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ÑÎÄÅ�ÆÀÍÈÅÂâåäåíèåÝíåðãèè ñâÿçè â òÿæåëûõ èîíàõÑâåðõòîíêîå ðàñùåïëåíèå â òÿæåëûõ èîíàõg-�àêòîð ìíîãîçàðÿäíîãî èîíàP-íå÷åòíàÿ àìïëèòóäà 6s-7s ïåðåõîäà â íåéòðàëüíîì öåçèè 133CsÇàêëþ÷åíèå



Ââåäåíèå Ëåãêèå àòîìûÏðîâåðêà ÊÝÄ â íèçøèõ ïîðÿäêàõ ïî α ≈ 1137 è αZ ≪ 1(Z - çàðÿä ÿäðà)
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Ââåäåíèå Òÿæåëûå íåéòðàëüíûå àòîìû�àñ÷åòû îáû÷íî îãðàíè÷èâàþòñÿ ïðèáëèæåíèåì Áðåéòà:H =
∑i hDi +

∑i<j (VCij + VBij ) ,ãäåhDi = ~αi · ~pi +mβi + VC(ri ) , VC(r) = −αZr ,VCij = αrij , VBij = −α
[

~αi · ~αjrij + 12 (~∇i · ~αi )(~∇j · ~αj )rij] .Ïîãðåøíîñòè îò êîððåëÿöèîííûõ ý��åêòîâ, êàê ïðàâèëî, áîëüøå, ÷åìÊÝÄ âêëàäû.



Ââåäåíèå Òÿæåëûå èîíû ñ ìàëûì ÷èñëîì ýëåêòðîíîâN ≪ Z ,ãäå Z - çàðÿä ÿäðà, N - ÷èñëî ýëåêòðîíîâ.Â íèçøåì ïðèáëèæåíèè:
(−i ~α ~∇ + mβ + VC(r) )ψ (~r ) = E ψ (~r )Ý��åêòû ìåæýëåêòðîííîãî âçàèìîäåéñòâèÿ è ÊÝÄ:Ìåæýëåêòðîííîå âçàèìîäåéñòâèåÝíåðãèÿ ñâÿçè ∼ 1Z ,

ÊÝÄÝíåðãèÿ ñâÿçè ∼ α .Âûñîêîòî÷íûå ðàñ÷åòû âîçìîæíû!Â îòëè÷èå îò ëåãêèõ àòîìîâ, ïàðàìåòð αZ íå ìàë.Äëÿ óðàíà: Z = 92, αZ ≈ 0.7.



Ââåäåíèå Òÿæåëûå èîíû ñ ìàëûì ÷èñëîì ýëåêòðîíîâÏðîâåðêà ÊÝÄ â íèçøèõ ïîðÿäêàõ ïî α è âî âñåõ ïîðÿäêàõ ïî αZ
Òÿæåëûå èîíûËåãêèåàòîìû
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Ýíåðãèè ñâÿçè òÿæåëûõ èîíîâ ñ ìàëûì ÷èñëîì ýëåêòðîíîâ
Ïðîáëåìû òåîðèè:a) òåõíè÷åñêèåb) êîíöåïòóàëüíûå) �èçè÷åñêèå



Ýíåðãèè ñâÿçè òÿæåëûõ èîíîâ ñ ìàëûì ÷èñëîì ýëåêòðîíîâa) Òåõíè÷åñêèå ïðîáëåìû:�àñ÷åòû â ïðèáëèæåíèè âíåøíåãî ïîëÿ (M → ∞)ÊÝÄ âêëàäû ïåðâîãî ïîðÿäêà
P.J. Mohr, Ann. Phys., 1974 G. So� and P.J. Mohr, PRA, 1988Í.Ë. Ìàíàêîâ è äð., ÆÝÒÔ, 1989

�



Ýíåðãèè ñâÿçè òÿæåëûõ èîíîâ ñ ìàëûì ÷èñëîì ýëåêòðîíîâÄâóõ- è òðåõýëåêòðîííûå ÊÝÄ âêëàäû âòîðîãî ïîðÿäêà

Ïîñëåäíèå äîñòèæåíèÿ: �àñ÷åò âñåõ ýòèõ äèàãðàìì äëÿ âîçáóæäåííûõñîñòîÿíèé He-ïîäîáíûõ èîíîâ (A.N. Artemyev et. al., PRA, 2005) èB-ïîäîáíîãî èîíà àðãîíà (A.N. Artemyev et al., PRL, 2007).



