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Äëÿ ðàñ÷åòîâ ýíåðãèé ñâÿçàííûõ ñîñòîÿíèé ñèñòåì èç äâóõ âçàèìîäåéñòâóþùèõ ÷àñòèö
ïðåäëîæåíà ïðîñòàÿ ðåëÿòèâèñòêàÿ ìåõàíè÷åñêàÿ (ÐåÌ) ìîäåëü, ýêâèâàëåíòíàÿ ïðè íèçêèõ
ñêîðîñòÿõ ìîäåëè Áîðà. Ìîäåëü ñîäåðæèò óñëîâèå êâàíòîâàíèÿ, ñîáëþäàåò çàêîí ñîõðàíå-
íèÿ ìàññû, è â ïðîñòåéøåì áåññïèíîâîì âàðèàíòå (íå ó÷èòûâàþùåì ìàãíèòíûå âçàèìî-
äåéñòâèÿ) èìååò îòíîñèòåëüíóþ òî÷íîñòü ïðèìåðíî 3 · 10−5. Ïðè Z > 3 , åå ïðåäñêàçàíèÿ
èîíèçàöèîííûõ ýíåðãèé îäíîýëåêòðîííûõ èîíîâ ïî÷òè ñîâïàäàþò ñî çíà÷åíèÿìè ãëàâíî-
ãî (Êóëîíîâñêîãî) ÷ëåíà äëÿ ýòèõ ýíåðãèé, âû÷èñëåííîãî Äæîíñîíîì è Ñîôôîì â [2] ñ
èñïîëüçîâàíèåì óðàâíåíèé Äèðàêà.

Ê ðàáîòå ïðèëîæåíû òàáëèöû âû÷èñëåííûõ ýíåðãèé è Áîðîâñêèõ ðàäèóñîâ äëÿ îñíîâ-
íîãî è ïåðâîãî âîçáóæäåííîãî ñîñòîÿíèé äëÿ Z < 119 .

Abstract

Sokolov S.N. Relativistic Mechanical Model for One-Electron Ions: Preprint NRC ≪Kurchatov
Institute≫ – IHEP 2023-3. – Protvino, 2023. – p. 13, figs. 2, tables 2, refs.: 11.

For the calculation of the energies of the bound and excited states of systems of two spinless
interacting particles, a simple Relativistic Mechanical (ReM) model, equivalent at low velocities
to the Bohr model [1], is proposed. The model includes the quantization condition for the total
angular momentum and respects the mass conservation law. ReM model in its simplest spinless
version does not take into account the magnetic interactions and QED corrections, what limits
its relative accuracy to about 3 · 10−5. At Z > 3, its predictions for the ionization energies of
one-electron ions in the ground state are close to the values for the main (”Coulomb”) term in
the expressions for the ionization energy, calculated by Johnson and Soff [2] with the use of the
Dirac equations.

The tables for the predicted energies and the Bohr radii in the ground and the first excited
state for Z < 119 are appended.
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1. Ââåäåíèå

Áîëüøèíñòâî âû÷èñëåíèé èîíèçàöèîííûõ ýíåðãèé (íàïð. [2,9]) èñïîëüçóåò ñâå-
äåíèå 2-÷àñòè÷íîé çàäà÷è ê ñëó÷àþ îäíîé ÷àñòèöû è èñïîëüçóåò "ðåëÿòèâèñòñêèå
ïîïðàâêè". Â êà÷åñòâå àëüòåðíàòèâû ýòîìó ñïîñîáó, ýòà ðàáîòà ïðåäëàãàåò î÷åíü
ïðîñòóþ ðåëÿòèâèñòñêóþ ìåõàíè÷åñêóþ (ÐåÌ) ìîäåëü ñ äâóìÿ Êóëîíîâñêè âçàèìî-
äåéñòâóþùèìè ÷àñòèöàìè, ñïîñîáíóþ ñ óìåðåííîé òî÷íîñòüþ ïðåäñêàçàòü èîíèçà-
öèîííûå ýíåðãèè âîäîðîäî-ïîäîáíûõ èîíîâ ñ ëþáûì çàðÿäîì Z.

Ìîäåëü ÐåÌ ïîäðàæàåò ìîäåëè Áîðà [1] è ïðè ìàëûõ ñêîðîñòÿõ ñòàíîâèòñÿ åé
ýêâèâàëåíòíà, íî ÿâëÿåòñÿ áîëåå ïðèìèòèâíîé è ôîðìàëüíîé. Îíà íå ñîäåðæèò ïà-
ðàìåòðà ýâîëþöèè è îïðåäåëÿåò òîëüêî óñëîâèÿ íà ìãíîâåííûå çíà÷åíèÿ ìåõàíè÷å-
ñêèõ ïàðàìåòðîâ, äîñòàòî÷íûå äëÿ îáðàçîâàíèÿ êâàíòîâûõ ñâÿçàííûõ ñîñòîÿíèé. Ýòè
óñëîâèÿ ôîðìàëèçóþòñÿ â âèäå ñèñòåìû àëãåáðàè÷åñêèõ óðàâíåíèé, ðåøåíèÿ êîòî-
ðûõ äàþò èîíèçàöèîííûå ýíåðãèè îäíîýëåêòðîííûõ èîíîâ â îñíîâíîì è âîçáóæäåí-
íûõ ñîñòîÿíèÿõ. Òàê êàê ÐåÌ ìîäåëü â åå ïðîñòåéøåé áàçîâîé âåðñèè íå ó÷èòûâàåò
ìàãíèòíûå âçàèìîäåéñòâèÿ è êâàíòîâî-ïîëåâûå ïîïðàâêè [3,4], òî åå îòíîñèòåëüíàÿ
òî÷íîñòü ñîñòàâëÿåò ïðèìåðíî 3 · 10−5.

Ñèñòåìà óðàâíåíèé ÐåÌ ìîäåëè èñïîëüçóåò óñëîâèå êâàíòîâàíèÿ ïîëíîãî âðàùà-
òåëüíîãî èìïóëüñà ñèñòåìû äâóõ ÷àñòèö è âêëþ÷àåò óðàâíåíèå ñîõðàíåíèÿ ïîëíîé
ýíåðãèè, îïðåäåëÿþùåå ïîòåðè ìàññû ÷àñòèö â ïðîöåññå èõ ñáëèæåíèÿ êàê èç-çà ðàñ-
õîäà ýíåðãèè êàê íà èçëó÷åíèå, òàê è íà íàêîïëåíèå êèíåòè÷åñêîé ýíåðãèè.

2. Îïðåäåëåíèå ÐåÌ ìîäåëè

Â ÐåÌ ìîäåëè ðàññìàòðèâàåòñÿ ìãíîâåííîå ñîñòîÿíèå ñèñòåìû èç äâóõ ÷àñòèö,
ïðèòÿãèâàåìûõ äëóã ê äðóãó Êóëîíîâñêèìè ñèëàìè (ñ êîíñòàíòîé âçàèìîäåéñòâèÿ
αch̄) è âðàùàþùåéñÿ âîêðóã öåíòðà ìàññ ñèñòåìû ñ óãëîâîé ñêîðîñòüþ ν . Ìîäåëü
ïîäðàçóìåâàåò, ÷òî (àáñîëþòíûå) ñêîðîñòè è ðàäèóñû ñÿçàíû ñîîòíîøåíèÿìè cβi =
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νri, r = r1 + r2, è èñïîëüçóåò ðåëÿòèâèñòñêèå ìàññû âèäà

Mi = miγi, γi = 1/
√
1− β2

i .

