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�¤´μ¢·¥³¥´´μ ¸ μÉ±·ÒÉ¨¥³ ¡μ§μ´  •¨££¸  ¢ ·Ö¤¥ ² ¡μ· Éμ·¨° ¡Ò²μ ´ Î Éμ · ¸¸³μÉ·¥´¨¥ ¢μ-
¶·μ¸  μ ¸É·μ¨É¥²Ó¸É¢¥ ¸¶¥Í¨ ²¨§¨·μ¢ ´´μ£μ e+e−-´ ±μ¶¨É¥²Ö ´  ¸Ê³³ ·´ÊÕ Ô´¥·£¨Õ ¤μ 350 ƒÔ‚
¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö Í¥²μ£μ ·Ö¤  § ¤ Î. Š·μ³¥ ¸¢¥·Ì¢Ò¸μ±μ° ¸¢¥É¨³μ¸É¨ ÔÉ  Ê¸É ´μ¢±  ¤μ²¦´  ¶μ
¢μ§³μ¦´μ¸É¨ · ¡μÉ ÉÓ ¸ ¶μ²Ö·¨§μ¢ ´´Ò³¨ ¶ÊÎ± ³¨. ‚ ÔÉμ° · ¡μÉ¥ ³Ò · ¸¸³ É·¨¢ ¥³ ¶·μ¡²¥³Ò ¨
·¥ ²Ó´Ò¥ ¢μ§³μ¦´μ¸É¨ ¶μ²ÊÎ¥´¨Ö ¶ÊÎ±  ¶μ²Ö·¨§μ¢ ´´ÒÌ Ô²¥±É·μ´μ¢, Ê¸±μ·¥´´ÒÌ μÉ ¨¸ÉμÎ´¨±  ¤μ
³ ±¸¨³ ²Ó´μ° Ô´¥·£¨¨ ±μ²² °¤¥· .

A wide world discussion about future e+e− collider was opened few years ago after the Higgs-boson
discovery. Besides utterly high luminosity this machine has to operate with polarized beams. We shall
overview in this paper problems and practical possibilities to satisfy second requirements of the future
collider. The radiative beam polarization at this 100 km machine will be a very long procedure. On the
other hand, at the present time there are developed intensive polarized electron sources based on ArGa
photo cathodes with polarization about 90%. We show that fast electron synchrotron equipped with a
pair of Siberian Snakes is able to provide acceleration of polarized electrons up to the top energy of the
collider.

PACS: 29.20.db; 29.27.Hj
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„²Ö ¡Ê¤ÊÐ¥° Ê¸É ´μ¢±¨ ´ ¨¡μ²¥¥ ¨´É¥·¥¸´Ò Î¥ÉÒ·¥ §´ Î¥´¨Ö Ô´¥·£¨¨ ¤²Ö ¶·μ¢¥-
¤¥´¨Ö Ô±¸¶¥·¨³¥´Éμ¢ ¸μ ¢¸É·¥Î´Ò³¨ e+e−-¶ÊÎ± ³¨: ¶¨± Z0 (45 ƒÔ‚), ¶μ·μ£ ·μ¦¤¥-
´¨Ö ¶ · W (80 ƒÔ‚), ·μ¦¤¥´¨¥ ¡μ§μ´  •¨££¸  (e+e− → HZ, 120 ƒÔ‚) ¨ ·μ¦¤¥-
´¨¥ ¶ · t+t− (175 ƒÔ‚). ‚¸¥ ¶¥·¥Î¨¸²¥´´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ É·¥¡ÊÕÉ ±· °´¥ ¢Ò¸μ±μ°
¸¢¥É¨³μ¸É¨. 	μ²¥¥ Éμ£μ, ¶¥·¢Ò¥ ¤¢  Ô±¸¶¥·¨³¥´É  ¤μ²¦´Ò ¶·μ¢μ¤¨ÉÓ¸Ö ¸ ± ²¨¡·μ¢-
±μ° Ô´¥·£¨¨ ¸ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ. �μÔÉμ³Ê ³Ò ´¥ · ¸¸³ É·¨¢ ¥³ ²¨´¥°´Ò° e+e−-
±μ²² °¤¥· ¢ ± Î¥¸É¢¥ ± ´¤¨¤ É  ´  ·μ²Ó Ì¨££¸-Ë ¡·¨±¨. –¨±²¨Î¥¸±¨° e+e−-±μ²² °¤¥·
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±·μ³¥ ¸¢¥É¨³μ¸É¨ ¨ ¶·μ¤μ²Ó´μ° ¶μ²Ö·¨§ Í¨¨ ¸¶μ¸μ¡¥´ μ¡¥¸¶¥Î¨ÉÓ ÉμÎ´ÊÕ ± ²¨¡·μ¢±Ê
Ô´¥·£¨¨ ¶ÊÎ±μ¢. ‚ ÔÉμ° · ¡μÉ¥ ³Ò μ¡¸Ê¤¨³ Éμ²Ó±μ ¶·μ¡²¥³Ê ¶μ²ÊÎ¥´¨Ö ¶μ²Ö·¨§ Í¨μ´´ÒÌ
¶ÊÎ±μ¢.

‚ ´ Ï¨Ì μÍ¥´± Ì ³Ò ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ¶ · ³¥É·Ò TLEP [1]. �μ§¦¥ ÔÉ  ³ Ï¨´ 
¡Ò²  ¶¥·¥¨³¥´μ¢ ´  ¢ FCC-ee, ´μ ¤²Ö ¸¢Ö§¨ ¸ · ¡μÉ ³¨ ¤·Ê£¨Ì ¸¶¥Í¨ ²¨¸Éμ¢ ³Ò ¶·μ¤μ²-
¦¨³ ¨¸¶μ²Ó§μ¢ ÉÓ ´ §¢ ´¨¥ TLEP.

