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Abstract. We present new calculations for transition probabilities of Fe 1V, with much more extensive datasets than heretofore
available, for a variety of astrophysical applications. The large-scale close coupling R-matrix calculations yield 1,798 LS bound
states with n < 11 and | < 9, and corresponding 138 121 dipole allowed transitions in the form of oscillator strengths f,
line strengths S, and A-coeffficients. This represents the largest R-matrix dataset in LS coupling for any ion under either the
Opacity Project or the Iron Project. Through algebraic transformation of the LS multiplets, a total of 712 120 dipole allowed
fine structure transitions for Fe IV are obtained. Observed transition energies, whenever available, are used together with the
energy independent line strengths to derive the f- and the A-values for improved accuray; the adopted algorithm used calculated
energies for the remainder. Present results show significantly better accuracy for the important low-lying states than previous
calculations. Monochromatic and mean opacities for Fe 1V are computed and compared with those obtained using the Opacity
Project data. We find differences which could have important consequences for several astrophysical applications involving low

ionization stages of iron.
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1. Introduction

It is well known that low ionization stage of iron are of great
interest for astrophysical spectroscopy and models of stellar
atmospheres (Hubeny et al. 2003), novae (McKenna et al.
1997), photoionized H Il regions (Dopita & Sutherland 2003;
Rubin et al. 1997), and active galactic nuclei (Sigut & Pradhan
2003; Sigut et al. 2004). The ion Fe IV is of particular in-
terest since its ionization potential is ~54.8 eV, nearly equal
that of He 1l at 54.4 eV. Thus, for example, in a photoionized
H 11 region such as the great diffuse nebula in Orion, stellar
ionizing flux is effectively shielded by helium to prevent ex-
tensive ionization of Fe ions beyond Fe 1V. Whereas hot cen-
tral stars of high-excitation planetary nebulae may well ionize
beyond Fe IV (e.g. Hyung & Aller 1998), ordinary main se-
quence O, B stars have a 54 eV “cut-off” that attenuates the
ionizing flux. Another example is the anomalous Fe Il emis-
sion from active galactic nuclei. Non-local-Thermodynamic-
Equilibrium (NLTE) spectral models need to consider the first
four ionization stages, Fe I-1V, with Fe IV as the dominant
stage in the fully ionized zone (e.g. Sigut et al. 2004, and
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references therein). In previous studies at Ohio State under the
Iron Project, we have reported a large amount of radiative and
collisional data for the ionization stages Fe 1-V1, including fine
structure transition probabilities for Fe 1l and Fe 111 (references
at: www.astronomy.ohio-state.edu/~pradhan). The aim
of this paper is to report similarly new calculations with im-
proved accuracy for Fe 1V including fine structure that is often
required for spectral diagnostics and modeling.

However, study of Fe 1V is difficult and complexities arise
due to its electronic structure with 5 electrons in the half-filled
open 3d shell (ground configuration 1s22s22p®3s23p%3d®);
electron correlation effects for the many excited states are diffi-
cult to represent. Prior to the Opacity Project (OP, 1995, 1996),
investigations on radiative processes for Fe IV were car-
ried out through atomic structure calculations. These include
radiative decay rates for forbidden transitions by Garstang
(1958), which are available from the evaluated compilation by
the National Institute for Standards and Technology (NIST:
www.nist.gov) and Froese-Fischer & Rubin (2004). Fawcett
(1989) has computed the data for many allowed transitions us-
ing a semi-empirical method due to Cowan. The energy level
data in the NIST compilation is from Ekberg & Edlen (1978).

Ab initio calculatons in the close coupling approximation
using R-matrix method for the radiative processes of Fe 1V

http://dx.doi.org/10.1051/0004-6361:20041885
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were carried out by Sawey & Berrington (1992) under the
Opacity Project (OP, 1995, 1996), and later by Bautista &
Pradhan (1997) under the Iron Project (IP, Hummer et al. 1993).
Further R-matrix calculations were reported for the total and
state-specific electron-ion recombination rate coefficients us-
ing the unified treatment by Nahar et al. (1998). Sawey &
Berrington (1992) produced radiative data for photoionization
and oscillator strengths for three symmetries: sextets, quar-
tets and doublets; these data are accessible through the OP
database, TOPbase (Cunto et al. 1993). Sawey & Berrington
employed a very restricted eigenfunction basis sets in their cal-
culations for Fe 1-1V, and later works have shown their re-
sults for Fe I, I, and 111, to be deficient in accuracy and extent
(Le Dourneuf et al. 1993; Bautista & Pradhan 1995; Nahar &
Pradhan 1994; Nahar 1996; Nahar & Pradhan 1996). Whereas
little experimental data on oscillator strengths for these Fe ions
are available, the photoionization cross sections computed by
Sawey & Berrington almost entirely omitted resonances, which
are a prominent effect included in most other OP calculations,
owing to their limited wavefunction expansion. For example,
for Fe 1l their effective photoionization cross sections are more
than an order of magnitude smaller than those computed later
by LeDournef et al. (1993) and Nahar & Pradhan (1994); sim-
ilar discrepancies exits for Fe | and Fe Ill. The later work
of Bautista & Pradhan (1997) took more accurate account of
electron-electron correlation effects, showing important reso-
nant features in cross sections missing in the study by Sawey
& Berrington (1992). However, owing to computational con-
straints, Bautista & Pradhan (1997) entirely omitted the doublet
symmetry which has the maximum number of bound states. All
previous R-matrix results are in LS coupling that considers the
dipole allowed LS multiplets; no fine structure splitting is taken
into account.

