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Relativistic multireference many-body perturbation-theory calculations on the multiple openshell
states in siliconlike Ar and aluminumlike Fe ions
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Energies of the ground and a number of even- and odd-parity excited states of multi-valence-electron ions
have been computed by a computational method in the framework of relativistic multireference many-body
perturbation theory. Relativistic multireference perturbation calculations are reported for the ground and over
80 low-lying odd- and even-parity excited states of siliconlike argorf {Aand aluminumlike iron (F&€") to
demonstrate the unprecedented accuracy of the method. The theory deviates from experiment by less than 0.2%
for all but a few excited levels in siliconlike argon. For the more highly ionized aluminumlike iron, the
deviations are reduced to within 0.06%. Theoretical magnetic dipole and electric quadrupole transition rates of
the lowest-lying2P$,, state of aluminumlike Fe and Mn are evaluated, and lifetimes are compared with a
recent ion trap experiment.
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[. INTRODUCTION tems with two valence-shell electrons has been implemented
and applied to Be, Mg, Ca, and Sr to account for nondy-
Precision wavelength measurements on multiple openaamic correlation in the valence-shell electrons by CI, and
shell ions using electron-beam ion trai@BITs) as spectro- dynamic correlation between the valence and core electrons
scopic sources of iond] provide a sensitive means of test- by MBPT[10,11]. With proper account taken of nondynamic
ing atomic many-body theory calculations including correlation in the two-electron valence shell, the combined
relativistic, electron correlation, and quantum electrody-Cl+MBPT method is capable of predicting term energy
namic(QED) effects. The recent development of experimen-separations typically within a 1% deviation from the experi-
tal techniques for optical observation at a heavy-ion storagenent[11].
ring [2] has provided lifetime measurements of forbidden Multiple openshell systems with more than two valence
transitions in high precision, at the 1% uncertainty level.electrons give rise to complex spectra because of the large
Precisely measured11 transition energies and lifetimes, number of nearly degenerate multiplet states that arise from
provide experimental tests of theoretical predictiondvilf  the multiple openshells. In an earlier study, a relativistic mul-
transitions. Only a small number ab initio theoretical stud- tireference Mgller-PlessefMR-MP) perturbation theory
ies of M1 andE2 transitions have been reported in the pastbased on the/-averaged MCDF SCF was implemented and
three decadeg3—9]. M1 andE2 transition probabilities in- successfully applied to ions of silicon isoelectronic se-
volve, respectively, the third- and the fifth-power dependenceuenceqd12]. In that study, the7-averaged energy over the
on transition energy, mandating high accuracy calculations ofP; (7=0,1,2) fine-structure terms was optimized by
term energy separations. Thus, an accurate relativistic many}ACDF SCF followed by state-specific second-order MR-MP
body algorithm must be brought to bear on the prediction oto obtain highly accurate fine-structure separations and life-
the transition energies and transition rates. times. In the present study, we generalize the previous study
Relativistic multiconfiguration Dirac-FockMCDF) self- and develop an efficient, state-averaged MCDF
consistent field(SCPH calculations have been widely em- SCF+ state-specific MR-MP procedure to obtain accurate
ployed to calculate transition energies and transition rategerm energy separations for openshell systems with multiple
Relativistic MCDF SCF and configuration interactio@l)  valence-shell electrons. Relativistic multireference perturba-
methods are most effective in treating nondynamic correlation calculations are reported for the ground and over 80
tion, a near degeneracy effect in the valence shells. Thelpw-lying odd- and even-parity excited states of siliconlike
often fail, however, to accurately account for the bulk ofargon and aluminumlike iron to demonstrate the high accu-
dynamic correlation, a short-range effect that arises fromacy attainable for systems with multiple valence electrons.
electron-electron interaction, as the methods are inherentiyheoreticalM1 transition rates of the lowest-lyingP3,
limited by the number of configurations that can be includedstate of alminumlike iron (Fé€") and manganese (Mf)
Thus these methods often fail to provide accurate transitioions are evaluated and compared with recent ion trap experi-
energies, and a semiempirical adjustment of the computeghents[13—15. The relativistic MR-MP perturbation theory
transition rates is required to obtain agreement with experiaccounts for relativistic, nondynamic, and dynamic Dirac-
ment. Recently, a precise and efficient relativistic ClCoulomb and Breit correlation energies and Lamb shift cor-
+many-body perturbation theoffMBPT) method for sys- rections. It can provide accurate transition energies and tran-
sition rates among multiplet states of atoms for a broad range
of ionizations.
*Electronic address: ishikawa@rrpac.upr.clu.edu In the following section, the method of state-averaged
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MCDF SCFstate-specific MR-MP and theoretical transi- EMC(yx Jm)
tion probabilities are briefly outlined to contrast the differ-

ence between the present and earlier approaches. In Sec. lll, S (+) N (+)
the results of the MR-MP calculations on siliconlike argon = % CikCar( P (nITm)Hpcel Py (v2Tm)).
and aluminumlike iron are compared with the experiment. @

Here, it is assumed thaty(ycJm) and ®()(y,7m7) are

A. Relativistic multireference many-body perturbation theory normalized.

. S . . Given a trial orthonormal set of one-particle radial spinors
The effectiveN-electron Hamiltoniariin atomic unit$ for . .
i 3 {6 (N} (eDMUD)), the optimum occupied elec-

the development of our relativistic MR-MP algorithm is '*ng<q*" 7/ ) N
taken to be the relativistic “no-pair” Dirac-Coulomb-Breit tronic radial Spmorg@przp(r)}(e D(*)) can be found by a

II. METHODS

(DCB) Hamiltonian[16,17], unitary transformatioJ=1+T via
. 1 p
HIJSCBZZ hp(i)+ L, I2>j t+Bij Ly ¢(+) (l’)—E npkp(r)
i K -
: e Qp (1)
with 2N,
= 2 ¢ (nu
Bij=—3la-aj+(a-rij)(ay-ripIrilir. gepTup() e TP
2N
Herehp(i) is the Dirac one-electron Hamiltonian. The DCB = 6O (1)(Tag+ 840)
. . . . . . n,x qp qp/-
Hamiltonian is covariant to first order and increases the ac- q a"q

curacy of calculated fine-structure splittings and inner-shell

binding energies. Higher-order QED effects appear first irfHere, the summation extends over bdth negative energy
order o. The nucleus is modeled as a sphere of uniformand N, positive energy spinorsPnpr(r) and ankp(r) are
proton charge distribution.L, =L, (1)L,(1)---L.(1), the large and small radial components and are expanded in
whereL , (1) is the projection operator onto the sp@€&”  N_ G spinors,{x%} and {x%]}, that satisfy the boundary
spanned by the positive-energy eigenfunctions of the matrixonditions associated with the finite nuclgas],
Dirac-Fock-Breit(DFB) SCF equatiorf17]. £, is the pro-

jection operator onto the positive-energy spa¢é’ spanned N, N,

by the N-electron configuration-state functiot§SF$ con- Poc(1) =2 x5k and Q=2 x3&.

