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�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, „Ê¡´ 

‚ · ¡μÉ¥ ¶·¥¤¸É ¢²¥´Ò Ê· ¢´¥´¨Ö ¨  ²£μ·¨É³Ò ¤²Ö · ¸Î¥Éμ¢ ¤¨´ ³¨±¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢
¶μ¢μ·μÉ´ÒÌ ³ £´¨É Ì ¨ Ô²¥±É·μ¸É É¨Î¥¸±¨Ì ¤¥Ë²¥±Éμ· Ì, ¨¸¶μ²Ó§ÊÕÐ¨Ì¸Ö ¢ ± ´ ² Ì É· ´¸¶μ·É¨-
·μ¢±¨ ¶ÊÎ±μ¢ ¨μ´μ¢ ¨ ¸¶¥±É·μ³¥É· Ì. �·¨¢μ¤ÖÉ¸Ö ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ 3D-± ·É Ô²¥±É·μ³ £´¨É´ÒÌ
¶μ²¥°. �´ ²¨§¨·Ê¥É¸Ö ¢¥²¨Î¨´  ´¥²¨´¥°´μ¸É¥° Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ¨ ¨Ì ¢²¨Ö´¨¥ ´  ¤¨´ -
³¨±Ê Î ¸É¨Í. �·¨¢μ¤ÖÉ¸Ö ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¤¨´ ³¨±¨ Î ¸É¨Í ¢ ± ´ ²¥  ±¸¨ ²Ó´μ° ¨´¦¥±Í¨¨
Í¨±²μÉ·μ´  „–-280 ¨ ¸¶¥±É·μ³¥É·  ƒ�‹‘, ¸μ§¤ ¢ ¥³ÒÌ ¢ ‹Ÿ� �ˆŸˆ.

The equations and algorithms for calculation of the dynamics of the charged particle beams in the
bending magnets and electrostatic de	ectors used in the transport beam lines and spectrometers are
presented. The results of calculations of 3D electromagnetic ˇeld maps are given. The values of the
non-linearity of electromagnetic ˇelds and their effect on the dynamics of particles are analyzed. The
simulation of ion dynamics in the axial injection beam line of DC-280 cyclotron and GALS spectrometer
to be created at FLNR JINR is also described.

PACS: 29.20 dg; 29.30 Aj

‚‚…„…�ˆ…

‚ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°
¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ·¥ ²¨§Ê¥É¸Ö ¶·μ¥±É ¢Ò¸μ±μ¨´É¥´¸¨¢´μ£μ Ê´¨¢¥·¸ ²Ó´μ£μ Í¨±²μÉ·μ´ 
ÉÖ¦¥²ÒÌ ¨μ´μ¢ „–-280 [1]. �μ¢Ò° Í¨±²μÉ·μ´ ¤μ²¦¥´ μ¡¥¸¶¥Î¨¢ ÉÓ Ê¸±μ·¥´¨¥ ¨μ´μ¢
μÉ Ê£²¥·μ¤  ¤μ Ê· ´  ¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨° 5Ä10 Ô‚/´Ê±²μ´. „²Ö ¨μ´μ¢ ¸·¥¤´¨Ì ³ ¸¸
A = 50−90 ¨´É¥´¸¨¢´μ¸ÉÓ ¶ÊÎ±μ¢ ¤μ²¦´  ¡ÒÉÓ ´¥ ´¨¦¥ 10 ³±�-Î ¸É¨Í.

