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Many-body calculations of electric-dipole amplitudes for transitions between low-lying levels
of Mg, Ca, and Sr
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To support efforts on cooling and trapping of alkaline-earth-metal atoms and designs of atomic clocks, we
performedab initio relativistic many-body calculations of electric-dipole transition amplitudes between low-
lying states of Mg, Ca, and Sr. In particular, we report amplitudes #8f— 1S,,3S,,'D,, for 3PS
—15y,1D,, and for *P$— 1D, transitions. For Ca, the reduced matrix elemgdp*P9||D||4s21Sy) is in
good agreement with a high-precision experimental value deduced from photoassociation spedtZisnepy
et al, Phys. Rev. Lett85, 2292(2000]. An estimated uncertainty of the calculated lifetime of tre83!P$
state of Mg is a factor of 3 smaller than that of the most accurate experiment. Calculated binding energies
reproduce experimental values within 6.0.2 %.
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I. INTRODUCTION condensation were also discus$8d,3]. Our accurate tran-
sition amplitudes will be helpful in designs of cooling
Many-body methods have proven to be a highly accuratschemes and atomic clocks. In addition, these amplitudes
tool for the determination of atomic properties, especially forwill aid in the determination of long-range atomic interac-
systems with one valence electron outside a closed-shell cok®ns, required in calculation of scattering lengths and inter-
[1]. For alkali-metal atoms, a comparison of highly accuratePretation of cold-collision data. For example, the dispersion
experimental data with calculationg] allows one to draw (van der Waals coefficient Cs characterizes the leading
the conclusion that modemb initio methods are capable of dipole-dipole interaction of two ground-state atoms at large
predicting basic properties of low-lying states with a preci-internuclear separatiof82]. The coefficienCs is expressed
sion better than 1%. in terms of energy separations and eI_ectrlc-dlpc_JIe matrix el-
For divalent atoms, such a comprehensive comparisorfMents between the ground and excited atomic states. Ap-
was previously hindered by a lack of high-precision meapr_om_mately 80% of theltogal Valllje oTe arises from the
surements of radiative lifetimes. Despite the lifetimes of thep”m:_”o‘?II transitionnsnp Pl—nsz. Sp, requiring accurate
lowest nsnptP and nsnp’P$ states that were repeatedly predlctlons for the relevant matrix e'e”.‘e“F- Therefore, our
: : . results will also be useful in the determination of dispersion
obtained both experimentally and theoreticdlB+24], per- coefficients
sistent discrepancies remain. Only very recently, Zineter '
al. [3] have achieved 0.4% accuracy for the rate of
4s4ptP{—4s?1s, transition in calcium. This high-
precision value was deduced from photoassociation spectros-
copy of ultracold calcium atoms. One of the purposes of the In atomic-structure calculations, correlations are conven-
present work is to test the quality of many-body techniquesionally separated into three classes: valence-valence, core-
for two-valence electron systems by comparing our resul{yalence, and core-core correlations. A strong repulsion of
with the experimental value from Réf3]. valence electrons has to be treated nonperturbatively, while it
We extend the earlier worflR5] and report results of rela- is impractical to handle the other two classes of correlations
tivistic many-body calculation of energy levels and electric-with nonperturbative techniques such as the configuration-
dipole transition amplitudes for Mg, Ca, and Sr. The calcu-interaction(Cl) method. Therefore, it is natural to combine
lations are performed in the framework of a configuration-many-body perturbation theofiMBPT) with one of the non-
interaction approach coupled with many-body perturbatiorperturbative methods. It was suggesf2é] to use MBPT to
theory [26,27. We tabulate electric-dipole amplitudes for construct an effective Hamiltonidr .« defined in the model
p9—-1sy,3s,,'D,, for 2P{—1S,,!D,, and for 2P  space of valence electrons. Energies and wave functions of
— 1D, transitions and estimate theoretical uncertainties. low-lying states are subsequently determined using the ClI
Cooling and trapping experiments with alkaline-earth-approach, i.e., diagonalizingl¢ in the valence subspace.
metal atoms were recently reported for N4, Ca[3,29, Atomic observables are calculated with effective operators
and Sr[28,30. The prospects of achieving Bose-Einstein[27]. Following the earlier work, we refer to this method as
the Cl+MBPT formalism.
In the CH-MBPT approach, the energies and wave func-
*Electronic address: porsev@thd.pnpi.spb.ru tions are determined from the ScHinger equation,

