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�·μ¥±É ¶μ ¸μ§¤ ´¨Õ Éμ·μ¨¤ ²Ó´μ£μ ´ ±μ¶¨É¥²Ö Î ¸É¨Í ´¨§±μ° Ô´¥·£¨¨ (LEPTA) ¨³¥¥É Í¥-
²ÓÕ ¸μμ·Ê¦¥´¨¥ ¶μ§¨É·μ´´μ£μ ´ ±μ¶¨É¥²Ó´μ£μ ±μ²ÓÍ  ¸ Ô²¥±É·μ´´Ò³ μÌ² ¦¤¥´¨¥³ ¶μ§¨É·μ´μ¢,
Í¨·±Ê²¨·ÊÕÐ¨Ì ¢ ±μ²ÓÍ¥. ’ ± Ö μ¸μ¡¥´´μ¸ÉÓ Ê¸É ´μ¢±¨ LEPTA  ¢Éμ³ É¨Î¥¸±¨ ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ
¨¸¶μ²Ó§μ¢ ÉÓ ¥¥ ¢ ± Î¥¸É¢¥ £¥´¥· Éμ·   Éμ³μ¢ ¶μ§¨É·μ´¨Ö (Ps), ±μÉμ·Ò¥ ¢μ§´¨± ÕÉ ¢ ¶·μÍ¥¸¸¥
·¥±μ³¡¨´ Í¨¨ ¶μ§¨É·μ´μ¢ ¸ μÌ² ¦¤ ÕÐ¨³¨ Ô²¥±É·μ´ ³¨ ¢ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö ±μ²ÓÍ . �·μ¥±É
¨³¥¥É ´¥¸±μ²Ó±μ Í¥²¥°: ¨¸¸²¥¤μ¢ ´¨¥ ¤¨´ ³¨±¨ Î ¸É¨Í ¢ ³μ¤¨Ë¨Í¨·μ¢ ´´μ³ ¡¥É É·μ´¥, ¨§ÊÎ¥´¨¥
¶·μÍ¥¸¸  Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö Í¨·±Ê²¨·ÊÕÐ¨³ ¶ÊÎ±μ³, £¥´¥· Í¨Ö ¶μ§¨É·μ´¨Ö ´  ²¥ÉÊ, ¨¸-
¸²¥¤μ¢ ´¨¥ Ë¨§¨±¨ ¶μ§¨É·μ´¨Ö, ¨§ÊÎ¥´¨¥ ¢μ§³μ¦´μ¸É¨ ¶μ²ÊÎ¥´¨Ö  Éμ³μ¢  ´É¨¢μ¤μ·μ¤  ´  ²¥ÉÊ.
‚¸¥ ±²ÕÎ¥¢Ò¥ Ô²¥³¥´ÉÒ ±μ²ÓÍ : ±¨±¥·, ¸¨¸É¥³  ¨´¦¥±Í¨¨ Ô²¥±É·μ´´μ£μ ¶ÊÎ± , ¸¶¨· ²Ó´Ò° ±¢ -
¤·Ê¶μ²Ó, ¸¥¶ÉÊ³´Ò° ³ £´¨É Å ¶·μÉ¥¸É¨·μ¢ ´Ò ¨ ¢Ò¢¥¤¥´Ò ´  ¶·μ¥±É´Ò¥ ¶ · ³¥É·Ò. ‘μμ·Ê¦¥´¨¥
´ ±μ¶¨É¥²Ö § ¢¥·Ï¥´μ, ¨ ¶μ²ÊÎ¥´ Í¨·±Ê²¨·ÊÕÐ¨° Ô²¥±É·μ´´Ò° ¶ÊÎμ±. ‚ ¸É ÉÓ¥ μ¡¸Ê¦¤ ÕÉ¸Ö ¢μ-
¶·μ¸Ò ¤¨´ ³¨±¨ Î ¸É¨Í ¢ Ê¸±μ·¨É¥²¥, ·¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤μ¢ ´¨Ö ¤¨´ ³¨±¨ ¶ÊÎ± , ¨§³¥·¥´¨Ö ¡¥É É·μ´´μ£μ Î¨¸²  ¨ ¢·¥³¥´¨ ¦¨§´¨ ¶ÊÎ± .

The project of Low Energy Particle Toroidal Accumulator (LEPTA) is dedicated to construction
of a positron storage ring with electron cooling of positrons circulating in the ring. Such a peculiarity
of LEPTA enables it automatically to be a generator of positronium (Ps) atoms, which appear in
recombination of positrons with cooling electrons inside the cooling section of the ring. The project has
a few goals: dynamics in the modiˇed betatron, electron cooling with circulating beam, electron cooling
of positrons, positronium generation in �ight, positronium physics, feasibility of antihydrogen generation
in �ight. All key elements of the ring Å kicker, electron beam injection system, helical quadrupole,
septum magnet Å are tested, and expected design parameters were achieved for those elements. LEPTA
construction has been completed, and circulating electron beam has been achieved.