structed from the positive-energy eigenfunctions of the ma- ! !

trix DFB SCF. It takes into account the field-theoretic con- L s ) o o

dition that the negative-energy states are filled. Thelere{&q} and{&y} are linear variation coefficients. Second-
eigenfunctions of the matrix DFB SCF equation clearly sepaorder variation of the MCDF enerd¥q. (2)] with respect to

rate into two discrete manifold3(*) andD("), respectively, the parameter§T,} and configuration mixing coefficients

of positive- and negative-energy states. As a result, théCix} leads to the Newton-Raphs¢NR) equations for the
positive-energy projection operators can be accommodatedfate-specific second-order MCDF SCF,
easily in many-body calculations. The formal conditions on

the projection are automatically satisfied when only the gge Sg,gf h;’,;yﬁ Ty 0
positive-energy spinors are employed. Tielectron eigen- + E heo hee (B ) = ( 0)-
functions of the no-pair DCB Hamiltonian are approximated v'.9f vy Y

by a linear combination oM configuration-state functions,
[ (y,Tm):1=1,2, ... M} in P, constructed from

C

95/ aty
e oo o
Lo ; ; - - : _[19]. Intermediate coupling is built in through the
Egﬁlt&?aﬁle é%{_g?g{gﬁgg?gf S(;)(f:?zqnaztirgxrﬁ%lt|conﬂgura SCF process. The quadratically convergent NR algorithm for
' relativistic MCDFB SCF calculations has been discussed in
M detail [19].
- (+) In an earlier study20], state-specific MCDFB SCF cal-
Yy Jm) E| Ci®r - (nJm). @ culations were performed, followed by state-specific MR-MP
calculations. In the present study, second-order variation of
The MCDFB SCF wave functionk(ykJm) is an eigen- the state-averaged enerfaieare given below[Eqg. (3)] is
function of the angular momentum and parity operators withtaken with respect to the paramet¢¥s,,} and configuration
total angular momentuny and parityw. v denotes a set of mixing coefficients{C,«}, leading to the Newton-Raphson
qguantum numbers other thafi and = necessary to specify equations for the state-averaged second-order MCDFB SCF.
the state uniquely. The total DCB energy of the general stat&hese state-averaged second-order MCDFB equations yield
represented by the MC wave functiaf(yxJ7r) can be a single set of spinors for the ground and all low-lying even-
expressed as and odd-parity excited, J, ) levels, including®>*"'L ;
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fine-structure states, for which subsequent state-specifiwhere
MR-MP perturbation calculations are to be performed: oce
fap=hp+ > Np(Jp—Kp).
Qstateave™ 2 EMC( Yk JI) P

ykJm
B(+) The generalized fractional occupatiag is related to di-
= E 2 CIKCJK<(DI(+) agonal matrix elements of the first-order reduced density ma-
yJm 13 trix constructed in natural spinors by
X (nIm)|Hpegl @5 (7oTm), (3 5 ")
L np:Dpp: 2 E C|KC|Knnpkp[|]’

where summation indices, J, andr, run over the ground I |
and excited states including a set éf"!L, (J=|L CSE . ,
—9l, ... |L+S|) fine-structure stateS andL are the spin andE[>" is a sum of the products of one-electron energies

and orbital angular-momentum guantum numbers. To redefined byeq and an occupation numbey, , (i,
move the arbitrariness of the matrix MCDFB SCF spinors
and density weighting21,22, the canonical SCF spinors are oSk .
transformed into natural spino{&)g:,lp} for subsequent per- B~ = % €q Mngrqlll
turbation calculations.

Conventional state-specific MCDFB SCF has the disadwherennpkp[l] is the occupation number of thesymmetry

vantage that each state has its own set of core and valenggell in the CSFD,(y, J). J, andK, are the usual Cou-
spinors, which leads to a slightly unbalanced representatiopmb and exchange operators constructed in natural spinors.
of dynamic correlation corrections to term energy separa- The application of the Rayleigh-Schiinger perturbation
tions in subsequent state-specific second-order perturbatiqneory provides order-by-order expressions of the perturba-
calculations. This small imbalance in representing dynamigion series for the zero-order state approximated by

correlation among states in finite-order perturbation theory, (y«.7m)). The second-order energy is given by
restricts the accuracy of calculated term energy separations.

Note that in all-order perturbation theory, this imbalance EP = (Y (v Tm)|VRV| (v T7)). (4)
would vanish. In contrast, state-averaged MCDFB SCF fol-
lowed by state-specific second-order MR-MP perturbatiorHere R is the resolvent operator,
theory has the advantage that the state-averaged MCDFB
defines a single set of spinors for all states included. The R=QMI(EF=Hy), ®)
single set of spinors provides, in finite-order perturbation ae)
theory, a well-balanced representation of dynamic correlation o " "
energy corrections on term energy separations. In recent Cl Q"= Z |q>|( (0 ‘777)><q)'( "(nIm)l. ©)
+second-order MBPT calculations on two-valence-electron
systemd10,11], a single set of spinors generated by"™ >  The projection operatoQ(*) projects onto the subspace
potential was employed to accurately account for nondyspanned by a residual spafé") =" —p(+) All the per-
namic correlation by valence-shell Cl, and remaining dy-turbation corrections beyond first order describe relativistic
namic correlation by second-order MBPT. Fock-space relaelectron correlation [25] including cross relativistic-
tivistic coupled cluster theorf23] also employs a single set correlation effects, the relativistic many-body shift. When the
of spinors generated from ¥N~2 potential in closedshell effective electron-electron interaction is approximated by the
Dirac-Fock calculations. instantaneous Coulomb interactiom 4/, relativistic electron
The no-pair DCB Hamiltoniat j . is decomposed into correlation is termed DC correlatidi26]. Inclusion of the
two parts, the unperturbed Hamiltonigh, and perturbation frequency-independent Breit interaction in the effective
V, following Méller and Plessel21,22,24, electron-electron interaction yields the no-pair DCB Hamil-
tonian, and the relativistic electron correlation arising from
. _ the DCB Hamiltonian is the DCB correlatidi26]. The es-
Hpce= Ho"‘V:Ei F(i)+V, sential features of the theory are its treatment of the nondy-
namical correlation in zero order through state-averaged
where the unperturbed model Hamiltonigh is a sum of MCDFB SCF, and recovery of the remaining correlation,
one-body operatorEzEpeD(ﬂlwff,Z >sp<wff,3 |; &, is the which is predomlnantly dynamic pair correlation, by second-
Lagrange multiplier, or orbital enerpgy for Fé)(i,)cupied spinorOrder p_er_turbat|on theory. . .
! ’ Radiative corrections, Lamb shifts, were estimated for

