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‘ ¢Î¥´±μ �.‚. P9-2008-21
‚ ·¨ ´É Ê¸±μ·¨É¥²Ö ¶·μÉμ´μ¢ ¸ · §·¥§´Ò³ ³ £´¨Éμ³ ¤²Ö
Œ¥¤¨±μ-É¥Ì´¨Î¥¸±μ£μ ±μ³¶²¥±¸  ‹Ÿ� �ˆŸˆ

�·¥¤²μ¦¥´ ¨ · ¸¸³μÉ·¥´ ¢ ·¨ ´É Ê¸±μ·¨É¥²Ö ¶·μÉμ´μ¢ ¸ · §·¥§´Ò³ ³ £´¨-
Éμ³ ¤²Ö Œ¥¤¨±μ-É¥Ì´¨Î¥¸±μ£μ ±μ³¶²¥±¸  ‹Ÿ� �ˆŸˆ, ±μÉμ·Ò° ¶μ ¸· ¢´¥´¨Õ
¸ ¶¥·¢μ´ Î ²Ó´Ò³ ¢ ·¨ ´Éμ³ [1] ¶μ§¢μ²Ö¥É ¨¸±²ÕÎ¨ÉÓ ¨§ μ¡Ð¥° ¸Ì¥³Ò Ê¸±μ-
·¨É¥²Ö ¢μ¸¥³Ó ¶μ¸ÉμÖ´´ÒÌ ³ £´¨Éμ¢ ¤²Ö ¸μ¶·Ö¦¥´¨Ö ´ ±²μ´´ÒÌ É· ¥±Éμ·¨° ¸
É· ¥±Éμ·¨Ö³¨ ¶·μÉμ´´ÒÌ ¶ÊÎ±μ¢ ¢ ³ £´¨É´ÒÌ §¥·± ² Ì, Ê³¥´ÓÏ¨ÉÓ ¢ ¤¢  · § 
Î¨¸²μ ¨¸¶μ²Ó§Ê¥³ÒÌ ³ £´¨É´ÒÌ ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ ¨ É¥³ ¸ ³Ò³ ¸ÊÐ¥¸É¢¥´´μ
Ê¶·μ¸É¨ÉÓ ±μ´¸É·Ê±Í¨Õ ¢¸¥£μ Ê¸±μ·¨É¥²Ö. Š·μ³¥ Éμ£μ, Ê¸É· ´¥´¨¥ ±· ¥¢μ° ¤¥-
Ëμ±Ê¸¨·μ¢±¨ ¢ ¢¥·É¨± ²Ó´μ° ¶²μ¸±μ¸É¨ ¨§-§  ´ ±²μ´´ÒÌ É· ¥±Éμ·¨° ¶·¨¢¥¤¥É
¢ ´μ¢μ³ ¢ ·¨ ´É¥ Ê¸±μ·¨É¥²Ö ± §´ Î¨É¥²Ó´μ³Ê ¶μ¢ÒÏ¥´¨Õ  ±¸¥¶É ´¸  Ê¸±μ·¨-
É¥²Ö ¢ ¢¥·É¨± ²Ó´μ° ¶²μ¸±μ¸É¨ ¨ ¸´¨¦¥´¨Õ É·¥¡μ¢ ´¨° ± ÉμÎ´μ¸É¨ ´ ¸É·μ°±¨
Ëμ±Ê¸¨·μ¢±¨ ³ £´¨É´ÒÌ ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ ¢ ÔÉμ° ¶²μ¸±μ¸É¨.

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

‘μμ¡Ð¥´¨¥ �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2008

Savchenko O.V. P9-2008-21
A Variant of the Proton Accelerator with a Divided Magnet for the
Medico-Technical Complex of the LNP, JINR

A variant of the proton accelerator with a divided magnet for the Medico-
Technical Complex of LNP, JINR, is proposed and considered, which, in compar-
ison with the initial variant [1], allows one to exclude from the general layout of
the accelerator eight constant magnets for consistency of declined trajectories with
trajectories of proton beams in magnetic mirrors, reduce by half the number of
the used magnetic quadrupole lenses and therefore simplify the construction of the
whole accelerator. Besides, elimination of side defocusing in the vertical plane due
to declined trajectories in the new accelerator variant will result in a substantial rising
of the accelerator acceptance in the vertical plane and decreasing of the requirements
on precision of tune focusing of magnetic quadrupole lenses in that plane.

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

Communication of the Joint Institute for Nuclear Research. Dubna, 2008
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‚ · ¡μÉ¥ [1] ¡Ò² ¶·¥¤²μ¦¥´ ¨ · ¸¸³μÉ·¥´ Ê¸±μ·¨É¥²Ó ¶·μÉμ´μ¢ ´μ¢μ£μ
É¨¶  Å Ë §μÉ·μ´ ¸ · §·¥§´Ò³ ³ £´¨Éμ³, ¨²¨ ·¥Í¨·±Ê²ÖÍ¨μ´´Ò° Ë §μÉ·μ´, ¢
±μÉμ·μ³ ³ £´¨É´μ¥ ¶μ²¥ ¢¸¥Ì μÉ±²μ´ÖÕÐ¨Ì ³ £´¨Éμ¢ Ö¢²Ö¥É¸Ö ¶μ¸ÉμÖ´´Ò³,
  Î ¸ÉμÉ  Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ¨ £· ¤¨¥´ÉÒ ³ £´¨É´μ£μ ¶μ²Ö ¢ Ëμ±Ê¸¨-
·ÊÕÐ¨Ì ²¨´§ Ì ¨§³¥´ÖÕÉ¸Ö ¢μ ¢·¥³¥´¨. �¸´μ¢´Ò¥ μ¸μ¡¥´´μ¸É¨ É ±μ£μ Ê¸±μ-
·¨É¥²Ö Å ¡Ò¸É·μÍ¨±²¨Î´μ¸ÉÓ (∼ 100 ƒÍ) ¨ ¢μ§³μ¦´μ¸ÉÓ ¨§³¥´ÖÉÓ Ô´¥·£¨Õ
¨ ¨´É¥´¸¨¢´μ¸ÉÓ ¢ ± ¦¤μ³ Í¨±²¥ Ê¸±μ·¥´¨Ö Å μ¶·¥¤¥²ÖÕÉ ¥£μ ¶¥·¸¶¥±É¨¢-
´μ¸ÉÓ ¨ §´ Î¨³μ¸ÉÓ ¤²Ö ·¥ ²¨§ Í¨¨ ´ ¨¡μ²¥¥ ¶·μ£·¥¸¸¨¢´ÒÌ ³¥Éμ¤μ¢  ±É¨¢-
´μ£μ Ëμ·³¨·μ¢ ´¨Ö ¤μ§´ÒÌ ¶μ²¥° ¶ÊÉ¥³ É·¥Ì³¥·´μ£μ ¸± ´¨·μ¢ ´¨Ö ¶ÊÎ± 
¶·¨ ¶·μ¢¥¤¥´¨¨ ¶·μÉμ´´μ° É¥· ¶¨¨ μ´±μ²μ£¨Î¥¸±¨Ì ¡μ²Ó´ÒÌ.

�¤´ ±μ ÔÉμÉ Ê¸±μ·¨É¥²Ó, μ¡Ð Ö ¸Ì¥³  ±μÉμ·μ£μ ¶μ± § ´  ´  ·¨¸. 1,  ,
μ¡² ¤ ¥É ·Ö¤μ³ ´¥¤μ¸É É±μ¢, Ê¸²μ¦´ÖÕÐ¨Ì ¥£μ ·¥ ²¨§ Í¨Õ ¨ Ô±¸¶²Ê É Í¨Õ.
�¥·¢Ò° ¨§ ´¨Ì Å ´¥μ¡Ìμ¤¨³μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö ¢ ÔÉμ° ¸Ì¥³¥ Î¥ÉÒ·¥Ì ¶ ·
¶μ¸ÉμÖ´´ÒÌ ³ £´¨Éμ¢ ¤²Ö ¦¥¸É±μ£μ ¸μ¶·Ö¦¥´¨Ö μÉ±²μ´¥´´ÒÌ ¨³¨ É· ¥±Éμ·¨°
¸ É· ¥±Éμ·¨Ö³¨ ¢ ³ £´¨É´ÒÌ §¥·± ² Ì. ’ ±¨¥ ³ £´¨ÉÒ É·¥¡ÊÕÉ ¡μ²ÓÏμ£μ
μ¡Ñ¥³  ¤¥É ²Ó´ÒÌ · ¸Î¥Éμ¢ ¨ ÉÐ É¥²Ó´μ£μ ¨§£μÉμ¢²¥´¨Ö ¸ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ
Ëμ·³Ò ¶μ²Õ¸μ¢ ¸μ ¸²μ¦´Ò³ ¶·μË¨²¥³ £· ´¨ÍÒ.

‚Éμ·μ° ´¥¤μ¸É Éμ± ¸¢Ö§ ´ ¸ ±· ¥¢μ° ¤¥Ëμ±Ê¸¨·μ¢±μ° ¢ ¢¥·É¨± ²Ó´μ°
¶²μ¸±μ¸É¨ ¶·¨ ´ ±²μ´´μ³ ¶¥·¥¸¥Î¥´¨¨ ¶ÊÎ±μ³ ¶¥·¥¤´¥° £· ´¨ÍÒ ³ £´¨É-
´μ£μ §¥·± ² . �ÉμÉ ÔËË¥±É μ¸μ¡¥´´μ ¢Ò· ¦¥´ ¶·¨ ´ Î ²Ó´ÒÌ ¨³¶Ê²Ó¸ Ì ¨´-
¦¥±É¨·Ê¥³ÒÌ ¶·μÉμ´μ¢ ¨ ¶·¨¢μ¤¨É ± ´¥μ¡Ìμ¤¨³μ¸É¨ ¶μ¢ÒÏ¥´¨Ö ÉμÎ´μ¸É¨
Ëμ±Ê¸¨·μ¢±¨ ±¢ ¤·Ê¶μ²Ó´Ò³¨ ²¨´§ ³¨ ¨ Ê³¥´ÓÏ¥´¨Õ  ±¸¥´É ´¸  Ê¸±μ·¨É¥²Ö
¤²Ö ¢¥·É¨± ²Ó´μ° ¶²μ¸±μ¸É¨ ¢ ´¥¸±μ²Ó±μ · §.

–¥²ÓÕ ´ ¸ÉμÖÐ¥° · ¡μÉÒ Ö¢²Ö¥É¸Ö ¶·¥¤²μ¦¥´¨¥ ¨ · ¸¸³μÉ·¥´¨¥ ¢ ·¨ ´É 
Ê¸±μ·¨É¥²Ö ¶·μÉμ´μ¢ ¸ · §·¥§´Ò³ ³ £´¨Éμ³, ¸¢μ¡μ¤´μ£μ μÉ ÔÉ¨Ì ´¥¤μ¸É É±μ¢
¨ ¸μÌ· ´ÖÕÐ¥£μ ¢¸¥ ¶μ²μ¦¨É¥²Ó´Ò¥ μ¸μ¡¥´´μ¸É¨ Ê¸±μ·¨É¥²¥° ÔÉμ£μ É¨¶ .

