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‚ Õ± ¢¸±μ° ³μ¤¥²¨ NN-¢§ ¨³μ¤¥°¸É¢¨Ö Ê¸É ´μ¢²¥´  ¶·μ¸É Ö ¸¢Ö§Ó ³¥¦¤Ê § ·Ö¤μ¢μ° ¨ ´¥°-
É· ²Ó´μ° ±μ´¸É ´É ³¨ ¶¨μ´-´Ê±²μ´´μ° ¸¢Ö§¨. �´ ²¨§ ¶μ²ÊÎ¥´´μ° Ëμ·³Ê²Ò ¶μ± §Ò¢ ¥É, ÎÉμ § -
·Ö¤μ¢ Ö ¶¨μ´-´Ê±²μ´´ Ö ±μ´¸É ´É  ¤μ²¦´  ¡ÒÉÓ ¡μ²ÓÏ¥ ´¥°É· ²Ó´μ° ¶μ ¶·¨Î¨´¥ ¡μ²ÓÏ¥° ¸¨²Ò
np-¢§ ¨³μ¤¥°¸É¢¨Ö ¶μ ¸· ¢´¥´¨Õ ¸ pp-¢§ ¨³μ¤¥°¸É¢¨¥³. —¨¸²¥´´Ò°  ´ ²¨§ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ -
Éμ¢ ¤ ¥É μÎ¥´Ó Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ ¸ μ¤´¨³ ¨§ ¸μ¢·¥³¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° § ·Ö¤μ¢μ°
¶¨μ´-´Ê±²μ´´μ° ±μ´¸É ´ÉÒ,   É ±¦¥ ¶μ± §Ò¢ ¥É, ÎÉμ ¢ μÉ´μ¸¨É¥²Ó´ÒÌ ¥¤¨´¨Í Ì § ·Ö¤μ¢μ¥ · ¸-
Ð¥¶²¥´¨¥ ¶¨μ´-´Ê±²μ´´μ° ±μ´¸É ´ÉÒ ¸μ¸É ¢²Ö¥É ¶· ±É¨Î¥¸±¨ ÉÊ ¦¥ ¢¥²¨Î¨´Ê, ÎÉμ ¨ § ·Ö¤μ¢μ¥
· ¸Ð¥¶²¥´¨¥ ³ ¸¸Ò π-³¥§μ´ . ˆ¸¸²¥¤Ê¥É¸Ö É ±¦¥ § ·Ö¤μ¢ Ö § ¢¨¸¨³μ¸ÉÓ ¤²¨´Ò NN-· ¸¸¥Ö´¨Ö,
μ¡Ê¸²μ¢²¥´´ Ö · §²¨Î¨¥³ ³ ¸¸ § ·Ö¦¥´´ÒÌ ¨ ´¥°É· ²Ó´ÒÌ π-³¥§μ´μ¢.

We establish simple relation between the charged and the neutral pionÄnucleon coupling constants
in the framework of the Yukawa model of NN interaction. Examination of the obtained formula shows
that the charged pionÄnucleon coupling constant should be larger than the neutral one as a consequence
of the stronger np interaction relative to the pp interaction. Numerical analysis of the obtained results
gives very good agreement with one of the modern experimental values of the charged pionÄnucleon
constant and also shows that relative charge splitting of the pionÄnucleon constant is almost the same
as charge splitting of the pion mass. We also study charge dependence of the NN scattering length
resulting from the chargedÄneutral pion mass difference.

PACS: 13.75.Cs; 13.75.Gx; 14.20.Dh; 14.40.Be; 25.40.Cm; 25.40.Dn; 03.70.+k
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Šμ´¸É ´ÉÒ ¶¨μ´-´Ê±²μ´´μ° ¸¢Ö§¨ Ö¢²ÖÕÉ¸Ö ËÊ´¤ ³¥´É ²Ó´Ò³¨ Ë¨§¨Î¥¸±¨³¨ Ì · ±É¥-
·¨¸É¨± ³¨ Ö¤¥·´ÒÌ ¸¨², ±μÉμ·Ò¥ ¨£· ÕÉ ¢ ¦´ÊÕ ·μ²Ó ¢ ¨¸¸²¥¤μ¢ ´¨ÖÌ ´Ê±²μ´-´Ê±²μ´-
´μ£μ ¨ ¶¨μ´-´Ê±²μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨° [1Ä5]. ‡´ ´¨¥ §´ Î¥´¨° ÔÉ¨Ì ±μ´¸É ´É μÎ¥´Ó
¢ ¦´μ ¤²Ö ÉμÎ´μ£μ ±μ²¨Î¥¸É¢¥´´μ£μ μ¶¨¸ ´¨Ö ¨ ± Î¥¸É¢¥´´μ£μ ¶μ´¨³ ´¨Ö ¡μ²ÓÏμ£μ
Î¨¸²  Ö¢²¥´¨° ¢  ¤·μ´´μ° ¨ Ö¤¥·´μ° Ë¨§¨±¥ [3Ä8]. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¨§ÊÎ¥´¨Õ ¶¨μ´-
´Ê±²μ´´ÒÌ ±μ´¸É ´É ¨ ÊÉμÎ´¥´¨Õ ¨Ì §´ Î¥´¨° Ê¤¥²Ö¥É¸Ö ¶·¨¸É ²Ó´μ¥ ¢´¨³ ´¨¥ ´  ¶·μ-
ÉÖ¦¥´¨¨ ¢¸¥£μ ¶¥·¨μ¤  · §¢¨É¨Ö Ö¤¥·´μ° Ë¨§¨±¨. �μ¤·μ¡´ÊÕ ¨¸Éμ·¨Õ · §¢¨É¨Ö ¸¨ÉÊ Í¨¨
¸ ¶¨μ´-´Ê±²μ´´μ° ±μ´¸É ´Éμ° ¸¢Ö§¨ ³μ¦´μ ´ °É¨ ¢ [5, 7, 9].
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�¸μ¡μ  ±ÉÊ ²Ó´Ò³ ¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö Ö¢²Ö¥É¸Ö ¢μ¶·μ¸ μ ¢μ§³μ¦´μ³ ´ ·ÊÏ¥´¨¨ § ·Ö-
¤μ¢μ° ´¥§ ¢¨¸¨³μ¸É¨ ±μ´¸É ´ÉÒ ¶¨μ´-´Ê±²μ´´μ° ¸¢Ö§¨, ¨²¨, ¨´ Î¥ £μ¢μ·Ö, μ¡ μÉ²¨Î¨¨
¤·Ê£ μÉ ¤·Ê£  ±μ´¸É ´É ¶¨μ´-´Ê±²μ´´μ° ¸¢Ö§¨ ¤²Ö ´¥°É· ²Ó´ÒÌ ¨ § ·Ö¦¥´´ÒÌ π-³¥§μ´μ¢.
Š· °´ÕÕ μ¸É·μÉÊ ¤ ´´μ³Ê ¢μ¶·μ¸Ê ¶·¨¤ ¥É ¨³¥ÕÐ¥¥¸Ö ´  ¸¥£μ¤´ÖÏ´¨° ¤¥´Ó · ¸Ìμ-
¦¤¥´¨¥ ¢ §´ Î¥´¨ÖÌ § ·Ö¤μ¢μ° ¶¨μ´-´Ê±²μ´´μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨ g2

π± , ¶μ²ÊÎ¥´´ÒÌ · §-
´Ò³¨  ¢Éμ· ³¨. ‚ ¸μ¢·¥³¥´´ÒÌ · ¡μÉ Ì ÔÉ  ¢¥²¨Î¨´  ¶·¨´¨³ ¥É §´ Î¥´¨Ö ¢ ¨´É¥·¢ ²¥
μÉ 13,54 [9, 10] ¤μ 14,74 [11]. �·¨ ÔÉμ³ ´¥°É· ²Ó´ Ö ¶¨μ´-´Ê±²μ´´ Ö ±μ´¸É ´É  ¸¢Ö§¨ g2

π0

Ö¢²Ö¥É¸Ö ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¢¥²¨Î¨´μ°, ±μÉμ· Ö ¤μ¸É ÉμÎ´μ ´ ¤¥¦´μ ¨ ÉμÎ´μ μ¶·¥¤¥²¥´ 
Ô±¸¶¥·¨³¥´É ²Ó´μ ¨ ¨³¥¥É §´ Î¥´¨¥ 13,5Ä13,6 [5, 9, 12Ä15].

’ ±¨³ μ¡· §μ³, ´¥±μÉμ·Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ μ¶·¥¤¥²¥´¨Ö [5, 7, 9, 10, 13, 16Ä19]
¤ ÕÉ ¤²Ö § ·Ö¤μ¢μ° ±μ´¸É ´ÉÒ g2

π± §´ Î¥´¨Ö, ¡²¨§±¨¥ ± §´ Î¥´¨Õ ´¥°É· ²Ó´μ° ±μ´-
¸É ´ÉÒ g2

π0 , ¨, ¸²¥¤μ¢ É¥²Ó´μ, Ê± §Ò¢ ÕÉ ´  § ·Ö¤μ¢ÊÕ ´¥§ ¢¨¸¨³μ¸ÉÓ ¤ ´´μ° ¢¥²¨Î¨´Ò.
‚ Éμ ¦¥ ¢·¥³Ö ¢ ¤·Ê£¨Ì Ô±¸¶¥·¨³¥´É Ì [5Ä7, 11, 14, 20Ä23] §´ Î¥´¨Ö ¤²Ö § ·Ö¤μ¢μ° ±μ´-
¸É ´ÉÒ ¸ÊÐ¥¸É¢¥´´μ ¡
o²ÓÏ¨¥, Î¥³ §´ Î¥´¨¥ ´¥°É· ²Ó´μ° ±μ´¸É ´ÉÒ. ‘²¥¤μ¢ É¥²Ó´μ,
ËÊ´¤ ³¥´É ²Ó´Ò° ¢μ¶·μ¸ μ § ·Ö¤μ¢μ° § ¢¨¸¨³μ¸É¨ ²¨¡μ ´¥§ ¢¨¸¨³μ¸É¨ ±μ´¸É ´ÉÒ ¶¨μ´-
´Ê±²μ´´μ° ¸¢Ö§¨ Ö¢²Ö¥É¸Ö ´  ¸¥£μ¤´ÖÏ´¨° ¤¥´Ó ´¥·¥Ï¥´´Ò³ ¨ É·¥¡Ê¥É ¤ ²Ó´¥°Ï¥£μ Ô±¸-
¶¥·¨³¥´É ²Ó´μ£μ ¨ É¥μ·¥É¨Î¥¸±μ£μ ¨¸¸²¥¤μ¢ ´¨Ö.

