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�µ± § ´µ, ÎÉµ ¶·¨ Ô´¥·£¨¨ 2÷ 14 ’Ô‚ ¨ ¸¢¥É¨³µ¸É¨ 1032 ÷ 1034 ¸³−2·c−1 · ¤¨ Í¨µ´´Ò¥
´ £·Ê§±¨ ´  ¸Í¨´É¨²²ÖÉµ·Ò (PS) ¨ ¸¶¥±É·µ¸³¥Ð ÕÐ¨¥ ¸¢¥Éµ¢µ¤Ò (WLS) ´ Î¨´ ÕÉ ¶·¥¢ÒÏ ÉÓ
¶·¥¤¥²Ó´µ ¤µ¶Ê¸É¨³Ò° Ê·µ¢¥´Ó, ¨ ·¥¸Ê·¸ ·¥§±µ ¸´¨¦ ¥É¸Ö. �µ¸±µ²Ó±Ê Ê¢¥²¨Î¨ÉÓ · ¤¨ Í¨µ´´ÊÕ
¸Éµ°±µ¸ÉÓ PS+WLS ´¥¢µ§³µ¦´µ É· ¤¨Í¨µ´´Ò³ Ì¨³¨±µ-É¥Ì´µ²µ£¨Î¥¸±¨³ ¸¶µ¸µ¡µ³, ¢µ§´¨±² 
 ²ÓÉ¥·´ É¨¢ : ²¨¡µ Î ¸Éµ ³¥´ÖÉÓ ¸¨¸É¥³Ê PS+WLS (ÎÉµ É¥Ì´¨Î¥¸±¨ É·Ê¤´µ ¨ Ô±µ´µ³¨Î¥¸±¨ ´¥-
Í¥²¥¸µµ¡· §´µ), ²¨¡µ ¨¸¶µ²Ó§µ¢ ÉÓ ´µ¢ÊÕ ±µ´Í¥¶Í¨Õ ÉÐ É¥²Ó´µ£µ ¶² ´¨·µ¢ ´¨Ö ¸¥ ´¸µ¢ µ¡²ÊÎ¥-
´¨Ö ¨ ¶¥·¥·Ò¢µ¢, ¢ ±µÉµ·ÒÌ ¸¨¸É¥³  ¢µ¸¸É ´ ¢²¨¢ ¥É ¸¢µ¨ ¸¢µ°¸É¢ . …¸²¨ ¢·¥³Ö ¤²Ö ¢µ¸¸É ´µ¢²¥-
´¨Ö (¶¥·¥·Ò¢ ) ³ ²µ, Éµ ÔÉµ ´¥ ¡Ê¤¥É µÉ· ¦ ÉÓ¸Ö ´  ·¥§Ê²ÓÉ É Ì ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨°
Ë¨§¨±µ¢-Ô±¸¶¥·¨³¥´É Éµ·µ¢.

It is shown that radiation loads on scintillators (PS) and light guides (WLS) exceed a maximum
permissible dose for an energy of 2 ÷ 14 TeV and luminosity of 1032 ÷ 1034 cm−2·s−1, and the
resource decreases sharply. Inasmuch as improvement of PS + WLS radiation stability cannot be
achieved by means of traditional methods of chemical and technological nature, a dilemma arises:
either to change periodically the PS + WLS system (it is technically complicated and economically
inexpedient) or to use new concept for detailed planning irradiation runs and breaks when the system
recovers its properties. A short recovery time (break) does not affect the results of fundamental
investigations carried out by physicists-experimentalists.

‚‚…„…�ˆ…

‚ ³¨·¥  ±É¨¢´µ · ¡µÉ ÕÉ ´ ¤ ¶·µ¥±É ³¨ Ê¸É ´µ¢µ± D0 ¨ CDF ´  ®’Ô-
¢ É·µ´¥¯, ‘˜� [1,2], CMS, ATLAS ¨ ¤·. ´  �µ²ÓÏµ³  ¤·µ´´µ³ ±µ²-
² °¤¥·¥ (LHC) ¢ –…�� [3,4]. �·¨ Ô´¥·£¨ÖÌ 2 ÷ 14 ’Ô‚ ¨ ¸¢¥É¨³µ¸ÉÖÌ
1032 ÷ 1034 ¸³−2·¸−1 ¢ Ô²¥³¥´É Ì ÔÉ¨Ì Ê¸É ´µ¢µ± ¢µ§´¨± ÕÉ · ¤¨ Í¨µ´´Ò¥
´ £·Ê§±¨ ¶µ·Ö¤±  10÷ 100 ±ƒ· ¢ £µ¤. �¶·¨µ·¨ Ö¸´µ, ÎÉµ ¶µ²¨³¥·Ò (¸Í¨´É¨²-
²ÖÉµ·Ò, ¸¢¥Éµ¢µ¤Ò, ¨§µ²ÖÍ¨Ö ¨ ¤·.) ´¥ ³µ£ÊÉ ¢Ò¤¥·¦ ÉÓ É ±¨¥ · ¤¨ Í¨µ´´Ò¥
´ £·Ê§±¨. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ´ Î ²¸Ö  ±É¨¢´Ò° ¶µ¨¸± ´µ¢ÒÌ ¤µ¡ ¢µ±,  ´É¨· ¤µ¢
¨ É¥Ì´µ²µ£¨° ³ É·¨ÍÒ, ¶µ¢ÒÏ ÕÐ¨Ì · ¤¨ Í¨µ´´ÊÕ ¸Éµ°±µ¸ÉÓ. �µ¸±µ²Ó±Ê
Ê¢¥²¨Î¨ÉÓ ·¥¸Ê·¸ ¸Í¨´É¨²²ÖÉµ·µ¢ ¢ 10Ä30 · § ´¥¢µ§³µ¦´µ É· ¤¨Í¨µ´´Ò³¨
Ì¨³¨±µ-É¥Ì´µ²µ£¨Î¥¸±¨³¨ ¸¶µ¸µ¡ ³¨, ¸É ²¨ ¨¸¶µ²Ó§µ¢ ÉÓ ´µ¢Ò¥ ´¥µ·£ ´¨Î¥-
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¸±¨¥ ÉÖ¦¥²Ò¥ ±·¨¸É ²²Ò BaF3, CeF3, PbWO4 ¨ ¤·., ¶·¥¤¶µ² £ Ö, ÎÉµ µ´¨
¡Ê¤ÊÉ ¡µ²¥¥ ¸Éµ°±¨³¨.

�µ± § É¥²Ó´  ¸¨ÉÊ Í¨Ö, µ¶¨¸ ´´ Ö ¢ · ¡µÉ¥ [5]. �±·¨²µ¢Ò¥ ¸Í¨´É¨²²Ö-
Éµ·Ò, ±µÉµ·Ò¥ ´¥¸±µ²Ó±µ ²¥É ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¢ Ê· ´µ¢µ³ ± ²µ·¨³¥É·¥, ¶µÉ¥-
·Ö²¨ ¸¢¥Éµ¢ÒÌµ¤ ¢ ¤¢  · § ,   ¶·µ§· Î´µ¸ÉÓ ¢ É·¨ · §  ¶µ¸²¥ ¨´É¥£· ²Ó´µ°
¤µ§Ò 50 ƒ·, ÎÉµ ´  ¤¢  ¶µ·Ö¤±  ³¥´ÓÏ¥, Î¥³ ¢ É¥¸Éµ¢ÒÌ ¨¸¶ÒÉ ´¨ÖÌ ´  ³ ²ÒÌ
µ¡· §Í Ì ¸Í¨´É¨²²ÖÉµ·µ¢. ‚´ Î ²¥ ¶µ² £ ²¨, ÎÉµ ÔÉµ ÔËË¥±É, ´ ¢¥¤¥´´Ò° · -
¤¨µ ±É¨¢´Ò³ · ¸¶ ¤µ³ Ê· ´ . �µÉµ³ Ê¸É ´µ¢¨²¨, ÎÉµ µ¸´µ¢´ÊÕ ·µ²Ó ¨£· ²µ
ËµÉµ· ¤¨ Í¨µ´´µ¥ µ±¨¸²¥´¨¥ ¸Í¨´É¨²²ÖÉµ·µ¢. ‘¢¥É ¨ · ¤¨ Í¨Ö ¢Ò¸ÉÊ¶ ÕÉ ¢
± Î¥¸É¢¥ ³µÐ´ÒÌ ± É ²¨§ Éµ·µ¢ · ¤¨ Í¨µ´´µ£µ µ±¨¸²¥´¨Ö.

„·Ê£¨¥ ± ²µ·¨³¥É·Ò, ´ ¶·¨³¥·, ¨¸¶µ²Ó§ÊÕÐ¨¥ ¶µ²¨¸É¨·µ²Ó´Ò¥ ¸Í¨´É¨²-
²ÖÉµ·Ò, · ¡µÉ ÕÉ ¶µ ´¥¸±µ²Ó±Ê ²¥É, ¶· ±É¨Î¥¸±¨ ´¥ ¸´¨¦ Ö · §·¥Ï¥´¨¥. �Éµ
µ¡ÑÖ¸´Ö¥É¸Ö ¸¶µ´É ´´Ò³ ¢µ¸¸É ´µ¢²¥´¨¥³ µ¶É¨Î¥¸±¨Ì ¸¢µ°¸É¢ ¸Í¨´É¨²²ÖÉµ-
·µ¢ ¨ ¸¶¥±É·µ¸³¥Ð ÕÐ¨Ì ¸¢¥Éµ¢µ¤µ¢ ¢ ¶¥·¥·Ò¢ Ì ³¥¦¤Ê ¸¥ ´¸ ³¨. � ¶·¨³¥·,
± ²µ·¨³¥É· ZDC ¢ Ô±¸¶¥·¨³¥´É¥ WA-98 –…�� ´  ¶ÊÎ±¥ Ö¤¥· Pb ¸ Ô´¥·£¨¥°
158 A·ƒÔ‚ ¨³¥² ·¥¸Ê·¸ ´¥¶·¥·Ò¢´µ£µ µ¡²ÊÎ¥´¨Ö 5 · 106 ¸. ‚ÒÖ¸´¨²µ¸Ó, ÎÉµ
¸Í¨´É¨²²ÖÉµ·Ò ¨§ £· ´Ê²¨·µ¢ ´´µ£µ ¶µ²¨¸É¨·µ² , ¨§£µÉµ¢²¥´´Ò¥ ¶ÊÉ¥³ ²¨ÉÓÖ
¶µ¤ ¤ ¢²¥´¨¥³ ¨²¨ ³¥Éµ¤µ³ Ô±¸É·Ê§¨¨, ¨³¥ÕÉ ´ ¨²ÊÎÏÊÕ ¸É¥¶¥´Ó ¢µ¸¸É ´µ¢-
²¥´¨Ö ¶µ ¸· ¢´¥´¨Õ ¸µ ¢¸¥³¨ ¨§¢¥¸É´Ò³¨ ¸Í¨´É¨²²ÖÉµ· ³¨. �µÔÉµ³Ê ¶·¨
´ £·Ê§±¥ 2 ƒ··Î−1 ± ²µ·¨³¥É· ¸³µ£ ¶·µ· ¡µÉ ÉÓ É·¨ ¸¥ ´¸  ¢³¥¸Éµ µ¤´µ£µ.
’ ±¨³ µ¡· §µ³, ÊÎ¥É ¢·¥³¥´¨ ¸¶µ´É ´´µ£µ ¢µ¸¸É ´µ¢²¥´¨Ö ¸¢µ°¸É¢ ¶µ²¨³¥-
·µ¢ ¢ ¸µÎ¥É ´¨¨ ¸ ¢§ ¨³µÊ¢Ö§±µ° ¸¥ ´¸µ¢ µ¡²ÊÎ¥´¨Ö ¨ ¶¥·¥·Ò¢µ¢ Ö¢²Ö¥É¸Ö,
¶µ-¢¨¤¨³µ³Ê, ´ ¨¡µ²¥¥ ÔËË¥±É¨¢´Ò³ ¶ÊÉ¥³ ¶·µ¤²¥´¨Ö ·¥¸Ê·¸µ¢ µ·£ ´¨Î¥-
¸±¨Ì ³ É¥·¨ ²µ¢ [8].

1. ��„ˆ�–ˆ���›… ��ƒ�“‡Šˆ

� ¤¨ Í¨µ´´Ò¥ ´ £·Ê§±¨ µ¡ÒÎ´µ ¶·¥¤¸É ¢²ÖÕÉ ¢¥²¨Î¨´ ³¨ Ô´¥·£µ¢Ò¤¥-
²¥´¨Ö (¤µ§Ò)∗ ¢ ¥¤¨´¨ÍÊ ¢·¥³¥´¨ ¡¥§ ÊÎ¥É  Ë²Ê±ÉÊ Í¨° ¢ ÎÊ¢¸É¢¨É¥²Ó´µ³
µ¡Ñ¥³¥ ³ É¥·¨ ² . ’µÎ´µ¸ÉÓ · ¸Î¥Éµ¢ ¢¥²¨Î¨´ · ¤¨ Í¨µ´´µ° ´ £·Ê§±¨ § ¢¨-
¸¨É µÉ §´ ´¨Ö Ë¨§¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨§²ÊÎ¥´¨° ¸ ¢¥Ð¥¸É¢µ³,
Ì · ±É¥·¨¸É¨± ³ É¥·¨ ² , £¥µ³¥É·¨¨ Ê¸É ´µ¢±¨, ¶µ²´µÉÒ ÊÎ¥É  ¨¸ÉµÎ´¨±µ¢
¨§²ÊÎ¥´¨Ö,   É ±¦¥ µÉ ¸µµÉ¢¥É¸É¢¨Ö ³ É¥³ É¨Î¥¸±µ° ³µ¤¥²¨ ·¥ ²Ó´Ò³ ¶·µ-
Í¥¸¸ ³ [7,8].

� ¸¸³µÉ·¨³ · ¤¨ Í¨µ´´Ò¥ ´ £·Ê§±¨ ´  ¶·¨³¥·¥ Ê¸É ´µ¢±¨ CMS. �  ·¨¸.1
¶µ± § ´  É¨¶¨Î´ Ö £¥µ³¥É·¨Ö ¤¥É¥±Éµ·´µ° Ê¸É ´µ¢±¨ ´  ±µ²² °¤¥·¥. �µ µ¸¨
Í¨²¨´¤·  · ¸¶µ²µ¦¥´  ¢ ±ÊÊ³´ Ö ± ³¥·  (1), £¤¥ ´ Ìµ¤¨É¸Ö µ¡² ¸ÉÓ ¸Éµ²±´µ-
¢¥´¨Ö ¶ÊÎ±µ¢. ‚µ ¢´ÊÉ·¥´´¥° ¶µ²µ¸É¨ (2) · ¸¶µ²µ¦¥´Ò ¢¥·Ï¨´´Ò¥ ¨ ¤·Ê£¨¥
É·¥±µ¢Ò¥ ¤¥É¥±Éµ·Ò. �¥µ¡Ìµ¤¨³µ ¨³¥ÉÓ ± ± ³µ¦´µ ³¥´ÓÏ¥ ¢¥Ð¥¸É¢  ¢ ÔÉµ°

∗W, ³„¦ · £−1 · c−1 = D, ƒ· · c−1 (1 ƒ· = 100 · ¤).
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�¨¸. 1. � ¤¨ Í¨µ´´ Ö ´ £·Ê§±  ¢ CMS ¶·¨ Ep = 14 ’Ô‚, L = 1034 ¸³−2 · c−1:  ) ¤µ§Ò
¢ 1/4 Í¨²¨´¤·¨Î¥¸±µ° £¥µ³¥É·¨¨; ¡) ´¥°É·µ´Ò Å · ¸¶·¥¤¥²¥´¨¥ ¶µ ¢ ±ÊÊ³´µ° ± ³¥·¥
(¶µÖ¸´¥´¨Ö ¢ É¥±¸É¥)

¶µ²µ¸É¨ (0,1 Å 0,5 £·¸³−2). ‚´ÊÉ·¥´´ÕÕ ¶µ²µ¸ÉÓ µ±·Ê¦ ÕÉ Ô²¥³¥´ÉÒ Ê¸É -
´µ¢µ± ¨§ ¶²µÉ´ÒÌ ³ É¥·¨ ²µ¢: Ô²¥±É·µ³ £´¨É´Ò¥ ¨  ¤·µ´´Ò¥ ± ²µ·¨³¥É·Ò,
¸µ²¥´µ¨¤, Ô²¥³¥´ÉÒ Ëµ´µ¢µ° § Ð¨ÉÒ (3). ‚ µ±·Ê¦ ÕÐ¥³ ¶·µ¸É· ´¸É¢¥ (4),
± ± ¢¡²¨§¨, É ± ¨ ¢¤ ²¨ µÉ ± ²µ·¨³¥É·µ¢, · ¸¶µ²µ¦¥´Ò ³Õµ´´Ò¥ ¨ ¤·Ê£¨¥
± ³¥·Ò. Š·µ³¥ Éµ£µ, ¢ ·Ö¤¥ Ê¸É ´µ¢µ±, ´ ¶·¨³¥·, CMS [3], ATLAS [4],
¨³¥ÕÉ¸Ö É ± ´ §Ò¢ ¥³Ò¥ ¶¥·¥¤´¨¥ ± ²µ·¨³¥É·Ò (5). �¥·¥¤ ´¨³¨ ´ Ìµ¤ÖÉ¸Ö
±µ²²¨³ Éµ·Ò (6) ¤²Ö ¶ÊÎ±µ¢, ¶·¨´¨³ ÕÐ¨¥ ´  ¸¥¡Ö µ¸´µ¢´µ¥ Ô´¥·£µ¢Ò¤¥²¥-
´¨¥ (∼ 60%) ¨ Ö¢²ÖÕÐ¨¥¸Ö ³µÐ´Ò³¨ ¨¸ÉµÎ´¨± ³¨ ¨§²ÊÎ¥´¨Ö.

ˆ¸ÉµÎ´¨±¨ ¨§²ÊÎ¥´¨Ö. �¸´µ¢´Ò³¨ ¨¸ÉµÎ´¨± ³¨ ¨§²ÊÎ¥´¨Ö ¢ ¶µ¤µ¡´ÒÌ
Ê¸É ´µ¢± Ì Ö¢²ÖÕÉ¸Ö:
Å ¶·Ö³µ¥ ¨§²ÊÎ¥´¨¥ µÉ pp(AA)-¸Éµ²±´µ¢¥´¨°;
Å ¨§²ÊÎ¥´¨¥, µ¡· §µ¢ ¢Ï¥¥¸Ö ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ¶·Ö³µ£µ ¨§²ÊÎ¥´¨Ö ¸ ¢ ±Ê-
Ê³´µ° ± ³¥·µ° ¨ µ¸É ÉµÎ´Ò³ £ §µ³;
Å ¨§²ÊÎ¥´¨¥, ¢ÒÏ¥¤Ï¥¥ ¨§ ¶²µÉ´ÒÌ ³ É¥·¨ ²µ¢ ¢µ ¢´ÊÉ·¥´´ÕÕ ¶µ²µ¸ÉÓ ( ²Ó-
¡¥¤µ);
Å ¢Éµ·¨Î´µ¥ ¨§²ÊÎ¥´¨¥ µÉ ¢§ ¨³µ¤¥°¸É¢¨° ¶·Ö³µ£µ ¨§²ÊÎ¥´¨Ö ¨  ²Ó¡¥¤µ ¸
³ É¥·¨ ² ³¨ ¢´ÊÉ·¨ ¶µ²µ¸É¨ (¸ ±µ´¸É·Ê±Í¨Ö³¨ ± ³¥·Ò ¨ ¤¥É¥±Éµ·µ¢).

�·¨ ¶¥·¢µ´ Î ²Ó´ÒÌ µÍ¥´± Ì [9] · ¤¨ Í¨µ´´ÒÌ ´ £·Ê§µ± µ¡ÒÎ´µ ÊÎ¨-
ÉÒ¢ ²¨ µ¤´µ ¸Éµ²±´µ¢¥´¨¥ pp(AA), µ¶·¥¤¥²Ö¥³µ¥ ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ ¢Éµ·¨Î-
´ÒÌ Î ¸É¨Í ´  ¥¤¨´¨ÍÊ ¶¸¥¢¤µ¡Ò¸É·µÉÒ η (¸³.·¨¸.2), ¸¥Î¥´¨¥³ ´¥Ê¶·Ê£µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö σin ¨ ¸¢¥É¨³µ¸ÉÓÕ. ‚ É ¡².1 ¶·¨¢¥¤¥´ ¢ÒÌµ¤ Î ¸É¨Í ¢ pp-
¸Éµ²±´µ¢¥´¨¨ ¶·¨ 14 ’Ô‚ [12].
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’ ¡²¨Í  1. ‚ÒÌµ¤ Î ¸É¨Í ¢ pp-¸Éµ²±´µ¢¥´¨¨ ¶·¨ 14 ’Ô‚

’¨¶ Î ¸É¨ÍÒ ‚ÒÌµ¤ Î ¸É¨Í (¢ ¶·µÍ¥´É Ì
´  µ¤¨´ ¶·µÉµ´)

p 0,98 Ä 1,98
n 1,14 Ä 1,88
K+, K0 7,42 Ä 8,01
π± 34,8 Ä 39,8
Σ, Λ 0,80 Ä 2,13
p, n, Σ 2,91 Ä 5,82
e± 0,50 Ä 0,55
γ 44,9 Ä 46,4

�·¨ · ¸Î¥É¥ ´ £·Ê§µ± ¢¸²¥¤¸É¢¨¥ ¶·µÍ¥¸¸µ¢ ¢§ ¨³µ¤¥°¸É¢¨Ö Î ¸É¨Í ¸ ¢ -
±ÊÊ³´µ° ± ³¥·µ° ´Ê¦´µ ÊÎ¨ÉÒ¢ ÉÓ ·¥ ²Ó´ÊÕ £¥µ³¥É·¨Õ, · §³¥·Ò µ¡² ¸É¨
¸Éµ²±´µ¢¥´¨Ö, ³ £´¨É´Ò¥ ¨ Ô²¥±É·µ¸É É¨Î¥¸±¨¥ ¶µ²Ö, Ì · ±É¥·¨¸É¨±¨ ³ É¥-
·¨ ²µ¢ ¨ ¶·µ¸É· ´¸É¢¥´´µ-Ê£²µ¢µ¥ ¨ Ô´¥·£¥É¨Î¥¸±µ¥ · ¸¶·¥¤¥²¥´¨¥ ± ¦¤µ£µ
¸µ·É  Î ¸É¨Í ¢ pp(AA)-¸Éµ²±´µ¢¥´¨¨ [10]. �¥µ¡Ìµ¤¨³µ ¤¥É ²Ó´µ ³µ¤¥²¨-
·µ¢ ÉÓ ³´µ£µ±· É´µ¥ ±Ê²µ´µ¢¸±µ¥ · ¸¸¥Ö´¨¥, ±µ£¥·¥´É´µ¥ ¨ ´¥±µ£¥·¥´É´µ¥
Ê¶·Ê£µ¥ Ö¤¥·´µ¥ · ¸¸¥Ö´¨¥, ´¥Ê¶·Ê£µ¥ Ö¤¥·´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥, Ë²Ê±ÉÊ Í¨¨
¶·¨ ¶·Ö³µ³ ·µ¦¤¥´¨¨ ¶ · e+, e− ¨ ¤·. �¸´µ¢Ò É ±µ£µ ³µ¤¥²¨·µ¢ ´¨Ö ¡Ò²¨
¢¶¥·¢Ò¥ § ²µ¦¥´Ò ¢ [11],   § É¥³ · §¢¨ÉÒ ¢ [12Å16].

‚ · ¡µÉ¥ [15] · ¸¸³µÉ·¥´µ ¢²¨Ö´¨¥ ±µ´Ë¨£Ê· Í¨¨ ¢ ±ÊÊ³´µ° ± ³¥·Ò ´ 
¢ÒÌµ¤ ´¥°É·µ´µ¢. “Î¨ÉÒ¢ ²µ¸Ó ³ £´¨É´µ¥ ¶µ²¥ (4 ’²) ¤²Ö CMS. ‚¤µ²Ó µ¸¨
¢ ¶·¥¤¥² Ì ¶¥·¢ÒÌ 1,5Ä2 ³ ±µ´Ë¨£Ê· Í¨Ö ± ³¥·Ò (·¨¸.1) ´¥ ¸¨²Ó´µ ¢²¨Ö¥É
´  ¢ÒÌµ¤ ´¥°É·µ´µ¢. �¤´ ±µ ´  ¤²¨´¥ ±2 ≤ Z ≤ ±15 ³ Ê³¥´ÓÏ¥´¨¥ ¢ÒÌµ¤ 
´¥°É·µ´µ¢ ¶µ ¸· ¢´¥´¨Õ ¸ ± ³¥·µ° ¶µ¸ÉµÖ´´µ£µ ¸¥Î¥´¨Ö µÎ¥´Ó ¸ÊÐ¥¸É¢¥´´µ
(¤µ 5 · §). ‚ ÔÉµ° · ¡µÉ¥ ´¥ · ¸¸³ É·¨¢ ²µ¸Ó Ëµ·³¨·µ¢ ´¨¥ ²¨´¥°´µ£µ ¨¸ÉµÎ-
´¨±  ¢¸¥Ì Î ¸É¨Í ¨ Ë· £³¥´Éµ¢, ÎÉµ µ¸µ¡¥´´µ ¢ ¦´µ ¶·¨ AA-¸Éµ²±´µ¢¥´¨ÖÌ
ÉÖ¦¥²ÒÌ Ö¤¥· (¢ ±ÊÊ³´ÊÕ ± ³¥·Ê ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ²¨´¥°´µ£µ ¶·µ-
ÉÖ¦¥´´µ£µ ¨¸ÉµÎ´¨±  ¨§²ÊÎ¥´¨Ö [8]).

�µ  ´ ²µ£¨Î´µ° ³¥Éµ¤¨±¥ ¸ ÊÎ¥Éµ³ ¶µ¸²¥¤´¨Ì · ¡µÉ ¶µ ³´µ¦¥¸É¢¥´´µ³Ê
µ¡· §µ¢ ´¨Õ α-Î ¸É¨Í ¨ Ë· £³¥´Éµ¢ [17,18] ¡Ò²¨ µ¶·¥¤¥²¥´Ò ³¥¸É  ¸Éµ²±´µ-
¢¥´¨Ö Î ¸É¨Í ¸µ ¸É¥´±µ° ± ³¥·Ò ¨ Ê£²Ò ¢Ìµ¤  αE . ‚ É ¡².2 ¶·¨¢¥¤¥´Ò ´¥±µ-
Éµ·Ò¥ Ì · ±É¥·¨¸É¨±¨ · ¢´µ³¥·´µ · ¸¶·¥¤¥²¥´´µ£µ ²¨´¥°´µ£µ ¨¸ÉµÎ´¨±  ¢
¶·¥¤¥² Ì Z = ±3 ³ (·¨¸.1), ¶·¨Î¥³ ¶·¨ Ëµ·³¨·µ¢ ´¨¨ ²¨´¥°´µ£µ ¨¸ÉµÎ´¨± 
ÊÎ¨ÉÒ¢ ²¨¸Ó Î ¸É¨ÍÒ, ¶ ¤ ÕÐ¨¥ ´  ¸É¥´±Ê ± ³¥·Ò ´¥ Éµ²Ó±µ ¨§´ÊÉ·¨ ± ³¥·Ò,
´µ ¨ ¸´ ·Ê¦¨ ( ²Ó¡¥¤µ). — ¸É¨ÍÒ ¨§ ²¨¤¨·ÊÕÐ¥° £·Ê¶¶Ò ¶· ±É¨Î¥¸±¨ ´¥ ¤ ÕÉ
´¥Ê¶·Ê£¨Ì ¢§ ¨³µ¤¥°¸É¢¨° Å ¢ ¸É¥´±¥ ± ³¥·Ò Éµ²Ð¨´µ° d = 0, 15− 0, 25 ¸³
± ± ¨§-§  ¡µ²ÓÏµ° ¢¥²¨Î¨´Ò ¶·µ¡¥£  ¤µ ´¥Ê¶·Ê£µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö λin, É ±
¨ ¢¸²¥¤¸É¢¨¥ ³ ²ÒÌ Ê£²µ¢ ¢ÒÌµ¤  αE < 100 ³±· ¤.
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’ ¡²¨Í  2. ‹¨´¥°´Ò° ¨¸ÉµÎ´¨± 2πra, Î ¸É.·¸³−2·¸−1

— ¸É¨ÍÒ, 〈E0〉, ƒÔ‚ ‘¢¥É¨³µ¸ÉÓ L, ¸³−2·¸−1

¤ ÕÐ¨¥ (ν∗) 1034 (pp) 1029 (CaCa) 1027 (PbPb)
Σi

i→ p, π, e, γ . . . 6 8 · 107 4 · 107 6 · 107

�¥°É·µ´Ò ∼ 10−3 3 · 107 7 · 106 5 · 106

—¨¸²µ
Ô±¢¨¢ ². Å 1, 3 · 1014 6, 7 · 1013 1013

¶·µÉµ´µ¢

�·¨³¥Î ´¨¥: ra Å · ¤¨Ê¸ ¢ ±ÊÊ³´µ° ± ³¥·Ò, · ¢´Ò° 6 ¸³ (Al); 〈E0〉 = 6 ƒÔ‚

¸µµÉ¢¥É¸É¢Ê¥É § ·Ö¦¥´´Ò³ Î ¸É¨Í ³ ¸ 10−1 < αE < 10 ³· ¤.

