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‘ ¢Î¥´±μ �. ‚. P9-2007-60
�·¥¤²μ¦¥´¨¥ ¨ Ë¨§¨±μ-É¥Ì´¨Î¥¸±μ¥ μ¡μ¸´μ¢ ´¨¥
¢ ·¨ ´É  Ê¸±μ·¨É¥²Ö ¶·μÉμ´μ¢ ´μ¢μ£μ É¨¶  ¤²Ö
³¥¤¨±μ-É¥Ì´¨Î¥¸±μ£μ ±μ³¶²¥±¸  ‹Ÿ� �ˆŸˆ

�·¥¤²μ¦¥´ Ê¸±μ·¨É¥²Ó ¶·μÉμ´μ¢ ´μ¢μ£μ É¨¶  (Ë §μÉ·μ´ ¸ · §¤¥²¥´´Ò³ ³ £´¨Éμ³
¨²¨ ·¥Í¨·±Ê²ÖÍ¨μ´´Ò° Ë §μÉ·μ´), ¢ ±μÉμ·μ³ ³ £´¨É´μ¥ ¶μ²¥ ¢ μÉ±²μ´ÖÕÐ¨Ì ³ £´¨É Ì
Ö¢²Ö¥É¸Ö ¶μ¸ÉμÖ´´Ò³,   Î ¸ÉμÉ  Ê¸±μ·ÖÕÐ¥£μ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¨ £· ¤¨¥´ÉÒ ³ £´¨É-
´μ£μ ¶μ²Ö ¢ Ëμ±Ê¸¨·ÊÕÐ¨Ì ²¨´§ Ì ¨§³¥´ÖÕÉ¸Ö ¢μ ¢·¥³Ö Í¨±²  Ê¸±μ·¥´¨Ö ¶μ § ¤ ´´Ò³
¶·μ£· ³³ ³.

�·μ¢¥¤¥´  ´ ²¨§ É· ¥±Éμ·´μ° ¸μ¶·Ö¦¥´´μ¸É¨,   É ±¦¥ Ë §μ¢μ°, ¶·μ¸É· ´¸É¢¥´´μ° ¨
·¥§μ´ ´¸´μ° Ê¸Éμ°Î¨¢μ¸É¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ ´μ¢μ³ Ê¸±μ·¨É¥²¥, ¶μ§¢μ²ÖÕÐ¨° ¸¤¥² ÉÓ
¢Ò¢μ¤ μ ¶·¨´Í¨¶¨ ²Ó´μ° ¢μ§³μ¦´μ¸É¨ ¥£μ ¸μ§¤ ´¨Ö.

’ ±¨¥ μ¸μ¡¥´´μ¸É¨ ´μ¢μ£μ Ê¸±μ·¨É¥²Ö, ± ± ¡Ò¸É·μÍ¨±²¨Î´μ¸ÉÓ (50Ä100 ƒÍ) ¨ ¢μ§-
³μ¦´μ¸ÉÓ ¨§³¥´ÖÉÓ Ô´¥·£¨Õ ¨ ±μ²¨Î¥¸É¢μ Î ¸É¨Í ¢ ± ¦¤μ³ Í¨±²¥ Ê¸±μ·¥´¨Ö, ´ ¨¡μ²¥¥
¶μ²´μ ¸μμÉ¢¥É¸É¢ÊÕÉ ±²¨´¨Î¥¸±¨³ É·¥¡μ¢ ´¨Ö³ ± ¶·μÉμ´´Ò³ ¶ÊÎ± ³, μ¸μ¡¥´´μ ¶·¨ ¨¸-
¶μ²Ó§μ¢ ´¨¨ ¶¥·¸¶¥±É¨¢´ÒÌ ³¥Éμ¤μ¢  ±É¨¢´μ£μ Ëμ·³¨·μ¢ ´¨Ö ¤μ§´ÒÌ ¶μ²¥°. �·¥¤²μ¦¥´
É¥Ì´¨Î¥¸±¨° ¢ ·¨ ´É ·¥ ²¨§ Í¨¨ ´μ¢μ£μ Ê¸±μ·¨É¥²Ö ¢ §¤ ´¨¨ ³¥¤¨±μ-É¥Ì´¨Î¥¸±μ£μ ±μ³-
¶²¥±¸  ‹Ÿ� �ˆŸˆ.

� ¡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¡´ , 2007
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Savchenko O. V. P9-2007-60
The Proposal and Physico-Technical Feasibility Studies of
an Accelerator of New Type for the Medico-Technical Complex
of the LNP, JINR

A proton accelerator of new type (a phasotron with a divided magnet or a recirculation
phasotron), in which the magnetic ˇeld in bending magnets is constant and the frequency of
the accelerating electrical ˇeld and the gradient of the magnetic ˇeld in focusing lenses vary
during the acceleration cycle according to preset programs, is proposed.

The analysis of consistency of trajectories as well as of phase, transverse and resonance
stability, which allows making a conclusion about the principal possibility of realizing such
an accelerator, is carried out.

Some particularities of the new accelerator such as speed cycles (50Ä100 Hz) and the
possibility to vary the energy and the number of particles in each acceleration cycle are
the most suitable clinical requirements on proton beams, particularly while using perspective
methods of active formation of dose ˇelds.

A proposal on technical feasibility of realization of a new accelerator within the building
of the Medico-Technical Complex of the LNP, JINR, is made.

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

Communication of the Joint Institute for Nuclear Research. Dubna, 2007
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‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ³¥¤¨Í¨´¸±¨¥ ¶·μÉμ´´Ò¥ ¶ÊÎ±¨ ¸ Ô´¥·£¨¥° 85Ä250 ŒÔ‚
¤²Ö ¨¸¶μ²Ó§μ¢ ´¨Ö ¢ ¶·μÍ¥¤Ê·´ÒÌ ± ¡¨´ Ì ³¥¤¨±μ-É¥Ì´¨Î¥¸±μ£μ ±μ³¶²¥±¸ 
(Œ’Š) ‹Ÿ� �ˆŸˆ ¶μ²ÊÎ ÕÉ¸Ö ¶ÊÉ¥³ Éμ·³μ¦¥´¨Ö ¢Ò¢¥¤¥´´μ£μ ¨§ Ë §μÉ·μ´ 
‹Ÿ� �ˆŸˆ ¶·μÉμ´´μ£μ ¶ÊÎ±  ¸ Ô´¥·£¨¥° 660 ŒÔ‚ ¨ ¨´É¥´¸¨¢´μ¸ÉÓÕ μ±μ²μ
2,5 ³±�.

�·¨ É ±μ³ ¸¶μ¸μ¡¥ £¥´¥· Í¨¨ ¶·μÉμ´´ÒÌ ¶ÊÎ±μ¢ ¢ ¶·μÍ¥¤Ê·´Ò¥ ± -
¡¨´Ò Œ’Š Ê¤ ¥É¸Ö ¤μ¢¥¸É¨ § Éμ·³μ¦¥´´Ò¥ ¶ÊÎ±¨ ¸ ¨´É¥´¸¨¢´μ¸ÉÓÕ ´¥ ¡μ²¥¥
1 ´�. 	´¥·£¥É¨Î¥¸± Ö ³μÐ´μ¸ÉÓ É ±¨Ì ¶ÊÎ±μ¢ ¸μ¸É ¢²Ö¥É ¢¸¥£μ μ±μ²μ Î¥-
É¢¥·É¨ ¢ ÉÉ , ¢ Éμ ¢·¥³Ö ± ± ³μÐ´μ¸ÉÓ ¢Ò¢¥¤¥´´μ£μ ¶ÊÎ±  ¶·μÉμ´μ¢ ¶·¨¡²¨-
¦ ¥É¸Ö ± 1,5 ±‚É,   ¸Ê³³ ·´ Ö ³μÐ´μ¸ÉÓ, ¶μÉ·¥¡²Ö¥³ Ö Ë §μÉ·μ´μ³, ¤μ¸É¨£ ¥É
3000 ±‚É, É. ¥. ¢ 107 · § ¡μ²ÓÏ¥. ‘Éμ²Ó ´¨§±¨° ±μÔËË¨Í¨¥´É ¶·¥μ¡· §μ¢ ´¨Ö
§ É· Î¥´´μ° Ô´¥·£¨¨ ¢ Ô´¥·£¨Õ ¨¸¶μ²Ó§Ê¥³μ£μ É¥· ¶¥¢É¨Î¥¸±μ£μ ¶ÊÎ±  ¶·μÉμ-
´μ¢ ¢μ§³μ¦´μ ¡Ê¤¥É ¢ ¡Ê¤ÊÐ¥³ §´ Î¨É¥²Ó´μ ¶μ¢Ò¸¨ÉÓ ¢ ¨´É¥´¸¨¢´μ · §· ¡ -
ÉÒ¢ ¥³ÒÌ ¶² §³¥´´ÒÌ Ê¸±μ·¨É¥²ÖÌ ´  μ¸´μ¢¥ ³μÐ´ÒÌ ¨³¶Ê²Ó¸´ÒÌ ² §¥·μ¢,
£¤¥ Ê¦¥ ¸¥°Î ¸ ¶μ²ÊÎ¥´Ò ¶·μÉμ´Ò, Ê¸±μ·¥´´Ò¥ ¤μ £· ´¨Î´μ° Ô´¥·£¨¨ μ±μ²μ
20 ŒÔ‚ ¶·¨ ±μÔËË¨Í¨¥´É¥ ¶·¥μ¡· §μ¢ ´¨Ö Ô´¥·£¨¨ ¶μ·Ö¤±  1% [1].

�¤´ ±μ, ¶μ ³´¥´¨Õ ¸ ³¨Ì · §· ¡μÉÎ¨±μ¢, ´ ¤¥¦´μ Ê¶· ¢²Ö¥³Ò¥ ¶² §³¥´-
´Ò¥ Ê¸±μ·¨É¥²¨ ¶μÖ¢ÖÉ¸Ö ´¥ · ´¥¥ Î¥³ ²¥É Î¥·¥§ 20 ¨²¨ ¶μ§¤´¥¥, ¶μÔÉμ³Ê ¢
¡²¨¦ °Ï¨¥ 5Ä10 ²¥É ¤²Ö Œ’Š ‹Ÿ� �ˆŸˆ ¥¤¨´¸É¢¥´´μ°  ²ÓÉ¥·´ É¨¢μ° ¸´¨-
¦¥´¨Ö Ô´¥·£μ§ É· É ¡Ê¤¥É μ¸É ¢ ÉÓ¸Ö · §¢¨É¨¥, ¸μ¢¥·Ï¥´¸É¢μ¢ ´¨¥ ¨ ¨¸¶μ²Ó-
§μ¢ ´¨¥ ¢³¥¸Éμ Ë §μÉ·μ´  ¸¶¥Í¨ ²¨§¨·μ¢ ´´ÒÌ ³¥¤¨Í¨´¸±¨Ì Ê¸±μ·¨É¥²¥°,
μ¸´μ¢ ´´ÒÌ ´  É· ¤¨Í¨μ´´ÒÌ ³¥Éμ¤ Ì Ê¸±μ·¥´¨Ö.

