coil = 570; 585; 600 � (Éμ±¨ ¢ ±μ´Í¥´É·¨Î¥¸±¨Ì ¨ ¢
¤¢ÊÌ ¶ · Ì £ ·³μ´¨Î¥¸±¨Ì ± ÉÊÏ¥± · ¢´Ò ´Ê²Õ),   É ±¦¥ ± ·ÉÒ ¤μ¶μ²´¨É¥²Ó´ÒÌ ³ £´¨É-
´ÒÌ ¶μ²¥° ¶·¨ Ê·μ¢´¥ Éμ±  ¢ £² ¢´μ° ± ÉÊÏ±¥ Imain coil = 570 � (Éμ±¨ ¢ ¡¥·ÊÐ¨Ì¸Ö ¶μ
μÎ¥·¥¤¨ ±μ´Í¥´É·¨Î¥¸±¨Ì ¨ ¢ ¤¢ÊÌ ¶ · Ì £ ·³μ´¨Î¥¸±¨Ì ± ÉÊÏ¥± ¨³¥ÕÉ ³ ±¸¨³ ²Ó´Ò¥
§´ Î¥´¨Ö). Š·μ³¥ Éμ£μ, ¸ Í¥²ÓÕ ¶¥·¢¨Î´μ° ± ²¨¡·μ¢±¨ ¸·¥¤´¨Ì ³ £´¨É´ÒÌ ¶μ²¥° ¢±² ¤μ¢
±μ´Í¥´É·¨Î¥¸±¨Ì ± ÉÊÏ¥± ¢ μ¸´μ¢´μ¥ ³ £´¨É´μ¥ ¶μ²¥ Bmain (r, θ) ´¥μ¡Ìμ¤¨³μ ¶·μ¢¥¸É¨
¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ³ £´¨É´Ò¥ ¨§³¥·¥´¨Ö ¢ Í¥´É·¥ Í¨±²μÉ·μ´  ¢ É¥Î¥´¨¥ μ¤´μ£μ ¸¥ ´¸ 
· ¡μÉÒ Ê¸±μ·¨É¥²Ö. �¥·¢¨Î´ Ö ± ²¨¡·μ¢±  ¸·¥¤´¨Ì ³ £´¨É´ÒÌ ¶μ²¥° ¢±² ¤μ¢ É·¥¡Ê¥É¸Ö
¤²Ö Éμ£μ, ÎÉμ¡Ò Ê¸É· ´¨ÉÓ ¢²¨Ö´¨¥ μ¸É ÉμÎ´μ° ´ ³ £´¨Î¥´´μ¸É¨ ¦¥²¥§  £² ¢´μ£μ ³ £´¨É 
´  ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ± ·É ¤μ¶μ²´¨É¥²Ó´ÒÌ ³ £´¨É´ÒÌ ¶μ²¥°, ¶·μ¢μ¤ÖÐ¨Ì¸Ö ¢ É¥Î¥-
´¨¥ ·Ö¤  ¸¥ ´¸μ¢ · ¡μÉÒ Ê¸±μ·¨É¥²Ö. ‡ É¥³ ´¥μ¡Ìμ¤¨³μ ¶¥·¥¸Î¨É ÉÓ ¨¸Ìμ¤´Ò¥ ¤ ´´Ò¥.
‘ Í¥²ÓÕ Ê¢¥²¨Î¥´¨Ö ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ ¶·μÉμ´μ¢ ¢ ± ³¥·¥ μ¡²ÊÎ¥´¨Ö ¶ Í¨¥´Éμ¢ ´ 
ΔEkin ≈ 0,5 ŒÔ‚ μ¸´μ¢´μ° ·¥¦¨³ · ¡μÉÒ �ˆ–-144 ¤μ²¦¥´ ¡ÒÉÓ · ¸¸Î¨É ´ ¤²Ö Î ¸ÉμÉÒ
‚—-£¥´¥· Éμ·  Frf = 26,25 ŒƒÍ [2]. „²Ö Ê³¥´ÓÏ¥´¨Ö Ë §μ¢ÒÌ ¶μÉ¥·Ó ¶·μÉμ´μ¢ ¢ μ¡² ¸É¨
¨§μÌ·μ´¨§ Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö ´¥μ¡Ìμ¤¨³μ ¶·μ¢¥¸É¨ μ¤´Ê · ¸Î¥É´μ-Ô±¸¶¥·¨³¥´É ²Ó´ÊÕ
¨É¥· Í¨Õ, ±μÉμ· Ö ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¸²¥¤ÊÕÐ¨¥ μ¶¥· Í¨¨: · ¸Î¥É μ¸´μ¢´μ£μ ·¥¦¨³  · -
¡μÉÒ ¤²Ö ¢Ò¡· ´´μ° Î ¸ÉμÉÒ ‚—-£¥´¥· Éμ· ; ¨§³¥·¥´¨¥ ± ·ÉÒ · ¡μÎ¥£μ ³ £´¨É´μ£μ ¶μ²Ö
Bwork (r, θ); ¶¥·¥¸Î¥É μ¸´μ¢´μ£μ ·¥¦¨³  · ¡μÉÒ �ˆ–-144; § ¶Ê¸± ¶μ²ÊÎ¥´´μ£μ ·¥¦¨³ 
· ¡μÉÒ ´  Í¨±²μÉ·μ´¥; ¶·μ¢¥¤¥´¨¥ ·¥£Ê²¨·μ¢±¨ Ë §Ò Í¥´É·  ¡ ´Î  Ê¸±μ·¥´´ÒÌ ¶·μÉμ-
´μ¢ ´  ¢Ìμ¤¥ ¢ Ô²¥±É·μ¸É É¨Î¥¸±¨° ¤¥Ë²¥±Éμ· ¸ ¶μ¸²¥¤ÊÕÐ¥° μ¶É¨³¨§ Í¨¥°  ³¶²¨ÉÊ¤Ò
¨ Ë §Ò ¶¥·¢μ° £ ·³μ´¨±¨ · ¡μÎ¥£μ ³ £´¨É´μ£μ ¶μ²Ö Bwork (r, θ).

‚ ¨Éμ£¥ ¶·¨´ÖÉÒ¥ ³¥·Ò ¤μ²¦´Ò ¶·¨¢¥¸É¨ ± Ê³¥´ÓÏ¥´¨Õ Ë §μ¢ÒÌ ¶μÉ¥·Ó ¶·μÉμ´μ¢
¢ μ¡² ¸É¨ · ¡μÎ¨Ì · ¤¨Ê¸μ¢ Ê¸±μ·¥´¨Ö ¨ Ê¢¥²¨Î¥´¨Õ ±μÔËË¨Í¨¥´É  ¢Ò¢μ¤  ¶ÊÎ±  Ê¸±μ-
·¥´´ÒÌ ¨μ´μ¢ ¨§ ³´μ£μÍ¥²¥¢μ£μ ¨§μÌ·μ´´μ£μ Í¨±²μÉ·μ´  �ˆ–-144.

� ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ Ë¨´ ´¸μ¢μ° ¶μ¤¤¥·¦±¥ �””ˆ, £· ´É º10-01-00467- .
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