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�±¨³μ¢ �.Š. ¨ ¤·. P13-2006-94
ˆ§³¥·¥´¨¥ ¢·¥³¥´¨ ¦¨§´¨ ¶ · ¶μ§¨É·μ´¨Ö ¢ ¢ ±ÊÊ³¥.
�±¸¶¥·¨³¥´É PALM (Parapositronium Lifetime Measurement)

	·¥¤² £ ¥É¸Ö Ô±¸¶¥·¨³¥´É ¶μ μ¶·¥¤¥²¥´¨Õ ¢·¥³¥´¨ ¦¨§´¨ ¶ · ¶μ§¨É·μ´¨Ö
¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶μÉμ±  μ·Éμ¶μ§¨É·μ´¨Ö ¢ ¢ ±ÊÊ³¥. 	μ§¨É·μ´¨° ¡Ê¤¥É £¥´¥-
·¨·μ¢ ÉÓ¸Ö ´  Ê¸É ´μ¢±¥ LEPTA (Low Energy Particle Toroidal Accumulator Å
´ ±μ¶¨É¥²Ó Î ¸É¨Í ´¨§±¨Ì Ô´¥·£¨°) ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³¥Éμ¤  Ô²¥±É·μ´´μ£μ μÌ² -
¦¤¥´¨Ö ¶μ§¨É·μ´μ¢, ÎÉμ ¶μ§¢μ²¨É ¶μ²ÊÎ¨ÉÓ ¥£μ ¢ ¢¨¤¥ ¨´É¥´¸¨¢´μ£μ ¨ μ¸É·μ´ -
¶· ¢²¥´´μ£μ ¶μÉμ± . ‚ μ¸´μ¢Ê Ô±¸¶¥·¨³¥´É  ¶μ²μ¦¥´μ ¨¸¸²¥¤μ¢ ´¨¥ ¶·μÌμ¦¤¥-
´¨Ö ¶μ§¨É·μ´¨Ö Î¥·¥§ μ¡² ¸ÉÓ ¸ ³ £´¨É´Ò³ ¶μ²¥³. 	·¥¤¸É ¢²¥´μ É¥μ·¥É¨Î¥¸±μ¥
μ¶¨¸ ´¨¥ ¶μ¢¥¤¥´¨Ö ¶μ§¨É·μ´¨Ö ¢ ³ £´¨É´μ³ ¶μ²¥ Å ¨´É¥·Ë¥·¥´Í¨¨ μ·Éμ- ¨
¶ · ¸μ¸ÉμÖ´¨°. 
 ¸¸Î¨É ´Ò É·¥¡μ¢ ´¨Ö ± ¸É ¡¨²Ó´μ¸É¨ ¨ ÉμÎ´μ¸É¨ ¶ · ³¥É·μ¢
Ô±¸¶¥·¨³¥´É ²Ó´μ° Ê¸É ´μ¢±¨, ±μÉμ·Ò¥ ¶μ§¢μ²ÖÉ Ê²ÊÎÏ¨ÉÓ ¢ ¤¢  · §  ¤μ¸É¨£´Ê-
ÉÊÕ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ÉμÎ´μ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ §´ Î¥´¨Ö ¢·¥³¥´¨ ¦¨§´¨
¶ · ¶μ§¨É·μ´¨Ö.


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

	·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2006

Akimov Yu.K. et al. P13-2006-94
Parapositronium Lifetime Measurement in Vacuum. The PALM Experiment

An experiment on parapositronium lifetime measurement using orthopositron-
ium �ux in vacuum is proposed. Positronium will be generated on LEPTA (Low
Energy Particle Toroidal Accumulator) setup with application of electron cooling of
positrons, which allows one to get an intense and directed positronium �ux. The
experiment is based on investigation of positronium in a magnetic ˇeld. Theoret-
ical review of positronium behaviour in a magnetic ˇeld Å ortho- and para-states
interference Å is presented. Requirements on experimental setup parameters stabil-
ity and accuracy are calculated which allow one to increase two times the present
parapositronium lifetime experimental value.

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

Preprint of the Joint Institute for Nuclear Research. Dubna, 2006
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–¥²ÓÕ ¤ ´´μ£μ Ô±¸¶¥·¨³¥´É  Ö¢²Ö¥É¸Ö ¨§³¥·¥´¨¥ ¢·¥³¥´¨ ¦¨§´¨ ¶ · -
¶μ§¨É·μ´¨Ö (p-Ps) ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ´ ¶· ¢²¥´´μ£μ ¶μÉμ±  μ·Éμ¶μ§¨É·μ´¨Ö
(o-Ps). �Éμ μ¤¨´ ¨§ ¶¥·¢ÒÌ Ë¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´Éμ¢, ±μÉμ·Ò° ¤μ²¦¥´ ¡ÒÉÓ
¢Ò¶μ²´¥´ ´  Ê¸É ´μ¢±¥ LEPTA (Low Energy Particle Toroidal Accumulator).

“¸É ´μ¢±  LEPTA ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ±μ³¶²¥±¸ Ë¨§¨Î¥¸±¨Ì Ê¸É·μ°¸É¢,
¶·¥¤´ §´ Î¥´´ÒÌ ¤²Ö ¶μ²ÊÎ¥´¨Ö ¨ ´ ±μ¶²¥´¨Ö ¶μ§¨É·μ´μ¢, £¥´¥· Í¨¨ ¶μÉμ± 
 Éμ³μ¢ ¶μ§¨É·μ´¨Ö ¨ ¶μ¸É ´μ¢±¨ Ô±¸¶¥·¨³¥´Éμ¢ ¸ ´¨³. “¸É ´μ¢±  LEPTA ¸μ-
¸Éμ¨É ¨§ ¨´¦¥±Éμ·  ¶μ§¨É·μ´μ¢, ´ ±μ¶¨É¥²Ö ¸ ¸¨¸É¥³μ° Ô²¥±É·μ´´μ£μ μÌ² -
¦¤¥´¨Ö ¨ ±μ³¶²¥±¸  ¤¥É¥±Éμ·μ¢ ¤²Ö ¶·μ¢¥¤¥´¨Ö Ë¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´Éμ¢.

„²Ö ¶μ²ÊÎ¥´¨Ö ¶μ§¨É·μ´μ¢ ¨¸¶μ²Ó§Ê¥É¸Ö β+- ±É¨¢´Ò° ¨§μÉμ¶ 22Na. 	μ-
§¨É·μ´Ò § ³¥¤²ÖÕÉ¸Ö ¢ ¨¸ÉμÎ´¨±¥ ¤μ Ô´¥·£¨¨ ´¥¸±μ²Ó±μ Ô‚ ¨ ´ ± ¶²¨¢ ÕÉ¸Ö
¢ ¸¶¥Í¨ ²Ó´μ° ²μ¢ÊÏ±¥. 	μ § ¢¥·Ï¥´¨¨ ¶·μÍ¥¸¸  ´ ±μ¶²¥´¨Ö ¶μ§¨É·μ´´Ò°
¸£Ê¸Éμ± ¨§¢²¥± ¥É¸Ö ¨§ ²μ¢ÊÏ±¨ ¨³¶Ê²Ó¸´Ò³ Ô²¥±É·¨Î¥¸±¨³ ¶μ²¥³, Ê¸±μ·Ö-
¥É¸Ö Ô²¥±É·μ¸É É¨Î¥¸±¨³ ´ ¶·Ö¦¥´¨¥³ (¨´¦¥±Éμ· ± ± Í¥²μ¥ ®¶μ¤¢¥Ï¥´¯ ¶μ¤
¶μ²μ¦¨É¥²Ó´Ò° ¶μÉ¥´Í¨ ² μ±μ²μ 10 ±‚) ¨ μ¤´μμ¡μ·μÉ´μ ¨´¦¥±É¨·Ê¥É¸Ö ¢
´ ±μ¶¨É¥²Ó. ˆ´¦¥±Éμ·  ´ ²μ£¨Î¥´ ¶μ ±μ´¸É·Ê±Í¨¨ ¶μ§¨É·μ´´μ° Î ¸É¨ Ê¸É -
´μ¢±¨ ATHENA (–…
�, ˜¢¥°Í ·¨Ö), ¨¸¶μ²Ó§Ê¥³μ° ¤²Ö £¥´¥· Í¨¨  Éμ³μ¢
 ´É¨¢μ¤μ·μ¤ . �·¨£¨´ ²Ó´ Ö ³μ¤¨Ë¨± Í¨Ö ±μ´¸É·Ê±Í¨¨ ¨¸ÉμÎ´¨±  ¶μ§¨É·μ-
´μ¢, ¶·¥¤²μ¦¥´´ Ö  ¢Éμ· ³¨ ¤ ´´μ£μ ¶·μ¥±É , ¶μ§¢μ²¨É ¸ÊÐ¥¸É¢¥´´μ Ê²ÊÎ-
Ï¨ÉÓ ¶ · ³¥É·Ò ¶ÊÎ±  ¶μ§¨É·μ´μ¢.

‚ ¦´¥°Ï¥° μ¸μ¡¥´´μ¸ÉÓÕ ´ ±μ¶¨É¥²Ö LEPTA Ö¢²Ö¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ Ô²¥±-
É·μ´´μ£μ μÌ² ¦¤¥´¨Ö ¶μ§¨É·μ´μ¢, ÎÉμ  ¢Éμ³ É¨Î¥¸±¨ ¤¥² ¥É ¥£μ £¥´¥· Éμ·μ³
 Éμ³μ¢ ¶μ§¨É·μ´¨Ö, ¢μ§´¨± ÕÐ¨Ì ¢ ·¥§Ê²ÓÉ É¥ ·¥±μ³¡¨´ Í¨¨ ¶μ§¨É·μ´μ¢ ¨
μÌ² ¦¤ ÕÐ¨Ì Ô²¥±É·μ´μ¢ ¢ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö ´ ±μ¶¨É¥²Ö. 	μ§¨É·μ´¨°
Ëμ·³¨·Ê¥É¸Ö ¢ ¢¨¤¥ ¨´É¥´¸¨¢´μ£μ, ¤μ 104  Éμ³μ¢/¸, ¶μÉμ± , ±μÉμ·Ò° ¨³¥¥É
³ ²Ò°, ¶μ·Ö¤±  1 ³· ¤, Ê£²μ¢μ° · §¡·μ¸ ¨ ³¥´¥¥ Î¥³ 10−4 μÉ´μ¸¨É¥²Ó´Ò° · §-
¡·μ¸ ¶μ ¸±μ·μ¸É¨ Î ¸É¨Í. Šμ´¸É·Ê±Í¨Ö ´ ±μ¶¨É¥²Ö Ö¢²Ö¥É¸Ö μ·¨£¨´ ²Ó´μ°
· §· ¡μÉ±μ°  ¢Éμ·μ¢ ¶·μ¥±É  ¨ ´¥ ¨³¥¥É  ´ ²μ£μ¢ ¢ ³¨·¥.

‚ ¤ ´´μ³ Ô±¸¶¥·¨³¥´É¥ ¶·¥¤¶μ² £ ¥É¸Ö ¶·μ¨§¢¥¸É¨ ¨§³¥·¥´¨¥ ¢·¥³¥´¨
¦¨§´¨ ¶ · ¶μ§¨É·μ´¨Ö, ±μÉμ·Ò° μ¡· §Ê¥É¸Ö ¶·¨ ¶·μÌμ¦¤¥´¨¨ ¶μÉμ±  μ·Éμ-
¶μ§¨É·μ´¨Ö Î¥·¥§ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨° ¸μ²¥´μ¨¤. — ¸ÉÓ μ·Éμ¶μ§¨É·μ´¨Ö ¢ ³ £-
´¨É´μ³ ¶μ²¥ ¶¥·¥Ìμ¤¨É ¢ ¶ · ¸μ¸ÉμÖ´¨¥ ¨ · ¸¶ ¤ ¥É¸Ö. �¸É ¢Ï¨°¸Ö ¶μÉμ±
μ·Éμ¶μ§¨É·μ´¨Ö ¤μ¸É¨£ ¥É ¤¥É¥±Éμ· , £¤¥ ·¥£¨¸É·¨·ÊÕÉ¸Ö ¶·μÍ¥¸¸Ò  ´´¨£¨-
²ÖÍ¨¨ ¶μ§¨É·μ´μ¢. 	·¥¤¶μ² £ ¥É¸Ö ¤μ¸É¨£´ÊÉÓ ÉμÎ´μ¸É¨ ¨§³¥·¥´¨Ö ¢·¥³¥´¨
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¦¨§´¨ ¶ · ¶μ§¨É·μ´¨Ö ´  Ê·μ¢´¥ 1 · 10−4, ÎÉμ ¢ ¤¢  · §  ¶·¥¢ÒÏ ¥É ¤μ¸É¨£-
´ÊÉÒ° ´Ò´¥ Ê·μ¢¥´Ó.

1. ˆ„…Ÿ �Š‘�…�ˆŒ…�’�

	μ§¨É·μ´¨° (Ps), ¡Ê¤ÊÎ¨ μÎ¥´Ó ¶·μ¸Éμ° ±¢ ´Éμ¢μ° ¸¨¸É¥³μ°, ¤μ¸É ÉμÎ´μ
Ìμ·μÏμ · ¸¸Î¨ÉÒ¢ ¥É¸Ö É¥μ·¥É¨Î¥¸±¨, ¨ ¶μÔÉμ³Ê μ´ ¨£· ¥É É ±ÊÕ ¦¥ ·μ²Ó
¢ ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¥, ± ±  Éμ³ ¢μ¤μ·μ¤  ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ´-
Éμ¢μ° ³¥Ì ´¨±¥. 	 · ³¥É·Ò ¶μ§¨É·μ´¨Ö ¨ ¥£μ ¸μ¸É ¢²ÖÕÐ¨Ì, Ô²¥±É·μ´  ¨
¶μ§¨É·μ´ , ¡Ò²¨ ¨§³¥·¥´Ò ´¥μ¤´μ±· É´μ ¨ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¨§¢¥¸É´Ò ¸ ¤μ-
¸É ÉμÎ´μ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ [1] (¸³. É ±¦¥ [2] ¨ É ¡². 1.1, 1.2). �¥¸³μÉ·Ö ´ 
ÔÉμ, ¶μ¢ÒÏ¥´¨¥ ÉμÎ´μ¸É¨ ÔÉ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ Å μ¤´  ¨§ ËÊ´-
¤ ³¥´É ²Ó´ÒÌ ¶·μ¡²¥³ ¸μ¢·¥³¥´´μ° ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¨ (¸³. μ¡§μ·Ò
[2Ä8] ¨ Í¨É¨·Ê¥³ÊÕ É ³ ²¨É¥· ÉÊ·Ê). �±¸¶¥·¨³¥´ÉÒ ¸ ¶μ§¨É·μ´¨¥³ ¶·μ¢μ¤¨-
²¨¸Ó · ´¥¥ ¢ ¤μ¢μ²Ó´μ ¸²μ¦´ÒÌ Ê¸²μ¢¨ÖÌ, ±μ£¤  É·Ê¤´μ μÉ¤¥²¨ÉÓ ¢²¨Ö´¨¥ ³¨-
Ï¥´¨. ˆ³¥´´μ ¶μ ÔÉμ° ¶·¨Î¨´¥, μ£· ´¨Î¨¢ ÕÐ¥° · §·¥Ï¥´¨¥ Ô±¸¶¥·¨³¥´É ,
¶μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¢ ´¥±μÉμ·ÒÌ ¸²ÊÎ ÖÌ ¢Ò£²Ö¤¥²¨ ¤μ¸É ÉμÎ´μ ¶·μÉ¨-
¢μ·¥Î¨¢μ. �μ¢μ¥ · §¢¨É¨¥ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¨§ÊÎ¥´¨Ö Ë¨§¨±¨ ¶μ§¨É·μ´¨Ö
¸É ´μ¢¨É¸Ö ¢μ§³μ¦´Ò³ c ¶·¨³¥´¥´¨¥³ Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö ¶μ§¨É·μ´μ¢,
±μÉμ·μ¥ ´¥¶μ¸·¥¤¸É¢¥´´μ ¶·¨¢μ¤¨É ± £¥´¥· Í¨¨ ´ ¶· ¢²¥´´ÒÌ ¶μÉμ±μ¢ μ·Éμ-
¶μ§¨É·μ´¨Ö (o-Ps). 
 §¢¨É¨¥ ÔÉμ° ¨¤¥¨ [2Ä5, 7, 9, 10] ¶μ§¢μ²¨É ¶μ²ÊÎ ÉÓ
¨´É¥´¸¨¢´Ò° ¶ÊÎμ± μ·Éμ¶μ§¨É·μ´¨Ö Å ¤μ Ê·μ¢´Ö 104  Éμ³/¸.

’ ¡²¨Í  1.1. � · ³¥É·Ò Ô²¥±É·μ´  ¨ ¶μ§¨É·μ´  [11]

	 · ³¥É· ‚¥²¨Î¨´  	μ£·¥Ï´μ¸ÉÓ

�´¥·£¨Ö ¶μ±μÖ Ô²¥±É·μ´ , ŒÔ‚ 0,510 998 92 4 · 10−8


 §´¨Í  ³ ¸¸
∣
∣m+ − m−∣∣/m− < 8 · 10−9 < 8 · 10−9


 §´¨Í  § ·Ö¤μ¢
∣
∣e+ − e−

∣
∣/e− < 4 · 10−8 < 4 · 10−8


 §´¨Í  μÉ´μÏ¥´¨Ö § ·Ö¤  ± ³ ¸¸¥ < 3 · 10−8 1 · 10−8

Œ £´¨É´Ò° ³μ³¥´É Ô²¥±É·μ´ 
(¢ ³ £´¥Éμ´ Ì �μ· ) 1,001159 652 187 4 · 10−12

ƒ¨·μ³ £´¨É´μ¥ μÉ´μÏ¥´¨¥ (g+ − g−)/g− −0,5 · 10−12 2,1 · 10−12

‘ ¶μÉμ± ³¨ ¶μ§¨É·μ´¨Ö ¢ ¢ ±ÊÊ³¥ ³μ¦´μ ¶·μ¢¥¸É¨ Ô±¸¶¥·¨³¥´ÉÒ ¢ ´μ¢μ°
μ·¨£¨´ ²Ó´μ° ¶μ¸É ´μ¢±¥ ¡¥§ ¢μ§³ÊÐ ÕÐ¥£μ ¢²¨Ö´¨Ö ¸·¥¤Ò, Ì · ±É¥·´μ£μ
¤²Ö É· ¤¨Í¨μ´´ÒÌ ³¥Éμ¤μ¢ £¥´¥· Í¨¨ ¶μ§¨É·μ´¨Ö ´  ³¨Ï¥´¨. ‘·¥¤¨ É ±¨Ì
Ô±¸¶¥·¨³¥´Éμ¢ ³μ¦´μ Ê± § ÉÓ ¸²¥¤ÊÕÐ¨¥:

Å ¨§³¥·¥´¨¥ ¢·¥³¥´¨ ¦¨§´¨ μ·Éμ¶μ§¨É·μ´¨Ö ¨ ¶ · ¶μ§¨É·μ´¨Ö;
Å Ô±¸¶¥·¨³¥´É ¶μ ¸· ¢´¥´¨Õ § ·Ö¤μ¢ Ô²¥±É·μ´  ¨ ¶μ§¨É·μ´ ;
Å ¸¶¥±É· ¶μ§¨É·μ´¨Ö;
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Å ¶μ¨¸±  ´´¨£¨²ÖÍ¨¨ μ·Éμ¶μ§¨É·μ´¨Ö ¸ ´ ·ÊÏ¥´¨¥³ § ±μ´  ¸μÌ· ´¥´¨Ö
¨³¶Ê²Ó¸  ¨ § ·Ö¤ : o-Ps → 2nγ, £¤¥ n Å Í¥²μ¥;

Å ¶μ¨¸± Ô±§μÉ¨Î¥¸±¨Ì ¨ ·¥¤±¨Ì ± ´ ²μ¢ · ¸¶ ¤  ¶ · ¶μ§¨É·μ´¨Ö (p-Ps):
p-Ps → nγ, n > 2;

Å ¶μ¨¸± ¢μ§³μ¦´μ£μ ± ´ ²   ´´¨£¨²ÖÍ¨¨ μ·Éμ¶μ§¨É·μ´¨Ö Î¥·¥§ ²¥£±¨°
´¥°É· ²Ó´Ò° ±μ·μÉ±μ¦¨¢ÊÐ¨° ¡μ§μ´

o-Ps →b + γ.

↓
2γ

’ ¡²¨Í  1.2. � · ³¥É·Ò ¶μ§¨É·μ´¨Ö

	 · ³¥É· ’¥μ·¨Ö �±¸¶¥·¨³¥´É ’μÎ´μ¸ÉÓ

�·Éμ¶μ§¨É·μ´¨°

‚·¥³Ö ¦¨§´¨, ´¸ 142, 038 142, 037(25) [12] 1,8 · 10−4

�´¥·£¨Ö 1SÄ2S 1,233 067 2355(107) 1,233 607 185(15) 1 · 10−8

¶¥·¥Ìμ¤ , ƒƒÍ 1,233 607 2189(107) 1 · 10−8

’μ´± Ö ¸É·Ê±ÉÊ· 
‘μ£² ¸¨¥ ¸ ÉμÎ´μ¸ÉÓÕ ¤μ α3

2SÄ2P Ê·μ¢´¥°

�É´μ¸¨É¥²Ó´ Ö
¢¥·μÖÉ´μ¸ÉÓ 0 < 1,4 · 10−3

2γ- ´´¨£¨²ÖÍ¨¨

�É´μ¸¨É¥²Ó´ Ö
¢¥·μÖÉ´μ¸ÉÓ 8 · 10−6

4γ- ´´¨£¨²ÖÍ¨¨

	 · ¶μ§¨É·μ´¨°

‚·¥³Ö ¦¨§´¨, ¶¸ 125,16243 [14] 125,142 [13] 2 · 10−4

�É´μ¸¨É¥²Ó´ Ö
¢¥·μÖÉ´μ¸ÉÓ 10−27 2,8 · 10−6

3γ- ´´¨£¨²ÖÍ¨¨

�É´μ¸¨É¥²Ó´ Ö
¢¥·μÖÉ´μ¸ÉÓ 1,3 · 10−6 0,4 · 10−6

4γ- ´´¨£¨²ÖÍ¨¨

�¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥ ¶μ§¨É·μ´¨Ö

�´¥·£¨Ö, Ô‚ 6,79

’μ´± Ö ¸É·Ê±ÉÊ· 
ΔεHFS, Ô‚ 8,411 · 10−4

ΔεHFS/2πη, ƒƒÍ 203,39201 203,38910(74) ±3,6 · 10−6
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‚μ§³μ¦´μ, ´ ¨¡μ²¥¥ § £ ¤μÎ´ Ö ¶·μ¡²¥³  ¢ Ë¨§¨±¥ ¶μ§¨É·μ´¨Ö Å ¶μ¨¸±
®§¥·± ²Ó´μ° ‚¸¥²¥´´μ°¯[8].

