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Relativistic multireference many-body perturbation theory is generalized to calculate the energies of highly
excited levels in multivalence-electron ions of iron group elements responsible for soft-x-ray emission lines.
Term energies of the highly excitedn=4 states arising from the 3s23p4l sl =0–3d and 3s3p24l sl=0–3d
configurations in FeXIII are computed to high accuracy. Theoretical electric dipole transition probabilities and
wavelengths of the transitions to low-lyingn=3 levels are compared with solar and laboratory lines to identify
hitherto unidentified and/or poorly characterized extreme ultraviolet and soft-x-ray spectral lines.E1, E2, and
M1 decay rates and lifetimes of lower excited levels of then=3 manifold are evaluated as a benchmark for
future experiments.
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I. INTRODUCTION

Astrophysical interest in the spectra of multiply charged
ions has increased in recent years as satellite-borne tele-
scopes and instruments expand the range of detectable radia-
tion into the x-ray region. In particular, the studies of stellar
and solar coronae have intensified as a result of quality data
acquisitions by the Extreme-Ultraviolet(EUV) Explorer sat-
ellite, Chandra x-ray observatory, and the Solar Heliospheric
Observatory(SOHO) that recorded superb coronal spectra
[1,2]. The ultraviolet (UV) through EUV and soft-x-ray
emission lines from multiply charged ions are particularly
useful as they provide detailed knowledge of the coronal
atmosphere. Whereas a wealth of spectra from solar corona
has been recorded, about half of the UV-EUV lines remain
unidentified[3–5].

Siliconlike ions of iron group elements have numerous
prominent lines in the solar coronal and flare spectra. While
the energy levels arising from the ground 3s23p2 and excited
3s3p3 and 3s23p3d configurations have been fairly well es-
tablished in ions of the silicon isoelectronic sequence, a re-
cent fast-beam spectroscopy experiment[6] and high-
accuracy calculations [7,8] revealed a number of
inconsistencies in earlier UV line identifications. In a recent
study on the 3s23p3d 3F2,3,4

o levels[7,8], we have shown that
due to incorrect spectroscopic assignment of the observed
UV lines, the deduced term energies of the FeXIII

3s23p3d 3F2
o and 3F3

o levels were incorrect. The term ener-
gies of the poorly characterized 3s23p3d 3F2,3,4

o levels were
theoretically determined to 0.01% accuracy. Critical evalua-
tion of these levels is very important because a large number
of the electric-dipolesE1d transitions originating fromn=4
even-parity levels decay to the 3s23p3d 3F2,3,4

o states.
EUV and soft-x-ray regions of the solar and laboratory

spectra of multiply charged ions of iron group elements have
been very poorly characterized. The paucity of well-
characterized lines arises partly because extant theories have
limited predictive power and accuracy for spectroscopic
identification even on low-lyingn=3 states, much less
highly excitedn=4 levels given the wealth of possible tran-

sitions. For the FeXIII EUV and soft-x-ray emissions from
the 3s23p4l sl =0–2d states, spectroscopic assignments based
on semiempiral calculations have been made on a limited
number of lines in the earlier studies of Fawcettet al. [9] and
Kastneret al. [10]. In fact, the term energies have been de-
duced from only a few observed lines, rendering the assign-
ment tentative. A higher level of theory capable of providing
accurate term energies must be brought to bear on the EUV
and soft-x-ray spectra to identify hitherto unidentified labo-
ratory and coronal lines or to critically evaluate experimen-
tally identified lines.

In this study, we generalize the previous study[11] and
develop a relativistic multi-reference Møller-Plesset pertur-
bation theory(MR-MP) for accurate predictions of term en-
ergies of a large number of excited levels ofn=3 and 4
manifolds in multivalence-electron ions of iron group ele-
ments responsible for the hitherto unidentified EUV and
x-ray emissions. Theoretical transition energies and decay
rates of over 4000 excitedn=3 andn=4 levels in FeXIII are
evaluated to high accuracy and compared with solar and
laboratory lines. Theoretical transition rates and lifetimes of
low-lying n=3 excited states are reported as a benchmark for
future lifetime measurements. A synthetic soft-x-ray spec-
trum of FeXIII is generated based on theoretical energy levels
and transition rates to explicate the wealth of soft-x-ray
emission lines in a recently recorded spectrum[12] that ex-
tant spectral models fail to reproduce. The purpose of the
present study is to develop a relativistic many-body pertur-
bation theory(MBPT) for the theoretical EUV and x-ray
spectroscopy of astronomically relevant ions.

II. METHOD

The major difficulty in developing a high-accuracy many-
body algorithm for multivalence-electron systems lies in the
near degeneracy of the valence shells and an accurate de-
scription of valence-core dynamic correlation. Multiconfigu-
ration Dirac-Fock-Breit (MCDFB) self-consistent field
(SCF) and configuration interaction(CI) methods are most
effective in treating nondynamic correlation(i.e., near degen-
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eracy in the valence shells) but fail to accurately account for
the bulk of dynamic correlations in systems with a large
number of electrons. Single-reference many-body perturba-
tion theory has exactly the opposite characteristic; it is effec-
tive in accurately describing dynamic correlation but fails to
account for nondynamic correlation. Dynamic correlation is
a short-range effect that arises from electron-electron inter-
actions and is the major correction to the Dirac-Fock(DF)
independent particle model, while nondynamic correlation is
a consequence of the existence of nearly degenerate excited
states that interact strongly with the reference state[13].

Systems in which only the dynamic correlation is impor-
tant may be described by a single-configuration DF wave
function, whereas systems with significant nondynamic cor-
relation cannot be correctly described within single-
configuration DF wave functions. Near degeneracy in the
valence shells gives rise to a manifold of strongly interacting
configurations — i.e., strong configuration mixing within a
relativistic complex[13]—and makes a MC treatment man-
datory [14–16]. In an earlier study, we developed a com-
bined state-averaged MCDFB SCF+state-specific MR-MP
that accurately accounts for both nondynamic and dynamic
correlation corrections. The combined method provides ac-
curate term energies and lifetimes of over 80 excited levels
of n=3 manifolds in ions of the iron group elements[7,8,11].
For highly excited levels of then=4 manifold, however, the
MCDFB SCF becomes quickly unwieldy, and the CI method
is more straightforward[17–20] to account for the strong
configuration mixing and to ensure an energy upperbound for
the n=4 excited levels. With this in mind, we generalize the
previous study and develop a combined many-body algo-
rithm for high-accuracy calculations of highly excited states
in multivalence-electron systems.

The method begins with a state-averaged MCDFB SCF
for the ground and low-lying excited states in FeXIII , to ob-
tain a common set of core and valence spinors in theVN

potential. This is followed by a relativistic multireference CI
method[21], including the highly excited states of then=4
manifold, to account for a near-degeneracy effect or strong
configuration mixing, among the excited levels in the spirit
of Dzuba, Flambaum, and Kozlov[18] and Savukov and
Johnson[19]. The relativistic CI, however, fails to account
for the bulk of dynamic correlation among highly excited
levels unless a very large number of configurations, on the
order of 13106, are included in the CI calculations. The
residual dynamic correlation corrections, however, can easily
be accounted for by state-specific MR-MP based on the CI
wave functions. In the following subsections, the combined
MCDFB/CI+MR-MP theory is briefly outlined.