„²Ö § ³¥´Ò Ë §μÉ·μ´  ´  Ê¸±μ·¨É¥²Ó ¸ ³¥´ÓÏ¨³ (¶·¨³¥·´μ ´  ¶μ·Ö¤μ±)
¶μÉ·¥¡²¥´¨¥³ Ô´¥·£¨¨ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¨³¥¥É¸Ö ´¥¸±μ²Ó±μ ¶·¥¤²μ¦¥´¨°.

�·μÉμ´´Ò° ¸¨´Ì·μÉ·μ´ [2] ¨³¥¥É ·Ö¤ ¶·¥¨³ÊÐ¥¸É¢, μ¡Ê¸²μ¢²¥´´ÒÌ ´¨§-
±¨³ (¤μ 100 ±‚É) Ô´¥·£μ¶μÉ·¥¡²¥´¨¥³ ¨ ¢μ§³μ¦´μ¸ÉÓÕ ¨§³¥´¥´¨Ö Ô´¥·£¨¨
¢ ± ¦¤μ³ Í¨±²¥ Ê¸±μ·¥´¨Ö. �¤´ ±μ μ´ ¨³¥¥É É ±¦¥ ¨ É ±¨¥ ¸ÊÐ¥¸É¢¥´´Ò¥
´¥¤μ¸É É±¨, ± ± ´¨§± Ö (¶μ·Ö¤±  1 ƒÍ) Î ¸ÉμÉ  Í¨±²μ¢ Ê¸±μ·¥´¨Ö ¨ ¸²μ¦´μ¸ÉÓ
¢ ´ ¸É·μ°±¥ ¨ Ê¶· ¢²¥´¨¨.

ˆ§μÌ·μ´´Ò° Í¨±²μÉ·μ´ [3, 4] ´  Ô´¥·£¨Õ 190Ä230 ŒÔ‚ μ¡² ¤ ¥É ´¨§±¨³
(100Ä 200 ±‚É) Ô´¥·£μ¶μÉ·¥¡²¥´¨¥³ ¨ ¸· ¢´¨É¥²Ó´μ° ¶·μ¸ÉμÉμ° ¢ Ê¶· ¢²¥´¨¨,
μ¤´ ±μ μ´ ¨³¥¥É Ë¨±¸¨·μ¢ ´´ÊÕ Ô´¥·£¨Õ Ê¸±μ·¥´´ÒÌ ¶·μÉμ´μ¢, ÎÉμ ¶·¨¢μ¤¨É
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± ´¥μ¡Ìμ¤¨³μ¸É¨ ¸μ§¤ ´¨Ö ¤μ¶μ²´¨É¥²Ó´ÒÌ Ê¸É·μ°¸É¢ ¤²Ö Éμ·³μ¦¥´¨Ö ¶·μ-
Éμ´μ¢ ¨ ¶μ¢ÒÏ¥´¨Õ (¶·¨³¥·´μ ´  ¤¢  ¶μ·Ö¤± ) ¨´É¥´¸¨¢´μ¸É¨ ¢´ÊÉ·¥´´¥£μ
Ê¸±μ·¥´´μ£μ ¶ÊÎ± , §´ Î¨É¥²Ó´μ ÊÌÊ¤Ï ÕÐ¨Ì · ¤¨ Í¨μ´´ÊÕ μ¡¸É ´μ¢±Ê ¢´Ê-
É·¨ ¨ ¢μ±·Ê£ Ê¸±μ·¨É¥²Ö. Š·μ³¥ Éμ£μ, μÍ¥´μÎ´ Ö ¸Éμ¨³μ¸ÉÓ ÔÉ¨Ì Ê¸±μ·¨É¥²¥°
¸μ¸É ¢²Ö¥É 5Ä7 ³²´ ¤μ²². ‘˜�, ÎÉμ ¶·¨ ¸ÊÐ¥¸É¢ÊÕÐ¥³ Ê·μ¢´¥ Ë¨´ ´¸¨·μ-
¢ ´¨Ö ¢ �ˆŸˆ μÉμ¤¢¨£ ¥É ¨Ì ·¥ ²¨§ Í¨Õ ´  ´¥μ¶·¥¤¥²¥´´μ¥ ¢·¥³Ö.

–¥²ÓÕ ´ ¸ÉμÖÐ¥° · ¡μÉÒ Ö¢²Ö¥É¸Ö ¶·¥¤²μ¦¥´¨¥ ¨ Ë¨§¨±μ-É¥Ì´¨Î¥¸±μ¥
μ¡μ¸´μ¢ ´¨¥ ¶·¨´Í¨¶¨ ²Ó´μ° ¢μ§³μ¦´μ¸É¨ ¸μ§¤ ´¨Ö Ê¸±μ·¨É¥²Ö, ¸¢μ¡μ¤´μ£μ
μÉ ´¥¤μ¸É É±μ¢ ¶·μÉμ´´μ£μ ¸¨´Ì·μÉ·μ´  ¨ ¨§μÌ·μ´´μ£μ Í¨±²μÉ·μ´ . ’ ±μ°
Ê¸±μ·¨É¥²Ó, ¢ ±μÉμ·μ³ Î ¸ÉμÉ  Í¨±²μ¢ ¸μ¸É ¢²Ö¥É 50Ä100 ƒÍ,   Ô´¥·£¨Õ (¢
¶·¥¤¥² Ì 70Ä230 ŒÔ‚) ¨ ¨´É¥´¸¨¢´μ¸ÉÓ (¢ ¤¨ ¶ §μ´¥ 0,1Ä2 ´�) ³μ¦´μ ¡Ê-
¤¥É § ¤ ¢ ÉÓ ¨ ³¥´ÖÉÓ ¢ ± ¦¤μ³ Í¨±²¥ Ê¸±μ·¥´¨Ö, ¡Ò² ¡Ò ´ ¨¡μ²¥¥ ¡²¨§μ± ±
¨¤¥ ²Ó´μ³Ê Ê¸±μ·¨É¥²Õ, Ê¤μ¢²¥É¢μ·ÖÕÐ¥³Ê ¢¸¥³ ·¥±μ³¥´¤μ¢ ´´Ò³ ±²¨´¨Î¥-
¸±¨³ É·¥¡μ¢ ´¨Ö³ [5] ¨ μ¡¥¸¶¥Î¨¢ ÕÐ¥³Ê ¢ ·¥¦¨³¥  ±É¨¢´μ£μ Ëμ·³¨·μ¢ ´¨Ö
¤μ§´ÒÌ ¶μ²¥° ¤μ¢¥¤¥´¨¥ ± ¦¤μ° £·Ê¶¶Ò Ê¸±μ·¥´´ÒÌ ¶·μÉμ´μ¢ ¤μ § ¤ ´´μ£μ
³¥¸É  ¢ μ¶ÊÌμ²¥¢μ³ μ¡Ñ¥³¥ ¶ Í¨¥´É . �·¨Î¥³ ¸Éμ¨³μ¸ÉÓ ¥£μ ·¥ ²¨§ Í¨¨ ³μ-
¦¥É μ± § ÉÓ¸Ö ¸ÊÐ¥¸É¢¥´´μ ³¥´ÓÏ¥° §  ¸Î¥É ¨¸¶μ²Ó§μ¢ ´¨Ö £μÉμ¢ÒÌ ¤¥É ²¥°,
¨³¥ÕÐ¨Ì¸Ö · §· ¡μÉμ± ³ £´¨É´ÒÌ Ô²¥³¥´Éμ¢ ¨ ¸É ´¤ ·É´μ£μ ¶·μ³ÒÏ²¥´´μ£μ
μ¡μ·Ê¤μ¢ ´¨Ö.

1. ��ˆ�–ˆ�ˆ�‹œ��Ÿ ‘•…Œ� ��…„‹�ƒ�…Œ�ƒ� “‘Š��ˆ’…‹Ÿ

�¡Ð Ö ¸Ì¥³  Ê¸±μ·¨É¥²Ö ´μ¢μ£μ É¨¶  ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 1.
�¸´μ¢´μ¥ μÉ²¨Î¨¥ ¶·¥¤² £ ¥³μ£μ Ê¸±μ·¨É¥²Ö ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ³ £´¨É

Ê¸±μ·¨É¥²Ö · §¤¥²¥´ ´  ¤¢¥ Î ¸É¨, ¢Ò¶μ²´ÖÕÐ¨¥ ·μ²Ó ³ £´¨É´ÒÌ §¥·± ², · §-
´¥¸¥´´ÒÌ ´  · ¸¸ÉμÖ´¨¥, ¶μ§¢μ²ÖÕÐ¥¥ Ê¸É ´μ¢¨ÉÓ ¢ ¶·μ³¥¦ÊÉ±¥, ¸¢μ¡μ¤´μ³
μÉ ³ £´¨É´μ£μ ¶μ²Ö, ¢¸¥ ´¥μ¡Ìμ¤¨³Ò¥ ¸¨¸É¥³Ò Ê¶· ¢²¥´¨Ö ¨ ±μ´É·μ²Ö §  Ê¸±μ-
·¨É¥²¥³. ‡ ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ, μ¡· §μ¢ ´´Ò¥ ¢ ¨¸ÉμÎ´¨±¥ ¨μ´μ¢, ¶μ¸ÉÊ¶ ÕÉ
¢ ¨´¦¥±Éμ·, £¤¥ Ê¸±μ·ÖÕÉ¸Ö ¤μ Ô´¥·£¨¨ ¢ ´¥¸±μ²Ó±μ ŒÔ‚, § É¥³ ¸ ¶μ³μÐÓÕ
¨³¶Ê²Ó¸´μ£μ ³ £´¨É  (ˆŒ) ¶¥·¥¢μ¤ÖÉ¸Ö ´  ¶¥·¢ÊÕ μ·¡¨ÉÊ Ê¸±μ·¨É¥²Ö, μÉ-
· ¦ ÕÉ¸Ö ³ £´¨É´Ò³ §¥·± ²μ³ (Œ‡) º 1, μÉ±²μ´ÖÕÉ¸Ö ³ ²Ò³ ¶μ¢μ·μÉ´Ò³
³ £´¨Éμ³ (�Œ), Ëμ±Ê¸¨·ÊÕÉ¸Ö ²¨´§μ° (”‹), ¶μ¶ ¤ ÕÉ ¢ ¶·Ö³μ²¨´¥°´Ò° ¶·μ-
³¥¦ÊÉμ± ¸ Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³μ° (“‘), ¤ ²¥¥ ¸´μ¢  Ëμ±Ê¸¨·ÊÕÉ¸Ö ¨ μÉ±²μ´Ö-
ÕÉ¸Ö ²¨´§ ³¨ (”‹), ³ £´¨É´Ò³¨ §¥·± ² ³¨ (Œ‡) ¨ μÉ±²μ´ÖÕÐ¨³¨ ³ £´¨É ³¨
(�Œ), Í¨·±Ê²¨·ÊÖ ¶μ § ³±´ÊÉÒ³ μ·¡¨É ³, ¶μ± § ´´Ò³ ´  ·¨¸. 1 ¸¶²μÏ´Ò³¨
²¨´¨Ö³¨, ¨ ¶·¨μ¡·¥É Ö ¶·¨ ± ¦¤μ³ μ¡μ·μÉ¥ Ô´¥·£¨Õ μÉ Ê¸±μ·ÖÕÐ¥£μ ¶μ²Ö ¢
´¥¸±μ²Ó±μ ±Ô‚.