(+) ) i itive- - _
Onpry The one-body operator in the positive-energy V'rtualeach state by evaluating the electron self-energy and vacuum

p(+)

N

spaceV(+) is defined by polarization following an approximation scheme discussed
by Indelicato, Gorceix, and Desclay®27]. The code de-

F— (+) () | (+) )| scribed in Refs[27,28 was adapted to our basis set expan-

pe§v%+) |w“p"p><wnp"r’| a”|w”p"r’><w”p p| sion calculations for this purpose. All necessary radial inte-
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grals were evaluated analytically. In this schef@8], the In the lowest order of the Rayleigh-Schlinger perturbation
screening of the self-energy is estimated by integrating théheory, the multipole transition amplitude between stdes
charge density of a spinor to within a short distance of theandK' is

origin, typically 0.3 Compton wavelength. The ratio of the

inFegraI computed with a M_CDFB SCF s_pinor and_ that 0b_<T39>|(<0|2r:<¢’K(7Ku777)|T.1J9M|¢K’(7K’j,wl)>

tained from the corresponding hydrogenic spinor is used to

scale the self-energy correction for a bare nuclear charge, , ) PR o
which has been computed by Mof29]. :% CkCi AIPT (N ITm)| Tl @ (n T' 7)),

B. Transition probabilities

and using the order-by-order expressions of the perturbation
series for the state approximated by MCDF SCF wave func-
tion Y (vxJm) of Eq. (1), the next-order transition ampli-
tude is

Many-electron multipole transition operato'F§’,\,I for the
magnetic (#=E) and electric =M) multipoles may be
given in second-quantized forf30,12,

T?MZE <t3?M>ijai+aj'

- 1 '

L (T =R Tm) Tl (rer T 7))
Heretj’M(r,w) are one-particle multipole transition operators + (i 9 (1) -

. o o I Tyl (v T 7)),

[12]. The absorption probabilityB)x_,x: per unit time of (e Tauldicr (e )
transition between statégy (v J)) and| (v T 7))
with transition energyAE=hw=Ey,—Ey is equal to the where the first-order wave function is defined as
spontaneous emission probabil{#)x_x and is expressed

as | (Y Tm))y =RV (v Tm)).

(23+1)(J+1)
<BﬂJ>KHK’:2aWW[<T§}>K’K]2
The first-order transition amplitude can be expressed in
=(AM) k. terms of CSFs in the following way:
|
NP S SO (@{VVIOLN@E TP (RT3 )@ V@]
VKK G K&k ECSF_ ECSF EIC’SF_EESF :

SummatiorL over intermediate stat@(f) includes both the boundary conditions associated with the finite nucleis.
positive-[ Q(+)] and negative{ Q(—)] energy subspaces The speed of light is taken to be 137.035989 5 a.u. through-
[4]. With the summation extended to negative-energy subout this study. The GTFs that satisfy the boundary conditions
space,E1 andE2 transition probabilities computed in the associated with the finite nucleus are al_JtomaticaIIy kineti-
velocity gauge approach the values computed in the lengtf@lly balanced. For all the systems studied, even-tempered
gauge. One-electron reduced matrix elements are frequen&@SiS Sets of 224p20d18f15915h15115) G spinors were
dependent through the spherical Bessel functipsikr). ~ €mployed. The order of the partial-wave expansitf),

The corrections arising from approximate photon frequenc§he highest angular momentum of the spinors included in the

may be eliminated semiempirically using experimental tran-vIrtual Space, isl me=7 throughout this study. The nuclei

o . " . were modeled as spheres of uniform proton charge in all
sition energies. In the present study, transition ener@ed calculations. Atomic masses for the%r(Z=18) and F&*

; (0+1+2) _
pho“’g fr%q“enc'fs‘k’) . tr)n Ca'cu'ateld byt ”:ﬁ MR-MP {2~26) ons e, respectvely, 39.948 and 55.847. Al elec
second-order perturbation theory are close 10 the EXpenmenk, o have peen included in the MR-MP perturbation-theory

tal values, and terms arsing ;)ro_m corrections to the photor,cations to calculate accurately the effects of relativity on
frequency o= w***'-w in both zero- and first-  g|actron correlation.

order transition amplitudes are significantly smaller and may
be neglected. When the first-order corrections to transition
probabilities are calculated using the second-order MR-MP [l. RESULTS AND DISCUSSION
transition energies, however, the zero-order transition ampli- _ _
tude must also be recalculated using the frequest@y 1*2). A. Term energy and fine-structure separations
The large and small radial components of the Dirac in siliconlike argon
spinors of symmetryx are expanded in sets of even-  Astrophysical interest in intercombination and forbidden
tempered Gaussian-type functiof&@TFs that satisfy the transitions in low charge state ions, such ag¢*Arhas in-
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TABLE |. Contributions to the energiggtomic unitg of states  oretical MCDFB and MR-MP fine-structure intervals of the
of siliconlike Ar**. These include MCDFB, second-order Dirac- Iowest3P1 (7=1) and 3|:>2 (J=2) were computed by sub-

Coulomb-Breit correctiorE(Z), and Lamb shift correction. tracting the total MCDFB and MR-MP energies of the
_ 2723 _

State Errcore @) Lamb shift gr?euvnecllsj' 0 (3s°3p” °Py) state from those of thg=1 and
3s23p23p, —523.537737 —0.478410 0.008695 The MR-MP term energy separations shown in Table Il
3s3p3°S9 —523.165973 —0.461717 0.008655 demonstrate that the theory deviates from the experiment by
3s23p3d 3F 9 —522.669254 — 0.495622 0.009056 less than 0.2% for all but a few excited levels. The theoret-
3p* 3P, ~522.331204 —0.480197 0.008075 ical term energy separations are indeed accurate enough so
3s3p23d °F, —522.280738 —0.474874 0.008280  that the scrutiny of experimental results is warranted when
3s23d2 °F,, —521.526548 —0.562307 0008572  deviations are 1% or larger. Deviatiofi® cm ') between

theory and experiment for the lowest 31 excited levels are
plotted against the state number in Fig. 1 to exemplify the

creased in recent years as earth-orbiting instrumentation h&scuracy of the MR-MP theory, and a few notable dlscre_pT
ancies are revealed. Among the excited levels that exhibit

expanded the range of detectable radiation into the x-ray re=. .= SO 35 :
gion[31]. We have calculated the energies of the ground angrlgnlﬂcant deviation is thesBp® °S; state(state number & in

a number of even- and odd-parity excited states of siIiconlikeaib:ﬁulghwgsrgojheégf;?hge;(at:ﬁr;rgrwatlhgxiﬁgﬁgnmzn;;y
argon by state-averaged MCDFB SCF followed by relativis-ado ted in the NOiST Atomic S thra Database is sus ectgx\
tic multireference many-body perturbation theory. MCDFB pted P pect.
SCF employs a restricted active space within e 3 beam-foil spectroscopy experimdi@5], however, measured

