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A large-scale, relativistic configuration-interactidRCI) method has been developed for precision calcula-
tions of transition oscillator strengths. It is based on the no-pair Hamiltonian and employ®8fsptae basis
functions. For the 8 1S,—2s2p P, intercombination transition in berylliumlike carbon, the present RCI
expansions reach close to 200 000 configurations, and include all single and double excitations from valence-
valence, core-valence, and core-core interactions, along with dominant triple and quadruple excitations. Re-
sulting length- and velocity-gauge transition rates are very well converged, but still differ by a factor of 2. This
strong gauge dependence is found to arise from the neglect of negative-energy states which has negligible
effects on length-gauge results but can affect velocity-gauge results significantly. The present intercombination
transition rate for Qi of 101.6+0.7 sec? differs from the measured value of 102:98.14 sec® [Doerfert
et al, Phys. Rev. Lett78, 4355(1997)] by about 1.3%.
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I. INTRODUCTION 3 in Cui if this problem is left untreateffl2]. Furthermore,
instead of being restricted to a common set of basis orbitals,

Intercombination lines are of interest in astrophysics andnitial and final states were independently optimized in
for plasma diagnostics. As these spin-forbidden transitionMCDF calculation§ 12,15, leading to nonorthogonal sets of
are strongly influenced by relativity and electron correlation,0asis functions. Once again, these normally small orbital
they can also provide stringent tests of atomic structure capVerlap corrections cannot be ignored, and must be handled
culations. The 82 1S,—2s2p 3P, intercombination transition ~correctly. These and other problems make precision calcula-
in berylliumlike carbon presents a particularly interestingtions of this transition rate very difficult. However, with
case. This 1909 A line is one of the more prominent emisSteady improvements in theory, results are showing signs of
sion lines in stellar objects, and can be used for temperatur%onvergence at t.he Ievel_o_f a few percent. .
and electron-density determinations, but its transition rate Recently, a_h|gh-preC|S|on heavy-ion storag_el rng mea-
has not been easy to calculate accurately. Indeed, decay ratse%remen[ﬂ] yielded a result of 102.940.14 'sec ' which

from early theoretical investigations vary widely from 70 to agrees very well with the latest large-scale MCDF calcula-
. _ ion of 102.9- 1. ¢! [15]. In spite of such -
130 sec?! [1-8]. While some of these results are in good tion of 102.9=1.5 sec" [15]. In spite of such good agree

ih the i ¢ = ment, however, there are unresolved issues in theory. To be-
agreement with the ion trap measurement of £Z1 sec gin with, at the 1% level, the importance of small corrections

[9], more recent large-scale calculations based on thgch as those from core-core excitations and retarded Breit
configuration-interactiofCIV3) [10], the multiconfiguration jhteractions have not been thoroughly investigated. What is
Hartree-Fock (MCHF) [11], and the multiconfiguration more important, even though these MCDF results appear to
Dirac-Fock (MCDF) [12-16 methods all give results that pe very well converged, there remains a large discrepancy,
are in the neighborhood of 100 secand depart from this  up to 60%), between the length- and velocity-gauge transition
experimental data. rates[15]. While velocity-gauge results are expected to con-
The difficulty with the transition rate calculations for this verge much more slowly than length-gauge results, such a
intercombination line arises mainly from the strong cancel-strong gauge dependence is still puzzling. Apparently, even
lations (up to three orders of magnitude inuQ in the rela-  after all these theoretical efforts, much work remains to be
tivistic transition amplitudes between thes-2p;, and  done for a better understanding of this intercombination line.
2s-2p3, matrix elements in thé& S-coupling limit. As a re- To this end, we have developed a large-scale, relativistic
sult, even small contributions from residual electron correlaconfiguration-interactiofRCI) method for precision calcula-
tions and higher-order relativistic corrections become verytions of transition oscillator strengths, and apply it here to
important. For example, while some early calculations didstudy the 2?1S,-2s2p3P; spin-forbidden transition in
not include the Breit interaction, it has been shown to reduceC . Relativistic and correlation effects are systematically
the transition rate by over 30% inIC[13], which is unusu-  considered to ensure the convergence of our results. Calcu-
ally large for such lowZ ion. Also, in MCDF calculations, lations are also carried out for thes2'S,—2s2p 1P, spin-
some configuration expansions can lead to MCDF equationsllowed transition, and comparisons between these two re-
for orbital optimizations that do not reduce to the correctsults clearly show the enhanced effects of small corrections
nonrelativistic limit. Ordinarily, this is not a serious problem, such as the Breit interaction on the spin-forbidden transition.
but in this case, transition rates can be affected by a factor dPerhaps the most intriguing manifestation of these enhanced
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effects is in the gauge invariance of these results: While the Our RCI expansions consist of configuration-state func-
length- and velocity-gauge transition rates are in very goodions (CSF’9 that arise from multiple excitations from the
agreement for théP; transition, they disagree by a factor of reference configurationssi2s?+ 1s?2p? for the *S, ground

