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Allowed and spin-forbidden electric dipole transitions in Ca |
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Energy levels, transition probabilities, and lifetimes have been determined for all levels of tisp&tarum
up to 3d4p FJ using the multiconfiguration Hartree-Fock method with lowest-order relativistic effects in-
cluded through the Breit-Pauli Hamiltonian. The mixing of singlet and triplet configuration states was found to
be considerably stronger insBp 2°PJ levels than in 44p 1P? levels. The near degeneracy of the nonrela-
tivistic 3d4p 3F° and 'D° term energies, differing by only 39.59 crhresulted in highly mixed Breit-Pauli
levels for A4p 3F$ and 'D$. Some intercombination transitions from these levels have transition probabili-
ties of magnitude similar to weaker spin-allowed transitions. The “fine-tuned” transition probability for the
4s4p 3P9-4s4d 1D, transition was found to be 1.53L0° s ¢, in agreement with a quenching rate observed in
a doppler cooling experimefBinnewieset al, Phys. Rev. Lett87, 123002(2001)].
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[. INTRODUCTION they included Breit-Pauli interactions for a number of Ryd-
berg series.

Recently, Binnewiet al. [1] presented a novel method Early calculations for transitions were concerned prima-
for preparing ultracold atoms at temperatures close to thély with the effect of correlation in the valence shell, but in
recoil limit by extending Doppler cooling to forbidden 1993 Brageet al.[7] investigated the effect of core polariza-
transitions using Ca atoms. During their investigation,tion on the allowed and spin-forbidders%4s4p transitions
they found that the transition probability for the in Ca (extensive references to earlier publications can be
4s4d 1D ,-4s4p 3P, transition was an order of magnitude found in this paper La!ter, Hanse_ret al. [8] extended the_lr
smaller than reported in the Kurucz databf@k The NIST ~ @nalytic model potential anB-spline method to determine
compilation[3], in spite of theoretical efforts, was based en_also transition prp_t)abllltles. Weighted oscillator strengths for
tirely on experimental data published prior to 1967. It did not-> allowed transitions were reported for levels up &16s.

include the above intercombination line, frequently referredBUt t_hese resqlts were no_nre_latlwstlc. Relativistic transition
. . o . . amplitudes using a combination of ClI and many-body per-

to as “forbidden” since it is not allowed in the LS approxi- .

mation turbation theory (C+MBPT) have recently been reported

: . . . . Por I.[9]. Incl in their work were the allow
From a theoretical point of view, in spite of the same by Porsewet al. [9]. Included in their wo ere the allowed

simple structure as Mézore and two electronsthe accurate 4s2-4s4p, 4s4p-3d4s transitions, and the spin-forbidden
dletgrminaLtlio# of energy levels ar\:\:j transition’S robabi:Jities for454p1P1_4555381 and 44p°P; 73d4s'D, transitions.

. -rgy P . Omitted were transitions to thes4d 'D, state. Since then
Cai is much more difficult. In Ca, théS core is not a filled

shell in that the 8 subshell is missing, resulting in a consid- Savukov and Johnsdri0] have investigated two variants of

S : Cl+MBPT, reporting a number of levels in Gabut the
erable correlation in the core. At the same time, the presenge, .0 amplitudes were restricted to the24isdp al-

Velence teractons n adlton 10 valence cbrrelaion wherdcied and spin-orbidden transiors.
In this paper, we report “spectrum” calculations that in-

T There is oxtensive Iteralure on theoretica stucies of cal1Ude &l €Nergy evels up to@p 4 and al electric dipole
transitions between these levels, both allowed and spin for-

cium and its energy levels. A common approach has been t8idden. The 84p'P? level has been omitted from this

assume a potential for the core, define an analytic core-

l 0 . . . .
polarization potential as a correction, and then treat the syé’york' The 314p°P; configuration is a perturber in the

