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‚ · ³± Ì ¶¥·ÉÊ·¡ É¨¢´μ£μ ¨ ¸ÊÐ¥¸É¢¥´´μ ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ¶μ¤Ìμ¤μ¢ · ¸¸³μÉ·¥´μ ¶μ¢¥¤¥´¨¥
´¨¦´¨Ì Ê·μ¢´¥° ¤¨· ±μ¢¸±μ° Î ¸É¨ÍÒ §  ¸Î¥É ¢§ ¨³μ¤¥°¸É¢¨Ö ΔUAMM  ´μ³ ²¨¨ ³ £´¨É´μ£μ ³μ-
³¥´É  (�ŒŒ) ¸ ±Ê²μ´μ¢¸±¨³ ¶μ²¥³ Ö¤·  ¶·¨ Zα > 1, ±μ£¤  ¸ ¸ ³μ£μ ´ Î ²  ÊÎ¨ÉÒ¢ ¥É¸Ö ¶μ²´ Ö
§ ¢¨¸¨³μ¸ÉÓ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° (‚”) Î ¸É¨ÍÒ μÉ Zα. ‚±² ¤ μÉ ΔUAMM ¢ÒÎ¨¸²Ö²¸Ö ± ± Î¥·¥§
Ö¤·μ, · ¸¸³ É·¨¢ ¥³μ¥ ± ± μ¤´μ·μ¤´μ § ·Ö¦¥´´Ò° ¶·μÉÖ¦¥´´Ò° ±Ê²μ´μ¢¸±¨° ¨¸ÉμÎ´¨±, É ± ¨ § -
¤ ´´Ò³ ¢ ¢¨¤¥ · ¸¶·¥¤¥²¥´´μ° ¸¨¸É¥³Ò ÉμÎ¥Î´ÒÌ u- ¨ d-±¢ ·±μ¢. �μ± § ´μ, ÎÉμ ¢ μ¡μ¨Ì ¸²ÊÎ ÖÌ
´¥¶¥·ÉÊ·¡ É¨¢´Ò° ÊÎ¥É ΔUAMM ¢ · ³± Ì Ê· ¢´¥´¨Ö „¨· ±  (“„) ¶·¨¢μ¤¨É ± ¸μ¢¶ ¤ ÕÐ¨³ ·¥-
§Ê²ÓÉ É ³. ‚ Éμ ¦¥ ¢·¥³Ö ¸¶¥Í¨Ë¨±  ΔUAMM ¶·μÖ¢²Ö¥É¸Ö ¢ Éμ³, ÎÉμ ¶·¨ Δg � const ·¥§Ê²ÓÉ ÉÒ
É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° (’‚) ¨ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ¢ÒÎ¨¸²¥´¨° ¸ÊÐ¥¸É¢¥´´μ · §²¨Î ÕÉ¸Ö, Éμ£¤  ± ± ¶·¨
´ ²¨Î¨¨ ¤¨´ ³¨Î¥¸±μ° Ô±· ´¨·μ¢±¨ �ŒŒ ´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ ¶¥·ÉÊ·¡ É¨¢´Ò¥ ¨ ´¥¶¥·ÉÊ·¡ -
É¨¢´Ò¥ ¸¶μ¸μ¡Ò ÊÎ¥É  ΔUAMM ¢ “„ ¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ÕÉ.

Within peturbative and signiˇcantly nonperturbative approaches, the behavior of the lowest levels of
the Dirac particle due to the interaction ΔUAMM of the particle's anomalous magnetic moment (AMM)
with the Coulomb ˇeld of nucleus with Zα > 1 is considered by taking into account the complete
dependence of particle's wavefunction (WF) on Zα. The contribution from ΔUAMM was calculated
via both the nucleus considered as a uniformly charged extended Coulomb source and as a distributed
system of point u- and d-quarks. It is shown that in both cases nonperturbative account of ΔUAMM

in the Dirac equation (DE) leads to coinciding results. At the same time, speciˇcity of ΔUAMM is
manifested in the fact that for Δg � const the results of perturbation theory (PT) and nonperturbative
calculations differ signiˇcantly, whereas in the case of dynamical screening of AMM at short distances
the perturbative and nonperturbative methods of accounting ΔUAMM in DE are practically the same.

PACS: 12.20.-m; 31.30.jf; 31.15-p
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‚§ ¨³μ¤¥°¸É¢¨¥  ´μ³ ²¨¨ ³ £´¨É´μ£μ ³μ³¥´É  (�ŒŒ) ¤¨· ±μ¢¸±μ° Î ¸É¨ÍÒ ¸ ¢´¥Ï-
´¨³ ±Ê²μ´μ¢¸±¨³ ¨¸ÉμÎ´¨±μ³ ¢¸¥£¤  ¢Ò§Ò¢ ²μ ¨´É¥·¥¸, ¢ Î ¸É´μ¸É¨, ¢ ¸¢Ö§¨ ¸ ¢μ§³μ¦´Ò³
Ê¸¨²¥´¨¥³ ·μ²¨ ³ £´¨É´ÒÌ ÔËË¥±Éμ¢ ´  ¶·¥¤¥²Ó´μ ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ [1Ä4], ¶μ¸±μ²Ó±Ê
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¤²Ö ÉμÎ¥Î´μ£μ ±Ê²μ´μ¢¸±μ£μ ¨¸ÉμÎ´¨±  μ¶¥· Éμ· „¨· ± Ä� Ê²¨

ΔUAMM(r) =
Δg

2
e

4m
σμνFμν , (1)

± ±μÉμ·μ³Ê ¸¢μ¤¨É¸Ö ÔËË¥±É¨¢´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ �ŒŒ ¤¨· ±μ¢¸±μ£μ Ë¥·³¨μ´  ¸ ¢´¥Ï-
´¨³ Ô²¥±É·μ³ £´¨É´Ò³ ¶μ²¥³ ¢ ¸É É¨Î¥¸±μ³ ¶·¥¤¥²¥, μ¡² ¤ ¥É ³ ±¸¨³ ²Ó´μ ¤μ¶Ê¸É¨³μ°
¤²Ö Ê· ¢´¥´¨Ö „¨· ±  (“„) ¸¨´£Ê²Ö·´μ¸ÉÓÕ ∼ 1/r2 ¨ ¤μ³¨´¨·Ê¥É ¶·¨ r → 0. ‚ Š�„,
μ¤´ ±μ, �ŒŒ ´¥ Ö¢²Ö¥É¸Ö ¨¸Ìμ¤´μ ¶·¨¸ÊÐ¥° ¤¨· ±μ¢¸±μ° Î ¸É¨Í¥ Ì · ±É¥·¨¸É¨±μ°,
´μ ¢μ§´¨± ¥É ²¨ÏÓ ¢ ·¥§Ê²ÓÉ É¥ · ¤¨ Í¨μ´´ÒÌ ÔËË¥±Éμ¢, ¶μÔÉμ³Ê § ¢¨¸¨É ¢ Éμ³ Î¨¸²¥
¨ μÉ ±μ´Ë¨£Ê· Í¨¨ ¢´¥Ï´¥£μ ¶μ²Ö, ¨ ¥£μ §´ Î¥´¨¥ ¢¡²¨§¨ ¢´¥Ï´¥£μ ¨¸ÉμÎ´¨±  ¤μ²¦´μ
μÉ²¨Î ÉÓ¸Ö μÉ ¸¢μ¡μ¤´μ£μ ¸²ÊÎ Ö, É. ¥. Δg → Δgfree c(r), £¤¥ c(r) μ¶¨¸Ò¢ ¥É ¶μ¤ ¢²¥-
´¨¥ ³ £´¨É´ÒÌ ÔËË¥±Éμ¢ ´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ [5, 6]. �¥¶¥·ÉÊ·¡ É¨¢´μ¥ ¢ÒÎ¨¸²¥´¨¥
ËÊ´±Í¨¨ c(r) ¢ ±μ³¶ ±É´ÒÌ ¸¨¸É¥³ Ì É¨¶  e+e− ¸μ¶·Ö¦¥´μ ¸ ¡μ²ÓÏ¨³¨ É·Ê¤´μ¸ÉÖ³¨,
¶μ¸±μ²Ó±Ê É·¥¡Ê¥É ¸ ³μ¸μ£² ¸μ¢ ´´μ£μ ÊÎ¥É  ´¥ Éμ²Ó±μ ±μ´Ë¨£Ê· Í¨¨ ¢´¥Ï´¥£μ ¶μ²Ö,
´μ ¨ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° (‚”) Î ¸É¨ÍÒ [6, 7], μ¤´ ±μ ¢¤ ²¨ μÉ ·¥§μ´ ´¸´ÒÌ ¸μ¸ÉμÖ´¨°
(¢ Î ¸É´μ¸É¨, ¤²Ö ¸É Í¨μ´ ·´ÒÌ ¸μ¸ÉμÖ´¨°  Éμ³μ¢) ³μ¦´μ μ£· ´¨Î¨ÉÓ¸Ö ¶μ¤Ìμ¤μ³ ¢ · ³-
± Ì É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° (’‚) ¨ ´¥ ÊÎ¨ÉÒ¢ ÉÓ ¢²¨Ö´¨¥ ‚” [5,8]. ‚ Éμ ¦¥ ¢·¥³Ö ΔUAMM

¢ ¢¨¤¥ (1) ¸É ´μ¢¨É¸Ö  ±ÉÊ ²Ó´Ò³, ¥¸²¨ �ŒŒ ¤¨· ±μ¢¸±μ£μ Ë¥·³¨μ´  ¨³¥¥É ÌμÉÖ ¡Ò
Î ¸É¨Î´μ ´¥Ô²¥±É·μ³ £´¨É´ÊÕ ¶·¨·μ¤Ê.

„²Ö Ô²¥±É·μ´  ÔËË¥±É¨¢´Ò° ¶μÉ¥´Í¨ ² (1) ¸¶· ¢¥¤²¨¢ ²¨ÏÓ ¢ (¸É É¨Î¥¸±μ³) ¶·¥¤¥²¥
³ ²ÒÌ §´ Î¥´¨° ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸ , ±μ£¤  § ¢¨¸¨³μ¸ÉÓ Ô²¥±É·μ´´μ£μ Ëμ·³Ë ±Éμ· 
F2(q2) μÉ ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö, É. ¥. F2(q2) � F2(0). „²Ö ¸É Í¨μ´ ·-
´ÒÌ ¸μ¸ÉμÖ´¨° Ô²¥±É·μ´  (¢ Éμ³ Î¨¸²¥ ¢ ¸¢¥·ÌÉÖ¦¥²ÒÌ  Éμ³ Ì ¶·¨ Zα > 1) ¢ ± Î¥-
¸É¢¥ ÔËË¥±É¨¢´μ£μ ¶μÉ¥´Í¨ ²  ¢§ ¨³μ¤¥°¸É¢¨Ö �ŒŒ Ô²¥±É·μ´  ¸ ±Ê²μ´μ¢¸±¨³ ¶μ²¥³
¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´μ£μ ¨¸ÉμÎ´¨±  ¢³¥¸Éμ (1) ¸²¥¤Ê¥É ¨¸¶μ²Ó§μ¢ ÉÓ ¸²¥¤ÊÕÐ¥¥ ¢Ò· -
¦¥´¨¥, ÊÎ¨ÉÒ¢ ÕÐ¥¥ ¤¨´ ³¨Î¥¸±ÊÕ Ô±· ´¨·μ¢±Ê �ŒŒ [9],

ΔUAMM(r) = −i Zλγ · ∇
(
−c(r)

r

)
, (2)

£¤¥ λ = α2/4πm, α = e2/4π,

c(r) = 2

∞∫
0

qd q sin qr

(
− 1

Ze
Φ̃(q)

)
1
π

F2(−q2)
F2(0)

, (3)

  Φ̃(q) Ö¢²Ö¥É¸Ö ËÊ·Ó¥-μ¡· §μ³ ¢´¥Ï´¥£μ ±Ê²μ´μ¢¸±μ£μ ¶μ²Ö Φ(r). C ÊÎ¥Éμ³ § ¢¨¸¨³μ¸É¨
Ô²¥±É·μ´´μ£μ Ëμ·³Ë ±Éμ·  F2(q2) μÉ ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  ΔUAMM ¢ ¢¨¤¥ (2) ¢ μ¤´μ-
¶¥É²¥¢μ³ ¶·¨¡²¨¦¥´¨¨ ¤²Ö ÉμÎ¥Î´μ£μ ±Ê²μ´μ¢¸±μ£μ ¨¸ÉμÎ´¨±  ¶·¨ r → 0 ¢¥¤¥É ¸¥¡Ö ± ±
∼ log mr, É ± ÎÉμ ±Ê²μ´μ¢¸±μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¶·μ¤μ²¦ ¥É ¤μ³¨´¨·μ¢ ÉÓ ¨ ´  ³ ²ÒÌ
· ¸¸ÉμÖ´¨ÖÌ [8, 9]. �·¨ ÔÉμ³ ¸ÊÐ¥¸É¢¥´´μ, ÎÉμ Ô±· ´¨·μ¢±  �ŒŒ ¶·μ¨¸Ìμ¤¨É ¶·¥¦¤¥
¢¸¥£μ ´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ r � 1/m,   ´¥ §  ¸Î¥É  ³¶²¨ÉÊ¤Ò ¢´¥Ï´¥£μ ¶μ²Ö.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¢ μ¡μ¨Ì ¸²ÊÎ ÖÌ (1) ¨ (2) μ¶¥· Éμ· ΔUAMM ¸μÌ· ´Ö¥É ¢¸¥
´¥μ¡Ìμ¤¨³Ò¥ ¤²Ö ± ·É¨´Ò ” ··¨ ¸¢μ°¸É¢  £ ³¨²ÓÉμ´¨ ´ , ¶μÔÉμ³Ê ¤μ¶Ê¸± ¥É ¤¥É ²Ó´Ò°
´¥¶¥·ÉÊ·¡ É¨¢´Ò°  ´ ²¨§ (¶·¨Î¥³ ´¥ Éμ²Ó±μ ¶μ Zα, ´μ ¨ Î ¸É¨Î´μ ¶μ α/π),   É ±¦¥
¸· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ ¸ ’‚. �¸μ¡Ò° ¨´É¥·¥¸ É ±μ° ´¥¶¥·ÉÊ·¡ É¨¢´Ò°  ´ ²¨§ ΔUAMM
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¶·¥¤¸É ¢²Ö¥É ¤²Ö ¸¢¥·ÌÉÖ¦¥²ÒÌ Ö¤¥· ¶·¨ Z > Zcr, ±μ£¤  Š�„ ¶·¥¤¸± §Ò¢ ¥É Í¥²Ò° ·Ö¤
´¥É·¨¢¨ ²Ó´ÒÌ ÔËË¥±Éμ¢ [9Ä16, ¨ ¸¸²Ò²±¨ É ³]. �¤´  ¨§ ¶·¨Î¨´ ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ
¤²Ö ÉμÎ¥Î´μ£μ ¨¸ÉμÎ´¨±  μ¶¥· Éμ· (1) ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ ¤²Ö ²Õ¡ÒÌ Z ‚” Î ¸É¨ÍÒ
¸É ´μ¢¨É¸Ö ¢¸Õ¤Ê ·¥£Ê²Ö·´μ°, ¨³¥ÕÐ¥° ¢ ±Ê²μ´μ¢¸±μ° μ¸μ¡¥´´μ¸É¨ ´Ê²¨ ¡¥¸±μ´¥Î´μ°
±· É´μ¸É¨ ¤²Ö μ¡¥¨Ì ±μ³¶μ´¥´É ¡¨¸¶¨´μ· , ÎÉμ ¢ ¸¢μÕ μÎ¥·¥¤Ó ¶·¨¢μ¤¨É ± ¸ÊÐ¥¸É¢¥´-
´μ³Ê · §²¨Î¨Õ ³¥¦¤Ê ¶¥·ÉÊ·¡ É¨¢´Ò³¨ ¨ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³¨ ·¥§Ê²ÓÉ É ³¨ ¤²Ö ¸¤¢¨£μ¢
Ê·μ¢´¥° ¶·¨ ¡μ²ÓÏ¨Ì Z [17].

Š·μ³¥ Éμ£μ, ¶·¨ Δg � const ¸²¥¤Ê¥É ÊÎ¨ÉÒ¢ ÉÓ, ÎÉμ ¢ ¶·μÉÖ¦¥´´μ³ Ö¤·¥ Ë ±É¨-
Î¥¸±¨³¨ ¨¸ÉμÎ´¨± ³¨ Ô²¥±É·¨Î¥¸±μ£μ § ·Ö¤  Ö¢²ÖÕÉ¸Ö ¢ ²¥´É´Ò¥ (±μ´¸É¨ÉÊ¥´É´Ò¥) u-
¨ d-±¢ ·±¨, ±μÉμ·Ò¥ ± ± ÉμÎ¥Î´Ò¥ ´μ¸¨É¥²¨ (¤·μ¡´μ£μ) § ·Ö¤  ¶·μÖ¢²ÖÕÉ ¸¥¡Ö, ± ± É¥
¦¥  Éμ³´Ò¥ Ô²¥±É·μ´Ò, É. ¥. ¨Ì § ·Ö¤ ¢¸¥£¤  ²μ± ²¨§μ¢ ´ ¢ ´¥±μÉμ·μ° ÉμÎ±¥. �μÔÉμ³Ê
¶μ¸²¥¤μ¢ É¥²Ó´Ò°  ´ ²¨§ ¢±² ¤  μÉ ΔUAMM ¢ ¸¢¥·ÌÉÖ¦¥²ÒÌ Ö¤· Ì ¢ ¸¨²Ê ¥£μ ¸¶¥Í¨-
Ë¨±¨ ¢ ´¥Ô±· ´¨·μ¢ ´´μ³ ¸²ÊÎ ¥ É·¥¡Ê¥É § ¤ ´¨Ö ¸É·Ê±ÉÊ·Ò Ö¤·  ± ± ¸¨¸É¥³Ò ÉμÎ¥Î´ÒÌ
(¤·μ¡´ÒÌ) § ·Ö¤μ¢, ²μ± ²¨§μ¢ ´´ÒÌ ¢ ¥£μ μ¡Ñ¥³¥. �μ¤Î¥·±´¥³, ÎÉμ É ±ÊÕ ®ÎÊ¢¸É¢¨É¥²Ó-
´μ¸ÉÓ¯ ± ¸É·Ê±ÉÊ·¥ ¨¸ÉμÎ´¨±  § ·Ö¤  ¶·μÖ¢²Ö¥É Éμ²Ó±μ μ¶¥· Éμ· (1) ¶·¨ Δg � const § 
¸Î¥É ¸¨´£Ê²Ö·´μ¸É¨ ¶·¨ r → 0. �¨ ±Ê²μ´μ¢¸±μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥, ´¨ ΔUAMM ¸ ÊÎ¥Éμ³
Ô±· ´¨·μ¢±¨ (2) É ±¨³ ¸¢μ°¸É¢μ³ ´¥ μ¡² ¤ ÕÉ.

