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�ÊÎμ± ¨μ´μ¢ Ê£²¥·μ¤  ¤²Ö · ¤¨μÉ¥· ¶¨¨ ´  ´Ê±²μÉ·μ´¥ 	ˆŸˆ

�·¥¤¸É ¢²¥´Ò μ¸´μ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ´¥¸±μ²Ó±¨Ì Ô±¸¶¥·¨³¥´Éμ¢ ¢ · ³± Ì ¶·μ-
¥±É  ®�Ê±²μÉ·μ´ 	ˆŸˆ ¤²Ö ³¥¤¨Í¨´Ò¯. –¥²ÓÕ Ô±¸¶¥·¨³¥´Éμ¢ Ö¢²Ö²μ¸Ó ¨§³¥-
·¥´¨¥ μ¸´μ¢´ÒÌ ¶ · ³¥É·μ¢ ¶ÊÎ±  ¨μ´μ¢ Ê£²¥·μ¤  12‘, ÎÉμ¡Ò ¸¤¥² ÉÓ ¶¥·¢Ò¥
¢Ò¢μ¤Ò μ ¥£μ ¶·¨£μ¤´μ¸É¨ ¤²Ö ¨μ´´μ° É¥· ¶¨¨. �Ò² ¨¸¶μ²Ó§μ¢ ´ ¶ÊÎμ± Ö¤¥·
Ê£²¥·μ¤  ¨´É¥´¸¨¢´μ¸ÉÓÕ 1 · 109 ¨μ´μ¢ §  Í¨±² ¨ Ô´¥·£¨¥° 500 ŒÔ‚/´Ê±²μ´.
	¸´μ¢´μ¥ ¸¢μ°¸É¢μ, ±μÉμ·μ¥ ¤¥² ¥É ¶ÊÎμ± ¨μ´μ¢ Ê£²¥·μ¤  ´ ¨¡μ²¥¥ ¶·¨£μ¤´Ò³
¤²Ö · ¤¨μÉ¥· ¶¨¨, Å ¥£μ £²Ê¡¨´´μ¥ ¤μ§´μ¥ · ¸¶·¥¤¥²¥´¨¥ (¶¨± �·Ô££ ). �Ò²¨
¢Ò¶μ²´¥´Ò ¨§³¥·¥´¨Ö Ëμ·³Ò ÔÉμ£μ · ¸¶·¥¤¥²¥´¨Ö ¶·¨ ¶μ³μÐ¨ ¨μ´¨§ Í¨μ´´ÒÌ
± ³¥· ¨  ²³ §´μ£μ ¤¥É¥±Éμ· .

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¨³. ‚.ˆ. ‚¥±¸²¥·  ¨
�.Œ. � ²¤¨´  	ˆŸˆ.
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Babkin V.A. et al. P13-2008-38
Carbon Ion Beam for Radiotherapy at the JINR Nuclotron

The main results of several experiments in the framework of project Med-
Nuclotron are presented. The goal of the experiments is to measure the main
parameters of 12C ion beam and to draw the ˇrst conclusions about the quality of the
beam and possibility of using this beam for radiation therapy. The beam of carbon
fully ionized ions with energy 500 MeV/u and intensity of 1 · 109 nucleus per spill
was used. The principal property, which makes heavy ions beam the most suitable
radiation for tumor therapy Å its depth-dose distribution (Bragg peak). The shape
measurements of the Bragg peak with ionization chambers and diamond detector
were performed.

The investigation has been performed at the Veksler and Baldin Laboratory of
High Energies, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2008
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�¤·μ´´ Ö É¥· ¶¨Ö ¶·μÉμ´ ³¨ ¨ ²¥£±¨³¨ ¨μ´ ³¨ Ö¢²Ö¥É¸Ö μ¤´¨³ ¨§ ÔË-
Ë¥±É¨¢´ÒÌ ³¥Éμ¤μ¢ ²¥Î¥´¨Ö · ± . 	¸´μ¢´μ¥ ¸¢μ°¸É¢μ, ¶μ§¢μ²ÖÕÐ¥¥ ÉÖ¦¥²Ò³
¨μ´ ³ ¡ÒÉÓ ´ ¨¡μ²¥¥ ¶·¨£μ¤´Ò³¨ ¤²Ö ²¥Î¥´¨Ö μ¶ÊÌμ²¥°, Å ÔÉμ Ëμ·³  £²Ê-
¡¨´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¶μ£²μÐ¥´´μ° ¤μ§Ò ¨§²ÊÎ¥´¨Ö. ’Ö¦¥²Ò¥ § ·Ö¦¥´´Ò¥
Î ¸É¨ÍÒ ¢Ò¤¥²ÖÕÉ ³ ±¸¨³ ²Ó´ÊÕ Ô´¥·£¨Õ ¢¡²¨§¨ ±μ´Í  ¶·μ¡¥£ , μ¡· §ÊÖ ¶¨±
�·Ô££ , ¸² ¡μ · ¸¸¥¨¢ ÕÉ¸Ö ¢ ¶μ¶¥·¥Î´μ³ ´ ¶· ¢²¥´¨¨. �² £μ¤ ·Ö ¡μ²ÓÏμ°
³ ¸¸¥ ¶ÊÎμ± ¨μ´μ¢ ¨³¥¥É ¡μ²¥¥ ¸² ¡μ¥ ³´μ£μ±· É´μ¥ · ¸¸¥Ö´¨¥ ¨ ³¥´ÓÏ¥¥
Ê£²μ¢μ¥ · ¸Ìμ¦¤¥´¨¥, Î¥³ ¶·μÉμ´Ò. 
Éμ ¶μ§¢μ²Ö¥É Ëμ·³¨·μ¢ ÉÓ ¤μ§´Ò¥ ¶μ²Ö
¸ ¡μ²¥¥ ·¥§±¨³¨ £· ´¨Í ³¨ £²Ê¡μ±μ ¢´ÊÉ·¨ É¥² . 
ÉμÉ Ë ±É μ¸μ¡¥´´μ ¢ ¦¥´,
±μ£¤  μ¶ÊÌμ²Ó · ¸¶μ² £ ¥É¸Ö ¢¡²¨§¨ ±·¨É¨Î¥¸±¨Ì μ·£ ´μ¢.