tem as a two-electron system. This was the approach takefsnp'P1 series of levels with no member having a predomi-
by Mitroy [4], Brage and Froese Fischi§], and Laughlin ~hant A4p character(see Ref[8] for more details Strong
and Hansefi6]. The latter is the most accurate of these non-mixing of the 34p *D3 and *F3 configuration states, and to
relativistic calculations in that both monoelectronic and di-lesser extent also thesBp3P3 configuration state, was
electronic core-polarization terms were included and all pafound for 3p3d 'D$ and ®F3 levels. For the 45p 1P lev-
rameters optimized to the Caspectrum. Valence correlation els, the mixing of !P$ and 3P configuration states was
was treated through a configuration interacti@) expan-  considerably stronger than fos4p [25].
sion of the wave function using B-spline basis. Brage and
Froese Fischel5] used a simple Hartree-Fock potential to-
gether with an analytic monoelectronic core-polarization po-
tential, neglecting the dielectronic term but at the same time The general approach of our method has already been
described[11] elsewhere. Briefly, the variational multicon-
figuration Hartree-Fock method is used to determine an or-
*Electronic address: Charlotte.F.Fischer@Vanderbilt.Edu bital basis for a Breit-Pauli wave function. These basis func-

Il. COMPUTATIONAL PROCEDURE
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TABLE I. Groups of terms and their eigenvalues that were op- TABLE Il. Selected trends in the line streng&ifor the corre-
timized simultaneously and included in a Breit-Pauli configurationlation model. The parameteris related to the size of the orbital
interaction calculation. The eigenvalue is indicated by the dominanbasis and the wave function expansion.
configuration state. Independent optimization was performed for ak

other cases. Transition n S S, Diff. (%)

Parity Group Terms and their eigenvalues 4s 1S-4s4p 'P° 5 23.78 24.11 L4

6 24.53 25.06 2.1

Even 1 34s'D and D 7 24.51 25.19 2.7

2 4s4d 'D and °D; 4p? 3P 4s4p 'P°-4s4d ‘D 5 8.53 19.13 55.4

Odd 1 4s4p 1P° and *P° 6 13.17 16.88 22.0

2 3d4p 3F° and 'D°; 4s5p 1P° and 3P° 7 13.05 14.72 11.4

4s4p 3p°-4p? 3p 5 68.54 72.27 5.2

tions are optimized simultaneously for groups of g gg'ig 23'28 1613
nonrelativistic terms that interact in the Breit-Pauli approxi- 3 30 ' ' '

mation. Transition calculations for electric dipole transitions?’d45 D-3d4p°F 5 128.6 102.1 206