IIl. METHOD OF CALCULATIONS

1050-2947/2001/64)/0125087)/$20.00 64 012508-1 ©2001 The American Physical Society



PORSEV, KOZLOV, RAKHLINA, AND DEREVIANKO PHYSICAL REVIEW A 64 012508

TABLE I. Two-electron binding energieE,, in a.u. and energy differences (cm™1) for low-lying

levels of Mg.
Cl Cl+MBPT Experiment

Config. Level Eya A Eya A Eval A

3s? s, 0.819907 0.833556 0.833518

3s4s s, 0.635351 40505 0.645853 41196 0.645809 41197.4
3s4s s, 0.624990 42779 0.635283 43516 0.635303 43503.1
3s3d D, 0.613603 45278 0.621830 46469 0.622090 46403.1
3s3p 3pg 0.724170 21012 0.733896 21879 0.733961 21850.4
3s3p 3p9 0.724077 21032 0.733796 21901 0.733869 21870.4
3s3p 3PS 0.723889 21073 0.733596 21945 0.733684 21911.1
3s3p pg 0.662255 34601 0.674226 34975 0.673813 35051.4

aTwo-electron binding energy of the ground state is determined as a sum of the first two ionization potentials
IP (Mg) and IP (Md'), where IP (Mg)=61669.1 cm?! and IP (Mg")=121267.4 cm? [39]

Hei(En)|Pn)=En|®,), (2.1 Pauli exclusion principle. In addition, the effective operator
_ o _ included corrections for normalization and structural radia-
where the effective Hamiltonian is defined as tion [27]. The RPA equations depend on transition frequency

and should be solved independently for each transition.
However, the frequency dependence was found to be rather
weak and we solved these equations only at some character-

