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‚ · ¡μÉ¥ · ¸¸³μÉ·¥´Ò · §²¨Î´Ò¥ Ê¸É·μ°¸É¢ , Ê²ÊÎÏ ÕÐ¨¥ ± Î¥¸É¢μ μ¡²ÊÎ¥´¨Ö ´  Ê¸±μ·¨É¥-
²ÖÌ �‹‚, ± ± Éμ: ¸¨¸É¥³Ò ¤¢Ê¸Éμ·μ´´¥£μ, Î¥ÉÒ·¥Ì¸Éμ·μ´´¥£μ ¨ ±μ²ÓÍ¥¢μ£μ μ¡²ÊÎ¥´¨Ö,   É ±¦¥
É· ´¸¶μ·É´μ¥ Ê¸É·μ°¸É¢μ ¨ ¸¨¸É¥³Ò ¢¨§Ê ²¨§ Í¨¨ ¨ ±μ´É·μ²Ö μ¸´μ¢´ÒÌ ¶ · ³¥É·μ¢ É¥Ì´μ²μ£¨Î¥-
¸±μ£μ ¶·μÍ¥¸¸ . �¶¨¸ ´  ³¥Éμ¤¨±  μ¡¥¸¶¥Î¥´¨Ö ¢Ò¸μ±μ° ¸É¥¶¥´¨ · ¢´μ³¥·´μ¸É¨ · ¸¶·¥¤¥²¥´¨Ö
²¨´¥°´μ° ³μÐ´μ¸É¨ ¤μ§Ò μ¡²ÊÎ¥´¨Ö.

ELV accelerators are widely used in the world for radiation modiˇcation of materials. Questions
of the uniform distribution of the absorbed dose are sufˇciently relevant and affect the quality and
efˇciency of electron beam treatment. The paper discusses the various devices that improve the quality
of radiation, such as the two-side and the four-side irradiation systems and the ring systems, as well as
the synchronization system of the beam current and the speed of the underbeam transport equipment,
visualization and control of the key parameters of technological processes. A technique for ensuring the
high uniformity of distribution of the linear dose rate irradiation is described.
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‚ ¸¶¥±É·¥ μ¡μ·Ê¤μ¢ ´¨Ö, ¶·μ¨§¢μ¤¨³μ£μ ˆŸ” ‘� ���, μÉ¤¥²Ó´μ¥ ³¥¸Éμ § ´¨³ ¥É
¶·μ¨§¢μ¤¸É¢μ Ê¸±μ·¨É¥²¥° �‹‚, ±μ³¶ ±É´Ò¥ · §³¥·Ò ¨ ¢Ò¸μ±¨¥ Ô±¸¶²Ê É Í¨μ´´Ò¥ ± -
Î¥¸É¢  ±μÉμ·ÒÌ ¶μ§¢μ²¨²¨ ˆŸ” ‘� ��� § ´ÖÉÓ ¢¥¤ÊÐ¨¥ ¶μ§¨Í¨¨ ´  ·Ò´±¥ ¶·μ³ÒÏ-
²¥´´ÒÌ Ê¸±μ·¨É¥²¥° ± ± ¢ �μ¸¸¨¨, É ± ¨ §  ·Ê¡¥¦μ³. ‚Ò¶Ê¸± ¥³Ò¥ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö
Ê¸±μ·¨É¥²¨ Ô²¥±É·μ´μ¢ ¸¥·¨¨ �‹‚ ´¥¶·¥·Ò¢´μ£μ ¤¥°¸É¢¨Ö ´  μ¸´μ¢¥ ¢Ò¸μ±μ¢μ²ÓÉ´μ£μ
¢Ò¶·Ö³¨É¥²Ö ¶¥·¥±·Ò¢ ÕÉ ¤¨ ¶ §μ´ ¶μ ³ ±¸¨³ ²Ó´μ° ³μÐ´μ¸É¨ μÉ¤¥²Ó´μ° ³ Ï¨´Ò μÉ
20 ¤μ 100 ±‚É ¨ ¶μ Ô´¥·£¨¨ Ê¸±μ·¥´´ÒÌ Ô²¥±É·μ´μ¢ μÉ 0,3 ¤μ 2,5 ŒÔ‚,   ¤²Ö Ô±μ-
²μ£¨Î¥¸±¨Ì ¨ ¨¸¸²¥¤μ¢ É¥²Ó¸±¨Ì Í¥²¥° Å ¤μ 400 ±‚É ¶·¨ ³ ±¸¨³ ²Ó´μ³ Éμ±¥ ¶ÊÎ±  ¤μ
0,5 � [1]. � ¨¡μ²¥¥ Ï¨·μ±μ Ê¸±μ·¨É¥²¨ �‹‚ ¶·¨³¥´ÖÕÉ¸Ö ¶·¨ É¥Ì´μ²μ£¨Î¥¸±¨Ì ¶·μÍ¥¸-
¸ Ì ¢ ¶·μ³ÒÏ²¥´´μ¸É¨, ¨¸¶μ²Ó§ÊÕÐ¨Ì · ¤¨ Í¨μ´´μ¥ ¸Ï¨¢ ´¨¥ ¶μ²¨³¥·´ÒÌ ³ É¥·¨ ²μ¢.
Š Î¥¸É¢μ É ±μ° μ¡· ¡μÉ±¨ μ¶·¥¤¥²Ö¥É¸Ö ³´μ£¨³¨ Ë ±Éμ· ³¨. ’ ±, Ê¸±μ·¨É¥²¨ ¤μ²¦´Ò