Ýíåðãèè ñâÿçè òÿæåëûõ èîíîâ ñ ìàëûì ÷èñëîì ýëåêòðîíîâÎäíîýëåêòðîííûå ÊÝÄ âêëàäû âòîðîãî ïîðÿäêà

Ïîñëåäíèå äîñòèæåíèÿ: �àñ÷åò äèàãðàìì äâóõïåòëåâîé ñîáñòâåííîéýíåðãèè (V.A. Yerokhin, P. Indeliato, and V.M. Shabaev, PRL, 2006).



Ýíåðãèè ñâÿçè òÿæåëûõ èîíîâ ñ ìàëûì ÷èñëîì ýëåêòðîíîâb) Êîíöåïòóàëüíûå ïðîáëåìûÝ��åêò îòäà÷è ÿäðàÍåðåëÿòèâèñòñêàÿ òåîðèÿ: m → µ = mM/(m +M).Ý��åêò îòäà÷è ÿäðà â ïîëíîñòüþ ðåëÿòèâèñòñêîé òåîðèèÒèïè÷íàÿ äèàãðàììà: � � � � �
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n eÑóùåñòâóåò ëè çàìêíóòîå âûðàæåíèå äëÿ ý��åêòà îòäà÷è, òî÷íîå âî âñåõïîðÿäêàõ ïî αZ?



Ýíåðãèè ñâÿçè òÿæåëûõ èîíîâ ñ ìàëûì ÷èñëîì ýëåêòðîíîâÇàìêíóòàÿ �îðìóëà äëÿ ý��åêòà îòäà÷è ÿäðà â ïåðâîì ïîðÿäêå ïî m/Mè âî âñåõ ïîðÿäêàõ ïî αZ (Â.Ì. Øàáàåâ, ÒÌÔ, 1985):
∆E = ∆EL + ∆EH

∆EL =
12M 〈a|[~p2 − (~D(0) · ~p + ~p · ~D(0))]|a〉 ,

∆EH =
i2πM ∫ ∞

−∞

dω 〈a|(~D(ω) − [~p,VC]

ω + i0 )G (ω + Ea)(~D(ω) +
[~p,VC]

ω + i0 )

|a〉ãäå ~p - îïåðàòîð èìïóëüñà, G (ω) - êóëîíîâñêàÿ �óíêöèÿ �ðèíà,Dm(ω) = −4παZαlDlm(ω) , Dik (ω, r) - ïîïåðå÷íàÿ ÷àñòü �îòîííîãîïðîïàãàòîðà â êóëîíîâñêîé êàëèáðîâêå.Îáîáùåíèå íà ìíîãîýëåêòðîííûå àòîìû: Â.Ì. Øàáàåâ, ßÔ, 1988.×èñëåííûé ðàñ÷åò: A.N. Artemyev, V.M. Shabaev, V.A. Yerokhin, PRA, 1995.



Ýíåðãèè ñâÿçè òÿæåëûõ èîíîâ ñ ìàëûì ÷èñëîì ýëåêòðîíîâ) Ôèçè÷åñêèå ïðîáëåìûÝ��åêò ïîëÿðèçàöèè ÿäðàÂçàèìîäåéñòâèå ñâÿçàííîãî ýëåêòðîíà ñ ïðîòîíàìè ïîëÿðèçóåò ÿäðî.
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n e n ean 6= aa an 6= aa
Òåîðèÿ è ðàñ÷åò: G. Plunien and G. So�, PRA, 1995;A.V. Ne�odov, L.N. Labzowsky, G. Plunien, and G. So�, PLA, 1996.



Ëýìáîâñêèé ñäâèã 1s ñîñòîÿíèÿ H-ïîäîáíîãî èîíà óðàíà, â ýÂ
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��	 ÏîëÿðèçàöèÿÿäðàÊîíå÷íûéðàçìåð ÿäðàÒî÷å÷íîåÿäðî Ý��åêòîòäà÷èÿäðàmMÏðèáëèæ.âíåøíåãîïîëÿ
α α2

ßäåðíàÿ �èçèêàÓð-å Äèðàêà ÊÝÄ

Ýêñïåðèìåíò: 460.2(4.6) ýÂ(A. Gumberidze, T. St�ohlker, D. Banas et al., PRL, 2005)Ïðîâåðêà ÊÝÄ íà óðîâíå ∼ 2%



