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„²Ö ¢ÒÎ¨¸²¥´¨Ö ¶¥·¥Ìμ¤´ÒÌ ¶·μÍ¥¸¸μ¢ ³μÐ´μ¸É¨ ¢ ·¥ ±Éμ·¥ ˆ	�-2 ¸μ§¤ ´  ¸¶¥Í¨ ²Ó-
´ Ö ³ É¥³ É¨Î¥¸± Ö ³μ¤¥²Ó ¤¨´ ³¨±¨, ÊÎ¨ÉÒ¢ ÕÐ Ö ¸± Î±μμ¡· §´μ¥ ¨§³¥´¥´¨¥ ·¥ ±É¨¢-
´μ¸É¨  ¢Éμ³ É¨Î¥¸±¨³ ·¥£Ê²ÖÉμ·μ³ ¸ Ï £μ¢Ò³ Ô²¥±É·μ¤¢¨£ É¥²¥³. ‚ ³μ¤¥²¨ ÊÎÉ¥´Ò ´¥-
²¨´¥°´ Ö § ¢¨¸¨³μ¸ÉÓ Ô´¥·£¨¨ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ μÉ ·¥ ±É¨¢´μ¸É¨ ¨ ¢²¨Ö´¨¥ · §μ£·¥¢ 
·¥ ±Éμ·  ´  ·¥ ±É¨¢´μ¸ÉÓ ¶μ¸·¥¤¸É¢μ³ ¢¢¥¤¥´¨Ö ´¥²¨´¥°´μ° μ¡· É´μ° ¸¢Ö§¨ ®Ô´¥·£¨Ö ¨³-
¶Ê²Ó¸  ³μÐ´μ¸É¨ Ä ·¥ ±É¨¢´μ¸ÉÓ¯. �  μ¸´μ¢¥ ³μ¤¥²¨ ¢ÒÎ¨¸²¥´Ò ¶¥·¥Ìμ¤´Ò¥ ¶·μÍ¥¸¸Ò
μÉ´μ¸¨É¥²Ó´μ£μ μÉ±²μ´¥´¨Ö Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ ¶·¨ · §²¨Î´ÒÌ ¢μ§³ÊÐ¥´¨ÖÌ
·¥ ±É¨¢´μ¸É¨ (¸²ÊÎ °´μ³, ¸³¥Ï ´´μ³ ¨ ·¥£Ê²Ö·´μ³) ¶·¨ ¸·¥¤´¥° ³μÐ´μ¸É¨ ·¥ ±Éμ· 
1,475 Œ‚É. �μ± § ´μ, ÎÉμ ¤²Ö Ê²ÊÎÏ¥´¨Ö ± Î¥¸É¢  ¶·μÍ¥¸¸μ¢ Í¥²¥¸μμ¡· §¥´ ¢Ò¡μ· É¥Ì
ÏÉ É´ÒÌ §´ Î¥´¨° ¶ · ³¥É·μ¢  ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ· , ¶·¨ ±μÉμ·ÒÌ μ¡¥¸¶¥Î¨¢ ¥É¸Ö
´ ¨³¥´ÓÏ¨° ÔËË¥±É ¸£² ¦¨¢ ´¨Ö ¶μ¸ÉÊ¶ ÕÐ¥£μ ´   ¢Éμ³ É¨Î¥¸±¨° ·¥£Ê²ÖÉμ· ¸¨£´ ²  ¨
´ ¨³¥´ÓÏ Ö ¸±μ·μ¸ÉÓ  ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ· ,   É ±¦¥ Ê³¥´ÓÏ¥´¨¥ ÔËË¥±É¨¢´μ¸É¨
μ¤´μ£μ Ï £   ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ·  ¨ ¢¢¥¤¥´¨¥ 5%-° §μ´Ò ´¥ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨.
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Pepyolyshev Yu.N., Popov A. K. P13-2007-152
Model Study of an Automatic Controller of the IBR-2 Pulsed Reactor

For calculation of power transients in the IBR-2 reactor a special mathematical model of
dynamics taking into account the discontinuous jump of reactivity by an automatic controller
with the step motor is created. In the model the nonlinear dependence of the energy of power
pulse on the reactivity and the in
uence of warming up of the reactor on the reactivity by
means of introduction of a nonlinear feedback ®power-pulse energy Ä reactivity¯ are taken
into account. With the help of the model the transients of relative deviation of power-pulse
energy are calculated at various (random, mixed and regular) reactivity disturbances at the
reactor mean power 1.475 MW. It is shown that to improve the quality of processes the choice
of such regular values of parameters of the automatic controller is expedient, at which the
least effect of smoothing of a signal acting on an automatic controller and the least speed
of an automatic controller are provided, and the reduction of efˇciency of one step of the
automatic controller and introduction of a ˇve-percent dead space are also expedient.