1. ��„ˆ�–ˆ����Ÿ ��‹Ÿ�ˆ‡�–ˆŸ

‘¶¥·¢  ¢ÒÎ¨¸²¨³ ¢·¥³Ö ¶μ²Ö·¨§ Í¨¨ ‘μ±μ²μ¢ Ä’¥·´μ¢  ¤²Ö ¨§μ³ £´¨É´μ£μ ±μ²ÓÍ 
¶¥·¨³¥É·μ³ 2πR ¨ · ¤¨Ê¸μ³ ¶μ¢μ·μÉ  ρ ¡¥§ ¢¨£²¥·μ¢, ¤¥¶μ²Ö·¨§ÊÕÐ¨Ì ·¥§μ´ ´¸μ¢ ¨
¶·μÎ¨Ì Ê¸²μ¦´¥´¨°:

τp[Î] ≈
1

B3 [’²] E2[ƒÔ‚]
R

ρ
. (1)

„²Ö ¶¥·¨³¥É·  ¨ · ¤¨Ê¸  ¶μ¢μ·μÉ  ±μ²ÓÍ  TLEP ¢·¥³Ö ¶μ²Ö·¨§ Í¨¨ ‘μ±μ²μ¢ Ä’¥·-
´μ¢  ´  ¶¨±¥ Z0 ¸μ¸É ¢²Ö¥É μ±μ²μ 190 Î. �Éμ ¶·¨³¥·´μ ¢ 40 · § ¡μ²ÓÏ¥, Î¥³ ¤²Ö
±μ²ÓÍ  LEP.

‚·¥³Ö ¶μ²Ö·¨§ Í¨¨ ¨ ¤·Ê£¨¥ ¢ ¦´Ò¥ ¤²Ö ´ Ï¥£μ · ¸¸³μÉ·¥´¨Ö ¶ · ³¥É·Ò ¤ ´Ò ¢ É -
¡²¨Í¥ ¨ ·¨¸. 1 ¤²Ö ¢ ¦´¥°Ï¨Ì ÉμÎ¥± ¶μ Ô´¥·£¨¨ TLEP. „²Ö ¸· ¢´¥´¨Ö ¶μ± § ´Ò ¶ · ³¥-
É·Ò LEP ´  ¶¨±¥ Z0 ¨ ¶·¨ Ô´¥·£¨¨ 100 ƒÔ‚.

’ ± ¦¥, ± ± ¤²Ö LEP, μÎ¥¢¨¤´μ, ÎÉμ ¶·¨ Ô´¥·£¨¨ 45 ƒÔ‚ ´Ê¦¥´ ³¥Ì ´¨§³ Ê¸±μ·¥´¨Ö · -
¤¨ Í¨μ´´μ° ¶μ²Ö·¨§ Í¨¨. …¤¨´¸É¢¥´´Ò° ¸¶μ¸μ¡ ¤²Ö Ê¢¥²¨Î¥´¨Ö ¢·¥³¥´¨ ¶μ²Ö·¨§ Í¨¨ Å
¨¸¶μ²Ó§μ¢ ´¨¥  ¸¨³³¥É·¨Î´ÒÌ ¢¨£²¥·μ¢. 	μ²¥¥-³¥´¥¥ ·¥ ²¨¸É¨Î´ Ö μÍ¥´±  É ±μ£μ ¶μ¤-
Ìμ¤  ¤ ´  ¢ · ¡μÉ¥ [2], £¤¥ · ¸¸³ É·¨¢ ²¨¸Ó  ¸¨³³¥É·¨Î´Ò¥ ¢¨£²¥·Ò ¨§ É·¨¶²¥Éμ¢ ¸
¸μμÉ´μÏ¥´¨¥³ · ¤¨Ê¸μ¢ ¶μ¢μ·μÉ  −1 : 1/2 : −1. …¸²¨ μ£· ´¨Î¨ÉÓ ³μÐ´μ¸ÉÓ ¨§²ÊÎ¥-
´¨Ö ´  Ê·μ¢´¥ 100 Œ‚É (¶μ 50 Œ‚É ´  ¶ÊÎμ±), Éμ ¸É¥¶¥´Ó ¶μ²Ö·¨§ Í¨¨ P0 � 60 % μÉ
PST ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´  §  ¢·¥³Ö τp ≈ 1 Î. �Éμ£μ ¤μ¸É ÉμÎ´μ ¤²Ö ¶·μ¢¥¤¥´¨Ö ¶·μÍ¥-
¤Ê·Ò ± ²¨¡·μ¢±¨ Ô´¥·£¨¨. �μ ¤²Ö · ¡μÉÒ ¢ ·¥¦¨³¥ Î ¸Éμ° ¨´¦¥±Í¨¨ ´¥¶μ²Ö·¨§μ¢ ´´ÒÌ

� · ³¥É·Ò LEP ¨ TLEP ¤²Ö · §²¨Î´ÒÌ Ô´¥·£¨° ¶ÊÎ±μ¢

� · ³¥É· LEP TLEP

�¥·¨³¥É·, ±³ 26,7 100

� ¤¨Ê¸ ¶μ¢μ·μÉ , ±³ 3,1 11

�´¥·£¨Ö, ƒÔ‚ 45,4 104 45,5 80 120 175

� §¡·μ¸ Ô´¥·£¨°, % 0,07 0,16 0,06 0,09 0,14 0,19

‘¨´Ì·μÉ·μ´´ Ö Î ¸ÉμÉ  Qs 0,065 0,83 0,65 0,21 0,096 0,1

‚·¥³Ö ¦¨§´¨ ¸¢¥É¨³μ¸É¨ τl, ³¨´ 1250 310 213 52 21 15

‚·¥³Ö ¶μ²Ö·¨§ Í¨¨ τp, ³¨´ 348 5,5 16238 966 127 19

‚¥¤ÊÐ¥¥ ¶μ²¥, ƒ¸ 488 1119 136 243 364 531

ˆ´¤¥±¸ ³μ¤Ê²ÖÍ¨¨ Î ¸ÉμÉÒ 1,11 4,56 0,095 0,78 3,98 7,56
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�¨¸. 1. ‡ ¢¨¸¨³μ¸ÉÓ ¢·¥³¥´¨ ¶μ²Ö·¨§ Í¨¨ μÉ Ô´¥·£¨¨ ¤²Ö ¨´É¥·¥¸ÊÕÐ¨Ì ¤¨ ¶ §μ´μ¢ · ¡μÉÒ TLEP