The primary motivations for the present study are:
(i) the accuracy and completeness of previous calculations for
Fe IV are insufficient and/or uncertain; and (ii) fine structure
data are needed for many astrophysical applications. Present
work reports a more complete set of oscillator strengths and
radiative decay rates of Fe IV for both the LS multiplets and
allowed fine structure transitions. Similar results on LS mul-
tiplets and fine structure transitions were presented earlier for
Fe 1l (Nahar 1994), Fe Il (Nahar & Pradhan 1996) in the IP
series of publication, and elsewhere for other ions. Present cal-
culations consider correlation effects accurately, as in Bautista
& Pradhan (1997), and bound states of all symmetries, sex-
tets, quartets, and doublets. At the present time it is compu-
tationally prohibitive to carry out the full Breit-Pauli R-matrix
calculations for fine structure transition probabilities including
relativistic effects in an ab intio manner. Among the low ion-
ization stages or iron, Fe 1-V, there has been only one such
previous effort, for Fe V (Nahar & Pradhan 2000; Nahar et al.
2000). While efforts are under way to resolve the computation-
ally challenging problems in relativistic calculations, which are
about an order of magnitude more intensive, there is consider-
able need for fine structure data. We employ an algebraic re-
coupling algorithm to obtain the fine structure transition prob-
abilities for Fe 1V, using observed energies where available, as
in previous IP works on Fe Il and Fe I11.
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Finally, we employ the new radiative dataset to compute
monochromatic and mean opacities for Fe 1V, both as a test and
comparison with the earlier OP work, as well as to investigate
possible effect on the astrophysically important problem of iron
opacities.

2. Theory

The R-matrix method in close coupling approximation as ap-
plied to the OP and IP work enables the consideration of many
excited bound states and transitions, typically for all states with
n < 10. The methodology for the radiative transitions is dis-
cussed in the OP papers by Seaton (1987) and Berringtion
et al. (1987). General details of the procedures employed for
obtaining oscillator strengths (f) and radiative decay rates (A)
for dipole allowed fine structure transitions (AJ = 0, +1 with
AS = 0, even parity < odd parity) by algebraic tansformation
of LS multiplets have been described in earlier papers, such as
for Fe 11 (Nahar 1993).

The wavefunction ¥(E) for the (N+1) electron system
with total spin and orbital angular momenta symmetry SLx or
total angular momentum symmetry Jr is expanded in terms of
“frozen” N-electron target (the core) ion functions y; and vec-
tor coupled interacting electron function 6; as

Pe(e + ion) =&7{Z,\/i(ion)9i +Zc,—@j(e + ion), 1)
i j

where the target is in some specific state SjL;x; or level Jin;,
index i marking channels S;L;(J;); kizfi(SLn or Jrr) with en-
ergy ki2 of the colliding electron described by 6. A is the anti-
symmetrization operator. The second sum expands correlation
functions @; as products with N + 1 bound orbital functions
that (a) compensate for the orthogonality conditions between
the continuum and the bound orbitals; and (b) represent ad-
ditional short-range correlation that is often of crucial impor-
tance in scattering and radiative CC calculations for each SL.
cj’s are variational coefficients.

R-matrix solutions of coupled equations to total symmetries
LS states for (N + 1)-electron system,

Hna ¥ = EY, (2)

are discrete bound states ¥g for E < 0. Seaton (1985) de-
scribes the matching procedure for inner region and outer re-
gion wavefunctions at the R-matrix boundary which enables
calculatons of all required energy levels of the Hamiltonian
matrix.

For a bound-bound transition from an initial state i to a final
state j, the line strength (S) is defined as

S = (¥l DI¥)I%, ®)

in atomic units (au), where the dipole operator D is

D= Z Fn, (4)

in the length form, summed over the total number of elec-
trons in the ion, and ¥; and ¥; are the initial and the final
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wavefunctions respectively. The oscillator strength fi; (f-
value) can be obtained from line strength S in atomic units ss

fy = 22(1 ) ©
3gi
and to radiative decay rate or transition probability as
E3
Aji = 8.032 x 10° 2 S(i, j)s (6)
3gi
where Ej; = E — E;j is the transition energy in rydbergs

and g; is the statistical weight factor of the initial state, with
gi = (25; + 1)(2L; + 1) for a LS multiplet, and (2J; + 1)
for a fine-structure transition. The radiative transition proba-
bility, A;i (Einstein’s A-coefficient or the radiative decay rate),
related to the oscillator strength as

A,—i(au)

Aj(s™h = -

(")

A,—i(au) = %QSZ—;E?] fij,
where « is the fine-structure constant and 7o = 2.4191x 10717 s
is the atomic unit of time.

The fine-structure components of a LS multiplet can be ob-
tained through algebraic transformations of either line strength
or directly from the oscillator strength (e.g. Nahar 1995). The
line strength, which is independent of the transition energy E;;,
is a better choice. As the observed transition energies are de-
termined more accurately than the calculated ones, use of the
former with the line strengths can provide more accurate fj;
and A;;. Hence, present fine-structure components are obtained
from S values whenever observed energies are available, and
from f-values when calculated E;; are used.

The fine-structure line strengths, S;;, are obtained as

SJJ = C(Ji, Jj)SLs/[(ZSi + 1)(2Li + l)(ZLj + 1)], (8)

for the allowed transitions (AJ = 0, +1). S; is the spin which is
the same as S;. The values of the coefficients C(J;, Jj) can be
found in Allen (1976). The S;; values satisfy the condition

Sis = Z Sa.
3

The fine-structure f-values, fjj, can be obtained directly
from f_s as (Seaton et al. 1994):

©)

f35(N;SiLjJ;, niSiLig) = fus(nSiLj, mSiLi)(2J; + 1)(2Li + 1)
xWA(LiLiJjJ; 1Sh), (10)

where W(L;L;J;J;; 1S;) is a Racah coefficient. The above com-
ponents also satisfy the sum rule

Z(ZJi + 1)fJJ(aniLij, n;S; LiJi) = fLS(aniLj» niSiLi)
J3J;
x(2Si + 1)(2L; + 1).
(11)

The above form for fine structure components is used when
one or both LS terms of the transition are unobserved, or not
all the fine structure levels of an LSterm are observed, and for
transitions between high angular momentum states (higher than
H < 1) for which Allen’s coefficients are not available.
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The lifetime of a level can be computed as

3 1
YA

where the sum is the total radiative transition probability for
level k.

