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‹�	-¸¶¥±É·μ³¥É·¨Ö · ¤¨μÉ¥· ¶¥¢É¨Î¥¸±¨Ì ¶ÊÎ±μ¢ ¨μ´μ¢ 12C

� ¡μ·Ò É·¥±μ¢ÒÌ ¤¥É¥±Éμ·μ¢ ¡Ò²¨ μ¡²ÊÎ¥´Ò ´  · ¤¨μÉ¥· ¶¥¢É¨Î¥¸±¨Ì ¶ÊÎ-
± Ì ¨μ´μ¢ 12‘ ¸ Ô´¥·£¨Ö³¨ 135, 290 ¨ 400 ŒÔ‚/´Ê±²μ´ ´  Ê¸±μ·¨É¥²¥ HIMAC
(—¨¡ , Ÿ¶μ´¨Ö) ¤²Ö ¸¶¥±É·μ³¥É·¨¨ ²¨´¥°´μ° ¶¥·¥¤ Î¨ Ô´¥·£¨¨ (‹�	). ‘¶¥±É·Ò
‹�	 ¡Ò²¨ ¨§³¥·¥´Ò ´  · §´ÒÌ £²Ê¡¨´ Ì ¶ÊÎ±  12‘ μÉ ¢Ìμ¤  ¤μ ³ ±¸¨³ ²Ó´ÒÌ
§´ Î¥´¨° ‹�	 ¢ μ¡² ¸É¨ ¶¨±  �·Ô££  ¨ §  ¶¨±μ³ ¢ μ¡² ¸É¨ Ë· £³¥´É Í¨¨.

‚ · ¡μÉ¥ ¶·¥¤¸É ¢²¥´Ò ¸¶¥±É·Ò ‹�	, ¨§³¥·¥´´Ò¥ É·¥±μ¢Ò³¨ ¤¥É¥±Éμ· ³¨
TD-1 ¢¤μ²Ó μ¸¨ ¶ÊÎ±μ¢ ´  · §²¨Î´ÒÌ £²Ê¡¨´ Ì ¢¶²μÉÓ ¤μ £²Ê¡¨´, · ¸¶μ²μ¦¥´´ÒÌ
§  ¶¨±μ³ �·Ô££ .

ˆ§ ÔÉ¨Ì ¸¶¥±É·μ¢ · ¸¸Î¨É ´Ò ¤μ§¨³¥É·¨Î¥¸±¨¥ ¢¥²¨Î¨´Ò Å £²Ê¡¨´´μ¥ · ¸-
¶·¥¤¥²¥´¨¥ ¶μ£²μÐ¥´´μ° ¤μ§Ò ¨ ¡¨μ²μ£¨Î¥¸±¨ ¢§¢¥Ï¥´´μ° ¤μ§Ò, Ì · ±É¥·¨§ÊÕ-
Ð¥¥ ¢μ§¤¥°¸É¢¨¥ ¶ÊÎ±  ´  ¡¨μ²μ£¨Î¥¸±¨¥ É± ´¨ ¶·¨ ¶·μ¢¥¤¥´¨¨ · ¤¨μÉ¥· ¶¨¨.
�Í¥´¥´  μÉ´μ¸¨É¥²Ó´ Ö ¡¨μ²μ£¨Î¥¸± Ö ÔËË¥±É¨¢´μ¸ÉÓ ¶ÊÎ±  ´  · §´ÒÌ £²Ê¡¨-
´ Ì. ƒ²Ê¡¨´´Ò¥ ¤μ§´Ò¥ · ¸¶·¥¤¥²¥´¨Ö, ¢ÒÎ¨¸²¥´´Ò¥ ¨§ ¸¶¥±É·μ¢ ‹�	, Ìμ·μÏμ
¸μ£² ¸ÊÕÉ¸Ö ¸ ¨§³¥·¥´¨Ö³¨ ¶ÊÎ±μ¢, ¶·μ¢¥¤¥´´Ò³¨ ¢ HIMAC.

� ¡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¡´ , 2012

Ambrozova I. et al. P16-2012-53
LET Spectrometry of the Clinical 12C Ion Beams

The sets of track etched detectors for the linear energy transfer (LET) spectrom-
etry were exposed in 12C 135, 290 and 400 MeV/amu ion beams at the HIMAC
installation at NIRS (Chiba, Japan). LET spectra were measured at various depths
in 12C ion beams through the Bragg peak area up to the region of fragmentation
behind the Bragg peak.