‚ Ë¨§¨±¥ ¶μ§¨É·μ´¨Ö ¢ ¶¥·¢ÊÕ μÎ¥·¥¤Ó ³μ¦´μ ¢Ò¤¥²¨ÉÓ ¶·μ¡²¥³Ê ¶·¥-
Í¨§¨μ´´ÒÌ ¨§³¥·¥´¨° ¶ · ³¥É·μ¢ ¸Ì¥³Ò · ¸¶ ¤  ( ´´¨£¨²ÖÍ¨¨) ¶μ§¨É·μ´¨Ö.
ƒ¥´¥· Í¨Ö ¶ · ¶μ§¨É·μ´¨Ö ¡Ê¤¥É μ¸ÊÐ¥¸É¢²ÖÉÓ¸Ö ¶μ¸²¥ ¢Ò¢μ¤  ¶ÊÎ±  μ·Éμ-
¶μ§¨É·μ´¨Ö ¨§ ´ ±μ¶¨É¥²Ö ´  ±μ´É·μ²¨·Ê¥³ÒÌ ¶¥·¥Ìμ¤ Ì ¢ ³ £´¨É´μ³ ¶μ²¥.
�Éμ ¶μ§¢μ²Ö¥É ¶·μ¢¥¸É¨ Ô±¸¶¥·¨³¥´ÉÒ ¶μ ¶·¥Í¨§¨μ´´μ³Ê ¨§³¥·¥´¨Õ ¢·¥³¥´¨
¦¨§´¨ μ·Éμ- ¨ ¶ · ¸μ¸ÉμÖ´¨° ¶μ§¨É·μ´¨Ö ¸ ÉμÎ´μ¸ÉÓÕ, ´¥¤μ¸ÉÊ¶´μ° · ´¥¥,
Ê¸É ´μ¢¨ÉÓ ¢¥·μÖÉ´μ¸ÉÓ · ¸¶ ¤μ¢ ¸ ´ ·ÊÏ¥´¨¥³ § ±μ´  ¸μÌ· ´¥´¨Ö ³μ³¥´É  ¨
§ ·Ö¤μ¢μ° ¨´¢ ·¨ ´É´μ¸É¨, ¸ÊÐ¥¸É¢¥´´μ Ê²ÊÎÏ¨ÉÓ ÉμÎ´μ¸ÉÓ ¨§³¥·¥´¨Ö ¶ · -
³¥É·μ¢ ±μ·μÉ±μ¦¨¢ÊÐ¥£μ ´¥°É· ²Ó´μ£μ ¡μ§μ´ , £¨¶μÉ¥É¨Î¥¸±¨ μÉ¢¥É¸É¢¥´´μ£μ
§  · ¸Ìμ¦¤¥´¨¥ ³¥¦¤Ê Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¨ É¥μ·¥É¨Î¥¸±¨³ ¢·¥³¥´¥³ ¦¨§´¨
μ·Éμ¶μ§¨É·μ´¨Ö. 	·¥¤² £ ¥³ Ö ¸Ì¥³  ¶·μ¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´Éμ¢ ¶μ§¢μ²¨É
μ¸ÊÐ¥¸É¢¨ÉÓ ¶·¥Í¨§¨μ´´μ¥ ¨§³¥·¥´¨¥ Éμ´±μ° ¸É·Ê±ÉÊ·Ò ¨ ²Ô³¡μ¢¸±μ£μ ¸¤¢¨£ 
¢ ¸¶¥±É·¥ μ·Éμ¶μ§¨É·μ´¨Ö ´  ¶μÉμ±¥  Éμ³μ¢ ³¥Éμ¤μ³  Éμ³´μ£μ ¨´É¥·Ë¥·μ³¥-
É·  [2].

‡ ¤ Î¥° ¤ ´´μ£μ Ô±¸¶¥·¨³¥´É  Ö¢²Ö¥É¸Ö ¨§³¥·¥´¨¥ ¢·¥³¥´¨ ¦¨§´¨ ¶ · -
¶μ§¨É·μ´¨Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ±μ´É·μ²¨·Ê¥³ÒÌ ¶¥·¥Ìμ¤μ¢ ¢ ³ £´¨É´μ³ ¶μ²¥.
’¥μ·¥É¨Î¥¸±μ¥ §´ Î¥´¨¥ ¢·¥³¥´¨ ¦¨§´¨ ¶ · ¶μ§¨É·μ´¨Ö ¸ ÉμÎ´μ¸ÉÓÕ ¤μ μ¸´μ¢-
´ÒÌ · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ± μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ ¢Ò· ¦¥´¨¥³

τ−1
para =

α4mc2

2�

[
1 −
(

5 − π2

4

)
α

π
+

2
3
α2 ln

1
α

]
(1.1)

¨ ¸μ¸É ¢²Ö¥É τpara = 125,16 ¶¸ (É ¡². 1.2). “²ÊÎÏ¥´¨¥ ÉμÎ´μ¸É¨ ¶·¥¤¸É -
¢²Ö¥É ¡μ²ÓÏμ° ¨´É¥·¥¸ ¸ ÉμÎ±¨ §·¥´¨Ö ¶·μ¢¥·±¨ ÉμÎ´μ¸É¨ Š�„-· ¸Î¥Éμ¢. ‚
Î ¸É´μ¸É¨, ¢ ¶μ¸²¥¤´¥° ¶Ê¡²¨± Í¨¨ ´  ÔÉÊ É¥³Ê [14] ¤²Ö ¶μ¸ÉμÖ´´μ° · ¸¶ ¤ 
¶ · ¶μ§¨É·μ´¨Ö, μ¡· É´μ° ¢·¥³¥´¨ ¦¨§´¨, ¶μ²ÊÎ¥´μ §´ Î¥´¨¥

Γpara =
α4mc2

2�
·
[
1 −
(

5 − π2

4

)
· α

π
+ 2α2 ln

1
α

+

+ 5,1243 (33) ·
(α

π

)2
− 3α3

2π
ln2 1

α
+

+
(

533
90

− π2

2
+ 10 ln 2

)
α3

π
ln α

]
= 7989,6178(2) ³±¸−1, (1.2)

ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ¢·¥³¥´¨ ¦¨§´¨ τpara = 125,16243 ¶¸. �ÉμÉ ·¥§Ê²ÓÉ É, ¢ ¶·¥-
¤¥² Ì 1σ, ¸μ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²ÓÉ Éμ³ Ô±¸¶¥·¨³¥´É  Γpara = 7990,9(1,7)³±¸−1

[13] (¸³. É ¡². 1.2), ´μ É¥μ·¥É¨Î¥¸± Ö ÉμÎ´μ¸ÉÓ §´ Î¨É¥²Ó´μ ²ÊÎÏ¥ Ô±¸¶¥·¨-
³¥´É ²Ó´μ°. ’ ±¨³ μ¡· §μ³, ¤ ¦¥ ¤¢Ê±· É´μ¥ Ê²ÊÎÏ¥´¨¥ ÉμÎ´μ¸É¨ Ô±¸¶¥·¨-
³¥´É  ¡Ê¤¥É §´ Î¨É¥²Ó´Ò³ ¶·μ¤¢¨¦¥´¨¥³.
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�¸´μ¢´ Ö ¨¤¥Ö ¨§³¥·¥´¨Ö ¢·¥³¥´¨ ¦¨§´¨ ¶ · ¸μ¸ÉμÖ´¨Ö ¶μ§¨É·μ´¨Ö τp

μ¸´μ¢ ´  ´  Éμ³, ÎÉμ ¶·¨ ¤¢¨¦¥´¨¨ ¶ÊÎ±  μ·Éμ¶μ§¨É·μ´¨Ö ¢ ³ £´¨É´μ³ ¶μ²¥ ¢
¥£μ ±μ³¶μ´¥´É¥, ¨³¥ÕÐ¥° ´Ê²¥¢ÊÕ ¶·μ¥±Í¨Õ ¸¶¨´  ´  ´ ¶· ¢²¥´¨¥ ¶μ²Ö, μ·-
Éμ¸μ¸ÉμÖ´¨¥ § ³¥Ï¨¢ ¥É¸Ö ¸ ¶ · ¸μ¸ÉμÖ´¨¥³ ¨ · ¸¶ ¤ ¥É¸Ö ( ´´¨£¨²¨·Ê¥É) ¸
Ì · ±É¥·´Ò³ ¢·¥³¥´¥³, ¸ÊÐ¥¸É¢¥´´μ ³¥´ÓÏ¨³ ¢·¥³¥´¨ ¦¨§´¨ μ·Éμ¸μ¸ÉμÖ´¨Ö
τortho.

„²¨´  ¶·μ¡¥£  ¶ · ¶μ§¨É·μ´¨Ö ¶·¨ Ô´¥·£¨¨ 20 ±Ô‚ ¸μ¸É ¢²Ö¥É ¶·¨³¥·´μ
7 ³³, ¨ ´  ¢ÒÌμ¤¥ ´ ±μ¶¨É¥²Ö LEPTA ¶ÊÎμ± ¶μ§¨É·μ´¨Ö ¡Ê¤¥É ¸μ¸ÉμÖÉÓ Éμ²Ó±μ
¨§  Éμ³μ¢ ¢ μ·Éμ¸μ¸ÉμÖ´¨¨. 	·¨ ¥£μ ¶·μ²¥É¥ ¤μ ¤¥É¥±Éμ·  ¢ ¸¢μ¡μ¤´μ³ μÉ ¶μ-
²¥° ¤·¥°Ëμ¢μ³ ¶·μ³¥¦ÊÉ±¥ ¨´É¥´¸¨¢´μ¸ÉÓ ¶μÉμ±  ¸¶ ¤ ¥É, É ± ÎÉμ ¶μÉμ±
´  ¤¥É¥±Éμ·¥ μ¶·¥¤¥²Ö¥É¸Ö Éμ²Ó±μ ¢·¥³¥´¥³ ¦¨§´¨ μ·Éμ¸μ¸ÉμÖ´¨Ö. …¸²¨ ¦¥
´  ÊÎ ¸É±¥ μÉ ¢ÒÌμ¤  ´ ±μ¶¨É¥²Ö ¤μ ¤¥É¥±Éμ·  · §³¥¸É¨ÉÓ ¸μ²¥´μ¨¤ ¸ ¡μ²Ó-
Ïμ° ¢¥²¨Î¨´μ° ³ £´¨É´μ£μ ¶μ²Ö, Éμ ¶μÉμ±, ¶·¨Ìμ¤ÖÐ¨° ´  ¤¥É¥±Éμ·, ¡Ê¤¥É
μ¶·¥¤¥²ÖÉÓ¸Ö ± ± ¢·¥³¥´¥³ ¦¨§´¨ μ·Éμ¸μ¸ÉμÖ´¨Ö, É ± ¨ ¢·¥³¥´¥³ ¦¨§´¨ ¶ -
· ¸μ¸ÉμÖ´¨Ö. “¡Ò²Ó ¶μÉμ±  ´  ¤¥É¥±Éμ· ¶·¨ ´ ²¨Î¨¨ ³ £´¨É´μ£μ ¶μ²Ö ¶·¥-
¨³ÊÐ¥¸É¢¥´´μ § ¢¨¸¨É μÉ §´ Î¥´¨Ö ¢·¥³¥´¨ ¦¨§´¨ ¶ · ¸μ¸ÉμÖ´¨Ö ¨ £μ· §¤μ
¸² ¡¥¥ Å μÉ ¤·Ê£¨Ì ¶ · ³¥É·μ¢ ¶μ§¨É·μ´¨Ö.

ˆ§³¥·ÖÖ μÉ´μ¸¨É¥²Ó´μ¥ ¨§³¥´¥´¨¥ ¶μÉμ±  ¶μ§¨É·μ´¨Ö ¶·¨ ¢±²ÕÎ¥´¨¨
³ £´¨É´μ£μ ¶μ²Ö, ³μ¦´μ μ¶·¥¤¥²¨ÉÓ ¢·¥³Ö ¦¨§´¨ ¶ · ¶μ§¨É·μ´¨Ö ¸ μÉ´μ¸¨-
É¥²Ó´μ° ¶μ£·¥Ï´μ¸ÉÓÕ 1 · 10−4, ÎÉμ ¢¤¢μ¥ ³¥´ÓÏ¥ É ¡²¨Î´μ£μ §´ Î¥´¨Ö. 	·¨
μ¦¨¤ ¥³μ³ ¶μÉμ±¥  Éμ³μ¢ ¶μ§¨É·μ´¨Ö ´  ¢ÒÌμ¤¥ ´ ±μ¶¨É¥²Ö LEPTA É ± Ö
ÉμÎ´μ¸ÉÓ ³μ¦¥É ¡ÒÉÓ ¤μ¸É¨£´ÊÉ  ¶·¨ ¤²¨É¥²Ó´μ¸É¨ ´ ¡μ·  ¸É É¨¸É¨±¨ ¶·¨-
³¥·´μ 10 ³¥¸ÖÍ¥¢. 	·¥Í¨§¨μ´´μ¥ ¨§³¥·¥´¨¥ ¢·¥³¥´¨ ¦¨§´¨ ¶ · ¶μ§¨É·μ´¨Ö
¨ Ö¢²Ö¥É¸Ö μ¸´μ¢´μ° § ¤ Î¥° ¶¥·¢μ£μ Ë¨§¨Î¥¸±μ£μ Ô±¸¶¥·¨³¥´É  ´  Ê¸É ´μ¢±¥
LEPTA. ‚ Ìμ¤¥ ·¥ ²¨§ Í¨¨ ÔÉμ£μ ¶·μ¥±É  ¡Ê¤ÊÉ ¤¥É ²Ó´μ ¨¸¸²¥¤μ¢ ´Ò ¶ · -
³¥É·Ò ¶μÉμ±  ¶μ§¨É·μ´¨Ö ´  ¢ÒÌμ¤¥ ´ ±μ¶¨É¥²Ö, ÎÉμ Ö¢¨É¸Ö μ¸´μ¢μ° ¤²Ö ¤¥-
É ²Ó´μ° · §· ¡μÉ±¨ Ô±¸¶¥·¨³¥´Éμ¢ ¶μ ¶·¥Í¨§¨μ´´μ³Ê ¨§³¥·¥´¨Õ ¶ · ³¥É·μ¢
Ô²¥±É·μ´ , ¶μ§¨É·μ´  ¨ ¶μ§¨É·μ´¨Ö, ¢±²ÕÎ¥´´ÒÌ ¢ ¶·μ£· ³³Ê ¨¸¸²¥¤μ¢ ´¨°
´  Ê¸É ´μ¢±¥ LEPTA.

‚ ¶·¥¤² £ ¥³μ° ¶μ¸É ´μ¢±¥ Ô±¸¶¥·¨³¥´É  (·¨¸. 1.1) ¶ÊÎμ± μ·Éμ¶μ§¨É·μ-
´¨Ö, £¥´¥·¨·Ê¥³Ò° ¢ ´ ±μ¶¨É¥²¥ LEPTA, ¶·μÌμ¤¨É Î¥·¥§ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨°
¸μ²¥´μ¨¤ ¤²¨´μ° L = 15 ¸³ ¸ ³ £´¨É´Ò³ ¶μ²¥³ ¤μ 4 ’². 	μ¤ ¤¥°¸É¢¨¥³ ³ £-
´¨É´μ£μ ¶μ²Ö ¶·μ¨¸Ìμ¤¨É ¶¥·¥Ìμ¤ μ·Éμ¸μ¸ÉμÖ´¨Ö ¢ ¶ · ¸μ¸ÉμÖ´¨¥ ¨ μ¡· É´μ.
	·¨ ÔÉμ³ ¢·¥³Ö ¦¨§´¨ ¶ · ¸μ¸ÉμÖ´¨Ö ¸μ¸É ¢²Ö¥É 125 ¶¸, ¨  Éμ³Ò ¶ · ¶μ-
§¨É·μ´¨Ö · ¸¶ ¤ ÕÉ¸Ö ¢´ÊÉ·¨ ¸μ²¥´μ¨¤ , ´¥ ¤μ¸É¨£ Ö ¤¥É¥±Éμ· . 	·μÏ¥¤Ï¨¥
¸μ²¥´μ¨¤  Éμ³Ò μ·Éμ¶μ§¨É·μ´¨Ö ¶μ¶ ¤ ÕÉ ´  ³¨Ï¥´Ó ¨ ·¥£¨¸É·¨·ÊÕÉ¸Ö ¸Î¥É-
Î¨± ³¨ ¤¥É¥±Éμ·  ®BGO Ball¯.

‚ Ô±¸¶¥·¨³¥´É¥ ³ £´¨É´μ¥ ¶μ²¥ ¡Ê¤¥É Í¨±²¨Î¥¸±¨ ¢±²ÕÎ ÉÓ¸Ö ¨ ¢Ò-
±²ÕÎ ÉÓ¸Ö. ˆ§³¥·Ö¥É¸Ö § ¢¨¸¨³μ¸ÉÓ

g(B) =
N1T2

N2T1
, (1.3)
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¨¸. 1.1. ‘Ì¥³  Ô±¸¶¥·¨³¥´É  ¶μ ¨§³¥·¥´¨Õ ¢·¥³¥´¨ ¦¨§´¨ ¶ · ¶μ§¨É·μ´¨Ö

£¤¥ N1(B) Å Î¨¸²μ  Éμ³μ¢, § ·¥£¨¸É·¨·μ¢ ´´ÒÌ ¤¥É¥±Éμ·μ³ §  ¢·¥³Ö T1 ¶·¨
§ ¤ ´´μ³ §´ Î¥´¨¨ B; N2 Å Éμ ¦¥ ¶·¨ ¢Ò±²ÕÎ¥´´μ³ ¶μ²¥ ¢ §  ¢·¥³Ö T2.
ˆ§ ¶μ²ÊÎ¥´´μ£μ £· Ë¨±  g(B) ¶ÊÉ¥³ ¶μ¤£μ´±¨ ± É¥μ·¥É¨Î¥¸±μ° ±·¨¢μ° (¸³.
(2.25), (4.6) ¨ ·¨¸. 2.1) ¨§¢²¥± ¥É¸Ö §´ Î¥´¨¥ ¢·¥³¥´¨ ¦¨§´¨ ¶ · ¶μ§¨É·μ´¨Ö.

‚μ§³μ¦´Ò³ · §¢¨É¨¥³ ¶·¥¤² £ ¥³μ£μ Ô±¸¶¥·¨³¥´É  ³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó-
§μ¢ ´¨¥ ‘‚—-·¥§μ´ Éμ· . ’ ± Ö ±μ´Í¥¶Í¨Ö ³μ£²  ¡Ò Ê¢¥²¨Î¨ÉÓ ÎÊ¢¸É¢¨É¥²Ó-
´μ¸ÉÓ ¨§³¥·Ö¥³μ° ËÊ´±Í¨¨ ± ¢·¥³¥´¨ ¦¨§´¨ ¶ · ¶μ§¨É·μ´¨Ö, ´μ μ´  ¸¢Ö§ ´ 
¸ μ¶·¥¤¥²¥´´Ò³¨ É¥Ì´¨Î¥¸±¨³¨ É·Ê¤´μ¸ÉÖ³¨. �  ¤ ´´μ³ ÔÉ ¶¥ ÔÉ  ¢μ§³μ¦-
´μ¸ÉÓ · ¸¸³ É·¨¢ ¥É¸Ö,   ¢ ± Î¥¸É¢¥ ¶¥·¢μ£μ ¢ ·¨ ´É  ¢Ò¡· ´  ¸Ì¥³  ¸ ¨¸-
¶μ²Ó§μ¢ ´¨¥³ ¸μ²¥´μ¨¤ .

2. „ˆ��ŒˆŠ� ��‘��„� ��‡ˆ’���ˆŸ ‚ Œ�ƒ�ˆ’��Œ ��‹…

2.1. ‘μ¸ÉμÖ´¨Ö ¶μ§¨É·μ´¨Ö ¢ ³ £´¨É´μ³ ¶μ²¥. Š ± ¨§¢¥¸É´μ, ¢ ³ £´¨É´μ³
¶μ²¥ ¶·μ¨¸Ìμ¤¨É ¸³¥Ï¨¢ ´¨¥ ¸μ¸ÉμÖ´¨° μ·Éμ- ¨ ¶ · ¶μ§¨É·μ´¨Ö. � ¶· ¢¨³
μ¸Ó z ¢¤μ²Ó μ¤´μ·μ¤´μ£μ ³ £´¨É´μ£μ ¶μ²Ö. 	·¨ μÉ¸ÊÉ¸É¢¨¨ ¸³¥Ï¨¢ ´¨Ö ¶ -
· ¶μ§¨É·μ´¨Õ (p-Ps) ¸μμÉ¢¥É¸É¢Ê¥É ¸¨´£²¥É´μ¥ ¸μ¸ÉμÖ´¨¥ ¸ ´Ê²¥¢Ò³ ¸¶¨´μ³
¨ ¢μ²´μ¢μ° ËÊ´±Í¨¥° (¸³. [15]):

χ00 =
1√
2
(α+β− − α−β+),

£¤¥ ´¨¦´¨° ¨´¤¥±¸ μ¶·¥¤¥²Ö¥É §´ ± § ·Ö¤ , α =
(

1
0

)
¨ β =

(
0
1

)
Ì · ±-

É¥·¨§ÊÕÉ ¸μ¸ÉμÖ´¨Ö e± ¸μ ¸¶¨´μ³ ¢¢¥·Ì ¨ ¢´¨§ ¸μμÉ¢¥É¸É¢¥´´μ. �·Éμ¶μ§¨É·μ-
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´¨Õ (o-Ps) ¸μμÉ¢¥É¸É¢Ê¥É É·¨¶²¥É ¸μ¸ÉμÖ´¨°:

χ1,−1 = β+β−, χ10 =
1√
2
(α+β− + α−β+), χ1,1 = α+α−.

