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�¥¶¥²ÒÏ¥¢ �. �., �μ¶μ¢ �. Š. P13-2005-184
ˆ¸¸²¥¤μ¢ ´¨¥ ÔËË¥±Éμ¢ ·¥ ±É¨¢´μ¸É¨ ¶μ¤¢¨¦´ÒÌ μÉ· ¦ É¥²¥°
·¥ ±Éμ·  ˆ
�-2 ¢ ¤¨´ ³¨±¥

‚ ¨³¶Ê²Ó¸´μ³ ·¥¦¨³¥ · ¡μÉÒ ·¥ ±Éμ·  ˆ
�-2 ´  ³μÐ´μ¸É¨ μ¶·¥¤¥²¥´Ò ÔËË¥±ÉÒ
·¥ ±É¨¢´μ¸É¨ ¤¢ÊÌ É¨¶μ¢ ¶μ¤¢¨¦´ÒÌ μÉ· ¦ É¥²¥° (��). „²Ö ÔÉμ£μ ¸ Ìμ·μÏ¥° ¸É É¨¸É¨-
Î¥¸±μ° ÉμÎ´μ¸ÉÓÕ ¡Ò²¨ ¨§³¥·¥´Ò Ëμ·³  ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ¶μ ¡Ò¸É·Ò³ ´¥°É·μ´ ³ ¨
³μÐ´μ¸ÉÓ, ¢Ò¤¥²ÖÕÐ Ö¸Ö ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨, ± ± ËÊ´±Í¨Ö ¢·¥³¥´¨.

�¸μ¡¥´´μ¸ÉÓ ¶·¨¢¥¤¥´´μ° ¤¨´ ³¨Î¥¸±μ° μÍ¥´±¨ ´¥°É·μ´´μ-Ë¨§¨Î¥¸±¨Ì ¶ · ³¥É·μ¢
¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ μ´  ¶μ²ÊÎ¥´  ´  μ¸´μ¢ ´¨¨  ´ ²¨§  ÏÉ É´μ£μ ·¥¦¨³  · ¡μÉÒ ·¥-
 ±Éμ· . „μ ÔÉμ£μ ¤²Ö μÍ¥´±¨ ¶ · ³¥É·μ¢ �� ·¥ ±Éμ· ¶¥·¥¢μ¤¨²¸Ö ¢ ¸É Í¨μ´ ·´Ò° (´¥
¨³¶Ê²Ó¸´Ò°) ¶μ¤±·¨É¨Î¥¸±¨° ·¥¦¨³ · ¡μÉÒ, ¢ ±μÉμ·μ³ ´¥±μÉμ·Ò¥ ¡Ò¸É·μ¶·μÉ¥± ÕÐ¨¥
¶·μÍ¥¸¸Ò, ¢²¨ÖÕÐ¨¥ ´  Ëμ·³Ê ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨, ´¥ ³μ£²¨ ¡ÒÉÓ μ¶·¥¤¥²¥´Ò. „¨-
´ ³¨Î¥¸±¨° ³¥Éμ¤ ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ¤¥É ²Ó´μ¥ μ¶¨¸ ´¨¥ ¨§³¥´¥´¨Ö ·¥ ±É¨¢´μ¸É¨ ¶·¨
¢· Ð¥´¨¨ ��. �·¨ ÔÉμ³ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ÔËË¥±Éμ¢ ·¥ ±É¨¢´μ¸É¨ �� μ¶·¥¤¥²ÖÕÉ¸Ö
¸ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ.

�¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ, ÎÉμ Ê¸¶¥Ï´μ¥ ¨¸¶μ²Ó§μ¢ ´¨¥ ¤¨´ ³¨Î¥¸±μ£μ ³¥Éμ¤  ¤²Ö μÍ¥´±¨
ÔËË¥±Éμ¢ ·¥ ±É¨¢´μ¸É¨ ¶μ¤¢¨¦´ÒÌ μÉ· ¦ É¥²¥° ¢μ§³μ¦´μ Éμ²Ó±μ ¶·¨ Ê¸²μ¢¨¨ ¨§³¥·¥´¨Ö
Ëμ·³Ò ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ¢ ¶μ²´μ³ ¤¨´ ³¨Î¥¸±μ³ ¤¨ ¶ §μ´¥ ¨§³¥´¥´¨Ö ´¥°É·μ´´μ£μ
¶μÉμ± , É. ¥. μÉ ³ ±¸¨³Ê³  ¨³¶Ê²Ó¸  ¤μ Ê·μ¢´Ö Ëμ´  ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨. „²Ö ·¥ ±Éμ· 
ˆ
�-2 ÔÉμÉ ¤¨ ¶ §μ´ ¤²Ö ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢ ¸μ¸É ¢²Ö¥É 104.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ ´¥°É·μ´´μ° Ë¨§¨±¨ ¨³. ˆ.Œ.”· ´±  �ˆŸˆ.
�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2005

Pepelyshev Yu.N., Popov A. K. P13-2005-184
Investigation of Reactivity Effects of Movable Re�ectors
of the IBR-2 Reactor in Dynamics

In the designed pulsed mode of operation of the IBR-2 reactor the reactivity effects of
two types of movable re�ectors (MR) have been evaluated by the dynamic method. For this
purpose, the shape of the IBR-2 power pulse for the fast neutrons and the power between
pulses (background power) as the time function have been measured (with good statistical
accuracy).

