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ABSTRACT

Aims. We present rates for all E1, E2, M1, and M2 transitions among the 295 fine-structure levels of the configurations 3d9, 3d84s,
3d74s2, 3d84p, and 3d74s4p, determined through an extensive configuration interaction calculation.
Methods. The CIV3 code developed by Hibbert and coworkers is used to determine for these levels configuration interaction wave
functions with relativistic effects introduced through the Breit-Pauli approximation.
Results. Two different sets of calculations have been undertaken with different 3d and 4d functions to ascertain the effect of such
variation. The main body of the text includes a representative selection of data, chosen so that key points can be discussed. Some
analysis to assess the accuracy of the present data has been undertaken, including comparison with earlier calculations and the more
limited range of experimental determinations. The full set of transition data is given in the supplementary material as it is very
extensive.
Conclusions. We believe that the present transition data are the best currently available.
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1. Introduction

The greater efficiency of contemporary observational research
facilities has led to the generation of huge quantities of obser-
vational data, which depend upon accurate and extensive atomic
data for a range of processes for their meaningful interpretation.
These observational efforts therefore require parallel theoretical
efforts in order to determine the atomic parameters, including
oscillator strengths and transition rates, at the accuracy required
by astronomers.

The complex near-neutral Ni II ion is a member of the
group of important iron-peak elements. Low-ionisation stages
of these species are highly abundant in the astronomical envi-
ronment, being commonly observed in a multitude of astrophys-
ical sources including white dwarfs (Klein et al. 2011), evolved
stars (Richardson et al. 2011), γ-ray bursts (Cucchiara et al.
2011; Vreeswijk et al. 2007), luminous blue variables (LBVs)
(Davidson et al. 2001; Hartman et al. 2004), Seyfert galaxies
(Véron-Cetty et al. 2006), quasi-stellar objects (Fynbo et al.
2010), and damped Lyα systems (DLAs; Dessauges-Zavadsky
et al. 2006). There is therefore an on-going demand for accurate
transition data among levels of Ni II.

This demand has inspired a number of experimental com-
pilations over the past five decades. The first work in more re-
cent years is by Ferrero et al. (1997) who presented transition
probabilities for 59 ultraviolet (UV) lines in the spectral range
λ2100−2600 Å.

The observational determinations of Zsargo & Federman
(1998) followed. These authors presented a self-consistent set
of relative f -values for 12 absorption resonance lines of the
Ni II spectrum in the vacuum ultraviolet (VUV) spectral range

� Full Table 4 and Tables 5−8 are only available at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/587/A107

λ1300−1750 Å. Comparison of these relative strengths with
the compilation of Morton (1991) revealed good agreement for
the stronger lines, but considerable differences for the weaker
transitions.

Fedchak & Lawler (1999) reported absolute atomic transi-
tion probabilities for 59 UV and VUV lines of Ni II in the
spectral range λ1700−2550 Å. It is important to note that in
the work of Fedchak & Lawler (1999), the authors recommend
that the relative f -values of Zsargó & Federman (1998) be put
on an absolute scale by employing a reducing scaling factor of
0.534 (±10%).

The work of Fedchak & Lawler (1999) was extended by the
measurements of Fedchak et al. (2000), who reported seven rela-
tive absorption f -values for resonance transitions in Ni II. Three
of the reported resonance transitions coincide with those of the
1999 analysis; however, Fedchak et al. (2000) stated that the later
results are of somewhat improved accuracy.

A resonance transition neglected by Fedchak et al. (2000)
was the 3d9 2D5/2−3d8(1G)4p 2F◦5/2 transition at λ1317 Å.
This transition was re-evaluated in the more recent work of
Dessauges-Zavadsky et al. (2006). The most recent experimen-
tal measurements of Ni II f -values are those of Jenkins & Tripp
(2006), with the derivation of f -values for the Ni II transitions at
λ1317 Å and λ1370 Å. The f -value for the transition at λ1317 Å
was found to be identical to that derived by Dessauges-Zavadsky
et al. (2006), while the f -value for the transition at λ1370 Å was
0.76 times the value of Zsargó & Federman (1998).

An accurate atomic structure calculation for Ni II presents a
formidable challenge to theorists. The complexity of the prob-
lem is primarily due to the open d-shell structure of the ionic
system. Such an open shell arrangement gives rise to many
LS states, some of which differ solely by the seniority quantum
number of the 3d subshell and thus strong interaction between
states is prevalent. Furthermore, the close spacing between many
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of the fine-structure levels makes their unique identification dif-
ficult because of the strong CI mixing, especially the levels as-
sociated with the 3d74s 4p configuration.

Early theoretical evaluations of Gruzdev (1962) and
Mendlowitz (1966) reported intermediate coupling calculations
of transition probabilities of 3d84p to 3d84s lines of Ni II. The
Cowan code (Cowan 1967) calculations of Kurucz followed.
Kurucz has completed a number of theoretical studies over the
past two decades, culminating in compilations including Kurucz
& Bell (1995) and Kurucz (2000). We note that the latter refer-
ence constitutes the most comprehensive theoretical analysis of
structural atomic data for Ni II completed to date. The calcula-
tions of Kurucz & Bell (1995) are in reasonable agreement with
the UV measurements of Fedchek & Lawler (1999). At VUV
wavelengths, however, poor agreement is exhibited. Similarly,
significant differences are found between the f -values deter-
mined by Kurucz & Bell (1995) and the laboratory measured
values of Fedchak et al. (2000). These discrepancies perhaps
highlight the inaccuracy of the former theoretical computation.

Fritzsche et al. (2000) have computed wavelengths and tran-
sition probabilities for all E1 transitions among the 3d9−3d84p
and 3d84s−3d84p multiplets of Ni II, establishing a dataset
comprising 450 emission lines. Multi-configuration Dirac-Fock
(MCDF) wavefunctions were generated using GRASP2 (Grant
et al. 1980) and the associated transition probabilities and
lifetimes calculated using the relaxed-orbital REOS program
(Fritzsche & Froese Fischer 1997). When compared with pre-
viously evaluated theoretical and experimental data, an accuracy
of better than 25% for most strong lines was estimated; larger
uncertainties are expected for weaker transitions. The oscillator
strengths as derived from the transition probabilities of Fritzsche
et al. (2000) were later compared to the experimental determina-
tions of Jenkins & Tripp (2006). The theoretical f -value for the
resonance transition at λ1317 Å was found to lie 18% higher
than the experimental value. A difference of 13% was noted for
the resonance line at λ1370 Å.

