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‘¨¸É¥³  ±µ³¶¥´¸ Í¨¨ ¶·µ£¨¡  ¤²Ö ¸¡µ·±¨ MDT-± ³¥·
Ô±¸¶¥·¨³¥´É  ATLAS

�·¨¢µ¤¨É¸Ö µ¶¨¸ ´¨¥ ¸¨¸É¥³Ò Ê¸É·µ°¸É¢, ¸µ§¤ ´´ÒÌ ¤²Ö ±µ³¶¥´¸ Í¨¨ £· ¢¨-
É Í¨µ´´µ£µ ¶·µ£¨¡  ¤·¥°Ëµ¢µ° ± ³¥·Ò ¢ ¶·µÍ¥¸¸¥ ¥¥ ¸¡µ·±¨. ‘ ¶µ³µÐÓÕ ÔÉµ°
¸¨¸É¥³Ò ¶·¨ ¶µÔÉ ¶´µ³ ¶·¨±²¥¨¢ ´¨¨ ± ± ³¥·¥ ¸²µ¥¢ ¨§ É·Ê¡Î ÉÒÌ ¤·¥°Ëµ¢ÒÌ
¤¥É¥±Éµ·µ¢ §´ Î¨É¥²Ó´µ Ê³¥´ÓÏ ¥É¸Ö ¶µ¶¥·¥Î´Ò° ¶·µ£¨¡ ¨ É¥³ ¸ ³Ò³ µ¡¥¸¶¥-
Î¨¢ ¥É¸Ö ¢Ò¸µ± Ö ÉµÎ´µ¸ÉÓ ¢§ ¨³´µ£µ ¶µ²µ¦¥´¨Ö µÉ¤¥²Ó´ÒÌ É·Ê¡µ±. “¸É·µ°¸É¢ 
¶·¨³¥´Ö²¨¸Ó ¶·¨ ¸¡µ·±¥ 74 MDT-± ³¥· Ô±¸¶¥·¨³¥´É  ATLAS. �·¨¢¥¤¥´Ò · ¸-
Î¥É´Ò¥ ¢¥²¨Î¨´Ò ¤¥Ëµ·³ Í¨¨ ± ³¥·,   É ±¦¥ ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨Ö ¶µ¶¥·¥Î´ÒÌ
¶·µ£¨¡µ¢, ¶µ²ÊÎ¥´´Ò¥ ¶·¨ ¸¡µ·±¥ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¸¨¸É¥³Ò ±µ³¶¥´¸ Í¨¨. ’¥-
¸É¨·µ¢ ´¨¥ ± ³¥· ´  ·¥´É£¥´µ¢¸±µ³ Éµ³µ£· Ë¥ ¢ –…�� ¶µ± § ²µ, ÎÉµ ÉµÎ´µ¸ÉÓ
· ¸¶µ²µ¦¥´¨Ö µÉ¤¥²Ó´ÒÌ ¸¨£´ ²Ó´ÒÌ ¶·µ¢µ²µÎ¥± ¢´ÊÉ·¨ ¸µ¡· ´´ÒÌ ± ³¥· ¢ ¶·¥-
¤¥² Ì É·¥¡Ê¥³ÒÌ 20 ³±³.

� ¡µÉ  ¢Ò¶µ²´¥´  ¢ ‹ ¡µ· Éµ·¨¨ ´¥°É·µ´´µ° Ë¨§¨±¨ ¨³. ˆ. Œ. ”· ´± 
�ˆŸˆ.

‘µµ¡Ð¥´¨¥ �¡Ñ¥¤¨´¥´´µ£µ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°. „Ê¡´ , 2005

Barashkou A. V. et al. P13-2005-29
Sag Compensation System for Assembly of MDT-Chambers for the
ATLAS Experiment

The description of a system of the devices created for compensation of the grav-
itational de	ection of the drift chamber during its assembly is presented. By means
of this system during stage-by-stage gluing of layers of tube drift detectors to the
chamber the transversal de	ection considerably decreases and by that high accuracy
of mutual position of separate tubes is provided. The devices were applied at assem-
bly of 74 MDT-chambers of the ATLAS experiment. Design values of deformation
of the chambers as well as the results of measurement of transversal de	ections
obtained during the assembly with the use of the system of sag compensation are
given. Testing of chambers on the X-ray tomograph at CERN has shown that the
accuracy of the positions of separate signal wires inside the assembled chambers is
within the limits of the required 20 µm.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.

Communication of the Joint Institute for Nuclear Research. Dubna, 2005
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‚Ò¸µ±¨¥ ¶·¥Í¨§¨µ´´Ò¥ É·¥¡µ¢ ´¨Ö, ¶·¥¤ÑÖ¢²Ö¥³Ò¥ ± MDT-± ³¥· ³ ³Õ-
µ´´µ° ¸¨¸É¥³Ò Ô±¸¶¥·¨³¥´É  ATLAS [1, 2], ¶·¨¢¥²¨ ± ´¥µ¡Ìµ¤¨³µ¸É¨ · §· -
¡µÉ±¨ ¨ ¶·¨³¥´¥´¨Ö ¢Ò¸µ±µÉµÎ´µ£µ µ¡µ·Ê¤µ¢ ´¨Ö, ¶·¥¤´ §´ Î¥´´µ£µ ± ± ¤²Ö
¢Ò¶µ²´¥´¨Ö ¢¸¥Ì ¸¡µ·µÎ´ÒÌ µ¶¥· Í¨°, É ± ¨ ¤²Ö ±µ´É·µ²Ö ÉµÎ´µ¸É¨ ¸¡µ·±¨
¤¥É¥±Éµ·  [3Ä6].

