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–¥²Ó · ¡μÉÒ ¸μ¸ÉμÖ²  ¢ ¨§³¥·¥´¨¨ ¢·¥³¥´¨ ¦¨§´¨ ´¥°É·μ´μ¢ ¢  ±É¨¢´μ°
§μ´¥ ·¥ ±Éμ·  ˆ	�-2 ¢ § ¢¨¸¨³μ¸É¨ μÉ ¸μ¸ÉμÖ´¨Ö ·¥ ±Éμ·  ¨ μ±·Ê¦¥´¨Ö  ±É¨¢-
´μ° §μ´Ò. �¸´μ¢´ Ö § ¤ Î  § ±²ÕÎ ² ¸Ó ¢ ¨§ÊÎ¥´¨¨ ¢μ§³μ¦´μ¸É¨ ¸μ±· Ð¥´¨Ö
¤²¨É¥²Ó´μ¸É¨ ´¥°É·μ´´μ£μ ¨³¶Ê²Ó¸ . ˆ¸¶μ²Ó§μ¢ ²¨¸Ó · §²¨Î´Ò¥ ³¥Éμ¤Ò ¨§³¥-
·¥´¨Ö ¨ μ¡· ¡μÉ±¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. ‚ ± Î¥¸É¢¥ μ¸´μ¢´μ£μ ³¥Éμ¤ 
¨§³¥·¥´¨Ö ¨¸¶μ²Ó§μ¢ ²¸Ö ³¥Éμ¤ �μ¸¸¨-α. „²Ö ¸· ¢´¥´¨Ö ¸ Ô±¸¶¥·¨³¥´Éμ³ ¢·¥³Ö
¦¨§´¨ μÍ¥´¨¢ ²μ¸Ó · ¸Î¥É´Ò³ ¶ÊÉ¥³. �μ± § ´μ, ÎÉμ ¢¸¥ ¨¸¶μ²Ó§Ê¥³Ò¥ ³¥Éμ¤Ò
¨§³¥·¥´¨Ö ¤ ÕÉ ¸μ£² ¸ÊÕÐ¨¥¸Ö ¤·Ê£ ¸ ¤·Ê£μ³ ·¥§Ê²ÓÉ ÉÒ. „²Ö ÏÉ É´μ£μ ¸μ¸ÉμÖ-
´¨Ö ·¥ ±Éμ·  ¢·¥³Ö ¦¨§´¨ ´¥°É·μ´μ¢ ¢  ±É¨¢´μ° §μ´¥ ˆ	�-2 · ¢´μ (61 ± 2) ´¸.
�·¨¢¥¤¥´Ò μÍ¥´±¨ ¢±² ¤  ¢ μ¡Ð¥¥ ¢·¥³Ö ¦¨§´¨ ´¥°É·μ´μ¢ ¸μ ¸Éμ·μ´Ò μÉ¤¥²Ó-
´ÒÌ Ô²¥³¥´Éμ¢  ±É¨¢´μ° §μ´Ò ¨ ¥¥ μ±·Ê¦¥´¨Ö. �É³¥Î¥´μ, ÎÉμ ¢ Ô±¸¶¥·¨³¥´É Ì
¸ μÉμ¤¢¨´ÊÉμ° Î ¸ÉÓÕ ¡¨μ²μ£¨Î¥¸±μ° § Ð¨ÉÒ ¨³¥ÕÉ¸Ö · ¸Ìμ¦¤¥´¨Ö ¢ μÍ¥´±¥
ÔËË¥±É¨¢´μ° ¤μ²¨ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ (¨²¨ ¢·¥³¥´¨ ¦¨§´¨) ¢ 1,5 · §  ¶μ
¸· ¢´¥´¨Õ ¸μ ÏÉ É´Ò³ ¸μ¸ÉμÖ´¨¥³ ·¥ ±Éμ· . �¡ÑÖ¸´¥´¨Ö É ±μ³Ê · ¸Ìμ¦¤¥´¨Õ
´ °¤¥´μ ´¥ ¡Ò²μ.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ ´¥°É·μ´´μ° Ë¨§¨±¨ ¨³. ˆ.Œ. ”· ´± 
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Pepelyshev Yu.N., Smirnov V. S. P13-2006-115
Measurement of the Average Lifetime of Generation
of Neutrons at the IBR-2 Reactor

The aim of the work was to measure neutron lifetime in the core of the IBR-2
reactor depending on the reactor state and the core surrounding. The main task
was to study a possibility to reduce the width of neutron pulse. Various techniques
of measuring and processing of the experimental data were used. The Rossi-α
method was used as the main method of measurement. In order to compare with
the experiment, the lifetime was evaluated by the way of calculation. It was shown
that all the used methods of measurement give the results that are in line with one
another. For standard state of the reactor the neutron lifetime in the core of IBR-2
is (61 ± 2) ns. The estimations of contribution of separate elements of the core and
its surrounding to the total neutron lifetime were presented. It was observed that
the experiments, in which a part of the biological shielding was moved away, have
discrepancies in the estimation of the effective fraction of delayed neutrons (or the
lifetime) by a factor of 1.5 in comparison with the standard state of the reactor. The
explanation of this discrepancy is not found yet.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2006



‚‚…„…�ˆ…

‚μ ¢·¥³Ö Ë¨§¨Î¥¸±μ£μ ¶Ê¸±  ·¥ ±Éμ·  ˆ	�-2 ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¸·¥¤´¥¥
¢·¥³Ö ¦¨§´¨ ¶μ±μ²¥´¨Ö ´¥°É·μ´μ¢ ¢ ·¥ ±Éμ·¥ (τ ) ³μ¦´μ Ê³¥´ÓÏ¨ÉÓ ¸ 83 ¤μ
50Ä55 ´¸ ¨ É¥³ ¸ ³Ò³ ¸μ±· É¨ÉÓ ¤²¨É¥²Ó´μ¸ÉÓ ´¥°É·μ´´μ° ¢¸¶ÒÏ±¨ ´  20 ³±¸
[1]. ‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ ÔÉ¨³ ¢ ±μ´¸É·Ê±Í¨Õ ·¥ ±Éμ·  ¡Ò²¨ ¢´¥¸¥´Ò ¨§³¥´¥´¨Ö.
	Ò² , ´ ¶·¨³¥·, Ê¸¨²¥´  § Ð¨É   ±É¨¢´μ° §μ´Ò μÉ ¶μ¶ ¤ ´¨Ö ¢ ´¥e É¥¶²μ¢ÒÌ
¨ ·¥§μ´ ´¸´ÒÌ ´¥°É·μ´μ¢, · ¸¸¥¨¢ ÕÐ¨Ì¸Ö ¢ ±μ¦ÊÌ¥ ¶μ¤¢¨¦´μ£μ μÉ· ¦ É¥²Ö
(��) ¨ ¢ μ¸´μ¢´μ³ § ³¥¤²¨É¥²¥. ‘ÊÐ¥¸É¢¥´´μ ¨§³¥´¨² ¸Ó ¨ ±μ´¸É·Ê±Í¨Ö ��
(¤¨¸±μ¢Ò° ¤μ¶μ²´¨É¥²Ó´Ò° μÉ· ¦ É¥²Ó ¸ ¡¥·¨²²¨¥¢Ò³ ¢±² ¤ÒÏ¥³ ¡Ò² § -
³¥´e´ ´  ¸É ²Ó´μ° ®É·¥§Ê¡¥Í¯). Š·μ³¥ Éμ£μ, ´¥ ¡Ò²μ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ μ ¢²¨Ö´¨¨ ´ É·¨Ö ´  τ . ’ ±¨³ μ¡· §μ³, ¢μ§´¨±²  ´¥μ¡Ìμ¤¨³μ¸ÉÓ
¢ ¶·μ¢¥¤¥´¨¨ ´μ¢ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ¶μ ¢²¨Ö´¨Õ μÉ¤¥²Ó-
´ÒÌ Ô²¥³¥´Éμ¢ ±μ´¸É·Ê±Í¨¨ ·¥ ±Éμ·  ´  τ . ‚ · ¡μÉ¥ ¶·¨¢¥¤¥´Ò μ¸´μ¢´Ò¥
·¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ · ¸ÎeÉ´ÒÌ ¨¸¸²¥¤μ¢ ´¨° τ ¤²Ö ÏÉ É´μ£μ ¸μ-
¸ÉμÖ´¨Ö ·¥ ±Éμ·  ¨ ¤²Ö ¸É¥´¤  
��‘-2. �  ¸É¥´¤¥ 
��‘-2 ¨¸¸²¥¤μ¢ ²¨¸Ó
�� £¥É¥·μ£¥´´μ° ¸É·Ê±ÉÊ·Ò [2].

