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Cμ§¤ ´ ·¥ ±É¨³¥É· ¨³¶Ê²Ó¸´μ£μ ·¥ ±Éμ·  ¶¥·¨μ¤¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö É¨¶ 
ˆ
�-2. Š¨´¥É¨±  ·¥ ±Éμ·  μ¶¨¸ ´  · §´μ¸É´Ò³¨ Ê· ¢´¥´¨Ö³¨, ¸¢Ö§Ò¢ ÕÐ¨³¨
¶ · ³¥É·Ò ·¥ ±Éμ· , ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ É¥±ÊÐ¥³Ê ¨ ¶·¥¤Ï¥¸É¢ÊÕÐ¥³Ê ¨³¶Ê²Ó¸ ³
³μÐ´μ¸É¨, ¨ ´¥²¨´¥°´Ò³¨ § ¢¨¸¨³μ¸ÉÖ³¨ Ô´¥·£¨¨ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ¨ ¥£μ  ³-
¶²¨ÉÊ¤Ò μÉ ·¥ ±É¨¢´μ¸É¨. “Î¨ÉÒ¢ ²μ¸Ó, ÎÉμ ·¥£Ê²¨·Ê¥³Ò³ ¶ · ³¥É·μ³ ·¥ ±Éμ· 
Ö¢²Ö¥É¸Ö μÉ´μ¸¨É¥²Ó´μ¥ μÉ±²μ´¥´¨¥  ³¶²¨ÉÊ¤Ò ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ μÉ ¥¥ ¡ §μ-
¢μ£μ (§ ¤ ´´μ£μ ¸·¥¤´¥£μ) §´ Î¥´¨Ö. �·¨ ¨¸¸²¥¤μ¢ ´¨¨ ¶¥·¥Ìμ¤´ÒÌ ¶·μÍ¥¸¸μ¢
¤²Ö ¶μ¤ ¢²¥´¨Ö ¸ÊÐ¥¸É¢¥´´ÒÌ ÏÊ³μ¢ ·¥ ±É¨¢´μ¸É¨, μ¡Ê¸²μ¢²¥´´ÒÌ ±μ´¸É·Ê±-
Í¨¥° ¨ ¶·¨´Í¨¶μ³ ¤¥°¸É¢¨Ö ·¥ ±Éμ· , ¨¸¶μ²Ó§μ¢ ´ ¸É É¨¸É¨Î¥¸±¨ μ¶É¨³ ²Ó´Ò°
Ë¨²ÓÉ·. ‚Ò¡· ´μ ´ ¨²ÊÎÏ¥¥ ³¥¸Éμ ¢±²ÕÎ¥´¨Ö Ë¨²ÓÉ·  ¢ ¡²μ±-¸Ì¥³Ê ·¥ ±É¨³¥-
É· , ¨ μ¶·¥¤¥²¥´μ μ¶É¨³ ²Ó´μ¥ §´ Î¥´¨¥ ±μÔËË¨Í¨¥´É  ¸£² ¦¨¢ ´¨Ö.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ ´¥°É·μ´´μ° Ë¨§¨±¨ ¨³. ˆ.Œ. ”· ´± 
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Reactivity Meter of the Pulsed Reactor of Periodic Operation IBR-2M

A reactivity meter of the pulsed reactor of periodic operation of the IBR-2 type
is created. Kinetics of the reactor is described by difference equations relating the
reactor parameters corresponding to the current and preceding pulse power and the
nonlinear dependence of energy of the pulse and its amplitude on the reactivity.
It was taken into consideration that a controllable parameter of the reactor is the
relative deviation of power pulse amplitude from its base (given mean) value. In
the study of transient processes for suppressing signiˇcant reactivity noise inherent
in the design and principle of operation of the reactor, a statistically optimal ˇlter is
used. The best place to include the ˇlter in a block diagram of the reactivity meter
is chosen and the optimal value of the smoothing coefˇcient is determined.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.
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‚ ¨³¶Ê²Ó¸´μ³ ·¥ ±Éμ·¥ ¶¥·¨μ¤¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö ˆ
�-2Œ ¢· Ð ÕÐ¨°¸Ö
¢¡²¨§¨  ±É¨¢´μ° §μ´Ò ¶μ¤¢¨¦´Ò° μÉ· ¦ É¥²Ó ¸μ§¤ ¥É ¨³¶Ê²Ó¸Ò ·¥ ±É¨¢-
´μ¸É¨. ‚ ·¥§Ê²ÓÉ É¥ ·¥ ±Éμ· ¸ ¶¥·¨μ¤μ³ T¨ = 0,2 ¸ ´  ±μ·μÉ±μ¥ ¢·¥³Ö
(∼ 450 ³±¸) ¸É ´μ¢¨É¸Ö ´ ¤±·¨É¨Î¥¸±¨³ ´  ³£´μ¢¥´´ÒÌ ´¥°É·μ´ Ì ¨ ¸ ÔÉ¨³
¦¥ ¶¥·¨μ¤μ³ £¥´¥·¨·Ê¥É ¨³¶Ê²Ó¸Ò ³μÐ´μ¸É¨ ¤²¨É¥²Ó´μ¸ÉÓÕ 200 ³±¸ ´  ¶μ-
²μ¢¨´¥ ¢Ò¸μÉÒ.

‚ ÏÉ É´ÒÌ ·¥¦¨³ Ì ¶μ¢¥¤¥´¨¥ ·¥ ±Éμ·  É¨¶  ˆ
�-2 ³μ¦¥É ¡ÒÉÓ μ¶¨-
¸ ´μ μ¡ÒÎ´Ò³¨ Ê· ¢´¥´¨Ö³¨ ±¨´¥É¨±¨, ¥¸²¨ ¢³¥¸Éμ ÔËË¥±É¨¢´μ° ¤μ²¨ § -
¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ β ¢¢¥¸É¨ É ± ´ §Ò¢ ¥³ÊÕ ¨³¶Ê²Ó¸´ÊÕ ¤μ²Õ β¨ [1]:

