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„μ¶μ²´¨É¥²Ó´Ò° ± ´ ² É· ´¸¶μ·É¨·μ¢±¨ ¨μ´μ¢ Ê£²¥·μ¤ 
¤²Ö ¡¨μ²μ£¨Î¥¸±¨Ì ¨¸¸²¥¤μ¢ ´¨° ´  ´Ê±²μÉ·μ´¥ �ˆŸˆ

‚ · ¡μÉ¥ · ¸¸³ É·¨¢ ÕÉ¸Ö ¢μ¶·μ¸Ò ¶μ¸É·μ¥´¨Ö ²¨´¨¨ É· ´¸¶μ·É¨·μ¢±¨
¶ÊÎ±  12C+6 ¤²Ö ³¥¤¨±μ-¡¨μ²μ£¨Î¥¸±¨Ì ¨¸¸²¥¤μ¢ ´¨° ´  Ê¸±μ·¨É¥²Ó´μ³ ±μ³-
¶²¥±¸¥ ´Ê±²μÉ·μ´ �ˆŸˆ. ˆ¸¸²¥¤ÊÕÉ¸Ö ¸Ì¥³  ¨ ·¥¦¨³Ò · ¡μÉÒ Ô²¥³¥´Éμ¢ ³ £-
´¨É´μ° μ¶É¨±¨ ± ´ ² . �·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¨¸¸²¥¤Ê¥³μ£μ ± ´ ² 
É· ´¸¶μ·É¨·μ¢±¨ ¨μ´μ¢ Ê£²¥·μ¤ . �¡¸Ê¦¤ ÕÉ¸Ö  ²£μ·¨É³Ò Ê¶· ¢²¥´¨Ö ¶ÊÎ±μ³
¨μ´μ¢ Ê£²¥·μ¤  ¢ ¨¸¸²¥¤Ê¥³μ° ¸¨¸É¥³¥ É· ´¸¶μ·É¨·μ¢±¨. �¡μ¸´μ¢Ò¢ ¥É¸Ö ¢Ò¡μ·
³ £´¨Éμμ¶É¨Î¥¸±μ° ¸¨¸É¥³Ò. �·¨¢¥¤¥´Ò £· Ë¨±¨ μ£¨¡ ÕÐ¨Ì ¶ÊÎ±  ¢ ± ´ ²¥.
� ¸¸³ É·¨¢ ÕÉ¸Ö ËÊ´±Í¨¨ Ê¶· ¢²¥´¨Ö ¸± ´¨·μ¢ ´¨¥³ ¶ÊÎ± .

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ë¨§¨±¨ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¨³. ‚.ˆ. ‚¥±¸²¥· 
¨ �.Œ. 	 ²¤¨´  �ˆŸˆ.
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Additional Transport Channel of Carbon Ions
for Biological Research at the Nuclotron of JINR

The paper deals with the construction of the beam 12C+6 transport line for
biomedical research at the Nuclotron accelerator complex, JINR. We have studied
the scheme and modes of magneto-optical elements of the channel. The results
of calculations of the investigated beam transport of carbon ions, are presented.
The algorithms to control the carbon ion beam in the transportation system, are
discussed. The choice of the magneto-optical system is motivated. The graphs of
the beam envelopes in the channel, are given. The scanning control beam functions
are considered.

The investigation has been performed at the Veksler and Baldin Laboratory of
High Energy Physics, JINR.
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‚‚…„…�ˆ…

�¤´μ ¨§ ´ ¶· ¢²¥´¨° · §¢¨É¨Ö Ê¸±μ·¨É¥²Ó´μ£μ ±μ³¶²¥±¸  �ˆŸˆ Å ÔÉμ
¸μ§¤ ´¨¥ ´  μ¸´μ¢¥ ´Ê±²μÉ·μ´  ‹”‚
 �ˆŸˆ [1] ¸É¥´¤  ³¥¤¨±μ-¡¨μ²μ£¨Î¥¸±¨Ì
¨¸¸²¥¤μ¢ ´¨°. ‚ ¶·μÍ¥¸¸¥ · §· ¡μÉ±¨ ¤ ´´μ£μ ¸É¥´¤  μÉ· ¡ ÉÒ¢ ¥É¸Ö μ¡Ð Ö
É¥Ì´μ²μ£¨Ö ¸μ§¤ ´¨Ö ±μ³¶²¥±¸   ¤·μ´´μ° É¥· ¶¨¨.

‚ · ¡μÉ¥ ¶·¥¤¸É ¢²¥´ · ¸Î¥É μ¶É¨±¨ ± ´ ²  É· ´¸¶μ·É¨·μ¢±¨ § ·Ö¦¥´´ÒÌ
Î ¸É¨Í ±μ³¶²¥±¸   ¤·μ´´μ° É¥· ¶¨¨. �·¥¤¶μ² £ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ´¨¥ ± ´ ² 
¤²Ö É· ´¸¶μ·É¨·μ¢±¨ ¨μ´μ¢ Ê£²¥·μ¤  12C+6 ¨´É¥´¸¨¢´μ¸ÉÓÕ ∼ 2·109 ¨ ¸ Ô´¥·-
£¨¥° 100Ä550 ŒÔ‚/´Ê±²μ´.

�  ·¨¸. 1 ¶·¨¢¥¤¥´  ¸Ì¥³  μ¸´μ¢´μ£μ ± ´ ²  ¢Ò¢μ¤  ¶ÊÎ±  ¨§ ´Ê±²μÉ·μ´ 
¢ Ô±¸¶¥·¨³¥´É ²Ó´Ò° ±μ·¶Ê¸ 205. „μ¶μ²´¨É¥²Ó´Ò° ± ´ ² ´ Î¨´ ¥É¸Ö ¢¡²¨§¨
Ëμ±Ê¸  F3 μ¸´μ¢´μ£μ ± ´ ² .

