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‘¨¸É¥³  ¨§³¥·¥´¨Ö É¥³¶¥· ÉÊ· ¸²Ê¦¨É µ¤´µ° ¨§ µ¸´µ¢´ÒÌ ¸¨¸É¥³ ±·¨µ¤¨ £´µ-
¸É¨±¨ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¨Ì ³ £´¨É´ÒÌ Ê¸É ´µ¢µ±, ¢ Î ¸É´µ¸É¨, Ê¸±µ·¨É¥²¥° § ·Ö¦¥´´ÒÌ
Î ¸É¨Í. ‚ ¶µ¤µ¡´ÒÌ ¸¨¸É¥³ Ì ¢ ± Î¥¸É¢¥ ¤ ÉÎ¨±µ¢ É¥³¶¥· ÉÊ· Ê¦¥ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¨,
¢¨¤¨³µ, ¡Ê¤ÊÉ ¶·¨³¥´ÖÉÓ¸Ö ¢ ¤ ²Ó´¥°Ï¥³ µÉ¥Î¥¸É¢¥´´Ò¥ ·¥§¨¸Éµ·Ò ’‚4, ¶·¥¤²µ-
¦¥´´Ò¥ ¤²Ö ÔÉµ° Í¥²¨ ¢ ‹‚Q 4ˆŸˆ. W ·É¨Ö ¨§ ¢µ¸Ó³¨ É¥³¶¥· ÉÊ·´ÒÌ ¤ ÉÎ¨±µ¢
’‚4 · §²¨Î´µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ¡Ò²  ¨¸¶ÒÉ ´  ¢ ³ £´¨É´ÒÌ ¶µ²ÖÌ ¤µ 9 ’² ¶·¨
É¥³¶¥· ÉÊ· Ì µÉ 1,8 ¤µ 4,24 Š. W·¥¤¸É ¢²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ ¶·µÉ¨-
¢µ·¥Î¨ÖÌ ¢ ¨³¥ÕÐ¥°¸Ö ²¨É¥· ÉÊ·¥ ¶µ ¢²¨Ö´¨Õ ³ £´¨É´ÒÌ ¶µ²¥° ´  ¶µ± § ´¨Ö ’‚4,
¢ Î ¸É´µ¸É¨, Î ¸ÉÓ ¤ ´´ÒÌ Ö¢´µ § ´¨¦¥´ . Wµ ·¥§Ê²ÓÉ É ³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸-
¸²¥¤µ¢ ´¨° ¶·¥¤¸É ¢²¥´Ò ¢Ò¢µ¤Ò µ ´¥±µÉµ·ÒÌ § ±µ´µ³¥·´µ¸ÉÖÌ ¤²Ö Ô±¢¨¢ ²¥´É´ÒÌ
É¥³¶¥· ÉÊ·´ÒÌ ¸¤¢¨£µ¢ §  ¸Î¥É ³ £´¨É´µ£µ ¶µ²Ö ¨ ´ ³¥Î¥´Ò ¶ÊÉ¨ ¸¨¸É¥³ É¨§ Í¨¨
¶µ²ÊÎ¥´´ÒÌ ¤ ´´ÒÌ.

0 ¡µÉ  ¢Ò¶µ²´¥´  ¢ ‹ ¡µ· Éµ·¨¨ Ë¨§¨±¨ Î ¸É¨Í 4ˆŸˆ.

Behaviour of the TVO Temperature Sensors in the Magnetic
Fields

V.M.Miklayev, A.K.Sukhanova, Yu.P.Filippov, V.G.Shabratov

A system to measure temperatures is one of the main cryodiagnostic systems of
the superconducting installations such as particle accelerators, in particular. The TVO
temperature sensors suggested for this aim at LHE, JINR, are already used and, perhaps,
will be used in the future in these installations. A batch of eight TVO sensors of different
sensitivity was tested in the magnetic ˇeld up to 9 T at the temperature range from 1.8 to
4.24 K. The presented results show that there are contradictions in the known references
concerning in}uence of the magnetic ˇeld on the readings of the TVO sensors: in
particular, some results are of signiˇcantly smaller values than indeed. The conclusions
about law-governed nature regarding equivalent temperature shifts due to the magnetic
ˇelds are presented, and a way to ˇt the obtained data is outlined.

