
P13-2010-57

�. �Ê¤ £μ¢, �. ‘ ¡¨·μ¢, �. ‘¨¸ ±Ö´ , ƒ. ’·Ê¡´¨±μ¢,
ƒ. ˜¨·±μ¢, ‚. †¨£ ²μ¢1, ˆ. Œ ²±μ¢1, ‚. �Ò¡ ±μ¢1,
�. ‘ ³ ·μ±μ¢1, �. Š¥¶Ì ·É2, „. Œ¨ÉÎ¥²²2, ‘. � £ °Í¥¢2,
�. ‘μ° ·¸2, �. � ¸É¨3, ”. �¥¤¥¸±¨3

–ˆ‹ˆ�„�ˆ—…‘Šˆ‰
�ˆ��ˆ‰ Ä �…�†�‚…�™�Ÿ ‘’�‹œ
	…�…•�„�›‰ 
‹…Œ…�’,
ˆ‡ƒ�’�‚‹…��›‰ ‘‚��Š�‰ ‚‡�›‚�Œ

1�”Ÿ– ‚�ˆˆ
”, ‘ ·μ¢, �μ¸¸¨Ö
2FNAL, � É ¢¨Ö, ‘˜�
3INFN, 	¨§ , ˆÉ ²¨Ö



�Ê¤ £μ¢ �. ¨ ¤·. P13-2010-57
–¨²¨´¤·¨Î¥¸±¨° ´¨μ¡¨° Ä ´¥·¦ ¢¥ÕÐ Ö ¸É ²Ó ¶¥·¥Ìμ¤´Ò° Ô²¥³¥´É,
¨§£μÉμ¢²¥´´Ò° ¸¢ ·±μ° ¢§·Ò¢μ³

	·¥¤¸É ¢²¥´Ò ´μ¢Ò¥ · §· ¡μÉ±¨ ¡¨³¥É ²²¨Î¥¸±¨Ì ¶¥·¥Ìμ¤´¨±μ¢
Nb+ ´¥·¦ ¢¥ÕÐ Ö ¸É ²Ó (SS) ¤²Ö £¥²¨¥¢μ£μ ¤ÓÕ ·  ±·¨μ³μ¤Ê²Ö IV ¶μ±μ²¥-
´¨Ö ILC. � ¸¸³μÉ·¥´Ò · §²¨Î´Ò¥ ¸Ì¥³Ò ¸¢ ·±¨ ¢§·Ò¢μ³ ¶¥·¥Ìμ¤´¨±  Nb +SS, ¨
¶·¨´ÖÉÒ ¤¢¥ ¸Ì¥³Ò, ¶·¥¤²μ¦¥´´Ò¥ �ˆŸˆ: ¸ ´ ·Ê¦´μ° ¨ ¸ ¢´ÊÉ·¥´´¥° ¶² ±¨·μ¢-
±μ°. �É· ¡μÉ ´  ´μ¢ Ö É¥Ì´μ²μ£¨Ö ¸¢ ·±¨ ¢§·Ò¢μ³ ´¥μ¡Ìμ¤¨³ÒÌ ±μ³¶μ´¥´Éμ¢
´¨μ¡¨Ö ¨ ´¥·¦ ¢¥ÕÐ¥° ¸É ²¨, ¨ ¨§£μÉμ¢²¥´μ 4 μ¶ÒÉ´ÒÌ μ¡· §Í  ¶¥·¥Ìμ¤´¨±μ¢.
	·μ¢¥¤¥´Ò ¶·¥¤¢ ·¨É¥²Ó´Ò¥ É¥¸ÉÒ ¢ ‘ ·μ¢¥ (�”Ÿ– ‚�ˆˆ
”) ¨ 	¨§¥ (INFN)
¢ ¢ ±ÊÊ³¥ ¶·¨ É¥·³μÍ¨±²¨·μ¢ ´¨¨ ¢ ¦¨¤±μ³  §μÉ¥ ¨ μ¡²ÊÎ¥´¨¨ Ê²ÓÉ· §¢Ê±μ³.
�¡· §ÍÒ É ±¦¥ ¡Ò²¨ ¶μ¤¢¥·¦¥´Ò ³ ±·μ- ¨ ³¨±·μ ´ ²¨§Ê. �¥§Ê²ÓÉ ÉÒ É¥¸Éμ¢
¶μ± § ²¨ Ê¤μ¢²¥É¢μ·¨É¥²Ó´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¸μ¥¤¨´¥´¨° Nb +SS. ˆ§³¥·¥´´Ò°
¢ ‘ ·μ¢¥ Ê·μ¢¥´Ó É¥Î¨ ¸μ¸É ¢¨² ¢¥²¨Î¨´Ê Q ≈ 10−9  É³ · ¸³3/¸. ‚ 	¨§¥ ¶μ¸²¥
É¥·³μÍ¨±²¨·μ¢ ´¨Ö ¨ μ¡²ÊÎ¥´¨Ö Ê²ÓÉ· §¢Ê±μ³ μ¶·¥¤¥²¥´  ¢¥·Ì´ÖÖ £· ´¨Í  É¥Î¨
¤²Ö ¢¸¥Ì μ¡· §Íμ¢: Q � (3Ä5) · 10−10  É³ · ¸³3/¸. 	¥·¥Ìμ¤´¨±¨ ¡Ê¤ÊÉ ¨¸¶ÒÉ ´Ò
¶·¨ £¥²¨¥¢μ° É¥³¶¥· ÉÊ·¥ (1,8 Š) ¢ FNAL (‘˜�).

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³ ¨³. ‚.	. „¦¥²¥¶μ¢ 
�ˆŸˆ.

‘μμ¡Ð¥´¨¥ �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2010

Budagov J. et al. P13-2010-57
Cylindrical Niobium Ä Stainless Steel Transition Element
Manufactured by Explosion Welding

New results in development of the Nb + stainless steel (SS) bimetallic transition
elements for the helium Vessel of the fourth-generation ILC cryomodule are pre-
sented. Various schemes are considered for explosion welding of the Nb + SS tran-
sition element, and two schemes proposed by JINR are adopted: with inner cladding
and with outer cladding. A new technology is optimized for explosion welding of
the necessary niobium and stainless steel components, and four test specimens of the
transition elements are made. Preliminary tests in vacuum with thermal cycling in
liquid nitrogen and exposure to ultrasound were carried out in Sarov (RFNC) and
Pisa (INFN). Macro- and microanalyses were also given to the specimens. The tests
showed satisfactory characteristics of the Nb +SS joints. The leak rate measured
in Sarov was Q ≈ 10−9 atm · cm3/s. In Pisa, after thermal cycling and exposure
to ultrasound, the upper limit of the leak rate for all test joints was found to be
Q � (3Ä5) · 10−10 atm · cm3/s. The transition elements will be tested at the helium
temperature (1.8 K) at FNAL (USA).