The opacity is a measure of radiation transport through
matter. The monochromtic opacity is a function of the pho-
ton frequency and depends mainly on the detailed atomic data:
bound-bound oscillator strengths and bound-free photoioniza-
tion cross sections. The quantity of practical interest in stel-
lar models is the Rosseland mean opacity, «r(T, p), defined as
(Seaton et al. 1994)

1

KR

T (12)

<1 15
- [ o o= et @)
0 Ky 474
where g(u) is the Planck weighting function and u = hv/KT.
Monochromatic opacities «, depends primarily on oscillator
strengths as

ne?
V(i — ) = —Nif(ij)¢, 14
(i = ) = N (i])e (14)
where N; = ion density in state i, ¢, is a profile factor, and on
photoionization cross sections (op;) as

ky = Niopi(v). (15)

We compute the monochromatic and the mean opacities as a
measure of the differences between the present dataset for the
bound-bound transitions and the earlier OP data for Fe V.

3. Computations

The R-matrix computations for Fe 1V are carried out using a
wavefunction expansion of 16 terms of target Fe V belonging
to the ground configuration, 3d4, as given in Table 1; the en-
ergies used are the measured values available from the NIST
compilation at www.nist.gov. The orbital wavefunctions of
the target were obtained from atomic structure calculations us-
ing SUPERSTRUCTURE (Eissner et al. 1974), as in the earlier
works of Bautista & Pradhan (1997) and Nahar et al. (1998).
The present wavefunction expansion is similar, but smaller than
the previous 31 term expansion of Bautista & Pradhan (1997).
However, it includes singlet target terms, which were omitted
by Bautista and Pradhan, enabling the computation of the large
number of (N + 1)-electron doublet symmetries.

In addition to the target expansion in Table 1, it is necessary
to ensure an accurate representation of short range correlation
effects that are vital for the bound (N + 1)-electron states. The
second term of the wavefunction expansion, Eq. (1), consists
of 61 such “bound channel” correlation functions of Fe IV, as
described by Bautista & Pradhan (1997).

The R-matrix calculations span several stages of computa-
tions (Berrington et al. 1987, 1995). The computations were
extensive in terms of CPU memory size and time require-
ment. Hence, they were carried out one or a few symme-
tries of SLx at a time. The one-electron orbital functions op-
timised through a configuration-interaction type calculation for
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Table 1. Target terms and relative energies (in Ry) of Fe V in the
wavefunction expansion of Fe IV.

Term Eo/Ry
1 3d* °D 0.000000
2 3d* °H 0.230232
3 3d* P 0.234211
4 3d* SF 0244942
5 3d* 3G 0.274991
6 3d* G 0.333399
7 30* °D 0.334726
8 3d* 1 0.341832
9 3d* S 0.361166
10 3d* D 0.421837
11 3d* 'F 0.480536
12 3d* S°F 0.567719
13 3d* %P  0.568463
14 3d* G 0.649554
15 3d* D 0.855063
16 3d* IS 1.103820

Fe V using SUPERSTRUCTURE are the input to STG1 of the
R-matrix codes to compute Slater integrals. Radial integrals for
the partial wave expansion in Eq. (1) are specified for orbitals
0 < ¢ < 9 as a basis of NRANG2 = 12 “continuum” functions
— sufficient for bound electrons with n < 11 at a radius of the
R-matrix box. Computations are carried out for bound symme-
tries with 0 < L < 9 (both parities) and spin multiplicities,
2S+1=2, 4, 6.

The bound energy eigenvalues are obtained from computer
program STGB. All bound states of the Hamiltonian matrix are
scanned forupton = 11and| = 9 with a fine effective quantum
number mesh of Av = 0.001. However, due to the computationl
complexities stemming from the numerous bound states ob-
tained, the code was unable to generate the standard R-matrix
energy files. A complementary computer code, PLSRAD, was
written to sort out the energies directly from the eigenvalues of
the Hamiltonian matrix.

Furthermore, identification of the large number of LSbound
states was a formidable task for this ion. With the excep-
tion of equivalent-electron states, the energies can be identified
through quantum defect analysis of Rydberg series:
E=E-Z/)* v=n-put) (16)
with series limits E; at the 16 Fe v “target” (t) states of Table 1,
and the weighted percentage contributions of interacting closed
channels. An LS term is designated according to a possible
combination of the configuration of the core and the outer
electron, and assigned an appropriate value of v for the outer
electron quantum numbers n,| associted with the maximum
channel percentage contribution. A Rydberg series is identified
by sorting out the v for terms of same configuration but with in-
creasing n of the valence electron by unity. Code ELEVID (e.g.
Nahar 1995) was used for this analysis. However, uncertain-
ties in assingments of proper configurations are introduced for
cases with small differences in v for various terms of the same
symmetry, as the quantum defects for these states are almost
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the same. There is also some uncertainty in the identification
of the adjacent higher or lower terms for such cases.

The code STGBB is used to compute radiative data for the
bound-bound transitions; the code exploits methods developed
by Seaton (1986) to evaluate the outer region (>RA) contribu-
tions to the radiative transition matrix elements.

The f-, S-, and A-values for the fine structure transitions
are obtained through algebraic transformations of the LS mul-
tiplet line strengths. Spectroscopiclly observed transition ener-
gies are used whenever available. When the observed energies
are not found, the calculated LS multiplet energy is used for
the fine structure components. The splitting of LS f-values is
carried out as described above using the code JJTOLS (Nahar
1995).

Using the new bound-bound radiative dataset, but retain-
ing the earlier OP bound-free data (the contribution of bound-
free is much smaller), we calculate the monochromatic and
Rosseland mean and Planck mean opacities as described by
Seaton et al. (1994). Results are compared with those computed
using the OP data calculated by Sawey & Berrington (1992).

4. Results and discussion

In the subsections below we describe the results for the bound
state energies of LS terms, LS multiplets for dipole allowed
transitions, fine structure radiative transitions for Fe IV, and the
effect of the new data on opacities. We may note that this en-
tails the calculation and identification of the largest number of
LS bound terms (1798) computed for any ion under the Opacity
or the Iron Projects thus far.