1. Š��’Š�… ��ˆ‘��ˆ… Š��‘’�“Š–ˆˆ �…�Š’��� ˆ��-2

ˆ³¶Ê²Ó¸´Ò° ¨¸¸²¥¤μ¢ É¥²Ó¸±¨° ·¥ ±Éμ· ¶¥·¨μ¤¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö ´  ¡Ò-
¸É·ÒÌ ´¥°É·μ´ Ì ˆ	�-2 ¸ Ë¥¢· ²Ö 1984 £. · ¡μÉ ¥É ´  Î ¸ÉμÉ¥ ¨³¶Ê²Ó¸μ¢
5 ƒÍ ¶·¨ ´μ³¨´ ²Ó´μ° ¸·¥¤´¥° ³μÐ´μ¸É¨ 2 Œ‚É [3]. ‘Ì¥³  ·¥ ±Éμ·  ˆ	�-2
¶μ± § ´  ´  ·¨¸. 1. �±É¨¢´ Ö §μ´  ·¥ ±Éμ·  μ¡Ñ¥³μ³ 22 ² ¨³¥¥É Ëμ·³Ê ´¥-
¶· ¢¨²Ó´μ° Ï¥¸É¨£· ´´μ° ¶·¨§³Ò. ‚ ± Î¥¸É¢¥ Éμ¶²¨¢  ¨¸¶μ²Ó§Ê¥É¸Ö ¤¨μ±¸¨¤
¶²ÊÉμ´¨Ö, § ±²ÕÎ¥´´Ò° ¢ ¸É ²Ó´Ò¥ μ¡μ²μÎ±¨ É¢Ô²μ¢ ¸É¥·¦´¥¢μ° ±μ´¸É·Ê±-
Í¨¨, ¸μ¡· ´´ÒÌ ¢ 74 ± ¸¸¥ÉÒ ¶μ 7 ÏÉÊ± ¢ ± ¦¤μ°. �Ì² ¦¤¥´¨¥  ±É¨¢´μ°
§μ´Ò μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¦¨¤±¨³ ´ É·¨¥³ ¸ · ¸Ìμ¤μ³ 100 ³3/Î. Œ¨³μ μ¤´μ° ¨§
£· ´¥°  ±É¨¢´μ° §μ´Ò ¶·μÌμ¤ÖÉ ¤¢¥ ¢· Ð ÕÐ¨¥¸Ö ´  μ¤´μ° μ¸¨, ´μ ¸ · §´μ°
¸±μ·μ¸ÉÓÕ ²μ¶ ¸É¨ Å μ¸´μ¢´μ° ¨ ¤μ¶μ²´¨É¥²Ó´Ò° ¶μ¤¢¨¦´Ò¥ μÉ· ¦ É¥²¨
(��� ¨ „��) ³μ¤Ê²ÖÉμ·  ·¥ ±É¨¢´μ¸É¨ (¢ ·¨ ´É ��-2: ���-²μ¶ ¸ÉÓ, „��-
É·¥§Ê¡¥Í). Š ¶ÖÉ¨ μ¸É ²Ó´Ò³ £· ´Ö³ ¶·¨³Ò± ÕÉ ¸É Í¨μ´ ·´Ò¥ μÉ· ¦ É¥²¨,
¶¥·¥³¥Ð ¥³Ò¥ ¡²μ±¨ ±μÉμ·ÒÌ Ö¢²ÖÕÉ¸Ö · ¡μÎ¨³¨ μ·£ ´ ³¨ ¸¨¸É¥³Ò Ê¶· ¢²¥-
´¨Ö ¨ § Ð¨ÉÒ ·¥ ±Éμ· . Šμ³¶¥´¸¨·ÊÕÐ¨¥ μ·£ ´Ò Š�1 ¨ Š�2 ¶·¥¤´ §´ Î¥´Ò
¤²Ö ±μ³¶¥´¸ Í¨¨ ¢Ò£μ· ´¨Ö ¶²ÊÉμ´¨Ö 239Pu ¨ μÉ·¨Í É¥²Ó´μ£μ ÔËË¥±É  É¥³-
¶¥· ÉÊ·´μ° ·¥ ±É¨¢´μ¸É¨. ‘É¥·¦¥´Ó  ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ·  �� ¶·¥¤´ -
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§´ Î¥´ ¤²Ö ¶μ¤¤¥·¦ ´¨Ö ³μÐ´μ¸É¨ ·¥ ±Éμ·  ´  § ¤ ´´μ³ Ê·μ¢´¥. �·¥¤Ê¸³μ-
É·¥´ É ±¦¥ ¶·μ³¥¦ÊÉμÎ´Ò° ·¥£Ê²ÖÉμ· ��, ±μÉμ·Ò³ ¢·ÊÎ´ÊÕ μ¡¥¸¶¥Î¨¢ ¥É¸Ö
´¥μ¡Ìμ¤¨³ Ö ±μ³¶¥´¸ Í¨Ö ³¥¤²¥´´ÒÌ ¨§³¥´¥´¨° ·¥ ±É¨¢´μ¸É¨. ‚ ± Î¥¸É¢¥
 ¢ ·¨°´μ° § Ð¨ÉÒ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤¢  ¢μ²ÓË· ³μ¢ÒÌ ¡²μ±  ³¥¤²¥´´μ°  ¢ ·¨°-
´μ° § Ð¨ÉÒ Œ�‡1, 2 ¨ ¤¢  ¢μ²ÓË· ³μ¢ÒÌ ¡²μ±  ¡Ò¸É·μ°  ¢ ·¨°´μ° § Ð¨ÉÒ
	�‡1, 2. ‘¶¥±É· ´¥°É·μ´μ¢ ¢  ±É¨¢´μ° §μ´¥ ¡²¨§μ± ± ¸¶¥±É·Ê ¤¥²¥´¨Ö. ‚
Í¥´É·¥  ±É¨¢´μ° §μ´Ò · ¸¶μ²μ¦¥´ ¨§³¥·¨É¥²Ó´Ò° ± ´ ², ¢ ±μÉμ·Ò° ¸´¨§Ê ¤μ
¸¥·¥¤¨´Ò  ±É¨¢´μ° §μ´Ò ¢¢¥¤¥´Ò ¨μ´¨§ Í¨μ´´Ò¥ ± ³¥·Ò ¤¥²¥´¨Ö ¸ 235U ¨
238U. 
ËË¥±É¨¢´μ¸ÉÓ ± ³¥· ¢ ¸·¥¤´¥³ ¸μ¸É ¢²Ö²  10−5 ¨³¶./¤¥².

�¨¸. 1. ‚¨¤ ·¥ ±Éμ·  ˆ	�-2 ¢ £μ·¨§μ´É ²Ó´μ³ · §·¥§¥: 1 Å § ³¥¤²¨É¥²Ó §  ³μ¤Ê²ÖÉμ-
·μ³ ·¥ ±É¨¢´μ¸É¨; 2 Å ¤μ¶μ²´¨É¥²Ó´Ò° ¶μ¤¢¨¦´Ò° μÉ· ¦ É¥²Ó „��; 3 Å μ¸´μ¢´μ°
¶μ¤¢¨¦´Ò° μÉ· ¦ É¥²Ó ���; 4 Å ¸É¥·¦¥´Ó  ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ·  ��; 5 Å ¡²μ±
¡Ò¸É·μ°  ¢ ·¨°´μ° § Ð¨ÉÒ 	�‡2; 6 Å  ±É¨¢´ Ö §μ´ ; 7 Å ¡²μ± ±μ³¶¥´¸¨·ÊÕÐ¥£μ
μÉ· ¦ É¥²Ö Š�2; 8 Å ¡²μ± ³¥¤²¥´´μ°  ¢ ·¨°´μ° § Ð¨ÉÒ Œ�‡2; 9 Å ¡²μ± ³¥¤²¥´´μ°
 ¢ ·¨°´μ° § Ð¨ÉÒ Œ�‡1; 10 Å ¡²μ± ±μ³¶¥´¸¨·ÊÕÐ¥£μ μÉ· ¦ É¥²Ö Š�1; 11 Å ¡²μ±
¡Ò¸É·μ°  ¢ ·¨°´μ° § Ð¨ÉÒ 	�‡1; 12 Å ¡²μ± ¶·μ³¥¦ÊÉμÎ´μ£μ ·¥£Ê²ÖÉμ·  ��
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2. Œ…’�„ˆŠ� ˆ‡Œ…�…�ˆ‰

‚ ± Î¥¸É¢¥ μ¸´μ¢´μ£μ ³¥Éμ¤  ¨§³¥·¥´¨° ¡Ò² ¢Ò¡· ´ ³¥Éμ¤ �μ¸¸¨-α. „μ-
¶μ²´¨É¥²Ó´μ ¢¥²¨Î¨´  τ μÍ¥´¨¢ ² ¸Ó ¨§  ´ ²¨§  Ëμ·³Ò ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨
¨ ¶²μÉ´μ¸É¨ · ¸¶·¥¤¥²¥´¨Ö Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨. ‚ Ô±¸¶¥·¨³¥´É Ì
�μ¸¸¨-α ¨¸¶μ²Ó§μ¢ ²¸Ö ¢·¥³¥´´μ°  ´ ²¨§ Éμ· ¸ Ï¨·¨´μ° ± ´ ²  Δt, · ¢´μ°
0,5 ³±¸, ¨ Î¨¸²μ³ ± ´ ²μ¢ 1024. ®Œe·É¢μ¥¯ ¢·¥³Ö ¢¸¥£μ ¨§³¥·¨É¥²Ó´μ£μ
É· ±É  ´¥ ¶·¥¢ÒÏ ²μ 2 ³±¸. ‚ ± Î¥¸É¢¥ ¤¥É¥±Éμ·  ´¥°É·μ´μ¢ ¨¸¶μ²Ó§μ¢ -
² ¸Ó ¨μ´¨§ Í¨μ´´ Ö ± ³¥·  ¤¥²¥´¨Ö ¸ 235U, Ê¸É ´μ¢²¥´´ Ö ¢ Í¥´É·¥  ±É¨¢´μ°
§μ´Ò, ¸ ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓÕ 10−5 ¨³¶./¤¥².