‚¥·µÖÉ´µ¸ÉÓ ´¥Ê¶·Ê£µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö Î ¸É¨Í ¢ ¸É¥´±¥ ± ³¥·Ò:

P = 1− exp (d/αE · λin), (1.1)

  ¤µ²Ö ´¥Ê¶·Ê£¨Ì ¢§ ¨³µ¤¥°¸É¢¨°:

ν∗ = 1/λin exp (−x/λin), (1.2)

ˆ§ ¢Ò· ¦¥´¨° (1.1) ¨ (1.2) Ö¸´µ, ÎÉµ ¶·¨ ra = 6 ¸³, d = 0, 12 ¸³ µ±µ²µ
90% ¢¸¥Ì ¢§ ¨³µ¤¥°¸É¢¨° ¡Ê¤¥É ²µ± ²¨§µ¢ ´µ ¢ ¸É¥´±¥. ‡ ³¥É¨³, ÎÉµ ¶·¨
¸±µ²Ó§ÖÐ¥° ¢Ò¸ ¤±¥ Î ¸É¨Í ´  ¶µ²Ê¡¥¸±µ´¥Î´ÊÕ ¸·¥¤Ê ¨§  ²Õ³¨´¨Ö ¸ £· ´¨-
Í¥° ¢ ±ÊÊ³ Å ¢¥Ð¥¸É¢µ Î¨¸²µ ´¥Ê¶·Ê£¨Ì ¢§ ¨³µ¤¥°¸É¢¨° ´  µ¤´Ê ¶¥·¢¨Î´ÊÕ
Î ¸É¨ÍÊ ¸ E0 (¢ ƒÔ‚) µ¶·¥¤¥²Ö¥É¸Ö Ëµ·³Ê²µ°:

ν∗ = 2AEi0 + 2, 34 · 10−3 ln (5Ej0), (1.3)

£¤¥ ¨´¤¥±¸ i → p, d, n, π ..., ¨´¤¥±¸ j → e+, e−, γ, ¤ ÕÐ¨¥ ·¥ ±Í¨¨ γ, nπ;
γ, nππ; γ, nn ¨ ¤·. ‚ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ ¨§-§  µÉ· ¦¥´¨Ö ¢¥²¨Î¨´  ν∗ ¸ÊÐ¥-
¸É¢¥´´µ ³¥´ÓÏ¥ [8].

‚ ¸²ÊÎ ¥ ¢§ ¨³µ¤¥°¸É¢¨° ‘ ‘  ¨ PbPb (É ¡².2) ³µ¤¥²¨·µ¢ ´¨¥ É· ¥±Éµ·¨°
Î ¸É¨Í ´¥ ¶·µ¨§¢µ¤¨²¨,   ¶µ² £ ²¨ ¸¶· ¢¥¤²¨¢Ò³ (¸³. ´¨¦¥) Ë¥´µ³¥´µ²µ£¨-
Î¥¸±¨° ³¥Éµ¤ ªÔ±¢¨¢ ²¥´É´ÒÌ ¶·µÉµ´µ¢ª, ¢¶¥·¢Ò¥ ¶·¥¤²µ¦¥´´Ò° ¢ · ¡µÉ¥
[23], Éµ ¥¸ÉÓ ²¨´¥°´Ò° ¨¸ÉµÎ´¨± ¶·¨ AA-¢§ ¨³µ¤¥°¸É¢¨¨ µ¶·¥¤¥²Ö¥É¸Ö ¨§
¸µµÉ´µÏ¥´¨Ö:

SAA(Z) = A (Np(Lp)/(NA(LA))SP (Z), (1.4)

£¤¥ Np ¨ NA Å ±µ²¨Î¥¸É¢µ ¶·µÉµ´µ¢ ¨ ¨µ´µ¢ ¢ ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¶ÊÎ± Ì. ‚
É ¡².3 ¶·¨¢¥¤¥´Ò ¢¥²¨Î¨´Ò ªÔ±¢¨¢ ²¥´É´ÒÌ ¶·µÉµ´µ¢ª ¤²Ö Ê¸É ´µ¢µ± CMS,
ATLAS, ALICE ´  ±µ²² °¤¥·¥ LHC. �µ± § ´  Ê¸²µ¢´ Ö £· ´¨Í  ∼ 1013 Ô±¢.
¶·µÉµ´µ¢, ´¨¦¥ ±µÉµ·µ° · ¤¨ Í¨µ´´Ò¥ ´ £·Ê§±¨ ´¥ ¶·¥¤¸É ¢²ÖÕÉ ¡µ²ÓÏµ°
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’ ¡²¨Í  3. ˆ´É¥£· ²Ó´ Ö ¸¢¥É¨³µ¸ÉÓ ¨ Î¨¸²µ ¨µ´µ¢ ¢ ¶ÊÎ±¥ (LHC Å 14 ’Ô‚)*

1, 2 · 1034 3, 3 · 1033 1, 5 · 1033 5, 5 · 1032 1, 1 · 1032

p 1,3 · 1014 6,8 · 1013 4,6 · 1013 1, 7 · 1013 3,3 · 1012

9, 9 · 1032 2, 9 · 1032 1, 4 · 1032 5, 1 · 1031 1, 0 · 1030

4He2 3, 7 · 1013 2, 0 · 1013 1, 4 · 1013 3, 5 · 1012 6, 8 · 1011

1,5 · 1014 8,0 · 1013 5,6 · 1013 1, 4 · 1013 2,7 · 1012

2, 9 · 1031 9, 9 · 1030 5, 0 · 1030 1, 8 · 1030 3, 6 · 1029

16O8 6, 3 · 1012 3, 7 · 1012 2, 6 · 1012 9, 3 · 1011 1, 9 · 1011

1,0 · 1014 5,9 · 1013 4,2 · 1013 1, 5 · 1013 3,0 · 1012

1, 8 · 1030 6, 9 · 1029 3, 9 · 1029 1, 4 · 1029 2, 8 · 1028

40Ca20 1, 6 · 1012 1, 0 · 1012 7, 4 · 1011 2, 8 · 1011 5, 5 · 1010

6,4 · 1013 4,0 · 1013 3,0 · 1013 1, 1 · 1013 2,2 · 1012

6, 4 · 1028 2, 4 · 1028 1, 3 · 1028 4, 8 · 1027 9, 6 · 1026

97Nb41 3, 3 · 1011 1, 8 · 1011 1, 3 · 1011 5, 0 · 1010 9, 6 · 109

3,2 · 1013 1,7 · 1013 1,3 · 1013 4, 8 · 1012 9,3 · 1011

8, 9 · 1026 2, 7 · 1026 1, 4 · 1026 5, 1 · 1025 1, 0 · 1025

208Pb82 4, 8 · 1010 2, 0 · 1010 1, 4 · 1010 5, 3 · 108 1, 0 · 108

1,0 · 1013 4,2 · 1012 2,9 · 1012 1, 1 · 1011 2,1 · 1010

*C³. Brandt D., Eggert K., Morsch A. Å LHC Note 264. BÒ¤¥²¥´Ò ¢¥²¨Î¨´Ò Ô±¢¨¢ -

²¥´É´ÒÌ ¶·µÉµ´µ¢ (´ Ï  µÍ¥´± ).

µ¶ ¸´µ¸É¨ ¤²Ö ¡µ²ÓÏ¨´¸É¢  ³ É¥·¨ ²µ¢ ¤¥É¥±Éµ·´ÒÌ Ê¸É ´µ¢µ±. ‘ÊÐ¥¸É-
¢Ê¥É ³´¥´¨¥, ÎÉµ Ê³¥´ÓÏ¥´¨¥ ¸¢¥É¨³µ¸É¨ ´  ∼ 8 ¶µ·Ö¤±µ¢, ´ ¶·¨³¥·, ¸
1, 2 · 1034 (pp) ¤µ 8, 9 · 1026 (PbPb),  ¶·¨µ·¨ ¸´¨³ ¥É ¶·µ¡²¥³Ê · ¤¨ Í¨µ´´µ°
µ¶ ¸´µ¸É¨. �Éµ ´¥¢¥·´µ, ¶µ¸±µ²Ó±Ê Î¨¸²µ ªÔ±¢¨¢ ²¥´É´ÒÌ ¶·µÉµ´µ¢ª ¨§³¥´Ö-
¥É¸Ö Éµ²Ó±µ ´  µ¤¨´ ¶µ·Ö¤µ±,   ¨³¥´´µ ÔÉ  ¢¥²¨Î¨´  µ¶·¥¤¥²Ö¥É ¢´ÊÉ·¥´´¥¥
· ¤¨ Í¨µ´´µ¥ ¶µ²¥, É.¥. · ¤¨ Í¨µ´´Ò¥ ´ £·Ê§±¨ ´  Ô²¥³¥´ÉÒ ¤¥É¥±Éµ·µ¢.

�µ¢¥·Ì´µ¸É´Ò° ¨¸ÉµÎ´¨± µ¶·¥¤¥²Ö¥É¸Ö  ²Ó¡¥¤µ i − j, £¤¥ i Å ¢Ìµ¤ÖÐ Ö
Î ¸É¨Í ; j Å ¢ÒÌµ¤ÖÐ Ö ¨§ ¸·¥¤Ò Î ¸É¨Í . ‚¥²¨Î¨´   ²Ó¡¥¤µ Î ¸Éµ ¢Ò· -
¦ ¥É¸Ö ¢ ¶·µÍ¥´É Ì ¨ µ¡µ§´ Î ¥É¸Ö ξij . �¥·¢Ò¥ µÍ¥´±¨ [19,20] ¶µ¤É¢¥·¤¨²¨
¶·¥¤¶µ²µ¦¥´¨¥ µ ¡µ²ÓÏ¨Ì  ²Ó¡¥¤µ ¨ ¸É¨³Ê²¨·µ¢ ²¨ ¤¥É ²Ó´µ¥ ¨§ÊÎ¥´¨¥ ÔÉµ°
¶·µ¡²¥³Ò [21,22]. „²Ö ¢´ÊÉ·¥´´¥° ¶µ²µ¸É¨ ¤¥É¥±Éµ·´ÒÌ Ê¸É ´µ¢µ±, ± ± µ± -
§ ²µ¸Ó,  ²Ó¡¥¤µ ¨£· ¥É ¨¸±²ÕÎ¨É¥²Ó´µ ¢ ¦´ÊÕ ·µ²Ó [24,25].

‚ É ¡².4 ¤²Ö ¨²²Õ¸É· Í¨¨ ¶·¨¢¥¤¥´Ò §´ Î¥´¨Ö  ²Ó¡¥¤µ. ‚¨¤´µ, ÎÉµ µ¸´µ¢-
´Ò³ ±µ³¶µ´¥´Éµ³ ¨§²ÊÎ¥´¨Ö Ö¢²ÖÕÉ¸Ö ´¥°É·µ´Ò, µ¤´ ±µ ¢ÒÌµ¤ § ·Ö¦¥´´ÒÌ
Î ¸É¨Í, µ¸µ¡¥´´µ ´¨§±µ° Ô´¥·£¨¨ É ±¦¥ §´ Î¨É¥²¥´. �·¨ Ô´¥·£¨¨ ¶ ¤ ÕÐ¨Ì
´  ¦¥²¥§µ Î ¸É¨Í ³¥´¥¥ 1 ƒÔ‚ ´ ¡²Õ¤ ¥É¸Ö ¸¨²Ó´ Ö § ¢¨¸¨³µ¸ÉÓ  ²Ó¡¥¤µ µÉ
¢¨¤  ¶µ¤ ÕÐ¥° Î ¸É¨ÍÒ. ‘ Ê¢¥²¨Î¥´¨¥³ Ô´¥·£¨¨ · §²¨Î¨¥ ¢ § ¢¨¸¨³µ¸É¨
ξij µÉ ¢¨¤  ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ Ê³¥´ÓÏ ¥É¸Ö. �Éµ ¶µ§¢µ²Ö¥É ¶µ²Ó§µ¢ ÉÓ¸Ö
¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ §´ Î¥´¨Ö³¨ ξpn ´¥§ ¢¨¸¨³µ µÉ ¢¨¤  ¢Ìµ¤ÖÐ¨Ì § ·Ö¦¥´-
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’ ¡²¨Í  4. ‡´ Î¥´¨¥  ²Ó¡¥¤µ ξij ¢ ¶·µÍ¥´É Ì ´  µ¤¨´ ¶·µÉµ´, ¶ ¤ ÕÐ¨° ´ 
¦¥²¥§µ [22]

’¨¶ �´¥·£¨Ö �´¥·£¨Ö Ep, ƒÔ‚

i− j Emin − Emax, ŒÔ‚ 1 10 70 200

pn 10−3 ÷ 10−1 9,0 85 230 540
pn 10−1 ÷ 103 6,0 69 193 430
pp 10−3 ÷ 10−1 4,0 43 100 147
pp 10−1 ÷ 103 1,0 27 3,5 11
pπ 10−1 ÷ 103 Å 16 6,3 13
pγ 10−1 ÷ 10−3 3,0 20 15,5 32

´ÒÌ Î ¸É¨Í. „²Ö ·¥Ï¥´¨Ö § ¤ Î¨ µ ¢±² ¤¥  ²Ó¡¥¤µ ¢ ¸Ê³³ ·´ÊÕ · ¤¨ -
Í¨µ´´ÊÕ ´ £·Ê§±Ê ´¥µ¡Ìµ¤¨³  ¨´Ëµ·³ Í¨Ö µ ¤¨ËË¥·¥´Í¨ ²Ó´µ-Ê£²µ¢ÒÌ ¨
¤¨ËË¥·¥´Í¨ ²Ó´µ-Ô´¥·£¥É¨Î¥¸±¨Ì · ¸¶·¥¤¥²¥´¨ÖÌ  ²Ó¡¥¤µ ´¥°É·µ´µ¢ ¨ § ·Ö-
¦¥´´ÒÌ Î ¸É¨Í. � ¸Î¥É  ²Ó¡¥¤µ ¢¸²¥¤¸É¢¨¥ ¸µ¡ÒÉ¨°, ¨³¥ÕÐ¨Ì µÎ¥´Ó ³ ²ÊÕ
¢¥·µÖÉ´µ¸ÉÓ, ´¥ ¤ ¥É Ê¢¥·¥´´µ¸É¨ ¢ ÉµÎ´µ¸É¨ · ¸Î¥Éµ¢ ¶µ ¶·µ£· ³³ ³ ¤²Ö
£²Ê¡µ±µ£µ ¶·µ´¨±´µ¢¥´¨Ö (´ ¶·¨³¥·, FLUKA [16]). ‘· ¢´¥´¨¥ · ¸Î¥Éµ¢ ¸
Ô±¸¶¥·¨³¥´É ³¨ [27] ¤²Ö  ²Ó¡¥¤µ ´¥ ¶·µ¨§¢µ¤¨²¨.

�²µÉ´Ò¥ ³ É¥·¨ ²Ò. „²Ö CMS ¢´ Î ²¥ · ¸¸³ É·¨¢ ²¨¸Ó ¸²¥¤ÊÕÐ¨¥ ³ -
É¥·¨ ²Ò ¤²Ö Ô²¥±É·µ³ £´¨É´µ£µ ± ²µ·¨³¥É·  (ECAL), µ¡µ§´ Î¥´´µ£µ ´  ·¨¸.1
…… ¨ …‚ [25]:
Å ¸Í¨´É¨²²¨·ÊÕÐ¨¥ ±·¨¸É ²²Ò CeF3 ¶²µÉ´µ¸ÉÓÕ 6,16 £·¸³−3;
Å ¦¨¤±¨° ¸Í¨´É¨²²ÖÉµ·  ·£µ´ Å 2 ³³ ¨ ¸¢¨´¥Í Å 1,5 ³³ (Pb + LAr)
¸µ ¸·¥¤´¥° ¶²µÉ´µ¸ÉÓÕ 5,6 £·¸³−3 ;
Å É¢¥·¤Ò° ¸Í¨´É¨²²ÖÉµ· ¶µ²¨¸É¨·µ² Å 4 ³³ ¨ ¸¢¨´¥Í Å 2 ³³ (PS + Pb)
¸µ ¸·¥¤´¥° ¶²µÉ´µ¸ÉÓÕ 4,45 £·¸³−3.

�µ§¦¥ ¡Ò²¨ · ¸¸³µÉ·¥´Ò ¢µ§³µ¦´µ¸É¨ ¨¸¶µ²Ó§µ¢ ´¨Ö ±·¨¸É ²²µ¢ PbWO4

¢³¥¸Éµ CeF3, ´µ ª· ¤¨ Í¨µ´´ÊÕ ± ·É¨´Êª ÔÉ  § ³¥´  ¸¨²Ó´µ ´¥ ³¥´Ö¥É [28].
�¤·µ´´Ò° ± ²µ·¨³¥É· (HCAL) (´  ·¨¸.1 µ¡µ§´ Î¥´ �… ¨ �‚) ¸µ¸Éµ¨É ¨§
¸²µ¥¢ Cu Å 4 ³³ ¨ ¸Í¨´É¨²²ÖÉµ·  PS Å 10 ³³ ¨ ¨³¥¥É ¶²µÉ´µ¸ÉÓ 7,37 £·¸³−3.
„ ²ÓÏ¥ ¶µ · ¤¨Ê¸Ê (·¨¸.1) Å ³Õµ´´Ò¥ ± ³¥·Ò ¨ ªÉ·¨££¥·Òª (M… ¨ M‚).
‘ Í¥²ÓÕ Ê³¥´ÓÏ¥´¨Ö  ²Ó¡¥¤µ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì Î ¸É¨Í ´  ²¨Í¥¢µ° ¶µ-
¢¥·Ì´µ¸É¨ …‚ ¨ ……,   É ±¦¥ ³¥¦¤Ê …‚ ¨ �‚ · §³¥Ð ÕÉ¸Ö ±µ´¢¥·Éµ·Ò ¸¶¥±-
É·  ´¥°É·µ´µ¢ ¨§ ‘�2 Éµ²Ð¨´µ° 5 ¸³. Œ¥¦¤Ê …… ¨ �… ±µ´¢¥·Éµ· ¨³¥¥É
Éµ²Ð¨´Ê 9 ¸³.

� ¸Î¥ÉÒ · ¤¨ Í¨µ´´ÒÌ ´ £·Ê§µ± ¶·µ¢¥¤¥´Ò ¶µ ¶·µ£· ³³¥ · ¡µÉÒ [16] ¸
¨¸¶µ²Ó§µ¢ ´¨¥³ ±µÔËË¨Í¨¥´Éµ¢ ¶¥·¥Ìµ¤  µÉ Ë²Õ¥´¸  (¶µÉµ±  Î ¸É¨Í) ± ¤µ§¥
§ ·Ö¦¥´´ÒÌ Î ¸É¨Í ¨ ´¥°É·µ´µ¢ [29]. “¶·µÐ¥´´ Ö £¥µ³¥É·¨Ö,   É ±¦¥ ¶·¥¤-
¸É ¢²¥´¨¥ ·¥ ²Ó´ÒÌ Ô²¥³¥´Éµ¢ Ê¸É ´µ¢±¨ ¢ ¢¨¤¥ £µ³µ£¥´´µ° ¸³¥¸¨ ÉÖ¦¥²ÒÌ ¨
²¥£±¨Ì ³ É¥·¨ ²µ¢ ´¥ ¶µ§¢µ²¨²¨ µ¶·¥¤¥²¨ÉÓ ¤µ§Ê ±µ´±·¥É´µ ¢ ÎÊ¢¸É¢¨É¥²Ó´µ³
µ¡Ñ¥³¥ (´ ¶·¨³¥·, ¢ Ë¨¡· Ì ¤¨ ³¥É·µ³ 60 ³±³).
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’ ¡²¨Í  5. ‘· ¢´¥´¨¥ · ¤¨ Í¨µ´´ÒÌ ´ £·Ê§µ± ¤²Ö CMS, ƒ··Î−1 (¶·¨ E = 14 ’Ô‚
¨ L = 1034 ¸³−2·¸−1)

η Šµµ·¤¨´ ÉÒ, ¸³ ECAL HCAL ECAL HCAL
(¸³.·¨¸.2)

r Z [3] [31] [3] [30] � Ï  µÍ¥´± 
320 13 15 28

3Ä2,8 40
340
376

3,7 3 4, 6 0,86 12 10

560 2,8 0,07 2
320 8 6,5 15

2,6Ä2,4 55
340
376

2,8 1,4 4, 5 0,13 5,2 5

560 0,9 0,01 0,4
130 320 0,46 0,28 0,6

1,5Ä1,4 ↓ 340
376

0, 09 0,03 0, 04 0,02 0,08 0,07

286 560 10−3 0,03
130 145 0,2 0,22

1,1Ä1 ↓ 206 0,02 0,01 0,04 0,03
286 370 10−4 0,014
130 0,18 0,62

0,1Ä0 ↓ ∼ 0 0,02 6 · 10−5 0,06 0,065
286 10−6 0,012

�  ·¨¸.1 ¶µ± § ´µ · ¸¶·¥¤¥²¥´¨¥ · ¤¨ Í¨µ´´µ° ´ £·Ê§±¨ ¢ CMS ¸ ÊÎ¥-
Éµ³ ¢¸¥Ì ¢ÒÏ¥µ¡µ§´ Î¥´´ÒÌ ¨¸ÉµÎ´¨±µ¢ ¨§²ÊÎ¥´¨Ö ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¤ ´´Ò³¨,
¶·¨¢¥¤¥´´Ò³¨ ¢ ¤¢ÊÌ ¶µ¸²¥¤´¨Ì ±µ²µ´± Ì É ¡².5. ‡ ³¥É¨³, ÎÉµ ± ± ¶¥·¢µ-
´ Î ²Ó´Ò¥ µÍ¥´±¨ [3], É ± ¨ · ¸Î¥ÉÒ ¢ É¥Ì´¨Î¥¸±¨Ì ¶·µ¥±É Ì [30,31] §´ Î¨-
É¥²Ó´µ § ´¨¦¥´Ò. Š·µ³¥ Éµ£µ, · ¸Î¥ÉÒ · ¤¨ Í¨µ´´ÒÌ ´ £·Ê§µ± ¢ [3,30,31] ´¥
¢´ÊÏ ÕÉ ¤µ¢¥·¨Ö, ¶µ¸±µ²Ó±Ê ¸µ¤¥·¦ É ¢´ÊÉ·¥´´¨¥ ¶·µÉ¨¢µ·¥Î¨Ö. � ¶·¨³¥·,
Í¨Ë·Ò, ¢Ò¤¥²¥´´Ò¥ ¦¨·´Ò³ Ï·¨ËÉµ³ ¢ É ¡².5 (¶¥·¢Ò¥ Î¥ÉÒ·¥ ±µ²µ´±¨), ´¨
¶·¨ ± ±¨Ì Ê¸²µ¢¨ÖÌ ´¥ ³µ£ÊÉ µÉ²¨Î ÉÓ¸Ö ¢ ¸É·µ±¥ ¡µ²ÓÏ¥ Î¥³ ´  20%, ¶µ-
¸±µ²Ó±Ê µÉ´µ¸ÖÉ¸Ö ± µ¤¨´ ±µ¢Ò³ ±µµ·¤¨´ É ³ r ¨ z Ë¨§¨Î¥¸±µ° Ê¸É ´µ¢±¨
(¸³. ·¨¸.1).

‚´ÊÉ·¥´´ÖÖ ¶µ²µ¸ÉÓ. ‚ ´¥° · ¸¶µ²µ¦¥´Ò ¢¥·Ï¨´´Ò¥ ¨ ¤·Ê£¨¥ É·¥±µ-
¢Ò¥ ¤¥É¥±Éµ·Ò. �µ¸²¥¤´¨¥ ³µ£²¨ ¡Ò ¡ÒÉÓ ¢Ò¶µ²´¥´Ò ¨§ ¸Í¨´É¨²²ÖÍ¨µ´´ÒÌ
¢µ²µ±µ´ (Ë¨¡·), ¥¸²¨ ¡Ò µ´¨ ¨³¥²¨ ¶·¨¥³²¥³Ò¥ · ¤¨ Í¨µ´´Ò¥ ·¥¸Ê·¸Ò. � -
¤¨ Í¨µ´´ Ö ´ £·Ê§±  ¢µ ³´µ£µ³ µ¶·¥¤¥²Ö¥É¸Ö ³¨´¨³ ²Ó´µ ¨µ´¨§¨·ÊÕÐ¨³¨
Î ¸É¨Í ³¨.

� ¤¨ Í¨µ´´ Ö ´ £·Ê§±  µÉ ³¨´¨³ ²Ó´µ ¨µ´¨§¨·ÊÕÐ¨Ì Î ¸É¨Í ³µ¦¥É ¡ÒÉÓ
¢Ò· ¦¥´  ± ± [32]:

Ḋ(r) = 1, 6 · 10−4Lσinn(dE/dx sin θ)(sin θ/2πr2), (1.5)
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£¤¥ L = 1034 ¸³−2·¸−1 Å ¸¢¥É¨³µ¸ÉÓ; σin = 85 ³¡ Å ¸¥Î¥´¨¥ ´¥Ê¶·Ê£µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö; n = 7 Å ³´µ¦¥¸É¢¥´´µ¸ÉÓ ´  ¥¤¨´¨ÍÊ ¡Ò¸É·µÉÒ η. ’µ·³µ§-
´ Ö ¸¶µ¸µ¡´µ¸ÉÓ dE/dx sin θ · ¢´  2 ŒÔ‚·¸³−2·£−1 ¤²Ö ¢¸¥Ì Î ¸É¨Í, ¨¸¶Ê-
Ð¥´´ÒÌ ¢ ¶µ²Ö·´Ò° Ê£µ² θ. —¨¸²µ Î ¸É¨Í, ·µ¦¤¥´´ÒÌ ¢ µ¤´µ³ ¸Éµ²±´µ¢¥-
´¨¨ ¨ ¶·µÏ¥¤Ï¨Ì Î¥·¥§ ¥¤¨´¨Î´ÊÕ ¶µ¢¥·Ì´µ¸ÉÓ Ë¨¡·, · ¢´µ n(sin θ/2πr2).
Œ´µ¦¨É¥²Ó 1, 6 · 10−4ƒ··¸³2·£−1 ¶µ± §Ò¢ ¥É ¶¥·¥Ìµ¤ µÉ Ë²Õ¥´¸  ± ¤µ§¥.