‚ ³ £´¨É´μ³ ¶μ²¥ ¸³¥Ï¨¢ ÕÉ¸Ö ¸μ¸ÉμÖ´¨Ö μ·Éμ¶μ§¨É·μ´¨Ö ¸ ´Ê²¥¢μ° ¶·μ-
¥±Í¨¥° ¸¶¨´  ¨ ¶ · ¶μ§¨É·μ´¨Ö (χ10 ¨ χ00),   μ¸É ²Ó´Ò¥ ¤¢  ¸μ¸ÉμÖ´¨Ö ´¥
¸³¥Ï¨¢ ÕÉ¸Ö ¸ ¤·Ê£¨³¨. ‘³¥Ï¨¢ ´¨¥ ¸μ¸ÉμÖ´¨° ¸ ´Ê²¥¢μ° ¶·μ¥±Í¨¥° ¸¶¨´ 
μ¶·¥¤¥²Ö¥É ¤¨´ ³¨±Ê  ´´¨£¨²ÖÍ¨¨ ¶μ§¨É·μ´¨Ö (Ps) ¢ ³ £´¨É´μ³ ¶μ²¥. �´μ
Ì · ±É¥·¨§Ê¥É¸Ö ³ É·¨Î´Ò³ Ô²¥³¥´Éμ³

< 10|Hint|00 >=< 00|Hint|10 >= E = 2μB0, (2.1)

£¤¥ Hint = μ(σ− Ä σ+) · B0 Å £ ³¨²ÓÉμ´¨ ´ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶μ§¨É·μ´¨Ö ¸
³ £´¨É´Ò³ ¶μ²¥³; σ− ¨ σ+ Å ³ É·¨ÍÒ 	 Ê²¨ ¤²Ö Ô²¥±É·μ´  ¨ ¶μ§¨É·μ´ ;
B0 Å ³ £´¨É´ Ö ¨´¤Ê±Í¨Ö; μ Å ³ £´¨É´Ò¥ ³μ³¥´ÉÒ Ô²¥±É·μ´  ¨ ¶μ§¨É·μ´ 
¸ ÊÎ¥Éμ³ ¶μ¶· ¢μ± ´  ¨Ì ¢§ ¨³μ¤¥°¸É¢¨¥ ¢ ¶μ§¨É·μ´¨¨ ¨ ¤¢¨¦¥´¨¥ Í¥´É· 
³ ¸¸ ¶μ§¨É·μ´¨Ö (¶μ¤·μ¡´¥¥ ¸³. · §¤¥² 2.4).

�¡ÒÎ´μ ¨¸¶μ²Ó§Ê¥É¸Ö ¶·¨¡²¨¦¥´¨¥, ¢ ±μÉμ·μ³ ¶·¥´¥¡·¥£ ¥É¸Ö ¶μ¸ÉμÖ´-
´Ò³¨ · ¸¶ ¤  μ·Éμ- ¨ ¶ · ¶μ§¨É·μ´¨Ö (Γ1 ¨ Γ2 ¸μμÉ¢¥É¸É¢¥´´μ) ¶μ ¸· ¢-
´¥´¨Õ ¸ Ê£²μ¢μ° Î ¸ÉμÉμ° ω0, Ì · ±É¥·¨§ÊÕÐ¥° ¸¢¥·ÌÉμ´±μ¥ · ¸Ð¥¶²¥´¨¥
(ω0 = ΔεHFS/� = 1,28 · 1012 ¸−1). •μ·μÏμ ¨§¢¥¸É´Ò Ëμ·³Ê²Ò, μ¶¨¸Ò¢ Õ-
Ð¨¥ ¸³¥Ï¨¢ ´¨¥ ¸μ¸ÉμÖ´¨° ¸ ´Ê²¥¢μ° ¶·μ¥±Í¨¥° ¸¶¨´  ¨ ¤¨´ ³¨±Ê  ´´¨£¨-
²ÖÍ¨¨ ¶μ§¨É·μ´¨Ö ¢ ³ £´¨É´μ³ ¶μ²¥ ¢ ÔÉμ³ ¶·¨¡²¨¦¥´¨¨ (¸³. [16, 17]). ‚
Î ¸É´μ¸É¨, ¶μ¸ÉμÖ´´Ò¥ · ¸¶ ¤  ¢ ³ £´¨É´μ³ ¶μ²¥ ¨³¥ÕÉ ¢¨¤

Γ′
1 =

1
2

(Γ1 + Γ2) −
1

2
√

1 + x2
(Γ2 − Γ1) =

Γ1 + Γ2y
2

1 + y2
,

Γ′
2 =

1
2

(Γ1 + Γ2) +
1

2
√

1 + x2
(Γ2 − Γ1) =

Γ1y
2 + Γ2

1 + y2
,

y =
x√

1 + x2 + 1
, x =

2E

�ω0
=

4μ B0

�ω0
=

B0

BΔ
,

BΔ =
ΔεHFS

4μ
≈ 3,62 T².

(2.2)

�¸´μ¢´Ò¥ Ê· ¢´¥´¨Ö, Ì · ±É¥·¨§ÊÕÐ¨¥ ¤¨´ ³¨±Ê  ´´¨£¨²ÖÍ¨¨
¶μ§¨É·μ´¨Ö∗ ¸ ÊÎ¥Éμ³ ¢¸¥Ì ¢²¨ÖÕÐ¨Ì ´  ´¥¥ Ë ±Éμ·μ¢, ¡Ò²¨ ¢Ò¢¥¤¥´Ò ¢
· ¡μÉ¥ [18]. �¤´ ±μ ÉμÎ´μ£μ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° ¢ ÔÉμ° · ¡μÉ¥ ¶μ²ÊÎ¥´μ ´¥
¡Ò²μ. 	μ¸ÉμÖ´´Ò¥ · ¸¶ ¤  (annihilation rates) ±¢ §¨μ·Éμ¶μ§¨É·μ´¨Ö (±¢ §¨-o-
Ps, ortho-like-Ps) ¨ ±¢ §¨¶ · ¶μ§¨É·μ´¨Ö (±¢ §¨-p-Ps, para-like-Ps) ¢ ³ £-

∗‚ ²¨É¥· ÉÊ·¥ ¶·μÍ¥¸¸  ´´¨£¨²ÖÍ¨¨ ¶μ§¨É·μ´¨Ö Î ¸Éμ ´ §Ò¢ ÕÉ ¥£μ ®· ¸¶ ¤μ³¯.
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´¨É´μ³ ¶μ²¥ ¡¥§ ¶·¥´¥¡·¥¦¥´¨Ö Γ1 ¨ Γ2 ¶μ ¸· ¢´¥´¨Õ ¸ ω0 ´ °¤¥´Ò ¢ · -
¡μÉ¥ [19]:

Γ′
1 =

1
2
(Γ1 + Γ2) −

B

�
, Γ′

2 =
1
2
(Γ1 + Γ2) +

B

�
, (2.3)

£¤¥

B =

√√
a2 + �4ω2

0(Γ2 − Γ1)2 − a

2
, a = �

2

[
ω2

0 − (Γ2 − Γ1)2

4

]
+ 4E2.

(2.4)
‚ ÔÉμ° · ¡μÉ¥ μ¶·¥¤¥²Ö²¨¸Ó ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ¨ ¸μ¡¸É¢¥´´Ò¥ ¢μ²-

´μ¢Ò¥ ËÊ´±Í¨¨ £ ³¨²ÓÉμ´¨ ´ , ¨³¥ÕÐ¥£μ ¢¨¤ ³ É·¨ÍÒ, ¸μ¸É ¢²¥´´μ° ¨§ ³ -
É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ £ ³¨²ÓÉμ´¨ ´  ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ÊÎ¥Éμ³ · ¸¶ ¤  Ps. ”μ·-
³Ê²Ò (2.3), (2.4) Ö¢²ÖÕÉ¸Ö ÉμÎ´Ò³¨ ¨ ¸μ¢¶ ¤ ÕÉ ¸ ·¥§Ê²ÓÉ Éμ³, ´ °¤¥´´Ò³ ¢
[20] ¸ ¶μ³μÐÓÕ ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ (density matrix).

„²Ö ´ Ìμ¦¤¥´¨Ö ¶μ¶· ¢μ± ± Ëμ·³Ê² ³ (2.2) ¤μ¸É ÉμÎ´μ ÊÎ¥¸ÉÓ ¸² £ ¥³Ò¥
¶μ·Ö¤±  (Γ2 − Γ1)2/ω2

0 . ‚ ÔÉμ³ ¸²ÊÎ ¥ Ëμ·³Ê²Ò (2.3), (2.4) ¶·¨´¨³ ÕÉ ¢¨¤

Γ′
1 =

1
2
(Γ1 + Γ2) −

(Γ2 − Γ1)
2
√

1 + x2

[
1 +

(Γ2 − Γ1)2x2

8ω2
0(1 + x2)2

]
=

=
Γ1 + Γ2y

2

1 + y2
− (Γ2 − Γ1)3x2

16ω2
0(1 + x2)5/2

,

Γ′
2 =

1
2
(Γ1 + Γ2) +

(Γ2 − Γ1)
2
√

1 + x2

[
1 +

(Γ2 − Γ1)2x2

8ω2
0(1 + x2)2

]
=

=
Γ1y

2 + Γ2

1 + y2
+

(Γ2 − Γ1)3x2

16ω2
0(1 + x2)5/2

.

(2.5)

�É´μ¸¨É¥²Ó´ Ö ¶μ¶· ¢±  ± ¶μ¸ÉμÖ´´μ° · ¸¶ ¤  ±¢ §¨μ·Éμ¶μ§¨É·μ´¨Ö ¶·¨¡²¨-

§¨É¥²Ó´μ · ¢´  − (Γ2 − Γ1)2

4ω2
0

= −9,8 · 10−6.

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ³Ò ¨¸¸²¥¤Ê¥³ Ô¢μ²ÕÍ¨Õ ¸μ¸ÉμÖ´¨Ö ¶μ§¨É·μ´¨Ö ¢
¶μ¸ÉμÖ´´μ³ ¨ μ¤´μ·μ¤´μ³ ³ £´¨É´μ³ ¶μ²¥ ¸ ¶μ³μÐÓÕ ¶μ¤Ìμ¤ ,  ´ ²μ£¨Î´μ£μ
¨¸¶μ²Ó§μ¢ ´´μ³Ê ¢ · ¡μÉ¥ [19]. ŒÒ μ¶·¥¤¥²Ö¥³ ¤¨´ ³¨±Ê · ¸¶ ¤  ¶ÊÉ¥³
·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö ¢¨¤ 

i
dΨ
dt

= HΨ, H =
(

H11 H12

H21 H22

)
, Hij =< i|Hint|j >, (2.6)

£¤¥ i, j = 1, 2,   Ψ =
(

C1(t)
C2(t)

)
Å ¢μ²´μ¢ Ö ËÊ´±Í¨Ö, ¸μ¸É ¢²¥´´ Ö ¨§

 ³¶²¨ÉÊ¤ μ·Éμ- ¨ ¶ · ¸μ¸ÉμÖ´¨°. „ ´´Ò° ³ É·¨Î´Ò° £ ³¨²ÓÉμ´¨ ´ H ¨¸-
¶μ²Ó§μ¢ ²¸Ö ¨ ¢ · ¡μÉ¥ [19]. ˆ´¤¥±¸Ò 1 ¨ 2 Ì · ±É¥·¨§ÊÕÉ ¸μ¸ÉμÖ´¨Ö |10 >
¨ |00 > ¸μμÉ¢¥É¸É¢¥´´μ.
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‘¨¸É¥³  Ê· ¢´¥´¨°, μ¶·¥¤¥²ÖÕÐ¨Ì Ô¢μ²ÕÍ¨Õ  ³¶²¨ÉÊ¤ ¢μ²´μ¢ÒÌ ËÊ´±-
Í¨° ¶μ§¨É·μ´¨Ö, ¨³¥¥É ¢¨¤

i�
dC1

dt
= H11C1 + EC2,

i�
dC2

dt
= EC1 + H22C2,

(2.7)

£¤¥ [19]

H11 = E0 +
�

2
(ω0 − iΓ1) , H22 = E0 −

�

2
(ω0 − iΓ2) , E = 2μ B0. (2.8)

	μ± ¦¥³, ÎÉμ ¸¨¸É¥³  (2.7) Ô±¢¨¢ ²¥´É´  Ê· ¢´¥´¨Ö³ • ²Ó¶¥·´  [18]. ‘¤¥-
² ¥³ § ³¥´Ê ¶¥·¥³¥´´ÒÌ

C1 = a1 exp [− i

�
Re(H11)t], C2 = a2 exp [− i

�
Re(H22)t]. (2.9)

‘¨¸É¥³  (2.7) ¶·¨μ¡·¥É ¥É ¢¨¤

da1

dt
= −Γ1

2
a1 −

i

�
Ea2 exp (iω0t),

da2

dt
= −Γ2

2
a2 −

i

�
Ea1 exp (−iω0t),

¨²¨
da1

dt
= −γ1a1 −

i

�
Ea2 exp (iω0t),

da2

dt
= −γ2a2 −

i

�
Ea1 exp (−iω0t),

¨ ¸μ¢¶ ¤ ¥É ¸ ¶·¨¢¥¤¥´´μ° ¢ [18] (£¤¥ ¨¸¶μ²Ó§μ¢ ²¨¸Ó  ³¶²¨ÉÊ¤´Ò¥ ±μ´¸É ´ÉÒ
· ¸¶ ¤  γ1,2 = Γ1,2/2). ’ ±¨³ μ¡· §μ³, ¢ · ¡μÉ¥ [18] ¸¨¸É¥³  μ¤´μ·μ¤´ÒÌ
Ê· ¢´¥´¨° (2.7) ¸ ¶μ¸ÉμÖ´´Ò³¨ ±μÔËË¨Í¨¥´É ³¨ Ë ±É¨Î¥¸±¨ ¶·¥μ¡· §μ¢ ´ 
¢ ¸¨¸É¥³Ê μ¤´μ·μ¤´ÒÌ Ê· ¢´¥´¨° ¸ ±μÔËË¨Í¨¥´É ³¨, § ¢¨¸ÖÐ¨³¨ μÉ ¢·¥³¥´¨.

	μ¤Î¥·±´¥³, ÎÉμ ¢ ÔÉμ³ ¨ ¸²¥¤ÊÕÐ¨Ì · §¤¥² Ì · ¸¸³μÉ·¥´¨¥ ¶·μ¨§¢μ-
¤¨É¸Ö ¢ ¸¨¸É¥³¥ ¶μ±μÖ ¶μ§¨É·μ´¨Ö, É. ¥. t = tlab/γ, £¤¥ γ Å ²μ·¥´Í-Ë ±Éμ·.

2.2. ‘É·Ê±ÉÊ·  ¸μ¸ÉμÖ´¨Ö ¶μ§¨É·μ´¨Ö ¢ ³ £´¨É´μ³ ¶μ²¥. 	·¨³¥´Ö¥³Ò° ¢
[19] ¨ ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¶μ¤Ìμ¤, μ¸´μ¢ ´´Ò° ´  ¨¸¶μ²Ó§μ¢ ´¨¨ ³ É·¨Î´μ£μ
£ ³¨²ÓÉμ´¨ ´ , ¸μ¸É ¢²¥´´μ£μ ¨§ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ £ ³¨²ÓÉμ´¨ ´  ¢§ ¨-
³μ¤¥°¸É¢¨Ö, Ìμ·μÏμ ¨§¢¥¸É¥´ ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨ (¸³. [15, 21]). ‘¨¸É¥³  (2.7),
± ± ¨§¢¥¸É´μ, ¨³¥¥É ÉμÎ´μ¥ ·¥Ï¥´¨¥. ‘μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ¨ ¸μ¡¸É¢¥´´Ò¥
¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ³ É·¨Î´μ£μ £ ³¨²ÓÉμ´¨ ´  H μ¶·¥¤¥²ÖÕÉ¸Ö Ê· ¢´¥´¨¥³

HΨi = EiΨi, i = 1, 2.
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‘μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö Ö¢²ÖÕÉ¸Ö ±μ³¶²¥±¸´Ò³¨ ¢¥²¨Î¨´ ³¨, μ¶·¥¤¥²ÖÕÐ¨³¨
Ô´¥·£¨¨ ±¢ §¨μ·Éμ- ¨ ±¢ §¨¶ · ¸μ¸ÉμÖ´¨° ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶μ¸ÉμÖ´´Ò¥
· ¸¶ ¤ . �´¨ ¨³¥ÕÉ ¢¨¤

E1 =
H11 + H22

2
+

√
(H11 − H22)2

4
+ E2 =

= E0 − i
�

4
(Γ1 + Γ2) +

1
2

(A + iB) ,

E2 =
H11 + H22

2
−
√

(H11 − H22)2

4
+ E2 =

= E0 − i
�

4
(Γ1 + Γ2) −

1
2

(A + iB) ,

(2.10)

£¤¥

√
(H11 − H22)2

4
+ E2 =

1
2

√
�2

(
ω0 + i

Γ2 − Γ1

2

)2

+ 4E2 =
1
2

(A + iB) ,

A =

√√
a2 + �4ω2

0(Γ2 − Γ1)2 + a

2
,

(2.11)

  B μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³Ê²μ° (2.4). ‘μ¡¸É¢¥´´Ò¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ μ¶·¥¤¥-
²ÖÕÉ¸Ö ¸ ÉμÎ´μ¸ÉÓÕ ¤μ ¶μ¸ÉμÖ´´ÒÌ ³´μ¦¨É¥²¥° (¥¸²¨ μ´¨ ´¥ ´μ·³¨·μ¢ ´Ò
´  ¥¤¨´¨ÍÊ) ¨ ¨³¥ÕÉ ¢¨¤

Ψ1 =

⎛
⎝ �

(
ω0 + i

Γ2 − Γ1

2

)
+ A + iB

2E

⎞
⎠ exp

(
− i

�
E1t

)
,

Ψ2 =

⎛
⎝ −2E

�

(
ω0 + i

Γ2 − Γ1

2

)
+ A + iB

⎞
⎠ exp

(
− i

�
E2t

)
.

(2.12)

‘μ¡¸É¢¥´´Ò¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ Ψ1 ¨ Ψ2 Ì · ±É¥·¨§ÊÕÉ ¸μ¸ÉμÖ´¨Ö ±¢ §¨μ·Éμ-
¨ ±¢ §¨¶ · ¶μ§¨É·μ´¨Ö ¸μμÉ¢¥É¸É¢¥´´μ. ‹Õ¡ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ³μ¦¥É ¡ÒÉÓ
¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥ ¸Ê¶¥·¶μ§¨Í¨¨ ÔÉ¨Ì ¸μ¸ÉμÖ´¨°:

Ψ(t) = β1Ψ1(t) + β2Ψ2(t), (2.13)
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£¤¥ β1 ¨ β2 Å ¶μ¸ÉμÖ´´Ò¥, μ¶·¥¤¥²Ö¥³Ò¥ ´ Î ²Ó´Ò³¨ Ê¸²μ¢¨Ö³¨, É. ¥. ¸Ï¨-
¢ ´¨¥³ ËÊ´±Í¨° ´  £· ´¨Í¥. ‘¶¨´μ¢Ò¥  ³¶²¨ÉÊ¤Ò · ¢´Ò

C1(t) = β1

[
�

(
ω0 + i

Γ2 − Γ1

2

)
+ A + iB

]
exp
(
− i

�
E1t

)
+

+ β2 · (−2E) exp
(
− i

�
E2t

)
,

C2(t) = β1 · 2E exp
(
− i

�
E1t

)
+

+ β2

[
�

(
ω0 + i

Γ2 − Γ1

2

)
+ A + iB

]
exp
(
− i

�
E2t

)
.

(2.14)

�¡ÒÎ´μ ¨§¢¥¸É´Ò  ³¶²¨ÉÊ¤Ò ¢ ´ Î ²Ó´Ò° ³μ³¥´É ¢·¥³¥´¨ t = 0 [C1(0)
¨ C2(0)]. �É¨  ³¶²¨ÉÊ¤Ò, ¢ μ¡Ð¥³ ¸²ÊÎ ¥ ±μ³¶²¥±¸´Ò¥, Ê¤μ¢²¥É¢μ·ÖÕÉ ¸μμÉ-
´μÏ¥´¨Õ

|C1(0)|2 + |C2(0)|2 = 1.

	·¨ μÉ¸ÊÉ¸É¢¨¨ ¶ · ¶μ§¨É·μ´¨Ö ¢ ´ Î ²Ó´Ò° ³μ³¥´É ¢·¥³¥´¨ |C1(0)| = 1,
C2(0) = 0. ‚ μ¡Ð¥³ ¸²ÊÎ ¥

C1(t) =
1

2(A + iB)

{[(
�

(
ω0 + i

Γ2 − Γ1

2

)
+ A + iB

)
C1(0)+

+ 2EC2(0)

]
exp
(
− i

�
E1t

)
+

+

[(
A + iB − �

(
ω0 + i

Γ2 − Γ1

2

))
C1(0)−

− 2EC2(0)

]
exp
(
− i

�
E2t

)}
,

C2(t) =
1

2(A + iB)

{[
2EC1(0)+

+
(

A + iB − �

(
ω0 + i

Γ2 − Γ1

2

))
C2(0)

]
exp
(
− i

�
E1t

)
+

+

[
− 2EC1(0)+

+
(

�

(
ω0 + i

Γ2 − Γ1

2

)
+ A + iB

)
C2(0)

]
exp
(
− i

�
E2t

)}
.

(2.15)
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”μ·³Ê²Ò (2.15) ¤ ÕÉ μ¡Ð¥¥ ·¥Ï¥´¨¥ § ¤ Î¨ μ ¸É·Ê±ÉÊ·¥ ¨ Ô¢μ²ÕÍ¨¨ ¸μ¸ÉμÖ-
´¨Ö ¶μ§¨É·μ´¨Ö ¢ ³ £´¨É´μ³ ¶μ²¥.