�¨¸. 1. ‘Ì¥³  μ¸´μ¢´μ£μ ± ´ ²  ¢Ò¢μ¤  ¨§ ´Ê±²μÉ·μ´ . ‚¨¤ ¸¢¥·ÌÊ ¨ ¸¡μ±Ê. �μ± § ´μ
μÉ¢¥É¢²¥´¨¥ ¶·μ¥±É¨·Ê¥³μ£μ ± ´ ²  ¶¥·¥¤ Ëμ±Ê¸μ³ F3
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1. ��‘’���‚Š� ‡�„�—ˆ

1.1. Œ É¥³ É¨Î¥¸± Ö ¶μ¸É ´μ¢± . „²Ö μ¶¨¸ ´¨Ö μ£¨¡ ÕÐ¥° ¶·¨ É· ´¸-
¶μ·É¨·μ¢±¥ ¶ÊÎ±  ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ³ É·¨Î´Ò° Ëμ·³ ²¨§³:

Xout = MN · . . . · M2 · M1 · Xin, (1)

£¤¥ Xout ¨ Xin Å ¢¥±Éμ·-¸Éμ²¡ÍÒ (X = (β, α, γ)T ) ±μ´¥Î´μ£μ ¨ ´ Î ²Ó-
´μ£μ Ê¸²μ¢¨°, ¸μ¸ÉμÖÐ¨¥ ¨§ ¶ · ³¥É·μ¢ ³ É·¨ÍÒ ’¢¨¸¸ , μ¶¨¸Ò¢ ÕÐ¥° ¶Ê-
Îμ±. M1, . . . , MN Å ³ É·¨ÍÒ ¶·¥μ¡· §μ¢ ´¨Ö Ô²¥³¥´Éμ¢ É· ±É  Å ¤·¥°Ëμ¢ÒÌ
¶·μ³¥¦ÊÉ±μ¢ ¨ ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§. „²Ö ±¢ ¤·Ê¶μ²Ó´ÒÌ Ô²¥³¥´Éμ¢ ¨¸¶μ²Ó-
§Ê¥É¸Ö ¶·¨¡²¨¦¥´¨¥ Éμ²¸ÉÒÌ ²¨´§. ‚¸¥ ³ É·¨ÍÒ ¶·¥μ¡· §μ¢ ´¨Ö ´¥²¨´¥°´Ò
μÉ´μ¸¨É¥²Ó´μ ¶ · ³¥É·μ¢ É· ±É  Å £¥μ³¥É·¨Î¥¸±¨Ì · §³¥·μ¢ Ô²¥³¥´Éμ¢ ¨
£· ¤¨¥´Éμ¢ ²¨´§.

� Î ²Ó´Ò¥ Ê¸²μ¢¨Ö ¤²Ö É· ´¸¶μ·É¨·μ¢±¨ ¶ÊÎ±  ¢ ¤μ¶μ²´¨É¥²Ó´μ³ ± ´ ²¥
¡¥·ÊÉ¸Ö ± ± É¥±ÊÐ¨¥ §´ Î¥´¨Ö ¶ · ³¥É·μ¢ ¶ÊÎ±  μ¸´μ¢´μ£μ ± ´ ²  ´Ê±²μ-
É·μ´ . �´¨ ¤μ²¦´Ò Ê¤μ¢²¥É¢μ·ÖÉÓ Ê¸²μ¢¨Ö³

Mdrift · Xin = XF3, (2)

£¤¥ Xin Å ´ Î ²Ó´Ò¥ Ê¸²μ¢¨Ö ¨§ (1), XF3 Å ¶ · ³¥É·Ò ¶ÊÎ±  ¢ Ëμ±Ê¸¥ F3
μ¸´μ¢´μ£μ ± ´ ² , Mdrift Å ³ É·¨Í  ¶·¥μ¡· §μ¢ ´¨Ö μÉ ÉμÎ±¨ μÉ¢¥É¢²¥´¨Ö
¤μ¶μ²´¨É¥²Ó´μ£μ ± ´ ²  ¤μ Ëμ±Ê¸  F3.

Šμ´¥Î´Ò¥ §´ Î¥´¨Ö Xout É· ´¸¶μ·É¨·μ¢±¨ ¤μ²¦´Ò Ê¤μ¢²¥É¢μ·ÖÉÓ Ê¸²μ-
¢¨Ö³ Ëμ±Ê¸  Å · ¢¥´¸É¢Ê ´Ê²Õ ¶·μ¨§¢μ¤´μ° μ£¨¡ ÕÐ¥° ¶ÊÎ±  ¶μ ±μμ·¤¨´ É¥
É· ´¸¶μ·É¨·μ¢±¨:

αxout = αyout = 0, (3)

£¤¥ αxout , αyout Å α-±μ³¶μ´¥´ÉÒ ³ É·¨ÍÒ ’¢¨¸¸  ¢ Ëμ±Ê¸¥ ¤μ¶μ²´¨É¥²Ó´μ£μ
± ´ ² .