The peculiarity of the present dynamic evaluation of neutron-physical parameters is that it
is obtained on the basis of the analysis of the designed pulsed mode of the reactor operation.
Up to now, the MR parameter evaluations were performed when the pulsed reactor had been
put into the stationary (not pulsed) subcritical mode of operation when some fast processes
in�uencing the power pulse shape could not be deˇned. The dynamic method allows one
to obtain a detailed description of the reactivity change at the MR revolving. In this case
numerical values of the MR reactivity effects are deˇned with high accuracy.

It is important to note that successful use of the dynamic method to estimate reactivity
effects of the movable re�ectors is possible only when the power pulse shape is measured
in the total dynamic range of neutron �ux change, i.e. from the pulse maximum to the
background level between pulses. For the IBR-2 reactor this range for the fast neutrons is
equal to 104.

The investigation has been performed at the Frank Laboratory of Neutron Physics, JINR.
Preprint of the Joint Institute for Nuclear Research. Dubna, 2005
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ƒ² ¢´ Ö μ¸μ¡¥´´μ¸ÉÓ ·¥ ±Éμ·  ˆ
�-2 Å ´ ²¨Î¨¥ ³¥Ì ´¨Î¥¸±μ£μ ³μ¤Ê²Ö-
Éμ·  ·¥ ±É¨¢´μ¸É¨ Å ¶μ¤¢¨¦´μ£μ μÉ· ¦ É¥²Ö (��), ±μÉμ·Ò° μ¡¥¸¶¥Î¨¢ ¥É
Í¨±²¨Î¥¸±¨° ¶·μÍ¥¸¸ £²Ê¡μ±μ£μ ¨§³¥´¥´¨Ö ·¥ ±É¨¢´μ¸É¨. ‘ ¶¥·¨μ¤μ³ 0,2 ¸
·¥ ±Éμ· ˆ
�-2 §  ¢·¥³Ö ³¥´¥¥ 1 ³c ¶¥·¥¢μ¤¨É¸Ö ¨§ £²Ê¡μ±μ ¶μ¤±·¨É¨Î¥¸±μ£o
¸μ¸ÉμÖ´¨Ö ¢ ´ ¤±·¨É¨Î¥¸±μ¥ ¸μ¸ÉμÖ´¨¥ ¶μ ³£´μ¢¥´´Ò³ ´¥°É·μ´ ³. �μ¤¢¨¦-
´Ò° μÉ· ¦ É¥²Ó, ¢Ò· ¡μÉ ¢Ï¨° ·¥¸Ê·¸, § ³¥´Ö¥É¸Ö ´  ´μ¢Ò°. �¥°É·μ´´μ-
Ë¨§¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ ��, ±μÉμ·Ò¥ μ¶·¥¤¥²ÖÕÉ ¤²¨É¥²Ó´μ¸ÉÓ ´¥°É·μ´-
´μ£μ ¨³¶Ê²Ó¸  (¨³¶Ê²Ó¸  ³μÐ´μ¸É¨) ¨ Ëμ´ ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨, μ¡ÒÎ´μ ¨§-
³¥·ÖÕÉ ¢ ¸É Í¨μ´ ·´μ³ ¶μ¤±·¨É¨Î¥¸±μ³ ·¥¦¨³¥ · ¡μÉÒ ·¥ ±Éμ·  ´  ¶μ¸Éμ-
Ö´´μ° (´¥ ¨³¶Ê²Ó¸´μ°) ³μÐ´μ¸É¨ ¶·¨ ³¥¤²¥´´μ³ ¢· Ð¥´¨¨ ��. ’ ±¨¥ ¨§-
³¥·¥´¨Ö ¤μ¢μ²Ó´μ É·Ê¤μ¥³±¨ ¨ ´¥ ¶μ§¢μ²ÖÕÉ ¶μ²ÊÎ¨ÉÓ ¤¥É ²Ó´ÊÕ ± ·É¨´Ê
¶¥·¨μ¤¨Î¥¸±μ£μ ¨§³¥´¥´¨Ö ·¥ ±É¨¢´μ¸É¨ ¶·¨ ¢· Ð¥´¨¨ ��. Š·μ³¥ Éμ£μ, ± ±
¶μ± §Ò¢ ÕÉ ¨¸¸²¥¤μ¢ ´¨Ö, ¨§³¥´¥´¨Ö ·¥ ±É¨¢´μ¸É¨ ¢ ¤¨´ ³¨±¥ ¨ ¢ ¸É Í¨μ-
´ ·´μ³ ·¥¦¨³¥ · §²¨Î ÕÉ¸Ö [1]. •μ¤ ·¥ ±É¨¢´μ¸É¨ ¶·¨ ¢· Ð¥´¨¨ �� ³μ¦´μ
