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�¤ ³ ˆ. ¨ ¤·. P1-2012-147
ˆ¸¸²¥¤μ¢ ´¨¥ ¶·μ¸É· ´¸É¢¥´´ÒÌ · ¸¶·¥¤¥²¥´¨° ·¥ ±Í¨° ¤¥²¥´¨Ö
¨ · ¤¨ Í¨μ´´μ£μ § Ì¢ É  ´¥°É·μ´μ¢ ¢ ³ ¸¸¨¢´μ° Ê· ´μ¢μ° ³¨Ï¥´¨,
μ¡²ÊÎ ¥³μ° ¤¥°É·μ´ ³¨ ¸ Ô´¥·£¨¥° 1Ä8 ƒÔ‚ (Ê¸É ´μ¢±  ®Š¢¨´É ¯)

�·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤μ¢ ´¨Ö ¶·μ¸É· ´¸É¢¥´´ÒÌ · ¸¶·¥¤¥²¥´¨° ¶²μÉ´μ¸É¥°
Î¨¸¥² ·¥ ±Í¨° ¤¥²¥´¨Ö natU ¨ · ¤¨ Í¨μ´´μ£μ § Ì¢ É  ´¥°É·μ´μ¢ ¢ μ¡Ñ¥³¥ ³¨Ï¥´´μ°
¸¡μ·±¨ ®Š¢¨´É ¯ ¸ ³ ¸¸μ° ¥¸É¥¸É¢¥´´μ£μ ³¥É ²²¨Î¥¸±μ£μ Ê· ´  512 ±£ ¶·¨ μ¡²ÊÎ¥´¨¨ ¥¥
¤¥°É·μ´ ³¨ ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° μÉ 1 ¤μ 8 ƒÔ‚ ´  Ê¸±μ·¨É¥²¥ ´Ê±²μÉ·μ´ ¸ ¶μ²´Ò³ Î¨¸²μ³
¤¥°É·μ´μ¢ ´  ³¨Ï¥´¨ ∼ 1013 ¶·¨ ± ¦¤μ° Ô´¥·£¨¨. ˆ§ ÔÉ¨Ì ¤ ´´ÒÌ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¶μ²-
´Ò¥ Î¨¸²  ¤¥²¥´¨° ¢μ ¢¸¥³ μ¡Ñ¥³¥ Ê· ´μ¢μ° ³¨Ï¥´¨,   É ±¦¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶μ²´Ò¥
Î¨¸²  ´ · ¡μÉ ´´ÒÌ Ö¤¥· 239Pu. �μ± § ´μ, ÎÉμ ¶μ²´Ò¥ Î¨¸²  ¤¥²¥´¨° Nf ¨ ´ · ¡μÉ ´-
´ÒÌ Ö¤¥· 239Pu NPu ¢ · ¸Î¥É¥ ´  μ¤¨´ ¤¥°É·μ´ ¨ ´  1 ƒÔ‚ ¥£μ Ô´¥·£¨¨ ¤μ ¥¥ §´ Î¥´¨Ö
8 ƒÔ‚ μ¸É ÕÉ¸Ö ¶μ¸ÉμÖ´´Ò³¨ ¢ ¶·¥¤¥² Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¶μ£·¥Ï´μ¸É¥°. �·¨ ÔÉμ³
§´ Î¥´¨Ö Nf ´¥ ³¥´ÖÕÉ¸Ö μÉ ¤μ¡ ¢²¥´¨Ö ¸¢¨´Íμ¢μ£μ ¡² ´±¥É  ± Ê· ´μ¢μ° ³¨Ï¥´´μ°
¸¡μ·±¥, Éμ£¤  §´ Î¥´¨Ö NPu ¢μ§· ¸É ÕÉ ¶·¨³¥·´μ ´  55%. �´ ²¨§ ¶·μ¸É· ´¸É¢¥´´ÒÌ
· ¸¶·¥¤¥²¥´¨° μÉ´μÏ¥´¨° ¸±μ·μ¸É¥° · ¤¨ Í¨μ´´μ£μ § Ì¢ É  ¨ ¤¥²¥´¨Ö (¸¶¥±É· ²Ó´ÒÌ
¨´¤¥±¸μ¢), ÉμÎ´μ¸ÉÓ ¨§³¥·¥´¨Ö ±μÉμ·ÒÌ ¸ÊÐ¥¸É¢¥´´μ ¢ÒÏ¥ μ¸É ²Ó´ÒÌ ¨§ÊÎ¥´´ÒÌ ¢¥²¨-
Î¨´ ¢¢¨¤Ê μÉ¸ÊÉ¸É¢¨Ö ¸¨¸É¥³ É¨Î¥¸±¨Ì ¶μ£·¥Ï´μ¸É¥° ³μ´¨Éμ·¨·μ¢ ´¨Ö Î¨¸²  Ê¶ ¢Ï¨Ì
´  ³¨Ï¥´Ó ¤¥°É·μ´μ¢, ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ ®¸³Ö£Î¥´¨¨¯ ´¥°É·μ´´μ£μ ¸¶¥±É·  ¶·¨ ¸³¥Ð¥-
´¨¨ μÉ μ¸¨ ± ¶¥·¨Ë¥·¨¨ Ê· ´μ¢μ° ³¨Ï¥´¨, ¶·¨Î¥³ ¸É¥¶¥´Ó ¸³Ö£Î¥´¨Ö Ê¢¥²¨Î¨¢ ¥É¸Ö ¶·¨
¤μ¡ ¢²¥´¨¨ ¸¢¨´Íμ¢μ£μ ¡² ´±¥É .

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ë¨§¨±¨ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¨³. ‚.ˆ. ‚¥±¸²¥·  ¨
�.Œ. 	 ²¤¨´  �ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2012

Adam I. et al. P1-2012-147
The Study of Spatial Distributions of Neutron Capture
and Fission Reactions in Massive Uranium Target Irradiated
by Deuterons with Energies of 1Ä8 GeV (®Quinta¯ Setup)

This paper presents results of a study of spatial distributions of neutron radiative capture
and natU ˇssion in the target assembly ®Quinta¯ with a mass of 512 kg of natural metallic
uranium irradiated by deuteron beams from the accelerator Nuclotron in the energy range
from 1 to 8 GeV with the total number of deuterons on the target ∼ 1013 at each energy. From
these data the total numbers of ˇssion reactions in the entire volume of the uranium target, and
the corresponding total numbers of produced 239Pu nuclei were obtained. It was found that the
total numbers of ˇssion Nf and numbers NPu of accumulated 239Pu nuclei normalized to one
incident deuteron and 1 GeV of its energy remain constant within experimental error in the
studied incident energy range. The values Nf do not change from adding a lead blanket to the
target assembly ®Quinta¯, and the values NPu increase by about 55%. Analysis of the spatial
distributions of neutron radiative capture to ˇssion ratios (spectral indices), the accuracy of
which is substantially higher than the rest of the studied observables (due to the absence of
systematic errors of monitoring of deuteron numbers on the target), indicates softening of the
neutron spectrum at offset from the axis to the periphery of the uranium target. The degree
of this softening increases when adding a lead blanket to the target assembly.

The investigation has been performed at the Veksler and Baldin Laboratory of High
Energy Physics, JINR.
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	μ²ÓÏ¨´¸É¢μ ¨§ μ¡¸Ê¦¤ ¥³ÒÌ ¨²¨ ¶·μ¥±É¨·Ê¥³ÒÌ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö
Ô²¥±É·μÖ¤¥·´ÒÌ ¸¨¸É¥³ (Accelerator Driven Systems) ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° £¨-
¡·¨¤ ¶μ¤±·¨É¨Î¥¸±μ£μ ¡Ò¸É·μ£μ ·¥ ±Éμ·  ¨ ¢´¥Ï´¥£μ ¨¸ÉμÎ´¨±  ´¥°É·μ´μ¢ ´ 
μ¸´μ¢¥ Ê¸±μ·¨É¥²Ö ¸ Ô´¥·£¨¥° � 1 ƒÔ‚. �μ¸±μ²Ó±Ê ¢ É ±¨Ì ¸¨¸É¥³ Ì ·¥ ²¨§Ê-
¥É¸Ö ´¥°É·μ´´Ò° ¸¶¥±É·, ¡²¨§±¨° ± § ³¥¤²¥´´μ³Ê ¸¶¥±É·Ê ´¥°É·μ´μ¢ ¤¥²¥´¨Ö,
¨³ ¶·¨¸ÊÐ¨ μ¸´μ¢´Ò¥ ´¥¤μ¸É É±¨ ¸μ¢·¥³¥´´ÒÌ É¥¶²μ¢ÒÌ ¨ ¡Ò¸É·ÒÌ ·¥ ±Éμ-
·μ¢: μ£· ´¨Î¥´´Ò¥ § ¶ ¸Ò ¸Ò·ÓÖ ¨ ´¥μ¡Ìμ¤¨³μ¸ÉÓ ÊÉ¨²¨§ Í¨¨ ´ · ¡ ÉÒ¢ -
¥³ÒÌ ¤μ²£μ¦¨¢ÊÐ¨Ì · ¤¨μ ±É¨¢´ÒÌ μÉÌμ¤μ¢. ƒ¥´¥· Í¨Ö ¢ ¶μ¤±·¨É¨Î¥¸±μ°
¸¨¸É¥³¥ ¡μ²¥¥ ¦¥¸É±μ£μ, Î¥³ ¤¥²¨É¥²Ó´Ò°, ¸¶¥±É·  ´¥°É·μ´μ¢ ³μ¦¥É ·¥Ï¨ÉÓ
ÔÉ¨ ¶·μ¡²¥³Ò. ’ ±μ° ¸¶¥±É· ¶μ§¢μ²¨É ´¥ Éμ²Ó±μ ®¸¦¨£ ÉÓ¯ ¤²Ö ¶·μ¨§¢μ¤¸É¢ 
Ô´¥·£¨¨ μ¡¥¤´¥´´Ò° (μÉ¢ ²Ó´Ò°) Ê· ´ ¨²¨ Éμ·¨°, ´μ ¨ ÊÉ¨²¨§¨·μ¢ ÉÓ μÉ· ¡μ-
É ´´μ¥ Ö¤¥·´μ¥ Éμ¶²¨¢μ  Éμ³´ÒÌ Ô²¥±É·μ¸É ´Í¨°. �¢Éμ· ³¨ · ¡μÉÒ [1] ¡Ò²μ
¶μ± § ´μ, ÎÉμ ¡μ²¥¥ ¦¥¸É±¨° ´¥°É·μ´´Ò° ¸¶¥±É· ¢´ÊÉ·¨  ±É¨¢´μ° §μ´Ò (�‡)
³μ¦¥É ¡ÒÉÓ ¤μ¸É¨£´ÊÉ ¢ ·¥§Ê²ÓÉ É¥ ¶μ¢ÒÏ¥´¨Ö Ô´¥·£¨¨ ¶¥·¢¨Î´μ£μ ¶ÊÎ± 
¤μ ∼ 5−10 ƒÔ‚ ¢³¥¸Éμ ∼ 1 ƒÔ‚ ¢ É· ¤¨Í¨μ´´ÒÌ Ô²¥±É·μÖ¤¥·´ÒÌ ¸Ì¥³ Ì
¨ ³¨´¨³¨§ Í¨¨ § ³¥¤²ÖÕÐ¨Ì spallation-´¥°É·μ´Ò Ô²¥³¥´Éμ¢ �‡ (¶μ¤·μ¡´¥¥
¸³. [2, 3]).

‚ ¨Õ´¥ 2009 £. ´  Ê¸±μ·¨É¥²¥ ´Ê±²μÉ·μ´ �ˆŸˆ ¡Ò²  ¶·μ¢¥¤¥´  ¸¥·¨Ö
Ô±¸¶¥·¨³¥´Éμ¢ ´  ³ ¸¸¨¢´μ° Ê· ´μ¢μ° ³¨Ï¥´¨ Ê¸É ´μ¢±¨ ®Š¢¨´É ¯ [2, 3].
“· ´μ¢ Ö ³¨Ï¥´Ó (³ ¸¸  ∼ 315 ±£) μ¡²ÊÎ ² ¸Ó ¤¥°É·μ´ ³¨ ¸ Ô´¥·£¨Ö³¨ 1
¨ 4 ƒÔ‚. �μ ¨§³¥·¥´¨Ö³ ¢ÒÌμ¤  § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ ¡Ò²μ ¶μ± § ´μ,
ÎÉμ ¸ Ê¢¥²¨Î¥´¨¥³ Ô´¥·£¨¨ ¶¥·¢¨Î´μ£μ ¤¥°É·μ´´μ£μ ¶ÊÎ±  ¸·¥¤´ÖÖ Ô´¥·£¨Ö
´¥°É·μ´μ¢, ¢Ò§Ò¢ ÕÐ¨Ì ¤¥²¥´¨¥ Ê· ´ , É ± ¦¥, ± ± ¨Ì ¶μ²´Ò° ¢ÒÌμ¤, ¸ÊÐ¥-
¸É¢¥´´μ ¢μ§· ¸É ¥É.

�·μ¤μ²¦¥´¨¥³ ÔÉ¨Ì · ¡μÉ ¸É ²¨ Ô±¸¶¥·¨³¥´ÉÒ ´  ³μ¤¨Ë¨Í¨·μ¢ ´´μ°
Ê¸É ´μ¢±¥ ®Š¢¨´É ¯ [4], ±μÉμ·Ò¥ Ö¢²ÖÕÉ¸Ö Î ¸ÉÓÕ ´ ÊÎ´μ° ¶·μ£· ³³Ò �ˆŸˆ
®� §· ¡μÉ±  ¨ ¸μ§¤ ´¨¥ ¶·μÉμÉ¨¶  ±μ³¶²¥±¸  ¤²Ö · ¤¨μÉ¥· ¶¨¨ ¨ ¶·¨±² ¤´ÒÌ
¨¸¸²¥¤μ¢ ´¨° ´  ¶ÊÎ± Ì ÉÖ¦¥²ÒÌ ¨μ´μ¢ ´Ê±²μÉ·μ´ -Œ¯, Å ¶·μ¥±É
®ˆ¸¸²¥¤μ¢ ´¨¥ £²Ê¡μ±μ¶μ¤±·¨É¨Î´ÒÌ Ô²¥±É·μÖ¤¥·´ÒÌ ¸¨¸É¥³ ¨ ¢μ§³μ¦´μ-
¸É¥° ¨Ì ¶·¨³¥´¥´¨Ö ¤²Ö ¶·μ¨§¢μ¤¸É¢  Ô´¥·£¨¨ ¨ É· ´¸³ÊÉ Í¨¨ ���¯ [5].