� §³¥· μ£¨¡ ÕÐ¥° ¶ÊÎ±  ¢ Ëμ±Ê¸¥ F± ¤μ¶μ²´¨É¥²Ó´μ£μ ± ´ ²  Å ¡²¨§±¨°
± ³¨´¨³ ²Ó´μ ¢μ§³μ¦´μ³Ê, Ê¤μ¢²¥É¢μ·ÖÕÐ¨° £¥μ³¥É·¨Î¥¸±¨³ μ£· ´¨Î¥´¨Ö³
Ê¸É ´μ¢±¨. Œ¨´¨³Ê³ μ£¨¡ ÕÐ¥° ¸Î¨É ¥É¸Ö ¨§¢¥¸É´Ò³ ¨ μ¶·¥¤¥²Ö¥É¸Ö ¢§ ¨³-
´Ò³ · ¸¶μ²μ¦¥´¨¥³ ¸± ´¨·ÊÕÐ¥° ¸¨¸É¥³Ò ¨ μ¡² ¸É¨ ¸± ´¨·μ¢ ´¨Ö.

’ ±¨³ μ¡· §μ³, § ¤ Î  ¸¢μ¤¨É¸Ö ± ´ Ìμ¦¤¥´¨Õ ¶ · ³¥É·μ¢ ³ É·¨Í ¶·¥-
μ¡· §μ¢ ´¨Ö ¨§ (1), ¶·¨´ ¤²¥¦ Ð¨Ì μ¡² ¸É¨ £¥μ³¥É·¨¨ Ê¸É ´μ¢±¨ ¨ ¸μμÉ-
¢¥É¸É¢ÊÕÐ¨Ì ³¨´¨³Ê³Ê · §³¥·  μ£¨¡ ÕÐ¥° ¢ Ëμ±Ê¸¥ ¤μ¶μ²´¨É¥²Ó´μ£μ ± -
´ ²  (3) ¶·¨ § ¤ ´´ÒÌ ¶ · ³¥É· Ì Ëμ±Ê¸  F3 μ¸´μ¢´μ£μ ± ´ ² .

1.2. �£· ´¨Î¥´¨Ö Ë¨§¨Î¥¸±μ° Ê¸É ´μ¢±¨. „μ¶μ²´¨É¥²Ó´Ò¥ μ£· ´¨Î¥-
´¨Ö § ¤ Î¨ É· ´¸¶μ·É¨·μ¢±¨ ¶ÊÎ±  ¢μ§´¨± ÕÉ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ±μ´±·¥É´ÒÌ
μ¶É¨Î¥¸±¨Ì Ô²¥³¥´Éμ¢ ¨ ¨Ì ³μ´É ¦¥ ¢ Ô±¸¶¥·¨³¥´É ²Ó´μ³ ¶ ¢¨²Óμ´¥.


²¥³¥´ÉÒ μ¶É¨±¨, ¨¸¶μ²Ó§Ê¥³Ò¥ ¢ ± ´ ²¥: ¶μ¢μ·μÉ´Ò° ¨ μÉ±²μ´ÖÕÐ¨¥
³ £´¨ÉÒ Å ‘�-94, ³ £´¨É´Ò¥ ²¨´§Ò Å Œ‹-17.
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„²¨´  ± ´ ²  É· ´¸¶μ·É¨·μ¢±¨ ¸μ¸É ¢²Ö¥É 12 ³. �·μ¥±É¨·Ê¥³Ò° ± ´ ²
´ Î¨´ ¥É¸Ö ¸ ¶μ¢μ·μÉ´μ£μ ³ £´¨É , Ê¸É ´ ¢²¨¢ ¥³μ£μ ¢ μ¸´μ¢´μ° ± ´ ² É· ´¸-
¶μ·É¨·μ¢±¨ ´  · ¸¸ÉμÖ´¨¨ 5,25 ³ ¶¥·¥¤ Ëμ±Ê¸μ³ F3 (·¨¸. 1). �  ¶·μÉÖ¦¥´¨¨
¢¸¥£μ ± ´ ²  · §³¥Ð ÕÉ¸Ö μ¶É¨Î¥¸±¨¥ Ô²¥³¥´ÉÒ Å ±¢ ¤·Ê¶μ²Ó´Ò¥ ²¨´§Ò. ‚
±μ´Í¥ ± ´ ²  ´ Ìμ¤¨É¸Ö ²μ¢ÊÏ±  ¶ÊÎ± , ´¥¶μ¸·¥¤¸É¢¥´´μ ¶¥·¥¤ ´¥° Å ¸ ³
¸É¥´¤ ¢ F±, ¶¥·¥¤ ¸É¥´¤μ³ Å ¸± ´¨·ÊÕÐ Ö ¸¨¸É¥³  ¶ÊÎ± . ‘± ´¨·ÊÕÐ Ö ¸¨-
¸É¥³  ¸μ¸Éμ¨É ¨§ ¤¢ÊÌ μ¤¨´ ±μ¢ÒÌ μÉ±²μ´ÖÕÐ¨Ì ³ £´¨Éμ¢, ¶μ¢¥·´ÊÉÒÌ ¶μ
μ¸¨ μÉ´μ¸¨É¥²Ó´μ ¤·Ê£ ¤·Ê£  ´  90◦.

