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

�·μ¢¥¤¥´  μ¶É¨³¨§ Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ¶μ²Ö ¢  ´ ²¨§¨·ÊÕÐ¥³ ³ £´¨É¥, Ê¸É ´μ¢²¥´´μ³ ¢ ± ´ ²¥
 ±¸¨ ²Ó´μ° ¨´¦¥±Í¨¨ Í¨±²μÉ·μ´  „–-280 ‹Ÿ� �ˆŸˆ. �¶É¨³¨§ Í¨Ö μ¸´μ¢ ´  ´  É·¥Ì³¥·´ÒÌ · ¸-
Î¥É Ì ¶μ²Ö ³ £´¨É . �¶·¥¤¥²¥´  μ¶É¨³ ²Ó´ Ö ¢¥²¨Î¨´  μ¸´μ¢´ÒÌ £¥μ³¥É·¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨±
³ £´¨É , ¢²¨ÖÕÐ¨Ì ´  Ëμ·³Ê · ¸¶·¥¤¥²¥´¨Ö ¶μ²Ö.

The optimization of the ˇeld distribution of the analyzing magnet installed in the axial injection
beam line of the cyclotron DC-280 is carried out. The optimization is done on the basis of three-
dimensional calculation of the magnet ˇeld. The optimum value of the basic geometrical characteristics
of the magnet in	uencing on the form of the ˇeld distribution are found.

PACS: 29.20.Dg
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‚ ‹ ¡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 ŒÔ‚/´Ê±²μ´. „²Ö ¨μ´μ¢ ¸·¥¤´¨Ì ³ ¸¸
A = 50−90 ¨´É¥´¸¨¢´μ¸ÉÓ ¶ÊÎ±μ¢ ¤μ²¦´  ¡ÒÉÓ ´¥ ´¨¦¥ 10 ³±�-Î ¸É¨Í.

“¸±μ·Ö¥³Ò¥ ¶ÊÎ±¨ ¶·μ¨§¢μ¤ÖÉ¸Ö ¢ �–�-¨¸ÉμÎ´¨±¥, ¤ ÕÐ¥³ ´  ¢ÒÌμ¤¥ ¸¶¥±É· ¨μ´μ¢
¸ · §²¨Î´Ò³¨ ³ ¸¸ ³¨ ¨ § ·Ö¤ ³¨. „²Ö ¸¥¶ · Í¨¨ ¶ÊÎ±  ¸ É·¥¡Ê¥³Ò³ μÉ´μÏ¥´¨¥³ A/Z
( ´ ²¨§  ¸¶¥±É·  ¶ÊÎ± ) ¨¸¶μ²Ó§Ê¥É¸Ö ¸¶¥Í¨ ²Ó´Ò°  ´ ²¨§¨·ÊÕÐ¨° ³ £´¨É.

‚ ¤ ´´μ° · ¡μÉ¥ ¶·¨¢μ¤ÖÉ¸Ö ·¥§Ê²ÓÉ ÉÒ É·¥Ì³¥·´μ£μ · ¸Î¥É  ³ £´¨É´μ£μ ¶μ²Ö  ´ ²¨-
§¨·ÊÕÐ¥£μ ³ £´¨É  ¸ ¶μ³μÐÓÕ ¶·μ£· ³³Ò OPERA-3D [2], μ¶·¥¤¥²Ö¥É¸Ö μ¶É¨³ ²Ó´ Ö ¢¥-
²¨Î¨´  ±· ¥¢ÒÌ Ê£²μ¢ ¶μ²Õ¸μ¢,  ´ ²¨§¨·Ê¥É¸Ö ¢²¨Ö´¨¥ ¸¥±¸ÉÊ¶μ²Ó´μ° ´¥²¨´¥°´μ¸É¨ ¶μ²Ö
³ £´¨É  ´  ¤¨´ ³¨±Ê ¶ÊÎ±  ¨μ´μ¢ Ê· ´  ¨ ´ Ìμ¤¨É¸Ö μ¶É¨³ ²Ó´μ¥ ¶μ²μ¦¥´¨¥ ³ £´¨É´ÒÌ
Ô±· ´μ¢. „¨´ ³¨±  Î ¸É¨Í · ¸¸Î¨ÉÒ¢ ² ¸Ó ¸ ¶μ³μÐÓÕ ¶ ±¥É  ¶·μ£· ³³ MCIB04 [3Ä5].

1E-mail: ivan@nrmail.jinr.ru
2E-mail: nyk@lnr.jinr.ru
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1. �‘��‚�›… ƒ…�Œ…’�ˆ—…‘Šˆ… •���Š’…�ˆ‘’ˆŠˆ
ˆ 3D-��‘—…’��Ÿ Œ�„…‹œ Œ�ƒ�ˆ’�

�·μ¥±É´Ò¥ §´ Î¥´¨Ö μÉ´μÏ¥´¨Ö ³ ¸¸Ò ¨μ´  ± ¥£μ § ·Ö¤´μ¸É¨ A/Z ´ Ìμ¤ÖÉ¸Ö ¢ ¤¨ ¶ -
§μ´¥ 4Ä7,5, ¶μÔÉμ³Ê ¶·¨ Ê¸±μ·¥´¨¨ ¨μ´μ¢ ÉÖ¦¥²ÒÌ Ô²¥³¥´Éμ¢ § ·Ö¤´μ¸ÉÓ ³μ¦¥É ¤μ¸É¨£ ÉÓ
§´ Î¥´¨° Z ∼ 40. ‘¥¶ · Í¨Ö ¨μ´μ¢ É·¥¡Ê¥³μ° § ·Ö¤´μ¸É¨ ¶·μ¨§¢μ¤¨É¸Ö  ´ ²¨§¨·ÊÕÐ¨³
³ £´¨Éμ³, Ê¸É ´μ¢²¥´´Ò³ ¢ ± ´ ²¥  ±¸¨ ²Ó´μ° ¨´¦¥±Í¨¨ ¸· §Ê ¶μ¸²¥ �–�-¨¸ÉμÎ´¨± 
ÉÖ¦¥²ÒÌ ¨μ´μ¢. � §·¥Ï¥´¨¥ ³ £´¨É  r = 4R/d, £¤¥ R Å · ¤¨Ê¸ ¶μ¢μ·μÉ , d Å · ¸¸Éμ-
Ö´¨¥ ³¥¦¤Ê ¸μ¸¥¤´¨³¨ μ·¡¨É ³¨, ¤μ²¦´μ ¡ÒÉÓ ´¥ ³¥´ÓÏ¥ Î¥³ 2Z = 80. „²Ö 100%-°
¸¥¶ · Í¨¨ ¸μ¸¥¤´¨Ì § ·Ö¤´μ¸É¥° · ¸¸ÉμÖ´¨¥ d ³¥¦¤Ê Í¥´É· ³¨ ¶ÊÎ±μ¢ ¢ Ëμ± ²Ó´μ° ¶²μ¸-
±μ¸É¨ ³ £´¨É  ¤μ²¦´μ ¡ÒÉÓ ´¥ ³¥´¥¥ 25 ³³, ÎÉμ μ¶·¥¤¥²Ö¥É ¢¥²¨Î¨´Ê · ¤¨Ê¸  ¶μ¢μ·μÉ 
¢ ³ £´¨É¥ R = 500 ³³.