�ÊÎ±¨ ¨μ´μ¢ ±·μ³¥ Ìμ·μÏ¥£μ ¶·μ¸É· ´¸É¢¥´´μ£μ ¤μ§´μ£μ · ¸¶·¥¤¥²¥´¨Ö
¨³¥ÕÉ ¤μ¶μ²´¨É¥²Ó´Ò¥ ¶·¥¨³ÊÐ¥¸É¢  ¶·¨ ²¥Î¥´¨¨ ´¥±μÉμ·ÒÌ · ¤¨μ·¥§¨-
¸É¥´É´ÒÌ μ¶ÊÌμ²¥° ¡² £μ¤ ·Ö ¢Ò¸μ±¨³ §´ Î¥´¨Ö³ ²¨´¥°´μ° ¶¥·¥¤ Î¨ Ô´¥·£¨¨
(‹�
). 
Éμ ¶·¨¢μ¤¨É ± ¢μ§· ¸É ´¨Õ μÉ´μ¸¨É¥²Ó´μ° ¡¨μ²μ£¨Î¥¸±μ° ÔËË¥±É¨¢-
´μ¸É¨ (	�
) ¨ ´¨§±μ³Ê §´ Î¥´¨Õ ±¨¸²μ·μ¤´μ£μ μÉ´μÏ¥´¨Ö ¶·¨ ¢μ§¤¥°¸É¢¨¨
¶ÊÎ±  ¨μ´μ¢ ´  · §²¨Î´Ò¥ ¡¨μ²μ£¨Î¥¸±¨¥ ¸¨¸É¥³Ò. 	�
 ¨μ´μ¢ ¨§³¥´Ö¥É¸Ö ¸
£²Ê¡¨´μ° ¶·μ´¨±´μ¢¥´¨Ö ¶ÊÎ±  ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¨§³¥´¥´¨¥³ ¢¥²¨Î¨´Ò ‹�

¨ ¤μ¸É¨£ ¥É ³ ±¸¨³ ²Ó´ÒÌ §´ Î¥´¨° ¢ μ¡² ¸É¨ ¶¨±  �·Ô££ .

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¢ ³¨·¥ ¸ÊÐ¥¸É¢Ê¥É 24 Í¥´É·  ¶·μÉμ´´μ° É¥· ¶¨¨ ¨
¢¸¥£μ 3 ¤¥°¸É¢ÊÕÐ¨Ì Í¥´É· , ¶·μ¢μ¤ÖÐ¨Ì É¥· ¶¨Õ μ´±μ²μ£¨Î¥¸±¨Ì § ¡μ²¥¢ -
´¨° ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ [3]. ˆ§ ´¨Ì ¤¢  ¢ Ÿ¶μ´¨¨: HIMAC (—¨¡ ) [4], HIBMC
(•¨μ£μ) [5], ¨ μ¤¨´ ¢ ƒ¥·³ ´¨¨ Å GSI („ ·³ÏÉ ¤É) [6].

�  ¶ÊÎ± Ì ¨μ´μ¢ Ê£²¥·μ¤  12C μ¡²ÊÎ¥´μ Ê¦¥ μ±μ²μ 4,5 ÉÒ¸. ¶ Í¨¥´Éμ¢.
�  ¤ ´´Ò° ³μ³¥´É ¢ ¸É ¤¨¨ ·¥ ²¨§ Í¨¨ ´ Ìμ¤ÖÉ¸Ö ¥Ð¥ Î¥ÉÒ·¥ Í¥´É· , ¢
±μÉμ·ÒÌ ¶² ´¨·Ê¥É¸Ö ¶·μ¢μ¤¨ÉÓ · ¤¨μÉ¥· ¶¨Õ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ÉÖ¦¥²ÒÌ
¨μ´μ¢: ƒ¥°¤¥²Ó¡¥·£ [7] ¨ PTC, Œ ·¡Ê·£ (ƒ¥·³ ´¨Ö) [3], CNAO (ˆÉ ²¨Ö) [8] ¨
Med-Austron (�¢¸É·¨Ö) [9].