In this paper we present a new atomic structure calculation
of the Ni II ion in order to yield a complete set of transition rates
and oscillator strengths for the electric dipole (E1) transitions
among all the 3d9, 3d84s, 3d74s2, and the 3d84p and 3d74s4p lev-
els, calculated with an extensive set of configurations designed
to provide data as accurately as possible within the constraints
of our computer power. The limited extent of the available ex-
perimental measurements of Ni II transition data and the lim-
ited number of earlier theoretical compilations, in addition to
some discrepancies evident among the published experimental
and theoretical data, leaves a need for a large-scale CI calcu-
lation to support spectral analysis. This is further emphasized
by Morton (2003) in his critical compilation of atomic data for
resonance lines, where he expresses the need for improved cal-
culations for Ni II. Transition data is also calculated, using the
same wavefunctions, for E2, M1, and M2 transitions: the data is
presented in the supplementary material

2. Theoretical method

The present calculation was undertaken using the CIV3 code
(Hibbert 1975; Hibbert et al. 1991) which expresses the config-
uration interaction (CI) wave function in the intermediate cou-
pling scheme as

Ψ(J) =
M∑

i= 1

aiΦi(αiLiS i J) (1)

In (1), Φi represents a configuration state function (CSF), con-
structed from a common set of one-electron orbitals of the
form

1
r

Pnl(r)Yml

l (θ, φ)χms (σ) (2)

where Y is a spherical harmonic, χ is a spin function (often de-
noted by α or β for ms =

1
2 or − 1

2 respectively) and the radial
functions in (2) are expressed in analytic form as linear combi-
nations of normalised Slater orbitals (STOs):

Pnl(r) =
k∑

j= 1

c jnlη jnl(r) (3)

and where the STOs take the form

η jnl(r) =

[
(2ξ jnl)2I jnl+1

(2I jnl)!

]1/2
rI jnl exp(−ξ jnlr). (4)

Also in (1), αi represents the angular momentum coupling
scheme and other necessary labelling, and ai is the correspond-
ing component of the eigenvector, associated with this wave
function, of the diagonalised Hamiltonian matrix whose typical
element is Hi j = 〈Φi|H|Φ j〉.

If the eigenvalues (expressed as Ei) of the Hamiltonian ma-
trix are ordered to satisfy E1 < E2 < E3 < ..., then Ei ≥ Eexact

i
is a consequence of the Hylleraas-Undheim theorem. These in-
equalities serve as a set of variational principles whereby the
orbital function parameters can be optimised on one or more
eigenenergies of the Hamiltonian matrix, and subject to the or-
thonormality conditions
∫ ∞

0
Pnl(r)Pn′l(r)dr = δnn′ ; l < n′ ≤ n, (5)

so that the orbitals form an orthonormal set. The Hamiltonian
used in the optimisation process was simply the non-
relativistic (LS coupled) Schrödinger Hamiltonian. However,
the Hamiltonian used to determine the final LSJ wave func-
tions, and therefore our oscillator strengths, consisted of
the non-relativistic Schrödinger Hamiltonian plus the follow-
ing relativistic operators associated with the Breit-Pauli ap-
proximation: mass-correction, Darwin and spin-orbit contribu-
tions, and a one-electron approximation to the spin-other-orbit
term. We found that this latter operator gives almost identi-
cal energies to those obtained with the full spin-other-orbit
operator.

2.1. Optimisation of the radial functions

All the radial functions and associated orbital parameters
adopted in the present analysis have been optimised using LS
coupling only. Trial optimisations incorporating relativistic op-
erators (specifically the Breit-Pauli mass correction and Darwin
terms) resulted in only small changes in the mean radii of the ra-
dial functions, so we reverted to those optimised in LS coupling
only.

Initially, we chose the 1s, 2s, 2p, 3s, 3p, and 3d orbitals to
be the Hartree-Fock functions of the Ni II ground state (3d9 2D)
given by Clementi & Roetti (1974). An additional four orbitals,
4s, 4p, 4d, and 4f were optimised on the energies of vari-
ous states. The 4s and 4p orbitals were optimised as spectro-
scopic orbitals on the energy eigenvalues of the 3d8(3F)4s 2F
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Table 1. Radial function parameters.

Calculation A orbitals Calculation B orbitals

nl c jnl I jnl ξ jnl nl c jnl I jnl ξ jnl

3d 0.33129 3 4.75253 3d 0.38964 3 4.78505
0.02520 3 12.83200 0.02658 3 12.61424
0.20376 3 7.12077 0.19050 3 7.33427
0.41773 3 2.78709 0.43374 3 2.75725
0.21053 3 1.57027 0.11658 3 1.70426

4s −0.74777 4 1.96330 4s −0.74777 4 1.96330
−0.31820 4 1.20201 −0.31820 4 1.20201

0.04510 1 21.16845 0.04510 1 21.16845
−0.17189 2 9.87822 −0.17189 2 9.87822

0.32197 3 5.72256 0.32197 3 5.72256

4p 0.09078 2 11.77700 4p 0.09078 2 11.77700
−0.22250 3 5.44980 −0.22250 3 5.44980

1.00061 4 1.46980 1.00061 4 1.46980

4d 0.58623 3 5.72649 4d 0.43905 3 5.47020
−0.89919 4 1.78674 −0.95403 4 1.60565

4f 1.00000 4 4.59342 4f 1.00000 4 4.59342

5s 0.06943 1 22.91049
−0.49485 2 7.63918

0.72382 3 6.82835
−1.45620 4 2.08922

1.49883 5 1.60893

5p 0.16749 2 8.47501
−0.25119 3 7.41910

2.16343 4 1.14283
−2.68116 5 1.11790

6p 0.13505 2 14.63558
−2.88122 3 2.49536

4.74677 4 2.54831
−2.56056 5 1.84460

0.95040 6 1.32679

and 3d8(3F)4p 4D◦ states respectively. Five (rather than the min-
imum of four required by (5)) STOs were included in the 4s or-
bital to allow some additional flexibility in the form of the radial
function. One particular difficulty in undertaking calculations of
near-neutral elements in the iron group is that the 3d function of
the ground state is not optimal for states containing 3d8 or 3d7.
Accordingly, the 4d orbital was optimised on the 3d8(1D)4s 2D
eigenvalue using configurations [3d84s + 3d74s4d]. The optimal
3d orbital for this 2D state is then described by a linear combi-
nation of the Hartree-Fock 3d function of the ground state and
the optimised 4d correcting function. In the present calculation,
valence correlation plays an important role. A major component
of valence correlation is provided by 3d2 → 4f2 replacements
in key configurations. Hence we optimised our 4f orbital func-
tion on the energy of the 3d9 2D ground state using configura-
tions [3d9 + 3d84s + 3d74s2 + 3d74f2 + 3d64s4f2 + 3d54s24f2].
Additionally, although originally optimised as a correcting func-
tion, the 4d orbital can be used in the role of a correlation or-
bital. The inclusion of further correlation orbitals would cause
a substantial increase in the number of CSFs. Trial calculations
suggested to us that this did not warrant the appreciable exten-
sion to the computational effort; as we shall see in a later section,
even the orbitals up to n = 4 resulted in a very large set of CSFs.
We refer to the use of this set of orbitals as Calculation A. The

optimised radial function parameters of 3d and the n = 4 orbitals
are shown in Table 1.