Œ¥¦¤Ê¶μ²Õ¸´Ò° § §μ· ³ £´¨É  ¢Ò¡· ´ · ¢´Ò³ 110 ³³. �  ¢Ìμ¤¥ ¨ ¢ÒÌμ¤¥ ³ £´¨É 
Ê¸É ´μ¢²¥´Ò ¶ · ²²¥²Ó´Ò¥ Éμ·Í ³ Ô±· ´Ò Éμ²Ð¨´μ° 20 ³³, Ê³¥´ÓÏ ÕÐ¨¥ ¶·μÉÖ¦¥´-
´μ¸ÉÓ ±· ¥¢μ£μ ¶μ²Ö. � Î ²Ó´μ¥ ¶·¨¡²¨¦¥´¨¥ ¤²Ö μ¸´μ¢´ÒÌ £¥μ³¥É·¨Î¥¸±¨Ì Ì · ±É¥·¨-
¸É¨± ³ £´¨É  Å Ê£²μ¢μ° ¶·μÉÖ¦¥´´μ¸É¨ ¶μ²Õ¸  (84,75 ◦) ¨ · ¸¸ÉμÖ´¨Ö ³¥¦¤Ê ¶μ²Õ¸μ³
¨ ³ £´¨É´Ò³ Ô±· ´μ³ h = 110 ³³ Å ´ Ìμ¤¨²μ¸Ó ¸ ¶μ³μÐÓÕ ³¥Éμ¤¨±¨, ¶·¥¤²μ¦¥´-
´μ° ¢ · ¡μÉ¥ [6]. � Î ²Ó´μ¥ ¶·¨¡²¨¦¥´¨¥ ¤²Ö ±· ¥¢ÒÌ Ê£²μ¢ ¶μ²Õ¸  ³ £´¨É  ε · ¢´Ö-
²μ¸Ó 26,5 ◦.

‚ ¶·μÍ¥¸¸¥ · ¸Î¥Éμ¢ μ¶·¥¤¥²¥´μ μ¶É¨³ ²Ó´μ¥ · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê ¶μ²Õ¸μ³ ¨ Ô±· -
´ ³¨ h = 70 ³³, μ¡¥¸¶¥Î¨¢ ÕÐ¥¥ ³¨´¨³ ²Ó´μ¥ ¢²¨Ö´¨¥ ¸¥±¸ÉÊ¶μ²Ó´μ° ´¥²¨´¥°´μ-
¸É¨ ³ £´¨É´μ£μ ¶μ²Ö ´  ¤¨´ ³¨±Ê Î ¸É¨Í. Š·μ³¥ Éμ£μ, ´ °¤¥´Ò μ¶É¨³ ²Ó´Ò¥ ±· ¥-
¢Ò¥ Ê£²Ò ε = 26,0 ◦, μ¡¥¸¶¥Î¨¢ ÕÐ¨¥ ¸¨³³¥É·¨Î´μ¸ÉÓ Ëμ±Ê¸¨·μ¢±¨ ¶μ ¶μ¶¥·¥Î´Ò³
±μμ·¤¨´ É ³. ‘Ì¥³  Ë¨´ ²Ó´μ° ¢¥·¸¨¨ ³ £´¨É  ¶μ± § ´  ´  ·¨¸. 1. � §²¨Î´Ò¥ ¶·μ-
¥±Í¨¨ 3D-³μ¤¥²¨ ³ £´¨É , ¨¸¶μ²Ó§Ê¥³μ° ¢ · ¸Î¥É¥ ¸ ¶μ³μÐÓÕ ¶·μ£· ³³Ò
OPERA-3D, ¶μ± § ´Ò ´  ·¨¸. 2.

�É³¥É¨³, ÎÉμ ¤¥± ·Éμ¢ Ö ¸¨¸É¥³  ±μμ·¤¨´ É (X1, Y 1, Z1), ¨¸¶μ²Ó§Ê¥³ Ö ¢ OPERA-3D
(¸³. ·¨¸. 2), μÉ²¨Î ¥É¸Ö μÉ ¸¨¸É¥³Ò ±μμ·¤¨´ É (X, Y, Z), ¢¢¥¤¥´´μ° ¢ 3D-¢¥·¸¨¨ ¡¨-
¡²¨μÉ¥±¨ ¶·μ£· ³³ MCIB04. ‘¢Ö§Ó ³¥¦¤Ê ±μμ·¤¨´ É ³¨ ¤¢ÊÌ ¸¨¸É¥³ ¤ ¥É¸Ö ¢¥±Éμ·´Ò³

�¨¸. 1. ‘Ì¥³  Ë¨´ ²Ó´μ° ¢¥·¸¨¨ ³ £´¨É 
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�¨¸. 2. 3D-· ¸Î¥É´ Ö ³μ¤¥²Ó ³ £´¨É 

¸μμÉ´μÏ¥´¨¥³
(X, Y, Z) = (X1, Z1,−Y 1) . (1)

�μÔÉμ³Ê ¸¢Ö§Ó ³¥¦¤Ê ±μ³¶μ´¥´É ³¨ ¢¥±Éμ·  ¨´¤Ê±Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö B ¢ ¤¢ÊÌ ¸¨¸É¥-
³ Ì ±μμ·¤¨´ É μ¶·¥¤¥²Ö¥É¸Ö · ¢¥´¸É¢μ³

(BX , BY , BZ) = (−BX1,−BZ1,−BY 1) . (2)

