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’Õ± ¢±¨´ �.�. ¨ ¤·. �15-2008-88
ˆ§³¥·¥´¨¥ Ö¤¥·´μ£μ § ·Ö¤  μ¸±μ²±μ¢ ¤¥²¥´¨Ö ¡μ²ÓÏμ° ¨μ´¨§ Í¨μ´´μ°
± ³¥·μ° ¢ ¸μ¸É ¢¥ ¤¢ÊÌ¶²¥Î¥¢μ£μ ¢·¥³Ö¶·μ²¥É´μ£μ ¸¶¥±É·μ³¥É· 

‚ ¨¸¸²¥¤μ¢ ´¨ÖÌ ·¥¤±¨Ì ³´μ£μÉ¥²Ó´ÒÌ ±μ²²¨´¥ ·´ÒÌ · ¸¶ ¤μ¢ ¸² ¡μ¢μ§¡Ê-
¦¤¥´´ÒÌ ÉÖ¦¥²ÒÌ Ö¤¥·  ±ÉÊ ²Ó´  ³´μ£μ¶ · ³¥É·¨Î¥¸± Ö ¨¤¥´É¨Ë¨± Í¨Ö ¶·μ-
¤Ê±Éμ¢ · ¸¶ ¤ . ‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¶·¨¢μ¤¨É¸Ö ³¥Éμ¤¨±  ¨§³¥·¥´¨Ö Ö¤¥·´μ£μ
§ ·Ö¤  Ë· £³¥´Éμ¢ · ¸¶ ¤ , ·¥£¨¸É·¨·Ê¥³ÒÌ Ï¨·μ±μ ¶¥·ÉÊ·´μ° ¨μ´¨§ Í¨μ´´μ°
± ³¥·μ° ¢ ¸μ¸É ¢¥ ¤¢ÊÌ¶²¥Î¥¢μ£μ ¢·¥³Ö¶·μ²¥É´μ£μ ¸¶¥±É·μ³¥É· .

„²Ö ¢ÒÎ¨¸²¥´¨Ö Ö¤¥·´μ£μ § ·Ö¤  Ë· £³¥´Éμ¢ ¶μ ¤ ´´Ò³ ¨§ ·¥ ±Í¨¨
235U(nth, f) ¡Ò²μ · §· ¡μÉ ´μ ¤¢  ¢ ·¨ ´É  ± ²¨¡·μ¢±¨ ¶μ § ·Ö¤Ê. ’¥¸É¨·μ¢ -
´¨¥ ´  ³μ¤¥²Ó´ÒÌ ¤ ´´ÒÌ ¶μ± § ²μ, ÎÉμ ¨¸¶μ²Ó§μ¢ ´´ Ö ¶ · ³¥É·¨§ Í¨Ö § ·Ö¤ ,
μ¸´μ¢ ´´ Ö ´  Ô³¶¨·¨Î¥¸±μ³ ¸μμÉ´μÏ¥´¨¨ �μ· Ä“¨²¥· , ¢ · ³± Ì · §· ¡μÉ ´-
´μ° ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¶·μÍ¥¤Ê·Ò ± ²¨¡·μ¢±¨ ¶μ§¢μ²Ö¥É Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ
¢μ¸¸É ´ ¢²¨¢ ÉÓ Ö¤¥·´Ò° § ·Ö¤ μ¸±μ²±μ¢ ¤¥²¥´¨Ö ¢ Ï¨·μ±μ³ Ô´¥·£¥É¨Î¥¸±μ³
¤¨ ¶ §μ´¥. �·¥¤¸± §Ò¢ ¥³Ò¥ ¢ · ³± Ì ÔÉμ£μ ¶μ¤Ìμ¤  § ·Ö¤Ò ²¥£±¨Ì ¨μ´μ¢ μÉ
He ¤μ ‘ μ± §Ò¢ ÕÉ¸Ö ¸³¥Ð¥´´Ò³¨ ¢ ¡μ²ÓÏÊÕ ¸Éμ·μ´Ê ¶·¨¡²¨§¨É¥²Ó´μ ´  ¤¢¥
§ ·Ö¤μ¢ÒÌ ¥¤¨´¨ÍÒ.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. �.”²¥·μ¢  	ˆŸˆ.

�·¥¶·¨´É 	¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2008

Tyukavkin A.N. et al. �15-2008-88
Measurement of Nuclear Charges of Fission Fragments Using Big
Ionization Chamber in the Frame of a Double-Armed Time-of-Flight Spectrometer

Multiparameter identiˇcation of the reaction products proved to be very actual
in studying of rare collinear multibody decays of the low excited heavy nuclei. This
work is dedicated to the method of measuring nuclear charges of the decay products
detected by high aperture ionization chamber in the frame of a double-armed time-
of-
ight spectrometer.

Two versions of the nuclear charge calibration procedure were worked out using
the data from the reaction 235U(nth, f ). Simulation showed that charge parameter-
ization based on the BohrÄWiller empirical equation used in the framework of the
calibration procedure proposed here allows one to estimate satisfactorily the fragment
nuclear charge in a wide energy range. The predicted charges for the light ions from
He up to C prove to be overestimated by approximately two charge units.

The investigation has been performed at the Flerov Laboratory of Nuclear Reac-
tions, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2008
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�μ¨¸± ¨ ¨¸¸²¥¤μ¢ ´¨¥ ·¥¤±¨Ì, ¢ Éμ³ Î¨¸²¥ ³´μ£μÉ¥²Ó´ÒÌ, ³μ¤ · ¸¶ ¤ 
¸² ¡μ ¢μ§¡Ê¦¤¥´´ÒÌ Ö¤¥· μ¸É ¥É¸Ö  ±ÉÊ ²Ó´μ° § ¤ Î¥° Ô±¸¶¥·¨³¥´É ²Ó´μ°
Ö¤¥·´μ° Ë¨§¨±¨. ˆ³¥´´μ ¢ ÔÉμ° μ¡² ¸É¨ Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö ³μ¦´μ μ¦¨¤ ÉÓ
· ´¥¥ ´¥¨§¢¥¸É´ÒÌ ¶·μÖ¢²¥´¨° ±² ¸É¥·¨§ Í¨¨ Ö¤¥·´ÒÌ ¸¨¸É¥³ [1Ä3]. � ¤¥¦-
´ Ö ¨¤¥´É¨Ë¨± Í¨Ö ´¥μ¡ÒÎ´ÒÌ ± ´ ²μ¢ · ¸¶ ¤  ¶·¥¤¶μ² £ ¥É μ¤´μ¢·¥³¥´´μ¥
¨§³¥·¥´¨¥ ¢μ§³μ¦´μ ¡μ²ÓÏ¥£μ Î¨¸²  · §²¨Î´ÒÌ ¶ · ³¥É·μ¢ ¶·μÍ¥¸¸  Å ³ ¸¸
¨ Ô´¥·£¨° ¶·μ¤Ê±Éμ¢ · ¸¶ ¤ , ¨Ì Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨°, ³´μ¦¥¸É¢¥´´μ¸É¨
´¥°É·μ´μ¢ ¨ É. ¤. …¸É¥¸É¢¥´´μ, ¢¥¸Ó³  ¦¥² É¥²Ó´μ ¨§³¥·¥´¨¥ Ö¤¥·´μ£μ § ·Ö¤ 
μ¡· §ÊÕÐ¨Ì¸Ö Ë· £³¥´Éμ¢.