β¨ = 1

/
d ln M

dεm

∣∣∣∣
ε0

m

= M0

/
dM

dεm

∣∣∣∣
ε0

m

, £¤¥ M ¨ M0 Å ¨³¶Ê²Ó¸´Ò° ±μÔËË¨-

Í¨¥´É ¶¥·¥¤ Î¨ ¨ ¥£μ ¡ §μ¢μ¥ §´ Î¥´¨¥, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ Ê¸É ´μ¢¨¢Ï¥³Ê¸Ö
·¥¦¨³Ê; εm ¨ ε0

m Å É¥±ÊÐ¥¥ ¨ ¡ §μ¢μ¥ §´ Î¥´¨Ö ·¥ ±É¨¢´μ¸É¨ ´  ³£´μ¢¥´-
´ÒÌ ´¥°É·μ´ Ì ¢ ³ ±¸¨³Ê³¥ ¨³¶Ê²Ó¸ . �¶¨¸ ´¨¥ ¨³¶Ê²Ó¸´μ£μ ·¥ ±Éμ·  ¶¥·¨-
μ¤¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö, ¶μ¤μ¡´μ¥ ¸É Í¨μ´ ·´μ³Ê, ¸¶· ¢¥¤²¨¢μ ¶·¨ Ê³¥·¥´´ÒÌ
¨§³¥´¥´¨ÖÌ ·¥ ±É¨¢´μ¸É¨, ±μ£¤  ¤μ¶Ê¸É¨³  ²¨´¥°´ Ö  ¶¶·μ±¸¨³ Í¨Ö ´¥²¨-
´¥°´μ° § ¢¨¸¨³μ¸É¨ M μÉ εm. „²Ö ·¥ ±Éμ·  ˆ
�-2Œ β¨ = 1,54 · 10−4, É. ¥.
¢ 14 · § ³¥´ÓÏ¥, Î¥³ β = 2,16 · 10−3. ‚¸²¥¤¸É¢¨¥ ÔÉμ£μ ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ·¥-
 ±Éμ·  ± ¨§³¥´¥´¨Õ ·¥ ±É¨¢´μ¸É¨ ¢ ¨³¶Ê²Ó¸´μ³ ·¥¦¨³¥ ¢ 14 · § ¢ÒÏ¥, Î¥³
¶·¨ ¥£μ · ¡μÉ¥ ¢ ·¥¦¨³¥ ´¥¶·¥·Ò¢´μ£μ ¢Ò¤¥²¥´¨Ö ³μÐ´μ¸É¨. 	Éμ ¶·¨¢μ¤¨É ±
¡μ²ÓÏ¨³ Ë²Ê±ÉÊ Í¨Ö³ Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ (¤μ ±22 %). „²Ö μ¡¥¸¶¥-
Î¥´¨Ö ¡¥§μ¶ ¸´μ° · ¡μÉÒ ·¥ ±Éμ·  ´¥μ¡Ìμ¤¨³Ò ¨¸¸²¥¤μ¢ ´¨Ö ± ± ¸²ÊÎ °´ÒÌ
¢μ§³ÊÐ¥´¨° ·¥ ±É¨¢´μ¸É¨, É ± ¨ ¥¥ ·¥£Ê²Ö·´ÒÌ ¸μ¸É ¢²ÖÕÐ¨Ì, μ¡Ê¸²μ¢²¥´-
´ÒÌ ¶¥·¥³¥Ð¥´¨¥³ μ·£ ´μ¢ Ê¶· ¢²¥´¨Ö ¨ · ¡μÉμ° É¥Ì´μ²μ£¨Î¥¸±¨Ì ¸¨¸É¥³,
μ¡¥¸¶¥Î¨¢ ÕÐ¨Ì ´μ·³ ²Ó´μ¥ ËÊ´±Í¨μ´¨·μ¢ ´¨¥ ·¥ ±Éμ· .

‘μ§¤ ´¨¥ ·¥ ±É¨³¥É·  ˆ
�-2Œ (¨²¨, ¨´ Î¥, ¨³¶Ê²Ó¸´μ£μ ·¥ ±É¨³¥É· )
¸É ²μ ²μ£¨Î¥¸±¨³ ¶·μ¤μ²¦¥´¨¥³ · ¡μÉ, ¶μ¸¢ÖÐ¥´´ÒÌ ¸μ§¤ ´¨Õ ³μ¤¥²¨ ¤²Ö
 ´ ²¨§  ¤¨´ ³¨±¨ ¨³¶Ê²Ó¸´μ£μ ·¥ ±Éμ·  [2Ä5].
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�¥ ±É¨¢´μ¸ÉÓ ·¥ ±Éμ·  ˆ
�-2Œ ¢ÒÎ¨¸²Ö¥É¸Ö ¶μ Ê· ¢´¥´¨Ö³ ±¨´¥É¨±¨,
¸μμÉ¢¥É¸É¢ÊÕÐ¨³ μ¤´μÉμÎ¥Î´μ° ³μ¤¥²¨ ·¥ ±Éμ· :

dn

dt
=

ρ − β

τ
n +

Ni∑
i=1

λiCi,
dCi

dt
=

βi

τ
n − λiCi, (1)

£¤¥ n Å ¶²μÉ´μ¸ÉÓ ´¥°É·μ´μ¢ ¢ ·¥ ±Éμ·¥; ρ Å ·¥ ±É¨¢´μ¸ÉÓ; Ni Å ±μ²¨-
Î¥¸É¢μ £·Ê¶¶ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢; βi, β Å ¸μμÉ¢¥É¸É¢¥´´μ ¤μ²Ö § -
¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ £·Ê¶¶Ò i ¨ ¸Ê³³ ·´ Ö; Ci, λi Å ¸μμÉ¢¥É¸É¢¥´´μ
±μ´Í¥´É· Í¨Ö ¨ ¶μ¸ÉμÖ´´ Ö · ¸¶ ¤  ¨¸ÉμÎ´¨±μ¢ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢
£·Ê¶¶Ò; τ Å ÔËË¥±É¨¢´μ¥ ¢·¥³Ö ¦¨§´¨ ³£´μ¢¥´´ÒÌ ´¥°É·μ´μ¢; t Å ¢·¥³Ö.

�μ¸²¥ ¶¥·¥Ìμ¤  μÉ ¶²μÉ´μ¸É¨ ´¥°É·μ´μ¢ n ± ³μÐ´μ¸É¨ ¨ μÉ ¨´É¥´¸¨¢-
´μ¸É¨ ¨¸ÉμÎ´¨±μ¢ ´¥°É·μ´μ¢ C ± ´μ·³¨·μ¢ ´´μ° ¨´É¥´¸¨¢´μ¸É¨ S, ¢Ò· -
¦¥´´μ° ¢ ¥¤¨´¨Í Ì ³μÐ´μ¸É¨, Ê· ¢´¥´¨Ö ±¨´¥É¨±¨ (1) ¶¥·¥Ìμ¤ÖÉ ¢ Ê· ¢´¥-
´¨Ö (2) [3, 6]:

τ

β

dP

dt
=

ε

β
P + S, S =

∑
i

Si,
1
λi

dSi

dt
+ Si = μiP. (2)

‡¤¥¸Ó P = knn Å ³μÐ´μ¸ÉÓ ·¥ ±Éμ·  (kn Å ±μÔËË¨Í¨¥´É ¶·μ¶μ·Í¨μ´ ²Ó´μ-
¸É¨ ³¥¦¤Ê ³μÐ´μ¸ÉÓÕ ¨ ¶²μÉ´μ¸ÉÓÕ ´¥°É·μ´μ¢ n); ε = ρ−β Å ·¥ ±É¨¢´μ¸ÉÓ
´  ³£´μ¢¥´´ÒÌ ´¥°É·μ´ Ì; Si = knτλiCi/β; 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
¨ ¸Ê³³ ·´ Ö; μi = βi/β Å μÉ´μ¸¨É¥²Ó´ Ö ¤μ²Ö § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢
£·Ê¶¶Ò.