2. ’�…•Œ…���Ÿ ˆ�’…���‹Ÿ–ˆŸ

„²Ö ´ Ìμ¦¤¥´¨Ö ¨´¤Ê±Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö B(X, Y, Z) ¢ ¶·μ¨§¢μ²Ó´μ° ÉμÎ±¥ É· -
¥±Éμ·¨¨ Î ¸É¨ÍÒ ¨¸¶μ²Ó§μ¢ ² ¸Ó É·¥Ì³¥·´ Ö ¨´É¥·¶μ²ÖÍ¨μ´´ Ö Ëμ·³Ê² . � ¸¸³μÉ·¨³
μ·Éμ£μ´ ²Ó´ÊÕ ¸¥É±Ê ¸ ´ Î ²μ³ ¢ ÉμÎ±¥ (0,0,0), Ï £μ³ ¢¤μ²Ó ± ¦¤μ° ¨§ μ¸¥° hX , hY ,
hZ ¨ §´ Î¥´¨Ö³¨ ¨´¤Ê±Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö ¢ Ê§² Ì ¸¥É±¨ BM

ijk . ˆ´¤Ê±Í¨Ö B(X, Y, Z)
³μ¦¥É ¡ÒÉÓ ´ °¤¥´  ± ±

B(X, Y, Z) =
3∑

i=1

3∑
j=1

3∑
k=1

qXiqYj qZk
BM

iX+i−1,iY +j−1,iZ+k−1. (3)

‡¤¥¸Ó iX,Y,Z Å ´μ³¥·  Ê§²  ¸¥É±¨, ¤²Ö ±μÉμ·μ£μ ¢Ò¶μ²´ÖÕÉ¸Ö ¸μμÉ´μÏ¥´¨Ö

XiX � X < XiX+1, YiY � Y < YiY +1, ZiZ � Z < ZiZ+1. (4)
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ŠμÔËË¨Í¨¥´ÉÒ qXi,Yi,Zi μ¶·¥¤¥²¥´Ò ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¨´É¥·¶μ²ÖÍ¨μ´´Ò³ ¶μ²¨´μ³μ³
‹ £· ´¦  ¢Éμ·μ£μ ¶μ·Ö¤±  [7]. � ¶·¨³¥·, ¤²Ö qXi ¨³¥¥³ ¢Ò· ¦¥´¨Ö:

qX1 = 0,5(δX − 1)(δX − 2),

qX2 = −δX(δX − 2),

qX3 = 0,5δX(δX − 1),

(5)

£¤¥ δX = X/hX − �X/hX�; ËÊ´±Í¨Ö �X� μ¶·¥¤¥²Ö¥É¸Ö ± ± ´ ¨¡μ²ÓÏ¥¥ Í¥²μ¥, ³¥´ÓÏ¥¥
¨²¨ · ¢´μ¥ X . ŠμÔËË¨Í¨¥´ÉÒ qYi ¨ qZi ´ Ìμ¤ÖÉ¸Ö  ´ ²μ£¨Î´μ. ”μ·³Ê²Ò (3)Ä(5) Ö¢²ÖÕÉ¸Ö
μ¡μ¡Ð¥´¨¥³ ¨´É¥·¶μ²ÖÍ¨μ´´μ° Ëμ·³Ê²Ò ‹ £· ´¦  ´  É·¥Ì³¥·´Ò° ¸²ÊÎ °.

Š ·É  ³ £´¨É´μ£μ ¶μ²Ö ¸μμÉ¢¥É¸É¢Ê¥É 1/4 Î ¸É¨ ³ £´¨É  ¸ ¶μ²μ¦¨É¥²Ó´Ò³¨ §´ Î¥-
´¨Ö³¨ ±μμ·¤¨´ É X, Z. „²Ö ´ Ìμ¦¤¥´¨Ö ¨´¤Ê±Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö ¢ ¶·μ¨§¢μ²Ó´μ°
ÉμÎ±¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö Ëμ·³Ê²Ò, Ö¢²ÖÕÐ¨¥¸Ö ¸²¥¤¸É¢¨¥³ ¸¨³³¥É·¨¨ ¸¨¸É¥³Ò μÉ´μ¸¨É¥²Ó´μ
¶²μ¸±μ¸É¥° X = 0 ¨ Z = 0:

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

(BX(−Z), BY (−Z), BZ(−Z)) = (−BX(Z),−BY (Z), BZ(Z)) .
(6)

�  ·¨¸. 3 ¶μ± § ´  ¨¤¥ ²Ó´ Ö · ¢´μ¢¥¸´ Ö μ·¡¨É  ¢ ³ £´¨É¥. �  ·¨¸. 4 ¶·¨¢¥¤¥´  ¢¥-
²¨Î¨´  ¨´¤Ê±Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö BZ ¢ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨ ³ £´¨É  ¢¤μ²Ó μ·¡¨ÉÒ. � 
·¨¸. 5 ¤ ´μ · ¸¶·¥¤¥²¥´¨¥ ±μ³¶μ´¥´Éμ¢ ¨´¤Ê±Í¨¨ BX , BY , ¢ÒÎ¨¸²¥´´ÒÌ ¢¤μ²Ó μ·¡¨ÉÒ
´  · ¸¸ÉμÖ´¨¨ Z = 2 ¸³ μÉ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨.

�¨¸. 3. ˆ¤¥ ²Ó´ Ö · ¢´μ¢¥¸´ Ö μ·¡¨É 

�¨¸. 4. ˆ´¤Ê±Í¨Ö ³ £´¨É´μ£μ ¶μ²Ö BZ ¢¤μ²Ó ¨¤¥-

 ²Ó´μ° μ·¡¨ÉÒ

�¨¸. 5. Šμ³¶μ´¥´ÉÒ ¨´¤Ê±Í¨¨ BX , BY ¢¤μ²Ó

¨¤¥ ²Ó´μ° μ·¡¨ÉÒ ¶·¨ Z = 2 ¸³
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3. ��‘—…’��Ÿ ��‚��‚…‘��Ÿ ���ˆ’�

“· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¢ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨ ³ £´¨É  ¨³¥ÕÉ ¢¨¤

X ′′
0 =

BZ

Bρ
Y ′

0 , Y ′′
0 = −BZ

Bρ
X ′

0. (7)

˜É·¨Ì §¤¥¸Ó ¨ ¢ ¤ ²Ó´¥°Ï¥³ μ§´ Î ¥É ¤¨ËË¥·¥´Í¨·μ¢ ´¨¥ ¶μ ¤²¨´¥ s; BZ Å ¨´¤Ê±Í¨Ö
³ £´¨É´μ£μ ¶μ²Ö ¢ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨; Bρ Å ³ £´¨É´ Ö ¦¥¸É±μ¸ÉÓ Î ¸É¨ÍÒ.