The investigation has been performed at the Frank Laboratory of Neutron Physics, JINR.
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�¥·¥³¥Ð¥´¨¥  ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ·  ¨³¶Ê²Ó¸´μ£μ ·¥ ±Éμ·  ˆ	�-2
μ¸ÊÐ¥¸É¢²Ö¥É¸Ö Ï £μ¢Ò³ Ô²¥±É·μ¤¢¨£ É¥²¥³, ¢¸²¥¤¸É¢¨¥ Î¥£μ ·¥£Ê²ÖÉμ· ¨§³¥-
´Ö¥É ·¥ ±É¨¢´μ¸ÉÓ ¸± Î± ³¨. „²Ö ¢ÒÎ¨¸²¥´¨Ö ¶¥·¥Ìμ¤´ÒÌ ¶·μÍ¥¸¸μ¢ ³μÐ´μ-
¸É¨ ¢ ·¥ ±Éμ·¥ ¸ ÊÎ¥Éμ³ ÔÉμ° μ¸μ¡¥´´μ¸É¨ ·¥£Ê²ÖÉμ·  ¸μ§¤ ´  ¸¶¥Í¨ ²Ó´ Ö
³ É¥³ É¨Î¥¸± Ö ³μ¤¥²Ó ¤¨´ ³¨±¨ ˆ	�-2 (¢ ¶·¥¤Ò¤ÊÐ¥° ³μ¤¥²¨ [1Ä3] ÔÉ 
μ¸μ¡¥´´μ¸ÉÓ ´¥ ÊÎ¨ÉÒ¢ ² ¸Ó). ‚ ÔÉμ° ³μ¤¥²¨, ± ± ¨ ¢ ¶·¥¤Ò¤ÊÐ¥°, ÊÎÉ¥´Ò
´¥²¨´¥°´ Ö § ¢¨¸¨³μ¸ÉÓ Ô´¥·£¨¨ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ μÉ ·¥ ±É¨¢´μ¸É¨ ¨ ¢²¨-
Ö´¨¥ · §μ£·¥¢  ·¥ ±Éμ·  ´  ·¥ ±É¨¢´μ¸ÉÓ ¶μ¸·¥¤¸É¢μ³ ¢¢¥¤¥´¨Ö ´¥²¨´¥°´μ°
μ¡· É´μ° ¸¢Ö§¨ ®Ô´¥·£¨Ö ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ Ä ·¥ ±É¨¢´μ¸ÉÓ¯.

‚ ± Î¥¸É¢¥ ·¥£Ê²¨·Ê¥³μ£μ ¶ · ³¥É·  ·¥ ±Éμ·  ¶·¨´ÖÉ  μÉ´μ¸¨É¥²Ó´ Ö  ³-
¶²¨ÉÊ¤  ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ p = Pm

/
P 0

m, £¤¥ Pm, P 0
m Å  ³¶²¨ÉÊ¤  ¨³¶Ê²Ó¸ 

³μÐ´μ¸É¨ ¨ ¥¥ ¡ §μ¢μ¥ §´ Î¥´¨¥ ¸μμÉ¢¥É¸É¢¥´´μ. ˆ§-§  ¢Ò¸μ±μ° ÉμÎ´μ¸É¨ ¶μ¤-
¤¥·¦ ´¨Ö ¸±μ·μ¸É¨ ¶μ¤¢¨¦´μ£μ μÉ· ¦ É¥²Ö, Ëμ·³¨·ÊÕÐ¥£μ ¨³¶Ê²Ó¸Ò ³μÐ-
´μ¸É¨, μÉ´μ¸¨É¥²Ó´ Ö  ³¶²¨ÉÊ¤  ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ p ¶· ±É¨Î¥¸±¨ · ¢´ 
μÉ´μ¸¨É¥²Ó´μ° Ô´¥·£¨¨ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨ e: p = e = E

/
E0, £¤¥ E0 ¥¸ÉÓ

¡ §μ¢μ¥ §´ Î¥´¨¥ Ô´¥·£¨¨ ¨³¶Ê²Ó¸  E.
‘¨£´ ² Ê¶· ¢²¥´¨Ö ¤¢¨£ É¥²¥³ ·¥£Ê²ÖÉμ·  Ëμ·³¨·μ¢ ²¸Ö ¢ É ±μ° ¶μ¸²¥-

¤μ¢ É¥²Ó´μ¸É¨. �¥£¨¸É·¨·μ¢ ² ¸Ó  ³¶²¨ÉÊ¤  Pm ± ¦¤μ£μ ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨,
¨ Ëμ·³¨·μ¢ ²μ¸Ó ¥¥ μÉ´μ¸¨É¥²Ó´μ¥ §´ Î¥´¨¥ p. �μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ μÉ´μ¸¨-
É¥²Ó´ÒÌ  ³¶²¨ÉÊ¤ p ¶μ¸ÉÊ¶ ²  ´  ¢Ìμ¤ ¡²μ±  ¸£² ¦¨¢ ´¨Ö, ´  ¢ÒÌμ¤¥ ±μÉμ-
·μ£μ ¸μ§¤ ¢ ²¸Ö ´¥¶·¥·Ò¢´Ò° ¸¨£´ ² p̃ ¸ÉÊ¶¥´Î Éμ° Ëμ·³Ò. ‚Ò¸μÉ  ¸ÉÊ¶¥´¨
p̃n ¢ ¨´É¥·¢ ²¥ ¢·¥³¥´¨ ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨ ¸ ´μ³¥· ³¨ n ¨ n + 1 Ëμ·³¨·μ-
¢ ² ¸Ó ¶μ § ±μ´Ê p̃n = p̃n−1 + (pn − p̃n−1)/q, £¤¥ q Å ±μÔËË¨Í¨¥´É ¸£² ¦¨-
¢ ´¨Ö, ±μÉμ·μ³Ê ³μ¦´μ ¡Ò²μ ¶·¨¤ ¢ ÉÓ μ¤´μ ¨§ Î¥ÉÒ·¥Ì §´ Î¥´¨°: 4, 8, 16 ¨
32 (ÏÉ É´Ò¥ §´ Î¥´¨Ö).

