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� ¸¸³μÉ·¥´μ ÔËË¥±É¨¢´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ΔUAMM  ´μ³ ²¨¨ ³ £´¨É´μ£μ ³μ³¥´É  (�ŒŒ)
Ô²¥±É·μ´  ¸ ±Ê²μ´μ¢¸±¨³ ¶μ²¥³ ¶·μÉÖ¦¥´´μ£μ Ö¤· , ±μ£¤  ¸ ¸ ³μ£μ ´ Î ²  ÊÎ¨ÉÒ¢ ¥É¸Ö § ¢¨¸¨-
³μ¸ÉÓ Ô²¥±É·μ´´μ£μ Ëμ·³Ë ±Éμ·  F2(q

2) μÉ q2, ÎÉμ ¶·¨¢μ¤¨É ± ¢μ§´¨±´μ¢¥´¨Õ ¤¨´ ³¨Î¥¸±μ°
Ô±· ´¨·μ¢±¨ �ŒŒ ´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ r � 1/m. ‚ · ³± Ì ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ¶μ¤Ìμ¤  · ¸-
¸³μÉ·¥´μ ¶μ¢¥¤¥´¨¥ ´¨¦´¨Ì Ô²¥±É·μ´´ÒÌ Ê·μ¢´¥° §  ¸Î¥É ΔUAMM ¢ ¸¢¥·ÌÉÖ¦¥²μ³ ¶·μÉÖ¦¥´´μ³
Ö¤·¥ ¶·¨ Zα > 1. �μ± § ´μ, ÎÉμ ¸±μ·μ¸ÉÓ ·μ¸É  ¢±² ¤  μÉ ΔUAMM ¤¥³μ´¸É·¨·Ê¥É ¸ÊÐ¥¸É¢¥´´μ
´¥³μ´μÉμ´´μ¥ ¶μ¢¥¤¥´¨¥ ¸ ·μ¸Éμ³ Z. ‚ Éμ ¦¥ ¢·¥³Ö ¢ μ¡² ¸É¨ Z � Zcr,1s ¸¤¢¨£ Ô²¥±É·μ´´ÒÌ
Ê·μ¢´¥° ¢¡²¨§¨ ´¨¦´¥£μ ±μ´É¨´ÊÊ³  ³μ´μÉμ´´μ Ê¡Ò¢ ¥É. �μ¸²¥¤´¨° ·¥§Ê²ÓÉ É ¤μ¶Ê¸± ¥É μ¡μ¡-
Ð¥´¨¥ ´  ¢¥¸Ó ¸μ¡¸É¢¥´´μ Ô´¥·£¥É¨Î¥¸±¨° ¢±² ¤ ¢ ¸¤¢¨£ Ô²¥±É·μ´´ÒÌ Ê·μ¢´¥° ¨ É¥³ ¸ ³Ò³ ´ 
¢μ§³μ¦´μ¥ ¶μ¢¥¤¥´¨¥ · ¤¨ Í¨μ´´ÒÌ Š�„-ÔËË¥±Éμ¢ ¸ μ¡³¥´μ³ ¢¨·ÉÊ ²Ó´Ò³ ËμÉμ´μ³ ¢´¥ · ³μ±
É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° (’‚) ¶μ Zα.

The effective interaction ΔUAMM of the electron anomalous magnetic moment (AMM) with the
Coulomb ˇeld of extended nucleus is considered by taking into account the dependence of the electronic
form factor F2(q

2) on q2 from the very beginning, which leads to dynamical screening of AMM at
small distances r � 1/m. Within the nonperturbative approach, the behavior of the lowest states in
the ˇeld of a superheavy extended nucleus with Zα > 1, caused by ΔUAMM, is considered. It is
shown that the growth rate of the contribution from ΔUAMM demonstrates signiˇcantly nonmonotonic
behavior with increasing Z. At the same time, in the region Z � Zcr,1s the shift of the electronic
levels near the threshold of the lower continuum decreases monotonically. The last result is generalized
to the whole self-energy contribution to the shift of levels and so to the possible behavior of radiative
QED-effects with virtual photon exchange outside the perturbation theory (PT) in Zα.

PACS: 12.20.-m; 31.30.jf; 31.15-p
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‚§ ¨³μ¤¥°¸É¢¨¥ ¤¨· ±μ¢¸±μ£μ Ë¥·³¨μ´  ¸ ±Ê²μ´μ¢¸±¨³ ¶μ²¥³ ÉμÎ¥Î´μ£μ ¨¸ÉμÎ´¨± 
¸ ÊÎ¥Éμ³  ´μ³ ²¨¨ ³ £´¨É´μ£μ ³μ³¥´É  (�ŒŒ) ¨´É¥´¸¨¢´μ ¨¸¸²¥¤μ¢ ²μ¸Ó ¢ [1Ä4, ¸¸Ò²±¨
É ³] ¸ Í¥²ÓÕ ¨¸¸²¥¤μ¢ ´¨Ö ¢μ§³μ¦´μ¸É¨ ¢μ§´¨±´μ¢¥´¨Ö ·¥§μ´ ´¸μ¢ ¢ ¸¨¸É¥³ Ì É¨¶  e+e−

´  ³ ¸ÏÉ ¡ Ì ¶μ·Ö¤±   ¤·μ´´ÒÌ · §³¥·μ¢ ¨ ³ ¸¸ §  ¸Î¥É ¢μ§³μ¦´μ£μ ¢μ§· ¸É ´¨Ö ·μ²¨
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³ £´¨É´ÒÌ ÔËË¥±Éμ¢ ´  ¶·¥¤¥²Ó´μ ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ. ‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ³Ò · ¸¸³μ-
É·¨³ ¶·¨´Í¨¶¨ ²Ó´μ ¤·Ê£μ°  ¸¶¥±É ´ ²¨Î¨Ö Ê Ë¥·³¨μ´  �ŒŒ,   ¨³¥´´μ, μ¡Ê¸²μ¢²¥´´Ò¥
¨³ ¸¤¢¨£¨ ´¨¦´¨Ì Ô²¥±É·μ´´ÒÌ Ê·μ¢´¥° ¢ ¶μ²¥ ¶·μÉÖ¦¥´´μ£μ ±Ê²μ´μ¢¸±μ£μ ¨¸ÉμÎ´¨± 
¸ ¡μ²ÓÏ¨³ Zα > 1 (É¨¶  ¸¢¥·ÌÉÖ¦¥²μ£μ Ö¤· ) c ´¥¶¥·ÉÊ·¡ É¨¢´Ò³ ÊÎ¥Éμ³ § ¢¨¸¨³μ-
¸É¨ μÉ ¢¥²¨Î¨´Ò § ·Ö¤  ¨ · §³¥·μ¢ ¨¸ÉμÎ´¨± . ˆ´É¥·¥¸ ± § ¤ Î¥ ¸¢Ö§ ´ ¸ É¥³, ÎÉμ ¤²Ö
Z > Zcr,1s ∼ 170 Š�„ ¶·¥¤¸± §Ò¢ ¥É ´¥¶¥·ÉÊ·¡ É¨¢´ÊÕ ¶¥·¥¸É·μ°±Ê ¢ ±ÊÊ³ , ±μÉμ· Ö
¤μ²¦´  ¸μ¶·μ¢μ¦¤ ÉÓ¸Ö Í¥²Ò³ ·Ö¤μ³ ´¥É·¨¢¨ ²Ó´ÒÌ ÔËË¥±Éμ¢, ¢ Î ¸É´μ¸É¨, ¨¸¶Ê¸± -
´¨¥³ ¢ ±ÊÊ³´ÒÌ ¶μ§¨É·μ´μ¢ [5Ä8 ¨ ¸¸Ò²±¨ É ³]. �¤´ ±μ ³´μ£μ²¥É´¨¥ Ô±¸¶¥·¨³¥´ÉÒ ´ 
Ê¸É ´μ¢± Ì GSI („ ·³ÏÉ ¤É) ¨ ¢ �·£μ´´¸±μ° ´ Í¨μ´ ²Ó´μ° ² ¡μ· Éμ·¨¨ (‘˜�) É ± ¨ ´¥
¶·¨¢¥²¨ ± μ¤´μ§´ Î´μ³Ê ¢Ò¢μ¤Ê μ ¸É ÉÊ¸¥ § ±·¨É¨Î¥¸±μ° μ¡² ¸É¨, ÎÉμ ¶·¨¤ ¥É ¢μ¶·μ¸Ê
μ ·μ²¨ ´¥¶¥·ÉÊ·¡ É¨¢´μ¸É¨ ¢ Š�„-ÔËË¥±É Ì ¶·¨ Z > Zcr,1s μ¸μ¡ÊÕ §´ Î¨³μ¸ÉÓ [7Ä11].
‚ Î ¸É´μ¸É¨, ¶μ¸²¥¤´¨¥ ¸ÊÐ¥¸É¢¥´´μ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ · ¸Î¥ÉÒ Ô´¥·£¨¨ ¶μ²Ö·¨§ Í¨¨
¢ ±ÊÊ³  ¶·¨ Z > Zcr,1s ¶μ± §Ò¢ ÕÉ, ÎÉμ Š�„-ÔËË¥±ÉÒ ¢ § ±·¨É¨Î¥¸±μ° μ¡² ¸É¨ ¤¥°-
¸É¢¨É¥²Ó´μ ³μ£ÊÉ ¡ÒÉÓ ¶·¨´Í¨¶¨ ²Ó´μ μÉ²¨Î´Ò³¨ μÉ ¶¥·ÉÊ·¡ É¨¢´μ£μ ¸²ÊÎ Ö [11Ä13].
ˆ ÌμÉÖ ¤²Ö  Éμ³´μ£μ Ô²¥±É·μ´  ΔUAMM Ö¢²Ö¥É¸Ö ²¨ÏÓ μ¤´μ° ¨§ ¸μ¸É ¢²ÖÕÐ¨Ì ÔË-
Ë¥±É¨¢´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¢μ§´¨± ÕÐ¥£μ §  ¸Î¥É ¸μ¡¸É¢¥´´μ Ô´¥·£¥É¨Î¥¸±μ£μ ¢±² ¤ 
¢ ¶μ²´Ò° · ¤¨ Í¨μ´´Ò° ¸¤¢¨£ Ê·μ¢´¥°, É¥³ ´¥ ³¥´¥¥, μ´μ § ´¨³ ¥É ¢Ò¤¥²¥´´μ¥ ¶μ²μ¦¥-
´¨¥, É ± ± ± μ¶¨¸Ò¢ ¥É¸Ö ²μ± ²Ó´Ò³ μ¶¥· Éμ·μ³, ±μÉμ·Ò° ¸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, ¶μ¸±μ²Ó±Ê ¶μ¸²¥¤´¨°
¢Ìμ¤¨É ± ± ³´μ¦¨É¥²Ó ¢ ±μ´¸É ´ÉÊ ¸¢Ö§¨ ¶·¨ ΔUAMM,   É ±¦¥ ¸· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢
¸ É¥μ·¨¥° ¢μ§³ÊÐ¥´¨° (’‚).