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ±μ´¸É ´É  ¶¨μ´-´Ê±²μ´´μ° ¸¢Ö§¨ ¨§ÊÎ ¥É¸Ö ´ ³¨ ´  μ¸´μ¢¥ ¸É ´-
¤ ·É´μ° ±² ¸¸¨Î¥¸±μ° ³μ¤¥²¨ �± ¢Ò [1Ä3, 24] ¤²Ö ´Ê±²μ´-´Ê±²μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö
¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¨³¥ÕÐ¨Ì¸Ö ¸μ¢·¥³¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ ´¨§±μÔ´¥·-
£¥É¨Î¥¸±¨³ ¶ · ³¥É· ³ ´Ê±²μ´-´Ê±²μ´´μ£μ · ¸¸¥Ö´¨Ö. Š ¸μ¦ ²¥´¨Õ, ± ± Ìμ·μÏμ ¨§-
¢¥¸É´μ [1Ä3], ¸ ³ ¶μ ¸¥¡¥ ¶μÉ¥´Í¨ ² �± ¢Ò ´¥ ¤ ¥É ÉμÎ´μ£μ ±μ²¨Î¥¸É¢¥´´μ£μ μ¶¨¸ ´¨Ö
´Ê±²μ´-´Ê±²μ´´μ° ¸¨¸É¥³Ò, ¥¸²¨ μ¶·¥¤¥²¨ÉÓ ¨ ¸μ£² ¸μ¢ ÉÓ ¥£μ ¶ · ³¥É·Ò ¸ ËÊ´¤ ³¥´-
É ²Ó´Ò³¨ ¢¥²¨Î¨´ ³¨ ¶μ²¥¢μ° É¥μ·¨¨ Å ³ ¸¸ ³¨ ¶¨μ´μ¢ ¨ ±μ´¸É ´É ³¨ ¸¢Ö§¨. ‚ ¸¢Ö§¨
¸ ÔÉ¨³ ³Ò μ¶·¥¤¥²Ö¥³ ¶ · ³¥É·Ò ¶μÉ¥´Í¨ ²  �± ¢Ò ¶μ ¨§¢¥¸É´Ò³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³
´¨§±μÔ´¥·£¥É¨Î¥¸±¨³ ¶ · ³¥É· ³ É¥μ·¨¨ ÔËË¥±É¨¢´μ£μ · ¤¨Ê¸  ´Ê±²μ´-´Ê±²μ´´μ£μ · ¸-
¸¥Ö´¨Ö.

�¡μ¸´μ¢ ´¨¥³ ¤²Ö ¨¸¶μ²Ó§μ¢ ´¨Ö ³μ¤¥²¨ �± ¢Ò ¶·¨ ´ Ìμ¦¤¥´¨¨ ±μ´¸É ´É ¶¨μ´-
´Ê±²μ´´μ° ¸¢Ö§¨ ¢ μ¡² ¸É¨ ´¨§±¨Ì Ô´¥·£¨° ³μ¦¥É ¸²Ê¦¨ÉÓ ÉμÉ Ìμ·μÏμ ¨§¢¥¸É´Ò° Ë ±É,
ÎÉμ μ¤´μ¶¨μ´´Ò° μ¡³¥´, ±μÉμ·μ³Ê ¸μμÉ¢¥É¸É¢Ê¥É ¶μÉ¥´Í¨ ² �± ¢Ò, μ¶·¥¤¥²Ö¥É ¢§ ¨³μ-
¤¥°¸É¢¨¥ ¤¢ÊÌ ´Ê±²μ´μ¢ ¶·¨ ¸ ³ÒÌ ´¨§±¨Ì Ô´¥·£¨ÖÌ, ±μÉμ·Ò³ ÔËË¥±É¨¢´μ ¸μμÉ¢¥É¸É¢ÊÕÉ
¡μ²ÓÏ¨¥ · ¸¸ÉμÖ´¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö. �  ¸·¥¤´¨Ì ¨ ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ ¶·¨ ÔÉμ³ ¤μ³¨-
´¨·ÊÕÉ ¤¢ÊÌ¶¨μ´´Ò° μ¡³¥´ ¨ μ¡³¥´ ¡μ²¥¥ ÉÖ¦¥²Ò³¨ ρ- ¨ ω-³¥§μ´ ³¨,   ´  ¸ ³ÒÌ
³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ ´  ¢§ ¨³μ¤¥°¸É¢¨¥ ¸¨²Ó´μ ¢²¨ÖÕÉ ±¢ ·±-£²Õμ´´Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò.
‚ Éμ ¦¥ ¢·¥³Ö ±μ´¸É ´É  ¶¨μ´-´Ê±²μ´´μ° ¸¢Ö§¨, ±μÉμ· Ö ¶μ μ¶·¥¤¥²¥´¨Õ Ö¢²Ö¥É¸Ö Ì -
· ±É¥·¨¸É¨±μ° ¢§ ¨³μ¤¥°¸É¢¨Ö ¶¨μ´  ¸ ´Ê±²μ´μ³, ¢¶μ²´¥ ³μ¦¥É ¨ ¤μ²¦´  μ¶·¥¤¥²ÖÉÓ¸Ö
¢ ¶¥·¨Ë¥·¨Î¥¸±μ° ¤ ²Ó´¥° μ¡² ¸É¨ ¢§ ¨³μ¤¥°¸É¢¨Ö ¤¢ÊÌ ´Ê±²μ´μ¢, ±μÉμ· Ö ¸μμÉ¢¥É¸É¢Ê¥É
μ¡³¥´Ê μ¤´¨³¨ ²¨ÏÓ π-³¥§μ´ ³¨.

‚§ ¨³μ¤¥°¸É¢¨¥ ¨ ¸¢Ö§Ó ´Ê±²μ´μ¢ ¸ π-³¥§μ´ ³¨ ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö ³μ£ÊÉ μ¶¨-
¸Ò¢ ÉÓ¸Ö ²¨¡μ ¶¸¥¢¤μ¸± ²Ö·´Ò³ (PS), ²¨¡μ ¶¸¥¢¤μ¢¥±Éμ·´Ò³ (PV) ² £· ´¦¨ ´μ³ ¢§ ¨-
³μ¤¥°¸É¢¨Ö, ±μÉμ·Ò¥ ¸μμÉ¢¥É¸É¢¥´´μ ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥ [3, 9, 20, 25, 26]

LPS
πN = gπ

√
4π(iψγ5ψ)φ, (1)

LPV
πN =

fπ

ms

√
4π(ψγμγ5ψ)∂μφ, (2)
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£¤¥ Ë¨£Ê·¨·ÊÕÐ Ö ¢ ¶μ¸²¥¤´¥³ ¢Ò· ¦¥´¨¨ ¸±¥°²¨´£μ¢ Ö ³ ¸¸  ms ¢¢μ¤¨É¸Ö ¢ Ëμ·³Ê²Ê (2)
¸ Í¥²ÓÕ ¸¤¥² ÉÓ ¶¸¥¢¤μ¢¥±Éμ·´ÊÕ ¶¨μ´-´Ê±²μ´´ÊÕ ±μ´¸É ´ÉÊ ¸¢Ö§¨ fπ ¡¥§· §³¥·´μ°.
‚ Ëμ·³Ê² Ì (1) ¨ (2) ψ(x) ¨ φ(x) μ¡μ§´ Î ÕÉ ¸μμÉ¢¥É¸É¢¥´´μ ´Ê±²μ´´μ¥ ¨ ¶¨μ´´μ¥ ¶μ²Ö.
‚§ ¨³μ¤¥°¸É¢¨Ö (1) ¨ (2) Ö¢²ÖÕÉ¸Ö Ë ±É¨Î¥¸±¨ Ô±¢¨¢ ²¥´É´Ò³¨ ¨ ¸¢Ö§ ´Ò ³¥¦¤Ê ¸μ¡μ°,
± ± ¡Ò²μ ¶μ± § ´μ [9, 27], ± ²¨¡·μ¢μÎ´Ò³ ¶·¥μ¡· §μ¢ ´¨¥³. �É³¥É¨³ É ±¦¥ ÉÊ ¢ ¦´ÊÕ
¤¥É ²Ó, ÎÉμ Ë¨£Ê·¨·ÊÕÐ¨° ¢ μ¶·¥¤¥²¥´¨ÖÌ (1) ¨ (2) ³´μ¦¨É¥²Ó

√
4π ¶μ§¢μ²Ö¥É ¨§¡¥¦ ÉÓ

¤ ²Ó´¥°Ï¥£μ ¥£μ ¶μÖ¢²¥´¨Ö ¢ ±μ´¸É ´É Ì ¸¢Ö§¨, ¨²¨, ¨´ Î¥ £μ¢μ·Ö, ¢ ´ Ï¥³ μ¶·¥¤¥²¥´¨¨
±μ´¸É ´É ¶¨μ´-´Ê±²μ´´μ° ¸¢Ö§¨ μ´¨ ´μ·³¨·μ¢ ´Ò É ±¨³ μ¡· §μ³, ÎÉμ¡Ò ¨§¡ ¢¨ÉÓ¸Ö μÉ
¶μÖ¢²¥´¨Ö ³´μ¦¨É¥²Ö 4π ¢ ¤ ²Ó´¥°Ï¥³ Å §¤¥¸Ó ³Ò ¸²¥¤Ê¥³ ¢ μ¡μ§´ Î¥´¨ÖÌ μ¡§μ·Ê [9],
É. ¥. Ë ±É¨Î¥¸±¨ ¨³¥¥É ³¥¸Éμ § ³¥´  Î ¸Éμ ¨¸¶μ²Ó§Ê¥³μ£μ μ¡μ§´ Î¥´¨Ö g2

π/4π ´  g2
π.

‘±¥°²¨´£μ¢ÊÕ ³ ¸¸Ê ms μ¡ÒÎ´μ, ¶μ ¸μ£² Ï¥´¨Õ [9, 25], ¶·¨´¨³ ÕÉ · ¢´μ° ³ ¸¸¥ § -
·Ö¦¥´´μ£μ π±-³¥§μ´ : ms = mπ± . �¸¥¢¤μ¸± ²Ö·´ Ö ±μ´¸É ´É  ¶¨μ´-´Ê±²μ´´μ° ¸¢Ö§¨ gπ

¸¢Ö§ ´  ¶·¨ ÔÉμ³ ¸ ¶¸¥¢¤μ¢¥±Éμ·´μ° ±μ´¸É ´Éμ° ¸¢Ö§¨ fπ ¨§¢¥¸É´Ò³ ¸μμÉ´μÏ¥´¨¥³ Ô±¢¨-
¢ ²¥´É´μ¸É¨ [9, 27], ¸²¥¤ÊÕÐ¨³ ¨§ Ê¸²μ¢¨Ö Ô±¢¨¢ ²¥´É´μ¸É¨ ² £· ´¦¨ ´μ¢ (1) ¨ (2)

gπ

M1 + M2
=

fπ

mπ±
, (3)

£¤¥ M1 ¨ M2 Å ³ ¸¸Ò ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ´Ê±²μ´μ¢. �É¸Õ¤  ¸²¥¤Ê¥É, ÎÉμ ¶¸¥¢¤μ¸± ²Ö·-
´Ò¥ ±μ´¸É ´ÉÒ ¸¢Ö§¨ gπ0 ¤²Ö ´¥°É· ²Ó´ÒÌ π0-³¥§μ´μ¢ ¨ gπ± ¤²Ö § ·Ö¦¥´´ÒÌ π±-³¥§μ´μ¢
¸¢Ö§ ´Ò ¸ ¶¸¥¢¤μ¢¥±Éμ·´Ò³¨ ±μ´¸É ´É ³¨ fπ0 ¨ fπ± ¸μμÉ´μÏ¥´¨Ö³¨ [5, 9, 14]

gπ0 =
2Mp

mπ±
fπ0 , (4)

gπ± =
Mp + Mn

mπ±
fπ± , (5)