We found that, in the calculation of energy levels, the en-
ergy order of a few of the states, particularly some of 3d8nl, did
not match those of the experimental energy level data. So we
also undertook Calculation B, in which we started with the or-
bitals used in Calculation A, but reoptimised 3d on the energy of
3d8(3F)4p 2D◦, and then 4d on the ground state using configura-
tions 3d9 and 3d84d. Additionally, we included 5s as a correcting
orbital for 4s, and 5p and 6p for the 4p. Again the parameters of
the new orbitals are shown in Table 1.

2.2. Choice of configurations

In addition to the process of orbital optimisation, it is neces-
sary to make a careful selection of associated basis CSF sets
for inclusion in the CI expansions of the wavefunctions (1). In
Calculaton A, the configurations required for the construction
of the CSFs were generated by permitting all single and dou-
ble orbital replacements from the outer subshells (beyond 3p) of
a reference set comprising 3d9, 3d84s, 3d74s2 even parity and
3d84p, 3d74s4p odd parity configurations, to all of the available
orbitals. We also found that opening the 3s and 3p subshells had
a favourable effect on the theoretical transition energies and so,
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as a second stage, we allowed single and double orbital replace-
ments from these subshells also. Thus only a 1s22s22p6 core was
retained in all the CSFs.

The ensuing sets of CSFs associated with the even parity
symmetries are of manageable size, but some of those for the
odd parity symmetries are much larger. Although our analysis
certainly permits CI expansions of considerable size, many of
the CSFs proved to have very small mixing coefficients and their
omission made very little difference either to the energy eigen-
values or to the mixing coefficients of the remaining CSFs. So
before performing an LSJ calculation, we omitted those CSFs
for which |ai| < 0.001 in all relevant eigenvalues of the odd par-
ity LS states under investigation in this work. A computationally
manageable calculation was thus achieved without losing signif-
icant accuracy.

The approach in Calculation B was slightly different. Again,
we generated CSFs by permitting all single and double re-
placements from the same reference set which was used in
Calculation A, but we augmented those only by CSFs aris-
ing from the replacements 3s→ 3d, 3s2 → 3d2, 3p2 →
3d2. However, we did not exclude CSFs with small mixing
coefficients.

2.3. Inclusion of relativistic effects

For the LSJ calculations, we have incorporated relativistic ef-
fects via the Breit-Pauli approximation. CIV3 includes the spin-
independent one-body Darwin and mass correction terms, which
affect only the overall energy of each LS coupled term, and
three spin-dependent fine-structure terms, representing the one-
body spin-orbit (SO) interaction and the two-body spin-other-
orbit (SOO) and spin-spin (SS) interactions, which split each
LS state into separate J-dependent levels. However, in our work,
due to the extensive CSF sets employed, the calculation of the
SOO and SS matrix elements would have proved prohibitively
time-consuming. For systems such as Ni II with a several closed
subshells, Hibbert & Bailie (1992) showed that very little accu-
racy is lost by neglecting the spin-spin term and approximating
the SO and SOO terms by a modified spin-orbit operator:

H′SO =
α2

2
Z

N∑
i= 1

ζ(l)

r3
i

(li · si) (6)

where ζ(l) is a parameter that depends only on the l-value of
the interacting electrons in the Breit-Pauli Hamiltonian matrix
element, and chosen to reproduce specific matrix elements of the
full SO and SOO operators for certain key CSFs. This process is
then independent of the numbers or types of the CSFs included
in the CI expansions.

In order to undertake the LSJ calculation, it is first necessary
to determine the ζ(l) parameters of (6). Necessarily ζ(s) = 0.0.
There are really only two parameters, ζ(p) and ζ(d), that con-
tribute significantly, so we chose ζ(l) = 0, (l > 2), since the
effect of the 4f orbital on the fine-structure splittings was negli-
gible. After evaluating the matrix elements of the full SOO oper-
ators for a range of interactions, both diagonal and off-diagonal,
involving p-electrons, we found that values of ζ(p) = 0.865 and
ζ(d) = 0.6 in (6) gave a close representation of the full operators.

2.4. Fine-tuning

An ab initio CI calculation is necessarily approximate and even
with the extensive sets of CSFs we have employed, the cal-
culated energy differences deviate to some extent from the

experimental values. Such deviations normally imply some
inaccuracy in the CI mixing coefficients, ai in (1). So, prior to
the calculation of the oscillator strengths, we customarily make
small adjustments to certain of the diagonal elements of the
final Hamiltonian matrix to bring the calculated energies into
line with experimental values, a process we have termed “fine-
tuning” (Hibbert 1996). This process, while aiming to obtain ac-
curate calculated energy levels, does not lead necessarily to ac-
curate oscillator strengths. But our experience is that, assuming
the corrections to the Hamiltonian matrix elements are not too
large, the oscillator strengths are thereby improved.

3. Results and discussion

In the present calculation, we evaluate oscillator strengths and
transition rates for all 5023 E1 optically allowed and intercom-
bination transitions among the 295 fine-structure levels associ-
ated with the 3d9, 3d84s, 3d74s2, 3d84p, and 3d74s4p configura-
tions, in both the length ( fl, Al) and velocity ( fv, Av) gauges. The
purpose of using both gauges is to provide some assessment of
the reliability of the results. For calculations of complex ions, of
which Ni II is one, only limited agreement can be expected be-
cause only a limited amount of core correlation can be included,
and this can affect particularly the velocity form. So we also need
to consider other indicators of accuracy. One indicator is the ac-
curacy of the energy levels. Another is the comparison between
different calculations and between theory and experiment or ob-
servation. We consider these issues below.