Š ± ¨§¢¥¸É´μ, ¤²Ö Ô²¥±É·μ´  �ŒŒ ¢μ§´¨± ¥É ²¨ÏÓ ¢ ·¥§Ê²ÓÉ É¥ · ¤¨ Í¨μ´´ÒÌ ÔËË¥±-
Éμ¢ ¨ ´¥ Ö¢²Ö¥É¸Ö Ì · ±É¥·¨¸É¨±μ°, ¨¸Ìμ¤´μ ¶·¨¸ÊÐ¥° Ô²¥±É·μ´Ê, ¶μÔÉμ³Ê ¢ ¸²ÊÎ ¥ ¸¨²Ó-
´ÒÌ ¢´¥Ï´¨Ì ¶μ²¥° (¨²¨ ´  ¶·¥¤¥²Ó´μ ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ � 1/m) ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ-
¢ ÉÓ § ¢¨¸¨³μ¸ÉÓ Ô²¥±É·μ´´μ£μ Ëμ·³Ë ±Éμ·  F2(q2) μÉ ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  [2,14,15],
¢ Éμ ¢·¥³Ö ± ± ÔËË¥±É¨¢´Ò° ¶μÉ¥´Í¨ ² „¨· ± Ä� Ê²¨

ΔUAMM =
Δgfree

2
e

4m
σμνFμν (1)

¸¶· ¢¥¤²¨¢ ²¨ÏÓ ¢ ¶·¥¤¥²¥ ³ ²ÒÌ §´ Î¥´¨° ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸ , ±μ£¤  ÔÉ  § ¢¨¸¨³μ¸ÉÓ
´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö, É. ¥. F2(q2) � F2(0). ‚ μ¡Ð¥³ ¸²ÊÎ ¥ ¢ÒÎ¨¸²¥´¨¥ Ëμ·³Ë ±Éμ·μ¢, μÉ¢¥Î -
ÕÐ¨Ì §  �ŒŒ, É·¥¡Ê¥É ¸ ³μ¸μ£² ¸μ¢ ´´μ£μ ÊÎ¥É  ± ± ¢´¥Ï´¥£μ ¶μ²Ö, É ± ¨ Ô²¥±É·μ´´μ°
¢μ²´μ¢μ° ËÊ´±Í¨¨ (‚”) [15]. �¤´ ±μ ¤²Ö ¸É Í¨μ´ ·´ÒÌ ¸μ¸ÉμÖ´¨° Ô²¥±É·μ´  ¤ ¦¥ ¢
¸¢¥·ÌÉÖ¦¥²ÒÌ  Éμ³ Ì ¶·¨ Z > Zcr,1s ¸·¥¤´¨° · ¤¨Ê¸ Ô²¥±É·μ´´μ° ‚” §´ Î¨É¥²Ó´μ ¶·¥-
¢ÒÏ ¥É · ¤¨Ê¸ Ö¤· , É ± ÎÉμ ¢·¥³Ö ´ Ìμ¦¤¥´¨Ö Ô²¥±É·μ´  ¢´ÊÉ·¨ Ö¤·  ´¥ ¶·¥¢ÒÏ ¥É
´¥¸±μ²Ó±¨Ì ¶·μÍ¥´Éμ¢, ¶μÔÉμ³Ê ¤²Ö ±μ··¥±É´μ° μÍ¥´±¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Ëμ·³Ë ±Éμ-
·μ¢ ³μ¦´μ μ£· ´¨Î¨ÉÓ¸Ö É¥μ·¨¥° ¢μ§³ÊÐ¥´¨° ¶μ α/π. �μ¸±μ²Ó±Ê μ¤´μ¶¥É²¥¢ Ö ¶μ-
¶· ¢±  ± ¢¥·Ï¨´´μ° ËÊ´±Í¨¨ ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´  Î¥·¥§ Ëμ·³Ë ±Éμ·Ò Ô²¥±É·μ´  F1(q2)
¨ F2(q2) ¢ ¢¨¤¥ [16]

Γμ(q2) = γμF1(q2) +
i

2m
F2(q2)σμνqν , (2)

¢ ¸²ÊÎ ¥ ¸¢¥·Ì¸¨²Ó´ÒÌ ¶μ²¥° (¨²¨ ´  ¶·¥¤¥²Ó´μ ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ � 1/m) ¢ ± Î¥-
¸É¢¥ ÔËË¥±É¨¢´μ£μ ¶μÉ¥´Í¨ ²  ¢§ ¨³μ¤¥°¸É¢¨Ö �ŒŒ Ô²¥±É·μ´  ¸ ±Ê²μ´μ¢¸±¨³ ¶μ²¥³
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¨¸ÉμÎ´¨±  ¢³¥¸Éμ (1) ¸²¥¤Ê¥É ¨¸¶μ²Ó§μ¢ ÉÓ ¢Ò· ¦¥´¨¥

ΔUAMM(r ) =
e

2m
σμν∂μA(cl)

ν (r ), (3)

£¤¥

A(cl)
μ (r ) =

1
(2π)3

∫
dq eiq r Ã(cl)

μ (q )F2(−q 2), (4)

  Ã
(cl)
μ (q ) Ö¢²Ö¥É¸Ö ËÊ·Ó¥-μ¡· §μ³ ¶μÉ¥´Í¨ ²  ¢´¥Ï´¥£μ ¶μ²Ö A

(cl)
μ (r ).

“Î¥É § ¢¨¸¨³μ¸É¨ μÉ ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ ¢μ§´¨± ¥É ¤¨´ ³¨-
Î¥¸± Ö Ô±· ´¨·μ¢±  �ŒŒ ¢ § ¢¨¸¨³μ¸É¨ μÉ ±μμ·¤¨´ ÉÒ ¤μ ±Ê²μ´μ¢¸±μ£μ ¨¸ÉμÎ´¨± .
‚ Î ¸É´μ¸É¨, ¤²Ö ÉμÎ¥Î´μ£μ ¨¸ÉμÎ´¨±  μ¶¥· Éμ· (3) ¶·¨ r → 0 ¢¥¤¥É ¸¥¡Ö §  ¸Î¥É
ÔÉμ° Ô±· ´¨·μ¢±¨ ± ± ∼ log mr [14], ¢ Éμ ¢·¥³Ö ± ± ¢ μÉ¸ÊÉ¸É¢¨¥ Ô±· ´¨·μ¢±¨ μ¶¥-
· Éμ· „¨· ± Ä� Ê²¨ (1) ¶·μÖ¢²Ö¥É ³ ±¸¨³ ²Ó´μ ¤μ¶Ê¸É¨³ÊÕ ¤²Ö Ê· ¢´¥´¨Ö „¨· ±  (“„)
¸¨´£Ê²Ö·´μ¸ÉÓ ∼ 1/r2.

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¡Ê¤¥É ¶μ²ÊÎ¥´μ ¢Ò· ¦¥´¨¥ ¤²Ö ÔËË¥±É¨¢´μ£μ ¶μÉ¥´Í¨ ²  (3)
¢ ¸²ÊÎ ¥ ¶·μÉÖ¦¥´´μ£μ Ö¤· , ±μÉμ·Ò° ¶·¨ r → 0 ¨¸Î¥§ ¥É ∼ r. Š·μ³¥ Éμ£μ, ³Ò ¶μ± ¦¥³,
ÎÉμ ¤¨´ ³¨Î¥¸± Ö Ô±· ´¨·μ¢±  �ŒŒ ¶·μ¨¸Ìμ¤¨É ¶·¥¦¤¥ ¢¸¥£μ ´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ
r � 1/m,   ´¥ §  ¸Î¥É  ³¶²¨ÉÊ¤Ò ¢´¥Ï´¥£μ ¶μ²Ö, ¢ ·¥§Ê²ÓÉ É¥ Î¥£μ ´¥¶¥·ÉÊ·¡ É¨¢´Ò°
¨ Î¨¸Éμ ¶¥·ÉÊ·¡ É¨¢´Ò° ¶μ¤Ìμ¤Ò ± ÊÎ¥ÉÊ ΔUAMM ¶·¨¢μ¤ÖÉ ± ¸μ¢¶ ¤¥´¨Õ ¢ ¶·¥¤¥² Ì
ÉμÎ´μ¸É¨ · ¸Î¥Éμ¢. �  ¶·¨³¥·¥ Ô²¥±É·μ´´ÒÌ Ê·μ¢´¥° ¸ n � 4, j � 3/2 ¡Ê¤¥É ¶μ± § ´μ,
ÎÉμ ¸±μ·μ¸ÉÓ ·μ¸É  ¢±² ¤  μÉ ΔUAMM ¢¥¤¥É ¸¥¡Ö ¸ÊÐ¥¸É¢¥´´μ ´¥³μ´μÉμ´´μ ¸ ·μ¸Éμ³ Z ¶μ
³¥·¥ ¶·¨¡²¨¦¥´¨Ö ± Zcr,nj , μ¤´ ±μ ¶·¨ ¤ ²Ó´¥°Ï¥³ Ê¢¥²¨Î¥´¨¨ Z ¢ μ¡² ¸ÉÓ Z � Zcr,1s

¸¤¢¨£ Ô²¥±É·μ´´ÒÌ Ê·μ¢´¥° ¢¡²¨§¨ £· ´¨ÍÒ μÉ·¨Í É¥²Ó´μ£μ ±μ´É¨´ÊÊ³  §  ¸Î¥É ΔUAMM

³μ´μÉμ´´μ Ê¡Ò¢ ¥É.