using theJ-dependent wave functions are done with orbitals 6 1238 120.7 2:5

7 120.5 117.4 2.6

that are nonorthogonal between initial and final states. The
biorthogonal transformation method was used for this pur-
pose[12]. In calcium, correlation in some cases was found to
be more important than term mixing. For the excited statesinalytic corrections to a potenti@vhich then also requires
3d4p3D°, 3P, andF°, the term separation is sufficiently a modification of the dipole operajorin an ab initio
large compared with fine-structure splitting, that it wascalculation, core polarization can be represented in a wave
deemed more important to consider correlation carefully. Théunction through configuration states that result from an
3d4p 3D° term is the lowest of its symmetry and presents noexcitation of one core orbital and one valence orbital to
particular difficulty when optimized independently. The either unfilled valence orbitals or to virtual “correlation”
3d4p 3P° term is the third eigenvalue with thes8p con-  orbitals. For transitions involving outer electrons, the
figuration, a major component, and an orbital basis for thigmportance of this effect decreases as excitations are made
state needs to represent not onkb# but also 44p reason-  from deeper in the core, and so they were restricted to exci-
ably well. At the same time, thed3lp 1F° term has a large tations from either 82 or 3p°. The valence orbitals were
4s4f component. As a result, each of these wave functionextended by correlation orbitals to include also
has a sufficiently different composition that independent op{5g,6s,6p,6d,6f,69,7s,7p,7d,7f,7g}.
timization was preferred. This has the consequence that our It was convenient to perform a series of calculations in
calculation may have neglected some intercombination tranerder to monitor convergence. A calculation is considered an
sitions between the lower members and these more higm=5, 6, or 7 calculation if the maximum principal quantum
lying states. Table | shows the groups for which the optimi-number of the orbitals used in generating configuration states
zation process included several terms and also the terms thiatrestricted to 5, 6, or 7, respectively. Wave function expan-
were allowed to mix in the Breit-Pauli approximation. sions increase rapidly with. In order to restrict the expan-
The earlier study by Braget al.[7] found core polariza- sion growth, only those states that interact with at least one
tion to be important not only for transition energies but alsomember of the set of valence configuration states
for oscillator strengths. A simple MCHF calculation for@a  3s?3p®nin’l’, wherenln’l’ are valence orbitals, were re-
quickly shows that correlation in the core is significant, with tained in the expansion. Even so, the largest expansion size
a 4% probability of the core having as®p*3d? angular was 11165 configuration state functionsCSF’S for
distribution compared with a 0.4% probability of either 3d4p 3F°. In the case of expansions for the terms d#®,
3s23p®4p or 3s?3p*4p?, part of radial correlation. Core calculations fon=7 were first done for each term separately
correlation affects all states and, to a large extent, will cancednd then CSF's with expansion coefficients less than
when transition energies are computed, but it also modifie®.000 05 were eliminated.
the potential for the valence electrons, and for this reason the MCHF calculations started by determining the
most important contributor, namely,s38p*3d?, was in- {1s,2s,2p,3s,3p,3d} orbitals that define our correlated core.
cluded. Thus, the wave function started with an expansioiThese orbitals were then kept fixed, and the series of
including 3s23p®nin’l” and *?3p*3d?nin’l’, where =5,6,7 calculations performed for each term or group of
nl,n’l” were orbitals in the “valence” set terms, to determine the remaining orbitals. In this way, cor-
{3d,4s,4p,4d,4f ,5s,5p,5d,5f}. To this, expansion were relation in the core was assured to be the same for all states.
added configuration states that represent core polarization. Once MCHF wave functions had been obtained, LS tran-
An assumption was made that core correlation and core paition calculations were performed and the convergence of
larization could be treated as being additive with no corethe line strength monitored. Table Il shows some of these
valence contribution arising from thes®8p*3d? core. trends. In the LS approximation, with the correct model, the
In a model potential, core polarization can be accountedine strengths for length and velocity should converge. In
for through the addition of monoelectronic and dielectronicmany cases, though not all, the preferred length form is the
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TABLE IIl. A comparison of the shifts in the energy levels TABLE IV. Breit-Pauli energy levelgin cm™ 1), splitting of
(computed and observed, in c) between present results and Cl levels relative to the lowest level of a multiplet and lifetimegin