�·¨ ¢ÒÎ¨¸²¥´¨¨ ¸ ¶μ³μÐÓÕ ¶·μ£· ³³Ò MCIB04 ´ Ìμ¤¨É¸Ö ¶μ²μ¢¨´  μ·¡¨ÉÒ, ¸μμÉ-
¢¥É¸É¢ÊÕÐ Ö μ¡² ¸É¨ X0 > 0 [5]. � Î ²Ó´Ò¥ Ê¸²μ¢¨Ö ¶·¨ ÔÉμ³ ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤:

X0(s = 0) = 0, X ′
0(s = 0) = 1, Y0(s = 0) = Ri, Y ′

0(s = 0) = 0. (8)

� ¸Î¥É´ Ö · ¢´μ¢¥¸´ Ö μ·¡¨É  ´ Ìμ¤¨É¸Ö ¸ ¶μ³μÐÓÕ ¢ ·Ó¨·μ¢ ´¨Ö ¢¥²¨Î¨´Ò ³ £´¨É-
´μ£μ ¶μ²Ö ¢ Í¥´É·¥ ³ £´¨É  B0 ¨ ´ Î ²Ó´μ£μ · ¤¨Ê¸  μ·¡¨ÉÒ Ri. “¸²μ¢¨¥³ ¸μ£² ¸μ-
¢ ´¨Ö Ö¢²Ö¥É¸Ö ¸μ¢¶ ¤¥´¨¥ · ¸Î¥É´μ° μ·¡¨ÉÒ ´  ±· Õ ± ·ÉÒ ¶μ²Ö s = LM = 60 ¸³
¸ ¨¤¥ ²Ó´μ°:

X0(s = LM ) + Y0(s = LM ) = R
√

2, X ′
0(s = LM ) + Y ′

0(s = LM ) = 0, (9)

£¤¥ R Å ¶·μ¥±É´Ò° · ¤¨Ê¸ ³ £´¨É .

� °¤¥´´μ¥ §´ Î¥´¨¥ Ri · ¢´μ 497,97 ³³. �μÔÉμ³Ê ³ ±¸¨³ ²Ó´μ¥ μÉ±²μ´¥´¨¥ (¢ Í¥´É·¥
³ £´¨É ) · ¸Î¥É´μ° · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ μÉ ¨¤¥ ²Ó´μ° μ·¡¨ÉÒ ´¥ ¶·¥¢ÒÏ ¥É 2,03 ³³.
� ¸Î¥É´ Ö · ¢´μ¢¥¸´ Ö μ·¡¨É  ¶μ± § ´  ¸¶²μÏ´μ° ±·¨¢μ° ´  ·¨¸. 6.

�¨¸. 6. � ¸Î¥É´ Ö · ¢´μ¢¥¸´ Ö μ·¡¨É 
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�·¨ ´ Ìμ¦¤¥´¨¨ μ·¡¨ÉÒ ¢ÒÎ¨¸²Ö²¨¸Ó É ±¦¥ ¥¥ ÔËË¥±É¨¢´Ò° · ¤¨Ê¸ Reff ¨ ±·¨¢¨§´ 
K(s), ´¥μ¡Ìμ¤¨³Ò¥ ¤²Ö ¶μ¸²¥¤ÊÕÐ¨Ì · ¸Î¥Éμ¢:

Reff =
4
π

1
B0

LM∫
0

BZ(X0(s), Y0(s), 0) ds ≡ Bρ

B0
= 497,4 ³³,

K(s) =
BZ(X0(s), Y0(s), 0)

Bρ
≡ BZ(X0(s), Y0(s), 0)

B0Reff
.

(10)

„²¨´  μ·¡¨ÉÒ · ¢´  2LM = 120 ¸³. �μÔÉμ³Ê ¶μ²´ Ö μ·¡¨É  · ¸¸Î¨ÉÒ¢ ¥É¸Ö ¶μ ´ °-
¤¥´´μ° ¸ ¶μ³μÐÓÕ § ³¥´Ò ¶¥·¥³¥´´μ°:

s1 = s + LM , −LM � s � LM (11)

¨ ¸μμÉ´μÏ¥´¨° ¸¨³³¥É·¨¨:

(X0(−s), Y0(−s)) = (−X0(s), Y0(s)),

(X ′
0(−s), Y ′

0(−s)) =(X ′
0(s),−Y ′

0(s)), K(−s) = K(s).
(12)

„¥± ·Éμ¢Ò¥ ±μμ·¤¨´ ÉÒ μ·¡¨ÉÒ (X0(s), Y0(s)), ¨Ì ¶·μ¨§¢μ¤´Ò¥ (X ′
0(s), Y

′
0 (s)) ¨ ±·¨-

¢¨§´  K(s) § ¶¨¸Ò¢ ÕÉ¸Ö ¢ Ë °² ¨ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢ ¶μ¸²¥¤ÊÕÐ¨Ì · ¸Î¥É Ì.

4. “��‚�…�ˆŸ „‚ˆ†…�ˆŸ ‚ Œ�ƒ�ˆ’…

�·¨ ¨¸¸²¥¤μ¢ ´¨¨ ¤¢¨¦¥´¨Ö Î ¸É¨Í ¢ ³ £´¨É¥ Ê¤μ¡´μ ¨¸¶μ²Ó§μ¢ ÉÓ ´ ÉÊ· ²Ó´ÊÕ ¸¨-
¸É¥³Ê ±μμ·¤¨´ É (x, z, s) [8, 9], ¸¢Ö§ ´´ÊÕ ¸ · ¸Î¥É´μ° · ¢´μ¢¥¸´μ° μ·¡¨Éμ° (X0(s), Y0(s))
¨ ¶μ± § ´´ÊÕ ´  ·¨¸. 7.

