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Abstract. Transition energies, oscillator strengths and transition probability values for radiative transitions
have been calculated for the highly ionised atoms of Si isoelectronic sequence from Mn11+ to Kr22+ for
the singly excited states up to principal quantum number n = 7. Time-dependent coupled Hartree-Fock
(TDCHF) theory has been used to estimate such transition properties. Most of the results for the oscillator
strengths and transition probabilities are new. Transition energies agree reasonably well with available
spectroscopic values.

PACS. 31.50.+w Excited states – 32.70.Cs Oscillator strengths, lifetimes, transition moments

1 Introduction

The study of radiative transition properties of highly
ionised atoms is of considerable interest in recent years
because of their importance in the diagnostic determina-
tion and modeling of high temperature astrophysical and
laboratory plasma [1–3] and in calculating stellar enve-
lope opacities [4]. In this context such studies for highly
stripped Si like ions are important as many of these ions
have been observed in solar corona, in tokamak discharges
and in laser produced plasma. Si like Fe12+ lines have been
detected in solar corona by Widing et al. [5], Malinovsky
and Heroux [6] and Behring et al. [7] and in labora-
tory plasma by Fawcett [8]. Fawcett and his coworkers
[9,10] observed and analysed the spectra of Ni13+ and
Co14+ originating from radiative transitions from their ex-
cited configurations 3s3p3, 3s23p3d, 3s23p4d and 3s23p4s.
Kastner et al. [11] analysed the wavelengths corresponding
to the transition 3p2 → 3p4d in Si like Cr10+ to Zn16+ and
Johansson [12] identified lines corresponding to radiative
and intercombination lines of S2+ with vacuum spark spec-
tra. Experiment on laser produced plasma by Khan [13] on
Si like Cu15+ and Zn16+ yields the wavelengths for 3p2 →
3p4s and 3p4d transitions. Si like Cu15+ to Mo28+ ions
generated by Tokamak experiment due to Sugar et al. [14]
give data for the allowed and intercombination lines con-
nected with the transitions 3s23p2 → 3s3p3 and 3s23p4d.
Similar experiments by Wyart and TFR group [15] and
by Jupén et al. [16] identified wavelengths corresponding
to the transitions 3p2 → 3p3d and 3s23p2 → 3s3p3 for
several Si like ions from Ti8+ to Rh31+. Systematic anal-
ysis of the intercombination lines of several ions of Si iso-
electronic sequence was performed by Träbert [17,18] and
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his coworkers [19–22]. Details of such studies on Si iso-
electronic series may be obtained from the compilation of
Sugar and Corliss [23] and Shirai et al. [24–27].

A number of theoretical estimates using different tech-
niques exist for the transition properties within ground
configuration, intercombination lines and radiative tran-
sitions for n = 3 to n = 4. The important ones are the
multiconfiguration Dirac Fock (MCDF) calculation of en-
ergy levels, oscillator strengths and transition probabil-
ities for Si like ions from Z = 15 to Z = 106 by Huang
[28], relativistic Hartree Fock calculation (HFR) with con-
figuration interaction (CI) of Fawcett [29] for Z = 14 to
Z = 28, the MCDF calculation of Khostall et al. [30] for
Z = 16 to Z = 36, the HXR calculation by Biémont [31]
and by Biémont and Bromage [32] for several such ions.
Recent data bases [33,34] in this regard yield more in-
formation. Very recently Nahar [35] used R matrix close
coupling method for the estimation of oscillator strengths
and transition probabilities for the fine structure levels in
Si like Fe12+ from ground to excited levels covering n = 4.

In this paper we present some data on the radiative
transition properties for Si like ions from Mn11+ to Kr22+

for the transitions 3p2 3P → 3pns 3P0 and 3pnd 3D0,
n ≤ 7. We used time dependent coupled Hartree Fock
(TDCHF) method under LS coupling scheme. The tran-
sition energies and other properties like the oscillator
strengths and transition probabilities are extracted from
a study of the position of poles of an appropriately con-
structed linearised variational functional discussed in de-
tail earlier [36,37]. The present theory includes partial cor-
relation effects to the extent of hole particle correlations
to all orders in perturbation theory [38,39] and provides
reasonable estimates of transition properties [40,41]. An
outline of the theory is presented in Section 2 and results
are discussed in Section 3.
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2 Method

The Si isoelectronic sequence of ions is described by the
usual nonrelativistic Hamiltonian H0 (we use atomic units
throughout). An external oscillatory perturbation of the
form

H ′(r̄, t) = G(r̄)eiwt + complex conjugate (1)

is applied on the system. G(r̄) is a symmetric sum of one-
particle operators which initiates multipolar excitations

G(r̄) = λ
∑
i

rliPl(cos θi). (2)

In the present context, we consider only dipolar perturba-
tion for which l = 1. We assume the perturbation strength
parameter λ to be small so that linear response approxi-
mation is valid and the perturbation admixes first order
oscillatory corrections δΨ±i to the ground state wave func-
tions Ψi. A variational functional of the form

J(Φ) =
1
T

∫ T

0

〈Φ|H − i∂/∂t|Φ〉
〈Φ|Φ〉 dt (3)

is constructed to obtain the first-order correction from the
optimization condition

δJ(Φ) = 0 (4)

where the optimization is done with respect to suitable
linear variation parameters introduced in the basis func-
tions. Φ denotes the total wave function and H is the total
Hamiltonian in the presence of the external perturbation.
Behaviour of the functional J with respect to external fre-
quency ω is studied by calculating the frequency depen-
dent dipole polarisability αd(ω). The polarisability αd(ω)
passes through poles at certain characteristic frequencies
which correspond to the transition energies of the system
to its various excited states. Renormalised first order per-
turbation functions at pole positions furnish the excited
state wave functions. These are subsequently used to esti-
mate the oscillator strengths, transition probabilities and
other properties connected with a specific transition.

