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„¥°¸É¢¨¥ ³ £´¨É´ÒÌ ±μ³¶μ´¥´É ¶μ²Ö, ¸μ§¤ ¢ ¥³μ£μ ‚—-¸¨¸É¥³μ° ¶·¨ · ¡μÉ¥ Í¨±²μÉ·μ´ , ³μ-
¦¥É ¶·¨¢μ¤¨ÉÓ ± ¨§³¥´¥´¨Õ ¶μ¶¥·¥Î´ÒÌ · §³¥·μ¢ ¶ÊÎ±  ¨ Ë §μ¢μ° ¶·μÉÖ¦¥´´μ¸É¨ ¸£Ê¸É±μ¢ ¶·¨
Ê¸±μ·¥´¨¨. Š ± ¸²¥¤¸É¢¨¥, ³μ£ÊÉ ¨§³¥´¨ÉÓ¸Ö Ë §μ¢Ò¥ ¶μ·É·¥ÉÒ ¶ÊÎ±  ´  ¢Ìμ¤¥ ¢ ¤¥Ë²¥±Éμ·,  
§´ Î¨É, ¨ ÔËË¥±É¨¢´μ¸ÉÓ ¢Ò¢μ¤´μ° ¸¨¸É¥³Ò Ê¸±μ·¨É¥²Ö. �μ²ÊÎ¥´Ò ¢Ò· ¦¥´¨Ö ¤²Ö ±μ³¶μ´¥´É
³ £´¨É´μ£μ ¶μ²Ö μÉ ‚—-¸¨¸É¥³Ò ¢ μ±·¥¸É´μ¸É¨ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨ Í¨±²μÉ·μ´ . �·¨ ¶μ³μÐ¨
· ¸Î¥Éμ¢ ¶μ± § ´μ ¢²¨Ö´¨¥ ÔÉμ£μ ¶μ²Ö ´  ¶ · ³¥É·Ò ¶ÊÎ±  ¶·¨ Ê¸±μ·¥´¨¨ ¨ ´  ¢Ìμ¤¥ ¢ Ô²¥±É·μ-
¸É É¨Î¥¸±¨° ¤¥Ë²¥±Éμ·. „²Ö ¶·μÉμ´´μ£μ Í¨±²μÉ·μ´  ‘235 ¢¥²¨Î¨´  ¨§³¥´¥´¨Ö ¶ · ³¥É·μ¢ ¶ÊÎ± 
¶·¨¡²¨§¨² ¸Ó ± 50%.

Magnetic components of HF-ˇeld in a cyclotron can lead to change of the transverse beam size
as well as bunch phase width during the acceleration. As a consequence the beam phase portraits
at entrance of the electrostatic de
ector of extraction system can be distorted and efˇciency of the
extraction system changed. Analytical description of the magnetic ˇeld components from HF-system is
obtained in a vicinity of a cyclotron median plane. In
uence of this ˇeld on the beam parameters during
acceleration and at the de
ector entrance is shown by numerical simulation of the beam dynamics in
C235 cyclotron. The value of changes in the parameters of beam can be estimated as up to ∼ 50% for
this machine.

PACS: 29.20.-c; 29.25.-t; 29.20.dg
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�ËË¥±É¨¢´μ¸ÉÓ ¢Ò¢μ¤  ¶ÊÎ±  Å μ¤´  ¨§ ¢ ¦´¥°Ï¨Ì Ì · ±É¥·¨¸É¨± ²Õ¡μ£μ Í¨±²¨Î¥-
¸±μ£μ Ê¸±μ·¨É¥²Ö. �μÔÉμ³Ê μ¶É¨³¨§ Í¨Ö ¢Ò¢μ¤  Ö¢²Ö¥É¸Ö ¢ ¦´Ò³ ¢μ¶·μ¸μ³ ¢ ¶·μÍ¥¸¸¥
· §· ¡μÉ±¨,   § É¥³ ¨ § ¶Ê¸±  Í¨±²μÉ·μ´ . ‚ ����“ ‹Ÿ� �ˆŸˆ ¸μ§¤ ´ ±μ³¶²¥±¸ ¶·μ-
£· ³³´ÒÌ ±μ¤μ¢ ¤²Ö · ¸Î¥Éμ¢ ¤¨´ ³¨±¨ ¶ÊÎ±  ¢ Í¨±²μÉ·μ´ Ì, ±μÉμ·Ò¥ ¶μ§¢μ²ÖÕÉ · ¸-
¸Î¨ÉÒ¢ ÉÓ ¨ § É¥³ ÊÎ¨ÉÒ¢ ÉÓ ¢ ¸¢μ¥° · ¡μÉ¥ ³ £´¨É´Ò¥ ¶μ²Ö, ¸μ§¤ ¢ ¥³Ò¥ ‚—-¸¨¸É¥³μ°
Í¨±²μÉ·μ´  ¶·¨ ¸¢μ¥° · ¡μÉ¥.