‚ · ¡μÉ¥ ¨¸¶μ²Ó§μ¢ ´Ò Ï¥¸ÉÓ £·Ê¶¶ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ (Ni = 6).
‡´ Î¥´¨Ö ¶ · ³¥É·μ¢ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ ¶·¨ ¤¥²¥´¨¨ 239Pu ¡Ò¸É·Ò³¨
´¥°É·μ´ ³¨ ¶·¨´ÖÉÒ ¸²¥¤ÊÕÐ¨³¨ [7]:

β = 0,00216; 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.

“��‚�…�ˆŸ Šˆ�…’ˆŠˆ ˆŒ�“‹œ‘��ƒ� �…�Š’���

�³¶²¨ÉÊ¤Ê n-£μ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ (± ± ¨ ¥£μ Ô´¥·£¨Õ) Ê¤μ¡´μ ¶·¥¤¸É -
¢¨ÉÓ ¢ ¢¨¤¥ ¶·μ¨§¢¥¤¥´¨Ö [5]:

E¨n = MnSn, Pmn = MPnSn, (3)

£¤¥ E¨n, Pmn Å Ô´¥·£¨Ö ¨  ³¶²¨ÉÊ¤  ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨, Sn Å ¨´É¥´¸¨¢-
´μ¸ÉÓ § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ ¶¥·¥¤ ´ Î ²μ³ n-£μ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨, Mn
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¨ MPn Å ¨³¶Ê²Ó¸´Ò° ±μÔËË¨Í¨¥´É ¶¥·¥¤ Î¨ ¸μμÉ¢¥É¸É¢¥´´μ ¤²Ö Ô´¥·£¨¨ ¨
¤²Ö  ³¶²¨ÉÊ¤Ò ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨.

ˆ³¶Ê²Ó¸´Ò¥ ±μÔËË¨Í¨¥´ÉÒ ¶¥·¥¤ Î¨ M ¨ MP , ¢ÒÎ¨¸²¥´´Ò¥ ¶μ Ê· ¢-
´¥´¨Ö³ (2) ¨ (3), ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ´¥²¨´¥°´Ò¥ ËÊ´±Í¨¨ ³ ±¸¨³ ²Ó´μ£μ
§´ Î¥´¨Ö ·¥ ±É¨¢´μ¸É¨ ¢ ¨³¶Ê²Ó¸¥ εm. ‚ ³μ¤¥²¨ ·¥ ±É¨³¥É·  ¨¸¶μ²Ó§μ¢ ´Ò
¶μ²ÊÎ¥´´Ò¥ ¨§ ÔÉ¨Ì ËÊ´±Í¨° § ¢¨¸¨³μ¸É¨ εm μÉ M ¨ M μÉ MP (·¨¸. 1).

�¨¸. 1. ‘²¥¢  § ¢¨¸¨³μ¸ÉÓ ³ ±¸¨³ ²Ó´μ° ·¥ ±É¨¢´μ¸É¨ εm μÉ ¨³¶Ê²Ó¸´μ£μ ±μÔËË¨Í¨-
¥´É  ¶¥·¥¤ Î¨ ¤²Ö Ô´¥·£¨¨ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ M . ‘¶· ¢  § ¢¨¸¨³μ¸ÉÓ ¨³¶Ê²Ó¸´μ£μ
±μÔËË¨Í¨¥´É  ¶¥·¥¤ Î¨ ¤²Ö Ô´¥·£¨¨ M μÉ ¨³¶Ê²Ó¸´μ£μ ±μÔËË¨Í¨¥´É  ¶¥·¥¤ Î¨ ¤²Ö
 ³¶²¨ÉÊ¤Ò ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ MP (¢ μÉ´μ¸¨É¥²Ó´ÒÌ ¥¤¨´¨Í Ì)

