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A B S T R A C T

An extensive set of E1 transitions with spectral features for Fe V obtained using relativistic Breit–Pauli
R-matrix (BPRM) method is presented. The results correspond to a larger amount of atomic data and of higher
accuracy in comparison to the earlier R-matrix results. We report 1,712,655 transitions among 4300 fine
structure levels with 𝑗 ≤ 10, 2𝑆 + 1 = 5, 3, 1, 𝐿 ≤ 10, of even and odd parities of n ≤ 10 and 𝑙 ≤ 9. The
close coupling wavefunction expansion of Fe V includes ground and 18 excited levels of the core ion Fe VI.
The theoretical spectroscopy of the fine structure levels for unique identifications was carried out using an
algorithm based on quantum defect theory and angular algebra. The completeness of the calculated data sets
is verified for all possible bound levels belonging to the relevant 𝐿𝑆 terms. The energies are in very good
agreement with measured values within a few percent for most levels. Comparison of transition parameters
and lifetimes also indicate general agreement with others. The present data processed for spectral features that
show the detectability of Fe V is well within range of James Webb Space Telescope and other observatories.

The present results for Fe VI, obtained from relativistic atomic structure calculations in Breit–Pauli
approximation using code SUPERSTRUCTURE, include allowed E1 and forbidden E2, M1, E3, M2 transitions,
506,512 in total among 1021 energy levels, bound and continuum. Calculations show much larger number
of bound levels of configurations of 3𝑠23𝑝53𝑑4 than those listed at NIST compilation table. The calculations
included an optimized set of 9 configurations with orbitals going up to 4f. Comparison of energies, oscillator
strengths, lifetimes with available values show good agreement although some large differences are also noted.
In contrast to Fe V, the spectral features of Fe VI show three regions of strong lines in the soft-xray to
ultraviolet wavelengths.
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1. Introduction

Photo-excitation of ion 𝑋+𝑍 , where 𝑋 is the ion of charge 𝑍, may
e expressed as

𝑋+𝑍 + ℎ𝜈 ⇌ 𝑋+𝑍∗ (1)

where ℎ𝜈 is the photon and ∗ indicates an excited state. The process
an also lead to a doubly excited state. Then after the lifetime of the
tate, the ion decays to a lower excited or to its original ground state.
his photo-absorption and emission introduces a discrete spectral line.
lthough several processes can contribute to a spectral line, astrophys-

cal spectra are dominated largely by discrete lines of atomic radiative
ransitions and a set of large number of transition lines can provide
n overall spectral features of the species. The present work reports
alculation of extensive set of energies, transition parameters, lifetimes,
pectroscopy of lines, and spectral features of two iron ions, Fe V and
e VI.

Iron is the most abundant element, following H, He, C, N, O,
nd appear in various ionization stages in astronomical objects. Low
onization stages of iron ions have been seen in diffuse and planetary
ebulae, e.g. [1,2]. Fe V spectra have been observed in young, hot
A white dwarf atmospheres by the International Ultraviolet Explorer

IUE) and the Extreme Ultraviolet Explorer (EUV E), e.g. [3–5]. With
open d-orbital these ions have large number of energy levels, and hence
corresponding large number of transition among them. The compre-
hensive models for astrophysical and laboratory applications, such as
opacities [6,7], radiative forces [8–10], radiation transport in high-
density fusion plasma, etc. require large data sets that are complete
and accurate. However, lack of detailed and accurate calculations for
the atomic parameters of these ions is due to the difficulty introduced
by the large number of highly coupled states and resonances. The first
systematic study of the iron ions using an ab initio R-matrix method
with close coupling approximation was carried out under the Opacity
Project (OP) [11] and the Iron Project (IP) [12]. Existing R-matrix
odes, e.g. [13–15], were extended extensively [16–18] for large scale
omputations of accurate parameters for the atomic processes. The
uge amount of atomic data computed under projects are available
n three databases, TOPbase [19], TIPbase [20], and NORAD-Atomic-
ata [21]. However, most of the calculations under the OP were carried

out in non-relativistic LS coupling approximation. As need for fine
tructure transitions was realized, transitions in LS multiplets were
onverted to fine structure through algebraic transformations, e.g. [22].
2 
Relativistic effects were included later in the codes for Breit–Pauli R-
matrix method (BPRM) [18] and the first BPRM transitions reported
were for Fe XXIV and Fe XXV in Nahar and Pradhan [23].

The present work reports large sets of energies, transition param-
eters, lifetimes for Fe V and Fe VI obtained in relativistic fine struc-
ture. Observed energies for Fe V and Fe VI measured by Sugar and
Corliss [24] for a limited number of levels are available from NIST
compilation table [25]. Lifetimes of a number of excited levels of both
Fe V and Fe VI were measured using beam-foil technique by Dumont
et al. [26]. This paper also reports the calculated lifetimes of Fe V
nd Fe VI using transitions obtained by Abbott [27]. These two ions
ere studied theoretically under the OP [11] and the IP [12] using the

R-matrix method and close coupling approximation.
For Fe V, radiative transitions were calculated by Bautista [28],

Nahar et al. [29,30], photoionization cross sections were obtained by
Bautista [28], and electron-ion recombination of Fe V by Nahar and
Bautista [31]. Transitions in Fe V were studied earlier using atomic
structure calculation by Abbott [27], Fawcett [32] and more recently
for 182 levels by Aggarwal et al. [33].

The earlier work on E1 transitions in fine structure for Fe V were
btained using the relativistic BPRM method by Nahar et al. [29,30].

However, later a bug was detected and corrected in one program called
RECUPD of the BPRM package of codes in early 2007. The bug affected
certain bound–bound transitions. The present work reports the repeated
calculations for Fe V, but using a different wavefunction expansion and
for a larger sets of energy levels and transitions and more accurate
values.

For Fe VI, radiative transitions were calculated by Butler et al.
[19,34], and electron impact excitation were studied by Chen and
Pradhan [35,36]. This work reports allowed and forbidden transitions
about the 80 fine structure levels belonging to configurations 3𝑑3,
3𝑑24𝑠, and 3𝑑24𝑝, obtained using the Breit–Pauli version of the code
UPERSTRUCTURE [37]. The earlier work on Fe VI transitions is cor-

respond to Garstang et al. [38]. NIST reports 159 forbidden transitions
in Fe VI of type E2 and M1 calculated by Nussbaumer and Storey [39].
Objective of all these work is discuss and report excitation collision
trengths for which forbidden E2, M1 transitions for Fe VI are needed.

However, Chen and Pradhan [35,36] provide table of E1 transitions of
81 levels. Present Fe VI transitions have been obtained from atomic
structure calculations in relativistic Breit–Pauli approximation using
code SUPERSTRUCTURE [37,40,41]. The results are for fine structure
transitions and includes both allowed E1 and forbidden transitions in
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contrast to earlier results under the OP available only for dipole allowed
ransitions in LS coupling [19,34].

2. Theory

The two methodologies employed here for radiative transitions,
reit–Pauli R-matrix (BPRM) method [11,12] for Fe V and atomic struc-
ure calculations in Breit–Pauli approximation using program SUPER-
TRUCTURE (SS) [37,41] for Fe VI, include relativistic fine structure

effects. There are some differences between the two packages of codes.
While BPRM codes can generate a much larger set of dipole allowed
E1 transitions than SS, SS can compute both dipole allowed E1 and
forbidden electric quadrupole (E2), electric octupole (E3), magnetic
dipole (M1), magnetic quadrupole (M2) transitions. Calculations using
BPRM codes [17,18] are ab initio since they do not use any model
otential, SUPERSTRUCTURE [37,40,41] implements Thomas–Fermi–

Dirac–Amaldi (TFDA) potential to represent the electron–electron in-
eractions. The present results are related to both approaches since
e VI wavefunctions created by SS were implemented as the core ion
avefunctions in the BPRM calculations for Fe V.

A brief outline of the methods is described below.