‚ ¸¥·¨¨ Ô±¸¶¥·¨³¥´Éμ¢ ¶μ ¶μ¨¸±Ê É·μ°´μ£μ ±μ²²¨´¥ ·´μ£μ ±² ¸É¥·´μ£μ
· ¸¶ ¤  (’ŠŠ�) [4] ÉÖ¦¥²ÒÌ Ö¤¥· ´ ³¨ ¨¸¶μ²Ó§μ¢ ²¸Ö ¤¢ÊÌ¶²¥Î¥¢μ° ¢·¥-
³Ö¶·μ²¥É´Ò° ¸¶¥±É·μ³¥É· § ·Ö¦¥´´ÒÌ ¶·μ¤Ê±Éμ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨° ³¨´¨-
”	�	‘ [5] ´  ¡ §¥ £ §μ´ ¶μ²´¥´´ÒÌ ¤¥É¥±Éμ·μ¢. ‘¶¥±É·μ³¥É· ¶μ§¢μ²Ö¥É ¨§-
³¥·ÖÉÓ ¢¥±Éμ·Ò ¸±μ·μ¸É¨ Ë· £³¥´Éμ¢ ¨ ¨Ì Ô´¥·£¨¨. —¥·¥§ ¸±μ·μ¸É¨ ³μ¦´μ
μ¶·¥¤¥²¨ÉÓ É ± ´ §Ò¢ ¥³Ò¥ ¶¥·¢¨Î´Ò¥ ³ ¸¸Ò μ¸±μ²±μ¢ (Mtt) ¡¨´ ·´μ£μ ¤¥²¥-
´¨Ö,   Î¥·¥§ ¸±μ·μ¸É¨ ¨ Ô´¥·£¨¨ Å ³ ¸¸Ò μ¸±μ²±μ¢ ¶μ¸²¥ ¸¡·μ¸  ´¥°É·μ´μ¢
(Mte). „²Ö ¨§³¥·¥´¨Ö Ô´¥·£¨¨ Ë· £³¥´Éμ¢ ¸²Ê¦ É ¡μ²ÓÏ¨¥ ¨μ´¨§ Í¨μ´´Ò¥
± ³¥·Ò (�ˆŠ), ¨¸¶μ²Ó§μ¢ ¢Ï¨¥¸Ö ¢ 4π-¸¶¥±É·μ³¥É·¥ ”	�	‘ [6].

1. �…�‚›‰ ‚��ˆ��’ ‡��Ÿ„�‚�‰ Š�‹ˆ���‚Šˆ

�  ¡ §¥ ¨μ´¨§ Í¨μ´´ÒÌ ± ³¥· ¢μ§³μ¦´μ É ±¦¥ ¨§³¥·¥´¨¥ Ö¤¥·´μ£μ § -
·Ö¤  ÉÖ¦¥²ÒÌ ¨μ´μ¢. �ˆŠ ³μ¤Ê²Ö ”	�	‘ ¶μ§¢μ²Ö¥É μ¶·¥¤¥²ÖÉÓ § ·Ö¤ ¶μ
¶¨±Ê �·Ô££ . „²Ö ÔÉμ£μ, ± ± ¨§¢¥¸É´μ, ÉÖ¦¥²Ò¥ ¨μ´Ò ¤μ²¦´Ò ¨³¥ÉÓ Ô´¥·-
£¨Õ ¡μ²ÓÏ¥ 1 ŒÔ‚/ .¥.³. „²Ö μ¸±μ²±μ¢ ¤¥²¥´¨Ö (	„) ¶¨± �·Ô££  μÉ¸ÊÉ¸É¢Ê¥É,
¶μÔÉμ³Ê ¤²Ö ¨§³¥·¥´¨Ö Ö¤¥·´μ£μ § ·Ö¤  ¡Ò² ¨¸¶μ²Ó§μ¢ ´ ¤·Ê£μ° ¶μ¤Ìμ¤. ‚ · -
¡μÉ¥ [7] ¶·¥¤²μ¦¥´  ³¥Éμ¤¨±  μ¶·¥¤¥²¥´¨Ö § ·Ö¤  ¶μ ¢·¥³¥´¨ ¤·¥°Ë  É·¥± ,
μ¡· §μ¢ ´´μ£μ Ë· £³¥´Éμ³ ¢ £ §¥ ± ³¥·Ò. „²Ö ¥¥ ·¥ ²¨§ Í¨¨ ´  ¸¶¥±É·μ³¥-
É·¥ ³¨´¨-”	�	‘ ¨§³¥·Ö²¸Ö ¶ · ³¥É· ®¢·¥³Ö ¤·¥°Ë ¯ D, ¸μμÉ¢¥É¸É¢ÊÕÐ¨°
¨´É¥·¢ ²Ê ³¥¦¤Ê ¢·¥³¥´´Ò³ ¸¨£´ ²μ³ ¸Éμ¶μ¢μ£μ ² ¢¨´´μ£μ ¸Î¥ÉÎ¨±  (É. ¥.
¶· ±É¨Î¥¸±¨ ³μ³¥´Éμ³ μ¡· §μ¢ ´¨Ö É·¥± ) ¨ ¸¨£´ ²μ³ ¢·¥³¥´´μ° ¶·¨¢Ö§±¨ ±
Ë·μ´ÉÊ ¨³¶Ê²Ó¸  ¸ ¸¥É±¨ ”·¨Ï  �ˆŠ [8].
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„²Ö ¢ÒÎ¨¸²¥´¨Ö § ·Ö¤  	„ ²¥£±μ° £·Ê¶¶Ò ¢ · ¡μÉ¥ [9] Ê¸¶¥Ï´μ ¨¸¶μ²Ó-
§μ¢ ² ¸Ó ¸²¥¤ÊÕÐ Ö ¶ · ³¥É·¨§ Í¨Ö ¶·μ¡¥£  R:

R = L − D · V¤·, (1)

£¤¥ L Å · ¸¸ÉμÖ´¨¥ μÉ ¢Ìμ¤´μ£μ μ±´  �ˆŠ ¤μ ¸¥É±¨ ”·¨Ï ; D Å ¢·¥³Ö
¤·¥°Ë  É·¥± ; V¤· Å ¸±μ·μ¸ÉÓ ¤·¥°Ë  Ô²¥±É·μ´μ¢ ¢ £ §¥ ± ³¥·Ò.

� · ³¥É·¨§ Í¨Ö μ¸´μ¢Ò¢ ¥É¸Ö ´  Ô³¶¨·¨Î¥¸±μ³ ¸μμÉ´μÏ¥´¨¨ �μ· Ä“¨-
²¥·  [10]:

R = β
√

EMZ−2/3, (2)

£¤¥ E Å Ô´¥·£¨Ö, M Å ³ ¸¸ , Z Å § ·Ö¤ ¶·μ¤Ê±É  ¤¥²¥´¨Ö. ‚ ¸μμÉ´μÏ¥´¨¨
¢μ§³μ¦´Ò É ±¦¥ ¤μ¡ ¢μÎ´Ò¥ ¸² £ ¥³Ò¥, ²¨´¥°´Ò¥ ¶μ M ¨ E.

’ ±¨³ μ¡· §μ³, ¢·¥³Ö ¤·¥°Ë  ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

D = α − β
√

EMZ−2/3 + γM + δE. (3)

ˆ¸¸²¥¤μ¢ ´¨Ö ¶μ± § ²¨, ÎÉμ ¢±² ¤ Î²¥´  ¸ ±μÔËË¨Í¨¥´Éμ³ γ ³ ², ¨ ¢ ¤ ²Ó-
´¥°Ï¥³ ´¥ ÊÎ¨ÉÒ¢ ²¸Ö.