‚ · ¡μÎ¥³ ·¥¦¨³¥ Ï¨·¨´  ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ ´  ¶μ²μ¢¨´¥ ¢Ò¸μÉÒ ´ 
É·¨ ¶μ·Ö¤±  ³¥´ÓÏ¥ ¶¥·¨μ¤  ¨³¶Ê²Ó¸μ¢. �μÔÉμ³Ê ¨³¶Ê²Ó¸Ò ³μÐ´μ¸É¨ · ¸-
¸³ É·¨¢ ÕÉ¸Ö ± ± ¨¤¥ ²Ó´Ò¥ (¡¥¸±μ´¥Î´μ Ê§±¨¥) ¸ Ô´¥·£¨¥° E¨. ‚ ¨´É¥·¢ ² Ì
³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨ ³μÐ´μ¸É¨ ·¥ ±Éμ· £²Ê¡μ±μ ¶μ¤±·¨É¨Î¥´, ¥£μ ·¥ ±É¨¢´μ¸ÉÓ
(·¥ ±É¨¢´μ¸ÉÓ Ëμ´ ) ´  ³£´μ¢¥´´ÒÌ ´¥°É·μ´ Ì μ¶¨¸ ´  ± ± εË = εm −Δk��,
£¤¥ εm Å ³ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥ ·¥ ±É¨¢´μ¸É¨ ¢ ¨³¶Ê²Ó¸¥, Δk�� = 0,026 Å
ÔËË¥±É¨¢´μ¸ÉÓ ¶μ¤¢¨¦´μ£μ μÉ· ¦ É¥²Ö. „²Ö ¨´É¥·¢ ²μ¢ ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨
³μÐ´μ¸É¨ dP /dt ≈ 0. �μÔÉμ³Ê ³μÐ´μ¸ÉÓ Ëμ´  ³μ¦´μ μ¶·¥¤¥²¨ÉÓ ¨§ Ê· ¢-
´¥´¨Ö (2) ± ± PË = βS/(−εË) = βS/(Δk�� − εm),   Ô´¥·£¨Õ Ëμ´  ± ±
EË = PËT¨ = βT¨S/(Δk�� − εm). �μ¸±μ²Ó±Ê ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨ ¢Ò¤¥²Ö¥É¸Ö
²¨ÏÓ 8,6 % μÉ ¢¸¥° Ô´¥·£¨¨ ·¥ ±Éμ· , Éμ ¤²Ö Ê¤μ¡¸É¢  ¶·¨´ÖÉμ, ÎÉμ Ô´¥·£¨Ö
Ëμ´  EË ¢Ò¤¥²Ö¥É¸Ö ´¥ ´¥¶·¥·Ò¢´μ,   Éμ¦¥ ¢ ¢¨¤¥ ¡¥¸±μ´¥Î´μ Ê§±¨Ì ¨³¶Ê²Ó-
¸μ¢, ¶·¨Î¥³ ¸μ¢³¥Ð¥´´ÒÌ ¸ ¨³¶Ê²Ó¸ ³¨ ³μÐ´μ¸É¨. ‘ ÊÎ¥Éμ³ ÔÉ¨Ì Ê¶·μÐ¥-
´¨° ³μÐ´μ¸ÉÓ ·¥ ±Éμ·  · ¸¸³ É·¨¢ ¥É¸Ö ± ± ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ ¨¤¥ ²Ó´ÒÌ
¨³¶Ê²Ó¸μ¢. �·¨ É ±μ³ ¶·¥¤¸É ¢²¥´¨¨ ³μÐ´μ¸É¨ ¨§ Ê· ¢´¥´¨° (2), (3) ¢ÒÉ¥-
± ÕÉ  ²£¥¡· ¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö (4), ¸¢Ö§Ò¢ ÕÐ¨¥ §´ Î¥´¨Ö ¡¥§· §³¥·´ÒÌ ¶¥-
·¥³¥´´ÒÌ ¢ ¤¨¸±·¥É´Ò¥ ³μ³¥´ÉÒ ¢·¥³¥´¨ [5] Å ¢ ³μ³¥´ÉÒ, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥
É¥±ÊÐ¥³Ê ¨³¶Ê²Ó¸Ê ³μÐ´μ¸É¨ (¸ ¨´¤¥±¸μ³ n) ¨ ¶·¥¤Ï¥¸É¢ÊÕÐ¥³Ê (¸ ¨´¤¥±-
¸μ³ n − 1) (¡ §μ¢Ò¥ §´ Î¥´¨Ö ¶ · ³¥É·μ¢ ¶μ³¥Î¥´Ò ¢¥·Ì´¨³ ¨´¤¥±¸μ³ 0):
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En

E0
=

E¨n

E0
+

EËn

E0
,

E¨n

E0
=

E¨n

E0
¨

E0
¨

E0
,

EËn

E0
= kËn

Sn

S0
,

kËn =
EËn

Sn

S0

E0
=

βT¨

Δk�� − εmn

∑
i

μiλi
1

eλiT¨ − 1
,

Sn

S0
=

∑
i

Sin

S0
,

Sin

S0
=

(
Si n−1

S0
+ μiλi

E0

S0

En−1

E0

)
e−λiT¨ , (4)

E¨n

E0
¨

=
Sn

S0

Mn

M0
,

Pmn

P 0
m

=
Sn

S0

MPn

M0
P

.

�μ¸ÉμÖ´´Ò¥ ¢¥²¨Î¨´Ò ¢ Ê· ¢´¥´¨ÖÌ (4) ¢ÒÎ¨¸²ÖÕÉ¸Ö ¶μ Ëμ·³Ê² ³

S0

E0
=

∑
i

μiλi
e−λiT¨

1 − e−λiT¨
=

∑
i

μiλi
1

eλiT¨ − 1
,

k0
Ë =

E0
Ë

E0
=

βT¨

Δk�� − ε0
m

S0

E0
=

βT¨

Δk�� − ε0
m

∑
i

μiλi
1

eλiT¨ − 1
, (5)

E0
¨

E0
= 1 − k0

Ë.

‚ Ê· ¢´¥´¨ÖÌ (4) ¨ (5) E¨n, EËn, En = E¨n + EËn Å Ô´¥·£¨Ö, ¢Ò¤¥-
²Ö¥³ Ö ¸μμÉ¢¥É¸É¢¥´´μ ¢ n-³ ¨³¶Ê²Ó¸¥ ³μÐ´μ¸É¨, ¢ ¨´É¥·¢ ²¥ ³¥¦¤Ê n-³
¨ (nt1)-³ ¨³¶Ê²Ó¸ ³¨ (Ô´¥·£¨Ö Ëμ´ ), ¨ ¶μ²´ Ö §  ¶¥·¨μ¤ ¨³¶Ê²Ó¸μ¢ T¨;
E¨n/E0

¨ Å μÉ´μÏ¥´¨¥ Ô´¥·£¨¨ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ± ¥¥ ¡ §μ¢μ³Ê §´ Î¥´¨Õ
E0

¨ ; M, M0 ¨ MP , M0
P Å ¨³¶Ê²Ó¸´Ò° ±μÔËË¨Í¨¥´É ¶¥·¥¤ Î¨ ¨ ¥£μ ¡ §μ¢μ¥

§´ Î¥´¨¥ ¸μμÉ¢¥É¸É¢¥´´μ ¤²Ö Ô´¥·£¨¨ ¨ ¤²Ö  ³¶²¨ÉÊ¤Ò ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨;
Sin, Sn =

∑
i Sin Å ´μ·³¨·μ¢ ´´ Ö ¨´É¥´¸¨¢´μ¸ÉÓ ¨¸ÉμÎ´¨±μ¢ § ¶ §¤Ò¢ Õ-

Ð¨Ì ´¥°É·μ´μ¢ (¢Ò· ¦¥´´ Ö ¢ ¥¤¨´¨Í Ì ³μÐ´μ¸É¨) ¸μμÉ¢¥É¸É¢¥´´μ £·Ê¶¶Ò i
¨ ¸Ê³³ ·´ Ö; Δk�� Å ÔËË¥±É¨¢´μ¸ÉÓ ¶μ¤¢¨¦´μ£μ μÉ· ¦ É¥²Ö; εm Å ³ ±¸¨-
³ ²Ó´ Ö ·¥ ±É¨¢´μ¸ÉÓ (´ ¤±·¨É¨Î´μ¸ÉÓ) ¢ ¨³¶Ê²Ó¸¥; kËn Å ¶ · ³¥É·, ¸μμÉ-
¢¥É¸É¢ÊÕÐ¨° n-³Ê ¨³¶Ê²Ó¸Ê ³μÐ´μ¸É¨ (¤²Ö ÏÉ É´μ£μ ·¥¦¨³ , ±μ£¤  Sn ≈ S0,
¶·¨³¥·´μ · ¢´Ò° ¤μ²¥ Ô´¥·£¨¨ Ëμ´  μÉ ¡ §μ¢μ£μ §´ Î¥´¨Ö ¶μ²´μ° Ô´¥·£¨¨);
k0

Ë Å ¡ §μ¢μ¥ §´ Î¥´¨¥ ¶ · ³¥É·  kËn (¤μ²Ö Ô´¥·£¨¨ Ëμ´  μÉ ¶μ²´μ° Ô´¥·£¨¨
¢ ¡ §μ¢μ³ ·¥¦¨³¥).

