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Abstract. We study the effects of using a 4̄d pseudo-orbital on the collision strengths for electron impact excitations of forbid-
den transitions in Ni computed in the close coupling approximation. It is found that the resonance structures of the collision
strengths are quite sensitive to the way the pseudo-orbital is created. Further, the close coupling expansion with a single 4̄d or-
bital does not converge, resulting in a poor representation of (N + 1)-electrons auto-ionizing states. Much greater expansions
are needed to properly represent resonance structures in electron impact excitation calculations, resulting in variations of up to
factors of two, with respect to previous computations, in the Maxwellian averaged excitation rate coefficients.
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1. Introduction

Collision strengths for low ionization stages of iron peak el-
ements are of great importance for these ions are commonly
observed in the spectra of astronomical and laboratory plas-
mas. The open 3d-shell of these systems yields many low-lying
strongly coupled levels that are responsible for rich optical
and infrared spectra. But this complexity also makes accu-
rate calculations difficult and computationally very intensive.
Currently available atomic data for these species, particularly
for Ni, are often questioned by researchers when those data
are used to derive Ni abundances in gaseous nebulae and super-
nova remnants, where they find abnormally high abundances
of this element. Such apparent overabundance can reach up to
orders of magnitude and the problem is known as the nickel-to-
iron problem (e.g. Bautista et al. 1996, and references therein).

The most extensive calculation of collision strengths for
Ni reported so far is the close coupling (CC) calculation
of Watts et al. (1996) for 27 LS terms of the config-
urations 3d9, 3d84s, and 3d84p. Here, Watts et al. found
that it was important to include a 4̄d non-physical pseudo-
orbital in the CI expansion of the Ni+ target to improve on
its computed eigenvalues, just like in previous calculations
for Fe (Nussbaumer & Storey 1980; Pradhan & Berrington
1993; Zhang & Pradhan 1995) and Ni (Nussbaumer &
Storey 1982; Bautista & Pradhan 1996). Further, Watts et al.
showed that an important consequence of this 4̄d orbital in the
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target representation is that the associated 3d74p4̄d coupling
in the (N + 1)-electron Hamiltonian lowers the energy of
3d8(3F)4p2 auto-ionizing states and changes the resonance
structures of the collision strengths. The most notable of
these resonances is a large feature right on the excitation
threshold of the 3d84s(4F)−3d84s(2F) transition. Similar reso-
nances and overall changes of the resonance structures arise
in other forbidden transitions, e.g. 3d9(2D)−3d84s(2F) and
3d84s(4P)−3d84s(2P). Such resonances make important con-
tributions to the effective collision strengths and could have
consequences for the derived Ni+ abundances from observed
spectra.

Although Watts et al. did not provide fine structure colli-
sion strengths for spectroscopic applications, it was apparent
that effective collision strengths for many transitions should be
significantly greater than those of Bautista & Pradhan (1996)
and Nussbaumer & Storey (1982) due to the dominance of ex-
tensive resonance structures. The much smaller CC calculation
of Bautista & Pradhan (1996) did not include the (N + 1) con-
figurations considered by Watts et al. and the distorted wave
calculation of Nussbaumer & Storey (1982) neglected reso-
nances altogether.

In this work we present several CC calculations that aim
to study in detail the effects of pseudo-orbitals on the colli-
sion strengths for Ni. It is found that the resonance structure
of the collision strengths is quite sensitive to the way the 4̄d
orbital is created. Then we study the convergence of the CC
expansion as more pseudo-orbitals are included and a new very
large calculation is performed, which provides improved ef-
fective collision strengths. This work is carried out under the
auspices of the IRON Project, an international collaboration
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devoted to the computation of atomic data for the iron group el-
ements (Hummer et al. 1993). A complete list of papers can be
found at http://www.am.qub.uk/projects/iron/paper/