‚ μÉ²¨Î¨¥ μÉ · ¡μÉ [7, 9], £¤¥ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¨μ´¨§ Í¨μ´´Ò¥ ± ³¥·Ò ¸
¢¥¸Ó³  Éμ´±¨³¨ ¢Ìμ¤´Ò³¨ μ±´ ³¨, ¸Ê³³ ·´ Ö Éμ²Ð¨´  Ëμ²Ó£ ´  ¶ÊÉ¨ Ë· £-
³¥´É  ¤μ ¥£μ ¶μ¶ ¤ ´¨Ö ¢ Ï¨·μ±μ ¶¥·ÉÊ·´ÊÕ �ˆŠ É ±μ¢ , ÎÉμ ¢ ´¨Ì É¥·Ö¥É¸Ö
¡μ²¥¥ ¶μ²μ¢¨´Ò ´ Î ²Ó´μ° Ô´¥·£¨¨. Š·μ³¥ Éμ£μ, ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¶·¥¤Ò-
¤ÊÐ¨³¨ μ¶ÒÉ ³¨, ¨¸Ìμ¤´ Ö Ô´¥·£¨Ö ¨´É¥·¥¸ÊÕÐ¨Ì ´ ¸ ¶·μ¤Ê±Éμ¢ ’ŠŠ� ´¥
¶·¥¢ÒÏ ¥É ¶μ²μ¢¨´Ò Ô´¥·£¨¨ μ¡ÒÎ´μ£μ μ¸±μ²±  ¡¨´ ·´μ£μ ¤¥²¥´¨Ö. ’ ±¨³
μ¡· §μ³, a priori ¡Ò²  ´¥μÎ¥¢¨¤´  ¶·¨³¥´¨³μ¸ÉÓ ¶ · ³¥É·¨§ Í¨¨ (3) ¢ ´ Ï¥³
¸²ÊÎ ¥. ‚Éμ· Ö ¶·μ¡²¥³ , É ±¦¥ μ¡Ê¸²μ¢²¥´´ Ö ´ ²¨Î¨¥³ Éμ²¸ÉÒÌ Ëμ²Ó£, Å
± ²¨¡·μ¢±  ¶μ § ·Ö¤Ê ¢ Ê¸²μ¢¨ÖÌ, ±μ£¤  ¢Ìμ¤ÖÐ¨¥ ¢ ¢Ò· ¦¥´¨¥ (3) ¢¥²¨Î¨´Ò
(M, E) ¨§³¥·ÖÕÉ¸Ö ¸ · §·¥Ï¥´¨¥³ μ±μ²μ 5Ä7%. ‘ ÊÎ¥Éμ³ ÔÉ¨Ì μ¡¸ÉμÖÉ¥²Ó¸É¢
¡Ò² · §· ¡μÉ ´ ¸²¥¤ÊÕÐ¨° ¶μ¤Ìμ¤ ± ± ²¨¡·μ¢±¥ Ê¸É ´μ¢±¨ ¶μ § ·Ö¤Ê. ˆ¸-
Ìμ¤´Ò¥ ¤ ´´Ò¥ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¢ Ô±¸¶¥·¨³¥´É¥ ¶μ ¨¸¸²¥¤μ¢ ´¨Õ ·¥ ±Í¨¨
235U(nth, f). ˆ¸¶μ²Ó§μ¢ ²¸Ö ¸¶¥±É·μ³¥É· ³¨´¨-”	�	‘, Ê¸É ´μ¢²¥´´Ò° ´ 
¶ÊÎ±¥ É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢ ¨³¶Ê²Ó¸´μ£μ ·¥ ±Éμ·  ˆ��-2 	ˆŸˆ [8].

‘Ì¥³   ²£μ·¨É³  ¶¥·¢μ£μ ¢ ·¨ ´É  ± ²¨¡·μ¢±¨ ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 1.
�μ¨¸± ±μÔËË¨Í¨¥´Éμ¢ ·¥ ²¨§μ¢ ´ ¢ ¨É¥· Í¨μ´´μ° ¶·μÍ¥¤Ê·¥ ³¨´¨³¨§ Í¨¨
´  μ¸´μ¢¥ ¶·μ£· ³³´μ£μ ±μ¤  MINUIT [11]. �¥·¢Ò³ Ï £μ³ Ö¢²Ö¥É¸Ö § ¤ ´¨¥
´ Î ²Ó´ÒÌ §´ Î¥´¨° ±μÔËË¨Í¨¥´Éμ¢ § ¢¨¸¨³μ¸É¨ (3). „ ²¥¥ ¤²Ö ± ¦¤μ£μ ¨§
¨μ´μ¢, ¢±²ÕÎ¥´´ÒÌ ¢ ¶·μÍ¥¤Ê·Ê ¶μ¨¸±  ±μÔËË¨Í¨¥´Éμ¢, §´ Î¥´¨¥ ¥£μ § ·Ö¤ ,
¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ £¨¶μÉ¥§¥ ¶μ¸ÉμÖ´´μ° § ·Ö¤μ¢μ° ¶²μÉ´μ¸É¨ (ZUCD), ¶μ¶· -
¢²Ö¥É¸Ö ¸μ£² ¸´μ ¤ ´´Ò³ · ¡μÉÒ [12] (·¨¸. 2).

�μ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³ ¤²Ö ± ¦¤μ° ¢Ò¡· ´´μ° ³ ¸¸Ò Mtt ´ ¡¨-
· ÕÉ¸Ö ¸¶¥±É·Ò ®Ô´¥·£¨Ö ¢ ± ³¥·¥¯ ¨ ®¢·¥³Ö ¤·¥°Ë ¯. ’ ± ± ± ¢ ± ³¥·¥
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�¨¸. 1. �²μ±-¸Ì¥³   ²£μ·¨É³  ¶·μÍ¥¤Ê·Ò ¶μ¨¸±  ±μÔËË¨Í¨¥´Éμ¢ § ¢¨¸¨³μ¸É¨ (3) ¶μ
¸·¥¤´¨³ §´ Î¥´¨Ö³ ¢¥²¨Î¨´, ¨§³¥·Ö¥³ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥

�¨¸. 2. �μ¶· ¢±  ± § ·Ö¤Ê ¶μ ZUCD [12]

·¥£¨¸É·¨·Ê¥É¸Ö μ¸±μ²μ± ¶μ¸²¥ ¸¡·μ¸  ´¥°É·μ´μ¢, Éμ ¨¸Ìμ¤´ Ö ³ ¸¸  Mtt ±μ·-
·¥±É¨·Ê¥É¸Ö ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¤ ´´Ò³¨ ¶μ ¸·¥¤´¥³Ê Î¨¸²Ê ¨¸¶ÊÐ¥´´ÒÌ ´¥°-
É·μ´μ¢ [13] (·¨¸. 3).
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�¨¸. 3. ‡ ¢¨¸¨³μ¸ÉÓ ¸·¥¤´¥£μ Î¨¸²  ´¥°É·μ´μ¢ μÉ ³ ¸¸μ¢μ£μ Î¨¸²  μ¸±μ²±  ¨§ ·¥ ±Í¨¨
235U(nth, f) [13]