£¤¥ Mp ¨ Mn Å ³ ¸¸Ò ¸μμÉ¢¥É¸É¢¥´´μ ¶·μÉμ´  ¨ ´¥°É·μ´ .
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‘μ£² ¸´μ ³¥§μ´´μ° É¥μ·¨¨ ¶μ²Ö ¸¨²Ó´μ¥ Ö¤¥·´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê ¤¢Ê³Ö ´Ê±²μ-
´ ³¨ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ μ¡Ê¸²μ¢²¥´μ ¢ μ¸´μ¢´μ³ μ¡³¥´μ³ ¢¨·ÉÊ ²Ó´Ò³¨ π-³¥§μ´ ³¨,
±μÉμ·Ò¥ μ¶·¥¤¥²ÖÕÉ ¤ ²Ó´μ¤¥°¸É¢ÊÕÐÊÕ Î ¸ÉÓ ´Ê±²μ´-´Ê±²μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. ‚ Î¨-
¸Éμ³ ¸¨´£²¥É´μ³ 1S0-¸μ¸ÉμÖ´¨¨ ±² ¸¸¨Î¥¸±¨° μ¤´μ¶¨μ´´Ò° μ¡³¥´´Ò° ¶μÉ¥´Í¨ ² ¢§ ¨-
³μ¤¥°¸É¢¨Ö ¤¢ÊÌ ´Ê±²μ´μ¢, ¸²¥¤ÊÕÐ¨° ¨§ ³¥§μ´´μ° É¥μ·¨¨ ¶μ²Ö (¶μÉ¥´Í¨ ² �± ¢Ò),
¨³¥¥É ¶·μ¸Éμ° ¨ Ìμ·μÏμ ¨§¢¥¸É´Ò° ¢¨¤ [1Ä3, 24, 26]

VY (r) = −V0
e−μr

μr
. (6)

‚ Ëμ·³Ê²¥ (6) r Ö¢²Ö¥É¸Ö · ¸¸ÉμÖ´¨¥³ ³¥¦¤Ê ¤¢Ê³Ö ´Ê±²μ´ ³¨,   ¢¥²¨Î¨´  μ ¸¢Ö§ ´  ¸
³ ¸¸μ° π-³¥§μ´  mπ ¸μμÉ´μÏ¥´¨¥³

μ =
mπc

�
, (7)
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£¤¥ c Å ¸±μ·μ¸ÉÓ ¸¢¥É ; � Å ¶·¨¢¥¤¥´´ Ö ¶μ¸ÉμÖ´´ Ö �² ´± . �·¨ ÔÉμ³ · ¤¨Ê¸ ¤¥°¸É¢¨Ö
Ö¤¥·´ÒÌ ¸¨² R ≡ 1/μ ¸μ£² ¸´μ Ëμ·³Ê²¥ (7) μ¡· É´μ ¶·μ¶μ·Í¨μ´ ²¥´ ³ ¸¸¥ π-³¥§μ´  mπ

¨ Ö¢²Ö¥É¸Ö ³ ²μ° ¢¥²¨Î¨´μ°: R ∼ 1,4 Ë³. ƒ²Ê¡¨´  ¶μÉ¥´Í¨ ²  �± ¢Ò V0 ¸¢Ö§ ´  ¢
ÔÉμ³ ¸²ÊÎ ¥ ¸ ¶¸¥¢¤μ¢¥±Éμ·´μ° ¶¨μ´-´Ê±²μ´´μ° ±μ´¸É ´Éμ° ¸¢Ö§¨ fπ ¶·μ¸ÉÒ³ ¸μμÉ´μ-
Ï¥´¨¥³ [1Ä3, 5, 26, 28]

V0 = mπc2f2
π , (8)

±μÉμ·μ¥ Ë ±É¨Î¥¸±¨, É ± ¦¥ ± ± ¨ ¢¨¤ ¢§ ¨³μ¤¥°¸É¢¨Ö �± ¢Ò (6), ¸²¥¤Ê¥É ¨§ ±¢ ´Éμ¢μ°
³¥§μ´´μ° É¥μ·¨¨ ¶μ²Ö, É. ¥. ¨§ ² £· ´¦¨ ´μ¢ (1) ¨ (2).

„¢  § ·Ö¦¥´´ÒÌ ¶·μÉμ´  ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ μ¡³¥´¨¢ ÕÉ¸Ö ´¥°É· ²Ó´Ò³ π0-³¥§μ´μ³,
¨ ¢ ÔÉμ³ ¸²ÊÎ ¥ ¶ · ³¥É·Ò ¶μÉ¥´Í¨ ²  �± ¢Ò (6) μpp ¨ V pp

0 ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ëμ·³Ê-
² ³¨ (7) ¨ (8) μ¶·¥¤¥²ÖÕÉ¸Ö ³ ¸¸μ° ´¥°É· ²Ó´μ£μ π0-³¥§μ´  mπ0 ¨ ±μ´¸É ´Éμ° ¸¢Ö§¨ fπ0 .
‚ ¸²ÊÎ ¥ ¦¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥°É·μ´  ¸ ¶·μÉμ´μ³ μ¡³¥´ ¶·μ¨¸Ìμ¤¨É ± ± ´¥°É· ²Ó´Ò³
π0-³¥§μ´μ³, É ± ¨ § ·Ö¦¥´´Ò³¨ π±-³¥§μ´ ³¨. ‚ ¶μ¸²¥¤´¥³ ¸²ÊÎ ¥ ¶·¨ μ¶·¥¤¥²¥´¨¨ ¶ -
· ³¥É·μ¢ ¶μÉ¥´Í¨ ²  (6) μnp ¨ V np

0 ¸²¥¤Ê¥É ¨¸¶μ²Ó§μ¢ ÉÓ [8, 29] Ê¸·¥¤´¥´´Ò¥ §´ Î¥´¨Ö
³ ¸¸Ò π-³¥§μ´ 

mπ =
1
3
(mπ0 + 2mπ±) (9)

¨ ¶¨μ´-´Ê±²μ´´μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨

f2
π =

1
3
(f2

π0 + 2f2
π±). (10)

Š ¸μ¦ ²¥´¨Õ, ± ± Ìμ·μÏμ ¨§¢¥¸É´μ [1Ä3], ¸ ³ ¶μ ¸¥¡¥ ¶μÉ¥´Í¨ ² �± ¢Ò ´¥ ¤ ¥É
ÉμÎ´μ£μ ±μ²¨Î¥¸É¢¥´´μ£μ μ¶¨¸ ´¨Ö ´Ê±²μ´-´Ê±²μ´´μ° ¸¨¸É¥³Ò, ¥¸²¨ μ¶·¥¤¥²¨ÉÓ ¨ ¸μ-
£² ¸μ¢ ÉÓ ¥£μ ¶ · ³¥É·Ò ¸ ËÊ´¤ ³¥´É ²Ó´Ò³¨ ¢¥²¨Î¨´ ³¨ ¶μ²¥¢μ° É¥μ·¨¨ Å ³ ¸¸ ³¨
¶¨μ´μ¢ ¨ ±μ´¸É ´É ³¨ ¸¢Ö§¨. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¡Ê¤¥³ μ¶·¥¤¥²ÖÉÓ ¶ · ³¥É·Ò ¶μÉ¥´Í¨ ² 
�± ¢Ò (6) ¶μ ¨§¢¥¸É´Ò³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨³ ¶ · ³¥É· ³ É¥μ·¨¨
ÔËË¥±É¨¢´μ£μ · ¤¨Ê¸  ´Ê±²μ´-´Ê±²μ´´μ£μ · ¸¸¥Ö´¨Ö [1, 4, 30Ä36].

„¥°¸É¢¨É¥²Ó´μ, ¥¸²¨ · ¸¸Î¨É ÉÓ ³ ¸¸Ê mY
π0 ¨ ¶¨μ´-´Ê±²μ´´ÊÕ ±μ´¸É ´ÉÊ ¸¢Ö§¨ (fY

π0)2

¤²Ö ´¥°É· ²Ó´μ£μ π0-³¥§μ´  ¢ ¸²ÊÎ ¥ ¶μÉ¥´Í¨ ²  �± ¢Ò ¤²Ö ¶·μÉμ´-¶·μÉμ´´μ£μ ¢§ ¨-
³μ¤¥°¸É¢¨Ö ¶μ ¨§¢¥¸É´Ò³ ¨§ Ô±¸¶¥·¨³¥´É  §´ Î¥´¨Ö³ Î¨¸Éμ Ö¤¥·´ÒÌ ¶·μÉμ´-¶·μÉμ´´ÒÌ
¤²¨´Ò · ¸¸¥Ö´¨Ö ¨ ÔËË¥±É¨¢´μ£μ · ¤¨Ê¸ , Éμ ¨Ì §´ Î¥´¨Ö μ± §Ò¢ ÕÉ¸Ö ¸ÊÐ¥¸É¢¥´´μ
¡
o²ÓÏ¨³¨ ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° [37], ¨ É ±¨³ μ¡· §μ³ ¨³¥ÕÉ ³¥¸Éμ ¸μμÉ-
´μÏ¥´¨Ö

mY
π0 = C1mπ0 , (fY

π0)2 = C2f
2
π0 , (11)

£¤¥ C1 ¨ C2 Å ´¥±μÉμ·Ò¥ ±μ´¸É ´ÉÒ, ±μÉμ·Ò¥ ³μ¦´μ · ¸¸Î¨É ÉÓ Î¨¸²¥´´μ [37]. Šμ´-
±·¥É´Ò¥ §´ Î¥´¨Ö ÔÉ¨Ì ±μ´¸É ´É ´ ³ ´¥ ¶μ´ ¤μ¡ÖÉ¸Ö. ‚¶μ²´¥ ¥¸É¥¸É¢¥´´Ò³ Ö¢²Ö¥É¸Ö ¶·μ-
¸Éμ¥ ¶·¥¤¶μ²μ¦¥´¨¥, ÎÉμ ¸μμÉ´μÏ¥´¨Ö,  ´ ²μ£¨Î´Ò¥ (11), ¢Ò¶μ²´ÖÕÉ¸Ö É ±¦¥ ¤²Ö ³ ¸¸
¨ ¶¨μ´-´Ê±²μ´´ÒÌ ±μ´¸É ´É ¸¢Ö§¨ § ·Ö¦¥´´ÒÌ π±-³¥§μ´μ¢,   ¸²¥¤μ¢ É¥²Ó´μ, É ±¦¥ ¨ ¤²Ö
Ê¸·¥¤´¥´´ÒÌ ³ ¸¸ (9) ¨ Ê¸·¥¤´¥´´ÒÌ ¶¨μ´-´Ê±²μ´´ÒÌ ±μ´¸É ´É ¸¢Ö§¨ (10) π-³¥§μ´μ¢.