. this excitation energy to be 8598®0 cm !, and isoelec-
(3s1/2, 3p1/2, 3pPap, 3dap, 3dgp) spinor subspace. In the e . h
MCDFB SCF calculations, the Sk, 25y, and D, 4 tronic fit with low-order polynomial gave 85823 cm [36]

) i " in excellent agreement with our theoretical estimate,
spinors were kept fully occupied, and the remaining four85819 cm®. Figure 1 also reveals large deviations for the
electrons were treated as active electrons for generating t?'g - 19 9

41 41 : .
restricted active space CSFs by single and double excitatio, p” Dy an913) So terms. The experiment assigns ff‘e level
from the ground 82,,3p2, CSF. The numbers of CSFs gen- 28519 cm " above the ground level as the even pariy,.
2= 12 ' This term appears in the midst of a manifold of low-lying

erated were, respectively, 22, 34, 52, 36, 28, and 10 for thg _, o . . .
J=0, 1, 2, 3, 4, and 5 even-parity states, while for the odd-gs 3p3d odd-parity states, while the theory estimates it to

L . appear 271 405 cit above the ground level, well within the
parity 7=0, 1, 2, 3, 4 states they were, respectl\{ely, 13, 34r’nanifold of 3p* even-parity states. The level that appears at
40, 33, and 20. All these states were included in the state§)24 864 cmi® above ground has been assigned as the even
averaged_energyEq. (.3)]' Following t_he state-averaged parity 1S,, the while theory estimates this state to appear
MCDFB SCF calculations, state-specific MR-MP calcula- ell below at 311996 cmi. Because of their unusually
tions were carried out on each of the states, employing I ' .
single, orthonormal set of spinors. Table | displays the com—sair?]?ngills'agf?hsé V\flel WO;:% ?I:r)gu?er't:gt;?;Siépeerérpental as-
puted MCDFB SCF energie&ycpeg, Lamb shifts, and 9 B S 2 pect.

. . Another ignificant iscrepan li in th
second-order DCB correlation correctior&Z,, of repre- 303 i signiica discrepancy s '€
: . 3s3p° °P7_, 1, fine-structure levels. According to data in
sentative even- and odd-parity states of Ar L

. . 3 3 o .
In Table Il, a detailed comparison of the theoretical andthe NIST compilation, th? §3_p Po state is above the
ound level by 141893 cnt, in excellent agreement with

experimental data is made for the term energy separatio o — >
(AE) of the lowest 31 excited states relative to the groundn€ MR-MP prediction of 141 916 cnt, a deviation of only

J=0 (3s23p2 3P,,) state. In the first column of the Table, 32 0.02%. However, the MR-MP theory predicts the fine-

states, including the ground state, are numbered in order (§1tructu1re level$'Py ?ngspg to lie, respectively, 6 cm' and _
increasing energy. Spectroscopic term symbols are given ify M~ above the®Pg, whereas they are assigned to lie,
the second column. Theoretical MCDFB term energy sepatespectively, 122 cm' and 129 cm* below it. Large-scale
rations and fine-structuréFS) intervals computed in the MCDF calculationg33] also predict the’P? , fine-structure
present study, by Huang], and by Kohstallet al.[33] are  components to be above théP3, agreeing with our
displayed in the third through eighth columns, respectivelyMCDFB and MR-MP predictions. Thus the experimental as-
of the table. The ninth and tenth columns contain the ternsignment of the ordering and intervals of the fine-structure
energy separations and fine-structure intervals computed ilevels is suspect. Reexamination of the experimental data or
the MR-MP calculations. The term energy separations weréurther precision measurement is needed to resolve the dis-
computed by subtracting the total energy of the groynd crepancy.

=0 (3s?3p? °P,) state from those of the excited levels. Val- ~ Figure 2 displays the theoretical-experimental deviations
ues in parentheses adjacent to the term energy separatiomm’l) in term energy separations of the lowest 29 excited
are the percentage deviations between the experiment afelvels (excluding the $*'D, and 3*!S, state plotted
MR-MP theory. Experimental term energy separations anckgainst the state numbers to magnify the remaining discrep-
fine-structure intervals compiled in the National Institute ofancies. The figure clearly reveals that even the large-scale
Standards and Technolo@iIST) Atomic Spectra Database MCDF calculations of Kohstalét al, including as many as
[34] are reproduced in the last column for comparison. The5 300 CSFs arising from the=3-5 shells, fail to reproduce
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TABLE Il. Comparison of our MCDFB and MR-MP calculated energy separatidis, and fine-
structure separations, FS, with experimental §ia#4, and values from the MCDF calculations by Hudg
and by Kohstallet al. [33] in siliconlike Ar**.

