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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 for1P1

o→ 1S0 , 3S1 ,1D2, for 3P1
o

→ 1S0 , 1D2, and for 3P2
o→ 1D2 transitions. For Ca, the reduced matrix element^4s4p 1P1

ouuDuu4s2 1S0& is in
good agreement with a high-precision experimental value deduced from photoassociation spectroscopy@Zinner
et al., Phys. Rev. Lett.85, 2292~2000!#. An estimated uncertainty of the calculated lifetime of the 3s3p1P1

o

state of Mg is a factor of 3 smaller than that of the most accurate experiment. Calculated binding energies
reproduce experimental values within 0.120.2 %.

DOI: 10.1103/PhysRevA.64.012508 PACS number~s!: 31.10.1z, 31.15.Ar, 31.15.Md, 32.70.Cs
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I. INTRODUCTION

Many-body methods have proven to be a highly accur
tool for the determination of atomic properties, especially
systems with one valence electron outside a closed-shell
@1#. For alkali-metal atoms, a comparison of highly accur
experimental data with calculations@2# allows one to draw
the conclusion that modernab initio methods are capable o
predicting basic properties of low-lying states with a pre
sion better than 1%.

For divalent atoms, such a comprehensive comparis
was previously hindered by a lack of high-precision me
surements of radiative lifetimes. Despite the lifetimes of
lowest nsnp1P1

o and nsnp3P1
o states that were repeated

obtained both experimentally and theoretically@3–24#, per-
sistent discrepancies remain. Only very recently, Zinneet
al. @3# have achieved 0.4% accuracy for the rate
4s4p 1P1

o→4s2 1S0 transition in calcium. This high-
precision value was deduced from photoassociation spec
copy of ultracold calcium atoms. One of the purposes of
present work is to test the quality of many-body techniqu
for two-valence electron systems by comparing our re
with the experimental value from Ref.@3#.

We extend the earlier work@25# and report results of rela
tivistic many-body calculation of energy levels and electr
dipole transition amplitudes for Mg, Ca, and Sr. The calc
lations are performed in the framework of a configuratio
interaction approach coupled with many-body perturbat
theory @26,27#. We tabulate electric-dipole amplitudes fo
1P1

o→ 1S0 , 3S1 ,1D2, for 3P1
o→ 1S0 , 1D2, and for 3P2

o

→ 1D2 transitions and estimate theoretical uncertainties.
Cooling and trapping experiments with alkaline-ear

metal atoms were recently reported for Mg@4#, Ca @3,29#,
and Sr @28,30#. The prospects of achieving Bose-Einste
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condensation were also discussed@31,3#. Our accurate tran-
sition amplitudes will be helpful in designs of coolin
schemes and atomic clocks. In addition, these amplitu
will aid in the determination of long-range atomic intera
tions, required in calculation of scattering lengths and int
pretation of cold-collision data. For example, the dispers
~van der Waals! coefficient C6 characterizes the leadin
dipole-dipole interaction of two ground-state atoms at la
internuclear separations@32#. The coefficientC6 is expressed
in terms of energy separations and electric-dipole matrix
ements between the ground and excited atomic states.
proximately 80% of the total value ofC6 arises from the
principal transitionnsnp1P1

o2ns2 1S0, requiring accurate
predictions for the relevant matrix element. Therefore, o
results will also be useful in the determination of dispers
coefficients.

II. METHOD OF CALCULATIONS

In atomic-structure calculations, correlations are conv
tionally separated into three classes: valence-valence, c
valence, and core-core correlations. A strong repulsion
valence electrons has to be treated nonperturbatively, wh
is impractical to handle the other two classes of correlati
with nonperturbative techniques such as the configurat
interaction~CI! method. Therefore, it is natural to combin
many-body perturbation theory~MBPT! with one of the non-
perturbative methods. It was suggested@26# to use MBPT to
construct an effective HamiltonianHeff defined in the model
space of valence electrons. Energies and wave function
low-lying states are subsequently determined using the
approach, i.e., diagonalizingHeff in the valence subspace
Atomic observables are calculated with effective operat
@27#. Following the earlier work, we refer to this method
the CI1MBPT formalism.

In the CI1MBPT approach, the energies and wave fun
tions are determined from the Schro¨dinger equation,
©2001 The American Physical Society08-1
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PORSEV, KOZLOV, RAKHLINA, AND DEREVIANKO PHYSICAL REVIEW A 64 012508
TABLE I. Two-electron binding energiesEval in a.u. and energy differencesD ~cm21) for low-lying
levels of Mg.