In the paper LET spectra measured with track etched detectors TD-1, at the
beams axis along the depth up to the region behind the Bragg peak are presented.

The dosimetric values calculated from measured LET spectra are given. The
depth distributions of absorbed dose and biological weighted effective dose for ra-
diation therapy are calculated. Relative biological weighted efˇciency of 12C beams
at the various depths is estimated. The depth-dose distribution calculated from LET
spectra is in a good agreement with reference measurements in HIMAC.

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

Communication of the Joint Institute for Nuclear Research. Dubna, 2012



‚‚…„…�ˆ…

„ ´´ Ö · ¡μÉ  Ö¢²Ö¥É¸Ö ¶·μ¤μ²¦¥´¨¥³ ¨¸¸²¥¤μ¢ ´¨° ¸¶¥±É·μ¢ ²¨´¥°´μ°
¶¥·¥¤ Î¨ Ô´¥·£¨¨ (‹�	) ¢ ¶ÊÎ± Ì Ê£²¥·μ¤  12C, ¶·¥¤´ §´ Î¥´´ÒÌ ¤²Ö · ¤¨μ-
É¥· ¶¨¨ [1Ä4].

‚ ¤ ´´μ° · ¡μÉ¥ ¢¥²¨Î¨´Ò ��	 μ¶·¥¤¥²ÖÕÉ¸Ö ´  μ¸´μ¢¥ ¸¶¥±É·μ¢ ‹�	,
¨§³¥·¥´¨Ö ±μÉμ·ÒÌ ¶·μ¢μ¤¨²¨¸Ó É·¥±μ¢Ò³¨ ¤¥É¥±Éμ· ³¨ É¨¶  TD-1, μ¡²Ê-
Î¥´´Ò³¨ ´  ¶ÊÎ± Ì ¨μ´μ¢ 12C ¸ Ô´¥·£¨Ö³¨ 135, 290 ¨ 400 ŒÔ‚/´Ê±²μ´ ´ 
Ê¸±μ·¨É¥²¥ HIMAC ¢ —¨¡¥ (Ÿ¶μ´¨Ö). ˆ§³¥·¥´¨Ö É·¥±μ¢ μ¸ÊÐ¥¸É¢²Ö²¨¸Ó ´ 
³¨±·μ¸±μ¶¥ HSP-1000 ¢ �É¤¥²¥ · ¤¨ Í¨μ´´μ° ¤μ§¨³¥É·¨¨ ˆ´¸É¨ÉÊÉ  Ö¤¥·´μ°
Ë¨§¨±¨ �± ¤¥³¨¨ ´ Ê± —¥Ï¸±μ° �¥¸¶Ê¡²¨±¨ ¢ �· £¥.

1. ‘�…Š’��Œ…’� ‹�� �� �‘��‚… ’�…Š�‚›• „…’…Š’���‚

‘¶¥±É·μ³¥É· ‹�	 ´  μ¸´μ¢¥ Ì¨³¨Î¥¸±¨ É· ¢²¥´ÒÌ É·¥±μ¢ÒÌ ¤¥É¥±Éμ·μ¢
CR-39, · §· ¡μÉ ´´Ò° ¢ �É¤¥²¥ · ¤¨ Í¨μ´´μ° ¤μ§¨³¥É·¨¨ ˆ´¸É¨ÉÊÉ  Ö¤¥·-
´μ° Ë¨§¨±¨ �± ¤¥³¨¨ ´ Ê± —¥Ï¸±μ° �¥¸¶Ê¡²¨±¨ ¢ �· £¥, ¶·¥¤´ §´ Î¥´ ¤²Ö
¨§³¥·¥´¨Ö ¸¶¥±É·μ¢ ‹�	 ¢ ¶ÊÎ± Ì ¨ ¶μ²ÖÌ ¨μ´¨§¨·ÊÕÐ¥£μ ¨§²ÊÎ¥´¨Ö [5, 6].