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

1. ‚‚…„…�ˆ…

Œ´µ£¨¥ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¨¥ ¶·¨¡µ·Ò ¨ Ê¸É ´µ¢±¨, ´ ¶·¨³¥· Ê¸±µ·¨É¥²¨ Î ¸É¨Í ¨ ¨Ì
¤¥É¥±Éµ·Ò, · ¡µÉ ÕÉ ¢ Ê¸²µ¢¨ÖÌ ´¨§±¨Ì É¥³¶¥· ÉÊ· ¨ ³ £´¨É´ÒÌ ¶µ²¥°, ¨ ¤²Ö ±µ´É·µ²Ö
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É¥³¶¥· ÉÊ· ´¥µ¡Ìµ¤¨³Ò ¤ ÉÎ¨±¨, ±µÉµ·Ò¥ ¶µ³¨³µ ¤µ¸É ÉµÎ´µ° ¤²Ö ¶· ±É¨±¨ ÉµÎ´µ¸É¨
µÉ²¨Î ÕÉ¸Ö ¸É ¡¨²Ó´µ¸ÉÓÕ ¶µ± § ´¨° ¢ ³ £´¨É´ÒÌ ¶µ²ÖÌ. ‚ ¨¤¥ ²Ó´µ³ ¸²ÊÎ ¥ ³ £´¨É´µ¥
¶µ²¥ ´¥ ¤µ²¦´µ ¢²¨ÖÉÓ ´  ¶µ± § ´¨Ö ¤ ÉÎ¨±  ¨²¨ ³µ¦¥É ¢²¨ÖÉÓ ´ ¸Éµ²Ó±µ ´¥§´ Î¨É¥²Ó´µ,
ÎÉµ ´¥ ¨³¥¥É ¸³Ò¸²  ¢¢µ¤¨ÉÓ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¶µ¶· ¢±¨. Š É ±¨³ ¤ ÉÎ¨± ³ ³µ¦´µ µÉ´¥-
¸É¨ ¥³±µ¸É´Ò¥, µ¤´ ±µ ¨Ì ¸É ¡¨²Ó´µ¸ÉÓ µ¸É ¢²Ö¥É ¦¥² ÉÓ ²ÊÎÏ¥£µ. Œµ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ
¤·Ê£µ° ¶ÊÉÓ, ±µ£¤  ¢¢µ¤¨É¸Ö ¸µµÉ¢¥É¸É¢ÊÕÐ Ö ¶µ¶· ¢±  ´  ¨§³¥´¥´¨¥ ¶µ± § ´¨° ¤ ÉÎ¨±µ¢
¢ ³ £´¨É´µ³ ¶µ²¥ [2]. 4¤´¨³¨ ¨§ ±·¨µ£¥´´ÒÌ É¥³¶¥· ÉÊ·´ÒÌ ¤ ÉÎ¨±µ¢, ¶µ¤Ìµ¤ÖÐ¨Ì ¤²Ö
· ¡µÉÒ ¢ ³ £´¨É´ÒÌ ¶µ²ÖÌ, ¸²Ê¦ É Ê£²¥·µ¤´Ò¥ É¥·³µ³¥É·Ò [1,2]. ‚ Î ¸É´µ¸É¨, ·¥§¨¸Éµ·Ò
’‚4 [1,3,4] ¨¸¶µ²Ó§ÊÕÉ¸Ö ¢ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥³ Ê¸±µ·¨É¥²¥ ´Ê±²µÉ·µ´ [5], ¶·¥¤¶µ² £ ²µ¸Ó
¨Ì ¶·¨³¥´¥´¨¥ ¤²Ö ¶·µ¥±É  “.Š, · ¸¸³ É·¨¢ ¥É¸Ö ¨Ì ¨¸¶µ²Ó§µ¢ ´¨¥ ¢ ¶·µ¥±É¥ LHC [4].
4¤´ ±µ ¨³¥ÕÐ¨¥¸Ö ²¨É¥· ÉÊ·´Ò¥ ¤ ´´Ò¥ µ ¶µ¢¥¤¥´¨¨ ¤ ÉÎ¨±µ¢ ’‚4 ¢ ³ £´¨É´µ³ ¶µ²¥
¤µ¢µ²Ó´µ ¶·µÉ¨¢µ·¥Î¨¢Ò. ’ ±, ¢ [3] ¶·¨¢µ¤¨É¸Ö ¨´Ëµ·³ Í¨Ö µ ´¨§±µ³ µÉ´µ¸¨É¥²Ó´µ³
É¥³¶¥· ÉÊ·´µ³ ¸¤¢¨£¥ |∆T/T | ¤²Ö ’‚4 Å ´¥ ¡µ²¥¥ 1% ¶·¨ ¨´¤Ê±Í¨¨ B = 6 ’² ¨
É¥³¶¥· ÉÊ·¥ T = 4,2 Š, Éµ£¤  ± ± ¢ [1] ¶µ± § ´µ, ÎÉµ ¤²Ö ÔÉ¨Ì ¦¥ ¶ · ³¥É·µ¢ ¢ ¶¥·-
¶¥´¤¨±Ê²Ö·´µ³ ³ £´¨É´µ³ ¶µ²¥ |∆T/T | ≈ 3 %. Š·µ³¥ Éµ£µ, ¢ [3] µÉ³¥Î¥´µ µÉ¸ÊÉ¸É¢¨¥
¢²¨Ö´¨Ö µ·¨¥´É Í¨¨ ³ £´¨É´µ£µ ¶µ²Ö ´  ¢¥²¨Î¨´Ê ∆T/T (B),   ¢ [1] ¢²¨Ö´¨¥ µ·¨¥´É Í¨¨
´  ∆T µÍ¥´¨¢ ¥É¸Ö Ë ±Éµ·µ³ 2, ¶·¨Î¥³ ∆T/T ´¨¦¥ ¤²Ö ¸²ÊÎ Ö ¶ · ²²¥²Ó´µ£µ · ¸¶µ-
²µ¦¥´¨Ö ¤ ÉÎ¨±  ¢ ³ £´¨É´µ³ ¶µ²¥. . ±µ´¥Í, ´¥Ö¸´µ, ± ±µ¢µ ¢²¨Ö´¨¥ ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨
dR/dT ¨ ¨´¤¨¢¨¤Ê ²Ó´ÒÌ µ¸µ¡¥´´µ¸É¥° ´  ¶µ± § ´¨Ö ¤ ÉÎ¨±µ¢ ’‚4 ¢ ³ £´¨É´µ³ ¶µ²¥.

–¥²Ó · ¡µÉÒ Å ¶·µ¢¥¸É¨ ¤µ¶µ²´¨É¥²Ó´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö É¥³¶¥· ÉÊ·´µ£µ ¸¤¢¨£  ¤ É-
Î¨±µ¢ ’‚4 §  ¸Î¥É ³ £´¨É´µ£µ ¶µ²Ö ¸ ÊÎ¥Éµ³ µÉ³¥Î¥´´ÒÌ ¢ÒÏ¥ ´¥µ¶·¥¤¥²¥´´µ¸É¥°,
¸· ¢´¨ÉÓ ¶µ²ÊÎ¥´´Ò¥ ¨ ¨³¥ÕÐ¨¥¸Ö ¤ ´´Ò¥ ¨ ´ ³¥É¨ÉÓ ¶ÊÉ¨ ¸¨¸É¥³ É¨§ Í¨¨ ·¥§Ê²ÓÉ Éµ¢.