2 for the 3P, transition even though our RCI results are verystate and $*2s2p for the %P, excited states. To systemati-
well converged. With the aid of analyses based on the relacally study the effects of single and douli&D) excitations,
tivistic many-body perturbation theodRMBPT) [18—-20, We beg_in py including the £niIn’l’ CSF’s that arise from
we shall show that this strong gauge dependence is due to thlge excitations of one or two valen_ce electrons to account for
neglect of negative-energy states which have essentially ne vale,n?e-valenceéVV), Interactions. We then add the
effect on thelP, transition nor on the length-gauge results, 152SnIn’l” and Is2pnin’l’ 'CSF's which arise from one

but can affect the velocity-gauge results of {2, transition electron excited from thesf core with or without another
significantly electron excited from the valence shells. Changes in the tran-

sition energies and rates give the core-vale(@@¥) contri-
butions. Finally, two-electron excitations from the core are
Il. THEORETICAL METHOD included to account for the core-co€€C) interactions.
These additional CSF’s consist 0§%hIn’l” and 22nin’l’
Details of our RCI method for structure calculations werefor the 1S, state and 82pnin’l’ for the 1P, states. Witt,
presented befor21,22. Briefly, RCl is based on the no-pair n’<22 andl, I'<5, our RCI expansions include up to
Hamiltonian [23-29 which includes the Coulomb and 56562 CSF's for the ground state and 139 585 CSF's for the
frequency-dependent retarded Breit interactions. Oneexcited states based on SD excitations from the reference
electronB-spline basis functions are obtained by solving theconfigurations. Contributions from higher partial waves with
Dirac equation of an electron moving in a Coulomb or modell >5 are small and are obtained by extrapolations.
potential confined in a cavity26]. Typically, the first 20—-24 Contributions from triple and quadrup(@Q) excitations
out of 30 positive-energB-spline orbitals generated for each are calculated separately. The basic CSF's considered here

of thes, p, d, ..., symmetries are used in our RCI calcula- & Is3snin'l’, 1s3pnin’l’, and 1s3dnin’l”. Additional
tions, and the same basis set is used for both the initial anfSF's from  other dominant TQ  excitations include
final states. The advantage of using thBsepline orbitals is ~ 283sniIn’l”, 2p3pnin’l’, 3snin’l",  3p“nin’l’, and

2 AN e e
that they provide a complete description of correlation con-3d°nIn |, for the 'S §t§\te and §3pn|n,|’, 2p3snl?3l ,
tributions from the bound and continuum states. Also, ortho2P3dnIn’l”, 3s3pnin’l’, ‘and 33dnin’l" for the ~°P,

T ! ! 9,
normality and nonrelativistic limits are strictly satisfied. The States. Withn, n’<20 andl, I’<2, total numbers of CSF's

: o : : luding SD and TQ excitations amount to 64 252 for the
trade-off for not using more optimized basis functions, how-""C¢ X X
ever, is that we must deal with rather large basis sets typiground state and 197 426 for the excited states. Differences

cally consisting of 200—300 orbitals. We use Davidson,swnh corresponding calculations with SD excitations only

method[27] (also see Ref28)) to solve the resulting large- givg the TQ qontributions. These are small corrections and
scale eigenvalue problems for the initial and final statesrisit'gur?el c”or;ér;gutmns from>20 and|>2 are found to be
These are computer intensive calculations which can run fo >gligivie. . :

days on fast computers and need many gigabytes of tempo- In principle, our RCI transition energies and rates should
rary disk space to store the large, sparse RCI matrices. T%e independent of the model potential used to generate the