‚ · ³± Ì μ¤´μÉμÎ¥Î´μ° ³μ¤¥²¨ ±¨´¥É¨±¨, ¸¶· ¢¥¤²¨¢μ¸ÉÓ ±μÉμ·μ° ¤²Ö
·¥ ±Éμ·  ˆ	�-2 ¡Ò²  ¶μ± § ´  ¢ · ¡μÉe [1], ¤²Ö ±·¨É¨Î¥¸±μ° ´Ê²¥¢μ° ³μÐ´μ-
¸É¨ ¨²¨ ¸²¥£±  ¶μ¤±·¨É¨Î¥¸±μ£μ ·¥ ±Éμ·  ¢¥·μÖÉ´μ¸ÉÓ ¸¢Ö§ ´´ÒÌ ¶μ Í¥¶μÎ±¥
μÉ¸ÎeÉμ¢ ¸ ¤¥É¥±Éμ·  P (t)Δt ¢ ³μ³¥´É ¢·¥³¥´¨ t ¢ ¨´É¥·¢ ²¥ Δt ¶·¨ Ê¸²μ¢¨¨
·¥£¨¸É· Í¨¨ ´¥°É·μ´  ¢ ³μ³¥´É ¢·¥³¥´¨ t = 0, ¸μ£² ¸´μ [4], · ¢´ 

P (t)Δt = AΔt + B e−αtΔt,

£¤¥ A, B Å ±μ´¸É ´ÉÒ, § ¢¨¸ÖÐ¨¥ μÉ Ö¤¥·´μ-Ë¨§¨Î¥¸±¨Ì ¶ · ³¥É·μ¢  ±É¨¢-
´μ° §μ´Ò ¨ Ê¸²μ¢¨° ¨§³¥·¥´¨°; α = (βÔËË − ρ)/Λ = (1 − kp)/τ Å ±μ´¸É ´É 
¸¶ ¤  ³£´μ¢¥´´ÒÌ ´¥°É·μ´μ¢ (¤¥±·¥³¥´É § ÉÊÌ ´¨Ö); βÔËË = 2,165 · 10−3 Å
ÔËË¥±É¨¢´ Ö ¤μ²Ö § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ (· ¸Î¥É´μ¥ §´ Î¥´¨¥); kp Å ±μ-
ÔËË¨Í¨¥´É · §³´μ¦¥´¨Ö ³£´μ¢¥´´ÒÌ ´¥°É·μ´μ¢; ρ = (K − 1)/K Å ·¥ ±É¨¢-
´μ¸ÉÓ; K Å ÔËË¥±É¨¢´Ò° ±μÔËË¨Í¨¥´É · §³´μ¦¥´¨Ö; Λ Å ¢·¥³Ö £¥´¥· Í¨¨
´¥°É·μ´μ¢; τ = Λ · K Å ¢·¥³Ö ¦¨§´¨ ´¥°É·μ´μ¢. �μ¸±μ²Ó±Ê ¤²Ö ±·¨É¨Î¥-
¸±μ£μ ·¥ ±Éμ·  ´  § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´ Ì (K = 1) Λ = τ , Ê· ¢´¥´¨¥ ¤²Ö
α ¶¥·¥Ìμ¤¨É ¢ αc = βÔËË/Λ = βÔËË/τ , μÉ±Ê¤  ¸²¥¤Ê¥É

α = αc(1 − ρ/βÔËË). (1)

�É´μÏ¥´¨¥ B/A ¢Ò¡¨· ²μ¸Ó ¨¸Ìμ¤Ö ¨§ É·¥¡μ¢ ´¨° ¸É É¨¸É¨Î¥¸±μ° ÉμÎ´μ¸É¨
¨§³¥·¥´¨Ö (1 %) ¶·¨ · §Ê³´μ³ ¢·¥³¥´¨ ´ ¡μ·  ¸É É¨¸É¨±¨ (1 Î). �μ¤±·¨É¨Î-
´μ¸ÉÓ μ¶·¥¤¥²Ö² ¸Ó ¶μ ³¥Éμ¤Ê ®μ¡· É´μ£μ Ê³´μ¦¥´¨Ö¯,   ÔËË¥±É¨¢´Ò° ®´Ê-
²¥¢μ°¯ ¸ÎeÉ Å ¶μ ³¥Éμ¤Ê ®· §£μ´ ¯. ‚¥²¨Î¨´  ΔK ¨§³¥´Ö² ¸Ó ¢ ¶·¥¤¥² Ì
μÉ −1 ¤μ −0,1 % K (K = 0,990− 0,999),   B/A Å μÉ 1,5 ¤μ 5. �¥§´ Î¨É¥²Ó-
´μ¥ ¨§³¥´¥´¨¥ ¢ ¶μ²μ¦¥´¨¨ μ·£ ´μ¢ ·¥£Ê²¨·μ¢ ´¨Ö, ´¥μ¡Ìμ¤¨³μ¥ ¤²Ö § ¤ ´¨Ö
´Ê¦´μ£μ Ê·μ¢´Ö ¶μ¤±·¨É¨Î´μ¸É¨, ´¥ ¢²¨Ö²μ ´  ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ¤¥É¥±Éμ·  ¨
´  ¢¥²¨Î¨´Ê τ . ‚ ± ¦¤μ³ ¸μ¸ÉμÖ´¨¨ ·¥ ±Éμ·  §´ Î¥´¨¥ α ¨§³¥·Ö²μ¸Ó ´¥ ³¥-
´¥¥ Î¥³ ¤²Ö É·eÌ · §²¨Î´ÒÌ Ê·μ¢´¥° ¶μ¤±·¨É¨Î´μ¸É¨. ‡ ·¥£¨¸É·¨·μ¢ ´´Ò¥
· ¸¶·¥¤¥²¥´¨Ö P (t)Δt  ¶¶·μ±¸¨³¨·μ¢ ²¨¸Ó § ¢¨¸¨³μ¸ÉÓÕ

P ∗(t)Δt = AΔt +
n∑

i=1

Bi e−αitΔt, £¤¥ n = 1, 2.

3




±¸¶¥·¨³¥´É ²Ó´Ò¥ ÉμÎ±¨ α(ΔK/K), ¶μ²ÊÎ¥´´Ò¥ ¶ÊÉe³  ¶¶·μ±¸¨³ Í¨¨
�μ¸¸¨-α-· ¸¶·¥¤¥²¥´¨° μ¤´μ° Ô±¸¶μ´¥´Éμ°,  ¶¶·μ±¸¨³¨·μ¢ ²¨¸Ó § É¥³ § -
¢¨¸¨³μ¸ÉÓÕ (1), £¤¥ ·¥ ±É¨¢´μ¸ÉÓ ¢Ò· ¦¥´  ¢ ¤μ²ÖÌ βÔËË. „²Ö ¶μ²ÊÎ¥-
´¨Ö  ¡¸μ²ÕÉ´ÒÌ §´ Î¥´¨° ·¥ ±É¨¢´μ¸É¨ ¨¸¶μ²Ó§μ¢ ²μ¸Ó · ¸Î¥É´μ¥ §´ Î¥´¨¥
βÔËË = 2,165 · 10−3. Šμ´¥Î´Ò³ ·¥§Ê²ÓÉ Éμ³ μ¡· ¡μÉ±¨ Ö¢²Ö²¨¸Ó ¤¢  ¶ · ³¥-
É· : αc Å §´ Î¥´¨¥ α ¢ ¸μ¸ÉμÖ´¨¨ ±·¨É¨Î´μ¸É¨ (K = 1) ¨ ρ∗ Å §´ Î¥´¨¥
·¥ ±É¨¢´μ¸É¨ ¶·¨ Ô±¸É· ¶μ²ÖÍ¨¨ (1) ¢ ÉμÎ±Ê ¸ α = 0. „²Ö Ô±¸É· ¶μ²¨·μ-
¢ ´´μ£μ §´ Î¥´¨Ö ·¥ ±É¨¢´μ¸É¨ ·¥ ±Éμ· ´ Ìμ¤¨É¸Ö ¢ ¸μ¸ÉμÖ´¨¨ ³£´μ¢¥´´μ°
±·¨É¨Î´μ¸É¨ ¨ ρ∗ ¥¸ÉÓ ¤μ²Ö § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ ρ∗ = β∗

ÔËË. ‚ ¤ ²Ó´¥°-
Ï¥³ ¤²Ö Ê¤μ¡¸É¢  ¨§²μ¦¥´¨Ö ¢¥²¨Î¨´  β∗

ÔËË μ§´ Î ¥É ¤μ²Õ § ¶ §¤Ò¢ ÕÐ¨Ì
´¥°É·μ´μ¢, ¶μ²ÊÎ¥´´ÊÕ ¶·¨ μ¡· ¡μÉ±¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. …¸²¨
Ï± ²  ·¥ ±É¨¢´μ¸É¨ μ¶·¥¤¥²¥´  ®¶· ¢¨²Ó´μ¯, Éμ Ô±¸É· ¶μ²¨·μ¢ ´´μ¥ §´ -
Î¥´¨¥ ·¥ ±É¨¢´μ¸É¨ ¢ ¶·¥¤¥² Ì μÏ¨¡±¨ Ô±¸¶¥·¨³¥´É  ¤μ²¦´μ ¸μ¢¶ ¤ ÉÓ ¸
· ¸ÎeÉ´Ò³ ρ∗ = β∗