2. eŠ‘�…�ˆŒ…�’�‹œ��… ����“„�‚��ˆ…

2.1. Œ £´¨É. „²Ö µ¶·¥¤¥²¥´¨Ö ³ £´¨Éµ¸µ¶·µÉ¨¢²¥´¨Ö ·¥§¨¸É¨¢´ÒÌ É¥³¶¥· ÉÊ·´ÒÌ
¤ ÉÎ¨±µ¢ ∆R = R(B, T ) − R(B = 0, T ), £¤¥ R Å ¸µ¶·µÉ¨¢²¥´¨¥, ¡Ò² ¨¸¶µ²Ó§µ¢ ´
¸¢¥·Ì¶·µ¢µ¤ÖÐ¨° ¸µ²¥´µ¨¤ ¢ ¢¥·É¨± ²Ó´µ³ ±·¨µ¸É É¥. QÉµÉ ¸µ²¥´µ¨¤ ¸µ¸Éµ¨É ¨§ ¤¢ÊÌ
±µ ±¸¨ ²Ó´ÒÌ ¸¥±Í¨° ¸ µ¡³µÉ± ³¨ ¨§ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ ± ¡¥²Ö ´¨µ¡¨°ÄÉ¨É ´ .’-50
¤¨ ³¥É·µ³ 0,2 ³³ ¨ ² ¢¸ ´µ¢µ° ¨§µ²ÖÍ¨¥° Éµ²Ð¨´µ° 0,05 ³³. „²¨´  ± ¡¥²Ö ¢ ¸µ²¥´µ-
¨¤¥ Å 13500 ³, Î¨¸²µ ¢¨É±µ¢ Å 28100. 0 §³¥·Ò ³ £´¨É : ¢Ò¸µÉ  Å 0,22 ³, ¢´ÊÉ·¥´´¨°
¤¨ ³¥É· Å 0,038 ³, ¢´¥Ï´¨° ¤¨ ³¥É· Å 0,27 ³. Œ ±¸¨³ ²Ó´µ¥ ¶µ²¥ ¢ Í¥´É·¥ ¸µ²¥´µ¨¤ 
µ±µ²µ 9 ’² ¶·¨ 4,2 Š ¨ 11 ’² ¶·¨ 1,5 Š. ‘ ¶¥·³¥´¤Õ·µ¢Ò³¨ ´ ±µ´¥Î´¨± ³¨ ³µ¦´µ
¤µ¸É¨ÎÓ §´ Î¥´¨Ö ³ £´¨É´µ£µ ¶µ²Ö 13 ’² ¶·¨ 1,5 Š ¢ § §µ·¥ µ±µ²µ 2 ³³. ‘µ²¥´µ¨¤ § ¶¨-
ÉÒ¢ ¥É¸Ö µÉ ¨¸ÉµÎ´¨±  ¶µ¸ÉµÖ´´µ£µ Éµ±  U = 6 ‚, I = 70 A. ˆ´É¥£· Éµ· ¸É ¡¨²¨§ Éµ· 
Éµ±  µ¡¥¸¶¥Î¨¢ ¥É ¶² ¢´Ò° ¢¢µ¤-¢Ò¢µ¤ Éµ±  ¢ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¨° ¸µ²¥´µ¨¤ ¸ ·¥£Ê²¨·Ê¥³µ°
¸±µ·µ¸ÉÓÕ ¤µ 0,5 Z/¸. „²Ö ¨§³¥·¥´¨Ö ³ £´¨É´µ£µ ¶µ²Ö ¨¸¶µ²Ó§Ê¥É¸Ö ¤ ÉÎ¨± •µ²²  LMK.

ˆ§³¥·¨É¥²Ó´ Ö Î ¸ÉÓ Ê¸É ´µ¢±¨ ¨§µ¡· ¦¥´  ´  ·¨¸. 1. ‚ ´¥¥ ¢Ìµ¤ÖÉ: ¶µ¤¢¨¦´Ò°
¤¥·¦ É¥²Ó ¢ ¢¨¤¥ ¸É ± ´  Å 1, ¤¢  ¶¥·³¥´¤Õ·µ¢ÒÌ ±µ´Í¥´É· Éµ·  ³ £´¨É´µ£µ ¶µ²Ö Å
2, ¤ ÉÎ¨± •µ²²  Å 3, µ¡· §Íµ¢Ò° É¥·³µ³¥É· Å 5, É¥±¸Éµ²¨Éµ¢ Ö ¶² ¸É¨´  Å 6, ´ 
±µÉµ·µ° · §³¥Ð ÕÉ¸Ö ¨¸¸²¥¤Ê¥³Ò¥ ¤ ÉÎ¨±¨ Å 4, ¸µ²¥´µ¨¤ Å 7, ¨§³¥·¨É¥²Ó´ Ö ¸¨¸É¥³ 
ZŠ-6.30 Å 8, ±µ³¶ÓÕÉ¥· Å 9.

‚ Ô±¸¶¥·¨³¥´É Ì ³ £´¨É´µ¥ ¶µ²¥ ³¥´Ö²µ¸Ó ¢ ¤¨ ¶ §µ´¥ µÉ 0 ¤µ ∼ 9 ’², ¶·¨ ÔÉµ³ É¥³-
¶¥· ÉÊ·  ¦¨¤±µ£µ £¥²¨Ö ¢ µ¡Ñ¥³¥ ± ÉÊÏ±¨ ¸µ²¥´µ¨¤  ¶µ¤¤¥·¦¨¢ ² ¸Ó ¶µ¸ÉµÖ´´µ° ¸ ¶µ-
³µÐÓÕ ¸¨¸É¥³Ò, µ¡¥¸¶¥Î¨¢ ÕÐ¥° ¶µ¸ÉµÖ´´µ¥ ¤ ¢²¥´¨¥ ´ ¸ÒÐ¥´¨Ö ±·¨µ £¥´É . ˆ§³¥´ÖÖ
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0¨¸. 1. ‘Ì¥³  Ô±¸¶¥·¨³¥´É ²Ó´µ° Ê¸É ´µ¢±¨

¤ ¢²¥´¨¥ ´ ¸ÒÐ¥´¨Ö ¦¨¤±µ£µ £¥²¨Ö, ³µ¦´µ ·¥£Ê²¨·µ¢ ÉÓ É¥³¶¥· ÉÊ·Ê ¢´ÊÉ·¨ ¸µ²¥´µ¨¤ 
¢ ¤¨ ¶ §µ´¥ µÉ ∼ 1,5 ¤µ ∼ 5 Š.