‚ ÔÉμ° ¸¨¸É¥³¥ ±μμ·¤¨´ É Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤:

x′′ = K(1 + Kx) − V

V0

1
Bρ

[(1 + Kx)Bz − z′Bτ ],

z′′ =
V

V0

1
Bρ

[(1 + Kx)Bn − x′Bτ ], (13)

V

V0
=

√
(1 + Kx)2 + x′2 + z′2.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¢¨¤ Ê· ¢´¥´¨° (13) μÉ²¨Î ¥É¸Ö μÉ ¨¸¶μ²Ó§μ¢ ¢Ï¨Ì¸Ö ¢ [4], ¶μ-
¸±μ²Ó±Ê ¶·¨ ¢Ò¢μ¤¥ (13) ÊÎÉ¥´ § ±μ´ ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨ Î ¸É¨Í ¶·¨ ¤¢¨¦¥´¨¨ ¢ ³ £-
´¨É´μ³ ¶μ²¥ V/V0 ≡ const.

‚¸¥ ±μ³¶μ´¥´ÉÒ ¢¥±Éμ·  ¨´¤Ê±Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö, ¢Ìμ¤ÖÐ¨¥ ¢ (13), · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö
¸ ¶μ³μÐÓÕ ± ·ÉÒ ³ £´¨É´μ£μ ¶μ²Ö ¢ ÉμÎ±¥ ´ Ìμ¦¤¥´¨Ö Î ¸É¨ÍÒ (X(s), Y (s), Z(s)):

(X(s), Y (s), Z(s)) = (X0(s) − xY ′
0(s), Y0(s) + xX ′

0(s), z),

(Bn, Bz, Bτ ) = (−BXY ′
0 + BY X ′

0, BZ , BXX ′
0 + BY Y ′

0).
(14)
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�¨¸. 7. � ÉÊ· ²Ó´ Ö ¸¨¸É¥³  ±μμ·¤¨´ É (x, z, s)

� · ³¥É·Ò · ¸Î¥É´μ° · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ ¢ ¶·μ¨§¢μ²Ó´μ° ÉμÎ±¥ s ´ Ìμ¤ÖÉ¸Ö ¸ ¶μ³μÐÓÕ
±¢ ¤· É¨Î´μ° ¨´É¥·¶μ²ÖÍ¨¨ §´ Î¥´¨°, ¸Î¨ÉÒ¢ ¥³ÒÌ ¨§ Ë °² , ¸μ§¤ ´´μ£μ ¶·¨ ´ Ìμ¦¤¥-
´¨¨ · ¢´μ¢¥¸´μ° μ·¡¨ÉÒ.

5. �…�„����„��‘’œ Œ�ƒ�ˆ’��ƒ� ��‹Ÿ

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

Bz = B0

∞∑
n=0

bn(r, s)rn cos (nϕ). (15)

‡¤¥¸Ó ¨ ¢ ¤ ²Ó´¥°Ï¥³ (r, ϕ) Å ¶μ²Ö·´Ò¥ ±μμ·¤¨´ ÉÒ ÉμÎ±¨ (x, z) ´ ÉÊ· ²Ó´μ° ¸¨¸É¥³Ò
±μμ·¤¨´ É, ¢¢¥¤¥´´μ° ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥:

x = r cos ϕ, z = r sin ϕ,

bn(r, s) =
κn

πrn

2π∫
0

Bz(r, ϕ, s)
B0

cos (nϕ) dϕ, (16)

κn =

{
0,5, n = 0,

1, n = 1,2 . . .

�É³¥É¨³, ÎÉμ ¸¨´Ê¸ £ ·³μ´¨±¨ ”Ê·Ó¥ Éμ¦¤¥¸É¢¥´´μ · ¢¥´ ´Ê²Õ ¢ ¸¨²Ê ¸¨³³¥É·¨¨ BZ

¶μ²Ö μÉ´μ¸¨É¥²Ó´μ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨.
�¥·¢ Ö £ ·³μ´¨±  ¸μμÉ¢¥É¸É¢Ê¥É ±¢ ¤·Ê¶μ²Ó´μ° ¸μ¸É ¢²ÖÕÐ¥° ¨´¤Ê±Í¨¨ ³ £´¨É´μ£μ

¶μ²Ö ¨ μ¶·¥¤¥²Ö¥É ¢¥²¨Î¨´Ê ÔËË¥±É¨¢´μ£μ ±· ¥¢μ£μ Ê£²  ¶μ²Õ¸  ³ £´¨É  εeff :

tg εeff = −1
2

2LM∫
0

b̄1(s) ds, (17)

£¤¥ b̄1(s) Å ¸·¥¤´¥¥ ¶μ · ¤¨Ê¸Ê §´ Î¥´¨¥  ³¶²¨ÉÊ¤Ò ¶¥·¢μ° £ ·³μ´¨±¨; ¨´É¥£·¨·μ¢ ´¨¥
¢ (17) ¶·μ¢μ¤¨É¸Ö ¶μ · ¸Î¥É´μ° μ·¡¨É¥. ‚¥²¨Î¨´  ÔËË¥±É¨¢´μ£μ ±· ¥¢μ£μ Ê£²  εeff =
25,5 ◦ ¤²Ö Ë¨´ ²Ó´μ° ¢¥·¸¨¨ ³ £´¨É .
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�¨¸. 8.  ) Š¢ ¤·Ê¶μ²Ó´ Ö ¸μ¸É ¢²ÖÕÐ Ö ³ £´¨É´μ£μ ¶μ²Ö b1(r, s). 1 Å h = 70 ³³; 2 Å h = 110 ³³.

¡) ‘¥±¸ÉÊ¶μ²Ó´ Ö ¸μ¸É ¢²ÖÕÐ Ö ³ £´¨É´μ£μ ¶μ²Ö b2(r, s). �¡μ§´ Î¥´¨Ö ¤²Ö 1 ¨ 2 É¥ ¦¥, ÎÉμ ¨

¤²Ö ·¨¸.  