2.1. Relativistic Breit–Pauli approximation

In relativistic Breit–Pauli approximation, Schrodinger equation,

𝐻BP𝛹 = 𝐸 𝛹 . (2)

is solved with the Hamiltonian (e.g. [41,42])

𝐻BP = 𝐻𝑁 𝑅
𝑁+1 +𝐻mass +𝐻Dar +𝐻so+

1
2

𝑁
∑

𝑖≠𝑗
{[𝑔𝑖𝑗 (𝑠𝑜 + 𝑠𝑜′) + 𝑔𝑖𝑗 (𝑠𝑠′)] + 𝑔𝑖𝑗 (𝑐 𝑠𝑠′) + 𝑔𝑖𝑗 (𝑑) + 𝑔𝑖𝑗 (𝑜𝑜′)} (3)

where 𝐻NR
𝑁+1 is the non-relativistic Hamiltonian,

𝐻NR
𝑁+1 =

𝑁+1
∑

𝑖=1

{

−∇2
𝑖 −

2𝑍
𝑟𝑖

+
𝑁+1
∑

𝑗 >𝑖
2
𝑟𝑖𝑗

}

, . (4)

𝑁 is the number of core ion electrons. The next three terms in 𝐻𝐵 𝑃
re 1-body correction terms known as the mass correction, Darwin and
pin–orbit interaction terms,

𝐻mass = −𝛼2

4
∑

𝑖
𝑝4𝑖 , 𝐻Dar =

𝛼2

4
∑

𝑖
∇2

(

𝑍
𝑟𝑖

)

, 𝐻𝑠𝑜 =
𝑍 𝑒2ℏ2
2𝑚2𝑐2𝑟3

∑

𝑖
𝐥𝐢.𝐬𝐢

(5)

𝐩𝑖 is the electron momentum, 𝐥𝑖 and 𝐬𝑖 are orbital and spin angular
momenta, and 𝛼 is the fine structure constant. The rest terms in 𝐻𝐵 𝑃 are
2-body terms of spin and orbit interactions. Program SS [41] includes
contributions of the three 1-body terms, the 2-body Breit interaction
term (the first two spin–orbit interaction terms within square brackets),
and part of last three terms. However, BPRM codes [18] include the
1-body correction terms only.

Each relativistic correction term improves the accuracy of energy
levels and hence transitions over the non-relativistic LS coupling ener-
gies and transitions. Hence, SS program improves accuracy by inclusion
of the additional terms in comparison to BPRM method. However,
ccuracy can be enhanced faster with increment in configuration in-
eraction than the correction terms. The R-matrix method incorporates
uch more configuration interaction than atomic structure calcula-

ions. Hence, R-matrix results are often more accurate than those of
S.

2.2. Wavefunctions and energies

BPRM method implements close coupling approximation (CC) for
the wavefunction where the atomic system is described by an N-
 s

3 
electrons core ion is interacting with the (N+1)th electron. The total
(e+ion) wave function, 𝛹𝐸 , in a symmetry 𝑆 𝐿𝜋 𝐽 is expressed as
(e.g. [42])

𝛹𝐸 (𝑒 + 𝑖𝑜𝑛) = 𝐴
∑

𝑖
𝜒𝑖(𝑖𝑜𝑛)𝜃𝑖 +

∑

𝑗
𝑐𝑗𝛷𝑗 , (6)

where 𝜒𝑖 is the core ion eigen function at the ground and various
excited levels and the sum is over the number of core ion excitation con-
sidered for the atomic process. 𝜃𝑖 is the (N+1)th electron wave function
with kinetic energy 𝑘2𝑖 in a channel coupled with the core ion labeled
as 𝑆𝑖𝐿𝑖(𝐽𝑖)𝜋𝑖𝑘2𝑖 𝓁𝑖[𝑆 𝐿(𝐽 )𝜋]. 𝐴 is the antisymmetrization operator. In the
second term which is basically part of the first term, the 𝛷𝑗s are bound
channel functions of the (N+1)-electrons system that provides the
orthogonality between the continuum and the bound electron orbitals
and account for short range correlation. Substitution of 𝛹𝐸 (𝑒 + 𝑖𝑜𝑛) in
the Schrodinger equation introduces a set of coupled equations that are
solved by the R-matrix method. General descriptions of the R-matrix
method can be found, e.g., in [11,12,42]. The energy eigenvalues from
the R-matrix calculations are absolute and the (N+1)th electron can be
bound or in the continuum depending on its negative or positive energy
(E) The positive and negative energy states (Eq. (1)) define continuum
or bound (e + ion) states,
𝐸 = 𝑘2 > 0 ⟶ cont inuum (scat t er ing) channel
𝐸 = − 𝑧2

𝜈2
< 0 ⟶ bound st at e, (7)

where 𝜈 is the effective quantum number relative to the core level.
Determination of the quantum defect (𝜇(𝓁)), defined as 𝜈𝑖 = 𝑛 − 𝜇(𝓁)

here 𝜈𝑖 is relative to the core level 𝑆𝑖𝐿𝑖𝜋𝑖, is helpful in establishing
he 𝓁-value associated with a given channel level.

The two methods treats the energy calculations differently. The
energy eigenvalues in the R-matrix method are obtained from the poles
f the Hamiltonian matrix formed by core ion and the outer interacting
lectron. The R-matrix method involves couplings of large number of
hannels and percentage contributions are determined from the outer
egion of the R-matrix boundary. These make it difficult to identify

the spectroscopic designation for a state. However, it calculates the
ffective quantum number of each bound channel. Theoretical spec-

troscopy of the energy levels are carried out post BPRM calculations
using an algorithm based on quantum defect theory incorporated in
program PRECBPID [29,43,44]. It requires several considerations such
as quantum defects, percentage of channel contributions, and angular

omentum algebra, as explained in detail in Nahar [44]. Hund’s rule is
used as a guidance for levels arising from the same configuration such
that a level with higher spin multiplicity (2𝑆 + 1) and higher orbital
angular momentum 𝐿 lies lower than that with lower spin multiplicity
and lower total orbital angular momentum. Hence, the same level
can have two different designations from atomic structure and from
BPRM calculations considering channel percentage contributions in the

ethods. In principle both designations should be correct as both are
possible designations, but with different percentage contributions.

The levels are designated as 𝐶𝑡(𝑆𝑡𝐿𝑡𝜋𝑡)𝐽𝑡𝑛𝑙 𝐽 𝑆 𝐿𝜋, where 𝐶𝑡, 𝑆𝑡𝐿𝑡𝜋𝑡,
𝐽𝑡 are the configuration, 𝐿𝑆 term, parity, and total angular momentum
of the target or the core ion, and 𝑛𝑙 are the principal and orbital
quantum numbers of the outer or the valence electron. 𝐽 and 𝑆 𝐿𝜋 are
the total angular momentum, 𝐿𝑆 term and parity of the (𝑁+ 1)-electron
system.

Atomic structure computation using SS treat electrons as Fermi sea,
onstrained by Pauli exclusion principle, fill in cells up to a highest

Fermi level. Based on quantum statistics, the TFDA model gives a
continuous function 𝜙(𝑥) such that the potential is given by [37,42]

𝑉 (𝑟) = −𝑍
𝑟
𝜙(𝑥), 𝜙(𝑥) = e−𝑍 𝑟∕2 + 𝜆𝑛𝑙(1 − e−𝑍 𝑟∕2), 𝑥 = 𝑟

𝜇
, (8)

𝜇 = 0.8853
(

𝑁
𝑁−1

)2∕3
𝑍−1∕3 = constant. Thomas–Fermi orbital scaling

arameters 𝜆𝑛𝑙 impacts on the expanding or compressing the orbital
unctions but maintains the right number of nodes and the orthogonal-
ty condition. An equivalent Schrodinger equation with 𝜙(𝑥) yields the
olution in Whittaker functions computed numerically.
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In contrast to BPRM, the number of possible states in an atomic
structure calculation is predetermined from the set of configurations
specified in the calculation. Spectroscopic identification of any state is
elected by the highest leading percentage contribution as determined
rom the mixing coefficients of contributing states. Hence no theoretical
pectroscopy is needed post the structure calculations.

There are a few differences between the two approaches, BPRM and
SS. BPRM computes the absolute energies and the sign of the energy
changes as it goes from bound to continuum. SS computes energy values
relative to the ground state, and does not specify whether a state is
crossing the ionization threshold in the continuum. The wavefunction
in SS is similar to the first term of CC expansion, but all core ion
orbital functions are directly multiplied by the outer electron orbital
and the sum is over the configurations producing a specific state and
thus includes contributions of multi-configurations interactions. While
BPRM can generate a much larger set of transitions with 𝑛 ≤ 10, SS
can compute transitions for n going to up to 5 or 6. The accuracy of
SS is comparable to that of Dirac–Fock approximation for most ions.
R-matrix can provide higher accuracy as it can accommodate a much
larger set of configurations.