�·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ · ¤¨μÉ¥· ¶¨¨ ¶·¥¤Ñ-
Ö¢²ÖÕÉ¸Ö ¢Ò¸μ±¨¥ É·¥¡μ¢ ´¨Ö ± ± Î¥¸É¢Ê Ëμ·³¨·μ¢ ´¨Ö ¶ÊÎ± , É·¥¡Ê¥É¸Ö ¢Ò-
¸μ± Ö ÉμÎ´μ¸ÉÓ ¤μ§¨³¥É·¨¨, ¶² ´¨·μ¢ ´¨¥ μ¡²ÊÎ¥´¨Ö ¸ ÊÎ¥Éμ³ 	�
 ¨ ¢Ò¸μ± Ö
ÉμÎ´μ¸ÉÓ Ë¨±¸ Í¨¨ ¶ Í¨¥´É  ´  ¶ÊÎ±¥.

”· £³¥´É Í¨Ö ¶ÊÎ±  ¨μ´μ¢ Ê£²¥·μ¤  ¶·¨¢μ¤¨É ± ¨¸± ¦¥´¨Õ Ëμ·³Ò ±·¨-
¢μ° �·Ô££  ¡² £μ¤ ·Ö μ¡· §μ¢ ´¨Õ ¡μ²¥¥ ²¥£±¨Ì Ö¤¥·, ¶·μ¡¥£¨ ±μÉμ·ÒÌ ¶·¥¢Ò-
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Ï ÕÉ ¶·μ¡¥£ ¨¸Ìμ¤´μ£μ Ö¤· . ‚ ·¥§Ê²ÓÉ É¥ ÊÌÊ¤Ï ¥É¸Ö Ëμ·³  ¶¨±  �·Ô££ , § 
¶¨±μ³ μ¡· §Ê¥É¸Ö É ± ´ §Ò¢ ¥³Ò° Ì¢μ¸É Ë· £³¥´É Í¨¨. …£μ ¢±² ¤ ¢μ§· ¸É ¥É
¸ ·μ¸Éμ³ Ô´¥·£¨¨ ¨μ´´μ£μ ¶ÊÎ± . �¥¸³μÉ·Ö ´  ÔÉμ, μ¡· §μ¢ ´¨¥ ¢ ·¥§Ê²ÓÉ É¥
Ë· £³¥´É Í¨¨ ¨μ´μ¢ Ê£²¥·μ¤  12C Ö¤¥· 11C ¨ 10C ¶·¥¤μ¸É ¢²Ö¥É Ê´¨± ²Ó´ÊÕ
¢μ§³μ¦´μ¸ÉÓ ±μ´É·μ²¨·μ¢ ÉÓ ¶ÊÎμ± ¢μ ¢·¥³Ö μ¡²ÊÎ¥´¨Ö [2].

	¸´μ¢´Ò³ ´¥¤μ¸É É±μ³ ¨μ´´μ° · ¤¨μÉ¥· ¶¨¨, ¶μ ¸· ¢´¥´¨Õ ¸ Ô²¥±É·μ´-
´μ° ¨ ¶·μÉμ´´μ°, Ö¢²Ö¥É¸Ö ¸²μ¦´μ¸ÉÓ ¨ ¡μ²¥¥ ¢Ò¸μ± Ö ¸Éμ¨³μ¸ÉÓ ¸μ§¤ ´¨Ö
Í¥´É·  ¸μ ¢¸¥³ ´¥μ¡Ìμ¤¨³Ò³ μ¡μ·Ê¤μ¢ ´¨¥³. ‚ ‹ ¡μ· Éμ·¨¨ ¢Ò¸μ±¨Ì Ô´¥·-
£¨° 	ˆŸˆ ¸ 2001 £. · ¡μÉ ¥É ´Ê±²μÉ·μ´ Å ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨° Ê¸±μ·¨É¥²Ó
¶·μÉμ´μ¢ ¨ ÉÖ¦¥²ÒÌ ¨μ´μ¢ [10]. “¸±μ·¨É¥²Ó ¡Ò² ¸μ§¤ ´ ¤²Ö Ô±¸¶¥·¨³¥´Éμ¢
¢ μ¡² ¸É¨ ·¥²ÖÉ¨¢¨¸É¸±μ° Ö¤¥·´μ° Ë¨§¨±¨, μ¤´ ±μ ¶ · ³¥É·Ò ¢Ò¢¥¤¥´´ÒÌ
¶ÊÎ±μ¢ ¶μ§¢μ²ÖÕÉ ¶·¨³¥´ÖÉÓ ¨Ì É ±¦¥ ¨ ¤²Ö ³¥¤¨±μ-¡¨μ²μ£¨Î¥¸±¨Ì Í¥²¥°.

–¥²ÓÕ ¤ ´´μ£μ Ô±¸¶¥·¨³¥´É  Ö¢²Ö²¨¸Ó ¨§³¥·¥´¨Ö μ¸´μ¢´ÒÌ ¶ · ³¥É·μ¢
¶ÊÎ±  ¨μ´μ¢ Ê£²¥·μ¤  12‘, ¶μ ·¥§Ê²ÓÉ É ³ ±μÉμ·ÒÌ ³μ¦´μ ¡Ò²μ ¡Ò ¸¤¥² ÉÓ
¶¥·¢Ò¥ ¢Ò¢μ¤Ò μ ± Î¥¸É¢¥ ¶ÊÎ±  ¨ μ ¢μ§³μ¦´μ¸É¨ ¥£μ ¨¸¶μ²Ó§μ¢ ´¨Ö ¤²Ö
· ¤¨μÉ¥· ¶¨¨.