Šµ´¸É·Ê±É¨¢´µ MDT-± ³¥·  ¸µ¸Éµ¨É ¨§ ´¥¸ÊÐ¥° Ë¥·³Ò (¸¶¥°¸¥· ), ¸µ-
¸ÉµÖÐ¥° ¨§ É·¥Ì ¶µ¶¥·¥Î´ÒÌ ¨ ¤¢ÊÌ ¶·µ¤µ²Ó´ÒÌ ¡ ²µ±, ¨ ´ ±²¥¥´´ÒÌ ´  ´¥¥
¸ ¤¢ÊÌ ¸Éµ·µ´ Ï¥¸É¨ ¸²µ¥¢ ¤·¥°Ëµ¢ÒÌ É·Ê¡µ± [7]. ‚§ ¨³´µ¥ ¶µ²µ¦¥´¨¥ ¸¨£-
´ ²Ó´ÒÌ ¶·µ¢µ²µÎ¥± ¢¸¥Ì ¤·¥°Ëµ¢ÒÌ É·Ê¡µ± ± ³¥·Ò ¤µ²¦´µ ¢Ò¤¥·¦¨¢ ÉÓ¸Ö
¸ 20-³±³ ÉµÎ´µ¸ÉÓÕ [2]. ‘ ÔÉµ° Í¥²ÓÕ ± ¦¤Ò° ¸²µ° É·Ê¡µ± Ê±² ¤Ò¢ ¥É¸Ö ¢
¢Ò¸µ±µÉµÎ´Ò° ¸É ¶¥²Ó, · §³¥Ð¥´´Ò° ´  £· ´¨É´µ³ ¸Éµ²¥,   § É¥³ ¶·¨±²¥¨-
¢ ¥É¸Ö ± ¸¶¥°¸¥·Ê ¸ ´ ±²¥¥´´Ò³¨ ´  ´¥£µ · ´¥¥ ¸²µÖ³¨. �·¨ ÔÉµ³ É·Ê¡±¨ ± ±
¢´ÊÉ·¨ ¸²µÖ, É ± ¨ ³¥¦¤Ê ¸²µÖ³¨ ´¥ ± ¸ ÕÉ¸Ö ¤·Ê£ ¤·Ê£ ,   · ¸¶µ²µ¦¥´Ò ¸
´¥¡µ²ÓÏ¨³¨ § §µ· ³¨, § ¶µ²´¥´´Ò³¨ ±²¥¥³.

‚ ¶·µÍ¥¸¸¥ ¸¡µ·±¨ ¸¶¥°¸¥· µ¶¨· ¥É¸Ö ´  Ï¥¸ÉÓ ¸¶¥Í¨ ²Ó´ÒÌ ¡ Ï¥´, ¢Ò-
¸É ¢²¥´´ÒÌ ¸ ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ ´  £· ´¨É´µ³ ¸Éµ²¥ (·¨¸. 1, 7) [4]. „²Ö Éµ£µ
ÎÉµ¡Ò ¢Ò¢¥¸É¨ µ¶µ·´Ò¥ ÉµÎ±¨ §  ¶·¥¤¥²Ò ± ³¥·Ò, ´  ¶µ¶¥·¥Î´ÒÌ ¡ ²± Ì
¸¶¥°¸¥·  · §³¥Ð¥´Ò ¸Ñ¥³´Ò¥ ±·µ´ÏÉ¥°´Ò ¸µ ¸É ²Ó´Ò³¨ Ï · ³¨, ²¥¦ Ð¨³¨
¢ ¸¶¥Í¨ ²Ó´ÒÌ £´¥§¤ Ì ´  ¡ Ï´ÖÌ. „²Ö ¸ ³µ£µ Ï¨·µ±µ£µ É¨¶  ± ³¥· · ¸¸Éµ-
Ö´¨¥ ³¥¦¤Ê µ¶µ·´Ò³¨ Ï · ³¨ ¸µ¸É ¢²Ö¥É 2,38 ³ ¨ ¶·¨ ÔÉµ³ £· ¢¨É Í¨µ´´Ò°
¶·µ£¨¡ ¶µ¶¥·¥Î´ÒÌ ¡ ²µ± ± ³¥·Ò µ± §Ò¢ ¥É¸Ö ¸¢ÒÏ¥ 200 ³±³, ÎÉµ ¶·¨¢µ¤¨É
± ¸µ¶·¨±µ¸´µ¢¥´¨Õ ¸²µ¥¢ É·Ê¡µ±, · ¸¶µ²µ¦¥´´ÒÌ ´  ¸¶¥°¸¥·¥, ¸ É·Ê¡± ³¨
´  ¸É ¶¥²¥,   ¸²¥¤µ¢ É¥²Ó´µ, ± ´¥¤µ¶Ê¸É¨³µ³Ê ¸´¨¦¥´¨Õ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê
¸¨£´ ²Ó´Ò³¨ ¶·µ¢µ²µÎ± ³¨. „²Ö Ê³¥´ÓÏ¥´¨Ö ¤¥Ëµ·³ Í¨° ± ³¥·Ò ¤µ ³¨´¨-
³ ²Ó´µ ¢µ§³µ¦´µ£µ Ê·µ¢´Ö ´¥µ¡Ìµ¤¨³Ò ¤µ¶µ²´¨É¥²Ó´Ò¥ ·¥£Ê²¨·Ê¥³Ò¥ µ¶µ·Ò
¢´ÊÉ·¨ ¸¶¥°¸¥· , Î¥³ ¸µ¡¸É¢¥´´µ ¨ Ö¢²Ö¥É¸Ö ¸¨¸É¥³  ±µ³¶¥´¸ Í¨¨ ¶·µ£¨¡ .