2.3. Transition probabilities

The probability for transition from state 𝑖 to 𝑗, 𝑃𝑖𝑗 , due to a photon
bsorption is given by (e.g. [42])

𝑃𝑖𝑗 = 2𝜋 𝑐2

ℎ2𝜈2𝑗 𝑖
| < 𝑗| 𝑒

𝑚𝑐
�̂�.𝐩𝑒𝑖𝐤.𝐫 |𝑖 > |

2𝜌(𝜈𝑗 𝑖). (9)

where 𝑘 is the wave vector, 𝜈𝑖𝑗 is the photon frequency for transition,
𝜌 is the radiation density along with other standard constants. Various
terms in 𝑒𝑖𝐤.𝐫 introduce various multipole transitions, such as, the first
term gives the electric dipole transitions E1, the second term gives E2
and M1, and the third term E3 and M2. The general line strength of a
transition is obtained from

𝑆X𝜆(𝑖𝑗) = |

|

|

⟨

𝛹𝑗
‖

‖

‖

𝑂X𝜆‖
‖

‖

𝛹𝑖
⟩

|

|

|

2
, 𝑆(𝑗 𝑖) = 𝑆(𝑖𝑗). (10)

where 𝑂X𝜆 is the operator for various transitions X𝜆. We report transi-
tions of E1 in BPRM method and up to the third term in SS calculations.
For E1 transitions, oscillator strengths, radiative decay rate which is
also known as transition probability or Einstein’s A-coefficient, and the
corresponding photo-absorption cross sections can be obtained as

𝑓𝑖𝑗 =
𝐸𝑗 𝑖
3𝑔𝑖

𝑆E1(𝑖𝑗), 𝐴E1
𝑗 𝑖 = 𝛼3

𝑔𝑖
𝑔𝑗

𝐸2
𝑗 𝑖𝑓𝑖𝑗 , 𝜎𝑃 𝐼 (𝜈) = 8.064𝐸𝑖𝑗

3𝑔𝑖
𝑆E1 [Mb],

(11)

where 𝐸𝑗 𝑖 is the transition energy, 𝜈 is the photon energy, and 𝛼
s the fine structure constant, 𝑔𝑗 and 𝑔𝑖 being the statistical weights of
he upper and lower states respectively. The radiative decay rates for
igher order multipole radiation electric quadrupole (E2) and magnetic
ipole (M1) can be obtained as (e.g. [41])

𝑔𝑗𝐴
E2
𝑗 𝑖 = 2.6733 × 103s−1 (𝐸𝑗 − 𝐸𝑖)5𝑆E2(𝑖, 𝑗) (12)

𝑔𝑗𝐴
M1
𝑗 𝑖 = 3.5644 × 104s−1 (𝐸𝑗 − 𝐸𝑖)3𝑆M1(𝑖, 𝑗); (13)

and for electric octopole (E3) and magnetic quadrupole (M2) as

𝑔𝑗𝐴
E3
𝑗 𝑖 = 1.2050 × 10−3s−1 (𝐸𝑗 − 𝐸𝑖)7𝑆E3(𝑖, 𝑗) (14)

𝑔𝑗𝐴
M2
𝑗 𝑖 = 2.3727 × 10−2s−1 (𝐸𝑗 − 𝐸𝑖)5𝑆M2(𝑖, 𝑗) . (15)

The lifetime of a level 𝑘 can be computed as

𝜏𝑘 = 1
∑

𝑖 𝐴𝑘𝑖
(16)

In cgs units,

𝐴 (𝑠−1) = 𝐴𝑗 𝑖(𝑎.𝑢.) , (17)
𝑗 𝑖 𝜏0
1

4 
where 𝜏0 = 2.4191 × 10−17s is the atomic unit of time.
Observed energies are more precise than the calculated values and

provide more accurate transition energies. To match with observations,
which are determined by the measured energies, the transition pa-
rameters, particularly for E1 transitions, of both Fe V and Fe VI have
been adjusted to the available observed energies. Using the energy
independent BPRM line strength, 𝑆, and the observed energy E(obs),
the 𝑓 -value for dipole allowed transition can be obtained as,

𝑓𝑖𝑗 = 𝑆(𝑖, 𝑗 , 𝐵 𝑃 𝑅𝑀)
𝐸𝑗 𝑖(𝑜𝑏𝑠)
(3𝑔𝑖)

. (18)

3. Computations

3.1. The BPRM calculations

As mentioned earlier, for the present results for Fe V and Fe VI are
related. The R-matrix computations is initiated with the wavefunction
expansion of the core ion. For the core ion, Fe VI, program SS [41] has
been used to obtain the energies, transitions, and wavefunctions. These
wavefunction for Fe VI are used to initiate the R-matrix calculations for
Fe V. Hence atomic structure calculations for Fe VI is discussed first
before the BPRM calculations for Fe V.

3.2. Atomic structure calculations for Fe VI

We use an optimized set of 9 configurations of Fe VI (listed in
Table 1) for running the later version of the atomic structure code SS
[41] for energies, allowed and forbidden transition, and wavefunctions.
This configuration set is different from the set used earlier [30,43] for
radiative data for Fe V, and includes orbital 4f not considered before.
The optimized set of Thomas–Fermi scaling parameters (𝜆𝑛𝑙) for the 𝑛𝑙
orbitals are also presented in Table 1. These were adjusted such that an
overall agreement between a wider range of calculated and observed
energies is achieved. Table 1 presents a set of calculated energies.

All atomic data for energies and transitions obtained from SS are
processed through a code PRCSS, e.g. [45] to generate clear tables of
energies and transitions of types E1, E2, E3, M1, and M2. The typical
ame of the output file of PRCSS containing these tables is EFBPSS.ion.
he program is also used for processing transition rates where cal-
ulated energies are replaced by the available observed energies. It

calculates the transition parameters using the calculated line strengths
and the observed transition wavelengths.

Lifetimes of all excited levels were obtained using code LIFETMSS.f
e.g. Nahar [46]). Program sums up contributions of all A-values for

allowed and forbidden transitions that decay to lower levels and take
the inverse for the lifetime values of the excited levels.

The synthetic photo-absorption spectrum of the ion is generated
y program SPECTRUM, e.g. Nahar [47], which takes the data from

file EFBPSS.ion and calculates the photoabsorption cross sections of
entire energy range and add those cross sections which have the same
transition wavelengths.

3.3. BPRM calculations for Fe V

BPRM computations are carried out in a number of stages using a
package of codes [17,18]. The first stage code, STG1, computes the one-
and two-electron radial integrals using the one-electron target orbitals
generated by SS.

Table 1 presents the 19 levels of Fe VI that were included in Fe V
avefunction. There is a large energy gap for excitation from 0.66 Ry
f the 19th level of configuration 3𝑑3 to about 2.4 Ry for the 20th level
f configuration 3𝑑24𝑠. No bound state of Fe V is found to form with
ore excitation beyond the 19th level. This is the reason for choosing

9 level CC calculations for Fe V transitions.
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Table 1
Energies of Fe VI obtained using SS [37,41] from an optimized set of 9 configu-
ations, 3𝑠23𝑝63𝑑3(1), 3𝑠23𝑝63𝑑24𝑠(2), 3𝑠23𝑝63𝑑24𝑝(3), 3𝑠23𝑝63𝑑24𝑑(4), 3𝑠23𝑝63𝑑24𝑓 (5),
𝑠23𝑝53𝑑4(6), 3𝑠3𝑝63𝑑4(7), 3𝑝63𝑑5(8), 3𝑠23𝑝43𝑑5(9) with filled orbitals 1𝑠22𝑠22𝑝6 in each
onfiguration. The Thomas–Fermi orbital scaling parameters (𝜆𝑛𝑙) used are 1.20(1s),
.20(2s), 1.15(2p), 1.15(3s), 1.15(3p), 1.10(3d), 1.0(4s), 1.0(4p), 1.0(4d), 1.0(4f). The
op 19 levels of Fe VI are used in the CC wavefunction of Fe V. The calculated energies
𝐸𝑡) from SS are compared with those of Sugar and Corliss [24] available at NIST
ompilation table [25].