1. �””…Š’ˆ‚��… ‚‡�ˆŒ�„…‰‘’‚ˆ… ‡� ‘—…’ �ŒŒ

�μ²ÊÎ¨³ Ö¢´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ÔËË¥±É¨¢´μ£μ ¶μÉ¥´Í¨ ²  ¢§ ¨³μ¤¥°¸É¢¨Ö §  ¸Î¥É

�ŒŒ (3). „²Ö  Éμ³´μ£μ Ô²¥±É·μ´  ¶μÉ¥´Í¨ ² ¢´¥Ï´¥£μ ¶μ²Ö ¨³¥¥É ¢¨¤ A
(cl)
μ (r ) =

= δ0,μΦ(r), £¤¥ Φ(r) Å ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´Ò° ±Ê²μ´μ¢¸±¨° ¶μÉ¥´Í¨ ² Ö¤· . ‘ ÊÎ¥-
Éμ³ Éμ£μ, ÎÉμ ¢ ²¨¤¨·ÊÕÐ¥³ ¶·¨¡²¨¦¥´¨¨ F2(0) = α/2π � Δgfree/2, ¶μ¸²¥ ¨´É¥£·¨·μ-
¢ ´¨Ö ¶μ Ê£² ³ ¢ (4) ¶μ²ÊÎ ¥³

A(cl)
μ (r) = −Δgfree

2
Ze

4πr
c(r) δμ,0, c(r) = 2

∞∫
0

q dq sin qr

(
− 1

Ze
Φ̃(q)

)
1
π

F2(−q2)
F2(0)

. (5)

’¥¶¥·Ó ÔËË¥±É¨¢´Ò° ¶μÉ¥´Í¨ ² (3) ³μ¦¥É ¡ÒÉÓ ¶¥·¥¶¨¸ ´ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

ΔUAMM(r) = −i Zλγ · ∇
(
−c(r)

r

)
, (6)

£¤¥ λ = α2/4πm, α = e2/4π. „ ²¥¥ ¢μ¶·μ¸ ¸μ¸Éμ¨É ¢ ¢ÒÎ¨¸²¥´¨¨ ËÊ´±Í¨¨ c(r) ¤²Ö
§ ¤ ´´μ£μ ±Ê²μ´μ¢¸±μ£μ ¶μÉ¥´Í¨ ²  Φ(r). �ËË¥±É¨¢´Ò³ ³¥Éμ¤μ³ ¢ÒÎ¨¸²¥´¨Ö ¨´É¥£· -
²μ¢ É¨¶  (5) Ö¢²Ö¥É¸Ö · ¸Ï¨·¥´¨¥ ¶·¥¤¥²μ¢ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ Î¥É´μ¸É¨ ¤μ (−∞,∞) ¨
¸¢¥¤¥´¨¥ ¨Ì ± ¨´É¥£· ²Ê μÉ ³´¨³μ° Î ¸É¨ Ô²¥±É·μ´´μ£μ Ëμ·³Ë ±Éμ·  Im F2(q2), ±μÉμ· Ö
¨³¥¥É ¡μ²¥¥ ¶·μ¸Éμ° ¢¨¤, Î¥³ F2(q2).
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1.1. ’μÎ¥Î´Ò° ¨¸ÉμÎ´¨±. „²Ö ÉμÎ¥Î´μ£μ ¨¸ÉμÎ´¨±  ±Ê²μ´μ¢¸±¨° ¶μÉ¥´Í¨ ² ¨ ¥£μ
ËÊ·Ó¥-μ¡· § Φ̃(q) ¨³¥ÕÉ ¢¨¤

Φ(r) = − Ze

4πr
e−μr, Φ̃(q) = − Ze

q2 + μ2
, (7)

£¤¥ ³ ¸¸  ËμÉμ´  μ ¢¢¥¤¥´  ¤²Ö ·¥£Ê²Ö·¨§ Í¨¨ ¨´É¥£· ²  ¢ (5), ÎÉμ ¶μ§¢μ²Ö¥É ¨§¡ ¢¨ÉÓ¸Ö
μÉ ¶μ²Õ¸  Φ̃(q) ¢ ´Ê²¥. ‚ ¸²ÊÎ ¥ μ = 0 ´¥μ¡Ìμ¤¨³μ ¡Ò²μ ¡Ò § ¤ ¢ ÉÓ ¸¶¥Í¨ ²Ó´Ò¥ ¶· -
¢¨²  μ¡Ìμ¤  ¶μ²Õ¸  ¢ ´Ê²¥ ¨²¨ ÊÉμÎ´ÖÉÓ, ¢ ± ±μ³ ¸³Ò¸²¥ ¶μ´¨³ ¥É¸Ö ¨´É¥£· ², μ¤´ ±μ
·¥£Ê²Ö·¨§ Í¨Ö ¸ ¶μ³μÐÓÕ e−μr ¶μ§¢μ²Ö¥É ¸³¥¸É¨ÉÓ ¶μ²Õ¸ ¸ ¤¥°¸É¢¨É¥²Ó´μ° μ¸¨ ¨ Ê¶·μ-
¸É¨ÉÓ ¤ ²Ó´¥°Ï¨¥ ¢ÒÎ¨¸²¥´¨Ö. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¤²Ö ËÊ´±Í¨¨ c(r) ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥
¢Ò· ¦¥´¨¥:

c(r) =
1
i

∞∫
−∞

q dq eiqr

(
1

q2 + μ2

)
1
π

F2(−q2)
F2(0)

. (8)

‚ (8) ¢ ¢¥·Ì´¥° ¶μ²Ê¶²μ¸±μ¸É¨ ¶μ¤Ò´É¥£· ²Ó´ Ö ËÊ´±Í¨Ö ¨³¥¥É ¶μ²Õ¸ ¢ ÉμÎ±¥ iμ,
±·μ³¥ Éμ£μ, Ô²¥±É·μ´´Ò° Ëμ·³Ë ±Éμ· F2(−q2) ¨³¥¥É · §·¥§ ´  ³´¨³μ° μ¸¨, ´ Î¨´ -
ÕÐ¨°¸Ö ¶·¨ q = 2mi, ¸± Îμ± ¶·¨ ¶¥·¥Ìμ¤¥ Î¥·¥§ ±μÉμ·Ò° ¸μ¸É ¢²Ö¥É ΔF2(−q2) =
2i ImF2(−q2). ‚ ¨Éμ£¥, ¶μ¸²¥ ¸¢¥¤¥´¨Ö ¨´É¥£· ²  ± ±μ´ÉÊ·´μ³Ê (¸³. ·¨¸. 1, a), ¢Ò· ¦¥-
´¨¥ (8) ¶μ¸²¥ ¶¥·¥Ìμ¤  μ → 0 ¶·¨´¨³ ¥É ¢¨¤ [14]

c(r) = 1 −
∞∫

4m2

dQ2

Q2
e−Qr 1

π

Im F2(Q2)
F2(0)

, (9)

£¤¥ [17]
1
π

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

Q2

1√
1 − 4m2/Q2

.

q q q

2mi

i�

�i�

�2mi

a

2mi

�i�

�2mi

2mi

i�

�2mi

б в

r R�

r R�

�¨¸. 1. Šμ´ÉÊ·Ò ¨´É¥£·¨·μ¢ ´¨Ö, ¨¸¶μ²Ó§Ê¥³Ò¥ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¨´É¥£· ²μ¢ ¢ Ëμ·³Ê² Ì (8), (16)

1.2. �·μÉÖ¦¥´´μ¥ Ö¤·μ. �μÉ¥´Í¨ ² ¶·μÉÖ¦¥´´μ£μ Ö¤· , ·¥£Ê²Ö·¨§μ¢ ´´Ò° ¸ ¶μ³μÐÓÕ
³´μ¦¨É¥²Ö e−μr ¶μ  ´ ²μ£¨¨ ¸ (7), ¢Ò¡¥·¥³ ¢ ¸É ´¤ ·É´μ³ ¢¨¤¥

Φ(r) =

⎧⎪⎨
⎪⎩

− Ze

4πr
e−μr, r > R,

− Ze

4πR

3R2 − r2

2R2
e−μr, r < R,

(10)
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£¤¥ · ¤¨Ê¸ Ö¤·  R μ¶·¥¤¥²Ö¥É¸Ö Î¥·¥§ Z Ëμ·³Ê²μ° (Ê¶·μÐ¥´´μ°)
R = 1,228935 (2,5Z)1/3 ”³ 1. ’μ£¤  ËÊ·Ó¥-μ¡· § ¶μÉ¥´Í¨ ²  (10) ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´
¢ ¢¨¤¥ ¸²¥¤ÊÕÐ¥£μ ¢Ò· ¦¥´¨Ö:

Φ̃(q) = −Ze

q

(
Φ̃(+)(q) eiqR + Φ̃(−)(q) e−iqR + Φ̃(0)(q)

)
, (11)

£¤¥

Φ̃(+)(q) = −3
qR + i(1 + Rμ)
2R3(q + iμ)4

e−Rμ, (12)

Φ̃(−)(q) = −3
qR − i(1 + Rμ)
2R3(q − iμ)4

e−Rμ, (13)

Φ̃(0)(q) = 3qμ
q4R2 + μ2

(
−4 + R2μ2

)
+ 2q2

(
2 + R2μ2

)
R3 (q2 + μ2)4

. (14)

�μ¸²¥ ¶μ¤¸É ´μ¢±¨ (11) ¢ (5) ¶μ²ÊÎ ¥³

c(r) = J (+)(r) + J (−)(r) + J (0)(r), (15)

£¤¥

J (±) =
1
i

∞∫
−∞

dq eiq(r±R) Φ̃(±)(q)
1
π

F2(−q2)
F2(0)

, (16 )

J (0) =
1
i

∞∫
−∞

dq eiqr Φ̃(0)(q)
1
π

F2(−q2)
F2(0)

. (16¡)