State MCDFB Huang Kohstaét al. MR-MP NIST

AE FS AE FS AE FS AE FS AE FS
3s%3p?
1 %P, 0 0 0 0 0 0 0 0
2 %P, 741 741 810 810 750 750 757 757 765 765
3 %P, 2003 2003 2063 2063 2000 2000 2020 2020 2029 2029
4 D, 18934 19113 16636 16275 16299
5 1, 41505 41842 38592 38054 37912
3s3p°®
6 533 81505 82100 84647 85819-(2.04) 84100
7 °DS 121292 0 121558 0 121313 O 1215@R09 0 121630 O
8 DY 121364 72 121711 153 121358 45 12186809 49 121675 45
9 °DY 121528 236 121777 219 121540 227 1217008 181 121803 173
10 °P3 142601 O 143041 0 141910 0  141916@02) 0 141898 ©
11 SP9 142623 22 143284 243 141963 53  1419220(11) 6 141771 —122
12 °P$ 142650 49 143292 251 141983 73 1419200(11) 4 141768 —129
13 DY 156032° 156052 154470F 154275 (—0.04) 154212
17 3s? 198135 197402 198043 1911(0.22 191536
18 P9 204373 204177 194939 194640.37) 195358
3s?3p3d
14 SF$ 190610 O 191129 0 186856 O 186714
15 SF$ 191324 714 191976 847 187549 693 187422 708
16 SF9 192313 1703 192480 1351 188375 1520 188403 1689
19 °P$ 224703 0 225345 0 219592 0  217797Q10) O 217572 O
20 %P9 225374 671 226303 958 220252 660 2184890(09) 692 218284 712
21 °P§ 225718 1015 225602 —701 220352 760 2188350.09) 1038 218647 1075
22 DS 231379 234202 226888 221273%(0.24 221815
23 °DY 233069 O 233635 0 226542 0  224532@.14) 0 224221 O
24 °DS 233329 260 2321371498 225020 —1522 224811 0.14) 279 224498 277
25 °DY 233522 453 234303 668 226985 441 2250340(14) 502 224706 485
26 'F§ 257452 257482 248074 245472 0.06) 245329
27 P9 264171 265457 256305 25387% (0.69) 252141
3p*
28 °P, 264668 0 2643080.05 0 264427 0
29 3P, 265793 1125 26546(0.09 1152 265589 1162
30 %P, 266286 1618 26595(.09 1642 266076 1649
31 D, 274242 271405+ 18.77) 228519
32 s, 316697 3119963.96 324864

®Referencg36] gives 85823 cm? for °S3.

PReferencd32] gives the values 141 773 crhfor 3P§, and 141764 cm' for °P3. The value for°P is
not given.

“The dominant CSF in MCDFB approximation is?3p3d, but it is nominally represented as®p° for
comparison.

9The dominant CSF in MCDFB approximation is3p3, but it is nominally represented as3p3d for
comparison.

the experimental term energy separations as accurately ¢gisns between the MR-MP theory and experiment remain
does the MR-MP theory. Absolute deviations betweemearly constantof the order of 100 cm') making accurate

MCDF and experiment increase progressively as term energyrediction of a large number of excited levels possible. The
separation increases, primarily because MCDF, even on @emaining deviations from the experiment of the MR-MP
large scale, cannot accurately account for dynamic correleseparations are most likely due to small variations in the
tion. The MR-MP theory can, however, and thus the deviaquality of the state-averaged MCDFB SCF zero-order wave
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FIG. 1. Deviation from the experimefi84] (in cm™!) of our FIG. 2. Deviation from the experimefig4] (in cm™1) of our
MCDFB and MR-MP calculated energy separations and MCDFMCDFB and MR-MP calculated energy separations and the MCDF
separations of Huan§7] and Kohstallet al. [33] for siliconlike separations of Huan{7] and Kohstallet al. [33] for siliconlike
Ar**. The circled plus sign represents the deviation between thér**. The MCDFB and MR-MP values for thepd D, and 'S,
beam-foil experiment of Tizert et al.[36] and our MR-MP theory. have been removed to obtain a more detailed picture. The circled

plus sign represents the deviation between the beam-foil experiment

. . . . . f Trabertet al. [36] and MR-MP t .
functions. Noticeable discrepancies, ranging from 0.22% g oveneta [36] and our heory

0.69% (Fig. 2, remain in %3p>3S) (state number 17
3s3p 1PY (state number 18 3s?3p3d 'D$ (state number
22), 3s?3p3d!PY (state number 27 in addition to

$S3p3 5_5‘2) discussed egrlier. The source of the discrepancieﬁzs number 9 computed by Huang and Kohstait al. also
in the first four cases is not immediately apparent. deviate significantly the from the MR-MP theory and experi-

_ We have also predicted term energies of a large number Qhent, which are in good agreement. The figure also stresses
hitherto unobsgrvgd exc_ltec_i levels. Theoretical predictions ‘?fhe discrepancies discussed earlier between the experiment
these may assist in assigning the spectr3a.0The term energiggy MR-MP theory. The experimental fine-structure intervals
a_nd fm_e—structure mtervals_ (_)f thes®Bp3d "F234 levels are  353p33p9-3pY and 3PS-3PY (FS number 5 and)&seriously
given in Table Ill. An additional 65 excited levels arising contradict the theoretical intervals predicted by the MR-MP
from the nominal configurationss3p?3d and 323d? are theory and by Kohstall's large-scale MCDF
displayed in Table Ill. We expect the predicted excitation '
energies to be accurate to well within 0.2%.

Figure 3 displays theory-experiment deviations (¢
between fine-structure intervals in order to focus attention on
the few anomalies. The deviations are plotted against the In Table 1V, a detailed comparison of theoretical and ex-
interval number in increasing order in the FS intervals agperimental data is made on the term energy separatidb$ (
they appear from top to bottom in Table Il. The bulk of the of the lowest 39 excited states relative to the growid
experimentally determined fine-structure intervals is repro—=1/2 (3s?3p ?P$,,) odd-parity state. In the first column of
duced by our MCDFB and by the large-scale MCDF calcu-the table, 40 theoretically determined states including the
lations of Kohstallet al. MCDF accounts for the nondynamic ground level are numbered in order of increasing energy.
correlation. The MR-MP theory, which recovers almost allTheoretical MCDFB term energy separations and fine-
dynamic correlations, further improves the agreement. Huastructure intervals computed in this study and in that of Sa-
ng’s MCDF values are seen to deviate noticeably from théronova et al. [6] are displayed in the third through sixth

experiment. The §3p3d 3PS-2P$ fine-structure separation
(FS number 8 in Fig. B in particular, exhibits large devia-
tion. Theoretical 323p3d3D3J-*D? fine-structure intervals

B. Term energies and fine-structure separations
in aluminumlike iron
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TABLE Ill. Calculated MCDFB and MR-MP term energy separations of the energy levels arising from
the configurations 83p?3d and 3?3d? in siliconlike A" (cm™1).

State MCDFB MR-MP State MCDFB MR-MP State MCDFB MR-MP

3s3p?3d 3s3p?3d 3s3p?3d

°F, 273813 274649  5Gq 337476 327430 °F, 381957 371938
5F, 274064 274889 1G, 341110 334270  °F, 382177 372150
5F, 274450 275254 °D, 344561 334944  °F, 382513 372494
Sk, 274979 275750 °D, 344690 335054  °D, 404340 384177
SFs 275664 276384  °D, 344850 335202 °D, 405054 384757
Dy 281198 283618  F, 348597 339940 °D, 406060 395032
D, 281270 283682  °F, 356904 348723 ls, 407178 389823
D, 281414 283809  °F, 357449 349232 1D, 422033 403848
D, 281631 284004  °F, 358215 349896 P, 422788 411270
D, 281926 284273  °D, 358399 351011  °P, 423674 410825
°F, 295392 294592 3D, 358628 351247 3P, 423742 412185
3F, 295860 295035 %D, 359003 351631 3P, 437301 419365
5F, 296506 295652 3P, 361995 355005 'F, 441341 422799
5p, 311529 307775 3P, 362995 355122 D, 460979 437381
5p, 312036 308264 %S, 362543 355540 &3d?