Fe VI

Level 𝐽𝑡 𝐸𝑡(Ry) 𝐸𝑡(Ry)
NIST SS

1 3d3 4𝐹 1.5 0.0000E+00 0.0000E+00
2 3d3 4𝐹 4.5 1.8225E−02 2.2532E−02
3 3d3 4𝐹 3.5 1.0826E−02 1.3304E−02
4 3d3 4𝐹 2.5 4.6566E−03 5.6942E−03
5 3d3 4𝑃 2.5 1.7870E−01 1.9219E−01
6 3d3 4𝑃 1.5 1.7261E−01 1.8472E−01
7 3d3 4𝑃 0.5 1.7075E−01 1.8301E−01
8 3d3 2𝐺 4.5 1.9424E−01 3.0056E−01
9 3d3 2𝐺 3.5 1.8787E−01 2.0826E−01
10 3d3 2𝑃 1.5 2.3888E−01 2.7055E−01
11 3d3 2𝑃 0.5 2.4144E−01 2.5009E−01
12 3d3 2𝐷 2.5 2.5957E−01 2.6851E−01
13 3d3 2𝐷 1.5 2.6087E−01 2.4568E−01
14 3d3 2𝐻 5.5 2.6611E−01 3.0633E−01
15 3d3 2𝐻 4.5 2.6175E−01 2.1614E−01
16 3d3 2𝐹 3.5 4.2116E−01 4.6198E−01
17 3d3 2𝐹 2.5 4.2468E−01 4.6519E−01
18 3d3 2𝐷 2.5 6.5344E−01 6.8904E−01
19 3d3 2𝐷 1.5 6.5655E−01 6.9299E−01

................................................
20 3𝑑2(3𝐹 )4𝑠 4𝐹 4.5 23 2.471E+00 2.407E+00
21 3𝑑2(3𝐹 )4𝑠 4𝐹 3.5 22 2.462E+00 2.398E+00
22 3𝑑2(3𝐹 )4𝑠 4𝐹 2.5 21 2.454E+00 2.391E+00
23 3𝑑2(3𝐹 )4𝑠 4𝐹 1.5 20 2.449E+00 2.386E+00
24 3𝑑2(3𝐹 )4𝑠 2𝐹 3.5 25 2.529E+00 2.466E+00
25 3𝑑2(3𝐹 )4𝑠 2𝐹 2.5 24 2.514E+00 2.453E+00
26 3𝑑2(1𝐷)4𝑠 2𝐷 2.5 26 2.648E+00 2.560E+00
27 3𝑑2(1𝐷)4𝑠 2𝐷 1.5 27 2.650E+00 2.563E+00
28 3𝑑2(3𝑃 )4𝑠 4𝑃 2.5 30 2.671E+00 2.578E+00
29 3𝑑2(3𝑃 )4𝑠 4𝑃 1.5 29 2.663E+00 2.570E+00
30 3𝑑2(3𝑃 )4𝑠 4𝑃 0.5 28 2.659E+00 2.565E+00
31 3𝑑2(3𝑃 )4𝑠 2𝑃 1.5 32 2.725E+00 2.630E+00
32 3𝑑2(3𝑃 )4𝑠 2𝑃 0.5 31 2.717E+00 2.624E+00
33 3𝑑2(1𝐺)4𝑠 2𝐺 4.5 33 2.745E+00 2.664E+00
34 3𝑑2(1𝐺)4𝑠 2𝐺 3.5 34 2.745E+00 2.664E+00
35 3𝑑2(3𝐹 )4𝑝 4𝐺𝑜 5.5 43 3.159E+00 3.123E+00
36 3𝑑2(3𝐹 )4𝑝 4𝐺𝑜 4.5 40 3.148E+00 3.107E+00
37 3𝑑2(3𝐹 )4𝑝 4𝐺𝑜 3.5 38 3.138E+00 3.094E+00
38 3𝑑2(3𝐹 )4𝑝 4𝐺𝑜 2.5 35 3.130E+00 3.082E+00
39 3𝑑2(3𝐹 )4𝑝 4𝐹 𝑜 4.5 42 3.159E+00 3.120E+00
40 3𝑑2(3𝐹 )4𝑝 4𝐹 𝑜 3.5 41 3.149E+00 3.111E+00
41 3𝑑2(3𝐹 )4𝑝 4𝐹 𝑜 2.5 39 3.142E+00 3.101E+00
42 3𝑑2(3𝐹 )4𝑝 4𝐹 𝑜 1.5 37 3.136E+00 3.094E+00
43 3𝑑2(3𝐹 )4𝑝 2𝐹 𝑜 3.5 48 3.176E+00 3.131E+00
44 3𝑑2(3𝐹 )4𝑝 2𝐹 𝑜 2.5 44 3.164E+00 3.122E+00
45 3𝑑2(3𝐹 )4𝑝 4𝐷𝑜 3.5 50 3.186E+00 3.148E+00

Table 1 also compares the energies of the levels obtained using SS
with the measured values of Sugar and Corliss [24]. The comparison
shows larger discrepancies at lower energies. This is partly artificial
since the energies are relative to zero energy of the ground state. With
absolute values, which are larger numbers, of the energies the percent
ifference will be lower. The differences of small energies typically
o not have much impact on transition parameters. The agreement
etween calculated and observed energies improves to less than a few
ercents for most higher levels. In the computations, the calculated
nergies were replaced by available observed energies so that energy
ositions of resonant series match the observed positions.

In the first term of the wavefunction expansion, Eq. (6), the N-
lectron states were multiplied by that of the interacting electron for
hich partial wave angular momenta ranged from 0 to 11. R-matrix
asis set inside the R-matrix boundary for each orbital contained 12
5 
terms. A larger R-matrix boundary with of radius 6.5a𝑜 was chosen so
hat the amplitude of the R-matrix orbitals drops to almost zero at the
oundary.

The second term of CC wavefunction expansion of Fe V contained 33
configurations of (N+1) electrons system with minimum and maximum
occupancy as specified within parentheses of the orbitals, 1s(2-2), 2s(2-
2), 2p(6-6), 3s(1-2), 3p(5-6), 3d (1-6), 4s(0-2), 4p(0-2), 4d(0-1), 4f
(0-1).

STG2 computes the angular momenta algebra of dipole matrix
elements in LS coupling. Conversion to intermediate coupling is carried
out in a pair-coupling representation in stage RECUPD. The computer

emory requirement for this stage has been the maximum as it carries
out angular algebra of dipole matrix elements of a large number of
levels due to fine-structure splitting. The (e + Fe VI) Hamiltonian is
iagonalized for each resulting 𝐽 𝜋 in STGH. The Breit–Pauli calcula-

tions for Fe V considered all possible fine-structure bound levels with
2𝑆 + 1) = 1, 3, 5 and 𝐿 = 0 – 10, 𝑛 ≤ 10, 𝓁 ≤ 𝑛 − 1, and 𝐽 ≤ 10, and
he transitions among these levels.

The bound energies were computed using code STGB. As mentioned
n Theory section that the energies are scanned with small energy
esh in terms of effective quantum number mesh for poles in the
amiltonian. The mesh was chosen very small, 𝛥𝜈 = 0.00025, so that
ll poles are found. The computational requirements were, therefore

increased considerably for the intermediate coupling over the LS cou-
pling case by several orders of magnitude. The calculations take up
to several CPU hours per 𝐽 𝜋 in order to determine the corresponding
eigenvalues in the asymptotic program STGB. Transition parameters
were processed by program PBPRAD, e.g. Nahar [44]. All energies were
dentified spectroscopically using the algorithm in program PRCBPID
e.g. [44]) mentioned in the Theory section. It took several months

to carry out the spectroscopic identifications of 4300 fine structure
levels. Line strengths, oscillator strengths, and radiative decay rate for
bound–bound transitions were obtained using code STGBB.

Program LIFETMBP, e.g. [22], was used to compute the lifetimes
of all excited levels. It lists all transitions, both allowed and forbidden,
contributing to determine the lifetimes.