Ýíåðãèÿ 2p1/2-2s ïåðåõîäà â Li-ïîäîáíîì èîíå óðàíà, â ýÂ
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280.71(10) ýÂ322.13(7)† �42.93 1.55(7)∗ �0.07 0.03(1)ÏîëÿðèçàöèÿÿäðàÇà ðàìêàìèïðèáë. ÁðåéòàÏðèáë. Áðåéòà ßäåðíàÿ �èçèêàÊÝÄ
α α2 mM

Ýêñïåðèìåíò: 280.645(15) ýÂ (P. Beiersdorfer et al., PRL, 2005)Ïðîâåðêà ÊÝÄ íà óðîâíå ∼ 0.2%
∗ V.A. Yerokhin, P. Indeliato, and V.M. Shabaev, PRL, 2006
† Y.S. Kozhedub, O.V. Andreev, V.M. Shabaev et al., PRA, 2008



Ñâåðõòîíêàÿ ñòðóêòóðà (ÑÒÑ) â H-ïîäîáíûõ èîíàõÝêñïåðèìåíòI. Klaft et al., PRL, 1994:209Bi82+ ∆E exp=5.0840(8) ýÂJ. Crespo Lopez-Urritia et al., PRL, 1996; PRA, 1998:165Ho66+ ∆E exp=2.1645(6) ýÂ185Re74+ ∆E exp=2.7190(18) ýÂ187Re74+ ∆E exp=2.7450(18) ýÂP. Seelig et al., PRL, 1998:207Pb81+ ∆E exp=1.2159(2) ýÂP. Beiersdorfer et al., PRA, 2001:203Tl80+ ∆E exp=3.21351(25) ýÂ205Tl80+ ∆E exp=3.24410(29) ýÂ



Ñâåðõòîíêàÿ ñòðóêòóðà â H-ïîäîáíûõ èîíàõ
F=I-1/2F=I+1/21s
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∆E = ∆EDira(1− ε) + ∆EQED ,ãäå ε - ïîïðàâêà íà ðàñïðåäåëåíèå ìàãíèòíîãî ìîìåíòà ïî ÿäðó(ý��åêò Áîðà-Âàéñêîï�à)
~µ(~r )~µδ(~r ) r

6

~-
6



Ñâåðõòîíêîå ðàñùåïëåíèå â H-ïîäîáíîì âèñìóòå�0.02�0.04�0.06�0.08�0.10�0.12�0.14
5.1906 6∆E(ýÂ) Äèðàêq ÁÂ ÊÝÄ Ïîëíàÿòåîðèÿ

qòåîðèÿ⋆

qòåîðèÿ⋄
q òåîðèÿ† ýêñï.

Ýêñï.

⋆ V.M. Shabaev et al., PRA, 1997 Ýêñï.: I. Klaft et al., PRL, 1994
⋄ R.A. Sen'kov and V.F. Dmitriev, Nu. Phys. A, 2002
† A.A. Elizarov et al., NIMB, 2005



Ïðîâåðêà ÊÝÄ â èññëåäîâàíèÿõ ñâåðõòîíêîé ñòðóêòóðû (ÑÒÑ)Ââîäèì ðàçíîñòü (V.M. Shabaev et al., PRL, 2001)
∆′E = ∆E (2s) − ξ∆E (1s),ãäå ∆E (1s) - ÑÒÑ â H-ïîäîáíîì èîíå, ∆E (2s) -ÑÒÑ â Li-ïîäîáíîì èîíå.Äëÿ Bi, ξ = 0.16885.Òåîðåòè÷åñêèå âêëàäû â ∆′E , â ìýÂ, äëÿ BiÏðèáë. Áðåéòà -61.52(4)ÊÝÄ 0.24(1)Ïîëíîå çíà÷åíèå -61.27(4)Ýêñïåðèìåíò ?Ýòîò ìåòîä ïîçâîëèò ïðîâåðèòü ÊÝÄ â ñèëüíûõ ìàãíèòíîì èýëåêòðè÷åñêîì ïîëÿõ íà óðîâíå íåñêîëüêèõ ïðîöåíòîâ ïðè óñëîâèè, ÷òîÑÒÑ áóäåò èçìåðåíî ñ òî÷íîñòüþ ∼ 10−6.