“Î¥É ÔÉ¨Ì ¶μ²¥° ¢ · ¸Î¥É¥ ¶·¨¢μ¤¨É ± ¨§³¥´¥´¨Õ ¶μ¶¥·¥Î´ÒÌ · §³¥·μ¢ ¶ÊÎ±  ¨ Ë -
§μ¢μ° ¶·μÉÖ¦¥´´μ¸É¨ ¸£Ê¸É±μ¢ ¶·¨ Ê¸±μ·¥´¨¨, ¸²¥¤μ¢ É¥²Ó´μ, ¨§³¥´Ö¥É¸Ö ¶μ·É·¥É ¶ÊÎ± 
´  ¢Ìμ¤¥ ¢ Ô²¥±É·μ¸É É¨Î¥¸±¨° ¤¥Ë²¥±Éμ· ¢Ò¢μ¤´μ° ¸¨¸É¥³Ò Í¨±²μÉ·μ´ .
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Œ¥²²¥· ¨ Œ  ·É ¶μ± § ²¨ [1], ÎÉμ ¢ ¨§μÌ·μ´´μ³ Í¨±²μÉ·μ´¥ ¶·¨ Ê¸±μ·¥´¨¨ ¶ÊÎ± 
¢Ò¶μ²´Ö¥É¸Ö Ê¸²μ¢¨¥

V (r)Δφ(r) cos (φc) = const, (1)

£¤¥ V Å Ê¸±μ·ÖÕÐ¥¥ ´ ¶·Ö¦¥´¨¥ ´  ¤Ê ´É¥; Δφ Å Ë §μ¢ Ö ¶·μÉÖ¦¥´´μ¸ÉÓ ¡ ´Î  Î ¸É¨Í;
φc Å Ë §  Í¥´É· ²Ó´μ° Î ¸É¨ÍÒ ¡ ´Î . �¢Éμ·Ò ¶μ± § ²¨, ÎÉμ ¢Ò¶μ²´¥´¨¥ Ê¸²μ¢¨Ö (1)
μ¡¥¸¶¥Î¨¢ ¥É¸Ö ¤¥°¸É¢¨¥³ Bz-±μ³¶μ´¥´ÉÒ ³ £´¨É´μ£μ ¶μ²Ö ¢ ¸·¥¤´¥° ¶²μ¸±μ¸É¨ Ê¸±μ·¨-
É¥²Ö, ¢μ§´¨± ÕÐ¥° ¶·¨ · ¡μÉ¥ Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³Ò.