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems, JINR.

Communication of the Joint Institute for Nuclear Research. Dubna, 2010
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Œ¥¦¤Ê´ ·μ¤´Ò° ²¨´¥°´Ò° ±μ²² °¤¥· (ILC) Å μ¤´  ¨§ ËÊ´¤ ³¥´É ²Ó´ÒÌ
 ²ÓÉ¥·´ É¨¢ ´  ¤ ²Ó´¨¥, ¶μ¸²¥ LHC, ¶¥·¸¶¥±É¨¢Ò · §¢¨É¨Ö Ë¨§¨±¨ Î ¸É¨Í.
‚ ³¥¦¤Ê´ ·μ¤´μ³ Ë¨§¨Î¥¸±μ³ ¸μμ¡Ð¥¸É¢¥ ¥¸ÉÓ ³´¥´¨¥, ÎÉμ Ê¸¶¥Ì¨ ¨¸¸²¥¤μ¢ -
´¨° ´  LHC μ¶·¥¤¥²ÖÉ Ë¨§¨Î¥¸±ÊÕ ¶·μ£· ³³Ê, ¸·μ±¨ ¸μμ·Ê¦¥´¨Ö ¨ Ô´¥·£¨Õ
¸Éμ²±´μ¢¥´¨Ö e+e−-¶ÊÎ±μ¢ ´  ILC.

	μ¸²¥ ¤μ¸É¨¦¥´¨Ö ·¥§Ê²ÓÉ Éμ¢ ¶·¨´Í¨¶¨ ²Ó´μ° ¢ ¦´μ¸É¨ ¶μ ¸μ§¤ ´¨Õ
Í¨²¨´¤·¨Î¥¸±¨Ì Ti + SS ¡¨³¥É ²²¨Î¥¸±¨Ì ¶¥·¥Ìμ¤´¨±μ¢ ¤²Ö ±·¨μ³μ¤Ê²Ö ILC
³¥Éμ¤μ³ ¢§·Ò¢  ±μ²² ¡μ· Í¨¥° �ˆŸˆ/„Ê¡´ Ä‚�ˆˆ
”/‘ ·μ¢ÄINFN/	¨§ Ä
FNAL/� É ¢¨Ö [1Ä8]  ¢Éμ·Ò ¶¥·¥Ï²¨ ± ¸²¥¤ÊÕÐ¥°, ¡μ²¥¥ ¸²μ¦´μ°, ´μ μÎ¥´Ó
¢ ¦´μ° § ¤ Î¥ ¶μ ¨§³¥´¥´¨Õ ¤¨§ °´  ±·¨μ³μ¤Ê²Ö ILC Å ± ·¥Ï¥´¨Õ ¶·μ-
¡²¥³Ò § ³¥´Ò É¨É ´μ¢μ° μ¡μ²μÎ±¨ ¤ÓÕ ·  ´  μ¡μ²μÎ±Ê ¨§ ´¥·¦ ¢¥ÕÐ¥°
¸É ²¨. ‡ ¤ Î  ´¥É·¨¢¨ ²Ó´ Ö ¨ μ¸²μ¦´Ö¥É¸Ö É¥³, ÎÉμ ´¨μ¡¨¥¢Ò° ·¥§μ´ Éμ·
(Nb cavity), ±μÉμ·Ò°, ¸μ¡¸É¢¥´´μ, ¨ Ê¸±μ·Ö¥É Ô²¥±É·μ´Ò (¶μ§¨É·μ´Ò), ¨§£μÉ -
¢²¨¢ ¥É¸Ö ¸ ¶·¨³¥´¥´¨¥³ É¥Ì´μ²μ£¨¨ ¢Ò¸μÎ °Ï¥£μ Ê·μ¢´Ö ¨ ¢¥¸Ó³  ÎÊ¢¸É¢¨-
É¥²¥´ ±μ ¢¸¥³ μ±·Ê¦ ÕÐ¨³ ¤μ¶μ²´¨É¥²Ó´Ò³ Ô²¥³¥´É ³ ±μ´¸É·Ê±Í¨¨ ±·¨μ-
³μ¤Ê²Ö, ÎÉμ ³μ¦¥É ¶μ¢²¨ÖÉÓ ´  ¶ · ³¥É·Ò Ëμ·³¨·Ê¥³μ£μ e−e+-¶ÊÎ± . Šμ´-
¸É·Ê±Í¨Ö ÔÉμ£μ ¶¥·¥Ìμ¤´¨±  ¡Ò²  μ¡¸Ê¦¤¥´  ¨ ¸Ëμ·³Ê²¨·μ¢ ´  ´  É·¥Ì¸Éμ-
·μ´´¥³ ¸μ¢¥Ð ´¨¨ ¢ Ë¥¢· ²¥ 2009 £. ¢ 	¨§¥ ¶·¥¤¸É ¢¨É¥²Ö³¨ �ˆŸˆ, FNAL
¨ INFN. � ¸¸³μÉ·¥´Ò · §²¨Î´Ò¥ ¸Ì¥³Ò ¸¢ ·±¨ ¢§·Ò¢μ³ ¶¥·¥Ìμ¤´¨±  Nb +SS,
¨ ¶·¨´ÖÉÒ ¤¢¥ ¸Ì¥³Ò, ¶·¥¤²μ¦¥´´Ò¥ �ˆŸˆ:  ) ¸ ´ ·Ê¦´μ° ¶² ±¨·μ¢±μ° ¨
¡) ¸ ¢´ÊÉ·¥´´¥° ¶² ±¨·μ¢±μ°. 	μ ¸Ì¥³¥  ) ± ´¨μ¡¨¥¢μ° É·Ê¡±¥ ¸´ ·Ê¦¨ ³¥-
Éμ¤μ³ ¢§·Ò¢  ¶·¨¢ ·¨¢ ¥É¸Ö É·Ê¡±  SS,   ± ´¥° Ô²¥±É·μ´´μ-²ÊÎ¥¢μ° ¸¢ ·±μ°
¶·¨¢ ·¨¢ ¥É¸Ö SS-Ë² ´¥Í. 	μ ¸Ì¥³¥ ¡) ´¨μ¡¨¥¢ Ö É·Ê¡±  ¶·¨ ¢§·Ò¢¥ ¢´ÊÉ·¨
´¥¥ ¸· §Ê ¶·¨¢ ·¨¢ ¥É¸Ö ± SS-Ë² ´ÍÊ.