μ¶·¥¤¥²¨ÉÓ ¤μ¢μ²Ó´μ ¡Ò¸É·μ ¸ μÎ¥´Ó ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ, ¥¸²¨ ¨¸¶μ²Ó§μ¢ ÉÓ
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶μ ¨§³¥´¥´¨Õ ³μÐ´μ¸É¨ §  ¶¥·¨μ¤ ¸²¥¤μ¢ ´¨Ö
´¥°É·μ´´μ£μ ¨³¶Ê²Ó¸ . �·¨ ÔÉμ³ Ëμ·³  ¨³¶Ê²Ó¸  ¤μ²¦´  ¡ÒÉÓ ¨§³¥·¥´  ¸ ¢Ò-
¸μ±μ° ÉμÎ´μ¸ÉÓÕ ¨ ¢ ¶μ²´μ³ ¤¨´ ³¨Î¥¸±μ³ ¤¨ ¶ §μ´¥ ¨§³¥´¥´¨Ö ´¥°É·μ´´μ£μ
¶μÉμ± , É. ¥. μÉ ³ ±¸¨³Ê³  ¨³¶Ê²Ó¸  ¤μ Ê·μ¢´Ö Ëμ´  ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨. �É³¥-
É¨³, ÎÉμ ¤²Ö ·¥ ±Éμ·  ˆ
�-2 ÔÉμÉ ¤¨ ¶ §μ´ ¸μ¸É ¢²Ö¥É 104. ‚ · ¡μÉ¥ ¶·¥¤¸É -
¢²¥´Ò μ¸´μ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤¨´ ³¨Î¥¸±¨Ì ¨§³¥·¥´¨° ´¥°É·μ´´μ-Ë¨§¨Î¥¸±¨Ì
¶ · ³¥É·μ¢ ¤¢ÊÌ ¢ ·¨ ´Éμ¢ ¶μ¤¢¨¦´ÒÌ μÉ· ¦ É¥²¥°: ��-2Œ, · ¡μÉ ¢Ï¥£μ ¢
¶¥·¨μ¤ 1996Ä2003 ££., ¨ ��-3, Ê¸É ´μ¢²¥´´μ£μ ¢ 2004 £.
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”μ·³  ¨³¶Ê²Ó¸  ¨§³¥·Ö² ¸Ó ¶μ ¡Ò¸É·Ò³ ´¥°É·μ´ ³ ¸ ¶μ³μÐÓÕ ¤¢ÊÌ ´¥-
§ ¢¨¸¨³ÒÌ ¢§ ¨³μ¤μ¶μ²´ÖÕÐ¨Ì ³¥Éμ¤μ¢: Éμ±μ¢μ£μ  ´ ²¨§  ¸ ·¥£¨¸É· Í¨¥°
¨³¶Ê²Ó¸  Éμ±  μÉ ”�“ ¸ ¶² ¸É¨±μ¢Ò³ ¸Í¨´É¨²²ÖÉμ·μ³ ¶μ ¶·μÉμ´ ³ μÉ¤ Î¨
¨ ¸Î¥É´μ£μ  ´ ²¨§  ¶μ ¢·¥³¥´¨ ¶·μ²¥É  ¸ ¶μ³μÐÓÕ ¨μ´¨§ Í¨μ´´μ° ± ³¥·Ò
¤¥²¥´¨Ö ¸ 232Th-±μ´¢¥·É¥·μ³. Š ³¥·  ¡Ò²  Ê¸É ´μ¢²¥´  ´  ´¥°É·μ´´μ³ ¶ÊÎ±¥
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º 1 ´  · ¸¸ÉμÖ´¨¨ 11,5 ³ μÉ ¶μ¢¥·Ì´μ¸É¨ § ³¥¤²¨É¥²Ö ¨ ·¥£¨¸É·¨·μ¢ ²  ¡Ò-
¸É·Ò¥ ´¥°É·μ´Ò ¸ Ô´¥·£¨¥° ¢ÒÏ¥ 1,2 ŒÔ‚. �μ²´ Ö ¶μ£·¥Ï´μ¸ÉÓ ¨§³¥·¥´¨Ö
¢μ ¢·¥³¥´¨ ¸ ÊÎ¥Éμ³ Ï¨·¨´Ò ¢·¥³¥´´μ£μ ± ´ ²  ¸μ¸É ¢²Ö²  4 ³±¸. ‘Í¨´-
É¨²²ÖÍ¨μ´´Ò¥ ¤¥É¥±Éμ·Ò ¡Ò²¨ Ê¸É ´μ¢²¥´Ò ¢ ´ ±²μ´´μ³ ± ´ ²¥ ˆ
�-2 ´ 
· ¸¸ÉμÖ´¨¨ μ±μ²μ 2 ³ μÉ ¶μ¢¥·Ì´μ¸É¨  ±É¨¢´μ° §μ´Ò. „²Ö Ê³¥´ÓÏ¥´¨Ö Ëμ´ 
μÉ É¥¶²μ¢ÒÌ ¨ ·¥§μ´ ´¸´ÒÌ ´¥°É·μ´μ¢,   É ±¦¥ £ ³³ -±¢ ´Éμ¢ ¤¥É¥±Éμ· ¡Ò²
μ±·Ê¦¥´ § Ð¨Éμ°. ‘Í¨´É¨²²ÖÍ¨μ´´Ò° ¤¥É¥±Éμ· ¢ μ¸´μ¢´μ³ ¨¸¶μ²Ó§μ¢ ²¸Ö
¤²Ö  ´ ²¨§  Ìμ¤  ·¥ ±É¨¢´μ¸É¨ ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨ ¢ Ëμ´¥, ±μ£¤  ¤¥É ²Ö³¨
¨§³¥´¥´¨Ö ³μÐ´μ¸É¨ ¢ ¨´É¥·¢ ²¥ ¢·¥³¥´¨ ³¥´¥¥ 10 ³±¸ ³μ¦´μ ¡Ò²μ ¶·¥´¥-
¡·¥ÎÓ. �  ·¨¸. 1 ¶·¨¢¥¤¥´  ¶·¨´Í¨¶¨ ²Ó´ Ö ¸Ì¥³  · §³¥Ð¥´¨Ö ¤¥É¥±Éμ·μ¢.
‚ μ¡μ¨Ì ³¥Éμ¤ Ì Ëμ·³  ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ¨§³¥·Ö² ¸Ó ¢ ¶μ²´μ³ ¤¨´ ³¨Î¥-
¸±μ³ ¤¨ ¶ §μ´¥ ¨§³¥´¥´¨Ö ´¥°É·μ´´μ£μ ¶μÉμ± , É. ¥. 104. — ¸ÉμÉ  ¶μ¢Éμ·¥´¨Ö
¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ ¸μ¸É ¢²Ö²  4,87 ÷ 4,97 ¸−1.

