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”¨§¨Î¥¸±¨° Ë ±Ê²ÓÉ¥É ¨ ˆ´¸É¨ÉÊÉ É¥μ·¥É¨Î¥¸±¨Ì ¶·μ¡²¥³ ³¨±·μ³¨·  Œμ¸±μ¢¸±μ£μ
£μ¸Ê¤ ·¸É¢¥´´μ£μ Ê´¨¢¥·¸¨É¥É  ¨³. Œ.‚. ‹μ³μ´μ¸μ¢ , Œμ¸±¢ 

ˆ¸¸²¥¤μ¢ ´μ ¶μ¢¥¤¥´¨¥ ´¨¦´¨Ì Ê·μ¢´¥° ¤¨¸±·¥É´μ£μ ¸¶¥±É·  ¢μ¤μ·μ¤μ¶μ¤μ¡´μ£μ  Éμ³  ¶·¨ ´¥-
¶¥·ÉÊ·¡ É¨¢´μ³ ÊÎ¥É¥ ¢§ ¨³μ¤¥°¸É¢¨Ö · ¤¨ Í¨μ´´μ° ±μ³¶μ´¥´ÉÒ ³ £´¨É´μ£μ ³μ³¥´É  ¸¢μ¡μ¤´μ£μ
Ô²¥±É·μ´  Δgfree ¸ ±Ê²μ´μ¢¸±¨³ ¶μ²¥³ Ö¤·  ¸ § ·Ö¤μ³ Z, ¢±²ÕÎ Ö μ¡² ¸ÉÓ Z > 137. �μ± § ´μ, ÎÉμ
¶·¨ Zα � 1 ¸¤¢¨£ Ô´¥·£¥É¨Î¥¸±¨Ì Ê·μ¢´¥° ¢¶μ²´¥ ÔËË¥±É¨¢´μ μ¶·¥¤¥²Ö¥É¸Ö Î¥·¥§ ³ É·¨Î´Ò¥ Ô²¥-
³¥´ÉÒ μÉ ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ μ¶¥· Éμ·  „¨· ± Ä� Ê²¨ ¶μ ·¥²ÖÉ¨¢¨¸É¸±¨³ ±Ê²μ´μ¢¸±¨³ ¢μ²´μ¢Ò³
ËÊ´±Í¨Ö³. ‚ Éμ ¦¥ ¢·¥³Ö ¤²Ö ¸¢¥·ÌÉÖ¦¥²ÒÌ Ö¤¥· ¸ Z ∼ 170 ´¥¶¥·ÉÊ·¡ É¨¢´Ò° ¸¤¢¨£ Ê·μ¢´¥°, μ¡Ê-
¸²μ¢²¥´´Ò° Δgfree, Ê ¶μ·μ£  ´¨¦´¥£μ ±μ´É¨´ÊÊ³  ¢¥¤¥É ¸¥¡Ö ∼ Z5, ¶·¥¢ÒÏ Ö ¢¸¥ ¨§¢¥¸É´Ò¥ μÍ¥´±¨
· ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ± μÉ ¶μ²Ö·¨§ Í¨¨ ¢ ±ÊÊ³  ¨ ¸μ¡¸É¢¥´´μ° Ô´¥·£¨¨ Ô²¥±É·μ´ , ¨ μ± §Ò¢ ¥É¸Ö
± ± ³¨´¨³Ê³ μ¤´μ£μ ¶μ·Ö¤±  ¸ ÔËË¥±É ³¨ Ô±· ´¨·μ¢±¨ § ·Ö¤  Ö¤·  § ¶μ²´¥´´Ò³¨ μ¡μ²μÎ± ³¨.

The behaviour of electronic levels in hydrogen-like atoms with account of nonperturbative interaction
of radiative component of free electron magnetic moment Δgfree with the Coulomb ˇeld of atomic nuclei
of charge Z is studied, including the region Z > 137. It is shown that for Zα � 1 the shift of energy
levels is determined quite effectively from matrix elements of corresponding DiracÄPauli operator with
relativistic Coulomb wavefunctions. At the same time, for superheavy nuclei with Z ∼ 170 the shift,
caused by Δgfree, is essentially nonperturbative, behaves near the threshold of negative continuum
like Z5, exceeding all the known estimates of radiative corrections from vacuum polarization and
electronic self-energy, and turns out to be at least of the same order as nuclei charge screening effects
from ˇlled electronic shells.
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�μ¢Ò¥ ² ¡μ· Éμ·´Ò¥ ¨  ¸É·μË¨§¨Î¥¸±¨¥ Ô±¸¶¥·¨³¥´ÉÒ ´¥ Éμ²Ó±μ §´ Î¨É¥²Ó´μ · ¸-
Ï¨·¨²¨ ¢μ§³μ¦´μ¸É¨ ¶·μ¢¥¤¥´¨Ö ¢Ò¸μ±μÉμÎ´ÒÌ ¨§³¥·¥´¨° Ì · ±É¥·¨¸É¨± ¢μ¤μ·μ¤μ¶μ-
¤μ¡´ÒÌ  Éμ³μ¢ ¶·¨ · §²¨Î´ÒÌ § ·Ö¤ Ì Ö¤·  Z [1Ä3], ´μ ¨ ¸É¨³Ê²¨·μ¢ ²¨ ¨´É¥·¥¸ ±
¨¸¸²¥¤μ¢ ´¨Õ Š�„-ÔËË¥±Éμ¢, ¢ ±μÉμ·ÒÌ · ¤¨ Í¨μ´´Ò¥ ¢±² ¤Ò Ê¦¥ ´¥²Ó§Ö ¸Î¨É ÉÓ ³ -
²Ò³¨ ¶μ¶· ¢± ³¨ [4Ä9]. ‚ ¶μ¸²¥¤´¥³ ¸²ÊÎ ¥ μ¸μ¡Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É μ¡² ¸ÉÓ ¡μ²Ó-
Ï¨Ì Z, ±μ£¤  Zα ´¥ Ö¢²Ö¥É¸Ö ¡μ²¥¥ ³ ²Ò³ ¶ · ³¥É·μ³ ¨ ¢±² ¤ · ¤¨ Í¨μ´´ÒÌ ÔËË¥±Éμ¢
¸É ´μ¢¨É¸Ö ¸ÊÐ¥¸É¢¥´´μ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³.
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‚ ¤ ´´μ° · ¡μÉ¥ · ¸¸³ É·¨¢ ¥É¸Ö μ¤¨´ ¨§ ÔËË¥±Éμ¢ É ±μ£μ É¨¶ , ±μÉμ·Ò° ¢μ§´¨± ¥É
¶·¨ ´¥¶¥·ÉÊ·¡ É¨¢´μ³ ÊÎ¥É¥ ¢§ ¨³μ¤¥°¸É¢¨Ö · ¤¨ Í¨μ´´μ° ±μ³¶μ´¥´ÉÒ ³ £´¨É´μ£μ ³μ-
³¥´É  ¸¢μ¡μ¤´μ£μ Ô²¥±É·μ´  Δgfree ¸ ±Ê²μ´μ¢¸±¨³ ¶μ²¥³ ´¥¶μ¤¢¨¦´μ£μ ¨¸ÉμÎ´¨±  (Ö¤· )
¤²Ö ¡μ²ÓÏ¨Ì Z (Z > 137).

�μ¸É ´μ¢±  § ¤ Î¨ ¸²¥¤ÊÕÐ Ö. ƒ¨·μ³ £´¨É´μ¥ μÉ´μÏ¥´¨¥ ¤²Ö ¸¢μ¡μ¤´μ£μ Ô²¥±É·μ´ 
gfree = 2 + Δgfree ¨§¢¥¸É´μ ¸ ¡μ²ÓÏμ° ÉμÎ´μ¸ÉÓÕ ± ± ¢ É¥μ·¨¨, É ± ¨ ¢ Ô±¸¶¥·¨-
³¥´É¥ [10Ä13]. ‚ Š�„ É¥μ·¥É¨Î¥¸±μ¥ §´ Î¥´¨¥ · ¤¨ Í¨μ´´μ° ±μ³¶μ´¥´ÉÒ Δgfree μ¶·¥¤¥-
²Ö¥É¸Ö Î¥·¥§ · §²μ¦¥´¨¥ ¶μ ¸É¥¶¥´Ö³ α/π, ¢ ±μÉμ·μ³ ± ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ ¢ÒÎ¨¸²¥´Ò
¢±² ¤Ò μÉ ¤¨ £· ³³, ¸μ¤¥·¦ Ð¨Ì ¤μ ¶ÖÉ¨ ¶¥É¥²Ó [8, 14]. �¥·¢Ò¥ Î²¥´Ò ÔÉμ£μ · §²μ¦¥´¨Ö
¨³¥ÕÉ ¢¨¤

Δgfree = α/π − 0,656958(α/π)2 + O((α/π)3). (1)

„²Ö Ô²¥±É·μ´ , ´ Ìμ¤ÖÐ¥£μ¸Ö ¢ ¸¢Ö§ ´´μ³ ¸μ¸ÉμÖ´¨¨ ¢ ¢μ¤μ·μ¤μ¶μ¤μ¡´μ³  Éμ³¥, μ¡-
Ð¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö £¨·μ³ £´¨É´μ£μ μÉ´μÏ¥´¨Ö ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´μ ¢ ¸²¥¤ÊÕÐ¥³
¢¨¤¥ [15Ä17]:

gbound(Z) = gD + Δgrec + Δgrad. (2)

‚ (2) ¶·¨ ÔÉμ³ gD Å £² ¢´ Ö ±μ³¶μ´¥´É  ¢ gbound(Z) ¶·¨ Z < 137 Å μ¶·¥¤¥²Ö¥É ²¨´¥°-
´Ò° μÉ±²¨± Ô²¥±É·μ´ , ±μÉμ·Ò° ´ Ìμ¤¨É¸Ö ¢ ¸¢Ö§ ´´μ³ ¸μ¸ÉμÖ´¨¨ ¢  Éμ³¥ ¨ μ¶¨¸Ò¢ ¥É¸Ö
¸μμÉ¢¥É¸É¢ÊÕÐ¨³ Ê· ¢´¥´¨¥³ „¨· ± , ´  ¢´¥Ï´¥¥ ³ £´¨É´μ¥ ¶μ²¥. �´ ²¨É¨Î¥¸±μ¥ ¢Ò· -
¦¥´¨¥ ¤²Ö gD-Ë ±Éμ·  Ô²¥±É·μ´  ¢ μ¸´μ¢´μ³ 1s1/2-¸μ¸ÉμÖ´¨¨ ¢μ¤μ·μ¤μ¶μ¤μ¡´μ£μ  Éμ³ 
¢ ¶·¨¡²¨¦¥´¨¨ ´¥¶μ¤¢¨¦´μ£μ ÉμÎ¥Î´μ£μ Ö¤· 

gD(Z) =
2
3
(1 + 2

√
1 − (Zα)2) (3)

¡Ò²μ ¶μ²ÊÎ¥´μ „¦. 	·¥°Éμ³ ¥Ð¥ ¢ 1928 £. [18].
Δgrec μÉ¢¥Î ¥É ¶μ¶· ¢±¥, μ¡Ê¸²μ¢²¥´´μ° ÔËË¥±Éμ³ μÉ¤ Î¨, ¢μ§´¨± ÕÐ¥° §  ¸Î¥É ±μ-

´¥Î´μ¸É¨ ³ ¸¸Ò Ö¤·  [9, 19Ä22], ¨ Ö¢²Ö¥É¸Ö ËÊ´±Í¨¥° ¤¢ÊÌ ¡¥§· §³¥·´ÒÌ ¶ · ³¥É·μ¢ Zα
¨ m/MN , £¤¥ MN Å ³ ¸¸  Ö¤· . � Î¨´ Ö ¸ · ¡μÉ �.�.” Ê¸Éμ¢  ¨ •. ƒ·μÉÎ  [19, 20], £¤¥
¡Ò² ´ °¤¥´ ²¨¤¨·ÊÕÐ¨° Î²¥´ · §²μ¦¥´¨Ö Δgrec ¶μ Zα ¨ m/MN , ±μÉμ·Ò° μ± § ²¸Ö · ¢¥´
(m/MN)(Zα)2, ÔÉμ° ¶μ¶· ¢±¥ ¡Ò² ¶μ¸¢ÖÐ¥´ Í¥²Ò° ·Ö¤ · ¡μÉ (¸³. [9, 21, 22] ¨ ¶·¨¢¥-
¤¥´´Ò¥ É ³ ¸¸Ò²±¨). ‚ Î ¸É´μ¸É¨, ¤²Ö 1s-¸μ¸ÉμÖ´¨Ö ¶μ²ÊÎ¥´μ  ´ ²¨É¨Î¥¸±μ¥ ¢Ò· ¦¥´¨¥
¤²Ö Δgrec, ÉμÎ´μ¥ ¢ ¶¥·¢μ³ ¶μ·Ö¤±¥ ¶μ m/MN :

Δgrec(Z) =
m

MN
(Zα)2 − m

MN

(Zα)4

3(1 +
√

1 − (Zα)2))2
. (4)

‚ ¤ ´´μ° · ¡μÉ¥, μ¤´ ±μ, μ¸´μ¢´μ¥ ¢´¨³ ´¨¥ Ê¤¥²Ö¥É¸Ö ¡μ²ÓÏ¨³ Z, ¤²Ö ±μÉμ·ÒÌ ÔËË¥±-
ÉÒ μÉ¤ Î¨, ¶μ ±· °´¥° ³¥·¥ ¢ ¶¥·¢μ³ ¶·¨¡²¨¦¥´¨¨, ´¥ ±ÉÊ ²Ó´Ò ¨§-§  ³ ²μ¸É¨ m/MN .

Δgrad μ¶·¥¤¥²Ö¥É · ¤¨ Í¨μ´´Ò° ¢±² ¤ ¢ £¨·μ³ £´¨É´μ¥ μÉ´μÏ¥´¨¥ ¸¢Ö§ ´´μ£μ Ô²¥±-
É·μ´  ¨ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥ ¤¢μ°´μ£μ ·Ö¤  ¶μ ¸É¥¶¥´Ö³ ¶ · ³¥É·μ¢ α/π, μÉ¢¥Î ÕÐ¥£μ
§  ¶·μÍ¥¸¸Ò ¨§²ÊÎ¥´¨Ö-¶μ£²μÐ¥´¨Ö ¢¨·ÉÊ ²Ó´ÒÌ ËμÉμ´μ¢ Ô²¥±É·μ´μ³, ¨ Zα, ÎÉμ ÊÎ¨-
ÉÒ¢ ¥É μ¡³¥´ ¢¨·ÉÊ ²Ó´Ò³¨ ËμÉμ´ ³¨ ³¥¦¤Ê Ô²¥±É·μ´μ³ ¨  Éμ³´Ò³ Ö¤·μ³. Š ´ ¸ÉμÖ-
Ð¥³Ê ¢·¥³¥´¨ ¢ · ³± Ì ¶¥·ÉÊ·¡ É¨¢´μ° Š�„ ´ ¤¥¦´μ Ê¸É ´μ¢²¥´  ¸É·Ê±ÉÊ·  Δgrad ¢
¶μ·Ö¤±¥ (Zα)2 ¸ ÊÎ¥Éμ³ ¢¸¥Ì ¶μ¶· ¢μ± ¶μ α/π [23, 24]:

Δgrad = (gfree − 2)
[
1 +

(Zα)2

6

]
+ O(α/π(Zα)4), (5)

¨ · ¸¸Î¨É ´Ò ¢±² ¤Ò μÉ ¤¢ÊÌ¶¥É²¥¢ÒÌ ¤¨ £· ³³ ¨ · ¸¸¥Ö´¨Ö ¸¢¥É  ´  ¸¢¥É¥ [17, 25Ä29].
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‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¶μ¶· ¢±¨ ¶μ·Ö¤±  (Zα)2 ± Δgrad ¨³¥ÕÉ ¶·¥¦¤¥ ¢¸¥£μ ±¨´¥³ -
É¨Î¥¸±ÊÕ ¶·¨·μ¤Ê [19Ä22, 28, 29]. ’ ±¨¥ ´¥É·¨¢¨ ²Ó´Ò¥ Š�„-ÔËË¥±ÉÒ, ± ± ¶μ²Ö·¨§ Í¨Ö
¢ ±ÊÊ³  ¨ · ¸¸¥Ö´¨¥ ¸¢¥É  ´  ¸¢¥É¥, ¶·μÖ¢²ÖÕÉ¸Ö Éμ²Ó±μ ¢ ¶μ·Ö¤±¥ O(α/π(Zα)4). ‚ Éμ
¦¥ ¢·¥³Ö ¨§ (5) ¸²¥¤Ê¥É, ÎÉμ ¢ É ±μ³ ®±¨´¥³ É¨Î¥¸±μ³¯ ¶·¨¡²¨¦¥´¨¨ Δgfree Ö¢²Ö¥É¸Ö
¶ · ³¥É·μ³, ´¥ § ¢¨¸ÖÐ¨³ μÉ ±μ´±·¥É´μ£μ Ô²¥±É·μ´´μ£μ ¸μ¸ÉμÖ´¨Ö, ¨ ¶·¨ μ¶·¥¤¥²¥´¨¨
Ì · ±É¥·¨¸É¨± ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ³μ¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± μÉ¤¥²Ó´Ò° ¤¨´ ³¨Î¥-
¸±¨° Ë ±Éμ·. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¢μ§´¨± ¥É ³μÉ¨¢ Í¨Ö ± ´¥¶¥·ÉÊ·¡ É¨¢´μ³Ê ÊÎ¥ÉÊ ¢±² ¤ 
μÉ Δgfree ¢ ¸¢μ°¸É¢  Ô²¥±É·μ´´μ£μ ¸μ¸ÉμÖ´¨Ö ¢  Éμ³ Ì ¸ ¡μ²ÓÏ¨³ Z ´¥¶μ¸·¥¤¸É¢¥´´μ Î¥-
·¥§ ¤μ¶μ²´¨É¥²Ó´Ò° Î²¥´ ¢ £ ³¨²ÓÉμ´¨ ´¥ „¨· ± , μÉ¢¥Î ÕÐ¨° §  ´ ²¨Î¨¥ Ê ¤¨· ±μ¢¸±μ°
Î ¸É¨ÍÒ  ´μ³ ²Ó´μ£μ ³ £´¨É´μ£μ ³μ³¥´É  (É ± ´ §Ò¢ ¥³Ò° Î²¥´ „¨· ± Ä� Ê²¨):

ΔUAMM =
Δgfree

2
e

4m
γ0σμνFμν , (6)

£¤¥ σμνFμν = 2(iαE − σH),   E ¨ H Å Ô²¥±É·¨Î¥¸± Ö ¨ ³ £´¨É´ Ö ±μ³¶μ´¥´ÉÒ É¥´-
§μ·  Fμν ¸μμÉ¢¥É¸É¢¥´´μ. �μ¸±μ²Ó±Ê É ±μ¥ ÔËË¥±É¨¢´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ · ¤¨ Í¨μ´´μ°
±μ³¶μ´¥´ÉÒ ³ £´¨É´μ£μ ³μ³¥´É  Ô²¥±É·μ´  ¸ ¢´¥Ï´¨³ Ô²¥±É·μ³ £´¨É´Ò³ ¶μ²¥³ ¡Ò²μ
¢¶¥·¢Ò¥ ¶μ²ÊÎ¥´μ ¢ · ¡μÉ Ì 
. ˜¢¨´£¥·  [30], Éμ ¤ ²¥¥ ³Ò ¤²Ö ±· É±μ¸É¨ ¡Ê¤¥³ ´ §Ò-
¢ ÉÓ (6) Ï¢¨´£¥·μ¢¸±¨³ ¢§ ¨³μ¤¥°¸É¢¨¥³.