��ˆ‘��ˆ… ‘ˆ‘’…Œ› Š�Œ�…�‘�–ˆˆ ���ƒˆ��

‚ ±µ´¸É·Ê±Í¨ÖÌ ¸¶¥°¸¥·µ¢ MDT-± ³¥· ¤¢¥ ¶·µ¤µ²Ó´Ò¥ ¡ ²±¨ (·¨¸. 1, 4)
¶·µÌµ¤ÖÉ Î¥·¥§ É·¨ ¶µ¶¥·¥Î´Ò¥ ¡ ²±¨ 5 ¢ É ± ´ §Ò¢ ¥³ÒÌ ¡¥¸¸¥²¥¢¸±¨Ì ÉµÎ-
± Ì. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¶·¨ ¶µ¤¢¥Ï¨¢ ´¨¨ ± ³¥·Ò §  ±µ´ÍÒ ¶·µ¤µ²Ó´ÒÌ ¡ ²µ±
¤¥Ëµ·³ Í¨¨ ¶µ¶¥·¥Î´ÒÌ ¡ ²µ± ³¨´¨³ ²Ó´Ò. ‚ ¶·µÍ¥¸¸¥ ¸±²¥°±¨ ± ³¥·Ò ´ 
¸¡µ·µÎ´µ³ ¸Éµ²¥ ¸¶¥°¸¥· µ¶¨· ¥É¸Ö Î¥·¥§ ¸Ñ¥³´Ò¥ ±·µ´ÏÉ¥°´Ò ¸µ ¸É ²Ó´Ò³¨
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�¨¸. 1. Œµ³¥´É ¸±²¥°±¨ ¸¶¥°¸¥·  ¸ ¶¥·¢Ò³ ¸²µ¥³ ¤·¥°Ëµ¢ÒÌ É·Ê¡µ± ( ); Ô²¥³¥´ÉÒ
¸¨¸É¥³Ò ±µ³¶¥´¸ Í¨¨ ¶·µ£¨¡  (¡). 1 Å É¥Ì´µ²µ£¨Î¥¸± Ö ¡ ²± ; 2 Å µ¶µ·´Ò¥ ¸Ë¥·Ò;
3 Å ¡ Ï´¨-¶µ¤¶µ·±¨ ¸ ¶´¥¢³ É¨Î¥¸±¨³¨ ¶·¨¢µ¤ ³¨; 4 Å ¶·µ¤µ²Ó´ Ö ¡ ²±  ¸¶¥°-
¸¥· ; 5 Å ¸·¥¤´ÖÖ ¶µ¶¥·¥Î´ Ö ¡ ²±  ¸¶¥°¸¥· ; 6 Å ¸²µ° ¤·¥°Ëµ¢ÒÌ É·Ê¡µ±; 7 Å
µ¶µ·´ Ö ¡ Ï´Ö; 8 Å ¶²¥Îµ ¶µ¤¤¥·¦±¨ É¥Ì´µ²µ£¨Î¥¸±µ° ¡ ²±¨; 9 Å Ô²¥±É·µ´´Ò°
¡²µ± ·¥£Ê²ÖÉµ·  ¤ ¢²¥´¨Ö; 10 Å Ë¨±¸¨·ÊÕÐ Ö ³ÊËÉ 

Ï · ³¨ ´  µ¶µ·´Ò¥ ¡ Ï´¨, µ¡¥¸¶¥Î¨¢ ÕÐ¨¥ É·¥¡Ê¥³ÊÕ ÉµÎ´µ¸ÉÓ ¸¤¢¨£  ¤²Ö
¶·¨±²¥¨¢ ´¨Ö µÎ¥·¥¤´ÒÌ ¸²µ¥¢ ¤·¥°Ëµ¢ÒÌ É·Ê¡µ±. ‚ ÔÉµ³ ¸²ÊÎ ¥ · ¸¸ÉµÖ´¨¥
³¥¦¤Ê µ¶µ· ³¨ ¶µ¶¥·¥Î´ÒÌ ¡ ²µ± ³ ±¸¨³ ²Ó´µ, ÎÉµ ¶·¨ µÉ¸ÊÉ¸É¢¨¨ ¤µ¶µ²-
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´¨É¥²Ó´ÒÌ ¶µ¤¤¥·¦¥± ¨ ¶·¨ Éµ° ¦¥ £· ¢¨É Í¨µ´´µ° ´ £·Ê§±¥ ¶·¨¢µ¤¨É ±
¶·µ£¨¡ ³ ´  ¶µ·Ö¤µ± ¡µ²ÓÏ¨³, Î¥³ ¶·¨ µ¶¨· ´¨¨ ¢ ¡¥¸¸¥²¥¢¸±¨Ì ÉµÎ± Ì.

‘¨¸É¥³  ±µ³¶¥´¸ Í¨¨ ¶·µ£¨¡  (·¨¸. 1) ¸ ¶µ³µÐÓÕ ¤µ¶µ²´¨É¥²Ó´ÒÌ É¥Ì-
´µ²µ£¨Î¥¸±¨Ì ¡ ²µ± 1 µ¸ÊÐ¥¸É¢²Ö¥É ·¥£Ê²¨·Ê¥³ÊÕ ¶µ¤¤¥·¦±Ê ¶·µ¤µ²Ó´ÒÌ ¡ -
²µ± ¸¶¥°¸¥·  ¨ É¥³ ¸ ³Ò³ §´ Î¨É¥²Ó´µ Ê³¥´ÓÏ ¥É ¶·µ£¨¡ ¶µ¶¥·¥Î´ÒÌ ¡ ²µ±
¸ Ê¦¥ ¶·¨±²¥¥´´Ò³¨ ± ´¨³ ¸²µÖ³¨ É·Ê¡µ±. �·¨ ÔÉµ³ ¤µ¸É¨£ ¥É¸Ö É·¥¡Ê¥³ Ö
ÉµÎ´µ¸ÉÓ · ¸¸ÉµÖ´¨° ³¥¦¤Ê ¸¨£´ ²Ó´Ò³¨ ¶·µ¢µ²µÎ± ³¨ ¸²µÖ ¤·¥°Ëµ¢ÒÌ É·Ê-
¡µ±, ²¥¦ Ð¥£µ ´  ¢Ò¸µ±µÉµÎ´µ³ ¸¡µ·µÎ´µ³ ¸Éµ²¥, ¨ ¸²µ¥³, ¶·¨±²¥¥´´Ò³ ±
¸¶¥°¸¥·Ê · ´¥¥.