„²Ö ¸µ²¥´µ¨¤ ²Ó´µ£µ ³ £´¨É´µ£µ ¶µ²Ö (B = 4 ’²) ¸µµÉ´µÏ¥´¨¥ (1.5)
¨§³¥´¨É¸Ö:

Ḋ(r, B) = Ḋ(r)

2〈nc〉
xb∫
x1

f(x′)dx′+
∞∫
xb

f(x′)dx′

 , (1.6)

£¤¥ 〈nc〉 = sinh ηmax/ sinh πη Å ¸·¥¤´¥¥ Î¨¸²µ ¢¨É±µ¢ (¸¶¨· ²¥°) § ·Ö¦¥´-
´ÒÌ Î ¸É¨Í ¢ µ¡² ¸É¨ ¡Ò¸É·µÉ 0 < η < ηmax ¤²Ö É·¥±µ¢µ£µ ¤¥É¥±Éµ·  [33];
f(x) = x exp (−x) Å · ¸¶·¥¤¥²¥´¨¥ ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢ Î ¸É¨Í ¸ x =
= 2pt/〈pt〉 = 0, 3B/〈pt〉. ‘·¥¤´¨° ¶µ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸ Î ¸É¨Í 〈pt〉 ∼
∼ 0, 55 ƒÔB, ¶·¨Î¥³ µ´ ¶· ±É¨Î¥¸±¨ ´¥ ¨§³¥´Ö¥É¸Ö ¶·¨ AA-¸Éµ²±´µ¢¥´¨ÖÌ.
�¥·¢Ò° ¨´É¥£· ² Ê¸É ´ ¢²¨¢ ¥É ¸¢Ö§Ó ³¥¦¤Ê ¤¨ ³¥É· ³¨ ¢¨É±µ¢, ¶µ¶ ¤ Õ-
Ð¨Ì ´  Ë¨¡·Ò (xi) ¨ ¤µ¸É¨£ ÕÐ¨Ì ¢´ÊÉ·¥´´¥° ¶µ¢¥·Ì´µ¸É¨ ECAL, Éµ ¥¸ÉÓ
d = pt/0, 15B. �·¨ θ = 90◦ (η = 0) Î¨¸²µ ¢¨É±µ¢ ¤µ²¦´µ ¡ÒÉÓ µÎ¥´Ó ¡µ²Ó-
Ï¨³. “Î¨ÉÒ¢ Ö · ¸¶ ¤ Î ¸É¨Í ¢´ÊÉ·¨ µ¡² ¸É¨ É·¥±µ¢µ£µ ¤¥É¥±Éµ·  (ηmax),
coth θd = (m0/cτ )(sin h ηmax/0, 15B), £¤¥ θd Å ¶·¥¤¥²Ó´Ò° Ê£µ² (m0 ∼
∼ 0, 14 ƒÔ‚/¸2 ¨ cτ = 7, 8 ³ ¤²Ö π±). ‚ [32] ¶µ²ÊÎ¨²¨ Ê£µ² θd ¢ ¨´É¥·-
¢ ²¥ 76◦ ÷ 27◦ ¤²Ö B ¢ ¨´É¥·¢ ²¥ 1 ÷ 6 ’² ¢ µ¡² ¸É¨ ¡Ò¸É·µÉ nmax = 1,5.
‚Éµ·µ° ¨´É¥£· ² ¢ (1.6) ÊÎ¨ÉÒ¢ ¥É Î ¸É¨ÍÒ ¸ ±µ·µÉ±¨³ ¶·µ¡¥£µ³, ±µÉµ·Ò¥
¶µ£²µÐ ÕÉ¸Ö ± ²µ·¨³¥É·µ³.

’ ±¨³ ¸¶µ¸µ¡µ³ ¡Ò² · ¸¸Î¨É ´ [32] Ë²Õ¥´¸ ³¨´¨³ ²Ó´µ ¨µ´¨§¨·ÊÕÐ¨Ì
Î ¸É¨Í ¸ ÊÎ¥Éµ³ ³ £´¨É´µ£µ ¶µ²Ö (±·¨¢ Ö 2 ´  ·¨¸.2). ‚¨¤´µ, ÎÉµ ¶µ ¸· ¢´¥-
´¨Õ ¸ µÍ¥´± ³¨ [34] ¡¥§ ³ £´¨É´µ£µ ¶µ²Ö (£·Ê¶¶  ±·¨¢ÒÌ 1) Ë²Õ¥´¸Ò F (B)
¢µ§· ¸É ÕÉ ¶·¨ ³ ²ÒÌ r ¨ ·¥§±µ Ê³¥´ÓÏ ÕÉ¸Ö ¶·¨ r > 80 ¸³. ‚ £·Ê¶¶¥ ±·¨¢ÒÌ
1 ¶·¨¢¥¤¥´Ò ¤ ´´Ò¥ µ Ë²Õ¥´¸ Ì ´¥°É·µ´µ¢ ¡¥§  ²Ó¡¥¤µ. ‘ ÊÎ¥Éµ³  ²Ó¡¥¤µ ¶µ
´ Ï¨³ µÍ¥´± ³ ¨ ¤ ´´Ò³ · ¡µÉÒ [35] · ¸¶·¥¤¥²¥´¨¥ ´¥°É·µ´µ¢ ¸±µ·¥¥ ¸µµÉ-
¢¥É¸É¢Ê¥É ±·¨¢µ° 3, Ê¢¥²¨Î¨¢ Ö¸Ó ¶·¨ r → 0 ¨ Z →140 ¸³. ‚ ¶¥·¢µ³ ¸²ÊÎ ¥
¨§-§  ¤µ¶µ²´¨É¥²Ó´µ£µ ¢±² ¤  µÉ ²¨´¥°´µ£µ ¨¸ÉµÎ´¨±  (¢ ±ÊÊ³´µ° ± ³¥·Ò),  
¢µ ¢Éµ·µ³ Å ¨§-§  ¡µ²ÓÏµ£µ  ²Ó¡¥¤µ, ´¥¸³µÉ·Ö ´  ´ ²¨Î¨¥ ±µ´¢¥·Éµ·  ‘�2.
�¨§±µÔ´¥·£¥É¨Î¥¸±¨¥ § ·Ö¦¥´´Ò¥ b-Î ¸É¨ÍÒ, É ±¦¥ ¢µ§´¨± ÕÐ¨¥ µÉ ²¨´¥°-
´µ£µ ¨¸ÉµÎ´¨±  ¨  ²Ó¡¥¤µ, ¢´µ¸ÖÉ ¸ÊÐ¥¸É¢¥´´Ò° ¢±² ¤ ¢ ¸Ê³³ ·´ÊÕ ¤µ§µ¢ÊÕ
´ £·Ê§±Ê.

�  ·¨¸.3 ¶µ± § ´µ · ¤¨ ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ Ô´¥·£µ¢Ò¤¥²¥´¨Ö ¢ ¸É¥´±¥
¢ ±ÊÊ³´µ° ± ³¥·Ò ¨ ¢´ÊÉ·¥´´¥³ ¤¥É¥±Éµ·¥ ¸µ ¸·¥¤´¥° ¶²µÉ´µ¸ÉÓÕ 0,5 £·¸³−2.
…¸²¨ ¶·¨´¨³ ÕÉ¸Ö ¢µ ¢´¨³ ´¨¥ ¤¢  ¨¸ÉµÎ´¨±  ¨§²ÊÎ¥´¨° Å ²¨´¥°´Ò° S(Z)
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�¨¸. 2. � ¤¨ ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ Ë²Õ¥´¸µ¢ Î ¸É¨Í ¨ ¶µ£²µÐ¥´´µ° ¤µ§Ò (´ £·Ê§±¨) ¢
É·¥±µ¢µ° µ¡² ¸É¨ CMS ¶·¨ Ep = 14 ’Ô‚, L = 1034 ¸³−2 · c−1, B = 4 ’² (¶µÖ¸´¥´¨Ö
¢ É¥±¸É¥)

�¨¸. 3. � ¤¨ ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ · ¤¨ Í¨µ´´µ° ´ £·Ê§±¨ ¢¡²¨§¨ ¢ ±ÊÊ³´µ° ± ³¥·Ò
CMS: tu Å ´ Ï  µÍ¥´±  [8]; 2, • Å µÍ¥´±  [26]
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¨ ÉµÎ¥Î´Ò° (pp), Éµ · ¸¶·¥¤¥²¥´¨¥ ¤µ§µ¢µ° ´ £·Ê§±¨ ¡²¨¦¥ ± 1/r,   ´¥ ±
1/r2, ± ± ¶µ²ÊÎ¥´µ ¢ [25].

�±·Ê¦ ÕÐ¥¥ ¶·µ¸É· ´¸É¢µ. ‚ ´¥³ ¤µ²¦´  ¡ÒÉÓ § Ð¨É  ³Õµ´´ÒÌ ± -
³¥· (·¨¸.1) ¨ É·¨££¥·´ÒÌ Ê¸É·µ°¸É¢ µÉ · ¤¨ Í¨µ´´µ£µ Ëµ´ , ±µ³¶µ´¥´É ³¨
±µÉµ·µ£µ Ö¢²ÖÕÉ¸Ö ´¥°É·µ´Ò c Ï¨·µ±¨³ ¸¶¥±É·µ³ Ô´¥·£¨¨ µÉ 0,025 Ô‚ ¤µ
´¥¸±µ²Ó±¨Ì ¤¥¸ÖÉ±µ¢ ŒÔ‚,   É ±¦¥ γ-±¢ ´ÉÒ ¢¸²¥¤¸É¢¨¥ § Ì¢ É  ´¥°É·µ´µ¢.
‘·¥¤´ÖÖ Ô´¥·£¨Ö § Ì¢ É´ÒÌ γ-±¢ ´Éµ¢ ¢ ¦¥²¥§¥ ∼ 4 ŒÔ‚ [8].

�¥·¢Ò¥ µÍ¥´±¨ ¸µ¸É ¢  ¨ · §³¥·µ¢ § Ð¨ÉÒ ¤²Ö · §´ÒÌ Ê¸É ´µ¢µ± ´  ±µ²-
² °¤¥· Ì ¡Ò²¨ ¸¤¥² ´Ò ¢ [3,4]. �¸µ¡¥´´µ ¤¥É ²Ó´µ · ¸¸³µÉ·¥´  · ¤¨ Í¨µ´-
´ Ö µ¡¸É ´µ¢±  ¨ ¢Ò¡· ´Ò ³ É¥·¨ ²Ò § Ð¨ÉÒ ´  CMS. ‚µ ¢¸¥Ì Ê¸É ´µ¢± Ì
¤²Ö ±µ²² °¤¥·µ¢ ¶·¥¤¶µ² £ ¥É¸Ö ¨¸¶µ²Ó§µ¢ ÉÓ ¸¢¨´¥Í ¨ ¶µ²¨ÔÉ¨²¥´ ¢ Î¨¸Éµ³
¢¨¤¥, ÎÉµ ´¥¦¥² É¥²Ó´µ, É ± ± ± ¶µ²¨ÔÉ¨²¥´ Å £µ·ÕÎ¨° ¨ ´¥¤µ²£µ¢¥Î´Ò°,
  ¸¢¨´¥Í Å Éµ±¸¨Î¥´. …¸²¨ ¸¢¨´¥Í ¨ ¶µ²¨ÔÉ¨²¥´ § ±²ÕÎ¨ÉÓ ¢ µ¡µ²µÎ±Ê ¨§
¸¶¥Í¨ ²Ó´µ£µ ¸¢Ö§ÊÕÐ¥£µ ³ É¥·¨ ² , ´ ¶·¨³¥· ¶µ²¨³¥·¡¥Éµ´ , Éµ ´¥ Éµ²Ó±µ
§´ Î¨É¥²Ó´µ Ê¶·µÐ ¥É¸Ö ¨§£µÉµ¢²¥´¨¥ ±µ³¶ ±É´µ° § Ð¨ÉÒ, Ê³¥´ÓÏ ¥É¸Ö  Ô-
·µ§µ²Ó´ Ö µ¶ ¸´µ¸ÉÓ, ´µ ¸´¨¦ ¥É¸Ö ¸Éµ¨³µ¸ÉÓ § Ð¨ÉÒ [36,37].

2. ��„ˆ��…‡ˆ‘’…�’��‘’œ ‘–ˆ�’ˆ‹‹Ÿ’���‚
ˆ ‘�…Š’��‘Œ…™��™ˆ• ‚�‹�Š��

‚ ¤ ´´µ³ · §¤¥²¥ ¶·¨ µ¡§µ·¥ ²¨É¥· ÉÊ·Ò ¤¥² ¥É¸Ö  ±Í¥´É ´  ÔËË¥±ÉÒ,
¢µ§´¨± ÕÐ¨¥ ¶·¨ µ¡²ÊÎ¥´¨¨ ¸Í¨´É¨²²ÖÉµ·µ¢ ¨ ¸¢¥Éµ¢µ¤µ¢ ¶·¨ ³ ²ÒÌ ´ £·Ê§-
± Ì, Ê³¥·¥´´ÒÌ ¤µ§ Ì, µ¡· É¨³ÒÌ ¶·µÍ¥¸¸ Ì, ¸¶µ´É ´´µ³ ¢µ¸¸É ´µ¢²¥´¨¨ ¨
É.¶. ˆ³¥´´µ ÔÉ¨ ÔËË¥±ÉÒ, ¢ ¦´Ò¥ ¤²Ö ¶· ±É¨±¨, µ± § ²¨¸Ó ³ ²µ¨§ÊÎ¥´´Ò³¨.

�·¥¤¥²Ó´ Ö ¤µ§ . � ¤¨ Í¨µ´´ Ö ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ (· ¤¨µ·¥§¨¸É¥´É´µ¸ÉÓ)
Ì · ±É¥·¨§Ê¥É¸Ö, ¶·¥¦¤¥ ¢¸¥£µ, ¶·¥¤¥²Ó´µ° ¤µ§µ° Dlim, ¶·¨ ±µÉµ·µ° ¶·µ¨¸-
Ìµ¤¨É ¶·¥¤¥²Ó´µ ¤µ¶Ê¸É¨³µ¥ ¨§³¥´¥´¨¥ µ¶·¥¤¥²¥´´µ£µ µ¶É¨Î¥¸±µ£µ ¸¢µ°¸É¢ 
ξ(D) ³ É¥·¨ ² . ‚¥²¨Î¨´  Dlim ´¥ Ö¢²Ö¥É¸Ö Ê´¨¢¥·¸ ²Ó´µ°. �¸µ¡¥´´µ ¢ ¦´µ¥
§´ Î¥´¨¥ ¨³¥¥É ¢§ ¨³µ¸¢Ö§Ó ³¥¦¤Ê ¶µ£²µÐ¥´´µ° ¤µ§µ° D, ³µÐ´µ¸ÉÓÕ ¤µ§Ò
Ḋ, ¢·¥³¥´¥³ · ¤¨ Í¨µ´´µ£µ ¢µ§¤¥°¸É¢¨Ö ti,   É ±¦¥ ¢·¥³¥´¥³ τ ¨ ¸É¥¶¥´ÓÕ
δ ¸¶µ´É ´´µ£µ ¢µ¸¸É ´µ¢²¥´¨Ö [8].

‚ÒÖ¸´¥´¨¥ Ì · ±É¥·  ÔÉ¨Ì § ¢¨¸¨³µ¸É¥° ¨³¥¥É ¡µ²ÓÏµ¥ ¶· ±É¨Î¥¸±µ¥
§´ Î¥´¨¥, ¢ Éµ³ Î¨¸²¥ ¤²Ö µ¡µ¸´µ¢ ´¨Ö ¶·µ£´µ§¨·µ¢ ´¨Ö Dlim ´  µ¸´µ¢¥
Ê¸±µ·¥´´ÒÌ · ¤¨ Í¨µ´´ÒÌ É¥¸Éµ¢, ¶µ¸±µ²Ó±Ê ¶·¨ É ±¨Ì ¨¸¶ÒÉ ´¨ÖÌ ³µÐ-
´µ¸ÉÓ ¤µ§Ò, ± ± ¶· ¢¨²µ, ´¥ ¸µµÉ¢¥É¸É¢Ê¥É ³µÐ´µ¸É¨ ¤µ§Ò (· ¤¨ Í¨µ´´Ò³
´ £·Ê§± ³) ¢ Ê¸²µ¢¨ÖÌ Ô±¸¶²Ê É Í¨¨ (¸³. ·¨¸.4).

‚ ·¥§Ê²ÓÉ É¥ · ¤¨ Í¨µ´´µ£µ ¢µ§¤¥°¸É¢¨Ö ¢ µ¡² ¸É¨ ³ ²ÒÌ ¤µ§ µÉ 10 ¤µ
104 ƒ· µ¶É¨Î¥¸±¨¥ Ô³¨¸¸¨µ´´Ò¥ ¸¶¥±É·Ò d(λ), £¤¥ λ Å ¤²¨´  ¢µ²´Ò ¸¢¥É ,
¨§³¥´ÖÕÉ¸Ö. ˆ§³¥´¥´¨Ö ¢ ¸¶¥±É· Ì ¢ ·¥ ²Ó´ÒÌ ± ²µ·¨³¥É· Ì ´¥ ¤µ²¦´Ò ¶·¥-
¢ÒÏ ÉÓ 10Ä20%, ¸²¥¤µ¢ É¥²Ó´µ, ¶·¥µ¡² ¤ ÕÉ µ¡· É¨³Ò¥ ¶·µÍ¥¸¸Ò. �·¨ ¨§-
³¥´¥´¨ÖÌ ¸¢¥Éµ¢ÒÌµ¤  ´  40Ä60% ¶·¥µ¡² ¤ ÕÉ ´¥µ¡· É¨³Ò¥ ÔËË¥±ÉÒ. �¨¦¥
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³Ò ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ¢ µ¸´µ¢´µ³ µ¡· É¨³Ò¥ ¨§³¥´¥´¨Ö, µ¡Ê¸²µ¢²¥´´Ò¥
µ¡· §µ¢ ´¨¥³ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ³µ²¥±Ê² § ·Ö¦¥´´ÒÌ Î ¸É¨Í, ¸¢µ¡µ¤-
´ÒÌ · ¤¨± ²µ¢, ±µ³¶²¥±¸µ¢ ¸ ¶¥·¥´µ¸µ³ § ·Ö¤  ¨ ¤·. [38,39].

„²Ö ±µ²¨Î¥¸É¢¥´´µ£µ µ¶¨¸ ´¨Ö · ¤¨ Í¨µ´´ÒÌ ÔËË¥±Éµ¢ ¨¸¶µ²Ó§ÊÕÉ ¶µ-
´ÖÉ¨¥ ®· ¤¨ Í¨µ´´µ-Ì¨³¨Î¥¸±¨° ¢ÒÌµ¤¯:

G = f(D). (2.1)

�·¨´ÖÉµ · §²¨Î ÉÓ ´ Î ²Ó´Ò° ¢ÒÌµ¤ G0 ¶·¨ D → 0 ¨ ´ ¡²Õ¤ ¥³Ò° ¢ÒÌµ¤
¶·µ¤Ê±Éµ¢ · ¤¨µ²¨§  ³ É¥·¨ ²  G, ±µÉµ·Ò° ±µ¸¢¥´´µ Ì · ±É¥·¨§Ê¥É ¨§³¥´¥-
´¨¥ ±µ²¨Î¥¸É¢  ¨²¨ ¸¢µ°¸É¢  ¢¥Ð¥¸É¢  ¶·¨ § ¤ ´´µ³ §´ Î¥´¨¨ ¶µ£²µÐ¥´´µ°
¤µ§Ò [40].

Š ± ¡Ò²µ Ê¸É ´µ¢²¥´µ [41 Å 44], ´  Ì · ±É¥· · ¤¨ Í¨µ´´µ-Ì¨³¨Î¥¸±¨Ì
¶·µÍ¥¸¸µ¢ ¶·¨ ³ ²ÒÌ ¤µ§ Ì ¸ÊÐ¥¸É¢¥´´µ ¢²¨ÖÕÉ ¶·¨³¥¸¨ ¢ ¶µ²¨³¥· Ì, ¢ Éµ³
Î¨¸²¥ ±¨¸²µ·µ¤ ¨ µ¸É ÉµÎ´Ò° ³µ´µ³¥·, ±µÉµ·Ò¥ ¸µÌ· ´ÖÕÉ¸Ö ¢ ¸É·Ê±ÉÊ·¥
³ É·¨ÍÒ. � ¸¶·¥¤¥²¥´¨¥ · ¤¨µ²¨§ , µ¸µ¡¥´´µ ¶·¨ ³ ²ÒÌ ¤µ§ Ì, ¶µ µ¡Ñ¥³Ê
µ¡· §Í  ´¥· ¢´µ³¥·´µ, ÎÉµ § ¢¨¸¨É µÉ ¸¶¥Í¨Ë¨±¨ ¶µ£²µÐ¥´¨Ö ¨µ´¨§¨·ÊÕ-
Ð¨Ì ¨§²ÊÎ¥´¨° ¸ ´ ¨¡µ²¥¥ µ¶ ¸´Ò³¨ ´¨§±¨³¨ §´ Î¥´¨Ö³¨ ²¨´¥°´µ° ¶¥·¥-
¤ Î¨ Ô´¥·£¨¨ (‹��). � ¤µ µÉ³¥É¨ÉÓ, ÎÉµ · ¤¨ Í¨µ´´Ò¥ ÔËË¥±ÉÒ ¢ µ¡² ¸É¨
³ ²ÒÌ ¤µ§ Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§ÊÎ¥´Ò ¢ ³¥´ÓÏ¥° ¸É¥¶¥´¨, ¢¥·µÖÉ´µ, ¶µÉµ³Ê,
ÎÉµ ¨¸¸²¥¤µ¢ É¥²¨ ¨¸± ²¨ ¶·¥¦¤¥ ¢¸¥£µ ²¥£±µ ¨§³¥·¨³Ò¥ ¢¥²¨Î¨´Ò ¸¢µ°¸É¢
¶µ²¨³¥·µ¢.

�·¨ ³ ²ÒÌ ³µÐ´µ¸ÉÖÌ ¤µ§ ±µ´Í¥´É· Í¨Ö · ¤¨± ²µ¢ · ¸É¥É ²¨´¥°´µ ¸ ¤µ-
§µ°:

[R] = [R]lim(1− exp (−kD)), (2.2)

£¤¥ [R]lim Å ¶·¥¤¥²Ó´ Ö ±µ´Í¥´É· Í¨Ö · ¤¨± ²µ¢: k Å ÔËË¥±É¨¢´ Ö ±µ´-
¸É ´É  ¸±µ·µ¸É¨ ª£¨¡¥²¨ª · ¤¨± ²µ¢. �·¨ ±µ³´ É´µ° É¥³¶¥· ÉÊ·¥ ±µ´¸É ´É 
k ¸µ¸É ¢²Ö¥É ¶·¨³¥·´µ 103 ƒ·−1,   ¸ ¶µ¢ÒÏ¥´¨¥³ É¥³¶¥· ÉÊ·Ò · ¤¨µ²¨§ 
¶µ²¨³¥·µ¢ ¢ÒÌµ¤ · ¤¨± ²µ¢ · ¸É¥É. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¶µ²ÊÎ¥´Ò ·¥§Ê²ÓÉ ÉÒ,
¸¢¨¤¥É¥²Ó¸É¢ÊÕÐ¨¥ µ Éµ³, ÎÉµ ¢ÒÌµ¤ ¨ ¶·¥¤¥²Ó´ Ö ±µ´Í¥´É· Í¨Ö · ¤¨± ²µ¢ ¸
·µ¸Éµ³ ³µÐ´µ¸É¨ ¤µ§Ò ¶ ¤ ÕÉ [45]. ‘ ·µ¸Éµ³ ‹�� ¢ÒÌµ¤Ò · ¤¨± ²µ¢ É ±¦¥
¸´¨¦ ÕÉ¸Ö ¨§-§  Ê¢¥²¨Î¥´¨Ö ²µ± ²Ó´µ° ±µ´Í¥´É· Í¨¨ · ¤¨± ²µ¢ ¢¤µ²Ó É·¥± 
¨, ¸²¥¤µ¢ É¥²Ó´µ, ¡µ²ÓÏ¥° ¢¥·µÖÉ´µ¸É¨ ¨Ì ·¥±µ³¡¨´ Í¨¨ [46].

‚ É¥Ì ¸²ÊÎ ÖÌ, ±µ£¤  ¸±µ·µ¸É¨ ·¥±µ³¡¨´ Í¨¨ ¸¢µ¡µ¤´ÒÌ · ¤¨± ²µ¢ ¸· ¢-
´¨³Ò ¸µ ¸±µ·µ¸ÉÖ³¨ ·¥ ±Í¨° ¶¥·¢µ£µ ¶µ·Ö¤±  (¶·¨¸µ¥¤¨´¥´¨Ö ± ¤¢µ°´µ°
¸¢Ö§¨ ¨²¨ µÉ·Ò¢ ), § ¢¨¸¨³µ¸ÉÓ · ¤¨ Í¨µ´´ÒÌ ÔËË¥±Éµ¢ µÉ ³µÐ´µ¸É¨ ¤µ§Ò
µÎ¥´Ó ¸ÊÐ¥¸É¢¥´´ , µ¸µ¡¥´´µ ¢ Í¥¶´ÒÌ ¶·µÍ¥¸¸ Ì. ‚ Í¥¶´µ³ ¶·µÍ¥¸¸¥ ¶·µ-
¨¸Ìµ¤¨É · ¤¨ Í¨µ´´µ¥ ¨ ËµÉµ· ¤¨ Í¨µ´´µ¥ µ±¨¸²¥´¨¥, £ §µ¢Ò¤¥²¥´¨¥ ¨ É.¶.