2.3. �¢μ²ÕÍ¨Ö ¸μ¸ÉμÖ´¨Ö ¶μ§¨É·μ´¨Ö, ¶·μÏ¥¤Ï¥£μ ¸μ²¥´μ¨¤ ¸ ³ £´¨É-
´Ò³ ¶μ²¥³. �Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ μ¤´μ·μ¤´μ¥ ³ £´¨É´μ¥ ¶μ²¥ ¢±²ÕÎ ¥É¸Ö ¢
¸¨¸É¥³¥ ¶μ±μÖ ¶μ§¨É·μ´¨Ö ¢ ³μ³¥´É ¢·¥³¥´¨ t = 0 (¶μ§¨É·μ´¨° ¢Ìμ¤¨É ¢
¸μ²¥´μ¨¤) ¨ ¢Ò±²ÕÎ ¥É¸Ö ¢ ³μ³¥´É ¢·¥³¥´¨ t = τ (¶μ§¨É·μ´¨° ¢ÒÌμ¤¨É ¨§
¸μ²¥´μ¨¤ ),    ³¶²¨ÉÊ¤Ò μ·Éμ- ¨ ¶ · ¸μ¸ÉμÖ´¨° ¶·¨ t = 0 · ¢´Ò α1 ¨ α2.

‚´ÊÉ·¨ ¸μ²¥´μ¨¤  ¡ §¨¸´Ò³¨ Ö¢²ÖÕÉ¸Ö ´¥ μ·Éμ- ¨ ¶ · ¸μ¸ÉμÖ´¨Ö,   ¸μ-
¸ÉμÖ´¨Ö ±¢ §¨μ·Éμ¶μ§¨É·μ´¨Ö (ortho-like-Ps) ¨ ±¢ §¨¶ · ¶μ§¨É·μ´¨Ö (para-
like-Ps), Ö¢²ÖÕÐ¨¥¸Ö ¸Ê¶¥·¶μ§¨Í¨¥° ¸μ¸ÉμÖ´¨° ¸μ ¸¶¨´ ³¨ 0 ¨ 1 ¨ ¨³¥ÕÐ¨¥
Ô´¥·£¨¨ Re (E1) ¨ Re (E2) ¸μμÉ¢¥É¸É¢¥´´μ.

	μ¸²¥ ¢ÒÌμ¤  ¨§ ¸μ²¥´μ¨¤  ¡ §¨¸´Ò³¨ ¢´μ¢Ó Ö¢²ÖÕÉ¸Ö μ·Éμ- ¨ ¶ · ¸μ-
¸ÉμÖ´¨Ö, μ¶¨¸Ò¢ ÕÐ¨¥¸Ö  ³¶²¨ÉÊ¤ ³¨ Σ1(t) = δ1 exp (−(i/�)Eot) ¨ Σ2(t) =
δ2 exp (−(i/�)Ept) ¸μμÉ¢¥É¸É¢¥´´μ. Šμ³¶²¥±¸´Ò¥ Ô´¥·£¨¨ μ·Éμ- ¨ ¶ · ¸μ¸Éμ-
Ö´¨° · ¢´Ò

Eo = H11, Ep = H22.

�³¶²¨ÉÊ¤Ò ¤μ²¦´Ò Ê¤μ¢²¥É¢μ·ÖÉÓ Ê¸²μ¢¨Õ ¸Ï¨¢ ´¨Ö ·¥Ï¥´¨° ´  £· ´¨Í¥:

C1(τ) = δ1 exp
(
− i

�
Eoτ

)
, C2(τ) = δ2 exp

(
− i

�
Epτ

)
. (2.16)

	μ¸²¥ ¢ÒÌμ¤  ¨§ ¸μ²¥´μ¨¤   ³¶²¨ÉÊ¤Ò μ·Éμ- ¨ ¶ · ¸μ¸ÉμÖ´¨° μ¶·¥¤¥²ÖÕÉ¸Ö
¢Ò· ¦¥´¨Ö³¨

Σ1(t) = C1(τ) exp
[
− i

�
Eo(t − τ)

]
, Σ2(t) = C2(τ) exp

[
− i

�
Ep(t − τ)

]
.

(2.17)

 ¸¸³μÉ·¨³ É¥¶¥·Ó ¶· ±É¨Î¥¸±¨ ¢ ¦´Ò° ¸²ÊÎ ° C1(0) = 1, C2(0) = 0, ±μÉμ-
·Ò° ·¥ ²¨§Ê¥É¸Ö ¢ Ô±¸¶¥·¨³¥´É¥. ‚ ÔÉμ³ ¸²ÊÎ ¥

C1(t) =
1

2(A + iB)

{[
�(ω0 + i

Γ2 − Γ1

2
) + A + iB

]
exp
(
− i

�
E1t

)

+
[
A + iB − �(ω0 + i

Γ2 − Γ1

2
)
]

exp
(
− i

�
E2t

)}
,

C2(t) =
E

A + iB

{
exp
(
− i

�
E1t

)
− exp

(
− i

�
E2t

)}
.

(2.18)

	·¥¤¸É ¢¨³ ±μ³¶²¥±¸´Ò¥ Î¨¸²  ¢ ¶μ± § É¥²Ó´μ° Ëμ·³¥:

A + iB ± �

(
ω0 + i

Γ2− Γ1

2

)
= B1,2 exp (iφ1,2) ,

B1,2 =

√
(A ± �ω0)

2+
(
B ± �

Γ2− Γ1

2

)2

, φ1,2 = arctg
2B ± � (Γ2− Γ1)

2 (A ± �ω0)
.

(2.19)
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‚ ·¥§Ê²ÓÉ É¥ Ëμ·³Ê²  ¤²Ö  ³¶²¨ÉÊ¤Ò ´ Ìμ¦¤¥´¨Ö ¶μ§¨É·μ´¨Ö ¢ μ·Éμ¸μ¸ÉμÖ-
´¨¨ ¶·¨μ¡·¥É ¥É ¢¨¤

C1(t) =
1

2(A + iB)
×

×
{

B1 exp [−i(ω1t − φ1) −
Γ′

1

2
t] + B2 exp [−i(ω2t − φ2) −

Γ′
2

2
t]
}

, (2.20)

£¤¥

ω1 =
Re(E1)

�
=

E0

�
+

A

2�
, ω2 =

Re(E2)
�

=
E0

�
− A

2�
. (2.21)

‹¥£±μ ¢¨¤¥ÉÓ, ÎÉμ Ëμ·³Ê²Ò (2.20), (2.21) μ¶¨¸Ò¢ ÕÉ μ¸Í¨²²ÖÍ¨¨ ¸ Î ¸ÉμÉμ°,
¡²¨§±μ° ± Î ¸ÉμÉ¥ ¸¢¥·ÌÉμ´±μ£μ ¶¥·¥Ìμ¤ . Š¢ ¤· ÉÒ ³μ¤Ê²Ö  ³¶²¨ÉÊ¤, Ì · ±-
É¥·¨§ÊÕÐ¨¥ ¢¥·μÖÉ´μ¸É¨ ´ Ìμ¦¤¥´¨Ö ¶μ§¨É·μ´¨Ö ¢ μ·Éμ- ¨ ¶ · ¸μ¸ÉμÖ´¨ÖÌ,
· ¢´Ò

F (t) =|C1(t)|2 =
1

4Ω2

{
B2

1 exp(−Γ′
1t) + B2

2 exp(−Γ′
2t)+

+ 2B1B2 exp
(
− Γ′

1 + Γ′
2

2
t
)

cos[(ω1 − ω2)t − (φ1 − φ2)]

}
,

G(t) =|C2(t)|2 =
E2

Ω2

{
exp(−Γ′

1t)+

+ exp (−Γ′
2t) − 2 exp

(
− Γ′

1 + Γ′
2

2
t
)

cos[(ω1 − ω2)t]

}
,

(2.22)

£¤¥

Ω =
√

A2 + B2 =

({
�

2

[
ω2

0 +
(Γ2 − Γ1)2

4

]
+ 4E2

}2

− 4�
2(Γ2 − Γ1)2E2

)1/4

.

(2.23)
	·¨ Γ1 = Γ2 = 0 F (t) + G(t) = 1.

‘²¥¤μ¢ É¥²Ó´μ, ¢´ÊÉ·¨ ¸μ²¥´μ¨¤  ¶·μ¨¸Ìμ¤ÖÉ μ¸Í¨²²ÖÍ¨¨ ¸ Ê£²μ¢μ° Î -
¸ÉμÉμ°

ω1 − ω2 =
A

�
≈ ω0

√
1 + x2.

Š ± Ê¶μ³¨´ ²μ¸Ó ¢ÒÏ¥, ¸³¥Ï¨¢ ¥É¸Ö Éμ²Ó±μ ¸μ¸ÉμÖ´¨¥ ¸ ´Ê²¥¢μ° ¶·μ¥±Í¨¥°
¸¶¨´ . 	·¥¤¶μ² £ Ö, ÎÉμ ´  ¢Ìμ¤¥ ¢ ¸μ²¥´μ¨¤ ¸ ³ £´¨É´Ò³ ¶μ²¥³ ¸ÊÐ¥¸É¢ÊÕÉ
Éμ²Ó±μ  Éμ³Ò ¢ μ·Éμ¸μ¸ÉμÖ´¨¨ ¨ ÎÉμ ¤μ²¨  Éμ³μ¢ ¸μ ¸¶¨´ ³¨ 0 ¨ ±1 · ¢´Ò
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¨¸. 2.1. ‡ ¢¨¸¨³μ¸ÉÓ ËÊ´±Í¨¨ (2.25) μÉ ¢¥²¨Î¨´Ò ³ £´¨É´μ£μ ¶μ²Ö

¸μμÉ¢¥É¸É¢¥´´μ ¶μ 1/3, ¶μ²ÊÎ ¥³ Ëμ·³Ê²Ê ¤²Ö ¢¥·μÖÉ´μ¸É¨  Éμ³  ¢Ò°É¨ ¨§
¸μ²¥´μ¨¤  ¢ μ·Éμ¸μ¸ÉμÖ´¨¨:

f (τ, B0) =
2
3

exp (−Γ1τ ) +
1
3
F (τ, B0) , τ =

L

γv
, (2.24)

£¤¥ F (τ, B0) § ¤ ¥É¸Ö Ëμ·³Ê²μ° (2.22); B0 Å ¢¥²¨Î¨´  ³ £´¨É´μ£μ ¶μ²Ö ¢
¸μ²¥´μ¨¤¥; L Å ¤²¨´  ¸μ²¥´μ¨¤ ; v Å ¸±μ·μ¸ÉÓ  Éμ³μ¢ ¶μ§¨É·μ´¨Ö; γ Å
²μ·¥´Í-Ë ±Éμ·. ’¥μ·¥É¨Î¥¸±μ¥ §´ Î¥´¨¥ ¨§³¥·Ö¥³μ° ËÊ´±Í¨¨ (1.2) § ¤ ¥É¸Ö
¢Ò· ¦¥´¨¥³

g (τ, B0) =
f(τ, B0)
f(τ, 0)

=
2
3

+
1
3
F (τ, B0) · exp (−Γ1τ ) . (2.25)

‡ ¢¨¸¨³μ¸ÉÓ ËÊ´±Í¨¨ (2.25) μÉ ¢¥²¨Î¨´Ò ³ £´¨É´μ£μ ¶μ²Ö ¶·¨ L = 15 ¸³
¶·¥¤¸É ¢²¥´  ´  ·¨¸. 2.1. ˆ§³¥´¥´¨¥ ËÊ´±Í¨¨ (2.25) ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ
¢·¥³¥´¨ ¦¨§´¨ ¶ · ¶μ§¨É·μ´¨Ö ¶·μ¨²²Õ¸É·¨·μ¢ ´μ ´  ·¨¸. 2.2. �  £· Ë¨±¥
¶μ μ¸¨ μ·¤¨´ É μÉ²μ¦¥´  ËÊ´±Í¨Ö

δ g(B, x) =
g
(
B, Γ2

{
1 + 10−4 · x

})
g (B, Γ2)

− 1, (2.26)

£¤¥ B Å ¢¥²¨Î¨´  ³ £´¨É´μ£μ ¶μ²Ö; Γ2 Å ¶μ¸ÉμÖ´´ Ö · ¸¶ ¤  μ·Éμ¶μ§¨-
É·μ´¨Ö,   ËÊ´±Í¨Ö g § ¤ ¥É¸Ö Ëμ·³Ê²μ° (2.25). ‚¨¤´μ, ÎÉμ ¤²Ö ¶μ²ÊÎ¥´¨Ö
É·¥¡Ê¥³μ° μÉ´μ¸¨É¥²Ó´μ° ÉμÎ´μ¸É¨ ¢ μ¶·¥¤¥²¥´¨¨ ¢·¥³¥´¨ ¦¨§´¨ 1 · 10−4

´¥μ¡Ìμ¤¨³μ μ¶·¥¤¥²ÖÉÓ ËÊ´±Í¨Õ (2.25) ¸ ÉμÎ´μ¸ÉÓÕ ²ÊÎÏ¥ 1 · 10−5.
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¨¸. 2.2. ‡ ¢¨¸¨³μ¸ÉÓ μÉ´μ¸¨É¥²Ó´μ£μ μÉ±²μ´¥´¨Ö ËÊ´±Í¨¨ (2.25) ¶·¨ ¨§³¥´¥´¨¨
§´ Î¥´¨Ö ¢·¥³¥´¨ ¦¨§´¨ ¶ · ¶μ§¨É·μ´¨Ö μÉ ¢¥²¨Î¨´Ò ³ £´¨É´μ£μ ¶μ²Ö: ΔΓ2/Γ2 =
1 · 10−4 (1), 0,5 · 10−4 (2), −0,5 · 10−4 (3), −1 · 10−4 (4)

2.4. �¥²ÖÉ¨¢¨¸É¸±¨¥ ¶μ¶· ¢±¨ ± ³ £´¨É´μ³Ê ³μ³¥´ÉÊ ¶μ§¨É·μ´¨Ö.
‚μ¶·μ¸ μ ¢¥²¨Î¨´¥ μ¶¥· Éμ·  ³ £´¨É´μ£μ ³μ³¥´É  ¶μ§¨É·μ´¨Ö ¢¥¸Ó³  ¢ -
¦¥´, ¶μ¸±μ²Ó±Ê μÉ²¨Î¨¥ ³ £´¨É´ÒÌ ³μ³¥´Éμ¢ Ô²¥±É·μ´  ¨ ¶μ§¨É·μ´  ¢  Éμ³¥
¶μ§¨É·μ´¨Ö μÉ ³ £´¨É´ÒÌ ³μ³¥´Éμ¢ ¸¢μ¡μ¤´ÒÌ Î ¸É¨Í ¢²¨Ö¥É ´  Ì · ±É¥·
¸³¥Ï¨¢ ´¨Ö ¸μ¸ÉμÖ´¨° μ·Éμ- ¨ ¶ · ¶μ§¨É·μ´¨Ö ¢ ³ £´¨É´μ³ ¶μ²¥. ‚¥²¨Î¨´ 
³ £´¨É´μ£μ ³μ³¥´É  Ô²¥±É·μ´  ¨ ¶μ§¨É·μ´  ¢ ¶μ§¨É·μ´¨¨ μ, ¢Ìμ¤ÖÐ Ö ¢ Ëμ·-
³Ê²Ê (2.1), μ¶·¥¤¥²Ö¥É¸Ö ¤¢Ê³Ö Ë ±Éμ· ³¨:

 ) ¢§ ¨³μ¤¥°¸É¢¨¥³ Ô²¥±É·μ´  ¨ ¶μ§¨É·μ´  ¢  Éμ³¥ ¶μ§¨É·μ´¨Ö;
¡) ¤¢¨¦¥´¨¥³  Éμ³  ¶μ§¨É·μ´¨Ö ± ± Í¥²μ£μ ¢ ³ £´¨É´μ³ ¶μ²¥.
�Éμ° ¶·μ¡²¥³¥ Ê¤¥²Ö²μ¸Ó ¸¥·Ó¥§´μ¥ ¢´¨³ ´¨¥ (¸³. [22Ä24] ¨ Í¨É¨·μ¢ ´-

´ÊÕ É ³ ²¨É¥· ÉÊ·Ê). ‚ · ¡μÉ Ì [22, 24] ÊÎ¨ÉÒ¢ ²¨¸Ó ·¥²ÖÉ¨¢¨¸É¸±¨¥ ¶μ-
¶· ¢±¨ ¶μ·Ö¤±  α2 (α Å ¶μ¸ÉμÖ´´ Ö Éμ´±μ° ¸É·Ê±ÉÊ·Ò) ± ± ± ¤¨· ±μ¢¸±μ³Ê,
É ± ¨ ±  ´μ³ ²Ó´μ³Ê ³ £´¨É´μ³Ê ³μ³¥´ÉÊ, μ¡Ê¸²μ¢²¥´´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨¥³
Ô²¥±É·μ´  ¨ ¶μ§¨É·μ´ , ¨ ¤²Ö ³ £´¨É´μ£μ ³μ³¥´É  Ô²¥±É·μ´  (¶μ§¨É·μ´ ) ¢
μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨ Ps (n = 1) ¡Ò²μ ´ °¤¥´μ ¢Ò· ¦¥´¨¥

μ = μ0

(
1 + ae −

5α2

24
− α2

24
ae

)
, ae =

ge − 2
2

, μ0 =
e

2me
, (2.27)

£¤¥ ge Å g-Ë ±Éμ· ¸¢μ¡μ¤´μ£μ Ô²¥±É·μ´  (¶μ§¨É·μ´ ); μ0 Å ¤¨· ±μ¢¸±¨°
³ £´¨É´Ò° ³μ³¥´É.

‚ · ¡μÉ¥ [23] ´¥ · ¸¸Î¨ÉÒ¢ ²¨¸Ó ¶μ¶· ¢±¨ ±  ´μ³ ²Ó´μ³Ê ³ £´¨É´μ³Ê
³μ³¥´ÉÊ, ´μ ¡Ò²¨ ÊÎÉ¥´Ò ¶μ¶· ¢±¨ ± ¤¨· ±μ¢¸±μ³Ê ³ £´¨É´μ³Ê ³μ³¥´ÉÊ ´ 
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¤¢¨¦¥´¨¥ ¶μ§¨É·μ´¨Ö:

μ =
μ0ge

2

(
1 − 5α2

24
− T

2mec2

)
, (2.28)

£¤¥ T Å ¶μ²´ Ö ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö  Éμ³  Ps, · ¢´ Ö Ê¤¢μ¥´´μ° ±¨´¥É¨-
Î¥¸±μ° Ô´¥·£¨¨ Ô²¥±É·μ´  ¨ ¶μ§¨É·μ´ .

	μ¸±μ²Ó±Ê ¶·¥¤¶μ² £ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ¶ÊÎ±¨ ¶μ§¨É·μ´¨Ö ¸ Ô´¥·£¨¥°
20 ±Ô‚, Éμ T/(2me) = 0,01 ¨ ÉμÎ´μ¸ÉÓ, ¤ ¢ ¥³ Ö Ëμ·³Ê²μ° (2.27), Ö¢´μ ´¥-
¤μ¸É ÉμÎ´ . ‚ ÔÉμ³ ¸²ÊÎ ¥ ¢²¨Ö´¨¥ ¤¢¨¦¥´¨Ö  Éμ³μ¢ ¶μ§¨É·μ´¨Ö ´  ¢¥²¨Î¨´Ê
μ ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ ÉμÎ´μ. �Éμ£μ ³μ¦´μ ¤μ¸É¨£´ÊÉÓ ¶ÊÉ¥³ ¨¸¶μ²Ó§μ¢ -
´¨Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ëμ·³Ê² ¤²Ö μ¶¥· Éμ·μ¢ ³ £´¨É´ÒÌ ³μ³¥´Éμ¢ ¸¢μ¡μ¤´ÒÌ
Ô²¥±É·μ´μ¢ ¨ ¶μ§¨É·μ´μ¢ ¢ ³ £´¨É´μ³ ¶μ²¥ [25, 26]. — ¸ÉÓ £ ³¨²ÓÉμ´¨ ´ ,
μ¶¨¸Ò¢ ÕÐ Ö ¢§ ¨³μ¤¥°¸É¢¨¥ ¸ ³ £´¨É´Ò³ ¶μ²¥³, ¤²Ö · ¸¸³ É·¨¢ ¥³μ£μ ¸²Ê-
Î Ö ¨³¥¥É ¢¨¤

Hint = −
(

μ0

γ
+ μ′
)

σ · B +
μ′

γ(γ + 1)
(σ · β)(β · B), β =

v
c
, (2.29)

£¤¥ μ′ Å  ´μ³ ²Ó´Ò° ³ £´¨É´Ò° ³μ³¥´É. 	·¨ ¤¢¨¦¥´¨¨ ¶μ§¨É·μ´¨Ö ¢¤μ²Ó
³ £´¨É´μ£μ ¶μ²Ö

Hint = −μ0 + μ′

γ
σ · B = −μ0ge

2γ
σ ·B

¨

μ =
μ0ge

2γ
. (2.30)

”μ·³Ê²Ò (2.27)Ä(2.29) ¸μ£² ¸ÊÕÉ¸Ö ¤·Ê£ ¸ ¤·Ê£μ³.
„²Ö ÊÎ¥É  ¶μ¶· ¢μ±, ¤ ¢ ¥³ÒÌ ¢§ ¨³μ¤¥°¸É¢¨¥³ Ô²¥±É·μ´  ¨ ¶μ§¨É·μ´ ,

³μ¦´μ μ¡Ñ¥¤¨´¨ÉÓ Ëμ·³Ê²Ò (2.27) ¨ (2.30):

μ = μ0

(
ge

2γ
− 5α2

24
− α2

24
ae

)
. (2.31)

”μ·³Ê²  (2.31) ´¥ ÊÎ¨ÉÒ¢ ¥É
 ) ¢²¨Ö´¨¥ ¤¢¨¦¥´¨Ö  Éμ³  ´  ¢¥²¨Î¨´Ê ¶μ¶· ¢μ±, ¶·μ¶μ·Í¨μ´ ²Ó´ÒÌ α2;
¡) · §´¨ÍÊ ³¥¦¤Ê ³ ¸¸μ°  Éμ³  ¨ ¸Ê³³μ° ³ ¸¸ Ô²¥±É·μ´  ¨ ¶μ§¨É·μ´ .
�Ï¨¡± , ¢´μ¸¨³ Ö ± ¦¤Ò³ ¨§ ÔÉ¨Ì Ë ±Éμ·μ¢, ¨³¥¥É ¶μ·Ö¤μ± ¢¥²¨Î¨´Ò

α2T/me ∼ 10−6, ±μÉμ·Ò° ¨ Ì · ±É¥·¨§Ê¥É ÉμÎ´μ¸ÉÓ, ¤ ¢ ¥³ÊÕ Ëμ·³Ê²μ°
(2.31). ’ ±μ£μ ¦¥ ¶μ·Ö¤±  ¨ ¢±² ¤ ÔÉμ° μÏ¨¡±¨ ¢ μÏ¨¡±Ê ¨§³¥·Ö¥³μ° ËÊ´±-
Í¨¨, ¨ μ´ ¶·¥´¥¡·¥¦¨³μ ³ ².
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3. ��ˆ‘��ˆ… “‘’���‚Šˆ

“¸É ´μ¢±  LEPTA ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ±μ³¶²¥±¸ Ë¨§¨Î¥¸±¨Ì Ê¸É·μ°¸É¢,
¶·¥¤´ §´ Î¥´´ÒÌ ¤²Ö ¶μ²ÊÎ¥´¨Ö ¨ ´ ±μ¶²¥´¨Ö ¶μ§¨É·μ´μ¢, £¥´¥· Í¨¨ ¶μÉμ± 
 Éμ³μ¢ ¶μ§¨É·μ´¨Ö ¨ ¶μ¸É ´μ¢±¨ Ô±¸¶¥·¨³¥´Éμ¢ ¸ ´¨³. “¸É ´μ¢±  LEPTA ¸μ-
¸Éμ¨É ¨§ ¨´¦¥±Éμ·  ¶μ§¨É·μ´μ¢, ´ ±μ¶¨É¥²Ö ¸ ¸¨¸É¥³μ° Ô²¥±É·μ´´μ£μ μÌ² -
¦¤¥´¨Ö ¨ ±μ³¶²¥±¸  ¤¥É¥±Éμ·μ¢ ¤²Ö ¶·μ¢¥¤¥´¨Ö Ë¨§¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´-
Éμ¢ (·¨¸. 3.1). �¸´μ¢´Ò¥ ¶ · ³¥É·Ò ´ ±μ¶¨É¥²Ö ¶μ§¨É·μ´μ¢ ¶·¥¤¸É ¢²¥´Ò
¢ É ¡². 3.1.