�μ ¤μ¸É¨¦¥´¨¨ § ¤ ´´μ° Ô´¥·£¨¨ ¢±²ÕÎ ¥É¸Ö Ê¤ ·´Ò° ³ £´¨É (“Œ) ¨
μÉ±²μ´¥´´Ò¥ Î ¸É¨ÍÒ §  ¢·¥³Ö, ³¥´ÓÏ¥¥ ¢·¥³¥´¨ μ¤´μ£μ μ¡μ·μÉ , ¢Ò¢μ¤ÖÉ¸Ö
¨§ Ê¸±μ·¨É¥²Ö ¶μ É· ¥±Éμ·¨Ö³, ¶μ± § ´´Ò³ ¶Ê´±É¨·´Ò³¨ ±·¨¢Ò³¨, ¨ ¶μ¸²¥
μÉ±²μ´¥´¨Ö ¶μ¢μ·μÉ´Ò³ ³ £´¨Éμ³ (�Œ) ¶μ¶ ¤ ÕÉ ¢ ¶·μÍ¥¤Ê·´Ò¥ ± ¡¨´Ò ¤²Ö
μ¡²ÊÎ¥´¨Ö ¶ Í¨¥´Éμ¢. Œ £´¨É´μ¥ ¶μ²¥ ¢ ³ £´¨É´ÒÌ §¥·± ² Ì (Œ‡) ¨ μÉ±²μ-
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�¨¸. 1. �¡Ð Ö ¸Ì¥³  ¶·¥¤² £ ¥³μ£μ Ê¸±μ·¨É¥²Ö ¶·μÉμ´μ¢ ´μ¢μ£μ É¨¶  ¤²Ö ¶·μÉμ´´μ°
É¥· ¶¨¨ (¶μÖ¸´¥´¨Ö ¢ É¥±¸É¥)

´ÖÕÐ¨Ì ³ £´¨É Ì (�Œ) Ö¢²Ö¥É¸Ö ¸É Í¨μ´ ·´Ò³,   ³ £´¨É´μ¥ ¶μ²¥ ¢ Ëμ±Ê-
¸¨·ÊÕÐ¨Ì ²¨´§ Ì (”‹) ¨§³¥´Ö¥É¸Ö §  ¢·¥³Ö ± ¦¤μ£μ Í¨±²  Ê¸±μ·¥´¨Ö É ±¨³
μ¡· §μ³, ÎÉμ¡Ò ¸μÌ· ´Ö² ¸Ó £μ·¨§μ´É ²Ó´ Ö ¨ ¢¥·É¨± ²Ó´ Ö Ëμ±Ê¸¨·μ¢±  Ê±μ-
·Ö¥³ÒÌ ¶·μÉμ´μ¢ ¸ ÊÎ¥Éμ³ Ëμ±Ê¸¨·μ¢±¨ ¢ ¶μ¸ÉμÖ´´ÒÌ ³ £´¨É´ÒÌ ¶μ²ÖÌ ¢¸¥Ì
μÉ±²μ´ÖÕÐ¨Ì ³ £´¨Éμ¢.

�·¨ ÔÉμ³ Î ¸ÉμÉ  Ê¸±μ·ÖÕÐ¥£μ ¶μ²Ö ¡Ê¤¥É ¶¥·¥³¥´´μ° ¢¥²¨Î¨´μ° ¨
¤μ²¦´  ¨§³¥´ÖÉÓ¸Ö ¢μ ¢·¥³Ö Í¨±²  Ê¸±μ·¥´¨Ö É ±¨³ μ¡· §μ³, ÎÉμ¡Ò · ¢-
´μ¢¥¸´ Ö Ë §  ¢Ò¸μ±μÎ ¸ÉμÉ´μ£μ ¶μ²Ö μ¸É ¢ ² ¸Ó ¶μ¸ÉμÖ´´μ° ¢¥²¨Î¨´μ°.

„²Ö μ¡¥¸¶¥Î¥´¨Ö ¶·μÍ¥¸¸  Ê¸±μ·¥´¨Ö ¶·μÉμ´μ¢ ¢ ¶·¥¤²μ¦¥´´μ³ ¢ ·¨-
 ´É¥ Ê¸±μ·¨É¥²Ö ¤μ²¦´Ò ¡ÒÉÓ ¢Ò¶μ²´¥´Ò μ¶·¥¤¥²¥´´Ò¥ Ê¸²μ¢¨Ö ¶μ ÉμÎ´μ³Ê
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¸μ¶·Ö¦¥´¨Õ É· ¥±Éμ·¨° ¤¢¨¦¥´¨Ö Î ¸É¨Í ¢ μÉ±²μ´ÖÕÐ¨Ì ³ £´¨É Ì ¨ ³ £-
´¨É´ÒÌ §¥·± ² Ì,   É ±¦¥ Ë §μ¢μ°, ¶·μ¸É· ´¸É¢¥´´μ° ¨ ·¥§μ´ ´¸´μ° Ê¸Éμ°-
Î¨¢μ¸É¨ Î ¸É¨Í ¤²Ö ¢Ò¡· ´´μ° ±μ´Ë¨£Ê· Í¨¨ ³ £´¨É´ÒÌ ¶μ²¥°. �μ¤·μ¡´μ
ÔÉ¨ Ê¸²μ¢¨Ö · ¸¸³ É·¨¢ ÕÉ¸Ö ´¨¦¥.

2. ‘���Ÿ†…�ˆ… ’��…Š’��ˆ‰ ‚ �’Š‹��Ÿ�™ˆ• Œ�ƒ�ˆ’�•
ˆ Œ�ƒ�ˆ’�›• ‡…�Š�‹�•

’·¥¡μ¢ ´¨¥ ÔÉμ£μ ¶Ê´±É  ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ¡Ò ¶ÊÎμ± ¶·μÉμ´μ¢ ¸ ¨³¶Ê²Ó-
¸μ³ (�) μÉ±²μ´Ö²¸Ö ³ £´¨Éμ³ (�Œ) É ±¨³ μ¡· §μ³, ÎÉμ¡Ò ¶μ¶ ¸ÉÓ ´  ¢Ìμ¤
³ £´¨É´μ£μ §¥·± ²  ¢ ÉμÎ±Ê, μÉ¸ÉμÖÐÊÕ μÉ Í¥´É·  ´  · ¸¸ÉμÖ´¨¥ x = r cos β,
£¤¥ r Å · ¤¨Ê¸ ±·¨¢¨§´Ò ¶·μÉμ´μ¢ ¢ ¶μ²¥ B0 ³ £´¨É´μ£μ §¥·± ²  Å μ¶·¥-
¤¥²Ö¥É¸Ö ¨§ ¸μμÉ´μÏ¥´¨Ö PC = 300H0r,   β Å Ê£μ² ³¥¦¤Ê É· ¥±Éμ·¨¥°
¶·μÉμ´μ¢ ¨ ¶¥·¶¥´¤¨±Ê²Ö·μ³ ±μ ¢Ìμ¤´μ° £· ´¨Í¥ ³ £´¨É´μ£μ §¥·± ² . …¸²¨
¢ ± Î¥¸É¢¥ ³ £´¨É  (�Œ) ¨¸¶μ²Ó§μ¢ ÉÓ Éμ²Ó±μ μ¤¨´ ³ £´¨É, Éμ ¢Ò¶μ²´¨ÉÓ ÔÉμ
É·¥¡μ¢ ´¨¥ ¶ÊÉ¥³ ¶·μË¨²¨·μ¢ ´¨Ö £· ´¨ÍÒ ¶μ²Õ¸  ÔÉμ£μ ³ £´¨É  ´¥ ¶·¥¤-
¸É ¢²Ö¥É¸Ö ¢μ§³μ¦´Ò³ ¤²Ö ¶ÊÎ±μ¢ ¶·μÉμ´μ¢ ¸ ¤¨ ³¥É·μ³ ¡μ²¥¥ 0,5 ¸³. �¥μ¡-
Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ ±μ³¡¨´ Í¨Õ ¶μ ±· °´¥° ³¥·¥ ¨§ ¤¢ÊÌ ³ £´¨Éμ¢, ¶¥·¢Ò°
¨§ ±μÉμ·ÒÌ ¶·μ¸É· ´¸É¢¥´´μ · §¤¢¨£ ¥É É· ¥±Éμ·¨¨ ¶·μÉμ´μ¢ ¸ · §²¨Î´Ò³¨
¨³¶Ê²Ó¸ ³¨,   Ê¦¥ ¢Éμ·μ° ³ £´¨É ¸ ¶·μË¨²¨·μ¢ ´´Ò³ ¶μ²Õ¸μ³ ¢μ§¤¥°¸É¢Ê¥É
´  ¢Ò¤¥²¥´´ÊÕ É· ¥±Éμ·¨Õ É ±¨³ μ¡· §μ³, ÎÉμ ´ ¶· ¢²Ö¥É ¥¥ ¢ · ¸Î¥É´ÊÕ
ÉμÎ±Ê ´  ¢Ìμ¤¥ ³ £´¨É´μ£μ §¥·± ² . �¤¨´ ¨§ ¢μ§³μ¦´ÒÌ ¢ ·¨ ´Éμ¢ ±μ³¡¨´ -
Í¨¨ ¤¢ÊÌ ³ £´¨Éμ¢, ¶μ²ÊÎ¥´´Ò° ´  μ¸´μ¢¥ ¶·¨¡²¨¦¥´´ÒÌ · ¸Î¥Éμ¢ ¨ ¤ ÕÐ¨°
¶·¥¤¸É ¢²¥´¨¥ μ ¶·¨³¥·´μ° Ëμ·³¥ ¶·μË¨²¨·μ¢ ´´μ£μ ¶μ²Õ¸  ¢Éμ·μ£μ ³ £-
´¨É , ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 2, £¤¥ ¶μ± § ´Ò ¸μ¶·Ö¦¥´´Ò¥ É· ¥±Éμ·¨¨ ¶ÊÎ±μ¢
¶·μÉμ´μ¢ ¸ ¨³¶Ê²Ó¸ ³¨, μÉ²¨Î ÕÐ¨³¨¸Ö ¡μ²¥¥ Î¥³ ´  ¶μ·Ö¤μ±. �·¨ ¶·μ-
¥±É¨·μ¢ ´¨¨ ¶·¥¤²μ¦¥´´μ£μ Ê¸±μ·¨É¥²Ö ¢¸¥ ´¥μ¡Ìμ¤¨³Ò¥ · ¸Î¥ÉÒ Ëμ·³Ò ¨
· §³¥·μ¢ ¶·μË¨²¨·μ¢ ´´ÒÌ ¶μ²Õ¸μ¢ ¤μ²¦´Ò ¡ÒÉÓ ¢Ò¶μ²´¥´Ò ´  	‚Œ ¸ ÉμÎ-
´μ¸ÉÓÕ ´¥ ÌÊ¦¥ Î¥³ 10−3 ¤²Ö ¸μ¶·Ö¦¥´¨Ö (¢ ¶·¥¤¥² Ì 1Ä2 ³³ ) É· ¥±Éμ·¨° ¢
μÉ±²μ´ÖÕÐ¨Ì ³ £´¨É Ì ¨ ³ £´¨É´ÒÌ §¥·± ² Ì.