‚ ¨³¶Ê²Ó¸´μ³ ·¥ ±É¨³¥É·¥ ¨¸¶μ²Ó§μ¢ ´Ò É ±¦¥ μÉ±²μ´¥´¨Ö ¶¥·¥³¥´´ÒÌ
μÉ ¨Ì ¡ §μ¢ÒÌ §´ Î¥´¨° (·¥ ±É¨¢´μ¸ÉÓ Å ¢  ¡¸μ²ÕÉ´ÒÌ ¥¤¨´¨Í Ì, μ¸É ²Ó-
´Ò¥ Å ¢ μÉ´μ¸¨É¥²Ó´ÒÌ ¥¤¨´¨Í Ì):
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�¨¸. 2. 
²μ±-¸Ì¥³  ·¥ ±É¨³¥É·  ¨³¶Ê²Ó¸´μ£μ ·¥ ±Éμ·  ˆ
�-2Œ. 1 Å ¡²μ± Ëμ·³¨·μ-
¢ ´¨Ö Ô´¥·£¨¨ Ëμ´ ; 2 Å ¡²μ± § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢, Ëμ·³¨·ÊÕÐ¨° ¢ÒÌμ¤´μ°
¸¨£´ ² ¶μ Ëμ·³Ê² ³ (7); mP = MP /M0

P ; m = M/M0; u−1 Å ¡²μ±, Ëμ·³¨·ÊÕÐ¨°
´  ¢ÒÌμ¤¥ ¢¥²¨Î¨´Ê, μ¡· É´ÊÕ ¢Ìμ¤´μ°; μ¸É ²Ó´Ò¥ μ¡μ§´ Î¥´¨Ö ¢ É¥±¸É¥

Δεmn = εmn − ε0
m, Δen = (En − E0)/E0 = (En/ − E0) − 1,

Δsin = (Sin − S0
i )/S0,

(6)

Δsin = [Δsin−1 + μiλi(E0/S0)Δen−1]eλiT¨ ,

Δsn =
∑

i

Δsin = (Sn/S0) − 1. (7)

‚ ˆ
�-2Œ ·¥£¨¸É·¨·Ê¥É¸Ö  ³¶²¨ÉÊ¤  ± ¦¤μ£μ (n-£μ) ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨
Pmn. ‚Ìμ¤´μ° ¢¥²¨Î¨´μ° ¨³¶Ê²Ó¸´μ£μ ·¥ ±É¨³¥É·  Ö¢²Ö¥É¸Ö μÉ´μ¸¨É¥²Ó-
´ Ö  ³¶²¨ÉÊ¤  ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ Pmn

/
P 0

m, £¤¥ P 0
m Å ¡ §μ¢μ¥ (§ ¤ ´´μ¥)

§´ Î¥´¨¥  ³¶²¨ÉÊ¤Ò ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨. ‚ÒÌμ¤´μ° ¢¥²¨Î¨´μ° Ö¢²Ö¥É¸Ö ¢Ò-
Î¨¸²¥´´μ¥ ¶μ Ê· ¢´¥´¨Ö³ (4) ¨ (5) ³ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥ ·¥ ±É¨¢´μ¸É¨,
¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ n-³Ê ¨³¶Ê²Ó¸Ê. 
²μ±-¸Ì¥³  ·¥ ±É¨³¥É· , μ¸ÊÐ¥¸É¢²ÖÕÐ Ö
ÔÉ¨ ¢ÒÎ¨¸²¥´¨Ö, ¶μ± § ´  ´  ·¨¸. 2.

‘’�’ˆ‘’ˆ—…‘Šˆ ��’ˆŒ�‹œ�›‰ ”ˆ‹œ’�

‚¸²¥¤¸É¢¨¥ ¶·¨´Í¨¶  · ¡μÉÒ ¨ μ¸μ¡¥´´μ¸É¥° ±μ´¸É·Ê±Í¨¨ ¨³¶Ê²Ó¸´μ£μ
·¥ ±Éμ·  ¥³Ê ¶·¨¸ÊÐ¨ ¸ÊÐ¥¸É¢¥´´Ò¥ ÏÊ³Ò ·¥ ±É¨¢´μ¸É¨, ¨§-§  Î¥£μ ´ -
¡²Õ¤ ¥É¸Ö ¡μ²ÓÏμ° · §¡·μ¸  ³¶²¨ÉÊ¤ ¨, ¸²¥¤μ¢ É¥²Ó´μ, Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢
(¤μ ±22 %). ‚ÒÎ¨¸²¥´´ÊÕ ·¥ ±É¨¢´μ¸ÉÓ ˆ
�-2Œ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ´ -
¶·Ö³ÊÕ ¤²Ö ¸É É¨¸É¨Î¥¸±μ£μ (¸¶¥±É· ²Ó´μ£μ, ±μ··¥²ÖÍ¨μ´´μ£μ ¨ É. ¤.)  ´ ²¨§ 
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¸μ¸ÉμÖ´¨Ö ·¥ ±Éμ· . �¥£Ê²Ö·´ Ö ¸μ¸É ¢²ÖÕÐ Ö ·¥ ±É¨¢´μ¸É¨ (ÔÉμ ¨ ³¥¤²¥´-
´Ò° ®ÊÌμ¤¯ ·¥ ±É¨¢´μ¸É¨ ¨§-§  ¨§³¥´¥´¨Ö ¶ · ³¥É·μ¢ ·¥ ±Éμ· , ¨ ¶·¥¤´ ³¥-
·¥´´μ¥ ¨§³¥´¥´¨¥ ·¥ ±É¨¢´μ¸É¨ ¤²Ö ¶¥·¨μ¤¨Î¥¸±μ° μÍ¥´±¨ ÔÉ¨Ì ¶ · ³¥É·μ¢)
Ë ±É¨Î¥¸±¨ ®Éμ´¥É¯ ¢ ÏÊ³ Ì. ’ ±¨³ μ¡· §μ³, ¤²Ö μÍ¥´±¨ ·¥£Ê²Ö·´μ° ¸μ¸É -
¢²ÖÕÐ¥° ¢ÒÎ¨¸²¥´´ Ö ·¥ ±É¨¢´μ¸ÉÓ ´¥ ³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´  ´ ¶·Ö³ÊÕ,
ÏÊ³Ò ·¥ ±É¨¢´μ¸É¨ ´¥μ¡Ìμ¤¨³μ μÉË¨²ÓÉ·μ¢ ÉÓ.

