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�Í¥´±  ¶ · ³¥É·μ¢ ³μÐ´μ¸É´μ° μ¡· É´μ° ¸¢Ö§¨ ¨ Ê¸Éμ°Î¨¢μ¸É¨
¨³¶Ê²Ó¸´μ£μ ·¥ ±Éμ·  ˆ��-2 ¶·¨ · §²¨Î´ÒÌ Ê·μ¢´ÖÌ ¸·¥¤´¥° ³μÐ´μ¸É¨

�·μ¢¥¤¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ ³μ¤¥²Ó´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö ¶ · ³¥É·μ¢ ¡Ò-
¸É·μ° ³μÐ´μ¸É´μ° μ¡· É´μ° ¸¢Ö§¨ (Œ�‘) ¢ § ¢¨¸¨³μ¸É¨ μÉ ³μÐ´μ¸É¨ ¨³-
¶Ê²Ó¸´μ£μ ·¥ ±Éμ·  ˆ��-2. ˆ¸¸²¥¤μ¢ ²¨¸Ó ¶¥·¥Ìμ¤´Ò¥ ¶·μÍ¥¸¸Ò ³μÐ´μ¸É¨,
¢Ò§¢ ´´Ò¥ ¶·Ö³μÊ£μ²Ó´Ò³¨ ±μ²¥¡ ´¨Ö³¨ ¢´¥Ï´¥° ·¥ ±É¨¢´μ¸É¨. „ ´  μÍ¥´± 
¨§³¥´¥´¨Ö ¶ · ³¥É·μ¢ Œ�‘ ¢ ¤¨ ¶ §μ´¥ ¸·¥¤´¥° ³μÐ´μ¸É¨ ·¥ ±Éμ·  μÉ 0,5 ¤μ
1,5 Œ‚É. �·¨¢¥¤¥´μ ¸· ¢´¥´¨¥ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¸ ¤ ´´Ò³¨ Ô±¸¶¥·¨³¥´-
Éμ¢ 1984Ä1996 ££. �É³¥Î¥´μ, ÎÉμ ¢²¨Ö´¨¥ Œ�‘ ¸ É¥Î¥´¨¥³ ¢·¥³¥´¨ · ¡μÉÒ ·¥-
 ±Éμ·  Ê³¥´ÓÏ ¥É¸Ö. Œμ¤¥²Ó ·¥ ±Éμ·  ¸ ¶ · ³¥É· ³¨ Œ�‘, ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨
μ¤´μ° ¸¥·¨¨ Ô±¸¶¥·¨³¥´Éμ¢, ¨¸¸²¥¤μ¢ ´  Î ¸ÉμÉ´Ò³ ³¥Éμ¤μ³ ´  Ê¸Éμ°Î¨¢μ¸ÉÓ.
�μ± § ´μ, ÎÉμ ¢ · °μ´¥ ÏÉ É´μ£μ Ê·μ¢´Ö ¸·¥¤´¥° ³μÐ´μ¸É¨ 1,5 Œ‚É ·¥ ±Éμ· ¢
·¥¦¨³¥ ¸ ³μ·¥£Ê²¨·μ¢ ´¨Ö (É. ¥. ¡¥§  ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ· ) μ¡² ¤ ¥É ¤μ-
¸É ÉμÎ´Ò³ § ¶ ¸μ³ Ê¸Éμ°Î¨¢μ¸É¨.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ ´¥°É·μ´´μ° Ë¨§¨±¨ ¨³. ˆ.Œ. ”· ´± 
�ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2006

Pepelyshev Yu.N., Popov A.K. P13-2006-101
Estimation of the Parameters of Power Feedback and Stability
of the IBR-2 Pulsed Reactor at Different Levels of the Mean Power

The experimental and modeling investigations of fast power feedback (PF) para-
meters depending on the power of the IBR-2 pulsed reactor have been carried out.
The transient processes of power, induced by the rectangular oscillations of the ex-
ternal reactivity have been investigated. The estimation of the PF parameters change
has been obtained in the range of the reactor mean power from 0.5 to 1.5 MW.
The results obtained are presented as compared to the data measured earlier in the
experiments of 1984Ä1996. It is registered that the in
uence of PF decreases in the
course of reactor operation time. The model of the reactor with the PF parameters,
corresponding to the one series of experiments, has been investigated for stability
by the frequency method. It is shown that in the region of normal level of the
mean power 1.5 MW, the reactor being in the self-regulation regime (i. e. without
an automatic regulator), possesses the sufˇcient stability margin.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.
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‚‚…„…�ˆ…

„¨´ ³¨Î¥¸±¨¥ ¸¢μ°¸É¢  ·¥ ±Éμ·  ˆ��-2 ¢μ ³´μ£μ³ μ¶·¥¤¥²ÖÕÉ¸Ö Ì · ±-
É¥·μ³ μ¡· É´ÒÌ ¸¢Ö§¥°, ¤¥°¸É¢ÊÕÐ¨Ì ´  ¤μ¸É ÉμÎ´μ ³ ²ÒÌ ¨´É¥·¢ ² Ì ¢·¥-
³¥´¨, ¸· ¢´¨³ÒÌ ¸ ¶¥·¨μ¤μ³ ¶μ¢Éμ·¥´¨Ö ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨, É. ¥. μÉ ¤μ²¥°
¸¥±Ê´¤Ò ¤μ ´¥¸±μ²Ó±¨Ì ¸¥±Ê´¤. ‚ ¶·μÍ¥¸¸¥ · ¡μÉÒ ·¥ ±Éμ·  μ¸´μ¢´Ò¥ ¶ · -
³¥É·Ò μ¡· É´ÒÌ ¸¢Ö§¥° ( ³¶²¨ÉÊ¤  ¨ Ì · ±É¥·´Ò¥ ¢·¥³¥´ ) ³μ£ÊÉ ³¥´ÖÉÓ¸Ö.
Š·μ³¥ Éμ£μ, ´¥ ¨¸±²ÕÎ¥´  ¨ § ¢¨¸¨³μ¸ÉÓ μ¡· É´ÒÌ ¸¢Ö§¥° μÉ ³μÐ´μ¸É¨. ‚¸¥
ÔÉμ ¸μ§¤ ¥É ¤μ¸É ÉμÎ´μ ¸²μ¦´Ò° ¶μ·É·¥É ¤¨´ ³¨±¨ ·¥ ±Éμ·  ´¥ Éμ²Ó±μ ¢ ¶¥-
·¥Ìμ¤´ÒÌ ¶·μÍ¥¸¸ Ì (´ ¶·¨³¥·, ¶·¨ ¶μ¤Ñ¥³¥ ¨²¨ ¸´¨¦¥´¨¨ ³μÐ´μ¸É¨), ´μ ¨
¢ ¸É Í¨μ´ ·´μ³ ¸μ¸ÉμÖ´¨¨ ´  ¶μ¸ÉμÖ´´μ° ³μÐ´μ¸É¨. ‚ · ¡μÉ¥ ¨¸¸²¥¤μ¢ ´Ò
¶ · ³¥É·Ò ¡Ò¸É·ÒÌ μ¡· É´ÒÌ ¸¢Ö§¥° ¤²Ö μ¤´μ£μ ¨§ μ¸´μ¢´ÒÌ ÏÉ É´ÒÌ ·¥-
¦¨³μ¢ · ¡μÉÒ ·¥ ±Éμ· ,   ¨³¥´´μ ¤²Ö ³μÐ´μ¸É¨ 1,5 Œ‚É ¨ · ¸Ìμ¤  ´ É·¨Ö
Î¥·¥§  ±É¨¢´ÊÕ §μ´Ê 90 ³3/Î. �μ²ÓÏμ¥ ¢´¨³ ´¨¥ Ê¤¥²Ö²μ¸Ó É ±¦¥ ¨§ÊÎ¥´¨Õ
Ì · ±É¥·¨¸É¨± μ¡· É´ÒÌ ¸¢Ö§¥° ¢ ¤¨ ¶ §μ´¥ ¸·¥¤´¥° ³μÐ´μ¸É¨ ·¥ ±Éμ·  μÉ
0,5Ä1,5 Œ‚É. „μ¶μ²´¨É¥²Ó´μ, ¤²Ö ¸· ¢´¥´¨Ö, ¨¸¶μ²Ó§μ¢ ²¨¸Ó ·¥§Ê²ÓÉ ÉÒ ¨§-
³¥·¥´¨°, ¶μ²ÊÎ¥´´Ò¥ ¶·¨ · ¡μÉ¥ ·¥ ±Éμ·  ´  ³μÐ´μ¸É¨ 2 Œ‚É ¢ ¶¥·¨μ¤ ¸
1984 ¶μ 1996 £.