�·¨´Í¨¶ ¤¥°¸É¢¨Ö É·¥±μ¢ÒÌ ¤¥É¥±Éμ·μ¢ μ¸´μ¢ ´ ´  · §´¨Í¥ ¢ ¸±μ·μ¸É¨
· ¸É¢μ·¥´¨Ö ³ É¥·¨ ²  ¤¥É¥±Éμ·  ¢ · ¸É¢μ·¥ ±¨¸²μÉÒ ²¨¡μ Ð¥²μÎ¨ ¢ μ¡² ¸É¨
¢¤μ²Ó É·¥±  ¤μ¸É ÉμÎ´μ ¶²μÉ´μ¨μ´¨§¨·ÊÕÐ¥° Î ¸É¨ÍÒ ¶μ ¸· ¢´¥´¨Õ ¸ μ¡² -
¸ÉÖ³¨ ¢´¥ É·¥± . ‚¸²¥¤¸É¢¨¥ ÔÉμ° · §´¨ÍÒ ´  ¶μ¢¥·Ì´μ¸É¨ ¤¥É¥±Éμ·  μ¡· §Ê-
ÕÉ¸Ö μ¡Ñ¥±ÉÒ (É·¥±¨), ±μÉμ·Ò¥ ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ¨ ¨§³¥·ÖÉÓ ¨Ì · §³¥·Ò ¨
Ëμ·³Ê ¶·¨ ¶μ³μÐ¨ μ¡ÒÎ´ÒÌ μ¶É¨Î¥¸±¨Ì ³¨±·μ¸±μ¶μ¢. ‚ ¤ ´´μ° · ¡μÉ¥ ¶·¨-
¢μ¤ÖÉ¸Ö ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¸¶¥±É·μ¢ ‹�	, ¶·μ¢¥¤¥´´ÒÌ É·¥±μ¢Ò³¨ ¤¥É¥±-
Éμ· ³¨ TD-1, ¶·μ¨§¢¥¤¥´´Ò³¨ Ë¨·³μ° Nagase Landauer Ltd (Ÿ¶μ´¨Ö). ’μ²-
Ð¨´  ¤¥É¥±Éμ·  μ±μ²μ 0,9 ³³. �μ¸²¥ μ¡²ÊÎ¥´¨Ö ¶² ¸É¨´±¨ ¤¥É¥±Éμ·μ¢ ¶μ¤¢¥·-
£ ²¨¸Ó É· ¢²¥´¨Õ ¢ 5N · ¸É¢μ·¥ NaOH ¶·¨ É¥³¶¥· ÉÊ·¥ 70 ◦C. ‘É ´¤ ·É´μ¥
¢·¥³Ö É· ¢²¥´¨Ö ¤¥É¥±Éμ·μ¢ ¸μ¸É ¢²Ö¥É 18 Î. � §³¥·Ò É·¥±μ¢, μ¡· §ÊÕÐ¨Ì¸Ö
¢ É ±μ³ ¤¥É¥±Éμ·¥ ¶μ¸²¥ É· ¢²¥´¨Ö, § ¢¨¸ÖÉ μÉ ¢¥²¨Î¨´Ò ‹�	 ¶·μÏ¥¤Ï¥°
Î ¸É¨ÍÒ. „²Ö ¶·μ¢¥·±¨ ¨ ±μ´É·μ²Ö Ê¸²μ¢¨° É· ¢²¥´¨Ö ¨§³¥·ÖÕÉ¸Ö É·¥±¨ μÉ
Ë· £³¥´Éμ¢ ¤¥²¥´¨Ö ¨¸ÉμÎ´¨±  252Cf ¨  ²ÓË -Î ¸É¨Í μÉ ¨¸ÉμÎ´¨±  241Am.