A. MCDFB SCF calculations of core and valence spinors

The effectiveN-electron Hamiltonian(in atomic units) for
the development of our relativistic MR-MBPT algorithm is
taken to be the relativistic “no-pair” Dirac-Coulomb-Breit
(DCB) Hamiltonian[22,23]

HDCB
+ = o

i

hDsid + L+So
i. j

1

r ij
+ BijDL+, s1d

with

Bij = −
1

2
fai · a j + sai · r i jdsa j · r i jd/r ij

2g/r ij . s2d

HerehDsid is the Dirac one-electron Hamiltonian. The DCB
Hamiltonian is covariant to first order and increases the ac-
curacy of calculated fine-structure splittings and inner-shell
binding energies. Higher-order QED effects appear first in
order a3. The nucleus is modeled as a sphere of uniform
proton charge distribution:L+=L+s1dL+s2d¯L+sNd, where
L+sid is the projection operator onto the spaceDs+d spanned
by the positive-energy eigenfunctions of the matrix DFB
SCF equation[23]. L+ is the projection operator onto the
positive-energy spaceDs+d spanned by theN-electron
configuration-state functions(CFS’s) constructed from the
positive-energy eigenfunctions of the matrix DFB SCF. It
takes into account the field-theoretic condition that the
negative-energy states are filled. The eigenfunctions
hfnqkq

s±d srdjsPDs+døDs−dd of the matrix DFB SCF equation
clearly separate into two discrete manifoldsDs+d and Ds−d,
respectively, of positive- and negative-energy one-particle
states. As a result, the positive-energy projection operators
can be accomodated easily in many-body calculations. The
formal conditions on the projection are automatically satis-
fied when only the positive-energy spinors are employed.

N-electron eigenfunctions of the no-pair DCB Hamil-
tonian are approximated by a linear combination ofMMC

configuration-state functionshFI
s+dsgIJpd ; I =1,2, . . . ,MMCj

PPs+d, constructed from positive-energy eigenfunctions of
the matrix MCDFB SCF equation:

cK
MCsgKJpd = o

I

MMC

CIKFI
s+dsgIJpd. s3d

The MCDFB SCF wave functioncK
MCsgKJpd is an eigen-

function of the angular momentum and parity operators with
total angular momentumJ and parityp. Hereg denotes a
set of quantum numbers other thanJ and p necessary to
specify the state uniquely. The total DCB energy of the gen-
eral state represented by the MC wave functioncK

MCsgKJpd
can be expressed as

EDCB
MC sgKJpd = o

IJ

Ps+d

CIKCJKkFI
s+dsgIJpduHDCB

+ uFJ
s+dsgJJpdl.

s4d

Here, it is assumed thatcKsgKJpd andFJ
s+dsgJJpd are nor-

malized.
The second-order variation of the state-averaged energy

Vstate-ave given below is taken with respect to the matrix
elements of the spinor unitary rotation matrix and configura-
tion mixing coefficients hCIKj, leading to the Newton-
Raphson equations for second-order MCDFB SCF[21]. This
state-averaged second-order MCDFB equation yields a
single set of spinors for the ground and low-lying even- and
odd-parity excitedsg ,J ,pd levels, including 2S+1LJ fine-
structure states:
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Vstate-ave = o
gKJp

EMCsgKJpd

= o
gKJp

o
IJ

Ps+d

CIKCJKkFI
s+dsgIJpduHDCB

+ uFJ
s+dsgJJpdl,

s5d

where the summation indicesg, J, and p run over the
ground and excited states including a set of2S+1LJsJ= uL
−Su , . . . ,uL+Sud fine-structure states.SandL are the spin and
orbital angular momentum quantum numbers.

Conventional state-specific MCDFB SCF has the disad-
vantage that each state optimized by the MCDFB SCF has its
own set of core and valence spinors, which tends to provide
the subsequent state-specific second-order perturbation cal-
culations a slightly unbalanced representation of the dynamic
correlation corrections to term energy separations. This small
imbalance in representing dynamic correlation among states
in finite-order perturbation theory prevents an accurate pre-
diction of term energy separations. Note that in all-order per-
turbation theory, this imbalance would vanish. In contrast,
the state-averaged MCDFB SCF has the advantage of defin-
ing a single set of spinors for all states included in the state-
averaged MCDFB SCF. The single set of spinors provides, in
finite-order perturbation theory, a well-balanced representa-
tion of dynamic correlation energy corrections on term en-
ergy separations. In recent CI+second-order MBPT calcula-
tions on two-valence-electron systems[19], a single set of
spinors generated by theVN−2 potential is employed to accu-
rately account for nondynamic correlation by valence-shell
CI and the remaining dynamic correlation by second-order
MBPT. Fock-space relativistic coupled cluster theory[24]
also employs a single set of spinors generated by theVN−2

potential in closed-shell Dirac-Fock calculations. Inn s.2d
valence-electron systems such as the FeXI –FeXIII , however,
the closedVN−n core potential yields core spinors that are
bound too strongly and thus no longer provides a good
lowest-order description. For multivalence-electron systems,
a set of core and valence spinors generated in the field of the
VN potential in state-averaged MCDFB SCF provides an ex-
cellent lowest-order description[11,25].

B. Multireference CI to account for near degeneracy
in highly excited levels

In order to account for strong configuration mixing among
the highly excited levels ofn=3 and 4 manifolds, the con-
figuration interaction method[17–21] is introduced in an ex-
tended subspacePCI

s+d of positive-energy space.N-electron
eigenfunctions of the no-pair DCB Hamiltonian are approxi-
mated by a linear combination ofMCI s@MMCd
configuration-state functionshFI

s+dsgIJpd ; I =1,2, . . . ,MCIj,
constructed from the one-particle positive-energy spinors of
n=3 and 4 manifolds computed in matrix MCDFB SCF.
Variation of the configuration-state coefficientshCIKj leads to
the determinantal CI equation

detfkFI
s+dsgIJpduHDCB

+ uFI
s+dsgIJpdl − ECIkFJ

s+dsgJJpduFJ
s+d

3sgJJpdlg = 0. s6d

The eigenfunctionshcK
CIsgKJpdj form a subspacePCI

s+d of
the positive-energy spaceDs+d:

cK
CIsgKJpd = o

I

MCI

CIKFI
s+dsgIJpd, K = 1,2, . . . ,MCI.

s7d

The total DCB energy of the general CI stateucK
CIsgKJpdl

can be expressed as

EK
CIsgKJpd = kcK

CIsgKJpduHDCB
+ ucK

CIsgKJpdl

= o
I,J=1

PCIs+d

CIKCJKkFI
s+dsgIJpduHDCB

+ uFJ
s+dsgJJpdl.

s8d

Here it is assumed thatcK
CIsgKJpd andFI

s+dsgIJpd are nor-
malized.