Š ± ¸²¥¤Ê¥É ¨§ § ±μ´  Ëμ·³¨·μ¢ ´¨Ö ¸¨£´ ²  p̃, §´ Î¥´¨Õ q = 1 ¸μμÉ¢¥É-
¸É¢Ê¥É μÉ¸ÊÉ¸É¢¨¥ ¸£² ¦¨¢ ´¨Ö ¸¨£´ ²  p. 	²μ± ¸£² ¦¨¢ ´¨Ö, ËÊ´±Í¨μ´¨·Ê-
ÕÐ¨° ¶μ É ±μ³Ê § ±μ´Ê, ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ°  ¶¥·¨μ¤¨Î¥¸±μ¥ (¨´¥·Í¨μ´´μ¥)
§¢¥´μ ¸ ¢Ìμ¤´Ò³ ¸¨£´ ²μ³ p ¨ ¢ÒÌμ¤´Ò³ p̃ [4]. …£μ ¶μ¸ÉμÖ´´ Ö ¢·¥³¥´¨ ¨
±μÔËË¨Í¨¥´É ¶¥·¥¤ Î¨ · ¢´Ò ¸μμÉ¢¥É¸É¢¥´´μ

T̃ =
T¨

ln [q/(q − 1)]
, k̃ =

T̃

q
= T̃

[
1 − exp

(
−T¨

/
T̃

)]
=

T¨

q ln [q/(q − 1)]
.

ˆ§ ¢ÒÌμ¤´μ£μ ¸¨£´ ²  ¡²μ±  ¸£² ¦¨¢ ´¨Ö Ëμ·³¨·μ¢ ²¸Ö ´¥¶·¥·Ò¢´Ò° ¸ÉÊ-
¶¥´Î ÉÒ° ¸¨£´ ² μÉ±²μ´¥´¨Ö Δp̃n = 1 − p̃n, ¶·¥¤¸É ¢²ÖÕÐ¨° ¸μ¡μ° · §´μ¸ÉÓ
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³¥¦¤Ê ¦¥² ¥³Ò³ (¥¤¨´¨Î´Ò³) ¨ É¥±ÊÐ¨³ §´ Î¥´¨¥³ μÉ´μ¸¨É¥²Ó´μ°  ³¶²¨-
ÉÊ¤Ò ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨. ˆ§ ¸¨£´ ²  Δp̃n Ëμ·³¨·μ¢ ²¸Ö ¸¨£´ ² ¥£μ §´ ±  ¨
¸¨£´ ² ¥£μ ³μ¤Ê²Ö. ‘¨£´ ² §´ ±  μ¶·¥¤¥²Ö² ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö Ï £μ¢μ£μ
¤¢¨£ É¥²Ö. ‘¨£´ ², ¶·μ¶μ·Í¨μ´ ²Ó´Ò° ¸¨£´ ²Ê ³μ¤Ê²Ö, μ¶·¥¤¥²Ö² ³μ³¥´É ¶¥-
·¥³¥Ð¥´¨Ö ¤¢¨£ É¥²Ö ´  μ¤¨´ Ï £. ŠμÔËË¨Í¨¥´É ¶·μ¶μ·Í¨μ´ ²Ó´μ¸É¨ μ¶·¥-
¤¥²Ö²¸Ö §´ Î¥´¨¥³ ¶ · ³¥É·  Δ. �·¨ · ¡μÉ¥ ·¥ ±Éμ·  ¡Ò² ¶·¥¤Ê¸³μÉ·¥´
¢Ò¡μ· μ¤´μ£μ ¨§ Î¥ÉÒ·¥Ì §´ Î¥´¨° Δ ¢ ¤¨ ¶ §μ´¥ μÉ 0,05 ¤μ 0,20. � ¨³¥´Ó-
Ï¥³Ê §´ Î¥´¨Õ Δ = Δmin = 0, 05 ¸μμÉ¢¥É¸É¢μ¢ ²μ ¶¥·¥³¥Ð¥´¨¥ ¤¢¨£ É¥²Ö ¸μ
¸±μ·μ¸ÉÓÕ 5,5 Ï £μ¢ ¢ ¸¥±Ê´¤Ê. �·¨ ÔÉμ³ ¨´É¥·¢ ² ¢·¥³¥´¨ ³¥¦¤Ê ¸μ¸¥¤´¨³¨
Ï £ ³¨ ¸μ¸É ¢²Ö² 0,182 ¸. �·¨ ¨´ÒÌ §´ Î¥´¨ÖÌ Δ ¨´É¥·¢ ² ³¥¦¤Ê ¸μ¸¥¤´¨³¨
Ï £ ³¨ ¤¢¨£ É¥²Ö Ê¢¥²¨Î¨¢ ²¸Ö ¢ Δ/Δmin · §.