�  ·¨¸.4 ¶µ± § ´  § ¢¨¸¨³µ¸ÉÓ ¶·¥¤¥²Ó´µ° ¤µ§Ò ¸Í¨´É¨²²ÖÉµ·µ¢ µÉ · -
¤¨ Í¨µ´´ÒÌ ´ £·Ê§µ± ¢ Ï¨·µ±µ³ ¤¨ ¶ §µ´¥ (³µÐ´µ¸É¨ ¤µ§Ò). �±¸¶¥·¨³¥´-
É ²Ó´Ò¥ ¤ ´´Ò¥ (ÉµÎ±¨) ¶·¨¢¥¤¥´Ò ¤²Ö ²ÊÎÏ¨Ì ¨§¢¥¸É´ÒÌ ¸Í¨´É¨²²ÖÉµ·µ¢.
‡ ³¥É¨³, ÎÉµ ¸ ³Ò¥ ¡µ²ÓÏ¨¥ ¶·¥¤¥²Ó´Ò¥ ¤µ§Ò ¶µ²ÊÎ¥´Ò ¤²Ö ¦¨¤±¨Ì ¸Í¨´-
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�¨¸. 4. ‡ ¢¨¸¨³µ¸ÉÓ ¶·¥¤¥²Ó´µ° ¤µ§Ò ¶·¨ ¶µÉ¥·¥ ¸¢¥Éµ¢ÒÌµ¤  ∆L′/L′0 = 20% µÉ
· ¤¨ Í¨µ´´µ° ´ £·Ê§±¨: ³ ²Ò¥ ÉµÎ±¨ Å ª· ¤¨ Í¨µ´´µ-¸Éµ°±¨¥ª ¸Í¨´É¨²²ÖÉµ·Ò [46];
¡µ²ÓÏ¨¥ ÉµÎ±¨: ◦Å µ¡· §ÍÒ ¸É ´¤ ·É´µ£µ ¸Í¨´É¨²²ÖÉµ·  �‘1; •Å ZDC Å ·¥ ²Ó´Ò°
± ²µ·¨³¥É· [69]; § ÏÉ·¨Ìµ¢ ´´ Ö µ¡² ¸ÉÓ Å µÍ¥´±  ´  µ¸´µ¢¥ ª³¥Éµ¤  ¸Ê¶¥·¶µ§¨Í¨¨ª
[66,67]

É¨²²ÖÉµ·µ¢ ¢ Ê¸²µ¢¨ÖÌ ¢ ±ÊÊ³  (ÉµÎ±¨ ¢¢¥·ÌÊ, ·¨¸.4). Šµ´É ±É ¦¨¤±µ£µ ¸Í¨´-
É¨²²ÖÉµ·  ¸ ¢µ§¤ÊÌµ³ ¢µ ¢¸¥Ì ¸²ÊÎ ÖÌ ¶·¨¢µ¤¨É ± § ³¥É´µ³Ê ÊÌÊ¤Ï¥´¨Õ ²Õ³¨-
´¥¸Í¥´É´ÒÌ ¨ µ¶É¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± ¤ ¦¥ ¶·¨ ¸Éµ²Ó ¢Ò¸µ±µ° ³µÐ´µ¸É¨
¤µ§Ò: 5·103÷104 ƒ··Î−1 [46]. �·¥¤¥²Ó´ Ö ¤µ§  µ¶·¥¤¥²Ö² ¸Ó Éµ²Ó±µ ¶·¨ Ê¸±µ-
·¥´´ÒÌ µ¡²ÊÎ¥´¨ÖÌ ³ ²ÒÌ µ¡· §Íµ¢, ¢ µ¸´µ¢´µ³, ´¨§±µÔ´¥·£¥É¨Î¥¸±¨³¨ α-,
β- ¨ γ-¨¸ÉµÎ´¨± ³¨ [46Å59], ·¥¤±µ ´¥°É·µ´ ³¨ [60, 62] ¨ ¶ÊÎ± ³¨ Î ¸É¨Í
¢Ò¸µ±¨Ì Ô´¥·£¨° [61,63,64]. ˆ§ ·¨¸.4 ¢¨¤´µ, ÎÉµ ¶µ¤ ¢²ÖÕÐ¥¥ ¡µ²ÓÏ¨´¸É¢µ
· ´¥¥ ¶µ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ´¥ ³µ£ÊÉ ¤ ÉÓ ¶· ¢¨²Ó´Ò° ¶·µ£´µ§ ¤²Ö ¤¥É¥±-
Éµ·µ¢ LHC [30,31]. —Éµ¡Ò ¶µ²ÊÎ¨ÉÓ ·¥§Ê²ÓÉ ÉÒ ¶·¨ Ḋ ≤ 10−2÷10−3 ƒ··Î−1,
¶µÉ·¥¡µ¢ ²µ¸Ó ¡Ò 5Ä8 ²¥É µ¡²ÊÎ¥´¨Ö, ÎÉµ ¶· ±É¨Î¥¸±¨ ´¥¢Ò¶µ²´¨³µ.

�µ²ÊÔ³¶¨·¨Î¥¸± Ö ³µ¤¥²Ó. ‚ · ¡µÉ¥ [64] ¢¶¥·¢Ò¥ ¶·¥¤²µ¦¥´µ ¨¸¶µ²Ó-
§µ¢ ÉÓ ¨§¢¥¸É´Ò° ª¶·¨´Í¨¶ É¥³¶¥· ÉÊ·´µ-¢·¥³¥´´µ° ¸Ê¶¥·¶µ§¨Í¨¨ª [65], £¤¥
É¥³¶¥· ÉÊ·  µ¡²ÊÎ¥´¨Ö ¨ ³µÐ´µ¸ÉÓ ¤µ§Ò ¸¢Ö§ ´Ò. �´ ¸ Ê¸¶¥Ìµ³ ¶·¨³¥´¥´ ´ 
��‘ ¢ ‘˜� [66, 67] ¤²Ö ¶·µ£´µ§¨·µ¢ ´¨Ö ¸É ·¥´¨Ö ¶µ²¨³¥·´µ° Ô²¥±É·µ¨§µ-
²ÖÍ¨¨ ± ¡¥²¥°. ‚ 1985 £. (¸³. ¶·¨²µ¦¥´¨¥ ¢ [64]) ¶µ²Ó§µ¢ ²¨¸Ó ÔÉ¨³ ¶·¨´Í¨-
¶µ³ ¨ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ µ¶¨¸ ²¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ. �µ²ÊÔ³-
¶¨·¨Î¥¸± Ö ³µ¤¥²Ó ¶·¨³¥´¨³  ± ²Õ¡Ò³ ¶µ²¨³¥· ³, ¢ Éµ³ Î¨¸²¥ ± ¸Í¨´É¨²-
²ÖÉµ· ³, µ¸µ¡¥´´µ ¶·¨ ³ ²ÒÌ ¤µ§ Ì, £¤¥ ´¥É Ë §µ¢ÒÌ ¶¥·¥Ìµ¤µ¢: ¸É¥±²µ¢ ´¨Ö,
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 ³µ·Ë¨§ Í¨¨ ¨ É.¶. �  ·¨¸.4 ¢¶¥·¢Ò¥ ¢µ¸¶·µ¨§¢¥¤¥´  § ¢¨¸¨³µ¸ÉÓ Dlim(Ḋ) ¢
¤¨ ¶ §µ´¥ 10−4 ≤ Ḋ ≤ 10 ¤²Ö ¸Í¨´É¨²²ÖÉµ·µ¢ [61].

� ¸¸³µÉ·¨³ ¸ÊÉÓ ³µ¤¥²¨. �´ ²¨§ ¡µ²ÓÏµ£µ ³ ¸¸¨¢  ¤ ´´ÒÌ ¶µ§¢µ²¨²  ¢-
Éµ· ³ · ¡µÉÒ [68] µ¡µ¸´µ¢ ´´µ ÊÉ¢¥·¦¤ ÉÓ, ÎÉµ µÉ´µÏ¥´¨¥ G(300K)/G(T )
¸¢µ¡µ¤´ÒÌ · ¤¨± ²µ¢ ²¨´¥°´µ Ê³¥´ÓÏ ¥É¸Ö ¸ ·µ¸Éµ³ É¥³¶¥· ÉÊ·Ò ¤²Ö ²Õ-
¡ÒÌ ¶µ²¨³¥·µ¢. �·¨ ¡µ²¥¥ ¢Ò¸µ±¨Ì É¥³¶¥· ÉÊ· Ì ¶·µ¨¸Ìµ¤¨É Ê¸±µ·¥´´µ¥
· ¤¨ Í¨µ´´µ-µ±¨¸²¨É¥²Ó´µ¥ ¸É ·¥´¨¥ ¡¥§ ¨§³¥´¥´¨Ö ³¥Ì ´¨§³  µ¸´µ¢´ÒÌ Ì¨-
³¨Î¥¸±¨Ì ·¥ ±Í¨°, ¶µ¤Î¨´ÖÕÐ¨Ì¸Ö § ±µ´Ê �··¥´¨Ê¸ :

vk ∼ exp (−E/RT ), (2.3)

£¤¥ E Å ¸Ê³³ ·´ Ö, Ô³¶¨·¨Î¥¸±¨ µ¶·¥¤¥²¥´´ Ö Ô´¥·£¨Ö  ±É¨¢ Í¨¨, · ¸¸³ -
É·¨¢ ¥³ Ö ¢ ± Î¥¸É¢¥ ÔËË¥±É¨¢´µ° Ô´¥·£¨¨ ¢¸¥£µ É¥·³¨Î¥¸±¨  ±É¨¢¨·µ¢ ´-
´µ£µ ¶·µÍ¥¸¸ ; vk Å ¸±µ·µ¸ÉÓ ·¥ ±Í¨¨; R Å £ §µ¢ Ö ¶µ¸ÉµÖ´´ Ö. „²Ö ¶¥·¥-
´¥¸¥´¨Ö ·¥§Ê²ÓÉ Éµ¢ ¨§³¥·¥´¨°, ¶µ²ÊÎ¥´´ÒÌ ¶·¨ ¶µ¢ÒÏ¥´´ÒÌ É¥³¶¥· ÉÊ· Ì,
´  Ê¸²µ¢¨Ö ¶·¨ · ¡µÎ¥° É¥³¶¥· ÉÊ·¥ TÔ ¢ÒÎ¨¸²Ö¥É¸Ö ±µÔËË¨Í¨¥´É ¸³¥Ð¥´¨Ö:

ȧ = exp (E/R(T−1
Ô − T−1)). (2.4)

‚ÒÌµ¤Ò ¶·µ¤Ê±Éµ¢ · ¤¨ Í¨µ´´µ-Ì¨³¨Î¥¸±µ£µ µ±¨¸²¥´¨Ö ¢ ¨§µÉ¥·³¨Î¥-
¸±µ³ ·¥¦¨³¥ (250÷ 400 Š) µ¶¨¸Ò¢ ÕÉ¸Ö Ê· ¢´¥´¨¥³:

G = K +A exp (−E/RT )(G(R•)/Ḋ)1/2[RH ], (2.5)

£¤¥ k Å Ô³¶¨·¨Î¥¸±¨° ±µÔËË¨Í¨¥´É, ÊÎ¨ÉÒ¢ ÕÐ¨° µ¡· §µ¢ ´¨¥ ¶·µ¤Ê±Éµ¢
· ¤¨µ²¨§  ¶·¨ ·¥±µ³¡¨´ Í¨¨ · ¤¨± ²µ¢; A Å ¶·¥¤Ô±¸¶µ´¥´Í¨ ²Ó´Ò° ³´µ-
¦¨É¥²Ó; E1 Å Ô´¥·£¨Ö  ±É¨¢ Í¨¨ ¶·µÍ¥¸¸ , ±µÉµ· Ö µ¡ÒÎ´µ ¡²¨§±  ± Ô´¥·-
£¨¨  ±É¨¢ Í¨¨ ·¥ ±Í¨¨ ¶·µ¤µ²¦¥´¨Ö Í¥¶¨ (30 ÷ 50 ±„¦/³µ²Ó); G(R• ) Å
pa¤¨ Í¨µ´´µ-Ì¨³¨Î¥¸±¨° ¢ÒÌµ¤ ¸¢µ¡µ¤´ÒÌ · ¤¨± ²µ¢; [RH ] Å ±µ´Í¥´É· -
Í¨Ö µ±¨¸²Ö¥³µ£µ ¸µ¥¤¨´¥´¨Ö.

–¥¶´Ò¥ ËµÉµ· ¤¨± ²Ó´Ò¥ ·¥ ±Í¨¨ ¶·µÉ¥± ÕÉ ¶·¨ Ê¸²µ¢¨¨ ΦIτr > 1,
£¤¥ Φ Å ±¢ ´Éµ¢Ò° ¢ÒÌµ¤ · ¤¨± ²µ¢: I Å ¨´É¥´¸¨¢´µ¸ÉÓ ¢¨¤¨³µ£µ ¸¢¥É ;
τr Å ¢·¥³Ö ¦¨§´¨ · ¤¨± ²µ¢. �É ´¨§±¨Ì ¤µ ±µ³´ É´ÒÌ É¥³¶¥· ÉÊ· Í¥¶´Ò¥
ËµÉµ· ¤¨± ²Ó´Ò¥ ·¥ ±Í¨¨ ·¥ ²¨§ÊÕÉ¸Ö ¶· ±É¨Î¥¸±¨ ¶·¨ ¢¸¥Ì §´ Î¥´¨ÖÌ Φ ¨
τr, ¥¸²¨ ¨´É¥´¸¨¢´µ¸ÉÓ ¢¨¤¨³µ£µ ¸¢¥É  ¡µ²ÓÏ¥ ∼ 1013 ¸³−2·¸−1 [39]. �´¥·-
£¨Ö, ¢´µ¸¨³ Ö  ±É¨¢´Ò³¨ Î ¸É¨Í ³¨ ¢ ËµÉµ· ¤¨ Í¨µ´´Ò¥ ¶·µÍ¥¸¸Ò §  ¸Î¥É
¶µ£²µÐ¥´¨Ö ¨§²ÊÎ¥´¨Ö µ¶É¨Î¥¸±¨Ì Î ¸ÉµÉ, · ¢´ 

E2 =� (GḊτr)xIE , (2.6)

£¤¥ � Å ±µÔËË¨Í¨¥´É Ô±¸É¨´±Í¨¨, x Å Éµ²Ð¨´  µ¡· §Í ; E Å ¸·¥¤´ÖÖ Ô´¥·-
£¨Ö ËµÉµ´µ¢. �´¥·£¨Ö, ¶µ¸ÉÊ¶ ÕÐ Ö ¶µ ÔÉµ³Ê ± ´ ²Ê, ¢ ·Ö¤¥ ¸²ÊÎ ¥¢ ³µ¦¥É
¡ÒÉÓ ¸· ¢´¨³  ¨²¨ ¸ÊÐ¥¸É¢¥´´µ ¶·¥¢µ¸Ìµ¤¨ÉÓ Ô´¥·£¨Õ, ¶µ¸ÉÊ¶ ÕÐÊÕ §  ¸Î¥É
¨µ´¨§¨·ÊÕÐ¥£µ ¨§²ÊÎ¥´¨Ö. �É  ¤µ¶µ²´¨É¥²Ó´ Ö Ô´¥·£¨Ö É ±¦¥ · ¸Ìµ¤Ê¥É¸Ö
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´  ¨´¨Í¨¨·µ¢ ´¨¥ Ì¨³¨Î¥¸±¨Ì ·¥ ±Í¨°. �´¥·£¨Ö  ±É¨¢ Í¨¨ ¢ (2.4) ¸±² ¤Ò-
¢ ¥É¸Ö ¨§ ¤¢ÊÌ ¢¥²¨Î¨´, E = E1 + E2, ¸µ£² ¸´µ ¸µµÉ´µÏ¥´¨Ö³ (2.5) ¨ (2.6).
’µ£¤  ¢Ò· ¦¥´¨¥ ¤²Ö ±µÔËË¨Í¨¥´É  ¸³¥Ð¥´¨Ö ¶·¨µ¡·¥É ¥É ¢¨¤

ȧ+A exp (E/R(T−1
Ô − T−1))(G(R•)/Ḋ)1/2[RH ]. (2.7)

�¡² ¸ÉÓ ¢ ¤¨ ¶ §µ´¥ Ḋ µÉ 10−4 ¤µ 100 (·¨¸.4) µÍ¥´¥´  ¸ ÊÎ¥Éµ³ ¤µ¶µ²-
´¨É¥²Ó´µ° Ô´¥·£¨¨  ±É¨¢ Í¨¨ ¶·µÍ¥¸¸  E2 ¶·¨ ¨´É¥´¸¨¢´µ¸É¨ ¸¢¥É  · ¤¨µ-
²Õ³¨´¥¸Í¥´Í¨¨ ∼ 1015 ¸³−2·¸−1. ˆ³¥´´µ ¶·¨ É ±µ° ¨´É¥´¸¨¢´µ¸É¨ ¸¢¥É 
¡Ò² ¶·µ¢¥¤¥´ Ô±¸¶¥·¨³¥´É ¢ –…�� ´  ·¥ ²Ó´µ³ ± ²µ·¨³¥É·¥ ZDC [61]. �·¨
Ḋ = 105 ƒ··Î−1 ¶¥·¢ Ö Ô±¸¶¥·¨³¥´É ²Ó´ Ö ÉµÎ±  ¶µ²ÊÎ¥´  ¢ 1986 £. ´  ‹“�
(• ·Ó±µ¢) ¶·¨ EÔ = 1, 2 ƒÔ‚ ¨ Ë²Õ¥´¸¥ 1011 Ô²·¸³−2·¸−1. ‚·¥³Ö µ¡²ÊÎ¥´¨Ö
10 Î. ‚Éµ· Ö ÉµÎ±  ¶·¨ Ḋ = 105 ƒ··Î−1 ¨§³¥·¥´  ¢ 1992 £. ¢ �ˆŸˆ ´ 
£ ³³ -Ê¸É ´µ¢±¥ 60‘µ. �¡· §ÍÒ ¨³¥²¨ · §³¥·Ò 4Ì150Ì150 ³³ ¨ ¨§£µÉ ¢²¨-
¢ ²¨¸Ó ¶µ µ¤¨´ ±µ¢µ° ¸ �‘1 (¸³. ´¨¦¥) É¥Ì´µ²µ£¨¨ (¤µ¡ ¢±¨ 1,5% ·’� +
+ 0,03% ����� + 1%  ´É¨· ¤Ò). �±¸¶¥·¨³¥´É ²Ó´µ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢¥²¨-
Î¨´Ò Dlim, ¸µµÉ¢¥É¸É¢¥´´µ, 7 · 104 ƒ· ¨ 1, 2 · 105 ƒ· (·¨¸.4). ’ ±¨¥ ¸Í¨´É¨²-
²ÖÉµ·Ò ¶µ¸¶¥Ï¨²¨ ´ §¢ ÉÓ · ¤¨ Í¨µ´´µ ¸Éµ°±¨³¨ [59]. �¤´ ±µ ¶·¨ µ¡²ÊÎ¥-
´¨¨ É¥Ì ¦¥ ¸Í¨´É¨²²ÖÉµ·µ¢ ¢ ·¥ ²Ó´µ³ ¸¢¨´Íµ¢µ³ ± ²µ·¨³¥É·¥ ZDC [61,69]
(1011 Ê¸±µ·¥´´ÒÌ Ö¤¥· Pb ¸ Ô´¥·£¨¥° 158 �·ƒÔ‚) ¡Ò²  ¶µ²ÊÎ¥´  Dlim =
= 4 · 103 ƒ·. �¡²ÊÎ¥´¨¥ ¤²¨²µ¸Ó 1, 4 · 103 Î ¢ ¶·¨¸ÊÉ¸É¢¨¨ ±¨¸²µ·µ¤  ¢µ§-
¤ÊÌ ,   ¤µ§µ¢ Ö ´ £·Ê§±  ¡Ò²  ∼ 2 ƒ··Î−1. ’ ±µ¥ ¡µ²ÓÏµ¥ · §²¨Î¨¥ Dlim

¤²Ö ³ ²ÒÌ µ¡· §Íµ¢ ¨ ± ²µ·¨³¥É·  ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ:  ) ËµÉµ· ¤¨ Í¨µ´´Ò³
µ±¨¸²¥´¨¥³ (¨§-§  · §²¨Î¨Ö ¢ Ḋ); ¡) µÉ²¨Î¨¥³ ¢ · §³¥· Ì ¸Í¨´É¨²²ÖÉµ·µ¢ ¨
´ ²¨Î¨¥³ ¸¢¥Éµ¢µ¤µ¢ ¨§ ¶µ²¨³¥É¨²³¥É ±·¨² É  (�ŒŒ�); ¢) ¢²¨Ö´¨¥³ ‹��:
∼ 0, 2 ±Ô‚·³±³−1 ¤²Ö 60‘µ ¨ 20 ±Ô‚·³±³−1 ¤²Ö ¸³¥Ï ´´µ£µ ¶µ²Ö ¨§²ÊÎ¥´¨Ö.

�·¨ Ḋ > 102 ƒ··Î−1 (¸³. ·¨¸.4), ±µ£¤  ¢¥²¨Î¨´  ´ £·Ê§±¨ ®Ô±¢¨¢ ²¥´É-
´ ¯ Ê¸²µ¢¨Ö³ ¢ ±ÊÊ³ , · ¤¨ Í¨µ´´Ò¥ ¨§³¥´¥´¨Ö ³¥´ÓÏ¥ § ¢¨¸ÖÉ (  ¨´µ£¤  ¨
´¥ § ¢¨¸ÖÉ) µÉ ³µÐ´µ¸É¨ ¤µ§Ò. ’ ±¨³ µ¡· §µ³, ¶·¨ ¡µ²ÓÏ¨Ì Ḋ,   É ±¦¥ ¤²Ö
¤µ¸É ÉµÎ´µ Éµ²¸ÉÒÌ µ¡· §Íµ¢ ·¥ ²¨§ÊÕÉ¸Ö É ±¨¥ Ê¸²µ¢¨Ö, ±µ£¤  µ±¨¸²Ö¥É¸Ö
Éµ²Ó±µ ¶µ¢¥·Ì´µ¸É´Ò° ¸²µ°,   µ¸´µ¢´ Ö ³ ¸¸  ¶µ²¨³¥·  ´¥ µ±¨¸²Ö¥É¸Ö.

‚¸²¥¤¸É¢¨¥ ´¥· ¢´µ³¥·´µ¸É¨ ¶·µÍ¥¸¸  · ¤¨µ²¨§  ¤ ¦¥ ¢ µ¤´µË §´µ° ¸¨-
¸É¥³¥ ¢¸¥£¤  ¸ÊÐ¥¸É¢Ê¥É ¶µÉµ± Ô´¥·£¨¨ · ¤¨µ²¨§  ± ¶µ¢¥·Ì´µ¸É¨. �µÔÉµ³Ê
¶µ²¨³¥·Ò ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± £¥É¥·µ£¥´´Ò¥ [70]. ‚ É ±µ³ ¶µ´¨³ ´¨¨
± £¥É¥·µ£¥´´Ò³ ¸¨¸É¥³ ³ µÉ´µ¸ÖÉ¸Ö ³µ´µ±·¨¸É ²²Ò ¸ ¤¥Ë¥±É ³¨, ´ ¶·¨³¥·,
PbWO4 [71].

‚ µ¡²ÊÎ¥´´µ³ ¢ ¢ ±ÊÊ³¥ �ŒŒ� ´ ¡²Õ¤ ¥É¸Ö (·¨¸.5) · ¢´µ³¥·´µ¥ · ¸-
¶·¥¤¥²¥´¨¥ µ¶É¨Î¥¸±µ° ¶²µÉ´µ¸É¨ ¶µ µ¡Ñ¥³Ê (±·¨¢ Ö 1). …¸²¨ µ¡²ÊÎ¥´´Ò°
¶µ²¨³¥· Ì· ´¨É¸Ö ´  ¢µ§¤ÊÌ¥, Éµ, ´ ·Ö¤Ê ¸ ¤¨ËËÊ§¨¥° £ §µ¢ ¨§ µ¡· §Í , ¸Ê-
Ð¥¸É¢Ê¥É ¤¨ËËÊ§¨Ö ±¨¸²µ·µ¤  ¢µ§¤ÊÌ  ¢´ÊÉ·Ó µ¡· §Í . Š¨¸²µ·µ¤ Ê¸±µ·Ö¥É
®£¨¡¥²Ó¯ · ¤¨± ²µ¢ ¨ É ±¨³ µ¡· §µ³ ¢²¨Ö¥É ´  Ëµ·³¨·µ¢ ´¨¥ ¶·µ¸É· ´-
¸É¢¥´´µ£µ · ¸¶·¥¤¥²¥´¨Ö µ¶É¨Î¥¸±µ° ¶²µÉ´µ¸É¨, ±µÉµ· Ö ¶·¨´¨³ ¥É ¢¨¤, ¶µ-
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�¨¸. 5. �¶É¨Î¥¸± Ö ¶²µÉ´µ¸ÉÓ ¢ ¶µ¶¥·¥Î´µ³ ¸¥Î¥´¨¨ µ¡· §Í  �ŒŒ�, µ¡²ÊÎ¥´´µ£µ ¢
¢ ±ÊÊ³¥ ¤µ ¤µ§Ò 30 ±ƒ· (1), ¨ Éµ ¦¥ Å ¶µ¸²¥ Ì· ´¥´¨Ö ´  ¢µ§¤ÊÌ¥ ¢ É¥Î¥´¨¥ 30 ¤´¥°
(2) [72]

± § ´´Ò° ±·¨¢µ° 2 [72]. ’ ± Ö ¦¥ ± ·É¨´  ´ ¡²Õ¤ ¥É¸Ö, ±µ£¤  µ¡²ÊÎ ÕÉ¸Ö
´  ¢µ§¤ÊÌ¥ ¸Í¨´É¨²²ÖÉµ·Ò.

‘² ¡µ § ¢¨¸¨É µÉ Ḋ · ¤¨ Í¨µ´´ Ö ¤¥£· ¤ Í¨Ö ¸¢µ°¸É¢ ¶µ²¨³¥·µ¢ ¶·¨
§´ Î¥´¨¨ ´¨¦¥ 102 ƒ··Î−1. �·¨ ÔÉµ³ ¢¸¥£¤  ´ ¡²Õ¤ ÕÉ¸Ö §´ Î¨É¥²Ó´µ ³¥´Ó-
Ï¨¥ ¶·¥¤¥²Ó´Ò¥ ¤µ§Ò Dlim (·¨¸.4), Î¥³ ¶·¨ ¢Ò¸µ±¨Ì ¤µ§µ¢ÒÌ ´ £·Ê§± Ì. �Éµ
µ§´ Î ¥É, ÎÉµ · ¤¨ Í¨µ´´µ-µ±¨¸²¨É¥²Ó´µ³Ê ¶·¥¢· Ð¥´¨Õ ¶µ¤¢¥·£ ¥É¸Ö ¶µÎÉ¨
¢¥¸Ó µ¡Ñ¥³ ¶µ²¨³¥· . “ ¶µ²¨¸É¨·µ²  ¶¥·¢µ´ Î ²Ó´µ ¢µ§´¨± ¥É ¤¢ÊÌ¸²µ°´ Ö
¸É·Ê±ÉÊ·  §  ¸Î¥É ¸¨²Ó´µ£µ µ±¨¸²¥´¨Ö ´ ·Ê¦´µ£µ ¸²µÖ ¨ ¸² ¡µ£µ µ±¨¸²¥´¨Ö
¥£µ ¢´ÊÉ·¥´´¥£µ µ¡Ñ¥³ , ²¨Ï¥´´µ£µ ¤µ¸ÉÊ¶  ±¨¸²µ·µ¤  ¢ ¸¨²Ê ¤¨ËËÊ§¨µ´-
´ÒÌ µ£· ´¨Î¥´¨°. ‚·¥³Ö ¸É·Ê±ÉÊ·´µ° ·¥² ±¸ Í¨¨ ³µ¦¥É ¤µ¸É¨£ ÉÓ ¤¥¸ÖÉ±µ¢
¨ ¸µÉ¥´ ¸ÊÉµ± ¶·¨ ±µ³´ É´µ° É¥³¶¥· ÉÊ·¥, É.¥. ¸ÊÐ¥¸É¢¥´´µ µÉ¸É ¥É µÉ Ì¨³¨-
Î¥¸±¨Ì ¶·¥¢· Ð¥´¨°.

‚ ·¥§Ê²ÓÉ É¥ ¢ É ±µ³ ´¥µ¤´µ·µ¤´µ³ ¶µ ¸¢µ¥³Ê ¸µ¸É ¢Ê ³ É¥·¨ ²¥ ¶·µ-
¨¸Ìµ¤¨É ·µ¸É ³¥Ì ´¨Î¥¸±¨Ì ´ ¶·Ö¦¥´¨°, ¶·¨¢µ¤ÖÐ¨Ì ± µ¡· §µ¢ ´¨Õ ³¨±·µ-
É·¥Ð¨´. �É¨ ³¨±·µÉ·¥Ð¨´Ò ¨£· ÕÉ ·µ²Ó ± ´ ²µ¢, ¶µ ±µÉµ·Ò³ ±¨¸²µ·µ¤ (¨²¨
µ§µ´) ¨§ µ±·Ê¦ ÕÐ¥£µ ¢µ§¤ÊÌ  ¶µ¸ÉÊ¶ ¥É ¢µ ¢´ÊÉ·¥´´¨¥ µ¡² ¸É¨ µ¡· §Í ,
¸¶µ¸µ¡¸É¢ÊÖ ¡Ò¸É·µ³Ê · ¤¨ Í¨µ´´µ³Ê ¸É ·¥´¨Õ ¶µ²¨³¥· .