ˆ§ÊÎ¥´¨¥ ¢²¨Ö´¨Ö ³ £´¨É´μ£μ ¶μ²Ö, ±μÉμ·μ¥ ¸μ§¤ ¥É ‚—-¸¨¸É¥³ , ¶·μ¢¥¤¥´μ ´  ¶·¨-
³¥·¥ · ¸Î¥É  ¤¨´ ³¨±¨ Ê¸±μ·¥´¨Ö ¶ÊÎ±  ¢ ¨§μÌ·μ´´μ³ Í¨±²μÉ·μ´¥ ‘235 [2], ¸μ§¤ ´´μ³
¡¥²Ó£¨°¸±μ° Ë¨·³μ° IBA ¤²Ö ¶·μÉμ´´μ° É¥· ¶¨¨. ‚ ÔÉμ° ³ Ï¨´¥ Ë §μ¢ Ö ¶·μÉÖ¦¥´´μ¸ÉÓ
¡ ´Î  ± ±μ´ÍÊ Ê¸±μ·¥´¨Ö ¤μ²¦´  ¡ÒÉÓ ¸ÊÐ¥¸É¢¥´´μ ³¥´ÓÏ¥, Î¥³ ¢ Í¥´É·¥ Í¨±²μÉ·μ´ 
¨§-§  §´ Î¨É¥²Ó´μ£μ ·μ¸É  Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ¸ · ¤¨Ê¸μ³ (·¨¸. 1).

�¨¸. 1. ‡ ¢¨¸¨³μ¸ÉÓ Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö μÉ · ¤¨Ê¸  ´  ¤¢ÊÌ ±·μ³± Ì ¤Ê ´É  Í¨±²μÉ·μ´  ‘235

„²Ö Î¨¸²¥´´μ£μ ¨§ÊÎ¥´¨Ö ¢μ¶·μ¸  ¨ ÊÎ¥É  ÔËË¥±É  ¶·¨ · ¸Î¥É¥ Ê¸±μ·¥´¨Ö ¶ÊÎ±  ´¥-
μ¡Ìμ¤¨³  ± ·É  Bz-±μ³¶μ´¥´ÉÒ ³ £´¨É´μ£μ ¶μ²Ö μÉ ‚—-¸¨¸É¥³Ò. …¥ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ,
¨¸¶μ²Ó§ÊÖ ± ·ÉÒ ±μ³¶μ´¥´É Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ‚—-¸¨¸É¥³Ò Er ¨ Eφ. �¨¦¥ ¶·¥¤¸É -
¢²¥´Ò  ´ ²¨É¨Î¥¸±¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö Bz-±μ³¶μ´¥´ÉÒ Î¥·¥§ Er ¨ Eφ.

�²¥±É·¨Î¥¸±μ¥ ¶μ²¥ ¢ ¸·¥¤´¥° ¶²μ¸±μ¸É¨ Í¨±²μÉ·μ´  § ¢¨¸¨É μÉ ¢·¥³¥´¨ ¨ ³μ¦¥É
¡ÒÉÓ ¢Ò· ¦¥´μ ± ±

E (r, ϕ, z, t) = E (r, ϕ, 0, t) = {Er(r, ϕ) cos ψ, Eϕ(r, ϕ) cos ψ, 0} ≡
≡ {Er cos ψ, Eϕ cos ψ, 0} ,

£¤¥ Er(r, ϕ) ¨ Eϕ(r, ϕ) ³μ£ÊÉ ¡ÒÉÓ ¢§ÖÉÒ ¨§ · ¸Î¥Éμ¢ Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³Ò,

ψ = h(2πfrevti + ξi + φk)

Å Ë §  Ê¸±μ·ÖÕÐ¥£μ ¶μ²Ö ¤²Ö ± ¦¤μ° μÉ¤¥²Ó´μ ¢§ÖÉμ° ¨§ ¡ ´Î  Ê¸±μ·Ö¥³μ° Î ¸É¨ÍÒ;
ti Å ¢·¥³Ö ¤²Ö ± ¦¤μ° Î ¸É¨ÍÒ; ξi Å ´ Î ²Ó´ Ö Ë §  ± ¦¤μ° Î ¸É¨ÍÒ; φk Å ´ Î ²Ó´ Ö
Ë §  ‚—-´ ¶·Ö¦¥´¨Ö ´  ¤Ê ´É Ì; frev Å ·¥§μ´ ´¸´ Ö Î ¸ÉμÉ  μ¡· Ð¥´¨Ö.
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hfrev = frf ,

£¤¥ frf Å Î ¸ÉμÉ  · ¡μÉÒ Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³Ò; h Å ´μ³¥· £ ·³μ´¨±¨ Ê¸±μ·¥´¨Ö. �·μ-
¨§¢μ¤´ Ö ¶μ ¢·¥³¥´¨ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö · ¢´ 

∂ψ

∂t
= ψ̇ = 2πhfrev = 2πfrf .