�μ¤Î¥·±´¥³, ÎÉμ ΔUAMM ¨³¥¥É ¸É ÉÊ¸ ÔËË¥±É¨¢´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö Éμ²Ó±μ ´ 
Ê·μ¢´¥ Ê· ¢´¥´¨Ö „¨· ±  ¢ · ³± Ì μ¤´μÎ ¸É¨Î´μ£μ ¶·¨¡²¨¦¥´¨Ö (± ·É¨´Ò ” ··¨),  
´¥ ¤μ¶μ²´¨É¥²Ó´μ£μ Î²¥´  ¢ § É· ¢μÎ´μ³ ² £· ´¦¨ ´¥. �μ¸²¥¤´¥¥ ¶·μÉ¨¢μ·¥Î¨²μ ¡Ò ¸ -
³μ° ¶·¨·μ¤¥  ´μ³ ²Ó´μ£μ ³ £´¨É´μ£μ ³μ³¥´É  Ô²¥±É·μ´ , ±μÉμ·Ò° ¢μ§´¨± ¥É ¢ Š�„ ± ±
μ¤´  ¨§ · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ± ± ¢¥·Ï¨´´μ³Ê Ëμ·³Ë ±Éμ·Ê ¢ ¶·¥¤¥²¥ ³ ²ÒÌ ¶¥·¥¤ ´-
´ÒÌ ¨³¶Ê²Ó¸μ¢ [31, 32], ¨ ΔUAMM ¶μÔÉμ³Ê ¥¸ÉÓ Éμ²Ó±μ μ¤¨´ ¨§ ¢¨¤μ¢ ÔËË¥±É¨¢´μ£μ ¢§ -
¨³μ¤¥°¸É¢¨Ö, μ¡Ê¸²μ¢²¥´´μ£μ · ¤¨ Í¨μ´´Ò³¨ ¶μ¶· ¢± ³¨ ± § É· ¢μÎ´μ³Ê ² £· ´¦¨ ´Ê.
‚ Éμ ¦¥ ¢·¥³Ö ´¥¶¥·ÉÊ·¡ É¨¢´Ò° ÊÎ¥É ¤ ¦¥ Éμ° Î ¸É¨ ÔËË¥±É¨¢´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ±μ-
Éμ· Ö μ¡Ê¸²μ¢²¥´  Δgfree, ³μ¦¥É ¶μ§¢μ²¨ÉÓ ¸ÊÐ¥¸É¢¥´´μ ¶·μ¤¢¨´ÊÉÓ¸Ö ¢¶¥·¥¤ ¢ ¶μ´¨³ -
´¨¨ ¸É·Ê±ÉÊ·Ò ¨ ·μ²¨ · ¤¨ Í¨μ´´ÒÌ Š�„-ÔËË¥±Éμ¢ ¢ Éμ° μ¡² ¸É¨, £¤¥ μ´¨ Ê¦¥ ´¥ ³ ²Ò.
’¥³ ¡μ²¥¥ ÎÉμ ¢±² ¤ μÉ Ï¢¨´£¥·μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ± ± ¨ μÉ ¸¶¨´-μ·¡¨É ²Ó´μ£μ ¢
´¥·¥²ÖÉ¨¢¨¸É¸±μ³  Éμ³¥, ¡Ò¸É·μ · ¸É¥É ¸ Ê¢¥²¨Î¥´¨¥³ § ·Ö¤  Ö¤· , ¨ ¶·¨ Zα ∼ 1 ¥£μ
±μ··¥±É´Ò° ÊÎ¥É § ¢¥¤μ³μ É·¥¡Ê¥É ¸ÊÐ¥¸É¢¥´´μ ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ¶μ¤Ìμ¤ .

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¡Ê¤¥É ¶μ± § ´μ, ± ± ¢ ·¥§Ê²ÓÉ É¥ ÊÎ¥É  ¢§ ¨³μ¤¥°¸É¢¨Ö (6) ¸¶¥±É·
´¨¦´¨Ì Ô²¥±É·μ´´ÒÌ Ê·μ¢´¥° ¢ ¢μ¤μ·μ¤μ¶μ¤μ¡´μ³  Éμ³¥ ¨§³¥´Ö¥É¸Ö ¶μ ¸· ¢´¥´¨Õ ¸ Î¨-
¸Éμ ±Ê²μ´μ¢¸±¨³ ¸²ÊÎ ¥³ ¶·¨ · §²¨Î´ÒÌ §´ Î¥´¨ÖÌ Z. �·¨ ÔÉμ³ μ¸´μ¢´μ¥ ¢´¨³ ´¨¥
¡Ê¤¥É Ê¤¥²ÖÉÓ¸Ö ¢±² ¤Ê Ï¢¨´£¥·μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·¨ ¡μ²ÓÏ¨Ì Z (Z > 137),   ´¥
¶·¥Í¨§¨μ´´Ò³ · ¸Î¥É ³ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¶μ¶· ¢±¨ ¶·¨ ³ ²ÒÌ Z, ±μ£¤  ¢¶μ²´¥ ÔËË¥±-
É¨¢´Ò³¨ Ö¢²ÖÕÉ¸Ö ³¥Éμ¤Ò ¶¥·ÉÊ·¡ É¨¢´μ° Š�„.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¢§ ¨³μ¤¥°¸É¢¨¥ § ·Ö¦¥´´μ° ¤¨· ±μ¢¸±μ° Î ¸É¨ÍÒ ¸ ±Ê²μ´μ¢-
¸±¨³ ¶μ²¥³ ÉμÎ¥Î´μ£μ § ·Ö¤  ¸ ÊÎ¥Éμ³  ´μ³ ²Ó´μ£μ ³ £´¨É´μ£μ ³μ³¥´É  Î¥·¥§ Î²¥´
„¨· ± Ä� Ê²¨ · ¸¸³ É·¨¢ ²μ¸Ó ¢ ¸¢μ¥ ¢·¥³Ö ¢ [33] ¸ Í¥²ÓÕ ¨¸¸²¥¤μ¢ ´¨Ö ¢μ§³μ¦´μ-
¸É¨ ¢μ§´¨±´μ¢¥´¨Ö ·¥§μ´ ´¸μ¢ ´  ³ ¸ÏÉ ¡ Ì ¶μ·Ö¤±   ¤·μ´´ÒÌ · §³¥·μ¢ ¨ ³ ¸¸ §  ¸Î¥É
¢μ§· ¸É ´¨Ö ·μ²¨ ³ £´¨É´ÒÌ ÔËË¥±Éμ¢ ´  ¶·¥¤¥²Ó´μ ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ. ‚ ´ ¸ÉμÖÐ¥°
· ¡μÉ¥ ³Ò · ¸¸³ É·¨¢ ¥³ ¶·¨´Í¨¶¨ ²Ó´μ ¤·Ê£μ°  ¸¶¥±É ´ ²¨Î¨Ö Ê Î ¸É¨ÍÒ  ´μ³ ²¨¨ ³ £-
´¨É´μ£μ ³μ³¥´É , μ¡Ê¸²μ¢²¥´´μ° · ¤¨ Í¨μ´´Ò³¨ ¶μ¶· ¢± ³¨,   ¨³¥´´μ μ¡ÐÊÕ § ¤ ÎÊ μ
¸¶¥±É·¥ ¨ ¸¢μ°¸É¢ Ì ¸É Í¨μ´ ·´ÒÌ ¸μ¸ÉμÖ´¨° Î ¸É¨ÍÒ ¶·¨ ´ ²¨Î¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö (6) ¢
§ ¢¨¸¨³μ¸É¨ μÉ ¢¥²¨Î¨´Ò § ·Ö¤  ±Ê²μ´μ¢¸±μ£μ ¨¸ÉμÎ´¨± , ¤²Ö Î¥£μ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤·Ê£¨¥
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³¥Éμ¤Ò, ± ± Î¨¸²¥´´Ò¥, É ± ¨  ´ ²¨É¨Î¥¸±¨¥,   ¶μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ Ö¢´μ ¤¥³μ´¸É·¨-
·ÊÕÉ ¸ÊÐ¥¸É¢¥´´μ¥ ¢μ§· ¸É ´¨¥ · ¤¨ Í¨μ´´ÒÌ Š�„-ÔËË¥±Éμ¢ ¶·¨ ¡μ²ÓÏ¨Ì Z.

Š“‹���‚‘Š�Ÿ ‡�„�—� ‘ —‹…��Œ „ˆ��Š�Ä��“‹ˆ
„‹Ÿ ’�—…—��ƒ� Ÿ„��

‘É Í¨μ´ ·´μ¥ Ê· ¢´¥´¨¥ „¨· ±  ¸ Î²¥´μ³ „¨· ± Ä� Ê²¨ (6) ¤²Ö Ô²¥±É·μ´  ¢ ±Ê²μ-
´μ¢¸±μ³ ¶μ²¥ ÉμÎ¥Î´μ£μ Ö¤·  ¸ § ·Ö¤μ³ Z ¨³¥¥É ¢¨¤ (� = c = 1)

(
αp + βm − Zα

r
− iΔgfree

Zα

4m

γr
r3

)
ψ = Eψ. (7)

‚ ¥¸É¥¸É¢¥´´ÒÌ ¥¤¨´¨Í Ì, ±μ£¤  ³ ¸ÏÉ ¡μ³ Ô´¥·£¨¨ ¸²Ê¦¨É ³ ¸¸  ¶μ±μÖ Î ¸É¨ÍÒ, · ¸-
¸ÉμÖ´¨° Å ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ±μ³¶Éμ´μ¢¸± Ö ¤²¨´  ¢μ²´Ò, ¨§ Ê· ¢´¥´¨Ö (7) ¤²Ö ¢¥·Ì´¥°
¨ ´¨¦´¥° ±μ³¶μ´¥´É ¤¨· ±μ¢¸±μ£μ ¡¨¸¶¨´μ·  ϕ ¨ χ ¸²¥¤Ê¥É

(
σp +

iZλσn
r2

)
ϕ =

(
ε + 1 +

Zα

r

)
χ,

(8)(
σp − iZλσn

r2

)
χ = −

(
ε − 1 +

Zα

r

)
ϕ,

£¤¥ λ = αΔgfree/4, ε = E/m,   n = r/r.
Š ± ¨ ¢ Î¨¸Éμ ±Ê²μ´μ¢¸±μ³ ¸²ÊÎ ¥, ¶·¨ ´ ²¨Î¨¨ ΔUAMM ¡Ê¤ÊÉ ¶μ-¶·¥¦´¥³Ê ¸μÌ· -

´ÖÉÓ¸Ö ¶μ²´Ò° ³μ³¥´É Ô²¥±É·μ´  j ¨ μ¶¥· Éμ· k = β(σl+1) [33], ¶μÔÉμ³Ê ¢ ¸É ´¤ ·É´μ³
¶·¥¤¸É ¢²¥´¨¨ ¤²Ö ³ É·¨Í „¨· ±  ¢¥·Ì´¨° ¨ ´¨¦´¨° ¸¶¨´μ·Ò ¤¨· ±μ¢¸±μ° ¢μ²´μ¢μ°
ËÊ´±Í¨¨ (‚”) ¡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 =
(

ifj(r)Ωjlmj

gj(r)Ωjl′mj

)
. (9)

�·¨ ÔÉμ³ fj(r) ¨ gj(r) ¢¥Ð¥¸É¢¥´´Ò ¨ l + l′ = 2j. „ ²¥¥ ¸μ¸ÉμÖ´¨Ö ¸ Ë¨±¸¨·μ¢ ´´Ò³ j
¨ · §²¨Î´Ò³¨ Î¥É´μ¸ÉÓÕ, ±μÉμ·ÊÕ ¡Ê¤¥³ μÉμ¦¤¥¸É¢²ÖÉÓ ¸ Î¥É´μ¸ÉÓÕ ¢¥·Ì´¥£μ ¸¶¨´μ· ,
¨ ¸μ¡¸É¢¥´´Ò³¨ §´ Î¥´¨Ö³¨ k ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ¶μ μÉ¤¥²Ó´μ¸É¨. …¸²¨ j = l + 1/2, Éμ
¶·¨ Î¥É´μ¸É¨ (−1)l ¨ k = j + 1/2

ψjmj =
(

iul(r)Ωjlmj

ql(r)σnΩjlmj

)
, (10)

¨ · ¤¨ ²Ó´Ò¥ ËÊ´±Í¨¨ ul(r), ql(r) Ê¤μ¢²¥É¢μ·ÖÕÉ Ê· ¢´¥´¨Õ

∂rul −
(

l

r
+

Zλ

r2

)
ul =

(
ε + 1 +

Zα

r

)
ql,

(11)

∂rql +
(

l + 2
r

+
Zλ

r2

)
ql = −

(
ε − 1 +

Zα

r

)
ul,
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  ¥¸²¨ Î¥É´μ¸ÉÓ · ¢´  (−1)l+1 ¨ k = −(j + 1/2), Éμ

ψjmj =
(

ivl(r)σnΩjlmj

pl(r)Ωjlmj

)
, (12)

¶·¨ ÔÉμ³ Ê· ¢´¥´¨Ö ¤²Ö ¶ ·Ò vl(r), pl(r) ¶·¨´¨³ ÕÉ ¢¨¤

∂rvl +
(

l + 2
r

− Zλ

r2

)
vl =

(
ε + 1 +

Zα

r

)
pl,

(13)

∂rpl −
(

l

r
− Zλ

r2

)
pl = −

(
ε − 1 +

Zα

r

)
vl.

‚ ¸¶¥±É· ²Ó´μ° § ¤ Î¥ (7) Ï¢¨´£¥·μ¢¸±μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¨£· ¥É μÎ¥´Ó ¸¶¥Í¨Ë¨-
Î¥¸±ÊÕ ·μ²Ó. ‘ μ¤´μ° ¸Éμ·μ´Ò, μ´μ ¤μ³¨´¨·Ê¥É ´  ¶·¥¤¥²Ó´μ ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ
r ∼ (Zα)α/4π μÉ ÉμÎ¥Î´μ£μ ¨¸ÉμÎ´¨±  § ·Ö¤ , ¶·¨ ÔÉμ³ α/4π ¢ ¥¤¨´¨Í Ì ±μ³¶Éμ´μ¢-
¸±μ° ¤²¨´Ò ¸μμÉ¢¥É¸É¢Ê¥É ³ ¸ÏÉ ¡Ê � 0,25 ”³. ‡  ¸Î¥É ÔÉμ£μ  ¸¨³¶ÉμÉ¨±  · ¤¨ ²Ó´ÒÌ
ËÊ´±Í¨° ¶·¨ r → 0 ¸É ´μ¢¨É¸Ö ·¥£Ê²Ö·´μ° ¤²Ö ¢¸¥Ì Z ¨ ¢´¥ § ¢¨¸¨³μ¸É¨ μÉ Î¥É´μ¸É¨
Ê·μ¢´Ö ¸ ÉμÎ´μ¸ÉÓÕ ¤μ ¸É¥¶¥´´μ£μ ³´μ¦¨É¥²Ö ¶·¨ Z > 0 ¨³¥¥É ¢¨¤

fj(r) → exp
(
−Zλ

r

)
, gj(r) → − α

2λ
r exp

(
−Zλ

r

)
, (14 )

  ¶·¨ Z < 0

gj(r) → exp
(
−|Z|λ

r

)
, fj(r) → − α

2λ
r exp

(
−|Z|λ

r

)
. (14¡)

‚ ·¥§Ê²ÓÉ É¥ ¤¨· ±μ¢¸±¨° £ ³¨²ÓÉμ´¨ ´ (7) ¸É ´μ¢¨É¸Ö ¸ ³μ¸μ¶·Ö¦¥´´Ò³ ¤²Ö ¢¸¥Ì Z.
�μÔÉμ³Ê ¢¢¥¤¥´¨¥ Î²¥´  „¨· ± Ä� Ê²¨ μ¤´μ¢·¥³¥´´μ Ö¢²Ö¥É¸Ö ¨ ¸¶μ¸μ¡μ³ ·¥£Ê²Ö·¨§ -
Í¨¨ ¤¨· ±μ¢¸±μ£μ £ ³¨²ÓÉμ´¨ ´  ¶·¨ Ê¸²μ¢¨¨ ¸μÌ· ´¥´¨Ö ÉμÎ¥Î´μ£μ Ì · ±É¥·  ¨¸ÉμÎ´¨± 
¸ § ·Ö¤μ³ Z > 137,  ²ÓÉ¥·´ É¨¢´Ò³ ¸É ´¤ ·É´μ³Ê ¸¶μ¸μ¡Ê Î¥·¥§ μ¡·¥§ ´¨¥ ±Ê²μ´μ¢¸±μ£μ
¶μÉ¥´Í¨ ²  ¶·¨ r < δ, ±μÉμ·Ò° Ë ±É¨Î¥¸±¨ μ§´ Î ¥É ¶·¨¶¨¸Ò¢ ´¨¥ ¨¸ÉμÎ´¨±Ê ´¥´Ê²¥-
¢μ£μ · §³¥· .

� ·Ö¤Ê cμ ¸³¥´μ°  ¸¨³¶ÉμÉ¨±¨ ´ ¨¡μ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò¥ ¨§³¥´¥´¨Ö ¢ ¶μ¢¥¤¥´¨¨ · ¤¨-
 ²Ó´ÒÌ ±μ³¶μ´¥´É Ô²¥±É·μ´´μ° ‚” ¶μ ¸· ¢´¥´¨Õ ¸ Î¨¸Éμ ±Ê²μ´μ¢¸±μ° § ¤ Î¥° ¶·μ-
¨¸Ìμ¤ÖÉ ´  ¶·¥¤¥²Ó´μ ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ μÉ ¨¸ÉμÎ´¨±  § ·Ö¤ . �  ·¨¸. 1,  , ¡ ¶μ± -
§ ´μ ¶μ¢¥¤¥´¨¥ ‚” Ê·μ¢´Ö 1s1/2 ¶·¨ Z = 1, 10, 20 ¢ ®Î¥·¥¶ ÏÓ¨Ì¯ ±μμ·¤¨´ É Ì ξ =
ar + b ln r. �μ¸²¥¤´¥¥ ´¥μ¡Ìμ¤¨³μ ¤²Ö ¤¥É ²¨§ Í¨¨ ¶μ¢¥¤¥´¨Ö · ¤¨ ²Ó´ÒÌ ËÊ´±Í¨° ¶·¨
r � 1 (¢ ¥¤¨´¨Í Ì ±μ³¶Éμ´μ¢¸±μ° ¤²¨´Ò), £¤¥ ¶·μ¨¸Ìμ¤ÖÉ ¢¸¥ μ¸´μ¢´Ò¥ ¨§³¥´¥´¨Ö ¢ ¨Ì
¶·μË¨²ÖÌ.