Program, SPECTRUM (e.g. [48]), was used to compute the spectral
ines of the ions. The program added the photo-excitation cross sections
hat appear at the same transition energy for the final plot.

4. Results and discussions

We present extensive sets of radiative transitions corresponding to
large sets of energies with spectral features of Fe V and Fe VI. All
nergies and transitions from BPRM calculations have been identified
pectroscopically. Fe V, we present E1 transitions. Forbidden E2 and M1
ransitions in Fe V are available at Nahar et al. [30]. All complete files

of data for energies, oscillator strengths, lifetimes, and spectral points
are available electronically at the database NORAD-Atomic-Data [21].

The energies, oscillator strength, lifetimes of both Fe V and Fe VI
re discussed and compared with available values. While accuracy of
ata can be estimated from energies and single transition parameter,
ifetimes of excited levels can also provide an estimated accuracy.
ifetimes are calculated by summing the 𝐴-values for all lower level

transitions and taking its inverse.
Results of each ion is discussed separately below

4.1. Fe V results from BPRM method

4.1.1. Energies of Fe V
We present 4300 bound fine structure levels of Fe V obtained in

relativistic Breit–Pauli R-matrix (BPRM) method. This number is over
400 higher than the earlier 3865 energy levels obtained using a differ-
nt close coupling wavefunction expansion. Splitting of each LS term
f the core ion into its fine-structure components increases the number
of Rydberg series of levels converging on to the fine structure level.
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Table 2
Sample table of Fe V energies in Ry where fine structure levels are ordered in energy
alues and are grouped together for their corresponding LS terms.
𝐶𝑡(𝑆𝑡𝐿𝑡𝜋𝑡) 𝐽𝑡 𝑛𝑙 𝐽 E(cal) 𝜈 𝑆 𝐿𝜋
Eqv electron/unidentified levels, parity: e
3d4 0 −5.51320E+00 2.13 5D e
3d4 1 −5.51190E+00 2.13 5D e
3d4 2 −5.50940E+00 2.13 5D e
3d4 3 −5.50580E+00 2.13 5D e
3d4 4 −5.50150E+00 2.13 5D e
Nlv(c) = 5: set complete

Nlv = 5, 5𝐿𝑒:F (5 4 3 2 1)
3d3 (4Fe) 3/2 4s 1 −3.81430E+00 2.57 5F e
3d3 (4Fe) 5/2 4s 2 −3.81160E+00 2.57 5F e
3d3 (4Fe) 5/2 4s 3 −3.80770E+00 2.57 5F e
3d3 (4Fe) 7/2 4s 4 −3.80250E+00 2.57 5F e
3d3 (4Fe) 9/2 4s 5 −3.79640E+00 2.57 5F e
Nlv(c) = 5: set complete

Table 3
Sample table of Fe V energies in Ry listed in 𝐽 𝜋 symmetry order for easy incorporation
to models. The energies are also ordered.

i Conft SLpt Jt nl J E(Ry) EQN Terms

Nlv = 84, J pi = 0 e
1 3𝑑4 0 −5.51320E+00 2.13 5𝐷 𝑒
2 3𝑑4 0 −5.29400E+00 2.17 3𝑃 𝑒
3 3𝑑4 0 −5.05670E+00 2.22 1𝑆 𝑒
4 3𝑑4 0 −4.93520E+00 2.25 3𝑃 𝑒
5 3𝑑4 0 −4.40930E+00 2.38 1𝑆 𝑒
6 3𝑑3 4𝑃 𝑒 1/2 4𝑠 0 −3.57630E+00 2.60 3𝑃 𝑒
7 3𝑑3 2𝑃 𝑒 1/2 4𝑠 0 −3.49040E+00 2.59 3𝑃 𝑒
8 3𝑑3 4𝐹 𝑒 3/2 4𝑑 0 −2.18889E+00 3.38 5𝐷 𝑒
9 3𝑑3 4𝐹 𝑒 5/2 4𝑑 0 −2.14737E+00 3.41 3𝑃 𝑒
10 3𝑑3 4𝑃 𝑒 3/2 4𝑑 0 −1.99336E+00 3.40 5𝐷 𝑒
11 3𝑑3 4𝑃 𝑒 5/2 4𝑑 0 −1.97023E+00 3.41 3𝑃 𝑒
12 3𝑑32 2𝐷𝑒 3/2 4𝑑 0 −1.91601E+00 3.46 3𝑃 𝑒
13 3𝑑3 2𝑃 𝑒 3/2 4𝑑 0 −1.84965E+00 3.46 3𝑃 𝑒
14 3𝑑3 2𝐹 𝑒 5/2 4𝑑 0 −1.75517E+00 3.52 3𝑃 𝑒

These result in a large number of fine-structure levels in comparatively
arrow energy bands.

All energies have been spectroscopically identified uniquely using
n algorithm [29,43,44] mentioned in the Theory section. An energy
evel in a set of fine structure levels corresponding to more than a
S term, can have more than one possible designation. As suggested,

Hund’s rule can be followed for further for distribution of designations.
dentification of levels and group them to belonging to LS terms can
e varied within correct physics. Tables 2 and 3 provide samples

of complete energy tables, available online, presented in two useful
ormats, (i) fine structure levels as sets of components of LS terms
or various comparisons and (ii) in 𝑗 𝜋 symmetry for incorporation to
odels. Note that the value of effective quantum number (EQN = 𝜈)

hould be avoided since 𝑛𝑙 may have changed during spectroscopy
rocessing.

Fe V energies are compared with 179 measured values [24,25].
Except one, all energies agree within less than 1 to less than 5% with
the observed energies. Part of comparison is presented in Table 4.

We have used very fine mesh of effective quantum number (𝛥𝜈 =
.00028) to scan for all bound levels. Even with it, some high lying levels
ere missed. Further fine tuning of 𝛥𝜈 was not possible as it brought
umerical instability.

4.1.2. E1 transitions in Fe V from BPRM method
We have obtained an extensive set of 1.71 × 106 E1 transitions

mong the 4300 bound fine structure levels of Fe V. This number is
significantly higher than the previous set of 1.46 × 106 transitions [30].
The format of presenting the present data is similar to the previous
one. Table 5 presents a sample set of transitions to demonstrate the
format adopted for the complete set of oscillator strengths, energies.
6 
Table 4
Comparison of the present calculated fine structure energies of Fe V with those of Sugar
and Corliss [24] available in the compilation table of the NIST [25]. Number next to
a 𝐽 value specifies its position in the energy set of the 𝐽 𝜋 symmetry.

Fe V: N𝐵 𝑃 𝑅𝑀 = 4300
Configuration Level J 𝐸𝑁 𝐼 𝑆 𝑇 (Ry) 𝐸𝐵 𝑃 𝑅𝑀 (Ry)

3𝑑4 5𝐷 4.0 1 5.502E+00 5.449E+00
3𝑑4 5𝐷 3.0 1 5.506E+00 5.454E+00
3𝑑4 5𝐷 2.0 1 5.509E+00 5.457E+00
3𝑑4 5𝐷 1.0 1 5.512E+00 5.460E+00
3𝑑4 5𝐷 0.0 1 5.513E+00 5.462E+00
3𝑑42 3𝑃 2.0 2 5.272E+00 5.197E+00
3𝑑42 3𝑃 1.0 2 5.286E+00 5.205E+00
3𝑑42 3𝑃 0.0 2 5.294E+00 5.214E+00
3𝑑4 3𝐻 6.0 1 5.280E+00 5.219E+00
3𝑑4 3𝐻 5.0 1 5.283E+00 5.223E+00
3𝑑4 3𝐻 4.0 2 5.286E+00 5.226E+00
3𝑑42 3𝐹 4.0 3 5.267E+00 5.194E+00
3𝑑42 3𝐹 3.0 2 5.269E+00 5.196E+00
3𝑑42 3𝐹 2.0 3 5.269E+00 5.191E+00
3𝑑4 3𝐺 5.0 2 5.236E+00 5.168E+00
3𝑑4 3𝐺 4.0 4 5.238E+00 5.170E+00
3𝑑4 3𝐺 3.0 3 5.242E+00 5.174E+00
3𝑑42 1𝐺 4.0 5 5.180E+00 5.099E+00
3𝑑4 3𝐷 3.0 4 5.179E+00 5.102E+00
3𝑑4 3𝐷 2.0 4 5.178E+00 5.101E+00
3𝑑4 3𝐷 1.0 3 5.177E+00 5.099E+00
3𝑑4 1𝐼 6.0 2 5.171E+00 5.106E+00

...