5p, 312365 308580 °P, 362525 353576  °F, 441378 422790
3p, 322645 320051 P, 369200 361534  °F, 441393 422773
3p, 323669 321095 °D, 378653 366232  °F, 455105 431956
P, 324244 321665 °D, 379039 366719 1G, 455262 434583
3G, 337219 327373  °D, 380141 367440 3P, 460979 437381
3G, 337332 327472 1D, 380630 370064 3P, 461039 437435

°p, 461152 437535
D, 464330 445362
s, 489183 468931

columns of the table. The seventh and eighth columns corthe R-matrix calculations by Storegt al. [38] (blank tri-
tain the term energy separations and fine-structure intervakngles are seen to increase dramatically for higher excited
computed in the MR-MP calculations. The term energy sepastates. Even excitations to the low-lying states arising from
rations were computed by subtracting the total energy of th&s3p? and 33d show large deviations due to inadequate
ground 323p 2PY,, state from those of the excited levels. recovery of dynamic correlation energy. Once dynamic cor-
Experimental term energy separations and fine-structure irelation is accurately accounted for by state-specific MR-MP,
tervals of the corresponding states compiled in ¢ReANT! term energies and fine-structure intervals are accurately re-
databas€37] are reproduced in the last column for compari- produced. In Fig. 4, differences between the MR-MP term
son. Values in parentheses next to the theoretical term energynergy separations and experimentélled triangleg are
separations are the percentage deviations between the expesgen to be consistently small with two exceptions. For
ment and MR-MP theory. 3s3p[3P]3d *P%, and *DY,, (state numbers 25 and 28 in
The MBPT term energy separations computed by SaTable IV), the theory deviates from the experiment by 0.1%.
fronova et al. [6] agree well with our MR-MP theory and The deviations are clear in the figure, one above and the
experiment for low-lying excited states. For the excitedother below the zero line, and experimental assignments of
states arising from £3d and 33p3d nominal configura- these terms are therefore suspect.
tions, however, the MBPT term energy separations deviate Table V displays sevens3p[3P]3d excited stategstate
noticeably from the experiment. The MR-MP term energynumbers 22 through 28 in Table J¥hcluding the two levels
separations in Table IV deviate from the experiment byjust cited above. In the first column of the Table V, state
0.06% or less for all but two of the excited levels. Theoret-numbers from Table IV are given. Theoretically determined
ical term energy separations agree closely enough with thieerm types and corresponding MR-MP term energy of each
experiment that deviations larger than a fraction of a percentf the seven levels are given, respectively, in the second and
are cause to question the experimental numbers. Deviatiorikird columns in order of increasing energy. In the last col-
(in cm™ 1) between the theory and experiment for the lowestumn, experimental term energies and accompanying term
39 excited levels are plotted against the state number in Figypes are again displayed, this time in order of increasing
4. These showcase the accuracy of the MR-MP results anehergy, not in matching electronic terms as in Table IV.
reveal a few notable discrepancies. Deviations between th@omputed and experimental term energies displayed in as-
experimental term energy separations and those computed aending order are now in excellent agreement, and the largest
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percentage deviation between the theory and experiment it 2000
only 0.01%. However, experimental term types of fizS,, 3s%3p3d (3po-3p2)

and *P3, are reversed from their theoretical designations. o f
Figure 5 displays deviations (cm) between the theory and
experiment of the fine-structure intervals. These again point
out the accuracy provided by the MR-MP theory and reveal a
few discrepancies. Experimental and theoretical _
3s3p[*P13d *Pg,-*Pg, and H3p[*P]3d ‘Dy,-'DY, fine- ¢
structure intervals disagree. We argue again that experimen£
tal term assignments of these two levels are incorrect. An-§

: . ; : ; X 1000 1
other noticeable discrepancy revealed in the figure lies withE

3s23p3d (°D5-°Dy)
1500 A

. . C

the 3p3 2PY,,-2PY,, fine-structure intervalbetween the state & o Huang
g_umbers 17 and 18We cannot assign the source of this ¢ M ol

iscrepancy. i

In addition to the excited levels compiled in thelANTI 5 5004

database, theoretical predictions have been made on the ter_‘g
energies of a large number of hitherto unobserved excitec3 a

levels to aid experimental identification. An additional 44 ©
excited levels arising from the nominal configurations,
3p23d and ¥3d?, are displayed in Table VI. We expect that B8 o 82 g 0 2 g
the predicted MR-MP excitation energies are accurate to well o 0 o 8 R
within 0.1%. 2 2 5

[m]
C. Magnetic dipole and electric quadrupole transition 0o
probabilities between the Z?3p* 2P, 4, fine-structure states -500 ————
of aluminumlike iron and manganese 01 2 3 4 5 6 7 8 9 10 11 12 13