‚ ¶·µ³¥¦ÊÉµÎ´µ° µ¡² ¸É¨ ³µÐ´µ¸É¨ ¤µ§ 10−2 < Ḋ < 102 ƒ··Î−1 (·¨¸.4)
¶·¥¤¥²Ó´ Ö ¤µ§  ¨³¥¥É ¸²¥¤ÊÕÐÊÕ § ¢¨¸¨³µ¸ÉÓ µÉ Ḋ [64]:

Dlim ≈ D0(Ḋ)n, (2.8)

£¤¥ n Ì · ±É¥·¨§Ê¥É ¶·¨¡²¨¦¥´´ÊÕ ²¨´¥°´ÊÕ § ¢¨¸¨³µ¸ÉÓ lg D(ξ) =
= f(lg Ḋ), ±µÉµ· Ö ³µ¦¥É ¡ÒÉÓ µ¶·¥¤¥²¥´  Éµ²Ó±µ ¨§ Ô±¸¶¥·¨³¥´Éµ¢.
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�µ²Ó ‹��. �¸´µ¢´ÊÕ ·µ²Ó ¢ · ¤¨ Í¨µ´´ÒÌ ¨§³¥´¥´¨ÖÌ ¸¢µ°¸É¢ ¶µ²¨³¥-
·µ¢ ¨£· ÕÉ ¶·µÍ¥¸¸Ò ¨µ´¨§ Í¨¨ ¨ ¢µ§¡Ê¦¤¥´¨Ö ³µ²¥±Ê². �·¨ ³ ²ÒÌ ¸±µ·µ-
¸ÉÖÌ ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í, ±µ£¤  vu/v0 ≈ 0, 6, £¤¥ v0 Å ¡µ·µ¢¸± Ö
¸±µ·µ¸ÉÓ Ô²¥±É·µ´ , ³µ£ÊÉ ¶·¥µ¡² ¤ ÉÓ Ê¶·Ê£¨¥ Ö¤¥·´Ò¥ ¸Éµ²±´µ¢¥´¨Ö.

ˆ§ É ¡².6 ¢¨¤´µ, ÎÉµ · ¢¥´¸É¢µ ‹�� ¢ É·¥±¥ ¤²Ö ¨µ´µ¢ ¸ · §´Ò³¨ § -
·Ö¤ ³¨ ¨³¥¥É ³¥¸Éµ ¶·¨ · §²¨Î´ÒÌ ¸±µ·µ¸ÉÖÌ ¨µ´µ¢ [73]. �µ¸±µ²Ó±Ê ÔË-
Ë¥±É¨¢´Ò° · ¤¨Ê¸ É·¥±  Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·µ¸Éµ³ ¸±µ·µ¸É¨ ¨µ´ , Éµ ¢ ¸²ÊÎ ¥
α-Î ¸É¨Í ¶µ£²µÐ¥´´ Ö Ô´¥·£¨Ö · ¸¶·¥¤¥²¥´  ¢ É·¥±¥ ¡µ²ÓÏ¥£µ µ¡Ñ¥³ . ‚ ·¥-
§Ê²ÓÉ É¥ ²µ± ²Ó´Ò¥ ¨ ¸·¥¤´¨¥ ¢ÒÌµ¤Ò  ±É¨¢´ÒÌ Î ¸É¨Í ¡Ê¤ÊÉ ´¨¦¥ Ê ¨µ´ 
¸ ¡µ²ÓÏ¨³ § ·Ö¤µ³ ¨ ³ ¸¸µ°. ’ ±¨³ µ¡· §µ³, ´¥É ¶·Ö³µ° § ¢¨¸¨³µ¸É¨ G
µÉ ‹��. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¢ [73] ¶·¥¤²µ¦¥´  ³µ¤¥²Ó µ¶¨¸ ´¨Ö · ¤¨ Í¨µ´´µ-
¨´¤ÊÍ¨·µ¢ ´´ÒÌ ¶·¥¢· Ð¥´¨°, ¨¸¶µ²Ó§ÊÕÐ Ö § ·Ö¤ ¨ ¸±µ·µ¸ÉÓ § ·Ö¦¥´´µ°
Î ¸É¨ÍÒ. � ¡²Õ¤ ¥³µ¥ Ê¢¥²¨Î¥´¨¥ ¤¥£· ¤ Í¨¨ �‘ ¶·¨ µ¡²ÊÎ¥´¨¨ ¢ ¶µ²¥
 ¤·µ´µ¢ ¶µ ¸· ¢´¥´¨Õ ¸ γ-±¢ ´É ³¨ ²¥¦¨É ¢ ¶·¥¤¥² Ì ¶µ£·¥Ï´µ¸É¨ [64].

‘µµÉ´µÏ¥´¨Ö ¢ÒÌµ¤  ¶·µ¤Ê±Éµ¢ ¶·¨ ¤¥¸É·Ê±Í¨¨ ¨ ¸Ï¨¢ ´¨¨ G¤/Gc ¢
�‘ ¨ �ŒŒ� ¶·¨ µ¡²ÊÎ¥´¨¨ γ-±¢ ´É ³¨ ¨ ¡Ò¸É·Ò³¨ ´¥°É·µ´ ³¨ (Ḋ ∼
∼ 102 ƒ··¸−1) µÎ¥´Ó ³ ²µ µÉ²¨Î ÕÉ¸Ö ¢ ¶·¨¸ÊÉ¸É¢¨¨ ±¨¸²µ·µ¤  ¢µ§¤ÊÌ , µ¤-
´ ±µ ¢ ¢ ±ÊÊ³¥ · §²¨Î¨¥ ¢ 5÷10 · § [74,75]. �·µ¢¥¤¥´µ ¸µ¶µ¸É ¢²¥´¨¥ ¢µ§¤¥°-
¸É¢¨Ö Ô²¥±É·µ´µ¢ (2 ŒÔ‚), ¶·µÉµ´µ¢ (8 ŒÔ‚), α-Î ¸É¨Í (30 ŒÔ‚) ¨ ¨µ´µ¢ ‘4+

¨ N4+ (80 ŒÔ‚) ´  ³¥Ì ´¨Î¥¸±¨¥ ¸¢µ°¸É¢   ²¨Ë É¨Î¥¸±¨Ì ¶µ²¨³¥·µ¢ [76,77].

’ ¡²¨Í  6. • · ±É¥·¨¸É¨±  É·¥±µ¢ ¶·µÉµ´µ¢ ¨ α-Î ¸É¨Í ¶·¨ · §²¨Î´ÒÌ §´ Î¥´¨ÖÌ
‹�� ¢ ¶µ²¨¸É¨·µ²¥

• · ±É¥·¨¸É¨±  98 ±Ô‚/³±³ 50 ±Ô‚/³±³

�·µÉµ´Ò α-Î ¸É¨ÍÒ �·µÉµ´Ò α-Î ¸É¨ÍÒ

�´¥·£¨Ö, ŒÔ‚ 0,082 4,5 0,4 10
‘±µ·µ¸ÉÓ v, ¸³/¸ 4 15 8,7 22
�ËË¥±É¨¢´Ò° § ·Ö¤ 0,69 2 0,93 1
‘·¥¤´¥¥ Î¨¸²µ Ô²¥±É·µ´µ¢,
¢Ò¡¨¢ ¥³ÒÌ ¨µ´µ³ ´  1 ´³
¤²¨´Ò É·¥±  1,56 1,7 0,86 1
Emax δ-Ô²¥±É·µ´µ¢, ±Ô‚ 0,181 2,5 0,86 5,45
� ¤¨Ê¸ ¸¥·¤Í¥¢¨´Ò, ´³ 1,2 4,5 2,65 6,7
�ËË¥±É¨¢´Ò° · ¤¨Ê¸ É·¥± , ´³ 2,5 21 6,0 35
�´¥·£¨Ö, ¢Ò´µ¸¨³ Ö δ-Ô²¥±É·µ-
´ ³¨ §  ¶·¥¤¥²Ò ¸¥·¤Í¥¢¨´Ò
É·¥± , ±Ô‚/³±³ 4,3 16,3 7 12,4
‘·¥¤´ÖÖ ¶²µÉ´µ¸ÉÓ  ±Éµ¢
¨µ´¨§ Í¨¨ ¢ ¸¥·¤Í¥¢¨´¥
É·¥± , 1020 ¸³−3 5,3 0,45 0,69 0,1
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’ ¡²¨Í  7. ˆ¸ÉµÎ´¨±¨ µ¡²ÊÎ¥´¨Ö µ¡· §Íµ¢ ¶µ²¨Ì²µ·¸É¨·µ² 

Œ¥¸Éµ µ¡²ÊÎ¥´¨Ö ‚¨¤Ò Î ¸É¨Í ŒµÐ´µ¸ÉÓ ‹��,
(i Å ¶¥·¢¨Î´Ò¥, ¤µ§Ò Ḋ, ±Ô‚ ³±³−1

j Å ¢Éµ·¨Î´Ò¥) ƒp·¸−1

Š ´ ²Ò ·¥ ±Éµ·  γi, ni → γj , En > 1 ŒÔ‚, 5, 8 · 103 60
ˆ��-2, �ˆŸˆ Å (•) 4, 2 · 1012 ´·¸³−2·¸−1

Œ¥¤´ Ö ³¨Ï¥´Ó; � §´Ò¥ ¸¶¥±É·Ò 2, 5 · 10−1 15
¸¨´Ì·µÉ·µ´ ´  70 ƒÔ‚, pi → (p, n, e±, π±, µ...)j
ˆ”‚� Å (4)

‚Ò¶Ê¸±´µ¥ µ±´µ Ep = 650 ŒÔ‚, 2, 9 · 102 8
Ë §µÉ·µ´  ´  650 ŒÔ‚, 1012p·¸³−2·¸−1

�ˆŸˆ Å (N)

M¥¤´ Ö ³¨Ï¥´Ó; � §´Ò¥ ¸¶¥±É·Ò 7 · 10−2 9
¸¨´Ì·µÉ·µ´ ´  7 ƒÔ‚, pi → (p, n, e±, π±, ...)j
ˆ’�” Å (◦)
ƒ ³³ -Ê¸É ´µ¢±  Å (�) Eγ = 1, 25 ŒÔ‚ 30 0,2

�¨¸. 6. ‡ ¢¨¸¨³µ¸ÉÓ µÉ ‹�� ¤µ§Ò Ô±¢¨¢ ²¥´É-
´µ£µ ¨§³¥´¥´¨Ö ξ (¸³. É¥±¸É): 1 Å ¶µ²¨Ì²µ·-
¸É¨·µ², ÉµÎ±¨ ¸µµÉ¢¥É¸É¢ÊÕÉ µ¡µ§´ Î¥´¨Ö³ ¢
É ¡².7; 2 Å ¶µ²¨ÔÉ¨²¥´ [77]

‚ [61,78] ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¤µ-
§¨³¥É·Ò –„� ¨§ ¶µ²¨Ì²µ·¸É¨-
·µ²  ( ´ ²µ£, · ¸¶·µ¸É· ´¥´´Ò°
§  ·Ê¡¥¦µ³, FWT-70 [79]), ±µÉµ-
·Ò¥ ¡Ò²¨ ÉÐ É¥²Ó´µ µÉ£· ¤Ê¨·µ-
¢ ´Ò ¢ · §´ÒÌ ¶µ²ÖÌ ¨§²ÊÎ¥´¨Ö
(É ¡².7).

�  ·¨¸.6 ¶µ± § ´Ò ¤µ§Ò
Dlim, ¸µ§¤ ÕÐ¨¥ Ê¢¥²¨Î¥´¨¥
µ¶É¨Î¥¸±µ° ¶²µÉ´µ¸É¨ ¶µ²¨Ì²µ·-
¸É¨·µ² ,   É ±¦¥ Ê¤²¨´¥´¨Ö ¶µ-
²¨ÔÉ¨²¥´  ¶µ¤ ´ £·Ê§±µ°. �¥-
¸³µÉ·Ö ´  ¶·¨´Í¨¶¨ ²Ó´µ · §-
´Ò¥ ¶ · ³¥É·Ò ξlim ¢ µ¡µ¨Ì ³ -
É¥·¨ ² Ì · ¤¨ Í¨µ´´Ò¥ ¶µ¢·¥-
¦¤¥´¨Ö ¨³¥ÕÉ É¥´¤¥´Í¨Õ ± ¸´¨-
¦¥´¨Õ ¸ ·µ¸Éµ³ ‹��. �Éµ £µ¢µ-
·¨É µ¡ µ¡Ð´µ¸É¨ · ¤¨ Í¨µ´´µ-¨´¤ÊÍ¨·µ¢ ´´ÒÌ ¶·¥¢· Ð¥´¨° ¢ ¸ÊÐ¥¸É¢¥´´µ
· §´ÒÌ ¶µ²¨³¥· Ì.

�¡· §µ¢ ´¨Õ ¸É ¡¨²Ó´ÒÌ ¶·µ¤Ê±Éµ¢ · ¤¨µ²¨§  ¢ § ¢¨¸¨³µ¸É¨ µÉ ¢¨¤  ¨§-
²ÊÎ¥´¨° ¶µ¸¢ÖÐ¥´ µ¡§µ· [80]. ‘µ¶µ¸É ¢²¥´¨¥ G¤/Gc, ¸ µ¤´µ° ¸Éµ·µ´Ò, ¨ ¢Ò-
Ìµ¤  ¸É ¡¨²¨§¨·µ¢ ´´ÒÌ · ¤¨± ²µ¢ Å ¸ ¤·Ê£µ°, ¶·¨ µ¡²ÊÎ¥´¨¨ α-Î ¸É¨Í ³¨
¨ γ-±¢ ´É ³¨ ¶µ± § ²µ, ÎÉµ ¤²Ö ¡µ²ÓÏ¨´¸É¢  ¶µ²¨³¥·µ¢ µÉ¸ÊÉ¸É¢Ê¥É ±µ··¥²Ö-
Í¨Ö ¢ÒÌµ¤µ¢ ¨ ‹��. ‚ µ¡² ¸É¨ · ¤¨µ²¨§  ³µ£ÊÉ ¸ÊÐ¥¸É¢¥´´µ Ê¢¥²¨Î¨¢ ÉÓ¸Ö
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¸±µ·µ¸É¨ ¤·Ê£¨Ì ³ ²µ¨§ÊÎ¥´´ÒÌ ·¥ ±Í¨°. „²Ö µ¡ÑÖ¸´¥´¨Ö ´¥µ¡Ìµ¤¨³µ ¶·¨-
¢²¥± ÉÓ ¶·¥¤¸É ¢²¥´¨Ö ³¨±·µ¤µ§¨³¥É·¨¨ [81],   É ±¦¥ ÊÎ¨ÉÒ¢ ÉÓ ¢±² ¤ · ¸-
¸¥Ö´¨Ö Ô´¥·£¨¨ ¢ Ê¶·Ê£¨Ì ¸µÊ¤ ·¥´¨ÖÌ. �¸É ÕÉ¸Ö ´¥¨§ÊÎ¥´´Ò³¨ ¶·µÍ¥¸¸Ò
µ¡· §µ¢ ´¨Ö ¨ · ¸¶ ¤  ´¥´ ¸ÒÐ¥´´ÒÌ ¸¢Ö§¥°, · ¤¨ Í¨µ´´µ£µ µ±¨¸²¥´¨Ö,  
É ±¦¥ ¶µ¢¥¤¥´¨Ö ¶µ²¨³¥·µ¢ ¶·¨ ¨§³¥´¥´¨¨ É¥³¶¥· ÉÊ·Ò ¢ § ¢¨¸¨³µ¸É¨ µÉ
¢¨¤  Î ¸É¨Í (‹��).

‘¶µ´É ´´µ¥ ¢µ¸¸É ´µ¢²¥´¨¥. � ¨¡µ²¥¥ · ¸¶·µ¸É· ´¥´´Ò° ¸Í¨´É¨²²ÖÉµ·
¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¶µ²¨¸É¨·µ²Ó´ÊÕ �‘-³ É·¨ÍÊ, ¢ ±µÉµ·µ° · ¸É¢µ·¥´Ò ¶¥·-
¢ Ö Å ¸Í¨´É¨²²ÖÍ¨µ´´ Ö (·’�) ¨ ¢Éµ· Ö Å ¸¶¥±É·µ¸³¥Ð ÕÐ Ö (�����)
¤µ¡ ¢±¨. �  ¶¥·¢µ³ ÔÉ ¶¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨µ´¨§¨·ÊÕÐ¥£µ ¨§²ÊÎ¥´¨Ö ¶·µ-
¨¸Ìµ¤¨É ¢µ§¡Ê¦¤¥´¨¥ ³ É·¨ÍÒ, ±µÉµ·µ¥ ´¥· ¤¨ Í¨µ´´Ò³ ¶ÊÉ¥³ ¶¥·¥¤ ¥É¸Ö
¶¥·¢µ° ¤µ¡ ¢±¥,   § É¥³ · ¤¨ Í¨µ´´Ò³ Å µÉ ¶¥·¢µ° ¤µ¡ ¢±¨ ±µ ¢Éµ·µ°. ‚Éµ-
· Ö ¤µ¡ ¢±  ¸³¥Ð ¥É ¸¶¥±É· ¢ µ¡² ¸ÉÓ ¢Ò¸µ±µ° ¶·µ§· Î´µ¸É¨ ³ É·¨ÍÒ ¨²¨
µ¶É¨³ ²Ó´µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ËµÉµ¶·¨¥³´¨± .

Š ± ¢¨¤´µ ¨§ ·¨¸.4, ¨¸¸²¥¤µ¢ É¥²¨ ¸É ¢¨²¨ ¸¥¡¥ Í¥²Ó Å ¸µ§¤ ÉÓ ¸Í¨´-
É¨²²ÖÉµ·Ò, ¢Ò¤¥·¦¨¢ ÕÐ¨¥ ¶·¥¤¥²Ó´ÊÕ ¤µ§Ê Dlim > 105 − 106 ƒ·, ¶·¨ ¸¢¥-
Éµ¢ÒÌµ¤¥ ξlim ∼ 80 ÷ 90% ¶µ¸²¥ µ¡²ÊÎ¥´¨Ö. ‚ µ¡§µ·¥ [60] ¸Ëµ·³Ê²¨·µ-
¢ ´Ò µ¸´µ¢´Ò¥ ÔÉ ¶Ò ÔÉµ£µ ´ ¶· ¢²¥´¨Ö ¨¸¸²¥¤µ¢ ´¨° ¢ ¶µ¸²¥¤´¨¥ £µ¤Ò:
1) ¢Ò¡µ· ¶¥·¢¨Î´µ° ¤µ¡ ¢±¨; 2) ¢Ò¡µ· ¢Éµ·¨Î´µ° ¤µ¡ ¢±¨; 3) ¨¸¶µ²Ó§µ¢ ´¨¥
 ´É¨· ¤¨ Í¨µ´´ÒÌ ¤µ¡ ¢µ±; 4) Ê²ÊÎÏ¥´¨¥ ¸É·Ê±ÉÊ·Ò ³ É·¨ÍÒ; 5) Ê¸±µ·¥´¨¥
¶·µÍ¥¸¸µ¢ ¢µ¸¸É ´µ¢²¥´¨Ö (± ±¨³ ¸¶µ¸µ¡µ³ Å ´¥ Ê± §Ò¢ ¥É¸Ö).

�¥·¢Ò¥ Î¥ÉÒ·¥ ÔÉ ¶  µ± § ²¨¸Ó ³ ²µ¶¥·¸¶¥±É¨¢´Ò³¨ [63,82]. �¥ Ê¤ ²µ¸Ó
¶µ¢Ò¸¨ÉÓ Dlim ¡µ²ÓÏ¥, Î¥³ ¤µ 105 ƒ·, ¤ ¦¥ ¶·¨ Ḋ > 102 ƒ··Î−1. �´É¨· ¤¨ -
Í¨µ´´Ò¥ ¤µ¡ ¢±¨ µ± § ²¨¸Ó ´¥ÔËË¥±É¨¢´Ò³¨ ¶·¨ ³ ²ÒÌ Ḋ, É.¥. ¢ Ê¸²µ¢¨ÖÌ
¸¨²Ó´µ£µ ËµÉµ· ¤¨ Í¨µ´´µ£µ µ±¨¸²¥´¨Ö. �µ¢Ò¸¨ÉÓ Dlim µ·£ ´¨Î¥¸±¨Ì ³ É¥-
·¨ ²µ¢ ¨²¨ ¶µ²¨³¥·µ¢ ¸ 103 ¤µ 105÷106 ƒ· ¢ µ¡² ¸É¨ · ¤¨ Í¨µ´´ÒÌ ´ £·Ê§µ±
LHC (¸³. ·¨¸.4)  ¡¸µ²ÕÉ´µ ´¥·¥ ²Ó´µ! •µ·µÏµ ¨§¢¥¸É´µ, ÎÉµ Ê³¥´ÓÏ¥´¨¥
±µ²¨Î¥¸É¢  Ì¨³¨Î¥¸±¨Ì ¨§³¥´¥´¨° ¶ÊÉ¥³ § Ì¢ É  · ¤¨± ²µ¢ ¤²Ö ´¥Í¥¶´ÒÌ
¶·µÍ¥¸¸µ¢ ´¥¢µ§³µ¦´µ, É.±. ¶·¨ § Ì¢ É¥ · ¤¨± ²µ¢  ±Í¥¶Éµ· ³¨ ( ´É¨· ¤ ³¨)
µ¡· §Ê¥É¸Ö ¶·¨³¥·´µ É ±µ¥ ¦¥ ±µ²¨Î¥¸É¢µ ¶·µ¤Ê±Éµ¢, ÎÉµ ¨ ¢ µÉ¸ÊÉ¸É¢¨¥  ±-
Í¥¶Éµ· , ÌµÉÖ ± Î¥¸É¢¥´´Ò° ¸µ¸É ¢ ¨Ì ´¥¸±µ²Ó±µ ¨§³¥´Ö¥É¸Ö [83]. ‡´ Î¨-
É¥²Ó´ Ö Î ¸ÉÓ · ¤¨± ²µ¢ µ¡· §Ê¥É¸Ö ¢¤µ²Ó É·¥±  Î ¸É¨ÍÒ µÎ¥´Ó ¡²¨§±µ ¤·Ê£
µÉ ¤·Ê£ , µ´¨ ¡Ò¸É·µ ·¥ £¨·ÊÕÉ ³¥¦¤Ê ¸µ¡µ°, ¨ ¢µ¸¶·¥¶ÖÉ¸É¢µ¢ ÉÓ ÔÉµ³Ê ¶·µ-
Í¥¸¸Ê ³µ¦´µ, Éµ²Ó±µ ¸µ§¤ ¢ Ö µÎ¥´Ó ¢Ò¸µ±¨¥ ±µ´Í¥´É· Í¨¨  ´É¨· ¤µ¢. �Éµ
¢¥¤¥É ± ´¥Ê¤µ¢²¥É¢µ·¨É¥²Ó´Ò³ ´ Î ²Ó´Ò³ ¸¢µ°¸É¢ ³ ¸Í¨´É¨²²ÖÉµ·µ¢. Š·µ³¥
Éµ£µ, ¨§-§  ¸² ¡µ° ¸¥²¥±É¨¢´µ¸É¨ · ¤¨µ²¨§  ¨ ¡µ²ÓÏµ£µ Î¨¸²  · §²¨Î´ÒÌ ·¥-
 ±Í¨°, ¶·µÉ¥± ÕÐ¨Ì ¶·¨ ËµÉµ· ¤¨ Í¨µ´´µ³ µ±¨¸²¥´¨¨, ¸µ¸É ¢¨ÉÓ ¥¤¨´Ò°
·Ö¤  ±É¨¢´µ¸É¨  ´É¨· ¤µ¢ É ±¦¥ ´¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢µ§³µ¦´Ò³.

‚ ·¥ ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ Ô±¸¶²Ê É Í¨¨ ¸Í¨´É¨²²ÖÉµ·µ¢ ¨ ¸¢¥Éµ¢µ¤µ¢ ´ ¡µ·
¶·¥¤¥²Ó´µ° ¤µ§Ò Dlim ¡Ê¤¥É ¸µ¶·µ¢µ¦¤ ÉÓ¸Ö ¶¥·¨µ¤¨Î¥¸±¨³¨ ¶¥·¥·Ò¢ ³¨,
¢µ ¢·¥³Ö ±µÉµ·ÒÌ ¸¢µ°¸É¢  ³ É¥·¨ ²µ¢ ¢µ¸¸É ´ ¢²¨¢ ÕÉ¸Ö [84]. Š ¸µ¦ -
²¥´¨Õ, ¨¸¸²¥¤µ¢ É¥²¨ ´¥ ¸· §Ê Ê²µ¢¨²¨ ¶¥·¸¶¥±É¨¢´µ¸ÉÓ ÔÉµ£µ ´ ¶· ¢²¥´¨Ö
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’ ¡²¨Í  8. � · ³¥É·Ò µ¡²ÊÎ¥´¨Ö* ¨ ¢µ¸¸É ´µ¢²¥´¨Ö ´¥±µÉµ·ÒÌ ¸Í¨´É¨²²ÖÉµ·µ¢

�µ³¥· � · ³¥É· tir, D, τ , ξ, δ, Dlim(ξ), ±ƒ·
Í¨±²  Œ É¥·¨ ² Î ¸ ±ƒ· Î ¸ % % (ξ = 80%)

1 �‘+2%·’�+ 56 28 480 92 97 20
2 +0, 02%�����+0,01‘’24+ 56 28 480 88 91 21
3 +20%“„7 [82] 56 28 480 75 85 7

1 �‘Œ-115+1, 5%·’�+ 2 0,1 40 98 100 Å
+0, 05%�����+

2 +20%1MN [63] 20 10 72 90 110 25

1 NE-110** [84] 120 26 500 90 92 30

1 SCSN 81+1%PHB+ 56 28 316 85 22 24
1 +0, 02%TBBT+ 68 34 500 60 65 24
1 +0, 01%ST*** [82,84] 200 100 600 45 48 24

1 �ŒŒ�+0, 5%+ 157 34 552 80 82 20
1 +0, 01%����� [84] 463 400 552 48 48 20

*Ḋ(216 ÷ 510) ƒ··Î−1; γ-¨¸ÉµÎ´¨±¨ 137Cs, 60Co.
**”¨·³  ®Nucl. Enterprise¯, �¤¨´¡Ê·£, ‚¥²¨±µ¡·¨É ´¨Ö.
***”¨·³  ®Kuraray¯, ’µ±¨µ, Ÿ¶µ´¨Ö.

(¸³. ¸²¥¤ÊÕÐ¨° · §¤¥²) ¨ § É· É¨²¨ ³´µ£µ Ê¸¨²¨° ´  ¡¥¸¶µ²¥§´Ò° ¶µ¨¸±
· ¤¨ Í¨µ´´µ ¸Éµ°±¨Ì ¸Í¨´É¨²²ÖÉµ·µ¢ ¢ Ê¸²µ¢¨ÖÌ ´¥¶·¥·Ò¢´µ£µ µ¡²ÊÎ¥´¨Ö
¡µ²ÓÏ¨³¨ ¤µ§ ³¨.