1. ��™�Ÿ ‘•…Œ� “‘Š��ˆ’…‹Ÿ

�·¨´Í¨¶¨ ²Ó´ Ö ¸Ì¥³  ¶·¥¤²μ¦¥´´μ£μ ¢ ·¨ ´É  Ê¸±μ·¨É¥²Ö ¶μ± § ´  ´ 
·¨¸. 1, ¡. ‚ ÔÉμ° ¸Ì¥³¥ ¢¸¥ É· ¥±Éμ·¨¨ ¶·μÉμ´´μ£μ ¶ÊÎ±  ¶¥·¥¸¥± ÕÉ ¶¥·¥¤-
´ÕÕ £· ´¨ÍÊ ³ £´¨É´μ£μ §¥·± ²  ¶μ¤ ¶·Ö³Ò³ Ê£²μ³, ÎÉμ ¶μ§¢μ²Ö¥É ¨¸±²ÕÎ¨ÉÓ
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�¨¸. 1. �·¨´Í¨¶¨ ²Ó´ Ö ¸Ì¥³  ¢ ·¨ ´Éμ¢ Ê¸±μ·¨É¥²Ö ¶·μÉμ´μ¢ ¸ · §·¥§´Ò³ ³ £´¨Éμ³:
 ) ¶¥·¢μ´ Î ²Ó´Ò° ¢ ·¨ ´É, · ¸¸³μÉ·¥´´Ò° ¢ · ¡μÉ¥ [1]; ¡) ¢ ·¨ ´É, ¶·¥¤²μ¦¥´´Ò° ¢
´ ¸ÉμÖÐ¥° · ¡μÉ¥: 1 Å ¨¸ÉμÎ´¨±; 2 Å ¨´¦¥±Éμ·; 3 Å ¨³¶Ê²Ó¸´Ò° ¶μ¢μ·μÉ´Ò° ³ £´¨É
¤²Ö ¨´¦¥±Í¨¨ ¶·μÉμ´μ¢; 4 Å ¨´¤Ê±Í¨μ´´μ¥ Ê¸±μ·ÖÕÐ¥¥ Ê¸É·μ°¸É¢μ ´  Ë¥··¨É Ì; 5 Å
Ê¤ ·´Ò° ³ £´¨É ¤²Ö ¢Ò¢μ¤  ¶·μÉμ´´μ£μ ¶ÊÎ± ; 6 Å ³ £´¨É´Ò¥ ±¢ ¤·Ê¶μ²Ó´Ò¥ ²¨´§Ò ¸
¨§³¥´ÖÕÐ¨³¸Ö ¢μ ¢·¥³¥´¨ £· ¤¨¥´Éμ³; 7 Å ¶ ·  ³ £´¨Éμ¢ ¸ ¶μ¸ÉμÖ´´Ò³ ¢μ ¢·¥³¥´¨
³ £´¨É´Ò³ ¶μ²¥³ ¤²Ö ¸μ¶·Ö¦¥´¨Ö É· ¥±Éμ·¨°; 8 Å ³ £´¨É´Ò¥ §¥·± ²  ¸ ¶μ¸ÉμÖ´´Ò³
¢μ ¢·¥³¥´¨ ³ £´¨É´Ò³ ¶μ²¥³; 9 Å ¨³¶Ê²Ó¸´Ò° ³ £´¨É ¤²Ö μÉ±²μ´¥´¨Ö ¢Ò¢¥¤¥´´μ£μ
¶ÊÎ± ; 10 Å ¶μ¸ÉμÖ´´Ò° ³ £´¨É ¤²Ö ¶¥·¥¢μ¤  ¨´¦¥±É¨·Ê¥³μ£μ ¶ÊÎ±  ¢ ³¥¤¨ ´´ÊÕ
¶²μ¸±μ¸ÉÓ

¨§ É ±μ° ¸Ì¥³Ò Ê¸±μ·¨É¥²Ö ¶·¨³¥´¥´¨¥ ¢μ¸Ó³¨ μÉ±²μ´ÖÕÐ¨Ì ³ £´¨Éμ¢, ´¥-
μ¡Ìμ¤¨³ÒÌ ¤²Ö ¸μ¶·Ö¦¥´¨Ö ´ ±²μ´´ÒÌ É· ¥±Éμ·¨° ¸ É· ¥±Éμ·¨Ö³¨ ¢ ³ £-
´¨É´μ³ §¥·± ²¥. Š·μ³¥ Éμ£μ, μÉ¸ÊÉ¸É¢¨¥ ¢¥·É¨± ²Ó´μ° ¤¥Ëμ±Ê¸¨·μ¢±¨ ¶·¨
¶¥·¥¸¥Î¥´¨¨ ¶¥·¥¤´¥° £· ´¨ÍÒ ³ £´¨É´μ£μ §¥·± ²  ¶μ§¢μ²Ö¥É ¨¸¶μ²Ó§μ¢ ÉÓ ¢
´¥³ ¸É·μ£μ μ¤´μ·μ¤´μ¥ ³ £´¨É´μ¥ ¶μ²¥ ¨ ¶·¨¢μ¤¨É, ± ± ÔÉμ ¡Ê¤¥É ¶μ± § ´μ
´¨¦¥, ± §´ Î¨É¥²Ó´μ³Ê ¶μ¢ÒÏ¥´¨Õ  ±¸¥¶É ´¸  Ê¸±μ·¨É¥²Ö ¤ ¦¥ ¶·¨ Ê³¥´Ó-
Ï¥´¨¨ Î¨¸²  ³ £´¨É´ÒÌ ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ ¸ ¢μ¸Ó³¨ ¤μ Î¥ÉÒ·¥Ì,   É ±¦¥
± ¸´¨¦¥´¨Õ É·¥¡Ê¥³μ° ÉμÎ´μ¸É¨ ¨§³¥´¥´¨Ö ¢μ ¢·¥³¥´¨ £· ¤¨¥´Éμ¢ ³ £´¨É-
´μ£μ ¶μ²Ö ÔÉ¨Ì ²¨´§ ¤²Ö μ¡¥¸¶¥Î¥´¨Ö ¶μ¶¥·¥Î´μ° Ëμ±Ê¸¨·μ¢±¨ ¨ ·¥§μ´ ´¸´μ°
Ê¸Éμ°Î¨¢μ¸É¨ ¶·μÉμ´´μ£μ ¶ÊÎ±  ¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö.
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‚ ¤ ²Ó´¥°Ï¥³ ¶·¨ · ¸Î¥É Ì ¨  ´ ²¨§¥ Ë §μ¢μ°, ¶μ¶¥·¥Î´μ° ¨ ·¥§μ´ ´¸-
´μ° Ê¸Éμ°Î¨¢μ¸É¨ ¡Ê¤ÊÉ ¨¸¶μ²Ó§μ¢ ´Ò ¶ · ³¥É·Ò ¢ ·¨ ´É  É¥Ì´¨Î¥¸±μ° ·¥-
 ²¨§ Í¨¨ ¶·¥¤²μ¦¥´´μ° ¸Ì¥³Ò Ê¸±μ·¨É¥²Ö, ¶μ± § ´´μ° ´  ·¨¸. 4, ¢ ±μÉμ·μ³
· ¸¸ÉμÖ´¨¥ ³¥¦¤Ê ³ £´¨É´Ò³¨ §¥·± ² ³¨ ¢Ò¡· ´μ · ¢´Ò³ 2l = 700 ¸³, Ô´¥·-
£¨Ö ¨ ¨³¶Ê²Ó¸ ¨´¦¥±Í¨¨ ¶·μÉμ´μ¢ 2Ä3 ŒÔ‚ ¨ 61Ä75 ŒÔ‚/¸, ¨´¤Ê±Í¨Ö μ¤-
´μ·μ¤´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ¢ ³ £´¨É´ÒÌ §¥·± ² Ì B0 = 2 ’², ´ Î ²Ó´Ò°
· ¤¨Ê¸ ¨´¦¥±É¨·Ê¥³ÒÌ ¶·μÉμ´μ¢ Rmin = 10,2−12,5 ¸³, ±μ´¥Î´Ò° · ¤¨Ê¸
Rmax = 115 ¸³, ±μ´¥Î´ Ö Ô´¥·£¨Ö ¨ ¨³¶Ê²Ó¸ ¶·μÉμ´μ¢: Tp = 226 ŒÔ‚ ¨
Pp = 690 ŒÔ‚/¸. �´¥·£¨Ö ¨´¦¥±É¨·Ê¥³ÒÌ ¶·μÉμ´μ¢ μ¶·¥¤¥²Ö¥É¸Ö, ¶·¥¦¤¥
¢¸¥£μ, É¥Ì´¨Î¥¸±¨³¨ É·¥¡μ¢ ´¨Ö³¨ ± · §³¥Ð¥´¨Õ ¢ ¶·μ³¥¦ÊÉ±¥ ³¥¦¤Ê ¶·Ö-
³μ° ¨ ¶¥·¢μ° μ¡· É´μ° É· ¥±Éμ·¨Ö³¨, · ¢´μ³ 2Rmin = 20,4−25 ¸³, ³ £-
´¨É´ÒÌ ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§, ¨³¥ÕÐ¨Ì ´ ¨¡μ²ÓÏ¨¥ ¶μ¶¥·¥Î´Ò¥ £ ¡ ·¨ÉÒ ¶μ
¸· ¢´¥´¨Õ ¸ Ê¸±μ·ÖÕÐ¨³ Ê¸É·μ°¸É¢μ³ ¨ ¨³¶Ê²Ó¸´Ò³¨ ³ £´¨É ³¨.

2. ”�‡�‚�Ÿ, ˆ‹ˆ ���„�‹œ��Ÿ, “‘’�‰—ˆ‚�‘’œ �“—Š�

‚ · ¸¸³ É·¨¢ ¥³μ° ¸Ì¥³¥ Ê¸±μ·¨É¥²Ö ¤²¨´  μ·¡¨ÉÒ (L) ¨ ¶¥·¨μ¤ μ¡· -
Ð¥´¨Ö ¸¨´Ì·μ´´μ° Î ¸É¨ÍÒ (Ts) ¸¢Ö§ ´Ò ¸μμÉ´μÏ¥´¨¥³

L = 4l + 2πR = βcTs = 4l (1 + 2πR/4l) = 4l
(
1 + qβ/

√
1 − β2

)
, (1)

£¤¥ 4l = 1400 ¸³; R = Ppc/300B0 Å · ¤¨Ê¸ É· ¥±Éμ·¨¨ ¢ μ¤´μ·μ¤´μ³ ³ £-
´¨É´μ³ ¶μ²¥ ¸ ¨´¤Ê±Í¨¥° B0 = 2 ’²; c Å ¸±μ·μ¸ÉÓ ¸¢¥É  ¨ β = υ/c Å
μÉ´μ¸¨É¥²Ó´ Ö ¸±μ·μ¸ÉÓ ¶·μÉμ´μ¢; q = 2π · Mp/300B04l = 0,7018; Mp =
938,23 ŒÔ‚ Å ³ ¸¸  ¶·μÉμ´ .

�¡μ§´ Î Ö c/4l = ν0 = 21,43 ŒƒÍ ¨ νs = 1/Ts, ¶μ²ÊÎ¨³

νs/ν0 = β/(1 + 0,7018 · β/
√

1 − β2). (2)

„¨ËË¥·¥´Í¨·ÊÖ ÔÉμ ¢Ò· ¦¥´¨¥ ¶μ Ô´¥·£¨¨ ¨ ¶·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥, ÎÉμ

dE/dt = νs · eV cosϕs, (3)

£¤¥ e Å § ·Ö¤ Ô²¥±É·μ´ , V Å  ³¶²¨ÉÊ¤  Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö,   ϕs Å
Ë §  ¸¨´Ì·μ´´μ° Î ¸É¨ÍÒ, ¶μ²ÊÎ¨³

dνs

ν0
=

1(
1 + q

β√
1 − β2

)2×

×

⎡
⎢⎢⎣(

1 − β2
) 3

2 − qβ

1 + q
β√

1 − β2

⎤
⎥⎥⎦ ν0 ·

eV cosϕs

Mp
dt, (4)
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¨ ¶μ¸²¥ ¨´É¥£·¨·μ¢ ´¨Ö ´ °¤¥³

t =
1
a

νs/ν0∫
νn/ν0

(
1 + q β√

(1−β2)

)2

[
(1 − β2)

3
2 − qβ

1+q β√
1−β2

] dνs

ν0
, (5)

£¤¥ a = ν0 · eV cosϕs/Mp = 114,2 c−1 ¶·¨ ¶μ¸ÉμÖ´´μ³ eV cosϕs = 5 · 103 Ô‚
¨ νs ¸¢Ö§ ´μ ¸ β ¸μμÉ´μÏ¥´¨¥³ (2).