‘ÊÐ¥¸É¢ÊÕÉ · §²¨Î´Ò¥ ³¥Éμ¤Ò Ë¨²ÓÉ· Í¨¨ ¸¨£´ ²μ¢ ¸ ÏÊ³ ³¨. ’ ±, ´ -
¶·¨³¥·, ³¥Éμ¤ ¸É É¨¸É¨Î¥¸±μ° Ë¨²ÓÉ· Í¨¨ Š ²³ ´ Ä
ÓÕ¸¨ [8] ¸¢μ¤¨É¸Ö ±
·¥Ï¥´¨Õ ´¥±μÉμ·μ° ¸¨¸É¥³Ò ´¥μ¤´μ·μ¤´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨°.
„²Ö μ¶·¥¤¥²¥´¨Ö É¥±ÊÐ¥£μ ¸·¥¤´¥£μ §´ Î¥´¨Ö ¸²ÊÎ °´μ£μ ¸¨£´ ²  ÔÉμÉ ¸¨£´ ²
¤μ²¦¥´ ¡ÒÉÓ ¸´ Î ²  μ¶¨¸ ´ ¸¶¥Í¨ ²Ó´μ ¶μ¤μ¡· ´´Ò³ ¤¨ËË¥·¥´Í¨ ²Ó´Ò³
Ê· ¢´¥´¨¥³. 	Éμ Ê· ¢´¥´¨¥ ¤μ²¦´μ ¸¢Ö§Ò¢ ÉÓ ¨¸Ìμ¤´Ò° ¸²ÊÎ °´Ò° ¸¨£´ ²,
±μÉμ·Ò° · ¸¸³ É·¨¢ ¥É¸Ö ± ± ¢ÒÌμ¤´μ°, ¸ ¤·Ê£¨³ ¸²ÊÎ °´Ò³ ¸¨£´ ²μ³ (¢
¢¨¤¥ ¡¥²μ£μ ÏÊ³ ), ±μÉμ·Ò° · ¸¸³ É·¨¢ ¥É¸Ö ± ± ¢Ìμ¤´μ°.

‚ · ¸¸³ É·¨¢ ¥³μ³ ¨³¶Ê²Ó¸´μ³ ·¥ ±É¨³¥É·¥ ¨¸¶μ²Ó§μ¢ ´ ¶·¨´Í¨¶¨ ²Ó´μ
¨´μ° ³¥Éμ¤ Ë¨²ÓÉ· Í¨¨. ‚ ÔÉμ³ ³¥Éμ¤¥ ± ± ¶μ¸É ´μ¢±  § ¤ Î¨, É ± ¨ ¸¶μ¸μ¡
¥¥ ·¥Ï¥´¨Ö ´μ¸ÖÉ ´¥ Ëμ·³ ²Ó´μ ³ É¥³ É¨Î¥¸±¨°,   ¶·¨±² ¤´μ° ¨´¦¥´¥·-
´Ò° Ì · ±É¥· ¸ ¤μ¸É ÉμÎ´μ Ö¸´Ò³ Ë¨§¨Î¥¸±¨³ ¸³Ò¸²μ³. Œ¥Éμ¤ μ¸´μ¢ ´ ´ 
¶·¨´Í¨¶¥ ¸É É¨¸É¨Î¥¸±¨ μ¶É¨³ ²Ó´μ£μ  ²£μ·¨É³ , ¢¶¥·¢Ò¥ ¶·¥¤²μ¦¥´´μ£μ
¶·¨³¥´¨É¥²Ó´μ ± ·¥£Ê²¨·μ¢ ´¨Õ ³μÐ´μ¸É¨ ¨³¶Ê²Ó¸´μ£μ ·¥ ±Éμ·  [9]. 	ÉμÉ
¶·¨´Í¨¶ μ± § ²¸Ö ¤μ¸É ÉμÎ´μ Ê´¨¢¥·¸ ²Ó´Ò³ ¨ ¶μ§¤´¥¥ ¡Ò² · ¸¶·μ¸É· ´¥´
´  ¢μ§³μ¦´Ò¥ ¨´Ò¥ ·¥¦¨³Ò · ¡μÉÒ ·¥ ±Éμ·  [10, 11],   § É¥³ ¶·¨³¥´¥´ ´¥-
¶μ¸·¥¤¸É¢¥´´μ ± § ¤ Î¥ ¸μ¡¸É¢¥´´μ Ë¨²ÓÉ· Í¨¨ [12].

‘É É¨¸É¨Î¥¸±¨ μ¶É¨³ ²Ó´Ò° Ë¨²ÓÉ· ¶·¥¢· Ð ¥É ¢Ìμ¤´μ° ¤¨¸±·¥É´Ò° ¸¨£-
´ ², Ì · ±É¥·¨§ÊÕÐ¨°¸Ö ¸ÊÐ¥¸É¢¥´´Ò³ · §¡·μ¸μ³, ¢ ¤¨¸±·¥É´Ò° ¸£² ¦¥´´Ò°
¸¨£´ ² ¶μ ¸²¥¤ÊÕÐ¥³Ê § ±μ´Ê:

x̃n = x̃n−1 + (xn − x̃n−1)/q, (8)

£¤¥ xn, x̃n Å ¸μμÉ¢¥É¸É¢¥´´μ ¢Ìμ¤´μ° ¨ ¢ÒÌμ¤´μ° ¤¨¸±·¥É´Ò° ¸¨£´ ²,
q ≥ 1 Å ±μÔËË¨Í¨¥´É ¸£² ¦¨¢ ´¨Ö. �·¨ q = 1 x̃n = xn, É. ¥. ¸£² ¦¨-
¢ ´¨Ö ¢Ìμ¤´μ£μ ¸¨£´ ²  ´¥ ¶·μ¨¸Ìμ¤¨É.

„¨¸±·¥É´ Ö Î ¸ÉμÉ´ Ö ¶¥·¥¤ ÉμÎ´ Ö ËÊ´±Í¨Ö Ë¨²ÓÉ·  (μÉ´μÏ¥´¨¥ ËÊ·Ó¥-
¨§μ¡· ¦¥´¨° ¤¨¸±·¥É´ÒÌ ¸¨£´ ²μ¢ ¢ÒÌμ¤´μ£μ ± ¢Ìμ¤´μ³Ê) ¨³¥¥É ¢¨¤

W ∗
∼(jω̄) =

x̃(jω̄)
x(jω̄)

=
1/(q − 1)

[q/(q − 1)] − e−jω̄
, (9)

£¤¥ ω̄ = ωT¨ Å μÉ´μ¸¨É¥²Ó´ Ö (¡¥§· §³¥·´ Ö) ±·Ê£μ¢ Ö Î ¸ÉμÉ , · ¸¸³ É·¨-
¢ ¥³ Ö ¢ ¤¨ ¶ §μ´¥ 0 ≤ ω̄ ≤ π,   ω Å ±·Ê£μ¢ Ö Î ¸ÉμÉ  ¢ ¸−1. �  ·¨¸. 3
¶μ± § ´Ò Î ¸ÉμÉ´Ò¥ Ì · ±É¥·¨¸É¨±¨ Ë¨²ÓÉ· .