‚ ¤ ´´μ° · ¡μÉ¥ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ  ±É¨¢ Í¨μ´´ÒÌ Ô±¸¶¥·¨-
³¥´Éμ¢ ¶μ:

• ¶μ²ÊÎ¥´¨Õ ¶·μ¸É· ´¸É¢¥´´ÒÌ · ¸¶·¥¤¥²¥´¨° ¶²μÉ´μ¸É¥° ·¥ ±Í¨° · ¤¨-
 Í¨μ´´μ£μ § Ì¢ É  ´¥°É·μ´μ¢ (Î¨¸²μ ´ · ¡μÉ ´´ÒÌ Ö¤¥· 239Pu) ¨ ¶²μÉ´μ¸É¨
¤¥²¥´¨° natU ¢ μ¡Ñ¥³¥ Ê· ´μ¢μ° ³¨Ï¥´¨ Ê¸É ´μ¢±¨ ®Š¢¨´É ¯;

• ¶μ²ÊÎ¥´¨Õ ¶·μ¸É· ´¸É¢¥´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¸¶¥±É· ²Ó´ÒÌ ¨´¤¥±¸μ¢;
• μ¶·¥¤¥²¥´¨Õ ¶μ²´μ£μ Î¨¸²  ¤¥²¥´¨° natU ¨ ¶μ²´μ£μ ±μ²¨Î¥¸É¢  239Pu,

´ · ¡μÉ ´´μ£μ ¢ μ¡Ñ¥³¥ Ê· ´μ¢μ° ³¨Ï¥´¨ Ê¸É ´μ¢±¨ ®Š¢¨´É ¯;
• ¨¸¸²¥¤μ¢ ´¨Õ § ¢¨¸¨³μ¸É¨ μÉ Ô´¥·£¨¨ ¶ÊÎ±  ¤¥°É·μ´μ¢ Ê± § ´´ÒÌ ¢ÒÏ¥

¢¥²¨Î¨´.
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1. Œ…’�„ˆŠ� �Š‘�…�ˆŒ…�’�

�¡²ÊÎ¥´¨¥ ³μ¤¥·´¨§¨·μ¢ ´´μ° ³¨Ï¥´´μ° ¸¡μ·±¨ ®Š¢¨´É ¯ ¶·μ¢μ¤¨²μ¸Ó
¢ ‹ ¡μ· Éμ·¨¨ Ë¨§¨±¨ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¨³. ‚.ˆ. ‚¥±¸²¥·  ¨ �.Œ. 	 ²¤¨´ 
¶ÊÎ±μ³ ¤¥°É·μ´μ¢ ¸ Ô´¥·£¨¥° μÉ 1 ¤μ 8 ƒÔ‚ ´  Ê¸±μ·¨É¥²¥ ´Ê±²μÉ·μ´. 	Ò²μ
¶·μ¢¥¤¥´μ 3 ¸¥ ´¸  μ¡²ÊÎ¥´¨Ö ¤¥°É·μ´ ³¨: ¢ ³ ·É¥ 2011 £. ¸ Ô´¥·£¨Ö³¨ 2, 4
¨ 6 ƒÔ‚; ¢ ¤¥± ¡·¥ 2011 £. Å 1 ¨ 4 ƒÔ‚; ¢ ³ ·É¥ 2012 £. Å 1, 4 ¨ 8 ƒÔ‚.

1.1. �±¸¶¥·¨³¥´É ²Ó´ Ö Ê¸É ´μ¢±  ®Š¢¨´É ¯. “· ´μ¢ Ö ³¨Ï¥´Ó Ê¸É -
´μ¢±¨ ®Š¢¨´É ¯ ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 1. Œ¨Ï¥´Ó ¸μ¸Éμ¨É ¨§ 5 ¸¥±Í¨° Ï¥¸É¨-
£· ´´ÒÌ  ²Õ³¨´¨¥¢ÒÌ ±μ´É¥°´¥·μ¢ ¸ ¢¶¨¸ ´´Ò³ ¤¨ ³¥É·μ³ 284 ³³. ‚ Î¥-
ÉÒ·¥Ì ¸É ´¤ ·É´ÒÌ ¸¥±Í¨ÖÌ · §³¥Ð¥´μ ¶μ 61 Í¨²¨´¤·¨Î¥¸±μ³Ê Ê· ´μ¢μ³Ê
¸É¥·¦´Õ. ‘É¥·¦´¨ ¤¨ ³¥É·μ³ 36 ³³ ¨ ¤²¨´μ° 104 ³³ ¨§£μÉμ¢²¥´Ò ¨§ ³¥-
É ²²¨Î¥¸±μ£μ Ê· ´  ¥¸É¥¸É¢¥´´μ£μ ¨§μÉμ¶´μ£μ ¸μ¸É ¢  ¨ § ±²ÕÎ¥´Ò ¢ £¥·³¥-
É¨Î´Ò¥  ²Õ³¨´¨¥¢Ò¥ ±μ·¶Ê¸Ò. Œ ¸¸  ¸É¥·¦´Ö · ¢´  1,72 ±£,   ¶μ²´ Ö ³ ¸¸ 
Ê· ´  ¢ μ¤´μ° ¸¥±Í¨¨ ¸μ¸É ¢²Ö¥É 104,92 ±£. �¥·¥¤´ÖÖ ¸¥±Í¨Ö ¸μ¤¥·¦¨É μ±´μ
¢¢μ¤  ¶ÊÎ±  ¤¨ ³¥É·μ³ 80 ³³. �μ²´ Ö ³ ¸¸  Ê· ´μ¢μ° ³¨Ï¥´¨ ¸μ¸É ¢¨² 
∼ 512 ±£. ‚μ ¢·¥³Ö μ¡²ÊÎ¥´¨Ö (¸ Í¥²ÓÕ ¨¸±²ÕÎ¥´¨Ö ¶·μ²¥É  Ê¸±μ·¥´´ÒÌ ¤¥°-
É·μ´μ¢ ³¥¦¤Ê ¸É¥·¦´Ö³¨) ³¨Ï¥´Ó ¶μ¢μ· Î¨¢ ² ¸Ó μÉ´μ¸¨É¥²Ó´μ ´ ¶· ¢²¥´¨Ö
¶ÊÎ±  ´  Ê£μ² α = 2◦ ¢ £μ·¨§μ´É ²Ó´μ° ¶²μ¸±μ¸É¨.

�¨¸. 1. “· ´μ¢ Ö ³¨Ï¥´Ó Ê¸É ´μ¢±¨ ®Š¢¨´É ¯

‚ ¸¥ ´¸ Ì, ¶·μ¢¥¤¥´´ÒÌ ¢ ¤¥± ¡·¥ 2011 £. ¨ ³ ·É¥ 2012 £., Ê· ´μ¢ Ö
³¨Ï¥´Ó ¡Ò²  μ±·Ê¦¥´  ¸¢¨´Íμ¢Ò³ ¡² ´±¥Éμ³ Éμ²Ð¨´μ° 10 ¸³ ¸ μ±´μ³ ¤²Ö
¢¢μ¤  ¶ÊÎ±  · §³¥· ³¨ 15 × 15 ¸³.

‚ § §μ· Ì ³¥¦¤Ê ¸¥±Í¨Ö³¨ Ï¨·¨´μ° 17 ³³,   É ±¦¥ ´  ¶¥·¥¤´¥³ ¨ § ¤-
´¥³ Éμ·Í Ì ³¨Ï¥´¨ · ¸¶μ² £ ²¨¸Ó ¤¥É¥±Éμ·´Ò¥ ¶² ¸É¨´Ò. �  ÔÉ¨Ì ¶² ¸É¨´ Ì
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±·¥¶¨²¨¸Ó · §²¨Î´Ò¥ É¨¶Ò  ±É¨¢ Í¨μ´´ÒÌ ¤¥É¥±Éμ·μ¢ ¨ É¢¥·¤μÉ¥²Ó´Ò¥ É·¥-
±μ¢Ò¥ ¤¥É¥±Éμ·Ò Ö¤¥· (’’„Ÿ). „²Ö ¶μ²ÊÎ¥´¨Ö ¶·μ¸É· ´¸É¢¥´´ÒÌ · ¸¶·¥¤¥²¥-
´¨° ·¥ ±Í¨° ¤¥²¥´¨Ö ¨ · ¤¨ Í¨μ´´μ£μ § Ì¢ É  ¢ μ¡Ñ¥³¥ Ê· ´μ-

’ ¡²¨Í  1. � ¸¶μ²μ¦¥´¨¥ Ê· ´μ¢ÒÌ ¤¥É¥±Éμ-
·μ¢ (Ëμ²Ó£)

R/Z, ³³ 0 123 254 385 516 647

Ä80 U05 U15 U25 U35 U45 U55

0 Å U11 U21 U31 U41 U51

40 U02 U12 U22 U32 U42 U52

80 U03 U13 U23 U33 U43 U53

120 U04 U14 U24 U34 U44 U54

¢μ° ³¨Ï¥´¨ ´ ³¨ ¨¸¶μ²Ó§μ¢ -
²¨¸Ó  ±É¨¢ Í¨μ´´Ò¥ ¤¥É¥±Éμ·Ò
(Ëμ²Ó£¨ ¨§ ¥¸É¥¸É¢¥´´μ£μ Ê· ´ 
¤¨ ³¥É·μ³ 8 ³³ ¨ Éμ²Ð¨-
´μ° 1 ³³). �É³¥É¨³, ÎÉμ Ê· -
´μ¢Ò¥  ±É¨¢ Í¨μ´´Ò¥ ¤¥É¥±Éμ·Ò
μ¤´μ¢·¥³¥´´μ ¸²Ê¦¨²¨ · ¤¨ Éμ-
· ³¨ ¤²Ö ’’„Ÿ.

“· ´μ¢Ò¥ ¤¥É¥±Éμ·Ò ¡Ò²¨
¶·μ´Ê³¥·μ¢ ´Ò ¸²¥¤ÊÕÐ¨³ μ¡· -
§μ³: UZR, £¤¥ Z ³¥´Ö¥É¸Ö μÉ 0
¤μ 5,   R Å μÉ 1 ¤μ 5. �·¨Î¥³
Z = 0 Å ÔÉμ ¤¥É¥±Éμ·´ Ö ¶² -
¸É¨´ , · ¸¶μ²μ¦¥´´ Ö ´  ¶¥·¥¤´¥³ Éμ·Í¥ ³¨Ï¥´¨; Z = 1 Å ÔÉμ ¤¥É¥±Éμ·´ Ö
¶² ¸É¨´ , · ¸¶μ²μ¦¥´´ Ö ³¥¦¤Ê ¶¥·¢μ° ¨ ¢Éμ·μ° ¸¥±Í¨Ö³¨ ´  · ¸¸ÉμÖ´¨¨
123 ³³ μÉ ¶¥·¥¤´¥£μ Éμ·Í , ¨ É. ¤. „¥É¥±Éμ·Ò ¸ R = 1 ´ Ìμ¤¨²¨¸Ó ´  μ¸¨
¶¥·¢¨Î´μ£μ ¶ÊÎ± , R = 2 Å ´  40 ³³ ´¨¦¥ ¨ É. ¤. Œ¥¸É  · ¸¶μ²μ¦¥´¨Ö ¢¸¥Ì
29 Ê· ´μ¢ÒÌ ¤¥É¥±Éμ·μ¢ ¶μ± § ´Ò ¢ É ¡². 1.

1.2. Œμ´¨Éμ·¨·μ¢ ´¨¥ ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ± . �μ²´μ¥ Î¨¸²μ Ê¶ ¢Ï¨Ì ´ 
³¨Ï¥´Ó ¤¥°É·μ´μ¢ μ¶·¥¤¥²Ö²μ¸Ó ¸ ¶μ³μÐÓÕ ¸É ´¤ ·É´μ° ³¥Éμ¤¨±¨  ±É¨¢ Í¨¨
 ²Õ³¨´¨¥¢μ° Ëμ²Ó£¨ ¢ ·¥ ±Í¨¨ 27Al (d, x) 24Na.

�  ¶ÊÉ¨ ¶ÊÎ±  Ê¸É ´ ¢²¨¢ ²¨¸Ó É·¨ Ëμ²Ó£¨ Éμ²Ð¨´μ° ∼ 30 ³±³
(8,34 ³£/¸³2). ‚ÒÌμ¤ 24Na μ¶·¥¤¥²Ö²¸Ö ¤²Ö ¸·¥¤´¥° Ëμ²Ó£¨. �Í¥´¥´´Ò° ¸
¶μ³μÐÓÕ ¤μ¶μ²´¨É¥²Ó´μ° Ëμ²Ó£¨ (Ê¸É ´ ¢²¨¢ ² ¸Ó ¢´¥ ¶ÊÎ±  ·Ö¤μ³ ¸ ³μ´¨-
Éμ·´μ° Ëμ²Ó£μ°) ¢±² ¤ ·¥ ±Í¨¨ 27Al (n, α) 24Na μ± § ²¸Ö ³¥´ÓÏ¥ 1%. �μ¸²¥
μ±μ´Î ´¨Ö μ¡²ÊÎ¥´¨Ö Ëμ²Ó£¨ ¸±² ¤Ò¢ ²¨¸Ó 6 · §. ‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ ²¨ ¶·Ö-
³μÊ£μ²Ó´ÊÕ ¶² ¸É¨´Ê · §³¥· ³¨ ≈ 20 × 20 × 3 ³³3 (¸Ê³³ ·´ Ö Éμ²Ð¨´ 
64 ¸²μ¥¢ ¸μ¡¸É¢¥´´μ  ²Õ³¨´¨Ö ≈ 1,92).

�±É¨¢´μ¸ÉÓ 24Na, ¶μ²ÊÎ¥´´μ£μ ¢ ·¥ ±Í¨¨ 27Al (d, x) 24Na, ¨§³¥·Ö² ¸Ó ¸
¶μ³μÐÓÕ É·¥Ì £ ³³ -¸¶¥±É·μ³¥É·μ¢, μ¸´ Ð¥´´ÒÌ ¤¥É¥±Éμ· ³¨ ¨§ μ¸μ¡μ Î¨-
¸Éμ£μ £¥·³ ´¨Ö (HPGe-¤¥É¥±Éμ· ³¨). Š ²¨¡·μ¢±  ÔËË¥±É¨¢´μ¸É¨ ¤¥É¥±Éμ·μ¢
¶·μ¢μ¤¨² ¸Ó ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¸É ´¤ ·É´ÒÌ £ ³³ -± ²¨¡·μ¢μÎ´ÒÌ ÉμÎ¥Î´ÒÌ
¨¸ÉμÎ´¨±μ¢ (®OSGI¯-´ ¡μ· Å 133Ba, 60Co, 137Cs, 152Eu, 54Mn, 241Am, 57Co,
113Sn, 228Th, 88Y). � ¸¶μ·É´Ò¥ ¤ ´´Ò¥ μÉ´μ¸¨É¥²Ó´μ°  ±É¨¢´μ¸É¨ ¢¸¥Ì ¨§μ-
Éμ¶μ¢ ¤ ´Ò ¸ μÏ¨¡±μ° μ±μ²μ 2%. ‚μ ¢·¥³Ö ¨§³¥·¥´¨° ¸¶¥±É·μ¢ ³¥·É¢μ¥
¢·¥³Ö ¤¥É¥±Éμ·  ¸μ¸É ¢²Ö²μ ³¥´¥¥ 10 %.

