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� ¸¸³μÉ·¥´Ò ¸¶¥±É· ²Ó´μ-Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö § ·Ö¤ , ¶¥·¥¸¥± Õ-
Ð¥£μ ¶μ¢¥·Ì´μ¸ÉÓ · §¤¥² , ¨³¥ÕÐÊÕ Ëμ·³Ê ¤¢Ê£· ´´μ£μ Ê£²  ¨²¨ ±μ´Ê¸ . �¡¸Ê¦¤ ¥É¸Ö ¢²¨Ö´¨¥
¨§³¥´¥´¨Ö Ê£²  · ¸É¢μ·  ¤¢Ê£· ´´μ£μ Ê£²  ¨ ±μ´Ê¸ , ¶μ²μ¦¥´¨Ö ÉμÎ±¨ ¶¥·¥Ìμ¤  ´  ¶μ¢¥·Ì´μ¸É¨
· §¤¥²  ¨ ´ ¶· ¢²¥´¨Ö ¤¢¨¦¥´¨Ö § ·Ö¤  ´  ¶·μ¸É· ´¸É¢¥´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¨§²ÊÎ¥´¨Ö. �·¨¢¥-
¤¥´Ò Ì · ±É¥·¨¸É¨±¨ ¨§²ÊÎ¥´¨Ö Î ¸É¨Í, ¶ ¤ ÕÐ¨Ì ´  ¶μ¢¥·Ì´μ¸ÉÓ · §¤¥²  ¨ ¢Ò²¥É ÕÐ¨Ì ¨§ ´¥¥.

‘· ¢´¨¢ ÕÉ¸Ö μ¸μ¡¥´´μ¸É¨ ¤¥É¥±Éμ·μ¢ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö, ¨¸¶μ²Ó§ÊÕÐ¨Ì ¤¢Ê£· ´´Ò° Ê£μ²
¨²¨ ±μ´¨Î¥¸±ÊÕ ¶μ¢¥·Ì´μ¸ÉÓ, ¸ ¤¥É¥±Éμ· ³¨, · ¤¨ Éμ· ³¨ ¢ ±μÉμ·ÒÌ Ö¢²ÖÕÉ¸Ö ¶²μ¸±¨¥ ¶μ¢¥·Ì-
´μ¸É¨.

Considered are spectral and angular distributions of transition radiation that arises when a charge
crosses a boundary surface of the form of dihedral angle or cone. Dependence of the spatial distribution
of the radiation on the changes in the dihedral and cone angle, on the location of the transition point at
the boundary surface, and on the charge movement direction is discussed. Properties of radiation are
given for particles entering the angle or cone and exiting it.

Peculiarities of transition radiation detectors that use dihedral angle or conical surface are compared
with detectors having plane surfaces as radiators.

PACS: 41.60.-m; 52.70.Gm
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‡  ¢·¥³Ö, ¶·μÏ¥¤Ï¥¥ ¶μ¸²¥ μ¶Ê¡²¨±μ¢ ´¨Ö · ¡μÉÒ ‚. ‹. ƒ¨´§¡Ê·£  ¨ ˆ.Œ. ”· ´±  [1],
¢Ò¶μ²´¥´μ ³´μ£μ É¥μ·¥É¨Î¥¸±¨Ì ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ · ¡μÉ, ¶μ¸¢ÖÐ¥´´ÒÌ ¶¥·¥Ìμ¤´μ³Ê
¨§²ÊÎ¥´¨Õ (¸³. ³μ´μ£· Ë¨¨ [2Ä4]). ’ ±μ° ¨´É¥·¥¸ μ¡ÑÖ¸´Ö¥É¸Ö, ¢ ¶¥·¢ÊÕ μÎ¥·¥¤Ó, É¥³,
ÎÉμ ÔÉμ ¶¥·¥Ìμ¤´μ¥ ¨§²ÊÎ¥´¨¥ ¶μ²ÊÎ¨²μ ·Ö¤ ¢ ¦´ÒÌ ¶·¨³¥´¥´¨°. ‚ Î ¸É´μ¸É¨, μ´μ ³μ¦¥É
¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´μ ¤²Ö £¥´¥· Í¨¨ Ô²¥±É·μ³ £´¨É´ÒÌ ¢μ²´ ¸¨²Ó´μÉμÎ´Ò³¨ Ô²¥±É·μ´´Ò³¨
¶ÊÎ± ³¨, ¤²Ö £¥´¥· Í¨¨ ¨§²ÊÎ¥´¨Ö ¢ ² §¥· Ì ´  ¸¢μ¡μ¤´ÒÌ Ô²¥±É·μ´ Ì, ¤²Ö ¤¨ £´μ¸É¨±¨
¸·¥¤ ¸ ¶μ³μÐÓÕ ¶ÊÎ±μ¢ § ·Ö¦¥´´ÒÌ Î ¸É¨Í, ¤²Ö ±μ´É·μ²Ö ¶ÊÎ±  ¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö.
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‚ Ë¨§¨±¥ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¶¥·¥Ìμ¤´μ¥ ¨§²ÊÎ¥´¨¥ ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ¤¥É¥±É¨·μ¢ ´¨Ö
§ ·Ö¦¥´´ÒÌ Î ¸É¨Í. Š ± ¨§¢¥¸É´μ [5, 6], ¶μÉ¥·¨ Ô´¥·£¨¨ ·¥²ÖÉ¨¢¨¸É¸±μ° Î ¸É¨ÍÒ ´  ¶¥-
·¥Ìμ¤´μ¥ ¨§²ÊÎ¥´¨¥ ¶·μ¶μ·Í¨μ´ ²Ó´Ò Ô´¥·£¨¨ Î ¸É¨ÍÒ. ‚ ÔÉμ³ μÉ´μÏ¥´¨¨ ¶¥·¥Ìμ¤´μ¥
¨§²ÊÎ¥´¨¥ μ± § ²μ¸Ó Ê´¨± ²Ó´Ò³ Ö¢²¥´¨¥³. ’ ±μ¥ ¸¢μ°¸É¢μ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö ¶μ-
§¢μ²¨²μ ¸μ§¤ ÉÓ ¤¥É¥±Éμ·Ò, ±μÉμ·Ò¥ μ¶·¥¤¥²ÖÕÉ ´¥ Éμ²Ó±μ Ë ±É ¶·μÌμ¦¤¥´¨Ö Î ¸É¨ÍÒ,
´μ ¨ ¥¥ Ô´¥·£¨Õ, ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö ¨ ´¥±μÉμ·Ò¥ ¤·Ê£¨¥ Ì · ±É¥·¨¸É¨±¨.

‚ ¡μ²ÓÏ¨´¸É¢¥ · ¡μÉ, ¶μ¸¢ÖÐ¥´´ÒÌ ¶¥·¥Ìμ¤´μ³Ê ¨§²ÊÎ¥´¨Õ, · ¸¸³ É·¨¢ ²μ¸Ó ¨§²Ê-
Î¥´¨¥, ¢μ§´¨± ÕÐ¥¥ ¶·¨ ¶¥·¥¸¥Î¥´¨¨ μ¤´μ° ¨²¨ ´¥¸±μ²Ó±¨Ì ¶²μ¸±¨Ì £· ´¨Í · §¤¥² .
‘²ÊÎ ¨ ¡μ²¥¥ ¸²μ¦´ÒÌ ¶μ¢¥·Ì´μ¸É¥° · §¤¥²  ¨¸¸²¥¤μ¢ ´Ò ¤ ²¥±μ ´¥ É ± ¶μ¤·μ¡´μ.
�¤´ ±μ ¸²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ μ¸μ¡¥´´μ¸É¨ ¸¶¥±É· ²Ó´μ-Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¶¥·¥-
Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö ´  ¸²μ¦´ÒÌ ¶μ¢¥·Ì´μ¸ÉÖÌ · §¤¥²  μÉ±·Ò¢ ÕÉ ´μ¢Ò¥ ¢μ§³μ¦´μ¸É¨ ¢
É· ¤¨Í¨μ´´ÒÌ ¶·¨³¥´¥´¨ÖÌ ÔÉμ£μ ¨§²ÊÎ¥´¨Ö. � ¶·¨³¥·, ¨¸¸²¥¤μ¢ ´¨Ö ¶¥·¥Ìμ¤´μ£μ ¨§²Ê-
Î¥´¨Ö, ¢μ§´¨± ÕÐ¥£μ ¶·¨ ¶¥·¥¸¥Î¥´¨¨ Î ¸É¨Í¥° ¶ · ¡μ²¨Î¥¸±μ£μ §¥·± ²  [7] ¨ ²¨´§Ò [8],
¶μ± § ²¨, ÎÉμ ¨§²ÊÎ¥´¨¥ ¸μ¡¨· ¥É¸Ö ¢ Ëμ±Ê¸¥ §¥·± ²  ¨ ¢ Ëμ±Ê¸¥ ²¨´§Ò. �·¨ ÔÉμ³, ¢μ-
¶¥·¢ÒÌ, Ê¢¥²¨Î¨¢ ¥É¸Ö ¶μ²¥ ¨§²ÊÎ¥´¨Ö ¢¡²¨§¨ Ëμ±Ê¸ , ÎÉμ μ¡²¥£Î ¥É ¨§³¥·¥´¨Ö ¨ ¶μ¢Ò-
Ï ¥É ¨Ì ÉμÎ´μ¸ÉÓ,   ¢μ-¢Éμ·ÒÌ, ¶μ§¢μ²Ö¥É μ¸ÊÐ¥¸É¢¨ÉÓ Ëμ±Ê¸¨·μ¢±Ê ¨§²ÊÎ¥´¨Ö ¢ ¸Éμ·μ´¥
μÉ É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ.