‚ ± ´ ²¥  ±¸¨ ²Ó´μ° ¨´¦¥±Í¨¨ ¨ ± ´ ² Ì ¢Ò¢μ¤  ¶ÊÎ±  Í¨±²μÉ·μ´  „–-280 ¨¸¶μ²Ó§Ê-
ÕÉ¸Ö · §²¨Î´Ò¥ ¶μ¢μ·μÉ´Ò¥ ³ £´¨ÉÒ ¨ Ô²¥±É·μ¸É É¨Î¥¸±¨¥ ¤¥Ë²¥±Éμ·Ò. ’ ±, ´ ¶·¨³¥·,
¤²Ö ¸¥¶ · Í¨¨ ¶ÊÎ±  ¸ É·¥¡Ê¥³Ò³ μÉ´μÏ¥´¨¥³ ³ ¸¸Ò ± § ·Ö¤Ê A/Z ( ´ ²¨§  ¸¶¥±É· 
¶ÊÎ± ) ¢ ± ´ ²¥  ±¸¨ ²Ó´μ° ¨´¦¥±Í¨¨ Í¨±²μÉ·μ´  „–-280 [2, 3] ¨¸¶μ²Ó§Ê¥É¸Ö ¸¶¥Í¨ ²Ó-
´Ò°  ´ ²¨§¨·ÊÕÐ¨° ³ £´¨É IM90 ¸ Ê¢¥²¨Î¥´´Ò³ · §·¥Ï¥´¨¥³. ‚ ÔÉμ³ ¦¥ ± ´ ²¥ ¤²Ö
¶μ¢μ·μÉ  ¶ÊÎ±  ¨μ´μ¢ ´  ¢¥·É¨± ²Ó´ÊÕ μ¸Ó ¨¸¶μ²Ó§Ê¥É¸Ö ¸Ë¥·¨Î¥¸±¨° Ô²¥±É·μ¸É É¨Î¥-
¸±¨° ¤¥Ë²¥±Éμ· IB90. �·¨ É· ´¸¶μ·É¨·μ¢±¥ Ê¸±μ·¥´´ÒÌ ¢ Í¨±²μÉ·μ´¥ „–-280 ¨μ´μ¢
¨¸¶μ²Ó§Ê¥É¸Ö ¸¶¥Í¨ ²Ó´Ò° ³ £´¨É TM50, μ¸ÊÐ¥¸É¢²ÖÕÐ¨° · §¢μ¤±Ê ¶ÊÎ±  ´  ¶ÖÉÓ ± ´ -
²μ¢ ¶·¨ · §²¨Î´ÒÌ Ê·μ¢´ÖÌ ³ £´¨É´μ£μ ¶μ²Ö [3, 4].

1E-mail: nyk@lnr.jinr.ru



3D-³μ¤¥²¨·μ¢ ´¨¥ É· ´¸¶μ·É¨·μ¢±¨ ¶ÊÎ±μ¢ ¨μ´μ¢ ¢ ¶μ¢μ·μÉ´ÒÌ ³ £´¨É Ì 1307

‚ ‹Ÿ� �ˆŸˆ ¸μ§¤ ¥É¸Ö Ô±¸¶¥·¨³¥´É ²Ó´ Ö Ê¸É ´μ¢±  ƒ�‹‘ [5], μ¤´¨³ ¨§ μ¸´μ¢´ÒÌ
Ô²¥³¥´Éμ¢ ±μÉμ·μ° ¤μ²¦¥´ ¸É ÉÓ ¸¶¥±É·μ³¥É·¨Î¥¸±¨° ³ £´¨É ¸ ¶·μ¥±É´Ò³ · §·¥Ï¥´¨¥³,
· ¢´Ò³ 1500.

„²Ö Ê¸¶¥Ï´μ£μ ¶·μ¥±É¨·μ¢ ´¨Ö ¨ ¸μ§¤ ´¨Ö ¶μ¢μ·μÉ´ÒÌ ³ £´¨Éμ¢ ¨ Ô²¥±É·μ¸É É¨-
Î¥¸±¨Ì ¤¥Ë²¥±Éμ·μ¢ ´¥μ¡Ìμ¤¨³μ ¶·μ¢¥¤¥´¨¥ ¶·¥Í¨§¨μ´´ÒÌ É·¥Ì³¥·´ÒÌ (3D) · ¸Î¥Éμ¢
Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ÔÉ¨Ì Ê¸É·μ°¸É¢,   É ±¦¥ ³μ¤¥²¨·μ¢ ´¨¥ ¤¨´ ³¨±¨ ¨μ´´μ£μ ¶ÊÎ± 
¢ ´¨Ì. ‚ ¤ ´´μ° · ¡μÉ¥ ¶·¨¢μ¤ÖÉ¸Ö ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  3D-± ·É Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö
¸ ¶μ³μÐÓÕ ¶·μ£· ³³Ò OPERA-3D [6], ¶·¥¤¸É ¢²¥´Ò Ê· ¢´¥´¨Ö ¨  ²£μ·¨É³Ò · ¸Î¥Éμ¢
¤¨´ ³¨±¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í,  ´ ²¨§¨·Ê¥É¸Ö ¢¥²¨Î¨´  ¨ ¢²¨Ö´¨¥ ´¥²¨´¥°´μ¸É¨ ¶μ²Ö ´ 
¤¢¨¦¥´¨¥ ¶ÊÎ±  ¨μ´μ¢. � ¸Î¥É ¤¨´ ³¨±¨ Î ¸É¨Í ¶·μ¢μ¤¨²¸Ö ¸ ¶μ³μÐÓÕ ¶ ±¥É  ¶·μ£· ³³
MCIB04 [7].