2.2. “¸É ´µ¢±  ¤²Ö ± ²¨¡·µ¢±¨ ¤ ÉÎ¨±µ¢. W¥·¥¤ ¶·µ¢¥¤¥´¨¥³ ¨§³¥·¥´¨° ¢ ³ £´¨É-
´µ³ ¶µ²¥ ¡Ò²  µ¸ÊÐ¥¸É¢²¥´  ± ²¨¡·µ¢±  ¤ ÉÎ¨±µ¢ ¢ µÉ¸ÊÉ¸É¢¨¥ ³ £´¨É´µ£µ ¶µ²Ö. „²Ö
¨§³¥·¥´¨Ö ¸µ¶·µÉ¨¢²¥´¨Ö ·¥§¨¸Éµ·µ¢ ¶·¨³¥´Ö² ¸Ó ¸¨¸É¥³  ZŠ-6.30 (‚.ˆˆ”’0ˆ), µ¡¥¸-
¶¥Î¨¢ ÕÐ Ö ¢µ§³µ¦´µ¸ÉÓ ¨§³¥·¥´¨Ö ¸µ¶·µÉ¨¢²¥´¨Ö ¸ µÉ´µ¸¨É¥²Ó´µ° ÉµÎ´µ¸ÉÓÕ 0,01 %.
‘¨¸É¥³  ZŠ-63.0 ¨¸¶µ²Ó§µ¢ ² ¸Ó ¢ ¤¢ÊÌ ·¥¦¨³ Ì: ± ²¨¡·µ¢±  É¥·³µ³¥É·µ¢ ¢ ³¨´¨-
±·¨µ¸É É¥, £¤¥ ¢ ± Î¥¸É¢¥ µ¡· §Íµ¢µ£µ É¥·³µ³¥É·  ¨¸¶µ²Ó§Ê¥É¸Ö ¦¥²¥§µ·µ¤¨¥¢Ò° É¥·³µ-

0¨¸. 2. ‡ ¢¨¸¨³µ¸É¨ ¸µ¶·µÉ¨¢²¥´¨Ö R ¨ ¡¥§· §³¥·´µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ S = T/R(dR/dT ) ¤ ÉÎ¨-
±µ¢ ’‚4 V-6 ¨ V-7 µÉ É¥³¶¥· ÉÊ·Ò
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³¥É· RIRT-1 ¸ ¶µ£·¥Ï´µ¸ÉÓÕ ¨§³¥·¥´¨Ö ±1 ³K ¢ ¤¨ ¶ §µ´¥ É¥³¶¥· ÉÊ· 1,5 ÷ 300 K,  
É ±¦¥ ¨§³¥·¥´¨¥ · §²¨Î´ÒÌ ¸µ¶·µÉ¨¢²¥´¨° ¶·¨ ¸³¥Ð ÕÐ¨Ì Éµ± Ì µÉ 1 ³±A ¤µ 1 ³A ¸
¨´¢¥·É¨·µ¢ ´¨¥³ ¨Ì ¢¥²¨Î¨´Ò.

„²Ö ¶·µ¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´É  ¡Ò²¨ ¢§ÖÉÒ ¢µ¸¥³Ó ·¥§¨¸Éµ·µ¢ ’‚4 ¸ · §²¨Î´µ° ÎÊ¢-
¸É¢¨É¥²Ó´µ¸ÉÓÕ. ‚ ± Î¥¸É¢¥ ¶·¨³¥·  É¥³¶¥· ÉÊ·´Ò¥ § ¢¨¸¨³µ¸É¨ ¤²Ö ¤¢ÊÌ ¤ ÉÎ¨±µ¢ V-6
¨ V-7 ¸ ³ ±¸¨³ ²Ó´µ° ¨ ³¨´¨³ ²Ó´µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓÕ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 2, ¨§
±µÉµ·µ£µ ¢¨¤´µ, ÎÉµ, ´ ¶·¨³¥·, ¶·¨ T = 1,6 K ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ ¤ ÉÎ¨±  V-6 ¶·¨¡²¨§¨-
É¥²Ó´µ ¢ 3,5 · §  ¢ÒÏ¥ ¶µ ¸· ¢´¥´¨Õ ¸ ¤ ÉÎ¨±µ³ V-7. .  ÔÉµ³ ¦¥ ·¨¸Ê´±¥ ¶·¨¢¥¤¥´Ò
§ ¢¨¸¨³µ¸É¨ ¡¥§· §³¥·´µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ S = T/R(dR/dT ) µÉ É¥³¶¥· ÉÊ·Ò.

.¥±µÉµ·Ò¥ Ì · ±É¥·¨¸É¨±¨ ¨¸¸²¥¤µ¢ ´´ÒÌ É¥·³µ¤ ÉÎ¨±µ¢ ¶·¨ B = 0 ¶·¥¤¸É ¢²¥´Ò
¢ É ¡². 1.