1. –…‹œ ����’›

‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ É·¥¡μ¢ ´¨Ö³¨ ´μ¢μ° ¸Ì¥³Ò ±·¨μ³μ¤Ê²Ö IV ¶μ±μ²¥-
´¨Ö ILC ´¥μ¡Ìμ¤¨³μ ¡Ò²μ ¶·μ¢¥¸É¨ ¨¸¸²¥¤μ¢ ´¨Ö ¢μ§³μ¦´μ¸É¨ ¶μ²ÊÎ¥´¨Ö
¸¢ ·±μ° ¢§·Ò¢μ³ ¡¨³¥É ²²  (¸É ²Ó 08•18�10’+ ´¨μ¡¨° ��-1) Í¨²¨´¤·¨Î¥-
¸±μ£μ É¨¶  ¸ Í¥²ÓÕ ¶·¨³¥´¥´¨Ö ¥£μ ¢ ± Î¥¸É¢¥ ¶¥·¥Ìμ¤´ÒÌ Ô²¥³¥´Éμ¢ ¤²Ö
±·¨μ³μ¤Ê²Ö ³¥¦¤Ê´ ·μ¤´μ£μ ²¨´¥°´μ£μ ±μ²² °¤¥· .
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‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¸É ¢¨²¨¸Ó § ¤ Î¨:
1) · §· ¡μÉ ÉÓ μ¶ÒÉ´Ò¥ É¥Ì¶·μÍ¥¸¸Ò ¨§£μÉμ¢²¥´¨Ö ¸¢ ·±μ° ¢§·Ò¢μ³ ¶¥-

·¥Ìμ¤´ÒÌ Ô²¥³¥´Éμ¢ Í¨²¨´¤·¨Î¥¸±μ£μ É¨¶  ¸ ´ ·Ê¦´Ò³ ¨ ¢´ÊÉ·¥´´¨³ · ¸¶μ-
²μ¦¥´¨¥³ § ·Ö¤  ¢§·Ò¢Î Éμ£μ ¢¥Ð¥¸É¢  (‚‚);

2) ¶·μ¢¥¸É¨ ¨¸¶ÒÉ ´¨Ö ¸¢ ·´μ£μ ¸μ¥¤¨´¥´¨Ö ´  £¥·³¥É¨Î´μ¸ÉÓ;
3) ¨¸¸²¥¤μ¢ ÉÓ ³ ±·μ- ¨ ³¨±·μ¸É·Ê±ÉÊ·Ò ¸¢ ·´μ£μ ¸μ¥¤¨´¥´¨Ö.

2. �Š‘�…�ˆŒ…�’�‹œ�›… ˆ‘‘‹…„�‚��ˆŸ

�μ¸É ´μ¢±  μ¶ÒÉμ¢. 	μ¸É ´μ¢±  μ¶ÒÉμ¢ ¢±²ÕÎ ²  ¢ ¸¥¡Ö ·¥Ï¥´¨¥ ·Ö¤ 
¸²¥¤ÊÕÐ¨Ì ±μ´¸É·Ê±É¨¢´ÒÌ ¨ É¥Ì´μ²μ£¨Î¥¸±¨Ì § ¤ Î:

Å · §· ¡μÉ±Ê ±μ´¸É·Ê±Í¨° ¡¨³¥É ²²¨Î¥¸±¨Ì ¶¥·¥Ìμ¤´ÒÌ Ô²¥³¥´Éμ¢ É·Ê¡-
´μ£μ É¨¶ ;

�¨¸. 1. Šμ´¸É·Ê±Í¨¨ ¡¨³¥É ²²¨Î¥¸±μ£μ (¸É ²Ó 08•18�10’+ ´¨μ¡¨° ��-1) É·Ê¡´μ£μ
¶¥·¥Ìμ¤´μ£μ Ô²¥³¥´É : ¸ ´ ·Ê¦´μ° ( ) ¨ ¢´ÊÉ·¥´´¥° (¡) ¶² ±¨·μ¢±μ°
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Å ¢Ò¡μ· ±μ´¸É·Ê±É¨¢´ÒÌ ¨ É¥Ì´μ²μ£¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ ¨¸Ìμ¤´ÒÌ § £μ-
Éμ¢μ± ¨ ¢¸¶μ³μ£ É¥²Ó´μ° μ¸´ ¸É±¨;

Å ¢Ò¡μ· ¸Ì¥³ ¸¢ ·±¨ ¢§·Ò¢μ³;
Å ¢Ò¡μ· É¥Ì´μ²μ£¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ ¸¢ ·±¨ ¢§·Ò¢μ³;
Å · §· ¡μÉ±Ê ±μ´¸É·Ê±Í¨¨ ³ ±¥Éμ¢ ¤²Ö ¶·μ¢¥¤¥´¨Ö ¨¸¶ÒÉ ´¨° ´  £¥·³¥-

É¨Î´μ¸ÉÓ.
� §· ¡μÉ±  ±μ´¸É·Ê±Í¨¨ ¡¨³¥É ²²¨Î¥¸±μ£μ ¶¥·¥Ìμ¤´μ£μ Ô²¥³¥´É  ¨ ³ -

±¥Éμ¢ ¤²Ö ¨¸¶ÒÉ ´¨° ´  £¥·³¥É¨Î´μ¸ÉÓ. ‘μ£² ¸´μ É¥Ì´¨Î¥¸±¨³ É·¥¡μ¢ -
´¨Ö³, ¶·¥¤ÑÖ¢²Ö¥³Ò³ ± ±μ´¸É·Ê±Í¨¨ ±·¨μ³μ¤Ê²Ö ³¥¦¤Ê´ ·μ¤´μ£μ ²¨´¥°´μ£μ
±μ²² °¤¥· , ¡Ò²  · §· ¡μÉ ´  ±μ´¸É·Ê±Í¨Ö μ¶ÒÉ´μ£μ μ¡· §Í  ¥£μ ¶¥·¥Ìμ¤´μ£μ
Ô²¥³¥´É  (·¨¸. 1).

