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‘¤¥² ´ µ¡§µ· · §¢¨É¨Ö É¥Ì´¨±¨ É¢¥·¤ÒÌ ³¨Ï¥´¥° ¸ ¶µ²Ö·¨§µ¢ ´´Ò³¨ Ö¤· ³¨ ¢ ¶µ¸²¥¤´¨¥
£µ¤Ò. ‚ µ¡§µ·¥ · ¸¸³µÉ·¥´Ò µ¸´µ¢´Ò¥ µ¸µ¡¥´´µ¸É¨ ¶µ²Ö·¨§ Í¨¨ Ö¤¥· ³¥Éµ¤µ³ ¤¨´ ³¨Î¥¸±µ£µ
µÌ² ¦¤¥´¨Ö, É¥Ì´¨±  ¨§³¥·¥´¨Ö ¶µ²Ö·¨§ Í¨¨ Ö¤¥· ¸µ ¸¶¨´ ³¨ I = 1/2 ¨ I = 1, Ö¤¥·´µ¥
³ £´¨É´µ¥ ¸¢¥·Ì¨§²ÊÎ¥´¨¥ ¨ ÔËË¥±É Î ¸ÉµÉ´µ° ³µ¤Ê²ÖÍ¨¨, Ê¸¨²¨¢ ÕÐ¨° ¶µ²Ö·¨§ Í¨Õ ³¨Ï¥´¥°.
�¡¸Ê¦¤ ÕÉ¸Ö ´µ¢Ò¥ ¶¥·¸¶¥±É¨¢Ò ¢ ¸µ§¤ ´¨¨ Éµ´±¨Ì ³¨Ï¥´¥° ¨ ¨Ì ¢µ§³µ¦´µ¥ ¶·¨³¥´¥´¨¥ ¤²Ö
¶µ²Ö·¨§ Í¨¨ · ¤¨µ ±É¨¢´ÒÌ Ö¤¥·.

The development of the polarized target technique during the last years is reviewed: the main
features of nuclear polarization by the dynamic cooling method, the polarization measurement of
nuclei with spins I = 1 and I = 1/2, the nuclear magnetic superradiance, the effect of frequency
modulating microwave that considerably improves nuclear polarization. New prospects of designing
thin targets and their possible application for radioactive nuclei polarization are discussed.

‚‚…„…�ˆ…

�µ²Ö·¨§µ¢ ´´Ò¥ ³¨Ï¥´¨ ¶µÖ¢¨²¨¸Ó ¢ 60-Ì £µ¤ Ì ± ± ¨´¸É·Ê³¥´É ¤²Ö ¨¸-
¸²¥¤µ¢ ´¨Ö ¸¶¨´µ¢ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ · ¸¸¥Ö´¨Õ Î ¸É¨Í
´  ¢Ò¢¥¤¥´´ÒÌ ¶ÊÎ± Ì Ê¸±µ·¨É¥²¥° [1]. �µ ³¥·¥ · §¢¨É¨Ö Ê¸±µ·¨É¥²Ó´µ°
É¥Ì´¨±¨ ¨ ¶µ¢ÒÏ¥´¨Ö Ô´¥·£¨¨ ¶ÊÎ±µ¢ ¨¸¶µ²Ó§µ¢ ´¨¥ ³¨Ï¥´¥° ¶µ§¢µ²¨²µ
¶·¨¸ÉÊ¶¨ÉÓ ± ¨¸¸²¥¤µ¢ ´¨Õ ¸¶¨´µ¢µ° ¸É·Ê±ÉÊ·Ò ´Ê±²µ´µ¢ ¢ ¶·µÍ¥¸¸ Ì £²Ê-
¡µ±µ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¶µ²Ö·¨§µ¢ ´´ÒÌ ²¥¶Éµ´µ¢ [2, 3]. ˜¨·µ±µ¥ ¶·¨-
³¥´¥´¨¥ µ´¨ ¶µ²ÊÎ¨²¨ ¢ ´¥°É·µ´´µ° Ë¨§¨±¥ [4Ä6] ¨ Ë¨§¨±¥ É¢¥·¤µ£µ É¥² 
¶·¨ ¨§ÊÎ¥´¨¨ Ö¤¥·´µ£µ ³ £´¨É´µ£µ Ê¶µ·Ö¤µÎ¥´¨Ö ¨ ®¶¸¥¢¤µ³ £´¥É¨§³ ¯ [7].
–¥´É· ²Ó´ÊÕ ·µ²Ó ¢ · §· ¡µÉ±¥ ³¥Ì ´¨§³µ¢ ¶µ²Ö·¨§ Í¨¨ ¸Ò£· ²¨ ±² ¸¸¨Î¥-
¸±¨¥ · ¡µÉÒ A.�¢¥·Ì Ê§¥·  [8], �.�¡· £ ³ , Š.„¦¥ËË·¨¸ , c.�.�·µ¢µÉµ·µ¢ ,
Œ.�.Šµ¦ÊÏ´¥· , ‹.‹.cÊ¨Ï¢¨²¨, Œ.cµ·£¨´¨, ‚.�.�Í ·±¨´  ¨ ¤·., Í¨É¨·Ê¥-
³Ò¥ ¶µ ³¥·¥ ¨§²µ¦¥´¨Ö ¢ ¤ ´´µ³ µ¡§µ·¥. �¥·¢Ò¥ ¶µ²Ö·¨§µ¢ ´´Ò¥ ¶·µÉµ´´Ò¥
³¨Ï¥´¨, · ¡µÎ¨³ ¢¥Ð¥¸É¢µ³ ±µÉµ·ÒÌ ¸²Ê¦¨²¨ ±·¨¸É ²²µ£¨¤· ÉÒ, ´ ¶·¨³¥·
² ´É ´-³ £´¨¥¢Ò° ´¨É· É (LMN), ¡Ò²¨ ¢´¥¤·¥´Ò ¢ É¥Ì´¨±Ê Ë¨§¨Î¥¸±µ£µ Ô±¸-
¶¥·¨³¥´É  ¶· ±É¨Î¥¸±¨ µ¤´µ¢·¥³¥´´µ ¢ ´¥¸±µ²Ó±¨Ì ¨´¸É¨ÉÊÉ Ì (¸³. [9]). Œ¥-
Ì ´¨§³ ¶µ²Ö·¨§ Í¨¨ Ö¤¥· ¢ LMN, ´ §¢ ´´Ò° ¸µ²¨¤-ÔËË¥±Éµ³, µ¡Ê¸²µ¢²¥´ ´ -
²¨Î¨¥³ ¶ ·´ÒÌ Ô²¥±É·µ´-Ö¤¥·´ÒÌ ¸¶¨´-¸¶¨´µ¢ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. �ÉµÉ ³¥-
Ì ´¨§³ µ± §Ò¢ ¥É¸Ö ¢¥¸Ó³  ÔËË¥±É¨¢´Ò³ ¢ ±·¨¸É ²² Ì, ¶µ§¢µ²ÖÖ ¢ ¶µ²¥ ¶µ-
·Ö¤±  2 ’² ¨ ¶·¨ £¥²¨¥¢ÒÌ É¥³¶¥· ÉÊ· Ì ¤µ¸É¨£ ÉÓ ¶µ²Ö·¨§ Í¨¨ ¶·µÉµ´µ¢
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±70%. ‚³¥¸É¥ ¸ É¥³ ´¨§± Ö ±µ´Í¥´É· Í¨Ö ¶·µÉµ´µ¢ ¨ ´ ²¨Î¨¥ ¶µ¸Éµ·µ´-
´¨Ì Ö¤¥· ¢ LMN Ê¸²µ¦´¨²µ Ëµ´µ¢Ò¥ Ê¸²µ¢¨Ö ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ · ¸¸¥Ö´¨Õ
Î ¸É¨Í, ÎÉµ µ¡Ê¸²µ¢¨²µ · §· ¡µÉ±Ê ¡µ²¥¥ ÔËË¥±É¨¢´ÒÌ ¸¶¨·Éµ¢ÒÌ ³¨Ï¥-
´¥°. ŒµÐ´µ¥ · §¢¨É¨¥ É¥Ì´¨±  ¶µ²Ö·¨§µ¢ ´´ÒÌ ³¨Ï¥´¥° ¶µ²ÊÎ¨²  ¶µ¸²¥
¶·¥¤²µ¦¥´¨Ö ‹µ´¤µ´µ³, Š² ·±µ³ ¨ Œ¥¤µ§µ° [10] ´µ¢µ£µ ³¥Éµ¤  ¶µ²ÊÎ¥´¨Ö
¸¢¥·Ì´¨§±¨Ì É¥³¶¥· ÉÊ·, ±µÉµ·Ò° ¢¶¥·¢Ò¥ ¡Ò² ·¥ ²¨§µ¢ ´ ¢ �¡Ñ¥¤¨´¥´´µ³
¨´¸É¨ÉÊÉ¥ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¢ „Ê¡´¥ c.‘.�¥£ ´µ¢Ò³, �.‘.cµ·¨¸µ¢Ò³ ¨
Œ.l.‹¨¡Ê·£µ³ [11]. ‚ 70-Ì £µ¤ Ì ¨´É¥´¸¨¢´Ò° ¶µ¨¸± ´µ¢ÒÌ ¶µ²¨³¥·´ÒÌ
³ É¥·¨ ²µ¢ ³¨Ï¥´¥° ¶·¨¢¥² ± ¸µ§¤ ´¨Õ ¶¥·¢ÒÌ ¶·µÉµÉ¨¶µ¢,   § É¥³ ¨ · ¡µ-
Î¨Ì ¢ ·¨ ´Éµ¢ ¶µ²Ö·¨§µ¢ ´´Òx ³¨Ï¥´¥° ´µ¢µ£µ, § ³µ·µ¦¥´´µ£µ É¨¶  [12Ä16].
�·¨ ¸¢¥·Ì´¨§±¨Ì É¥³¶¥· ÉÊ· Ì ¶µ·Ö¤±  0,2 Š Ê¤ ²µ¸Ó ¤µ¸É¨£´ÊÉÓ ¶µÎÉ¨ 100%
¶µ²Ö·¨§ Í¨¨ ¶·µÉµ´µ¢ µ¡µ¨Ì §´ ±µ¢ ¢ ¶·µ¶ ´¤¨µ²¥, ÔÉ¨²¥´£²¨±µ²¥, ¡ÊÉ ´µ²¥.
�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ É¥µ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ¤¨´ ³¨Î¥¸±µ° ¶µ²Ö·¨§ -
Í¨¨ ¶µ§¢µ²¨²¨ Ê¸É ´µ¢¨ÉÓ, ÎÉµ ¢ ¸¶¨·Éµ¢ÒÌ ³ É·¨Í Ì ®· ¡µÉ ¥É¯ ¡µ²¥¥ ³µÐ-
´Ò°, Î¥³ ¸µ²¨¤-ÔËË¥±É, ³¥Ì ´¨§³ ¶µ²Ö·¨§ Í¨¨, ´ §¢ ´´Ò° ¤¨´ ³¨Î¥¸±¨³
µÌ² ¦¤¥´¨¥³ [17Ä20]. „¨´ ³¨Î¥¸±µ¥ µÌ² ¦¤¥´¨¥ µ¡Ê¸²µ¢²¥´µ ±µ²²¥±É¨¢´Ò³
¢§ ¨³µ¤¥°¸É¢¨¥³ Ô²¥±É·µ´´µ° ¸¶¨´-¸¶¨´µ¢µ° ¸¨¸É¥³Ò ¸ Ö¤· ³¨; ÔÉ  ³µ¤¥²Ó
· ¸¸³µÉ·¥´  ¢ ¤ ´´µ³ µ¡§µ·¥. ‚ É¥Ì´¨Î¥¸±µ³ ¶² ´¥, ¶µ ³¥·¥ ¶µ¢ÒÏ¥´¨Ö
É·¥¡µ¢ ´¨° ± ¶ · ³¥É· ³ ³¨Ï¥´¥° ¢ Ô±¸¶¥·¨³¥´É¥, Ê¤ ²µ¸Ó ¸Ëµ·³¨·µ¢ ÉÓ
µ¶É¨³ ²Ó´Ò° ¶µ¤Ìµ¤ ± ¨§³¥·¥´¨Õ Ö¤¥·´µ° ¶µ²Ö·¨§ Í¨¨, µ¸´µ¢Ê ±µÉµ·µ£µ ¸µ-
¸É ¢²Ö¥É ²¨¢¥·¶Ê²Ó¸±¨° Q-³¥É· ¸ Ìµ·µÏµ  ¶·µ¡¨·µ¢ ´´µ° É¥Ì´¨±µ° · ¸Î¥É 
±µ··¥±É¨·ÊÕÐ¨Ì ¶µ¶· ¢µ±. �±¸¶¥·¨³¥´ÉÒ ¸ ´µ¢Ò³¨ ³ É¥·¨ ² ³¨ ¶µ§¢µ²¨²¨
µ¡´ ·Ê¦¨ÉÓ ¨ ¶·¨¸ÉÊ¶¨ÉÓ ± ¨¸¸²¥¤µ¢ ´¨Õ ´µ¢ÒÌ É¢¥·¤µÉ¥²Ó´ÒÌ ÔËË¥±Éµ¢
(Ö¤¥·´µe ³ £´¨É´µe ¸¢¥·Ì¨§²ÊÎ¥´¨e, Î ¸ÉµÉ´ Ö ³µ¤Ê²ÖÍ¨Ö), ±µÉµ·Ò¥ ´¥µ¡Ìµ-
¤¨³µ ¶µ´¨³ ÉÓ ¶·¨ · ¡µÉ¥ ¸ ³¨Ï¥´Ö³¨. cÒ²¨ ¶·µ¢¥¤¥´Ò Ê¸¶¥Ï´Ò¥ µ¶ÒÉÒ
¢ ´ ¶· ¢²¥´¨¨ ¸µ§¤ ´¨Ö Éµ´±¨Ì ³¨Ï¥´¥° ¤²Ö Ô±¸¶¥·¨³¥´Éµ¢ ¸ ´¨§±µÔ´¥·£¥-
É¨Î¥¸±¨³¨ ¶ÊÎ± ³¨, ¨ ´ ³¥É¨²µ¸Ó ´µ¢µ¥ ´ ¶· ¢²¥´¨¥ ¢ ¸µ§¤ ´¨¨ ¶µ²Ö·¨§µ-
¢ ´´ÒÌ ¸Í¨´É¨²²ÖÉµ·µ¢ [21]. �·¨ ¸µ§¤ ´¨¨ ³¨Ï¥´¥° ³´µ£¨¥ É¥Ì´¨Î¥¸±¨¥
·¥§Ê²ÓÉ ÉÒ, ³¥Éµ¤Ò · ¸Î¥É  ¨ µ¶ÒÉ · ¡µÉÒ ¶Ê¡²¨±µ¢ ²¨¸Ó ¢ ¶·¥¶·¨´É Ì ¨²¨
¢´ÊÉ·¥´´¨Ì µÉÎ¥É Ì ¨´¸É¨ÉÊÉµ¢ ¨ ´¥ ¡Ò²¨ µ¡µ¡Ð¥´Ò ¸ ¥¤¨´µ° ÉµÎ±¨ §·¥´¨Ö.
�Î¥¢¨¤´µ, ÎÉµ ¤µ¸É¨¦¥´¨Ö ¶µ¸²¥¤´¨Ì ²¥É ´Ê¦¤ ÕÉ¸Ö ¢ µ¡§µ·¥, ¶µ²¥§´µ³ ± ±
¤²Ö ¸ÉÊ¤¥´Éµ¢, É ± ¨ ¤²Ö Ô±¸¶¥·¨³¥´É Éµ·µ¢, · ¡µÉ ÕÐ¨Ì ¢ µ¡² ¸É¨ ¶µ²Ö·¨-
§µ¢ ´´ÒÌ ³¨Ï¥´¥°. ‘É·Ê±ÉÊ·  ¡µ²ÓÏ¨´¸É¢  · ¡µÉ ¶µ ³¨Ï¥´Ö³ ¢ µ¸´µ¢´µ³
c¢µ¤¨É¸Ö ± µ¶¨¸ ´¨Õ ±·¨µ£¥´´µ£µ µ¡µ·Ê¤µ¢ ´¨Ö, ´  ¸µ§¤ ´¨¥ ±µÉµ·µ£µ, ± ±
¶· ¢¨²µ, ¶·¨Ìµ¤¨É¸Ö ¡µ²ÓÏµ° µ¡Ñ¥³ · ¡µÉ. ‚ ´¥¤ ¢´µ µ¶Ê¡²¨±µ¢ ´´µ³ µ¡-
§µ·¥ [22] ¨ · ¡µÉ¥ SŒC-±µ²² ¡µ· Í¨¨ CERN [30] § É·µ´ÊÉ ¡µ²¥¥ Ï¨·µ±¨°
±·Ê£ ¢µ¶·µ¸µ¢, Î ¸É¨Î´µ ¢µ¸¶µ²´ÖÕÐ¨° ´¥¤µ¸É Éµ± ²¨É¥· ÉÊ·Ò ¢ ÔÉµ³ ´ -
¶· ¢²¥´¨¨. ‡¤¥¸Ó ³Ò ¶µ¶ÒÉ ²¨¸Ó ¡µ²¥¥ ±µ´±·¥É´µ · ¸¸³µÉ·¥ÉÓ É¥Ì´¨Î¥¸±¨¥
¶·µ¡²¥³Ò, ´¥ µÉ´µ¸ÖÐ¨¥¸Ö ± ±·¨µ£¥´¨±¥, ±µÉµ·Ò¥, ´  ´ Ï ¢§£²Ö¤, µ± ¦ÊÉ¸Ö
¶µ²¥§´Ò³¨ ¤²Ö ¶· ±É¨Î¥¸±µ° · ¡µÉÒ ¸ ³¨Ï¥´Ö³¨.
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‚ ¤¨Ô²¥±É·¨± Ì ¶·¨ ¸¢¥·Ì´¨§±¨Ì É¥³¶¥· ÉÊ· Ì ¢·¥³¥´  ·¥² ±¸ Í¨¨ Ö¤¥·-
´ÒÌ ¸¶¨´µ¢ ¤µ¸É¨£ ÕÉ ¸µÉ¥´ ¨ ¡µ²¥¥ Î ¸µ¢. Ÿ¤¥·´Ò¥ ¸¶¨´Ò µ± §Ò¢ ÕÉ¸Ö ¶· ±-
É¨Î¥¸±¨ ¨§µ²¨·µ¢ ´´Ò³¨ µÉ ·¥Ï¥É±¨, ¶µÔÉµ³Ê ¨Ì ¸¶¨´µ¢ Ö É¥³¶¥· ÉÊ·  (Tz)
³µ¦¥É ¡ÒÉÓ ¸ÊÐ¥¸É¢¥´´µ ¨§³¥´¥´  ¶µ ¸· ¢´¥´¨Õ ¸ É¥³¶¥· ÉÊ·µ° ·¥Ï¥É±¨
(T0). Œ¥Éµ¤Ò ¶µ²Ö·¨§ Í¨¨, ¶·¨ ±µÉµ·ÒÌ Tz �= T0, ´ §Ò¢ ÕÉ¸Ö ¤¨´ ³¨Î¥-
¸±¨³¨,   ¨Ì ¸ÊÉÓ ¢ ±µ´¥Î´µ³ ¨Éµ£¥ ¸¢µ¤¨É¸Ö ± ¶¥·¥¤ Î¥ ¢Ò¸µ±µ° ¶µ²Ö·¨§ Í¨¨
Ô²¥±É·µ´´ÒÌ ¸¶¨´µ¢ ¶ · ³ £´¨É´µ° ¶·¨³¥¸¨ Ö¤¥·´Ò³ ³ £´¨É´Ò³ ³µ³¥´É ³
[7, 9]. � ¶µ³´¨³ ±· É±µ ¸µ¤¥·¦ ´¨¥ ³¥Éµ¤  ¶µ²Ö·¨§ Í¨¨ Ö¤¥·, ´ §¢ ´´µ£µ
®¤¨´ ³¨Î¥¸±¨³ µÌ² ¦¤¥´¨¥³¯ („�) [17, 18, 23, 24], ±µÉµ·Ò° µ± § ²¸Ö ´ ¨-
¡µ²¥¥ ÔËË¥±É¨¢´Ò³ ¢ ¸¶¨·Éµ¢ÒÌ ¶µ²Ö·¨§µ¢ ´´ÒÌ ³¨Ï¥´ÖÌ [15, 16]. „²Ö ¥£µ
·¥ ²¨§ Í¨¨ ¢ ³ É¥·¨ ² ³¨Ï¥´¨, ¶ÊÉ¥³ · ¸É¢µ·¥´¨Ö, ¤¨ËËÊ§¨¨ ¨²¨ µ¡²ÊÎ¥´¨Ö,
¢¢µ¤ÖÉ ¶ · ³ £´¨É´ÊÕ ¶·¨³¥¸Ó (±· ³¥·¸µ¢¸±¨¥ Í¥´É·Ò [7]) ¸ ±µ´Í¥´É· Í¨¥°
¶µ·Ö¤±  Ns ≈ 1020 ¸³−3. Œµ²¥±Ê²Ò ¶·¨³¥¸¨ ¸µ¤¥·¦ É ´¥¸¶ ·¥´´Ò¥ Ô²¥±-
É·µ´Ò (S = 1/2), ±µÉµ·Ò¥ ¢ ¶µ¸ÉµÖ´´µ³ ³ £´¨É´µ³ ¶µ²¥ H0 ¨ ¶·¨ É¥³¶¥· -
ÉÊ·¥ T0 ¶µ²Ö·¨§ÊÕÉ¸Ö ¤µ ¢¥²¨Î¨´Ò [9]

Ps = 100% · th
(

�γsH0
2kT0

)
, (1)

£¤¥ � Å ¶µ¸ÉµÖ´´ Ö �² ´± , γs Å £¨·µ³ £´¨É´µ¥ µÉ´µÏ¥´¨¥ Ô²¥±É·µ´µ¢,
k Å ¶µ¸ÉµÖ´´ Ö cµ²ÓÍ³ ´ . �·¨ H0 = 2, 5 ’² ¨ T0 = = 0, 3 Š ¶µ²Ö·¨§ -
Í¨Ö Ps = 99, 997%. �·¨ É¥Ì ¦¥ Ê¸²µ¢¨ÖÌ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ëµ·³Ê²µ° (1)
¸¶¨´Ò ¶·µÉµ´µ¢ (¨´¤¥±¸ p) ¶µ²Ö·¨§ÊÕÉ¸Ö Éµ²Ó±µ ¤µ ¢¥²¨Î¨´Ò Pp = 0, 85%,
¶µ¸±µ²Ó±Ê γs/γp = 656. �´¥·£¨Ö Ô²¥±É·µ´´ÒÌ ¸¶¨´µ¢ ¸±² ¤Ò¢ ¥É¸Ö ¨§ ¨Ì
§¥¥³ ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¶µ²¥³ H0 ‖ z, £¤¥ z Å µ¸Ó ±¢ ´Éµ¢ ´¨Ö, ¨
¸¶¨´-¸¶¨´µ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö [19]:

Ĥ = Ĥz + Ĥ0
ss + Ĥ ′

ss, (2)

£¤¥ Ĥz = �γsH0Ŝz Å µ¶¥· Éµ· §¥¥³ ´µ¢¸±µ° Ô´¥·£¨¨ ¸¶¨´µ¢, Ĥ0
ss Å ¸¥±Ê-

²Ö·´ Ö Î ¸ÉÓ ¸¶¨´-¸¶¨´µ¢ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, ±µÉµ· Ö ±µ³³ÊÉ¨·Ê¥É ¸ §¥¥³ -
´µ¢¸±¨³ ¢±² ¤µ³, ¨ Ĥ ′

ss Å Î²¥´, µÉ¢¥É¸É¢¥´´Ò° §  ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê Ĥz

¨ Ĥ0
ss. ‚ ¦´µ° µ¸µ¡¥´´µ¸ÉÓÕ ¢¥Ð¥¸É¢, ±µÉµ·Ò¥ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¤²Ö ¶µ²ÊÎ¥´¨Ö

¢Ò¸µ±µ° ¶µ²Ö·¨§ Í¨¨, Ö¢²Ö¥É¸Ö ¶·¨³¥·´µ¥ · ¢¥´¸É¢µ ²µ± ²Ó´ÒÌ Î ¸ÉµÉ Ô²¥±-
É·µ´´ÒÌ ¸¶¨´µ¢ ¨ Ö¤¥·´µ° §¥¥³ ´µ¢¸±µ° Î ¸ÉµÉÒ, É.¥. γsHloc ∼= ωI = γIH0
[24], £¤¥ ¸¶¥±É· ²µ± ²Ó´ÒÌ Î ¸ÉµÉ ¶·µ¸É¨· ¥É¸Ö µÉ 0 ¤µ ∼ 300 ŒƒÍ. ‚¸²¥¤-
¸É¢¨¥ ÔÉµ£µ ¸ÊÐ¥¸É¢Ê¥É ¸¨²Ó´ Ö ¸¢Ö§Ó ³¥¦¤Ê ·¥§¥·¢Ê ·µ³ ¸¶¨´-¸¶¨´µ¢ÒÌ ¢§ ¨-
³µ¤¥°¸É¢¨° ¨ Ö¤¥·´µ° ¸¶¨´µ¢µ° ¸¨¸É¥³µ°. �µ¸²¥¤´¥¥ µ§´ Î ¥É, ÎÉµ ¸¶¨´-
¸¶¨´µ¢Ò° ·¥§¥·¢Ê · ¨ Ö¤¥·´ Ö §¥¥³ ´µ¢¸± Ö ¶µ¤¸¨¸É¥³  ®·¥§µ´¨·ÊÕÉ¯ ¤·Ê£ ¸
¤·Ê£µ³, Éµ ¥¸ÉÓ ´ Ìµ¤ÖÉ¸Ö ¢ É¥¸´µ³ É¥¶²µ¢µ³ ±µ´É ±É¥ ¨, ¢ ±µ´¥Î´µ³ ¨Éµ£¥,
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¶·¨µ¡·¥É ÕÉ µ¤´Ê ¨ ÉÊ ¦¥ É¥³¶¥· ÉÊ·Ê Tss = TI ´¥§ ¢¨¸¨³µ µÉ ¸µ·É  Ö¤¥·-
´ÒÌ ¸¶¨´µ¢. �µ¤ ¤¨´ ³¨Î¥¸±¨³ µÌ² ¦¤¥´¨¥³ ¶µ´¨³ ÕÉ ³¥Éµ¤ ¶µ²Ö·¨§ Í¨¨
Ö¤¥· ¶ÊÉ¥³ ¨Ì ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ·¥§¥·¢Ê ·µ³ ¸¶¨´-¸¶¨´µ¢ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°
[17, 24]. ‚ ¤ ²Ó´¥°Ï¥³ ¤²Ö ¶·µ¸ÉµÉÒ ³Ò ¡Ê¤¥³ ¶µ² £ ÉÓ Tss ≡ TI , ÎÉµ ¶µ-
§¢µ²¨É ´¥ · ¸¸³ É·¨¢ ÉÓ Éµ´±¨¥ ÔËË¥±ÉÒ ¢ Ô²¥±É·µ´´µ° ¸¶¨´µ¢µ° ¸¨¸É¥³¥,
¸¢Ö§ ´´Ò¥ ¸ ´ ²¨Î¨¥³ Ö¤¥·, ¨ ¸±µ´Í¥´É·¨·µ¢ ÉÓ¸Ö ´  £² ¢´ÒÌ ¶·¨´Í¨¶ Ì „�.

‚ ¸¨²Ó´µ³ ³ £´¨É´µ³ ¶µ²¥, ±µ£¤  §¥¥³ ´µ¢¸± Ö Ô´¥·£¨Ö Ô²¥±É·µ´´ÒÌ ¸¶¨-
´µ¢ §´ Î¨É¥²Ó´µ ¶·¥¢µ¸Ìµ¤¨É Ô´¥·£¨Õ ¸¶¨´-¸¶¨´µ¢ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, µ¡¥
Ô²¥±É·µ´´Ò¥ ¶µ¤¸¨¸É¥³Ò Ö¢²ÖÕÉ¸Ö ±¢ §¨´¥§ ¢¨¸¨³Ò³¨, ¶µÔÉµ³Ê ¤²Ö ¨Ì µ¶¨-
¸ ´¨Ö ´¥µ¡Ìµ¤¨³µ ¢¢¥¤¥´¨¥ ¤¢ÊÌ, ¢ µ¡Ð¥³ ¸²ÊÎ ¥ · §´ÒÌ É¥³¶¥· ÉÊ· Tz0 ¨
Tss, ¨ ³ É·¨Í  ¶²µÉ´µ¸É¨ ¨³¥¥É ¢¨¤ [23]:

ρ̂(t) =
1
Σ

exp

[
−
(

�ω0Ŝz
kTz0

)
−
(

Ĥ0
ss

kTss

)]
, (3)

£¤¥ Σ Å ´µ·³¨·µ¢µÎ´ Ö ±µ´¸É ´É , ω0 = γsH0 Å ² ·³µ·µ¢¸± Ö Î ¸ÉµÉ 
Ô²¥±É·µ´´ÒÌ ¸¶¨´µ¢. • · ±É¥·´Ò° ¢·¥³¥´´µ° ³ ¸ÏÉ ¡ Ê¸É ´µ¢²¥´¨Ö ¢´Ê-
É·¥´´¥£µ · ¢´µ¢¥¸¨Ö ¢ ¸¶¨´-¸¶¨´µ¢µ° ¸¨¸É¥³¥ §´ Î¨É¥²Ó´µ ±µ·µÎ¥ (≈ 10−5 c),
Î¥³ ¢ §¥¥³ ´µ¢¸±µ° ¶µ¤¸¨¸É¥³¥ (≈ 10−1 c), µ´ ¸¢Ö§ ´ ¸ ¢§ ¨³´Ò³¨ ®Ë²¨¶-
Ë²µ¶¯-¶¥·¥Ìµ¤ ³¨ ³¥¦¤Ê ¸µ¸¥¤´¨³¨ ¸¶¨´ ³¨, ±µÉµ·Ò¥ ´¥ ¨§³¥´ÖÕÉ Ô´¥·£¨¨
¸¨¸É¥³Ò. …¸²¨ ωss Å Î ¸ÉµÉ  ¶·¥Í¥¸¸¨¨ ¸¶¨´µ¢ ¢ ²µ± ²Ó´µ³ ¶µ²¥ Hloc,
µ¡Ê¸²µ¢²¥´´µ³ ¸¶¨´-¸¶¨´µ¢Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨, Éµ Ê¸²µ¢¨¥ ω0 >> ωss
¤¥² ¥É ´¥¢µ§³µ¦´Ò³ ·¥§µ´ ´¸´Ò° µ¡³¥´ Ô´¥·£¨¥° ³¥¦¤ÊĤz ¨ Ĥ0

ss. ‚ ¤¥°-
¸É¢¨É¥²Ó´µ¸É¨ ´¥¸¥±Ê²Ö·´Ò° Î²¥´ Ĥ ′

ss ¢ (2), µ¶ÊÐ¥´´Ò° ¢ Ëµ·³Ê²¥ (3), ¢Ò-
· ¢´¨¢ ¥É ¸¶¨´µ¢Ò¥ É¥³¶¥· ÉÊ·Ò ¶µ¤¸¨¸É¥³, É ± ÎÉµ §  ¢·¥³Ö Ô²¥±É·µ´´µ°
¸¶¨´-·¥Ï¥ÉµÎ´µ° ·¥² ±¸ Í¨¨ ¢ µ¡µ¨Ì ¶µ¤¸¨¸É¥³ Ì Ê¸É ´ ¢²¨¢ ¥É¸Ö µ¤¨´ -
±µ¢ Ö É¥³¶¥· ÉÊ·  Tz0 = Tss = T0, · ¢´ Ö É¥³¶¥· ÉÊ·¥ ·¥Ï¥É±¨. ‚ ÔÉµ³
¸µ¸ÉµÖ´¨¨ Ĥ0

ss ¢ (3) ´¥ ¨£· ¥É ´¨± ±µ° ·µ²¨ ¨ ÔÉ¨³ Î²¥´µ³ ³µ¦´µ ¶·¥-
´¥¡·¥ÎÓ, ¶µ¸±µ²Ó±Ê ω0 >> ωss; É.¥. ¸¶¨´µ¢ Ö ¸¨¸É¥³  µ¶·¥¤¥²¥´  § ¤ ´¨¥³
µ¤´µ° É¥³¶¥· ÉÊ·Ò.

„²Ö ¶µ²Ö·¨§ Í¨¨ Ö¤¥· ´¥µ¡Ìµ¤¨³µ µÌ² ¤¨ÉÓ ·¥§¥·¢Ê · ¸¶¨´-¸¶¨´µ¢ÒÌ
¢§ ¨³µ¤¥°¸É¢¨°. �Ì² ¦¤¥´¨¥ ¤µ¸É¨£ ¥É¸Ö µ¡²ÊÎ¥´¨¥³ Ô²¥±É·µ´´ÒÌ ¸¶¨´µ¢
´  ³¨±·µ¢µ²´µ¢µ° Î ¸ÉµÉ¥ ωp ¢¡²¨§¨ ² ·³µ·µ¢¸±µ° Î ¸ÉµÉÒ ω0. Š ¦¤Ò°
 ±É ¶µ£²µÐ¥´¨Ö ¸¶¨´µ¢µ° ¸¨¸É¥³µ° ±¢ ´É  ¢´¥Ï´¥£µ ¶µ²Ö �ω ³µ¦´µ · ¸-
¸³ É·¨¢ ÉÓ ± ± ¶µ¸ÉÊ¶²¥´¨¥ ¢ §¥¥³ ´µ¢¸±ÊÕ ¶µ¤¸¨¸É¥³Ê ±¢ ´É  �ω0 ¸ µ¤-
´µ¢·¥³¥´´µ° ¶¥·¥¤ Î¥° ®µ¸É É± ¯ �(ωp − ω0) ¢ ¸¶¨´-¸¶¨´µ¢Ò° ·¥§¥·¢Ê ·;
¶·¨ (ωp − ω0) < 0 ±¢ ´É Ô´¥·£¨¨ �(ω0 − ωp) ¨§¢²¥± ¥É¸Ö ¨§ ¸¶¨´-¸¶¨´µ¢µ£µ
·¥§¥·¢Ê ·  [24]. ‘ Ëµ·³ ²Ó´µ° ÉµÎ±¨ §·¥´¨Ö ¤²Ö ¢Ò¤¥²¥´¨Ö ¨´É¥£· ²µ¢ ¤¢¨-
¦¥´¨Ö ¢ (2) ¶·¨ ´ ²¨Î¨¨ ¶¥·¥³¥´´µ£µ ¶µ²Ö ´¥µ¡Ìµ¤¨³µ ¤µ¡ ¢¨ÉÓ ¢§ ¨³µ¤¥°-
¸É¢¨¥ 2�γsH1Ŝx cos (ωpt) ¨ ¨¸±²ÕÎ¨ÉÓ ¢·¥³¥´´ÊÕ § ¢¨¸¨³µ¸ÉÓ ¢ £ ³¨²ÓÉµ´¨-
 ´¥ ¶ÊÉ¥³ ¶·¨³¥´¥´¨Ö ¸É ´¤ ·É´µ° ¶·µÍ¥¤Ê·Ò ¶¥·¥Ìµ¤  ¢µ ¢· Ð ÕÐÊÕ¸Ö ¸
Î ¸ÉµÉµ° ωp ¢µ±·Ê£ µ¸¨ z ¸¨¸É¥³Ê ±µµ·¤¨´ É. �É  ¶·µÍ¥¤Ê·  ¸µ¢¥·Ï¥´´µ  ´ -
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²µ£¨Î´  ¢¢¥¤¥´¨Õ ±·Ê£µ¢ÒÌ ¤¨ £· ³³ ¶·¨ · ¸¸³µÉ·¥´¨¨ ¶¥·¥³¥´´ÒÌ Éµ±µ¢ ¨
´ ¶·Ö¦¥´¨° ¢ Ô²¥±É·µÉ¥Ì´¨±¥, ¸ Éµ° ²¨ÏÓ · §´¨Í¥°, ÎÉµ §¤¥¸Ó ÔÉµ ¶·¥µ¡· §µ-
¢ ´¨¥ ¶·¨³¥´Ö¥É¸Ö ± ³ É·¨Î´Ò³ ¢¥²¨Î¨´ ³. …¸²¨  ³¶²¨ÉÊ¤  ³¨±·µ¢µ²´µ¢µ£µ
¶µ²Ö H1 << Hloc, ± ± ÔÉµ ¶· ±É¨Î¥¸±¨ ¨ ¥¸ÉÓ ¢ É¥Ì´¨±¥ „�Ÿ, Éµ ´µ¢µ¥ ¸µ¸Éµ-
Ö´¨¥ ¸¶¨´µ¢µ° ¸¨¸É¥³Ò ¡Ê¤¥É ¶·¨¡²¨¦¥´´µ µ¶¨¸Ò¢ ÉÓ¸Ö ³ É·¨Í¥° ¶²µÉ´µ¸É¨
[23, 24]:

ρ̂rot(t) ∼=
1
Σ

exp

[
−�(ω0 − ωp)Ŝz

kTz
− Ĥ0

ss

kTss

]
, (4)

´µ Ê¦¥ ¸ ¤·Ê£µ° É¥³¶¥· ÉÊ·µ° (Tz), µ¶·¥¤¥²¥´´µ° ¢µ ¢· Ð ÕÐ¥°¸Ö ¸¨¸É¥³¥
±µµ·¤¨´ É. �É³¥É¨³, ÎÉµ ¶·¨ ¶¥·¥Ìµ¤¥ ¢µ ¢· Ð ÕÐÊÕ¸Ö ¢µ±·Ê£ µ¸¨ z ¸¨-
¸É¥³Ê ±µµ·¤¨´ É Î²¥´ Ĥ0

ss ¢ ³ É·¨Í¥ ¶²µÉ´µ¸É¨ µ¸É ¥É¸Ö ¡¥§ ¨§³¥´¥´¨Ö, É ±
± ± µ´ ±µ³³ÊÉ¨·Ê¥É ¸ µ¶¥· Éµ·µ³ ¶µ¢µ·µÉ  ¸¨¸É¥³Ò ±µµ·¤¨´ É. �¥É·Ê¤´µ ¢¨-
¤¥ÉÓ, ÎÉµ ¢ ´µ¢µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É Ì · ±É¥·´ Ö Î ¸ÉµÉ  |ω0 − ωp| ∼= γsHloc
§¥¥³ ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸¤¢¨£ ¥É¸Ö ¢ µ¡² ¸ÉÓ ²µ± ²Ó´ÒÌ Î ¸ÉµÉ Ô²¥±-
É·µ´´ÒÌ ¸¶¨´µ¢, Éµ ¥¸ÉÓ ¶µÖ¢²Ö¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ·¥§µ´ ´¸´µ£µ µ¡³¥´  ³¥¦¤Ê
§¥¥³ ´µ¢¸±µ° ¨ ¸¶¨´-¸¶¨´µ¢µ° ¶µ¤¸¨¸É¥³ ³¨ ¸ É¥´¤¥´Í¨¥° |Tss| → |Tz|. ’¥-
¶¥·Ó ¢ É¥¶²µ¢µ³ · ¢´µ¢¥¸¨¨ Tss = Tz, ¶·¨Î¥³ ´µ¢ÊÕ ¢¥²¨Î¨´Ê Tss ´¥É·Ê¤´µ
µÍ¥´¨ÉÓ, ¥¸²¨ ÊÎ¥¸ÉÓ, ÎÉµ ¶·¨ ´¥¸É·µ£µ ·¥§µ´ ´¸´µ³ ´ ¸ÒÐ¥´¨¨ Ô²¥±É·µ´´ÒÌ
¸¶¨´µ¢ ¨Ì ¶µ²Ö·¨§ Í¨Ö ´¥ ¤µ²¦´  ¸ÊÐ¥¸É¢¥´´µ ³¥´ÖÉÓ¸Ö. �µÔÉµ³Ê, ¸· ¢´¨¢ Ö
(3) ¨ (4), ¨³¥¥³ [23]:

�ω0
2kTz0

∼=
�(ω0 − ωp)

2kTz
, (5)

µÉ±Ê¤  Tz = T0(ω0 − ωp)/ω0, É ± ± ± Tz0 ∼= T0. ‚ § ¢¨¸¨³µ¸É¨ µÉ ¸µµÉ´µ-
Ï¥´¨Ö Î ¸ÉµÉ ω0 ¨ ωp, §´ ± Tz ³µ¦¥É ¡ÒÉÓ ¶µ²µ¦¨É¥²Ó´Ò³ ¨²¨ µÉ·¨Í É¥²Ó-
´Ò³. ‘¶µ¸µ¡´µ¸ÉÓ ®¶¥·¥· ¸¶·¥¤¥²ÖÉÓ¯ ¶µ£²µÐ¥´´Ò° ±¢ ´É �ωp ³¥¦¤Ê ¤¢Ê³Ö
¸¶¨´µ¢Ò³¨ ¶µ¤¸¨¸É¥³ ³¨ § ¢¨¸¨É µÉ · ¸¸É·µ°±¨ �(ωp − ω0) Î ¸ÉµÉÒ ¶µ²Ö
¶µ µÉ´µÏ¥´¨Õ ± ² ·³µ·µ¢¸±µ° Î ¸ÉµÉ¥, ±µ´Í¥´É· Í¨¨ ¸¶¨´µ¢, ¢¥²¨Î¨´Ò ¨Ì
³ £´¨É´ÒÌ ³µ³¥´Éµ¢ ¨ É. ¤., Éµ ¥¸ÉÓ µÉ Éµ£µ, ± ± ¸±µ´¸É·Ê¨·µ¢ ´ , ± ± µ¡²Ê-
Î ¥É¸Ö ¨ ´ ¸±µ²Ó±µ ¸¨²Ó´µ Ô²¥±É·µ´´ Ö ¸¶¨´µ¢ Ö ¸¨¸É¥³  ¸¢Ö§ ´  ¸ ·¥Ï¥É±µ°.
‚¨¤´µ, ÎÉµ §¥¥³ ´µ¢¸± Ö ¸¨¸É¥³  ¶µ¤ ¤¥°¸É¢¨¥³ ³¨±·µ¢µ²´µ¢µ£µ ¶µ²Ö ¸É ´µ-
¢¨É¸Ö ®Ìµ²µ¤¨²Ó´¨±µ³¯ ¨²¨ ®´ £·¥¢ É¥²¥³¯ (¢ § ¢¨¸¨³µ¸É¨ µÉ §´ ±  Î ¸ÉµÉ-
´µ° · ¸¸É·µ°±¨) ·¥§¥·¢Ê ·  ¸¶¨´-¸¶¨´µ¢ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, ±µÉµ·Ò° É¥¶¥·Ó
¸¶µ¸µ¡¥´ ¶µ²Ö·¨§µ¢ ÉÓ Ö¤¥·´Ò¥ ¸¶¨´Ò. —Éµ¡Ò µÍ¥´¨ÉÓ §´ Î¥´¨¥ µ¶É¨³ ²Ó´µ°
· ¸¸É·µ°±¨ |ω0 − ωp|, µ¡¥¸¶¥Î¨¢ ÕÐ¥° ³ ±¸¨³ ²Ó´µ¥ µÌ² ¦¤¥´¨¥ ¸¶¨´µ¢µ°
¸¨¸É¥³Ò, ´¥µ¡Ìµ¤¨³µ ÊÎ¥¸ÉÓ ¢§ ¨³µ¤¥°¸É¢¨¥ ¸¶¨´µ¢µ° ¸¨¸É¥³Ò ¸ ·¥Ï¥É±µ°.
Š¨´¥É¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö, µ¶¨¸Ò¢ ÕÐ¨¥ ¶µ¢¥¤¥´¨¥ ¸¶¨´µ¢µ° ¸¨¸É¥³Ò ¢ ¶·¨-
¡²¨¦¥´¨¨ ¤µ¸É ÉµÎ´µ ¢Ò¸µ±¨Ì É¥³¶¥· ÉÊ· ·¥Ï¥É±¨ (T0 > 3 K, ¢ ¶µ²¥ 2,5 ’²),
¡Ò²¨ ¢¶¥·¢Ò¥ ¶µ²ÊÎ¥´Ò �·µ¢µÉµ·µ¢Ò³ [25, 26] ¨ ´µ¸ÖÉ ¥£µ ¨³Ö. ‘²¥¤ÊÖ · -
¡µÉ¥ [17], ¨³¥¥³:
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d

dt

1
Tz0

= −W

(
1

Tz0
+

∆
ω0

1
Tss

)
− 1

τsl

(
1

Tz0
− 1

T0

)
, (6)

d

dt

1
Tss

= −W
∆2

ω2ss

(
1
Tss

+
ω0
∆

1
Tz0

)
− 1

τdl

(
1
Tss

− 1
T0

)
, (7)