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¡Ê¤¥É ¶μ± § ´μ, ´ ¸±μ²Ó±μ ´¥É·¨¢¨ ²Ó´Ò³ μ± §Ò¢ ¥É¸Ö É ±μ°
 ´ ²¨§ ¤²Ö ¶μÉ¥´Í¨ ²μ¢ (1) ¨ (2),   É ±¦¥ ± ± ³¥´ÖÕÉ¸Ö ¥£μ ·¥§Ê²ÓÉ ÉÒ ¶·¨ ¶¥·¥Ìμ¤¥ μÉ
ÊÎ¥É  μÉ¤¥²Ó´ÒÌ ÉμÎ¥Î´ÒÌ ¨¸ÉμÎ´¨±μ¢ (±¢ ·±μ¢), · ¸¶μ²μ¦¥´´ÒÌ ¢ Í¥´É·¥ Ö¤· , ± ÊÎ¥ÉÊ
¨Ì ¸³¥Ð¥´¨Ö ´  ¶¥·¨Ë¥·¨Õ ¨ μÉ Î¨¸Éμ ¶¥·ÉÊ·¡ É¨¢´μ£μ ± ¸ÊÐ¥¸É¢¥´´μ ´¥¶¥·ÉÊ·¡ É¨¢-
´μ³Ê ¶μ¤Ìμ¤Ê ¤²Ö ÊÎ¥É  ΔUAMM.

‚ Î ¸É´μ¸É¨, ³Ò ¶μ± ¦¥³, ÎÉμ ¢ ¸¢¥·ÌÉÖ¦¥²ÒÌ  Éμ³ Ì ¤²Ö ΔUAMM ¶·¨ Δg � const
´ ¨²ÊÎÏ¨¥ ·¥§Ê²ÓÉ ÉÒ ¤ ¥É ´¥¶¥·ÉÊ·¡ É¨¢´Ò° ¶μ¤Ìμ¤, ±μ£¤  μ¶¥· Éμ· (1) Ö¢²Ö¥É¸Ö · ¢-
´μ¶· ¢´Ò³ Î²¥´μ³ “„,   ’‚ ¶μ α/π ´¥ · ¡μÉ ¥É. �·¨ ÔÉμ³ Ö¤·μ ¸ · ¢´μ³¥·´μ° ¶²μÉ-
´μ¸ÉÓÕ § ·Ö¤  ¨ ¥£μ ¨³¨É Í¨Ö ¤¨¸±·¥É´μ° ¸¨¸É¥³μ° ¡μ²ÓÏμ£μ Î¨¸²  (¤μ 170Ä180 ¶·¨
±·¨É¨Î¥¸±¨Ì Z) ÉμÎ¥Î´ÒÌ ¨¸ÉμÎ´¨±μ¢ ¶·¨¢μ¤ÖÉ ¤²Ö ¢±² ¤  μÉ ΔUAMM ± ¸μ¢¶ ¤ ÕÐ¨³
¸ ÉμÎ´μ¸ÉÓÕ ´¥ ³¥´¥¥ 0,1 % ·¥§Ê²ÓÉ É ³, ´¥¸³μÉ·Ö ´  ¸ÊÐ¥¸É¢¥´´μ¥ · §²¨Î¨¥ ¢ ¸É·Ê±-
ÉÊ·¥ ¤¨· ±μ¢¸±μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨ (‚”). ‚ Éμ ¦¥ ¢·¥³Ö ¸ ÊÎ¥Éμ³ Ô±· ´¨·μ¢±¨ ³¥¦¤Ê
¶¥·ÉÊ·¡ É¨¢´Ò³¨ ¨ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³¨ ¸¶μ¸μ¡ ³¨ ÊÎ¥É  ΔUAMM ¢ “„ É ±¦¥ ¢μ§´¨-
± ¥É ´¥±μÉμ· Ö, ´μ ¸ÊÐ¥¸É¢¥´´μ ³¥´¥¥ §´ Î¨³ Ö · §´¨Í  ¢ ¶μ²Ó§Ê ¶μ¸²¥¤´¨Ì, ³¥¤²¥´´μ
· ¸ÉÊÐ Ö ¸ ·μ¸Éμ³ Z,   ¢ÒÎ¨¸²¥´¨¥ ¢±² ¤  μÉ ΔUAMM Î¥·¥§ ±¢ ·±μ¢ÊÕ ¸É·Ê±ÉÊ·Ê ¨
· ¢´μ³¥·´μ § ·Ö¦¥´´μ¥ Ö¤·μ ¢μμ¡Ð¥ ¶·¨¢μ¤¨É ± ¸μ¢¶ ¤ ÕÐ¨³ ¢ ¶·¥¤¥² Ì ÉμÎ´μ¸É¨ · ¸-
Î¥Éμ¢ ·¥§Ê²ÓÉ É ³. �μ¸²¥¤´¨° ·¥§Ê²ÓÉ É ²¥£±μ μ¡ÑÖ¸´¨³ Å Ì · ±É¥·´Ò° ³ ¸ÏÉ ¡ ¨§³¥-
´¥´¨Ö ‚” Î ¸É¨ÍÒ ± ± ¤²Ö (2), É ± ¨ ¤²Ö ±Ê²μ´μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¡Ê¤¥É ¶μ·Ö¤±  ¥¥
±μ³¶Éμ´μ¢¸±μ° ¤²¨´Ò, ¨ ¶μ¸²¥ Ê¸·¥¤´¥´¨Ö ÉμÎ¥Î´ÒÌ ¨¸ÉμÎ´¨±μ¢ ¶μ ¶μ²μ¦¥´¨Õ ¢´ÊÉ·¨
Ö¤·  ¢ ¸¨²Ê ³ ²μ¸É¨ · §³¥·μ¢ ¶μ¸²¥¤´¥£μ ¡Ê¤¥É ¢μ¸¸É ´ ¢²¨¢ ÉÓ¸Ö ‚” Î ¸É¨ÍÒ ¤²Ö ¢¸¥£μ
μ¤´μ·μ¤´μ § ·Ö¦¥´´μ£μ Ö¤·  ± ± ¨¸ÉμÎ´¨±  ±Ê²μ´μ¢¸±μ£μ ¶μ²Ö.

1. „ˆ��Œˆ—…‘Š�Ÿ �Š���ˆ��‚Š� �ŒŒ
„‹Ÿ Š“‹���‚‘Šˆ• ��’…�–ˆ�‹�‚

„¨´ ³¨Î¥¸± Ö Ô±· ´¨·μ¢±  �ŒŒ §  ¸Î¥É F2(q2) ¶·¨¢μ¤¨É ± ¢μ§´¨±´μ¢¥´¨Õ ÔËË¥±-
É¨¢´μ° § ¢¨¸¨³μ¸É¨ �ŒŒ Ô²¥±É·μ´  μÉ · ¸¸ÉμÖ´¨Ö r ¤μ ±Ê²μ´μ¢¸±μ£μ ¨¸ÉμÎ´¨± , ±μ-
Éμ· Ö ¨³¥¥É ¢¨¤ Δg(r) = Δgfree c(r), £¤¥ c(r) μ¶·¥¤¥²¥´  ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (3). „²Ö
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§ ¤ ´´μ£μ ±Ê²μ´μ¢¸±μ£μ ¶μÉ¥´Í¨ ²  ËÊ´±Í¨Ö c(r) ³μ¦¥É ¡ÒÉÓ ¢ÒÎ¨¸²¥´ , ¨ ¤²Ö ÉμÎ¥Î-
´μ£μ ±Ê²μ´μ¢¸±μ£μ ¨¸ÉμÎ´¨±  μ´  ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤ (μ¡μ§´ Î ¥³ cq) [8, 9]:

cq(r) = 1 −
∞∫

4m2

dQ2

Q2
e−Qr 1

π

Im F2(Q2)
F2(0)

, (4)

  ¢ ¸²ÊÎ ¥ ¶·μÉÖ¦¥´´μ£μ Ö¤·  · ¤¨Ê¸  R ¸ ¶μÉ¥´Í¨ ²μ³

Φ(r) = − Ze

4πr
, r > R, Φ(r) = −Ze

4π

3R2 − r2

2R3
, r � R, (5)

ËÊ´±Í¨Ö c(r) ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´  ¢ ¢¨¤¥ (μ¡μ§´ Î ¥³ cN ) [9]

cN (r) = 1 −
∞∫

4m2

dQ2

Q2

3QR coshQR − 3 sinhQR

R3Q3
e−Qr 1

π

Im F2(Q2)
F2(0)

, r > R, (6 )

cN (r) =
(3R2 − r2)

2R3
r − r

2m2R3
+

+

∞∫
4m2

dQ2

Q2

3(QR + 1)
R3Q3

sinh Qr e−QR 1
π

Im F2(Q2)
F2(0)

, r < R, (6¡)

£¤¥ ¢ μ¤´μ¶¥É²¥¢μ³ ¶·¨¡²¨¦¥´¨¨ [18]

1
π

Im F2(Q2) = 2F2(0)
m2

Q2

1√
1 − 4m2/Q2

.

ˆ§ (4), (6) ¸²¥¤Ê¥É, ÎÉμ c(r) � 1 ¢ μ¡² ¸É¨ r � 1/m,   ¶·¨ r → 0 ³μ´μÉμ´´μ ¸É·¥³¨É¸Ö
± ´Ê²Õ. ’ ±¨³ μ¡· §μ³, ¢´¥ § ¢¨¸¨³μ¸É¨ μÉ ¢¥²¨Î¨´Ò § ·Ö¤  ±Ê²μ´μ¢¸±μ£μ ¨¸ÉμÎ´¨± 
¶μ¢¥¤¥´¨¥ ΔUAMM ¢ Ô±· ´¨·μ¢ ´´μ³ ¸²ÊÎ ¥ ¸ÊÐ¥¸É¢¥´´μ μÉ²¨Î ¥É¸Ö μÉ ¶μÉ¥´Í¨ ² 
„¨· ± Ä� Ê²¨ ´  · ¸¸ÉμÖ´¨ÖÌ ¶μ·Ö¤±  ±μ³¶Éμ´μ¢¸±μ° ¤²¨´Ò Ô²¥±É·μ´  r � 1/m.

2. “��‚�…�ˆ… „ˆ��Š� ‘ ΔUAMM

‚ ‘‹“—�… „ˆ��Œˆ—…‘Š�‰ �Š���ˆ��‚Šˆ

�¡Ð¨° ¢¨¤ “„ ¤²Ö Î ¸É¨ÍÒ ¢ ±Ê²μ´μ¢¸±μ³ ¶μ²¥ Ö¤·  ¸ ÊÎ¥Éμ³ ¤μ¶μ²´¨É¥²Ó´μ£μ
ÔËË¥±É¨¢´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö §  ¸Î¥É �ŒŒ (2) ¨³¥¥É ¢¨¤ (� = c = m = 1)

(αp + β + U(r) + ΔUAMM)ψ = Eψ, (7)

£¤¥ U(r) = eΦ(r) Å ±Ê²μ´μ¢¸±¨° ¶μÉ¥´Í¨ ² Ö¤· , ¢ ±μÉμ·μ³ ±¢ ·±μ¢ Ö ¸É·Ê±ÉÊ·  ´¨± -
±μ° ¸¶¥Í¨ ²Ó´μ° ·μ²¨ ´¥ ¨£· ¥É, ¨ ¶μÔÉμ³Ê Φ(r) ¢Ò¡¨· ¥É¸Ö ¢ ¢¨¤¥ (5), £¤¥ · ¤¨Ê¸ Ö¤·  R,
± ± ¨ ¢ [9], μ¶·¥¤¥²Ö¥É¸Ö Î¥·¥§ Z Ëμ·³Ê²μ° (Ê¶·μÐ¥´´μ°) R � 1,229(2,5Z)1/3 ”³.

� Î´¥³ ¸ · ¸¸³μÉ·¥´¨Ö ΔUAMM ¢ ¢¨¤¥ (2), ±μ£¤  ÊÎ¨ÉÒ¢ ¥É¸Ö ¤¨´ ³¨Î¥¸± Ö Ô±· -
´¨·μ¢±  �ŒŒ. ‡ ³¥É¨³, ÎÉμ μ¶¥· Éμ· (2) ³μ¦¥É ¡ÒÉÓ ¶¥·¥¶¨¸ ´ Î¥·¥§ ±μ³³ÊÉ Éμ·
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¢ ¢¨¤¥ Zλ [γ · p, V (r)]. ’μ£¤  ¨§ Ê· ¢´¥´¨Ö (7) ¤²Ö ¢¥·Ì´¥° iϕ ¨ ´¨¦´¥° χ ±μ³¶μ´¥´É
¤¨· ±μ¢¸±μ£μ ¡¨¸¶¨´μ·  ¸²¥¤Ê¥É

i (σp + λ[σp, V (r)])ϕ = (ε + 1 − U(r))χ,

i (σp− λ[σp, V (r)])χ = −(ε − 1 − U(r))ϕ.
(8)

�·¨ ÔÉμ³ V (r) = ZcN (r)/r ¤²Ö ¢¸¥£μ Ö¤· , · ¸¸³ É·¨¢ ¥³μ£μ ± ± μÉ¤¥²Ó´Ò° μ¤´μ·μ¤´μ
§ ·Ö¦¥´´Ò° ±Ê²μ´μ¢¸±¨° ¨¸ÉμÎ´¨± ¤²Ö ΔUAMM,   ¶·¨ ÊÎ¥É¥ ±¢ ·±μ¢μ° ¸É·Ê±ÉÊ·Ò V (r)
¡Ê¤¥É μ¶·¥¤¥²ÖÉÓ¸Ö ¶μ cq(r) ¸ ÊÎ¥Éμ³ ±μ´±·¥É´μ° ±μ´Ë¨£Ê· Í¨¨ ±¢ ·±μ¢.

C´ Î ²  · ¸¸³μÉ·¨³ Í¥´É· ²Ó´ÊÕ § ¤ ÎÊ, ¨¸Ìμ¤Ö ¨§ Éμ£μ, ÎÉμ · §³¥· Ö¤·  ¸ÊÐ¥¸É¢¥´´μ
³¥´ÓÏ¥ ¸·¥¤´¥£μ · ¤¨Ê¸  Ô²¥±É·μ´´μ° ‚”, ¨ ¶μÔÉμ³Ê ¸³¥Ð¥´¨¥³ ±¢ ·±μ¢ ¨§ Í¥´É·  Ö¤· 
³μ¦´μ ¶·¥´¥¡·¥ÎÓ. ’μ£¤  ¤²Ö μÉ¤¥²Ó´μ£μ ±¢ ·±  ¢ Í¥´É·¥ Ö¤·  V (r) = Zqcq(r)/r.

Š ± ¤²Ö Í¥´É· ²Ó´ÒÌ ±¢ ·±μ¢, É ± ¨ ¤²Ö ¢¸¥£μ Ö¤·  ¶·¨ ´ ²¨Î¨¨ ΔUAMM ¡Ê¤ÊÉ ¶μ-
¶·¥¦´¥³Ê ¸μÌ· ´ÖÉÓ¸Ö ¶μ²´Ò° ³μ³¥´É Ô²¥±É·μ´  j ¨ μ¶¥· Éμ· k = β(σl + 1), ¶μÔÉμ³Ê ¢
¸É ´¤ ·É´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¤²Ö ³ É·¨Í „¨· ±  ¢¥·Ì´¨° ¨ ´¨¦´¨° ¸¶¨´μ·Ò Ô²¥±É·μ´´μ°
‚” ¡Ê¤ÊÉ ¸μ¤¥·¦ ÉÓ Ï ·μ¢Ò¥ ¸¶¨´μ·Ò Ωjlmj ¨ Ωjl′mj · §²¨Î´μ° Î¥É´μ¸É¨ ¨ · ¤¨ ²Ó´Ò¥
ËÊ´±Í¨¨ ifj(r) ¨ gj(r)

ψjmj =
1
r

(
ifj(r)Ωjlmj

gj(r)Ωjl′mj

)
. (9)

�·¨ ÔÉμ³ fj(r) ¨ gj(r) ¢¥Ð¥¸É¢¥´´Ò, ¨ l + l′ = 2j. �¶·¥¤¥²¥´¨¥ ¸Ë¥·¨Î¥¸±¨Ì £ ·³μ´¨±
¨ Ï ·μ¢ÒÌ ¸¶¨´μ·μ¢ ¸²¥¤Ê¥É ¨§ [19], ¶·¨ ÔÉμ³ Ωjl′mj = (σn)Ωjlmj . Cμ¸ÉμÖ´¨Ö ¸ j =
l + 1/2 ¨ · §²¨Î´μ° Î¥É´μ¸ÉÓÕ μÉ²¨Î ÕÉ¸Ö §´ Î¥´¨Ö³¨ κ = ±(j + 1/2) ¨ Ê¤μ¢²¥É¢μ·ÖÕÉ
Ê· ¢´¥´¨Ö³

(∂r − Zλν(r)/r2 + κ/r) fj = (ε + 1 − U(r)) gj ,

(∂r + Zλν(r)/r2 − κ/r) gj = −(ε − 1 − U(r)) fj ,
(10)

£¤¥ ν(r) = c(r) − rc′(r).
…Ð¥ · § μÉ³¥É¨³, ÎÉμ ¢ ¸²ÊÎ ¥ Í¥´É· ²Ó´ÒÌ ±¢ ·±μ¢ Î²¥´ νq(r)/r2 ¢¥¤¥É ¸¥¡Ö ¶·¨

r � 1 ± ± log r (ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É c(r) → 0),   ¶·¨ r → ∞ ± ± 1/r2 (ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É
c(r) → 1) [8]. „²Ö ¶·μÉÖ¦¥´´μ£μ Ö¤·  μÉ²¨Î¨¥ ¢ ¶μ¢¥¤¥´¨¨ νN (r)/r2 ¶μ ¸· ¢´¥´¨Õ
¸ ÉμÎ¥Î´Ò³ ¨¸ÉμÎ´¨±μ³ ¢μ§´¨± ¥É ´  ³ ¸ÏÉ ¡ Ì ¶μ·Ö¤±  · ¤¨Ê¸  Ö¤· ,   ¶·¨ r � R
Î²¥´ νN (r)/r2 ¢¥¤¥É ¸¥¡Ö ¶μÎÉ¨ ²¨´¥°´μ ¨ μ¡· Ð ¥É¸Ö ¢ ´Ê²Ó ¢ Í¥´É·¥ Ö¤· , ÎÉμ μ¶ÖÉÓ
¦¥ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ Éμ³, ÎÉμ ¢ ¤¨´ ³¨Î¥¸±μ° Ô±· ´¨·μ¢±¥ �ŒŒ ¸ÊÐ¥¸É¢¥´´Ò ¨³¥´´μ
¶·¥¤¥²Ó´μ ³ ²Ò¥ · ¸¸ÉμÖ´¨Ö,   ´¥  ³¶²¨ÉÊ¤  ¶μ²Ö, ±μÉμ· Ö ¢ Í¥´É·¥ Ö¤·  É ±¦¥ ¨¸Î¥§ ¥É.