�¨¦¥ ¤ ´μ ±· É±μ¥ μ¶¨¸ ´¨¥ ·¥§Ê²ÓÉ Éμ¢ ¨¸¸²¥¤μ¢ ´¨° ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö Î -
¸É¨ÍÒ, ¶¥·¥¸¥± ÕÐ¥° ¤¢Ê£· ´´Ò° Ê£μ² ¨ ±μ´¨Î¥¸±ÊÕ ¶μ¢¥·Ì´μ¸ÉÓ.
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‚ · ¡μÉ¥ [1] · ¸¸³ É·¨¢ ²μ¸Ó ¨§²ÊÎ¥´¨¥ § ·Ö¤  q, ¤¢¨¦ÊÐ¥£μ¸Ö ¸μ ¸±μ·μ¸ÉÓÕ v ¶¥·-
¶¥´¤¨±Ê²Ö·´μ ¶²μ¸±μ° ¶μ¢¥·Ì´μ¸É¨. 	Ò²μ ¶μ± § ´μ, ÎÉμ ¶¥·¥Ìμ¤´μ¥ ¨§²ÊÎ¥´¨¥ Î ¸É¨ÍÒ,
¶ ¤ ÕÐ¥° ´  ¨¤¥ ²Ó´μ ¶·μ¢μ¤ÖÐÊÕ ¶²μ¸±μ¸ÉÓ, ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ± ± ¨§²ÊÎ¥´¨¥ ¤¢ÊÌ
§ ·Ö¤μ¢ (·¥ ²Ó´μ£μ § ·Ö¤  q ¨ ¥£μ §¥·± ²Ó´μ£μ ¨§μ¡· ¦¥´¨Ö −q), ¤¢¨¦ÊÐ¨Ì¸Ö ¢ ¸¢μ¡μ¤-
´μ³ ¶·μ¸É· ´¸É¢¥ ´ ¢¸É·¥ÎÊ ¤·Ê£ ¤·Ê£Ê ¨ ³£´μ¢¥´´μ μ¸É ´ ¢²¨¢ ÕÐ¨Ì¸Ö ¢ ÉμÎ±¥ ¶¥·¥Ìμ¤ .
�·¥¤¶μ² £ ²μ¸Ó, ÎÉμ § ·Ö¤ ´ ¸Éμ²Ó±μ ¡Ò¸É·Ò°, ÎÉμ ¨§³¥´¥´¨¥ ¥£μ ¸±μ·μ¸É¨, ¢Ò§¢ ´´μ¥
¢§ ¨³μ¤¥°¸É¢¨¥³ ¸ § ·Ö¤μ³-¨§μ¡· ¦¥´¨¥³, ¶·¥´¥¡·¥¦¨³μ ³ ²μ. �μÔÉμ³Ê ¶μ²¥ ¨§²ÊÎ¥´¨Ö
Ëμ·³¨·Ê¥É¸Ö ¢ ÉμÉ ³μ³¥´É, ±μ£¤  § ·Ö¤ ¨ ¥£μ ¨§μ¡· ¦¥´¨¥ ¢¸É·¥Î ÕÉ¸Ö ¢ ÉμÎ±¥ ¶¥·¥¸¥-
Î¥´¨Ö £· ´¨ÍÒ · §¤¥² .

�·¨ ¢Ò²¥É¥ Î ¸É¨ÍÒ ¨§ ¶²μ¸±μ¸É¨ ¶μ²¥ ¨§²ÊÎ¥´¨Ö ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´μ ¸Ê³³μ°
¶μ²¥° ¤¢ÊÌ · §´μ¨³¥´´μ § ·Ö¦¥´´ÒÌ Î ¸É¨Í, ³£´μ¢¥´´μ ¸É ·ÉÊÕÐ¨Ì ¢ ÉμÎ±¥ ¶¥·¥Ìμ¤ 
¨ ¤¢¨¦ÊÐ¨Ì¸Ö ¢ ¸¢μ¡μ¤´μ³ ¶·μ¸É· ´¸É¢¥ ¢ ¶·μÉ¨¢μ¶μ²μ¦´ÒÌ ´ ¶· ¢²¥´¨ÖÌ. �·¨ ¶¥·¥-
¸¥Î¥´¨¨ ¶²μ¸±μ¸É¨ ¶μ¤ ¶·Ö³Ò³ Ê£²μ³ ¨§²ÊÎ ¥³ Ö Ô´¥·£¨Ö · ¢´  ´Ê²Õ ¶μ ´ ¶· ¢²¥´¨Õ
¸±μ·μ¸É¨ Î ¸É¨ÍÒ ¨ ³ ±¸¨³ ²Ó´  ¶μ¤ Ê£²μ³ � 1/γ ± ´ ¶· ¢²¥´¨Õ ¸±μ·μ¸É¨, £¤¥ γ Å
μÉ´μ¸¨É¥²Ó´ Ö Ô´¥·£¨Ö Î ¸É¨ÍÒ. �μÔÉμ³Ê ¶·¨ γ � 1 ¨§²ÊÎ¥´¨¥ ¸μ¸·¥¤μÉμÎ¥´μ ¶μ¤ ³ -
²Ò³¨ Ê£² ³¨ ± ¸±μ·μ¸É¨ Î ¸É¨ÍÒ.

‚ [1] · ¸¸³ É·¨¢ ²¸Ö ¸²ÊÎ ° ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¶¥·¶¥´¤¨±Ê²Ö·´μ ¶²μ¸±μ° £· ´¨Í¥
· §¤¥² . ‚ ¤¥°¸É¢¨É¥²Ó´μ¸É¨ ¶·¨³¥´¥´¨¥ ³¥Éμ¤  §¥·± ²Ó´ÒÌ ¨§μ¡· ¦¥´¨° ¢μ§³μ¦´μ ¤ ¦¥
¢ ¡μ²¥¥ μ¡Ð¥³ ¸²ÊÎ ¥. ‚ · ¡μÉ¥ [9] ¶μ± § ´μ, ÎÉμ ¶·¨ ²Õ¡μ³ § ±μ´¥ ¤¢¨¦¥´¨Ö § ·Ö¤  ¥¸²¨
§ ·Ö¤-¨§μ¡· ¦¥´¨¥ ¤¢¨¦¥É¸Ö ¶μ ±·¨¢μ°, §¥·± ²Ó´μ-¸¨³³¥É·¨Î´μ° μÉ´μ¸¨É¥²Ó´μ ¶²μ¸±μ-
¸É¨, Éμ ¢ ¶²μ¸±μ¸É¨ ¸¨³³¥É·¨¨ ¢Ò¶μ²´ÖÕÉ¸Ö É ±¨¥ ¦¥ Ê¸²μ¢¨Ö, ± ± ¨ ´  £· ´¨Í¥ ¸
¨¤¥ ²Ó´μ ¶·μ¢μ¤ÖÐ¥° ¶μ¢¥·Ì´μ¸ÉÓÕ. �μÔÉμ³Ê ¸ ¶μ³μÐÓÕ ³¥Éμ¤  ¨§μ¡· ¦¥´¨° ³μ¦¥É
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¡ÒÉÓ · ¸¸³μÉ·¥´μ ¶¥·¥Ìμ¤´μ¥ ¨§²ÊÎ¥´¨¥ ¢ ¸²ÊÎ ¥, ±μ£¤  £· ´¨Í  · §¤¥²  ¸ ¨¤¥ ²Ó´μ ¶·μ-
¢μ¤ÖÐ¥° ¸·¥¤μ° ¨³¥¥É Ëμ·³Ê ¤¢Ê£· ´´μ£μ Ê£²  ¸ · ¸É¢μ·μ³ α = π/m, £¤¥ m Å Í¥²μ¥
Î¨¸²μ. �·¨ ÔÉμ³ Ê¸²μ¢¨¨ ¶μ²¥ ¨§²ÊÎ¥´¨Ö Î ¸É¨ÍÒ ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´μ ¢ ¢¨¤¥ ¶μ²Ö,
Ëμ·³¨·Ê¥³μ£μ ¶·¨ ¸É ·É¥ 2m §´ ±μÎ¥·¥¤ÊÕÐ¨Ì¸Ö § ·Ö¤μ¢, ¤¢¨¦ÊÐ¨Ì¸Ö ¢ ¸¢μ¡μ¤´μ³ ¶·μ-
¸É· ´¸É¢¥ ¶μ É· ¥±Éμ·¨Ö³, §¥·± ²Ó´μ-¸¨³³¥É·¨Î´Ò³ μÉ´μ¸¨É¥²Ó´μ m ¶²μ¸±μ¸É¥°.

�  ·¨¸. 1,   ¶·¥¤¸É ¢²¥´  £¥μ³¥É·¨Ö § ¤ Î¨. �¸Ó z ¸μ¢¶ ¤ ¥É ¸ ·¥¡·μ³ ¤¢Ê£· ´´μ£μ
Ê£² . �μ¢¥·Ì´μ¸É¨ ¤¢Ê£· ´´μ£μ Ê£²  ¢ ¸Ë¥·¨Î¥¸±μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É θ, ϕ, ρ μ¶·¥¤¥²Ö-
ÕÉ¸Ö Ê· ¢´¥´¨Ö³¨ ϕ = ±α/2, £¤¥ α Å Ê£μ² · ¸É¢μ·  ¤¢Ê£· ´´μ£μ Ê£² . ‘Î¨É ¥É¸Ö, ÎÉμ
§ ·Ö¤ q ¤¢¨¦¥É¸Ö ¢ ¶²μ¸±μ¸É¨ z = 0 ¶μ¤ Ê£²μ³ ϕ0 ± ¡¨¸¸¥±É·¨¸¥ ¤¢Ê£· ´´μ£μ Ê£² .