‚Éμ· Ö £ ·³μ´¨±  ¸μμÉ¢¥É¸É¢Ê¥É ¸¥±¸ÉÊ¶μ²Ó´μ° ¸μ¸É ¢²ÖÕÐ¥° ¨´¤Ê±Í¨¨ ³ £´¨É´μ£μ
¶μ²Ö. …¥ ´ 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¤ ¶¥·¢μ° b1(r, s) ¨ ¢Éμ·μ° b2(r, s) £ ·³μ´¨± μÉ ¤²¨´Ò ¢¤μ²Ó μ·-
¡¨ÉÒ s ¶·¨ · §²¨Î´ÒÌ · ¤¨Ê¸ Ì r ¤²Ö Ë¨´ ²Ó´μ° ¢¥·¸¨¨ ³ £´¨É  ¶μ± § ´  ´  ·¨¸. 8
(±·¨¢Ò¥ 1). „²Ö ¸· ¢´¥´¨Ö ´  ÔÉμ³ ¦¥ ·¨¸Ê´±¥ (±·¨¢Ò¥ 2) ¶μ± § ´Ò  ³¶²¨ÉÊ¤Ò £ ·³μ-
´¨± ”Ê·Ó¥, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ · ¸¸ÉμÖ´¨Õ ³¥¦¤Ê Éμ·Í ³¨ ¶μ²Õ¸μ¢ ³ £´¨É  ¨ Ô±· ´μ¢ h,
· ¢´μ³Ê 110 ³³.

�·¨ Ê³¥´ÓÏ¥´¨¨ ¢¥²¨Î¨´Ò § §μ·  ³¥¦¤Ê Éμ·Íμ³ ¶μ²Õ¸  ¨ Ô±· ´μ³ ¶·μ¨§μÏ²μ ´¥-
±μÉμ·μ¥ Ê¢¥²¨Î¥´¨¥ · §´¨ÍÒ ³¥¦¤Ê ³ ±¸¨³ ²Ó´Ò³ ¨ ³¨´¨³ ²Ó´Ò³ §´ Î¥´¨Ö³¨  ³¶²¨-
ÉÊ¤Ò ¢Éμ·μ° £ ·³μ´¨±¨. �¤´ ±μ ¥¥ ¸·¥¤´¥¥ §´ Î¥´¨¥ Ê³¥´ÓÏ¨²μ¸Ó ¡μ²¥¥ Î¥³ ¢ ¤¢ 
· § , ¶μÔÉμ³Ê ¢²¨Ö´¨¥ ¸¥±¸ÉÊ¶μ²Ó´μ° ´¥²¨´¥°´μ¸É¨ ´  Ô³¨ÉÉ ´¸ ¶ÊÎ±  É ±¦¥ ¡Ê¤¥É
Ê³¥´ÓÏ¥´μ.

6. ���‹ˆ‡ �“—Š� ˆ���‚ 238U42+,43+,44+

‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸Î¨É ´  É· ´¸¶μ·É¨·μ¢±  ¨μ´μ¢ 238U Î¥·¥§ ³ £´¨É IM90. � -
· ³¥É·Ò ¶ÊÎ±  ¶·¨¢¥¤¥´Ò ¢ É ¡². 1. �¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¶μ± § ´Ò ´  ·¨¸. 9Ä12.

’ ¡²¨Í  1. � · ³¥É·Ò ¶ÊÎ±  ¨μ´μ¢ Ê· ´ 

ˆ´¦¥±É¨·Ê¥³Ò¥ ¨μ´Ò 238U43+

Œ ¸¸  A 238

‡ ·Ö¤ Z 42, 43, 44

�´¥·£¨Ö Ô±¸É· ±Í¨¨ ´  ¥¤¨´¨Î´Ò° § ·Ö¤, ±Ô‚ 24,78

�μ²´Ò° Éμ± ¶ÊÎ± , ³� 0,2

” ±Éμ· ´¥°É· ²¨§ Í¨¨ f 1

� Î ²Ó´Ò° ¤¨ ³¥É· ¶ÊÎ± , ³³ 14

�³¨ÉÉ ´¸ ¶ÊÎ±  ¶·¨ Ô´¥·£¨¨ Ô±¸É· ±Í¨¨, π ³³ · ³· ¤ 200
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�¨¸. 9. ’· ¥±Éμ·¨¨ ¨μ´μ¢ Ê· ´ 

�¨¸. 10. �£¨¡ ÕÐ¨¥ ¶ÊÎ±  ¨μ´μ¢ 238U43+.

1 Å £μ·¨§μ´É ²Ó´ Ö; 2 Å ¢¥·É¨± ²Ó´ Ö

�¨¸. 11. ƒμ·¨§μ´É ²Ó´Ò° (1) ¨ ¢¥·É¨± ²Ó´Ò° (2)
Ô³¨ÉÉ ´¸Ò ¶ÊÎ±  ¨μ´μ¢ 238U43+

�¨¸. 12.  ) ‘¥¶ · Í¨Ö ¨μ´μ¢ Ê· ´ . ¡Ä£) �²μ¸±μ¸É¨ (x, y), (x, x′) ¨ (y, y′) ¸μμÉ¢¥É¸É¢¥´´μ
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�μ¤μ¡· ´´Ò° £¥μ³¥É·¨Î¥¸±¨° Ê£μ² ¸±μ¸  ¶μ²Õ¸μ¢ Å 26,0 ◦ Å μ¡¥¸¶¥Î¨² ¸¨³³¥É·¨Õ
Ëμ±Ê¸¨·μ¢±¨ ¶ÊÎ±  ¶μ μ¡¥¨³ ¸É¥¶¥´Ö³ ¸¢μ¡μ¤Ò.

‘¥±¸ÉÊ¶μ²Ó´ Ö ´¥²¨´¥°´μ¸ÉÓ ³ £´¨É´μ£μ ¶μ²Ö ¶·¨¢μ¤¨É ± Ê¢¥²¨Î¥´¨Õ ± ± £μ·¨§μ´-
É ²Ó´μ£μ, É ± ¨ ¢¥·É¨± ²Ó´μ£μ Ô³¨ÉÉ ´¸μ¢ ¶ÊÎ±  ´  12,5 % (¸³. ·¨¸. 11), μ¤´μ¢·¥³¥´´μ
¨¸± ¦ ¥É¸Ö ¶μ¶¥·¥Î´μ¥ · ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í ¢ ¶ÊÎ±¥ (¸³. ·¨¸. 12, ¡Ä£). �É  ¦¥ ´¥²¨-
´¥°´μ¸ÉÓ ¶·¨¢μ¤¨É ± Ê¢¥²¨Î¥´¨Õ Ê£²  ¶μ¢μ·μÉ  ¢ ³ £´¨É¥ ¶·¨¡²¨§¨É¥²Ó´μ ´  3 ³· ¤
¨ £μ·¨§μ´É ²Ó´μ³Ê ¸³¥Ð¥´¨Õ ¶ÊÎ±  ¢ Ëμ± ²Ó´μ° ¶²μ¸±μ¸É¨ ³ £´¨É  ¶·¨¡²¨§¨É¥²Ó´μ
´  −3 ³³. „ ´´Ò¥ ¨¸± ¦¥´¨Ö ¤μ²¦´Ò ¡ÒÉÓ ¸±μ³¶¥´¸¨·μ¢ ´Ò ´¥¡μ²ÓÏ¨³ ¨§³¥´¥´¨¥³
¢¥¤ÊÐ¥£μ ³ £´¨É´μ£μ ¶μ²Ö (ΔB0/B0 ∼ 2 · 10−3) ¨²¨ ¸ ¶μ³μÐÓÕ ¤¨¶μ²Ó´ÒÌ ±μ··¥±Éμ·μ¢,
Ê¸É ´μ¢²¥´´ÒÌ ´  ¢Ìμ¤¥ ¨ ¢ÒÌμ¤¥ ³ £´¨É . Œ £´¨É ¤ ¥É Ìμ·μÏÊÕ ¸¥¶ · Í¨Õ ¸μ¸¥¤´¨Ì
§ ·Ö¤´μ¸É¥° ¨μ´μ¢ Ê· ´  (·¨¸. 12,  ).