1. Š��’Š�… ��ˆ‘��ˆ… �…�Š’��� ˆ��-2

ˆ³¶Ê²Ó¸´Ò° ·¥¦¨³ · ¡μÉÒ ·¥ ±Éμ·  ˆ��-2 μ¡¥¸¶¥Î¨¢ ²¸Ö ¡² £μ¤ ·Ö
¶·μÌμ¦¤¥´¨Õ ³¨³μ  ±É¨¢´μ° §μ´Ò ¸ Éμ¶²¨¢μ³ ¨§ ¤¢Êμ±¨¸¨ ¶²ÊÉμ´¨Ö ¤¢ÊÌ
¶μ¤¢¨¦´ÒÌ μÉ· ¦ É¥²¥°, ¢· Ð ÕÐ¨Ì¸Ö ¸ · §´μ° ¸±μ·μ¸ÉÓÕ. �¸´μ¢´μ° ¶μ-
¤¢¨¦´Ò° μÉ· ¦ É¥²Ó (���), ¢Ò¶μ²´¥´´Ò° ¢ ¢¨¤¥ ²μ¶ ¸É¨, ¸μ§¤ ¢ ² ¨³¶Ê²Ó¸Ò
·¥ ±É¨¢´μ¸É¨ ¡μ²ÓÏμ°  ³¶²¨ÉÊ¤Ò (∼ 2,5·10−2). �² £μ¤ ·Ö ¤μ¶μ²´¨É¥²Ó´μ³Ê
¶μ¤¢¨¦´μ³Ê μÉ· ¦ É¥²Õ („��), ¢Ò¶μ²´¥´´μ³Ê ¢ ¢¨¤¥ É·¥§Ê¡Í , ·¥ ±É¨¢´μ¸ÉÓ
± ¦¤μ£μ ¶ÖÉμ£μ ¨³¶Ê²Ó¸  Ê¢¥²¨Î¨¢ ² ¸Ó ´  ¢¥²¨Î¨´Ê ∼ 6,45·10−3 (ÔËË¥±É¨¢-
´μ¸ÉÓ „��), ¢ ·¥§Ê²ÓÉ É¥ Î¥£μ ·¥ ±Éμ· ¢ É¥Î¥´¨¥ ∼ 400 ³±¸ ´ Ìμ¤¨²¸Ö ¢
´ ¤±·¨É¨Î¥¸±μ³ ¸μ¸ÉμÖ´¨¨ ´  ³£´μ¢¥´´ÒÌ ´¥°É·μ´ Ì. �¥ ±É¨¢´μ¸ÉÓ ¢ ¨³-
¶Ê²Ó¸¥ ¤μ¸É¨£ ²  ´ ¨¡μ²ÓÏ¥£μ §´ Î¥´¨Ö, · ¢´μ£μ εm ≈ 1 · 10−3. ‚ ·¥§Ê²ÓÉ É¥
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·¥ ±Éμ· £¥´¥·¨·μ¢ ² ´¥°É·μ´´Ò¥ ¨³¶Ê²Ó¸Ò ¡μ²ÓÏμ°  ³¶²¨ÉÊ¤Ò (¨³¶Ê²Ó¸Ò
³μÐ´μ¸É¨) ¸ ¶¥·¨μ¤μ³ T¨ = 0,208 ¸ (·¨¸. 1). „²¨É¥²Ó´μ¸ÉÓ ¨³¶Ê²Ó¸μ¢ ³μÐ-
´μ¸É¨ ´  ¶μ²μ¢¨´¥ ¢Ò¸μÉÒ ¸μ¸É ¢²Ö²  215 ³±¸. �Ì² ¦¤¥´¨¥ ·¥ ±Éμ·  μ¸ÊÐ¥-
¸É¢²Ö²μ¸Ó ¸ ¶μ³μÐÓÕ ¦¨¤±μ£μ ´ É·¨Ö, ¶·μ± Î¨¢ ¥³μ£μ Î¥·¥§  ±É¨¢´ÊÕ §μ´Ê, ¸
· ¸Ìμ¤μ³, ·¥£Ê²¨·Ê¥³Ò³ ¢ ¤¨ ¶ §μ´¥ μÉ 80 ¤μ 120 ³3/Î. �¥ ±Éμ· ¤μ ¸¥·¥¤¨´Ò
1997 £. · ¡μÉ ² ´  ³μÐ´μ¸É¨ 2 Œ‚É, § É¥³ (¶μ ¶² ´Ê ¤μ ±μ´Í  2006 £.) Å ´ 
³μÐ´μ¸É¨ 1,5 Œ‚É.

�¨¸. 1. ‘Ì¥³  ·¥ ±Éμ·  ˆ��-2 ¸ ¶μ¤¢¨¦´Ò³ μÉ· ¦ É¥²¥³ ��-2Œ ¨ ¨§³¥´¥´¨¥ ³μÐ-
´μ¸É¨ ·¥ ±Éμ·  §  ¶¥·¨μ¤ ¶·¨ ¸·¥¤´¥° ³μÐ´μ¸É¨ 2 Œ‚É. �¸´μ¢´μ° ¶μ¤¢¨¦´Ò° μÉ· -
¦ É¥²Ó Å ²μ¶ ¸ÉÓ, ¤μ¶μ²´¨É¥²Ó´Ò° ¶μ¤¢¨¦´Ò° μÉ· ¦ É¥²Ó Å É·¥§Ê¡¥Í