£¤¥ ∆ = (ωp − ω0), W (∆) = πγ2sH
2
1g(∆), g(∆) Å ËÊ´±Í¨Ö Ëµ·³Ò · ¢´µ-

¢¥¸´µ° ²¨´¨¨ ¶µ£²µÐ¥´¨Ö, τsl, τdl Å ¢·¥³¥´  ¸¶¨´-·¥Ï¥ÉµÎ´µ° ·¥² ±¸ Í¨¨
§¥¥³ ´µ¢¸±µ° ¨ ¸¶¨´-¸¶¨´µ¢µ° ¶µ¤¸¨¸É¥³. ‘¨¸É¥³  (6), (7) ¨³¥¥É ¢¨¤ Ê· ¢´¥-
´¨° É¥¶²µµ¡³¥´  ³¥¦¤Ê ¸¶¨´µ¢Ò³¨ ·¥§¥·¢Ê · ³¨ ¸ Éµ° ²¨ÏÓ · §´¨Í¥°, ÎÉµ
·µ²Ó µ¡ÒÎ´ÒÌ É¥³¶¥· ÉÊ· ¨£· ÕÉ ¨´¢¥·¸´Ò¥ ¸¶¨´µ¢Ò¥ É¥³¶¥· ÉÊ·Ò. „¥°-
¸É¢¨É¥²Ó´µ, ¶¥·¢Ò¥ Î²¥´Ò ¢ (6), (7) µ¶¨¸Ò¢ ÕÉ ¶·µÍ¥¸¸ µÌ² ¦¤¥´¨Ö ¸¶¨´-
¸¶¨´µ¢µ£µ ·¥§¥·¢Ê · , ¢Éµ·Ò¥ Å ¸¶¨´-·¥Ï¥ÉµÎ´ÊÕ ·¥² ±¸ Í¨Õ ¸ É¥´¤¥´Í¨¥°
Tz0, Tss → T0. ‘É Í¨µ´ ·´µ¥ ·¥Ï¥´¨¥ ¶µ²ÊÎ¥´µ ¢ [24]:

(T−1
ss )st = −T−1

0

ω0
∆

Wτdl∆2ω−2
ss

1 + W (τsl + τdl∆2ω−2
ss )

, (8)

(T−1
z0 )st = T−1

0

1 + Wτdl∆2ω−2
ss

1 + W (τsl + τdl∆2ω−2
ss )

. (9)

�·¨ ¸¨²Ó´µ³ ´ ¸ÒÐ¥´¨¨, Ê¸²µ¢¨Ö ±µÉµ·µ£µ ¨³¥ÕÉ ¢¨¤ 2Wτsl >> 1 ¨
2Wτdl∆2(ωss)−2 >> 1, ¨§ (8) ¨ (9) ¸²¥¤Ê¥É

(T−1
ss )∞ = −(T−1

z0 )∞
ω0
∆

= −T−1
0

ω0
∆

(
1 +

τsl
τdl

ω2ss
∆2

)−1
. (10)

‘µ£² ¸´µ (10) É¥³¶¥· ÉÊ·  ¸¶¨´-¸¶¨´µ¢µ£µ ·¥§¥·¢Ê ·  ¢ § ¢¨¸¨³µ¸É¨ µÉ
Î ¸ÉµÉ´µ° · ¸¸É·µ°±¨ ¨³¥¥É ®¤¨¸¶¥·¸¨µ´´Ò°¯ ¢¨¤, ¶·¨Î¥³ ³ ±¸¨³ ²Ó´µ¥
µÌ² ¦¤¥´¨¥ ¤µ¸É¨£ ¥É¸Ö ¶·¨ · ¸¸É·µ°±¥, · ¢´µ°

∆max = ±
√

τsl
τdl

ωss. (11)

„²Ö µÍ¥´±¨ ÔËË¥±É  µÌ² ¦¤¥´¨Ö ¸¶¨´-¸¶¨´µ¢µ° ¸¨¸É¥³Ò ¶·¨³¥³ ∆max ≈
≈ (M2)1/2, £¤¥

M2 =

+∞∫
−∞

g(δ)δ2dδ (12)

¥¸ÉÓ ¢Éµ·µ° ³µ³¥´É ²¨´¨¨ ¶µ£²µÐ¥´¨Ö, Éµ£¤  ¨§ (10) ¸²¥¤Ê¥É [24]:
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(
T0
Tss

)
max

=
ω0

2∆max
=

ω0

2
√
M2

. (13)

 ¡µÉµ¸¶µ¸µ¡´µ¸ÉÓ ¸¨¸É¥³Ò (8)Ä(9) ³µ¦´µ µÍ¥´¨ÉÓ ´  ¶·¨³¥·¥ 1-¡ÊÉ ´µ² .
˜¨·¨´  ²¨´¨¨ �� ¢ ¶µ¤µ¡´µ£µ ·µ¤  É¢¥·¤ÒÌ ¤¨Ô²¥±É·¨± Ì ¸ ¶ · ³ £´¨É-

¨¸. 1. ‡ ¢¨¸¨³µ¸ÉÓ ¢·¥³¥´¨ ¸¶¨´-
·¥Ï¥ÉµÎ´µ° ·¥² ±¸ Í¨¨ ¶·µÉµ´µ¢ ¢
¶·µ¶ ´¤¨µ²¥ µÉ É¥³¶¥· ÉÊ·Ò ¢ · §-
²¨Î´ÒÌ ¶µ²ÖÌ H0 [27]

´Ò³¨ ¤µ¡ ¢± ³¨ µ¡Ö§ ´  ¸² ¡µ°  ´¨§µÉ·µ-
¶¨¨ (g⊥ − g‖)/g ∼= 4 · 10−3 Ô²¥±É·µ´-
´µ£µ g-Ë ±Éµ·  [23] ¨ ¸µ¸É ¢²Ö¥É ¶·¨-
³¥·´µ 2(M2)1/2 = 2π · 4 · 108 ƒÍ, µÉ±Ê¤ 
É¥µ·¥É¨Î¥¸±µ¥ Ê¸¨²¥´¨¥ · ¢´µ

T0
Tss

=
ω0

2∆max
=

7 · 1010

4 · 108
= 175, (14)

ÎÉµ ¤ ¥É ¶· ¢¨²Ó´ÊÕ µÍ¥´±Ê Ô±¸¶¥·¨³¥´-
É ²Ó´µ° ¢¥²¨Î¨´Ò Ê¸¨²¥´¨Ö ¶µ²Ö·¨§ Í¨¨
¶·¨ É¥³¶¥· ÉÊ· Ì ¢ÒÏ¥ 1 Š.

Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó, ¤²Ö · ¸Î¥É  ¶µ-
²Ö·¨§ Í¨¨ ´¥µ¡Ìµ¤¨³µ ¶·¨· ¢´ÖÉÓ É¥³¶¥-
· ÉÊ·Ê Ö¤¥·, ´¥§ ¢¨¸¨³µ µÉ ¨Ì ¸µ·É , ±
É¥³¶¥· ÉÊ·¥ Ô²¥±É·µ´´µ£µ ¸¶¨´-¸¶¨´µ¢µ£µ
·¥§¥·¢Ê · . ‘ ³ ¶µ ¸¥¡¥ Ë ±É Ê¸É ´µ¢²¥-
´¨Ö ¥¤¨´µ° ¸¶¨´µ¢µ° É¥³¶¥· ÉÊ·Ò · §´ÒÌ
Ö¤¥·´ÒÌ ¸¶¨´µ¢ ¸²Ê¦¨É ¨¤¥´É¨Ë¨± Éµ·µ³
³¥Ì ´¨§³  „� [20, 23, 24],   ±µ£¤  ³¥Ì -
´¨§³ „� Ê¸É ´µ¢²¥´, Éµ ¶µ²Ö·¨§ Í¨Õ ²Õ-
¡ÒÌ Ö¤¥· ¢ ³ É¥·¨ ²¥ ³µ¦´µ · ¸¸Î¨É ÉÓ
¶µ Ëµ·³Ê²¥ c·¨²²ÕÔ´  (101), ¨¸¶µ²Ó§ÊÖ
¨§¢¥¸É´ÊÕ ¸¶¨´µ¢ÊÕ É¥³¶¥· ÉÊ·Ê Ö¤¥· µ¤-
´µ£µ ¸µ·É .

‚ ¶· ±É¨±¥ „�Ÿ, ± ± ¶· ¢¨²µ, ¶·¨³¥-
´ÖÕÉ¸Ö É¥³¶¥· ÉÊ·Ò ´¨¦¥ 1 Š, ¶·¨ ±µÉµ-
·ÒÌ ¶·¨¡²¨¦¥´¨¥ ¢Ò¸µ±¨Ì É¥³¶¥· ÉÊ· ´¥
· ¡µÉ ¥É ¨ ¶·¥¤Ò¤ÊÐ Ö µÍ¥´±  (13) ³ ±-
¸¨³ ²Ó´µ£µ Ê¸¨²¥´¨Ö ¸É ´µ¢¨É¸Ö ´¥¢¥·´µ°.
�  ·¨¸. 1 ´  ¶·¨³¥·¥ ¶·µ¶ ´¤¨µ²  ¶µ± -
§ ´µ ¶µ¢¥¤¥´¨¥ ¢·¥³¥´ ¸¶¨´-·¥Ï¥ÉµÎ´µ°

·¥² ±¸ Í¨¨ ¢ § ¢¨¸¨³µ¸É¨ µÉ ¶µ²Ö ¨ É¥³¶¥· ÉÊ·Ò [27]. �¥É·Ê¤´µ ¢¨¤¥ÉÓ, ÎÉµ
¶¥·¥Ìµ¤ ¢ µ¡² ¸ÉÓ ¸¢¥·Ì´¨§±¨Ì É¥³¶¥· ÉÊ· ¸µ¶·µ¢µ¦¤ ¥É¸Ö §´ Î¨É¥²Ó´Ò³ ·µ-
¸Éµ³ ¢·¥³¥´ Ö¤¥·´µ° ¸¶¨´-·¥Ï¥ÉµÎ´µ° ·¥² ±¸ Í¨¨, ÎÉµ ¢Ò§Ò¢ ¥É Ê³¥´ÓÏ¥´¨¥
®ÊÉ¥Î±¨¯ ¶µ²Ö·¨§ Í¨¨. ‚ É¥µ·¨¨ ¦¥ µÉ± § µÉ ¢Ò¸µ±µÉ¥³¶¥· ÉÊ·´µ£µ ¶·¨¡²¨-
¦¥´¨Ö ¢¥¤¥É ± ´¥²¨´¥°´Ò³ ¨´É¥£· ²Ó´Ò³ Ê· ¢´¥´¨Ö³, ±µÉµ·Ò¥ Ê¸²µ¦´ÖÕÉ
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· ¸Î¥ÉÒ, ´µ ¨ ¤µ¶µ²´ÖÕÉ ± ·É¨´Ê „�Ÿ ·Ö¤µ³ ¢ ¦´ÒÌ ¶µ¤·µ¡´µ¸É¥°. �¥·¢µ¥
·¥Ï¥´¨¥ § ¤ Î¨ Ê¤ ²µ¸Ó ¶µ²ÊÎ¨ÉÓ cµ·£¨´¨ [28]; ¥£µ Ê· ¢´¥´¨¥ ¤¥É ²Ó´µ ¶·µ-
 ´ ²¨§¨·µ¢ ´µ ¨ ¸· ¢´¨¢ ¥É¸Ö ¸ Ô±¸¶¥·¨³¥´Éµ³ ¢ · ¡µÉ Ì [23, 24]. “· ¢´¥´¨¥
cµ·£¨´¨ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ µ¶¨¸Ò¢ ¥É Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ´µ ¸ ¨¸-
¶µ²Ó§µ¢ ´¨¥³ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ£µ ¶ · ³¥É· ,   ¨³¥´´µ Ë ±Éµ·  ®ÊÉ¥Î±¨¯
¶µ²Ö·¨§ Í¨¨, ÊÎ¨ÉÒ¢ ÕÐ¥£µ ¢²¨Ö´¨¥ ¸¶¨´-·¥Ï¥ÉµÎ´µ° ·¥² ±¸ Í¨¨ ´  ¢¥²¨-
Î¨´Ê ³ ±¸¨³ ²Ó´µ° ¶µ²Ö·¨§ Í¨¨. cµ²¥¥ ¸É·µ£µ¥ ·¥Ï¥´¨¥ ¶· ±É¨Î¥¸±¨ µ¤´µ-
¢·¥³¥´´µ ¡Ò²µ ¶µ²ÊÎ¥´µ ‹.‹.cÊ¨Ï¢¨²¨, �.�.ƒ¨µ·£ ¤§¥ ¨ �.�.„ ¢¨ÉÊ²¨ ´¨
[29]; ¢ ¤ ²Ó´¥°Ï¥³ ¤²Ö ±· É±µ¸É¨ ¨Ì É¥µ·¨Õ ´ §µ¢¥³ cƒ„. ‘µ£² ¸´µ É¥µ-
·¨¨ cƒ„ ¸É Í¨µ´ ·´ Ö ¸¶¨´µ¢ Ö É¥³¶¥· ÉÊ·  Tss µ¶·¥¤¥²Ö¥É¸Ö ¨´É¥£· ²Ó´Ò³
Ê· ¢´¥´¨¥³ ∫

L(ω)ϕ(ω)(ω0 + ω − ωp)g(ω)dω = 0, (15)

£¤¥ g(ω) µ¶¨¸Ò¢ ¥É Ëµ·³Ê ��-²¨´¨¨ (µÎ¥¢¨¤´µ, ÎÉµ g(ω) ´¥ ´Ê¦¤ ¥É¸Ö ¢
´µ·³¨·µ¢±¥), L(ω) Å ³¥¤²¥´´ Ö ËÊ´±Í¨Ö Î ¸ÉµÉÒ, µ¶¨¸Ò¢ ÕÐ Ö ¶·µÍ¥¸¸
µ¤´µËµ´µ´´µ° ¸¶¨´-·¥Ï¥ÉµÎ´µ° ·¥² ±¸ Í¨¨, ËÊ´±Í¨Ö ϕ(ω) ¸¢Ö§ ´  ¸ Tss ¨
T0 ¸²¥¤ÊÕÐ¨³ Ê· ¢´¥´¨¥³:

ϕ(ω) =
exp ((ωs0 + ω)βL − (ωs0 + ω − ωp)βs) − 1

exp (−(ωs0 + ω − ωp)βs) + 1
, (16)

£¤¥ βL = �/(kT0), βs = �/(kTss) Å ¨´¢¥·¸´Ò¥ É¥³¶¥· ÉÊ·Ò ·¥Ï¥É±¨ ¨ ¸¶¨´-
¸¶¨´µ¢µ° ¸¨¸É¥³Ò ¸µµÉ¢¥É¸É¢¥´´µ, ωp Å Î ¸ÉµÉ  ¶µ²Ö·¨§ÊÕÐ¥£µ ‘‚—-¶µ²Ö.
…¸²¨ ¶·¨´ÖÉÓ L(ω) ¶µ¸ÉµÖ´´µ° ¢ ¶·¥¤¥² Ì ��-²¨´¨¨, Éµ Ê· ¢´¥´¨¥ (15)
Ê¶·µÐ ¥É¸Ö: ∫

ϕ(ω)(ω0 + ω − ωp)g(ω) dω = 0. (17)

ˆ´É¥£·¨·ÊÖ (17) ¶µ ±µ´ÉÊ·Ê ��-²¨´¨¨, ´¥É·Ê¤´µ µ¶·¥¤¥²¨ÉÓ · ¢´µ¢¥¸´ÊÕ
É¥³¶¥· ÉÊ·Ê Tss ¢ § ¢¨¸¨³µ¸É¨ µÉ · ¸¸É·µ°±¨ ∆ = (ω0 − ωp). �µ² £ Ö ¤ -
²¥¥ Tss = TI , £¤¥ TI Å É¥³¶¥· ÉÊ·  Ö¤¥·´ÒÌ ¸¶¨´µ¢, ²¥£±µ ´ °É¨ Ö¤¥·´ÊÕ
¶µ²Ö·¨§ Í¨Õ. ‚ ¸²ÊÎ ¥ ¶·µÉµ´µ¢ (I = 1/2) ¨³¥¥³

PI = th
(

�γIH0
2kTss

)
. (18)

“· ¢´¥´¨¥ (17) ´¥ ¢±²ÕÎ ¥É ± ±¨x-²¨¡µ ¶µ¤£µ´µÎ´Òx ¶ · ³¥É·µ¢, ¶µÔÉµ³Ê
µ´µ ¶µ§¢µ²Ö¥É ¶·¥¤¸± § ÉÓ § ¢¨¸¨³µ¸ÉÓ ¶µ²Ö·¨§ Í¨¨ µÉ ¶µ²Ö ¨ É¥³¶¥· ÉÊ·Ò ¢
¨¤¥ ²Ó´µ° ³µ¤¥²¨ „�. ’ ±¨¥ µÍ¥´±¨ ³µ£ÊÉ µ± § ÉÓ¸Ö ¶µ²¥§´Ò³¨ ¶·¨ ¶µ¨¸±¥
µ¶É¨³ ²Ó´µ° É¥Ì´µ²µ£¨¨ ¨§£µÉµ¢²¥´¨Ö ´µ¢ÒÌ ³ É¥·¨ ²µ¢ ³¨Ï¥´¥°, ¶µÔÉµ³Ê
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³Ò Î¨¸²¥´´µ ¶·µ¨´É¥£·¨·µ¢ ²¨ (17) ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ £ Ê¸¸µ¢¸±µ° Ëµ·³Ò
��-²¨´¨¨:

g(∆) =
1√

2π∆0

exp
(
− ∆2

2∆2
0

)
(19)

¸ ¶ · ³¥É·µ³ ∆0 = 2π·1, 5·108 ƒÍ. ¥§Ê²ÓÉ ÉÒ · ¸Î¥É  Tss = TI ¶·¥¤¸É ¢²¥´Ò
´  ·¨¸. 2 ¤²Ö É·¥Ì Ì · ±É¥·´ÒÌ É¥³¶¥· ÉÊ· ·¥Ï¥É±¨ T0 = 1, 0; 0, 5 ¨ 0,25 Š,
±µÉµ·Ò¥ ¶µ²ÊÎ ÕÉ¸Ö ¶·¨ ´ ± Î±¥ ¶µ²Ö·¨§ Í¨¨ ¢ ±·¨µ¸É É Ì ¨¸¶ ·¨É¥²Ó´µ£µ
É¨¶  c 4�¥, 3�¥ ¨ ·¥Ë·¨¦¥· Éµ· Ì · ¸É¢µ·¥´¨Ö 3�¥/4�¥ ¸µµÉ¢¥É¸É¢¥´´µ. ¥-
Ï¥´¨¥ ¶µ± §Ò¢ ¥É ·µ¸É ³ ±¸¨³ ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ ¶·µÉµ´µ¢ ¶·¨ ¶µ´¨¦¥´¨¨
É¥³¶¥· ÉÊ·Ò ·¥Ï¥É±¨, ¸µµÉ¢¥É¸É¢¥´´µ 50, 75 ¨ 97%, ÎÉµ Ìµ·µÏµ µÉ· ¦ ¥É Ìµ¤
²ÊÎÏ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´ÒÌ, ¤µ¸É¨£´ÊÉÒÌ ¢ ¶·µ¶ ´¤¨µ²¥ ¨ ¡ÊÉ ´µ²¥.
‚¨¤´µ, ÎÉµ ¸ ¶µ´¨¦¥´¨¥³ T0 µ¶É¨³ ²Ó´ Ö · ¸¸É·µ°±  ‘‚—-Î ¸ÉµÉÒ ¸¤¢¨£ -
¥É¸Ö µÉ Í¥´É·  ��-²¨´¨¨; ÔÉ  · ¸¸É·µ°±  É¥¶¥·Ó ´¥ ¸µ¢¶ ¤ ¥É ¸ (M2)1/2.
‚ Ô±¸¶¥·¨³¥´É Ì ¸ ¶·µ¶ ´¤¨µ²µ³ ¨ ¡ÊÉ ´µ²µ³ É ±µ° ¸¤¢¨£ É ±¦¥ ¨³¥¥É
³¥¸Éµ, ´µ µ´ ³¥´ÓÏ¥ · ¸Î¥É´ÒÌ ¤ ´´ÒÌ ´  ·¨¸. 2 ¨§-§   ´¨§µÉ·µ¶¨¨ g-
Ë ±Éµ· , ±µÉµ· Ö ´¥ ÊÎ¨ÉÒ¢ ² ¸Ó ¢ ¶·µ¤¥² ´´ÒÌ ´ ³¨ · ¸Î¥É Ì.

¨¸. 2. ‡ ¢¨¸¨³µ¸ÉÓ 1/Tss µÉ µÉ´µ¸¨É¥²Ó´µ° · ¸¸É·µ°±¨ ‘‚—-Î ¸ÉµÉÒ µÉ Í¥´É·  ��-
²¨´¨¨ (ω0 = 2π · 7 · 1010 ƒÍ, ∆0 = 2π · 1, 5 · 108 ƒÍ). �µ²µ¦¨É¥²Ó´ Ö ¶·µÉµ´´ Ö
¶µ²Ö·¨§ Í¨Ö (18) Pp = th(0, 0024/Tss), £¤¥ Tss = TI

„²Ö ¡µ²¥¥ ¤¥É ²Ó´µ£µ ¶µ´¨³ ´¨Ö ¤¢ÊÌÉ¥³¶¥· ÉÊ·´µ° ±µ´Í¥¶Í¨¨ „� · ¸-
¸³µÉ·¨³ ¢²¨Ö´¨¥ É¥³¶¥· ÉÊ·Ò ¸¶¨´-¸¶¨´µ¢µ£µ ·¥§¥·¢Ê ·  ´  Ëµ·³Ê £ Ê¸¸µ¢-
¸±µ° ��-²¨´¨¨ ¶ · ³ £´¨É´ÒÌ Í¥´É·µ¢ ¢ Ê¸²µ¢¨ÖÌ ¸¨²Ó´µ£µ ´ ¸ÒÐ¥´¨Ö.
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¨¸. 3. ”µ·³  ��-²¨´¨¨, ¸µ£² ¸´µ É¥µ·¨¨ cƒ„, ¶·¨ É·¥Ì É¥³¶¥· ÉÊ· Ì ·¥Ï¥É±¨:
1, 0,5 ¨ 0,25 Š.  ¸Î¥É ¢Ò¶µ²´¥´ ¶·¨ · ¸¸É·µ°± Ì ´ ¸ÒÐ ÕÐ¥£µ ¶µ²Ö, ±µÉµ·Ò¥
´  ·¨¸. 2 ¸µµÉ¢¥É¸É¢ÊÕÉ ³ ±¸¨³Ê³ ³ µ¡· É´ÒÌ É¥³¶¥· ÉÊ· 1/Tss, £¤¥ ωd Å Î ¸ÉµÉ 
¤¥É¥±É¨·ÊÕÐ¥£µ ¶µ²Ö

�·¥¤¶µ²µ¦¨³, ÎÉµ ‘‚—-Î ¸ÉµÉ  ´ ¸ÒÐ ÕÐ¥£µ ¶µ²Ö ¸µµÉ¢¥É¸É¢Ê¥É Ë¨±¸¨·µ-
¢ ´´µ° · ¸¸É·µ°±¥ δp = (ω0 − ωp)/(

√
2∆0),   Ëµ·³  ²¨´¨¨ ¤¥É¥±É¨·Ê¥É¸Ö

¸² ¡Ò³ ´¥´ ¸ÒÐ ÕÐ¨³ ³¨±·µ¢µ²´µ¢Ò³ ¶µ²¥³ ¸ Î ¸ÉµÉµ° ωd, ±µÉµ· Ö ¨§³¥-
´Ö¥É¸Ö ¢¡²¨§¨ ω0. ŒµÐ´µ¸ÉÓ, ¶µ£²µÐ ¥³ Ö ¸¶¨´µ¢µ° ¸¨¸É¥³µ° ´  Î ¸ÉµÉ¥
ωd, · ¢´  [29]:

P = P0 exp (−δ2d) th

[
βssω0

2

(√
2∆0

ω0

)
(δp − δd)

]
, (20)

£¤¥ δd = (ω0 − ωd)/(
√

2∆0) Å ´µ·³¨·µ¢ ´´ Ö · ¸¸É·µ°±  Î ¸ÉµÉÒ ¤¥É¥±É¨-
·ÊÕÐ¥£µ ¶µ²Ö ¨ P0 Å ³µÐ´µ¸ÉÓ ¶µ£²µÐ¥´¨Ö ´  ·¥§µ´ ´¸´µ° Î ¸ÉµÉ¥. ŒÒ
¢Ò¶µ²´¨²¨ · ¸Î¥É § ¢¨¸¨³µ¸É¨ P/P0 ¤²Ö É·¥Ì ³¨´¨³ ²Ó´ÒÌ É¥³¶¥· ÉÊ· ¸¶¨´-
¸¶¨´µ¢µ£µ ·¥§¥·¢Ê · ,   ¨³¥´´µ: 1/Tss = 250, 500 ¨ 970 Š−1, ±µÉµ·Ò¥ ´ 
·¨¸. 2 ¤µ¸É¨£ ÕÉ¸Ö ¶·¨ É¥³¶¥· ÉÊ· Ì ·¥Ï¥É±¨ T0 = 1,0, 0,5 ¨ 0,25 Š ¸µµÉ-
¢¥É¸É¢¥´´µ. „²Ö ± ¦¤µ° T0 ¡Ò²  ¢§ÖÉ  µ¶É¨³ ²Ó´ Ö · ¸¸É·µ°±  δp, ¸µµÉ¢¥É-
¸É¢ÊÕÐ Ö ³ ±¸¨³ ²Ó´µ° µ¡· É´µ° ¸¶¨´µ¢µ° É¥³¶¥· ÉÊ·¥ ´  ·¨¸. 2. ¥§Ê²Ó-
É ÉÒ · ¸Î¥É  ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 3. ‚¨¤´µ, ÎÉµ ±·¨¢ Ö ��-¶µ£²µÐ¥´¨Ö
¸¤¢¨£ ¥É¸Ö ¢ ¸Éµ·µ´Ê, ¶·µÉ¨¢µ¶µ²µ¦´ÊÕ ÉµÎ±¥ ¶·¨²µ¦¥´¨Ö ´ ¸ÒÐ ÕÐ¥£µ
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¶µ²Ö. CÊÐ¥¸É¢Ê¥É µ¡² ¸ÉÓ ¨´¤ÊÍ¨·µ¢ ´´µ£µ ¨§²ÊÎ¥´¨Ö, µ¶·¥¤¥²Ö¥³ Ö Ê¸²µ-
¢¨¥³ βss(δp − δd) < 0. ˆ§ ·¨¸. 3 ¢¨¤´µ, ÎÉµ ¶·¨ ¡µ²ÓÏ¨Ì · ¸¸É·µ°± Ì ´ -
¸ÒÐ¥´¨¥ ´  ±·Ò²ÓÖÌ ²¨´¨¨ ¶µÎÉ¨ ´¥ ¢²¨Ö¥É ´  Ëµ·³Ê ��-²¨´¨¨, ¸²¥¤µ-
¢ É¥²Ó´µ, · ¢´µ¢¥¸´ Ö Ô²¥±É·µ´´ Ö ¶µ²Ö·¨§ Í¨Ö ¶· ±É¨Î¥¸±¨ ´¥ ¨§³¥´Ö¥É¸Ö
¶·¨ ¢±²ÕÎ¥´¨¨ ‘‚—-¶µ²Ö, ÎÉµ ¨ ¶µ¸²Ê¦¨²µ µ¸´µ¢ ´¨¥³ ¶·¨· ¢´ÖÉÓ ³ É·¨ÍÒ
¶²µÉ´µ¸É¨ (3) ¨ (4) ¶·¨ ¶µ²ÊÎ¥´¨¨ µÍ¥´±¨ (5) Ê¸¨²¥´¨Ö Ö¤¥·´µ° ¶µ²Ö·¨§ Í¨¨.

2. ˆ‡Œ…�…�ˆ… Ÿ„…��	‰ �	‹Ÿ�ˆ‡�–ˆˆ Œˆ˜…�…‰

� ¨¡µ²¥¥ ÉµÎ´µ¥ µ¶·¥¤¥²¥´¨¥ Ö¤¥·´µ° ¶µ²Ö·¨§ Í¨¨ ¢Ò¶µ²´Ö¥É¸Ö ¨´É¥-
£· ²Ó´Ò³ ³¥Éµ¤µ³, É.¥. ¨´É¥£·¨·µ¢ ´¨¥³ ²¨´¨¨ ¶µ£²µÐ¥´¨Ö χ′′(ω). Œ¥Éµ¤
µ¸´µ¢ ´ ´  ¸µµÉ´µÏ¥´¨¨ [30]:

P =
2�I

g2µ2NNπ

∞∫
0

χ′′(ω) dω, (21)

£¤¥ µN Å Ö¤¥·´Ò° ³ £´¥Éµ´, I Å ¸¶¨´, g Å g-Ë ±Éµ· ¨¸¸²¥¤Ê¥³ÒÌ Ö¤¥· ¨
N Å ¨Ì ±µ´Í¥´É· Í¨Ö. „²Ö ¨§³¥·¥´¨Ö Ö¤¥·´µ° ¶µ²Ö·¨§ Í¨¨ µ¡ÒÎ´µ ¨¸¶µ²Ó-
§Ê¥É¸Ö ¶µ¸²¥¤µ¢ É¥²Ó´Ò° Q-³¥É· [31, 32]. �·¨¥³´Ò° ¤ ÉÎ¨± Q-³¥É·  ¶µ± § ´
´  ·¨¸. 4 ¨ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ± ÉÊÏ±Ê, ¶µ£·Ê¦¥´´ÊÕ ¢ ³ É¥·¨ ² ³¨Ï¥´¨, ±µ-
Éµ· Ö ¨´¤Ê±É¨¢´µ ¸¢Ö§ ´  ¸ ³ £´¨É´Ò³¨ ³µ³¥´É ³¨ Ö¤¥·. ˆ³¶¥¤ ´¸ ± ÉÊÏ±¨
· ¢¥´

ZL = r + iωL0(1 + ηχ(ω)), (22)

£¤¥ ω = 2πν, ν Å Î ¸ÉµÉ  · ¤¨µÎ ¸ÉµÉ´µ£µ £¥´¥· Éµ· , η Å Ë ±Éµ· § ¶µ²´¥-
´¨Ö ± ÉÊÏ±¨ ³ É¥·¨ ²µ³, r, L0 Å ¸µ¶·µÉ¨¢²¥´¨¥ ¨ ¨´¤Ê±É¨¢´µ¸ÉÓ ± ÉÊÏ±¨
¶·¨ χ = 0. ”Ê´±Í¨Ö χ(ω) = χ′(ω) − iχ′′(ω) Ö¢²Ö¥É¸Ö Ö¤¥·´µ° ¢µ¸¶·¨¨³-

¨¸. 4. �·¨¥³´Ò° £¨¡·¨¤´Ò° ±µ´ÉÊ· Q-³¥É· , £¤¥ � Å ±µ ±¸¨ ²Ó´Ò° ± ¡¥²Ó, s Å
³ É¥·¨ ² ³¨Ï¥´¨, L, r, R0, C Å Ô²¥³¥´ÉÒ ±µ´ÉÊ·  (¸³. É¥±¸É)

Î¨¢µ¸ÉÓÕ ³ É¥·¨ ² ; ¥¥ ·¥ ²Ó´ Ö Î ¸ÉÓ ´ §Ò¢ ¥É¸Ö ¤¨¸¶¥·¸¨¥°, ³´¨³ Ö Å
¶µ£²µÐ¥´¨¥³. ’¨¶¨Î´Ò¥ ËÊ´±Í¨¨ ¶µ£²µÐ¥´¨Ö ¨ ¤¨¸¶¥·¸¨¨ ¶·µÉµ´µ¢ ¶·¥¤-
¸É ¢²¥´Ò ´  ·¨¸. 5. ‘¨£´ ² ´  ¢ÒÌµ¤¥ Q-³¥É·  ¶·µ¶µ·Í¨µ´ ²¥´ ¶µ£²µÐ¥´¨Õ.
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Šµ´¸É ´É  ¶·µ¶µ·Í¨µ´ ²Ó´µ¸É¨ ´ Ìµ¤¨É¸Ö ± ²¨¡·µ¢±µ° ¶·¨¡µ·  ¶µ É ± ´ §Ò-
¢ ¥³µ³Ê ’… (thermal equilibrium)-¸¨£´ ²Ê µÉ Ö¤¥· ¸ ¨§¢¥¸É´µ° ¶µ²Ö·¨§ Í¨¥°. ‚
³ £´¨É´µ³ ¶µ²¥ 2,5 ’² ¨ ¶·¨ É¥³¶¥· ÉÊ·¥ µ±µ²µ 1 Š É¨¶¨Î´Ò¥ ¢·¥³¥´  ¸¶¨´-
·¥Ï¥ÉµÎ´µ° ·¥² ±¸ Í¨¨ ¶·µÉµ´µ¢ (I = 1/2) ¢ ³ É¥·¨ ² Ì ³¨Ï¥´¥° ¸µ¸É ¢-
²ÖÕÉ ³¥´¥¥ 10 ³¨´ÊÉ, ¶µÔÉµ³Ê ¸¶¨´µ¢ Ö É¥³¶¥· ÉÊ·  Ö¤¥· ¤µ¸É ÉµÎ´µ ¡Ò¸É·µ
¶·¨´¨³ ¥É É¥³¶¥· ÉÊ·Ê Ì² ¤µ £¥´É  ³¨Ï¥´¨. ‚ ·¥§Ê²ÓÉ É¥ ’…-¶µ²Ö·¨§ Í¨Õ
Ö¤¥· ²¥£±µ · ¸¸Î¨É ÉÓ ¶µ Ëµ·³Ê²¥ c·¨²²ÕÔ´  (101),  ·£Ê³¥´É ³¨ ±µÉµ·µ°
Ö¢²ÖÕÉ¸Ö ¢¥²¨Î¨´  ³ £´¨É´µ£µ ¶µ²Ö ¨ ¨§¢¥¸É´ Ö É¥³¶¥· ÉÊ·  ³¨Ï¥´¨. �· ±-
É¨Î¥¸±µ¥ §´ Î¥´¨¥ Ëµ·³Ê²Ò (21) § ±²ÕÎ ¥É¸Ö ¢ ¢µ§³µ¦´µ¸É¨ ¥¥ ¨¸¶µ²Ó§µ¢ -
´¨Ö ¤²Ö ± ²¨¡·µ¢±¨ ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ Q-³¥É· , ±µ£¤  · ¢´µ¢¥¸´Ò° É¥¶²µ¢µ°

¨¸. 5. ”µ·³Ò ²¨´¨° ¶·µÉµ´´ÒÌ ¸¨£´ ²µ¢ ¶µ£²µ-
Ð¥´¨Ö (1) ¨ ¤¨¸¶¥·¸¨¨ (2) ¢ ¡ÊÉ ´µ²¥ [42]

¸¨£´ ² ¸¶¨´µ¢ ´ Ìµ¤¨É¸Ö § 
¶µ·µ£µ³ ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ¶·¨-
¥³´µ°  ¶¶ · ÉÊ·Ò [30, 33]. ‚
É¢¥·¤ÒÌ ¤¨Ô²¥±É·¨Î¥¸±¨Ì ³ -
É¥·¨ ² Ì ¶·¨ ´¨§±¨Ì É¥³¶¥-
· ÉÊ· Ì ¤²Ö Ö¤¥· co ¸¶¨´o³
I > 1/2 ¶µ¤µ¡´ Ö ¸¨ÉÊ -
Í¨Ö Ö¢²Ö¥É¸Ö ¸±µ·¥¥ ¶· ¢¨²µ³,
Î¥³ ¨¸±²ÕÎ¥´¨¥³. � ¶·¨³¥·,
¶·¨ µ¶·¥¤¥²¥´¨¨ ¶µ²Ö·¨§ Í¨¨
Ëµ´µ¢ÒÌ Ö¤¥· 14N ¢  ³³¨ Î-
´µ° ³¨Ï¥´¨ (NH3), ¨Ì ¨´É¥´-
¸¨¢´µ¸ÉÓ µ± §Ò¢ ¥É¸Ö ¡µ²¥¥
Î¥³ ´  ¤¢  ¶µ·Ö¤±  ³¥´ÓÏ¥,
Î¥³ ¶·µÉµ´´ÒÌ ¸¶¨´µ¢ [33].
‚ É ±µ° ¸¨ÉÊ Í¨¨ ´Ê¦´µ ¨§-
³¥·¨ÉÓ ¨´É¥´¸¨¢´µ¸ÉÓ ¶·µÉµ´-
´µ£µ ¸¨£´ ²  ¸ ¨§¢¥¸É´µ° ¶µ-
²Ö·¨§ Í¨¥°, ´µ ¢ ¸´¨¦¥´´µ³
¶µ²¥, ¨¸¶µ²Ó§ÊÖ Q-³¥É·, ¨§³¥-
·ÖÕÐ¨° ¨´É¥´¸¨¢´µ¸ÉÓ ¸¨£´ -
²µ¢ µÉ Ö¤¥·  §µÉ . �µ²¥ ¸´¨¦ ¥É¸Ö ¨§-§  ³¥´ÓÏ¥£µ g-Ë ±Éµ·   §µÉ : gN =
= 0, 4038 ¶µ ¸· ¢´¥´¨Õ ¸ ¶·µÉµ´ ³¨ gp = 2, 793. �É´µÏ¥´¨¥ PN ¨ Pp
¶µ²Ö·¨§ Í¨¨ ¨§ (21) · ¢´µ [30]:

PN
Pp

=
g2pINNpAN

g2NIpNNAp
, (23)

£¤¥ A =
∞∫
0

χ′′(ω)dω, Np = 3NN . �µ¤¸É ¢²ÖÖ ÔÉ¨ ±µ´¸É ´ÉÒ ¢ (23), ¶µ²Ê-

Î¨³ [33]:
PN ≈ 287

AN

Ap
Pp, (24)
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£¤¥ Ap, AN Å ¶²µÐ ¤¨ ¶µ¤ ±·¨¢µ° ¶µ£²µÐ¥´¨Ö ¶·µÉµ´´µ£µ ¨  §µÉ´µ£µ ¸¨£-
´ ²µ¢ ¸µµÉ¢¥É¸É¢¥´´µ. ’ ± ± ± Pp ¨ Ap ¶·¥¤¶µ² £ ÕÉ¸Ö ¨§¢¥¸É´Ò³¨, Éµ ´ 
µ¸´µ¢ ´¨¨ (24) ¨´É¥£· ²Ó´Ò° ³¥Éµ¤ ¸É ´µ¢¨É¸Ö ¤µ¸ÉÊ¶´Ò³ ¨ ¤²Ö ¨§³¥·¥´¨Ö
Ê¸¨²¥´´µ° ¶µ²Ö·¨§ Í¨¨ Ö¤¥·  §µÉ  ¡¥§ ¨§³¥·¥´¨Ö ¥£µ · ¢´µ¢¥¸´ÒÌ ¸¨£´ ²µ¢.
• · ±É¥·´ Ö ¶µ£·¥Ï´µ¸ÉÓ ± ²¨¡·µ¢±¨ ¸µ¸É ¢²Ö¥É ±2, 5%.

