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�¥¶¥²ÒÏ¥¢ �.�. ¨ ¤·. P13-2016-20
ˆ¸¶μ²Ó§μ¢ ´¨¥ ¸¢μ°¸É¢ ³ É·¨Í ’ß¶²¨Í  ¢ ÏÊ³μ¢μ° ¤¨ £´μ¸É¨±¥
¨³¶Ê²Ó¸´μ£μ ·¥ ±Éμ·  ˆ	�-2Œ

� ¸¸³ É·¨¢ ¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ ÏÊ³μ¢μ° ¤¨ £´μ¸É¨±¨ Ö¤¥·´μ£μ ·¥ ±Éμ· 
¸ ¶μ³μÐÓÕ ´μ¢μ£μ ³¥Éμ¤  ´μ·³ ¶μ²μ¦¨É¥²Ó´μ μ¶·¥¤¥²¥´´ÒÌ ±μ··¥²ÖÍ¨μ´´ÒÌ
³ É·¨Í ’ß¶²¨Í . �·¥¨³ÊÐ¥¸É¢μ³ ÔÉμ£μ ³¥Éμ¤  Ö¢²Ö¥É¸Ö ¥£μ Î¨¸Éμ ³ É¥³ É¨Î¥¸-
±¨° Ì · ±É¥· Å ´¥ ¨¸¶μ²Ó§Ê¥É¸Ö ³μ¤¥²Ó ¶·μÍ¥¸¸ . ‘ ¶μ³μÐÓÕ ¶·¥¤²μ¦¥´´μ£μ
³¥Éμ¤  ¶·μ¢¥¤¥´  ´ ²¨§ ´¥°É·μ´´ÒÌ ÏÊ³μ¢ Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ˆ	�-2Œ ¢ · §-
²¨Î´ÒÌ ¸μ¸ÉμÖ´¨ÖÌ ·¥ ±Éμ· : ± ± ¢ ¸É É¨Î¥¸±¨ ¸É ¡¨²Ó´ÒÌ ¶·¨ · §´ÒÌ Ê·μ¢´ÖÌ
³μÐ´μ¸É¨, É ± ¨ ¢ ¶¥·¥Ìμ¤´ÒÌ ¸μ¸ÉμÖ´¨ÖÌ ¨§³¥´¥´¨Ö ³μÐ´μ¸É¨. �μ± § ´μ, ÎÉμ
μ¸´μ¢´Ò¥ ´¥¸É ¡¨²Ó´Ò¥ ±μ³¶μ´¥´ÉÒ ´¥°É·μ´´μ£μ ÏÊ³  ¶·¨Ìμ¤ÖÉ¸Ö ´  Î ¸ÉμÉÒ
0,8 ¨ 1,6 ƒÍ, μ¡Ê¸²μ¢²¥´´Ò¥ ±μ²¥¡ ´¨Ö³¨ ²μ¶ ¸É¥° ¶μ¤¢¨¦´ÒÌ μÉ· ¦ É¥²¥°
³μ¤Ê²ÖÉμ·  ·¥ ±É¨¢´μ¸É¨. �μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¸· ¢´¨¢ ÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨
±² ¸¸¨Î¥¸±μ£μ ¸¶¥±É· ²Ó´μ£μ  ´ ²¨§ .

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

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2016

Pepelyshev Yu.N. et al. P13-2016-20
Application of the Properties of Töplitz Matrices of the Noise Correlation
Characteristics to the Diagnostics of the IBR-2M Pulsed Reactor

The safeguarding of a nuclear reactor during the operation process is one of
the most signiˇcant tasks. The difˇculty is in the necessity to use nondestructive
methods. One of such perspective methods is the neutron noise diagnostics of a
nuclear reactor. Possibility of the noise diagnostics by the new method of norms of
positive deˇnite Töplitz correlation matrices is studied. The advantage of this method
is its purely mathematical nature; no model of the process is employed. The neutron
noise analysis of the IBR-2M pulse energy has been carried out by the represented
method. Both the static state and dynamic state of the reactor have been studied.
Frequency analysis of unstable components of the reactor noise has been carried
out. The main unstable components of the neutron noise are frequencies of 0.8 and
1.6 Hz, which are conditional on the vibration of the movable re
ector blades of the
reactivity modulator. The results of this diagnostics have been compared with the
results of the classical spectral analysis.

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

Preprint of the Joint Institute for Nuclear Research. Dubna, 2016
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�·¨ ´μ³¨´ ²Ó´μ° ³μÐ´μ¸É¨ ·¥ ±Éμ·  ˆ	�-2Œ, · ¢´μ° 2 Œ‚É, μ¸´μ¢-
´μ° ¢±² ¤ ¢ ±μ²¥¡ ´¨Ö Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ¢´μ¸ÖÉ Ë²Ê±ÉÊ Í¨¨ ·¥ ±É¨¢´μ¸É¨,
¢Ò§¢ ´´Ò¥ ¨§³¥´¥´¨¥³ ¤¨´ ³¨Î¥¸±¨Ì ¸¢μ°¸É¢ ·¥ ±Éμ·  ¨ · ¡μÉμ° · §²¨Î´ÒÌ
É¥Ì´μ²μ£¨Î¥¸±¨Ì ¸¨¸É¥³, ´ ¶·¨³¥·, ¸¨¸É¥³Ò μÌ² ¦¤¥´¨Ö  ±É¨¢´μ° §μ´Ò ¨ ¶μ-
¤¢¨¦´μ£μ μÉ· ¦ É¥²Ö. �μ²´Ò¥ ÏÊ³Ò ³μÐ´μ¸É¨ ˆ	�-2Œ ¢¥²¨±¨ ¨ ¤μ¸É¨£ ÕÉ
± 20% [1]. �Éμ ´¥£ É¨¢´μ ¢μ§¤¥°¸É¢Ê¥É ´  · ¡μÉÊ ·¥ ±Éμ· , ¶μ¸±μ²Ó±Ê Ê¸²μ¦-
´Ö¥É ¸¨¸É¥³Ê  ¢ ·¨°´μ° § Ð¨ÉÒ, ³¥Ï ¥É Ê¶· ¢²¥´¨Õ ·¥ ±Éμ·μ³ ¨ ¶·μÍ¥¸¸Ê
¸É ¡¨²¨§ Í¨¨ ³μÐ´μ¸É¨. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¢Ò¸μ±¨° Ê·μ¢¥´Ó ÏÊ³μ¢ ¶μ§¢μ-
²Ö¥É ¨¸¶μ²Ó§μ¢ ÉÓ ¨Ì ¤²Ö μ´-² °´-¤¨ £´μ¸É¨±¨ É¥±ÊÐ¥£μ ¸μ¸ÉμÖ´¨Ö ·¥ ±Éμ· 
¨ ¥£μ μÉ¤¥²Ó´ÒÌ ¸¨¸É¥³, μ¸μ¡¥´´μ ´  · ´´¥° ¸É ¤¨¨ · §¢¨É¨Ö ¤¥Ë¥±É .

–¥²ÓÕ · ¡μÉÒ Ö¢²Ö¥É¸Ö ¨¸¸²¥¤μ¢ ´¨¥ ¢μ§³μ¦´μ¸É¨ ÏÊ³μ¢μ° ¤¨ £´μ¸É¨±¨
·¥ ±Éμ·  ˆ	�-2Œ ³¥Éμ¤μ³ ´μ·³ ¶μ²μ¦¨É¥²Ó´μ μ¶·¥¤¥²¥´´ÒÌ ±μ··¥²ÖÍ¨μ´-
´ÒÌ ³ É·¨Í ’ß¶²¨Í . ‚ ¶· ±É¨Î¥¸±μ³ ¶² ´¥ ÔÉμÉ ³¥Éμ¤ · ´¥¥ ´¥ ¨¸¶μ²Ó§μ-
¢ ²¸Ö. ˆ¸¸²¥¤μ¢ ´¨Ö ¢ ¤ ´´μ³ ´ ¶· ¢²¥´¨¨ ¶μ²¥§´Ò É¥³, ÎÉμ ¢ ¸²ÊÎ ¥ Ê¸¶¥Ì 
· ¸¸³ É·¨¢ ¥³Ò° ³¥Éμ¤ ³μ¦¥É ¡ÒÉÓ ¥Ð¥ μ¤´¨³ ¨´¸É·Ê³¥´Éμ³ μ¡´ ·Ê¦¥´¨Ö ¨
 ´ ²¨§   ´μ³ ²Ó´ÒÌ ¸μ¸ÉμÖ´¨° ·¥ ±Éμ·  ¡¥§  ±É¨¢´μ£μ ¢³¥Ï É¥²Ó¸É¢  ¢ ¥£μ
· ¡μÉÊ.