g-�àêòîð H-ïîäîáíûõ èîíîâÎïðåäåëåíèå: ∆E = g (|e|~/2me)BMz .Âûñîêîòî÷íîå èçìåðåíèå g-�àêòîðà èîíà 12C5+ â ïåííèíãîâñêîé ëîâóøêå(H. H�a�ner et al., PRL, 2000):gexp = 2(ωL/ω)(me/M)(q/|e|) = 2.001 041 596 3 (10)(44) .Çäåñü ω = (q/M)B - öèêëîòðîííàÿ ÷àñòîòà, ωL = ∆E/~, M - ìàññà èîíà,q - çàðÿä èîíà. Âòîðàÿ ïîãðåøíîñòü (44) îáóñëîâëåíà ïîãðåøíîñòüþìàññû ýëåêòðîíà.Òåîðèÿ, 2000:gtheo = 2.001 041 589 8 (38)(10) ,ãäå ïåðâàÿ ïîãðåøíîñòü (38) îáóñëîâëåíà ý��åêòàìè âûñøèõ ïîðÿäêîâ âðåëÿòèâèñòñêîé îòäà÷å , âòîðàÿ ïîãðåøíîñòü (10) - ÊÝÄ ïîïðàâêàìè.



g-�àêòîð H-ïîäîáíûõ èîíîâÇàìêíóòàÿ �îðìóëà äëÿ âêëàäà ý��åêòà îòäà÷è ÿäðà â g -�àêòîðH-ïîäîáíîãî èîíà â ïåðâîì ïîðÿäêå ïî m/M è âî âñåõ ïîðÿäêàõ ïî αZ(V.M. Shabaev, PRA, 2001):
∆g =

1
µ0ma i2πM ∫ ∞

−∞

dω [

∂

∂H〈a|[~p − ~D(ω) + e~Al]
×G (ω + Ea)[~p − ~D(ω) + e~Al]|a〉]

H=0 .Çäåñü µ0 - ìàãíåòîí Áîðà, ma ïðîåêöèÿ ìîìåíòà íà îñü z , ~Al = [ ~H×~r ]/2- âåêòîð-ïîòåíöèàë îäíîðîäíîãî ìàãíèòíîãî ïîëÿ ~H, íàïðàâëåííîãî âäîëüîñè z . Ïðåäïîëàãàåòñÿ, ÷òî âñå âåëè÷èíû âû÷èñëÿþòñÿ â ïðèñóòñòâèèìàãíèòíîãî ïîëÿ.×èñëåííûé ðàñ÷åò: V.M. Shabaev and V.A. Yerokhin, PRL, 2002.



g-�àêòîð H-ïîäîáíûõ èîíîâg-�àêòîð èîíà 12C5+Äèðàêîâñêîå çíà÷åíèå (òî÷å÷íîå ÿäðî) 1.998 721 354 39(1)ÊÝÄ ïîïðàâêè äëÿ ñâîáîäíîãî ýëåêòðîíà 0.002 319 304 37(1)ÊÝÄ ïîïðàâêè äëÿ ñâÿçàííîãî ýëåêòðîíà [1℄ 0.000 000 843 40(3)Ý��åêò îòäà÷è ÿäðà [2℄ 0.000 000 087 62Ý��åêò êîíå÷íîãî ðàçìåðà ÿäðà 0.000 000 000 41Ïîëíîå òåîðåòè÷åñêîå çíà÷åíèå 2.001 041 590 18(3)Ýêñïåðèìåíò [3℄ 2.001 041 596 3(10)(44)[1℄ V.A. Yerokhin et al., PRL, 2002; K. Pahuki et al., PRA, 2005.[2℄ V.M. Shabaev, PRA, 2001; V.M. Shabaev and V.A. Yerokhin, PRL, 2002.[3℄ H. H�a�ner et al., PRL, 2000.Íîâîå çíà÷åíèå ìàññû ýëåêòðîíà: me=0.000 548 579 909 32(29) u.



Ïåðñïåêòèâû äàëüíåéøèõ èññëåäîâàíèé g-�àêòîðà ìíîãîçàðÿäíûõ èîíîâ1) Îïðåäåëåíèå ìàãíèòíûõ ìîìåíòîâ ÿäåðgatom = g (e)F (F + 1) + J(J + 1) − I (I + 1)2F (F + 1)
−memp g (N)F (F + 1) + I (I + 1) − J(J + 1)2F (F + 1) .2) Îïðåäåëåíèå ïîñòîÿííîé òîíêîé ñòðóêòóðû (Z > 15)g [1s] = 2− 23 (αZ )2 + · · · ⇒ δα

α
∼ 1

(αZ )2 √

δgexp + δgthg .