CI CI1MBPT Experiment
Config. Level Eval D Eval D Eval D

3s2 1S0 0.819907 0.833556 0.833518
3s4s 3S1 0.635351 40505 0.645853 41196 0.645809 41197.
3s4s 1S0 0.624990 42779 0.635283 43516 0.635303 43503.
3s3d 1D2 0.613603 45278 0.621830 46469 0.622090 46403.
3s3p 3P0

o 0.724170 21012 0.733896 21879 0.733961 21850.
3s3p 3P1

o 0.724077 21032 0.733796 21901 0.733869 21870.
3s3p 3P2

o 0.723889 21073 0.733596 21945 0.733684 21911.
3s3p 1P1

o 0.662255 34601 0.674226 34975 0.673813 35051.

aTwo-electron binding energy of the ground state is determined as a sum of the first two ionization pot
IP ~Mg! and IP (Mg1), where IP (Mg)561669.1 cm21 and IP (Mg1)5121267.4 cm21 @39#
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Heff~En!uFn&5EnuFn&, ~2.1!

where the effective Hamiltonian is defined as

Heff~E!5HFC1S~E!. ~2.2!

HereHFC is the two-electron Hamiltonian in the frozen-co
approximation andS is the energy-dependent correction, i
volving core excitations. The operatorS completely ac-
counts for the second-order of perturbation theory. Deter
nation of the second-order corrections requires calcula
of one- and two-electron diagrams. The one-electron d
grams describe an attraction of a valence electron b
~self-!induced core polarization. The two-electron diagra
are specific for atoms with several valence electrons and
resent an interaction of a valence electron with core po
ization induced by another valence electron.

Already at second order, the number of two-electron d
grams is large and their computation is very time-consum
In the higher orders, the calculation of two-electron diagra
becomes impractical. Therefore, we account for the hig
orders of MBPT indirectly. It was demonstrated@33# that a
proper approximation for the effective Hamiltonian can su
stantially improve an agreement between calculated and
perimental spectra of multielectron atoms. One can introd
an energy shiftd and replaceS(E)→S(E2d) in the effec-
tive Hamiltonian, Eq.~2.2!. The choiced50 corresponds to
the Brillouin-Wigner variant of MBPT, and the Rayleigh
Schrödinger variant is recovered settingd5En2En

(0) , where
En

(0) is the zero-order energy of leveln. The latter is more
adequate for multielectron systems@34#; for few-electron
systems, an intermediate value ofd is optimal. We have
determinedd from a fit of theoretical energy levels to th
experimental spectrum. Such an optimized effective Ham
tonian was used in calculations of transition amplitudes.

To obtain an effective electric-dipole operator, we solv
random-phase approximation~RPA! equations, thus sum
ming a certain sequence of many-body diagrams to all ord
of MBPT. The RPA describes shielding of an externally a
plied field by core electrons. We further incorporated on
and two-electron corrections to the RPA to account fo
difference between theVN and VN22 potentials and for the
01250
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Pauli exclusion principle. In addition, the effective opera
included corrections for normalization and structural rad
tion @27#. The RPA equations depend on transition frequen
and should be solved independently for each transiti
However, the frequency dependence was found to be ra
weak and we solved these equations only at some chara
istic frequencies. To monitor the consistency of the calcu
tions, we employed both length~L! and velocity~V! gauges
for the electric-dipole operator.

The computational procedure is similar to calculations
hyperfine-structure constants and electric-dipole amplitu
for atomic ytterbium@35,36#. We consider Mg, Ca, and Sr a
atoms with two valence electrons above closed co
@1s, . . . ,2p6#, @1s, . . . ,3p6#, and @1s, . . . ,4p6#, respec-
tively @37#. The one-electron basis set for Mg included 1s
213s, 2p213p, 3d212d, and 4f 211f orbitals, where the
core and 3,4s, 3,4p, 3,4d, and 4f orbitals were Dirac-
Hartree-Fock~DHF! ones, while all the rest were virtual or
bitals. The orbitals 1s23s were constructed by solving th
DHF equations inVN approximation, 3p orbitals were ob-
tained in theVN21 approximation, and 4s, 4p, 3,4d, and 4f
orbitals were constructed in theVN22 approximation. We
determined virtual orbitals using a recurrent procedure, si
lar to Ref. @38# and employed in previous work
@26,27,35,36#. The one-electron basis set for Ca includ
1s213s, 2p213p, 3d212d, and 4f 211f orbitals, where
the core and 4s, 4p, and 3d orbitals are DHF ones while the
remaining orbitals are virtual orbitals. The orbitals 1s24s
were constructed by solving the DHF equations in theVN