Ô²¥±É·μ´μ¢ ¶·¨ ¢Ò¸μ±μ° Ô´¥·£¨¨ ¸·¥¤´ÖÖ ¶μ²Ö·¨§ Í¨Ö ¡Ê¤¥É μ£· ´¨Î¥´  ¢·¥³¥´¥³ ¦¨§´¨
¶ÊÎ±μ¢ τl:

Pavr =
P0

1 + τp/τl
. (2)

‚ ¨Éμ£¥ ¸·¥¤´ÖÖ ¶μ²Ö·¨§ Í¨Ö ¶·¨ ¢Ò¸μ±μ° ¸¢¥É¨³μ¸É¨ ³μ¦¥É μ± § ÉÓ¸Ö ³´μ£μ ³¥´ÓÏ¥ P0

¨ ³Ò ¢Ò´Ê¦¤¥´Ò ¨´¦¥±É¨·μ¢ ÉÓ ¶μ²Ö·¨§μ¢ ´´Ò¥ Ô²¥±É·μ´Ò. „μ¸É ÉμÎ´μ ¨´É¥´¸¨¢´Ò¥
¨¸ÉμÎ´¨±¨ Ô²¥±É·μ´μ¢ ¸ ¶μ²Ö·¨§ Í¨¥° ¤μ 90 % ´  ¡ §¥ ËμÉμ± Éμ¤μ¢ ¨§ ±·¨¸É ²²μ¢ ArGa
· §· ¡μÉ ´Ò ¸¥£μ¤´Ö ¢μ ³´μ£¨Ì ² ¡μ· Éμ·¨ÖÌ.

‚Ò¢μ¤ ¨§ ¢ÒÏ¥¸± § ´´μ£μ: ¶ÊÎ±¨ ¢ ´ ±μ¶¨É¥²Ó ¤μ²¦´Ò ¨´¦¥±É¨·μ¢ ÉÓ¸Ö ´  ¶μ²´μ°
Ô´¥·£¨¨ ¨§ Ô²¥±É·μ´´μ£μ ¸¨´Ì·μÉ·μ´ , ¸¶¥Í¨ ²Ó´μ ¸±μ´¸É·Ê¨·μ¢ ´´μ£μ ¤²Ö Ê¸±μ·¥´¨Ö
¶μ²Ö·¨§μ¢ ´´ÒÌ Ô²¥±É·μ´μ¢ μÉ ´ Î ²Ó´μ° Ô´¥·£¨¨ (∼ 20 ƒÔ‚) ¤μ Ô´¥·£¨¨ Ô±¸¶¥·¨³¥´É .
Šμ´¥Î´μ, ´  ÔÉμ³ ¶ÊÉ¨ ¥¸ÉÓ ´¥¸±μ²Ó±μ ¶·μ¡²¥³. �¥·¢ Ö ¶·μ¡²¥³  Å ¸¶¨´μ¢Ò¥ ·¥§μ´ ´¸Ò.
�ÉμÉ ¢μ¶·μ¸ ¨§ÊÎ ²¸Ö ¢ · ¡μÉ¥ Ÿ. ‘. „¥·¡¥´¥¢ , �.Œ.Šμ´¤· É¥´±μ ¨ �.�. ‘±·¨´¸±μ£μ, £¤¥
¡Ò²μ ¶μ± § ´μ, ÎÉμ ¶¥·¥±·ÒÉ¨¥ ¸¶¨´μ¢ÒÌ ·¥§μ´ ´¸μ¢ ¢ ±μ´Í¥ ±μ´Íμ¢ ¶·¨¢μ¤¨É ± μ£· -
´¨Î¥´¨Õ ¶·¥¤¥²Ó´μ° Ô´¥·£¨¨ [3]. •μ·μÏμ ¨§¢¥¸É´μ, ÎÉμ ´ ¨²ÊÎÏ¨° ¸¶μ¸μ¡ ¶·¥μ¤μ²¥ÉÓ
·¥§μ´ ´¸Ò Å ÔÉμ ¨¸¶μ²Ó§μ¢ ÉÓ ®¸¨¡¨·¸±ÊÕ §³¥°±Ê¯, ±μÉμ· Ö § ¤ ¥É ¸¶¨´μ¢ÊÕ Î ¸ÉμÉÊ
ν = 1/2 ¨ μÉ¤ ²Ö¥É ¥¥ μÉ ¢¸¥Ì ¸¶¨´μ¢ÒÌ ·¥§μ´ ´¸μ¢.