ˆ§³¥·¥´´Ò¥ ¨´É¥´¸¨¢´μ¸É¨ £ ³³ -¶¥·¥Ìμ¤μ¢, ¸μ¶·μ¢μ¦¤ ÕÐ¨Ì · ¸-
¶ ¤ 24Na (1368 ¨ 2754 ±Ô‚), ±μ··¥±É¨·μ¢ ²¨¸Ó ¸ ÊÎ¥Éμ³ ¸É ´¤ ·É´ÒÌ ¸¶¥±-

3



É·μ¸±μ¶¨Î¥¸±¨Ì ¶μ¶· ¢μ±: ±μ··¥±É¨·μ¢±  ´  · ¸¶ ¤ ¢μ ¢·¥³Ö μ¡²ÊÎ¥´¨Ö, ±μ·-
·¥±É¨·μ¢±  ´  ¸ ³μ¶μ£²μÐ¥´¨¥ ·¥£¨¸É·¨·Ê¥³μ£μ ¨§²ÊÎ¥´¨Ö ¢ μ¡· §Í¥, ±μ·-
·¥±É¨·μ¢±  ´  £¥μ³¥É·¨Î¥¸±¨¥ · §³¥·Ò μ¡· §Í , ±μ··¥±É¨·μ¢±  ´  ÊÎ¥É ¸μ-
¢¶ ¤¥´¨Ö ¶·¨ ·¥£¨¸É· Í¨¨ £ ³³ -²¨´¨° ¨ ±μ··¥±É¨·μ¢±  ´  ¶¥·¥·Ò¢Ò ¢ ¶·μ-
Í¥¸¸¥ μ¡²ÊÎ¥´¨Ö ¨ ¨§³¥´¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨ ¨³¶Ê²Ó¸μ¢ ¶ ¤ ÕÐ¨Ì ¤¥°É·μ-
´μ¢ (¶μ μ´-² °´ ¨§³¥·¥´¨Ö³ ¡Ò¸É·Ò³¨ ¨μ´¨§ Í¨μ´´Ò³¨ ± ³¥· ³¨). ’¥Ì´¨± 
¸É ´¤ ·É´μ° £ ³³ -¸¶¥±É·μ¸±μ¶¨¨ ¨ ±μ··¥±É¨·μ¢μÎ´Ò¥ Ë ±Éμ·Ò μ¶¨¸ ´Ò ¤¥-
É ²Ó´μ ¢ [6, 7].

„²Ö Éμ£μ ÎÉμ¡Ò μ¶·¥¤¥²¨ÉÓ  ¡¸μ²ÕÉ´μ¥ Î¨¸²μ Ê¶ ¢Ï¨Ì ´  ³¨Ï¥´Ó ¤¥°-
É·μ´μ¢ ¶μ ´ ¢¥¤¥´´μ°  ±É¨¢´μ¸É¨ 24Na ¢  ²Õ³¨´¨¨, ´¥μ¡Ìμ¤¨³μ §´ ´¨¥ ¸¥-
Î¥´¨Ö ·¥ ±Í¨¨ 27Al (d, x) 24Na ¤²Ö ¢¸¥Ì ¨¸¶μ²Ó§μ¢ ´´ÒÌ Ô´¥·£¨° ¤¥°É·μ´μ¢.
�¤´ ±μ ¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨° ¤¥°É·μ´μ¢ ¡μ²ÓÏ¥ 300 ŒÔ‚ ¸¥Î¥´¨¥ ¤ ´´μ° ·¥-
 ±Í¨¨ ¨§¢¥¸É´μ Éμ²Ó±μ ¤²Ö Ô´¥·£¨°: 2,33 ƒÔ‚ Å 15,25 ± 1,5 ³¡ [8], 6 ƒÔ‚ Å
14,1 ± 1,3 ³¡ [7, 8] ¨ 7,3 ƒÔ‚ Å 14,7 ± 1,2 ³¡ [9, 10]. �μ ÔÉ¨³ §´ Î¥´¨Ö³
¸¥Î¥´¨° ³μ¦´μ ¸¤¥² ÉÓ ¨´É¥·¶μ²ÖÍ¨Õ ¢ ¤¨ ¶ §μ´¥ μÉ ∼ 2 ¤μ ∼ 8 ƒÔ‚:

σd,E (³¡) = 15,25 − 0,163E (ƒÔ‚). (1)

Š ¸μ¦ ²¥´¨Õ, ¤ ´´Ò° ³¥Éμ¤ ´¥ ¶μ§¢μ²Ö¥É ´¥¶μ¸·¥¤¸É¢¥´´μ ¶μ²ÊÎ¨ÉÓ §´ Î¥´¨Ö
¸¥Î¥´¨° ¶·¨ Ô´¥·£¨ÖÌ ´¨¦¥ 2 ƒÔ‚.

„·Ê£μ° ¸¶μ¸μ¡ μ¶·¥¤¥²¥´¨Ö ¸¥Î¥´¨° ´  ¤¥°É·μ´ Ì ¡Ò² ¶·¥¤²μ¦¥´ ¢ · -
¡μÉ¥ [11]. ‡´ Î¥´¨¥ ¸¥Î¥´¨Ö ¤²Ö ¤¥°É·μ´μ¢ σd,E ¸ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¥° E
¡Ò²μ ¢Ò¢¥¤¥´μ ¨§ Ìμ·μÏμ ¨§¢¥¸É´μ£μ [12Ä17] ¶·μÉμ´´μ-¨´¤ÊÍ¨·μ¢ ´´μ£μ ¸¥-
Î¥´¨Ö ¸²¥¤ÊÕÐ¨³ ¢Ò· ¦¥´¨¥³:

σd,E = σd,2,33(σp,E/σp,2,33), (2)

£¤¥ σd,2,33 ¨ σp,2,33 Å ¸¥Î¥´¨Ö ¤²Ö ¤¥°É·μ´μ¢ ¨ ¶·μÉμ´μ¢ ¸μμÉ¢¥É¸É¢¥´´μ ¶·¨
Ô´¥·£¨¨ 2,33 ƒÔ‚.

�Í¥´¥´´Ò¥ ¶μ Ëμ·³Ê² ³ (1) ¨ (2) ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 27Al (d, x) 24Na ¤²Ö
· §²¨Î´ÒÌ ±¨´¥É¨Î¥¸±¨Ì Ô´¥·£¨° ¤¥°É·μ´μ¢ ¶·¨¢¥¤¥´Ò ¢ É ¡². 2. �·¨ μÍ¥´±¥
¸¥Î¥´¨° ¶μ Ëμ·³Ê²¥ (2) ³Ò ¨¸¶μ²Ó§μ¢ ²¨ ¨´É¥·¶μ²ÖÍ¨Õ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¸¥Î¥´¨° ¤²Ö ·¥ ±Í¨¨ ´  ¶·μÉμ´ Ì 27Al (p, x)24Na ¨§ · ¡μÉÒ [14], ¢ ±μÉμ·μ°
¨§³¥·¥´¨Ö ¡Ò²¨ ¶·μ¢¥¤¥´Ò ¢ ¤¨ ¶ §μ´¥ 0,4Ä22,4 ƒÔ‚ ¸ μÎ¥´Ó ¢Ò¸μ±μ° ÉμÎ´μ-
¸ÉÓÕ (μÉ´μ¸¨É¥²Ó´ Ö μÏ¨¡±  ³¥´¥¥ 2 %).

‚ ¤ ²Ó´¥°Ï¨Ì μÍ¥´± Ì ¶μ²´μ£μ Î¨¸²  ¤¥°É·μ´μ¢, Ê¶ ¢Ï¨Ì ´  ³¨Ï¥´Ó, ¨¸-
¶μ²Ó§μ¢ ²¨¸Ó ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö ¸¥Î¥´¨°: 16,8 ³¡ (1 ƒÔ‚), 15,4 ³¡ (2 ƒÔ‚),
14,6 ³¡ (4 ƒÔ‚), 14,2 ³¡ (6 ƒÔ‚), 14,0 ³¡ (8 ƒÔ‚). ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶μ²-
´Ò¥ Î¨¸²  ¤¥°É·μ´μ¢ ¤²Ö ¢¸¥Ì É·¥Ì ¸¥ ´¸μ¢ μ¡²ÊÎ¥´¨Ö ¶·¨ ¢ÒÏ¥Ê± § ´´ÒÌ
Ô´¥·£¨ÖÌ ¤¥°É·μ´μ¢ ¶·¨¢¥¤¥´Ò ¢ É ¡². 3.

Œ¨´¨³ ²Ó´ Ö ¶μ²´ Ö μÏ¨¡±  ¨§³¥·¥´¨Ö ¨´É¥£· ²Ó´μ° ¨´É¥´¸¨¢´μ¸É¨
¤¥°É·μ´μ¢ ¸ ¶μ³μÐÓÕ  ±É¨¢ Í¨μ´´ÒÌ Ëμ²Ó£ ¸μ¸É ¢²Ö¥É ∼ 11%, ¨ μ´ , ¢
μ¸´μ¢´μ³, μ¶·¥¤¥²Ö¥É¸Ö ¶μ£·¥Ï´μ¸ÉÓÕ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 27Al (d, x) 24Na,
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’ ¡²¨Í  2. �Í¥´±  ¸¥Î¥´¨° ·¥ ±Í¨¨ 27Al (d, x) 24Na

27Al (p, x) 24Na 27Al (d, x) 24Na

�μ¶¥·¥Î´μ¥
¸¥Î¥´¨¥, ³¡

�μ¶¥·¥Î´μ¥ ¸¥Î¥´¨¥, ³¡

E, ƒÔ‚
�±¸¶¥-
·¨³¥´É

[12]

�μ£·¥Ï-
´μ¸ÉÓ

�Í¥´± 
� ¸Î¥É ¨§

·¥ ±Í¨¨ ´ 
¶·μÉμ´ Ì

‹¨´¥°´ Ö
 ¶¶·μ±¸¨-

³ Í¨Ö
�±¸¶¥·¨³¥´É �μ£·¥Ï-

´μ¸ÉÓ

0,81 10,7 0,13 Å 16,9 Å Å Å
1 Å Å 10,645 16,8 15,4 Å Å

1,6 10,18 0,11 Å 16,1 15,3 Å Å
2 9,75 0,11 Å 15,4 15,2 Å Å

2,33 Å Å 9,67 15,25 15,1 15,25 [6] 1,5
2,52 Å Å 9,56 15,1 15,1 Å Å
3 Å Å 9,49 15,0 15,0 Å Å
4 Å Å 9,27 14,6 14,9 Å Å
5 Å Å 9,1 14,4 14,7 Å Å
6 Å Å 9,01 14,2 14,5 14,1 [7] 1,3
7 8,94 0,14 Å 14,1 14,4 Å Å

7,33 Å Å 8,93 14,1 14,3 14,7 [7] 1,2
8 Å Å 8,9 14,0 14,2 Å Å
10 Å Å 8,85 14,0 13,9 Å Å
15 Å Å 8,81 13,9 13,1 Å Å

22,4 8,78 0,14 Å 13,8 11,9 Å Å

’ ¡²¨Í  3. ‘¢μ¤±  ¤ ´´ÒÌ ¶μ ³μ´¨Éμ·¨·μ¢ ´¨Õ ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±  ¤¥°É·μ´μ¢

‘¥ ´¸ �´¥·£¨Ö
¤¥°É·μ´μ¢, ƒÔ‚

‘¥Î¥´¨¥ ·¥ ±Í¨¨
27Al (d, x) 24Na,

³¡

�μ²´μ¥ Î¨¸²μ
¤¥°É·μ´μ¢ ´ 

³¨Ï¥´¨

Œ ·É 2011 £. [16]
2 15,43 1,6 · 1013∗

4 14,6 1,41 · 1013∗

6 14,2 1,93·1013∗

„¥± ¡·Ó 2011 £.
1 16,8 1,47 · 1013

4 14,6 1,96 · 1013

Œ ·É 2012 £.

1 16,8 1,85 · 1013

4 14,6 2,7 · 1013

8 14,0 3,7·1012

∗ „ ´´Ò¥ ¶·¥¤μ¸É ¢²¥´Ò £·Ê¶¶μ° ‚.‚ £´¥·  [18].
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  É ±¦¥ μÏ¨¡± ³¨ ¶·¨ ¨§³¥·¥´¨¨ ¨´É¥´¸¨¢´μ¸É¨ £ ³³ -²¨´¨° 24Na. �Ï¨¡±¨
¢ ¶μ²´ÒÌ Î¨¸² Ì ¤¥°É·μ´μ¢, Ê¶ ¢Ï¨Ì ´  ³¨Ï¥´Ó, ¡¥§ ÊÎ¥É  ¸¨¸É¥³ É¨Î¥-
¸±μ° ¶μ£·¥Ï´μ¸É¨ ´μ·³¨·ÊÕÐ¥£μ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ 27Al (d, x) 24Na ¸μ¸É ¢-
²ÖÕÉ 3Ä4%.

1.3. �μ²μ¦¥´¨¥ ¶ÊÎ± . „²Ö μ¶·¥¤¥²¥´¨Ö ¶·μË¨²Ö ¨ ¶μ²μ¦¥´¨Ö ¶ÊÎ±  ´ 
³¨Ï¥´¨ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ’’„Ÿ (¨¸±Ê¸¸É¢¥´´ Ö ¸²Õ¤  mica) · §³¥· ³¨
40 × 40 ³³ ¸ natPb-Ëμ²Ó£ ³¨. ’ ±μ° ®¸Ô´¤¢¨Î¯ · §³¥Ð ²¸Ö ¢ Í¥´É·¥ μ±´ 
¤²Ö ¢¢μ¤  ¶ÊÎ±  ¢ ³¨Ï¥´Ó. �μ¸²¥ μ¡²ÊÎ¥´¨Ö mica ¤¥É¥±Éμ·Ò ¶·μÉ· ¢²¨¢ -
²¨¸Ó, ± ± μ¶¨¸ ´μ ¢ · ¡μÉ¥ [19], ¨ ¨§³¥·Ö² ¸Ó ¶²μÉ´μ¸ÉÓ É·¥±μ¢ ¸ ¶μ³μÐÓÕ
μ¶É¨Î¥¸±μ£μ ³¨±·μ¸±μ¶ . �Ï¨¡±¨ ¢ ¨§³¥·¥´¨ÖÌ ¶²μÉ´μ¸É¨ É·¥±μ¢ ¸μ¸É ¢¨²¨
4Ä5 %, ¢ § ¢¨¸¨³μ¸É¨ μÉ ¶²μÉ´μ¸É¨ É·¥±μ¢ ¢ μ¡· §Í¥.