: e . . -spline basis functions. To test the convergence of our re-
computing efficiency and disk space management algorithm . . .
puting Y P g 9 Sults, we perform the calculations in two different model

grgg-rsgg:jeeia?g\:l;i%iin greatly improved to allow for Verypotentials: the four-electron Dirac-Kohn-ShdBKS) poten-
X tial and the three-electron modified core-Hart(®8#CH) po-

In this work, radiative transition rates are calculated from___ S : /
first-order perturbation theory using the frequency-depender{fntlal' The DKS potential is the Dirac-Slater potential of the

25 a2 mili i
electromagnetic multipole transition operator in both length s2s berylllur_nllke ground state with the Kc.)hr?—Sham.ex-
and velocity gaugeiL8,29 for the 252 18,—2s2p 1P, tran- change approx_lmanon, v;zhne t_he_ MC_H potential is the D_|rac-
sitions in berylliumlike carbon(Note that the velocity gauge Hartree potent_|al of the 2s lithiumlike ground state W't.h
is the same as the Coulomb gaug&ngular recoupling co- ° exchange interaction. It should be noted that individual
efficients used in the present transition rate calculations ar V, CV, CC, and TQ contrlbutlor]s are still potential d.epen'
computed with the MCT packad@0] which is consistent ent, and_ more appropriate choices of model potentials like
with the MCP[30] angular recoupling package used in ourthe DKS instead of, for example, the bare nuclear Coulomb

energy-level calculations. The most time-consuming part 0;otennal, can minimize contributions from residual correla-

these large-scale transition rate calculations is in the evalu I-(I)s?ocr?tr)rtic;[%oarlsvztnhd ti%er?(ej Lfgctthgfcr?gvae&gg?gfe?f R;Zt;rt:utl)ts.
tion of millions and millions of angular recoupling coeffi- 9 9 9y y

; ; ; L the no-pair Hamiltonian, RCI transition energies are known
cients which are largely independent of the principal quanto be slightly potential dependefa1], even though this ef-

tum numbersn of the basis functions. As in our structure fect is generally very small and is expected to be completel
calculations[21,22, we use an angular channel scheme to 9 y Very P P y

speed up these calculations. In this scheme, we only need H?gllglble for lowZ ions like Cu.

evaluate a few thousand _angular cogfﬂments for th_e distinct Il RESULTS AND DISCUSSION

angular channels. Resulting calculations are still time con-

suming, but are not nearly as computer intensive as the struc- Contributions from VV, CV, and CC interactions to the
ture part of these calculations. 2s?15,—2s2p 13P, transition energies in @ are listed in
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TABLE I. Transition energies (cm') for the 1S,- 3P, and 1S,- 1P, transitions in Qir.

'So-°Py 1Sp- 1Py
Type Contribution vV CV CcC Sum vV CV cC Sum
DKS Coulomb 52685 —113 —146 52426 103117 —443 -2 102672
B(w=0) 2 3 -1 4 -7 1 3 -3
B(w#0) 0 0 0 0 0 0 0 0
|-extrap 0 0 0 0 -52 -2 -1 —55
SD 52687 —110 —147 52430 103058 —444 0 102614
TQ -11 -71
QED+MP? —24 —24
Total 52395 102519
MCH Coulomb 54553 —2007 —124 52422 104482 —-1788 —20 102674
B(w=0) 5 0 -1 4 -11 7 1 -3
B(w#0) 0 0 0 0 0 0 0 0
|-extrap 0 0 0 0 —52 -5 0 -57
SD 54558 —2007 —125 52426 104419 -1786 —19 102614
TQ -11 -89
QED+MP? —24 —24
Total 52391 102501
Expt.? 52391 102 352

3Referencd 15].
NIST online database.