‚‚…„…�ˆ…

Œ¥¤²¥´´Ò¥ ¶μ§¨É·μ´Ò ¨ ¶μ§¨É·μ´¨° Ö¢²ÖÕÉ¸Ö ¶¥·¸¶¥±É¨¢´Ò³ ¨´¸É·Ê³¥´Éμ³ ¢ ¨§ÊÎ¥-
´¨¨ Ë¨§¨±¨ É¢¥·¤μ£μ É¥²  ¨ Ë¨§¨±¨ ¶μ¢¥·Ì´μ¸É¨, ±·μ³¥ Éμ£μ, ¶μ§¨É·μ´¨° ¶·¥¤¸É ¢²Ö¥É
¸ ³μ¸ÉμÖÉ¥²Ó´Ò° ¨´É¥·¥¸ ¢ μ¡² ¸É¨ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. ‚ �ˆŸˆ · §· ¡μ-
É ´  Ê¸É ´μ¢±  LEPTA (Low Energy Positron Toroidal Accumulator) ¤²Ö ¶μ²ÊÎ¥´¨Ö ¶μÉμ± 
³¥¤²¥´´ÒÌ ¶μ§¨É·μ´μ¢ ¸ ¨´É¥´¸¨¢´μ¸ÉÓÕ ¤μ 106 ¸−1 ¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨° μÉ 1 ¤μ 50 ±Ô‚
¨ ¶μÉμ±   Éμ³μ¢ ¶μ§¨É·μ´¨Ö ¸ Ô´¥·£¨¥° 10 ±Ô‚ ¨ ¨´É¥´¸¨¢´μ¸ÉÓÕ ¤μ 104 ¸−1 [1Ä3].
�´  ¸μ¸Éμ¨É ¨§ ¨´¦¥±Éμ·  ¶μ§¨É·μ´μ¢ ¨ ´ ±μ¶¨É¥²Ó´μ£μ ±μ²ÓÍ . ˆ´¦¥±Éμ· ¢±²ÕÎ ¥É ¢
¸¥¡Ö ¨¸ÉμÎ´¨± ¶μ§¨É·μ´μ¢ (¨§μÉμ¶ 22Na) ¨ ²μ¢ÊÏ±Ê ¶¥´´¨´£μ¢¸±μ£μ É¨¶  ¤²Ö ¶·¥¤¢ ·¨-
É¥²Ó´μ£μ ´ ±μ¶²¥´¨Ö ¶μ§¨É·μ´μ¢. � ±μ¶¨É¥²Ó LEPTA ¸ ¶¥·¨³¥É·μ³ 17,2 ³ μ¡μ·Ê¤μ¢ ´
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¸¨¸É¥³μ° Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥´¨Ö. ‚ ¸¥±Í¨¨ μÌ² ¦¤¥´¨Ö ¶·μ¨¸Ìμ¤¨É ·¥±μ³¡¨´ Í¨Ö
Ô²¥±É·μ´μ¢ ¸ ¶μ§¨É·μ´ ³¨ ¨ £¥´¥· Í¨Ö ¶μ§¨É·μ´¨Ö.

�¸μ¡¥´´μ¸ÉÓÕ ´ ±μ¶¨É¥²Ö LEPTA Ö¢²Ö¥É¸Ö Ëμ±Ê¸¨·μ¢±  ¶·μ¤μ²Ó´Ò³ ³ £´¨É´Ò³ ¶μ-
²¥³, ±μÉμ·μ¥ ¶·¨¸ÊÉ¸É¢Ê¥É ´  ¢¸¥³ ¶¥·¨³¥É·¥ μ·¡¨ÉÒ. �·μ¤μ²Ó´μ¥ ³ £´¨É´μ¥ ¶μ²¥ ¢¥-
²¨Î¨´μ° 400 ƒ¸ μ¡¥¸¶¥Î¨¢ ¥É § ³ £´¨Î¥´´μ¸ÉÓ Í¨·±Ê²¨·ÊÕÐ¨Ì ¶μ§¨É·μ´μ¢ ¸ Ô´¥·£¨¥°
10 ±Ô‚ ¨, ± ± ·¥§Ê²ÓÉ É, ¡μ²ÓÏμ¥ ¢·¥³Ö ¦¨§´¨. ‚ ¶·¨¸ÊÉ¸É¢¨¨ ¶·μ¤μ²Ó´μ£μ ³ £´¨É´μ£μ
¶μ²Ö ¨´¦¥±Í¨Ö ¶μ§¨É·μ´´μ£μ ¶ÊÎ±  ´  · ¢´μ¢¥¸´ÊÕ μ·¡¨ÉÊ, ¢¢μ¤ ¨ ¢Ò¢μ¤ μ¤´μ¶·μ²¥É-
´μ£μ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  É·¥¡ÊÕÉ ¸¶¥Í¨ ²Ó´μ£μ ¨´¦¥±Í¨μ´´μ£μ ±μ³¶²¥±¸ . �¤´μμ¡μ-
·μÉ´ Ö ¨´¦¥±Í¨Ö ¶μ§¨É·μ´μ¢ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ¶μ³μÐÓÕ ¨³¶Ê²Ó¸´μ£μ Ô²¥±É·¨Î¥¸±μ£μ
±¨±¥· . „²Ö ¶μ²ÊÎ¥´¨Ö ¤μ²£μ¢·¥³¥´´μ° Ê¸Éμ°Î¨¢μ¸É¨ Í¨·±Ê²¨·ÊÕÐ¥£μ ¶ÊÎ±  ¨¸¶μ²Ó§Ê-
¥É¸Ö ¸¶¨· ²Ó´μ¥ ±¢ ¤·Ê¶μ²Ó´μ¥ ¶μ²¥, ±μÉμ·μ¥ Ëμ·³¨·Ê¥É¸Ö ¸É¥²² · Éμ·´μ° μ¡³μÉ±μ°,
· ¸¶μ²μ¦¥´´μ° ¢ ¶·Ö³μ²¨´¥°´μ° ¸¥±Í¨¨. „¢¨¦¥´¨¥ ¢ £μ·¨§μ´É ²Ó´μ° ¨ ¢¥·É¨± ²Ó´μ°
¶²μ¸±μ¸ÉÖÌ ¢ É ±μ³ ´ ±μ¶¨É¥²¥ Ö¢²Ö¥É¸Ö ¸¢Ö§ ´´Ò³. �·μ¥±É¨·μ¢ ´¨¥ ´ ±μ¶¨É¥²Ö μ¸ÊÐ¥-
¸É¢²Ö²μ¸Ó ¸ ¶μ³μÐÓÕ ¸¶¥Í¨ ²Ó´μ · §· ¡μÉ ´´μ£μ ¶·μ£· ³³´μ£μ ±μ¤  BETATRON [4].
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„²Ö £¥´¥· Í¨¨ ¶μÉμ±   Éμ³μ¢ ¶μ§¨É·μ´¨Ö ´¥μ¡Ìμ¤¨³μ ¸μ¢³¥¸É¨ÉÓ μ¤´μμ¡μ·μÉ´Ò°
μÌ² ¦¤ ÕÐ¨° ¶ÊÎμ± Ô²¥±É·μ´μ¢ ¸ Í¨·±Ê²¨·ÊÕÐ¨³ ¶μ§¨É·μ´´Ò³. ‚ ´ ±μ¶¨É¥²¥ ¸ ¶·μ-
¤μ²Ó´Ò³ ³ £´¨É´Ò³ ¶μ²¥³ ¨§-§  · ¢¥´¸É¢  ³ ¸¸ ¶μ§¨É·μ´  ¨ Ô²¥±É·μ´  ¸μ¢³¥Ð¥´¨¥ ¨ · §-
¢¥¤¥´¨¥ ¶ÊÎ±μ¢ Ö¢²Ö¥É¸Ö ¤μ¸É ÉμÎ´μ ¸²μ¦´μ° ¶·μ¡²¥³μ°. ‘¢¥¤¥´¨¥ ¨ · §¢¥¤¥´¨¥ ¶ÊÎ±μ¢
Ô²¥±É·μ´μ¢ ¨ ¶μ§¨É·μ´μ¢ ¢ ¢¥·É¨± ²Ó´μ³ ´ ¶· ¢²¥´¨¨ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö §  ¸Î¥É Í¥´É·μ-
¡¥¦´μ£μ ¤·¥°Ë  Ô²¥±É·μ´μ¢ ¢ Éμ·μ¨¤ ²Ó´ÒÌ ¸¥±Í¨ÖÌ. ‚ Éμ· Ì ¤²Ö ±μ³¶¥´¸ Í¨¨ ¤·¥°Ë 
Í¨·±Ê²¨·ÊÕÐ¥£μ ´  · ¢´μ¢¥¸´μ° μ·¡¨É¥ ¶ÊÎ±  ¶·¨±² ¤Ò¢ ¥É¸Ö ¤μ¶μ²´¨É¥²Ó´μ¥ ¤¨¶μ²Ó-
´μ¥ ³ £´¨É´μ¥ ¶μ²¥, μ´μ Ê¤¢ ¨¢ ¥É ¢¥·É¨± ²Ó´μ¥ ¸³¥Ð¥´¨¥ Ô²¥±É·μ´´μ£μ ¶ÊÎ± , ¨ ¶·¨
Ê£²¥ ¶μ¢μ·μÉ , · ¢´μ³ π, ¢¥²¨Î¨´  ¸³¥Ð¥´¨Ö ¸μ¸É ¢²Ö¥É 2πρL, £¤¥ ρL Å ² ·³μ·μ¢¸±¨°
· ¤¨Ê¸.