2.1. ‚±²ÕÎ¥´¨¥ ±µ ±¸¨ ²Ó´µ£µ ± ¡¥²Ö ¢ ¶·¨¥³´Ò° ±µ´ÉÊ· Q-³¥É· . ‚
´¨§±µÉ¥³¶¥· ÉÊ·´ÒÌ Ô±¸¶¥·¨³¥´É Ì ¶·¨¥³´ Ö ± ÉÊÏ±  ¸¢Ö§Ò¢ ¥É¸Ö ¸
Q-³¥É·µ³ ±µ ±¸¨ ²Ó´Ò³ ± ¡¥²¥³. �¡· §Ê¥É¸Ö £¨¡·¨¤´Ò° ¶·¨¥³´Ò° ±µ²¥¡ -
É¥²Ó´Ò° ±µ´ÉÊ· (·¨¸. 4), ±µÉµ·Ò° ¸µ¤¥·¦¨É Ô²¥³¥´ÉÒ Í¥¶¨ ¸ ¸µ¸·¥¤µÉµÎ¥´-
´Ò³¨ ¨ · ¸¶·¥¤¥²¥´´Ò³¨ ¶ · ³¥É· ³¨ [31]. ‚¢¥¤¥´¨¥ ± ¡¥²Ö ¢ ¶·¨¥³´Ò°
±µ´ÉÊ· µ± §Ò¢ ¥É ¸¨²Ó´µ¥ ¢²¨Ö´¨¥ ´  ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ ¶·¨¡µ· , ¶µÔÉµ³Ê
´  µ¸´µ¢ ´¨¨ · ¡µÉ [34Ä36] ³Ò ¶·¨¢¥¤¥³ Ô´¥·£¥É¨Î¥¸±¨° · ¸Î¥É £¨¡·¨¤´µ£µ
±µ´ÉÊ· . ‘Ì¥³  ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ ±µ´ÉÊ·  ¨ µ¡µ§´ Î¥´¨Ö ¶·¥¤¸É ¢²¥´Ò ´ 
·¨¸. 4. ‡¤¥¸Ó r Å ¸µ¶·µÉ¨¢²¥´¨¥ ± ÉÊÏ±¨, R0 Å ÊÎ¨ÉÒ¢ ¥É ¶¥·¥¤ ÎÊ ³µÐ-
´µ¸É¨ ¢µ ¢Ìµ¤´ÊÕ Í¥¶Ó Ê¸¨²¨É¥²Ö ¨ ¶µÉ¥·¨ ¢ ±µ´¤¥´¸ Éµ·¥ (C). ˆ´¤Ê±É¨¢-
´µ¸ÉÓ L = L0(1 + ηχ), £¤¥ L0 Å ´¥¢µ§³ÊÐ¥´´ Ö ¨´¤Ê±É¨¢´µ¸ÉÓ ± ÉÊÏ±¨
¨ S Å ³ É¥·¨ ² ³¨Ï¥´¨. �·¨ · ¸Î¥É¥ ·¥§µ´ ´¸´µ° Î ¸ÉµÉÒ ±µ´ÉÊ·  ¡Ê¤¥³
¶·¥´¥¡·¥£ ÉÓ ¢²¨Ö´¨¥³ ¸µ¶·µÉ¨¢²¥´¨° r ¨ R0. ˆ´¤Ê±É¨¢´µ¸ÉÓ L0 Ëµ·³ ²Ó´µ
³µ¦´µ § ³¥´¨ÉÓ Ô±¢¨¢ ²¥´É´Ò³ µÉ·¥§±µ³ Ë¨±É¨¢´µ£µ ± ¡¥²Ö, ¢Ìµ¤´µ¥ ¸µ¶·µ-
É¨¢²¥´¨¥ ±µÉµ·µ£µ · ¢´µ iωL0. …¸²¨ ± ¡¥²Ó · §µ³±´ÊÉ ´  ±µ´Í¥, Éµ ¤²¨´  '1
É ±µ£µ µÉ·¥§±  ¤µ²¦´  ¡ÒÉÓ · ¢´ 

ωL0 = ρ · tg (β'1), (25)

£¤¥ β = ε1/2ω/c, c Å ¸±µ·µ¸ÉÓ ¸¢¥É  ¢ ¢ ±ÊÊ³¥, ε Å µÉ´µ¸¨É¥²Ó´ Ö ¤¨Ô²¥±-
É·¨Î¥¸± Ö ¶·µ´¨Í ¥³µ¸ÉÓ ¨§µ²ÖÉµ·  ± ¡¥²Ö, ρ Å ¢µ²´µ¢µ¥ ¸µ¶·µÉ¨¢²¥´¨¥
Ë¨±É¨¢´µ£µ µÉ·¥§±  ²¨´¨¨, ±µÉµ·µ¥ ¤²Ö ¶·µ¸ÉµÉÒ ¢Ò¡¥·¥³ · ¢´Ò³ ¢µ²´µ-
¢µ³Ê ¸µ¶·µÉ¨¢²¥´¨Õ ·¥ ²Ó´µ ¶·¨¸ÊÉ¸É¢ÊÕÐ¥£µ ± ¡¥²Ö. ”¨±É¨¢´Ò° µÉ·¥§µ±
²¨´¨¨ '1, § ³¥´ÖÕÐ¨° ¨´¤Ê±É¨¢´µ¸ÉÓ, ¨ ·¥ ²Ó´Ò° ± ¡¥²Ó ¤²¨´µ° ' µ¡· §ÊÕÉ
Ô²¥±É·¨Î¥¸±ÊÕ ²¨´¨Õ µ¡Ð¥° ¤²¨´µ° '+'1, ¨´¤Ê±É¨¢´µ¥ ¢Ìµ¤´µ¥ ¸µ¶·µÉ¨¢²¥-
´¨¥ ±µÉµ·µ° ¶·¨ ·¥§µ´ ´¸¥ ¤µ²¦´µ ¡ÒÉÓ · ¢´µ ¥³±µ¸É´µ³Ê ¸µ¶·µÉ¨¢²¥´¨Õ
±µ´¤¥´¸ Éµ·  ´ ¸É·µ°±¨, µÉ¸Õ¤  ¸ ÊÎ¥Éµ³ (25) ¶µ²ÊÎ ¥É¸Ö É· ´¸Í¥´¤¥´É´µ¥
Ê· ¢´¥´¨¥ ¤²Ö ¡¥¸±µ´¥Î´µ£µ ´ ¡µ·  ·¥§µ´ ´¸´ÒÌ Î ¸ÉµÉ ±µ´ÉÊ·  ¸ ± ¡¥²¥³

1
ωC

= ωLe = ρ tg [β(' + '1)] =
ωL0 + ρ tg (β')
1 − ωL0

ρ tg (β')
, (26)

£¤¥ Le Å Ô±¢¨¢ ²¥´É´ Ö ¨´¤Ê±É¨¢´µ¸ÉÓ ± ¡¥²Ö ¸ ¶µ¤±²ÕÎ¥´´µ° ± ÉÊÏ±µ° L0,
±µÉµ· Ö ®·¥§µ´¨·Ê¥É¯ ¸ ¥³±µ¸ÉÓÕ C. Šµ²¥¡ É¥²Ó´Ò° ±µ´ÉÊ· µ¡· §Ê¥É¸Ö, ±µ£-
¤  ¶·¨ ¤²¨´¥ ± ¡¥²Ö '+ '1 ¥£µ ¢Ìµ¤´µ¥ ¸µ¶·µÉ¨¢²¥´¨¥ Ö¢²Ö¥É¸Ö ¨´¤Ê±É¨¢´Ò³,
Éµ ¥¸ÉÓ ¶·¨ Ê¸²µ¢¨¨ β(' + '1) − πn < π/2 ¨²¨ β' = πn, £¤¥ n = (0, 1, 2, ...)
¥¸ÉÓ Î¨¸²µ ¶µ²Ê¢µ²´, Ê±² ¤Ò¢ ÕÐ¨Ì¸Ö ´  ¤²¨´¥ '. ‚¨¤´µ, ÎÉµ ´  Î ¸ÉµÉ Ì
¶µ·Ö¤±  ´¥¸±µ²Ó±¨Ì ŒƒÍ µÉ·¥§µ± ± ¡¥²Ö ' < λ/4 (n = 0) ³µ¦´µ ¤µ¡ ¢¨ÉÓ ±
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± ÉÊÏ±¥, ¸µÌ· ´ÖÖ ¨´¤Ê±É¨¢´Ò° Ì · ±É¥· ¨Ì µ¡Ð¥£µ ¸µ¶·µÉ¨¢²¥´¨Ö. �  ¡µ-
²¥¥ ¢Ò¸µ±¨Ì Î ¸ÉµÉ Ì, ± ± ¶· ¢¨²µ, ¨¸¶µ²Ó§ÊÕÉ ·¥§µ´ ´¸´Ò¥ µÉ·¥§±¨ ± ¡¥²Ö
¤²¨´µ° β' = πn. � ¶µ³´¨³ µ¸´µ¢´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¢ ¶·µ¸Éµ³ ¶µ¸²¥¤µ¢ -
É¥²Ó´µ³ ±µ´ÉÊ·¥ ¡¥§ ± ¡¥²Ö (' = 0). ‚§ ¨³µ¤¥°¸É¢¨¥ ¸µ ¸¶¨´ ³¨ ¨§³¥´Ö¥É
¨³¶¥¤ ´¸ ± ÉÊÏ±¨, ±µÉµ·Ò° ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ëµ·³Ê²µ° (22) · ¢¥´

ZL = r + ηωL0χ
′′ + iωL0(1 + ηχ′). (27)

�Ê¸ÉÓ ±µ´ÉÊ· ´ ¸É·µ¥´ ¢ ·¥§µ´ ´¸ ¨  ³¶²¨ÉÊ¤  ¶¥·¥³¥´´µ£µ Éµ±  ¢ ´¥³ (I)
¶µ¤¤¥·¦¨¢ ¥É¸Ö ´¥¨§³¥´´µ° ¨ ¤µ¸É ÉµÎ´µ ³ ²µ°, ÎÉµ¡Ò ¸µ§¤ ¢ ¥³µ¥ ± ÉÊÏ-
±µ° ¶µ²¥ ´¥ · §·ÊÏ ²µ Ö¤¥·´ÊÕ ¢µ¸¶·¨¨³Î¨¢µ¸ÉÓ. �·¨ ·¥§µ´ ´¸¥ ³µÐ´µ¸ÉÓ
(Pr), · ¸¸¥¨¢ ¥³ Ö ¢ r, ¨ ³µÐ´µ¸ÉÓ ¤¨¸¸¨¶ É¨¢´ÒÌ ¶µÉ¥·Ó ¢ ¸¶¨´µ¢µ° ¸¨¸É¥³¥
(Ps), ¸µµÉ¢¥É¸É¢¥´´µ, · ¢´Ò

Pr =
1
2
rI2, Ps =

1
2
ηχ′′ωL0I

2. (28)

�É´µÏ¥´¨¥ Ps/Pr ¡Ê¤¥³ ´ §Ò¢ ÉÓ ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓÕ (ζn=0), ±µÉµ· Ö ¢Ò· -
¦ ¥É¸Ö Í¥¶µÎ±µ° Ìµ·µÏµ ¨§¢¥¸É´ÒÌ ¸µµÉ´µÏ¥´¨°

ζn=0 =
Ps
Pr

=
∆Q

Q0
=

∆r

r
= ηχ′′ωL0

r
= ηχ′′Q0, (29)

£¤¥ Q0 = ωL0/r Å ¤µ¡·µÉ´µ¸ÉÓ ±µ´ÉÊ·  ¨ ∆r, ∆Q Å µ¡µ§´ Î ÕÉ ¨§³¥´¥´¨Ö
¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¶ · ³¥É·µ¢. �µ-¢¨¤¨³µ³Ê, Ëµ·³Ê²  (29) ¢¶¥·¢Ò¥ ¶µ²ÊÎ¥´ 
µ¡¨´¸µ´µ³ [37]. Š ± ÔÉµ ¸²¥¤Ê¥É ¨§ (29), ¶·¨ ¸² ¡µ³ ¢µ§³ÊÐ¥´¨¨ ¶µ²Ö
± ÉÊÏ±¨ ´ ¶·Ö¦¥´¨¥ ´  ±µ´ÉÊ·¥ ¡Ê¤¥É ¨§³¥´ÖÉÓ¸Ö ¶·µ¶µ·Í¨µ´ ²Ó´µ χ′′. � -
²¨Î¨¥ ¤¨¸¶¥·¸¨¨ χ′ ¢ (27) ¶·¨¢¥¤¥É ± ¸¤¢¨£Ê ·¥§µ´ ´¸´µ° Î ¸ÉµÉÒ ±µ´ÉÊ·  ´ 
¢¥²¨Î¨´Ê

2(ωp − ω0)
ω0

= −ηχ′, (30)

§¤¥¸Ó ω0 Å ·¥§µ´ ´¸´ Ö Î ¸ÉµÉ  ±µ´ÉÊ· . �¡  ¸µµÉ´µÏ¥´¨Ö (29) ¨ (30) ¸¶· -
¢¥¤²¨¢Ò ¨ ¤²Ö ¶ · ²²¥²Ó´µ£µ ±µ´ÉÊ· . ‡ ³¥É¨³, ÎÉµ ¢ ¸¨¸É¥³¥ ‘ƒ‘ ¢µ¸¶·¨-
¨³Î¨¢µ¸ÉÓ ¤µ²¦´  ¡ÒÉÓ Ê³´µ¦¥´  ´  4π. c¥§ ± ¡¥²Ö ¸¨¸É¥³  ¶ · ³¥É·µ¢
(L0, r, C) µ¶·¥¤¥²Ö¥É ¢¸¥ Ô²¥±É·¨Î¥¸±¨¥ ¸¢µ°¸É¢  ±µ´ÉÊ· ; Î¥·¥§ ´¨Ì ¢Ò· ¦ -
ÕÉ¸Ö ¢¸¥ ¤·Ê£¨¥ ¶·µ¨§¢µ¤´Ò¥ ¶ · ³¥É·Ò: ¤µ¡·µÉ´µ¸ÉÓ, Ô±¢¨¢ ²¥´É´µ¥ ¸µ¶·µ-
É¨¢²¥´¨¥, · ¸¸É·µ°± , Î ¸ÉµÉ´ Ö Ì · ±É¥·¨¸É¨± , ±µÉµ·Ò¥ ´¨¦¥ ¶µ²ÊÎ¥´Ò ¨
¤²Ö µ¡Ð¥£µ ¸²ÊÎ Ö £¨¡·¨¤´µ£µ ±µ´ÉÊ· .

‚±²ÕÎ¥´¨¥ ± ¡¥²Ö ± Î¥¸É¢¥´´µ ³¥´Ö¥É ¶·¥¤Ò¤ÊÐ¨° · ¸Î¥É, ¶µÔÉµ³Ê · ¸-
¸³µÉ·¨³ ¥£µ ¡µ²¥¥ ¶µ¤·µ¡´µ. ‡ ¢¨¸¨³µ¸ÉÓ Éµ±  ¢ ± ¡¥²¥ µÉ ¤²¨´Ò É¥¶¥·Ó
¨³¥¥É ¢¨¤ [38]:

I(x) = I

[
1 − ωL0

ρ
tg (βx)

]
cos (βx), (31)
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£¤¥ 0 ≤ x ≤ ' Å ¤²¨´ , µÉ¸Î¨ÉÒ¢ ¥³ Ö µÉ ²¥¢µ£µ ´  ·¨¸. 4 ±µ´Í  ± ¡¥²Ö.
‚²¨Ö´¨¥ § ÉÊÌ ´¨Ö ¢ ± ¡¥²¥ ´  · ¸¶·¥¤¥²¥´¨¥ I(x) ¶·¨¢¥¤¥É ± ±¢ ¤· É¨Î´Ò³
¶µ¶· ¢± ³ ± ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨, ±µÉµ·Ò³¨ ¤²Ö ¶·µ¸ÉµÉÒ ¡Ê¤¥³ ¶·¥´¥¡·¥£ ÉÓ.
�·¨ ·¥§µ´ ´¸¥ Ô´¥·£¨Ö, § ¶ ¸¥´´ Ö ¢ ³ £´¨É´µ³ ¶µ²¥ (Nm), · ¢´  Ô´¥·£¨¨,
§ ¶ ¸¥´´µ° ¢ Ô²¥±É·¨Î¥¸±µ³ ¶µ²¥ ±µ´¤¥´¸ Éµ·  (Ne). ‘ ÊÎ¥Éµ³ ± ÉÊÏ±¨ ¨
± ¡¥²Ö ¨³¥¥³

ωNm =
1
2
ωL0I

2 +
ωL1

2

�∫
0

I2(x)dx, (32)

£¤¥ L1 Å ¶µ£µ´´ Ö ¨´¤Ê±É¨¢´µ¸ÉÓ ± ¡¥²Ö. ˆ¸¶µ²Ó§ÊÖ (31), ¶µ²ÊÎ ¥³

ωNm =
ω

2
L0AI2 cos2(β'), (33)

£¤¥ A = 1+ 1
2β'(1+tg2(β'))

(
ωL0
ρ + ρ

ωL0

)
+ 1
2

(
ρ

ωL0
− ωL0

ρ

)
tg (β'). �´¥·£¨Õ

³ £´¨É´µ£µ ¶µ²Ö ³µ¦´µ É ±¦¥ ¢Ò· §¨ÉÓ ¨ Î¥·¥§ Ô±¢¨¢ ²¥´É´ÊÕ ¨´¤Ê±É¨¢´µ¸ÉÓ
Le ¨§ Ê· ¢´¥´¨Ö (26) ¨ Éµ± I(') = I1 ´  ¢Ìµ¤´µ³ ±µ´Í¥ ± ¡¥²Ö, ¥¸²¨ § ¶¨¸ ÉÓ

ωNm =
1
2
ωLeI

2
1δ, (34)

£¤¥ δ Å ¶ · ³¥É· · ¸¶·¥¤¥²¥´´µ¸É¨, ±µÉµ·Ò° ÊÎ¨ÉÒ¢ ¥É § ¢¨¸¨³µ¸ÉÓ § ¶ -
¸¥´´µ° Ô´¥·£¨¨ µÉ ±µ´±·¥É´µ£µ · ¸¶·¥¤¥²¥´¨Ö Éµ±  ¢¤µ²Ó ± ¡¥²Ö. ˆ¸¶µ²Ó§ÊÖ
Ëµ·³Ê²Ò (26), (31) ¨ (33), ´¥É·Ê¤´µ ´ °É¨ ¸¢Ö§Ó ³¥¦¤Ê δ ¨ A ¢ Ê· ¢´¥´¨ÖÌ
(33), (34):

δ =
A(

1 + ρ
ωL0

tg(β')
) (

1 − ωL0
ρ tg(β')

) . (35)

‚ ¶·µ¸Éµ³ ±µ´ÉÊ·¥ ¡¥§ ± ¡¥²Ö ' = 0, δ = A = 1, ¶µÔÉµ³Ê Le = L0. „²Ö
· ¸Î¥É  ¤µ¡·µÉ´µ¸É¨ £¨¡·¨¤´µ£µ ±µ´ÉÊ· 

Q =
ωNm

PΣ
=

ω0
2∆ω

(36)

µ¸É ¥É¸Ö Éµ²Ó±µ µ¶·¥¤¥²¨ÉÓ PΣ Å ³µÐ´µ¸ÉÓ ¸Ê³³ ·´ÒÌ ¶µÉ¥·Ó ¢ ±µ´ÉÊ·¥.
c¥§ ÊÎ¥É  § ÉÊÌ ´¨Ö ¢ ± ¡¥²¥ ³µÐ´µ¸ÉÓ ¶µÉ¥·Ó (P ′

1) · ¢´ 

P ′
1 =

1
2
I21R0 +

1
2
I2r =

1
2
I21


R0 +

r(
1 − ωL0

ρ tg(β')
)2

cos2(β')


 =

1
2
I21R1,

(37)
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£¤¥ Éµ± I ¡Ò² ¶·¥µ¡· §µ¢ ´ ¶µ Ëµ·³Ê²¥ (31), ¸ ÊÎ¥Éµ³ Éµ£µ, ÎÉµ I(') = I1.
„²Ö Î¨¸Éµ ¡¥£ÊÐ¥° ¢µ²´Ò ¢ ± ¡¥²¥ ¶µ£µ´´µ¥ ¸µ¶·µÉ¨¢²¥´¨¥ ¶µÉ¥·Ó · ¢´µ 2αρ,
£¤¥ α [�¶/³] Å ¶µ¸ÉµÖ´´ Ö § ÉÊÌ ´¨Ö ± ¡¥²Ö. ‚ ´ Ï¥³ ¸²ÊÎ ¥ Éµ± ¢ ± ¡¥²¥
· ¸¶·¥¤¥²¥´ ¶µ § ±µ´Ê (31); ¸ ÊÎ¥Éµ³ ÔÉµ£µ · ¸¶·¥¤¥²¥´¨Ö ± P ′

1 ´¥µ¡Ìµ¤¨³µ
¤µ¡ ¢¨ÉÓ ¶µÉ¥·¨ ¢ ±µ ±¸¨ ²Ó´µ³ ± ¡¥²¥. ˆ³¥¥³ [34]

PΣ =
1
2
I2R1B cos2(β'), (38)

£¤¥

B =
(

1 − ωL0
ρ

tg(β')
)2

+
ωL0
R1

(
ωL0
ρ

+
ρ

ωL0

)
k1. (39)

ŠµÔËË¨Í¨¥´É k1 ¢ÒÎ¨¸²ÖeÉ¸Ö ¶µ Ëµ·³Ê²¥

k1 = α' cos−2(β'). (40)

�±µ´Î É¥²Ó´µ ¤µ¡·µÉ´µ¸ÉÓ £¨¡·¨¤´µ£µ ±µ´ÉÊ·  · ¢´ 

Q =
ωNm

PΣ
=

ω0
2∆ω

=
ωL0
R1

A

B
, (41)

£¤¥ 2∆ω Å ¶µ²µ¸  ¶·µ¶Ê¸± ´¨Ö £¨¡·¨¤´µ£µ ±µ´ÉÊ· . ‚ Î ¸É´µ¸É¨, Ëµ·³Ê² 
(41) ¶µ§¢µ²Ö¥É µ¶·¥¤¥²¨ÉÓ Ê¸·¥¤´¥´´µ¥ § ÉÊÌ ´¨¥ ± ¡¥²Ö, ±µ£¤  ¥£µ É¥³¶¥· -
ÉÊ·  ¢ ±·¨µ¸É É¥ ¨§³¥´Ö¥É¸Ö µÉ ±µ³´ É´µ° ¤µ É¥³¶¥· ÉÊ·Ò ³¨Ï¥´¨. �µ² £ Ö
± ¡¥²Ó ±µ·µÉ±µ§ ³±´ÊÉÒ³ (L0 → 0) ¨²¨ · §µ³±´ÊÉÒ³ (L0 → ∞) ´  ±µ´Í¥,  
É ±¦¥ ¢Ò¡¨· Ö ¥£µ ¤²¨´Ê nλ/2, ¶µ²ÊÎ ¥³ ¨§ (41) Q = β/(2α) ¶·¨ ¶·µ¨§¢µ²Ó-
´µ³ n. “¸·¥¤´¥´´µ¥ § ÉÊÌ ´¨¥ ± ¡¥²Ö ¸¢Ö§ ´µ ¸ ¥£µ ¶µ²µ¸µ° ¶·µ¶Ê¸± ´¨Ö
(2∆ν), ´  Ê·µ¢´¥

√
2 µÉ §´ Î¥´¨Ö ¥£µ ¨³¶¥¤ ´¸  ¶·¨ ·¥§µ´ ´¸¥, ¶·µ¸ÉÒ³

¸µµÉ´µÏ¥´¨¥³

α = 0, 01
√
ε(2∆ν) [α = �¶/³, ∆ν = ŒƒÍ]. (42)

…¸²¨ r = 0, Éµ ¨§ Ëµ·³Ê²Ò (41) ¤µ¡·µÉ´µ¸ÉÓ ±µ´ÉÊ·  ¸ ± ¡¥²¥³ ¤²¨´µ° nλ/2
· ¢´ 

Q =
ωL0
R0

1 + πn
2

(
ρ

ωL0
+ ωL0

ρ

)
1 + ωL0

R0

(
ρ

ωL0
+ ωL0

ρ

)
k1

. (43)

„·Ê£¨³ ¸¶µ¸µ¡µ³ ÔÉ  Ëµ·³Ê²  ¡Ò²  ¶µ²ÊÎ¥´  ¢ [39]. �·¨ ¨§³¥´¥´¨¨ Ê·µ¢´Ö
£¥²¨Ö ¢ ±·¨µ¸É É¥ ³¨Ï¥´¨ ¨§³¥´Ö¥É¸Ö · ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò ¶µ ¥£µ
¤²¨´¥,   ¸²¥¤µ¢ É¥²Ó´µ, ¨ ±µÔËË¨Í¨¥´É k1, ÎÉµ ³µ¦¥É ¶·¨¢¥¸É¨ ± ¶µ£·¥Ï-
´µ¸ÉÖ³ ¶·¨ ¨§³¥·¥´¨¨ ¶µ²Ö·¨§ Í¨¨. —Éµ¡Ò ¨§¡ ¢¨ÉÓ¸Ö µÉ ÔÉµ£µ ´¥¦¥² É¥²Ó-
´µ£µ Ö¢²¥´¨Ö, · ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò ¢¤µ²Ó ± ¡¥²Ö Ë¨±¸¨·ÊÕÉ ¶·¨¢Ö§±µ°
± ¡¥²Ö ± É¥³¶¥· ÉÊ·´µ-¸É ¡¨²Ó´Ò³ ÉµÎ± ³ ¢ ±·¨µ¸É É¥.
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‚±²ÕÎ¥´¨¥ ± ¡¥²Ö ¤· ³ É¨Î¥¸±¨ ¨§³¥´Ö¥É ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ, ±µÉµ· Ö É¥-
¶¥·Ó ¨³¥¥É ¢¨¤ [34]:

ζ1 =
Ps
PΣ

= ηχ′′Q
1 + tg2(β')

A
= ηχ′′ ωL0

R1

1 + tg2(β')
B

, (44)

£¤¥ Ps µ¶·¥¤¥²Ö¥É¸Ö ¶µ Ëµ·³Ê²¥ (28). ”µ·³Ê²  (44) µ¡µ¡Ð ¥É Ëµ·³Ê²Ê (29)
´  ¸²ÊÎ ° £¨¡·¨¤´µ£µ ±µ´ÉÊ·  ¸ ± ¡¥²¥³ ¶·µ¨§¢µ²Ó´µ° ¤²¨´Ò. ‘¤¢¨£ Î ¸ÉµÉÒ
´ ¸É·µ°±¨ £¨¡·¨¤´µ£µ ±µ´ÉÊ·  · ¢¥´ [34]:

2(ωp − ω0)
ω0

= −ηχ′ 1 + tg2(β')
A

. (45)

”µ·³Ê²  (45) ¸²¥¤Ê¥É ¨§ µ¡Ð¥£µ ¢Ò· ¦¥´¨Ö ¤²Ö ¸¤¢¨£  ·¥§µ´ ´¸´µ° Î ¸ÉµÉÒ
¸²µ¦´ÒÌ ·¥§µ´ ´¸´ÒÌ ±µ²¥¡ É¥²Ó´ÒÌ ¸¨¸É¥³, ¶µ²ÊÎ¥´´µ£µ ¢ [40]. �±¢¨¢ -
²¥´É´µ¥ ¸µ¶·µÉ¨¢²¥´¨¥ ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ £¨¡·¨¤´µ£µ ±µ´ÉÊ·  · ¢´o

re = δ
ωLe
Q

. (46)

„²Ö ¸· ¢´¥´¨Ö ¶·¨¢¥¤¥³ Ëµ·³Ê²Ê Ô±¢¨¢ ²¥´É´µ£µ ¸µ¶·µÉ¨¢²¥´¨Ö ¶ · ²²¥²Ó-
´µ£µ £¨¡·¨¤´µ£µ ±µ´ÉÊ· 

Re = Q
ωLe
δ

. (47)

�µ ¶µ¢µ¤Ê ¶ · ²²¥²Ó´µ£µ £¨¡·¨¤´µ£µ ±µ´ÉÊ·  ¸²¥¤Ê¥É ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¥¥ µ¡-
Ð¥¥ § ³¥Î ´¨¥. ŒµÐ´µ¸ÉÓ  ±É¨¢´ÒÌ ¶µÉ¥·Ó ¨ Ê¸²µ¢¨¥ ·¥§µ´ ´¸  ´¥ § ¢¨¸ÖÉ µÉ
¶ · ²²¥²Ó´µ£µ ¨²¨ ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ ¸¶µ¸µ¡  ¶·¨¸µ¥¤¨´¥´¨Ö ±µ´¤¥´¸ Éµ· 
C ´  ·¨¸. 4. �µÔÉµ³Ê ¢ ²¨´¥°´µ³ ¶·¨¡²¨¦¥´¨¨ ¶µ Ö¤¥·´µ° ¢µ¸¶·¨¨³Î¨¢µ¸É¨
ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ, ·¥§µ´ ´¸´ Ö Î ¸ÉµÉ  ¨ ¥¥ ¸¤¢¨£ ¤¨¸¶¥·¸¨µ´´µ° ±µ³¶µ´¥´-
Éµ° µ¤¨´ ±µ¢Ò ± ± ¤²Ö ¶ · ²²¥²Ó´µ£µ, É ± ¨ ¤²Ö ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ ±µ´ÉÊ· .
‚¡²¨§¨ ·¥§µ´ ´¸  ¸µ¶·µÉ¨¢²¥´¨¥ ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ (Zs) ¨ ¶ · ²²¥²Ó´µ£µ
(Zp) ±µ´ÉÊ·µ¢ · ¢´Ò

Zs = re

(
1 + i2Q

ω − ω0
ω0

)
, Zp =

Re(
1 + i2Q ω−ω0

ω0

) . (48)

�·¨¢¥¤¥´´Ò¥ Ëµ·³Ê²Ò ¶µ²¥§´Ò ¤²Ö µÍ¥´±¨ ¢²¨Ö´¨Ö ± ¡¥²Ö ´  ÎÊ¢¸É¢¨É¥²Ó-
´µ¸ÉÓ Q-³¥É· , µ´¨ ¶µ§¢µ²ÖÕÉ · ¸¸Î¨É ÉÓ ·¥§µ´ ´¸´Ò¥ Î ¸ÉµÉÒ ¸²µ¦´µ° ±µ-
²¥¡ É¥²Ó´µ° ¸¨¸É¥³Ò. ˆ³¥´´µ ´  ÔÉ¨Ì Î ¸ÉµÉ Ì (26) ¶·¨ ¢Ò¸µ±µ° µÉ·¨Í -
É¥²Ó´µ° ¶µ²Ö·¨§ Í¨¨ ³¨Ï¥´¨ ´ ¡²Õ¤ ¥É¸Ö É ± ´ §Ò¢ ¥³µ¥ Ö¤¥·´µ¥ ¸¢¥·Ì¨§-
²ÊÎ¥´¨¥. �·¨³¥· · ¸Î¥É  ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ¶·¨¢¥¤¥´ ¢ ¶·¨²µ¦¥´¨¨ 1.

�¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ ¢ ¦´µ¥ µ¡¸ÉµÖÉ¥²Ó¸É¢µ, ¸¢Ö§ ´´µ¥ ¸ ¶· ±É¨Î¥¸±¨³
¨¸¶µ²Ó§µ¢ ´¨¥³ Ô±¢¨¢ ²¥´É´µ° ¸Ì¥³Ò (·¨¸. 4) ´  ¢Ò¸µ±¨Ì Î ¸ÉµÉ Ì ¶µ·Ö¤± 
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200 ŒƒÍ. …¸²¨ ³¥¦¢¨É±µ¢ Ö ¥³±µ¸ÉÓ ± ÉÊÏ±¨ ¸É ´µ¢¨É¸Ö ¶·¨³¥·´µ · ¢´µ°
¥³±µ¸É¨ ±µ´¤¥´¸ Éµ·  ´ ¸É·µ°±¨ ±µ´ÉÊ· , Éµ, ± ± ´¥É·Ê¤´µ ¢¨¤¥ÉÓ, ± ¡¥²Ó
É· ´¸Ëµ·³¨·Ê¥É ± ¢Ìµ¤Ê Q-³¥É·  ´¥ ¨´¤Ê±É¨¢´µ¥,   Ô±¢¨¢ ²¥´É´µ¥ ¸µ¶·µ-
É¨¢²¥´¨¥ ¶ · ²²¥²Ó´µ£µ ±µ´ÉÊ· , ¸µ¸É ¢²¥´´µ£µ ¨§ ¨´¤Ê±É¨¢´µ¸É¨ ¨ ¶ · §¨É-
´µ° ¥³±µ¸É¨. �Éµ · ¤¨± ²Ó´Ò³ µ¡· §µ³ ³¥´Ö¥É ´ §´ Î¥´¨¥ Ô²¥³¥´Éµ¢ ¸Ì¥³Ò
¨ ¶·¨¢µ¤¨É ± ¶·µ¡²¥³ ³, ±µÉµ·Ò¥ · ¸¸³ É·¨¢ ²¨¸Ó ´  ±µ´Ë¥·¥´Í¨¨ [41].

2.2. ‹¨¢¥·¶Ê²Ó¸±¨° Q-³¥É·. �· ±É¨Î¥¸± Ö ¡²µ±-¸Ì¥³  ¶µ¸²¥¤µ¢ É¥²Ó-
´µ£µ (²¨¢¥·¶Ê²Ó¸±µ£µ) Q-³¥É·  [32] ¸ PSD-¤¥É¥±Éµ·µ³ (Phase Sensitive Detec-
tor) ¶µ± § ´  ´  ·¨¸. 6. ‚ · ¡µÉ¥ [42] ¶·¨¢¥¤¥´Ò Ì · ±É¥·´Ò¥ ¢¥²¨Î¨´Ò ¶ · -
³¥É·µ¢ ¶·¨¥³´µ£µ ±µ´ÉÊ·  ¶·µÉµ´´µ£µ ¨ ¤¥°É·µ´´µ£µ Q-³¥É·µ¢ ¨ ¤¥É ²Ó´Ò°
 ´ ²¨§ ¨Ì · ¡µÉÒ. ‡¤¥¸Ó ³Ò ¤ ¤¨³ ÉµÎ´µ¥ µ¶·¥¤¥²¥´¨¥ ¨§³¥·Ö¥³ÒÌ ¢¥²¨Î¨´

¨¸. 6. “¶·µÐ¥´´ Ö ¸Ì¥³  ²¨¢¥·¶Ê²Ó¸±µ£µ Q-³¥É·  [32]. VG Å ‚—-£¥´¥· Éµ·, A(ω) Å
‚—-Ê¸¨²¨É¥²Ó, 1 Å ³¨Ï¥´Ó ¸ ¶·¨¥³´µ° ± ÉÊÏ±µ°, 2 Å ±µ ±¸¨ ²Ó´Ò° ± ¡¥²Ó, RG Å
Éµ±µ¢Ò° ·¥§¨¸Éµ·, 3 Å Ë §µ¢Ò¥ ¤¥É¥±Éµ·Ò, 4 Å ·¥£Ê²¨·Ê¥³Ò° Ë §µ¢· Ð É¥²Ó, 5 Å
90◦-Ë §µ¢· Ð É¥²Ó. �Ê´±É¨·µ³ µ¡µ§´ Î¥´Ò Ô²¥³¥´ÉÒ ¸Ì¥³Ò, ´¥µ¡Ìµ¤¨³Ò¥ ¤²Ö ·¥£¨-
¸É· Í¨¨ ¤¨¸¶¥·¸¨¨

¨ ¸¤¥² ¥³ ±· É±¨° µ¡§µ· ¶µ£·¥Ï´µ¸É¥° ¨§³¥·¥´¨Ö ¶µ²Ö·¨§ Í¨¨ ÔÉ¨³ ¶·¨-
¡µ·µ³. „²Ö ±· É±µ¸É¨ ¢¢¥¤¥³ ±µ³¶²¥±¸´ÊÕ ËÊ´±Í¨Õ ξ(ω) = ηχ(ω) ¨ ÊÎÉ¥³
¢²¨Ö´¨¥ ÏÊ´É¨·ÊÕÐ¥£µ ¤¥°¸É¢¨Ö Éµ±µ¢µ£µ ·¥§¨¸Éµ·  ¨ ¢Ìµ¤´µ£µ ¨³¶¥¤ ´¸ 
¶·¨¥³´µ£µ Ê¸¨²¨É¥²Ö ´  ¨³¶¥¤ ´¸ ·¥§µ´ ´¸´µ£µ ±µ´ÉÊ·  Z(ξ). ‚ÒÌµ¤´µ¥
´ ¶·Ö¦¥´¨¥ Q-³¥É·  ¨³¥¥É ¢¨¤ [43]:

Vout =
AVG
RG

Z(ξ)
1 + pZ(ξ)

, (49)
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£¤¥ p = 1
R1

+ 1
RG

, Ri Å ¢Ìµ¤´µ¥ ¸µ¶·µÉ¨¢²¥´¨¥ Ê¸¨²¨É¥²Ö, RG Å Éµ±µ¢Ò°
·¥§¨¸Éµ· ¨

Z(ξ) = R− i

ωCp
+

ρ2 th (γ') + ρ[r + iωL(1 + ξ)]
ρ + [r + iωL(1 + ξ)] th (γ')

. (50)

‚ ÔÉµ° Ëµ·³Ê²¥ γ = α+ iβ Å ±µ³¶²¥±¸´Ò° ±µÔËË¨Í¨¥´É, α Å Ê¸·¥¤´¥´´ Ö
¶µ¸ÉµÖ´´ Ö § ÉÊÌ ´¨Ö, β Å Ë §µ¢ Ö ±µ´¸É ´É . …¸²¨ Î ¸ÉµÉ  £¥´¥· Éµ·  ¨§-
³¥·Ö¥É¸Ö ¤µ¸É ÉµÎ´µ ³¥¤²¥´´µ, É ±, ÎÉµ¡Ò ËÊ´±Í¨Ö ξ(ω) Ö¢´µ ´¥ § ¢¨¸¥²  µÉ
¢·¥³¥´¨, Éµ ´µ·³¨·µ¢ ´´µ¥ ¢ÒÌµ¤´µ¥ ´ ¶·Ö¦¥´¨¥ ¨§ Ê· ¢´¥´¨Ö (49) · ¢´µ

Vout(ξ(ω))
AVG

=
Zeff(ξ(ω))

RG
=

1
RG

Z(ξ(ω))
1 + pZ(ξ(ω))

= Seff(ξ(ω)) + iTeff(ξ(ω)).

(51)

”µ·³ ²Ó´µ ³µ¦´µ · ¸¸³µÉ·¥ÉÓ É ±¦¥ · §´µ¸ÉÓ ¤¢ÊÌ ¨³¶¥¤ ´¸µ¢, ¨§³¥·¥´´ÒÌ
¶·¨ ξ �= 0 ¨ ξ = 0; ¢ ¶· ±É¨±¥ ÔÉ  ¶·µÍ¥¤Ê·  ´ §Ò¢ ¥É¸Ö ®¢ÒÎ¨É ´¨¥³ Ëµ´ ¯.
ˆ³¥¥³

∆Vout(ω)
AVG

=
Vout(ξ) − Vout(ξ = 0)

AVG
= S(ω) + iT (ω) =

= S(ω) + i
2ω
π

∮
ω′

S(ω′)dω′

ω′2 − ω2
, (52)

£¤¥ ¨¸¶µ²Ó§µ¢ ´µ ¸µµÉ´µÏ¥´¨¥ Š·µ´¨£ ÅŠ· ³¥·¸  ¨

S(ω) = Seff(ξ) − Seff(ξ = 0), (53)

T (ω) = Teff(ξ) − Teff(ξ = 0). (54)

 §´µ¸ÉÓ (52) ³Ò ¡Ê¤¥³ ´ §Ò¢ ÉÓ ŸŒ-¸¨£´ ²µ³, ¶µ¸±µ²Ó±Ê ¥¥ ·¥ ²Ó´ Ö Î ¸ÉÓ
S(ω) ¨ ³´¨³ Ö Î ¸ÉÓ T (ω) ¶µÎÉ¨ ¶·µ¶µ·Í¨µ´ ²Ó´Ò ³´¨³µ° (¶µ£²µÐ¥´¨¥) ¨
·¥ ²Ó´µ° (¤¨¸¶¥·¸¨Ö) Î ¸ÉÖ³ Ö¤¥·´µ° ¢µ¸¶·¨¨³Î¨¢µ¸É¨ ¸µµÉ¢¥É¸É¢¥´´µ. �·¨
É ±µ³ µ¶·¥¤¥²¥´¨¨ ŸŒ-¸¨£´ ²  S(ω) ³µ¦¥É ¡ÒÉÓ ¶µ²µ¦¨É¥²Ó´µ° ¨ µÉ·¨-
Í É¥²Ó´µ° ¢¥²¨Î¨´µ°, ± ± · §´µ¸ÉÓ ¤¢ÊÌ ´¥§ ¢¨¸¨³ÒÌ ¨§³¥·¥´¨°. ˆ¸¶µ²Ó§ÊÖ
Ëµ·³Ê²Ò (49), (50) ¨ (52), ¢Ò· §¨³ ŸŒ-¸¨£´ ² Î¥·¥§ ¨³¶¥¤ ´¸ ·¥§µ´ ´¸´µ£µ
±µ´ÉÊ·  Z(ξ):

∆Vout(ω)
AVG

=
Vout(ξ) − Vout(ξ = 0)

AVG
=

1
RG

Z(ξ) − Z(ξ = 0)
[1 + pZ(ξ)][1 + pZ(ξ = 0)]

. (55)

ˆ§ Ëµ·³Ê²Ò (55) ¢¨¤´µ, ÎÉµ ´¥²¨´¥°´Ò¥ ¨¸± ¦¥´¨Ö ¢ÒÌµ¤´µ£µ ¸¨£´ ²  § -
¢¨¸ÖÉ µÉ ±µÔËË¨Í¨¥´É  p, Éµ ¥¸ÉÓ ¢¥²¨Î¨´Ò ÏÊ´É¨·ÊÕÐ¨Ì ·¥§¨¸Éµ·µ¢ Ri ¨
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RG. ‚ ¶·¨´Í¨¶¥, ¶·¨ ÉµÎ´µ³ µ¶·¥¤¥²¥´¨¨ χ′′ ´¥µ¡Ìµ¤¨³µ ¨§³¥·¥´¨¥ É ±¦¥
¨ χ′, ¤²Ö Î¥£µ ¸Ì¥³  ²¨¢¥·¶Ê²Ó¸±µ£µ Q-³¥É·  ¤µ²¦´  ¡ÒÉÓ ¤µ¶µ²´¥´  Ô²¥³¥´-
É ³¨, µ¡µ§´ Î¥´´Ò³¨ ´  ·¨¸. 6 ¶Ê´±É¨·µ³. �· ±É¨Î¥¸±¨ ¦¥ ¶·¥¤¶µÎ¨É ÕÉ
¶µ²Ó§µ¢ ÉÓ¸Ö ¶·µ¸ÉÒ³ ¢ ·¨ ´Éµ³ ¸Ì¥³Ò. ˆ³¥¥É¸Ö µ¡Ð Ö § ±µ´µ³¥·´µ¸ÉÓ,
µÉ³¥Î¥´´ Ö Ÿ.Š.‘¥³¥·É§¨¤¨¸µ³ (Y.K.Semertzidis), ±µÉµ· Ö µ¶·¥¤¥²Ö¥É ¢±² ¤
¤¨¸¶¥·¸¨¨ ¨ ±¢ ¤· É¨Î´µ£µ ¶µ ¶µ£²µÐ¥´¨Õ Î²¥´  ¢ ¨´É¥£· ²Ó´ÊÕ ¨´É¥´¸¨¢-
´µ¸ÉÓ ¸¨£´ ²  ŸŒ. „¥²µ ¢ Éµ³, ÎÉµ ¤²Ö ²Õ¡µ° ±µ³¶²¥±¸´µ° ËÊ´±Í¨¨ V (ξ)
É¨¶  (55) ¢¡²¨§¨ ξ = 0 ¸¶· ¢¥¤²¨¢µ ¸µµÉ´µÏ¥´¨¥ [42, 44]:

Re (V (ξ) − V (0)) = aξ′ + bξ′′ + c(ξ′′2 − ξ′2) + dξ′ξ′′. (56)

Š·µ³¥ Éµ£µ, ¤²Ö ²Õ¡µ° ±µ³¶²¥±¸´µ° ËÊ´±Í¨¨, Ê¤µ¢²¥É¢µ·ÖÕÐ¥° ¸µµÉ´µÏ¥-
´¨Ö³ Š·µ´¨£ ÅŠ· ³¥·¸ , ¢Ò¶µ²´Ö¥É¸Ö ¸µµÉ´µÏ¥´¨¥ [44]:

∞∫
0

(ξ′′2(ω) − ξ′2(ω))dω = 0. (57)

‚ ¸²ÊÎ ¥ ¸¨£´ ²  ¸¨³³¥É·¨Î´µ° Ëµ·³Ò ¶¥·¢Ò° ¨ Î¥É¢¥·ÉÒ° Î²¥´Ò ¢ Ê· ¢´¥-
´¨¨ (56) Ö¢²ÖÕÉ¸Ö ´¥Î¥É´Ò³¨ ËÊ´±Í¨Ö³¨ Î ¸ÉµÉÒ ¨ ¨¸Î¥§ ÕÉ ¶·¨ ¨´É¥£·¨·µ-
¢ ´¨¨ É ± ¦¥, ± ± ¨ É·¥É¨° Î²¥´ ¢ (56), ¢¸²¥¤¸É¢¨¥ ¸µµÉ´µÏ¥´¨Ö (57). �µ¸²¥¤-
´¥¥ ÊÉ¢¥·¦¤¥´¨¥ ¢Ò¶µ²´Ö¥É¸Ö ´¥ ¸É·µ£µ, É ± ± ± ±µÔËË¨Í¨¥´ÉÒ ¢ Ëµ·³Ê²¥
(56) § ¢¨¸ÖÉ µÉ Î ¸ÉµÉÒ. ˆ³¥´´µ ÔÉ¨ ¶·¨Î¨´Ò ¨ µ¡ÑÖ¸´ÖÕÉ ³ ²Ò¥ µÏ¨¡±¨
¨ Ï¨·µ±µ¥ ¶·¨³¥´¥´¨¥ ¨´É¥£· ²Ó´µ£µ ³¥Éµ¤  ¶·¨ ¨§³¥·¥´¨ÖÌ ¶µ²Ö·¨§ Í¨¨
³¨Ï¥´¥°.