¨¸. 3.1. ‘Ì¥³  Ê¸É ´μ¢±¨ LEPTA: 1 Å ¨¸ÉμÎ´¨± ¶μ§¨É·μ´μ¢; 2 Å ¶μ§¨É·μ´´ Ö
²μ¢ÊÏ± ; 3 Å ¸¥±Í¨Ö ¨´¦¥±Í¨¨ ¶μ§¨É·μ´μ¢; 4 Å ¸¥¶ÉÊ³´Ò¥ ¸μ²¥´μ¨¤Ò; 5 Å ±¨±¥·
(· ¸¶μ²μ¦¥´ ¢´ÊÉ·¨ ¸¥¶ÉÊ³´μ£μ ¸μ²¥´μ¨¤ ); 6 Å Éμ·μ¨¤ ²Ó´Ò¥ ¸μ²¥´μ¨¤Ò; 7 Å ¸μ²¥-
´μ¨¤ ¨ ±¢ ¤·Ê¶μ²Ó´ Ö ± ÉÊÏ± ; 8 Å ¸¥±Í¨Ö Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö, ¶·Ö³μ²¨´¥°´Ò°
¸μ²¥´μ¨¤; 9 Ä ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨° ¸μ²¥´μ¨¤; 10 Å ¤¥É¥±Éμ·; 11 Å Ô²¥±É·μ´´ Ö ¶ÊÏ± ;
12 Å ±μ²²¥±Éμ· Ô²¥±É·μ´μ¢; 13 Å ³ £´¨Éμ· §·Ö¤´Ò¥ ¢ ±ÊÊ³´Ò¥ ´ ¸μ¸Ò

”μ±Ê¸¨·μ¢±  Î ¸É¨Í ¢ ´ ±μ¶¨É¥²¥ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ¶μ³μÐÓÕ ¶·μ¤μ²Ó-
´μ£μ ³ £´¨É´μ£μ ¶μ²Ö, ±μÉμ·μ¥ ¶·¨¢μ¤¨É ± § ³ £´¨Î¥´´μ¸É¨ μ¡¥¨Ì Î ¸É¨Í Å
¶μ§¨É·μ´μ¢ ¨ Ô²¥±É·μ´μ¢. 	¥·¥¤ É¥³ ± ± ¶¥·¥°É¨ ± Ë¨§¨Î¥¸±¨³ Ô±¸¶¥·¨³¥´-
É ³, ´¥μ¡Ìμ¤¨³μ μ¸ÊÐ¥¸É¢¨ÉÓ ¨ ¨¸¸²¥¤μ¢ ÉÓ ´ ±μ¶²¥´¨¥ ¶μ§¨É·μ´μ¢ ¢ ±μ²ÓÍ¥
LEPTA ¨ Ô²¥±É·μ´´μ¥ μÌ² ¦¤¥´¨¥ Í¨·±Ê²¨·ÊÕÐ¨Ì ¶μ§¨É·μ´μ¢. �²¥±É·μ´´μ¥
μÌ² ¦¤¥´¨¥ § ³ £´¨Î¥´´ÒÌ Î ¸É¨Í μ¡² ¤ ¥É ·Ö¤μ³ ¶·¥¨³ÊÐ¥¸É¢ [27]: μ´μ ¶μ-
§¢μ²Ö¥É ¤μ¸É¨ÎÓ ³ ²μ£μ Ê£²μ¢μ£μ · §¡·μ¸  ¨ ³ ²μ£μ · §¡·μ¸  ¶μ ¸±μ·μ¸É¨ ¢
¶ÊÎ±¥ μ·Éμ¶μ§¨É·μ´¨Ö.
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’ ¡²¨Í  3.1. �·μ¥±É´Ò¥ ¶ · ³¥É·Ò ´ ±μ¶¨É¥²Ö LEPTA

� ±μ¶¨É¥²Ó LEPTA

	¥·¨³¥É·, ³ 17,12
�´¥·£¨Ö ¶μ§¨É·μ´μ¢, ±Ô‚ 10,0
	¥·¨μ¤ μ¡· Ð¥´¨Ö, ´¸ 300
	·μ¤μ²Ó´μ¥ ³ £´¨É´μ¥ ¶μ²¥, ƒ¸ 400
‘·¥¤´¨° · ¤¨Ê¸ Éμ·μ¨¤ ²Ó´ÒÌ ³ £´¨Éμ¢, ³ 1,45
	μ¶¥·¥Î´μ¥ ³ £´¨É´μ¥ ¶μ²¥, ƒ¸ 1,75
ƒ· ¤¨¥´É ¸¶¨· ²Ó´μ£μ ±¢ ¤·Ê¶μ²Ó´μ£μ ¶μ²Ö, ƒ¸/¸³ 10,0

 ¤¨Ê¸ ¶μ§¨É·μ´´μ£μ ¶ÊÎ± , ¸³ 0,5
—¨¸²μ ¶μ§¨É·μ´μ¢ ¢ ´ ±μ¶¨É¥²¥ 1 · 108

„ ¢²¥´¨¥ μ¸É ÉμÎ´μ£μ £ § , Éμ·· 1 · 10−10

‘¨¸É¥³  Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö

„²¨´  ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö, ³ 4,53
’μ± ¶ÊÎ± , A 0,5

 ¤¨Ê¸ ¶ÊÎ± , ¸³ 1
	²μÉ´μ¸ÉÓ Ô²¥±É·μ´μ¢, ¸³−3 1,66 · 108

	 · ³¥É·Ò ¶ÊÎ±  μ·Éμ¶μ§¨É·μ´¨Ö

ˆ´É¥´¸¨¢´μ¸ÉÓ,  Éμ³/¸ 1 · 104

“£²μ¢μ° · §¡·μ¸, ³· ¤ 1

 §¡·μ¸ ¸±μ·μ¸É¥° 1 · 10−4

„¨ ³¥É· ¶ÊÎ±  ´  ¢ÒÌμ¤¥ ¨§ ±μ²ÓÍ , ¸³ 1,1
„²¨´  · ¸¶ ¤  μ·Éμ¶μ§¨É·μ´¨Ö, ³ 8,52

‚ ´ ±μ¶¨É¥²¥ LEPTA ¶·μ¨§¢μ¤¨É¸Ö Ëμ±Ê¸¨·μ¢±  ¶ÊÎ±  Í¨·±Ê²¨·ÊÕÐ¨Ì
Î ¸É¨Í ¶·μ¤μ²Ó´Ò³ ³ £´¨É´Ò³ ¶μ²¥³. „²Ö ¸μ¢³¥Ð¥´¨Ö ¨ · §¢¥¤¥´¨Ö Ô²¥±-
É·μ´´μ£μ ¨ ¶μ§¨É·μ´´μ£μ ¶ÊÎ±μ¢ ¨¸¶μ²Ó§Ê¥É¸Ö Í¥´É·μ¡¥¦´Ò° ¤·¥°Ë ´  Éμ-
·μ¨¤ ²Ó´ÒÌ ÊÎ ¸É± Ì ´ ±μ¶¨É¥²Ö, ÎÉμ Ö¢²Ö¥É¸Ö μ·¨£¨´ ²Ó´μ° Î¥·Éμ° ¤ ´´μ£μ
´ ±μ¶¨É¥²Ö [3]. ˆ´¦¥±Í¨Ö ¶μ§¨É·μ´μ¢ ¢ ´ ±μ¶¨É¥²Ó ¨ ¢Ò¢μ¤ Í¨·±Ê²¨·ÊÕ-
Ð¥£μ ¶μ§¨É·μ´´μ£μ ¶ÊÎ±  ¤²Ö  ´ ²¨§  ¥£μ ¶ · ³¥É·μ¢ μ¸ÊÐ¥¸É¢²ÖÕÉ¸Ö ¶·¨
¶μ³μÐ¨ ¨³¶Ê²Ó¸´μ£μ Ô²¥±É·¨Î¥¸±μ£μ ±¨±¥· . „²Ö ¶μ²ÊÎ¥´¨Ö ¤μ²£μ¢·¥³¥´´μ°
Ê¸Éμ°Î¨¢μ¸É¨ ¶·¨ ¤¢¨¦¥´¨¨ ¶μ§¨É·μ´μ¢ ¶μ · ¢´μ¢¥¸´μ° μ·¡¨É¥ ¶·¨³¥´Ö¥É¸Ö
¤μ¶μ²´¨É¥²Ó´ Ö μ¡³μÉ± , ¸μ§¤ ÕÐ Ö ¸¶¨· ²Ó´μ¥ ±¢ ¤·Ê¶μ²Ó´μ¥ ¶μ²¥. Š²ÕÎ¥-
¢ÊÕ ·μ²Ó ¨£· ¥É Ô²¥±É·μ´´μ¥ μÌ² ¦¤¥´¨¥ ¶μ§¨É·μ´μ¢, ±μÉμ·μ¥ ¡Ê¤¥É μ¸ÊÐ¥-
¸É¢²¥´μ ¢¶¥·¢Ò¥. 	·¨ ÔÉμ³ Ô²¥±É·μ´´Ò° ¶ÊÎμ± ¡Ê¤¥É ¨¸¶μ²Ó§μ¢ ÉÓ¸Ö ± ± ¤²Ö
μ¡¥¸¶¥Î¥´¨Ö ·¥¦¨³  μÌ² ¦¤¥´¨Ö ¶μ§¨É·μ´μ¢, É ± ¨ ¢ ± Î¥¸É¢¥ ³¨Ï¥´¨ ¤²Ö
£¥´¥· Í¨¨ ¶μ§¨É·μ´¨Ö.

‚ ´ ±μ¶¨É¥²¥ LEPTA ¶² ´¨·Ê¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ μ¤´μμ¡μ·μÉ´ÊÕ ¨´¦¥±-
Í¨Õ. ‘μμÉ¢¥É¸É¢¥´´μ, ¤²¨É¥²Ó´μ¸ÉÓ ¨³¶Ê²Ó¸  ¨´¦¥±Í¨¨ ¤μ²¦´  ¡ÒÉÓ ±μ-
·μÎ¥ ¶¥·¨μ¤  μ¡· Ð¥´¨Ö Î ¸É¨Í ¢ ´ ±μ¶¨É¥²¥, ±μÉμ·Ò° ¸μ¸É ¢²Ö¥É 300 ´¸.
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‘ÊÐ¥¸É¢¥´´μ° μ¸μ¡¥´´μ¸ÉÓÕ ´ ±μ¶¨É¥²Ö LEPTA Ö¢²Ö¥É¸Ö ³ ² Ö ¢¥²¨Î¨´ 
¶·μ¤μ²Ó´μ£μ  ±¸¥¶É ´¸  −Δp/p < 10−3, ÎÉμ ´ ±² ¤Ò¢ ¥É ¦¥¸É±¨¥ μ£· ´¨-
Î¥´¨Ö ´  · §¡·μ¸ ¶μ§¨É·μ´μ¢ ¶μ Ô´¥·£¨¨. „²Ö ¢Ò¶μ²´¥´¨Ö ÔÉ¨Ì É·¥¡μ¢ ´¨°
¡Ò² · §· ¡μÉ ´ ¨´¦¥±Éμ· ¶μ§¨É·μ´μ¢ ´¨§±μ° Ô´¥·£¨¨, ¶·μÉμÉ¨¶μ³ ±μ´¸É·Ê±-
Í¨¨ ±μÉμ·μ£μ ¶μ¸²Ê¦¨²  Ê¸É ´μ¢±  ¶μ ´ ±μ¶²¥´¨Õ ´¨§±μÔ´¥·£¨Î´ÒÌ ¶μ§¨É·μ-
´μ¢, · ¡μÉ ÕÐ Ö ¢ –…
� ´  Ô±¸¶¥·¨³¥´É¥ ¶μ ¶μ²ÊÎ¥´¨Õ  ´É¨¢μ¤μ·μ¤ , Å
ATHENA (AnTyHidrogEN Apparatus) [28].

	¥·¨μ¤ ³¥¦¤Ê Í¨±² ³¨ ¨´¦¥±Í¨¨ ¶μ§¨É·μ´μ¢ ¢ ´ ±μ¶¨É¥²Ó ¢Ò¡¨· ¥É¸Ö
· ¢´Ò³ ¢·¥³¥´¨ ¦¨§´¨ ¶μ§¨É·μ´μ¢ ¢ ±μ²ÓÍ¥, ±μÉμ·μ¥ μ¶·¥¤¥²Ö¥É¸Ö ÔËË¥±Éμ³
· ¸¸¥Ö´¨Ö ¶μ§¨É·μ´μ¢ ´   Éμ³ Ì μ¸É ÉμÎ´μ£μ £ §  ¸ ¶μ¸²¥¤ÊÕÐ¥° £¨¡¥²ÓÕ ´ 
¸É¥´± Ì ¢ ±ÊÊ³´μ° ± ³¥·Ò. 	·¨ ¤ ¢²¥´¨¨ 1010 ’μ·· §´ Î¥´¨¥ ¢·¥³¥´¨ ¦¨§´¨
¸μ¸É ¢²Ö¥É τbeam = 100 ¸. Œ¥¦¤Ê Í¨±² ³¨ ¨´¦¥±Í¨¨ ±μ²¨Î¥¸É¢μ Í¨·±Ê²¨·ÊÕ-
Ð¨Ì ¶μ§¨É·μ´μ¢ (¨, ¸μμÉ¢¥É¸É¢¥´´μ, ¨´É¥´¸¨¢´μ¸ÉÓ ¶μÉμ±   Éμ³μ¢ ¶μ§¨É·μ´¨Ö
´  ¢ÒÌμ¤¥) Ô±¸¶μ´¥´Í¨ ²Ó´μ ¸¶ ¤ ¥É. „²Ö ¨¸±²ÕÎ¥´¨Ö ¢²¨Ö´¨Ö § ¢¨¸¨³μ-
¸É¨ ¶μÉμ±  ¶μ§¨É·μ´¨Ö μÉ ¢·¥³¥´¨ ´  ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨Ö ¢ É¥Î¥´¨¥ ¶¥·¨-
μ¤  ¨§³¥·¥´¨° Î¥·¥¤ÊÕÉ¸Ö Í¨±²Ò ¸ ´ ²¨Î¨¥³ ¨ μÉ¸ÊÉ¸É¢¨¥³ ³ £´¨É´μ£μ ¶μ²Ö
(·¨¸. 3.2). 	·μ¤μ²¦¨É¥²Ó´μ¸ÉÓ É ±μ£μ Í¨±²  μ¶·¥¤¥²Ö¥É¸Ö É¥Ì´¨Î¥¸±¨³¨ ¢μ§-
³μ¦´μ¸ÉÖ³¨ ¶μ ¡Ò¸É·μ³Ê ¢±²ÕÎ¥´¨Õ ¨ ¢Ò±²ÕÎ¥´¨Õ ¸μ²¥´μ¨¤  ¨ ¨§³¥·¥´¨Õ
³ £´¨É´μ£μ ¶μ²Ö.

‘¢¥·Ì¶·μ¢μ¤ÖÐ¨° ¸μ²¥´μ¨¤ ¤¥É¥±É¨·ÊÕÐ¥° ¸¨¸É¥³Ò (·¨¸. 3.1, ¶μ§. 9) ¶·¥¤-
´ §´ Î¥´ ¤²Ö ¸μ§¤ ´¨Ö ³ £´¨É´μ£μ ¶μ²Ö ¸ ³ ±¸¨³ ²Ó´μ° ¢¥²¨Î¨´μ° 4 ’².
�  ± ·± ¸ ¤²¨´μ° 150 ³³ ´ ³ ÉÒ¢ ¥É¸Ö ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨° ¶·μ¢μ¤ ¤¨ ³¥É·μ³
0,3 ³³, ¸¶μ¸μ¡´Ò° ¢ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥³ ¸μ¸ÉμÖ´¨¨ ¶·μ¶Ê¸± ÉÓ Éμ± ¤μ 100 � ¨
¤μ¸É¨£ ÉÓ ¶μ²Ö ¤μ 4 ’². „²Ö ¸μ§¤ ´¨Ö É ±μ£μ ¶μ²Ö ¶·¨ Éμ±¥ 50 � ´¥μ¡Ìμ¤¨³μ
´ ³μÉ ÉÓ ´  ± ÉÊÏ±Ê 10000 ¢¨É±μ¢ ¶·μ¢μ¤  · ¢´μ³¥·´μ ¢ 26 ¸²μ¥¢.

�¡³μÉ±  ¸μ²¥´μ¨¤  ¶μ³¥Ð ¥É¸Ö ¢ ¤¢μ°´μ° É¥¶²μ¢μ° Ô±· ´ Éμ²Ð¨´μ°
10 ³³, ¶·¥¤´ §´ Î¥´´Ò° ¤²Ö ¶μ¤¤¥·¦ ´¨Ö ´¥μ¡Ìμ¤¨³μ° É¥³¶¥· ÉÊ·Ò. 	¥·-
¢Ò° Ô±· ´ μÌ² ¦¤ ¥É¸Ö ¦¨¤±¨³ £¥²¨¥³ (· ¸Ìμ¤ £¥²¨Ö 10 ²/¸ÊÉ). ‚Éμ·μ° Ô±· ´
μÌ² ¦¤ ¥É¸Ö ¦¨¤±¨³  §μÉμ³ (· ¸Ìμ¤  §μÉ  3 ²/¸ÊÉ). �±· ´Ò · §¤¥²¥´Ò ¢ ±Ê-
Ê³´Ò³ § §μ·μ³ Éμ²Ð¨´μ° 2Ä3 ³³.

	·¥¤¢ ·¨É¥²Ó´μ¥ · ¸¸³μÉ·¥´¨¥ ¶μ± § ²μ, ÎÉμ É¥Ì´¨Î¥¸±¨ ¤μ¸É¨¦¨³  ¸É -
¡¨²Ó´μ¸ÉÓ Éμ±  ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ¶μ²Ö ¸μ²¥´μ¨¤  ²ÊÎÏ¥ 10−5 ¶·¨ μ¤´μ¢·¥-
³¥´´μ³ ±μ´É·μ²¥  ¡¸μ²ÕÉ´μ£μ §´ Î¥´¨Ö ¶μ²Ö ¸ ¶μ³μÐÓÕ ŸŒ
-³ £´¨Éμ³¥É· 
¸ ÉμÎ´μ¸ÉÓÕ ¶μ·Ö¤±  10−6 [29].

	·¥¤² £ ¥³Ò° ¤¥É¥±Éμ· Î ¸É¨Í (·¨¸. 3.1, ¶μ§. 10, ¨ ·¨¸. 1.1) ¸μ¸Éμ¨É ¨§
³¨Ï¥´¨ ¨ 30 BGO-¸Î¥ÉÎ¨±μ¢, · ¸¶μ²μ¦¥´´ÒÌ ¶μ ¸Ë¥·¥ ¢μ±·Ê£ ³¨Ï¥´¨. 	·¨
¶μ¶ ¤ ´¨¨ ´  ³¨Ï¥´Ó ¶μ§¨É·μ´¨° · ¸¶ ¤ ¥É¸Ö ´  Ô²¥±É·μ´ ¨ ¶μ§¨É·μ´, ¨
¶μ¸²¥¤´¨°  ´´¨£¨²¨·Ê¥É ¸ μ¡· §μ¢ ´¨¥³ ¤¢ÊÌ ¨²¨ É·¥Ì γ-±¢ ´Éμ¢, ·¥£¨¸É·¨-
·Ê¥³ÒÌ BGO-¸Î¥ÉÎ¨± ³¨.