‚ Éμ ¦¥ ¢·¥³Ö Ô´¥·£¥É¨Î¥¸±¨° ¸¤¢¨£ Ê·μ¢´¥°, ± ±μÉμ·μ³Ê ¶·¨¢μ¤¨É Ï¢¨´£¥·μ¢¸±μ¥
¢§ ¨³μ¤¥°¸É¢¨¥, ´¥ Ö¢²Ö¥É¸Ö ÔËË¥±Éμ³ Éμ²Ó±μ ³ ²ÒÌ · ¸¸ÉμÖ´¨° μÉ Ö¤· . �Éμ ¤μ ´¥-
±μÉμ·μ° ¸É¥¶¥´¨ μ¡Ê¸²μ¢²¥´μ ³¥¤²¥´´Ò³ Ê¡Ò¢ ´¨¥³ ∼ 1/r2 ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Î²¥´μ¢ ¢
Ê· ¢´¥´¨ÖÌ (11), (13) ¤²Ö · ¤¨ ²Ó´ÒÌ ËÊ´±Í¨°, ±μÉμ·μ¥ ¶μ± §Ò¢ ¥É, ÎÉμ Ï¢¨´£¥·μ¢¸±μ¥
¢§ ¨³μ¤¥°¸É¢¨¥ ´¥ ¨³¥¥É ´¨± ±μ£μ μ¶·¥¤¥²¥´´μ£μ ÔËË¥±É¨¢´μ£μ · ¤¨Ê¸  ¤¥°¸É¢¨Ö, ´μ
´  ¸ ³μ³ ¤¥²¥ Ö¢²Ö¥É¸Ö Ì · ±É¥·´μ° Î¥·Éμ° ¢¸¥Ì ¸¶¥±É· ²Ó´ÒÌ § ¤ Î É ±μ£μ É¨¶ . 	μ²¥¥
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�¨¸. 1.  ) �μ¢¥¤¥´¨¥ ¢¥·Ì´¥° · ¤¨ ²Ó´μ° ±μ³¶μ´¥´ÉÒ u0(r) ´μ·³¨·μ¢ ´´μ£μ ¤¨· ±μ¢¸±μ£μ ¸¶¨-

´μ·  ¤²Ö Ê·μ¢´Ö 1s1/2 ¶·¨ Z = 1 ¢ ±μμ·¤¨´ É Ì ξ = r/3 + 7 ln r. �¨¦´ÖÖ ±μ³¶μ´¥´É  ´¥
¶μ± § ´ , ¶μ¸±μ²Ó±Ê ´ ¸Éμ²Ó±μ ³ ² , ÎÉμ ¢ ÔÉμ³ ³ ¸ÏÉ ¡¥ ¶· ±É¨Î¥¸±¨ ¸²¨¢ ¥É¸Ö ¸ μ¸ÓÕ  ¡¸Í¨¸¸.

¡) �μ¢¥¤¥´¨¥ ¢¥·Ì´¥° (¸¶²μÏ´Ò¥ ²¨´¨¨) ¨ ´¨¦´¥° (ÏÉ·¨Ìμ¢Ò¥) · ¤¨ ²Ó´ÒÌ ±μ³¶μ´¥´É ´μ·³¨·μ-

¢ ´´μ£μ ¤¨· ±μ¢¸±μ£μ ¸¶¨´μ·  ¤²Ö Ê·μ¢´Ö 1s1/2 ¶·¨ Z = 10, 20 ¢ ±μμ·¤¨´ É Ì ξ = r + 7 ln r

�¨¸. 2. �μ¢¥¤¥´¨¥ Ô´¥·£¥É¨Î¥¸±μ£μ ¸¤¢¨£  Ê·μ¢´Ö 1s1/2 ¶·¨ Z = 1 ± ± ËÊ´±Í¨Ö ¶ · ³¥É· 
μ¡·¥§ ´¨Ö r0 ¢ ±μμ·¤¨´ É Ì ξ0 = r0 + 30 ln r0

±μ´±·¥É´μ, ¥¸²¨ ¢ Ê· ¢´¥´¨¥ „¨· ±  (7) ¢¢¥¸É¨ μ¡·¥§ ´¨¥ Ï¢¨´£¥·μ¢¸±μ£μ ¢§ ¨³μ¤¥°-
¸É¢¨Ö ´  · ¤¨Ê¸¥ r0, Éμ ¸¤¢¨£ Δε Ê·μ¢´Ö 1s1/2 ± ± ËÊ´±Í¨Ö r0 ¡Ê¤¥É ¢¥¸É¨ ¸¥¡Ö, ± ±
¶μ± § ´μ ´  ·¨¸. 2.

�¨¸. 3. �μ¢¥¤¥´¨¥ Ô´¥·£¥É¨Î¥¸±μ£μ ¸¤¢¨£  Ê·μ¢´Ö 1s1/2 ¶·¨ Z = 50 ( ) ¨ Z = 100 (¡) ± ± ËÊ´±Í¨Ö

¶ · ³¥É·  μ¡·¥§ ´¨Ö r0 ¢ ±μμ·¤¨´ É Ì ξ0 = r0 + ln r0
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ˆ§ ·¨¸. 2 ¸²¥¤Ê¥É, ÎÉμ ¶·¨ Z ∼ 1 μ¸´μ¢´μ° ¢±² ¤ ¢ ¸¤¢¨£ Ê·μ¢´Ö 1s1/2 ¤ ÕÉ ¡μ²ÓÏ¨¥
· ¸¸ÉμÖ´¨Ö μÉ Ö¤·  (r � 1),   ´¥ ³ ²Ò¥ (r � 1), ÌμÉÖ ¨³¥´´μ ¶·¨ r � 1 ¶·μ¨¸Ìμ¤ÖÉ
´ ¨¡μ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò¥ ¨§³¥´¥´¨Ö ¢ ¶μ¢¥¤¥´¨¨ · ¤¨ ²Ó´ÒÌ ‚”. ’ ±μ° ¦¥ ÔËË¥±É ¡Ê¤¥É
´ ¡²Õ¤ ÉÓ¸Ö ¨ ¤²Ö Ê·μ¢´¥° ¸ ¤·Ê£¨³¨ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨ ¨ Î¥É´μ¸ÉÓÕ. ‘ Ê¢¥²¨Î¥´¨¥³ Z
μ¡² ¸ÉÓ · ¸¸ÉμÖ´¨°, ¤ ÕÐ¨Ì μ¸´μ¢´μ° ¢±² ¤ ¢ Δε, ¸³¥Ð ¥É¸Ö ¢ ¸Éμ·μ´Ê ³¥´ÓÏ¨Ì r,
¶μ¸±μ²Ó±Ê Ô²¥±É·μ´´ Ö ‚” ²μ± ²¨§Ê¥É¸Ö ´  ³¥´ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ μÉ Ö¤·  ∼ 1/Zα,  
¶·¨ Zα ∼ 1 ÔÉμÉ ÔËË¥±É Ê¦¥ ¶· ±É¨Î¥¸±¨ ¨¸Î¥§ ¥É (·¨¸. 3,  , ¡).

’ ±¨³ μ¡· §μ³, ¶·¨ Zα � 1 Ô´¥·£¥É¨Î¥¸±¨° ¸¤¢¨£ Ê·μ¢´Ö Ö¢²Ö¥É¸Ö ÔËË¥±Éμ³ ¡μ²Ó-
Ï¨Ì ¶μ ¸· ¢´¥´¨Õ ¸ ³ ¸ÏÉ ¡μ³ α/4π � 0,25 ”³ · ¸¸ÉμÖ´¨° μÉ ¨¸ÉμÎ´¨±  § ·Ö¤ , ´ 
±μÉμ·ÒÌ Zλ/r2 � Zα/r, ¶μÔÉμ³Ê ¶·¨ É ±¨Ì Z ¢μ§´¨± ¥É ¢¶μ²´¥ μ¡μ¸´μ¢ ´´ Ö ³μÉ¨¢ -
Í¨Ö ± É· ±Éμ¢±¥ Ï¢¨´£¥·μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö (6) ± ± ¶μ¶· ¢±¨ ± ±Ê²μ´μ¢¸±μ³Ê. „²Ö
ÔÉμ£μ ¶·¥¤¸É ¢¨³ ¤¨· ±μ¢¸±¨° £ ³¨²ÓÉμ´¨ ´ (7) ¢ ¢¨¤¥

H = H0 + V, (15)

£¤¥ H0 ¸μμÉ¢¥É¸É¢Ê¥É Î¨¸Éμ ±Ê²μ´μ¢¸±μ° § ¤ Î¥, V = ΔUAMM, ¨ ¨¸¶μ²Ó§Ê¥³ ¸É ´¤ ·É-
´ÊÕ ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±ÊÕ É¥μ·¨Õ ¢μ§³ÊÐ¥´¨° ¸ ´¥¢μ§³ÊÐ¥´´Ò³ £ ³¨²ÓÉμ´¨ ´μ³ H0.
‚ ¶¥·¢μ³ ¶μ·Ö¤±¥ É ±μ° É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° Ô´¥·£¥É¨Î¥¸±¨° ¸¤¢¨£ Ê·μ¢´¥° ¡Ê¤¥É μ¶·¥-
¤¥²ÖÉÓ¸Ö Î¥·¥§ ¤¨ £μ´ ²Ó´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ μÉ ΔUAMM ¶μ ·¥²ÖÉ¨¢¨¸É¸±¨³ ±Ê²μ-
´μ¢¸±¨³ ‚” (¢Ò·μ¦¤¥´¨¥ ±Ê²μ´μ¢¸±¨Ì Ê·μ¢´¥° ¶μ Î¥É´μ¸É¨ ´¨± ±μ° ·μ²¨ ´¥ ¨£· ¥É,
¶μ¸±μ²Ó±Ê Î²¥´ „¨· ± Ä� Ê²¨ ¸μÌ· ´Ö¥É Î¥É´μ¸ÉÓ). ‚ ·¥§Ê²ÓÉ É¥ ¸¤¢¨£ Ê·μ¢´¥° §  ¸Î¥É
Ï¢¨´£¥·μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¡Ê¤¥É ¢ ¶¥·¢μ³ ¶·¨¡²¨¦¥´¨¨ ¶·¥¤¸É ¢²ÖÉÓ¸Ö ¢ ¢¨¤¥

Δεnj = 〈ψ(0)
nj |ΔUAMM|ψ(0)

nj 〉 = −2Zλ

∞∫
0

dr f
(0)
nj (r) g

(0)
nj (r), (16)

£¤¥ f
(0)
nj (r), g

(0)
nj (r) Å · ¤¨ ²Ó´Ò¥ ±μ³¶μ´¥´ÉÒ ‚” ψ

(0)
nj ±Ê²μ´μ¢¸±μ£μ Ê·μ¢´Ö μ¶·¥¤¥²¥´-

´μ° Î¥É´μ¸É¨, H0ψ
(0)
nj = ε

(0)
nj ψ

(0)
nj . ‡ ³¥É¨³, ÎÉμ Ëμ·³Ê²  (16) §  ¸Î¥É ¸É·Ê±ÉÊ·Ò · ¤¨-

 ²Ó´ÒÌ ±μ³¶μ´¥´É ψ
(0)
nj ¸μ¤¥·¦¨É ´¥¶¥·ÉÊ·¡ É¨¢´ÊÕ § ¢¨¸¨³μ¸ÉÓ μÉ Zα, ´μ ¶·¨ ÔÉμ³

Ö¢²Ö¥É¸Ö ¢¥²¨Î¨´μ° ¶¥·¢μ£μ ¶μ·Ö¤±  ¶μ ¢Éμ·μ³Ê ¶ · ³¥É·Ê α/π ± ± ÔËË¥±É É¥μ·¨¨ ¢μ§-
³ÊÐ¥´¨° ¤²Ö £ ³¨²ÓÉμ´¨ ´  (15). „²Ö ¨´É¥£· ²  ¶μ ±Ê²μ´μ¢¸±¨³ ËÊ´±Í¨Ö³ ¢ ¶· ¢μ°
Î ¸É¨ (16) ¸ÊÐ¥¸É¢Ê¥É  ´ ²¨É¨Î¥¸±μ¥ ¢Ò· ¦¥´¨¥, ¢ Î ¸É´μ¸É¨,

〈1s1/2|ΔUAMM|1s1/2〉 =
Δgfree

2
(Zα)4√

1 − (Zα)2(2
√

1 − (Zα)2 − 1)
, (17 )

〈2p1/2|ΔUAMM|2p1/2〉 = −Δgfree

4
Zα(1 −

√
1 − (Zα)2)3/2×

×

(
4
√

1 − (Zα)2 − 2
√

2(1 − (Zα)2)
√√

1 − (Zα)2 + 1 − 3
√

2
√√

1 − (Zα)2 + 1 + 4
)

√
1 − (Zα)2((Zα)2 − 3/4)

(√
2(1 − (Zα)2) −

√√
1 − (Zα)2 + 1 +

√
2
) ,

(17¡)

´μ μ´μ ¨³¥¥É ¢Éμ·μ¸É¥¶¥´´μ¥ §´ Î¥´¨¥, ¶μ¸±μ²Ó±Ê ¨´É¥£· ² ¡Ê¤¥É ¸Ìμ¤¨ÉÓ¸Ö Éμ²Ó±μ ¶·¨
Zα <

√
3/2, É. ¥. ±μ£¤  Z ´¥ ¶·¥¢ÒÏ ¥É É ± ´ §Ò¢ ¥³μ£μ ¸Ê¡±·¨É¨Î¥¸±μ£μ §´ Î¥´¨Ö
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Zsubcr = 118 (μ ¸³Ò¸²¥ ÔÉμ£μ §´ Î¥´¨Ö c³. [34]),   ´ ¨¡μ²ÓÏ¨° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É
μ¡² ¸ÉÓ Zα ∼ 1. �É³¥É¨³ Éμ²Ó±μ, ÎÉμ ¨§ (17) ¸²¥¤Ê¥É, ÎÉμ ¶·¨ Zα � 1 ¶μ·Ö¤μ±
¢¥²¨Î¨´Ò Ô´¥·£¥É¨Î¥¸±μ£μ ¸¤¢¨£  §  ¸Î¥É Ï¢¨´£¥·μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸μμÉ¢¥É¸É¢Ê¥É
¨§¢¥¸É´μ° μÍ¥´±¥ ¶¥·ÉÊ·¡ É¨¢´ÒÌ · ¤¨ Í¨μ´´ÒÌ Š�„-ÔËË¥±Éμ¢ ∼ Z4α5 [31, 32].

‚ É ¡². 1, 2 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ ¤²Ö ¸¤¢¨£  Ê·μ¢´¥° 1s1/2

¨ 2p1/2 §  ¸Î¥É Ï¢¨´£¥·μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·¨ · §²¨Î´ÒÌ §´ Î¥´¨ÖÌ § ·Ö¤  Z
ÉμÎ¥Î´μ£μ Ö¤· . „²Ö ±μ´±·¥É´μ¸É¨ ¶·¨ ¢ÒÎ¨¸²¥´¨ÖÌ ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò ¸μ¢·¥³¥´´Ò¥
§´ Î¥´¨Ö α = 1/137,035999074, Δgfree/2 = 0,00115965218073 ¨ m = 510998,928 Ô‚ [13].
’·¥ÉÓÖ ¨ Î¥É¢¥·É Ö ±μ²μ´±¨ ¶μ± §Ò¢ ÕÉ ¢¥²¨Î¨´Ê ¢±² ¤  μÉ ΔUAMM, ¢ÒÎ¨¸²¥´´μ£μ ¶μ
Ëμ·³Ê²¥ (16) ¸ Î¨¸Éμ ±Ê²μ´μ¢¸±¨³¨ ËÊ´±Í¨Ö³¨ ¨ ¸ ÉμÎ´Ò³¨ ‚” ¤¨· ±μ¢¸±μ° § ¤ Î¨ (7)
¸μμÉ¢¥É¸É¢¥´´μ. ‚ ¶μ¸²¥¤´¥³ ¸²ÊÎ ¥ ³ É·¨Î´Ò° Ô²¥³¥´É Ë ±É¨Î¥¸±¨ Ö¢²Ö¥É¸Ö ¸·¥¤´¨³
§´ Î¥´¨¥³ μ¶¥· Éμ·  „¨· ± Ä� Ê²¨ ¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¥³ ¸μ¸ÉμÖ´¨¨, ¶μÔÉμ³Ê ¸μ¸É ¢²Ö¥É

’ ¡²¨Í  1. �μ¢¥¤¥´¨¥ Ê·μ¢´Ö 1s1/2 ¢ § ¢¨¸¨³μ¸É¨ μÉ ¢¥²¨Î¨´Ò § ·Ö¤  ÉμÎ¥Î´μ£μ Ö¤·  Z.
ε0 =

√
1 − (Zα)2 ¸μμÉ¢¥É¸É¢Ê¥É Ô´¥·£¨¨ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¢ Î¨¸Éμ ±Ê²μ´μ¢¸±μ³ ¸²ÊÎ ¥

Z ε(1s1/2) (ε(1s1/2) − ε0) × m, Ô‚ 〈ΔUAMM〉Coul × m, Ô‚ 〈ΔUAMM〉exact × m, Ô‚

1/3 0,9999970415871 2,07073 · 10−8 2,07457 · 10−8 2,07457 · 10−8

2/3 0,9999881662963 3,31884 · 10−7 3,31940 · 10−6 3,31939 · 10−7

1 0,999973373972 1,680524 · 10−6 1,680520 · 10−6 1,680516 · 10−6

2 0,999893491672 2,689456 · 10−5 2,689477 · 10−5 2,689438 · 10−5

6 0,9990410201 2,1839327 · 10−3 2,1840592 · 10−3 2,1838158 · 10−3

7 0,9986944976 4,0501425 · 10−3 4,0504557 · 10−3 4,0498539 · 10−3

8 0,998294516 6,9175288 · 10−3 6,9182154 · 10−3 6,9168971 · 10−3

14 0,99476781 6,556064 · 10−2 6,557954 · 10−2 6,556064 · 10−2

20 0,98929295 0,27755804 0,27771937 0,27741403

26 0,98183766 0,810774 0,811586 0,810061

32 0,97235688 1,91514 1,91818 1,91252

40 0,95646026 4,91341 4,92679 4,90216

50 0,93108488 13,0182 13,0842 12,9652

60 0,89911119 30,0709 30,3505 29,8604

70 0,85981633 64,1201 65,2364 63,3517

82 0,80150655 151,4 157,39 147,9

92 0,741741 309,824 336,685 297,067

101 0,677053 611,269 733,77 568,099

111 0,589204 1421,91 2390,8 1234,66

121 0,477162 3960,42 2969,6

131 0,325163 16170,1 8329,75

137 0,20061 90799,4 17007,3

144 −0,0029684 42999,1
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’ ¡²¨Í  2. �μ¢¥¤¥´¨¥ Ê·μ¢´Ö 2p1/2 ¢ § ¢¨¸¨³μ¸É¨ μÉ ¢¥²¨Î¨´Ò § ·Ö¤  ÉμÎ¥Î´μ£μ Ö¤·  Z.