+MBPT methods. seconds Numbers in brackets indicate powers of ten.
Level Present CtMBPT? Cl+MBPT? Config. LS J Level splitting 7 (9
45215, 4s? s 0 0.00
4s4p °P? —165 153 385 4s4p 3po 0 15162.26
3d4s°D, 988 198 1 15210.05 4779 4768 4]
3d4s'D; 732 435 2 15303.53 141.27
4s4p *P? 169 2 145 3d4s 5D 1 20327.95 1.166- 6]
455533, -2 17 2 20349.36 21.41 1.182 6]
3d4p SFS 1033 3 20378.80 50.85 1.208 6]
4s5p 3PS 223 205 3d4s D 2 2184956 1.947-3]
4s5p P9 524 185 4s4p pe 1 23652.32 4.568-9]
3d4p D9 1030 4s5s 5 1 31539.49 1.170- 8]
4s4d D, 498 4s5s s 0 33317.26 4.514-8]
4s4d 3D, 312 3d4p SF° 2 3573174 2.342-8]
3d4p D¢ 776 3 35814.52 82.78 2.376-8]
4p?3p, 366 233 4  35887.20 155.46 2.349 8]
3d4p 3PS 1150 3d4p Ipe 2 3584271 2.141-8]
3d4p 1F3 882 4s5p 3po 0 36544.83 5.519- 8]
1 36553.86 9.03 5.526-8]
aReferencd9]. 2 36571.22 26.39 5.516-8]
PReferencd 10]. 4s5p po 1 3673253 6.594- 8]
4s4d Ip 2 37298.33 6.279- 8]
more stable. A good example is the4p 'P°-4s4d 1D tran-  4s4d 5D 1 3774653 1.190- 8]
sition. The length value is well converged, and the velocity 2 37751.85 5.31 1.19% 8]
form is decreasing to a similar limit. When the length form is 3  37762.07 15.53 1.19%+8]
stable but velocity form still varying, the difference greatly 3d4p Sp° 1  38183.13 1.402-8]
over estimates the error in the line strength. It should be 2  38219.13 36.00 1.398 8]
remembered that the length form is independent of the tran- 3 38262.18 79.05 1.394 8]
sition energy, whereas the velocity form is not. Thus, anysp23p) 3D 0 38434.75 5.291-9]
inadequacy in the correlation model leading to errors in the 1 38477.16 4240  5.2829]
transit_ion energy will affect the velocity form c_ii_rectly. The _ 2 38551.53 116.78 5.272 9]
latter is always more unstable when the transition energy $dap 3po 9 39321.90 1.172-8]
small. Table Il also shows th_a.t the accuracy and convergence 1 3933534 13.44 1.172 8]
differ _greaﬂy from l:?_nel transition tol_anolthelr. _ 2 3935205 31.06 1173 8]
Using these orbitals, Breit-Pauli calculations were per- dap Fo 3 40537.90 6.847- 8]

formed for the various groups of terms, and transitions com-
puted in the LSJ approximation. Now length and velocity

forms no longer can be expected to agree in that the VeIOCitVeveI for the selected is essentially zero. Because of the

form. (.)f _the transition operator neglepted some IOW'orderincorrect position of the g5p levels(between 814p 3F° and
relativistic corrections which are particularly important for

1o L )
spin-changing transitions. Table Il reports the shift of se- D® rather than below the lattgrthe ab initio calculation

lectedab initio energy levels from observed levels, in th produced an unphysical eigenvalue. The correction needed

1Ho i i i ; :
It is immediately apparent that, though our shifts in somefor D; was determined iteratively with the final value close

instances are similar to those found inMPBT [9,10], on  t© the shift for°F3. This shift is reported in Table Ill.
the whole they are considerably larger. Generally, shifts for 1able IV reports the energy levels, their splitting relative
4snl are smaller than those ford@p, which suggests that to the lowest member of a multlplgzt,oand tr11eollfet|me of the
our core with limited correlation is not sufficiently accurate |€Vel- The table shows that thei8p °F; and "Dy levels are

to determine the spectrum reliably to within a few separated by only 109.97 crh In fact, thg no_nrelatms‘uc
100 cmi'*. To bring the spectrum in good agreement withLS _terms ~are  nearly degenerate, differing by only
observation, these shifts can be used as “term energy corred9-59 cm -, and the Breit-Pauli interactions have increased
tions” that can be subtracted from the diagonal energies othis separation. As a result, both levels are highly mixed with
the Breit-Pauli interaction matrix, of all CSF's associatedthe wave function composition being 81.5%3 and 18.5%
with a givenL S term, bringing computed and observed en-'D3 for the 3d4p3F$ level, and a similar'D$ and 3F$
ergy levels into close agreement. When this shift has a minotomposition for the 84p 'D$ level. No other term mixing
effect, the deviation from observed of the recomputed energyeached the 1% level in the composition of a wave function.
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TABLE V. Breit-Pauli gf values for singlet transitions compared with theory and experiment.