1. 3D ��‘—…’�›… Œ�„…‹ˆ

3D · ¸Î¥É´Ò¥ ³μ¤¥²¨ ³ £´¨Éμ¢ IM90, TM50, ¨¸¶μ²Ó§ÊÕÐ¨¥¸Ö ¶·μ£· ³³μ° OPERA-
3D, ¶μ± § ´Ò ´  ·¨¸. 1. � ¸Î¥É´Ò¥ ³μ¤¥²¨ ¤¥Ë²¥±Éμ·  IB90 ¨ ¸¶¥±É·μ³¥É·¨Î¥¸±μ£μ
³ £´¨É  Ê¸É ´μ¢±¨ ƒ�‹‘ ¶μ± § ´Ò ´  ·¨¸. 2, 3 ¸μμÉ¢¥É¸É¢¥´´μ.

„²Ö Ê³¥´ÓÏ¥´¨Ö μ¡Ñe³  ± ·ÉÒ ¶μ²Ö · ¸Î¥É´Ò¥ ³μ¤¥²¨ ¸μμÉ¢¥É¸É¢ÊÕÉ 1/4-° Î ¸É¨
³ £´¨Éμ¢ IM90 ¨ TM50 ¨ 1/2-° Î ¸É¨ ¤¥Ë²¥±Éμ·  IB90 ¨ ¸¶¥±É·μ³¥É·  ƒ�‹‘. �·¨
´ Ìμ¦¤¥´¨¨ ¨´¤Ê±Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö ¨¸¶μ²Ó§ÊÕÉ¸Ö Ëμ·³Ê²Ò, Ö¢²ÖÕÐ¨¥¸Ö ¸²¥¤¸É¢¨¥³
¸¨³³¥É·¨¨ ¸¨¸É¥³Ò. ’ ±, ´ ¶·¨³¥·, ¶·¨ ¸¨³³¥É·¨¨ μÉ´μ¸¨É¥²Ó´μ ¶²μ¸±μ¸É¨ X = 0

�¨¸. 1. Œ £´¨ÉÒ IM90 (a) ¨ TM50 (¡)

�¨¸. 2. „¥Ë²¥±Éμ· IB90 �¨¸. 3. ƒ�‹‘
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�¨¸. 4. Œ £´¨É IM90

�¨¸. 5. ’Œ50 μ·¡¨ÉÒ 1, 2 �¨¸. 6. „¥Ë²¥±Éμ· IB90

(³ £´¨É ’Œ50, ·¨¸. 1, ¡) ¨³¥¥³ ¸μμÉ´μÏ¥´¨Ö ¤²Ö ¨´¤Ê±Í¨¨ B:

(BX(−X), BY (−X), BZ(−X)) = (−BX(X), BY (X), BZ(X)). (1)

„²Ö ´ Ìμ¦¤¥´¨Ö ¨´¤Ê±Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö B(X, Y, Z) ¢ ¶·μ¨§¢μ²Ó´μ° ÉμÎ±¥ É· ¥±-
Éμ·¨¨ Î ¸É¨ÍÒ ¨¸¶μ²Ó§Ê¥É¸Ö É·¥Ì³¥·´ Ö ¨´É¥·¶μ²ÖÍ¨Ö §´ Î¥´¨° ¨´¤Ê±Í¨¨ ³ £´¨É´μ£μ
¶μ²Ö ¢ Ê§² Ì ± ·ÉÒ ¶μ²Ö BM

ijk , Ö¢²ÖÕÐ Ö¸Ö μ¡μ¡Ð¥´¨¥³ Ëμ·³Ê²Ò ‹ £· ´¦ :