Èñòî÷íèêè òåîðåòè÷åñêîé ïîãðåøíîñòè g-�àêòîðà ñâÿçàííîãî ýëåêòðîíà
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g-�àêòîð òÿæåëûõ èîíîâ: íîâûé ïîäõîä ê îïðåäåëåíèþ αÂâîäèì ñïåöèàëüíóþ ðàçíîñòü g-�àêòîðîâ B- and H-ïîäîáíîãî èîíîâñâèíöà (V.M. Shabaev, D.A. Glazov, N.S. Oreshkina et al., PRL, 2006):g ′ = g [(1s)2(2s)22p1/2] − ξg [1s] ,ãäå ξ = 0.0097416 âûáèðàåòñÿ òàê, ÷òîáû ñîêðàòèòü âêëàä êîíå÷íîãîðàçìåðà ÿäðà.Ïîãðåøíîñòè âåëè÷èíû g ′ ≈ 0.585 îò ðàçëè÷íûõ èñòî÷íèêîâ:Èñòî÷íèê δg ′ δg ′/g ′1/α = 137.035999084(51)∗ 0.6× 10−10 1.0× 10−10Ïîëÿðèçàöèÿ ÿäðà 0.6× 10−10 1.0× 10−10
∗ D. Hanneke, S. Foqwell, G. Gabrielse, PRL, 2008Ýòîò ìåòîä ñïîñîáåí îáåñïå÷èòü îïðåäåëåíèå α ñ òî÷íîñòüþ, ñðàâíèìîé ñòî÷íîñòüþ, ïîëó÷åííîé èç ýêñïåðèìåíòîâ ñî ñâîáîäíûì ýëåêòðîíîì.



P-íå÷åòíàÿ àìïëèòóäà 6s-7s ïåðåõîäà â íåéòðàëüíîì 133CsÎñíîâíàÿ èäåÿ (M.A. Bouhiat and C. Bouhiat, J. Phys. (Paris), 1974):
λ = 539 nm 6

7p3/27p1/26p3/26p1/27s
6sÝ��åêòèâíûé îïåðàòîð ñëàáîãî âçàèìîäåéñòâèÿ:HW = − GF2√2QW ρN(r)γ5 .Âîëíîâàÿ �óíêöèÿ: ψ → ψ + iηψ′.Àìïëèòóäà ïåðåõîäà: A → A + iηA′.



P-íå÷åòíàÿ àìïëèòóäà 6s-7s ïåðåõîäà â íåéòðàëüíîì 133CsÍàèáîëåå òî÷íîå èçìåðåíèå îòíîøåíèÿ P-íå÷åòíîé àìïëèòóäû êøòàðê-èíäóöèðîâàííîé àìïëèòóäå β (C.S. Wood et al., Siene, 1997.):ImE1PNC
β

= −1.5939(56)mVm .Ïðåöèçèîííîå èçìåðåíèå β: S.C. Bennett and C.E. Wieman, PRL, 1999.Ýòè ýêñïåðèìåíòû ñòèìóëèðîâàëè çíà÷èòåëüíûé ïðîãðåññ â òåîðèè:Âêëàä áðåéòîâñêîãî âçàèìîäåéñòâèÿ: A. Derevianko, PRL, 2000, M.G.Kozlov et al., PRL, 2001.Óòî÷íåíèå êîððåëÿöèîííûõ ý��åêòîâ: V.A. Dzuba et al., PRD, 2002.Âêëàä ïîëÿðèçàöèè âàêóóìà (ÏÂ): W.R. Johnson et al., PRL, 2002.Ñðàâíåíèå òåîðèè ñ ýêñïåðèìåíòîì ïðèâåëî ê ñëàáîìó çàðÿäó ÿäðà 133Cs,êîòîðûé ðàñõîäèëñÿ íà 2σ ñ ïðåäñêàçàíèåì Ñòàíäàðòíîé Ìîäåëè.�àñ÷åò âêëàäà äèàãðàìì ñîáñòâåííîé ýíåðãèè (ÑÝ) â P-íå÷åòíóþàìïëèòóäó 6s − 7s ïåðåõîäà ñòàë êðàéíå íåîáõîäèì!