Š ± ¸²¥¤¸É¢¨¥ ¢ÒÏ¥Ê± § ´´μ£μ ¶·¥¤¶μ²μ¦¥´¨Ö ¨ Ëμ·³Ê² É¨¶  (11), ¢ ¸μμÉ¢¥É¸É¢¨¨
¸ (8)Ä(10) ´¥É·Ê¤´μ ¢¨¤¥ÉÓ, ÎÉμ ¶ · ³¥É·Ò ´¥°É·μ´-¶·μÉμ´´μ£μ ¶μÉ¥´Í¨ ²  �± ¢Ò μnp

¨ V np
0 ¸¢Ö§ ´Ò ¸  ´ ²μ£¨Î´Ò³¨ ¶ · ³¥É· ³¨ ¶·μÉμ´-¶·μÉμ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö μpp



30 � ¡¥´±μ ‚. �., �¥É·μ¢ �.Œ.

¨ V pp
0 ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

μnp =
mπ

mπ0
μpp, (12)

V np
0 =

mπ

mπ0

f2
π

f2
π0

V pp
0 . (13)

ˆ§ Ëμ·³Ê² (10) ¨ (13) ´¥¶μ¸·¥¤¸É¢¥´´μ ¸²¥¤Ê¥É ¸μμÉ´μÏ¥´¨¥, ¸¢Ö§Ò¢ ÕÐ¥¥ ¶¸¥¢¤μ¢¥±-
Éμ·´Ò¥ ¶¨μ´-´Ê±²μ´´Ò¥ ±μ´¸É ´ÉÒ ¸¢Ö§¨ § ·Ö¦¥´´ÒÌ ¨ ´¥°É· ²Ó´ÒÌ π-³¥§μ´μ¢,

f2
π± = C2

ff2
π0 , (14)

£¤¥ ±μ´¸É ´É  C2
f μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

C2
f =

1
2

(
3
mπ0

mπ

V np
0

V pp
0

− 1
)

. (15)

”μ·³Ê² , ¸¢Ö§Ò¢ ÕÐ Ö ¶¸¥¢¤μ¸± ²Ö·´Ò¥ § ·Ö¤μ¢ÊÕ ¨ ´¥°É· ²Ó´ÊÕ ¶¨μ´-´Ê±²μ´´Ò¥ ±μ´-
¸É ´ÉÒ, ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (4), (5) ¨ (14) ¨³¥¥É ¢¨¤

g2
π± = C2

gg2
π0 , (16)

£¤¥

C2
g =

(
Mp + Mn

2Mp

)2

C2
f . (17)

‚ Ëμ·³Ê²¥ (15) ³ ¸¸Ò ¶¨μ´μ¢ Ö¢²ÖÕÉ¸Ö Ô±¸¶¥·¨³¥´É ²Ó´μ μ¶·¥¤¥²¥´´Ò³¨ Ë¨±¸¨-
·μ¢ ´´Ò³¨ ¶μ¸ÉμÖ´´Ò³¨ ¨, ¸²¥¤μ¢ É¥²Ó´μ, ¸μμÉ´μÏ¥´¨¥ ³¥¦¤Ê § ·Ö¤μ¢μ° ¨ ´¥°É· ²Ó-
´μ° ¶¨μ´-´Ê±²μ´´Ò³¨ ±μ´¸É ´É ³¨ ¸¢Ö§¨ Ë ±É¨Î¥¸±¨ μ¶·¥¤¥²Ö¥É¸Ö ¢ ¤ ´´μ° ³μ¤¥²¨
Éμ²Ó±μ ²¨ÏÓ μÉ´μÏ¥´¨¥³ £²Ê¡¨´ ´¥°É·μ´-¶·μÉμ´´μ£μ ¨ ¶·μÉμ´-¶·μÉμ´´μ£μ ¶μÉ¥´Í¨ ²μ¢
�± ¢Ò V np

0 /V pp
0 . �·¨ ÔÉμ³, ¶μ¸±μ²Ó±Ê ´¥°É·μ´-¶·μÉμ´´Ò° ¶μÉ¥´Í¨ ², ± ± ¡Ê¤¥É ¶μ-

± § ´μ ´¨¦¥, μÐÊÉ¨³μ £²Ê¡¦¥ ¶·μÉμ´-¶·μÉμ´´μ£μ

(
V np

0 >
mπ

mπ0
V pp

0

)
, μÉ¸Õ¤  ´¥É·Ê¤´μ

¢¨¤¥ÉÓ, ÎÉμ ¢Ò· ¦¥´¨¥ ¢ ±·Ê£²ÒÌ ¸±μ¡± Ì ¢ Ëμ·³Ê²¥ (15) ¡μ²ÓÏ¥ ¤¢ÊÌ. ‘²¥¤μ¢ É¥²Ó´μ, ¢
· ¸¸³ É·¨¢ ¥³μ° ³μ¤¥²¨ § ·Ö¤μ¢ Ö ±μ´¸É ´É  ¶¨μ´-´Ê±²μ´´μ° ¸¢Ö§¨ ¤μ²¦´  ¡ÒÉÓ ¡μ²ÓÏ¥
´¥°É· ²Ó´μ°:

f2
π± > f2

π0 , g2
π± > g2

π0 . (18)

’ ±¨³ μ¡· §μ³, ÉμÉ ¢ ¦´Ò° Ë ±É, ÎÉμ § ·Ö¤μ¢ Ö ¶¨μ´-´Ê±²μ´´ Ö ±μ´¸É ´É  ¶μ ¢¥-
²¨Î¨´¥ ¡μ²ÓÏ¥ ´¥°É· ²Ó´μ°, μÎ¥¢¨¤´Ò³ μ¡· §μ³ μ¡Ê¸²μ¢²¥´ ¢ ¤ ´´μ° ³μ¤¥²¨ ¶·μ¸Éμ
¸ÊÐ¥¸É¢¥´´μ ¡μ²ÓÏ¥° ¸¨²μ° np-¢§ ¨³μ¤¥°¸É¢¨Ö ¶μ ¸· ¢´¥´¨Õ ¸ pp-¢§ ¨³μ¤¥°¸É¢¨¥³ ¢
¸¨´£²¥É´μ³ ¸¶¨´μ¢μ³ ¸μ¸ÉμÖ´¨¨ 1S0, ÎÉμ, ¢ ¸¢μÕ μÎ¥·¥¤Ó, Ö¢²Ö¥É¸Ö ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö
Ìμ·μÏμ ¨ ´ ¤¥¦´μ Ê¸É ´μ¢²¥´´Ò³ Ë ±Éμ³ ¨ ´¥ ¢Ò§Ò¢ ¥É ¸μ³´¥´¨°. � ¡μ²ÓÏ¥° ¸¨²¥
np-¢§ ¨³μ¤¥°¸É¢¨Ö ¶μ ¸· ¢´¥´¨Õ ¸ pp-¢§ ¨³μ¤¥°¸É¢¨¥³ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ, ¢ Î ¸É´μ-
¸É¨, ¸¢¨¤¥É¥²Ó¸É¢Ê¥É Ë ±É ¡μ²ÓÏ¥£μ  ¡¸μ²ÕÉ´μ£μ §´ Î¥´¨Ö ¸¨´£²¥É´μ° ¤²¨´Ò np-· ¸¸¥Ö-
´¨Ö ¶μ ¸· ¢´¥´¨Õ ¸ Î¨¸Éμ Ö¤¥·´μ° ¤²¨´μ° pp-· ¸¸¥Ö´¨Ö Å |anp| > |app|.

�¥· ¢¥´¸É¢  (18) ¢Ò¶μ²´ÖÕÉ¸Ö ¤²Ö ³´μ£¨Ì Ô±¸¶¥·¨³¥´É ²Ó´μ ¨§³¥·¥´´ÒÌ §´ Î¥´¨°
¢¥²¨Î¨´ ¶¨μ´-´Ê±²μ´´ÒÌ ±μ´¸É ´É ¸¢Ö§¨ [6, 11, 20Ä23]. �¤´ ±μ ·Ö¤ Ô±¸¶¥·¨³¥´Éμ¢ ¤ ¥É
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§ ·Ö¤μ¢μ-´¥§ ¢¨¸¨³μ¥ §´ Î¥´¨¥ ¶¨μ´-´Ê±²μ´´μ° ±μ´¸É ´ÉÒ [9, 10, 16Ä19], É. ¥. ¤ ¥É ¶·¨-
¡²¨¦¥´´μ¥, ¢ · ³± Ì ¶μ£·¥Ï´μ¸É¨ Ô±¸¶¥·¨³¥´É , ¢Ò¶μ²´¥´¨¥ · ¢¥´¸É¢ f2

π±
∼= f2

π0 ,
g2

π±
∼= g2

π0 . ‚ · ¸¸³ É·¨¢ ¥³μ° ³μ¤¥²¨ ¨³¥¥É ³¥¸Éμ ´ ·ÊÏ¥´¨¥ § ·Ö¤μ¢μ° ´¥§ ¢¨¸¨³μ¸É¨
Ö¤¥·´ÒÌ ¸¨² ¢ μÉ´μÏ¥´¨¨ ¶¨μ´-´Ê±²μ´´μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨.

2. —ˆ‘‹…��›… �…‡“‹œ’�’› ˆ ��‘“†„…�ˆ… ���“˜…�ˆŸ ‡��Ÿ„�‚�‰
�…‡�‚ˆ‘ˆŒ�‘’ˆ �ˆ��-�“Š‹����‰ Š��‘’��’› ‘‚Ÿ‡ˆ

ƒ²Ê¡¨´Ê V NN
0 ¨ · ¤¨Ê¸ RNN = 1/μNN ´Ê±²μ´-´Ê±²μ´´μ£μ ¶μÉ¥´Í¨ ²  �± ¢Ò ³μ¦´μ

´ °É¨ ¶μ ¨§¢¥¸É´Ò³ ¨§ Ô±¸¶¥·¨³¥´É  ´¨§±μÔ´¥·£¥É¨Î¥¸±¨³ ¶ · ³¥É· ³ · §²μ¦¥´¨Ö ÔË-
Ë¥±É¨¢´μ£μ · ¤¨Ê¸ . ˆ¸¶μ²Ó§ÊÖ ¨§¢¥¸É´Ò¥ §´ Î¥´¨Ö Î¨¸Éμ Ö¤¥·´ÒÌ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨Ì
¶ · ³¥É·μ¢ ´Ê±²μ´-´Ê±²μ´´μ£μ · ¸¸¥Ö´¨Ö [4, 5, 28, 38Ä41]

app = −17,3(4) Ë³, rpp = 2,85(4) Ë³, (19)

anp = −23,715(8) Ë³ (20)

¨ ³¥Éμ¤ Ë §μ¢ÒÌ ËÊ´±Í¨° [42], ¶μ²ÊÎ¨³ ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö ¶ · ³¥É·μ¢ ¶μÉ¥´Í¨ ² 
�± ¢Ò ¤²Ö pp- ¨ np-¢§ ¨³μ¤¥°¸É¢¨°:

V pp
0 = 44,8259 ŒÔ‚, μpp = 0,839241 Ë³−1, (21)

V np
0 = 48,0706 ŒÔ‚, μnp = 0,858282 Ë³−1. (22)

�É³¥É¨³, ÎÉμ ¶·¨ μ¶·¥¤¥²¥´¨¨ ¶ · ³¥É·μ¢ ´¥°É·μ´-¶·μÉμ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ³Ò ¨¸-
¶μ²Ó§μ¢ ²¨ ¸μμÉ´μÏ¥´¨¥ (12) ¨ §´ Î¥´¨¥ ´¥°É·μ´-¶·μÉμ´´μ° ¤²¨´Ò · ¸¸¥Ö´¨Ö (20).