ˆ´É¥£· ² J (−) ¢ÒÎ¨¸²Ö¥É¸Ö ¶μ-· §´μ³Ê ¢ ¸²ÊÎ ÖÌ r < R ¨ r > R,   ¨´É¥£· ²Ò J (+),
J (0) ¨³¥ÕÉ μ¤¨´ ±μ¢Ò° ¢¨¤ ´  ¢¸¥³ ¨´É¥·¢ ²¥ r ∈ (0,∞). ‚ ¨´É¥£· ² J (0) (±μ´ÉÊ·
¨´É¥£·¨·μ¢ ´¨Ö ¨³¥¥É É ±μ° ¦¥ ¢¨¤ (·¨¸. 1, a), ± ± ¨ ¢ ¸²ÊÎ ¥ ÉμÎ¥Î´μ£μ Ö¤· ) ¢±² ¤ ¤ ¥É
Éμ²Ó±μ ¶μ²Õ¸ iμ, É ± ± ± Φ̃(0) ∝ μ, ¨ ¢±² ¤ μÉ · §·¥§  μ± §Ò¢ ¥É¸Ö ´Ê²¥¢Ò³ ¶μ¸²¥ ¸´ÖÉ¨Ö
·¥£Ê²Ö·¨§ Í¨¨ μ → 0. ”Ê·Ó¥-μ¡· § Φ̃(+) ´¥ ¨³¥¥É ¶μ²Õ¸μ¢ ¢ ¢¥·Ì´¥° ¶μ²Ê¶²μ¸±μ¸É¨,
¶μÔÉμ³Ê ¨´É¥£· ² J (+) · ¢¥´ ¨´É¥£· ²Ê ¢¤μ²Ó · §·¥§  ËÊ´±Í¨¨ F2(−q2) μÉ ¸± Î±  ¶μ-
¤Ò´É¥£· ²Ó´μ° ËÊ´±Í¨¨ ¶·¨ ¶¥·¥Ìμ¤¥ ¸ μ¤´μ£μ ¡¥·¥£  · §·¥§  ´  ¤·Ê£μ° (¸³. ·¨¸. 1, ¡).
�·¨ r < R ¢ J (−) μ¸É ¥É¸Ö Éμ²Ó±μ ¢±² ¤ μÉ · §·¥§  q ∈ (−2mi,−i∞), É ± ± ± Ê Φ̃(−) ´¥É
¶μ²Õ¸μ¢ ¢ ´¨¦´¥° ¶μ²Ê¶²μ¸±μ¸É¨, ¶·¨ r > R ¢ ¨´É¥£· ² J (−) ¨³¥¥³ ¢±² ¤ μÉ ¶μ²Õ¸  iμ
¨ μÉ · §·¥§  q ∈ (2mi, i∞) (¸³. ·¨¸. 1, ¢). ‚ ¨Éμ£¥ ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö

1ŠμÔËË¨Í¨¥´É ¢ ÔÉμ° Ëμ·³Ê²¥ ¢Ò¡· ´ É ±¨³ μ¡· §μ³, ÎÉμ¡Ò ¢ Î¨¸Éμ ±Ê²μ´μ¢¸±μ° § ¤ Î¥ ¸ ¶μÉ¥´Í¨ -
²μ³ Φ(r) Ê·μ¢¥´Ó 1s1/2 ¶μÎÉ¨ ¤μ¸É¨£ ² ¶μ·μ£  μÉ·¨Í É¥²Ó´μ£μ ±μ´É¨´ÊÊ³  ¶·¨ Z = 170 ¸ Ô´¥·£¨¥° ¸¢Ö§¨
� 1,99999 m.
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¨´É¥£· ²μ¢ (16):

J (0)(r) =
1

2R3

{
r(3R2 − r2) + 3i(r2 − R2)

F ′
2(0)

F2(0)
+ 3r

F ′′
2 (0)

F2(0)
− i

F ′′′
2 (0)

F2(0)

}
, (17)

J (+)(r) = −
∞∫

4m2

dQ2

Q2

3(QR + 1)
R3Q3

e−Q(r+R) 1
π

Im F2(Q2)
F2(0)

, (18)

J (−)(r) =
1

2R3

{
(r − R)2(r + 2R) − 3i(r2 − R2)

F ′
2(0)

F2(0)
− 3r

F ′′
2 (0)

F2(0)
+ i

F ′′′
2 (0)

F2(0)

}
−

−
∞∫

4m2

dQ2

Q2

3(QR − 1)
R3Q3

e−Q(r−R) 1
π

Im F2(Q2)
F2(0)

, r > R, (19)

J (−)(r) =

∞∫
4m2

dQ2

Q2

3(QR + 1)
R3Q3

e−Q(R−r) 1
π

Im F2(Q2)
F2(0)

, r < R, (20)

±μÉμ·Ò¥ ¸ ÊÎ¥Éμ³ F ′
2(0) = 0, F ′′

2 (0) = −F2(0)/3m2, F ′′′
2 (0) = 0 ¸μ¡¨· ÕÉ¸Ö ¢ ¨Éμ£μ¢μ¥

¢Ò· ¦¥´¨¥ ¤²Ö ËÊ´±Í¨¨ c(r) ¤²Ö ¶·μÉÖ¦¥´´μ£μ μ¤´μ·μ¤´μ£μ § ·Ö¦¥´´μ£μ Ö¤·  (10):

c(r) = 1 −
∞∫

4m2

dQ2

Q2

3QR coshQR − 3 sinh QR

R3Q3
e−Qr 1

π

Im F2(Q2)
F2(0)

, r > R, (21 )

c(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. (21¡)

C ³  ¶μ ¸¥¡¥ ËÊ´±Í¨Ö c(r) ´¥ ¨³¥¥É Ö¢´μ£μ Ë¨§¨Î¥¸±μ£μ ¸³Ò¸² , μ¤´ ±μ ¢Ò· ¦¥´¨¥
Δgfree c(r) ³μ¦¥É ¨´É¥·¶·¥É¨·μ¢ ÉÓ¸Ö ± ± § ¢¨¸¨³μ¸ÉÓ �ŒŒ Ô²¥±É·μ´  ¢μ ¢´¥Ï´¥³ ¶μ²¥
μÉ ±μμ·¤¨´ ÉÒ r. �´ ²¨§ ¢Ò· ¦¥´¨° (9), (21) ¶μ± §Ò¢ ¥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¢¥¤¥´¨¥ ÔËË¥±É¨¢´μ£μ ¶μÉ¥´Í¨ ²  (6)
¸ÊÐ¥¸É¢¥´´μ μÉ²¨Î ¥É¸Ö μÉ (1) ¶·¥¦¤¥ ¢¸¥£μ ´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ r � 1/m, ¶· ±É¨Î¥¸±¨
¸μ¢¶ ¤ Ö ¢ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ³ ¶·¥¤¥²¥, É. ¥. ´  · ¸¸ÉμÖ´¨ÖÌ, ¡μ²ÓÏ¨Ì 1/m.

2. “��‚�…�ˆ… „ˆ��Š� ‘ ΔUAMM

�¡Ð¨° ¢¨¤ “„ ¤²Ö Ô²¥±É·μ´  ¢ ±Ê²μ´μ¢¸±μ³ ¶μ²¥ Ö¤·  ¸ ÊÎ¥Éμ³ ¤μ¶μ²´¨É¥²Ó´μ£μ
ÔËË¥±É¨¢´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö §  ¸Î¥É �ŒŒ (6) ¨³¥¥É ¢¨¤ (� = c = m = 1)

(αp + β + U(r) + ΔUAMM)ψ = Eψ, (22)

£¤¥ U(r) = eΦ(r) Å ±Ê²μ´μ¢¸±¨° ¶μÉ¥´Í¨ ² Ö¤· , ¨ Φ(r) ¢Ò¡¨· ¥É¸Ö ¢ ¢¨¤¥ (10). ‚ ± -
Î¥¸É¢¥ ¨¸ÉμÎ´¨±  ΔUAMM ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ¢¸¥ ¶·μÉÖ¦¥´´μ¥ Ö¤·μ, É ± ÎÉμ ¢ ¶μÉ¥´-
Í¨ ²¥ (6) ¨¸¶μ²Ó§Ê¥É¸Ö c(r), μ¶·¥¤¥²¥´´ Ö ¢ (21). ’μ£¤  ¨§ Ê· ¢´¥´¨Ö (22) ¤²Ö ¢¥·Ì´¥°
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iϕ ¨ ´¨¦´¥° χ ±μ³¶μ´¥´É ¤¨· ±μ¢¸±μ£μ ¡¨¸¶¨´μ·  ¸²¥¤Ê¥É

i (σp + λ [σp , V (r )])ϕ = (ε + 1 − U(r)) χ,
(23)

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

£¤¥ V (r ) = Zc(r)/r.
‚ ÔÉμ³ ¸²ÊÎ ¥ ¡Ê¤ÊÉ ¶μ-¶·¥¦´¥³Ê ¸μÌ· ´ÖÉÓ¸Ö ¶μ²´Ò° ³μ³¥´É Ô²¥±É·μ´  j ¨ μ¶¥· Éμ·

k = β(σ l + 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

)
. (24)

�·¨ ÔÉμ³ fj(r) ¨ gj(r) ¢¥Ð¥¸É¢¥´´Ò ¨ l + l′ = 2j. �¶·¥¤¥²¥´¨¥ ¸Ë¥·¨Î¥¸±¨Ì £ ·³μ´¨± ¨
Ï ·μ¢ÒÌ ¸¶¨´μ·μ¢ ¸²¥¤Ê¥É ¨§ [18], ¶·¨ 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 ,

(25)(
∂r + Zλν(r)/r2 − κ/r

)
gj = −(ε − 1 − U(r))fj ,

£¤¥ ν(r) = c(r) − rc′(r).
�É³¥É¨³, ÎÉμ ¢ ¸²ÊÎ ¥ ÉμÎ¥Î´μ£μ Ö¤·  Î²¥´ ν(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) [14]. „²Ö
¶·μÉÖ¦¥´´μ£μ Ö¤·  μÉ²¨Î¨¥ ¢ ¶μ¢¥¤¥´¨¨ ν(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¤·  (·¨¸. 2), 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.
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�¨¸. 2. �μ¢¥¤¥´¨¥ Î²¥´  ν(r)/r2 ¢ Ê· ¢´¥´¨ÖÌ (25) ´  ³ ²ÒÌ (a) ¨ ¡μ²ÓÏ¨Ì (¡) · ¸¸ÉμÖ´¨ÖÌ ¤²Ö
ÉμÎ¥Î´μ£μ ±Ê²μ´μ¢¸±μ£μ ¨¸ÉμÎ´¨±  (¸¶²μÏ´ Ö ²¨´¨Ö) ¨ ¶·μÉÖ¦¥´´μ£μ Ö¤·  · ¤¨Ê¸  R (ÏÉ·¨Ìμ¢ Ö)

—¨¸²¥´´μ¥ ·¥Ï¥´¨¥ ¸¨¸É¥³Ò (25) ¶μ± §Ò¢ ¥É, ÎÉμ ¤²Ö Ö¤·  ¸ ±·¨É¨Î¥¸±¨³ § ·Ö¤μ³
Zcr,1s = 170 Ê·μ¢¥´Ó 1s1/2 (±μÉμ·Ò° ¸μμÉ¢¥É¸É¢Ê¥É κ = −1),   É ±¦¥ Ê·μ¢¥´Ó 2p1/2 (κ =
= 1) ¤²Ö Ö¤·  ¸ Zcr,2p = 183 ¡Ê¤ÊÉ ¸¤¢¨´ÊÉÒ μÉ´μ¸¨É¥²Ó´μ Î¨¸Éμ ±Ê²μ´μ¢¸±μ£μ ¸²ÊÎ Ö
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¸ ¶μÉ¥´Í¨ ²μ³ (10) ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

DεAMM (1s1/2, Z = 170) = 1,12 ±Ô‚,
(26)

DεAMM (2p1/2, Z = 183) = −1,09 ±Ô‚.