„²Ö μÍ¥´±¨ £¥·³¥É¨Î´μ¸É¨ ¡¨³¥É ²²¨Î¥¸±μ£μ ¶¥·¥Ìμ¤´μ£μ Ô²¥³¥´É  ¶·¨
±μ³´ É´μ° É¥³¶¥· ÉÊ·¥ ¡Ò²¨ · §· ¡μÉ ´Ò ¸¶¥Í¨ ²Ó´Ò¥ ³ ±¥ÉÒ (·¨¸. 2).

�¨¸. 2. Šμ´¸É·Ê±Í¨¨ ³ ±¥Éμ¢ ¤²Ö ¶·μ¢¥·±¨ £¥·³¥É¨Î´μ¸É¨ ¸ ´ ·Ê¦´μ° ( ) ¨ ¢´ÊÉ·¥´-
´¥° (¡) ¶² ±¨·μ¢±μ° ¸É ²¨ ´¨μ¡¨¥³
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Œ¥Éμ¤¨±  ¶·μ¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´Éμ¢ ¶μ ¸¢ ·±¥ ¢§·Ò¢μ³ É·Ê¡´ÒÌ ¡¨-
³¥É ²²¨Î¥¸±¨Ì (¸É ²Ó 08•18�10’+ ´¨μ¡¨° ��-1) ¶¥·¥Ìμ¤´ÒÌ Ô²¥³¥´Éμ¢.
–¥²ÓÕ ´ ¸ÉμÖÐ¥£μ ¨¸¸²¥¤μ¢ ´¨Ö Ö¢²Ö²μ¸Ó ¶μ²ÊÎ¥´¨¥ ³ ±¸¨³Ê³  ¶·μÎ´μ¸É¨ ¨
£¥·³¥É¨Î´μ¸É¨ ¸¢ ·´ÒÌ ¸μ¥¤¨´¥´¨° ¢ § ¢¨¸¨³μ¸É¨ μÉ É·¥Ì ¶ · ³¥É·μ¢: ¸±μ-
·μ¸É¨ ¤¥Éμ´ Í¨¨, ¢Ò¸μÉÒ § ·Ö¤  H‚‚ ¨ ¸¢ ·μÎ´μ£μ § §μ·  h, É. ¥. É ±μ° ¸μ¢μ-
±Ê¶´μ¸É¨ ÔÉ¨Ì ¶ · ³¥É·μ¢, ¶·¨ ±μÉμ·μ° ¶·¥¤¥² ¶·μÎ´μ¸É¨ τ¸· ´  ¸·¥§ ¸²μ¥¢
³ ±¸¨³ ²¥´.

	·¨ ¶·μ¢¥¤¥´¨¨ ¨¸¸²¥¤μ¢ ´¨° É¥Ì´μ²μ£¨¨ ¨§£μÉμ¢²¥´¨Ö ¸¢ ·±μ° ¢§·Ò-
¢μ³ É·Ê¡´ÒÌ ¡¨³¥É ²²¨Î¥¸±¨Ì (¸É ²Ó 08•18�10’+ ´¨μ¡¨° ��-1) ¶¥·¥Ìμ¤-
´ÒÌ Ô²¥³¥´Éμ¢ ¡Ò²¨ ¶·¨´ÖÉÒ ¤¢¥ ¸Ì¥³Ò: ´ ·Ê¦´μ° ¨ ¢´ÊÉ·¥´´¥° ¶² ±¨·μ¢±¨
(¸³. ·¨¸. 1).

3. �…‡“‹œ’�’› ����’› �� ‘‚��Š… ‚‡�›‚�Œ

‚ ·¥§Ê²ÓÉ É¥ ¶·μ¢¥¤¥´´ÒÌ · ¡μÉ ¶μ ¸¢ ·±¥ ¢§·Ò¢μ³ ¨§£μÉμ¢²¥´μ 3 ÏÉ.
¶¥·¥Ìμ¤´ÒÌ Ô²¥³¥´Éμ¢ ¸ ´ ·Ê¦´Ò³ ¨ 2 ÏÉ. ¸ ¢´ÊÉ·¥´´¨³ · ¸¶μ²μ¦¥´¨¥³
§ ·Ö¤  ‚‚. � §³¥·Ò É·¥Ì ¶¥·¥Ìμ¤´ÒÌ Ô²¥³¥´Éμ¢ ¸ ´ ·Ê¦´Ò³ · ¸¶μ²μ¦¥´¨¥³
§ ·Ö¤  ‚‚ ¶μ¸²¥ ³¥Ì ´¨Î¥¸±μ° μ¡· ¡μÉ±¨ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 3Ä5.

�¨¸. 3. 
¸±¨§ ¶¥·¥Ìμ¤´μ£μ Ô²¥³¥´É  º1

�¨¸. 4. 
¸±¨§ ¶¥·¥Ìμ¤´μ£μ Ô²¥³¥´É  º2
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�¨¸. 5. 
¸±¨§ ¶¥·¥Ìμ¤´μ£μ Ô²¥³¥´É  º3

�¨¸. 6. 
¸±¨§ ¶¥·¥Ìμ¤´μ£μ Ô²¥³¥´É  º4

�¨¸. 7. 
¸±¨§ ¶¥·¥Ìμ¤´ÒÌ Ô²¥³¥´Éμ¢ º5, 6

� §³¥·Ò É·¥Ì ¶¥·¥Ìμ¤´ÒÌ Ô²¥³¥´Éμ¢ ¸ ¢´ÊÉ·¥´´¨³ · ¸¶μ²μ¦¥´¨¥³ § ·Ö¤ 
‚‚ ¶μ¸²¥ ³¥Ì ´¨Î¥¸±μ° μ¡· ¡μÉ±¨ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 6, 7.
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4. ˆ‘�›’��ˆ… �…�…•�„�›• �‹…Œ…�’�‚ �� ƒ…�Œ…’ˆ—��‘’œ

Šμ´É·μ²Ó £¥·³¥É¨Î´μ¸É¨ ¸¢ ·´μ£μ ¸μ¥¤¨´¥´¨Ö ¶·μ¢μ¤¨²¸Ö ´  ¶ÖÉ¨ ¶¥·¥-
Ìμ¤´ÒÌ Ô²¥³¥´É Ì ¸ ¶·¨³¥´¥´¨¥³ ¶·¨¡μ·  É¨¶  	’ˆ (μ¶·¥¤¥²¥´¨¥ £¥²¨¥¢ÒÌ
É¥Î¥°). �¡· §ÍÒ ¡Ò²¨ ¶·μ±μ´É·μ²¨·μ¢ ´Ò ¶·¨ ±μ³´ É´μ° É¥³¶¥· ÉÊ·¥. �¥-
§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨Ö £¥·³¥É¨Î´μ¸É¨ ¶μ± § ²¨, ÎÉμ ¶¥·¥Ìμ¤´Ò¥ Ô²¥³¥´ÉÒ £¥·-
³¥É¨Î´Ò (< 1 · 10−9  É³ · ¸³3/¸).