�ËË¥±É¨¢´Ò° · ¤¨Ê¸ np-· ¸¸¥Ö´¨Ö, ´ °¤¥´´Ò° ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶μÉ¥´Í¨ ²  �± ¢Ò
¸ ¶ · ³¥É· ³¨ (22)

rnp = 2,696 Ë³, (23)

´ Ìμ¤¨É¸Ö ¢ ¶μ²´μ³ ¸μ£² ¸¨¨ ¸ ¥£μ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨¥³ [34, 40, 43, 44]

rnp = 2,70(9) Ë³. (24)

Š ± ¨ ¸²¥¤μ¢ ²μ μ¦¨¤ ÉÓ, ¢Ò¶μ²´Ö¥É¸Ö μ¡¸Ê¦¤ ¢Ï¥¥¸Ö ¢ÒÏ¥ Ê¸²μ¢¨¥

V np
0 >

mπ

mπ0
V pp

0 = 45,8429 ŒÔ‚, (25)

¸²¥¤¸É¢¨¥³ ±μÉμ·μ£μ Ö¢²ÖÕÉ¸Ö ¸μμÉ´μÏ¥´¨Ö (18).
ˆ¸¶μ²Ó§ÊÖ · ¸¸Î¨É ´´Ò¥ §´ Î¥´¨Ö (21) ¨ (22) £²Ê¡¨´ pp- ¨ np-¶μÉ¥´Í¨ ²μ¢,   É ±¦¥

Ìμ·μÏμ ¨§¢¥¸É´Ò¥ ¨§ Ô±¸¶¥·¨³¥´Éμ¢ ³ ¸¸Ò ¶¨μ´μ¢ ¨ ´Ê±²μ´μ¢ [45], ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ëμ·-
³Ê² ³¨ (15) ¨ (17) ¶μ²ÊÎ¨³ ¤²Ö ±μÔËË¨Í¨¥´Éμ¢, ¸¢Ö§Ò¢ ÕÐ¨Ì § ·Ö¤μ¢ÊÕ ¨ ´¥°É· ²Ó´ÊÕ
±μ´¸É ´ÉÒ ¶¨μ´-´Ê±²μ´´μ° ¸¢Ö§¨, §´ Î¥´¨Ö

C2
f = 1,0729, C2

g = 1,0744. (26)

Š ± ¢¨¤´μ ¨§ (26), §´ Î¥´¨Ö ±μ´¸É ´É C2
f ¨ C2

g ¢¥¸Ó³  ¡²¨§±¨ ¤·Ê£ ± ¤·Ê£Ê, ÎÉμ ¨ ¸²¥¤μ¢ ²μ
μ¦¨¤ ÉÓ ¢ ¸¨²Ê ¡²¨§μ¸É¨ ³ ¸¸ ¶·μÉμ´  ¨ ´¥°É·μ´ .
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‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö §´ Î¥´¨¥ ´¥°É· ²Ó´μ° ¶¨μ´-´Ê±²μ´´μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨ g2
π0 ¸Î¨-

É ¥É¸Ö ¤μ¸É ÉμÎ´μ Ìμ·μÏμ ¨ ´ ¤¥¦´μ μ¶·¥¤¥²¥´´Ò³ ¨§ Ô±¸¶¥·¨³¥´Éμ¢ ¨ μ¸μ¡ÒÌ · §´μ-
£² ¸¨° ´¥ ¢Ò§Ò¢ ¥É, ¢ μÉ²¨Î¨¥ μÉ §´ Î¥´¨Ö § ·Ö¤μ¢μ° ±μ´¸É ´ÉÒ g2

π± . �¤´μ ¨§ ¶μ¸²¥¤´¨Ì
Ô±¸¶¥·¨³¥´É ²Ó´μ μ¶·¥¤¥²¥´´ÒÌ §´ Î¥´¨° ´¥°É· ²Ó´μ° ±μ´¸É ´ÉÒ g2

π0 = 13,52(23) [15]
´ Ìμ¤¨É¸Ö ¢ ¶μ²´μ³ ¸μ£² ¸¨¨ ¸ · ´¥¥ ´ °¤¥´´Ò³¨ §´ Î¥´¨Ö³¨ g2

π0 = 13,55(13) [12] ¨
g2

π0 = 13,61(9) [13],   É ±¦¥ ¸ Ê¸·¥¤´¥´´Ò³ §´ Î¥´¨¥³ g2
π0 = 13,6(3), ¶·¨¢¥¤¥´´Ò³

¢ [5, 14]. ˆ¸¶μ²Ó§ÊÖ ¶μ¸²¥¤´¥¥ Ô±¸¶¥·¨³¥´É ²Ó´μ ´ °¤¥´´μ¥ [15] §´ Î¥´¨¥ ¶¸¥¢¤μ¸± ²Ö·-
´μ° ´¥°É· ²Ó´μ° ±μ´¸É ´ÉÒ

g2
π0 = 13,52(23) (27)

¨ ¶μ¤¸É ¢²ÖÖ ¥£μ ¢ Ëμ·³Ê²Ê (16), ¸ ÊÎ¥Éμ³ (26) ´ °¤¥³ ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ´ Ï¥° ³μ¤¥²¨
§´ Î¥´¨¥ ¶¸¥¢¤μ¸± ²Ö·´μ° § ·Ö¤μ¢μ° ±μ´¸É ´ÉÒ ¶¨μ´-´Ê±²μ´´μ° ¸¢Ö§¨

g2
π± = 14,53(25). (28)

‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ëμ·³Ê² ³¨ (4), (5), (27), (28) ¤²Ö ¶¸¥¢¤μ¢¥±Éμ·´ÒÌ ¶¨μ´-´Ê±²μ´´ÒÌ
±μ´¸É ´É ¸¢Ö§¨ ¶μ²ÊÎ¨³ §´ Î¥´¨Ö

f2
π0 = 0,07479(127), (29)

f2
π± = 0,08027(138). (30)

�μ²ÊÎ¥´´μ¥ ´ ³¨ ¢ ³μ¤¥²¨ �± ¢Ò §´ Î¥´¨¥ (28) ±μ´¸É ´ÉÒ g2
π± μ± § ²μ¸Ó ¶· ±É¨Î¥-

¸±¨ ¸μ¢¶ ¤ ÕÐ¨³ ¸ μ¤´¨³ ¨§ ¶μ¸²¥¤´¨Ì Ô±¸¶¥·¨³¥´É ²Ó´μ μ¶·¥¤¥²¥´´ÒÌ §´ Î¥´¨° ÔÉμ°
¢¥²¨Î¨´Ò

g2
π± = 14,52(26). (31)

�±¸¶¥·¨³¥´É ²Ó´Ò° ·¥§Ê²ÓÉ É (31) ¡Ò² ¶μ²ÊÎ¥´ ¢ · ¡μÉ¥ [6] Ê¶¶¸ ²Ó¸±μ° £·Ê¶¶μ° ´¥°-
É·μ´´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, ¨ μ´ Ö¢²Ö¥É¸Ö ¡²¨§±¨³ ± ·¥§Ê²ÓÉ É ³ Éμ° ¦¥ £·Ê¶¶Ò g2

π± =
14,62(35) [23], g2

π± = 14,74(33) [11],   É ±¦¥ ± §´ Î¥´¨Õ g2
π± = 14,28(18), ¶μ²ÊÎ¥´´μ³Ê

· ´¥¥ ¢ · ¡μÉ Ì [20Ä22]. ‚ Éμ ¦¥ ¢·¥³Ö ´¨°³¥£¥´¸±μ° £·Ê¶¶μ° ¤²Ö § ·Ö¤μ¢μ° ±μ´¸É ´ÉÒ
¶¨μ´-´Ê±²μ´´μ° ¸¢Ö§¨ ¡Ò²μ ´ °¤¥´μ §´ Î¥´¨¥ g2

π± = 13,54(5) [9, 10], ±μÉμ·μ¥ ¶· ±É¨-

Î¥¸±¨ ¸μ¢¶ ¤ ¥É ¸ ±μ´¸É ´Éμ° ¤²Ö ´¥°É· ²Ó´ÒÌ π0-³¥§μ´μ¢ g2
π0 . ‡´ Î¥´¨Ö § ·Ö¤μ¢μ°

±μ´¸É ´ÉÒ ¶¨μ´-´Ê±²μ´´μ° ¸¢Ö§¨ g2
π± ∼ 13,7−13,8, ¡²¨§±¨¥ ± ±μ´¸É ´É¥ ¤²Ö ´¥°É· ²Ó-

´ÒÌ π0-³¥§μ´μ¢, ´¥¤ ¢´μ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¢ ·Ö¤¥ ¤·Ê£¨Ì · ¡μÉ [16Ä19]. ’ ±¨³ μ¡· §μ³,
´  ¸¥£μ¤´ÖÏ´¨° ¤¥´Ó ±· °´¥ ¢ ¦´Ò³ ¨ ËÊ´¤ ³¥´É ²Ó´Ò³ ¢μ¶·μ¸μ³ Ö¢²Ö¥É¸Ö ¢μ¶·μ¸ μ
¢μ§³μ¦´μ° § ·Ö¤μ¢μ° § ¢¨¸¨³μ¸É¨ ¶¨μ´-´Ê±²μ´´μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨, ¨²¨, ¨´ Î¥ £μ¢μ·Ö,
μ¡ μÉ²¨Î¨¨ ¤·Ê£ μÉ ¤·Ê£  ±μ´¸É ´É ¶¨μ´-´Ê±²μ´´μ° ¸¢Ö§¨ ¤²Ö ´¥°É· ²Ó´ÒÌ ¨ § ·Ö¦¥´´ÒÌ
π-³¥§μ´μ¢. ‚ · ¸¸³ É·¨¢ ¥³μ° ´ ³¨ ³μ¤¥²¨ § ·Ö¤μ¢ Ö ´¥§ ¢¨¸¨³μ¸ÉÓ ¶¨μ´-´Ê±²μ´´μ°
±μ´¸É ´ÉÒ ¸μ£² ¸´μ (27), (28) μ¤´μ§´ Î´μ ´ ·ÊÏ ¥É¸Ö.