ε1 =
√

(1 +
√

1 − (Zα)2)/2 ¸μμÉ¢¥É¸É¢Ê¥É Ô´¥·£¨¨ ¶¥·¢μ£μ ¢μ§¡Ê¦¤¥´´μ£μ Ê·μ¢´Ö ¢ Î¨¸Éμ ±Ê²μ-
´μ¢¸±μ³ ¸²ÊÎ ¥

Z ε(2p1/2) (ε(2p1/2) − ε1) × m, Ô‚ 〈ΔUAMM〉Coul × m, Ô‚ 〈ΔUAMM〉exact × m, Ô‚

1/3 0,999999260396 −8,50984 · 10−10 −8,64406 · 10−10 −8,64406 · 10−10

2/3 0,999997041570 −1,38994 · 10−8 −1,38310 · 10−8 −1,38310 · 10−8

1 0,999993343470 −7,05182 · 10−8 −7,00234 · 10−8 −7,00234 · 10−8

2 0,999973372548 −1,12268 · 10−6 −1,12072 · 10−6 −1,12073 · 10−6

6 0,9997602250 −9,10871 · 10−5 −9,10825 · 10−5 −9,10830 · 10−5

7 0,9996735688 −1,68979 · 10−4 −1,68971 · 10−4 −1,68972 · 10−4

8 0,9995735341 −2,88749 · 10−4 −2,88710 · 10−4 −2,88713 · 10−4

14 0,99869106 −2,74568 · 10−3 −2,74563 · 10−3 −2,74572 · 10−3

20 0,99731949 −0,0116856 −0,0116861 −0,0116869

26 0,99544859 −0,0343842 −0,0343863 −0,0343821

32 0,99306407 −0,08198 −0,08199 −0,08197

40 0,98905232 −0,213684 −0,213734 −0,213638

50 0,98261257 −0,581031 −0,581364 −0,580746

60 0,97443362 −1,38855 −1,39047 −1,38703

70 0,96427887 −3,09479 −3,10554 −3,08716

82 0,94898681 −7,8551 −7,9438 −7,8025

92 0,9330077 −17,5011 −18,0839 −17,2248

101 0,915309 −38,4821 −42,3491 −37,1456

111 0,890414 −107,241 −160,113 −98,2582

121 0,856369 −399,03 −319,568

131 0,799198 −2563,11 −1329,02

137 0,709801 −2740,78 601,049

144 −0,01932 284290

²¨ÏÓ Î ¸ÉÓ ¸Ê³³ ·´μ£μ ¸¤¢¨£  Ê·μ¢´Ö §  ¸Î¥É Ï¢¨´£¥·μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨ ¢¸¥£¤ 

³¥´ÓÏ¥, Î¥³ ³ É·¨Î´Ò° Ô²¥³¥´É ¶μ ±Ê²μ´μ¢¸±¨³ ËÊ´±Í¨Ö³ 〈ψ(0)
nj |ΔUAMM|ψ(0)

nj 〉.
ˆ§ É ¡². 1, 2 Ìμ·μÏμ ¢¨¤´μ, ÎÉμ Ï¢¨´£¥·μ¢¸±μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ

± ± ¶μ¶· ¢±Ê ± ±Ê²μ´μ¢¸±μ³Ê ¨ ¨¸¶μ²Ó§μ¢ ÉÓ É¥μ·¨Õ ¢μ§³ÊÐ¥´¨° (15) ¤μ Z ∼ 50−60,
¶μ¸²¥ Î¥£μ ¢±² ¤ μÉ 〈ΔUAMM〉Coul ´ Î¨´ ¥É ¡Ò¸É·μ · ¸É¨ §  ¸Î¥É Éμ£μ, ÎÉμ ´ Î¨´ ÕÉ ¢Ò-
· ¢´¨¢ ÉÓ¸Ö  ³¶²¨ÉÊ¤Ò ¢¥·Ì´¥° ¨ ´¨¦´¥° ±μ³¶μ´¥´É ±Ê²μ´μ¢¸±μ° ‚” ¢ ¨´É¥£· ²¥ (16).
’ ±μ¥ §´ Î¨É¥²Ó´μ¥ Ê¢¥²¨Î¥´¨¥ ¢±² ¤  Ï¢¨´£¥·μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ¸¨ÉÊ Í¨¨, ±μ-
£¤  ¢¥·Ì´ÖÖ ¨ ´¨¦´ÖÖ ±μ³¶μ´¥´ÉÒ ¤¨· ±μ¢¸±μ° ‚” ¸É ´μ¢ÖÉ¸Ö μ¤´μ£μ ¶μ·Ö¤±  ¢¥²¨Î¨´Ò,
± ± ¡Ê¤¥É ¶μ± § ´μ ¤ ²¥¥, ¶·¨¢μ¤¨É ± ¸ÊÐ¥¸É¢¥´´μ³Ê ¢μ§· ¸É ´¨Õ μ¡Ê¸²μ¢²¥´´ÒÌ ¨³ · -
¤¨ Í¨μ´´ÒÌ ÔËË¥±Éμ¢ ¶·¨ Zα > 1.

‘²¥¤Ê¥É ¸¶¥Í¨ ²Ó´μ μÉ³¥É¨ÉÓ, ÎÉμ ¶μ¸²¥¤μ¢ É¥²Ó´Ò° ÊÎ¥É ÔËË¥±Éμ¢, μ¡Ê¸²μ¢²¥´-
´ÒÌ Δgfree Ô²¥±É·μ´ , ± ± ¸ÊÐ¥¸É¢¥´´μ ·¥²ÖÉ¨¢¨¸É¸±¨Ì, ¢μ§³μ¦¥´ Éμ²Ó±μ Î¥·¥§ μ¶¥· Éμ·
„¨· ± Ä� Ê²¨ (6) ¢ Ê· ¢´¥´¨¨ „¨· ±  (7). ‚ · ³± Ì ±¢ §¨·¥²ÖÉ¨¢¨¸É¸±μ£μ · §²μ¦¥´¨Ö,
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±μ£¤  Ê· ¢´¥´¨Ö (11), (13) ¸¢μ¤ÖÉ¸Ö ± Ê· ¢´¥´¨Ö³ Ï·¥¤¨´£¥·μ¢¸±μ£μ É¨¶ , ´  ul(r) ¨ vl(r):

−Δrul +
(

l(l + 1)
r2

+ 2Z
λl

r3
+

(Zλ)2

r4

)
ul = 2

(
ε +

Zα

r

)
ul, (18 )

−Δrvl +
(

(l + 1)(l + 2)
r2

− 2Zλ
l + 2
r3

+
(Zλ)2

r4

)
vl = 2

(
ε +

Zα

r

)
vl, (18¡)

£¤¥ ε = ε−1 < 0 ¥¸ÉÓ ´¥·¥²ÖÉ¨¢¨¸Éc± Ö Ô´¥·£¨Ö ¸¢Ö§¨, |ε| � 1, ¢μ§´¨± ÕÐ¥¥ §  ¸Î¥É Î²¥´ 
„¨· ± Ä� Ê²¨ ÔËË¥±É¨¢´μ¥ μÉÉ ²±¨¢ ´¨¥ ³¥¦¤Ê Ô²¥±É·μ´μ³ ¨ Ö¤·μ³ (Zλ)2/2r4 ¤μ²¦´μ
· ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ¶μ¶· ¢±  ± Î¨¸Éμ ±Ê²μ´μ¢¸±μ³Ê £ ³¨²ÓÉμ´¨ ´Ê. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò,
É ±μ° μÉÉ ²±¨¢ ÕÐ¨° ±μ· Ö¢²Ö¥É¸Ö ¤μ³¨´¨·ÊÕÐ¨³ ÔËË¥±Éμ³ ´  ¶·¥¤¥²Ó´μ ³ ²ÒÌ · ¸-
¸ÉμÖ´¨ÖÌ μÉ Ö¤· . Š ± ¸²¥¤¸É¢¨¥, ´¥·¥²ÖÉ¨¢¨¸É¸± Ö É¥μ·¨Ö ¢μ§³ÊÐ¥´¨° μ± §Ò¢ ¥É¸Ö ´¥-
¸μ¸ÉμÖÉ¥²Ó´μ°. 	μ²¥¥ Éμ£μ, ¥¸²¨ ¤ ¦¥ ¢³¥¸Éμ ´¥¢μ§³ÊÐ¥´´ÒÌ ±Ê²μ´μ¢¸±¨Ì ‚” ¨¸¶μ²Ó-
§μ¢ ÉÓ ÉμÎ´Ò¥ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö „¨· ±  ¸μ Ï¢¨´£¥·μ¢¸±¨³ ¢§ ¨³μ¤¥°¸É¢¨¥³ (11), (13),
Éμ ¢¸¥ · ¢´μ ¶μ¶· ¢±  μÉ Î²¥´  (Zλ)2/2r4 ¡Ê¤¥É ¢ ´¥¸±μ²Ó±μ · § ³¥´ÓÏ¥, Î¥³ ÉμÎ´ Ö
¤¨· ±μ¢¸± Ö 〈ΔUAMM〉exact.

�É³¥É¨³ É ±¦¥, ÎÉμ, ± ± ¨ ¢ Î¨¸Éμ ±Ê²μ´μ¢¸±μ° § ¤ Î¥ ¡¥§ Ï¢¨´£¥·μ¢¸±μ£μ ¢§ ¨³μ¤¥°-
¸É¢¨Ö, ¶·¨ Z < 137 ´¨¦´¨³ Ê·μ¢´¥³ ¤¨¸±·¥É´μ£μ ¸¶¥±É·  Ö¢²Ö¥É¸Ö 1s1/2 ¨ ¢Ò·μ¦¤¥´¨¥
´¨¦´¥£μ Ê·μ¢´Ö ¶μ Î¥É´μ¸É¨ μÉ¸ÊÉ¸É¢Ê¥É, ÎÉμ ¥¸ÉÓ μÎ¥¢¨¤´μ¥ ¸²¥¤¸É¢¨¥ Éμ£μ, ÎÉμ ¢ ÔÉμ°
μ¡² ¸É¨ ΔUAMM Ö¢²Ö¥É¸Ö ¶μ¶· ¢±μ° ± Î¨¸Éμ ±Ê²μ´μ¢¸±μ³Ê ¤¨· ±μ¢¸±μ³Ê £ ³¨²ÓÉμ´¨-
 ´Ê. �μ ¸ ·μ¸Éμ³ Z ¥£μ ¢±² ¤ ¢μ§· ¸É ¥É ¨ ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ ¶·¨ Zα > 1 ¸¢μ°¸É¢ 
´¨¦´¨Ì Ô²¥±É·μ´´ÒÌ Ê·μ¢´¥° ´ Î¨´ ÕÉ ¸ÊÐ¥¸É¢¥´´μ μÉ²¨Î ÉÓ¸Ö μÉ Î¨¸Éμ ±Ê²μ´μ¢¸±μ£μ
¸²ÊÎ Ö. ‚ ·¥ ²¨¸É¨Î¥¸±μ° ¸¨ÉÊ Í¨¨ ¶·¨ É ±¨Ì ¡μ²ÓÏ¨Ì Z Ê¦¥ ¸²¥¤Ê¥É ÊÎ¨ÉÒ¢ ÉÓ ±μ-
´¥Î´Ò¥ · §³¥·Ò Ö¤· , ÎÉμ ¡Ê¤¥É ¸¤¥² ´μ ¢ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥, ´μ ¶·¨ ÉμÎ¥Î´μ³ Ö¤·¥ ¸
§ ·Ö¤μ³ Z > 137 ¶μ¢¥¤¥´¨¥ Ê·μ¢´¥° ¢ § ¤ Î¥ (7) μ± §Ò¢ ¥É¸Ö ´ ¸Éμ²Ó±μ ¸¶¥Í¨Ë¨Î¥¸±¨³
(·¨¸. 4), ÎÉμ É·¥¡Ê¥É μÉ¤¥²Ó´μ£μ ±μ³³¥´É ·¨Ö.

�¨¸. 4. �μ¢¥¤¥´¨¥ Ê·μ¢´¥° 1s1/2, 2s1/2, 3s1/2 (¸¶²μÏ´Ò¥ ²¨´¨¨), 2p1/2, 3p1/2, 4p1/2 (ÏÉ·¨Ìμ¢Ò¥)

¨ 2p3/2 (ÏÉ·¨Ì¶Ê´±É¨·´ Ö ±·¨¢ Ö), 3d3/2 (¶Ê´±É¨·´ Ö) ¤¨· ±μ¢¸±μ° Î ¸É¨ÍÒ ¢ ¸¶¥±É· ²Ó´μ° § ¤ Î¥

¸ £ ³¨²ÓÉμ´¨ ´μ³ (7) ± ± ËÊ´±Í¨Ö § ·Ö¤  ÉμÎ¥Î´μ£μ Ö¤·  Z
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Š ± ¨ ¢ É ¡². 1, 2 (¢Éμ· Ö ±μ²μ´± ), ¢±² ¤ ¢ Ô´¥·£¨Õ Ê·μ¢´¥° μÉ Ï¢¨´£¥·μ¢¸±μ£μ ¢§ ¨-
³μ¤¥°¸É¢¨Ö ¤²Ö ¸μ¸ÉμÖ´¨° ns1/2 ¨ n′p1/2 ¨³¥¥É · §´Ò° §´ ±. �·¨ Z > 137 ÔÉμ ¶·¨¢μ¤¨É
± Éμ³Ê, ÎÉμ Ê·μ¢´¨ (n+1)p1/2 ®μ¡£μ´ÖÕÉ¯ ns1/2 ¢ μ¡² ¸É¨ μÉ·¨Í É¥²Ó´ÒÌ §´ Î¥´¨° Ô´¥·-
£¨¨,   ¨³¥´´μ: ¶·¨ ε < 0 ¤μ ³μ³¥´É  ¤μ¸É¨¦¥´¨Ö ¶μ·μ£  μÉ·¨Í É¥²Ó´μ£μ ±μ´É¨´ÊÊ³  ¤²Ö
¢¸¥Ì n > 0 Ê·μ¢´¨ (n+1)p1/2 ¡Ê¤ÊÉ ²¥¦ ÉÓ ´¨¦¥, Î¥³ ns1/2. ‚ Î ¸É´μ¸É¨, §´ Î¥´¨Ö Z, ¶·¨
±μÉμ·ÒÌ Ê·μ¢´¨ 1s1/2, 2s1/2, 3s1/2 ¨ 2p1/2, 3p1/2, 4p1/2 ¤μ¸É¨£ ÕÉ ¶μ·μ£  μÉ·¨Í É¥²Ó-
´μ£μ ±μ´É¨´ÊÊ³ , ¸μμÉ¢¥É¸É¢¥´´μ · ¢´Ò 159, 198, 244 ¨ 147, 187, 235. ’ ±¨³ μ¡· §μ³,
¶·¨ ´¥¶¥·ÉÊ·¡ É¨¢´μ³ ÊÎ¥É¥ Ï¢¨´£¥·μ¢¸±μ£μ Î²¥´  ¢ É ±μ³ ®¢μ¤μ·μ¤μ¶μ¤μ¡´μ³  Éμ³¥¯
¸ ÉμÎ¥Î´Ò³ Ö¤·μ³ ±·¨É¨Î¥¸±μ¥ §´ Î¥´¨¥ Zcr, ¶·¨ ±μÉμ·μ³ ¶¥·¢Ò° ¤¨¸±·¥É´Ò° Ê·μ¢¥´Ó
¤μ¸É¨£ ¥É ¶μ·μ£  μÉ·¨Í É¥²Ó´μ£μ ±μ´É¨´ÊÊ³ , μ¶·¥¤¥²Ö¥É¸Ö Ê·μ¢´¥³ 2p1/2 ¨ · ¢´μ 147.
� ¸±μ²Ó±μ ¨§¢¥¸É´μ  ¢Éμ· ³, ¢ ·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ´Éμ¢μ° ³¥Ì ´¨±¥, · ¢´μ ± ± ¨ ¢ ¤·Ê£¨Ì
¡²¨§±¨Ì ¶μ ¸³Ò¸²Ê ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±¨Ì μ¤´μÎ ¸É¨Î´ÒÌ § ¤ Î Ì, ´¥É ¶μ±  ¤·Ê£¨Ì ¶·¨-
³¥·μ¢, ±μ£¤  ¡Ò ´¨¦´¨³ Ê·μ¢´¥³ ¤¨¸±·¥É´μ£μ ¸¶¥±É·  ±Ê²μ´μ¢¸±μ£μ É¨¶  ¸É ´μ¢¨²¸Ö 2p,
  ´¥ 1s, É. ¥. ¸μ¸ÉμÖ´¨¥ ¸ Ê§² ³¨ ¨ ¢Ò· ¦¥´´μ° Ê£²μ¢μ°  ´¨§μÉ·μ¶¨¥°.

’ ±μ° ¦¥ ÔËË¥±É ¶¥·¥¸É·μ°±¨ ¸¶¥±É·  ¨³¥¥É ³¥¸Éμ ¨ ¤²Ö Ê·μ¢´¥° ¸ j = 3/2, 5/2 . . .,
´μ ÔÉμ ¶·μ¨¸Ìμ¤¨É ¶·¨ ¸ÊÐ¥¸É¢¥´´μ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ Z. ‚ Î ¸É´μ¸É¨, 3d3/2 ®μ¡£μ-
´¨É¯ 2p3/2 ¶·¨ Z � 280. ’ ±μ¥ ¶μ¢¥¤¥´¨¥ 3d3/2 ¨ 2p3/2 μ¶ÖÉÓ ¦¥ μ¡Ê¸²μ¢²¥´μ É¥³,
ÎÉμ ¢±² ¤ ¢ Ô´¥·£¨Õ Ê·μ¢´¥° μÉ Ï¢¨´£¥·μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¤²Ö ÔÉ¨Ì Ê·μ¢´¥° ¨³¥¥É
· §´Ò° §´ ±,   §´ Î¨É¥²Ó´μ¥ Ê¢¥²¨Î¥´¨¥ § ·Ö¤  Ö¤· , ¶·¨ ±μÉμ·μ³ ´ ¸ÉÊ¶ ¥É É ±μ° ´¥-
¶¥·ÉÊ·¡ É¨¢´Ò° ·¥¦¨³ ¶¥·¥¸É·μ°±¨ Ê·μ¢´¥°, μ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉμ ¢ (11), (13) Ï¢¨´-
£¥·μ¢¸±μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ±μ´±Ê·¨·Ê¥É ´¥ Éμ²Ó±μ ¸ ±Ê²μ´μ¢¸±¨³ Î²¥´μ³ Zα/r, ´μ ¨ ¸
Í¥´É·μ¡¥¦´Ò³. �μÔÉμ³Ê ¸ ·μ¸Éμ³ j ´¥μ¡Ìμ¤¨³μ ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ Ê¢¥²¨Î¥´¨¥ Z, ÎÉμ¡Ò
Ï¢¨´£¥·μ¢¸±¨° Î²¥´ ¸³μ£ ±μ´±Ê·¨·μ¢ ÉÓ ¸ Í¥´É·μ¡¥¦´Ò³ ¸² £ ¥³Ò³ ´  É ±¨Ì r, ±μ£¤ 
 ³¶²¨ÉÊ¤  ‚” ¤¨· ±μ¢¸±μ° Î ¸É¨ÍÒ ¥Ð¥ ´¥ ¸É ²  ¨¸Î¥§ ÕÐ¥ ³ ²μ°.