Ìîäåëü íå ñîäåðæèò ïîäãîíî÷íûõ ïàðàìåòðîâ è îïðåäåëÿåòñÿ ñèñòåìîé 4õ óðàâíåíèé

áàëàíñ ñèë qM1cβ1ν = αch̄Z/r2 (1)

áàëàíñ ñèë qM2cβ2ν = αch̄Z/r2 (2)

êâàíòîâîå óñëîâèå q(M1β1r1 +M2β2r2)c = nh̄ (3)

ñîõðàíåíèå ìàññû m1 +m2 = q(m1 +m2) + αh̄Z/(rc) (4)

ñ 4ìÿ íåèçâåñòíûìè (çàâèñÿùèìè îò ñîñòîÿíèÿ n): β1, β2, ν è êîýô. ïîòåðè ìàññû q.
Ýòî îïðåäåëåíèå íå ñîäåðæèò çàïàçäûâàíèÿ âçàèìîäåéñòâèé.
ÐåÌ ìîäåëü íå ïðåòåíäóåò íà îïèñàíèå ñàìèõ ñâÿçàííûõ ñîñòîÿíèé (ñîñòîÿíèÿ

ìîãóò áûòü ñëîæíûìè è âêëþ÷àòü äîïîëíèòåëüíûå ýëåìåíòû), îíà òîëüêî çàäàåò
äîñòàòî÷íûå óñëîâèÿ äëÿ ïåðåõîäà ñèñòåìû â ñâÿçàííîå ñîñòîÿíèå.

3. Ðåøåíèå óðàâíåíèé ÐåÌ ìîäåëè

Ñèñòàìà óðàâíåíèé äëÿ ñêîðîñòåé, ñëåäóþùàÿ èç (1)-(3),

β1 + β2 = αZ/n, M1β1 = M2β2

ñâîäèòñÿ ê àëãåáðàè÷åñêîìó óðàâíåíèþ 4ãî ïîðÿäêà, ðåøàåìîìó àíàëèòè÷åñêè (ñì.
íèæå "Àíàëèòè÷åñêîå ðåøåíèå") èëè, ÷òî ïðîùå, ê óðàâíåíèÿì, ðåøàåìûì ÷èñëåííî
ïîñëåäîâàòåëüíûìè ïðèáëèæåíèÿìè, ñòàðòóþùèìè ñ βi = 0 è ( â ñëó÷àå m2 > m1)
èñïîëüçóþùèìè ñîîòíîøåíèÿ

β2 =
M1

M1 +M2

αZ/n, β1 = αZ/n− β2

Èñïîëüçóÿ íàéäåííûå ñêîðîñòè, ïîëó÷àåì óãëîâóþ ñêîðîñòü

ν = qM12
(αcZ)2

h̄n3,

êîýô. ïîòåðè ìàññû

q(n) = 1/(1 +
M12

m1 +m2

(αZ)2

n2
),

è ðàäèóñû

r =
n2h̄

αcZM12q
, ri =

n2h̄

αcZMiq
,

ãäå M12 = M1M2/(M1 +M2) - ïðèâåäåííàÿ ìàññà..
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4. Ýíåðãèè

Òàê êàê ñèëû âçàèìîäåéñòâèÿ â èîíàõ - ýòî ñèëû ïðèòÿæåíèÿ, òî Êóëîíîâñêàÿ
ïîòåíöèàëüíàÿ ýíåðãèÿ îðåäåëÿåòñÿ êàê íåãàòèâíàÿ âåëè÷èíà

Epot(n) = −
∫ ∞

r(n)
dr αch̄Z/r2 = −αch̄Z/r(n).

Â ÐåÌ ìîäåëè, îíà èìååò âèä

Epot(n) = −qM12
(αcZ)2

n2
.

Îäíàêî, êèíåòè÷åñêàÿ ýíåðãèÿ ïîëîæèòåëüíà è â ÐåÌ ìîäåëè îïðåäåëåíà êàê

Ekin = q(m1(γ1 − 1) +m2(γ2 − 1))c2.

Èîíèçàöèîííàÿ ýíåðãèÿ â ÐåÌ ìîäåëè ïîíèìàåòñÿ êàê ýíåðãåòè÷åñêèé óðîâåíü è
ñ÷èòàåòñÿ îòðèöàòåëüíîé. Îíà îïðåäåëåíà êàê ñóììà

Eion(n) = Epot(n) + Ekin(n).

Eion(n) - ýòî ýíåðãèÿ, ïîòðà÷åííàÿ íà èçëó÷åíèå âî âðåìÿ ïåðåõîäà ñâîáîäíûõ ÷àñòèö
â nîå ñèñòîÿíèå, è ÿâëÿåòñÿ ýíåðãèåé, íåîáõîäèìîé äëÿ ðàçðóøåíèÿ èîíà è ïðèâåäå-
íèå ÷àñòèö â ñîñòîÿíèå ïîêîÿ íà áîëüøîì ðàññòîÿíèè äðóã îò äðóãà.

Â íåðåëÿòèâèñòñêîì ïðèáëèæåíèè q = γi = 1, ðàññìîòðåííûå ýíåðãèè óäîâëåòâî-
ðÿþò èçâåñòíîìó ïðîñòîìó ñîîòíîøåíèþ

Epot(n) = 2Eion(n) = −2Ekin(n).

Â ðåëÿòèâèñòñêîì ñëó÷àå, Ekin(n) > abs(Eion(n)).
Ýòè ôîðìóëû äëÿ èîíèçàöèîííîé è äðóãèõ ýíåðãèé â áåññïèíîâîì ïðèáëèæåíèè

- îñíîâíîé ðåçóëüòàò ïðîñòîé ÐåÌ ìîäåëè. Äëÿ äîñòèæåíèÿ áîëüøåé òî÷íîñòè èëè
ïîëó÷åíèÿ áîëüøåé èíôîðìàöèè î ñâîéñòâàõ èîíîâ òðåáóåòñÿ óñëîæíÿòü ìîäåëü,
äîáàâëÿÿ áîëüøå âçàèìîäåéñòâèé, ïåðåìåííûõ, è óðàâíåíèé.

Îïðåäåëåííûé íàìåê â ýòîì íàïðàâëåíèè äàåò âû÷èñëåíèå â ÐåÌ ìîäåëè ïðîèç-
âåäåíèÿ h̄ν. Ýòî ïðîèçâåäåíèå ÿâëÿåòñÿ ýíåðãèåé íåêîòîðîãî "ðåçîíàíñíîãî"ôîòîíà,
âðàùàþùåãîñÿ ñ òîé æå ÷àñòîòîé, ÷òî è ïàðà ÷àñòèö. Îáîçíà÷èì ýòó ýíåðãèþ êàê
Eph. Ñðàâíåíèå âûðàæåíèé äëÿ ν è Epot ïðèâîäèò ê ðàâåíñòâó