�  ·¨¸. 2 ¶µ± § ´Ò Ëµ·³Ò ¤¥Ëµ·³ Í¨¨ ¶µ¶¥·¥Î´µ° ¡ ²±¨ ¸¶¥°¸¥·  ± ±
¡¥§ ±µ³¶¥´¸ Í¨¨ ¶·µ£¨¡ , É ± ¨ ¸ ³ ±¸¨³ ²Ó´µ° ±µ³¶¥´¸ Í¨¥°. ‚¥²¨Î¨´Ò ¦¥
¤¥Ëµ·³ Í¨° § ¢¨¸ÖÉ µÉ ¤²¨´Ò ¶µ¶¥·¥Î´µ° ¡ ²±¨ ¨ µÉ §´ Î¥´¨° ¶·¨±² ¤Ò¢ -
¥³ÒÌ Ê¸¨²¨° ±µ³¶¥´¸ Í¨¨.

�¨¸. 2. ”µ·³Ò ¤¥Ëµ·³ Í¨¨ ¶µ¶¥·¥Î´µ° ¡ ²±¨ ¸¶¥°¸¥·  ¤²Ö ¸²ÊÎ Ö, ±µ£¤  µ´  µ¶¨· -
¥É¸Ö Éµ²Ó±µ ´  ±µ´Í¥¢Ò¥ µ¶µ·Ò-Ï ·Ò (¢¢¥·ÌÊ). ’µ ¦¥ ¶·¨ ³ ±¸¨³ ²Ó´µ° ±µ³¶¥´¸ Í¨¨
¶·µ£¨¡  ¸ ¶µ¤¤¥·¦±µ° ´  É¥Ì´µ²µ£¨Î¥¸±µ° ¡ ²±¥ ¢ ÉµÎ± Ì � ¨ ‚ (¢´¨§Ê). ‚¥²¨Î¨´ 
¤¥Ëµ·³ Í¨¨ ¢ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥ Ê¢¥²¨Î¥´  ¤²Ö ´ £²Ö¤´µ¸É¨, ¢ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ µ´ 
§´ Î¨É¥²Ó´µ ³¥´ÓÏ¥, Î¥³ ¢ ¶¥·¢µ³ ¸²ÊÎ ¥. � ¸Î¥ÉÒ ¢Ò¶µ²´¥´Ò ³¥Éµ¤µ³ ±µ´¥Î´ÒÌ
Ô²¥³¥´Éµ¢ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·µ£· ³³Ò ANSYS

Šµ´¸É·Ê±É¨¢´µ ¸¨¸É¥³  ±µ³¶¥´¸ Í¨¨ ¶·µ£¨¡  ¢Ò¶µ²´¥´  ¸²¥¤ÊÕÐ¨³
µ¡· §µ³: Î¥ÉÒ·¥ É¥Ì´µ²µ£¨Î¥¸±¨¥ ¡ ²±¨ (·¨¸. 1, 1) ¶·µÌµ¤ÖÉ Î¥·¥§ ¸¶¥Í¨-
 ²Ó´Ò¥ µÉ¢¥·¸É¨Ö ¢ ¶·µ¤µ²Ó´ÒÌ ¡ ²± Ì ¸¶¥°¸¥·  ´  · ¸¸ÉµÖ´¨ÖÌ 200 ³³ µÉ
¶µ¶¥·¥Î´ÒÌ ¡ ²µ± ¨ Ë¨±¸¨·ÊÕÉ¸Ö ¸¶¥Í¨ ²Ó´Ò³¨ ³ÊËÉ ³¨ 10. ˜ ·µ¢Ò¥ ´ -
±µ´¥Î´¨±¨ ÔÉ¨Ì ¡ ²µ± 2 Î¥·¥§ ¨§µ£´ÊÉµ¥ ¶²¥Îµ ¶µ¤¤¥·¦±¨ 8 µ¶¨· ÕÉ¸Ö ´ 
¡ Ï´¨-¶µ¤¶µ·±¨ ¸ ¶´¥¢³ É¨Î¥¸±¨³¨ ¶·¨¢µ¤ ³¨ 3. �µ¸²¥¤´¨¥ ¶·¥¤¸É ¢²ÖÕÉ
¸µ¡µ° ¶´¥¢³ É¨Î¥¸±¨¥ Í¨²¨´¤·Ò ¸µ ¢¸É·µ¥´´Ò³¨ ¤ ÉÎ¨± ³¨ ±µ´É·µ²Ö Ê¸¨-
²¨Ö. “¶· ¢²¥´¨¥ ¶µ¤ Î¥° ¤ ¢²¥´¨Ö ¸¦ Éµ£µ ¢µ§¤ÊÌ  (¤µ 10  É³) ¢ ¶´¥¢³ É¨Î¥-
¸±¨° ¶·¨¢µ¤ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶·µ£· ³³´µ ¸ �Š ¶µ § ¤ ´´µ° ¸Ì¥³¥ (É ¡². 1 Å
¶·¨³¥· ¤²Ö BMF3-± ³¥·Ò), ±µ£¤  ÊÎ¨ÉÒ¢ ÕÉ¸Ö ± ± ´ Î ²Ó´Ò° ¢¥¸ ¸¶¥°¸¥· ,
¶·¨Ìµ¤ÖÐ¨°¸Ö ´  ± ¦¤ÊÕ ¡ Ï´Õ, É ± ¨ ¤µ¡ ¢²¥´´ Ö ÉÖ¦¥¸ÉÓ ¶µ¸²¥ ¶·¨±²¥¨-
¢ ´¨Ö ± ¦¤µ£µ ¸²µÖ É·Ê¡µ±.
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’ ¡²¨Í  1. � Î ²Ó´Ò¥ ´ £·Ê§±¨ ¸¨¸É¥³Ò ¤²Ö ± ³¥·Ò BMF-3 (1440 ³³), ±£