approximation, and 4p and 3d orbitals were obtained in the
VN21 approximation. Finally, the one-electron basis set
Sr included 1s214s, 2p214p, 3d213d, and 4f 213f or-
bitals, where the core and 5s, 5p, and 4d orbitals are DHF
ones, and all the rest are virtual orbitals. The orbitalss
25s were constructed by solving the DHF equations in t
VN approximation, and 5p and 4d orbitals were obtained in
the VN21 approximation. Configuration-interaction stat
were formed using these one-particle basis sets. It is w
emphasizing that the employed basis sets were sufficie
large to obtain numerically converged CI results. A nume
cal solution of random-phase approximation equations
8-2
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TABLE II. Two-electron binding energies in a.u. and energy differencesD in cm21 for the low-lying
levels of Ca.

CI CI1MBPT Experiment
Config. Level Eval D Eval D Eval D

4s2 1S0 0.636590 0.661274 0.660927
4s3d 3D1 0.528838 23649 0.567744 20527 0.568273 20335.
4s3d 3D2 0.528868 23642 0.567656 20547 0.568209 20349.
4s3d 3D3 0.528820 23653 0.567517 20577 0.568110 20371.
4s3d 1D2 0.528824 23652 0.559734 22285 0.561373 21849.
4s5s 3S1 0.498205 30372 0.517490 31557 0.517223 31539.
4s4p 3P0

o 0.574168 13700 0.591521 15309 0.591863 15157.
4s4p 3P1

o 0.573942 13750 0.591274 15363 0.591625 15210.
4s4p 3P2

o 0.573486 13850 0.590774 15473 0.591143 15315.
4s4p 1P1

o 0.530834 23211 0.553498 23654 0.553159 23652.

aNote that the conventional CI fails to recover the correct ordering ofD states.
bFor the ground stateEval5IP (Ca)1IP (Ca1), where IP (Ca)549304.8 cm21 and IP (Ca1)
595752.2 cm21 @39#
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quired an increase in the number of virtual orbitals. Su
extended basis sets included 1s2ks, 2p2kp, 3d2(k
21)d, 4f 2(k24) f , and 5g2(k28)g orbitals, wherek
519, 20, and 21 for Mg, Ca, and Sr, respectively. Exci
tions from all core shells were included in the RPA setup

III. RESULTS AND DISCUSSION

A. Energy levels

In Tables I–III, we present calculated energies of lo
lying states for Mg, Ca, and Sr and compare them with
perimental values. The two-electron binding energies w
obtained both in the framework of the convention
configuration-interaction method and using the formalism
CI coupled with many-body perturbation theory. Already
the CI stage, the agreement of the calculated and experim
tal energies is at the level of 5%. The addition of many-bo
corrections to the Hamiltonian improves the accuracy by
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proximately an order of magnitude. Finally, with an optim
choice of parameterd, the agreement with experimental va
ues improves to 0.120.2 %.

Compared to the binding energies, fine-structure splitt
of triplet states and singlet-triplet energy differences rep
sent a more stringent test of our method. For the3P1,2,3

o

states, the fine-structure splitting is reproduced with an ac
racy of several percent in the pure CI for all three atom
while the 3P1

o21P1
o energy differences are less accurate~es-

pecially for Ca and Sr!. As demonstrated in Ref.@33#, the
two-electron exchange Coulomb integralRnp,ns,ns,np (n53,
4, and 5 for Mg, Ca, and Sr, respectively! determining the
splitting between3P1

o and 1P1
o states is very sensitive to

many-body corrections. Indeed, with these corrections
cluded, the agreement with the experimental data impro
to 1–2 % for all three atoms.

The case of the even-parity3,1DJ states is even more cha
lenging. For Ca, these four states are practically degene
1
8
3
7
8
5
4
6
5

TABLE III. Two-electron binding energies in a.u. and energy differencesD in cm21 for the low-lying
levels of Sr.