� ¸¸³μÉ·¥´Ò ¤¢  ¢ ·¨ ´É  · ¸¶μ²μ¦¥´¨Ö ¸É É¨¸É¨Î¥¸±¨ μ¶É¨³ ²Ó´μ£μ
Ë¨²ÓÉ·  μÉ´μ¸¨É¥²Ó´μ ·¥ ±É¨³¥É· . ‚ ¶¥·¢μ³ ¢ ·¨ ´É¥ ¶μ μÉ´μ¸¨É¥²Ó´Ò³

6



�¨¸. 3. „¨¸±·¥É´Ò¥ Î ¸ÉμÉ´Ò¥ Ì · ±É¥·¨¸É¨±¨ Ë¨²ÓÉ·  ( ³¶²¨ÉÊ¤´ Ö L∼ ¨ Ë §μ¢ Ö ϕ∼
²μ£ ·¨Ë³¨Î¥¸±¨¥ ¨  ³¶²¨ÉÊ¤´μ-Ë §μ¢ Ö W∼) ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ ±μÔËË¨Í¨¥´É 
¸£² ¦¨¢ ´¨Ö q: 4 (1), 8 (2), 16 (3) ¨ 32 (4)

�¨¸. 4. ‚ ·¨ ´ÉÒ · ¸¶μ²μ¦¥´¨Ö ¸É É¨¸É¨Î¥¸±¨ μ¶É¨³ ²Ó´μ£μ Ë¨²ÓÉ·  ¤²Ö ¶μ²ÊÎ¥´¨Ö
¸£² ¦¥´´μ° ·¥ ±É¨¢´μ¸É¨ (1 Å ·¥ ±É¨³¥É·, 2 Å Ë¨²ÓÉ·)

 ³¶²¨ÉÊ¤ ³ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨, Ì · ±É¥·¨§ÊÕÐ¨Ì¸Ö ÏÊ³ ³¨, ¢ÒÎ¨¸²ÖÕÉ¸Ö
¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³ §´ Î¥´¨Ö ·¥ ±É¨¢´μ¸É¨ (Éμ¦¥ ¸ ÏÊ³ ³¨), ±μÉμ·Ò¥ ¸£² -
¦¨¢ ÕÉ¸Ö Ë¨²ÓÉ·μ³ (·¨¸. 4,  ). ‚μ ¢Éμ·μ³ ¢ ·¨ ´É¥ Ë¨²ÓÉ·μ³ ¸£² ¦¨¢ ÕÉ¸Ö
μÉ´μ¸¨É¥²Ó´Ò¥  ³¶²¨ÉÊ¤Ò ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ (·¨¸. 4, ¡), ¨ ¶μ ÔÉ¨³ ¸£² ¦¥´-
´Ò³  ³¶²¨ÉÊ¤ ³ ¢ÒÎ¨¸²ÖÕÉ¸Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³ §´ Î¥´¨Ö ·¥ ±É¨¢´μ¸É¨.

‹ÊÎÏ¨¥ ·¥§Ê²ÓÉ ÉÒ ¸μμÉ¢¥É¸É¢ÊÕÉ ¶¥·¢μ³Ê ¢ ·¨ ´ÉÊ (·¨¸. 4,  ). ’ ± Ö
μÍ¥´±  μ¸´μ¢ ´  ´   ´ ²¨§¥ § ·¥£¨¸É·¨·μ¢ ´´μ£μ ¶¥·¥Ìμ¤´μ£μ ¶·μÍ¥¸¸   ³-
¶²¨ÉÊ¤Ò ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨, μ¡Ê¸²μ¢²¥´´μ£μ ¶·¥¤´ ³¥·¥´´Ò³ ¨§³¥´¥´¨¥³
Ê·μ¢´Ö ·¥ ±É¨¢´μ¸É¨ ¶μ¸·¥¤¸É¢μ³ ¶¥·¥³¥Ð¥´¨Ö ÏÉ É´μ£μ μ·£ ´  Ê¶· ¢²¥´¨Ö
(¶·μ³¥¦ÊÉμÎ´μ£μ ·¥£Ê²ÖÉμ· ). �¥ ±É¨¢´μ¸ÉÓ ¨§³¥´Ö² ¸Ó ¶·μ³¥¦ÊÉμÎ´Ò³ ·¥-
£Ê²ÖÉμ·μ³ ²¨´¥°´μ. �¥ ±Éμ· · ¡μÉ ² ¢ ·¥¦¨³¥ ¸ ³μ·¥£Ê²¨·μ¢ ´¨Ö. ‚ÒÎ¨-
¸²¥´´ Ö ¢ ¶¥·¢μ³ ¢ ·¨ ´É¥ ·¥ ±É¨¢´μ¸ÉÓ ¶·¨ ´ ²¨Î¨¨ ÏÊ³μ¢ ¸· ¢´¨¢ ² ¸Ó
¸μ ¸£² ¦¥´´μ° ·¥ ±É¨¢´μ¸ÉÓÕ, ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ± ± ¶¥·¢μ³Ê ¢ ·¨ ´ÉÊ, É ±
¨ ¢Éμ·μ³Ê. ‚ É ¡²¨Í¥ ¶·¨¢¥¤¥´Ò ¸·¥¤´¥±¢ ¤· É¨Î¥¸±¨¥ μÉ±²μ´¥´¨Ö σ =√

1
N (Δεn − Δε̃n)2 ¤²Ö · §´ÒÌ §´ Î¥´¨° ±μÔËË¨Í¨¥´É  ¸£² ¦¨¢ ´¨Ö q. �·¨-

¢¥¤¥´´Ò¥ §´ Î¥´¨Ö ¢ÒÎ¨¸²¥´Ò §  ¢·¥³Ö ¶¥·¥³¥Ð¥´¨Ö ¶·μ³¥¦ÊÉμÎ´μ£μ ·¥£Ê-
²ÖÉμ· .