BGO-¸Î¥ÉÎ¨± ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¸Í¨´É¨²²ÖÍ¨μ´´Ò° ¤¥É¥±Éμ· ´  ¡ §¥
±·¨¸É ²²  Bi4Ge3O12. ‚·¥³Ö ¢Ò¸¢¥Î¨¢ ´¨Ö ‚GO ¸μ¸É ¢²Ö¥É ∼ 300 ´¸ ¸ μÎ¥´Ó
³ ²Ò³ ¶μ¸²¥¸¢¥Î¥´¨¥³ ¢ ³¨²²¨¸¥±Ê´¤´μ° μ¡² ¸É¨ (0,005 %), ÎÉμ ¤¥² ¥É ¤ ´-
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¨¸. 3.2. ‚·¥³¥´´ Ö ¸É·Ê±ÉÊ·  ¶μÉμ±  ¶μ§¨É·μ´¨Ö ´  ¢ÒÌμ¤¥ ´ ±μ¶¨É¥²Ö ¨ ¸É· É¥£¨Ö
Ô±¸¶¥·¨³¥´É : a) ¶μÉμ± ¶μ§¨É·μ´¨Ö ´  ¢ÒÌμ¤¥ ¨§ ´ ±μ¶¨É¥²Ö; ¡) § ¢¨¸¨³μ¸ÉÓ ´ ¶·Ö-
¦¥´´μ¸É¨ ¶μ²Ö ¸μ²¥´μ¨¤  μÉ ¢·¥³¥´¨; ¢) § ¢¨¸¨³μ¸ÉÓ B(t) ¢ μ¤´μ³ Í¨±²¥ ¢±²ÕÎ¥´¨Ö
¨ ¢Ò±²ÕÎ¥´¨Ö ¶μ²Ö

´Ò° ¸Í¨´É¨²²ÖÉμ· ¡μ²¥¥ ¡Ò¸É·μ¤¥°¸É¢ÊÕÐ¨³, Î¥³ É· ¤¨Í¨μ´´Ò° NaI (Tl).
’μ²Ð¨´  ±·¨¸É ²²μ¢ ¤¥É¥±Éμ·  ¸μ¸É ¢²Ö¥É 5 ¸³, ÎÉμ ¶μ§¢μ²Ö¥É ·¥£¨¸É·¨·μ-
¢ ÉÓ γ-±¢ ´ÉÒ μÉ · ¸¶ ¤μ¢ ¶μ§¨É·μ´¨Ö ¸ ÔËË¥±É¨¢´μ¸ÉÓÕ, ¡²¨§±μ° ± 100 %.

‚ ± Î¥¸É¢¥ ³¨Ï¥´¨ ¶·¥¤¶μ² £ ¥É¸Ö ¢Ò¡· ÉÓ ¸Í¨´É¨²²ÖÉμ· YAP (±·¨¸É ²²
YAlO3,  ±É¨¢¨·μ¢ ´´Ò° Í¥§¨¥³). „¨ ³¥É· YAP ¢Ò¡· ´ · ¢´Ò³ 2 ¸³, Éμ²-
Ð¨´  Å 300 ³±³. ‚·¥³Ö ¢Ò¸¢¥Î¨¢ ´¨Ö YAP ¸μ¸É ¢²Ö¥É ∼ 25 ´¸. 
 ¤¨ Í¨μ´-
´ Ö ¤²¨´  ¶μ£²μÐ¥´¨Ö γ-±¢ ´Éμ¢ ¸ Ô´¥·£¨¥° 511 ±Ô‚ ¸μ¸É ¢²Ö¥É 2,63 ¸³. 	·¨
·¥£¨¸É· Í¨¨ ¶μ§¨É·μ´¨Ö ¸ÊÐ¥¸É¢Ê¥É ÔËË¥±É μ¡· É´μ£μ ¢Ò²¥É  Ô²¥±É·μ´  ¨²¨
¶μ§¨É·μ´ . ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¶¥·¥¤ ¸Í¨´É¨²²ÖÉμ·μ³ ¶·¥¤¶μ² £ ¥É¸Ö Ê¸É ´μ¢¨ÉÓ
³¨±·μ¸¥É±Ê ¸ ¶μ²μ¦¨É¥²Ó´Ò³ ¶μÉ¥´Í¨ ²μ³, ±μÉμ· Ö ¡Ê¤¥É ¢μ§¢· Ð ÉÓ ¢Ò-
²¥É¥¢Ï¨° ¶μ§¨É·μ´ ¢ ¸Í¨´É¨²²ÖÉμ·. 	·¨ Ìμ·μÏ¥° É¥Ì´¨Î¥¸±μ° ·¥ ²¨§ Í¨¨
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¨¸. 3.3. 	·¨´Í¨¶¨ ²Ó´ Ö ¸Ì¥³  Ô²¥±É·μ´¨±¨: A Å Ê¸¨²¨É¥²Ó (ampliˇer); �‘ Å  ´ -
²μ£μ¢Ò° ¸³¥¸¨É¥²Ó (analog combiner); com Å ¸³¥¸¨É¥²Ó (combiner); D Å ¤¨¸±·¨³¨´ -
Éμ· (discriminator); S Å Ëμ·³¨·μ¢ É¥²Ó (shaper); ‘‘ Å ¸Ì¥³  ¸μ¢¶ ¤¥´¨° (coincidence
circuit); FCC Å ±μ´¥Î´ Ö ¸Ì¥³  ¸μ¢¶ ¤¥´¨° (ˇnal CC); DL Å ²¨´¨Ö § ¤¥·¦±¨ (delay
line); C Å ¸Î¥ÉÎ¨± (counter)

¶μ¢¥·Ì´μ¸É¨ YAP ¨ ¸ ¶·¨³¥´¥´¨¥³ ³¨±·μ¸¥É±¨ ÔËË¥±É¨¢´μ¸ÉÓ ·¥£¨¸É· Í¨¨
¶μ§¨É·μ´¨Ö ¸Í¨´É¨²²ÖÉμ·μ³ ¶·¥¤¶μ² £ ¥É¸Ö μ¸ÊÐ¥¸É¢¨³μ° ´  Ê·μ¢´¥ 95%.

„¥É¥±Éμ· ¢ Ô±¸¶¥·¨³¥´É¥ ¶·¥¤¶μ² £ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ¢ ·¥¦¨³¥ ¸Î¥É-
Î¨± . –¨±² ¨§³¥·¥´¨° ¸ ¶μ²¥³ ¨²¨ ¡¥§ ¶μ²Ö (·¨¸. 5, ¡) Ê¤¢ ¨¢ ¥É¸Ö ¶μ ¢·¥-
³¥´¨ Å ¸´ Î ²  ´ ¡¨· ¥É¸Ö ¸É É¨¸É¨±  ¶·¨ μÉ±·ÒÉμ³ ¶μÉμ±¥ ´  ¤¥É¥±Éμ·,
§ É¥³ ¢ É¥Î¥´¨¥ Éμ£μ ¦¥ ¢·¥³¥´¨ ¶ÊÎμ± ³¥Ì ´¨Î¥¸±¨ ¶¥·¥±·Ò¢ ¥É¸Ö ¨ ´ ¡¨· -
¥É¸Ö ¸É É¨¸É¨±  Ëμ´μ¢ÒÌ ¸μ¡ÒÉ¨°. 	·μ¤μ²¦¨É¥²Ó´μ¸ÉÓ É ±μ£μ Í¨±²  ¸μ¸É ¢¨É
μ±μ²μ 10 ¸.

‘Ì¥³  Ô²¥±É·μ´¨±¨ ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 3.3. 	·¨´Í¨¶ · ¡μÉÒ ¸Ì¥³Ò
¸²¥¤ÊÕÐ¨°. ‘Ë¥·  ¤¥É¥±Éμ·  Ball · §¡¨¢ ¥É¸Ö ´  ¢μ¸¥³Ó Î ¸É¥° ¸²¥¤ÊÕÐ¥£μ
É¨¶ : FNW, FNE, FSW, FSE, BNW, BNE, BSW, BSE, £¤¥ F Å ¶¥·¥¤´ÖÖ
Î ¸ÉÓ ¸Ë¥·Ò (forward), B Å § ¤´ÖÖ (back), N Å ¢¥·Ì´ÖÖ (north), S Å ´¨¦´ÖÖ
(south), W Å ²¥¢ Ö (west) ¨ E Å ¶· ¢ Ö (east). ‚ Ï¥¸É¨ Î ¸ÉÖÌ ¸ ¶μ³μÐÓÕ
 ´ ²μ£μ¢ÒÌ ¸³¥¸¨É¥²¥° ¸ ¶μ·μ£μ³ ∼ 50 ±Ô‚ μ¡Ñ¥¤¨´¥´μ ¶μ Î¥ÉÒ·¥ ¸Î¥ÉÎ¨± ,
¢ ¤¢ÊÌ Å ¶μ É·¨. ‚  ´ ²μ£μ¢μ° ¢¥É¢¨ ¸Ì¥³Ò ¢¸¥ ¢μ¸¥³Ó Î ¸É¥° μ¡Ñ¥¤¨´ÖÕÉ¸Ö
´   ´ ²μ£μ¢μ³ ¸³¥¸¨É¥²¥, ¨ ¸¨£´ ² ¶μ¸ÉÊ¶ ¥É ´  ¤¨¸±·¨³¨´ Éμ· ¸ ¶μ·μ£μ³ ´ 
Ê·μ¢´¥ ∼ 0,7 ŒÔ‚. ‘¨£´ ² ¸ ¢ÒÌμ¤  ¤¨¸±·¨³¨´ Éμ·  ¶μ¸ÉÊ¶ ¥É ´  ±μ´¥Î´ÊÕ
¸Ì¥³Ê ¸μ¢¶ ¤¥´¨°. ‚ ²μ£¨Î¥¸±μ° ¢¥É¢¨ ¸Ì¥³Ò ¢Ò¡· ´´Ò¥ Î ¸É¨ ¸Ë¥·Ò ¶μ¶ -
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¤ ÕÉ ´  ¸³¥¸¨É¥²¨ ¨ ¶μ¸²¥ Ëμ·³¨·μ¢ ´¨Ö ¢ É¥Î¥´¨¥ ∼ 100 ´¸ Å ´  ¸Ì¥³Ò
¸μ¢¶ ¤¥´¨°. ‘μ¢¶ ¤¥´¨Ö μ·£ ´¨§ÊÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³: FNW + FNE +
FSW + FSE ¨ BNW + BNE + BSW + BSE, FNW + BNW + FNE + BNE ¨
FSW + BSW + FSE + BSE, FNW + BNW + FSW + BSW ¨ FNE + BNE +
FSE + BSE Å ¢¸¥£μ É·¨ ¸Ì¥³Ò ¸μ¢¶ ¤¥´¨°. ‘ ¢ÒÌμ¤μ¢ ¤ ´´ÒÌ ¸Ì¥³ ¸μ¢¶ -
¤¥´¨° ¸¨£´ ² Î¥·¥§ ¸³¥¸¨É¥²Ó ¶μ¶ ¤ ¥É ´  ±μ´¥Î´ÊÕ ¸Ì¥³Ê ¸μ¢¶ ¤¥´¨°. ˆ,
±·μ³¥ ÔÉμ£μ, ´  ±μ´¥Î´ÊÕ ¸Ì¥³Ê ¸μ¢¶ ¤¥´¨° ¶μ¶ ¤ ¥É § ¤¥·¦ ´´Ò° ¸¨£´ ² ¸
YAP. ‘· ¡ ÉÒ¢ ´¨Ö YAP É ±¦¥ ¸Î¨É ÕÉ¸Ö ´  ´¥§ ¢¨¸¨³μ³ ¸Î¥ÉÎ¨±¥. –¨±²
μ¡· ¡μÉ±¨ ¸¨£´ ²  ¸Ì¥³μ° ¸μ¸É ¢¨É ¶μ·Ö¤±  1Ä3 ³±¸. 	μ ¶·¨Ìμ¤¥ ¸¨£´ ²  ´ 
YAP ´  ÔÉμ ¢·¥³Ö (¢·¥³Ö ¡²μ±¨·μ¢±¨ τ) · §·Ò¢ ¥É¸Ö Í¥¶Ó, ¸μ¥¤¨´ÖÕÐ Ö YAP
¸ ±μ´¥Î´μ° ¸Ì¥³μ° ¸μ¢¶ ¤¥´¨° ¨ ¸Î¥ÉÎ¨±μ³. ‚ É¥Î¥´¨¥ ¢·¥³¥´¨ ¡²μ±¨·μ¢±¨
¢μ§³μ¦´  ·¥ ²¨§ Í¨Ö ¸Î¥É  ¸¨£´ ²μ¢ ¸ YAP ¤μ¶μ²´¨É¥²Ó´Ò³ ¸Î¥ÉÎ¨±μ³.

	μ·μ£ ´  ¤¨¸±·¨³¨´ Éμ·¥ ¢Ò¡¨· ¥É¸Ö É ±¨³ μ¡· §μ³, ÎÉμ¡Ò, ¢μ-¶¥·¢ÒÌ,
¨¸±²ÕÎ¨ÉÓ ¢²¨Ö´¨¥ ¶² ¢ ´¨Ö 50-±Ô¢´μ£μ ¶μ·μ£  ´  ¶¥·¢¨Î´ÒÌ  ´ ²μ£μ¢ÒÌ
¸³¥¸¨É¥²ÖÌ ´  ÔËË¥±É¨¢´μ¸ÉÓ ·¥£¨¸É· Í¨¨ γ-±¢ ´Éμ¢ · ¸¶ ¤  ¶μ§¨É·μ´¨Ö,
¢μ-¢Éμ·ÒÌ, ± ± ³μ¦´μ ³¥´ÓÏ¥ ¶μÉ¥·ÖÉÓ ¢ ¸ ³μ° ÔËË¥±É¨¢´μ¸É¨ ·¥£¨¸É· Í¨¨.
�¶É¨³ ²Ó´μ¥ §´ Î¥´¨¥ ¶μ·μ£  ¡Ê¤¥É ¢Ò¡· ´μ ¶μ§¤´¥¥.

�±μ´Î É¥²Ó´ Ö ÔËË¥±É¨¢´μ¸ÉÓ ·¥£¨¸É· Í¨¨  Éμ³μ¢ ¶μ§¨É·μ´¨Ö ¤¥É¥±Éμ-
·μ³ ¶·¥¤¶μ² £ ¥É¸Ö · ¢´μ°

η ∼ 70 %. (3.1)

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¢ ¶·¥¤¶μ² £ ¥³μ° ¶μ¸É ´μ¢±¥ Ô±¸¶¥·¨³¥´É  ¶·¨ Ê¸²μ-
¢¨¨, ÎÉμ ÔËË¥±É¨¢´μ¸ÉÓ ¤¥É¥±Éμ·  ¸É ¡¨²Ó´  ¢ É¥Î¥´¨¥ ¢·¥³¥´¨ τbeam = 100 ¸,
μ´  ¡Ê¤¥É μ± §Ò¢ ÉÓ ¢²¨Ö´¨¥ Éμ²Ó±μ ´  ´ ¡¨· ¥³ÊÕ ¸É É¨¸É¨±Ê, ¢ ¸¢Ö§¨ ¸ Î¥³
ÉμÎ´μ¸ÉÓ μ¶·¥¤¥²¥´¨Ö ÔËË¥±É¨¢´μ¸É¨ ¤¥É¥±Éμ·  ´¥ ¨£· ¥É ·μ²¨.

	μ¸²¥ ¶·¨Ìμ¤  ¸¨£´ ²  ¢¥É¢Ó, ¸μ¥¤¨´ÖÕÐ Ö YAP ¸ ±μ´¥Î´μ° ¸Ì¥³μ° ¸μ-
¢¶ ¤¥´¨°, ¡²μ±¨·Ê¥É¸Ö ´  ¢·¥³Ö τ, ÎÉμ ¶·¨¢μ¤¨É ± ¶μÉ¥·¥ ¸¨£´ ²μ¢, ¶·¨Ìμ-
¤ÖÐ¨Ì ¢ É¥Î¥´¨¥ ÔÉμ£μ ¢·¥³¥´¨. ‘¤¥² ¥³ ¶μ¶· ¢±Ê ´  ÔÉ¨ ¶·μ¸Î¥ÉÒ. 	Ê¸ÉÓ
¢ É¥Î¥´¨¥ ¢·¥³¥´¨ T ¤¥É¥±Éμ· (¸ ÊÎ¥Éμ³ ¸· ¡ ÉÒ¢ ´¨Ö ¸Ì¥³Ò ¸μ¢¶ ¤¥´¨°)
§ ·¥£¨¸É·¨·μ¢ ² N+

tot ¸μ¡ÒÉ¨°, ¶μÉ¥·Ö², ¸μμÉ¢¥É¸É¢¥´´μ, N−
tot ¸μ¡ÒÉ¨°,   ´¥-

§ ¢¨¸¨³Ò° ¸Î¥ÉÎ¨± YAP § ·¥£¨¸É·¨·μ¢ ² NYAP ¸μ¡ÒÉ¨°. 	·¨ μÉ¸ÊÉ¸É¢¨¨
¶·μ¸Î¥Éμ¢ ¡Ò²μ ¡Ò § ·¥£¨¸É·¨·μ¢ ´μ Ntot = N+

tot + N−
tot ¸μ¡ÒÉ¨°, ¨ ¨³¥´´μ

ÔÉ  ¢¥²¨Î¨´  ¤μ²¦´  ¶μ¤¸É ¢²ÖÉÓ¸Ö ¢ Ô±¸¶¥·¨³¥´É ²Ó´ÊÕ § ¢¨¸¨³μ¸ÉÓ. �´ -
²¨É¨Î¥¸± Ö ¶μ¶· ¢±  ´  ¶·μ¸Î¥ÉÒ § ¤ ¥É¸Ö Ëμ·³Ê²μ°

Ntot =
N+

tot

1 − (τ/T )NYAP
. (3.2)

	·¥¤¶μ² £ Ö [δNtot]τ ≈ 1−5 ·10−6, ¶μ²ÊÎ ¥³ É·¥¡μ¢ ´¨¥ ´  ÉμÎ´μ¸ÉÓ ¢·¥³¥´¨
¡²μ±¨·μ¢±¨ Δτ ∼ 0,2Ä1 ´c. 	·¨ ¢¥²¨Î¨´¥ ¢·¥³¥´¨ ¡²μ±¨·μ¢±¨ τ ∼ 2 ³±¸
¨ ³ ±¸¨³ ²Ó´μ³ ¸·¥¤´¥³ ¶μÉμ±¥ NYAP/T ≈ 5 · 103 c−1 ¶μ²ÊÎ ¥³ §´ Î¥´¨¥
¶μ¶· ¢±¨

ε =
τ

T
NYAP ∼ 10−2. (3.3)
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	μ¶· ¢±  (3.2)Ä(3.3) ¶μ²ÊÎ¥´   ´ ²¨É¨Î¥¸±¨³ ¸¶μ¸μ¡μ³, ´μ ¨³¥¥É ¸³Ò¸² ¨§-
³¥·¨ÉÓ Î¨¸²μ ¶·μ¸Î¥Éμ¢ §  ¢·¥³Ö ¡²μ±¨·μ¢±¨ Ô±¸¶¥·¨³¥´É ²Ó´μ. „²Ö ÔÉμ£μ ¢
³μ³¥´É ¡²μ±¨·μ¢±¨ ± ´ ²  ¸ YAP ´  ¸Ì¥³Ê ¸μ¢¶ ¤¥´¨° μÉ±·Ò¢ ¥É¸Ö ´  ¢·¥³Ö
¡²μ±¨·μ¢±¨ ¢Éμ·μ° ± ´ ² ¸Î¥É  YAP, ±μÉμ·Ò° ¸Î¨É ¥É ¶·μ¸Î¥ÉÒ. 	Ê¸ÉÓ N+

YAP

¨ N−
YAP Å ¸μμÉ¢¥É¸É¢¥´´μ ¸μ¡ÒÉ¨Ö, ¸μ¸Î¨É ´´Ò¥ ¶¥·¢Ò³ ¨ ¢Éμ·Ò³ ± ´ ² ³¨

YAP §  ¢·¥³Ö ¨§³¥·¥´¨° T ; N+ Å Î¨¸²μ ¸· ¡ ÉÒ¢ ´¨° ±μ´¥Î´μ° ¸Ì¥³Ò
¸μ¢¶ ¤¥´¨° §  ÔÉμ ¦¥ ¢·¥³Ö; τYAP Å ³¥·É¢μ¥ ¢·¥³Ö YAP, ¸μ¸É ¢²ÖÕÐ¥¥
∼ 100 ´¸. ’μ£¤  ¶μ²ÊÎ ¥³ ¤²Ö ÊÉμÎ´¥´´μ£μ Î¨¸²  ¸μ¡ÒÉ¨°, ¢Ò§¢ ¢Ï¨Ì ¸· ¡ -
ÉÒ¢ ´¨¥ ±μ´¥Î´μ° ¸Ì¥³Ò ¸μ¢¶ ¤¥´¨°,

N¶μ²¥§ =
N+

YAP + N−
YAP

1 −
(
N−

YAP + N+
YAP

)
τYAP

T

N+

N+
YAP

. (3.4)

‘μ¶μ¸É ¢²ÖÖ (3.2) ¨ (3.4), ÊÎ¨ÉÒ¢ Ö (3.3) ¨ ¸μμÉ´μÏ¥´¨Ö N−
YAP ≈ εN+

YAP,
N+ ≈ N+

YAP, ¶μ²ÊÎ ¥³, ± ± ¨ · ´¥¥, μÉ´μ¸¨É¥²Ó´ÊÕ ÉμÎ´μ¸ÉÓ [δN¶μ²¥§]τYAP
≈

(1−5) · 10−6 ¶·¨ ÉμÎ´μ¸É¨ ³¥·É¢μ£μ ¢·¥³¥´¨ YAP ΔτYAP ∼ 0,2Ä1 ´c. ’ ±¨³
μ¡· §μ³, É·¥¡μ¢ ´¨¥ ´  μÉ´μ¸¨É¥²Ó´ÊÕ ÉμÎ´μ¸ÉÓ ³¥·É¢μ£μ ¢·¥³¥´¨ YAP ´ 
¶μ·Ö¤μ± ¸² ¡¥¥, Î¥³ É·¥¡μ¢ ´¨¥ ´  μÉ´μ¸¨É¥²Ó´ÊÕ ÉμÎ´μ¸ÉÓ ¢·¥³¥´¨ ¡²μ±¨-
·μ¢±¨ YAP ¶·¨  ´ ²¨É¨Î¥¸±μ³ ÊÎ¥É¥ ¶·μ¸Î¥Éμ¢. 
¥ ²¨§ Í¨Ö ¤ ´´μ£μ ³¥Éμ¤ 
¡Ê¤¥É ¤μ¶μ²´¨É¥²Ó´μ ¨¸¸²¥¤μ¢ ´  ¨, ¢μ§³μ¦´μ, ¨¸¶μ²Ó§μ¢ ´  ¢ Ô±¸¶¥·¨³¥´É¥.