…¸É¥¸É¢¥´´Ò³ μ£· ´¨Î¥´¨¥³ É· ´¸¶μ·É¨·μ¢±¨ ¶ÊÎ±  ¢Ò¸ÉÊ¶ ¥É ¤¨ ³¥É·
¢ ±ÊÊ³´μ£μ É·Ê¡μ¶·μ¢μ¤  0,25 ³, ±μÉμ·Ò° ¶·μÌμ¤¨É Î¥·¥§ ¢¸¥ ±¢ ¤·Ê¶μ²Ó-
´Ò¥ Ô²¥³¥´ÉÒ ¸¨¸É¥³Ò. �  § ±²ÕÎ¨É¥²Ó´μ³ ÔÉ ¶¥ ¸± ´¨·ÊÕÐ¥° ¸¨¸É¥³Ò
μ£· ´¨Î¥´¨¥³ Ö¢²Ö¥É¸Ö  ¶¥·ÉÊ·  ³ £´¨Éμ¢ 0,3 × 0,13 ³. ‚§ ¨³´μ¥ · ¸¶μ-
²μ¦¥´¨¥ μ¡² ¸É¨ ¸± ´¨·μ¢ ´¨Ö ¨ ¸¨¸É¥³Ò ¸± ´¨·ÊÕÐ¨Ì ³ £´¨Éμ¢ § Ë¨±-
¸¨·μ¢ ´μ.

„²Ö ± ¦¤μ° ±¢ ¤·Ê¶μ²Ó´μ° ²¨´§Ò μ£· ´¨Î¨¢ ¥É¸Ö ³ ±¸¨³ ²Ó´Ò° Éμ±, ÎÉμ
¤²Ö § ¤ ´´μ£μ ¤¨ ¶ §μ´  Ô´¥·£¨° 100Ä550 ŒÔ‚/´Ê±²μ´ ¶·¨¢μ¤¨É ± μ£· ´¨Î¥-
´¨Õ ±μÔËË¨Í¨¥´É  K < 1,5 ³−2, ¨¸¶μ²Ó§Ê¥³μ£μ ¶·¨ · ¸Î¥É¥ Ë §μ¢μ£μ ´ ¡¥£ 
´  ²¨´§¥.

‘¥Î¥´¨¥ ¶ÊÎ±  ¢ Ëμ±Ê¸¥ F3 μ¸´μ¢´μ£μ ± ´ ²  É· ´¸¶μ·É¨·μ¢±¨ ¨³¥¥É ¢¨¤
μ±·Ê¦´μ¸É¨ ¸ ¤¨ ³¥É·μ³ 0,04 ³ [2], ÎÉμ ¶·¨¢μ¤¨É ± μ¶·¥¤¥²¥´¨Õ ´ Î ²Ó´ÒÌ
Ê¸²μ¢¨° · ¸¶·μ¸É· ´¥´¨Ö ¶ÊÎ± .

�·¨ · ¸Î¥É Ì ¶·¥¤¶μ² £ ²μ¸Ó · ¢¥´¸É¢μ £μ·¨§μ´É ²Ó´μ£μ ¨ ¢¥·É¨± ²Ó´μ£μ
Ô³¨ÉÉ ´¸μ¢ ¶ÊÎ±  [3, 4]. ˆ¸¶μ²Ó§μ¢ ²¨¸Ó §´ Î¥´¨Ö Ô³¨ÉÉ ´¸  25 π ³³ · ³· ¤
¨ 50 π ³³ · ³· ¤ [3].

„²Ö ¶·μ¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´Éμ¢ ¶² ´¨·Ê¥É¸Ö μ¡² ¸ÉÓ ¶·μ¸É· ´¸É¢  ¢μ±·Ê£
Ëμ±Ê¸  ¢ ¢¨¤¥ ±Ê¡  ¸μ ¸Éμ·μ´μ° 0,1 ³. �·¨ ¸± ´¨·μ¢ ´¨¨ μ¡² ¸É¨ ¨§³¥´Ö¥É¸Ö
¤²¨´  ± ´ ²  É· ´¸¶μ·É¨·μ¢±¨. ‘μμÉ¢¥É¸É¢¥´´μ, ¤μ²¦´μ ¸ÊÐ¥¸É¢μ¢ ÉÓ ¶·μ-
¤μ²¦¥´¨¥ ·¥Ï¥´¨Ö § ¤ Î¨ É· ´¸¶μ·É¨·μ¢±¨ ´  ¢¸Õ μ¡² ¸ÉÓ ¸± ´¨·μ¢ ´¨Ö ¸
Ë¨±¸¨·μ¢ ´´Ò³¨ ¶ · ³¥É· ³¨ £¥μ³¥É·¨¨ ± ´ ² . ’μ ¥¸ÉÓ ¶μ³¨³μ £¥μ³¥É·¨-
Î¥¸±¨Ì μ£· ´¨Î¥´¨° ´  ·¥Ï¥´¨¥ § ¤ Î¨ ´ ² £ ÕÉ¸Ö Ê¸²μ¢¨Ö ¸ÊÐ¥¸É¢μ¢ ´¨Ö
·¥Ï¥´¨Ö ¢ μ±·¥¸É´μ¸É¨ ¸± ´¨·μ¢ ´¨Ö ±μ´¥Î´μ£μ Ëμ±Ê¸ .

2. �…˜…�ˆ…

2.1. Œ¨´¨³ ²Ó´Ò° · §³¥· ¶ÊÎ±  ¢ Ëμ±Ê¸¥ ¨ Ô³¨ÉÉ ´¸ ¶ÊÎ± . � ¸-
¶μ²μ¦¥´¨¥ ¸± ´¨·ÊÕÐ¥° ¸¨¸É¥³Ò μÉ´μ¸¨É¥²Ó´μ ³¨Ï¥´¨ (·¨¸. 2) § ¤ ¥É ³¨-
´¨³ ²Ó´Ò° · §³¥· ¶ÊÎ±  ¢ Ëμ±Ê¸¥, μ£· ´¨Î¥´´Ò°  ¶¥·ÉÊ·μ° ¸± ´¨·ÊÕÐ¥°
¸¨¸É¥³Ò. ˆ¸Ìμ¤Ö ¨§ Ëμ·³Ê²Ò Ô³¨ÉÉ ´¸  E = x′x ³μ¦´μ μÍ¥´¨ÉÓ ¸ Ìμ·μÏ¥°
ÉμÎ´μ¸ÉÓÕ ³¨´¨³ ²Ó´Ò° · §³¥· ¶ÊÎ±  ¢ Ëμ±Ê¸¥. �μ² £ ¥³: x′ Å ¸·¥¤´¨°
´ ±²μ´ μ£¨¡ ÕÐ¥° ´  ÊÎ ¸É±¥ ¶¥·¥¤ Ëμ±Ê¸μ³,   x Å §´ Î¥´¨¥ μ£¨¡ ÕÐ¥°
¢ Ëμ±Ê¸¥.