2. Theoretical methods

Quantum-mechanical representations of atomic systems with
a partially filled 3d shell, often require the use of 4̄d pseudo-
orbitals. This is because in simultaneous representations
of 3dN+1 and 3dNnl configurations the (N +1)th electron, when
added to the 3dN sub-shell, may have a radial distribution dif-
ferent from that of all other 3d’s. A model that would describe
such radial correlations in detail would be that in which each
electron had its own radial function, but this is difficult to treat
computationally except in very simple cases (Froese 1966).
Another option (Botch et al. 1981) is to model the 3dN+1 con-
figurations as 3dN3d′, i.e. N equivalent electrons and one non-
equivalent, non-orthogonal orbital 3d′. In a CI scheme of or-
thogonal orbitals, 3d′ = a13d+a24̄d, where 4̄d is the orthogonal
projection of 3d′ on 3d. Thus,
∣∣∣3dn3d′

〉
= c1

∣∣∣3dn+1
〉
+ c2

∣∣∣3dn4d
〉
. (1)

This simple method was designed for improving term en-
ergy separations, yet it does not guarantee convergence of the
CC expansion used to calculate collisional excitation rates.

In the CC approximation (Burke & Seaton 1971) the wave-
functions for states of an N-electron target and a colliding elec-
tron with total angular momentum and parity Jπ are expanded
in terms of the target eigenfunction

ΨJπ = A
∑

i

χi
Fi(r)

r
+
∑

j

c jΦ j. (2)

The functions χi are vector-coupled products of the target
eigenfunctions and the angular part of the incident-electron
functions, Fi(r) are the radial part of the latter and A is an
antisymmetrization operator. The functions Φ j are bound-type
functions of the total system constructed with target orbitals;
they are introduced to compensate for orthogonality conditions
imposed on the Fi(r) and to improve short-range correlations.
The target states included in the first sum of Eq. (2) are coupled,
in a form equivalent to CI in the atomic structure context.

In the CC approximation, resonances in collisional exci-
tation cross sections arise naturally when the incident elec-
tron energies are close to those of autoionizing levels above
the ground state of the (N + 1)-system, resulting in a cou-
pling between “closed” and “open” channels, i.e. between free
and bound wavefunctions. Furthermore, the accuracy in posi-
tion and shape of resonances depends on a good representa-
tion of both short- and long-range correlations, thus one needs
a CC expansion that accurately represents the system’s radial
wavefunction throughout the interaction region.

In the present work we have computed collision strengths
for transitions among levels of the Ni configurations 3d9,
3d84s, 3d84p, and 3d74s2. These collisions strengths were cal-
culated from six different CC expansions that vary in the
construction of the 4̄d pseudo-orbital and in the inclusion of
additional orbitals. In all cases, single-electron orbitals and CI

target state eigenfunctions were generated with the atomic
structure code , an extension by Badnell
(1986, 1997) of the program  (Eissner et al.
1974). This method employs a statistical Thomas-Fermi-
Dirac model potential V(λnl) (Eissner & Nussbaumer 1969;
Nussbaumer & Storey 1978) with scaling parameter λnl de-
termined variationally for each orbital. The target expansions
used are:

– E1. Includes the target configurations 3p63d9, 3p63d84s,
3p63d84p, 3p63d84̄d, 3p63d74s2, 3p63d74p2, 3p63d74s4p,
3p63d74s4̄d, 3p63d74p4̄d, 3p53d10, 3p53d94s, 3p53d94p,
and 3p53d94̄d. The scaling parameters for all orbitals, in-
cluding the 4̄d, were optimized to improve on the calculated
energy levels of the 3d9, 3d84s, and 3d84p states of the ion.
This procedure yielded λ4̄d = 1.2756.

– E2. Same expansion as in E1, but λ4̄d was set to 1.1756.
– E3. Same expansion as in E1, but λ4̄d was set to 1.0756.
– E4. Same expansion as in E1, with the addition of a

4̄f pseudo-orbital and the configuration 3p63d84̄f. Here we
choose λ4̄f = 1.2 which improves the agreement between
calculated and experimental energies.

– E5. Includes a new pseudo-orbital 5̄d and the configuration
3p63d85̄d, in addition to the configurations of E1. Here the
4d orbital is optimized as a physical orbital to give energies
for the 3p63d84d configuration in good agreement with ex-
periment. The 5̄d orbital is optimized to improve on the
structure of the low lying states.