2. Š��’Š�… ��ˆ‘��ˆ… Œ…’�„ˆŠˆ ˆ‡Œ…�…�ˆ‰
ˆ ������’Šˆ „���›•

„²Ö ¨§ÊÎ¥´¨Ö μ¡· É´ÒÌ ¸¢Ö§¥° ·¥ ±Éμ·  ¢ ¡Ò¸É·ÒÌ ¶·μÍ¥¸¸ Ì ·¥£¨¸É·¨-
·μ¢ ² ¸Ó ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ ¶μ¤ ¢μ§¤¥°¸É¢¨¥³
¶¥·¨μ¤¨Î¥¸±μ° ³μ¤Ê²ÖÍ¨¨ ¢´¥Ï´¥° ·¥ ±É¨¢´μ¸É¨. „²Ö μÍ¥´±¨ § ¢¨¸¨³μ¸É¨
μ¡· É´ÒÌ ¸¢Ö§¥° μÉ ¸·¥¤´¥° ³μÐ´μ¸É¨ ·¥ ±Éμ·  ¡Ò²  ¶·μ¢¥¤¥´  ¸¥·¨Ö Ô±¸-
¶¥·¨³¥´Éμ¢ ¢ ¤¨ ¶ §μ´¥ ³μÐ´μ¸É¨ μÉ ∼ 0,5 ¤μ ∼ 1,5 Œ‚É. „μ¶μ²´¨É¥²Ó´μ
¤²Ö  ´ ²¨§  Ê¸Éμ°Î¨¢μ¸É¨ ·¥ ±Éμ·  ¨¸¸²¥¤μ¢ ²¨¸Ó ¨ ÏÊ³Ò Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢
³μÐ´μ¸É¨. ˆ§ÊÎ ²¨¸Ó ¨Ì ¸¶¥±É· ²Ó´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¨ μ¸μ¡¥´´μ Ê·μ¢¥´Ó
±μ²¥¡ ´¨° ¢ ´¨§±μÎ ¸ÉμÉ´μ° μ¡² ¸É¨ ¸¶¥±É·  (³¥´¥¥ 0,1 ƒÍ). Œμ¤Ê²ÖÍ¨Ö ·¥-
 ±É¨¢´μ¸É¨ ¢ ¶·μÍ¥¸¸¥ Ô±¸¶¥·¨³¥´Éμ¢ ¶·μ¢μ¤¨² ¸Ó ´  ·¥ ±Éμ·¥, · ¡μÉ ¢Ï¥³ ¢
·¥¦¨³¥ ¸ ³μ·¥£Ê²¨·μ¢ ´¨Ö, É. ¥. ¡¥§  ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ·  (��). �� ¡Ò²
¢Ò¢¥¤¥´ ¨§ ±μ´ÉÊ·  ·¥£Ê²¨·μ¢ ´¨Ö ¨ ¨¸¶μ²Ó§μ¢ ²¸Ö ¢ ± Î¥¸É¢¥ § ¤ ÉÎ¨±  ¶¥·¨-
μ¤¨Î¥¸±¨Ì ¶·Ö³μÊ£μ²Ó´ÒÌ ±μ²¥¡ ´¨° ·¥ ±É¨¢´μ¸É¨. �Ê¦´μ μÉ³¥É¨ÉÓ, ÎÉμ, ± ±
¶μ± §Ò¢ ¥É  ´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ μÍ¥´±¥ Œ�‘, ¶·μ¢μ¤¨³μ°
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¶¥·¨μ¤¨Î¥¸±¨ §  ¤²¨É¥²Ó´μ¥ ¢·¥³Ö · ¡μÉÒ ·¥ ±Éμ· , ¶ · ³¥É·Ò Œ�‘ ¸ÊÐ¥-
¸É¢¥´´μ § ¢¨¸ÖÉ μÉ Ô´¥·£μ´ · ¡μÉ±¨. �μÔÉμ³Ê ³μÐ´μ¸É´ Ö § ¢¨¸¨³μ¸ÉÓ Œ�‘
μÍ¥´¨¢ ² ¸Ó ¢ μ¤´μ³ Í¨±²¥ ¨§³¥·¥´¨°, ±μ£¤  ¨§³¥´¥´¨¥³ Ô´¥·£μ´ · ¡μÉ±¨
³μ¦´μ ¡Ò²μ ¶·¥´¥¡·¥ÎÓ. ‚¸¥ Ô±¸¶¥·¨³¥´ÉÒ ¶·μ¢¥¤¥´Ò ¶·¨ μ¤¨´ ±μ¢ÒÌ Ê¸²μ-
¢¨ÖÌ: · ¸Ìμ¤ É¥¶²μ´μ¸¨É¥²Ö Î¥·¥§  ±É¨¢´ÊÕ §μ´Ê Å 90 ³3/Î; ¶¥·¨μ¤ ¨³¶Ê²Ó-
¸μ¢ ³μÐ´μ¸É¨ Å 0,208 ¸; ±μ²¨Î¥¸É¢μ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ §  ¶¥·¨μ¤ ¶·Ö-
³μÊ£μ²Ó´ÒÌ ±μ²¥¡ ´¨° ·¥ ±É¨¢´μ¸É¨ Å 160;  ³¶²¨ÉÊ¤  § ¤ ÕÐ¥° ·¥ ±É¨¢´μ-
¸É¨ Å 0,0365 β¨. �¥·¥Ìμ¤´Ò¥ ¶·μÍ¥¸¸Ò ¨§³¥´¥´¨Ö ³μÐ´μ¸É¨ §  ¶¥·¨μ¤ ³μ¤Ê-
²ÖÍ¨¨ ·¥ ±É¨¢´μ¸É¨ ¶·¨ ´¥±μÉμ·ÒÌ §´ Î¥´¨ÖÌ ¸·¥¤´¥° ³μÐ´μ¸É¨ ¶·¨¢¥¤¥´Ò
´  ·¨¸. 2. �É¨ ¶·μÍ¥¸¸Ò μ¡· ¡ ÉÒ¢ ²¨¸Ó ¶μ ¸¶¥Í¨ ²Ó´μ° ¶·μ£· ³³¥ ¶μ¨¸± 

�¨¸. 2. �É´μ¸¨É¥²Ó´μ¥ μÉ±²μ´¥´¨¥ Ô´¥·£¨¨ ¨³¶Ê²Ó¸  Δe¨ ¶·¨ ¶·Ö³μÊ£μ²Ó´ÒÌ ±μ²¥-
¡ ´¨ÖÌ ·¥ ±É¨¢´μ¸É¨ ρ = ± 0,0365 β¨ ¤²Ö · §²¨Î´ÒÌ Ê·μ¢´¥° ¸·¥¤´¥° ³μÐ´μ¸É¨:  )
0,465 Œ‚É; ¡) 0,920 Œ‚É; ¢) 1,415 Œ‚É; £) 1,475 Œ‚É. ’μÎ± ³¨ ¶μ³¥Î¥´Ò § ·¥-
£¨¸É·¨·μ¢ ´´Ò¥ μÉ´μ¸¨É¥²Ó´Ò¥ μÉ±²μ´¥´¨Ö Ô´¥·£¨¨ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ μÉ ¸·¥¤´¥£μ
§´ Î¥´¨Ö, ¸¶²μÏ´Ò³¨ ²¨´¨Ö³¨ Å ¢ÒÎ¨¸²¥´´Ò¥ ¶μ ³μ¤¥²¨ ¤¨´ ³¨±¨ ·¥ ±Éμ· . n Å
´μ³¥· ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨
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¶ · ³¥É·μ¢ Œ�‘ ¨ μ¶·¥¤¥²¥´¨Ö ¨³¶Ê²Ó¸´μ° Ì · ±É¥·¨¸É¨±¨ ·¥ ±Éμ· . ˆ³-
¶Ê²Ó¸´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ¨§³¥´¥´¨¥ ·¥ ±É¨¢´μ¸É¨ Œ�‘
¶μ¤ ¢μ§¤¥°¸É¢¨¥³ μ¤´μ£μ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ¢ ¢¨¤¥ ¤¥²ÓÉ -ËÊ´±Í¨¨, É. ¥.
¡¥¸±μ´¥Î´μ Ê§±μ£μ ¨³¶Ê²Ó¸  ¥¤¨´¨Î´μ° ¶²μÐ ¤¨ (1 Œ„¦). Š· É±μ¥ μ¶¨¸ ´¨¥
³μ¤¥²¨ ³μÐ´μ¸É´μ° μ¡· É´μ° ¸¢Ö§¨, ¨¸¶μ²Ó§Ê¥³μ° ¶·¨ μ¡· ¡μÉ±¥ Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¶·¨¢¥¤¥´μ ¢ · §¤. 3.2. �  ·¨¸. 3 ¶μ± § ´Ò ¨³¶Ê²Ó¸´Ò¥
¶¥·¥Ìμ¤´Ò¥ Ì · ±É¥·¨¸É¨±¨ ²¨´¥ ·¨§μ¢ ´´μ° Œ�‘ (¶ · ³¥É·Ò ´¥²¨´¥°´μ-
¸É¨ ±μÔËË¨Í¨¥´Éμ¢ ¶¥·¥¤ Î¨ ¶·¨· ¢´¥´Ò ± ´Ê²Õ). ‚ÒÎ¨¸²¥´´Ò¥ ¶ · ³¥É·Ò
Œ�‘ ¸¢¥¤¥´Ò ¢ É ¡²¨ÍÊ.