1E-mail: kuksanov47@mail.ru
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μ¡¥¸¶¥Î¨¢ ÉÓ ¸É ¡¨²Ó´μ¸ÉÓ ¶ · ³¥É·μ¢ Ô²¥±É·μ´´μ£μ ¶ÊÎ± : Ô´¥·£¨Õ, Éμ± ¶ÊÎ± , Ï¨·¨´Ê
¨ £μ³μ£¥´´μ¸ÉÓ §μ´Ò μ¡²ÊÎ¥´¨Ö ¨ É. ¤., ±μÉμ·Ò¥ § ¢¨¸ÖÉ ´¥ Éμ²Ó±μ μÉ Ê¸±μ·¨É¥²Ö, ´μ ¨ μÉ
¨¸¶μ²Ó§Ê¥³μ£μ ¶μ¤¶ÊÎ±μ¢μ£μ μ¡μ·Ê¤μ¢ ´¨Ö. �μÔÉμ³Ê ¤²Ö μ¡²ÊÎ¥´¨Ö ¨§μ²ÖÍ¨¨ ¶·μ¢μ¤μ¢
¢ ¨´¸É¨ÉÊÉ¥ · §· ¡μÉ ´  ¨ ¶·¥¤² £ ¥É¸Ö ¤²Ö ¶μÉ·¥¡¨É¥²¥° Ê´¨¢¥·¸ ²Ó´ Ö ¶μ¤¶ÊÎ±μ¢ Ö
É· ´¸¶μ·É´ Ö ¸¨¸É¥³  (�’‘), É· ´¸¶μ·É¨·ÊÕÐ Ö ± ¡¥²Ó ¶μ¤ ¢Ò¶Ê¸±´Ò³ Ê¸É·μ°¸É¢μ³
Ê±μ·¨É¥²Ö. ‘μ¢·¥³¥´´Ò¥ É¥Ì´μ²μ£¨Î¥¸±¨¥ ¶·μÍ¥¸¸Ò ¶·¥¤ÑÖ¢²ÖÕÉ ¢Ò¸μ±¨¥ É·¥¡μ¢ ´¨Ö ±
μ¤´μ·μ¤´μ¸É¨ ¤μ§Ò μ¡²ÊÎ¥´¨Ö ¤²Ö ³ É¥·¨ ²μ¢ · §²¨Î´ÒÌ Ëμ·³ ¨ · §³¥·μ¢. � ¶·¨³¥·,
¤²Ö Ê²ÊÎÏ¥´¨Ö  §¨³ÊÉ ²Ó´μ° μ¤´μ·μ¤´μ¸É¨ ¶μ£²μÐ¥´´μ° ¤μ§Ò ¶·¨ μ¡²ÊÎ¥´¨¨ ± ¡¥²Ó´μ°
¶·μ¤Ê±Í¨¨ Ê¸±μ·¨É¥²¨ �‹‚ μ¸´ Ð ÕÉ¸Ö ¸¨¸É¥³μ° Î¥ÉÒ·¥Ì¸Éμ·μ´´¥£μ μ¡²ÊÎ¥´¨Ö. ’¥Ì´μ-
²μ£¨Î¥¸±¨¥ ¢μ§³μ¦´μ¸É¨ Ê¸±μ·¨É¥²Ö É ±¦¥ ³μ£ÊÉ ¡ÒÉÓ · ¸Ï¨·¥´Ò ¶·¨³¥´¥´¨¥³ ¸¨¸É¥³
¤¢Ê¸Éμ·μ´´¥£μ (¨¸¶μ²Ó§Ê¥³μ£μ ¶·¨ μ¡· ¡μÉ±¥ ²¥´É) ¨ ±μ²ÓÍ¥¢μ£μ (¤²Ö ³μ¤¨Ë¨± Í¨¨ É·Ê¡)
μ¡²ÊÎ¥´¨Ö.

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¡μ²ÓÏμ¥ ¢´¨³ ´¨¥ Ê¤¥²Ö¥É¸Ö ³μ¤¥·´¨§ Í¨¨ ¨ ·¥±μ´¸É·Ê±Í¨¨ ¸Ê-
Ð¥¸É¢ÊÕÐ¥£μ, ´μ Ê¸É ·¥¢Ï¥£μ Ê¸±μ·¨É¥²Ó´μ£μ μ¡μ·Ê¤μ¢ ´¨Ö. �·¨³¥·μ³ ³μ¦¥É ¸²Ê¦¨ÉÓ
· §· ¡μÉ ´´ Ö ¤²Ö Ï¨·μ±μ£μ ²¨¸É  ³¥Éμ¤¨±  ¶μ¢ÒÏ¥´¨Ö · ¢´μ³¥·´μ¸É¨ · ¸¶·¥¤¥²¥´¨Ö
¶μ£²μÐ¥´´μ° ¤μ§Ò,   ¤²Ö ´¥§ ¢¨¸¨³μ£μ ±μ´É·μ²Ö §  ¶·μ¨§¢μ¤¸É¢¥´´Ò³¨ ¶·μÍ¥¸¸ ³¨ μ¡-
²ÊÎ¥´¨Ö Å ¨´Ëμ·³ Í¨μ´´ Ö ¸¨¸É¥³  ±μ´É·μ²Ö.
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‘¨¸É¥³  ±μ²ÓÍ¥¢μ£μ μ¡²ÊÎ¥´¨Ö ¶·¥¤´ §´ Î¥´  ¤²Ö μ¡²ÊÎ¥´¨Ö ¨§μ²ÖÍ¨¨ ¸¨²μ¢ÒÌ ¶·μ-
¢μ¤μ¢ ¡μ²ÓÏμ£μ ¤¨ ³¥É·  (¤μ 50 ³³) ¨ Éμ²¸Éμ¸É¥´´ÒÌ É¥·³μÊ¸ ¦¨¢ ¥³ÒÌ É·Ê¡. ˆ¸¶μ²Ó-
§μ¢ ´¨¥ ÔÉμ° ¸¨¸É¥³Ò ¶μ§¢μ²Ö¥É Ê¸É· ´¨ÉÓ §μ´Ê É¥´¨ μÉ ³¥É ²²¨Î¥¸±μ° ¦¨²Ò ¶·μ¢μ¤  ¨
¶μ²ÊÎ¨ÉÓ · ¢´μ³¥·´μ¥ ¶μ  §¨³ÊÉÊ μ¡²ÊÎ¥´¨¥ ¨§μ²ÖÍ¨¨ §  μ¤¨´ ¶·μÌμ¤ ¶·μ¢μ¤  ¶μ¤ ¶ÊÎ-
±μ³. ‘Ì¥³ É¨Î¥¸±¨ ¸¨¸É¥³  ±μ²ÓÍ¥¢μ£μ μ¡²ÊÎ¥´¨Ö ¶μ± § ´  ´  ·¨¸. 1. �  ·¨¸.   Í¨Ë·μ° 1

�¨¸. 1.  ) ‘¨¸É¥³  ±μ²ÓÍ¥¢μ£μ μ¡²ÊÎ¥´¨Ö: 1 Å É· ¥±Éμ·¨¨ Ô²¥±É·μ´μ¢; 2 Å ¢Ò¶Ê¸±´μ¥ μ±´μ;
3 Å ¶μ¢μ·μÉ´Ò¥ ³ £´¨ÉÒ; ¡) ¤ ´´Ò¥ ·¥ ²Ó´ÒÌ ¨§³¥·¥´¨° · ¢´μ³¥·´μ¸É¨ ¤μ§Ò μ¡²ÊÎ¥´¨Ö ¶μ

 §¨³ÊÉ ²Ó´μ° ¸μ¸É ¢²ÖÕÐ¥°



952 ŠÊ±¸ ´μ¢ �.Š. ¨ ¤·.