ˆ§ Ê· ¢´¥´¨° Œ ±¸¢¥²²  ¤²Ö Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö Í¨±²μÉ·μ´  ¢ μ¡Ñ¥³¥ μ±μ²μ ¸·¥¤´¥°
¶²μ¸±μ¸É¨ z = 0:

Bz =
[
1
r

∂Er

∂ϕ
− 1

r
Eϕ − ∂Eϕ

∂r

]
sin ψ

1
ψ̇

≡ Brf
z . (2)

�Éμ ¤μ¶μ²´¨É¥²Ó´μ¥ ³ £´¨É´μ¥ ¶μ²¥ Brf
z , ¸μ§¤ ¢ ¥³μ¥ Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³μ° ¢ ¸·¥¤´¥°

¶²μ¸±μ¸É¨ Í¨±²μÉ·μ´ . ‚ μ±·¥¸É´μ¸É¨ ¸·¥¤´¥° ¶²μ¸±μ¸É¨ Ê¸±μ·¨É¥²Ö ¢Ò· ¦¥´¨Ö ¤²Ö
±μ³¶μ´¥´É ³ £´¨É´μ£μ ¶μ²Ö ¢Ò£²Ö¤ÖÉ É ±:

Bz(z) = Bmap
z (0) +

[
1
r

∂Er

∂ϕ
− 1

r
Eϕ − ∂Eϕ

∂r

]
sin ψ

1
ψ̇
−

− z2

2

[
1
r

∂Bz

∂r
+

∂2Bz

∂r2
+

1
r2

∂2Bz

∂ϕ2

]
, (3)

Br(z) = z
∂Bz

∂r
(0) =

=
[
∂Bmap

z

∂r
(0) +

(
− 1

r2

∂Er

∂ϕ
+

1
r

∂2Er

∂r∂ϕ
+

1
r2

Eϕ − 1
r

∂Eϕ

∂r
− ∂2Eϕ

∂r2

)
sin ψ

1
ψ̇

]
z, (4)

Bϕ(z) =
z

r

∂Bz

∂ϕ
(0) =

[
∂Bmap

z

∂ϕ
(0) +

(
1
r

∂2Er

∂ϕ2
− 1

r

∂Eϕ

∂ϕ
− ∂2Eϕ

∂ϕ∂r

)
sin ψ

1
ψ̇

]
z

r
, (5)

£¤¥ Bmap
z (0) = Bz(r, ϕ, 0) Å ¢¥·É¨± ²Ó´ Ö ±μ³¶μ´¥´É  ³ £´¨É´μ£μ ¶μ²Ö ¢ ¸·¥¤´¥° ¶²μ¸-

±μ¸É¨ Í¨±²μÉ·μ´ , ¶μ²ÊÎ¥´´ Ö ¨§ ¨§³¥·¥´¨° ¨²¨ · ¸Î¥Éμ¢ ³ £´¨É´μ° ¸¨¸É¥³Ò.
’ ±¨³ μ¡· §μ³, ¢¥²¨Î¨´  ³ £´¨É´μ£μ ¶μ²Ö, ±μÉμ·ÊÕ Î ¸É¨Í  ®¢¨¤¨É¯ ¢μ ¢·¥³Ö Ê¸±μ-

·¥´¨Ö, § ¢¨¸¨É μÉ ¥¥ Ë §Ò ¶μ μÉ´μÏ¥´¨Õ ± Ê¸±μ·ÖÕÐ¥³Ê ´ ¶·Ö¦¥´¨Õ ´  ¤Ê ´É Ì. �Éμ
³μ¦¥É ¶·¨¢μ¤¨ÉÓ ± Ê³¥´ÓÏ¥´¨Õ ¨²¨ Ê¢¥²¨Î¥´¨Õ Ë §μ¢μ° ¶·μÉÖ¦¥´´μ¸É¨ ¡ ´Î  ¢μ ¢·¥³Ö
Ê¸±μ·¥´¨Ö.