C. State-specific MR-MP theory for residual correlation
corrections

The no-pair DCB HamiltonianHDCB
+ is decomposed into

two parts, unperturbed HamiltonianH0 and perturbationV,
following Møller and Plesset[26,27]:

HDCB
+ = H0 + V. s9d

Here the unperturbed model HamiltonianH0 is a sum of
one-body operators,

Fav = o
pPDs+d

ufnpkp

s+d lkfnpkp

s+d ufavufnpkp

s+d lkfnpkp

s+d u

defined in Refs.[11,16,25].
The N-electron wave functions we seek to refine by

MR-MP theory may be expanded in a set of CSF’s that
spans the entire N-electron positive-energy space
Ds+d, hFI

s+dsgIJpdj, constructed in terms of Dirac one-
electron spinors. Individual CSF’s are eigenfunctions of the
total angular momentum and parity operators and are linear
combinations of antisymmetrized products of positive-
energy spinorssPDs+dd. The one-electron spinors are mutu-
ally orthogonal so the CSF’shFI

s+dsgIJpdj are mutually or-
thogonal. The unperturbed Hamiltonian is diagonal in this
space,

H0 = o
I

Ds+d

uFI
s+dsgIJpdlEI

CSFkFI
s+dsgIJpdu, s10d

so that

H0uFI
s+dsgIJpdl = EI

CSFuFI
s+dsgIJpdl sI = 1,2, . . .d.

s11d

Since the zero-order Hamiltonian is defined as a sum of one-
electron operatorsFav, EI

CSF is a sum of the products of one-
electron energies defined by«q

+ and an occupation number
nnqkq

fIg of the kq-symmetry shell in the CSFFI
s+dsgIJpd

[11,16,25]:
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EI
CSF= o

q

Ds+d

«q
+nnqkq

fIg. s12d

The subsethFI
s+dsgIJpd ; I =1,2, . . . ,MCIj with which we

expand the CI wave functioncK
CIsgKJpd [Eq. (7)] also de-

fines an active subspacePCI
s+d spanned bycK

CIsgKJpd and its
MCI−1 orthogonal complements hcKsgKJpd ;K
=1,2, . . . ,MCIj. The matrix ofHDCB

+ in this subspace is di-
agonal:

kcK
CIsgKJpduHDCB

+ ucL
CIsgLJpdl

= dKLsEK
s0d + EK

s1dd = dKLEK
CIsgKJpd, s13d

where

EK
s0d = kcK

CIsgKJpduH0ucK
CIsgKJpdl = o

I

M

CIKCIKEI
CSF

s14d

and

EK
s1d = kcK

CIsgKJpduVucK
CIsgKJpdl. s15d

The residual space in the positive-energy subspace isQs+d

=Ds+d−PCI
s+d, which is spanned by CSF’shFI

s+dsgIJpd ; I
=MCI+1,MCI+2, . . .j.

Application of Rayleigh-Schrödinger perturbation theory
provides order-by-order expressions of the perturbation se-
ries for the state approximated byucK

CIsgKJpdl:

EKsgKJpd = EK
CIsgKJpd + EK

s2d + ¯ , s16d

where

EK
s2d = kcKsgKJpduVRVucKsgKJpdl. s17d

Here,R is the resolvent operator:

R =
Qs+d

EK
CSF− H0

, s18d

with

Qs+d = o
I

Qs+d

uFI
s+dsgIJpdlkFI

s+dsgIJpdu.

The projection operatorQs+d projects onto the subspace
Qs+d spanned by CSF’shFI

s+dsgIJpd ; I =MCI+1,MCI+2, . . .j.
Using the spectral resolution of the resolvent operator acting
on VuFI

s+dsgIJpdl, the second-order correction may be ex-
pressed as

EK
s2d = o

IJ

CIKCJKkFI
s+dsgIJpduVRVuFJ

s+dsgJJpdl= o
L=M+1

Qs+d

o
I,J=1

PCIs+d

CIKCJK

kFI
s+dsgIJpduVuFL

s+dsgLJpdlkFL
s+dsgLJpduVuFJ

s+dsgJJpdl

EJ
CSF− EL

CSF .

s19d

In this form, all perturbation corrections beyond first order
describe the residual dynamic correlation correction for the
state approximated by the CI wave functionucK

CIsgKJpdl.
Summations over the CSF’s in Eqs.(10)–(19) are re-

stricted to CSF’ssPDs+dd constructed from the positive-
energy branchsDs+dd of the spinors, effectively incorporating
into the computational scheme the “no-pair” projection op-
eratorL+ contained in the DCB Hamiltonians. Further, the
CSF’s FL

s+dsgLJpd sPQs+dd generated by excitations higher
than double, relative to the reference CSF’s
FI

s+dsgIJpd sPBs+dd, do not contribute to the second and
third orders because for themkFI

s+dsgIJpduVuFL
s+dsgLJpdl

=0 and kFI
s+dsgIJpduHDC

+ uFL
s+dsgLJpdl=0. State-specific

MR-MP on each of the states obtained in the CI accounts for
both dynamic pair and pair-pair correlations. Consequently,
energy converges at the second-order level, yielding highly
accurate term energies for a wide range of excited levels.

III. COMPUTATION

The large and small radial components of the Dirac
spinors of symmetryk are expanded in sets of even-

tempered Gaussian-type functions(GTF’s) that satisfy the
boundary conditions associated with the finite nucleus[28].
The speed of light is taken to be 137. 035 989 5 a.u. through-
out this study. The GTF’s that satisfy the boundary condi-
tions associated with the finite nucleus are automatically ki-
netically balanced [28]. Even-tempered basis sets of
26s24p20d18f15g15h15i15j G spinors were employed. The
order of the partial-wave expansionsLmaxd, the highest angu-
lar momentum of the spinors included in the virtual space, is
Lmax=7 throughout this study. The nuclei were modeled as
spheres of uniform proton charge in all calculations. Atomic
mass for the Fe12+ ion is 55.847.

The state-averaged MCDFB SCF for the ground and low-
lying excitedJ=0–4 states in FeXIII were carried out in-
cluding 64 even- and odd-parity CSF’s arising from the
3s23p2, 3s3p3, 3s23p3d, and 3s23p4l sl =0–3d configura-
tions. Subsequent CI includes all the CSF’s arising from the
configurations 3sm3pn3dq with m+n+q=4 (complete active
space of then=3 manifold) and 3sm3pn3dq4l sl =0−3d with
m+n+q=3 to ensure that then=3 and 4 eigenstates of the
matrix CI equation are upperbounds to the exact DCB ener-
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gies. A total of 4049 CSF’s ofJ=0–5 (2029 even-parity and
2020 odd-parity CSF’s) thus produced were included in the
CI calculations. Subsequently, each of the 4049 eigenstates
was subjected to state-specific MR-MP refinement to account
for residual dynamic correlation. All electrons have been in-
cluded in the MR-MP perturbation theory calculations to cal-
culate accurately the effects of relativity on electron correla-
tion. MR-MP correlation energy contributions to transition
energies from partial waveLmax=8 and higher are on the
order of 10 cm−1. The residual correlation contributions are
negligibly small for largen=4→n=3 transition energies that
range from 1 500 000 to 2 000 000 cm−1. For the low-lying
states arising from the 3s23p2 configuration, however, the
residual correlation contributions are no longer negligible,
accounting for up to 0.03% of term energy separations.