3



„²Ö § ¤ ´´μ°  ¶¥·ÉÊ·Ò ¨ · ¸¶μ²μ¦¥´¨Ö ³ £´¨Éμ¢ ¶μ²ÊÎ ¥³:
Å ¤²Ö Ô³¨ÉÉ ´¸  25 π ³³ · ³· ¤ ³¨´¨³ ²Ó´Ò° ¤¨ ³¥É· Ëμ±Ê¸  2,8 ³³,
Å ¤²Ö Ô³¨ÉÉ ´¸  50 π ³³ · ³· ¤ ³¨´¨³ ²Ó´Ò° ¤¨ ³¥É· Ëμ±Ê¸  5,6 ³³.
2.2. ƒ¥μ³¥É·¨Î¥¸±¨¥ μ£· ´¨Î¥´¨Ö ´  μ¡² ¸ÉÓ ¸± ´¨·μ¢ ´¨Ö ¶¥·¶¥´¤¨-

±Ê²Ö·´μ ¶ÊÎ±Ê. �¡² ¸ÉÓ ¸± ´¨·μ¢ ´¨Ö ³¨Ï¥´¨ ¢ ¶¥·¶¥´¤¨±Ê²Ö·´μ° ¶ÊÎ±Ê
¶²μ¸±μ¸É¨ μ£· ´¨Î¨¢ ¥É¸Ö  ¶¥·ÉÊ·μ° ¤¢ÊÌ ¶μ¸²¥¤μ¢ É¥²Ó´μ ¸ÉμÖÐ¨Ì ³ £´¨-
Éμ¢. „²Ö ±μ´±·¥É´μ£μ ± ´ ²   ¶¥·ÉÊ·  ³ £´¨É  Å 0,3×0,13 ³, ÎÉμ ¸μ£² ¸Ê¥É¸Ö
¸ ¶² ´¨·Ê¥³μ° μ¡² ¸ÉÓÕ ¸± ´¨·μ¢ ´¨Ö Å 0,1 × 0,1 ³.

�¨¸. 2. � ¸¶μ²μ¦¥´¨¥ ¸± ´¨·ÊÕÐ¥° ¸¨¸É¥³Ò ³ £´¨Éμ¢ ´  ¶ÊÎ±¥ (CC). �¡² ¸ÉÓ ¸± ´¨-
·μ¢ ´¨Ö ¢ Ëμ±Ê¸¥ ¶ÊÎ±  (C)

2.3. �μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ. �£¨¡ ÕÐ Ö ¶ÊÎ± . ˆ¸Ìμ¤Ö ¨§ § ¤ ´-
´ÒÌ μ£· ´¨Î¥´¨° ¡Ò²¨ ´ °¤¥´Ò ·¥Ï¥´¨Ö ¤²Ö Ô³¨ÉÉ ´¸  25 π ³³ · ³· ¤ ¨
50 π ³³ · ³· ¤ (·¨¸. 3).

‘¥Î¥´¨¥ ¶ÊÎ±  ¢ Ëμ±Ê¸¥ F± ¡²¨§±μ ± ³¨´¨³ ²Ó´μ³Ê ¤²Ö ¤ ´´μ° £¥μ³¥É·¨¨
¸± ´¨·ÊÕÐ¥° ¸¨¸É¥³Ò:

Å ¤²Ö Ô³¨ÉÉ ´¸  25 π ³³ · ³· ¤ Å 3,0 × 3,0 ³³,
Å ¤²Ö Ô³¨ÉÉ ´¸  50 π ³³ · ³· ¤ Å 5,6 × 6,0 ³³.

�¨¸. 3. �£¨¡ ÕÐ¨¥ ¶ÊÎ±  X, Y ¢¤μ²Ó ± ´ ²  ¤²Ö §´ Î¥´¨° Ô³¨ÉÉ ´¸  25 π ³³ · ³· ¤ ( )
¨ 50 π ³³ · ³· ¤ (¡). �Ê´±É¨·μ³ ¶μ± § ´  μ£¨¡ ÕÐ Ö Y
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3. “���‚‹…�ˆ… �“—Š�Œ

3.1. � ¸Ï¨·¥´¨¥ ¶ÊÎ±  ¨ ¤μ¶μ²´¨É¥²Ó´ Ö Ëμ±Ê¸¨·μ¢±  ²¨´§ ¶·¨ ¸± -
´¨·μ¢ ´¨¨ ¢¤μ²Ó ¶ÊÎ± . �·¨ μÉ±²μ´¥´¨¨ ¢¤μ²Ó ¶ÊÎ±  μÉ ÉμÎ±¨ Ëμ±Ê¸¨·μ¢±¨
¶·μ¨¸Ìμ¤¨É · ¸Ï¨·¥´¨¥ ¶ÊÎ± . „²Ö Ë¨±¸¨·μ¢ ´´μ° £¥μ³¥É·¨¨ ¸± ´¨·ÊÕÐ¥°
¸¨¸É¥³Ò ¨§³¥´¥´¨¥ · §³¥·  ¶ÊÎ±  § ¢¨¸¨É μÉ · §³¥·  Ëμ±Ê¸ . ‚¤μ²Ó ¶ÊÎ± 
¶μ μ¡² ¸É¨ ¸± ´¨·μ¢ ´¨Ö ±0,05 ³ ¨§³¥´¥´¨¥ ¸μ¸É ¢²Ö¥É (·¨¸. 4):