3.1. Wave functions and energies

The wave functions used in these calculations were obtained
as described above, including the application of our fine-tuning
technique. For this process, we need the experimental energy
levels, only some of which are included in the NIST tabulations
(Kramida et al. 2012). For those not given in those tabulations,
we estimated the experimental energies (relative to the ground
state) by assuming that the correction needed for those levels
would be similar in magnitude to the corrections we needed to
use for levels which were given by NIST. Clearly that is not as
reliable for these levels as the fine tuning process might be for
the known levels, but it should lead to improved CI mixing co-
efficients, compared with purely ab initio ones.

For many of the lower-lying levels, the CI expansions are
dominated by a single CSF, particularly those levels arising from
the 3d9, 3d84s, and 3d84p configurations. The ab initio energies
of these excited levels were within a few hundred cm−1 of the
NIST values (Kramida et al. 2012), and usually it was easy to
fine-tune to the energies of those levels. However, for some lev-
els of the 3d74s4p configuration, there was substantial mixing
between the different angular momentum couplings of the elec-
trons: then the fine-tuning had to be done systematically to avoid
as much as possible spurious mixings. Even so, there were some
levels for which we are uncertain both of the mixings and also
of the accuracy of our calculated energy levels. We would pick
out the following NIST levels where because of very strong mix-
ing we were unable to reach even close agreement via our fine-
tuning process: 115 000, 116 894, 117 574, 117 972, 134 965,
135 383 cm−1, and particularly the level 3d7(2F)4s4p(1P) 2G9/2
listed as 138 496 cm−1 which we found to be some 16 000 cm−1

higher, above the ionisation limit. But this is a small proportion
of the 295 levels: mostly we were able through fine-tuning to
reproduce the NIST energy values.
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Table 2. Comparison of a selection of our fine-tuned LSJ Breit-Pauli oscillator strengths (both length fl and velocity fv gauges) with some of the
currently available theoretical predictions.

Levels Calc A Calc B Fritzsche Kurucz

Lower Upper fl fv fl fv fl fv fl

3d9 2D5/2 3d8(1D)4p 2F◦7/2 0.0186 0.0155 0.0160 0.0176 0.0118 0.0151 0.0236
3d9 2D5/2 (3P)4p 2D◦5/2 0.0220 0.0248 0.0142 0.0145 0.0064 0.0088 0.0232
3d9 2D5/2 (3P)4p 2P◦3/2 0.0799 0.0776 0.0811 0.0608 0.0563 0.0673 0.1355
3d9 2D5/2 (1G)4p 2F◦7/2 0.1021 0.1055 0.0818 0.0843 0.0582 0.0708 0.1476
3d9 2D5/2 (1G)4p 2F◦5/2 0.0036 0.0036 0.0033 0.0033 0.0021 0.0027 0.0055

3d9 2D3/2 (1D)4p 2F◦5/2 0.0190 0.0185 0.0165 0.0168 0.0113 0.0148 0.0255
3d9 2D3/2 (3P)4p 2D◦5/2 0.0074 0.0078 0.0087 0.0088 0.0029 0.0039 0.0085
3d9 2D3/2 (3P)4p 2P◦3/2 0.0178 0.0178 0.0149 0.0114 0.0068 0.0083 0.0172
3d9 2D3/2 (3P)4p 2P◦1/2 0.0440 0.0433 0.0378 0.0281 0.0443 0.0531 0.1151
3d9 2D3/2 (3P)4p 2S◦1/2 0.0353 0.0344 0.0376 0.0273 0.0081 0.0094 0.0113
3d9 2D3/2 (1G)4p 2F◦5/2 0.1174 0.1256 0.0956 0.0948 0.0650 0.0803 0.1653

3d8(3F)4s 4F5/2 (3F)4p 4G◦7/2 0.1982 0.1747 0.1963 0.1647 0.1647 0.1265 0.1647
3d8(3F)4s 4F7/2 (3F)4p 4G◦9/2 0.2038 0.1798 0.208 0.174 0.1956 0.1502 0.1713
3d8(3F)4s 2F5/2 (3F)4p 2G◦7/2 0.2525 0.2399 0.2643 0.2180 0.2964 0.2671 0.2647
3d8(3F)4s 2F5/2 (3F)4p 2F◦7/2 0.0939 0.0857 0.1035 0.0895 0.0630 0.0601 0.0843
3d8(3P)4s 2P1/2 (1D)4p 2P◦1/2 0.0421 0.0437 0.0389 0.0361 0.0240 0.0279 0.0293
3d8(3P)4s 2P1/2 (1D)4p 2P◦3/2 0.0602 0.0583 0.0330 0.0298 0.0271 0.0298 0.0321
3d8(3P)4s 2P1/2 (3P)4p 2P◦1/2 0.2006 0.1735 0.246 0.227 0.2323 0.2347 0.2128
3d8(3P)4s 2P1/2 (3P)4p 2P◦3/2 0.0870 0.0791 0.158 0.144 0.2511 0.2494 0.2264
3d8(3P)4s 2P3/2 (1D)4p 2P◦1/2 0.0120 0.0126 0.0105 0.0097 0.0070 0.0076 0.0078
3d8(3P)4s 2P3/2 (1D)4p 2D◦3/2 0.0242 0.0235 0.0029 0.0024 0.0016 0.0018 0.0053
3d8(3P)4s 2P3/2 (1D)4p 2P◦3/2 0.0671 0.0649 0.0565 0.0521 0.0413 0.0467 0.0389
3d8(3P)4s 2P3/2 (3P)4p 2P◦3/2 0.0886 0.0821 0.131 0.124 0.1073 0.1105 0.1127
3d8(3P)4s 4P1/2 (3P)4p 4P◦3/2 0.1213 0.1090 0.1148 0.1055 0.0962 0.1043 0.1059
3d8(3P)4s 4P3/2 (3P)4p 4P◦1/2 0.0298 0.0271 0.0403 0.0366 0.0341 0.0326 0.0487
3d8(1D)4s 2D3/2 (3F)4p 2D◦3/2 0.0193 0.0114 0.0101 0.0189 0.0070 0.0082 0.0096
3d8(1G)4s 2G7/2 (1D)4p 2D◦5/2 0.0017 0.0017 0.0011 0.0012 0.0005 0.0008 0.0010
3d8(1G)4s 2G7/2 (1G)4p 2H◦9/2 0.3574 0.3217 0.361 0.286 0.3645 0.2771 0.3411
3d8(1G)4s 2G9/2 (1D)4p 2F◦7/2 0.0076 0.0080 0.0078 0.0084 0.0061 0.0099 0.0065
3d8(1G)4s 2G9/2 (1G)4p 2H◦9/2 0.0127 0.0114 0.0121 0.0105 0.0132 0.0109 0.0128

3d8(3P)4s 2P1/2 (4F)4s 4p(3P◦) 2D◦3/2 0.1208 0.1084 0.104 0.114 – – 0.0166
3d8(3P)4s 4P1/2 (4F)4s 4p(3P◦) 4D◦3/2 0.0317 0.0276 0.0292 0.0320 – – 0.0026
3d8(3P)4s 4P3/2 (4F)4s 4p(3P◦) 4D◦5/2 0.0261 0.0229 0.0269 0.0303 – – 0.0049
3d8(3P)4s 4P3/2 (4F)4s 4p(3P◦) 4D◦3/2 0.0130 0.0113 0.121 0.132 – – 0.0026
3d8(3P)4s 4P5/2 (4F)4s 4p(3P◦) 4D◦7/2 0.0306 0.0265 0.0218 0.0246 – – 0.0046

References. Fritzsche: Fritzsche et al. (2000), Kurucz: Kurucz (2000).