‘²μ¦´μ¸ÉÓ ¨´¦¥±Í¨¨ ¶ÊÎ±  ¢ ´ ±μ¶¨É¥²Ó ¸ ¶·μ¤μ²Ó´Ò³ ³ £´¨É´Ò³ ¶μ²¥³ ¸¢Ö§ ´ 
¸ É¥³, ÎÉμ ®§ ³ £´¨Î¥´´Ò¥¯ Ô²¥±É·μ´´Ò° ¨ ¶μ§¨É·μ´´Ò° ¶ÊÎ±¨ É· ´¸¶μ·É¨·ÊÕÉ¸Ö ±μ
¢Ìμ¤Ê ´ ±μ¶¨É¥²Ö ¸ ¶μ³μÐÓÕ μÉ¤¥²Ó´ÒÌ ¸μ²¥´μ¨¤μ¢, ¨ ¤²Ö ¶·¨¢¥¤¥´¨Ö μ¡μ¨Ì ¶ÊÎ±μ¢ ´ 
· ¢´μ¢¥¸´ÊÕ μ·¡¨ÉÊ ¨Ì ´¥μ¡Ìμ¤¨³μ ¸³¥¸É¨ÉÓ ¢ ´ ¶· ¢²¥´¨¨, ¶¥·¶¥´¤¨±Ê²Ö·´μ³ ¶·μ¤μ²Ó-
´μ³Ê ¶μ²Õ, ´  · ¸¸ÉμÖ´¨¥ ¶μ·Ö¤±  ¤¨ ³¥É·  ¸μ²¥´μ¨¤ . ’ ±μ¥ ¸³¥Ð¥´¨¥, ¡¥§ ÊÌÊ¤Ï¥´¨Ö
± Î¥¸É¢  ¶ÊÎ± , μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸¥¶ÉÊ³´Ò³¨ μ¡³μÉ± ³¨. �´¨ ¢Ò¶μ²´¥´Ò ¢ ¢¨¤¥ ¤¢ÊÌ ¸μ-
²¥´μ¨¤μ¢ ¶·Ö³μÊ£μ²Ó´μ£μ ¸¥Î¥´¨Ö, ±μÉμ·Ò¥ Ëμ·³¨·ÊÕÉ ¤μ¶μ²´¨É¥²Ó´μ¥ £μ·¨§μ´É ²Ó´μ¥
³ £´¨É´μ¥ ¶μ²¥, ´ ¶· ¢²¥´´μ¥ ¶¥·¶¥´¤¨±Ê²Ö·´μ ± ¶·μ¤μ²Ó´μ³Ê ¶μ²Õ ¸¥¶ÉÊ³´μ£μ ¸μ²¥´μ-
¨¤ . ‚ ·¥§Ê²ÓÉ É¥ ¸Ê¶¥·¶μ§¨Í¨¨ ³ £´¨É´ÒÌ ¶μ²¥° ¸¥¶ÉÊ³´ÒÌ μ¡³μÉμ± ¨ ¶μ²Ö ¸¥¶ÉÊ³´μ£μ
¸μ²¥´μ¨¤  ¸¨²μ¢ Ö ²¨´¨Ö ¸Ê³³ ·´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ¨³¥¥É ÉμÉ ¦¥ Ê£μ² ´ ±²μ´  ± ¶·μ-
¤μ²Ó´μ° μ¸¨, ÎÉμ ¨ ¢ ±ÊÊ³´Ò¥ ± ³¥·Ò ¤²Ö ¢¢μ¤  ¨ ¢Ò¢μ¤  ¶ÊÎ±μ¢. ‚ ¢¥·Ì´¥° μ¡³μÉ±¥
¸¨²μ¢ Ö ²¨´¨Ö ´ ¶· ¢²¥´  μÉ ¢´¥Ï´¥° ¸Éμ·μ´Ò ¸μ²¥´μ¨¤  ¸¥¶ÉÊ³  ± ¥£μ μ¸¨, ¢ ´¨¦´¥°
¶²μ¸±μ¸É¨ Å ¢ ¶·μÉ¨¢μ¶μ²μ¦´μ³ ´ ¶· ¢²¥´¨¨. ‚ ·¥§Ê²ÓÉ É¥ ¶μ¸²¥ ¶·μÌμ¦¤¥´¨Ö ¸¥¶-
ÉÊ³´ÒÌ μ¡³μÉμ± ¶ÊÎμ± ¶μ§¨É·μ´μ¢ μ± §Ò¢ ¥É¸Ö ´ ¤ · ¢´μ¢¥¸´μ° μ·¡¨Éμ° ´ ±μ¶¨É¥²Ö ¨
¸³¥Ð ¥É¸Ö ´  μ·¡¨ÉÊ ±¨±¥·μ³,   ¶ÊÎμ± Ô²¥±É·μ´μ¢ ¨§ Ô²¥±É·μ´´μ° ¶ÊÏ±¨ Å ¶μ¤ · ¢´μ-
¢¥¸´μ° μ·¡¨Éμ°.
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„μ²£μ¢·¥³¥´´ÊÕ Ê¸Éμ°Î¨¢μ¸ÉÓ Í¨·±Ê²¨·ÊÕÐ¥£μ ¶ÊÎ±  μ¡¥¸¶¥Î¨¢ ¥É ¸¶¨· ²Ó´Ò° ±¢ -
¤·Ê¶μ²Ó (¸É¥²² · Éμ·´ Ö μ¡³μÉ± ) (·¨¸. 1), ±μÉμ·Ò° μ¸ÊÐ¥¸É¢²Ö¥É ¢· Ð¥´¨¥ Í¨·±Ê²¨·Ê-
ÕÐ¥£μ ¶ÊÎ±  μÉ´μ¸¨É¥²Ó´μ ¸¢μ¥° μ¸¨. �¥·¥¤ Ê¸É ´μ¢±μ° ¢ ´ ±μ¶¨É¥²Ó ¸¶¨· ²Ó´Ò° ±¢ -
¤·Ê¶μ²Ó ¡Ò² ¶·μÉ¥¸É¨·μ¢ ´ ¨³¶Ê²Ó¸´Ò³ μ¤´μ¶·μ²¥É´Ò³ Ô²¥±É·μ´´Ò³ ¶ÊÎ±μ³ ¸ Ô´¥·£¨¥°
3 ±Ô‚ ´  ¸¶¥Í¨ ²Ó´μ³ ¸É¥´¤¥ [5].