Magnetic dipole(M1) transitions of atomic ions are the FS number

origin of a number of low-density solar coronal and terres- F|G. 3. Deviation(in cm 1) from the experimenf34] of our
trial plasma[31] lines. Thus studies df11 transitions are of MCDFB and MR-MP calculated fine-structure separations, plus the
importance in the diagnostics of these lines. Recent relativMCDF values calculated by Huarfig] and by Kohstalkt al.[33] in
istic MBPT studies by Johnson, Plante, and Sapirg#&ion  siliconlike Ar**.
heliumlike ions have laid the foundation for high accuracy
calculations of reduced matrix elements and transition rates-)] negative-energy states appear, respectively, in the fourth
in one- and two-valence-electron systems and demonstrateghd fifth columns. The transition probabilities evaluated with
the capacity of theoretical methods to predict and M1 and without negative-energy states in the Babushkin gauge
transition rates accurately. differ very little, indicating that transition probabilities in this
The 3523p! 2P3,-2PJ,, decay rates of aluminumlike man- gauge are less sensitive to the negative-energy contribution.
ganese and iron were determined first by Moehs and Churchhe fine-structure intervaléTable 1V) and transition prob-
in a Kingdon ion trap experimertl4,15. In the present abilities computed with MCDFB and MR-MP wave func-
study, we have employed our relativistic MCDFB plus tions agree well, indicating that dynamical correlation differ-
MR-MP method to calculate the energy levels of theences are minor in transition probabilities of highly ionized
3s?3p? ZPJ (J=1/2,3/2) fine-structure states. Transition ions. The M1 transition probabilities are three orders of
probabilities between the two levels, and the lifetime of themagnitude larger than tHe2, indicating that radiative decay
2Py, fine-structure level, were evaluated following the of the 2p,,, state occurs predominantly via M1 transition.
method outlined in Sec. II. Table VII displays ti1 and Table VIII compares theoretical lifetimes with the experi-
E2 transition probabilities, computed in the Babushkinment. The MR-MP theoretical lifetime, 31.11 ms, of the
gauge, and lifetimes computed with state-averaged MCDFB P, level of Mn*?* agrees well with the theoretical lifetime
and state-specific MR-MP wave functions. Because of strongomputed by Huang7], and with the experimental value,
coupling between the large and small components of th&1.321.82 ms, obtained by Moehs and Churit4,15|.
Dirac four-spinors in the transition matrix elemer tran-  The theory and the Kingdon trap experiméi#,15 also
sition probabilities evaluated by excluding the negative-agree well on the lifetime of thes32p* 3P, state of oxygen-
energy space in the Coulomb gauge are inaccurate and thlike argon. Here the theoretical lifetime, 14.99 g, is in
deviate from the values evaluated in the Babushkin gaugeery good agreement with the experiment (14®48 ms).
[39]. When contributions from the negative-energy space are The MR-MP theoretical lifetime, 16.61 ms, of tHé®3,
included, transition probabilities evaluated in the Coulombstate of F&" agrees well with the theoretical lifetimes com-
gauge approach those evaluated in the Babushkin gdliye. puted by Huand7] and Storeyet al. [38], but not with the
andE2 transition probabilities computed with MR-MP wave MCHF [41] calculated lifetime. The MR-MP lifetime also
functions excluding[DCB(+)] and including [ DCB(+, agrees, to within the experimental error, with the recent ex-
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TABLE IV. Comparison of our MCDFB and second-order MR-MP calculated energy separatiBnsind fine-structure separations, FS,
with experimental dat&37], and with values from the MBPT calculations by Safronevtal. [6] in aluminumlike F&*". All energies are
; -1
incm -,

State MCDFB Safronovat al. MR-MP CHIANTI

AE FS AE FS AE FS AE FS
3s%3p
1 2P, 0 0 0 0 0 0 0 0
2 2pg, 18781 18781 18831 18831 18859 18859 18852 18852
3s3p?
3 Pip 222633 0 225187 0 2250940.01 0 225113 0
4 “Pap 230246 7613 232889 7702 2328(.01) 7707 232788 7675
5 *Psj 239889 17256 242451 17264 242396(.00) 17302 242387 17274
6 2Dy, 300283 0 298903 0 29919P.02 0 299241 0
7 ’Dyy, 302467 2184 301126 2223 30144602 2224 301468 2227
8 23, 370478 364267 36464®.01) 364692
9 2P 395156 0 388057 0 388280.06 0 388508 0
10 2Py, 403425 8269 396052 7995 39626806 7979 396511 8003
3s?3d
11 2Dy, 482690 0 472279 0 473290-(0.01) 0 473222 0
12 Dy, 484514 1824 474242 1963 475268 0.01) 1978 475201 1979
3p®
13 pg, 576283 0 576068 0 576475-(0.02) 0 576382 0
14 D2, 579827 3544 579912 3844 580295 Q.01) 3820 580231 3849
15 4s%, 591044 588844 58899(D.00 589000
17 2p9, 646930 0 641696 0 642277-0.02) 0 642178 0
18 2pg, 650107 3177 645244 3548 645776 0.06) 3499 645420 3242
3s3p[3P]3d
16 4F9, 642059 641239 641837
19 ‘F2, 646108 0 645313 0 645908.01) 0 645987 0
20 4FS, 652025 5917 651223 5910 65188Y.02 5932 651944 5957
21 4FS), 660288 14180 659539 14226 6601@601) 14260 660261 14274
22 P, 692870 0 689678 0 690289.00 0 690301 0
25 4P, 706653 13783 692051 2372 70334012 13060 704208 13907
26 P9, 706033 13163 693557 3879 7037@%00 13448 703748 13447
23 ‘DY, 695565 0 703580 0 692665-0.00 0 692660 0
24 ‘DY, 697441 1876 703197 —383 6941620.00 1497 694167 1507
27 ‘DY, 707142 11577 703500 -80 704099(0.00 11434 704112 11452
28 ‘DY, 706798 11233 702727 —853 704134 ¢0.11) 11469 703391 10731
29 pg, 722748 0 716538 0 717234-0.01) 0 717193 0
30 pg, 723271 523 717163 625 717852.00 618 717859 666
31 2F2, 754156 0 743733 0 74491©.0) 0 744963 0
32 2F9, 769061 14905 758566 14833 7597@600) 14882 759812 14849
33 2pg, 820610 0 806112 0 807316-(0.02) 0 807111 0
34 2p9, 828684 8074 814018 7969 815352 0.03) 8036 815123 8012
3s3p[!P]3d
35 2F9, 833369 0 815939 0 817722-(0.02) 0 817591 0
36 2F2, 836461 3092 818947 3008 820736 0.02) 3008 820599 3008
37 2p9, 856261 0 837739 0 839458.00 0 839490 0
39 2pg, 860112 3851 839172 1433 843641B00 4193 843653 4163
38 DY, 857065 0 842226 0 840993-(0.03) 0 840773 0
40 D, 860297 3232 843273 1047 844686 (0.02) 3693 844475 3702

¥ xperimental assigments 6P, and “DY,, have been interchangédee Table V for details
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FIG. 4. Deviation(in cm™1) from the experimen{37] of our FIG. 5. Deviation(in cm™*) from the experimen{37] of our
MR-MP calculated energy separations, and the calculated values 8ICDFB and MR-MP calculated fine-structure separations, and the
Storeyet al.[38] and Safronovat al.[6] for aluminumlike Fé3*.  calculated values of Storest al. [38] for aluminumlike Fé**.