�¨¸. 2. „¢Ê¸Éμ·μ´´ÖÖ ¸¨¸É¥³  μ¡²ÊÎ¥´¨Ö: 1 Å μ¸´μ¢ ´¨¥; 2 Å ± ÉÊÏ±¨ μÉ±²μ´ÖÕÐ¨Ì Ô²¥±É·μ-

³ £´¨Éμ¢; 3 Å ¸¥·¤¥Î´¨± μÉ±²μ´ÖÕÐ¨Ì Ô²¥±É·μ³ £´¨Éμ¢; 4, 5 Å ¶μ²Õ¸ ; 6 Å ³¨Ï¥´Ó

μ¡μ§´ Î¥´Ò É· ¥±Éμ·¨¨ Ô²¥±É·μ´μ¢, ±μÉμ·Ò¥, ¢Ò°¤Ö ¨§ ¢Ò¶Ê¸±´μ£μ μ±´  Ê¸±μ·¨É¥²Ö 2,
¶μ¶ ¤ ÕÉ ¢ ¶μ²¥ Ô²¥±É·μ³ £´¨Éμ¢ 3 ¸ ¶μ²Õ¸´Ò³¨ ´ ±μ´¥Î´¨± ³¨, μ¡¥¸¶¥Î¨¢ ÕÐ¨³¨
¶μ¢μ·μÉ É· ¥±Éμ·¨° Ô²¥±É·μ´μ¢ ¢ ¢μ§¤ÊÌ¥, ± ± ¶μ± § ´μ ´  ·¨¸Ê´±¥. „ ´´ Ö ¸¨¸É¥³ 
μ¡¥¸¶¥Î¨¢ ¥É · ¢´μ³¥·´μ¸ÉÓ ¤μ§Ò ¶μ  §¨³ÊÉÊ ¶·μ¢μ¤  ´¥ ÌÊ¦¥ 15% ¶·¨ ÔËË¥±É¨¢´μ¸É¨
¨¸¶μ²Ó§μ¢ ´¨Ö ¶ÊÎ±  50%.

ˆ§³¥´¥´¨¥ Ëμ·³Ò ¶μ²Õ¸´ÒÌ ´ ±μ´¥Î´¨±μ¢ ´  ¡μ²¥¥ ¶·μÉÖ¦¥´´Ò¥ (·¨¸. 2) ¢ ´ ¶· -
¢²¥´¨¨ ¢¤μ²Ó ¢Ò¶Ê¸±´μ£μ Ê¸É·μ°¸É¢  ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ¸¨¸É¥³Ê ¤¢Ê¸Éμ·μ´´¥£μ μ¡²ÊÎ¥-
´¨Ö. „ ´´ Ö ¸¨¸É¥³  ¶·¥¤´ §´ Î¥´  ¤²Ö μ¡²ÊÎ¥´¨Ö ¡μ²¥¥ Éμ´±¨Ì (¤μ 10 ³³ ´ ·Ê¦´Ò°
¤¨ ³¥É·) ¶·μ¢μ¤μ¢ ¶·¨ ³´μ£μ±· É´μ³ ¶·μÌμ¦¤¥´¨¨ ¶·μ¢μ¤  ¶μ¤ ¶ÊÎ±μ³, μ¡¥¸¶¥Î¨¢ ¥É
¤¢Ê¸Éμ·μ´´¥¥ μ¡²ÊÎ¥´¨¥ ¶·μ¢μ¤  (¸¢¥·ÌÊ ¨ ¸´¨§Ê) ¶·¨ Ï¨·¨´¥ · ¸±² ¤±¨ ¤μ 60 ¸³.

‘¨¸É¥³Ò ÔËË¥±É¨¢´μ · ¡μÉ ÕÉ ¶·¨ Ô´¥·£¨¨ Ô²¥±É·μ´μ¢ ¢ÒÏ¥ 1,2 ŒÔ‚ [2]. �·¨ ´¨§-
±¨Ì Ô´¥·£¨ÖÌ μ´¨ É ±¦¥ · ¡μÉμ¸¶μ¸μ¡´Ò, μ¤´ ±μ ¸´¨¦ ¥É¸Ö ±μÔËË¨Í¨¥´É ¨¸¶μ²Ó§μ-
¢ ´¨Ö ¶ÊÎ±  ¨§-§  · ¸¸¥Ö´¨Ö Ô²¥±É·μ´μ¢ ¢ Ëμ²Ó£¥ ¨ ¢μ§¤ÊÌ¥. ‘¨¸É¥³Ò ¶μ¸É ¢²ÖÕÉ¸Ö
± ± ¤μ¶μ²´¨É¥²Ó´μ¥ μ¡μ·Ê¤μ¢ ´¨¥ ± É¨¶μ¢μ° ³ Ï¨´¥ ¨ ²¥£±μ Ê¸É ´ ¢²¨¢ ÕÉ¸Ö ¨ ¸´¨-
³ ÕÉ¸Ö ¶·¨ ¸³¥´¥ É¥Ì´μ²μ£¨¨. „ ´´Ò¥ ¸¨¸É¥³Ò Ê¸¶¥Ï´μ Ô±¸¶²Ê É¨·ÊÕÉ¸Ö ¸μ¢³¥¸É´μ
¸ Ê¸±μ·¨É¥²Ö³¨ �‹‚-8 (³ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö 2,5 ŒÔ‚) ´  ´¥¸±μ²Ó±¨Ì ± ¡¥²Ó´ÒÌ
§ ¢μ¤ Ì Š¨É Ö.
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� ¨¡μ²ÓÏÊÕ ¶μ¶Ê²Ö·´μ¸ÉÓ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¶μ²ÊÎ¨²  ¸¨¸É¥³  Î¥ÉÒ·¥Ì¸Éμ·μ´´¥£μ
μ¡²ÊÎ¥´¨Ö, ¶μ§¢μ²ÖÕÐ Ö ¶μ¢Ò¸¨ÉÓ μ¤´μ·μ¤´μ¸ÉÓ μ¡²ÊÎ¥´¨Ö ¨§μ²ÖÍ¨¨ ¶·μ¢μ¤μ¢. �·¨´Í¨¶
μ¡²ÊÎ¥´¨Ö ¨²²Õ¸É·¨·Ê¥É¸Ö ·¨¸. 3.