�μ Ô´¥·£¨¨ ¨ ´ °¤¥´´μ° É ±¨³ μ¡· §μ³ ³ ¸¸¥ M ¢ÒÎ¨¸²Ö¥É¸Ö ¨³¶Ê²Ó¸
Î ¸É¨ÍÒ ¢ ± ³¥·¥. �μ ¸¶¥±É· ³ ¨³¶Ê²Ó¸  ¨ ¢·¥³¥´¨ ¤·¥°Ë  ´ Ìμ¤ÖÉ¸Ö ¸μμÉ-
¢¥É¸É¢ÊÕÐ¨¥ ¸·¥¤´¨¥ §´ Î¥´¨Ö ¸ ¶μ£·¥Ï´μ¸ÉÓÕ ³¥´¥¥ ¶·μÍ¥´É . ’ ±¨³ μ¡· -
§μ³, ¤²Ö ± ¦¤μ° ¢Ò¡· ´´μ° ³ ¸¸Ò Mtt,   ¸μμÉ¢¥É¸É¢¥´´μ, ¨ § ·Ö¤  ³Ò ¨³¥¥³
¸·¥¤´¥¥ §´ Î¥´¨¥ ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ ¢ ± ³¥·¥ ¨ ¸·¥¤´¥¥ ¢·¥³Ö ¤·¥°Ë . � 
·¨¸. 4, 5 ¶·¥¤¸É ¢²¥´Ò ¶μ¤μ¡´Ò¥ ¸¶¥±É·Ò ¤²Ö ³ ¸¸ Mtt (97±1)  .¥.³.

�¨¸. 4. ‘¶¥±É· ¢·¥³¥´¨ ¤·¥°Ë  ¤²Ö
μ¸±μ²±μ¢ ¸ ³ ¸¸μ° (97±1)  .¥.³.

�¨¸. 5. ‘¶¥±É· ¨³¶Ê²Ó¸  μ¸±μ²±  ³ ¸¸μ°
(97±1)  .¥.³. ¢ ± ³¥·¥

„²Ö ¶μ²ÊÎ¥´´ÒÌ É ±¨³ μ¡· §μ³ ÉμÎ¥± (〈D〉, 〈P 〉) · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö §´ Î¥-
´¨Ö ¢·¥³¥´ ¤·¥°Ë  ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¢Ò· ¦¥´¨¥³ (3) ¶·¨ É¥±ÊÐ¨Ì §´ Î¥´¨ÖÌ
±μÔËË¨Í¨¥´Éμ¢. –¥²¥¢ Ö ËÊ´±Í¨Ö F ¤ ¥É ³¥·Ê μÉ±²μ´¥´¨Ö · ¸Î¥É´ÒÌ ¢·¥³¥´
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¤·¥°Ë  μÉ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨°:

F =
∑

i

(
〈D Ô±¸¶〉	„i − D	„i

· ¸Î

)2
, (4)

£¤¥ 〈D Ô±¸¶〉	„i Å Ô±¸¶¥·¨³¥´É ²Ó´μ¥ §´ Î¥´¨¥ ¢·¥³¥´¨ ¤·¥°Ë , ¸μμÉ¢¥É¸É¢Ê-
ÕÐ¥¥ 〈P �ˆŠ〉, ¤²Ö 	„i; D	„i

· ¸Î Å ¢·¥³Ö ¤·¥°Ë , ¢ÒÎ¨¸²¥´´μ¥ ¸ ¶μ³μÐÓÕ
¢Ò· ¦¥´¨Ö (3) ¤²Ö μ¸±μ²±  ¸ Éμ° ¦¥ ³ ¸¸μ°, § ·Ö¤μ³ ¨ ¨³¶Ê²Ó¸μ³ ¢ ± ³¥·¥.

ŠμÔËË¨Í¨¥´ÉÒ § ¢¨¸¨³μ¸É¨ (3) (¢¥±Éμ· ¶ · ³¥É·μ¢) ¢ÒÎ¨¸²ÖÕÉ¸Ö ¶ÊÉ¥³
³¨´¨³¨§ Í¨¨ Í¥²¥¢μ° ËÊ´±Í¨¨ (4).

‡ ¢¨¸¨³μ¸É¨ ¢·¥³¥´¨ ¤·¥°Ë  μÉ ¨³¶Ê²Ó¸  ¨μ´  ¢ ¨μ´¨§ Í¨μ´´μ° ± -
³¥·¥ D(P ), ¢ÒÎ¨¸²¥´´Ò¥ ¶μ ´ °¤¥´´μ³Ê ¢¥±Éμ·Ê ¶ · ³¥É·μ¢, ¶·¥¤¸É ¢²¥´Ò
´  ·¨¸. 6. �μ£·¥Ï´μ¸É¨ ±μμ·¤¨´ É ÉμÎ¥±, ¨¸¶μ²Ó§μ¢ ´´ÒÌ ¤²Ö ± ²¨¡·μ¢±¨,

�¨¸. 6. ‘· ¢´¥´¨¥ ·¥§Ê²ÓÉ É  ± ²¨¡·μ¢±¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ §´ Î¥´¨Ö³¨. –¨Ë·Ò
Ê ¸¨³¢μ²μ¢ ¸μμÉ¢¥É¸É¢ÊÕÉ ¨§¢¥¸É´Ò³ §´ Î¥´¨Ö³ § ·Ö¤  ¤²Ö ¢Ò¡· ´´ÒÌ ¤²Ö ± ²¨¡·μ¢±¨
§´ Î¥´¨° ³ ¸¸ Mtt

´¥ ¶·¥¢ÒÏ ÕÉ · §³¥·μ¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¨³ ¸¨³¢μ²μ¢. –¨Ë·Ò ´ ¤ ±·¨¢Ò³¨
¸μμÉ¢¥É¸É¢ÊÕÉ ¸·¥¤´¥³Ê § ·Ö¤Ê £·Ê¶¶Ò μ¸±μ²±μ¢, ¨¸¶μ²Ó§μ¢ ´´ÒÌ ¤²Ö ± ²¨-
¡·μ¢±¨. Š ± ¸²¥¤Ê¥É ¨§ ·¨¸Ê´± , ¢ · ³± Ì ¶ · ³¥É·¨§ Í¨¨ (3) Ê¤ ¥É¸Ö Ìμ·μÏμ
¢μ¸¶·μ¨§¢¥¸É¨ ± ²¨¡·μ¢μÎ´Ò¥ ÉμÎ±¨ ± ± ¢ ²¥£±μ³, É ± ¨ ¢ ÉÖ¦¥²μ³ ¶¨±¥ 	„.
	¸É ¥É¸Ö, μ¤´ ±μ, ¢μ¶·μ¸ μ¡  ¤¥±¢ É´μ¸É¨ μ¶¨¸ ´¨Ö (3) ¢ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥
Ô´¥·£¨° Ë· £³¥´Éμ¢. 	É¢¥É ¡Ò² ¶μ²ÊÎ¥´ ¸ ¶μ³μÐÓÕ ¸¶¥Í¨ ²Ó´μ ¸£¥´¥·¨·μ-
¢ ´´ÒÌ ³μ¤¥²Ó´ÒÌ (±¢ §¨Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ) ¤ ´´ÒÌ.
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2. Œ�„…‹œ ’��Š’� �…ƒˆ‘’��–ˆˆ Ÿ„…���ƒ� ‡��Ÿ„�
’Ÿ†…‹›• ˆ���‚

Œμ¤¥²Ó ¡ §¨·Ê¥É¸Ö ´  ¨¸Ìμ¤´ÒÌ ¤ ´´ÒÌ, ¡²¨§±¨Ì ± Ô±¸¶¥·¨³¥´É ²Ó´Ò³:
• ¢ ± Î¥¸É¢¥ · ¡μÎ¥£μ £ §  ¢Ò¡· ´  ·£μ´, É ± ± ± ¢ Ô±¸¶¥·¨³¥´É¥ ¨¸¶μ²Ó-

§μ¢ ² ¸Ó ¸³¥¸Ó P10 ¸ 90 %  ·£μ´ ;
• · ¸¸ÉμÖ´¨¥ μÉ  ´μ¤  ¤μ ¸¥É±¨ ”·¨Ï  �ˆŠ Å 26 ¸³;
• É¥³¶¥· ÉÊ·  Å 19 ◦‘ (¢ Ô±¸¶¥·¨³¥´É¥ É¥³¶¥· ÉÊ·  ¡Ò²  ¶μ¸ÉμÖ´´μ° ¨

¶μ¤¤¥·¦¨¢ ² ¸Ó ±μ´¤¨Í¨μ´¥· ³¨);
• ¤ ¢²¥´¨¥ £ §  P = 11 · 103 �  = 10,89·10−2  É³;
• ¶²μÉ´μ¸ÉÓ £ §  ¶·¨ § ¤ ´´ÒÌ Ê¸²μ¢¨ÖÌ ρ = 0,000185 £/¸³3.