’ ±¨³ μ¡· §μ³, Î¥³ ¡μ²ÓÏ¥ ¢Ò¡· ´´μ¥ §´ Î¥´¨¥ Δ, É¥³ ³¥´ÓÏ¥ ¸±μ·μ¸ÉÓ
¤¢¨£ É¥²Ö, ¸μμÉ¢¥É¸É¢ÊÕÐ Ö μ¤´μ³Ê ¨ Éμ³Ê ¦¥ §´ Î¥´¨Õ ³μ¤Ê²Ö μÉ±²μ´¥´¨Ö.
“± § ´´Ò° § ±μ´ ¶¥·¥³¥Ð¥´¨Ö  ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ·  ¤μ¶μ²´¥´ ¤¢Ê³Ö
μ£· ´¨Î¥´¨Ö³¨: ¶¥·¥³¥Ð¥´¨¥ · §·¥Ï ²μ¸Ó, ¥¸²¨ ¢ ³μ³¥´É ¶μÖ¢²¥´¨Ö ±μ³ ´¤Ò
´  ¶¥·¥³¥Ð¥´¨¥ ¸¨£´ ² ³μ¤Ê²Ö μÉ±²μ´¥´¨Ö ´¥ ¢ÒÌμ¤¨² §  £· ´¨ÍÒ § · ´¥¥
¢Ò¡· ´´μ° §μ´Ò. …¸²¨ ¸¨£´ ² ³μ¤Ê²Ö ¡Ò² ³¥´ÓÏ¥ 0,05 (5 %) ¨²¨ ¡μ²ÓÏ¥ 0,20
(20 %), Éμ ¶¥·¥³¥Ð¥´¨Ö ¤¢¨£ É¥²Ö ´¥ ¶·μ¨¸Ìμ¤¨²μ.

�·¨ · ¡μÉ¥  ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ·  ¢ ¸·¥¤´¥° §μ´¥ ¶¥·¥³¥Ð¥´¨¥
¤¢¨£ É¥²Ö ´  μ¤¨´ Ï £ ¶·¨¢μ¤¨²μ ± ¨§³¥´¥´¨Õ ·¥ ±É¨¢´μ¸É¨ ´  ¢¥²¨Î¨´Ê
0, 0146β¨. � · ³¥É· β¨ ¢¢¥¤¥´ ¢ · ¡μÉ¥ [5] ¨ ´ §¢ ´ ¨³¶Ê²Ó¸´μ° ¤μ²¥° § -
¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·μ´μ¢ (¤²Ö ˆ	�-2 β¨ = 1, 6 · 10−4). �·¨ ´¥¡μ²ÓÏ¨Ì ¨§-
³¥´¥´¨ÖÌ ³μÐ´μ¸É¨ ·¥ ±É¨¢´μ¸ÉÓ ¨³¶Ê²Ó¸´μ£μ ·¥ ±Éμ·  Ê¤μ¡´μ ¢Ò· ¦ ÉÓ ¢
¤μ²ÖÌ β¨ (¶μ  ´ ²μ£¨¨ ¸μ ¸É Í¨μ´ ·´Ò³¨ ·¥ ±Éμ· ³¨, ¤²Ö ±μÉμ·ÒÌ ·¥ ±-
É¨¢´μ¸ÉÓ ¶·¨ ³ ²ÒÌ ¨§³¥´¥´¨ÖÌ ³μÐ´μ¸É¨ ¢Ò· ¦ ÕÉ ¢ ¤μ²ÖÌ § ¶ §¤Ò¢ Õ-
Ð¨Ì ´¥°É·μ´μ¢ β). ’ ±, ´ ¶·¨³¥·, ¨§³¥´¥´¨Õ ·¥ ±É¨¢´μ¸É¨ ´  ¢¥²¨Î¨´Ê
0, 1β¨ ¸μμÉ¢¥É¸É¢Ê¥É ¨§³¥´¥´¨¥  ³¶²¨ÉÊ¤Ò (¨, ¸²¥¤μ¢ É¥²Ó´μ, Ô´¥·£¨¨) ¨³-
¶Ê²Ó¸  ³μÐ´μ¸É¨ ´  ¢¥²¨Î¨´Ê 0,1 (É. ¥. ´  10 %). �Í¥´±  ÔËË¥±É¨¢´μ¸É¨
μ¤´μ£μ Ï £  ¶¥·¥³¥Ð¥´¨Ö  ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ·  (0, 0146β¨) ¶μ²ÊÎ¥´  ¢
·¥§Ê²ÓÉ É¥ ³ É¥³ É¨Î¥¸±μ° μ¡· ¡μÉ±¨ ¶¥·¥Ìμ¤´μ£μ ¶·μÍ¥¸¸  ³μÐ´μ¸É¨ ·¥ ±-
Éμ· , μ¡Ê¸²μ¢²¥´´μ£μ ¸¨³³¥É·¨Î´Ò³¨ ¶·Ö³μÊ£μ²Ó´Ò³¨ ±μ²¥¡ ´¨Ö³¨ § ¤ Õ-
Ð¥° (¢´¥Ï´¥°) ·¥ ±É¨¢´μ¸É¨ ¸ ´¨§±μ° Î ¸ÉμÉμ°. �É¨ ±μ²¥¡ ´¨Ö ·¥ ±É¨¢´μ¸É¨
¸μ§¤ ¢ ²¨¸Ó  ¢Éμ³ É¨Î¥¸±¨³ ·¥£Ê²ÖÉμ·μ³, ±μÉμ·Ò° ¡Ò² ¢Ò¢¥¤¥´ ¨§ ±μ´ÉÊ· 
·¥£Ê²¨·μ¢ ´¨Ö ¨ ¨¸¶μ²Ó§μ¢ ²¸Ö ¤²Ö ¢μ§³ÊÐ¥´¨Ö ·¥ ±É¨¢´μ¸É¨.