Eph = −Epot/n

óòâåðæäàþùåìó, ÷òî ýíåðãèè n "ðåçîíàíñíûõ"ôîòîíîâ äîëæíû â ñóììå äàâàòü−Epot.
Òàêîå ñîâïàäåíèå ìîæåò òðàêòîâàòüñÿ êàê âíóòðåííåå óñëîâèå êâàíòîâàíèÿ, îñíî-
âàííîå íà ñâîéñòâàõ èîíà, è àëüòåðíàòèâíîå âíåøíåìó êâàíòîâîìó óñëîâèþ (3). Ýòî
ìîæåò èìåòü ýêñïåðèìåíòàëüíî íàáëþäàåìûå ñïåöèôè÷åñêèå ñëåäñòâèÿ, íî â ðàìêàõ
ïðîñòîé ÐåÌ ìîäåëè âîçìîæíàÿ ðîëü "ðåçîíàíñíûõ"ôîòîíîâ îñòàåòñÿ íåèçâåñòíîé.
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5. Áåññïèíîâûé "ïîçèòðîíèé"

Â ñëó÷àå ïîçèòðîíèÿ, â ñèëó åãî ìàcñîâîé è çàðÿäîâîé ñèììåòðèé, ñêîðîñòè, î÷å-
âèäíî, ðàâíû, βi = α/(2n), è ïîòåíöèàë è êèíåòè÷åñêàÿ ýíåïãèÿ ñòàíîâÿòñÿ ÿâíûìè
ôóíêöèÿìè êîíñòàíòû α:

Epot = −qmc2(α/n)2γ/2, Ekin = q2mc2(γ − 1),

ãäå q = 1/(1 + (α/n)2γ/4). Äëÿ îñíîâíîãî è ïåðâîãî âîçáóæäåííîãî ñîñòîÿíèé, îíè
äàþò

n = 1 : β = 0.0036486763, Ekin = 6.8028245eV,Eion = −6.8027793eV, q = 0.999986687,

n = 2 : β = 0.0018243381, Ekin = 1.7007104eV,Eion = −170070755.eV, q = 0.999986687.

Äëÿ ôèçè÷åñêîãî ïîçèòðîíèÿ, ýòè âåëè÷èíû ñîîòâåòñòâóþò ïàðàìåòðàì, óñðåäíåí-
íûì ïî íàïðàâëåíèÿì ñïèíîâ.

6. Àíàëèòè÷åñêîå ðåøåíèå

Çäåñü óäîáíî ïåðåéòè ê èíäåêñàì j=(0,1). Ñèñòåìà óðàâíåíèé
β0 + β1 = αZ/n, M0β0 = M1β1.

äëÿ íåèçâåñòíûõ β1−j = x ñâîäèòñÿ ê àëãåáðàè÷åñêîìó óðàâíåíèþ 4ãî ïîðÿäêà

(a− x)2(1− x2)R− x2(1− (a− x)2) = 0,

ãäå a = αZ/n, R = m1−j/mj. Ïðàâèëüíûé êîðåíü, êîòîðûé ñîîòâåòñòâóåò èñõîäíîé
ñèñòåìå óðàâíåíèé, èìååò âèä

x = (a− g)/2 + (((a− g)/2)2 − y − (ρR− y)/g)1/2,

ãäå g = (1 + 2y)1/2, ρ = R/(1−R2), y = k/t, ãäå

k = aρ(3/(1− a2))1/2, t = −2 sin((1/3) arcsin s), s = 3k/(1− a2).

Ýòè ôîðìóëû òî÷íûå, íî ïðîâåðî÷íûå âû÷èñëåíèÿ ïîêàçàëè, ÷òî èõ èñïîëüçûâà-
íèå â ÷èñëåííûõ ðàñ÷åòàõ ïðèâîäèò ê çàìåòíîé ïîòåðå òî÷íîñòè.
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7. Ñðàâíåíèå ñ äðóãèìè ïðåäñêàçàíèÿìè

Ðèñ. 1. Ñðàâíåíèå ïðåäñêàçàíèé äëÿ îñíîâíîãî ñîñòîÿíèÿ.
Ãðàôèêè ïîêàçûâàþò àáñîëþòíûå âåëè÷èíû ýíåðãèé, äåëåííûå íà Z2.

Ðèñ. 1 ïîêàçûâàåò ïðåäñêàçàíèÿ ÐåÌ ìîäåëè (ñïëîøíàÿ êðèâàÿ 1) äëÿ èîíèçà-
öèîííîé ýíåðãè Eion(Z, 0) â îñíîâíîì ñîñòîÿíèè ïðè Z < 110 è âû÷èñëåííûå â [2]
çíà÷åíèÿ (êâàäðàòíûå òî÷êè) òàê íàûâàåìîãî Êóëîíîâñêîãî ÷ëåíà (îñíîâàííîãî íà
êâàíòîâûõ óðâíåíèÿõ Äèðàêà) èîíèçàöèîííûõ ýíåðãèé, ïðåäñòàâëåííûå ÷àñòè÷íî â
òàáëèöàõ NIST [5]. Äëÿ ñðàâíåíèÿ, ðèñ. 1 ñîäåðæèò òàêæå çíà÷åíèÿ ENR(Z) èîíèçà-
öèîííûõ ýíåðãèé (øòðèõîâàÿ êðèâàÿ 2), ïîñ÷èòàííûå â ÐåÌ ìîäåëè â íåðåëÿòèâèñò-
ñêîì ïðèáëèæåíèè.

Ñ òî÷íîñòüþ ðèñóíêà, ïðåäñêàçàíèÿ ÐåÌ ìîäåëè ñîâïàäàþò ñ Êóëîíîâñêèì ÷ëå-
íîì â [2]. Íåáîëüøèå òàáëè÷êè ïðè èçáðàííûõ Z, âêëþ÷åííûå â ðèñ. 1, ïîêàçûâàþò,
÷òî îòíîñèòåëüíàÿ òî÷íîñòü ñîâïàäåíèÿ ðàñòåò ñ Z è ïðè áîëüøèõ Z ïðèáëèæàåò-
ñÿ ê 10−5. Òàêèì îáðàçîì, â ðàìêàõ çàÿâëåííîé òî÷íîñòè ÐåÌ ìîäåëü ñîâìåñòèìà ñ
ñîîòâåòñòâåííûìè ïðåäñêàçàíèÿìè â [2].

Ïåðåõîä îò áàçîâîé ÐåÈ ìîäåëè ê áîëåå òî÷íîé ìîäåëè, ó÷èòûâàþùåé ìàãíèò-
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íûå âçàèìîäåéñòâèÿ, ìîæåò ñáëèçèòü åå ñ ðåçóëüòàòàìè âû÷èñëåíèé â [2]. Îäíàêî,
óòî÷íåííàÿ ìîäåëü íå ìîæåò ñîâïàñòü ñ [2], òàê êàê âû÷èñëåíèÿ â [2] èãíîðèðóþò òîò
ôèçè÷åñêèé ôàêò, ÷òî ìàññà èîíà â ëþáîì ñâÿçàííîì ñîñòîÿíèè ìåíüøå ñóììû ìàññ
ýëåêòðîíû è ÿäðà â ñâîáîäíûõ ñîñòîÿíèÿõ, â òî âðåìÿ êàê ÐåÌ ìîäåëü ó÷èòûâàåò
ýòó ðàçíèöó ìàññ. Ïðè áîëüøèõ Z, îòíîñèòåëüíàÿ ïîòåðÿ ìàññ ëåæèò â ðàéîíå 10−6,
÷òî ñðàâíèìî ñ âåëè÷èíàìè äðóãèõ ïîïðàâîê, ðàññìàòðèâàåìûõ â [2].