ÔËË = βÔËË. “± § ´´Ò¥ ¢ÒÏ¥ ¶·μÍ¥¤Ê·Ò μ¡· ¡μÉ±¨ ¶·μ¢μ-
¤¨²¨¸Ó ´¥§ ¢¨¸¨³μ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¤¢ÊÌ ¶·μ£· ³³ ³´μ£μ¶ · ³¥É·¨Î¥¸±μ°
 ¶¶·μ±¸¨³ Í¨¨. �μ¸±μ²Ó±Ê ·¥§Ê²ÓÉ ÉÒ μ¡· ¡μÉ±¨, ÌμÉÖ ¨ ¢ ³ ²μ° ¸É¥¶¥´¨,
§ ¢¨¸ÖÉ μÉ ¨¸¶μ²Ó§Ê¥³ÒÌ ³¥Éμ¤μ¢ ³¨´¨³¨§ Í¨¨ χ2, ¢ ±μ´¥Î´μ³ ·¥§Ê²ÓÉ É¥
ÊÎ¨ÉÒ¢ ²¨¸Ó μ¸μ¡¥´´μ¸É¨ ¶·¨³¥´¥´¨Ö μ¡¥¨Ì ¶·μ£· ³³. ‘·¥¤´¨¥ §´ Î¥´¨Ö ¶ -
· ³¥É·μ¢ μ¶·¥¤¥²Ö²¨¸Ó ¢ ¢¨¤¥

X =
2∑

i=1

Xiσ
−2
xi

/ 2∑
i=1

σ−2
xi ±

(
1
/ 2∑

σ−2
xi

)1/2

,

£¤¥ X = α0, β∗
ÔËË; Xi = α0i, β∗

ÔËËi
,

σxi Å ¶μ£·¥Ï´μ¸ÉÓ ¶ · ³¥É·  x; i Å ¨´¤¥±¸, Ê± §Ò¢ ÕÐ¨° ´  ¨¸¶μ²Ó§μ¢ ´¨¥
Éμ° ¨²¨ ¨´μ° ¶·μ£· ³³Ò. ‚ ¤ ²Ó´¥°Ï¥³  ´ ²¨§¥ ¨¸¶μ²Ó§μ¢ ² ¸Ó μÍ¥´± 
τ = βÔËË/αc.

3. �Š‘�…�ˆŒ…�’�‹œ�›… �…‡“‹œ’�’›

�¨¦¥ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¢ ÏÉ É´μ³ ¸μ¸ÉμÖ´¨¨ ·¥ ±Éμ· 
¶·¨ ´¥¡μ²ÓÏ¨Ì ¨§³¥´¥´¨ÖÌ μ±·Ê¦¥´¨Ö  ±É¨¢´μ° §μ´Ò ¨ ¢ ¢ ·¨ ´É¥ 
��‘-2.

3.1. ˆ§³¥·¥´¨¥ ¢ ÏÉ É´μ³ ¸μ¸ÉμÖ´¨¨ ·¥ ±Éμ· . ‚ ÏÉ É´μ³ ¢ ·¨ ´É¥ ·¥-
 ±Éμ·  ¢¸¥ ¨§³¥·¥´¨Ö ¶·μ¢μ¤¨²¨¸Ó ¶·¨ μÉ¸ÊÉ¸É¢¨¨ § ³¥¤²¨É¥²Ö §  ¶μ¤¢¨¦´Ò³
μÉ· ¦ É¥²¥³, ¢ Éμ ¢·¥³Ö ± ± ¤·Ê£¨¥ § ³¥¤²¨É¥²¨ ¡Ò²¨ Ê¸É ´μ¢²¥´Ò. „²Ö ¢¸¥Ì
±μ³¡¨´ Í¨° ¸²¨¢  ¢μ¤Ò ¨§ § ³¥¤²¨É¥²¥° ´¥ ¡Ò²μ ¶μ²ÊÎ¥´μ ´¨ μ¤´μ£μ ¸É É¨-
¸É¨Î¥¸±¨ §´ Î¨³μ£μ ·¥§Ê²ÓÉ É , ±μÉμ·Ò° ¡Ò Ê± §Ò¢ ² ´  μÉ±²μ´¥´¨¥ Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ μÉ μ¤´μÉμÎ¥Î´μ£μ ¶·¥¤¸É ¢²¥´¨Ö ±¨´¥É¨±¨ ˆ	�-2 (¢¸¥
¨§³¥·¥´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¸μ¤¥·¦ ²¨ Éμ²Ó±μ μ¤´Ê Ô±¸¶μ´¥´ÉÊ). ‡´ Î¥´¨Ö
α ¢ § ¢¨¸¨³μ¸É¨ μÉ ΔK/K ¤²Ö ÏÉ É´μ£μ ¢ ·¨ ´É  ·¥ ±Éμ·  ¶·¨¢¥¤¥´Ò ´ 
·¨¸. 2. ‚ É ¡². 1 ¤ ´Ò μ¸´μ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¢¥²¨Î¨´Ò τ . Š ±
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�¨¸. 2. ‡ ¢¨¸¨³μ¸ÉÓ ¤¥±·¥³¥´É  § ÉÊÌ ´¨Ö μÉ ·¥ ±É¨¢´μ¸É¨ ¨ ²¨´¥°´ Ö Ô±¸É· ¶μ²ÖÍ¨Ö
¢ ÉμÎ±Ê ¸ α = 0 (±·¨É¨Î¥¸±μ¥ ¸μ¸ÉμÖ´¨¥ ´  ³£´μ¢¥´´ÒÌ ´¥°É·μ´ Ì). “¸·¥¤´¥´¨¥ ¶μ
¢¸¥³ ¸μ¸ÉμÖ´¨Ö³ ·¥ ±Éμ· . 
±¸É· ¶μ²¨·μ¢ ´´μ¥ §´ Î¥´¨¥ ·¥ ±É¨¢´μ¸É¨ ρ∗ = β∗

ÔËË =
(2,167 ± 0,015) · 10−3. ◦ Å ¢μ¤Ò ¢ ±μ¦ÊÌ¥ �� ¨ § ³¥¤²¨É¥²ÖÌ ´¥É; � Å ¢μ¤  ¢
§ ³¥¤²¨É¥²ÖÌ ¥¸ÉÓ, ¨§ ±μ¦ÊÌ  �� ¸²¨É ; � Å ¢μ¤  ¢ ±μ¦ÊÌ¥ �� ¥¸ÉÓ, ¢ § ³¥¤²¨É¥²ÖÌ
´¥É; � Å ¢μ¤  ¢ ±μ¦ÊÌ¥ �� ¨ § ³¥¤²¨É¥²ÖÌ ¥¸ÉÓ

¸²¥¤Ê¥É ¨§ É ¡². 1, ¢ ÏÉ É´μ³ ¢ ·¨ ´É¥ ·¥ ±Éμ·  §´ Î¥´¨¥ τ , Ê¸·¥¤´e´´μ¥ ¶μ
¢¸¥³ ¸μ¸ÉμÖ´¨Ö³ § ³¥¤²¨É¥²¥°, ¢ ¶·¥¤¥² Ì μÏ¨¡±¨ ¸μ¢¶ ¤ ¥É ¸ μÍ¥´± ³¨ ¤²Ö
μÉ¤¥²Ó´ÒÌ ¸μ¸ÉμÖ´¨° § ³¥¤²¨É¥²¥°. �·¨ ÔÉμ³ Ô±¸É· ¶μ²¨·μ¢ ´´μ¥ ¢ ÉμÎ±Ê ¸
α = 0 §´ Î¥´¨¥ ·¥ ±É¨¢´μ¸É¨ ρ∗ = β∗

ÔËË = (2,167± 0,015) · 10−3 ¶· ±É¨Î¥¸±¨
· ¢´μ · ¸ÎeÉ´μ° ¤μ²¥ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ (¸³. ·¨¸. 2).

3.2. ˆ§³¥·¥´¨¥ τ ¢ Ô±¸¶¥·¨³¥´É Ì ���‘-2. ‚ ¨§³¥·¥´¨ÖÌ ´  ¸É¥´¤¥

��‘-2 Î ¸ÉÓ ¡¨μ²μ£¨Î¥¸±μ° § Ð¨ÉÒ ¢³¥¸É¥ ¸μ ÏÉ É´Ò³ ³μ¤Ê²ÖÉμ·μ³ ·¥-
 ±É¨¢´μ¸É¨ (Œ�) ¡Ò²  μÉμ¤¢¨´ÊÉ  μÉ  ±É¨¢´μ° §μ´Ò,   ¢³¥¸Éμ Œ� Ê¸É ´ -
¢²¨¢ ²¨¸Ó · §²¨Î´Ò¥ ¢ ·¨ ´ÉÒ ���Ä„��. ˆ§³¥·¥´¨Ö τ ¶·μ¢μ¤¨²¨¸Ó ¤²Ö
¸²¥¤ÊÕÐ¨Ì ¢ ·¨ ´Éμ¢: (2Ä2ƒ)* Ä (FeÄBe); (2Ä2ƒ) + § ³¥¤²¨É¥²Ó §  �� Ä
(FeÄBe); (4Ä5)*, (5Ä1), (5Ä3) Ä (FeÄFe). �¡μ§´ Î¥´¨Ö ¢ ·¨ ´Éμ¢ ���Ä„��
¸μμÉ¢¥É¸É¢ÊÕÉ μ¡μ§´ Î¥´¨Ö³, ¶·¨´ÖÉÒ³ ¢ · ¡μÉ¥ [2]. �¸´μ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ
¨§³¥·¥´¨° ¶·¨¢¥¤¥´Ò ´  ·¨¸. 3 ¨ ¢ É ¡². 1. „²Ö Ô±¸¶¥·¨³¥´Éμ¢ ´  
��‘-2
· §²¨Î¨¥ ³¥¦¤Ê βÔËË ¨ β∗