�·¨¢¥¤¥´´Ò¥ ¢ · ¡µÉ Ì [58,63,82,84Å90] ¤ ´´Ò¥ µ ¢¥²¨Î¨´ Ì τ §´ Î¨-
É¥²Ó´µ · §²¨Î ÕÉ¸Ö: µÉ 103 ¤´¥° ¤µ 20Å25 ¤´¥°. ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ
· §´ Ö ¸É¥¶¥´Ó ¢µ¸¸É ´µ¢²¥´¨Ö δ µ¶É¨Î¥¸±¨Ì ¸¢µ°¸É¢, £² ¢´Ò³ µ¡· §µ³, § ¢¨-
¸¨É µÉ ¢¥²¨Î¨´Ò ¤µ§Ò: δ = 40 − 70% ¶·¨ D ∼ 100 ±ƒ·; δ = 80 − 95% ¶·¨
D ∼ 10 ±ƒ·; δ ∼ 100% ¶·¨ D ∼ 5 ±ƒ·. ‚ ¶¥·¢ÒÌ ¤¢ÊÌ ¸²ÊÎ ÖÌ ¢¥²¨Î¨´Ò ξ
´ ³´µ£µ ¶·¥¢ÒÏ ÕÉ ¤µ¶Ê¸É¨³Ò¥ ξlim, ¶µÔÉµ³Ê É·Ê¤´µ ¸· ¢´¨¢ ÉÓ ·¥§Ê²ÓÉ ÉÒ.

‚ É ¡².8 ¶·¨¢¥¤¥´Ò ¸µ¸É ¢Ò ¨ Ê¸²µ¢¨Ö µ¡²ÊÎ¥´¨Ö ¨ ¢µ¸¸É ´µ¢²¥´¨Ö ´¥±µ-
Éµ·ÒÌ ¸Í¨´É¨²²ÖÉµ·µ¢. ‚¨¤´µ, ÎÉµ ¶µ ¢¸¥³ ¶µ± § É¥²Ö³ ¶·¥¨³ÊÐ¥¸É¢µ ¨³¥¥É
¸Í¨´É¨²²ÖÉµ· ¨§ £· ´Ê²¨·µ¢ ´´µ£µ ¶µ²¨¸É¨·µ²  �‘Œ-115 [91], ¶µ²ÊÎ¥´´Ò°
³¥Éµ¤µ³ ²¨ÉÓÖ ¶µ¤ ¤ ¢²¥´¨¥³ ¨²¨ Ô±¸É·Ê§¨¥° [92]. �¡ Ê³¥´ÓÏ¥´¨¨ ¢ÒÌµ¤ 
G-· ¤¨± ²µ¢ ¶·¨ ¢Ò¸µ±¨Ì ¤ ¢²¥´¨ÖÌ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ ¤ ´´Ò¥ [93]. “¤µ¢²¥É-
¢µ·¨É¥²Ó´µ¥ µ¡ÑÖ¸´¥´¨¥ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¢ · ³± Ì É¥·³µ¤¨´ ³¨Î¥¸±µ£µ ¸¢µ-
¡µ¤´µ£µ µ¡Ñ¥³  [94]. ‘¢µ¡µ¤´Ò° µ¡Ñ¥³ Ê³¥´ÓÏ ¥É¸Ö ¢¸²¥¤¸É¢¨¥ ²ÊÎÏ¥° ªÊ¶ -
±µ¢±¨ª ³ ±·µ³µ²¥±Ê², ¡µ²ÓÏ¥° ±·¨¸É ²²¨§ Í¨¨ ¨ ¤·., ¨ É¥³ ¸ ³Ò³ ¢¥·µÖÉ-
´µ¸ÉÓ ¢µ§´¨±´µ¢¥´¨Ö · ¤¨± ²µ¢ ¸´¨¦ ¥É¸Ö,   ¢¥·µÖÉ´µ¸ÉÓ ·¥±µ³¡¨´ Í¨¨ (£¨-
¡¥²¨) Ê¢¥²¨Î¨¢ ¥É¸Ö.

‚µ¸¸É ´µ¢¨É¥²Ó´Ò¥ ¶·µÍ¥¸¸Ò ¢ ¸¶¥±É·µ¸³¥Ð ÕÐ¨Ì ¢µ²µ±´ Ì ¨¸¸²¥¤µ-
¢ ´Ò §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥,   ·¥§Ê²ÓÉ ÉÒ ¢¥¸Ó³  ¶·µÉ¨¢µ·¥Î¨¢Ò¥. ‚ ¤µ±² ¤¥
[95] ¨¸¸²¥¤µ¢ ´Ò ¢µ²µ±´  BCF91�, Y11 ¨ ¤·. ¶·¨ µ¡²ÊÎ¥´¨¨ 60‘µ ¨ ´¥°É-



1312 ‡�‰–…‚ ‹.�.

·µ´ ³¨ ¨ γ-±¢ ´É ³¨ Ö¤¥·´µ£µ ·¥ ±Éµ· . �·¨ ¤µ§¥ (60‘µ) 1,4 ±ƒ· (D =
= 5, 5 ƒ··Î−1) ¸¢¥Éµ¶µÉ¥·¨ ´  ¤²¨´¥ ¢µ²µ±´  1,5 ³ (∅1 ³³) ¸µ¸É ¢¨²¨
10 ¨ 15% ¤²Ö Y11 ¨ BCF91� ¸µµÉ¢¥É¸É¢¥´´µ, ¶·¨Î¥³ ¶µ¸²¥ 90 ¤´¥° ¢µ¸-
¸É ´µ¢²¥´¨Ö δ = 98%. �·¨ ¤µ§¥ 10 ±ƒ· (D = 1, 5 · 103 ƒ··Î−1) ¸¢¥Éµ¶µÉ¥·¨
¤µ¸É¨£²¨ 70Å80%,   ¢µ¸¸É ´µ¢²¥´¨¥ ¶µ¸²¥ 20 ¤´¥° ¢µµ¡Ð¥ ´¥ § ³¥É´µ.

‚ [63] ¨§ÊÎ ² ¸Ó ±µ´¢¥·¸¨µ´´ Ö ÔËË¥±É¨¢´µ¸ÉÓ ÔÉ¨Ì (¨ ¤·Ê£¨Ì) ¢µ²µ±µ´
¶µ¸²¥ µ¡²ÊÎ¥´¨Ö 137Cs (Ḋ = 216 ƒ··Î−1). �¤¨´ ¨§ ·¥§Ê²ÓÉ Éµ¢ ¤²Ö BCF91A
¶·¨¢¥¤¥´ ´  ·¨¸.12. � ¨³¥´ÓÏ¨¥ ¸¢¥Éµ¶µÉ¥·¨ ´  ¤²¨´¥ 1,8 ³ (∅1 ³³) ¶µ-
± § ²¨ Y7, Y8 ¨ BCF91A. �¢Éµ·Ò ¤¥É ²Ó´µ ´¥ ¨§ÊÎ ²¨ ¢µ¸¸É ´µ¢²¥´¨¥, ´µ
ÊÉ¢¥·¦¤ ÕÉ, ÎÉµ ¶µ¸²¥ ¤µ§Ò 20÷36 ±ƒ· µ´µ ³ ²µ (¤µ 20%) ¶·¨ τ = 70−150 Î.
�¤´ ±µ ¶·¨ µ¡²ÊÎ¥´¨¨ ³µ¤Ê²Ö ± ²µ·¨³¥É·  ¨§ ¢µ²µ±µ´ Y7 ´  Ô²¥±É·µ´´µ³
¶ÊÎ±¥ = 1, 2 ƒÔ‚ (Ḋ = 1, 5 · 105 ƒ··Î−1) ¸¢¥Éµ¢ÒÌµ¤ ¸´¨§¨²¸Ö ¶µ¸²¥ ¤µ§Ò
12,5 ±ƒ· ¤µ ¢¥²¨Î¨´Ò 0,4,   ¶µ¸²¥ 9 ¤´¥° ¢µ¸¸É ´µ¢¨²¸Ö ´  60% (¤µ 0,65).
�·¨ ÔÉµ³ Ô´¥·£¥É¨Î¥¸±µ¥ · §·¥Ï¥´¨¥ ¸´¨§¨²µ¸Ó ¸ 5,4 ¤µ 18,2% [99].

� Ï¨ ¶·¥¤¢ ·¨É¥²Ó´Ò¥ ¨§³¥·¥´¨Ö µ¶É¨Î¥¸±µ° ¶²µÉ´µ¸É¨ ¢µ²µ±´ 
BCF91A [98] ¶µ± § ²¨ 100%-´µ¥ ¢µ¸¸É ´µ¢²¥´¨¥ ¶µ¸²¥ ¤µ§Ò 4,8 ±ƒ·
(Ḋ = 1, 4 ƒ··Î−1), ¶·¨Î¥³ ËÊ´±Í¨Ö ¢µ¸¸É ´µ¢²¥´¨Ö ¨³¥¥É ¢¨¤

d = d0(1− a exp (−t/b)), (2.9)

£¤¥ d0, d Å µ¶É¨Î¥¸± Ö ¶²µÉ´µ¸ÉÓ ¤µ ¨ ¶µ¸²¥ ¢µ¸¸É ´µ¢²¥´¨Ö; ±µ´¸É ´ÉÒ
a = 0, 16; b = 82 Î ¸ . �·¨ ¨§³¥·¥´¨¨ d(λ), £¤¥ λ = 425 ´³, ³ ²Ò¥ ¨§-
³¥´¥´¨Ö ¶·µ§· Î´µ¸É¨ ¢µ²µ±´  ¶µ¸²¥ µ¡²ÊÎ¥´¨Ö ´¥ ¶·µÖ¢²ÖÕÉ¸Ö ¢ µ¡² ¸É¨
¸³¥Ð¥´´µ£µ ¸¶¥±É·  [96]. �¥·¥¨§²ÊÎ ÕÐ Ö ¤µ¡ ¢±  ¢ BCF91A Å · ¤¨ Í¨-
µ´´µ ¸Éµ°±µ¥ ¸µ¥¤¨´¥´¨¥. „²¨´  ¶·µ¡¥£  ¶ ¤ ÕÐ¥£µ ¸¢¥É  ¤µ ¶µ£²µÐ¥´¨Ö
¸µ¸É ¢²Ö¥É ´¥¸±µ²Ó±µ ³±³. ‚ ¶·µÍ¥¸¸¥ ¦¥ ¸¢¥Éµ¸¡µ·  ¶ÊÉÓ, ¶·µÌµ¤¨³Ò° Ëµ-
Éµ´ ³¨ ¢¤µ²Ó ¸¢¥Éµ¢µ¤ , ³µ¦¥É ¡ÒÉÓ ¡µ²ÓÏ¥ 2 ³, ¨ ¤ ¦¥ ³ ²Ò¥ ¨§³¥´¥´¨Ö
¶·µ§· Î´µ¸É¨ ³µ£ÊÉ Ê³¥´ÓÏ¨ÉÓ ¤²¨´Ê ¶·µ¡¥£  ` ¢µ ³´µ£µ · §. �µÔÉµ³Ê ´ ¤µ
²¨¡µ ¨§³¥·ÖÉÓ d(λ) ¶·¨ · §´ÒÌ λ, ²¨¡µ ¢²¨Ö´¨¥ µ¡²ÊÎ¥´¨Ö Ì · ±É¥·¨§µ¢ ÉÓ
¢¥²¨Î¨´µ° ` ¨ ¨§³¥·ÖÉÓ ¥¥ ¶µ ³¥Éµ¤¨±¥ [97].

�¤´ ±µ ´ ¨¡µ²¥¥ ¤µ¸Éµ¢¥·´ Ö ³¥Éµ¤¨±  Å ÔÉµ · ¤¨ Í¨µ´´Ò¥ ¨¸¶ÒÉ -
´¨Ö ± ²µ·¨³¥É·¨Î¥¸±¨Ì ³µ¤Ê²¥° ¶·¨ µ¤´µ¢·¥³¥´´µ³ Í¨±²¨Î¥¸±µ³ µ¡²ÊÎ¥´¨¨
¸Í¨´É¨²²ÖÍ¨µ´´ÒÌ ¶² ¸É¨´ ¨ ¸¶¥±É·µ¸³¥Ð ÕÐ¨Ì ¢µ²µ±µ´. �·¨ ÔÉµ³ ¢ ¦´µ¥
§´ Î¥´¨¥ ¨³¥¥É ¨¤¥´É¨Î´µ¸ÉÓ ³µÐ´µ¸É¨ ¤µ§Ò ¢ É¥¸É Ì ¨ · ¤¨ Í¨µ´´µ° ´ -
£·Ê§±¨ ¶·¨ Ô±¸¶²Ê É Í¨¨,   É ±¦¥ µ£· ´¨Î¥´¨Ö ¶µ ¤µ§¥ (¢ Í¨±²¥), ÎÉµ¡Ò ´¥
¢µ§´¨± ²¨ ¢ ¸Í¨´É¨²²ÖÉµ· Ì ´¥µ¡· É¨³Ò¥ ¶·µÍ¥¸¸Ò.

–¨±²¨Î¥¸±µ¥ µ¡²ÊÎ¥´¨¥. ‚ ·¥ ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ Ô±¸¶²Ê É Í¨¨ ± ²µ·¨³¥É-
·µ¢ ¸Í¨´É¨²²ÖÍ¨µ´´Ò¥ ¶² ¸É¨´Ò ¨ ¢µ²µ±´  ¡Ê¤ÊÉ ³´µ£µ±· É´µ ¶µ¤¢¥·£ ÉÓ¸Ö
· ¤¨ Í¨¨ ¸ ´¥±µÉµ·Ò³¨ ¶¥·¥·Ò¢ ³¨ ³¥¦¤Ê ¸¥ ´¸ ³¨ µ¡²ÊÎ¥´¨Ö. �¤´ ±µ ¢
[63] ¶·µ¢¥¤¥´µ Éµ²Ó±µ ¤¢ÊÌ±· É´µ¥,   ¢ [82] É·¥Ì±· É´µ¥ Í¨±²¨Î¥¸±µ¥ µ¡²Ê-
Î¥´¨¥ �‘-¸Í¨´É¨²²ÖÉµ·µ¢ (¸³. É ¡².8). –¨±²¨Î¥¸±¨Ì µ¡²ÊÎ¥´¨° ¸¶¥±É·µ¸³¥-
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�¨¸. 7. –¨±²¨Î¥¸±µ¥ µ¡²ÊÎ¥´¨¥ ¨ ¢µ¸¸É ´µ¢²¥´¨¥ µ¡· §Íµ¢ ¸Í¨´É¨²²ÖÉµ·µ¢: (•) Å
�‘1; (◦) Å �‘2; (N) Å SCSN 81; (�) Å ‚‘ 404� ¨ ¸¶¥±É·µ¸³¥Ð ÕÐ¨Ì ¢µ²µ±µ´:
(4) Å BCF 91A [78,98]
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�¨¸. 8. ‡ ¢¨¸¨³µ¸ÉÓ ¶·¥¤¥²Ó´µ° ¤µ§Ò ¶·¨ ¶µÉ¥·ÖÌ ¸¢¥É  ξ = 10% µÉ ³µÐ´µ¸É¨ ¤µ§Ò
µ¡²ÊÎ¥´¨Ö:

�‘-1− (•)
�‘-2− (◦)

}
298 K

(⊕)

(�)

}
328 K

(⊗)

(	)

}
348 K

(})

(~)

}
378 K

SCSN81− (N) 300 K (H) 315 K (�) 335 K (♦) 350 K

Ð ÕÐ¨Ì ¢µ²µ±µ´ ¤µ ´ ¸ÉµÖÐ¥£µ ¢·¥³¥´¨ ´¥ ¶·µ¢µ¤¨²µ¸Ó∗. ’µ²Ó±µ ³´µ£µ-
±· É´Ò¥ Í¨±²¨Î¥¸±¨¥ µ¡²ÊÎ¥´¨Ö ³µ£²¨ ¡Ò ¤ ÉÓ µÉ¢¥É ´  ¢µ¶·µ¸ µ ËµÉµ· ¤¨-
 Í¨µ´´µ³ ¸É ·¥´¨¨ ¸Í¨´É¨²²ÖÉµ·µ¢ ¨ ¢µ²µ±µ´.

‚ · ¡µÉ Ì [78, 98] ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ³¥Éµ¤µ²µ£¨¥° [63] ¢¶¥·¢Ò¥ ¶·µ¢¥¤¥´Ò
´ ¡²Õ¤¥´¨Ö §  ËµÉµ· ¤¨ Í¨µ´´Ò³ ¸É ·¥´¨¥³ �‘ ¢ É¥Î¥´¨¥ É·¥Ì ²¥É (·¨¸.7).
�µ¢ÒÏ¥´´µ¥ ¸µ¤¥·¦ ´¨¥ ¤µ¡ ¢µ±: ∼ 3% ·’� + 0,04% ����� ´¥µ¡Ìµ¤¨³µ
¤²Ö ³¨´¨³ ²Ó´µ£µ ¢·¥³¥´´µ£µ · §·¥Ï¥´¨Ö [99], µ´µ ¸¶µ¸µ¡¸É¢Ê¥É § Ð¨É¥ µÉ
¤¥£· ¤ Í¨¨ ³ É·¨ÍÒ [100]. ‚ �‘2 ¢¢µ¤¨²¨¸Ó ËµÉµ¸É ¡¨²¨§¨·ÊÕÐ Ö (0,05%)
¨  ´É¨µ±¨¸²¨É¥²Ó´ Ö (0,05%) ¤µ¡ ¢±¨ É¨¶  ‘‘‚ [40]. �´¨ ¶· ±É¨Î¥¸±¨ ´¥
¨§³¥´Ö²¨ ¶¥·¢µ´ Î ²Ó´Ò¥ Ì · ±É¥·¨¸É¨±¨ �‘2. �¡· §ÍÒ �‘ ¢Ò·¥§ ²¨¸Ó
¨§ ¶² ¸É¨´, ¨§£µÉµ¢²¥´´ÒÌ ¶ÊÉ¥³ ²¨ÉÓÖ ¶µ¤ ¤ ¢²¥´¨¥³ ¨§ £· ´Ê²¨·µ¢ ´´µ£µ
¶µ²¨¸É¨·µ²  ³ ·±¨ �‘Œ-115. �µ§¦¥ [98] ¶µ¸²¥ ¶ÖÉ¨ Í¨±²µ¢ µ¡²ÊÎ¥´¨Ö �‘1
¨ �‘2 ´ Î ²¨ ´ ¡²Õ¤ ÉÓ §  ¸É ·¥´¨¥³ SCSN 81 (Kuraray) Ÿ¶µ´¨Ö ¨ ‚‘ 404�
(Bicron) ‘˜�.

„²Ö ÔÉµ° Í¥²¨ ¨¸ÉµÎ´¨±¨ 137Cs ´¨§±µ°  ±É¨¢´µ¸É¨ ¶µ³¥Ð ²¨¸Ó ¢ Í¥´É·¥
³¥¦¤Ê µ¡· §Í ³¨, ± ± ¶µ± § ´µ ´  ·¨¸.8. Œ¥¦¤Ê µ¡· §Í ³¨ ´ Ìµ¤¨²¸Ö Í¢¥Éµ-

∗�·¨ ¶µ¤£µÉµ¢±¥ ·Ê±µ¶¨¸¨ ± ¶¥Î É¨ ¸É ²µ ¨§¢¥¸É´µ, ÎÉµ Í¨±²¨Î¥¸±¨¥ µ¡²ÊÎ¥´¨Ö ¢µ²µ±µ´
(Ë¨¡·) ¶·µ¢¥¤¥´Ò. �¥§Ê²ÓÉ ÉÒ ¡Ê¤ÊÉ µ¶Ê¡²¨±µ¢ ´Ò ¢ ®Š· É±¨Ì ¸µµ¡Ð¥´¨ÖÌ �ˆŸˆ¯¢ 2000 £.
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¢µ° ¶²¥´µÎ´Ò° ¤µ§¨³¥É· (–„�). � £· ¤Ê¨·µ¢±¥ ÔÉ¨Ì ¤µ§¨³¥É·µ¢ ³Ò £µ¢µ·¨²¨
¢ · §¤. 2. P ¸ÎeÉ · ¸¶·¥¤¥²¥´¨Ö ¤µ§Ò ¢ µ¡· §Í Ì ¶µ ¸¶¥±É· ³ ¢¸¥Ì Î ¸É¨Í,
¨¸¶ÊÐ¥´´ÒÌ 137Cs, ¤ ¥É ·¥§Ê²ÓÉ É: Ḋmax = (1, 2±0, 14) ƒ··Î−1 (�‘1 ¨ �‘2)
¨ Ḋmax = (1, 4± 0, 12) ƒ··Î−1 (SCSN 81 ¨ BC 404A).

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ·¥±µ³¥´¤ Í¨Ö³¨ · ¡µÉÒ [96] ¨§³¥·Ö² ¸Ó Éµ²Ó±µ µ¤´ 
¢¥²¨Î¨´  d(λ) Å µ¶É¨Î¥¸± Ö ¶²µÉ´µ¸ÉÓ Å ¸ ¶µ³µÐÓÕ ¤¢ÊÌ ¸¶¥±É·µËµÉµ³¥-
É·µ¢. “¤µ¡¸É¢µ ¨¸¶µ²Ó§µ¢ ´¨Ö ¢¥²¨Î¨´Ò d(λ) µÎ¥¢¨¤´µ. �´  ±µ²¨Î¥¸É¢¥´´µ
Ì · ±É¥·¨§Ê¥É ¸¢¥É, ¶µ£²µÐ¥´´Ò° µ¡· §Íµ³ ¢´¥ § ¢¨¸¨³µ¸É¨ µÉ Éµ£µ, ¶µ ± -
±¨³ ± ´ ² ³ ¨¤¥É ¤¨¸¸¨¶ Í¨Ö ¢µ§¡Ê¦¤¥´¨Ö. �ËË¥±É, ´ ¡²Õ¤ ¥³Ò° ¢ ¨§³¥´¥-
´¨¨ d(λ) ¶µ¸²¥ µ¡²ÊÎ¥´¨Ö, ¤µ²¦¥´ Ö·Î¥ ¶·µÖ¢¨ÉÓ¸Ö ¢ Ì · ±É¥·¥ Ô³¨¸¸¨µ´´ÒÌ
¸¶¥±É·µ¢ E(λ). �µ£·¥Ï´µ¸ÉÓ ¨§³¥·¥´¨Ö µ¶É¨Î¥¸±µ° ¶²µÉ´µ¸É¨ ¡Ò²  ³¥´¥¥
0,2%.

�¨¸. 9. ‘¶¥±É·Ò Ë²Êµ·¥¸Í¥´Í¨¨ (1, 1′)
¨ ¶·µ¶Ê¸± ´¨Ö (2, 2′), ¸µµÉ¢¥É¸É¢¥´´µ,
¤µ ¨ ¶µ¸²¥ µ¡²ÊÎ¥´¨Ö ¤µ§µ° 2,4 ±ƒ· ¶·¨
T = 328 Š µ¡· §Í  �‘2 (¶µ¸²¥ ¢µ¸¸É -
´µ¢²¥´¨Ö ¸¶¥±É·Ò ¸µ¢¶ ¤ ÕÉ ¸ 1 ¨ 2)

‚µ ¢¸¥Ì µ¡· §Í Ì Ô³¨¸¸¨µ´-
´Ò¥ ¸¶¥±É·Ò ¨§³¥·Ö²¨¸Ó ®Ô¶¨§µ¤¨-
Î¥¸±¨¯ Éµ²Ó±µ ¤²Ö ±µ´É·µ²Ö ¤¨´ -
³¨±¨ ¶·µÍ¥¸¸ . �  ·¨¸.9 ¤²Ö ¶·¨-
³¥·  ¶µ± § ´ ¸¶¥±É· E(λ), ¨§³¥·¥´-
´Ò° ¶µ ³¥Éµ¤¨±¥ [100] ¢ ¸¶¥Í¨ ²Ó-
´µ³ (5 ³±³) µ¡· §Í¥ �‘2. „²Ö ¢µ§-
¡Ê¦¤¥´¨Ö Ë²Êµ·¥¸Í¥´Í¨¨ ¨¸¶µ²Ó§µ¢ -
² ¸Ó ·ÉÊÉ´ Ö ² ³¶ . ‚¥·µÖÉ´µ¸ÉÓ ¶µ-
£²µÐ¥´¨Ö ¨§²ÊÎ¥´¨Ö ¶¥·¢µ° ¤µ¡ ¢±¨
(·’�) ¢Éµ·µ° ¤µ¡ ¢±µ° (�����) ³ ² 
¢ Éµ³ ¸²ÊÎ ¥, ¥¸²¨ Éµ²Ð¨´  µ¡· §Í 
¸µ¸É ¢²Ö¥É ´¥¸±µ²Ó±µ ³±³ [101,102].

„²Ö ¶µ²´µ£µ ¶µ´¨³ ´¨Ö · ¤¨ Í¨-
µ´´ÒÌ ¶·µÍ¥¸¸µ¢ ´¥¤µ¸É ÉµÎ´µ ¨§³¥-
·¨ÉÓ ¸¶¥±É·Ò ¶µ£²µÐ¥´¨Ö [103, 104],
  ´¥µ¡Ìµ¤¨³µ ¨³¥ÉÓ ¸¶¥±É·Ò ¨¸¶Ê¸-
± ´¨Ö. �·¨ Ô±¸¶·¥¸¸´ÒÌ ¨§³¥·¥´¨ÖÌ
d(λmax) → (a + b), £¤¥ λmax =
= 425 ´³, ´¥ · §¤¥²ÖÕÉ¸Ö ÔËË¥±ÉÒ
¨¸¶Ê¸± ´¨Ö ¨ ¶·µ¶Ê¸± ´¨Ö ¸¢¥É , ´µ
¶·¨ ÔÉµ³ ³µ¦´µ ¶·µ¢µ¤¨ÉÓ µÉ´µ¸¨-

É¥²Ó´Ò¥ ¸· ¢´¥´¨Ö. �·¨ ³ ²ÒÌ ¤µ§ Ì (¤µ 5 ±ƒ·) ¸¤¢¨£  λmax ¨ ¤¥Ëµ·³ Í¨¨
¸¶¥±É· , ± ± ¶· ¢¨²µ, ´¥ ¶·µ¨¸Ìµ¤¨É,   ¨§³¥´Ö¥É¸Ö Éµ²Ó±µ ¢¥²¨Î¨´  d(λmax),
¶·¨Î¥³ a >> b ¶·¨ T = 298 Š. �Éµ µ§´ Î ¥É, ÎÉµ · ¤¨ Í¨µ´´µ¥ µ±· Ï¨¢ ´¨¥
¶µ²¨¸É¨·µ²  ¶·µÖ¢²Ö¥É¸Ö §´ Î¨É¥²Ó´µ ¸¨²Ó´¥¥, Î¥³ ¶µ´¨¦¥´¨¥ ¸¢¥Éµ¢ÒÌµ¤ 
[82].