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

�μ¸ÉμÖ´´μ¥ ¢μ ¢·¥³¥´¨ ³ £´¨É´μ¥ ¶μ²¥ ¢ ³ £´¨É´ÒÌ §¥·± ² Ì ¨ μÉ±²μ-
´ÖÕÐ¨Ì ³ £´¨É Ì μ¶·¥¤¥²Ö¥É ¤¨´ ³¨±Ê ¤¢¨¦¥´¨Ö ¶·μÉμ´μ¢ ¢ ¶·¥¤²μ¦¥´´μ³
Ê¸±μ·¨É¥²¥ ± ±  ´ ²μ£¨Î´ÊÕ ¤¨´ ³¨±¥ ¢ μ¡ÒÎ´ÒÌ Í¨±²¨Î¥¸±¨Ì Ê¸±μ·¨É¥²ÖÌ.

�μÔÉμ³Ê Ê¸²μ¢¨¥, μ¡¥¸¶¥Î¨¢ ÕÐ¥¥ Ê¸±μ·¥´¨¥ ¶·μÉμ´μ¢ ¡¥§ ¶μÉ¥·Ó, ± ±
¨ ¢ Ë §μÉ·μ´ Ì, ¸¢μ¤¨É¸Ö ± É·¥¡μ¢ ´¨Õ ¸μÌ· ´¥´¨Ö ¶μ¸ÉμÖ´¸É¢  · ¢´μ¢¥¸´μ°
Ë §Ò ¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö. ˆ μ¸´μ¢´Ò¥ Ë §μ¢Ò¥ ¶ · ³¥É·Ò ¶·¥¤²μ¦¥´´μ£μ
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�¨¸. 2. ‘μ¶·Ö¦¥´¨¥ É· ¥±Éμ·¨° ¢ μÉ±²μ´ÖÕÐ¨Ì ³ £´¨É Ì ¨ ³ £´¨É´μ³ §¥·± ²¥
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�¨¸. 3. � · ³¥É·Ò Ê¸±μ·¨É¥²Ö, μ¡¥¸¶¥Î¨¢ ÕÐ¨¥ ¶μ¸ÉμÖ´¸É¢μ · ¢´μ¢¥¸´μ° Ë §Ò (Ë -
§μ¢ Ö Ê¸Éμ°Î¨¢μ¸ÉÓ)

Ê¸±μ·¨É¥²Ö ³μ£ÊÉ ¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò ¶μ ´¥±μÉμ·Ò³ μ¡Ð¨³ Ëμ·³Ê² ³, ¶μ²Ê-
Î¥´´Ò³ ¢ · ¡μÉ¥ [6] ¤²Ö Í¨±²¨Î¥¸±¨Ì Ê¸±μ·¨É¥²¥°. �  ·¨¸. 3 ¶·¥¤¸É ¢²¥´Ò
·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  Î ¸ÉμÉ´μ° Ì · ±É¥·¨¸É¨±¨, Ô´¥·£¨¨, ¨³¶Ê²Ó¸  ¨ Ë ±Éμ· 
 ¢ÉμË §¨·μ¢±¨ ¢ § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ Ê¸±μ·¥´¨Ö ¤²Ö ¢ ·¨ ´É  ¶·¥¤²μ¦¥´-
´μ£μ Ê¸±μ·¨É¥²Ö ¸ μ¤¨´ ±μ¢μ° ¤²¨´μ° ¢¸¥Ì É· ¥±Éμ·¨° L = 24,0 ³, ´ Î ²Ó´μ°
Ô´¥·£¨¥° 2,1 ŒÔ‚, ±μ´¥Î´μ° Ô´¥·£¨¥° 230 ŒÔ‚ ¨ ¶·¨·μ¸Éμ³ Ô´¥·£¨¨ §  μ¤¨´
μ¡μ·μÉ eV cosϕ = 5 ±Ô‚. 	É¨ ¶ · ³¥É·Ò ¶·¨³¥·´μ ¸μμÉ¢¥É¸É¢ÊÕÉ ¶ · ³¥-
É· ³ É¥Ì´¨Î¥¸±μ£μ ¢ ·¨ ´É  ¶·¥¤²μ¦¥´´μ£μ Ê¸±μ·¨É¥²Ö, ¨§μ¡· ¦¥´´μ£μ ´ 

6



�¨¸. 4. ’¥Ì´¨Î¥¸±¨ ·¥ ²¨§Ê¥³Ò° ¢ ·¨ ´É ¶·¥¤²μ¦¥´´μ£μ Ê¸±μ·¨É¥²Ö
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·¨¸. 4. ‚ ÔÉμ³ ¸²ÊÎ ¥ Î ¸ÉμÉ  Ê¸±μ·ÖÕÐ¥£μ ¶μ²Ö ν μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³
ν = ν0β, £¤¥ ν0 = C/L = 12,5 ŒƒÍ,   β = V/C ¨ ·¥Ï¥´¨¥ ¤²Ö Î ¸ÉμÉ´μ-
¢·¥³¥´´μ° § ¢¨¸¨³μ¸É¨ ¶μ²ÊÎ ¥É¸Ö ¢  ´ ²¨É¨Î¥¸±μ³ ¢¨¤¥

ν/ν0 ·
(
1 − ν2/ν2

0

)−1/2
= E−1

0
(ν0eV cos ϕ) t + a,

£¤¥ a = ν´/ν0(1 − ν2
´ /ν2

0)−1/2 Å ±μ´¸É ´É  ¨´É¥£·¨·μ¢ ´¨Ö, ¨ μÉ±Ê¤  Ê¦¥
²¥£±μ ¢ÒÎ¨¸²ÖÕÉ¸Ö Ô´¥·£¨Ö, ¨³¶Ê²Ó¸ ¨ Ë ±Éμ·  ¢ÉμË §¨·μ¢±¨ (K) ¢ § ¢¨¸¨-
³μ¸É¨ μÉ ¢·¥³¥´¨ Ê¸±μ·¥´¨Ö.

— ¸ÉμÉ´ Ö Ì · ±É¥·¨¸É¨±  Ö¢²Ö¥É¸Ö · ¸ÉÊÐ¥° ¨ ¶μÎÉ¨ ²¨´¥°´μ ¨§³¥´Ö-
¥É¸Ö μÉ ´ Î ²Ó´μ° Î ¸ÉμÉÒ ν´ = 0,84 ŒƒÍ ¤μ ±μ´¥Î´μ° Î ¸ÉμÉÒ ν± = 7,4 ŒƒÍ
(¶·¨³¥·´μ ¢ 9 · §),   ¢·¥³Ö Ê¸±μ·¥´¨Ö ¸μ¸É ¢²Ö¥É μ±μ²μ 10 ³¸.

�·¨ Ê¤¢μ¥´¨¨ Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ¤μ V cosϕ = 10 ±‚ ¢·¥³Ö Ê¸±μ-
·¥´¨Ö ¸μ±· Ð ¥É¸Ö ¤μ 5 ³¸. ” ±Éμ·  ¢ÉμË §¨·μ¢±¨ (K) ¢μ ¢¸¥³ ¤¨ ¶ §μ´¥
¨§³¥´¥´¨Ö Î ¸ÉμÉ Ö¢²Ö¥É¸Ö μÉ·¨Í É¥²Ó´Ò³, ÎÉμ μ§´ Î ¥É Ê¸Éμ°Î¨¢μ¸ÉÓ Ë §μ-
¢ÒÌ ±μ²¥¡ ´¨° ´  ²¥¢μ° ¶μ²Ê¢μ²´¥ Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö. �·¨ ÔÉμ³ ±·¨-
É¨Î¥¸± Ö Ô´¥·£¨Ö, £¤¥ Ë ±Éμ·  ¢ÉμË §¨·μ¢±¨ μ¡· Ð ¥É¸Ö ¢ ´Ê²Ó, ´ Ìμ¤¨É¸Ö
¤ ²¥±μ §  ¶·¥¤¥² ³¨ ³ ±¸¨³ ²Ó´μ° Ô´¥·£¨¨ · ¸¸³ É·¨¢ ¥³μ£μ Ê¸±μ·¨É¥²Ö,
· ¢´μ° −230 ŒÔ‚.

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

�μ¶¥·¥Î´ Ö Ê¸Éμ°Î¨¢μ¸ÉÓ ¤¢¨¦¥´¨Ö ¶·μÉμ´μ¢ ¢ ¶·¥¤²μ¦¥´´μ³ Ê¸±μ·¨-
É¥²¥ ¡Ê¤¥É μ¶·¥¤¥²ÖÉÓ¸Ö μ¡Ð¨³¨ ±·¨É¥·¨Ö³¨ Ê¸Éμ°Î¨¢μ¸É¨ ¤¢¨¦¥´¨Ö Î ¸É¨Í
¢ ¶¥·¨μ¤¨Î¥¸±¨Ì ³ £´¨É´ÒÌ ¸¨¸É¥³ Ì É· ´¸¶μ·É¨·μ¢±¨ [7].

…¸²¨ M Å ³ É·¨Í  Ô²¥³¥´É  ¶¥·¨μ¤¨Î¥¸±μ° ³ £´¨É´μ° ¸¨¸É¥³Ò, Éμ ¤¢¨-
¦¥´¨¥ ¡Ê¤¥É Ê¸Éμ°Î¨¢Ò³, ¥¸²¨ ¸²¥¤ (Ï¶Ê·) ³ É·¨ÍÒ |Sp M | < 2. �·¨ ÔÉμ³
 ±¸¥¶É ´¸ ± ´ ²  μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

ε =
πR2

u12

√
1 − |Sp M |2

4
=

πR2

u12

√
1 − (u11 + u22)

2

4
,

£¤¥ uik Å Ô²¥³¥´ÉÒ ³ É·¨ÍÒ

M =
∣∣∣∣ u11 u12

u21 u22

∣∣∣∣ .