Š��’Š�… ��ˆ‘��ˆ… �…�Š’��� ˆ��-2Œ

�¥ ±Éμ· ˆ	�-2Œ Ö¢²Ö¥É¸Ö ³μ¤¥·´¨§¨·μ¢ ´´μ° ¢¥·¸¨¥° ·¥ ±Éμ·  ˆ	�-2.
�Ê¸± ¢ Ô±¸¶²Ê É Í¨Õ ˆ	�-2Œ ´  ¸·¥¤´¥° ´μ³¨´ ²Ó´μ° ³μÐ´μ¸É¨ 2 Œ‚É
¡Ò² ¶·μ¨§¢¥¤¥´ ¢ ±μ´Í¥ 2011 £. �μ¶¥·¥Î´Ò° · §·¥§  ±É¨¢´μ° §μ´Ò ˆ	�-2Œ
¶·¨¢¥¤¥´ ´  ·¨¸. 1.

�±É¨¢´ Ö §μ´  ·¥ ±Éμ·  ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ´¥¶· ¢¨²Ó´Ò° Ï¥¸É¨Ê£μ²Ó-
´¨±, ¸μ¡· ´´Ò° ¨§ 69 ’‚‘ ¸ Éμ¶²¨¢μ³ ¨§ PuO2. „²Ö μÌ² ¦¤¥´¨Ö  ±É¨¢´μ°
§μ´Ò ·¥ ±Éμ·  ˆ	�-2Œ ¨¸¶μ²Ó§Ê¥É¸Ö ¦¨¤±¨° ´ É·¨°. –¨·±Ê²ÖÍ¨Ö ´ É·¨Ö
μ¡¥¸¶¥Î¨¢ ¥É¸Ö Ô²¥±É·μ³ £´¨É´Ò³¨ ´ ¸μ¸ ³¨. ƒ² ¢´μ° μ¸μ¡¥´´μ¸ÉÓÕ ·¥ ±-
Éμ·  ˆ	�-2Œ Ö¢²Ö¥É¸Ö ´ ²¨Î¨¥ ³μ¤Ê²ÖÉμ·  ·¥ ±É¨¢´μ¸É¨, ¸μ§¤ ÕÐ¥£μ ¢Ò¸μ-
±¨¥ ÏÊ³Ò Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢. Œμ¤Ê²ÖÉμ· ·¥ ±É¨¢´μ¸É¨ ¸μ¸Éμ¨É ¨§ μ¸´μ¢´μ£μ
¨ ¤μ¶μ²´¨É¥²Ó´μ£μ ¶μ¤¢¨¦´μ£μ μÉ· ¦ É¥²¥°, ¢· Ð ÕÐ¨Ì¸Ö ¢ ¶·μÉ¨¢μ¶μ²μ¦-
´Ò¥ ¸Éμ·μ´Ò ¸μ ¸±μ·μ¸ÉÓÕ 600 ¨ 300 μ¡./³¨´ ¸μμÉ¢¥É¸É¢¥´´μ. “¶· ¢²¥´¨¥
·¥ ±Éμ·μ³ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ¶μ³μÐÓÕ μ·£ ´μ¢ ‘“‡, ¶·¥¤¸É ¢²ÖÕÐ¨Ì ¸μ¡μ°
¢μ²ÓË· ³μ¢Ò¥ ¡²μ±¨, ¶¥·¥³¥Ð ¥³Ò¥ ¢ ³ É·¨Í¥ ¸É ²Ó´ÒÌ ¸É Í¨μ´ ·´ÒÌ μÉ-
· ¦ É¥²¥°.
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�¨¸. 1. �μ¶¥·¥Î´Ò° · §·¥§  ±É¨¢´μ° §μ´Ò ·¥ ±Éμ·  ˆ	�-2Œ: 1 Å ¡²μ±¨  ¢ ·¨°´μ°
§ Ð¨ÉÒ; 2 Å ±μ³¶¥´¸¨·ÊÕÐ¨¥ ¡²μ±¨; 3 Å ¡²μ± ¶·μ³¥¦ÊÉμÎ´μ£μ ·¥£Ê²ÖÉμ· ; 4 Å
¸É¥·¦¥´Ó  ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ· ; 5 Å ³ É·¨Í  ¸É Í¨μ´ ·´μ£μ μÉ· ¦ É¥²Ö; 6 Å
±μ¦ÊÌ ¶μ¤¢¨¦´μ£μ μÉ· ¦ É¥²Ö; 7 Å ¢μ¤Ö´Ò¥ £·¥¡¥´Î ÉÒ¥ § ³¥¤²¨É¥²¨; 8 Å ¨¸ÉμÎ´¨±;
9 Å μ¸´μ¢´μ° ¶μ¤¢¨¦´Ò° μÉ· ¦ É¥²Ó; 10 Å ¤μ¶μ²´¨É¥²Ó´Ò° ¶μ¤¢¨¦´Ò° μÉ· ¦ É¥²Ó;
11 Å ¢μ¤Ö´μ° ¶²μ¸±¨° § ³¥¤²¨É¥²Ó
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ƒ² ¢´μ° § ¤ Î¥° ³¥Éμ¤  Ö¢²Ö¥É¸Ö  ´ ²¨§ Ê¸Éμ°Î¨¢μ¸É¨ ¸²ÊÎ °´μ£μ ´¥°-
É·μ´´μ£μ ÏÊ³  ¨ ¶μ¨¸± ¸±·ÒÉÒÌ ´¥¸É ¡¨²Ó´ÒÌ ±μ³¶μ´¥´Éμ¢ ¢ ÔÉμ³ ÏÊ³¥.
�¥°É·μ´´Ò° ÏÊ³ ¤²Ö ¨³¶Ê²Ó¸´μ£μ ·¥ ±Éμ·  ¶¥·¨μ¤¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö ¶·¥¤-
¸É ¢²Ö¥É ¸μ¡μ° ¶·μÍ¥¸¸ ¨§³¥´¥´¨Ö Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ¢μ ¢·¥³¥´¨. ’¥μ·¨Ö
´ ¸ÉμÖÐ¥£μ ¡¥§³μ¤¥²Ó´μ£μ ³¥Éμ¤ , μ¸´μ¢ ´´μ£μ ´  ¨¸¸²¥¤μ¢ ´¨¨ ¸¢μ°¸É¢ ¶μ-
²μ¦¨É¥²Ó´μ μ¶·¥¤¥²¥´´ÒÌ ±μ··¥²ÖÍ¨μ´´ÒÌ ³ É·¨Í ’ß¶²¨Í , ¶μ¤·μ¡´μ ¨§²μ-
¦¥´  ¢ [2]. �¸´μ¢´Ò¥ ¥¥ ¶μ²μ¦¥´¨Ö ¸μ¸ÉμÖÉ ¢ ¸²¥¤ÊÕÐ¥³. Œ¥Éμ¤ ¶·¨³¥-
´¨³ ¤²Ö  ´ ²¨§  Ê¸Éμ°Î¨¢μ¸É¨ ±¢ §¨¸ÉμÌ ¸É¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢ ¶ÊÉ¥³  ´ ²¨§ 
 ¸¨³¶ÉμÉ¨Î¥¸±¨Ì ¨ ¸¶¥±É· ²Ó´ÒÌ ¸¢μ°¸É¢ ±μ··¥²ÖÍ¨μ´´μ° ³ É·¨ÍÒ, ¶μ¸É·μ-
¥´´μ° ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ N ´ ¡²Õ¤¥´¨°,

QN =

⎡
⎢⎢⎢⎣

b11 b12 . . . b1N

b21 bq22 . . . b2N

...
...