	¨¸. 1. ‘¶¨· ²Ó´Ò° ±¢ ¤·Ê¶μ²Ó. „²¨´  ²¨´§Ò · ¢´  ¤¢Ê³ Ï £ ³ ¸¶¨· ²¨

“£μ² ¶μ¢μ·μÉ  ¶ÊÎ±  ¢ ±¢ ¤·Ê¶μ²¥ ϕ ¢ ¶¥·¢μ³ ¶·¨¡²¨¦¥´¨¨ ¸μ¸É ¢²Ö¥É [6]

ϕ =
G2

kB2
s, (1)

£¤¥ k = 2π/h, G Å £· ¤¨¥´É ³ £´¨É´μ£μ ¶μ²Ö, ±μÉμ·Ò° ¶·μ¶μ·Í¨μ´ ²¥´ Éμ±Ê ±¢ ¤·Ê-
¶μ²Ö; B Å ¶·μ¤μ²Ó´μ¥ ³ £´¨É´μ¥ ¶μ²¥; h Å Ï £ ¸¶¨· ²¨ ±¢ ¤·Ê¶μ²Ö. ˆ§³¥·¥´´ Ö
Ô±¸¶¥·¨³¥´É ²Ó´ Ö § ¢¨¸¨³μ¸ÉÓ Ê£²  ¶μ¢μ·μÉ  μÉ Éμ±  ±¢ ¤·Ê¶μ²Ö ´ Ìμ¤¨É¸Ö ¢ Ìμ·μÏ¥³
¸μμÉ¢¥É¸É¢¨¨ ¸ É¥μ·¥É¨Î¥¸±μ° § ¢¨¸¨³μ¸ÉÓÕ.