5. Œ…’�‹‹�ƒ��”ˆ—…‘Šˆ… ˆ‘‘‹…„�‚��ˆŸ ‘‚���›•
‘�…„ˆ�…�ˆ‰ �ˆ��ˆŸ ��-1 ˆ ‘’�‹ˆ 08•18�10’

Œ¥É ²²μ£· Ë¨Î¥¸±¨³ ¨¸¸²¥¤μ¢ ´¨Ö³ ¶μ¤¢¥·£ ²¨¸Ó ¤¢  μ¡· §Í  º1, 2
¸¢ ·´μ£μ ¸μ¥¤¨´¥´¨Ö ´¨μ¡¨Ö ¨ ¸É ²¨ 08•18�10’, ¢Ò¶μ²´¥´´μ£μ ¸¢ ·±μ°
¢§·Ò¢μ³ (·¨¸. 8).

�¨¸. 8. ‘Ì¥³  ¨¸¸²¥¤μ¢ ´´ÒÌ μ¡· §Íμ¢

„²Ö ¶·μ¢¥¤¥´¨Ö ³¥É ²²μ£· Ë¨Î¥¸±μ£μ ¨¸¸²¥¤μ¢ ´¨Ö ¨§ ± ¦¤μ£μ μ¡· §Í 
¨§£μÉ ¢²¨¢ ²¸Ö ³¨±·μÏ²¨Ë ¶μ ¸²¥¤ÊÕÐ¥° ³¥Éμ¤¨±¥. �¡· §ÍÒ, ¤²Ö Ê¤μ¡¸É¢ 
¶·¨£μÉμ¢²¥´¨Ö ³¨±·μÏ²¨Ëμ¢ ¨ ¶μ¸²¥¤ÊÕÐ¥£μ ³¥É ²²μ£· Ë¨Î¥¸±μ£μ ¨¸¸²¥¤μ-
¢ ´¨Ö, § ±·¥¶²Ö²¨¸Ó ¢ ¸¶¥Í¨ ²Ó´ÒÌ Í¨²¨´¤·¨Î¥¸±¨Ì Ëμ·³ Ì ¶ÊÉ¥³ ¨Ì § ²¨¢±¨
Ô¶μ±¸¨¤´Ò³ ±²¥¥³. 
¶μ±¸¨¤´Ò° ±²¥° ¶μ²ÊÎ ²¨ ¶ÊÉ¥³ ¸³¥Ï¨¢ ´¨Ö Ô¶μ±¸¨¤-
´μ° ¸³μ²Ò ³ ·±¨ 
„20 ¨ μÉ¢¥·¤¨É¥²Ö É¨¶  ¶μ²¨ÔÉ¨²¥´¶μ²¨ ³¨´ ¢ ¶·μ¶μ·Í¨¨
5 : 1 (¶μ ¢¥¸Ê). ‡ É¥³ ³¨±·μÏ²¨ËÒ ¶μ¸²¥¤μ¢ É¥²Ó´μ Ï²¨Ëμ¢ ²¨¸Ó ´  Ï²¨Ëμ-
¢ ²Ó´ÒÌ Ï±Ê·± Ì · §²¨Î´μ° §¥·´¨¸Éμ¸É¨ (Š‡5, Œ40, Œ28) ¨ ¶μ²¨·μ¢ ²¨¸Ó
´  ¢ É³ ´¥ ¸ ¶μ³μÐÓÕ  ²³ §´μ° ¶ ¸ÉÒ ³ ·±¨ �‘Œ2/1.

‚ ¶·μÍ¥¸¸¥ ³¥É ²²μ£· Ë¨Î¥¸±μ£μ ¨¸¸²¥¤μ¢ ´¨Ö ¸¢ ·´ÒÌ ¸μ¥¤¨´¥´¨° ¶·μ-
¢μ¤¨²¨¸Ó:

• ³ ±·μ ´ ²¨§;
• ³¨±·μ ´ ²¨§;
• ¨§³¥·¥´¨¥ ³¨±·μÉ¢¥·¤μ¸É¨.
Œ ±·μ ´ ²¨§ ¸¢ ·´ÒÌ ¸μ¥¤¨´¥´¨° ¶·μ¢μ¤¨²¸Ö ¤²Ö ¢ÒÖ¢²¥´¨Ö ¢μ§³μ¦-

´ÒÌ ³ ±·μ¤¥Ë¥±Éμ¢ (É·¥Ð¨´, ´¥¶·μ¢ ·μ¢, · ¸¸²μ¥´¨°) ¸¢ ·´ÒÌ ¸μ¥¤¨´¥´¨° ¨
μ¶·¥¤¥²¥´¨Ö ¶ · ³¥É·μ¢ ¢μ²´Ò ¶μ¢¥·Ì´μ¸É¨ · §¤¥²  ´¨μ¡¨Ö ¨ ¸É ²¨
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08•18�10’ (Ëμ·³Ò, ¤²¨´Ò,  ³¶²¨ÉÊ¤Ò). Œ ±·μ¸É·Ê±ÉÊ·  ¸¢ ·´ÒÌ ¸μ¥¤¨-
´¥´¨° ¨¸¸²¥¤μ¢ ² ¸Ó ´  ³¨±·μ¸±μ¶¥ Œ�‘-2 ¶·¨ Ê¢¥²¨Î¥´¨ÖÌ ¤μ 56 · §.