1. �Š‘�…�ˆŒ…�’�‹œ��Ÿ “‘’���‚Š�

‚ Ô±¸¶¥·¨³¥´É¥ ¨¸¶μ²Ó§μ¢ ²¸Ö ¶ÊÎμ± ¶μ²´μ¸ÉÓÕ ¨μ´¨§μ¢ ´´ÒÌ Ö¤¥· Ê£²¥-
·μ¤  c Ô´¥·£¨¥° 500 ŒÔ‚/´Ê±²μ´ ¨ ¨´É¥´¸¨¢´μ¸ÉÓÕ 1·109 Î ¸É¨Í §  ¸¡·μ¸, ¢Ò-
¢¥¤¥´´Ò° ¨§ ´Ê±²μÉ·μ´  ‹‚
. Š ¦¤Ò¥ 9 ¸ ¢Ò¢μ¤¨²¸Ö ¶ÊÎμ± ¨μ´μ¢ ¸ ¤²¨É¥²Ó-
´μ¸ÉÓÕ ¸¡·μ¸  μÉ 0,5 ¤μ 2 ¸. ‚ ¶·¨´Í¨¶¥, ¢μ§³μ¦´μ Ê¢¥²¨Î¥´¨¥ ¤²¨É¥²Ó´μ¸É¨
¢Ò¢μ¤  ¶ÊÎ±  ¤μ 10 ¸, μ¤´ ±μ ¢ ¤ ´´μ° · ¡μÉ¥ ÔÉ  μ¶Í¨Ö ´¥ ¨¸¶μ²Ó§μ¢ ² ¸Ó.
‘ ¶μ³μÐÓÕ ¸¨¸É¥³Ò ³ £´¨Éμ¢ ¨ ²¨´§ ¶μ ¢ ±ÊÊ³´μ³Ê ± ´ ²Ê ¶ÊÎμ± É· ´¸¶μ·-
É¨·μ¢ ²¸Ö ¢ ¨§³¥·¨É¥²Ó´Ò° ¶ ¢¨²Óμ´ (·¨¸. 1). � §³¥· ¶μ¶¥·¥Î´μ£μ ¸¥Î¥´¨Ö
¶ÊÎ±  ³μ¦´μ Ëμ·³¨·μ¢ ÉÓ ¢ ¶·¥¤¥² Ì μÉ 1 ¤μ 10 ¸³ ¢ ¤¨ ³¥É·¥. Œ ±¸¨³ ²Ó-
´μ¥ ¨§³¥´¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±  μÉ ¸¡·μ¸  ± ¸¡·μ¸Ê ¸μ¸É ¢²Ö¥É μ±μ²μ
20 %.

“¸É ´μ¢±  ¤²Ö ¨§³¥·¥´¨Ö ¶ · ³¥É·μ¢ ¶ÊÎ±  · ¸¶μ² £ ² ¸Ó ¢¡²¨§¨ Ëμ-
± ²Ó´μ° ¶²μ¸±μ¸É¨ Ëμ±Ê¸  F3 ¢ ¨§³¥·¨É¥²Ó´μ³ ¶ ¢¨²Óμ´¥. ‘Ì¥³  Ê¸É ´μ¢±¨
¶μ± § ´  ´  ·¨¸. 2. ‚ ¥¥ ¸μ¸É ¢ ¢Ìμ¤¨²¨ ¸²¥¤ÊÕÐ¨¥ ±μ³¶μ´¥´ÉÒ.

• ‡ ³¥¤²¨É¥²Ó ¶ÊÎ±  1, ¨§£μÉμ¢²¥´´Ò° ¨§ ¶²¥±¸¨£² ¸  ¢ ¢¨¤¥ ±²¨´  ¤²¨-
´μ° 70 ¸³ ¨ μ¸´μ¢ ´¨¥³ 15 ¸³. 	´ · ¸¶μ² £ ²¸Ö ´  ¶¥·¥³¥Ð ÕÐ¥°¸Ö
¶μ¶¥·¥± μ¸¨ ¶ÊÎ±  ¶² ÉËμ·³¥. 
Éμ ¶μ§¢μ²Ö²μ ¨§³¥´ÖÉÓ Éμ²Ð¨´Ê ¶²¥±-
¸¨£² ¸  ´  ¶ÊÉ¨ ¶ÊÎ±  ¤²Ö ¨§³¥·¥´¨° £²Ê¡¨´´ÒÌ ¤μ§´ÒÌ · ¸¶·¥¤¥²¥-
´¨°. ’μ²Ð¨´  ±²¨´μ¢¨¤´μ£μ § ³¥¤²¨É¥²Ö ±μ´É·μ²¨·μ¢ ² ¸Ó ±μ³¶ÓÕÉ¥-
·μ³. „μ¶μ²´¨É¥²Ó´Ò° ¡²μ± ¨§ ¶²¥±¸¨£² ¸  2 Éμ²Ð¨´μ° 24 ¸³ · ¸¶μ² -
£ ²¸Ö ¶¥·¥¤ ¶¥·¥¤¢¨£ ÕÐ¨³¸Ö ±²¨´μ³ ¨ ¸²Ê¦¨² ¤²Ö ¶μ´¨¦¥´¨Ö Ô´¥·£¨¨
¶ÊÎ± .