�¨¸. 1. ƒ¥μ³¥É·¨Ö § ¤ Î¨:  ) ¤¢Ê£· ´´Ò° Ê£μ²; ¡) ±μ´¨Î¥¸± Ö ¶μ¢¥·Ì´μ¸ÉÓ

‚ · ¡μÉ¥ [10] ¡Ò²μ · ¸¸³μÉ·¥´μ ¶¥·¥Ìμ¤´μ¥ ¨§²ÊÎ¥´¨¥ § ·Ö¦¥´´μ° Î ¸É¨ÍÒ ¤²Ö ¸²Ê-
Î Ö, ±μ£¤  ¨¤¥ ²Ó´μ ¶·μ¢μ¤ÖÐ Ö ¶μ¢¥·Ì´μ¸ÉÓ μ¡· §μ¢ ´  ¤¢Ê³Ö ¶²μ¸±μ¸ÉÖ³¨, ¸μ¸É ¢²ÖÕ-
Ð¨³¨ ¤¢Ê£· ´´Ò° Ê£μ² ¸ · ¸É¢μ·μ³ α = π/2. ‚ · ¡μÉ¥ [9] · ¸¸³ É·¨¢ ²¸Ö ¡μ²¥¥ μ¡Ð¨°
¸²ÊÎ °, ±μ£¤  ¶²μ¸±μ¸É¨ ¶¥·¥¸¥± ÕÉ¸Ö ´¥ Éμ²Ó±μ ¶μ¤ ¶·Ö³Ò³ Ê£²μ³, ´μ ¨ ¶μ¤ Ê£²μ³
α = π/m, £¤¥ m Å Í¥²μ¥ Î¨¸²μ. ‚ ÔÉμ° · ¡μÉ¥ ¤²Ö μ¶¨¸ ´¨Ö ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö
¨¸¶μ²Ó§μ¢ ²¸Ö ³¥Éμ¤ §¥·± ²Ó´ÒÌ ¨§μ¡· ¦¥´¨°, ¶·¨ ±μÉμ·μ³ ± ¶μ²Õ ·¥ ²Ó´μ£μ § ·Ö¤ 
¤μ¡ ¢²ÖÕÉ¸Ö ¶μ²Ö 2m − 1 ¨§μ¡· ¦¥´¨Ö.

Œ¥Éμ¤ §¥·± ²Ó´ÒÌ ¨§μ¡· ¦¥´¨° ¨¸¶μ²Ó§μ¢ ²¸Ö ¨ ¶·¨ μ¶¨¸ ´¨¨ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥-
´¨Ö ¢ É·¥Ì£· ´´μ³ Ê£²¥, μ¡· §μ¢ ´´μ³ ¶·¨ ¶¥·¥¸¥Î¥´¨¨ ¤¢Ê£· ´´μ£μ Ê£²  ¶²μ¸±μ¸ÉÓÕ,
¶¥·¶¥´¤¨±Ê²Ö·´μ° ·¥¡·Ê [11]. „²Ö ÔÉμ£μ ± ¶¥·¢μ° £·Ê¶¶¥ § ·Ö¤μ¢ (μ¤´μ³Ê § ¤ ´´μ³Ê ¨
2m − 1 ¢¢¥¤¥´´Ò³ § ·Ö¤ ³-¨§μ¡· ¦¥´¨Ö³) ¤μ¡ ¢²Ö² ¸Ó ¢Éμ· Ö £·Ê¶¶  ¨§ 2m §´ ±μÎ¥·¥-
¤ÊÕÐ¨Ì¸Ö ¤μ¶μ²´¨É¥²Ó´ÒÌ § ·Ö¤μ¢. ‡ ·Ö¤Ò ¢Éμ·μ° £·Ê¶¶Ò · ¸¶μ² £ ²¨¸Ó ¢ ÉμÎ± Ì, £¤¥
´ Ìμ¤ÖÉ¸Ö §¥·± ²Ó´Ò¥ (μÉ´μ¸¨É¥²Ó´μ ¶²μ¸±μ¸É¨ xy) μÉμ¡· ¦¥´¨Ö § ·Ö¤μ¢ ¶¥·¢μ° £·Ê¶¶Ò.
‚ ÔÉμ³ ¸²ÊÎ ¥ ¶μ²¥, ¢μ§¡Ê¦¤¥´´μ¥ ¢¸¥³¨ § ·Ö¤ ³¨ ¢ ¶·μ¸É· ´¸É¢¥, μ£· ´¨Î¥´μ³ É·¥Ì-
£· ´´Ò³ Ê£²μ³, ¡Ê¤¥É Ô±¢¨¢ ²¥´É´μ ¶μ²Õ, ¢μ§¡Ê¦¤¥´´μ³Ê § ¤ ´´Ò³ § ·Ö¤μ³. ’·¥Ì£· ´-
´Ò° Ê£μ² ¡Ê¤¥É μ¶·¥¤¥²ÖÉÓ¸Ö ¤¢Ê£· ´´Ò³ Ê£²μ³ αxy = π/m, ²¥¦ Ð¨³ ¢ ¶²μ¸±μ¸É¨ xy, ¨
Ê£²μ³ αz = π/2 ³¥¦¤Ê ¶²μ¸±μ¸ÉÓÕ xy ¨ μ¸ÓÕ z.

ˆ¸¸²¥¤μ¢ ´¨Ö ¶μ± § ²¨, ÎÉμ ¢ μ¡Ð¥³ ¸²ÊÎ ¥ ¶·¨ ¨§³¥´¥´¨¨ ´ ¶· ¢²¥´¨Ö ¤¢¨¦¥´¨Ö
Î ¸É¨ÍÒ ¶μ § ¤ ´´μ° É· ¥±Éμ·¨¨ ´  ¶·μÉ¨¢μ¶μ²μ¦´μ¥ ¸¶¥±É· ²Ó´μ-Ê£²μ¢Ò¥ · ¸¶·¥¤¥-
²¥´¨Ö ¨§²ÊÎ¥´¨Ö Î ¸É¨Í ¸ÊÐ¥¸É¢¥´´μ ³¥´ÖÕÉ¸Ö [12, 13]. �  ·¨¸. 2 ¶·¨¢¥¤¥´Ò Ê£²μ¢Ò¥
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�¨¸. 2. “£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö Ô´¥·£¨¨ ¨§²ÊÎ¥´¨Ö Î ¸É¨Í W (ϕ) ¶·¨ · §²¨Î´ÒÌ Ê£² Ì · ¸É¢μ· 
α = π/n:  ) Î ¸É¨ÍÒ ¢Ò²¥É ÕÉ ¨§ ¤¢Ê£· ´´μ£μ Ê£² ; ¡) ¢²¥É ÕÉ ¢ ¤¢Ê£· ´´Ò° Ê£μ² ¶μ¤ Ê£²μ³

ϕ0 = 0,3. �´¥·£¨Ö Î ¸É¨ÍÒ γ = 15

· ¸¶·¥¤¥²¥´¨Ö Ô´¥·£¨¨ ¨§²ÊÎ¥´¨Ö W (ϕ), ¶μ²ÊÎ¥´´Ò¥ ¤²Ö Î ¸É¨Í ¸ ¶·¨¢¥¤¥´´μ° Ô´¥·£¨¥°
γ = 15, ¤¢¨¦ÊÐ¨Ì¸Ö ¢ ¤¢Ê£· ´´ÒÌ Ê£² Ì ¸ · ¸É¢μ·μ³ α = π, π/2, π/3, π/4 ¶μ¤ Ê£²μ³
ϕ0 = 0,3 ± ¡¨¸¸¥±É·¨¸¥ ¤¢Ê£· ´´μ£μ Ê£² . �  ·¨¸. 2,   ¶·¨¢¥¤¥´Ò · ¸¶·¥¤¥²¥´¨Ö ¶μ²¥°
¨§²ÊÎ¥´¨Ö W out(ϕ) ¶·¨ ¢Ò²¥É¥ Î ¸É¨ÍÒ ¨§ Ê£² ,   ´  ·¨¸. 2, ¡ Å W in(ϕ) ¶·¨ ¢²¥É¥ ¢
Ê£μ². ‚ ²¥¢ÒÌ ¢¥·Ì´¨Ì Ê£² Ì ·¨¸Ê´±μ¢ ¶μ± § ´Ò ¸Ì¥³Ò ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ.

�·¨ ¢Ò²¥É¥ § ·Ö¤  ¨§ ·¥¡·  Ê³¥´ÓÏ¥´¨¥ Ê£²  · ¸É¢μ·  Ê¢¥²¨Î¨¢ ¥É  ¸¨³³¥É·¨Õ · ¸-
¶·¥¤¥²¥´¨Ö μÉ´μ¸¨É¥²Ó´μ ´ ¶· ¢²¥´¨Ö ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ (·¨¸. 2,  ), ´μ ¶·¨ ²Õ¡ÒÌ α
¨§²ÊÎ¥´¨¥ ¸μ¸·¥¤μÉμÎ¥´μ ¶μ¤ Ê£² ³¨, ¡²¨§±¨³¨ ± É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ.

Š Î¥¸É¢¥´´μ ¤·Ê£μ¥ ¢²¨Ö´¨¥ ´  Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ μ± §Ò¢ ¥É ¨§³¥´¥´¨¥ Ê£²  · ¸-
É¢μ·  ¢ ¸²ÊÎ ¥, ±μ£¤  Î ¸É¨Í  ¶ ¤ ¥É ´  ·¥¡·μ. „²Ö Ê£²μ¢ · ¸É¢μ·  α = π/n, ¸μμÉ¢¥É¸É¢Ê-
ÕÐ¨Ì Î¥É´μ³Ê Î¨¸²Ê n, · ¸¶·¥¤¥²¥´¨Ö ¨§²ÊÎ¥´¨Ö ¶·¨ ¢Ò²¥É¥ ¨ ¢²¥É¥ Î ¸É¨ÍÒ ¸μ¢¶ ¤ ÕÉ
(¸·. § ¢¨¸¨³μ¸É¨, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ α = π/2 ¨ α = π/4 ´  ·¨¸. 2,   ¨ ¡). Šμ£¤  n ´¥Î¥É´μ¥,
Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¨§²ÊÎ¥´¨Ö ¢Ò²¥É ÕÐ¨Ì ¨ ¶ ¤ ÕÐ¨Ì Î ¸É¨Í ¸¨³³¥É·¨Î´Ò μÉ´μ-
¸¨É¥²Ó´μ ¡¨¸¸¥±É·¨¸Ò ¤¢Ê£· ´´μ£μ Ê£²  (±·¨¢Ò¥ ¤²Ö α = π ¨ α = π/3 ´  ·¨¸. 2,   ¨ ¡).