� ¸±² ¤±  ± ¡¥²Ö ¶μ¤ ¶ÊÎ±μ³ ¢Ò¶μ²´¥´  É ±, ÎÉμ ´  ± ¦¤μ³ ¢¨É±¥ ¢¥·Ì´ÖÖ ¨ ´¨¦-
´ÖÖ ¶μ¢¥·Ì´μ¸É¨ ± ¡¥²Ö ³¥´ÖÕÉ¸Ö ³¥¸É ³¨. …¸²¨ É· ¥±Éμ·¨¨ ¶ÊÎ±μ¢ ¶¥·¥±·¥Ð¥´Ò ¶μ¤
Ê£²μ³ 90◦, Éμ, ÊÎ¨ÉÒ¢ Ö ¸³¥´Ê ¶μ¢¥·Ì´μ¸É¥°, ¶μ²ÊÎ ¥³ ¶μ¸²¥ ¤¢ÊÌ ¶·μÌμ¤μ¢ ± ¡¥²Ö ¶μ¤
¢Ò¶Ê¸±´Ò³ μ±´μ³ Ê¸±μ·¨É¥²Ö Î¥ÉÒ·¥ μ¡· ¡μÉ ´´ÒÌ ±¢ ¤· ´É  ± ¡¥²Ö ¢ ¸¥Î¥´¨¨. „μ¸É -
ÉμÎ´μ ¢ ¦´μ, ÎÉμ¡Ò ± ¡¥²Ó ¶·μÌμ¤¨² Î¥·¥§ §μ´Ê μ¡²ÊÎ¥´¨Ö ´¥¸±μ²Ó±μ · §.

�·¨´Í¨¶ · ¡μÉÒ Ê¸É·μ°¸É¢  μ¸´μ¢ ´ ´  μÉ±²μ´¥´¨¨ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ³ £´¨É´Ò³
¶μ²¥³ (·¨¸. 4). ‚ÒÌμ¤ÖÐ¨° ¨§ Ê¸±μ·¨É¥²Ö Ô²¥±É·μ´´Ò° ¶ÊÎμ± ¸± ´¨·Ê¥É¸Ö ¢ ¶²μ¸±μ¸É¨
·¨¸Ê´±  Ô²¥±É·μ³ £´¨É ³¨ · §¢¥·É±¨ 2. „ ²¥¥ μ´ ¶μ¶ ¤ ¥É ¢ ¶μ¸ÉμÖ´´μ¥ ¶μ²¥ Ô²¥±É·μ-
³ £´¨Éμ¢ 4. �Éμ ¶μ²¥ ¨§³¥´Ö¥É É· ¥±Éμ·¨¨ Ô²¥±É·μ´μ¢ É ±, ÎÉμ, ´¥§ ¢¨¸¨³μ μÉ ³¥¸É 
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�¨¸. 3. �·¨´Í¨¶ · ¡μÉÒ Î¥ÉÒ·¥Ì¸Éμ·μ´´¥° ¸¨-
¸É¥³Ò μ¡²ÊÎ¥´¨Ö