He(E) =Hpct+ 2 (E). (2.2

HereHgc is the two-electron Hamiltonian in the frozen-core | . . )
approximation and is the energy-dependent correction, in- |§t|c frequencies. To monitor the consstengy of the calcula-
volving core excitations. The operatd completely ac- 1ONS, we employed both length) and velocity(V) gauges
counts for the second-order of perturbation theory. Determifor the electric-dipole operator. _
nation of the second-order corrections requires calculation 1"€ computational procedure is similar to calculations of
of one- and two-electron diagrams. The one-electron diabhyperfine-structure constants and electric-dipole amplitudes
grams describe an attraction of a valence electron by #0r atomic ytterbiun{35,36. We consider Mg, Ca, and Sr as
(self-induced core polarization. The two-electron diagramsatoms with two valence electrons above closed cores
are specific for atoms with several valence electrons and repds, . .., 2°], [1s, ...,3°], and [1s, ... ,4°], respec-
resent an interaction of a valence electron with core polartively [37]. The one-electron basis set for Mg includes 1
ization induced by another valence electron. —13s, 2p—13p, 3d—12d, and 4f — 11f orbitals, where the
Already at second order, the number of two-electron diacore and 3,4, 3,4p, 3,4d, and 4 orbitals were Dirac-
grams is large and their computation is very time-consumingHartree-Fock DHF) ones, while all the rest were virtual or-
In the higher orders, the calculation of two-electron diagramsitals. The orbitals 4—3s were constructed by solving the
becomes impractical. Therefore, we account for the higheDHF equations invN approximation, $ orbitals were ob-
orders of MBPT indirectly. It was demonstratg88] that a  tained in thevN~! approximation, and € 4p, 3,4d, and 4
proper approximation for the effective Hamiltonian can sub-orbitals were constructed in théN~2 approximation. We
stantially improve an agreement between calculated and extetermined virtual orbitals using a recurrent procedure, simi-
perimental spectra of multielectron atoms. One can introducar to Ref. [38] and employed in previous work
an energy shif6 and replace (E)—X(E—6) in the effec- [26,27,35,36 The one-electron basis set for Ca included
tive Hamiltonian, Eq(2.2). The choice5=0 corresponds to  1s—13s, 2p—13p, 3d—12d, and 4f — 11f orbitals, where
the Brillouin-Wigner variant of MBPT, and the Rayleigh- the core and 4, 4p, and 3 orbitals are DHF ones while the
Schralinger variant is recovered settidg- E,— E(”), where remaining orbitals are virtual orbitals. The orbitals-14s
Ef]o) is the zero-order energy of leval The latter is more were constructed by solving the DHF equations in YH&
adequate for multielectron system34]; for few-electron approximation, and g and 3 orbitals were obtained in the
systems, an intermediate value 6fis optimal. We have VN1 approximation. Finally, the one-electron basis set for
determineds from a fit of theoretical energy levels to the Srincluded 5—14s, 2p—14p, 3d—13d, and 4f — 13f or-
experimental spectrum. Such an optimized effective Hamilbitals, where the core and55p, and 4l orbitals are DHF
tonian was used in calculations of transition amplitudes. ones, and all the rest are virtual orbitals. The orbitats 1
To obtain an effective electric-dipole operator, we solved—5s were constructed by solving the DHF equations in the
random-phase approximatiofRPA) equations, thus sum- VN approximation, and p and 4 orbitals were obtained in
ming a certain sequence of many-body diagrams to all ordethe VN~1 approximation. Configuration-interaction states
of MBPT. The RPA describes shielding of an externally ap-were formed using these one-particle basis sets. It is worth
plied field by core electrons. We further incorporated one-emphasizing that the employed basis sets were sufficiently
and two-electron corrections to the RPA to account for darge to obtain numerically converged ClI results. A numeri-
difference between th&N and VN2 potentials and for the cal solution of random-phase approximation equations re-
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TABLE II. Two-electron binding energies in a.u. and energy differenteis cm™! for the low-lying

levels of Ca.
Cl Cl+MBPT Experiment

Config. Level Eya A Eya A Eval A

452 s, 0.636590 0.661274 0.660927

4s3d 3D, 0.528838 23649 0.567744 20527 0.568273 20335.3
4s3d D, 0.528868 23642 0.567656 20547 0.568209 20349.2
4s3d 3D, 0.528820 23653 0.567517 20577 0.568110 20371.0
4s3d D, 0.528824 23652 0.559734 22285 0.561373 21849.6
4s5s 33, 0.498205 30372 0.517490 31557 0.517223 31539.5
4s4p 3pg 0.574168 13700 0.591521 15309 0.591863 15157.9
4s4p 3p9 0.573942 13750 0.591274 15363 0.591625 15210.1
4s4p 3PS 0.573486 13850 0.590774 15473 0.591143 15315.9
4s4p pg 0.530834 23211 0.553498 23654 0.553159 23652.3

@Note that the conventional Cl fails to recover the correct orderinD sfates.
®For the ground stateE,,=IP (Ca)+IP (Ca’), where IP (Ca¥F49304.8 cm' and IP (C4)
=95752.2 cm*? [39]

quired an increase in the number of virtual orbitals. Suchproximately an order of magnitude. Finally, with an optimal
extended basis sets includeds-1ks, 2p—kp, 3d—(k  choice of parametes, the agreement with experimental val-
—1)d, 4f—(k—4)f, and 59— (k—8)g orbitals, wherek ues improves to 0:10.2%.

