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Abstract. Energy levels and radiative rates for transitions among the lowest 97 fine-structure levels belonging to the (1s22s22p6)
3s23p2, 3s3p3, 3s23p3d, 3p4, 3s3p23d and 3s23d2 configurations of Fe XIII have been calculated using the fully relativistic
GRASP code. Additionally, collision strengths for transitions among these levels have been computed using the Dirac Atomic
R-matrix Code (DARC) of Norrington & Grant (2004). Radiative rates and oscillator strengths are tabulated for all allowed
transitions among the 97 fine-structure levels, while collision strengths are reported for some transitions at a few energies above
thresholds. Comparisons are made with the available results, and the accuracy of the data is assessed.
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1. Introduction

Electron impact excitation of iron ions has been a subject of
intense research because iron is an abundant element, partic-
ularly in solar and fusion plasmas, and its lines are observed
in almost all ionization stages. Emission lines of Fe XIII have
been observed in the ultraviolet (UV) and extreme ultraviolet
(EUV) range of the solar spectrum, as well as in late-type stars
– see Gupta & Tayal (1998) and references therein. Many of its
lines from quiet and active solar regions, including flares, have
been observed by Skylab, Solar EUV Research Telescope and
Spectrograph (SERTS), and Coronal Diagnostic Spectrometer
(CDS) on board Solar and Heliospheric Observatory (SOHO)
– see Landi (2002) and references therein. Almost all of its ob-
served lines, whether in the Sun or other stars (for example:
Alpha Cen and Procyon), have proved excellent tools for den-
sity diagnostics at coronal temperatures (Keenan et al. 1995).
The interpretation of the vast amount of observations requires
theoretical data for atomic parameters, such as energy levels,
radiative rates, collision strengths, and rate coefficients, be-
cause experimental results for these are generally not available.
Therefore, in this paper we report values of energy levels, ra-
diative rates, and collision strengths for transitions among the
(1s22s22p6) 3s23p2, 3s3p3, 3s23p3d, 3p4, 3s3p23d and 3s23d2

configurations of Fe XIII.
Earlier calculations for Fe XIII have been performed

by many workers, but the most recent and comprehensive
results available today are those of Gupta & Tayal (1998).
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They have reported energy levels, radiative rates, and colli-
sion strengths (Ω) for transitions among 26 fine-structure levels
of the 3s23p2, 3s3p3 and 3s23p3d configurations. Furthermore,
they have resolved resonances in thresholds region and have
reported results for effective collision strengths (Υ) at tem-
peratures below 5 × 106 K, which is sufficient for applica-
tions in plasma diagnostics. In their calculations they have
included configuration interaction (CI) for generating wave-
functions, and one-body relativistic operators for calculatingΩ.
Therefore, their results should be the most reliable available to-
day. However, in a recent paper Landi (2002) has emphasized
a need for fresh calculations (for both transition rates and col-
lision rates), because electron densities derived from line ratios
calculated from the recent atomic data of Gupta & Tayal (1998)
and earlier data of Fawcett & Mason (1989) differ by a factor of
two, and hence provide different results for plasma diagnostics.

Apart from the above reason, we find that there is scope
for extension as well as improvement over the results of both
Fawcett & Mason (1989) and Gupta & Tayal (1998). We
achieve this by extending the calculations to 97 levels, and
hence including resonances arising from the higher lying lev-
els, mainly from the 3p4, 3s3p23d and 3s23d2 configurations.
Apart from this, we are adopting an independent approach
for calculating the wavefunctions as well as the collision
strengths. To be specific, we are employing the GRASP
(General-purpose Relativistic Atomic Structure Program) of
Dyall et al. (1989) and DARC (Dirac Atomic R-matrix Code)
of Norrington & Grant (2004) for the computations of wave-
functions and Ω, respectively. This is in contrast to the use
of the CIV3 (Hibbert 1975) and Breit-Pauli R-matrix (Scott
& Taylor 1982) programs by Gupta & Tayal (1998), and
SuperStructure (SS: Eissner et al. 1974) and Distorted-Wave
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(DW: Eissner & Seaton 1972) codes by Fawcett & Mason
(1989). Thus our calculations are fully relativistic in the j j cou-
pling scheme, in comparison to their semi-relativistic approach
of the LSJ coupling scheme.

2. Energy levels

The (1s22s22p6) 3s23p2, 3s3p3, 3s23p3d, 3p4, 3s3p23d and
3s23d2 configurations of Fe XIII give rise to 97 fine-structure
levels, listed in Table 1. To calculate level energies, and oscilla-
tor strengths and radiative rates for allowed transitions among
these levels, we have adopted the GRASP code of Dyall et al.
(1989). Thus relativistic effects have been fully taken into ac-
count, unlike earlier calculations which have neglected the two-
body relativistic operators.