�¨¸. 1. �·¨´Í¨¶¨ ²Ó´ Ö ¸Ì¥³  · §³¥Ð¥´¨Ö ¤¥É¥±Éμ·μ¢ ´  ·¥ ±Éμ·¥ ˆ
�-2 ¤²Ö ¨§³¥-
·¥´¨Ö Ëμ·³Ò ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨

„²Ö  ´ ²¨§  ¤ ´´ÒÌ ¨¸¶μ²Ó§μ¢ ²¨¸Ó Ê· ¢´¥´¨Ö μ¤´μÉμÎ¥Î´μ° ³μ¤¥²¨ ·¥-
 ±Éμ· , ¶·¨¢¥¤¥´´Ò¥ ± ¸²¥¤ÊÕÐ¥³Ê ¢¨¤Ê:

τ
dP

dt
= Pε + S, (1)
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S =
∑

i

Si, (2)

Ti
dSi

dt
+ Si = βμiP, (3)

£¤¥ i = 1, . . . , 6 Å ´μ³¥· £·Ê¶¶Ò § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢; P Å ³μÐ´μ¸ÉÓ
·¥ ±Éμ·  (Ô±¸¶¥·¨³¥´É ²Ó´ Ö § ¢¨¸¨³μ¸ÉÓ ¨§³¥´¥´¨Ö ´¥°É·μ´´μ° ³μÐ´μ¸É¨
¢μ ¢·¥³¥´¨); t Å ¢·¥³Ö; τ Å ÔËË¥±É¨¢´μ¥ ¢·¥³Ö ¦¨§´¨ ³£´μ¢¥´´ÒÌ ´¥°-
É·μ´μ¢; ε Å ·¥ ±É¨¢´μ¸ÉÓ ´  ³£´μ¢¥´´ÒÌ ´¥°É·μ´ Ì; βi, β =

∑
i

βi Å ¸μ-

μÉ¢¥É¸É¢¥´´μ ¤μ²Ö § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ £·Ê¶¶Ò i ¨ ¸Ê³³ ·´ Ö; Si, S =∑
i

Si Å ¸μμÉ¢¥É¸É¢¥´´μ ´μ·³¨·μ¢ ´´ Ö ¨´É¥´¸¨¢´μ¸ÉÓ ¨¸ÉμÎ´¨±μ¢ § ¶ §¤Ò-

¢ ÕÐ¨Ì ´¥°É·μ´μ¢ £·Ê¶¶Ò i ¨ ¸Ê³³ ·´ Ö; μi = βi/β, Ti = 1/λi, λi Å ¸μ-
μÉ¢¥É¸É¢¥´´μ μÉ´μ¸¨É¥²Ó´ Ö ¤μ²Ö, ¶μ¸ÉμÖ´´ Ö ¢·¥³¥´¨ ¨ ¶μ¸ÉμÖ´´ Ö · ¸¶ ¤ 
¨¸ÉμÎ´¨±μ¢ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ £·Ê¶¶Ò i.

ŒμÐ´μ¸ÉÓ ¨ ¨´É¥´¸¨¢´μ¸ÉÓ ¨¸ÉμÎ´¨±μ¢ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ ¢Ò· -
¦¥´Ò ¢ μÉ´μ¸¨É¥²Ó´ÒÌ ¥¤¨´¨Í Ì.

ˆ¸¶μ²Ó§μ¢ ´Ò ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö ¶ · ³¥É·μ¢: μi = 0,038; 0,28; 0,216;
0,328; 0,103; 0,035; λi = 0,0129; 0,0311; 0,134; 0,331; 1,26; 3,21 ¸−1 [2];
τ = 6,5 · 10−8 ¸; β = 2,16 · 10−3.