—¨¸²¥´´μ¥ ·¥Ï¥´¨¥ ¸¨¸É¥³Ò (10) ¤²Ö Í¥´É· ²Ó´ÒÌ ±¢ ·±μ¢ ¨ c(r) = cq(r) ¶μ± §Ò¢ ¥É,
ÎÉμ ¤²Ö Ö¤·  ¸ ±·¨É¨Î¥¸±¨³ § ·Ö¤μ³ Z = 170 Ê·μ¢¥´Ó 1s1/2, ±μÉμ·Ò° ¸μμÉ¢¥É¸É¢Ê¥É
κ = −1, ¡Ê¤¥É ¸¤¢¨´ÊÉ μÉ´μ¸¨É¥²Ó´μ Î¨¸Éμ ±Ê²μ´μ¢¸±μ£μ ¸²ÊÎ Ö ¸ ¶μÉ¥´Í¨ ²μ³ (5)
¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Δεu(1s1/2) = 4,58 Ô‚, Δεd(1s1/2) = −2,29 Ô‚, (11 )

  ¤²Ö Ö¤·  ¸ Z = 183 ¨ Ê·μ¢´Ö 2p1/2 (κ = 1)  ´ ²μ£¨Î´Ò° · ¸Î¥É ¤ ¥É

Δεu(2p1/2) = −4,29 Ô‚, Δεd(2p1/2) = 2,15 Ô‚. (11¡)
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�É³¥É¨³, ÎÉμ ¢μ§³μ¦´μ¸ÉÓ ¢ÒÎ¨¸²¥´¨Ö Ô´¥·£¥É¨Î¥¸±μ£μ ¸¤¢¨£  ¢´¨§ μÉ´μ¸¨É¥²Ó´μ Î¨-
¸Éμ ±Ê²μ´μ¢¸±μ£μ μ¡¥¸¶¥Î¨¢ ¥É¸Ö É ±¨³ ¢Ò¡μ·μ³ § ¢¨¸¨³μ¸É¨ R(Z) ¢ (5), ÎÉμ¡Ò ´¨¦´¨¥
±Ê²μ´μ¢¸±¨¥ Ê·μ¢´¨ 1s1/2 ¶·¨ Z = 170 ¨ 2p1/2 ¶·¨ Z = 183 ²¥¦ ²¨ ÎÊÉÓ ¢ÒÏ¥ ¶μ·μ£ 
μÉ·¨Í É¥²Ó´μ£μ ±μ´É¨´ÊÊ³ .

�É¨ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¢±² ¤  μÉ ΔUAMM ¢ ¸¤¢¨£ Ê·μ¢´¥° Ö¢²ÖÕÉ¸Ö ¶μ²´μ¸ÉÓÕ ´¥¶¥·ÉÊ·-
¡ É¨¢´Ò³¨ ¶μ Zα ¨ ¶μ α/π (Î ¸É¨Î´μ) §  ¸Î¥É Éμ£μ, ÎÉμ Ë ±É¨Î¥¸±μ° ±μ´¸É ´Éμ° ¸¢Ö§¨
¢ ΔUAMM ¢ ¤ ´´μ³ ¸²ÊÎ ¥ Ö¢²Ö¥É¸Ö Zqλ, ±Ê¤  α/π ¢Ìμ¤¨É ± ± ¸μ³´μ¦¨É¥²Ó. �μ¤Î¥·±´¥³,
μ¤´ ±μ, ÎÉμ ÔÉ  § ¢¨¸¨³μ¸ÉÓ ´¥ ¨³¥¥É ´¨Î¥£μ μ¡Ð¥£μ ¸ ¸Ê³³¨·μ¢ ´¨¥³ · §²μ¦¥´¨Ö ¶μ
¶¥É²Ö³ ¤²Ö �ŒŒ, ¶μ¸±μ²Ó±Ê ¨¸Ìμ¤´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö μ¶¥· Éμ·  (3) μ¸´μ¢ ´μ ´  μ¤´μ¶¥-
É²¥¢μ³ ¶·¨¡²¨¦¥´¨¨ ¤²Ö ¢¥·Ï¨´´μ£μ Ë ±Éμ· . �μ ¶μ¸±μ²Ó±Ê ¢ · ³± Ì μ¤´μÎ ¸É¨Î´μ£μ
“„ (7) ¨³¥¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ÊÎ¥É  ¢±² ¤  μÉ ΔUAMM, ÔÉ¨³ ¸²¥¤Ê¥É
¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö, ÎÉμ¡Ò ¸· ¢´¨ÉÓ ·¥§Ê²ÓÉ ÉÒ ¶¥·ÉÊ·¡ É¨¢´μ£μ ¨ ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ¶μ¤-
Ìμ¤μ¢ ± ÊÎ¥ÉÊ ΔUAMM ¶·¨ ¡μ²ÓÏ¨Ì Z ¢¢¨¤Ê ¶μ¸²¥¤´¨Ì ¸ÊÐ¥¸É¢¥´´μ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ
· ¸Î¥Éμ¢ ¢ ±ÊÊ³´μ° Ô´¥·£¨¨ ¶·¨ Z > Zcr,1s [14Ä16], ±μÉμ·Ò¥ ¤¥³μ´¸É·¨·ÊÕÉ Ö¢´μ ´¥²¨-
´¥°´Ò° Ì · ±É¥· ÔÉμ£μ ÔËË¥±É  §  · ³± ³¨ ’‚.

�·¥¦¤¥ ¢¸¥£μ ·¥§Ê²ÓÉ ÉÒ (11) ¸²¥¤Ê¥É ¸· ¢´¨ÉÓ ¸ μÍ¥´±μ° ¸¤¢¨£  ¶μ ’‚, ±μ£¤  ΔUAMM

· ¸¸³ É·¨¢ ¥É¸Ö ± ± ¢μ§³ÊÐ¥´¨¥ ±Ê²μ´μ¢¸±μ£μ ¶μÉ¥´Í¨ ²  (5). ‚ ÔÉμ³ ¸²ÊÎ ¥ ¸¤¢¨£
±Ê²μ´μ¢¸±¨Ì Ê·μ¢´¥° ¸ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨ nj §  ¸Î¥É Í¥´É· ²Ó´ÒÌ ±¢ ·±μ¢ ´ Ìμ¤¨É¸Ö
¶μ Ëμ·³Ê²¥

Δεq(nj)PT = 〈ψ(0)
nj |ΔUAMM|ψ(0)

nj 〉 = −2Zqλ

∞∫
0

drf
(0)
nj (r) g

(0)
nj (r) νq(r), (12)

£¤¥ f
(0)
nj (r), g

(0)
nj (r) Å · ¤¨ ²Ó´Ò¥ ±μ³¶μ´¥´ÉÒ ´¥¢μ§³ÊÐ¥´´μ£μ ±Ê²μ´μ¢¸±μ£μ Ê·μ¢´Ö

μ¶·¥¤¥²¥´´μ° Î¥É´μ¸É¨ ψ
(0)
nj . ‚ÒÎ¨¸²¥´´Ò¥ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (12) §´ Î¥´¨Ö ΔεPT

q ¸μ-
¢¶ ¤ ÕÉ ¸ ·¥§Ê²ÓÉ É ³¨ (11) ¸ ÉμÎ´μ¸ÉÓÕ ´¥ ³¥´¥¥ 0,1 %. …¸²¨ É¥¶¥·Ó ÊÎ¥¸ÉÓ, ÎÉμ
¢ · ¸¸³ É·¨¢ ¥³μ³ ¸²ÊÎ ¥ ¸·¥¤´¨° · ¤¨Ê¸ Ô²¥±É·μ´´μ° ‚” ¡Ê¤¥É ¶μ·Ö¤±  O(1) 	 R,
¢¥·μÖÉ´μ¸ÉÓ ´ Ìμ¦¤¥´¨Ö Ô²¥±É·μ´  ¢´ÊÉ·¨ Ö¤·  � 0,02, ¶·¨Î¥³ ± ± ¸ ±¢ ·± ³¨ ¸ Í¥´É·¥,
É ± ¨ ¡¥§ ´¨Ì, Éμ ´  ¶¥·¢Ò° ¢§£²Ö¤ ¢±² ¤ μÉ ±¢ ·±μ¢ ¸μ ¸³¥Ð¥´¨¥³ ¨§ Í¥´É·  Ö¤·  ³μ¦¥É
μÉ²¨Î ÉÓ¸Ö μÉ (11) Éμ²Ó±μ ´  ¶μ¶· ¢±¨, ¨ ·¥§Ê²ÓÉ¨·ÊÕÐ¨° ¸¤¢¨£ Ô²¥±É·μ´´μ£μ Ê·μ¢´Ö
³μ¦¥É ¡ÒÉÓ ´ °¤¥´ ± ± ¶·Ö³ Ö ¸Ê³³ 

ΔεAMM = (2Z + N)Δεu + (Z + 2N)Δεd, (13)

£¤¥ Z Å Î¨¸²μ ¶·μÉμ´μ¢; N � 1,5Z Å Î¨¸²μ ´¥°É·μ´μ¢ (¤²Ö ¡μ²ÓÏ¨Ì Z). ‚ ·¥§Ê²ÓÉ É¥
¤²Ö ¸¤¢¨£  Ê·μ¢´¥° 1s1/2 §  ¸Î¥É ΔUAMM ¶·¨ Ö¤·¥ ¸ Z = 170 ¨ 2p1/2 ¶·¨ Z = 183
¶μ²ÊÎ ¥³

ΔεAMM (1s1/2, Z = 170) = 1,17 ±Ô‚,

ΔεAMM (2p1/2, Z = 183) = −1,18 ±Ô‚.
(14)

…¸²¨ ¦¥ ¶·¥´¥¡·¥ÎÓ ±¢ ·±μ¢μ° ¸É·Ê±ÉÊ·μ° Ö¤·  ¨ ¨¸¶μ²Ó§μ¢ ÉÓ cN (r), μ¶·¥¤¥²¥´´ÊÕ
¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (6), Éμ ¤²Ö ¶μ²´μ£μ ¸¤¢¨£  Ê·μ¢´Ö ¸ ¶μ³μÐÓÕ Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö
¸¨¸É¥³Ò (10) ¤²Ö ¢¸¥£μ Ö¤·  ± ± ¨¸ÉμÎ´¨±  ΔUAMM ¶μ²ÊÎ ¥³

DεAMM (1s1/2, Z = 170) = 1,12 ±Ô‚,

DεAMM (2p1/2, Z = 183) = −1,09 ±Ô‚.
(15)
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�Í¥´±  ¶μ ’‚ ¢ ÔÉμ³ ¸²ÊÎ ¥ ³μ¦¥É ¡ÒÉÓ ¸¤¥² ´  ´  μ¸´μ¢¥ ±Ê²μ´μ¢¸±¨Ì ‚” ψ
(0)
nj ¶μ

Ëμ·³Ê²¥

Dε (nj)PT = 〈ψ(0)
nj |ΔUAMM|ψ(0)

nj 〉 = −2Zλ

∞∫
0

drf
(0)
nj (r)g(0)

nj (r)νN (r), (16)

¨ μ´  ¤ ¥É §´ Î¥´¨Ö, ¸μ¢¶ ¤ ÕÐ¨¥ ¸ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³¨ ·¥§Ê²ÓÉ É ³¨ (15) ¸ ÉμÎ´μ¸ÉÓÕ
´¥ ÌÊ¦¥ 0,1%, É ± ¦¥ ± ± ¨ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¸¤¢¨£μ¢ μÉ μÉ¤¥²Ó´ÒÌ
Í¥´É· ²Ó´ÒÌ ±¢ ·±μ¢ (11), (12). �¤´ ±μ ¢ ¶·¨¡²¨¦¥´¨¨ Í¥´É· ²Ó´ÒÌ ±¢ ·±μ¢ ·¥§Ê²ÓÉ ÉÒ
¤²Ö ¸¤¢¨£  Ê·μ¢´¥° Î¥·¥§ ±¢ ·±μ¢ÊÕ ¸É·Ê±ÉÊ·Ê (14) ¨ ¶·μÉÖ¦¥´´μ¥ μ¤´μ·μ¤´μ § ·Ö¦¥´´μ¥
Ö¤·μ (15) § ³¥É´μ μÉ²¨Î ÕÉ¸Ö, ¨ ¤ ²¥¥ ³Ò ¶μ± ¦¥³, ± ± ¸ ÊÎ¥Éμ³ ¢±² ¤  μÉ ±¢ ·±μ¢ ´ 
¶¥·¨Ë¥·¨¨ Ö¤·  ÔÉμ ¸μμÉ¢¥É¸É¢¨¥ ³μ¦¥É ¡ÒÉÓ §´ Î¨É¥²Ó´μ Ê²ÊÎÏ¥´μ.

2.1. “Î¥É ¢±² ¤  μÉ ¶¥·¨Ë¥·¨¨ ¶μ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°. �¥§Ê²ÓÉ ÉÒ (14) ¤²Ö ¸¤¢¨-
£μ¢ Ê·μ¢´¥° 1s1/2 ¨ 2p1/2 ¢Ò¢μ¤ÖÉ¸Ö ¢ ¶·¥¤¶μ²μ¦¥´¨¨, ÎÉμ ¢¸¥ ±¢ ·±¨ ¢ Ö¤·¥ ³μ¦´μ
· ¸¸³ É·¨¢ ÉÓ ± ± Í¥´É· ²Ó´Ò¥. �¤´ ±μ § ³¥É´μ¥ · ¸Ìμ¦¤¥´¨¥ ÔÉ¨Ì ·¥§Ê²ÓÉ Éμ¢ ¸ (15)
Ê± §Ò¢ ¥É ´  Éμ, ÎÉμ ¸²¥¤Ê¥É μÉ¤¥²Ó´μ ÊÎ¥¸ÉÓ ¢±² ¤ ±¢ ·±μ¢, ´ Ìμ¤ÖÐ¨Ì¸Ö ´  ¶¥·¨Ë¥·¨¨
Ö¤· . ‘´ Î ²  · ¸¸³μÉ·¨³ ¸³¥Ð¥´¨¥ ±¢ ·±μ¢ ¨§ Í¥´É·  Ö¤·  ± ± ¢μ§³ÊÐ¥´¨¥. „²Ö ÔÉμ£μ
¶μ ’‚ ´ Ìμ¤¨³ ¶μ¶· ¢±Ê, ¢Ò§¢ ´´ÊÕ ¸³¥Ð¥´¨¥³ ´  ¢¥±Éμ· a Í¥´É· ²Ó´μ£μ ±¢ ·± , § É¥³
Ê¸·¥¤´Ö¥³ ¶μ²ÊÎ¥´´ÊÕ ¶μ¶· ¢±Ê ¶μ ¢¸¥³ ¢¥±Éμ· ³, ¤²Ö ±μÉμ·ÒÌ ¢Ò¶μ²´Ö¥É¸Ö Ê¸²μ¢¨¥
|a| � R.

� Î´¥³ ¸μ ¸²ÊÎ Ö, ±μ£¤  ´Ê²¥¢μ¥ ¶·¨¡²¨¦¥´¨¥ ¸μμÉ¢¥É¸É¢Ê¥É Í¥´É· ²Ó´Ò³ ±¢ ·± ³,
¨ É¥³ ¸ ³Ò³ ´¥¢μ§³ÊÐ¥´´Ò¥ ‚” É¥¶¥·Ó ¡Ê¤ÊÉ Î¥·¥§ ±Ê²μ´μ¢¸±¨° Î²¥´ ¢ (7) ¸μ¤¥·¦ ÉÓ
ÉμÎ´ÊÕ § ¢¨¸¨³μ¸ÉÓ μÉ Zα ¨ μ¤´μ¢·¥³¥´´μ ´¥²¨´¥°´μ § ¢¨¸¥ÉÓ μÉ α/π Î¥·¥§ ³´μ¦¨É¥²Ó
Zqλ ¢ ΔUAMM. ’μ£¤  ¶μ²´Ò° ¸¤¢¨£ Ê·μ¢´Ö ¸ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨ nj ¸ ÊÎ¥Éμ³ Ê¸·¥¤´¥´¨Ö
¶μ²μ¦¥´¨Ö ±¢ ·±  É¨¶  q ¶μ μ¡Ñ¥³Ê Ö¤·  ¸μ¸É ¢¨É Δεq + δεq , £¤¥

δεq(nj) =
3

4πR3

∫
da〈ψ(q)

nj |δUAMM(a)|ψ(q)
nj 〉, (17)

¶·¨ ÔÉμ³ ψ
(q)
nj , f

(q)
nj , g

(q)
nj Å ‚” § ¤ Î¨ (10) ¸ ±¢ ·±μ³ q ¢ Í¥´É·¥ Ö¤·  ¨

δUAMM(a) = −i Zqλ

(
νq(|r − a|)γ · (r − a)

|r − a|3 − νq(r)
γ · r
r3

)
. (18)

‚Ò· ¦¥´¨¥ (17) ¶μ¸²¥ Ê¶·μÐ¥´¨Ö ¶·¨´¨³ ¥É ¸²¥¤ÊÕÐ¨° ¢¨¤ (¤²Ö Ê·μ¢´¥° 1s1/2 ¨ 2p1/2):

δεq(nj) = 2Zqλ

∞∫
0

drf
(q)
nj (r) g

(q)
nj (r) νq(r)−

−Zqλ
3

R3

R∫
0

a2da

∞∫
0

r2dr

1∫
−1

dx f
(q)
nj (r)g(q)

nj (r) νq

(
[r2 + a2 − 2rax]1/2

) r − ax

[r2 + a2 − 2rax]3/2
.

(19)

�μ²´Ò° ¸¤¢¨£ Ê·μ¢´¥° §  ¸Î¥É ΔUAMM ¸ ÊÎ¥Éμ³ Ê¸·¥¤´¥´¨Ö ¶μ μ¡Ñ¥³Ê Ö¤·  μ¶·¥¤¥²Ö¥É¸Ö
 ´ ²μ£¨Î´μ (13):

DεAMM = (2Z + N)(Δεu + δεu) + (Z + 2N)(Δεd + δεd). (20)
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�·¥¦¤¥ Î¥³ ¶·¨¢¥¸É¨ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢, § ³¥É¨³, ÎÉμ ¢ (17) ¢ ± Î¥¸É¢¥ ´Ê²¥-
¢μ£μ ¶·¨¡²¨¦¥´¨Ö ³μ¦´μ ¢Ò¡· ÉÓ Î¨¸Éμ ±Ê²μ´μ¢¸±¨¥ ËÊ´±Í¨¨, ± ± ¢ ¸²ÊÎ ¥ ¸ μÍ¥´-
± ³¨ (12), (16). ’μ£¤ , ± ± Ê¦¥ μÉ³¥Î ²μ¸Ó ¢ · §¤. 2, ¶μ²ÊÎ ¥³Ò¥ ·¥§Ê²ÓÉ ÉÒ ¡Ê¤ÊÉ ´¥¶¥·-
ÉÊ·¡ É¨¢´μ ÊÎ¨ÉÒ¢ ÉÓ ¢¸Õ § ¢¨¸¨³μ¸ÉÓ μÉ Zα, ´μ ¶·¨ ÔÉμ³ Ö¢²ÖÉÓ¸Ö ÔËË¥±Éμ³ Éμ²Ó±μ
¶¥·¢μ£μ ¶μ·Ö¤±  ¶μ α/π. „²Ö ¸¤¢¨£  Ê·μ¢´¥° ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³μ¤¥°¸É¢¨Ö Ô²¥±É·μ´  § 
¸Î¥É �ŒŒ (2) ¸ ±¢ ·±μ³, ¸³¥Ð¥´´Ò³ ´  · ¸¸ÉμÖ´¨¥ a μÉ Í¥´É·  Ö¤· , Éμ£¤  ¶μ²ÊÎ ¥³
(¤²Ö Ê·μ¢´¥° 1s1/2 ¨ 2p1/2):

(Δεq + δεq)PT(a, nj) = 〈ψ(0)
nj | − i Zqλ (γ · (r − a))

νq(|r − a|)
|r − a|3 |ψ(0)

nj 〉 =

= −Zqλ

∞∫
0

r2dr

1∫
−1

dx f
(0)
nj (r)g(0)

nj (r) νq

(
[r2 + a2 − 2rax]1/2

) r − ax

[r2 + a2 − 2rax]3/2
. (21)

‡ ¢¨¸¨³μ¸ÉÓ |(Δεq + δεq(a))PT/Zq| ¤²Ö Ê·μ¢´¥° 1s1/2 ¨ 2p1/2 ¶·¨ Z ∼ Zcr ¶μ± § ´ 
´  ·¨¸. 1.