4.1. Energy levels

A total of 1798 bound states of Fe IV of sextet, quartet and
doublet symmetries withn < ~11,1 < 9,0 < L < 9, and both
even and odd parities, and spin multiplicities2S+1 =2, 4, 6
are obtained. Sawey & Berrington (1992) obtained 1721 bound
states, All present energy levels have been identified and a cor-
respondence is established with the observed energies where
available.

In Table 2, present bound state energies are compared with
the measured values (Ekberg & Edlen 1978, available from
the NIST database compiled by Sugar & Corliss 1985), and
previously calculated energies from theoretical ab initio cal-
culations by Sawey & Berrington (1992) and by Bautista &
Pradhan (1997). Present ground state energy differs from the
observed value by 1%, similar to that by Bautista & Pradhan
(1997), but improved over that by Sawey & Berrington (1992).
The first 44 low-lying energy states of the present dataset agree
to less than 5% with the measured values, much improved over
those calculated by Sawey & Berrington. All even parity states
show consistent improved energies than those by Sawey &
Berrington. Present energies are slightly better than or com-
parable to those by Bautista & Pradhan (1997) for the sextets
and quartets (they omitted doublets). However, the higher odd
parity states in the present set show larger differences with the
measured energies, the highest one being about 18% for the
state 3d*(*D1)4p(?D°). A reason for such larger uncertainty for
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Table 2. Comparison of the present Fe IV energies E; with the ob-
served binding energies, E,, and earlier computed energies, Egp of
Bautista & Pradhan (1997) and Egg of Sawey & Berrington (1992).
An * next to a state indicates an incomplete set of observed fine struc-
ture levels.

Config. SlLr Eo Ec EBp ESB
(Ry) Ry)  Ry) (Ry)

3d® 63 4.020000 3.978 3.984 3.96069
3d° ‘G 3.725831 3.658 3.665 3.64011
3d° P 3.698270 3.652 3.660 3.58549
3d° ‘D 3.665794 3.607 3.613 3.56341
3d° 2| 3.590930  3.502 3.50204
3d° 3¥D  3.566686 3.509 3.43429
3d° 22F  3.548645 3.494 3.42470
3d° ‘F 3539584 3.478 3.485 3.42632
3d° 2H 3507616  3.434 3.39455
3d° 2°G 3495274 3421 3.38135
3d° 1°F 3462191 3.392 3.33754
3d° 2s 3412002 3.348 3.27170
3d° 2D 3.344582 3.282 3.19871
3d° 1°G  3.264596  3.186 3.12545
3d° 2p 3.107633  3.034 2.94101
3d° 1°D  3.033568 2.965 2.85699
3d*CD)4s  °D 2.849206 2.872 2941 2.77361
3d*CD)4s  “D 2.758817 2.778 2795 2.68538
3d*(P2)4s 4P 2.607793 2.619 2.648 253137
3d*CGH)4s  “H 2.612277 2.588 2618 2.53129
3d*PF2)4s  “F 2.597263 2.592 2.613 2.51606
3d'CG)s G 2569849 2549 2580 2.48781
3d*(GP2)4s 2P 2552383  2.561 247727
3d*CH)4s  2H 2.556817 2.530 2.47708
3d*(3F2)4s  2F 2.543005 2.536

3d(CG)s %G 2.514627 2.492 2.43349
3d*CD)4s ‘D 2.510927  2.494 2.42780
3d'(*G2)4s %G 2.491359  2.476 2.40883
3d*(1)4s 2| 2484110 2.438

3d*(*S2)4s  2S 2.464203  2.468

3d*CD)4s 2D 2458112  2.440 2.37606
3d*(*D2)4s 2D 2.406789  2.388 2.32291
3d*(*F)ds  °F 2.350906 2.311

3d*CD)4p  OF° 2295457 2.219 2.25564
3d*CD)4p  °P°  2.287886 2213 2.24990
3d*(P1)ds 4P 2.284212 2.246 2.19440
3d*F1)4s  “F 2.285076  2.239 2.19842
3d*CD)4p  “P° 2.265726 2.183 2.22408
3d*CD)4p  ®D°  2.258256 2.174

3d*CGPl)4s 2P 2232085 2.194 2.14451
3d*(CFl)4s  2F 2.232375 2.186 2.14682
3d*CD)4p  4F° 2.228839 2.142 2.18918
3d*(IGL)4s  2G 2.186593 2.125 2.09903
3d*CD)4p  “D°  2.176046 2.080 2.13458
3d*CH)4p  “H°  2.081972 1.977 2.03477
3d*(*P2)4p “D°  2.066669 1.945 2.02440
3d*CGF2)4p  “G°  2.056962  1.940 2.00840
3d*CH)4p 4P 2.050188  1.943 2.00550
3d*CGP2)4p  4P° 2.039526 1.911 1.99660
3d*(CH)4p  2G° 2.049047 1.937

3d*(F2)4p  4Fe* 2.030249  1.907 1.98676
3d*CH)4p  “G°  2.031609 1.915 1.98801
3d*(°F2)4p  2D°*  2.025500 1.899

3d*CGP2)4p  2P° 2015051 1.889

3d*CH)4p 2P 2.018812  1.905

3d*F2)4p “D°  2.017690 1.887 1.96967
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Table 3. Sample of energies in the complete table of energies.

Config. Sbn E(Ry)
3d® a’s  -4.02000
3d*(°D)4d  bPS  -1.39828
3d*(°D)sd ¢S -0.81636
3d*(°D)ed  d°S  -0.54091
3d*°D)7d €S -0.38568
3d*(°D)8d f6S  -0.28891
3d°CD)9d ¢S -0.22449
3d*(°D)10d h®S  -0.17945
3d*(°D)11d %S —0.14672
3d*(°D)4d &P -1.55722
3d*(°D)5d  bPP  -0.87599
3d*(°D)ed P -0.57173
3d*(°D)7d  d°P  -0.40367
3d*°D)8d  €P  -0.30030
3d*(°D)ad foP  -0.23216
3d*(°D)10d ¢°P  -0.18486

h°P  -0.15068

3d*(°D)11d

higher odd parity states could be the improper balance for in-
clusion of configurations which can improve the lower states
considerably, but introduce some “spectral repulsion” for the
higher levels of the ion. Nonetheless, present energies on aver-
age are an improvement over the previous ones. The improve-
ment in computed energies for the low-lying states is an impor-
tant factor in the calculation of opacities, as discussed later.