�¨¸. 2. �·μ¸É· ´¸É¢¥´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶ÊÎ±  ¤¥°É·μ´μ¢ ¸ Ô´¥·£¨¥° 8 ƒÔ‚ ´ 
¶¥·¥¤´¥³ Éμ·Í¥ Ê· ´μ¢μ° ³¨Ï¥´¨ (¨´É¥£· ²Ó´ Ö ¨´É¥´¸¨¢´μ¸ÉÓ ¶ÊÎ±  ¤¥°É·μ´μ¢
Itot = 3,7 · 1012)

’ ¡²¨Í  4. � · ³¥É·Ò ¶ÊÎ±  ¤¥°É·μ´μ¢

‘¥ ´¸
�´¥·£¨Ö

¤¥°É·μ´μ¢,
ƒÔ‚

Šμμ·¤¨´ ÉÒ
Í¥´É· 

¶ÊÎ± , ¸³

FWHM-· ¸¶·¥¤¥-
²¥´¨Ö, ¸³

Xc Yc FWHMX FWHMY

Œ ·É 2011 £.

2 1,2 Ä0,5 2 2,8

4 1,2 Ä0,7 2,2 2,3

6 2,0 Ä0,1 3,9 3,1

„¥± ¡·Ó 2011 £.
1 1,3 0,2 2,6 3,5

4 1,4 0,2 1,5 1,4

Œ ·É 2012 £.

1 0,6 0,9 2,9 3,2

4 2,0 0,8 1,1 1,2

8 1,2 0,10 0,9 1,2
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�²μÉ´μ¸ÉÓ É·¥±μ¢, μ¡· §μ¢ ´´ÒÌ μ¸±μ²± ³¨ ¤¥²¥´¨Ö ¸¢¨´Í , Ì · ±É¥·¨-
§ÊÕÐ Ö ¶·μ¸É· ´¸É¢¥´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶¥·¢¨Î´μ£μ ¶ÊÎ± , Ìμ·μÏμ  ¶¶·μ±-
¸¨³¨·Ê¥É¸Ö É·¥Ì³¥·´Ò³ · ¸¶·¥¤¥²¥´¨¥³ ƒ Ê¸¸  (·¨¸. 2). ‘ ÊÎ¥Éμ³ ÔÉμ°  ¶-
¶·μ±¸¨³ Í¨¨ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¤ ´´Ò¥ μ ¶·μ¸É· ´¸É¢¥´´μ³ · ¸¶μ²μ¦¥´¨¨ ¶ -
¤ ÕÐ¥£μ ¶ÊÎ±  ¤¥°É·μ´μ¢ ´  ¶¥·¥¤´¥³ Éμ·Í¥ Ê· ´μ¢μ° ³¨Ï¥´¨ ¢ · ¸¸³ É·¨-
¢ ¥³ÒÌ ¸¥ ´¸ Ì μ¡²ÊÎ¥´¨Ö. ‚ É ¡². 4 ¶·¨¢¥¤¥´Ò ±μμ·¤¨´ ÉÒ Í¥´É·  ¶ÊÎ± 
(μÉ´μ¸¨É¥²Ó´μ Í¥´É·  ³¨Ï¥´¨) ¨ Ï¨·¨´  £ Ê¸¸μ¢  · ¸¶·¥¤¥²¥´¨Ö ´  ¶μ²Ê-
¢Ò¸μÉ¥ (FWHM). ’μÎ´μ¸ÉÓ μ¶·¥¤¥²¥´¨Ö ¶μ²μ¦¥´¨Ö Í¥´É·  ¶ÊÎ±  ∼ 1 ³³.
„²Ö ¸¥ ´¸ , ¶·μ¢¥¤¥´´μ£μ ¢ ³ ·É¥ 2011 £., ¨¸¶μ²Ó§μ¢ ´Ò ¤ ´´Ò¥ μ ¶μ²μ¦¥´¨¨
¶ÊÎ±  ¨§ · ¡μÉÒ [16].

1.4. Šμ··¥±É¨·μ¢±  ´  ¶μ²μ¦¥´¨¥ ¶ÊÎ±  ´  ³¨Ï¥´¨. ˆ§-§  Éμ£μ, ÎÉμ
¶ÊÎμ± ¤¥°É·μ´μ¢ μ¡ÒÎ´μ ¶ ¤ ¥É ´¥ ¢ Í¥´É· ³¨Ï¥´¨ ¨ ³¨Ï¥´Ó ¡Ò²  ´¥³´μ£μ
¶μ¢¥·´ÊÉ  μÉ´μ¸¨É¥²Ó´μ μ¸¨ ¶ÊÎ± , · ¸¸ÉμÖ´¨Ö Ê· ´μ¢ÒÌ Ï °¡ (Ëμ²Ó£) μÉ μ¸¨
¶ÊÎ±  ¢ ± ¦¤μ³ μ¡²ÊÎ¥´¨¨ ³¥´Ö²¨¸Ó (·¨¸. 3).

—Éμ¡Ò ¶μ²ÊÎ¨ÉÓ ¸· ¢´¨³Ò¥ ³¥¦¤Ê ¸μ¡μ° ¤²Ö · §´ÒÌ μ¡²ÊÎ¥´¨° ¶·μ-
¸É· ´¸É¢¥´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö Î¨¸¥² ¤¥²¥´¨Ö ¨ ±μ²¨Î¥¸É¢  ´ · ¡μÉ ´´ÒÌ Ö¤¥·
239Pu,   É ±¦¥ ¨´É¥£· ²Ó´Ò¥ §´ Î¥´¨Ö ÔÉ¨Ì ¢¥²¨Î¨´ ¶μ μ¡Ñ¥³Ê ³¨Ï¥´´μ°
¸¡μ·±¨, ´¥μ¡Ìμ¤¨³μ ¤²Ö ± ¦¤μ° μ¡²ÊÎ¥´´μ° Ê· ´μ¢μ° Ëμ²Ó£¨ ¶¥·¥¸Î¨É ÉÓ ¥¥
±μμ·¤¨´ ÉÒ μÉ´μ¸¨É¥²Ó´μ ·¥ ²Ó´μ° μ¸¨ ¶ÊÎ± . �Éμ ³μ¦´μ ¸¤¥² ÉÓ ¸ ÊÎ¥Éμ³
¤ ´´ÒÌ μ ¶μ²μ¦¥´¨¨ ¶ÊÎ±  ´  ³¨Ï¥´¨, ¶·¨¢¥¤¥´´ÒÌ ¢ É ¡². 4.

�¨¸. 3. �¥·¥¸Î¥É ±μμ·¤¨´ É Ê· ´μ¢ÒÌ Ëμ²Ó£
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…¸²¨ R0, Z0 Å ±μμ·¤¨´ ÉÒ · ¸¶μ²μ¦¥´¨Ö Ï °¡ μÉ´μ¸¨É¥²Ó´μ Í¥´É· 
¸¡μ·±¨, Éμ ±μμ·¤¨´ ÉÒ R, Z μÉ´μ¸¨É¥²Ó´μ μ¸¨ ¶ÊÎ±  ¡Ê¤ÊÉ · ¢´Ò:

R =
√

(R0 − Δy)2 + (Δx cos α − Z0 sin α)2,
Z = Z0 cosα + Δx sin α ≈ Z0,

(3)

£¤¥ α Å Ê£μ² ¶μ¢μ·μÉ  ¸¡μ·±¨ μÉ´μ¸¨É¥²Ó´μ Í¥´É· ²Ó´μ° μ¸¨ ¢ £μ·¨§μ´-
É ²Ó´μ° ¶²μ¸±μ¸É¨; Δx, Δy Å ¸³¥Ð¥´¨Ö ¶ÊÎ±  ´  ¶¥·¥¤´¥³ Éμ·Í¥ ³¨Ï¥´¨
μÉ´μ¸¨É¥²Ó´μ ¥¥ Í¥´É· .

1.5. �¶·¥¤¥²¥´¨¥ ´ · ¡μÉ±¨ 239Pu ¨ Î¨¸²  ¤¥²¥´¨° natU. —¨¸²μ ·¥-
 ±Í¨° · ¤¨ Í¨μ´´μ£μ § Ì¢ É  Ö¤· ³¨ 238U ¢ ¥¤¨´¨Í¥ μ¡Ñ¥³  ¸μμÉ¢¥É¸É¢Ê¥É
±μ²¨Î¥¸É¢Ê Ö¤¥· 239Pu, μ¡· §ÊÕÐ¥³Ê¸Ö ¢ ·¥§Ê²ÓÉ É¥ Í¥¶μÎ±¨ β-· ¸¶ ¤μ¢ ¨§μ-
Éμ¶μ¢ 239U ¨ 239Np:

238U(n, γ) 239U(23,54 ³¨´)β− → 239Np (2,36 ¸ÊÉ)β− → 239Pu. (4)

�μ¸²¥ μ±μ´Î ´¨Ö ¶·μÍ¥¸¸  μ¡²ÊÎ¥´¨Ö ³¨Ï¥´´μ° ¸¡μ·±¨ ®Š¢¨´É ¯ ¶·μ-
¢μ¤¨²μ¸Ó ¨§³¥·¥´¨¥ £ ³³ -¸¶¥±É·μ¢ μ¡²ÊÎ¥´´ÒÌ Ê· ´μ¢ÒÌ Ëμ²Ó£. �¥·¥¤ ¨§-
³¥·¥´¨¥³ Ëμ²Ó£¨ ¢Ò¤¥·¦¨¢ ²¨¸Ó ¡μ²¥¥ 4 Î (¡μ²ÓÏ¥ 10 ¶¥·¨μ¤μ¢ ¶μ²Ê· ¸-
¶ ¤  239U) ¤²Ö ¤μ¸É¨¦¥´¨Ö 99,9 % · ¸¶ ¤μ¢ 239U. —¨¸²μ ·¥ ±Í¨° § Ì¢ É  ´¥°-
É·μ´μ¢ Ö¤· ³¨ 238U μ¶·¥¤¥²Ö²μ¸Ó ¶ÊÉ¥³ ¨§³¥·¥´¨Ö  ±É¨¢´μ¸É¨ ´Ê±²¨¤  239Np.

� ·Ö¤Ê ¸ £ ³³ -²¨´¨Ö³¨, ¸μ¶·μ¢μ¦¤ ÕÐ¨³¨ · ¸¶ ¤ Ö¤¥· 239Np, ¢ ¸¶¥±-
É· Ì ¡Ò²μ ¨¤¥´É¨Ë¨Í¨·μ¢ ´μ ¡μ²ÓÏμ¥ ±μ²¨Î¥¸É¢μ £ ³³ -²¨´¨°, ¸μμÉ¢¥É¸É¢Ê-
ÕÐ¨Ì · ¤¨μ ±É¨¢´Ò³ μ¸±μ²± ³ ¤¥²¥´¨Ö Ê· ´ , ¢ μ¸´μ¢´μ³ ´¥°É·μ´ ³¨ ¢ ¨´-
É¥·¢ ²¥ ³ ¸¸μ¢ÒÌ Î¨¸¥² A = 88. . .146 (88Kr, 91Sr, 97Zr, 105Ru, 131I, 132Te, 133I,
135I, 135Xe, 143Ce, 146Ce ¨ É. ¤.). �μ ¨§³¥·¥´´μ° ¨´É¥´¸¨¢´μ¸É¨ £ ³³ -²¨´¨°
¡Ò²¨ μ¶·¥¤¥²¥´Ò ¶μ²´Ò¥ ±μ²¨Î¥¸É¢  Ö¤¥· ÔÉ¨Ì ´Ê±²¨¤μ¢, ´ · ¡μÉ ´´ÒÌ § 
¢¥¸Ó ¸¥ ´¸ μ¡²ÊÎ¥´¨Ö ¢ · §²¨Î´ÒÌ ÉμÎ± Ì Ê· ´μ¢μ° ¸¡μ·±¨. ˆ§ ±μ²¨Î¥¸É¢ 
μ¡· §μ¢ ¢Ï¨Ì¸Ö μ¸±μ²±μ¢, Ê ±μÉμ·ÒÌ ¢ÒÌμ¤Ò ´  μ¤¨´  ±É ¤¥²¥´¨Ö ¡²¨§±¨ ¤²Ö
´¥°É·μ´μ¢ ¢ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ ¨Ì Ô´¥·£¨° (¤μ 22 ŒÔ‚, ¸³. [20, 21] ¨ ¸¸Ò²±¨
¢ ´¨Ì), ³μ¦´μ μ¶·¥¤¥²¨ÉÓ Î¨¸²μ ·¥ ±Í¨° ¤¥²¥´¨Ö 238U(n, f ).

ˆ¸±μ³Ò¥ Î¨¸²  ¤¥²¥´¨° · ¸¸Î¨ÉÒ¢ ²¨¸Ó ¸ ÊÎ¥Éμ³ ¢ÒÌμ¤μ¢ ¸²¥¤ÊÕÐ¨Ì
μ¸±μ²±μ¢: 97Zr (5,7 %), 131I (3,6 %), 133I (6,3 %), 143Ce (4,3 %). ‚ ¸±μ¡± Ì
Ê± § ´Ò §´ Î¥´¨Ö ¢ÒÌμ¤μ¢, Ê¸·¥¤´¥´´ÒÌ ¶μ ¨Ì ¢¥²¨Î¨´ ³ ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨°
´¥°É·μ´μ¢ μÉ É¥¶²μ¢ÒÌ ¤μ 14 ŒÔ‚.