PHYSICAL REVIEW A68, 012507 (2003

Initial Final Present Other Theory
state state af, of, MP?2 gf, of, Experiment
452 1s, 4s4p'P  1.760  1.827  1.7458  1.732  1.74¢ 1.75410)°, 1.793)°
1.71F 1.685
1.64 1.70
4s5p P9 0.0059 0.0051 0.00195 0.0009.9)°
4s4p*P§  4sbs's, 0.356  0.369
4s4d'D, 0.640 0762  0.6188 0.62"
3d4s'D, 4s4p'PS  0.0045 0.0092 0.0073  0.00737 0.004612)', 0.005112)!
3d4p 1Dg 1.495 1.590 1.84 l.IM)k
4s5p'PY  0.219 0270  0.2925 0.20pK
3d4p 1Fg 0.416 0.376 0.357 0.4994)'
4s5s1s, 4s5piP] 0965  1.467
3d4p'D§ 4s4d!D, 0.010 0.022
4s5p'P  4s4d'D, 0.309  0.496
4s4d'D, 3d4p'FS 0.660 0.848  0.9733 0.634)’
aReferencd8]. 9Referencq 15].
bReferencd9]. "Referencd 16].
‘Referencd13]. Referencd17].
dReferencd 14]. IReferencd 18].
*Referencd 10]. KReferencd 19].
‘Referencd7]. 'Referencd20].
Transition  probabilities the intercombination  Similarly, triplet transitions are compared in Table VI.

4s?15)-4snp3P? transition depend on the mixing of the Here, we compare multiplet values obtained from a weighted
4snp singlet and triplet configuration states. An inspectionsum of transitions in the multiplet, with nonrelativistigf

of the wave function showed that the mixing coefficient of values and similar experimental values. The error we report
the 4snp'P$ configuration state is 0.0056 for thes4ip 3P is an average of the deviation in the length and velocity form

level and 0.0735 for the $6p 3P{ level. Since transition
probabilities often depend, at least in part, on the square of
this coefficient, intercombination lines tas8p 3P¢ will be
larger than might be expected.

of the line strength of the individual lines of the multiplet, in

TABLE VI. Present multipletgf values for transitions among
the triplet terms compared with nonrelativistic model potential val-
ues and experiment.

lll. RESULTS AND DISCUSSION Initial Final Present MP  Experiment
In Table V, we reporg f values for the LS-allowed singlet
transitions. Our values are compared with model potentiafs4p*P°®  3d4s®D 0725218
(MP) results of Hansert al. [8], other theory, and experi- 4s5s3S  1.451145 1.374 1.4622)°
mental valuels vvlith the §ma||er|f:rrorﬁ)ars. An extensiv]? list of 4s4d3D 372219  3.411 3.8653)°
experimental values going back to the 1960s can be found in 4p23p 4727236 4527 51)°
the Hansenet al. paper. The resonance transition has re- s 3o g
ceived a lot of attention, both experimentally and theoreti-3d4s "D 3d4p°F° 5322160 5066 54213
cally. In Table V, we have included only the more recent 4s5p3P°  0.55619)  0.7031  0.672)°
results. Ourgf value is slightly highetbut well within er- 3d4p3D° 5.040136  4.980 5.4714)°
g)lrfa':;ségfl_the mol_stritlzmljrate re_I(_:Ent ex?erimentl,tV\éherBeas the 3d4p3P° 3171270 2.848 3.118)¢
are slightly lower. The earlier result by Brage 3 300
et al. [7] was determined including only core polarization, 4s5s7S 4s5p 3P0 3.891429
and the difference with the present result shows the effect of 3d4p~P°  0.11750)
including also some correlation in the core. Since these argd4p °F° 4s4d °D 0.0253)
spin-allowed transitions, we assume that the comparison ofssp 3po 4s4d3D  2.41(108

length and velocity values could be of significance even

though the velocity form has omitted some relativistic cor-Referencd8].