	·¥¤¶μ² £ ¥É¸Ö ´ ²¨Î¨¥ ¤¢ÊÌ μ¸´μ¢´ÒÌ ¨¸ÉμÎ´¨±μ¢ Ëμ´  Å ¸²ÊÎ °´Ò°
(±μ¸³¨Î¥¸±¨°) Ëμ´ ¨ Ëμ´ μÉ · ¸¶ ¤μ¢ ¶μ§¨É·μ´¨Ö ´  ²¥ÉÊ Å ¢ μ¸´μ¢´μ³
¢ ¸μ²¥´μ¨¤¥ ¶·¨ ¢±²ÕÎ¥´´μ³ ³ £´¨É´μ³ ¶μ²¥. �¤´ ±μ ¶·¨ Éμ²Ð¨´¥ YAP
300 ³±³, · ¤¨ Í¨μ´´μ° ¤²¨´¥ ¶μ£²μÐ¥´¨Ö γ-±¢ ´Éμ¢ ¸ Ô´¥·£¨¥° 511 ±Ô‚
2,63 ¸³, ¤¨ ³¥É·¥ ³¨Ï¥´¨ 2 ¸³ ¨ · ¸¸ÉμÖ´¨¨ μÉ ±μ´Í  ¸μ²¥´μ¨¤  ¤μ ³¨Ï¥´¨
1 ³ μÉ´μ¸¨É¥²Ó´ Ö ¤μ²Ö § ·¥£¨¸É·¨·μ¢ ´´ÒÌ ¤¥É¥±Éμ·μ³ γ-±¢ ´Éμ¢ μÉ · ¸-
¶ ¤μ¢ ´  ²¥ÉÊ ¶·¥´¥¡·¥¦¨³μ ³ ²  Å ¶μ·Ö¤±  10−6Ä10−7. ’ ±¨³ μ¡· §μ³,
μ¸É ¥É¸Ö ±μ¸³¨Î¥¸±¨° Ëμ´, ±μÉμ·Ò° ÊÎ¨ÉÒ¢ ¥É¸Ö ¶·¨ Ëμ´μ¢ÒÌ ¨§³¥·¥´¨ÖÌ,
±μ£¤  ¶ÊÎμ± ¶μ§¨É·μ´¨Ö § ±·ÒÉ ¨ ´¥ ¶μ¶ ¤ ¥É ´  ¤¥É¥±Éμ·. �¦¨¤ ¥É¸Ö, ÎÉμ
¨´É¥´¸¨¢´μ¸ÉÓ ±μ¸³¨Î¥¸±μ£μ Ëμ´  ´  YAP ´¥ ¶·¥¢Ò¸¨É 10 ¸−1. …¸²¨ ¶μ¸²¥
¶¥·¥¸Î¥É  (3.2) ¨²¨ (3.4) ¶μ²ÊÎ¥´μ Ntot ¸μ¡ÒÉ¨° ¶·¨ ¶μ²¥§´ÒÌ ¨§³¥·¥´¨ÖÌ
¨ Nbg ¸μ¡ÒÉ¨° ¶·¨ Ëμ´μ¢ÒÌ ¨§³¥·¥´¨ÖÌ, Î¨¸²μ ¶μ²¥§´ÒÌ ¸μ¡ÒÉ¨° ¨ ¥£μ
¸É É¨¸É¨Î¥¸± Ö μÏ¨¡±  μÍ¥´¨¢ ÕÉ¸Ö ¶μ Ëμ·³Ê² ³

N¶μ² = Ntot − Nbg, ΔN¶μ² = (1 + κ)
√

N¶μ², (3.5)

£¤¥ κ = Nbg/N¶μ² Å μÉ´μÏ¥´¨¥ Ëμ´  ± ¶μ²¥§´μ³Ê ¸¨£´ ²Ê. ’ ±¨³ μ¡· §μ³,
¸ ÊÎ¥Éμ³ Ëμ´  ¸É É¨¸É¨Î¥¸± Ö μÏ¨¡±  ¢μ§· ¸É ¥É ¢ 1 + κ · §, £¤¥ ¢ ´ Ï¥³
¸²ÊÎ ¥ κ ∼ 10−2−10−3.

‚ ¶·μÍ¥¸¸¥ £¥´¥· Í¨¨ ¶μ§¨É·μ´¨Ö Î ¸ÉÓ  Éμ³μ¢, ¶μ·Ö¤±  1 %, μ¡· §Ê¥É¸Ö
¢ ³¥É ¸É ¡¨²Ó´μ³ ¸μ¸ÉμÖ´¨¨ 23S1, ¨³¥ÕÐ¥³ ¢·¥³Ö ¦¨§´¨ τmeta = 1,1 ³±¸.
�´ ²¨É¨Î¥¸±¨° ÊÎ¥É ÔÉμ° ¤μ²¨  Éμ³μ¢ ¢ É¥μ·¥É¨Î¥¸±¨Ì Ëμ·³Ê² Ì ±· °´¥
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§ É·Ê¤´¥´ ¨§-§  ¡μ²ÓÏμ° ´¥μ¶·¥¤¥²¥´´μ¸É¨ ¶ · ³¥É·μ¢ ¶·μÍ¥¸¸  ·¥±μ³¡¨-
´ Í¨¨. Š·μ³¥ Éμ£μ, ¢ ²Õ¡μ³ ¸²ÊÎ ¥ É·¥¡Ê¥É¸Ö Ô±¸¶¥·¨³¥´É ²Ó´μ¥ §´ Î¥´¨¥
¢¥²¨Î¨´Ò ¶·¨³¥¸¨ ÔÉμ£μ ¸μ¸ÉμÖ´¨Ö. 	μÔÉμ³Ê £μ· §¤μ ¶·¥¤¶μÎÉ¨É¥²Ó´¥¥ ¶μ-
¶·μ¸ÉÊ ¨§¡ ¢¨ÉÓ¸Ö μÉ É ±¨Ì ³¥É ¸É ¡¨²Ó´ÒÌ  Éμ³μ¢. �Éμ ³μ¦´μ ¸¤¥² ÉÓ, ¶¥-
·¥¢μ¤Ö ¨Ì ¶·¨´Ê¤¨É¥²Ó´μ ¢ μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥. ‘ ÔÉμ° Í¥²ÓÕ ³¥¦¤Ê ¸¥±Í¨¥°
£¥´¥· Í¨¨ ¶μ§¨É·μ´¨Ö ¨ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨³ ¸μ²¥´μ¨¤μ³ Ê¸É ´ ¢²¨¢ ¥É¸Ö ·¥-
§μ´ Éμ·, ´ ¸É· ¨¢ ¥³Ò°, ´ ¶·¨³¥·, ´  Î ¸ÉμÉÊ ¶¥·¥Ìμ¤  ¸ ³¥É ¸É ¡¨²Ó´μ£μ
23S1-Ê·μ¢´Ö ´  21P0- ¨²¨ 21P1- Ê·μ¢¥´Ó, μÉ±Ê¤   Éμ³ §  ¢·¥³Ö, ³´μ£μ ³¥´Ó-
Ï¥¥ ¢·¥³¥´¨ ¦¨§´¨ μ·Éμ¶μ§¨É·μ´¨Ö, ¶¥·¥Ìμ¤¨É ¢ μ¸´μ¢´μ¥ 11S0-¸μ¸ÉμÖ´¨¥
(¶ · ¸μ¸ÉμÖ´¨¥) ¨ ¡Ò¸É·μ  ´´¨£¨²¨·Ê¥É. ’ ±¨³ μ¡· §μ³, ¸´¨³ ¥É¸Ö ¶·μ¡²¥³ 
³¥É ¸É ¡¨²Ó´μ£μ Ê·μ¢´Ö. Œμ¦´μ, ¢ ¶·¨´Í¨¶¥, ¶¥·¥¢μ¤¨ÉÓ É ±¨³ ¦¥ μ¡· §μ³
 Éμ³Ò ¸ 23S1-Ê·μ¢´Ö ´  μ¸´μ¢´μ° Ê·μ¢¥´Ó, ´μ ¢ μ·Éμ¸μ¸ÉμÖ´¨¥, ¶μ¸±μ²Ó±Ê ¢
¤¥É¥±Éμ·¥ ¶·¥¤Ê¸³μÉ·¥´ ±μ´É·μ²Ó ¶μ²´μ£μ ¶μÉμ±  o-Ps.

4. �Š‘�…�ˆŒ…�’�‹œ��Ÿ ˆ ’…��…’ˆ—…‘Š�Ÿ ”“�Š–ˆˆ.
’�…	�‚��ˆŸ �� ’�—��‘’œ ˆ‡Œ…�…�ˆ‰.

‘’�’ˆ‘’ˆŠ�. �˜ˆ	Šˆ

	Ê¸ÉÓ ¢ É¥Î¥´¨¥ Í¨±²  ¨´¦¥±Í¨¨ τ = 100 c ³ £´¨É´μ¥ ¶μ²¥ ¢±²ÕÎ¥´μ ¨
· ¢´μ B ¢ É¥Î¥´¨¥ ¢·¥³¥´¨ 2t1, ¢Ò±²ÕÎ¥´μ ¢ É¥Î¥´¨¥ ¢·¥³¥´¨ 2t2 ¨ ´ Ìμ¤¨É¸Ö
¢ ¶¥·¥Ìμ¤´μ³ ¸μ¸ÉμÖ´¨¨ ¢ É¥Î¥´¨¥ ¢·¥³¥´¨ t3, τ = 2t1+2t2+t3, ¡Ê¤¥³ ¸Î¨É ÉÓ
t1 = t2. 	Ê¸ÉÓ ¢ i-³ Í¨±²¥ ¨´¦¥±Í¨¨ ¤¥É¥±Éμ· Ball § ·¥£¨¸É·¨·μ¢ ² (¸ ÊÎ¥Éμ³
¶μ¶· ¢±¨ (3.2) ¨²¨ (3.4) ¨ ¶μ¸²¥ ¢ÒÎ¨É ´¨Ö Ëμ´ ) N i

1  Éμ³μ¢ ¶μ§¨É·μ´¨Ö § 
¢·¥³Ö t1 ¨, ¸μμÉ¢¥É¸É¢¥´´μ, N i

2  Éμ³μ¢ §  ¢·¥³Ö t2. ’μ£¤  Ô±¸¶¥·¨³¥´É ²Ó´μ¥
§´ Î¥´¨¥ ¨¸¸²¥¤Ê¥³μ° ¢¥²¨Î¨´Ò g ¢ i-³ Í¨±²¥ ¤ ¥É¸Ö Ëμ·³Ê²μ°

gi
exp =

N i
1

N i
2

. (4.1)

…¸²¨ ¢ Ô±¸¶¥·¨³¥´É¥ μ¸ÊÐ¥¸É¢²¥´μ M Í¨±²μ¢ ¨´¦¥±Í¨¨, Ô±¸¶¥·¨³¥´É ²Ó´μ¥
§´ Î¥´¨¥ g ¢Ò· ¦ ¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

gexp =
1
M

M∑
i=1

gi
exp. (4.2)

‡ É¥³ Ô±¸¶¥·¨³¥´É ²Ó´μ¥ §´ Î¥´¨¥ gexp ¸· ¢´¨¢ ¥É¸Ö ¸ É¥μ·¥É¨Î¥¸±¨³ gth.
’¥μ·¥É¨Î¥¸±μ¥ §´ Î¥´¨¥ É ±¦¥ μ¶·¥¤¥²Ö¥É¸Ö ¢ ± ¦¤μ³ Í¨±²¥ ¨´¦¥±Í¨¨, ¶μ¸²¥
Î¥£μ ¢ÒÎ¨¸²Ö¥É¸Ö ¸·¥¤´¥¥:

gth =
1
M

M∑
i=1

gi
th. (4.3)
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„²Ö μ¶·¥¤¥²¥´¨Ö É¥μ·¥É¨Î¥¸±μ£μ §´ Î¥´¨Ö gi
th ¡Ò²¨ ¸¤¥² ´Ò ¸²¥¤ÊÕÐ¨¥ ¶·¥¤-

¶μ²μ¦¥´¨Ö:
Å ¶ÊÎμ± ¶μ§¨É·μ´¨Ö, £¥´¥·¨·Ê¥³Ò° ¢ LEPTA, ¨³¥¥É £ Ê¸¸μ¢μ  ±¸¨ ²Ó´μ-

¸¨³³¥É·¨Î´μ¥ ¶·μ¸É· ´¸É¢¥´´μ¥ · ¸¶·¥¤¥²¥´¨¥:

ρ (r) =
1
σ2

0

exp
[
−r2

2σ2
0

]
, (4.4)

£¤¥ σ0 = 0,5 ¸³;
Å · ¸¶·¥¤¥²¥´¨¥  Éμ³μ¢ ¶μ§¨É·μ´¨Ö ¶μ ¸±μ·μ¸ÉÖ³ É ±¦¥ £ Ê¸¸μ¢μ:

ρv (v, r) =
1√

2πσ2
exp

[
− (v − v0 (r))2

2σ2

]
. (4.5)

‡¤¥¸Ó ¶·¥¤¶μ² £ ¥É¸Ö v0 (r) = v0 − κr2, σ = 2 · 10−3v0, κ = 0,016v0, v0 =
6 · 109 ¸³/¸;

Å ÔËË¥±É¨¢´μ¥ ³ £´¨É´μ¥ ¶μ²¥ ¸Î¨É ¥É¸Ö μ¤´μ·μ¤´Ò³ ´  ¤²¨´¥ L =
15 ¸³;

Å ¢·¥³¥´´Ò¥ ¨´É¥·¢ ²Ò t1 ¨ t2 ¢ É¥Î¥´¨¥ Í¨±²  ¨´¦¥±Í¨¨ ¢Ò¡¨· ÕÉ¸Ö
É ±¨³ μ¡· §μ³, ÎÉμ ¢Ò¶μ²´Ö¥É¸Ö Ê¸²μ¢¨¥

∫
t1

exp [−t/τbeam] =
∫
t2

exp [−t/τbeam].

‚ ÔÉ¨Ì ¶·¥¤¶μ²μ¦¥´¨ÖÌ É¥μ·¥É¨Î¥¸±μ¥ §´ Î¥´¨¥ ËÊ´±Í¨¨ g(B) ¢ ± ¦¤μ³
Í¨±²¥ ¨´¦¥±Í¨¨ § ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

gth =

∞∫
−∞

∞∫
0

f(v, B)ρ(r)ρv (v, r) rdrdv

∞∫
−∞

∞∫
0

f(v, 0)ρ (r) ρv (v, r) rdrdv

, (4.6)

£¤¥ f(v, B) § ¤ ¥É¸Ö Ëμ·³Ê² ³¨ (2.22), (2.24), f (v, 0) = exp (−Γ1(L/γv)).
�±¸¶¥·¨³¥´É ²Ó´μ ¨§³¥·¥´´ Ö § ¢¨¸¨³μ¸ÉÓ gexp(B) ¸· ¢´¨¢ ¥É¸Ö ¸ ¸¥-

³¥°¸É¢μ³ ±·¨¢ÒÌ gth(B, Γ2), μÉ±Ê¤  ¨ μ¶·¥¤¥²Ö¥É¸Ö ¨¸±μ³μ¥ ¢·¥³Ö ¦¨§´¨
¶ · ¶μ§¨É·μ´¨Ö.

”μ·³Ê²Ò (2.22) ¨ (2.24) ¤ ÕÉ ÉμÎ´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¢¥·μÖÉ´μ¸É¨ μ¡´ -
·Ê¦¨ÉÓ  Éμ³ ¶μ§¨É·μ´¨Ö ¢ μ·Éμ¸μ¸ÉμÖ´¨¨ ´  ¢ÒÌμ¤¥ ¸μ²¥´μ¨¤ , μ¤´ ±μ μ´¨
¤μ¢μ²Ó´μ £·μ³μ§¤±¨. „²Ö μÍ¥´μ± ´¥μ¡Ìμ¤¨³ÒÌ ÉμÎ´μ¸É¥°, ¸É É¨¸É¨±¨ ¨ μÏ¨-
¡μ± ³μ¦´μ ¶μ²Ó§μ¢ ÉÓ¸Ö ¶·¨¡²¨¦¥´´μ° Ëμ·³Ê²μ° [18]:

f(B) =
2
3

exp (−Γ1τ ) +
1

3(1 + y2)
[
exp (−Γ′

1τ ) + y2 exp (−Γ′
2τ)
]
, (4.7)

£¤¥ τ = L/γv ¨ ¢¸¥ μ¡μ§´ Î¥´¨Ö ¶μÖ¸´¥´Ò ¢ (2.2). ‘ ÊÎ¥Éμ³ (4.7) ¨¸¸²¥¤Ê¥³ Ö
¢ Ô±¸¶¥·¨³¥´É¥ ËÊ´±Í¨Ö g(B) ¶¥·¥¶¨Ï¥É¸Ö ¢ ¢¨¤¥

g(B) =
2
3

+
1

3(1 + y2)
[exp (−{Γ′

1 − Γ1} τ) + exp (−{Γ′
2 − Γ2} τ )] . (4.8)
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‚ ¢Ò· ¦¥´¨¥ ¤²Ö g(B) ¢Ìμ¤ÖÉ É·¨ ±μ´¸É ´ÉÒ: μ¡· É´μ¥ ¢·¥³Ö ¦¨§´¨ ¶ -
· ¶μ§¨É·μ´¨Ö Γ2, μ¡· É´μ¥ ¢·¥³Ö ¦¨§´¨ μ·Éμ¶μ§¨É·μ´¨Ö Γ1 ¨ Éμ´± Ö ¸É·Ê±-
ÉÊ·  Ê·μ¢´¥° μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¶μ§¨É·μ´¨Ö ΔεHFS. ‚ ¨´É¥·¢ ²¥ ³ £´¨É-
´μ£μ ¶μ²Ö B ∈ [1,3; 2,3] T² μÉ±²¨± ¨§³¥·Ö¥³μ° ËÊ´±Í¨¨ g(B) ´  ¢ ·¨ Í¨¨
±μ´¸É ´ÉÒ · ¸¶ ¤  ¶ · ¶μ§¨É·μ´¨Ö ¨³¥¥É ¶μ²μ£¨° ³ ±¸¨³Ê³, ¨ ÔÉμÉ ¤¨ ¶ §μ´
²μ£¨Î´μ ¢Ò¡¨· ÉÓ ¢ ± Î¥¸É¢¥ · ¡μÎ¥£μ. �¶·¥¤¥²ÖÖ ¨§ (2.2), (4.8) ¨§³¥´¥´¨Ö ¢¥-
²¨Î¨´Ò g ¶·¨ ¢ ·¨ Í¨ÖÌ ±μ´¸É ´É ƒ1, ƒ2, ΔεHFS, ¸Î¨É Ö L = 15 ¸³, v = 0,2 c,
τ = 2,5 · 10−9 ¸, ¶μ²ÊÎ ¥³ ¢ · ¡μÎ¥³ ¤¨ ¶ §μ´¥ ³ £´¨É´μ£μ ¶μ²Ö

|Δgth| ≥ 0,1 · δΓ2. (4.9)

|Δgth| ∼ 10−4 · δΓ1. (4.10)

|Δgth| < 0,22 · δεHFS . (4.11)

‘μ¶μ¸É ¢²ÖÖ (4.9)Ä(4.11) ¨ ÊÎ¨ÉÒ¢ Ö É ¡²¨Î´Ò¥ §´ Î¥´¨Ö δεHFS = 3,6 · 10−6,
δΓ1 ∼ 10−4, δΓ2 = 2 · 10−4, Ê¡¥¦¤ ¥³¸Ö, ÎÉμ ³ ±¸¨³ ²Ó´Ò° μÉ±²¨± ËÊ´±Í¨¨
gth ¨³¥¥É¸Ö ¨³¥´´μ ´  ¨§³¥´¥´¨¥ ¢·¥³¥´¨ ¦¨§´¨ ¶ · ¶μ§¨É·μ´¨Ö.

‚ Ô±¸¶¥·¨³¥´É¥ ¶·¥¤¶μ² £ ¥É¸Ö Ê¢¥²¨Î¨ÉÓ μÉ´μ¸¨É¥²Ó´ÊÕ ÉμÎ´μ¸ÉÓ ¢ μ¶·¥-
¤¥²¥´¨¨ ¢·¥³¥´¨ ¦¨§´¨ ¶ · ¶μ§¨É·μ´¨Ö ¤μ δΓ2 = 1 · 10−4. ’ ±¨³ μ¡· §μ³,
¨§ (4.9) ¶μ²ÊÎ ¥³ Ê¸²μ¢¨¥ ´  ÉμÎ´μ¸ÉÓ μ¶·¥¤¥²¥´¨Ö É¥μ·¥É¨Î¥¸±μ£μ §´ Î¥´¨Ö
ËÊ´±Í¨¨ g(B):

Δgth � δth = 10−5. (4.12)

�Éμ Ê¸²μ¢¨¥ ¨²²Õ¸É·¨·Ê¥É ·¨¸. 2.2 ¢ÒÏ¥. 	·¥¤¶μ² £ ¥É¸Ö ¸´ÖÉÓ Ô±¸¶¥·¨-
³¥´É ²Ó´ÊÕ ±·¨¢ÊÕ gexp(B) ¢ K ÉμÎ± Ì ³ £´¨É´μ£μ ¶μ²Ö · ¡μÎ¥° μ¡² ¸É¨
B ∈ [1,3; 2,3] T² ¸ ¶μ¸²¥¤ÊÕÐ¨³ Ë¨É¨·μ¢ ´¨¥³ ± É¥μ·¥É¨Î¥¸±μ° ±·¨¢μ°. ‚
¸¢Ö§¨ ¸ ÔÉ¨³ ´¥μ¡Ìμ¤¨³ Ö ÉμÎ´μ¸ÉÓ ¨§³¥·¥´¨Ö ¢¥²¨Î¨´Ò gexp ¢ ± ¦¤μ° ÉμÎ±¥
μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Δgexp � δexp = δth

√
K. (4.13)

ˆ§ (4.1), ÊÎ¨ÉÒ¢ Ö, ÎÉμ ¸É É¨¸É¨Î¥¸±¨¥ μÏ¨¡±¨, ¸μ£² ¸´μ (3.5), ¤ ÕÉ¸Ö ¢Ò· -
¦¥´¨Ö³¨ ΔN i

� = (1 + κ)
√

N i
� , � = 1, 2, ¨³¥¥³

Δgi
exp = (1 + κ)

√√√√ N i
1(

N i
2

)2 +

(
N i

1

)2(
N i

2

)3 . (4.14)

ˆ¸¶μ²Ó§ÊÖ (4.2) ¨ (4.12), (4.13), ÊÎ¨ÉÒ¢ Ö, ÎÉμ ¸É É¨¸É¨Î¥¸±¨¥ μÏ¨¡±¨ ¸±² ¤Ò-
¢ ÕÉ¸Ö É ± ¦¥, ± ± ¸²ÊÎ °´Ò¥, ¶μ² £ Ö ³ ±¸¨³ ²Ó´ÊÕ ¨´É¥´¸¨¢´μ¸ÉÓ ¶μÉμ± 
I0 = 104 c−1, ÔËË¥±É¨¢´μ¸ÉÓ ¤¥É¥±Éμ·  η = 0,7, t1 = t2 = 20 c, κ ∼ 10−2, ¶μ-
²ÊÎ ¥³ μÍ¥´±Ê ¤²Ö Î¨¸²  Í¨±²μ¢ ¨´¦¥±Í¨¨ ¨ ¢·¥³¥´¨ ¨§³¥·¥´¨° ¶·¨ μ¤´μ³
§´ Î¥´¨¨ ³ £´¨É´μ£μ ¶μ²Ö:

M � 2.5 · 105

K
, tB = Mτbeam � 2, 5 · 107

K
c, (4.15)
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£¤¥ K Å Î¨¸²μ ÉμÎ¥± ³ £´¨É´μ£μ ¶μ²Ö, ¢ ±μÉμ·ÒÌ ¶² ´¨·Ê¥É¸Ö ¶·μ¢μ¤¨ÉÓ
¨§³¥·¥´¨Ö (K ≈ 5). ˆ§ (4.15) ¶μ²ÊÎ ¥³ μÍ¥´±Ê ¶μ²´μ£μ ¢·¥³¥´¨ ¶·μ¢¥¤¥´¨Ö
Ô±¸¶¥·¨³¥´É 

ttot ≈ 2,5 · 107 c.