‚ 2002 £. ¶·¨ ¸·¥¤´¥° ³μÐ´μ¸É¨ ·¥ ±Éμ·  1,47 Œ‚É ¡Ò²μ § ·¥£¨¸É·¨-
·μ¢ ´μ 70 ¶¥·¨μ¤μ¢ ±μ²¥¡ ´¨° μÉ±²μ´¥´¨Ö (μÉ ¡ §μ¢μ£μ §´ Î¥´¨Ö) Ô´¥·£¨¨
¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨. �  ·¨¸. 1 ¶μ± § ´ ¶¥·¨μ¤ Ê¸·¥¤´¥´´ÒÌ ±μ²¥¡ ´¨°, ¶μ-
²ÊÎ¥´´Ò° ´ ²μ¦¥´¨¥³ ¤·Ê£ ´  ¤·Ê£  70 § ·¥£¨¸É·¨·μ¢ ´´ÒÌ ¶¥·¨μ¤μ¢. �¥·¨μ¤
±μ²¥¡ ´¨° ¸μ¸É ¢¨² 125 ¸, ÎÉμ ¸μμÉ¢¥É¸É¢μ¢ ²μ 600 ¨³¶Ê²Ó¸ ³ ³μÐ´μ¸É¨ § 
¶¥·¨μ¤. �·¨ É ±μ° ´¨§±μ° Î ¸ÉμÉ¥ ±μ²¥¡ ´¨° ·¥ ±É¨¢´μ¸É¨ ¢ ±μ´Í¥ ± ¦¤μ£μ
¶μ²Ê¶¥·¨μ¤  ³μÐ´μ¸ÉÓ ·¥ ±Éμ·  ¢ÒÌμ¤¨²  ¶· ±É¨Î¥¸±¨ ´  Ê¸É ´μ¢¨¢Ï¨°¸Ö
Ê·μ¢¥´Ó.
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�¨¸. 1. �É´μ¸¨É¥²Ó´μ¥ μÉ±²μ´¥´¨¥ Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ Δe = p− 1 ¶·¨ ¶·Ö-
³μÊ£μ²Ó´ÒÌ ±μ²¥¡ ´¨ÖÌ ¢´¥Ï´¥° ·¥ ±É¨¢´μ¸É¨ ρA (n Å ´μ³¥· ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨)