‚ ¶·¥¤²μ¦¥´´μ³ Ê¸±μ·¨É¥²¥ μÍ¥´±Ê μ¡² ¸É¨ Ê¸Éμ°Î¨¢μ¸É¨ ¤²Ö ´ ¨¡μ²¥¥
±·¨É¨Î´μ£μ ¸²ÊÎ Ö, ±μ£¤  ¨³¶Ê²Ó¸ ³¨´¨³ ²Ó´Ò° (≈ 63 ŒÔ‚/¸) ¨ Ê£μ² ¢Ìμ¤ 
¶ÊÎ±  ¢ ³ £´¨É´μ¥ §¥·± ²μ ³ ±¸¨³ ²¥´ ¨ ¸μ¸É ¢²Ö¥É β = 30◦, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ
¢ ¶·¥¤¶μ²μ¦¥´¨¨, ÎÉμ ²¨´§Ò (”‹) Ö¢²ÖÕÉ¸Ö Éμ´±¨³¨ ¨ · §³¥Ð¥´Ò ¢ ¸¥·¥¤¨´¥
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�¨¸. 5. ‘Ì¥³  Ô²¥³¥´Éμ¢ ¶¥·¨μ¤¨Î´μ¸É¨ ³ £´¨É´μ° ¸¨¸É¥³Ò Ê¸±μ·¨É¥²Ö ¤²Ö  ´ ²¨§ 
¶μ¶¥·¥Î´μ° Ê¸Éμ°Î¨¢μ¸É¨ (Ëμ±Ê¸¨·μ¢μ¢±¨) § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö

¶·Ö³μ²¨´¥°´μ£μ ¶·μ³¥¦ÊÉ±  ³¥¦¤Ê ¤¢Ê³Ö μÉ±²μ´ÖÕÐ¨³¨ ³ £´¨É ³¨ (�Œ),
± ± ÔÉμ ¶μ± § ´μ ´  ·¨¸. 5.

‚ ¸²ÊÎ ¥ ¢¥·É¨± ²Ó´μ° Ëμ±Ê¸¨·μ¢±¨ ¶¥·¥¤´ÖÖ £· ´¨Í  ³ £´¨É´μ£μ §¥·-
± ²  ¤¥°¸É¢Ê¥É ± ± Éμ´± Ö ¤¥Ëμ±Ê¸¨·ÊÕÐ Ö ²¨´§  ¸ μ¶É¨Î¥¸±μ° ¸¨²μ°
tg β/r0 = tg 30◦/10, £¤¥ r0 = 10 ¸³ Å · ¤¨Ê¸ ±·¨¢¨§´Ò ¶·μÉμ´  ¸ ¨³¶Ê²Ó-
¸μ³ 63 ŒÔ‚/c ¢ ³ £´¨É´μ³ ¶μ²¥ B0 = 2,1 ’² ³ £´¨É´μ£μ §¥·± ² . Œ É·¨Í 
¶¥·¥Ìμ¤  Î¥·¥§ ¤¢¥ £· ´¨ÍÒ ³ £´¨É´μ£μ §¥·± ²  μ¶·¥¤¥²Ö¥É¸Ö ± ±

MBÍ =
∣∣∣∣ 2, 21 21

0, 185 2, 21

∣∣∣∣ ,

¨ ¶μ²´ Ö ³ É·¨Í  Ô²¥³¥´É  ¶¥·¨μ¤¨Î´μ¸É¨ ³ £´¨É´μ° ¸¨¸É¥³Ò Ê¸±μ·¨É¥²Ö
§ ¶¨Ï¥É¸Ö ± ±

MB = M1 · M2 · MBÍM2 · M1,
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£¤¥ M1 =
∣∣∣∣ 1 0

1/2 P1 1

∣∣∣∣ Å ³ É·¨Í  Ëμ±Ê¸¨·ÊÕÐ¥° ²¨´§Ò (”‹) ¸ μ¶É¨Î¥¸±μ°

¸¨²μ° P1 = 1/F1 ¨ Ëμ±Ê¸´Ò³ · ¸¸ÉμÖ´¨¥³ F1, M2 =
∣∣∣∣ 1 400

0 1

∣∣∣∣ Å ³ É·¨Í 

¤·¥°Ëμ¢μ£μ ¶·μ³¥¦ÊÉ±  μÉ ²¨´§Ò (”‹) ¤μ £· ´¨ÍÒ ³ £´¨É´μ£μ §¥·± ² .
�±¸¥¶É ´¸ ¶¥·¨μ¤¨Î¥¸±μ° ³ £´¨É´μ° ¸¨¸É¥³Ò ¤²Ö ÔÉμ£μ ¸²ÊÎ Ö ¡Ê¤¥É

μ¶·¥¤¥²ÖÉÓ¸Ö ¢Ò· ¦¥´¨¥³

ε =
πR2

790

√
(Δ − 0,0323) (0, 0831− Δ),

£¤¥ R = 5 ¸³ Å  ¶¥·ÉÊ·  ²¨´§Ò (”‹), 400 · P1 = 400/F1 = −V1 = 2 − Δ ¨
ε = εmax ≈ π · 0,8 ¸³ · ³· ¤ ¤²Ö Δ = 0,0254 ¨ ε = 0 ¶·¨ Δ1 = 0,0323 ¨ ¶·¨
Δ2 = 0,0831, É. ¥. μ¡² ¸ÉÓ ¤μ¶Ê¸É¨³μ£μ ¨§³¥´¥´¨Ö μ¶É¨Î¥¸±μ° ¸¨²Ò ²¨´§Ò
(”‹) ´¥ ¶·¥¢Ò¸¨É 1 %.

�·¨ Ê¢¥²¨Î¥´¨¨ ¨³¶Ê²Ó¸  ¤μ ³ ±¸¨³ ²Ó´μ£μ §´ Î¥´¨Ö ≈ 700 ŒÔ‚/¸ μ¡-
² ¸ÉÓ ¤μ¶Ê¸É¨³ÒÌ ¨§³¥´¥´¨° F1 = 370/V1 ¸ÊÐ¥¸É¢¥´´μ · ¸Ï¨·Ö¥É¸Ö ¨  ±-
¸¥¶É ´¸ ¶¥·¨μ¤¨Î¥¸±μ° ¸¨¸É¥³Ò ¸É ´μ¢¨É¸Ö · ¢´Ò³

ε =
πR2 · 1,765

1303

√
(V1 − 0,272) (1,41 − V1).

�·¨ V1 = 0, 84 ε = εmax =
π · 25 · 0, 5

740
≈ π · 19 ¸³ · ³· ¤, É. ¥. V1 = 0,84 ±

0,57 ¨ μ¶É¨Î¥¸± Ö ¸¨²  ²¨´§Ò (”‹) ³μ¦¥É ¨§³¥´ÖÉÓ¸Ö ´  ´¥¸±μ²Ó±μ ¤¥¸ÖÉ±μ¢
¶·μÍ¥´Éμ¢ ¶·¨ ¸μÌ· ´¥´¨¨ ¢¥·É¨± ²Ó´μ° Ê¸Éμ°Î¨¢μ¸É¨ ¤¢¨¦¥´¨Ö Î ¸É¨Í.

‚ ¸²ÊÎ ¥ £μ·¨§μ´É ²Ó´μ° Ëμ±Ê¸¨·μ¢±¨ ¨ ³¨´¨³ ²Ó´μ£μ ¨³¶Ê²Ó¸  ³ É·¨Í 
¶¥·¥Ìμ¤  Î¥·¥§ ¤¢¥ £· ´¨ÍÒ ³ £´¨É´μ£μ §¥·± ²  § ¶¨Ï¥É¸Ö ± ±

MƒÍ =
∣∣∣∣ −1 8, 66

0 −1

∣∣∣∣
¨ ¶μ²´ Ö ³ É·¨Í  Ô²¥³¥´É  ¶¥·¨μ¤¨Î¥¸±μ° ¸¨¸É¥³Ò ¡Ê¤¥É

M = M1 · M2 · MƒÍM2 · M1,

μÉ±Ê¤ 

ε =
πR2

791

√
0, 9892V1 (2 − 0,9892V1),

£¤¥ V1 = −400
F1

, ¨ ¶·¨ V1 ≈ 1 ± 1 εmax =
π · 25
791

· 1 = π · 32 ¸³ · ³· ¤, É. ¥.

¤μ¶Ê¸± ¥É¸Ö 100%-¥ ¨§³¥´¥´¨¥ μ¶É¨Î¥¸±μ° ¸¨²Ò ²¨´§Ò (”‹).
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�·¨ Ê¢¥²¨Î¥´¨¨ ¨³¶Ê²Ó¸  ¤μ ³ ±¸¨³ ²Ó´μ£μ §´ Î¥´¨Ö ¸¨ÉÊ Í¨Ö ¸ ¤μ¶Ê-
¸É¨³Ò³ ¶·¥¤¥² ³¨ μ¶É¨Î¥¸±μ° ¸¨²Ò ²¨´§Ò (”‹) ¶· ±É¨Î¥¸±¨ ´¥ ³¥´Ö¥É¸Ö:

ε =
πR2

750

√
0,986V1 (2 − 0,986V1),

£¤¥ V1 = −370
F1

≈ 1 ± 1 ¨ εmax = π · 33 ¸³ · ³· ¤.

