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Abstract. Low energy electron excitation collision
strengths for fine-structure transitions involving the
3d%4s? °Djy ground term and the 3d74s °Fj first excited
term of neutral Fe are calculated. The model target atom
includes the lowest three terms (°D, 5F and 3F) together
with four pseudostates (5P°, 5D°, 5F°, 5G°) chosen to
represent the dipole polarizability of the ground term and
first excited term of Fe. The Breit-Pauli R-matrix method
is used to calculate the fine-structure collision strength,
which is averaged over a Maxwellian velocity distribution
to obtain effective collision strengths as a function of elec-
tron temperature in the range 100 — 4000 K. The low-
temperature form of the collision strength is established
for the first time for Fe 1.
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1. Introduction

The aim of this paper is to calculate low-temperature
electron excitation data for atomic iron (Fe 1). This in-
volves establishing the near-threshold behaviour of the
collision strength, a challenging problem in theoretical
atomic physics.

Fe 1 is a particularly interesting and testing case. It
is present in many types of cool or cold plasma, e.g.
laboratory-produced plasmas, K-type and M-type stars,
the interstellar media, and supernovae remnants such as
SN 1987A where Fe 1 infrared emission lines have been
observed (Li et al. 1993). The difficulties for the atomic
theoretician are that many effects have to be taken into
account at low energies, e.g. fine-structure, long-range po-
larization, and channel coupling between nearby states. A
further difficulty is associated with computing the algebra
for such a complex open d-shell atomic system.
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Consider the first three terms in Fe 1 (3d%4s? 5D,
3d"4s 5F, 3d74s 3F), whose energies span the range up to
0.12 Ryd. above the °D ground state. This is clearly the
minimum number of terms that need to be included in a
close-coupling formulation, in order to obtain effective col-
lision strengths over a reasonable temperature range (say
up to 4000 K, ~ 0.025 Ryd).

However, data are also required for applications at
much lower temperatures (below 1000 K), comparable to
the fine-structure splittings. At very low electron ener-
gies, large radial distances play an important role, and
long-range polarization effects are important (Berrington
1988). Also the spin-orbit interaction is strong in the colli-
sional Hamiltonian, and a proper treatment must account
for the kinematics of the scattering electron in the differ-
ent fine-structure channels.

This work is part of an international collaboration
known as the IRON Project (Hummer et al. 1993, referred
to as Paper I) to obtain accurate collision rates for fine-
structure transitions. A full list of these papers published
to-date is included in the references.

2. The calculation

Collision strengths are calculated using the Breit-Pauli
version of the R-matrix method (Scott & Taylor 1982),
following a similar procedure to that of Berrington (1988),
who studied atomic oxygen.

The target wavefunctions are constructed from 1s, 2s,
2p, 3s, 3p, 3d, 4s, 4p and 4d orbitals; The 1s through 4s ra-
dial orbitals are from Clementi & Roetti (1974), optimised
on the 3d%4s? °D ground state. The 4d correlation or-
bital is optimised on the 3d"4s ®F states using Hibbert’s
(1975) program CIV3, in order to account for the differ-
ent radial distribution of the d-orbital in the ground and
excited states. This improved the term energy splitting of
the states.

Long-range polarization effects are included by intro-
ducing the pseudostates (5P°, 5De, 5F°, 5G°), each of
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which involves a 4p pseudo-orbital. The first three pseu-
dostates are chosen to represent the dipole polarizability
of the °D ground state; that is, the 4p orbital and the
pseudostate eigenvectors are optimised on the polarizabil-
ity using program CIVPOL (Hibbert et al. 1977). The
fourth pseudostate, >Ge, is inserted to include as much as
possible of the dipole polarizability of the °F metastable
state. With these pseudostates, the calculated dipole po-
larizability of the °D ground state is 92.58 au, and of the
SF state is 61.42 au.

To estimate the true polarizability, two previous R-
matrix photoionization calculations were used, namely the
Fe™ targets of Sawey & Berrington (1992) and of Bautista
(1996). The static dipole polarizability (calculated using
the R-matrix programs: Berrington et al. 1996) of the °D
ground state was found to be 104.36 and 103.83 au re-
spectively which shows excellent agreement between both
calculations. This means that 89% of the ground state po-
larizability is accounted for in the Fe I target.