Œ¨±·μ ´ ²¨§ ¶·μ¢μ¤¨²¸Ö ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö ³¨±·μ¸É·Ê±ÉÊ·Ò ¸¢ ·¨¢ ¥³ÒÌ
³ É¥·¨ ²μ¢ ¢ §μ´¥ ¸¢ ·´ÒÌ ¸μ¥¤¨´¥´¨°, ¢ÒÖ¢²¥´¨Ö ¢μ§³μ¦´ÒÌ ³¨±·μ¤¥Ë¥±-
Éμ¢ (¨´É¥·³¥É ²²¨¤´ÒÌ ¸μ¥¤¨´¥´¨°, ³¨±·μ´¥¸¶²μÏ´μ¸É¥°). Œ¨±·μ¸É·Ê±ÉÊ· 
³ É¥·¨ ²μ¢ ¨¸¸²¥¤μ¢ ² ¸Ó ¶μ¸²¥ ¶μ¸²¥¤μ¢ É¥²Ó´μ£μ É· ¢²¥´¨Ö ¢ ·¥ ±É¨¢ Ì 1
(1 ³² ¶² ¢¨±μ¢μ° ±¨¸²μÉÒ, 2 ³²  §μÉ´μ° ±¨¸²μÉÒ, 1 ³² ¸¥·´μ° ±¨¸²μÉÒ, 1 ³²
¢μ¤Ò) ¨ 2 (5 ³²  §μÉ´μ° ±¨¸²μÉÒ, 50 ³² ¸μ²Ö´μ° ±¨¸²μÉÒ, 50 ³² ¢μ¤Ò). �¥-
 ±É¨¢ 1 ¶·¨³¥´Ö²¸Ö ¤²Ö ¢ÒÖ¢²¥´¨Ö ¸É·Ê±ÉÊ·Ò ´¨μ¡¨Ö,   ·¥ ±É¨¢ 2 Å ¤²Ö ¢Ò-
Ö¢²¥´¨Ö ¸É·Ê±ÉÊ·Ò ¸É ²¨ 08•18�10’. ˆ¸¸²¥¤μ¢ ´¨¥ ¨ Ë¨±¸¨·μ¢ ´¨¥ ³¨±·μ-
¸É·Ê±ÉÊ·Ò ¸¢ ·´ÒÌ ¸μ¥¤¨´¥´¨° ¶·μ¢μ¤¨²¨¸Ó ´  ³¨±·μ¸±μ¶¥ ®Axiovert 25¯ ¶·¨
μ¶É¨Î¥¸±¨Ì Ê¢¥²¨Î¥´¨ÖÌ ¤μ 1000 · §.

ˆ§³¥·¥´¨¥ ³¨±·μÉ¢¥·¤μ¸É¨ ¶·μ¢μ¤¨²μ¸Ó ¤²Ö μ¶·¥¤¥²¥´¨Ö ¨§³¥´¥´¨Ö ³¥-
Ì ´¨Î¥¸±¨Ì ¸¢μ°¸É¢ ³ É¥·¨ ²μ¢ ¢ §μ´¥ ¸¢ ·´ÒÌ ¸μ¥¤¨´¥´¨°. Œ¥Éμ¤ ¨§³¥·¥-
´¨Ö ³¨±·μÉ¢¥·¤μ¸É¨ § ±²ÕÎ ¥É¸Ö ¢ Éμ³, ÎÉμ ´  ¨¸¸²¥¤Ê¥³ÊÕ ¶μ¢¥·Ì´μ¸ÉÓ ¶·¨
μ¶·¥¤¥²¥´´μ° ´ £·Ê§±¥ P (0,1 �) ¢¤ ¢²¨¢ ¥É¸Ö  ²³ §´ Ö ¶¨· ³¨¤±  ¸ ±¢ ¤· É-
´Ò³ μ¸´μ¢ ´¨¥³ ¶· ¢¨²Ó´μ° Î¥ÉÒ·¥Ì£· ´´μ° Ëμ·³Ò ¸ Ê£²μ³ ¶·¨ ¢¥·Ï¨´¥,
· ¢´Ò³ 136◦. 	μ¸²¥ ¢Ò¤¥·¦±¨ ¢ É¥Î¥´¨¥ 15. . .20 ¸ ´ £·Ê§±  ¸ ¶¨· ³¨¤±¨ ¸´¨-
³ ¥É¸Ö, ´  ¨¸¸²¥¤Ê¥³μ° ¶μ¢¥·Ì´μ¸É¨ μ¸É ¥É¸Ö μÉ¶¥Î Éμ±, ¤¨ £μ´ ²¨ ±μÉμ·μ£μ
¨§³¥·ÖÕÉ¸Ö, ¨ ¤ ²¥¥ ¢ÒÎ¨¸²Ö¥É¸Ö ¨Ì ¸·¥¤´¥¥ §´ Î¥´¨¥ (d).

‡´ Î¥´¨¥ ³¨±·μÉ¢¥·¤μ¸É¨ HV ¶μ¤¸Î¨ÉÒ¢ ¥É¸Ö ± ± Î ¸É´μ¥ μÉ ¤¥²¥´¨Ö ´ -
£·Ê§±¨ ´  Ê¸²μ¢´ÊÕ ¶²μÐ ¤Ó ¡μ±μ¢μ° ¶μ¢¥·Ì´μ¸É¨ ¶μ²ÊÎ¥´´μ£μ μÉ¶¥Î É±  F :

HV =
P

F
, £¤¥ F =

d2

1,8544
.

ˆ§³¥·¥´¨¥ ³¨±·μÉ¢¥·¤μ¸É¨ ¶·μ¢μ¤¨²μ¸Ó ´  ¶·¨¡μ·¥ MICROMET 5114.
Œ ±·μ¤¥Ë¥±ÉÒ É¨¶  É·¥Ð¨´, ´¥¶·μ¢ ·μ¢, · ¸¸²μ¥´¨° ´¥ μ¡´ ·Ê¦¥´Ò.
‚ ¨¸¸²¥¤μ¢ ´´ÒÌ μ¡· §Í Ì ¶μ¸²¥ ¸¢ ·±¨ ¢§·Ò¢μ³ ´ ¡²Õ¤ ¥É¸Ö ¢μ²´μ-