„²Ö ¶μ²ÊÎ¥´¨Ö É·¥¡μ¢ ´¨° ´  ¤μ¶Ê¸É¨³Ò¥ μÏ¨¡±¨ ¶ · ³¥É·μ¢ Ô±¸¶¥·¨-
³¥´É  ¨¸¸²¥¤μ¢ ² ¸Ó ËÊ´±Í¨Ö (4.6), ´μ ¢³¥¸Éμ (2.24) ¨¸¶μ²Ó§μ¢ ² ¸Ó ¶·¨-
¡²¨¦¥´´ Ö Ëμ·³Ê²  (4.7). 	·μ¨§¢μ¤¨²¨¸Ó Î¨¸²¥´´Ò¥ · ¸Î¥ÉÒ ¢Ò· ¦¥´¨Ö
(4.6) ¨ ¨¸¸²¥¤μ¢ ²¨¸Ó μÉ±²¨±¨ ´  ¢ ·¨ Í¨¨ ¢Ìμ¤ÖÐ¨Ì ¶ · ³¥É·μ¢. …¸²¨ ξ Å
± ±μ°-²¨¡μ ¨§ ¶ · ³¥É·μ¢, Éμ

∣∣(Δgi
th/gi

th)(ξ)
∣∣ = Kξ(B) |(Δξ/ξ)| ¨ Kξ =

max|B Kξ(B). 
¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì · ¸Î¥Éμ¢ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 4.1. 	·¨
μÍ¥´±¥ ¤μ¶Ê¸É¨³μ£μ μ¸É ÉμÎ´μ£μ ¶μ²Ö ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ μ´μ ³μ¦¥É ¡ÒÉÓ ´ 
¢¸¥° μ¡² ¸É¨ μÉ ¢ÒÌμ¤  ´ ±μ¶¨É¥²Ö ¤μ ¤¥É¥±Éμ·  ¨ ¤²¨´  ÔÉμ° μ¡² ¸É¨ ¶·¨-
´ÖÉ  · ¢´μ° Ltot = 1 ³. ‘Ê³³  ±¢ ¤· Éμ¢ ¢¸¥Ì ¸¨¸É¥³ É¨Î¥¸±¨Ì μÏ¨¡μ± ¨§
É ¡²¨ÍÒ ¶·¨ ¢Ò¶μ²´¥´¨¨ § ¤ ´´ÒÌ Ê¸²μ¢¨° ¤ ¥É Δgth � 10−5, ÎÉμ ¨ Ö¢²Ö¥É¸Ö
É·¥¡Ê¥³μ° ¢¥²¨Î¨´μ°.

‘¨¸É¥³  Ê· ¢´¥´¨° (2.7), ¨§ ±μÉμ·μ° ¢ ±μ´¥Î´μ³ ¸Î¥É¥ μ¶·¥¤¥²Ö¥É¸Ö É¥-
μ·¥É¨Î¥¸±μ¥ §´ Î¥´¨¥ g(B), ¨³¥¥É  ´ ²¨É¨Î¥¸±μ¥ ·¥Ï¥´¨¥ Éμ²Ó±μ ¤²Ö ¸²ÊÎ Ö
μ¤´μ·μ¤´μ£μ ³ £´¨É´μ£μ ¶μ²Ö. ‚ Ô±¸¶¥·¨³¥´É¥ ¶·¥¤¶μ² £ ¥³μ¥ · ¸¶·¥¤¥²¥-
´¨¥ ¶μ²Ö μ¤´μ·μ¤´Ò³ ´¥ ¡Ê¤¥É ¨ ¤²Ö μ¶·¥¤¥²¥´¨Ö ÔËË¥±É¨¢´μ£μ ³ £´¨É´μ£μ
¶μ²Ö ¶·¨³¥´Ö² ¸Ó ¸²¥¤ÊÕÐ Ö ³¥Éμ¤¨± .

ˆ¸Ìμ¤´ Ö ¸¨¸É¥³  (2.7) ·¥Ï ² ¸Ó Î¨¸²¥´´μ ¶·μ£· ³³μ° MathCad 2000 ¤²Ö
¸²ÊÎ Ö μ¤´μ·μ¤´μ£μ ¶μ²Ö ´  ¤²¨´¥ L = 15 ¸³, ¶μ¸²¥ Î¥£μ Î¨¸²¥´´μ¥ ·¥Ï¥´¨¥
¸· ¢´¨¢ ²μ¸Ó ¸  ´ ²¨É¨Î¥¸±¨³. 	·¨ Ï £¥ ¨´É¥£·¨·μ¢ ´¨Ö 1,5 ³±³ · §´μ¸ÉÓ
Î¨¸²¥´´μ£μ ¨  ´ ²¨É¨Î¥¸±μ£μ ·¥Ï¥´¨° μ± § ² ¸Ó ³¥´ÓÏ¥ 10−8. 	μ¸²¥ ÔÉμ£μ
¸¨¸É¥³  (2.7) ·¥Ï ² ¸Ó Î¨¸²¥´´μ ¸ É¥³ ¦¥ Ï £μ³ ¨´É¥£·¨·μ¢ ´¨Ö Ê¦¥ ¤²Ö
¸²ÊÎ Ö ¶·¥¤¶μ² £ ¥³μ£μ ·¥ ²Ó´μ£μ ´¥μ¤´μ·μ¤´μ£μ · ¸¶·¥¤¥²¥´¨Ö ³ £´¨É´μ£μ
¶μ²Ö. 
¥ ²Ó´μ¥ ¶μ²¥ (¢ ¶·¥´¥¡·¥¦¥´¨¨ ®Ì¢μ¸É ³¨¯, μ Î¥³ ¡Ê¤¥É Ê¶μ³Ö´ÊÉμ
´¨¦¥) · ¸¶·¥¤¥²¥´μ ´  ¤²¨´¥ L1 ∼ 25 ¸³. …¸²¨ Po NUM (L1) ≡ |C1 (L1)|2 Å
Î¨¸²¥´´μ¥ ·¥Ï¥´¨¥ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (2.7), Éμ ÔËË¥±É¨¢´μ¥ ³ £´¨É´μ¥ ¶μ²¥
μ¶·¥¤¥²Ö¥É¸Ö ¨§ ¸²¥¤ÊÕÐ¥£μ ¸μμÉ´μÏ¥´¨Ö

Po NUM(L1) = Po(Beff , L) exp
(
−Γo

L1 − L

v

)
, (4.16)

£¤¥ L = 15 ¸³,   Po (Beff,L) ≡ |C1 (L)|2 Å  ´ ²¨É¨Î¥¸±μ¥ ·¥Ï¥´¨¥ ¸¨¸É¥³Ò
(2.7) ¤²Ö μ¤´μ·μ¤´μ£μ ¶μ²Ö Beff . �¥μ¡Ìμ¤¨³μ ¶·μ ´ ²¨§¨·μ¢ ÉÓ ÉμÎ´μ¸ÉÓ
μ¶·¥¤¥²¥´¨Ö ÔËË¥±É¨¢´μ£μ ¶μ²Ö.

�É  ÉμÎ´μ¸ÉÓ μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³¨ Ë ±Éμ· ³¨: ÉμÎ´μ¸ÉÓÕ · ¸¶·¥¤¥-
²¥´¨Ö ¶μ²Ö ¨ μ¸É ÉμÎ´Ò³¨ ¶μ²Ö³¨ (®Ì¢μ¸É ³¨¯), ÉμÎ´μ¸ÉÓÕ ¤²¨´Ò · ¸¶·¥¤¥-
²¥´¨Ö ¨ ÉμÎ´μ¸ÉÓÕ ¢·¥³¥´¨ ¦¨§´¨ μ·Éμ¶μ§¨É·μ´¨Ö. Š ± ¸²¥¤Ê¥É ¨§ É ¡². 4.1,
´¥μ¡Ìμ¤¨³μ ¤μ¸É¨ÎÓ δBeff � 1,3 · 10−5. ‚Ò· ¦¥´¨¥ ¤²Ö δBeff ¨³¥¥É ¸²¥¤ÊÕ-
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Ð¨° ¢¨¤:
δB2

eff = (δB1 + δB2)
2 + δB2

L + δB2
Γo

. (4.17)

‡¤¥¸Ó δB1 ¨ δB2 ¸μμÉ¢¥É¸É¢¥´´μ Å ÉμÎ´μ¸É¨ ÔËË¥±É¨¢´μ£μ ¶μ²Ö, ¢Ò§¢ ´-
´Ò¥ ÉμÎ´μ¸ÉÓÕ ¨§³¥·¥´¨Ö · ¸¶·¥¤¥²¥´¨Ö ¨ μ¸É ÉμÎ´Ò³¨ ¶μ²Ö³¨. „²Ö ´ Ï¥£μ
¸²ÊÎ Ö L = 15 ¸³ ¸ ÊÎ¥Éμ³ Ëμ·³Ê²Ò (4.7) ¸¶· ¢¥¤²¨¢μ ¸μμÉ´μÏ¥´¨¥

ΔPo(B) � 0,55δB. (4.18)

ˆ§ (4.16) ¨ (4.18) ¶μ²ÊÎ ¥³ δBΓo ≈ 2 · 10−2δ Γo, ÎÉμ ¤²Ö δ Γo = 2 · 10−4 ¤ ¥É

δBΓo = 4 · 10−6. (4.19)

	·¨ μ¸É ÉμÎ´ÒÌ ¶μ²ÖÌ ´  ÊÎ ¸É±¥ Ltot − L1 = 75 ¸³ ´¥ ¢ÒÏ¥ Bo = 10 ƒ¸
¨§³¥´¥´¨¥ Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö ¸μ¸É ¢²Ö²μ ΔPo NUM(L1) � 1,5 · 10−6, ÎÉμ ¸
ÊÎ¥Éμ³ (4.18) ¤ ¥É ¤²Ö ÉμÎ´μ¸É¨ μ¶·¥¤¥²¥´¨Ö ÔËË¥±É¨¢´μ£μ ¶μ²Ö, ¢Ò§¢ ´´μ°
μ¸É ÉμÎ´Ò³¨ ¶μ²Ö³¨, ¸μμÉ´μÏ¥´¨¥

δB2 � 3 · 10−6. (4.20)

’ ±¨³ μ¡· §μ³, ³ £´¨É´μ¥ ¶μ²¥ ¢ Ô±¸¶¥·¨³¥´É¥ ´¥μ¡Ìμ¤¨³μ ¨§³¥·ÖÉÓ ´ Î¨-
´ Ö ¸ 10 ƒ¸. 	·¨ ÉμÎ´μ¸É¨ ¨§³¥·¥´¨Ö ¶μ²Ö ¢ · ¸¶·¥¤¥²¥´¨¨ ΔB � 0,1 ƒ¸
¶μ²ÊÎ ¥³ ΔPo NUM(L1) � 2,5 · 10−6, ¨ ¸ ÊÎ¥Éμ³ (4.18)

δB1 � 5 · 10−6. (4.21)

� ±μ´¥Í, ¨§ (4.16) ¨ (4.18) ¶·¨ ÉμÎ´μ¸É¨ ¨§³¥·¥´¨Ö ¤²¨´Ò ÊÎ ¸É±  · ¸¶·¥¤¥-
²¥´¨Ö ΔL1 � 50 ³±³ ¶μ²ÊÎ ¥³

δBL � 9 · 10−6. (4.22)

‘μ¶μ¸É ¢²ÖÖ (4.19)Ä(4.22) ¨ (4.17), Ê¡¥¦¤ ¥³¸Ö ¢ ¢Ò¶μ²´¥´¨¨ Ê± § ´´μ£μ ¢
É ¡². 4.1 É·¥¡μ¢ ´¨Ö δBeff � 1,3 · 10−5.

’ ±¨³ μ¡· §μ³, ³μ¦´μ ¶¥·¥Î¨¸²¨ÉÓ É·¥¡μ¢ ´¨Ö, ´¥μ¡Ìμ¤¨³Ò¥ ¤²Ö ¶μ²Ê-
Î¥´¨Ö ¨¸±μ³μ° ÉμÎ´μ¸É¨ ÔËË¥±É¨¢´μ£μ ¶μ²Ö. �´¨ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 4.1.

‚ § ±²ÕÎ¥´¨¥ ¶·μ ´ ²¨§¨·Ê¥³ ¸²ÊÎ °´Ò¥ μÏ¨¡±¨ Å ¸²ÊÎ °´Ò¥ Ë²Ê±-
ÉÊ Í¨¨ ¶ · ³¥É·μ¢ μÉ Í¨±²  ± Í¨±²Ê ¨´¦¥±Í¨¨. „²Ö ÔÉμ£μ ±² ¸¸  μÏ¨¡μ±
¸¶· ¢¥¤²¨¢μ ¢Ò· ¦¥´¨¥

Δg =
1
M

√√√√ M∑
i=1

(Δgi)
2 ≈ Δgi√

M
, (4.23)

£¤¥ Δgi Å ¸²ÊÎ °´ Ö μÏ¨¡±  ¢ ¤ ´´μ³ Í¨±²¥ ¨´¦¥±Í¨¨; M Å μ¡Ð¥¥ Î¨¸²μ
Í¨±²μ¢ ¨´¦¥±Í¨¨ (M ≈ 2,3 · 105); Δg Å ¶μ²´ Ö μÏ¨¡± . „²Ö Δg � 10−6
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’ ¡²¨Í  4.1. ’·¥¡μ¢ ´¨Ö ´  ÉμÎ´μ¸É¨ ¶ · ³¥É·μ¢ Ô±¸¶¥·¨³¥´É 

	 · ³¥É· Kξ δgth δξi

’μÎ´μ¸ÉÓ μ¶·¥¤¥²¥´¨Ö ÔËË¥±-
É¨¢´μ£μ ³ £´¨É´μ£μ ¶μ²Ö

0,27 � 3,5 · 10−6 δB � 1,3 · 10−5

„μ¶Ê¸É¨³Ò¥ μ¸É ÉμÎ´Ò¥ ¶μ²Ö
¢´¥ · ¸¶·¥¤¥²¥´¨Ö

Å Å Bo � 10 ƒ¸

’μÎ´μ¸ÉÓ ¨§³¥·¥´¨Ö ¶μ²Ö ¢
· ¸¶·¥¤¥²¥´¨¨

Å Å ΔB � 0,1 ƒ¸

’μÎ´μ¸ÉÓ μ¶·¥¤¥²¥´¨Ö ¤²¨´Ò
· ¸¶·¥¤¥²¥´¨Ö

Å Å ΔL1 � 50 ³±³

„μ¶Ê¸É¨³μ¥ μ¸É ÉμÎ´μ¥ ¶μ²¥
¶·¨ ¢Ò±²ÕÎ¥´´μ³ ¸μ²¥´μ¨¤¥

Å � 3,5 · 10−6 ΔB0 � 20 ƒ¸

’μÎ´μ¸ÉÓ ¨§³¥·¥´¨Ö ¸±μ·μ¸É¨ 0,14 � 3,5 · 10−6 δv0 � 2,5 · 10−5

’μÎ´μ¸ÉÓ ¨§³¥·¥´¨Ö ¶ · ³¥É· 
¶·μ¢¨¸ ´¨Ö ¶μÉ¥´Í¨ ²  κ

2,25 · 10−3 � 3,5 · 10−6 δκ � 1,5 · 10−3

’μÎ´μ¸ÉÓ ¨§³¥·¥´¨Ö ¶·μ-
¸É· ´¸É¢¥´´μ£μ · ¸¶·¥¤¥²¥´¨Ö

2,25 · 10−3 � 3,5 · 10−6 δσ0 � 1,5 · 10−3

’μÎ´μ¸ÉÓ ¨§³¥·¥´¨Ö · ¸¶·¥¤¥-
²¥´¨Ö ¶μ ¸±μ·μ¸ÉÖ³

2,8 · 10−4 � 3,5 · 10−6 δσ � 1,2 · 10−2

’μÎ´μ¸ÉÓ ¨§³¥·¥´¨Ö μÉ·¥§± 
· ¡μÉÒ ¸μ²¥´μ¨¤ 

1 � 3,5 · 10−6 δt1 � 3,5 · 10−6

’μÎ´μ¸ÉÓ ¨§³¥·¥´¨Ö μÉ·¥§± 
¢Ò±²ÕÎ¥´´μ£μ ¸μ²¥´μ¨¤ 

1 � 3,5 · 10−6 δt2 � 3,5 · 10−6

’μÎ´μ¸ÉÓ ¨§³¥·¥´¨Ö Ô²¥±É·μ´-
´μ£μ Éμ± 

3,3 · 10−3 � 1 · 10−6 δIe � 3 · 10−4

¨³¥¥³ Δgi � 5 · 10−4. Š ÔÉμ³Ê ±² ¸¸Ê μÏ¨¡μ± ³μ¦´μ μÉ´¥¸É¨ Ë²Ê±ÉÊ Í¨¨
Ô²¥±É·μ´´μ£μ Éμ±  ¢ É¥Î¥´¨¥ μ¤´μ£μ Í¨±²  ¨´¦¥±Í¨¨. ’ ± ± ± É¥³¶ ·¥±μ³-
¡¨´ Í¨¨ ¶·μ¶μ·Í¨μ´ ²¥´ Ô²¥±É·μ´´μ³Ê Éμ±Ê, ³Ò ¨³¥¥³ Δgi =

√
2(ΔIe/Ie)

¨ (ΔIe/Ie) � 3 · 10−4. �²¥±É·μ´´Ò° Éμ± ¡Ê¤¥É ¨§³¥·ÖÉÓ¸Ö ¢ É¥Î¥´¨¥ ¢¸¥£μ
Ô±¸¶¥·¨³¥´É , ¨, ± ± ¸²¥¤Ê¥É ¨§ ¶μ²ÊÎ¥´´μ£μ ¢Ò· ¦¥´¨Ö, ¥£μ ´¥μ¡Ìμ¤¨³μ
¨§³¥·ÖÉÓ ¸ ÉμÎ´μ¸ÉÓÕ (ΔIe/Ie) � 3 · 10−4.

‡�Š‹
—…�ˆ…

� ±μ¶¨É¥²Ó LEPTA ¶μ§¢μ²¨É μ¸ÊÐ¥¸É¢²ÖÉÓ £¥´¥· Í¨Õ ´ ¶· ¢²¥´´ÒÌ ¶ÊÎ-
±μ¢ ¶μ§¨É·μ´¨Ö. Š ± £¥´¥· Í¨Ö ¶μ§¨É·μ´¨Ö, É ± ¨ Ô±¸¶¥·¨³¥´É ¶μ ¨´É¥·-
Ë¥·¥´Í¨¨ μ·Éμ- ¨ ¶ · ¸μ¸ÉμÖ´¨° ¢ ³ £´¨É´μ³ ¶μ²¥ ¡Ê¤ÊÉ μ¸ÊÐ¥¸É¢²ÖÉÓ¸Ö
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¢ Î¨¸ÉÒÌ ¢ ±ÊÊ³´ÒÌ Ê¸²μ¢¨ÖÌ. �Éμ ¶·¨´Í¨¶¨ ²Ó´μ μÉ²¨Î ¥É ¶·¥¤² £ ¥³ÊÕ
¶μ¸É ´μ¢±Ê Ô±¸¶¥·¨³¥´É  μÉ ¶·¨³¥´Ö¢Ï¨Ì¸Ö · ´¥¥.

‚ ¶·¥¤² £ ¥³μ³ Ô±¸¶¥·¨³¥´É¥ ´  ´ ±μ¶¨É¥²¥ LEPTA ¶·¥¤¶μ² £ ¥É¸Ö ¨§-
³¥·¨ÉÓ ¢·¥³Ö ¦¨§´¨ ¶ · ¶μ§¨É·μ´¨Ö ¸ μÉ´μ¸¨É¥²Ó´μ° ÉμÎ´μ¸ÉÓÕ

Δτp

τp
� 1 · 10−4,

ÎÉμ ¢ ¤¢  · §  ²ÊÎÏ¥ ¨³¥ÕÐ¨Ì¸Ö ´  ¸¥£μ¤´ÖÏ´¨° ¤¥´Ó Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ. Š·μ³¥ Éμ£μ, Ô±¸¶¥·¨³¥´É ¡Ê¤¥É μ¸ÊÐ¥¸É¢²¥´ ¢ ¶·¨´Í¨¶¨ ²Ó´μ ´μ¢μ°
¶μ¸É ´μ¢±¥.
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