• �·μË¨²μ³¥É· ¶ÊÎ±  3, ±μÉμ·Ò³ ¨§³¥·Ö²¨¸Ó ¢¥·É¨± ²Ó´Ò° ¨ £μ·¨§μ´-
É ²Ó´Ò° ¶·μË¨²¨ ¶ÊÎ± . 	´ · ¸¶μ² £ ²¸Ö ¢¶¥·¥¤¨ ¢¸¥Ì Ê¸É·μ°¸É¢ ¨
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�¨¸. 1. �ÊÎμ±, ¢Ò¢¥¤¥´´Ò° ¨§ ´Ê±²μÉ·μ´  ¢ Ô±¸¶¥·¨³¥´É ²Ó´Ò° § ² 205

�¨¸. 2. ‘Ì¥³  Ô±¸¶¥·¨³¥´É ²Ó´μ° Ê¸É ´μ¢±¨

³ É¥·¨ ²μ¢ ´  ¢Ìμ¤¥ ¶ÊÎ±  ¢ Ê¸É ´μ¢±Ê. ‡ ·Ö¤ ¨μ´¨§ Í¨¨ £ §  ¸μ¡¨-
· ²¸Ö 32 £μ·¨§μ´É ²Ó´Ò³¨ ¨ 32 ¢¥·É¨± ²Ó´Ò³¨ ¶·μ¢μ²μÎ± ³¨ ¸ Ï £μ³
3 ³³. ’μ± ¸ ± ¦¤μ° ¶·μ¢μ²μÎ±¨ ¶μ¸ÉÊ¶ ² ´  64-± ´ ²Ó´Ò° ¶·¥μ¡· §μ-
¢ É¥²Ó Éμ±  ¢ Î ¸ÉμÉÊ 4, ¨§£μÉμ¢²¥´´Ò° ¢ ¢¨¤¥ ¡²μ±  Š�Œ�Š ´  μ¸´μ¢¥
³¨±·μ¸Ì¥³Ò Tera VLSI (Very Large Scale Integrator) [11] ¸ 16-¡¨É´Ò³
¸Î¥ÉÎ¨±μ³.
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• „¢¥ ¶²μ¸±μ¶ · ²²¥²Ó´Ò¥ Ï¨·μ±μ ¶¥·ÉÊ·´Ò¥ ¨μ´¨§ Í¨μ´´Ò¥ ± ³¥·Ò
(ˆŠ) ¸ ¢Ìμ¤´Ò³ μ±´μ³ ¤¨ ³¥É·μ³ 150 ³³. ˆμ´¨§ Í¨μ´´Ò° Éμ± ¨§³¥-
·Ö²¸Ö ¢ ¤¢ÊÌ ¢μ§¤ÊÏ´ÒÌ ¶·μ³¥¦ÊÉ± Ì ¸Ê³³ ·´μ° Éμ²Ð¨´μ° 15 ³³. �¥·-
¢ Ö ˆŠ 5 · ¸¶μ² £ ² ¸Ó ¶¥·¥¤ ¶²¥±¸¨£² ¸μ¢Ò³ § ³¥¤²¨É¥²¥³ ¨ ¸²Ê¦¨² 
¢ ± Î¥¸É¢¥ ³μ´¨Éμ·  ¨´É¥´¸¨¢´μ¸É¨. ‚Éμ· Ö ˆŠ 6 ¨¸¶μ²Ó§μ¢ ² ¸Ó ¤²Ö
¨§³¥·¥´¨Ö £²Ê¡¨´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¤μ§Ò ¨μ´´μ£μ ¶ÊÎ± . 	¡¥ ¨μ´¨§ -
Í¨μ´´Ò¥ ± ³¥·Ò ¡Ò²¨ § ¶μ²´¥´Ò ¢μ§¤ÊÌμ³ ¶·¨ ´μ·³ ²Ó´μ³  É³μ¸Ë¥·-
´μ³ ¤ ¢²¥´¨¨. �  ¢¸¥ ± ³¥·Ò ¶μ¤ ¢ ²μ¸Ó ´ ¶·Ö¦¥´¨¥ μ±μ²μ 1000 B. ’μ±
¸ ¨μ´¨§ Í¨μ´´ÒÌ ± ³¥· ¨´É¥£·¨·μ¢ ²¸Ö ¨ ¶·¥μ¡· §μ¢Ò¢ ²¸Ö ¢ Î ¸ÉμÉÊ
Éμ±μ¢Ò³¨ ¨´É¥£· Éμ· ³¨ 7.