Ðèñ. 2. Ïðîòèâîðå÷èâûå ïðåäñêàçàíèÿ äëÿ ïåðâîãî âîçáóæäåííîãî ñîñòîÿíèÿ.

Ðèñ. 2 ïîäîáåí ðèñ. 1, íî ïîêàçûâàåò ïðåäñêàçàíèÿ èîíèçàöèîííîé ýíåðãèè äëÿ
ïåðâîãî âîçáåæäåííîãî ñîñòîÿíèÿ. Êàê è âûøå, êðèâàÿ 1 - ïðåäñêàçàíèÿ ÐåÌ ìîäåëè
Eion, à êðèâàÿ 2 äàåò èõ íåðåëÿòèâèñêîå ïðèáëèæåíèå ENR(Z). Ðèñ. 2 ñîäåðæèò åùå
2 êðèâûå, âû÷èñëåííûå â ÐåÌ ìîäåëè - êèíåòè÷åñêàÿ ýíåðãèþ Ekin (êðèâàÿ 3) è
êîìáèíàöèþ ýíåðãèé (êðèâàÿ 4) Emix = 2Ekin − abs(Eion).

Òî÷êè E[2](Z), âáëèçè êðèâîé Emix - çíà÷åíèÿ Êóëîíîâñêîãî ÷ëåíà ECoul èîíèçà-
öèîííûõ ýíåðãèé, âû÷èñëåííûå èç çíà÷åíèé ðàçíîñòè ìåæäó îñíîâíûì è âîçáóæäåí-
íûì ýíåðãåòè÷åñêèìè óðîâíÿìè, òàáóëèðîâàííûìè â [2]. Ýòè òî÷êè áûñòðî îòäàëÿ-
þòñÿ îò íåðåëÿòèâèñòñêîãî ïðèáëèæåíèÿ è âåëè÷èíà îòíîñèòåëüíûõ ðåëÿòèâèñòñêèõ
ïîïðàâîê E[2](Z)/ENR(Z)−1 (êîòîðàÿ äîëæíà áûñòðî óáûâàòü ñ n) îñòàåòñÿ ïðèìåðíî
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òîé æå ñàìîé, ÷òî è â îñíîâíîì ñîñòîÿíèè. Ýòî îçíà÷àåò, ÷òî ïðåäñêàçàíèÿ â [2] äëÿ
âîçáóæäåííîãî ñîñòîÿíèÿ îøèáî÷íû. Òàê êàê çíà÷åíèÿ E[2](Z) áëèçêè ê Emix, òî ðå-
ëÿòèâèñòñêèå ïîïðàâêè E[2](Z)−ENR(Z) ñîäåðæàò îøèáêó, îöåíèâàåìóþ â äâîéíóþ
ðàçíîñòü ìåæäó (àáñîëþòíûìè çíà÷åíèÿìè) êèíåòè÷åñêîé è èîíèçàöèîííîé ýíåðãèé.

Ýòà îøèáêà îñòàëàñü íåçàìå÷åííîé â [10], ãäå èñïîëüçîâàëèñü ðåçóëüòàòû ðàáîòû
[2].

Â ýêñïåðèìåíòå [11] áûëè ñäåëàíû èçìåðåíèÿ ñïåêòðîâ èîíîâ óðàíà, êîòîðûå èñ-
ïîëüçîâàëèñü äëÿ ïðîâåðêè âåëè÷èíû ñäâèãà Ëýìáà â ñèëüíûõ ïîëÿõ. Ñóäÿ ïî îïè-
ñàíèþ ýêñïåðèìåíòà, îí äàâàë òåõíè÷åñêóþ âîçìîæíîñòü èçìåðèòü ýíåðãèþ âîçáóæ-
äåíèÿ èîíà. Îäíàêî, íèêàêèõ ïðîòèâîðå÷èé èçìåðåíèé ñ èñïîëüçîâàííûìè îöåíêàìè
ðàáîòû [10] â ðàáîòå [11] óïîìÿíóòî íå áûëî.

8. Çàêëþ÷åíèå

ÐåÌ ìîäåëü ñïîñîáíà óñïåøíî ïðåäñêàçûâàòü èîíîçàöèîííûå ýíåðãèè è íåêîòî-
ðûå äðóãèå ïàðàìåòðû èîíîâ â áåññïèíîâîì ïðèáëèæåíèè â øèðîêîì äèàïàçîíå çà-
ðÿäîâ Z, íåñìîòðÿ íà îòñóòñòâèå çàïàçäûâàíèÿ âçàèìîäåéñòâèé â åå îïðåäåëåíèè
è íà èñïîëüçîâàíèå Êóëîíîâñêîãî ïîòåíöèàëà ïîäîáíî êâàçèïîòåíöèàëàì â ðåëÿòè-
âèñòñêîé êâàíòîâîé ìåõàíèêå [6-8].

ÐåÌ ìîäåëü âûÿâëÿåò íåçàìå÷åííîå ðàíåå ðàâåíñòâî àáñîëþòíîãî çíà÷åíèÿ ïîòåí-
öèàëüíîé ýíåðãèè èîíà â n-îì ñâÿçàííîì ñîñòîÿíèè ñ ñóììàðíîé ýíåðãèåé n ôîòîíîâ
âðàùàþùèõñÿ ñ òîé æå ÷àñòîòîé, ñ êîòîðîé ýëåêòðîí-ÿäåðíàÿ ïàðà âðàùàåòñÿ âîêðóã
öåíòðà ìàññ èîíà.

Ñðàâíåíèå ïðåäñêàçàíèé ÐåÌ ìîäåëè ñ òàáëèöàìè â [2] óêàçûâàåò íà îøèáêó â
ðåëÿòèâèñêèõ ïîïðàâêàõ, èñïîëüçîâàííûõ â [2] äëÿ ïåðâîãî âîçáóæäåííîãî ñîñòîÿ-
íèÿ.

ÐåÌ ìîäåëü, òàê æå êàê è äðóãèå òåîðåòè÷åñêèå ïðåäñêàçàíèÿ èîíèçàöèîííîé
ýíåðãèè, îñòàþòñÿ ïîêà ýêñïåðèìåíòàëüíî íåïðîâåðåíûìè ïðè áîëüøèõ Z. Æåëà-
òåëüíîñòü ïðÿìûõ ýêïåðèìåíòàëüíûõ èçìåðåíèé èîíèçàöèîííûõ ýíåðãèé, âûñêàçàí-
íàÿ åùå â 1985 ãîäó â [2], îñòàåòñÿ àêòóàëüíîé, îñîáåííî äëÿ òÿæåëûõ ýëåìåíòîâ.

* * *
Ïðèëîæåíèå À ñîäåðæèò òàáëèöû ïðåäñêàçàíèé ÐåÌ ìîäåëè - ýíåðãèè, ñêîðîñòè,

ðàäèóñû, è ïîòåðè ìàññû äëÿ îñíîâíîãî ñîñòîÿíèÿ n=1 è äëÿ ïåðâîãî âîçáóæåííîãî
ñîñòîÿíèÿ n=2 äëÿ îäíîýëåêòðîííûõ èîíîâ ñ Z < 119.
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A. Ïðèëîæåíèå

Ïîÿñíåíèÿ ê òàáëèöàì

� "A".
Àòîìíûé âåñ. Ìàññà ÿäðà m2, èñïîëüçîâàííàÿ ïðè âû÷èñëåíèÿõ, áûëà îïðå-
äåëåíà êàê m2 = Amu − Zm1, ãäå mu =1.660539066E-24g -êîíñòàíòà àòîìíîé
ìàññû è m1 =9.10938370E-28 - ìàññà ýëåêòðîíà.