’ ±¨³ μ¡· §μ³, ¤²Ö ¢Ò¶μ²´¥´¨Ö Ê¸²μ¢¨° ¶μ¶¥·¥Î´μ° Ê¸Éμ°Î¨¢μ¸É¨ ´ ¨-
¡μ²¥¥ ±·¨É¨Î´Ò³ Ö¢²Ö¥É¸Ö ¸²ÊÎ ° ¢¥·É¨± ²Ó´μ° Ëμ±Ê¸¨·μ¢±¨ ¤²Ö ´ ¨³¥´Ó-
Ï¥£μ ¨³¶Ê²Ó¸ , ±μ£¤  ¤¥Ëμ±Ê¸¨·ÊÕÐ¥¥ ¤¥°¸É¢¨¥ ´  £· ´¨Í¥ ³ £´¨É´μ£μ §¥·-
± ²  Ö¢²Ö¥É¸Ö ³ ±¸¨³ ²Ó´Ò³. „μ¶Ê¸É¨³Ò¥ ¶·¥¤¥²Ò ¨§³¥´¥´¨Ö μ¶É¨Î¥¸±μ°
¸¨²Ò ²¨´§Ò (”‹) ¢ ÔÉμ³ ¸²ÊÎ ¥ Ê¢¥²¨Î É¸Ö ¶·¨³¥·´μ ¢ 2,5 · § , ¥¸²¨ Ê£μ²
β ¶¥·¥¸¥Î¥´¨Ö £· ´¨ÍÒ ³ £´¨É´μ£μ §¥·± ²  Ê³¥´ÓÏ¨É¸Ö ¸ 30◦ ¶·¨³¥·´μ ¤μ
15◦, ± ± ÔÉμ ¸²¥¤Ê¥É ¨§ ·¨¸. 2 ¤²Ö ¸μ¶·Ö¦¥´´ÒÌ É· ¥±Éμ·¨° ¸ ³¨´¨³ ²Ó´Ò³
¨³¶Ê²Ó¸μ³ P0 = 63 ŒÔ‚/¸. Š ·¤¨´ ²Ó´μ ¨§³¥´¨ÉÓ ÔÉ¨ ¶·¥¤¥²Ò ¢ ¡μ²ÓÏÊÕ
¸Éμ·μ´Ê ³μ¦´μ ¡Ê¤¥É ¶ÊÉ¥³ ¸μ§¤ ´¨Ö μ¡² ¸É¨ (¢Ò¤¥²¥´´μ° ´  ·¨¸. 1 ÉμÎ± ³¨)
´¥μ¤´μ·μ¤´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ¸ ¶μ± § É¥²¥³ ¸¶ ¤  n ≈ 0,5 ¢ ¤¨ ¶ §μ´¥
· ¤¨Ê¸μ¢ μÉ r0 = 10 ¤μ r ≈ 30 ¸³. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¢μ§´¨± ¥É §´ Î¨É¥²Ó-
´ Ö ¢¥·É¨± ²Ó´ Ö Ëμ±Ê¸¨·μ¢±  ¸ μ¶É¨Î¥¸±μ° ¸¨²μ° ≈ 1/r0, ¶μÎÉ¨ ¶μ²´μ¸ÉÓÕ
±μ³¶¥´¸¨·ÊÕÐ Ö ¢¥·É¨± ²Ó´ÊÕ ¤¥Ëμ±Ê¸¨·μ¢±Ê ´  £· ´¨Í¥ ³ £´¨É´μ£μ §¥·-
± ² . Š·μ³¥ Éμ£μ, ´¥¡μ²ÓÏ¨³ (¤μ 5 %) · ¸Ï¨·¥´¨¥³ ³¥¦¶μ²Õ¸´μ£μ § §μ· 
μÉ ¶¥·¥¤´¥° £· ´¨ÍÒ ³ £´¨É´μ£μ §¥·± ²  ± ¶·μÉ¨¢μ¶μ²μ¦´μ³Ê ±· Õ ¶·¨ ¸μ-
Ì· ´¥´¨¨ ¶²μ¸±μ° ¶μ¢¥·Ì´μ¸É¨ ¶μ²Õ¸  ³μ¦´μ ¸μ§¤ ÉÓ ¸² ¡ÊÕ ¢¥·É¨± ²Ó´ÊÕ
Ëμ±Ê¸¨·μ¢±Ê ¢μ ¢¸¥³ μ¡Ñ¥³¥ ³¥¦¶μ²Õ¸´μ£μ § §μ·  ¨ μ¡¥¸¶¥Î¨ÉÓ É¥³ ¸ ³Ò³
¤μ¶μ²´¨É¥²Ó´ÊÕ ¢¥·É¨± ²Ó´ÊÕ Ê¸Éμ°Î¨¢μ¸ÉÓ ¢μ ¢¸¥³ ¤¨ ¶ §μ´¥ ¨§³¥´¥´¨Ö
¨³¶Ê²Ó¸μ¢ Ê¸±μ·Ö¥³ÒÌ Î ¸É¨Í.

5. �…„��“™…�ˆ… �…‡����‘�‚ �…’�’����›• Š�‹…���ˆ‰
‚ ���–…‘‘… “‘Š��…�ˆŸ —�‘’ˆ–
(�…‡����‘��Ÿ “‘’�‰—ˆ‚�‘’œ)

— ¸ÉμÉ  ¡¥É É·μ´´ÒÌ ±μ²¥¡ ´¨° ¶·¨ ¤¢¨¦¥´¨¨ Î ¸É¨Í ¢ ¶¥·¨μ¤¨Î´μ°
³ £´¨É´μ° ¸¨¸É¥³¥ μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ [7]

Q = μN/2π,

£¤¥ μ = ± arccos (Sp M/2), N Å Î¨¸²μ Ô²¥³¥´Éμ¢ ¶¥·¨μ¤¨Î´μ¸É¨ ¶·¨ μ¤´μ³
μ¡μ·μÉ¥ (¤²Ö · ¸¸³ É·¨¢ ¥³μ£μ Ê¸±μ·¨É¥²Ö N = 2), M Å ³ É·¨Í  μ¤´μ£μ
Ô²¥³¥´É  ¶¥·¨μ¤¨Î´μ° ³ £´¨É´μ° ¸¨¸É¥³Ò.

…¸²¨ Q = 0; 0,5; 1,0; 1,5; 2,0 ¨ É. ¤., Éμ ¤¢¨¦¥´¨¥ ¸É ´μ¢¨É¸Ö ´¥Ê¸Éμ°-
Î¨¢Ò³,  ³¶²¨ÉÊ¤  ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° ¢μ§· ¸É ¥É ¤μ ´¥¤μ¶Ê¸É¨³ÒÌ §´ Î¥-
´¨° ¨ Î ¸É¨ÍÒ É¥·ÖÕÉ¸Ö ´  ¸É¥´± Ì ¢ ±ÊÊ³´μ° ± ³¥·Ò Ê¸±μ·¨É¥²Ö. Š·μ³¥
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Éμ£μ, ¤²Ö ¨¸±²ÕÎ¥´¨Ö · §´μ¸É´ÒÌ ·¥§μ´ ´¸μ¢ Q¢¥·É ´¨£¤¥ ´¥ ¤μ²¦´  · ¢´ÖÉÓ¸Ö
Q£μ·¨§, Q£μ·¨§ − 2Q¢¥·É �= 0 ¨ 2Q¢¥·É − Q¢¥·É �= 0.

‚ ¶·¨¢¥¤¥´´ÒÌ · ¸Î¥É Ì ¢¥·É¨± ²Ó´ÒÌ ¨ £μ·¨§μ´É ²Ó´ÒÌ Ëμ±Ê¸¨·μ¢μ±
Q = 0,5 ¶·¨ §´ Î¥´¨ÖÌ V1, μÉ¢¥Î ÕÐ¨Ì ³ ±¸¨³Ê³Ê  ±¸¥¶É ´¸  ¶¥·¨μ¤¨Î´μ°
³ £´¨É´μ° ¸¨¸É¥³Ò, ¨ Q = 0 ¨ 1,0 ¶·¨ §´ Î¥´¨ÖÌ V1, ¶·¨ ±μÉμ·ÒÌ  ±¸¥¶É ´¸
μ¡· Ð ¥É¸Ö ¢ ´Ê²Ó.

�μÔÉμ³Ê μ¶É¨³ ²Ó´Ò³¨ §´ Î¥´¨Ö³¨ Q ¡Ê¤¥É ¢ ¸²ÊÎ ¥ ¢¥·É¨± ²Ó´μ° Ëμ±Ê-
¸¨·μ¢±¨ Q¢¥·É ≈ 0,55−0,65,   ¢ ¸²ÊÎ ¥ £μ·¨§μ´É ²Ó´μ° Ëμ±Ê¸¨·μ¢±¨ Q£μ·¨§ ≈
0, 35 − 0, 45 ¶·¨ ¢Ò¡μ·¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì §´ Î¥´¨° V1, ¶μ§¢μ²ÖÕÐ¨Ì μ¶·¥-
¤¥²¨ÉÓ ´¥μ¡Ìμ¤¨³Ò¥ §´ Î¥´¨Ö £· ¤¨¥´Éμ¢ ³ £´¨É´ÒÌ ¶μ²¥° ¢ ²¨´§ Ì (”‹).
�¤´ ±μ ÔÉ¨ §´ Î¥´¨Ö Ö¢²ÖÕÉ¸Ö Éμ²Ó±μ ¨²²Õ¸É· Í¨¥° ± ¶·¨´Í¨¶¨ ²Ó´μ° ¢μ§-
³μ¦´μ¸É¨ É ±μ£μ μ¶·¥¤¥²¥´¨Ö.

„¥É ²Ó´Ò¥ · ¸Î¥ÉÒ ´  	‚Œ ¶μ ¶μ¶¥·¥Î´μ° Ê¸Éμ°Î¨¢μ¸É¨ Î ¸É¨Í ¨ μ¶·¥-
¤¥²¥´¨Õ ÉμÎ´ÒÌ §´ Î¥´¨° £· ´¨Í ¤μ¶Ê¸É¨³ÒÌ ¨§³¥´¥´¨° V1 ¤μ²¦´Ò ¡ÒÉÓ
¸¤¥² ´Ò ¶·¨ ¢Ò¡μ·¥ ± ±μ£μ-²¨¡μ É¥Ì´¨Î¥¸±μ£μ ¢ ·¨ ´É  Ê¸±μ·¨É¥²Ö ¨ ¶ · -
³¥É·μ¢ ¢¸¥Ì ¥£μ ³ £´¨É´ÒÌ Ô²¥³¥´Éμ¢.

6. ’…•�ˆ—…‘Š�Ÿ ˆ ���Š’ˆ—…‘Š�Ÿ �…�‹ˆ‡“…Œ�‘’œ
��…„‹�†…���ƒ� “‘Š��ˆ’…‹Ÿ

�¡Ð¨° ¢¨¤ É¥Ì´¨Î¥¸±¨ ·¥ ²¨§Ê¥³μ£μ ¢ ·¨ ´É  ¶·¥¤²μ¦¥´´μ£μ Ê¸±μ·¨-
É¥²Ö, ¢ ±μÉμ·μ³ ¨¸¶μ²Ó§ÊÕÉ¸Ö Éμ²Ó±μ Ìμ·μÏμ ¨§¢¥¸É´Ò¥ ¨  ¶·μ¡¨·μ¢ ´´Ò¥
Ô²¥³¥´ÉÒ Ê¸±μ·¨É¥²Ó´μ° É¥Ì´¨±¨, ¶μ± § ´ ´  ·¨¸. 4. ‚ ± Î¥¸É¢¥ μ¸´μ¢´ÒÌ
¤¥É ²¥° ¤¢ÊÌ ³ £´¨É´ÒÌ §¥·± ² ¶·¥¤² £ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ¤¥É ²¨ Ö·³  ³ £-
´¨É  Ê¸É ´μ¢±¨ ��…‘, ±μÉμ·Ò¥, ± ± ÔÉμ ¶μ± § ´μ ´  ·¨¸. 6, ¡Ê¤ÊÉ ¡¥§μ ¢¸Ö±μ°
¤μ¶μ²´¨É¥²Ó´μ° μ¡· ¡μÉ±¨ ¢¸É·μ¥´Ò ¢ Ö·³μ ³ £´¨É´ÒÌ §¥·± ² ¸ ´¥¡μ²ÓÏ¨³
¤μ¡ ¢²¥´¨¥³ ¢¸É ¢μ± ¨ ¶μ²Õ¸´ÒÌ ´ ±² ¤μ±.