CI CI1MBPT Experiment
Config. Level Eval D Eval D Eval D

5s2 1S0 0.586538 0.614409 0.614601a

5s4d 3D1 0.497148 19619 0.532110 18063 0.531862 18159.
5s4d 3D2 0.497077 19635 0.531809 18129 0.531590 18218.
5s4d 3D3 0.496941 19664 0.531298 18242 0.531132 18319.
5s4d 1D2 0.494339 20235 0.522311 20213 0.522792 20149.
5s6s 3S1 0.460940 27566 0.481533 29162 0.482291 29038.
5s5p 3P0

o 0.529636 12489 0.548754 14410 0.549366 14317.
5s5p 3P1

o 0.528850 12662 0.547896 14598 0.548514 14504.
5s5p 3P2

o 0.527213 13021 0.546079 14997 0.546718 14898.
5s5p 1P1

o 0.491616 20833 0.515901 21621 0.515736 21698.

aFor the ground stateEval5IP (Sr)1IP (Sr1), where IP (Sr)545925.6 cm21 and IP (Sr1)
588964.0 cm21 @39#
8-3



PORSEV, KOZLOV, RAKHLINA, AND DEREVIANKO PHYSICAL REVIEW A 64 012508
TABLE IV. Reduced electric-dipole matrix elements for transitions allowed inLS coupling. n is the
principal quantum number of the first valences andp shells andm corresponds to the first valenced shell;
n53 for Mg, 4 for Ca, and 5 for Sr;m53 for Mg and Ca, and 4 for Sr. All values are in a.u.

Mg Ca Sr
CI CI1MBPT CI CI1MBPT CI CI1MBPT

^nsnp1P1
ouuDuuns2 1S0&

L gauge 4.09 4.03 5.20 4.91 5.63 5.28
V gauge 4.06 4.04 5.11 4.93 5.48 5.32
Final value 4.03~2! 4.91~7! 5.28~9!

Experiment 4.15~10! a 4.967~9! b 5.57~6! c

4.06~10! d 4.99~4! c 5.40~8! e

4.12~6! f 4.93~11! g

^nsnp1P1
ouuDuunsmd1D2&

L gauge 4.43 4.62 1.16 1.75 1.92
V gauge 4.47 4.59
Final value 4.62~5! 1.2~3! 1.9~4!

Experiment 1.24~18! h

aReference@5#.
bReference@3#.
cReference@11#.
dReference@12#.

eReference@13#.
fReference@14#.
gReference@15#.
hReference@24#.
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at the CI stage. A repulsion of the level1D2 from the upper-
lying levels of thenp2 configuration pushes it down to th
level 3D2 and causes their strong mixing. As seen fro
Table II, these states are separated only by 10 cm21, while
the experimental energy difference is 1550 cm21. As a re-
sult, an accurate description of the superposition of the3D2

and 1D2 states is important. The3D221D2 splitting is re-
stored when the many-body corrections are included in
effective Hamiltonian. These corrections properly acco
for core-polarization screening of an interaction betweensd
andp2 configurations.

For Sr, the fine-structure splittings of the3DJ states and
the energy difference between the3DJ and the 1D2 levels
are also strongly underestimated in the pure CI meth
Again, the inclusion of the many-body corrections subst
tially improves the splittings between theD states. It is worth
emphasizing that for such an accurate analysis, a numbe
effects were taken into account, i.e., spin-orbit interacti
configuration interaction, and core-valence correlations
proper account of all these effects is of particular importa
for the determination of electric-dipole amplitudes forbidd
in LS coupling, such as for3PJ

o→ 1S0 ,1D2 transitions.

B. Transition amplitudes

In this section, we present calculations of electric-dip
(E1) amplitudes for3,1P1

o→ 1S0 , 3,1P1
o→ 1D2 , 3P2

o→ 1D2,
and 1P1

o→ 3S1 transitions. The calculated reduced matrix
ements for Mg, Ca, and Sr are presented in Tables IV and
For a transitionI→F, the Einstein rate coefficients for spon
taneous emission~in 1/s) are expressed in terms of the
reduced matrix elementŝFuuDuuI & ~a.u.! and wavelengths
l(Å) as
01250
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AFI5
2.026 1331018

l3

z^FuuDuuI & z2

2JI11
. ~3.1!

A number of long-range atom-atom interaction coefficie
could be directly obtained from the calculated matrix e
ments. At large internuclear separationsR, an atom in a state
uA& predominantly interacts with a like atom in a stateuB&
through a potentialV(R)'6C3 /R3, provided an electric-
dipole transition between the two atomic statesuA& and uB&
is allowed. The coefficientC3 is given by

uC3u5 z^AuuDuuB& z2 (
m521

1

~11dm,0!

3S JA 1 JB

2
V1m

2
m

V2m

2
D 2

, ~3.2!

whereV is the conventionally defined sum of projections
total angular momenta on the internuclear axis.