�¨¸. 4. ‘Ì¥³ É¨Î´Ò° ¢¨¤ Ê¸É·μ°¸É¢  Î¥ÉÒ-
·¥Ì¸Éμ·μ´´¥£μ μ¡²ÊÎ¥´¨Ö

¢Ìμ¤ , ´  ¢ÒÌμ¤¥ ¢¸¥ Ô²¥±É·μ´Ò, ¶·μÌμ¤ÖÐ¨¥ ²¥¢Ò° ³ £´¨É, ¨³¥ÕÉ Ê£μ² ¸ ¢¥·É¨± ²Ó-
´μ° μ¸ÓÕ (−45 ± 5)◦,   ¶· ¢Ò°, ¸μμÉ¢¥É¸É¢¥´´μ, (45 ± 5)◦. Šμ´Ë¨£Ê· Í¨Ö ³ £´¨É´μ£μ
¶μ²Ö μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³μ° ¶μ²Õ¸μ¢ Ô²¥±É·μ³ £´¨É . ‡ ¤ Î  μ¶·¥¤¥²¥´¨Ö Ëμ·³Ò ¶μ²Õ¸μ¢
¤²Ö § ¤ ´´ÒÌ É· ¥±Éμ·¨° ¶ÊÎ±  ¡Ò²  ·¥Ï¥´  ³¥Éμ¤ ³¨ ±μ³¶ÓÕÉ¥·´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö.
�μ¸±μ²Ó±Ê ´¥¢μ§³μ¦´μ ¸Ëμ·³¨·μ¢ ÉÓ ³ £´¨É´μ¥ ¶μ²¥, ³£´μ¢¥´´μ ³¥´ÖÕÐ¥¥ ´ ¶· ¢²¥-
´¨¥, ³¥¦¤Ê ¶μ¢μ·μÉ´Ò³¨ ³ £´¨É ³¨ ¸ÊÐ¥¸É¢Ê¥É μ¡² ¸ÉÓ, £¤¥ ±μ´Ë¨£Ê· Í¨Ö ³ £´¨É´μ£μ
¶μ²Ö μÉ²¨Î´  μÉ ´¥μ¡Ìμ¤¨³μ°. ‚ ÔÉμ° μ¡² ¸É¨, μ¡μ§´ Î¥´´μ° ® ¯ ´  ·¨¸. 4, Ê£μ² ¢ÒÌμ¤ 
Ô²¥±É·μ´μ¢ ¡Ê¤¥É μÉ²¨Î ÉÓ¸Ö μÉ 45◦. � ²¨Î¨¥ É ±¨Ì Ô²¥±É·μ´μ¢ ¶·¨¢μ¤¨É ± ¸´¨¦¥´¨Õ
· ¢´μ³¥·´μ¸É¨ μ¡²ÊÎ¥´¨Ö ¨ ÔËË¥±É¨¢´μ¸É¨ ¨¸¶μ²Ó§μ¢ ´¨Ö ¶ÊÎ± . —Éμ¡Ò Ê³¥´ÓÏ¨ÉÓ ¢²¨-
Ö´¨¥ ¤ ´´μ£μ ÔËË¥±É , ´¥μ¡Ìμ¤¨³μ Ê³¥´ÓÏ¨ÉÓ ¢·¥³Ö ¶·μÌμ¦¤¥´¨Ö Ô²¥±É·μ´´Ò³ ¶ÊÎ±μ³
μ¡² ¸É¨ ® ¯. „²Ö ÔÉμ° Í¥²¨, ´ ·Ö¤Ê ¸ ³ £´¨É ³¨ ¸± ´¨·μ¢ ´¨Ö, Ê¸É ´μ¢²¥´ ¤μ¶μ²´¨É¥²Ó-
´Ò° ¶¥·¥±²ÕÎ ÕÐ¨° Ô²¥±É·μ³ £´¨É 1, ¶μ§¢μ²ÖÕÐ¨° Ô²¥±É·μ´´μ³Ê ¶ÊÎ±Ê ¶¥·¥¸¥± ÉÓ
§μ´Ê ® ¯ ¸ ¡μ²ÓÏ¥° ¸±μ·μ¸ÉÓÕ ¨ É¥³ ¸ ³Ò³ Ê²ÊÎÏ¨ÉÓ ¨ μ¤´μ·μ¤´μ¸ÉÓ μ¡²ÊÎ¥´¨Ö, ¨
ÔËË¥±É¨¢´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö ¶ÊÎ± . �¨É ´¨¥ ÔÉμ£μ ³ £´¨É  ¸¨´Ì·μ´¨§¨·μ¢ ´μ ¸ Éμ±μ³
Ô²¥±É·μ³ £´¨Éμ¢ ¸± ´¨·μ¢ ´¨Ö. ‚·¥³Ö ¶¥·¥±²ÕÎ¥´¨Ö ¸μ¸É ¢²Ö¥É μ±μ²μ 200 ³±¸. ’μ£¤ ,
¤ ¦¥ ¶·¨ Î ¸ÉμÉ¥ · §¢¥·É±¨ 100 ƒÍ, ¤μ²Ö Ô²¥±É·μ´μ¢ ¸ Ê£² ³¨, ³¥´ÓÏ¨³¨, Î¥³ 45◦, ´¥
¶·¥¢ÒÏ ¥É 4%.

‚ § ±²ÕÎ¥´¨¥ μÉ³¥É¨³, ÎÉμ  ¢Éμ·Ò ¸Î¨É ÕÉ, ÎÉμ ¤²Ö Ê¸¶¥Ï´μ£μ ¢´¥¤·¥´¨Ö · ¤¨ Í¨-
μ´´ÒÌ É¥Ì´μ²μ£¨° ¢ ¶·μ³ÒÏ²¥´´μ¸ÉÓ ¤μ²¦´Ò ¸μ§¤ ¢ ÉÓ¸Ö ±μ³¶²¥±¸´Ò¥ É¥Ì´μ²μ£¨Î¥¸±¨¥
Ê¸É ´μ¢±¨, ¢±²ÕÎ ÕÐ¨¥ Ê¸±μ·¨É¥²Ó, É· ´¸¶μ·É´Ò¥ Ê¸É·μ°¸É¢ , ¸¨¸É¥³Ò ±μ´É·μ²Ö ± Î¥-
¸É¢  μ¡²ÊÎ¥´¨Ö ¨ É. ¤. [3].

��‚›˜…�ˆ… ��‚��Œ…���‘’ˆ ‹ˆ�…‰��‰
Œ�™��‘’ˆ „�‡› ��‹“—…�ˆŸ

‚ ·Ö¤¥ ¶·μ³ÒÏ²¥´´ÒÌ ¶·¨³¥´¥´¨° ¢μ§´¨± ÕÉ ¨ ¶μ¢ÒÏ¥´´Ò¥ É·¥¡μ¢ ´¨Ö ± · ¢´μ-
³¥·´μ¸É¨ · ¸¶·¥¤¥²¥´´μ° ¤μ§Ò. �·¨³¥·μ³ É ±μ£μ Ê¸²μ¢¨Ö Ö¢²Ö¥É¸Ö μ¡¥¸¶¥Î¥´¨¥ ´¥· ¢-
´μ³¥·´μ¸É¨ ¤μ§Ò ´¥ ¡μ²¥¥ 4 % ¶μ ³ É¥·¨ ²Ê ¶·¨ ³μ¤¥·´¨§ Í¨¨ Ê¸±μ·¨É¥²Ö, ¶·¨ ÔÉμ³
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�¨¸. 5. ‡ ¢¨¸¨³μ¸ÉÓ ¶·¨¢¥¤¥´´μ° ¤μ§Ò μ¡²ÊÎ¥´¨Ö μÉ Ô´¥·£¨¨ ¨ ¥³±μ¸É¨ ¶μ ¤²¨´¥ ¢Ò¶Ê¸±´μ£μ μ±´ 

¢Ò¶Ê¸±´μ¥ Ê¸É·μ°¸É¢μ Ê¸±μ·¨É¥²Ö Ê¢¥²¨Î¥´´μ° ¤²¨´Ò μ¸É ¢ ²μ¸Ó ´¥¨§³¥´´Ò³, ¸³¥´¥ ´ 
¸μ¢·¥³¥´´Ò¥ ¶μ¤²¥¦ ²¨ Éμ²Ó±μ ¸¨¸É¥³Ò ¸± ´¨·μ¢ ´¨Ö Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¢¤μ²Ó ¨ ¶μ-
¶¥·¥± ¢Ò¶Ê¸±´μ£μ μ±´  · ¸É·Ê¡  [5].