B(X, Y, Z) =
3∑

i=1

3∑
j=1

3∑
k=1

qXi qY j qZk BM
iX+i−1 iY +j−1 iZ+k−1. (2)

‡¤¥¸Ó iX,Y,Z Å ´μ³¥·  Ê§²  ¸¥É±¨, ¡²¨¦ °Ï¥£μ ± ¤ ´´μ° ÉμÎ±¥; qX,Y,Z 1,2,3 Å ±μÔËË¨-
Í¨¥´ÉÒ ¨´É¥·¶μ²ÖÍ¨μ´´μ£μ ¶μ²¨´μ³  ‹ £· ´¦  ¢Éμ·μ£μ ¶μ·Ö¤± .

�  ·¨¸. 4, 5 ¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ ¨´¤Ê±Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö BZ ´  ¶·μ¥±É´μ° μ·¡¨É¥
³ £´¨Éμ¢ IM90 ¨ ’Œ50 μÉ ¤²¨´Ò s ¢¤μ²Ó μ·¡¨ÉÒ. �  ·¨¸. 6 ¶μ± § ´μ · ¸¶·¥¤¥²¥´¨¥
´ ¶·Ö¦¥´´μ¸É¨ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö EX,Y ´  ¶·μ¥±É´μ° μ·¡¨É¥ ¤¥Ë²¥±Éμ·  IB90.

2. “��‚�…�ˆŸ „‚ˆ†…�ˆŸ

�·¨ ¨¸¸²¥¤μ¢ ´¨¨ ¤¢¨¦¥´¨Ö Î ¸É¨Í ¢ ³ £´¨É Ì ¨ ¤¥Ë²¥±Éμ· Ì Ê¤μ¡´μ ¨¸¶μ²Ó§μ¢ ÉÓ
´ ÉÊ· ²Ó´ÊÕ ¸¨¸É¥³Ê ±μμ·¤¨´ É (x, z, s) [8], ¸¢Ö§ ´´ÊÕ ¸ · ¸Î¥É´μ° · ¢´μ¢¥¸´μ° μ·¡¨-
Éμ° (X0(s), Y0(s)), ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ± ·É¥ Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö. �´  ¤μ²¦´  ¡ÒÉÓ
μ¶·¥¤¥²¥´  ´  ¶¥·¢μ³ ÔÉ ¶¥ · ¸Î¥É . � ¸Î¥É´Ò¥ · ¢´μ¢¥¸´Ò¥ μ·¡¨ÉÒ ¢ ³ £´¨É Ì IM90,
TM50 ¨ Ô²¥±É·μ¸É É¨Î¥¸±μ³ ¤¥Ë²¥±Éμ·¥ IB90 ¶μ± § ´Ò ´  ·¨¸. 7Ä9.
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�¨¸. 7. 1/2-Ö Î ¸ÉÓ · ¸Î¥É´μ° · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ ³ £´¨É  IM90

�¨¸. 8. � ¸Î¥É´Ò¥ · ¢´μ¢¥¸´Ò¥ μ·¡¨ÉÒ

1, 2 ³ £´¨É  ’Œ50

�¨¸. 9. 1/2-Ö Î ¸ÉÓ · ¸Î¥É´μ° · ¢´μ¢¥¸´μ°

μ·¡¨ÉÒ ¤¥Ë²¥±Éμ·  I‚90

‚ ´ ÉÊ· ²Ó´μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É Ê· ¢´¥´¨Ö ¤²Ö ¨§³¥´¥´¨Ö · ¤¨Ê¸ -¢¥±Éμ·  r ¨μ´ 
¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤:

r′′ +
(

V

V0

) (
V0

V

)′
r′ =

1
Bρ

V

V0
[r′B] +

1
Bρβ

[r′[Er′]] ,

(Bρ)′

Bρ
=

(Er′)
Bρβ

≡ Λ(s),
(Bρβ)′

Bρβ
= (2 − β2)Λ(s), (3)

V

V0
=

√
(1 + K0x)2 + x′2 + z′2,

(
V

V0

) (
V0

V

)′
= (1 − β2

0)Λ0(s) − (1 − β2)Λ(s).