�  µ¸´µ¢¥ ¶µ²ÊÔ³¶¨·¨Î¥¸±µ° ³µ¤¥²¨ ¢¶¥·¢Ò¥ ¡Ò² ¸¤¥² ´ ¶·µ£´µ§ [98]
¢¥²¨Î¨´Ò Dlim ¶·¨ µÎ¥´Ó ´¨§±¨Ì Ḋ, Ì · ±É¥·´ÒÌ ¤²Ö LHC (¸³. ·¨¸.4 ¨ 8).
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�¨¸. 10. ˆ§³¥´¥´¨¥ µÉ´µ¸¨É¥²Ó´µ£µ ¸¢¥Éµ¢ÒÌµ¤  ¸ ÊÎ¥Éµ³ ¢µ¸¸É ´µ¢²¥´¨Ö (¶ · ³¥É· 
ξ + δ, ¸³. ·¨¸.7) ¢ § ¢¨¸¨³µ¸É¨ µÉ Î¨¸²  Í¨±²µ¢ (Í¨±² tir + tsr ∼ 4 ³¥¸.): • Å �‘1;
◦ Å �‘2; N Å SCSN81; � Å BC-404A

�  ·¨¸.7 ¢¨¤´µ, ÎÉµ ¸É ´¤ ·É´Ò° µ¡· §¥Í �‘1 Ìµ·µÏµ ¢µ¸¸É ´ ¢²¨¢ ¥É¸Ö
¶·¨ 298 Š (1-° Í¨±²), ´µ ¸¨²Ó´µ ¤¥£· ¤¨·Ê¥É ¸ Ê¢¥²¨Î¥´¨¥³ É¥³¶¥· ÉÊ·Ò,
´¥¸³µÉ·Ö ´  ¸ÊÐ¥¸É¢¥´´µ¥ Ê³¥´ÓÏ¥´¨¥ ¤µ§Ò (2 ¨ 4-° Í¨±²Ò). �¡· §¥Í �‘2
¸  ´É¨µ±¸¨¤ ´Éµ³, ± ± ¨ µ¦¨¤ ²µ¸Ó, §´ Î¨É¥²Ó´µ ¶µ²´¥¥ ¨ ¡Ò¸É·¥¥ ¢µ¸¸É -
´ ¢²¨¢ ¥É µ¶É¨Î¥¸±¨¥ ¸¢µ°¸É¢ . �·¨Î¥³ ¶·¨ ¤ ²Ó´¥°Ï¨Ì Í¨±² Ì (c 5 ¶µ 9)
¸É ¡¨²Ó´µ¸ÉÓ ¸µÌ· ´Ö¥É¸Ö ¶µ¸²¥ É·¥Ì· §µ¢µ£µ ¶µ¢ÒÏ¥´¨Ö É¥³¶¥· ÉÊ·Ò µ¡²Ê-
Î¥´¨Ö. �ÉµÉ ÔËË¥±É µ¡ÑÖ¸´Ö¥É¸Ö ¶·¥µ¡² ¤ ´¨¥³ ¢ �‘2 µ¡· É¨³ÒÌ ¶·µÍ¥¸¸µ¢
[40]:

RH→ R •+H,

AH + R• → A •+RH.

�´É¨µ±¸¨¤ ´É �� (É¨¶  ‘‘‚) µÉ¤ ¥É  Éµ³ H ¸¢µ¡µ¤´µ³Ê · ¤¨± ²Ê R•,
¶·¥¢· Ð Ö¸Ó ¢ ³¥´¥¥  ±É¨¢´Ò° · ¤¨± ² ¨ ·¥£¥´¥·¨·ÊÖ ¨¸Ìµ¤´ÊÕ ³µ²¥±Ê²Ê.
‹¥£±µ¸ÉÓ ¶¥·¥´µ¸   Éµ³  H ¸µÎ¥É ¥É¸Ö ¸ ¢Ò¸µ±µ° ¸É ¡¨²Ó´µ¸ÉÓÕ µ¡· §ÊÕ-
Ð¨Ì¸Ö · ¤¨± ²µ¢, ¢¢¨¤Ê ¸É¥·¨Î¥¸±µ£µ Ô±· ´¨·µ¢ ´¨Ö  Éµ³µ¢ ±¨¸²µ·µ¤ .

‚ 6-³ Í¨±²¥ µ¡· §¥Í �‘1 ¡Ò² § ³¥´¥´ ´µ¢Ò³, ÎÉµ¡Ò ¶·µ¤µ²¦¨ÉÓ ´ ¡²Õ-
¤¥´¨¥ §  ËµÉµ· ¤¨ Í¨µ´´Ò³ ¸É ·¥´¨¥³ ¶·¨ T = 298 Š. „²Ö ÔÉµ° ¦¥ Í¥²¨
¶·¨ ³ ²ÒÌ ¤µ§ Ì ¡Ò²¨ µ¡²ÊÎ¥´Ò SCSN 81 ¨ BC 404A. �  ·¨¸.7 ¢¨¤´µ, ÎÉµ
ÔÉ¨ µ¡· §ÍÒ ¨³¥ÕÉ µÎ¥´Ó ¡µ²ÓÏ¨¥ ¢¥²¨Î¨´Ò δ ¨ τ , É.¥. ´¥ ¶µ²´µ¸ÉÓÕ ¨ ³¥¤-
²¥´´µ ¢µ¸¸É ´ ¢²¨¢ ÕÉ¸Ö. �Éµ ´¥ ¶·µÉ¨¢µ·¥Î¨É · ´¥¥ ¶µ²ÊÎ¥´´Ò³ ¤ ´´Ò³
(¸³., ´ ¶·¨³¥·, É ¡².8), µ¤´ ±µ µ¡ÑÖ¸´¥´¨Ö ÔÉ¨³ ÔËË¥±É ³ ¢ ²¨É¥· ÉÊ·¥ ´¥É.
�¨¸.10 ¶µ¸É·µ¥´ ¶µ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³ [78, 98]. �  ´¥³ ¶µ± § ´µ ¨§-
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³¥´¥´¨¥ ¸¢¥Éµ¢ÒÌµ¤  ¸µ ¢·¥³¥´¥³ (Î¨¸²µ ¸¥ ´¸µ¢), ÎÉµ ¶µ§¢µ²Ö¥É µ¶·¥¤¥²¨ÉÓ
· ¤¨ Í¨µ´´Ò¥ ·¥¸Ê·¸Ò ¸Í¨´É¨²²ÖÍ¨µ´´ÒÌ ¤¥É¥±Éµ·µ¢.

3. ���…„…‹…�ˆ… �…‘“�‘� „…’…Š’���‚

�·£ ´¨Î¥¸±¨¥ ¸Í¨´É¨²²ÖÉµ·Ò ¨ ¸¶¥±É·µ¸³¥Ð ÕÐ¨¥ ¢µ²µ±´  ¶·¨ ¦¥¸É±¨Ì
É·¥¡µ¢ ´¨ÖÌ ¸¢¥Éµ¶µÉ¥·Ó 10 ÷ 20% ´¥ ¢Ò¤¥·¦¨¢ ÕÉ · ¤¨ Í¨µ´´Òx ´ £·Ê§o±
50 ÷ 100 ±ƒ· §  ¢·¥³Ö Ô±¸¶²Ê É Í¨¨ 10 ²¥É (¸Ê³³ ·´µ¥ ¢·¥³Ö µ¡²ÊÎ¥´¨Ö
∼ 108 ¸). ‡ ¤ Î¨, ¶µ¸É ¢²¥´´Ò¥ ¢ µ¡§µ·¥ [60], µ± § ²¨¸Ó ´¥ ·¥ ²¨§µ¢ ´´Ò³¨,
¶µÔÉµ³Ê ¢ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¸Ëµ·³¨·µ¢ ²¨¸Ó É·¨  ²ÓÉ¥·´ É¨¢´ÒÌ ´ ¶· ¢²¥-
´¨Ö:
• · §· ¡µÉ±  ´µ¢ÒÌ ±·¥³´¨°µ·£ ´¨Î¥¸±¨Ì ¸Í¨´É¨²²ÖÉµ·µ¢ · ¤¨ Í¨µ´´µ ¸Éµ°-
±¨Ì ¶·¨ ´¥¶·¥·Ò¢´µ³ µ¡²ÊÎ¥´¨¨ [105,106];
• · ¤¨ Í¨µ´´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ¦¨¤±¨Ì ¸Í¨´É¨²²ÖÉµ·µ¢, ¢ ±¢ ·Í¥¢ÒÌ ± ¶¨²-
²Ö· Ì ¸ ¶¥·¨µ¤¨Î¥¸±¨³ µ¡´µ¢²¥´¨¥³ ¸Í¨´É¨²²ÖÉµ·  [46,95];
• ¨§ÊÎ¥´¨¥ ËµÉµ· ¤¨ Í¨µ´´µ£µ ¸É ·¥´¨Ö ¨ ¸¶µ´É ´´µ£µ ¢µ¸¸É ´µ¢²¥´¨Ö µ¡ÒÎ-
´ÒÌ ¶² ¸É³ ¸¸µ¢ÒÌ ¸Í¨´É¨²²ÖÉµ·µ¢ ¸ ´µ¢Ò³¨ ¤µ¡ ¢± ³¨ [6,78].

‚¸¥ ÔÉ¨ ´ ¶· ¢²¥´¨Ö, ¢ ¶·¨´Í¨¶¥, ³µ£ÊÉ ¸ÊÐ¥¸É¢¥´´µ Ê¢¥²¨Î¨ÉÓ · ¤¨ -
Í¨µ´´Ò° ·¥¸Ê·¸ ¸Í¨´É¨²²ÖÉµ·µ¢, ´µ É·¥¡ÊÕÉ¸Ö ¶µ¨¸±µ¢Ò¥ · ¡µÉÒ ´¥ ³¥´¥¥
É·Ê¤´Ò¥, Î¥³ ¢ [60]. ‚ Í¥²ÖÌ ¶·¨³¥´¥´¨Ö ±·¥³´¨°µ·£ ´¨Î¥¸±¨Ì ¸Í¨´É¨²²ÖÉµ-
·µ¢ ¤²Ö É·¥±µ¢ÒÌ ¤¥É¥±Éµ·µ¢ ´¥µ¡Ìµ¤¨³µ ´ °É¨ ¤µ¡ ¢±¨, ±µÉµ·Ò¥ µ¡¥¸¶¥Î É
¡µ²¥¥ ¢Ò¸µ±¨° ¸¢¥Éµ¢ÒÌµ¤. �µ²ÓÏµ¥ ¢·¥³Ö ¢Ò¸¢¥Î¨¢ ´¨Ö (11Ä13 ´¸) µ£· ´¨-
Î¨¢ ¥É ¨Ì ¶·¨³¥´¥´¨¥ ¢ µ¡² ¸É¨ ¢Ò¸µ±¨Ì § £·Ê§µ±. Š·µ³¥ Éµ£µ, ¢ ´¥±µÉµ·ÒÌ
±·¥³´¨°µ·£ ´¨Î¥¸±¨Ì ¸Í¨´É¨²²ÖÉµ· Ì ´ ¡²Õ¤ ¥É¸Ö ³¨£· Í¨Ö ²Õ³¨´µËµ·µ¢
´  ¶µ¢¥·Ì´µ¸ÉÓ, £¤¥ µ´¨ ¢¶µ¸²¥¤¸É¢¨¨ ¢Ò±·¨¸É ²²¨§µ¢Ò¢ ÕÉ¸Ö Å ®¢Ò¶µÉ¥-
¢ ÕÉ¯. �¥Ê¤¨¢¨É¥²Ó´µ, ÎÉµ ¤µ ´ ¸ÉµÖÐ¥£µ ¢·¥³¥´¨ ±·¥³´¨°µ·£ ´¨Î¥¸±¨¥
¸Í¨´É¨²²ÖÉµ·Ò ´¥ ´ Ï²¨ Ï¨·µ±µ£µ ¶· ±É¨Î¥¸±µ£µ ¶·¨³¥´¥´¨Ö. —Éµ ± ¸ -
¥É¸Ö ¦¨¤±¨Ì ¸Í¨´É¨²²ÖÉµ·µ¢ ¢ ± ¶¨²²Ö· Ì, Éµ µ´¨ ¢Ò¤¥·¦¨¢ ÕÉ ¡µ²ÓÏ¨¥
· ¤¨ Í¨µ´´Ò¥ ´ £·Ê§±¨ Éµ²Ó±µ ¢ ¢ ±ÊÊ³¥ (·¨¸.4) ¨²¨ ´¥°É· ²Ó´µ° ¸·¥¤¥, ÎÉµ
¸ÊÐ¥¸É¢¥´´µ Ê¸²µ¦´Ö¥É ±µ´¸É·Ê±Í¨Õ ¤¥É¥±Éµ·µ¢. ’·¥ÉÓ¥ ´ ¶· ¢²¥´¨¥, ± ± ³Ò
Ê¢¨¤¨³ ´¨¦¥, µÉ±·Ò¢ ¥É ¡µ²¥¥ ÔËË¥±É¨¢´Ò° ¶ÊÉÓ Ê¢¥²¨Î¥´¨Ö ·¥¸Ê·¸  ¤¥É¥±-
Éµ·µ¢, ¶µ¸±µ²Ó±Ê ´¥ É·¥¡Ê¥É¸Ö ¡µ²ÓÏµ° · ¤¨ Í¨µ´´µ° ¸Éµ°±µ¸É¨ ³ É¥·¨ ²µ¢.

Œ¥Éµ¤¨± . �¥¸Ê·¸ ´¥¶·¥·Ò¢´µ£µ µ¡²ÊÎ¥´¨Ö, µ¶·¥¤¥²ÖÕÐ¨° ¤²¨É¥²Ó´µ¸ÉÓ
¸¥ ´¸ :

tr = k§(Dlim(ξ)/Ḋ), (3.10)

£¤¥ Dlim Å ¶·¥¤¥²Ó´µ ¤µ¶Ê¸É¨³ Ö ¤µ§  µ¡²ÊÎ¥´¨Ö ¶·¨ Ḋ ≥ 102 ƒ··Î−1; ξ Å
µ¶·¥¤¥²ÖÕÐ¨° ¶ · ³¥É· (¸¢¥Éµ¢ÒÌµ¤Ò L′, ¤²¨´  µ¸² ¡²¥´¨Ö ¸¢¥É  `; µ¶É¨Î¥-
¸± Ö ¶²µÉ´µ¸ÉÓ d; Î¨¸²µ ËµÉµÔ²¥±É·µ´µ¢ ¨ É.¶.); k§ Å ±µÔËË¨Í¨¥´É ´¥µ¶·¥-
¤¥²¥´´µ¸É¨ (§ ¶ ¸ ). ‚ É ¡².9 ¶·¨¢¥¤¥´Ò ±µÔËË¨Í¨¥´ÉÒ k§ ¤²Ö ´¥±µÉµ·ÒÌ
¸Í¨´É¨²²ÖÉµ·µ¢, ¢ÒÎ¨¸²¥´´Ò¥ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ·¨¸.7 ¨ 8.



1318 ‡�‰–…‚ ‹.�.

’ ¡²¨Í  9. ŠµÔËË¨Í¨¥´É k§ ¤²Ö Ëµ·³Ê²Ò ·¥¸Ê·¸  (3.1)

Ḋ, ƒ··Î−1 102 101 100 10−1 10−2 10−3 10−4

�‘1 1 0,20 0,04 0,01 0,004 0,002 0,001
�‘2 1 0,50 0,25 0,10 0,063 0,018 0,015
SCSN 81 1 0,40 0,15 0,09 0,050 0,040 0,035
‚‘ 404� 1 0,20 0,0 0,03 0,005 0,002 0,002

�¥¸Ê·¸ µ¡²ÊÎ¥´¨Ö ¸ ¶¥·¥·Ò¢ ³¨, µ¶·¥¤¥²ÖÕÐ¨° ¸·µ± ¸²Ê¦¡Ò:

tR = f(Dlim, Ḋ, T, τ, δ, ξ...), (3.11)

£¤¥ τ ¨ δ Å ¢·¥³Ö ¨ ¸É¥¶¥´Ó ¢µ¸¸É ´µ¢²¥´¨Ö ¸µµÉ¢¥É¸É¢¥´´µ; T Å É¥³¶¥· -
ÉÊ· . Œµ£ÊÉ ¢²¨ÖÉÓ ´  tR ¨ ¤·Ê£¨¥ Ë ±Éµ·Ò:  £·¥¸¸¨¢´µ¸ÉÓ ¸·¥¤Ò, ³ £´¨É´µ¥
¶µ²¥ ¨ É.¶.

�¥¸Ê·¸  ¤·µ´´µ£µ ± ²µ·¨³¥É·  CMS (HCAL). �  ÉµÎ´µ¸ÉÓ µ¶·¥¤¥²¥-
´¨Ö ·¥¸Ê·¸  ¢ · ¢´µ° ¸É¥¶¥´¨ ¢²¨Ö¥É ¤µ¸Éµ¢¥·´µ¸ÉÓ ¢¥²¨Î¨´ ¶·¥¤¥²Ó´µ ¤µ¶Ê-
¸É¨³µ° ¤µ§Ò ¨ · ¤¨ Í¨µ´´µ° ´ £·Ê§±¨. �  ·¨¸.11 ¶·¨¢¥¤¥´Ò · ¤¨ Í¨µ´´Ò¥
´ £·Ê§±¨ ¢ HCAL CMS, ¶µ²ÊÎ¥´´Ò¥ · §´Ò³¨  ¢Éµ· ³¨ (¸³. É ±¦¥ É ¡².5).
‚¨¤´µ, ÎÉµ µ ¤µ¸Éµ¢¥·´µ¸É¨ ¶µ±  £µ¢µ·¨ÉÓ ´¥ ¶·¨Ìµ¤¨É¸Ö. �·¨ ¢ÒÎ¨¸²¥´¨¨
·¥¸Ê·¸  ¸µ¢¥·Ï¥´´µ ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ ±µÔËË¨Í¨¥´ÉÒ § ¶ ¸ . �µ´ÖÉ´ 
É¥´¤¥´Í¨Ö ±µ²²a¡µ· Í¨¨ HCAL [30] ¶·¨´¨§¨ÉÓ · ¤¨ Í¨µ´´ÊÕ µ¶ ¸´µ¸ÉÓ, ´µ
¶·¨ ÔÉµ³ ´ ¤µ ¸µ£² ¸µ¢ ÉÓ ´ £·Ê§±¨ HCAL ¸ ´ £·Ê§± ³¨ ECAL [31] ¢ É¥Ì
Ô²¥³¥´É Ì, £¤¥ µ´¨, ¡¥§Ê¸²µ¢´µ, ¤µ²¦´Ò ¸µ¢¶ ¤ ÉÓ.

�  ·¨¸.12 ¶·¥¤¸É ¢²¥´Ò ¨¸Ìµ¤´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [30]. ‚
µÍ¥´± Ì ·¥¸Ê·¸  HCAL ¨¸¶µ²Ó§µ¢ ² ¸Ó ¢¥·Ì´ÖÖ £· ´¨Í  § ÏÉ·¨Ìµ¢ ´´µ° µ¡² -
¸É¨ (3), ÌµÉÖ · §Ê³´µ (¢ § ¶ ¸) ¡Ò²µ ¡Ò ¶·¨´ÖÉÓ ´¨¦´ÕÕ £· ´¨ÍÊ. Š·¨¢ Ö

�¨¸. 11. ‘· ¢´¥´¨¥ · ¤¨ Í¨µ´´ÒÌ ´ £·Ê§µ± ¢  ¤·µ´´µ³ ± ²µ·¨³¥É·¥ CMS: Í¨Ë·Ò
¢´ÊÉ·¨ Å ´ Ï  µÍ¥´±  (¸³. · §¤.1); Í¨Ë·Ò ¢´¥ ± ²µ·¨³¥É·  Å · ¸Î¥ÉÒ [30]; Í¨Ë·Ò
¢ ¸±µ¡± Ì Å · ¸Î¥ÉÒ [31]
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�¨¸. 12. ‡ ¢¨¸¨³µ¸ÉÓ ¸¢¥Éµ¢ÒÌµ¤  µÉ ¤µ§Ò µ¡²ÊÎ¥´¨Ö: 1 Å µ¡· §ÍÒ ¸É ´¤ ·É´µ£µ
¸Í¨´É¨²²ÖÉµ·  [78,63]; 2 Å µ¡· §ÍÒ BCF 91A [78]; 3 Å ³µ¤Ê²¨ ± ²µ·¨³¥É· 
SCSN 81 + BCF 91A ¶µ ¤ ´´Ò³ [30]

2 ´  ·¨¸.13 § ´¨¦¥´  ¢ 2,3 · § , ´µ ÔÉµ ¶µ¶· ¢¨³µ. �·¨´Í¨¶¨ ²Ó´µ Éµ, ÎÉµ
·¥§Ê²ÓÉ ÉÒ Ê¸±µ·¥´´ÒÌ É¥¸Éµ¢ (·¨¸.12) ´¥¶· ¢µ³¥·´µ ¶¥·¥´¥¸¥´Ò ´  Ê¸²µ¢¨Ö
Ô±¸¶²Ê É Í¨¨, £¤¥ Ḋ ∼ 2 ƒ··Î−1. ŠµÔËË¨Í¨¥´ÉÒ k§ (É ¡².9) ´¥ ¡Ò²¨ ÊÎÉ¥´Ò,
¶µÔÉµ³Ê · ¸¶·¥¤¥²¥´¨¥ µÉ´µ¸¨É¥²Ó´µ£µ ¸¢¥Éµ¢ÒÌµ¤  (±·¨¢ Ö 1 ´  ·¨¸.13) ´¥
¸µµÉ¢¥É¸É¢Ê¥É ¤¥°¸É¢¨É¥²Ó´µ¸É¨.

�¨¸. 13. �·µ¤µ²Ó´µ¥ (¶µ Z, ·¨¸.11) · ¸¶·¥¤¥²¥´¨¥ ¸¢¥Éµ¢ÒÌµ¤  (1) ¨ ¤µ§Ò (2) ¢´ÊÉ·¨
± ²µ·¨³¥É·  HE CMS ¶µ ¤ ´´Ò³ [30]
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�¨¸. 14. �·µ¤µ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ µÉ´µ¸¨É¥²Ó´µ£µ ¸¢¥Éµ¢ÒÌµ¤  ± ²µ·¨³¥É·  HE
CMS: ¸¶²µÏ´ Ö ±·¨¢ Ö Å ¤ ´´Ò¥ [30]; ¶Ê´±É¨·´Ò¥ ²¨´¨¨ Å ´ Ï  µÍ¥´±  ¶µ ·¨¸.12
¨ É ¡².9

“É¢¥·¦¤¥´¨¥ ¢ [30], ÎÉµ ¢ÒÌµ¤ ¸¢¥É  ¡µ²ÓÏ¥ É ³, £¤¥ ¡µ²ÓÏ¥ ®¶µ¢·¥¦¤¥-
´¨¥ ¸Í¨´É¨²²ÖÉµ· ¯ ξ Ö¢²Ö¥É¸Ö µÏ¨¡µÎ´Ò³. �  ¢¥²¨Î¨´Ê ξ ¸ÊÐ¥¸É¢¥´´µ¥
¢²¨Ö´¨¥ µ± §Ò¢ ¥É · ¤¨ Í¨µ´´µ¥ µ±¨¸²¥´¨¥ (Î¥·¥§ Ḋ),   É ±¦¥ ¢±² ¤ ¢ ¤µ§Ê
¤·Ê£¨Ì Î ¸É¨Í, ´ ¶·¨³¥· ´¥°É·µ´µ¢ ¨ Ë· £³¥´Éµ¢. ‚ [30] ¶µÎ¥³Ê-Éµ ´ £·Ê§±Ê
¸¢Ö§Ò¢ ÕÉ Éµ²Ó±µ ¸ ³¨´¨³ ²Ó´µ ¨µ´¨§¨·ÊÕÐ¨³¨ Î ¸É¨Í ³¨.

�  Ö¢´µ µÏ¨¡µÎ´ÒÌ ¨¸Ìµ¤´ÒÌ ¶·¥¤¶µ¸Ò²± Ì ¸É·µ¨É¸Ö ±µ´Í¥¶Í¨Ö, ÎÉµ
¸¨²Ó´µ¥ ¨§³¥´¥´¨¥ Ô´¥·£¥É¨Î¥¸±µ£µ · §·¥Ï¥´¨Ö ¢ ¶¥·¢ÒÌ ¸²µÖÌ ¶¥·¥¤´¥£µ
± ²µ·¨³¥É·  (�…) ³µ¦´µ ±µ··¥±É¨·µ¢ ÉÓ, ¸µ§¤ ¢ Ö ¶¸¥¢¤µÖÎ¥°±¨ ¶µ η, Z ¸
 ¢Éµ´µ³´µ° Ô²¥±É·µ´¨±µ°. ‚ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ (·¨¸.14) · ¸¶·¥¤¥²¥´¨¥ ¶µ Z
¨ η µÉ´µ¸¨É¥²Ó´µ£µ ¸¢¥Éµ¢ÒÌµ¤  ¡µ²¥¥ ¨²¨ ³¥´¥¥ · ¢´µ³¥·´µ¥ (¨§-§  k§), ¶µ-
ÔÉµ³Ê ±µ··¥±É¨·µ¢±  ³µ¦¥É ´¥ ¶µÉ·¥¡µ¢ ÉÓ¸Ö, µ¤´ ±µ ¶µÉ¥·¨ ¸¢¥É  ´¥ ³µ£ÊÉ
¡ÒÉÓ ¡µ²ÓÏ¥ 10Å20%.

„ ¦¥ ¶·¨ § ¢ÒÏ¥´´µ° ¢ ¤¢  · §  Dlim ¨ § ´¨¦¥´´µ° ¢ 2,3 · §  D ·¥¸Ê·¸
¸µ¸É ¢²Ö¥É ¢¸¥£µ 2, 5 ÷ 3 ³¥¸. (·¨¸.14). �¥·¥·Ò¢Ò ¢ · ¡µÉ¥ ¤¥É¥±Éµ·  ¶·¨
τ ≤ 500 Î ´¥ ¸¶ ¸ ÕÉ ¸¨¸É¥³Ê SCSN 81 + BCF 91A, ¶µ¸±µ²Ó±Ê ·¥¸Ê·¸ ¶·¨
ξ = 0, 8 ¸µ¸É ¢²Ö¥É Éµ²Ó±µ 16 ³¥¸. (·¨¸.15). ‚ ¶·µ¥±É¥ HCAL, ¶µ-¢¨¤¨³µ³Ê,
¸²¥¤Ê¥É µÉ± § ÉÓ¸Ö µÉ ¶·¨³¥´¥´¨Ö ¨§¤¥²¨° Ë¨·³Ò ®Kuraray¯. �´¨ ³µ£ÊÉ
¨¸¶µ²Ó§µ¢ ÉÓ¸Ö ¢ ¤¥É¥±Éµ· Ì ¸ ´¥¢Ò¸µ±¨³¨ ´ £·Ê§± ³¨, É.¥. §  ¶·¥¤¥² ³¨ · -
¤¨ Í¨µ´´µ µ¶ ¸´µ° §µ´Ò, ¶µ± § ´´µ° ¢ É ¡².3.