The 104 observed LS term energies are obtained from sta-
tistical averaging of the 269 measured fine structure energies
(Ekberg & Edlen 1978, NIST). Compared to the number of ob-
served energy levels, the present 1.798 LS states correspond to
5331 fine structure levels. With the exception of the observed
energy levels, the fine structure transition energies are approx-
imated as explained in the Computation section.

The complete table of 1798 bound state energies of Fe IV
is available electronically where the energies of 104 observed
states have been replaced by measured values as they are used
in the transition energies for the atomic transition parameters.
Each of first 52 calculated bound state of even parity and of odd
parity is assigned with a letter prefix for convenience, as shown
in sample Table 3 (these letters may not necessarily match those
of the NIST table). For even parity states of a symmetry, an as-
cending alphabetic order is used, first in the lower case and then
in the upper case. The opposite order is chosen for the states of
an odd parity symmetry, that is, descending order of alphabet,
first in the lower case and then the upper case. However states
of the same symmetry lying above the first 52 states do not have
any designation; they are recognized by the energies only.

4.2. LS multiplets

The LS coupling oscillator strengths are used in various astro-
physical applications, such as calculating plasma opacities. The
LS multiplet data for oscillator strengths (f) and coefficients of
spontaneous decay (A—values) with 1798 bound states of Fe IV
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Table 4. Sample data in LS coupling for oscillator strengths, f, gf-values and radiative decay rates, A-values, for bound-bound transitions in
Fe IV [Z = 26, number of core electrons = 22]. The first transition, [6 ® ® 1 6 1 1 1], means °S(1) —% P°(1). The energies are Rydberg
and the A-values are in atomic units.

26 22
SiLiPi(i) -> SjLjPj(j) Ei Ej fij of Aji

138121
6 00 1 6 11 1 -4.020000 -2.287886 4.2259E-01 2.536E+00  3.395E+09
6 00 1 6 11 2 -4.020000 -1.163950 4.8711E-02 2.923E-01 1.064E+09
6 00 1 6 11 3 -4.920000 -1.017630 4.3453E-01 2.607E+00 1.049E+10
6 00 1 6 11 4 -4.920000 -0.717120 1.7706E-02 1.062E-01 5.172E+08
6 00 1 6 11 5 -4.020000 -0.650580 2.3136E-01 1.388E+00 7.032E+09
6 00 1 6 11 6 -4.020000 -0.487200 8.8916E-03 5.335E-02 2.971E+08
6 00 1 6 11 7 -4.020000 -0.451150 1.2883E-01 7.730E-01 4.393E+09
6 00 1 6 11 8 -4.020000 -0.352670 5.1805E-03 3.108E-02 1.865E+08
6 00 1 6 11 9 -4.020000 -0.331080 7.7609E-02 4.657E-01 2.828E+09
6 00 1 6 1110 -4.020000 -0.267150 3.3135E-03 1.988E-02 1.249E+08
6 00 1 6 1111 -4.020000 -0.253220 4.9970E-02 2.998E-01 1.898E+09
6 00 1 6 1112 -4.020000 -0.209400 2.2580E-03 1.355E-02 8.778E+07
6 00 1 6 1113 -4.020000 -0.199880 3.3953E-02 2.037E-01 1.327E+09
6 00 1 6 1114 -4.020000 -0.168560 1.6124E-03 9.675E-03  6.404E+07
6 00 1 6 1115 -4.020000 -0.161760 2.4110E-02 1.447E-01 9.609E+08
6 00 1 6 1116 -4.020000 -0.138610 1.1931E-03 7.159E-03 4.812E+07
6 00 1 6 1117 -4.020000 -0.133580 1.7723E-02 1.063E-01 7.167E+08
6 11 1 6 00 2 -2.287886 -1.398280 2.1035E-01 3.786E+00 4.011E+09
6 00 2 6 11 2 -1.398280 -1.163950 3.2583E-01 1.955E+00 4.792E+07
6 00 2 6 11 3 -1.398280 -1.017630 1.0472E+00 6.283E+00 4.062E+08
6 00 2 6 11 4 -1.398280 -0.717120 5.6950E-03 3.417E-02 7.075E+06
6 00 2 6 11 5 -1.398280 -0.650580 3.3867E-03 2.032E-02 5.069E+06
6 00 2 6 11 6 -1.398280 -0.487200 1.4603E-03 8.762E-03  3.246E+06
6 0 2 6 11 7 -1.398280 -0.451150 1.1753E-02 7.052E-02 2.823E+07
6 00 2 6 11 8 -1.398280 -0.352670 6.6550E-04 3.993E-03 1.948E+06
6 00 2 6 11 9 -1.398280 -0.331080 9.9583E-03 5.975E-02 3.037E+07
6 00 2 6 1110 -1.398280 -0.267150 3.7717E-04 2.263E-03 1.292E+06
6 00 2 6 1111 -1.398280 -0.253220 7.4100E-03 4.446E-02 2.601E+07
6 00 2 6 1112 -1.398280 -0.209400 2.3900E-04 1.434E-03 9.045E+05
6 00 2 6 1113 -1.398280 -0.199880 5.4667E-03 3.280E-02 2.102E+07
6 00 2 6 1114 -1.398280 -0.168560 1.6250E-04 9.750E-04 6.579E+05
6 00 2 6 1115 -1.398280 -0.161760 4.0933E-03 2.456E-02 1.676E+07
6 00 2 6 1116 -1.398280 -0.138610 1.1605E-04 6.963E-04 4.930E+05
6 00 2 6 1117 -1.398280 -0.133580 3.1250E-03 1.875E-02 1.339E+07

correspond to 138 121 dipole allowed transitions. The complete
data table is available electronically. Since the line strength (S)
does not depend on the transition energy, for improved accuary
the present S values are used to recompute the f and A-values
(Eq. (5)) using observed energies whenever available.