The 4p and 4d orbitals generated and used for this
calculation are tabulated in Table 1. The configurations
used in each target state are in Table 2. There are of
course many more configurations allowable in LS coupling
for each symmetry, but only those making a significant
contribution are retained.

These four pseudostates, together with the three phys-
ical states (°D, °F, ®F) give rise to 31 fine-structure levels,
which are explicitly included in the R-matrix calculation
(see Table 3). Configuration-interaction wavefunctions are
used for the target states; considerable effort is needed to
handle the resulting open d-shell atomic system in the
collision calculation. In particular, (N + 1)-electron con-
figurations are restricted to certain d-shell couplings, such
as 3d5(°D)4141'41".

The collision strengths were calculated using the
FARM packaged developed by Burke & Noble (1995).

Table 1. 4p and 4d radial orbitals used in the Fe
R-matrix calculation (the remaining target orbitals are from
Clementi & Roetti 1975). Each orbital is in the form

P(r)= Zicir"" exp(—¢ir)

P(T) C; uz Cz

4p 1.94677 2 0.784
—9.92782 3 2.666
—1.18898 4  1.469

4d 43.52606 3  4.92518
—0.31262 4  1.26745
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Table 2. Configurations used in the Fe I target term expan-
sions. (All *!L combinations are assumed unless otherwise
stated)

Term Configurations

D 3d54s? 3d°(°D)4s4dd

°F 3d74s 3d°(°D)4sdd  3d°4s(*L)4d

5F 3d"4s 3d°(°D)4sdd 3d°4s(*L)4d 3d°4s®
5Po  3d°(°D)4sdp  3d°(°S)4s%4dp 3d°(°D)dpdd

5D°  3d°(°D)4sdp  3d"(*F)dp  3d°(°D)4dp4d

5Fo  3d5(°D)4sdp  3d"(*F)dp  3d°(°D)4dp4d

5Ge  3d"(*F)dp 3d°(°D)4sdp

Table 3. Fine-structure energy levels of the states of Fe I in-
cluded in the R-matrix calculation, in Rydberg units. Observed
energies are from Reader & Sugar (1975)

Term J Present Observed Index

3d%4s2 5D 4 0.0 0.0 1
3 0.0044  0.0046 2
2 0.0076  0.0077 3
1 0.0097  0.0097 4
0 0.0108 0.0107 5

3d"4s5F 5 0.0564  0.0760 6
4 0.0608  0.0810 7
3 0.0642  0.0848 8
2 0.0667  0.0876 9
1 0.0685  0.0895 10

3d74s3F 4 0.1209 0.1314 11
3 01263  0.1378 12
2 0.1304  0.1423 13

5D° 0.3277

SFe 0.3376

5po 0.3386

5Go 0.3477

3. Results

The calculated collision strengths (2) for fine-structure
transitions involving the °D ground state and the °F
metastable state are averaged over a Maxwellian ve-
locity distribution to obtain effective collision strengths
(T) as a function of electron temperature in the range
100 — 4000 K. This procedure is detailed in Paper I. The
results are shown in Tables 4 and 5.

An example plot of one particular collision strength
Q(°Dy4,° D3) is shown in Fig. 1. Some resonance features
can be seen due to excitation into states of Fe™.

The figure also demonstrates that the collision strength
exhibits Wigner threshold behaviour (Wigner 1948) of the
form Q(i,5) ~ E"'/2 where [ is the dominant angular
momentum contribution, i.e. [ = 0 for s-wave, [ = 1 for
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Table 4. Effective collision strengths Y (i, j) for electron exci-
tation up to the first 10 J levels of Fe 1, initial levels 1,2 & 3.
We use the notation & 4+ n to indicate the number z x 10% ™