•µ·µÏµ ¢µ¸¸É ´ ¢²¨¢ ÕÉ¸Ö ²¨ÉÒ¥ ¨ Ô±¸É·Ê¤¨·µ¢ ´´Ò¥ ¸Í¨´É¨²²ÖÉµ·Ò
�‘1 (�‘2) [98]. �  ·¨¸.15 ¶µ± § ´µ Í¨±²¨Î¥¸±µ¥ ¨§³¥´¥´¨¥ ¸¨¸É¥³Ò �‘1
(�‘2)+BCF 91A. �·¨ ¸Ê³³ ·´µ° ¤µ§¥ 150 ±ƒ· ¶µ¸²¥ 40 · ¡µÎ¨Ì ³¥¸ÖÍ¥¢
(Ô±¢¨¢ ²¥´É´ÒÌ ± ²¥´¤ ·´Ò³ 10 £µ¤ ³) ¶µÉ¥·¨ ¸¢¥Éµ¢ÒÌµ¤  ´¥ ¶·¥¢ÒÏ ÕÉ
10%, ¶·¨Î¥³ ´ £·Ê§±¨ ¢ ´ Î ²Ó´µ° ÉµÎ±¥ ´¥ 2,   5 ±ƒ··Î−1. � ¸Î¥ÉÒ ¸¤¥² ´Ò
´  µ¸´µ¢ ´¨¨ ¨§³¥·¥´¨° (·¨¸.10) ¤²Ö ¸Í¨´É¨²²ÖÉµ·µ¢ �‘1 (�‘2). ‘É ·¥´¨¥
BCF 91A ´¥ ¨§ÊÎ¥´µ. ŒÒ ¨¸Ìµ¤¨²¨ ¨§ ¸²¥¤ÊÕÐ¨Ì ¶·¥¤¶µ²µ¦¥´¨°:  ) · ¤¨-
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�¨¸. 15. “³¥´ÓÏ¥´¨¥ µÉ´µ¸¨É¥²Ó´µ£µ ¸¢¥Éµ¢ÒÌµ¤  ¢ ± ²µ·¨³¥É·¥ HE CMS (ÉµÎ± 
L′ = 0, ·¨¸.13) ¶·¨ Í¨±²¨Î¥¸±µ³ µ¡²ÊÎ¥´¨¨ ¸ ¢µ¸¸É ´µ¢²¥´¨¥³: 1 Å BCF 91A
(⊕ Å µÍ¥´±  ¶µ É¥³¶¥· ÉÊ·´Ò³ ¨§³¥·¥´¨Ö³, ·¨¸.7); 2 Å �‘2 (• Å Ô±¸¶¥·¨³¥´É ²Ó-
´Ò¥ ÉµÎ±¨, ¸³. ·¨¸.10); 3 Å SCSN 81 + BCF 91A (N Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ÉµÎ±¨,
¸³. ·¨¸.10, 4 Å µÍ¥´±  ¶µ É¥³¶¥· ÉÊ·´Ò³ ¨§³¥·¥´¨Ö³); 4 Å SCSN 81 + BCF 91A
¡¥§ ¢µ¸¸É ´µ¢²¥´¨Ö (¸³. ·¨¸.12)

 Í¨µ´´ Ö ¸Éµ°±µ¸ÉÓ ¢µ²µ±´  ¢ÒÏ¥, Î¥³ �‘ (·¨¸.12), ¶µÔÉµ³Ê ¶µ¸²¥ ¶¥·¢ÒÌ
3Ä4 Í¨±²µ¢ ¨§³¥´¥´¨Ö ¸¢¥Éµ¢ÒÌµ¤  §  ¸Î¥É ¶·µ§· Î´µ¸É¨ ¢µ²µ±´  ´¥ ¡Ê¤¥É;
¡) ¢ ¶µ¸²¥¤ÊÕÐ¨Ì Í¨±² Ì ¤¥£· ¤ Í¨Ö ³µ¦¥É ¢µ§´¨±´ÊÉÓ Éµ²Ó±µ ¨§-§  · ¤¨ -
Í¨µ´´µ£µ µ±¨¸²¥´¨Ö.

ˆ§ É¥³¶¥· ÉÊ·´ÒÌ ¨§³¥·¥´¨° BCF 91A (·¨¸.7) ¨ ®¶·¨´Í¨¶  ¸Ê¶¥·-
¶µ§¨Í¨¨¯: Dµ¡²(Tµ¡²) = D(298) ¶·¨ D = Dt =const ³µ¦´µ µÍ¥´¨ÉÓ ¢·¥³Ö
Ô±¸¶²Ê É Í¨¨ t, ¶·¨ ±µÉµ·µ³ ¶·µ¨¸Ìµ¤¨É ÉµÉ ¦¥ ÔËË¥±É (ξ = 0, 95), ±µÉµ·Ò°
´ ¡²Õ¤ ¥É¸Ö §  §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥¥ ¢·¥³Ö ¶·¨ ¶µ¢ÒÏ¥´´µ° É¥³¶¥· ÉÊ·¥.
’ ± ¡Ò²¨ ¶µ²ÊÎ¥´Ò É·¨ ±µ´É·µ²Ó´Ò¥ ÉµÎ±¨ ¤²Ö BCF 91A (·¨¸.15) ¨ ¤¢¥ ÉµÎ±¨
¤²Ö ¸¨¸É¥³Ò SCSN81 + BCF 91A. Šµ´¥Î´µ, ÔÉµ £·Ê¡ Ö µÍ¥´± , ¶µÔÉµ³Ê · -
¤¨ Í¨µ´´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ¸¶¥±É·µ¸³¥Ð ÕÐ¨Ì ¢µ²µ±µ´ ¢ ± ²µ·¨³¥É·¨Î¥¸±¨Ì
³µ¤Ê²ÖÌ ¸µ¢¥·Ï¥´´µ ´¥µ¡Ìµ¤¨³Ò.

’ ±¨³ µ¡· §µ³, ¢  ¤·µ´´µ³ ± ²µ·¨³¥É·¥ CMS ´Ê¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ²¨Éµ°
¨²¨ Ô±¸É·Ê¤¨·µ¢ ´´Ò° ¸Í¨´É¨²²ÖÉµ· ¨§ ¤¥Ï¥¢µ£µ É¥Ì´¨Î¥¸±µ£µ ¶µ²¨¸É¨·µ² 
[92] ¶·¨ Ê¸²µ¢¨¨, ÎÉµ LHC ¡Ê¤¥É µ¸É ´ ¢²¨¢ ÉÓ¸Ö (É.¥. ¢Ò±²ÕÎ ÉÓ¸Ö ¶ÊÎµ±)
± ¦¤Ò¥ 2 ³¥¸. ´¥ ³¥´¥¥ Î¥³ ´  24 Î ¸ .

�¥¸Ê·¸ Ô²¥±É·µ³ £´¨É´µ£µ ± ²µ·¨³¥É·  CMS (ECAL). �·¨´ÖÉµ ·¥Ï¥-
´¨¥ ¢ Ô²¥±É·µ³ £´¨É´µ³ ± ²µ·¨³¥É·¥ ECAL CMS ¨¸¶µ²Ó§µ¢ ÉÓ ¸Í¨´É¨²²Ö-
Í¨µ´´Ò¥ ±·¨¸É ²²Ò PbWO4 [31]. � ¤¨ Í¨µ´´ Ö Ë¨§¨±  ¨ Ì¨³¨Ö É ±¨Ì ¸¨¸É¥³
§´ Î¨É¥²Ó´µ µÉ²¨Î ÕÉ¸Ö µÉ Ë¨§¨±µ-Ì¨³¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢, ¶·µÉ¥± ÕÐ¨Ì ¢
µ·£ ´¨Î¥¸±¨Ì ¸Í¨´É¨²²ÖÉµ· Ì, ¶µÔÉµ³Ê µ´¨ ´¥ ³µ£ÊÉ ¡ÒÉÓ · ¸¸³µÉ·¥´Ò ¢
¶·¥¤¥² Ì µ¡Ñ¥³  ¤ ´´µ£µ µ¡§µ· .
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�¨¸. 16. ˆ§³¥´¥´¨¥ ¸¢¥Éµ¢ÒÌµ¤  µ¡· §Íµ¢ PbWO4 ¸· §Ê ¶µ¸²¥ µ¡²ÊÎ¥´¨Ö: � Å Ô±¸-
¶¥·¨³¥´É ²Ó´Ò¥ ÉµÎ±¨ ¤²Ö ²ÊÎÏ¥£µ µ¡· §Í  º153, µÉµ¦¦¥´´µ£µ ¢ ±¨¸²µ·µ¤¥ [34]
(§ ÏÉ·¨Ìµ¢ ´´ Ö µ¡² ¸ÉÓ Å · §¡·µ¸ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¤²Ö  ´ ²µ£¨Î´ÒÌ
µ¡· §Íµ¢)

�¥·¨µ¤¨Î¥¸±µ¥ ¢Ò±²ÕÎ¥´¨¥ ¶ÊÎ± , ´¥µ¡Ìµ¤¨³µ¥ ¤²Ö HCAL, ¥¸É¥¸É¢¥´´µ,
¡Ê¤¥É µ± §Ò¢ ÉÓ ¢²¨Ö´¨¥ ´  ¢¸¥ ¤¥É¥±Éµ·Ò CMS. �µÔÉµ³Ê ¨¸¸²¥¤µ¢ ´¨¥ ¸¶µ´-
É ´´µ£µ ¢µ¸¸É ´µ¢²¥´¨Ö Å PbWO4 ¢µ²ÓË· ³ É  ¸¢¨´Í  Å Ö¢²Ö¥É¸Ö µ¤´¨³
¨§ ¢ ¦´¥°Ï¨Ì. ‘¨¸É¥³ É¨§ Í¨Ö ¢¸¥Ì ¶µ¸²¥¤´¨Ì ·¥§Ê²ÓÉ Éµ¢ · ¤¨ Í¨µ´´ÒÌ
¨¸¸²¥¤µ¢ ´¨° PbWO4 ¸¤¥² ´  ¢ · ¡µÉ¥ [107]. �· ±É¨Î¥¸±¨° ¢Ò¢µ¤ ¶·¨¢¥¤¥´
¢ [45], ±µÉµ·Ò° ³Ò §¤¥¸Ó ¢µ¸¶·µ¨§¢µ¤¨³ ´  ·¨¸.16 ¸ ´ Ï¨³ ±µ³³¥´É ·¨¥³
(§ ÏÉ·¨Ìµ¢ ´´ Ö µ¡² ¸ÉÓ).

„ ¦¥ ¡¥£²Ò° µ¡§µ· · ¡µÉ, Í¨É¨·Ê¥³ÒÌ ¢ [107], ¶µ± §Ò¢ ¥É, ÎÉµ · §´Ò¥
µ¡· §ÍÒ PbWO4 ¨³¥ÕÉ ¡µ²ÓÏµ° · §¡·µ¸ µÉ´µ¸¨É¥²Ó´µ£µ ¸¢¥Éµ¢ÒÌµ¤  ¶µ-
¸²¥ µ¡²ÊÎ¥´¨Ö, ±µÉµ·Ò° ´¥ ¢¸¥£¤  Ê±² ¤Ò¢ ¥É¸Ö ¢ ¤µ¶Ê¸É¨³Ò¥ ¶·¥¤¥²Ò 10%
¸¢¥Éµ¶µÉ¥·Ó. ˆ§  ´ ²¨§  ·¨¸.16, £¤¥ ¶·¥¤¸É ¢²¥´Ò ¤ ´´Ò¥ ¤²Ö Ê´¨± ²Ó´µ£µ
µ¡· §Í  º153 (¸ µÉ¦¨£µ³ ¢ ±¨¸²µ·µ¤¥), ³µ¦´µ ¶µ¤Ê³ ÉÓ, ÎÉµ ¤µ§  µ¡²ÊÎ¥´¨Ö
´¥µ£· ´¨Î¥´ .

�¤´ ±µ ¤·Ê£¨¥ · ¡µÉÒ, ´ ¶·¨³¥· [71], ¶µ± §Ò¢ ÕÉ, ÎÉµ ¢ · °µ´¥ 4÷8 ±ƒ·
¨³¥¥É¸Ö ®¸± Îµ± ¢´¨§¯, ±µÉµ·Ò° ¶¥·¥¸¥± ¥É ¤µ¶Ê¸É¨³Ò° ¶·¥¤¥² ξ = 0, 9. �Éµ
´ ¡²Õ¤ ¥É¸Ö ¢ µ¡· §Í Ì ¸ ¸µ¢¥·Ï¥´´µ° ¸É¥Ì¨µ³¥É·¨¥°, ¶·¨Î¥³ ¨§ ¢¸¥° ¸¥·¨¨
µ¡· §Íµ¢ (  ¨Ì ´¥µ¡Ìµ¤¨³µ ¤²Ö ECAL 110 000 ÏÉÊ±) ´¨¦´ÖÖ £· ´¨Í  ³µ¦¥É
·¥ ²¨§µ¢ ÉÓ¸Ö ¸ ¢¥·µÖÉ´µ¸ÉÓÕ ∼ 90%,   ¢¥·Ì´ÖÖ £· ´¨Í  Å ¸ ¢¥·µÖÉ´µ¸ÉÓÕ
Éµ²Ó±µ ∼ 10%. � §Ê³´µ ¶·¨´ÖÉÓ ¢¥²¨Î¨´Ê ∼ 5 ±ƒ· §  ¶·¥¤¥²Ó´µ ¤µ¶Ê¸É¨³ÊÕ
¤µ§Ê. ’µ£¤  ·¥¸Ê·¸ ¸¨¸É¥³Ò PbWO4 ³µ¦¥É ¡ÒÉÓ µ¶·¥¤¥²¥´ ¶µ ¢Ò· ¦¥´¨Õ
(3.1) ¸ ¶µ¸ÉµÖ´´Ò³ ±µÔËË¨Í¨¥´Éµ³ § ¶ ¸  k§ ∼ 2. �µ-¢¨¤¨³µ³Ê, Dlim ´¥
§ ¢¨¸¨É µÉ Ḋ ¢ ¸²ÊÎ ¥ ´¥µ·£ ´¨Î¥¸±¨Ì ±·¨¸É ²²µ¢.
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�¥¸Ê·¸ ´¥¶·¥·Ò¢´µ£µ µ¡²ÊÎ¥´¨Ö ¶¥·¥¤´¥° Î ¸É¨ Ô²¥±É·µ³ £´¨É´µ£µ ± -
²µ·¨³¥É·  (……) ´¥¤µ¸É ÉµÎ¥´ ¶·¨ ³ ±¸¨³ ²Ó´ÒÌ ´ £·Ê§± Ì (15 ÷ 28) ƒ··Î−1

(·¨¸.1). ˆ§¢¥¸É´µ, ÎÉµ PbWO4 ¡Ò¸É·µ ¨ ¶µ²´µ ¢µ¸¸É ´ ¢²¨¢ ¥É ¶·µ§· Î´µ¸ÉÓ
¶·¨ ³ ²ÒÌ ¤µ§ Ì (2÷3 ƒ·). �·¨ ¤µ§ Ì 4÷8 ±ƒ· ¤ ´´ÒÌ ¶µ ¸¶µ´É ´´µ³Ê ¢µ¸-
¸É ´µ¢²¥´¨Õ PbWO4 ´¥¤µ¸É ÉµÎ´µ. Œ´µ£µÍ¨±²¨Î¥¸±¨¥ µ¡²ÊÎ¥´¨Ö ±·¨¸É ²²µ¢
¶·¨ · ¡µÎ¨Ì, ¢ Éµ³ Î¨¸²¥ ¨ ³ ²ÒÌ, ´ £·Ê§± Ì ¢ …‚ ∼ 10−1 ƒ··Î−1 ¢ ¦´Ò É ±
¦¥, ± ± ¨ µ¡²ÊÎ¥´¨Ö µ·£ ´¨Î¥¸±¨Ì ¸Í¨´É¨²²ÖÉµ·µ¢. �¥·¥´µ¸ ¤ ´´ÒÌ ¶·¨ Ḋ =
= 157 ƒ··Î−1 ´  ·¥ ²Ó´ÊÕ ´ £·Ê§±Ê 15÷ 0, 1 ƒ··Î−1 ¢ ¸²ÊÎ ¥ PbWO4 Éµ¦¥ ´¥
¸µ¢¸¥³ ±µ··¥±É¥´.

‚ [108] µ¡¸Ê¦¤ ÕÉ¸Ö ¢µ§³µ¦´µ¸É¨ ¸µ§¤ ´¨Ö ´  µ¸´µ¢¥ ÉÖ¦¥²ÒÌ (¸ ¤µ¡ ¢-
±µ° É¥É· Ë¥´¨²¸¢¨´Í ) ¶µ²¨¸É¨·µ²Ó´ÒÌ ¸Í¨´É¨²²ÖÉµ·µ¢ £¥É¥·µ£¥´´ÒÌ Ô²¥±-
É·µ³ £´¨É´ÒÌ ± ²µ·¨³¥É·µ¢ ¸ Ô´¥·£¥É¨Î¥¸±¨³ · §·¥Ï¥´¨¥³ ´¥ ÌÊ¦¥, Î¥³ ¢
PbWO4 (σ/E ∼ 15%/

√
E). •µÉÖ · ¤¨ Í¨µ´´ Ö ¸Éµ°±µ¸ÉÓ 20 ±ƒ· ¶µ²ÊÎ¥´ 

¶·¨ µÎ¥´Ó ¡µ²ÓÏµ° ´ £·Ê§±¥ 187,2 ƒ··Î−1 ¨ ¶µ¸²¥ ¢¸¥Ì ¶·µÍ¥¸¸µ¢ ¢µ¸¸É ´µ-
¢²¥´¨Ö, É¥³ ´¥ ³¥´¥¥ ¶µ¸²¥ ¤µ§Ò ³¥´¥¥ 3 ±ƒ· ¢ Éµ´±¨Ì (Éµ²Ð¨´µ° 1,1 ³³)
¸Í¨´É¨²²ÖÉµ·µ¢ ¶·µ¨¸Ìµ¤¨É ¶µ²´µ¥ ¸¶µ´É ´´µ¥ ¢µ¸¸É ´µ¢²¥´¨¥ ¢¸¥Ì µ¶É¨Î¥-
¸±¨Ì Ì · ±É¥·¨¸É¨±. ‚¢¥¤¥´¨¥ ¢Ò¸µ±¨Ì ±µ´Í¥´É· Í¨° ³¥É ²²µµ·£ ´¨Î¥¸±¨Ì
¤µ¡ ¢µ± (> 30%) ¢ �‘-¸Í¨´É¨²²ÖÉµ·Ò ´ Ìµ¤¨É¸Ö ´  ¶·¥¤¥²¥ ¢µ§³µ¦´µ¸É¥°
É¥Ì´µ²µ£¨¨ ²¨ÉÓÖ ¶µ¤ ¤ ¢²¥´¨¥³.

„ ²Ó´¥°Ï¥¥ ¶·µ¤¢¨¦¥´¨¥ ¢ ´ ¶· ¢²¥´¨¨ Ê²ÊÎÏ¥´¨Ö Ô´¥·£¥É¨Î¥¸±µ£µ · §-
·¥Ï¥´¨Ö ECAL ³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´µ ¸ ¶·¨³¥´¥´¨¥³ ¢ ´¨Ì ÉÖ¦¥²ÒÌ ¸Í¨´É¨²-
²ÖÉµ·µ¢, ¨§£µÉµ¢²¥´´ÒÌ ¤·Ê£¨³¨ ³¥Éµ¤ ³¨, µÉ³¥Î¥´´Ò³¨ ¢ [108]. �¤´ ±µ,
± ± ¶·¨§´ ÕÉ  ¢Éµ·Ò ÔÉµ° · ¡µÉÒ, ¶·¨¤¥É¸Ö ·¥ ²¨§µ¢Ò¢ ÉÓ ¶·¥¤²µ¦¥´´Ò° ¢
[6,113] ¶¥·¨µ¤¨Î¥¸±¨° ·¥¦¨³ µ¡²ÊÎ¥´¨Ö ¨ ¢µ¸¸É ´µ¢²¥´¨Ö, ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ
§ ¤ ´´Ò° · ¤¨ Í¨µ´´Ò° ·¥¸Ê·¸.

�¥¸Ê·¸ ¶¥·¥¤´¥£µ ± ²µ·¨³¥É·  CMS (HFCAL). ‘ ³Ò¥ ¡µ²ÓÏ¨¥ · ¤¨ -
Í¨µ´´Ò¥ ´ £·Ê§±¨ ¢ CMS ¶·¨Ìµ¤ÖÉ¸Ö ´  ¶¥·¥¤´¨° ± ²µ·¨³¥É· É¨¶  ®¸¶ £¥É-
É¨¯ Å HF (·¨¸.1). Šµ²² ¡µ· Í¨Ö ¡Ò²  ¢Ò´Ê¦¤¥´  ¨¸¶µ²Ó§µ¢ ÉÓ ±¢ ·Í¥¢Ò¥
¸¢¥Éµ¢µ¤Ò, ±µÉµ·Ò¥ ¨³¥ÕÉ · ¤¨ Í¨µ´´ÊÕ ¸Éµ°±µ¸ÉÓ Dlim ∼ 1 ƒƒ· [112].
�µ ¶·¨ ÔÉµ³ ± ²µ·¨³¥É· ¨³¥¥É ¢¥¸Ó³  ´¨§±µ¥ Ô´¥·£¥É¨Î¥¸±µ¥ · §·¥Ï¥´¨¥
(σ/E ∼ 150%/

√
E), É.±. ·¥£¨¸É·¨·Ê¥É¸Ö Î¥·¥´±µ¢¸±µ¥ ¨§²ÊÎ¥´¨¥. …¸²¨ ¡Ê¤¥É

¶µ± § ´µ, ÎÉµ ¸Í¨´É¨²²ÖÍ¨µ´´Ò¥ Ë¨¡·Ò ¨³¥ÕÉ Ìµ·µÏ¥¥ ¸¶µ´É ´´µ¥ ¢µ¸¸É -
´µ¢²¥´¨¥, Éµ ¨Ì ¨¸¶µ²Ó§µ¢ ´¨¥ ¢³¥¸Éµ ±¢ ·Í¥¢ÒÌ ¶µ§¢µ²¨²µ ¡Ò Ê¢¥²¨Î¨ÉÓ
· §·¥Ï¥´¨¥ ¢ 3 · §  ¨ ¸ÊÐ¥¸É¢¥´´µ ¸´¨§¨ÉÓ ¸Éµ¨³µ¸ÉÓ ± ²µ·¨³¥É· . ‡ ³¥-
É¨³, ÎÉµ ¶¥·¥·Ò¢Ò ¢ µ¡²ÊÎ¥´¨¨ ± ²µ·¨³¥É·  HF ³µ¦´µ ¸µ§¤ ¢ ÉÓ ´¥ Éµ²Ó±µ
µ¸É ´µ¢±µ° LHC, ´µ ¨ ¶ÊÉ¥³ ¤¨¸É ´Í¨µ´´µ° · §¤¢¨¦±¨ ¤¢ÊÌ ¶µ²ÊÍ¨²¨´¤·µ¢
± ²µ·¨³¥É· .

‡�Š‹�—…�ˆ…

�Î¥¢¨¤´µ ¸É·¥³²¥´¨¥ Ë¨§¨±µ¢ Ê¢¥²¨Î¨¢ ÉÓ Ô´¥·£¨Õ ¨ ¸¢¥É¨³µ¸ÉÓ ¶ÊÎ-
±µ¢ (µ¸µ¡¥´´µ ¶·¨ AA-¢§ ¨³µ¤¥°¸É¢¨ÖÌ) ± ± ´  ¸µ§¤ ¢ ¥³ÒÌ ±µ²² °¤¥· Ì,
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É ± ¨ ¢ ¤·Ê£¨Ì ¶·µ¥±É Ì ¡µ²¥¥ µÉ¤ ²¥´´µ£µ ¡Ê¤ÊÐ¥£µ [109]. ‡´ Î¨É, ¤¥É¥±-
Éµ·Ò ¡Ê¤ÊÉ · ¡µÉ ÉÓ ¢ ¥Ð¥ ¡µ²¥¥ ¦¥¸É±¨Ì · ¤¨ Í¨µ´´ÒÌ Ê¸²µ¢¨ÖÌ. “¢¥²¨-
Î É¸Ö É·¥¡µ¢ ´¨Ö ± · ¸Î¥É ³ ¤µ§µ¢ÒÌ ´ £·Ê§µ±. Œ¥Éµ¤µ²µ£¨Ö Ô±¸¶¥·¨³¥´Éµ¢
¶µ · ¤¨ Í¨µ´´µ° Ë¨§¨±¥ ¡Ê¤¥É ¶·¨¡²¨¦¥´  ± Ê¸²µ¢¨Ö³ Ô±¸¶²Ê É Í¨¨. �Ê-
¤¥É ¸µ§¤ ´ ¢¸¥¸Éµ·µ´´¨° ¤µ§¨³¥É·¨Î¥¸±¨° ±µ´É·µ²Ó. ‘É É¨¸É¨Î¥¸±¨°  ´ ²¨§
´ ¤¥¦´µ¸É¨ µ¡Ñ¥±Éµ¢ ¶µ µ£· ´¨Î¥´´µ° ¨´Ëµ·³ Í¨¨ [110] ¶µ§¢µ²¨É µ¡µ¸´µ-
¢ ´´µ ¶·µ£´µ§¨·µ¢ ÉÓ ·¥¸Ê·¸Ò ¤¥É¥±Éµ·µ¢. �µ¤µ¡´Ò°  ´ ²¨§ ¸²¥¤µ¢ ²µ ¡Ò
¶·µ¢¥¸É¨ ¤²Ö ¢¸¥Ì Ê¸É ´µ¢µ± LHC, ± ± ³Ò ¶·¥¤² £ ²¨ ¥Ð¥ ¢ [64]. ’¥¶¥·Ó ´¥É
£ · ´É¨¨, ÎÉµ § ¤ ´´Ò¥ ·¥¸Ê·¸Ò ¡Ê¤ÊÉ ¢Ò¤¥·¦ ´Ò ¶·¨ ¶·µ¥±É´µ° ¸¢¥É¨³µ¸É¨
LHC.

� ¸ÉµÖÐ¨° µ¡§µ· · ¤¨ Í¨µ´´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¸Í¨´É¨²²ÖÉµ·µ¢ Ê¡¥¤¨-
É¥²Ó´µ ¶µ± § ², ÎÉµ Ê¢¥²¨Î¥´¨¥ ·¥¸Ê·¸  ¸Í¨´É¨²²ÖÉµ·µ¢ ¢µ§³µ¦´µ Éµ²Ó±µ
¶ÊÉ¥³ ¢§ ¨³µÊ¢Ö§±¨ ¸¥ ´¸µ¢ µ¡²ÊÎ¥´¨Ö ¨ ¶² ´¨·Ê¥³ÒÌ ¶¥·¥·Ò¢µ¢. �·¨ ÔÉµ³
¤µ²¦´Ò ¨¸¶µ²Ó§µ¢ ÉÓ¸Ö É ±¨¥ ³ É¥·¨ ²Ò, ±µÉµ·Ò¥ ¡Ò¸É·µ ¨ ¶µ²´µ ¢µ¸¸É ´ ¢-
²¨¢ ÕÉ ¸¢µ¨ ¶¥·¢µ´ Î ²Ó´Ò¥ ¸¢µ°¸É¢  §  ¢·¥³Ö ¶¥·¥·Ò¢ . �  ¸·µ± ¸²Ê¦¡Ò
¢²¨Ö¥É ·¥¦¨³ · ¡µÉÒ ±µ²² °¤¥· : ¤²¨É¥²Ó´µ¸ÉÓ Ë¨§¨Î¥¸±¨Ì ¸¥ ´¸µ¢ ¨ Î -
¸ÉµÉ  ¶¥·¥·Ò¢µ¢; ËÊ´±Í¨µ´ ²Ó´ Ö § ¢¨¸¨³µ¸ÉÓ ¸¢¥É¨³µ¸É¨ µÉ ¢·¥³¥´¨; ¢·¥³Ö
§ ± Î±¨ ¨ Í¨·±Ê²ÖÍ¨¨ ¶ÊÎ±µ¢. Šµ´¸É·Ê±É¨¢´Ò¥ µ¸µ¡¥´´µ¸É¨ ±µ²² °¤¥·  ³µ-
£ÊÉ É ±¦¥ ¢²¨ÖÉÓ ´  ¢¥²¨Î¨´Ò · ¤¨ Í¨µ´´ÒÌ ´ £·Ê§µ±: · ¸¶µ²µ¦¥´¨¥ ¸±·¥-
¶¥·µ¢ ¨ ±µ²²¨³ Éµ·µ¢ ¢¡²¨§¨ ¤¥É¥±Éµ· ; · §³¥·Ò ¨ ±µ´Ë¨£Ê· Í¨Ö ¢ ±ÊÊ³´µ°
± ³¥·Ò ´  ÊÎ ¸É± Ì ¢´ÊÉ·¨ Ê¸É ´µ¢±¨ ¨ ¤·. �É¨ ¢µ¶·µ¸Ò µ¶·¥¤¥²ÖÕÉ ¸É· É¥-
£¨Õ ¡Ê¤ÊÐ¥° · ¡µÉÒ ±µ²² °¤¥·µ¢ ¨ ¤¥É¥±Éµ·´ÒÌ Ê¸É ´µ¢µ± [111].
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