Table 5
Sample set of transition probabilities demonstrating the format of the data in the file
ontaining the complete set of transitions. The energy levels with 𝐽 𝜋 and index ’iii’ is
isted above the table of transitions so they can match those of the transitional levels.

Energy table:
i j p iiii E(Ry) conf LS term jjpiiii

1 0.0 e 1 -5.51320E+00 3d4 5De 1
2 0.0 e 2 -5.29400E+00 3d4 2 3Pe 2
3 0.0 e 3 -5.15200E+00 3d4 2 1Se 3
4 0.0 e 4 -4.93520E+00 3d4 1 3Pe 4
5 0.0 e 5 -4.40930E+00 3d4 1 1Se 5

........

Table of fL=Oscillator strengths, S=line strengths, A=A-value
26 22 : Z, Number of electrons
i j wl(A) Ei(Ry) Ej(Ry) fL S Aji(s-1)

1 0 3 1 84 256 21504 : gi Pi gf Pf Ni Nf NN
1 1 387.97 -5.5132E+00 -3.1644E+00 -1.726E-01 2.243E-01 2.462E+09
1 2 386.26 -5.5132E+00 -3.1540E+00 -2.448E-02 3.175E-02 3.508E+08
1 3 384.61 -5.5132E+00 -3.1439E+00 -7.178E-02 9.266E-02 1.038E+09
1 4 365.43 -5.5132E+00 -3.0195E+00 -8.493E-02 1.031E-01 1.390E+09
1 5 363.43 -5.5132E+00 -3.0058E+00 -4.874E-03 5.877E-03 8.079E+07
1 6 361.31 -5.5132E+00 -2.9911E+00 -2.208E-03 2.650E-03 3.693E+07
1 7 354.68 -5.5132E+00 -2.9439E+00 -5.401E-04 6.328E-04 9.481E+06
1 8 352.41 -5.5132E+00 -2.9274E+00 -1.938E-06 2.260E-06 3.433E+04
1 9 349.69 -5.5132E+00 -2.9073E+00 -8.259E-05 9.554E-05 1.487E+06
1 10 349.41 -5.5132E+00 -2.9052E+00 -3.153E-05 3.645E-05 5.685E+05

-----------------------------------------------------------------------

The complete set of energies is listed with configuration, terms, and
indices that correspond those in the table of transitions is provided at
he beginning of the file. This enables spectroscopic identification of
ransitions. Below the energy table are the sets of transitions belonging
o a pair of symmetries 𝐽 𝜋 − 𝐽 ′𝜋′. The two numbers at the beginning of
he transition table are the nuclear charge (i.e. Z = 26) and the number
f electrons (𝑁𝑒𝑙 𝑐 = 22) in the ion. The first line of each set contains
alues of 2𝐽+ 1, parity 𝜋 (=0 for even and =1 for odd) of the transitional
evels. Hence in Table 5, the first line gives the set of transitions given

are among 𝐽 = 0𝑒 − 𝐽 = 1◦ levels, number of bound levels, 𝑁𝑖 and 𝑁𝑓 ,
in each symmetry and the total number 𝑁 𝑁 = 𝑁𝑖×𝑁𝑓 of transitions in
the set. This line is followed by 𝑁 𝑁 transitions. The first two columns
are the level indices, 𝐼 and 𝐼 (iii numbers of the symmetries) for the
𝑖 𝑗
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Table 6
Comparison of present 𝑓 -values with the earlier ones. The numbers 𝐼𝑖 and 𝐼𝑗 indicate positions of the levels in the series of levels of 𝑆 𝐿𝜋.

𝐶𝑖 𝐶𝑗 𝑆𝑖𝐿𝑖𝜋𝑖 𝑆𝑗𝐿𝑗𝜋𝑗 2𝐽𝑖 + 1 𝐼𝑖 2𝐽𝑗 + 1 𝐼𝑗 𝑓𝑖𝑗 (𝑃 ) 𝑓𝑖𝑗 (𝑜𝑡ℎ𝑒𝑟𝑠)

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐹 𝑜 1 1 3 1 0.1726 0.163a, 0.1366b

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐹 𝑜 5 1 3 1 0.1270 0.0126a

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐹 𝑜 5 1 5 3 0.05432 0.0596a

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐹 𝑜 5 1 7 3 0.02556 0.0138a

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐹 𝑜 7 1 5 3 0.02177 0.0274a

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐹 𝑜 7 1 7 3 0.04339 0.0544a

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐹 𝑜 9 1 7 3 0.004821 0.00756a

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐹 𝑜 7 1 9 3 0.05659 0.0414a

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐹 𝑜 9 1 9 3 0.01757 0.03a

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐹 𝑜 9 1 11 2 0.07290 0.0686a

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐷𝑜 1 1 3 2 0.0245 0.041a, 0.0702b

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐷𝑜 3 1 1 1 0.06047 0.0607a, 0.041b

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐷𝑜 3 1 3 2 0.0345 0.0343a

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐷𝑜 3 1 5 2 0.1207 0.1257a

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐷𝑜 5 1 3 2 0.04630 0.0532a

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐷𝑜 5 1 5 2 0.01522 0.0092a

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐷𝑜 5 1 7 2 0.08956 0.1006a

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐷𝑜 7 1 5 2 0.03037 0.0247a

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐷𝑜 7 1 7 2 0.06331 0.0517a

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐷𝑜 9 1 7 2 0.02478 0.0222a

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐷𝑜 7 1 9 2 0.04739 0.0588a

3𝑑4 −3𝑑3(4𝐹 )4𝑝 5𝐷 5𝐷𝑜 9 1 9 2 0.1427 0.130a

3𝑑4 −3𝑑3(4𝑃 )4𝑝 5𝐷 5𝑃 𝑜 1 1 3 4 0.08493 0.076a, 0.0755b

3𝑑4 −3𝑑3(4𝑃 )4𝑝 5𝐷 5𝑃 𝑜 3 1 3 4 0.06390 0.057a

3𝑑4 −3𝑑3(4𝑃 )4𝑝 5𝐷 5𝑃 𝑜 3 1 5 6 0.02089 0.019a

3𝑑4 −3𝑑3(4𝑃 )4𝑝 5𝐷 5𝑃 𝑜 5 1 3 4 0.02994 0.0266a

3𝑑4 −3𝑑3(4𝑃 )4𝑝 5𝐷 5𝑃 𝑜 5 1 5 6 0.04920 0.0442a

3𝑑4 −3𝑑3(4𝑃 )4𝑝 5𝐷 5𝑃 𝑜 5 1 7 7 0.00567 0.0054a

3𝑑4 −3𝑑3(4𝑃 )4𝑝 5𝐷 5𝑃 𝑜 7 1 5 6 0.06695 0.0499a

3𝑑4 −3𝑑3(4𝑃 )4𝑝 5𝐷 5𝑃 𝑜 7 1 7 7 0.02859 0.0264a

3𝑑4 −3𝑑3(4𝑃 )4𝑝 5𝐷 5𝑃 𝑜 9 1 7 7 0.08570 0.0758a

a Fawcett [32].
b Aggarwal et al [33].
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energy indices of the levels, the third column is the transition energy
in Å, the fourth and fifth columns are their energies, 𝐸𝑖 and 𝐸𝑗 , in
Rydberg units. The sixth column is oscillator strengths 𝑓𝐿, seventh is
line strength 𝑆, and the eighth column is the radiative decay rate or
transition probability 𝐴-value. For the 𝑓 -values that are negative the
lower level is 𝑖 (absorption) and for the positive ones the lower level is
𝑗 (emission).