Table I, along with corrections from highextrapolations sults directly through the transition energy multiplicative fac-
and TQ excitations. Also listed here are contributions fromtor to the line strengths, as well as indirectly through the
QED and mass polarizatiqiviP) corrections from Refl15].  frequency-dependent Bessel functions in the transition ma-
For such a lowZ ion, the effects of unretarded Breit interac- trix elements. The “direct” corrections are the most common
tion B(w=0) on these transition energies are small, and théorm of empirical energy corrections which scale the length-
retarded part of Breit correctiorB(w#0) are completely and velocity-gauge oscillator strengths by the same factor of
negligible. Our *S,—3P; transition energy converges very &= Eempirical Etheory- The “indirect” corrections, on the other
rapidly, and is in very good agreement with experiment. Théhand, can affect the length- and velocity-gauge transition
1p, excited state, on the other hand, is known to converg@mplitudes differently, and actually play a crucial role in
more slowly[22], as is evident from the relatively large cor- preserving the gauge invariance of this transition.
rections from high- extrapolations and TQ excitations to the ~ As shown in Table II, before empirical energy corrections
15,-1P; transition energy which has a residual discrepancyare made, length- and velocity-gauge results converge to val-
with experiment of about 160 cnt. ues that differ by about 0.7%. These corrections reduce the
In Table II, our RCI results on the oscillator strengths oflength-gauge results by 0.3%, which are consistent with
the 252 1S,—2s2p 'P; transition in Qi are shown. In our changes made by the direct energy scalings, but increase the
transition calculations, high-extrapolations are performed Velocity-gauge results by 0.4% which can only be caused by
on transition matrix elements only to give thé-éxtrap”  the indirect changes to the transition amplitudes. Indeed,
contributions. As found for transition energies, contributionswhile the length-gauge amplitude is insensitive to energy
from the Breit interaction are very small. Also, correlation corrections because its leading/c expansion term is the
corrections from CV, CC, and TQ excitations are, in generalusual dipole matrix element
not very significant and VV results alone are already accurate
to about 2%. The only exception is the velocity-gauge MCH f drr(P;P;+Q;Qy),
results where the CV corrections can be as much as 20%.

This clearly shows that intermediate results can still be poyyhich is frequency independent, the velocity-gauge ampli-

tential dependent, and underscores the importance of usingqe is sensitive to energy corrections because its leading
more appropriate model potentials or better optimized basis expansion term is

functions in small-scale RCI calculations.

At each of the intermediate steps, oscillator strengths are
calculated with corresponding intermediate-step theoretical
transition energies which may not be very accurate. We have
replaced all theoretical energies with the empirical energywhich is frequency dependent. This also means that the os-
and recalculated the oscillator strengths. This affects our rezillator strength is roughly proportional to the transition en-

%J dr[PiQs(ki— i+ 1)+ QiPt(ki— k—1)],
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TABLE Il. Length- and velocity-gauge oscillator strengths for tre# 25,—2s2p 1P, transition in Q.

Length Velocity

Type Contribution VV CcVv CcC Sum vV CV cC Sum

DKS Coulomb  0.7716 —0.0116 —0.0006 0.7594 0.7714—0.0150 —0.0041 0.7523
B(w=0) 0.0001 0.0000 0.0000 0.0001 0.0004 0.0005 0.0000 —0.0001
B(w#0)  0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
|-extrap 0.0003 —0.0002 0.0000 0.0001—0.0004 —0.0001 0.0000 —0.0005

SD 0.7720 —0.0118 —0.0006 0.7596  0.7714—0.0156 —0.0041  0.7517
TQ 0.0005 0.0032
Total 0.7601 0.7549
E-adjust 0.7577 0.7578
NegE 0.7577 0.7578

MCH Coulomb  0.7772 —0.0173 0.0003 0.7602 0.5993 0.1564-0.0026 0.7531
B(w=0)  0.0000 0.0001 0.0000 0.0001 0.0004 0.0005 0.0000 —0.0001
B(w#0)  0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
|-extrap 0.0003 —0.0002 —0.0001 0.0000 —0.0004 —0.0001 0.0000 —0.0005

SD 0.7775 —0.0174  0.0002 0.7603  0.5993  0.1558-0.0026  0.7525
TQ 0.0001 0.0029
Total 0.7604 0.7554
E-adjust 0.7579 0.7579
NegE 0.7579 0.7579

ergy in the length gauge, but inversely proportional to theare otherwise quite negligible can become very important.
transition energy in the velocity gauge. As a result, leadingThis is evident in the unusually strong effects of Breit inter-
empirical energy corrections can be obtained simply by scalaction which reduce the length-gauge transition rates by 26%
ing the length- and velocity-gauge results with the factors and increase the velocity-gauge results by 50%. However,
and 1£, respectively. The actuat 0.3% and+0.4% correc- the frequency-dependent part of the Breit interaction only
tions shown here are clearly consistent with these scalingeduces the length-gauge transition rates by 0.03 lsec
approximations. which is much smaller than the estimate of 2 skegiven in