– E6. Includes all the configurations in E1 in addition
to 3p63d85d, 3p63d85p, 3p63d85s, 3p63d86s, 3p63d86d,
and 3p63d84f. Here, all the orbitals were optimized as phys-
ical trying to obtain energies close to experimental values
for levels of these configurations and low lying states si-
multaneously.

It is important to point out that in target expansions E2 and
E3 λ4̄d were arbitrarily chosen as to investigate their effect on
the collision strengths.

Table 1 compares computed energy levels from the various
Ni expansions with experimental energies in NIST (2000).
For conciseness, the table only shows the lowest 10 states from
the physical configurations of interest and the first state found
for each configuration that includes pseudo-orbitals. The ta-
ble also shows the scaling parameters and mean radii of the
pseudo-states in each expansion. The energies from models
E1–E3 reveal that the representation of the 3d9 and 3d84s con-
figurations is quite sensitive to the 4̄d pseudo-orbital, and even
the relative order of the ground and first two excited states
changes with λ4̄d. Of these models E1 offers a reasonably good
representation of the low lying states, but the energies of the
3d84p levels are up to 10% lower than experiment and this
model uses a 3d84̄d configuration that departs the most from
a physical one. In the E4 representation the 4̄f improved cor-
relation in the odd parity configuration increases the energy
separation of the odd and even configurations, thus improv-
ing the overall agreement with experiment. Model E5 offers
the best representation of the low lying states and the 5̄d or-
bital makes the 3d84d configuration less diffuse and in closer
agreement with a physical one. Yet, in this model the 3d85̄d
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Fig. 1. Collision strengths for the 3d9(2D)−3d84s(2F) transition as obtained from various target expansions of the Ni system.

states appear very far from the experimental values. The largest
expansion E6 reproduces reasonably well low and high spec-
troscopic configurations and also yields good eigenenergies
for the correlation configurations. Another important difference
between the various target representation is the size of the in-
teraction region for the collision process, which is indicated by
the mean radius of the last orbital in each case. These radii go
from 3.19 AU in model E1 to 10.36 AU in model E6.

3. Scattering calculations

The scattering calculations were carried out using the R-matrix
method as implemented in the RMATRX package of codes
(Berrington et al. 1995). The computations were done in
LS -coupling and included 32 states coming from the target
configurations 3d9, 3d84s, 3d84p, and 3d74s2. For the partial
waves expansion of the collision strengths we included all val-
ues of total orbital angular momentum L between 0 and 12,
sufficient to ensure convergence for the forbidden and allowed
transitions within the energy range of interest. We included
30 continuum orbitals per angular momentum and all possi-
ble (N + 1)-electron configurations that resulted by adding the
extra electron to each target configuration. In all calculations
we corrected the energies of the spectroscopic target states to
experimental values during the diagonalization of the hamil-
tonian matrix and computation of the reactance K-matrix and
scattering S -matrix. Thus, the changes in the positions of the

(N + 1) daughter resonances described below are only due to
correlation effects.

Figures 1 and 2 plot the collision strengths for the tran-
sitions 3d9(2D)−3d84s(2F) and 3d84s(4F)−3d84s(2F) respec-
tively, which are the same transitions presented by Watts et al.
(1996). The various panels in each figure are the results of cal-
culations with the different expansions E1−6. Striking differ-
ences are found between the results of different expansions.
The collision strengths from expansion E1 are similar to those
of Watts et al. (1996), yet small variations in the scaling param-
eter of the 4̄d pseudo-orbital cause significant shifts of whole
resonance structures, as seen in the results of E2 and E3. This
pronounced susceptibility of the results on the 4̄d orbital sug-
gests the CC expansion may have not converged. Expansion
E4 and E5 that include additional 4̄f and 5̄d pseudo-orbitals
respectively yield significant changes in the structure of reso-
nances between 0.15 and 0.4 Ryd, while the near threshold re-
gion remains similar to that of Watts et al. The additional corre-
lations of expansion E6 produce severe changes throughout the
whole resonance region. In the 3d9(2D)−3d84s(2F) transition
the new correlations break up the broad resonances at thresh-
old and around 0.25 Ryd causing a complete change in the ap-
pearance of the collision strength. In the 3d84s(4F)−3d84s(2F)
transition the additional correlations in E6 move the large reso-
nance previously at threshold to below it, and lead to additional
changes in the structure between 0.1 and 0.4 Ryd.
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Table 1. Sample of energy levels (in Ryd), scaling parameters for pseudo-orbitals in the Thomas-Fermi-Dirac potential, and mean orbital radii
(in AU) for various expansions for the Ni target ion. Calculated energies are compared with experimental values from NIST (2000).