ÔËË (β∗
ÔËË/βÔËË = 1,45−1,62) §´ Î¨É¥²Ó´μ ¶·¥¢ÒÏ ¥É

¸É É¨¸É¨Î¥¸±ÊÕ ¶μ£·¥Ï´μ¸ÉÓ ¨§³¥·¥´¨Ö.
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’ ¡²¨Í  1. �±¸¶¥·¨³¥´É �μ¸¸¨-α. ‡´ Î¥´¨¥ ¤¥±·¥³¥´É  § ÉÊÌ ´¨Ö αc ¨ μÍ¥´± 
¢·¥³¥´¨ ¦¨§´¨ ³£´μ¢¥´´ÒÌ ´¥°É·μ´μ¢ τ = βÔËË/αc ¢ · §²¨Î´ÒÌ ¢ ·¨ ´É Ì μ±·Ê-
¦¥´¨Ö  ±É¨¢´μ° §μ´Ò ˆ��-2. (‡´ ± ®+¯ μ§´ Î ¥É §¤¥¸Ó ¨ ¤ ²¥¥ ´ ²¨Î¨¥ Ô²¥³¥´Éμ¢
±μ´¸É·Ê±Í¨¨, ®−¯ Å ¨Ì μÉ¸ÊÉ¸É¢¨¥)

�¸´μ¢´Ò¥ ‡ ³¥¤²¨É. H2O ¢
‚ ·¨ ´É �� αc, 104 c−1 τ , ´¸

§ ³¥¤²¨É. §  �� ±μ¦ÊÌ¥ ��

Ä Ä Ä ˜É É´Ò° 3,55 ± 0,12 61 ± 2
+ Ä Ä ÄªÄ 3,36 ± 0,15 64 ± 3

Ä Ä + ÄªÄ 3,74 ± 0,19 58 ± 3∗)

+ Ä + ÄªÄ 3,57 ± 0,15 61 ± 3

ÄªÄ 3,48 ± 0,01 61 ± 2∗∗)


��‘-2
Ä Ä FeÄBe

(2Ä2ƒ)∗ 4,62 ± 0,21 47 ± 2

Ä Ä FeÄBe
(2Ä2ƒ) 4,10 ± 0,20 53 ± 3

Ä Ä FeÄFe
(4Ä5) 4,70 ± 0,9 46 ± 1

Ä Ä FeÄFe
(4Ä5)
(5Ä1)
(5Ä3) 4,71 ± 0,10 46 ± 1

∗)�μ²ÊÎ¥´μ ¶μ ¤¢Ê³ ÉμÎ± ³. �Í¥´±  ´¥¤μ¸É ÉμÎ´μ ´ ¤e¦´ .
∗∗)“¸·¥¤´¥´¨¥ ¶μ ¢¸¥³ ¸μ¸ÉμÖ´¨Ö³ § ³¥¤²¨É¥²¥°.

4. ��‘—…’. ‘��‚�…�ˆ… ��‘—…’�›•
ˆ �Š‘�…�ˆŒ…�’�‹œ�›• „���›•

„²Ö  ´ ²¨§  ¤ ´´ÒÌ ¢ ¨´É¥·¶·¥É Í¨¨ �μ¸¸¨-α-Ô±¸¶¥·¨³¥´Éμ¢ ¡Ò²¨ ¶·μ¢¥-
¤¥´Ò · ¸ÎeÉÒ ¶μ ³¥Éμ¤Ê Œμ´É¥-Š ·²μ. ‚¥²¨Î¨´  τ μÍ¥´¨¢ ² ¸Ó ¢ · §²¨Î´ÒÌ
±μ´Ë¨£Ê· Í¨ÖÌ ¡²¨¦ °Ï¥£μ μ±·Ê¦¥´¨Ö  ±É¨¢´μ° §μ´Ò. ‚ · ¸ÎeÉ´μ° ³μ¤¥²¨
·¥ ±Éμ·  ÊÎ¨ÉÒ¢ ²¸Ö §´ Î¨É¥²Ó´Ò° μ¡Ñe³ ¡¨μ²μ£¨Î¥¸±μ° § Ð¨ÉÒ Éμ²Ð¨´μ°
μ¤¨´ ³¥É·. �¥§Ê²ÓÉ ÉÒ · ¸ÎeÉ  ¤²Ö ´¥±μÉμ·ÒÌ ¸μ¸ÉμÖ´¨° ·¥ ±Éμ·  ¶·¨¢¥¤¥´Ò
¢ É ¡². 2 ¨ 3. �¸´μ¢´ Ö ¶μ£·¥Ï´μ¸ÉÓ · ¸ÎeÉ  ¡Ò²  ¸¢Ö§ ´  ¸ ´¥±μÉμ·μ° ¨¤¥-
 ²¨§ Í¨¥° ¢ · ¸ÎeÉ´μ° ³μ¤¥²¨ ¸²μ¦´μ° £¥μ³¥É·¨¨ ¸É¥´¤  
��‘-2. ‚±² ¤
μÉ¤¥²Ó´ÒÌ Ô²¥³¥´Éμ¢ ±μ´¸É·Ê±Í¨¨ ·¥ ±Éμ·  ¢ ¢¥²¨Î¨´Ê τ , ¶μ²ÊÎ¥´´Ò° ´ 
μ¸´μ¢ ´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ · ¸Î¥É´ÒÌ ¤ ´´ÒÌ, ¶·¨¢¥¤¥´ ¢ É ¡². 4. ‚
ÏÉ É´μ³ ¢ ·¨ ´É¥ ·¥ ±Éμ·  · ¸ÎeÉ´μ¥ §´ Î¥´¨¥ τ (60 ´¸) ¶· ±É¨Î¥¸±¨ ¸μ¢¶ -
¤ ¥É ¸ ¨§³¥·¥´´Ò³ (62 ´¸).
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�¨¸. 3. 
±¸¶¥·¨³¥´É 
��‘-2. ‡ ¢¨¸¨³μ¸ÉÓ ¤¥±·¥³¥´É  § ÉÊÌ ´¨Ö μÉ ·¥ ±É¨¢´μ¸É¨ ¨
²¨´¥°´ Ö Ô±¸É· ¶μ²ÖÍ¨Ö ± ±·¨É¨Î¥¸±μ³Ê ¸μ¸ÉμÖ´¨Õ ´  ³£´μ¢¥´´ÒÌ ´¥°É·μ´ Ì. ˜± ² 
·¥ ±É¨¢´μ¸É¨ μ¶·¥¤¥²¥´  ¶μ ³¥Éμ¤Ê ®· §£μ´ ¯ ¢ ÏÉ É´μ³ ¸μ¸ÉμÖ´¨¨ ·¥ ±Éμ· . ‡´ Î¥-
´¨¥ βÔËË ¶·¨´¨³ ²μ¸Ó · ¢´Ò³ · ¸Î¥É´μ³Ê 2,165 · 10−3. �¡μ§´ Î¥´¨Ö ¨¸¸²¥¤Ê¥³ÒÌ
¢ ·¨ ´Éμ¢ μÉ· ¦ É¥²¥° (���Ä„��) ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸Ê´±¥. �·Ö³Ò¥ ²¨´¨¨ Å ·¥-
§Ê²ÓÉ É  ¶¶·μ±¸¨³ Í¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ÉμÎ¥± ¤²Ö μÉ¤¥²Ó´ÒÌ ¢ ·¨ ´Éμ¢ μÉ· ¦ -
É¥²¥°. †¨·´ Ö ²¨´¨Ö Å  ¶¶·μ±¸¨³ Í¨Ö ¶μ ¢¸¥³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ÉμÎ± ³. 
±¸-
É· ¶μ²¨·μ¢ ´´μ¥ §´ Î¥´¨¥ ·¥ ±É¨¢´μ¸É¨, Ê¸·¥¤´¥´´μ¥ ¶μ ¢¸¥³ ¸μ¸ÉμÖ´¨Ö³ ·¥a±Éμ· 
β∗

ÔËË = (3,38 ± 0,015) · 10−3, ¸ÊÐ¥¸É¢¥´´μ μÉ²¨Î ¥É¸Ö μÉ · ¸Î¥É´μ£μ

’ ¡²¨Í  2. � ¸ÎeÉ. ˜É É´Ò° ¢ ·¨ ´É ·¥ ±Éμ· . ‚²¨Ö´¨¥ μ±·Ê¦¥´¨Ö  ±É¨¢´μ° §μ´Ò
´  ¢¥²¨Î¨´Ê τ

�¸´μ¢´Ò¥ ‡ ³¥¤²¨É. �¸´μ¢´ Ö 	¨μ²μ£¨Î.
�� τ , ´¸

§ ³¥¤²¨É. §  �� ¡¨μ²μ£¨Î. § Ð¨É  § Ð¨É  §  ��

+ + + + + 66 ± 7
+ + + − + 65 ± 6
+ − + − + 58 ± 6
+ + − − + 62 ± 6
+ − + − − 51 ± 5

− − − − − 22 ± 2∗)

∗)“Î¨ÉÒ¢ ²¨¸Ó Éμ²Ó±μ É¥¶²μ¢Ò¤¥²ÖÕÐ¨¥ ± ¸¸¥ÉÒ ¨ ±μ·¶Ê¸ ·¥ ±Éμ· .
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’ ¡²¨Í  3. � ¸ÎeÉ. ���‘-2. ‚²¨Ö´¨¥ μÉ¤¥²Ó´ÒÌ Ô²¥³¥´Éμ¢ ±μ´¸É·Ê±Í¨¨ ¶μ¤¢¨¦-
´μ£μ μÉ· ¦ É¥²Ö (��) ´  ¢¥²¨Î¨´Ê τ

‡ ³¥¤²¨É. §  �� H2O ¢ ±μ¦ÊÌ¥ �� Kμ¦ÊÌ �� �� τ , ´¸

− + − − 55 ± 6
− − − + 54 ± 6
− + − + 60 ± 6
+ − − + 65 ± 5
+ + − + 60,5
+ + + + 67,5

− − − − 50∗)

∗)	¥§ ÊÎeÉ  μ¸´μ¢´μ° ¡¨μ²μ£¨Î¥¸±μ° § Ð¨ÉÒ.