� Î ²Ó´μ¥ §´ Î¥´¨¥ S ¶¥·¥¤ ´ Î ²μ³ · §¢¨É¨Ö ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ¢Ò-
Î¨¸²Ö²μ¸Ó ¶μ Ëμ·³Ê²¥

S0 =
∑

i

S0
i =

∑
i

(
βE0 μiλi exp (−λiT¨)

1 − exp (−λiT¨)
+ βμiPË

)
, (4)

¸μμÉ¢¥É¸É¢ÊÕÐ¥° · ¡μÉ¥ ·¥ ±Éμ·  ¸μ ¸É ¡¨²Ó´Ò³¨ ¨³¶Ê²Ó¸ ³¨ ³μÐ´μ¸É¨ ¸
Ô´¥·£¨¥° E0 ¨ Ëμ´μ¢μ° ³μÐ´μ¸É¨ PË. ŒμÐ´μ¸ÉÓ Ëμ´  ¢ÒÎ¨¸²Ö² ¸Ó ± ±
¸·¥¤´ÖÖ ³μÐ´μ¸ÉÓ ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨. ‚ Ëμ·³Ê²¥ (4) T¨ Å ¶¥·¨μ¤ ¸²¥¤μ¢ -
´¨Ö ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨. •μ¤ ·¥ ±É¨¢´μ¸É¨ §  ¶¥·¨μ¤ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨
¢ÒÎ¨¸²Ö²¸Ö ¶μ Ëμ·³Ê²¥

ε =
(

τ
dP

dt
− S

)
/P, (5)

¢ÒÉ¥± ÕÐ¥° ¨§ Ê· ¢´¥´¨Ö (1).

2. �””…Š’› �…�Š’ˆ‚��‘’ˆ ��„‚ˆ†�›• �’��†�’…‹…‰

…¸²¨ ¨§¢¥¸É¥´ Ìμ¤ ¨§³¥´¥´¨Ö ·¥ ±É¨¢´μ¸É¨ §  ¶¥·¨μ¤ ¢· Ð¥´¨Ö ��, Éμ
¢¸¥ ´¥μ¡Ìμ¤¨³Ò¥ Î¨¸²¥´´Ò¥ ´¥°É·μ´´μ-Ë¨§¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ �� (ÔË-
Ë¥±ÉÒ ·¥ ±É¨¢´μ¸É¨) ³μ£ÊÉ ¡ÒÉÓ ¶μ²ÊÎ¥´Ò ¨§ ÔÉμ° § ¢¨¸¨³μ¸É¨. ‚ · §¤¥²¥
¶·¥¤¸É ¢²¥´Ò ¤ ´´Ò¥ ¶μ ¨§³¥´¥´¨Õ ·¥ ±É¨¢´μ¸É¨ §  ¶¥·¨μ¤ ¢· Ð¥´¨Ö ��,  
É ±¦¥ §´ Î¥´¨Ö μ¸´μ¢´ÒÌ ÔËË¥±Éμ¢ ·¥ ±É¨¢´μ¸É¨.
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2.1. �μ¤¢¨¦´Ò° μÉ· ¦ É¥²Ó ��-2Œ (1996Ä2003 ££.). �μ¤¢¨¦´Ò° μÉ-
· ¦ É¥²Ó ��-2Œ ¸μ¸Éμ¨É ¨§ ¤¢ÊÌ ¸μμ¸´μ ¢· Ð ÕÐ¨Ì¸Ö ¢ μ¤´μ³ ´ ¶· ¢²¥´¨¨
μÉ· ¦ É¥²¥° Å μ¸´μ¢´μ£μ (���) ¨ ¤μ¶μ²´¨É¥²Ó´μ£μ („��). ‘±μ·μ¸ÉÓ ¢· -
Ð¥´¨Ö ��� Å 1500 μ¡/³¨´ ¨ „�� Å 300 μ¡/³¨´. ��� ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ°
Ê¤²¨´¥´´ÊÕ ²μ¶ ¸ÉÓ, ¶·μÌμ¤ÖÐÊÕ ¶·¨ ¢· Ð¥´¨¨ ³¨³μ  ±É¨¢´μ° §μ´Ò, ¨ ¤¢ 
¶·μÉ¨¢μ¢¥¸  (·¨¸. 2). „�� ¨³¥¥É ¡μ²¥¥ ¸²μ¦´Ò° ¢¨¤: ²μ¶ ¸ÉÓ ¢ ¢¨¤¥ É·¥§Ê¡Í 
¸ μ¤´μ° ¸Éμ·μ´Ò (É·¥§Ê¡¥Í ¶·¨ ¢· Ð¥´¨¨ ¶·μÌμ¤¨É ³¨³μ  ±É¨¢´μ° §μ´Ò)
¨ ¶·μÉ¨¢μ¢¥¸  ¸ ¤·Ê£μ°. ’·¥§Ê¡¥Í μ¡¥¸¶¥Î¨¢ ¥É ·¥§±μ¥ ¨§³¥´¥´¨¥ ·¥ ±É¨¢-
´μ¸É¨ ¶·¨ ¶¥·¥Ìμ¤¥ ·¥ ±Éμ·  ¨§ ´ ¤±·¨É¨Î¥¸±μ£μ ¸μ¸ÉμÖ´¨Ö ´  ³£´μ¢¥´´ÒÌ
´¥°É·μ´ Ì ¢ ¶μ¤±·¨É¨Î¥¸±μ¥.