3 Results and discussions

Presently we have studied the low and relatively higher
lying radiative p → s and p → d transitions for the
highly stripped ions of Si isoelectronic sequence from
Mn11+ to Kr22+. The transitions considered are 3p2 3P→
3p(2P)ns 3P0 and 3p2 3P → 3p(2P)nd 3D0 (n = 4, ..., 7).
The ground state functions are taken from Clementi and
Roetti [42]. The radial part of the first order perturbed
functions is taken as linear combinations of Slater bases
(STO)

δΨ±i (r) =
∑
k

C±ikχik(r) (5)

where C±ik are linear variation parameters due to two com-
ponents of the harmonic perturbation. The angular part
of δΨ±i is determined by the nature of the angular part
of the perturbing operator and the orbital Ψi on which it
acts. The radial basis set is of the form

χik(r) ≈ rnike−ρikr (6)

where the exponents nik and ρik are preassigned from
physical considerations. In the present case the number
of parameters has been fixed to 15 for all the excitations.
This gives convergence within a preassigned static limit of
the frequency-dependent dipole polarisability values.

In Table 1, transition energies, oscillator strengths and
transition probability values for the transitions 3p2 3P→
3pns 3P0 and 3p2 3P → 3pnd 3D0 (n ≤ 7) for Si isoelec-
tronic ions under study have been displayed. Only the ex-
cited orbitals connected with the transitions are shown in
the table. The oscillator strengths and transition probabil-
ity values have been evaluated using well known formulae
[40,43]. We have used LS coupling scheme to designate
the energy levels and compare them with the available
spectroscopic values of Shirai et al. [24–27]. It is observed
that for Fe12+ the deviations lie within 0.5% and 0.07%
with the values listed by Shirai et al. [26]. For ions like
Co13+ to Cu15+, our results lie within 0.5% compared to
experimental values. It is also observed that the deviation
of 4s energy levels is much less than that of the 4d lev-
els. This is possibly due to mixing of higher configurations
which affect the d levels more than the s levels. With in-
crease of nuclear charge the errors are likely to be less as
the effect of electron correlation diminishes along higher
members of the isoelectronic series. We are unable to find
the 3p → 3d excitation for all the ions. The reason being
that excitation energies for the 4s levels in these ions and
also the intra shell excitation 3s23p2 3P→ 3s3p3 3P0 fall
pretty close to the 3d excitation energies. Mixing of these
configurations in the wave function is necessary to get the
3d excitation energies. In fact we notice that the shell-wise
contribution from the 3s shell to αd(ω) is very large and it
changes much faster than contributions from other shells
around the region of excitation concerned. The total po-
larisability shows oscillatory behaviour in this region thus
effectively preventing closer studies. The 3p → 7s transi-
tion in As19+ and Se20+ is also suppressed by the 3s shell
contribution near the transition 3s → np. A few other
transition energies available for comparison for the 4s and
4d excitations show reasonable agreement with our com-
puted values. Very few results are available for the oscil-
lator strengths and transition probability values for exci-
tations from the ions under study. For Fe12+ our result
0.152 for the oscillator strength for the 3p→ 4s transition
is appreciably higher than that of 0.088 due to Shirai [26]
and 0.062 and 0.10 due to Nahar [35], the transition prob-
ability value is also larger than that of Shirai [26]. The
oscillator strength for the 3p→ 4d transition for Fe12+ is
larger than that calculated by Nahar [35] and the same
pattern is followed for the transition probability value for
Fe12+ and Zn16+ when compared with that of Kastner
[11]. While we note that the previous values have some
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Table 1. Transition energies (a.u.), Oscillator strengths and Transition probabilities (s−1) for the radiative transitions in highly
ionised Si like ions.
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Table 1. Continued.
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Fig. 1. Plot of oscillator strength (f) vs. Z for 3p → 4s
transitions of highly stripped Si-like ions.
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Fig. 2. Plot of oscillator strength (f) vs. Z for 3p → 4d
transitions of highly stripped Si-like ions.

uncertainties our results also are affected by uncertainties
due to the cancellation effects from strong mixing of the
levels 3s3p3 and 3s23p3d [18]. The effect is more for the
3p→ 4s transition as reflected in the plot of the oscillator
strength against nuclear charge in Figure 1 which shows a
scatter of the data along a mean curve. Similar plot for the
3p → 4d oscillator strengths in Figure 2 shows more sys-
tematic behaviour. The nodal structure of the functions
is also responsible for the value of the transition matrix
elements which affects the oscillator strength directly. For
ions with larger Z the order of the transition probability
is in agreement with that predicted by Cowan [44].

In view of the paucity of atomic data available for
higher excitations in Si isoelectronic ions, we believe, our
reported data may serve as a useful set for future refer-
ence.
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