� · ³¥É·Ò É·¥±μ¢ ¨§³¥·ÖÕÉ¸Ö  ¢Éμ³ É¨Î¥¸±¨³ μ¶É¨Î¥¸±¨³  ´ ²¨§ Éμ·μ³
¨§μ¡· ¦¥´¨° ´  μ¸´μ¢¥ ³¨±·μ¸±μ¶  HSP-1000, · §· ¡μÉ ´´μ£μ ¢ SEIKO Pre-
cision (Ÿ¶μ´¨Ö) [7]. �μ¢ Ö Ê¸É ´μ¢±  μ¡² ¤ ¥É Ê¸É·μ°¸É¢μ³ ¤²Ö  ¢Éμ³ É¨Î¥-
¸±μ° Ëμ±Ê¸¨·μ¢±¨ ³¨±·μ¸±μ¶  ¶μ¸·¥¤¸É¢μ³ ±μ´É·μ²Ö · ¸¸ÉμÖ´¨Ö ³¥¦¤Ê μ¡Ñ-
¥±É¨¢μ³ ³¨±·μ¸±μ¶  ¨ ¶μ¢¥·Ì´μ¸ÉÓÕ É·¥±μ¢μ£μ ¤¥É¥±Éμ· , ÎÉμ ¸ÊÐ¥¸É¢¥´´μ
Ê¸±μ·Ö¥É ¶·μÍ¥¸¸ ¨§³¥·¥´¨Ö. ˆ§³¥·¥´´Ò¥ ¶ · ³¥É·Ò É·¥±μ¢ ¶·¥μ¡· §ÊÕÉ¸Ö
¢ ¸¶¥±É·Ò ‹�	 ´  μ¸´μ¢¥ ± ²¨¡·μ¢±¨ ¸¶¥±É·μ³¥É·  ´  ¶ÊÎ± Ì ¨μ´μ¢ [8, 9].
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‘¶¥±É·μ³¥É· ¶μ§¢μ²Ö¥É ¨§³¥·ÖÉÓ ¢¥²¨Î¨´Ò ‹�	 ¢ ¤¨ ¶ §μ´¥ μÉ 9,5 ¤μ
350 ±Ô‚/³±³. 	É¨ ¤¥É¥±Éμ·Ò ¶μ§¢μ²ÖÕÉ ¶·μ¢μ¤¨ÉÓ ¶·Ö³ÊÕ ·¥£¨¸É· Í¨Õ ± -
¦¤μ£μ μÉ¤¥²Ó´μ£μ ¨μ´  ¢ ¶ÊÎ±¥ 12‘ ¨ μ¶·¥¤¥²ÖÉÓ ¢¥²¨Î¨´Ê ¥£μ ‹�	.

2. �…‡“‹œ’�’› ˆ‡Œ…�…�ˆ‰

�  ·¨¸. 1 ¶·¥¤¸É ¢²¥´Ò £²Ê¡¨´´Ò¥ ¤μ§´Ò¥ · ¸¶·¥¤¥²¥´¨Ö (±·¨¢Ò¥ �·Ô££ )
¶ÊÎ±μ¢ ¨μ´μ¢ 12C ¸ Ô´¥·£¨Ö³¨ 135, 290 ¨ 400 ŒÔ‚/´Ê±²μ´ ´  Ê¸±μ·¨É¥²¥
HIMAC ¢ —¨¡¥, ´  ±μÉμ·ÒÌ ¶·μ¢μ¤¨²μ¸Ó μ¡²ÊÎ¥´¨¥ É·¥±μ¢ÒÌ ¤¥É¥±Éμ·μ¢.
’·¥±μ¢Ò¥ ¤¥É¥±Éμ·Ò ¡Ò²¨ μ¡²ÊÎ¥´Ò ´  · §²¨Î´ÒÌ £²Ê¡¨´ Ì ¶²¥±¸¨£² ¸μ¢μ£μ
Ë ´Éμ³  ¢μ ¢¸¥³ ¤¨ ¶ §μ´¥ ¶·μ´¨±´μ¢¥´¨Ö ¶ÊÎ±  Å ´  ¢Ìμ¤¥, ¢ μ¡² ¸É¨ ¶¨± 
�·Ô££  ¨ ¢ μ¡² ¸É¨ Ë· £³¥´É Í¨¨ ¶ÊÎ±  §  ¶¨±μ³.

�¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¸¶¥±É·μ¢ ‹�	 ´  · §²¨Î´ÒÌ £²Ê¡¨´ Ì ¤²Ö ¶ÊÎ±μ¢ ¸
Ô´¥·£¨Ö³¨ 135 ¨ 290 ŒÔ‚/´Ê±²μ´ ¶μ± § ´Ò ´  ·¨¸. 2. �  ÔÉ¨Ì ¨§μ¡· ¦¥´¨ÖÌ
¢¨¤´μ, ± ± ¨§³¥´ÖÕÉ¸Ö ¸¶¥±É·Ò ‹�	 ¸ £²Ê¡¨´μ° Å · ¸É¥É ¸·¥¤´¥¥ §´ Î¥-
´¨¥ ‹�	 ¨ ¡² £μ¤ ·Ö ¸É· ££²¨´£Ê Ê¢¥²¨Î¨¢ ¥É¸Ö Ï¨·¨´  · ¸¶·¥¤¥²¥´¨Ö. „²Ö