μ¡· §´Ò° Ì · ±É¥· ¸¢ ·´μ£μ ¸μ¥¤¨´¥´¨Ö ´¨μ¡¨Ö ¨ ¸É ²¨ (·¨¸. 9). ‚μ²´Ò,

�¨¸. 9. Œ ±·μ¸É·Ê±ÉÊ·  ¸¢ ·´μ£μ ¸μ¥¤¨´¥´¨Ö ´¨μ¡¨°+ ¸É ²Ó 08•18�10’:  ) μ¡· §¥Í
º1; ¡) μ¡· §¥Í º2
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�¨¸. 10. Œ¨±·μ¸É·Ê±ÉÊ·  ¸¢ ·´μ£μ ¸μ¥¤¨´¥´¨Ö ´¨μ¡¨Ö ¨ ¸É ²¨ 08•18�10’, ¢Ò¶μ²´¥´-
´μ£μ ³¥Éμ¤μ³ ¸¢ ·±¨ ¢§·Ò¢μ³

�¨¸. 11. ’¨¶¨Î´μ¥ · ¸¶·¥¤¥²¥´¨¥ ³¨±·μÉ¢¥·¤μ¸É¨ ¢ §μ´¥ ¸¢ ·´μ£μ ¸μ¥¤¨´¥´¨Ö ´¨μ¡¨Ö
¨ ¸É ²¨ 08•18�10’, ¶μ²ÊÎ¥´´μ£μ ¸¢ ·±μ° ¢§·Ò¢μ³ (μ¡· §¥Í º 1)

μ¡· §μ¢ ¢Ï¨¥¸Ö ¶·¨ ¸¢ ·±¥ ¢§·Ò¢μ³, ¨³¥ÕÉ Ëμ·³Ê, ¡²¨§±ÊÕ ± ¸¨´Ê¸μ¨¤ ²Ó-
´μ°. �³¶²¨ÉÊ¤Ò ¨ ¤²¨´Ò ¢μ²´ ¢ μ¡μ¨Ì μ¡· §Í Ì ¶· ±É¨Î¥¸±¨ μ¤¨´ ±μ¢Ò ¨
· ¢´Ò ≈ 0,2 . . . 0,5 ³³, ≈ 0,5 . . . 1,5 ³³ ¸μμÉ¢¥É¸É¢¥´´μ.

’¨¶¨Î´ Ö ³¨±·μ¸É·Ê±ÉÊ·  ¸¢ ·´μ£μ ¸μ¥¤¨´¥´¨Ö ´¨μ¡¨Ö ¨ ¸É ²¨
08•18�10’ ¶·¨¢¥¤¥´  ´  ·¨¸. 10.

� ¸¶·¥¤¥²¥´¨¥ ³¨±·μÉ¢¥·¤μ¸É¨ ³ É¥·¨ ²μ¢ μ±μ²μ ¶μ¢¥·Ì´μ¸É¨ · §¤¥² 
¶μ± § ´μ ´  ·¨¸. 11. � ¨¡μ²¥¥ ¨´É¥´¸¨¢´μ¥ Ê¶·μÎ´¥´¨¥ ¸É ²¨ 08•18�10’
¶·μ¨¸Ìμ¤¨É ¢ Ê§±μ° §μ´¥ Ï¨·¨´μ° ≈ 0,2 . . . 0,25 ³³, μ±μ²μ ¶μ¢¥·Ì´μ¸É¨ · §-
¤¥² . ˆ§³¥´¥´¨¥ ³¨±·μÉ¢¥·¤μ¸É¨ ´¨μ¡¨Ö ´¥ μ¡´ ·Ê¦¥´μ.

	·¨ ¸¢ ·±¥ ¢§·Ò¢μ³ ´¨μ¡¨Ö ¨ ¸É ²¨ 08•18�10’ ¢ §μ´¥ ±μ´É ±É  ³ É¥-
·¨ ²μ¢ ¶·μ¨¸Ìμ¤¨É μ¡· §μ¢ ´¨¥ ³¨±·μ¤¥Ë¥±Éμ¢ É¨¶  ³¨±·μ´¥¸¶²μÏ´μ¸É¥° ¨
¨´É¥·³¥É ²²¨¤´ÒÌ Ë § (·¨¸. 12). Œ¨±·μ¤¥Ë¥±Éμ¢ ¢ ¨¸¸²¥¤μ¢ ´´ÒÌ μ¡· §Í Ì
¤μ¸É ÉμÎ´μ ³´μ£μ, ´μ μ´¨ ´¥ μ¡· §ÊÕÉ ¸¶²μÏ´μ° ¶·μ¸²μ°±¨.
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�¨¸. 12. ’¨¶¨Î´ Ö ³¨±·μ¸É·Ê±ÉÊ·  ¸¢ ·´μ£μ ¸μ¥¤¨´¥´¨Ö ¢ §μ´¥ ¨´É¥·³¥É ²²¨¤ 

�¨¸. 13. Œ¨±·μ¸É·Ê±ÉÊ·  ¸É ²¨ 08•18�10’:   Å ¸É ²Ó 1; ¡ Å ¸É ²Ó 2 (¸³. ·¨¸. 8)

�¨¸. 14. • · ±É¥·´Ò° ¢¨¤ ¸¢ ·´μ£μ Ï¢ , ¢Ò¶μ²´¥´´μ£μ Ô²¥±É·μ´´μ-²ÊÎ¥¢μ° ¸¢ ·±μ°
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ˆ´É¥·³¥É ²²¨¤Ò, μ¡· §μ¢ ¢Ï¨¥¸Ö ¶·¨ ¸¢ ·±¥ ¢§·Ò¢μ³, μÉ²¨Î ÕÉ¸Ö ¢Ò¸μ-
±¨³¨ É¢¥·¤μ¸ÉÓÕ (≈ 8,5 . . . 10,5 ƒ	 ) ¨ Ì·Ê¶±μ¸ÉÓÕ.

‘É·Ê±ÉÊ·  ¸¢ ·¨¢ ¥³ÒÌ ³ É¥·¨ ²μ¢ ¶·¨¢¥¤¥´  ´  ·¨¸. 13.
‘¢ ·´μ° Ïμ¢ ¨³¥¥É Ëμ·³Ê, Ì · ±É¥·´ÊÕ ¤²Ö ¸¢ ·´μ£μ ¸μ¥¤¨´¥´¨Ö, ¢Ò-

¶μ²´¥´´μ£μ Ô²¥±É·μ´´μ-²ÊÎ¥¢μ° ¸¢ ·±μ° (·¨¸. 14).
�¥§Ê²ÓÉ ÉÒ ³¥É ²²μ£· Ë¨Î¥¸±μ£μ ¨¸¸²¥¤μ¢ ´¨Ö ¸¢ ·´ÒÌ Ï¢μ¢ ¶·¨¢¥¤¥´Ò

¢ É ¡²¨Í¥.

�¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤μ¢ ´¨Ö ¸¢ ·´ÒÌ Ï¢μ¢

º
μ¡· §Í 

º
¸¢ ·´μ£μ

Ï¢ 

ƒ²Ê¡¨´ 
¶·μ¢ · 
(h), ³³

ƒ²Ê¡¨´ 
¶·μ¶² ¢-
²¥´¨Ö
(h1),
³³

‘³¥Ð¥´¨¥
¸¢ ·´μ£μ
Ï¢  (a),

³³

˜¨·¨´ 
¸¢ ·´μ£μ
Ï¢  (t),

³³

„¥Ë¥±ÉÒ

1

1Ä1 3,0 3,8 0,2 0,5 �¥É

1Ä2 2,9 3,1 0,15 0,6 2 ¶μ·Ò
≈ ∅0,01 ³³

2
2Ä1 2,8 2,8 0,05 0,4 4 ¶μ·Ò

≈ ∅0,01 ³³
2Ä2 2,9 3,7 0,2 0,5 �¥É

‡�Š‹
—…�ˆ…

‚ ·¥§Ê²ÓÉ É¥ ¨¸¶μ²Ó§μ¢ ´¨Ö Ê´¨± ²Ó´μ£μ ³¥Éμ¤  ¸¢ ·±¨ ¢§·Ò¢μ³ · §-
´μ·μ¤´ÒÌ ³ É¥·¨ ²μ¢ ¶μ Í¨²¨´¤·¨Î¥¸±μ° ¸Ì¥³¥ ¢¶¥·¢Ò¥ ¢ ³¨·¥ ¶μ²ÊÎ¥´Ò
Í¨²¨´¤·¨Î¥¸±¨¥ ¡¨³¥É ²²¨Î¥¸±¨¥ ¶¥·¥Ìμ¤´¨±¨ Nb +SS ¤²Ö ¨¸¶μ²Ó§μ¢ ´¨Ö ¢
±·¨μ³μ¤Ê²¥ IV ¶μ±μ²¥´¨Ö ³¥¦¤Ê´ ·μ¤´μ£μ ²¨´¥°´μ£μ ±μ²² °¤¥·  ILC. 	¥·-
¢Ò¥ μ¶ÒÉ´Ò¥ μ¡· §ÍÒ ¶¥·¥Ìμ¤´¨±μ¢ ¶·μÏ²¨ ¶¥·¢¨Î´Ò¥ ¨¸¶ÒÉ ´¨Ö ´  £¥·-
³¥É¨Î´μ¸ÉÓ, ¶μ¤¢¥·¦¥´Ò ³ ±·μ ´ ²¨§Ê ¨ ³¨±·μ ´ ²¨§Ê ¸ Í¥²ÓÕ ¶·μ¢¥·±¨
£¥·³¥É¨Î´μ¸É¨ ¨ ¶·μÎ´μ¸É¨ ¸μ¥¤¨´¥´¨Ö ¢ ·¥§Ê²ÓÉ É¥ ¸¢ ·±¨ ¢§·Ò¢μ³. ‚ ÔÉ¨Ì
¨¸¶ÒÉ ´¨ÖÌ ¤μ¸É¨£´ÊÉÒ ¸²¥¤ÊÕÐ¨¥ ·¥§Ê²ÓÉ ÉÒ: ¨§³¥·¥´´Ò° Ê·μ¢¥´Ó É¥Î¨ ¢
¸¢ ·´μ³ ¸μ¥¤¨´¥´¨¨ ¸μ¸É ¢¨² ¢¥²¨Î¨´Ê Q ≈ 10−9  É³ · ¸³3/¸, ¸¢ ·´Ò¥ Ï¢Ò
μ¡² ¤ ÕÉ ´¥μ¡Ìμ¤¨³μ° É¢¥·¤μ¸ÉÓÕ ¨ ´¥ ¨³¥ÕÉ ¤¥Ë¥±Éμ¢. �  ·¨¸. 15 ¶·¨¢¥¤¥´
μ¤¨´ ¨§ μ¡· §Íμ¢ Nb+ SS ¶¥·¥Ìμ¤´¨± . 	·¥¤¢ ·¨É¥²Ó´Ò¥ É¥¸ÉÒ ¸ ¶·¨³¥´¥-
´¨¥³ É¥·³μÍ¨±²¨·μ¢ ´¨Ö ¢ ¦¨¤±μ³  §μÉ¥ ¨ μ¡²ÊÎ¥´¨Ö Ê²ÓÉ· §¢Ê±μ³, μ¸ÊÐ¥-
¸É¢²¥´´Ò¥ ¢ INFN (	¨§ , ˆÉ ²¨Ö), ¶μ§¢μ²¨²¨ μÍ¥´¨ÉÓ ¢¥·Ì´ÕÕ £· ´¨ÍÊ É¥Î¨
¢μ ¢¸¥Ì μ¡· §Í Ì: Q � (3Ä5) · 10−10  É³ · ¸³3/¸. „ ²¥¥ ¶·¥¤¸Éμ¨É ¶·μ¢¥¸É¨
μ¸´μ¢´Ò¥ ±·¨μ£¥´´Ò¥ ¨¸¶ÒÉ ´¨Ö ¶·¨ É¥³¶¥· ÉÊ·¥ ¦¨¤±μ£μ £¥²¨Ö ¢ FNAL
(‘˜�) ´  ¸¶¥Í¨ ²Ó´ÒÌ ±·¨μ£¥´´ÒÌ ¸É¥´¤ Ì, ´  ±μÉμ·ÒÌ, ¸μ¡¸É¢¥´´μ, É¥¸É¨-
·ÊÕÉ¸Ö ¨§£μÉ ¢²¨¢ ¥³Ò¥ ¢ ‘˜� ±·¨μ³μ¤Ê²¨.
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�¨¸. 15. �¡· §¥Í ¶¥·¥Ìμ¤´¨±  Nb+SS, ¶μ²ÊÎ¥´´Ò° ³¥Éμ¤μ³ ¢´ÊÉ·¥´´¥° ¶² ±¨·μ¢±¨
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