� "Eion".
Ýíåðãèÿ èîíèçàöèè (àáñîëþòíîå çíà÷åíèå).

� "Ekin".
Êèíåòè÷åñêàÿ ýíåðãèÿ.

� "ν E18".
Óãëîâàÿ ñêîðîñòü (÷àñòîòà ·2π ). Áóêâû "E18"îçíà÷àþò, ÷òî çíà÷åíèÿ â ýòîé
êîëîíêå íàäî óìíîæèòü íà 1.E18.

� "β1".
Ñêîðîñòü ýëåêòðîíà. Ñêîðîñòü ÿäðà ìîæíî âû÷èñëèòü êàê β2 = αZ/n− β1, ãäå
α =7.297352569E-3 .

� "r1".
Ðàññòîÿíèå ýëåêòðîíà îò öåíòðà ìàññ.

� "r12".
Ïîëíîå ðàññòîÿíèå ìåæäó ýëåêòðîíîì è ÿäðîì.

� "Mloss".
Îòíîñèòåëüíàÿ ïîòåðÿ ìàññ ÷àñòèö â ñâÿçàííîì ñîñòîÿíèè n. Îíà ðàâíà 1−q(n),
ãäå q(n) - êîýôôèöèåíò óìåíüøåíèÿ ìàññû.
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ÒÀÁËÈÖÀ A îñíîâíîå ñîñòîÿíèå (n=1)