From a solution of the eigenvalue problem, Eq.~2.1!, we
obtained wave functions, constructed effective dipole ope
tors, and determined the transition amplitudes. The calc
tions were performed within both the tradition
configuration-interaction method and CI coupled with t
many-body perturbation theory. A comparison of the CI a
the CI1MBPT values allows us to estimate the accuracy
our calculations. As was mentioned above, to monitor
consistency of the calculations, we determined the am
tudes using both length and velocity gauges for the dip
operator. In general, dipole amplitudes calculated in the
8-4
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TABLE V. Reduced electric-dipole matrix elements forintercombinationtransitions.n is the principal
quantum number of the first valences andp shells andm corresponds to the first valenced shell; n53 for
Mg, 4 for Ca, and 5 for Sr;m53 for Mg and Ca, and 4 for Sr. All values are in a.u.

Mg Ca Sr
CI CI1MBPT CI CI1MBPT CI CI1MBPT

^nsnp3P1
ouuDuuns2 1S0&

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 0.0064~7! 0.034~4! 0.160~15!

Experiment 0.0053~3! a 0.0357~4! b 0.1555~16! c

0.0056~4! d 0.0352~10! e 0.1510~18! e

0.0061~10! f 0.0357~16! g 0.1486~17! h

^nsnp1P1
ouuDuuns(n11)s3S1&

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 0.0097~10! 0.043~5! 0.19~2!

^nsnp3P1
ouuDuunsmd1D2&

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 0.0049~5! 0.059~6! 0.19~2!

^nsnp3P2
ouuDuunsmd1D2&

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 0.0031~4! 0.028~3! 0.10~2!

aReference@16#.
bReference@17#.
cReference@18#.
dReference@19#.

eReference@20#.
fReference@21#.
gReference@22#.
hReference@23#.
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locity gauge are more sensitive to many-body correctio
we employ the length form of the dipole operator in our fin
tabulation.

We start the discussion with the amplitudes for the pr
cipal nsnp1P1

o→ns2 1S0 transitions (n53 for Mg, n54 for
Ca, andn55 for Sr!. Examination of Table IV reveals tha
the many-body effects reduce theL-gauge amplitudes by
1.6% for Mg, 5.5% for Ca, and 6.4% for Sr. Further, t
MBPT corrections bring the length and velocity-form resu
into closer agreement. For example, for Sr at the CI level,
velocity and length forms differ by 2.7% and this discre
ancy is reduced to 0.8% in the CI1MBPT calculations.

A dominant theoretical uncertainty of the employed
1MBPT method is due of the impossibility of accountin
for all orders of many-body perturbation theory. It is wor
emphasizing that in our CI calculations, the basis sets w
saturated and the associated numerical errors were n
gible. We expect that the theoretical uncertainty is prop
tional to the determined many-body correction. In additio
we take into account the proximity of the amplitudes o
tained in theL andV gauges. We estimate the uncertaint
for thensnp1P1

o→ns2 1S0 transition amplitudes as 25–30 %
of the many-body corrections in the length gauge. The fi
values for^nsnp1P1

ouuDuuns2 1S0&, recommended from the
present work, are 4.03~2! for Mg, 4.91~7! for Ca, and 5.28~9!
a.u. for Sr.
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We present a comparison of our results f
^nsnp1P1

ouuDuuns2 1S0& with experimental data in Table IV
and in Fig. 1. Our estimated accuracy for Mg is a factor o
better than that of the most accurate experiment, and for S
is comparable to experimental precision. For Ca, the dip
matrix element of the1P1

o→ 1S0 was recently determined
with a precision of 0.2% by Zinneret al. @3# using photoas-
sociation spectroscopy of ultracold Ca atoms. While our
sult is in agreement with their value, the experimental ac
racy is substantially better. An updated analysis@40# of the
photoassociation spectra of Ref.@3# leads to a somewhat be
ter agreement with our calculated value.