• „μ§¨³¥É· „Š„ -01 ˆ”’� [12] ¸  ²³ §´Ò³ ¤¥É¥±Éμ·μ³ 9, ¨§£μÉμ¢²¥´-
´Ò° ¢ ˆ”’� („Ê¡´ ), ¡Ò² ¨¸¶μ²Ó§μ¢ ´ ¤²Ö ¨§³¥·¥´¨° ¶μ£²μÐ¥´´μ°
¤μ§Ò. �²³ §´Ò° ¤¥É¥±Éμ· ¸μ¸Éμ¨É ¨§ ±·¨¸É ²²  ´ ÉÊ· ²Ó´μ£μ  ²³ § 
Éμ²Ð¨´μ° 0,4 ³³ ¸ ÎÊ¢¸É¢¨É¥²Ó´Ò³ μ¡Ñ¥³μ³ 7 ³³3. 	´ μ¡² ¤ ¥É ¢Ò-
¸μ±μ° ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓÕ, Ìμ·μÏ¥° ¶·μ¸É· ´¸É¢¥´´μ° ÉμÎ´μ¸ÉÓÕ ¡² £μ-
¤ ·Ö ¸¢μ¥³Ê ³ ²μ³Ê · §³¥·Ê, ¢Ò¸μ±μ° · ¤¨ Í¨μ´´μ° ¸Éμ°±μ¸ÉÓÕ ¨ Ìμ·μ-
Ï¥° É± ´¥Ô±¢¨¢ ²¥´É´μ¸ÉÓÕ. ‡ ·Ö¤, ¨§³¥·¥´´Ò°  ²³ §´Ò³ ¤¥É¥±Éμ·μ³,
¶·¥μ¡· §μ¢Ò¢ ²¸Ö ¢ · ¤¨ Í¨μ´´ÊÕ ¤μ§Ê ¢ ·¥£¨¸É· Í¨μ´´μ³ ¡²μ±¥ 10.

• ‚μ¤´Ò° Ë ´Éμ³ 11 ¢ ¢¨¤¥ ¶ · ²²¥²¥¶¨¶¥¤  ¤²¨´μ° 300 ³³ ¢¤μ²Ó ´ -
¶· ¢²¥´¨Ö μ¸¨ ¶ÊÎ±  ¨ ¶²μÐ ¤ÓÕ 100× 150 ³³ ¨¸¶μ²Ó§μ¢ ²¸Ö ¤²Ö ¨§-
³¥·¥´¨° ¶·μ¸É· ´¸É¢¥´´ÒÌ ¤μ§´ÒÌ · ¸¶·¥¤¥²¥´¨°. „¢ÊÌ±μμ·¤¨´ É´μ¥
¶¥·¥³¥Ð ÕÐ¥¥ Ê¸É·μ°¸É¢μ 12 ¶μ§¢μ²Ö²μ ¶¥·¥¤¢¨£ ÉÓ  ²³ §´Ò° ¤¥É¥±-
Éμ· ¢ ¢μ¤´μ³ Ë ´Éμ³¥ ¢¤μ²Ó μ¸¨ ¶ÊÎ±  ¨ ¢ £μ·¨§μ´É ²Ó´μ³ ´ ¶· ¢²¥-
´¨¨. “¶· ¢²¥´¨¥ ¶¥·¥¤¢¨¦¥´¨¥³ ¤¥É¥±Éμ·  μ¸ÊÐ¥¸É¢²Ö²μ¸Ó ¤¨¸É ´Í¨-
μ´´μ Î¥·¥§ ±μ³¶ÓÕÉ¥· 13.

“¶· ¢²¥´¨¥ · ¡μÉμ° Ê¸É ´μ¢±¨ ¨ ¸Î¨ÉÒ¢ ´¨¥ ¤ ´´ÒÌ ¸ ¤μ§¨³¥É· , ¨μ´¨-
§ Í¨μ´´ÒÌ ± ³¥· ¨ ¶·μË¨²μ³¥É·  μ¸ÊÐ¥¸É¢²Ö²μ¸Ó ¨´É¥²²¥±ÉÊ ²Ó´Ò³ ±·¥°É-
±μ´É·μ²²¥·μ³ CCPC-5 14. ‚ É¥Î¥´¨¥ μ¤´μ£μ ¨³¶Ê²Ó¸  ¶ÊÎ±  ¨§³¥·Ö¥³Ò¥ ¶ -
· ³¥É·Ò, É ±¨¥ ± ± ¶·μË¨²Ó ¶ÊÎ± , μÉ´μ¸¨É¥²Ó´ Ö ¤μ§ , ¢Ò¤¥²Ö¥³ Ö ¶ÊÎ±μ³ ¢
¨μ´¨§ Í¨μ´´ÒÌ ± ³¥· Ì ¨  ²³ §´μ³ ¤¥É¥±Éμ·¥, μ¡· ¡ ÉÒ¢ ²¨¸Ó ¨ μÉμ¡· ¦ -
²¨¸Ó ´  ³μ´¨Éμ·¥ ±μ³¶ÓÕÉ¥· . 	±μ´Î É¥²Ó´Ò°  ´ ²¨§ ¤ ´´ÒÌ ¡Ò² ¶·μ¢¥¤¥´
¶μ¸²¥ Ô±¸¶¥·¨³¥´É .