�¨¸. 1. ƒ²Ê¡¨´´Ò¥ ¤μ§´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶ÊÎ±μ¢ ¨μ´μ¢ 12C ´  Ê¸±μ·¨É¥²¥ HIMAC

�¨¸. 2. �·¨³¥·Ò ¸¶¥±É·μ¢ ‹�	 ¤²Ö ¶ÊÎ±μ¢ ¨μ´μ¢ 12‘ ¸ Ô´¥·£¨Ö³¨  ) 135 ¨
¡) 290 ŒÔ‚/´Ê±²μ´
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Ô´¥·£¨¨ 135 ŒÔ‚/´Ê±²μ´ ¶μ± § ´Ò ¢¸¥ ¸¶¥±É·Ò, ¤²Ö Ô´¥·£¨¨ 290 ŒÔ‚/´Ê±²μ´
¶μ± § ´  ¤²Ö ´ £²Ö¤´μ¸É¨ Éμ²Ó±μ μ¡² ¸ÉÓ Éμ²Ð¨´ ¤μ ¶¨±  �·Ô££ , ¤²Ö Ô´¥·£¨¨
400 ŒÔ‚/´Ê±²μ´ ¸¶¥±É·Ò ‹�	 ¢Ò£²Ö¤ÖÉ ¶μ¤μ¡´Ò³ μ¡· §μ³.

�μ ¨§³¥·¥´´Ò³ ¸¶¥±É· ³ ‹�	 ¢μ§³μ¦´μ μ¶·¥¤¥²¨ÉÓ ¨´É¥£· ²Ó´Ò¥ Ì · ±-
É¥·¨¸É¨±¨ ¶ÊÎ±  Å ¶μ£²μÐ¥´´ÊÕ ¤μ§Ê DL μÉ Î ¸É¨Í ¸ ¢¥²¨Î¨´μ° ‹�	 ¢ÒÏ¥
¶μ·μ£  9,5 ±Ô‚/³±³, ¡¨μ²μ£¨Î¥¸±¨ ¢§¢¥Ï¥´´ÊÕ ÔËË¥±É¨¢´ÊÕ ¤μ§Ê BWEDL

¨ ¢¥²¨Î¨´Ê μÉ´μ¸¨É¥²Ó´μ° ¡¨μ²μ£¨Î¥¸±¨ ¢§¢¥Ï¥´´μ° ÔËË¥±É¨¢´μ¸É¨ RBWE,
Ì · ±É¥·¨§ÊÕÐÊÕ ��	 ¶ÊÎ±  ¶·¨ · ¤¨μÉ¥· ¶¨¨ [3]. BWEDL μ¶·¥¤¥²Ö¥É¸Ö
¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¡¨μ²μ£¨Î¥¸±μ° ¢¥¸μ¢μ° ËÊ´±Í¨¨ r(L) (·¨¸. 3), ±μÉμ· Ö Ì -
· ±É¥·¨§Ê¥É ¢μ§¤¥°¸É¢¨¥ Î ¸É¨Í ¸ · §²¨Î´Ò³¨ ‹�	 ´  ¡¨μ²μ£¨Î¥¸±¨¥ É± ´¨
¶μ ±·¨É¥·¨Õ ¢Ò¦¨¢ ¥³μ¸É¨ μ¡²ÊÎ ¥³ÒÌ ±²¥Éμ± [10, 11],

DL = ∫(dN/dL)L/ρ dL,

BWEDL = ∫(dN/dL)L r(L)/ρdL,

£¤¥ dN/dL Å ±μ²¨Î¥¸É¢μ É·¥±μ¢ ¢ ¨´É¥·¢ ²¥ dL; L Å ¢¥²¨Î¨´  ‹�	; r(L) Å
¡¨μ²μ£¨Î¥¸± Ö ¢¥¸μ¢ Ö ËÊ´±Í¨Ö; ρ Å ¶²μÉ´μ¸ÉÓ ¡¨μ²μ£¨Î¥¸±μ° É± ´¨.