ˆ´É¥£· ² (5) ´¥ Ê¤ ¥É¸Ö ¢Ò· §¨ÉÓ ¢  ´ ²¨É¨Î¥¸±μ³ ¢¨¤¥, μ¤´ ±μ ¤²Ö § -
¢¨¸¨³μ¸É¨ ¨³¶Ê²Ó¸  Pp = Mpβ/

√
1 − β2 μÉ ¢·¥³¥´¨ ¶μ²ÊÎ ¥É¸Ö ¶·μ¸Éμ¥

 ´ ²¨É¨Î¥¸±μ¥ ¢Ò· ¦¥´¨¥, ±μÉμ·μ¥ ¶μ§¢μ²Ö¥É, ¨¸¶μ²Ó§ÊÖ ¶ · ³¥É·¨Î¥¸±ÊÕ
§ ¢¨¸¨³μ¸ÉÓ νs ¨ Pp μÉ β, μ¶·¥¤¥²¨ÉÓ § ¢¨¸¨³μ¸ÉÓ νs μÉ ¢·¥³¥´¨ Ê¸±μ·¥´¨Ö t.

„¥°¸É¢¨É¥²Ó´μ, Pp =
√

E2 − M2
p , dPp = dE/β ¨ ¶μ¸²¥ ¶μ¤¸É ´μ¢±¨ νs

¨§ (2) ¨ dE/dt ¨§ (3) ¶μ²ÊÎ ¥É¸Ö ¢Ò· ¦¥´¨¥

dP
p

=
1

1 + q
β√

1 − β2

· ν0eV cosϕs · dt, (6)

±μÉμ·μ¥ ¶μ¸²¥ Ô²¥³¥´É ·´μ£μ ¨´É¥£·¨·μ¢ ´¨Ö ¶·¨¢μ¤¨É ± ¸μμÉ´μÏ¥´¨Õ

t =
1
a

[
Pp

Mp
+

q

2

(
Pp

Mp

)2
]

=
1
a

(
β√

1 − β2
+

q

2
· β2

1 − β2

)
, (7)

£¤¥ a = ν0eV cosϕs/Mp = 114,2 c−1.
�μ²ÊÎ¥´´μ¥ ¢Ò· ¦¥´¨¥, ± ± ÔÉμ Ê¦¥ μÉ³¥Î ²μ¸Ó ¢ÒÏ¥, ¶μ§¢μ²Ö¥É ¢³¥¸É¥

¸ Ê· ¢´¥´¨¥³ (2) μ¶·¥¤¥²¨ÉÓ ¢ ¶ · ³¥É·¨Î¥¸±μ° Ëμ·³¥ § ¢¨¸¨³μ¸ÉÓ t μÉ νs.
�´ ²μ£¨Î´μ, ¨¸¶μ²Ó§ÊÖ ¸μμÉ´μÏ¥´¨¥ Tp = Mp

(
1/

√
1 − β − 1

)
, ³μ¦´μ ¢

¶ · ³¥É·¨Î¥¸±μ° Ëμ·³¥ ´ °É¨ § ¢¨¸¨³μ¸ÉÓ t μÉ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ ¶·μ-
Éμ´ .

‡ ¢¨¸¨³μ¸ÉÓ Ë ±Éμ·   ¢ÉμË §¨·μ¢±¨ K μÉ β ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¨§ ¸μμÉ´μ-
Ï¥´¨Ö [2]

K = −Es

νs

(
dν

dE

)
s

, (8)

£¤¥ Es = Mp/
√

1 − β2 Å ¶μ²´ Ö Ô´¥·£¨Ö · ¢´μ¢¥¸´μ° Î ¸É¨ÍÒ,   νs μ¶·¥¤¥-
²Ö¥É¸Ö Ê· ¢´¥´¨¥³ (2).

„¨ËË¥·¥´Í¨·ÊÖ (2) ¶μ Ô´¥·£¨¨, ¶μ²ÊÎ¨³ ¢Ò· ¦¥´¨¥

dνs

dEs
=

ν2
0

Mpνs

[(
1 − β2

) 3
2 − q

νs

ν0

]
(
1 + qβ/

√
1 − β2

)2 , (9)
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±μÉμ·μ¥ ¶μ¸²¥ ¶μ¤¸É ´μ¢±¨ ¢ (8) ¶μ§¢μ²Ö¥É ¢Ò· §¨ÉÓ K ¢ § ¢¨¸¨³μ¸É¨ μÉ β

K = −ν2
0

ν2
s

· 1√
1 − β2

[(
1 − β2

) 3
2 − qβ/1 + qβ/

√
1 − β2

]
(1 + qβ/

√
1 − β2)2

(10)

¨ É¥³ ¸ ³Ò³ ¸ ÊÎ¥Éμ³ (7) ´ °É¨ § ¢¨¸¨³μ¸ÉÓ K μÉ ¢·¥³¥´¨ Ê¸±μ·¥´¨Ö t.
�μ²ÊÎ¥´´Ò¥ ¢ Ìμ¤¥ ¢¸¥Ì ÔÉ¨Ì · ¸Î¥Éμ¢ § ¢¨¸¨³μ¸É¨ νs, Ps, Ts ¨ K μÉ

¢·¥³¥´¨ Ê¸±μ·¥´¨Ö t ¶·¨¢¥¤¥´Ò ´  ·¨¸. 2.
— ¸ÉμÉ  Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ¨§³¥´Ö¥É¸Ö ¢ ¶·¥¤¥² Ì μÉ 1,34Ä1,63 ¤μ

8,3 ŒƒÍ, ¢·¥³Ö Ê¸±μ·¥´¨Ö ¤μ ±μ´¥Î´μ° Ô´¥·£¨¨ ¸μ¸É ¢²Ö¥É ¶·¨ eV cosϕs =
5 · 103 Ô‚ μ±μ²μ 8 ³¸,   ±·¨É¨Î¥¸± Ö Ô´¥·£¨Ö, ¸μμÉ¢¥É¸É¢ÊÕÐ Ö K = 0, ±μ£¤ 
 ¢ÉμË §¨·μ¢±  μÉ¸ÊÉ¸É¢Ê¥É, ´ Ìμ¤¨É¸Ö ¢¡²¨§¨ Tp = 450 ŒÔ‚.

’ ±¨³ μ¡· §μ³, ¶μ²ÊÎ¥´´Ò¥ § ¢¨¸¨³μ¸É¨ νs μÉ t ¨ K μÉ t μ¡¥¸¶¥Î¨-
¢ ÕÉ ¶·μ¤μ²Ó´ÊÕ Ë §μ¢ÊÕ Ê¸Éμ°Î¨¢μ¸ÉÓ ¶ÊÎ±  ¶·μÉμ´μ¢ ¶·¨ Ê¸±μ·¥´¨¨ ¤μ
±μ´¥Î´μ° Ô´¥·£¨¨ 226 ŒÔ‚,   Ê¸²μ¢¨¥ ¶μ¸ÉμÖ´¸É¢  ¢¥²¨Î¨´Ò eV cosϕs, ¨¸-
¶μ²Ó§Ê¥³μ¥ ¶·¨ ¢Ò¢μ¤¥ ¢¸¥Ì ÔÉ¨Ì § ¢¨¸¨³μ¸É¥°, ¶·¨ ´¥¨§³¥´´μ°  ³¶²¨ÉÊ¤¥

�¨¸. 2. � · ³¥É·Ò Ê¸±μ·¨É¥²Ö ¢ § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨, μ¡¥¸¶¥Î¨¢ ÕÐ¨¥ Ë §μ¢ÊÕ
Ê¸Éμ°Î¨¢μ¸ÉÓ (¶·μ¤μ²Ó´ÊÕ Ëμ±Ê¸¨·μ¢±Ê) ¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö: ν Å Î ¸ÉμÉ  Ê¸±μ·Ö-
ÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ¢ ŒƒÍ; P Å ¨³¶Ê²Ó¸ ¶·μÉμ´μ¢ ¢ ŒÔ‚/¸; T Å Ô´¥·£¨Ö ¶·μÉμ´μ¢
¢ ŒÔ‚; K Å Ë ±Éμ·  ¢ÉμË §¨·μ¢±¨ (¢ ²μ£ ·¨Ë³¨Î¥¸±μ³ ³ ¸ÏÉ ¡¥)
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Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö V , μ¡¥¸¶¥Î¨¢ ¥É ¶μ¸ÉμÖ´¸É¢μ · ¢´μ¢¥¸´μ° Ë §Ò ¢
¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö.

‘²¥¤Ê¥É É ±¦¥ μÉ³¥É¨ÉÓ, ÎÉμ ¶·¨ É·¥¡Ê¥³μ° ¨´É¥´¸¨¢´μ¸É¨ 108 ¶·μÉμ´μ¢
¢ μ¤´μ³ Í¨±²¥ Ê¸±μ·¥´¨Ö ¢²¨Ö´¨¥ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  ´  Ê¸Éμ°Î¨¢μ¸ÉÓ
Ë §μ¢ÒÌ ±μ²¥¡ ´¨° ¶·¥´¥¡·¥¦¨³μ ³ ²μ [4].

3. ���…�…—��Ÿ “‘’�‰—ˆ‚�‘’œ (”�Š“‘ˆ��‚Š�) ���’���‚
‚ ���–…‘‘… “‘Š��…�ˆŸ

‚ ¶·¥¤²μ¦¥´´μ° ¸Ì¥³¥ Ê¸±μ·¨É¥²Ö  ´ ²¨§ ¶μ¶¥·¥Î´μ° Ê¸Éμ°Î¨¢μ¸É¨ ¨
Ëμ±Ê¸¨·μ¢±¨ Ê¤μ¡´μ ¶·μ¢¥¸É¨, ¨¸¶μ²Ó§ÊÖ ³ É·¨Î´Ò¥ ³¥Éμ¤Ò · ¸Î¥É  ¢ ¶·¨-
¡²¨¦¥´¨¨ Éμ´±¨Ì ²¨´§.

‚ ÔÉμ³ ¶·¨¡²¨¦¥´¨¨ Î¥ÉÒ·¥ ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§Ò, ¢±²ÕÎ¥´´Ò¥ ¶μ ¸Ì¥³¥
É·¨¶²¥É , ±μ£¤  ¤¢¥ ¸·¥¤´¨¥ ¸¥±Í¨¨ § ¶¨ÉÒ¢ ÕÉ¸Ö μ¤´¨³ Éμ±μ³ ¢μ§¡Ê¦¤¥´¨Ö,
  ¤¢¥ ±· °´¨¥ ¸¥±Í¨¨ Å ¤·Ê£¨³ §´ Î¥´¨¥³ Éμ±  ¶·μÉ¨¢μ¶μ²μ¦´μ° ¶μ²Ö·´μ-
¸É¨, ¨³¥ÕÉ ¡²¨§±μ · ¸¶μ²μ¦¥´´Ò¥ ± Í¥´É·Ê ¢¸¥° ¸¨¸É¥³Ò £² ¢´Ò¥ ¶²μ¸±μ¸É¨
¤²Ö ¢¥·É¨± ²Ó´μ° ¨ £μ·¨§μ´É ²Ó´μ° Ëμ±Ê¸¨·μ¢μ±, ÎÉμ Ô±¢¨¢ ²¥´É´μ ¤¥°¸É¢¨Õ
Éμ´±μ° ¸μ¡¨· ÕÐ¥° ²¨´§Ò, · §³¥Ð¥´´μ° ¢ Í¥´É·¥ ÔÉ¨Ì Î¥ÉÒ·¥Ì ²¨´§ [3].