Radiative corrections, Lamb shifts, were estimated for
each state by evaluating the electron self-energy and vacuum
polarization following an approximation scheme discussed
by Indelicato, Gorceix, and Desclaux[29]. The code de-
scribed in Refs.[29,30] was adapted to our basis set expan-
sion calculations for this purpose: All the necessary radial
integrals were evaluated analytically. In this scheme[30], the
screening of the self-energy is estimated by integrating the
charge density of a spinor to a short distance from the origin,
typically 0.3 Compton wavelength. The ratio of the integral
computed with an MCDFB SCF spinor and that obtained
from the corresponding hydrogenic spinor is used to scale
the self-energy correction for a bare nuclear charge that has
been computed by Mohr[31].

IV. RESULTS AND DISCUSSIONS

A. Term energies of the excited 3s23p4l „l =0–3…
and 3s3p24s levels

In Table I, theoretical MR-MP term energies of the 54
excited states arising from the 3s23p4l sl =0–3d and 3s3p24s
configurations are compared with available experimental
data[9,10,32]. Term energies of a total of 156 excited levels
arising from the 3s3p24p, 3s3p24d, and 3s3p24f configura-
tions are too voluminous to include here. They are available
as supplementary data[33]. The term energies were com-
puted by subtracting the total energy of the groundJ
=0 s3s23p2 3P0d state from the total energies of the excited
levels. Values in parentheses adjacent to the term energies
are the percentage deviations between experiment and
MR-MP theory. Of the computed 54 excited levels, only 25
are experimentally determined. These experimental term en-
ergies, taken from the CHIANTI Atomic Database[32] and
from experiments by Fawcettet al. [9] and Kastneret al.
[10], are reproduced in the last three columns for compari-
son. Level numbers of the 25 states are assigned in the third
column of the table. None of the excited levels arising from
the 3s3p24s configuration has been experimentally identified.

The MR-MP term energies demonstrate that theory devi-
ates from experiment at the 0.01% level for 14 levels. The
other 11 levels display deviations ranging from 0.13% to
2.7%. The theoretical term energies are accurate enough that
scrutiny of experimental results is warranted when deviations
are 0.1% or larger. Deviations(in cm−1) between theory and

experiment for the 25 excited levels are plotted against the
level numbers in Fig. 1 to exemplify the accuracy of the
MR-MP theory and display notable discrepancies. Among
the excited levels that exhibit significant deviations are the
3s23p4s 3P0,2

o , 3s23p4p 3D1,2,
1P1, 3s23p4d 3P0

o and
3s23p4f 3G3,

1F3,
3F4,

1D2 states where theory deviates from
experiment by as much as 0.21% –2.7%. For all these levels,
theory indicates that the experimental line identifications
[9,10] based on semiempirical calculations are in error(see
Sec. III C). We expect the theoretical prediction of all 54
excited levels to be accurate to the 0.01% level.

B. Term energies ofn=3 levels

In Table II, a detailed comparison of theoretical and ex-
perimental data(taken from the CHIANTI atomic database
[32]) is made on the term energies of the ground 3s23p2 3P0
and lowest 26 excited states of FeXIII [7]. Theoretical term
energies of the 70 even-parity levels arising from the
3s3p23d and 3s23d2 configurations are available as supple-
mentary data[33]. None of these 70 excited levels are ex-
perimentally observed. Values in parentheses adjacent to the
term energies are again the percentage deviations between
experiment and MR-MP theory. Experimental term energies
and fine-structure intervals compiled in the CHIANTI atomic
database[32] are reproduced in the last two columns for
comparison. Among the excited levels that exhibit significant
deviations are the 3s23p3d 3F2,3,4

o states where theory devi-
ates from experiment by as much as 0.6%. Here the experi-
mental transition energies[34] adopted in the CHIANTI da-
tabase are in error. A recent fast-beam spectroscopy
experiment by Träbert[6] reported the photon wavelength of
a radiative transition from the3F3

o level that corroborates our
theoretical values. The wavelength of the radiative transition
3F3

o–3P2
o computed by our MR-MP is 239.05 Å. While ap-

proximate, the photon wavelength of 239.2 Å reported by
Träbert[6] is in much better agreement with theory than the
wavelength of 237.61 Å adopted in the CHIANTI database.
We expect that these term energies are accurate to the 0.01%
level. Contributions to the term energy separations from the
frequency-dependent Breit interaction and mass polarization
unaccounted for in this study are estimated at the 0.01%
level. Higher accuracy in term energies could be achieved by
including these corrections.

C. Wavelengths of then=4\n=3 transitions

In Table III, a detailed comparison of the theoretical and
experimental data is made for the photon wavelengths asso-
ciated with theE1 radiative decay of the 3s23p4l sl =0–2d
excited states to the lowern=3 states in FeXIII . Theoretical
wavelengthssltheoryd were evaluated from the term energy
separations between the upper and lower levels.E1 decay
rates associated with the transitions are given in the fourth
column. Only the transitions with theE1 decay rates greater
than 2.031010 s−1 are included in the table. Solar lines that
match theoretical wavelengths are displayed in the fifth col-
umn. New solar line identifications based on our theoretical
wavelengths are marked “new” in parentheses adjacent to the
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TABLE I. Comparison with experiment of calculated MR-MP term energiesscm−1d of the levels arising
from the 3s23p4s, 3s23p4p, and 3s23p4d configurations.

State MR-MP Level number CHIANTI Fawcett Kastner

Odd-parity 3s23p4s states
3P0

o 1334520(0.55) 1 1327194
3P1

o 1336008(0.02) 2 1336229
3P2

o 1351875(0.21) 3 1354687
1P1

o 1360043(0.13) 4 1361852 1361835
Even-parity 3s23p4p states
3S1 1437571
3P1 1450253
3P2 1451602
3P0 1456821
3D1 1463759(1.51) 5 1442008
3D3 1465585(0.03) 6 1466036
3D2 1470742(1.30) 7 1451896
1P1 1474237(2.71) 8 1515264a

1D2 1487561(0.04) 9 1488107
1S0 1516015
Even-parity 3s3p24s states
5P1 1558408
5P2 1565851
5P3 1574571
3P0 1587880
3P1 1592965
3P2 1601917
3D1 1635753
3D2 1636678
3D3 1638446
1D2 1649299
3S1 1701553
b3P0 1714381
b3P1 1728898
b3P2 1736714
1S0 1734773
1P1 1741928
Odd-parity 3s23p4d states
1D2

o 1602320
3D1

o 1603224(0.03) 10 1603772
3D2

o 1603832(0.02) 11 1604711 1604355 1604200
3D3

o 1605972(0.05) 12 1606373 1606499 1606800
3F2

o 1618783
3F3

o 1620817(0.08) 13 1619592
3F4

o 1626568
3P2

o 1628591(0.02) 14 1628899
3P1

o 1630012
1F3

o 1629624(0.06) 15 1630572 1630650
3P0

o 1633246(0.84) 16 1619612a

1P1
o 1650379(0.03) 17 1650850

Even-parity 3s23p4f states
3G3 1700795(0.55) 18 1703041a 1691500a

1F3 1705387(0.18) 19 1702300a

3G4 1706892(0.02) 20 1706424a 1706585
3F2 1708075
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wavelengths. Solar lines marked “fe12” are those character-
ized experimentally as the FeXIII lines. Observed laboratory
lines (in Å) by Fawcettet al. [9] and by Kastneret al. [10]
are given in the last two columns. Spectroscopic assignments
are made on the four unclassified laboratory lines by Fawcett
et al. and another by Kastneret al. based on our theoretical
wavelengths. Theory-experiment deviations for all these five
lines are on the order of 0.01 Å.