Levels Energy (Ryd)

Exper. E1 E2 E3 E4 E5 E6

3d9 2D 0.0000 0.0000 0.0000 0.1042 0.0000 0.0000 0.0000

3d84s 4F 0.0797 0.0661 0.0101 0.0000 0.0485 0.0658 0.0287

3d84s 2F 0.1237 0.1175 0.0626 0.0621 0.1087 0.1259 0.0759

3d84s 4P 0.2126 0.2322 0.1795 0.1733 0.2128 0.2405 0.1956

3d84s 2D 0.2184 0.2224 0.1665 0.1730 0.2186 0.2375 0.1955

3d84s 2P 0.2610 0.2822 0.2305 0.2339 0.2723 0.3013 0.2422

3d84s 2G 0.2909 0.3100 0.2559 0.2512 0.2939 0.3177 0.2714

3d74s2 4F 0.4698 0.4291 0.3700 0.3349 0.3963 0.3815 0.3905

3d84p 4Do 0.4734 0.4335 0.3773 0.3968 0.4448 0.4615 0.4096

3d84p 4Go 0.4870 0.4545 0.3992 0.4290 0.4750 0.4858 0.4265

3d84d 4D 0.9046 1.2943 0.8933 0.7512 1.2673 0.7865 0.7932

3d84f 2Po 1.0826 ... ... ... 0.9746 ... 1.1217

3d85d 4D 1.0961 ... ... ... ... 2.1225 0.9881

3d85p 4Do 0.9523 ... ... ... ... ... 0.9373

3d85s 2D 0.9665 ... ... ... ... ... 0.8922

3d86s 6S 1.0711 ... ... ... ... ... 1.0712

3d86d 4P 1.1809 ... ... ... ... ... 1.1741

λ4̄d 1.2756 1.1756 1.0756 1.2756 1.2756 1.2256

〈R4̄d〉 3.193 4.229 5.034 3.193 3.193 3.723

λ4̄f ... ... ... 1.200 ... 1.2000

〈R4̄f〉 ... ... ... 8.852 ... 8.852

λ5̄d ... ... ... ... 1.5000 1.3500

〈R5̄d〉 ... ... ... ... 6.050 7.005

λ5̄s ... ... ... ... ... 0.9687

〈R5̄s〉 ... ... ... ... ... 6.302

λ6̄s ... ... ... ... ... 1.3000

〈R6̄s〉 ... ... ... ... ... 8.273

λ5̄p ... ... ... ... ... 1.1500〈
R5̄p

〉
... ... ... ... ... 6.176

λ6̄d ... ... ... ... ... 1.6000

〈R6̄d〉 ... ... ... ... ... 10.361

The various target expansions lead to changes in the reso-
nance structures of the collision strengths for most transitions,
and this has substantial effects on the Maxwellian averaged ef-
fective collision strengths, defined as:

Υ(T ) =
∫ ∞

0
Ω(ε f )i f e−ε f /kT d(ε f /kT ), (3)

where Ωi f is the collision strength for the transition i to f , and
ε f is the energy of the outgoing electron. Table 2 presents the
effective collisions strengths at 10 000 K from the different cal-
culations together with the results of Watts et al. Here we can
see large differences, up to factors of two, between results from
different target expansions. For example, the effective collision
strength for the transition 2 → 3 (shown in Fig. 2) is seen to

increase by more than 20% between expansion E1 and E5, but
then drops to half this value with expansion E6.