‡¤¥¸Ó ¨ ¢ ¤ ²Ó´¥°Ï¥³ ÏÉ·¨Ì μ§´ Î ¥É ¤¨ËË¥·¥´Í¨·μ¢ ´¨¥ ¶μ ¤²¨´¥ · ¸Î¥É´μ° · ¢´μ-
¢¥¸´μ° μ·¡¨ÉÒ s; Bρ Å ³ £´¨É´ Ö ¦¥¸É±μ¸ÉÓ Î ¸É¨ÍÒ; β Å ·¥²ÖÉ¨¢¨¸É¸± Ö ¸±μ·μ¸ÉÓ
Î ¸É¨ÍÒ; K0 = KE + KM Å ±·¨¢¨§´  · ¸Î¥É´μ° · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ. ‚ μ¡Ð¥³ ¸²ÊÎ ¥
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±·¨¢¨§´  μ¶·¥¤¥²Ö¥É¸Ö ± ± ³ £´¨É´Ò³ KM , É ± ¨ Ô²¥±É·¨Î¥¸±¨³ ¶μ²¥³ KE . ‚¸¥ ±μ³¶μ-
´¥´ÉÒ ¢¥±Éμ·  ¨´¤Ê±Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö B, ¢Ìμ¤ÖÐ¨¥ ¢ (2), · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ¸ ¶μ³μÐÓÕ
± ·ÉÒ ³ £´¨É´μ£μ ¶μ²Ö ¢ ÉμÎ±¥ ´ Ìμ¦¤¥´¨Ö Î ¸É¨ÍÒ r:

r = (X0 − xY ′
0 , Y0 + xX ′

0, z), B = (−BXY ′
0 + BY X ′

0, BZ , BXX ′
0 + BY Y ′

0). (4)

�´ ²μ£¨Î´μ ¢ÒÎ¨¸²ÖÕÉ¸Ö ±μ³¶μ´¥´ÉÒ ¢¥±Éμ·  ´ ¶·Ö¦¥´´μ¸É¨ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö E.
“· ¢´¥´¨Ö (2) ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢ ¶·μ£· ³³¥ MCIB04 [7].

‹¨´¥°´μ¥ ¶·¨¡²¨¦¥´¨¥ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö (2) ¶μ§¢μ²Ö¥É ¢ÒÎ¨¸²¨ÉÓ ³ É·¨ÍÊ ¶¥·¥-
Ìμ¤  ¨ μ£¨¡ ÕÐ¨¥ ¶ÊÎ±  ¤²Ö ³ £´¨É  ¨²¨ ¤¥Ë²¥±Éμ· , ÊÎ¨ÉÒ¢ ÕÐ¨¥ ·¥ ²Ó´μ¥ · ¸¶·¥¤¥-
²¥´¨¥ Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ´  · ¢´μ¢¥¸´μ° μ·¡¨É¥:

x′′ = −Λ0x
′ −

[
(1 − β2

0)(K2
0 − KEKM ) + 2K2

E − 1
(Bρβ)0

∂Ex

∂x
− 1

(Bρ)0
∂Bz

∂x

]
x+

+
ΔM

M0
(K0 + KE),

z′′ = −Λ0z
′ +

[
1

(Bρβ)0
∂Ez

∂z
+

1
(Bρ)0

∂Bz

∂x

]
z, (5)

(
ΔM

M0

)
=

(
Δp

p0

)
+ KEx,

(
ΔM

M0

)′
= −(1 − β2

0)Λ0

(
ΔM

M0

)
,

(
ΔM

M0

)
(Bρβ)0 =

(
Δp

p

)
i

(Bρβ)i = const.