. . .
...

bN1 bN2 . . . bNN

⎤
⎥⎥⎥⎦ ,

2



£¤¥ bjk = 〈qj |qk〉 Å ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö ¤¨¸±·¥É´μ£μ ¸²ÊÎ °´μ£μ ¶·μ-
Í¥¸¸  qk, ´¨¦´¨° ¨´¤¥±¸ ¶μ± §Ò¢ ¥É ¸¤¢¨£ ¢μ ¢·¥³¥´¨. �μ¸±μ²Ó±Ê ¸μ¸É ¢²Ö-
ÕÐ¨¥ ±μ··¥²ÖÍ¨¨ § ¢¨¸ÖÉ Éμ²Ó±μ μÉ · §´μ¸É¨ ¢·¥³¥´´ÒÌ μÉ¸Î¥Éμ¢ ¨ ¨³¥¥É
³¥¸Éμ Î¥É´μ¸ÉÓ ±μ··¥²ÖÍ¨μ´´μ° ËÊ´±Í¨¨, ³μ¦´μ ¶¥·¥°É¨ ± μ¤´μ¨´¤¥±¸´μ³Ê
μ¡μ§´ Î¥´¨Õ (j − k), ¶·¥¤¸É ¢¨¢ ±μ··¥²ÖÍ¨μ´´ÊÕ ³ É·¨ÍÊ ¢ ¢¨¤¥

QN =

⎡
⎢⎢⎢⎣

b(0) b(1) . . . b(N − 1)
b(1) b(0) . . . b(N − 2)

...
...

. . .
...

b(N − 1) b(N − 2) . . . b(0)

⎤
⎥⎥⎥⎦ ,

¨²¨
QN = (b(j − k))N−1

j,k=0. (1)

Œ É·¨ÍÒ É ±μ£μ ¢¨¤  ´ §Ò¢ ÕÉ¸Ö ³ É·¨Í ³¨ ’ß¶²¨Í . Œ É·¨Í  ’ß¶²¨Í 
Ö¢²Ö¥É¸Ö ¸¨³³¥É·¨Î´μ°, ¶μ²μ¦¨É¥²Ó´μ μ¶·¥¤¥²¥´´μ° ¸ μ¤¨´ ±μ¢Ò³¨ Ô²¥³¥´-
É ³¨ ´  ¤¨ £μ´ ²ÖÌ, ¶ · ²²¥²Ó´ÒÌ £² ¢´μ°.

‚ [2] ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¸²ÊÎ °´Ò° ¶·μÍ¥¸¸ Ö¢²Ö¥É¸Ö Ê¸Éμ°Î¨¢Ò³, ¥¸²¨
¢Ò¶μ²´Ö¥É¸Ö Ê¸²μ¢¨¥

lim
N→∞

1
N

‖QN‖2 = 0,

£¤¥ ‖QN‖2 Å ´μ·³  ƒ¨²Ó¡¥·É Ä˜³¨¤É  ¤²Ö ±μ··¥²ÖÍ¨μ´´μ° ³ É·¨ÍÒ (QN )
¸²ÊÎ °´μ£μ ¶·μÍ¥¸¸ :

‖QN‖2 =

⎛
⎝ N−1∑

j,k=0

b2(j − k)

⎞
⎠

1/2

. (2)

�Éμ Ê¸²μ¢¨¥ ¶·¥¤¶μ² £ ¥É ¸²¥¤ÊÕÐ¥¥  ¸¨³¶ÉμÉ¨Î¥¸±μ¥ ¸¢μ°¸É¢μ ¤²Ö ±μ··¥-
²ÖÍ¨μ´´μ° ³ É·¨ÍÒ:

1
N2

‖QN‖2
2 =

1
N2

N−1∑
j,k=0

b2(j − k) −−−−→
N→∞

0. (3)

�μ²ÊÎ¥´´Ò° ¶μ ÔÉμ° Ëμ·³Ê²¥ £· Ë¨± ËÊ´±Í¨¨
1

N2
‖QN‖2

2 ± ± ËÊ´±Í¨¨ ¶ · -

³¥É·  N ³μ¦´μ  ¶¶·μ±¸¨³¨·μ¢ ÉÓ Ô±¸¶μ´¥´Í¨ ²Ó´μ° ËÊ´±Í¨¥° A exp (−αN).
�·¥¤¶μ² £ ¥É¸Ö, ÎÉμ Î¥³ ±·ÊÎ¥ ¸¶ ¤ · ¸¸³ É·¨¢ ¥³μ° Ô±¸¶μ´¥´ÉÒ, É¥³ ¡μ²¥¥
Ê¸Éμ°Î¨¢  ´ ²¨§¨·Ê¥³Ò° ¶·μÍ¥¸¸. �·¨Î¥³, ¥¸²¨ ¤ ´´ Ö ËÊ´±Í¨Ö  ¸¨³¶ÉμÉ¨-
Î¥¸±¨ ¸É·¥³¨É¸Ö ´¥ ± ´Ê²¥¢μ³Ê §´ Î¥´¨Õ, Éμ ¶·μÍ¥¸¸ ´¥ Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ-
¢¨Õ ¸É ¡¨²Ó´μ¸É¨. � ±·ÊÉ¨§´¥ ¸¶ ¤  ³μ¦´μ ¸Ê¤¨ÉÓ ¶μ ¢¥²¨Î¨´¥ ¶ · ³¥É·  α:
Î¥³ μ´  ¡μ²ÓÏ¥, É¥³ ¡μ²¥¥ ¸É ¡¨²¥´ ¶·μÍ¥¸¸.
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„²Ö μ¡´ ·Ê¦¥´¨Ö ´¥¸É ¡¨²Ó´ÒÌ ±¢ §¨¶¥·¨μ¤¨Î¥¸±¨Ì ±μ³¶μ´¥´Éμ¢ ¸²Ê-

Î °´μ£μ ¶·μÍ¥¸¸  ¶·¥¤² £ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ § ¢¨¸¨³μ¸ÉÓ ËÊ´±Í¨¨
1
N

ΘN (θ),
¢ÒÎ¨¸²Ö¥³ÊÕ ¶μ Ëμ·³Ê²¥

1
N

ΘN(θ) =
b(0)
N

+
2
N

N−1∑
k=0

(
1 − k

N

)
bk cos (kθ), (4)

£¤¥ θ Å Ê£²μ¢ Ö Î ¸ÉμÉ ; b(0) = 1 ¤²Ö Í¥´É·¨·μ¢ ´´μ£μ ¶·μÍ¥¸¸ . ‚¨¤ ËÊ´±-
Í¨¨ (4) μ¶·¥¤¥²Ö¥É Î ¸ÉμÉÒ ´¥¸É ¡¨²Ó´ÒÌ ±μ²¥¡ ´¨°. ˆ§  ´ ²¨§  ÔÉ¨Ì ±μ²¥-
¡ ´¨° ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤ μ¡ Ê¦¥ ¨§ÊÎ¥´´ÒÌ ±μ²¥¡ ´¨ÖÌ ¨ ¢ÒÖ¢¨ÉÓ Î ¸ÉμÉÒ
´μ¢ÒÌ  ´μ³ ²Ó´ÒÌ ±μ²¥¡ ´¨°, ±μÉμ·Ò¥ ¶·¥¤¸É ¢²ÖÕÉ ´ ¨¡μ²ÓÏ¨° ¨´É¥·¥¸.
‘³Ò¸² ¶μ´ÖÉ¨Ö ¸É ¡¨²Ó´μ¸É¨ £ ·³μ´¨Î¥¸±¨Ì ±μ³¶μ´¥´Éμ¢ ´¥°É·μ´´μ£μ ÏÊ³ 
§ ±²ÕÎ ¥É¸Ö ¢ Éμ³, ÎÉμ  ³¶²¨ÉÊ¤  ÔÉ¨Ì ±μ³¶μ´¥´Éμ¢ ³μ¦¥É ¨²¨ ¤μ³¨´¨·μ-
¢ ÉÓ ¢ μ¡Ð¥³ ·¥ ±Éμ·´μ³ ÏÊ³¥, ¨²¨ ³¥´ÖÉÓ¸Ö ¢ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ ¢¶²μÉÓ
¤μ ´Ê²Ö, É. ¥. ¨¸Î¥§ ÉÓ. �²£μ·¨É³ μ¡· ¡μÉ±¨ ¸²ÊÎ °´μ£μ ¶·μÍ¥¸¸  ¶·¥¤¸É ¢²¥´
´¨¦¥.