2. �Š‘�…�ˆŒ…�’�‹œ�›… �…‡“‹œ’�’› ˆ �	‘“†„…�ˆ…

2.1. �·μ¸É· ´¸É¢¥´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö (n, f )- ¨ (n, γ)-·¥ ±Í¨° ¶μ μ¡Ñ-
¥³Ê ³¨Ï¥´´μ° ¸¡μ·±¨ ®Š¢¨´É ¯. ‚¸¥£μ ¢ É·¥Ì ¸¥ ´¸ Ì · ¡μÉÒ Ê¸±μ·¨É¥²Ö
¡Ò²μ ¶·μ¢¥¤¥´μ 8 μ¡²ÊÎ¥´¨° Ê· ´μ¢μ° ³¨Ï¥´´μ° ¸¡μ·±¨ ®Š¢¨´É ¯ ¢ Ï¨·μ-
±μ³ ¤¨ ¶ §μ´¥ Ô´¥·£¨° ¤¥°É·μ´μ¢. ‚ ± ¦¤μ³ μ¡²ÊÎ¥´¨¨  ±É¨¢¨·μ¢ ²μ¸Ó ¶μ
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29 Ê· ´μ¢ÒÌ Ëμ²Ó£, · ¸¶μ² £ ¢Ï¨Ì¸Ö ¢´ÊÉ·¨ ¨ ¸ Éμ·Íμ¢ Ê· ´μ¢μ° ³¨Ï¥´¨
± ¦¤Ò° · § μ¤¨´ ±μ¢μ (É ¡². 1). �μ¸²¥ ± ¦¤μ£μ μ¡²ÊÎ¥´¨Ö ¨§³¥·Ö²¨¸Ó £ ³³ -
¸¶¥±É·Ò  ±É¨¢¨·μ¢ ´´ÒÌ Ëμ²Ó£. ’¨¶¨Î´μ¥ ¢·¥³Ö ¨§³¥·¥´¨Ö £ ³³ -¸¶¥±É·  μÉ
μ¤´μ° Ëμ²Ó£¨ ¸μ¸É ¢²Ö²μ 20Ä60 ³¨´. „²Ö ± ¦¤μ° Ëμ²Ó£¨ μ¶·¥¤¥²Ö²μ¸Ó ¶μ²-
´μ¥ Î¨¸²μ (n, f )- ¨ (n, γ)-·¥ ±Í¨° ¢ ¤ ´´μ° Ëμ²Ó£¥ §  ¢¸¥ ¢·¥³Ö μ¡²ÊÎ¥´¨Ö
³¨Ï¥´¨. �É¨ §´ Î¥´¨Ö ´μ·³¨·μ¢ ²¨¸Ó ´  ³ ¸¸Ê Ê· ´μ¢μ° Ëμ²Ó£¨, ´  ¶μ²-
´ÊÕ ¨´É¥´¸¨¢´μ¸ÉÓ ¨ Ô´¥·£¨Õ ¤¥°É·μ´´μ£μ ¶ÊÎ±  (É. ¥. ´  ¥¤¨´¨ÍÊ ³μÐ´μ¸É¨
¶¥·¢¨Î´μ£μ ¶ÊÎ±  ¤¥°É·μ´μ¢). �μ²ÊÎ¥´´Ò¥ É ±¨³ μ¡· §μ³ ¶·μ¸É· ´¸É¢¥´´Ò¥
· ¸¶·¥¤¥²¥´¨Ö ¶²μÉ´μ¸É¨ Î¨¸¥² N (Fission, R, Z) ¨ N (239Pu, R, Z) ¤²Ö (n, f )-
¨ (n, γ)-·¥ ±Í¨° ¸μμÉ¢¥É¸É¢¥´´μ ¢´ÊÉ·¨ ³¨Ï¥´´μ° ¸¡μ·±¨ ®Š¢¨´É ¯ ¸μ ¸¢¨´-
Íμ¢Ò³ ¡² ´±¥Éμ³ ¶μ± § ´Ò ´  ·¨¸. 4 ¤²Ö ¸¥ ´¸ , ¶·μ¢¥¤¥´´μ£μ ¢ ³ ·É¥ 2012 £.

�¨¸. 4. �·μ¸É· ´¸É¢¥´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶²μÉ´μ¸É¨ Î¨¸¥² (n, f )-, (n, γ)-·¥ ±Í¨° ¶·¨
Ô´¥·£¨ÖÌ ¤¥°É·μ´μ¢ 1, 4 ¨ 8 ƒÔ‚. ‡´ Î¥´¨Ö ¶·¨¢¥¤¥´Ò ¨§ · ¸Î¥É  ´  1 £ natU 1 ¤¥°É·μ´
¨ 1 ƒÔ‚ ¥£μ Ô´¥·£¨¨
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�¨¸. 5. ‘· ¢´¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö ¶²μÉ´μ¸É¨ Î¨¸¥² ¤¥²¥´¨° ¤²Ö ³¨Ï¥´´μ° ¸¡μ·±¨
®Š¢¨´É ¯ ¡¥§ ¸¢¨´Íμ¢μ£μ ¡² ´±¥É  (É·¥Ê£μ²Ó´¨±¨) ¨ ¸ ´¨³ (±¢ ¤· ÉÒ ¨ ·μ³¡Ò) ¶·¨
Ô´¥·£¨¨ ¤¥°É·μ´μ¢ 4 ƒÔ‚

�¨¸. 6. ‘· ¢´¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö ¶²μÉ´μ¸É¨ ´ · ¡μÉ±¨ ¶²ÊÉμ´¨Ö ¤²Ö ³¨Ï¥´´μ° ¸¡μ·±¨
®Š¢¨´É ¯ ¡¥§ ¸¢¨´Íμ¢μ£μ ¡² ´±¥É  ¨ ¸ ´¨³ ¶·¨ Ô´¥·£¨¨ ¤¥°É·μ´μ¢ 4 ƒÔ‚. �¡μ§´ Î¥´¨Ö
É¥ ¦¥, ÎÉμ ´  ·¨¸. 5

�  ·¨¸. 5 ¨ 6 Ìμ·μÏμ ¢¨¤´μ ¢²¨Ö´¨¥ ¢±²ÕÎ¥´¨Ö ¸¢¨´Íμ¢μ£μ ¡² ´±¥É 
¢ ³¨Ï¥´´ÊÕ ¸¡μ·±Ê ®Š¢¨´É ¯ ´  ¨§³¥·¥´´Ò¥ ¢¥²¨Î¨´Ò N (Fission, R, Z)
¨ N (239Pu, R, Z), ´μ·³¨·μ¢ ´´Ò¥ ´  μ¤¨´ £· ³³ Ê· ´ , μ¤¨´ ¶ ¤ ÕÐ¨°
¤¥°É·μ´ ¨ 1 ƒÔ‚ ¥£μ Ô´¥·£¨¨ ¨ ¶·μ³ ·±¨·μ¢ ´´Ò¥ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ μ¡μ§´ Î¥-
´¨Ö³¨ É ¡². 1. ‡ ³¥É¨³, ÎÉμ ´  ¤ ´´μ³ ¨ ¢¸¥Ì ¶μ¸²¥¤ÊÕÐ¨Ì ·¨¸Ê´± Ì μÏ¨¡±¨
¶·¨¢¥¤¥´Ò ¡¥§ ÊÎ¥É  ¸¨¸É¥³ É¨Î¥¸±μ° μÏ¨¡±¨ ³μ´¨Éμ·¨·μ¢ ´¨Ö.
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�μ¸±μ²Ó±Ê ¤¥²¥´¨¥ Ö¤¥· 238U Å ¶μ·μ£μ¢Ò° ¶·μÍ¥¸¸, · ¸¶·¥¤¥²¥´¨¥ Î¨¸² 
¤¥²¥´¨° μÉ· ¦ ¥É ¢ μ¸´μ¢´μ³ · ¸¶·¥¤¥²¥´¨¥ ¢ ³¨Ï¥´´μ° ¸¡μ·±¥ ´¥°É·μ´μ¢
¸ Ô´¥·£¨¥° En < 1 ŒÔ‚. ‚ Éμ ¦¥ ¢·¥³Ö · ¸¶·¥¤¥²¥´¨¥ Î¨¸²  ·¥ ±Í¨° · -
¤¨ Í¨μ´´μ£μ § Ì¢ É  Ì · ±É¥·¨§Ê¥É · ¸¶·¥¤¥²¥´¨¥ ¶μ ¸¡μ·±¥ ³Ö£±μ° Î ¸É¨
(En < 1 ŒÔ‚) ´¥°É·μ´´μ£μ ¸¶¥±É·  ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ´ · ¡μÉ±Ê 239Pu ¢
μ¡Ñ¥³¥ Ê· ´μ¢μ° Î ¸É¨ ³¨Ï¥´´μ° ¸¡μ·±¨. ˆ§ ·¨¸. 5 ¨ 6 ¸²¥¤Ê¥É ¢Ò¢μ¤ μ¡
Ê¢¥²¨Î¥´¨¨ ¤μ²¨ ³Ö£±μ° Î ¸É¨ ´¥°É·μ´´μ£μ ¸¶¥±É·  ¶·¨ ¢¢¥¤¥´¨¨ ¢ ¸¡μ·±Ê
®Š¢¨´É ¯ ¸¢¨´Íμ¢μ£μ ¡² ´±¥É  ¢μ ¢¸¥³ ¥¥ μ¡Ñ¥³¥.

—Éμ¡Ò ¸· ¢´¨ÉÓ ¡μ²¥¥ ¤¥É ²Ó´μ ¶μ²ÊÎ¥´´Ò¥ ¶·μ¸É· ´¸É¢¥´´Ò¥ · ¸¶·¥¤¥-
²¥´¨Ö ¢¥²¨Î¨´ N (Fission, R, Z) ¨ N (239Pu, R, Z) ¶·¨ · §²¨Î´ÒÌ Ô´¥·£¨ÖÌ
¤¥°É·μ´μ¢, ´¥μ¡Ìμ¤¨³μ ÊÎ¥¸ÉÓ, ÎÉμ  ±¸¨ ²Ó´ Ö ¸¨³³¥É·¨Ö ¸±μ·μ¸É¥° ·¥ ±Í¨°
¢ μ¡Ñ¥³¥ Ê· ´μ¢μ° ³¨Ï¥´¨ ·¥ ²¨§Ê¥É¸Ö μÉ´μ¸¨É¥²Ó´μ μ¸¨ ¶ ¤ ÕÐ¥£μ ¶ÊÎ± 
¤¥°É·μ´μ¢. �¤´ ±μ ¢ ± ¦¤μ³ μ¡²ÊÎ¥´¨¨ ¶μ²μ¦¥´¨¥ ¶ÊÎ±  μÉ´μ¸¨É¥²Ó´μ μ¸¨
Ê· ´μ¢μ° ³¨Ï¥´¨ ¡Ò²μ · §²¨Î´Ò³. �μÔÉμ³Ê ¶·¨ ¶μ¸É·μ¥´¨¨ · ¤¨ ²Ó´ÒÌ ¨
 ±¸¨ ²Ó´ÒÌ · ¸¶·¥¤¥²¥´¨° ¶²μÉ´μ¸É¥° N (Fission, R, Z) ¨ N (239Pu, R, Z)
¨ ¶·¨ · ¸Î¥É¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¨´É¥£· ²Ó´ÒÌ ¢¥²¨Î¨´ ¢¢μ¤¨²¨¸Ó ¶μ¶· ¢±¨
¤²Ö ±μμ·¤¨´ É ± ¦¤μ° Ê· ´μ¢μ° Ëμ²Ó£¨ ¢ ± ¦¤μ³ ±μ´±·¥É´μ³ μ¡²ÊÎ¥´¨¨ (¶μ-
¤·μ¡´¥¥ ¸³. ¶. 1.4).

‘±μ··¥±É¨·μ¢ ´´Ò¥ · ¤¨ ²Ó´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶²μÉ´μ¸É¥° Î¨¸¥² N (Fis-
sion, R, Z) (n, f )-·¥ ±Í¨¨ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 7 ¤²Ö ¸¥ ´¸μ¢, ¶·μ¢¥¤¥´´ÒÌ ¢
³ ·É¥ 2011 ¨ 2012 ££.

•μÉÖ ¶μ¢¥¤¥´¨¥ ¢¥²¨Î¨´ N (Fission, R, Z) ¨ ¨Ì §´ Î¥´¨Ö ´  ¥¤¨´¨ÍÊ ³μÐ-
´μ¸É¨ ¶ ¤ ÕÐ¥£μ ¶ÊÎ±  ¤¥°É·μ´μ¢ ¶·¨³¥·´μ μ¤¨´ ±μ¢Ò ¶·¨ ¢¸¥Ì Ô´¥·£¨ÖÌ
¤¥°É·μ´μ¢, §  ¨¸±²ÕÎ¥´¨¥³ ¢Ìμ¤´μ£μ Éμ·Í  ³¨Ï¥´´μ° ¸¡μ·±¨ (Z = 0), ¶·¨
¡μ²¥¥ ¤¥É ²Ó´μ³ · ¸¸³μÉ·¥´¨¨ ¢ÒÖ¢²ÖÕÉ¸Ö ´¥±μÉμ·Ò¥ μÉ²¨Î¨Ö. ‚¨¤´μ, ÎÉμ
¤²Ö ¸¡μ·±¨ ®Š¢¨´É ¯ ¸μ ¸¢¨´Íμ¢Ò³ ¡² ´±¥Éμ³ (²¥¢ Ö Î ¸ÉÓ ·¨¸. 7) ¢ ¶¥·¢μ°
¸¥±Í¨¨, · ¸¶μ²μ¦¥´´μ° ¶μ§ ¤¨ ¢Ìμ¤  ¶ÊÎ±  ¢ ³¨Ï¥´Ó, ¢¥²¨Î¨´Ò N (Fission,
R, Z = 0) ·¥£Ê²Ö·´μ ¨³¥ÕÉ ¡μ²ÓÏ¨¥ §´ Î¥´¨Ö ¶·¨ Ô´¥·£¨¨ ¤¥°É·μ´μ¢ 1 ƒÔ‚,
Î¥³ ¶·¨ μ¸É ²Ó´ÒÌ Ô´¥·£¨ÖÌ. „²Ö ¢Éμ·μ° ¸¥±Í¨¨ Ê± § ´´μ¥ · §²¨Î¨¥ ¸μÌ· -
´Ö¥É¸Ö Éμ²Ó±μ ¤²Ö ¡²¨§±μ° ± μ¸¨ ¶ÊÎ±  μ¡² ¸É¨. ‘ ·μ¸Éμ³ Z § ¢¨¸¨³μ¸ÉÓ μÉ
· ¤¨Ê¸  ¨ Ô´¥·£¨¨ ¤¥°É·μ´μ¢ ¢ ¶·¥¤¥² Ì ¶μ£·¥Ï´μ¸É¥° ¨¸Î¥§ ¥É ¨ ¶μÖ¢²Ö¥É¸Ö
¢´μ¢Ó Éμ²Ó±μ ¢ ¶μ¸²¥¤´¥° ¸¥±Í¨¨. �·¨Î¥³ μ´  ¸É ´μ¢¨É¸Ö μ¡· É´μ°: §´ Î¥´¨Ö
N (Fission, R, Z) ´¥¸±μ²Ó±μ · ¸ÉÊÉ ¸ Ê¢¥²¨Î¥´¨¥³ Ô´¥·£¨¨ ¤¥°É·μ´μ¢. ‚ ¸²Ê-
Î ¥ μÉ¸ÊÉ¸É¢¨Ö ¸¢¨´Íμ¢μ° μ¡μ²μÎ±¨ (¶· ¢ Ö Î ¸ÉÓ ·¨¸. 7) μÉ³¥Î¥´´Ò¥ ¢ÒÏ¥
±· ¥¢Ò¥ ÔËË¥±ÉÒ ¸É ´μ¢ÖÉ¸Ö ±μ²¨Î¥¸É¢¥´´μ ³¥´¥¥ ¢Ò· ¦¥´´Ò³¨. �´ ²μ£¨Î-
´μ¥ ¶μ¢¥¤¥´¨¥ Ì · ±É¥·´μ ¨ ¤²Ö · ¸¶·¥¤¥²¥´¨° Î¨¸¥² (n, γ)-·¥ ±Í¨¨.