The full set of energy levels which we have used, and their
main designations and principal CI percentage mixings are given
in Table 5 of the electronic material accompanying this paper. It
is clear that while many of the levels are dominated by a single
CSF, making them spectroscopically fairly pure, there are also
quite a number of levels which exhibit considerable CI mixing,
especially (though not exclusively) among the CSFs arising from
the 3d74s4p configuration. When CI mixing is strong, especially
when the largest percentage composition is well below 50%, the
designations are not all that meaningful and we then use them
simply as labels for the tabulation of the oscillator strengths in
Table 4. Moreover, the calculated CI mixing coefficients then
tend to be very sensitive to the extent to which the relevant types
of correlation have been captured. The fine-tuning process is one
way of helping us to achieve a degree of convergence, in the
sense of improving upon ab initio results, though the final cal-
culated CI coefficients are always open to improvement. As we

shall see below, the volatility of mixing coefficients can in cer-
tain circumstances lead to a similar volatility in the values of
oscillator strengths.

3.2. Oscillator strengths

We used each of the two sets of wave functions and energy lev-
els, one for Calculation A and one for Calculation B, to evaluate
electric dipole (E1) oscillator strengths between all 295 levels. In
Table 2, we present results for a number of transitions for both
Calculations and compare the results with those of two other
theoretical methods: the Cowan code results of Kurucz (2000)
(also used by Ferrero et al. 1997) and the REOS calculation of
Fritzsche et al. (2000) based on extensive MCDF wavefunctions,
for the more limited range of transitions between 3d9, 3d84s,
and 3d84p. These two compilations, along with our own, have
employed contrasting methodologies in the calculation of Ni II
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Table 3. Comparison of our fine-tuned LSJ oscillator strengths in the length gauge with the limited experimental determinations currently available.

Levels This work Experiment and observation

lower upper λexp (Å) Calc A Calc B Ferrero ZF FL Fedchak JT

3d9 2D5/2 3d8(1G)4p 2F◦7/2 1317.22 0.1021 0.0818 – – – – 0.0571
(3P)4p 2P◦3/2 1370.13 0.0799 0.0811 – 0.0769 – – 0.0588
(3P)4p 2D◦5/2 1393.32 0.0220 0.0142 – 0.0101 – – –
(1D)4p 2D◦5/2 1454.84 0.0499 0.0347 – 0.0276 – 0.0323 0.0260
(1D)4p 2D◦3/2 1467.26 0.0122 0.0080 – 0.0060 – 0.0063 –
(1D)4p 2F◦7/2 1467.76 0.0186 0.0155 – 0.0097 – 0.0099 –
(1D)4p 2F◦5/2 1477.22 0.0008 0.0013 – 0.0010 – – –
(3F)4p 2D◦3/2 1703.40 0.0060 0.0073 – – – 0.0060 –
(3F)4p 2F◦5/2 1709.60 0.0566 0.0551 – 0.0356 0.0351 0.0324 –
(3F)4p 2D◦5/2 1741.55 0.0389 0.0488 – 0.0414 0.0423 0.0427 –
(3F)4p 2F◦7/2 1751.91 0.0346 0.0361 – – 0.0264 0.0227 –

3d9 2D3/2 (3F)4p 2F◦5/2 1754.81 0.0088 0.0118 – – 0.0158 – –
(3F)4p 2D◦5/2 1788.49 0.0378 0.0389 – – 0.0250 – –

3d8(3F)4s 4F9/2 (3F)4p 4F◦7/2 2125.91 0.0036 0.0038 0.0050 – 0.0022 – –
3d8(3F)4s 4F7/2 (3F)4p 4F◦5/2 2138.58 0.0121 0.0117 0.0173 – 0.0091 – –
3d8(3F)4s 4F5/2 (3F)4p 4F◦3/2 2158.74 0.0216 0.0210 0.0233 – 0.0171 – –
3d8(3F)4s 4F9/2 (3F)4p 4F◦9/2 2165.55 0.1979 0.197 0.2596 – 0.1660 – –
3d8(3F)4s 4F7/2 (3F)4p 4F◦7/2 2169.09 0.1334 0.133 0.1567 – 0.1064 – –
3d8(3F)4s 4F5/2 (3F)4p 4F◦5/2 2175.14 0.1502 0.151 0.1959 – 0.1264 – –
3d8(3F)4s 4F9/2 (3F)4p 4G◦7/2 2179.45 0.0020 0.0020 – – 0.0015 – –
3d8(3F)4s 4F3/2 (3F)4p 4F◦3/2 2184.60 0.2417 0.247 0.3250 – 0.2032 – –
3d8(3F)4s 2F7/2 (3F)4p 2F◦5/2 2224.36 0.0390 0.0356 – – 0.0173 – –
3d8(3F)4s 2F7/2 (3F)4p 2D◦5/2 2278.77 0.1545 0.188 – – 0.1936 – –
3d8(3F)4s 2F7/2 (3F)4p 2F◦7/2 2296.55 0.1798 0.191 – – 0.1725 – –
3d8(3F)4s 2F5/2 (3F)4p 2F◦5/2 2298.27 0.2048 0.235 – – 0.2197 – –
3d8(3F)4s 2F7/2 (3F)4p 2G◦7/2 2334.59 0.0779 0.0850 0.0818 – 0.0656 – –
3d8(3F)4s 2F5/2 (3F)4p 2D◦5/2 2356.40 0.0583 0.0471 – – 0.0247 – –
3d8(3F)4s 2F5/2 (3F)4p 2F◦7/2 2375.42 0.0939 0.103 – – 0.0728 – –
3d8(3F)4s 2F7/2 (3F)4p 2G◦9/2 2394.52 0.2294 0.242 0.2473 – 0.1849 – –
3d8(3F)4s 2F5/2 (3F)4p 2G◦7/2 2416.14 0.2525 0.264 0.3094 – 0.2248 – –

Notes. Wavelengths are given in vacuum below 2000 Å and in air above 2000 Å.