2. •���Š’…�ˆ‘’ˆŠˆ �“—Š�

”μ·³  ¶ÊÎ±  ¨ ¥£μ ¸É ¡¨²Ó´μ¸ÉÓ. „²Ö · ¤¨μ¡¨μ²μ£¨Î¥¸±¨Ì ¨¸¸²¥¤μ¢ -
´¨° ¸ ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ ± ¶ · ³¥É· ³ ¶ÊÎ±  ¶·¥¤ÑÖ¢²ÖÕÉ¸Ö ¡μ²¥¥ ¢Ò¸μ±¨¥
É·¥¡μ¢ ´¨Ö; ¶μ²μ¦¥´¨¥ ¶ÊÎ± , ¥£μ ¨´É¥´¸¨¢´μ¸ÉÓ ¨ ¶·μË¨²Ó ¤μ²¦´Ò ¡ÒÉÓ
Ë¨±¸¨·μ¢ ´´Ò³¨ ¢μ ¢·¥³Ö μ¡²ÊÎ¥´¨Ö ¸ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ. ŒÒ ¨§ÊÎ ²¨
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�¨¸. 3. �·μË¨²Ó ¶ÊÎ± , ¨§³¥·¥´´Ò° ¶·μË¨²μ³¥É·μ³ ´  ¢Ìμ¤¥ ¶ÊÎ±  ¢ Ê¸É ´μ¢±Ê

¢μ§³μ¦´μ¸ÉÓ ±μ´É·μ²Ö ÔÉ¨Ì ¶ · ³¥É·μ¢ ¶·¨ ¶μ³μÐ¨ μ¶¨¸ ´´μ£μ ¢ÒÏ¥ ¶·μ-
Ë¨²μ³¥É· .

ƒμ·¨§μ´É ²Ó´ Ö ¨ ¢¥·É¨± ²Ó´ Ö ¶·μ¥±Í¨¨ ¶ÊÎ± , ¨§³¥·¥´´Ò¥ ¨μ´¨§ Í¨μ´-
´Ò³ ¶·μË¨²μ³¥É·μ³, ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 3. ‘É ¡¨²Ó´μ¸ÉÓ ¶ÊÎ±  ¢ É¥Î¥´¨¥
μ¤´μ£μ μ¡²ÊÎ¥´¨Ö ¶μ± § ´  ´  ·¨¸. 4.

‡  ¢·¥³Ö ¢Ò¢μ¤  μ¤´μ£μ ¨³¶Ê²Ó¸  ¶ÊÎ±  Éμ±μ¢Ò° ¨´É¥£· Éμ· ¶·μ¨§¢μ¤¨²
¤μ 10 ¨§³¥·¥´¨°. 
Éμ ¶μ§¢μ²¨²μ ¤¥É ²Ó´μ ¨§ÊÎ¨ÉÓ ¸É ¡¨²Ó´μ¸ÉÓ ¶ÊÎ±  ¢ É¥-
Î¥´¨¥ ¸¡·μ¸  (·¨¸. 5). ‚¨¤´μ, ÎÉμ Í¥´É· ¶ÊÎ±  ¨§³¥´Ö¥É ¸¢μ¥ ¶μ²μ¦¥´¨¥ ¢
£μ·¨§μ´É ²Ó´μ° ¨ ¢¥·É¨± ²Ó´μ° ¶·μ¥±Í¨ÖÌ ´¥ ¡μ²¥¥ Î¥³ ´  1 ³³. ˆ§-§  ÔÉμ£μ
¶ÊÎμ± ¸É ´μ¢¨É¸Ö ´¥³´μ£μ Ï¨·¥. ‚ ´ Ï¥³ ¸²ÊÎ ¥, ± ± ¢¨¤´μ ¨§ ·¨¸. 3, ¶·μ-
Ë¨²¨ ¶ÊÎ±  ¤μ¸É ÉμÎ´μ Ï¨·μ±¨¥, ¶μÔÉμ³Ê ÊÏ¨·¥´¨¥³ ¶ÊÎ±  §  ¸Î¥É ¸³¥Ð¥´¨Ö
³μ¦´μ ¶·¥´¥¡·¥ÎÓ.

�¨¸. 4. �μ²μ¦¥´¨¥ Í¥´É·  ¶ÊÎ±  ¢ É¥-
Î¥´¨¥ μ¤´μ£μ μ¡²ÊÎ¥´¨Ö

�¨¸. 5. �μ²μ¦¥´¨¥ ¶ÊÎ±  ¢ É¥Î¥´¨¥ μ¤-
´μ£μ ¸¡·μ¸ 
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�¨¸. 6. ƒ²Ê¡¨´´Ò¥ ¤μ§´Ò¥ · ¸¶·¥¤¥²¥´¨Ö, ¨§³¥·¥´´Ò¥ Ï¨·μ±μ ¶¥·ÉÊ·´μ° ¨μ´¨§ Í¨-
μ´´μ° ± ³¥·μ° ¨  ²³ §´Ò³ ¤¥É¥±Éμ·μ³, ³μ¤¨Ë¨Í¨·μ¢ ´´Ò¥ ¤μ§´Ò¥ · ¸¶·¥¤¥²¥´¨Ö

ƒ²Ê¡¨´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¤μ§Ò. ”μ·³  £²Ê¡¨´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¤μ§Ò
(¶¨± �·Ô££ ), ¨§³¥·¥´´ Ö  ²³ §´Ò³ ¤¥É¥±Éμ·μ³ ¨ ¨μ´¨§ Í¨μ´´μ° ± ³¥·μ°,
¶·¥¤¸É ¢²¥´  ´  ·¨¸. 6. � ¸¶·¥¤¥²¥´¨Ö, ¨§³¥·¥´´Ò¥ μ¡μ¨³¨ ¤¥É¥±Éμ· ³¨,
´μ·³¨·μ¢ ²¨¸Ó ´  §´ Î¥´¨Ö ¤μ§Ò ´  £²Ê¡¨´¥ 32 £/¸³2. ˆ§³¥·¥´´μ¥ ¸·¥¤´¥¥
§´ Î¥´¨¥ ¶μ²μ¦¥´¨Ö ¶¨±  �·Ô££  ´  £²Ê¡¨´¥ 39,3 £/¸³2 ¸μμÉ¢¥É¸É¢Ê¥É ¶ÊÎ±Ê
¨μ´μ¢ Ê£²¥·μ¤  12C ¸μ ¸·¥¤´¥° Ô´¥·£¨¥° 500 ŒÔ‚/´Ê±²μ´ ¢ Ëμ±Ê¸¥ F3 ¢
¨§³¥·¨É¥²Ó´μ³ ¶ ¢¨²Óμ´¥ ‹‚
 	ˆŸˆ.