Œ¥·μ° ´ ·ÊÏ¥´¨Ö § ·Ö¤μ¢μ° ´¥§ ¢¨¸¨³μ¸É¨ ¶¨μ´-´Ê±²μ´´ÒÌ ±μ´¸É ´É ¸¢Ö§¨ Ö¢²Ö¥É¸Ö
· §´μ¸ÉÓ § ·Ö¤μ¢μ° ¨ ´¥°É· ²Ó´μ° ¶¨μ´-´Ê±²μ´´ÒÌ ±μ´¸É ´É

Δf2
CIB ≡ f2

π± − f2
π0 , Δg2

CIB ≡ g2
π± − g2

π0 . (32)

‚ · ¸¸³ É·¨¢ ¥³μ° ´ ³¨ ³μ¤¥²¨ ¤²Ö ÔÉ¨Ì ¢¥²¨Î¨´ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (14), (16) ¨³¥ÕÉ
³¥¸Éμ Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö

Δf2
CIB = (C2

f − 1)f2
π0, (33)

Δg2
CIB = (C2

g − 1)g2
π0. (34)
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ˆ¸¶μ²Ó§ÊÖ É¥¶¥·Ó Î¨¸²¥´´μ¥ §´ Î¥´¨¥ (26) ¤²Ö ±μÔËË¨Í¨¥´É  C2
g , ¸¢Ö§Ò¢ ÕÐ¥£μ ¶¸¥¢-

¤μ¸± ²Ö·´Ò¥ § ·Ö¤μ¢ÊÕ ¨ ´¥°É· ²Ó´ÊÕ ¶¨μ´-´Ê±²μ´´Ò¥ ±μ´¸É ´ÉÒ ¸¢Ö§¨,   É ±¦¥ ¤μ-
¸É ÉμÎ´μ ´ ¤¥¦´μ Ô±¸¶¥·¨³¥´É ²Ó´μ Ê¸É ´μ¢²¥´´μ¥ §´ Î¥´¨¥ (27) ´¥°É· ²Ó´μ° ±μ´¸-
É ´ÉÒ g2

π0 , ¶μ²ÊÎ¨³ ¸²¥¤ÊÕÐ¥¥ §´ Î¥´¨¥ ¤²Ö ¢¥²¨Î¨´Ò  ¡¸μ²ÕÉ´μ£μ ´ ·ÊÏ¥´¨Ö § ·Ö-
¤μ¢μ° ´¥§ ¢¨¸¨³μ¸É¨ ¶¨μ´-´Ê±²μ´´μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨ ¢ ³μ¤¥²¨ �± ¢Ò:

Δg2
CIB = 1,0055. (35)

�É´μ¸¨É¥²Ó´ Ö ³¥·  ´ ·ÊÏ¥´¨Ö § ·Ö¤μ¢μ° ´¥§ ¢¨¸¨³μ¸É¨ ±μ´¸É ´É ¶¨μ´-´Ê±²μ´´μ°
¸¢Ö§¨ μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³Ê² ³¨

Δf2
CIB

f2
π0

= C2
f − 1 = 0,0729, (36)

Δg2
CIB

g2
π0

= C2
g − 1 = 0,0744. (37)

’ ±¨³ μ¡· §μ³, ¢ ¶·μÍ¥´É´μ³ μÉ´μÏ¥´¨¨ μÉ´μ¸¨É¥²Ó´μ¥ ´ ·ÊÏ¥´¨¥ § ·Ö¤μ¢μ° ´¥§ ¢¨¸¨-
³μ¸É¨ ¶¨μ´-´Ê±²μ´´ÒÌ ±μ´¸É ´É ¸¢Ö§¨ ¸μ¸É ¢²Ö¥É ¢ · ¸¸³ É·¨¢ ¥³μ° ³μ¤¥²¨ §´ Î¨É¥²Ó-
´ÊÕ ¢¥²¨Î¨´Ê ∼ 7,4 %.

Š ± ¢¨¤´μ ¨§ Ëμ·³Ê² (36) ¨ (37), ´ ·ÊÏ¥´¨¥ § ·Ö¤μ¢μ° ´¥§ ¢¨¸¨³μ¸É¨ ¶¸¥¢¤μ¸± ²Ö·-
´μ° ¶¨μ´-´Ê±²μ´´μ° ±μ´¸É ´ÉÒ g2

π ´  0,15% ¶·¥¢ÒÏ ¥É ´ ·ÊÏ¥´¨¥ § ·Ö¤μ¢μ° ´¥§ ¢¨-
¸¨³μ¸É¨ ¶¸¥¢¤μ¢¥±Éμ·´μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨ f2

π. ‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ëμ·³Ê² ³¨ (15), (17)
ÔÉμÉ ÔËË¥±É μ¡Ê¸²μ¢²¥´ · §²¨Î¨¥³ §´ Î¥´¨° ³ ¸¸ ´¥°É·μ´  ¨ ¶·μÉμ´  (Mn > Mp).
‘ ÊÎ¥Éμ³ ¢ÒÏ¥¸± § ´´μ£μ ¶·¨ ¸É·μ£μ³ ¸μ¡²Õ¤¥´¨¨ § ·Ö¤μ¢μ° ´¥§ ¢¨¸¨³μ¸É¨ ¶¸¥¢¤μ¢¥±-
Éμ·´μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨ (f2

π± = f2
π0) ¨³¥¥É ³¥¸Éμ ´ ·ÊÏ¥´¨¥ § ·Ö¤μ¢μ° ´¥§ ¢¨¸¨³μ¸É¨

¶¸¥¢¤μ¸± ²Ö·´μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨ g2
π [9].

�É³¥É¨³ É ±¦¥, ÎÉμ §´ Î¥´¨Ö (36) ¨ (37) ¢¥²¨Î¨´ μÉ´μ¸¨É¥²Ó´μ£μ ´ ·ÊÏ¥´¨Ö § ·Ö¤μ-
¢μ° ´¥§ ¢¨¸¨³μ¸É¨ ±μ´¸É ´É ¸¢Ö§¨ ·¥ ²Ó´μ ´¥ § ¢¨¸ÖÉ μÉ ±μ´±·¥É´ÒÌ §´ Î¥´¨° § ·Ö¤μ¢ÒÌ
¨ ´¥°É· ²Ó´ÒÌ ¶¨μ´-´Ê±²μ´´ÒÌ ±μ´¸É ´É,   Ë ±É¨Î¥¸±¨ μ¶·¥¤¥²ÖÕÉ¸Ö ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸
Ëμ·³Ê² ³¨ (15), (17) §´ Î¥´¨Ö³¨ ³ ¸¸ ¶¨μ´μ¢ ¨ ´Ê±²μ´μ¢,   É ±¦¥ ¢Ìμ¤´Ò³¨ Ô±¸¶¥·¨-
³¥´É ²Ó´Ò³¨ ¶ · ³¥É· ³¨ (19), (20) ¤ ´´μ° ³μ¤¥²¨.

3. � ‘‚Ÿ‡ˆ ‡��Ÿ„�‚�ƒ� ��‘™…�‹…�ˆŸ
�ˆ��-�“Š‹����‰ Š��‘’��’› ‘‚Ÿ‡ˆ

‘ ‡��Ÿ„�‚›Œ ��‘™…�‹…�ˆ…Œ Œ�‘‘› π-Œ…‡���

ˆ§ Ëμ·³Ê² (14) ¨ (26) ¸²¥¤Ê¥É, ÎÉμ μÉ´μÏ¥´¨¥ § ·Ö¤μ¢μ° ¨ ´¥°É· ²Ó´μ° ¶¸¥¢¤μ¢¥±-
Éμ·´ÒÌ ±μ´¸É ´É ¶¨μ´-´Ê±²μ´´μ° ¸¢Ö§¨ ¨³¥¥É §´ Î¥´¨¥

fπ±

fπ0
= Cf = 1,0358, (38)

±μÉμ·μ¥ μÎ¥´Ó Ìμ·μÏμ ¸μ£² ¸Ê¥É¸Ö ¸ μÉ´μÏ¥´¨¥³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ³ ¸¸ § ·Ö¦¥´´μ£μ
¨ ´¥°É· ²Ó´μ£μ π-³¥§μ´μ¢ [45]

mπ±

mπ0
= 1,0340. (39)
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‘ ÊÎ¥Éμ³ ÔÉμ£μ ¸ ¢Ò¸μ±μ° ¸É¥¶¥´ÓÕ ÉμÎ´μ¸É¨ ¨³¥¥É ³¥¸Éμ ¸μμÉ´μÏ¥´¨¥

fπ±

fπ0

∼=
mπ±

mπ0
. (40)

’ ±¨³ μ¡· §μ³, § ·Ö¤μ¢μ¥ · ¸Ð¥¶²¥´¨¥ ¶¨μ´-´Ê±²μ´´μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨ ¶· ±É¨Î¥¸±¨
¸μ¸É ¢²Ö¥É ÉÊ ¦¥ ¢¥²¨Î¨´Ê, ÎÉμ ¨ § ·Ö¤μ¢μ¥ · ¸Ð¥¶²¥´¨¥ ³ ¸¸Ò π-³¥§μ´ .

‘μμÉ´μÏ¥´¨¥ (40) ¨³¥¥É ¶·μ¸Éμ¥ Ë¨§¨Î¥¸±μ¥ μ¡μ¸´μ¢ ´¨¥. �μ¸±μ²Ó±Ê ¶¨μ´-´Ê±²μ´´ Ö
±μ´¸É ´É  ¸¢Ö§¨ fπ ¸²Ê¦¨É ³¥·μ° ¸¨²μ¢μ£μ ¢μ§¤¥°¸É¢¨Ö ´  ´Ê±²μ´ π-³¥§μ´´μ£μ ¶μ²Ö, ÔÉμ
¢μ§¤¥°¸É¢¨¥ ¡Ê¤¥É É¥³ ¡μ²ÓÏ¥, Î¥³ ¡μ²ÓÏ¥ ³ ¸¸  π-³¥§μ´  mπ. ’ ±¨³ μ¡· §μ³, ³¥-
§μ´´μ¥ ¶μ²¥, μ±·Ê¦ ÕÐ¥¥ ´Ê±²μ´ § ·Ö¦¥´´Ò³¨ π±-³¥§μ´ ³¨ ¸ ³ ¸¸μ° mπ± > mπ0 ,
μ± §Ò¢ ¥É ´  ´Ê±²μ´ ¡μ²ÓÏ¥¥ ¢μ§¤¥°¸É¢¨¥, Î¥³ ¶μ²¥ ´¥°É· ²Ó´ÒÌ π0-³¥§μ´μ¢. ˆ§ (40)
´¥¶μ¸·¥¤¸É¢¥´´μ ¸²¥¤Ê¥É, ÎÉμ ¢ μÉ²¨Î¨¥ μÉ ±μ´¸É ´ÉÒ ¢§ ¨³μ¤¥°¸É¢¨Ö fπ, ±μÉμ· Ö Ö¢²Ö-
¥É¸Ö § ·Ö¤μ¢μ-§ ¢¨¸¨³μ° ¢¥²¨Î¨´μ°, μÉ´μÏ¥´¨¥ fπ/mπ ¸ ¢Ò¸μ±μ° ¸É¥¶¥´ÓÕ ÉμÎ´μ¸É¨
Ö¢²Ö¥É¸Ö ¢¥²¨Î¨´μ° § ·Ö¤μ¢μ-´¥§ ¢¨¸¨³μ°.