�  ·¨¸. 8Ä11 ¶·¨¢¥¤¥´Ò §´ Î¥´¨Ö Î¨¸¥² ¤¥²¥´¨° Ê· ´  ¨ ´ · ¡μÉ±¨ 239Pu,
¶·μ¨´É¥£·¨·μ¢ ´´Ò¥ ¤μ ¤ ´´μ£μ · ¤¨Ê¸  R ¤²Ö ± ¦¤μ° ¨§ 5 ¸¥±Í¨° ¨ ¢ Í¥-
²μ³ ¶μ ³¨Ï¥´´μ° ¸¡μ·±¥ ®Š¢¨´É ¯, · ¸¸Î¨É ´´Ò¥ ¶μ ¤ ´´Ò³ ¨§³¥·¥´¨°,
¸¤¥² ´´ÒÌ ¢ ³ ·É¥ 2011Ä2012 ££. �·¥¤¢ ·¨É¥²Ó´μ ¡Ò²μ ¶·μ¢¥¤¥´μ Ê¸·¥¤´¥-
´¨¥ ¢¥²¨Î¨´ N (Fission, R, Z) ¨ N (239Pu, R, Z), ¶μ²ÊÎ¥´´ÒÌ ¤²Ö Ê· ´μ¢ÒÌ
Ëμ²Ó£, · ¸¶μ²μ¦¥´´ÒÌ ¶¥·¥¤ ¨ ¶μ¸²¥ ± ¦¤μ° ¸¥±Í¨¨ ³¨Ï¥´¨, ¸ ÊÎ¥Éμ³ ¸μ-
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�¨¸. 7. � ¤¨ ²Ó´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶μ μ¡Ñ¥³Ê ³¨Ï¥´´μ° ¸¡μ·±¨ ®Š¢¨´É ¯ ¶²μÉ´μ¸É¥°
Î¨¸¥² (n, f )-·¥ ±Í¨¨ ¤²Ö · §²¨Î´ÒÌ §´ Î¥´¨° Z (´  1 £ natU 1 ¤¥°É·μ´ ¨ 1 ƒÔ‚ ¥£μ
Ô´¥·£¨¨). �· ¢ Ö Î ¸ÉÓ ·¨¸Ê´±  (μ¡²ÊÎ¥´¨¥ ¢ ³ ·É¥ 2011 £.) μÉ¢¥Î ¥É ±μ´Ë¨£Ê· Í¨¨
³¨Ï¥´¨ ¡¥§ ¸¢¨´Íμ¢μ£μ ¡² ´±¥É , ²¥¢ Ö (³ ·É 2012 £.) Å ¥£μ ´ ²¨Î¨Õ
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�¨¸. 8. ‡´ Î¥´¨Ö Î¨¸¥² (n, f )-·¥ ±Í¨°, ¶·μ¨´É¥£·¨·μ¢ ´´ÒÌ ¤μ ¤ ´´μ£μ · ¤¨Ê¸  R, ¤²Ö
± ¦¤μ° ¨§ ¸¥±Í¨° ³¨Ï¥´´μ° ¸¡μ·±¨ (¸²¥¢ ) ¨ ¢ Í¥²μ³ ¶μ ®Š¢¨´É¥¯ ¡¥§ ¸¢¨´Íμ¢μ£μ
¡² ´±¥É  (¸¶· ¢ ) (³ ·É 2011 £.)

�¨¸. 9. ‡´ Î¥´¨Ö Î¨¸¥² (n, f )-·¥ ±Í¨°, ¶·μ¨´É¥£·¨·μ¢ ´´ÒÌ ¤μ ¤ ´´μ£μ · ¤¨Ê¸  R,
¤²Ö ± ¦¤μ° ¨§ ¸¥±Í¨° ³¨Ï¥´´μ° ¸¡μ·±¨ (¸²¥¢ ) ¨ ¢ Í¥²μ³ ¶μ ®Š¢¨´É¥¯ ¸μ ¸¢¨´Íμ¢Ò³
¡² ´±¥Éμ³ (¸¶· ¢ ) (³ ·É 2012 £.)
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�¨¸. 10. ‡´ Î¥´¨Ö Î¨¸¥² (n, γ)-·¥ ±Í¨°, ¶·μ¨´É¥£·¨·μ¢ ´´ÒÌ ¤μ ¤ ´´μ£μ · ¤¨Ê¸  R,
¤²Ö ± ¦¤μ° ¨§ ¸¥±Í¨° ³¨Ï¥´´μ° ¸¡μ·±¨ (¸²¥¢ ) ¨ ¢ Í¥²μ³ ¶μ ®Š¢¨´É¥¯ ¡¥§ ¸¢¨´Íμ¢μ£μ
¡² ´±¥É  (³ ·É 2011 £.)

�¨¸. 11. ‡´ Î¥´¨Ö Î¨¸¥² (n, γ)-·¥ ±Í¨°, ¶·μ¨´É¥£·¨·μ¢ ´´ÒÌ ¤μ ¤ ´´μ£μ · ¤¨Ê¸  R,
¤²Ö ± ¦¤μ° ¨§ ¸¥±Í¨° ³¨Ï¥´´μ° ¸¡μ·±¨ (¸²¥¢ ) ¨ ¢ Í¥²μ³ ¶μ ®Š¢¨´É¥¯ ¸μ ¸¢¨´Íμ¢Ò³
¡² ´±¥Éμ³ (³ ·É 2012 £.)

μÉ¢¥É¸É¢ÊÕÐ¥£μ ¤ ´´μ° Ëμ²Ó£¥ ÔËË¥±É¨¢´μ£μ μ¡Ñ¥³  (¢ § ¢¨¸¨³μ¸É¨ μÉ · ¸-
¸ÉμÖ´¨Ö ¤μ μ¸¨ ¶ÊÎ± ) ¨ ³ ¸¸Ò Ê· ´  ¢ ´¥³. ’ ±¨³ μ¡· §μ³, ÉμÎ±¨ ¢ ²¥¢ÒÌ
Î ¸ÉÖÌ ·¨¸. 8Ä11 μÉ· ¦ ÕÉ ¶μ²´Ò¥ Î¨¸²  ¤¥²¥´¨° ¨²¨ Î¨¸²  (n, γ)-·¥ ±Í¨°
¢ Í¨²¨´¤·¨Î¥¸±¨Ì μ¡Ñ¥³ Ì ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ · ¤¨Ê¸  R ¤ ´´μ° ¸¥±Í¨¨, · ¸-
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¸Î¨É ´´Ò¥ ¢ ¶·¥¤¶μ²μ¦¥´¨¨  ±¸¨ ²Ó´μ° ¸¨³³¥É·¨¨ μÉ´μ¸¨É¥²Ó´μ μ¸¨ ¶ÊÎ± 
¤¥°É·μ´μ¢.

Š ± ¢¨¤´μ ¨§ ²¥¢ÒÌ Î ¸É¥° ·¨¸. 8 ¨ 9, ¢ μ¡² ¸É¨ ¢¢μ¤  ¶ÊÎ±  ¤¥°É·μ´μ¢
¢ ³¨Ï¥´Ó (1-Ö ¨ 2-Ö ¸¥±Í¨¨ ¸¡μ·±¨) ¸ ·μ¸Éμ³ Ô´¥·£¨¨ ¤¥°É·μ´μ¢ §´ Î¥´¨Ö
N (Fission, R) Ê³¥´ÓÏ ÕÉ¸Ö, ¶·¨Î¥³ ÔËË¥±É ¡μ²¥¥ § ³¥É¥´ ¶·¨ ¤μ¡ ¢²¥´¨¨
¸¢¨´Íμ¢μ£μ ¡² ´±¥É . �μ Ê¦¥ ¢ É·¥ÉÓ¥° ¸¥±Í¨¨ ¸¡μ·±¨ Ê± § ´´Ò° ÔËË¥±É ¨¸-
Î¥§ ¥É,   ¢ 4-° ¨ 5-° ¸¥±Í¨ÖÌ μ´ ³¥´Ö¥É¸Ö ´  ¶·μÉ¨¢μ¶μ²μ¦´Ò°, ÌμÉÖ ¨ ¸² ¡¥¥
¢Ò· ¦¥´´Ò°, ¸ ÊÎ¥Éμ³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¶μ£·¥Ï´μ¸É¥°. ‡ ¢¨¸¨³μ¸ÉÓ ¢¥²¨-
Î¨´ N (239Pu, R) (·¨¸. 10 ¨ 11) μÉ Ô´¥·£¨¨ ¤¥°É·μ´μ¢ ± Î¥¸É¢¥´´μ ¶μÌμ¦ 
´  μ¶¨¸ ´´ÊÕ ¢ÒÏ¥, μ¤´ ±μ ¢¥²¨Î¨´  ÔËË¥±É  § ³¥É´μ ³¥´ÓÏ¥ ¨ μ¸É ¥É¸Ö ¢
±μ·¨¤μ·¥ ¶μ£·¥Ï´μ¸É¥° ¤²Ö ®Š¢¨´ÉÒ¯ ¡¥§ ¸¢¨´Íμ¢μ£μ ¡² ´±¥É . „²Ö ¢¥²¨Î¨´
N (Fission, R) ¨ N(239Pu, R), ¨§³¥·¥´´ÒÌ ¡¥§ ¸¢¨´Íμ¢μ£μ ¡² ´±¥É  ¨ ¶·μ¨´-
É¥£·¨·μ¢ ´´ÒÌ ¶μ Z, § ¢¨¸¨³μ¸ÉÓ μÉ Ô´¥·£¨¨ ¤¥°É·μ´μ¢ ¢ ¶·¥¤¥² Ì μÏ¨¡μ±
μÉ¸ÊÉ¸É¢Ê¥É.

„μ¡ ¢²¥´¨¥ ¡² ´±¥É  ´¥§´ Î¨É¥²Ó´μ ³¥´Ö¥É  ¡¸μ²ÕÉ´Ò¥ §´ Î¥´¨Ö N (Fis-
sion, R) ¤²Ö ³ ±¸¨³ ²Ó´μ£μ · ¤¨Ê¸  Rmax Ê· ´μ¢μ° Î ¸É¨ ¸¡μ·±¨ ®Š¢¨´É ¯,
Éμ£¤  ± ± §´ Î¥´¨¥ N (239Pu, Rmax) Ê¢¥²¨Î¨¢ ¥É¸Ö ¶·¨³¥·´μ ´  55%.

ˆ§ ·¨¸. 8Ä11 É ±¦¥ ¸²¥¤Ê¥É, ÎÉμ ¶· ±É¨Î¥¸±¨ ²¨´¥°´ Ö · ¤¨ ²Ó´ Ö § -
¢¨¸¨³μ¸ÉÓ ¢¥²¨Î¨´ N (Fission, R) ¨ N (239Pu, R) ¶·¨ ¢¢¥¤¥´¨¨ ¢ ®Š¢¨´ÉÊ¯
¸¢¨´Íμ¢μ£μ ¡² ´±¥É , Î ¸É¨Î´μ ¨³¨É¨·ÊÕÐ¥£μ Ê¢¥²¨Î¥´¨¥ · ¤¨ ²Ó´ÒÌ · §³¥-
·μ¢ Ê· ´μ¢μ° ³¨Ï¥´¨, ¸μÌ· ´Ö¥É ¸¢μ° ´ ±²μ´ ¶·¨ Ô´¥·£¨ÖÌ ¤¥°É·μ´μ¢ ¢¶²μÉÓ
¤μ 6 ƒÔ‚, ¶·μÖ¢²ÖÖ ¸² ¡ÊÕ É¥´¤¥´Í¨Õ ± Ê³¥´ÓÏ¥´¨Õ ´ ±²μ´  Éμ²Ó±μ ¶·¨
Ô´¥·£¨¨ 8 ƒÔ‚.

� ¸¸³μÉ·¥´´Ò¥ ¢ÒÏ¥ § ¢¨¸¨³μ¸É¨ ¢¥²¨Î¨´ N (Fission, R, Z) ¨ N (239Pu,
R, Z) μÉ Ô´¥·£¨¨ ¶ ¤ ÕÐ¨Ì ¤¥°É·μ´μ¢ ³μ£ÊÉ ¡ÒÉÓ ¸¢Ö§ ´Ò ¸μ ¸²¥¤ÊÕÐ¨³¨
¶·¨Î¨´ ³¨:

1) ¸ ¨§³¥´¥´¨¥³ Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö spallation-´¥°É·μ´μ¢;
2) ¸ Ê³¥´ÓÏ¥´¨¥³ μÉ´μ¸¨É¥²Ó´ÒÌ ¨μ´¨§ Í¨μ´´ÒÌ ¶μÉ¥·Ó ¶·¨ ·μ¸É¥ Ô´¥·-

£¨¨ ¤¥°É·μ´μ¢;
3) ¸ Ê¢¥²¨Î¥´¨¥³ ¸·¥¤´¥° Ô´¥·£¨¨ spallation-´¥°É·μ´μ¢ ¨ ·μ¸Éμ³ ¨Ì ¶μ²-

´μ° ³´μ¦¥¸É¢¥´´μ¸É¨ ¶·μ¶μ·Í¨μ´ ²Ó´μ ¡μ³¡ ·¤¨·ÊÕÐ¥° Ô´¥·£¨¨.
‚¥²¨Î¨´Ò N (Fission, Rmax) ¨ N (239Pu, Rmax) ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ¶μ²-

´Ò¥ Î¨¸²  ¤¥²¥´¨° ¨ ´ · ¡μÉ ´´ÒÌ Ö¤¥· 239Pu ¢ ³¨Ï¥´´μ° ¸¡μ·±¥ ®Š¢¨´É ¯
¢ · ¸Î¥É¥ ´  μ¤¨´ ¶ ¤ ÕÐ¨° ¤¥°É·μ´ ¨ 1 ƒÔ‚ ¥£μ Ô´¥·£¨¨. ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥
·¥§Ê²ÓÉ ÉÒ ¤²Ö ¢¸¥Ì ¸¥ ´¸μ¢ ¨§³¥·¥´¨° ¸Ê³³¨·μ¢ ´Ò ¢ É ¡². 5. „²Ö ± ¦¤μ£μ
§´ Î¥´¨Ö N (Fission, Rmax) ¨ N (239Pu, Rmax) ¶·¨¢¥¤¥´Ò ¤¢¥ μÏ¨¡±¨ Å
¸É É¨¸É¨Î¥¸± Ö (∼ 5 %) ¨ ¸¨¸É¥³ É¨Î¥¸± Ö (∼ 11%), ¸¢Ö§ ´´ Ö ¢ μ¸´μ¢-
´μ³ ¸ ¶μ£·¥Ï´μ¸ÉÓÕ μ¶μ·´μ£μ ¸¥Î¥´¨Ö ³μ´¨Éμ·´μ° ·¥ ±Í¨¨ ´   ²Õ³¨´¨¨
27Al (d, x) 24Na.