�  ·¨¸. 3 ¶μ± § ´Ò · ¸¶·¥¤¥²¥´¨Ö ¨§²ÊÎ¥´¨Ö Î ¸É¨Í, ¢²¥É ÕÐ¨Ì ¢¤μ²Ó ¡¨¸¸¥±É·¨¸Ò
(ϕ0 = 0) ¢ ¤¢Ê£· ´´Ò¥ Ê£²Ò ¸ Ê£²μ³ · ¸É¢μ·  α ³´μ£μ ¡μ²ÓÏ¥ Ê£²  · ¸Ìμ¤¨³μ¸É¨ ¨§²Ê-
Î¥´¨Ö 1/γ. ˆ§ ·¨¸Ê´±  ¸²¥¤Ê¥É, ÎÉμ ¶·¨ Ê£² Ì · ¸É¢μ·  α = π/3 (·¨¸. 3,  ) ¨ α = π/4
(·¨¸. 3, ¤) (É. ¥. α = π/n) ¶·μ¸É· ´¸É¢¥´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¡²¨§±¨ ± · ¸¶·¥¤¥²¥´¨Õ ¨§-
²ÊÎ¥´¨Ö Î ¸É¨ÍÒ, ¶¥·¥¸¥± ÕÐ¥° ¶²μ¸±ÊÕ £· ´¨ÍÊ · §¤¥² : ¨´É¥´¸¨¢´μ¸ÉÓ ³ ±¸¨³ ²Ó´ 
¶μ¤ Ê£²μ³ 1/γ ± ¸±μ·μ¸É¨ Î ¸É¨ÍÒ, ¨ · ¸¶·¥¤¥²¥´¨¥ ¶· ±É¨Î¥¸±¨ ¸μÌ· ´Ö¥É μ¸¥¢ÊÕ ¸¨³-
³¥É·¨Õ.

Šμ£¤  · ¸É¢μ· · ¢¥´ α = π/3,5 (·¨¸. 3, ¢), ± ·É¨´  · ¸¶·¥¤¥²¥´¨Ö ± Î¥¸É¢¥´´μ ¤·Ê£ Ö.
‚μ-¶¥·¢ÒÌ, ¨´É¥´¸¨¢´μ¸ÉÓ ¨§²ÊÎ¥´¨Ö ¢ ¶²μ¸±μ¸É¨, ¶¥·¶¥´¤¨±Ê²Ö·´μ° ·¥¡·Ê ¤¢Ê£· ´´μ£μ
Ê£² , ³´μ£μ ¡μ²ÓÏ¥, Î¥³ ¢ ¶²μ¸±μ¸É¨, ¶·μÌμ¤ÖÐ¥° Î¥·¥§ ·¥¡·μ ¨ ¡¨¸¸¥±É·¨¸Ê. ‚μ-
¢Éμ·ÒÌ, ³ ±¸¨³ ²Ó´ Ö ¨´É¥´¸¨¢´μ¸ÉÓ ´ ¡²Õ¤ ¥É¸Ö ¢¤μ²Ó ¶²μ¸±μ¸É¥° ¤¢Ê£· ´´μ£μ Ê£² ,
É. ¥. ¶μ¤ Ê£² ³¨ ³´μ£μ ¡μ²ÓÏ¥ γ−1. ‚-É·¥ÉÓ¨Ì, §´ Î¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨ ¢ ³ ±¸¨³Ê³¥
¶·¨¡²¨§¨É¥²Ó´μ ¢ É·¨ · §  ¢ÒÏ¥, Î¥³ ¶·¨ · ¸É¢μ· Ì α = π/3 ¨ α = π/4.
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�¨¸. 3. “£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ¨§²ÊÎ¥´¨Ö W in(ϕ, θ) § ·Ö¤ , ¢²¥É ÕÐ¥£μ ¢ ¤¢Ê-

£· ´´Ò° Ê£μ² ¢¤μ²Ó ¡¨¸¸¥±É·¨¸Ò ¶·¨ · §²¨Î´ÒÌ Ê£² Ì · ¸É¢μ·  α:  ) α = π/3; ¡) α = π/3,25;
¢) α = π/3,5; £) α = π/3,75; ¤) α = π/4
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�¨¸. 4. “£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ¨§²ÊÎ¥´¨Ö W (ϕ, θ) § ·Ö¤  ¢ ¤¢Ê£· ´´μ³ Ê£²¥ ¸
· ¸É¢μ·μ³ α = π/3,5 ¶·¨ · §²¨Î´ÒÌ Ê£² Ì ¨´¦¥±Í¨¨ ϕ0:  ) Î ¸É¨ÍÒ ¢Ò²¥É ÕÉ ¨§ ¤¢Ê£· ´´μ£μ

Ê£² ; ¡) Î ¸É¨ÍÒ ¢²¥É ÕÉ ¢ ¤¢Ê£· ´´Ò° Ê£μ²

�  ·¨¸. 4 ¶μ± § ´Ò · ¸¶·¥¤¥²¥´¨Ö ¨§²ÊÎ¥´¨Ö ¢ ¤¢Ê£· ´´μ³ Ê£²¥ ¸ · ¸É¢μ·μ³ α = π/3,5
¶·¨ · §²¨Î´ÒÌ Ê£² Ì ¨´¦¥±Í¨¨ ϕ0. †¨·´μ° ¶·Ö³μ° ´  ·¨¸Ê´± Ì ¶μ± § ´  ¡¨¸¸¥±É·¨¸ 
¤¢Ê£· ´´μ£μ Ê£²  (²¨´¨Ö θ = π/2, ϕ = 0). �·¥¤¸É ¢²¥´Ò · ¸¶·¥¤¥²¥´¨Ö ¨§²ÊÎ¥´¨Ö Î ¸É¨Í,
¢Ò²¥É ÕÐ¨Ì ¨§ ¤¢Ê£· ´´μ£μ Ê£²  (·¨¸. 4,  ) ¨ ¢²¥É ÕÐ¨Ì ¢ ¤¢Ê£· ´´Ò° Ê£μ² (·¨¸. 4, ¡) ¶μ¤
Ê£² ³¨ ϕ0 = 0, −0,2, −0,4.

ˆ§ ·¨¸. 4,   ¸²¥¤Ê¥É, ÎÉμ ¶·¨ ²Õ¡ÒÌ Ê£² Ì ¢Ò²¥É  ϕ0 ¨§²ÊÎ¥´¨¥ ¸μ¸·¥¤μÉμÎ¥´μ μ±μ²μ
É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ. Œμ¦´μ ¸± § ÉÓ, ÎÉμ ¨§²ÊÎ¥´¨¥ μÉ¸²¥¦¨¢ ¥É É· ¥±Éμ·¨Õ.

Šμ£¤  Î ¸É¨Í  ¢²¥É ¥É ¢ ¤¢Ê£· ´´Ò° Ê£μ² (·¨¸. 4, ¡), É ±μ£μ μÉ¸²¥¦¨¢ ´¨Ö ´¥ ¶·μ-
¨¸Ìμ¤¨É. �·¨ ¨´¦¥±Í¨¨ ¢¤μ²Ó ¡¨¸¸¥±É·¨¸Ò (ϕ0 = 0) · ¸¶·¥¤¥²¥´¨¥ ¨³¥¥É ¤¢  ³ ±-
¸¨³Ê³ , ¶·¨¦ ÉÒÌ ± ¶²μ¸±μ¸ÉÖ³, μ¡· §ÊÕÐ¨³ ¤¢Ê£· ´´Ò° Ê£μ²,   É· ¥±Éμ·¨Ö ¶·μÌμ¤¨É
Î¥·¥§ ¶·μ¸É· ´¸É¢μ, ¢ ±μÉμ·μ³ ¨´É¥´¸¨¢´μ¸ÉÓ ¨§²ÊÎ¥´¨Ö ³¨´¨³ ²Ó´ . �·¨ Ê¢¥²¨Î¥´¨¨
Ê£²  ¢²¥É  (ϕ0 = −0,2) ¡μ±μ¢Ò¥ ¢¥É¢¨ · ¸¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ¸É·¥³ÖÉ¸Ö ± ¡¨¸-
¸¥±É·¨¸¥ ¨ ¸²¨¢ ÕÉ¸Ö (ϕ0 = −0,4). ‚ ¶μ¸²¥¤´¥³ ¸²ÊÎ ¥ · ¸¶·¥¤¥²¥´¨¥ ¨³¥¥É Éμ²Ó±μ
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μ¤¨´ ³ ±¸¨³Ê³. „ ²Ó´¥°Ï¥¥ Ê¢¥²¨Î¥´¨¥ Ê£²  ¢²¥É , ¶·¨ ±μÉμ·μ³ ¢Ò¶μ²´Ö¥É¸Ö Ê¸²μ¢¨¥
(α/2) − (1/γ) < ϕ0 < α/2, ¶·¨¢μ¤¨É ± Ê³¥´ÓÏ¥´¨Õ ¨´É¥´¸¨¢´μ¸É¨ ¨§²ÊÎ¥´¨Ö ¢ ³ ±¸¨-
³Ê³¥, ¨ Î¥³ ¡²¨¦¥ ¶·μÌμ¤¨É É· ¥±Éμ·¨Ö Î ¸É¨ÍÒ ± ¶²μ¸±μ¸É¨, μ¡· §ÊÕÐ¥° ¤¢Ê£· ´´Ò°
Ê£μ² (É. ¥. ϕ0 → α/2), É¥³ ³¥´ÓÏ¥ ¨´É¥´¸¨¢´μ¸ÉÓ ¨§²ÊÎ¥´¨Ö ¢ ³ ±¸¨³Ê³¥.

Šμ£¤  Î ¸É¨Í  ¨´¦¥±É¨·Ê¥É¸Ö ¢ ¤¢Ê£· ´´Ò° Ê£μ² · ¸É¢μ·μ³ α = π/(n+0,5) ¶μ¤ Ê£²μ³
ϕ0 = α/4, É· ¥±Éμ·¨Ö ¶·μÌμ¤¨É Î¥·¥§ μ¡² ¸ÉÓ, ¢ ±μÉμ·μ° ¨´É¥´¸¨¢´μ¸ÉÓ ¶¥·¥Ìμ¤´μ£μ
¨§²ÊÎ¥´¨Ö ³ ±¸¨³ ²Ó´ . �·¨ É ±¨Ì Ê¸²μ¢¨ÖÌ ¨´¦¥±Í¨¨ Ì¢μ¸Éμ¢Ò¥ Î ¸É¨ÍÒ ¸£Ê¸É±  ¡Ê¤ÊÉ
¤¢¨£ ÉÓ¸Ö ¢ ¶μ²¥ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö, £¥´¥·¨·Ê¥³μ³ £μ²μ¢´Ò³¨ Î ¸É¨Í ³¨,   ¸ ³μ
¶μ²¥ ¢ μ¡² ¸É¨ ¤¢¨¦¥´¨Ö Î ¸É¨Í ¡Ê¤¥É ¨³¥ÉÓ ³ ±¸¨³ ²Ó´ÊÕ ´ ¶·Ö¦¥´´μ¸ÉÓ.

�¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö, ¢μ§¡Ê¦¤ ¥³μ£μ
·¥²ÖÉ¨¢¨¸É¸±¨³¨ Ô²¥±É·μ´ ³¨ ¢ ¤¢Ê£· ´´ÒÌ Ê£² Ì, μ¶¨¸ ´Ò ¢ · ¡μÉ Ì [14, 15].

2. �…�…•�„��… ˆ‡‹“—…�ˆ… —�‘’ˆ–›,
�…�…‘…Š��™…‰ Š��ˆ—…‘Š“� ��‚…�•��‘’œ

�¸μ¡¥´´μ¸É¨ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö Î ¸É¨ÍÒ, ¶¥·¥¸¥± ÕÐ¥° £· ´¨ÍÊ · §¤¥² , ¨³¥-
ÕÐÊÕ Ëμ·³Ê ±μ´¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨, · ¸¸³μÉ·¥´Ò ¢ · ¡μÉ Ì [16, 17]. ‚ ÔÉ¨Ì · ¡μÉ Ì
¶·¥¤¶μ² £ ²μ¸Ó, ÎÉμ ¶μ¢¥·Ì´μ¸ÉÓ · §¤¥²  ¨³¥¥É ¨¤¥ ²Ó´ÊÕ ¶·μ¢μ¤¨³μ¸ÉÓ.

ƒ¥μ³¥É·¨Ö § ¤ Î¨ ¶μ± § ´  ´  ·¨¸. 1, ¡. „²Ö ±μ´¨Î¥¸±¨Ì ¶μ¢¥·Ì´μ¸É¥° É· ¤¨Í¨μ´´μ
Ê£²μ³ · ¸É¢μ·  ¸Î¨É ¥É¸Ö Ê£μ² α ³¥¦¤Ê μ¸ÓÕ ¶μ¢¥·Ì´μ¸É¨ ¨ ¥¥ μ¡· §ÊÕÐ¥°. ‚ § ¢¨¸¨³μ-
¸É¨ μÉ ¢¥²¨Î¨´Ò Ê£²  · ¸É¢μ·  Ô²¥±É·μ³ £´¨É´Ò¥ ¶μ²Ö £¥´¥·¨·ÊÕÉ¸Ö ²¨¡μ ¢´ÊÉ·¨ ·Ê¶μ· 
(¶·¨ α < π/2), ²¨¡μ ¸´ ·Ê¦¨ ±μ´Ê¸  (¶·¨ α > π/2). “£μ² α = π/2 ¸μμÉ¢¥É¸É¢Ê¥É ¶²μ¸±μ°
¶μ¢¥·Ì´μ¸É¨ · §¤¥² , ¤²Ö ±μÉμ·μ° · ¸¶·¥¤¥²¥´¨Ö ¶μ²¥° ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö Ìμ·μÏμ
¨§ÊÎ¥´Ò. �μÔÉμ³Ê ÔÉμÉ Ê£μ² Ö¢²Ö²¸Ö ·¥¶¥·´μ° ÉμÎ±μ° ¶·¨ μ¶¨¸ ´¨¨ ¶μ²¥°, ¢μ§¡Ê¦¤ ¥-
³ÒÌ ¶·¨ ¶¥·¥¸¥Î¥´¨¨ ±μ´¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨. ‡ ·Ö¤ q ¢Ò²¥É ² ¨§ ´ Î ²  ¸Ë¥·¨Î¥¸±μ°
¸¨¸É¥³Ò ±μμ·¤¨´ É ¸μ ¸±μ·μ¸ÉÓÕ v ¶μ¤ Ê£²μ³ ¨´¦¥±Í¨¨ θ0 ± μ¸¨. ‘Î¨É ²μ¸Ó, ÎÉμ ¶²μ¸-
±μ¸ÉÓ ϕ = 0 ¶·μÌμ¤¨É Î¥·¥§ μ¸Ó ·Ê¶μ·  ¨ ¢¥±Éμ· ¸±μ·μ¸É¨ Î ¸É¨ÍÒ. � ¶· ¢²¥´¨¥ ¢ ÉμÎ±Ê
´ ¡²Õ¤¥´¨Ö P μ¶·¥¤¥²Ö²μ¸Ó Ê£² ³¨ θ ¨ ϕ.

	Ò²¨ ¶·μ¢¥¤¥´Ò · ¸Î¥ÉÒ · ¸¶·¥¤¥²¥´¨Ö ¨§²ÊÎ¥´¨Ö ¢ ¸²ÊÎ ¥, ±μ£¤  Î ¸É¨Í  ¤¢¨¦¥É¸Ö
¶μ μ¸¨ ±μ´¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨, É. ¥. Ê£μ² ¨´¦¥±Í¨¨ θ0 = 0. ˆ¸¸²¥¤μ¢ ²μ¸Ó ¢²¨Ö´¨¥
¨§³¥´¥´¨Ö Ê£²  · ¸É¢μ·  ´  ¶·μ¸É· ´¸É¢¥´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¨§²ÊÎ¥´¨Ö.

�  ·¨¸. 5 ¶μ± § ´Ò Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ¨§²ÊÎ¥´¨Ö W out(θ) ¸² -
¡μ·¥²ÖÉ¨¢¨¸É¸±μ° Î ¸É¨ÍÒ (β = v/c = 0,9, γ = 2,3) ¶·¨ · §²¨Î´ÒÌ Ê£² Ì · ¸É¢μ·  α.
‚¨¤´μ, ÎÉμ ¶·¨ Ê£² Ì · ¸É¢μ·  α > π/2 Ê¢¥²¨Î¥´¨¥ α ¶· ±É¨Î¥¸±¨ ´¥ ¨§³¥´Ö¥É ¨´É¥´-
¸¨¢´μ¸ÉÓ ¨§²ÊÎ¥´¨Ö, ´ ¶· ¢²¥´´μ£μ ¢ ¸Éμ·μ´Ê ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ, ´μ ¶·μ¨¸Ìμ¤¨É ¸ÊÐ¥-
¸É¢¥´´Ò° ·μ¸É ¨´É¥´¸¨¢´μ¸É¨ ¨§²ÊÎ¥´¨Ö ¢¤μ²Ó μ¡· §ÊÕÐ¥° ±μ´¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨.

ˆ§ ·¨¸Ê´±  ¸²¥¤Ê¥É, ÎÉμ ¶·¨ ¡μ²ÓÏ¨Ì Ê£² Ì · ¸É¢μ·  ¶¥·¢Ò° ³ ±¸¨³Ê³ ¨´É¥´¸¨¢´μ¸É¨
´ ¡²Õ¤ ¥É¸Ö ¶μ¤ Ê£²μ³ θm ≈ 1/γ, É. ¥. ¶μ¤ Ê£²μ³, Ì · ±É¥·´Ò³ ¤²Ö ¨§²ÊÎ¥´¨Ö ·¥²ÖÉ¨-
¢¨¸É¸±¨Ì Î ¸É¨Í. �·¨ Ê³¥´ÓÏ¥´¨¨ Ê£²  · ¸É¢μ·  ¶·μ¨¸Ìμ¤¨É ¸´¨¦¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨ ¢
³ ±¸¨³Ê³¥ ¨ ¸ ³ ³ ±¸¨³Ê³ ¸¤¢¨£ ¥É¸Ö ¢ ¸Éμ·μ´Ê ³ ²ÒÌ Ê£²μ¢.

“£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ¨§²ÊÎ¥´¨Ö W in(θ) Î ¸É¨Í, ¢²¥É ÕÐ¨Ì ¢ ·Ê-
¶μ·, ¨§μ¡· ¦¥´Ò ´  ·¨¸. 6. “£²Ò · ¸É¢μ·  Ê¤μ¢²¥É¢μ·Ö²¨ Ê¸²μ¢¨Õ α < π/2, ¸²¥¤μ-
¢ É¥²Ó´μ, Î ¸É¨ÍÒ ¤¢¨£ ²¨¸Ó ¢´ÊÉ·¨ ·Ê¶μ· , μ¡· §μ¢ ´´μ£μ ±μ´¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸ÉÓÕ.
�´¥·£¨Ö Î ¸É¨Í ¢ · ¸Î¥É Ì ¶·¨´¨³ ² ¸Ó · ¢´μ° γ = 15,   · ¸É¢μ·Ò ±μ´Ê¸  ¡Ò²¨ · ¢´Ò
α = π/m. ‚¨¤´μ, ÎÉμ Ì · ±É¥· Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¤²Ö Ê£²μ¢ · ¸É¢μ·  α = π/m
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�¨¸. 5. “£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö Ô´¥·£¨¨ ¨§²ÊÎ¥´¨Ö W out(ϕ) ¸² ¡μ·¥²ÖÉ¨¢¨¸É¸±¨Ì Î ¸É¨Í (β = 0,9)

¶·¨ · §²¨Î´ÒÌ Ê£² Ì · ¸É¢μ·  ±μ´¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨ α

�¨¸. 6. ‡ ¢¨¸¨³μ¸É¨ Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö ¨§²ÊÎ¥´¨Ö Î ¸É¨Í W in(θ), ¢²¥É ÕÐ¨Ì ¢ ·Ê¶μ· ¸

· §²¨Î´Ò³¨ Ê£² ³¨ · ¸É¢μ·  α = π/n > 2/γ. �´¥·£¨Ö γ = 15

¸ÊÐ¥¸É¢¥´´μ § ¢¨¸¨É μÉ Éμ£μ, Î¥É´Ò³ ¨²¨ ´¥Î¥É´Ò³ Ö¢²Ö¥É¸Ö §´ Î¥´¨¥ m. ‘· ¢´¥´¨¥
§ ¢¨¸¨³μ¸É¥° W in(θ) ¤²Ö Ê£²μ¢ · ¸É¢μ·  α = π/6 ¨ α = π/4 ¶μ± §Ò¢ ¥É, ÎÉμ ¢ ¤¨ ¶ -
§μ´¥ Ê£²μ¢ 0 � θ � π/6 £· Ë¨±¨ ¸μ¢¶ ¤ ÕÉ, É. ¥. Ê¢¥²¨Î¥´¨¥ Ê£²  · ¸É¢μ·  ´¥ ¢²¨Ö¥É
´  · ¸¶·¥¤¥²¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨ ¨§²ÊÎ¥´¨Ö ¢´ÊÉ·¨ ·Ê¶μ· . ˆ§ · ¸Î¥Éμ¢ ¸²¥¤Ê¥É, ÎÉμ ¶·¨
Î¥É´μ³ §´ Î¥´¨¨ m Î ¸É¨ÍÒ, ¢²¥É ÕÐ¨¥ ¢ ·Ê¶μ· ¨ ¢Ò²¥É ÕÐ¨¥ ¨§ ·Ê¶μ· , ¨³¥ÕÉ μ¤¨-
´ ±μ¢μ¥ ¶·μ¸É· ´¸É¢¥´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¨§²ÊÎ¥´¨Ö (W in(θ) = W out(θ)). Œ ±¸¨³ ²Ó´ Ö
¨´É¥´¸¨¢´μ¸ÉÓ ¶·¨Ìμ¤¨É¸Ö ´  Ê£μ² θm = 1/γ.