‚¥²¨Î¨´  ¤μ§Ò μ¡²ÊÎ¥´¨Ö μ¶·¥¤¥²Ö¥É¸Ö ¶²μÉ´μ¸ÉÓÕ Éμ±  ¨ ²¨´¥°´μ° ¸±μ·μ¸ÉÓÕ ¸± -
´¨·μ¢ ´¨Ö ¶ÊÎ±  ¶μ μ¸¨ ¢Ò¶Ê¸±´μ£μ Ê¸É·μ°¸É¢ . �¥ ²Ó´Ò¥ ¨§³¥·¥´¨Ö, ¸¤¥² ´´Ò¥ ¤²Ö · §-
²¨Î´ÒÌ Ô´¥·£¨°, ¶μ± § ²¨, ÎÉμ ´¥· ¢´μ³¥·´μ¸ÉÓ ¤μ§Ò μ¡²ÊÎ¥´¨Ö ¶μ ¤²¨´¥ ¢Ò¶Ê¸±´μ£μ
μ±´  1800 ³³ ¸μ¸É ¢¨²  ∼ 10−12 %.

’ ± ± ± ¶¨É ÕÐ¥¥ ´ ¶·Ö¦¥´¨¥ Ô²¥±É·μ³ £´¨Éμ¢ ¸± ´¨·μ¢ ´¨Ö ¨³¥¥É ¶·Ö³μÊ£μ²Ó-
´ÊÕ Ëμ·³Ê ¨ ¢ ¸¢Ö§¨ ¸ É¥³, ÎÉμ ¸μμÉ´μÏ¥´¨¥ ¨´¤Ê±É¨¢´μ¸É¨ ¨ ¸μ¶·μÉ¨¢²¥´¨Ö μ¡³μÉμ±
wL/R ≈ 35 � 1, Éμ± ¸± ´¨·ÊÕÐ¥° ¸¨¸É¥³Ò ¨³¥¥É ¸¨³³¥É·¨Î´ÊÕ ¶¨²μμ¡· §´ÊÕ Ëμ·³Ê.
—Éμ¡Ò Ê¢¥²¨Î¨ÉÓ §´ Î¥´¨¥ ¤μ§Ò ´  ±· ÖÌ ¢Ò¶Ê¸±´μ£μ Ê¸É·μ°¸É¢ , ´¥μ¡Ìμ¤¨³μ Ê³¥´Ó-
Ï¨ÉÓ ¸±μ·μ¸ÉÓ ¨§³¥´¥´¨Ö Éμ±  ´  ±· ÖÌ ¢Ò¶Ê¸±´μ£μ μ±´ . „²Ö ÔÉμ£μ ¡Ò²μ ¶·¥¤²μ¦¥´μ
¢±²ÕÎ¨ÉÓ ¶μ¸²¥¤μ¢ É¥²Ó´μ ¸μ ¸± ´¨·ÊÕÐ¨³¨ ± ÉÊÏ± ³¨ ±μ´¤¥´¸ Éμ·Ò, ÎÉμ ¶μ§¢μ²¨²μ
Ê³¥´ÓÏ¨ÉÓ ¸±μ·μ¸ÉÓ ´ · ¸É ´¨Ö Éμ±  ´  ±· ÖÌ ¢Ò¶Ê¸±´μ£μ μ±´ . „ ´´ Ö ³¥Éμ¤¨±  ¨¸¶μ²Ó-
§μ¢ ´  ¶·¨ ³μ¤¥·´¨§ Í¨¨ Ê¸±μ·¨É¥²Ö ¤²Ö μ¡²ÊÎ¥´¨Ö Ï¨·μ±μ£μ ¶μ²¨ÔÉ¨²¥´μ¢μ£μ ²¨¸É  ¢
³ ·É¥ 2012 £. (·¨¸. 6). �¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨Ö ´¥μ¤´μ·μ¤´μ¸É¨ μ¡²ÊÎ¥´¨Ö ¶·¨ · §²¨Î´ÒÌ
¶ · ³¥É· Ì ¥³±μ¸É¨ ¨ Ô´¥·£¨¨ ¶μ± § ´Ò ´  ·¨¸. 5. ‚ ·¥§Ê²ÓÉ É¥ Ê¤ ²μ¸Ó ¤μ¸É¨ÎÓ ´¥· ¢-
´μ³¥·´μ¸É¨ ¤μ§Ò ³¥´¥¥ 4%. �·¥¤² £ ¥³ Ö ¶·μ¸É Ö ³¥Éμ¤¨±  ¶μ¢ÒÏ¥´¨Ö ¢¥²¨Î¨´Ò ¤μ§Ò
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�¨¸. 6. Œμ¤¥·´¨§ Í¨Ö Ê¸±μ·¨É¥²Ö ®�¢·μ· -5¯

´  ±· ÖÌ ¢Ò¶Ê¸±´μ£μ Ê¸É·μ°¸É¢  Ê¸±μ·¨É¥²Ö (É. ¥. Ê³¥´ÓÏ¥´¨Ö ´¥· ¢´μ³¥·´μ¸É¨ ¤μ§Ò)
¶μ§¢μ²¨²  Ê¤μ¢²¥É¢μ·¨ÉÓ É¥Ì´μ²μ£¨Î¥¸±μ³Ê ¶·μÍ¥¸¸Ê ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¸ÊÐ¥¸É¢ÊÕÐ¥£μ
μ¡μ·Ê¤μ¢ ´¨Ö ¡¥§ ¸ÊÐ¥¸É¢¥´´μ£μ ¨§³¥´¥´¨Ö ¸¨¸É¥³ Ê¶· ¢²¥´¨Ö ¸± ´¨·μ¢ ´¨¥³ ¶ÊÎ± , ÎÉμ
¢ Ê¸²μ¢¨ÖÌ ¸ÊÐ¥¸É¢ÊÕÐ¥£μ ³¥²±μ¸¥·¨°´μ£μ ¶·μ¨§¢μ¤¸É¢  (  ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¨´¸É ²-
²¨·μ¢ ´μ ¨ · ¡μÉ ¥É ¡μ²¥¥ 150 Ê¸±μ·¨É¥²¥° �‹‚) Ê´¨Ë¨Í¨·Ê¥É ¨ Ê¶·μÐ ¥É ¶μ¤¤¥·¦±Ê
μ¡μ·Ê¤μ¢ ´¨Ö ¸μ ¸Éμ·μ´Ò ¶μ¸É ¢Ð¨± .