Š ± ¸²¥¤Ê¥É ¨§ É ¡². 5, ¶μ²´μ¥ Î¨¸²μ ¤¥²¥´¨° ¢ μ¡Ñ¥³¥ Ê· ´μ¢μ° ³¨Ï¥´¨
¸¡μ·±¨ ®Š¢¨´É ¯, μ¶·¥¤¥²¥´´μ¥ ¶μ  ±É¨¢ Í¨μ´´μ° ³¥Éμ¤¨±¥, μ¸É ¥É¸Ö ¶·¨-
³¥·´μ ¶μ¸ÉμÖ´´Ò³ ¢ ¶·¥¤¥² Ì ¶μ²´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¶μ£·¥Ï´μ¸É¥° ¤²Ö
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’ ¡²¨Í  5. ˆ´É¥£· ²Ó´Ò¥ Î¨¸²  ¤¥²¥´¨° natU ¨ ´ · ¡μÉ ´´ÒÌ Ö¤¥· 239Pu ¢ μ¡Ñ¥³¥
³¨Ï¥´´μ° ¸¡μ·±¨ ®Š¢¨´É ¯ (¢ · ¸Î¥É¥ ´  1 ¤¥°É·μ´ ¨ 1 ƒÔ‚ ¥£μ Ô´¥·£¨¨)

‘¥ ´¸ E, ƒÔ‚ 239Pu „¥²¥´¨¥ natU

Œ ·É 2011 £.
(¡¥§ ¸¢¨´Íμ¢μ£μ

¡² ´±¥É )

2 (7,0 ± 0,3) ± 0,8 (8,8 ± 0,4) ± 1,0

4 (7,2 ± 0,4) ± 0,8 (8,8 ± 0,4) ± 1,0

6 (6,9 ± 0.3) ± 0,7 (8,3 ± 0.4) ± 0,9

„¥± ¡·Ó 2011 £.
(¸μ ¸¢¨´Íμ¢Ò³

¡² ´±¥Éμ³)

1 (11,8 ± 0,6) ± 1,2 (10,6 ± 0,5) ± 1,1

4 (10,8 ± 0,5) ± 1,1 (8,5 ± 0,4) ± 1,0

Œ ·É 2012 £.
(¸μ ¸¢¨´Íμ¢Ò³

¡² ´±¥Éμ³)

1 (11,6 ± 0,6) ± 1,2 (10,5 ± 0,5) ± 1,1

4 (11,3 ± 0,5) ± 1,1 (9,7 ± 0,4) ± 1,0

8 (10,5 ± 0,5) ± 1,1 (9,7 ± 0,5) ± 1,1

¤¨ ¶ §μ´  Ô´¥·£¨° ¤¥°É·μ´μ¢ 1Ä8 ƒÔ‚ (¢ · ¸Î¥É¥ ´  1 ƒÔ‚ ¨Ì Ô´¥·£¨¨ ¨ ´ 
1 ¤¥°É·μ´) ¨ ´¥ § ¢¨¸¨É μÉ Éμ£μ, μ±·Ê¦¥´  ²¨ Ê· ´μ¢ Ö ³¨Ï¥´Ó ¸¢¨´Íμ¢Ò³
¡² ´±¥Éμ³ ¨²¨ ´¥É. �·¨ ÔÉμ³ ¶μ²´μ¥ Î¨¸²μ ´ · ¡μÉ ´´ÒÌ Ö¤¥· 239Pu (¢ É¥Ì
¦¥ ¥¤¨´¨Í Ì) É ±¦¥ ´¥ § ¢¨¸¨É μÉ Ô´¥·£¨¨ ¤¥°É·μ´μ¢, ´μ ¢μ§· ¸É ¥É ¶·¨³¥·´μ
´  55 % ¶·¨ ¤μ¡ ¢²¥´¨¨ ¸¢¨´Íμ¢μ£μ ¡² ´±¥É  ¢ ³¨Ï¥´´ÊÕ ¸¡μ·±Ê ®Š¢¨´É ¯.

2.2. ˆ¸¸²¥¤μ¢ ´¨¥ ¸¶¥±É· ²Ó´ÒÌ ¨´¤¥±¸μ¢ S(R, Z) = 〈σ238U
capt 〉/〈σ

238U
f 〉.

�μ μ¶·¥¤¥²¥´¨Õ ¸¶¥±É· ²Ó´Ò° ¨´¤¥±¸ Ä ÔÉμ μÉ´μÏ¥´¨¥ ¸·¥¤´¨Ì (ÔËË¥±É¨¢-
´ÒÌ) ¸¥Î¥´¨° · §²¨Î´ÒÌ ·¥ ±Í¨° ¢ ¤ ´´μ³ ¸¶¥±É·¥ ´¥°É·μ´μ¢. ‘¶¥±É· ²Ó´Ò°
¨´¤¥±¸ S(R, Z) = 〈σ238U

capt 〉/〈σ
238U
f 〉, ¨§³¥·¥´´Ò° ¢ ³ ²μ³ μ¡Ñ¥³¥ ¸ ±μμ·¤¨´ -

É ³¨ (R, Z) ¢ ¶·μÉÖ¦¥´´μ° Ê· ´μ¢μ° ³¨Ï¥´¨, Ì · ±É¥·¨§Ê¥É ¸μμÉ´μÏ¥´¨¥
³¥¦¤Ê ¸±μ·μ¸ÉÖ³¨ § Ì¢ É  ´¥°É·μ´μ¢ ¨ ¢Ò§¢ ´´μ£μ ¨³¨ ¤¥²¥´¨Ö,   É ±¦¥
´¥¸¥É ¨´Ëμ·³ Í¨Õ μ ¸¶¥±É· ²Ó´μ³ ¸μ¸É ¢¥ ¶μÉμ±  ´¥°É·μ´μ¢ ¢ μ¡Ñ¥³¥ ¨§³¥-
·¥´¨Ö. �±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¸¶¥±É· ²Ó´ÒÌ ¨´¤¥±¸μ¢ Ö¢²ÖÕÉ¸Ö ´ ¨-
¡μ²¥¥ ÉμÎ´Ò³¨ ¨ Ê¤μ¡´Ò³¨ ¢¥²¨Î¨´ ³¨ ¤²Ö ¸· ¢´¥´¨Ö ¸ ·¥§Ê²ÓÉ É ³¨ ³μ-
¤¥²¨·μ¢ ´¨Ö Ô²¥±É·μÖ¤¥·´ÒÌ ¸¨¸É¥³ ¶μ ¶·μ£· ³³ ³ É¨¶  FLUKA, MCN�•,
É ± ± ± μ´¨ ´¥ ¸μ¤¥·¦ É ¢ ¸¥¡¥ ¶μ£·¥Ï´μ¸ÉÓ, ¸¢Ö§ ´´ÊÕ ¸ ´¥μ¶·¥¤¥²¥´´μ¸ÉÓÕ
Ë²Õ¥´¸  Î ¸É¨Í, ¡μ³¡ ·¤¨·ÊÕÐ¨Ì ³¨Ï¥´Ó.

�  ·¨¸. 12 ¶·¨¢¥¤¥´Ò ¶·¨³¥·Ò · ¤¨ ²Ó´ÒÌ · ¸¶·¥¤¥²¥´¨° ¸¶¥±É· ²Ó´ÒÌ
¨´¤¥±¸μ¢ SI(R, Z) = 〈σ238U

capt 〉/〈σ
238U
f 〉 ¶·¨ §´ Î¥´¨ÖÌ Z = 123 ¨ 385 ³³, ¨§³¥-

·¥´´ÒÌ ¢ ³ ·É¥ 2011 ¨ 2012 ££. ‚¨¤´μ, ÎÉμ ¸¶¥±É· ²Ó´Ò¥ ¨´¤¥±¸Ò ¢μ§· ¸É ÕÉ
μÉ μ¸¨ ¶ÊÎ±  ¤¥°É·μ´μ¢ ± ¶¥·¨Ë¥·¨¨ Ê· ´μ¢μ° ³¨Ï¥´¨ ¶·¨³¥·´μ μÉ 0,3 ¤μ 1,5
¶·¨ μÉ¸ÊÉ¸É¢¨¨ ¸¢¨´Íμ¢μ£μ ¡² ´±¥É  ¨ μÉ 0,6 ¤μ 2 ¶·¨ ¥£μ ´ ²¨Î¨¨. �Éμ ¶μ¤-
É¢¥·¦¤ ¥É ¸¤¥² ´´Ò° · ´ÓÏ¥ ¢Ò¢μ¤ μ ®¸³Ö£Î¥´¨¨¯ ´¥°É·μ´´μ£μ ¸¶¥±É·  ¶·¨
¸³¥Ð¥´¨¨ μÉ μ¸¨ ± ¶¥·¨Ë¥·¨¨ Ê· ´μ¢μ° ³¨Ï¥´¨, ¶·¨Î¥³ ¸É¥¶¥´Ó ¸³Ö£Î¥´¨Ö
Ê¢¥²¨Î¨¢ ¥É¸Ö ¶·¨ ¤μ¡ ¢²¥´¨¨ ¸¢¨´Íμ¢μ£μ ¡² ´±¥É . �¡¸μ²ÕÉ´Ò¥ §´ Î¥´¨Ö
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�¨¸. 12. � ¤¨ ²Ó´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¸¶¥±É· ²Ó´ÒÌ ¨´¤¥±¸μ¢ SI(R, Z) =

〈σ238U
capt 〉/〈σ

238U
f 〉, ¨§³¥·¥´´Ò¥ ¶·¨ Ô´¥·£¨ÖÌ ¤¥°É·μ´μ¢ Ed = 1, 4 ¨ 8 ƒÔ‚ ¸μ ¸¢¨´-

Íμ¢Ò³ ¡² ´±¥Éμ³ ¢ ³¨Ï¥´´μ° ¸¡μ·±¥ ®Š¢¨´É ¯ (¸²¥¢ ) ¨ ¶·¨ Ed = 2, 4 ¨ 6 ƒÔ‚ ¡¥§
¡² ´±¥É  (¸¶· ¢ )

�¨¸. 13. ‘· ¢´¥´¨¥ Ê¸·¥¤´¥´´ÒÌ ¶μ ¸¥±Í¨Ö³ ³¨Ï¥´´μ° ¸¡μ·±¨ ®Š¢¨´É ¯  ±¸¨ ²Ó´ÒÌ

· ¸¶·¥¤¥²¥´¨° ¸¶¥±É· ²Ó´ÒÌ ¨´¤¥±¸μ¢ SI(Z) = 〈σ238U
capt 〉/〈σ

238U
f 〉, ¶μ²ÊÎ¥´´ÒÌ ¢ ¨§³¥-

·¥´¨ÖÌ ¸μ ¸¢¨´Íμ¢Ò³ ¡² ´±¥Éμ³ (É¥³´Ò¥ ±¢ ¤· ÉÒ) ¨ ¡¥§ ´¥£μ (¸¢¥É²Ò¥ ±¢ ¤· ÉÒ) ¶·¨
Ô´¥·£¨¨ ¤¥°É·μ´μ¢ 4 ƒÔ‚

¸¶¥±É· ²Ó´ÒÌ ¨´¤¥±¸μ¢ ¸² ¡μ § ¢¨¸ÖÉ μÉ Ô´¥·£¨¨ ¤¥°É·μ´μ¢. �Éμ Ê± §Ò¢ ¥É
´  ¶·¨³¥·´μ¥ ¶μ¸ÉμÖ´¸É¢μ ¸μμÉ´μÏ¥´¨Ö ³Ö£±μ° (En < 1 ŒÔ‚) ¨ ¦¥¸É±μ°
(En > 2 ŒÔ‚) Î ¸É¥° ´¥°É·μ´´μ£μ ¸¶¥±É·  ¢ μ¡Ñ¥³¥ Ê· ´μ¢μ° ³¨Ï¥´¨ ¢
¨¸¸²¥¤μ¢ ´´μ³ ¨´É¥·¢ ²¥ Ô´¥·£¨° ¤¥°É·μ´μ¢.
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‚²¨Ö´¨¥ ¸¢¨´Íμ¢μ£μ ¡² ´±¥É  ´  Ê¸·¥¤´¥´´Ò¥ ¶μ ¸¥±Í¨Ö³  ±¸¨ ²Ó´Ò¥
· ¸¶·¥¤¥²¥´¨Ö ¸¶¥±É· ²Ó´ÒÌ ¨´¤¥±¸μ¢, ¶μ²ÊÎ¥´´Ò¥ ¶μ ·¥§Ê²ÓÉ É ³ ¨§³¥·¥-
´¨° ¸ ³¨Ï¥´´μ° ¸¡μ·±μ° ®Š¢¨´É ¯ ¢ ³ ·É¥ ¨ ¤¥± ¡·¥ 2011 £. ¶·¨ Ô´¥·£¨¨
¤¥°É·μ´μ¢ 4 ƒÔ‚, ¶μ± § ´μ ´  ·¨¸. 13. �·¨ μÉ¸ÊÉ¸É¢¨¨ ¸¢¨´Íμ¢μ£μ ¡² ´-
±¥É  Ê¸·¥¤´¥´´Ò¥ ¸¶¥±É· ²Ó´Ò¥ ¨´¤¥±¸Ò ¶μ¸ÉμÖ´´Ò ¤²Ö ¢´ÊÉ·¥´´¨Ì ¸¥±Í¨°
¸¡μ·±¨ ¨ ¸² ¡μ ¢μ§· ¸É ÕÉ (¶ ¤ ÕÉ) ¢ ¶¥·¢μ° (¶μ¸²¥¤´¥°) ¸¥±Í¨¨. ‘·¥¤´¥¥
¶μ ¢¸¥³Ê μ¡Ñ¥³Ê Ê· ´μ¢μ° ³¨Ï¥´¨ ≈ 0,8. � ²¨Î¨¥ ¸¢¨´Íμ¢μ£μ ¡² ´±¥É 
¸ÊÐ¥¸É¢¥´´μ ¨§³¥´Ö¥É  ±¸¨ ²Ó´μ¥ · ¸¶·¥¤¥²¥´¨¥ Ê¸·¥¤´¥´´μ£μ ¸¶¥±É· ²Ó-
´μ£μ ¨´¤¥±¸ . �Éμ ¶·μ¨¸Ìμ¤¨É ¨§-§  ±· ¥¢ÒÌ ÔËË¥±Éμ¢, ¸¢Ö§ ´´ÒÌ ¸ ¶·¥-
¨³ÊÐ¥¸É¢¥´´Ò³ μÉ· ¦¥´¨¥³ ¡μ²¥¥ ³Ö£±¨Ì (En < 1 ŒÔ‚) ´¥°É·μ´μ¢ ¸¢¨´Íμ³
¡² ´±¥É .