Å 20% ¤²Ö ¤¨ ³¥É·  ¶ÊÎ±  3 ³³ (Ô³¨ÉÉ ´¸ 25 π ³³ · ³· ¤), É. ¥. 0,6 ³³;
Å 6% ¤²Ö ¤¨ ³¥É·  ¶ÊÎ±  5,8 ³³ (Ô³¨ÉÉ ´¸ 50 π ³³ · ³· ¤), É. ¥. 0,35 ³³.
Œμ¦´μ ±μ³¶¥´¸¨·μ¢ ÉÓ · ¸Ï¨·¥´¨¥ ¶ÊÎ± , ¥¸²¨ ¸¨´Ì·μ´´μ ¸ ¤¢¨¦¥´¨¥³

¶μ μ¡² ¸É¨ ¸± ´¨·μ¢ ´¨Ö ±μ··¥±É¨·μ¢ ÉÓ ´ ¸É·μ°±Ê μ¶É¨Î¥¸±¨Ì Ô²¥³¥´Éμ¢.
Œ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥ ±μ··¥±Í¨¨ ¸μ¸É ¢²Ö¥É ¶μ·Ö¤±  2 % (·¨¸. 5).

�¨¸. 4. �£¨¡ ÕÐ Ö ¶ÊÎ±  ¢¡²¨§¨ Ëμ±Ê¸ , ´μ·³¨·μ¢ ´´ Ö ´  · §³¥· Ëμ±Ê¸ . ‡´ Î¥´¨Ö
Ô³¨ÉÉ ´¸  25 π ³³ · ³· ¤ ( ) ¨ 50 π ³³ · ³· ¤ (¡). �μ± § ´Ò ¢ ·¨ ´ÉÒ ¸ ¤μ¶μ²´¨-
É¥²Ó´μ° ±μ··¥±Í¨¥° ´ ¸É·μ°±¨ ²¨´§ (¸¶²μÏ´ Ö ²¨´¨Ö) ¨ ¡¥§ ´¥¥ (¶Ê´±É¨·´ Ö ²¨´¨Ö)

�¨¸. 5. Šμ··¥±Í¨Ö ´ ¸É·μ°±¨ ²¨´§, ´μ·³¨·μ¢ ´´ Ö ´  §´ Î¥´¨¥ ¢ Í¥´É· ²Ó´μ° ÉμÎ±¥.
‡´ Î¥´¨Ö Ô³¨ÉÉ ´¸  Å 25 π ³³ · ³· ¤ ( ) ¨ 50 π ³³ · ³· ¤ (¡)

3.2. �¸μ¡¥´´μ¸É¨ ¶μ£²μÐ¥´¨Ö Ô´¥·£¨¨. ’ ± ± ± ¶·¨ μ¡²ÊÎ¥´¨¨ ³¨Ï¥´¨
¨¸¶μ²Ó§Ê¥É¸Ö Ö·±μ ¢Ò· ¦¥´´ Ö μ¸μ¡¥´´μ¸ÉÓ ¶¨±  ¶μ£²μÐ¥´¨Ö Ô´¥·£¨¨ Å ¶¨± 
	·Ô££  (·¨¸. 6), Éμ ¢μ§· ¸É ¥É §´ Î¥´¨¥ ±μ³¶¥´¸ Í¨¨ · ¸Ëμ±Ê¸¨·μ¢±¨ ¶ÊÎ± 
¶·¨ μÉ±²μ´¥´¨¨ μÉ Í¥´É· ²Ó´μ£μ ¶μ²μ¦¥´¨Ö ¶·¨ ¸± ´¨·μ¢ ´¨¨.
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�¨¸. 6. �μ²μ¦¥´¨¥ ¶¨±  	·Ô££  ¶·¨ · §²¨Î´ÒÌ Ô´¥·£¨ÖÌ ¨μ´μ¢ Ê£²¥·μ¤ 

�¥Ï¥´¨¥ μ ¢Ò¡μ·¥ ËÊ´±Í¨¨ Ê¶· ¢²¥´¨Ö ¶ÊÎ±μ³ ¶·¨´¨³ ¥É¸Ö ¨¸Ìμ¤Ö ¨§
¢Ò¡· ´´μ£μ ¸¶μ¸μ¡  ¸± ´¨·μ¢ ´¨Ö ³¨Ï¥´¨ ¨ ¤μ¶Ê¸±μ¢ ¶·μ¢μ¤¨³μ£μ Ô±¸¶¥-
·¨³¥´É .

4. ‚��ˆ��’› Š��”ˆƒ“��–ˆ‰

4.1. Šμ²¨Î¥¸É¢μ ³ £´¨É´ÒÌ ²¨´§. „²Ö ¢Ò¡μ·  ±μ´±·¥É´μ° ±μ´Ë¨£Ê· Í¨¨
²¨´¨¨ É· ´¸¶μ·É¨·μ¢±¨ ¡Ò²¨ · ¸¸³μÉ·¥´Ò ¢ ·¨ ´ÉÒ, ¸μ¸ÉμÖÐ¨¥ ¨§ · §²¨Î-
´μ£μ ±μ²¨Î¥¸É¢  Ëμ±Ê¸¨·ÊÕÐ¨Ì Ô²¥³¥´Éμ¢.