We make comparison of the present oscillator strengths with earlier
values of Fawcett [32] and Aggarwal et al. [33] in Table 6. The com-
parison shows various degrees of agreement. While transitions, such
as, 3𝑑4(5𝐷0) − 3𝑑3(4𝐹 )4𝑝(5𝐹 𝑜

1 ), 3𝑑4(5𝐷2) − 3𝑑3(4𝐹 )4𝑝(5𝐹 𝑜
2 ), 3𝑑4(5𝐷1) −

3𝑑3(4𝐹 )4𝑝(5𝐷𝑜
2), show good agreement among theories, 3𝑑4(5𝐷4) −

3𝑑3(4𝐹 )4𝑝(5𝐹 4
4 ) and 3𝑑4(5𝐷3) − 3𝑑3(4𝐹 )4𝑝(5𝐷𝑜

4), have larger differences
(see Table 6). This is not entirely unexpected. Except for the low-
est transitions, f-values from different approximations typically show
inconsistency in agreement, sometime good and other times larger
differences. The origin of such differences is the wavefunction repre-
sentation of the methodologies and also proper identification of levels
of multi-electron systems.

The present work reports obtaining lifetimes of all excited levels,
299 in total, of Fe V. The file containing lifetime of each level
long with list of the contributing decays to lower levels is available
lectronically at the database NORAD-Atomic-Data [21].

Some of the lifetimes of Fe V are reported in Table 7 where they are
compared with available values. Dumont et al. [26] measured lifetimes
f a number of levels of Fe V using beam-foil technique. They also
eport calculated lifetime obtained using calculated transition proba-
ilities of Abbott [27] in collaboration with Biement and Ekberg [49].

Instead of including all possible transitions to lower levels, they include
a single transition classified by Ekberg [49] to obtain the predicted
lifetimes. Even with theoretical differences, both their and present
predicted sets of lifetimes for 3𝑑3(4𝐹 )4𝑝5𝐹 𝑜 levels and 3𝑑3(4𝐹 )4𝑝5𝐷𝑜

levels agree well with each other and are lower than the measured
values. Even for levels of 3𝑑3(2𝐻)4𝑝3𝐼𝑜 they agree more with each
7 
other except for the 3𝑑3(2𝐻)4𝑝3𝐼𝑜7 level where present lifetime is closer
to the measured value. For 3𝑑3(4𝐹 )4𝑝5𝐺𝑜 levels, present lifetimes are
loser to measured values than the calculated values they present. The
redicted lifetime of their identified level (𝑎2𝐷)3𝐹 𝑜

4 agrees well with
he present lifetime of the level of same symmetry but with core state
𝐹 . This could be a misidentification of level. With large of electrons,
xact identification is an issue unless it has a clear dominant leading
ercentage. We can also assume that with higher number of possible
ecays, the sum of radiative decay rates, 𝐴-values, increases lowering
he lifetimes of the level. Lifetimes of a level includes sum of all A-
alues from the level to lower levels. Hence summing decay rates
o a larger number of lower levels can increase the sum of 𝐴-values
ignificantly causing reduced lifetime of the level.

The f-values of 1.71×106 transitions in Fe V have been used to
roduce the synthetic photoabsorption spectrum of Fe V. The absorp-
ion features over the wavelength range from soft xray to infrared
re detailed in Fig. 1. Panel (a) show the total spectrum of strength,

panel (b) total dominant rage of visible line, and panel (c) shows
the prominent region of sharp lines. The range indicates high obser-
vational detectability of lines from stars and astronomical objects by
several observatories from X-ray to far-infrared wavelengths including
James Webb Space telescope (JWST). This spectrum presents lines of
bound–bound transitions, not any bound-free transition.

4.2. Fe VI results from SUPERSTRUCTURE

The results for energies and transitions Fe VI obtained from atomic
structure calculations using the latest version of the program SUPER-
STRUCTURE (SS) [41] are discussed separately in the sections below.
As mentioned earlier the wavefunctions and energies of Fe VI, as
presented here, have been used to represent the core ion wavefunctions
and energies of Fe V for the BPRM calculations of the ion.
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Fig. 1. Spectral features of Fe V: (a) total spectrum using present 1.71 million lines from bound-bound transitions, (b) Region of prominent lines, (c) region of strongest lines.
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Table 7
Comparison of present lifetimes (𝜏) of Fe V with the earlier measured and calculated
alues.
Excited level 𝜏 (nsec) 𝜏 (nsec)

Transitionc Expta Theoryab Present

(4𝐹 )5𝐹4 − (4𝐹 )5𝐹 𝑜
4 0.52 ± 0.04 0.275

(4𝐹 )5𝐹3 − (4𝐹 )5𝐹 𝑜
3 0.52 ± 0.04 0.252

(4𝐹 )5𝐹5 − (4𝐹 )5𝐹 𝑜
5 0.54 ± 0.02 0.28 0.277

(4𝐹 )5𝐹2 − (4𝐹 )5𝐹 𝑜
2 0.54 ± 0.02 0.17 0.202

(4𝑃 )5𝑃3 − (4𝑃 )5𝐷𝑜
4 1.2 ± 0.2 0.66 0.623

(2𝐻)3𝐻6 − (2𝐻)3𝐼𝑜
7 0.9 ± 0.2 0.57 1.577

(2𝐻)3𝐻5 − (2𝐻)3𝐼𝑜
6 0.9 ± 0.1 0.57 0.644

(2𝐻)3𝐻4 − (2𝐻)3𝐼𝑜
5 0.9 ± 0.1 0.55 0.632

(2𝐹 )5𝐹3 − (4𝐹 )5𝐷𝑜
2 0.3 ± 0.02 0.15 0.141

(2𝐹 )5𝐹4 − (4𝐹 )5𝐷𝑜
3 0.3 ± 0.02 0.15 0.125

(2𝐹 )5𝐹5 − (4𝐹 )5𝐷𝑜
4 0.3 ± 0.02 0.15 0.116

(4𝐹 )5𝐹5 − (4𝐹 )5𝐺𝑜
6 1.4 ± 0.2 0.96 1.216

(4𝐹 )5𝐹4 − (4𝐹 )5𝐺𝑜
5 1.5 ± 0.3 0.97 1.235

(4𝐹 )5𝐹3 − (4𝐹 )5𝐺𝑜
4 1.5 ± 0.1 0.99 1.251

(4𝐹 )5𝐹2 − (4𝐹 )5𝐺𝑜
3 1.7 ± 0.2 1.262

(𝑎2𝐷)3𝐷3 − (𝑎2𝐷)3𝐹 𝑜
4 0.4 ± 0.03 0.17 0.175

a Dumont et al [26].
b Abbot [27].
c c-Ekberg [49].

4.2.1. Energies of Fe VI
The present atomic structure calculations for Fe VI resulted in 1071

nergy levels, including both bound and continuum, from the nine
onfigurations, as listed in Table 1. All configurations produce bound

levels except configuration, 3𝑝63𝑑5, which did not produce any bound
level. The present energies from SUPERSTRUCTURE (SS) [41] are
available in tabular form at NORAD-Atomic-Data [21]. These energies
re compared with the measured values of Sugar and Corliss [24,25]
n Table 1 and are discussed in the Computation section.

4.3. E1, E2, E3, M1, M2 transitions in Fe VI

From 1071 levels, we have obtained a total of 506,512 transitions
f Fe VI of which 101,893 transitions are of type allowed E1 and
 𝐴

8 
404,619 are of forbidden types E2, E3, M1, M2. Allowed transitions
are typically orders of magnitude higher than those of forbidden types.
Transition parameters 𝑆−, 𝑓−, and 𝐴− values for the allowed and
forbidden transitions have been processed with transition energies in
wavelengths and Rydberg levels in tabular forms and are available at
NORAD-Atomic-Data [21].

Available transitions in Fe VI are much limited and are presented
ainly for forbidden transitions. These transitions are related to elec-

ron impact excitation. Garstang et al. [38] and Nussbaumer and Storey
[39] report E2 and M1 transitions. Chen and Pradhan [36] report both
allowed E1 and forbidden E2,M1 transitions for 83 fine structure levels
of Fe VI that they studied. Present transitions are compared with others
in Table 8. We find that E1 transition with no spin change agree very

ell with those of Chen and Pradhan [36] but differences can be noted
for the intercombination or E1 transitions where spin changes. Both
works used SS, but different versions of it and with different set of
configurations. Present work corresponds to the latest version of the
code [41].