2.3. • · ±É¥·´Ò¥ ¨¸± ¦¥´¨Ö ¶·µÉµ´´ÒÌ ¸¶¥±É·µ¢. —Éµ¡Ò ¶µ± § ÉÓ Ì -
· ±É¥·´Ò¥ ¨¸± ¦¥´¨Ö Ëµ·³Ò ¸¨£´ ² , ¶·¨¢¥¤¥³ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¶µ Ëµ·-
³Ê² ³ (50), (55) [42], ¨¸¶µ²Ó§ÊÖ ËÊ´±Í¨Õ ¶µ£²µÐ¥´¨Ö [45]:

ξ′′(ω) =
ξ0

1 +
∣∣∣ω−ω0

σ

∣∣∣2,5 . (58)

„¨¸¶¥·¸¨Ö · ¸¸Î¨ÉÒ¢ ² ¸Ó ¨§ ¸µµÉ´µÏ¥´¨Ö Š·µ´¨£ ÅŠ· ³¥·¸  ¶µ  ²£µ·¨É³Ê
[46] (µ¡¥ ËÊ´±Í¨¨ ¶µ± § ´Ò ´  ·¨¸. 4). ¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¶·¥¤¸É ¢²¥´Ò ´ 
·¨¸. 7. ‡ ¢¨¸¨³µ¸ÉÓ §´ ³¥´ É¥²Ö Ëµ·³Ê²Ò (55) µÉ ¢µ¸¶·¨¨³Î¨¢µ¸É¨ Ö¢²Ö¥É¸Ö
£² ¢´µ° ¶·¨Î¨´µ° ¨¸± ¦¥´¨° Ê¸¨²¥´´ÒÌ ŸŒ-¸¨£´ ²µ¢, £²Ê¡¨´  ³µ¤Ê²ÖÍ¨¨
±µÉµ·ÒÌ ¶·¥¢ÒÏ ¥É 20%. Š ± ¨ µ¦¨¤ ²µ¸Ó,  ³¶²¨ÉÊ¤  ¸¨£´ ²  ¶·¨ µÉ·¨-
Í É¥²Ó´µ° ¶µ²Ö·¨§ Í¨¨ ¡µ²ÓÏ¥, Î¥³ ¶·¨ ¶µ²µ¦¨É¥²Ó´µ°,   ¨´É¥£· ² µÉ ¸¨£-
´ ²  ¶·¨ ¶µ²µ¦¨É¥²Ó´µ° ³¥´ÓÏ¥, Î¥³ ¶·¨ µÉ·¨Í É¥²Ó´µ° ¶µ²Ö·¨§ Í¨¨. �·¨
¶µ²Ö·¨§ Í¨¨ ¶µ·Ö¤±  90% ¨ £²Ê¡¨´¥ ³µ¤Ê²ÖÍ¨¨, ¤µ¸É¨£ ÕÐ¥° 40%, µÉ´µÏ¥-
´¨¥ ¨´É¥£· ²µ¢ ÔÉ¨Ì ¸¨£´ ²µ¢ · ¢´µ 0,98, ¢µ¶·¥±¨ §´ Î¨É¥²Ó´Ò³ ¨¸± ¦¥´¨Ö³
Ëµ·³Ò ²¨´¨°. �·¨ µ¤´µ° ¨ Éµ° ¦¥ ¢¥²¨Î¨´¥, ´µ · §´ÒÌ §´ ± Ì ¶µ²Ö·¨§ Í¨¨,
· ¸Î¥É ¨ Ô±¸¶¥·¨³¥´É ¶µ± §Ò¢ ÕÉ ÊÏ¨·¥´¨¥ ¤µ 85 ±ƒÍ ¶·¨ ¶µ²µ¦¨É¥²Ó´µ° ¨
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¸Ê¦¥´¨¥ Ëµ·³Ò ²¨´¨¨ ¤µ 53 ±ƒÍ ¶·¨ µÉ·¨Í É¥²Ó´µ° ¶µ²Ö·¨§ Í¨¨; ¥¸É¥¸É¢¥´-
´ Ö ¶µ²ÊÏ¨·¨´  ²¨´¨¨ · ¢´Ö² ¸Ó 70 ±ƒÍ.

‚ ¶·¥¤Ò¤ÊÐ¨Ì · ¸Î¥É Ì ¶µ² £ ²µ¸Ó, ÎÉµ ¨´É¥£·¨·µ¢ ´¨¥ ŸŒ-¸¨£´ ²  ¢¥-
¤¥É¸Ö µÉ´µ¸¨É¥²Ó´µ ¨§¢¥¸É´µ° ¡ §µ¢µ° ²¨´¨¨. �  ¶· ±É¨±¥ ¦¥ ±·Ò²ÓÖ ¸¨£´ ² 

¨¸. 7. ‘· ¢´¥´¨¥ Ëµ·³ ²¨´¨° Ê¸¨²¥´-
´µ£µ ŸŒ-¸¨£´ ²  ¶µ²µ¦¨É¥²Ó´µ° (1) ¨
¨´¢¥·É¨·µ¢ ´´µ£µ ¸¨£´ ²  µÉ·¨Í É¥²Ó´µ°
(2) ¶µ²Ö·¨§ Í¨° ´  ¢ÒÌµ¤¥ Q-³¥É·  ¶·¨
µ¤¨´ ±µ¢µ° ¶µ ³µ¤Ê²Õ Ö¤¥·´µ° ¶µ²Ö·¨-
§ Í¨¨ ³¨Ï¥´¨

¶µ²´µ¸ÉÓÕ ¶·µ¶¨¸ ÉÓ ´¥ Ê¤ ¥É¸Ö, ¶µ-
ÔÉµ³Ê ÉµÎ´µ¥ ¶µ²µ¦¥´¨¥ ¡ §µ¢µ° ²¨-
´¨¨ ´¥¨§¢¥¸É´µ. �´ ²¨§ ¶µ± §Ò¢ ¥É,
ÎÉµ ³¥´ÓÏ Ö µÏ¨¡±  ¶µ²ÊÎ ¥É¸Ö ¶·¨
¸·¥¤´¥³ ¶µ²µ¦¥´¨¨ ¡ §µ¢µ° ²¨´¨¨,
±µ£¤  ¶·¨ ¨´É¥£·¨·µ¢ ´¨¨ ¤¨¸¶¥·¸¨-
µ´´Ò° ¢±² ¤ ´  ±·Ò²ÓÖÌ ¢§ ¨³´µ
±µ³¶¥´¸¨·Ê¥É¸Ö. ‘ Í¥²ÓÕ Ê³¥´ÓÏ¥-
´¨Ö ¢²¨Ö´¨Ö ´¥¶µ²´µ£µ ¨´É¥£·¨·µ¢ -
´¨Ö ¸¨£´ ²  ¶·¨ µÉ´µ¸¨É¥²Ó´ÒÌ ¨§³¥-
·¥´¨ÖÌ ¸É · ÕÉ¸Ö ÉµÎ´µ Ë¨±¸¨·µ¢ ÉÓ
¶µ²µ¦¥´¨¥ ¸¨£´ ²  ¶µ µÉ´µÏ¥´¨Õ ±
· §¢¥·É±¥.

�µ³¨³µ ¶¥·¥Î¨¸²¥´´ÒÌ ¶µ£·¥Ï-
´µ¸É¥° ´¥µ¡Ìµ¤¨³µ ¨³¥ÉÓ ¢ ¢¨¤Ê, ÎÉµ
¤ ¦¥ ¢ ¶·¥¤¥² Ì · ¡µÎ¥£µ ¤¨ ¶ §µ´ 
Î ¸ÉµÉ´µ° · §¢¥·É±¨, ¸µ¸É ¢²ÖÕÐ¥£µ
µ¡ÒÎ´µ 500 ±ƒÍ, ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ
Q-³¥É·  § ¢¨¸¨É µÉ Î ¸ÉµÉÒ.

�·¨ · ¡µÉ¥ ¸ ¶·µÉµ´´µ° ³¨Ï¥-
´ÓÕ Î ¸Éµ ¢µ§´¨± ¥É ¶·µ¡²¥³  ¡µ²Ó-
Ï¨Ì ¸¨£´ ²µ¢. ‡¤¥¸Ó ¶·¨Ìµ¤¨É¸Ö ¸¶¥-
Í¨ ²Ó´Ò³ µ¡· §µ³ ¢Ò¶µ²´ÖÉÓ ¶·¨-
¥³´ÊÕ ± ÉÊÏ±Ê Q-³¥É· .  §²¨Î´Ò¥
Ëµ·³Ò ¶·¨¥³´ÒÌ ± ÉÊÏ¥± · ¸¸³µ-

É·¥´Ò ¢ · ¡µÉ¥ [30]. ’ ³ ¦¥ ¶·¨¢¥¤¥´ Ì · ±É¥·´Ò° Ìµ¤ ±µ··¥±É¨·ÊÕÐ¨Ì
¶µ¶· ¢µ± Q-³¥É·  ¢ § ¢¨¸¨³µ¸É¨ µÉ ¢¥²¨Î¨´Ò ¶µ²Ö·¨§ Í¨¨. Š ÉÊÏ±¨, ¢Ò-
¶µ²´¥´´Ò¥ ¨§ Éµ´±µ° ¶·µ¢µ²µ±¨, ± ± ¶· ¢¨²µ, ¢Ò§Ò¢ ÕÉ §´ Î¨É¥²Ó´µ¥ · ¤¨-
 Í¨µ´´µ¥ · §·ÊÏ¥´¨¥ ¶µ²Ö·¨§ Í¨¨ ¢¡²¨§¨ ¢¨É±µ¢ ¨§-§  ¢Ò¸µ±µ° ¶²µÉ´µ¸É¨
¶µ¢¥·Ì´µ¸É´ÒÌ Éµ±µ¢; ¶µ ÔÉµ° ¶·¨Î¨´¥ ¨Ì ¸É · ÕÉ¸Ö ¨§£µÉµ¢²ÖÉÓ ¨§ ³¥É ²-
²¨Î¥¸±µ° É·Ê¡±¨ ¤¨ ³¥É·µ³ µ±µ²µ 2 ³³.

3. ˆ‡Œ…�…�ˆ… �	‹Ÿ�ˆ‡�–ˆˆ Ÿ„…� CO ‘�ˆ�	Œ I = 1

‚ ¸¨²Ó´µ³ ³ £´¨É´µ³ ¶µ²¥ ¸¶¨´µ¢ Ö ¸¨¸É¥³  ¸ I = 1 ¨³¥¥É É·¨ ³ £´¨É-
´ÒÌ ¶µ¤Ê·µ¢´Ö, § ¸¥²¥´´µ¸É¨ ±µÉµ·ÒÌ ´¥µ¡Ìµ¤¨³µ §´ ÉÓ ¤²Ö ¶µ²´µ£µ µ¶·¥¤¥-
²¥´¨Ö ¸µ¸ÉµÖ´¨Ö ³¨Ï¥´¨ ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ · ¸¸¥Ö´¨Õ Î ¸É¨Í. Ha ¶· ±É¨±¥
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¢³¥¸Éµ § ¸¥²¥´´µ¸É¥° Ê¤µ¡´¥¥ ¨¸¶µ²Ó§µ¢ ÉÓ ¶·µ¨§¢µ¤´ÊÕ ¸¨¸É¥³Ê ¤·Ê£¨Ì É·¥Ì
¶ · ³¥É·µ¢. �¥·¢Ò° ¨§ ´¨Ì Å ¶²µÉ´µ¸ÉÓ µÌ² ¦¤¥´´µ£µ ³ É¥·¨ ² , ±µÉµ· Ö
¶·¨ ¨§¢¥¸É´µ³ Ì¨³¨Î¥¸±µ³ ¸µ¸É ¢¥ ¶µ§¢µ²Ö¥É · ¸¸Î¨É ÉÓ ±µ²¨Î¥¸É¢µ · §²¨Î-
´ÒÌ Ö¤¥· ¢ ³¨Ï¥´¨. �¶·¥¤¥²¥´¨¥ ¶²µÉ´µ¸É¨ ³ É¥·¨ ² , µ¡ÒÎ´µ ¨¸¶µ²Ó§Ê-
¥³µ£µ ¢ ¢¨¤¥ µÌ² ¦¤¥´´ÒÌ Ï ·¨±µ¢, ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ´¥¶·µ¸ÉÊÕ § ¤ ÎÊ,
É·¥¡ÊÕÐÊÕ ¶·¨³¥´¥´¨Ö ¸¶¥Í¨ ²Ó´µ° ³¥Éµ¤¨±¨ [47]. „ ²¥¥, ¥¸²¨ ¸¶¨´µ¢ Ö
¸¨¸É¥³  ´ Ìµ¤¨É¸Ö ¢ É¥·³¨Î¥¸±µ³ (¡µ²ÓÍ³ ´µ¢¸±µ³) · ¢´µ¢¥¸¨¨, Éµ ¨§¢¥¸É´µ
¸µµÉ´µÏ¥´¨¥ § ¸¥²¥´´µ¸É¥° ¶µ¤Ê·µ¢´¥° Å ¢Éµ·µ° ¶ · ³¥É·. ’ ±¨³ µ¡· §µ³,
¤²Ö ¶µ²´µ£µ · ¸Î¥É  ¸¶¨´µ¢µ° ¸¨¸É¥³Ò µ¸É ¥É¸Ö ¨§³¥·¨ÉÓ ¥¤¨´¸É¢¥´´ÊÕ ¢¥-
²¨Î¨´Ê Å ¢¥±Éµ·´ÊÕ ¶µ²Ö·¨§ Í¨Õ, ±µÉµ· Ö ¶µ§¢µ²Ö¥É µ¶·¥¤¥²¨ÉÓ Î¨¸²¥´´µ¥
§´ Î¥´¨¥ ¸¶¨´µ¢µ° É¥³¶¥· ÉÊ·Ò ¨ É¥´§µ·´ÊÕ ¶µ²Ö·¨§ Í¨Õ Ö¤¥·. ŒÒ · ¸-
¸³µÉ·¨³ Ö¤·  ¤¢ÊÌ É¨¶µ¢: ¤¥°É·µ´Ò ¢ ¤¥°É¥·¨·µ¢ ´´µ³ ¡ÊÉ ´µ²¥ [47, 48],
¶·µ¶ ´¤¨µ²¥ [50] ¨ Ö¤·   §µÉ  (14N) ¢  ³³¨ Î´µ° ³¨Ï¥´¨ [30, 33]. ‚ µ¡µ¨Ì
³ É¥·¨ ² Ì É¥´§µ· £· ¤¨¥´É  Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö µ¡² ¤ ¥É  ±¸¨ ²Ó´µ° ¸¨³-
³¥É·¨¥°, ÎÉµ ¢ ¤ ²Ó´¥°Ï¨Ì · ¸Î¥É Ì ¡Ê¤¥É ¶·¥¤¶µ² £ ÉÓ¸Ö ¶µ Ê³µ²Î ´¨Õ.
ƒ¨·µ³ £´¨É´µ¥ µÉ´µÏ¥´¨¥ ¤¥°É·µ´µ¢ ¢ 6,5 · § ³¥´ÓÏ¥ ¶·µÉµ´´µ£µ, µÉ²¨Î -
¥É¸Ö ¨ Ëµ·³  ŸŒ-²¨´¨¨, É ± ÎÉµ ¶·¨ µ¤¨´ ±µ¢µ° ¸¶¨´µ¢µ° ±µ´Í¥´É· Í¨¨
¨´É¥£· ²Ó´ Ö ¨´É¥´¸¨¢´µ¸ÉÓ ¤¥°É·µ´´ÒÌ ¸¨£´ ²µ¢ µ± §Ò¢ ¥É¸Ö ¶·¨³¥·´µ ¢
100 · § ´¨¦¥. ’¥³ ´¥ ³¥´¥¥ ¢ ¤¥°É·µ´´ÒÌ ³¨Ï¥´ÖÌ ¥Ð¥ Ê¤ ¥É¸Ö ¢Ò¶µ²´¨ÉÓ
TE-± ²¨¡·µ¢±Ê ¸ ³ ²µ° ¶µ£·¥Ï´µ¸ÉÓÕ [30, 49]. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¢¥¸Ó³ 
É·Ê¤´Ò¥ ¶·µ¡²¥³Ò ¶·¨Ìµ¤¨É¸Ö ·¥Ï ÉÓ ¶·¨ ¤¥É¥±É¨·µ¢ ´¨¨ ¤ ¦¥ Ê¸¨²¥´´ÒÌ
¢ 300 · § ¸¨£´ ²µ¢ µÉ Ö¤¥·  §µÉ  ¢  ³³¨ Î´µ° ³¨Ï¥´¨ [33].

‚ ³¨Ï¥´ÖÌ ´¥¡µ²ÓÏµ£µ µ¡Ñ¥³  (10 ÷ 20 ¸³3) [50] ¶µ²Ö·¨§ Í¨Õ Î ¸Éµ
µ¶·¥¤¥²ÖÕÉ ´¥ ¶µ ¨´É¥£· ²Ó´µ° ¨´É¥´¸¨¢´µ¸É¨,   ³¥´¥¥ ÉµÎ´Ò³ ³¥Éµ¤µ³ Å
¶µ  ¸¨³³¥É·¨¨ Ëµ·³Ò ŸŒ-²¨´¨¨. �ÉµÉ ³¥Éµ¤ ´¥ É·¥¡Ê¥É ’…-± ²¨¡·µ¢±¨,
´µ ¶·¥¤¶µ² £ ¥É ´ ²¨Î¨¥ ¢´ÊÉ·¥´´¥£µ · ¢´µ¢¥¸¨Ö ¢ ¸¶¨´µ¢µ° ¸¨¸É¥³¥ ¨ ÉµÎ-
´µe ¢µ¸¶·µ¨§¢¥¤¥´¨e Ëµ·³Ò ²¨´¨¨. �   ¸¨³³¥É·¨Õ ¨ Ëµ·³Ê ²¨´¨¨ ¸¨£´ ² 
¸ÊÐ¥¸É¢¥´´µ ¢²¨ÖÕÉ ±¢ ¤·Ê¶µ²Ó´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¶µÔÉµ³Ê ¨Ì ·µ²Ó ´¥µ¡-
Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ ´ ·Ö¤Ê ¸ §¥¥³ ´µ¢¸±¨³ ¢§ ¨³µ¤¥°¸É¢¨¥³.

3.1. �µ²Ö·¨§ Í¨µ´´Ò¥ ¶ · ³¥É·Ò Ö¤¥· ¸µ ¸¶¨´µ³ I = 1. ‚ ³ £´¨É´µ³
¶µ²¥ Ô´¥·£¨Ö ± ¦¤µ£µ ¨§ ¶µ¤Ê·µ¢´¥° ¸¶¨´µ¢µ° ¸¨¸É¥³Ò (I = 1), ¸ ÊÎ¥Éµ³
±¢ ¤·Ê¶µ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥ [51]:

Em = E0 − E1m + E2m
2, (59)

£¤¥ m Å ³ £´¨É´µ¥ ±¢ ´Éµ¢µ¥ Î¨¸²µ,

E0 = −2hνQ(2 cos2 θ − 1), E1 = hνD, E2 = 2hνQ(3 cos2 θ − 1). (60)

‡¤¥¸Ó νD = γDH0/2π Å Í¥´É· ²Ó´ Ö Î ¸ÉµÉ  ¸¶¥±É· , γD Å £¨·µ³ £´¨É´µ¥
µÉ´µÏ¥´¨¥ ¤¥°É·µ´ , νQ = eqQ/(8h), q Å ±¢ ¤·Ê¶µ²Ó´Ò° ³µ³¥´É Ö¤·  ¢ ¸³2,
Q Å £² ¢´µ¥ §´ Î¥´¨¥ ¸¨³³¥É·¨Î´µ£µ É¥´§µ·  Qαβ = ∂2ϕ/∂xα∂xβ (ϕ Å
¶µÉ¥´Í¨ ² Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¢ ±·¨¸É ²²¥), θ Å Ê£µ² ³¥¦¤Ê ´ ¶· ¢²¥´¨¥³
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³ £´¨É´µ£µ ¶µ²Ö H0 ¨ £² ¢´µ° µ¸ÓÕ É¥´§µ·  Qαβ . ‚ ¸¨¸É¥³¥ £² ¢´ÒÌ µ¸¥°
´¥´Ê²¥¢Ò¥ ±µ³¶µ´¥´ÉÒ É¥´§µ·  § ¶¨¸Ò¢ ÕÉ¸Ö ¢ ¢¨¤¥ Qzz = Q, Qzz = Qyy =
= −Q/2. ‚ E0 ¢±²ÕÎ¥´Ò ¢¸¥ ¢±² ¤Ò ¢ Ô´¥·£¨Õ ¢§ ¨³µ¤¥°¸É¢¨Ö, ±µÉµ·Ò¥ ´¥
§ ¢¨¸ÖÉ µÉ ¸¶¨´ . ‚ ¸¢µÕ µÎ¥·¥¤Ó, ¶µ²Ö·¨§ Í¨µ´´Ò¥ ¶ · ³¥É·Ò ´¥ § ¢¨¸ÖÉ µÉ
E0. ‚ · §´ÒÌ Ö¤· Ì ¸µµÉ´µÏ¥´¨¥ E2/E1 ³µ¦¥É ³¥´ÖÉÓ¸Ö µÉ 10−3 ¤µ 10−2.
‡ ¸¥²¥´´µ¸É¨ Ê·µ¢´¥° w(m) ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤ [51]:

Z1w(1) = exp [−(E0 − E1 + E2)/kT ],

Z1w(−1) = exp [−(E0 + E1 + E2)/kT ], (61)

Z1w(0) = exp [−E0/kT ],

£¤¥ T Å ¸¶¨´µ¢ Ö É¥³¶¥· ÉÊ· , Z1 Å ¸É É¨¸É¨Î¥¸± Ö ¸Ê³³ :

Z1 = e−E0/kT

[
1 + 2e−E2/kT ch

(
E1
kT

)]
. (62)

‘ ¶µ³µÐÓÕ Ê· ¢´¥´¨° (60)Ä(62) ¶µ²ÊÎ ¥É¸Ö ¸²¥¤ÊÕÐ Ö Ëµ·³Ê²  ¤²Ö ¶µ²Ö·¨-
§ Í¨¨, ÊÎ¨ÉÒ¢ ÕÐ Ö ±¢ ¤·Ê¶µ²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ [51]:

PI=1(x, y) = w(1) − w(−1) = P1(x)

[
1 −

(
1 − th2

(
x
2

))
(1 − e−y)

1 + 2e−y + (2e−y − 1)th2
(
x
2

)
]
,

(63)

x =
E1
kT

, y =
E2
kT

. (64)

”µ·³Ê²  (63) ¶µ§¢µ²Ö¥É µÍ¥´¨ÉÓ ¢²¨Ö´¨¥ ±¢ ¤·Ê¶µ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ´ 
¢¥²¨Î¨´Ê ¶µ²Ö·¨§ Í¨¨. ‚Ò· ¦¥´¨¥ ¢ ±¢ ¤· É´ÒÌ ¸±µ¡± Ì ¢ Ê· ¢´¥´¨¨ (63)
¸µ¸É ¢²Ö¥É ´¥¡µ²ÓÏÊÕ, ´µ  ¸¨³³¥É·¨Î´ÊÕ ¶µ §´ ±Ê ¶µ²Ö·¨§ Í¨¨ ¶µ¶· ¢±Ê ±
P1(x), ±µÉµ· Ö µ¡ÒÎ´µ ³¥´¥¥ ∼ 3%. �·¨ ´¥¡µ²ÓÏ¨Ì ±¢ ¤·Ê¶µ²Ó´ÒÌ ¢§ ¨³µ-
¤¥°¸É¢¨ÖÌ, ±µ£¤  E2 ≈ 0, ¶µ²Ö·¨§ Í¨Ö · ¸¸Î¨ÉÒ¢ ¥É¸Ö ¶µ Ëµ·³Ê²¥

P1(x) =
4th

(
x
2

)
3 + th2

(
x
2

) . (65)

—Éµ¡Ò ¸¢Ö§ ÉÓ ¶µ²Ö·¨§ Í¨Õ ¸ ¶ · ³¥É·µ³, µ¶·¥¤¥²ÖÕÐ¨³ ¸¶¥±É· ²Ó´ÊÕ Ëµ·³Ê
²¨´¨¨, ¢¢µ¤¨É¸Ö  ¸¨³³¥É·¨Ö [52]:

R =
w(1) − w(0)
w(0) − w(−1)

. (66)
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ˆ¸¶µ²Ó§ÊÖ ¸µµÉ´µÏ¥´¨Ö (61), (62), ´¥É·Ê¤´µ ¢Ò· §¨ÉÓ R ¢ ¢¨¤¥ [51]:

R(θ) =
e(x−y(θ)) − 1

1 − e−(x+y(θ))
. (67)

”µ·³Ê²  (67) ¢ ¶ · ³¥É·¨Î¥¸±µ³ ¢¨¤¥ ¢Ò· ¦ ¥É § ¢¨¸¨³µ¸ÉÓ  ¸¨³³¥É·¨¨ µÉ
¸¶¨´µ¢µ° É¥³¶¥· ÉÊ·Ò. ‚ Î ¸É´µ³ ¸²ÊÎ ¥ E2 = 0, y = 0, µÉ¸Õ¤  ¶µ²ÊÎ -
¥É¸Ö Ëµ·³Ê² , µ¡ÒÎ´µ ¨¸¶µ²Ó§Ê¥³ Ö ¤²Ö · ¸Î¥É  ¤¥°É·µ´´µ° ¶µ²Ö·¨§ Í¨¨ ¶µ
 ¸¨³³¥É·¨¨

P =
R2 − 1

R2 + R + 1
. (68)

�·¨ ´Ê²¥¢µ° ¶µ²Ö·¨§ Í¨¨ (T → ∞)  ¸¨³³¥É·¨Ö ¸É·¥³¨É¸Ö ± ¶·¥¤¥²Ê

lim
T→∞

R(θ) =
1 − E2/E1
1 + E2/E1

. (69)

�É´µÏ¥´¨¥ E1/E2 µ¶·¥¤¥²Ö¥É¸Ö ¶µ ŸŒ-¸¶¥±É·Ê. ‚ ¸²ÊÎ ¥ ¤¥°É·µ´µ¢  ¸¨³-
³¥É·¨Ö (69) ¸ ÉµÎ´µ¸ÉÓÕ 0,6% · ¢´  ¥¤¨´¨Í¥ ¨, µÎ¥¢¨¤´µ, E2 ∼= 0 Ö¢²Ö¥É¸Ö
Ìµ·µÏ¨³ ¶·¨¡²¨¦¥´¨¥³ ¤²Ö · ¸Î¥É  ¶µ²Ö·¨§ Í¨¨. ‚ ¸²ÊÎ ¥ Ö¤¥· 14N ¢  ³-
³¨ Î´µ° ³¨Ï¥´¨ ÔÉµ µÉ´µÏ¥´¨¥ · ¢´µ 1,46, ¨ ¶·¨ · ¸Î¥É¥  ¸¨³³¥É·¨¨ ´¥-
µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ ±¢ ¤·Ê¶µ²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥. ”µ·³  ²¨´¨¨ ¸¶¥±É·µ¢
14N É ±¦¥ ¡Ê¤¥É µÉ²¨Î ÉÓ¸Ö µÉ Ëµ·³Ò ¤¥°É·µ´´ÒÌ ¸¶¥±É·µ¢ [30, 33].

3.2. Œ¥Éµ¤ · ¸Î¥É  ¶µ²Ö·¨§ Í¨¨ ¤¥°É·µ´µ¢. ‘¶¥±É· ŸŒ ¤¥°É·µ´µ¢ ¸µ-
¸Éµ¨É ¨§ ¤¢ÊÌ ¢§ ¨³´µ ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ²¨´¨° J+(xi) ¨ J−(xi), ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨Ì ¶¥·¥Ìµ¤ ³ m = +1 ↔ m = 0 ¨ m = 0 ↔ m = −1. ’¥µ·¥É¨Î¥¸± Ö [53]
¨ Ô±¸¶¥·¨³¥´É ²Ó´ Ö Ëµ·³Ò ²¨´¨° ¢ ¶·µ¶ ´¤¨µ²¥ [54] ¶µ± § ´Ò ´  ·¨¸. 8.
’ ± ± ± ¨´É¥´¸¨¢´µ¸ÉÓ ŸŒ-²¨´¨¨ ¶·µ¶µ·Í¨µ´ ²Ó´  · §´µ¸É¨ § ¸¥²¥´´µ¸É¥°
³ £´¨É´ÒÌ ¶µ¤Ê·µ¢´¥° ¸ ∆m = ±1, Éµ µÉ´µÏ¥´¨¥ ¨´É¥´¸¨¢´µ¸É¥° ¶¥·¥Ìµ-
¤µ¢ ¸µ¢¶ ¤ ¥É ¸ µ¶·¥¤¥²¥´¨¥³  ¸¨³³¥É·¨¨ ¶µ Ëµ·³Ê²¥ (66). cµ²¥¥ Éµ£µ, ¶·¨
 ±¸¨ ²Ó´µ° ¸¨³³¥É·¨¨ É¥µ·¨Ö ¶·¥¤¸± §Ò¢ ¥É §¥·± ²Ó´ÊÕ ¸¨³³¥É·¨Õ ´µ·³¨-
·µ¢ ´´ÒÌ Ëµ·³ ²¨´¨¨ ¶¥·¥Ìµ¤µ¢ J+(xi) ¨ J−(xi) (¸³. Ëµ·³Ê²Ò (75), (76)),
¶µÔÉµ³Ê ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉµ µÉ´µÏ¥´¨¥  ³¶²¨ÉÊ¤

R =
J+(xi)
J−(xi)

, (70)

£¤¥ xi Å ´µ³¥· ± ´ ²   ´ ²¨§ Éµ· , µÉ¸Î¨ÉÒ¢ ¥³Ò° µÉ Í¥´É· ²Ó´µ° (² ·³µ-
·µ¢¸±µ°) Î ¸ÉµÉÒ ¸¶¥±É· . ‘Ê³³  ¨´É¥´¸¨¢´µ¸É¥° µ¡µ¨Ì ¶¥·¥Ìµ¤µ¢ ¸µ¸É ¢²Ö¥É
¸¶¥±É· ´ ¡²Õ¤ ¥³µ£µ ¸¨£´ ² 

S(xi) = J+(xi) + J−(xi), (71)
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¨¸. 8. ’¥µ·¥É¨Î¥¸± Ö (1) ¨ Ô±¸¶¥·¨³¥´É ²Ó´ Ö (2) Ëµ·³Ò ²¨´¨° ¶µ£²µÐ¥´¨Ö ³ £´¨É-
´µ£µ ¤¨¶µ²Ó´µ£µ ¶¥·¥Ìµ¤  J−(x) ¢ ¤¥°É¥·¨·µ¢ ´´µ³ ¶·µ¶ ´¤¨µ²¥ [54]

¶µ  ¸¨³³¥É·¨¨ ±µÉµ·µ£µ µ¶·¥¤¥²Ö¥É¸Ö ¶µ²Ö·¨§ Í¨Ö ¤¥°É·µ´µ¢. ‚¢¥¤¥³ ¢¸¶µ-
³µ£ É¥²Ó´Ò¥ ¸¨³³¥É·¨Î´ÊÕ C(x) ¨  ´É¨¸¨³³¥É·¨Î´ÊÕ A(x) ËÊ´±Í¨¨ [54]:

C(xi) =
1
2

[S(xi) + S(−xi)], A(xi) =
1
2

[S(xi) − S(−xi)]. (72)

ˆ¸¶µ²Ó§ÊÖ ¸µµÉ´µÏ¥´¨Ö (70)Ä(72), ´¥É·Ê¤´µ ¢Ò· §¨ÉÓ ËÊ´±Í¨¨ J± Î¥·¥§
ËÊ´±Í¨¨ A(xi) ¨ C(xi). ˆ³¥¥³

J+(xi) =
R

R2 − 1
[(R + 1)A(xi) + (R− 1)C(xi)], (73)

J−(xi) =
1

R2 − 1
[(R− 1)C(xi) − (R + 1)A(xi)]. (74)

…¤¨´¸É¢¥´´µ° ´¥¨§¢¥¸É´µ° ¢ ÔÉ¨Ì Ê· ¢´¥´¨ÖÌ Ö¢²Ö¥É¸Ö ¶ · ³¥É· R, ¤²Ö µ¶·¥-
¤¥²¥´¨Ö ±µÉµ·µ£µ ´¥µ¡Ìµ¤¨³µ ¶·¨¢²¥ÎÓ ¤µ¶µ²´¨É¥²Ó´ÊÕ ¨´Ëµ·³ Í¨Õ µ ËÊ´±-
Í¨ÖÌ J±. � ¶·¨³¥·, R ³µ¦´µ · ¸¸Î¨É ÉÓ ¶µ É·¥³ ¸¥¤²µ¢Ò³ ÉµÎ± ³ ¸¶¥±É· 
[54], µÉ³¥Î¥´´Ò³ ´  ·¨¸. 9, ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ ´ ¨²ÊÎÏ¥¥ ¶·¨¡²¨¦¥´¨¥ ± É¥µ-
·¥É¨Î¥¸±µ° Ëµ·³¥ ²¨´¨¨ ¶¥·¥Ìµ¤µ¢ [53]:

J+T (x) =
B√

1 − x
, −2 < x < 1, (75)



’…•�ˆŠ� ��‹Ÿˆ‡�‚���›• Œˆ˜…�…‰ 739

J−
T (x) =

B

R
√

1 + x
, −1 < x < 2, (76)

£¤¥ B Å ´µ·³¨·µ¢µÎ´ Ö ±µ´¸É ´É , x = (ν − νD)/(2νQ). ”µ·³  ¸¶¥±É·a
(76) ¶µ± § ´  ¶Ê´±É¨·µ³ ´  ·¨¸. 8. ‚ ·¥§Ê²ÓÉ É¥ ´¥¸²µ¦´ÒÌ  ²£¥¡· ¨Î¥¸±¨Ì
¶·¥µ¡· §µ¢ ´¨° ¨§ Ê· ¢´¥´¨° (73), (74) ¶µ²ÊÎ ¥É¸Ö ¶µ²¥§´ Ö Ëµ·³Ê²  [54]:

R =
S(+1) − S(0)/

√
2

S(−1) − S(0)/
√

2
. (77)

�É  Ëµ·³Ê²  ¶µ§¢µ²Ö¥É · ¸¸Î¨É ÉÓ  ¸¨³³¥É·¨Õ ¤¥°É·µ´´µ£µ ¸¶¥±É·  ¶µ  ³-
¶²¨ÉÊ¤ ³ É·¥Ì ¸¥¤²µ¢ÒÌ ÉµÎ¥±, · ¸¶µ²µ¦¥´¨¥ ±µÉµ·ÒÌ ¶µ± § ´µ ´  ·¨¸. 9. „ -
²¥¥, ¨¸¶µ²Ó§ÊÖ (68), ²¥£±µ µ¶·¥¤¥²¨ÉÓ ¶µ²Ö·¨§ Í¨Õ, ¨, ´ ±µ´¥Í, ¨§ Ê· ¢´¥´¨°
(73), (74) ¶µ²ÊÎ¨ÉÓ Ëµ·³Ê ²¨´¨¨ ± ¦¤µ£µ ³ £´¨É´µ£µ ¤¨¶µ²Ó´µ£µ ¶¥·¥Ìµ¤ .

¨¸. 9. �¡µ§´ Î¥´¨¥ ¸¥¤²µ¢ÒÌ ÉµÎ¥± ´  ¤¥°É·µ´´µ³ ¸¶¥±É·¥, ±µÉµ·Ò¥ ¨¸¶µ²Ó§ÊÕÉ¸Ö
¶·¨ · ¸Î¥É¥ ¶µ²Ö·¨§ Í¨¨ ¶µ Ëµ·³Ê²¥ (77)

‚ µ¶ÒÉ Ì [55, 56] ¡Ò²µ ¢Ò¶µ²´¥´µ ¸· ¢´¥´¨¥ ¶µ²Ö·¨§ Í¨¨, ¨§³¥·¥´´µ°
¶µ  ¸¨³³¥É·¨¨ ¨ ¨´É¥£· ²Ó´Ò³ ³¥Éµ¤µ³. �·¨ ¢Ò¸µ±¨Ì §´ Î¥´¨ÖÌ Ö¤¥·´µ°
¶µ²Ö·¨§ Í¨¨ µ¡  ³¥Éµ¤  ¶µ± §Ò¢ ÕÉ Ìµ·µÏµ ¸µ¢³¥¸É¨³Ò¥ §´ Î¥´¨Ö. �¤´ ±µ
¶·¨  ¡¸µ²ÕÉ´ÒÌ ¢¥²¨Î¨´ Ì ¶µ²Ö·¨§ Í¨¨ ³¥´¥¥ 15÷20%, ± ± ¶· ¢¨²µ, ³¥Éµ¤Ò
¤ ÕÉ ¸ÊÐ¥¸É¢¥´´µ¥ · ¸Ìµ¦¤¥´¨¥ ¢ µ¶·¥¤¥²¥´¨¨ ¶µ²Ö·¨§ Í¨¨. ŒÒ ¢¥·´¥³¸Ö
± ÔÉµ° ¶·µ¡²¥³¥, ¸¢Ö§ ´´µ° ¸ Ê¸É ´µ¢²¥´¨¥³ É¥¶²µ¢µ£µ · ¢´µ¢¥¸¨Ö ¢ ¸¶¨´µ-
¢ÒÌ ¸¨¸É¥³ Ì ±¢ ¤·Ê¶µ²Ó´ÒÌ Ö¤¥·, ¨ ¶µ¶ÒÉ ¥³¸Ö £²Ê¡¦¥ ¶·µ ´ ²¨§¨·µ¢ ÉÓ
¶·¨Î¨´Ò É ±µ£µ · ¸Ìµ¦¤¥´¨Ö.
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3.3. �µ²Ö·¨§ Í¨Ö Ö¤¥· 14N ¢  ³³¨ Î´µ° ³¨Ï¥´¨. ‚ ¶·µÍ¥¸¸¥ ¤¨´ -
³¨Î¥¸±µ° ¶µ²Ö·¨§ Í¨¨ ¶·µÉµ´µ¢ ¢  ³³¨ Î´µ° ³¨Ï¥´¨ (NH3) ¶µ²Ö·¨§ÊÕÉ¸Ö
É ±¦¥ ¨ Ö¤·   §µÉ . �µ¸²¥¤´¨¥ ¸µ¸É ¢²ÖÕÉ ´¥¡µ²ÓÏµ° ¶ · §¨É´Ò° Ëµ´ ± ÔË-
Ë¥±ÉÊ · ¸¸¥Ö´¨Ö Î ¸É¨Í ´  ¢µ¤µ·µ¤¥, ¤²Ö ¢ÒÎ¨É ´¨Ö ±µÉµ·µ£µ ´Ê¦´µ §´ ÉÓ
¶µ²Ö·¨§ Í¨Õ 14N. ˆ¸¸²¥¤µ¢ ´¨¥ ¶µ²Ö·¨§ Í¨¨ Ö¤¥·  §µÉ  Ö¢²Ö¥É¸Ö É ±¦¥ ¶µ-
²¥§´µ° ¨²²Õ¸É· Í¨¥° ± ¢µ¶·µ¸Ê µ¡ Ê¸É ´µ¢²¥´¨¨ ¥¤¨´µ° ¸¶¨´µ¢µ° É¥³¶¥-
· ÉÊ·Ò ¢ ¸²µ¦´ÒÌ ¸¶¨´µ¢ÒÌ ¸¨¸É¥³ Ì, ¡¥§ · ¸¸³µÉ·¥´¨Ö ±µÉµ·µ£µ É·Ê¤´µ
¶· ¢¨²Ó´µ ¨´É¥·¶·¥É¨·µ¢ ÉÓ ¸µ¸ÉµÖ´¨¥ ¸¶¨´µ¢µ° ¸¨¸É¥³Ò [33]. ƒ¨·µ³ £-
´¨É´µ¥ µÉ´µÏ¥´¨¥ Ö¤¥· 14N ¶·¨³¥·´µ ¢ 2,5 · §  ³¥´ÓÏ¥, Î¥³ Ê ¤¥°É·µ´µ¢,
γN/2π = 307, 627 ƒÍ/ƒ¸,   ¶µ µÉ´µÏ¥´¨Õ ± ¶·µÉµ´´µ³Ê ¸µ¸É ¢²Ö¥É ¢¸¥£µ
γN/γp = 0, 07224. Šµ´¸É ´É  ±¢ ¤·Ê¶µ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸¶¨´µ¢ ¸ £· -
¤¨¥´Éµ³ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¢ Ëµ·³Ê²¥ (60) ¨§³¥·Ö² ¸Ó ¶µ ¸¶¥±É·Ê ŸŒ-
¸¨£´ ²  ¨ ¸µ¸É ¢¨²  3 · νQ = 1, 185 · 106 ƒÍ [33]. Š ± ¨ ¢ ¸²ÊÎ ¥ ¤¥°É·µ´µ¢,
É¥µ·¨Ö [53] ¶·¥¤¸± §Ò¢ ¥É ¤¢  ¶¨±  ¢ ¸¶¥±É·¥ ŸŒ ¶·¨ θ = π/2 ¢ Ëµ·³Ê² Ì
(60), É ± ÎÉµ ¶¨±¨ ¸¨£´ ²µ¢ ¶·¨Ìµ¤ÖÉ¸Ö ´  Î ¸ÉµÉÒ

ν = νN ± 3νQ. (78)