=19, 20, and 21 for Mg, Ca, and Sr, respectively. Excita- Compared to the binding energies, fine-structure splitting
tions from all core shells were included in the RPA setup. of triplet states and singlet-triplet energy differences repre-
sent a more stringent test of our method. For i, ;
states, the fine-structure splitting is reproduced with an accu-
racy of several percent in the pure CI for all three atoms,
A. Energy levels while the 3P{—1P{ energy differences are less accurés-

In Tables I-Ill, we present calculated energies of low-pecially for Ca and Sr As demonstrated in Ref33], the
lying states for Mg, Ca, and Sr and compare them with exiwo-electron exchange Coulomb integRyl; nsnsnp (N=3,
perimental values. The two-electron binding energies werd, and 5 for Mg, Ca, and Sr, respectivelyetermining the
obtained both in the framework of the conventionalsplitting between®P; and P states is very sensitive to
configuration-interaction method and using the formalism ofmany-body corrections. Indeed, with these corrections in-
ClI coupled with many-body perturbation theory. Already atcluded, the agreement with the experimental data improves
the ClI stage, the agreement of the calculated and experimete 1-2 % for all three atoms.
tal energies is at the level of 5%. The addition of many-body The case of the even-parify'D , states is even more chal-
corrections to the Hamiltonian improves the accuracy by aplenging. For Ca, these four states are practically degenerate

Ill. RESULTS AND DISCUSSION

TABLE Ill. Two-electron binding energies in a.u. and energy differenteis cm™* for the low-lying

levels of Sr.
Cl Cl+MBPT Experiment

Config. Level Eval A Eya A Eyal A

552 Is, 0.586538 0.614409 0.614601

5s4d D, 0.497148 19619 0.532110 18063 0.531862 18159.1
5s4d D, 0.497077 19635 0.531809 18129 0.531590 18218.8
5s4d 3D, 0.496941 19664 0.531298 18242 0.531132 18319.3
5s4d D, 0.494339 20235 0.522311 20213 0.522792 20149.7
5s6s s, 0.460940 27566 0.481533 29162 0.482291 29038.8
5s5p 3P8 0.529636 12489 0.548754 14410 0.549366 14317.5
5s5p 3p9Q 0.528850 12662 0.547896 14598 0.548514 14504.4
5s5p 3P‘2’ 0.527213 13021 0.546079 14997 0.546718 14898.6
5s5p p? 0.491616 20833 0.515901 21621 0.515736 21698.5

%For the ground stateE,=IP (Sn+IP (Sr"), where IP (Sr=45925.6 cm! and IP (St)
=88964.0 cm! [39]
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TABLE IV. Reduced electric-dipole matrix elements for transitions allowed. $1coupling. n is the
principal quantum number of the first valensandp shells andn corresponds to the first valendeshell;
n=3 for Mg, 4 for Ca, and 5 for Smn=3 for Mg and Ca, and 4 for Sr. All values are in a.u.

Mg Ca Sr
Cl Cl+MBPT Cl Cl+ MBPT Cl Cl+MBPT
(nsnpPY|[D|[ns’'Sy)
L gauge 4.09 4.03 5.20 491 5.63 5.28
V gauge 4.06 4.04 511 4.93 5.48 5.32
Final value 4.0®) 4.91(7) 5.289)
Experiment 4.160) 2 4.9679)° 5.576) °
4.0610) ¢ 4.994) ¢ 5.408) ©
4.126) " 4.9311) 9
(nsnptPY||D||nsmdD,)
L gauge 4.43 4.62 1.16 1.75 1.92
V gauge 4.47 4.59
Final value 4.615) 1.2(3) 1.94)
Experiment 1.2a8) "
8Referencd5]. ®Referencd 13].
PReferencd3]. Referencd 14].
‘Referencd 11]. 9Referencq 15].
dReferencd 12]. PReferencd 24].
at the Cl stage. A repulsion of the levlD, from the upper- 2.026 13< 10'8 |<F||D||I)|2
lying levels of thenp? configuration pushes it down to the Ag = (3.9