	Éμ ¶μ§¢μ²¨É ¸Ô±μ´μ³¨ÉÓ μ±μ²μ 100 É ¸É ²¨ ¨ §´ Î¨É¥²Ó´μ Ê¤¥Ï¥¢¨ÉÓ ¨§-
£μÉμ¢²¥´¨¥ ¸ ³ÒÌ É·Ê¤μ¥³±¨Ì Ô²¥³¥´Éμ¢ Ê¸±μ·¨É¥²Ö. ˆ³¥ÕÐ¨¥¸Ö ¢ ´ ²¨Î¨¨
³ £´¨ÉÒ É¨¶  �Œ-2 ¶μ¸²¥ § ³¥´Ò ¶μ²Õ¸´ÒÌ ´ ¸ ¤μ± ³μ£ÊÉ μ± § ÉÓ¸Ö ¶μ¤Ìμ-
¤ÖÐ¨³¨ ¢ ± Î¥¸É¢¥ Î¥ÉÒ·¥Ì ³ ²ÒÌ μÉ±²μ´ÖÕÐ¨Ì ³ £´¨Éμ¢. „²Ö ¨§£μÉμ¢²¥´¨Ö
³ £´¨É´ÒÌ ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ ³μ£ÊÉ ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò Ìμ·μÏμ  ¶·μ¡¨·μ-
¢ ´´Ò¥ ²¨´§Ò É¨¶  Œ‹-3 ¸ § ³¥´μ° ¸¶²μÏ´μ£μ Ö·³  ´  ´ ¡μ· ¨§μ²¨·μ¢ ´´ÒÌ
¶² ¸É¨´ ¨§ ²¨¸Éμ¢μ° ¸É ²¨ Éμ²Ð¨´μ° 1Ä2 ³³. ‚ μ¸´μ¢Ê ±μ´¸É·Ê±Í¨¨ ¨´¦¥±-
Éμ·  ¶·μÉμ´μ¢ ´  Ô´¥·£¨Õ 2,1 ŒÔ‚ ³μ¦¥É ¡ÒÉÓ ¶μ²μ¦¥´  · §· ¡μÉ±  �ˆ	”�
¶μ É ´¤¥³-Ê¸±μ·¨É¥²Õ ¶·μÉμ´μ¢ ¨ ÉÖ¦¥²ÒÌ ¨μ´μ¢ “�-2 [8], μ¤¨´ Ô±§¥³¶²Ö·
±μÉμ·μ£μ ¡Ò² ¨§£μÉμ¢²¥´ ¨ ¶μ¸É ¢²¥´ ¢ ˆ´¸É¨ÉÊÉ Ö¤¥·´μ° Ë¨§¨±¨ �¥¸¶Ê¡²¨±¨
Š § Ì¸É ´ ¥Ð¥ ¢ 90-¥ ££.

�¸μ¡¥´´μ¸ÉÓ ÔÉμ£μ Ê¸±μ·¨É¥²Ö, ¨§μ¡· ¦¥´´μ£μ ´  ·¨¸. 7, ¸μ¸Éμ¨É ¢ Éμ³,
ÎÉμ ¢ ´¥³ ¸´ Î ²  Ê¸±μ·ÖÕÉ¸Ö ¨μ´Ò H− ¤μ Ô´¥·£¨¨ 1 ŒÔ‚, ±μÉμ·Ò¥ § É¥³
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�¨¸. 6. Šμ³¶μ´μ¢±  ³ £´¨É´ÒÌ §¥·± ² ¨§ ¤¥É ²¥° Ö·³  ³ £´¨É  Ê¸É ´μ¢±¨ ��…‘

¶¥·¥§ ·Ö¦ ÕÉ¸Ö ¢ H+ ¨ ¢μ ¢Éμ·μ° ¶μ²μ¢¨´¥ Ê¸±μ·¨É¥²Ö Ê¢¥²¨Î¨¢ ÕÉ Ô´¥·-
£¨Õ ¤μ 2 ŒÔ‚. �·¨ ÔÉμ³ μ¡  ±μ´Í  Ê¸±μ·¨É¥²Ö μ± §Ò¢ ÕÉ¸Ö ¶μ¤ ¶μÉ¥´Í¨-
 ²μ³ §¥³²¨, ÎÉμ ¶·¥¤¸É ¢²Ö¥É μ¶·¥¤¥²¥´´Ò¥ ¶·¥¨³ÊÐ¥¸É¢  ¤²Ö Ê¶· ¢²¥´¨Ö
¨³¶Ê²Ó¸´Ò³ ¨¸ÉμÎ´¨±μ³ H− ¶·¨ ¤μ§¨·μ¢ ´¨¨ § ¤ ´´μ£μ ±μ²¨Î¥¸É¢  ¨μ´μ¢ ¢
± ¦¤μ³ Í¨±²¥ Ê¸±μ·¥´¨Ö. ’ ±μ£μ É¨¶  ¨´¦¥±Éμ· ³μ¦¥É ¡ÒÉÓ ¨§£μÉμ¢²¥´ ¢
‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³, ¥¸²¨ ¢ ´¥³ ¤²Ö ± ¸± ¤´μ£μ Ê³´μ¦¨É¥²Ö ´ -
¶·Ö¦¥´¨Ö ¨¸¶μ²Ó§μ¢ ÉÓ ¤¥É ²¨ μÉ ¶·μ³ÒÏ²¥´´μ£μ ·¥´É£¥´μ¢¸±μ£μ  ¶¶ · É 
���-160, ¢ ±μÉμ·μ³ ¨³¥¥É¸Ö ±μ³¶ ±É´Ò° ¢Ò¸μ±μ¢μ²ÓÉ´Ò° É· ´¸Ëμ·³ Éμ· ´ 
¶¨±μ¢μ¥ ´ ¶·Ö¦¥´¨¥ 160 ±‚, ¶μ³¥Ð¥´´Ò° ¢ É·Ê¡Ê ¤¨ ³¥É·μ³ μ±μ²μ 300 ³³,
´ ¶μ²´¥´´ÊÕ Ô²¥£ §μ³ ¤μ ¤ ¢²¥´¨Ö 3,5  É³, ¨²¨ § ³¥´¨ÉÓ ¶μ¸ÉμÖ´´Ò° ¨¸ÉμÎ-
´¨± ´ ¶·Ö¦¥´¨Ö ´  ¨³¶Ê²Ó¸´Ò° É· ´¸Ëμ·³ Éμ· ¸ Ë¥··¨Éμ¢Ò³ ¸¥·¤¥Î´¨±μ³ ¨
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�¨¸. 7. ‘Ì¥³  É ´¤¥³-Ê¸±μ·¨É¥²Ö ´  Ô´¥·£¨Õ ¶·μÉμ´μ¢ 2 ŒÔ‚

¤²¨É¥²Ó´μ¸ÉÓÕ ¨³¶Ê²Ó¸  ´¥¸±μ²Ó±μ 1 ³±¸, ÎÉμ Ê¢¥²¨Î¨É Ô²¥±É·¨Î¥¸±ÊÕ ¶·μÎ-
´μ¸ÉÓ ±μ´¸É·Ê±Í¨¨ ¨´¦¥±Éμ· .

‚ ± Î¥¸É¢¥ Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³Ò ³μ£ÊÉ ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò ²¨¡μ Ìμ·μÏμ
¨§¢¥¸É´Ò¥ ¤·¥°Ëμ¢Ò¥ É·Ê¡±¨, ¸μ¥¤¨´¥´´Ò¥ ¸ ±μ²¥¡ É¥²Ó´Ò³ ±μ´ÉÊ·μ³ ¢Ò¸μ-
±μÎ ¸ÉμÉ´μ£μ £¥´¥· Éμ· , ¢ ±μÉμ·μ³ ¨´¤Ê±É¨¢´μ¸ÉÓ ¸ Ë¥··¨Éμ¢Ò³ ¸¥·¤¥Î´¨-
±μ³ ¢ Ï¨·μ±¨Ì ¶·¥¤¥² Ì ¨§³¥´Ö¥É ¸¢μÕ ¢¥²¨Î¨´Ê ¶ÊÉ¥³ ¶μ¤³ £´¨Î¨¢ ´¨Ö ¶μ
μ¶·¥¤¥²¥´´μ³Ê § ±μ´Ê ÔÉμ£μ Ë¥··¨Éμ¢μ£μ ¸¥·¤¥Î´¨± , ²¨¡μ Ë¥··¨Éμ¢Ò¥ ·¥-
§μ´ Éμ·Ò ¸ ¶μ¤³ £´¨Î¨¢ ´¨¥³, · §· ¡μÉ ´´Ò¥ ¨ μ¶·μ¡μ¢ ´´Ò¥ ¢ ˆ´¸É¨ÉÊÉ¥
Ö¤¥·´μ° Ë¨§¨±¨ ¨³. ƒ. ˆ. �Ê¤±¥·  ¢ �μ¢μ¸¨¡¨·¸±¥ [9].

Šμ´¸É·Ê±Í¨Ö μ¤´μ¢¨É±μ¢μ£μ Ê¤ ·´μ£μ ³ £´¨É  ¸ Ë¥··¨Éμ¢Ò³¨ · §·¥§-
´Ò³¨ ±μ²ÓÍ ³¨, μ¡¥¸¶¥Î¨¢ ÕÐ Ö ¶μ²ÊÎ¥´¨¥ ¨³¶Ê²Ó¸  ³ £´¨É´μ£μ ¶μ²Ö ´ -
¶·Ö¦¥´´μ¸ÉÓÕ 0,1Ä0,2 ’² ¨ ¸ ¶¥·¥¤´¨³ Ë·μ´Éμ³ μ±μ²μ 100 ´¸, 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‚ [9].

‚ Í¥²μ³ ¶·¥¤²μ¦¥´´Ò° Ê¸±μ·¨É¥²Ó ³μ¦¥É ¡ÒÉÓ ¨§£μÉμ¢²¥´ ¸¨² ³¨ ‹ ¡μ-
· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³ ¢ ¶μ·Ö¤±¥ É¥±ÊÐ¥° ¤¥ÖÉ¥²Ó´μ¸É¨, ¡¥§ ¶·¨¢²¥Î¥´¨Ö
¸Éμ·μ´´¨Ì μ·£ ´¨§ Í¨°, §  5Ä6 ²¥É, Ê¸É ´μ¢²¥´ ¨ ¨¸¶ÒÉ ´ ¢ Î¥É¢¥·Éμ° ¶·¨-
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�¨¸. 8. ‚ ·¨ ´É · ¸¶μ²μ¦¥´¨Ö ´μ¢μ£μ Ê¸±μ·¨É¥²Ö ¢ §¤ ´¨¨ ³¥¤¨±μ-É¥Ì´¨Î¥¸±μ£μ ±μ³-
¶²¥±¸  ‹Ÿ� �ˆŸˆ
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¸É·μ°±¥ ¶¥·¢μ£μ ±μ·¶Ê¸  ‹Ÿ�, ± ± ÔÉμ ¶μ± § ´μ ´  ·¨¸. 8, ¡¥§ μ¸É ´μ¢±¨
Ë §μÉ·μ´  ¨ ¶¥·¥·Ò¢  ¢ μ¡²ÊÎ¥´¨¨ ¡μ²Ó´ÒÌ ´  ³¥¤¨Í¨´¸±¨Ì ¶ÊÎ± Ì Ë §μ-
É·μ´  ‹Ÿ� �ˆŸˆ.