�·¨ ´¥Î¥É´μ³ m ¨§²ÊÎ¥´¨¥ ¶μ¤ Ê£² ³¨ θm = 1/γ ¶μ¤ ¢²¥´μ. ‚¸¥ ¨§²ÊÎ¥´¨¥ ¸μ¸·¥¤μÉμ-
Î¥´μ ¢¡²¨§¨ ¶μ¢¥·Ì´μ¸É¨ ·Ê¶μ· . �μÔÉμ³Ê Ê¢¥²¨Î¥´¨¥ α ¶·¨¢μ¤¨É ± ·μ¸ÉÊ · ¸Ìμ¤¨³μ¸É¨
¨§²ÊÎ¥´¨Ö.

�  ·¨¸. 7 ¶μ± § ´Ò Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ¨§²ÊÎ¥´¨Ö ¢Ò²¥É ÕÐ¨Ì
(·¨¸. a) ¨ ¢²¥É ÕÐ¨Ì (·¨¸. ¡) Î ¸É¨Í, ¶¥·¥¸¥± ÕÐ¨Ì ±μ´Ê¸ (· ¸É¢μ· α � π/2). ˆ§ ·¨¸. 7,  
¢¨¤´μ, ÎÉμ ¶·¨ Ê£² Ì · ¸É¢μ·  α > 2/γ Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¨§²ÊÎ¥´¨Ö Î ¸É¨Í, ¢Ò²¥É -
ÕÐ¨Ì ¨§ ·Ê¶μ· , ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸ÖÉ μÉ α ¨ μ¶·¥¤¥²ÖÕÉ¸Ö Éμ²Ó±μ Ô´¥·£¨¥° Î ¸É¨Í γ.
�·¨ ÔÉμ³ § ¢¨¸¨³μ¸ÉÓ Ô´¥·£¨¨ ¨§²ÊÎ¥´¨Ö μÉ Ê£²  θ ¢ ¤¨ ¶ §μ´¥ 0 � θ � π/2 ¸μ¢¶ -
¤ ¥É ¸ · ¸¶·¥¤¥²¥´¨¥³ Î ¸É¨ÍÒ, ¶¥·¥¸¥± ÕÐ¥° ¶²μ¸±ÊÕ ¶μ¢¥·Ì´μ¸ÉÓ · §¤¥² . �μ ¶·¨
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�¨¸. 7. “£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¨§²ÊÎ¥´¨Ö ¶·¨ Ê£² Ì · ¸É¢μ·  α > π/2:  ) Î ¸É¨ÍÒ ¢Ò²¥É ÕÉ ¨§
·Ê¶μ· ; ¡) Î ¸É¨ÍÒ ¢²¥É ÕÉ ¢ ·Ê¶μ·. �´¥·£¨Ö γ = 5

�¨¸. 8. “£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¨§²ÊÎ¥´¨Ö W (ϕ, θ) Î ¸É¨ÍÒ, ¢²¥É ÕÐ¥° ¢ ±μ´Ê¸ ¶μ¤ · §²¨Î´Ò³¨

Ê£² ³¨ ¨´¦¥±Í¨¨ ϕ0. “£μ² α = π/3, Ô´¥·£¨Ö γ = 15
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Ê¢¥²¨Î¥´¨¨ α ¶·μ¨¸Ìμ¤¨É ¸ÊÐ¥¸É¢¥´´Ò° ·μ¸É ¨´É¥´¸¨¢´μ¸É¨ ¨§²ÊÎ¥´¨Ö, ´ ¶· ¢²¥´´μ£μ
¢ ¸Éμ·μ´Ê, ¶·μÉ¨¢μ¶μ²μ¦´ÊÕ ¤¢¨¦¥´¨Õ Î ¸É¨ÍÒ, É. ¥. ¶μ¤ Ê£² ³¨ θ > π/2. �¸μ¡¥´´μ
Ê¢¥²¨Î¨¢ ¥É¸Ö ¨§²ÊÎ¥´¨¥ ¶μ¤ Ê£² ³¨, ¡²¨§±¨³¨ ± μ¡· §ÊÕÐ¥° ±μ´¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨
θ ≈ α.

Šμ£¤  Î ¸É¨Í  ¶ ¤ ¥É ´  ¢¥·Ï¨´Ê ±μ´Ê¸  (·¨¸. 7, ¡), Ê¢¥²¨Î¥´¨¥ α, ¢μ-¶¥·¢ÒÌ, ¢Ò§Ò-
¢ ¥É ¸³¥Ð¥´¨¥ ¶¥·¢μ£μ ³ ±¸¨³Ê³  ¢ Ê£²μ¢μ³ · ¸¶·¥¤¥²¥´¨¨ ¨´É¥´¸¨¢´μ¸É¨ ¢ ¸Éμ·μ´Ê
¡μ²ÓÏ¨Ì Ê£²μ¢ θ,   ¢μ-¢Éμ·ÒÌ, ¶·¨¢μ¤¨É ± Ê¢¥²¨Î¥´¨Õ ¨´É¥´¸¨¢´μ¸É¨ ¨§²ÊÎ¥´¨Ö ¢¤μ²Ó
¶μ¢¥·Ì´μ¸É¨ ±μ´Ê¸ .

ˆ¸¸²¥¤μ¢ ´Ò μ¸μ¡¥´´μ¸É¨ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¨§²ÊÎ¥´¨Ö ¢ ¸²ÊÎ ¥, ±μ£¤  Î ¸É¨Í 
¶¥·¥¸¥± ¥É ¢¥·Ï¨´Ê ±μ´¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨ ¶μ¤ ´¥±μÉμ·Ò³ Ê£²μ³ θ0 ± μ¸¨ ±μ´Ê¸ 
(¸³. ·¨¸. 1, ¡). �  ·¨¸. 8 ¶·¥¤¸É ¢²¥´Ò · ¸¶·¥¤¥²¥´¨Ö ¨§²ÊÎ¥´¨Ö ¤²Ö ±μ´Ê¸  ¸ Ê£²μ³ · ¸-
É¢μ·  α = π/3. � ¸¶·¥¤¥²¥´¨Ö ¶μ¸É·μ¥´Ò ¢ Í¨²¨´¤·¨Î¥¸±μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É ρ, ϕ, z.
�¸Ó z ¶μ± § ´  ´  ·¨¸Ê´±¥ ¦¨·´μ° ²¨´¨¥°. �μ ±μμ·¤¨´ É¥ z μÉ²μ¦¥´μ §´ Î¥´¨¥ ¨´-
É¥´¸¨¢´μ¸É¨ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö W in(θ, ϕ), ¶μ ρ Å ¶μ²Ö·´Ò° Ê£μ² θ,   ¶μ ±μμ·¤¨-
´ É¥ ϕ Å  §¨³ÊÉ ²Ó´Ò° Ê£μ² ϕ. �·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ¢¥±Éμ· ¸±μ·μ¸É¨ Î ¸É¨ÍÒ ²¥¦¨É ¢
¶²μ¸±μ¸É¨ ϕ = 0. �  ·¨¸Ê´±¥ ¶μ± § ´Ò · ¸¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ¢ ¶μ²Ê¶·μ¸É· ´-
¸É¢¥ 0 � ϕ � π ¶·¨ · §²¨Î´ÒÌ Ê£² Ì ¨´¦¥±Í¨¨ § ·Ö¤ .

ˆ§ ·¨¸Ê´±  ¸²¥¤Ê¥É, ÎÉμ ¶·¨ Ê¢¥²¨Î¥´¨¨ Ê£²  θ0 É¥·Ö¥É¸Ö  §¨³ÊÉ ²Ó´ Ö ¸¨³³¥É·¨Ö
· ¸¶·¥¤¥²¥´¨Ö. ‚´ÊÉ·¨ ±μ´Ê¸  μ¡· §Ê¥É¸Ö ´¥¸±μ²Ó±μ ´ ¶· ¢²¥´¨°, ¢¤μ²Ó ±μÉμ·ÒÌ ¨´É¥´-
¸¨¢´μ¸ÉÓ ¨§²ÊÎ¥´¨Ö ¶·μÌμ¤¨É Î¥·¥§ ³ ±¸¨³Ê³.