3
level 3D, and causes their strong mixing. As seen from A 2 +1

Table Il, these states are separated only by 10 'crwhile

the experimental energy difference is 1550 ¢mAs a re- A number of long-range atom-atom interaction coefficients
sult, an accurate description of the superposition of#hg  could be directly obtained from the calculated matrix ele-
and 1D, states is important. ThéD,— 1D, splitting is re- ~ments. At large internuclear separatiddsan atom in a state
stored when the many-body corrections are included in théA) predominantly interacts with a like atom in a stgB)
effective Hamiltonian. These corrections properly accounthrough a potential/(R)~ +C3/R® provided an electric-
for core-polarization screening of an interaction betwsdn dipole transition between the two atomic staiés and|B)

andp? configurations. is allowed. The coefficienC; is given by
For Sr, the fine-structure splittings of ti® ; states and

the energy difference between ti®; and the!D, levels !

are also strongly underestimated in the pure CI method. |Cs|=IAl|D|[B)|? ;1 (1+5,0

Again, the inclusion of the many-body corrections substan- .

tially improves the splittings between tlestates. It is worth Ja 1 Jg |\ 2
emphasizing that for such an accurate analysis, a number of x| Q+p Q—pul | 3.2

effects were taken into account, i.e., spin-orbit interaction,
configuration interaction, and core-valence correlations. A
proper account of all these effects is of particular importance
for the determination of electric-dipole amplitudes forbiddenwhere() is the conventionally defined sum of projections of

in LS coupling, such as fofP$— 'S,,'D, transitions. total angular momenta on the internuclear axis.
From a solution of the eigenvalue problem, E2.1), we

obtained wave functions, constructed effective dipole opera-
tors, and determined the transition amplitudes. The calcula-
In this Section, we present calculations of eleCtriC-dipOletions were performed W|th|n both the traditiona|
(E1) amplitudes for*'P§—'S,, *'PS—'D,, ®P9—'D,,  configuration-interaction method and CI coupled with the
and P{— 3, transitions. The calculated reduced matrix el-many-body perturbation theory. A comparison of the Cl and
ements for Mg, Ca, and Sr are presented in Tables IV and \the CH MBPT values allows us to estimate the accuracy of
For a transition —F, the Einstein rate coefficients for spon- our calculations. As was mentioned above, to monitor the
taneous emissiofiin 1/s) are expressed in terms of these consistency of the calculations, we determined the ampli-
reduced matrix element&§=||D||I) (a.u) and wavelengths tudes using both length and velocity gauges for the dipole
A(A) as operator. In general, dipole amplitudes calculated in the ve-

o

2 2

B. Transition amplitudes
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TABLE V. Reduced electric-dipole matrix elements fatercombinationtransitions.n is the principal
quantum number of the first valensendp shells andm corresponds to the first valendeshell; n=3 for
Mg, 4 for Ca, and 5 for Srm=3 for Mg and Ca, and 4 for Sr. All values are in a.u.

Mg Ca Sr
Cl Cl+MBPT Cl Cl+MBPT Cl Cl+MBPT
(nsnp’P3||D|[ns*1S,)

L gauge 0.0055 0.0064 0.027 0.034 0.12 0.16
V gauge 0.0062 0.0062 0.030 0.032 0.13 0.17
Final value 0.006&) 0.0344) 0.16Q15)
Experiment 0.005@®) 2 0.03574)° 0.155516)

0.00564) ¢ 0.035210) © 0.151G18) ©

0.006110) f 0.035716) ¢ 0.148617)"

(nsnptPY||D||ns(n+1)s%S,)
L gauge 0.0088 0.0097 0.035 0.043 0.15 0.19
V gauge 0.0089 0.0101 0.035 0.045 0.15 0.20
Final value 0.009{L0) 0.0435) 0.192)
(nsnp*PY||D|InsmdD,)
L gauge 0.0052 0.0049 0.059 0.33 0.19
V gauge 0.0050 0.0047 0.061 0.36 0.18
Final value 0.004&%) 0.0596) 0.192)
(nsnpPS||D|InsmdD,)