perimental value (16.740.12 ms) obtained by Beiersdorfer {he experimental error with a recent Livermore EBIT experi-

et al. using the Livermore EBIT13], but deviates noticeably 1 ant which yielded, respectively, 15:®.8 ms, 9.70
from the value (17.520.29 ms) obtained by Church and _ 15 ms and 9.390 12 ms[42]. ’ ’

co-worker [14,15 in their Kingdon trap experiment. The
MR-MP theory tends to agree more with the recent EBIT

lifetime measurements for other ions as well. Theoretital IV. CONCLUSION
lifetimes for the®P3 state of berylliumlike, theP3), state of
boronlike, and the?P,, state of fluorinelike Ar iong40], We have developed and implemented a straightforward

respectively, 15.66 ms, 9.59 ms, and 9.45 ms, agree to withirelativistic MR-MP method capable of accurately predicting
) s . . transition energies and transition rates for systems with mul-
TABLE V. Proposed reassignment 063p["P]3d"P and™D J e valence electrons. These are difficult both experimen-

states of aluminumlike B&". The energy levels are arranged in : . .
) tally and theoreticall h ically displ num-
ascending order of our second-order MR-MP results. The experlJEa y and theoretically because they typically display a nu

mental data were taken from tla®lIANTI atomic databasgs7]. The ber of nearly degenerate low-lying excited states.

assignment of experimental energy levels is indicated to the right Oﬁppllcatlo_ns to_ beryllluml_lke thm‘%gh sulfurlike argon ions,
the experimental data. All values are in ¢h and aluminumlike and siliconlike iron and manganese, have

established the accuracy of the metHd@®|. In this study,

Number State MR-MP  CHIANTI State theoretical calculations on siliconlike argon and aluminum-
like iron have been reported, and they demonstrate unprec-
22 *PS; 690289 690301  “Pg, edented accuracy. Term energy separations and fine structure
23 ‘DY), 692665 692660 ‘DY), intervals in complex ions with multiple valence-shell elec-
24 ‘DY, 694162 694167 ‘DY, trons (=2) have been obtained to within a fraction of a
25 ‘P, 703349 703391 ‘DY, percent for a large number of excited levels by the theory.
26 Py, 703737 703748 P, The calculated MR-MP transition energies for*Arand
27 ‘D2 704099 704112 ‘D2, Fe'** are the most accurate among those obtained by a va-
28 ‘DY, 704134 704208 ‘P9, riety of relativistic methods. The crucial components are a

fully relativistic many-body theory that accounts for one-
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TABLE VI. MCDFB and MR-MP energy levels of the even- TABLE VII. M1 andE2 transition probabilitiegin s %) and

parity 3p?3d and %3d? configurations of aluminumlike E&". All lifetimes (in millisecond$ of 3s?3p 2P, state in aluminumlike
energies are in cnt. Mn*?" and Fé&*' ions.
State MCDFB MR-MP Transition MCDFB MR-MP
3p?3d DCB(+)  DCB(+,-)
2Fg), 963200 960889 Mn*2*
2F 969900 967691 2p2 -2P3, M1 32.14 32.14 32.14
4Fap 972241 966037 2p9,2PY,, E2 0.0065 0.0065 0.065
Fepy 976755 970693
*Fin 982880 976961 72PY, 31.11 31.11 31.11
2Pap 988179 983988
“Fop 989784 983604 Fet3t
2Py, 992852 988301 2p9,-2PY), M1 60.18 60.18 60.17
*Dap 1000230 995427 2p9,-2pY, E2  0.01457  0.01463 0.01463
“Dgyy 1001061 996003
“Dy 1007475 1003465 72P%, 16.61 16.61 16.61
‘Do, 1007674 1002947
%Gy, 1026585 1015917
2(39/2 1030462 1020067 operators have been accounted for in the first-order MR-MP
2D5/2 1045779 1033523 wave functions. Where deviation between the theory and ex-
4D3/2 1049356 1037695 periment is significant, of the order of a percent or larger, the
4P5/2 1057335 1044698 theory is able to challenge the validity of the spectroscopic
P 1058116 1044829 assignments. The current level of relativistic many-body
Py 1058174 1044127 theory is capable of predicting lifetimes of excited levels
Py 1089341 1076679 comparable in accuracy to the experimental lifetime mea-
2P 1092544 1078329 surements.
23, 1100442 1089810 Because core and valence-shell spinors are optimized for
2Dy, 1104956 1087195 the average energy over a number of low-lying states with
2Dy, 1115749 1095714 different 7 and parity, the state-averaged MCDFB energy for
2k, 1119083 1099992 a given state is slightly higher than the state-specific
., 1124270 1105117 MCDFB energy. However, the subsequent state-specific
2Dy, 1186709 1150013 MR-MP perturbation calculations based on the single set of
2D 410 1192141 1155852 MCDFB core, valence, and virtual spinors accurately repro-
3532 duce the differences in dynamic correlation corrections
“Fy 1131928 1124030 among individual states, r_esultlng in accurat_e term energy
e 1132722 1124835 and fine-structure separations for all states |.ncIuded in t_he
4 1133812 1125945 s_,tatg—averageq MCDF. The kgy to successfgl |mplem§ntatlon
o 1135178 1127373 lies in the optimization of a single set of spinors within the_
4p 1167310 1158354 state-av_eraged MCDFB energy to account for nondynamic
4P;z 1167793 1158863 correlation (quasidegeneragy and then subsequent state-
4Py 1168430 1159538
2Dy 1221903 1197986 TABLE VIII. Comparison of the theoretical and experimental
2Dy 1222633 1197372 Iifetgimes (millisecond$ of the 3s23p2P3, state in MiA*" and
2Gypp 1222927 1199202 Fe*" ions.
2Ggpp 1223270 1199423 Mniz" Fai3t
°Fe) 1274240 1242616
2Fop 1275182 1243842 Storeyet al. [38] 16.60
%S 1300238 1275073 Huang([7] 31.07 16.66
2P, 1317708 1274120 MCHF [41] 19.6
2Pap 1319618 1275727 MR-MP 31.11 16.61
Experiment
body kinematic relativistic effects, relativistic nondynamic Reference$14,15 31.32£1.82 17.520.29
and dynamic correlation corrections, and Lamb shift correcreferencd 13 16.74+-0.12

tions. The correlation corrections due to contributions of the
Coulomb and Breit interactions to tid1 andE2 transition °Rescaled value using experimental wavelength is 16.60 ms.
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specific MR-MP perturbation calculations to accurately ac-which may be accurately accounted for by multireference
count for dynamic correlation for individual states. This is second-order perturbation theory.

the crucial departure from our earlier relativistic MR-MP

theory, where state-speuﬂc MC[_)FB SCF was employed ACKNOWLEDGMENT

[20]. The successful implementation emphasizes that once

nondynamic correlation is accounted for by MCDF or Cl, the  This research is supported in part by the U.S.-Israel Bina-
bulk of the remaining electron correlation is pair correlation,tional Science Foundation.
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