�¨¸. 3. ˆ³¶Ê²Ó¸´Ò¥ ¶¥·¥Ìμ¤´Ò¥ Ì · ±É¥·¨¸É¨±¨ ²¨´¥ ·¨§μ¢ ´´μ° Œ�‘ ¶·¨ ´¥±μ-
Éμ·ÒÌ §´ Î¥´¨ÖÌ ¸·¥¤´¥° ³μÐ´μ¸É¨ ·¥ ±Éμ· : § ¢¨¸¨³μ¸ÉÓ ·¥ ±É¨¢´μ¸É¨ ρθ (β¨) μÉ
¢·¥³¥´¨ t (¸) ¶·¨ ¥¤¨´¨Î´μ³ ¨³¶Ê²Ó¸¥ ³μÐ´μ¸É¨ ´  ¢Ìμ¤¥ Œ�‘
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� · ³¥É·Ò ³μÐ´μ¸É´μ° μ¡· É´μ° ¸¢Ö§¨ ¶·¨ ´¥±μÉμ·ÒÌ §´ Î¥´¨ÖÌ ¸·¥¤´¥°
³μÐ´μ¸É¨ P

‘·¥¤´ÖÖ É¥¶²μ¢ Ö ³μÐ´μ¸ÉÓ P , Œ‚É
0,465 0,920 1,415 1,475
ŠμÔËË¨Í¨¥´ÉÒ ¶¥·¥¤ Î¨ ³μÐ´μ¸É´μ°
μ¡· É´μ° ¸¢Ö§¨, β ¨/Œ‚É

kθ1 Ä7,3 Ä7,0 Ä6,1 Ä8,9
kθ2 4,2 4,5 3,8 4,1
kθ3 Ä0,25 Ä0,25 Ä0,44 Ä0,29
∑

kθj Ä3,35 Ä2,75 Ä2,74 Ä5,09
�μ¸ÉμÖ´´Ò¥ ¢·¥³¥´¨ Œ�‘, ¸

Tθ1 7,5 7,7 7,9 8,3
Tθ2 5,2 5,0 4,8 4,6
Tθ3 0,47 0,47 0,19 0,22

� · ³¥É·Ò ´¥²¨´¥°´μ¸É¨ ±μÔËË¨Í¨¥´Éμ¢
¶¥·¥¤ Î¨, β−1

¨

c1 Ä0,09 Ä0,04 Ä0,10 Ä0,39
c2 0,3 Ä0,1 1,5 1,1
c3 2,1 2,2 Ä9,9 18,5

3. Œ�„…‹œ „ˆ��ŒˆŠˆ ˆ Œ�™��‘’��‰
����’��‰ ‘‚Ÿ‡ˆ ˆ��-2

„²Ö μÍ¥´±¨ Ê¸Éμ°Î¨¢μ¸É¨ ·¥ ±Éμ·  ¢ § ¢¨¸¨³μ¸É¨ μÉ ³μÐ´μ¸É¨ ¨¸¶μ²Ó-
§μ¢ ² ¸Ó ³μ¤¥²Ó ¤¨´ ³¨±¨ ·¥ ±Éμ·  [5, 6]. ‚¢¥¤¥´´Ò¥ ¢ ³μ¤¥²Ó §´ Î¥´¨Ö
¶ · ³¥É·μ¢ Œ�‘ ¶μ²ÊÎ¥´Ò ¢ ·¥§Ê²ÓÉ É¥ ³ É¥³ É¨Î¥¸±μ° μ¡· ¡μÉ±¨ § ·¥£¨-
¸É·¨·μ¢ ´´ÒÌ ¶¥·¥Ìμ¤´ÒÌ ¶·μÍ¥¸¸μ¢. ‚ ³μ¤¥²¨ ¤¨´ ³¨±¨ ¨¸¶μ²Ó§μ¢ ²¸Ö Ï¨-
·μ±¨° ´ ¡μ· ¶·μ£· ³³ ¤²Ö ³μ¤¥²¨·μ¢ ´¨Ö ¶¥·¥Ìμ¤´ÒÌ ¶·μÍ¥¸¸μ¢ ³μÐ´μ¸É¨
·¥ ±Éμ·  ¨ ¢ÒÎ¨¸²¥´¨Ö Î ¸ÉμÉ´ÒÌ Ì · ±É¥·¨¸É¨± ·¥ ±Éμ·  ± ± ¸¨¸É¥³Ò ¢ Í¥-
²μ³, É ± ¨ ¸μ¸É ¢²ÖÕÐ¨Ì ¥£μ Ô²¥³¥´Éμ¢. �¨¦¥ ¶·¥¤¸É ¢²¥´μ ±· É±μ¥ μ¶¨¸ ´¨¥
³μ¤¥²¨.

3.1. Œμ¤¥²Ó ±¨´¥É¨±¨ ·¥ ±Éμ· . „²Ö μ¶¨¸ ´¨Ö ±¨´¥É¨±¨ ·¥ ±Éμ·  ¨¸-
¶μ²Ó§μ¢ ´  μ¤´μÉμÎ¥Î´ Ö ³μ¤¥²Ó. “· ¢´¥´¨Ö ±¨´¥É¨±¨ ¶·¨¢¥¤¥´Ò ± ¢¨¤Ê

τ

β

dP

dt
=

ε

β
+ S; S =

6∑
i=1

Si; Ti
dSi

dt
+ Si = μiP,

£¤¥ i = 1,. . . , 6 Å ´μ³¥· £·Ê¶¶Ò § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢; P Å ³μÐ-
´μ¸ÉÓ ·¥ ±Éμ· ; μi = βi/β Å ¤μ²Ö § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ £·Ê¶¶Ò i (βi),
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μÉ´¥¸¥´´ Ö ± ¸Ê³³ ·´μ° ¤μ²¥ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ (β =
∑
i

βi); τ Å

ÔËË¥±É¨¢´μ¥ ¢·¥³Ö ¦¨§´¨ ³£´μ¢¥´´ÒÌ ´¥°É·μ´μ¢; Ti Å ¶μ¸ÉμÖ´´ Ö ¢·¥³¥´¨
§ ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ £·Ê¶¶Ò i, · ¢´ Ö μ¡· É´μ° ¢¥²¨Î¨´¥ ¶μ¸ÉμÖ´´μ°
· ¸¶ ¤  λi ¨¸ÉμÎ´¨±μ¢ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ (Ti = 1/λi); ε Å ·¥ ±-
É¨¢´μ¸ÉÓ ´  ³£´μ¢¥´´ÒÌ ´¥°É·μ´ Ì; Si, S Å ¸μμÉ¢¥É¸É¢¥´´μ ¨´É¥´¸¨¢´μ¸ÉÓ
§ ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ £·Ê¶¶Ò i ¨ ¸Ê³³ ·´ Ö (¢Ò· ¦¥´Ò ¢ ¥¤¨´¨Í Ì ³μÐ-
´μ¸É¨); t Å ¢·¥³Ö. ‚ ± Î¥¸É¢¥ ·¥£Ê²¨·Ê¥³μ£μ ¶ · ³¥É·  ·¥ ±Éμ·  ˆ��-2
¶·¨´ÖÉ  μÉ´μ¸¨É¥²Ó´ Ö  ³¶²¨ÉÊ¤  ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨, ±μÉμ· Ö ¶· ±É¨Î¥¸±¨
· ¢´  Ô´¥·£¨¨ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ E¨, μÉ´¥¸¥´´μ° ± § ¤ ´´μ³Ê (¡ §μ¢μ³Ê)
§´ Î¥´¨Õ E0

¨ . �´¥·£¨Ö ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ § ¢¨¸¨É μÉ S ¶¥·¥¤ ´ Î ²μ³ · §-
¢¨É¨Ö ¨³¶Ê²Ó¸  ·¥ ±É¨¢´μ¸É¨ ¨ ¨³¶Ê²Ó¸´μ£μ ±μÔËË¨Í¨¥´É  ¶¥·¥¤ Î¨ [1]:

E¨ = MS.