�  μ¸´μ¢¥ ¤¨´ ³¨Î¥¸±μ° ³μ¤¥²¨ ·¥ ±Éμ·  ˆ	�-2 ¢ÒÎ¨¸²¥´Ò ¶¥·¥Ìμ¤-
´Ò¥ ¶·μÍ¥¸¸Ò μÉ´μ¸¨É¥²Ó´μ£μ μÉ±²μ´¥´¨Ö Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ ¶·¨
· §²¨Î´ÒÌ ¢μ§³ÊÐ¥´¨ÖÌ ·¥ ±É¨¢´μ¸É¨ (¸²ÊÎ °´μ³, ¸³¥Ï ´´μ³ ¨ ·¥£Ê²Ö·´μ³)
¶·¨ ¸·¥¤´¥° ³μÐ´μ¸É¨ ·¥ ±Éμ·  1,475 Œ‚É. ‚ ± Î¥¸É¢¥ ¸²ÊÎ °´μ£μ ¢μ§³Ê-
Ð¥´¨Ö ¨¸¶μ²Ó§μ¢ ´ ÏÊ³ ·¥ ±É¨¢´μ¸É¨, ¢ÒÎ¨¸²¥´´Ò° ¨§ § ·¥£¨¸É·¨·μ¢ ´´μ°
¢ 2002 £. ¤²¨É¥²Ó´μ° ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨  ³¶²¨ÉÊ¤ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ ¶·¨
· ¡μÉ¥ ·¥ ±Éμ·  ¢ ·¥¦¨³¥ ¸ ³μ·¥£Ê²¨·μ¢ ´¨Ö, É. ¥. ¸ μÉ±²ÕÎ¥´´Ò³  ¢Éμ³ -
É¨Î¥¸±¨³ ·¥£Ê²ÖÉμ·μ³, ¶·¨ ¸·¥¤´¥° ³μÐ´μ¸É¨ 1,435 Œ‚É. ‚ ± Î¥¸É¢¥ ¸³¥-
Ï ´´μ£μ ¢μ§³ÊÐ¥´¨Ö ¨¸¶μ²Ó§μ¢ ´μ ¸Ê³³ ·´μ¥ ¢μ§¤¥°¸É¢¨¥ ÔÉμ£μ ÏÊ³  ¨ ¸¨-
´Ê¸μ¨¤ ²Ó´μ£μ ¢μ§³ÊÐ¥´¨Ö ¸ Î ¸ÉμÉμ° 0,033 ƒÍ ¨  ³¶²¨ÉÊ¤μ°, · ¢´μ° 0, 1β¨.
�Éμ ¤μ¶μ²´¨É¥²Ó´μ¥ ¸¨´Ê¸μ¨¤ ²Ó´μ¥ ¢μ§³ÊÐ¥´¨¥ ¢¢¥¤¥´μ ¢ ¸¢Ö§¨ ¸ É¥³, ÎÉμ
¶·¨ ¸·¥¤´¥° ³μÐ´μ¸É¨ ·¥ ±Éμ·  1,25Ä1,3 Œ‚É ¡Ò²¨ § ·¥£¨¸É·¨·μ¢ ´Ò ¸ÊÐ¥-
¸É¢¥´´Ò¥ ±μ²¥¡ ´¨Ö ³μÐ´μ¸É¨ ¸ ÔÉμ° Î ¸ÉμÉμ° [3]. ‚ ± Î¥¸É¢¥ ·¥£Ê²Ö·´μ£μ
¢μ§³ÊÐ¥´¨Ö ¨¸¶μ²Ó§μ¢ ´ ¸± Îμ± ·¥ ±É¨¢´μ¸É¨, · ¢´Ò° −0, 15β¨.

„μ¶μ²´¨É¥²Ó´μ ¢ÒÎ¨¸²¥´Ò ¶¥·¥Ìμ¤´Ò¥ ¶·μÍ¥¸¸Ò ¤²Ö ¸²ÊÎ Ö, ±μ£¤  ¢ ± -
´ ²¥  ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ·  μÉ¸ÊÉ¸É¢μ¢ ²  §μ´  ´¥ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨.

�´ ²¨§ ¶¥·¥Ìμ¤´ÒÌ ¶·μÍ¥¸¸μ¢ ³μÐ´μ¸É¨, ¢ÒÎ¨¸²¥´´ÒÌ ¶·¨ ´ ²¨Î¨¨ ¸²Ê-
Î °´ÒÌ ¢μ§³ÊÐ¥´¨° ·¥ ±É¨¢´μ¸É¨, ¶μ± § ² ¸²¥¤ÊÕÐ¥¥.

1. ‘£² ¦¨¢ ´¨¥ ¸¨£´ ² , ¶μ¸ÉÊ¶ ¢Ï¥£μ ´  ¢Ìμ¤  ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²Ö-
Éμ· , ¸¶μ¸μ¡¸É¢μ¢ ²μ ´¥±μÉμ·μ³Ê Ê³¥´ÓÏ¥´¨Õ ¸·¥¤´¥±¢ ¤· É¨Î¥¸±μ£μ μÉ±²μ-
´¥´¨Ö Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ (¶μ ¸· ¢´¥´¨Õ ¸μ ¸²ÊÎ ¥³, ±μ£¤  ± ±μ¥-
²¨¡μ ¸£² ¦¨¢ ´¨¥ μÉ¸ÊÉ¸É¢μ¢ ²μ).