The fact that the resultingE-adjust” oscillator strengths the recent MCDF calculatiofl5]. While these transition
are nearly gauge independent is not a coincidence. Agates are dominated by contributions from low partial waves,
pointed out in Ref[20], gauge invariance can be preservedcontributions from high partial waves with>5 are not neg-
order by order in RMBPT only by including the derivative ligible. They are obtained by extrapolations usingl4 $tal-
terms of the frequency-dependent transition matrix elementg rule and amount to 0.5% to 1% corrections.
which arise from changes in the transition energy from pre- Electron correlations play a key role in precision calcula-
vious orders of perturbation corrections. Essentially, “indi- tions of the transition rate for this intercombination line. In
rect” empirical energy corrections are numerical manifesta-Table lll, it can be seen that CV interactions increase the
tions of these derivative terms in RCI calculations. Indeed|ength-gauge decay rate calculated in the DKS potential by
similar improvements in the gauge independence of this tran?% from 97.74 to 104.82 se¢, while they reduce corre-
sition rate by empirical energy corrections were also obsponding MCH decay rate by 13% from 119.83 to
served in the recent MCDF calculati¢h5]. 104.23 sec’. This improves the agreement between the two

Also shown in Table Il are final results labeled as “Neg- potential results from 23% to 0.6%. CC interactions further
E” after contributions from the negative-energy states arereduce these rates by 3% to 101.30 and 101.57 ‘séar
included. We shall postpone the discussions of these correthe DKS and MCH potentials, respectively, and the agree-
tions until later. For the'S,— P, transition, the effects of ment between these two length-gauge decay rates from all
negative-energy states are negligible, and final results ar®D excitations improves to 0.3%. This potential dependence
seen to be quite potential and gauge independent. is further reduced to 0.2% with the inclusion of TQ correc-

In Table Ill, our RCI results on the decay rates of thetions, which increase the decay rates slightly by about 0.5%.
2s?15,-2s2p 3P, transition in Qu are shown. As men- Finally, empirical energy corrections are small and amount to
tioned earlier, strong cancellations between te2p,, and  0.2% rate reductions only.
2s-2p3» Matrix elements suppress the transition amplitudes Electron correlations play an even more important role for
by over three orders of magnitudes here, leading to transitiothe velocity-gauge transition rates. For the DKS potential,
rates of about 18107 sec ! for this spin-forbidden transi- CV and CC corrections change the VV result of
tion, as compared to 1.76410° sec ! for the !Sy-'P;  112.44 sec' to the full SD excitation result of
spin-allowed transition. As a result, small corrections which192.90 sec! for an increase of about 70%, while the cor-
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TABLE Ill. Length- and velocity-gauge transition rates (ségfor the 2s? 1S,—2s2p 2P, transition in

Ci.
Length Velocity
Type Contribution \AY Ccv cc Sum vV CcVv cC Sum
DKS Coulomb 134.06 5.40 —2.55 136.91 132.01 0.72 —5.56 127.17
B(w=0) —-36.72 1.61 —-104 -36.15 -—20.04 87.12 —-3.02 64.06
B(w#0) -0.03 0.00 0.00 -0.03 -0.09 -0.03 0.01 -0.11
|-extrap 0.43 0.07 0.07 0.57 0.56 0.27 0.95 1.78
SD 97.74 7.08 —3.52 101.30 112.44 88.08 —7.62 192.90
TQ 0.50 1.61
Total 101.80 194.51
E-adjust 101.57 193.40
NegE 101.57 100.88
MCH Coulomb 163.95 —-25.28 -—1.45 137.22 67.74 62.00 —2.81 126.93
B(w=0) —44.59 968 —-124 -36.15 —-3.21 66.74 —0.22 63.31
B(w#0) 0.00 -0.03 0.00 -0.03 -0.05 -0.04 0.00 -0.09
|-extrap 0.47 0.03 0.07 0.57 0.38 0.43—-0.02 0.79
SD 119.83 —-15.60 —2.62 101.61 64.86 129.13 —3.05 190.94
TQ 0.42 1.37
Total 102.03 192.31
E-adjust 101.83 191.92
NegE 101.83 108.18