�É¨ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¢±² ¤  μÉ ΔUAMM ¢ ¸¤¢¨£ Ê·μ¢´¥° Ö¢²ÖÕÉ¸Ö ¶μ²´μ¸ÉÓÕ ´¥¶¥·ÉÊ·-
¡ É¨¢´Ò³¨ ¶μ Zα ¨ (Î ¸É¨Î´μ) ¶μ α/π §  ¸Î¥É Éμ£μ, ÎÉμ Ë ±É¨Î¥¸±μ° ±μ´¸É ´Éμ° ¸¢Ö§¨
¢ ΔUAMM ¢ ¤ ´´μ³ ¸²ÊÎ ¥ Ö¢²Ö¥É¸Ö Zλ, ±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·  (5) 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
“„ (22) ¨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, ¨³¥Ö ¶μ¸²¥¤´¨¥ ¸ÊÐ¥¸É¢¥´´μ ´¥¶¥·ÉÊ·¡ É¨¢-
´Ò¥ · ¸Î¥ÉÒ ¶μ²Ö·¨§ Í¨¨ ¢ ±ÊÊ³  ¶·¨ Z > Zcr,1s [11Ä13], ±μÉμ·Ò¥ ¤¥³μ´¸É·¨·ÊÕÉ Ö¢´μ
´¥²¨´¥°´Ò° Ì · ±É¥· ÔÉμ£μ ÔËË¥±É  §  · ³± ³¨ ’‚.

�·¥¦¤¥ ¢¸¥£μ ·¥§Ê²ÓÉ ÉÒ (26) ¸²¥¤Ê¥É ¸· ¢´¨ÉÓ ¸ μÍ¥´±μ° ¸¤¢¨£  ¶μ ’‚, ±μ£¤  ΔUAMM

· ¸¸³ É·¨¢ ¥É¸Ö ± ± ¢μ§³ÊÐ¥´¨¥ ±Ê²μ´μ¢¸±μ£μ ¶μÉ¥´Í¨ ²  (10). ‚ ÔÉμ³ ¸²ÊÎ ¥ ¸μμÉ¢¥É-

¸É¢ÊÕÐ Ö μÍ¥´±  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) ν(r), (27)

¨ μ´  ¤ ¥É §´ Î¥´¨Ö, ¸μ¢¶ ¤ ÕÐ¨¥ ¸ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³¨ ·¥§Ê²ÓÉ É ³¨ (26) ¸ ÉμÎ´μ¸ÉÓÕ
´¥ ÌÊ¦¥ 0,1 %. �μ²ÊÎ¥´´Ò¥ §´ Î¥´¨Ö (26) ´ Ìμ¤ÖÉ¸Ö ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¶μ²´Ò³ ¸μ¡¸É¢¥´´μ
Ô´¥·£¥É¨Î¥¸±¨³ ¸¤¢¨£μ³ ¶·¨ Z = 170, ±μÉμ·Ò° ¸μ¸É ¢²Ö¥É ΔESE(1s1/2) � 11,0 ±Ô‚ [19].

3. ��™ˆ… ‘‚�‰‘’‚� ‘„‚ˆƒ�‚ �ˆ†�ˆ• “��‚�…‰ ‡� ‘—…’ ΔUAMM

’¥¶¥·Ó · ¸¸³μÉ·¨³ § ¢¨¸¨³μ¸ÉÓ ¸¤¢¨£μ¢ Ô´¥·£¥É¨Î¥¸±¨Ì Ê·μ¢´¥° §  ¸Î¥É ΔUAMM

μÉ Z. „²Ö  Éμ³´μ£μ Ô²¥±É·μ´  ¸¤¢¨£, μ¡Ê¸²μ¢²¥´´Ò° ΔUAMM, Ö¢²Ö¥É¸Ö Î ¸ÉÓÕ ¸μ¡-
¸É¢¥´´μ Ô´¥·£¥É¨Î¥¸±μ£μ ¢±² ¤  ¢ ²Ô³¡μ¢¸±¨° ¸¤¢¨£, ±μÉμ·Ò° ¢ ¶¥·ÉÊ·¡ É¨¢´μ° Š�„
¶·μ¶μ·Í¨μ´ ²¥´ Z4/n3 [20] ¨ μ¡ÒÎ´μ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ É¥·³¨´ Ì ËÊ´±Í¨¨ Fnj(Zα),
μ¶·¥¤¥²Ö¥³μ° ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¢Ò· ¦¥´¨¥³

ΔESE
nj (Zα) =

Z4α5

πn3
Fnj(Zα). (28)

‚ ¶¥·ÉÊ·¡ É¨¢´μ° ’‚ Fnj(Zα) ´ °¤¥´μ ¤²Ö ´¨¦´¨Ì Ô²¥±É·μ´´ÒÌ Ê·μ¢´¥° ¢μ¤μ·μ¤μ¶μ-
¤μ¡´ÒÌ  Éμ³μ¢ ¸ § ·Ö¤μ³ Ö¤·  Z = 1−110 ¸ ÊÎ¥Éμ³ ¢¸¥Ì ¶μ·Ö¤±μ¢ ¶μ Zα [21Ä25 ¨
¸¸Ò²±¨ É ³]. „²Ö ¸²ÊÎ Ö Zα > 1 ¢ÒÎ¨¸²¥´¨¥ ΔESE

1s1/2
¸ ÉμÎ´μ¸ÉÓÕ ¶μ·Ö¤±  ´¥¸±μ²Ó±¨Ì

¶·μÍ¥´Éμ¢ ¤²Ö § ·Ö¤μ¢ Ö¤·  Z = 140, 150, 160, 170 ¶·¨¢¥¤¥´μ ¢ · ¡μÉ Ì [19,26].
„²Ö μ¶¥· Éμ·  „¨· ± Ä� Ê²¨ (1) ¶¥·ÉÊ·¡ É¨¢´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¢±² ¤  μÉ ΔUAMM ¢ Fnj

¶·μ¢μ¤¨²¨¸Ó ¢ [27] ¢ ¶·¨¡²¨¦¥´¨¨ ÉμÎ¥Î´μ£μ Ö¤·  (¤²Ö Z < 137) ¨ ¢ [28] ¤²Ö ¶·μÉÖ-
¦¥´´μ£μ Ö¤·  ¸ Éμ° ¦¥ § ¢¨¸¨³μ¸ÉÓÕ R(Z), ÎÉμ ¨ ¢ (10). �·¨ ³ ²ÒÌ Z ¶μ¢¥¤¥´¨¥
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FAMM
nj (Zα) ¤²Ö μ¶¥· Éμ·  „¨· ± Ä� Ê²¨ ¢ ¸²ÊÎ ¥ ¶·μÉÖ¦¥´´μ£μ ¨ ÉμÎ¥Î´μ£μ Ö¤¥· ¶· ±-

É¨Î¥¸±¨ ¸μ¢¶ ¤ ¥É,   ¸ Ê¢¥²¨Î¥´¨¥³ § ·Ö¤  Ö¤·  Z ´ ¡²Õ¤ ¥É¸Ö ¨Ì ¡Ò¸É·Ò° ·μ¸É. �·¨
ÔÉμ³ FAMM

nj (Zα) ¤²Ö ÉμÎ¥Î´μ£μ Ö¤·  ¨³¥¥É ¤¢  ¶μ²Õ¸  ¶·¨ ¸Ê¡±·¨É¨Î¥¸±μ³ Zα =
√

3/2
¨ ±·¨É¨Î¥¸±μ³ Zα = 1 §´ Î¥´¨ÖÌ § ·Ö¤  Ö¤·  [27]. �¤´ ±μ ¸ ÊÎ¥Éμ³ ÔËË¥±É¨¢´μ°
§ ¢¨¸¨³μ¸É¨ �ŒŒ μÉ · ¸¸ÉμÖ´¨Ö ¤²Ö ¶·μÉÖ¦¥´´μ£μ Ö¤·  (21) FAMM

nj (Zα) ¢¥¤¥É ¸¥¡Ö ¸Ê-

Ð¥¸É¢¥´´μ ¨´ Î¥. �  ·¨¸. 3, a ¶μ± § ´  ËÊ´±Í¨Ö FAMM
nj (Zα) ¤²Ö Ê·μ¢´¥° 1s1/2 ¨ 2p1/2,

· ¸¸Î¨É ´´ Ö ¢ · ³± Ì ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ¶μ¤Ìμ¤  ´  μ¸´μ¢¥ (26),   É ±¦¥  ´ ²μ£¨Î´ Ö
§ ¢¨¸¨³μ¸ÉÓ ¤²Ö μ¶¥· Éμ·  „¨· ± Ä� Ê²¨ (1) ¢ ¸²ÊÎ ¥ ÉμÎ¥Î´μ£μ ¨ ¶·μÉÖ¦¥´´μ£μ Ö¤¥·.
‚ Î ¸É´μ¸É¨, ¨§ ·¨¸. 3, a ¸²¥¤Ê¥É, ÎÉμ ¤²Ö ´¨¦´¥£μ Ê·μ¢´Ö 1s1/2 ÊÎ¥É § ¢¨¸¨³μ¸É¨ Ô²¥±-
É·μ´´μ£μ Ëμ·³Ë ±Éμ·  μÉ ¢¥²¨Î¨´Ò ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ É¥¶¥·Ó
FAMM

1s1/2
(Zα) ± Î¥¸É¢¥´´μ ¶μ¢Éμ·Ö¥É ¶μ¢¥¤¥´¨¥ F1s1/2(Zα) ¤²Ö ¸Ê³³ ·´μ£μ ¸μ¡¸É¢¥´´μ

Ô´¥·£¥É¨Î¥¸±μ£μ ¸¤¢¨£ ,   ¨³¥´´μ Ê³¥´ÓÏ ¥É¸Ö ¸ ·μ¸Éμ³ § ·Ö¤  Ö¤·  ¢¶²μÉÓ ¤μ Z ∼ 90,
¶μ¸²¥ Î¥£μ ´ Î¨´ ¥É · ¸É¨ (¸·. ¸ [20,26]).