rections. In many instances, such as tséa'D2-3d4p 1F§ PReferencd 21].
transition, the length value agrees well with experimentReferencd22].
while the velocity form deviates significantly. dReferencd19].
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TABLE VII. Some transition probabilitieéin s~ 1) for intercom- TABLE VIII. Comparison of intercombination transition ampli-
bination transitions. tudes (x 107) with other theory and experiment.
Lower Upper Ay Other theory
Initial Final Present Length velocity  Expt.
42 1s, 4s4p 3PS 2.098x 10°
4s5p 3PY 4,098 17 4s?'S,  4s4p®Py 2.973.3%) 34 32  3574°
4s4p 3P, 4s5s1S, 5.201X 107 328 334
4s4d "D, 1222410 4s4pP?  4s5s%S, 3.513.9 2.2366 4.5
4s4p 3P, 4s4d 1D, 1.709% 10° S T1 ASS S 13.92) 4. =
344570 3d4p D 7 160¢ 10° 4s4p®Py 3d4s'D, 5.666.3F) 59 6.1
3 PP ' 4s4p3PS 3d4siD, 343 28 2.4
3d4s°D, 3d4p'D, 9.061x 10°
3d4s°D, 3d4p'D, 6.680x 10° ®Fine-tuned resultsee text recommended value.
3d4s°D, 4s5p 1P, 2.884x 10 PReferencd9].
Ci
3d4s'D, 3d4p3F, 8.431x 1P Referencq 23]
3 e Referencq 10].
3d4p °F3 7.257x1 *Reference7].
4s5p 3P 6.208x 10*
4s5p 3P 1.454x10¢ 141.27 cm'!. According to Hibber{24], a theoretical result

can be fine tuned for this discrepancy by multiplying by the
factor needed to bring the spread into agreement with ob-

percentage. Our results agree well with those of Hansefi€rved. Such values are shown in parentheses in Table ViIi

etal, and sometimes are in better agreement with experi@nd, indeed, are in much better agreement with other theory

ment, as in the @4s3D-3d4p 3F° multiplet. and experiment. Only transitions involving4p J=1 have
The multiplet values to a large extent obscure the effect oP€en adjusted through fine tuning.

term mixing. In Table VII, we report some of the larger in-

tercombination transition probabilities found in these calcu- IV. CONCLUSION

lations. Some of the values for lower levels are of interest in .

astrophysics and the value for theaél 1D ,-4s4p PO tran- The calcium spectrum presents many chaIIe_nges to thepry.
. . . 2 B In this work, we have attempted to extend earlier nonrelativ-

sition has recently been important in studies of doppler cool-

) . ; " istic calculations, such as those by Hans¢ml, to include
Ny and_ trapping on forbldde_n transmor{ﬂ]. Generally, relativistic effects through the Breit-Pauli Hamiltonian. A
anomalies of all sorts are of interest in spectroscopy. Th omputational model was defined that included the major
transition probagbilities il’ll Table VII reflect the strong term .10 effects in the core. It was designed not only for
mixing In 3dAp F3 ?Qdo D3 levels and, to a lesser extent, the resonance transitions but also for transitions to higher
the mixing in 45p =P levels. The best example is the mempers in the spectrum where near degeneracies may oc-
transition probability for the @4s'D,-3d4p °F3 transition  cyr. The length value for allowed transitions was often in
which is three orders of magnitude larger than the one bepetter agreement with experiment than the corresponding
tween the same lower level and tAES level. nonrelativistic value. Strong intercombination lines were ob-
In Table VIII, we compare transition amplitudes with served for transitions to d&p 1Dg or 3F3 because of the
other theory and a recent experiment. For thestrong term mixing in these levels. In particular, the adjusted
45 1S,-4s4p °P? intercombination transition, the present transition probability for spontaneous emission from
calculation has underestimated the relativistic effects. Thiis4d D, to 4s4p *P{ was found to be 1.5810° s %, in
was evidenced by the fact that the spread of tRefine-  agreement with recent observation in a doppler cooling and
structure splitting was too small, a result that can be attribtrapping experimeniti].
uted, in part, to the omission of core polarization from the
correlation component of the core. The spread for a fixed-
core Hartree-FockHF) wave function is only 84.23 cit
for 4s4p 3P°, whereas the observed value is 158.04 ¢m This work was supported by the Chemical Sciences, Geo-
Core polarization alone results in a spread of 150.5tm sciences and Biosciences Division, Office of Basic Energy
(Brage et al. [7]), compared with the present value of Sciences, Office of Science, U.S. Department of Energy.
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