Z Ion A Eion eV Ekin eV ν E18 β1 r1 E-12 r12 E-12 Mloss E-6

1 H 1.008 13.59847 13.59883 0.04131997 0.00729338 5294.513 5291.632 0.02896577

2 He 4.00262 54.41821 54.42401 0.16536043 0.01459270 2645.967 2645.604 0.02919661

3 Li 6.997 122.4563 122.4857 0.37213233 0.02189034 1763.640 1763.501 0.03758714

4 Be 9.012183 217.7242 217.8170 0.66170357 0.02918763 1322.460 1322.379 0.05189177

5 B 10.821 340.2383 340.4650 1.0341704 0.03648491 1057.704 1057.650 0.06754581

6 C 12.0116 490.0175 490.4878 1.4896497 0.04378211 881.1567 881.1164 0.08765327

7 N 14.0067 667.0882 667.9602 2.0282954 0.05107946 755.0103 754.9807 0.1023489

8 O 15.9997 871.4775 872.9662 2.6502764 0.05837682 660.3662 660.3435 0.1170764

9 F 18.9984 1103.220 1105.607 3.3557987 0.06567427 586.7224 586.7054 0.1248432

10 Ne 20.1797 1362.348 1365.990 4.1450747 0.07297154 527.7809 527.7665 0.1451809

11 Ha 22.98977 1648.910 1654.247 5.0183787 0.08026896 479.5295 479.5180 0.1542830

12 Mg 24.307 1962.945 1970.515 5.9759774 0.08756625 439.2971 439.2871 0.1737685

13 Al 26.98154 2304.511 2314.951 7.0181982 0.09486365 405.2320 405.2237 0.1838445

14 Si 28.086 2673.658 2687.720 8.1453659 0.1021609 376.0135 376.0061 0.2049824

15 P 30.97376 3070.451 3089.011 9.3578691 0.1094583 350.6714 350.6651 0.2135386

16 S 32.076 3494.949 3519.016 10.656087 0.1167556 328.4795 328.4738 0.2348090

17 Cl 35.457 3947.229 3977.956 12.040473 0.1240531 308.8811 308.8763 0.2400130

18 Ar 39.948 4427.362 4466.056 13.511480 0.1313505 291.4443 291.4403 0.2390534

19 K 39.0983 4935.419 4983.550 15.069566 0.1386477 275.8283 275.8244 0.2724195

20 Ca 40.078 5471.494 5530.712 16.715291 0.1459450 261.7593 261.7557 0.2947858

21 Sc 44.95591 6035.681 6107.822 18.449226 0.1532425 249.0160 249.0129 0.2900568

22 Ti 47.867 6628.063 6715.162 20.271926 0.1605399 237.4180 237.4153 0.2993291

23 Va 50.9415 7248.745 7353.049 22.184028 0.1678373 226.8159 226.8134 0.3077919

24 Cr 51.9961 7897.826 8021.806 24.186177 0.1751346 217.0851 217.0828 0.3287665

25 Mn 54.93804 8575.425 8721.788 26.279090 0.1824320 208.1209 208.1188 0.3380858

26 Fe 55.845 9281.649 9453.354 28.463477 0.1897293 199.8349 199.8329 0.3602434

27 Co 58.93319 10016.63 10216.89 30.740128 0.1970266 192.1517 192.1498 0.3686689

28 Ni 58.6934 10780.48 11012.81 33.109821 0.2043239 185.0066 185.0048 0.3987152

29 Cu 63.546 11573.34 11841.53 35.573451 0.2116214 178.3438 178.3422 0.3956657

30 Zn 65.38 12395.35 12703.50 38.131861 0.2189187 172.1152 172.1137 0.4122251

31 Ga 69.723 13246.66 13599.19 40.786012 0.2262161 166.2786 166.2773 0.4134503

32 Ge 72.63 14127.40 14529.08 43.536858 0.2335135 160.7974 160.7961 0.4236707

33 As 74.92159 15037.75 15493.69 46.385423 0.2408108 155.6390 155.6378 0.4375845

34 Se 78.971 15977.86 16493.57 49.332785 0.2481082 150.7750 150.7739 0.4415229

35 Br 79.904 16947.90 17529.27 52.380034 0.2554055 146.1801 146.1791 0.4633235

36 Kr 83.798 17948.05 18601.39 55.528367 0.2627029 141.8318 141.8308 0.4683456

37 Rb 85.4678 18978.49 19710.53 58.778971 0.2700002 137.7101 137.7092 0.4860775

38 Sr 87.62 20039.42 20857.35 62.133132 0.2772976 133.7970 133.7961 0.5011945

39 Y 88.90584 21131.03 22042.53 65.592167 0.2845949 130.0764 130.0756 0.5214458

40 Zr 91.224 22253.52 23266.76 69.157471 0.2918923 126.5339 126.5331 0.5358183

41 Nb 92.90637 23407.12 24530.78 72.830476 0.2991896 123.1563 123.1556 0.5540589

42 Mo 95.95 24592.04 25835.36 76.612701 0.3064870 119.9319 119.9311 0.5643432

43 Tc 97 25808.51 27181.31 80.505696 0.3137843 116.8498 116.8491 0.5866022

44 Ru 101.07 27056.77 28569.47 84.511130 0.3210817 113.9003 113.8996 0.5909880

45 Rh 102.9055 28337.06 30000.71 88.630679 0.3283790 111.0745 111.0739 0.6087417

46 Pd 106.42 29649.65 31475.96 92.866151 0.3356764 108.3643 108.3638 0.6167663

47 Ag 107.8682 30994.80 32996.17 97.219383 0.3429737 105.7623 105.7618 0.6370107

48 Cd 112.414 32372.78 34562.35 101.69234 0.3502711 103.2616 103.2611 0.6393713

49 In 114.818 33783.87 36175.53 106.28703 0.3575684 100.8560 100.8555 0.6542678

50 Sn 118.71 35228.37 37836.82 111.00556 0.3648658 98.53971 98.53922 0.6609087

51 Sb 121.76 36706.59 39547.37 115.85014 0.3721632 96.30739 96.30693 0.6724739

52 Te 127.6 38218.84 41308.37 120.82309 0.3794606 94.15414 94.15371 0.6692373

53 I 126.9045 39765.44 43121.05 125.92675 0.3867579 92.07546 92.07503 0.7013331

54 Xe 131.293 41346.75 44986.76 131.16369 0.3940552 90.06710 90.06669 0.7060800

55 Cs 132.9055 42963.11 46906.85 136.53649 0.4013526 88.12517 88.12478 0.7260866

56 Ba 137.327 44614.88 48882.76 142.04792 0.4086500 86.24604 86.24567 0.7310718

57 La 138.9055 46302.45 50915.99 147.70080 0.4159473 84.42636 84.42599 0.7515281

58 Ce 140.116 48026.19 53008.12 153.49812 0.4232446 82.66296 82.66260 0.7742798

59 Pr 140.9077 49786.53 55160.79 159.44303 0.4305419 80.95292 80.95257 0.7997508

60 Nd 144.242 51583.88 57375.75 165.53880 0.4378393 79.29348 79.29315 0.8111313
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ÒÀÁËÈÖÀ A îñíîâíîå ñîñòîÿíèå (n=1)

Z Ion A Eion eV Ekin eV ν E18 β1 r1 E-12 r12 E-12 Mloss E-6

61 Pm 145 53418.67 59654.80 171.78882 0.4451366 77.68210 77.68178 0.8373579

62 Sm 150.36 55291.37 61999.86 178.19672 0.4524340 76.11636 76.11605 0.8376251

63 Eu 151.964 57202.42 64412.90 184.76619 0.4597313 74.59403 74.59373 0.8593393

64 Gd 157.25 59152.34 66896.06 191.50122 0.4670287 73.11298 73.11269 0.8607202

65 Tb 158.9254 61141.62 69451.51 198.40588 0.4743261 71.67123 71.67095 0.8823542

66 Dy 162.5 63170.78 72081.60 205.48452 0.4816234 70.26691 70.26664 0.8937308

67 Ho 164.9303 65240.37 74788.75 212.74166 0.4889208 68.89827 68.89800 0.9116603

68 Er 167.259 67350.95 77575.53 220.18207 0.4962181 67.56363 67.56338 0.9304083

69 Tm 168.9342 69503.12 80444.66 227.81075 0.5035154 66.26145 66.26120 0.9530993

70 Yb 173.045 71697.48 83398.99 235.63299 0.5108128 64.99022 64.98998 0.9624046

71 Lu 174.9668 73934.67 86441.51 243.65428 0.5181101 63.74855 63.74832 0.9842363

72 Hf 178.486 76215.35 89575.41 251.88048 0.5254075 62.53512 62.53490 0.9974033

73 Ta 180.9479 78540.21 92804.04 260.31771 0.5327048 61.34867 61.34845 1.016789

74 W 183.84 80909.96 96130.94 268.97245 0.5400022 60.18801 60.18779 1.034066

75 Re 186.207 83325.36 99559.85 277.85151 0.5472995 59.05199 59.05178 1.054623

76 Os 190.23 85787.17 103094.8 286.96213 0.5545969 57.93954 57.93934 1.066167

77 Ir 192.217 88296.22 106739.8 296.31189 0.5618942 56.84964 56.84944 1.089525

78 Pt 195.084 90853.34 110499.5 305.90886 0.5691916 55.78129 55.78110 1.108282

79 Au 196.9666 93459.42 114378.6 315.76155 0.5764889 54.73358 54.73340 1.133044

80 Hg 200.592 96115.38 118382.1 325.87903 0.5837862 53.70560 53.70542 1.148213

81 Tl 204.38 98822.19 122515.3 336.27085 0.5910836 52.69651 52.69633 1.162866

82 Pb 207.2 101580.9 126783.9 346.94717 0.5983809 51.70548 51.70530 1.183457

83 Bi 208.9804 104392.4 131194.0 357.91879 0.6056783 50.73172 50.73156 1.210481

84 Po 209 107258.0 135752.0 369.19721 0.6129756 49.77450 49.77434 1.248511

85 At 210 110178.8 140464.9 380.79468 0.6202729 48.83308 48.83291 1.281600

86 Rn 222 113155.9 145340.0 392.72438 0.6275703 47.90674 47.90659 1.250293

87 Fr 223 116190.8 150385.1 404.99999 0.6348677 46.99485 46.99470 1.283594

88 Ra 226 119284.6 155608.8 417.63654 0.6421650 46.09674 46.09659 1.306073

89 Ac 227 122438.8 161020.1 430.64994 0.6494623 45.21178 45.21164 1.340839

90 Th 232.0377 125655.0 166628.9 444.05734 0.6567597 44.33937 44.33923 1.352563

91 Pa 231.0359 128934.6 172445.6 457.87696 0.6640570 43.47891 43.47877 1.400709

92 U 238.0289 132279.3 178481.5 472.12868 0.6713543 42.62982 42.62969 1.401869

93 Np 237 135690.8 184748.8 486.83352 0.6786516 41.79155 41.79142 1.451812

94 Pu 244 139171.1 191260.9 502.01459 0.6859490 40.96355 40.96342 1.454129

95 Am 243 142722.0 198032.0 517.69639 0.6932463 40.14528 40.14516 1.505729

96 Cm 247 146345.6 205077.7 533.90588 0.7005437 39.33621 39.33609 1.527725

97 Bk 247 150044.0 212414.9 550.67194 0.7078410 38.53584 38.53572 1.575703

98 Cf 251 153819.7 220062.0 568.02625 0.7151383 37.74363 37.74352 1.599456

99 Es 252 157675.1 228039.1 586.00301 0.7224356 36.9591 36.95898 1.643530

100 Fm 257 161612.9 236368.4 604.63984 0.7297330 36.18173 36.18161 1.662804

101 Md 258 165635.7 245073.8 623.97757 0.7370303 35.41102 35.41091 1.709335

102 No 259 169746.7 254182.1 644.06122 0.7443276 34.64647 34.64636 1.757543

103 Lr 262 173949.2 263722.5 664.94026 0.7516249 33.88759 33.88748 1.793741

104 Rf 267 178246.4 273727.5 686.66917 0.7589223 33.13384 33.13374 1.817665

105 Db 270 182642.3 284232.8 709.30810 0.7662196 32.38474 32.38464 1.856729

106 Sg 269 187140.7 295278.6 732.92378 0.7735169 31.63975 31.63965 1.925685

107 Bh 270 191746.0 306909.3 757.59074 0.7808142 30.89834 30.89824 1.983125

108 Hs 270 196462.9 319175.0 783.39189 0.7881115 30.15996 30.15986 2.050668

109 Mt 278 201296.6 332131.9 810.42060 0.7954088 29.42402 29.42393 2.060364

110 Ds 281 206252.6 345843.3 838.78121 0.8027062 28.68997 28.68987 2.109699

111 Rg 281 211336.8 360380.9 868.59213 0.8100034 27.95716 27.95707 2.184683

112 Cn 285 216556.1 375826.9 899.98806 0.8173008 27.22496 27.22487 2.231877

113 Nh 286 221917.6 392274.6 933.12214 0.8245980 26.49269 26.49260 2.305958

114 Fl 289 227429.6 409832.0 968.17060 0.8318953 25.75959 25.75950 2.367734

115 Mc 289 233100.8 428623.7 1005.3364 0.8391926 25.02491 25.02482 2.458630

116 Lv 293 238941.3 448795.3 1044.8558 0.8464899 24.28777 24.28769 2.520391

117 Ts 293 244962.2 470517.1 1087.0043 0.8537872 23.54727 23.54719 2.622066

118 Og 294 251176.1 493990.6 1132.1075 0.8610844 22.80239 22.80231 2.721578
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ÒÀÁËÈÖÀ B âîçáóæäåííîå ñîñòîÿíèå (n=2)