M Ö¢²Ö¥É¸Ö ´¥²¨´¥°´μ° ËÊ´±Í¨¥° μÉ ³ ±¸¨³ ²Ó´μ° ·¥ ±É¨¢´μ¸É¨ ¢ ¨³¶Ê²Ó¸¥
ε¨ [2]. ‚ · ¡μÎ¥³ ¤¨ ¶ §μ´¥ § ¢¨¸¨³μ¸ÉÓ M μÉ ε¨ ³μ¦´μ ¸ Ìμ·μÏ¥° ÉμÎ´μ-
¸ÉÓÕ  ¶¶·μ±¸¨³¨·μ¢ ÉÓ Ô±¸¶μ´¥´Éμ°. �´¥·£¨Ö ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ¢ ¤μ²ÖÌ μÉ
¡ §μ¢μ£μ §´ Î¥´¨Ö μ¶¨¸ ´  Ê· ¢´¥´¨¥³

E¨

E0
¨

=
S

S0

M

M0
=

S

S0
exp (lnM − lnM0).

‡¤¥¸Ó ¨ ¤ ²¥¥ ¡ §μ¢Ò¥ (¸·¥¤´¨¥) §´ Î¥´¨Ö ¶ · ³¥É·μ¢ ¶μ³¥Î¥´Ò ¨´¤¥±-
¸μ³ 0.

‚ ·¥ ±Éμ·¥ ˆ��-2 μ¸´μ¢´ Ö ¤μ²Ö Ô´¥·£¨¨ §  ¶¥·¨μ¤ ¢Ò¤¥²Ö¥É¸Ö ¢ ¨³-
¶Ê²Ó¸¥ ³μÐ´μ¸É¨. �´¥·£¨Ö Ëμ´  EË (Ô´¥·£¨Ö, ¢Ò¤¥²Ö¥³ Ö ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨)
¸μ¸É ¢²Ö¥É ¶·¨³¥·´μ 7 % μÉ ¶μ²´μ° Ô´¥·£¨¨ §  ¶¥·¨μ¤ E = E¨ +EË. �´¥·£¨Ö
Ëμ´  ¢ ¤μ²ÖÌ μÉ ¡ §μ¢μ£μ §´ Î¥´¨Ö ¶μ²´μ° Ô´¥·£¨¨ ¸ ¤μ¸É ÉμÎ´μ° ÉμÎ´μ¸ÉÓÕ
μ¶¨¸ ´  ¢Ò· ¦¥´¨¥³

EË

E0
= kË

S

S0
,

£¤¥ ±μÔËË¨Í¨¥´É ¶·μ¶μ·Í¨μ´ ²Ó´μ¸É¨

kË =
βT¨

ΔKMP − εm

S0

E0
≈ βT¨

ΔKMP − εo
m

S0

E0

Ö¢²Ö¥É¸Ö ¶· ±É¨Î¥¸±¨ ¶μ¸ÉμÖ´´μ° ¢¥²¨Î¨´μ°, ¶μ¸±μ²Ó±Ê ¢ ¶·μÍ¥¸¸¥ · ¡μÉÒ
¨§³¥´¥´¨¥³ εm ³μ¦´μ ¶·¥´¥¡·¥ÎÓ ¶μ ¸· ¢´¥´¨Õ ¸ ¡μ²ÓÏμ° ¸Ê³³ ·´μ° ÔË-
Ë¥±É¨¢´μ¸ÉÓÕ ��� ¨ „�� ΔKMP ≈ 3,145·10−2. ‚ ³μ¤¥²¨ ·¥ ±Éμ·  ˆ��-2,
¶·¥¤´ §´ Î¥´´μ° ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö ¥£μ ¤¨´ ³¨±¨, ¨¸¶μ²Ó§μ¢ ´Ò μÉ±²μ´¥´¨Ö
¶¥·¥³¥´´ÒÌ μÉ ¨Ì ¡ §μ¢ÒÌ §´ Î¥´¨°

ΔE¨ = E¨ − E0
¨ , ΔE = E − E0, ΔSi = Si − S0

i , ΔS = S − S0
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¨ μÉ´μ¸¨É¥²Ó´Ò¥ μÉ±²μ´¥´¨Ö ¶¥·¥³¥´´ÒÌ

Δe¨ = ΔE¨

/
E0

¨ , Δe = ΔE
/
E0, Δsi = ΔSi

/
S0, Δs =

∑
i

Δsi = ΔS
/
S0.

�μ³¨³μ ·¥ ±É¨¢´μ¸É¨ ε, ¢Ò· ¦¥´´μ° ¢  ¡¸μ²ÕÉ´ÒÌ ¥¤¨´¨Í Ì, Ê¤μ¡´μ ¨¸-
¶μ²Ó§μ¢ ÉÓ ·¥ ±É¨¢´μ¸ÉÓ, ¢Ò· ¦¥´´ÊÕ ¢ ¨³¶Ê²Ó¸´ÒÌ ¤μ²ÖÌ § ¶ §¤Ò¢ ÕÐ¨Ì
´¥°É·μ´μ¢ β¨ [3], ±μÉμ· Ö ¤²Ö ˆ��-2 · ¢´  β¨ = 1,6·10−4. �¨¦¥ ¤²Ö ·¥ ±-
É¨¢´μ¸É¨ ¢ ¤μ²ÖÌ β¨ ¨¸¶μ²Ó§μ¢ ´μ μ¡μ§´ Î¥´¨¥ ρ.

3.2. Œμ¤¥²Ó ³μÐ´μ¸É´μ° μ¡· É´μ° ¸¢Ö§¨. ŒμÐ´μ¸É´ Ö μ¡· É´ Ö ¸¢Ö§Ó
(Œ�‘) ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥ ¸Ê³³Ò É·¥Ì ¸μ¸É ¢²ÖÕÐ¨Ì [4]. Š ¦¤ Ö ¸μ¸É ¢²Ö-
ÕÐ Ö Ëμ·³¨·Ê¥É¸Ö ´  ¢ÒÌμ¤¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ± ´ ²  ¢ ¢¨¤¥  ¶¥·¨μ¤¨Î¥-
¸±μ£μ (¨´¥·Í¨μ´´μ£μ) §¢¥´ . ‚Ìμ¤´μ° ¢¥²¨Î¨´μ° ± ¦¤μ£μ j-£μ ± ´ ²  Œ�‘
(j = 1, 2, 3) Ö¢²Ö¥É¸Ö μÉ±²μ´¥´¨¥ Ô´¥·£¨¨ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ μÉ ¥£μ ¡ §μ¢μ£μ
(¸·¥¤´¥£μ) §´ Î¥´¨Ö Δ. ‚ ± Î¥¸É¢¥ ¢ÒÌμ¤´μ° ¢¥²¨Î¨´Ò ¤²Ö Ê¤μ¡¸É¢  ¶·¨´ÖÉ 
·¥ ±É¨¢´μ¸ÉÓ ¢ ¤μ²ÖÌ β¨ (ρθj). Œ�‘ ± ¦¤μ£μ ± ´ ²  μ¶¨¸ ´  Ê· ¢´¥´¨¥³,
¸¢Ö§Ò¢ ÕÐ¨³ §´ Î¥´¨Ö ρθj ¢ ³μ³¥´ÉÒ ¢·¥³¥´¨, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³¶Ê²Ó¸ ³
³μÐ´μ¸É¨ ¸ ´μ³¥· ³¨ n ¨ n − 1:

ρθjn =
(

ρθjn−1 + ΔEn−1

kθjn

Tθj

)
exp

(
− T¨

Tθj

)
.

ŠμÔËË¨Í¨¥´ÉÒ ¶¥·¥¤ Î¨ kθj ¶·¨´ÖÉÒ § ¢¨¸¨³Ò³¨ μÉ ·¥ ±É¨¢´μ¸É¨ Œ�‘.
ŠμÔËË¨Í¨¥´É ¶¥·¥¤ Î¨ ¸ ´ ¨¡μ²ÓÏ¥° ¶μ¸ÉμÖ´´μ° ¢·¥³¥´¨ ¶·¨´ÖÉ ²¨´¥°´μ
§ ¢¨¸¨³Ò³ μÉ ¸μ¸É ¢²ÖÕÐ¥° Œ�‘ ρθ1, μ¡Ê¸²μ¢²¥´´μ° ¨³¥´´μ ÔÉμ° ¸μ¸É ¢²Ö-
ÕÐ¥°, ¶μ¸±μ²Ó±Ê ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ÔÉμÉ ±μÔËË¨Í¨¥´É ¶¥·¥¤ Î¨ § ¢¨¸¨É μÉ
É¥³¶¥· ÉÊ·Ò Éμ¶²¨¢ :

kθ1n = kθ1n−1(1 + c1ρθ1n−1).