‘¶¥Í¨Ë¨Î¥¸±μ° μ¸μ¡¥´´μ¸ÉÓÕ É ±μ° ¶¥·¥¸É·μ°±¨ ¸¶¥±É·  §  ¸Î¥É Ï¢¨´£¥·μ¢¸±μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö ¢ μ¡² ¸É¨ Z > 137 Ö¢²Ö¥É¸Ö É ±¦¥ Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ, ÎÉμ ¶·¨ ´¥¶·¥·Ò¢-
´μ³ ¨§³¥´¥´¨¨ Z ¶¥·¥¸¥Î¥´¨¥ Ê·μ¢´¥° nlj ¨ (n+1)(l+1)j ¶·μ¨¸Ìμ¤¨É ¢¸¥£¤  ¶·¨ ε = 0,
ÎÉμ ¢¶μ²´¥ Î¥É±μ ¢¨¤´μ ¨§ ¨Ì ¶μ¢¥¤¥´¨Ö ± ± ËÊ´±Í¨° Z, ¶·¨¢¥¤¥´´μ£μ ´  ·¨¸. 4. �ÉμÉ ÔË-
Ë¥±É ¶·μ¢¥·Ö¥É¸Ö Î¨¸²¥´´μ ¸ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ ¨ ¨³¥¥É ¸²¥¤ÊÕÐ¥¥ μ¡ÑÖ¸´¥´¨¥. ‹¥£±μ
¢¨¤¥ÉÓ, ÎÉμ ¥¸²¨ ¶·¨ ε = 0 Ê· ¢´¥´¨Ö (11), (13) · ¸¸³ É·¨¢ ÉÓ ´  ¢¸¥° ¢¥Ð¥¸É¢¥´´μ° μ¸¨
−∞ � x � +∞, Éμ μ´¨ ¡Ê¤ÊÉ ¶¥·¥Ìμ¤¨ÉÓ ¤·Ê£ ¢ ¤·Ê£  ¶·¨ ¸²¥¤ÊÕÐ¥³ μÉμ¦¤¥¸É¢²¥´¨¨:

ul(x) → pl(−x), ql(x) → −vl(−x). (19)

ˆ´Ò³¨ ¸²μ¢ ³¨, ¶·¨ ε = 0 ¢³¥¸Éμ ¤¢ÊÌ ¸¨¸É¥³ (11), (13) ´  ¶μ²Êμ¸¨ 0 � r � +∞
¤μ¸É ÉμÎ´μ · ¸¸³ É·¨¢ ÉÓ μ¤´Ê ¨§ ´¨Ì, ´ ¶·¨³¥· ¸¨¸É¥³Ê

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

∂xul −
(

l

x
+

Zλ

x2

)
ul =

(
1 +

Zα

x

)
ql,

∂xql +
(

(l + 2)
x

+
Zλ

x2

)
ql =

(
1 − Zα

x

)
ul,

(20)

¶·¨ −∞ � x � +∞ ¸ Ê¸²μ¢¨¥³ ±¢ ¤· É¨Î´μ° ¨´É¥£·¨·Ê¥³μ¸É¨ ·¥Ï¥´¨°. �¥Ï¥´¨¥ (20)
¶·¨ 0 � x � +∞ ¢μ¸¶·μ¨§¢μ¤¨É ¨¸Ìμ¤´ÊÕ ¶ ·Ê ul(r), ql(r),   ¶·¨ −∞ � x � 0 Å
¶ ·Ê vl(r), pl(r) ¶μ ¶· ¢¨²Ê (19): vl(r) = −ql(−r), pl(r) = ul(−r). Š ± ¸¶¥±É· ²Ó´ Ö
§ ¤ Î  ´  ¢¸¥° ¢¥Ð¥¸É¢¥´´μ° μ¸¨ Ê· ¢´¥´¨¥ (20), μ¤´ ±μ, Ö¢²Ö¥É¸Ö ¶²μÌμ μ¶·¥¤¥²¥´´μ°,
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¶μ¸±μ²Ó±Ê ÉμÎ±  x = 0 ¶·¨ ÔÉμ³ μ± §Ò¢ ¥É¸Ö ¸ÊÐ¥¸É¢¥´´μ μ¸μ¡μ°, ¢ ±μÉμ·μ° ¢¸¥ μ£· ´¨-
Î¥´´Ò¥ ·¥Ï¥´¨Ö μ¡· Ð ÕÉ¸Ö ¢ ´Ê²Ó ¸μ ¢¸¥³¨ ¶·μ¨§¢μ¤´Ò³¨, ¨ É¥³ ¸ ³Ò³ μ¤´μ§´ Î´μ£μ
´¥¶·¥·Ò¢´μ£μ ¶·μ¤μ²¦¥´¨Ö Î¥·¥§ x = 0 ¢ É ±μ° ®¸¶¥±É· ²Ó´μ°¯ § ¤ Î¥ ´¥ ¸ÊÐ¥¸É¢Ê¥É.
‚ Éμ ¦¥ ¢·¥³Ö, ¥¸²¨ ¢ (20) ¢³¥¸Éμ ´¥¶·¥·Ò¢´μ£μ ¶·μ¤μ²¦¥´¨Ö Î¥·¥§ ´ Î ²μ ±μμ·¤¨´ É
¢¢¥¸É¨ ´¥¢Ö§±Ê Δl(δ) = |ul(δ)ql(−δ) − ql(δ)ul(−δ)| ¨ ¢ μ¡² ¸É¨ |x| � δ · ¸¸³ É·¨¢ ÉÓ
¸¶¥±É· ²Ó´ÊÕ § ¤ ÎÊ ´  ¶ · ³¥É· Z ¸ Ê¸²μ¢¨¥³ Ê¡Ò¢ ´¨Ö ·¥Ï¥´¨° ¶·¨ x → ±∞ ¨ ³¨´¨-
³¨§ Í¨¥° ´¥¢Ö§±¨, Éμ ¶·¨ ³ ²ÒÌ δ � Zλ Î¨¸²¥´´μ¥ ·¥Ï¥´¨¥ ¡Ê¤¥É ¶μ± §Ò¢ ÉÓ ´ ²¨Î¨¥
Î¥É±μ ¢Ò· ¦¥´´μ£μ £²Ê¡μ±μ£μ ³¨´¨³Ê³  ¢ ´¥¢Ö§±¥ ¶·¨ §´ Î¥´¨¨ Z, ¸ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ
¢μ¸¶·μ¨§¢μ¤ÖÐ¥³ É¥ Z, ±μÉμ·Ò¥ μ¶·¥¤¥²ÖÕÉ¸Ö ¨§ ·¥Ï¥´¨Ö ¸¨¸É¥³ (11), (13) ¤²Ö ε = 0
¶μ μÉ¤¥²Ó´μ¸É¨ ´  ¶μ²Êμ¸¨ 0 � r � ∞. ’ ±¨³ μ¡· §μ³, ± ¦¤ Ö ¶ ·  Ê·μ¢´¥° nlj ¨
(n + 1)(l + 1)j ¤¥°¸É¢¨É¥²Ó´μ ¶¥·¥¸¥± ¥É¸Ö ¢ ÉμÎ´μ¸É¨ ¶·¨ ε = 0, ¶·¨Î¥³ ± ¦¤ Ö ¶ · 
¶·¨ ¸¢μ¥³ Z. ‚ Î ¸É´μ¸É¨, ¶·¨ ¨¸¶μ²Ó§μ¢ ´´ÒÌ ¢ÒÏ¥ ´μ³¨´ ²Ó´ÒÌ §´ Î¥´¨ÖÌ [13]
¤²Ö α ¨ Δgfree Ê·μ¢´¨ 1s1/2 ¨ 2p1/2 ¶¥·¥¸¥± ÕÉ¸Ö ¶·¨ Z = 143,916408350, ÎÉμ ¢ É¥·-
³¨´ Ì Í¥²μÎ¨¸²¥´´μ£μ § ·Ö¤  Ö¤·  μ§´ Î ¥É, ÎÉμ ÔÉ¨ Ê·μ¢´¨ ³ ±¸¨³ ²Ó´μ ¸¡²¨¦ ÕÉ¸Ö
¶·¨ Z = 144.

�¥ ³¥´¥¥ ¸¶¥Í¨Ë¨Î¥¸±¨³ μ± §Ò¢ ¥É¸Ö ¨ ¶μ¢¥¤¥´¨¥ gD-Ë ±Éμ·μ¢ Ô²¥±É·μ´  ¢ § ¢¨¸¨-
³μ¸É¨ μÉ Z. �¶Ê¸± Ö ¤¥É ²¨, ¨§²μ¦¥´´Ò¥ ¢ · ¡μÉ¥ [35], ¶·¨¢¥¤¥³ ²¨ÏÓ μ±μ´Î É¥²Ó´Ò°

�¨¸. 5. �μ¢¥¤¥´¨¥ gD-Ë ±Éμ·  ¤²Ö 1s1/2- ¨ 2p1/2-
Ê·μ¢´¥° ¸ ÊÎ¥Éμ³ ΔUAMM (¸¶²μÏ´Ò¥ ²¨´¨¨) ¨ ¡¥§

´¥£μ (ÏÉ·¨Ìμ¢Ò¥) ¢ § ¢¨¸¨³μ¸É¨ μÉ § ·Ö¤  ÉμÎ¥Î´μ£μ
Ö¤·  Z

·¥§Ê²ÓÉ É ¤²Ö ¶μ¢¥¤¥´¨Ö gD(Z) ¤²Ö
1s1/2- ¨ 2p1/2-Ê·μ¢´¥° ¢ § ¢¨¸¨³μ-
¸É¨ μÉ Z ´  ¢¸¥³ ¨´É¥·¢ ²¥ ¨§³¥-
´¥´¨Ö § ·Ö¤  ¤μ ³μ³¥´É  μ¶Ê¸± ´¨Ö
Ê·μ¢´¥° ¢ μÉ·¨Í É¥²Ó´Ò° ±μ´É¨´ÊÊ³
(·¨¸. 5).

ˆ§ ·¨¸. 5 ¸²¥¤Ê¥É, ÎÉμ ¤²Ö 2p1/2-
¸μ¸ÉμÖ´¨Ö ± ± Ô´¥·£¨Ö, É ± ¨ gD-
Ë ±Éμ· Ô²¥±É·μ´  ¸³¥Ð ÕÉ¸Ö ¢´¨§ μÉ-
´μ¸¨É¥²Ó´μ Î¨¸Éμ ±Ê²μ´μ¢¸±μ£μ ¸²ÊÎ Ö,
¶·¨Î¥³ ¸ ·μ¸Éμ³ Z ÔÉμÉ ÔËË¥±É ¸É ´μ-
¢¨É¸Ö ¢¸¥ ¡μ²¥¥ Î¥É±μ ¢Ò· ¦¥´´Ò³,  
¶·¨ Z > 144 gD-Ë ±Éμ· ¢μμ¡Ð¥ μ± §Ò-
¢ ¥É¸Ö ¡²¨§μ± ± ´Ê²Õ. �¡· É¨³ ¢´¨³ -
´¨¥, ÎÉμ ¨³¥´´μ ¢ ÔÉμ° μ¡² ¸É¨ ¶μ Z
Ê·μ¢¥´Ó 2p1/2 ¸É ´μ¢¨É¸Ö μ¤´μ¢·¥³¥´´μ

¨ ´¨¦´¨³ Ô´¥·£¥É¨Î¥¸±¨³, ¶μÔÉμ³Ê ¢ ¸²ÊÎ ¥ ÉμÎ¥Î´μ£μ Ö¤·  ¶·¥¤¸É ¢²¥´¨¥ μ gD(Z) ± ±
μ £² ¢´μ° ¸μ¸É ¢²ÖÕÐ¥° gbound(Z) ¤²Ö μ¡² ¸É¨ Z > 137 Ê¦¥ ´¥ Ö¢²Ö¥É¸Ö μÎ¥¢¨¤´Ò³.

�””…Š’› ˜‚ˆ�ƒ…��‚‘Š�ƒ� ‚‡�ˆŒ�„…‰‘’‚ˆŸ
„‹Ÿ ‘‚…�•’Ÿ†…‹�ƒ� Ÿ„�� Š��…—�›• ��‡Œ…��‚ ‘ Z > 137

’¥¶¥·Ó · ¸¸³μÉ·¨³ ¢μ¶·μ¸ μ Éμ³, ´ ¸±μ²Ó±μ ¨ ¢ ± ±¨Ì ¸²ÊÎ ÖÌ É ±¨¥ · ¤¨ Í¨μ´-
´Ò¥ ÔËË¥±ÉÒ ³μ£ÊÉ ¡ÒÉÓ  ±ÉÊ ²Ó´Ò ¤²Ö ·¥ ²Ó´ÒÌ ¸¢¥·ÌÉÖ¦¥²ÒÌ  Éμ³μ¢ ¨²¨, ÎÉμ ¡μ²¥¥
±μ··¥±É´μ, ±¢ §¨³μ²¥±Ê² ¸ Z > 137 (¢ Ë¨§¨±¥ ÉÖ¦¥²ÒÌ ¨μ´μ¢ ÔÉμ Z ∼ 140−190), ¶μ-
¸±μ²Ó±Ê ¶·¨ É ±¨Ì Z Ê¦¥ ´¥μ¡Ìμ¤¨³μ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³ μ¡· §μ³ ÊÎ¨ÉÒ¢ ÉÓ ¨ ±μ´¥Î´Ò¥
· §³¥·Ò ¨¸ÉμÎ´¨±  ±Ê²μ´μ¢¸±μ£μ ¶μÉ¥´Í¨ ² , ¢ ±μÉμ·μ³ ´ Ìμ¤¨É¸Ö Ô²¥±É·μ´. �μ¸±μ²Ó±Ê
ÉμÎ´Ò° ±μ²¨Î¥¸É¢¥´´Ò°  ´ ²¨§ ¢ ÔÉμ³ ¸²ÊÎ ¥ ¸É ´μ¢¨É¸Ö ¢¥¸Ó³  ¸²μ¦´Ò³, ³Ò · ¸¸³μ-
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É·¨³ ¶·¨¡²¨¦¥´´Ò° ¸¶μ¸μ¡ μÍ¥´±¨ ¢μ§´¨± ÕÐ¨Ì ¢ É ±μ° § ¤ Î¥ · ¤¨ Í¨μ´´ÒÌ ÔËË¥±-
Éμ¢ ¢ · ³± Ì ³μ¤¥²¨ ±Ê²μ´μ¢¸±μ£μ ¨¸ÉμÎ´¨±  (®Ö¤· ¯) ¢ ¢¨¤¥ £μ²μ£μ (¡¥§ § ¶μ²´¥´´ÒÌ
Ô²¥±É·μ´´ÒÌ μ¡μ²μÎ¥±) ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´μ£μ ´Ê±²μ´´μ£μ ±² ¸É¥·  ¸ Z > 137 ¨
· ¤¨Ê¸μ³ R ∼ 10 ”³, ÌμÉÖ ¢ ·¥ ²Ó´μ° ¸¨ÉÊ Í¨¨ ¸²¥¤μ¢ ²μ ¡Ò · ¸¸³ É·¨¢ ÉÓ ±¢ §¨³μ²¥-
±Ê²Ê, ¢ ±μÉμ·μ° ¤¢  ¨²¨ ¡μ²¥¥ ÉÖ¦¥²ÒÌ ¶·μÉÖ¦¥´´ÒÌ Ö¤·  É¨¶  Pb ¨²¨ U μ± §Ò¢ ÕÉ¸Ö
´  · ¸¸ÉμÖ´¨ÖÌ 10Ä30 ”³ ¤·Ê£ μÉ ¤·Ê£ , ¶·¨Î¥³ μ¤´μ ¨§ ´¨Ì Ö¢²Ö¥É¸Ö Ö¤·μ³  Éμ³  ³¨-
Ï¥´¨. �μ ¤²Ö ¶·¥¤¢ ·¨É¥²Ó´ÒÌ μÍ¥´μ± ÔËË¥±Éμ¢ μÉ ¢§ ¨³μ¤¥°¸É¢¨Ö (6) É ±μ¥ Ê¶·μÐ¥´¨¥
¢¶μ²´¥ ¤μ¶Ê¸É¨³μ.

‚ ¸²ÊÎ ¥ ¶·μÉÖ¦¥´´μ£μ Ö¤·  μ¸´μ¢´μ° ¢μ¶·μ¸ ¸μ¸Éμ¨É ¢ Éμ³, ³μ¦´μ ²¨ ¨¸¶μ²Ó§μ-
¢ ÉÓ ¶·¨¡²¨¦¥´¨¥ μ¤´μ·μ¤´μ£μ ´¥¶·¥·Ò¢´μ£μ · ¸¶·¥¤¥²¥´¨Ö § ·Ö¤  ¶μ μ¡Ñ¥³Ê Ö¤·  ¨²¨
¸ ¸ ³μ£μ ´ Î ²  ¸²¥¤Ê¥É ÊÎ¨ÉÒ¢ ÉÓ ±¢ ·±μ¢ÊÕ ¸É·Ê±ÉÊ·Ê ´Ê±²μ´μ¢, ¶μ¸±μ²Ó±Ê ¢ ¸μμÉ¢¥É-
¸É¢¨¨ ¸  ¸¨³¶ÉμÉ¨± ³¨ (14) Ï¢¨´£¥·μ¢¸±μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¡Ê¤¥É ¶·¨¢μ¤¨ÉÓ ± ¶μÖ¢²¥-
´¨Õ Ê Ô²¥±É·μ´´μ° ‚” ´Ê²¥° ¡¥¸±μ´¥Î´μ° ±· É´μ¸É¨ ´  ± ¦¤μ³ ¨§ ¸μ¸É ¢²ÖÕÐ¨Ì u-
¨ d-±¢ ·±μ¢, ± ± ´  ÉμÎ¥Î´ÒÌ ¨¸ÉμÎ´¨± Ì § ·Ö¤  Zu = +2/3 ¨ Zd = −1/3. �μ²μ¦¨-
É¥²Ó´Ò° ¢ ·¨ ´É μÉ¢¥É  ´  ÔÉμÉ ¢μ¶·μ¸ μ¸´μ¢Ò¢ ¥É¸Ö ´  Éμ³, ÎÉμ Ô²¥±É·μ´´ Ö ‚” ¡Ê¤¥É
μ¡· Ð ÉÓ¸Ö ¢ ´Ê²Ó ¸μ ¢¸¥³¨ ¶·μ¨§¢μ¤´Ò³¨ Éμ²Ó±μ ¢ μ±·¥¸É´μ¸É¨ ± ¦¤μ£μ ±¢ ·±  μÎ¥´Ó
³ ²ÒÌ · §³¥·μ¢ ∼ α2/4π � 1,6 · 10−3 ”³, ÎÉμ £μ· §¤μ ³¥´ÓÏ¥ ¸·¥¤´¨Ì ³¥¦±¢ ·±μ¢ÒÌ
· ¸¸ÉμÖ´¨° ¢ ´Ê±²μ´¥ ∼ 10−1−1 ”³,   Ô´¥·£¥É¨Î¥¸±¨° ¸¤¢¨£ §  ¸Î¥É Ï¢¨´£¥·μ¢¸±μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö Ô²¥±É·μ´  ¸ ±¢ ·± ³¨, ¢ ¸¢μÕ μÎ¥·¥¤Ó, ¢ ¸¨²Ê ³ ²μ¸É¨ ¨Ì § ·Ö¤μ¢ Ëμ·-
³¨·Ê¥É¸Ö §  ¸Î¥É ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨° ∼ 1/α � 1 (¸³. ·¨¸. 2), ÎÉμ ´  ´¥¸±μ²Ó±μ ¶μ·Ö¤±μ¢
¶·¥¢ÒÏ ¥É · §³¥·Ò Ö¤· . �  É ±¨Ì ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ μÉ Ö¤·  ¸Ê³³¨·μ¢ ´¨¥ ¢±² -
¤μ¢ μÉ μÉ¤¥²Ó´ÒÌ ±¢ ·±μ¢ ¢ μ¡Ð¨° ¸¤¢¨£ Ô²¥±É·μ´´ÒÌ Ê·μ¢´¥° Ô±¢¨¢ ²¥´É´μ ¶¥·¥Ìμ¤Ê
± ´¥¶·¥·Ò¢´μ³Ê · ¸¶·¥¤¥²¥´¨Õ § ·Ö¤  ¢ μ¶¥· Éμ·¥ „¨· ± Ä� Ê²¨,   ¸Ê³³ ·´Ò° μ¡Ñ¥³
μ¡² ¸É¥° ¨¸Î¥§´μ¢¥´¨Ö Ô²¥±É·μ´´μ° ‚” ¢ μ±·¥¸É´μ¸É¨ ± ¦¤μ£μ ±¢ ·±  ¤ ¦¥ ¤²Ö ¸¢¥·Ì-
ÉÖ¦¥²ÒÌ Ö¤¥· ¸ Z ∼ 200−300 ¨ Î¨¸²μ³ ±¢ ·±μ¢ ∼ 1000−2000 ¡Ê¤¥É ¶μ·Ö¤±  10−8−10−9