2. Œ�„…‹ˆ��‚��ˆ… “‘Š��…�ˆŸ �“—Š� ‚ –ˆŠ‹�’���… ‘235

	 ´Î ¨§ 1000 ¶·μÉμ´μ¢ ¸ ´ Î ²Ó´Ò³¨  ³¶²¨ÉÊ¤ ³¨ · ¤¨ ²Ó´ÒÌ ±μ²¥¡ ´¨° ¤μ 2 ³³
(Ô³¨ÉÉ ´¸ ∼ 2 π ·³³ ·³· ¤) ¨ Ë §μ¢μ° ¶·μÉÖ¦¥´´μ¸ÉÓÕ ∼ 45◦ ‚— ¡Ò² Ê¸±μ·¥´ μÉ · ¤¨Ê¸ 
6 ¸³ ¤μ ¢Ìμ¤  ¢ Ô²¥±É·μ¸É É¨Î¥¸±¨° ¤¥Ë²¥±Éμ·, · ¸¶μ²μ¦¥´´Ò° ´  · ¤¨Ê¸¥ 105 ¸³.
‘· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ · ¸Î¥É  Ê¸±μ·¥´¨Ö ¸ ÊÎ¥Éμ³ ¶μ²Ö μÉ ‚—-¸¨¸É¥³Ò B‚—

z ¨ ¡¥§ ´¥£μ
¶μ± § ´μ ´  ·¨¸. 2Ä5.
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�¨¸. 2. ” §μ¢μ¥ ¤¢¨¦¥´¨¥ ¡ ´Î  ¶·μÉμ´μ¢ ¢ § ¢¨¸¨³μ¸É¨ μÉ ¸·¥¤´¥£μ · ¤¨Ê¸  μ·¡¨ÉÒ: a) ¡¥§ ÊÎ¥É 
B‚—

z ; ¡) ¸ ÊÎ¥Éμ³ B‚—
z

�¨¸. 3. �³¶²¨ÉÊ¤Ò · ¤¨ ²Ó´ÒÌ ±μ²¥¡ ´¨° ¢ § ¢¨¸¨³μ¸É¨ μÉ ¸·¥¤´¥£μ · ¤¨Ê¸  μ·¡¨ÉÒ: a) ¡¥§ ÊÎ¥É 
B‚—

z ; ¡) ¸ ÊÎ¥Éμ³ B‚—
z

�¨¸. 4. �μ²μ¦¥´¨¥ ¶·μÉμ´μ¢ ´  ¶²μ¸±μ¸É¨ (r,W ), ´  ¢Ìμ¤¥ ¢ Ô²¥±É·μ¸É É¨Î¥¸±¨° ¤¥Ë²¥±Éμ·:
a) ¡¥§ ÊÎ¥É  B‚—

z ; ¡) ¸ ÊÎ¥Éμ³ B‚—
z
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�¨¸. 5. �μ²μ¦¥´¨¥ ¶·μÉμ´μ¢ ´  Ë §μ¢μ° ¶²μ¸±μ¸É¨ (r, Pr), ´  ¢Ìμ¤¥ ¢ Ô²¥±É·μ¸É É¨Î¥¸±¨° ¤¥Ë²¥±-

Éμ·: a) ¡¥§ ÊÎ¥É  B‚—
z ; ¡) ¸ ÊÎ¥Éμ³ B‚—

z
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�μ²ÊÎ¥´Ò  ´ ²¨É¨Î¥¸±¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ±μ³¶μ´¥´É ³ £´¨É´μ£μ ¶μ²Ö, ¸μ§¤ ¢ ¥³μ£μ
‚—-¸¨¸É¥³μ° Í¨±²μÉ·μ´  ¶·¨ Ê¸±μ·¥´¨¨ ¶ÊÎ± , ±μÉμ·Ò¥ ¨¸¶μ²Ó§ÊÕÉ ± ·ÉÒ Ô²¥±É·¨Î¥-
¸±¨Ì ¶μ²¥°, ¶μ²ÊÎ¥´´Ò¥ ¶·¥¤¢ ·¨É¥²Ó´μ ¶·¨ · ¸Î¥É¥ ÔÉμ° ¸¨¸É¥³Ò. “Î¥É B‚—