’ ¡²¨Í  1. • · ±É¥·¨¸É¨±¨ É¥·³µ¤ ÉÎ¨±µ¢ ’‚� ¶·¨ B = 0, R(293 K) ≈ 900 ¨ 1000 4³

4¡µ§´ Î¥´¨¥ T = 1,8 Š T = 2,08 Š T = 4,24 Š

R0, 4³ dR/dT , 4³/Š R0, 4³ dR/dT , 4³/Š R0, 4³ dR/dT , 4³/Š

V-5 6826,4 Ä4282,7 5794,1 Ä3200,0 3138,3 Ä488

V-6 14245,4 Ä13888,9 11282,1 Ä8403,4 4789,2 Ä1046,6

V-7 3864,3 Ä1428,6 3522,7 Ä1036,8 2453,4 Ä238,1

V-8 4515,7 Ä1636,8 3994,9 Ä1386,0 2494,5 Ä296,4

D-6/5 4105,7 Ä1712,3 3706,1 Ä1242,2 2465,8 Ä262,5

D-4/4 6252,9 Ä4000,0 5342,1 Ä2659,6 2949,2 Ä437,8

D-5/7 4601,9 Ä2272,7 4071,4 Ä1562,5 2543,9 Ä307,7

D-9/5 9198,6 Ä7042,3 7531,1 Ä4761,9 3599,3 Ä653,6

3. �…‡“‹œ’�’›

3.1. e±¢¨¢ ²¥´É´Ò° É¥³¶¥· ÉÊ·´Ò° ¸¤¢¨£ ¨ ¢²¨Ö´¨¥ µ·¨¥´É Í¨¨ ³ £´¨É´µ£µ ¶µ²Ö
´  ´¥£µ. ˆ¸¶ÒÉ ´¨Ö ¢ ³ £´¨É´ÒÌ ¶µ²ÖÌ ¡Ò²¨ ¶·µ¢¥¤¥´Ò É ±, ÎÉµ ¤ ÉÎ¨±¨ V-5, V-6, D-
4/4 ¨ D-6/5 µ·¨¥´É¨·µ¢ ´Ò ¶ · ²²¥²Ó´µ ¸¨²µ¢Ò³ ²¨´¨Ö³ ³ £´¨É´µ£µ ¶µ²Ö,   µ¸É ²Ó´Ò¥
¤ ÉÎ¨±¨ Å V-7, V-8, D-5/7, D-9/5 Å ´ Ìµ¤¨²¨¸Ó ¢ ¶¥·¶¥´¤¨±Ê²Ö·´µ³ ³ £´¨É´µ³ ¶µ²¥.
„²Ö µÍ¥´±¨ ¢²¨Ö´¨Ö µ·¨¥´É Í¨¨ ³ £´¨É´µ£µ ¶µ²Ö ¶¥·¢µ´ Î ²Ó´Ò¥ ¶µ²µ¦¥´¨Ö ¤ ÉÎ¨±µ¢
V-5, V-6, V-7 ¨ V-8 ¢ ¸µ²¥´µ¨¤¥ ¶µ³¥´Ö²¨ ´  ¶·µÉ¨¢µ¶µ²µ¦´Ò¥. ‚ Ìµ¤¥ Ô±¸¶¥·¨³¥´É 
¨§³¥·Ö²¨ ¸µ¶·µÉ¨¢²¥´¨Ö R(B, T ) ·¥§¨¸Éµ·µ¢ ¶·¨ ¸²¥¤ÊÕÐ¨Ì Ë¨±¸¨·µ¢ ´´ÒÌ §´ Î¥´¨ÖÌ
É¥³¶¥· ÉÊ·: 1,80, 2,08, 4,24 Š, ³¥´ÖÖ ¨´¤Ê±Í¨Õ ³ £´¨É´µ£µ ¶µ²Ö.

W·¥¦¤¥ ¢¸¥£µ ¶·¥¤¸É ¢²Ö¥É¸Ö Í¥²¥¸µµ¡· §´Ò³ ¶·µ ´ ²¨§¨·µ¢ ÉÓ ¢¥²¨Î¨´Ò µÉ´µ¸¨-
É¥²Ó´ÒÌ Ô±¢¨¢ ²¥´É´ÒÌ É¥³¶¥· ÉÊ·´ÒÌ ¸¤¢¨£µ¢ ∆T/T ¤²Ö É¥·³µ³¥É·µ¢ ¸ · §²¨Î´µ°
ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓÕ ¢ ¶ · ²²¥²Ó´µ³ ³ £´¨É´µ³ ¶µ²¥, £¤¥ ¨Ì ³ £´¨Éµ¸µ¶·µÉ¨¢²¥´¨¥ ³µ-
¦¥É ¡ÒÉÓ ³¨´¨³ ²Ó´Ò³ [1], ¨ ¸· ¢´¨ÉÓ ¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¸ ¨³¥ÕÐ¨³¨¸Ö ¤ ´´Ò³¨.
Q±¢¨¢ ²¥´É´Ò° É¥³¶¥· ÉÊ·´Ò° ¸¤¢¨£ µ¶·¥¤¥²Ö²¸Ö ± ± ∆T = [R(B) −R(0)] · dT/dR, £¤¥
dT/dR Å ¶·µ¨§¢µ¤´ Ö ¶·¨ B = 0.
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0¨¸. 3. ‡ ¢¨¸¨³µ¸É¨ µÉ´µ¸¨É¥²Ó´ÒÌ É¥³¶¥· ÉÊ·´ÒÌ ¸¤¢¨£µ¢ ∆T/T ¤ ÉÎ¨±µ¢ ’‚4 V-6 ¨ V-7 µÉ
¨´¤Ê±Í¨¨ ³ £´¨É´µ£µ ¶µ²Ö B