‘²µ° �µ³¥· ¡ Ï´¨
1 2 3 4 5 6 7 8

1 8 4 4 8 8 4 4 8
2 12 6 6 12 12 6 6 12
3 16 9 9 16 16 9 9 16
4 20 12 12 20 20 12 12 20
5 23 14 14 23 23 14 14 23
6 26 16 16 26 26 16 16 26

Šµ²¥¡ ´¨Ö ¤ ¢²¥´¨Ö ¢ ¶´¥¢³µ¶·¨¢µ¤¥ ¶·¨ ¢±²ÕÎ¥´¨¨ ¸¨¸É¥³Ò ³µ£ÊÉ ¡ÒÉÓ
§´ Î¨É¥²Ó´Ò³¨, ¶µÔÉµ³Ê ¢µ ¨§¡¥¦ ´¨¥ ¶·¨¶µ¤´¨³ ´¨Ö ± ³¥·Ò ¶·¨ ¨§¡ÒÉµÎ-
´ÒÌ Ê¸¨²¨ÖÌ ±µ³¶¥´¸ Í¨¨ ´  ±·µ´ÏÉ¥°´Ò ¸ Ï · ³¨ ¸É ¢ÖÉ¸Ö ¤µ¶µ²´¨É¥²Ó-
´Ò¥ £·Ê§Ò (¢¥¸µ³ µ±µ²µ 12 ±£). ‘¦ ÉÒ° ¢µ§¤ÊÌ ¶µ¤ ¥É¸Ö µÉ ±µ³¶·¥¸¸µ· ∗ ¸
 ¢Éµ³ É¨Î¥¸±µ° ·¥£Ê²¨·µ¢±µ° ¤ ¢²¥´¨Ö ¢ ¤¥³¶Ë¥·´µ³ µ¡Ñ¥³¥. ‚Ò¸µ± Ö £¥·-
³¥É¨Î´µ¸ÉÓ £ §µ¢µ° ¸¨¸É¥³Ò ¶µ§¢µ²¨²  µ¸É ¢²ÖÉÓ Ê¸É ´µ¢±Ê ¡¥§ ¶·¨¸³µÉ· 
¶¥·¸µ´ ²  ´  ¤²¨É¥²Ó´µ¥ ¢·¥³Ö ¸ § ±·ÒÉÒ³ ±² ¶ ´µ³ ¢Ìµ¤´µ£µ ¤ ¢²¥´¨Ö. ‚
ÔÉµ³ ¸²ÊÎ ¥ ¤ ¢²¥´¨¥ ¢ ¶´¥¢³ É¨Î¥¸±¨Ì ¶·¨¢µ¤ Ì ¸µÌ· ´Ö²µ¸Ó ¢ É¥Î¥´¨¥ 5Ä
6 Î, ÎÉµ ¢¶µ²´¥ ¤µ¸É ÉµÎ´µ ¤²Ö § É¢¥·¤¥¢ ´¨Ö ±²¥Ö.

’¥Ì´µ²µ£¨Î¥¸± Ö · §· ¡µÉ±  ¸¨¸É¥³Ò ¡Ò²  ¶·µ¢¥¤¥´  ¸µ¢³¥¸É´µ ¸ ¨´¦¥-
´¥· ³¨ ³Õµ´´µ° £·Ê¶¶Ò INFN (”· ¸± É¨, ˆÉ ²¨Ö) [8]. Šµ´¸É·Ê±Í¨Ö ¡Ò² 
 ¤ ¶É¨·µ¢ ´  ¤²Ö · §³¥·µ¢ ¶·µ¢µ¤¨³ÒÌ ¢ �ˆŸˆ ± ³¥· (É¨¶  BMS). ˆ§£µÉµ-
¢²¥´¨¥ Ô²¥³¥´Éµ¢ ¸¨¸É¥³Ò ¶·µ¢µ¤¨²µ¸Ó ¢ �Ê³Ò´¨¨ ¢ ¸µÉ·Ê¤´¨Î¥¸É¢¥ ¸ ¨´¦¥-
´¥·´µ° £·Ê¶¶µ° ¨§ � Í¨µ´ ²Ó´µ£µ ¨´¸É¨ÉÊÉ  µ¶ÉµÔ²¥±É·µ´¨±¨ (INOE-2000,
�ÊÌ ·¥¸É, �Ê³Ò´¨Ö) [9]. ‘¨¸É¥³  ¨¸¶µ²Ó§µ¢ ² ¸Ó ¶·¨ ¸¡µ·±¥ 74 ¤·¥°Ëµ¢ÒÌ
± ³¥· ³Õµ´´µ° ¸¨¸É¥³Ò Ô±¸¶¥·¨³¥´É  ATLAS. „²Ö 12 ± ³¥· É¨¶  BMS-5
¸ ´ ¨³¥´ÓÏ¥° Ï¨·¨´µ° (960 ³³) ¸¨¸É¥³  ±µ³¶¥´¸ Í¨¨ ¶·µ£¨¡  ´¥ ¶·¨³¥-
´Ö² ¸Ó, É ± ± ± ³ ±¸¨³ ²Ó´Ò° ¶·µ£¨¡ ¡¥§ ±µ³¶¥´¸ Í¨¨ ¡Ò² ¢ ¤µ¶Ê¸É¨³ÒÌ
¶·¥¤¥² Ì (<20 ³±³).