Kastneret al. [10] identified an observed line at 62.10 Å
as the 3s23p4d 3P0

o→3s23p2 3P1 decay line, but the wave-
length differs significantly from theory and from another
laboratory 61.659-Å line identified by Fawcettet al. We ar-
gue that the line identification by Kastneret al. is in error. In

fact, the misidentified 62.10-Å line agrees well with the the-
oretical 62.111-Å and experimental 62.099-Å lines associ-
ated with the 3s23p4d 3P2

o→3s23p2 3P2 decay. The experi-
mental term energy of the 3s23p3d 3P0

o level adopted in the
CHIANTI database is based on the misidentified line, result-

TABLE II. Comparison between calculated and experimental
term energiesscm−1d of the levels arising from the 3s23p2, 3s3p3,
and 3s23p3d configurations.

State MR-MP CHIANTI
DE FS DE FS

3s23p2

3P0 0(0.00) 0 0 0
3P1 9295(0.12) 9295 9306 9306
3P2 18576(0.05) 18576 18567 18567
1D2 47985(0.17) 48068
1S0 91508(0.00) 91508
3s3p3

5S2
o 214540(0.04) 214624

3D1
o 287199(0.00) 0 287205 0

3D2
o 287348(0.00) 149 287360 155

3D3
o 290179(0.00) 2980 290180 2975

3P0
o 328980(0.02) 0 328925 0

3P1
o 329702(0.00) 722 329706 781

3P2
o 330334(0.02) 1354 330279 1354

1D2
o 362416(0.00) 362407

3S1
o 415519(0.02) 415462

1P1
o 438005(0.01) 438050

3s23p3d
3F2

o 430129(0.60) 0 432741 0
3F3

o 436905(0.57) 6776 439420 6679
3F4

o 446959(0.37) 16830 448599 15858
3P2

o 486403(0.01) 0 486358 0
3P1

o 495242(0.06) 8839 494942 8584
3P0

o 501667(0.03) 15264 501520 15162
1D2

o 498925(0.01) 498870
3D1

o 506681(0.04) 0 506502 0
3D2

o 509479(0.04) 2798 509250 2748
3D3

o 509441(0.05) 2760 509176 2674
1F3

o 557303(0.08) 556870
1P1

o 571187(0.09) 570690FIG. 1. Percentage deviations between calculated and experi-
mental term energies.

TABLE I. (Continued.)

State MR-MP Level number CHIANTI Fawcett Kastner

3F3 1718312
3F4 1720501(0.47) 21 1741295 1728539a

3G5 1721872(0.01) 22 1721461 1721624
3D3 1728002
3D2 1731061
3D1 1734106(0.02) 23 1733745a

1G4 1743950(0.02) 24 1743895 1743600
1D2 1745440(0.25) 25 1741100

aTentative identification.
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ing in large theory-CHIANTI percentage deviation of 0.84%.
A solar line at 61.660 Å is in excellent agreement with the
laboratory 61.659-Å line associated with the 3s23p4d 3P0

o

→3s23p2 3P1 decay, although it is attributed to a SiIX decay
line (thus marked “Si8” in parentheses). We argue that the
Fe XIII line is blended with the intense SiIX line observed in
solar flares.

Theoretical photon wavelength of 74.439 Å associated
with the 3s23p4s 3P2

o→3s23p2 3P1 decay deviates notice-
ably from the experimental wavelength of 74.327 Å classi-
fied by Fawcettet al. This difference entails the theory-
experiment percentage deviations of 0.21% in the
3s23p4s 3P2

o term energy(Table I). The source of the dis-
crepancy is not immediately apparent.

TABLE III. Comparison with experiment of theoretical wavelengths of the strongestE1 emission
lines.

ltheory sÅd Lower level Upper level A s1010 s−1d Solar linesÅd Fawcett Kastner

3s23p2 3s23p4d
61.578 3P1

3P0
o 18.084 61.660(Si8) 61.659a 62.10b

61.701 3P1
3P1

o 9.420
62.056 3P2

3P1
o 7.035

62.111 3P2
3P2

o 14.697 62.099a

62.132 3P1
3F2

o 5.871
62.374 3P0

3D1
o 23.219 62.353(new) 62.354a 62.353

62.413 3P2
3F3

o 11.023 62.466a 62.46
62.492 3P2

3F2
o 3.329

62.714 3P1
3D2

o 21.189 62.680(fe12) 62.694 62.699
62.738 3P1

3D1
o 9.293 62.72a

62.996 3P2
3D3

o 22.957 62.980(fe12) 62.975 62.963
63.226 1D2

1F3
o 37.435 63.191 63.188

63.267 1D2
3P2

o 4.352
63.580 1D2

3F3
o 5.573

63.662 1D2
3F2

o 2.255
64.149 1S0

1P1
o 25.141 64.147(new) 64.139

64.336 1D2
1D2

o 8.098 64.340(new)
64.998 1S0

3P1
o 3.093

3s23p2 3s23p4s
74.439 3P1

3P2
o 3.865 74.327

74.850 3P0
3P1

o 4.680
74.957 3P2

3P2
o 10.689 74.900(new) 74.845

75.374 3P1
3P1

o 3.285 75.370(new)
75.459 3P1

3P0
o 16.050 75.469(new)

75.905 3P2
3P1

o 7.858 75.879(fe12,new) 75.892
76.216 1D2

1P1
o 16.348 76.116(fe12) 76.117

78.831 1S0
1P1

o 2.906

sad3s3p3 3s23p4p
sbd3s23p3d

85.498 (a) 3D1
o 3P0 2.944

96.727 (b) 3F3
o 3D2 0.231 98.523

96.746 (b) 3F2
o 3D1 0.319 98.826

98.027 (b) 3F2
o 3P1 2.311

98.171 (b) 3F4
o 3D3 4.329 98.128

98.552 (b) 3F3
o 3P2 4.082 98.517(new)

99.261 (b) 3F2
o 3S1 2.267

102.531 (b) 1D2
o 1P1 0.384 98.387b

103.996 (b) 3P1
o 3P0 2.228

105.839 (b) 1P1
o 1S0 3.252 105.820(new)

107.497 (b) 1F3
o 1D2 2.399 107.384

aUnclassified observed line.
bTentative identification.
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TABLE IV. Wavelengths of the strongestE1 emission lines originating from the even-parity 3s22p4f states to the odd-parity 3s3p3 and
3s23p3d states.

ltheory sÅd Lower level Upper level A s1010 s−1d Solar linesÅd Fawcett Kastner

(a) 3s3p3 3s23p4f
(b) 3s23p3d

69.883 (a) 3D2
o 3F3 2.716

69.914 (a) 3D3
o 3F4 4.517

70.370 (a) 3D1
o 3F2 7.048 70.340(new)

70.520 (a) 3D2
o 1F3 4.862 70.545(new)

70.586 (a) 3D3
o 3G4 3.249

71.168 (a) 3P0
o 3D1 3.487

71.205 (a) 3P1
o 3D1 3.520

71.359 (a) 3P1
o 3D2 4.527 71.374(new)