μÉ μ¡Ñ¥³  Ö¤· , ¶μÔÉμ³Ê ¨³ § ¢¥¤μ³μ ³μ¦´μ ¶·¥´¥¡·¥ÎÓ ¨ · ¸¸³ É·¨¢ ÉÓ ´¥¶·¥·Ò¢´μ¥
· ¸¶·¥¤¥²¥´¨¥ ¶μ ¢¸¥³Ê μ¡Ñ¥³Ê Ö¤· . „²Ö ±Ê²μ´μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö Ê¸·¥¤´¥´¨¥ § -
·Ö¤  ±¢ ·±μ¢ ¶μ μ¡Ñ¥³Ê Ö¤·  ¤²Ö Ô²¥±É·μ´´ÒÌ ¸μ¸ÉμÖ´¨° ¢ Ô´¥·£¥É¨Î¥¸±μ³ ¤¨ ¶ §μ´¥
(−1, +1) (¢ ¥¤¨´¨Í Ì ³ ¸¸Ò ¶μ±μÖ) ³μÉ¨¢¨·μ¢ ´μ ¥Ð¥ ²ÊÎÏ¥ (ÔÉμ ´¥ ƒ��). ‚ ·¥§Ê²ÓÉ É¥
¶·¨ ¢¶μ²´¥ μ¡μ¸´μ¢ ´´μ³ ¶·¥¤¶μ²μ¦¥´¨¨ μ · ¢´μ³¥·´μ³ · ¸¶·¥¤¥²¥´¨¨ ±¢ ·±μ¢ ¶μ μ¡Ñ-
¥³Ê Ö¤·  ¤²Ö μ¶¨¸ ´¨Ö ÔËË¥±Éμ¢, μ¡Ê¸²μ¢²¥´´ÒÌ ΔUAMM, ¢ ± Î¥¸É¢¥ ¨¸Ìμ¤´μ° ³μ¤¥²¨ ¢
É ±μ³ ¶μ¤Ìμ¤¥ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ±Ê²μ´μ¢¸±¨° ¶μÉ¥´Í¨ ² μ¤´μ·μ¤´μ£μ · ¸¶·¥¤¥²¥´¨Ö
§ ·Ö¤  ¶μ Ö¤·Ê, ÎÉμ ¸¢μ¤¨É¸Ö ± § ³¥´¥

Zα

r
→ 1

2

(
3 −

( r

R

)2
)

Zα

R
, r < R,

Zα

r
, r > R, (21)

¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨° É ±μ³Ê ±Ê²μ´μ¢¸±μ³Ê ¶μÉ¥´Í¨ ²Ê μ¶¥· Éμ· „¨· ± Ä� Ê²¨, ÎÉμ ¤ ¥É

Zλ

r2
→ Zλr

R3
, r < R,

Zλ

r2
, r > R, (22)

¢μ ¢¸¥Ì Ê· ¢´¥´¨ÖÌ (11), (13) ¤²Ö · ¤¨ ²Ó´ÒÌ ±μ³¶μ´¥´É Ô²¥±É·μ´´μ° ‚”. �μ¸²¥ Î¥£μ
¸¤¢¨£ Ê·μ¢´¥° §  ¸Î¥É Ï¢¨´£¥·μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ÒÎ¨¸²Ö¥É¸Ö ²¨¡μ Î¥·¥§ ¶·Ö³μ¥
·¥Ï¥´¨¥ Ê· ¢´¥´¨° (11), (13) ¸ § ³¥´μ° (21), (22), ²¨¡μ ¶μ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° (15),
¶·¨³¥´¨³μ¸ÉÓ ±μÉμ·μ° ¢ É ±μ° ³μ¤¥²¨ ¸ Ê¸·¥¤´¥´¨¥³ § ·Ö¤  ±¢ ·±μ¢ ¶μ μ¡Ñ¥³Ê Ö¤· 
μ¡μ¸´μ¢Ò¢ ¥É¸Ö μÉ¸ÊÉ¸É¢¨¥³ ¸¨´£Ê²Ö·´μ¸É¥° ¢ ¶μÉ¥´Í¨ ²¥ (22). ‚ ¶μ¸²¥¤´¥³ ¸²ÊÎ ¥
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Ô´¥·£¥É¨Î¥¸±¨° ¸¤¢¨£ ¡Ê¤¥É μ¶·¥¤¥²ÖÉÓ¸Ö ¨§ ¨´É¥£· ² 

ΔεAMM(nj) = −2Zλ

⎡
⎣ 1

R3

R∫
0

r3 dr +

∞∫
R

dr

⎤
⎦ f̃

(0)
nj (r) g̃

(0)
nj (r), (23)

£¤¥ f̃
(0)
nj (r), g̃

(0)
nj (r) Å · ¤¨ ²Ó´Ò¥ ±μ³¶μ´¥´ÉÒ ±Ê²μ´μ¢¸±μ° ‚” Ê·μ¢´Ö ¸ ±¢ ´Éμ¢Ò³¨

Î¨¸² ³¨ nj μ¶·¥¤¥²¥´´μ° Î¥É´μ¸É¨, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ · ¸¶·¥¤¥²¥´´μ³Ê § ·Ö¤Ê ¨ ¶μÉ¥´-
Í¨ ²Ê (21). �É³¥É¨³, ÎÉμ ¢ (23) ΔεAMM ¸´μ¢  ¨³¥¥É ¸É ÉÊ¸ ÔËË¥±É  ¶¥·¢μ£μ ¶μ·Ö¤± 
¶μ α/π ¸ ´¥¶¥·ÉÊ·¡ É¨¢´μ° § ¢¨¸¨³μ¸ÉÓÕ μÉ Zα,   ¶·Ö³μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨° (11), (13)
¡Ê¤¥É, ¶μ ±· °´¥° ³¥·¥ Î ¸É¨Î´μ, ¶μ± §Ò¢ ÉÓ ¨ ´¥¶¥·ÉÊ·¡ É¨¢´ÊÕ § ¢¨¸¨³μ¸ÉÓ μÉ α/π.

‚¥²¨Î¨´  Ô´¥·£¥É¨Î¥¸±μ£μ ¸¤¢¨£ , μ¡Ê¸²μ¢²¥´´ Ö ΔUAMM, ¡Ê¤¥É ¶·¨ ÔÉμ³ ¸¨²Ó´μ
§ ¢¨¸¥ÉÓ μÉ ¨¸Ìμ¤´μ£μ ¶μ²μ¦¥´¨Ö Ê·μ¢´Ö ¢ Î¨¸Éμ ±Ê²μ´μ¢¸±μ³ ¸²ÊÎ ¥, ¶μ¸±μ²Ó±Ê ¶μ-
²μ¦¥´¨¥³ Ê·μ¢´Ö μ¶·¥¤¥²Ö¥É¸Ö ¸μμÉ´μÏ¥´¨¥ ³¥¦¤Ê ¢¥·Ì´¥° ¨ ´¨¦´¥° ±μ³¶μ´¥´É ³¨
Ô²¥±É·μ´´μ° ‚”. „²Ö Ê·μ¢´¥°, · ¸¶μ²μ¦¥´´ÒÌ ¤μ¸É ÉμÎ´μ ¡²¨§±μ ± ¶μ·μ£Ê ¶μ²μ¦¨É¥²Ó-
´μ£μ ±μ´É¨´ÊÊ³ , ´¨¦´ÖÖ ±μ³¶μ´¥´É  ³ ²  ¨ ¢¥¸Ó ÔËË¥±É μÉ ΔUAMM ¡Ê¤¥É ¢¥¸Ó³  ³ ²μ°
¶μ¶· ¢±μ° ± Ê·μ¢´Ö³. ’ ± Ö ¸¨ÉÊ Í¨Ö ¡Ê¤¥É ¨³¥ÉÓ ³¥¸Éμ ¤²Ö Ö¤¥· ¸ Z � 137. �μ ¢ ¸²ÊÎ ¥
¸¢¥·ÌÉÖ¦¥²μ£μ Ö¤·  ¸ Z � 170 Ê·μ¢´¨ Ê¦¥ ³μ£ÊÉ μ¶Ê¸± ÉÓ¸Ö ¤μ ¶μ·μ£  μÉ·¨Í É¥²Ó´μ£μ
±μ´É¨´ÊÊ³ , ¨ Éμ£¤  ¨Ì ‚” ¡Ê¤ÊÉ Ê¸É·μ¥´Ò ¨³¥´´μ É ±, ÎÉμ¡Ò ÔËË¥±É μÉ Ï¢¨´£¥·μ¢-
¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸É ² ³ ±¸¨³ ²Ó´Ò³. 	μ²¥¥ ±μ´±·¥É´μ, ¢ ³μ¤¥²¨ ¸ μ¤´μ·μ¤´Ò³
· ¸¶·¥¤¥²¥´¨¥³ § ·Ö¤  ¢ Ö¤·¥ ¶·¨ ¤μ¸É¨¦¥´¨¨ Ê·μ¢´¥³ ¶μ·μ£  μÉ·¨Í É¥²Ó´μ£μ ±μ´É¨´Ê-
Ê³  · ¤¨ ²Ó´Ò¥ ËÊ´±Í¨¨ ¤¨· ±μ¢¸±μ° ‚” ¸ Î¥É´μ¸ÉÓÕ (−1)j∓1/2 ¢´¥ Ö¤·  ¸ ÉμÎ´μ¸ÉÓÕ
¤μ ´μ·³¨·μ¢μÎ´μ£μ ³´μ¦¨É¥²Ö ¨³¥ÕÉ ¢¨¤ (¸³., ´ ¶·¨³¥·, [39])

fj(r) = K2iκj (
√

8qr)/r,

gj(r) = −
K1+2iκj (

√
8qr) + K1−2iκj (

√
8qr)√

2qr
∓ j + 1/2

qr
K2iκj (

√
8qr),

(24)

£¤¥ Kp(z) Å ËÊ´±Í¨Ö Œ ±¤μ´ ²Ó¤ , q = Zα, κj =
√

q2 − (j + 1/2)2, ¨ ¶·¨ r � 1
Ê¡Ò¢ ÕÉ ± ± exp (−

√
8qr)/r3/2. ˆ§ (24) ²¥£±μ ¢¨¤¥ÉÓ, ÎÉμ ¶·¨ ÔÉμ³ ¢¥·Ì´ÖÖ ¨ ´¨¦´ÖÖ

±μ³¶μ´¥´ÉÒ ‚” ¢´¥ Ö¤·  ¨³¥ÕÉ ¶μÎÉ¨ μ¤¨´ ±μ¢ÊÕ  ³¶²¨ÉÊ¤Ê, ¨ · ¤¨ Í¨μ´´Ò¥ ÔËË¥±ÉÒ,
μ¡Ê¸²μ¢²¥´´Ò¥ Δgfree, ¸É ´μ¢ÖÉ¸Ö §´ Î¨É¥²Ó´μ ¡μ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò³¨. �±ÉÊ ²Ó´μ¸ÉÓ ¨Ì
μÍ¥´±¨ μ¡Ê¸²μ¢²¥´  ¶·¥¦¤¥ ¢¸¥£μ É¥³, ÎÉμ ¢ Š�„ ¶·¨ §´ Î¥´¨ÖÌ Z, ±μ£¤  ¶¥·¢Ò° ¤¨¸±·¥É-
´Ò° Ê·μ¢¥´Ó ¤μ¸É¨£ ¥É ¶μ·μ£  ´¨¦´¥£μ ±μ´É¨´ÊÊ³ , ¸É ´μ¢ÖÉ¸Ö ¸ÊÐ¥¸É¢¥´´Ò³¨ ÔËË¥±ÉÒ
¶μ²Ö·¨§ Í¨¨ Ô²¥±É·μ´-¶μ§¨É·μ´´μ£μ ¢ ±ÊÊ³ . � ¨¡μ²¥¥ ¨§¢¥¸É´Ò° ÔËË¥±É É ±μ£μ É¨¶ ,
· ¸¸³μÉ·¥´´Ò° ¢ [36Ä40], ¶·¥¤¸± §Ò¢ ¥É ¸¶μ´É ´´μ¥ ·μ¦¤¥´¨¥ Ô²¥±É·μ´-¶μ§¨É·μ´´ÒÌ
¶ · ¨ ¶¥·¥¸É·μ°±Ê ¢ ±ÊÊ³  ¶·¨ § ·Ö¤¥ Ö¤·  Z � 170 (¶μ¸²¥¤´ÖÖ μÍ¥´±  ¸ ÊÎ¥Éμ³ Ô±· -
´¨·μ¢±¨ Ö¤·   Éμ³  ³¨Ï¥´¨ § ¶μ²´¥´´Ò³¨ Ô²¥±É·μ´´Ò³¨ μ¡μ²μÎ± ³¨ Z � 173 [41]).
�¤´ ±μ ¨³¥ÕÐ¨¥¸Ö ± ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ¶·¥¦¤¥ ¢¸¥£μ ¶μ
Ë¨§¨±¥ ÉÖ¦¥²ÒÌ ¨μ´μ¢, ´¥ ¶μ§¢μ²ÖÕÉ ¶μ±  ¸¤¥² ÉÓ μ¤´μ§´ Î´μ¥ § ±²ÕÎ¥´¨¥ μ ¤μ¸É¨¦¥-
´¨¨ ±·¨É¨Î¥¸±μ° μ¡² ¸É¨, ¶μ ±· °´¥° ³¥·¥ ¢ ¤¨ ¶ §μ´¥ 140 < Z < 190 [4, 5, 42Ä44], ¨
¤²Ö ±μ··¥±É´μ£μ  ´ ²¨§  ¸¨ÉÊ Í¨¨ ´¥μ¡Ìμ¤¨³ ³ ±¸¨³ ²Ó´μ ¶μ²´Ò° ÊÎ¥É Ï¢¨´£¥·μ¢¸±μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö, · ¢´μ ± ± ¨ ¤·Ê£¨Ì · ¤¨ Í¨μ´´ÒÌ Š�„-ÔËË¥±Éμ¢.

„²Ö ±μ´±·¥É´μ¸É¨ · ¸¸³μÉ·¨³ ¸²ÊÎ ° £μ²μ£μ Ö¤·  ¸ § ·Ö¤μ³ Zcr = 170 ¨ · ¤¨Ê-
¸μ³ R = 1,23 · (2,5Z)1/3 � 9,24 ”³, ±μ£¤  ¡¥§ ÊÎ¥É  Ï¢¨´£¥·μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö
´¨¦´¨° 1s1/2-Ê·μ¢¥´Ó ¶μÎÉ¨ ¤μ¸É¨£ ¥É ´¨¦´¥£μ ±μ´É¨´ÊÊ³ , ¡μ²¥¥ ÉμÎ´μ, Ô´¥·£¨Ö ¸¢Ö§¨
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�¨¸. 6. �μ¢¥¤¥´¨¥ ¢¥·Ì´¥° (¸¶²μÏ´ Ö ²¨´¨Ö) ¨ ´¨¦´¥° (ÏÉ·¨Ìμ¢ Ö) · ¤¨ ²Ó´ÒÌ ±μ³¶μ´¥´É ´μ·-
³¨·μ¢ ´´μ° ±Ê²μ´μ¢¸±μ° ‚” Ê·μ¢´Ö 1s1/2 ¸ ε = −0,99999 ( ) ¨ Ê·μ¢´Ö 2p1/2 ¸ ε = −0,117 (¡)
¶·¨ μ¤´μ·μ¤´μ³ · ¸¶·¥¤¥²¥´¨¨ § ·Ö¤  ¢ Ö¤·¥ ¸ § ·Ö¤μ³ Z = 170 ¨ · ¤¨Ê¸μ³ R � 9,24 ”³

K-μ¡μ²μÎ±¨ · ¢´  1,99999. � ¤¨ ²Ó´Ò¥ ±μ³¶μ´¥´ÉÒ ´μ·³¨·μ¢ ´´μ° Ô²¥±É·μ´´μ° ‚”
Ê·μ¢´Ö ¶μ± § ´Ò ´  ·¨¸. 6, a.

‚ ÔÉμ³ ¸²ÊÎ ¥ ¤²Ö ¸¤¢¨£  ´¨¦´¥£μ Ê·μ¢´Ö §  ¸Î¥É ΔUAMM ¶·Ö³μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥-
´¨Ö (11) ¸ ¶μÉ¥´Í¨ ² ³¨ (21), (22) ¤ ¥É

Δε
(+)
AMM(1s1/2) = 43,93 ±Ô‚, (25)

£¤¥ §´ ± (+) ¶μ± §Ò¢ ¥É, ÎÉμ ÔÉμÉ ·¥§Ê²ÓÉ É ¶μ²ÊÎ¥´ ¢ · ³± Ì ³μ¤¥²¨ ¸ · ¸¶·¥¤¥²¥´-
´Ò³ § ·Ö¤μ³. �·¨ ¢ÒÎ¨¸²¥´¨¨ ÔÉμ£μ ¦¥ ¸¤¢¨£  ¶μ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° (23) ¶μ²ÊÎ¨³

Δε
(+)
AMM(1s1/2) = 46,13 ±Ô‚, ÎÉμ ¢¶μ²´¥ ¸μ£² ¸Ê¥É¸Ö ¸ (25). �É¨ ·¥§Ê²ÓÉ ÉÒ ¸²¥¤Ê¥É ¸· ¢-

´¨ÉÓ ¸ ¨§¢¥¸É´Ò³¨ · ¤¨ Í¨μ´´Ò³¨ ¶μ¶· ¢± ³¨ ± Ô´¥·£¨¨ ¸¢Ö§¨ K-μ¡μ²μÎ±¨ ¢ É ±μ³ Ö¤·¥
§  ¸Î¥É ¶μ²Ö·¨§ Í¨¨ ¢ ±ÊÊ³  ΔεVP(1s1/2) = −10,65 ±Ô‚ ¨ ¸μ¡¸É¢¥´´μ Ô´¥·£¥É¨Î¥¸±μ°
¢¸É ¢±¨ ¢ Ô²¥±É·μ´´Ò° ¶·μ¶ £ Éμ· ΔεSE(1s1/2) = 11,0 ±Ô‚, ¢ÒÎ¨¸²¥´´Ò³¨ ¢ ¶¥·¢μ³
¶μ·Ö¤±¥ ¶μ α/π c ´¥¶¥·ÉÊ·¡ É¨¢´Ò³ ÊÎ¥Éμ³ ¢±² ¤  μÉ Zα (¸³. [5, 45] ¨ ¶·¨¢¥¤¥´´Ò¥ É ³
¸¸Ò²±¨). ‹¥£±μ ¢¨¤¥ÉÓ, ÎÉμ ΔεAMM ¢ 4Ä5 · § ¶·¥¢ÒÏ ¥É ± ¦¤ÊÕ ¨§ ÔÉ¨Ì · ¤¨ Í¨μ´´ÒÌ
¶μ¶· ¢μ± ¶μ μÉ¤¥²Ó´μ¸É¨,   ¶μ¸±μ²Ó±Ê ΔεVP + ΔεSE � 300 Ô‚, Éμ ¸ ÊÎ¥Éμ³ ΔεAMM,
±μÉμ· Ö ¢μ§´¨± ¥É ¨§ · ¤¨ Í¨μ´´μ° ¶μ¶· ¢±¨ ± ¢¥·Ï¨´´μ³Ê Ëμ·³Ë ±Éμ·Ê, ¸Ê³³ ·´Ò°
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· ¤¨ Í¨μ´´Ò° ¸¤¢¨£ Ê·μ¢´Ö 1s1/2 ¢μ§· ¸É ¥É ¶·¨³¥·´μ ¢ 150 · §, É. ¥. ± ± ³¨´¨³Ê³ ´  ¤¢ 
¶μ·Ö¤± . ‘μμÉ¢¥É¸É¢ÊÕÐ¨° ¸¤¢¨£ ±·¨É¨Î¥¸±μ£μ § ·Ö¤  ¸μ¸É ¢²Ö¥É ¶·¨ ÔÉμ³ ΔZcr � 1,5,
ÎÉμ Ê¦¥ ¸· ¢´¨³μ ¸ ÔËË¥±É ³¨ Ô±· ´¨·μ¢±¨ μÉ § ¶μ²´¥´´ÒÌ Ô²¥±É·μ´´ÒÌ μ¡μ²μÎ¥±. �É-
³¥É¨³, ÎÉμ ¢¥·μÖÉ´μ¸ÉÓ ´ Ìμ¦¤¥´¨Ö Ô²¥±É·μ´  ¢´ÊÉ·¨ Ö¤·  ¶·¨ ÔÉμ³ ¤μ¸É ÉμÎ´μ ³ ²  ¨
¸μ¸É ¢²Ö¥É ¢¸¥£μ 2,2 %, ´μ ÔÉμ£μ Ì¢ É ¥É, ÎÉμ¡Ò ¢±² ¤ μÉ Ï¢¨´£¥·μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö
¸É ² ¸Éμ²Ó ¸ÊÐ¥¸É¢¥´´Ò³.