3. ‘��‚�…�ˆ… ��„ˆ�’���‚ �…�…•�„��ƒ� ˆ‡‹“—…�ˆŸ

� ¨¡μ²¥¥ ¶μ²´μ ± ± É¥μ·¥É¨Î¥¸±¨, É ± ¨ Ô±¸¶¥·¨³¥´É ²Ó´μ ¨¸¸²¥¤μ¢ ´ ¸²ÊÎ °, ±μ£¤ 
¨§²ÊÎ¥´¨¥ £¥´¥·¨·Ê¥É¸Ö ¶·¨ ¶¥·¥¸¥Î¥´¨¨ ·¥²ÖÉ¨¢¨¸É¸±μ° § ·Ö¦¥´´μ° Î ¸É¨Í¥° ¶²μ¸±μ°
¶μ¢¥·Ì´μ¸É¨. “¦¥ ¢ ¶¥·¢ÒÌ · ¡μÉ Ì ¶μ ¶¥·¥Ìμ¤´μ³Ê ¨§²ÊÎ¥´¨Õ ¡Ò²μ ¶μ²ÊÎ¥´μ ¢Ò· -
¦¥´¨¥, μ¶¨¸Ò¢ ÕÐ¥¥ ¶·μ¸É· ´¸É¢¥´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¨§²ÊÎ¥´¨Ö. �´¥·£¨Ö W (ω, θ, ϕ),
¨§²ÊÎ¥´´ Ö ¢ ¨´É¥·¢ ² Î ¸ÉμÉ dω ¢ É¥²¥¸´Ò° Ê£μ² dΩ = sin θ dθ dϕ (£¤¥ θ Å ¶μ²Ö·´Ò°
Ê£μ² ³¥¦¤Ê ¸±μ·μ¸ÉÓÕ Î ¸É¨ÍÒ ¨ ´ ¶· ¢²¥´¨¥³ ¢μ²´μ¢μ£μ ¢¥±Éμ·  k, ϕ Å  §¨³ÊÉ ²Ó-
´Ò° Ê£μ² ¶·μ¥±Í¨¨ ¢μ²´μ¢μ£μ ¢¥±Éμ·  k ´  ¶²μ¸±μ¸ÉÓ, ¶¥·¶¥´¤¨±Ê²Ö·´ÊÕ ¸±μ·μ¸É¨ v),
μ¶¨¸Ò¢ ¥É¸Ö ¢Ò· ¦¥´¨¥³ [4]

dW

dΩ dω
= W (ω, θ, ϕ) =

q2

π2c

β2 sin2 θ

[1 − β2 cos2 θ]2
.

ˆ§ ¢Ò· ¦¥´¨Ö ¸²¥¤Ê¥É, ÎÉμ Ô´¥·£¨Ö ´¥ § ¢¨¸¨É μÉ  §¨³ÊÉ ²Ó´μ£μ Ê£²  ϕ ¨ μÉ Î ¸ÉμÉÒ ω.
�μÔÉμ³Ê ¶¥·¥Ìμ¤´μ¥ ¨§²ÊÎ¥´¨¥ Î ¸É¨ÍÒ, ¶¥·¥¸¥± ÕÐ¥° ¶·μ¢μ¤ÖÐÊÕ ¶μ¢¥·Ì´μ¸ÉÓ, ¨³¥¥É
¶·¨³¥·´μ ¶²μ¸±¨° ¸¶¥±É· ¢ μÎ¥´Ó Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ Î ¸ÉμÉ (μÉ · ¤¨μÎ ¸ÉμÉ ¤μ Î ¸ÉμÉ,
¸ÊÐ¥¸É¢¥´´μ ¶·¥¢μ¸Ìμ¤ÖÐ¨Ì μ¶É¨Î¥¸±¨¥ Î ¸ÉμÉÒ).

‘¶¥±É· μ¸É ¥É¸Ö ¶²μ¸±¨³ ¨ ¢ ¤¢Ê£· ´´μ³ Ê£²¥, ¥¸²¨ Î ¸É¨Í  ¶¥·¥¸¥± ¥É Ê£μ² ¢ ÉμÎ±¥,
· ¸¶μ²μ¦¥´´μ° ´  ·¥¡·¥ Ê£² , ¶μ¸±μ²Ó±Ê ¨³¶Ê²Ó¸Ò ¨§²ÊÎ¥´¨Ö μÉ ·¥ ²Ó´μ£μ § ·Ö¤  ¨ ¢¸¥Ì
§ ·Ö¤μ¢-¨§μ¡· ¦¥´¨° ¶·¨Ìμ¤ÖÉ ¢ ÉμÎ±Ê ´ ¡²Õ¤¥´¨Ö μ¤´μ¢·¥³¥´´μ.

�μ¢Ò¥ μ¸μ¡¥´´μ¸É¨ ¢ ¸¶¥±É· ²Ó´μ-Ê£²μ¢μ³ · ¸¶·¥¤¥²¥´¨¨ ¨§²ÊÎ¥´¨Ö ¶μÖ¢²ÖÕÉ¸Ö ¢
Éμ³ ¸²ÊÎ ¥, ±μ£¤  ÉμÎ±  ¶¥·¥Ìμ¤  Î ¸É¨ÍÒ · ¸¶μ²μ¦¥´  ´¥ ´  ·¥¡·¥ Ê£² ,   ¸³¥Ð¥´  ´ 
μ¤´Ê ¨§ ¥£μ £· ´¥°. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¨³¶Ê²Ó¸Ò ¨§²ÊÎ¥´¨Ö μÉ ·¥ ²Ó´μ£μ § ·Ö¤  ¨ § ·Ö¤μ¢-
¨§μ¡· ¦¥´¨° ¶·¨Ìμ¤ÖÉ ¢ ÉμÎ±Ê ´ ¡²Õ¤¥´¨Ö ¢ · §²¨Î´Ò¥ ³μ³¥´ÉÒ ¢·¥³¥´¨. �·¨ ÔÉμ³
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¨§²ÊÎ¥´¨Ö § ·Ö¤μ¢ ¢ § ¢¨¸¨³μ¸É¨ μÉ ´ ¶· ¢²¥´¨Ö ´ ¡²Õ¤¥´¨Ö ¨ μÉ´μÏ¥´¨Ö ¢¥²¨Î¨´Ò
¸³¥Ð¥´¨Ö ÉμÎ±¨ ¶¥·¥Ìμ¤  ± ¤²¨´¥ ¢μ²´Ò, ´  ±μÉμ·μ° ¶·μ¨¸Ìμ¤¨É ¨§³¥·¥´¨¥, ³μ£ÊÉ ± ±
Ê¸¨²¨¢ ÉÓ, É ± ¨ μ¸² ¡²ÖÉÓ ¤·Ê£ ¤·Ê£ . �μÔÉμ³Ê ¸¶¥±É· ¨§²ÊÎ¥´¨Ö ¢ ÉμÎ±¥ ´ ¡²Õ¤¥´¨Ö
¶¥·¥¸É ¥É ¡ÒÉÓ ¶²μ¸±¨³,   ¢ Ê£²μ¢μ³ · ¸¶·¥¤¥²¥´¨¨ ¶μÖ¢²ÖÕÉ¸Ö ¤μ¶μ²´¨É¥²Ó´Ò¥ ³ ±¸¨-
³Ê³Ò ¨ ³¨´¨³Ê³Ò.

‚ ¡μ²ÓÏ¨´¸É¢¥ ¸²ÊÎ ¥¢ ¨§-§  ±μ´¸É·Ê±É¨¢´ÒÌ μ¸μ¡¥´´μ¸É¥° Ê¸É ´μ¢±¨ ¶·¨¥³´¨±¨
¨§²ÊÎ¥´¨Ö · ¸¶μ² £ ÕÉ¸Ö ´  §´ Î¨É¥²Ó´μ³ · ¸¸ÉμÖ´¨¨ μÉ ÉμÎ±¨ ¶¥·¥Ìμ¤ . �μÔÉμ³Ê ´ 
¶· ±É¨±¥ ¤²Ö ¸ÊÐ¥¸É¢¥´´μ£μ ¨§³¥´¥´¨Ö Ê£²  ´ ¡²Õ¤¥´¨Ö ´¥μ¡Ìμ¤¨³μ ¸³¥Ð¥´¨¥ ÉμÎ±¨
¶¥·¥Ìμ¤  ´  · ¸¸ÉμÖ´¨¥ δl ≈ R/γ, £¤¥ R Å · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê ÉμÎ±μ° ¶¥·¥Ìμ¤  ¨ ¤¥É¥±-
Éμ·μ³. �·¨ ¶¥·¥¸¥Î¥´¨¨ ¤¢Ê£· ´´μ£μ Ê£²  ¶·μ¸É· ´¸É¢¥´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¡μ²¥¥ ÎÊ¢-
¸É¢¨É¥²Ó´μ ± ¶μ²μ¦¥´¨Õ ÉμÎ±¨ ¶¥·¥Ìμ¤ , ¶μ¸±μ²Ó±Ê μ´μ Ëμ·³¨·Ê¥É¸Ö ¨´É¥·Ë¥·¥´Í¨¥°
¨§²ÊÎ¥´¨Ö ´¥¸±μ²Ó±¨Ì Î ¸É¨Í. �·¨ ¸³¥Ð¥´¨¨ ¶μ²μ¦¥´¨Ö ·¥ ²Ó´μ£μ § ·Ö¤  ¨§³¥´ÖÕÉ¸Ö
¶μ²μ¦¥´¨Ö ¨ § ·Ö¤μ¢-¨§μ¡· ¦¥´¨°,   ¨§³¥´¥´¨¥ · ¸¸ÉμÖ´¨Ö ³¥¦¤Ê § ·Ö¤ ³¨ ´  ¤²¨´Ê
¢μ²´Ò ¨§²ÊÎ¥´¨Ö λ ¸ÊÐ¥¸É¢¥´´μ ¢²¨Ö¥É ´  ¨´É¥·Ë¥·¥´Í¨μ´´ÊÕ ± ·É¨´Ê.