�¨¸. 2. ‘Ì¥³  ·¥ ±Éμ·  ˆ
�-2 ¸ ¶μ¤¢¨¦´Ò³ μÉ· ¦ É¥²¥³ ��-2Œ ( ) ¨ Ëμ·³  ¨³¶Ê²Ó¸ 
³μÐ´μ¸É¨ (¡). ‘·¥¤´ÖÖ ³μÐ´μ¸ÉÓ 2 Œ‚É

�¨¸. 3.  ) � ¸¶·¥¤¥²¥´¨¥ ³μÐ´μ¸É¨ ³¥¦¤Ê ¤¢Ê³Ö ¶μ¸²¥¤μ¢ É¥²Ó´Ò³¨ ¢¸¶ÒÏ± ³¨. „ ´-
´Ò¥ ´μ·³¨·μ¢ ´Ò ´  ³ ±¸¨³Ê³ ¢¸¶ÒÏ±¨. ¡) BÒÎ¨¸²¥´´μ¥ ¨§³¥´¥´¨¥ ·¥ ±É¨¢´μ¸É¨.
‘·¥¤´ÖÖ ³μÐ´μ¸ÉÓ 2 Œ‚É
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�¸´μ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶μ Ëμ·³¥ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ¨ ¨§³¥´¥´¨Õ ·¥ ±-
É¨¢´μ¸É¨ §  ¶¥·¨μ¤ ¢· Ð¥´¨Ö ¶μ¤¢¨¦´μ£μ μÉ· ¦ É¥²Ö ��-2Œ ¶·¥¤¸É ¢²¥´Ò
´  ·¨¸. 2, 3.

2.2. �μ¤¢¨¦´Ò° μÉ· ¦ É¥²Ó ��-3 (Ê¸É ´μ¢²¥´ ¢ 2004 £.). �¸´μ¢´μ°
¶μ¤¢¨¦´Ò° μÉ· ¦ É¥²Ó ��-3 (���) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ·μÉμ· ¸²μ¦´μ° ±μ´-
Ë¨£Ê· Í¨¨, ¨³¥ÕÐ¨° ´  ¶¥·¨Ë¥·¨¨ ¤¢  ¢Ò¸ÉÊ¶ : μ¤¨´ Å ²μ¶ ¸ÉÓ ¢ ¢¨¤¥
§ ³±´ÊÉμ£μ É·¥§Ê¡Í , ¤·Ê£μ° Å ¶·μÉ¨¢μ¢¥¸, μ¡¥¸¶¥Î¨¢ ÕÐ¨° ¤¨´ ³¨Î¥¸±ÊÕ
¡ ² ´¸¨·μ¢±Ê ·μÉμ· . ‘±μ·μ¸ÉÓ ¢· Ð¥´¨Ö ��� ¸μ¸É ¢²Ö¥É 600 μ¡/³¨´. „μ-
¶μ²´¨É¥²Ó´Ò° ¶μ¤¢¨¦´Ò° μÉ· ¦ É¥²Ó ¨³¥¥É ¶μ¤μ¡´ÊÕ ±μ´Ë¨£Ê· Í¨Õ, ´μ ¸

�¨¸. 4. ‘Ì¥³  ·¥ ±Éμ·  ˆ
�-2 ¸ ¶μ¤¢¨¦´Ò³ μÉ· ¦ É¥²¥³ ��-2Œ ( ) ¨ Ëμ·³  ¨³-
¶Ê²Ó¸  ³μÐ´μ¸É¨ (¡). „ ´´Ò¥ ´μ·³¨·μ¢ ´Ò ´  ³ ±¸¨³Ê³ ¨³¶Ê²Ó¸ . ‘·¥¤´ÖÖ ³μÐ´μ¸ÉÓ
1,5 Œ‚É

�¨¸. 5.  ) � ¸¶·¥¤¥²¥´¨¥ ³μÐ´μ¸É¨ ³¥¦¤Ê ¤¢Ê³Ö ¶μ¸²¥¤μ¢ É¥²Ó´Ò³¨ ¢¸¶ÒÏ± ³¨
ˆ
�-2 ¸ ¶μ¤¢¨¦´Ò³ μÉ· ¦ É¥²¥³ ��-3. „ ´´Ò¥ ´μ·³¨·μ¢ ´Ò ´  ³ ±¸¨³Ê³ ¢¸¶ÒÏ±¨.
¡) BÒÎ¨¸²¥´´μ¥ ¨§³¥´¥´¨¥ ·¥ ±É¨¢´μ¸É¨. ‘·¥¤´ÖÖ ³μÐ´μ¸ÉÓ 1,35 Œ‚É
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¤¢Ê³Ö §Ê¡Í ³¨ ¨ ¢· Ð ¥É¸Ö ¸μ ¸±μ·μ¸ÉÓÕ 300 μ¡/³¨´. ƒ¥μ³¥É·¨Ö ²μ¶ ¸É¥°
��� ¨ „�� ¡²¨§±  ± μ¶É¨³ ²Ó´μ° ¤²Ö ´ ¨¡μ²¥¥ ¡Ò¸É·μ° ³μ¤Ê²ÖÍ¨¨ ·¥ ±-
É¨¢´μ¸É¨ ¶·¨ Ëμ·³¨·μ¢ ´¨¨ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨. �¸´μ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶μ
Ëμ·³¥ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ¨ ¨§³¥´¥´¨Õ ·¥ ±É¨¢´μ¸É¨ §  ¶¥·¨μ¤ ¢· Ð¥´¨Ö
¶μ¤¢¨¦´μ£μ μÉ· ¦ É¥²Ö ��-3 ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 4, 5.