‚ ¶·μÉ¨¢μ¶μ²μ¦´μ¸ÉÓ · ¡μÉ¥ [4] ³Ò ¶·μ¶ £ ´¤¨·Ê¥³ ¨¸¶μ²Ó§μ¢ ´¨¥ ¸μ²¥´μ¨¤ ²Ó´μ°
§³¥°±¨ ¢³¥¸Éμ ±μ´¸É·Ê±Í¨¨ ¨§ ¶μ¢μ·μÉ´ÒÌ ³ £´¨Éμ¢, ¶·¥¤²μ¦¥´´μ° Ÿ. ‘. „¥·¡¥´¥¢Ò³ ¢
1995 £. �¸´μ¢´ Ö ¶·¨Î¨´  Å ³¨´¨³¨§ Í¨Ö ¢μ§¡Ê¦¤¥´¨Ö ¢¥·É¨± ²Ó´μ£μ Ô³¨ÉÉ ´¸  ±¢ ´-
Éμ¢Ò³¨ Ë²Ê±ÉÊ Í¨Ö³¨ ¸¨´Ì·μÉ·μ´´μ£μ ¨§²ÊÎ¥´¨Ö (‘ˆ) ¢ ¶μ¢μ·μÉ´ÒÌ ³ £´¨É Ì §³¥°±¨.
„·Ê£¨¥ ´¥¦¥² É¥²Ó´Ò¥ ¸¢μ°¸É¢  §³¥°±¨ ¨§ ¶μ¢μ·μÉ´ÒÌ ³ £´¨Éμ¢: ´¥¨§¡¥¦´μ¥ μÉ±²μ´¥-
´¨¥ μ·¡¨ÉÒ ¢μ ¢·¥³Ö Ê¸±μ·¥´¨Ö ¶ÊÎ±  ¨ ¸ÊÐ¥¸É¢¥´´ Ö ³μÐ´μ¸ÉÓ ‘ˆ ¢ ¥¥ ¶μ¢μ·μÉ´ÒÌ
³ £´¨É Ì.

2. ‘ˆ	ˆ�‘Š�Ÿ ‡Œ…‰Š�

‘¨¡¨·¸± Ö §³¥°±  ¤μ²¦´  ¨³¥ÉÓ ¸μ²¥´μ¨¤Ò ¸ ³ £´¨É´Ò³ ¶μ²¥³, ¶·μ¶μ·Í¨μ´ ²Ó´Ò³
Ô´¥·£¨¨ ¶ÊÎ± . Š·μ³¥ Éμ£μ, ³ £´¨É´ Ö ¸¨¸É¥³  §³¥°±¨ ¤μ²¦´  ¡ÒÉÓ ¶·μ§· Î´  ¤²Ö ¡¥-
É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¸ ±μ³¶¥´¸ Í¨¥° ¸¢Ö§¨ ¢´¥ ¢¸É ¢±¨. Šμ´¸É·Ê±Í¨Ö ¸¶¨´μ¢μ£μ ·μÉ -
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�¨¸. 2. ‘Ì¥³  Ê´¨¢¥·¸ ²Ó´μ£μ ¸μ²¥´μ¨¤ ²Ó´μ£μ ¸¶¨´μ¢μ£μ ·μÉ Éμ· 

Éμ·  ¤²Ö ¶μ¢μ·μÉ  ¶μ²Ö·¨§ Í¨¨ ´  ¶·μ¨§¢μ²Ó´Ò° Ê£μ², Ê¤μ¢²¥É¢μ·ÖÕÐ¥£μ ¶¥·¥Î¨¸²¥´-
´Ò³ É·¥¡μ¢ ´¨Ö³, · ¸¸³ É·¨¢ ² ¸Ó ¢ ¸É ÉÓ¥ [5], ¸μ£² ¸´μ ±μÉμ·μ° §³¥°±  ¸μ¸Éμ¨É ¨§
¤¢ÊÌ ¨¤¥´É¨Î´ÒÌ ¸μ²¥´μ¨¤μ¢ ¨ ´¥¸±μ²Ó±¨Ì μ¡ÒÎ´ÒÌ ±¢ ¤·Ê¶μ²¥° ³¥¦¤Ê ´¨³¨ (·¨¸. 2).
‘¢Ö§Ó ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¶μ¤ ¢²Ö¥É¸Ö, ¨ É· ´¸¶μ·É´ Ö ³ É·¨Í  2 × 2 ¢¸¥° ¢¸É ¢±¨
Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Õ Ty = −Tx, £¤¥ ³ É·¨Í  Tx ¨³¥¥É ¢¨¤

Tx =

⎛
⎝− cosφ −2r sin φ

sinφ

2r
− cosφ

⎞
⎠ , £¤¥ r =

pc

eB
. (3)

Š ¦¤ Ö ¶μ²μ¢¨´±  ¢· Ð ¥É ¸¶¨´ ¢μ±·Ê£ ¶·μ¤μ²Ó´μ° μ¸¨ ´  Ê£μ²

ϕ

2
= (1 + a)

∫
B dl

Bρ
. (4)

ƒ² ¢´μ¥ ¶·¥¨³ÊÐ¥¸É¢μ É ±μ° ¸Ì¥³Ò Å ÔÉμ £¨¡±μ¸ÉÓ ¢ ´ ¸É·μ°±¥ μ¶É¨±¨ ¸¶¨´μ¢μ£μ
·μÉ Éμ· . � ¶·¨³¥·, ³μ¦´μ ¶μ²´μ¸ÉÓÕ ¢Ò±²ÕÎ¨ÉÓ ¸μ²¥´μ¨¤Ò ¨ ¶μ¤¸É·μ¨ÉÓ ±¢ ¤·Ê¶μ²¨
¤²Ö ¶μ²ÊÎ¥´¨Ö Éμ° ¦¥ É· ´¸¶μ·É´μ° ³ É·¨ÍÒ ¢¸É ¢±¨, ± ± ¨ ¢ ¸²ÊÎ ¥ ¸ ¸μ²¥´μ¨¤ ³¨.
„·Ê£μ¥ É·¥¡μ¢ ´¨¥ ¢μ§´¨± ¥É ¨§ ¢¥±Éμ·  ¸¶¨´-μ·¡¨É ²Ó´μ° ¸¢Ö§¨ d, ¢¢¥¤¥´´μ£μ Ÿ. „¥·-
¡¥´¥¢Ò³ ¨ �. Šμ´¤· É¥´±μ ¢ 1970-Ì ££. ¤²Ö ¶μ²´μ£μ μ¶¨¸ ´¨Ö · ¤¨ Í¨μ´´μ° ±¨´¥É¨±¨
Î ¸É¨Í ¢ ´ ±μ¶¨É¥²ÖÌ [6] 1:

τ−1
p =

5
√

3
8

λerecγ
5

〈
1 − 2

9
(n0 · b)2 +

11
18

d2

|ρ|3

〉
. (5)

‡¤¥¸Ó λe, re, c Å ±μ³¶Éμ´μ¢¸± Ö ¤²¨´  ¢μ²´Ò, ±² ¸¸¨Î¥¸±¨° · ¤¨Ê¸ Ô²¥±É·μ´  ¨ ¸±μ-
·μ¸ÉÓ ¸¢¥É  ¸μμÉ¢¥É¸É¢¥´´μ; ρ Å · ¤¨Ê¸ ±·¨¢¨§´Ò μ·¡¨ÉÒ; n0 Å ¥¤¨´¨Î´Ò° ¢¥±Éμ· ¢
´ ¶· ¢²¥´¨¨ · ¢´μ¢¥¸´μ° ¶μ²Ö·¨§ Í¨¨.