A very extensive compilation of earlier theoretical resu
for the 1P1

o→ 1S0 transition amplitudes can be found in Re
@6# for Mg and in Ref.@9# for Ca. High-accuracy semiempir
ical calculations ofE1 transition amplitudes in Ca were don
in Refs.@42,43#. In a very recent multiconfiguration Hartree
Fock~MCHF! calculation for Mg@7#, the authors determined
^3s3p 1P1

ouuDuu3s2 1S0&54.008 a.u. This value agrees wit
our final result of 4.03~2! a.u. For heavier Sr, the correlatio
effects are especially pronounced and only a few calculati
were performed. For example, MCHF calculations for Sr@8#
found in the length gaugê5s5p 1P1

ouuDuu5s2 1S0&55.67 a.u.
By contrast to the present work, the core-polarization effe
were not included in this analysis. As a result, this calcula
8-5
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value is in good agreement with our result 5.63 a.u. obtai
at the CI stage, but differs from the final value 5.28(9) a

Another nonrelativistically allowed transition is1P1
o

→ 1D2 and one could expect that this amplitude can be
termined with good accuracy. For Mg, this is really so. Ho
ever, for Ca and Sr, an admixture of the configurationp2

brings about large corrections to this amplitude, especiall
the velocity gauge. Another complication is the followin
The matrix element of the electric-dipole operator can
represented in theV gauge as~atomic units\5ueu5me51
are used!

^FuDuI &5 ic^FuauI &/~EI2EF!. ~3.3!

Herec is the speed of light,EI andEF are the energies of th
initial and final states, anda are the Dirac matrices. For th
1P1

o→ 1D2 transition in Ca and Sr, the energy denomina
is approximately 0.01 a.u. Because theE1 amplitudes of
these transitions;1 a.u.~see Table IV!, the respective nu-
merators are of the order of 0.01 a.u. Correspondingly,
matrix elementŝ FuauI & are small and are very sensitive
corrections, i.e., theV-gauge results are unstable. As a res
we present only theL-gauge values for1P1

o→ 1D2 E1 ampli-
tudes for Ca and Sr. An absence of reliable results in thV
gauge hampers an estimate of the accuracy, so we ra
conservatively take it to be 25%. Note that even with suc
large uncertainty, our value for Sr significantly differs fro
the experimental value@24#. The measurement in@24# has
been carried out on the1D2→1S0 transition and an interfer
ence between electric-quadrupole (E2) and Stark-induced
dipole amplitudes was observed. In order to determine
transition rate, a theoretical value of theE2 amplitude for the

FIG. 1. Comparison of calculated reduced matrix eleme
^nsnp1P1

ouuDuuns2 1S0& with experimental data in a.u.
e
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1D2→ 1S0 transition was taken from@41#. It may be benefi-
cial either to measure directly the rate of the E1-transit
1P1

o→ 1D2 or to measure the rate of the E2-transitio
1D2→ 1S0.

For the3PJ
o→ 1S0 , 1D2 transitions, the respectiveE1 am-

plitudes are small; these are nonrelativistically forbidden
tercombination transitions and consequently their amplitu
are proportional to spin-orbit interaction. The calculated
duced matrix elements are presented in Table V.

One can see from Tables I–III that the MBPT correctio
to the fine-structure splittings are large, amplifying the s
nificance of higher-order many-body corrections. In additio
higher-order corrections in the fine-structure constanta to
the Dirac-Coulomb Hamiltonian are also important here.
demonstrated in Ref.@6#, the Breit interaction reduces th
dipole amplitude of the3P1

o→ 1S0 transition in Mg by 5%.
At the same time, for all the intercombination transitions t
agreement betweenL andV gauges is at the level of 6–8 %
We conservatively estimate the uncertainties of the ca
lated intercombinationE1 amplitudes to be 10–12 %.

To reiterate, we carried out calculations of energies
low-lying levels and electric-dipole amplitudes betwe
them for divalent atoms Mg, Ca, and Sr. We employed
ab initio relativistic configuration-interaction metho
coupled with many-body perturbation theory. The calcula
removal energies reproduce experimental values within 0
0.2 %. A special emphasis has been put on an accurate
termination of electric-dipole amplitudes for principal trans
tionsnsnp1P1

o→ns2 1S0. For these transitions, we estimate
the theoretical uncertainty to be 0.5% for Mg, 1.4% for C
and 1.7% for Sr. For Ca, the reduced matrix elem
^4s4p 1P1

ouuDuu4s2 1S0& is in good agreement with a high
precision experimental value@3#. An estimated uncertainty
of the calculated lifetime of the lowest1P1

o state for Mg is a
factor of 3 smaller than that of the most accurate experim
In addition, we evaluated electric-dipole amplitudes and
timated theoretical uncertainties for1P1

o→3S1 , 1D2 ,
3P1

o→ 1S0 , 1D2, and 3P2
o→ 1D2 transitions. Our results

could be useful in designs of cooling schemes and ato
clocks, and for accurate description of long-range atom-a
interactions needed in the interpretation of cold-collisi
data.
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