Forbidden transitions, E2 and M1, of the present work are also
compared with the three available sources, [36,38,39] in Table 8. It
can be seen that transition probabilities from all four calculations for
both E2 and M1 transitions have very good agreement with each other
for most cases. Some differences are seen with those of Garstang et al.
[38].

We have calculated lifetimes of all excited levels of Fe VI. Similar
o Fe V, the table of lifetimes of Fe VI contains contributions of all
ecay rates to each excited level. Table 9 compares present lifetimes

with those available in literature. Present lifetime for 2𝐻𝑜
9∕2 level agree

very well with the measured value. The rest of 4 values agree more with
their predicted values. However, the present lifetime of level 2𝐹 𝑜

5∕2,
.11 nanosec, is much lower than the experimental and other predicted
alues. The reason is difficult to explain except that present lifetime
ncludes contributions of decays to 60 levels, of which 24 are allowed
1 and 36 are forbidden transitions. This could have increased the total
-value.
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Table 8
Comparison of present 𝑓 - and 𝐴-values with available ones.

Transition A (s−1)(E1)
Present Others

3𝑑3 − 3𝑑2(3𝐹 )4𝑝 4𝐹3∕2 −4 𝐺𝑜
5∕2 1.03e+9 1.19e+09a

3𝑑3 − 3𝑑2(3𝐹 )4𝑝 4𝐹3∕2 −4 𝐹 𝑜
3∕2 8.23e+09 8.92e+09a

3𝑑3 − 3𝑑2(3𝐹 )4𝑝 4𝐹3∕2 −4 𝐹 𝑜
5∕2 1.21e+09 1.26e+09a

3𝑑3 − 3𝑑2(3𝐹 )4𝑝 4𝐹3∕2 −4 𝐷𝑜
1∕2 9.05E+09 1.01e+10a

3𝑑3 − 3𝑑2(3𝑃 )4𝑝 4𝐹3∕2 −4 𝐷𝑜
1∕2 3.7e+09 2.90e+09a

3𝑑3 − 3𝑑2(3𝐹 )4𝑝 4𝐹5∕2 −4 𝐷𝑜
3∕2 6.18e+09 5.96e+09a

3𝑑3 − 3𝑑2(3𝐹 )4𝑝 4𝐹3∕2 −2 𝐹 𝑜
5∕2 1.06E+08 3.17e+07a

3𝑑3 − 3𝑑2(3𝑃 )4𝑝 4𝐹3∕2 −2 𝐷𝑜
3∕2 8.47e+07 3.74e+06a

3𝑑3 − 3𝑑2(1𝐺)4𝑝 4𝐹7∕2 −2 𝐺𝑜
9∕2 8.71e+04 1.28e+04a

Transition A (s−1)(E2) A (s−1)(M1)
Conf Levels Present Others Present Others

3𝑑3 − 3𝑑3 4𝐹5∕2 −4 𝐹3∕2 4.58e−11 5.13e−11a, 0.b, 4.97−11c 5.75E−03 5.76e−3a, 5.7e−3b, 5.74e−3c

3𝑑3 − 3𝑑3 4𝑃1∕2 −4 𝐹3∕2 5.41E−02 6.04e−2a, 8.3e−2b, 5.97−2c 2.85E−04 2.01e−4a, 8.0e−5b, 3.31−4c

3𝑑3 − 3𝑑3 4𝑃3∕2 −4 𝐹3∕22 1.14E−02 1.27e−2a, 1.7e−2b, 1.26e−2c 5.00E−03 3.40e−3a, 1.2e−3ib, 4.05e−3c

3𝑑3 − 3𝑑3 4𝑃5∕2 −4 𝐹3∕22 6.41E−04 7.15e−4a, 1.0e−3b, 7.04e−4c 2.81E−04 2.15e−4a, 9.0e−5b, 2.66e−4c

3𝑑3 − 3𝑑3 2𝐺7∕2 −4 𝐹3∕22 2.25E−05 1.90e−5a, 1.4e−5b, 0.0c 0.0 0.0a, 1.4e−5b, 1.66−5c

3𝑑3 − 3𝑑3 2𝑃1∕2 −4 𝐹3∕22 2.20E−03 1.99e−3a, 3 7.0e−3b, 1.54e−3c 2.00E−03 1.54e−3a, 7.3e−4b, 1.99e−3c

3𝑑3 − 3𝑑3 2𝑃3∕2 −4 𝐹3∕22 3.02E−04 6.88e−4a, 2.8e−3b, 5.40e−4c 3.19E−01 3.70e−1a, 1.19e−1b, 3.56e−1c

3𝑑3 − 3𝑑3 4𝐹7∕2 −4 𝐹5∕2 1.82E−10 2.03e−10a, 0.b, 1.99e−10c 1.34E−02 1.34e−2a, 1.3e−2b, 1.34e−2c

3𝑑3 − 3𝑑3 4𝐹9∕2 −4 𝐹5∕22 5.87E−10 6.46e−10a 0 0.a
3𝑑3 − 3𝑑3 4𝑃1∕2 −4 𝐹5∕22 3.22E−02 3.47e−2a, 4.85e−2b, 0.c 0.0 0.0a, 0.b, 3.42e−2c

3𝑑3 − 3𝑑3 4𝑃3∕2 −4 𝐹5∕22 2.99–02 3.35e−2a, 4.59e−2b, 3.32e−2c 3.03E−03 1.97e−3a, 6e−4b, 1.78e−3c

3𝑑3 − 3𝑑3 4𝑃5∕2 −4 𝐹5∕22 5.11e−03 5.69e−3a, 7.9e−3b, 5.63e−3c 1.33E−03 9.87e−4a, 4.2e−4b, 1.36e−3c

a Chen and Pradhan [35].
b Garstang et al [38].
c Nussbaumer and Storey [39].
Fig. 2. Spectral features of Fe VI demonstrating prominent region of strong lines in the x-ray and ultraviolet.
t

Fig. 2 presents the photoabsorption spectrum of Fe VI. This includes
01,893 lines of both bound–bound and bound-free transitions. The
pectrum shows three regions of very strong lines, in the soft Xray about
00–300 Å, extreme ultraviolet of about 700–900 Å, and 1200–1400 Å.
his spectrum presenting strong high energy lines in x-ray to ultraviolet
egion is much different from that of Fe V with a wider range of lines

for detection.
9 
5. Conclusion

Extensive sets of Level energies, fine-structure transition probabili-
ies, lifetimes, and spectral features of Fe V and Fe VI are presented in

a comprehensive manner.
Lifetimes of all excited levels of both Fe V and FE VI have been

obtained.
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Table 9
Comparison of present lifetimes (𝜏) of Fe VI with the earlier measured and calculated
alues.
Excitation 𝜏 (nsec) 𝜏 (nsec)
Transitionc Expta Theorya,b Present

(1𝐺)2𝐺7∕2 − (1𝐺)2𝐻𝑜
9∕2 0.33 ± 0.03 0.18 0.315

(1𝐺)2𝐺9∕2 − (1𝐺)2𝐻𝑜
11∕2 0.33 ± 0.05 0.18 0.15

(3𝐹 )4𝐹9∕2 − (3𝐹 )4𝐺𝑜
11∕2 0.81 ± 0.06 0.45 0.39

(3𝐹 )4𝐹7∕2 − (3𝐹 )4𝐺𝑜
9∕2 0.62 ± 0.05 0.39 0.39

(3𝐹 )4𝐹5∕2 − (3𝐹 )4𝐺𝑜
7∕2 0.59 ± 0.05 0.41 0.39

(3𝐹 )2𝐹5∕2 − (3𝐹 )2𝐹 𝑜
5∕2 0.59 ± 0.05 0.41 0.11

a Dumont et al [26].
b Abbot [27].
c Ekberg [50].

Theoretical spectroscopy was carried out for 4300 fine structure
evels of Fe V for unique identifications.

These data to be particularly useful for the calculation of monochro-
matic opacities and in the analysis of spectra from astrophysical and
aboratory sources.

Spectral features of both ions are illustrated. Fe V spectrum shows
dominance of strong spectral lines over a wider range of wavelengths,
rom soft X-ray to infrared. In contrast, spectral features of Fe VI is

confined to from X-ray to ultraviolet.
All data tables will be electronically available from the CDS archives,

and from author’s database NORAD-Atomic-Data at the Ohio State
University.
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