Z Ion A Eion eV Ekin eV ν E18 β1 r1 E-12 r12 E-12 Mloss E-6

1 H 1.008 3.399584 3.399606 0.005164894 0.00364669 21178.47 21166.95 0.007241299

2 He 4.00262 13.60401 13.60437 0.020668403 0.00729635 10584.71 10583.26 0.007298570

3 Li 6.997 30.61133 30.61316 0.046508183 0.01094517 7055.827 7055.274 0.009395097

4 Be 9.012183 54.42236 54.42816 0.082686517 0.01459382 5291.531 5291.209 0.01296880

5 B 10.821 85.03835 85.05251 0.12920674 0.01824246 4232.928 4232.713 0.01687802

6 C 12.0116 122.4603 122.4897 0.18607227 0.02189106 3527.164 3527.003 0.02189755

7 N 14.0067 166.6904 166.7448 0.25328860 0.02553973 3023.002 3022.883 0.02556216

8 O 15.9997 217.7300 217.8228 0.33086060 0.02918841 2644.850 2644.759 0.02923164

9 F 18.9984 275.5817 275.7303 0.41879515 0.03283714 2350.698 2350.630 0.03116023

10 Ne 20.1797 340.2464 340.4731 0.51709738 0.03648577 2115.357 2115.300 0.03622259

11 Ha 22.98977 411.7283 412.0603 0.62577751 0.04013448 1922.776 1922.730 0.03847730

12 Mg 24.307 490.0289 490.4992 0.74484213 0.04378313 1762.272 1762.233 0.04331680

13 Al 26.98154 575.1525 575.8006 0.87430274 0.04743183 1626.438 1626.405 0.04580541

14 Si 28.086 667.1014 667.9734 1.0141677 0.05108047 1509.991 1509.961 0.05104413

15 P 30.97376 765.8806 767.0302 1.1644507 0.05472917 1409.049 1409.024 0.05314354

16 S 32.076 871.4926 872.9814 1.3251612 0.05837782 1320.710 1320.687 0.05840037

17 Cl 35.457 983.9434 985.8416 1.4963150 0.06202654 1242.745 1242.725 0.05965464

18 Ar 39.948 1103.237 1105.624 1.6779250 0.06567527 1173.427 1173.411 0.05937376

19 K 39.0983 1229.375 1232.340 1.8700019 0.06932387 1111.393 1111.377 0.06760978

20 Ca 40.078 1362.367 1366.009 2.0725657 0.07297252 1055.547 1055.533 0.07310227

21 Sc 44.95591 1502.217 1506.647 2.2856343 0.07662126 1005.006 1004.994 0.07186900

22 Ti 47.867 1648.930 1654.268 2.5092210 0.08026996 959.0468 959.0358 0.07410080

23 Va 50.9415 1802.513 1808.893 2.7433454 0.08391865 917.0719 917.0620 0.07612500

24 Cr 51.9961 1962.969 1970.539 2.9880253 0.08756730 878.5834 878.5741 0.08123339

25 Mn 54.93804 2130.309 2139.227 3.2432829 0.09121599 843.1624 843.1539 0.08345097

26 Fe 55.845 2304.536 2314.976 3.5091368 0.09486465 810.4553 810.4473 0.08882564

27 Co 58.93319 2485.660 2497.810 3.7856113 0.09851334 780.1602 780.1529 0.09080229

28 Ni 58.6934 2673.685 2687.748 4.0727255 0.1021620 752.0192 752.0121 0.09808919

29 Cu 63.546 2868.624 2884.818 4.3705085 0.1058107 725.8085 725.8022 0.09722196

30 Zn 65.38 3070.480 3089.041 4.6789795 0.1094594 701.3360 701.3301 0.1011644

31 Ga 69.723 3279.264 3300.444 4.9981674 0.1131081 678.4329 678.4276 0.1013335

32 Ge 72.63 3494.983 3519.051 5.3280963 0.1167568 656.9525 656.9475 0.1036987

33 As 74.92159 3717.646 3744.891 5.6687939 0.1204054 636.7652 636.7605 0.1069550

34 Se 78.971 3947.263 3977.991 6.0202900 0.1240541 617.7568 617.7525 0.1077618

35 Br 79.904 4183.842 4218.380 6.3826110 0.1277028 599.8266 599.8224 0.1129138

36 Kr 83.798 4427.395 4466.090 6.7557906 0.1313515 582.8843 582.8805 0.1139614

37 Rb 85.4678 4677.930 4721.149 7.1398571 0.1350001 566.8501 566.8464 0.1180873

38 Sr 87.62 4935.458 4983.592 7.5348443 0.1386488 551.6522 551.6487 0.1215591

39 Y 88.90584 5199.990 5253.449 7.9407845 0.1422975 537.2263 537.2229 0.1262556

40 Zr 91.224 5471.537 5530.757 8.3577133 0.1459462 523.5143 523.5111 0.1295078

41 Nb 92.90637 5750.110 5815.550 8.7856648 0.1495948 510.4642 510.4611 0.1336741

42 Mo 95.95 6035.721 6107.864 9.2246765 0.1532435 498.0285 498.0256 0.1359013

43 Tc 97 6328.382 6407.736 9.6747839 0.1568922 486.1645 486.1617 0.1409900

44 Ru 101.07 6628.105 6715.206 10.136028 0.1605409 474.8330 474.8304 0.1417629

45 Rh 102.9055 6934.902 7030.311 10.608446 0.1641895 463.9987 463.9962 0.1457239

46 Pd 106.42 7248.788 7353.094 11.092081 0.1678382 453.6290 453.6267 0.1473351

47 Ag 107.8682 7569.773 7683.594 11.586971 0.1714869 443.6944 443.6921 0.1518426

48 Cd 112.414 7897.874 8021.856 12.093163 0.1751356 434.1676 434.1654 0.1520669

49 In 114.818 8233.102 8367.923 12.610697 0.1787843 425.0236 425.0215 0.1552546

50 Sn 118.71 8575.474 8721.840 13.139622 0.1824330 416.2394 416.2374 0.1564622

51 Sb 121.76 8925.002 9083.654 13.679981 0.1860816 407.7939 407.7920 0.1588160

52 Te 127.6 9281.703 9453.412 14.231824 0.1897303 399.6675 399.6657 0.1576597

53 I 126.9045 9645.590 9831.161 14.795195 0.1933790 391.8422 391.8405 0.1647999

54 Xe 131.293 10016.68 10216.95 15.370151 0.1970277 384.3011 384.2995 0.1654811

55 Cs 132.9055 10394.99 10610.84 15.956737 0.2006763 377.0289 377.0273 0.1697125

56 Ba 137.327 10780.54 11012.87 16.555009 0.2043250 370.0110 370.0095 0.1704059

57 La 138.9055 11173.33 11423.11 17.165018 0.2079737 363.2341 363.2327 0.1746774

58 Ce 140.116 11573.40 11841.59 17.786819 0.2116224 356.6857 356.6843 0.1794416

59 Pr 140.9077 11980.76 12268.39 18.420470 0.2152710 350.3542 350.3528 0.1847906

60 Nd 144.242 12395.41 12703.56 19.066029 0.2189197 344.2287 344.2273 0.1868451
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ÒÀÁËÈÖÀ B âîçáóæäåííîå ñîñòîÿíèå (n=2)