„¢  ¤·Ê£¨Ì ±μÔËË¨Í¨¥´É  ¶¥·¥¤ Î¨ ¶·¨´ÖÉÒ ²¨´¥°´μ § ¢¨¸¨³Ò³¨ μÉ ¸Ê³³ ·-

´μ° ·¥ ±É¨¢´μ¸É¨ Œ�‘ ρθ =
3∑
1

ρθj , ¶μ¸±μ²Ó±Ê ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ´  ÔÉ¨

±μÔËË¨Í¨¥´ÉÒ ¢²¨ÖÕÉ ³´μ£¨¥ Ë ±Éμ·Ò, μ¡Ê¸²μ¢²¥´´Ò¥ · §μ£·¥¢μ³ ´¥ Éμ²Ó±μ
Éμ¶²¨¢ :

kθjn = kθjn−1(1 + cjρθn−1)

(§¤¥¸Ó j = 2, 3).
�·¨´ÖÉ Ö ³μ¤¥²Ó Œ�‘ Ì · ±É¥·¨§Ê¥É¸Ö, É ±¨³ μ¡· §μ³, ¤¥¢ÖÉÓÕ ¶ · -

³¥É· ³¨: É·¥³Ö ±μÔËË¨Í¨¥´É ³¨ ¶¥·¥¤ Î¨ kθj , É·¥³Ö ¶μ¸ÉμÖ´´Ò³¨ ¢·¥³¥´¨
Tθj ¨ É·¥³Ö ¶ · ³¥É· ³¨ ´¥²¨´¥°´μ¸É¨ cj , £¤¥ j = 1, 2, 3.
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4. —�‘’�’�›… •���Š’…�ˆ‘’ˆŠˆ

„²Ö ¨¸¸²¥¤μ¢ ´¨Ö ¤¨´ ³¨±¨ ·¥ ±Éμ·  ¨¸¶μ²Ó§μ¢ ²¸Ö Î ¸ÉμÉ´Ò° ³¥Éμ¤.
�¥ ±Éμ· ˆ��-2 ¡¥§  ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ·  (��) ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥ ²¨-
´¥ ·¨§μ¢ ´´μ° § ³±´ÊÉμ° μ¤´μ±μ´ÉÊ·´μ° ¸¨¸É¥³Ò ¸ μÉ·¨Í É¥²Ó´μ° μ¡· É-
´μ° ¸¢Ö§ÓÕ (·¨¸. 4,  ). ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¢ ± ´ ² μ¡· É´μ° ¸¢Ö§¨ (·¨¸. 4, ¡),
¸μ¤¥·¦ Ð¨° ¡²μ± § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ ¨ ¡²μ± Œ�‘, ¢¢¥¤¥´Ò ¨´¢¥·-

�¨¸. 4. ‹¨´¥ ·¨§μ¢ ´´ Ö ³μ¤¥²Ó ·¥ ±Éμ·  ˆ��-2 ¤²Ö ·¥¦¨³  ¸ ³μ·¥£Ê²¨·μ¢ ´¨Ö, ¶·¥¤-
¸É ¢²¥´´ Ö ¢ ¢¨¤¥ μ¤´μ±μ´ÉÊ·´μ° § ³±´ÊÉμ° ¸¨¸É¥³Ò ( ), ¨ ± ´ ² μ¡· É´μ° ¸¢Ö§¨
(¡): W (jω), Wθ(jω) Å Î ¸ÉμÉ´ Ö ¶¥·¥¤ ÉμÎ´ Ö ËÊ´±Í¨Ö ± ´ ²  μ¡· É´μ° ¸¢Ö§¨ ¨
¢Ìμ¤ÖÐ¥£μ ¢ ´¥£μ ¡²μ±  Œ�‘ ¸μμÉ¢¥É¸É¢¥´´μ; ¨´¤¥±¸ n μ¡μ§´ Î ¥É ´μ³¥· ¨³¶Ê²Ó¸ 
³μÐ´μ¸É¨

Éμ·Ò. “¸Éμ°Î¨¢μ¸ÉÓ § ³±´ÊÉμ° μ¤´μ±μ´ÉÊ·´μ° ¸¨¸É¥³Ò Ê¤μ¡´μ μÍ¥´¨¢ ÉÓ ¶μ
±·¨É¥·¨Õ � °±¢¨¸É . „²Ö ÔÉμ£μ ´¥μ¡Ìμ¤¨³μ ¨¸¸²¥¤μ¢ ÉÓ · §μ³±´ÊÉÊÕ Î ¸ÉÓ
¸¨¸É¥³Ò, ¶μ²ÊÎ ÕÐÊÕ¸Ö ¶·¨ · §·Ò¢¥ ±μ´ÉÊ·  ´  ·¨¸. 4,  . �Î¥¢¨¤´μ, ÎÉμ
Î ¸ÉμÉ´ Ö ¶¥·¥¤ ÉμÎ´ Ö ËÊ´±Í¨Ö μ¡· É´μ° ¸¢Ö§¨ μ¤´μ¢·¥³¥´´μ Ö¢²Ö¥É¸Ö Î -
¸ÉμÉ´μ° ¶¥·¥¤ ÉμÎ´μ° ËÊ´±Í¨¥° · §μ³±´ÊÉμ° ¸¨¸É¥³Ò. ‚ ± Î¥¸É¢¥ ¢Ìμ¤´μ°

¢¥²¨Î¨´Ò ¸¨¸É¥³Ò ¶·¨´ÖÉμ ρ =
εm − ε0

m

β¨
Å μÉ±²μ´¥´¨¥ ·¥ ±É¨¢´μ¸É¨ μÉ ¥¥

¡ §μ¢μ£μ §´ Î¥´¨Ö ¢ ¤μ²ÖÌ β¨,   ¢ ± Î¥¸É¢¥ ¢ÒÌμ¤´μ° Δe¨ Å μÉ´μ¸¨É¥²Ó-
´μ¥ μÉ±²μ´¥´¨¥ Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ μÉ ¥£μ ¡ §μ¢μ£μ §´ Î¥´¨Ö. „²Ö
Î ¸ÉμÉ´μ£μ  ´ ²¨§  ± ´ ² ¸Ê³³ ·´μ° μ¡· É´μ° ¸¢Ö§¨ μ¶¨¸ ´ ¤¨¸±·¥É´μ° ¶¥-
·¥¤ ÉμÎ´μ° ËÊ´±Í¨¥° W (z), ¶μ²ÊÎ¥´´μ° ¢ ·¥§Ê²ÓÉ É¥ z-¶·¥μ¡· §μ¢ ´¨Ö ¶¥·¥-
³¥´´ÒÌ. — ¸ÉμÉ´ Ö ¨³¶Ê²Ó¸´ Ö ¶¥·¥¤ ÉμÎ´ Ö ËÊ´±Í¨Ö · §μ³±´ÊÉμ° ¸¨¸É¥³Ò
W (jω) ¶μ²ÊÎ¥´  ¨§ W (z) ¶ÊÉ¥³ ¶μ¤¸É ´μ¢±¨ z = exp (jωT¨). �´ ²μ£¨Î´μ
¶μ²ÊÎ¥´  Î ¸ÉμÉ´ Ö ¨³¶Ê²Ó¸´ Ö ¶¥·¥¤ ÉμÎ´ Ö ËÊ´±Í¨Ö ¡²μ±  ³μÐ´μ¸É´μ°
μ¡· É´μ° ¸¢Ö§¨ Wθ(jω).