‚ Ëμ·³Ê² Ì (2) ¶·μ¨§¢μ¤´Ò¥ ¶μ²¥° ¢ÒÎ¨¸²ÖÕÉ¸Ö ´  · ¸Î¥É´μ° · ¢´μ¢¥¸´μ° μ·¡¨É¥ ¸ ¶μ-
³μÐÓÕ ± ·ÉÒ ¶μ²Ö; ¨´¤¥±¸ ®0¯ μÉ³¥Î ¥É · ¢´μ¢¥¸´μ¥ §´ Î¥´¨¥ ¶¥·¥³¥´´μ°; (Δp/p)i Å
¨³¶Ê²Ó¸´Ò° · §¡·μ¸ ¢´¥ μ¡² ¸É¨ § ¤ ´¨Ö Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö. „ ´´Ò¥ Ê· ¢´¥´¨Ö ¨¸-
¶μ²Ó§ÊÕÉ¸Ö ¢ ¢¥·¸¨¨ ¶·μ£· ³³Ò MCIB04, μ¸´μ¢ ´´μ° ´  ³¥Éμ¤¥ ³μ³¥´Éμ¢.

3. ���‹ˆ‡ �…�„����„��‘’…‰ ��‹Ÿ

�¥μ¤´μ·μ¤´μ¸ÉÓ μÍ¥´¨¢ ¥É¸Ö ¸ ¶μ³μÐÓÕ ËÊ·Ó¥- ´ ²¨§  ± ·ÉÒ ³ £´¨É´μ£μ ¶μ²Ö:

Bz = B0

∞∑
n=0

bn(r, s)rn cos (nϕ). (6)

‡¤¥¸Ó ¨ ¢ ¤ ²Ó´¥°Ï¥³ (r, ϕ) Å ¶μ²Ö·´Ò¥ ±μμ·¤¨´ ÉÒ ÉμÎ±¨ (x, z) ´ ÉÊ· ²Ó´μ° ¸¨¸É¥³Ò
±μμ·¤¨´ É, ¸¢Ö§ ´´μ° ¸ · ¸Î¥É´μ° · ¢´μ¢¥¸´μ° μ·¡¨Éμ°. �´ ²μ£¨Î´Ò°  ´ ²¨§ ¶·μ¢μ-
¤¨É¸Ö ¨ ¤²Ö ±μ³¶μ´¥´É  Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö Ex, ´μ·³ ²Ó´μ£μ ± · ¢´μ¢¥¸´μ° μ·¡¨É¥ ¢
¤¥Ë²¥±Éμ·¥. ‘·¥¤´ÖÖ ¶μ · ¤¨Ê¸Ê  ³¶²¨ÉÊ¤  ¶¥·¢μ° £ ·³μ´¨±¨ b̄1(s) μ¶·¥¤¥²Ö¥É ¢¥²¨Î¨´Ê
ÔËË¥±É¨¢´μ£μ ±· ¥¢μ£μ Ê£²  εeff ¢ ³ £´¨É¥:

tg εeff = −1
2

LM∫
0

b̄1(s) ds. (7)

‡¤¥¸Ó LM Å ¤²¨´  · ¸Î¥É´μ° · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ ³ £´¨É .
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�¨¸. 10. ‘¥±¸ÉÊ¶μ²Ó´ Ö ¸μ¸É ¢²ÖÕÐ Ö ¶μ²Ö

b2(r, s) ³ £´¨É  IM90

‚Éμ· Ö £ ·³μ´¨±  ¸μμÉ¢¥É¸É¢Ê¥É ¸¥±¸ÉÊ-
¶μ²Ó´μ° ¸μ¸É ¢²ÖÕÐ¥° ¨´¤Ê±Í¨¨ ³ £´¨É-
´μ£μ ¶μ²Ö. …e ´ ²¨Î¨¥ ¶·¨¢μ¤¨É ± ´¥²¨-
´¥°´μ³Ê ¨¸± ¦¥´¨Õ ¶μ¶¥·¥Î´μ£μ · ¸¶·¥¤¥-
²¥´¨Ö Î ¸É¨Í ¨ Ê¢¥²¨Î¥´¨Õ ¸·¥¤´¥±¢ ¤· -
É¨Î´μ£μ Ô³¨ÉÉ ´¸  ¶ÊÎ± .