„²Ö ¸²ÊÎ Ö ¶·μ¸É¥°Ï¨Ì ±μ´Ë¨£Ê· Í¨°, ¸μ¸ÉμÖÐ¨Ì ¨§ μ¤´μ£μ ¨²¨ ¤¢ÊÌ
±¢ ¤·Ê¶μ²Ó´ÒÌ Ô²¥³¥´Éμ¢, ´¥ Ê¤ ²μ¸Ó ´ °É¨ ·¥Ï¥´¨°, Ê¤μ¢²¥É¢μ·ÖÕÐ¨Ì ´ -
Î ²Ó´Ò³ ¨ £· ´¨Î´Ò³ Ê¸²μ¢¨Ö³ Ë¨§¨Î¥¸±μ° Ê¸É ´μ¢±¨. „²Ö ±μ´Ë¨£Ê· Í¨° ¸
É·¥³Ö ¨ Î¥ÉÒ·Ó³Ö Ô²¥³¥´É ³¨ ·¥§Ê²ÓÉ¨·ÊÕÐ¨¥ μ£¨¡ ÕÐ¨¥ ¶·¥¤¸É ¢²¥´Ò ´ 
·¨¸. 7. ‚ ·¨ ´ÉÒ ¸ É·¥³Ö ¨ Î¥ÉÒ·Ó³Ö ²¨´§ ³¨ μÉ²¨Î ÕÉ¸Ö · §³¥·μ³ ¨ Ëμ·-
³μ° Ëμ±Ê¸  Å ¶·¨ Ê¢¥²¨Î¥´¨¨ ±μ²¨Î¥¸É¢  ²¨´§ Ô²²¨¶É¨Î¥¸±¨° Ëμ±Ê¸ ³μ¦´μ
¶¥·¥¢¥¸É¨ ¢ ±·Ê£²Ò°.

‘¥Î¥´¨¥ ¶ÊÎ±  ¢ Ëμ±Ê¸¥ F± ¤²Ö · §²¨Î´ÒÌ ±μ´Ë¨£Ê· Í¨° ¸μ¸É ¢²Ö¥É
(Ô³¨ÉÉ ´¸ 50 π ³³ · ³· ¤):

Å ¤²Ö ±μ´Ë¨£Ê· Í¨¨ ¨§ É·¥Ì ²¨´§ Å 5,6 × 12,0 ³³,
Å ¤²Ö ±μ´Ë¨£Ê· Í¨¨ ¨§ Î¥ÉÒ·¥Ì ²¨´§ Å 5,6 × 6,0 ³³.
‚μ§³μ¦´μ ¨¸¶μ²Ó§μ¢ ´¨¥ ¡μ²¥¥ ¸²μ¦´μ° ±μ´Ë¨£Ê· Í¨¨ Î¥ÉÒ·¥Ì ²¨´§,

±μ£¤  ¢ ¤μ¶μ²´¨É¥²Ó´μ³ ± ´ ²¥ ¸ÉμÖÉ ¤¢¥ ²¨´§Ò,   ¥Ð¥ ¤¢¥ Å ¨§ μ¸´μ¢´μ£μ
± ´ ² . ‚ ÔÉμ³ ¸²ÊÎ ¥ ¤²Ö É· ´¸¶μ·É¨·μ¢±¨ ¶ÊÎ±  ´¥μ¡Ìμ¤¨³μ ±μ··¥±É¨·μ-
¢ ÉÓ ´ ¸É·μ°±¨ ²¨´§ μ¸´μ¢´μ£μ ± ´ ² .
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�¨¸. 7. ‘· ¢´¥´¨¥ μ£¨¡ ÕÐ¨Ì ¤²Ö ±μ´Ë¨£Ê· Í¨° ¸ · §²¨Î´Ò³ ±μ²¨Î¥¸É¢μ³ ±¢ ¤·Ê-
¶μ²Ó´ÒÌ ²¨´§ Å É·¨ ( ) ¨ Î¥ÉÒ·¥ (¡) ²¨´§Ò. ‡´ Î¥´¨¥ Ô³¨ÉÉ ´¸  Å 50 π ³³ · ³· ¤

4.2. � Î ²Ó´Ò¥ Ê¸²μ¢¨Ö. „²Ö ¶·μ¢¥·±¨ ¸ÊÐ¥¸É¢μ¢ ´¨Ö ·¥Ï¥´¨Ö ¢ ¤·Ê£¨Ì
·¥¦¨³ Ì · ¡μÉÒ · ¸¸³ É·¨¢ ²¨¸Ó ¤·Ê£¨¥ ´ Î ²Ó´Ò¥ Ê¸²μ¢¨Ö · ¸¶·μ¸É· ´¥´¨Ö
¶ÊÎ±  ¢ ¤μ¶μ²´¨É¥²Ó´μ³ ± ´ ²¥. ‘¥Î¥´¨¥ ¶ÊÎ±  ¢ Ëμ±Ê¸¥ F3 μ¸´μ¢´μ£μ ± ´ ² 
¢Ò¸ÉÊ¶ ¥É ¢ ± Î¥¸É¢¥ ¶ · ³¥É· , μ¶·¥¤¥²ÖÕÐ¥£μ ´ Î ²Ó´Ò¥ Ê¸²μ¢¨Ö · ¸¶·μ-
¸É· ´¥´¨Ö ¶ÊÎ±  ¢ ¤μ¶μ²´¨É¥²Ó´μ³ ± ´ ²¥.