Table 4 presents a sample set of the complete electronic
file of LS multiplets. The first line of the table provides the
ion information, [Z = 26, number of core electrons = 22], the
second line specifies the column heads and the third line gives
the total number of transitions. The transitions (138121 in to-
tal) are given next. The first two columns represent the tran-
sition, [SiLiPi(i) -> SjLjPj(j)], that is, between ith and
jth states of the transitional symmetries. The integer designa-
tion for a state consists of the spin multiplicity (2S + 1), the
total angular momentum L, suchas O forL = S, 1 for L = P,
2 for L = D etc., the parity Pi, such as Pi = 0 for an even state

and Pi = 1 for and odd state, and the energy position of the
state (the fourth integer). For example, [6 © 8 1 6 1 1 1]
means 6S(1) —® P°(1), where the numbers within parenthe-
sis are the energy position of the states, the lowest ones in
this case. The next two columns are energies in Rydbergs, E;
and E;, of the states. The last three columns are f, g f, A-values.
The A-values are in atomic units; they should be divided by
atomic unit of time, 79 = 2.419 x 1077 to yield As™.

Present results for the Fe IV oscillator strengths are com-
pared with those from earlier works in Table 5. Bautista &
Pradhan (1997) considered transitions among sextets and quar-
tets only and hence have relatively smaller set of data compared
to the OP data. Under the OP, Sawey & Berrington (1992)
produced an extensive set of data, a total of 133650 transi-
tions among 1721 bound states for all three symmetries, sex-
tets, quartets, and doublets. Hence, OP data contains about
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Table 5. Comparison of present f-values for Fe IV with previous works: a — Bautista & Pradhan (1997), b — Sawey & Berrington (1992),

¢ — Fawsett (1989).

Present Others Ci -C; SLi-SL; gi—gj
0.1817 0.20372,0.1973%,0.2037¢  3d*(°D)4s-3d*(°D)4p  ®D-bP° 30-18
0.3085 0.3392,0.3277°,0.2830° 3d*(°D)4s-3d*(°D)4p °D-°D° 30-30
0.4142 0.46032,0.4433,0.4633° 3d4(5D)4s—3d4(5D)4p 6p—6F° 30-42
0.1710 0.18832,0.1820°,0.1100°  3d*(°D)4s—3d*(°D)4p  “D-*P° 20-12
0.3165 0.3512,0.3335°,0.3285°¢ 3d*(°D)4s-3d*(°D)4p  *D-*D° 20-20
0.4164 0.45832,0.4395P,0.4375°¢ 3d4(5D)4s—3d4(5D)4p 4D-4F° 30-28
0.1599 0.1491°,0.1073¢ 3d*(CH)4s-3d*(°H)4p 2H-2G° 22-18
0.2679 0.2559°,0.2018¢ 3d*CH)4s-3d*(°H)4p  2H-?H° 22-22
0.3472 0.3645,0.3136¢ 3d4(PH)4s—3d*CH)4p  2H-2I° 22-26

4500 transitions less than the present set. Fawcett (1989) em-
ployed the semi-empirical Cowan’s Hartree-Fock relativistic
code with optimized Slater parameters to calculate the tran-
sition probabilities of Fe IV. We note that the current NIST
database of evaluated compilation gives radiative decay rates
only for a small number of forbidden transitions, not allowed
ones. Comparison in Table 5 of the present f-values with the
previous ones show agreement among all the calculations for
sextet and quartet transitions, within 10%. However, for the
doublet transitions the present oscillator strengths and those
of Sawey & Berrington (1992) show similar values, while
Fawcett’s values are somewhat smaller.

A fortran code (LIFETIME.f) is provided to read the Aj
values, accessible from higher state j to lower states is, from the
large electronic file of transitions and to compute the lifetime 7
in sec for any LS state j (a®S*YL"). For example, the calculated
lifetime of Z2P° is 2.4 x 10710 s, of Z2D° is 1.16 x 10~° s and
of ZF°is 1.37 x 1079 s.

4.3. Fine structure transitions

Fine structure f- and A-values are presented for 712 120 dipole
allowed transitions in Fe IV. As in the case of LS multi-
plets, observed energies of fine structure transitions are em-
ployed whenever available for imporved accuracy. As only a
limited number of observed levels are available, a smaller set
of 2915 fine structure transitions corresponding to 620 LS mul-
tiplets has observed transitional energies. Rest of the transi-
tions, 709205 in total, employ calculated energies. The en-
tire file containing all fine structure transitions is available
electronically.

A sample set of f-, S-, and A-values for the dipole allowed
fine structure transitions in Fe 1V is presented in Table 6. The
first line of each subset corresponds to the LS transition fol-
lowed by the fine structure components. The letter prefix des-
ignation of the transitional states in the table corresponds to
their energy positions, as explained in Table 3. The energy unit
for the individual states and transition for the LS multiplets are
in Rydberg. However, for the fine structure transitions, the en-
ergies of the initial and final fine structure levels are in unit
of cm~1, while the transitional energy differences are in A unit.
The A-values are in s™1. An asterisk (*) below an LS state
indicates an incomplete set of observed energy levels, and an

asterisk for the transitional energy indicates that one or both the
levels are missing from the observed energy set.

The fortran code (LIFETIME.f) can read the A values, ac-
cessible from higher level j to lower levels is, from the large
electronic file of transitions and compute the lifetime 7; in sec
for any fine structure level j (@®*DL7). For example, the cal-

culated lifetime of level 248‘3’/2 is1.0x 1070,

Based on the accuracy of the calculated energies and com-
parison with other works, LS multiplets should be of better
accuracy than those in TOPbase and by Bautista & Pradhan
(1997). The overall accuracy for most of the present f-, S,
and A-values should be within 30-50% for strong transitions.
However, larger uncertainty is expected for the weak transitions
and for transitions among highly excited states.