ˆ‡Œ…�…�ˆŸ ˆ �…‡“‹œ’�’›

�·µ£¨¡Ò ¶µ¶¥·¥Î´ÒÌ ¡ ²µ± ¸¶¥°¸¥·  ¨§³¥·Ö²¨¸Ó ¸¨¸É¥³µ° RASNIK [10].
ˆ¸ÉµÎ´¨± ¸¢¥É  ¨ CCD-¶·¨¥³´¨± · ¸¶µ² £ ²¨¸Ó ´  ¶·µÉ¨¢µ¶µ²µ¦´ÒÌ ±µ´Í Ì
¡ ²±¨,   ²¨´§  ³¥¦¤Ê ´¨³¨ ¢ ¸¥·¥¤¨´¥ ¡ ²±¨. �¥¤¥Ëµ·³¨·µ¢ ´´µ¥ ¶µ²µ¦¥´¨¥
¸¨¸É¥³Ò (´Ê²¥¢µ¥ ¨§³¥·¥´¨¥ ¸¨¸É¥³Ò RASNIK) ¤µ¸É¨£ ²µ¸Ó ¶·¨ ¢Ò¢¥Ï¨¢ -
´¨¨ ± ³¥·Ò ´ ¤ ¸Éµ²µ³ ¸¡µ·±¨ ¶·¨ ¢¥·É¨± ²Ó´µ³ · ¸¶µ²µ¦¥´¨¨ ¶µ¶¥·¥Î-

∗Šµ³¶·¥¸¸µ· ‘…‘‘�’� ¶·µ¨§¢µ¤¸É¢  ˆÉ ²¨¨.
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´ÒÌ ¡ ²µ±, ±µ£¤  µÉ¸ÊÉ¸É¢Ê¥É ¨Ì £· ¢¨É Í¨µ´´Ò° ¶·µ£¨¡. ‚¥²¨Î¨´Ò ¶·µ£¨¡µ¢
±µ´É·µ²¨·µ¢ ²¨¸Ó ´  ¢¸¥Ì ÔÉ ¶ Ì ¸±²¥°±¨ ± ³¥·Ò ¨ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¤²Ö ±µ·-
·¥±Í¨¨ ¤ ¢²¥´¨° ¢ ¸¨¸É¥³¥ ±µ³¶¥´¸ Í¨¨ ¶·µ£¨¡ .

�¥·¥¤ µÉ² ¤±µ° ¶·µ£· ³³´µ£µ µ¡¥¸¶¥Î¥´¨Ö ¸¨¸É¥³  ±µ³¶¥´¸ Í¨¨ ¡Ò² 
µÉ± ²¨¡·µ¢ ´ . „²Ö ÔÉµ£µ ´  ± ¦¤ÊÕ ¶´¥¢³ É¨Î¥¸±ÊÕ ¡ Ï´Õ Ê¸É ´ ¢²¨¢ -
²¨¸Ó £·Ê§Ò · §²¨Î´µ° ³ ¸¸Ò,   ¸ ¤ ÉÎ¨±µ¢ ¤¥Ëµ·³ Í¨¨, · ¸¶µ²µ¦¥´´ÒÌ ¶µ¤
¶² ÉËµ·³ ³¨ Ï ·µ¢ÒÌ ´ ±µ´¥Î´¨±µ¢, ¸Î¨ÉÒ¢ ²¨¸Ó ¶µ²ÊÎ¥´´Ò¥ ¤ ´´Ò¥. �¥-
§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 2. ‡ É¥³ ¤²Ö ± ¦¤µ° ¨§ ¡ Ï¥´ ¡Ò²¨
· ¸¸Î¨É ´Ò ²¨´¥°´Ò¥ ±µÔËË¨Í¨¥´ÉÒ k ¨ b. �¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ¶·¥¤¸É -
¢²¥´Ò ¢ É ¡². 2. �µ²ÊÎ¥´´Ò¥ É ±¨³ ¶ÊÉ¥³ §´ Î¥´¨Ö ¢¥²¨Î¨´ ±µÔËË¨Í¨¥´Éµ¢
¡Ò²¨ ¢´¥¸¥´Ò ¢ Ê¶· ¢²ÖÕÐÊÕ · ¡µÉµ° ¶·µ£· ³³Ê.

’ ¡²¨Í  2. �µ± § ´¨Ö ¤ ÉÎ¨±µ¢ ¸ ¢µ¸Ó³¨ ¡ Ï¥´ ¸¨¸É¥³Ò ±µ³¶¥´¸ Í¨¨ ¶·µ£¨¡  ¢
§ ¢¨¸¨³µ¸É¨ µÉ ³ ¸¸Ò £·Ê§  ¨ ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨Ö ²¨´¥°´ÒÌ ±µÔËË¨Í¨¥´Éµ¢