3. �…�‚›… �…‡“‹œ’�’› ˆ‘‘‹…„�‚��ˆ‰ „ˆ��ŒˆŠˆ
–ˆ�Š“‹ˆ�“�™…ƒ� �“—Š�

”¨§¨Î¥¸±¨° ¶Ê¸± ´ ±μ¶¨É¥²Ö ¡Ò² μ¸ÊÐ¥¸É¢²¥´ ¢ ¸¥´ÉÖ¡·¥ 2004 £. ¸ Ô²¥±É·μ´´Ò³
¶ÊÎ±μ³, ¢ ± Î¥¸É¢¥ ¨´¦¥±Éμ·  ¨¸¶μ²Ó§μ¢ ² ¸Ó ¶ÊÏ±  ¸¨¸É¥³Ò Ô²¥±É·μ´´μ£μ μÌ² ¦¤¥-
´¨Ö. � ¸É·μ°±  § ³±´ÊÉμ° μ·¡¨ÉÒ μ¸ÊÐ¥¸É¢²Ö² ¸Ó ±μ··¥±Éμ· ³¨, · ¸¶μ²μ¦¥´´Ò³¨ ´ 
¢Ìμ¤¥ ¨ ¢ÒÌμ¤¥ Éμ·μ¨¤ ²Ó´ÒÌ ¸¥±Í¨°. –¨·±Ê²¨·ÊÕÐ¨° ¶ÊÎμ± ´ ¡²Õ¤ ²¸Ö ¤¢Ê³Ö ¶¨± ¶-
¸É ´Í¨Ö³¨, · ¸¶μ²μ¦¥´´Ò³¨ ´  ¢Ìμ¤¥ ¨ ¢ÒÌμ¤¥ ¶·Ö³μ²¨´¥°´μ° ¸¥±Í¨¨. �·¨ ¢Ò±²ÕÎ¥´-
´μ³ ±¢ ¤·Ê¶μ²¥ ´ ¡²Õ¤ ²¸Ö ¸¨£´ ² μÉ ´¥¸±μ²Ó±¨Ì μ¡μ·μÉμ¢, Ê¸Éμ°Î¨¢ Ö Í¨·±Ê²ÖÍ¨Ö μÉ-
¸ÊÉ¸É¢μ¢ ² . �·¨ Éμ±¥ ±¢ ¤·Ê¶μ²Ö, ¡²¨§±μ³ ± · ¸Î¥É´μ³Ê, ¡Ò²  ¶μ²ÊÎ¥´  Ê¸Éμ°Î¨¢ Ö
Í¨·±Ê²ÖÍ¨Ö Ô²¥±É·μ´´μ£μ ¶ÊÎ± .

‘· §Ê ¶μ¸²¥ ¨´¦¥±Í¨¨ ´ ¡²Õ¤ ²¸Ö ¸¨£´ ² μÉ μÉ¤¥²Ó´ÒÌ μ¡μ·μÉμ¢ ¸ Î ¸ÉμÉμ° μ¡· -
Ð¥´¨Ö, ¶μ§¦¥ μ´ § ÉÊÌ ² (ÔÉμ ¸¢Ö§ ´μ ¸ É¥³, ÎÉμ ¨´¦¥±É¨·μ¢ ´´Ò° ¶ÊÎμ± · ¸¶²Ò¢ ²¸Ö ¨
§ ¶μ²´Ö² ¢¥¸Ó ¶¥·¨³¥É· ´ ±μ¶¨É¥²Ö) ¨ ´ ¡²Õ¤ ²¸Ö ¸¨£´ ² ¸ ³¥´ÓÏ¥° Î ¸ÉμÉμ°. ‘¨£´ ²Ò
¸ ³¥´ÓÏ¥° Î ¸ÉμÉμ°, ¸ ¶·μÉ¨¢μ¶μ²μ¦´ÒÌ ¶² ¸É¨´ ¶¨± ¶-¸É ´Í¨¨ ´ Ìμ¤¨²¨¸Ó ¢ ¶·μÉ¨¢μ-
¶μ²μ¦´μ° Ë §¥, ÎÉμ £μ¢μ·¨É μ ¢· Ð¥´¨¨ ¶ÊÎ±  ± ± Í¥²μ£μ μÉ´μ¸¨É¥²Ó´μ μ¸¨. ˆ§³¥·¥´¨¥
ÔÉμ° ³¥¤²¥´´μ° Î ¸ÉμÉÒ ¶μ§¢μ²¨²μ μ¶·¥¤¥²¨ÉÓ ¡¥É É·μ´´μ¥ Î¨¸²μ, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ³μ¤¥
³¥¤²¥´´ÒÌ ±μ²¥¡ ´¨° (¸³. ·¨¸. 2,  ).
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�·¨ ³ ²ÒÌ Ô´¥·£¨ÖÌ Ô²¥±É·μ´μ¢ ¨Ì ¤¢¨¦¥´¨¥ Ö¢²Ö¥É¸Ö  ¤¨ ¡ É¨Î¥¸±¨³ ¨ ³μ¦¥É ¡ÒÉÓ
μ¶¨¸ ´μ ¢ ¤·¥°Ëμ¢μ³ ¶·¨¡²¨¦¥´¨¨. �·¨ ÔÉμ³  ´ ²¨§¨·Ê¥É¸Ö ¤¢¨¦¥´¨Ö Í¥´É·  ®² ·³μ-
·μ¢¸±μ£μ ±·Ê¦± ¯ ¢ · §´ÒÌ Ô²¥³¥´É Ì ´ ±μ¶¨É¥²Ö. �·¥μ¡· §μ¢ ´¨¥ Í¥´É·  ®² ·³μ·μ¢-
¸±μ£μ ±·Ê¦± ¯ ¢ É ±μ³ ´ ±μ¶¨É¥²¥ ³μ¦¥É ¡ÒÉÓ μ¶¨¸ ´μ ³ É·¨Í¥° · §³¥·´μ¸ÉÓÕ 2 ´  2,
¨ ¡¥É É·μ´´μ¥ Î¨¸²μ, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ³¥¤²¥´´μ° ³μ¤¥ ±μ²¥¡ ´¨°, μ¶·¥¤¥²Ö¥É¸Ö ± ± ¢
μ¡ÒÎ´ÒÌ ´ ±μ¶¨É¥²ÖÌ ¸ ¦¥¸É±μ° Ëμ±Ê¸¨·μ¢±μ°:

Qslow = arccos
(

1
2

Sp
)

1
2π

, (2)

£¤¥ Sp Å ¸²¥¤ ³ É·¨ÍÒ ±μ²ÓÍ . 	¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨Ö ¡¥É É·μ´´μ£μ Î¨¸²  ´  μ¸´μ¢ ´¨¨
ËÊ·Ó¥- ´ ²¨§  ¸¨£´ ²μ¢ ¸ ¶¨± ¶-¸É ´Í¨¨ ´ Ìμ¤ÖÉ¸Ö ¢ Ìμ·μÏ¥³ ¸μ£² ¸¨¨ ¸ § ¢¨¸¨³μ¸ÉÓÕ,
· ¸¸Î¨É ´´μ° ¢ ¤·¥°Ëμ¢μ³ ¶·¨¡²¨¦¥´¨¨ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (2) (¸³. ·¨¸ 2, ¡).

	¨¸. 2.  ) 	¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨Ö ®³¥¤²¥´´μ£μ¯ ¡¥É É·μ´´μ£μ Î¨¸²  ¢ § ¢¨¸¨³μ¸É¨ μÉ Éμ±  ±¢ -
¤·Ê¶μ²Ö ¤²Ö Ô´¥·£¨¨ Í¨·±Ê²¨·ÊÕÐ¥£μ ¶ÊÎ±  2,3 ¨ 8,2 ±Ô‚. ¡) ‘· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ ¨§³¥·¥´¨°

³¥¤²¥´´μ£μ ¡¥É É·μ´´μ£μ Î¨¸²  (Ô´¥·£¨Ö 2,3 ±Ô‚) ¸ É¥μ·¥É¨Î¥¸±μ° § ¢¨¸¨³μ¸ÉÓÕ


¥É É·μ´´μ¥ Î¨¸²μ ¨§³¥·Ö²μ¸Ó É ±¦¥ ³¥Éμ¤μ³ ¢μ§¡Ê¦¤¥´¨Ö ·¥§μ´ ´¸  ³¥¤²¥´´μ°
³μ¤Ò ±μ²¥¡ ´¨°. „²Ö ÔÉμ£μ ± ¶² ¸É¨´ ³ ¶¨± ¶-¸É ´Í¨¨ ¶·¨±² ¤Ò¢ ²¸Ö ¸¨´Ê¸μ¨¤ ²Ó-
´Ò° ¸¨£´ ² μÉ ¢´¥Ï´¥£μ ¨¸ÉμÎ´¨± , ¨ μ¶·¥¤¥²Ö² ¸Ó Î ¸ÉμÉ  ÔÉμ£μ ¸¨£´ ² , ¶·¨ ±μÉμ·μ°
¢·¥³Ö ¦¨§´¨ ¶ÊÎ±  ¸ÊÐ¥¸É¢¥´´μ Ê³¥´ÓÏ ²μ¸Ó. ˆ§ ·¨¸. 2 ¢¨¤´μ, ÎÉμ ¸ÊÐ¥¸É¢ÊÕÉ §´ Î¥´¨Ö
Éμ±  ±¢ ¤·Ê¶μ²Ö, ¶·¨ ±μÉμ·ÒÌ ¤¢¨¦¥´¨¥ ¢ ´ ±μ¶¨É¥²¥ ´¥Ê¸Éμ°Î¨¢μ. ˜¨·¨´  μ¡² ¸É¥°
´¥Ê¸Éμ°Î¨¢μ¸É¨ μ¶·¥¤¥²Ö¥É¸Ö μÉ²¨Î¨¥³ ÔËË¥±É¨¢´μ° ¤²¨´Ò ±¢ ¤·Ê¶μ²Ö μÉ Í¥²μ£μ Î¨¸² 
Ï £μ¢ ¸¶¨· ²¨. �É²¨Î¨¥ ÔËË¥±É¨¢´μ° ¤²¨´Ò ±¢ ¤·Ê¶μ²Ö μÉ Ë¨§¨Î¥¸±μ° μ¡ÑÖ¸´Ö¥É¸Ö ¨§-
³¥´¥´¨¥³ ±μ²¨Î¥¸É¢  ¢¨É±μ¢ ´  ¥£μ ±· ÖÌ (¸³. ·¨¸. 1), ÎÉμ ¡Ò²μ ¸¤¥² ´μ ¤²Ö μ¡¥¸¶¥Î¥´¨Ö
 ¤¨ ¡ É¨Î´μ¸É¨ ¤¢¨¦¥´¨Ö Î ¸É¨Í ´  ¢Ìμ¤¥ ¨ ¢ÒÌμ¤¥ ±¢ ¤·Ê¶μ²Ö.