2.3. ‘· ¢´¨É¥²Ó´Ò¥ Ì · ±É¥·¨¸É¨±¨ ÔËË¥±Éμ¢ ·¥ ±É¨¢´μ¸É¨ ·¥ ±Éμ· 
ˆ��-2 ¸ ¶μ¤¢¨¦´Ò³ μÉ· ¦ É¥²¥³ ��-2Œ ¨ ��-3. ‡´ Î¥´¨Ö μ¸´μ¢´ÒÌ ÔË-
Ë¥±Éμ¢ ·¥ ±É¨¢´μ¸É¨ ��, ¶μ²ÊÎ¥´´Ò¥ ¨§ μ¡· ¡μÉ±¨ ¨§³¥·¥´´μ° Ëμ·³Ò ¨³-
¶Ê²Ó¸  ³μÐ´μ¸É¨, ¶·¥¤¸É ¢²¥´Ò ¢ É ¡²¨Í¥. ‡ ³¥´  ��-2Œ ´  ��-3 ¶·¨¢¥² ,
± ± ¸²¥¤Ê¥É ¨§  ´ ²¨§  ·¥§Ê²ÓÉ Éμ¢ ¤¨´ ³¨Î¥¸±¨Ì ¨§³¥·¥´¨°, ± Ê³¥´ÓÏ¥´¨Õ
¨³¶Ê²Ó¸´μ° ¤μ²¨ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ (β¨) ¸ 1,6 · 10−4 ¤μ 1,36 · 10−4

Keff , Ê¢¥²¨Î¥´¨Õ ¶ · ³¥É·  ¶ · ¡μ²Ò ·¥ ±É¨¢´μ¸É¨ α ¨ Ê¢¥²¨Î¥´¨Õ ¤²¨É¥²Ó-
´μ¸É¨ ´¥°É·μ´´μ° ¢¸¶ÒÏ±¨ ¸ 215 ¤μ 245 ³±¸ (´  ¶μ²Ê¢Ò¸μÉ¥). “¶μ³Ö´ÊÉÒ¥
¶μ´ÖÉ¨Ö β¨ (μ´μ ¢¢¥¤¥´μ ¢ · ¡μÉ¥ [3]) ¨ α ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¸³Ò¸².

ˆ³¶Ê²Ó¸´ Ö ¤μ²Ö § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ β¨. �¥¡μ²ÓÏ¨¥ ¨§³¥´¥´¨Ö
·¥ ±É¨¢´μ¸É¨, ¢Ò· ¦¥´´μ° ¢ ¤μ²ÖÌ β¨, ¢Ò§Ò¢ ÕÉ ¶· ±É¨Î¥¸±¨ É ±¨¥ ¦¥ ¨§-
³¥´¥´¨Ö Ô´¥·£¨¨ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨. ’ ±, ¨§³¥´¥´¨¥ ·¥ ±É¨¢´μ¸É¨ (¢ ¤μ²ÖÌ
β¨) ´  10 % ¶·¨¢μ¤¨É ± ¨§³¥´¥´¨Õ Ô´¥·£¨¨ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ´  É¥ ¦¥

�ËË¥±ÉÒ ·¥ ±É¨¢´μ¸É¨ ¶μ¤¢¨¦´μ£μ μÉ· ¦ É¥²Ö ��-2Œ ¨ ��-3, ¶μ²ÊÎ¥´´Ò¥
¢ ¤¨´ ³¨Î¥¸±¨Ì ¨§³¥·¥´¨ÖÌ

� · ³¥É·Ò
�¡μ§´ Î¥´¨¥,

��-2Œ ��-3
¥¤¨´¨ÍÒ ¨§³¥·¥´¨Ö

� ¢´μ¢¥¸´ Ö ¨³¶Ê²Ó¸´ Ö
´ ¤±·¨É¨Î´μ¸ÉÓ εmax, ¤μ²¨ Keff 9,8 · 10−4 8,85−9, 00 · 10−4

�μ²´ Ö ÔËË¥±É¨¢´μ¸ÉÓ
¶μ¤¢¨¦´μ£μ μÉ· ¦ É¥²Ö
(²μ¶ ¸É¨ ��� + „�� ΔKMR, 10−2Keff 3,1 2,54−2,56
¢Ò¢¥¤¥´Ò §  ¶·¥¤¥²Ò
 ±É¨¢´μ° §μ´Ò)

�ËË¥±É¨¢´μ¸ÉÓ ��� ΔKMMR, 10−2Keff 2,1 1,77−1,78

�ËË¥±É¨¢´μ¸ÉÓ „�� ΔKAMR, 10−2Keff 1,02 0,77−0,78

�μ¤±·¨É¨Î´μ¸ÉÓ ¢ Ëμ´¥ ΔKbg, 10−2Keff 3,0 2,45−2,47

�ËË¥±É¨¢´μ¸ÉÓ
ΔK1 (AMR), 10−2Keff 0,20 0,18−0,20

¶·μÉ¨¢μ¢¥¸  ���

� · ³¥É· 3 · 10−4 1,05 · 10−3

¶ · ¡μ²Ò α, ¤o²¨ Keff £· ¤−2 CÉ É¨Î¥¸±¨¥ CÉ É¨Î¥¸±¨¥
·¥ ±É¨¢´μ¸É¨ ¨§³¥·¥´¨Ö ¨§³¥·¥´¨Ö
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10 % ¸ μÏ¨¡±μ° 0,5%. ˆ§³¥´¥´¨Õ ·¥ ±É¨¢´μ¸É¨ ´  5 % ¸μμÉ¢¥É¸É¢Ê¥É ¥Ð¥
³¥´ÓÏ Ö μÏ¨¡±  (0,1 %).