„²Ö ¨¸±²ÕÎ¥´¨Ö ¢±² ¤  £μ·¨§μ´É ²Ó´ÒÌ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¢ ¤¥¶μ²Ö·¨§ Í¨Õ
¶ÊÎ±  ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ É ±μ£μ Î ¸É¨Î´μ£μ ¸¶¨´μ¢μ£μ ·μÉ Éμ·  ¤μ²¦´Ò ¡ÒÉÓ É ±¨³¨,
± ± ¶μ± § ´μ ¢ Ê· ¢´¥´¨¨ (3). ‚ ¸²ÊÎ ¥ ¶μ²´μ£μ ¶μ¢μ·μÉ  ¸¶¨´  ´  Ê£μ² φ = 90 ◦

μ¡¥ ³ É·¨ÍÒ Tx,y ¸É ´μ¢ÖÉ¸Ö  ´É¨¤¨ £μ´ ²Ó´Ò³¨,   ¢ ¸²ÊÎ ¥ ¶μ²´μ° §³¥°±¨ ¨³¥¥³ φ =
180 ◦,   ³ É·¨ÍÒ É ±μ° ¸¨¸É¥³Ò ¤μ²¦´Ò ¡ÒÉÓ ¶μ¤¸É·μ¥´Ò ± ∓I ¤²Ö ¢¥·É¨± ²Ó´μ£μ ¨
£μ·¨§μ´É ²Ó´μ£μ ´ ¶· ¢²¥´¨° ¸μμÉ¢¥É¸É¢¥´´μ.

�¤´ ±μ É ± Ö §³¥°±  ´¥¶·μ§· Î´  ¤²Ö Î ¸É¨Í ¸ μÉ±²μ´¥´¨Ö³¨ ¶μ Ô´¥·£¨¨:

|d| =
∣∣∣π
2

sin (πν0) + iν0(π − θ̃)
∣∣∣ . (6)

1‚¥²¨Î¨´  ÔÉμ£μ ¢¥±Éμ·  d(θ) ³μ¦¥É ¡ÒÉÓ ¢ÒÎ¨¸²¥´   ´ ²¨É¨Î¥¸±¨ ¨²¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ±μ³¶ÓÕÉ¥·´μ£μ
±μ¤  ASPIRRIN [7].
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‘ÊÐ¥¸É¢ÊÕÉ ¤¢¥ ¢μ§³μ¦´μ¸É¨ ¨¸¶μ²Ó§μ¢ ´¨Ö §³¥¥± ¤²Ö ¸μÌ· ´¥´¨Ö ¶μ²Ö·¨§ Í¨¨ ¢μ
¢·¥³Ö ¶μ¤Ñ¥³  Ô´¥·£¨¨ ¢ ¡Ê¸É¥·´μ³ ±μ²ÓÍ¥ TLEP. �¥·¢Ò° ¢ ·¨ ´É Å ¨¸¶μ²Ó§μ¢ ´¨¥
´¥Î¥É´μ£μ Î¨¸²  §³¥¥±. ‚Éμ· Ö ¢μ§³μ¦´μ¸ÉÓ μ¸´μ¢ ´  ´  ¨¸¶μ²Ó§μ¢ ´¨¨ ¤¢ÊÌ §³¥¥±, Ê¸É -
´μ¢²¥´´ÒÌ ¢ ¶μÎÉ¨ ¶·μÉ¨¢μ¶μ²μ¦´ÒÌ ÉμÎ± Ì ±μ²ÓÍ . ŒÒ ¶μ¸²¥¤μ¢ É¥²Ó´μ μ¡¸Ê¤¨³ ÔÉ¨
¤¢  ¢ ·¨ ´É .

2.1. Šμ²ÓÍμ ¸ ´¥Î¥É´Ò³ Î¨¸²μ³ §³¥¥±. ‚μ ¢·¥³Ö Ê¸±μ·¥´¨Ö μÉ Ô´¥·£¨¨ 20 ¤μ 80 ƒÔ‚
¶μ²Ö·¨§μ¢ ´´Ò° ¶ÊÎμ± Ô²¥±É·μ´μ¢ ¶¥·¥¸¥± ¥É ¡μ²¥¥ 130 Í¥²ÒÌ ·¥§μ´ ´¸μ¢, μÉ¸ÉμÖÐ¨Ì
¤·Ê£ μÉ ¤·Ê£  ´  440,65 ŒÔ‚. ‘¨¡¨·¸± Ö §³¥°±  ·¥Ï ¥É ÔÉÊ ¶·μ¡²¥³Ê · ¤¨± ²Ó´μ:
¸¶¨´μ¢ Ö Î ¸ÉμÉ  · ¢´  1/2 ¢´¥ § ¢¨¸¨³μ¸É¨ μÉ Ô´¥·£¨¨. �μ §³¥°±  ¶·μ¨§¢μ¤¨É ¸¶¨´-
μ·¡¨É ²Ó´ÊÕ ¸¢Ö§Ó ¢  ·± Ì.