„ ²¥¥ ¨§ (21) ´ Ìμ¤¨³ Ê¸·¥¤´¥´´Ò° ¶μ ¶μ²μ¦¥´¨Õ ¢´ÊÉ·¨ Ö¤·  ¸¤¢¨£, ¢Ò§¢ ´´Ò°
μ¤´¨³ ±¢ ·±μ³ ¤ ´´μ£μ É¨¶ :

(Δεq + δεq)PT(nj) =
3

4πR3

∫
da (Δεq + δεq)PT(a, nj), (22)

¶μ¸²¥ Î¥£μ μ¶ÖÉÓ ¦¥ ¶μ  ´ ²μ£¨¨ ¸ (13) ´ Ìμ¤¨³ ¶μ²´Ò° ¸¤¢¨£ DεPT(nj).
‚ É ¡². 1, 2 ¶·¨¢¥¤¥´Ò §´ Î¥´¨Ö ¸¤¢¨£μ¢ Ê·μ¢´¥° 1s1/2 ¨ 2p1/2 §  ¸Î¥É ¤¨´ ³¨Î¥¸±¨

Ô±· ´¨·μ¢ ´´μ£μ �ŒŒ ¤²Ö μÉ¤¥²Ó´ÒÌ ±¢ ·±μ¢, ´ °¤¥´´Ò¥ · §²¨Î´Ò³¨ ¸¶μ¸μ¡ ³¨, ± ±
´¥¶¥·ÉÊ·¡ É¨¢´μ ´  μ¸´μ¢¥ ·¥Ï¥´¨Ö ¸¨¸É¥³Ò (10) ¸ Í¥´É· ²Ó´Ò³¨ ±¢ ·± ³¨, É ± ¨ ¸
¨¸¶μ²Ó§μ¢ ´¨¥³ ’‚ (12),   É ±¦¥ ¸ ÊÎ¥Éμ³ ¸³¥Ð¥´¨Ö (17), (22). Š ± ¨ ¢ ¶·¥¤Ò¤ÊÐ¥³
· §¤¥²¥, §´ Î¥´¨Ö, ¢ÒÎ¨¸²¥´´Ò¥ ¢ · ³± Ì ’‚ c ´¥¢μ§³ÊÐ¥´´Ò³¨ ±Ê²μ´μ¢¸±¨³¨ ‚”, ¤μ-
¶μ²´¨É¥²Ó´μ μÉ³¥Î¥´Ò ¨´¤¥±¸μ³ ®PT¯. �É³¥É¨³, ÎÉμ §´ Î¥´¨Ö Δεq +δεq ¨ (Δεq +δεq)PT

�¨¸. 1. ‡ ¢¨¸¨³μ¸ÉÓ |(Δεq +δεq(a))/Zq| ¤²Ö ÉμÎ¥Î´ÒÌ ¨¸ÉμÎ´¨±μ¢, ¥¸²¨ ÊÎ¨ÉÒ¢ ¥É¸Ö ¤¨´ ³¨Î¥¸± Ö

Ô±· ´¨·μ¢±  �ŒŒ. “·μ¢¥´Ó 1s1/2 ¶·¨ Z = 170 Å ¸¶²μÏ´ Ö ²¨´¨Ö, Ê·μ¢¥´Ó 2p1/2 ¶·¨ Z = 183 Å
ÏÉ·¨Ìμ¢ Ö. „²Ö ¶μ²μ¦¨É¥²Ó´μ£μ § ·Ö¤  ¨¸ÉμÎ´¨±  ¸¤¢¨£ Ê·μ¢´Ö 1s1/2 ¶μ²μ¦¨É¥²Ó´Ò°, ¸¤¢¨£ Ê·μ¢´Ö

2p1/2 Å μÉ·¨Í É¥²Ó´Ò°
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’ ¡²¨Í  1. ‘¤¢¨£¨ Ê·μ¢´Ö 1s1/2 §  ¸Î¥É ΔUAMM ¢ ¢¨¤¥ (2) ¤²Ö μÉ¤¥²Ó´ÒÌ ±¢ ·±μ¢ (¢ Ô‚)

Z Δεu ΔεPT
u δεu Δεu + δεu (Δεu + δεu)PT

140 2,380 2,382 Ä0,0238 2,356 2,360
150 3,120 3,125 Ä0,0522 3,068 3,072
160 3,905 3,910 Ä0,1060 3,799 3,804
170 4,575 4,580 Ä0,1900 4,385 4,390

Z Δεd ΔεPT
d δεd Δεd + δεd (Δεd + δεd)PT

140 Ä1,190 Ä1,191 0,0119 Ä1,178 Ä1,180
150 Ä1,560 Ä1,563 0,0261 Ä1,534 Ä1,536
160 Ä1,953 Ä1,955 0,0529 Ä1,900 Ä1,902
170 Ä2,287 Ä2,290 0,0950 Ä2,192 Ä2,195

’ ¡²¨Í  2. ‘¤¢¨£¨ Ê·μ¢´Ö 2p1/2 §  ¸Î¥É ΔUAMM ¢ ¢¨¤¥ (2) ¤²Ö μÉ¤¥²Ó´ÒÌ ±¢ ·±μ¢ (¢ Ô‚)

Z Δεu ΔεPT
u δεu Δεu + δεu (Δεu + δεu)PT

160 Ä2,652 Ä2,654 0,0782 Ä2,633 Ä2,637
170 Ä3,558 Ä3,560 0,1690 Ä3,431 Ä3,433
180 Ä4,171 Ä4,174 0,2850 Ä3,896 Ä3,897
183 Ä4,293 Ä4,295 0,3220 Ä3,970 Ä3,972

Z Δεd ΔεPT
d δεd Δεd + δεd (Δεd + δεd)PT

160 1,355 1,358 Ä0,0391 1,316 1,318
170 1,800 1,801 Ä0,0844 1,715 1,716
180 2,090 2,092 Ä0,1420 1,948 1,949
183 2,146 2,147 Ä0,1610 1,985 1,986

¤²Ö ¸¤¢¨£μ¢ ¸ ÊÎ¥Éμ³ ¸³¥Ð¥´¨Ö, ´ °¤¥´´Ò¥ ¸ · §²¨Î´μ° ¸É¥¶¥´ÓÕ ÉμÎ´μ¸É¨ ¶μ α/π, μÉ-
²¨Î ÕÉ¸Ö ´¥ ¡μ²¥¥ Î¥³ ´  ∼ 0,1 % ¤²Ö μ¡μ¨Ì É¨¶μ¢ ±¢ ·±μ¢, ¶μÔÉμ³Ê ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥
±·¨¢Ò¥ ¤²Ö |(Δεq + δεq(a))/Zq|, ¶μ± § ´´Ò¥ ´  ·¨¸. 1, μ± §Ò¢ ÕÉ¸Ö ¶· ±É¨Î¥¸±¨ ´¥μÉ²¨-
Î¨³Ò³¨.

‚ É ¡². 3, 4 ¶·¨¢¥¤¥´Ò §´ Î¥´¨Ö ¶μ²´ÒÌ ¸¤¢¨£μ¢ Ê·μ¢´¥° 1s1/2 ¨ 2p1/2 §  ¸Î¥É ¤¨´ ³¨-
Î¥¸±¨ Ô±· ´¨·μ¢ ´´μ£μ �ŒŒ, ¢ÒÎ¨¸²¥´´Ò¥ ´¥¶¥·ÉÊ·¡ É¨¢´μ ± ± ´  μ¸´μ¢¥ ·¥Ï¥´¨Ö ¸¨-
¸É¥³Ò (10) ¤²Ö ¢¸¥£μ Ö¤·  (15) ¨ ¶μ ’‚ (16), É ± ¨ ´  μ¸´μ¢¥ ·¥§Ê²ÓÉ Éμ¢ ¨§ É ¡². 1, 2. Š ±
¸²¥¤Ê¥É ¨§ ¶·¨¢¥¤¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢, ÊÎ¥É ¢±² ¤  Éμ²Ó±μ μÉ Í¥´É· ²Ó´ÒÌ ±¢ ·±μ¢ (¶¥·¢Ò¥
¤¢¥ ±μ²μ´±¨ ¢ É ¡². 3, 4) ¸ ·μ¸Éμ³ Z ´ Î¨´ ¥É ¶·¨¢μ¤¨ÉÓ ± ¸¨²Ó´μ³Ê (Ê¦¥ ¢ É·¥ÉÓ¥³ §´ ±¥)
· ¸Ìμ¦¤¥´¨Õ ¸ ¡μ²¥¥ ÉμÎ´Ò³¨ · ¸Î¥É ³¨, ÊÎ¨ÉÒ¢ ÕÐ¨³¨ ¢±² ¤ μÉ ¶¥·¨Ë¥·¨¨ Ö¤· . ‚
¸¢μÕ μÎ¥·¥¤Ó, ÊÎ¥É ¢±² ¤  μÉ ¶¥·¨Ë¥·¨¨ Ö¤·  ¶·¨¢μ¤¨É ¢ ¸μμÉ¢¥É¸É¢¨¥ §´ Î¥´¨Ö, ¶μ²Ê-
Î¥´´Ò¥ ¤²Ö ¢¸¥£μ Ö¤·  ± ± ±Ê²μ´μ¢¸±μ£μ ¨¸ÉμÎ´¨±  ¤²Ö ΔUAMM (15), (16), ¨ §´ Î¥´¨Ö,
´ °¤¥´´Ò¥ ¸Ê³³¨·μ¢ ´¨¥³ ¨´¤¨¢¨¤Ê ²Ó´ÒÌ ¢±² ¤μ¢ μÉ ¢¸¥Ì ±¢ ·±μ¢ ¢ Ö¤·¥ (17), (22),
ÌμÉÖ ÊÎ¥É ¶¥·¨Ë¥·¨¨ ¶μ (15), (16) ¨ ¶μ (17), (22) ¸ÊÐ¥¸É¢¥´´μ · §²¨Î´Ò° Å ¢ ¶¥·-
¢μ³ ¸²ÊÎ ¥ ¶μ²´Ò° § ·Ö¤ § ¤ ¥É¸Ö Î¥·¥§ μ¤´μ·μ¤´ÊÕ ¶²μÉ´μ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö ¶μ μ¡Ñ¥³Ê
Ö¤· ,   ¢μ ¢Éμ·μ³ Å ¸³¥Ð ÕÉ¸Ö ÉμÎ¥Î´Ò¥ ±¢ ·±¨. ‘· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢, ¶μ²ÊÎ¥´´ÒÌ
· §²¨Î´Ò³¨ ³¥Éμ¤ ³¨, ¶μ± §Ò¢ ¥É, ÎÉμ ´ ¨²ÊÎÏ¨³ μ¡· §μ³ ³¥¦¤Ê ¸μ¡μ° ¸μ£² ¸ÊÕÉ¸Ö
μÍ¥´±¨ (15) ¨ (20) (3-Ö, 4-Ö ±μ²μ´±¨), ¶μ²ÊÎ¥´´Ò¥ ¸ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³ ÊÎ¥Éμ³ ± ± ¶μ
Zα, É ± ¨ (Î ¸É¨Î´μ) ¶μ α/π,   É ±¦¥ (16) ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¸Ê³³  μÉ¤¥²Ó´ÒÌ ¸¤¢¨-
£μ¢ (22), ±μÉμ·Ò¥ ¢ÒÎ¨¸²¥´Ò ¶μ ’‚ ´  μ¸´μ¢¥ ´¥¢μ§³ÊÐ¥´´ÒÌ ±Ê²μ´μ¢¸±¨Ì ‚” (5-Ö, 6-Ö
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’ ¡²¨Í  3. �μ²´Ò¥ ¸¤¢¨£¨ Ê·μ¢´Ö 1s1/2 §  ¸Î¥É ΔUAMM ¢ ¢¨¤¥ (2) (¢ ±Ô‚)

Z Δε ΔεPT Dε Dε DεPT DεPT

130 0,346579 0,346967 0,344301 0,344506 0,344890 0,345100
140 0,499771 0,500275 0,494512 0,494765 0,495260 0,495551
150 0,701953 0,703130 0,689946 0,690200 0,691335 0,691157
160 0,937248 0,938431 0,911676 0,911853 0,912975 0,912911
170 1,166570 1,167942 1,118285 1,118136 1,119560 1,119541

’ ¡²¨Í  4. �μ²´Ò¥ ¸¤¢¨£¨ Ê·μ¢´Ö 2p1/2 §  ¸Î¥É ΔUAMM ¢ ¢¨¤¥ (2) (¢ ±Ô‚)

Z Δε ΔεPT Dε Dε DεPT DεPT

150 Ä0,354971 Ä0,355106 Ä0,372568 Ä0,372250 Ä0,372442 Ä0,372440
160 Ä0,617588 Ä0,617420 Ä0,632095 Ä0,631870 Ä0,632793 Ä0,632790
170 Ä0,893154 Ä0,893796 Ä0,874857 Ä0,874811 Ä0,875325 Ä0,875320
180 Ä1,122856 Ä1,123497 Ä1,051722 Ä1,051839 Ä1,052329 Ä1,052321
183 Ä1,178294 Ä1,178957 Ä1,089671 Ä1,089837 Ä1,090388 Ä1,090379

±μ²μ´±¨). �·¨ ÔÉμ³ ¸ ·μ¸Éμ³ Z ³¥¦¤Ê ¶¥·ÉÊ·¡ É¨¢´Ò³¨ ¨ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³¨ ·¥§Ê²ÓÉ -
É ³¨ ¤²Ö ¶μ²´ÒÌ ¸¤¢¨£μ¢ 1s1/2 ¨ 2p1/2 É ±¦¥ ´ ¡²Õ¤ ¥É¸Ö · ¸Ìμ¦¤¥´¨¥, ´μ Ê¦¥ Éμ²Ó±μ
¢ ¸²¥¤ÊÕÐ¥³ (Î¥É¢¥·Éμ³) §´ ±¥.

2.2. �¥¶¥·ÉÊ·¡ É¨¢´Ò° ÊÎ¥É ΔUAMM ¤²Ö ´¥¸±μ²Ó±¨Ì ¸³¥Ð¥´´ÒÌ ±¢ ·±μ¢. �μ± 
³Ò ÊÎ¨ÉÒ¢ ²¨ ¢±² ¤Ò μÉ μÉ¤¥²Ó´ÒÌ ±¢ ·±μ¢ ¢ ¸¤¢¨£ Ô´¥·£¥É¨Î¥¸±¨Ì Ê·μ¢´¥°, · ¸¸³ É·¨-
¢ Ö ¨Ì ¸³¥Ð¥´¨¥ ¨§ Í¥´É·  Ö¤·  ± ± ¢μ§³ÊÐ¥´¨¥ ¨ ¡¥§ ÊÎ¥É  ¨Ì ¢§ ¨³´ÒÌ ±μ··¥²ÖÍ¨°.
�μ± ¦¥³ É¥¶¥·Ó, ± ±¨³ μ¡· §μ³ ³μ¦¥É ¡ÒÉÓ ¢Ò¶μ²´¥´ ´¥¶¥·ÉÊ·¡ É¨¢´Ò° ÊÎ¥É ¢§ ¨³μ-
¤¥°¸É¢¨Ö Ô²¥±É·μ´  ¸ ´¥¸±μ²Ó±¨³¨ ¸³¥Ð¥´´Ò³¨ ¨§ Í¥´É·  Ö¤·  ÉμÎ¥Î´Ò³¨ ¨¸ÉμÎ´¨± ³¨
(±¢ ·± ³¨) §  ¸Î¥É ΔUAMM. � ¸¸³μÉ·¨³ ¸²ÊÎ ° ¤¢ÊÌ ÉμÎ¥Î´ÒÌ ±¢ ·±μ¢ ¸ § ·Ö¤μ³ Zq,
· ¸¶μ²μ¦¥´´ÒÌ ´  μ¸¨ z ¢ ÉμÎ± Ì z = ±a. ’μ£¤ , ¸ ÊÎ¥Éμ³ ÔËË¥±É¨¢´μ° § ¢¨¸¨³μ¸É¨
�ŒŒ Ô²¥±É·μ´  μÉ ±μμ·¤¨´ É,

V (r) = Zq

(
cq(|r − a|)
|r − a| +

cq(|r + a|)
|r + a|

)
, a = aez. (23)

‘¶¨´μ·Ò ϕ, χ, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ·¥Ï¥´¨Õ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (8) ¸ μ¶·¥¤¥²¥´´μ°
Î¥É´μ¸ÉÓÕ ¨ mj , ¡Ê¤¥³ ¨¸± ÉÓ ¢ ¢¨¤¥ · §²μ¦¥´¨Ö ¶μ Ï ·μ¢Ò³ ¸¶¨´μ· ³, ±μÉμ·μ¥ ¤²Ö
Î¥É´μ£μ Ê·μ¢´Ö ¨³¥¥É ¢¨¤

ϕ =
∑
k=0

(
uk Ω(+)

2k,mj
+ vk Ω(−)

2k+2,mj

)
, χ =

∑
k=0

(
pk Ω(+)

2k+1,mj
+ qk Ω(−)

2k+1,mj

)
, (24 )

  ¤²Ö ´¥Î¥É´μ£μ

ϕ =
∑
k=0

(
uk Ω(+)

2k+1,mj
+ vk Ω(−)

2k+1,mj

)
, χ =

∑
k=0

(
pk Ω(+)

2k,mj
+ qk Ω(−)

2k+2,mj

)
, (24¡)