’ ¡²¨Í  4. ‚¥²¨Î¨´  δτ , ¢´μ¸¨³ Ö μÉ¤¥²Ó´Ò³¨ Ô²¥³¥´É ³¨ ±μ´¸É·Ê±Í¨¨ ·¥ ±Éμ· 
¢ ¸·¥¤´¥¥ ¢·¥³Ö ¦¨§´¨ ¶μ±μ²¥´¨Ö ´¥°É·μ´μ¢


²¥³¥´É ±μ´¸É·Ê±Í¨¨ ·¥ ±Éμ· 
δτ , ´¸


±¸¶¥·¨³e´É � ¸ÎeÉ

�¸´μ¢´Ò¥ § ³¥¤²¨É¥²¨ 0 ± 3
‡ ³¥¤²¨É¥²Ó §  �� 7 ± 4 7 ± 8
� É·¨° ¢  ±É¨¢´μ° §μ´¥ 5 ± 2
‡ ³¥´  Fe-„�� ´  Be 1 ± 2
‡ ³¥´  ÏÉ É´μ£μ �� ³ ±¥Éμ³ ¡¥§ ±μ¦ÊÌ  ¨ § Ð¨ÉÒ −15 ± 5 −8 ± 9
	¨μ²μ£¨Î¥¸± Ö § Ð¨É  §  �� 1 ± 9
�¸´μ¢´ Ö ¡¨μ²μ£¨Î¥¸± Ö § Ð¨É  4 ± 8
Šμ³¶¥´¸¨·ÊÕÐ¨¥ ·¥£Ê²ÖÉμ·Ò 7 ± 5
��� + „�� 7 ± 8
Œ�‡ 3 ± 5
	�‡ + �� + �� 4 ± 5

5. ���‹ˆ‡ ��‘•�†„…�ˆŸ Œ…†„“ �Š‘’����‹ˆ��‚���›Œˆ
‡��—…�ˆŸŒˆ βÔËË, ��‹“—…��›Œˆ ‚ ˜’�’��Œ ‚��ˆ��’…

�…�Š’��� ˆ ‚ ‚��ˆ��’… ���‘-2

�μ¸±μ²Ó±Ê ¢ ²Õ¡ÒÌ ¨§³¥·¥´¨ÖÌ τ Ë ±É¨Î¥¸±¨ μ¶·¥¤¥²Ö¥É¸Ö ²¨ÏÓ μÉ´μ-
Ï¥´¨¥ βÔËË/τ ,   · ¸Ìμ¦¤¥´¨¥ ¢ μÍ¥´± Ì βÔËË ¤²Ö ÏÉ É´μ£μ ¢ ·¨ ´É  ·¥ ±Éμ· 
¨ ¤²Ö ¢ ·¨ ´Éμ¢ 
��‘-2 ¢¥²¨±μ, · ¸¸³μÉ·¨³ ¶μ¸²¥¤´¥¥ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ¡μ²¥¥
¶μ¤·μ¡´μ. �·¨Î¨´μ° §´ Î¨É¥²Ó´μ£μ · ¸Ìμ¦¤¥´¨Ö ³¥¦¤Ê Ô±¸¶¥·¨³¥´É ²Ó´μ°
β∗

ÔËË ¨ · ¸ÎeÉ´μ° βÔËË μÍ¥´± ³¨ ¢ ¢ ·¨ ´É¥ 
��‘-2 ³μ¦¥É ¡ÒÉÓ ¸²¥¤ÊÕÐ¥¥:
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¢¥²¨Î¨´  ΔK/K μ¶·¥¤¥²¥´  ¸ ¡μ²ÓÏμ° ¸¨¸É¥³ É¨Î¥¸±μ° ¶μ£·¥Ï´μ¸ÉÓÕ, ´μ
§´ Î¥´¨¥ βÔËË ¶μ μÉ´μÏ¥´¨Õ ± ÏÉ É´μ³Ê ¢ ·¨ ´ÉÊ ·¥ ±Éμ·  ´¥ ¨§³¥´¨²μ¸Ó
(¢ ÔÉμ³ ¸²ÊÎ ¥ ¤²Ö τ ¸¶· ¢¥¤²¨¢  μÍ¥´± , ¶·¨¢¥¤e´´ Ö ¢ É ¡². 1). …¸²¨ ¦¥
Ï± ²  ·¥ ±É¨¢´μ¸É¨ ¡Ò²  μ¶·¥¤¥²¥´  ®¶· ¢¨²Ó´μ¯, Éμ, ± ± ÔÉμ ´¨ ¶ · ¤μ±-
¸ ²Ó´μ, §´ Î¥´¨¥ βÔËË ¶·¨ Ê¤ ²¥´¨¨ Î ¸É¨ ¡¨μ²μ£¨Î¥¸±μ° § Ð¨ÉÒ ¸μ ¸Éμ·μ´Ò
¶μ¤¢¨¦´μ£μ μÉ· ¦ É¥²Ö ¨ Ê¤ ²¥´¨¨ ±μ¦ÊÌ  �� Ê¢¥²¨Î¨¢ ¥É¸Ö ¢ 1,45−1,62
· §. ‚ ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ Î¨¸²μ · § Ê¢¥²¨Î¨¢ ¥É¸Ö ¨ §´ Î¥´¨¥ τ .

‚μ ¢Éμ·μ³ ¸²ÊÎ ¥ ´¥μ¡Ìμ¤¨³μ ¶·¥¤¶μ²μ¦¨ÉÓ ´ ²¨Î¨¥ ®±μ³´ É´μ°¯ £·Ê¶¶Ò
§ ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ βk ¸ ÔËË¥±É¨¢´μ° ¤μ²¥°

βk = β̄∗
ÔËË − βÔËË = (1,21 ± 0,11) · 10−3,

£¤¥

β̄∗
ÔËË =

∑
β∗

i σ−2
i

/ ∑
σ−2

i = (3,38 ± 0,11) · 10−3

Å ¸·¥¤´¥¢§¢¥Ï¥´´μ¥ ¶μ ¢¸¥³ ¨§³¥·¥´¨Ö³ ´  
��‘-2 §´ Î¥´¨¥ β∗
ÔËË. �μ-

¸±μ²Ó±Ê Ëμ·³  · ¸¶·¥¤¥²¥´¨Ö P (t)Δt ¢μ ¢¸¥Ì ¸²ÊÎ ÖÌ ¡Ò²  μ¤´μÔ±¸¶μ´¥´-
Í¨ ²Ó´μ° (¶μ ±·¨É¥·¨Õ χ2), Éμ ¤²Ö ±μ´¸É ´ÉÒ ¸¶ ¤  ¶·¥¤¶μ² £ ¥³μ° £·Ê¶¶Ò

®±μ³´ É´ÒÌ¯ ´¥°É·μ´μ¢ λk ³μ¦´μ ¶·¨´ÖÉÓ λk <
1

ΔT
≈ 60 ¸−1, £¤¥ ΔT =

150 ³±¸ Å  ´ ²¨§¨·Ê¥³Ò° ¢ · ¸¶·¥¤¥²¥´¨¨ ¨´É¥·¢ ² ¢·¥³¥´¨. Š·μ³¥ Éμ£μ,
¢¢¨¤Ê ¡μ²ÓÏμ° ¢¥²¨Î¨´Ò βk ¨¸ÉμÎ´¨± ®±μ³´ É´ÒÌ¯ ´¥°É·μ´μ¢ ´¥ ¤μ²¦¥´
¡ÒÉÓ Ê¤ ²e´ ¡μ²¥¥ Î¥³ ´  É·¨¤Í ÉÓ ¸ ´É¨³¥É·μ¢ μÉ  ±É¨¢´μ° §μ´Ò. �É¸Õ¤ 
¤²Ö Ô´¥·£¨¨ ÔÉμ° £·Ê¶¶Ò ´¥°É·μ´μ¢ ¸²¥¤Ê¥É μ£· ´¨Î¥´¨¥

Ek < (72,4 · 0,3 · λk)2 ∼= 0,02 Ô‚.

� ¸Î¥É´Ò¥ μÍ¥´±¨ ¤μ²¨  ²Ó¡¥¤´ÒÌ ´¥°É·μ´μ¢ ¢ £¥μ³¥É·¨¨ 
��‘-2 ¶μ± § ²¨,
ÎÉμ ÔËË¥±É¨¢´μ¥ §´ Î¥´¨¥ βk ´¥ ¶·¥¢ÒÏ ¥É 10−5,   ¢¥·Ì´ÖÖ Ô´¥·£¨Ö §´ Î¨-
É¥²Ó´μ° ¤μ²¨ (¤μ 10 %)  ²Ó¡¥¤´ÒÌ ´¥°É·μ´μ¢ · ¢´  3 ŒÔ‚, É. ¥. ¸ÊÐ¥¸É¢¥´´μ
¶·¥¢ÒÏ ¥É ¥¥ μÍ¥´±Ê ¢ �μ¸¸¨-α-¨§³¥·¥´¨ÖÌ. �μÔÉμ³Ê ¶·¥¤¶μ²μ¦¥´¨¥ μ ´ -
²¨Î¨¨ ¡μ²ÓÏμ° £·Ê¶¶Ò ®±μ³´ É´ÒÌ¯ ´¥°É·μ´μ¢ ³ ²μ¢¥·μÖÉ´μ.