’ ±μ¥ ¦¥ §´ Î¥´¨¥ ¸¶¨´μ¢μ° Î ¸ÉμÉÒ 1/2 ¡Ê¤¥É ¢ ±μ²ÓÍ¥ ¸ ´¥Î¥É´Ò³ Î¨¸²μ³ · ¢-
´μ³¥·´μ · ¸¶·¥¤¥²¥´´ÒÌ §³¥¥±. ‡ ³±´ÊÉ Ö ¸¶¨´μ¢ Ö μ·¡¨É  ¢ ÔÉμ³ ¸²ÊÎ ¥ ´ Ìμ¤¨É¸Ö
¢¸Õ¤Ê ¢ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨. �¤´ ±μ ¶μ²Ö·¨§ Í¨Ö ¶·μ¤μ²Ó´  ¢ ¸¥·¥¤¨´¥ ³¥¦¤Ê ¤¢Ê³Ö
¸μ¸¥¤´¨³¨ §³¥°± ³¨. „μ¸É ÉμÎ´μ ¸¨²Ó´μ¥ ¸¶¨´μ¢μ¥ ¢μ§³ÊÐ¥´¨¥ ³μ¦¥É · §·ÊÏ¨ÉÓ ·¥-
£Ê²Ö·´μ¥ ¸¶¨´μ¢μ¥ ¤¢¨¦¥´¨¥, ¸¤¥² ¢ ¥£μ ´¥ ¤¨ ¡ É¨Î¥¸±¨³. �Éμ ³μ¦¥É ¸²ÊÎ¨ÉÓ¸Ö, ¥¸²¨
± ± Ö-²¨¡μ k-Ö £ ·³μ´¨Î¥¸± Ö  ³¶²¨ÉÊ¤  ¢μ§³ÊÐ¥´¨Ö ¶·¥¢ÒÏ ¥É ¨²¨ ¶·¨¡²¨¦ ¥É¸Ö
± |wk| ∼ 0,5.

’¥¶¥·Ó, Ê¸·¥¤´ÖÖ (6) ¶μ  §¨³ÊÉÊ, ³Ò ¶μ²ÊÎ ¥³, ÎÉμ ¢¥²¨Î¨´  ¢¥±Éμ·  ¸¶¨´-μ·¡¨É ²Ó´μ°
¸¢Ö§¨ § ¢¨¸¨É μÉ Î¨¸²  §³¥¥± N ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

〈
d2

〉
� π2

3
ν2
0

N2
. (7)

�Éμ μ§´ Î ¥É, ÎÉμ |d| ∼ γ ¨ τ−1
p ∼ γ7. ’ ±¨³ μ¡· §μ³, Ê¢¥²¨Î¨¢ Ö Î¨¸²μ §³¥¥±, ³μ¦´μ

Ê³¥´ÓÏ¨ÉÓ ¢¥²¨Î¨´Ê ¤¥¶μ²Ö·¨§ Í¨¨ ±¢ ¤· É¨Î´μ ¸ Î¨¸²μ³ §³¥¥±: τ−1
p ∼ N−2. ‘ É·¥³Ö

§³¥°± ³¨ ¢ ¨§μ³ £´¨É´μ³ ±μ²ÓÍ¥ ¸ · ¤¨Ê¸μ³ ¶μ¢μ·μÉ  r = 11 ±³ ¶μ²ÊÎ ¥³ τp � 320 ¸ ¶·¨
Ô´¥·£¨¨ E = 45 ƒÔ‚ ¨ τp � 6 ¸ ¶·¨ Ô´¥·£¨¨ E = 80 ƒÔ‚ Å μÎ¥´Ó ¸¨²Ó´ Ö § ¢¨¸¨³μ¸ÉÓ μÉ
Ô´¥·£¨¨! �  ·¨¸. 3 ¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ d ¢¤μ²Ó  §¨³ÊÉ  (¢ ±³), ¢ÒÎ¨¸²¥´´ Ö ¢ ¶·μ£· ³³¥
ASPIRRIN.

…£μ ²¨´¥°´μ¥ ¶μ¢¥¤¥´¨¥ ¶·μ¤¨±Éμ¢ ´μ Ì·μ³ É¨Î´μ¸ÉÓÕ ´ ¶· ¢²¥´¨Ö n0 ¢  ·± Ì, ±μ-
Éμ·μ¥ ¶·μ¶μ·Í¨μ´ ²Ó´μ Ë ±Éμ·Ê ν0/N , ± ± ³Ò μ¡¸Ê¦¤ ²¨ ¢ÒÏ¥.

�¨¸. 3. �§¨³ÊÉ ²Ó´ Ö § ¢¨¸¨³μ¸ÉÓ ³μ¤Ê²Ö ¢¥±Éμ·  ¸¶¨´-μ·¡¨É ²Ó´μ° ¸¢Ö§¨ |d(s)|
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�Í¥´¨³ ¶μÉ¥·¨ ¶μ²Ö·¨§ Í¨¨ ¢μ ¢·¥³Ö Ê¸±μ·¥´¨Ö ¢ ¸¨´Ì·μÉ·μ´¥. �·¥¤¶μ² £ Ö, ÎÉμ
Ê¸±μ·¥´¨¥ ¶·μ¨¸Ìμ¤¨É ²¨´¥°´μ §  ¢·¥³Ö T , ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ ¸μ£² ¸´μ [2]

Prad(T ) = exp
(
−

∫
dt

τ(t)

)
= exp

⎛
⎜⎜⎜⎝− T

8τT

1 −
(

E(0)
E(T )

)8

1 − E(0)
E(T )

⎞
⎟⎟⎟⎠ . (8)

„²Ö E(0) = 20 ƒÔ‚, E(T ) = 80 ƒÔ‚ ¨ τp = 6 ¸, T = 10 ¸ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ Prad(T ) =
0,76 Å ´¥ ³ ²μ! �·¨ T = 20 ¸ ·¥§Ê²ÓÉ É Éμ¦¥ ´¥ É ± ¶²μÌ: Prad(T ) = 0,57 ¨ ³μ¦¥É
· ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ¶·¨¥³²¥³Ò°.