�¨¸. 3. ”Ê´±Í¨Ö FAMM
nj (a) ¨ ¸É¥¶¥´Ó ·μ¸É  (¡) ¤²Ö ¢±² ¤  μÉ ΔUAMM ± ± ËÊ´±Í¨Ö § ·Ö¤  Ö¤· 

Z ¤²Ö Ê·μ¢´¥° 1s1/2 ¨ 2p1/2. „²Ö ¸· ¢´¥´¨Ö ¶μ± § ´Ò § ¢¨¸¨³μ¸É¨ ¤²Ö ΔUAMM ¢ ¢¨¤¥ μ¶¥· Éμ· 
„¨· ± Ä� Ê²¨ (1) (μ¡μ§´ Î¥´Ò PÄD),   É ±¦¥ ¢ÒÎ¨¸²¥´´Ò¥ ¶μ ’‚ ¤²Ö ÉμÎ¥Î´μ£μ Ö¤·  ¨§ · ¡μÉÒ [27]

(μ¡μ§´ Î¥´Ò PT)

„·Ê£μ° ¢ ¦´μ° Ì · ±É¥·¨¸É¨±μ° Š�„-ÔËË¥±Éμ¢ Ö¢²Ö¥É¸Ö ¢¨¤ ¨Ì ¸É¥¶¥´´μ° § ¢¨¸¨-
³μ¸É¨ μÉ Z. �  ·¨¸. 3, ¡ ¶μ± § ´μ ¶μ¢¥¤¥´¨¥ ¸±μ·μ¸É¨ ·μ¸É  n(Z) ¸¤¢¨£  Ê·μ¢´¥° 1s1/2

¨ 2p1/2 §  ¸Î¥É ΔUAMM ± ± ËÊ´±Í¨¨ Z, μ¶·¥¤¥²¥´´μ° Î¥·¥§ ²μ£ ·¨Ë³¨Î¥¸±ÊÕ ¶·μ¨§-
¢μ¤´ÊÕ

n(Z) = Z
∂

∂Z
ln (|DεAMM|) . (29)

ˆ§ ·¨¸. 3, ¡ ¸²¥¤Ê¥É, ÎÉμ ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ¶μ¢¥¤¥´¨¥ n(Z) ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (28), É. ¥.
·μ¸É Š�„-ÔËË¥±Éμ¢ ∼ Z4, ¨³¥¥É ³¥¸Éμ ¢¶²μÉÓ ¤μ Z ∼ 60−80, ¶·¨Î¥³ n(Z) ¤²Ö 1s1/2

¨³¥¥É ¶μ²μ£¨° ³¨´¨³Ê³ ¶·¨ Z ∼ 50 ¨ ¸É·¥³¨É¸Ö ± n = 4 ¶·¨ Z → 0 ¸´¨§Ê, ´μ ¤ ²¥¥
¸¤¢¨£ μÉ ΔUAMM ¶μ± §Ò¢ ¥É ¸ÊÐ¥¸É¢¥´´μ¥ Ê¢¥²¨Î¥´¨¥ ¸É¥¶¥´¨ ·μ¸É , ±μÉμ·μ¥ ¤μ¸É¨-
£ ¥É ³ ±¸¨³Ê³  ¶·¨ Z � 147 ± ± ¤²Ö 1s1/2, É ± ¨ ¤²Ö 2p1/2, ¶·¨Î¥³ ÔÉμÉ ³ ±¸¨³Ê³
¸±μ·μ¸É¨ ·μ¸É  §´ Î¨É¥²Ó´μ ¡μ²¥¥ ¢Ò· ¦¥´ ¤²Ö 2p1/2. „²Ö ¶μÉ¥´Í¨ ²  ÔËË¥±É¨¢´μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ¢¨¤¥ μ¶¥· Éμ·  „¨· ± Ä� Ê²¨ μ¡Ð¨° ¢¨¤ § ¢¨¸¨³μ¸É¨ n(Z) É ±μ° ¦¥,
¸ É¥³ ²¨ÏÓ μÉ²¨Î¨¥³, ÎÉμ ³ ±¸¨³Ê³ ¶·¨ Z � 147 ¡μ²¥¥ ¢Ò· ¦¥´. ‚μμ¡Ð¥ £μ¢μ·Ö, É ±μ¥
¶μ¢¥¤¥´¨¥ ¤²Ö Š�„-ÔËË¥±Éμ¢ ¤μ¸É ÉμÎ´μ ¥¸É¥¸É¢¥´´μ, ¶μ¸±μ²Ó±Ê ¶·¨ Zα > 1 ¸²¥¤Ê¥É
μ¦¨¤ ÉÓ ¸ÊÐ¥¸É¢¥´´μ£μ ·μ¸É  ´¥¶¥·ÉÊ·¡ É¨¢´μ¸É¨ ¶μ Zα,   ³ ±¸¨³Ê³ ¸±μ·μ¸É¨ ·μ¸É 
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¶·¨ Z � 147 Ö¢²Ö¥É¸Ö ¸¶¥Í¨Ë¨Î¥¸±μ° Î¥·Éμ° ΔUAMM. ‚ Î ¸É´μ¸É¨, ¤²Ö ÉμÎ¥Î´μ£μ Ö¤· 
¢ ¸²ÊÎ ¥ ΔUAMM ¡¥§ ÊÎ¥É  Ô±· ´¨·μ¢±¨ ´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ ¶¥·¢Ò³ Ê·μ¢´¥³, ¤μ¸É¨-
£ ÕÐ¨³ ´¨¦´¥£μ ±μ´É¨´ÊÊ³  ± ± · § ¶·¨ Z � 147, μ± §Ò¢ ¥É¸Ö 2p1/2, ¶·¨Î¥³ ¸ É ±μ°
¦¥ (³ ±¸¨³ ²Ó´μ°) ¸±μ·μ¸ÉÓÕ μ¶Ê¸± ´¨Ö Ê·μ¢´Ö ´  ¶μ·μ£¥ ´¨¦´¥£μ ±μ´É¨´ÊÊ³  [10].

’¥¶¥·Ó · ¸¸³μÉ·¨³ ¸¤¢¨£¨ Ê·μ¢´¥° §  ¸Î¥É ΔUAMM ¶·¨ Z � Zcr,1s, ±μ£¤  ´¨¦´¥£μ
±μ´É¨´ÊÊ³  ¡Ê¤ÊÉ ¤μ¸É¨£ ÉÓ ´¥ Éμ²Ó±μ Ê·μ¢´¨ 1s1/2 ¨ 2p1/2, ´μ ¨ Ê·μ¢´¨ ¸ ¤·Ê£¨³¨
±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨ nlj. ’ ±, ¶·¨ Z � 234 ¢ ´¨¦´¨° ±μ´É¨´ÊÊ³ ¶μ£·Ê¦ ¥É¸Ö Ê·μ¢¥´Ó
2s1/2, ¶·¨ Z � 258 Å Ê·μ¢¥´Ó 3p1/2 ¨ É. ¤. �  ·¨¸. 4, a, ¡ ¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ ËÊ´±Í¨°

FAMM
nj ¤²Ö ¸¤¢¨£ , μ¡Ê¸²μ¢²¥´´μ£μ ΔUAMM, μÉ § ·Ö¤  Ö¤·  ¤²Ö ´¨¦´¨Ì Ê·μ¢´¥° ¸ n � 4 ¨

j � 3/2. �¡Ð¥¥ ¶μ¢¥¤¥´¨¥ ËÊ´±Í¨° FAMM
nj ¢ μ¡² ¸É¨ Z < 110 ¤μ¸É ÉμÎ´μ ¶² ¢´μ ¨ ¤²Ö

Ê·μ¢´¥° c j = l + 1/2 ¢ Í¥²μ³ ¶μ¢Éμ·Ö¥É ¶μ¢¥¤¥´¨¥ ¸μ¡¸É¢¥´´μ Ô´¥·£¥É¨Î¥¸±μ£μ ¢±² ¤ 
¢ ²Ô³¡μ¢¸±¨° ¸¤¢¨£. ’ ±, ËÊ´±Í¨Ö FAMM

nj ¤²Ö Ê·μ¢´Ö 1s1/2 ¨³¥¥É ³¨´¨³Ê³ ¶·¨ Z ∼ 90
(¸·. ¸ [26]), ¤²Ö Ê·μ¢´¥° 2s1/2, 3s1/2 ¨³¥¥É ³¨´¨³Ê³ ¶·¨ Z ∼ 70−80, ¤²Ö Ê·μ¢´¥° np3/2

³μ´μÉμ´´μ Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·μ¸Éμ³ Z (¸·. ¸ [22, 23]). �¤´ ±μ ¸ ·μ¸Éμ³ Z ¸É¥¶¥´´μ¥
¶μ¢¥¤¥´¨¥ ¸¤¢¨£  §  ¸Î¥É �ŒŒ ¸É ´μ¢¨É¸Ö ¡μ²¥¥ ¸²μ¦´Ò³.
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�¨¸. 4. ”Ê´±Í¨Ö FAMM
nj ¨ ¸É¥¶¥´Ó ·μ¸É  ¤²Ö ¢±² ¤  μÉ ΔUAMM ± ± ËÊ´±Í¨Ö § ·Ö¤  Ö¤·  Z ¤²Ö

Ê·μ¢´¥° ¸ n � 4 ¨ j = 1/2, 3/2. �·¨ ÔÉμ³ ´  ·¨¸.  , ¢ ¶μ± § ´Ò Ê·μ¢´¨ ¸ j = l + 1/2,   ´  ·¨¸. ¡, £
Ê·μ¢´¨ ¸ j = l − 1/2