�  ·¨¸. 6 É ±¦¥ ¶·¥¤¸É ¢²¥´Ò ¤¢  ³μ¤¨Ë¨Í¨·μ¢ ´´ÒÌ ¶¨±  �·Ô££ . � ¸-
¶·¥¤¥²¥´¨Ö É ±μ° Ëμ·³Ò ¶μ²ÊÎ¥´Ò ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¤¢ÊÌ £·¥¡¥´Î ÉÒÌ Ë¨²Ó-
É·μ¢. ’ ±μ¥ ÊÏ¨·¥´¨¥ ¶¨±  ´¥μ¡Ìμ¤¨³μ ¤²Ö · ¢´μ³¥·´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¡¨μ-
²μ£¨Î¥¸±μ° ¤μ§Ò ¶·¨ μ¡²ÊÎ¥´¨¨ Ï¨·μ±¨Ì μ¡Ñ¥±Éμ¢. ˆ§³¥·¥´´Ò¥ · ¸¶·¥¤¥²¥-
´¨Ö ¶¨±  �·Ô££  ¸μμÉ¢¥É¸É¢ÊÕÉ ¤ ´´Ò³, ¶μ²ÊÎ¥´´Ò³ ¢ ¤·Ê£¨Ì Ô±¸¶¥·¨³¥´É Ì
[2Ä4].

ƒ²Ê¡¨´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¤μ§Ò, ¨§³¥·¥´´μ¥ ¢ ¢μ¤´μ³ Ë ´Éμ³¥, ¶μ± § ´μ
´  ·¨¸. 7.

‡�Š‹	—…�ˆ…

1. �·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° Ì · ±É¥·¨¸É¨± ¶ÊÎ±  ¨μ´μ¢ Ê£²¥-
·μ¤  12C ¸ Ô´¥·£¨¥° 500 ŒÔ‚/´Ê±²μ´. ˆ§³¥·¥´Ò £²Ê¡¨´´Ò¥ ¤μ§´Ò¥ · ¸¶·¥¤¥-
²¥´¨Ö, £μ·¨§μ´É ²Ó´Ò° ¨ ¢¥·É¨± ²Ó´Ò° ¶·μË¨²¨ ¶ÊÎ± , ¸É ¡¨²Ó´μ¸ÉÓ ¶ÊÎ± .
• · ±É¥·¨¸É¨±¨ ¶ÊÎ±  Ê¤μ¢²¥É¢μ·ÖÕÉ ³¥¤¨±μ-¡¨μ²μ£¨Î¥¸±¨³ É·¥¡μ¢ ´¨Ö³.
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�¨¸. 7. ƒ²Ê¡¨´´μ¥ ¤μ§´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶ÊÎ±  12C, ¨§³¥·¥´´μ¥  ²³ §´Ò³ ¤¥É¥±Éμ·μ³
¢ ¢μ¤´μ³ Ë ´Éμ³¥

2. ˆ´É¥´¸¨¢´μ¸ÉÓ ¶ÊÎ±  ¨μ´μ¢ Ê£²¥·μ¤ , ¢Ò¢¥¤¥´´μ£μ ¨§ ´Ê±²μÉ·μ´ ,
1 · 109 Î ¸É¨Í §  Í¨±² ¤μ¸É ÉμÎ´  ¤²Ö ¶·μ¢¥¤¥´¨Ö ³¥¤¨±μ-¡¨μ²μ£¨Î¥¸±¨Ì ¨¸-
¸²¥¤μ¢ ´¨°, ´ ¶· ¢²¥´´ÒÌ ´  · §¢¨É¨¥ ³¥Éμ¤μ¢ ¨μ´´μ° · ¤¨μÉ¥· ¶¨¨.

3. „ ´´Ò° Ô±¸¶¥·¨³¥´É Ö¢²Ö¥É¸Ö ¶¥·¢Ò³ ¢ · ³± Ì ¶·μ¥±É  ®�Ê±²μÉ·μ´
	ˆŸˆ ¤²Ö ³¥¤¨Í¨´Ò¯. �μ²ÊÎ¥´´Ò° μ¶ÒÉ ¡Ê¤¥É ¨¸¶μ²Ó§μ¢ ´ ¶·¨ ¸μ§¤ ´¨¨
¸¶¥Í¨ ²¨§¨·μ¢ ´´μ£μ ³¥¤¨Í¨´¸±μ£μ Ê¸±μ·¨É¥²Ö ¶·μÉμ´μ¢ ¨ ¨μ´μ¢.
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