2.2. Šμ²ÓÍμ ¸ Î¥É´Ò³ Î¨¸²μ³ §³¥¥±. �·¨ Ô´¥·£¨ÖÌ ¢ÒÏ¥ 60 ƒÔ‚ ¸¨´Ì·μÉ·μ´´Ò¥
¸ É¥²¨ÉÒ Í¥²ÒÌ ¨ ¡¥É É·μ´´ÒÌ ·¥§μ´ ´¸μ¢ ³μ£ÊÉ ¶¥·¥±·Ò¢ ÉÓ¸Ö ¨ ¤¥² ÉÓ ¢·¥³Ö ¦¨§´¨
¶μ²Ö·¨§ Í¨¨ μÎ¥´Ó ³ ²Ò³. �Éμ μ¤´μ ¨§ ¶· ¢¤μ¶μ¤μ¡´ÒÌ μ¡ÑÖ¸´¥´¨° ´ ¡²Õ¤¥´¨° ¶μ-
²Ö·¨§ Í¨¨ ´  LEP [2]. ‘¨²  ¸¨´Ì·μÉ·μ´´ÒÌ ¸ É¥²¨Éμ¢ ¶·μ¶μ·Í¨μ´ ²Ó´  Ì·μ³ É¨§³Ê
¸¶¨´μ¢μ° Î ¸ÉμÉÒ. ‚ ¶²μ¸±μ³ ±μ²ÓÍ¥ ¡¥§ §³¥¥± Ì·μ³ É¨§³ ¸¶¨´μ¢μ° Î ¸ÉμÉÒ · ¢¥´
Î ¸ÉμÉ¥ ν0:

γ
∂ν

∂γ
= ν0 = 180 ¶·¨ E = 80 ƒÔ‚. (9)

ŒÒ ¢¨¤¨³, ÎÉμ ¶·¨ Ô´¥·£¨¨ 80 ƒÔ‚ Ì·μ³ É¨§³ Î ¸ÉμÉÒ ¸É ´μ¢¨É¸Ö μÎ¥´Ó ¡μ²ÓÏ¨³.
�μ ¥¸ÉÓ É·Õ±, ¸¶μ¸μ¡´Ò° ¶μ³μÎÓ ¢ ·¥Ï¥´¨¨ ¶·μ¡²¥³Ò. ŒÒ ³μ¦¥³ § ¤ ÉÓ μ¤¨´ ±μ¢ÊÕ
¶μ²Ö·´μ¸ÉÓ ¶·μ¤μ²Ó´μ£μ ¶μ²Ö ¢ ¤¢ÊÌ 90◦-Ì ¸¶¨´μ¢ÒÌ ·μÉ Éμ· Ì Å ¸²¥¢  ¨ ¸¶· ¢  μÉ
³¥¸É  ¢¸É·¥Î¨. ’μ£¤  ¢¸Ö ¢¸É ¢±  ¸É ´μ¢¨É¸Ö ¶μ²´μ° ¸¨¡¨·¸±μ° §³¥°±μ°.

’¥¶¥·Ó ¤ ¢ °É¥ ¸¤¥² ¥³ ¶·μ¤μ²Ó´ÊÕ ¶μ²Ö·¨§ Í¨Õ ´¥ ¢ μ¤´μ³,   ¢ ¤¢ÊÌ ¨²¨ Î¥ÉÒ·¥Ì
¤¥É¥±Éμ· Ì, ¤¥²ÖÐ¨Ì 360◦-¥ ±μ²ÓÍμ ´  ´¥· ¢´Ò¥ ¸¥£³¥´ÉÒ, ¶·¨ ÔÉμ³ ¸¶¨´ ³¥´Ö¥É ´ ¶· -
¢²¥´¨¥ ¸ ¢¥·É¨± ²Ó´μ£μ ´   ´É¨¢¥·É¨± ²Ó´μ¥ ¶μ¸²¥ ¶·μÌμ¦¤¥´¨Ö ± ¦¤μ° §³¥°±¨. �Ê¸ÉÓ
f < 0,5 ¥¸ÉÓ Î ¸ÉÓ μ¡Ð¥£μ ¶¥·¨³¥É· , § ´ÖÉ Ö ¤¢Ê³Ö ±μ·μÉ±¨³¨  ·± ³¨, ¶¥·¥³¥¦ ÕÐ¨-
³¨¸Ö ¸ ¤¢Ê³Ö ¤²¨´´Ò³¨  ·± ³¨. ’μ£¤  ¸¶¨´μ¢ Ö Î ¸ÉμÉ 

ν = (1 − 2f)ν0. (10)

�¨¸. 4. �§¨³ÊÉ ²Ó´ Ö § ¢¨¸¨³μ¸ÉÓ ³μ¤Ê²Ö ¢¥±Éμ·  ¸¶¨´-μ·¡¨É ²Ó´μ° ¸¢Ö§¨ |d(s)|
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�¨¸. 5. ‡ ¢¨¸¨³μ¸ÉÓ ¢·¥³¥´¨ · ¤¨ Í¨μ´´μ° ¤¥¶μ²Ö·¨§ Í¨¨ μÉ Ô´¥·£¨¨ ¤²Ö ±μ²ÓÍ  ¸ ¤¢Ê³Ö ¸¨¡¨·-

¸±¨³¨ §³¥°± ³¨

�·¨ f , ¡²¨§±μ³ ± 0,5, μ´  ¸É ´μ¢¨É¸Ö ¤μ¸É ÉμÎ´μ ³ ²¥´Ó±μ°, ´μ ¢¸¥ ¥Ð¥ ´¥ · ¢-
´μ° ´Ê²Õ! ‘μμÉ¢¥É¸É¢¥´´μ, Ì·μ³ É¨§³ ¸¶¨´μ¢μ° Î ¸ÉμÉÒ ¸É ´μ¢¨É¸Ö Éμ¦¥ μÎ¥´Ó ³ -
²Ò³ ¶μ ¸· ¢´¥´¨Õ ¸ ν0 ¨ ÔÉμ ³μ¦¥É ¸¤¥² ÉÓ ¢·¥³Ö ¦¨§´¨ ¶μ²Ö·¨§ Í¨¨ ¤μ¸É ÉμÎ´μ
¡μ²ÓÏ¨³.