responding increase in the MCH decay rate is close to aates can be different in such RMBPT and RCI calculations
factor of 3, from 64.86 to 190.94 set TQ corrections for was discussed for heliumlike ions befdr8,19, and rules
the velocity-gauge results, at about 1.5 seare also larger for obtaining transition amplitudes that preserve the gauge
than those for the length-gauge results by a factor of 3. Evemvariance in RMBPT were given in Ref20]. In this work,
empirical energy adjustments are much more significanive use the gauge-invariant, second-order RMBPT to inves-
here. Resulting velocity-gauge transition rates of 194.51 antigate the effect of negative-energy states on t$g-°P,
192.31 sec! for the two potentials agree to about 1%, atransition in Qil.
marked improvement over the two VV results, which differ  In Fig. 1, length- and velocity-gauge transition rates for
by almost a factor of 2. this intercombination line are shown as functions of xhe
Our final “E-adjust” intercombination transition rates as parameter in Dirac-Slater-like potentials used to generate the
calculated in the length and velocity gauges are 180.6  one-electrorB-spline basis functions for these RMBPT cal-
and 193.42.0 sec?!, respectively, for the DKS potential culations. Thex, parameter is an adjustable multiplier that
and 101.80.7 and 191.92.0 sec?, respectively, for the

MCH potential. Theoretical uncertainties are assigned by 250 T
taking into account the potential dependence of the results, [ >~ 1
possible errors in high-extrapolations, estimations of re- 200 F \‘\\ .
sidual, uncalculated TQ contributions, and sensitivities to ba- — C =~ Velocity(+) ]
sis set selections. But while our RCI length- and velocity- ‘s 150 | \‘\\ -
gauge results agree to within 0.006% for the, transition, 7:' C S~ ]
they differ by almost a factor of 2 here. This large disparity & 100 . S~
cannot be explained by residual correlation effects in view of t  Length(+) E
the level of convergence that our RCI results have achieved. 50 [ Length(+&-)
r Velocity (+&-)
0 . PR TR T AN TN TN N N TN T TN [N T TN N S T
IV. NEGATIVE-ENERGY STATE CONTRIBUTIONS 0 0.2 0.4 0.6 0.8 1
The problem can be traced to the neglect of negative- X

energy states in our RCI calculations. Specifically, starting FiG. 1. Second-order RMBPT intercombination transition rates

from second-order perturbation calculations, negative-energir c i as functions of the,, parameter. The dashed line represents

states show uxplicitly in transition matrix elements that velocity-gauge results calculated with positive-energy states only.
contain sums over intermediate states but their contributionshe solid line represents similar length-gauge results, as well as
are excluded from calculations based on the no-pair Hamillength- and velocity-gauge results calculated with both positive-

tonian. The fact that length- and velocity-gauge transitionand negative-energy states.
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15 In Fig. 2, positive- and negative-energy RMBPT transi-

Velocity(+) tion amplitudes are shown as functions of theparameter.
As shown in the figure, negative-energy amplitudes are es-
: Length(+) _ sentia_lly zero in the length gauge, but are consiste_ntly very
- large in the velocity gauge. However, these velocity-gauge
amplitudes do not vary nearly as rapidly with the param-
eter as their positive-energy counterparts, indicating that they
may be reasonably well converged and can be used to correct
the RCI velocity-gauge results.
Velocity(-) ] Indeed, adding these negative-energy transition ampli-
oY 3] P Y B R i tudes taken ax,=2/3 to the RCI transition amplitudes cal-
0 0.2 04 0.6 08 1 culated in the same DKS potential changes the RCI velocity-
x gauge result from 193.40 to 100.88 Séc which agrees
_ o y with the RCI length-gauge result of 101.57 Sédo within
_FIG. 2. Second'orde.r RMBPT intercombination transition am-q 7q;, Likewise, correcting the RCI velocity-gauge result ob-
p"tu.d.es for Qu-as anCtlonShOLtlhe(“ parameter. Solid lines arT tained in the MCH potential with RMBPT negative-energy
positive-energy results. Dashed fines are negative-energy resu ts"amplitudes calculated in the same potential changes the RCI
result from 191.92 to 108.18 set which is also in much
better agreement with the MCH length-gauge result of
101.83 sec’. These negative-energy corrected RCI results
are shown as “Nedr" in Tables Il and lll. Negative-energy
states have essentially no effects on th&—P; spin-
llowed transition.

1.0

05 [

Amplitude (10° a.u.)