�¨¸. 3. �¨μ²μ£¨Î¥¸± Ö ¢¥¸μ¢ Ö ËÊ´±Í¨Ö [10, 11]

’ ¡²¨Í  1. ƒ²Ê¡¨´´ Ö § ¢¨¸¨³μ¸ÉÓ Ì · ±É¥·¨¸É¨± ¶ÊÎ±  ¨μ´μ¢ 12‘ ¸ Ô´¥·£¨¥°
135 ŒÔ‚/´Ê±²μ´, ¨§³¥·¥´´ÒÌ É·¥±μ¢Ò³¨ ¤¥É¥±Éμ· ³¨

t, �μ£²μÐ¥´´ Ö ¤μ§  �¨μ²μ£¨Î¥¸±¨ ¢§¢¥Ï¥´´ Ö
RBWE

³³ DL, ³ƒ· ¤μ§  BWEDL

0,00 1,00 2,45 2,45
11,04 1,22 3,61 2,96
18,61 1,44 5,18 3,59
26,17 2,28 7,88 3,45
30,05 6,09 6,90 1,13
30,68 3,58 3,56 0,99
31,19 0,18 0,30
31,82 0,15 0,28
33,64 0,10 0,20
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’ ¡²¨Í  2. ƒ²Ê¡¨´´ Ö § ¢¨¸¨³μ¸ÉÓ Ì · ±É¥·¨¸É¨± ¶ÊÎ±  ¨μ´μ¢ 12‘ ¸ Ô´¥·£¨¥°
290 ŒÔ‚/´Ê±²μ´, ¨§³¥·¥´´ÒÌ É·¥±μ¢Ò³¨ ¤¥É¥±Éμ· ³¨

t, �μ£²μÐ¥´´ Ö ¤μ§  �¨μ²μ£¨Î¥¸±¨ ¢§¢¥Ï¥´´ Ö
RBWE

³³ DL, ³ƒ· ¤μ§  BWEDL

0,00 2,34 2,51 1,08
30,05 2,47 2,86 1,16
63,26 2,23 2,60 1,16
104,93 2,55 3,75 1,47
129,81 3,54 8,52 2,41
138,02 4,55 14,67 3,23
142,53 5,72 22,30 3,90
144,47 6,23 24,08 3,87
146,15 12,07 18,72 1,55
147,29 12,61 17,89 1,42
147,92 3,51 4,28 1,22
149,01 0,23 0,38
149,64 0,15 0,30
150,78 0,55 1,10
154,91 0,45 0,91

’ ¡²¨Í  3. ƒ²Ê¡¨´´ Ö § ¢¨¸¨³μ¸ÉÓ Ì · ±É¥·¨¸É¨± ¶ÊÎ±  ¨μ´μ¢ 12‘ ¸ Ô´¥·£¨¥°
400 ŒÔ‚/´Ê±²μ´, ¨§³¥·¥´´ÒÌ É·¥±μ¢Ò³¨ ¤¥É¥±Éμ· ³¨

t, �μ£²μÐ¥´´ Ö ¤μ§  �¨μ²μ£¨Î¥¸±¨ ¢§¢¥Ï¥´´ Ö
RBWE

³³ DL, ³ƒ· ¤μ§  BWEDL

0,00 1,07 1,16 1,08
99,79 1,35 1,50 1,11
207,51 1,00 1,49 1,49
242,36 0,82 2,33 2,86
252,77 2,12 7,81 3,68
256,90 3,35 4,76 1,42
257,53 3,42 4,74 1,39
258,07 1,15 1,68
260,35 1,03 2,05

‚¥²¨Î¨´  μÉ´μ¸¨É¥²Ó´μ° ¡¨μ²μ£¨Î¥¸±¨ ¢§¢¥Ï¥´´μ° ÔËË¥±É¨¢´μ¸É¨
RBWE ³μ¦¥É ¡ÒÉÓ μ¶·¥¤¥²¥´  ¨§ ¸μμÉ´μÏ¥´¨Ö

RBWE = BWEDL/DL.

�¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 1Ä3 ¨ ´  ·¨¸. 4, 5. ƒ²Ê¡¨´-
´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶μ£²μÐ¥´´μ° ¤μ§Ò DL, ¢ÒÎ¨¸²¥´´Ò¥ ´  μ¸´μ¢¥ ¸¶¥±É·μ¢
‹�	, ¨§³¥·¥´´ÒÌ ´  · §²¨Î´ÒÌ £²Ê¡¨´ Ì Ë ´Éμ³ , Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ¸
¨§³¥·¥´¨Ö³¨ ±·¨¢ÒÌ �·Ô££ , ¶·μ¢¥¤¥´´Ò³¨ ¢ HIMAC (·¨¸. 4).
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�¨¸. 4. ƒ²Ê¡¨´´Ò¥ ¤μ§´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¨μ´μ¢ 12‘, ¨§³¥·¥´´Ò¥ ¢ HIMAC (²¨´¨Ö).
’μÎ± ³¨ ¶μ± § ´Ò ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° É·¥±μ¢Ò³¨ ¤¥É¥±Éμ· ³¨
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�¨¸. 5. ƒ²Ê¡¨´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶μ£²μÐ¥´´μ° ¤μ§Ò, ¡¨μ²μ£¨Î¥¸±¨ ¢§¢¥Ï¥´´μ° ¤μ§Ò ¨
μÉ´μ¸¨É¥²Ó´μ° ¡¨μ²μ£¨Î¥¸±¨ ¢§¢¥Ï¥´´μ° ÔËË¥±É¨¢´μ¸É¨ ¶ÊÎ±μ¢ ¨μ´μ¢ 12‘ · §²¨Î´ÒÌ
Ô´¥·£¨°, ¨§³¥·¥´´Ò¥ É·¥±μ¢Ò³¨ ¤¥É¥±Éμ· ³¨
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‚¥²¨Î¨´  μÉ´μ¸¨É¥²Ó´μ° ¡¨μ²μ£¨Î¥¸±¨ ¢§¢¥Ï¥´´μ° ÔËË¥±É¨¢´μ¸É¨
RBWE, ¢ÒÎ¨¸²¥´´ Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¡¨μ²μ£¨Î¥¸±μ° ¢¥¸μ¢μ° ËÊ´±Í¨¨ r(L),
Ì · ±É¥·¨§ÊÕÐ¥° ¢μ§¤¥°¸É¢¨¥ Î ¸É¨Í ¸ · §²¨Î´Ò³¨ ‹�	 ´  ¡¨μ²μ£¨Î¥¸±¨¥

�¨¸. 6. ƒ²Ê¡¨´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶μ£²μÐ¥´´μ° ¤μ§Ò, ¡¨μ²μ£¨Î¥¸±¨ ¢§¢¥Ï¥´´μ° ¤μ§Ò
¨ μÉ´μ¸¨É¥²Ó´μ° ¡¨μ²μ£¨Î¥¸±¨ ¢§¢¥Ï¥´´μ° ÔËË¥±É¨¢´μ¸É¨ ¶ÊÎ±μ¢ ¨μ´μ¢ 12‘
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É± ´¨ ¶μ ±·¨É¥·¨Õ ¢Ò¦¨¢ ¥³μ¸É¨ μ¡²ÊÎ ¥³ÒÌ ±²¥Éμ±, ´  ¢¸¥Ì · ¤¨μÉ¥· -
¶¥¢É¨Î¥¸±¨Ì ¶ÊÎ± Ì ¨μ´μ¢ 12‘ ¢μ§· ¸É ¥É ¸ Ê¢¥²¨Î¥´¨¥³ £²Ê¡¨´Ò Ë ´Éμ³ ,
¤μ¸É¨£ Ö ¢¥²¨Î¨´Ò ¶·¨³¥·´μ 3,5Ä4,0 ´  · ¸¸ÉμÖ´¨¨ ´¥¸±μ²Ó±¨Ì ³¨²²¨³¥É·μ¢
¶¥·¥¤ ¶¨±μ³ �·Ô££ , ¶μ¸²¥ Î¥£μ ·¥§±μ Ê³¥´ÓÏ ¥É¸Ö, ÎÉμ Ìμ·μÏμ ¸μ£² ¸Ê¥É¸Ö
¸ ¶·μ¢¥¤¥´´Ò³¨ · ´¥¥ ¨§³¥·¥´¨Ö³¨ [1Ä4].