�  ·¨¸. 5 ¤²Ö · §²¨Î´ÒÌ Ê·μ¢´¥° ¸·¥¤´¥° ³μÐ´μ¸É¨ ¶μ± § ´Ò  ³¶²¨ÉÊ¤´μ-
Ë §μ¢Ò¥ Î ¸ÉμÉ´Ò¥ Ì · ±É¥·¨¸É¨±¨,   ´  ·¨¸. 6 Å ²μ£ ·¨Ë³¨Î¥¸±¨¥ Î ¸ÉμÉ-
´Ò¥ Ì · ±É¥·¨¸É¨±¨ · §μ³±´ÊÉμ° Î ¸É¨ ¸¨¸É¥³Ò.

�  ·¨¸. 5 ¶μ± § ´Ò Î ¸ÉμÉ´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¤²Ö ¢¸¥£μ ¤¨ ¶ §μ´  Î ¸ÉμÉ
f μÉ 0 ¤μ 0,5/T¨ (£¤¥ T¨ = 0,208 c Å ¶¥·¨μ¤ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨), ÎÉμ
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�¨¸. 5. �³¶²¨ÉÊ¤´μ-Ë §μ¢ Ö Î ¸ÉμÉ´ Ö Ì · ±É¥·¨¸É¨±  · §μ³±´ÊÉμ° Î ¸É¨ ¸¨¸É¥³Ò
W (jω) ´  ±μ³¶²¥±¸´μ° ¶²μ¸±μ¸É¨

�¨¸. 6. �³¶²¨ÉÊ¤´Ò¥ (L(ω) = 20 lg |W (jω)|) ¨ Ë §μ¢Ò¥ (φ(ω) = arg W (jω)) ²μ£ -
·¨Ë³¨Î¥¸±¨¥ Î ¸ÉμÉ´Ò¥ Ì · ±É¥·¨¸É¨±¨ · §μ³±´ÊÉμ° Î ¸É¨ ¸¨¸É¥³Ò

¸μμÉ¢¥É¸É¢Ê¥É ¤¨ ¶ §μ´Ê ¡¥§· §³¥·´ÒÌ Î ¸ÉμÉ ωT¨ = 2πf T¨ μÉ 0 ¤μ π,  
É ±¦¥ Î ¸É¨ ÔÉ¨Ì Ì · ±É¥·¨¸É¨± ¢ ¡μ²¥¥ ±·Ê¶´μ³ ³ ¸ÏÉ ¡¥. • · ±É¥·¨¸É¨±¨
´¥ μÌ¢ ÉÒ¢ ÕÉ ÉμÎ±Ê ¸ ±μμ·¤¨´ É ³¨ (Ä1, j0), ÎÉμ ¤²Ö · ¸¸³μÉ·¥´´ÒÌ Ê·μ¢´¥°
¸·¥¤´¥° ³μÐ´μ¸É¨ ¸μμÉ¢¥É¸É¢Ê¥É Ê¸Éμ°Î¨¢μ³Ê ¸μ¸ÉμÖ´¨Õ ·¥ ±Éμ·  ¢ ·¥¦¨³¥
¸ ³μ·¥£Ê²¨·μ¢ ´¨Ö (É. ¥. ¡¥§ ��).
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�¨¸. 7. �³¶²¨ÉÊ¤´μ-Ë §μ¢ Ö Î ¸ÉμÉ´ Ö Ì · ±É¥·¨¸É¨±  Œ�‘ Wθ(jω)

�²μ± § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ Ëμ·³¨·Ê¥É ¶μ²μ¦¨É¥²Ó´ÊÕ μ¡· É´ÊÕ
¸¢Ö§Ó. �²μ± Œ�‘ Ëμ·³¨·Ê¥É ¢ Í¥²μ³ μÉ·¨Í É¥²Ó´ÊÕ μ¡· É´ÊÕ ¸¢Ö§Ó (ÌμÉÖ
μ¤´  ¨§ ¥£μ ¸μ¸É ¢²ÖÕÐ¨Ì Ö¢²Ö¥É¸Ö ¶μ²μ¦¨É¥²Ó´μ°). �  ·¨¸. 7 ¶μ± § ´   ³¶²¨-
ÉÊ¤´μ-Ë §μ¢ Ö Î ¸ÉμÉ´ Ö Ì · ±É¥·¨¸É¨±  ²¨´¥ ·¨§μ¢ ´´μ° ³μÐ´μ¸É´μ° μ¡· É-
´μ° ¸¢Ö§¨ Wθ(jω). ‚Ìμ¤´μ° ¢¥²¨Î¨´μ° Ö¢²Ö¥É¸Ö μÉ±²μ´¥´¨¥ Ô´¥·£¨¨ §  ¶¥-
·¨μ¤ ΔE,   ¢ÒÌμ¤´μ° Å ·¥ ±É¨¢´μ¸ÉÓ ρθ.

5. ���‹ˆ‡ �…‡“‹œ’�’�‚

�  ·¨¸. 8 ¶μ± § ´ (¢ § ¢¨¸¨³μ¸É¨ μÉ ¸·¥¤´¥° ³μÐ´μ¸É¨ ·¥ ±Éμ· ) ¸Ê³³ ·-
´Ò° ±μÔËË¨Í¨¥´É μ¡· É´ÒÌ ¸¢Ö§¥°

∑
kθj ,   É ±¦¥ μÉ´μ¸¨É¥²Ó´μ¥ ¸·¥¤´¥±¢ -

¤· É¨Î¥¸±μ¥ μÉ±²μ´¥´¨¥ Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ σ =

√√√√ 1
N

N∑
n=1

Δe2
¨n, Ì · ±É¥·¨-

§ÊÕÐ¥¥ Ê·μ¢¥´Ó ·¥ ±Éμ·´ÒÌ ÏÊ³μ¢. „²Ö Ê¤μ¡¸É¢   ´ ²¨§  ´  ·¨¸. 8 ¢Ò¤¥²¥´Ò
§´ Î¥´¨Ö ¸Ê³³ ·´μ£μ ±μÔËË¨Í¨¥´É  Œ�‘, Ì · ±É¥·´Ò¥ ¤²Ö ± ¦¤μ£μ ¶¥·¨-
μ¤  ¨§³¥·¥´¨° (Í¨±² ¨§³¥·¥´¨° 2002 £., ¨§³¥·¥´¨Ö 1984Ä1987 ££. ¨ 1993Ä
1996 ££.). ‚ ¶¥·¨μ¤ · ¡μÉÒ ·¥ ±Éμ·  ´  ´μ³¨´ ²Ó´μ° ³μÐ´μ¸É¨ 2 Œ‚É ¡Ò²μ
μ¡´ ·Ê¦¥´μ, ÎÉμ · ¡μÉ  ·¥ ±Éμ·  ¢ μ¡² ¸É¨ ³¥´ÓÏ¨Ì ³μÐ´μ¸É¥° (´  ∼25%
´¨¦¥ ´μ³¨´ ²Ó´μ°) Ì · ±É¥·¨§Ê¥É¸Ö ¶μ¢ÒÏ¥´´Ò³ Ê·μ¢´¥³ ·¥ ±Éμ·´ÒÌ ÏÊ-
³μ¢. �´ ²μ£¨Î´ Ö μ¡² ¸ÉÓ ¶μ¢ÒÏ¥´´ÒÌ ÏÊ³μ¢ ¡Ò²  ¢ÒÖ¢²¥´  ¨ ¢ ¶¥·¨μ¤
· ¡μÉÒ ·¥ ±Éμ·  ´  ³μÐ´μ¸É¨ 1,5 Œ‚É (·¨¸. 8,  ). ‘ ÊÎ¥Éμ³ ÔÉμ£μ ¢ ¶¨±μ¢μ°
μ¡² ¸É¨ ·¥ ±Éμ·´ÒÌ ÏÊ³μ¢ Î ¸ÉμÉ´Ò¥ Ì · ±É¥·¨¸É¨±¨ ³μÐ´μ¸É´μ° μ¡· É´μ°
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�¨¸. 8. ‘·¥¤´¥±¢ ¤· É¨Î¥¸±¨¥ μÉ±²μ´¥´¨Ö § ·¥£¨¸É·¨·μ¢ ´´ÒÌ ´¨§±μÎ ¸ÉμÉ´ÒÌ ÏÊ³μ¢
Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ σ ( ) ± ± ¶μ± § É¥²Ó ´¥¸É ¡¨²Ó´μ¸É¨ ·¥ ±Éμ·  (� Å ¤²Ö
³μÐ´μ¸É¨ 2 Œ‚É; � Å ¤²Ö ³μÐ´μ¸É¨ 1,5 Œ‚É) ¨ ¸Ê³³ ·´Ò° ±μÔËË¨Í¨¥´É ¶¥·¥¤ Î¨
³μÐ´μ¸É´μ° μ¡· É´μ° ¸¢Ö§¨

∑
kθj (¡): � Å ¨§³¥·¥´¨¥ 1984 £.; � Å ¨§³¥·¥´¨Ö

1993Ä1996 ££.; � Å ¨§³¥·¥´¨Ö 2002 £.