� · ³¥É· ¶ · ¡μ²Ò α. Œ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥ ³μÐ´μ¸É¨ ¢ ¨³¶Ê²Ó¸¥
¤μ¸É¨£ ¥É¸Ö ¢ ³μ³¥´É ¶¥·¥Ìμ¤  ·¥ ±Éμ·  ¨§ ´ ¤±·¨É¨Î¥¸±μ£μ ¸μ¸ÉμÖ´¨Ö ´ 
³£´μ¢¥´´ÒÌ ´¥°É·μ´ Ì ¢ ¶μ¤±·¨É¨Î¥¸±μ¥. ‚ ÔÉμ³ · °μ´¥ ·¥ ±É¨¢´μ¸ÉÓ, μ¡Ê-
¸²μ¢²¥´´ Ö ���, ¸ Ìμ·μÏ¥° ÉμÎ´μ¸ÉÓÕ μ¶¨¸Ò¢ ¥É¸Ö ¶ · ¡μ²μ° ε��� = εmax−
αϕ2

���, £¤¥ α Å ¶ · ³¥É· ¶ · ¡μ²Ò (¤μ²¨ Keff £· ¤−2); ϕ��� Å Ê£μ² ¶μ¢μ-
·μÉ  ��� ¢ £· ¤Ê¸ Ì; εmax Å ´ ¨¡μ²ÓÏ¥¥ §´ Î¥´¨¥ ·¥ ±É¨¢´μ¸É¨, ¤μ¸É¨£ ¥-
³μ¥ ¢ É¥Î¥´¨¥ ¨³¶Ê²Ó¸ .

�¶·¥¤¥²¥´¨¥ ¶ · ³¥É·  ¶ · ¡μ²Ò ·¥ ±É¨¢´μ¸É¨ ´  μ¸´μ¢¥ ¤ ´´ÒÌ μ Ëμ·³¥
¨³¶Ê²Ó¸  ³μÐ´μ¸É¨, É. ¥. ´  μ¸´μ¢¥ ¤¨´ ³¨Î¥¸±¨Ì ¨§³¥·¥´¨°, ´¥¢μ§³μ¦´μ ¡¥§
ÊÎ¥É  ¤μ¶μ²´¨É¥²Ó´ÒÌ ¡Ò¸É·μ¶·μÉ¥± ÕÐ¨Ì ¶·μÍ¥¸¸μ¢, ¢²¨ÖÕÐ¨Ì ´  Ëμ·³Ê
¨³¶Ê²Ó¸  ³μÐ´μ¸É¨. �É  § ¤ Î  É·¥¡Ê¥É ¸¶¥Í¨ ²Ó´μ£μ · ¸¸³μÉ·¥´¨Ö.

3. �‘��‚�›… ‚›‚�„›

ˆ¸¸²¥¤μ¢ ´¨¥ ´¥°É·μ´´μ-Ë¨§¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± ¶μ¤¢¨¦´ÒÌ μÉ· ¦ -
É¥²¥° (��) ·¥ ±Éμ·  ˆ
�-2 ¤¨´ ³¨Î¥¸±¨³¨ ³¥Éμ¤ ³¨ ¢ ¨³¶Ê²Ó¸´μ³ ·¥¦¨³¥
· ¡μÉÒ ·¥ ±Éμ·  ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ¤¥É ²Ó´μ¥ μ¶¨¸ ´¨¥ Ìμ¤  ¨§³¥´¥´¨Ö ·¥-
 ±É¨¢´μ¸É¨ ¶·¨ ¢· Ð¥´¨¨ ��. ‚ ÔÉμ³ ³¥Éμ¤¥ ÔËË¥±ÉÒ ·¥ ±É¨¢´μ¸É¨ ��
μ¶·¥¤¥²ÖÕÉ¸Ö ¸ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ. �¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ, ÎÉμ Ê¸¶¥Ï´μ¥
¨¸¶μ²Ó§μ¢ ´¨¥ ¤¨´ ³¨Î¥¸±μ£μ ³¥Éμ¤  ¤²Ö μÍ¥´±¨ ÔËË¥±Éμ¢ ·¥ ±É¨¢´μ¸É¨ ¶μ-
¤¢¨¦´ÒÌ μÉ· ¦ É¥²¥° ¢μ§³μ¦´μ Éμ²Ó±μ ¶·¨ Ê¸²μ¢¨¨ ¨§³¥·¥´¨Ö Ëμ·³Ò ¨³-
¶Ê²Ó¸  ³μÐ´μ¸É¨ ¸ Ìμ·μÏ¥° ¸É É¨¸É¨Î¥¸±μ° ÉμÎ´μ¸ÉÓÕ ¨ ¢ ¶μ²´μ³ ¤¨´ ³¨Î¥-
¸±μ³ ¤¨ ¶ §μ´¥ ¨§³¥´¥´¨Ö ´¥°É·μ´´μ£μ ¶μÉμ± , É. ¥. μÉ ³ ±¸¨³Ê³  ¨³¶Ê²Ó¸ 
¤μ Ê·μ¢´Ö Ëμ´  ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨. „²Ö ·¥ ±Éμ·  ˆ
�-2 ÔÉμÉ ¤¨ ¶ §μ´ ¸μ¸É -
¢²Ö¥É 104.
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