ˆ§³¥·¥´¨Ö ¶·µ¢µ¤¨²¨¸Ó ´  Î ¸ÉµÉ¥ νN = 6, 47 ŒƒÍ ¢ ¶µ²¥ 2,1 ’² [33]. ‚¸²¥¤-
¸É¢¨¥ µ£·µ³´µ£µ ±¢ ¤·Ê¶µ²Ó´µ£µ ÊÏ¨·¥´¨Ö ŸŒ-²¨´¨¨ ¢ · §Ê³´µ³ ¤¨ ¶ §µ´¥
· §¢¥·É±¨ Q-³¥É·  300 ±ƒÍ ´  Î ¸ÉµÉ¥ 6,47 ŒƒÍ Ê¤ ¥É¸Ö ¶¥·¥±·ÒÉÓ ²¨ÏÓ
Î¥É¢¥·ÉÓ ¤¨¸É ´Í¨¨ ³¥¦¤Ê ¶¨± ³¨ ¸¨£´ ²µ¢, ¶µÔÉµ³Ê ¤²Ö ¶µ²ÊÎ¥´¨Ö µ¡µ¨Ì
µ¡² ¸É¥° ¸¶¥±É·  ¢¡²¨§¨ ³ ±¸¨³Ê³µ¢ ³ £´¨É´µ¥ ¶µ²¥ ¶·¨Ìµ¤¨²µ¸Ó ¸¤¢¨£ ÉÓ
¶µÎÉ¨ ¢ 1,5 · § . �³¶²¨ÉÊ¤Ò Ê¸¨²¥´´ÒÌ ¸¨£´ ²µ¢ µ± § ²¨¸Ó ¸Éµ²Ó ³ ²Ò³¨ ¶µ
¸· ¢´¥´¨Õ ¸ ÏÊ³ ³¨ ¨ ¤·¥°Ëµ³ ¡ §µ¢µ° ²¨´¨¨, ÎÉµ ¶·¨Ìµ¤¨²µ¸Ó ¨¸¶µ²Ó§µ-
¢ ÉÓ É¥Ì´¨±Ê ´ ±µ¶²¥´¨Ö ¸¨£´ ²µ¢. ˆ§³¥·¥´´Ò¥ É ±¨³ µ¡· §µ³ µ¡² ¸É¨ ¸¶¥±-
É·µ¢ ¢¡²¨§¨ ¶¨±µ¢, ¤²Ö Ê¤µ¡¸É¢  ¸· ¢´¥´¨Ö, ¸µ¢³¥Ð¥´Ò ´  µ¤´µ³ ·¨¸. 10 [57].
˜¨·µ±¨° ®Ï²¥°Ë¯ ´  ¸±²µ´ Ì ¸¨£´ ²µ¢ ¸¢Ö§ ´ ¸ ¤·¥°Ëµ³ ¨Ì ¡ §µ¢µ° ²¨´¨¨.
‘ Í¥²ÓÕ ¡µ²¥¥ ÉµÎ´µ£µ µ¶·¥¤¥²¥´¨Ö ¶µ²µ¦¥´¨Ö ¡ §µ¢µ° ²¨´¨¨ ¶·¨Ìµ¤¨²µ¸Ó
¸±² ¤Ò¢ ÉÓ ´¥¸±µ²Ó±µ ¸¶¥±É·µ¢ (¶µ ¶ÖÉÓ ¸¶¥±É·µ¢ ´  ·¨¸. 10), ÎÉµ¡Ò § É¥³ µÉ-
¸Î¨É ÉÓ Ê¸·¥¤´¥´´ÊÕ  ³¶²¨ÉÊ¤Ê. �·¨ ¢Ò¸µ±¨Ì É¥³¶¥· ÉÊ· Ì  ¸¨³³¥É·¨Ö (69)
¸É·¥³¨É¸Ö ± limT→∞ R(θ = π/2) = 1, 46 Å ¶·¥¤¥²Ê, ±µÉµ·Ò° ¨ µ¶·¥¤¥²Ö¥É
µÉ´µÏ¥´¨¥  ³¶²¨ÉÊ¤ ¸¶¥±É·  ¶·¨ ´Ê²¥¢µ° ¢¥±Éµ·´µ° ¶µ²Ö·¨§ Í¨¨ ¤¥°É·µ-
´µ¢. ‘²¥¤µ¢ É¥²Ó´µ, Ëµ·³Ê²  (77), ¸¶· ¢¥¤²¨¢ Ö ¶·¨ ³ ²µ³ ±¢ ¤·Ê¶µ²Ó´µ³
· ¸Ð¥¶²¥´¨¨, ´¥ ³µ¦¥É ¡ÒÉÓ ¢ ÔÉµ³ ¸²ÊÎ ¥ ¨¸¶µ²Ó§µ¢ ´  ¤²Ö · ¸Î¥É  ¶µ²Ö-
·¨§ Í¨¨  §µÉ . ˆ´É¥·¥¸´µ µÉ³¥É¨ÉÓ, ÎÉµ µÉ´µÏ¥´¨¥  ³¶²¨ÉÊ¤ ¶¨±µ¢ ¸¨£´ ²µ¢
¶µ²µ¦¨É¥²Ó´µ° ¨ µÉ·¨Í É¥²Ó´µ° ¶µ²Ö·¨§ Í¨° 14N ¸µµÉ¢¥É¸É¢Ê¥É µÉ·¨Í É¥²Ó-
´µ³Ê §´ ±Ê E2 ¢ Ëµ·³Ê²¥ (59). ‚ ·¥§Ê²ÓÉ É¥  ´ ²¨§  ¡Ò²µ Ê¸É ´µ¢²¥´µ, ÎÉµ
¸µ¢¶ ¤¥´¨¥ ¶µ²Ö·¨§ Í¨¨, · ¸¸Î¨É ´´µ° ¶µ  ¸¨³³¥É·¨¨ (67), ¸ Ô±¸¶¥·¨³¥´-
Éµ³ ´µ¸¨É ²¨ÏÓ ± Î¥¸É¢¥´´Ò° Ì · ±É¥·. �·µ¡²¥³  ¸¢Ö§ ´  ¸ Ê¸É ´µ¢²¥´¨¥³
· ¢´µ¢¥¸´µ° É¥³¶¥· ÉÊ·Ò ¢ ¸¶¨´µ¢µ° ¸¨¸É¥³¥. ‚ · ¸¸³ É·¨¢ ¥³µ³ ¸²ÊÎ ¥
· ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¸¨£´ ²Ó´Ò³¨ ¶¨± ³¨ 6νq ≈ 0, 31νN Å É ±µ£µ ¦¥ ¶µ·Ö¤± ,



’…•�ˆŠ� ��‹Ÿˆ‡�‚���›• Œˆ˜…�…‰ 741

¨¸. 10. �¡² ¸É¨ ŸŒ-¸¶¥±É·  14N ¢¡²¨§¨ µ¡µ¨Ì ³ ±¸¨³Ê³µ¢, ¶µ²ÊÎ¥´´Ò¥ ¶ÊÉ¥³
¸¤¢¨£  ¶µ²Ö H0. C¶¥±É·Ò 14N ¸²¥¢  ¸µµÉ¢¥É¸É¢ÊÕÉ ¶µ²Ö·¨§ Í¨¨ ¶·µÉµ´µ¢ −92%,
¸¶· ¢  Å ¶µ²Ö·¨§ Í¨¨ +86%

ÎÉµ ¨ §¥¥³ ´µ¢¸± Ö Î ¸ÉµÉ  Ö¤¥·, ¶µÔÉµ³Ê ¶¥·¥· ¸¶·¥¤¥²¥´¨¥ ¸¶¨´µ¢ ¶µ Î -
¸ÉµÉ´µ³Ê ¸¶¥±É·Ê ¤µ²¦´µ ¨§³¥´ÖÉÓ ¨Ì §¥¥³ ´µ¢¸±ÊÕ Ô´¥·£¨Õ. ‚ ¦¥¸É±µ° ·¥-
Ï¥É±¥ ¨§³¥´¥´¨¥ ¶µ²´µ° Ô´¥·£¨¨ ¸¶¨´µ¢ µ¶·¥¤¥²Ö¥É¸Ö ¤²¨´´Ò³¨ ¢·¥³¥´ ³¨
¸¶¨´-·¥Ï¥ÉµÎ´µ° ·¥² ±¸ Í¨¨. „·Ê£¨³¨ ¸²µ¢ ³¨, ´ ¡²Õ¤ ¥³Ò¥ ŸŒ-¸¶¥±É·Ò
¸µµÉ¢¥É¸É¢ÊÕÉ ± ±µ°-Éµ ¶¥·¥Ìµ¤´µ° ¸É ¤¨¨ ± Ê¸É ´µ¢²¥´¨Õ ¡µ²ÓÍ³ ´µ¢¸±µ£µ
· ¸¶·¥¤¥²¥´¨Ö § ¸¥²¥´´µ¸É¥°. �É³¥É¨³, ÎÉµ ·¥ÎÓ ¨¤¥É µ É¥³¶¥· ÉÊ· Ì ³ É¥-
·¨ ²  ≈ 0, 2 Š ¢ Ê¸²µ¢¨ÖÌ ´ ± Î±¨ ¶µ²Ö·¨§ Í¨¨ ‘‚—-¶µ²¥³. c¥§ ‘‚—-¶µ²Ö
¶µ²Ö·¨§ Í¨Ö § ³µ· ¦¨¢ ¥É¸Ö ¨ ¸±µ²Ó±µ-´¨¡Ê¤Ó § ³¥É´ Ö ¤¨´ ³¨±  ¢ ¶µ¢¥-
¤¥´¨¨ ¸¨£´ ²µ¢ µÉ¸ÊÉ¸É¢Ê¥É. ‚ ´ ·ÊÏ¥´¨¨ ¡µ²ÓÍ³ ´µ¢¸±µ£µ · ¸¶·¥¤¥²¥´¨Ö
³µ¦´µ Ê¡¥¤¨ÉÓ¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. �µ  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´¥ ¶µ¶· ¢±  ±
¶µ²Ö·¨§ Í¨¨ ¢ ±¢ ¤· É´ÒÌ ¸±µ¡± Ì Ëµ·³Ê²Ò (63) ³¥´¥¥ ±3%, ¨, ¥¸²¨ ¥Õ ¶·¥-
´¥¡·¥ÎÓ, ¸Î¨É Ö Ëµ·³Ò ²¨´¨¨ µ¡µ¨Ì ¶¥·¥Ìµ¤µ¢ §¥·± ²Ó´µ-¸¨³³¥É·¨Î´Ò³¨,
Éµ ¨´É¥£· ²Ó´ Ö ¨´É¥´¸¨¢´µ¸ÉÓ ¸¨£´ ²  ²¥£±µ µÍ¥´¨¢ ¥É¸Ö ¶µ  ³¶²¨ÉÊ¤ ³ ¶¨-
±µ¢ [57]:

S =
∫
ν

[I+(ν) + I−(ν)]dν = C[J+(π/2) + J−(π/2)], (79)

£¤¥ C Å ± ²¨¡·µ¢µÎ´ Ö ±µ´¸É ´É . ‹¥¢ Ö Î ¸ÉÓ ÔÉµ£µ · ¢¥´¸É¢  ¶·¥¤¸É ¢²Ö¥É
¸µ¡µ° ¨´É¥£· ² ¶µ ¢¸¥³Ê ¸¶¥±É·Ê, ±µÉµ·Ò° ¢ ¤ ´´µ³ ¸²ÊÎ ¥ ´¥¢µ§³µ¦´µ µ¶·¥-
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¨¸. 11. ‘· ¢´¥´¨¥ ¶·µÉµ´´µ° ¨ 14N-¶µ²Ö·¨§ Í¨°, · ¸¸Î¨É ´´ÒÌ ¶µ Ëµ·³Ê²¥ c·¨²-
²ÕÔ´  ¢ ¶·¥¤¶µ²µ¦¥´¨¨ · ¢¥´¸É¢  ¸¶¨´µ¢ÒÌ É¥³¶¥· ÉÊ· (¦¨·´ Ö ²¨´¨Ö). �±¸¶¥·¨-
³¥´É ²Ó´Ò¥ ÉµÎ±¨ Å ¸Ê³³Ò  ³¶²¨ÉÊ¤ ¶¨±µ¢ ¢ Ëµ·³Ê²¥ (79)

¤¥²¨ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´µ. �· ¢ Ö Î ¸ÉÓ ¢Ò· ¦ ¥É ÔÉµÉ ¨´É¥£· ² Î¥·¥§  ³¶²¨-
ÉÊ¤Ò ¶¨±µ¢, ¤µ¶Ê¸± Ö §¥·± ²Ó´ÊÕ ¸¨³³¥É·¨Õ Ëµ·³Ò ²¨´¨¨ µ¡µ¨Ì ¶¥·¥Ìµ¤µ¢.
‘Ê³³Ò  ³¶²¨ÉÊ¤ ¶¨±µ¢ ¸¶¥±É·µ¢ 14N ¢ (79), ¶µ²ÊÎ¥´´Ò¥ ¶·¨ · §²¨Î´µ° ¶µ-
²Ö·¨§ Í¨¨ ¶·µÉµ´µ¢ ¢  ³³¨ ±¥, ¶µ± § ´Ò ´  ·¨¸. 11; ¤ ´´Ò¥ ´ Ìµ¤ÖÉ¸Ö ¢
Ìµ·µÏ¥³ ¸µ£² ¸¨¨ ¸ Ìµ¤µ³ ¶µ²Ö·¨§ Í¨¨, · ¸¸Î¨É ´´µ° ¶µ Ëµ·³Ê²¥ c·¨²²Õ-
Ô´  (101) ¶·¨ · ¢¥´¸É¢¥ ¸¶¨´µ¢ÒÌ É¥³¶¥· ÉÊ· ¶·µÉµ´µ¢ ¨ Ö¤¥·  §µÉ  [33,
57]. …¤¨´¸É¢¥´´Ò³ ¶µ¤£µ´µÎ´Ò³ ¶ · ³¥É·µ³ ¸²Ê¦¨²  ±µ´¸É ´É  C ¢ Ëµ·-
³Ê²¥ (79). •µ·µÏ¥¥ ¸µ¢¶ ¤¥´¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³ ¶µ¤É¢¥·¦¤ ¥É Í¥´É· ²Ó´ÊÕ
±µ´Í¥¶Í¨Õ „� µ · ¢¥´¸É¢¥ ´¥±µÉµ·µ° Ê¸·¥¤´¥´´µ° ¸¶¨´µ¢µ° É¥³¶¥· ÉÊ·Ò
Ö¤¥·  §µÉ  ¨ É¥³¶¥· ÉÊ·Ò ¶·µÉµ´µ¢. �·µ¢¥¤¥´´Ò°  ´ ²¨§ ´ £²Ö¤´µ ¶µ± §Ò-
¢ ¥É, ÎÉµ ¶·¨ · ¡µÉ¥ ¸ ³¨Ï¥´Ö³¨ ¸²µ¦´ÒÌ Ö¤¥· ´¥µ¡Ìµ¤¨³µ ±µ´É·µ²¨·µ¢ ÉÓ
¶·µÍ¥¸¸ Ê¸É ´µ¢²¥´¨Ö · ¢´µ¢¥¸¨Ö ¢ ¸¶¨´µ¢µ° ¸¨¸É¥³¥, ´ ¶·¨³¥·, ¶ÊÉ¥³ ¸· ¢-
´¥´¨Ö ¶µ²Ö·¨§ Í¨¨, ¨§³¥·¥´´µ° ¨´É¥£· ²Ó´Ò³ ³¥Éµ¤µ³ ¨ ¶µ  ¸¨³³¥É·¨¨.

4. Œ	„“‹Ÿ–ˆ	��	… “‘ˆ‹…�ˆ… Ÿ„…��	‰ �	‹Ÿ�ˆ‡�–ˆˆ

4.1. — ¸ÉµÉ´ Ö (¢·¥³¥´´ Ö) ¤¨¸¶¥·¸¨Ö ¶·¨ —Œ. ‚¥²¨Î¨´  ¶µ²Ö·¨§ Í¨¨
Ö¢²Ö¥É¸Ö £² ¢´Ò³ ¶ · ³¥É·µ³, µ¡¥¸¶¥Î¨¢ ÕÐ¨³ ÔËË¥±É¨¢´µ¸ÉÓ ¶·¨³¥´¥´¨Ö
³¨Ï¥´¨, ¶µÔÉµ³Ê µ¡´ ·Ê¦¥´´µ¥ ¢ [58, 59] §´ Î¨É¥²Ó´µ¥ ³µ¤Ê²ÖÍ¨µ´´µ¥ Ê¸¨-
²¥´¨¥ ¤¥°É·µ´´µ° ¶µ²Ö·¨§ Í¨¨ ¢ 1,7 · § , ¸µ¶·µ¢µ¦¤ ¥³µ¥ ± Éµ³Ê ¦¥ ¶·¨-
³¥·´µ ¤¢Ê±· É´Ò³ Ê³¥´ÓÏ¥´¨¥³ ¢·¥³¥´¨ ´ ± Î±¨ ¶µ²Ö·¨§ Í¨¨, ¨³¥¥É ¢ ¦´µ¥
§´ Î¥´¨¥ ¤²Ö É¥Ì´¨±¨ ¶µ²Ö·¨§µ¢ ´´ÒÌ ³¨Ï¥´¥°. �·¥¤Ò¤ÊÐ¨¥ ¨¸¸²¥¤µ¢ ´¨Ö
É ±¦¥ ¶µ± §Ò¢ ²¨ Ê¸¨²¥´¨¥ „�Ÿ ¶·¨ Î ¸ÉµÉ´µ° ³µ¤Ê²ÖÍ¨¨ (—Œ). � ¨¡µ²Ó-
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Ï¥¥ Ê¸¨²¥´¨¥ µÉ 10 ¤µ 20% · ´¥¥ ¡Ò²µ ¶µ²ÊÎ¥´µ ¢µ ËÉµ·¨·µ¢ ´´ÒÌ (}uori-
nated) ¸¶¨·É Ì ¨ ¶·¨¢¥²µ ± ¶µ²Ö·¨§ Í¨¨ 80% [60]. ‘Î¨É ²µ¸Ó, ÎÉµ ¶µÖ¢²¥´¨¥
É ±¨Ì ÔËË¥±Éµ¢ ´¥ ¢ÒÌµ¤¨É §  · ³±¨ ¶·µ¸É¥°Ï¨Ì ¶·¥¤¶µ²µ¦¥´¨°, ¨ µ´¨ ´¥
¨¸¸²¥¤µ¢ ²¨¸Ó.

¨¸. 12. ‡ ¢¨¸¨³µ¸ÉÓ ¶µ²µ¦¨É¥²Ó´µ° (1, 3) ¨ µÉ·¨Í É¥²Ó´µ° (2, 4) ¤¥°É·µ´´µ° ¶µ²Ö-
·¨§ Í¨¨ ¢ ¡ÊÉ ´µ²¥ µÉ ¢·¥³¥´¨ ¶·¨ ´ ± Î±¥ ¸ ¢Ò±²ÕÎ¥´´µ° (1, 2) ¨ ¢±²ÕÎ¥´´µ° (3, 4)
Î ¸ÉµÉ´µ° ³µ¤Ê²ÖÍ¨¥° ‘‚—-£¥´¥· Éµ· 

‚ SMC-³¨Ï¥´¨ [61], ¨§£µÉµ¢²¥´´µ° ¨§ ¤¥°É¥·¨·µ¢ ´´µ£µ ¡ÊÉ ´µ² 
(C4D9OD) c 5% ¤µ¡ ¢±µ° ÉÖ¦¥²µ° ¢µ¤Ò ¨ ¶ · ³ £´¨É´Ò³ ±µ³¶²¥±¸µ³
EDBA-Cr+V ¸ ±µ´Í¥´É· Í¨¥° 7 · 1019 ¸³−3, Ê¸¨²¥´¨¥ ÔËË¥±É¨¢´µ¸É¨ „�Ÿ
¤µ¸É¨£ ²µ¸Ó Î ¸ÉµÉ´µ° ³µ¤Ê²ÖÍ¨¥° ‘‚—-£¥´¥· Éµ·  ´ ± Î±¨ (70 ƒƒÍ) ¸ ¤¥¢¨-
 Í¨¥° 30 ŒƒÍ ¨ ³µ¤Ê²ÖÍ¨µ´´Ò³ ¶¥·¨µ¤µ³ ∼ 2 − 5 ³¸ [62, 63]. �  ·¨¸. 12
¶·¨¢¥¤¥´  § ¢¨¸¨³µ¸ÉÓ ¶µ²Ö·¨§ Í¨¨ µÉ ¢·¥³¥´¨ ¶·¨ ´ ± Î±¥ ¸ ¢±²ÕÎ¥´´µ° ¨
¢Ò±²ÕÎ¥´´µ° —Œ. �·¨ ¢Ò±²ÕÎ¥´´µ° —Œ ¶µ²Ö·¨§ Í¨Ö ¡Ò¸É·µ ¸´¨¦ ² ¸Ó ±
§´ Î¥´¨Õ, ¶µ²ÊÎ¥´´µ³Ê ¡¥§ —Œ. Œ ±¸¨³ ²Ó´ Ö ¶µ²Ö·¨§ Í¨Ö ¤µ¸É¨£ ² ¸Ó ¶·¨
¡µ²¥¥ ´¨§±µ³ Ê·µ¢´¥ ‘‚—-³µÐ´µ¸É¨ 0, 05÷0, 2 ³‚É/£ ¶µ ¸· ¢´¥´¨Õ ¸ ´ ± Î-
±µ° ¡¥§ —Œ, ¶·¨ ÔÉµ³ µ¶É¨³ ²Ó´Ò¥ Î ¸ÉµÉÒ ´ ± Î±¨ ¸¤¢¨£ ÕÉ¸Ö µÉ Í¥´É· 
��-²¨´¨¨. cÒ²µ Ê¸É ´µ¢²¥´µ, ÎÉµ ‘‚—-¶µ²¥ ¢ ·¥§µ´ Éµ·¥, ¶µ²ÊÎ¥´´µ¥ ¶·¨
³¥¤²¥´´µ³ ¶·µÌµ¦¤¥´¨¨ ��-²¨´¨¨, ¸µ¤¥·¦¨É ¡µ±µ¢Ò¥ ·¥§µ´ ´¸Ò, ±µÉµ·Ò¥
¨¸Î¥§ ÕÉ ¶·¨ ¢±²ÕÎ¥´´µ° —Œ. �  ·¨¸. 13 ¶µ± § ´  ¨´É¥´¸¨¢´µ¸ÉÓ ¶µ²Ö ¢
·¥§µ´ Éµ·¥, ¶µ²ÊÎ¥´´ Ö ¡µ²µ³¥É·¨Î¥¸±¨³ ¤¥É¥±Éµ·µ³. ‚ ± Î¥¸É¢¥ ¤¥É¥±Éµ· 
¨¸¶µ²Ó§µ¢ ²¸Ö Ê£µ²Ó´Ò° ±µ³¶µ§¨Í¨µ´´Ò° ·¥§¨¸Éµ· ®Speer-220¯. ’¥Ì´¨±  ¡µ-
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¨¸. 13. cµ²µ³¥É·¨Î¥¸±¨¥ ��-¸¶¥±É·Ò ¢ ·¥§µ´ Éµ·¥ SMC-³¨Ï¥´¨ ¸ ¢±²ÕÎ¥´´µ°
Ω = 30 ŒƒÍ (1) ¨ ¢Ò±²ÕÎ¥´´µ° Ω = 0, 1 ŒƒÍ (2) —Œ. �¨¦´¨° ¸¶¥±É· (3) ¶µ-
± §Ò¢ ¥É ¤µ¶µ²´¨É¥²Ó´µ¥ ¶µ£²µÐ¥´¨¥, ¢Ò§Ò¢ ÕÐ¥¥ Ê¸¨²¥´¨¥ Ö¤¥·´µ° ¶µ²Ö·¨§ Í¨¨.
‘‚—-³µÐ´µ¸ÉÓ 0,1 ³‚É/£, Tm = 1 ³¸, f0 = 69, 540 ƒƒÍ

²µ³¥É·¨Î¥¸±¨Ì ¨§³¥·¥´¨° µ¶¨¸ ´  ¢ ¶·¨²µ¦¥´¨¨ 2 [63]. �·¨ ¶µ²ÊÎ¥´¨¨
¸¶¥±É·µ¢ Í¥´É· ²Ó´ Ö Î ¸ÉµÉ  ‘‚—-£¥´¥· Éµ·  ¶µ¤¤¥·¦¨¢ ² ¸Ó ´¥¨§³¥´´µ°,
  Éµ± ³ £´¨É  ¨§³¥´Ö²¸Ö ³¥²±¨³¨ Ï £ ³¨, ¤µ¦¨¤ Ö¸Ó ± ¦¤Ò° · § · ¢´µ¢¥¸-
´ÒÌ ¶µ± § ´¨° É¥·³µ³¥É· , É ± ÎÉµ ´  ¶µ²ÊÎ¥´¨¥ ± ¦¤µ£µ ¸¶¥±É·  § É· Î¨-
¢ ²µ¸Ó ¶µ ´¥¸±µ²Ó±Ê Î ¸µ¢. ‘¶¥±É·Ò 2 ¨ 1 ´  ·¨¸. 13 ¸´ÖÉÒ ¶·¨ ¥¸É¥¸É¢¥´´µ°
Ï¨·¨´¥ ¸¶¥±É·  £¥´¥· Éµ·  0,1 ŒƒÍ (¡¥§ ³µ¤Ê²ÖÍ¨¨) ¨ ¶·¨ ¤¥¢¨ Í¨¨ Î -
¸ÉµÉÒ 30 ŒƒÍ (¸ ³µ¤Ê²ÖÍ¨¥°) ¸µµÉ¢¥É¸É¢¥´´µ. ˆÌ · §´µ¸ÉÓ, ¶µ± § ´´ Ö ¢´¨§Ê
´  ·¨¸. 13, Ê± §Ò¢ ¥É ´  ¸ÊÐ¥¸É¢¥´´Ò° ·µ¸É ¶ · ³ £´¨É´ÒÌ ¶µÉ¥·Ó ´  ±·Ò-
²ÓÖÌ ²¨´¨¨. �  ·¨¸. 14 ¶µ± § ´  § ¢¨¸¨³µ¸ÉÓ ¤µ¶µ²´¨É¥²Ó´µ£µ ¶µ£²µÐ¥´¨Ö
µÉ Î ¸ÉµÉÒ ³µ¤Ê²ÖÍ¨¨ ¶·¨ Î¥ÉÒ·¥Ì Ê·µ¢´ÖÌ ³¨±·µ¢µ²´µ¢µ° ³µÐ´µ¸É¨ [30,
65]. ‚¨¤´µ, ÎÉµ ¶·¨ ¤µ¸É ÉµÎ´µ ¤²¨´´ÒÌ ¶¥·¨µ¤ Ì ³µ¤Ê²ÖÍ¨¨ (Tm) ¤µ¶µ²´¨-
É¥²Ó´µ¥ ¶µ£²µÐ¥´¨¥ ¶·µ¶ ¤ ¥É, ´µ ¢³¥¸É¥ ¸ ´¨³ ¨¸Î¥§ ¥É ¨ ³µ¤Ê²ÖÍ¨µ´´µ¥
Ê¸¨²¥´¨¥ ¶µ²Ö·¨§ Í¨¨. ’ ±¨³ µ¡· §µ³, ¤µ¶µ²´¨É¥²Ó´µ¥ ¶µ£²µÐ¥´¨¥ § ¢¨¸¨É
µÉ ¸±µ·µ¸É¨ ¨§³¥´¥´¨Ö Î ¸ÉµÉÒ. �É  ¸±µ·µ¸ÉÓ ¶µÖ¢²Ö¥É¸Ö ¢ ±¢ ¤· É¨Î´µ³
¶µ τ Î²¥´¥ ¢ · §²µ¦¥´¨¨ ¢ ·Ö¤ Ë §µ¢µ£µ ¸¤¢¨£  ϕ(t − τ) − ϕ(t) ¶·¨ µ¶·¥-
¤¥²¥´¨¨ Ô´¥·£¥É¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ ³¨±·µ¢µ²´µ¢µ£µ ¶µ²Ö. �É¸Õ¤  ¸²¥¤Ê¥É,
ÎÉµ ¤µ¶µ²´¨É¥²Ó´µ¥ ¶µ£²µÐ¥´¨¥ ¶·¨ ¢±²ÕÎ¥´¨¨ ³µ¤Ê²ÖÍ¨¨ ¸¢Ö§ ´µ ¸ ¶·µÍ¥¸-
¸µ³, ±µÉµ·Ò° ¨³¥¥É Ì · ±É¥·´µ¥ ¢·¥³Ö ±µ··¥²ÖÍ¨¨ (τ ) ¶µ·Ö¤±  ω̇τ2 ≈ 2π, £¤¥
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¨¸. 14. ‡ ¢¨¸¨³µ¸ÉÓ ¤µ¶µ²´¨É¥²Ó´µ£µ ¶µ£²µÐ¥´¨Ö µÉ Î ¸ÉµÉÒ ³µ¤Ê²ÖÍ¨¨. –¨Ë·Ò ´ 
£· Ë¨± Ì ¶µ± §Ò¢ ÕÉ µÉ´µ¸¨É¥²Ó´ÊÕ ¢¥²¨Î¨´Ê ¶µ¤¢µ¤¨³µ° ‘‚—-³µÐ´µ¸É¨ [65]

ω̇ = dω/dt. „²Ö µÍ¥´±¨ ³µ¦´µ ¶µ²µ¦¨ÉÓ ω̇ ≈ Ω/Tm, £¤¥ Ω ≈ 2π ·4 ·106 ƒÍ Å
¤¥¢¨ Í¨Ö Î ¸ÉµÉÒ (¸³. ·¨¸. 15). �·¨Î¨´µ° ¤µ¶µ²´¨É¥²Ó´µ£µ ¶µ£²µÐ¥´¨Ö ³µ-
¦¥É ¡ÒÉÓ ³¨±·µ¸±µ¶¨Î¥¸± Ö ´¥µ¤´µ·µ¤´µ¸ÉÓ ²µ± ²Ó´ÒÌ ¶µ²¥° Ô²¥±É·µ´´ÒÌ
¸¶¨´µ¢, ¢¸²¥¤¸É¢¨¥ Î¥£µ ¡¥§ Î ¸ÉµÉ´µ° ³µ¤Ê²ÖÍ¨¨ ‘‚—-¶µ²¥ ¢§ ¨³µ¤¥°¸É¢Ê¥É
²¨ÏÓ ¸ ´¥§´ Î¨É¥²Ó´µ° £·Ê¶¶µ° Ô²¥±É·µ´´ÒÌ ¸¶¨´µ¢, ´ §Ò¢ ¥³ÒÌ ¸¶¨´µ¢Ò³¨
¶ ±¥É ³¨ [24, 64]. …¸²¨ ¢ ± Î¥¸É¢¥ τ ¢Ò¡· ÉÓ ¶µ²ÊÎ¥´´µ¥ �µ·É¨¸µ³ [64] Ì -
· ±É¥·´µ¥ ¢·¥³Ö ´ ¸ÒÐ¥´¨Ö τ ≈ (τ1τss)1/2, £¤¥ τ1 ≈ 0, 1 ¸ ¨ τss ≈ 10−5 ¸ Å
É¨¶¨Î´Ò¥ ¢·¥³¥´  ¸¶¨´-·¥Ï¥ÉµÎ´µ° ¨ ¸¶¨´-¸¶¨´µ¢µ° ·¥² ±¸ Í¨¨ ¸¶¨´µ¢ÒÌ
¶ ±¥Éµ¢ ¢ ³ É¥·¨ ² Ì ³¨Ï¥´¨ ¶·¨ T < 0, 5 Š ¸µµÉ¢¥É¸É¢¥´´µ, Éµ ¶¥·¨µ¤
³µ¤Ê²ÖÍ¨¨, ¶·¨ ±µÉµ·µ³ ¤µ²¦´µ ´ ¡²Õ¤ ÉÓ¸Ö ¸¨²Ó´µ¥ ¢²¨Ö´¨¥ —Œ, ¤µ²¦¥´
¡ÒÉÓ ³¥´¥¥

Tm ≤ Ω
2π

τ1τss ≈ 4 c, (80)

ÎÉµ ¶µ ¶µ·Ö¤±Ê ¢¥²¨Î¨´ ¸µ¢¶ ¤ ¥É ¸ ¤ ´´Ò³¨ ´  ·¨¸. 14 (1/Tm ∼= 0, 25).
’ ±¨³ µ¡· §µ³, ¤µ¶µ²´¨É¥²Ó´µ¥ ¶µ£²µÐ¥´¨¥ ³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´µ ¸ ¶·µÍ¥¸-
¸µ³ ¢µ¸¸É ´µ¢²¥´¨Ö (´ ¸ÒÐ¥´¨Ö) ¸¶¨´µ¢ÒÌ ¶ ±¥Éµ¢ ¨, ¸²¥¤µ¢ É¥²Ó´µ, ³µ¦¥É
§ ¢¨¸¥ÉÓ µÉ Î ¸ÉµÉ´µ° (¢·¥³¥´´µ°) ¤¨¸¶¥·¸¨¨ Ô²¥±É·µ´´µ° ¢µ¸¶·¨¨³Î¨¢µ¸É¨.

’ ±µ° ¢Ò¢µ¤, É¥³ ´¥ ³¥´¥¥, ´¥ Ö¢²Ö¥É¸Ö ¡¥§Ê¶·¥Î´Ò³. „¥°¸É¢¨É¥²Ó´µ, Ì -
· ±É¥·´Ò¥ ¢·¥³¥´  ´ ± Î±¨ Ö¤¥·´µ° ¶µ²Ö·¨§ Í¨¨ ¸µ¸É ¢²ÖÕÉ ¤¥¸ÖÉ±¨ ³¨´ÊÉ
¨ §´ Î¨É¥²Ó´µ ¶·¥¢µ¸Ìµ¤ÖÉ ¢·¥³¥´  ±·µ¸c-·¥² ±¸ Í¨¨ Ô²¥±É·µ´´ÒÌ ¸¶¨´µ¢. ‚
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É ±µ³ ¸²ÊÎ ¥ ��-²¨´¨Ö ³µ¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± µ¤´µ·µ¤´µ ÊÏ¨·¥´´ Ö,
ÎÉµ ¶µ¤É¢¥·¦¤ ¥É¸Ö ´  ¶· ±É¨±¥ ¸¶· ¢¥¤²¨¢µ¸ÉÓÕ Í¥´É· ²Ó´µ° ±µ´Í¥¶Í¨¨ ¤¨-
´ ³¨Î¥¸±µ£µ µÌ² ¦¤¥´¨Ö µ · ¢¥´¸É¢¥ ¸¶¨´µ¢ÒÌ É¥³¶¥· ÉÊ· · §²¨Î´ÒÌ Ö¤¥· ¢
³¨Ï¥´¨. ‘ ÔÉµ° ÉµÎ±¨ §·¥´¨Ö ·µ²Ó ¸¶¨´µ¢ÒÌ ¶ ±¥Éµ¢ ´¥ Ö¢²Ö¥É¸Ö ¸ÊÐ¥¸É¢¥´-
´µ° ¤²Ö µ¡ÑÖ¸´¥´¨Ö ³µ¤Ê²ÖÍ¨µ´´µ£µ ÔËË¥±É .

4.2. �·µ¸É· ´¸É¢¥´´ Ö ¤¨¸¶¥·¸¨Ö —Œ. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¤²¨´  SMC-
³¨Ï¥´¨ (d = 600 ³³) ¡µ²¥¥ Î¥³ ¢ 100 · § ¶·¥¢ÒÏ ¥É ¤²¨´Ê ¢µ²´Ò ‘‚—-¶µ²Ö
λ ≈ 4 ³³ [61]. �Í¥´±¨ ¶µ± §Ò¢ ÕÉ, ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥ —Œ ³µ¦¥É ¢²¨ÖÉÓ
¨ ´  ¸É·Ê±ÉÊ·Ê ³¨±·µ¢µ²´µ¢µ£µ ¶µ²Ö ¢ ³ É¥·¨ ²¥ ³¨Ï¥´¨, ±µÉµ· Ö ¢ µ¡Ð¥³
¸²ÊÎ ¥ § ¢¨¸¨É µÉ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÒÌ ¶¥·¥³¥´´ÒÌ (kr ± ωt). ’ ±¨³
µ¡· §µ³, ¶µ³¨³µ ¢·¥³¥´´µ°, ³µ¦¥É ¢µ§´¨± ÉÓ ¨ ÔËË¥±É ¶·µ¸É· ´¸É¢¥´´µ°
¤¨¸¶¥·¸¨¨, µÉ· ¦ ÕÐ¨° [66] ®...§ ¢¨¸¨³µ¸ÉÓ ³ ±·µ¸±µ¶¨Î¥¸±¨Ì ¸¢µ°¸É¢ ¢¥-
Ð¥¸É¢  µÉ ¶·µ¸É· ´¸É¢¥´´µ° ´¥µ¤´µ·µ¤´µ¸É¨ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö¯.

�µ²¥ ¢ ·¥§µ´ Éµ·¥ ³¨Ï¥´¨ Ö¢²Ö¥É¸Ö ¸Ê¶¥·¶µ§¨Í¨¥° ¶ ¤ ÕÐ¥° ¨ µÉ· -
¦¥´´µ° µÉ ¸É¥´µ± ·¥§µ´ Éµ·  ¢µ²´. ‚ ·¥§Ê²ÓÉ É¥ µ¡· §ÊÕÉ¸Ö ¸ÉµÖÎ¨¥ ¢µ²´Ò
¸ ¶·µ¸É· ´¸É¢¥´´µ ´¥µ¤´µ·µ¤´Ò³ · ¸¶·¥¤¥²¥´¨¥³ ¨´É¥´¸¨¢´µ¸É¨ ¶µ²Ö. �·¨
¶·µ¸É¥°Ï¥³ · ¸¸³µÉ·¥´¨¨ µ¸´µ¢´µ¥ ¶µ£²µÐ¥´¨¥ ¸²¥¤Ê¥É µ¦¨¤ ÉÓ ¢ ´¥±µÉµ-
·µ° µ¡² ¸É¨ '0 < λ/4 ¢¡²¨§¨ ³ ±¸¨³Ê³µ¢ ¨´É¥´¸¨¢´µ¸É¥° Zi − '0/2 ≤ z ≤
≤ zi+'0/2, £¤¥ i Å ´µ³¥·  ¶ÊÎ´µ¸É¥° ³ £´¨É´µ° ±µ³¶µ´¥´ÉÒ ¶µ²Ö ¢¤µ²Ó µ¸¨
z ·¥§µ´ Éµ· ,   §  ÔÉ¨³¨ ¶·¥¤¥² ³¨ ¶µ£²µÐ¥´¨¥³ ³µ¦´µ ¶·¥´¥¡·¥ÎÓ. Œ É¥-
·¨ ²Ó´µ¥ Ê· ¢´¥´¨¥ ¤²Ö ¶²µ¸±µ° ’…Œ-¢µ²´Ò, · ¸¶·µ¸É· ´ÖÕÐ¥°¸Ö ¢¤µ²Ó µ¸¨
z, ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ [63]:

B(z) = µ0

[
1 + χ(ω,H2)

]
H(z, t), (81)

£¤¥ H ¨ B Å ±µ³¶²¥±¸´Ò¥, § ¢¨¸ÖÐ¨¥ µÉ ¢·¥³¥´¨ ¢¥±Éµ·Ò ´ ¶·Ö¦¥´´µ¸É¨
¶µ²Ö ¨ ³ £´¨É´µ° ¨´¤Ê±Í¨¨. � ¸ÒÐ¥´¨¥ ¢ (81) ÊÎ¨ÉÒ¢ ¥É¸Ö § ¢¨¸¨³µ¸ÉÓÕ
¢µ¸¶·¨¨³Î¨¢µ¸É¨ µÉ ¨´É¥´¸¨¢´µ¸É¨ ¶µ²Ö. ‚ ÔÉµ° ³µ¤¥²¨ ¶·µ¸É· ´¸É¢¥´´µ¥
· ¸¶·¥¤¥²¥´¨¥ ¨´É¥´¸¨¢´µ¸É¨ ¶µ²Ö ¢¤µ²Ó µ¸¨ z ³µ¦´µ § ¤ ÉÓ Ëµ·³Ê²µ° [63]:

hih
∗
r =

1
2
h2i e

−2d·β(ω)(1 + cos [2(α0z − αd)]), (82)

£¤¥ hi ¨ hr Å ¶²µÉ´µ¸É¨  ³¶²¨ÉÊ¤ ¶ ¤ ÕÐ¥° ¨ µÉ· ¦¥´´µ° ¢µ²´Ò, α0 ¨ α Å
¶µ¸ÉµÖ´´ Ö · ¸¶·µ¸É· ´¥´¨Ö ´  ´¥¸ÊÐ¥° ω0 ¨ Î ¸ÉµÉ¥ ω ¸µµÉ¢¥É¸É¢¥´´µ, β Å
¶µ¸ÉµÖ´´ Ö § ÉÊÌ ´¨Ö (§¤¥¸Ó µ¡µ§´ Î¥´¨Ö α ¨ β µÉ²¨Î ÕÉ¸Ö µÉ ¶·¨´ÖÉÒÌ ¢
· §¤. 2):

α− iβ =
ω2

c2
µε ∼=

√
εrω

c

[
1 +

χ′

2
− i

2
χ′′
]
, (83)

£¤¥ c2 = (ε0µ0)−1 Å ¸±µ·µ¸ÉÓ ¸¢¥É  ¢ ¢ ±ÊÊ³¥ ¨ εr Å µÉ´µ¸¨É¥²Ó´ Ö ¤¨-
Ô²¥±É·¨Î¥¸± Ö ¶·µ´¨Í ¥³µ¸ÉÓ. �·¨ ¨§³¥´¥´¨¨ Î ¸ÉµÉÒ ³µ¤Ê²ÖÍ¨¨ ¶·µ¸É· ´-
¸É¢¥´´ Ö ¸É·Ê±ÉÊ·  ‘‚—-¶µ²Ö ¢ ³¨Ï¥´¨ ³µ¦¥É ¨§³¥´ÖÉÓ¸Ö ± ± ¨§-§  ·¥§µ´ ´¸-
´µ° § ¢¨¸¨³µ¸É¨ ¤¨¸¶¥·¸¨¨, É ± ¨ ¶µ£²µÐ¥´¨Ö µÉ Î ¸ÉµÉÒ ¢ Ëµ·³Ê²¥ (83).
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�Éµ ³µ¦¥É ¶·¨¢¥¸É¨ ± ¡µ²¥¥ · ¢´µ³¥·´µ³Ê ´ ¸ÒÐ¥´¨Õ ³ É¥·¨ ²  ³¨Ï¥´¨ ¨
¢Ò§¢ ÉÓ ·µ¸É ¸·¥¤´¥° ¶µ²Ö·¨§ Í¨¨. ‡¤¥¸Ó ³Ò µ£· ´¨Î¨³¸Ö · ¸¸³µÉ·¥´¨¥³ ¢²¨-
Ö´¨Ö ¤¨¸¶¥·¸¨¨ ´  ¤µ¶µ²´¨É¥²Ó´µ¥ ¶µ£²µÐ¥´¨¥. ‚ ¶·¨´Í¨¶¥, Ëµ·³Ê²Ê (82)
³µ¦´µ ¶·¨´ÖÉÓ §  ¨¸Ìµ¤´Ò° ¶µ¸ÉÊ² É ¤²Ö ¸· ¢´¥´¨Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨, É ± ± ± ¢ ¸²µ¦´µ³ ³´µ£µ³µ¤µ¢µ³ ·¥§µ´ Éµ·¥ ³¨Ï¥´¨ ´¥ ¢¨¤´µ
¤·Ê£µ£µ ¶ÊÉ¨ ¤²Ö · §Ê³´µ£µ · ¸Î¥É  · ¸¶·¥¤¥²¥´¨Ö ¶µ²Ö. ‚ ¶·¥¤¶µ²µ¦¥´¨¨
¡Ò¸É·µ° ³µ¤Ê²ÖÍ¨¨ Î ¸ÉµÉÒ, Éµ ¥¸ÉÓ Tm << 1 ¸ ¢ Ëµ·³Ê²¥ (80), ¶²µÉ´µ¸ÉÓ
¶µ£²µÐ ¥³µ° ³µÐ´µ¸É¨ É¥¶¥·Ó ¡Ê¤¥É § ¢¨¸¥ÉÓ µÉ ¨§³¥´¥´¨Ö ¶µ¸ÉµÖ´´µ° · ¸-
¶·µ¸É· ´¥´¨Ö (∆α) ¶·¨ ¤¥¢¨ Í¨¨ Î ¸ÉµÉÒ [63, 67]:

pon(off) =
1
2
µ0ωχh

2
on(off) cos2(d∆αon(off))

Ω/2∫
−Ω/2

dω · e−2d·β(ω−ω0), (84)

£¤¥  ·£Ê³¥´É ±µ¸¨´Ê¸  µ¶·¥¤¥²Ö¥É¸Ö · ¸¸É·µ°±µ° Î ¸ÉµÉÒ µÉ´µ¸¨É¥²Ó´µ Í¥´-
É·  ��-²¨´¨¨. ˆ´¤¥±¸Ò ®on¯, ®off¯ µ¡µ§´ Î ÕÉ ¢±²ÕÎ¥´´ÊÕ ¨ ¢Ò±²ÕÎ¥´-
´ÊÕ —Œ ¸µµÉ¢¥É¸É¢¥´´µ. ˆ´É¥£·¨·µ¢ ´¨¥ ¢Ò¶µ²´Ö¥É¸Ö ¶µ ¢¸¥° ¶µ²µ¸¥ Î -
¸ÉµÉ´µ£µ ¸¶¥±É·  £¥´¥· Éµ· . ‚ ¶·¥¤¥²¥ d → 0 ¨ h2Ω → I ¢Ò· ¦¥´¨¥ (84)
¶¥·¥Ìµ¤¨É ¢ µ¡ÒÎ´µ¥ Ê· ¢´¥´¨¥ ¤²Ö ¶²µÉ´µ¸É¨ ¶µ£²µÐ ¥³µ° ³µÐ´µ¸É¨, ¸¶· -
¢¥¤²¨¢µ¥ ¶·¨ d << λ:

pon(off) = i
µ0
2

ωχI, (85)