71.392 (a) 3P2
o 3D2 2.360

71.548 (a) 3P2
o 3D3 4.761

72.305 (a) 1D2
o 1D2 4.524

73.229 (a) 1D2
o 3D3 2.349

73.752 (a) 1D2
o 3F3 5.874

74.462 (a) 1D2
o 1F3 3.720 74.629

74.717 (a) 1D2
o 3G3 14.243 74.630(ne7)a 75.241

76.486 (a) 1P1
o 1D2 4.949

77.629 (b) 3F2
o 3F3 14.102

77.906 (b) 3F3
o 3F4 16.165 77.920(new)

78.039 (b) 3F3
o 3F3 7.364

78.240 (b) 3F2
o 3F2 5.347

78.416 (b) 3F2
o 1F3 16.309

78.437 (b) 3F4
o 3G5 65.464 78.470(mg7) 78.462 78.452

78.521 (b) 3F4
o 3F4 10.617

78.699 (b) 3F2
o 3G3 30.503 78.714(new) 78.56b

78.741 (b) 3F3
o 3G4 44.741 78.729(new) 78.77c 78.760

79.121 (b) 3F3
o 3G3 2.208

80.224 (b) 1D2
o 1D2 4.279

80.343 (b) 3P2
o 3D2 2.804

80.541 (b) 3P2
o 3D3 11.357 80.503(fe11) 80.5(fe11)d

80.719 (b) 3P1
o 3D1 5.624

80.918 (b) 3P1
o 3D2 17.064

81.140 (b) 3P0
o 3D1 26.849 81.140(new) 81.154

81.362 (b) 1D2
o 3D2 10.993

81.471 (b) 3D1
o 3D1 20.339 81.540(fe19)

81.658 (b) 3D2
o 3D1 3.471

81.674 (b) 3D1
o 3D2 14.867 81.651(fe11)d

81.843 (b) 3P2
o 3D2 2.369

81.861 (b) 3D2
o 3D2 17.712 81.860(new)

82.008 (b) 1D2
o 3F3 20.524 81.940(new)

82.036 (b) 3P2
o 1F3 25.256

82.064 (b) 3D3
o 3D3 11.362

82.067 (b) 3D2
o 3D3 18.444

82.346 (b) 3D2
o 3G3 7.260

82.440 (b) 3P1
o 3F2 24.686 82.418(fe8)

82.572 (b) 3D3
o 3F4 31.065 81.161 82.010

82.724 (b) 3D2
o 3F3 9.430 82.763(new)

83.204 (b) 1D2
o 3G3 5.943

83.224 (b) 3D1
o 3F2 18.386 83.230(new)

83.511 (b) 3D3
o 3G4 14.915 83.446(fe8)

83.619 (b) 3D2
o 1F3 10.144 83.620(new)

84.271 (b) 1F3
o 1G4 56.051 84.275 84.270

85.161 (b) 1P1
o 1D2 41.563 85.14(fe11) c 85.461

87.451 (b) 1F3
o 3G3 2.952

aUnclassified observed line.
bTentative identification.
cBlended.
dSmall transition probability.

RELATIVISTIC MANY-BODY PERTURBATION… PHYSICAL REVIEW A 69, 062503(2004)

062503-9



Theoretical photon wavelength of 75.459 Å deviates sig-
nificantly from a solar line at 75.879 Å classified by Dere[5]
as the 3s23p4s 3P0

o→3s23p2 3P1 transition. This deviation
entails the large theory-experiment percentage deviations of
0.55% in the 3s23p4s 3P0

o term energy. The solar line iden-
tification by Dere is clearly in error. In fact, the wavelength
of the solar line agrees to the 0.01-Å level with the theoret-
ical wavelength of 75.905 Å as well as with the laboratory

75.892-Å line for the 3s23p4s 3P1
o-3s23p2 3P2 transition.

Thus, we identify this misidentified solar line at 75.879 Å as
the 3s23p4s 3P1

o-3s23p2 3P2 transition.
A laboratory line at 98.523 Å was classified by Fawcettet

al. as the 3s23p4p 3D2→3s23p3d 3F3
o transition. However,

theory places this transition at 96.727 Å, in serious disagree-
ment with the laboratory assignment. Because of this dis-
agreement, the theory-experiment percentage deviation of

TABLE V. Recommended term energiesscm−1d of the levels arising from the 3s23p4s,3s23p4p,3s23p4d,
and 3s23p4f configurations.

State Term energy Source

3s23p4s
3P0

o 1334520±400a theory
3P1

o 1336229±175 75.892-Å line by Fawcettet al.
3P2

o 1351875±405a theory
1P1

o 1361835±175 76.117-Å line by Fawcettet al.

3s23p4p
3P2 1451911±150 98.523-Å line by Fawcettet al.
3D1 1463759±439a theory
3D2 1470742±441a theory
3D3 1466057±200 98.128-Å line by Fawcettet al.
1D2 1488107±150 107.384-Å line by Fawcettet al.
1P1 1474237±442a theory

3s23p4d
3D1

o 1603746±250 62.353-Å line by Kastneret al. and 62.354-Å line
by Fawcettet al.

3D2
o 1595049±250 62.699-Å line by Kastneret al. and 62.694-Å line

by Fawcettet al.
3D3

o 1606499±250 62.963-Å line by Kastneret al. and 62.975-Å line
by Fawcettet al.

3F3
o 1619438±260 62.46-Å line by Kastneret al. and 62.466-Å line

by Fawcettet al.
1F3

o 1582504±240 63.188-Å line by Kastneret al. and 63.191-Å line
by Fawcettet al.

3P0
o 1631129±270 61.659-Å line by Fawcettet al.

3P2
o 1628899±260 62.10-Å line by Kastneret al. and 62.099-Å line

by Fawcettet al.
1P1

o 1650622 64.139-Å line by Kastneret al.

3s23p4f
3G3 1702369 74.629-Å line by Kastneret al.
1F3 1705387±512a theory
3G4 1706600 78.760-Å line by Kastneret al. and 78.77-Å line

by Fawcettet al.
3F4 1720501±516a theory
3G5 1721482±300 78.452-Å line by Kastneret al. and 78.462-Å line

by Fawcettet al.
3D1 1733639±150 81.154-Å line by Kastneret al. and 81.161-Å line

by Fawcettet al.
1G4 1743462±150 84.270-Å line by Kastneret al. and 84.275-Å line

by Fawcettet al.
1D2 1745226 85.14-Å line by Fawcettet al. blended with FeXII

line

a0.03% uncertainty in theoretical term energies is assumed.
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the 3s23p4p 3D2 term energy in Table I is very large, 1.3%.
The laboratory line has been clearly misidentified. This
98.523-Å line, which closely matches the theoretical line at
98.552-Å and the newly identified solar line at 98.517 Å,
should be attributed to the 3s23p4p 3P2→3s23p3d 3F3

o tran-
sition. Theoretical photon wavelengths 102.531 Å and
96.746 Å associated, respectively, with the 3s23p4p 1P1
→3s23p3d 1D2

o and 3s23p4p 3D1→3s23p3d 3F2
o transitions

differ considerably from the observed wavelengths by
Fawcettet al., resulting in large theory-experiment percent-
age deviations in the 3s23p4p 1P1 and 3s23p4p 3D1 term
energies. We argue that these laboratory lines have been
misidentified.