„²Ö ¢¥·É¨± ²Ó´μ° Ëμ±Ê¸¨·μ¢±¨ ¶μ²´ Ö ³ É·¨Í  ¶¥·¥Ìμ¤  ¢ Ô²¥³¥´É¥ ¶¥-
·¨μ¤¨Î´μ¸É¨ Ê¸±μ·¨É¥²Ö ¨³¥¥É ¢¨¤

Mz =

∣∣∣∣∣∣
1 0

− 1
2Fz

1

∣∣∣∣∣∣ ·
∣∣∣∣ 1 Lz

0 1

∣∣∣∣ ·
∣∣∣∣∣∣

1 0

− 1
2Fz

1

∣∣∣∣∣∣ =

=

∣∣∣∣∣∣∣
1 − Lz

2Fz
Lz

− 1
Fz

+
Lz

4Fz
1 − Lz

2Fz

∣∣∣∣∣∣∣ =

∣∣∣∣∣∣
1 − ηz

2
Lz

− 1
Fz

(
1 − ηz

4

)
1 − ηz

2

∣∣∣∣∣∣ (11)

£¤¥ Fz Å Ëμ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥ Ô±¢¨¢ ²¥´É´μ° Éμ´±μ° ²¨´§Ò; Lz = 4� +

2πR Å ¤²¨´  μ·¡¨ÉÒ ¶·μÉμ´ ; ηz =
Lz

Fz
.

‘²¥¤ ¶μ²´μ° ³ É·¨ÍÒ Mz · ¢¥´

SpMz = 2
(
1 − ηz

2

)
, (12)

¨ ¤¢¨¦¥´¨¥ ¢ ¢¥·É¨± ²Ó´μ° ¶²μ¸±μ¸É¨ ¡Ê¤¥É Ê¸Éμ°Î¨¢Ò³, ¥¸²¨ |SpMz|<2 [4],
ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É μ¡² ¸É¨ ¨§³¥´¥´¨Ö ηz ¢ ¶·¥¤¥² Ì 0 < ηz < 4.
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�±¸¥¶É ´¸ Ê¸±μ·¨É¥²Ö ¤²Ö Ê¸Éμ°Î¨¢μ£μ ¤¢¨¦¥´¨Ö ¢ ¢¥·É¨± ²Ó´μ° ¶²μ¸±μ-
¸É¨ (εz) μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ [5]

εz =
πa2

Lz

√
1 − |SpMz |

4

2

= π
a2

√
ηz (4 − ηz)
2Lz

=
πa2

2Lz
· fz (ηz) , (13)

£¤¥ a Å ÔËË¥±É¨¢´Ò° · ¤¨Ê¸  ¶¥·ÉÊ·Ò ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§, ¤²Ö ±μÉμ·μ£μ
· ¸¶·¥¤¥²¥´¨¥ ¶μ²Ö ¤μ¸É ÉμÎ´μ ¡²¨§±μ ± ±¢ ¤·Ê¶μ²Ó´μ³Ê. �·¨ ¨¸¶μ²Ó§μ¢ -
´¨¨ ²¨´§ É¨¶  Œ‹-3 ¸ ¤¨ ³¥É·μ³ ³¥¦¶μ²Õ¸´μ£μ μÉ¢¥·¸É¨Ö 10 ¸³ a ≈ 4 ¸³,
Lz ¨§³¥´Ö¥É¸Ö ¢ ¶·¥¤¥² Ì μÉ Lz1 = 4� + 2πRmin = 1400 + 64 = 1464 ¸³ ¤μ
Lz2 = 4� + 2πRkmax = 1400 + 720 = 2120 ¸³.

Œ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥  ±¸¥¶É ´¸  ¶μ²ÊÎ ¥É¸Ö ¶·¨ ηz = 2, fz = 2, ÎÉμ
¸μμÉ¢¥É¸É¢Ê¥É Lz = 2Fz ¨ εmax1 = πa2/Lz1 = π ·42/1464 ≈ π ·11 ¸³·³· ¤ ¤²Ö
¨´¦¥±É¨·Ê¥³ÒÌ ¶·μÉμ´μ¢ ´  · ¤¨Ê¸ Rmin = 10 ¸³ ¨ εmax2 = π ·42/2120 = π ·
7,5 ¸³·³· ¤ ¤²Ö ¶·μÉμ´μ¢ ¢ ±μ´Í¥ Í¨±²  Ê¸±μ·¥´¨Ö ´  · ¤¨Ê¸¥ Rmax = 115 ¸³.

‡´ Î¥´¨¥ εz max ¡μ²¥¥ Î¥³ ´  ¶μ·Ö¤μ± ¶·¥¢ÒÏ ¥É  ´ ²μ£¨Î´ÊÕ ¢¥²¨Î¨´Ê,
¶μ²ÊÎ¥´´ÊÕ ¢ · ¡μÉ¥ [1] ¸ ÊÎ¥Éμ³ ¢¥·É¨± ²Ó´μ° ¤¥Ëμ±Ê¸¨·μ¢±¨, ÎÉμ ¨ μ¶·¥-
¤¥²Ö¥É Ö¢´μ¥ ¶·¥¨³ÊÐ¥¸É¢μ ¸Ì¥³Ò Ê¸±μ·¨É¥²Ö, ¶·¥¤²μ¦¥´´μ° ¨ · ¸¸³ É·¨¢ -
¥³μ° ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥.

„²Ö Ëμ±Ê¸¨·μ¢±¨ ¢ £μ·¨§μ´É ²Ó´μ° ¶²μ¸±μ¸É¨, ¶μ³¨³μ ¤¥°¸É¢¨Ö Î¥ÉÒ-
·¥Ì ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§, ´¥μ¡Ìμ¤¨³μ ÊÎ¥¸ÉÓ Ëμ±Ê¸¨·ÊÕÐ¥¥ ¤¥°¸É¢¨¥ μ¤-
´μ·μ¤´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ¢ ³ £´¨É´ÒÌ §¥·± ² Ì ¶·¨ μÉ±²μ´¥´¨¨ ¶·μÉμ-
´μ¢ ´  180◦.

�ÉÊ Ëμ±Ê¸¨·μ¢±Ê ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ± ± ·¥§Ê²ÓÉ¨·ÊÕÐ¥¥ ¤¥°¸É¢¨¥ ¤¢ÊÌ
Éμ´±¨Ì Ëμ±Ê¸¨·ÊÕÐ¨Ì ²¨´§ ¸ μ¶É¨Î¥¸±μ° ¸¨²μ° − sin 90o/R = −1/R ± -
¦¤ Ö, · ¸¶μ²μ¦¥´´ÒÌ ´  · ¸¸ÉμÖ´¨¨ 2R ¤·Ê£ μÉ ¤·Ê£  ¨ ´  · ¸¸ÉμÖ´¨¨ R
μÉ ¶·Ö³μ²¨´¥°´μ° £· ´¨ÍÒ ³ £´¨É´μ£μ §¥·± ²  [6]. Œ É·¨ÍÊ M¶ ¶¥·¥Ìμ¤ 
ÊÎ ¸É±  μ¤´μ·μ¤´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ± ± ¶·μ¨§¢¥¤¥´¨¥
Ï¥¸É¨ ³ É·¨Í, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¤·¥°Ëμ¢Ò³ ¶·μ³¥¦ÊÉ± ³ ¤²¨´μ° R ¨ Éμ´-
±¨³ Ëμ±Ê¸¨·ÊÕÐ¨³ ²¨´§ ³ ¸ Ëμ±Ê¸´Ò³ · ¸¸ÉμÖ´¨¥³ R:

M¶ =
∣∣∣∣ 1 R

0 1

∣∣∣∣ ·
∣∣∣∣∣

1 0

− 1
R

1

∣∣∣∣∣ ·
∣∣∣∣ 1 R

0 1

∣∣∣∣ ·
∣∣∣∣ 1 R

0 1

∣∣∣∣ ·
∣∣∣∣∣

1 0

− 1
R

1

∣∣∣∣∣ ·
∣∣∣∣ 1 R

0 1

∣∣∣∣ ,
±μÉμ· Ö ¶μ¸²¥ ¶¥·¥³´μ¦¥´¨Ö ¶¥·¢μ° ¨ ¢Éμ·μ° É·μ°±¨ ³ É·¨Í ¶·¥μ¡· §Ê¥É¸Ö ¢

M¶ =

∣∣∣∣∣
0 R

− 1
R

0

∣∣∣∣∣ ·
∣∣∣∣∣

0 R

− 1
R

0

∣∣∣∣∣ =
∣∣∣∣ −1 0

0 −1

∣∣∣∣ . (14)

�É  ³ É·¨Í  Ì · ±É¥·¨§Ê¥É É¥²¥¸±μ¶¨Î¥¸±ÊÕ ¸¨¸É¥³Ê ²¨´§, ¶·¥μ¡· §ÊÕ-
Ð¨Ì ¶ · ²²¥²Ó´Ò° ¶ÊÎμ± ¢ ¶ · ²²¥²Ó´Ò° ¸ ¶¥·¥¢μ· Î¨¢ ´¨¥³ ¨§μ¡· ¦¥´¨Ö,
¨ ´¥ § ¢¨¸¨É μÉ R.
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Œ É·¨Í  ¶¥·¥Ìμ¤  ¶μ²μ¢¨´Ò Ô²¥³¥´É  ¶¥·¨μ¤¨Î´μ¸É¨ § ¶¨Ï¥É¸Ö ± ±

M 1
2 r =

∣∣∣∣ 1 �
0 1

∣∣∣∣ ·
∣∣∣∣ −1 0

0 −1

∣∣∣∣ ·
∣∣∣∣ 1 �

0 1

∣∣∣∣ ·
∣∣∣∣∣∣

1 0

− 1
2Fr

1

∣∣∣∣∣∣ =

=

∣∣∣∣∣∣∣
−

(
1 − �

Fr

)
−2�

1
2Fr

−1

∣∣∣∣∣∣∣ =
∣∣∣∣ α11 α12

α21 α22

∣∣∣∣ , (15)

£¤¥ Fr Å Ëμ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥ ¢ £μ·¨§μ´É ²Ó´μ° ¶²μ¸±μ¸É¨ Éμ´±μ° ²¨´§Ò,
Ô±¢¨¢ ²¥´É´μ° Î¥ÉÒ·¥³ ±¢ ¤·Ê¶μ²Ó´Ò³ ²¨´§ ³; � = 350 c³ Å ¶μ²μ¢¨´  · ¸-
¸ÉμÖ´¨Ö ³¥¦¤Ê ³ £´¨É´Ò³¨ §¥·± ² ³¨.