£¤¥ ¢¢¥¤¥´Ò Ê¤μ¡´Ò¥ ¤²Ö ¤ ²Ó´¥°Ï¥£μ μ¡μ§´ Î¥´¨Ö Ω(+)
l,mj

≡ Ωjlmj ¨ Ω(−)
l+1,mj

≡ (σn)Ωjlmj ,
  ¢¸¥ · ¤¨ ²Ó´Ò¥ ËÊ´±Í¨¨ uk, vk, pk, qk ³μ¦´μ ¸Î¨É ÉÓ ¤¥°¸É¢¨É¥²Ó´Ò³¨.
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�μ¤¸É ´μ¢±  · §²μ¦¥´¨° (24 ), (24¡) ¢ Ê· ¢´¥´¨¥ (8) ¶·¨¢μ¤¨É ± ¸¨¸É¥³¥ Ê· ¢´¥´¨°
´  · ¤¨ ²Ó´Ò¥ ËÊ´±Í¨¨ uk, vk, pk, qk, ¸¢μ¥° ¤²Ö ± ¦¤μ° Î¥É´μ¸É¨. „²Ö Î¥É´μ£μ Ê·μ¢´Ö
¸ Ë¨±¸¨·μ¢ ´´Ò³ mj ¸¨¸É¥³  ¶·¨´¨³ ¥É ¢¨¤

∂ruk − 2k

r
uk + λ

∑
s

(
A2k;2s(r)us + B2k;2s+2(r)vs

)
= (ε + 1 − U(r))qk,

∂rvk +
2k + 3

r
vk + λ

∑
s

(
C2k+2;2s(r)us + D2k+2;2s+2(r)vs

)
= (ε + 1 − U(r))pk,

∂rpk − 2k + 1
r

pk − λ
∑

s

(
A2k+1;2s+1(r)ps + B2k+1;2s+1(r)qs

)
= −(ε − 1 − U(r))vk ,

∂rqk +
2k + 2

r
qk − λ

∑
s

(
C2k+1;2s+1(r)ps + D2k+1;2s+1(r)qs

)
= −(ε − 1 − U(r))uk,

(25 )

  ¤²Ö ´¥Î¥É´μ£μ

∂ruk − 2k + 1
r

uk + λ
∑

s

(
A2k+1;2s+1(r)us + B2k+1;2s+1(r)vs

)
= (ε + 1 − U(r))qk,

∂rvk +
2k + 2

r
vk + λ

∑
s

(
C2k+1;2s+1(r)us + D2k+1;2s+1(r)vs

)
= (ε + 1 − U(r))pk,

∂rpk − 2k

r
pk − λ

∑
s

(
A2k;2s(r)ps + B2k;2s+2(r)qs

)
= −(ε − 1 − U(r))vk,

∂rqk +
2k + 3

r
qk − λ

∑
s

(
C2k+2;2s(r)ps + D2k+2;2s+2(r)qs

)
= −(ε − 1 − U(r))uk,

(25¡)

£¤¥ ±μÔËË¨Í¨¥´É´Ò¥ · ¤¨ ²Ó´Ò¥ ËÊ´±Í¨¨ A(r), B(r), C(r), D(r) ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ°
³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ μÉ ±μ³³ÊÉ Éμ·  [σp, V (r)] ¶μ Ï ·μ¢Ò³ ¸¶¨´μ· ³:

Al;s(r) = i〈Ω(−)
l+1,mj

|[σp, V (r)]|Ω(+)
s,mj

〉,

Bl;s(r) = i〈Ω(−)
l+1,mj

|[σp, V (r)]|Ω(−)
s,mj

〉,

Cl;s(r) = i〈Ω(+)
l−1,mj

|[σp, V (r)]|Ω(+)
s,mj

〉,

Dl;s(r) = i〈Ω(+)
l−1,mj

|[σp, V (r)]|Ω(−)
s,mj

〉,

(26)

¨ ³μ£ÊÉ ¡ÒÉÓ ¸¢¥¤¥´Ò ± ³ É·¨Î´Ò³ Ô²¥³¥´É ³ ¢¨¤  〈Ω(±)
l,mj

|V (r)|Ω(∓)
s,mj 〉, ¤²Ö ¢ÒÎ¨¸²¥´¨Ö

±μÉμ·ÒÌ Ê¤μ¡´¥¥ ¢¸¥£μ ¨¸¶μ²Ó§μ¢ ÉÓ  ±¸¨ ²Ó´ÊÕ ¸¨³³¥É·¨Õ ¶μÉ¥´Í¨ ²  V (r) ¨ ¶·¥¤¸É -
¢¨ÉÓ ¥£μ ¢ ¢¨¤¥ ¶ ·Í¨ ²Ó´μ£μ · §²μ¦¥´¨Ö

V (r) =
∑

n

Gn(r)Pn(cos ϑ). (27)
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’μ£¤  ¤²Ö ËÊ´±Í¨° A(r), B(r), C(r), D(r) ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö:

Al;s(r) =
|l+s|∑

n=|l−s|

(
∂r −

l − s

r

)
Gn(r)W+

+ (n; l; s),

Bl;s(r) =
|l+s|∑

n=|l−s|

(
∂r −

l + s + 1
r

)
Gn(r)W+

− (n; l; s),

Cl;s(r) =
|l+s|∑

n=|l−s|

(
∂r +

l + s + 1
r

)
Gn(r)W−

+ (n; l; s),

Dl;s(r) =
|l+s|∑

n=|l−s|

(
∂r +

l − s

r

)
Gn(r)W−

− (n; l; s),

(28)

£¤¥ ±μÔËË¨Í¨¥´ÉÒ W±
∓ (n; l; s) ≡ 〈Ω(±)

l,mj
|Pn(cos ϑ)|Ω(∓)

s,mj 〉 ¸¢μ¤ÖÉ¸Ö ± ±μ³¡¨´ Í¨¨ 3j-
¸¨³¢μ²μ¢:

W+
± (n; l; s) =

√
(l + mj + 1/2)(s ± mj + 1/2)w−

n (l; s)±

±
√

(l − mj + 1/2)(s ∓ mj + 1/2)w+
n (l; s),

W−
± (n; l; s) =

√
(l − mj + 1/2)(s ± mj + 1/2)w−

n (l; s)∓

∓
√

(l + mj + 1/2)(s ∓ mj + 1/2)w+
n (l; s),

w±
n (l; s) = (−1)mj±1/2

(
l n s

−(mj ± 1/2) 0 mj ± 1/2

) (
l n s
0 0 0

)
.

(29)

ŠμÔËË¨Í¨¥´É´Ò¥ ËÊ´±Í¨¨ Gn(r), Ë¨£Ê·¨·ÊÕÐ¨¥ ¢ · §²μ¦¥´¨¨ (27), ¨³¥ÕÉ ¨´É¥£· ²Ó-
´μ¥ ¶·¥¤¸É ¢²¥´¨¥

Gn(r) =
2n + 1

2

π∫
0

sin θ dθ Pn(cos θ)V (r, θ). (30)

’ ± ± ± ¶μÉ¥´Í¨ ² V (r) Ö¢²Ö¥É¸Ö Î¥É´Ò³, Éμ μÉ²¨Î´Ò³¨ μÉ ´Ê²Ö ¡Ê¤ÊÉ Éμ²Ó±μ Gn(r) ¤²Ö
Î¥É´ÒÌ n. ‘ ÊÎ¥Éμ³ Ö¢´μ£μ ¢¨¤  c(r) ¤²Ö ÉμÎ¥Î´μ£μ ¨¸ÉμÎ´¨±  (4) ¨ · §²μ¦¥´¨Ö

eik|r−a|

|r − a| =
iπ

2
√

ra

∞∑
l=0

(2l + 1)Jl+1/2(kr<)H(1)
l+1/2(kr>)Pl(cos θ), (31)

£¤¥ r< = min (r, a), r> = max (r, a),   É ±¦¥ Ê¸²μ¢¨Ö μ·Éμ£μ´ ²Ó´μ¸É¨ ¶μ²¨´μ³μ¢ ‹¥-
¦ ´¤· , ·¥§Ê²ÓÉ É ¤²Ö ËÊ´±Í¨° (30) ¶·¨ Î¥É´ÒÌ n ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

Gn(r) = 2Zq

⎛
⎝ rn

<

rn+1
>

− 2n + 1
2
√

ra

∞∫
4m2

dQ2

Q2

Im F2(Q2)
F2(0)

i Jn+1/2(iQr<)H
(1)
n+1/2(iQr>)

⎞
⎠ .

(32)
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‚ÒÎ¨¸²¥´¨Ö, ¶·μ¢¥¤¥´´Ò¥ ¤²Ö ¶ ·Ò u- ¨ ¶ ·Ò d-±¢ ·±μ¢, ¶μ± §Ò¢ ÕÉ, ÎÉμ ¸¤¢¨£
Ê·μ¢´Ö δεqq(a) §  ¸Î¥É ¸³¥Ð¥´¨Ö ¨§ Í¥´É·  ¤²Ö É ±¨Ì ¶ · ¶·μ¶μ·Í¨μ´ ²¥´ ¸Ê³³ ·´μ³Ê
§ ·Ö¤Ê ±¢ ·±μ¢,   ±·¨¢Ò¥ |(2Δεq + δεqq(a))/2Zq| ¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ÕÉ ¸ ¶·¥¤¸É ¢²¥´-
´Ò³¨ ´  ·¨¸. 1. �¤´μ¢·¥³¥´´Ò° ÊÎ¥É ¡μ²ÓÏ¥£μ Î¨¸²  ±¢ ·±μ¢ ¢ ±μ´Ë¨£Ê· Í¨¨ É¨¶ 
uuu, ddd, udu, dud ¸ ¤μ¶μ²´¨É¥²Ó´Ò³ Í¥´É· ²Ó´Ò³ ±¢ ·±μ³ ÔÉμ° ± ·É¨´Ò ´¥ ¨§³¥-
´Ö¥É. ‚ ·¥§Ê²ÓÉ É¥ ¢¥²¨Î¨´  ¸Ê³³ ·´μ£μ ¸¤¢¨£  Ê·μ¢´Ö, ¢ÒÎ¨¸²¥´´ Ö ¶μ  ´ ²μ£¨¨ ¸ (20),
¸μ¸É ¢²Ö¥É Dε = 1,118 ±Ô‚ ¤²Ö Ê·μ¢´Ö 1s1/2 ¶·¨ Z = 170 ¨ Dε = −1,089 ±Ô‚ ¤²Ö
Ê·μ¢´Ö 2p1/2 ¶·¨ Z = 183, ÎÉμ ´ ¨²ÊÎÏ¨³ μ¡· §μ³ ¸μ£² ¸Ê¥É¸Ö ¸ ¤·Ê£¨³ ´¥¶¥·ÉÊ·¡ É¨¢-
´Ò³ ·¥§Ê²ÓÉ Éμ³ (15), ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ±μÉμ·μ£μ ¢¸¥ ¶·μÉÖ¦¥´´μ¥ Ö¤·μ · ¸¸³ É·¨¢ ²μ¸Ó
± ± ¨¸ÉμÎ´¨± ΔUAMM, ¨ ¸ ·¥§Ê²ÓÉ É ³¨ ÊÎ¥É  ¸³¥Ð¥´¨Ö ¶μ ’‚, ±μ£¤  ¢ ± Î¥¸É¢¥ ´Ê-

²¥¢μ£μ ¶·¨¡²¨¦¥´¨Ö ¨¸¶μ²Ó§μ¢ ²¨¸Ó ‚” ¸ ±¢ ·±μ³ ¢ Í¥´É·¥ ψ
(q)
nj . �Éμ ¶μ± §Ò¢ ¥É, ÎÉμ

´¥¶¥·ÉÊ·¡ É¨¢´Ò° ¶μ¤Ìμ¤ ± ÊÎ¥ÉÊ ΔUAMM ¢ · ³± Ì “„ (7) ¨³¥¥É ÌμÉÓ ¨ ´¥¡μ²ÓÏμ¥,
´μ ¶·¥¨³ÊÐ¥¸É¢μ ¶¥·¥¤ Î¨¸Éμ ¶¥·ÉÊ·¡ É¨¢´Ò³¨ ³¥Éμ¤ ³¨. ’ ±¨³ μ¡· §μ³, ´ ¨²ÊÎÏ¨³
¶·¨¡²¨¦¥´¨¥³ ± ÉμÎ´μ³Ê ·¥§Ê²ÓÉ ÉÊ ¤²Ö Ô´¥·£¥É¨Î¥¸±μ£μ ¸¤¢¨£  Ê·μ¢´Ö nj, ÊÎ¨ÉÒ¢ Õ-
Ð¥³Ê ¨ ³´μ£μ±¢ ·±μ¢Ò¥ ±μ´Ë¨£Ê· Í¨¨, Ö¢²Ö¥É¸Ö ¶·¨¡²¨¦¥´¨¥ μ¤´μ·μ¤´μ § ·Ö¦¥´´μ£μ
Ö¤·  ± ± ¨¸ÉμÎ´¨±  ΔUAMM (15) ¨ ¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ÕÐ¨° ¸ ´¨³ · ¸Î¥É Î¥·¥§ (17)Ä
(20), ÎÉμ ¨ ¡Ò²μ ¨¸¶μ²Ó§μ¢ ´μ ¢ · ¡μÉ¥ [9] ¶·¨ ¨¸¸²¥¤μ¢ ´¨¨ ¸±μ·μ¸É¨ ·μ¸É  ¢±² ¤  μÉ
Ô±· ´¨·μ¢ ´´μ£μ ΔUAMM.

3. ��ˆ�‹ˆ†…�ˆ… Δg � const

�·¨¢¥¤¥³ É¥¶¥·Ó ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¢±² ¤  μÉ ΔUAMM ¢ ¢¨¤¥ (1), É. ¥. ±μ£¤  Ô±· ´¨·μ¢± 
�ŒŒ ¶μ Ê¶μ³Ö´ÊÉÒ³ ¢ÒÏ¥ ¶·¨Î¨´ ³ μÉ¸ÊÉ¸É¢Ê¥É. ‚ ¶·¨¡²¨¦¥´¨¨ Δg � const ¤²Ö
¶μÉ¥´Í¨ ²  ÔËË¥±É¨¢´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö �ŒŒ ¸ ¢´¥Ï´¨³ ±Ê²μ´μ¢¸±¨³ ¶μ²¥³ Φ(r)
¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥

ΔUAMM(r) = −i λγ · ∇
(

4πΦ(r)
e

)
, (33)

±μÉμ·μ¥ ¨³¥¥É ÉμÎ´μ É ±ÊÕ ¦¥ ¸É·Ê±ÉÊ·Ê, ± ± ¨ ¨¸¶μ²Ó§μ¢ ´´Ò° · ´¥¥ ¶μÉ¥´Í¨ ² (2).
‚ ÔÉμ³ ¸²ÊÎ ¥ ¨¸Ìμ¤´μ¥ “„ (7) ¸¢μ¤¨É¸Ö ± Éμ° ¦¥ ¸¨¸É¥³¥ Ê· ¢´¥´¨° (8) ¸ É¥³ ²¨ÏÓ
μÉ²¨Î¨¥³, ÎÉμ É¥¶¥·Ó ËÊ´±Í¨Ö V (r) ²¨´¥°´μ ¸¢Ö§ ´  ¸ ±Ê²μ´μ¢¸±¨³ ¶μÉ¥´Í¨ ²μ³ ¨¸ÉμÎ-
´¨±μ¢,   ¨³¥´´μ V (r) = −4πΦ(r)/e. „²Ö ÉμÎ¥Î´ÒÌ ¨¸ÉμÎ´¨±μ¢ ¶¥·¥Ìμ¤ ± ¸²ÊÎ Õ, ±μ£¤ 
ÔËË¥±É¨¢´ Ö § ¢¨¸¨³μ¸ÉÓ �ŒŒ μÉ · ¸¸ÉμÖ´¨Ö ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö, ¸¢μ¤¨É¸Ö ± ¶μ¢¸¥³¥¸É´μ°
§ ³¥´¥ cq(r) ≡ 1.

Š ± ¨ ¢ ¶·¥¤Ò¤ÊÐ¨Ì · §¤¥² Ì, ´ Î´¥³ ¸ · ¸¸³μÉ·¥´¨Ö Í¥´É· ²Ó´μ° § ¤ Î¨. —¨¸²¥´´μ¥
·¥Ï¥´¨¥ ¸¨¸É¥³Ò (10) ¤²Ö Í¥´É· ²Ó´ÒÌ ±¢ ·±μ¢ ¢ ¶·¨¡²¨¦¥´¨¨ Δg = const ¶μ± §Ò¢ ¥É,
ÎÉμ ¤²Ö Ö¤·  ¸ ±·¨É¨Î¥¸±¨³ § ·Ö¤μ³ Z = 170 Ê·μ¢¥´Ó 1s1/2 §  ¸Î¥É ΔUAMM ¸ Í¥´É· ²Ó-
´Ò³¨ ±¢ ·± ³¨ ¡Ê¤¥É ¸¤¢¨´ÊÉ μÉ´μ¸¨É¥²Ó´μ Î¨¸Éμ ±Ê²μ´μ¢¸±μ£μ ¸²ÊÎ Ö ¸ ¶μÉ¥´Í¨ ²μ³ (5)
¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Δεu(1s1/2) = 244,1 Ô‚, Δεd(1s1/2) = 10,0 Ô‚, (34 )

  ¤²Ö Ö¤·  ¸ Z = 183 ¨ Ê·μ¢´Ö 2p1/2  ´ ²μ£¨Î´Ò° Î¨¸²¥´´Ò° · ¸Î¥É ¤ ¥É

Δεu(2p1/2) = 74,7 Ô‚, Δεd(2p1/2) = 194,8 Ô‚. (34¡)
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�·¨ ÔÉμ³ ¢ÒÎ¨¸²¥´¨Ö ¤²Ö Í¥´É· ²Ó´ÒÌ ±¢ ·±μ¢ ¢ · ³± Ì ’‚ ¶μ Ëμ·³Ê²¥ (12) (¶·¨ ÔÉμ³
νq ≡ 1), ±μ£¤  ΔUAMM · ¸¸³ É·¨¢ ¥É¸Ö ± ± ¢μ§³ÊÐ¥´¨¥ ±Ê²μ´μ¢¸±μ£μ ¶μÉ¥´Í¨ ²  Ö¤· ,
¤ ÕÉ ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö:

Δεu(1s1/2)PT = 244,26 Ô‚, Δεd(1s1/2)PT = −122,13 Ô‚,

Δεu(2p1/2)PT = −390,77 Ô‚, Δεd(2p1/2)PT = 195,38 Ô‚.
(35)

‚μ§´¨± ÕÐ¨¥ ¸ÊÐ¥¸É¢¥´´Ò¥ · §²¨Î¨Ö ³¥¦¤Ê (34) ¨ (35) ¤²Ö u-±¢ ·±  ¢ ¸²ÊÎ ¥ Ê·μ¢´Ö
2p1/2 ¨ d-±¢ ·±  ¢ ¸²ÊÎ ¥ 1s1/2 μ¡Ê¸²μ¢²¥´Ò É¥³, ÎÉμ ¶·¨ ´ ²¨Î¨¨ ÉμÎ¥Î´μ£μ ±¢ ·± 
¢ Í¥´É·¥ Ö¤·  ΔUAMM ¢ ¢¨¤¥ (33) ¶·¨¢μ¤¨É ± §´ Î¨É¥²Ó´μ° ¶¥·¥¸É·μ°±¥ μ¤´μ° ¨§ ±μ³-
¶μ´¥´É ‚” ¨ ¨Ì Ô±¸¶μ´¥´Í¨ ²Ó´μ ¡Ò¸É·μ³Ê Ê¡Ò¢ ´¨Õ ¶·¨ r → 0 ´  Ëμ´¥ ³ ±¸¨³ ²Ó´μ°
 ³¶²¨ÉÊ¤Ò [20], É¥³ ¸ ³Ò³ ¥£μ ÊÎ¥É ¶μ ’‚ ¨ ¤μ²¦¥´ ¶·¨¢μ¤¨ÉÓ ± ¤·Ê£μ³Ê ·¥§Ê²ÓÉ ÉÊ.
‡´ Î¨É¥²Ó´μ¥ · ¸Ìμ¦¤¥´¨¥ ¸ ¶μ²ÊÎ¥´´Ò³¨ · ´¥¥ ·¥§Ê²ÓÉ É ³¨ (11) ¤²Ö Í¥´É· ²Ó´ÒÌ
±¢ ·±μ¢, ±μ£¤  ÊÎ¨ÉÒ¢ ² ¸Ó ÔËË¥±É¨¢´ Ö § ¢¨¸¨³μ¸ÉÓ �ŒŒ μÉ · ¸¸ÉμÖ´¨Ö, μ¡Ê¸²μ¢²¥´μ
É¥³, ÎÉμ ¤²Ö ¡μ²ÓÏ¨Ì Z ∼ Zcr ‚” ²μ± ²¨§μ¢ ´  ¢¡²¨§¨ Ö¤·  ´  · ¸¸ÉμÖ´¨ÖÌ r � 1/m,
É. ¥. ± ± · § ¢ Éμ° μ¡² ¸É¨, ¢ ±μÉμ·μ° · ¸¸³μÉ·¥´´ Ö · ´¥¥ ¤¨´ ³¨Î¥¸± Ö Ô±· ´¨·μ¢± 
�ŒŒ ´ ¨¡μ²¥¥ ¸ÊÐ¥¸É¢¥´´ .