L gauge 0.0039 0.0031 0.028 0.15 0.10
V gauge 0.0041 0.0032 0.024 0.16 0.06
Final value 0.003®) 0.0283) 0.102)
3Referencd 16]. ®Referencd 20].
bReferencd 17]. Referencd 21].
‘Referencd18]. 9Referencg22].
YReferencd 19]. "Referencd 23].

locity gauge are more sensitive to many-body corrections; We present a comparison of our results for
we employ the length form of the dipole operator in our final(nsnp!P{||D||ns?1S,) with experimental data in Table IV
tabulation. and in Fig. 1. Our estimated accuracy for Mg is a factor of 3
We start the discussion with the amplitudes for the prin-petter than that of the most accurate experiment, and for Sr it
cipalnsnp'P{—ns’ 'S, transitions (=3 for Mg,n=4 for  is comparable to experimental precision. For Ca, the dipole
Ca, andn=5 for Sp. Examination of Table IV re_veals that matrix element of the!P9— 1S, was recently determined
the many-body effects reduce thegauge amplitudes by it a precision of 0.2% by Zinnest al. [3] using photoas-

1.6% for Mg,_5.5% for Ca, and 6.4% for S.r. Further, the sociation spectroscopy of ultracold Ca atoms. While our re-
MBPT corrections bring the length and velocity-form resultsSult is in agreement with their value, the experimental accu-

into closer agreement. For example, for Sr at the Cl level, th?acy is substantially better. An updated analyi6] of the

) : o T i
veIom_ty and length formg differ by 2.7% and th.'s discrep photoassociation spectra of RE3] leads to a somewhat bet-
ancy is reduced to 0.8% in the €MBPT calculations. .

ter agreement with our calculated value.

A dominant theoretical uncertainty of the employed CI . L . .
y ploy A very extensive compilation of earlier theoretical results

+MBPT method is due of the impossibility of accounting 1o 1 I, _ .
for all orders of many-body perturbation theory. It is worth fOF the "P1— S, transition amplitudes can be found in Ref.

emphasizing that in our CI calculations, the basis sets wertf] for Mg and in Ref[9] for Ca. High-accuracy semiempir-
saturated and the associated numerical errors were negif@l calculations oE1 transition amplitudes in Ca were done
gible. We expect that the theoretical uncertainty is proporin Refs.[42,43. In a very recent multiconfiguration Hartree-
tional to the determined many-body correction. In addition,Fock(MCHF) calculation for Mg[7], the authors determined
we take into account the proximity of the amplitudes ob-(3s3p*P{||D||3s?1S,)=4.008 a.u. This value agrees with
tained in thelL andV gauges. We estimate the uncertaintiesour final result of 4.0@) a.u. For heavier Sr, the correlation
for thensnp!P{—ns? 1S, transition amplitudes as 25-30 % effects are especially pronounced and only a few calculations
of the many-body corrections in the length gauge. The finalvere performed. For example, MCHF calculations fof&r
values for(nsnp'PS||D||ns?1S,), recommended from the found in the length gaugEsssp tPS||D||5s% 1Sy) =5.67 a.u.
present work, are 4.02) for Mg, 4.917) for Ca, and 5.2) By contrast to the present work, the core-polarization effects
a.u. for Sr. were not included in this analysis. As a result, this calculated
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D,— 15, transition was taken frorfé1]. It may be benefi-

- ——— Mg _{ Smith and Gallagher (1966) 2 . "
L I {  —Lundineral (1973) cial either to measure directly the rate of the El-transition
— i —{ Liljeby et al. (1980) 1p?— 1D, or to measure the rate of the E2-transition
— —| This work 1 1
| I - I | I I | I I I L1 1 1 1 D2_> .
3.9 4 4.1 4.2 4.3 For the®PS— !S,, 1D, transitions, the respectiel am-
C plitudes are small; these are nonrelativistically forbidden in-
—F | ©? _{Hansen (1983) . o ) ’
- —_ —| Kelly and Mathur (1980) tercombination transitions and consequently their amplitudes
- e —|{ Zinner et at. (2000) are proportional to spin-orbit interaction. The calculated re-
- T, , , , |Miswerk duced matrix elements are presented in Table V.
4.8 4.85 4.9 4.95 5 5.05 5.1 One can see from Tables I-Ill that the MBPT corrections
to the fine-structure splittings are large, amplifying the sig-
- —e— St ! Parkinson ez al. (1976) nificance of higher-order many-body corrections. In addition,
- —e— — Kelly and Mathur (1980) higher-order corrections in the fine-structure constarnb
- p—— —{ This work the Dirac-Coulomb Hamiltonian are also important here. As