Table IV displays theoretical photon wavelengths asso-
cated with the 53 strongestE1 emissions from the even-
parity 3s23p4f levels. Only the transitions with theE1 decay
rates greater than 2.031010 s−1 are included in the table.
Observed laboratory lines by Fawcettet al.and Kastneret al.
are displayed in the last two columns. New solar line identi-
fications are made based on theoretical wavelengths: Hith-
erto unclassified solar lines that closely match theoretical

wavelengths with highE1 transition rates are classified and
displayed in the fifth column.

The theoretical wavelength of 74.462 Å, associated with
the 3s23p4f 1F3→3s23p3d 1D2

o transition, deviates notice-
ably from the observed wavelength of 74.629 Å[10], entail-
ing a theory-experiment percentage deviation of 0.18% in the
3s23p4f 1F3 term energy. The line identification by Kastner
et al. is suspect. In fact, the observed line agrees better with
the theoretical 3s23p4f 3G3→3s23p3d 1D2

o decay line at
74.717 Å. A solar line at 74.630 Å, identified as the intense
Ne7+ line, closely matches the laboratory 74.629-Å line. It is
likely that the FeXIII line is blended with the Ne7+ line in
solar flares. The classification of a laboratory line at
75.241 Å[10] as the 3s23p4f 3G3→3s23p3d 1D2

o decay line
is clearly in error.

A laboratory line at 78.56 Å has been tentatively identi-
fied by Fawcettet al. as the 3s23p4f 3G3→3s23p3d 3F2

o de-
cay line. The observed wavelength, however, deviates by
more than 0.1 Å from theory. We argue that the line has been
erroneously identified. The theoretical 3s23p4f 3F4
→3s23p3d 3F4

o decay line at 78.521 Å agrees within hun-
dredths of an angstrom with the misidentified line. The ob-
served 78.56-Å line is thereby classified as the
3s23p4f 3F4→3s23p3d 3F4

o decay.
Two laboratory lines, at 80.5 Å and at 81.651 Å, were

identified by Fawcettet al. as the Fe11+ lines. However, the-
oretical transition rates of both these FeXII decay lines are, in
fact, very small, implying that they are not readily detect-
able. We argue that the lines are misidentified. We identify
the observed 80.5-Å and 81.651-Å lines, respectively, as the
Fe XIII 3s23p4f 3D3→3s23p3d 3P2

o and 3s23p4f 3D2
→3s23p3d 3D1

o transitions. Wavelengths of these observed
lines agree within hundredths of an angstrom with theoretical
wavelengths of the transitions with large decay rates, 11.4
31010–14.931010 s−1.

The theoretical wavelength of 82.572 Å deviates signifi-
cantly from the observed wavelength of 81.161 Å identified
as the 3s23p4f 3F4→3s23p3d 3D3

o transition[9], entailing a
theory-experiment percentage deviation of 0.47% in the
3s23p4f 3F4 term energy. The line identification by Fawcett
et al. is clearly in error. In fact, the observed laboratory line
closely matches the theoretical and another experimental

TABLE VI. Wavelengths of the strongestE1 emission lines
originating from the even-parity 3s3p24s to the odd-parity excited
3s3p3 and 3s3p3d states.

ltheory sÅd
Lower
level

Upper
level A s10+10 s−1d Solar linesÅd

(a) 3s3p3 3s3p24s

(b) 3s23p3d

72.489 (a) 1D2
o 1P1 9.079 72.410(si7)

72.894 (a) 3P1
o 3S1 3.833

72.928 (a) 3P2
o 3S1 7.400 72.899(new)

73.528 (a) 5S2
o 5P3 9.474 73.560(ne7)

74.002 (a) 5S2
o 5P2 4.661

74.103 (a) 3D1
o 3D2 2.565

74.111 (a) 3D2
o 3D2 7.181

74.154 (a) 3D1
o 3D1 8.029 74.120(new)

74.162 (a) 3D2
o 3D1 2.312

74.169 (a) 3D3
o 3D3 7.518

74.412 (a) 5S2
o 5P1 9.595 74.400(new)

75.689 (a) 3S1
o b3P2 5.337

76.140 (a) 3S1
o b3P1 6.233 76.150(fe13)

76.235 (a) 3D3
o 3P2 10.639

76.567 (a) 3P1
o 3D1 3.137

76.592 (a) 3D2
o 3P1 11.410

76.692 (a) 1P1
o 1P1 7.771

76.883 (a) 3D1
o 3P0 14.624 76.866(new)

76.991 (a) 3S1
o b3P0 8.453

77.115 (a) 1P1
o 1S0 10.473 77.200(new)

77.707 (a) 1D2
o 1D2 3.173

78.642 (a) 3P2
o 3P2 4.507

79.480 (a) 3P1
o 3P0 3.225

79.648 (b) 3P2
o 1P1 2.101

80.450 (b) 1D2
o 1P1 5.849 80.503(fe11)

TABLE VII. M1/E2 transition probabilitiesss−1d and lifetimes
(ms) of the 3s23p2 states.

Upper Lower state

state Type 3P0
3P1

3P2
1D2 ttheory texpt

3s23p2

3P1 M1 13.953 71.67
3P2 M1 9.964 100.33

E2 0.003 0.0004
1D2 M1 58.822 71.998 7.63 8.0±0.1a

E2 0.199 0.0373 0.0624
1S0 M1 974.08 1.021

E2 3.851 1.642

aReference[37].
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3s23p4f 3D1→3s23p3d 3P0
o decay line at 81.140 Å and at

81.154 Å [10], respectively. An unclassified solar line at
81.140 Å is newly identified as the 3s23p4f 3D1
→3s23p3d 3P0

o decay line. We argue that a laboratory line at
82.010 Å was erroneously identified by Kastneret al. as the
3s23p4f 3F4→3s23p3d 3D3

o transition. Here, the theory-
experiment deviation is too large, over 0.5 Å. The observed
line, however, agrees well with the theoretical 82.036-Å line,
strongly suggesting that it should be attributed to the
3s23p4f 1F3→3s23p3d 3P2

o transition.
A laboratory line at 85.461 Å was classified[10] as the

3s23p4f 1D2→3s23p3d 1P1
o transition. However, theoretical

wavelength 85.161 Å of this transition deviates by as
much as 0.3 Å from the observed line. We argue that the
observed laboratory line has been misidentified. The
intense 3s23p4f 1G4→3s23p3d 1F3

o and 3s23p4f 1D2
→3s23p3d 1P1

o transitions have not been observed in the so-
lar spectrum for yet unknown reasons although they have
been observed experimentally[9]. The theoretical 85.161-Å
line matches an intense laboratory line at 85.14 Å that
Fawcettet al. identified earlier as a FeXII line. We argue that
the FeXII line is blended with the FeXIII line.

Collected in Table V are the recommended term energies
of the 26 levels arising from the 3s23p4l sl =0–3d configu-
rations based on our theoretical line identifications and criti-
cal evaluation of the observed laboratory lines. The esti-

mated uncertainties in theoretical term energies are based on
the average theory-experiment percentage deviation of
0.03% over the 14 levels with less than 0.1% theory-
experiment deviations(see Sec. IV A). The uncertainties in
experimental term energies are based on the error estimate of
0.01 Å in the observed wavelengths[9].