�  μ¸´μ¢¥ ·¥§Ê²ÓÉ Éμ¢ (34), (35) ¶μ  ´ ²μ£¨¨ ¸ (13) ¶μ²ÊÎ ¥³ μÍ¥´±Ê ´  ¶μ²´Ò° ¸¤¢¨£
Ê·μ¢´¥° ¢¡²¨§¨ £· ´¨ÍÒ ´¨¦´¥£μ ±μ´É¨´ÊÊ³ , ¥¸²¨ ¢¸¥ ±¢ ·±¨ ¸Î¨É ÕÉ¸Ö Í¥´É· ²Ó´Ò³¨:

ΔεAMM(1s1/2, Z = 170) = 152,0 ±Ô‚,

ΔεAMM(1s1/2, Z = 170)PT = 62,3 ±Ô‚,

ΔεAMM(2p1/2, Z = 183) = 190,4 ±Ô‚,

ΔεAMM(2p1/2, Z = 183)PT = −107,3 ±Ô‚.

(36)

„²Ö ¢¸¥£μ ¶·μÉÖ¦¥´´μ£μ Ö¤·  ¢ ± Î¥¸É¢¥ ¨¸ÉμÎ´¨±  ΔUAMM ¸¨¸É¥³  Ê· ¢´¥´¨° ¶μ²Ê-
Î ¥É¸Ö ¨§ (10) ¸ ¶μ³μÐÓÕ § ³¥´Ò

Zλν(r)/r2 → Zλr/R3, r � R; Zλν(r)/r2 → Zλ/r2, r > R, (37)

´  μ¸´μ¢¥ ±μÉμ·μ° ¸¤¢¨£ ³μ¦¥É ¡ÒÉÓ μ¶·¥¤¥²¥´ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³ μ¡· §μ³ ± ± ¶μ Zα,
É ± ¨ (Î ¸É¨Î´μ) ¶μ α/π. ‚ÒÎ¨¸²¥´¨Ö ¤ ÕÉ (¤²Ö Ê·μ¢´Ö 2p1/2 ¶·¨¢¥¤¥´ ¸¤¢¨£ ¤²Ö Z = 181,
¶μ¸±μ²Ó±Ê ¤²Ö Z = 183 Ê·μ¢¥´Ó ¶μ£·Ê¦ ¥É¸Ö ¢ μÉ·¨Í É¥²Ó´Ò° ±μ´É¨´ÊÊ³)

DεAMM (1s1/2, Z = 170) = 43,93 ±Ô‚, DεAMM (2p1/2, Z = 181) = −70,77 ±Ô‚. (38)

�¥§Ê²ÓÉ É ¢ · ³± Ì ’‚ ¢ ÔÉμ³ ¸²ÊÎ ¥ μ¶·¥¤¥²Ö¥É¸Ö ¶μ Ëμ·³Ê²¥

Dε(nj)PT = −2Zλ

⎡
⎣ 1

R3

R∫
0

dr r3 +

∞∫
R

dr

⎤
⎦ f

(0)
nj (r)g(0)

nj (r), (39)

£¤¥ f
(0)
nj (r), g

(0)
nj (r) μ¶·¥¤¥²¥´Ò É ± ¦¥, ± ± ¨ ¢ (16), ¨ ¸μ¸É ¢²Ö¥É

DεAMM (1s1/2, Z = 170)PT = 46,14 ±Ô‚,

DεAMM (2p1/2, Z = 181)PT = −67,88 ±Ô‚,

DεAMM (2p1/2, Z = 183)PT = −72,91 ±Ô‚.

(40)
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� §²¨Î¨Ö ³¥¦¤Ê ¶¥·ÉÊ·¡ É¨¢´Ò³¨ (40) ¨ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³¨ (38) ·¥§Ê²ÓÉ É ³¨ ¤²Ö
¢¸¥£μ Ö¤·  ¸μ¸É ¢²ÖÕÉ ´¥ ¡μ²¥¥ ∼ 5−10 %, ¢ Éμ ¢·¥³Ö ± ± ¶μ²ÊÎ¥´´Ò¥ · §²¨Î´Ò³¨
³¥Éμ¤ ³¨ ¢ ¶·¨¡²¨¦¥´¨¨ Í¥´É· ²Ó´ÒÌ ±¢ ·±μ¢ §´ Î¥´¨Ö (36) § ³¥É´μ μÉ²¨Î ÕÉ¸Ö ¤·Ê£
μÉ ¤·Ê£  ¨ ¶·¥¢μ¸Ìμ¤ÖÉ μÍ¥´±¨ ¤²Ö ¢¸¥£μ Ö¤·  ¢ ´¥¸±μ²Ó±μ · §. „ ²¥¥ · ¸¸³μÉ·¨³ ¢±² ¤
μÉ ±¢ ·±μ¢ ´  ¶¥·¨Ë¥·¨¨ Ö¤·  ¨ Ê¡¥¤¨³¸Ö ¢ Éμ³, ÎÉμ, ± ± ¨ ¢ Ô±· ´¨·μ¢ ´´μ³ ¸²ÊÎ ¥,
ÊÎ¥É ÔÉμ£μ ¢±² ¤  ¶·¨¢μ¤¨É μÍ¥´±¨ (38), (40) ¢ ¸μμÉ¢¥É¸É¢¨¥ μÍ¥´± ³ ¤²Ö ¸¤¢¨£  Ê·μ¢´¥°
Î¥·¥§ ±¢ ·±μ¢ÊÕ ¸É·Ê±ÉÊ·Ê.

‚ ´¥Ô±· ´¨·μ¢ ´´μ³ ¸²ÊÎ ¥ ³ É·¨Î´Ò° Ô²¥³¥´É μÉ δUAMM(a) ¨³¥¥É ¡μ²¥¥ ¶·μ¸Éμ°
¢¨¤, §  ¸Î¥É Î¥£μ ¨´É¥£· ² ¶μ Ê£²μ¢Ò³ ¶¥·¥³¥´´Ò³ ¢ (17) ³μ¦¥É ¡ÒÉÓ ¢§ÖÉ ¤²Ö ¶·μ¨§-
¢μ²Ó´ÒÌ nlj. „¥°¸É¢¨É¥²Ó´μ, ¶μ¸±μ²Ó±Ê n(r − a)/|r − a|3 = −n∇|r − a|−1, ¢³¥¸Éμ (19)
¶μ²ÊÎ ¥³

〈ψ(q)
nj |δUAMM(a)|ψ(q)

nj 〉 = 2Zqλ

∞∫
0

dr f
(q)
nj (r)g(q)

nj (r)−

− 2Zqλ

∫
dr(r2f

(q)
nj (r)g(q)

nj (r))′
∫

dωr Ω†
jlmj

1
|r − a|Ωjlmj . (41)

ˆ´É¥£· ² ¶μ Ê£²μ¢Ò³ ¶¥·¥³¥´´Ò³ ¡¥·¥É¸Ö ¢ ¤¢  ÔÉ ¶ . ‘´ Î ²  ¤²Ö 1/|r− a| ¨¸¶μ²Ó§Ê¥³
· §²μ¦¥´¨¥ ¶μ ¶μ²¨´μ³ ³ ‹¥¦ ´¤·  ¨ É¥μ·¥³Ê ¸²μ¦¥´¨Ö ¤²Ö Ê£²μ¢ÒÌ £ ·³μ´¨±, ¶μ¸²¥
Î¥£μ ¸²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉμ ¶·¨ Ê¸·¥¤´¥´¨¨ ¶μ a ¨´É¥£·¨·μ¢ ´¨¥ ¶μ dωa μ¸É ¢²Ö¥É ¢ ÔÉμ³
· §²μ¦¥´¨¨ Éμ²Ó±μ Î²¥´ ¸ n = 0, ¨ ¢ ·¥§Ê²ÓÉ É¥ Ê£²μ¢μ° ¨´É¥£· ² ¢ (41) ¤ ¥É 1/a ¶·¨
r < a ¨ 1/r ¶·¨ r > a. ‘ ÊÎ¥Éμ³ Éμ£μ, ÎÉμ · ¤¨ ²Ó´Ò¥ ±μ³¶μ´¥´ÉÒ ¨¸Î¥§ ÕÉ ¶·¨ r = 0
¨ ¶·¨ r → ∞, μ¸É ¢Ï¥¥¸Ö ¢Ò· ¦¥´¨¥ ¶·¥μ¡· §Ê¥É¸Ö ± ¶·μ¸Éμ³Ê ¢¨¤Ê

∫
dωa〈ψ(q)

nj |δUAMM(a)|ψ(q)
nj 〉 = 4π · 2Zqλ

a∫
0

dr f
(q)
nj (r)g(q)

nj (r) (42)

¨ ¶μ¸²¥ Ê¸·¥¤´¥´¨Ö ¶μ μ¡Ñ¥³Ê Ö¤·  ¶·¨¢μ¤¨É ± μ¡Ð¥³Ê μÉ¢¥ÉÊ ¤²Ö Ê¸·¥¤´¥´´μ£μ ¸¤¢¨£ 

δεq(nj) = 2Zqλ

R∫
0

dr f
(q)
nj (r) g

(q)
nj (r)(1 − (r/R)3). (43)

�´ ²μ£¨Î´Ò³ μ¡· §μ³ ¢ÒÎ¨¸²Ö¥É¸Ö ¨´É¥£· ² ¢ (21), (22), ¨ ¢Ò¡μ· ¢ ± Î¥¸É¢¥ ´Ê²¥¢μ£μ
¶·¨¡²¨¦¥´¨Ö Î¨¸Éμ ±Ê²μ´μ¢¸±¨Ì ‚” ¤ ¥É

(Δεq + δεq)PT(nj) = −2Zqλ

R∫
0

dr f
(0)
nj (r) g

(0)
nj (r)

( r

R

)3

− 2Zqλ

∞∫
R

dr f
(0)
nj (r) g

(0)
nj (r). (44)

‚ É ¡². 5, 6 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ¸¤¢¨£μ¢ Ê·μ¢´¥° 1s1/2 ¨ 2p1/2 §  ¸Î¥É
ΔUAMM ¡¥§ Ô±· ´¨·μ¢±¨ ¤²Ö μÉ¤¥²Ó´ÒÌ ±¢ ·±μ¢, ¶μ²ÊÎ¥´´Ò¥ ¸ ¶μ³μÐÓÕ · §²¨Î´ÒÌ ¶μ¤-
Ìμ¤μ¢ (μ¡μ§´ Î¥´¨Ö ¸μ¢¶ ¤ ÕÉ ¸ ¨¸¶μ²Ó§Ê¥³Ò³¨ · ´¥¥ ¢ É ¡². 1, 2). �¥¸³μÉ·Ö ´  Éμ, ÎÉμ
¸¤¢¨£¨ ¤²Ö Í¥´É· ²Ó´ÒÌ ±¢ ·±μ¢, ¢ÒÎ¨¸²¥´´Ò¥ ´¥¶¥·ÉÊ·¡ É¨¢´μ ¨ ¶μ ’‚, ¸ÊÐ¥¸É¢¥´´μ
· §²¨Î ÕÉ¸Ö (d-±¢ ·± ¤²Ö Ê·μ¢´Ö 1s1/2 ¨ u-±¢ ·± ¤²Ö 2p1/2), ÊÎ¥É ±¢ ·±μ¢ ´  ¶¥·¨Ë¥·¨¨
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’ ¡²¨Í  5. ‘¤¢¨£¨ Ê·μ¢´Ö 1s1/2 §  ¸Î¥É ΔUAMM ¢ ¢¨¤¥ (33) ¤²Ö μÉ¤¥²Ó´ÒÌ ±¢ ·±μ¢ (¢ Ô‚)

Z Δεu ΔεPT
u δεu Δεu + δεu (Δεu + δεu)PT

140 38,9 39,0 Ä5,4 33,5 33,6
150 77,4 77,7 Ä13,8 63,6 63,9
160 145,1 145,7 Ä31,7 113,4 113,8
170 244,1 244,3 Ä63,2 180,9 181,6

Z Δεd ΔεPT
d δεd Δεd + δεd (Δεd + δεd)PT

140 Ä4,4 Ä19,5 Ä12,3 Ä16,7 Ä16,8
150 Ä4,3 Ä38,9 Ä27,5 Ä31,8 Ä31,9
160 Ä0,7 Ä72,9 Ä56,0 Ä56,7 Ä56,9
170 10,0 Ä112,1 Ä100,5 Ä90,5 Ä90,8

’ ¡²¨Í  6. ‘¤¢¨£¨ Ê·μ¢´Ö 2p1/2 §  ¸Î¥É ΔUAMM ¢ ¢¨¤¥ (33) ¤²Ö μÉ¤¥²Ó´ÒÌ ±¢ ·±μ¢ (¢ Ô‚)

Z Δεu ΔεPT
u δεu Δεu + δεu (Δεu + δεu)PT

160 Ä2,3 Ä107,5 Ä81,1 Ä83,4 Ä83,8
170 18,1 Ä217,7 Ä177,5 Ä159,4 Ä160,0
180 59,0 Ä350,1 Ä300,9 Ä241,9 Ä242,8
183 74,7 Ä390,8 Ä340,2 Ä265,5 Ä266,3

Z Δεd ΔεPT
d δεd Δεd + δεd (Δεd + δεd)PT

160 53,5 53,7 Ä11,8 41,7 41,9
170 108,4 108,9 Ä28,7 79,7 80,0
180 174,4 175,1 Ä53,4 121,0 121,4
183 194,8 195,4 Ä62,0 132,8 133,2

¶·¨¢μ¤¨É ¨Éμ£μ¢Ò° Ê¸·¥¤´¥´´Ò° ¸¤¢¨£ (Δεq +δεq) ¢ ¸μμÉ¢¥É¸É¢¨¥ ¶μ²ÊÎ¥´´μ³Ê ´  μ¸´μ¢¥
Î¨¸Éμ ±Ê²μ´μ¢¸±¨Ì ‚” (Δεq +δεq)PT. ‘¶¥Í¨ ²Ó´μ μÉ³¥É¨³, ÎÉμ ¥¸²¨ ÉμÎ´Ò¥ ¸¤¢¨£¨ Δεq

μÉ Í¥´É· ²Ó´ÒÌ u- ¨ d-±¢ ·±μ¢ ¤·Ê£ ¸ ¤·Ê£μ³ ´¨± ± ´¥ ±μ··¥²¨·ÊÕÉ, Éμ ¶μ¸²¥ Ê¸·¥¤´¥-
´¨Ö ¶μ μ¡Ñ¥³Ê Ö¤·  ¤²Ö ¢¸¥Ì Z ¸ ÉμÎ´μ¸ÉÓÕ ´¥ ³¥´¥¥ 0,1 % ¢Ò¶μ²´Ö¥É¸Ö ¸μμÉ´μÏ¥´¨¥
(Δεu + δεu)/(Δεd + δεd) � Zu/Zd. �Éμ ¸μμÉ´μÏ¥´¨¥ Ö¢²Ö¥É¸Ö μÎ¥¢¨¤´Ò³ ¤²Ö ¸²ÊÎ Ö,
±μ£¤  ¸ ³ μ¶¥· Éμ· ΔUAMM · ¸¸³ É·¨¢ ¥É¸Ö ± ± ¢μ§³ÊÐ¥´¨¥, ´μ ¢ ¤ ´´μ³ ¸²ÊÎ ¥ μ´μ
¢μ§´¨± ¥É ¨ ¶·¨ É ±μ³ ¢ÒÎ¨¸²¥´¨¨ ¸¤¢¨£μ¢, ±μ£¤  ´Ê²¥¢μ¥ ¶·¨¡²¨¦¥´¨¥ Ö¢²Ö¥É¸Ö ´¥¶¥·-
ÉÊ·¡ É¨¢´Ò³ ¶μ ΔUAMM.