‡ ¢¨¸¨³µ¸É¨ ∆T/T µÉ ¨´¤Ê±Í¨¨ ³ £´¨É´µ£µ ¶µ²Ö ¤²Ö ¤ ÉÎ¨±µ¢ V-6 ¨ V-7 ¸ ³ ±¸¨-
³ ²Ó´µ° ¨ ³¨´¨³ ²Ó´µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓÕ ¶·¨ ¨Ì ¶ · ²²¥²Ó´µ° µ·¨¥´É Í¨¨ ¶·¥¤¸É -
¢²¥´Ò ´  ·¨¸. 3. Š ± ¨ µ¦¨¤ ²µ¸Ó, Ê¢¥²¨Î¥´¨¥ ¨´¤Ê±Í¨¨ B ¶·¨ ¶µ¸ÉµÖ´´µ° É¥³¶¥· ÉÊ·¥
¸µ¶·µ¢µ¦¤ ¥É¸Ö Ê¢¥²¨Î¥´¨¥³ ³ £´¨Éµ¸µ¶·µÉ¨¢²¥´¨Ö ∆R ¨, ¸µµÉ¢¥É¸É¢¥´´µ, ¢¥²¨Î¨´Ò
∆T/T . ’ ±, ´ ¶·¨³¥·, ¶·¨ T = 4,24 Š ¨ B = 6 ’² µÉ´µ¸¨É¥²Ó´Ò° É¥³¶¥· ÉÊ·´Ò° ¸¤¢¨£
¤µ¸É¨£ ¥É §´ Î¥´¨° µ±µ²µ Ä2,8 ¨ Ä6,4% ¤²Ö ¤ ÉÎ¨±µ¢ ¸ ³ ±¸¨³ ²Ó´µ° ¨ ³¨´¨³ ²Ó´µ°
ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓÕ. QÉµ §´ Î¨É¥²Ó´µ ¶·¥¢ÒÏ ¥É ¨§¢¥¸É´Ò¥ ¤ ´´Ò¥ [3] Å µ±µ²µ Ä1 ¨
Ä1,5% [1]. ‘´¨¦¥´¨¥ É¥³¶¥· ÉÊ·Ò ¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ Ô±¢¨¢ ²¥´É´ÒÌ É¥³¶¥· ÉÊ·-
´ÒÌ ¸¤¢¨£µ¢ ¤ ÉÎ¨± . W·¨ ÔÉµ³ ¢¥²¨Î¨´  |∆T/T | ´¥ ¶·¥¢ÒÏ ¥É ∼ 6 % ¤²Ö ¤ ÉÎ¨±  V-6
¶·¨ T = 1,8 Š ¨ B = 9 ’², Éµ£¤  ± ± ¤²Ö V-7 ¶·¨ É¥Ì ¦¥ T ¨ B ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ §´ Î¥-
´¨¥ ∆T/T ¤µ¸É¨£ ¥É Ä12,6 %. ‘²¥¤Ê¥É É ±¦¥ µÉ³¥É¨ÉÓ, ÎÉµ ¶·¨ Ê¢¥²¨Î¥´¨¨ ¨ ¸´¨¦¥´¨¨
³ £´¨É´µ£µ ¶µ²Ö ¶·¨ ¶µ¸ÉµÖ´´µ° É¥³¶¥· ÉÊ·¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ±·¨¢Ò¥ ¶· ±É¨Î¥¸±¨ ´¥
³¥´ÖÕÉ ¸¢µ¥£µ ¶µ²µ¦¥´¨Ö, É.¥. ¶µ± § ´¨Ö ¤ ÉÎ¨±µ¢ ’‚4 ¢ ³ £´¨É´µ³ ¶µ²¥ ¢µ¸¶·µ¨§¢µ-
¤ÖÉ¸Ö ¡¥§ £¨¸É¥·¥§¨¸ .

‘µ¶µ¸É ¢²¥´¨¥ ¶µ²ÊÎ¥´´ÒÌ ¤ ´´ÒÌ ¶µ± § ²µ, ÎÉµ µ·¨¥´É Í¨Ö ¤ ÉÎ¨±µ¢ ¢ ³ £´¨É´µ³
¶µ²¥ ¶· ±É¨Î¥¸±¨ ´¥ ¢²¨Ö¥É ´  ¨Ì Ô±¢¨¢ ²¥´É´Ò° É¥³¶¥· ÉÊ·´Ò° ¸¤¢¨£. ’ ±, ¤²Ö ¤ ÉÎ¨± 
V-6 ¶·¨ T = 4,24 Š ¨ B = 6 ’² · ¸Ìµ¦¤¥´¨¥ ¤²Ö ¶ · ²²¥²Ó´µ£µ ¨ ¶¥·¶¥´¤¨±Ê²Ö·´µ£µ
¶µ²Ö ¸µ¸É ¢²Ö¥É 16 ³K,   ¶·¨ ¶·¨ T = 1,80 Š ¨ B = 6 ’² Å ¢¸¥£µ 2 ³K. „²Ö ³¥´¥¥
ÎÊ¢¸É¢¨É¥²Ó´µ£µ ¤ ÉÎ¨±  V-7 ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ §´ Î¥´¨Ö ¶·¨ B = 6 ’² ´¥ ¶·¥¢ÒÏ ÕÉ 21
¨ 7 ³K ¶·¨ T = 4,24 Š ¨ T = 1,80 Š. QÉ¨ ¨ ¤·Ê£¨¥ ·¥§Ê²ÓÉ ÉÒ ¨²²Õ¸É·¨·Ê¥É ·¨¸. 4.
‡´ Î¥´¨Ö ∆T ¤²Ö ¢Ò¸µ±µÎÊ¢¸É¢¨É¥²Ó´µ£µ ¤ ÉÎ¨±  V-6 ¶·¨ T = 4,24 Š ¨ B = 6 ’² µÎ¥´Ó
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0¨¸. 4. ‡ ¢¨¸¨³µ¸É¨ Ô±¢¨¢ ²¥´É´µ£µ É¥³¶¥· ÉÊ·´µ£µ ¸¤¢¨£  ∆T µÉ ¨´¤Ê±Í¨¨ ³ £´¨É´µ£µ ¶µ²Ö ¤²Ö
¤ ÉÎ¨±µ¢ V-6 ¨ V-7 ¶·¨ · §²¨Î´µ° µ·¨¥´É Í¨¨ ¢ ³ £´¨É´µ³ ¶µ²¥

Ìµ·µÏµ ¸µ£² ¸ÊÕÉ¸Ö ¸  ´ ²µ£¨Î´Ò³¨ ¤ ´´Ò³¨ [1] ¤²Ö ¶¥·¶¥´¤¨±Ê²Ö·´µ° µ·¨¥´É Í¨¨ Å
120 ³K.