Š·μ³¥ μ¸´μ¢´μ£μ ·¥Ï¥´¨Ö ¸ Ëμ±Ê¸μ³ ´  ³¨Ï¥´¨ μ¸´μ¢´μ£μ ± ´ ²  0,04×
0,04 ³ · ¸¸³ É·¨¢ ²μ¸Ó ·¥Ï¥´¨¥ ¤²Ö Ëμ±¸Ê¸  0,1 × 0,12 ³ [4]. �£¨¡ ÕÐ¨¥
¶ÊÎ±  μ¡μ¨Ì ·¥Ï¥´¨° ¶·¨¢¥¤¥´Ò ´  ·¨¸. 8.

‘¥Î¥´¨¥ ¶ÊÎ±  ¢ Ëμ±Ê¸¥ ´  ³¨Ï¥´¨ ¤²Ö ±μ´Ë¨£Ê· Í¨° ¸ ´ Î ²Ó´Ò³¨
Ê¸²μ¢¨Ö³¨, ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ · §²¨Î´Ò³ · §³¥· ³ ¶ÊÎ±  ¢ Ëμ±Ê¸¥ F3 μ¸´μ¢-
´μ£μ ± ´ ²  (Ô³¨ÉÉ ´¸ 50 π ³³ · ³· ¤):

Å ¤²Ö Ëμ±Ê¸  0,1 × 0,12 ³ μ¸´μ¢´μ£μ ± ´ ²  Å 5,6 × 6,3 ³³

Å ¤²Ö Ëμ±Ê¸  0,04 × 0,04 ³ μ¸´μ¢´μ£μ ± ´ ²  Å 5,6 × 6,0 ³³

�¨¸. 8. ‘· ¢´¥´¨¥ μ£¨¡ ÕÐ¨Ì ¤²Ö ±μ´Ë¨£Ê· Í¨° ¸ · §²¨Î´Ò³¨ ´ Î ²Ó´Ò³¨ Ê¸²μ¢¨-
Ö³¨ Å ¸¥Î¥´¨¥ ¢ Ëμ±Ê¸¥ F3 0,1×0,12 ³ ( ) ¨ 0,04×0,04 ³ (¡). ‡´ Î¥´¨¥ Ô³¨ÉÉ ´¸  Å
50 π ³³ · ³· ¤
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5. ����“„�‚��ˆ… „���‹�ˆ’…‹œ��ƒ� Š���‹�

„²Ö ¤μ¶μ²´¨É¥²Ó´μ£μ ± ´ ²  ¶·¥¤¶μ² £ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ¸²¥¤ÊÕÐ¥¥ μ¡μ-
·Ê¤μ¢ ´¨¥:

Å ³ £´¨É´Ò¥ ²¨´§Ò Œ‹-17,
Å ¸± ´¨·ÊÕÐ¨¥ ¨ ¶μ¢μ·μÉ´Ò° ³ £´¨ÉÒ ‘�-94.

‡�Š‹	—…�ˆ…

‚ · ¡μÉ¥ ¶μ± § ´  ¶·¨´Í¨¶¨ ²Ó´ Ö ¢μ§³μ¦´μ¸ÉÓ ¶μ¸É·μ¥´¨Ö μ¶É¨Î¥¸±μ°
¸¨¸É¥³Ò ¤²Ö É· ´¸¶μ·É¨·μ¢±¨ ¶ÊÎ±  ¸ · §²¨Î´Ò³ Î¨¸²μ³ μ¶É¨Î¥¸±¨Ì Ô²¥³¥´-
Éμ¢. � °¤¥´Ò ±μ··¥±É¨·ÊÕÐ¨¥ ¶μ¶· ¢±¨ ¤²Ö ËÊ´±Í¨¨ ¸± ´¨·μ¢ ´¨Ö ¶ÊÎ± .

‚Ò¡μ· ¶ · ³¥É·μ¢ μ¶É¨Î¥¸±μ° ¸¨¸É¥³Ò μ¶·¥¤¥²Ö¥É¸Ö ·¥¦¨³μ³ · ¡μÉÒ
μ¸´μ¢´μ£μ ± ´ ²  Ê¸±μ·¨É¥²Ö ¨ É·¥¡μ¢ ´¨Ö³¨ ¶·μ¢μ¤¨³ÒÌ ³¥¤¨±μ-¡¨μ²μ£¨-
Î¥¸±¨Ì ¨¸¸²¥¤μ¢ ´¨°.

‚Ò¡μ· ¢·¥³¥´´ÒÌ ËÊ´±Í¨° Ê¶· ¢²¥´¨Ö ³ £´¨É´Ò³¨ Ô²¥³¥´É ³¨ μ¶·¥¤¥-
²Ö¥É¸Ö § ¤ Î ³¨ ¶² ´¨·μ¢ ´¨Ö Ô±¸¶¥·¨³¥´É  (¸¶μ¸μ¡μ³ Ê¶· ¢²¥´¨Ö Ô´¥·£¨¥°
¶ÊÎ± , É¨¶μ³ ¸± ´¨·μ¢ ´¨Ö ³¨Ï¥´¨ ¨ ¤·.).

� ¸ÉμÖÐ Ö · ¡μÉ  ¶μ§¢μ²Ö¥É ¶·¨¸ÉÊ¶¨ÉÓ ± ¶² ´¨·μ¢ ´¨Õ ´¥¶μ¸·¥¤¸É¢¥´´μ
³¥¤¨±μ-¡¨μ²μ£¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´Éμ¢ ´  ¸É¥´¤¥.
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