Œ É·¨Í  ¶¥·¥Ìμ¤  ¢¸¥£μ Ô²¥³¥´É  ¶¥·¨μ¤¨Î´μ¸É¨ ¢ ¸¨²Ê ¸¨³³¥É·¨¨ ÔÉμ£μ
Ô²¥³¥´É  μÉ´μ¸¨É¥²Ó´μ ¶²μ¸±μ¸É¨, ¶·μÌμ¤ÖÐ¥° ¶μ¸·¥¤¨´¥ ³¥¦¤Ê ³ £´¨É´Ò³¨
§¥·± ² ³¨, § ¶¨Ï¥É¸Ö ± ± [6]

Mr =
∣∣∣∣ 1 + 2α12α21 2α12α22

2α11α21 1 + 2α12α21

∣∣∣∣ =

=

∣∣∣∣∣∣∣
1 − 2�

Fr
4�

− 1
Fr

(
1 − �

Fr

)
1 − 2�

Fr

∣∣∣∣∣∣∣ , (16)

¨²¨ ¶μ¸²¥ ¶μ¤¸É ´μ¢±¨

ηr =
4�

Fr
, (17)

Mr =

∣∣∣∣∣∣
1 − η

r

2
4�

− 1
Fr

(
1 − ηr

4

)
1 − ηr

2

∣∣∣∣∣∣ ¨ SpMr = 2
(
1 − ηr

2

)
. (18)

„¢¨¦¥´¨¥ ¢ £μ·¨§μ´É ²Ó´μ° ¶²μ¸±μ¸É¨ ¡Ê¤¥É Ê¸Éμ°Î¨¢Ò³, ¥¸²¨
|Sp Mr | < 2 , ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É μ¡² ¸É¨ ¨§³¥´¥´¨Ö ηr ¢ ¶·¥¤¥² Ì 0 < ηr < 4,
¨ ¢ ÔÉμ³ ¸²ÊÎ ¥  ±¸¥¶É ´¸ Ê¸±μ·¨É¥²Ö ¢ £μ·¨§μ´É ²Ó´μ° ¶²μ¸±μ¸É¨ μ¶·¥¤¥-
²¨É¸Ö ¢Ò· ¦¥´¨¥³ [5]

εr =
πa2

4�

√√√√
1 −

∣∣∣SpM |2

4
=

πa2

8�
·
√

ηr (4 − ηr) =
πa2

8�
fr (ηr) . (19)
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�¨¸. 3. a) ”Ê´±Í¨Ö f(η), ¸¢Ö§ ´´ Ö ¸ ¶μ¶¥·¥Î´Ò³  ±¸¥¶É ´¸μ³ Ê¸±μ·¨É¥²Ö ε =
πa2/L · f(η), ¨ Î ¸ÉμÉÒ ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° (Q) ¢ § ¢¨¸¨³μ¸É¨ μÉ ¶ · ³¥É· 
ηrz = Lrz/Frz , £¤¥ Lr = 4l, Lz = 4l + 2πR ¨ Frz Å Ëμ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥ Î¥ÉÒ·¥Ì
±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ ¢ £μ·¨§μ´É ²Ó´μ° (r) ¨ ¢¥·É¨± ²Ó´μ° (z) ¶²μ¸±μ¸ÉÖÌ. �¡² ¸ÉÓ
¤μ¶Ê¸É¨³ÒÌ §´ Î¥´¨° Q ¨ η, ¶·¨ ±μÉμ·ÒÌ ¸μÌ· ´Ö¥É¸Ö ·¥§μ´ ´¸´ Ö Ê¸Éμ°Î¨¢μ¸ÉÓ,
¢Ò¤¥²¥´  ±μ¸μ° ÏÉ·¨Ìμ¢±μ°. ¡) ‡ ¢¨¸¨³μ¸ÉÓ μÉ ¢·¥³¥´¨ Ê¸±μ·¥´¨Ö (³¸) £· ¤¨¥´Éμ¢
³ £´¨É´μ£μ ¶μ²Ö (G) ¨ Éμ±μ¢ ¢μ§¡Ê¦¤¥´¨Ö (I) ¢ ¶¥·¢μ° ¨ ¢Éμ·μ° (´ Î¨´ Ö μÉ Ê¸±μ·Ö-
ÕÐ¥£μ Ê¸É·μ°¸É¢ ) ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ Ì, μ¡¥¸¶¥Î¨¢ ÕÐ¨Ì ¶μ¶¥·¥Î´ÊÕ Ëμ±Ê¸¨·μ¢±Ê
¨ ·¥§μ´ ´¸´ÊÕ Ê¸Éμ°Î¨¢μ¸ÉÓ ¶·μÉμ´μ¢ ¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö

„²Ö a ≈ 4 ¸³ ¨ 4� = 1400 ¸³ ³ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥  ±¸¥¶É ´¸ , ¸μμÉ¢¥É-
¸É¢ÊÕÐ¥¥ ηr = 2, fr = 2, ¸μ¸É ¢¨É εr max = π · a2/4� = π · 11, 4 ¸³ · ³· ¤ ¨ ´¥
§ ¢¨¸¨É μÉ R.

”Ê´±Í¨¨ f (η) =
√

η (4 − η), ¶μ± § ´´Ò¥ ´  ·¨¸. 3,  , ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ°
¶μ²Êμ±·Ê¦´μ¸É¨ ¸ · ¤¨Ê¸μ³ η = 2 ¨ fmax = 2 ¶·¨ η = 2.

�É±²μ´¥´¨Ö η μÉ μ¶É¨³ ²Ó´μ£μ §´ Î¥´¨Ö η = 2 ´  ±1(±50 %) (η1 = 1,
η2 = 3) ¶·¨¢μ¤ÖÉ ± Ê³¥´ÓÏ¥´¨Õ ËÊ´±Í¨¨ f μÉ fmax = 2 ¤μ f12 =

√
3 ¢¸¥£μ ´ 

(2−
√

3)/2 = 0,13 = 13 % , ÎÉμ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ ¤μ¸É ÉμÎ´μ° Ê¸Éμ°Î¨¢μ¸É¨
¤¢¨¦¥´¨Ö ¶·μÉμ´μ¢ ¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö ¤ ¦¥ ¶·¨ ¨§³¥´¥´¨¨ Ëμ±Ê¸´μ£μ
· ¸¸ÉμÖ´¨Ö Î¥ÉÒ·¥Ì ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ (F = L/η) ¢ ¶·¥¤¥² Ì ±50 %.
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4. �…‡����‘��Ÿ “‘’�‰—ˆ‚�‘’œ �…’�’����›• Š�‹…���ˆ‰

— ¸ÉμÉ  ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° (Q) μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ [4]

Q =
N

2π
arccos (SpM/2) , (20)

£¤¥ N Å Î¨¸²μ Ô²¥³¥´Éμ¢ ¶¥·¨μ¤¨Î´μ¸É¨ ´  μ¤´μ³ μ¡μ·μÉ¥ ¨ M Å ¶μ²´ Ö
³ É·¨Í  ¶¥·¥Ìμ¤ . ‚ · ¸¸³ É·¨¢ ¥³μ³ ¢ ·¨ ´É¥ Ê¸±μ·¨É¥²Ö ¨³¥¥É¸Ö ¢¸¥£μ
μ¤¨´ Ô²¥³¥´É ¶¥·¨μ¤¨Î´μ¸É¨ ¨ N = 1. ‚ ÔÉμ³ ¸²ÊÎ ¥, ¶·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥
¢Ò· ¦¥´¨Ö (12) ¤²Ö SpMz ¨ (18) ¤²Ö SpMr , ¶μ²ÊÎ¨³

Qz =
1
2π

arccos
(
1 − ηz

2

)
¨ Qr =

1
2π

(
1 − ηr

2

)
. (21)

ƒ· Ë¨±¨ Qz (ηz) ¨ Qr (ηr), ¨§μ¡· ¦¥´´Ò¥ ´  ·¨¸. 3,  , μ¶·¥¤¥²ÖÕÉ ¶·¥-
¤¥²Ò ¨§³¥´¥´¨Ö Q μÉ Q = 0 ¤μ Q = 0,5.

� ¡μÎ¨¥ μ¡² ¸É¨ ¤μ¶Ê¸É¨³ÒÌ §´ Î¥´¨° Qr ¨ Qz, ¢ ±μÉμ·ÒÌ ¨¸±²ÕÎ¥´Ò
·¥§μ´ ´¸´Ò¥ §´ Î¥´¨Ö Q = 0; 0,5 ¨ · §´μ¸´Ò¥ ·¥§μ´ ´¸Ò: Qr − Qz = 0 ¨
2Qr − Qz = 0, ¨§μ¡· ¦¥´Ò ´  ·¨¸. 3,   ±μ¸μ° ÏÉ·¨Ìμ¢±μ° ¨ ¸μμÉ¢¥É¸É¢ÊÕÉ
¸·¥¤´¨³ §´ Î¥´¨Ö³ ¨ ¨´É¥·¢ ² ³

Qr = 0,21 ± 0,04; ηr = 1,5 ± 0,5 ¨ Qz = 0,29 ± 0,04; ηz = 2,5 ± 0,5.

„²Ö Ê¤¥·¦ ´¨Ö Q ¢ ÔÉ¨Ì ¶·¥¤¥² Ì Ëμ±Ê¸´Ò¥ · ¸¸ÉμÖ´¨Ö ¸¨¸É¥³Ò Î¥ÉÒ-
·¥Ì ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§, ¢±²ÕÎ¥´´ÒÌ ¶μ ¸Ì¥³¥ É·¨¶²¥É , ¤μ²¦´Ò Ê¤μ¢²¥É¢μ-

·ÖÉÓ ¸μμÉ´μÏ¥´¨Ö³ Fr (ηr = 1,5) =
4�

1,5
=

gdc

2
¸ ¤μ¶Ê¸É¨³Ò³¨ ¨§³¥´¥´¨Ö³¨

ΔFr/Fr ≈ ±33 % ¨

Fz (ηz = 2,5) =
4� + 2πR

2,5
=

gcd

2
(22)

¸ ¤μ¶Ê¸É¨³Ò³¨ ¨§³¥´¥´¨Ö³¨ ΔFz/Fz ≈ ±20 %.
�·¨ ÔÉμ³ ¨§ ¢Ò· ¦¥´¨° (3), (32) [3], ¢ ¶·¨¡²¨¦¥´¨¨ Éμ´±¨Ì ²¨´§, ³μ¦´μ

¶μ²ÊÎ¨ÉÓ
1

gdc
=

1
f2

− 1
f1 + s

;
1

gcd
=

1
f1 − s

− 1
f2

, (23)

£¤¥ f1 Å Ëμ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥ ±¢ ¤·Ê¶μ²Ó´μ° ²¨´§Ò, ¡²¨¦ °Ï¥° ± Ê¸±μ-
·ÖÕÐ¥³Ê Ê¸É·μ°¸É¢Ê; f2 Å Ëμ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥ ¸²¥¤ÊÕÐ¥° ±¢ ¤·Ê¶μ²Ó´μ°
²¨´§Ò; s = 50 ¸³ Å · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê £² ¢´Ò³¨ ¶²μ¸±μ¸ÉÖ³¨ ÔÉ¨Ì ²¨´§,
´ Ìμ¤ÖÐ¨³¨¸Ö, ¢ ¶·¨¡²¨¦¥´¨¨ Éμ´±¨Ì ²¨´§, ¶μ¸·¥¤¨´¥ ± ¦¤μ° ²¨´§Ò; gdc Å
· ¸¸ÉμÖ´¨¥ ¤μ ¨§μ¡· ¦¥´¨Ö, ±μ£¤  ´  ¤Ê¡²¥É ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ ¸μ ¸Éμ·μ´Ò
Ê¸±μ·ÖÕÐ¥£μ Ê¸É·μ°¸É¢  ¶ ¤ ¥É ¶ · ²²¥²Ó´Ò° ¶ÊÎμ± Î ¸É¨Í ¨ ²¨´§  ¸ f1
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Ö¢²Ö¥É¸Ö ¤¥Ëμ±Ê¸¨·ÊÕÐ¥° ¢ £μ·¨§μ´É ²Ó´μ° ¶²μ¸±μ¸É¨; gcd Å · ¸¸ÉμÖ´¨¥ ¤μ
¨§μ¡· ¦¥´¨Ö ¤²Ö ¶ · ²²¥²Ó´μ£μ ¶ÊÎ± , ±μ£¤  ²¨´§  ¸ f1 Ö¢²Ö¥É¸Ö Ëμ±Ê¸¨·ÊÕ-
Ð¥° ¢ ¢¥·É¨± ²Ó´μ° ¶²μ¸±μ¸É¨.