„²Ö Ê·μ¢´Ö 2p1/2 ¢ É ±μ³ Ö¤·¥ ¢ · ³± Ì ³μ¤¥²¨ · ¸¶·¥¤¥²¥´´μ£μ § ·Ö¤  · ¤¨ Í¨μ´-
´Ò° ¸¤¢¨£ §  ¸Î¥É Ï¢¨´£¥·μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ± ± ¨ ¤²Ö ÉμÎ¥Î´μ£μ Ö¤·  (¸³. É ¡². 2

¨ ·¨¸. 4), μ± §Ò¢ ¥É¸Ö μÉ·¨Í É¥²Ó´Ò³ ¨ ¸· ¢´¨³Ò³ ¶μ ¢¥²¨Î¨´¥ ¸ Δε
(+)
AMM(1s1/2), ´¥¸³μ-

É·Ö ´  Éμ, ÎÉμ ¥£μ Î¨¸Éμ ±Ê²μ´μ¢¸± Ö Ô´¥·£¨Ö ¸¢Ö§¨ ¸μ¸É ¢²Ö¥É ¢¸¥£μ 1,117, É. ¥. Ê·μ¢¥´Ó
²¥¦¨É ¤μ¸É ÉμÎ´μ ¢Ò¸μ±μ ´ ¤ μÉ·¨Í É¥²Ó´Ò³ ±μ´É¨´ÊÊ³μ³. �·Ö³μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥-
´¨Ö (13) ¸ ¶μÉ¥´Í¨ ² ³¨ (21), (22) ¢ ÔÉμ³ ¸²ÊÎ ¥ ¤ ¥É

Δε
(+)
AMM(2p1/2) = −43,07 ±Ô‚, (26)

  ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¶μ Ëμ·³Ê²¥ (23) ¶μ²ÊÎ¨³ Δε
(+)
AMM(2p1/2) = −40,67 ±Ô‚, ÎÉμ ¸´μ¢ 

¢¶μ²´¥ ¸μ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²ÓÉ Éμ³ ÉμÎ´μ£μ Î¨¸²¥´´μ£μ · ¸Î¥É  (26). �É·¨Í É¥²Ó´Ò° §´ ±

¨ §´ Î¨É¥²Ó´ Ö ¢¥²¨Î¨´  Δε
(+)
AMM(2p1/2) μ¡ÑÖ¸´ÖÕÉ¸Ö ¶μ¢¥¤¥´¨¥³ · ¤¨ ²Ó´ÒÌ ±μ³¶μ´¥´É

Ô²¥±É·μ´´μ° ‚” ¢´¥ Ö¤·  Å μ´¨ ¡²¨§±¨ ¶μ  ³¶²¨ÉÊ¤¥ ¨ μ¤´μ£μ §´ ±  (·¨¸. 6, ¡).
‡ ³¥É¨³ É ±¦¥, ÎÉμ ¢ É ±μ° ³μ¤¥²¨ ¸ · ¸¶·¥¤¥²¥´´Ò³ § ·Ö¤μ³ Ô²¥±É·μ´ Ë ±É¨Î¥¸±¨

μ¡³¥´¨¢ ¥É¸Ö ¨³¶Ê²Ó¸μ³ ¸μ ¢¸¥³ Ö¤·μ³,   ´¥ ¸ μÉ¤¥²Ó´Ò³¨ ±¢ ·± ³¨. ’μ£¤  ¤²Ö ÔËË¥±Éμ¢
μÉ¤ Î¨ ¢ ¶¥·¢μ³ ¶·¨¡²¨¦¥´¨¨ ³μ¦´μ ¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö Ìμ·μÏμ ¨§¢¥¸É´μ° ´¥·¥²ÖÉ¨¢¨¸É-
¸±μ° μÍ¥´±μ°

Δεrecoil =
〈p2〉
2MN

=
m

MN

〈
p2

2m

〉
, (27)

£¤¥ 〈p2/2m〉 ¥¸ÉÓ ¸·¥¤´ÖÖ ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö Ô²¥±É·μ´ , ¨, ¶μ¸±μ²Ó±Ê ¢ ¸²ÊÎ ¥ ¸¢¥·Ì-
ÉÖ¦¥²μ£μ Ö¤·  m/MN ∼ 10−6, ÔËË¥±ÉÒ μÉ¤ Î¨ ¡Ê¤ÊÉ ¶·¥´¥¡·¥¦¨³μ ³ ²Ò, ¶μ ±· °´¥°
³¥·¥ ¶μ ¸· ¢´¥´¨Õ ¸ ΔεAMM.

�²ÓÉ¥·´ É¨¢´Ò° ¢ ·¨ ´É ¨¸Ìμ¤¨É ¨§ Éμ£μ, ÎÉμ ΔUAMM Å ¸²¨Ï±μ³ ¸¨´£Ê²Ö·´Ò° μ¶¥-
· Éμ·, ÎÉμ¡Ò ¤μ¶Ê¸± ÉÓ Ê¸·¥¤´¥´¨¥ § ·Ö¤  ±¢ ·±μ¢ ¶μ μ¡Ñ¥³Ê Ö¤· , μ¸μ¡¥´´μ ¤²Ö Ê·μ¢´¥°,
¡²¨§±¨Ì ± ¶μ·μ£Ê μÉ·¨Í É¥²Ó´μ£μ ±μ´É¨´ÊÊ³ , ±μ£¤  ¢¥·μÖÉ´μ¸ÉÓ ´ Ìμ¦¤¥´¨Ö Ô²¥±É·μ´ 
¢´ÊÉ·¨ Ö¤·  ³μ¦¥É ¡ÒÉÓ ¤μ¸É ÉμÎ´μ ³ ² , ´μ  ³¶²¨ÉÊ¤  Ô²¥±É·μ´´μ° ‚” ³ ±¸¨³ ²Ó´ 
(¸³. ·¨¸. 6,  , ¡). �¡μ¸´μ¢ ´¨¥ É ±μ£μ ¶μ¤Ìμ¤  ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ Î¥³ ¡μ²ÓÏ¥  ³¶²¨ÉÊ¤ 
‚”, ¸ ±μÉμ·μ° μ´  ´ Î¨´ ¥É É· ´¸Ëμ·³¨·μ¢ ÉÓ¸Ö ¢ Ô±¸¶μ´¥´Í¨ ²Ó´μ Ê¡Ò¢ ÕÐÊÕ  ¸¨³-
¶ÉμÉ¨±Ê (14) ¢ μ±·¥¸É´μ¸É¨ ± ¦¤μ£μ ±¢ ·± , É¥³ §´ Î¨É¥²Ó´¥¥ ¡Ê¤¥É ¨§³¥´¥´¨¥ ‚” ´ 
³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ ¨ É¥³ ¸ ³Ò³ ÔËË¥±É μÉ Ï¢¨´£¥·μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö Ô²¥±É·μ´ 
¸ ¤ ´´Ò³ ±¢ ·±μ³, ¶μÔÉμ³Ê É¥μ·¨Ö ¢μ§³ÊÐ¥´¨° (23) ´¥¶·¨³¥´¨³ . �μ¸±μ²Ó±Ê ÉμÎ´μ¥
·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö „¨· ±  ¸ 1000Ä2000 ÉμÎ¥Î´ÒÌ ¨¸ÉμÎ´¨±μ¢ ¶·¥¤¸É ¢²Ö¥É ± ± ³¨´¨-
³Ê³ ¢¥¸Ó³  ¸²μ¦´ÊÕ § ¤ ÎÊ, · ¸¸³μÉ·¨³ Ê¶·μÐ¥´´ÊÕ ³μ¤¥²Ó, ¢ ±μÉμ·μ° ± ¦¤Ò° ±¢ ·±
¶μ μÉ¤¥²Ó´μ¸É¨ Ö¢²Ö¥É¸Ö ¨¸ÉμÎ´¨±μ³ ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ¶μÉ¥´Í¨ ²  „¨· ± Ä� Ê²¨ (6) ¢
Í¥´É·¥ Ö¤· ,   ±Ê²μ´μ¢¸±μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ Ô²¥±É·μ´  ¸ ±¢ ·± ³¨ μ¶¨¸Ò¢ ¥É¸Ö ´¥¶·¥·Ò¢-
´Ò³ · ¸¶·¥¤¥²¥´¨¥³ § ·Ö¤  ¶μ Ö¤·Ê. ’μ μ¡¸ÉμÖÉ¥²Ó¸É¢μ, ÎÉμ ±¢ ·±¨ ¶μ³¥Ð ÕÉ¸Ö Éμ²Ó±μ
¢ Í¥´É· Ö¤· , μ¡Ê¸²μ¢²¥´μ ´¥μ¡Ìμ¤¨³μ¸ÉÓÕ ¸μÌ· ´¥´¨Ö ¸Ë¥·¨Î¥¸±μ° ¸¨³³¥É·¨¨ § ¤ Î¨
¨ É¥³ ¸ ³Ò³ ±¢ ´Éμ¢ÒÌ Î¨¸¥² nj ¤²Ö Ô²¥±É·μ´´ÒÌ Ê·μ¢´¥°. (‹Õ¡μ° ¡μ²¥¥ ¸²μ¦´Ò° ¢ -
·¨ ´É Ë ±É¨Î¥¸±¨ μ§´ Î ¥É ÉμÎ´μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö „¨· ± , μ ±μÉμ·μ³ Ê¶μ³¨´ ²μ¸Ó
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¢ÒÏ¥.) ’μ£¤  ¸μμÉ¢¥É¸É¢ÊÕÐ¨° Ô´¥·£¥É¨Î¥¸±¨° ¸¤¢¨£ Ô²¥±É·μ´´μ£μ Ê·μ¢´Ö μÉ ± ¦¤μ£μ

±¢ ·±  Δε
(q)
AMM ´ Ìμ¤¨É¸Ö ¨§ (11), (13), ¢ ±μÉμ·ÒÌ ±Ê²μ´μ¢¸±¨° ¶μÉ¥´Í¨ ² § ³¥´Ö¥É¸Ö ´ 

Ê¸·¥¤´¥´´Ò° (21),   ¢ Î²¥´ Ì „¨· ± Ä� Ê²¨ Zλ/r2 § ³¥´Ö¥É¸Ö Éμ²Ó±μ § ·Ö¤ Ö¤·  ´  § ·Ö¤
±¢ ·±μ¢: Z → Zq. �É³¥É¨³, ÎÉμ ¶μ¸²¥¤´ÖÖ § ³¥´  ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ ¢ É ±μ° ³μ¤¥²¨
¢Éμ·Ò³ Ë ±É¨Î¥¸±¨³ ¶ · ³¥É·μ³ ¢§ ¨³μ¤¥°¸É¢¨Ö ´ ·Ö¤Ê ¸ Zα ¡Ê¤¥É α2/π,   ´¥ α/π.

‘Ê³³ ·´Ò° ¸¤¢¨£ Ô²¥±É·μ´´μ£μ Ê·μ¢´Ö ´ Ìμ¤¨É¸Ö Î¥·¥§ ¸Ê³³Ê ¶μ ¢¸¥³ ±¢ ·± ³

Δε
(−)
AMM = (2Z + N)Δε

(u)
AMM + (Z + 2N)Δε

(d)
AMM, (28)

£¤¥ Z Å Î¨¸²μ ¶·μÉμ´μ¢; N Å Î¨¸²μ ´¥°É·μ´μ¢,   §´ ± (−) ¸μμÉ¢¥É¸É¢Ê¥É  ²ÓÉ¥·´ -
É¨¢´μ³Ê ¢ ·¨ ´ÉÊ ·¥Ï¥´¨Ö ¢μ¶·μ¸  μ ¢μ§³μ¦´μ¸É¨ Ê¸·¥¤´¥´¨Ö § ·Ö¤  ±¢ ·±μ¢. ‘²¥¤Ê¥É
Éμ²Ó±μ ÊÎ¥¸ÉÓ ¨§³¥´¥´¨¥  ¸¨³¶ÉμÉ¨±¨ ‚” ¶·¨ r → 0 §  ¸Î¥É μÉ¸ÊÉ¸É¢¨Ö ±Ê²μ´μ¢¸±μ°
¸¨´£Ê²Ö·´μ¸É¨, ±μÉμ·μ¥ ¤²Ö u-±¢ ·±  ¡Ê¤¥É ¨³¥ÉÓ ¢¨¤

fj(r) → exp
(
−Zuλ

r

)
, gj(r) → − ε − 1 + 3Zα/2R

2Zuλ
r2 exp

(
−Zuλ

r

)
, (29 )

  ¤²Ö d-±¢ ·± 

gj(r) → exp
(

Zdλ

r

)
, fj(r) → − ε + 1 + 3Zα/2R

2Zdλ
r2 exp

(
Zdλ

r

)
. (29¡)

„²Ö Ê·μ¢´Ö 1s1/2 ¶·Ö³μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (11) ¸ § ³¥´μ° ±Ê²μ´μ¢¸±μ£μ ¶μÉ¥´Í¨ ² 
´  (21), Î²¥´μ¢ „¨· ± Ä� Ê²¨ ´  Zqλ/r2 ¨  ¸¨³¶ÉμÉ¨± ³¨ (29) ¤ ¥É

Δε
(u)
AMM(1s1/2) = 211,35 Ô‚, Δε

(d)
AMM(1s1/2) = −22,71 Ô‚, (30)

¨ ¢ ·¥§Ê²ÓÉ É¥ ¤²Ö ¸Ê³³ ·´μ£μ ¸¤¢¨£  Ê·μ¢´Ö 1s1/2 §  ¸Î¥É Ï¢¨´£¥·μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö
¢ Ö¤·¥ ¸ Z = 170, N = 1,5Z = 255 ¨ · ¤¨Ê¸μ³ R � 9,24 ”³ ¶μ²ÊÎ ¥³

Δε
(−)
AMM(1s1/2) = 110,3 ±Ô‚, (31)

ÎÉμ ¡μ²¥¥ Î¥³ ¢ ¤¢  · §  ¶·¥¢ÒÏ ¥É §´ Î¥´¨¥ Δε
(+)
AMM(1s1/2), ¶μ²ÊÎ¥´´μ¥ ¶·¨ Ê¸·¥¤´¥´¨¨

§ ·Ö¤  ¢ Éμ³ Î¨¸²¥ ¨ ¢ Î²¥´ Ì „¨· ± Ä� Ê²¨. �Í¥´±  ¸¤¢¨£μ¢ ¶μ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¢
É ±μ³ ¶μ¤Ìμ¤¥ ¸¢μ¤¨É¸Ö ± Ëμ·³Ê²¥ (23), ¢ ±μÉμ·μ° ¸²¥¤Ê¥É ¶¥·¥°É¨ ± ¶·¥¤¥²Ê R → 0, ¨
¤ ¥É ¶·¨ ÔÉμ³ ¤·Ê£μ° ·¥§Ê²ÓÉ É:

Δε
(u)
AMM(1s1/2) = 244,26 Ô‚, Δε

(d)
AMM(1s1/2) = −122,13 Ô‚, Δε

(−)
AMM(1s1/2) = 62,3 ±Ô‚,

(32)
¡μ²¥¥ ¡²¨§±¨° ± Δε

(+)
AMM(1s1/2). ‡ ³¥É¨³, μ¤´ ±μ, ÎÉμ ¢ É ±μ³ ¶μ¤Ìμ¤¥, ±μ£¤  Ï¢¨´£¥·μ¢-

¸±μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¶·¨¢μ¤¨É ± Ô±¸¶μ´¥´Í¨ ²Ó´μ³Ê Ê¡Ò¢ ´¨Õ ‚” ¶·¨ r → 0 ´  Ëμ´¥
³ ±¸¨³ ²Ó´ÒÌ  ³¶²¨ÉÊ¤ ¶μ¸²¥¤´¥°, ¥£μ ÊÎ¥É ¶μ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ´¥ ³μ¦¥É ¸Î¨É ÉÓ¸Ö
μ¡μ¸´μ¢ ´´Ò³. �μÔÉμ³Ê ·¥§Ê²ÓÉ É ¶·Ö³μ£μ Î¨¸²¥´´μ£μ · ¸Î¥É  (31) ¶·¥¤¸É ¢²Ö¥É¸Ö ¡μ-
²¥¥ ¶· ¢¨²Ó´Ò³ ¨ ¸μ¸É ¢²Ö¥É Ê¦¥ 11% μÉ Ô´¥·£¨¨ ¸¢Ö§¨ K-μ¡μ²μÎ±¨, ¶·¨ ÔÉμ³ ¸¤¢¨£
±·¨É¨Î¥¸±μ£μ § ·Ö¤  ¸μ¸É ¢²Ö¥É ΔZcr � 3,3 ¨ ¶¥·¥±·Ò¢ ¥É ÔËË¥±ÉÒ Ô±· ´¨·μ¢±¨. �É-
³¥É¨³ É ±¦¥, ÎÉμ ÔÉμÉ ·¥§Ê²ÓÉ É ¸μ¤¥·¦¨É ´¥¶¥·ÉÊ·¡ É¨¢´ÊÕ § ¢¨¸¨³μ¸ÉÓ ± ± μÉ Zα,

É ± ¨ μÉ α2/π, ÎÉμ ¶·μÖ¢²Ö¥É¸Ö ¨ ¢ Éμ³, ÎÉμ Δε
(−)
AMM(1s1/2) Ê¦¥ £μ· §¤μ ¡μ²ÓÏ¥ ¸μμÉ-

¢¥É¸É¢Ê¥É Ë ±Éμ·Ê Z5,   ´¥ Z4, ± ± ¤²Ö ¶¥·ÉÊ·¡ É¨¢´ÒÌ · ¤¨ Í¨μ´´ÒÌ Š�„-ÔËË¥±Éμ¢
(¤²Ö Z = 170 ¸¤¢¨£ 110,3 ±Ô‚ ¸μ¸É ¢²Ö¥É ¶·¨³¥·´μ 1/2 μÉ Z5ΔεZ=1(1s1/2)).
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…Ð¥ ¡μ²¥¥ ´¥É·¨¢¨ ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¢μ§´¨± ÕÉ ¢ É ±μ³ ¶μ¤Ìμ¤¥ ¤²Ö μÍ¥´±¨ · ¤¨ -
Í¨μ´´μ£μ ¸¤¢¨£  Ê·μ¢´Ö 2p1/2 §  ¸Î¥É Δgfree. ’μÎ´Ò° Î¨¸²¥´´Ò° · ¸Î¥É ¤ ¥É

Δε
(u)
AMM(2p1/2) = 18,11 Ô‚, Δε

(d)
AMM(2p1/2) = 108,4 Ô‚, (33)

¢ ·¥§Ê²ÓÉ É¥ Î¥£μ ¸Ê³³ ·´Ò° ¸¤¢¨£ Ê·μ¢´Ö 2p1/2 μ± §Ò¢ ¥É¸Ö ¶μ²μ¦¨É¥²Ó´Ò³ ¨ ¶μÎÉ¨
É ±¨³ ¦¥ ¡μ²ÓÏ¨³ ¶μ ¢¥²¨Î¨´¥, ± ± ¤²Ö 1s1/2:

Δε
(−)
AMM(2p1/2) = 84,5 ±Ô‚. (34)

�·¨ ÔÉμ³ Ë ±Éμ· Z5 ¶μ¤É¢¥·¦¤ ¥É¸Ö ¥Ð¥ ²ÊÎÏ¥, Î¥³ ¤²Ö 1s1/2 (¤²Ö Z = 170 ¸¤¢¨£
84,5 ±Ô‚ ¸μ¸É ¢²Ö¥É ¶·¨³¥·´μ 8Z5|ΔεZ=1(2p1/2)|).