’ ¡²¨Í  1. „¨ ¶ §μ´Ò Ô´¥·£¨° ¨μ´μ¢ ¢ ± ³¥·¥, ¢Ò¡· ´´Ò¥ ¤²Ö · ¸Î¥Éμ¢

Z 6 8 10 15 20 23 32 34 37 51 55
E, ŒÔ‚ 1Ä15 1Ä30 1Ä30 1Ä30 1Ä30 1Ä40 1Ä50 1Ä60 1Ä45 1Ä25 1Ä20

�¨¸. 7. ‡ ¢¨¸¨³μ¸ÉÓ ®¢·¥³Ö ¤·¥°Ë  (¢ ± ´ ² Ì) Å ¨³¶Ê²Ó¸¯ ¢ ± ³¥·¥ ¤²Ö ³μ¤¥²Ó´ÒÌ
¤ ´´ÒÌ
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‚ ± Î¥¸É¢¥ ´ ²¥É ÕÐ¨Ì ¨μ´μ¢ ¡· ²¨¸Ó ¶μ ¤¢  ¨μ´  ¨§ ²¥£±μ° ¨ ÉÖ¦¥²μ°
£·Ê¶¶Ò μ¸±μ²±μ¢ 235U(n, f): Se, Rb, Sb, Cs.

�·μ¡¥£¨ Î ¸É¨Í ¢ £ §¥ · ¸¸Î¨ÉÒ¢ ²¨¸Ó ¸ ¶μ³μÐÓÕ  ²£μ·¨É³  PRAL (Pro-
jected Range Algorithm, J. P. Biersack [14]), ·¥ ²¨§μ¢ ´´μ£μ ¢ · ³± Ì ¨§¢¥¸É-
´μ£μ ±μ¤  SRIM [15].

�μ ¶·μ¡¥£ ³ ¢ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ Ô´¥·£¨° ¤²Ö ± ¦¤μ£μ ¨μ´  (É ¡². 1),
¢ÒÎ¨¸²Ö²μ¸Ó ¢·¥³Ö ¤·¥°Ë  Ô²¥±É·μ´μ¢. �μ²ÊÎ¥´´ Ö É ±¨³ μ¡· §μ³ § ¢¨¸¨-
³μ¸ÉÓ ®¢·¥³Ö ¤·¥°Ë  Å ¨³¶Ê²Ó¸ Î ¸É¨ÍÒ ¢ ± ³¥·¥¯ (D(P )) ¤²Ö ³μ¤¥²Ó´ÒÌ
¤ ´´ÒÌ ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 7.

ˆ§ ·¨¸Ê´±  ¢¨¤´μ, ÎÉμ ±·¨¢Ò¥ D(P ) ¨³¥ÕÉ ¤μ¢μ²Ó´μ ¸²μ¦´ÊÕ Ëμ·³Ê,
¶² ¢´μ ³¥´ÖÕÐÊÕ¸Ö ¶·¨ ¨§³¥´¥´¨¨ § ·Ö¤  ¨μ´ .

�  ³μ¤¥²Ó´ÒÌ ¤ ´´ÒÌ ¡Ò²  ·¥ ²¨§μ¢ ´  ¢ÒÏ¥μ¶¨¸ ´´ Ö ¶·μÍ¥¤Ê·  ± ²¨-
¡·μ¢±¨ ¶μ § ·Ö¤Ê, É. ¥. ´ °¤¥´ ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¢¥±Éμ· ¶ · ³¥É·μ¢ ¤²Ö ¢Ò· -
¦¥´¨Ö (3). ‘ ÔÉ¨³ ¢¥±Éμ·μ³ ¶μ²ÊÎ¥´Ò § ¢¨¸¨³μ¸É¨ D(P ), ±μÉμ·Ò¥ ¶μ± § ´Ò
´  ·¨¸. 8. •μ·μÏμ ¢¨¤´μ, ÎÉμ μ´¨ ¶¥·¥¸¥± ÕÉ¸Ö ¸ ±¢ §¨Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
±·¨¢Ò³¨ ²¨ÏÓ ¢ ÉμÎ± Ì, ¨¸¶μ²Ó§μ¢ ´´ÒÌ ¤²Ö ± ²¨¡·μ¢±¨, ¸²¥¤μ¢ É¥²Ó´μ, ¶·¨-
³¥´¥´´ Ö ¶·μÍ¥¤Ê·  ´¥ μ¡¥¸¶¥Î¨¢ ¥É ±μ··¥±É´μ£μ μ¶¨¸ ´¨Ö ¤ ´´ÒÌ ¢ Ï¨·μ-
±μ³ ¤¨ ¶ §μ´¥ Ô´¥·£¨° ¨μ´μ¢.

�¨¸. 8. ’¥¸É¨·μ¢ ´¨¥ ¶·μÍ¥¤Ê·Ò ± ²¨¡·μ¢±¨ ´  ³μ¤¥²Ó´ÒÌ ¤ ´´ÒÌ (ÉμÎ±¨, ¨¸¶μ²Ó§μ-
¢ ´´Ò¥ ¤²Ö ± ²¨¡·μ¢±¨, μÉ³¥Î¥´Ò ±¢ ¤· É¨± ³¨)
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3. ‚’���‰ ‚��ˆ��’ ‡��Ÿ„�‚�‰ Š�‹ˆ���‚Šˆ

’ ±¨³ μ¡· §μ³, ¡Ò²μ Ê¸É ´μ¢²¥´μ, ÎÉμ ¶·μÍ¥¤Ê·  ± ²¨¡·μ¢±¨, ¡ §¨·ÊÕ-
Ð Ö¸Ö ´  μ£· ´¨Î¥´´μ³ Î¨¸²¥ ¶ · ÉμÎ¥± ®¢·¥³Ö ¤·¥°Ë  Å ¨³¶Ê²Ó¸¯, ¤ ¦¥
¨§¢¥¸É´ÒÌ ¸ ³ ²μ° ¶μ£·¥Ï´μ¸ÉÓÕ, ´μ ¢ Ê§±μ³ ¤¨ ¶ §μ´¥ Ô´¥·£¨°, ´¥¶·¨¥³²¥³ 
¢ § ¤ Î¥ ¨¸¸²¥¤μ¢ ´¨Ö ’ŠŠ�. �μ¨¸± ±μÔËË¨Í¨¥´Éμ¢ § ¢¨¸¨³μ¸É¨ (3) ¸²¥¤Ê¥É
¢¥¸É¨, ¨¸¶μ²Ó§ÊÖ ³ ±¸¨³ ²Ó´μ ¤μ¸ÉÊ¶´Ò° ¤¨ ¶ §μ´ Ô´¥·£¨° ± ²¨¡·μ¢μÎ´ÒÌ
ÉμÎ¥±, ¶Ê¸ÉÓ ¨ Í¥´μ° μÉ´μ¸¨É¥²Ó´μ ¡μ²ÓÏ¥° ¶μ£·¥Ï´μ¸É¨ ¢ ÔÉ¨Ì ¤ ´´ÒÌ.
ˆ§³¥´¥´´Ò° ¢ ·¨ ´É ± ²¨¡·μ¢±¨ ¸μ¸Éμ¨É ¢ ¸²¥¤ÊÕÐ¥³.