Transition Temperature (Log K)
2.0 2.4 2.8 3.2 3.6
1-2 2.01-2 3.38-2 7.05-2 244-1 7.65-1
1-3 4.27-2  9.47-2  1.55-1 2.28-1 3.44-1
1-4 1.06-4 4.30-4 1.74-3 1.31-2 3.35-2
1-5 2.39-7 1.14-6 3.72-5 1.02-3 2.72-3
1-6 2.62-2  7.72-2 1.83-1 4.30-1 8.24-1
1-7 1.84-2  4.32-2 9.15-2 1.92-1 3.32-1
1-8 8.61-3 1.84-2 3.79-2 7.782 1.26-1
1-9 2.56-3 5.96-3 1.25-2 2.38-2 3.44-2
1-10 6.73-5 2.00-4 4.86-4 1.02-3 1.50-3
2-3 1.76-2 4.75-2 1.07-1 2.73-1 7.20-1
2-4 1.09-2 2.16-2 3.41-2 8.07-2 2.35-1
2-5 3.97-5 1.71-4 8.71-4 1.06-2 3.38-2
2-6 9.05-3 2.56-2 5.69-2 1.31-1 2.64-1
2-7 1.51-2  3.49-2 7382 1.64-1 3.04-1
2-8 1.72-2  3.76-2 7.98-2 1.67-1 2.78-1
2-9 9.57-3 2.19-2 4.63-2 9.65-2 1.57-1
2-10 2.31-3 6.13-3 1.28-2 2.46-2 3.68-2
3-4 7.72-3  2.25-2  5.39-2 1.46-1 4.02-1
3-5 2.11-4 9.84-4 4.39-3 3.24-2 1.45-1
3-6 2.56-3 6.77-3 1.31-2 2.54-2 4.82-2
3-7 7.91-3 1.88-2 4.17-2 1.00-1 2.03-1
3-8 1.50-2 2.96-2 5.51-2 1.08-1 1.83-1
3-9 1.51-2 3.60-2 7.62-2 1.45-1 2.18-1
3-10 6.07-3 1.65-2 3.59-2 7.63-2 1.27-1

1.00

Collision Strength

0.10

0.01 ==

1e-03 le-02
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le-01

Fig. 1. Log — log plot of collision strength Q(°Dy,® D3), solid
line, with fits showing the forms of the Wigner threshold be-
haviour, dotted & dashed lines
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Table 5. Effective collision strengths Y (i, 7) for electron exci-
tation up to the first 10 J levels of Fe 1, initial levels 4 to 9.
We use the notation  + n to indicate the number = x 10% ™

Transition Temperature (Log K)
2.0 2.4 2.8 3.2 3.6
4-5 1.86-4 5.94-4 2.42-3 2.06-2 9.76-2
4-6 8.99-7 291-6 8.26-6 246-5 5.72-5
4-7 5.55-3 1.16-2 2.04-2 3.72-2 6.55-2
4-8 4.43-3 1.01-2 2372 5.782 1.13-1
4-9 1.21-2  2.44-2 4.36-2 8.00-2 1.29-1
4-10 9.67-3 2.74-2 5.82-2 1.05-1 1.52-1
5-6 3.66-9 3.48-8 297-7 1.40-6 4.13-6
5-7 2.85-8 1.64-7 1.21-6 7.80-6 2.66-5
5-8 4.49-3 8.31-3 1.40-2 2.56-2 4.46-2
5-9 1.93-3 5.20-3 1.29-2 3.07-2 5.70-2
5-10 1.89-3 4.77-3 9.32-3 1.84-2 3.10-2
6-7 2.47-2  541-2 1.02-1 2.00-1 3.75-1
6-8 8.89-4 2.18-3 5.53-3 1.46-2 2.91-2
6-9 1.10-5 4.39-5 1.86-4 7.27-4 1.77-3
6-10 1.30-8 1.41-7 2.24-6 2.71-5 1.02-4
7-8 5.563-2  1.08-1 1.87-1 3.27-1 5.33-1
7-9 8.57-4 2.25-3 5.79-3 1.56-2 3.16-2
7-10 6.36-6 2.81-5 1.23-4 5.27-4 1.383
8-9 5.73-2  1.19-1 212-1 3.70-1 5.89-1
8-10 4.44-4 1.44-3 3.97-3 1.12-2 231-2
9-10 2.93-2 7.64-2 1.49-1 2781 4.49-1

p-wave etc. At the lowest energies the s-wave dominates
but as the energy approaches the next thresholds the p-
wave contribution becomes evident. The approximate fits
are 0 = 0.95 E/2 for the s-wave (0.0 to 0.004 Ryd) and
Q = 176 E>/2 for the p-wave (0.004 to 0.07 Ryd). All 45
transitions exhibit similar behaviour although clearly for
different values of [ and energy.

4. Conclusions

The effective collision strengths for the fine-structure tran-
sitions between the ground and first excited states of neu-
tral iron have been calculated for the first time. Due to
the truncation of the close-coupling basis and incomplete
dipole polarizability of the target, errors are estimated to
be in the region of 10 to 20%
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