References. The quoted oscillator strenths are from the works of Ferrero: Ferrero et al. (1997); ZF: Zsargó & Federman (1998); FL: Fedchak &
Lawler (1999); Fedchak: Fedchak et al. (2000); JT: Jenkins & Tripp (2006).

atomic transition data, and such a comparison is useful in as-
sessing the accuracy of the results. Fritzsche et al. (2000) have
computed transition probabilities using both ab initio theoretical
and experimental wavelengths. However, we were unable to see
how for some of the transitions the “experimental” results were
arrived at from the use of experimental rather than theoretical en-
ergies alone. Consequently, we quote their results obtained using
theoretical energies.

Some general observations can be made from the results
in Table 2. There is quite good agreement between length
and velocity forms for many of the transitions, for both our
Calculations. That is also true of the results of Fritzsche et al.
(2000), although in other transitions their length/velocity agree-
ment is not as good as is ours. Our results are in somewhat better
agreement with Fritzsche et al. (2000) than with the HFR re-
sults of Kurucz (2000). For many of the transitions, our two
sets of Calculations give quite similar results. We might have
expected that for transitions from the ground state levels, the re-
sults of Calculation A would be significantly better than those
of Calculation B, but it would appear not to be the case. This,
together with the length/velocity agreement, leads us to believe
that the degree of correlation captured by the CI expansions, as

well as the extent to which they take into account the different
optimal 3d functions in different configurations, is sufficient for
a reasonably accurate set of oscillator strengths.

In Table 3, we compare our results with those determined
experimentally or from observation, again for a limited range of
transitions. There is reasonable agreement between our results
and the experimental results, particularly those of Fedchak &
Lawler (1999), although we remark that experimental values do
differ among themselves. For the transitions listed in Table 3,
the results of Calculation B are generally in closer agreement
with experiment, though for some transitions it is Calculation A
which gives the closer agreement.

In Table 4, we present a small section of our oscillator
strengths, for allowed transitions, from Calculation B. The com-
parison between length and velocity forms is meaningful really
only for allowed transitions, and not for intercombination lines,
because in the latter case relativistic corrections to the veloc-
ity operator would be needed (Drake 1976). Calculation A is
based on a 3d function optimised on the ground state. Most of the
transitions are from 3d84� levels and in Calculation B, we have
used the 3d function optimised on one such level. So we have
preferred the oscillator strengths of Calculation B over those of
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Table 4. E1 transitions in Ni II.

Lower level Upper level λ (Å) fl fv Al Av

3d8(3P)4s 4P0.5 3d8(3F)4p 4D0.5 3408.28 0.108(−1) 0.972(−2) 0.623(7) 0.558(7)
3d8(3P)4p 4P0.5 2369.92 0.284(−1) 0.261(−1) 0.337(8) 0.310(8)
3d8(1D)4p 2P0.5 2301.68 0.137(−1) 0.120(−1) 0.172(8) 0.152(8)
3d8(3P)4p 4D0.5 2178.42 0.234(0) 0.205(0) 0.329(9) 0.288(9)
3d8(3P)4p 2P0.5 2038.01 0.157(−2) 0.125(−2) 0.252(7) 0.200(7)
3d8(3P)4p 2S0.5 2022.36 0.222(−3) 0.192(−3) 0.361(6) 0.313(6)
3d7(4F) 4s4p(3P) 6F0.5 1561.36 0.150(−4) 0.988(−5) 0.411(5) 0.270(5)
3d7(4F) 4s4p(3P) 6D0.5 1523.70 0.205(−4) 0.255(−4) 0.588(5) 0.734(5)
3d7(4F) 4s4p(3P) 4D0.5 1364.49 0.281(−1) 0.299(−1) 0.101(9) 0.107(9)
3d8(1S)4p 2P0.5 1328.06 0.173(−4) 0.745(−5) 0.654(5) 0.282(5)
3d7(2P) 4s4p(3P) 4P0.5 1247.65 0.324(−3) 0.318(−3) 0.139(7) 0.136(7)
3d7(4P) 4s4p(3P) 6D0.5 1213.00 0.281(−2) 0.291(−2) 0.127(8) 0.132(8)
3d7(4P) 4s4p(3P) 4D0.5 1203.41 0.933(−2) 0.912(−2) 0.430(8) 0.420(8)
3d7(2P) 4s4p(3P) 4D0.5 1177.83 0.448(−2) 0.433(−2) 0.215(8) 0.208(8)
3d7(4P) 4s4p(3P) 2S0.5 1173.71 0.603(−2) 0.769(−2) 0.292(8) 0.373(8)
3d7(2

3D) 4s4p(3P) 4D0.5 1170.59 0.237(−2) 0.488(−2) 0.116(8) 0.237(8)
3d7(4P) 4s4p(3P) 4P0.5 1159.98 0.147(−3) 0.234(−4) 0.730(6) 0.116(6)
3d7(2P) 4s4p(3P) 2S0.5 1133.64 0.123(−2) 0.158(−2) 0.639(7) 0.820(7)
3d7(2P) 4s4p(3P) 2P0.5 1110.66 0.751(−3) 0.672(−3) 0.406(7) 0.363(7)
3d7(4P) 4s4p(3P) 2P0.5 1103.45 0.968(−4) 0.133(−3) 0.530(6) 0.731(6)
3d7(4F) 4s4p(1P) 4D0.5 1089.84 0.259(−1) 0.319(−1) 0.145(9) 0.179(9)
3d7(2

3D) 4s4p(3P) 4P0.5 1080.76 0.208(−2) 0.194(−2) 0.119(8) 0.111(8)
3d7(2

3D) 4s4p(3P) 2P0.5 1055.86 0.546(−3) 0.585(−3) 0.327(7) 0.350(7)
3d7(4P) 4s4p(1P) 4D0.5 945.76 0.142(−2) 0.252(−2) 0.106(8) 0.188(8)
3d7(4P) 4s4p(1P) 4P0.5 932.09 0.384(−2) 0.421(−2) 0.295(8) 0.324(8)
3d7(2P) 4s4p(1P) 4D0.5 913.67 0.579(−1) 0.730(−1) 0.462(9) 0.583(9)
3d7(2P) 4s4p(1P) 2P0.5 907.30 0.895(−3) 0.103(−2) 0.725(7) 0.836(7)
3d7(2P) 4s4p(1P) 2S0.5 895.94 0.119(−4) 0.215(−4) 0.993(5) 0.179(6)
3d7(2