„²Ö ¢Ò¡· ´´ÒÌ ³ ¸¸ Mtt (± 1  .¥.³., ÊÎ¨ÉÒ¢ Ö ±μ´¥Î´μ¥ · §·¥Ï¥´¨¥ ¶μ
¢·¥³¥´¨ ¶·μ²¥É ) ´ ¡¨· ¥É¸Ö ³ É·¨Í  ®¢·¥³Ö ¤·¥°Ë  Å Ô´¥·£¨Ö ¢ ± ³¥·¥¯.
	Î¥¢¨¤´μ, ÎÉμ ¢·¥³Ö ¤·¥°Ë  É·¥±  § ¢¨¸¨É μÉ Ê£²  ¢²¥É  Ë· £³¥´É  ¢ ± ³¥·Ê.
‚ Í¥²ÖÌ ´¨¢¥²¨·μ¢ ´¨Ö ÔÉμ£μ ÔËË¥±É  ¤²Ö ¶μ¨¸±  ¢¥±Éμ·  ¶ · ³¥É·μ¢ ¢ ¢Ò-
· ¦¥´¨¨ (3) ¢Ò¡¨· ²¨¸Ó Éμ²Ó±μ ¸μ¡ÒÉ¨Ö, ¶μ¶ ¤ ÕÐ¨¥ ¢ Í¥´É· ²Ó´ÊÕ Î ¸ÉÓ
± ³¥·Ò. �  ·¨¸. 9 ¶μ± § ´ ¶·¨³¥· § ¢¨¸¨³μ¸É¨ ®¢·¥³Ö ¤·¥°Ë  Å Ô´¥·£¨Ö ¢
± ³¥·¥¯ ¤²Ö μ¸±μ²±μ¢ ¸ ³ ¸¸μ° (97±1)  .¥.³. ®•¢μ¸É¯ ²μ±Ê¸  ¢ ¸Éμ·μ´Ê ³ ²ÒÌ
Ô´¥·£¨° μ¡Ê¸²μ¢²¥´ Ë· £³¥´É ³¨, ¶μÉ¥·Ö¢Ï¨³¨ Î ¸ÉÓ Ô´¥·£¨¨ ´  ¶μ¤¤¥·¦¨-
¢ ÕÐ¥° ¸¥É±¥ �ˆŠ ¢ ·¥§Ê²ÓÉ É¥ · ¸¸¥Ö´¨Ö. „²Ö ± ²¨¡·μ¢±¨ ¨¸¶μ²Ó§ÊÕÉ¸Ö
ÉμÎ±¨ ¨§ μ¡² ¸É¨, μ£· ´¨Î¥´´μ° ±μ´ÉÊ·μ³.

�¨¸. 9. ‡ ¢¨¸¨³μ¸ÉÓ ®¢·¥³Ö ¤·¥°Ë  Å Ô´¥·£¨Ö¯ ¤²Ö ³ ¸¸Ò Mtt (97±1)  .¥.³.

‡´ Î¥´¨¥ ³ ¸¸Ò Mtt ±μ··¥±É¨·Ê¥É¸Ö ¸ ÊÎ¥Éμ³ ¸¡·μ¸  ´¥°É·μ´μ¢, ¨ ¢ÒÎ¨-
¸²Ö¥É¸Ö ¨³¶Ê²Ó¸ ¢ ± ³¥·¥. „ ²¥¥ ¢ ¶·μ£· ³³¥ ¸É·μ¨É¸Ö § ¢¨¸¨³μ¸ÉÓ ®¸·¥¤´¥¥
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¢·¥³Ö ¤·¥°Ë  Å ¨³¶Ê²Ó¸ ¢ ± ³¥·¥¯ ¶ÊÉ¥³ Ê¸·¥¤´¥´¨Ö ¢·¥³¥´¨ ¤·¥°Ë  ¤²Ö
± ¦¤μ£μ §´ Î¥´¨Ö ¨³¶Ê²Ó¸  ¸ ¥¤¨´¨Î´Ò³ Ï £μ³ ¶μ ¨³¶Ê²Ó¸Ê.

Š·μ³¥ ÔÉμ£μ, ¤²Ö ¢Ò¡· ´´ÒÌ μ¸±μ²±μ¢ ¢ÒÎ¨¸²ÖÕÉ¸Ö §´ Î¥´¨Ö § ·Ö¤  ¶μ
Ëμ·³Ê²¥ (5) ¸ É¥±ÊÐ¨³¨ ±μÔËË¨Í¨¥´É ³¨ ¶ · ³¥É·¨§ Í¨¨:

Z =

(
β
√

E · M · 1.923
α − D Ô±¸¶ + δE

)3/2

. (5)

‚ ¶·μÍ¥¤Ê·¥ ´  μ¸´μ¢¥ ±μ¤  MINUIT ¶ÊÉ¥³ ³¨´¨³¨§ Í¨¨ Í¥²¥¢μ° ËÊ´±Í¨¨
F ¶μ¤¡¨· ÕÉ¸Ö ±μÔËË¨Í¨¥´ÉÒ α, β, δ (·¨¸. 10). –¥²¥¢ Ö ËÊ´±Í¨Ö ¸μ¸Éμ¨É ¨§
¤¢ÊÌ ¸² £ ¥³ÒÌ:

F = a1

∑
Z

FD + a2FZ , (6)

£¤¥ FD Å ¸Ê³³  ±¢ ¤· Éμ¢ μÉ±²μ´¥´¨° Ô±¸¶¥·¨³¥´É ²Ó´μ° ±·¨¢μ° 〈D(P�ˆŠ)〉
μÉ · ¸Î¥É´μ° ¶·¨ Ë¨±¸¨·μ¢ ´´μ³ § ·Ö¤¥ (Mtt);

FZ Å ¸Ê³³  ±¢ ¤· Éμ¢ μÉ±²μ´¥´¨° É¥±ÊÐ¨Ì · ¸Î¥É´ÒÌ §´ Î¥´¨° § ·Ö¤ 
Z ¤²Ö ¢Ò¡· ´´μ° ³ ¸¸Ò Mtt μÉ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì §´ Î¥´¨° ¨§ · ¡μÉÒ [16];

a1, a2 Å ¢¥¸μ¢Ò¥ ±μÔËË¨Í¨¥´ÉÒ, ¶μ§¢μ²ÖÕÐ¨¥ ¢ ·Ó¨·μ¢ ÉÓ μÉ´μ¸¨É¥²Ó-
´Ò° ¢±² ¤ ¢ Í¥²¥¢ÊÕ ËÊ´±Í¨Õ ± ¦¤μ£μ ¨§ ¶¥·¥Î¨¸²¥´´ÒÌ Ë ±Éμ·μ¢.