4.4. Opacities

We calculate sample radiative opacities of Fe IV for three rea-
sons. First, as a completeness and consistency check on the
huge amount of data computed, second, to gauge the potential
impact on iron opacities, and third, spectral models for deter-
mination of iron abundances in astrophysical sources. In par-
ticular, in the absence of other indicators such as experimental
data or large-scale calculations of similar accuracy, we seek to
ascertain differences with the results of Sawey & Berrington
(1992), such as found for Fe 1l (Nahar & Pradhan 1994).

Figure 1 shows the monochromatic opacities in most of
the wavelength range where Fe 1V is a contributor in an as-
trophysical plasma in local-thermodynamic-equilibrium (LTE).
The present results are compared with those using the bound-
bound OP data by Sawey & Berrington (1992). In order to
compare only the main source of opacity (lines), we have used
the same bound-free (photoionization) data in both calcula-
tions; the bound-free opacity is less than 10% of the total.
We choose the temperature log T(K) = 4.5 and the electron
density LogNe(cm~3) = 17.0. The Mihalas-Hummer-Dappen
equation-of-state (MHD-EQS; Mihalas et al. 1998) used in the
OP work gives relatively large value of the ionization fraction
Fe IV/Fe = 0.57; Fe IV dominates the iron opacity at this tem-
perature and density. Figure 1 shows immediately the reason
that Fe IV is the dominant ion in the UV, between 500-4000 A.
It is noteworthy that the opacity of Fe IV varies over nearly



352

S. N. Nahar and A. K. Pradhan: Atomic data from the Iron Project. LIX.

Table 6. Sample data for allowed fine structure transitions of Fe IV.

SLi —SLJ' Ei Ej Eij Jgi gj fij S A
Ry/em™  Ry/em™! Ry/A st
a®se — z5°  4.0200 2.2879 1.732E+00 6 18 4.226E-01 4.392E+00 3.395E+09
0.0 190226.0 525.69 6 8 1.880E-01 1.952E+00 3.403E+09
0.0 190008.0 526.29 6 6 1408E-01 1.464E+00 3.391E+09
0.0 189885.0 526.63 6 4 9381E-02 9.759E-01  3.384E+09
aDe— z°%P° 28492 2.2879 5613E-01 30 18 1.827E-01 2.929E+01 7.704E+08
128967.0 190226.0 1632.41 10 8 1817E-01 9.762E+00 5.684E+08
128541.0 190226.0 1621.14 8 8 6.554E-02 2.798E+00 1.664E+08
128191.0 190226.0 1611.99 6 8 1461E-02 4.653E-01 2.813E+07
128541.0 190008.0 1626.89 8 6 1170E-01 5.011E+00 3.930E+08
128191.0 190008.0 1617.68 6 6 1120E-01 3.579E+00 2.855E+08
127929.0 190008.0 1610.85 4 6 5.523E-02 1.171E+00 9.464E+07
128191.0 189885.0 1620.90 6 4 5.692E-02 1.822E+00 2.167E+08
127929.0 189885.0 1614.05 4 4 1286E-01 2.733E+00 3.293E+08
127766.0 189885.0 1609.81 2 4 1.842E-01 1952E+00 2.371E+08
a®De - z°®D°  2.8492 2.2583 5910E-01 30 30 3.085E-01 4.698E+01 8.654E+08
128967.0 193789.0 1542.69 10 10 2510E-01 1.275E+01 7.035E+08
128967.0 193386.0 1552.34 10 8 5.669E-02 2.897E+00 1.962E+08
128541.0 193789.0 1532.61 8 10 7.178E-02 2.897E+00 1.631E+08
128541.0 193386.0 1542.14 8 8 1.380E-01 5.607E+00 3.872E+08
128541.0 192595.0 1561.18 8 6 9.789E-02 4.025E+00 3.572E+08
128191.0 193386.0 1533.86 6 8 1328E-01 4.025E+00 2.825E+08
128191.0 192595.0 1552.70 6 6 5.249E-02 1.610E+00 1.452E+08
128191.0 193271.0 1536.57 6 4 1.238E-01 3.759E+00 5.248E+08
127929.0 192595.0 1546.41 4 6 1.846E-01 3.759E+00 3.432E+08
127929.0 193271.0 1530.41 4 4 3.419E-03 6.891E-02 9.738E+06
127929.0 193120.0 1533.95 4 2 1210E-01 2.443E+00 6.857E+08
127766.0 193271.0 1526.60 2 4 2431E-01 2.443E+00 3.478E+08
127766.0 193120.0 1530.13 2 2 6.933E-02 6.985E-01  1.975E+08
a®De — z%F 28492 2.2955 5537E-01 30 42 4.142E-01 6.731E+01 7.286E+08
128967.0 190276.0 1631.08 10 12 3582E-01 1.923E+01 7.483E+08
128967.0 189515.0 1651.58 10 10 5.424E-02 2.949E+00 1.326E+08
128967.0 188904.0 1668.42 10 8 4.319E-03 2.372E-01 1.293E+07
128541.0 189515.0 1640.04 8 10 3.020E-01 1.305E+01 5.992E+08
128541.0 188904.0 1656.64 8 8 9.991E-02 4.359E+00 2.428E+08
128541.0 188428.0 1669.81 8 6 1.246E-02 5.481E-01 3.975E+07
128191.0 188904.0 1647.09 6 8 2542E-01 8.270E+00 4.687E+08
128191.0 188428.0 1660.11 6 6 1.359E-01 4.456E+00 3.288E+08
128191.0 188086.0 1669.59 6 4 2333E-02 7.693E-01 8.373E+07
127929.0 188428.0 1652.92 4 6 2121E-01 4.616E+00 3.451E+08
127929.0 188086.0 1662.32 4 4 1669E-01 3.654E+00 4.029E+08
127929.0 187878.0 1668.08 4 2 3.240E-02 7.116E-01  1.553E+08
127766.0 188086.0 1657.82 2 4 1821E-01 1987E+00 2.209E+08
127766.0 187878.0 1663.56 2 2 2283E-01 2500E+00 5.502E+08
a‘pP® - z4s°  3.6983 1.6735 2.025E+00 12 4 6.310E-02 1.122E+00 6.233E+09
35253.8 257503.0 449.95 6 4 6.311E-02 5.609E-01  3.119E+09
35333.3 257503.0 450.11 4 4 6.309E-02 3.739E-01 2.077E+09
35406.6 257503.0 450.25 2 4 6.307E-02 1.870E-01 1.038E+09
a“‘pPe — z*P°  3.6983 2.2657 1433E+00 12 12 5.704E-02 1.433E+00 9.402E+08
35253.8 193549.0 631.73 6 6 4.020E-02 5.017E-01 6.720E+08
35253.8 191694.0 639.22 6 4 1703E-02 2.150E-01 4.170E+08
35333.3 193549.0 632.05 4 6 2583E-02 2.150E-01 2.875E+08
35333.3 191694.0 639.55 4 4 T7564E-03 6.371E-02 1.234E+08
35333.3 191021.0 64231 4 2 2354E-02 1991E-01 7.611E+08
35406.6 191694.0 639.85 2 4 4726E-02 1.991E-01  3.849E+08
35406.6 191021.0 642.61 2 2 9410E-03 3.982E-02 1.520E+08
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Fig. 1. Monochromatic opacities of Fe IV using the present data (top panel) and with the Opacity Project data (lower panel) from Sawey &
Berrington (1992) at LogT(K) = 4.5 and LogN. (cm~3) = 17.0. The major features show a shift in wavelength on differences in intensities.