�·¥¤¶μ²μ¦¥´¨¥ μ ¸¨¸É¥³ É¨Î¥¸±μ° ¶μ£·¥Ï´μ¸É¨ ¢ μ¶·¥¤¥²¥´¨¨ Ï± ²Ò
·¥ ±É¨¢´μ¸É¨ É ±¦¥ ³ ²μ¢¥·μÖÉ´μ ¶μ ¸²¥¤ÊÕÐ¨³ ¶·¨Î¨´ ³. „¥°¸É¢¨É¥²Ó´μ,
± ²¨¡·μ¢±  ·¥£Ê²ÖÉμ·μ¢ ¶μ ³¥Éμ¤Ê ®· §£μ´ ¯ ´¥¶μ¸·¥¤¸É¢¥´´μ ´  ¸É¥´¤¥ ´¥
¶·μ¢μ¤¨² ¸Ó,   ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¤ ´´Ò¥, ¶μ²ÊÎ¥´´Ò¥ ¢ ÏÉ É´μ³ ¸μ¸ÉμÖ´¨¨ ·¥-
 ±Éμ· . ˆ§³¥´¥´¨¥ Ï± ²Ò ·¥ ±É¨¢´μ¸É¨ ³μ£²μ ¶·μ¨§μ°É¨, ¥¸²¨ ¡Ò ÔËË¥±É¨¢-
´μ¸ÉÓ ·¥£Ê²ÖÉμ·μ¢ ¶·¨ μÉμ¤¢¨£ ´¨¨ ¶μ¤¢¨¦´μ£μ μÉ· ¦ É¥²Ö ¸ § Ð¨Éμ° ¨§³¥-
´¨² ¸Ó. �μ§¤´¥¥ (´  ¸É¥´¤¥ 
��‘-3) ¡Ò²μ μÉ³¥Î¥´μ, ÎÉμ ¶·¨ μÉμ¤¢¨£ ´¨¨
ÏÉ É´μ£μ ¶μ¤¢¨¦´μ£μ μÉ· ¦ É¥²Ö ´  μ¤¨´ ³¥É· μÉ  ±É¨¢´μ° §μ´Ò ÔËË¥±É¨¢-
´μ¸ÉÓ ·¥£Ê²ÖÉμ·μ¢ ´¥ ¨§³¥´Ö² ¸Ó. Š Î¥¸É¢¥´´Ò¥ μÍ¥´±¨ É ±¦¥ ¶μ± §Ò¢ ²¨,
ÎÉμ ¶·¨ ¶μ²´μ³ Ê¤ ²¥´¨¨ ¶μ¤¢¨¦´μ£μ μÉ· ¦ É¥²Ö ¸ § Ð¨Éμ° ÔËË¥±É¨¢´μ¸ÉÓ
·¥£Ê²ÖÉμ·μ¢ ´¥ ¤μ²¦´  ¡Ò²  ¨§³¥´¨ÉÓ¸Ö ¡μ²¥¥ Î¥³ ´  10 %.
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’ ±¨³ μ¡· §μ³, ¨³¥ÕÐ¨¥¸Ö · ¸Î¥É´Ò¥ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ´¥
¶μ§¢μ²ÖÕÉ ´ ¤¥¦´μ μ¡ÑÖ¸´¨ÉÓ · ¸Ìμ¦¤¥´¨¥ ³¥¦¤Ê βÔËË ¨ β∗

ÔËË ¶·¨¸ÊÉ¸É¢¨¥³
®±μ³´ É´μ°¯ £·Ê¶¶Ò § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ ¨²¨ ¦¥ μÏ¨¡±μ° ¢ ³¥Éμ¤¨±¥
¨§³¥·¥´¨Ö ·¥ ±É¨¢´μ¸É¨.

‡¤¥¸Ó ´¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ, ÎÉμ ¢ ·Ö¤¥ �μ¸¸¨-α-Ô±¸¶¥·¨³¥´Éμ¢ ´  ¡Ò-
¸É·ÒÌ ¸¡μ·± Ì ¸ Ê· ´μ¢μ° §μ´μ°, ´ ¶·¨³¥·, ´   ´£²¨°¸±μ° ¸¡μ·±e ®Vera¯ [5]
¨ Ï¢¥¤¸±μ° FR-0 [6] Ô±¸É· ¶μ²ÖÍ¨Ö ±μ´¸É ´ÉÒ ¸¶ ¤  ³£´μ¢¥´´ÒÌ ´¥°É·μ´μ¢ ¢
±·¨É¨Î¥¸±μ¥ ¸μ¸ÉμÖ´¨¥ ´  ³£´μ¢¥´´ÒÌ ´¥°É·μ´ Ì ¤ ¢ ²  ÉμÎ´μ É ±μ¥ ¦¥ · §-
²¨Î¨¥ ³¥¦¤Ê Ô±¸¶¥·¨³¥´É ²Ó´μ° ¨ · ¸Î¥É´μ° μÍ¥´± ³¨ ¤μ²¨ § ¶ §¤Ò¢ ÕÐ¨Ì
´¥°É·μ´μ¢ β∗

ÔËË/βÔËË ≈ 1,5, ÎÉμ ¨ ¢ Ô±¸¶¥·¨³¥´É Ì 
��‘-2 (¸ μÉμ¤¢¨´ÊÉμ°
μÉ  ±É¨¢´μ° §μ´Ò Î ¸ÉÓÕ ¡¨μ²μ£¨Î¥¸±μ° § Ð¨ÉÒ).

„μ¶μ²´¨É¥²Ó´Ò¥ ³¥Éμ¤Ò ¨§³¥·¥´¨Ö ¨ μ¡· ¡μÉ±¨ ¤ ´´ÒÌ (¸³. ¶·¨²μ¦¥´¨Ö
1, 2) ¸μ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ �μ¸¸¨-α-¨§³¥·¥´¨°.

6. �‘��‚�›… ‚›‚�„›

1. ‚ ÏÉ É´μ³ ¢ ·¨ ´É¥ ·¥ ±Éμ·  ¢¥²¨Î¨´  τ · ¢´  (62 ± 2) ´¸. ‡ -
³¥¤²¨É¥²¨, μ±·Ê¦ ÕÐ¨¥  ±É¨¢´ÊÕ §μ´Ê, ±·μ³¥ § ³¥¤²¨É¥²Ö §  ¶μ¤¢¨¦´Ò³
μÉ· ¦ É¥²¥³, ¶· ±É¨Î¥¸±¨ ´¥ ¢²¨ÖÕÉ ´  τ . “¸É ´μ¢±  § ³¥¤²¨É¥²Ö §  ��
Ê¢¥²¨Î¨¢ ¥É τ ´  (7 ± 4) ´¸.

2. “³¥´ÓÏ¥´¨¥ ¢¥²¨Î¨´Ò τ ¶μ ¸· ¢´¥´¨Õ ¸ ¤ ´´Ò³¨ Ë¨§¨Î¥¸±μ£μ ¶Ê¸± 
(83 ´¸) ¸¢Ö§ ´μ ¸ Ê¸¨²¥´¨¥³ § Ð¨ÉÒ  ±É¨¢´μ° §μ´Ò μÉ ´¥°É·μ´μ¢, · ¸¸¥Ö´-
´ÒÌ ´  μ¸´μ¢´ÒÌ § ³¥¤²¨É¥²ÖÌ ¨ ±μ¦ÊÌ¥ ¶μ¤¢¨¦´μ£μ μÉ· ¦ É¥²Ö. — ¸É¨Î´μ
Ê³¥´ÓÏ¥´¨Õ ¢¥²¨Î¨´Ò τ ¸¶μ¸μ¡¸É¢μ¢ ²  ¨ § ³¥´  „��. ‘μ±· Ð¥´¨¥ ¤²¨-
É¥²Ó´μ¸É¨ ´¥°É·μ´´μ° ¢¸¶ÒÏ±¨ Éμ²Ó±μ §  ¸Î¥É Ê³¥´ÓÏ¥´¨Ö ¢¥²¨Î¨´Ò τ ¸μ-
¸É ¢¨²μ ∼ 10 %, É. ¥. ∼ 22 ³±¸.

3. � ¨¡μ²ÓÏ¥¥ ¢²¨Ö´¨¥ ´  τ μ± §Ò¢ ÕÉ ±μ´¸É·Ê±É¨¢´Ò¥ Ô²¥³¥´ÉÒ ³μ¤Ê-
²ÖÉμ·  ·¥ ±É¨¢´μ¸É¨ (±μ¦ÊÌ ¶μ¤¢¨¦´μ£μ μÉ· ¦ É¥²Ö ¨ Î ¸ÉÓ ¡¨μ²μ£¨Î¥¸±μ°
§ Ð¨ÉÒ). �·¨ μÉ¸ÊÉ¸É¢¨¨ ÔÉ¨Ì Ô²¥³¥´Éμ¢ ¢·¥³Ö ¦¨§´¨ ´¥°É·μ´μ¢ ¢ ·¥ ±Éμ·¥
³μ¦¥É ¡ÒÉÓ Ê³¥´ÓÏ¥´μ ¤μ (47 ± 6) ´¸. „²¨É¥²Ó´μ¸ÉÓ ´¥°É·μ´´μ° ¢¸¶ÒÏ±¨
¸μμÉ¢¥É¸É¢¥´´μ ¸μ±· É¨É¸Ö ´  21 ³±¸.