3D) 4s4p(1P) 2P0.5 867.75 0.271(−4) 0.398(−4) 0.240(6) 0.353(6)
3d7(2

1D) 4s4p(3P) 4P0.5 800.48 0.108(−1) 0.141(−1) 0.112(9) 0.147(9)
3d7(2

1D) 4s4p(3P) 2P0.5 762.77 0.124(−4) 0.304(−4) 0.142(6) 0.348(6)
3d7(2

1D) 4s4p(3P) 4D0.5 752.36 0.324(−2) 0.492(−2) 0.382(8) 0.580(8)
3d7(2

1D) 4s4p(1P) 2P0.5 654.36 0.144(−5) 0.374(−8) 0.225(5) 0.583(2)
3d8(3F)4p 4D1.5 3472.24 0.991(−2) 0.890(−2) 0.274(7) 0.246(7)
3d8(3F)4p 4F1.5 3165.69 0.133(−3) 0.112(−3) 0.443(5) 0.374(5)
3d8(3F)4p 2D1.5 2952.41 0.189(−3) 0.170(−3) 0.725(5) 0.649(5)
3d8(3P)4p 4P1.5 2395.51 0.114(0) 0.104(0) 0.665(8) 0.605(8)
3d8(1D)4p 2D1.5 2308.19 0.578(−1) 0.517(−1) 0.362(8) 0.324(8)
3d8(1D)4p 2P1.5 2266.03 0.243(−1) 0.218(−1) 0.158(8) 0.141(8)
3d8(3P)4p 4D1.5 2179.97 0.261(0) 0.228(0) 0.183(9) 0.160(9)
3d8(3P)4p 2D1.5 2103.51 0.563(−2) 0.488(−2) 0.424(7) 0.368(7)
3d8(3P)4p 4P1.5 2076.84 0.478(−2) 0.476(−2) 0.370(7) 0.368(7)
3d8(3P)4p 4S1.5 2021.63 0.103(0) 0.941(−1) 0.837(8) 0.768(8)
3d7(4F) 4s4p(3P) 6F1.5 1568.71 0.516(−5) 0.338(−5) 0.699(4) 0.459(4)
3d7(4F) 4s4p(3P) 6D1.5 1529.82 0.794(−4) 0.105(−3) 0.113(6) 0.149(6)
3d7(4F) 4s4p(3P) 6G1.5 1518.18 0.231(−5) 0.269(−5) 0.335(4) 0.389(4)
3d7(4F) 4s4p(3P) 4F1.5 1407.29 0.908(−3) 0.972(−3) 0.153(7) 0.164(7)

Notes. Wavelengths are given in vacuum.

Calculation A to recommend as our best estimates of the true
values.

3.2.1. Some problem transitions

For a number of transitions, there is much wider disparity be-
tween our two sets of calculations and also with other theoretical
or experimental work. Where differences between sets of calcu-
lations occur, it is often because either the radial functions used
to describe the orbitals are different or, more frequently, because
different CI mixing coefficients are obtained, especially when
those mixings are very strong.

We present below an example of such a situation, for
oscillator strengths (length form) of a very small selec-
tion of 4s−4p lines which have a common lower level of
3d8(3P)4s 2Po

0.5.

Upper Level Calc A Calc B (a) (b)
(3P) 2Po

1.5 0.0870 0.1639 0.2511 0.2264
(1D) 2Po

1.5 0.0602 0.0323 0.0271 0.0321
(3P) 2Do

1.5 0.3904 0.3760 0.3008 0.3062
(3P) 4So

1.5 0.0098 0.0058 0.0002 0.0035

Total 0.5474 0.5780 0.5782 0.5682
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Table 4. continued.

Lower level Upper level λ(Å) fl fv Al Av

3d8(3P)4s 4P0.5 3d7(4F) 4s4p(3P) 4D1.5 1370.53 0.292(−1) 0.320(−1) 0.519(8) 0.568(8)
3d8(1S)4p 2P1.5 1319.01 0.473(−4) 0.263(−4) 0.907(5) 0.505(5)
3d7(4F) 4s4p(3P) 2D1.5 1283.57 0.400(−4) 0.505(−4) 0.809(5) 0.102(6)
3d7(2P) 4s4p(3P) 4P1.5 1252.09 0.247(−4) 0.479(−4) 0.526(5) 0.102(6)
3d7(4P) 4s4p(3P) 6D1.5 1236.95 0.207(−2) 0.243(−2) 0.452(7) 0.529(7)
3d7(4P) 4s4p(3P) 4S1.5 1206.23 0.133(−1) 0.170(−1) 0.305(8) 0.391(8)
3d7(4P) 4s4p(3P) 4D1.5 1202.36 0.290(−1) 0.300(−1) 0.669(8) 0.692(8)
3d7(4P) 4s4p(3P) 6P1.5 1187.60 0.538(−2) 0.676(−2) 0.127(8) 0.160(8)
3d7(2G) 4s4p(3P) 4F1.5 1158.91 0.290(−4) 0.301(−4) 0.720(5) 0.748(5)
3d7(2

3D) 4s4p(3P) 4P1.5 1154.75 0.938(−3) 0.303(−3) 0.235(7) 0.757(6)
3d7(2P) 4s4p(3P) 4D1.5 1135.73 0.599(−2) 0.738(−2) 0.155(8) 0.191(8)
3d7(2

3D) 4s4p(3P) 2D1.5 1132.87 0.181(−2) 0.188(−2) 0.470(7) 0.488(7)
3d7(4P) 4s4p(3P) 4P1.5 1121.00 0.232(−3) 0.110(−2) 0.615(6) 0.291(7)
3d7(2P) 4s4p(3P) 4S1.5 1114.44 0.174(−2) 0.339(−2) 0.467(7) 0.909(7)
3d7(4F) 4s4p(1P) 4F1.5 1109.81 0.115(−2) 0.136(−2) 0.311(7) 0.369(7)
3d7(4P) 4s4p(3P) 2P1.5 1108.12 0.140(−2) 0.193(−2) 0.379(7) 0.525(7)
3d7(4F) 4s4p(1P) 4D1.5 1101.86 0.205(−1) 0.244(−1) 0.563(8) 0.671(8)
3d7(4P) 4s4p(1P) 2D1.5 1096.69 0.199(−1) 0.241(−1) 0.553(8) 0.669(8)
3d7(2