…¸²¨ μ¡μ§´ Î¨ÉÓ

1
m

= 2
(

1
gcd

+
1

gdc

)
=

1
Fr

+
1
Fz

=
1,5
4�

+
2,5

4� + 2πR

¨
1
n

= 2
(

1
gcd

− 1
gdc

)
=

1
Fr

− 1
Fz

=
1, 5
4�

− 2, 5
4� + 2πR

, (24)

£¤¥

m =
8
3
�

⎡
⎢⎢⎣1 −

5
3(

8
3

+
πR

2�

)
⎤
⎥⎥⎦ ¨ n =

8
3
�

⎡
⎢⎢⎣

5
3(

2
3
− πR

2�

) − 1

⎤
⎥⎥⎦ , (25)

Éμ ³μ¦´μ ¢Ò· §¨ÉÓ

f1 =
√

s (4m + s) ¨ f2 =
4n

f1n

sm
− 1

. (26)

�·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥ ¸μμÉ´μÏ¥´¨¥ ¤²Ö f =
1√

k sin
√

kL
[5], £¤¥ k =

300dH/dx

Pc
=

300G

Pc
¨ L = 45 ¸³ Å ÔËË¥±É¨¢´ Ö ¤²¨´  μ¤´μ£μ ±¢ ¤·Ê¶μ²Ö

²¨´§Ò É¨¶  Œ‹-3, ³μ¦´μ, ¢ ¶·¨¡²¨¦¥´¨¨ Éμ´±¨Ì ²¨´§, ¶μ²ÊÎ¨ÉÓ f = 1
kL

¨, §´ Ö f , ´ °É¨ ¢Ò· ¦¥´¨¥ ¤²Ö £· ¤¨¥´Éμ¢ ³ £´¨É´μ£μ ¶μ²Ö G ¢ ± ¦¤μ° ¨§
±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§

G1 =
Pc

300
· 1
f1L

=
74P

f1
¨ G2 =

74P

f2
, (27)

£¤¥ G Å ¢ �/¸³, P Å ¢ ŒÔ‚/c ¨ f Å ¢ ¸³.
ˆ¸¶μ²Ó§ÊÖ ¸μμÉ´μÏ¥´¨¥ ¢ ±¢ ¤·Ê¶μ²Ó´μ° ²¨´§¥ ³¥¦¤Ê Î¨¸²μ³  ³¶¥·-

¢¨É±μ¢ (nI), £· ¤¨¥´Éμ³ G ¨  ¶¥·ÉÊ·μ° r [6] nI ≈ 0,4Gr2, ³μ¦´μ ¤²Ö ²¨´§Ò
É¨¶  Œ‹-3 ¸ n = 38 ¢¨É±μ¢ ¨ r = 5 ¸³ ´ °É¨ ¸μμÉ´μÏ¥´¨¥ ³¥¦¤Ê Éμ±μ³ I ¨
£· ¤¨¥´Éμ³ G:

I1 = 0, 264G1 ¨ I2 = 0, 264G2. (28)

� ¸¸Î¨É ´´Ò¥ ¶μ Ëμ·³Ê² ³ (27) ¨ (28) £· ¤¨¥´ÉÒ ¨ Éμ±¨ ¢ ¶¥·¢μ° ¨
¢Éμ·μ° ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ Ì ¢ § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ Ê¸±μ·¥´¨Ö ¶·μÉμ´μ¢
¨§μ¡· ¦¥´Ò ´  ·¨¸. 3, ¡.
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‘²¥¤Ê¥É μÉ³¥É¨ÉÓ ¡²¨§μ¸ÉÓ §´ Î¥´¨° G1 ¨ G2, I1 ¨ I2, ÎÉμ ¶μ§¢μ²¨É
§ ¶¨ÉÒ¢ ÉÓ ¤¢¥ ¸·¥¤´¨¥ ¨ ¤¢¥ ±· °´¨¥ ²¨´§Ò ±¢ ¤·Ê¶²¥É  ¶· ±É¨Î¥¸±¨ μ¤-
´¨³ Éμ±μ³.

„μ¶Ê¸É¨³Ò¥ μÉ±²μ´¥´¨Ö Δgcd ¨ Δgdc ¶·¨ ¸²ÊÎ °´μ³ ¨§³¥´¥´¨¨ Éμ± 
¨ ¸¢Ö§ ´´ÒÌ ¸ ´¨³ ¨§³¥´¥´¨ÖÌ ¢¥²¨Î¨´ f1¨ f2 ¢ÒÎ¨¸²ÖÕÉ¸Ö ¶μ μ¡ÒÎ´Ò³
Ëμ·³Ê² ³ ¸²ÊÎ °´ÒÌ μÏ¨¡μ±

Δgcd =

√(
dgcd

df1

)2

(Δf1)
2 +

(
dgcd

df2

)2

(Δf2)
2
, (29)

Δgdc =

√(
dgdc

df1

)2

(Δf1)
2 +

(
dgdc

df2

)2

(Δf2)
2
.

�Í¥´±  ¶μ Ëμ·³Ê² ³ (23) ¨ (26) ¤²Ö f1 ≈ f2 ≈ 300 ¸³ ¨ Δf/f =

±0,02 (±2 %) ¨ Δf1 ≈ Δf2 ≈ 6 ¸³ ¶μ¸²¥ ¶μ¤¸É ´μ¢±¨ ¢ (29) ¤ ¥É
Δgcd

gcd
=

ΔFz

Fz
= ±17 %,

Δgdc

gdc
=

ΔFr

Fr
= ±19 % ¶·¨ ¤μ¶Ê¸É¨³μ³ (22) μÉ±²μ´¥´¨¨

¸μμÉ¢¥É¸É¢¥´´μ ±20 ¨ ±33 %.
’ ±¨³ μ¡· §μ³, ¶μ¶¥·¥Î´ Ö ¨ ·¥§μ´ ´¸´ Ö Ê¸Éμ°Î¨¢μ¸ÉÓ ¶·μÉμ´´μ£μ ¶ÊÎ± 

¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö μ¡¥¸¶¥Î¨¢ ÕÉ¸Ö ¶·¨ ¸μ¡²Õ¤¥´¨¨ · ¸Î¥É´μ° § ¢¨¸¨³μ-
¸É¨ £· ¤¨¥´Éμ¢ G1 ¨ G2 μÉ ¢·¥³¥´¨ Ê¸±μ·¥´¨Ö ¸ ÉμÎ´μ¸ÉÓÕ ´¥ ÌÊ¦¥ ±2 %,
ÎÉμ ¢¶μ²´¥ ¤μ¸É¨¦¨³μ ¶·¨ ¸μ¢·¥³¥´´ÒÌ É¥Ì´¨Î¥¸±¨Ì ¸·¥¤¸É¢ Ì.

Šμ´¥Î´μ, ¶·¨¢¥¤¥´´Ò¥ · ¸Î¥ÉÒ ´μ¸ÖÉ ¶·¨¡²¨¦¥´´Ò°, μÍ¥´μÎ´Ò° Ì · ±-
É¥·, ¨ Éμ²Ó±μ ¤¥É ²Ó´Ò¥ · ¸Î¥ÉÒ ´  �‚Œ ¡¥§ ¢¸Ö±¨Ì ¤μ¶ÊÐ¥´¨° μ § ³¥´¥
·¥ ²Ó´ÒÌ ±¢ ¤·Ê¶μ²¥° ´  Éμ´±¨¥ ²¨´§Ò ¶μ§¢μ²ÖÉ ¸ ¤μ¸É ÉμÎ´μ° ÉμÎ´μ¸ÉÓÕ
μ¶·¥¤¥²¨ÉÓ Ê¸²μ¢¨Ö Ë §μ¢μ°, ¶μ¶¥·¥Î´μ° ¨ ·¥§μ´ ´¸´μ° Ê¸Éμ°Î¨¢μ¸É¨ ¨ ¸
ÊÎ¥Éμ³ ¤μ¶Ê¸±μ¢ ´  μ¤´μ·μ¤´μ¸ÉÓ ³ £´¨É´μ£μ ¶μ²Ö ¢ ³ £´¨É´ÒÌ §¥·± ² Ì ¢Ò-
Î¨¸²¨ÉÓ μ£¨¡ ÕÐ¨¥ ¨ § ¤ ÉÓ · §³¥·Ò  ¶¥·ÉÊ·Ò ³ £´¨É´ÒÌ ±¢ ¤·Ê¶μ²Ó´ÒÌ
²¨´§ ¨ ³¥¦¶μ²Õ¸´μ£μ § §μ·  ¢ ³ £´¨É´ÒÌ §¥·± ² Ì.

5. ‚��ˆ��’ ’…•�ˆ—…‘Š�‰ �…�‹ˆ‡�–ˆˆ “‘Š��ˆ’…‹Ÿ

‚ ·¨ ´É É¥Ì´¨Î¥¸±μ° ·¥ ²¨§ Í¨¨ ¶·¥¤²μ¦¥´´μ£μ ¨ · ¸¸³ É·¨¢ ¥³μ£μ ¢
ÔÉμ° ¸É ÉÓ¥ Ê¸±μ·¨É¥²Ö ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 4.

Š ± ¨ ¢ ¶·¥¤Ò¤ÊÐ¥³ ¢ ·¨ ´É¥ Ê¸±μ·¨É¥²Ö [1], ¢ ´μ¢μ³ ¢ ·¨ ´É¥ ¤²Ö ¨§-
£μÉμ¢²¥´¨Ö ³ £´¨É´ÒÌ §¥·± ² ¶·¥¤¶μ² £ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ´¨¥ Í¥²¨±μ³ ¢¸¥Ì
¤¥É ²¥° Ö·³  ³ £´¨É  Ê¸É ´μ¢±¨ ��…‘ μ¡Ð¨³ ¢¥¸μ³ μ±μ²μ 100 É ¸ ¤μ¶μ²´¨-
É¥²Ó´Ò³ ¨§£μÉμ¢²¥´¨¥³ ¶μ²Õ¸´ÒÌ ´ ±μ´¥Î´¨±μ¢ ¨ ¢±² ¤ÒÏ¥° ¤²Ö § ³Ò± ´¨Ö
³ £´¨É´ÒÌ ¶μÉμ±μ¢ ¢ ¡μ±μ¢ÒÌ Ô²¥³¥´É Ì Ö·³  ³ £´¨É´ÒÌ §¥·± ² μ¡Ð¨³ ¢¥-
¸μ³ μ±μ²μ 50 É.
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�¨¸. 4. ‚ ·¨ ´É É¥Ì´¨Î¥¸±μ° ·¥ ²¨§ Í¨¨ Ê¸±μ·¨-
É¥²Ö ¶·μÉμ´μ¢ ¸ · §·¥§´Ò³ ³ £´¨Éμ³ ´  μ¸´μ¢¥
¨³¥ÕÐ¨Ì¸Ö ¢ ´ ²¨Î¨¨ ¤¥É ²¥° Ö·³  ³ £´¨É  ¨ ³¥¤-
´μ° É·Ê¡±¨ Ê¸É ´μ¢±¨ APEC: 1 Å ¨¸ÉμÎ´¨± �−;
2 Å ¨´¦¥±Éμ· ¸ ¶¥·¥§ ·Ö¤´μ° (�− ¢ �+) Ëμ²Ó-
£μ°; 3 Å ¶μ¢μ·μÉ´Ò° ³ £´¨É ¸ ¶μ¸ÉμÖ´´Ò³ ¶μ²¥³;
4 Å ¨³¶Ê²Ó¸´Ò° ¶μ¢μ·μÉ´Ò° ³ £´¨É; 5 Å ¤Ê¡²¥É
³ £´¨É´ÒÌ ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ É¨¶  Œ‹-3 ¸ ¨§³¥-
´ÖÕÐ¨³¸Ö ¢μ ¢·¥³¥´¨ £· ¤¨¥´Éμ³ ³ £´¨É´μ£μ ¶μ²Ö;
6 Å ¨´¤Ê±Í¨μ´´μ¥ Ê¸±μ·ÖÕÐ¥¥ Ê¸É·μ°¸É¢μ ´  Ë¥·-
·¨É Ì; 7 Å Ê¤ ·´Ò° ³ £´¨É ´  μ¸´μ¢¥ Ë¥··¨Éμ¢ ¤²Ö
¢Ò¢μ¤  ¶·μÉμ´´μ£μ ¶ÊÎ± ; 8 Å ³ £´¨É´Ò¥ §¥·± ²  ¸
μ¤´μ·μ¤´Ò³ ¨ ¶μ¸ÉμÖ´´Ò³ ¢μ ¢·¥³¥´¨ ³ £´¨É´Ò³
¶μ²¥³ ´  μ¸´μ¢¥ ¨¸¶μ²Ó§μ¢ ´¨Ö ¤¥É ²¥° Ö·³  ³ £-
´¨É  Ê¸É ´μ¢±¨ APEC; 9 Å ¨³¶Ê²Ó¸´Ò° ³ £´¨É ¤²Ö
μÉ±²μ´¥´¨Ö ¢Ò¢¥¤¥´´μ£μ ¶·μÉμ´´μ£μ ¶ÊÎ± ; 10 Å
μ¡³μÉ±  ¢μ§¡Ê¦¤¥´¨Ö ³ £´¨É´ÒÌ §¥·± ² ´  μ¸´μ¢¥
³¥¤´μ° É·Ê¡±¨ Ê¸É ´μ¢±¨ APEC