�É³¥É¨³, ÎÉμ ¶·¨ μÍ¥´±¥ ¢±² ¤  μÉ ΔUAMM ¶μ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ·¥§Ê²ÓÉ ÉÒ
¤²Ö 2p1/2 ¶μ²ÊÎ ÕÉ¸Ö ¸ÊÐ¥¸É¢¥´´μ ¤·Ê£¨¥, ¡²¨§±¨¥ ± ³μ¤¥²¨ Ê¸·¥¤´¥´´μ£μ § ·Ö¤ :

Δε
(u)
AMM(2p1/2) = −216,8 Ô‚, Δε

(d)
AMM(2p1/2) = −108,4 Ô‚,

Δε
(−)
AMM(2p1/2) = −55,3 ±Ô‚,

(35)

´μ, ± ± Ê¦¥ μÉ³¥Î ²μ¸Ó ¢ÒÏ¥, ¶·¨³¥´¨³μ¸ÉÓ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ± Ï¢¨´£¥·μ¢¸±μ³Ê ¢§ -
¨³μ¤¥°¸É¢¨Õ ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ´¥ Ö¢²Ö¥É¸Ö μ¡μ¸´μ¢ ´´μ°. �Éμ ¥Ð¥ · § ¶μ± §Ò¢ ¥É, ÎÉμ
¶¥·¥Ìμ¤ ± ´¥¶·¥·Ò¢´μ³Ê · ¸¶·¥¤¥²¥´¨Õ § ·Ö¤  ±¢ ·±μ¢ ¶μ Ö¤·Ê ± ± ¢ ±Ê²μ´μ¢¸±μ³ ¶μ-
É¥´Í¨ ²¥, É ± ¨ ¢ Î²¥´ Ì „¨· ± Ä� Ê²¨ ´¥ Ö¢²Ö¥É¸Ö μ¶É¨³ ²Ó´Ò³, É ± ± ± ´¨¢¥²¨·Ê¥É
¢¸¥ ÔËË¥±ÉÒ μÉ ¸¨´£Ê²Ö·´μ£μ Ì · ±É¥·  μ¶¥· Éμ·  (6) ¤²Ö ÉμÎ¥Î´μ£μ ¨¸ÉμÎ´¨± .

’ ±¨³ μ¡· §μ³, ¶·¨ ³¨´¨³ ²Ó´μ³ ÊÎ¥É¥ ¸¨´£Ê²Ö·´μ£μ Ì · ±É¥·  Ï¢¨´£¥·μ¢¸±μ£μ ¢§ -
¨³μ¤¥°¸É¢¨Ö ¨ μ¡Ê¸²μ¢²¥´´μ° ÔÉ¨³ ¡Ò¸É·μ Ê¡Ò¢ ÕÐ¥°  ¸¨³¶ÉμÉ¨±¨ Ô²¥±É·μ´´μ° ‚”
(29) ´  ± ¦¤μ³ ±¢ ·±¥ ¶μ μÉ¤¥²Ó´μ¸É¨ · ¤¨ Í¨μ´´Ò° ¸¤¢¨£ ´¨¦´¨Ì Ê·μ¢´¥° §  ¸Î¥É Δgfree

¢ ¸¢¥·ÌÉÖ¦¥²ÒÌ Ö¤· Ì ¸ ¡μ²ÓÏ¨³¨ Z μ± §Ò¢ ¥É¸Ö ¶μ²μ¦¨É¥²Ó´Ò³ ¨ ¸μ¸É ¢²Ö¥É 10Ä15%
Ô´¥·£¨¨ ¸¢Ö§¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì μ¡μ²μÎ¥±. ‘ÊÐ¥¸É¢Ê¥É ¶μ ±· °´¥° ³¥·¥ ¤¢  Ë ±Éμ· ,
±μÉμ·Ò¥ ³μ£ÊÉ ¤μ¶μ²´¨É¥²Ó´μ Ê¸¨²¨ÉÓ μÍ¥´±¨ (31) ¨ (34) ¢ · ³± Ì ³μ¤¥²¨ ¸ ÊÎ¥Éμ³
´¥μ¤´μ·μ¤´μ¸É¨ · ¸¶·¥¤¥²¥´¨Ö § ·Ö¤  ¶μ μ¡Ñ¥³Ê Ö¤· . �Éμ, ¢μ-¶¥·¢ÒÌ, ´¥ ¤¤¨É¨¢´μ¸ÉÓ
¢²¨Ö´¨Ö ¸¨´£Ê²Ö·´μ¸É¥° μ¶¥· Éμ·  „¨· ± Ä� Ê²¨ ´  Ô²¥±É·μ´´ÊÕ ‚” ¨ É¥³ ¸ ³Ò³ ´ 
¸¤¢¨£ Ê·μ¢´Ö, ¥¸²¨ · ¸¸³ É·¨¢ ÉÓ ´¥¸±μ²Ó±μ ±¢ ·±μ¢ μ¤´μ¢·¥³¥´´μ. ’μ£¤  Ô²¥±É·μ´´ Ö
‚” ¡Ê¤¥É ¢Ò´Ê¦¤¥´  ¨´É¥·¶μ²¨·μ¢ ÉÓ ³¥¦¤Ê ´¥¸±μ²Ó±¨³¨ μ¡² ¸ÉÖ³¨ Ô±¸¶μ´¥´Í¨ ²Ó´μ£μ
Ê¡Ò¢ ´¨Ö, ÎÉμ ¶·¨¢¥¤¥É ± ¤μ¶μ²´¨É¥²Ó´μ³Ê ·μ¸ÉÊ £· ¤¨¥´Éμ¢ ‚” ¨ É¥³ ¸ ³Ò³ ±¨´¥É¨-
Î¥¸±μ£μ Î²¥´  ¢ Ô´¥·£¨¨. ‚μ-¢Éμ·ÒÌ, ÔÉμ ÔËË¥±ÉÒ μÉ¤ Î¨ ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ Ô²¥±É·μ´ 
¸ μÉ¤¥²Ó´Ò³¨ ±¢ ·± ³¨. �μ¸±μ²Ó±Ê ³ ¸¸  Mq Éμ±μ¢ÒÌ u- ¨ d-±¢ ·±μ¢ ¸μ¸É ¢²Ö¥É ¢¸¥£μ
5Ä10 ŒÔ‚, ¨ É¥³ ¸ ³Ò³ m/Mq ∼ 0,1, Éμ ÔÉ¨ ÔËË¥±ÉÒ ³μ£ÊÉ ¡ÒÉÓ ¤μ¸É ÉμÎ´μ ¸ÊÐ¥-
¸É¢¥´´Ò,   ¨§ μÎ¥¢¨¤´μ° ±¨´¥³ É¨±¨ (27) ¸²¥¤Ê¥É, ÎÉμ ¨Ì ¢±² ¤ ¢ Ô´¥·£¨Õ ¡Ê¤¥É § ¢¥¤μ³μ
¶μ²μ¦¨É¥²Ó´Ò³. �μ ±μ²¨Î¥¸É¢¥´´Ò°  ´ ²¨§ ÔÉ¨Ì ÔËË¥±Éμ¢ ¢μ§³μ¦¥´ Éμ²Ó±μ ¢ · ³± Ì
±μ´±·¥É´μ° ³μ¤¥²¨ Ê¤¥·¦ ´¨Ö ±¢ ·±μ¢ ¢ ´Ê±²μ´ Ì, ¶μ¸±μ²Ó±Ê ¤²Ö Š•„ ¶·¨ Ô´¥·£¨ÖÌ
∼ 1 ŒÔ‚ μ¡³¥´ ¨³¶Ê²Ó¸μ³ ³¥¦¤Ê Ô²¥±É·μ´μ³ ¨ ±¢ ·± ³¨ Ö¢²Ö¥É¸Ö ´ ¸Éμ²Ó±μ ³Ö£±¨³
¶·μÍ¥¸¸μ³, ÎÉμ ±¢ ·±¨ Ê¦¥ ´¥²Ó§Ö · ¸¸³ É·¨¢ ÉÓ ± ± ±¢ §¨¸¢μ¡μ¤´Ò¥ (ÔÉμ ´¥ ƒ��).

‘²¥¤Ê¥É É ±¦¥ μÉ³¥É¨ÉÓ, ÎÉμ ÔËË¥±É μÉ Ï¢¨´£¥·μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ μ¡² ¸É¨
¡μ²ÓÏ¨Ì Z ¡Ê¤¥É § ¢¥¤μ³μ ¡μ²ÓÏ¨³, Î¥³ μÉ ¸¢¥·ÌÉμ´±μ£μ · ¸Ð¥¶²¥´¨Ö, ±μÉμ·μ¥ μ¶¨¸Ò-
¢ ¥É¸Ö É ±¨³ ¦¥ μ¶¥· Éμ·μ³ „¨· ± Ä� Ê²¨ ¸ § ³¥´μ° Δgfree ´  g-Ë ±Éμ· Ö¤· . „¥°¸É¢¨-
É¥²Ó´μ, ¥¸²¨ ÊÎ¥¸ÉÓ ¢¥²¨Î¨´Ê Δgfree ¨ Ö¤¥·´μ£μ ³ £´¥Éμ´ , Éμ ¤²Ö ³ ²ÒÌ Z ∼ 1−10 ¸¢¥·Ì-
Éμ´±μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¨ ΔUAMM ¨³¥ÕÉ ¸· ¢´¨³ÊÕ ¢¥²¨Î¨´Ê, ´μ ¶μ¸±μ²Ó±Ê ³ £´¨É´Ò¥
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³μ³¥´ÉÒ Ö¤¥· ¨ ¶·¨ ¡μ²ÓÏ¨Ì Z μ¸É ÕÉ¸Ö ¶μ·Ö¤±  ´¥¸±μ²Ó±¨Ì ³ £´¥Éμ´μ¢,   ΔUAMM

¶·¨μ¡·¥É ¥É ³´μ¦¨É¥²Ó Z, Éμ ¢±² ¤ μÉ ¶μ¸²¥¤´¥£μ ¶·¨ ¡μ²ÓÏ¨Ì Z μ± §Ò¢ ¥É¸Ö ± ± ³¨-
´¨³Ê³ ´  1Ä2 ¶μ·Ö¤±  ¡μ²ÓÏ¥.

‡�Š‹
—…�ˆ…

’ ±¨³ μ¡· §μ³, ¤²Ö ¸¢¥·ÌÉÖ¦¥²ÒÌ Ö¤¥· ¸ Z ∼ 170 ¸¤¢¨£ Ê·μ¢´¥° Ê ¶μ·μ£  μÉ·¨Í É¥²Ó-
´μ£μ ±μ´É¨´ÊÊ³ , μ¡Ê¸²μ¢²¥´´Ò° Δgfree, ¶·¥¢ÒÏ ¥É ¢¸¥ ¨§¢¥¸É´Ò¥ μÍ¥´±¨ · ¤¨ Í¨μ´´ÒÌ
ÔËË¥±Éμ¢ μÉ ¶μ²Ö·¨§ Í¨¨ ¢ ±ÊÊ³  ¨ ¸μ¡¸É¢¥´´μ° Ô´¥·£¨¨ Ô²¥±É·μ´  [5, 45] ¨ μ± §Ò¢ -
¥É¸Ö ± ± ³¨´¨³Ê³ μ¤´μ£μ ¶μ·Ö¤±  ¸ ÔËË¥±É ³¨ Ô±· ´¨·μ¢±¨ § ·Ö¤  Ö¤·  § ¶μ²´¥´´Ò³¨
μ¡μ²μÎ± ³¨ [41]. �·¨ ÔÉμ³ ¸¢μ°¸É¢  Ï¢¨´£¥·μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö (6) μ± §Ò¢ ÕÉ¸Ö
´ ¸Éμ²Ó±μ ´¥É·¨¢¨ ²Ó´Ò, ÎÉμ ´¥²Ó§Ö ¨¸±²ÕÎ ÉÓ, ÎÉμ ¡μ²¥¥ ¶·μ¤¢¨´ÊÉÒ°  ´ ²¨§ ³´μ£μÍ¥´-
É·μ¢μ£μ Ê· ¢´¥´¨Ö „¨· ±  ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ Î²¥´ ³¨ „¨· ± Ä� Ê²¨ ¶·¨¢¥¤¥É ± ¥Ð¥
¡μ²ÓÏ¥³Ê · ¤¨ Í¨μ´´μ³Ê ¢±² ¤Ê ¢ ¸³¥Ð¥´¨¥ ´¨¦´¨Ì Ê·μ¢´¥° μÉ´μ¸¨É¥²Ó´μ ¶μ·μ£  μÉ-
·¨Í É¥²Ó´μ£μ ±μ´É¨´ÊÊ³ . �¡ ÔÉμ³ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É Ë ±Éμ· Z5 ¤²Ö ¸¤¢¨£  Ê·μ¢´¥° 1s1/2

¨ 2p1/2 (31), (34) ¢ ¶·μ¸É¥°Ï¥³ ¢ ·¨ ´É¥ ÊÎ¥É  μ¤´μ£μ ÉμÎ¥Î´μ£μ ¨¸ÉμÎ´¨±  Ï¢¨´£¥-
·μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ´  Ëμ´¥ μ¤´μ·μ¤´μ£μ ±Ê²μ´μ¢¸±μ£μ · ¸¶·¥¤¥²¥´¨Ö § ·Ö¤  ¶μ
μ¡Ñ¥³Ê Ö¤·  ¶·¨ Z = 170.

‘²¥¤Ê¥É É ±¦¥ μÉ³¥É¨ÉÓ, ÎÉμ ¶μ ¸· ¢´¥´¨Õ ¸ ¤·Ê£¨³¨ · ¤¨ Í¨μ´´Ò³¨ ÔËË¥±É ³¨
Ï¢¨´£¥·μ¢¸±μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ (6) § ´¨³ ¥É ¢Ò¤¥²¥´´μ¥ ¶μ²μ¦¥´¨¥, ¶μ¸±μ²Ó±Ê μ¶¨¸Ò-
¢ ¥É¸Ö μ¶¥· Éμ·μ³ „¨· ± Ä� Ê²¨, ±μÉμ·Ò° ¸μÌ· ´Ö¥É ¢¸¥ μ¸´μ¢´Ò¥ ¸¢μ°¸É¢  ± ·É¨´Ò
” ··¨: ¸ ³μ¸μ¶·Ö¦¥´´μ¸ÉÓ, ²μ·¥´Í-±μ¢ ·¨ ´É´μ¸ÉÓ ¨ ¤¨¸±·¥É´Ò¥ ¸¨³³¥É·¨¨ ¤¨· ±μ¢-
¸±μ£μ £ ³¨²ÓÉμ´¨ ´ , Ê· ¢´¥´¨¥ ´¥¶·¥·Ò¢´μ¸É¨ ¨ É¥³ ¸ ³Ò³ ¢μ§³μ¦´μ¸ÉÓ ¢¥·μÖÉ´μ¸É´μ°
¨´É¥·¶·¥É Í¨¨ μ¤´μÎ ¸É¨Î´μ° ‚”, ¶μÔÉμ³Ê ¶μ²ÊÎ¥´´Ò¥ É ±¨³ μ¡· §μ³ ·¥§Ê²ÓÉ ÉÒ ³μ£ÊÉ
¡ÒÉÓ ´¥¶μ¸·¥¤¸É¢¥´´μ ¸¢Ö§ ´Ò ¸ ´ ¡²Õ¤ ¥³Ò³¨ Ì · ±É¥·¨¸É¨± ³¨ Ô²¥±É·μ´´μ£μ ¸μ¸Éμ-
Ö´¨Ö, ÎÉμ ¨ ¡Ò²μ ¨¸¶μ²Ó§μ¢ ´μ ¢ ¤ ´´μ° · ¡μÉ¥. 	μ²¥¥ ´¥É·¨¢¨ ²Ó´Ò¥ Š�„-ÔËË¥±ÉÒ,
É ±¨¥ ± ± · ¸¸¥Ö´¨¥ ¸¢¥É  ´  ¸¢¥É¥, Ê¦¥ μ¶¨¸Ò¢ ÕÉ¸Ö ´¥²μ± ²Ó´Ò³¨ μ¶¥· Éμ· ³¨, ¶μ-
ÔÉμ³Ê ¨Ì  ´ ²¨§ ¢ μ¡² ¸É¨ Z > 137 ¶·¥¤¸É ¢²Ö¥É ¸ÊÐ¥¸É¢¥´´μ ¡μ²¥¥ ¸²μ¦´ÊÕ § ¤ ÎÊ, ´μ
· ¸¸³μÉ·¥´´Ò° ¶·¨³¥· Ï¢¨´£¥·μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶μ± §Ò¢ ¥É, ÎÉμ, ¢¨¤¨³μ, ¨³¥´´μ
§¤¥¸Ó ¸²¥¤Ê¥É ¨¸± ÉÓ ¶·¨Î¨´Ê μÉ¸ÊÉ¸É¢¨Ö ´ ¤¥¦´μ£μ ¸¨£´ ²  [4, 5, 42Ä44] μÉ ·μ¦¤¥´¨Ö ¶ ·
¸¢¥·Ì¸¨²Ó´Ò³ ±Ê²μ´μ¢¸±¨³ ¶μ²¥³.
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