��„�“—Š�‚�Ÿ ’���‘���’��Ÿ ‘ˆ‘’…Œ�

�¸´μ¢´μ¥ É·¥¡μ¢ ´¨¥ ± ¸¨¸É¥³¥ É· ´¸¶μ·É¨·μ¢ ´¨Ö ± ¡¥²Ö Î¥·¥§ §μ´Ê μ¡²ÊÎ¥´¨Ö § -
±²ÕÎ ¥É¸Ö ¢ Éμ³, ÎÉμ ¢¥²¨Î¨´  ¸±μ·μ¸É¨ É· ´¸¶μ·É¨·μ¢±¨ ¤μ²¦´  ¡ÒÉÓ ¶·μ¶μ·Í¨μ´ ²Ó´ 
Éμ±Ê ¶ÊÎ± . ŠμÔËË¨Í¨¥´É ¶·μ¶μ·Í¨μ´ ²Ó´μ¸É¨, ´ §Ò¢ ¥³Ò° Ê¤¥²Ó´μ° ¸±μ·μ¸ÉÓÕ, § ¢¨-
¸¨É μÉ É¨¶  μ¡²ÊÎ ¥³μ£μ ³ É¥·¨ ²  ¨ ¶ · ³¥É·μ¢ Ê¸±μ·¨É¥²Ö. ‚ ¨´¸É¨ÉÊÉ¥ ¸μ£² ¸´μ
¶μ¦¥² ´¨Ö³ § ± §Î¨±μ¢ ¡Ò²  · §· ¡μÉ ´  Ê´¨¢¥·¸ ²Ó´ Ö ¶μ¤¶ÊÎ±μ¢ Ö É· ´¸¶μ·É´ Ö ¸¨-
¸É¥³  (�’‘) [4]. ˆ´¸É¨ÉÊÉ ¶μ¸É ¢²Ö¥É �’‘ (·¨¸. 7), ¶μ§¢μ²ÖÕÐÊÕ ¶·μ¨§¢μ¤¨ÉÓ μ¡²ÊÎ¥´¨¥
¶²¥´±¨, ± ¡¥²Ö ¨²¨ É·Ê¡μ±. ‘¨¸É¥³  ³μ¦¥É ± ± · ¡μÉ ÉÓ ¢  ¢Éμ´μ³´μ³ ·¥¦¨³¥, É ± ¨
¡ÒÉÓ Ê¶· ¢²Ö¥³μ° μÉ Ê¸±μ·¨É¥²Ö ¨²¨, ´ μ¡μ·μÉ, Ê¶· ¢²ÖÉÓ Ê¸±μ·¨É¥²¥³. �¸´μ¢´Ò¥ ¥¥
¶ · ³¥É·Ò:

‘±μ·μ¸ÉÓ ¶¥·¥³μÉ±¨, ³/³¨´ 20Ä250
ŒμÐ´μ¸ÉÓ Ô²¥±É·μ¤¢¨£ É¥²Ö, ±‚É 18
„¨ ³¥É· μ¡²ÊÎ ¥³ÒÌ ± ¡¥²Ó´ÒÌ ¨§¤¥²¨°:

¤²Ö ¦¥¸É±¨Ì ± ¡¥²Ó´ÒÌ ¨§¤¥²¨°, ³³ ¤μ 15
¤²Ö £¨¡±¨Ì ± ¡¥²Ó´ÒÌ ¨§¤¥²¨°, ³³ ¤μ 40

˜¨·¨´  §μ´Ò μ¡²ÊÎ¥´¨Ö, ³³ 800

‘¨¸É¥³  Ê¶· ¢²¥´¨Ö �’‘ ¸μ£² ¸Ê¥É  ¸¨´Ì·μ´´Ò° ¤¢¨£ É¥²Ó ¸ Î ¸ÉμÉ´Ò³ ¶·¨¢μ¤μ³,
¢· Ð ÕÐ¨° ¢¥¤ÊÐ¨° ¡ · ¡ ´, ¸ ¸¨¸É¥³μ° Ê¶· ¢²¥´¨Ö Ê¸±μ·¨É¥²¥³ (·¥¦¨³ · ¡μÉÒ μÉ
�‚Œ) ¨ μ¡¥¸¶¥Î¨¢ ¥É · ¡μÉÊ ¶·¨¢μ¤  ¢ ·ÊÎ´μ³ ·¥¦¨³¥ ¸ ¶Ê²ÓÉ  ¤¨¸É ´Í¨μ´´μ£μ Ê¶· -
¢²¥´¨Ö ¶·¨ § ¶· ¢±¥ μ¡²ÊÎ ¥³μ£μ ³ É¥·¨ ² . �¨É ´¨¥ ¶·¨¢μ¤  μ¸ÊÐ¥¸É¢²Ö¥É¸Ö μÉ ¶·¥-
μ¡· §μ¢ É¥²Ö Î ¸ÉμÉÒ VECTORFLUX VFX ¶·μ¨§¢μ¤¸É¢  ®Emotron¯. ˆ¸¶μ²Ó§Ê¥³Ò° ¶·¨-
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�¨¸. 7. �¡Ð¨° ¢¨¤ É· ´¸¶μ·É´μ£μ Ê¸É·μ°¸É¢ 

¢μ¤ ¨³¥¥É ¡μ²ÓÏμ° ¤¨´ ³¨Î¥¸±¨° ¤¨ ¶ §μ´, É. ¥. ¶·μ¶μ·Í¨μ´ ²Ó´μ¸ÉÓ ³¥¦¤Ê ¸±μ·μ¸ÉÓÕ
¶·μÉÖ¦±¨ ¨ Éμ±μ³ ¶ÊÎ±  ¸μÌ· ´Ö¥É¸Ö ¢ ¡μ²ÓÏμ³ ¤¨ ¶ §μ´¥ ¸±μ·μ¸É¥°. �Éμ ¶μ§¢μ²Ö¥É
μ¸ÊÐ¥¸É¢²ÖÉÓ ¶² ¢´Ò° ¶Ê¸± É¥Ì´μ²μ£¨¨ ¨ μÉ± § ÉÓ¸Ö μÉ ¶μ¤¢¨¦´μ° ³¨Ï¥´¨. �¥· ¢´μ-
³¥·´μ¸ÉÓ ¶μ£²μÐ¥´´μ° ¤μ§Ò ¶·¨ · §£μ´¥ �’‘ μÉ 0 ¢¶²μÉÓ 250 ³/³¨´ ´¥ ¶·¥¢ÒÏ ¥É 5 %.