7. Š���‹ �Š‘ˆ�‹œ��‰ ˆ�†…Š–ˆˆ –ˆŠ‹�’���� „–-280

‚¥²¨Î¨´  ¸¥±¸ÉÊ¶μ²Ó´μ° ´¥²¨´¥°´μ¸É¨ ³¥´Ö¥É¸Ö ± ± ±¢ ¤· É · ¤¨Ê¸  ¸¥Î¥´¨Ö
¶ÊÎ±  (15). �μÔÉμ³Ê ¢²¨Ö´¨¥ ¸¥±¸ÉÊ¶μ²Ó´μ° ´¥²¨´¥°´μ¸É¨ ³μ¦¥É ¡ÒÉÓ μ¸² ¡²¥´μ ¶·¨
Ê³¥´ÓÏ¥´¨¨ · §³¥·  ¶μ¶¥·¥Î´μ£μ ¸¥Î¥´¨Ö ¶ÊÎ±  ¢ ³ £´¨É¥ ¸ ¶μ³μÐÓÕ Ëμ±Ê¸¨·ÊÕÐ¥£μ
¸μ²¥´μ¨¤ , Ê¸É ´μ¢²¥´´μ£μ ³¥¦¤Ê �–�-¨¸ÉμÎ´¨±μ³ ¨  ´ ²¨§¨·ÊÕÐ¨³ ³ £´¨Éμ³. ’ ± Ö
μ¶É¨Î¥¸± Ö ¸Ì¥³  ¸¥¶ · Í¨¨ ¶ÊÎ±  ¨μ´μ¢ Ö¢²Ö¥É¸Ö μ¡Ð¥° ¤²Ö ± ´ ²μ¢  ±¸¨ ²Ó´μ° ¨´-
¦¥±Í¨¨ Í¨±²μÉ·μ´μ¢ [10].

‚ ± Î¥¸É¢¥ ¶·¨³¥·  ¶·¨¢¥¤¥³ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  É· ´¸¶μ·É¨·μ¢±¨ ¶ÊÎ±  ¨μ´μ¢ 48‘ 
´  ´ Î ²Ó´μ³ ÊÎ ¸É±¥ Å μÉ ¢Ò¢μ¤´μ£μ μÉ¢¥·¸É¨Ö �–�-¨¸ÉμÎ´¨±  ¨μ´μ¢ ¤μ Ëμ± ²Ó´μ°
¶²μ¸±μ¸É¨  ´ ²¨§¨·ÊÕÐ¥£μ ³ £´¨É  Å ± ´ ²   ±¸¨ ²Ó´μ° ¨´¦¥±Í¨¨ Í¨±²μÉ·μ´  „–-280.
� · ³¥É·Ò É· ´¸¶μ·É¨·Ê¥³μ£μ ¶ÊÎ±  ¶·¨¢¥¤¥´Ò ¢ É ¡². 2.

’ ¡²¨Í  2. � · ³¥É·Ò É· ´¸¶μ·É¨·Ê¥³μ£μ ¶ÊÎ± 

ˆ´¦¥±É¨·Ê¥³Ò¥ ¨μ´Ò 48‘ 8+

’· ´¸¶μ·É¨·Ê¥³Ò¥ ¨μ´Ò ‘  �¥

Œ ¸¸  A 48 4

‡ ·Ö¤ Z 4Ä10 1Ä2

�´¥·£¨Ö Ô±¸É· ±Í¨¨ ´  ¥¤¨´¨Î´Ò° § ·Ö¤, ±Ô‚ 25

�μ²´Ò° Éμ± ¶ÊÎ± , ³� 1,0 0,25

” ±Éμ· ´¥°É· ²¨§ Í¨¨ f 1

� Î ²Ó´Ò° ¤¨ ³¥É· ¶ÊÎ± , ³³ 8 8

�³¨ÉÉ ´¸ ¶ÊÎ± , π ³³ ·³· ¤ 180 180

�  ·¨¸. 13 ¶μ± § ´μ ¨§³¥´¥´¨¥ μ£¨¡ ÕÐ¨Ì ¶ÊÎ±  ¨μ´μ¢ 48‘ 8+. ˆ§³¥´¥´¨¥ Ô³¨ÉÉ ´¸ 
¶ÊÎ±  ¨μ´μ¢ 48‘ 8+ ¶·¨¢¥¤¥´μ ´  ·¨¸. 14. �  ·¨¸. 15 ¤ ´Ò · ¸¶·¥¤¥²¥´¨Ö ¨μ´μ¢ 48‘ 8+

´  · §²¨Î´ÒÌ Ë §μ¢ÒÌ ¶²μ¸±μ¸ÉÖÌ ¢ ±μ´¥Î´μ° ÉμÎ±¥ ´ Î ²Ó´μ£μ ÊÎ ¸É±  ± ´ ² .