3. �‘��‚�›… ‚›‚�„›

1. ‘ ¶μ³μÐÓÕ ¸¶¥±É·μ³¥É·  ‹�	 ´  μ¸´μ¢¥ É·¥±μ¢ÒÌ ¤¥É¥±Éμ·μ¢ TD-1
¨§³¥·¥´Ò ¸¶¥±É·Ò ‹�	 · ¤¨μÉ¥· ¶¥¢É¨Î¥¸±¨Ì ¶ÊÎ±μ¢ ¨μ´μ¢ Ê£²¥·μ¤  12C ¸
Ô´¥·£¨Ö³¨ 135, 290 ¨ 400 ŒÔ‚/´Ê±²μ´ ´  · §²¨Î´ÒÌ £²Ê¡¨´ Ì ¶²¥±¸¨£² ¸μ-
¢μ£μ Ë ´Éμ³  ¢μ ¢¸¥³ ¤¨ ¶ §μ´¥ ¶·μ´¨±´μ¢¥´¨Ö ¶ÊÎ±  Å ´  ¢Ìμ¤¥, ¢ μ¡² ¸É¨
¶¨±  �·Ô££  ¨ ¢ μ¡² ¸É¨ Ë· £³¥´É Í¨¨ ¶ÊÎ±μ¢ §  ¶¨±μ³.

2. �μ£²μÐ¥´´Ò¥ ¤μ§Ò, ¢ÒÎ¨¸²¥´´Ò¥ ´  μ¸´μ¢¥ ¨§³¥·¥´´ÒÌ ¸¶¥±É·μ¢ ‹�	
´  · §²¨Î´ÒÌ £²Ê¡¨´ Ì, Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ¸ ±·¨¢Ò³¨ �·Ô££ , ¨§³¥·¥´´Ò³¨
¢ HIMAC.

3. ‚ÒÎ¨¸²¥´Ò ¡¨μ²μ£¨Î¥¸±¨ ¢§¢¥Ï¥´´Ò¥ £²Ê¡¨´´Ò¥ ¤μ§´Ò¥ · ¸¶·¥¤¥²¥-
´¨Ö ¶ÊÎ±μ¢ ¨μ´μ¢ Ê£²¥·μ¤  12C. 	É¨ · ¸¶·¥¤¥²¥´¨Ö § ³¥É´μ Ï¨·¥, Î¥³ · ¸-
¶·¥¤¥²¥´¨Ö ¶μ£²μÐ¥´´μ° ¤μ§Ò.

4. �Í¥´¥´  ¢¥²¨Î¨´  μÉ´μ¸¨É¥²Ó´μ° ¡¨μ²μ£¨Î¥¸±¨ ¢§¢¥Ï¥´´μ° ÔËË¥±É¨¢-
´μ¸É¨ RBWE ¶ÊÎ±μ¢ 12C, Ì · ±É¥·¨§ÊÕÐ Ö ¢μ§¤¥°¸É¢¨¥ Î ¸É¨Í ¸ · §²¨Î´Ò³¨
‹�	 ´  ¡¨μ²μ£¨Î¥¸±¨¥ É± ´¨. ‚¥²¨Î¨´  RBWE ´  ¢¸¥Ì · ¤¨μÉ¥· ¶¥¢É¨Î¥-
¸±¨Ì ¶ÊÎ± Ì ¨μ´μ¢ 12‘ ¢μ§· ¸É ¥É ¸ Ê¢¥²¨Î¥´¨¥³ £²Ê¡¨´Ò Ë ´Éμ³ , ¤μ¸É¨£ Ö
¢¥²¨Î¨´Ò μ±μ²μ 3,5Ä4,0 ´  · ¸¸ÉμÖ´¨¨ ´¥¸±μ²Ó±¨Ì ³¨²²¨³¥É·μ¢ ¶¥·¥¤ ¶¨±μ³
�·Ô££ , ¶μ¸²¥ Î¥£μ ·¥§±μ Ê³¥´ÓÏ ¥É¸Ö, ÎÉμ Ìμ·μÏμ ¸μ£² ¸Ê¥É¸Ö ¸ ¶·μ¢¥¤¥´-
´Ò³¨ · ´¥¥ ¨§³¥·¥´¨Ö³¨.

�¢Éμ·Ò ¡² £μ¤ ·ÖÉ ¸μÉ·Ê¤´¨±μ¢ HIMAC (NIRS, —¨¡ , Ÿ¶μ´¨Ö) §  ¶μ³μÐÓ
¶·¨ ¶·μ¢¥¤¥´¨¨ Ô±¸¶¥·¨³¥´É .
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