£¤¥ I Å ¨´É¥´¸¨¢´µ¸ÉÓ ¶µ²Ö ¢ ·¥§µ´ Éµ·¥. �¥É·Ê¤´µ ¢¨¤¥ÉÓ, ÎÉµ ¶ · ³ £´¨É-
´µ¥ ¶µ£²µÐ¥´¨¥ ¢ ¤²¨´´µ° ³¨Ï¥´¨ ¨³¥¥É ¤µ¶µ²´¨É¥²Ó´Ò° Ô±¸¶µ´¥´Í¨ ²Ó´Ò°
Î²¥´ ¢ ¶µ£²µÐ¥´¨¨, µ¡Ö§ ´´Ò° ¶¥·¥³¥Ð¥´¨Õ ³ ±¸¨³Ê³µ¢ ¨´É¥´¸¨¢´µ¸É¥°
¶µ²Ö. ’ ± ± ± ¶µ£²µÐ¥´¨¥ ¢ (84) § ¢¨¸¨É µÉ ¤¨¸¶¥·¸¨¨, Éµ · ¸¸³ É·¨¢ ¥-
³ Ö ³µ¤¥²Ó ¶µ§¢µ²Ö¥É ´¥ Éµ²Ó±µ µ¡ÑÖ¸´¨ÉÓ ¶µÖ¢²¥´¨¥ ¡µ±µ¢ÒÌ ¸ É¥²²¨Éµ¢ ¢
¸¶¥±É·¥ ¶µ£²µÐ¥´¨Ö ´  ·¨¸. 13, ´µ ¨ ¶·¥¤¸± § ÉÓ ¨Ì Î¨¸²µ (n) [63]:

d · α(H0) − d · α(Hres) =
√
εrω0[χ′(ω) − χ′(ω0)] d/(2c) = nπ. (86)

�·¨´¨³ Ö εr = 2, ω0 = 2π · 1010 ƒÍ, d = 50 ¸³, ∆χ′ ≤ |χ′|max/2 = 4 · 10−2,
¶µ²ÊÎ ¥³ n ∼= 6; ¤ ´´Ò¥ ´  ·¨¸. 13 ¶µ± §Ò¢ ÕÉ 4 ¨²¨ 5 ¢§ ¨³´µ ¶¥·¥-
±·Ò¢ ÕÐ¨Ì¸Ö ¶¨±µ¢. �  ·¨¸. 15 ¶µ± § ´Ò ¤µ¶µ²´¨É¥²Ó´Ò¥ ¶µÉ¥·¨ (·¥ ²Ó´ Ö
Î ¸ÉÓ Ê· ¢´¥´¨Ö (84)) ± ± ËÊ´±Í¨Ö Ω ¶·¨ Tm = 2 ³¸. „ ´´Ò¥ ¶µ²ÊÎ¥´Ò
´  Î ¸ÉµÉ¥, µ¡¥¸¶¥Î¨¢ ÕÐ¥° ³ ±¸¨³Ê³ µÉ·¨Í É¥²Ó´µ° Ö¤¥·´µ° ¶µ²Ö·¨§ Í¨¨.
‘¢µ¡µ¤´Ò³¨ ¶ · ³¥É· ³¨ ¶·¨ Ë¨É¨·µ¢ ´¨¨ ¡Ò²¨ ¶·µ¨§¢µ¤´ Ö β̇ = ∂β/∂ω,
µ¡µ§´ Î ÕÐ Ö ¨§³¥´¥´¨¥ ¶µ£²µÐ¥´¨Ö ³¥¦¤Ê ³ ±¸¨³Ê³µ³ ¨ ³¨´¨³Ê³µ³ ¨´-
É¥´¸¨¢´µ¸É¨ ¶µ²Ö ¢¤µ²Ó µ¸¨ z ·¥§µ´ Éµ· , Ω0 Å ´¥§´ Î¨É¥²Ó´Ò° ¶µ¤£µ-
´µÎ´Ò° ¶ · ³¥É·, ±µÉµ·Ò° Ê²ÊÎÏ ¥É Ë¨É¨·µ¢ ´¨¥ ¶·¨ ´¥¡µ²ÓÏµ° ¢¥²¨Î¨´¥
‘‚—-³µÐ´µ¸É¨ ¨ χ′′h2 Å ¶ · ³¥É·, ´µ·³¨·ÊÕÐ¨° ¢Ìµ¤´ÊÕ ‘‚—-³µÐ´µ¸ÉÓ.
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•µ·µÏ¥¥ ¸µ¢¶ ¤¥´¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³ ¶·¨ ¸¤¥² ´´ÒÌ ¶·¥¤¶µ²µ¦¥´¨ÖÌ ¶µ¤-
É¢¥·¦¤ ¥É ¢µ§³µ¦´µ¸ÉÓ µ¡´ ·Ê¦¥´¨Ö SMC-±µ²² ¡µ· Í¨¥° ¢ CERN ÔËË¥±É 
¶·µ¸É· ´¸É¢¥´´µ° ¤¨¸¶¥·¸¨¨ ¢ ³ £´¨É´µ³ ·¥§µ´ ´¸¥. ’¥³ ´¥ ³¥´¥¥ · ¸¸³µ-
É·¥´´Ò¥ §¤¥¸Ó ³µ¤¥²¨ ³µ¤Ê²ÖÍ¨µ´´µ£µ ÔËË¥±É  ´¥ ¨¸Î¥·¶Ò¢ ÕÉ ¨¸É¨´´µ°
¶·¨·µ¤Ò µ¡´ ·Ê¦¥´´µ£µ Ö¢²¥´¨Ö. ’ ±, ¤ ´´Ò¥, ¶·¨¢¥¤¥´´Ò¥ ¢ ÔÉµ³ · §¤¥²¥,
Ëµ·³ ²Ó´µ ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± Ê¢¥²¨Î¥´¨¥ Ö¤¥·´µ° ¶µ²Ö·¨§ Í¨¨ (É.¥.
¶µ¢ÒÏ¥´¨¥ ¸É¥¶¥´¨ ‘‚—-´ ¸ÒÐ¥´¨Ö ³ É¥·¨ ² ), ´µ ¶·¨ ³¥´ÓÏ¥° ¶µ¤¢µ¤¨-
³µ° ‘‚—-³µÐ´µ¸É¨ ¸ ¢±²ÕÎ¥´´µ° ³µ¤Ê²ÖÍ¨¥° Î ¸ÉµÉÒ. ˆ´É¥·¥¸´µ µÉ³¥-
É¨ÉÓ, ÎÉµ ¨ É ±µ¥ µ¡ÑÖ¸´¥´¨¥ µ± §Ò¢ ¥É¸Ö ¢¶µ²´¥ ¤µ¶Ê¸É¨³Ò³, ¥¸²¨ ÊÎ¥¸ÉÓ,
ÎÉµ ��-²¨´¨Ö (¸³. ·¨¸. 3) ¨³¥¥É ¨´¢¥·É¨·µ¢ ´´Ò° ÊÎ ¸Éµ± ¨´¤ÊÍ¨·µ¢ ´´µ£µ
Ê¸¨²¥´¨Ö ¶·¨²µ¦¥´´µ£µ ¶µ²Ö.

‚ É¥Ì´¨Î¥¸±µ³ ¶² ´¥ ¡µ²µ³¥É·¨Î¥¸±µ¥ ¤¥É¥±É¨·µ¢ ´¨¥ ‘‚—-³µÐ´µ¸É¨ ¢
·¥§µ´ Éµ·¥, ¨¸¶µ²Ó§Ê¥³µ¥ ¢ ÔÉµ³ Ô±¸¶¥·¨³¥´É¥ [63], ¢¶¥·¢Ò¥ ¶µ§¢µ²¨²µ ¨§³¥-
·¨ÉÓ ±·¨¢ÊÕ ³ £´¨É´µ£µ ´ ¸ÒÐ¥´¨Ö ³ É¥·¨ ²  ³¨Ï¥´¨, ±µÉµ· Ö, ¶µ ¸ÊÐ¥¸É¢Ê,
¨ µ¶·¥¤¥²Ö¥É ÔËË¥±É¨¢´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö ‘‚—-³µÐ´µ¸É¨.

¨¸. 15. ‡ ¢¨¸¨³µ¸ÉÓ ¤µ¶µ²´¨É¥²Ó´µ£µ ¶µ£²µÐ¥´¨Ö ¶µ Ëµ·³Ê²¥ (84) µÉ  ³¶²¨ÉÊ¤Ò
³µ¤Ê²ÖÍ¨¨ Î ¸ÉµÉÒ. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ÉµÎ±¨ ¶µ²ÊÎ¥´Ò ¶·¨ Ë¨±¸¨·µ¢ ´´µ° ¤²Ö
± ¦¤µ° ±·¨¢µ° ‘‚—-³µÐ´µ¸É¨, ±µÉµ· Ö ¨ µ¶·¥¤¥²Ö¥É É¥³¶¥· ÉÊ·Ê ³ É¥·¨ ² , ¶·¨¢¥-
¤¥´´ÊÕ Ê ±·¨¢ÒÌ

„·Ê£¨³ ¶µ²¥§´Ò³ ¤²Ö ¶· ±É¨±¨ ¸²¥¤¸É¢¨¥³ c¤¥² ´´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢
Ö¢²Ö¥É¸Ö ¢Ò¢µ¤ µ Éµ³, ÎÉµ ¶·¨ ¶·µ¥±É¨·µ¢ ´¨¨ ·¥§µ´ Éµ·  ³¨Ï¥´¨ ¸²¥¤Ê¥É
¢¸¥³¥·´µ ¨§¡¥£ ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö ±µ´¸É·Ê±É¨¢´ÒÌ Ô²¥³¥´Éµ¢, ±µÉµ·Ò¥ ¢´µ¸ÖÉ
§ ³¥É´Ò¥ ¤¨Ô²¥±É·¨Î¥¸±¨¥ ¶µÉ¥·¨: ³ ¸¸¨¢´Ò¥ ¶² ¸É¨±µ¢Ò¥ ±µ´É¥°´¥·Ò, ± ·-
± ¸Ò ± ÉÊÏ¥± ¨ Éµ³Ê ¶µ¤µ¡´Ò¥ ³ É¥·¨ ²Ò, ´ £·Ê¦ ÕÐ¨¥ ± ³¥·Ê · ¸É¢µ·¥´¨Ö
¤¨Ô²¥±É·¨Î¥¸±¨³¨ ¶µÉ¥·Ö³¨ ‘‚—-³µÐ´µ¸É¨.
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5. Œ�ƒ�ˆ’�	… ‘‚…�•ˆ‡‹“—…�ˆ…

ƒ¥´¥· Í¨Ö · ¤¨µ¢µ²´, ¸É¨³Ê²¨·µ¢ ´´ Ö ¸² ¡µ ±É¨¢´µ° ¸·¥¤µ° ¸ µÉ·¨-
Í É¥²Ó´µ ¶µ²Ö·¨§µ¢ ´´Ò³¨ Ö¤¥·´Ò³¨ ¸¶¨´ ³¨, ¨§ÊÎ ² ¸Ó ¶·¨ ¨¸¸²¥¤µ¢ ´¨¨
· ¡µÉÒ Ö¤¥·´ÒÌ ¸¶¨´µ¢ÒÌ £¥´¥· Éµ·µ¢ [53]; ¥¥ µ¡ÒÎ´µ ´ §Ò¢ ÕÉ £¥´¥· Í¨¥°
®³ §¥·´µ£µ¯ É¨¶ . ‚ ³ §¥·´µ³ £¥´¥· Éµ·¥ ¸¶¨´Ò ±µ³¶¥´¸¨·ÊÕÉ ¶µÉ¥·¨ ¢ ·¥-
§µ´ Éµ·¥, ´µ ¥£µ ¸¢Ö§Ó ¸µ ¸¶¨´µ¢µ° ¸¨¸É¥³µ° ¸²¨Ï±µ³ ¸² ¡ , ÎÉµ¡Ò µ¡· §µ-
¢ ÉÓ ¥¤¨´ÊÕ ¸¢Ö§ ´´ÊÕ ±µ²¥¡ É¥²Ó´ÊÕ ¸¨¸É¥³Ê. ‚ · ¡µÉ Ì [7, 68Ä70] ¡Ò²µ
¶µ± § ´µ, ÎÉµ ¢ÒÏ¥ ´¥±µÉµ·µ£µ ¶µ·µ£  Ö¤¥·´µ° ¶µ²Ö·¨§ Í¨¨ ¢µ§´¨± ¥É ¤·Ê-
£µ° ¸¢¥·Ì¨§²ÊÎ É¥²Ó´Ò° (‘ˆ) É¨¶ £¥´¥· Í¨¨, ¨´É¥´¸¨¢´µ¸ÉÓ ±µÉµ·µ£µ ¶·µ-
¶µ·Í¨µ´ ²Ó´  ±¢ ¤· ÉÊ Ö¤¥·´µ° ¶µ²Ö·¨§ Í¨¨. ’ ±µ° £¥´¥· Éµ·, ¢ ´¥±µÉµ·µ³
¸³Ò¸²¥, Ö¢²Ö¥É¸Ö  ´ ²µ£µ³ µ¶É¨Î¥¸±µ³Ê ‘ˆ-² §¥·Ê, ÌµÉÖ ¨ µÉ²¨Î ¥É¸Ö µÉ ´¥£µ
¸¶µ¸µ¡µ³ ¸µ§¤ ´¨Ö ¨´¢¥·¸´µ° § ¸¥²¥´´µ¸É¨ ¨ ´ ²¨Î¨¥³ ·¥§µ´ Éµ· , ±µÉµ·Ò°
µ¸ÊÐ¥¸É¢²Ö¥É ±µ··¥²ÖÍ¨Õ ¨§²ÊÎ¥´¨Ö ¶·µ¸É· ´¸É¢¥´´µ · §¤¥²¥´´ÒÌ Ö¤¥·´ÒÌ
³ £´¨É´ÒÌ ³µ³¥´Éµ¢. �´¥·£¥É¨Î¥¸±ÊÕ ¢µ§³µ¦´µ¸ÉÓ ‘ˆ-£¥´¥· Í¨¨ µ¡µ¸´µ-
¢ ²¨ c²µ³¡¥·£¥´ ¨ � Ê´¤ [71]. ” °´ [72] ¶·¥¤²µ¦¨² ´ §¢ ÉÓ ´µ¢Ò° ¨¸ÉµÎ´¨±
±µ£¥·¥´É´ÒÌ · ¤¨µ¢µ²´ ±µ£¥É·µ´µ³.

5.1. ˆ¸¸²¥¤µ¢ ´¨¥ · ¤¨µÎ ¸ÉµÉ´µ£µ ¸¢¥·Ì¨§²ÊÎ¥´¨Ö. ‚ ± Î¥¸É¢¥  ±É¨¢-
´µ£µ ¢¥Ð¥¸É¢  ¨¸¶µ²Ó§µ¢ ²¸Ö ¶·µ¶ ´¤¨µ² (C3H8O2) Å ¤¨Ô²¥±É·¨± ¸ ¢Ò¸µ±µ°
±µ´Í¥´É· Í¨¥° ¶·µÉµ´´ÒÌ ¸¶¨´µ¢ ¨ ¶ · ³ £´¨É´µ° ¶·¨³¥¸ÓÕ Cr+V , ´¥µ¡Ìµ-
¤¨³µ° ¤²Ö ¶µ²ÊÎ¥´¨Ö „�Ÿ [68]. ‚ CERN [33] ¸¨²Ó´Ò¥ ÔËË¥±ÉÒ ‘ˆ ´ ¡²Õ¤ -
²¨¸Ó ¢ µ¡²ÊÎ¥´´µ³  ³³¨ ±¥ ¸ F -Í¥´É· ³¨. ‘ Í¥²ÓÕ ¡µ²¥¥ ¶µ²´µ£µ µ¸¢¥Ð¥´¨Ö
§¤¥¸Ó ¸µ¡· ´Ò ¤ ´´Ò¥ µ¡µ¨Ì ¢µ ³´µ£µ³  ´ ²µ£¨Î´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢. Œ É¥-
·¨ ² ³¨Ï¥´¨ ¶·¨£µÉµ¢²Ö¥É¸Ö ¢ ¢¨¤¥ § ³µ·µ¦¥´´ÒÌ Ï ·¨±µ¢ ¨²¨ £· ´Ê² ¸
±µÔËË¨Í¨¥´Éµ³ § ¶µ²´¥´¨Ö µ±µ²µ 0,6. �·¨ T0 = 0, 3 K ¢ ¶µ²¥ ≈ 2, 5 ’²
¢ ³¨Ï¥´¨ ³¥Éµ¤µ³ „�Ÿ ¶µ²ÊÎ ² ¸Ó (−70 ÷ −90)% ¶µ²Ö·¨§ Í¨Ö ¶·µÉµ´µ¢.
‡ É¥³ ‘‚—-¶µ²¥ ¢Ò±²ÕÎ ²µ¸Ó, ¢¸²¥¤¸É¢¨¥ Î¥£µ É¥³¶¥· ÉÊ·  ± ³¥·Ò · ¸É¢µ-
·¥´¨Ö ¶µ´¨¦ ² ¸Ó ¤µ ≈ 50 ³Š,   ¢·¥³Ö Ö¤¥·´µ° ¸¶¨´-·¥Ï¥ÉµÎ´µ° ·¥² ±¸ Í¨¨
¶·¥¢ÒÏ ²µ 500 Î ¸µ¢ (¸³. ·¨¸. 1). ’ ±µ¢  ¸É ·Éµ¢ Ö ¸¨ÉÊ Í¨Ö ¤²Ö ¢¸¥Ì ´¨¦¥
µ¶¨¸ ´´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ‘ˆ.

cÒ²µ µ¡´ ·Ê¦¥´µ [68Ä70], ÎÉµ ¥¸²¨, ¨§³¥´ÖÖ ¶µ²¥ ³ £´¨É , ¸µ¢³¥¸É¨ÉÓ
² ·³µ·µ¢¸±ÊÕ Î ¸ÉµÉÊ Ö¤¥·´ÒÌ ¸¶¨´µ¢ ¸ ·¥§µ´ ´¸´µ° Î ¸ÉµÉµ° ¶ ¸¸¨¢´µ£µ
±µ²¥¡ É¥²Ó´µ£µ ±µ´ÉÊ· , Éµ ¶¥·¢µ´ Î ²Ó´ Ö ¶µ²Ö·¨§ Í¨Ö −85% ¸ ³µ¶·µ¨§-
¢µ²Ó´µ ·¥¢¥·¸¨·Ê¥É¸Ö ¨ ¸É ´µ¢¨É¸Ö ¶µ²µ¦¨É¥²Ó´µ°, ¤µ¸É¨£ Ö 12 ÷ 50%. ‚
§ ¢¨¸¨³µ¸É¨ µÉ ¢¥²¨Î¨´Ò ´ Î ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ ¨ ¶ · ³¥É·µ¢ ·¥§µ´ Éµ· 
£¥´¥· Í¨Ö ¶·µ¨¸Ìµ¤¨É ²¨¡µ ¸ ·¥¢¥·¸µ³, ²¨¡µ ¸µ¶·µ¢µ¦¤ ¥É¸Ö §´ Î¨É¥²Ó´Ò³
¶µ´¨¦¥´¨¥³  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´Ò ¶µ²Ö·¨§ Í¨¨. Ha ·¨¸. 16 ¨²²Õ¸É·¨·ÊÕÉ¸Ö
µ¡  ¸Í¥´ ·¨Ö ´  ¶·¨³¥·¥ ¶·µÉµ´µ¢ ¢  ³³¨ Î´µ° ³¨Ï¥´¨ [57].

�Í¥´±Ê ¢µ§³µ¦´µ¸É¨ ¢µ§´¨±´µ¢¥´¨Ö £¥´¥· Í¨¨ ³µ¦´µ ¢Ò¶µ²´¨ÉÓ, ¸· ¢-
´¨¢ Ö ¶µÉ¥·¨ ¢ ±µ´ÉÊ·¥ ¸ µÉ·¨Í É¥²Ó´Ò³ ¸µ¶·µÉ¨¢²¥´¨¥³, ±µÉµ·µ¥ ¸¶¨´µ¢ Ö
¸¨¸É¥³  ¢´µ¸¨É ¢ ±µ´ÉÊ· ¶·¨ ‘ˆ. „²Ö  ³³¨ Î´µ° ³¨Ï¥´¨ ¶·µÉµ´´ Ö ¢µ¸¶·¨-
¨³Î¨¢µ¸ÉÓ · ¢´ 
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¨¸. 16. ‚ ·¥§Ê²ÓÉ É¥ ‘ˆ ¸É ·Éµ¢ Ö µÉ·¨Í É¥²Ó´ Ö ¶µ²Ö·¨§ Í¨Ö (¸¶¥±É·Ò 1, 2) ²¨¡µ
§´ Î¨É¥²Ó´µ Ê³¥´ÓÏ ¥É¸Ö (3), ²¨¡µ ¨´¢¥·É¨·Ê¥É §´ ± (4). ¥§Ê²ÓÉ É § ¢¨¸¨É µÉ ¤µ¡·µÉ-
´µ¸É¨ ±µ´ÉÊ· 

χ′′ ≈ π

2
ν

∆ν
(−χ0) = −π

2
ν

∆ν

Nµ0µN
B0

=

= −π

2
106 · 106 ƒÍ

4, 7 · 104 ƒÍ

5, 4 · 1028 · 4π · 10−7 · 5, 05 · 10−27

2, 6
= −0, 47, (87)

£¤¥ µ0 = 4π · 10−7 Å ³ £´¨É´ Ö ¶µ¸ÉµÖ´´ Ö, µN Å Ö¤¥·´Ò° ³ £´¥Éµ´,
N Å ¸¶¨´µ¢ Ö ±µ´Í¥´É· Í¨Ö, · ¢´ Ö 3, 8 · 1028 ¸¶¨´/³3 ¢ ¶·µ¶ ´¤¨µ²¥ ¨
5, 4 · 1028 ¸¶¨´/³3 ¢  ³³¨ ±¥ ¨ B0 Å ¨´¤Ê±Í¨Ö ³ £´¨É  ¢ ’². �·¨³¥³ ·¥§µ-
´ ´¸´ÊÕ Î ¸ÉµÉÊ 100 ŒƒÍ, ¨´¤Ê±É¨¢´µ¸ÉÓ L = 10−7 ƒ´ ¨ Ë ±Éµ· § ¶µ²´¥´¨Ö
η = 0, 5, Éµ£¤  ³ £´¨É´Ò¥ ³µ³¥´ÉÒ Ö¤¥· ¢´µ¸ÖÉ ¢ ±µ´ÉÊ· µÉ·¨Í É¥²Ó´µ¥ Ô±¢¨-
¢ ²¥´É´µ¥ ¸µ¶·µÉ¨¢²¥´¨¥

r̄ = ηχ′′ · ωL = −0, 5 · 0, 47 · 2π · 100 · 106 · 10−7 = −16 �³. (88)

‚¥²¨Î¨´  ÔÉµ£µ ¸µ¶·µÉ¨¢²¥´¨Ö ¶µ ³µ¤Ê²Õ ´ ³´µ£µ ¶·¥¢ÒÏ ¥É ¸µ¡¸É¢¥´´Ò¥
¶µÉ¥·¨ ¢ ±µ´ÉÊ·¥, ¸µ¸É ¢²ÖÕÐ¨¥ µ¡ÒÎ´µ ³¥´¥¥ 1 �³. ‘²¥¤µ¢ É¥²Ó´µ,  ±É¨¢-
´µ¥ ¢¥Ð¥¸É¢µ ³¨Ï¥´¨ ³µ¦¥É ¢Ò§¢ ÉÓ · ¤¨µÎ ¸ÉµÉ´ÊÕ £¥´¥· Í¨Õ; ´¨¦¥ ³Ò
¶·µ¸²¥¤¨³ §  ¥¥ · §¢¨É¨¥³.

„²Ö ´ ¡²Õ¤¥´¨Ö £¥´¥· Í¨¨ ¢ ¶·µ¸Éµ° ±µ²¥¡ É¥²Ó´Ò° ±µ´ÉÊ·, ¨´¤Ê±É¨¢´µ
¸¢Ö§ ´´Ò° ¸ ³¨Ï¥´ÓÕ, ¢±²ÕÎ ²¸Ö ·¥§¨¸Éµ· ¸ ´µ³¨´ ²µ³ ³¥´ÓÏ¥ 1 �³. ‘¨£-
´ ² ¸ ÔÉµ£µ ·¥§¨¸Éµ· , ¶·µ¶µ·Í¨µ´ ²Ó´Ò° Éµ±Ê (¶µ²Õ ¢ ± ÉÊÏ±¥), ¤¥É¥±É¨-
·µ¢ ²¸Ö ¨ § ¶¨¸Ò¢ ²¸Ö Í¨Ë·µ¢Ò³ µ¸Í¨²²µ£· Ëµ³, ±µÉµ·Ò° § ¶Ê¸± ²¸Ö ¶·¨
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¨¸. 17. �·¨ ¢Ò¸µ±µ° ´ Î ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ ¸´ Î ²  ¢µ§´¨± ¥É ‘ˆ (1), § É¥³ Œƒ-
¨³¶Ê²Ó¸ (2). �·¨ ´¨§±µ° ¶µ²Ö·¨§ Í¨¨ Å Éµ²Ó±µ ¶· ¢Ò° ¨³¶Ê²Ó¸ Œƒ. �µ²¥ H0 ¢
¶·µÍ¥¸¸¥ µ¶ÒÉ  ¶² ¢´µ ¨§³¥´Ö¥É¸Ö

¢µ§´¨±´µ¢¥´¨¨ £¥´¥· Í¨¨ ¢ ±µ´ÉÊ·¥. ¥§µ´ ´¸´ Ö Î ¸ÉµÉ  ±µ´ÉÊ·  ¸µ¸É ¢²Ö² 
21,5 ŒƒÍ, µ´  ¸µµÉ¢¥É¸É¢µ¢ ²  ¶·µÉµ´´µ³Ê ·¥§µ´ ´¸Ê ¶·¨ H0 ≈ 0, 5 ’²,
¤µ¡·µÉ´µ¸ÉÓ ¢ µÌ² ¦¤¥´´µ³ ¸µ¸ÉµÖ´¨¨ Å µ±µ²µ 500. �±¸¶¥·¨³¥´É ¢Ò¶µ²-
´Ö²¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³ [68]. �µ²¥ H0  ¤¨ ¡ É¨Î¥¸±¨ Ê³¥´ÓÏ ²µ¸Ó µÉ
2,5 ’², ¢ ±µÉµ·µ³ µ¸ÊÐ¥¸É¢²Ö² ¸Ó ¶µ²Ö·¨§ Í¨Ö Ö¤¥·, ¤µ ³µ³¥´É  ¶¥·¥¸¥Î¥´¨Ö
² ·³µ·µ¢¸±µ° Î ¸ÉµÉÒ ¸¶¨´µ¢ ¸ ·¥§µ´ ´¸´µ° Î ¸ÉµÉµ° ±µ´ÉÊ·  (≈ 0, 5 ’²).
‚ Ìµ¤¥ Ô±¸¶¥·¨³¥´Éµ¢ ¡Ò²µ Ê¸É ´µ¢²¥´µ, ÎÉµ ¶·¨ ´ Î ²Ó´µ° ¶µ²Ö·¨§ Í¨¨
(−39 ÷ −45) < P < −9% ¸¨¸É¥³  ¤¥É¥±É¨·Ê¥É µ¤¨´ ¨³¶Ê²Ó¸ ³ §¥·´µ° £¥-
´¥· Í¨¨ (Œƒ) ¸ Ì · ±É¥·´µ°, Ï¨·µ±µ° ¶µ ¸· ¢´¥´¨Õ ¸ T2 ¤²¨É¥²Ó´µ¸ÉÓÕ,
¤µ¸É¨£ ÕÐ¥° 0,3 ¸ (¶· ¢Ò° ¨³¶Ê²Ó¸ ´  ·¨¸. 17). �µ ³¥·¥ ·µ¸É  ³µ¤Ê²Ö ´ -
Î ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ Ì · ±É¥· ¨§²ÊÎ¥´¨Ö ³¥´Ö¥É¸Ö. ‘´ Î ²  ¢µ§´¨± ¥É ±µ-
·µÉ±¨° ‘ˆ-¨³¶Ê²Ó¸ (²¥¢Ò° ¨³¶Ê²Ó¸ ´  ·¨¸. 17), ¢¸²¥¤ §  ±µÉµ·Ò³ ¸ § ¤¥·¦-
±µ° ¨¤¥É Œƒ. ’ ±¨³ µ¡· §µ³, ¶·¨ ¢Ò¸µ±µ° ´ Î ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ §  µ¤¨´
Í¨±² ¸´¨¦¥´¨Ö H0 ³µ¦´µ ´ ¡²Õ¤ ÉÓ ¤¢  · §´ÒÌ ¶·µÍ¥¸¸  Å ‘ˆ- ¨ Œƒ-
¨³¶Ê²Ó¸Ò, ± ± ÔÉµ ¢ Í¥²µ³ ¶µ± § ´µ ´  ·¨¸. 17. Œµ¤Ê²ÖÍ¨Ö ¶µ²Ö H0 ¶µ²¥³
§¢Ê±µ¢µ° Î ¸ÉµÉÒ ¢Ò§Ò¢ ¥É  ³¶²¨ÉÊ¤´ÊÕ ³µ¤Ê²ÖÍ¨Õ Œƒ-¨³¶Ê²Ó¸  ¸ Î ¸ÉµÉµ°
³µ¤Ê²¨·ÊÕÐ¥£µ ¶µ²Ö. �·¨ Ê¢¥²¨Î¥´¨¨  ³¶²¨ÉÊ¤Ò ³µ¤Ê²¨·ÊÕÐ¥£µ ¶µ²Ö ¶·µ-
Í¥¸¸ Œƒ ³µ¦´µ ³´µ£µ±· É´µ ¶·¥·Ò¢ ÉÓ ¨ ¢µ§µ¡´µ¢²ÖÉÓ, µ¡· §ÊÖ ®£·¥¡¥´±Ê¯
Œƒ-¨³¶Ê²Ó¸µ¢. ‚ ¶·µÉ¨¢µ¶µ²µ¦´µ¸ÉÓ ÔÉµ³Ê ‘ˆ-¨³¶Ê²Ó¸ ¶µÖ¢²Ö¥É¸Ö ¥¤¨´µ-
¦¤Ò, ¨ ¤²Ö ¥£µ ¶µ¢Éµ·¥´¨Ö ´¥µ¡Ìµ¤¨³µ ¢´µ¢Ó ¶µ¢Éµ·ÖÉÓ ´ ± Î±Ê Ö¤¥·´µ°
¶µ²Ö·¨§ Í¨¨. �  ·¨¸. 18 ¢ · §¢¥·´ÊÉµ³ ¢¨¤¥ ¶µ± § ´  Ëµ·³  ‘ˆ-¨³¶Ê²Ó¸ ,
±µÉµ· Ö, ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ µ¡Ð¥° É¥µ·¨¥° ‘ˆ [73], ¨³¥¥É ¢¨¤

f(t) ∝ sch
[

(t− t0)
τ

]
, (89)
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£¤¥ t0 Å ¢·¥³Ö § ¤¥·¦±¨, τ Å ¤²¨É¥²Ó´µ¸ÉÓ, Ì · ±É¥·¨§ÊÕÐ Ö Ï¨·¨´Ê ¨³-
¶Ê²Ó¸ . ¥§Ê²ÓÉ ÉÒ É¥µ·¥É¨Î¥¸±¨Ì · ¸Î¥Éµ¢ ¶µ Ëµ·³Ê²¥ (89), Ë¨É¨·µ¢ ´´Ò¥

¨¸. 18. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨-
³¥´É ²Ó´µ° Ëµ·³Ò ‘ˆ-¨³¶Ê²Ó¸µ¢
(¸¶²µÏ´Ò¥ ²¨´¨¨) ¸ É¥µ·¨¥° „¨±±¥
(ÉµÎ±¨ ´  ±·¨¢ÒÌ). „²¨É¥²Ó´µ¸ÉÓ
10 ³±¸/± ´ ²

± ¤ ´´Ò³, ¶µ± § ´Ò ÉµÎ± ³¨ ´  ÔÉµ³ ·¨-
¸Ê´±¥. —Éµ¡Ò  Éµ³Ò ¢ ³ ±·µ¸±µ¶¨Î¥¸±¨
¡µ²ÓÏµ³ µ¡Ñ¥³¥ ¸³µ£²¨ ¨§²ÊÎ ÉÓ ±µ£¥-
·¥´É´µ, ¶¥·¥Ìµ¤Ò ³¥¦¤Ê Ê·µ¢´Ö³¨ ¤µ²¦´Ò
¶·µ¨¸Ìµ¤¨ÉÓ §  ¢·¥³Ö τ ∼ 1/N , ±µÉµ-
·µ¥ ¤µ²¦´µ ¡ÒÉÓ ³¥´ÓÏ¥ ¢·¥³¥´¨ ¸¶¨´-
¸¶¨´µ¢µ° ·¥² ±¸ Í¨¨ (T2). ‘²¥¤µ¢ É¥²Ó´µ,
¶·¨ ³ £´¨É´µ³ ‘ˆ ¤²¨É¥²Ó´µ¸ÉÓ ¨³¶Ê²Ó¸ 
¤µ²¦´  Ê³¥´ÓÏ ÉÓ¸Ö ¶·¨ ¶µ¢ÒÏ¥´¨¨ ¶µ²Ö-
·¨§ Í¨¨. �µ¸±µ²Ó±Ê ¶µ²´ Ö Ô´¥·£¨Ö, ¨§²Ê-
Î ¥³ Ö ±µ²²¥±É¨¢µ³ N ¸¶¨´µ¢, µÎ¥¢¨¤´µ,
¥¸ÉÓ Nhν0, £¤¥ ν0 Å Î ¸ÉµÉ  ¶¥·¥Ìµ¤  ¨
h Å ¶µ¸ÉµÖ´´ Ö �² ´± , Éµ ¨´É¥´¸¨¢´µ¸ÉÓ
¨§²ÊÎ¥´¨Ö

J ∝ Nhν0/τc ∝ N2 (90)

¤µ²¦´  ¢±²ÕÎ ÉÓ Î²¥´, ¶·µ¶µ·Í¨µ´ ²Ó´Ò°
±¢ ¤· ÉÊ Ö¤¥·´µ° ¶µ²Ö·¨§ Í¨¨. ‚¸¥ ÔÉ¨ µ¡-
Ð¨¥ § ±µ´µ³¥·´µ¸É¨ ‘ˆ-¶·µÍ¥¸¸ , ¶·¥¤-
¸± § ´´Ò¥ „¨±±¥, ´ ¡²Õ¤ ÕÉ¸Ö ¨ ¢ ³ £´¨É-
´µ³ ‘ˆ. ’ ±, ¸ Ê¢¥²¨Î¥´¨¥³ ´ Î ²Ó´µ° ¶µ-
²Ö·¨§ Í¨¨ ¶µÖ¢²Ö¥É¸Ö ¶ · ¡µ²¨Î¥¸± Ö § -
¢¨¸¨³µ¸ÉÓ ¨´É¥´¸¨¢´µ¸É¨ ¨§²ÊÎ¥´¨Ö µÉ ¶µ-
²Ö·¨§ Í¨¨ ¨ ¸µ±· Ð ¥É¸Ö ¤²¨É¥²Ó´µ¸ÉÓ ‘ˆ
[68].

�±¸¶¥·¨³¥´É ¶µ± §Ò¢ ¥É, ÎÉµ ¤²¨É¥²Ó-
´µ¸ÉÓ Œƒ-¨³¶Ê²Ó¸  §´ Î¨É¥²Ó´µ ¶·¥¢ÒÏ ¥É
± ± ¢·¥³Ö ¶µ¶¥·¥Î´µ° ·¥² ±¸ Í¨¨ T2, É ±
¨ ¢·¥³Ö ¶¥·¥¸¥Î¥´¨Ö ¶µ²µ¸Ò ¶·µ¶Ê¸± ´¨Ö
±µ´ÉÊ· , ÎÉµ ´¥É·Ê¤´µ · ¸¸Î¨É ÉÓ, §´ Ö ¸±µ-
·µ¸ÉÓ ¨§³¥´¥´¨Ö ¶µ²Ö H0. �·µ¨¸Ìµ¤¨É ®§ -
Ì¢ É¯ ·¥§µ´ ´¸´µ° Î ¸ÉµÉÒ ±µ´ÉÊ·  ¸¶¨-

´µ¢µ° ¸¨¸É¥³µ° [74], ¢¸²¥¤¸É¢¨¥ Î¥£µ ¤²¨É¥²Ó´µ¸ÉÓ Œƒ · ¸É¥É ¸ Ê¢¥²¨Î¥-
´¨¥³ ´ Î ²Ó´µ° ¶µ²Ö·¨§ Í¨¨. ‚ ¶·µÉ¨¢µ¶µ²µ¦´µ¸ÉÓ ÔÉµ³Ê ¤²¨É¥²Ó´µ¸ÉÓ ‘ˆ-
¨³¶Ê²Ó¸  Ê³¥´ÓÏ ¥É¸Ö ¸ ·µ¸Éµ³ ¶µ²Ö·¨§ Í¨¨.

‚ ²Õ¡µ° ¸¨¸É¥³¥ ¸ µ¡· É´µ° ¸¢Ö§ÓÕ, ¢±²ÕÎ Ö, · §Ê³¥¥É¸Ö, ¨ ‘ˆ-£¥´¥· Éµ·,
¤²Ö ¢µ§¡Ê¦¤¥´¨Ö £¥´¥· Í¨¨ ´¥µ¡Ìµ¤¨³µ ¢Ò¶µ²´¥´¨¥ ´¥ Éµ²Ó±µ  ³¶²¨ÉÊ¤´ÒÌ
Ê¸²µ¢¨° (¨³¥ÉÓ ¢Ò¸µ±ÊÕ µÉ·¨Í É¥²Ó´ÊÕ ¶µ²Ö·¨§ Í¨Õ ¨ ¸¶¨´µ¢ÊÕ ¶²µÉ´µ¸ÉÓ
 ±É¨¢´µ£µ ¢¥Ð¥¸É¢ ), ´µ ¨ ¢Ò¶µ²´¥´¨¥ Ë §µ¢ÒÌ ¸µµÉ´µÏ¥´¨°, ±µÉµ·Ò¥ ¸¢Ö-
§ ´Ò ¸ ´ ²¨Î¨¥³ ¤¨¸¶¥·¸¨¨ ¨ ±µ³¶²¥±¸´Ò³ Ì · ±É¥·µ³ ¨³¶¥¤ ´¸  ±µ´ÉÊ·  ¢
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Ï¨·µ±µ° ¶µ²µ¸¥ Î ¸ÉµÉ. �µ ÔÉµ° ¶·¨Î¨´¥ ¶·¨  ´ ²¨§¥ ‘ˆ Ê· ¢´¥´¨Ö c²µÌ 
´¥µ¡Ìµ¤¨³µ ¤µ¶µ²´¨ÉÓ ¨²¨ ¢¨¤µ¨§³¥´¨ÉÓ ¸ ÊÎ¥Éµ³ ±µ³¶²¥±¸´µ£µ Ì · ±É¥· 
¨³¶¥¤ ´¸  ±µ´ÉÊ· . ‚ · ¡µÉ Ì [75, 76] ¸¨¸É¥³  Ê· ¢´¥´¨° c²µÌ  ¡Ò²  ¤µ¶µ²-
´¥´  Ê· ¢´¥´¨¥³ ¤²Ö ±µ²¥¡ É¥²Ó´µ£µ ±µ´ÉÊ· 

L
dIc
dt

+ RIc +
1
C

∫
Icdt = −dΦ

dt
, (91)

£¤¥ L, C ¨ R Å ¨´¤Ê±É¨¢´µ¸ÉÓ, ¥³±µ¸ÉÓ ¨  ±É¨¢´µ¥ ¸µ¶·µÉ¨¢²¥´¨¥ ±µ´ÉÊ· 
¸µµÉ¢¥É¸É¢¥´´µ; Ic Å Éµ± ¢ ±µ´ÉÊ·¥, Φ = µ0η0ScNcmx Å ¶µÉµ±, ¨´¤ÊÍ¨·Ê¥-
³Ò° ¸¶¨´ ³¨ ¢ ± ÉÊÏ±¥ ¸ ¶²µÐ ¤ÓÕ ¶µ¶¥·¥Î´µ£µ ¸¥Î¥´¨Ö Sc ¨ Î¨¸²µ³ ¢¨É±µ¢
Nc, η0 Å Ë ±Éµ· § ¶µ²´¥´¨Ö. �¥·¥Ìµ¤ µÉ Éµ±  Ic ± ¶µ²Õ Hc ¢ ± ÉÊÏ±¥ ¢Ò-
¶µ²´Ö²¸Ö ¶µ Ëµ·³Ê²¥ Hc = NcIc/', £¤¥ ' Å ¤²¨´  ± ÉÊÏ±¨.  ¸¸³ É·¨¢ Ö
‘ˆ ¢ ¶µ²µ¸¥ ¶·µ¶Ê¸± ´¨Ö ±µ´ÉÊ· ,  ¢Éµ·Ò · ¡µÉÒ [76] ¶µ²ÊÎ¨²¨  ´ ²¨É¨Î¥-
¸±¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¢·¥³¥´¨ § ¤¥·¦±¨, ¤²¨É¥²Ó´µ¸É¨ ¨ ¨´É¥´¸¨¢´µ¸É¨ ‘ˆ,
±µÉµ·Ò¥ ´ Ìµ¤ÖÉ¸Ö ¢ Ìµ·µÏ¥³ ¸µ£² ¸¨¨ ¸ ¤ ´´Ò³¨ Ô±¸¶¥·¨³¥´É . ˆ´É¥·¥¸´µ
µÉ³¥É¨ÉÓ, ÎÉµ ¡ ² ´¸ Ô´¥·£¨¨ ®±µ´ÉÊ· ¶²Õ¸ ¸¶¨´µ¢ Ö ¸¨¸É¥³ ¯ § ¢¨¸¨É µÉ
¸Ê³³Ò [76]:

I = − d

dt
(Wc + Wz), (92)

£¤¥ Wc = µ0Vch
2/2 Å Ô´¥·£¨Ö, § ¶ ¸¥´´ Ö ¢ · ¤¨µÎ ¸ÉµÉ´µ³ ±µ´ÉÊ·¥;

Wz = −µ0η0VcH0mz Å §¥¥³ ´µ¢¸± Ö Ô´¥·£¨Ö ¸¶¨´µ¢, Vc Å µ¡Ñ¥³ ± ÉÊÏ±¨
¨ I Å ¨´É¥´¸¨¢´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö. ’ ±¨³ µ¡· §µ³, ‘ˆ-¨´É¥´¸¨¢´µ¸ÉÓ § ¢¨-
¸¨É µÉ ¸Ê³³ ·´µ° Ô´¥·£¨¨ ®±µ´ÉÊ· ¶²Õ¸ §¥¥³ ´µ¢¸± Ö ¸¨¸É¥³ ¯. ƒ¥´¥· Í¨Ö
¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¨§²ÊÎ¥´¨¥ §¥¥³ ´µ¢¸±µ£µ ·¥§¥·¢Ê ·  §  ³ ²µ¥ ¢·¥³Ö T2,
±µ£¤  ¶µ¶¥·¥Î´ Ö ´ ³ £´¨Î¥´´µ¸ÉÓ Ê¦¥ ´¥ Ö¢²Ö¥É¸Ö ®Ìµ·µÏ¥°¯ ¤¨´ ³¨Î¥¸±µ°
¶¥·¥³¥´´µ°.