‚ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³ ¨³¥¥É¸Ö ¶μ²μ¦¨É¥²Ó´Ò° μ¶ÒÉ ·¥ ²¨-
§ Í¨¨ ±·Ê¶´ÒÌ ¶·μ¥±Éμ¢ ¡¥§ ¸ÊÐ¥¸É¢¥´´ÒÌ § É· É ¨ ¢ ¶μ·Ö¤±¥ É¥±ÊÐ¥° ¤¥-
ÖÉ¥²Ó´μ¸É¨ ¶·μ¨§¢μ¤¸É¢¥´´μ-É¥Ì´¨Î¥¸±¨Ì ¶μ¤· §¤¥²¥´¨° ² ¡μ· Éμ·¨¨. ’ ±,
 ¢Éμ·μ³ ÔÉμ° · ¡μÉÒ ¥Ð¥ ¢ 1990 £. ¡Ò²μ ¢Ò¤¢¨´ÊÉμ ¤¢  ¶·¥¤²μ¦¥´¨Ö ¶μ ¸μ-
§¤ ´¨Õ ¨´É¥´¸¨¢´μ£μ ¶ÊÎ±  ¸¥¶ ·¨·μ¢ ´´ÒÌ ®¶μ¢¥·Ì´μ¸É´ÒÌ¯ ³Õμ´μ¢ ¨ ¶μ
³μ¤¥·´¨§ Í¨¨ ³¥§μ´´ÒÌ ± ´ ²μ¢ Ë §μÉ·μ´  [11, 12]. �·¨ ÔÉμ³ É¥Ì´¨Î¥¸±μ¥
§ ¤ ´¨¥ ¢ Š� ‹Ÿ� ´  ÔÉ¨ ¶·μ¥±ÉÒ ¡Ò²μ ¸μ¸É ¢²¥´μ ¸ ÊÎ¥Éμ³ ³ ±¸¨³ ²Ó´μ£μ
¨¸¶μ²Ó§μ¢ ´¨Ö £μÉμ¢ÒÌ ³ £´¨É´ÒÌ Ô²¥³¥´Éμ¢ ¨ ±·Ê¶´μ£ ¡ ·¨É´ÒÌ ¤¥É ²¥°,
μ¸É ¢Ï¨Ì¸Ö ¶μ¸²¥ ·¥±μ´¸É·Ê±Í¨¨ ¸¨´Ì·μÍ¨±²μÉ·μ´  ¢ Ë §μÉ·μ´ ¸ ¶·μ¸É· ´-
¸É¢¥´´μ° ¢ ·¨ Í¨¥° ³ £´¨É´μ£μ ¶μ²Ö, ÎÉμ ¶μ§¢μ²¨²μ ¸´¨§¨ÉÓ § É· ÉÒ ´  ·¥ -
²¨§ Í¨Õ ÔÉ¨Ì ¶·μ¥±Éμ¢ ¤μ ´¥¸±μ²Ó±¨Ì ¤¥¸ÖÉ±μ¢ ÉÒ¸ÖÎ ¤μ²² ·μ¢ [13, 14].

’ ±μ° ¦¥ ¶μ¤Ìμ¤ ± ·¥ ²¨§ Í¨¨ ¶·¥¤²μ¦¥´´μ£μ Ê¸±μ·¨É¥²Ö ³μ¦¥É ¶·¨-
¢¥¸É¨ ± ¸´¨¦¥´¨Õ § É· É ´  ¥£μ ¨§£μÉμ¢²¥´¨¥ ¤μ Ê·μ¢´Ö 0,5Ä0,7 ³²´ ¤μ²².
‘˜� ¢ μ¸´μ¢´μ³ ´  μ¶² ÉÊ ¸É ´¤ ·É´μ£μ ¶·μ³ÒÏ²¥´´μ£μ μ¡μ·Ê¤μ¢ ´¨Ö ¨
¶·¨¡μ·μ¢.

‚ μÉ¤ ²¥´´μ° ¶¥·¸¶¥±É¨¢¥ ³ £´¨É´Ò¥ §¥·± ²  ³μ¦´μ ¡Ê¤¥É ¨§£μÉμ¢¨ÉÓ ¢
¸¢¥·Ì¶·μ¢μ¤ÖÐ¥³ ¢ ·¨ ´É¥, Ê¢¥²¨Î¨¢ ³ £´¨É´ÊÕ ¨´¤Ê±Í¨Õ ¸ 2 ¤μ 4 ’² ¨ É¥³
¸ ³Ò³ ¸´¨§¨¢ ¢¥¸ §¥·± ² ¶·¨³¥·´μ ¢ É·¨ · § , ¨²¨ ¶·¨ ¸μÌ· ´¥´¨¨ £ ¡ ·¨Éμ¢
¸¤¥² ÉÓ Ê¸±μ·¨É¥²Ó ¶·¨£μ¤´Ò³ ¤²Ö Ê¸±μ·¥´¨Ö Ö¤¥· Ê£²¥·μ¤ .

‡�Š‹�—…�ˆ…

�·¥¤²μ¦¥´ Ê¸±μ·¨É¥²Ó ¶·μÉμ´μ¢ ´μ¢μ£μ É¨¶  (Ë §μÉ·μ´ ¸ · §¤¥²¥´´Ò³
³ £´¨Éμ³ ¨²¨ ·¥Í¨·±Ê²ÖÍ¨μ´´Ò° Ë §μÉ·μ´), ¢ ±μÉμ·μ³ ³ £´¨É´μ¥ ¶μ²¥ ¢
μÉ±²μ´ÖÕÐ¨Ì ³ £´¨É Ì Ö¢²Ö¥É¸Ö ¶μ¸ÉμÖ´´Ò³,   Î ¸ÉμÉ  Ê¸±μ·ÖÕÐ¥£μ Ô²¥±-
É·¨Î¥¸±μ£μ ¶μ²Ö ¨ £· ¤¨¥´ÉÒ ³ £´¨É´μ£μ ¶μ²Ö ¢ Ëμ±Ê¸¨·ÊÕÐ¨Ì ²¨´§ Ì ¨§³¥-
´ÖÕÉ¸Ö ¢μ ¢·¥³Ö Í¨±²  Ê¸±μ·¥´¨Ö ¶μ § ¤ ´´Ò³ ¶·μ£· ³³ ³.

�·μ¢¥¤¥´  ´ ²¨§ É· ¥±Éμ·´μ° ¸μ¶·Ö¦¥´´μ¸É¨,   É ±¦¥ Ë §μ¢μ°, ¶·μ-
¸É· ´¸É¢¥´´μ° ¨ ·¥§μ´ ´¸´μ° Ê¸Éμ°Î¨¢μ¸É¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ ´μ¢μ³ Ê¸±μ-
·¨É¥²¥, ¶μ§¢μ²ÖÕÐ¨° ¸¤¥² ÉÓ ¢Ò¢μ¤ μ ¥£μ ¶·¨´Í¨¶¨ ²Ó´μ° μ¸ÊÐ¥¸É¢¨³μ¸É¨.

’ ±¨¥ μ¸μ¡¥´´μ¸É¨ ´μ¢μ£μ Ê¸±μ·¨É¥²Ö, ± ± ¡Ò¸É·μÍ¨±²¨Î´μ¸ÉÓ
(50Ä100 ƒÍ) ¨ ¢μ§³μ¦´μ¸ÉÓ ¨§³¥´ÖÉÓ Ô´¥·£¨Õ ¨ ±μ²¨Î¥¸É¢μ Î ¸É¨Í ¢ ± ¦¤μ³
Í¨±²¥ Ê¸±μ·¥´¨Ö, ´ ¨¡μ²¥¥ ¶μ²´μ ¸μμÉ¢¥É¸É¢ÊÕÉ ±²¨´¨Î¥¸±¨³ É·¥¡μ¢ ´¨Ö³
± ¶·μÉμ´´Ò³ ¶ÊÎ± ³, μ¸μ¡¥´´μ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¶¥·¸¶¥±É¨¢´ÒÌ ³¥Éμ¤μ¢
 ±É¨¢´μ£μ Ëμ·³¨·μ¢ ´¨Ö ¤μ§´ÒÌ ¶μ²¥°. �·¥¤²μ¦¥´ É¥Ì´¨Î¥¸±μ° ¢ ·¨ ´É ·¥-
 ²¨§ Í¨¨ ´μ¢μ£μ Ê¸±μ·¨É¥²Ö ¢ §¤ ´¨¨ ³¥¤¨±μ-É¥Ì´¨Î¥¸±μ£μ ±μ³¶²¥±¸  ‹Ÿ�
�ˆŸˆ, ¶·¥¤Ê¸³ É·¨¢ ÕÐ¨° ¨¸¶μ²Ó§μ¢ ´¨¥ ¨³¥ÕÐ¨Ì¸Ö ¢ ´ ²¨Î¨¨ ±·Ê¶´μ-
£ ¡ ·¨É´ÒÌ ¤¥É ²¥° Ö·³  ¨ ³¥¤´μ° É·Ê¡±¨ ¤²Ö μ¸´μ¢´ÒÌ ³ £´¨Éμ¢ ´μ¢μ£μ
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Ê¸±μ·¨É¥²Ö, · §· ¡μÉμ± ±μ´¸É·Ê±Éμ·¸±μ£μ μÉ¤¥²  ‹Ÿ� �ˆŸˆ ¶μ μÉ±²μ´ÖÕ-
Ð¨³ ³ £´¨É ³ ¨ ²¨´§ ³,   É ±¦¥ ¸É ´¤ ·É´ÒÌ ¨§¤¥²¨° ¶·μ³ÒÏ²¥´´μ£μ ¶·μ-
¨§¢μ¤¸É¢  �”. 	Éμ ¶μ§¢μ²¨É §´ Î¨É¥²Ó´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 ¡¥§ μ¡· Ð¥´¨Ö ¢
¸Éμ·μ´´¨¥ 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.

�¸´ Ð¥´¨¥ ³¥¤¨±μ-É¥Ì´¨Î¥¸±μ£μ ±μ³¶²¥±¸  ‹Ÿ� �ˆŸˆ ¶·¥¤²μ¦¥´´Ò³
Ê¸±μ·¨É¥²¥³ μÉ±·μ¥É Ï¨·μ±ÊÕ ¶¥·¸¶¥±É¨¢Ê ¤²Ö ¤ ²Ó´¥°Ï¥£μ · §¢¨É¨Ö ¶·μ-
Éμ´´μ° É¥· ¶¨¨ ¢ ‹Ÿ� �ˆŸˆ ´  μ¸´μ¢¥ ± Î¥¸É¢¥´´μ ²ÊÎÏ¨Ì ¶ÊÎ±μ¢ ¨ ¸
¨¸¶μ²Ó§μ¢ ´¨¥³ ´ ¨¡μ²¥¥ ¶¥·¥¤μ¢ÒÌ ³¥Éμ¤¨± μ¡²ÊÎ¥´¨Ö ¶ Í¨¥´Éμ¢.
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