�µ³¥·
¡ Ï´¨

Œ ¸¸ , ±£
0 9,5 20 31 43 k b

1 1,022 1,414 1,873 2,338 2,857 0,0427 1,0160
2 1,017 1,427 1,871 2,338 2,810 0,0418 1,0273
3 1,031 1,405 1,905 2,350 2,810 0,0419 1,0339
4 1,017 1,428 1,879 2,349 2,832 0,0423 1,0252
5 1,013 1,352 1,709 2,095 2,478 0,0341 1,0227
6 1,004 1,346 1,726 2,080 2,490 0,0344 1,0161
7 1,014 1,345 1,704 2,080 2,392 0,0324 1,0362
8 1,006 1,342 1,700 2,088 2,420 0,0332 1,0242

Œµ¤¥²¨·µ¢ ´¨¥ ¶·µ£¨¡µ¢ ¶·µ¢µ¤¨²µ¸Ó ³¥Éµ¤µ³ ±µ´¥Î´ÒÌ Ô²¥³¥´Éµ¢ ¸
¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·µ£· ³³´µ£µ ¶ ±¥É  ANSYS. ’ ± ± ± Ê¸²µ¢¨Ö ´ £·Ê¦¥´¨Ö
¨ § ±·¥¶²¥´¨Ö ¢¸¥Ì É·¥Ì ¶µ¶¥·¥Î´ÒÌ ¡ ²µ± MDT-± ³¥·Ò ¨¤¥´É¨Î´Ò, · ¸¸³ -
É·¨¢ ² ¸Ó 3D-³µ¤¥²Ó ´¥ ¢¸¥° ± ³¥·Ò,   µ¤´µ° ¶µ¶¥·¥Î´µ° ¡ ²±¨, ´ £·Ê¦¥´´µ°
µ¤´µ° É·¥ÉÓÕ ¢¥¸  ± ³¥·Ò.

‚ É ¡². 3 ¶·¨¢¥¤¥´Ò ¨§³¥·¥´´Ò¥ ¢¥²¨Î¨´Ò ¶·µ£¨¡µ¢ ¶µ¶¥·¥Î´ÒÌ ¡ ²µ±
¸¶¥°¸¥·  ¸¨£´ ²Ó´µ° (RO) ¨ ¢Ò¸µ±µ¢µ²ÓÉ´µ° (HV) ¸Éµ·µ´ ¤²Ö · §´ÒÌ É¨¶µ¢
MDT-± ³¥·,   É ±¦¥ · ¸Î¥É´Ò¥ ¢¥²¨Î¨´Ò ¶·µ£¨¡µ¢ ÔÉ¨Ì ¡ ²µ± ¡¥§ ±µ³¶¥´-
¸ Í¨¨ ¨ ¶·¨ ³ ±¸¨³ ²Ó´µ° ±µ³¶¥´¸ Í¨¨.

Š ± ¢¨¤´µ ¨§ É ¡². 3, ¡¥§ ¨¸¶µ²Ó§µ¢ ´¨Ö ±µ³¶¥´¸ Í¨¨ ¶·µ£¨¡Ò ± ³¥· ¢Ò-
Ìµ¤ÖÉ ¤ ²¥±µ §  · ³±¨ ¤µ¶Ê¸É¨³ÒÌ §´ Î¥´¨°. ˆ§³¥·¥´´Ò¥ ¢¥²¨Î¨´Ò ¶·µ£¨¡µ¢
¶µ¸²¥ ±µ³¶¥´¸ Í¨¨ ¤µ¢µ²Ó´µ ¡²¨§±¨ ± · ¸Î¥É´Ò³ ³¨´¨³ ²Ó´µ ¢µ§³µ¦´Ò³
¢¥²¨Î¨´ ³. �¥¡µ²ÓÏ¨¥ · §²¨Î¨Ö µ¡Ê¸²µ¢²¥´Ò ± ± ¸¶¥Í¨Ë¨±µ° ³µ¤¥²¨·µ¢ -
´¨Ö, ¶·¨¡²¨¦¥´¨Ö³¨, ¨¸¶µ²Ó§µ¢ ´´Ò³¨ ¶·¨ µÍ¥´±¥ ¢¥¸µ¢ · §´ÒÌ Ô²¥³¥´Éµ¢
± ³¥·, É ± ¨ ´¥¢µ§³µ¦´µ¸ÉÓÕ  ¡¸µ²ÕÉ´µ ÉµÎ´µ° Ê¸É ´µ¢±¨ µ¶É¨³ ²Ó´ÒÌ Ê¸¨-
²¨° ±µ³¶¥´¸ Í¨¨.
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’ ¡²¨Í  3. � ¸Î¥É´Ò¥ ¨ ¨§³¥·¥´´Ò¥ ¢¥²¨Î¨´Ò ¶·µ£¨¡µ¢ ¶µ¶¥·¥Î´ÒÌ ¡ ²µ± ¤²Ö
· §´ÒÌ ± ³¥·

˜¨·¨´ 
± ³¥·Ò,

³³

ˆ³Ö
± ³¥·Ò
¢ ¡ §¥

¤ ´´ÒÌ

� ¸Î¥É´ Ö ¢¥²¨Î¨´ 
¶·µ£¨¡  ¡¥§

±µ³¶¥´¸ Í¨¨, ³±³

� ¸Î¥É´ Ö ¢¥²¨Î¨´ 
¶·µ£¨¡  ¶·¨ ¶µ²´µ°
±µ³¶¥´¸ Í¨¨, ³±³

ˆ§³¥·¥´´ Ö ¢¥²¨-
Î¨´  ¶·µ£¨¡  ¶µ-
¸²¥ ±µ³¶¥´¸ Í¨¨,
³±³

HV/RO HV/RO HV RO
960 JINR01 19 1 Ä Ä
1440 JINR030 64 2 Ä4 11
1680 JINR074 103 3 2 6
1920 JINR065 167 4 4 Ä3
2160 JINR084 242 7 22 20

Š·µ³¥ ¨§³¥·¥´¨° ¶·µ£¨¡µ¢ ¶·¨ ¶µ³µÐ¨ µ¶É¨Î¥¸±µ° ¸¨¸É¥³Ò RASNIK
É ±¦¥ ¨³¥ÕÉ¸Ö ·¥§Ê²ÓÉ ÉÒ µ¶·¥¤¥²¥´¨Ö ±µµ·¤¨´ É ¸¨£´ ²Ó´ÒÌ ¶·µ¢µ²µÎ¥±
¸µ¡· ´´µ° ± ³¥·Ò ´  ·¥´É£¥´µ¢¸±µ³ Éµ³µ£· Ë¥ ¢ –…�� [11Ä13].