4. ‚�…ŒŸ †ˆ‡�ˆ –ˆ�Š“‹ˆ�“�™…ƒ� �“—Š�

�·¨³¥´¥´¨¥ ¶·μ¤μ²Ó´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ¤²Ö Ëμ±Ê¸¨·μ¢±¨ Í¨·±Ê²¨·ÊÕÐ¥£μ ¶ÊÎ± 
μ¡¥¸¶¥Î¨¢ ¥É § ³¥É´Ò° ¢Ò¨£·ÒÏ ¢μ ¢·¥³¥´¨ ¦¨§´¨ ¶μ ¸· ¢´¥´¨Õ ¸ μ¡ÒÎ´μ° ¦¥¸É±μ°
Ëμ±Ê¸¨·μ¢±μ° ¢ μ¡² ¸É¨ ´¨§±¨Ì Ô´¥·£¨°. ‚ ¶·¨¸ÊÉ¸É¢¨¨ ¶·μ¤μ²Ó´μ£μ ³ £´¨É´μ£μ ¶μ²Ö
· ¸¸¥Ö´¨¥ ´   Éμ³ Ì μ¸É ÉμÎ´μ£μ £ §  ¤ ¦¥ ´  Ê£μ² 90◦ ´¥ ¶·¨¢μ¤¨É ± ÊÌμ¤Ê Î ¸É¨ÍÒ
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¨§  ¶¥·ÉÊ·Ò. Œ ±¸¨³ ²Ó´ Ö ¨´É¥´¸¨¢´μ¸ÉÓ ¶μÉμ±   Éμ³μ¢ ¶μ§¨É·μ´¨Ö ¤μ¸É¨£ ¥É¸Ö ¶·¨
¢·¥³¥´¨ ¦¨§´¨, ¶·¨³¥·´μ · ¢´μ³ ¢·¥³¥´¨ ´ ±μ¶²¥´¨Ö ¶μ§¨É·μ´μ¢ ¢ ²μ¢ÊÏ±¥ (100 ¸).

„²Ö ¨§³¥·¥´¨Ö ¢·¥³¥´¨ ¦¨§´¨ ¶ÊÎ±  ¢ § ¤ ´´Ò° ³μ³¥´É ¢·¥³¥´¨ μ´ ¸³¥Ð ²¸Ö ±¨±¥-
·μ³ ´  Ê£μ², · ¢´Ò°  ¶¥·ÉÊ·¥. �·¨ ÔÉμ³ ¸ ¶¨± ¶-¸É ´Í¨° ´ ¡²Õ¤ ²¸Ö ¸¨£´ ², ¶·μ¶μ·-

	¨¸. 3. 	¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨Ö ¢·¥³¥´¨
¦¨§´¨ ¤²Ö ¤¢ÊÌ §´ Î¥´¨° ¶·μ¤μ²Ó´μ£μ ³ £-

´¨É´μ£μ ¶μ²Ö ¨ ¨Ì Ë¨É¨·μ¢ ´¨¥ É¥μ·¥É¨Î¥-

¸±μ° § ¢¨¸¨³μ¸ÉÓÕ. „ ¢²¥´¨¥ μ¸É ÉμÎ´μ£μ
£ §  30 ´’μ··

Í¨μ´ ²Ó´Ò° Éμ±Ê Í¨·±Ê²¨·ÊÕÐ¥£μ ¶ÊÎ±  ¢ ÔÉμÉ
³μ³¥´É. ˆ§³¥·¥´¨Ö ¢·¥³¥´¨ ¦¨§´¨ ¡Ò²¨ ¶·μ-
¢¥¤¥´Ò ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° μÉ 1 ¤μ 10 ±Ô‚
(·¨¸. 3).

�  ·¨¸. 3 ¢¨¤´μ ¸ÊÐ¥¸É¢μ¢ ´¨¥ ¤¢ÊÌ μ¡² -
¸É¥°: ¶¥·¢ Ö, £¤¥ ¢·¥³Ö ¦¨§´¨ · ¸É¥É ¸ Ô´¥·-
£¨¥°, ¨ ¢Éμ· Ö, £¤¥ ¢·¥³Ö ¦¨§´¨ ¶ ¤ ¥É ¸ ·μ¸Éμ³
Ô´¥·£¨¨. ’ ±μ¥ ¶μ¢¥¤¥´¨¥ § ¢¨¸¨³μ¸É¨ ¢·¥³¥´¨
¦¨§´¨ μÉ Ô´¥·£¨¨ ³μ¦¥É ¡ÒÉÓ μ¡ÑÖ¸´¥´μ μ¸μ-
¡¥´´μ¸ÉÓÕ Ëμ±Ê¸¨·ÊÕÐ¥° ¸¨¸É¥³Ò ´ ±μ¶¨É¥²Ö
LEPTA. �²¥±É·μ´Ò, Í¨·±Ê²¨·ÊÕÐ¨¥ ¢ ÔÉμ³
´ ±μ¶¨É¥²¥, § ³ £´¨Î¥´Ò, É. ¥. μ´¨ ¤¢¨£ ÕÉ¸Ö
¢¤μ²Ó ¸¨²μ¢μ° ²¨´¨¨ ³ £´¨É´μ£μ ¶μ²Ö. ‚
Ëμ±Ê¸¨·ÊÕÐ¥° ¸¨¸É¥³¥ ¸ÊÐ¥¸É¢Ê¥É ´¥¸±μ²Ó±μ
μ¡² ¸É¥° ¸ ´¥μ¤´μ·μ¤´Ò³ ³ £´¨É´Ò³ ¶μ²¥³,
ÔÉμ μ¡² ¸É¨ ¸ÉÒ±μ¢ ¸μ²¥´μ¨¤μ¢ ¸ · §²¨Î´Ò³¨
¶μ¶¥·¥Î´Ò³¨ ¸¥Î¥´¨Ö³¨. …¸²¨ · §³¥· μ¡² -
¸É¨ ¢μ§³ÊÐ¥´¨Ö ³ £´¨É´μ£μ ¶μ²Ö ¸· ¢´¨³ ¨²¨
³¥´ÓÏ¥ Ï £  ² ·³μ·μ¢¸±μ° ¸¶¨· ²¨, Éμ Ô²¥±-
É·μ´, ¶·μÌμ¤Ö É ±ÊÕ μ¡² ¸ÉÓ, ³μ¦¥É ¶μ²ÊÎ¨ÉÓ