2. �¸² ¡²¥´¨¥ ÔËË¥±É  ¸£² ¦¨¢ ´¨Ö ¶ÊÉ¥³ Ê³¥´ÓÏ¥´¨Ö ¶ · ³¥É·  ¸£² -
¦¨¢ ´¨Ö q ¸ 8 ¤μ 4, ± ± ¨ Ê¢¥²¨Î¥´¨¥ ¸±μ·μ¸É¨  ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ· 
¶ÊÉ¥³ Ê³¥´ÓÏ¥´¨Ö ¶ · ³¥É·  ¸±μ·μ¸É¨ Δ  ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ·  ¸ 0,4 ¤μ
0,05, ´¥ ¶·¨¢¥²μ ± § ³¥É´μ³Ê ¨§³¥´¥´¨Õ ¸·¥¤´¥±¢ ¤· É¨Î¥¸±μ£μ μÉ±²μ´¥´¨Ö
(´ ¡²Õ¤ ² ¸Ó ²¨ÏÓ ¸² ¡ Ö É¥´¤¥´Í¨Ö ± Ê³¥´ÓÏ¥´¨Õ).
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3. ‚¢¥¤¥´¨¥ ¢ ± ´ ²  ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ·  5 %-° §μ´Ò ´¥ÎÊ¢¸É¢¨-
É¥²Ó´μ¸É¨ ´¥ ¶·¨¢¥²μ ± ¸ÊÐ¥¸É¢¥´´μ³Ê ¨§³¥´¥´¨Õ ¸·¥¤´¥±¢ ¤· É¨Î¥¸±μ£μ
μÉ±²μ´¥´¨Ö.

‚ ± Î¥¸É¢¥ ¨²²Õ¸É· Í¨¨ ¶·¨¢¥¤¥´  É ¡²¨Í , ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¸³¥Ï ´-
´μ³Ê ¢μ§³ÊÐ¥´¨Õ ·¥ ±É¨¢´μ¸É¨ ¢ ¢¨¤¥ ¸Ê³³Ò ¸²ÊÎ °´μ° ¨ ¸¨´Ê¸μ¨¤ ²Ó´μ°
¸μ¸É ¢²ÖÕÐ¨Ì.

‘·¥¤´¥±¢ ¤· É¨Î¥¸±μ¥ μÉ±²μ´¥´¨¥ Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ σ, μ¡Ê¸²μ¢²¥´´μ¥
¢μ§³ÊÐ ÕÐ¥° ·¥ ±É¨¢´μ¸ÉÓÕ ¢ ¢¨¤¥ ÏÊ³  ¸ ´ ²μ¦¥´´μ° ´  ´¥£μ ¸¨´Ê¸μ¨¤ ²Ó´μ°
¸μ¸É ¢²ÖÕÐ¥°, ¶·¨ · §²¨Î´ÒÌ §´ Î¥´¨ÖÌ ¶ · ³¥É·μ¢  ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ· 

¸ Ï £μ¢Ò³ ¤¢¨£ É¥²¥³

q Δ �ËË¥±É¨¢´μ¸ÉÓ

0,05 0,10 0,20 0,40 μ¤´μ£μ Ï £ 
σ  ¢Éμ³ É¨Î¥¸±μ£μ

�·¨ §μ´¥ ´¥ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨, · ¢´μ° 0/0,05 ·¥£Ê²ÖÉμ· 

1 0,088/0,088 0,081/0,081 0,079/0,078 0,080/0,080
4 0,075/0,076 0,075/0,077 0,077/0,078 0,077/0,078 0,0146β¨

8 0,076/0,078 0,077/0,079 0,077/0,079 0,078/0,079

1 0,081/0,081 0,079/0,079 0,078/0,079 0,079/0,079
4 0,075/0,077 0,076/0,078 0,077/0,078 0,078/0,079 0,0073β¨

8 0,076/0,079 0,077/0,079 0,078/0,079 0,078/0,079

�´ ²¨§ ¶¥·¥Ìμ¤´ÒÌ ¶·μÍ¥¸¸μ¢, ¢Ò§¢ ´´ÒÌ ¸± Î±μ³ ·¥ ±É¨¢´μ¸É¨, ¶μ± -
§ ², ÎÉμ Ê²ÊÎÏ¥´¨Õ ± Î¥¸É¢  ¶¥·¥Ìμ¤´ÒÌ ¶·μÍ¥¸¸μ¢ (  ¨³¥´´μ Ê³¥´ÓÏ¥´¨Õ
±μ²¥¡ É¥²Ó´μ¸É¨) ¸¶μ¸μ¡¸É¢μ¢ ²μ ¸²¥¤ÊÕÐ¥¥: 1) Ê³¥´ÓÏ¥´¨¥ ¶ · ³¥É·  ¸£² -
¦¨¢ ´¨Ö q; 2) Ê¢¥²¨Î¥´¨¥ ¶ · ³¥É·  ¸±μ·μ¸É¨ Δ, É. ¥. Ê³¥´ÓÏ¥´¨¥ ¸±μ·μ¸É¨
 ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ· ; 3) Ê³¥´ÓÏ¥´¨¥ ÔËË¥±É¨¢´μ¸É¨ μ¤´μ£μ Ï £   ¢-
Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ·  (¶μ ¸· ¢´¥´¨Õ ¸μ ÏÉ É´μ°), É. ¥. Ê³¥´ÓÏ¥´¨¥ ·¥-
 ±É¨¢´μ¸É¨, ¢´μ¸¨³μ°  ¢Éμ³ É¨Î¥¸±¨³ ·¥£Ê²ÖÉμ·μ³ ¶·¨ ¶¥·¥³¥Ð¥´¨¨ ¤¢¨£ -
É¥²Ö ´  μ¤¨´ Ï £ (³μ¤¥²¨·μ¢ ²μ¸Ó Ê³¥´ÓÏ¥´¨¥ ÔËË¥±É¨¢´μ¸É¨ ¢ ¤¢  · §  Å ¸
0,0146 ¤μ 0, 0073β¨/Ï £); 4) ¢¢¥¤¥´¨¥ ¢  ¢Éμ³ É¨Î¥¸±¨° ·¥£Ê²ÖÉμ· 5 %-° §μ´Ò
´¥ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨.