4. Fine structure collision strengths

We adopt the largest target model E6 as the one that yields
the CC expansion closest to convergence, thus it is expected
to give the most reliable collision strengths. R-matrix calcu-
lations were carried out in LS coupling and followed by the
intermediate-coupling frame transformation (ICFT) method of
Griffin et al. (1998) to produce fine structure level-to-level ex-
citation cross sections. The LS calculation was done in two
parts that included low and high partial waves. The first part of
the calculation included full exchange for partial waves from
78 S Lπ total symmetries with angular momentum L = 0−12,
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Fig. 2. Collision strengths for the 3d84s(4F)−3d84s(2F) transition as obtained from various target expansions of the Ni system.

Table 2. Effective collision strengths for Ni at 10 000 K for transi-
tions from the ground and first excited states.

Transition E1 E2 E3 E4 E5 E6 Watts

1→ 2 5.76 7.47 3.47 6.97 5.76 4.68 4.84

1→ 3 4.24 4.39 3.24 4.64 3.81 3.45 3.05

1→ 4 3.28 2.62 2.17 3.10 2.23 2.10 1.98

1→ 5 2.98 3.00 5.00 3.19 2.36 2.25 1.30

1→ 6 1.56 1.59 1.44 1.68 1.61 1.21 1.05

1→ 7 2.78 2.96 2.48 2.30 2.42 2.26 1.62

2→ 3 24.99 26.50 26.62 29.67 31.06 15.48

2→ 4 4.41 4.91 4.95 4.28 4.64 5.37

2→ 5 1.87 2.17 2.01 1.45 1.72 1.19

2→ 6 0.795 0.746 0.820 0.65 0.795 1.27

2→ 7 1.78 2.00 1.99 1.63 1.92 1.84

total multiplicity (2S + 1) = 1, 3, and 5, and parities even and
odd. This, was followed by a calculation without exchange for
partial waves up to L = 25. Additional “top-up” was com-
puted for dipole allowed transitions using the Burgess (1974)
method. The collision strengths were computed at 10 000 en-
ergy points from 0 to 11 Ryd, with most of the points in the
near threshold region so as to properly resolve resonances.

Effective collision strengths were derived for 11 different
temperatures between 1000 and 30 000 K for 2926 transitions
among the lowest 77 levels of the Ni ion. The entire dataset

is available in electronic form at the CDS or by request to the
author.

5. Conclusions

The present calculations show that the use of a single
4̄d pseudo-orbital in the target expansion of Ni does not pro-
vide convergence of the CC expansion of the electron-ion scat-
tering process. This is because this single orbital is insufficient
to properly account for short- and long-range correlations si-
multaneously, thus resulting in a poor representation of quasi-
bound autoionizing states. As additional pseudo-orbitals are in-
cluded in the CC expansion the complex resonance structures
of the collision strengths change and the prominent resonances
found very near the threshold shift around this, which causes
the averaged effective collision strengths to vary significantly.

One important consideration to make when using pseudo-
orbitals in the CC expansion is that these could introduce un-
physical resonances in the collision strengths. Firstly, when
using large CC expansions that include pseudo-orbitals it be-
comes difficult in practice to keep complete consistency be-
tween the parent configurations in the first summation of
Eq. (1) and the (N+1)-electron correlation configurations in the
summation of this expansion. Such inconsistency could lead
to pseudo-resonances. Fortunately, there seems to be no large
pseudo-resonances in the collision strengths from present cal-
culations, where various sets of CC expansion are used, or they
could be readily detected by comparisons between the various
datasets.
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A very large CC expansion was adopted as the best repre-
sentation of the Ni system and it was then used to compute
fine structure level-to-level effective collision strengths.

An investigation similar to the one presented here is now
being carried out for the astrophysically important Fe ion.
Also, we are studying the effects of these large target represen-
tations in CC computations of bound energy levels and pho-
toionization cross sections of Ni and Fe
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