P-íå÷åòíàÿ àìïëèòóäà 6s-7s ïåðåõîäà â íåéòðàëüíîì 133CsÑîáñòâåííî-ýíåðãåòè÷åñêèå ïîïðàâêè ê "êîý��èöèåíòó ñìåøèâàíèÿ"
Ïóíêòèðíàÿ ëèíèÿ îáîçíà÷àåò ñëàáîå âçàèìîäåéñòâèå ýëåêòðîíà ñ ÿäðîì.Ïðèáëèæåííûå âû÷èñëåíèÿ (òî÷íûå â ïåðâîì ïîðÿäêå ïî αZ è ÷àñòè÷íîó÷èòûâàþùèå ý��åêòû âûñøèõ ïîðÿäêîâ ïî αZ ):M.Y. Kuhiev JPB, 2002; M.Y. Kuhiev and V.V. Flambaum, JPB, 2003:Ïîëíûé âêëàä ñâÿç. ÊÝÄ = −0.5(1)%A.I. Milstein, O.P. Sushkov, and I.S. Terekhov, PRL, 2002; PRA, 2003:Ïîëíûé âêëàä ñâÿç. ÊÝÄ = −0.43(4)%Íåñìîòðÿ íà ñîãëàñèå ýòèõ ðåçóëüòàòîâ äðóã ñ äðóãîì, òî÷íûé ðàñ÷åò áåçðàçëîæåíèÿ ïî αZ êðàéíå íåîáõîäèì!



P-íå÷åòíàÿ àìïëèòóäà 6s-7s ïåðåõîäà â íåéòðàëüíîì 133CsÑîáñòâåííî-ýíåðãåòè÷åñêèå ïîïðàâêè ê P-íå÷åòíîé 6s-7s àìïëèòóäå
������

(a) (b) (c) (d) (e) (f)

��	
��
(g) (h) (i) (j) (k) (l)Âîëíèñòàÿ ëèíèÿ, çàêàí÷èâàþùàÿñÿ òðåóãîëüíèêîì, îáîçíà÷àåòïîãëîùåííûé �îòîí. Ïóíêòèðíàÿ ëèíèÿ îáîçíà÷àåò ñëàáîåâçàèìîäåéñòâèå ýëåêòðîíà ñ ÿäðîì.



P-íå÷åòíàÿ àìïëèòóäà 6s-7s ïåðåõîäà â íåéòðàëüíîì 133CsÑîáñòâåííî-ýíåðãåòè÷åñêèå (ÑÝ) ïîïðàâêè ê P-íå÷åòíîé 6s-7s àìïëèòóäå â133Cs, â %. (V.M. Shabaev et al., PRL, 2005)Âêëàä Êàëèáðîâêà äëèíû Êàëèáðîâêà ñêîðîñòèÄèàãðàììû �a-f� 3.78 2.80Äèàãðàììû �g-h� −2.71 −1.83Äèàãðàììû �i-j� −3.12 −2.24Äèàãðàììû �k-l� 1.26 0.38Âíåäèàãð. ÷ëåí 0.00 0.10Ïîëíûé âêëàä ÑÝ −0.79 −0.79Âêëàä ñâÿçàííîé ÑÝ -0.67 -0.67Ñâÿç. ÊÝÄ = Ñâÿç. ÑÝ + ÏÂ = −0.67%+0.41% = −0.27(3)%Ïðåäûäóùèå ðàñ÷åòû:
−0.5(1)% (M.Y. Kuhiev and V.V. Flambaum, JPB, 2003)
−0.43(4)% (A.I. Milstein et al., PRL, 2002)Ïîëóýìïèðè÷åñêèé ïåðåñìîòð ïðåäûäóùèõ ðåçóëüòàòîâ: −0.32(3)%(V.V. Flambaum and J.S.M. Ginges, PRA, 2005)



P-íå÷åòíàÿ àìïëèòóäà 6s-7s ïåðåõîäà â íåéòðàëüíîì 133CsÑðàâíåíèå ïîëíîãî òåîðåòè÷åñêîãî çíà÷åíèÿ P-íå÷åòíîé àìïëèòóäû ñýêñïåðèìåíòîì äàåò: QW = −72.65(29)exp(36)th .Ýòî çíà÷åíèå îòëè÷àåòñÿ íà 1.1σ îò ïðåäñêàçàíèÿ Ñòàíäàðòíîé Ìîäåëè:QSMW = −73.19(13) .



Çàêëþ÷åíèåÈññëåäîâàíèÿ òÿæåëûõ èîíîâ è àòîìîâ îáåñïå÷èâàþò:Ïðîâåðêó ÊÝÄ â ñèëüíûõ ïîëÿõÏðåöèçèîííîå îïðåäåëåíèå �óíäàìåíòàëüíûõ êîíñòàíòÏðîâåðêó Ñòàíäàðòíîé Ìîäåëè ïðè íèçêèõ ýíåðãèÿõ
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