Œ…’�„ˆŠ� ��Š��‹…�ˆŸ
ˆ ������’Šˆ „���›•

ˆ¸Ìμ¤´Ò¥ ¤ ´´Ò¥ ¶·¥¤¸É ¢²Ö²¨ ¸μ¡μ° ³ ¸¸¨¢ ¶μ¸²¥¤μ¢ É¥²Ó´ÒÌ §´ Î¥-
´¨° Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢, § ·¥£¨¸É·¨·μ¢ ´´ÒÌ ¢ É¥Î¥´¨¥ ¶μ²´μ£μ ·¥ ±Éμ·´μ£μ
Í¨±²  ¤²¨É¥²Ó´μ¸ÉÓÕ μ±μ²μ 11 ¸ÊÉ. — ¸ÉμÉ  ´ ±μ¶²¥´¨Ö ¸μμÉ¢¥É¸É¢μ¢ ² 
Î ¸ÉμÉ¥ ¸²¥¤μ¢ ´¨Ö ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨, · ¢´μ° 5 ¸−1. ‘μμÉ¢¥É¸É¢¥´´μ,
¶μ²´Ò° ³ ¸¸¨¢ ¨¸Ìμ¤´ÒÌ ¤ ´´ÒÌ ¸μ¤¥·¦ ² ∼ 107 §´ Î¥´¨° Ô´¥·£¨¨ ¨³¶Ê²Ó-
¸μ¢. �¥£¨¸É·¨·μ¢ ² ¸Ó ¢¥²¨Î¨´ , ¶·μ¶μ·Í¨μ´ ²Ó´ Ö § ·Ö¤Ê, ¢Ò¤¥²ÖÕÐ¥³Ê¸Ö ¢
¨μ´¨§ Í¨μ´´ÒÌ ± ³¥· Ì ¤¥²¥´¨Ö §  ¢·¥³Ö ¤¥°¸É¢¨Ö ¨³¶Ê²Ó¸  ³μÐ´μ¸É¨. „²Ö
¨¸±²ÕÎ¥´¨Ö ¶μ£·¥Ï´μ¸É¥°, ¸¢Ö§ ´´ÒÌ ¸ Ô±· ´¨·μ¢±μ° ¤¥É¥±Éμ·μ¢ ¶·¨ ¶¥·¥-
³¥Ð¥´¨¨ μ·£ ´μ¢ ·¥£Ê²¨·μ¢ ´¨Ö ¢ ¶·μÍ¥¸¸¥ ¨§³¥´¥´¨Ö ³μÐ´μ¸É¨, ¨¸¶μ²Ó-
§μ¢ ²¨¸Ó ¤ ´´Ò¥, Ê¸·¥¤´¥´´Ò¥ ¶μ ¶μ± § ´¨Ö³ É·¥Ì ´¥§ ¢¨¸¨³ÒÌ ¤¥É¥±Éμ·μ¢,
μ±·Ê¦ ÕÐ¨Ì  ±É¨¢´ÊÕ §μ´Ê (¸³. ·¨¸. 2). �·¨¢Ö§±  ±  ¡¸μ²ÕÉ´μ° ³μÐ´μ¸É¨
¶·μ¢μ¤¨² ¸Ó ¢ ± ²¨¡·μ¢μÎ´ÒÌ ¨§³¥·¥´¨ÖÌ ¶μ É¥¶²μ¢Ò¤¥²¥´¨Õ ¢  ±É¨¢´μ°
§μ´¥. � ±μ¶²¥´¨¥ ¤ ´´ÒÌ μ¸ÊÐ¥¸É¢²Ö²μ¸Ó ¸ ¶μ³μÐÓÕ ¸¨¸É¥³Ò ¨§³¥·¥´¨Ö
·¥ ±Éμ·´ÒÌ ¶ · ³¥É·μ¢. ˜Ê³Ò ¨¸¸²¥¤μ¢ ²¨¸Ó ¶·¨ Ê¸É ´μ¢¨¢Ï¥³¸Ö ¸μ¸ÉμÖ-
´¨¨ ·¥ ±Éμ·  ´  · §´ÒÌ Ê·μ¢´ÖÌ ³μÐ´μ¸É¨,   É ±¦¥ ¢ ¶·μÍ¥¸¸¥ ¨§³¥´¥´¨Ö
³μÐ´μ¸É¨ ¢μ ¢·¥³Ö ¥¥ ÏÉ É´μ£μ ¶μ¤Ñ¥³  μÉ ´Ê²Ö ¤μ ´μ³¨´ ²Ó´μ° (2 Œ‚É) ¨
¸´¨¦¥´¨Ö μÉ ´μ³¨´ ²Ó´μ° ¤μ ´Ê²Ö.

�·¨ μ¡· ¡μÉ±¥ ¢¥¸Ó ¨¸Ìμ¤´Ò° ³ ¸¸¨¢ ¤ ´´ÒÌ · §¡¨¢ ²¸Ö ´  Î ¸É¨ ¶μ
8000 ¶μ¸²¥¤μ¢ É¥²Ó´ÒÌ §´ Î¥´¨° ¢ ± ¦¤μ°. �Éμ ¸μμÉ¢¥É¸É¢μ¢ ²μ ´ ¡²Õ¤¥´¨Õ
ÏÊ³μ¢μ£μ ¸μ¸ÉμÖ´¨Ö ·¥ ±Éμ·  ¶·¨¡²¨§¨É¥²Ó´μ ¢ É¥Î¥´¨¥ ¶μ²ÊÎ ¸  ¥£μ · ¡μÉÒ.
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3

2

1

�¨¸. 2. � ¸¶μ²μ¦¥´¨¥ ± ³¥· ±μ´É·μ²Ö ³μÐ´μ¸É¨: 1 Å 5-° ¶ÊÎμ±, 115 ¸³ μÉ Í¥´É· 
 ±É¨¢´μ° §μ´Ò; 2 Å 8-° ¶ÊÎμ±, 119 ¸³ μÉ Í¥´É·   ±É¨¢´μ° §μ´Ò, 3 Å 13-° ¶ÊÎμ±,
116 ¸³ μÉ Í¥´É·   ±É¨¢´μ° §μ´Ò

„²Ö ± ¦¤μ° Î ¸É¨ ¨¸Ìμ¤´μ£μ ³ ¸¸¨¢  (¢·¥³¥´´μ£μ ·Ö¤ ) ¶·μ¢μ¤¨²¨¸Ó μ¶¥· -
Í¨¨ Ê¤ ²¥´¨Ö É·¥´¤  ¨ Í¥´É·¨·μ¢ ´¨Ö. ‡ É¥³ ´ Ìμ¤¨² ¸Ó ±μ··¥²ÖÍ¨μ´´ Ö
ËÊ´±Í¨Ö

bi =
1
N

N−1∑
u=0

(qu − q̄)(qu−i − q̄)
D

,

£¤¥ q̄ Å ¸·¥¤´¥¥ §´ Î¥´¨¥ ¸¨£´ ² ,   D Å ¤¨¸¶¥·¸¨Ö, μ¶·¥¤¥²Ö¥³ Ö ¢ ¢¨¤¥

D =
1

N − 1

N∑
i

(qi − q̄)2.

„ ²¥¥ ¢ÒÎ¨¸²Ö²¨¸Ó ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ §´ Î¥´¨°
1

N2
‖QN‖2

2 =
1

N2
×

×
N−1∑
j,k=0

b2(j − k) ¨ ¶μ Ëμ·³Ê²¥ (4) Å § ¢¨¸¨³μ¸ÉÓ ËÊ´±Í¨¨ ΘN μÉ Ê£²μ¢μ°

Î ¸ÉμÉÒ θ.
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�´ ²μ£ ³¨ ËÊ´±Í¨° (2) ¨ (4) ¢ ±² ¸¸¨Î¥¸±μ³ ¸¶¥±É· ²Ó´μ³  ´ ²¨§¥ Ö¢²Ö-
ÕÉ¸Ö ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö b(τ) ¨ ¸¶¥±É· ²Ó´ Ö ¶²μÉ´μ¸ÉÓ ³μÐ´μ¸É¨
S(ω):

b(τ) = 〈q(t)q(t − τ)〉,

S(ω) =

∞∫
−∞

b(t) e−iωt dt,

£¤¥ q(t) Å ¸²ÊÎ °´Ò° ¶·μÍ¥¸¸; q(t − τ) Å ¸³¥Ð¥´´ Ö ´  ¢·¥³Ö τ ±μ¶¨Ö ¸²Ê-
Î °´μ£μ ¶·μÍ¥¸¸  q(t). ‚ ± Î¥¸É¢¥ ¤¨ £´μ¸É¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ (¶·¨§´ ±μ¢)
¤²Ö μÍ¥´±¨ ´¥¸É ¡¨²Ó´μ¸É¨ ¨§ÊÎ ¥³μ£μ ±¢ §¨¸²ÊÎ °´μ£μ ¶·μÍ¥¸¸  ¨¸¶μ²Ó§μ-
¢ ²¨¸Ó §´ Î¥´¨Ö ¸²¥¤ÊÕÐ¨Ì ¢¥²¨Î¨´:

• α Å ±μ´¸É ´É  ¸¶ ¤  ËÊ´±Í¨¨
1

N2
‖QN ‖2

2,

• Qas Å Ê·μ¢¥´Ó  ¸¨³¶ÉμÉ¨Î¥¸±μ£μ ¸¶ ¤  ¢ÒÏ¥Ê± § ´´μ° ËÊ´±Í¨¨,

• Î ¸ÉμÉÒ ¨  ³¶²¨ÉÊ¤Ò ±μ²¥¡ ´¨°, μ¶·¥¤¥²Ö¥³Ò¥ ËÊ´±Í¨¥° ΘN .