�·¨ ÉμÎ´μ³ ¢Ò¶μ²´¥´¨¨ ¸μμÉ´μÏ¥´¨Ö (40) §´ Î¥´¨¥ § ·Ö¤μ¢μ° ¶¸¥¢¤μ¢¥±Éμ·´μ° ±μ´-
¸É ´ÉÒ ¸¢Ö§¨ · ¢´μ

f2
π± = 0,07997(136). (41)

„²Ö ¶¸¥¢¤μ¸± ²Ö·´μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (5) ¨ (41) ¢ ÔÉμ³ ¸²ÊÎ ¥ ¶μ²ÊÎ¨³
§´ Î¥´¨¥

g2
π± = 14,48(25), (42)

±μÉμ·μ¥ ¶· ±É¨Î¥¸±¨ ´¥ μÉ²¨Î ¥É¸Ö μÉ §´ Î¥´¨Ö (28), · ¸¸Î¨É ´´μ£μ ¶μ Ëμ·³Ê²¥ (16).
’ ±¨³ μ¡· §μ³, ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (27) ¨ (42) ¢¥²¨Î¨´  ´ ·ÊÏ¥´¨Ö § ·Ö¤μ¢μ° ´¥§ ¢¨¸¨³μ-
¸É¨ ¶¨μ´-´Ê±²μ´´μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨, μ¡Ê¸²μ¢²¥´´μ£μ · §´μ¸ÉÓÕ ³ ¸¸ π±- ¨ π0-³¥§μ´μ¢
Δmπ = 4,59 ŒÔ‚, ¸μ¸É ¢²Ö¥É

Δg2
CIB = 0,96, (43)

ÎÉμ ¢ μÉ´μ¸¨É¥²Ó´ÒÌ ¥¤¨´¨Í Ì · ¢´μ ∼ 7 %.
„²Ö ¶¸¥¢¤μ¸± ²Ö·´ÒÌ ±μ´¸É ´É ¸¢Ö§¨ ¸¶· ¢¥¤²¨¢μ ¸μμÉ´μÏ¥´¨¥

gπ±

gπ0

∼=
mπ±

mπ0
, (44)

 ´ ²μ£¨Î´μ¥ ¸μμÉ´μÏ¥´¨Õ (40) ¤²Ö ¶¸¥¢¤μ¢¥±Éμ·´ÒÌ ±μ´¸É ´É ¸¢Ö§¨. �  Ëμ·³Ê²Ê (44)
μ¡· Ð ²μ¸Ó ¢´¨³ ´¨¥ ¢ · ¡μÉ Ì [5, 14], μ¤´ ±μ ¢ ´¨Ì ¢Ò¶μ²´¥´¨¥ ¤ ´´μ£μ ¸μμÉ´μÏ¥´¨Ö
¡Ò²μ ¸μÎÉ¥´μ ¶·μ¸Éμ ¸²ÊÎ °´Ò³ ¸μ¢¶ ¤¥´¨¥³, ´¥ ¨³¥ÕÐ¨³ ´¨± ±μ£μ μ¡μ¸´μ¢ ´¨Ö. ‚ ´ -
Ï¥³ · ¸¸³μÉ·¥´¨¨ ¸μμÉ´μÏ¥´¨Ö (40) ¨ (44) ¶μ²ÊÎ¨²¨¸Ó ´  μ¸´μ¢¥ · ¸Î¥Éμ¢ ¸ ¨¸¶μ²Ó§μ¢ -
´¨¥³ É· ¤¨Í¨μ´´μ° ±² ¸¸¨Î¥¸±μ° ³μ¤¥²¨ �± ¢Ò, ¸μ£² ¸μ¢ ´´μ° ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
§´ Î¥´¨Ö³¨ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ pp- ¨ np-· ¸¸¥Ö´¨Ö (19), (20).

‘μμÉ´μÏ¥´¨¥ (40) ³μ¦´μ ¶¥·¥¶¨¸ ÉÓ ¢ ¢¨¤¥

fπ±Rπ± ∼= fπ0Rπ0 , (45)

£¤¥ · ¤¨Ê¸ ¶μÉ¥´Í¨ ²  ³¥§μ´´μ£μ μ¡³¥´ , ¸μμÉ¢¥É¸É¢ÊÕÐ¨° μ¡³¥´Ê π0-³¥§μ´μ³

Rπ0 ≡ �

mπ0c
= 1,4619 Ë³, (46)
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¡μ²ÓÏ¥, Î¥³ · ¤¨Ê¸ Rπ± , ¸μμÉ¢¥É¸É¢ÊÕÐ¨° μ¡³¥´Ê π±-³¥§μ´μ³

Rπ± ≡ �

mπ±c
= 1,4138 Ë³. (47)

’ ±¨³ μ¡· §μ³, ¶¨μ´-´Ê±²μ´´ Ö ±μ´¸É ´É  fπ ¨ · ¤¨Ê¸ ¶μÉ¥´Í¨ ²  ³¥§μ´´μ£μ μ¡-
³¥´  Rπ ¢¸²¥¤¸É¢¨¥ · §´¨ÍÒ ³ ¸¸ π±- ¨ π0-³¥§μ´μ¢ Ö¢²ÖÕÉ¸Ö § ·Ö¤μ¢μ-§ ¢¨¸¨³Ò³¨ ¢¥²¨-
Î¨´ ³¨. �·¨ ÔÉμ³ ¡μ²ÓÏ¥¥ §´ Î¥´¨¥ ³ ¸¸Ò π±-³¥§μ´  ¶μ ¸· ¢´¥´¨Õ ¸ ³ ¸¸μ° π0-³¥§μ´ 
¶·¨¢μ¤¨É ± Ê¢¥²¨Î¥´¨Õ § ·Ö¤μ¢μ° ±μ´¸É ´ÉÒ fπ± ¶μ ¸· ¢´¥´¨Õ ¸ ´¥°É· ²Ó´μ° ±μ´¸É ´-
Éμ° fπ0 ¨ Ê³¥´ÓÏ¥´¨Õ · ¤¨Ê¸  π±-³¥§μ´´μ£μ μ¡³¥´  Rπ± ¶μ ¸· ¢´¥´¨Õ ¸ · ¤¨Ê¸μ³
π0-³¥§μ´´μ£μ μ¡³¥´  Rπ0 . Š ± ¸²¥¤¸É¢¨¥ ÔÉμ£μ, ¶·μ¨§¢¥¤¥´¨¥ ¶¨μ´-´Ê±²μ´´μ° ±μ´-
¸É ´ÉÒ fπ ¨ · ¤¨Ê¸  ¶μÉ¥´Í¨ ²  π-³¥§μ´´μ£μ μ¡³¥´  Rπ Ö¢²Ö¥É¸Ö § ·Ö¤μ¢μ-´¥§ ¢¨¸¨³μ°
¢¥²¨Î¨´μ°:

fπRπ = B. (48)

ˆ¸¶μ²Ó§ÊÖ Ìμ·μÏμ μ¶·¥¤¥²¥´´μ¥ Ô±¸¶¥·¨³¥´É ²Ó´μ¥ §´ Î¥´¨¥ ´¥°É· ²Ó´μ° ¶¨μ´-´Ê±²μ´-
´μ° ±μ´¸É ´ÉÒ

fπ0 = 0,2735 (49)

¨ §´ Î¥´¨¥ · ¤¨Ê¸  π0-³¥§μ´´μ£μ μ¡³¥´  (46), ¤²Ö ±μ´¸É ´ÉÒ B ¶μ²ÊÎ¨³ Î¨¸²¥´´μ¥
§´ Î¥´¨¥

B = 0,3998 Ë³. (50)

’ ±¨³ μ¡· §μ³, ¶¨μ´-´Ê±²μ´´ Ö ±μ´¸É ´É  ¸¢Ö§¨ fπ ¨ · ¤¨Ê¸ π-³¥§μ´´μ£μ μ¡³¥´  Rπ

¸¢Ö§ ´Ò ±μ··¥²ÖÍ¨μ´´Ò³ ¸μμÉ´μÏ¥´¨¥³

fπ
∼=

B

Rπ
, (51)

±μÉμ·μ¥ ¢Ò¶μ²´Ö¥É¸Ö ¸ ¢Ò¸μ±μ° ¸É¥¶¥´ÓÕ ÉμÎ´μ¸É¨.

4. � ‡��Ÿ„�‚�‰ ‡�‚ˆ‘ˆŒ�‘’ˆ „‹ˆ�›
�“Š‹��-�“Š‹����ƒ� ��‘‘…Ÿ�ˆŸ

‚¸²¥¤¸É¢¨¥ ´ ²¨Î¨Ö ¢ ¸¨¸É¥³¥ ¤¢ÊÌ ´Ê±²μ´μ¢ ¢ ¸μ¸ÉμÖ´¨¨ 1S0 ¢¨·ÉÊ ²Ó´μ£μ Ê·μ¢´Ö ¸
Ô´¥·£¨¥°, ¡²¨§±μ° ± ´Ê²Õ, ¤²¨´  · ¸¸¥Ö´¨Ö Ö¢²Ö¥É¸Ö ´ ¨¡μ²¥¥ ÎÊ¢¸É¢¨É¥²Ó´Ò³ ¶ · ³¥-
É·μ³ ¶μ μÉ´μÏ¥´¨Õ ± ´¥¡μ²ÓÏ¨³ ¨§³¥´¥´¨Ö³ ´Ê±²μ´-´Ê±²μ´´μ£μ ¶μÉ¥´Í¨ ² . �μ ÔÉμ°
¶·¨Î¨´¥ ±μ²¨Î¥¸É¢¥´´μ° ³¥·μ° ´ ·ÊÏ¥´¨Ö § ·Ö¤μ¢μ° ´¥§ ¢¨¸¨³μ¸É¨ Ö¤¥·´ÒÌ ¸¨² Î ¸Éμ
¸²Ê¦¨É · §´μ¸ÉÓ ¤²¨´ ¶·μÉμ´-¶·μÉμ´´μ£μ ¨ ´¥°É·μ´-¶·μÉμ´´μ£μ · ¸¸¥Ö´¨Ö

ΔaCIB ≡ app − anp. (52)

�±¸¶¥·¨³¥´É ²Ó´μ¥ §´ Î¥´¨¥ ÔÉμ° · §´μ¸É¨, ¸μ£² ¸´μ (19), (20), · ¢´μ

Δaexp
CIB = 6,42(41) Ë³, (53)