„²Ö ¨§³¥·¥´¨Ö ¶μ²μ¦¥´¨Ö Î ¸É¨Í ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¤ ÉÎ¨±, ¢ ±μÉμ·μ³ ¨§³¥·Ö-
¥É¸Ö ¨´É¥´¸¨¢´μ¸ÉÓ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö ¢ ¤¢ÊÌ ´ ¶· ¢²¥´¨ÖÌ. ‘Ì¥³  É ±μ£μ ¤ ÉÎ¨± 
¶μ± § ´  ¢ ²¥¢μ³ ¢¥·Ì´¥³ Ê£²Ê ·¨¸. 9. „¥É¥±Éμ·Ò D1 ¨ D2 ¨§³¥·ÖÕÉ ¨§²ÊÎ¥´¨¥ ¢¤μ²Ó
μ¡¥¨Ì £· ´¥° ¤¢Ê£· ´´μ£μ Ê£² . � §´μ¸ÉÓ ¶μ± § ´¨° ¤¥É¥±Éμ·μ¢ ¡Ê¤¥É Ì · ±É¥·¨§μ¢ ÉÓ ¢¥-
²¨Î¨´Ê ¶μ¶¥·¥Î´μ£μ ¸³¥Ð¥´¨Ö É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ. �  ·¨¸. 9 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ
· ¸Î¥Éμ¢ · §´μ¸É¨ ¨´É¥´¸¨¢´μ¸É¥° ¢¤μ²Ó £· ´¥° Ê£²  ΔW = W1 − W2 ¢ § ¢¨¸¨³μ¸É¨
μÉ ¢¥²¨Î¨´Ò ¸³¥Ð¥´¨Ö ÉμÎ±¨ ¶¥·¥Ìμ¤  d ¤²Ö · §²¨Î´ÒÌ Ê£²μ¢ · ¸É¢μ·  α. ‚¨¤´μ, ÎÉμ
¢¥²¨Î¨´  ΔW ¢ ´¥±μÉμ·ÒÌ ¤¨ ¶ §μ´ Ì ¨§³¥´¥´¨Ö d ¶·μ¶μ·Í¨μ´ ²Ó´  ¸³¥Ð¥´¨Õ,   ÎÊ¢-
¸É¢¨É¥²Ó´μ¸ÉÓ É ±μ£μ ¤¥É¥±Éμ· , É. ¥. ¢¥²¨Î¨´  ΔW/d, ¢μ§· ¸É ¥É ¶·¨ Ê³¥´ÓÏ¥´¨¨ Ê£² 
· ¸É¢μ·  α.

�É³¥É¨³, ÎÉμ ¢ ³ ²μ³ ¤¢Ê£· ´´μ³ Ê£²¥ ³ ±¸¨³ ²Ó´ Ö ¨´É¥´¸¨¢´μ¸ÉÓ ¢ Ê£²μ¢μ³ · ¸¶·¥-
¤¥²¥´¨¨ ¨§²ÊÎ¥´¨Ö Î ¸É¨ÍÒ ¢ÒÏ¥, Î¥³ ¶·¨ ¶¥·¥¸¥Î¥´¨¨ ¶²μ¸±μ° ¶μ¢¥·Ì´μ¸É¨. �  ·¨¸. 10

�¨¸. 9. ‡ ¢¨¸¨³μ¸ÉÓ · §´μ¸É¨ ¨´É¥´¸¨¢´μ¸É¨ ¨§²ÊÎ¥´¨Ö ¢¤μ²Ó £· ´¥° ¤¢Ê£· ´´μ£μ Ê£²  W1−W2 μÉ
¸³¥Ð¥´¨Ö ÉμÎ±¨ ¶¥·¥Ìμ¤  Î ¸É¨ÍÒ d ¶·¨ · §²¨Î´ÒÌ Ê£² Ì · ¸É¢μ·  α. �´¥·£¨Ö γ = 15
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�¨¸. 10. “£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶μ²Ö ¨§-
²ÊÎ¥´¨Ö ¶·¨ · §²¨Î´ÒÌ Ê£² Ì · ¸É¢μ·  ¤¢Ê-

£· ´´μ£μ Ê£² . �´¥·£¨Ö Î ¸É¨ÍÒ γ = 15. —¨-
¸²  Ê ±·¨¢ÒÌ μ¡μ§´ Î ÕÉ Ê£μ² · ¸É¢μ· 

¶μ± § ´Ò Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö Ô´¥·£¨¨ W ,
¨§²ÊÎ ¥³μ° Î ¸É¨Í¥°, ¢Ò²¥É ÕÐ¥° ¨§ ´ Î ² 
±μμ·¤¨´ É (x = y = z = 0) ¢¤μ²Ó ¡¨¸¸¥±É·¨¸Ò
Ê£²  (ϕ0 = 0) ¶·¨ · §²¨Î´ÒÌ §´ Î¥´¨ÖÌ · ¸-
É¢μ·  α. �´¥·£¨Ö Î ¸É¨ÍÒ γ = 15. —¨¸²  Ê
±·¨¢ÒÌ μ¡μ§´ Î ÕÉ Ê£μ² · ¸É¢μ· . ‚¨¤´μ, ÎÉμ
¨´É¥´¸¨¢´μ¸ÉÓ ¨§²ÊÎ¥´¨Ö ¨§ ¶²μ¸±μ¸É¨ (α = π)
¨³¥¥É ³ ±¸¨³Ê³Ò ¶μ¤ Ê£² ³¨ ϕ = ±1/γ ≈ 4◦.
�·¨ Ê£² Ì · ¸É¢μ·  α � 1/γ ¨§³¥´¥´¨¥ Ê£² 
· ¸É¢μ·  ¶· ±É¨Î¥¸±¨ ´¥ ¢²¨Ö¥É ´  · ¸¶·¥¤¥-
²¥´¨¥ ¨§²ÊÎ¥´¨Ö. “³¥´ÓÏ¥´¨¥ Ê£²  · ¸É¢μ·  ¢
¤¨ ¶ §μ´¥ 2/γ � α > 0 ¢´ Î ²¥ ¢Ò§Ò¢ ¥É Ê¢¥-
²¨Î¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨ ¨§²ÊÎ¥´¨Ö ¢ ³ ±¸¨³Ê-
³ Ì (¶·¨³¥·´μ ¢ ¤¢  · § ) ¨ ¸³¥Ð ¥É ¶μ²μ¦¥-
´¨¥ ¸ ³¨Ì ³ ±¸¨³Ê³μ¢, § É¥³ ¶·¨¢μ¤¨É ± ¸¶ ¤Ê
¨´É¥´¸¨¢´μ¸É¨.

‚ ¤¢Ê£· ´´ÒÌ Ê£² Ì ¨ ´  ±μ´¨Î¥¸±¨Ì ¶μ¢¥·Ì´μ¸ÉÖÌ Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¨§²ÊÎ¥-
´¨Ö Î ¸É¨Í, ¢²¥É ÕÐ¨Ì ¢ ¶μ¢¥·Ì´μ¸ÉÓ · §¤¥²  ¨ ¢Ò²¥É ÕÐ¨Ì ¨§ ´¥¥, ¶·¨´Í¨¶¨ ²Ó´μ
· §²¨Î ÕÉ¸Ö.

‡�Š‹�—…�ˆ…

ˆ§ÊÎ¥´¨¥ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö ¢ ¤¢Ê£· ´´μ³ Ê£²¥ ¨ ´  ±μ´¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨
¶μ± § ²μ, ÎÉμ ¶·¨ É ±μ° Ëμ·³¥ · ¤¨ Éμ·  ¶·μ¸É· ´¸É¢¥´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢-
´μ¸É¨ ¡μ²¥¥ ÎÊ¢¸É¢¨É¥²Ó´Ò ± ¶μ²μ¦¥´¨Õ ÉμÎ±¨ ¶¥·¥Ìμ¤  ´  ¶μ¢¥·Ì´μ¸É¨ · ¤¨ Éμ·  ¨
± ´ ¶· ¢²¥´¨Õ ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ, Î¥³ ¢ ¸²ÊÎ ¥ ¨§²ÊÎ¥´¨Ö, ¢μ§¡Ê¦¤ ¥³μ£μ ¶·¨ ¶¥·¥-
¸¥Î¥´¨¨ ¶²μ¸±μ° ¶μ¢¥·Ì´μ¸É¨. ˆ§³¥´¥´¨¥ ¶μ²μ¦¥´¨Ö ÉμÎ±¨ ¶¥·¥Ìμ¤  ¨§³¥´Ö¥É ¸¶¥±É·
¨§²ÊÎ¥´¨Ö, ´ ¡²Õ¤ ¥³μ£μ ¶μ¤ § ¤ ´´Ò³ Ê£²μ³. Š·μ³¥ Éμ£μ, Ê³¥´ÓÏ¥´¨¥ Ê£²  · ¸É¢μ· 
· ¤¨ Éμ·  ¶·¨¢μ¤¨É ± Ê¢¥²¨Î¥´¨Õ ¨´É¥´¸¨¢´μ¸É¨ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö ¨ ± ¨§³¥´¥´¨Õ
´ ¶· ¢²¥´¨Ö, ¢ ±μÉμ·μ³ ¨§²ÊÎ ¥É¸Ö ³ ±¸¨³ ²Ó´ Ö ¨´É¥´¸¨¢´μ¸ÉÓ.

�É³¥É¨³, ÎÉμ μ¸´μ¢´Ò¥ · §²¨Î¨Ö, ±μÉμ·Ò¥ ¨³¥ÕÉ¸Ö ¢ ¶¥·¥Ìμ¤´μ³ ¨§²ÊÎ¥´¨¨ ´  ´¥-
¶²μ¸±¨Ì ¶μ¢¥·Ì´μ¸ÉÖÌ · §¤¥²  ¶μ ¸· ¢´¥´¨Õ ¸ ¶¥·¥Ìμ¤´Ò³ ¨§²ÊÎ¥´¨¥³ ´  ¶²μ¸±μ° £· -
´¨Í¥, ¶·μÖ¢²ÖÕÉ¸Ö ¢ Éμ° μ¡² ¸É¨ Î ¸ÉμÉ, ¢ ±μÉμ·μ° ±μÔËË¨Í¨¥´ÉÒ ¶·¥²μ³²¥´¨Ö § ³¥É´μ
μÉ²¨Î ÕÉ¸Ö μÉ ¥¤¨´¨ÍÒ (¢ Î ¸É´μ¸É¨, ¢ μ¶É¨Î¥¸±μ° μ¡² ¸É¨ Î ¸ÉμÉ). ‚ μ¡² ¸É¨ ³Ö£±μ£μ
·¥´É£¥´  ±μÔËË¨Í¨¥´É ¶·μÌμ¦¤¥´¨Ö ¢μ²´Ò ¡²¨§μ± ± ¥¤¨´¨Í¥,   ±μÔË¨Í¨¥´É μÉ· ¦¥´¨Ö
¡²¨§μ± ± ´Ê²Õ, ¨ Ëμ·³  £· ´¨ÍÒ ´¥ ¸Éμ²Ó ¸ÊÐ¥¸É¢¥´´ .

� ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ Ë¨´ ´¸μ¢μ° ¶μ¤¤¥·¦±¥ �””ˆ (£· ´É 10-02-01481).
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