’ ±μ¥ ¤¥²¥´¨¥ ¶¥·¨³¥É·  ´  2 ¨²¨ 4 ¸¥±Éμ·  Î¥É´Ò³ Î¨¸²μ³ §³¥¥± ¢ μ¡Ð¥³ ¸²ÊÎ ¥
¢Ò£²Ö¤¨É μÎ¥´Ó ¶μ²¥§´Ò³ É ±¦¥ ¤²Ö Ê¸±μ·¥´¨Ö ¶μ²Ö·¨§μ¢ ´´ÒÌ ¶ÊÎ±μ¢ ¤μ ¸¢¥·Ì¢Ò¸μ±¨Ì
Ô´¥·£¨° [2].

…¤¨´¸É¢¥´´Ò° ´¥¤μ¸É Éμ± ¢ Éμ³, ÎÉμ ¸¶¨´μ¢ Ö Î ¸ÉμÉ  ´¥ ¶μ¸ÉμÖ´´  ¢μ ¢·¥³Ö ¶μ¤Ñ¥³ 
Ô´¥·£¨¨ ¨ ³μ¦¥É ¶μ±·Ò¢ ÉÓ Ï¨·μ±¨° ¤¨´ ³¨Î¥¸±¨° ¤¨ ¶ §μ´, ´ ¶·¨³¥·, 0,08 < ν < 0,8.
‚ ± Î¥¸É¢¥ ¶·¨³¥·  ³Ò ¸¤¥² ²¨ · ¸Î¥É ¢·¥³¥´¨ ¤¥¶μ²Ö·¨§ Í¨¨ ¤²Ö ¡Ê¸É¥·´μ£μ ±μ²ÓÍ 
TLEP, μ¸´ Ð¥´´μ£μ ¤¢Ê³Ö ¶μ²´Ò³¨ §³¥°± ³¨, · ¸¶μ²μ¦¥´´Ò³¨ ¸ ¤μ²¥° ¶¥·¨³¥É·  f =
0,499. �¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ¢ ¶·μ£· ³³¥ ASPIRRIN ¶μ± § ´Ò ´  ·¨¸. 5.

Œμ¦´μ ¢¨¤¥ÉÓ, ÎÉμ ¤ ¦¥ ¶·¨ Ô´¥·£¨¨ E = 175 ƒÔ‚ ¢·¥³Ö ¤¥¶μ²Ö·¨§ Í¨¨ ¢ É ±μ³
±μ²ÓÍ¥ ¶·¥¢ÒÏ ¥É 100 ¸.

‡�Š‹
—…�ˆ…

ˆ¸¶μ²Ó§μ¢ ´¨¥ ¸¨¡¨·¸±¨Ì §³¥¥± ¤²Ö Ê¸±μ·¥´¨Ö ¶μ²Ö·¨§μ¢ ´´ÒÌ ¶ÊÎ±μ¢ ¢ ¸¨´Ì·μÉ·μ´¥
¶·¥¤¸É ¢²Ö¥É¸Ö μÎ¥¢¨¤´Ò³ ¨´¸É·Ê³¥´Éμ³ ¤²Ö ·¥Ï¥´¨Ö ¶μ¸É ¢²¥´´μ° ¸²μ¦´μ° § ¤ Î¨.

’·¨ §³¥°±¨ (´¥Î¥É´μ¥ Î¨¸²μ ¢ μ¡Ð¥³ ¶μ¤Ìμ¤¥) £ · ´É¨·μ¢ ´´μ ¸μÌ· ´ÖÕÉ ¶μ²Ö·¨-
§ Í¨Õ ¢ ¡Ê¸É¥·´μ³ ¸¨´Ì·μÉ·μ´¥ ±μ³¶²¥±¸  TLEP ¢¶²μÉÓ ¤μ 80 ƒÔ‚. „²Ö Ê¸±μ·¥´¨Ö
¶μ²Ö·¨§μ¢ ´´ÒÌ ¶ÊÎ±μ¢ ¤μ 100Ä175 ƒÔ‚ ¡μ²¥¥ ¶μ¤Ìμ¤ÖÐ¨³ Ö¢²Ö¥É¸Ö ¶μ¤Ìμ¤ ¸ ¨¸¶μ²Ó-
§μ¢ ´¨¥³ ¤¢ÊÌ §³¥¥±. �·¨ Î¥É´μ³ Î¨¸²¥ §³¥¥± · ¤¨ Í¨μ´´ Ö ¤¥¶μ²Ö·¨§ Í¨Ö ¶μ¤ ¢²Ö¥É¸Ö
¨§-§  ¸ÊÐ¥¸É¢¥´´μ ³¥´ÓÏ¥° ¸¶¨´-μ·¡¨É ²Ó´μ° ¸¢Ö§¨.

‘¶¨´μ¢Ò° É·¥±¨´£ ¤μ²¦¥´ ¶μ¤É¢¥·¤¨ÉÓ ÔÉμ ¨ ¤ ÉÓ É¢¥·¤μ¥ μ¸´μ¢ ´¨¥ ¤²Ö ¢Ò¡μ· 
Î¨¸²  §³¥¥±, ´¥μ¡Ìμ¤¨³ÒÌ ¤²Ö ·¥Ï¥´¨Ö ¢¸¥Ì μ¡¸Ê¦¤ ¢Ï¨Ì¸Ö ¢ÒÏ¥ § ¤ Î.
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