z ± ± ¶μ-
¶· ¢±¨ ± μ¸´μ¢´μ³Ê ³ £´¨É´μ³Ê ¶μ²Õ Ê¸±μ·¨É¥²Ö ¶μ§¢μ²¨² μÍ¥´¨ÉÓ ÔËË¥±É Ë §μ¢μ°
±μ³¶·¥¸¸¨¨ ¢ Í¨±²μÉ·μ´¥ ‘235.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¶μ¤É¢¥·¤¨²¨ ¸ÊÐ¥¸É¢μ¢ ´¨¥ ¨´É¥£· ²  ¤¢¨¦¥´¨Ö (1) ¸ ÉμÎ´μ¸ÉÓÕ
∼ 5%: Ë §μ¢ Ö ¶·μÉÖ¦¥´´μ¸ÉÓ ¡ ´Î  Î ¸É¨Í ¶·¨ Ê¸±μ·¥´¨¨ μ¡· É´μ ¶·μ¶μ·Í¨μ´ ²Ó´ 
¢¥²¨Î¨´¥ Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ´  ¤Ê ´É Ì, § ¢¨¸ÖÐ¥£μ μÉ · ¤¨Ê¸ .

� · ³¥É·Ò ¶ÊÎ±  ´  ¢Ìμ¤¥ ¢ Ô²¥±É·μ¸É É¨Î¥¸±¨° ¤¥Ë²¥±Éμ· ¶·¥¤¸É ¢²¥´Ò ¢ É ¡²¨Í¥.

� · ³¥É·Ò ¶ÊÎ±  ´  ¢Ìμ¤¥ ¢ Ô²¥±É·μ¸É É¨Î¥¸±¨° ¤¥Ë²¥±Éμ·

� Î ²Ó´Ò°
(r ∼ 5−6 ¸³)

Ô³¨ÉÉ ´¸
εr, π ·³³ ·³· ¤

� · ³¥É·Ò ´  ¢Ìμ¤¥ ¢ ¤¥Ë²¥±Éμ·

εr , π ·³³ ·³· ¤ ΔW/W , ±%

	¥§ ÊÎ¥É  B‚—
z ‘ ÊÎ¥Éμ³ B‚—

z 	¥§ ÊÎ¥É  B‚—
z ‘ ÊÎ¥Éμ³ B‚—

z

2,25 1,00 1,57 0,21 0,27

�¥¸³μÉ·Ö ´  Ê³¥´ÓÏ¥´¨¥ (∼ 40%) Ë §μ¢μ° ¶·μÉÖ¦¥´´μ¸É¨ ¡ ´Î  ± ±μ´ÍÊ Ê¸±μ·¥´¨Ö,
± Î¥¸É¢μ Ë §μ¢ÒÌ ¶μ·É·¥Éμ¢ ¶ÊÎ±  ´  ¢Ìμ¤¥ ¢ ¤¥Ë²¥±Éμ· ÊÌÊ¤Ï¨²μ¸Ó. Œμ¦´μ ¶·¥¤¶μ²μ-
¦¨ÉÓ, ÎÉμ ÔÉμ ¶·μ¨§μÏ²μ ¨§-§  Ê¢¥²¨Î¥´¨Ö  ³¶²¨ÉÊ¤ · ¤¨ ²Ó´ÒÌ ±μ²¥¡ ´¨° (¸³. ·¨¸. 3).
‚¥²¨Î¨´  ¨§³¥´¥´¨Ö ¶ · ³¥É·μ¢ ¶ÊÎ±  ´  ¢Ìμ¤¥ ¢ Ô²¥±É·μ¸É É¨Î¥¸±¨° ¤¥Ë²¥±Éμ· ¶·¨-
¡²¨§¨² ¸Ó ± 50%.
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