3.2. �Í¥´±  ¨´¤¨¢¨¤Ê ²Ó´ÒÌ µ¸µ¡¥´´µ¸É¥° ¤ ÉÎ¨±µ¢ ’‚� ¢ ³ £´¨É´µ³ ¶µ²¥. ˆ§
É ¡². 1 ¨ ·¨¸. 2 ¢¨¤´µ, ÎÉµ ¢¸¥ ¤ ÉÎ¨±¨, ¡Ê¤ÊÎ¨ ¢§ÖÉÒ³¨ ¨§ µ¤´µ° ¨ Éµ° ¦¥ ¶ ·É¨¨,
¨³¥ÕÉ · §´Ò¥ Ì · ±É¥·¨¸É¨±¨ R(T ) ¨ É·¥¡ÊÕÉ ¨´¤¨¢¨¤Ê ²Ó´µ° ± ²¨¡·µ¢±¨. ‚ ¸¢Ö§¨ ¸
ÔÉ¨³ ¢µ§´¨± ¥É ¢µ¶·µ¸: ´ ¸±µ²Ó±µ ¶µ¢¥¤¥´¨¥ ¨¸¸²¥¤Ê¥³ÒÌ ¤ ÉÎ¨±µ¢ ’‚4 ¶µ¤Î¨´Ö¥É¸Ö
´¥±¨³ µ¡Ð¨³ § ±µ´µ³¥·´µ¸ÉÖ³, ´  µ¸´µ¢¥ ±µÉµ·ÒÌ ³µ¦´µ µÍ¥´¨ÉÓ ¸É¥¶¥´Ó ¢²¨Ö´¨Ö
³ £´¨É´µ£µ ¶µ²Ö ´  ¨Ì ¶µ± § ´¨Ö ¸ · §Ê³´µ° ¤²Ö ¶· ±É¨Î¥¸±µ£µ ¨¸¶µ²Ó§µ¢ ´¨Ö ¶µ£·¥Ï-
´µ¸ÉÓÕ? ‚ ¶·¨´Í¨¶¥, µÉ´µ¸¨É¥²Ó´Ò° É¥³¶¥· ÉÊ·´Ò° ¸¤¢¨£ µ¡· É´µ ¶·µ¶µ·Í¨µ´ ²¥´
¡¥§· §³¥·´µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ S ¶·¨ ¶µ¸ÉµÖ´´ÒÌ T ¨ B: ∆T/T = (∆R/R)/S, £¤¥
S = (T/R)(dR/dT ),   ∆T = (∆R/R)T/S. ‘É¥¶¥´Ó µÉ±²µ´¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ µÉ ÔÉµ° § ¢¨¸¨³µ¸É¨ ¶µ± § ´  ´  ·¨¸. 5. ˆ§ ÔÉµ£µ ·¨¸Ê´±  ¢¨¤´µ, ÎÉµ, ´ ¶·¨³¥·,
¶·¨ B = 3 ’², B = 6 ’² ¨ B = 9 ’² ³ ±¸¨³ ²Ó´µ¥ µÉ±²µ´¥´¨¥ ¡µ²ÓÏ¨´¸É¢  (∼ 80 %)
ÉµÎ¥± µÉ µ¡· É´µ ¶·µ¶µ·Í¨µ´ ²Ó´µ° § ¢¨¸¨³µ¸É¨ ´¥ ¶·¥¢ÒÏ ¥É 10 ÷ 20 ³K, ÎÉµ ¢¶µ²´¥
¶·¨¥³²¥³µ ¤²Ö ¶· ±É¨Î¥¸±¨Ì µÍ¥´µ±. Š ± ¶µ± §Ò¢ ¥É  ´ ²¨§, ¢¥²¨Î¨´Ê ∆R/R(B, T )
³µ¦´µ µ¶·¥¤¥²¨ÉÓ ¸ ¶µ³µÐÓÕ ËÊ´±Í¨¨ zµ²ÓÍ³ ´  ¨²¨ ¶µ± § É¥²Ó´µ° ËÊ´±Í¨¨ [6].

’ ±¨³ µ¡· §µ³, ¥¸²¨ µÍ¥´¥´  ¢¥²¨Î¨´  ¨´¤Ê±Í¨¨ ³ £´¨É´µ£µ ¶µ²Ö ¢ Éµ³ ³¥¸É¥, £¤¥
Ê¸É ´µ¢²¥´ É¥³¶¥· ÉÊ·´Ò° ¤ ÉÎ¨±, ¨§¢¥¸É´Ò ¥£µ ¶µ± § ´¨Ö R(B, T ) ¨ ± ²¨¡·µ¢µÎ´ Ö
Ì · ±É¥·¨¸É¨±  T = T (R,B = 0), Éµ, ¶µ²Ó§ÊÖ¸Ó  ´ ²¨É¨Î¥¸±¨³¨ ¸µµÉ´µÏ¥´¨Ö³¨ ¤²Ö
∆R/R(B, T ), ³µ¦´µ µ¶·¥¤¥²¨ÉÓ ¨¸É¨´´ÊÕ É¥³¶¥· ÉÊ·Ê T = T (R,B) ¨É¥· Í¨µ´´Ò³
³¥Éµ¤µ³.
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0¨¸. 5. ‡ ¢¨¸¨³µ¸ÉÓ µÉ´µ¸¨É¥²Ó´µ£µ É¥³¶¥· ÉÊ·´µ£µ ¸¤¢¨£  ∆T ¤ ÉÎ¨±µ¢ ’‚4 µÉ ¨Ì ¡¥§· §³¥·´µ°
ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ S