ÎÉμ ¢ μÉ´μ¸¨É¥²Ó´ÒÌ ¥¤¨´¨Í Ì ¸μ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê ∼ 30%. �Éμ ¸ÊÐ¥¸É¢¥´´μ ¢ÒÌμ-
¤¨É §  ¶·¥¤¥²Ò Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ μÏ¨¡μ± ¨ Ê± §Ò¢ ¥É ´  ´ ·ÊÏ¥´¨¥ £¨¶μÉ¥§Ò § ·Ö-
¤μ¢μ° ´¥§ ¢¨¸¨³μ¸É¨ Ö¤¥·´ÒÌ ¸¨² ¶·¨ ³ ²ÒÌ Ô´¥·£¨ÖÌ [28, 46Ä49]. ‡ ·Ö¤μ¢ÊÕ § ¢¨-
¸¨³μ¸ÉÓ Ö¤¥·´ÒÌ ¸¨² μ¡ÒÎ´μ ¸¢Ö§Ò¢ ÕÉ ¸ · §²¨Î¨¥³ ³ ¸¸ § ·Ö¦¥´´ÒÌ ¨ ´¥°É· ²Ó´ÒÌ
π-³¥§μ´μ¢ [14, 28, 46, 50Ä53]. �¤´ ±μ ¶·¨ ÔÉμ³ Éμ²Ó±μ ¶μ²μ¢¨´  · §´μ¸É¨ Δaexp

CIB ¡Ò² 
μ¡ÑÖ¸´¥´  · §²¨Î¨¥³ ³ ¸¸ π±- ¨ π0-³¥§μ´μ¢ [14, 46, 52, 53].
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� ¸¸Î¨É ´´μ¥ ´ ³¨ ¶·¨ ÉμÎ´μ³ ¢Ò¶μ²´¥´¨¨ ¸μμÉ´μÏ¥´¨Ö (40) §´ Î¥´¨¥ ¸¨´£²¥É´μ°
¤²¨´Ò np-· ¸¸¥Ö´¨Ö

anp = −22,89(40) Ë³ (54)

μÉ²¨Î ¥É¸Ö μÉ ¤²¨´Ò pp-· ¸¸¥Ö´¨Ö app = −17,3(4) Ë³. �·¨ ÔÉμ³ · §´μ¸ÉÓ ¤²¨´ pp- ¨
np-· ¸¸¥Ö´¨Ö

Δaπ
CIB = 5,59 Ë³ (55)

Ìμ·μÏμ ¸μ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨¥³ (53).
’ ±¨³ μ¡· §μ³, ¢ ´ Ï¥³ ¸²ÊÎ ¥ ´ ·ÊÏ¥´¨¥ § ·Ö¤μ¢μ° ´¥§ ¢¨¸¨³μ¸É¨ Ö¤¥·´ÒÌ ¸¨²

¶· ±É¨Î¥¸±¨ ¶μ²´μ¸ÉÓÕ μ¡ÑÖ¸´Ö¥É¸Ö · §²¨Î¨¥³ ³ ¸¸ § ·Ö¦¥´´ÒÌ ¨ ´¥°É· ²Ó´ÒÌ π-³¥§μ-
´μ¢. � §´¨Í  ¢ ¤²¨´ Ì pp- ¨ np-· ¸¸¥Ö´¨Ö Δaπ

CIB ¢ ÔÉμ³ ¸²ÊÎ ¥ ¸μ¸É ¢²Ö¥É ∼ 90% μÉ
Ô±¸¶¥·¨³¥´É ²Ó´μ£μ §´ Î¥´¨Ö Δaexp

CIB. ‚ μÉ²¨Î¨¥ μÉ ÔÉμ£μ ¢ ¡μ²¥¥ · ´´¨Ì · ¡μÉ Ì Δaπ
CIB

¸μ¸É ¢²Ö²μ ∼ 50% μÉ Δaexp
CIB [14, 52, 53].

5. �‘��‚�›… ‚›‚�„› ˆ ‡�Š‹�—…�ˆ…

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³¥§μ´´μ° ³μ¤¥²¨ �± ¢Ò ¶·¥¤²μ¦¥´  Ë¨§¨-
Î¥¸±¨ μ¡μ¸´μ¢ ´´ Ö ³μ¤¥²Ó ´Ê±²μ´-´Ê±²μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ±μÉμ· Ö ¸¢Ö§Ò¢ ¥É ¶ · -
³¥É·Ò np- ¨ pp-¸¨¸É¥³Ò ¢ ¸¨´£²¥É´μ³ ¸¶¨´μ¢μ³ ¸μ¸ÉμÖ´¨¨ 1S0 ¸ μ¸´μ¢´Ò³¨ Ì · ±É¥·¨-
¸É¨± ³¨ ¶¨μ´-´Ê±²μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö Å ³ ¸¸ ³¨ π-³¥§μ´μ¢ mπ ¨ ¶¨μ´-´Ê±²μ´´Ò³¨
±μ´¸É ´É ³¨ ¸¢Ö§¨ f2

π. �  μ¸´μ¢¥ ÔÉμ° ³μ¤¥²¨ Ê¸É ´μ¢²¥´  ¶·μ¸É Ö ¸¢Ö§Ó ³¥¦¤Ê § ·Ö¤μ¢μ°
¨ ´¥°É· ²Ó´μ° ±μ´¸É ´É ³¨ ¶¨μ´-´Ê±²μ´´μ° ¸¢Ö§¨, ±μÉμ· Ö ¤ ¥É¸Ö Ëμ·³Ê² ³¨ (14)Ä(17).

�´ ²¨§ ¶μ²ÊÎ¥´´ÒÌ ´ ³¨ ·¥§Ê²ÓÉ Éμ¢ ¶μ± §Ò¢ ¥É, ÎÉμ § ·Ö¤μ¢ Ö ¶¨μ´-´Ê±²μ´´ Ö ±μ´-
¸É ´É  ¸¢Ö§¨ f2

π± Ö¢²Ö¥É¸Ö ¶μ ¢¥²¨Î¨´¥ ¡μ²ÓÏ¥°, Î¥³ ´¥°É· ²Ó´ Ö ¶¨μ´-´Ê±²μ´´ Ö ±μ´-
¸É ´É  f2

π0 , ¨, É ±¨³ μ¡· §μ³, ¨³¥¥É ³¥¸Éμ ´ ·ÊÏ¥´¨¥ § ·Ö¤μ¢μ° ´¥§ ¢¨¸¨³μ¸É¨ Ö¤¥·´ÒÌ
¸¨² ¢ μÉ´μÏ¥´¨¨ ¶¸¥¢¤μ¢¥±Éμ·´μ° f2

π ¨ ¶¸¥¢¤μ¸± ²Ö·´μ° g2
π ¶¨μ´-´Ê±²μ´´ÒÌ ±μ´¸É ´É

¸¢Ö§¨.
—¨¸²¥´´Ò° · ¸Î¥É ´  μ¸´μ¢¥ ¶μ²ÊÎ¥´´ÒÌ Ëμ·³Ê² ¤ ¥É ¤²Ö ¶¸¥¢¤μ¸± ²Ö·´μ° § ·Ö¤μ¢μ°

±μ´¸É ´ÉÒ §´ Î¥´¨¥ g2
π± = 14,53(25), ±μÉμ·μ¥ μ± § ²μ¸Ó ¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ÕÐ¨³ ¸

μ¤´¨³ ¨§ ¶μ¸²¥¤´¨Ì ¸μ¢·¥³¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° ÔÉμ° ¢¥²¨Î¨´Ò g2
π± =

14,52(26), ´ °¤¥´´Ò³ Ê¶¶¸ ²Ó¸±μ° £·Ê¶¶μ° ´¥°É·μ´´ÒÌ ¨¸¸²¥¤μ¢ ´¨° [6].
„²Ö  ¡¸μ²ÕÉ´μ° ¢¥²¨Î¨´Ò · §´μ¸É¨ § ·Ö¤μ¢μ° ¨ ´¥°É· ²Ó´μ° ¶¸¥¢¤μ¢¥±Éμ·´ÒÌ ¶¨μ´-

´Ê±²μ´´ÒÌ ±μ´¸É ´É ¸¢Ö§¨ ΔfCIB ≡ fπ± − fπ0 ´ ³¨ ¶μ²ÊÎ¥´μ §´ Î¥´¨¥ ΔfCIB = 0,0093,
ÎÉμ ¢ ¶·μÍ¥´É´μ³ μÉ´μÏ¥´¨¨ ΔfCIB/fπ0 = 3,58% μÎ¥´Ó ¡²¨§±μ ± ¢¥²¨Î¨´¥ Δmπ/mπ0 =
3,40%. ’ ±¨³ μ¡· §μ³, § ·Ö¤μ¢μ¥ · ¸Ð¥¶²¥´¨¥ ¶¨μ´-´Ê±²μ´´μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨ ¢ μÉ-
´μ¸¨É¥²Ó´ÒÌ ¥¤¨´¨Í Ì ¸μ¸É ¢²Ö¥É ¶· ±É¨Î¥¸±¨ ÉÊ ¦¥ ¢¥²¨Î¨´Ê, ÎÉμ ¨ § ·Ö¤μ¢μ¥ · ¸Ð¥¶-
²¥´¨¥ ³ ¸¸Ò π-³¥§μ´ .

ˆ§  ´ ²¨§  ·¥§Ê²ÓÉ Éμ¢, ¶μ²ÊÎ¥´´ÒÌ ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥, ¸²¥¤Ê¥É, ÎÉμ ¢ μÉ²¨Î¨¥ μÉ
±μ´¸É ´ÉÒ ¶¨μ´-´Ê±²μ´´μ° ¸¢Ö§¨ fπ ¨ · ¤¨Ê¸  π-³¥§μ´´μ£μ μ¡³¥´  Rπ, ±μÉμ·Ò¥ Ö¢²ÖÕÉ¸Ö
§ ·Ö¤μ¢μ-§ ¢¨¸¨³Ò³¨ ¢¥²¨Î¨´ ³¨, ¨Ì ¶·μ¨§¢¥¤¥´¨¥ fπRπ ¸ ¢Ò¸μ±μ° ¸É¥¶¥´ÓÕ ÉμÎ´μ¸É¨
Ö¢²Ö¥É¸Ö § ·Ö¤μ¢μ-´¥§ ¢¨¸¨³μ° ¢¥²¨Î¨´μ°. �É²¨Î¨¥ ÔÉμ£μ ¶·μ¨§¢¥¤¥´¨Ö ¤²Ö § ·Ö¦¥´´ÒÌ
π±-³¥§μ´μ¢ μÉ ¶·μ¨§¢¥¤¥´¨Ö ¤²Ö ´¥°É· ²Ó´ÒÌ π0-³¥§μ´μ¢ ¢ μÉ´μ¸¨É¥²Ó´ÒÌ ¥¤¨´¨Í Ì ´¥
¶·¥¢ÒÏ ¥É 0,2 %.

’ ±¦¥ ¶μ²ÊÎ¥´´Ò¥ ´ ³¨ ·¥§Ê²ÓÉ ÉÒ ¶μ± §Ò¢ ÕÉ, ÎÉμ ¸ ¶μ³μÐÓÕ · §²¨Î¨Ö ³ ¸¸ π±- ¨
π0-³¥§μ´μ¢ Δmπ = 4,59 ŒÔ‚ μ¡ÑÖ¸´Ö¥É¸Ö ∼ 90% · §´μ¸É¨ ³¥¦¤Ê Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
§´ Î¥´¨Ö³¨ ¤²¨´ pp- ¨ np-· ¸¸¥Ö´¨Ö.
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