�¨¦¥ ¶·¥¤¸É ¢²¥´  ¡²μ±-¸Ì¥³  ¤ ´´μ£μ  ²£μ·¨É³ .

�¨¸. 10. �²μ±-¸Ì¥³  ¢Éμ·μ£μ ¢ ·¨ ´É  ¶·μÍ¥¤Ê·Ò ¶μ¨¸±  ±μÔËË¨Í¨¥´Éμ¢ § ¢¨¸¨³μ-
¸É¨ (3)

�·¨³¥· ¶μ²ÊÎ¥´´ÒÌ ¢ É ±μ³ ¶μ¤Ìμ¤¥ ±·¨¢ÒÌ D(P ) ¤²Ö ³μ¤¥²Ó´ÒÌ ¤ ´-
´ÒÌ ¶μ± § ´ ´  ·¨¸. 11. �  ·¨¸. 12 · ¸Î¥É´Ò¥ ±·¨¢Ò¥ ¸· ¢´¨¢ ÕÉ¸Ö ¸ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò³¨ §´ Î¥´¨Ö³¨ ¤²Ö ¤¢ÊÌ μ¸±μ²±μ¢ ²¥£±μ° £·Ê¶¶Ò ¸ ³ ¸¸μ° Mtt

88 ¨ 97  .¥.³.
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�¨¸. 11. � ¸Î¥É´Ò¥ ±·¨¢Ò¥ D(P ) ¨ ³μ¤¥²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö μ¸±μ²±μ¢ ¸ ³ ¸¸μ° 88 ¨
97  .¥.³.

�¨¸. 12. � ¸Î¥É´Ò¥ ±·¨¢Ò¥ D(P ) ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö μ¸±μ²±μ¢ ¸ ³ ¸¸μ°
88 ¨ 97  .¥.³.
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�¨¸. 13. � ¸Î¥É´Ò¥ ±·¨¢Ò¥ D(P ) ¨ ³μ¤¥²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö μ¸±μ²±μ¢ ¸ ³ ¸¸μ° 133 ¨
142  .¥.³.

�¨¸. 14. � ¸Î¥É´Ò¥ ±·¨¢Ò¥ D(P ) ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö μ¸±μ²±μ¢ ¸ ³ ¸¸μ°
133 ¨ 142  .¥.³.
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ˆ§ ·¨¸Ê´±μ¢ ¢¨¤´μ, ÎÉμ μ¡¸Ê¦¤ ¥³Ò° ¢Éμ·μ° ¢ ·¨ ´É § ·Ö¤μ¢μ° ± ²¨-
¡·μ¢±¨ ¤ ¥É ¢¶μ²´¥ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ¥ μ¶¨¸ ´¨¥ ± ± ³μ¤¥²Ó´ÒÌ, É ± ¨ ·¥-
 ²Ó´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¤²Ö É¨¶¨Î´ÒÌ Ë· £³¥´Éμ¢ ²¥£±μ£μ ¶¨±  ¢
Ï¨·μ±μ³ Ô´¥·£¥É¨Î¥¸±μ³ ¤¨ ¶ §μ´¥.

‘μ£² ¸¨¥ · ¸Î¥É´ÒÌ § ¢¨¸¨³μ¸É¥° D(P ) ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ¤ ´´Ò³¨ ¢
μ¡² ¸É¨ ÉÖ¦¥²ÒÌ μ¸±μ²±μ¢ ´¥¸±μ²Ó±μ ÌÊ¦¥ (·¨¸. 13, 14), μ¸μ¡¥´´μ ¤²Ö ³μ-
¤¥²Ó´ÒÌ ¤ ´´ÒÌ. ‚μ§³μ¦´μ, ÔÉμ Ê± §Ò¢ ¥É ´  ¶μ£·¥Ï´μ¸É¨ · ¸Î¥É  ¶·μ¡¥£μ¢
¢ ÔÉμ° μ¡² ¸É¨ ±μ¤μ³ SRIM.

Š ± ÔÉμ μ¶¨¸ ´μ ¢ÒÏ¥, ¢¥±Éμ· ¶ · ³¥É·μ¢ ¤²Ö ¢Ò· ¦¥´¨Ö (3) ´ Ìμ¤¨É¸Ö
¶μ ± ²¨¡·μ¢μÎ´Ò³ ÉμÎ± ³, ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ ´¥¸±μ²Ó±¨³ ´Ê±²¨¤ ³ ¨§ ²¥£±μ°
¨ ÉÖ¦¥²μ° £·Ê¶¶ 	„. Š ± · ¡μÉ ÕÉ ¶ · ³¥É·¨§ Í¨Ö (3) ¨ ¢Éμ·μ° ¢ ·¨ ´É
± ²¨¡·μ¢±¨ ¢ μ¡² ¸É¨ ¸μ¢¸¥³ ²¥£±¨Ì ¨μ´μ¢? 	É¢¥É ´  ÔÉμÉ ¢μ¶·μ¸ ¤ ¥É ·¨¸. 15.

�¨¸. 15. Œμ¤¥²Ó´Ò¥ ±·¨¢Ò¥ ¤²Ö 4He, 8Be, 12C (¸¢¥É²Ò¥ ¸¨³¢μ²Ò) ¨ · ¸Î¥É´Ò¥ ±·¨¢Ò¥
(¸¶²μÏ´Ò¥ ¸¨³¢μ²Ò) ¤²Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¨§μÉμ¶μ¢

Œμ¤¥²Ó´Ò¥ ±·¨¢Ò¥ ¤²Ö 4He ¨ 12C ¶μ± § ´Ò ´  ·¨¸Ê´±¥ ¸¢¥É²Ò³¨ ¸¨³¢μ-
² ³¨. ‘¶²μÏ´Ò³¨ ¸¨³¢μ² ³¨ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  § ¢¨¸¨³μ¸É¥°
D(P�ˆŠ) ¶μ Ëμ·³Ê²¥ (3) ¸ ±μÔËË¨Í¨¥´É ³¨, ´ °¤¥´´Ò³¨ ¢ · ³± Ì ¢Éμ·μ£μ
¢ ·¨ ´É  ± ²¨¡·μ¢±¨ ¶μ ³μ¤¥²Ó´Ò³ ¤ ´´Ò³ ¤²Ö 	„ ²¥£±μ£μ ¨ ÉÖ¦¥²μ£μ ¶¨± .
Š ¦¤ Ö ¨§ ¸É·¥²μ± ¸μ¥¤¨´Ö¥É ³μ¤¥²Ó´ÊÕ ¨ · ¸Î¥É´ÊÕ ±·¨¢Ò¥ ¤²Ö ±μ´±·¥É-
´μ£μ ¨μ´ . ‚¨¤´μ, ÎÉμ · ¸Î¥É´Ò¥ ±·¨¢Ò¥ ¸¤¢¨´ÊÉÒ μÉ´μ¸¨É¥²Ó´μ ³μ¤¥²Ó´ÒÌ

12



(±¢ §¨Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ) ¢ ¸Éμ·μ´Ê ¡μ²ÓÏ¨Ì § ·Ö¤μ¢ ¶·¨¡²¨§¨É¥²Ó´μ ´  ¤¢¥
§ ·Ö¤μ¢Ò¥ ¥¤¨´¨ÍÒ.