‡�Š‹
—…�ˆ…

ˆ¸¸²¥¤μ¢ ´Ò ¶·μ¸É· ´¸É¢¥´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶²μÉ´μ¸É¥° Î¨¸¥² ·¥ ±-
Í¨¨ · ¤¨ Í¨μ´´μ£μ § Ì¢ É  ´¥°É·μ´μ¢ ¨ ¤¥²¥´¨Ö natU ¢ μ¡Ñ¥³¥ ³¨Ï¥´´μ°
¸¡μ·±¨ ®Š¢¨´É ¯ ¶·¨ μ¡²ÊÎ¥´¨¨ ¥¥ ¤¥°É·μ´ ³¨ ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° μÉ 1
¤μ 8 ƒÔ‚ ´  Ê¸±μ·¨É¥²¥ ´Ê±²μÉ·μ´ ¸ ¶μ²´Ò³ Î¨¸²μ³ ¤¥°É·μ´μ¢, Ê¶ ¢Ï¨Ì ´ 
³¨Ï¥´Ó, ∼ 1013 ¶·¨ ¤ ´´μ° Ô´¥·£¨¨. ˆ§ ÔÉ¨Ì ¨§³¥·¥´¨° ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¶μ²-
´Ò¥ Î¨¸²  ¤¥²¥´¨° (´  μ¤¨´ ¶ ¤ ÕÐ¨° ¤¥°É·μ´) ¢μ ¢¸¥³ μ¡Ñ¥³¥ Ê· ´μ¢μ°
³¨Ï¥´¨,   É ±¦¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶μ²´Ò¥ Î¨¸²  ´ · ¡μÉ ´´ÒÌ Ö¤¥· 239Pu.

�± § ²μ¸Ó, ÎÉμ ¶μ²´μ¥ Î¨¸²μ ¤¥²¥´¨° · ¸É¥É ¶·μ¶μ·Í¨μ´ ²Ó´μ Ê¢¥²¨Î¥-
´¨Õ Ô´¥·£¨¨ ¤¥°É·μ´μ¢, É. ¥. ¢ · ¸Î¥É¥ ´  1 ƒÔ‚ ¨Ì Ô´¥·£¨¨ ¤μ §´ Î¥´¨Ö
8 ƒÔ‚ μ´μ μ¸É ¥É¸Ö ¶μ¸ÉμÖ´´Ò³ ¢ ¶·¥¤¥² Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¶μ£·¥Ï´μ-
¸É¥°. �·¨Î¥³ §´ Î¥´¨Ö ¶μ²´ÒÌ Î¨¸¥² ¤¥²¥´¨Ö ´¥ § ¢¨¸ÖÉ μÉ ´ ²¨Î¨Ö ¸¢¨´-
Íμ¢μ£μ ¡² ´±¥É . �μ²´μ¥ Î¨¸²μ ´ · ¡μÉ ´´ÒÌ Ö¤¥· 239Pu ¢ μ¡Ñ¥³¥ Ê· ´μ¢μ°
³¨Ï¥´¨ (¢ · ¸Î¥É¥ ´  1 ¤¥°É·μ´ ¨ ´  1 ƒÔ‚ ¥£μ Ô´¥·£¨¨) É ±¦¥ ¢ ¶·¥¤¥² Ì ¶μ-
£·¥Ï´μ¸É¥° Ô±¸¶¥·¨³¥´É  ´¥ § ¢¨¸¨É μÉ Ô´¥·£¨¨ ¤¥°É·μ´μ¢, ´μ ¥£μ §´ Î¥´¨¥
Ê¢¥²¨Î¨¢ ¥É¸Ö ¶·¨³¥·´μ ´  55 % ¶·¨ ¤μ¡ ¢²¥´¨¨ ± ³¨Ï¥´´μ° ¸¡μ·±¥ ¸¢¨´Íμ-
¢μ£μ ¡² ´±¥É . �Éμ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ ¸ÊÐ¥¸É¢¥´´μ³ ¸³Ö£Î¥´¨¨ ´¥°É·μ´´μ£μ
¸¶¥±É·  ¢´ÊÉ·¨ Ê· ´μ¢μ° ³¨Ï¥´¨ ¨§-§  μÉ· ¦¥´¨Ö ¸¢¨´Íμ³ ¡² ´±¥É .

�´ ²¨§ ¶·μ¸É· ´¸É¢¥´´ÒÌ · ¸¶·¥¤¥²¥´¨° ¶²μÉ´μ¸É¥° Î¨¸¥² ¤¥²¥´¨°
Ê· ´  ¨ Î¨¸¥² ´ · ¡μÉ ´´ÒÌ Ö¤¥· 239Pu Ê± §Ò¢ ¥É ´  ¸ÊÐ¥¸É¢¥´´μ¥ ¢²¨Ö´¨¥
±· ¥¢ÒÌ ÔËË¥±Éμ¢ ¤²Ö ¶¥·¢μ° ¨ ¶ÖÉμ° ¸¥±Í¨° ³¨Ï¥´´μ° ¸¡μ·±¨, ±μÉμ·μ¥
Ê¸¨²¨¢ ¥É¸Ö ¶·¨ ¤μ¡ ¢²¥´¨¨ ¸¢¨´Íμ¢μ£μ ¡² ´±¥É . ‘ ·μ¸Éμ³ Ô´¥·£¨¨ ¶ ¤ Õ-
Ð¨Ì ¤¥°É·μ´μ¢ ´ ¡²Õ¤ ¥É¸Ö Ê³¥´ÓÏ¥´¨¥ ¶²μÉ´μ¸É¨ Î¨¸²  ¤¥²¥´¨° Ê· ´  ¨
Î¨¸²  ´ · ¡μÉ ´´ÒÌ Ö¤¥· 239Pu ¢ ¡²¨¦´¥° §μ´¥ ± ¢Ìμ¤Ê ¶ÊÎ±  ¤¥°É·μ´μ¢ ¢
³¨Ï¥´Ó ¨ μ¤´μ¢·¥³¥´´μ ¨Ì Ê¢¥²¨Î¥´¨¥ ´  § ¤´¥° Î ¸É¨ ³¨Ï¥´´μ° ¸¡μ·±¨.

	Ò²¨ ¶μ²ÊÎ¥´Ò · ¸¶·¥¤¥²¥´¨Ö ¸¶¥±É· ²Ó´ÒÌ ¨´¤¥±¸μ¢ S(R, Z) =
〈σ238U

capt 〉/〈σ
238U
f 〉, ÉμÎ´μ¸ÉÓ ¨§³¥·¥´¨Ö ±μÉμ·ÒÌ ¸ÊÐ¥¸É¢¥´´μ ¢ÒÏ¥ μ¸É ²Ó´ÒÌ

¨§³¥·¥´´ÒÌ ¢¥²¨Î¨´ ¢¢¨¤Ê μÉ¸ÊÉ¸É¢¨Ö ¸¨¸É¥³ É¨Î¥¸±¨Ì ¶μ£·¥Ï´μ¸É¥° ³μ´¨-
Éμ·¨·μ¢ ´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ¶ ¤ ÕÐ¥£μ ¶ÊÎ±  ¤¥°É·μ´μ¢. �´ ²¨§ ¸¶¥±É· ²Ó-
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´ÒÌ ¨´¤¥±¸μ¢ SI(R, Z) ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ ¸³Ö£Î¥´¨¨ ´¥°É·μ´´μ£μ ¸¶¥±É·  ¶·¨
¸³¥Ð¥´¨¨ μÉ μ¸¨ (R = 0) ± ¶¥·¨Ë¥·¨¨ Ê· ´μ¢μ° ³¨Ï¥´¨ (Rmax = 15 ¸³),
¶·¨Î¥³ ¸É¥¶¥´Ó ¸³Ö£Î¥´¨Ö Ê¢¥²¨Î¨¢ ¥É¸Ö ¶·¨ ¤μ¡ ¢²¥´¨¨ ¸¢¨´Íμ¢μ£μ ¡² ´-
±¥É . �¡¸μ²ÕÉ´Ò¥ §´ Î¥´¨Ö ¸¶¥±É· ²Ó´ÒÌ ¨´¤¥±¸μ¢ SI(R, Z) ¸² ¡μ § ¢¨¸ÖÉ
μÉ Ô´¥·£¨¨ ¤¥°É·μ´μ¢. �Éμ Ê± §Ò¢ ¥É ´  ¶·¨³¥·´μ¥ ¶μ¸ÉμÖ´¸É¢μ ¸μμÉ´μÏ¥-
´¨Ö ³Ö£±μ° ¨ ¦¥¸É±μ° Î ¸É¥° ´¥°É·μ´´μ£μ ¸¶¥±É·  ¢ μ¡Ñ¥³¥ Ê· ´μ¢μ° ³¨Ï¥´¨
¢ ¨¸¸²¥¤μ¢ ´´μ³ ¨´É¥·¢ ²¥ Ô´¥·£¨° ¤¥°É·μ´μ¢. � ²¨Î¨¥ ¸¢¨´Íμ¢μ£μ ¡² ´±¥É 
¢ ³¨Ï¥´´μ° ¸¡μ·±¥ ¸ÊÐ¥¸É¢¥´´μ ¨§³¥´Ö¥É  ±¸¨ ²Ó´μ¥ · ¸¶·¥¤¥²¥´¨¥ Ê¸·¥¤-
´¥´´μ£μ ¶μ · ¤¨Ê¸Ê ¸¶¥±É· ²Ó´μ£μ ¨´¤¥±¸ . �Éμ ¶·μ¨¸Ìμ¤¨É ¨§-§  ±· ¥¢ÒÌ
ÔËË¥±Éμ¢, ¸¢Ö§ ´´ÒÌ ¸ ¶·¥¨³ÊÐ¥¸É¢¥´´Ò³ μÉ· ¦¥´¨¥³ ¡μ²¥¥ ³Ö£±¨Ì ´¥°-
É·μ´μ¢ ¸¢¨´Íμ³ ¡² ´±¥É .

	Ò² μ¡´ ·Ê¦¥´ ¶· ±É¨Î¥¸±¨ ²¨´¥°´Ò° ·μ¸É ¶·μ¨´É¥£·¨·μ¢ ´´ÒÌ ¶μ Í¨-
²¨´¤·¨Î¥¸±μ³Ê μ¡Ñ¥³Ê ³¨Ï¥´¨ · ¤¨Ê¸  R Î¨¸¥² ¤¥²¥´¨Ö N (Fission, R) ¶·¨
¨¸¸²¥¤μ¢ ´´ÒÌ Ô´¥·£¨ÖÌ ¤¥°É·μ´μ¢. �Î¥¢¨¤´μ, ÎÉμ ¸ Ê¢¥²¨Î¥´¨¥³ · ¤¨Ê¸ 
³¨Ï¥´¨ Rmax §´ Î¥´¨Ö Î¨¸¥² N (Fission, Rmax) ¤μ²¦´Ò ¢μ§· ¸É ÉÓ, ´μ, ´ -
Î¨´ Ö ¸ ´¥±μÉμ·μ£μ · ¤¨Ê¸ , ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ · §³¥·Ê É ± ´ §Ò¢ ¥³μ° ±¢ -
§¨¡¥¸±μ´¥Î´μ° ³¨Ï¥´¨, μ´¨ ¤μ²¦´Ò ¢ÒÌμ¤¨ÉÓ ´  ´ ¸ÒÐ¥´¨¥. �¤´ ±μ ¶·¨
¨§³¥·¥´¨ÖÌ ¸ ³¨Ï¥´´μ° ¸¡μ·±μ° ®Š¢¨´É ¯, ¨³¥ÕÐ¥° · ¤¨Ê¸ Ê· ´μ¢μ° ³¨-
Ï¥´¨ Rmax ≈ 15 ¸³, ´¥ Ê¤ ¥É¸Ö ±μ²¨Î¥¸É¢¥´´μ μÍ¥´¨ÉÓ · ¤¨ ²Ó´Ò° · §³¥·
±¢ §¨¡¥¸±μ´¥Î´μ° ³¨Ï¥´¨ ¨, ¸μμÉ¢¥É¸É¢¥´´μ, Ô±¸¶¥·¨³¥´É ²Ó´μ Ê¸É ´μ¢¨ÉÓ
¶μ²´μ¥ Î¨¸²μ ¤¥²¥´¨°, ¤μ¸É¨¦¨³μ¥ ¤²Ö É ±μ° ³¨Ï¥´¨. „²Ö ÔÉμ£μ ´¥μ¡Ìμ-
¤¨³Ò ¨§³¥·¥´¨Ö ¸ Ê· ´μ¢Ò³¨ ³¨Ï¥´Ö³¨ ¡μ²ÓÏ¥° ³ ¸¸Ò, ÎÉμ ¨ ¶² ´¨·Ê¥É¸Ö
μ¸ÊÐ¥¸É¢¨ÉÓ ¸ ¨³¥ÕÐ¥°¸Ö ¢ �ˆŸˆ ³¨Ï¥´´μ° ¸¡μ·±μ° ¨§ μ¡¥¤´¥´´μ£μ ³¥-
É ²²¨Î¥¸±μ£μ Ê· ´  ³ ¸¸μ° μ±μ²μ 20 É.

�¢Éμ·Ò ¡² £μ¤ ·ÖÉ ±μ²²¥±É¨¢ Ê¸±μ·¨É¥²Ö ´Ê±²μÉ·μ´ ‹”‚� (�ˆŸˆ) § 
¶·μ¢¥¤¥´´Ò¥ μ¡²ÊÎ¥´¨Ö ¨ μ¡¥¸¶¥Î¥´¨¥ Ìμ·μÏ¨Ì ¶ · ³¥É·μ¢ ¶ÊÎ±  ¤¥°É·μ´μ¢.
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