�  ·¨¸. 4, ¢, £ ¶μ± § ´μ ¶μ¢¥¤¥´¨¥ ¸±μ·μ¸É¨ ·μ¸É , μ¶·¥¤¥²¥´´μ° Î¥·¥§ ²μ£ ·¨Ë³¨Î¥-
¸±ÊÕ ¶·μ¨§¢μ¤´ÊÕ (29), ¤²Ö É¥Ì ¦¥ Ô²¥±É·μ´´ÒÌ Ê·μ¢´¥°. �·¨ ³ ²ÒÌ Z ¸±μ·μ¸ÉÓ ·μ¸É 
n(Z) ¸μμÉ¢¥É¸É¢Ê¥É ∼ Z4, μ¤´ ±μ ¸ ·μ¸Éμ³ Z ¶μ ³¥·¥ ¶·¨¡²¨¦¥´¨Ö Ê·μ¢´Ö ± £· ´¨Í¥
´¨¦´¥£μ ±μ´É¨´ÊÊ³  n(Z) ¨³¥¥É ·¥§±¨° ³ ±¸¨³Ê³ (³ ±¸¨³Ê³Ò). „²Ö ± ¦¤μ° ¸¥·¨¨
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Ê·μ¢´¥° ¸ Ë¨±¸¨·μ¢ ´´Ò³¨ §´ Î¥´¨Ö³¨ lj ¸É¥¶¥´Ó ·μ¸É  ¤²Ö ´¨¦´¥£μ ¨§ ÔÉ¨Ì Ê·μ¢´¥°
(´ ¶·¨³¥·, 1s1/2) ¨³¥¥É μ¤¨´ ³ ±¸¨³Ê³, ¶μ²μ¦¥´¨¥ ±μÉμ·μ£μ ¶· ±É¨Î¥¸±¨ ¸μμÉ¢¥É¸É¢Ê¥É
§´ Î¥´¨Õ Zcr, ¶·¨ ±μÉμ·μ³ ¶·μ¨¸Ìμ¤¨É ¶ ¤¥´¨¥ ¶¥·¢μ£μ Ê·μ¢´Ö ¸ É ±¨³ ¦¥ j ¢ ¸²ÊÎ ¥
ÉμÎ¥Î´μ£μ Ö¤·  ¡¥§ ÊÎ¥É  Ô±· ´¨·μ¢±¨ �ŒŒ (¸³. [10]); ¤²Ö ¸²¥¤ÊÕÐ¥£μ Ê·μ¢´Ö (´ -
¶·¨³¥·, 2s1/2) Å ¤¢  ³ ±¸¨³Ê³ , ¶·¨Î¥³ ¶¥·¢Ò° ¨§ ´¨Ì ¶· ±É¨Î¥¸±¨ ¶μ¢Éμ·Ö¥É ¶¨±
¢ ¸±μ·μ¸É¨ ·μ¸É  ¤²Ö ¶·¥¤Ò¤ÊÐ¥£μ Ê·μ¢´Ö,   ´μ¢Ò° ³ ±¸¨³Ê³ ¢´μ¢Ó ¸μμÉ¢¥É¸É¢Ê¥É Zcr

¢ ¸²ÊÎ ¥ ÉμÎ¥Î´μ£μ ´¥Ô±· ´¨·μ¢ ´´μ£μ Ö¤·  ¤²Ö ¸²¥¤ÊÕÐ¥£μ Ê·μ¢´Ö ¸ É ±¨³ ¦¥ j; ¨ É. ¤.
…¸É¥¸É¢¥´´μ, É ±μ¥ ´¥³μ´μÉμ´´μ¥ ¶μ¢¥¤¥´¨¥ ¨³¥ÕÉ ¨ ËÊ´±Í¨¨ FAMM

nj ¤²Ö ÔÉ¨Ì Ê·μ¢´¥°,
´μ ¨Ì ¶μ¢¥¤¥´¨¥ É ±¦¥ μ¡² ¤ ¥É ¸²¥¤ÊÕÐ¥° μ¸μ¡¥´´μ¸ÉÓÕ: ¢ ± ¦¤μ° ¸¥·¨¨ Ê·μ¢´¥° nlj
¢ μ¡² ¸É¨ ¡μ²ÓÏ¨Ì Z ¢¥²¨Î¨´  FAMM

nj (Zα) Ê³¥´ÓÏ ¥É¸Ö ¸ ·μ¸Éμ³ ´μ³¥·  Ê·μ¢´Ö n ¶·¨
§ ¤ ´´μ³ Z (§  ¨¸±²ÕÎ¥´¨¥³ ´¨¦´¥£μ Ê·μ¢´Ö ¢ ¸¥·¨ÖÌ ¸ κ < 0), É. ¥. ¶·¨ ¡μ²ÓÏ¨Ì Z
¢¥²¨Î¨´  · ¸¸³ É·¨¢ ¥³μ£μ Š�„-ÔËË¥±É  Ê¡Ò¢ ¥É ¡Ò¸É·¥¥ Î¥³ 1/n3.

�¥¶μ¸·¥¤¸É¢¥´´Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É ¢¥²¨Î¨´  · ¤¨ Í¨μ´´ÒÌ ÔËË¥±Éμ¢ Ê £· -
´¨ÍÒ ´¨¦´¥£μ ±μ´É¨´ÊÊ³ . �  ·¨¸. 5 ¶μ± § ´Ò ¸¤¢¨£¨ ±Ê²μ´μ¢¸±¨Ì Ê·μ¢´¥° nlj §  ¸Î¥É
ΔUAMM, ¢ÒÎ¨¸²¥´´Ò¥ Î¥·¥§ (26) ¶·¨ É ±¨Ì Z ¨§ ¤¨ ¶ §μ´  Zcr,1s < Z < 1000, ¶·¨
±μÉμ·ÒÌ μ´¨ μ± §Ò¢ ÕÉ¸Ö ¶· ±É¨Î¥¸±¨ Ê ¶μ·μ£  ´¨¦´¥£μ ±μ´É¨´ÊÊ³  ¸ εnlj � −1. ‚ ± -
¦¤μ° ¸¥·¨¨ Ê·μ¢´¥° ¸ Ë¨±¸¨·μ¢ ´´Ò³¨ §´ Î¥´¨Ö³¨ lj ¸¤¢¨£ Ê·μ¢´Ö Dεnlj ³ ±¸¨³ ²¥´
¶·¨ ´ ¨³¥´ÓÏ¥³ ¢μ§³μ¦´μ³ n,   ¶μ ³¥·¥ Ê¢¥²¨Î¥´¨Ö n (¨ É¥³ ¸ ³Ò³ Z) ¢¥²¨Î¨´  Dεnlj

Ê³¥´ÓÏ ¥É¸Ö ¶μ  ¡¸μ²ÕÉ´μ° ¢¥²¨Î¨´¥. �μ¸²¥¤´¨° ÔËË¥±É ²¥£±μ ¶μ´ÖÉÓ ´  μ¸´μ¢¥ ¢ÒÎ¨-

¸²¥´¨° ¶μ ’‚ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (27). ‘ Ê¢¥²¨Î¥´¨¥³ n · ¤¨ ²Ó´Ò¥ ‚” f
(0)
nj (r) ¨ g

(0)
nj (r)

¶·¨μ¡·¥É ÕÉ ¤μ¶μ²´¨É¥²Ó´Ò¥ ´Ê²¨,   ¶·μ¨§¢¥¤¥´¨¥ f
(0)
nj (r) g

(0)
nj (r) ¸É ´μ¢¨É¸Ö §´ ±μ¶¥·¥-

³¥´´Ò³ ¨ ´ Î¨´ ¥É μ¸Í¨²²¨·μ¢ ÉÓ É¥³ ¸¨²Ó´¥¥, Î¥³ ¡μ²ÓÏ¥ n. ˆ ´¥¸³μÉ·Ö ´  ÉμÉ Ë ±É,
ÎÉμ μ¡² ¸ÉÓ, ¢ ±μÉμ·μ° · ¤¨ ²Ó´Ò¥ ‚” ¸ÊÐ¥¸É¢¥´´μ μÉ²¨Î´Ò μÉ ´Ê²Ö, Ê¢¥²¨Î¨¢ ¥É¸Ö ¸
·μ¸Éμ³ n, ¨Éμ£μ¢μ¥ §´ Î¥´¨¥ ¨´É¥£· ²μ¢ É¨¶  (27), μ¶·¥¤¥²ÖÕÐ¨Ì ¸¤¢¨£ §  ¸Î¥É ΔUAMM,
¶·¨ ÔÉμ³ Ê³¥´ÓÏ ¥É¸Ö. ‚ ÔÉμ³ ¸²ÊÎ ¥ ´ ¨¡μ²ÓÏ¨° ¸¤¢¨£ Ê·μ¢´¥° ¢ ± ¦¤μ° ¸¥·¨¨ nlj Ê
£· ´¨ÍÒ ´¨¦´¥£μ ±μ´É¨´ÊÊ³  ´¥ ¶·¥¢ÒÏ ¥É ´¥¸±μ²Ó±¨Ì ±¨²μÔ²¥±É·μ´¢μ²ÓÉ ¨ ³¥¤²¥´´μ
· ¸É¥É ¸ ·μ¸Éμ³ lj.
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�¨¸. 5. ‘¤¢¨£¨ Ê·μ¢´¥° ¸ · §²¨Î´Ò³¨ nlj §  ¸Î¥É ΔUAMM, ±μ£¤  μ´¨ μ± §Ò¢ ÕÉ¸Ö ¶μÎÉ¨ Ê ¶μ·μ£ 
´¨¦´¥£μ ±μ´É¨´ÊÊ³ , ¢ ¤¨ ¶ §μ´¥ Zcr,1s < Z < 1000. �É¤¥²Ó´Ò¥ É· ¥±Éμ·¨¨ ¸μμÉ¢¥É¸É¢ÊÕÉ