‚ˆ‡“�‹ˆ‡�–ˆŸ ˆ Š��’��‹œ �‘��‚�›• ����Œ…’��‚
’…•��‹�ƒˆ—…‘Š�ƒ� ���–…‘‘�

‚Ò¸μ±¨° Ê·μ¢¥´Ó  ¢Éμ³ É¨§ Í¨¨ Ê¶· ¢²¥´¨Ö Ê¸±μ·¨É¥²¥³ ¨ ¸μ¶ÊÉ¸É¢ÊÕÐ¨³ É¥Ì´μ-
²μ£¨Î¥¸±¨³ μ¡μ·Ê¤μ¢ ´¨¥³ ¶μ§¢μ²Ö¥É ¸μ±· É¨ÉÓ ±μ²¨Î¥¸É¢μ ¶¥·¸μ´ ² , μ¡¸²Ê¦¨¢ ÕÐ¥£μ
μ¡²ÊÎ É¥²Ó´Ò° ±μ³¶²¥±¸. „²Ö ·¥Ï¥´¨Ö ÔÉμ° § ¤ Î¨ ¡Ò²  · §· ¡μÉ ´  ¨ ¢´¥¤·¥´  ¨´Ëμ·-

�¨¸. 8. ˆ´Ëμ·³ Í¨μ´´μ¥ É ¡²μ

³ Í¨μ´´ Ö ¸¨¸É¥³  ¶μ ¢¨§Ê ²¨§ Í¨¨ É¥±ÊÐ¨Ì
¶ · ³¥É·μ¢ Ê¸±μ·¨É¥²Ö ¨ É¥Ì´μ²μ£¨Î¥¸±μ£μ
¶·μÍ¥¸¸  μ¡²ÊÎ¥´¨Ö [6], μ¡¥¸¶¥Î¨¢ ÕÐ Ö:

Å  ¢Éμ³ É¨§ Í¨Õ · ¡μÎ¥£μ ³¥¸É  ¨
μ·£ ´¨§ Í¨Õ ÔËË¥±É¨¢´μ£μ ¨¸¶μ²Ó§μ¢ ´¨Ö
¢·¥³¥´¨, § É· Î¨¢ ¥³μ£μ ´  μ¡¸²Ê¦¨¢ ´¨¥
É¥Ì´μ²μ£¨Î¥¸±¨Ì ²¨´¨° (¶·¨¥³´μ-¶μ¤ ÕÐ¨Ì
Ê¸É·μ°¸É¢). �· ±É¨Î¥¸±¨ ¨¸Î¥§ ¥É ´¥μ¡Ìμ¤¨-
³μ¸ÉÓ ¢ ¶μ¸ÉμÖ´´μ³ ¶·¨¸ÊÉ¸É¢¨¨ μ¶¥· Éμ· 
§  ¶Ê²ÓÉμ³ Ê¶· ¢²¥´¨Ö Ê¸±μ·¨É¥²¥³;

Å ÔËË¥±É¨¢´ÊÕ ¢¨§Ê ²¨§ Í¨Õ ¶·μÍ¥¸¸ 
μ¡²ÊÎ¥´¨Ö ´  μÉ¤¥²Ó´ÒÌ ³μ´¨Éμ· Ì, μÉμ¡· -

¦ ÕÐ¨Ì É¨¶ ¨¸¶μ²Ó§Ê¥³μ£μ Ê¸±μ·¨É¥²Ö, § ¤¥°¸É¢μ¢ ´´μ¥ ¶·¨¥³´μ-¶μ¤ ÕÐ¥¥ Ê¸É·μ°¸É¢μ,
Ô´¥·£¨Õ ¶ÊÎ±  Ô²¥±É·μ´μ¢, ¢¥²¨Î¨´Ê Éμ±  ¶ÊÎ±  ¸±μ·μ¸ÉÓ ¶μ¤ ÕÐ¥° ²¨´¨¨,   É ±¦¥ Éμ,
ÎÉμ μ¸É ¢Ï¥¥¸Ö ¤μ ±μ´Í  μ¡· ¡μÉ±¨ ¢·¥³Ö ¨ ±μ²¨Î¥¸É¢μ ´¥μ¡· ¡μÉ ´´μ£μ ³ É¥·¨ ²  ¶μ-
§¢μ²Ö¥É μ¶¥· Éμ· ³ É· ´¸¶μ·É´μ° ²¨´¨¨ ±μ´É·μ²¨·μ¢ ÉÓ ¨ § ¤ ¢ ÉÓ ·¥¦¨³ μ¡· ¡μÉ±¨
´¥¶μ¸·¥¤¸É¢¥´´μ ´  · ¡μÎ¥³ ³¥¸É¥ ¢¡²¨§¨ ¶·¨¥³´μ-μÉ¤ ÕÐ¨Ì Ê¸É·μ°¸É¢.

‚Ò¶Ê¸± ¥³μ¥ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¤μ¶μ²´¨É¥²Ó´μ¥ μ¡μ·Ê¤μ¢ ´¨¥ ¤²Ö ¸¥³¥°¸É¢  Ê¸±μ-
·¨É¥²¥° �‹‚ ¶μ§¢μ²Ö¥É ¨¸¶μ²Ó§μ¢ ÉÓ ÔÉ¨ Ê¸±μ·¨É¥²¨ ¢ Ï¨·μ±μ³ ¸¶¥±É·¥ ¶·μ³ÒÏ²¥´´ÒÌ
¶·¨³¥´¥´¨°.
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