10 orders of magnitude, implying that it remains a large con-
tributor over a very wide range of radiation.

The two datasets displayed in Fig. 1 differ considerably.
The main features throughout the opacity spectrum appear at
different positions. For example, there is relative displacement
of nearly 200 A in the position of the trough which is at
~1500 A in the present results, but at ~1700 A using the OP
data. Even more striking are the diffrences in the present and
the OP Rosseland mean opacities, 3.3 and 4.87 cm?/g respec-
tively. The difference implies a systematic shift in groups of
energy levels between the two sets of calculations and associ-
ated transitions (too numerous to idenfity in detail). This nearly
50% difference is similar, but in the opposite direction, to the
one we found earlier in the Fe Il opacities (Nahar & Pradhan
1994) using new IP data as opposed to the OP data by Sawey &
Berrington (1997), which has been shown to be inaccurate for
low ionization states of iron, Fe I-1V (Nahar & Pradhan 1994;
Bautista & Pradhan 1997; Cowley & Bautista 2003). We note
that the calculation of latest stellar opacities under the OP has
been carried out using the OP data as well as data from other
sources (M. J. Seaton, private communication).

Although more extensive investigations are needed to as-
certain the full range of differences at all temperatures and
densities, we analyze the results somewhat further. The im-
provement in computed energies in the present calculations
for the low-lying states is an important factor in the calcula-
tion of opacities, since they account for most of the level pop-
ulation; higher levels are (a) not populated significantly; and
(b) smeared out or dissolved due to stark and electron impact
broadening as incorporated in MHD-EOS. An examination of
the all level populations of Fe IV at T = 3.16 x 10° K and
N. = 101" cm3, obtained from the MHD-EOS shows that there
is nearly a sharp drop in population of levels as one approaches
the highest of the 16 states of the ground configuration 3d . For
example, the population drops by about 2 orders of magnitude
from the ground state 3d°(°S) at ~—4 Ryd, to the 17th excited

state 3d*4s(°D) at ~—2.8 Ryd. Even higher levels do not con-
tribute to the opacity in any significant way. The decrease is
related to the negative exponential functional form in the mod-
ified Boltzmann-Saha equations in MHD-EOS.

5. Conclusion

Results are presented from a large and extensive calculation
for Fe I1V. All 1798 states were identified in spectroscopic nota-
tion through quantum defect and channel contribution analysis.
However, level identifications for highly mixed excited states
should be treated with caution since often no definitive assign-
ment is possible, and in any case not needed for practical ap-
plications. Present energies agree very well with the observed
energies for all low lying terms. However, the uncertainty in-
creases for excited states with higher energies, especially the
odd parity states.

An extensive set of f- and A-values for 138121 LS mul-
tiplets and 712 120 fine structure transitions are presented. A
small subset of the total transitions has been reprocessed with
the available observed energies.

The fact that relativistic effects are not considered, and
spin-change transitions are not included in this work, im-
plies that there may be additional redistribution of oscillator
strengths within LS multiplets, particularly for highly mixed
levels. Therefore, specific fine structure data should be treated
with care for spectral diagnostics. While it is difficult to ascer-
tain the accuracy of individual transitions for Fe 1V in the ab-
sence of experimental data, comparison with other theoretical
works indicate an accuracy of 30-50% for the strong transi-
tions. Uncertainty is likely to be higher for transitions where
relativistic effects are important and deviations from LS cou-
pling are significant.

Although for the relatively few transitions compared
the present data show marginal improvement over that of
Sawey & Berrington (1992), they are more extensive and the
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differences manifest themselves when we compute and com-
pare monochromatic opacities for Fe IV. The present data
should therefore be used in astrophysical applications in-
stead of the previous datasets. Moreover, the differences in
monochromatic opacities of iron ions are highly significant for
stellar models in a variety of ways, but most importantly in
the determination of relative element abundances and radiative
accelerations (Bahcall et al. 2005; Delahaye & Pinsonneault
2005). Based on this work, and our previous studies on low
ionization stages of iron, it may be inferred that more accurate
iron opacities than currently available might be needed for spe-
cialized applications.

The new Fe IV results should be particularly useful for
the analysis and application to ultraviolet to optical spec-
tra from astrophysical and laboratory sources. All data files
are electronically available from the CDS or from the first
author.
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