‚ ¡µ²¥¥ Ï¨·µ±µ° ¶µ²µ¸¥ Î ¸ÉµÉ ¶µ¢¥¤¥´¨¥ ‘ˆ-£¥´¥· Éµ·  ¨¸¸²¥¤µ¢ ²µ¸Ó
¢ · ¡µÉ¥ [74]. cÒ²µ ¶µ± § ´µ, ÎÉµ ¶·¨ ¸¨²Ó´µ° ¸¢Ö§¨ ¸¶¨´µ¢ ¸ ±µ´ÉÊ·µ³
Î ¸ÉµÉ  Œƒ-£¥´¥· Í¨¨

ω1 =
dφ

dt
= ω0 + γkMz sin ϕ · cos ϕ (93)

³µ¦¥É ¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î ÉÓ¸Ö µÉ ² ·³µ·µ¢¸±µ° Î ¸ÉµÉÒ (ω0); · §´µ¸ÉÓ Î -
¸ÉµÉ § ¢¨¸¨É µÉ Ë §µ¢µ£µ ¸¤¢¨£  ϕ ³¥¦¤Ê ´ ¶·Ö¦¥´¨¥³ ¨ Éµ±µ³ (¶µ²¥³ ± -
ÉÊÏ±¨), ±µÉµ·Ò° ¸µ¸É ¢²Ö¥É

ϕ = arctg [(ω1L− 1/ω1C)/R]. (94)

‚ µ¶ÒÉ¥ [68] ÔÉµÉ ¸¤¢¨£ ¤µ¸É¨£ ² 105 ƒÍ. ”µ·³Ê²  (93) ¡Ò²  ¶µ²ÊÎ¥´  É ±¦¥ ¢
· ¡µÉ¥ [77]. …¸²¨ ¶µ²¥ H0 ´¥¶·¥·Ò¢´µ ¢ ·Ó¨·Ê¥É¸Ö, Éµ £¥´¥· Í¨Ö ¤µ²¦´  ´ -
Î ÉÓ¸Ö ¥Ð¥ ¤µ ¸µ¢³¥Ð¥´¨Ö ² ·³µ·µ¢¸±µ° Î ¸ÉµÉÒ ¸ ·¥§µ´ ´¸´µ° Î ¸ÉµÉµ°
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±µ´ÉÊ· , ¶µ¸±µ²Ó±Ê ¤¨¸¶¥·¸¨Ö µÉ·¨Í É¥²Ó´µ° ³ £´¨É´µ° ¢µ¸¶·¨¨³Î¨¢µ¸É¨
¸É·¥³¨É¸Ö ¶µ¤¸É·µ¨ÉÓ Î ¸ÉµÉÊ ±µ´ÉÊ·  ± ² ·³µ·µ¢¸±µ° Î ¸ÉµÉ¥ ¸¶¨´µ¢. ‘¤¢¨£
Î ¸ÉµÉÒ ´ ¸É·µ°±¨ ±µ²¥¡ É¥²Ó´µ£µ ±µ´ÉÊ·  µ¶·¥¤¥²Ö¥É¸Ö Ëµ·³Ê²µ° (30):

ωp − ω0
ω0

= −1
2
ω0χ

′.

Ÿ¤¥·´ÊÕ ¤¨¸¶¥·¸¨Õ ¢ ÔÉµ° Ëµ·³Ê²¥ ´¥É·Ê¤´µ µÍ¥´¨ÉÓ ¶µ (87). ˆ¸¶µ²Ó§ÊÖ
¤ ´´Ò¥ ¤²Ö ¶·µ¶ ´¤¨µ²  ¨ ¶µ² £ Ö χ′′ ∼= χ′, ¶µ²ÊÎ¨³ χ′ ≈ 0, 1. �É¸Õ¤ ,
¸µ£² ¸´µ (30), ´  Î ¸ÉµÉ¥ 21,5 ŒƒÍ ¸¤¢¨£ Î ¸ÉµÉÒ ´ ¸É·µ°±¨ ±µ´ÉÊ·  ¤µ¸É¨-
£ ¥É 1 ŒƒÍ. ’ ± ± ± §´ ± ¤¨¸¶¥·¸¨¨ ¨´¢¥·É¨·Ê¥É¸Ö ¢ Í¥´É·¥ ŸŒ-²¨´¨¨, Éµ
Ê¤¥·¦ ´¨¥ Î ¸ÉµÉÒ ´ ¸É·µ°±¨ ±µ´ÉÊ·  ¡Ê¤¥É ¶·µ¤µ²¦ ÉÓ¸Ö ¨ ¶µ¸²¥ ¶¥·¥¸¥Î¥-
´¨Ö ·¥§µ´ ´¸´µ° Î ¸ÉµÉÒ ±µ´ÉÊ· , É.¥. £¥´¥· Í¨Ö ³µ¦¥É ¤²¨ÉÓ¸Ö ¢ Ê¤¢µ¥´´µ°
¶µ²µ¸¥ Î ¸ÉµÉ ¶µ·Ö¤±  2 ŒƒÍ. �µ¢ÒÏ¥´¨¥ ´ Î ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ ¡Ê¤¥É
¸¶µ¸µ¡¸É¢µ¢ ÉÓ · ¸Ï¨·¥´¨Õ µ¡² ¸É¨ § Ì¢ É  Î ¸ÉµÉÒ, ¶µÔÉµ³Ê ¤²¨É¥²Ó´µ¸ÉÓ
Œƒ-¨³¶Ê²Ó¸ , ¢ ¶µ²´µ³ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ô±¸¶¥·¨³¥´Éµ³, · ¸É¥É ¶·¨ Ê¢¥²¨Î¥-
´¨¨  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´Ò ´ Î ²Ó´µ° ¶µ²Ö·¨§ Í¨¨, ¢¶²µÉÓ ¤µ ¢µ§´¨±´µ¢¥-
´¨Ö ‘ˆ,   ¤²¨É¥²Ó´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö §´ Î¨É¥²Ó´µ ¶·¥¢µ¸Ìµ¤¨É ¢·¥³Ö T2. “Î¥É
±µ³¶²¥±¸´µ£µ Ì · ±É¥·  ¨³¶¥¤ ´¸  ±µ´ÉÊ·  ¨ ¨¸¸²¥¤µ¢ ´¨¥ ‘ˆ ¶µ§¢µ²¨²¨
ÊÉµÎ´¨ÉÓ Ê¸²µ¢¨¥ ¢µ§´¨±´µ¢¥´¨Ö Œƒ [53], ±µÉµ·µ¥ Ö¢²Ö¥É¸Ö ´¥µ¡Ìµ¤¨³Ò³
Ê¸²µ¢¨¥³ ¢µ§´¨±´µ¢¥´¨Ö ‘ˆ [74Ä76]:

T−1
R ≤ 1

2
ηγQ|Mz| cos2 ϕ, Mz < 0,

£¤¥ TR Å ¢·¥³Ö · ¤¨ Í¨µ´´µ£µ § ÉÊÌ ´¨Ö, µ¶·¥¤¥²ÖÕÐ¥¥ ¤¨¸¸¨¶ É¨¢´Ò¥ ¶µ-
É¥·¨ Ô´¥·£¨¨ ¢ ±µ´ÉÊ·¥, Q Å ¤µ¡·µÉ´µ¸ÉÓ ±µ´ÉÊ·  ¨ Mz Å Ö¤¥·´ Ö ´ ³ £-
´¨Î¥´´µ¸ÉÓ. �Éµ Ê¸²µ¢¨¥ µ§´ Î ¥É, ÎÉµ Œƒ ¨ ‘ˆ ´¥¢µ§³µ¦´Ò ¢´¥ ¶µ²µ¸Ò
¶·µ¶Ê¸± ´¨Ö ±µ´ÉÊ· , ±µ£¤  cos (ϕ) → 0.

� ¨¡µ²¥¥ ¥¸É¥¸É¢¥´´µ ±µ£¥·¥´É´Ò° ¨ ´¥±µ£¥·¥´É´Ò° ¢±² ¤Ò ¶µÖ¢²ÖÕÉ¸Ö
¢ ³¨±·µ¸±µ¶¨Î¥¸±µ° É¥µ·¨¨. ’ ±, ¨¸¶µ²Ó§ÊÖ ³¥Éµ¤ Œµ´É¥-Š ·²µ,  ¢Éµ·Ò
[78] ¸³µ£²¨ ³µ¤¥²¨·µ¢ ÉÓ Ëµ·³Ê ²¨´¨¨ ± ± ‘ˆ, É ± ¨ Œƒ. cµ²¥¥ Éµ£µ,
 ¢Éµ·Ò ÔÉµ° · ¡µÉÒ ÊÉ¢¥·¦¤ ÕÉ, ÎÉµ · §¤¥²¥´¨¥ ‘ˆ ¨ Œƒ, ¢ ¶·¨´Í¨¶¥,
´¥²Ó§Ö ¢Ò¶µ²´¨ÉÓ, ¶µ²Ó§ÊÖ¸Ó Ê· ¢´¥´¨Ö³¨ c²µÌ , ¢ ±µÉµ·ÒÌ ´ ³ £´¨Î¥´´µ¸ÉÓ
¢Ò¸ÉÊ¶ ¥É ± ± ±² ¸¸¨Î¥¸±¨° ¢¥±Éµ·, Éµ ¥¸ÉÓ ±µ£¥·¥´É´µ¸ÉÓ ¨§´ Î ²Ó´µ § -
²µ¦¥´  ¢ ÔÉ¨Ì Ê· ¢´¥´¨ÖÌ. „¥°¸É¢¨É¥²Ó´µ, Ê· ¢´¥´¨Ö c²µÌ  ´¥ ¸µ¤¥·¦ É
¨´Ëµ·³ Í¨¨ µ É¥¶²µ¢ÒÌ ÏÊ³ Ì ¢ ·¥§µ´ Éµ·¥, ±µÉµ·Ò¥ ¶·¨Ìµ¤¨É¸Ö ¢¢µ¤¨ÉÓ ¢
ÔÉ¨ Ê· ¢´¥´¨Ö ¢ ± Î¥¸É¢¥ ´ Î ²Ó´ÒÌ Ê¸²µ¢¨° ¤²Ö ¢µ§´¨±´µ¢¥´¨Ö £¥´¥· Í¨¨. ‘
¤·Ê£µ° ¸Éµ·µ´Ò, ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ¥ · ¸¸³µÉ·¥´¨¥ ÔËË¥±É  ¤ ¥É ‘ˆ ¨ ¡¥§
´ ¸É·µ¥´´µ£µ ·¥§µ´ Éµ· , ÎÉµ ¶·µÉ¨¢µ·¥Î¨É µ¶ÒÉÊ Ô±¸¶²Ê É Í¨¨ ¶µ²Ö·¨§µ-
¢ ´´ÒÌ ³¨Ï¥´¥°, ¢ ±µÉµ·ÒÌ ¡¥§ · ¤¨µÎ ¸ÉµÉ´µ£µ ±µ´ÉÊ·  ¸ ³µ¶·µ¨§¢µ²Ó´µ£µ
¢µ§´¨±´µ¢¥´¨Ö £¥´¥· Í¨¨ ¶·¨ µÉ·¨Í É¥²Ó´µ° ¶µ²Ö·¨§ Í¨¨ Ô±¸¶¥·¨³¥´É ²Ó´µ
¶µ±  ´¥ ´ ¡²Õ¤ ²µ¸Ó.
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‘ˆ ¸¶µ¸µ¡´µ ¶·¥·¢ ÉÓ  ¤¨ ¡ É¨Î¥¸±¨° ·¥¢¥·¸ ¶µ²Ö·¨§ Í¨¨, ±µÉµ·Ò° ¢
É¥Ì´¨±¥ ³¨Ï¥´¥° ¢Ò¶µ²´Ö¥É¸Ö ¸ Í¥²ÓÕ Ê³¥´ÓÏ¥´¨Ö ¸¨¸É¥³ É¨Î¥¸±¨Ì ¶µ£·¥Ï-
´µ¸É¥° ¶·¨ ¨§³¥·¥´¨¨ ¸² ¡ÒÌ ¸¥Î¥´¨° ¸¶¨´-¸¶¨´µ¢ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. �·¨
·¥¢¥·¸¥ ¢¥¤ÊÐ¥£µ ¶µ²Ö ³ £´¨É  µÉ·¨Í É¥²Ó´ Ö ¶µ²Ö·¨§ Í¨Ö ³¨Ï¥´¨ §  ´¥-
¸±µ²Ó±µ ¤¥¸ÖÉ±µ¢ ³¨±·µ¸¥±Ê´¤ ³µ¦¥É · §·ÊÏ¨ÉÓ¸Ö ¨²¨ ¤ ¦¥ ¨´¢¥·É¨·µ¢ ÉÓ¸Ö
§  ¸Î¥É ¢§ ¨³µ¤¥°¸É¢¨Ö ¸¶¨´µ¢ ¸ ¨§³¥·¨É¥²Ó´µ° ± ÉÊÏ±µ° Q-³¥É· . �É³¥É¨³,
ÎÉµ ‘ˆ ³µ¦´µ ´ ¡²Õ¤ ÉÓ ´¥ Éµ²Ó±µ ¶µ ¨§³¥´¥´¨Õ Ö¤¥·´µ° ¶µ²Ö·¨§ Í¨¨, ´µ
¨ ¶µ ·¥§±µ³Ê ¶¥·¥£·¥¢Ê ´¨§±µÉ¥³¶¥· ÉÊ·´ÒÌ É¥·³µ³¥É·µ¢ · ¤¨µÎ ¸ÉµÉ´Ò³
¶µ²¥³. �´ ²¨§, ¢Ò¶µ²´¥´´Ò° ¢ ¶. 2.1, ¶µ± §Ò¢ ¥É, ÎÉµ £¨¡·¨¤´Ò° ±µ´ÉÊ·
Q-³¥É·  ¨³¥¥É ³´µ£µ ·¥§µ´ ´¸´ÒÌ Î ¸ÉµÉ, ¶·¨Î¥³ ¨§-§  ¸¨²Ó´µ£µ ¢²¨Ö´¨Ö
± ¡¥²Ö ¤µ¡·µÉ´µ¸ÉÓ ±µ´ÉÊ·  ¤µ²¦´  ¢µ§· ¸É ÉÓ ¸ ¶µ´¨¦¥´¨¥³ ¥£µ ·¥§µ´ ´¸-
´µ° Î ¸ÉµÉÒ, É ± ÎÉµ ¡¥§ ¶·¨³¥´¥´¨Ö ¸¶¥Í¨ ²Ó´ÒÌ ³¥· ¨´µ£¤  ´¥¢µ§³µ¦´µ
¶µ¤ ¢¨ÉÓ ‘ˆ-¶µÉ¥·¨ ¶µ²Ö·¨§ Í¨¨ ¶·¨ ·¥¢¥·¸¥ ¶µ²Ö. � ¨¡µ²¥¥ ÔËË¥±É¨¢´µ¥
¶µ¤ ¢²¥´¨¥ ÔËË¥±É  ¤µ¸É¨£ ¥É¸Ö ¸ ¶µ³µÐÓÕ ¨¸±Ê¸¸É¢¥´´µ£µ ´ ·ÊÏ¥´¨Ö µ¤-
´µ·µ¤´µ¸É¨ ¶µ¸ÉµÖ´´µ£µ ¶µ²Ö ¢¥¤ÊÐ¥£µ ³ £´¨É , ´ ¶·¨³¥·, ¶ÊÉ¥³ ¨§³¥´¥´¨Ö
¶µ²Ö·´µ¸É¨ Éµ±  ¢ ±µ··¥±É¨·ÊÕÐ¨Ì ± ÉÊÏ± Ì ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ ¸µ²¥´µ¨¤ 
[30]. �µ¸²¥ ¶µ¤ ¢²¥´¨Ö ‘ˆ ¶µÉ¥·¨ ¶µ²Ö·¨§ Í¨¨ ¶·¨ ·¥¢¥·¸e µ¡ÒÎ´µ ¸µ¸É -
¢²ÖÕÉ ³¥´¥¥ 0,3%.

6. �	‚›… ��ˆ‹	†…�ˆŸ �	‹Ÿ�ˆ‡	‚���›• Œˆ˜…�…‰

6.1. „·Ê£¨¥ ³¥Éµ¤Ò ¤¨´ ³¨Î¥¸±µ° ¶µ²Ö·¨§ Í¨¨. ˆ§³¥·¥´¨¥  ´¨§µÉ·µ-
¶¨¨ Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö β-γ-¨§²ÊÎ¥´¨° Ö¢²Ö¥É¸Ö ´ ¨¡µ²¥¥ ÎÊ¢¸É¢¨É¥²Ó-
´Ò³ ³¥Éµ¤µ³ ¨¸¸²¥¤µ¢ ´¨Ö ¶µ²Ö·¨§µ¢ ´´ÒÌ Ö¤¥· ¨ ¨Ì ¸¢¥·ÌÉµ´±¨Ì ¢§ ¨³µ-
¤¥°¸É¢¨° [79]. �¡ÒÎ´µ ¨¸¸²¥¤Ê¥³Ò¥ Ö¤·  ¨³¶² ´É¨·ÊÕÉ ¢ Ë¥··µ³ £´¨É´Ò¥
³ É·¨ÍÒ, ¢ ±µÉµ·ÒÌ µ´¨ ¶µ²Ö·¨§ÊÕÉ¸Ö §  ¸Î¥É §´ Î¨É¥²Ó´µ° ¢´ÊÉ·¥´´¥° ¨´-
¤Ê±Í¨¨ (≈ 50 ’²) ¨ µÌ² ¦¤¥´¨Ö ¤µ ¸¢¥·Ì´¨§±¨Ì É¥³¶¥· ÉÊ· (10Ä30 ³Š). c² -
£µ¤ ·Ö ¢Ò¸µ±µ° ¸±µ·µ¸É¨ ¸¶¨´-·¥Ï¥ÉµÎ´µ° ·¥² ±¸ Í¨¨ ¢ ¸¶¨´µ¢µ° ¸¨¸É¥³¥
Ö¤¥· Ê¸É ´ ¢²¨¢ ¥É¸Ö ¡µ²ÓÍ³ ´µ¢¸±µ¥ (· ¢´µ¢¥¸´µ¥) · ¸¶·¥¤¥²¥´¨¥ ¸ É¥³¶¥-
· ÉÊ·µ° ·¥Ï¥É±¨, ´µ ¦¥¸É± Ö ¸¢Ö§Ó ¸¶¨´µ¢ ¸ ·¥Ï¥É±µ° ¢ Ë¥··µ³ £´¨É´ÒÌ
³ É·¨Í Ì ´¥ ¶µ§¢µ²Ö¥É § ¤¥°¸É¢µ¢ ÉÓ ¢¥¸Ó  ·¸¥´ ² ¨§¢¥¸É´ÒÌ ³¥Éµ¤µ¢ ¨¸¸²¥-
¤µ¢ ´¨Ö ¸¶¨´µ¢ÒÌ ¸¨¸É¥³, ´ ¶·¨³¥·, ¢µ§³µ¦´µ¸ÉÓ ¨§³¥´ÖÉÓ §´ ± ¨Ì ¸¶¨´µ¢µ°
É¥³¶¥· ÉÊ·Ò.

‚ µÉ²¨Î¨¥ µÉ Ë¥··µ³ £´¨É´ÒÌ ³ É·¨Í, ¤¨Ô²¥±É·¨±¨ ¶·µ§· Î´Ò ¤²Ö Ô²¥±-
É·µ³ £´¨É´ÒÌ ¶µ²¥°, ¶µ ±· °´¥° ³¥·¥, ¢¶²µÉÓ ¤µ Î ¸ÉµÉ 1011 ƒÍ, ¨³¥ÕÉ ¶·¥-
´¥¡·¥¦¨³µ ¸² ¡Ò¥ ¢´ÊÉ·¥´´¨¥ ²µ± ²Ó´Ò¥ ³ £´¨É´Ò¥ ¶µ²Ö ≈ 10−3 ’²,   ¢Ò-
¸µ± Ö ¶·µÉµ´´ Ö ¶µ²Ö·¨§ Í¨Ö ¢ ´¨Ì µ¡¥¸¶¥Î¨¢ ¥É¸Ö ¶·¨ ¸· ¢´¨É¥²Ó´µ ²¥£±µ
¤µ¸É¨¦¨³ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ: ¶·¨ É¥³¶¥· ÉÊ·¥ 0,2Ä0,5 Š ¨ ¢
µ¡ÒÎ´µ³ ³ £´¨É´µ³ ¶µ²¥ ≈ 2, 5 ’². �·¨´Í¨¶¨ ²Ó´Ò³ µÉ²¨Î¨¥³ ¤¨Ô²¥±É·¨-
±µ¢ µÉ Ë¥··µ³ £´¨É´ÒÌ ³ É·¨Í Ö¢²ÖÕÉ¸Ö µ£·µ³´Ò¥, ¤µ¸É¨£ ÕÐ¨¥ 1000 ¨ ¡µ-
²¥¥ Î ¸µ¢ ¢·¥³¥´  ¸¶¨´-·¥Ï¥ÉµÎ´µ° ·¥² ±¸ Í¨¨, É ± ÎÉµ ³ £´¨É´Ò¥ ³µ³¥´ÉÒ
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µ± §Ò¢ ÕÉ¸Ö ¶· ±É¨Î¥¸±¨ ¨§µ²¨·µ¢ ´´Ò³¨ µÉ ·¥Ï¥É±¨. c² £µ¤ ·Ö ÔÉµ³Ê ¸É -
´µ¢ÖÉ¸Ö ¢µ§³µ¦´Ò³¨ ¸µ§¤ ´¨¥ ¢Ò¸µ±µ° ¢¥±Éµ·´µ° ¨ É¥´§µ·´µ° ¶µ²Ö·¨§ Í¨¨
Ö¤¥·, ¶·¨£µÉµ¢²¥´¨¥ ´¥¡µ²ÓÍ³ ´µ¢¸±¨Ì § ¸¥²¥´´µ¸É¥° ¸¶¨´µ¢ÒÌ ¸µ¸ÉµÖ´¨°
[23, 80] ¨ ¤ ¦¥ ®Ëµ±Ê¸¨·µ¢± ¯ ¸¶¨´µ¢ ¢ Î¨¸Éµ¥ ±¢ ´Éµ¢µ¥ ¸µ¸ÉµÖ´¨¥ [81].
Œµ¦´µ ²¨ ¨¸¶µ²Ó§µ¢ ÉÓ ÔÉ¨ ¶·¥¨³ÊÐ¥¸É¢  ¤²Ö ¶µ²Ö·¨§ Í¨¨ ·¥¤±¨Ì · ¤¨µ-
 ±É¨¢´ÒÌ Ö¤¥·, ¨³¶² ´É¨·µ¢ ´´ÒÌ ¢ ¶µ²Ö·¨§µ¢ ´´ÊÕ ³¨Ï¥´Ó? �·µ¡²¥³  ´¥
µ£· ´¨Î¨¢ ¥É¸Ö ¨¸¸²¥¤µ¢ ´¨¥³ ¸ ³¨Ì · ¤¨µ ±É¨¢´ÒÌ Ö¤¥·. Ÿ¤·  ¸ ¨§¢¥¸É´µ°
¸Ì¥³µ° · ¸¶ ¤  ³µ¦´µ ¶µ¶ÒÉ ÉÓ¸Ö ¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö ¨§ÊÎ¥´¨Ö ±µ²²¥±É¨¢´ÒÌ
Ô²¥±É·µ´´ÒÌ ¨ Ô²¥±É·µ´´µ-Ö¤¥·´ÒÌ ¸¶¨´-¸¶¨´µ¢ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¢ ±µ´-
¤¥´¸¨·µ¢ ´´ÒÌ ¸·¥¤ Ì, ¤²Ö ¨§³¥·¥´¨Ö ¶µ²Ö·¨§ Í¨¨ µ¸´µ¢´ÒÌ Ö¤¥· ¶µ²Ö·¨§µ-
¢ ´´ÒÌ ³¨Ï¥´¥°.

Œ¥Éµ¤ ®¤¨´ ³¨Î¥¸±µ£µ µÌ² ¦¤¥´¨Ö¯ („�), · ¸¸³µÉ·¥´´Ò° ¢ · §¤. 1, ´¥
Ö¢²Ö¥É¸Ö ¥¤¨´¸É¢¥´´µ° ¢µ§³µ¦´µ¸ÉÓÕ ¶µ²Ö·¨§µ¢ ÉÓ Ö¤· . �´ ²µ£¨Î´Ò° ÔË-
Ë¥±É É¥¶²µ¢µ£µ ±µ´É ±É  ¢µ§´¨± ¥É, ¥¸²¨ ¢³¥¸Éµ Ô²¥±É·µ´´ÒÌ ¸¶¨´µ¢ ¨¸-
¶µ²Ó§µ¢ ÉÓ ¶µ²Ö·¨§µ¢ ´´Ò¥ ¶·µÉµ´´Ò¥ ¸¶¨´Ò [23, 80].  §²¨Î¨¥ § ±²ÕÎ ¥É¸Ö
¢ Éµ³, ÎÉµ µ¡²ÊÎ¥´¨Õ ¶¥·¥³¥´´Ò³ ¶µ²¥³ É¥¶¥·Ó ´¥µ¡Ìµ¤¨³µ ¶µ¤¢¥·£´ÊÉÓ ´¥
Ô²¥±É·µ´´Ò¥ ¸¶¨´Ò ¶·¨³¥¸´ÒÌ Í¥´É·µ¢,   ¶µ²Ö·¨§µ¢ ´´Ò¥ ¶·µÉµ´Ò ¢ ¸¨²Ó-
´µ³ ³ £´¨É´µ³ ¶µ²¥ ´  Î ¸ÉµÉ¥, ¡²¨§±µ° ± ¶·µÉµ´´µ° ² ·³µ·µ¢¸±µ° Î ¸ÉµÉ¥
(νJ0 = γpH0/2π ≈ 106 ŒƒÍ ¢ ¶µ²¥ 2,5 ’²). ˜¨·¨´  ¸¶¥±É·  Ö¤¥·´ÒÌ ²µ-
± ²Ó´ÒÌ ¶µ²¥° ¸µ¸É ¢²Ö¥É ¤¥¸ÖÉ±¨ ±ƒÍ, ¶µÔÉµ³Ê ¢ ¨´É¥·¥¸ÊÕÐ¥³ ´ ¸ ¸²ÊÎ ¥
·¥¤±¨Ì · ¤¨µ ±É¨¢´ÒÌ Ö¤¥·, · ¸É¢µ·¥´´ÒÌ ¢ ¶µ²Ö·¨§µ¢ ´´µ° ³¨Ï¥´¨, ®·¥-
§µ´¨·ÊÕÐ¥° ¸¨¸É¥³µ°¯ ³µ£ÊÉ µ± § ÉÓ¸Ö ±¢ ¤·Ê¶µ²Ó´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö Ö¤¥·-
´ÒÌ ¸¶¨´µ¢ ¸ Ô²¥±É·¨Î¥¸±¨³ ¶µ²¥³ ¢ ³ É·¨Í¥ [80]. �´¥·£¨Ö ±¢ ¤·Ê¶µ²Ó´µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö ¶·¨  ±¸¨ ²Ó´µ° ¸¨³³¥É·¨¨ ¶µ²Ö ¤ ¥É¸Ö Ëµ·³Ê²µ° [23]:

〈ĤQ〉 = hX〈3Ĵ2z − J(J + 1)〉 = hXA,

X = νQ(3 cos2 ϑ− 1), (95)

νQ =
eqQ

8hJ(2J − 1)
,

£¤¥ νQ, ϑ ¨ J µ¡µ§´ Î¥´Ò É ± ¦¥, ± ± ¨ ¢ Ëµ·³Ê² Ì (59), (60). ‚ ¸¨¸É¥³¥
£² ¢´ÒÌ µ¸¥° ´¥´Ê²¥¢Ò¥ ±µ³¶µ´¥´ÉÒ É¥´§µ·  § ¶¨¸Ò¢ ÕÉ¸Ö ¢ ¢¨¤¥ (¸³. ¶. 3.1):

Qzz = Q, Qxx = Qyy = −Q

2
. (96)

�¥É·Ê¤´µ ¢¨¤¥ÉÓ ¨§ Ëµ·³Ê²Ò (95), ÎÉµ ¨§³¥´¥´¨¥ Ô´¥·£¨¨ ±¢ ¤·Ê¶µ²Ó´ÒÌ ¢§ -
¨³µ¤¥°¸É¢¨° ¢¥¤¥É ± ¨§³¥´¥´¨Õ É¥´§µ·´µ° ¶µ²Ö·¨§ Í¨¨ (A) ¨²¨ ¢Ò¸É·µ¥´-
´µ¸É¨ [23]. � ¨¡µ²¥¥ ¶·µ¸ÉÒ³ ¤²Ö  ´ ²¨§  Ö¢²Ö¥É¸Ö ¸²ÊÎ ° ´Ê²¥¢µ° ¢¥±-
Éµ·´µ° ¶µ²Ö·¨§ Í¨¨ ±¢ ¤·Ê¶µ²Ó´ÒÌ Ö¤¥·, ¶µ¸±µ²Ó±Ê ¶·¨ ÔÉµ³ § ¸¥²¥´´µ¸É¨
¸É Í¨µ´ ·´ÒÌ ¸µ¸ÉµÖ´¨° Ö¤·  ¸ Ë¨±¸¨·µ¢ ´´Ò³¨ ¶·µ¥±Í¨Ö³¨ ¸¶¨´µ¢ m ´ 
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´ ¶· ¢²¥´¨¥ ³ £´¨É´µ£µ ¶µ²Ö µ¶·¥¤¥²ÖÕÉ¸Ö Éµ²Ó±µ ±¢ ¤·Ê¶µ²Ó´Ò³ ¢§ ¨³µ-
¤¥°¸É¢¨¥³. ‚ ÔÉµ³ ¸²ÊÎ ¥ ³ É·¨Í  ¶²µÉ´µ¸É¨ ¨³¥¥É ¢¨¤ [82]:

ρmm =
exp (−βH

(m)
Q /h)

J∑
m=−J

exp (−βH
(m)
Q /h)

=

=
exp (−βX(3m2 − J(J + 1)))

exp (−βXJ(J + 1)) + 2
J∑
1

exp (−βX(3m2 − J(J + 1)))
, (97)

£¤¥ βQ = h/(kTQ) Å ¨´¢¥·¸´ Ö ¸¶¨´µ¢ Ö É¥³¶¥· ÉÊ·  ·¥§¥·¢Ê ·  ±¢ ¤·Ê¶µ²Ó-
´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. ‡´ ± TQ µ¶·¥¤¥²Ö¥É¸Ö §´ ±µ³ ¶·µ¨§¢¥¤¥´¨Ö Pp(ν−νJ0).
‡ ¸¥²¥´´µ¸É¨ pmm ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° Ô²¥³¥´ÉÒ ¸¶¨´µ¢µ° ³ É·¨ÍÒ ¶²µÉ-
´µ¸É¨ Ö¤¥·, ±µÉµ· Ö ¢ ¤ ´´µ³ ¸²ÊÎ ¥ Ö¢²Ö¥É¸Ö ¤¨ £µ´ ²Ó´µ°. ‘ ÊÎ¥Éµ³ (97)
¢Ò¸É·µ¥´´µ¸ÉÓ ¶·¨´¨³ ¥É ¢¨¤ [82]:

A =
J∑

m=−J
ρmm(3m2 − J(J + 1)) =

=
6

J∑
m=1

m2 exp (−βX(3m2 − J(J + 1)))

exp (βXJ(J + 1)) + 2
J∑

m=1
exp (−βX(3m2 − J(J + 1)))

− J(J + 1). (98)

‚ Î ¸É´µ³ ¸²ÊÎ ¥ J = 1 ÔÉ  Ëµ·³Ê²  ¡Ò²  ¶µ²ÊÎ¥´  ¨ Ô±¸¶¥·¨³¥´É ²Ó´µ
¶·µ¢¥·¥´  ¢ [23]. ‚ ¶·¥¤¥²¥ µÎ¥´Ó ´¨§±¨Ì ¶µ²µ¦¨É¥²Ó´ÒÌ É¥³¶¥· ÉÊ· TQ
¨ ¶·¨ Ê£² Ì 0 ≤ ϑ < arccos (3−1/2) ¢Ò¸É·µ¥´´µ¸ÉÓ A → −J(J + 1), Éµ
¥¸ÉÓ ¢¸¥ Ö¤·  ´ Ìµ¤ÖÉ¸Ö ¢ ¸µ¸ÉµÖ´¨¨ ¸ ¶·µ¥±Í¨¥° ¸¶¨´  m = 0,   ¶·¨
Ê£² Ì arccos (3−1/2) < ϑ ≤ π/2 ¢¥²¨Î¨´  A → J(2J − 1), ¨ ¢ ÔÉµ³ ¸²Ê-
Î ¥ § ¸¥²¥´´µ¸É¨ ¤¥²ÖÉ¸Ö ¶µ·µ¢´Ê ³¥¦¤Ê ¸µ¸ÉµÖ´¨Ö³¨ m = J ¨ m = −J .
‚ ¶·¥¤¥²¥ µÎ¥´Ó ´¨§±¨Ì µÉ·¨Í É¥²Ó´ÒÌ É¥³¶¥· ÉÊ· ¸¨ÉÊ Í¨Ö µ¡· Ð ¥É¸Ö.
Œ¥Éµ¤ ¶·¥¤²µ¦¥´ ¨ ¶·µ¢¥·¥´ ´  ¤¥°É·µ´ Ì [23, 80] ¨ ³µ¦¥É µ± § ÉÓ¸Ö ¶µ-
²¥§´Ò³ ¢ ¸²ÊÎ ¥ ´¥¡µ²ÓÏ¨Ì ±¢ ¤·Ê¶µ²Ó´ÒÌ ³µ³¥´Éµ¢ ¶µ·Ö¤± , ±µ£¤  νQ ≈
≈ (ν − νJ0). ‚·¥³¥´  ¶µ²Ö·¨§ Í¨¨, ¤µ¸É¨£´ÊÉÒ¥ ÔÉ¨³ ³¥Éµ¤µ³ ¢ Ô±¸¶¥·¨-
³¥´É¥, ¸µ¸É ¢²ÖÕÉ ´¥¸±µ²Ó±µ ¤¥¸ÖÉ±µ¢ ¸¥±Ê´¤,   ¸¶¨´µ¢Ò¥ É¥³¶¥· ÉÊ·Ò Å ¶µ-
·Ö¤±  ±10 ³±Š [23].

ˆ§-§  É¨¶¨Î´µ ´¨§±¨Ì ¢¥²¨Î¨´ ³ £´¨É´ÒÌ ³µ³¥´Éµ¢ ±¢ ¤·Ê¶µ²Ó´ÒÌ Ö¤¥·
¢¥²¨Î¨´  ¶µ²Ö·¨§ Í¨¨ ¨ ¢·¥³Ö ´ ± Î±¨ ¶µ²Ö·¨§ Í¨¨, ¤µ¸É¨£ ¥³Ò¥ ¶·¨ „�,
³µ£ÊÉ µ± § ÉÓ¸Ö ´¥¶·¨¥³²¥³Ò³¨ ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ±µ·µÉ±µ¦¨¢ÊÐ¨Ì Ö¤¥·.
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�µÔÉµ³Ê §´ Î¨É¥²Ó´µ¥ Ê¸¨²¥´¨¥ ¶µ²Ö·¨§ Í¨¨, ¤µ¸É¨£´ÊÉµ¥ ¢ [33] ³¥Éµ¤µ³
±·µ¸¸-·¥² ±¸ Í¨¨ Ö¤¥·  §µÉ  ¸ ¶µ²Ö·¨§µ¢ ´´Ò³¨ ¶·µÉµ´ ³¨, ¶·¥¤¸É ¢²Ö¥É ¸Ê-
Ð¥¸É¢¥´´µ¥ ¶·µ¤¢¨¦¥´¨¥ ± ¶µ¢ÒÏ¥´¨Õ ÔËË¥±É¨¢´µ¸É¨ ¶µ²Ö·¨§ Í¨¨ ·¥¤±¨Ì
Ö¤¥·. ˆ¤¥Ö § ±²ÕÎ ¥É¸Ö ¢ ¸²¥¤ÊÕÐ¥³: ¶Ê¸ÉÓ ¶µ³¨³µ Ö¤¥· ¸µ ¸¶¨´µ³ J ≥ 1
³ É·¨Í  ¸µ¤¥·¦¨É · ¸¶·µ¸É· ´¥´´Ò¥ Ö¤· , ´ ¶·¨³¥·, ¶µ²Ö·¨§µ¢ ´´Ò¥ ¶·µ-
Éµ´Ò (J = 1/2), ±µÉµ·Ò¥, ¢¢¨¤Ê ¡µ²ÓÏµ£µ £¨·µ³ £´¨É´µ£µ µÉ´µÏ¥´¨Ö, ¨³¥ÕÉ
¢Ò¸µ±ÊÕ É¥¶²µ¥³±µ¸ÉÓ ¸¶¨´µ¢µ° ¸¨¸É¥³Ò. ’ ± ± ±, ¢ µÉ²¨Î¨¥ µÉ ¶·µÉµ´-
´ÒÌ ¸¶¨´µ¢, ¢§ ¨³µ¤¥°¸É¢¨¥ ±¢ ¤·Ê¶µ²Ó´ÒÌ Ö¤¥· ¸ ·¥Ï¥É±µ° ¸µÌ· ´Ö¥É¸Ö ¨ ¢
´Ê²¥¢µ³ ³ £´¨É´µ³ ¶µ²¥, Éµ, ¶µ´¨¦ Ö H0, ³µ¦´µ ¸µ¢³¥¸É¨ÉÓ ² ·³µ·µ¢¸±ÊÕ
Î ¸ÉµÉÊ ¶·µÉµ´µ¢ ¸ ±¢ ¤·Ê¶µ²Ó´Ò³ · ¸Ð¥¶²¥´¨¥³ Ö¤¥· ¸µ ¸¶¨´µ³ J ≥ 1. ‚
³µ³¥´É ¶¥·¥¸¥Î¥´¨Ö Î ¸ÉµÉ ¶·µ¨¸Ìµ¤¨É ±·µ¸¸-·¥² ±¸ Í¨µ´´ Ö ¶¥·¥¤ Î  ¢Ò¸µ-
±µ° ¶·µÉµ´´µ° ¶µ²Ö·¨§ Í¨¨ ±¢ ¤·Ê¶µ²Ó´Ò³ Ö¤· ³. �±¸¶¥·¨³¥´ÉÒ ¡Ò²¨ ¢Ò-
¶µ²´¥´Ò ´   ³³¨ ±¥ (NH3) [33]. ‚ ¶µ²¥ 0,056 ’² ±¢ ¤·Ê¶µ²Ó´µ¥ · ¸Ð¥¶²¥´¨¥
¸É ¡¨²Ó´ÒÌ Ö¤¥·  §µÉ  6νQ = 2, 4 ŒƒÍ µ± §Ò¢ ¥É¸Ö · ¢´Ò³ ² ·³µ·µ¢¸±µ° Î -
¸ÉµÉ¥ ¶·µÉµ´µ¢, ¶µÔÉµ³Ê ¢ ·¥§Ê²ÓÉ É¥ ±·µ¸¸-·¥² ±¸ Í¨¨ ¸ ¶µ²Ö·¨§µ¢ ´´Ò³¨
¶·µÉµ´ ³¨ Ö¤·  14N ¤µ¸É¨£ ÕÉ ¶µÎÉ¨ 50% ¶µ²Ö·¨§ Í¨¨. Š·µ¸¸-·¥² ±¸ Í¨Ö
µ¡¥¸¶¥Î¨¢ ¥É ¢Ò¸µ±ÊÕ ¸±µ·µ¸ÉÓ ¶µ²Ö·¨§ Í¨¨ ¶µ·Ö¤±  [83]:

W = (γN/γH)2
(
T2 ch

(
ξ

∆0

∆H

))−1
, (99)

£¤¥ γN/γH ≈ 7 · 10−2 Å µÉ´µÏ¥´¨¥ Ö¤¥·´ÒÌ £¨·µ³ £´¨É´ÒÌ ±µ´¸É ´É, T2 ≈
≈ 10−5 ¸ Å ¢·¥³Ö ¶µ¶¥·¥Î´µ° ·¥² ±¸ Í¨¨ ¶·µÉµ´´ÒÌ ¸¶¨´µ¢, ∆0 Å Î ¸ÉµÉ-
´ Ö · ¸¸É·µ°±  ³¥¦¤Ê ¸¶¨´ ³¨, ∆H Å Ï¨·¨´  ¶·µÉµ´´µ° ²¨´¨¨, ξ ≈ 1 Å
¸¢µ¡µ¤´Ò° ¶ · ³¥É·. �µ² £ Ö ∆0 ≈ ∆H , ¶µ²ÊÎ ¥³ W−1 ≈ 2 ³¸, É.¥. ¨¸-
±²ÕÎ¨É¥²Ó´µ ±µ·µÉ±µ¥ ¢·¥³Ö ¶µ²Ö·¨§ Í¨¨, ÎÉµ ¡Ò²µ ¡Ò ¢Ò£µ¤´µ ¨¸¶µ²Ó§µ-
¢ ÉÓ ¢ ·¥¦¨³¥ ®on-line¯ ¨³¶² ´É Í¨¨ Ö¤¥· ¢ ³¨Ï¥´Ó. �µ²ÊÎ¥´´µ¥ · ¸¶·¥-
¤¥²¥´¨¥ ¸¶¨´µ¢ ¶µ ³ £´¨É´Ò³ ¶µ¤Ê·µ¢´Ö³ ´¥ Ö¢²Ö¥É¸Ö ¡µ²ÓÍ³ ´µ¢¸±¨³, ´µ
µ´µ ³µ¦¥É ¸µÌ· ´ÖÉÓ¸Ö ¤²¨É¥²Ó´µ¥ ¢·¥³Ö, ®§ ³µ· ¦¨¢ ÉÓ¸Ö¯, ¡² £µ¤ ·Ö Éµ³Ê,
ÎÉµ ³ £´¨É´Ò¥ ¶µ¤Ê·µ¢´¨ ±¢ ¤·Ê¶µ²Ó´ÒÌ Ö¤¥· ´¥ Ö¢²ÖÕÉ¸Ö Ô±¢¨¤¨¸É ´É´Ò³¨,
¶µÔÉµ³Ê ¶·µÍ¥¸¸ Ê¸É ´µ¢²¥´¨Ö ¢´ÊÉ·¥´´¥£µ · ¢´µ¢¥¸¨Ö ¤µ²¦¥´ § ¢¨¸¥ÉÓ µÉ
¤²¨´´ÒÌ ¢·¥³¥´ ¸¶¨´-·¥Ï¥ÉµÎ´µ° ·¥² ±¸ Í¨¨. ’¥µ·¥É¨Î¥¸±¨ ¢ É ±¨Ì ¸¨¸É¥-
³ Ì ³µ¦´µ ®¸Ëµ±Ê¸¨·µ¢ ÉÓ¯ ¸¶¨´Ò ¢ Î¨¸Éµ¥ ±¢ ´Éµ¢µ¥ ¸µ¸ÉµÖ´¨¥ [81].