„²Ö ¨§£μÉμ¢²¥´¨Ö μ¡³μÉμ± ¢μ§¡Ê¦¤¥´¨Ö Ê¸±μ·¨É¥²Ö ¸ ¸¥Î¥´¨¥³ μ¤´μ°
¸¥±Í¨¨ μ¡³μÉ±¨ 0,2 × 0,3 = 0,06 ³2, ±μÔËË¨Í¨¥´Éμ³ § ¶μ²´¥´¨Ö ³¥¤´μ°
É·Ê¡±μ°, · ¢´Ò³ ¶·¨¡²¨§¨É¥²Ó´μ 60 %, ¤²¨´μ° ¢¸¥Ì Î¥ÉÒ·¥Ì ¸¥±Í¨° μ¡³μÉ±¨
4 · 7 = 28 ³, ¶μ²´Ò³ ¢¥¸μ³ ³¥¤¨ ¢ Î¥ÉÒ·¥Ì ¸¥±Í¨ÖÌ μ±μ²μ 9 É ³μ¦´μ ¡Ê-
¤¥É ¨¸¶μ²Ó§μ¢ ÉÓ ³¥¤´ÊÕ É·Ê¡±Ê μÉ ± ÉÊÏ¥± ¢μ§¡Ê¦¤¥´¨Ö Ê¸É ´μ¢±¨ ��…‘ ¸
μ¡Ð¨³ ¢¥¸μ³ ³¥¤¨ ¢ ´¨Ì μ±μ²μ 20 É. „¢¥ ¸¥±Í¨¨ μ¡³μÉ±¨ ¤²Ö μ¤´μ£μ ³ £´¨É-
´μ£μ §¥·± ²  ¸μ¤¥·¦ É 154 ¢¨É± , ÎÉμ ¶·¨ Éμ±¥ ¢μ§¡Ê¦¤¥´¨Ö 103 � ¸ § ¶ ¸μ³
μ¡¥¸¶¥Î¨¢ ¥É ¢ § §μ·¥ ³ £´¨É´μ£μ §¥·± ² , · ¢´μ³ 5 ¸³, ³ £´¨É´ÊÕ ¨´¤Ê±Í¨Õ
2 ’².

�·¨ ÔÉμ³ ¸μ¶·μÉ¨¢²¥´¨¥ μ¡³μÉ±¨ μ¤´μ£μ ³ £´¨É´μ£μ §¥·± ²  ¶·¨ ¸¥Î¥´¨¨
³¥¤´μ° É·Ê¡±¨ 2,6 × 2,6 × φ1,6 = 4,76 ¸³2 ¸μ¸É ¢¨É

R =
2 · 10−6 · 154 · 700

4,7
≈ 0,045 �³,

¨ ¸Ê³³ ·´ Ö ¶μÉ·¥¡²Ö¥³ Ö ³μÐ´μ¸ÉÓ μÉ Ô²¥±É·μ¸¥É¨ ¤¢ÊÌ ³ £´¨É´ÒÌ §¥·± ²
¡Ê¤¥É · ¢´  W = 1000 · 45 · 2 = 90 ±‚É. �Éμ ¥¸ÉÓ ³ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥
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³μÐ´μ¸É¨, É ± ± ± ³ £´¨É´μ¥ ¶μ²¥ ¢ 2 ’², ¢μ§³μ¦´μ, ¡Ê¤¥É ¤μ¸É¨£´ÊÉμ ¶·¨
Éμ±¥, ³¥´ÓÏ¥³, Î¥³ 1000 �.

Œ ±¸¨³ ²Ó´ Ö ¶μÉ·¥¡²Ö¥³ Ö ³μÐ´μ¸ÉÓ ¤¢ÊÌ ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ ¸ ¸μ¶·μ-
É¨¢²¥´¨¥³ 0,3 �³ ± ¦¤ Ö ¸μ£² ¸´μ · ¸Î¥É´Ò³ §´ Î¥´¨Ö³ Éμ±  (·¨¸. 3, ¡) ´¥
¶·¥¢Ò¸¨É 1,5 ±‚É, É ± ÎÉμ ¸Ê³³ ·´ Ö ³μÐ´μ¸ÉÓ, ¶μÉ·¥¡²Ö¥³ Ö Ê¸±μ·¨É¥²¥³ ¸
ÊÎ¥Éμ³ ¢¸¥Ì μ¸É ²Ó´ÒÌ ¸¨¸É¥³ ¨ Ê¸É·μ°¸É¢ (¨´¦¥±Éμ· , ¨³¶Ê²Ó¸´ÒÌ ³ £´¨Éμ¢,
¢ ±ÊÊ³´ÒÌ ´ ¸μ¸μ¢ ¨ ¢μ¤Ö´μ£μ μÌ² ¦¤¥´¨Ö), ¸μ¸É ¢¨É μ±μ²μ 110 ±‚É.

Š ± ¨ ¢ ¶¥·¢μ´ Î ²Ó´μ³ ¢ ·¨ ´É¥ Ê¸±μ·¨É¥²Ö ¸ · §·¥§´Ò³ ³ £´¨Éμ³ [1],
¢ μ¸´μ¢Ê ±μ´¸É·Ê±Í¨¨ ¨´¦¥±Éμ·  ¶·¥¤²μ¦¥´´μ£μ ¢ ·¨ ´É  Ê¸±μ·¨É¥²Ö ³μ-
¦¥É ¡ÒÉÓ ¶μ²μ¦¥´  · §· ¡μÉ±  �ˆˆ�”� ¶μ É ´¤¥³-Ê¸±μ·¨É¥²Õ ¶·μÉμ´μ¢
“�-2 [8], ¢ ±μÉμ·μ³ ¸´ Î ²  Ê¸±μ·ÖÕÉ¸Ö �−-¨μ´Ò ¤μ Ô´¥·£¨¨ μ±μ²μ 1 ŒÔ‚,
§ É¥³ �− ¶¥·¥§ ·Ö¦ ¥É¸Ö ¢ �+, ¨ ¢μ ¢Éμ·μ° ¶μ²μ¢¨´¥ Ê¸±μ·¨É¥²Ö Ê¢¥²¨Î¨¢ ÕÉ
Ô´¥·£¨Õ ¢ ¤¢  · §  (·¨¸. 5,  ). ˆ´¦¥±Í¨Ö ¶·μÉμ´μ¢ ¢ Ê¸±μ·¨É¥²Ó μ¸ÊÐ¥¸É¢²Ö-
¥É¸Ö ¸ ¶μ³μÐÓÕ ¨³¶Ê²Ó¸´μ£μ μÉ±²μ´ÖÕÐ¥£μ ³ £´¨É  (·¨¸. 5, ¡) ¸ ¤²¨É¥²Ó´μ-
¸ÉÓÕ § ¤´¥£μ Ë·μ´É  ¨³¶Ê²Ó¸  μ±μ²μ 0,5 ³±¸.

‚ ± Î¥¸É¢¥ Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³Ò ³μ£ÊÉ ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò Ë¥··¨Éμ¢Ò¥
·¥§μ´ Éμ·Ò ¸ ¶μ¤³ £´¨Î¨¢ ´¨¥³, · §· ¡μÉ ´´Ò¥ ¨ μ¶·μ¡μ¢ ´´Ò¥ ¢ ˆŸ”
¨³. ƒ. ˆ.	Ê¤±¥·  ¢ �μ¢μ¸¨¡¨·¸±¥ [9].

‚Ò¢μ¤ ¶·μÉμ´μ¢ ¨§ Ê¸±μ·¨É¥²Ö ¶·μ¨§¢μ¤¨É¸Ö Ê¤ ·´Ò³ ³ £´¨Éμ³ ¸ ¤²¨-
É¥²Ó´μ¸ÉÓÕ ¶¥·¥¤´¥£μ Ë·μ´É  ¨³¶Ê²Ó¸  ³¥´¥¥ 0,1 ³±¸. ˆ³¶Ê²Ó¸´μ¥ ³ £´¨É´μ¥
¶μ²¥ ¸ ¨´¤Ê±Í¨¥° 0,05 ’² ´  ¤²¨´¥ ¶·¨¡²¨§¨É¥²Ó´μ 1 ³ ¶μ§¢μ²Ö¥É μÉ±²μ´¨ÉÓ
¢Ò¢μ¤¨³Ò¥ ¶·μÉμ´Ò ´  Ê£μ² ∼ 1◦ ¨ μ¡¥¸¶¥Î¨ÉÓ · §¤¥²¥´¨¥ μ·¡¨É ´  ¢ÒÌμ¤¥
¨§ Ê¸±μ·¨É¥²Ö ¤μ 15 ¸³ (·¨¸. 5, ¢).

Šμ´¸É·Ê±Í¨Ö Ê¤ ·´μ£μ ³ £´¨É  ³μ¦¥É ¡ÒÉÓ ¢§ÖÉ  ¢ Ê¶·μÐ¥´´μ³ ¢¨¤¥ ¨§
· §· ¡μÉ ´´μ£μ ¢ �·μÉ¢¨´μ Ê¸É·μ°¸É¢  ¤²Ö ¡Ò¸É·μ£μ ¢Ò¢μ¤  ¶ÊÎ±  ¶·μÉμ´μ¢
¸ Ô´¥·£¨° 70 ƒÔ‚ [10] (·¨¸. 5, £).

�μ ¸· ¢´¥´¨Õ ¸ ¨§μÌ·μ´´Ò³ Í¨±²μÉ·μ´μ³ [7] ¢¥¸ ¨ ¸Ê³³ ·´ Ö ¶μÉ·¥¡²Ö-
¥³ Ö ³μÐ´μ¸ÉÓ ¶·¥¤²μ¦¥´´μ£μ Ê¸±μ·¨É¥²Ö ¡Ê¤ÊÉ ¶·¨³¥·´μ ¢ ¤¢  · §  ³¥´ÓÏ¥,
  ¨¸¶μ²Ó§μ¢ ´¨¥ ¨³¥ÕÐ¨Ì¸Ö ¢ ´ ²¨Î¨¨ £μÉμ¢ÒÌ ¤¥É ²¥° ¨ ³ É¥·¨ ²μ¢ ¶μ§¢μ-
²¨É ¸´¨§¨ÉÓ § É· ÉÒ ´  ¥£μ ¨§£μÉμ¢²¥´¨¥, ³μ´É ¦ ¨ ´ ² ¤±Ê ¢ ´¥¸±μ²Ó±μ · §.