�Î¥¢¨¤´μ, ÎÉμ ¢¸Ö ¸¨¸É¥³  ¤¨ £´μ¸É¨±¨ ´  μ¸´μ¢¥ μÍ¥´μ± α ¨ Qas Ö¢²Ö¥É¸Ö
¸· ¢´¨É¥²Ó´μ°. ˆ§  ´ ²¨§  Ê± § ´´ÒÌ ¢ÒÏ¥ ¶·¨§´ ±μ¢ ³μ¦´μ ¸± § ÉÓ Éμ²Ó±μ
Éμ, ÎÉμ μ¤¨´ ¶·μÍ¥¸¸ ¶μ ¸· ¢´¥´¨Õ ¸ ¤·Ê£¨³ Ö¢²Ö¥É¸Ö ¡μ²¥¥ ¸É ¡¨²Ó´Ò³ ¨²¨,
´ μ¡μ·μÉ, ³¥´¥¥ ¸É ¡¨²Ó´Ò³.

�‘��‚�›… �…‡“‹œ’�’›

‚ É ¡²¨Í¥ ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ μ¡· ¡μÉ±¨ ¤ ´´ÒÌ ¶μ ¶·¥¤¸É ¢²¥´´μ³Ê
¢ÒÏ¥  ²£μ·¨É³Ê. �·¨¢¥¤¥´Ò §´ Î¥´¨Ö ¤¨ £´μ¸É¨Î¥¸±¨Ì ¶·¨§´ ±μ¢ α ¨ Qas ¨
Î ¸ÉμÉÒ μ¸´μ¢´ÒÌ ±μ²¥¡ ´¨° ¤²Ö · §²¨Î´ÒÌ ¸μ¸ÉμÖ´¨° ·¥ ±Éμ· . �  ·¨¸. 3, 4
¢ ± Î¥¸É¢¥ ¶·¨³¥·  ¶μ± § ´  Ëμ·³  ´μ·³Ò ±μ··¥²ÖÍ¨μ´´μ° ³ É·¨ÍÒ ¨ ¸¶¥±-
É· ²Ó´μ° ¶²μÉ´μ¸É¨ ³μÐ´μ¸É¨ ´¥°É·μ´´ÒÌ ÏÊ³μ¢, ¶μ²ÊÎ¥´´Ò¥ ¢ ±² ¸¸¨Î¥-
¸±μ³ ¢ ·¨ ´É¥ ¸¶¥±É· ²Ó´μ£μ  ´ ²¨§  ¨ ¢ ¢ ·¨ ´É¥ ¤¨ £´μ¸É¨Î¥¸±μ° μ¡· -
¡μÉ±¨ ¶μ Ëμ·³Ê² ³ (2) ¨ (4). ‚¨¤ ¤¨ £´μ¸É¨Î¥¸±¨Ì ËÊ´±Í¨° ΘN(θ)/N ¨
1

N2
‖QN‖2

2,   É ±¦¥ ¢¨¤ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¨³ ËÊ´±Í¨° ¢ ±² ¸¸¨Î¥¸±μ³ ¸¶¥±-

É· ²Ó´μ³  ´ ²¨§¥ ¤²Ö ¸· ¢´¥´¨Ö ¶·¨¢¥¤¥´ ¤²Ö ¸É Í¨μ´ ·´μ£μ ¨ ¤¨´ ³¨Î¥¸±μ£μ
¸μ¸ÉμÖ´¨° ·¥ ±Éμ· . „¨´ ³¨Î¥¸±μ¥ ¸μ¸ÉμÖ´¨¥ ·¥ ±Éμ·  ¢ ¤ ´´μ³ ¸²ÊÎ ¥ Å
ÔÉμ ²¨´¥°´Ò° ¶μ¤Ñ¥³ ¨²¨ ¸´¨¦¥´¨¥ ³μÐ´μ¸É¨. �¥°É·μ´´Ò° ÏÊ³ ¢ ¶·μÍ¥¸¸¥
¶μ¤Ñ¥³  ¨²¨ ¸´¨¦¥´¨Ö ³μÐ´μ¸É¨ μÍ¥´¨¢ ²¸Ö ¶μ¸²¥ ¶·¥¤¢ ·¨É¥²Ó´μ£μ ¨¸-
±²ÕÎ¥´¨Ö ²¨´¥°´μ£μ É·¥´¤ . �´ ²μ£¨Î´Ò¥ ¶·μÍ¥¤Ê·Ò ¶·¥¤¢ ·¨É¥²Ó´μ£μ  ´ -
²¨§  ¢Ò¶μ²´Ö²¨¸Ó ¨ ¤²Ö ¶μ¸ÉμÖ´´μ£μ Ê·μ¢´Ö ³μÐ´μ¸É¨.
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’¨¶¨Î´Ò¥ §´ Î¥´¨Ö ¤¨ £´μ¸É¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ α ¨ Qas ¨ Î ¸ÉμÉ  ´μ³ ²Ó´ÒÌ
±μ²¥¡ ´¨° ´¥°É·μ´´μ£μ ÏÊ³  ˆ��-2Œ ´  ´¥±μÉμ·ÒÌ Ê·μ¢´ÖÌ ³μÐ´μ¸É¨ W

‘μ¸ÉμÖ´¨¥
W , Œ‚É

— ¸ÉμÉ  μ¸´μ¢´ÒÌ,
α Qas, 10−2

·¥ ±Éμ·  ¶¨±μ¢, ƒÍ

‘É Í¨μ´ ·´μ¥
¸μ¸ÉμÖ´¨¥

0,02 0,80 0,262 1,33

0,12 0,19; 0,8 0,250 2,02

0,5 0,19; 0,8; 2,0 0,246 2,28

0,6 0,19; 0,8 0,253 1,56

1,0 0,8; 1,6 0,263 0,31

2,0 1,39; 1,76 0,280 0,23

�¥¸É Í¨μ´ ·´μ¥
¸μ¸ÉμÖ´¨¥

1,80Ä2,0 1,39; 1,75 0,280 0,14

2,0Ä1,80 1,61; 1,76 0,281 0,28

1
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�¨¸. 3. ‚¨¤ ±μ··¥²ÖÍ¨μ´´μ° ËÊ´±Í¨¨ ( ) ¨ ¸¶¥±É· ²Ó´μ° ¶²μÉ´μ¸É¨ ±μ²¥¡ ´¨° Ô´¥·-
£¨¨ ¨³¶Ê²Ó¸μ¢ (¡) ¨ Ëμ·³  ËÊ´±Í¨° ¸ ¤¨ £´μ¸É¨Î¥¸±¨³¨ ¸¢μ°¸É¢ ³¨ ‖QN‖2

2/N
2 (¢)

¨ ΘN (θ)/N (£) ¶·¨ ¶μ¤Ñ¥³¥ ³μÐ´μ¸É¨ μÉ 0,02 ¤μ 0,13 Œ‚É. N Å Î¨¸²μ ÉμÎ¥±
´ ¡²Õ¤¥´¨Ö
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�¨¸. 4. ‚¨¤ ±μ··¥²ÖÍ¨μ´´μ° ËÊ´±Í¨¨ ( ) ¨ ¸¶¥±É· ²Ó´μ° ¶²μÉ´μ¸É¨ ±μ²¥¡ ´¨° Ô´¥·-
£¨¨ ¨³¶Ê²Ó¸μ¢ (¡) ¨ Ëμ·³  ËÊ´±Í¨° ¸ ¤¨ £´μ¸É¨Î¥¸±¨³¨ ¸¢μ°¸É¢ ³¨ ‖QN‖2