Ÿ¢´Ò³ ¶·¥¨³ÊÐ¥¸É¢µ³ ¤¨Ô²¥±É·¨Î¥¸±¨Ì ³ É·¨Í Ö¢²Ö¥É¸Ö ¨Ì ¡µ²¥¥ ¢Ò¸µ-
± Ö (≈ 0, 2 Š) É¥³¶¥· ÉÊ·  ·¥Ï¥É±¨, ¶·¨ ±µÉµ·µ° ¸µÌ· ´Ö¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ
¶µ²Ö·¨§ Í¨¨ ±¢ ¤·Ê¶µ²Ó´ÒÌ Ö¤¥·, ¶µ ¸· ¢´¥´¨Õ ¸ Ì · ±É¥·´Ò³¨ É¥³¶¥· ÉÊ-
· ³¨, ´¥µ¡Ìµ¤¨³Ò³¨ ¢ ¸²ÊÎ ¥ Ë¥··µ³ £´¨É´ÒÌ ³ É·¨Í (≈ 0, 02 Š). �µ¸²¥¤-
´¥¥ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ ³µÐ´µ¸ÉÓ ·¥Ë·¨¦¥· Éµ·  · ¸É¢µ·¥´¨Ö 3He ¢ 4He ±¢ -
¤· É¨Î´µ ¶ ¤ ¥É ¸ É¥³¶¥· ÉÊ·µ°, ¶µÔÉµ³Ê ¶·¨ 0,2 Š Ê¤ ¥É¸Ö µ¡¥¸¶¥Î¨ÉÓ ¶·¨-
³¥·´µ ¢ 100 · § ¡µ²¥¥ ¢Ò¸µ±ÊÕ Ìµ²µ¤µ¶·µ¨§¢µ¤¨É¥²Ó´µ¸ÉÓ ·¥Ë·¨¦¥· Éµ· ,
Î¥³ ¶·¨ 0,02 Š. � ¶·¨³¥· [82], ¥¸²¨ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ¶ÊÎµ± ¸ ¨´É¥´¸¨¢-
´µ¸ÉÓÕ 105 ¸−1 · ¤¨µ ±É¨¢´ÒÌ Ö¤¥· ¸ Ô´¥·£¨¥° 10 ŒÔ‚/´Ê±²µ´ ¨ ³ ¸¸µ¢Ò³



’…•�ˆŠ� ��‹Ÿˆ‡�‚���›• Œˆ˜…�…‰ 759

Î¨¸²µ³, · ¢´Ò³ 60, ¶µ²´µ¸ÉÓÕ ¶µ£²µÐ ¥É¸Ö ¢ ¶µ²Ö·¨§µ¢ ´´µ° ³¨Ï¥´¨, Éµ
· ¸¸¥¨¢ ¥³ Ö ³µÐ´µ¸ÉÓ ¸µ¸É ¢¨É ∼ 0, 1 ³‚É. �·¨ É¥³¶¥· ÉÊ·¥ ≈ 0, 2 Š ÔÉµ
¢¶µ²´¥ ¤µ¶Ê¸É¨³ Ö ´ £·Ê§±  ¤²Ö ·¥Ë·¨¦¥· Éµ·  · ¸É¢µ·¥´¨Ö ¸·¥¤´¥° ³µÐ-
´µ¸É¨, ´µ ¶· ±É¨Î¥¸±¨ ´¥¤µ¸É¨¦¨³ Ö Ìµ²µ¤µ¶·µ¨§¢µ¤¨É¥²Ó´µ¸ÉÓ ¶·¨ 0,02 Š.
�É·¨Í É¥²Ó´Ò³ Ë ±Éµ·µ³ ¶·¨ ±·µ¸¸-·¥² ±¸ Í¨µ´´µ° ¶µ²Ö·¨§ Í¨¨ Ö¢²Ö¥É¸Ö
´¥µ¡Ìµ¤¨³µ¸ÉÓ ¸´¨¦¥´¨Ö ¶µ²Ö H0, ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ ¶·µ¨¸Ìµ¤¨É Ê³¥´ÓÏ¥-
´¨¥ ¢·¥³¥´¨ Ö¤¥·´µ° ¸¶¨´-·¥Ï¥ÉµÎ´µ° ·¥² ±¸ Í¨¨ ¤µ ¤¥¸ÖÉ±µ¢ Î ¸µ¢. ’¥³ ´¥
³¥´¥¥ ÔÉ¨ ¢·¥³¥´  µ¸É ÕÉ¸Ö ¥Ð¥ ¤µ¸É ÉµÎ´µ ¤²¨´´Ò³¨ ¤²Ö ®on-line¯ ¨¸¸²¥-
¤µ¢ ´¨° ¢ µ¡² ¸É¨ ±µ·µÉ±µ¦¨¢ÊÐ¨Ì Ö¤¥·.

 ¸¸³µÉ·¥´´Ò¥ ³¥Éµ¤Ò ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¨ ¢ ¸²ÊÎ ¥ · ¤¨µ ±É¨¢´ÒÌ
Ö¤¥·, ¨³¶² ´É¨·µ¢ ´´ÒÌ ¢ ¶µ²Ö·¨§µ¢ ´´ÊÕ ³¨Ï¥´Ó, ¥¸²¨ µ´¨ ¢Ìµ¤ÖÉ ¢ ¸µ-
¸É ¢ ¤¨ ³ £´¨É´ÒÌ  Éµ³µ¢ ¨²¨ ±· ³¥·¸µ¢¸±¨Ì [7] ¶ · ³ £´¨É´ÒÌ Í¥´É·µ¢.
‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, µ¤´ ±µ, ÎÉµ ¶·¨³¥´¨É¥²Ó´µ ± ·¥¤±¨³ Ö¤· ³ ¸ ³  ¨¤¥Ö
³¥Éµ¤  „�, µ¶¨· ÕÐ Ö¸Ö ´  ¤¨´ ³¨±Ê ±µ²²¥±É¨¢´ÒÌ ¸¶¨´-¸¶¨´µ¢ÒÌ ¢§ ¨³µ-
¤¥°¸É¢¨°, ´Ê¦¤ ¥É¸Ö ¢ ¶· ±É¨Î¥¸±µ³ ¶µ¤É¢¥·¦¤¥´¨¨.

6.2. β-· ¸¶ ¤ ¶µ²Ö·¨§µ¢ ´´µ£µ Ö¤· . �·¨³¥·µ³ ¢µ§³µ¦´µ° ±µ´±·¥É´µ°
·¥ ²¨§ Í¨¨ µ¡¸Ê¦¤ ¥³µ£µ ³¥Éµ¤  Ö¢²Ö¥É¸Ö ¨§³¥·¥´¨¥ ¸¶¨´µ¢µ° É¥³¶¥· ÉÊ·Ò
¶·µÉµ´µ¢ (¨²¨ ¤¥°É·µ´µ¢) ¢ ¶·µ¶ ´¤¨µ²¥ ¸ ¶·¨³¥¸ÓÕ ¶ · ³ £´¨É´µ£µ ¨µ´ 
Cr+V . ‚ É ±µ° ³ É·¨Í¥ ¶· ±É¨Î¥¸±¨ ¤µ¸É¨£´ÊÉ  ¶µ²Ö·¨§ Í¨Ö ¶·µÉµ´µ¢ ±97%
[16] ¨ ¤¥°É·µ´µ¢ ±39% [50], ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ¥¤¨´µ° ¸¶¨´µ¢µ° É¥³¶¥· ÉÊ·¥
±1, 3 ³K ¢ ¶µ²¥ H0 = 2, 7 ’². �·¨ ¢¢¥¤¥´¨¨ ¢ ³ É·¨ÍÊ · ¤¨µ ±É¨¢´ÒÌ Ö¤¥·
¢µ§´¨±´¥É  ´¨§µÉ·µ¶¨Ö β-¨§²ÊÎ¥´¨Ö, § ¢¨¸ÖÐ Ö Éµ²Ó±µ µÉ ¸¶¨´µ¢µ° É¥³¶¥-
· ÉÊ·Ò ÔÉ¨Ì Ö¤¥·. ‚ ¸²ÊÎ ¥ · §·¥Ï¥´´ÒÌ β-¶¥·¥Ìµ¤µ¢  ´¨§µÉ·µ¶¨Ö ¸¢Ö§ ´ 
¨¸±²ÕÎ¨É¥²Ó´µ ¸ ´¥¸µÌ· ´¥´¨¥³ Î¥É´µ¸É¨ ¢ ¶·µÍ¥¸¸ Ì, µ¡Ê¸²µ¢²¥´´ÒÌ ¸² -
¡Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ [84, 85]. �·¨ ÔÉµ³ Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ β-Ô²¥±É·µ´µ¢
¨³¥¥É ¸É·Ê±ÉÊ·Ê

dN

dΩ
≈ 1 + aP cos θ, (100)

£¤¥ θ Å Ê£µ² ³¥¦¤Ê ´ ¶· ¢²¥´¨¥³ ¢Ò²¥É  Ô²¥±É·µ´  (¨²¨ ¶µ§¨É·µ´ ) ¨ ´ -
¶· ¢²¥´¨¥³ ¢´¥Ï´¥£µ ¶µ²Ö, P Å ¸É¥¶¥´Ó ¶µ²Ö·¨§ Í¨¨ Ö¤¥·, ±µÉµ· Ö µ¶·¥¤¥-
²Ö¥É¸Ö ËÊ´±Í¨¥° c·¨²²ÕÔ´ 

P =
2J + 1

2J
cth
[

2J + 1
2J

(
µH0
kT

)]
− 1

2J
cth
[

1
2J

(
µH0
kT

)]
, (101)

£¤¥ µ Å ³ £´¨É´Ò° ³µ³¥´É Ö¤· .  ¸¸³µÉ·¨³ ¶·¨³¥· [86], ¢ ±µÉµ·µ³ ¢
± Î¥¸É¢¥ · ¤¨µ ±É¨¢´µ° ¶·¨³¥¸¨ ¨¸¶µ²Ó§Ê¥É¸Ö ¨§µÉµ¶ 32

15, ¢Ìµ¤ÖÐ¨° ¢ ³µ-
²¥±Ê²Ê �3 ¨ ¸¶µ¸µ¡´Ò° ¢ ³¨±·µ±µ²¨Î¥¸É¢ Ì · ¸É¢µ·ÖÉÓ¸Ö ¢ ¶·µ¶ ´¤¨µ²¥.
�¥·¨µ¤ ¶µ²Ê· ¸¶ ¤  ¸µ¸É ¢²Ö¥É 14,5 ¤´¥°, ¥£µ ¸¶¨´ J = 1, ¸¶¨´ ±µ´¥Î´µ£µ
Ö¤·  3216S · ¢¥´ ´Ê²Õ, Ô´¥·£¨Ö · §·¥Ï¥´´µ£µ £ ³µ¢-É¥²²¥·µ¢¸±µ£µ β-¶¥·¥Ìµ¤ 
1,7 ŒÔ‚ [87]. ‚ ÔÉµ³ ¸²ÊÎ ¥ 〈ν〉/c = 0, 835 ¨ ¢¥²¨Î¨´  a ∼= −0, 835. …¸²¨
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T = 1, 3 ³Š, H0 = 2, 7 ’², Éµ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ (101) ¶µ²Ö·¨§ Í¨Ö Ö¤¥· Ëµ¸-
Ëµ·  P = −0, 125. ‡´ ± ®³¨´Ê¸¯ ¸¢Ö§ ´ ¸ µÉ·¨Í É¥²Ó´Ò³ §´ ±µ³ ³ £´¨É´µ£µ
³µ³¥´É  Ö¤¥· 3215 (µ = −0, 252 [88]). ’ ±¨³ µ¡· §µ³,

dN

dΩ
∼= 1 + 0, 1 cos θ, (102)

¸²¥¤µ¢ É¥²Ó´µ, ¶·¨ ·¥¢¥·¸¥ §´ ±  ¶µ²Ö·¨§ Í¨¨ · §´¨Í  ¢ ¸Î¥É¥ ¡Ê¤¥É ¤µ¸É¨-
£ ÉÓ 20%. �·¨ · ¤¨µ ±É¨¢´µ¸É¨ ¶·¨³¥¸¨ 12 ³±K¨ ³¨Ï¥´Ó ¡Ê¤¥É ¨§²ÊÎ ÉÓ
∼ 4 · 105 Î ¸É./¸. Š·¥³´¨¥¢Ò° ®É¥¶²Ò°¯ ¤¥É¥±Éµ· ¤¨ ³¥É·µ³ 3 ¸³, · ¸¶µ-
²µ¦¥´´Ò° ´  · ¸¸ÉµÖ´¨¨ 15 ¸³ µÉ µ¡· §Í , ¡Ê¤¥É ·¥£¨¸É·¨·µ¢ ÉÓ 103 ¸µ¡./¸.
„ ²¥¥ ²¥£±µ ¸µ¸Î¨É ÉÓ, ÎÉµ ¤²Ö ¨§³¥·¥´¨Ö ±µÔËË¨Í¨¥´É  0,1 ¢ (102) ¸ ÉµÎ-
´µ¸ÉÓÕ 2% É·¥¡Ê¥É¸Ö 3 ·105 µÉ¸Î¥Éµ¢, ¨, ¸²¥¤µ¢ É¥²Ó´µ, ´ ¡µ· ¸µ¡ÒÉ¨° § ¢¥·-
Ï¨É¸Ö Î¥·¥§ 300 ¸, ¶·¨ ÔÉµ³ ¢ ¨¸¸²¥¤Ê¥³ÊÕ ³¨Ï¥´Ó ¤µ¸É ÉµÎ´µ ¢¢¥¸É¨ ¢¸¥£µ
²¨ÏÓ 5 ·1011 · ¤¨µ ±É¨¢´ÒÌ ³µ²¥±Ê². ‚ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ ¤¥É¥±Éµ·Ò [88], ¨§-
£µÉµ¢²¥´´Ò¥ ¶µ ¶² ´ ·´µ° É¥Ì´µ²µ£¨¨ ¸ ¨³¶² ´É¨·µ¢ ´´Ò³ p-n-¶¥·¥Ìµ¤µ³,
¸¶µ¸µ¡´Ò · ¡µÉ ÉÓ ¨ ¶·¨ É¥³¶¥· ÉÊ· Ì ±·¨µ£¥´´ÒÌ Ô±· ´µ¢ ¶µ ±· °´¥° ³¥·¥
¤µ 2 Š, É ± ÎÉµ · ¸¸ÉµÖ´¨¥ µÉ ¶µ²Ö·¨§Ê¥³µ£µ µ¡· §Í  ¤µ ®µÌ² ¦¤¥´´µ£µ¯
±·¥³´¨¥¢µ£µ ¤¥É¥±Éµ·  ³µ¦´µ ¸µ±· É¨ÉÓ ¤µ 1 ¸³, ÎÉµ ¶·¨¢¥¤¥É ± ¶µ¢ÒÏ¥´¨Õ
¸±µ·µ¸É¨ ¸Î¥É  ¡µ²¥¥ Î¥³ ¢ 200 · §.

6.3. “£²µ¢ Ö  ´¨§µÉ·µ¶¨Ö γ-¨§²ÊÎ¥´¨Ö. …Ð¥ µ¤¨´ ¢µ§³µ¦´Ò° ¶ÊÉÓ ¨§-
³¥·¥´¨Ö ¸¶¨´µ¢µ° É¥³¶¥· ÉÊ·Ò § ±²ÕÎ ¥É¸Ö ¢ ¨¸¸²¥¤µ¢ ´¨¨ Ê£²µ¢µ°  ´¨§µ-
É·µ¶¨¨ γ-±¢ ´Éµ¢ ¢ ± ¸± ¤´ÒÌ β-γ-¶¥·¥Ìµ¤ Ì. ‚ ± Î¥¸É¢¥ · ¤¨µ ±É¨¢´µ°
¶·¨³¥¸¨ ¸²¥¤Ê¥É ¢§ÖÉÓ ¤µ²£µ¦¨¢ÊÐ¨¥ β- ±É¨¢´Ò¥ Ö¤·  ¸ µÉ²¨Î´Ò³ µÉ ´Ê²Ö
³ £´¨É´Ò³ ³µ³¥´Éµ³ (¸¶¨´ J �= 0). ‚µ§Ó³¥³ Ö¤·µ 22Na [86], ±µÉµ·µ¥ ¨³¥¥É
¶¥·¨µ¤ ¶µ²Ê· ¸¶ ¤  2,6 £µ¤ , ¸¶¨´-Î¥É´µ¸ÉÓ 3+ ¨ ³ £´¨É´Ò° ³µ³¥´É ¢ Ö¤¥·-
´ÒÌ ³ £´¥Éµ´ Ì µ/µN = +1, 75 [87]. ‚ ·¥§Ê²ÓÉ É¥ £ ³µ¢-É¥²²¥·µ¢¸±µ£µ
β+-¶¥·¥Ìµ¤  ¸ ³ ±¸¨³ ²Ó´µ° Ô´¥·£¨¥° ¶µ§¨É·µ´µ¢ 550 ±Ô‚ (¨²¨ K-§ Ì¢ É )
µ¡· §Ê¥É¸Ö ¶·µ³¥¦ÊÉµÎ´µ¥ Ö¤·µ 22Ne ¸µ ¸¶¨´µ³ J ′ = 2. …£µ ¶¥·¨µ¤ ¶µ²Ê-
· ¸¶ ¤  ¸µ¸É ¢²Ö¥É 3, 7 · 10−12 ¸, É.¥. ¢·¥³Ö ¦¨§´¨ µÎ¥´Ó ³ ²µ ¶µ ¸· ¢´¥´¨Õ
¸ Ì · ±É¥·´Ò³ ¶¥·¨µ¤µ³ ¤²Ö ¸¢¥·ÌÉµ´±µ£µ · ¸Ð¥¶²¥´¨Ö  Éµ³´ÒÌ Ê·µ¢´¥°.
Ÿ¤·µ 22Ne(2+) ¨§²ÊÎ ¥É γ-±¢ ´ÉÒ ¸ Ô´¥·£¨¥° 1280 ±Ô‚ ¨ ¶¥·¥Ìµ¤¨É ¢ ¸É -
¡¨²Ó´Ò° ¨§µÉµ¶ 22Ne ¸ ´Ê²¥¢Ò³ ¸¶¨´µ³ [87]. ‚ · ¸¸³ É·¨¢ ¥³µ° ¸¨ÉÊ Í¨¨
Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ γ-±¢ ´Éµ¢ ¸ Ô´¥·£¨¥° 1280 ±Ô‚ µÉ´µ¸¨É¥²Ó´µ ³ £´¨É-
´µ£µ ¶µ²Ö ³µ¦¥É ¡ÒÉÓ ¢ÒÎ¨¸²¥´µ ¶µ Ëµ·³Ê²¥ [82, 86]:

W (θ)
5

8π

{
1
2 (ρ(2)22 + ρ

(2)
−2−2) sin2 θ (1 + cos2 θ)+

1
2 (ρ(2)11 + ρ

(2)
−1−1)(4 cos2 θ − 3 cos2 θ + 1) + 3ρ200 cos2 θ sin2 θ

}
,

(103)

¶·¨Î¥³

ρ
(2)
22 = ρ

(3)
33 +

1
3
ρ
(3)
22 +

1
15

ρ
(3)
11 ,
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ρ
(2)
11 =

2
3
ρ
(3)
22 +

8
15

ρ
(3)
11 +

1
5
ρ
(3)
00 ,

ρ
(2)
00 =

2
5
ρ
(3)
11 +

3
5
ρ
(3)
00 +

2
5
ρ
(3)
−1−1, (104)

ρ
(2)
−1−1 =

1
5
ρ
(3)
00 +

8
15

ρ
(3)
−1−1 +

2
3
ρ
(3)
−2−2,

ρ
(2)
−2−2 =

1
15

ρ
(3)
−1−1 +

1
3
ρ
(3)
−2−2 + ρ

(3)
−3−3,

£¤¥

ρ(3)mm =
e

m
3 x

sh
(
7
6x
) sh

(x
6

)
, m = 0, ±1, ±2, ±3 (105)

¨ x = 0, 64H0/T , £¤¥ H0 § ¤ ¥É¸Ö ¢ ’², ¸¶¨´µ¢ Ö É¥³¶¥· ÉÊ·  ¢ ³Š. Š ±
¸²¥¤Ê¥É ¨§ Ëµ·³Ê² (103)Ä(105), ¨§³¥´¥´¨¥ §´ ±  ¸¶¨´µ¢µ° É¥³¶¥· ÉÊ·Ò ¶·¨

¨¸. 19. “£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ 22Na ¶µ Ëµ·³Ê²¥ (103), ´µ·³¨·µ¢ ´´µ¥ ´  ¨§µÉ·µ¶´µ¥
· ¸¶·¥¤¥²¥´¨¥ ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ Ö¤¥·. � · ³¥É· x = 0, 64 H0/T0 µ¶·¥¤¥²Ö¥É §´ ± ¨
¸¶¨´µ¢ÊÕ É¥³¶¥· ÉÊ·Ê Ö¤¥·

¡µ²ÓÍ³ ´µ¢¸±µ³ · ¸¶·¥¤¥²¥´¨¨ §¥¥³ ´µ¢¸±¨Ì Ê·µ¢´¥° ¢ ³ £´¨É´µ³ ¶µ²¥ ´¥
¡Ê¤¥É ¢²¨ÖÉÓ ´  ¢¨¤ Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö γ-¨§²ÊÎ¥´¨Ö ¢¢¨¤Ê ¸¨³³¥É·¨¨
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ÔÉ¨Ì ¢Ò· ¦¥´¨° µÉ´µ¸¨É¥²Ó´µ § ³¥´Ò ρmm ↔ ρ−m−m. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò,
¶·¨ ±¢ ¤·Ê¶µ²Ó´µ³ · ¸Ð¥¶²¥´¨¨ Ê·µ¢´¥° ¨´¢¥·¸¨Ö §´ ±  É¥³¶¥· ÉÊ·Ò, ´¥-
¸µ³´¥´´µ, ¨§³¥´¨É Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ [82], É ± ± ± ¢ ¶·¥¤¥²¥ µÎ¥´Ó
´¨§±¨Ì ¸¶¨´µ¢ÒÌ É¥³¶¥· ÉÊ· µ´  ¢¥¤¥É ± § ³¥´¥ ρJJ + ρ−J−J ↔ ρ00 (¸³.
±µ³³¥´É ·¨¨ ± Ëµ·³Ê²¥ (98)). ’ ±¨³ µ¡· §µ³, ¨´¢¥·¸¨Ö §´ ±  ¸¶¨´µ¢µ° É¥³-
¶¥· ÉÊ·Ò ¶µ§¢µ²Ö¥É ¨¸¸²¥¤µ¢ ÉÓ ±¢ ¤·Ê¶µ²Ó´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ´¥¸É ¡¨²Ó-
´ÒÌ Ö¤¥· ¸µ¢¥·Ï¥´´µ ´µ¢Ò³ ³¥Éµ¤µ³, ±µÉµ·Ò° ´¥¢µ§³µ¦´µ ·¥ ²¨§µ¢ ÉÓ ¢
Ë¥··µ³ £´¨É´ÒÌ ³ É·¨Í Ì. �  ·¨¸. 19 ¶·¥¤¸É ¢²¥´µ ´µ·³¨·µ¢ ´´µ¥ Ê£²µ¢µ¥
· ¸¶·¥¤¥²¥´¨¥, · ¸¸Î¨É ´´µ¥ ¶µ (103)Ä(105) [82].

�·¥¶ÖÉ¸É¢¨¥³ ± ¶· ±É¨Î¥¸±µ³Ê ¨¸¶µ²Ó§µ¢ ´¨Õ ³¥Éµ¤  Ö¢²Ö¥É¸Ö ´ ²¨Î¨¥
¢ ·¥Ë·¨¦¥· Éµ· Ì ´¥¸±µ²Ó±¨Ì ¸²µ¥¢ ³¥É ²²¨Î¥¸±¨Ì É¥¶²µ¢ÒÌ Ô±· ´µ¢, ¶² -
¸É¨±µ¢ÒÌ ¨²¨ ±¢ ·Í¥¢ÒÌ µ±µ´, µ±·Ê¦ ÕÐ¨Ì ³¨Ï¥´Ó, ±µÉµ·Ò¥ ¶µ£²µÐ ÕÉ
¶·µ¤Ê±ÉÒ · ¤¨µ ±É¨¢´µ£µ · ¸¶ ¤  ´  ¶ÊÉ¨ ± ¤¥É¥±Éµ·Ê. �É  ¶·µ¡²¥³  ¢ §´ Î¨-
É¥²Ó´µ° ¸É¥¶¥´¨ · §·¥Ï ¥É¸Ö ¶·¨³¥´¥´¨¥³ ´µ¢µ£µ É¨¶  ¸¢¥·ÌÉµ´±µ° ³¨Ï¥´¨,
µÌ² ¦¤ ¥³µ° ¸¢¥·ÌÉ¥±ÊÎ¥° ¶²¥´±µ° 4�¥. �±¸¶¥·¨³¥´É ¶µ ¶µ²Ö·¨§ Í¨¨ ¶·µ-
Éµ´µ¢ ¢ Éµ´±µ° ¶µ²¨ÔÉ¨²¥´µ¢µ° ¶²¥´±¥ ¢Ò¶µ²´¥´ ¢ Ï¢¥°Í ·¸±µ³ ˆ´¸É¨ÉÊÉ¥
� Ê²Ö ˜¥··¥·  (PSI) [89]. ‚ ¶µ²¨ÔÉ¨²¥´µ¢ÊÕ ¶²¥´±Ê ¶ÊÉ¥³ ¤¨ËËÊ§¨¨ ¢¢µ-
¤¨²¸Ö ¨³¨´µ±¸¨²Ó´Ò° · ¤¨± ² [14], ¶µ¸²¥ Î¥£µ ¶²¥´±  ¶·¨µ¡·¥É ²  ¸¢¥É²µ-
·µ§µ¢ÊÕ µ±· ¸±Ê · ¤¨± ² . ‡ É¥³ ¶²¥´±  ¶µ³¥Ð ² ¸Ó ¢ ¢ ±ÊÊ³´ÊÕ ± ³¥·Ê ¨§
³ É¥·¨ ²  ¸ ¶²µÌµ° É¥¶²µ¶·µ¢µ¤´µ¸ÉÓÕ (¸É °± ¸É). ‚ ÔÉÊ ± ³¥·Ê ¸ ¶²¥´-
±µ° ±µ´¤¥´¸¨·µ¢ ²µ¸Ó ´¥¡µ²ÓÏµ¥ ±µ²¨Î¥¸É¢µ 4�¥, ¤µ¸É ÉµÎ´µ¥ ¤²Ö ¸µ§¤ ´¨Ö
¸¢¥·ÌÉ¥±ÊÎ¥° ¶²¥´±¨ Éµ²Ð¨´µ° 0,12 ³±³. ‚ ¸¢µÕ µÎ¥·¥¤Ó, Î¥·¥§ ¶²¥´±Ê 4�¥
µ¸ÊÐ¥¸É¢²Ö²¸Ö É¥·³¨Î¥¸±¨° ±µ´É ±É ¨¸¸²¥¤Ê¥³µ£µ ³ É¥·¨ ²  ¸ µÌ² ¦¤¥´´Ò³
¤µ 0,1 Š ³¥¤´Ò³ ¸É¥·¦´¥³, ¶µÔÉµ³Ê ¸· §Ê ¶µ¸²¥ ±µ´¤¥´¸ Í¨¨ 4�¥ ¢ ± -
³¥·Ê ¢±²ÕÎ¥´¨¥ ‘‚—-´ ± Î±¨ ¢Ò§Ò¢ ²µ ·¥§±¨° ·µ¸É Ö¤¥·´µ° ¶µ²Ö·¨§ Í¨¨
¢ ¶µ²¨ÔÉ¨²¥´¥ ¤µ +44% (¸³. ·¨¸. 20). ’ ±¨³ µ¡· §µ³, ¡Ò²µ ¤µ± § ´µ, ÎÉµ
±µ´¢¥±É¨¢´ Ö É¥¶²µ¶·µ¢µ¤´µ¸ÉÓ 4�¥ µ± §Ò¢ ¥É¸Ö ¤µ¸É ÉµÎ´µ° ¤²Ö µÌ² ¦¤¥-
´¨Ö Éµ´±¨Ì ¶µ²Ö·¨§µ¢ ´´ÒÌ ³¨Ï¥´¥°. ˆ¸¶µ²Ó§µ¢ ´¨¥ ¸¢¥·ÌÉ¥±ÊÎ¥° ¶²¥´±¨
4�¥, ¢ ¶·¨´Í¨¶¥, ¶µ§¢µ²Ö¥É ¶µ²Ö·¨§µ¢ ÉÓ Ö¤·  ¢ Éµ´±µ° £¥·³¥É¨Î´µ° ¤¨Ô²¥±-
É·¨Î¥¸±µ° µ¡µ²µÎ±¥, · ¸¶µ²µ¦¥´´µ° ¢ ¢ ±ÊÊ³¥ ´  ¶ÊÎ±¥ Î ¸É¨Í ¸ ¤µ¸É ÉµÎ´µ
´¨§±µ° ¨´É¥´¸¨¢´µ¸ÉÓÕ.

�·µ¢¥¤¥´´Ò°  ´ ²¨§ ¶·¥¤¶µ² £ ¥É, ÎÉµ ³¥Éµ¤Ò ¤¨´ ³¨Î¥¸±µ° µ·¨¥´É -
Í¨¨ ¡Ê¤ÊÉ ®· ¡µÉ ÉÓ¯ ¨ ¢ ¸²ÊÎ ¥ ·¥¤±¨Ì Ö¤¥·. ‚µ¶·µ¸, É ± ²¨ ÔÉµ, É·¥¡Ê¥É
Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨¸¸²¥¤µ¢ ´¨Ö. �¶·¨µ·¨ µ¸É ÕÉ¸Ö ´¥Ö¸´Ò³¨ ¨ ¤·Ê£¨¥
¢µ¶·µ¸Ò, ´ ¶·¨³¥·: ³µ¦´µ ²¨ µ¶·¥¤¥²¨ÉÓ ¶µ´ÖÉ¨¥ ¸¶¨´µ¢µ° É¥³¶¥· ÉÊ·Ò
¤²Ö ·¥¤±¨Ì Ö¤¥·, ± ± ¡Ò¸É·µ ¡Ê¤ÊÉ ¶µ²Ö·¨§µ¢ ÉÓ¸Ö É ±¨¥ Ö¤·  ³¥Éµ¤µ³ „�,
¥¸²¨ ¨Ì ¨³¶² ´É Í¨Ö µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¢ ³¨Ï¥´Ó ¸ ¶·¥¤¢ ·¨É¥²Ó´µ ¶µ²Ö·¨§µ-
¢ ´´Ò³¨ ¶·µÉµ´ ³¨? �  ¢¸¥ ÔÉ¨ ¨ ¤·Ê£¨¥ ¢µ¶·µ¸Ò ´¥¢µ§³µ¦´µ ´ °É¨ µÉ¢¥É,
¨¸¶µ²Ó§ÊÖ ³¥Éµ¤Ò ±² ¸¸¨Î¥¸±µ£µ ŸŒ, ¢¢¨¤Ê ±· °´¥ ´¨§±µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨
¶µ¸²¥¤´¥£µ.

�¢Éµ· ¢Ò· ¦ ¥É £²Ê¡µ±ÊÕ ¡² £µ¤ ·´µ¸ÉÓ ¢¸¥³ Î²¥´ ³ SMC-±µ²² ¡µ· Í¨¨
CERN ¢ †¥´¥¢¥, ¸µ¢³¥¸É´µ ¸ ±µÉµ·Ò³¨ ´  ±·Ê¶´¥°Ï¥° ¢ ³¨·¥ SMC-³¨Ï¥´¨
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¨¸. 20. „¨´ ³¨Î¥¸± Ö ¶µ²Ö·¨§ Í¨Ö ¶·µÉµ´µ¢ ¢ Éµ´±µ° ¶µ²¨ÔÉ¨²¥´µ¢µ° ¶²¥´±¥. Š·¨-
¢ Ö 1 Å ¡¥§ ¸¢¥·ÌÉ¥±ÊÎ¥° ¶²¥´±¨ 4�¥, 2 Å ¸µ ¸¢¥·ÌÉ¥±ÊÎ¥° ¶²¥´±µ°, 3 Å ¸µ ¸¢¥·ÌÉ¥-
±ÊÎ¥° ¶²¥´±µ°, ´ Î¨´ Ö ¸ ´Ê²¥¢µ° ¶µ²Ö·¨§ Í¨¨, 4 Å ¶·¨ ¶µ²´µ³ § ¶µ²´¥´¨¨ ± ³¥·Ò
4�¥

¡Ò²¨ ¶µ²ÊÎ¥´Ò ´¥±µÉµ·Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤ ´´µ£µ µ¡§µ· ; ‘.Œ ´£µ, �.• ÊÉ²¥ ¨
c.c· ´¤ÉÊ ¨§ ˆ´¸É¨ÉÊÉ  �.˜¥··¥·  ¢ –Õ·¨Ì¥ §  ¸µÉ·Ê¤´¨Î¥¸É¢µ ¢ ¨¸¸²¥¤µ-
¢ ´¨¨ Éµ´±¨Ì ¶µ²Ö·¨§µ¢ ´´ÒÌ ¶²¥´µ±, �.”.�·Ê¤±µ£²Ö¤Ê, �.C.˜Ê³µ¢¸±µ³Ê ¨
‚.ˆ.l± ²µ¢Ê §  ¸µÉ·Ê¤´¨Î¥¸É¢µ ¢ ¨¸¸²¥¤µ¢ ´¨¨ ¸¢¥·Ì¨§²ÊÎ¥´¨Ö; ‚.‹.‹Õ¡µÏ¨-
ÍÊ §  ¶µ³µÐÓ ¢ · §· ¡µÉ±¥ ³¥Éµ¤  ¨¸¸²¥¤µ¢ ´¨Ö · ¤¨µ ±É¨¢´ÒÌ Ö¤¥·. �¸µ¡ Ö
¶·¨§´ É¥²Ó´µ¸ÉÓ ”.‹¥£ ·Ê (”· ´Í¨Ö) ¨ ‹.c.�¨±¥²Ó´¥·Ê („Ê¡´ ) §  ¶µ²¥§´Ò¥
¤¨¸±Ê¸¸¨¨ ¶µ ¶·µ¡²¥³ ³ ¨¸¶µ²Ó§µ¢ ´¨Ö ³¨Ï¥´¥°,  ± ¤¥³¨±Ê �.Œ.c ²¤¨´Ê § 
¶µ¤¤¥·¦±Ê ¢ · ¡µÉ¥ ¨ ²¨¤¥· ³ SMC-±µ²² ¡µ· Í¨¨: ‚.•ÓÕ§Ê (V.W.Hughes) ¨§
‰¥²Ó¸±µ£µ Ê´¨¢¥·¸¨É¥É , .‚µ¸¸Ê (R.Voss, †¥´¥¢ ), ƒ.Œ ²²µÉÊ (G.Mallot, ƒ¥·-
³ ´¨Ö) ¨ ’.�¨¨´¨±µ¸±¨ (T.Niinikoski) §  ¶·¥±· ¸´ÊÕ µ·£ ´¨§ Í¨Õ ¸µ¢³¥¸É-
´µ° · ¡µÉÒ ¢ SMC-±µ²² ¡µ· Í¨¨ CERN.

��ˆ‹	†…�ˆ… 1

„²Ö ¸· ¢´¥´¨Ö µÍ¥´¨³ ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ 14N-Q-³¥É·  ¶·¨ ¤²¨´ Ì ± ¡¥²Ö
' < λ/4 ¨ ' = λ/2. ˆ¸Ìµ¤´Ò³¨ ¢Ò¡¥·¥³ ¸²¥¤ÊÕÐ¨¥ ¶ · ³¥É·Ò £¨¡·¨¤´µ£µ
±µ´ÉÊ· : α = 0, 02 �¶/³, R0 = 10 �³, r = 0, 1 �³ ≈ 0, L0 = 9, 5·10−8 ƒ´, C =
4 · 10−10 ”, Î ¸ÉµÉ  ν = 6, 47 · 106 ƒÍ, ρ = 50 �³, c = 3 · 108 ³/¸,

√
ε = 1, 41.

�¶·¥¤¥²¨³ β = 2πν
√
ε/c = 0, 191 · ¤ ·³−1. �µ Ëµ·³Ê²¥ (25) ´ Ìµ¤¨³ ¤²¨´Ê

Ô±¢¨¢ ²¥´É´µ£µ µÉ·¥§±  ± ¡¥²Ö '1 = β−1 · arctg (2πνLρ−1) = 0, 403 ³. ˆ§
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Ê· ¢´¥´¨Ö (26) µ¶·¥¤¥²Ö¥³ ¸Ê³³ ·´ÊÕ ¤²¨´Ê: '+ '1 = β−1 ·arctg
(

1
2πνρC

)
=

= 4, 65 ³, µÉ±Ê¤  ' = 4, 25 ³. �¶·¥¤¥²Ö¥³ tg (β') = tg (0, 191 · 4, 25) = 1, 05.
�µ Ëµ·³Ê²¥ (39) ´ Ìµ¤¨³ B�<λ/4 = 1, 74, £¤¥ ¶·¨ · ¸Î¥É¥ ¨¸¶µ²Ó§µ¢ ´µ
k1 = α' cos−2(β') = 0, 085/0, 474 = 0, 179. �µ Ëµ·³Ê²¥ (39) ´ Ìµ¤¨³
B�<λ/2 = 2, 65, £¤¥ ¤²Ö · ¸Î¥É  ¨¸¶µ²Ó§µ¢ ´  ¤²¨´  ¶µ²Ê¢µ²´µ¢µ£µ µÉ·¥§± 
' = 16, 4 ³, β' = π, α' = 0, 02 · 16, 4 = 0, 329. ‚ ¨Éµ£¥ ¶µ²ÊÎ¨³ µÉ´µÏ¥´¨¥
¸¨£´ ²µ¢ Q-³¥É·  ¸ ± ¡¥²¥³ ¤²¨´µ° ' < λ/4 ± ¸¨£´ ²Ê Q-³¥É·  ¸ ± ¡¥²¥³
' = λ/2 ¶µ Ê· ¢´¥´¨Õ (44)

ζ�<λ/4

ζ�=λ/2
= [1 + tg2(β')�<λ/4]

B�=λ/2

B�<λ/4
= 2, 1 · 2, 65

1, 74
= 3, 2, (�1.1)

É ± ± ± ¢ ´ Ï¨Ì · ¸Î¥É Ì R1 = R0. ’ ±¨³ µ¡· §µ³, ±µ·µÉ±¨° ± ¡¥²Ó ¶µ-
§¢µ²Ö¥É ¶µ¢Ò¸¨ÉÓ  ³¶²¨ÉÊ¤Ê ¸¨£´ ²  ¢ 3,2 · § . “¢¥²¨Î¥´¨¥ ¸¨£´ ²  ¸¢Ö§ ´µ
¸ · §´Ò³ · ¸¶·¥¤¥²¥´¨¥³ Éµ±  ¢ ± ¡¥²¥; ¶·¨ ' < λ/4 ¨ ' = λ/2 ³ ±¸¨³Ê³
Éµ±  ¢ ± ¡¥²¥ ¤²¨´µ° ' < λ/4 ¶·¨Ìµ¤¨É¸Ö ´  ± ÉÊÏ±Ê ¨´¤Ê±É¨¢´µ¸É¨, ÎÉµ ¨
µ¡¥¸¶¥Î¨¢ ¥É Ê¸¨²¥´¨¥ ŸŒ-¶µ£²µÐ¥´¨Ö ¶µ ¸· ¢´¥´¨Õ ¸ ¶µÉ¥·Ö³¨ ¢ ± ¡¥²¥.

��ˆ‹	†…�ˆ… 2

ŒµÐ´µ¸ÉÓ Pin+ iQin, ¶µ¸ÉÊ¶ ÕÐ Ö ¢ ¢µ²´µ¢µ¤ Î¥·¥§ ¶µ¶¥·¥Î´µ¥ ¸¥Î¥´¨¥
¶¨É ÕÐ¥£µ ¢µ²´µ¢µ¤  Sf , · ¸Ìµ¤Ê¥É¸Ö ¶µ É·¥³ ± ´ ² ³ [90]:

Pm + iQm =
1
2

∫
V

dV ·
(
E
∂D∗

∂t
+ H

∂B
∂t

)
+

∫
Scav−Sf

dS · (n · S), (�2.1)

£¤¥ ¶¥·¢Ò° ¨´É¥£· ² µ¶¨¸Ò¢ ¥É ³µÐ´µ¸ÉÓ, ¸¢Ö§ ´´ÊÕ ¸ ¤¨Ô²¥±É·¨Î¥¸±¨³¨
¨ ³ £´¨É´Ò³¨ ¸¢µ°¸É¢ ³¨ ³ É¥·¨ ² , S = (E × H)/2 Å ¢¥±Éµ· ¶²µÉ´µ¸É¨
¶µÉµ±  Ô´¥·£¨¨ ¨ n Å ´µ·³ ²Ó ± ¶µ¢¥·Ì´µ¸É¨ ·¥§µ´ Éµ· . ‚Éµ·µ° ¨´É¥£· ²
¡¥·¥É¸Ö ¶µ ¶µ¢¥·Ì´µ¸É¨ ·¥§µ´ Éµ· , ¨¸±²ÕÎ Ö ¶µ¢¥·Ì´µ¸ÉÓ ¶¨É ÕÐ¥£µ ¢µ²´µ-
¢µ¤ . �·¥´¥¡·¥£ Ö µÉ· ¦¥´´µ° µÉ ·¥§µ´ Éµ·  ³µÐ´µ¸ÉÓÕ, µÉ¤¥²¨³ ³ £´¨É´Ò¥
¶µÉ¥·¨ (Pm) ¢ ³¨Ï¥´¨ µÉ ¶ · §¨É´ÒÌ ¶µÉ¥·Ó (Pp), ±µÉµ·Ò¥ ´¥ ÊÎ ¸É¢ÊÕÉ ¢
¶µ²Ö·¨§ Í¨¨ Ö¤¥·:

Pin = Pm + Pp =
1
2

Re


∫
V

dV · H∂B
∂t


+ Pp. (�2.2)

P ´´¨¥ · ¡µÉÒ [91] ¨ ± ²¨¡·µ¢µÎ´Ò¥ ¨¸¶ÒÉ ´¨Ö ¢ · ¡µÉ¥ [63] ¶µ± §Ò¢ ÕÉ,
ÎÉµ ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì ³µÐ´µ¸ÉÓ, ¶µ£²µÐ ¥³ Ö É¥·³µ³¥É·µ³ Pbol, ¥¸ÉÓ

Pbol = const · (T 4bol − T 4He), (�2.3)
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£¤¥ Tbol Å É¥³¶¥· ÉÊ·  ±µ³¶µ§¨É´µ£µ Ê£µ²Ó´µ£µ É¥·³µ³¥É·  ¨ THe Å É¥³-
¶¥· ÉÊ·  Ì² ¤µ £¥´É . …¸²¨ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ³µÐ´µ¸ÉÓ, ¶µ£²µÐ ¥³ Ö É¥·-
³µ³¥É·µ³, ¶·µ¶µ·Í¨µ´ ²Ó´  µ¡Ð¥° ³µÐ´µ¸É¨ ´¥·¥§µ´ ´¸´ÒÌ ¶µÉ¥·Ó, Éµ ¥¸ÉÓ
Pp ∼= Pbol, Éµ ³ £´¨É´µ¥ ¶µ£²µÐ¥´¨¥ · ¢´µ

Pm = Pin − Pp = Pin − const · (T 4bol − T 4He). (�2.4)

�¡ÒÎ´µ ³µÐ´µ¸ÉÓ, ¶µ¸ÉÊ¶ ÕÐ Ö ¢ ·¥§µ´ Éµ·, ¶µ¤¤¥·¦¨¢ ¥É¸Ö ¶µ¸ÉµÖ´´µ°,
¶µÔÉµ³Ê

Pm,on − Pm,off = Pp,off − Pp,on = const · (T 4off − T 4on), (�2.5)

£¤¥ ¨´¤¥±¸Ò ®on¯ ¨ ®off¯ µ¡µ§´ Î ÕÉ ¢±²ÕÎ¥´´ÊÕ ¨ ¢Ò±²ÕÎ¥´´ÊÕ —Œ ¸µµÉ-
¢¥É¸É¢¥´´µ.
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