‡ ¢¨¸¨³μ¸ÉÓ  ³¶²¨ÉÊ¤ ¢Éμ·μ° b2(r, s)
£ ·³μ´¨±¨ μÉ ¤²¨´Ò ¢¤μ²Ó μ·¡¨ÉÒ s ¶·¨
· §²¨Î´ÒÌ · ¤¨Ê¸ Ì r ¤²Ö ³ £´¨É  IM90
¶μ± § ´  ´  ·¨¸. 10. Š·¨¢Ò¥ 1 ¸μμÉ¢¥É-
¸É¢ÊÕÉ § §μ·Ê h = 70 ³³, ±·¨¢Ò¥ 2 Å
h = 110 ³³.

“³¥´ÓÏ¥´¨¥ ¢¥²¨Î¨´Ò § §μ·  h ¤μ 70 ³³
¢ ¶·μ¥±É´μ° ¢¥·¸¨¨ ³ £´¨É  IM90 ¡μ²¥¥ Î¥³

�¨¸. 11. � ¸¶·¥¤¥²¥´¨¥ (x, y) (a), (x, x′) (¡), (y, y′) (¢)
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¢ ¤¢  · §  Ê³¥´ÓÏ¨²μ ¸·¥¤´¥¥ §´ Î¥´¨¥ ¶μ ¤²¨´¥ μ·¡¨ÉÒ  ³¶²¨ÉÊ¤Ò ¢Éμ·μ° £ ·³μ´¨±¨
³ £´¨É´μ£μ ¶μ²Ö.

Œμ¤¥²¨·μ¢ ´¨¥ É· ´¸¶μ·É¨·μ¢±¨ ¨μ´μ¢ 238U Î¥·¥§  ´ ²¨§¨·ÊÕÐ¨° ³ £´¨É IM90 ¶μ-
± § ²μ, ÎÉμ ´¥²¨´¥°´μ¸ÉÓ ³ £´¨É´μ£μ ¶μ²Ö ¶·¨¢μ¤¨É ± Ê¢¥²¨Î¥´¨Õ ¸·¥¤´¥±¢ ¤· É¨Î´μ£μ
Ô³¨ÉÉ ´¸  ¶ÊÎ±  ´  12,5 % ¸ μ¤´μ¢·¥³¥´´Ò³ ¨¸± ¦¥´¨¥³ ¶μ¶¥·¥Î´μ£μ · ¸¶·¥¤¥²¥´¨Ö
Î ¸É¨Í ¢ ¶ÊÎ±¥, ¶μ± § ´´μ£μ ´  ·¨¸. 11.

ˆ¸¶μ²Ó§μ¢ ´¨¥ Ëμ±Ê¸¨·ÊÕÐ¥£μ ¸μ²¥´μ¨¤ , Ê¸É ´μ¢²¥´´μ£μ ´  ¢Ìμ¤¥ ¢ ³ £´¨É, §´ -
Î¨É¥²Ó´μ Ê³¥´ÓÏ ¥É ¢²¨Ö´¨¥ ´¥²¨´¥°´μ¸É¨ ´  ¤¨´ ³¨±Ê Î ¸É¨Í ¡² £μ¤ ·Ö Ê³¥´ÓÏ¥´¨Õ
· §³¥·μ¢ ¶ÊÎ± .

4. �Š‘ˆ�‹œ��Ÿ ˆ�†…Š–ˆŸ –ˆŠ‹�’���� „–-280 ˆ ‘�…Š’��Œ…’� ƒ�‹‘

‘Ì¥³  ± ´ ²   ±¸¨ ²Ó´μ° ¨´¦¥±Í¨¨ Í¨±²μÉ·μ´  „–-280 [2] ¶μ± § ´  ´  ·¨¸. 12.
�·¨ Î¨¸²¥´´μ³ ³μ¤¥²¨·μ¢ ´¨¨ ¤¨´ ³¨±¨ ¶ÊÎ±  ¨μ´μ¢ ¢ ± ´ ²¥ ¨¸¶μ²Ó§μ¢ ²¨¸Ó 3D-