2/N
2 (¢)

¨ ΘN (θ)/N (£) ¤²Ö ¸É Í¨μ´ ·´μ£μ ¸μ¸ÉμÖ´¨Ö ·¥ ±Éμ·  ¶·¨ ³μÐ´μ¸É¨ 2 Œ‚É. N Å
±μ²¨Î¥¸É¢μ ÉμÎ¥± ´ ¡²Õ¤¥´¨Ö

���‹ˆ‡ �…‡“‹œ’�’�‚ ������’Šˆ „���›•
�� �…‰’����›Œ ˜“Œ�Œ

Š ± ³μ¦´μ Ê¢¨¤¥ÉÓ ¨§  ´ ²¨§  ËÊ´±Í¨¨
1

N2
‖QN‖2

2, ¶μ± § É¥²Ó Ô±¸¶μ-

´¥´ÉÒ α § ¢¨¸¨É μÉ É¥±ÊÐ¥° ³μÐ´μ¸É¨ ·¥ ±Éμ· . �·¨ ´μ³¨´ ²Ó´μ° ³μÐ´μ¸É¨
¢ 2 Œ‚É α = 0,28, ¢ Éμ ¢·¥³Ö ± ± ¶·¨ ´¨§±μ° ³μÐ´μ¸É¨ §´ Î¥´¨¥ α ¢ μ¸´μ¢-
´μ³ ¤¥·¦¨É¸Ö ´  Ê·μ¢´¥ 0,260Ä0,245. “¸É ´μ¢¨¢Ï¥¥¸Ö §´ Î¥´¨¥ Qas ËÊ´±Í¨¨
1

N2
‖QN‖2

2 É ±¦¥ § ¢¨¸¨É μÉ ³μÐ´μ¸É¨ ·¥ ±Éμ· . �·¨ ´μ³¨´ ²Ó´μ° ³μÐ´μ-

¸É¨ ¢ 2 Œ‚É ¢¥²¨Î¨´Ê Qas ³μ¦´μ ¶·¨´ÖÉÓ · ¢´μ° ∼ 0 (Qas = 0,002Ä0,003),
  ¶·¨ ´¨§±μ° ³μÐ´μ¸É¨ Qas = 0,01Ä0,02. ˆ§³¥´¥´¨¥ §´ Î¥´¨Ö ¤¨ £´μ¸É¨Î¥-
¸±μ£μ ¶·¨§´ ±  α ¢ § ¢¨¸¨³μ¸É¨ μÉ ³μÐ´μ¸É¨ ·¥ ±Éμ·  ¶μ± § ´μ ´  ·¨¸. 5,  ,
  ´  ·¨¸. 5, ¡ ¶·¥¤¸É ¢²¥´  ¸¢Ö§Ó Qas ¸ α. ‘ ÉμÎ±¨ §·¥´¨Ö ®³μÐ´μ¸É¨¯ ¤¨ £-

8
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�¨¸. 5. ‡ ¢¨¸¨³μ¸ÉÓ α μÉ Ê·μ¢´Ö ³μÐ´μ¸É¨ ·¥ ±Éμ·  ( ) ¨ § ¢¨¸¨³μ¸ÉÓ Qas μÉ α (¡)

´μ¸É¨Î¥¸±μ£μ ¶·¨§´ ±  ¶ · ³¥É· Qas ¨´Ëμ·³ É¨¢¥´ ¢ Éμ° ¦¥ ¸É¥¶¥´¨, ÎÉμ
¨ α, ¶μ¸±μ²Ó±Ê, ± ± ¸²¥¤Ê¥É ¨§ ·¨¸. 5, ¡, μ´ ¸¢Ö§ ´ ¸ α ²¨´¥°´μ° § ¢¨¸¨³μ-
¸ÉÓÕ Qas ≈ −0,56α. �·¨ ÔÉμ³ μ¡  ¤¨ £´μ¸É¨Î¥¸±¨Ì ¶ · ³¥É·  Ê± §Ò¢ ÕÉ ´ 
Éμ, ÎÉμ ¶·¨ ´¨§±μ° ³μÐ´μ¸É¨ ·¥ ±Éμ·  ¸²ÊÎ °´Ò¥ ¶·μÍ¥¸¸Ò ±¢ §¨¶¥·¨μ¤¨Î¥-
¸±μ£μ É¨¶ , ¤¨ £´μ¸É¨·Ê¥³Ò¥ ¢ ´¥°É·μ´´ÒÌ ÏÊ³ Ì ˆ	�-2Œ, ³¥´¥¥ ¸É ¡¨²Ó´Ò,
Î¥³ ¶·¨ ¢Ò¸μ±μ° ³μÐ´μ¸É¨. 	μ²¥¥ Éμ£μ, ¶·¨ ³μÐ´μ¸É¨ ³¥´¥¥ 1 Œ‚É, ± ± ÔÉμ
¢¨¤´μ ¨§ ·¨¸. 5,  , Ì · ±É¥· ¶¥·¨μ¤¨Î¥¸±¨Ì ±μ³¶μ´¥´Éμ¢ ÏÊ³  ¢ ¶·μÍ¥¸¸¥ · -
¡μÉÒ ·¥ ±Éμ·  ³¥´Ö¥É¸Ö ¸²ÊÎ °´Ò³ μ¡· §μ³ μÉ ¡μ²¥¥ ¸É ¡¨²Ó´μ£μ ± ³¥´¥¥
¸É ¡¨²Ó´μ³Ê ¨ ´ μ¡μ·μÉ. �ÉμÉ Ë ±É ´¥ Ö¢²Ö¥É¸Ö É·¨¢¨ ²Ó´Ò³.