4. ‚ Ô±¸¶¥·¨³¥´É Ì �μ¸¸¨-α ´  ¸É¥´¤¥ 
��‘-2 ¶·¨ μÉμ¤¢¨´ÊÉμ° μÉ
§μ´Ò Î ¸É¨ ¡¨μ²μ£¨Î¥¸±μ° § Ð¨ÉÒ ¡Ò²μ μÉ³¥Î¥´μ §´ Î¨É¥²Ó´μ¥ · ¸Ìμ¦¤¥´¨¥
³¥¦¤Ê · ¸Î¥É´Ò³ §´ Î¥´¨¥³ βÔËË ¨ Ô±¸É· ¶μ²¨·μ¢ ´´Ò³ ¢ ¸μ¸ÉμÖ´¨¨ ³£´μ-
¢¥´´μ° ±·¨É¨Î´μ¸É¨ §´ Î¥´¨¥³ ·¥ ±É¨¢´μ¸É¨ β∗

ÔËË. �É´μÏ¥´¨¥ β∗
ÔËË/βÔËË ¢

¸·¥¤´¥³ ¸μ¸É ¢¨²μ 1,5. �¡ÑÖ¸´¥´¨Ö É ±μ° ¨´É¥·¶·¥É Í¨¨ �μ¸¸¨-α-¨§³¥·¥´¨°
´ °¤¥´μ ´¥ ¡Ò²μ.

‚ § ±²ÕÎ¥´¨¥  ¢Éμ·Ò ¢Ò· ¦ ÕÉ £²Ê¡μ±ÊÕ ¡² £μ¤ ·´μ¸ÉÓ ¶¥·¸μ´ ²Ê ·¥ ±-
Éμ·  ˆ	�-2 §  ¢Ò¢μ¤ ·¥ ±Éμ·  ¢ ´Ê¦´μ¥ ¸μ¸ÉμÖ´¨¥ ¨ ¶μ¤¤¥·¦±Ê ¢ ¶·μ¢¥¤¥´¨¨
³´μ£μÎ¨¸²¥´´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢.
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��ˆ‹�†…�ˆ… 1
„���‹�ˆ’…‹œ�›… Œ…’�„› ˆ‡Œ…�…�ˆŸ τ

1. �Í¥´±  τ ¨§  ´ ²¨§  Ëμ·³Ò ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨. ‚ £ Ê¸¸μ¢μ³
¶·¨¡²¨¦¥´¨¨ ¤²Ö Ëμ·³Ò ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ¶·¨ ¶ · ¡μ²¨Î¥¸±μ° § ¢¨¸¨-
³μ¸É¨ ·¥ ±É¨¢´μ¸É¨ ¢¡²¨§¨ ³£´μ¢¥´´μ° ±·¨É¨Î´μ¸É¨ ¶μ²ÊÏ¨·¨´  ¢¸¶ÒÏ±¨
ϑ1/2 = 2

√
B ln 2 · τ/εm, £¤¥ B Å ¡¥§· §³¥·´Ò° ¶ · ³¥É·; εm Å ´ ¤±·¨É¨Î-

´μ¸ÉÓ ¢ ¨³¶Ê²Ó¸¥. „²Ö · ¢´μ¢¥¸´μ£μ ·¥¦¨³  ¶·¨ Î ¸ÉμÉ¥ ¶μ¢Éμ·¥´¨Ö ¢¸¶Ò-
Ï¥±, · ¢´μ° 5 1/¸, ¨¸¶μ²Ó§ÊÖ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö ϑ1/2 = 215 ³±¸,
B = 3,65 ¨ εm = 1,06 ·10−3, ¶μ²ÊÎ¨³ τ = 72±7 ´¸. ‚ ¶μ£·¥Ï´μ¸ÉÓ ¢¥²¨Î¨´Ò
τ ¢Ìμ¤ÖÉ ¶μ£·¥Ï´μ¸É¨ ¨§³¥·¥´¨Ö ϑ, B ¨ εm.

2. �Í¥´±  τ ¨§  ´ ²¨§  Ë²Ê±ÉÊ Í¨° Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨. ‘μ-
£² ¸´μ [7], ¶·¨ ¸·¥¤´¥° ³μÐ´μ¸É¨ ·¥ ±Éμ·  W > 1 ‚É μÉ´μ¸¨É¥²Ó´ÊÕ ¤¨¸¶¥-
·¸¨Õ Ë²Ê±ÉÊ Í¨° Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ (σQ/Q̄)2 ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ

¢ ¢¨¤¥ (σQ/Q̄)2 = δ2
0+a/W , £¤¥ a =

D

2βÔËËτLW
; D = 0,815 Å ¶ · ³¥É· „ °-

¢¥´ ; W Å ³μÐ´μ¸ÉÓ ¢ ¢ ÉÉ Ì, L Å ±μÔËË¨Í¨¥´É ¶¥·¥¢μ¤  ³μÐ´μ¸É¨, ¢Ò· -
¦¥´´μ° ¢ ¤¥²./(¸·BÉ); δ2

0 Å μÉ´μ¸¨É¥²Ó´ Ö ¤¨¸¶¥·¸¨Ö, μ¡Ê¸²μ¢²¥´´ Ö Ë²Ê±ÉÊ-
 Í¨Ö³¨ ¢´¥Ï´¥° ·¥ ±É¨¢´μ¸É¨. 
±¸¶¥·¨³¥´É ²Ó´ Ö § ¢¨¸¨³μ¸ÉÓ (σQ/Q̄)2 μÉ

W ¨³¥¥É ¢¨¤ (σQ/Q̄)2 = δ2
0 +

0,095 + 0,003
W

. �É¸Õ¤  ¤²Ö ÏÉ É´μ£μ ¢ ·¨ ´É 

·¥ ±Éμ·  βÔËË = 2,165 · 10−3, δ2
0 < 8 · 10−4 ¨ L = 3,25 · 1010 ¤¥²./(¸·‚É),

(192 ŒÔ‚/¤¥².) ¶μ²ÊÎ¨³ a = 5,79 · 10−9/τ = 0,095 + 0,003 ¨ τ = 61 ± 2 ´¸.

��ˆ‹�†…�ˆ… 2
„���‹�ˆ’…‹œ�›‰ Œ…’�„ ������’Šˆ ��‘‘ˆ-α-ˆ‡Œ…�…�ˆ‰

Š ± ¨§¢¥¸É´μ, ¢ �μ¸¸¨-α-¨§³¥·¥´¨ÖÌ ¢¥²¨Î¨´Ê βÔËË/τ ³μ¦´μ μ¶·¥¤¥²¨ÉÓ
¨§ ¢Ò· ¦¥´¨Ö, ¢ ±μÉμ·μ³ ·¥ ±É¨¢´μ¸ÉÓ ¢ Ö¢´μ³ ¢¨¤¥ μÉ¸ÊÉ¸É¢Ê¥É:

βÔËË/τ =
α2 − α1X

(1 − X)
± Δ(βÔËË/τ),

£¤¥ α1, α2 Å ±μ´¸É ´ÉÒ ¸¶ ¤  Í¥¶μÎ±¨ ³£´μ¢¥´´ÒÌ ´¥°É·μ´μ¢, ¨§³¥·¥´´Ò¥
¤²Ö ¤¢ÊÌ Ê·μ¢´¥° ¶μ¤±·¨É¨Î´μ¸É¨; X = N1/N2 Å μÉ´μÏ¥´¨¥ ¸±μ·μ¸É¥° ¸ÎeÉ 
¸ ¤¥É¥±Éμ· , ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ÔÉ¨³ Ê·μ¢´Ö³,

Δ(βÔËË/τ) =
[
X2Δα2

1 + Δα2
2+

α2 − α1

(1 − X)2
· ΔX2

]
, ΔX2 = X2

[
1

N1
+

1
N2

]
.

�Í¥´±  βÔËË/τ ¡Ò²  ¶μ²ÊÎ¥´  ¤²Ö ¤¢ÊÌ ¸μ¸ÉμÖ´¨° ·¥ ±Éμ· : ÏÉ É´μ£μ (¡¥§
¢μ¤Ò ¢ ±μ¦ÊÌ¥ ¶μ¤¢¨¦´μ£μ μÉ· ¦ É¥²Ö ¨ § ³¥¤²¨É¥²ÖÌ) ¨ ¤²Ö ¢ ·¨ ´É  (4Ä5)∗

´  
��‘-2. �¥§Ê²ÓÉ ÉÒ μ¡· ¡μÉ±¨ ¶·¨¢¥¤¥´Ò ´¨¦¥ ¤²Ö ÏÉ É´μ£μ ¸μ¸ÉμÖ´¨Ö
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·¥ ±Éμ·  (βÔËË/τ)Ï = (3,65 ± 0,20) · 104 c−1, τ = 59 ± 3 ´¸, ¨ ¤²Ö ¢ ·¨ ´É 

��‘-2 (βÔËË/τ)Ô = (4,71±0,1) ·104 c−1, τ = 46 ´¸. �μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ
Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ μ¸´μ¢´μ° μ¡· ¡μÉ±¨ �μ¸¸¨-α-¨§³¥·¥´¨°:
βÔËË/τÏ = (3,55±0,12)·104 c−1 ¨ βÔËË/τÔ = (4,70±0,09)·104 c−1 (¸³. É ¡². 1).

É¨ ·¥§Ê²ÓÉ ÉÒ ´¥ ¤ ÕÉ ´μ¢μ° ¨´Ëμ·³ Í¨¨, ´μ ¶μ¤É¢¥·¦¤ ÕÉ μÉ¸ÊÉ¸É¢¨¥
± ±¨Ì-²¨¡μ ¸¨¸É¥³ É¨Î¥¸±¨Ì ¶μ£·¥Ï´μ¸É¥° ¢ ¶·¨´ÖÉμ° ³¥Éμ¤¨±¥ ¨§³¥·¥´¨Ö
¨ μ¡· ¡μÉ±¨ ¨¸Ìμ¤´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.
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