In Table VI, theoretical photon wavelengths assocated
with the E1 emissions from the even-parity 3s3p24s levels
are displayed. Only the transitions withE1 decay rates
greater than 2.031010 s−1 are included in the table. TheE1
transitions from a total of 156 excited levels arising from the
3s3p24p, 3s3p24d, and 3s3p24f configurations are too volu-
minous to be included here but they are available as supple-
mentary data[33]. There are no laboratory lines to compare
with theory. New solar line identifications are made based on
our theoretical wavelengths: Hitherto unclassified solar lines
that closely match theoretical wavelengths with highE1 tran-
sition rates are classified and displayed in the fifth column.

Table VII displays theoreticalM1 andE2 decay rates for
the transitions from four 3s23p2 upper levels(first column) to
lower levels(first row). Theoretical lifetimes are given in the
last column of the table. TheM1 transition probabilities are
several orders of magnitude larger than theE2 for all four
levels, indicating that radiative decays occur predominantly
via the M1 transition. The theoretical lifetime of the
3s23p2 1D2 state deviates from experiment by as much as 4
times the experimental uncertainty[9]. Table VIII displays

TABLE VIII. Theoretical E1 transition probabilitiesss−1d and lifetimesssd of the states in the 3s3p3-
3s23p2 and 3s23p3d-3s23p2 transition arrays.

Lower state 3s23p2

Upper state 3P0
3P1

3P2
1D2

1S0 t

3s3p3

5S2
o 4.381s+6d 7.371s+6d 1.610s+5d 8.395s−8d

3D1
o 1.199s+9d 3.215s+8d 1.068s+7d 2.478s+7d 2.031s+6d 6.426s−10d

3D2
o 1.374s+9d 5.027s+7d 8.352s+6d 7.017s−10d

3D3
o 1.191s+9d 7.445s+7d 7.902s−10d

3P0
o 3.910s+9d 2.558s−10d

3P1
o 1.191s+9d 1.757s+9d 8.903s+8d 4.368s+7d 1.912s+7d 2.563s−10d

3P2
o 4.159s+8d 3.085s+9d 1.005s+7d 2.848s−10d

1D2
o 6.940s+7d 6.302s+7d 4.914s+9d 1.982s−10d

3S1
o 6.791s+9d 1.681s+10d 3.209s+10d 6.596s+8d 3.645s+8d 1.763s−11d

1P1
o 8.015s+8d 4.769s+9d 1.054s+9d 2.855s+10d 4.171s+9d 2.542s−11d

3s23p3d
3F2

o 9.865s+7d 1.125s+8d 2.867s+8d 2.009s−9d
3F3

o 2.741s+8d 2.210s+7d 3.376s−9d
3P2

o 1.952s+10d 1.777s+10d 1.238s+10d 2.013s−11d
3P1

o 4.233s+10d 1.041s+6d 8.539s+9d 7.756s+8d 6.127s+7d 1.934s−11d
1D2

o 1.485s+10d 3.721s+7d 4.154s+10d 1.772s−11d
3P0

o 4.592s+10d 2.178s−11d
3D1

o 1.123s+10d 3.998s+10d 1.114s+10d 1.095s+9d 1.723s+7d 1.576s−11d
3D2

o 2.660s+10d 3.282s+10d 4.681s+9d 1.560s−11d
3D3

o 6.377s+10d 2.057s+9d 1.519s−11d
1F3

o 2.928s+9d 6.741s+10d 1.422s−11d
1P1

o 3.794s+8d 1.326s+8d 1.103s+6d 7.188s+7d 5.506s+10d 1.797s−11d
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theoreticalE1 transition probabilities and lifetimes of the
excited levels arising from the 3s3p3 and 3s23p3d configu-
rations. There are no experimental lifetimes available for
these levels for comparison. The theoretical lifetimes are a
benchmark for future experiments.

D. Synthetic spectrum

Recent experiments[12,35] have provided increasing evi-
dence that the published atomic data used by astronomers are
incomplete[12]. The spectral flux for FeVII –FeXIII observed
with Livermore electron beam ion trap(EBIT) in the EUV

FIG. 2. Observed and synthetic soft-x-ray spectra of the FeXIII radiative emissions.
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and soft-x-ray wavelength regions indicates serious deficien-
cies in extant spectral models. The spectral model by Kaastra
and Mewe[36] predicts only eight lines in the spectral range
of 50–110 Å in FeXIII , omitting most of the lines Beiersdor-
fer et al. observed[35]. The CHIANTI code performance is
even worse, with only four lines in this range.

Our MR-MP theory places well over 1500E1 transitions
in this spectral range, a high density of lines that Lepsonet
al. have observed[12]. Figures 2(a) and 2(b) display syn-
thetic soft-x-ray spectra of FeXIII in the 50–115-Å range
based on our theoretical data. The spectra are produced by
assuming that the spectral line intensities are proportional to
weighted E1 transition probabilities and Gaussian line
shapes of the formFsvd=Aexpf−sv−ltheoryd2/G2g, whereA
is the transition probability andG=0.05.

Figure 2(a) displays the emission lines arising from the
3s23p4l sl =0–3d levels, Fig. 2(b) from the 3s3p24l sl
=0–2d levels. Transitions from the 3s3p24f levels do not fall
into this spectral range. Theory attributes a high density of
lines in the 55–67-Å range in the observed spectrum to the
emission lines from the 3s23p4d, 3s3p24p, and 3s3p24d lev-
els and another set of high density lines appearing between
70 Å and 90 Å to the emission lines from the 3s23p4s,
3s3p24f, and 3s3p24s levels. Together, the synthetic spectra
reproduce the overall feature of the laboratory spectrum[Fig.
2(c)] produced on EBIT[12], although the relative intensity
of the two sets of lines are not well reproduced because of
lack of information on the population distribution and tem-
perature.

V. CONCLUSION

Multiple openshell systems with more than two valence
electrons give complex spectra because of a large number of

nearly degenerate multiplet states that arise from multiple
open shells. In an earlier study, a relativistic multireference
Møller-Plesset(MR-MP) perturbation theory based on the
state-averaged MCDFB SCF was implemented and success-
fully applied to siliconlike argon, aluminumlike iron, and
ions of silicon isoelectronic sequence[7,11]. In that study,
the state-averaged energy over a number ofn=3 states was
optimized by the MCDFB SCF procedure followed by state-
specific second-order MR-MP to obtain highly accurate term
energy separations and lifetimes. In the present study, we
have successfully generalized the previous study and devel-
oped a combined state-averaged MCDFB SCF/CI
+state-specific MR-MP procedure to obtain accurate term en-
ergies, soft-x-ray transition energies and decay rates of
highly excited levels ofn=4 manifold in multiple-valence-
electron systems. Relativistic multireference perturbation
calculations have been carried out for a large number of odd-
and even-parityn=4 excited levels of siliconlike iron to
demonstrate the unprecedented accuracy. It can provide ac-
curate UV, EUV, and soft-x-ray transition energies and tran-
sition rates for numerous highly excited levels of
multivalence-electron atoms for a broad range of ionizations.
Our relativistic MR-MP perturbation theory is a theoretical
tool for EUV and x-ray spectroscopy that quantitatively dem-
onstrates its accuracy.
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