Š Î¥¸É¢¥´´μ¥ μ¡ÑÖ¸´¥´¨¥ ÔÉμ£μ Ö¢²¥´¨Ö § ±²ÕÎ ¥É¸Ö ¢ ¸²¥¤ÊÕÐ¥³. ‘²Ê-
Î °´μ¥ ¨§³¥´¥´¨¥ ·¥ ±É¨¢´μ¸É¨ ¢μ§¤¥°¸É¢Ê¥É ´  ±μ²¥¡ ´¨Ö ³μÐ´μ¸É¨ ´¥ ´¥-
¶μ¸·¥¤¸É¢¥´´μ,   Î¥·¥§ · §²¨Î´Ò¥ ± ´ ²Ò ³μÐ´μ¸É´μ° μ¡· É´μ° ¸¢Ö§¨. ‚
¸¢μÕ μÎ¥·¥¤Ó, μ¡· É´ Ö ¸¢Ö§Ó ¶·¨ ¸²ÊÎ °´μ³ ¨§³¥´¥´¨¨ Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢
³μ¦¥É ¶·¨¢μ¤¨ÉÓ ¨²¨ ± ¸É ¡¨²¨§ Í¨¨ ³μÐ´μ¸É¨, ¨²¨ ± ¥¥ ¤¨´ ³¨Î¥¸±μ° ´¥-
Ê¸Éμ°Î¨¢μ¸É¨. �  ´ Î ²Ó´μ° ¸É ¤¨¨ Ô±¸¶²Ê É Í¨¨ ˆ	�-2Œ (¶·¨ Ô´¥·£μ¢Ò· -
¡μÉ±¥ ³¥´¥¥ 103 Œ‚É · ¸ÊÉ) ³μÐ´μ¸É´ Ö ¸¢Ö§Ó ¤μ¸É ÉμÎ´μ ¸¨²Ó´ Ö ¨ ¶μ²´μ¸ÉÓÕ
μ¡¥¸¶¥Î¨¢ ¥É ¸É ¡¨²¨§ Í¨Õ ³μÐ´μ¸É¨ ¢ ·¥¦¨³¥ ¸ ³μ·¥£Ê²¨·μ¢ ´¨Ö [1]. �·¨
ÔÉμ³ ¸ ·μ¸Éμ³ ³μÐ´μ¸É¨ μ¡· É´ Ö ¸¢Ö§Ó ˆ	�-2Œ · ¸É¥É £μ· §¤μ ¸¨²Ó´¥¥,
Î¥³ ¨´É¥´¸¨¢´μ¸ÉÓ Ë²Ê±ÉÊ Í¨° ·¥ ±É¨¢´μ¸É¨, ¢Ò§Ò¢ ÕÐ¨Ì μ¸´μ¢´Ò¥ ±μ²¥-
¡ ´¨Ö ³μÐ´μ¸É¨. �μÔÉμ³Ê ¶·¨·μ¤  ´ ¡²Õ¤ ¥³μ£μ ¶μ¢ÒÏ¥´¨Ö ¸É ¡¨²Ó´μ¸É¨
±¢ §¨¶¥·¨μ¤¨Î¥¸±¨Ì ±μ³¶μ´¥´Éμ¢ ´¥°É·μ´´μ£μ ÏÊ³  ¸ ·μ¸Éμ³ ³μÐ´μ¸É¨ ´ 
´ Î ²Ó´μ³ ÔÉ ¶¥ · ¡μÉÒ ·¥ ±Éμ·  ¤μ¸É ÉμÎ´μ Ö¸´ . ˆ§ É ¡²¨ÍÒ ¢¨¤´μ, ÎÉμ
¸É ¡¨²Ó´μ¸ÉÓ ·¥ ±Éμ·´ÒÌ ÏÊ³μ¢ ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸¨É μÉ Éμ£μ, ´ Ìμ¤¨É¸Ö
·¥ ±Éμ· ¢ ¸É Í¨μ´ ·´μ³ ¨²¨ ¢ ± ±μ³-²¨¡μ ¶¥·¥Ìμ¤´μ³ ¤¨´ ³¨Î¥¸±μ³ ¸μ¸Éμ-
Ö´¨¨, ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ¢ ¸μ¸ÉμÖ´¨¨ ¸´¨¦¥´¨Ö ¨²¨ ¶μ¤Ñ¥³  ³μÐ´μ¸É¨. ‚´Ê-
É·¥´´ÖÖ ¸É ¡¨²Ó´μ¸ÉÓ ·¥ ±Éμ·  μÉ ÔÉμ£μ ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸¨É. �¥ ±Éμ·
μ¸É ¥É¸Ö ¢ ¸É ¡¨²Ó´μ³ ÏÊ³μ¢μ³ ¸μ¸ÉμÖ´¨¨ ¢ ²Õ¡μ³ ¸²ÊÎ ¥, μ¸μ¡¥´´μ ¥¸²¨
³μÐ´μ¸ÉÓ ¶·¥¢ÒÏ ¥É 1 Œ‚É. ‡¤¥¸Ó ¨´É¥·¥¸¥´ ¤·Ê£μ° Ë ±É: ¶μ·μ£μ¢Ò° Ì -
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· ±É¥· ¨§³¥´¥´¨Ö ¤¨ £´μ¸É¨Î¥¸±¨Ì ¶·¨§´ ±μ¢ Qas ¨ α ¸ ·μ¸Éμ³ ³μÐ´μ¸É¨,
´ ¡²Õ¤ ¥³Ò° ´  ·¨¸. 5 ¢¡²¨§¨ 1 Œ‚É.

„²Ö ·¥ ±Éμ·  ˆ	�-2Œ, É ± ¦¥ ± ± ¨ ¤²Ö ˆ	�-2, ³μÐ´μ¸ÉÓ 1 Œ‚É Ö¢²Ö-
¥É¸Ö μ¸μ¡μ° ÉμÎ±μ°. ‚¡²¨§¨ ÔÉμ° ³μÐ´μ¸É¨ ¨²¨ ´ Î¨´ Ö ¸ ´¥¥ ¶·μÖ¢²Ö-
ÕÉ¸Ö · §²¨Î´Ò¥ ÔËË¥±ÉÒ, ´¥É¨¶¨Î´Ò¥ ¤²Ö μ¸É ²Ó´μ£μ ¤¨ ¶ §μ´  ³μÐ´μ¸É¨.
� ¶·¨³¥·, ¢ ÏÉ É´μ³ ·¥¦¨³¥ · ¡μÉÒ ·¥ ±Éμ·  ³μÐ´μ¸ÉÓ ¢ 1 Œ‚É Å ÔÉμ μ¸μ-
¡ Ö ÉμÎ±  ¶μ¤μ£·¥¢   ±É¨¢´μ° §μ´Ò, ¶·¨ ±μÉμ·μ° ·¥§±μ ¨§³¥´Ö¥É¸Ö ¡Ò¸É· Ö
³μÐ´μ¸É´ Ö ¸¢Ö§Ó,   ´¥±μÉμ·Ò¥ ¶ · ³¥É·Ò ³¥¤²¥´´μ° ¸¢Ö§¨ ¨³¥ÕÉ ²μ± ²Ó´Ò°
³¨´¨³Ê³ [3, 4]. Š·μ³¥ Éμ£μ, ± ± ¶μ± §Ò¢ ¥É μ¶ÒÉ Ô±¸¶²Ê É Í¨¨ ˆ	�-2, ¶·¨
¤μ¸É¨¦¥´¨¨ μ¶·¥¤¥²¥´´μ° Ô´¥·£μ¢Ò· ¡μÉ±¨ ¶·¨ ³μÐ´μ¸É¨ 1 Œ‚É ¶μÖ¢²Ö-
ÕÉ¸Ö É ± ´ §Ò¢ ¥³Ò¥ ¶μ·μ£μ¢Ò¥ ÏÊ³Ò Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢, Ê¢¥²¨Î¨¢ ÕÐ¨¥¸Ö
¸ ³μÐ´μ¸ÉÓÕ. �ÉμÉ ±μ³¶μ´¥´É ÏÊ³μ¢ Ê¸¨²¨¢ ¥É¸Ö É ±¦¥ ¨ ¢ ¶·μÍ¥¸¸¥ · -
¡μÉÒ ·¥ ±Éμ·  ¨ ¢²¨Ö¥É ´  ¥£μ ¤¨´ ³¨Î¥¸±ÊÕ Ê¸Éμ°Î¨¢μ¸ÉÓ. ‚¥·μÖÉ´¥¥ ¢¸¥£μ,
¢¸¥ ÔÉ¨ ÔËË¥±ÉÒ ¸¢Ö§ ´Ò ¸ ¨§£¨¡´Ò³¨ ¤¥Ëμ·³ Í¨Ö³¨ É¥¶²μ¢Ò¤¥²ÖÕÐ¨Ì Ô²¥-
³¥´Éμ¢ ¢  ±É¨¢´μ° §μ´¥ ·¥ ±Éμ·  ¨ ¨Ì ¶μ·μ£μ¢Ò³ Ì · ±É¥·μ³ [3]. �É¸Õ¤ 
μ¡ÑÖ¸´Ö¥É¸Ö ¨ ¶μ·μ£μ¢ Ö ´¥Ê¸Éμ°Î¨¢μ¸ÉÓ ÏÊ³μ¢ ˆ	�-2Œ, ¤¨ £´μ¸É¨·Ê¥³ Ö ¶μ
¶ · ³¥É· ³ Qas ¨ α.