0.0 [ - - tengh (ﬂ_____________g

modifies the Slater-exchange potentials. In particidgss O
gives the Dirac-Hartree potential without exchanggs,
=2/3 is the Dirac-Kohn-Sham potential used in our RCI cal-
culations, andk,=1 is the full Dirac-Slater potential. Con-
trary to the RCI results, second-order RMBPT transition
rates are not very well converged and are strongly potentia'il
dependent. Indeed, length-gauge transition rates vary from
140 sec! at x,=0 to 26 sec! at x,=1. Without
negative-energy states, RMBPT velocity-gauge results are
consistently larger than the length-gauge results by about a In Table IV, we compare our length-gaud&,- *P, os-
factor of 2, just like the RCI results. With negative-energycillator strength and'S,- 3P, transition rate as calculated in
states, however, length-gauge results remain the same whilee DKS potential with other theories and with experiment.
velocity-gauge results are greatly reduced, resulting in comFor the'P; transition, most theories are consistent with each
plete agreement between the two gauges, as they should bther and with experiment. In particular, our RCI is in excel-
order-by-order in perturbation theory. lent agreement with the recent large-scale MCDF calculation

V. CONCLUSIONS

TABLE IV. Comparisons between theory and experiment on the decay wfesc!) of the
252 15,—-2s2p 3P, spin-forbidden transition and the oscillator strenggiisof the 2s? 1S,—2s2p 1P, spin-
allowed transition in Q1.

Method ACP,) gf(*Py) Reference Year
Cl 77 0.708% [1] 1972
RRPA 110 0.753 [2] 1977
Cl+Breit 86(9) [3] 1978
Model potential 11QL6) 0.764 [4] 1978
Cl 96(11) 0.7682 [5] 1978
MCDF 79 0.794 [6] 1979
MCRRPA 118 0.791 [7] 1994
MZ 120 (8] 1995
CIvV3 104(4) ° 0.7587 [10] 1994
MCHF 1033) 0.756620) [11] 1994
MCDF 100.1° [12] 1998
MCDF+ RCI 100.340) 0.757120) [13] 1995
MCDF+RCI 103.a4) 0.756320) [14] 1997
MCDF+ RCI 102.915) 0.75794) [15] 1998
Present work 101(®) 0.757713) 2001
Experiment 102.94.4) 0.75414) [17,32 1997,1986

&Converted from the decay rate with the empirical transition energy.
b\ith empirical transition energy;P,-3P; separation, andP fine-structure corrections.
“With nonrelativistic limit and nonorthogonal basis set corrections.

042507-6



LARGE-SCALE RELATIVISTIC CONFIGURATION . .. PHYSICAL REVIEW A 64 042507

[15]. For the 3P, transition, early theoretical results varied discrepancy is simply too large to be explained by residual
widely and were highly uncertain, but recent large-scale caleorrelation effects. With analyses based on the RMBPT, we
culations generally agree with experiment to within a fewhave also shown that the gauge invariance of this intercom-
percent. However, some of these theoretical data include enpination transition can be preserved only by including con-
pirical energy corrections which can be quite substantial. Inributions from the negative-energy states in velocity-gauge
the case of CIV310], for example, empirical values of the cajculations. Since negative-energy states are excluded by
transition energy, the'P,—°P, level separation, and the the no-pair Hamiltonian, length- and velocity-gauge RCI re-
®Py,1,2 fine-structure splittings have all been used to chang@yits will always be different for this’P; transition and

the transition rate from thab initio value of 98 Seél to the |ength_gauge resu]tsy which are unaffected by the negative_
corrected value of 104 se¢ shown in Table IV. While em- energy states, appear to be more reliable and should be used.
pirical corrections are also made in the present RCI calculathis is also true for other relativistic calculatiofsuch as
tion, they involve the transition energy Only, and Change thWCDF) where negative-energy states are emhcmy con-
length-gauge results by merely 0.2%, which are well withinsjdered. The present intercombination transition rate im C
the estimated theoretical uncertainty. Our R®), transition  of 101.6-0.7 sec! is very well converged but still differs
rate again agree very well with the large-scale MCDF calcufrom the measured value of 102:88.14 sec!? [17] by
lation [15] but is slightly outside the error bar of the recent 1 394. More precision measurements of this intercombination

high-precision storage ring measuremghi]. . transition in Qil, as well as in nearby berylliumlike ions, are
In this work, we have carried out systematic studies of theyighly desirable.

relativistic and correlation contributions to the

2s?15,-2s2p 13P; transitions in Qu with our large-scale

RCI method. For_ _thelPl spin-allowed_ transition, we have ACKNOWLEDGMENTS
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