Ê·μ¢´Ö³ ¸ Ë¨±¸¨·μ¢ ´´Ò³¨ Î¥É´μ¸ÉÓÕ ¨ lj. �·¨ ÔÉμ³ ´  ·¨¸. a ¶μ± § ´Ò Ê·μ¢´¨ ¸ κ < 0, j =

l + 1/2,   ´  ·¨¸. ¡ Å ¸ κ > 0, j = l − 1/2

�¤´ ±μ ¸ ³μ ¶μ ¸¥¡¥ Ê¡Ò¢ ´¨¥ Dεnlj ¸ ·μ¸Éμ³ n ´¨ μ Î¥³ ´¥ £μ¢μ·¨É, ¨´É¥·¥¸
¶·¥¤¸É ¢²Ö¥É ¢ ¶¥·¢ÊÕ μÎ¥·¥¤Ó μÉ²¨Î¨¥ Dεnlj μÉ ¶¥·ÉÊ·¡ É¨¢´μ£μ ·¥§Ê²ÓÉ É  Z4/n3 ¤²Ö
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‡´ Î¥´¨Ö Fnj(Zcrα) ¤²Ö ¸¤¢¨£  §  ¸Î¥É ΔUAMM ¤²Ö Ê·μ¢´¥° ¸ · §²¨Î´Ò³¨ nlj ´  £· ´¨Í¥
´¨¦´¥£μ ±μ´É¨´ÊÊ³  ¢ ¤¨ ¶ §μ´¥ Zcr,1s < Z < 1000

n ns1/2 np3/2 nd5/2 nf7/2 ng9/2 nh11/2

1 0,398 0 0 0 0 0

2 0,641 0,624 0 0 0 0
3 0,551 0,764 0,736 0 0 0

4 0,431 0,722 0,805 0,809 0 0

5 0,338 0,626 0,775 0,827 0,851 0
6 0,272 0,529 0,706 0,797 0,844 0,886

7 0,223 0,449 0,624 0,740 0,807 0,859

8 0,187 0,384 0,549 0,671 0,754 0,814
9 0,159 0,333 0,483 0,606 0,695 0,763

10 0,137 0,292 0,427 0,544 0,638 Å
11 0,120 0,258 0,381 0,490 0,583 Å

12 0,106 0,229 0,342 Å Å Å

n np1/2 nd3/2 nf5/2 ng7/2 nh9/2 ni11/2

2 Ä2,309 0 0 0 0 0

3 Ä1,393 Ä2,031 0 0 0 0
4 Ä0,874 Ä1,669 Ä1,749 0 0 0

5 Ä0,601 Ä1,273 Ä1,559 Ä1,586 0 0

6 Ä0,442 Ä0,969 Ä1,318 Ä1,447 Ä1,486 0
7 Ä0,341 Ä0,754 Ä1,089 Ä1,278 Ä1,358 Ä1,414

8 Ä0,272 Ä0,604 Ä0,900 Ä1,107 Ä1,228 Ä1,296

9 Ä0,223 Ä0,496 Ä0,750 Ä0,957 Ä1,095 Ä1,186
10 Ä0,187 Ä0,416 Ä0,633 Ä0,823 Ä0,968 Ä1,071

11 Ä0,160 Ä0,355 Ä0,543 Ä0,714 Ä0,855 Å

12 Ä0,138 Ä0,307 Ä0,472 Ä0,624 Å Å

É ±¨Ì Z. „²Ö ÔÉμ£μ ¢ É ¡²¨Í¥ ¶·¨¢¥¤¥´Ò §´ Î¥´¨Ö FAMM
nj (Zcrα) ¤²Ö ¸¤¢¨£  Ê·μ¢´¥° ´ 

£· ´¨Í¥ ´¨¦´¥£μ ±μ´É¨´ÊÊ³  §  ¸Î¥É ΔUAMM ¢ ¤¨ ¶ §μ´¥ Zcr,1s < Z < 1000, ±μÉμ·Ò¥
³μ´μÉμ´´μ Ê¡Ò¢ ÕÉ ¢ ± ¦¤μ° ¸¥·¨¨ Ê·μ¢´¥° nlj ¸ ·μ¸Éμ³ n ¨ É¥³ ¸ ³Ò³ ¸ ·μ¸Éμ³ Z,
ÎÉμ ¶μ¤É¢¥·¦¤ ¥É ¢Ò¢μ¤Ò, ¸¤¥² ´´Ò¥ · ´¥¥ ¨§ ·¨¸. 4,   ¨³¥´´μ, ÎÉμ ¤²Ö ¡μ²ÓÏ¨Ì Z ¢¥·´μ
|FAMM

n+1 j (Zα)| < |FAMM
nj (Zα)|. ˆ¸±²ÕÎ¥´¨¥ ¸μ¸É ¢²ÖÕÉ Éμ²Ó±μ ¸ ³Ò¥ ´¨¦´¨¥ Ê·μ¢´¨ ¢

¸¥·¨ÖÌ ¸ κ = −1,−2,−3,−4 (É. ¥. ±μ£¤  l = j − 1/2 ¨ j = 1/2, 3/2, 5/2, 7/2), ¤²Ö ±μÉμ-
·ÒÌ ¸´ Î ² , ´  ¶¥·¢μ³ Ï £¥, FAMM

nj (Zcrα) Ê¢¥²¨Î¨¢ ÕÉ¸Ö, ´μ ¤ ²¥¥ É ±¦¥ ³μ´μÉμ´´μ
Ê¡Ò¢ ÕÉ. � ¶μ¸±μ²Ó±Ê ¢ÒÏ¥ ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¸ ÊÎ¥Éμ³ Ô±· ´¨·μ¢±¨ �ŒŒ ¶μ¢¥¤¥´¨¥
FAMM

nj (Zα) ± Î¥¸É¢¥´´μ ¢μ¸¶·μ¨§¢μ¤¨É ¶μ¢¥¤¥´¨¥ Fnj(Zα) ¤²Ö ¸Ê³³ ·´μ£μ ¸¤¢¨£  ´¨¦-
´¨Ì Ê·μ¢´¥°, ¸²¥¤Ê¥É μ¦¨¤ ÉÓ, ÎÉμ ¢ § ±·¨É¨Î¥¸±μ° μ¡² ¸É¨ Ê¡Ò¢ ´¨¥ ¸ ·μ¸Éμ³ Z ¡Ê¤¥É
¨³¥ÉÓ ³¥¸Éμ ¨ ¤²Ö ¢¸¥£μ ¸μ¡¸É¢¥´´μ Ô´¥·£¥É¨Î¥¸±μ£μ ¢±² ¤ .

‡�Š‹
—…�ˆ…

’ ±¨³ μ¡· §μ³, ¢ · ¡μÉ¥ · ¸¸³μÉ·¥´μ, ± ± ¸ ÊÎ¥Éμ³ ¤¨´ ³¨Î¥¸±μ° Ô±· ´¨·μ¢±¨ �ŒŒ
Ô²¥±É·μ´  ´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ ¢¥¤ÊÉ ¸¥¡Ö ´¨¦´¨¥ Ô²¥±É·μ´´Ò¥ Ê·μ¢´¨ §  ¸Î¥É ΔUAMM

¢ ¸¢¥·ÌÉÖ¦¥²μ³ ¶·μÉÖ¦¥´´μ³ Ö¤·¥ ¶·¨ Zα > 1. �·¨ ÔÉμ³ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¸¤¢¨£μ¢
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Ê·μ¢´¥° ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¸ ¶μ³μÐÓÕ ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ¶μ α/π ¶μ¤Ìμ¤  ± ¢ÒÎ¨¸²¥´¨Õ
¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ÔËË¥±Éμ¢ ¢ · ³± Ì “„ (22). …Ð¥ · § ¶μ¤Î¥·±´¥³, ÎÉμ ¢ ¤ ´´μ³ ¸²Ê-
Î ¥ ´¥¶¥·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¥·¥¸ ± ÔÉμ³Ê ¢μ¶·μ¸Ê μ¡Ê¸²μ¢²¥´, ¢ Î ¸É´μ¸É¨,
¶μ¸²¥¤´¨³¨ ¸ÊÐ¥¸É¢¥´´μ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³¨ · ¸Î¥É ³¨ Ô´¥·£¨¨ ¶μ²Ö·¨§ Í¨¨ ¢ ±ÊÊ³ 
¶·¨ Z > Zcr,1s [11Ä13], ±μÉμ·Ò¥ ¤¥³μ´¸É·¨·ÊÕÉ Ö¢´μ ´¥²¨´¥°´Ò° Ì · ±É¥· ÔÉμ£μ ÔË-
Ë¥±É  §  · ³± ³¨ ’‚.

Š·μ³¥ Éμ£μ, ¶μ¸±μ²Ó±Ê ¸ ÊÎ¥Éμ³ Ô±· ´¨·μ¢±¨ �ŒŒ ¶μ¢¥¤¥´¨¥ FAMM
nj (Zα) ± Î¥-

¸É¢¥´´μ ¢μ¸¶·μ¨§¢μ¤¨É ¶μ¢¥¤¥´¨¥ Fnj(Zα) ¤²Ö ¸Ê³³ ·´μ£μ ¸μ¡¸É¢¥´´μ Ô´¥·£¥É¨Î¥¸±μ£μ
¸¤¢¨£  (¸³. ·¨¸. 4) ¢ Éμ³ ¤¨ ¶ §μ´¥ ¶μ Z, £¤¥ ¤²Ö Fnj(Zα) ¨³¥ÕÉ¸Ö ´ ¤¥¦´Ò¥ ·¥§Ê²ÓÉ ÉÒ,
¢μ§´¨± ¥É ¥¸É¥¸É¢¥´´μ¥ ¶·¥¤¶μ²μ¦¥´¨¥, ÎÉμ ¢ § ±·¨É¨Î¥¸±μ° μ¡² ¸É¨ Ê¡Ò¢ ´¨¥ ¸ ·μ¸Éμ³
Z ¡Ê¤¥É ¨³¥ÉÓ ³¥¸Éμ ¨ ¤²Ö ¢¸¥£μ ¢±² ¤  ¢ ¸¤¢¨£ Ê·μ¢´¥° §  ¸Î¥É ¸μ¡¸É¢¥´´μ° Ô´¥·£¨¨,  
É¥³ ¸ ³Ò³ ¨ ¤²Ö ¤·Ê£¨Ì · ¤¨ Í¨μ´´ÒÌ Š�„-ÔËË¥±Éμ¢ ¸ μ¡³¥´μ³ ¢¨·ÉÊ ²Ó´Ò³ ËμÉμ´μ³.
‚ Éμ ¦¥ ¢·¥³Ö ¢ ¶μ¢¥¤¥´¨¨ ¢ ±ÊÊ³´μ° Ô´¥·£¨¨, ¢ ±μÉμ·μ° μ¸´μ¢´ÊÕ ·μ²Ó ¨£· ¥É ¢±² ¤
μÉ Ë¥·³¨μ´´μ° ¶¥É²¨, ¢ § ±·¨É¨Î¥¸±μ° μ¡² ¸É¨ ¶μ Z, É. ¥. ¢´¥ · ³μ± ’‚ ¶μ Zα, ´ -
¡²Õ¤ ¥É¸Ö ¸ÊÐ¥¸É¢¥´´μ ´¥²¨´¥°´Ò° ·μ¸É ÔËË¥±É  [11Ä13], ¶·¨´Í¨¶¨ ²Ó´μ μÉ²¨Î´Ò° μÉ
¶¥·ÉÊ·¡ É¨¢´μ£μ ¶μ¢¥¤¥´¨Ö, ±μÉμ·Ò° É¥³ ¸ ³Ò³ ´¥ ³μ¦¥É ¡ÒÉÓ ¸±μ³¶¥´¸¨·μ¢ ´ ¢±² ¤μ³
μÉ · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ±.
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