‚ É ¡². 7, 8 ¶·¨¢¥¤¥´Ò §´ Î¥´¨Ö ¶μ²´ÒÌ ¸¤¢¨£μ¢ Ê·μ¢´¥° 1s1/2 ¨ 2p1/2, ¢ÒÎ¨¸²¥´´Ò¥
´  μ¸´μ¢¥ §´ Î¥´¨° ¨§ É ¡². 5, 6 ¶μ Ëμ·³Ê² ³ (13), (20) ¸ ¶μ³μÐÓÕ ·¥Ï¥´¨Ö ¸¨¸É¥³Ò (10)
¶μ¸²¥ § ³¥´Ò (37),   É ±¦¥ ¶μ ’‚ (39). “Î¥É ¢±² ¤  Éμ²Ó±μ μÉ Í¥´É· ²Ó´ÒÌ ±¢ ·±μ¢ ¤ ¥É
·¥§Ê²ÓÉ ÉÒ, ¸ÊÐ¥¸É¢¥´´μ μÉ²¨Î´Ò¥ μÉ ¶μ²ÊÎ¥´´ÒÌ ¤·Ê£¨³¨ ³¥Éμ¤ ³¨, ¶·¨Î¥³ ¤²Ö · ¸-
¸³ É·¨¢ ¥³μ£μ ¶μÉ¥´Í¨ ²  (33) ÔÉμ · ¸Ìμ¦¤¥´¨¥ ¢ · §Ò, ¢ μÉ²¨Î¨¥ μÉ Ô±· ´¨·μ¢ ´´μ£μ
¸²ÊÎ Ö (¸·. ¸ É ¡². 3, 4). �¸É ²Ó´Ò¥ ³¥Éμ¤Ò ¤ ÕÉ ¡²¨§±¨¥ ·¥§Ê²ÓÉ ÉÒ, μ¤´ ±μ É¥¶¥·Ó μÉ-
²¨Î¨¥ ³¥¦¤Ê Dε ¨ DεPT ¡μ²¥¥ § ³¥É´μ ¨ ¸μ¸É ¢²Ö¥É ∼ 5 %. Š·μ³¥ Éμ£μ, ÊÎ¥É ¢±² ¤μ¢
μÉ μÉ¤¥²Ó´ÒÌ ±¢ ·±μ¢ ¸ ¨Ì ¶μ¸²¥¤ÊÕÐ¨³ Ê¸·¥¤´¥´¨¥³ ¶μ μ¡Ñ¥³Ê Ö¤·  ¶·¨¢μ¤¨É ± ¶· ±-
É¨Î¥¸±¨ ¸μ¢¶ ¤ ÕÐ¨³ ·¥§Ê²ÓÉ É ³ ¢´¥ § ¢¨¸¨³μ¸É¨ μÉ Éμ£μ, ± ±¨¥ ‚” ¨¸¶μ²Ó§ÊÕÉ¸Ö
¢ ± Î¥¸É¢¥ ´Ê²¥¢μ£μ ¶·¨¡²¨¦¥´¨Ö. „ ²¥¥ ³Ò ¶μ± ¦¥³, ÎÉμ ¶·¨ ¶μ²´μ¸ÉÓÕ ´¥¶¥·ÉÊ·¡ -
É¨¢´μ³ ÊÎ¥É¥ ÉμÎ¥Î´ÒÌ ±¢ ·±μ¢ ¢´ÊÉ·¨ Ö¤·  ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ·¥§Ê²ÓÉ É ´ ³´μ£μ ¡μ²¥¥
¡²¨§±¨° ± ´¥¶¥·ÉÊ·¡ É¨¢´μ³Ê ·¥§Ê²ÓÉ ÉÊ Dε ¤²Ö ¢¸¥£μ ¶·μÉÖ¦¥´´μ£μ Ö¤· .
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’ ¡²¨Í  7. �μ²´Ò¥ ¸¤¢¨£¨ Ê·μ¢´Ö 1s1/2 §  ¸Î¥É ΔUAMM ¢ ¢¨¤¥ (33) (¢ ±Ô‚)

Z Δε ΔεPT Dε Dε DεPT DεPT

140 16,595 8,205 6,727 7,030 7,031 7,056
150 38,055 17,486 13,594 14,314 14,317 14,369
160 80,808 34,970 25,802 27,223 27,223 27,323
170 152,040 62,286 43,927 46,096 46,136 46,303

’ ¡²¨Í  8. �μ²´Ò¥ ¸¤¢¨£¨ Ê·μ¢´Ö 2p1/2 §  ¸Î¥É ΔUAMM ¢ ¢¨¤¥ (33) (¢ ±Ô‚)

Z Δε ΔεPT Dε Dε DεPT DεPT

160 32,952 Ä25,798 Ä21,539 Ä20,027 Ä20,040 Ä20,115
170 84,482 Ä55,516 Ä43,065 Ä40,623 Ä40,661 Ä40,803
180 162,738 Ä94,528 Ä68,227 Ä65,270 Ä65,334 Ä65,556
183 190,439 Ä107,272 Å Ä72,823 Ä72,908 Ä73,112

�¥¶¥·ÉÊ·¡ É¨¢´Ò° ÊÎ¥É ¢§ ¨³μ¤¥°¸É¢¨Ö ¤¨· ±μ¢¸±μ£μ Ë¥·³¨μ´  §  ¸Î¥É ¶μÉ¥´Í¨-
 ²  (33) ¸ μÉ¤¥²Ó´Ò³¨ ÉμÎ¥Î´Ò³¨ ¨¸ÉμÎ´¨± ³¨ (±¢ ·± ³¨), ¸³¥Ð¥´´Ò³¨ ¨§ Í¥´É· 
Ö¤· , ¶·μ¨§¢μ¤¨É¸Ö  ´ ²μ£¨Î´μ ¸²ÊÎ Õ Ô±· ´¨·μ¢ ´´μ£μ �ŒŒ (¸³. ¶. 2.2). �μ-¶·¥¦´¥³Ê
±¢ ·±¨ ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ¶ · ³¨, ÎÉμ ¶μ§¢μ²Ö¥É ¶·μ¢¥¸É¨ · §¤¥²¥´¨¥ ¶μ Î¥É´μ¸É¨.
“·μ¢´¨ Ô´¥·£¨¨ ´ Ìμ¤ÖÉ¸Ö ¨§ ¸¨¸É¥³ Ê· ¢´¥´¨° (25), μ¤´ ±μ ¢ ¶·¨¡²¨¦¥´¨¨ Δg � const
ËÊ´±Í¨Ö V (r) μ¶·¥¤¥²Ö¥É¸Ö ¶μ-¤·Ê£μ³Ê (´¥μ¡Ìμ¤¨³μ ¶μ²μ¦¨ÉÓ cq ≡ 1 ¢ (23)), ¸²¥¤μ¢ -
É¥²Ó´μ, ¤·Ê£μ° ¢¨¤ ¡Ê¤ÊÉ ¨³¥ÉÓ ±μÔËË¨Í¨¥´É´Ò¥ ËÊ´±Í¨¨ (30).

—Éμ¡Ò ¨§¡¥¦ ÉÓ ´¥μ¡Ìμ¤¨³μ¸É¨ ¸¶¥Í¨ ²Ó´μ μ¡¥¸¶¥Î¨¢ ÉÓ ´ ²¨Î¨¥ ´Ê²¥° ¡¥¸±μ´¥Î-
´μ° ±· É´μ¸É¨ Ê ‚” ´  ± ¦¤μ³ ¨§ ±¢ ·±μ¢ ¶·¨ Î¨¸²¥´´μ³ ·¥Ï¥´¨¨ (¸É·¥²Ó¡μ°) Ê· ¢´¥-
´¨° (25), · ¸¸³μÉ·¨³ ·¥£Ê²Ö·¨§μ¢ ´´ÊÕ § ¤ ÎÊ, ¢ ±μÉμ·μ° ± ¦¤Ò° ±¢ ·± ¨³¥¥É ³ ²Ò°,
´μ ´¥´Ê²¥¢μ° · §³¥· ρ0 � α2/4π. �·¨ Ë ±É¨Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨ÖÌ μ± § ²μ¸Ó ¢¶μ²´¥
¤μ¸É ÉμÎ´μ ¶μ²μ¦¨ÉÓ ρ0 = 10−6, ÎÉμ¡Ò μ¡¥¸¶¥Î¨ÉÓ ´¥μ¡Ìμ¤¨³ÊÕ ÉμÎ´μ¸ÉÓ ´¥ ³¥´¥¥
0,1%. ‚Ò¡μ· ¤²Ö ρ0 ³¥´ÓÏ¨Ì §´ Î¥´¨° 10−7−10−8 ·¥§Ê²ÓÉ Éμ¢ Ê¦¥ ¶· ±É¨Î¥¸±¨ ´¨± ±
´¥ ¨§³¥´Ö¥É.

ŠμÔËË¨Í¨¥´É´Ò¥ ËÊ´±Í¨¨ (30) ¢ ÔÉμ³ ¸²ÊÎ ¥ ¤²Ö ¶ ·Ò ¨¸ÉμÎ´¨±μ¢ · ¤¨Ê¸μ³ ρ0

¢ ÉμÎ± Ì (0, 0,±a) ¤²Ö Î¥É´ÒÌ n ¡Ê¤ÊÉ ¨³¥ÉÓ ¢¨¤

Gn(r) =
3Zq

2πρ3
0

∫
dr′Θ

(
ρ0 −

√
a2 − r′2 − 2ar′ cosϑ′

)
Fn(r, r′)Pn(cos ϑ) =

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

2Zqr
n

an+1
, r < a − ρ0,

3Zq

ρ3
0

⎛
⎝ 1

rn+1

r∫
a−ρ0

dr′ r′
n+2 + rn

a+ρ0∫
r

dr′
1

r′n−1

⎞
⎠ ξn(r′), |r − a| � ρ0,

2Zqa
n

rn+1
, r > a + ρ0,

(45)

£¤¥

ξn(r′) =

1∫
x′
0

dx′Pn(x′) =
Pn−1(x′

0) − Pn+1(x′
0)

2n + 1
, x′

0 =
a2 + r′2 − ρ2

0

2ar′
. (46)
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�¨¸. 2. ‡ ¢¨¸¨³μ¸ÉÓ |(Δεq + δεq(a))/Zq| ¤²Ö ÉμÎ¥Î´ÒÌ ¨¸ÉμÎ´¨±μ¢ ¡¥§ Ô±· ´¨·μ¢±¨ �ŒŒ. “·μ-

¢¥´Ó 1s1/2 ¶·¨ Z = 170 Å ¸¶²μÏ´ Ö ²¨´¨Ö, Ê·μ¢¥´Ó 2p1/2 ¶·¨ Z = 183 Å ÏÉ·¨Ìμ¢ Ö. „²Ö

¶μ²μ¦¨É¥²Ó´μ£μ § ·Ö¤  ¨¸ÉμÎ´¨±  ¸¤¢¨£ Ê·μ¢´Ö 1s1/2 ¶μ²μ¦¨É¥²Ó´Ò°, ¸¤¢¨£ Ê·μ¢´Ö 2p1/2 Å μÉ-
·¨Í É¥²Ó´Ò°

�É³¥É¨³, ÎÉμ ¸ ¶μ³μÐÓÕ ±μ³¶ÓÕÉ¥·´μ°  ²£¥¡·Ò ¢ (45) ¨´É¥£· ²Ò ¶μ dr′ ¡¥·ÊÉ¸Ö  ´ -
²¨É¨Î¥¸±¨ ¤²Ö ²Õ¡μ£μ § ¤ ´´μ£μ n, É ± ± ± ¶μ¤Ò´É¥£· ²Ó´μ¥ ¢Ò· ¦¥´¨¥ ¶·¥¤¸É ¢²Ö¥É
¸μ¡μ° ¤·μ¡´μ-· Í¨μ´ ²Ó´ÊÕ ËÊ´±Í¨Õ.

‚ÒÎ¨¸²¥´¨Ö, ¶·μ¢¥¤¥´´Ò¥ ¤²Ö ¶ ·Ò u- ¨ d-±¢ ·±μ¢, ¶μ± §Ò¢ ÕÉ, ÎÉμ, ± ± ¨ ¢ Ô±· -
´¨·μ¢ ´´μ³ ¸²ÊÎ ¥, ¸¤¢¨£ Ê·μ¢´Ö δεqq(a) §  ¸Î¥É ¸³¥Ð¥´´μ° ¨§ Í¥´É·  Ö¤·  ¶ ·Ò ±¢ ·-
±μ¢ ¶·μ¶μ·Í¨μ´ ²¥´ ¸Ê³³ ·´μ³Ê § ·Ö¤Ê ±¢ ·±μ¢,   ¶μ²ÊÎ¥´´ Ö ¢ É ±μ³ ´¥¶¥·ÉÊ·¡ É¨¢-
´μ³ ¶μ¤Ìμ¤¥ ±·¨¢ Ö |(2Δεq + δεqq(a))/2Zq| ¶· ±É¨Î¥¸±¨ ´¥μÉ²¨Î¨³  μÉ ·¥§Ê²ÓÉ Éμ¢ ’‚.
�  ·¨¸. 2 ¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ |(Δεq+δεq(a))/Zq| ¤²Ö Ê·μ¢´¥° 1s1/2 ¨ 2p1/2 ¶·¨ Z ∼ Zcr

¤²Ö · ¸¸³ É·¨¢ ¥³μ£μ ¶μÉ¥´Í¨ ²  (33). ‚ ¨Éμ£¥ ¢¥²¨Î¨´  ¸Ê³³ ·´μ£μ ¸¤¢¨£  Ê·μ¢´Ö, ¢Ò-
Î¨¸²¥´´ Ö ¶μ  ´ ²μ£¨¨ ¸ (20), ¸μ¸É ¢²Ö¥É Dε = 46,20 ±Ô‚ ¤²Ö Ê·μ¢´Ö 1s1/2 ¶·¨ Z = 170
¨ Dε = −73,11 ±Ô‚ ¤²Ö Ê·μ¢´Ö 2p1/2 ¶·¨ Z = 183, ÎÉμ ¸μ£² ¸Ê¥É¸Ö ¸ ¤·Ê£¨³¨ ·¥§Ê²Ó-
É É ³¨ ¨§ É ¡². 7, 8, μ¸´μ¢ ´´Ò³¨ ´  ’‚, ´μ ¢¸¥ ¥Ð¥ ´¥ ¸μ¢¶ ¤ ¥É ¸ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³
·¥§Ê²ÓÉ Éμ³ Dε ¤²Ö ¶μ²´μ£μ Ö¤· . �¤´ ±μ ¥¸²¨ ¢ ¸²ÊÎ ¥, ±μ£¤  ÊÎ¨ÉÒ¢ ¥É¸Ö ÔËË¥±É¨¢-
´ Ö § ¢¨¸¨³μ¸ÉÓ �ŒŒ μÉ ±μμ·¤¨´ É, μ¤´μ¢·¥³¥´´Ò° ÊÎ¥É ´¥¸±μ²Ó±¨Ì ¶ · ¨¸ÉμÎ´¨±μ¢
¶· ±É¨Î¥¸±¨ ´¥ ¨§³¥´Ö¥É ¨Éμ£μ¢μ£μ ·¥§Ê²ÓÉ É , ¢ ¸²ÊÎ ¥ ¸ ΔUAMM ¢ ¢¨¤¥ μ¶¥· Éμ· 
„¨· ± Ä� Ê²¨ (33) ¶·¨ μ¤´μ¢·¥³¥´´μ³ ÊÎ¥É¥ ³´μ£¨Ì ÉμÎ¥Î´ÒÌ ¨¸ÉμÎ´¨±μ¢ ¢´ÊÉ·¨ Ö¤· 
(±¢ ·±μ¢) ¨Éμ£μ¢Ò° ¸¤¢¨£ ¶·¥É¥·¶¥¢ ¥É ¨§³¥´¥´¨Ö.

�¥·¥°¤¥³ É¥¶¥·Ó ± · ¸¸³μÉ·¥´¨Õ ±μ´Ë¨£Ê· Í¨° ¸ É ±¨³ Î¨¸²μ³ ¶ · ÉμÎ¥Î´ÒÌ ¨¸-
ÉμÎ´¨±μ¢, ÎÉμ¡Ò ÔËË¥±É¨¢´μ ÊÎ¨ÉÒ¢ ²¸Ö ¶μ²´Ò° § ·Ö¤ Ö¤· . �Ê¸ÉÓ Nq §¥·± ²Ó´ÒÌ ¶ ·
¨¸ÉμÎ´¨±μ¢ ¸ § ·Ö¤ ³¨ Zqi · ¸¶μ²μ¦¥´Ò ¸¨³³¥É·¨Î´μ μÉ´μ¸¨É¥²Ó´μ ´Ê²Ö ´  μ¸¨ z ´ 

· ¸¸ÉμÖ´¨¨ ai μÉ ´ Î ²  ±μμ·¤¨´ É, ¶·¨ ÔÉμ³ 2
Nq∑
i=1

Zqi = Z, Éμ£¤  ±μÔËË¨Í¨¥´É´Ò¥

ËÊ´±Í¨¨ (30)

Gn(r)|Nq ¶ · =
Nq∑
i=1

Gn(r)|a→ai, Zq→Zqi , (47)

£¤¥ Gn(r)|a→ai, Zq→Zqi μ¶·¥¤¥²¥´Ò ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¢Ò· ¦¥´¨¥³ (45) ¸ § ³¥´μ° a → ai,
Zq → Zqi.

‘´ Î ²  ¡Ê¤¥³ ¨¸Ìμ¤¨ÉÓ ¨§ Éμ£μ, ÎÉμ ¤²Ö Ö¤·  ¸ Z ∼ 170 ´  ± ¦¤μ³ ¤¨ ³¥É·¥ ¢ ¸·¥¤-
´¥³ ´ Ìμ¤¨É¸Ö 12751/3 � 11 ±¢ ·±μ¢. �μÔÉμ³Ê ¸ ÊÎ¥Éμ³ (¶μÎÉ¨) ´¥§ ¢¨¸¨³μ¸É¨ ¢±² ¤ 
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�¨¸. 3. Šμ´Ë¨£Ê· Í¨¨, ³μ¤¥²¨·ÊÕÐ¨¥ ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¨¸ÉμÎ´¨±μ¢ ¶μ
Ö¤·Ê:  ) 11 ¨¸ÉμÎ´¨±μ¢ ¸ § ·Ö¤ ³¨, ¶·μ¶μ·Í¨μ´ ²Ó´Ò³¨ μ¡Ñ¥³Ê Ï ·μ¢ÒÌ ¸²μ¥¢ ³¥¦¤Ê ¸Ë¥· ³¨

¸ · ¤¨Ê¸ ³¨ ri = (2i + 1)/11 R, ¨ ¸Ê³³ ·´Ò³ § ·Ö¤μ³ Z; ¡) Nq ¶ · ¨¸ÉμÎ´¨±μ¢ ¸ ¸Ê³³ ·´Ò³

§ ·Ö¤μ³ Z, ¶μ²μ¦¥´¨¥ ¨¸ÉμÎ´¨±μ¢ ´ Ìμ¤¨É¸Ö ¨§ Ê¸²μ¢¨Ö · ¢¥´¸É¢  μ¡Ñ¥³μ¢ Ï ·μ¢ÒÌ ¸²μ¥¢ ³¥¦¤Ê
¸μ¸¥¤´¨³¨ ¨¸ÉμÎ´¨± ³¨

¶ ·Ò ±¢ ·±μ¢ μÉ Ê£²  ³¥¦¤Ê ¨Ì ¤¨ ³¥É·μ³ ¨ μ¸ÓÕ z ±μ´Ë¨£Ê· Í¨Ö, ³μ¤¥²¨·ÊÕÐ Ö ¶μ²-
´Ò° § ·Ö¤ Ö¤· , ³μ¦¥É ¡ÒÉÓ ¸μ¡· ´  ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. 11 ¨¸ÉμÎ´¨±μ¢ · ¸¶μ² £ ÕÉ¸Ö
¢ ÉμÎ± Ì ai = ±(2i/11)R, i = 0, . . . , 5 ´  μ¸¨ z, ¶·¨ ÔÉμ³ ± ¦¤Ò° § ·Ö¤ Zqi, i 
= 0,
¶·μ¶μ·Í¨μ´ ²¥´ μ¡Ñ¥³Ê Ï ·μ¢μ£μ ¸²μÖ, § ±²ÕÎ¥´´μ£μ ³¥¦¤Ê · ¤¨Ê¸ ³¨ ai − R/11 ¨
ai +R/11 (·¨¸. 3,  ),   § ·Ö¤ Í¥´É· ²Ó´μ£μ ¨¸ÉμÎ´¨±  ¶·μ¶μ·Í¨μ´ ²¥´ μ¡Ñ¥³Ê Ï ·  · ¤¨-
Ê¸μ³ R/11. …¤¨´¸É¢¥´´μ¥, ÎÉμ ³Ò ·¥ ²Ó´μ ¶·¨ ÔÉμ³ μ¶Ê¸± ¥³, Å ÔÉμ ±μ··¥²ÖÍ¨¨ ³¥¦¤Ê
§ ·Ö¤ ³¨ ´  · §´ÒÌ ¤¨ ³¥É· Ì, ´μ ÔÉμÉ ÔËË¥±É μ± §Ò¢ ¥É¸Ö ¸²¥¤ÊÕÐ¥£μ ¶μ·Ö¤±  ³ ²μ¸É¨
¶μ ¸· ¢´¥´¨Õ ¸ ±μ··¥²ÖÍ¨¥° É ±¨Ì ¨¸ÉμÎ´¨±μ¢ ´  μ¤´μ³ ¤¨ ³¥É·¥.