4. ‚›‚�„›

4·¨¥´É Í¨Ö ³ £´¨É´µ£µ ¶µ²Ö ¶· ±É¨Î¥¸±¨ ´¥ ¢²¨Ö¥É ´  ¢¥²¨Î¨´Ê Ô±¢¨¢ ²¥´É´µ£µ
É¥³¶¥· ÉÊ·´µ£µ ¸¤¢¨£  ∆T ¤ ÉÎ¨±µ¢ ’‚4. QÉµ µÉ²¨Î ¥É¸Ö µÉ ·¥§Ê²ÓÉ Éµ¢ [1], £¤¥ µÉ³¥-
Î¥´µ É ±µ¥ ¢²¨Ö´¨¥, ¨ ¸µ£² ¸Ê¥É¸Ö ¸ ¢Ò¢µ¤ ³¨ [3]. ‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ · ¸Ìµ¦¤¥´¨Ö ∆T
¤²Ö ¶¥·¶¥´¤¨±Ê²Ö·´µ° ¨ ¶ · ²²¥²Ó´µ° µ·¨¥´É Í¨¨ ¢µ¸Ó³¨ ¤ ÉÎ¨±µ¢ ¢ ³ £´¨É´µ³ ¶µ²¥
´¥ ¶·¥¢ÒÏ ÕÉ ¢¥²¨Î¨´ 8 ³K ¶·¨ T = 1,8 Š ¨ 24 ³Š ¶·¨ T = 4,24 Š.

„²Ö ¤ ÉÎ¨±µ¢ ’‚4 µÉ´µ¸¨É¥²Ó´Ò° É¥³¶¥· ÉÊ·´Ò° ¸¤¢¨£ ∆T/T §  ¸Î¥É ³ £´¨É´µ£µ
¶µ²Ö ¤µ¸É¨£ ¥É ¢¥²¨Î¨´ µÉ Ä2,8 ¤µ Ä6,4%, ´ ¶·¨³¥· ¤²Ö T = 4,2 Š ¨ B = 6 T²,
ÎÉµ §´ Î¨É¥²Ó´µ ¶·¥¢ÒÏ ¥É ¨§¢¥¸É´Ò¥ ¤ ´´Ò¥ [3] Å 1%. .¨¦´¨° ¶·¥¤¥² ¸µ¸É ¢²Ö¥É
Ä2,8% ¤²Ö ¢Ò¸µ±µÎÊ¢¸É¢¨É¥²Ó´ÒÌ ¤ ÉÎ¨±µ¢, ÎÉµ Ìµ·µÏµ ¸µ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ [1]
¤²Ö T = 4,2 Š, B = 6 ’² ¨ ¶¥·¶¥´¤¨±Ê²Ö·´µ° µ·¨¥´É Í¨¨ ¢ ³ £´¨É´µ³ ¶µ²¥. ‚³¥¸É¥
¸ É¥³ ÔÉ  ¢¥²¨Î¨´  (∆T/T = −2,8 %) ¶·¥¢ÒÏ ¥É ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ §´ Î¥´¨¥ [1] ¤²Ö
¶ · ²²¥²Ó´µ° µ·¨¥´É Í¨¨ ¢ 2 · § .

Wµ± § ´¨Ö ¤ ÉÎ¨±µ¢ ’‚4 ¢ ³ £´¨É´µ³ ¶µ²¥ ¢µ¸¶·µ¨§¢µ¤ÖÉ¸Ö ¡¥§ £¨¸É¥·¥§¨¸  ¶·¨
Ê¢¥²¨Î¥´¨¨ ¨ ¸´¨¦¥´¨¨ ³ £´¨É´µ£µ ¶µ²Ö ¸ ÉµÎ´µ¸ÉÓÕ, µ¶·¥¤¥²Ö¥³µ° ¨¸¶µ²Ó§µ¢ ´´µ°
¨§³¥·¨É¥²Ó´µ°  ¶¶ · ÉÊ·µ°.

„²Ö ¶·µ¨§¢µ²Ó´µ ¢Ò¡· ´´ÒÌ ¤ ÉÎ¨±µ¢ ’‚4 µÉ´µ¸¨É¥²Ó´Ò° É¥³¶¥· ÉÊ·´Ò° ¸¤¢¨£
∆T/T §  ¸Î¥É ³ £´¨É´µ£µ ¶µ²Ö ¢ ¤¨ ¶ §µ´ Ì 1,8Ä4,2 Š ¨ ¤µ 9 ’² ¢ ¶¥·¢µ³ ¶·¨¡²¨-
¦¥´¨¨ ¶·µ¶µ·Í¨µ´ ²¥´ µÉ´µ¸¨É¥²Ó´µ³Ê ³ £´¨Éµ¸µ¶·µÉ¨¢²¥´¨Õ ∆R/R ¨ µ¡· É´µ ¶·µ-
¶µ·Í¨µ´ ²¥´ ¡¥§· §³¥·´µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ S = (T/R)(dT/dR); ¶·¨ ÔÉµ³ ¢¥²¨Î¨´Ò
∆R/R(B, T ) ³µ£ÊÉ µ¶·¥¤¥²ÖÉÓ¸Ö µÉ´µ¸¨É¥²Ó´µ ¶·µ¸ÉÒ³¨  ´ ²¨É¨Î¥¸±¨³¨ ¢Ò· ¦¥´¨Ö³¨.
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• · ±É¥·´Ò¥ §´ Î¥´¨Ö: |∆T/T | = 5,7 ÷ 13,9 % (1,8 Š, 9 ’²); |∆T/T | = 2,8 ÷ 6,4 %
(4,2 Š, 6 ’²); |∆T/T | = 0,8 ÷ 1,7 % (4,2 Š, 3 ’²).
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