ˆ§  ´ ²¨§  ËÊ´±Í¨¨ ΘN (θ)/N ³μ¦´μ Ê¢¨¤¥ÉÓ, ÎÉμ ¢¸¥ ¶¥·¨μ¤¨Î¥¸±¨¥
±μ³¶μ´¥´ÉÒ ¢ ÏÊ³ Ì ³μÐ´μ¸É¨ · §¤¥²ÖÕÉ¸Ö ´  ¤¢¥ £·Ê¶¶Ò. Š ¶¥·¢μ° £·Ê¶¶¥
³μ¦´μ μÉ´¥¸É¨ Î ¸ÉμÉÒ, ±μÉμ·Ò¥ ¶·μÖ¢²ÖÕÉ¸Ö ¶·¨ ²Õ¡μ³ Ê·μ¢´¥ ³μÐ´μ¸É¨.
ˆÌ  ³¶²¨ÉÊ¤  ¨ Ì · ±É¥· ´¥Ê¸Éμ°Î¨¢μ¸É¨ ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸ÖÉ μÉ ³μÐ´μ-
¸É¨. �Éμ Î ¸ÉμÉÒ 0,19, 0,38, 0,8 ¨ 1,0 ƒÍ. „μ³¨´¨·Ê¥É ¢ ÔÉμ° £·Ê¶¶¥ Î ¸ÉμÉ 
0,8 ƒÍ. Š ¤·Ê£μ° £·Ê¶¶¥ μÉ´μ¸ÖÉ¸Ö ±μ²¥¡ ´¨Ö ´  Î ¸ÉμÉ Ì 0,6, 1,39, 1,6 ¨
1,76 ƒÍ. • · ±É¥·´μ° μ¸μ¡¥´´μ¸ÉÓÕ ÔÉμ° £·Ê¶¶Ò Ö¢²Ö¥É¸Ö ·¥§±μ¥ Ê¸¨²¥´¨¥
´¥¸É ¡¨²Ó´μ¸É¨ ±μ²¥¡ ´¨° ¶·¨ ³μÐ´μ¸É¨ ¢ 2 Œ‚É. �¥¸É ¡¨²Ó´μ¸ÉÓ ¶·μÖ¢²Ö-
¥É¸Ö ¢ ¢ ·¨ Í¨¨  ³¶²¨ÉÊ¤Ò ±μ²¥¡ ´¨° ¢ ¤¥¸ÖÉÓ ¨ ¤ ¦¥ ¡μ²¥¥ · §. „μ³¨´¨·Ê¥É
¢ ÔÉμ° £·Ê¶¶¥ Î ¸ÉμÉ  1,6 ƒÍ. �Í¥´±  ´¥¸É ¡¨²Ó´μ¸É¨ ÏÊ³μ¢ Éμ²Ó±μ ¶μ ·¥-
§Ê²ÓÉ É ³ ¸¶¥±É· ²Ó´μ£μ  ´ ²¨§  ¸ ¶μ³μÐÓÕ ËÊ´±Í¨¨ ΘN(θ)/N § É·Ê¤´¥´ ,
¶μ¸±μ²Ó±Ê ¢¨¤ ÔÉμ° ËÊ´±Í¨¨ ¸ÊÐ¥¸É¢¥´´μ § ¢¨¸¨É μÉ ¸μμÉ´μÏ¥´¨Ö ´¥Ê¸Éμ°-
Î¨¢ÒÌ ±μ³¶μ´¥´Éμ¢ ¢ ¨¸Ìμ¤´μ³ ÏÊ³¥. �μÔÉμ³Ê, ´ ¶·¨³¥·, ¤²Ö ¶·μÍ¥¸¸μ¢ ¸
· §´Ò³¨ §´ Î¥´¨Ö³¨ ¸É É¨¸É¨Î¥¸±μ£μ · §¡·μ¸  ¢¨¤ ËÊ´±Í¨¨ ΘN(θ)/N ³μ-
¦¥É ¡ÒÉÓ ¸Ìμ¦¨³ ¨, ´ μ¡μ·μÉ, · §²¨Î´Ò³ ¤²Ö ¸Ìμ¦¨Ì ¶·μÍ¥¸¸μ¢. �¸´μ¢´Ò¥
±μ³¶μ´¥´ÉÒ ÏÊ³  £ ·³μ´¨Î¥¸±μ£μ É¨¶  ¸ Î ¸ÉμÉ ³¨ ¢ 0,8 ¨ 1,6 ƒÍ Ö¢²Ö-
ÕÉ¸Ö ®§ ³ ¸±¨·μ¢ ´´Ò³¨¯  ´ ²μ£ ³¨ ¡μ²¥¥ ¢Ò¸μ±¨Ì Î ¸ÉμÉ, ¸¢¥·´ÊÉÒ³¨ ¢
Î ¸ÉμÉ´ÊÕ μ¡² ¸ÉÓ ´¨¦¥ ±·¨É¨Î¥¸±μ° Î ¸ÉμÉÒ � °±¢¨¸É , · ¢´ÊÕ ¢ ¤ ´´μ³
¸²ÊÎ ¥ 2,5 ƒÍ. “± § ´´Ò¥ Î ¸ÉμÉÒ ¸¢Ö§ ´Ò ¸ ±μ²¥¡ ´¨Ö³¨ ²μ¶ ¸É¥° ¶μ¤¢¨¦-
´ÒÌ μÉ· ¦ É¥²¥° (��) ³μ¤Ê²ÖÉμ·  ·¥ ±É¨¢´μ¸É¨. ˆ´Ò³¨ ¸²μ¢ ³¨, μ¸´μ¢´Ò¥
±μ³¶μ´¥´ÉÒ ´¥¸É ¡¨²Ó´μ¸É¨ ·¥ ±Éμ·´ÒÌ ÏÊ³μ¢ ¢Ò§¢ ´Ò ¢¨¡· Í¨Ö³¨ ��. ‚
Í¥²μ³ Ê·μ¢¥´Ó £ ·³μ´¨Î¥¸±¨Ì ¨²¨ ±¢ §¨£ ·³μ´¨Î¥¸±¨Ì ±μ²¥¡ ´¨° ¢ μ¡Ð¥³
¸¶¥±É·¥ ÏÊ³μ¢ ³μÐ´μ¸É¨ ³ ² ¨ ¸μ¸É ¢²Ö¥É 1,6% ¢ ¸·¥¤´¥±¢ ¤· É¨Î¥¸±¨Ì
μÉ±²μ´¥´¨ÖÌ. �·¨ ÔÉμ³  ´ ²μ£¨Î´μ¥ §´ Î¥´¨¥ ¶μ²´μ£μ ÏÊ³  ³μÐ´μ¸É¨ ´ 
¤ ´´μ³ ÔÉ ¶¥ · ¡μÉÒ ·¥ ±Éμ·  · ¢´μ 4,5%.
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„¨ £´μ¸É¨Î¥¸±¨¥ ¸¢μ°¸É¢  ³ É·¨Í ’ß¶²¨Í  ¢ ¶·¨³¥´¥´¨¨ ±  ´ ²¨§Ê ´¥°-
É·μ´´ÒÌ ÏÊ³μ¢ ·¥ ±Éμ·  ˆ	�-2Œ ¶μ§¢μ²¨²¨ ¶μ²ÊÎ¨ÉÓ ´μ¢ÊÕ, · ´¥¥ ´¥¨§-
¢¥¸É´ÊÕ, ¨´Ëμ·³ Í¨Õ μ Ì · ±É¥·¥ ´¥¸É ¡¨²Ó´μ¸É¨ Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢. ‚ Éμ
¦¥ ¢·¥³Ö μÍ¥´±  ´¥¸É ¡¨²Ó´μ¸É¨ ÏÊ³μ¢ ¶μ ¤¨ £´μ¸É¨Î¥¸±¨³ ¶·¨§´ ± ³ · ¸-
¸³ É·¨¢ ¥³μ£μ ³¥Éμ¤  ¶μ§¢μ²Ö¥É ¸± § ÉÓ Éμ²Ó±μ μ¡ μÉ´μ¸¨É¥²Ó´μ³ Ì · ±É¥·¥
´¥¸É ¡¨²Ó´μ¸É¨: ± ±μ° ¶·μÍ¥¸¸ ¨²¨ ± ±μ¥ ¸μ¸ÉμÖ´¨¥ μ¤´μ£μ ¶·μÍ¥¸¸  ¡μ²¥¥
¸É ¡¨²Ó´μ ¶μ ¸· ¢´¥´¨Õ ¸ ¤·Ê£¨³¨.

�μÔÉμ³Ê ¶·¨³¥´¥´¨¥ ¤ ´´μ£μ ³¥Éμ¤  ¢ ±μ³¡¨´ Í¨¨ ¸ ±² ¸¸¨Î¥¸±¨³ ³¥-
Éμ¤μ³ ¸¶¥±É· ²Ó´μ£μ ¨ μ¡Ð¥£μ ¸É É¨¸É¨Î¥¸±μ£μ  ´ ²¨§  ¶μ§¢μ²¨É ÉμÎ´¥¥  ´ -
²¨§¨·μ¢ ÉÓ ÏÊ³μ¢μ¥ ¸μ¸ÉμÖ´¨¥ ·¥ ±Éμ· ,   ¸μμÉ¢¥É¸É¢¥´´μ, ¨ ¨§³¥´¥´¨Ö ¢
¨¸ÉμÎ´¨± Ì ´¥±μ´É·μ²¨·Ê¥³ÒÌ ÏÊ³μ¢ ·¥ ±É¨¢´μ¸É¨.
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