„·Ê£μ° ¸¶μ¸μ¡ ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ´  ¤¨ ³¥É·¥ ¢¤μ²Ó μ¸¨ z · §³¥Ð ÕÉ¸Ö Nq ¶ · ¨¸ÉμÎ-
´¨±μ¢ ¸ § ·Ö¤μ³ Zq = Z/(2Nq) ¨ ±μμ·¤¨´ É ³¨ ¸ Ê¸²μ¢¨¥³ a3

i+1 − a3
i = R3/Nq, ±μÉμ·μ¥

¸μμÉ¢¥É¸É¢Ê¥É · ¢¥´¸É¢Ê μ¡Ñ¥³μ¢ Ï ·μ¢ÒÌ ¸²μ¥¢, · ¸¶μ²μ¦¥´´ÒÌ ³¥¦¤Ê i + 1-³ ¨ i-³
¨¸ÉμÎ´¨±μ³ (·¨¸. 3, ¡), ¨ É ±¨³ μ¡· §μ³ ¸´μ¢  ³μ¤¥²¨·Ê¥É¸Ö · ¢´μ³¥·´μ¥ · ¸¶·¥¤¥²¥´¨¥
§ ·Ö¤  ¶μ μ¡Ñ¥³Ê Ö¤· .

�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¸¤¢¨£μ¢ ´¨¦´¨Ì Ê·μ¢´¥° ¤²Ö ±μ´Ë¨£Ê· Í¨° ·¨¸. 3,   ¨ ·¨¸. 3, ¡
(¢ ¶μ¸²¥¤´¥³ ¸²ÊÎ ¥ ¶μ² £ ²μ¸Ó Zq = 1, É. ¥. · ¸¸³ É·¨¢ ²μ¸Ó Z/2 ¶ ·) ¶·¨¢¥¤¥´Ò
¢ É ¡². 9 ¢ ¸· ¢´¥´¨¨ ¸ ¶·Ö³μ° ¸Ê³³μ° ¢±² ¤μ¢ μÉ ¶ · ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ § ·Ö¤ ³¨.
„ ´´Ò¥ ¤²Ö Ê·μ¢´Ö 2p1/2 ¶·¨¢¥¤¥´Ò ¤²Ö Z = 180, É ± ± ± ¸¤¢¨£ ¤²Ö ´¥Î¥É´μ£μ Ê·μ¢´Ö
Ö¢²Ö¥É¸Ö μÉ·¨Í É¥²Ó´Ò³ ¨ ¶·¨ ¡	μ²ÓÏ¨Ì Z Ê·μ¢¥´Ó μ¶Ê¸± ¥É¸Ö ¢ ´¨¦´¨° ±μ´É¨´ÊÊ³.
�¥¸³μÉ·Ö ´  Éμ, ÎÉμ ±μ´Ë¨£Ê· Í¨¨ ·¨¸. 3,   ¨ ·¨¸. 3, ¡ ¶μ-· §´μ³Ê ³μ¤¥²¨·ÊÕÉ ¶μ²´Ò°
§ ·Ö¤ Ö¤· , ·¥§Ê²ÓÉ ÉÒ ¤²Ö ÔÉ¨Ì ¤¢ÊÌ ±μ´Ë¨£Ê· Í¨° Ê¸¶¥Ï´μ ¸μ£² ¸ÊÕÉ¸Ö ³¥¦¤Ê ¸μ¡μ°.
„²Ö μ¡¥¨Ì ±μ´Ë¨£Ê· Í¨° §´ Î¥´¨Ö ¸¤¢¨£μ¢, ¢ÒÎ¨¸²¥´´Ò¥ ¡¥§ ÊÎ¥É  ±μ··¥²ÖÍ¨° ³¥¦¤Ê ¨¸-
ÉμÎ´¨± ³¨ (

∑
(2Δεqi + δεqqi(ai))), ¸ ¶·¨´ÖÉμ° ÉμÎ´μ¸ÉÓÕ ¸μ¢¶ ¤ ÕÉ ¸ ·¥§Ê²ÓÉ É ³¨ ’‚

¤²Ö ¢¸¥£μ Ö¤·  ¨ μÉ¤¥²Ó´ÒÌ ±¢ ·±μ¢ (±μ²μ´±¨ 5Ä7 ¢ É ¡². 7, 8), ¢ Éμ ¢·¥³Ö ± ± ÊÎ¥É
±μ··¥²ÖÍ¨° ¶·¨¢μ¤¨É ± § ³¥É´μ³Ê ¨§³¥´¥´¨Õ μÉ¢¥É , ±μÉμ·Ò° ¢ ¸¢μÕ μÎ¥·¥¤Ó ¸μ¢¶ ¤ ¥É
¸ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³¨ ·¥§Ê²ÓÉ É ³¨ Dε ¸ ÉμÎ´μ¸ÉÓÕ ´¥ ÌÊ¦¥ 1%, ¶·¨Î¥³ Î¥³ ¡μ²ÓÏ¥
μÉ¤¥²Ó´ÒÌ ÉμÎ¥Î´ÒÌ § ·Ö¤μ¢ (¨²¨ ¶ ·) μ¤´μ¢·¥³¥´´μ ÊÎ¨ÉÒ¢ ¥É¸Ö ¶·¨ ´¥¶¥·ÉÊ·¡ É¨¢´μ³
¢ÒÎ¨¸²¥´¨¨, É¥³ ²ÊÎÏ¥ ¢μ¸¶·μ¨§¢μ¤¨É¸Ö ·¥§Ê²ÓÉ É, ±μ£¤  ¢¸¥ Ö¤·μ ± ± Í¥²μ¥ · ¸¸³ -
É·¨¢ ¥É¸Ö ± ± ¨¸ÉμÎ´¨± ΔUAMM ¢ ´¥¶¥·ÉÊ·¡ É¨¢´μ³ ¶μ¤Ìμ¤¥. ’ ±μ¥ ¸μ¢¶ ¤¥´¨¥ Ê¦¥



58 �μ¥´±μ �. �., ‘¢¥Ï´¨±μ¢ Š. �.

’ ¡²¨Í  9. ‘¤¢¨£ Ê·μ¢´¥° 1s1/2 ¨ 2p1/2 (¢ ±Ô‚) ¶·¨ Z � Zcr ¤²Ö ±μ´Ë¨£Ê· Í¨° ·¨¸. 3,   ¨
·¨¸. 3, ¡, ´ °¤¥´´Ò° ¸ ÊÎ¥Éμ³ ±μ··¥²ÖÍ¨° ³¥¦¤Ê ¨¸ÉμÎ´¨± ³¨ ¨ ¡¥§ ÊÎ¥É 

Šμ´Ë¨£Ê· Í¨Ö
1s1/2, Z = 170 2p1/2, Z = 180

3,   3, ¡ 3,   3, ¡

Dε 44,12 43,87 Ä69,37 Ä68,82∑
(2Δεqi + δεqqi(ai)) 46,43 46,15 Ä65,89 Ä65,40

¸ ³μ ¶μ ¸¥¡¥ Ö¢²Ö¥É¸Ö ´¥É·¨¢¨ ²Ó´Ò³ ·¥§Ê²ÓÉ Éμ³, ¶μ¸±μ²Ó±Ê μ¤¨´ ±μ¢Ò° μÉ¢¥É ¤ ÕÉ
¸ÊÐ¥¸É¢¥´´μ · §²¨Î´Ò¥ ¶μ¤Ìμ¤Ò ± ¢ÒÎ¨¸²¥´¨Õ ¢±² ¤  μÉ ΔUAMM.

…Ð¥ · § μÉ³¥É¨³, ÎÉμ ¢μ§´¨± ÕÐ¨¥ ±μ··¥²ÖÍ¨¨ ¶·¨ ´¥¶¥·ÉÊ·¡ É¨¢´μ³ ÊÎ¥É¥ μÉ¤¥²Ó-
´ÒÌ ±¢ ·±μ¢ ¶·¨´Í¨¶¨ ²Ó´Ò Éμ²Ó±μ ¢ ¸²ÊÎ ¥ Δg � const, ¶μ¸±μ²Ó±Ê ¤²Ö Ô±· ´¨·μ-
¢ ´´μ£μ �ŒŒ μ¤´μ¢·¥³¥´´Ò° ÊÎ¥É ´¥¸±μ²Ó±¨Ì ¶ · ÉμÎ¥Î´ÒÌ ¨¸ÉμÎ´¨±μ¢ ´¥ ¶·¨¢μ¤¨É
± ¤·Ê£μ³Ê μÉ¢¥ÉÊ. �ÉμÉ Ë ±É Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ Éμ£μ, ÎÉμ ± ¦¤Ò° ÉμÎ¥Î´Ò° ¨¸ÉμÎ-
´¨± ¤²Ö ΔUAMM ¢ ¢¨¤¥ μ¶¥· Éμ·  „¨· ± Ä� Ê²¨ (33) ¶·¨¢μ¤¨É ± ¸ÊÐ¥¸É¢¥´´μ° ¶¥·¥-
¸É·μ°±¥ ‚”, Î¥£μ ´¥ ¶·μ¨¸Ìμ¤¨É ¢ ¸²ÊÎ ¥, ¥¸²¨ ¢ ¶μÉ¥´Í¨ ²¥ ÔËË¥±É¨¢´μ£μ ¢§ ¨³μ¤¥°-
¸É¢¨Ö § ¢¨¸¨³μ¸ÉÓ Ô²¥±É·μ´´μ£μ Ëμ·³Ë ±Éμ·  F2(q2) μÉ ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  ÊÎ¨ÉÒ¢ -
¥É¸Ö ¶μ²´μ¸ÉÓÕ.

‡�Š‹
—…�ˆ…

’ ±¨³ μ¡· §μ³, ¢ · ¡μÉ¥ ¶μ± § ´μ, ± ± ¸ ÊÎ¥Éμ³ ΔUAMM ¢¥¤ÊÉ ¸¥¡Ö ´¨¦´¨¥ Ê·μ¢´¨
¤¨· ±μ¢¸±μ£μ Ë¥·³¨μ´  ¢ ¸¢¥·ÌÉÖ¦¥²μ³ ¶·μÉÖ¦¥´´μ³ Ö¤·¥. �·¨ ÔÉμ³ μ¸´μ¢´μ¥ ¢´¨³ ´¨¥
Ê¤¥²Ö²μ¸Ó ¢μ¶·μ¸Ê, ´ ¸±μ²Ó±μ · §²¨Î ÕÉ¸Ö ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¸¤¢¨£μ¢ Ê·μ¢´¥° ¶·¨ Î¨¸Éμ
¶¥·ÉÊ·¡ É¨¢´μ³ ¨ ´¥¶¥·ÉÊ·¡ É¨¢´μ³ ¶μ α/π ¶μ¤Ìμ¤ Ì ± ¢ÒÎ¨¸²¥´¨Õ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì
ÔËË¥±Éμ¢ ¢ · ³± Ì “„ (7), ¥¸²¨ ¢ μ¡μ¨Ì ¸²ÊÎ ÖÌ ¸ ¸ ³μ£μ ´ Î ²  ÊÎ¨ÉÒ¢ ¥É¸Ö ¶μ²´ Ö
§ ¢¨¸¨³μ¸ÉÓ ‚” ¤¨· ±μ¢¸±μ° Î ¸É¨ÍÒ μÉ Zα. …Ð¥ · § ¶μ¤Î¥·±´¥³, ÎÉμ ¢ ¤ ´´μ³ ¸²ÊÎ ¥
´¥¶¥·ÉÊ·¡ É¨¢´μ¸ÉÓ ¶μ α/π ´¨± ± ´¥ ¸¢Ö§ ´  ¸ Î ¸É¨Î´Ò³ ¸Ê³³¨·μ¢ ´¨¥³ ¶¥É²¥¢μ£μ
· §²μ¦¥´¨Ö ¤²Ö �ŒŒ, ´μ ¶μ¤· §Ê³¥¢ ¥É ÔËË¥±ÉÒ, ±μÉμ·Ò¥ ´¥ ³μ£ÊÉ ¡ÒÉÓ ¢ ¶·¨´Í¨¶¥
¶μ²ÊÎ¥´Ò ¢ · ³± Ì ¸É ´¤ ·É´μ° ’‚. ˆ´É¥·¥¸ ± ¤ ´´μ³Ê ¢μ¶·μ¸Ê μ¡Ê¸²μ¢²¥´, ¢ Î ¸É´μ¸É¨,
¶μ¸²¥¤´¨³¨ ¸ÊÐ¥¸É¢¥´´μ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³¨ · ¸Î¥É ³¨ ¶μ²Ö·¨§ Í¨¨ ¢ ±ÊÊ³  ¶·¨ Z >
Zcr,1s [14Ä16], ±μÉμ·Ò¥ ¤¥³μ´¸É·¨·ÊÕÉ Ö¢´μ ´¥²¨´¥°´Ò° Ì · ±É¥· ÔÉμ£μ ÔËË¥±É  § 
· ³± ³¨ ’‚.

�μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶μ± §Ò¢ ÕÉ, ÎÉμ ¶·¨ ´ ²¨Î¨¨ Ô±· ´¨·μ¢±¨ �ŒŒ ³¥¦¤Ê ¶¥·-
ÉÊ·¡ É¨¢´Ò³¨ ¨ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³¨ ¸¶μ¸μ¡ ³¨ ÊÎ¥É  ΔUAMM ¢ “„ ¨³¥¥É¸Ö ³ ²μ§ ³¥É-
´ Ö · §´¨Í  ¢ ¶μ²Ó§Ê ¶μ¸²¥¤´¨Ì, ³¥¤²¥´´μ · ¸ÉÊÐ Ö ¸ ·μ¸Éμ³ Z (¸³. É ¡². 3, 4). �·¨
ÔÉμ³ ¢ÒÎ¨¸²¥´¨¥ ¢±² ¤  μÉ ΔUAMM Î¥·¥§ ±¢ ·±μ¢ÊÕ ¸É·Ê±ÉÊ·Ê ¨ ¢¸¥ Ö¤·μ, · ¸¸³ É·¨¢ ¥-
³μ¥ ± ± μ¤´μ·μ¤´μ § ·Ö¦¥´´Ò° ¶·μÉÖ¦¥´´Ò° ±Ê²μ´μ¢¸±¨° ¨¸ÉμÎ´¨±, ¶·¨¢μ¤¨É ± Ìμ·μÏμ
¸μ¢¶ ¤ ÕÐ¨³ ·¥§Ê²ÓÉ É ³, ¶·¨Î¥³ ¢´¥ § ¢¨¸¨³μ¸É¨ μÉ Éμ£μ, ÊÎ¨ÉÒ¢ ¥É¸Ö ¨²¨ ´¥É ¤¨´ ³¨-
Î¥¸± Ö Ô±· ´¨·μ¢±  �ŒŒ. ‚ Éμ ¦¥ ¢·¥³Ö ¤²Ö μ¶¥· Éμ·  „¨· ± Ä� Ê²¨ (1) · ¸Ìμ¦¤¥´¨¥
³¥¦¤Ê · §²¨Î´Ò³¨ ¶μ¤Ìμ¤ ³¨, μ¸´μ¢ ´´Ò³¨ ´  ’‚, ¨ ¶μ²´μ¸ÉÓÕ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³¨ ± ±
¶μ Zα, É ± ¨ ¶μ ΔUAMM ³¥Éμ¤ ³¨, ±μ£¤  ¢ ± Î¥¸É¢¥ ¨¸ÉμÎ´¨±  ΔUAMM ¢Ò¸ÉÊ¶ ¥É Ö¤·μ ¸
· ¢´μ³¥·´μ° ¶²μÉ´μ¸ÉÓÕ § ·Ö¤  ¨²¨ μ¤´μ¢·¥³¥´´μ ¡μ²ÓÏμ¥ Î¨¸²μ ÉμÎ¥Î´ÒÌ ¨¸ÉμÎ´¨±μ¢,
¨³¨É¨·ÊÕÐ¨Ì · ¢´μ³¥·´μ¥ · ¸¶·¥¤¥²¥´¨¥ § ·Ö¤ , ¸μ¸É ¢²Ö¥É ∼ 5−10 % ¶·¨ Z ∼ Zcr,1s

(¸³. É ¡². 7Ä9). �¤´ ±μ ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¸ ÊÎ¥Éμ³ ¤¨´ ³¨Î¥¸±μ° Ô±· ´¨·μ¢±¨
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�ŒŒ Ô²¥±É·μ´ , ¶μ± §Ò¢ ÕÉ, ÎÉμ ¢ · ¤¨ Í¨μ´´ÒÌ Š�„-ÔËË¥±É Ì ¸ μ¡³¥´μ³ ¢¨·ÉÊ-
 ²Ó´Ò³ ËμÉμ´μ³, ± ±μÉμ·Ò³ μÉ´μ¸¨É¸Ö ¸μ¡¸É¢¥´´μ Ô´¥·£¥É¨Î¥¸±¨° ¢±² ¤, · ¸Î¥ÉÒ ¶μ
¸É ´¤ ·É´μ° ’‚ ¸ μ¤´μ·μ¤´μ § ·Ö¦¥´´Ò³ Ö¤·μ³ Ö¢²ÖÕÉ¸Ö Ìμ·μÏ¨³ ¶·¨¡²¨¦¥´¨¥³ ¤ ¦¥
¤²Ö ¸¢¥·ÌÉÖ¦¥²ÒÌ  Éμ³μ¢, ÎÉμ ¶μ²´μ¸ÉÓÕ ¸μ£² ¸Ê¥É¸Ö ¸ μ¡Ð¨³ ¢Ò¢μ¤μ³ · ¡μÉ [21,22].
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