± ·ÉÒ ³ £´¨É´μ£μ ¶μ²Ö  ´ ²¨§¨·ÊÕÐ¥£μ ³ £´¨É  IM90 [3], Ê¸±μ·¨É¥²Ó´μ° É·Ê¡±¨ IAT

�¨¸. 12. ‘Ì¥³  ± ´ ² : HVP Å ¢Ò¸μ±μ¢μ²ÓÉ´ Ö ¶² ÉËμ·³ ; ECR Å �–�-¨¸ÉμÎ´¨± ¨μ´μ¢; IS0-3 Å

Ëμ±Ê¸¨·ÊÕÐ¨¥ ¸μ²¥´μ¨¤Ò; IM90 Å  ´ ²¨§¨·ÊÕÐ¨° ³ £´¨É; IEL1, IEL2 Å Ô²¥±É·μ¸É É¨Î¥¸±¨¥
²¨´§Ò; IAT Å Ê¸±μ·¨É¥²Ó´ Ö É·Ê¡± ; IB90 Å Ô²¥±É·μ¸É É¨Î¥¸±¨° ¤¥Ë²¥±Éμ·



3D-³μ¤¥²¨·μ¢ ´¨¥ É· ´¸¶μ·É¨·μ¢±¨ ¶ÊÎ±μ¢ ¨μ´μ¢ ¢ ¶μ¢μ·μÉ´ÒÌ ³ £´¨É Ì 1313

�¨¸. 13. ƒμ·¨§μ´É ²Ó´ Ö (1) ¨ ¢¥·É¨± ²Ó´ Ö (2) μ£¨¡ ÕÐ Ö ¶ÊÎ±  ¨μ´μ¢ 48Ca8+

�¨¸. 14. � ¸¶·¥¤¥²¥´¨¥ ¨μ´μ¢ ¢ μ¡Ñ¥±É´μ° ÉμÎ±¥ ¸¶¥±É·μ³¥É· . �²μ¸±μ¸ÉÓ (x, y) (a), (x, x′) (¡),
(y, y′) (¢)
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�¨¸. 15. ”μ± ²Ó´ Ö ¶²μ¸±μ¸ÉÓ ¸¶¥±É·μ³¥É· 

¨ ¸Ë¥·¨Î¥¸±μ£μ Ô²¥±É·μ¸É É¨Î¥¸±μ£μ ¤¥Ë²¥±Éμ·  IB90. � ¸¸³ É·¨¢ ² ¸Ó É· ´¸¶μ·É¨-
·μ¢±  ¶ÊÎ±  ¨μ´μ¢ 48Ca8+ ¸ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¥° 75 ±Ô‚/Z. ‡ ¢¨¸¨³μ¸ÉÓ μ£¨¡ ÕÐ¨Ì
¶ÊÎ±  μÉ ¤²¨´Ò ¢¤μ²Ó ± ´ ²  ¶μ± § ´  ´  ·¨¸. 13.

� ¸Î¥É´ Ö ÔËË¥±É¨¢´μ¸ÉÓ É· ´¸¶μ·É¨·μ¢±¨ ¶ÊÎ±  ¢ ± ´ ²¥ ¸μ¸É ¢²Ö¥É 100%.
‚ ¸¶¥±É·μ³¥É·¥ ƒ�‹‘ · ¸¸³ É·¨¢ ² ¸Ó ¸¥¶ · Í¨Ö ¶ÊÎ±  μ¤´μ§ ·Ö¤´ÒÌ ¨μ´μ¢ ¸ ³ ¸¸μ°

A = 270. �  ·¨¸. 14 ¶μ± § ´μ · ¸¶·¥¤¥²¥´¨¥ ¨μ´μ¢ ¢ μ¡Ñ¥±É´μ° ÉμÎ±¥ ¸¶¥±É·μ³¥É· .
� ¸¶·¥¤¥²¥´¨¥ ¨μ´μ¢ · §²¨Î´ÒÌ ³ ¸¸ ¢ Ëμ± ²Ó´μ° ¶²μ¸±μ¸É¨ ¸¶¥±É·μ³¥É·  ¶μ± § ´μ

´  ·¨¸. 15. � ¸Î¥É´μ¥ · §·¥Ï¥´¨¥ ¸¶¥±É·μ³¥É·  · ¢´μ 1400.
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