�É  Ê¸É ´µ¢±  ¡Ò²  ¸¶¥Í¨ ²Ó´µ ¸µ§¤ ´  ¤²Ö ¨§ÊÎ¥´¨Ö £¥µ³¥É·¨¨ ¤¥É¥±-
Éµ· ,   É ±¦¥ ¤²Ö ±µ´É·µ²Ö ¶·µ¨§¢µ¤¸É¢¥´´ÒÌ ÊÎ ¸É±µ¢ ¸ ¶µ³µÐÓÕ ¢Ò¡µ·µÎ-
´µ° ¶·µ¢¥·±¨ ¤¥É¥±Éµ·µ¢. ‚´ÊÉ·¨ Ê¸É ´µ¢±¨ ± ³¥·  ¶µ¤¢¥Ï¨¢ ¥É¸Ö ¢ £µ·¨-
§µ´É ²Ó´µ³ ¶µ²µ¦¥´¨¨. Š¨´¥³ É¨Î¥¸±¨° ¶µ¤¢¥¸  ´ ²µ£¨Î¥´ ¶µ¤¢¥¸Ê ± ³¥·Ò
¢ Ô±¸¶¥·¨³¥´É ²Ó´µ° Ê¸É ´µ¢±¥.

�  ·¨¸. 3 · §´Ò³¨ ³ ·±¥· ³¨ µ¡µ§´ Î¥´µ Ï¥¸ÉÓ · §´ÒÌ ¸²µ¥¢ É·Ê¡µ±. ‚
± ³¥·¥ BMF-1C ¢ ± ¦¤µ³ ¸²µ¥ · §³¥Ð¥´µ ¶µ 72 ¥¤¨´¨ÍÒ ¤·¥°Ëµ¢ÒÌ É·Ê¡µ±.
�¡Ð Ö Ï¨·¨´  ± ³¥·Ò ¸µ¸É ¢²Ö¥É 2160 ³³. �Ê´±É¨·µ³ ¶µ± § ´ ¸Ê³³ ·´Ò°

�¨¸. 3. �¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨Ö ± ³¥·Ò BMF-1C (JINR044) ´  •-Éµ³µ£· Ë¥ ¢ –…��.
Z Å Ï¨·¨´  ± ³¥·Ò; ∆Y Å µÉ±²µ´¥´¨¥ ±µµ·¤¨´ É ¶·µ¢µ²µÎ¥± ¢ ¢¥·É¨± ²Ó´µ° ¶²µ¸-
±µ¸É¨
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¶µ¶¥·¥Î´Ò° ¶·µ£¨¡ ± ³¥·Ò, ±µÉµ·Ò°, ± ± ¢¨¤´µ ¨§ ¶·¨¢¥¤¥´´µ° ¤¨ £· ³³Ò,
´¥ ¶·¥¢ÒÏ ¥É 15 ³±³.

‚ § ±²ÕÎ¥´¨¥ ³µ¦´µ ¸± § ÉÓ, ÎÉµ ¡Ò²  ¸µ§¤ ´  ¨ Ê¸¶¥Ï´µ Ô±¸¶²Ê É¨·µ¢ -
² ¸Ó ¸¨¸É¥³ , ¶µ§¢µ²¨¢Ï Ö µ¡¥¸¶¥Î¨ÉÓ ´¥µ¡Ìµ¤¨³ÊÕ ÉµÎ´µ¸ÉÓ ¸¡µ·±¨ ¤¥É¥±-
Éµ· . ’¥³ ¸ ³Ò³ ¶·¨ · ¡µÉ¥ ¤¥É¥±Éµ·  ¢ ·¥ ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ ¨¸±²ÕÎ ÕÉ¸Ö ´¥-
µ¶·¥¤¥²¥´´µ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ £· ¢¨É Í¨µ´´Ò³¨ ¤¥Ëµ·³ Í¨Ö³¨. „µ¸É¨£´ÊÉÒ¥
¢¥²¨Î¨´Ò ¶·µ£¨¡µ¢ ¢¶µ²´¥ Ê¤µ¢²¥É¢µ·ÖÕÉ ¢Ò¸µ±¨³ ¶·¥Í¨§¨µ´´Ò³ É·¥¡µ¢ -
´¨Ö³, ¶·¥¤ÑÖ¢²Ö¥³Ò³ ±µ²² ¡µ· Í¨¥° ATLAS ± ¶·µ¨§¢µ¤¨³Ò³ ¤¥É¥±Éµ· ³.

�¢Éµ·Ò ¡² £µ¤ ·ÖÉ ¸µÉ·Ê¤´¨±µ¢ LNF INFN (”· ¸± É¨, ˆÉ ²¨Ö) ¨ INOE-
2000 (�ÊÌ ·¥¸É, �Ê³Ò´¨Ö) §  ¸µ¤¥°¸É¢¨¥, µ± § ´´µ¥ ¢ · §· ¡µÉ±¥ ¨ ¨§£µÉµ¢²¥-
´¨¨ ¸¨¸É¥³Ò.
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