3D) 4s4p(3P) 4P1.5 1085.47 0.292(−1) 0.308(−1) 0.828(8) 0.872(8)
3d7(2P) 4s4p(3P) 2D1.5 1079.74 0.727(−2) 0.885(−2) 0.208(8) 0.253(8)
3d7(2P) 4s4p(1P) 2P1.5 1074.78 0.240(−3) 0.530(−4) 0.693(6) 0.153(6)
3d7(2

3D) 4s4p(3P) 4F1.5 1053.00 0.429(−3) 0.408(−3) 0.129(7) 0.123(7)
3d7(2

3D) 4s4p(3P) 2P1.5 1046.40 0.601(−2) 0.673(−2) 0.183(8) 0.205(8)
3d7(4P) 4s4p(1P) 4S1.5 981.32 0.561(−1) 0.646(−1) 0.194(9) 0.224(9)
3d7(4P) 4s4p(1P) 4D1.5 947.90 0.360(−4) 0.311(−3) 0.134(6) 0.116(7)
3d7(4P) 4s4p(1P) 4P1.5 931.19 0.164(−1) 0.159(−1) 0.629(8) 0.610(8)
3d7(2F) 4s4p(3P) 4F1.5 922.90 0.130(−3) 0.175(−3) 0.510(6) 0.684(6)
3d7(2F) 4s4p(3P) 4D1.5 914.74 0.553(−1) 0.694(−1) 0.221(9) 0.277(9)
3d7(2F) 4s4p(3P) 2D1.5 908.02 0.765(−4) 0.660(−4) 0.309(6) 0.267(6)
3d7(2P) 4s4p(1P) 2P1.5 904.59 0.699(−4) 0.415(−4) 0.285(6) 0.169(6)
3d7(2P) 4s4p(1P) 2D1.5 895.86 0.113(−2) 0.134(−2) 0.468(7) 0.556(7)
3d7(2

3D) 4s4p(1P) 2P1.5 877.52 0.213(−3) 0.227(−3) 0.921(6) 0.983(6)
3d7(2

3D) 4s4p(1P) 2D1.5 873.72 0.341(−4) 0.562(−4) 0.149(6) 0.245(6)
3d7(2

1D) 4s4p(3P) 4P1.5 800.68 0.556(−1) 0.712(−1) 0.289(9) 0.370(9)
3d7(2

1D) 4s4p(3P) 4F1.5 773.81 0.193(−7) 0.416(−7) 0.107(3) 0.231(3)
3d7(2

1D) 4s4p(3P) 2P1.5 764.59 0.277(−3) 0.295(−3) 0.158(7) 0.168(7)
3d7(2F) 4s4p(1P) 2D1.5 760.02 0.176(−4) 0.304(−4) 0.101(6) 0.176(6)
3d7(2

1D) 4s4p(3P) 4D1.5 745.24 0.335(−2) 0.484(−2) 0.201(8) 0.291(8)
3d7(2

1D) 4s4p(3P) 2D1.5 734.45 0.462(−4) 0.812(−4) 0.285(6) 0.502(6)
3d7(2

1D) 4s4p(1P) 2P1.5 652.17 0.280(−4) 0.531(−4) 0.220(6) 0.417(6)
3d7(2

1D) 4s4p(1P) 2D1.5 640.40 0.122(−6) 0.199(−7) 0.990(3) 0.162(3)

where the values in the column headed (a) are taken from
Fritzsche et al. (2000), while those in the column headed (b)
are from Kurucz (2000). We see that, although the total of the
four f -values is almost the same, there is a significant variation
in the distribution of the oscillator strength, due to different CI
mixings in the upper levels. For example, for the 3d8(3P)4p 2Po

1.5
level, the main percentage compositions are

Calc A 45((3P)2Po
1.5) + 29((1D)2Po

1.5) + 14((3P)4So
1.5)

Calc B 63((3P)2Po
1.5) + 17((1D)2Po

1.5) + 6((3P)4So
1.5)

Kurucz 69((3P)2Po
1.5) + 15((1D)2Po

1.5) + 9((3P)2Do
1.5).

One of the main contributions to the f -value of the first
transition comes from the (3P)2Do

1.5 component, since the
third transition is so strong. In Kurucz (2000), there is a 9%
component, whereas in Calculation B, this is reduced to 4% and,
for Calculation A, to 1%. So although the mixing coefficients
for the largest components are similar in Calculation B and
Kurucz (2000), it is this small component of 2Do

1.5 which gives
such a wide variation of f -values.

4. Supplementary material

The 295 levels are indexed in Table 5, along with the main per-
centage compositions, their calculated lifetimes and the spectro-
scopic description of the dominant configuration. The complete
set of E1 transition data (of which the Table 4 above is a small
part) is given in Table 5. We also present three further machine-
readable files, in ascii format. Table 6 also contains E1 data, giv-
ing the g f - and gA-values for the E1 transitions, together with
their wavelengths. Table 7 gives the transition rates (A-values)
for the E1 and M2 together with their sum, while Table 8 con-
tains the equivalent material for E2 and M1 transitions.

5. Conclusions

In this paper we present a new and extensive calculation of
atomic structure data for the complex Ni II ion, using the code
CIV3 (Hibbert 1975; Hibbert et al. 1991). This work results
in transition rates and oscillator strengths for the 5023 electric
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dipole (E1) optically allowed and intercombination transitions
among the 3d9, 3d84s, 3d74s2, 3d84p, and 3d74s4p levels. The
3d functions vary quite significantly from state to state and, to
a lesser extent, so do 4s and 4p. Two different sets of calcu-
lations have been undertaken with different 3d and 4d func-
tions to ascertain the effect of such variation. We have also
included different levels of correlation in our choice of con-
figuration state functions, and the orbitals necessitated by that
choice. We find that the results arising in our two sets of cal-
culations are quite close, suggesting that there is a reasonable
degree of convergence achieved in our work. There are, how-
ever, certain levels which exhibit rather different (and strong)
CI mixing and these mixings can lead to rather different values
for the oscillator strengths of some transitions involving those
levels.

It is difficult to provide a measure of the uncertainties in
these large-scale CI calculations which would cover all transi-
tions. The extent of agreement gives some measure of accuracy,
although the length form is likely to be the more reliable of the
two, since the velocity form is more susceptible to change if fur-
ther correlation CSFs were to be introduced. But when strong
mixings occur, agreement between length and velocity, while
giving some measure of confidence in the convergence of the
results with regard to electron correlation, can still give rise to
substantial differences in oscillator strength values due to uncer-
tainties in the mixings, as we saw in Sect. 3.2.1. We would, how-
ever, claim that the present transition data are the best currently
available and mostly will meet the accuracy currently demanded
for astrophysical applications.
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