ˆ§  ´ ²¨§  · ¸¸³μÉ·¥´´ÒÌ ¶¥·¥Ìμ¤´ÒÌ ¶·μÍ¥¸¸μ¢ ¸²¥¤Ê¥É, ÎÉμ ¤²Ö Ê²ÊÎ-
Ï¥´¨Ö ± Î¥¸É¢  ¶·μÍ¥¸¸μ¢ Í¥²¥¸μμ¡· §´μ Ê¸É ´μ¢¨ÉÓ ´ ¨³¥´ÓÏ¥¥ ÏÉ É´μ¥
§´ Î¥´¨¥ ¶ · ³¥É·  ¸£² ¦¨¢ ´¨Ö (q = 4) ¨ ´ ¨¡μ²ÓÏ¥¥ ÏÉ É´μ¥ §´ Î¥´¨¥
¶ · ³¥É·  ¸±μ·μ¸É¨ (Δ = 0, 2), Ê³¥´ÓÏ¨ÉÓ ÔËË¥±É¨¢´μ¸ÉÓ μ¤´μ£μ Ï £   ¢Éμ-
³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ·  ¨ ¢¢¥¸É¨ 5%-Õ §μ´Ê ´¥ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨. �  ·¨¸. 2 ¨
3 ¶μ± § ´Ò ¶¥·¥Ìμ¤´Ò¥ ¶·μÍ¥¸¸Ò, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ±μÔËË¨Í¨¥´ÉÊ ¸£² ¦¨-
¢ ´¨Ö q = 4.
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�·μ¢¥¤¥´μ ³μ¤¥²¨·μ¢ ´¨¥ ¶¥·¥Ìμ¤´ÒÌ ¶·μÍ¥¸¸μ¢, ¢Ò§¢ ´´ÒÌ É¥³¨ ¦¥
¢μ§³ÊÐ¥´¨Ö³¨ ·¥ ±É¨¢´μ¸É¨, ¤²Ö ¸²ÊÎ Ö  ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ·  ¸ ¤¢¨-
£ É¥²¥³ ´¥¶·¥·Ò¢´μ£μ ¤¥°¸É¢¨Ö (¶·¨ μÉ¸ÊÉ¸É¢¨¨ ¸£² ¦¨¢ ´¨Ö ¸¨£´ ² , ¶μ-
¸ÉÊ¶ ¢Ï¥£μ ´  ¢Ìμ¤  ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ· ). �¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ -

�¨¸. 2. �É´μ¸¨É¥²Ó´μ¥ μÉ±²μ´¥´¨¥
Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨ Δe ¨ ·¥-
 ±É¨¢´μ¸ÉÓ, ¢´μ¸¨³ Ö  ¢Éμ³ É¨Î¥¸±¨³
·¥£Ê²ÖÉμ·μ³ ρA, ¢ ¤μ²ÖÌ β¨, ¶·¨
¸± Î±¥ ·¥ ±É¨¢´μ¸É¨, · ¢´μ³ −0, 15β¨

(ÔËË¥±É¨¢´μ¸ÉÓ μ¤´μ£μ Ï £   ¢Éμ-
³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ·  0, 0146β¨):
a) §μ´  ´¥ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ μÉ¸ÊÉ-
¸É¢Ê¥É; ¡) §μ´  ´¥ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨
· ¢´  0,05

�¨¸. 3. ’μ ¦¥, ÎÉμ ¨ ´  ·¨¸. 2,
´μ ¶·¨ ³¥´ÓÏ¥° ÔËË¥±É¨¢´μ¸É¨ μ¤-
´μ£μ Ï £   ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ· 
(0, 0073β¨)

´¨Ö ¶μ± § ²¨, ÎÉμ ¶¥·¥Ìμ¤´Ò¥ ¶·μÍ¥¸¸Ò, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥  ¢Éμ³ É¨Î¥¸±μ³Ê
·¥£Ê²ÖÉμ·Ê ¸ Ï £μ¢Ò³ ¤¢¨£ É¥²¥³ (¶·¨ Ê³¥´ÓÏ¥´´μ° ¢ ¤¢  · §  ÔËË¥±É¨¢´μ-
¸É¨ μ¤´μ£μ Ï £  μÉ´μ¸¨É¥²Ó´μ ÏÉ É´μ°) ¨ ¸ ¤¢¨£ É¥²¥³ ´¥¶·¥·Ò¢´μ£μ ¤¥°-
¸É¢¨Ö, ¶· ±É¨Î¥¸±¨ ´¥ μÉ²¨Î ÕÉ¸Ö.
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