Z Ion A Eion eV Ekin eV ν E18 β1 r1 E-12 r12 E-12 Mloss E-6

61 Pm 145 12817.40 13147.16 19.723552 0.2225684 338.2990 338.2977 0.1922788

62 Sm 150.36 13246.72 13599.25 20.393104 0.2262171 332.5557 332.5545 0.1917182

63 Eu 151.964 13683.40 14059.89 21.074741 0.2298658 326.9899 326.9887 0.1960353

64 Gd 157.25 14127.47 14529.15 21.768530 0.2335144 321.5932 321.5921 0.1956814

65 Tb 158.9254 14578.93 15007.08 22.474533 0.2371631 316.3579 316.3568 0.1998983

66 Dy 162.5 15037.82 15493.77 23.192817 0.2408118 311.2766 311.2755 0.2017489

67 Ho 164.9303 15504.14 15989.26 23.923449 0.2444605 306.3424 306.3413 0.2050380

68 Er 167.259 15977.93 16493.65 24.666498 0.2481091 301.5487 301.5477 0.2084631

69 Tm 168.9342 16459.19 17006.98 25.422034 0.2517578 296.8895 296.8885 0.2127180

70 Yb 173.045 16947.97 17529.35 26.190131 0.2554065 292.3590 292.3580 0.2139387

71 Lu 174.9668 17444.27 18060.82 26.970860 0.2590552 287.9517 287.9507 0.2178964

72 Hf 178.486 17948.12 18601.47 27.764298 0.2627039 283.6624 283.6615 0.2198837

73 Ta 180.9479 18459.55 19151.37 28.570520 0.2663525 279.4864 279.4856 0.2231902

74 W 183.84 18978.57 19710.62 29.389606 0.2700012 275.4191 275.4182 0.2259769

75 Re 186.207 19505.21 20279.28 30.221636 0.2736499 271.4559 271.4551 0.2294205

76 Os 190.23 20039.50 20857.44 31.066693 0.2772986 267.5929 267.5921 0.2308477

77 Ir 192.217 20581.45 21445.20 31.924858 0.2809472 263.8261 263.8253 0.2347724

78 Pt 195.084 21131.11 22042.62 32.796218 0.2845959 260.1518 260.1511 0.2376358

79 Au 196.9666 21688.48 22649.81 33.680860 0.2882446 256.5665 256.5658 0.2417134

80 Hg 200.592 22253.61 23266.85 34.578875 0.2918933 253.0668 253.0661 0.2436726

81 Tl 204.38 22826.51 23893.85 35.490353 0.2955419 249.6495 249.6488 0.2454601

83 Bi 208.9804 23995.74 25178.06 37.354069 0.3028393 243.0503 243.0497 0.2526629

84 Po 209 24592.13 25835.47 38.306499 0.3064880 239.8628 239.8621 0.2590815

85 At 210 25196.41 26503.22 39.272778 0.3101366 236.7464 236.7457 0.2643524

86 Rn 222 25808.60 27181.43 40.253011 0.3137853 233.6986 233.6980 0.2563022

87 Fr 223 26428.75 27870.18 41.247290 0.3174340 230.7171 230.7165 0.2614557

88 Ra 226 27056.87 28569.59 42.255728 0.3210827 227.7997 227.7991 0.2642923

89 Ac 227 27693.00 29279.77 43.278430 0.3247314 224.9441 224.9435 0.2694968

90 Th 232.0377 28337.17 30000.84 44.315511 0.3283800 222.1482 222.1476 0.2699630

91 Pa 231.0359 28989.41 30732.90 45.367076 0.3320287 219.4101 219.4096 0.2775683

92 U 238.0289 29649.76 31476.09 46.433250 0.3356774 216.7279 216.7273 0.2757440

93 Np 237 30318.24 32230.51 47.514140 0.3393261 214.0997 214.0992 0.2833888

94 Pu 244 30994.90 32996.30 48.609875 0.3429747 211.5239 211.5234 0.2816055

95 Am 243 31679.77 33773.58 49.720569 0.3466234 208.9987 208.9982 0.2892262

96 Cm 247 32372.88 34562.48 50.846354 0.3502721 206.5225 206.5220 0.2909847

97 Bk 247 33074.27 35363.13 51.987353 0.3539208 204.0939 204.0934 0.2975151

98 Cf 251 33783.98 36175.67 53.143701 0.3575694 201.7113 201.7109 0.2992856

99 Es 252 34502.03 37000.23 54.315527 0.3612181 199.3734 199.3729 0.3046715

100 Fm 257 35228.48 37836.97 55.502972 0.3648668 197.0787 197.0783 0.3052745

101 Md 258 35963.36 38686.01 56.706170 0.3685155 194.8261 194.8256 0.3106838

102 No 259 36706.70 39547.51 57.925266 0.3721641 192.6141 192.6137 0.3161381

103 Lr 26 2 37458.55 40421.63 59.160405 0.3758128 190.4417 190.4413 0.3191819

104 Rf 267 38218.95 41308.51 60.411738 0.3794615 188.3077 188.3073 0.3198289

105 Db 270 38987.94 42208.32 61.679412 0.3831102 186.2109 186.2105 0.3229118

106 Sg 269 39765.56 43121.21 62.963581 0.3867588 184.1503 184.1499 0.3308612

107 Bh 270 40551.86 44047.35 64.264407 0.3904075 182.1249 182.1245 0.3364464

108 Hs 270 41346.87 44986.92 65.582051 0.3940562 180.1336 180.1332 0.3433455

109 Mt 278 42150.65 45940.08 66.916684 0.3977049 178.1756 178.1752 0.3402498

110 Ds 281 42963.23 46907.02 68.268465 0.4013535 176.2498 176.2494 0.3434171

111 Rg 281 43784.67 47887.90 69.637570 0.4050022 174.3554 174.3550 0.3503049

112 Cn 285 44615.01 48882.93 71.024180 0.4086509 172.4916 172.4912 0.3522653

113 Nh 286 45454.29 49892.29 72.428469 0.4122996 170.6574 170.6571 0.3579746

114 Fl 289 46302.57 50916.17 73.850628 0.4159482 168.8522 168.8518 0.3612145

115 Mc 289 47159.90 51954.77 75.290840 0.4195969 167.0751 167.0748 0.3682595

116 Lv 293 48026.33 53008.30 76.749304 0.4232456 165.3254 165.3251 0.3702678

117 Ts 293 48901.90 54076.97 78.226211 0.4268942 163.6024 163.6020 0.3773937

118 Og 294 49786.67 55160.98 79.721767 0.4305429 161.9053 161.9050 0.3833011

Ðóêîïèñü ïîñòóïèëà 2 ìàðòà 2023 ã.
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