² £μ¤ ·Ö Ëμ±Ê¸¨·μ¢±¥ ¶ÊÎ±  ¸μ²¥´μ¨¤μ³ · §³¥·Ò ¶ÊÎ±  ¢ ³ £´¨É¥ Ê³¥´ÓÏ¨²¨¸Ó

¡μ²¥¥ Î¥³ ¢ 1,3 · §  (¸³. ·¨¸. 13) ¶μ ¸· ¢´¥´¨Õ ¸ · ¸¸³μÉ·¥´´Ò³ ¸²ÊÎ ¥³  ´ ²¨§  ¸¶¥±É· 
¨μ´μ¢ Ê· ´ . ‘·¥¤´¥±¢ ¤· É¨Î´Ò° Ô³¨ÉÉ ´¸ ¶ÊÎ±  Ê¢¥²¨Î¨²¸Ö Éμ²Ó±μ ´  2,8 % (·¨¸. 14).
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�¨¸. 13. �£¨¡ ÕÐ¨¥ ¶ÊÎ±  ¨μ´μ¢ 48‘ 8+:

1 Å £μ·¨§μ´É ²Ó´ Ö; 2 Å ¢¥·É¨± ²Ó´ Ö

�¨¸. 14. ƒμ·¨§μ´É ²Ó´Ò° (1) ¨ ¢¥·É¨± ²Ó´Ò° (2)
Ô³¨ÉÉ ´¸Ò ¶ÊÎ±  ¨μ´μ¢ 48‘ 8+

�¨¸. 15.  ) �²μ¸±μ¸ÉÓ (x, y); ¡) ¶²μ¸±μ¸ÉÓ (x, x′); ¢) ¶²μ¸±μ¸ÉÓ (y, y′)

�¥²¨´¥°´Ò¥ ¨¸± ¦¥´¨Ö ¶μ¶¥·¥Î´μ£μ Ë §μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö ¶ÊÎ±  ¨μ´μ¢ 48‘ 8+ É ±¦¥
§´ Î¨É¥²Ó´μ Ê³¥´ÓÏ¨²¨¸Ó.

‡�Š‹�—…�ˆ…

�μ¸É·μ¥´  3D-³μ¤¥²Ó ¤²Ö ¶·μ£· ³³Ò OPERA-3D, ¨ · ¸¸Î¨É ´Ò ± ·ÉÒ ¶μ²Ö, ¸μμÉ-
¢¥É¸É¢ÊÕÐ¨¥ ¢ ·Ó¨·Ê¥³Ò³ £¥μ³¥É·¨Î¥¸±¨³ Ì · ±É¥·¨¸É¨± ³  ´ ²¨§¨·ÊÕÐ¥£μ ³ £´¨É 
± ´ ²   ±¸¨ ²Ó´μ° ¨´¦¥±Í¨¨ Í¨±²μÉ·μ´  „–-280.

� §· ¡μÉ ´  ²£μ·¨É³ · ¸Î¥É  ¤¨´ ³¨±¨ Î ¸É¨Í ¢ É·¥Ì³¥·´μ³ ¶μ²¥ ³ £´¨É .
�¶·¥¤¥²¥´Ò ´¥μ¤´μ·μ¤´μ¸É¨ ³ £´¨É´μ£μ ¶μ²Ö, ¨ ¶·μ¢¥¤¥´  ´ ²¨§ ¨Ì § ¢¨¸¨³μ¸É¨ μÉ

¢¥²¨Î¨´Ò ±· ¥¢μ£μ Ê£²  ¨ · ¸¸ÉμÖ´¨Ö ³¥¦¤Ê Éμ·Íμ³ ¶μ²Õ¸  ¨ Ô±· ´μ³.
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� Î ²Ó´μ¥ ¶·¨¡²¨¦¥´¨¥ ¤²Ö Ê£²μ¢μ° ¶·μÉÖ¦¥´´μ¸É¨ ¶μ²Õ¸  ³ £´¨É  (84,75 ◦), ´ °-
¤¥´´μ¥ ¸ ¶μ³μÐÓÕ ³¥Éμ¤¨±¨, ¶·¥¤²μ¦¥´´μ° ¢ · ¡μÉ¥ [6], ¤ ²μ Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ · ¸Î¥É-
´μ£μ · ¤¨Ê¸  ¶μ¢μ·μÉ  ³ £´¨É  (497,4 ³³) ¸ ¶·μ¥±É´Ò³ §´ Î¥´¨¥³ (500 ³³).

�μ¤μ¡· ´´Ò° £¥μ³¥É·¨Î¥¸±¨° ±· ¥¢μ° Ê£μ² ¶μ²Õ¸  ³ £´¨É  26,0 ◦ μ¡¥¸¶¥Î¨¢ ¥É ¸¨³-
³¥É·¨Õ Ëμ±Ê¸¨·μ¢±¨ ¶μ μ¡¥¨³ ¶μ¶¥·¥Î´Ò³ ±μμ·¤¨´ É ³.

�¶É¨³ ²Ó´ Ö ¢¥²¨Î¨´  · ¸¸ÉμÖ´¨Ö μÉ Éμ·Í  ¶μ²Õ¸  ¤μ ³ £´¨É´μ£μ Ô±· ´  h = 70 ³³
Ê³¥´ÓÏ ¥É ¢²¨Ö´¨¥ ¸¥±¸ÉÊ¶μ²Ó´μ° ´¥²¨´¥°´μ¸É¨ ¤μ ¶·¨¥³²¥³μ£μ Ê·μ¢´Ö. � Î ²Ó´μ¥
¶·¨¡²¨¦¥´¨¥ h = 110 ³³, ´ °¤¥´μ¥ ¸ ¶μ³μÐÓÕ ·¥§Ê²ÓÉ Éμ¢ · ¡μÉÒ [6], ¤ ¥É ¸ÊÐ¥¸É¢¥´´μ
ÌÊ¤Ï¨¥ ·¥§Ê²ÓÉ ÉÒ.

� ¸Î¥É´μ¥ §´ Î¥´¨¥ · §·¥Ï¥´¨Ö ³ £´¨É  ¸μ¢¶ ¤ ¥É ¸ ¶·μ¥±É´Ò³ r = 80 ¨ ¶μ§¢μ²Ö¥É
¸¥¶ ·¨·μ¢ ÉÓ ¨μ´Ò Ê· ´  ¢¶²μÉÓ ¤μ Zmax = 43.

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´¨¥ ¸¥±¸ÉÊ¶μ²Ó´μ° ´¥²¨´¥°´μ¸É¨ ´  ¤¨´ ³¨±Ê Î ¸É¨Í ¨ ´¥ ³¥´Ö¥É
· §·¥Ï¥´¨¥ ³ £´¨É .
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