�  ·¨¸. 5,   ¶μ± § ´μ ¶¥·¥³¥Ð¥´¨¥ ¶·μ³¥¦ÊÉμÎ´μ£μ ·¥£Ê²ÖÉμ·  (��) ¨
¢Ò§¢ ´´μ¥ ¨³ μÉ´μ¸¨É¥²Ó´μ¥ μÉ±²μ´¥´¨¥  ³¶²¨ÉÊ¤Ò ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨,  
´  ·¨¸. 5, ¡ Å ¢ÒÎ¨¸²¥´´ Ö ·¥ ±É¨¢´μ¸ÉÓ ¶·¨ ´ ²¨Î¨¨ ÏÊ³μ¢ ¨ ¸£² ¦¥´´ Ö
·¥ ±É¨¢´μ¸ÉÓ ¤²Ö ¶¥·¢μ£μ ¢ ·¨ ´É  · ¸¶μ²μ¦¥´¨Ö Ë¨²ÓÉ·  ¶·¨ · §´ÒÌ §´ Î¥-
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’ ¡²¨Í  1. ‘·¥¤´¥±¢ ¤· É¨Î¥¸±μ¥ μÉ±²μ´¥´¨¥ σ

‚ ·¨ ´É
σ, 10−5

q = 4 q = 8 q = 16 q = 32

1 0,628 0,718 0,777 0,824

2 0,642 0,770 0,988 1,5

�¨¸. 5.  ) ‡ ·¥£¨¸É·¨·μ¢ ´´Ò¥ ¶¥·¥Ìμ¤´Ò¥ ¶·μÍ¥¸¸Ò (L�� Å ¶¥·¥³¥Ð¥´¨¥ ¶·μ³¥¦Ê-
ÉμÎ´μ£μ ·¥£Ê²ÖÉμ·  ¢ ³³ (1), Δpm Å μÉ´μ¸¨É¥²Ó´μ¥ μÉ±²μ´¥´¨¥  ³¶²¨ÉÊ¤Ò ¨³¶Ê²Ó¸ 
³μÐ´μ¸É¨ (2)). ¡) �¥ ±É¨¢´μ¸ÉÓ Δε, ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ·¨¸. 5,   (1), ¨ ¸£² ¦¥´´ Ö ·¥ ±-
É¨¢´μ¸ÉÓ Δε̃ ¤²Ö ¶¥·¢μ£μ ¢ ·¨ ´É  · ¸¶μ²μ¦¥´¨Ö Ë¨²ÓÉ·  (¸³. ·¨¸. 4,  ) ¶·¨ · §²¨Î´ÒÌ
§´ Î¥´¨ÖÌ ±μÔËË¨Í¨¥´É  ¸£² ¦¨¢ ´¨Ö q: 2 (q = 4), 3 (q = 8), 4 (q = 16) ¨ 5 (q = 32)

´¨ÖÌ ±μÔËË¨Í¨¥´É  ¸£² ¦¨¢ ´¨Ö q. �·¨ ±μÔËË¨Í¨¥´É¥ ¸£² ¦¨¢ ´¨Ö Ë¨²ÓÉ· 
q ¢ ¤¨ ¶ §μ´¥ μÉ 4 ¤μ 8 ¤μ¸É¨£ ¥É¸Ö ¶·¨¥³²¥³μ¥ ¸£² ¦¨¢ ´¨¥ ·¥ ±É¨¢´μ¸É¨
± ± ¢ ¶¥·¥Ìμ¤´μ³ ·¥¦¨³¥, É ± ¨ ¢ ¸É Í¨μ´ ·´μ³ (·¨¸. 5, ¡).

‡�Š‹	—…�ˆ…

“· ¢´¥´¨Ö ±¨´¥É¨±¨ ¨³¶Ê²Ó¸´μ£μ ·¥ ±Éμ·  ¶¥·¨μ¤¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö É¨¶ 
ˆ
�-2 ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥ · §´μ¸É´ÒÌ Ê· ¢´¥´¨°, ¸¢Ö§Ò¢ ÕÐ¨Ì ¶ · ³¥É·Ò
·¥ ±Éμ· , ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ É¥±ÊÐ¥³Ê ¨ ¶·¥¤Ï¥¸É¢ÊÕÐ¥³Ê ¨³¶Ê²Ó¸ ³ ³μÐ´μ-
¸É¨, ¨ ´¥²¨´¥°´ÒÌ § ¢¨¸¨³μ¸É¥° Ô´¥·£¨¨ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ ¨ ¥£μ  ³¶²¨ÉÊ¤Ò
μÉ ·¥ ±É¨¢´μ¸É¨. ‘μ£² ¸´μ ÔÉ¨³ ¸μμÉ´μÏ¥´¨Ö³ ¸μ§¤ ´ ¨³¶Ê²Ó¸´Ò° ·¥ ±É¨-
³¥É·. „²Ö ¶μ¤ ¢²¥´¨Ö ¸ÊÐ¥¸É¢¥´´ÒÌ ÏÊ³μ¢ ·¥ ±É¨¢´μ¸É¨, μ¡Ê¸²μ¢²¥´´ÒÌ
±μ´¸É·Ê±Í¨¥° ¨ ¶·¨´Í¨¶μ³ ¤¥°¸É¢¨Ö ·¥ ±Éμ· , ¨¸¶μ²Ó§μ¢ ´ Ë¨²ÓÉ·, · ¡μÉ -
ÕÐ¨° ¶μ ¶·¨´Í¨¶Ê ¸É É¨¸É¨Î¥¸±¨ μ¶É¨³ ²Ó´μ£μ  ²£μ·¨É³ . ‚Ò¡· ´μ ´ ¨²ÊÎ-
Ï¥¥ ³¥¸Éμ ¢±²ÕÎ¥´¨Ö Ë¨²ÓÉ·  ¢ ¡²μ±-¸Ì¥³Ê ¨§ ¤¢ÊÌ ¢μ§³μ¦´ÒÌ ¢ ·¨ ´Éμ¢.
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Š ± ¨ ¸²¥¤μ¢ ²μ μ¦¨¤ ÉÓ, ¤²Ö ¸É Í¨μ´ ·´μ£μ ·¥¦¨³  ¶·¥¤¶μÎÉ¨É¥²Ó´¥¥ ¨³¥ÉÓ
¡μ²ÓÏ¥¥ §´ Î¥´¨¥ ±μÔËË¨Í¨¥´É  ¸£² ¦¨¢ ´¨Ö,   ¤²Ö ¶¥·¥Ìμ¤´μ£μ ·¥¦¨³  Å
³¥´ÓÏ¥¥. �μ± § ´μ, ÎÉμ ¢ ± Î¥¸É¢¥ ±μ³¶·μ³¨¸¸´μ£μ §´ Î¥´¨Ö ±μÔËË¨Í¨¥´É 
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