¤μ¶μ²´¨É¥²Ó´Ò° ¶μ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸, ±μÉμ·Ò° ¶·¨¢¥¤¥É ± Ê¢¥²¨Î¥´¨Õ Ê£²  ³¥¦¤Ê ´ -
¶· ¢²¥´¨¥³ ¤¢¨¦¥´¨Ö Ô²¥±É·μ´  ¨ ¸¨²μ¢μ° ²¨´¨¥° ¶μ²Ö,   É ±¦¥ ´¥±μÉμ·μ¥ ¸³¥Ð¥´¨¥
¢ ¶μ¶¥·¥Î´μ° ¶²μ¸±μ¸É¨. ‚¥²¨Î¨´  ÔÉμ£μ ¸³¥Ð¥´¨Ö μ¶·¥¤¥²Ö¥É¸Ö  ³¶²¨ÉÊ¤μ° ¨ ¤²¨-
´μ° ¢μ§³ÊÐ¥´¨Ö ³ £´¨É´μ£μ ¶μ²Ö. �·¨ Ë¨±¸¨·μ¢ ´´μ³ §´ Î¥´¨¨ ¢¥²¨Î¨´Ò ¶·μ¤μ²Ó´μ£μ
³ £´¨É´μ£μ ¶μ²Ö ¸ Ê¢¥²¨Î¥´¨¥³ Ô´¥·£¨¨ · ¸É¥É ² ·³μ·μ¢¸±¨° · ¤¨Ê¸. �Éμ ¢¥¤¥É ± Ê¢¥-
²¨Î¥´¨Õ ¸³¥Ð¥´¨Ö Î ¸É¨ÍÒ ¶·¨ ¶·μÌμ¦¤¥´¨¨ μ¡² ¸É¨ ¢μ§³ÊÐ¥´¨Ö.

’ ±μ° ³¥Ì ´¨§³ ¶μ¤μ¡¥´ ¤¨ËËÊ§¨¨ ¨ ³μ¦¥É ¡ÒÉÓ μ¶¨¸ ´ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³ [7]:

τB =
1

ND

C

c

(
b

a

)2 (
mc2

eBD

)2 √
2ε

mc2

(
ΔB

B

)−2

exp

{
2eBD

mc2

√
mc2

ε

}
, (3)

£¤¥ ND Å Î¨¸²μ μ¡² ¸É¥° ¸ ¢μ§³ÊÐ¥´¨Ö³¨ ³ £´¨É´μ£μ ¶μ²Ö; C Å ¶¥·¨³¥É· ±μ²ÓÍ ;
c Å ¸±μ·μ¸ÉÓ ¸¢¥É ; b Å · ¤¨Ê¸  ¶¥·ÉÊ·Ò; a Å · ¤¨Ê¸ ¶ÊÎ± ; B Å ¢¥²¨Î¨´  ³ £´¨É´μ£μ
¶μ²Ö; D Å ¤²¨´  μ¡² ¸É¨ ¢μ§³ÊÐ¥´¨Ö; ΔB/B Å  ³¶²¨ÉÊ¤  ¢μ§³ÊÐ¥´¨Ö; ε Å Ô´¥·£¨Ö
Ô²¥±É·μ´μ¢.

‚·¥³Ö ¦¨§´¨, μ¶·¥¤¥²Ö¥³μ¥ · ¸¸¥Ö´¨¥³ ´   Éμ³ Ì μ¸É ÉμÎ´μ£μ £ §  (¢ ±ÊÊ³´μ¥ ¢·¥³Ö
¦¨§´¨), ³μ¦¥É ¡ÒÉÓ μÍ¥´¥´μ ¸²¥¤ÊÕÐ¥° Ëμ·³Ê²μ° [7]:

τvacuum =
K

P

√
ε

mc2

(
eBb

mc2

)2

, (4)

£¤¥ P Å ¤ ¢²¥´¨¥ μ¸É ÉμÎ´μ£μ £ § ; K Å Î¨¸²¥´´Ò° ±μÔËË¨Í¨¥´É. ˆ Éμ£¤  ¶μ²´μ¥
¢·¥³Ö ¦¨§´¨ ³μ¦´μ μÍ¥´¨ÉÓ ¸ ÊÎ¥Éμ³ ¤¨ËËÊ§¨¨ ¨ ¢ ±ÊÊ³´ÒÌ Ê¸²μ¢¨°.
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	¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨Ö ¢·¥³¥´¨ ¦¨§´¨ ´ Ìμ¤ÖÉ¸Ö ¢ Ìμ·μÏ¥³ ¸μ£² ¸¨¨ ¸ ÔÉ¨³¨  ´ ²¨É¨-
Î¥¸±¨³¨ μÍ¥´± ³¨ ¢ ¸²ÊÎ ¥, ±μ£¤  ±μ²¨Î¥¸É¢μ ÊÎ ¸É±μ¢ ¸ ´¥μ¤´μ·μ¤´Ò³ ³ £´¨É´Ò³ ¶μ²¥³
· ¢´μ Î¨¸²Ê ¸ÉÒ±μ¢ ¸μ²¥´μ¨¤μ¢ ¸ · §´μ° £¥μ³¥É·¨¥° ¨ ´¥μ¤´μ·μ¤´μ¸ÉÓ ¶μ²Ö ´  ¸ÉÒ± Ì
¤μ¸É¨£ ¥É 20 %, ÎÉμ ¡²¨§±μ ± ·¥§Ê²ÓÉ É ³ ³ £´¨É´ÒÌ ¨§³¥·¥´¨°. ‘¨¸É¥³  ±μ··¥±Í¨°
³ £´¨É´μ£μ ¶μ²Ö, ¤²Ö Ê¢¥²¨Î¥´¨Ö ¢·¥³¥´¨ ¦¨§´¨, ¢ ´ ¸ÉμÖÐ¨° ³μ³¥´É · §· ¡ ÉÒ¢ ¥É¸Ö.
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