¸¢Ö§¨ ´¥ ¨¸¸²¥¤μ¢ ²¨¸Ó, ¶μ¸±μ²Ó±Ê ¶·¨´Ê¤¨É¥²Ó´ Ö ³μ¤Ê²ÖÍ¨Ö ·¥ ±É¨¢´μ¸É¨,
¢¢μ¤¨³ Ö ¸ Í¥²ÓÕ μ¶·¥¤¥²¥´¨Ö ¶ · ³¥É·μ¢ Œ�‘, ¸μ§¤ ¢ ²  ¡Ò ¤μ¶μ²´¨É¥²Ó-
´Ò° ¶μ¢ÒÏ¥´´Ò° ¤²Ö ´μ·³ ²Ó´μ° · ¡μÉÒ ·¥ ±Éμ·  ÏÊ³.

�·¨  ´ ²¨§¥ Ì · ±É¥·¨¸É¨±, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì · §²¨Î´Ò³ Ê·μ¢´Ö³ ¸·¥¤-
´¥° ³μÐ´μ¸É¨, ¶·μ¸³ É·¨¢ ¥É¸Ö μ¶·¥¤¥²¥´´ Ö É¥´¤¥´Í¨Ö. ˆ§ Î ¸ÉμÉ´ÒÌ Ì -
· ±É¥·¨¸É¨±, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Í¨±²Ê ¨§³¥·¥´¨° 2002 £., ¢¨¤´μ, ÎÉμ § ¶ ¸
Ê¸Éμ°Î¨¢μ¸É¨ ¶μ  ³¶²¨ÉÊ¤¥ (Ê¸¨²¥´¨Õ) ¸ ·μ¸Éμ³ ³μÐ´μ¸É¨ μÉ 0,465 ¤μ
0,920 Œ‚É ´¥¸±μ²Ó±μ Ê³¥´ÓÏ ¥É¸Ö, ´  ÎÉμ Ê± §Ò¢ ¥É ¸³¥Ð¥´¨¥  ³¶²¨ÉÊ¤´μ-
Ë §μ¢μ° Î ¸ÉμÉ´μ° Ì · ±É¥·¨¸É¨±¨ ¢²¥¢μ ¢ ¸Éμ·μ´Ê ±·¨É¨Î¥¸±μ° ÉμÎ±¨ ¸
±μμ·¤¨´ É ³¨ (Ä1, j0) (·¨¸. 5). �·¨ ³μÐ´μ¸É¨ 1,415 Œ‚É § ¶ ¸ ¶μ  ³¶²¨ÉÊ¤¥
´¥¸±μ²Ó±μ Ê¢¥²¨Î¨¢ ¥É¸Ö ¶μ ¸· ¢´¥´¨Õ ¸ ³μÐ´μ¸ÉÓÕ 0,920 Œ‚É,   ¶·¨ ³μÐ-
´μ¸É¨ 1,475 Œ‚É μ´ Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ÊÐ¥¸É¢¥´´μ. �  ÔÉμ ¦¥ Ê± §Ò¢ ¥É ¸´ Î ² 
Ê³¥´ÓÏ¥´¨¥,   § É¥³ Ê¢¥²¨Î¥´¨¥ ³μ¤Ê²Ö ¸Ê³³ ·´μ£μ ±μÔËË¨Í¨¥´É  μ¡· É´μ°
¸¢Ö§¨ (·¨¸. 8, ¡).

Š ± ¢¨¤´μ ¨§ ·¨¸. 8, ¡, §´ Î¥´¨Ö ¸Ê³³ ·´μ£μ ±μÔËË¨Í¨¥´É  Œ�‘, ¸μμÉ-
¢¥É¸É¢ÊÕÐ¨¥ · ¡μÉ¥ ·¥ ±Éμ·  ´  ³μÐ´μ¸É¨ ¢ÒÏ¥ 1,85 Œ‚É (1993Ä1996 ££.),
Ë²Ê±ÉÊ¨·ÊÕÉ ¢ ¤μ¸É ÉμÎ´μ ¡μ²ÓÏ¨Ì ¶·¥¤¥² Ì (μÉ Ä 8 ¤μ Ä4 β¨/Œ‚É). ‚ Í¥²μ³,
¸ ÊÎ¥Éμ³ ¨§³¥·¥´¨° 1984 £., ÔÉ¨ ¤ ´´Ò¥ Ì · ±É¥·¨§ÊÕÉ ¸±μ·¥¥ μ¡ÐÊÕ É¥´-
¤¥´Í¨Õ μ¸² ¡²¥´¨Ö ³μÐ´μ¸É´μ° μ¡· É´μ° ¸¢Ö§¨ ¢ ¶·μÍ¥¸¸¥ · ¡μÉÒ ·¥ ±Éμ· ,
Î¥³ ¥¥ ±μ²¨Î¥¸É¢¥´´ÊÕ § ¢¨¸¨³μ¸ÉÓ μÉ ³μÐ´μ¸É¨. ‚ ²Õ¡μ³ ¸²ÊÎ ¥ ¸²¥¤Ê¥É
¸Î¨É ÉÓ, ÎÉμ ³μÐ´μ¸É´ Ö μ¡· É´ Ö ¸¢Ö§Ó Ê³¥´ÓÏ ¥É¸Ö ¶·¨ ¤²¨É¥²Ó´μ° · ¡μÉ¥
·¥ ±Éμ· . ‚ μ¡² ¸É¨ ÏÉ É´μ° Ô±¸¶²Ê É Í¨¨ ·¥ ±Éμ· , É. ¥. ¢¡²¨§¨ 1,5 Œ‚É,
·¥ ±Éμ· ¤μ¸É ÉμÎ´μ Ê¸Éμ°Î¨¢,   ¸Ê³³ ·´Ò° ±μÔËË¨Í¨¥´É ¡Ò¸É·μ° μ¡· É´μ°
¸¢Ö§¨ ´ Ìμ¤¨É¸Ö ¢ ¶·¥¤¥² Ì Ä(3Ä5)β¨/Œ‚É, ÎÉμ ¤μ¸É ÉμÎ´μ ¤²Ö ¸ ³μ·¥£Ê²¨-
·μ¢ ´¨Ö ·¥ ±Éμ· . ‚ ¶¥·¥Ìμ¤´ÒÌ ¶·μÍ¥¸¸ Ì ¨§³¥´¥´¨Ö ³μÐ´μ¸É¨, ´ ¶·¨³¥·,
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¶·¨ ÏÉ É´μ³ ¸´¨¦¥´¨¨ ¨²¨ ¶μ¤Ñ¥³¥ ³μÐ´μ¸É¨, ³μÐ´μ¸É´ Ö μ¡· É´ Ö ¸¢Ö§Ó
´¥¸±μ²Ó±μ Ê³¥´ÓÏ ¥É¸Ö, μ¤´ ±μ ¥¥ § ¶ ¸ μ¸É ¥É¸Ö ¤μ¸É ÉμÎ´Ò³ ¤²Ö ¸ ³μ·¥£Ê-
²¨·μ¢ ´¨Ö ·¥ ±Éμ· .
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