‚ Í¥²μ³ ¶·¥¤²μ¦¥´´Ò° Ê¸±μ·¨É¥²Ó, ± ± ¨ ¶¥·¢μ´ Î ²Ó´Ò° ¢ ·¨ ´É Ê¸±μ-
·¨É¥²Ö [1], ³μ¦¥É ¡ÒÉÓ ¨§£μÉμ¢²¥´ ¸¨² ³¨ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³
�ˆŸˆ ¢ ¶μ·Ö¤±¥ É¥±ÊÐ¥° ¤¥ÖÉ¥²Ó´μ¸É¨ ¡¥§ ¶·¨¢²¥Î¥´¨Ö ¸Éμ·μ´´¨Ì μ·£ ´¨§ -
Í¨° ¶μ ¶μ¢μ¤Ê ± ±¨Ì-²¨¡μ ¤μ¶μ²´¨É¥²Ó´ÒÌ · §· ¡μÉμ± ¨ ¨§£μÉμ¢²¥´¨Ö ¸¶¥Í¨-
 ²Ó´μ£μ μ¡μ·Ê¤μ¢ ´¨Ö, ¨¸¶ÒÉ ´ ¨ Ê¸É ´μ¢²¥´ ¢ §¤ ´¨¨ Œ¥¤¨±μ-É¥Ì´¨Î¥¸±μ£μ
±μ³¶²¥±¸  ‹Ÿ� �ˆŸˆ, ± ± ÔÉμ ¶μ± § ´μ ´  ·¨¸. 6, ÎÉμ ¶μ§¢μ²¨É ¶·¨ ¶·μ¢¥-
¤¥´¨¨ ¶·μÉμ´´μ° É¥· ¶¨¨ § ³¥´¨ÉÓ Ë §μÉ·μ´ �ˆŸˆ ´  Ê¸±μ·¨É¥²Ó ¸ ¸ÊÐ¥-
¸É¢¥´´μ ³¥´ÓÏ¨³ ¶μÉ·¥¡²¥´¨¥³ Ô´¥·£¨¨ ¨ μ¡¥¸¶¥Î¨ÉÓ ¶¥·¸¶¥±É¨¢Ê ¶¥·¥Ìμ¤ 
´  ± Î¥¸É¢¥´´μ ²ÊÎÏ¨¥ ¶·μÉμ´´Ò¥ ¶ÊÎ±¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ´ ¨¡μ²¥¥ ¶¥·¥¤μ-
¢ÒÌ ³¥Éμ¤¨±  ±É¨¢´μ£μ Ëμ·³¨·μ¢ ´¨Ö ¤μ§´ÒÌ ¶μ²¥° ¨ μ¡²ÊÎ¥´¨Ö ¶ Í¨¥´Éμ¢
¶ÊÉ¥³ É·¥Ì³¥·´μ£μ ¸± ´¨·μ¢ ´¨Ö ¶·μÉμ´´μ£μ ¶ÊÎ± .
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�¨¸. 5.  ) ˆ´¦¥±Éμ· ´  μ¸´μ¢¥ ¨³¶Ê²Ó¸´μ£μ É· ´¸Ëμ·³ Éμ·  ¸ ¶¥·¥§ ·Ö¤´μ° (�− ¢
�+) Ëμ²Ó£μ°: 1 Å ¨¸ÉμÎ´¨± �−; 2 Å ¸¥±Í¨μ´¨·μ¢ ´´ Ö Ê¸±μ·¨É¥²Ó´ Ö É·Ê¡± ; 3 Å
¢Ò¸μ±μ¢μ²ÓÉ´Ò° Ô²¥±É·μ¤; 4 Å ¶¥·¥§ ·Ö¤´ Ö Ëμ²Ó£ ; 5 Å ¸¥±Í¨¨ ¢Ò¸μ±μ¢μ²ÓÉ´μ° μ¡-
³μÉ±¨ ¨³¶Ê²Ó¸´μ£μ É· ´¸Ëμ·³ Éμ· ; 6 Å ¸¥±Í¨Ö ¶¥·¢¨Î´μ° μ¡³μÉ±¨ É· ´¸Ëμ·³ Éμ· .
¡) C-μ¡· §´Ò° ¨³¶Ê²Ó¸´Ò° μÉ±²μ´ÖÕÐ¨° ³ £´¨É ¤²Ö ¨´¦¥±Í¨¨ ¸ Ö·³μ³ ¨§ ²¨¸Éμ¢μ£μ
¦¥²¥§ : 1 Å ¢¨¤ ¸¡μ±Ê; 2 Å · §·¥§ ¢ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨. ¢) �·¨´Í¨¶¨ ²Ó´ Ö ¸Ì¥³ 
¢Ò¢μ¤  ¶ÊÎ± : 1 Å Ê¤ ·´Ò° ³ £´¨É; 2 Å ³ £´¨É´Ò¥ §¥·± ² ; 3 Å ´¥μÉ±²μ´¥´´ Ö
É· ¥±Éμ·¨Ö; 4 Å μÉ±²μ´¥´´ Ö É· ¥±Éμ·¨Ö; 5 Å ¨³¶Ê²Ó¸´Ò° ¶μ¢μ·μÉ´Ò° ³ £´¨É. £)
�μ¶¥·¥Î´Ò° · §·¥§ Ê¤ ·´μ£μ ³ £´¨É : 1 Å Ë¥··¨Éμ¢Ò° ¸¥·¤¥Î´¨±; 2 Å ¢ ±ÊÊ³´ Ö
± ³¥· ; 3 Å ¢´ÊÉ·¥´´¨° Éμ±μ¶·μ¢μ¤; 4 Å ´ ·Ê¦´Ò° Éμ±μ¶·μ¢μ¤
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�¨¸. 6. �¤¨´ ¨§ ¢μ§³μ¦´ÒÌ ¢ ·¨ ´Éμ¢ · ¸¶μ²μ¦¥´¨Ö Ê¸±μ·¨É¥²Ö ¢ §¤ ´¨¨ Œ¥¤¨±μ-
É¥Ì´¨Î¥¸±μ£μ ±μ³¶²¥±¸  ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³ �ˆŸˆ
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‡�Š‹�—…�ˆ…

�·¥¤²μ¦¥´ ¨ · ¸¸³μÉ·¥´ ¢ ·¨ ´É Ê¸±μ·¨É¥²Ö ¶·μÉμ´μ¢ ¸ · §·¥§´Ò³ ³ £-
´¨Éμ³ ¤²Ö Œ¥¤¨±μ-É¥Ì´¨Î¥¸±μ£μ ±μ³¶²¥±¸  ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³
�ˆŸˆ, ±μÉμ·Ò°, ¶μ ¸· ¢´¥´¨Õ ¸ ¶¥·¢μ´ Î ²Ó´Ò³ ¢ ·¨ ´Éμ³ [1], ¶μ§¢μ²Ö¥É
¨¸±²ÕÎ¨ÉÓ ¨§ μ¡Ð¥° ¸Ì¥³Ò Ê¸±μ·¨É¥²Ö ¢μ¸¥³Ó ¶μ¸ÉμÖ´´ÒÌ ³ £´¨Éμ¢ ¤²Ö ¸μ-
¶·Ö¦¥´¨Ö ´ ±²μ´´ÒÌ É· ¥±Éμ·¨° ¸ É· ¥±Éμ·¨Ö³¨ ¶·μÉμ´´ÒÌ ¶ÊÎ±μ¢ ¢ ³ £-
´¨É´ÒÌ §¥·± ² Ì, Ê³¥´ÓÏ¨ÉÓ ¢ ¤¢  · §  Î¨¸²μ ¨¸¶μ²Ó§Ê¥³ÒÌ ³ £´¨É´ÒÌ ±¢ -
¤·Ê¶μ²Ó´ÒÌ ²¨´§ ¨ É¥³ ¸ ³Ò³ ¸ÊÐ¥¸É¢¥´´μ Ê¶·μ¸É¨ÉÓ ±μ´¸É·Ê±Í¨Õ ¢¸¥£μ
Ê¸±μ·¨É¥²Ö.

Š·μ³¥ Éμ£μ, Ê¸É· ´¥´¨¥ ±· ¥¢μ° ¤¥Ëμ±Ê¸¨·μ¢±¨ ¢ ¢¥·É¨± ²Ó´μ° ¶²μ¸-
±μ¸É¨ ¶·¨ ¶¥·¥¸¥Î¥´¨¨ ¶¥·¥¤´¥° £· ´¨ÍÒ ³ £´¨É´μ£μ §¥·± ²  ¶·¨¢¥¤¥É ¢
´μ¢μ³ ¢ ·¨ ´É¥ Ê¸±μ·¨É¥²Ö ± §´ Î¨É¥²Ó´μ³Ê (¢ ´¥¸±μ²Ó±μ · §) ¶μ¢ÒÏ¥´¨Õ
 ±¸¥¶É ´¸  Ê¸±μ·¨É¥²Ö ¢ ¢¥·É¨± ²Ó´μ° ¶²μ¸±μ¸É¨ ¨ ¸´¨¦¥´¨Õ É·¥¡μ¢ ´¨°
± ÉμÎ´μ¸É¨ ´ ¸É·μ°±¨ Ëμ±Ê¸¨·μ¢±¨ ³ £´¨É´ÒÌ ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ ¢ ÔÉμ°
¶²μ¸±μ¸É¨.

�·μ¢¥¤¥´´Ò¥ · ¸Î¥ÉÒ ¨  ´ ²¨§ Ë §μ¢μ°, ¶μ¶¥·¥Î´μ° ¨ ·¥§μ´ ´¸´μ° Ê¸Éμ°-
Î¨¢μ¸É¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¤²Ö · ¸¸³μÉ·¥´´μ£μ ¢ ·¨ ´É  Ê¸±μ·¨É¥²Ö ¶μ§¢μ-
²ÖÕÉ ¸¤¥² ÉÓ ¢Ò¢μ¤ μ ¥£μ ¶·¨´Í¨¶¨ ²Ó´μ° μ¸ÊÐ¥¸É¢¨³μ¸É¨.

‚μ§³μ¦´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö ¶·¨ É¥Ì´¨Î¥¸±μ° ·¥ ²¨§ Í¨¨ · ¸¸³μÉ·¥´-
´μ£μ Ê¸±μ·¨É¥²Ö Ìμ·μÏμ ¨§¢¥¸É´ÒÌ ¨  ¶·μ¡¨·μ¢ ´´ÒÌ Ô²¥³¥´Éμ¢ Ê¸±μ·¨É¥²Ó-
´μ° É¥Ì´¨±¨,   É ±¦¥ ¨³¥ÕÐ¨Ì¸Ö ¢ ´ ²¨Î¨¨ £μÉμ¢ÒÌ ¤¥É ²¥° ¨ ³ É¥·¨ ²μ¢
¶μ§¢μ²Ö¥É ¸ÊÐ¥¸É¢¥´´μ Ê³¥´ÓÏ¨ÉÓ ¸Ê³³ ·´Ò¥ § É· ÉÒ ´  ¥£μ ¨§£μÉμ¢²¥´¨¥,
³μ´É ¦ ¨ ´ ² ¤±Ê ¨ μ¸ÊÐ¥¸É¢¨ÉÓ ¢¥¸Ó ¶·μ¥±É ¢ · ³± Ì É¥±ÊÐ¥° ¤¥ÖÉ¥²Ó´μ¸É¨
‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³ �ˆŸˆ.
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