�  ·¨¸. 16 ¶·¥¤¸É ¢²¥´ § ·Ö¤μ¢Ò° ¸¶¥±É· 	„ ¢ ·¥ ±Í¨¨ 235U(nth, f ).
‘·¥¤´¨¥ §´ Î¥´¨Ö § ·Ö¤  (É ¡²¨Í  2) ¸μ£² ¸ÊÕÉ¸Ö ¸ ²¨É¥· ÉÊ·´Ò³¨ ¤ ´´Ò³¨
¨§ · ¡μÉÒ [16]. ‚³¥¸É¥ ¸ É¥³, ¢¨¤´μ ¨¸± ¦¥´¨¥ Ëμ·³Ò ÉÖ¦¥²μ£μ ¶¨±  	„,
Ê± §Ò¢ ÕÐ¥¥, ¶μ-¢¨¤¨³μ³Ê, ´  ´¥ ¤¥±¢ É´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´´μ° ¶ · ³¥É·¨§ -
Í¨¨ ¤²Ö μÎ¥´Ó ÉÖ¦¥²ÒÌ, μÉ´μ¸¨É¥²Ó´μ ³¥¤²¥´´ÒÌ Ë· £³¥´Éμ¢.

’ ¡²¨Í  2. ‘·¥¤´¨¥ §´ Î¥´¨Ö § ·Ö¤μ¢μ£μ ¸¶¥±É· 

‚¨¤ ¨§³¥·¥´¨Ö Œ¨´¨-”	�	‘ Lang et al. [16]
Œμ¤Ê²Ó 1 Œμ¤Ê²Ó 2

〈Z〉 ‹¥£±¨° ¶¨± 38,18 38,22 37,92
Ï.¶.¢. 6,45 7,06 5,43

〈Z〉 ’Ö¦¥²Ò° ¶¨± 52,26 53,02 53,92
Ï.¶.¢. 10,43 10,71 5,43

�¨¸. 16. ‘¶¥±É· Ö¤¥·´μ£μ § ·Ö¤  	„ ¨§ ·¥ ±Í¨¨ 235U(nth, f ), § ·¥£¨¸É·¨·μ¢ ´´ÒÌ,
¸μμÉ¢¥É¸É¢¥´´μ, ¢ ¶¥·¢μ³ ¨ ¢Éμ·μ³ ¶²¥Î Ì ¸¶¥±É·μ³¥É· 
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�¨¸. 17. ‚Éμ· Ö ¶·μ¨§¢μ¤´ Ö ¸¶¥±É·  Ö¤¥·´μ£μ § ·Ö¤ , Ê³´μ¦¥´´ Ö ´  (Ä1)

�´ ²¨§ ¸¶¥±É·  Ö¤¥·´μ£μ § ·Ö¤  ³¥Éμ¤μ³ ¢Éμ·μ° ¶·μ¨§¢μ¤´μ° [17, 18]
¶μ§¢μ²Ö¥É ¢ÒÖ¢¨ÉÓ ¶·μÉμ´´Ò° Î¥É´μ-´¥Î¥É´Ò° ÔËË¥±É ¢ ²¥£±μ³ ¶¨±¥ 	„
(·¨¸. 17) ¨ É ±¨³ μ¡· §μ³ Ê¡¥¤¨ÉÓ¸Ö ¢ ´¥¸³¥Ð¥´´μ¸É¨ ± ²¨¡·μ¢±¨.

‡�Š‹	—…�ˆ…

ˆ§³¥·¥´¨¥ Ö¤¥·´μ£μ § ·Ö¤  μ¸±μ²±μ¢ ¤¥²¥´¨Ö ¶μ ¢·¥³¥´¨ ¤·¥°Ë  μ¡· §μ-
¢ ´´μ£μ ¨³¨ É·¥±  ¢ ¨μ´¨§ Í¨μ´´μ° ± ³¥·¥ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° É¥Ì´¨Î¥¸±¨
¡μ²¥¥ ¸²μ¦´ÊÕ § ¤ ÎÊ, Î¥³ ¨§³¥·¥´¨¥ Ô´¥·£¨¨. � §·¥Ï¥´¨¥ ¶μ § ·Ö¤Ê ´¥-
¶μ¸·¥¤¸É¢¥´´μ § ¢¨¸¨É μÉ μ¤´μ·μ¤´μ¸É¨ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¨ ¶μ¸ÉμÖ´¸É¢ 
³ ¸¸Ò £ §  ¢ · ¡μÎ¥³ μ¡Ñ¥³¥ ± ³¥·Ò. „²Ö μ¡¥¸¶¥Î¥´¨Ö ¢Éμ·μ£μ ¨§ Ê¸²μ¢¨°
´¥¤μ¸É ÉμÎ´μ ¸É ¡¨²¨§¨·μ¢ ÉÓ Éμ²Ó±μ ¤ ¢²¥´¨¥ ¨ ¸μ¸É ¢ £ §μ¢μ° ¸³¥¸¨ Å ¤μ-
¶μ²´¨É¥²Ó´μ ´¥μ¡Ìμ¤¨³  É¥·³μ¸É ¡¨²¨§ Í¨Ö ± ³¥·Ò. �¥·¥Î¨¸²¥´´Ò¥ Ê¸²μ-
¢¨Ö ¡Ò²¨ μ¡¥¸¶¥Î¥´Ò ¢ Ô±¸¶¥·¨³¥´É¥ ´  Ï¨·μ±μ ¶¥·ÉÊ·´μ³ ¸¶¥±É·μ³¥É·¥
³¨´¨-”	�	‘ ¶μ ¨¸¸²¥¤μ¢ ´¨Õ ·¥ ±Í¨¨ 235U(nth, f ) ´  ¶ÊÎ±¥ ·¥ ±Éμ·  ˆ��.
„²Ö ¢ÒÎ¨¸²¥´¨Ö Ö¤¥·´μ£μ § ·Ö¤  Ë· £³¥´Éμ¢ ¶μ ¶μ²ÊÎ¥´´Ò³ ¢ Ô±¸¶¥·¨³¥´É¥
¤ ´´Ò³ ¡Ò²μ · §· ¡μÉ ´μ ¤¢  ¢ ·¨ ´É  ± ²¨¡·μ¢±¨ ¶μ § ·Ö¤Ê. ’¥¸É¨·μ¢ ´¨¥
´  ³μ¤¥²Ó´ÒÌ ¤ ´´ÒÌ ¶μ± § ²μ, ÎÉμ ¨¸¶μ²Ó§μ¢ ´´ Ö ¶ · ³¥É·¨§ Í¨Ö § ·Ö¤ 
¨§ · ¡μÉÒ [9] ¢ · ³± Ì · §· ¡μÉ ´´μ° ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¶·μÍ¥¤Ê·Ò ± -
²¨¡·μ¢±¨ ¶μ§¢μ²Ö¥É Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ ¢μ¸¸É ´ ¢²¨¢ ÉÓ Ö¤¥·´Ò° § ·Ö¤ 	„ ¢
Ï¨·μ±μ³ Ô´¥·£¥É¨Î¥¸±μ³ ¤¨ ¶ §μ´¥. �·¥¤¸± §Ò¢ ¥³Ò¥ ¢ · ³± Ì ÔÉμ£μ ¶μ¤-
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Ìμ¤  § ·Ö¤Ò ²¥£±¨Ì ¨μ´μ¢ μÉ He ¤μ ‘ μ± §Ò¢ ÕÉ¸Ö ¸³¥Ð¥´´Ò³¨ ¢ ¸Éμ·μ´Ê
¡μ²ÓÏ¨Ì ¶·¨¡²¨§¨É¥²Ó´μ ´  ¤¢¥ § ·Ö¤μ¢ÒÌ ¥¤¨´¨ÍÒ.
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