e e demonstrated in Ref6], the Breit interaction reduces the
b5z 5354 55 5ee 5T dipole amplitude of the’P{— S, transition in Mg by 5%.
FIG. 1. Comparison of calculated reduced matrix elementsAt the same time, for all the intercombination transitions the
(nsnpPY||D|ns*1S;) with experimental data in a.u. agreement betwednandV gauges is at the level of 6—8 %.
We conservatively estimate the uncertainties of the calcu-
lated intercombinatiolc1l amplitudes to be 10-12 %.
value is in good agreement with our result 5.63 a.u. obtained Tg reiterate, we carried out calculations of energies of
at the Cl stage, but differs from the final value 5.28(9) a.u.low-lying levels and electric-dipole amplitudes between
Another nonrelativistically allowed transition i§P§ them for divalent atoms Mg, Ca, and Sr. We employed the
— 1D, and one could expect that this amplitude can be deab initio relativistic configuration-interaction method
termined with good accuracy. For Mg, this is really so. How-coupled with many-body perturbation theory. The calculated
ever, for Ca and Sr, an admixture of the configuratiin  removal energies reproduce experimental values within 0.1—
brings about large corrections to this amplitude, especially ird.2 %. A special emphasis has been put on an accurate de-
the velocity gauge. Another complication is the following. termination of electric-dipole amplitudes for principal transi-
The matrix element of the electric-dipole operator can bqionsnsnplpgﬂnsuso_ For these transitions, we estimated
represented in th¥ gauge agatomic unitsh=|e|=m.=1  the theoretical uncertainty to be 0.5% for Mg, 1.4% for Ca,
are used and 1.7% for Sr. For Ca, the reduced matrix element
: (4s4pPJ||D||4s?1Sy) is in good agreement with a high-
(FIDI)=ic(Flall)/(E,~Ee). 33 precisionlexperimental valug]. An estimated uncertainty
Herec is the speed of ligh€, andE; are the energies of the of the calculated lifetime of the lowesP state for Mg is_ a
initial and final states, ane are the Dirac matrices. For the factor of 3 smaller than that of the most accurate experiment.

1po_, 1p,, transition in Ca and Sr, the energy denominatorl,n addition, we evaluated electric-dipole amplitudes and es-

is approximately 0.01 a.u. Because tB& amplitudes of t|m§1te(3 trleoreucal 3ur;cerlta|ntles fqupg_ﬁsl,l[)z,
these transitions-1 a.u.(see Table IV, the respective nu- FP1—~ S0, Dz, and “P;— 7D, transitions. Our results
merators are of the order of 0.01 a.u. Correspondingly, th€ould be useful in designs of cooling schemes and atomic
matrix elementsF|a{l) are small and are very sensitive to €0cks, and for accurate description of long-range atom-atom
corrections, i.e., th¥-gauge results are unstable. As a result nteractions needed in the interpretation of cold-collision
we present only the-gauge values fdP9— D, E1 ampli-  data.
tudes for Ca and Sr. An absence of reliable results inthe
gauge hampers an estimate of the accuracy, so we rather
conservatively take it to be 25%. Note that even with such a We would like to thank H. Katori, C. Oates, and F. Riehle
large uncertainty, our value for Sr significantly differs from for stimulating discussions. This work was supported in part
the experimental valug24]. The measurement if24] has by the Russian Foundation for Basic Researdi@snt No.
been carried out on th&D,— 'S, transition and an interfer- 98-02-17663 The work of A.D. was partially supported by
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