In Table 1 we list our energy levels obtained with
above 6 configurations. Also included in this table are the
CIV3 energies of Gupta & Tayal (1998) and the experimen-
tally compiled energies by NIST (http://www.physics.
nist/gov/PhysRefData). The experimental values for all
levels are not yet available, but for common levels the agree-
ment between theory and experiment is better than 5% for
most of the levels, and the discrepancy is up to 8% for two
levels, namely 3s3p3 1D0

2 (13) and 3s3p3 3S0
1 (15). The agree-

ment between the experimental and theoretical CIV3 energies
is slightly better for some levels, although discrepancy between
the two is up to 9% – see level 2 i.e. 3s23p2 3P1. In the absence
of experimental results for most of the levels listed in Table 1,
one way to improve energy levels is to include additional CI.
The 3p33d, 3s3p3d2 and 3s3d3 configurations generate 38, 90
and 38 additional levels, respectively. These additional levels
lie in the energy range 9.80 to 13.20 Ryd, which is towards the
higher end of the energy levels in Table 1. Hence CI with these
levels does make a difference for some of the levels. Similarly,
the 3s23p4� configurations give rise to 76 additional levels in
the energy range of 12.60 to 16.50 Ryd. Levels of other con-
figurations (such as: 3p23d2 and 3d4) lie in a much higher en-
ergy range, and hence do not make any appreciable impact on
the energies of the levels listed in Table 1. Therefore, we have
performed a larger calculation with 301 levels of the 3s23p2,
3s3p3, 3s23p3d, 3p4, 3s3p23d, 3s23d2, 3p33d, 3s3p3d2, 3s3d3

and 3s23p4� configurations, and the level energies so obtained
are also listed in Table 1. These results from a larger CI calcu-
lation improve energy levels up to 7%, and reduce the discrep-
ancy with the corresponding experimental results. Also level
orderings are slighly different, between our 6 and 13 configu-
rations calculations, in a few instances such as levels 14/15 and
21/22. In conclusion we may state that apart from relativistic
effects, CI is still important for Fe XIII, which has a compara-
tively high nuclear charge with Z = 26.

In spite of observing the effect of additional CI on energy
levels of Fe XIII, we are restricting our calculations to 97 levels
among the first six configurations listed above, because levels
of other configurations cross over with the levels of the 3s3p23d
and 3s23d2 configurations, and inclusion of a significantly large
additional levels in a collision calculation is beyond the limit of
our available computational resources.

3. Radiative rates and oscillator strengths

The absorption oscillator strength ( fi j) and radiative rate A ji

(in s−1) for an allowed transition i → j are related by the fol-
lowing expression:

fi j = 1.499 × 10−16λ2
i j(ω j/ωi)A ji (1)

where λi j is the transition wavelength in angstroms, and ωi

and ω j are the statistical weights of the lower (i) and upper
( j) levels, respectively. In Table 2 we present transition ener-
gies (∆Ei j in Å), oscillator strengths ( fi j), and transition prob-
abilities (A ji in s−1) in length form only, for all 1015 allowed
transitions among the 97 levels of Fe XIII. The indices used
to represent the lower and upper levels of a transition have
been defined in Table 1. Also, while calculating the oscillator
strengths and radiative rates, we have used the Breit and QED
corrected theoretical energies as listed in Table 1.

In Table 3 we compare our oscillator strengths for those
transitions for which Gupta & Tayal (1998, henceforth GT)
have reported their results. This will facilitate a comparison
with their corresponding results of Ω in the next section. Also
included in this table are results from our other two GRASP
calculations, which have been performed with 6 configurations
(namely, 3s23p2, 3s3p3, 3s23p3d, 3p4, 3s3p3d2 and 3p33d), and
all 13 (listed in the previous section) configurations, and will
be referred to as GRASP6 and GRASP13, respectively. The six
configurations listed above are those which were included by
Fawcett & Mason (1989, henceforth FM) in their calculations
of collision strengths, and hence will facilitate a comparison
with their Ω values in the next section. The 13 configuration
calculations have been included here just to demonstrate that CI
is very important for Fe XIII.

The CIV3 results of GT agree with the corresponding
GRASP6 and GRASP13 f -values within a factor of two, for
most of the transitions listed in Table 3. However, for a few
weaker transitions whose f -values are comparatively small, the
differences between the two calculations can be up to several
orders of magnitude – see, for example, 2–20, 3–8, 3–22 and
4–12 transitions. Similarly, the f -values from our GRASP6 and
GRASP13 calculations agree to better than 50% for most of
the transitions, but differences for weaker transitions can be
up to several orders of magnitude – see, for example, 3–22,
3–28, 4–12, 4–28 and 5–23 transitions. Our results listed in
Table 2 and referred to as GRASP in Table 3 agree with those
of GRASP13 within a factor of two, but differences for some
of the transitions (such as: 2–18, 4–19, 4–24 and 5–15) are
up to a factor of three. Furthermore, for very weak transitions
(such as: 2–20, 4–12 and 4–28) the two sets of f -values dif-
fer by up to several orders of magnitude. This is due to the
effect of cancellation among mixing coefficients, but we may
emphasize here that such weak transitions do not play any sig-
nificant role in plasma diagnostics. The other results available
in the literature are of Bromage et al. (1978) for a few transi-
tions. Their f -values (not listed in Table 3) agree with those
of GRASP6 within a factor of two for many common transi-
tions, but are higher by a factor of 5 for the 3–20 transition.
In conclusion, we may state that CI (apart from relativistic ef-
fects) is very important for Fe XIII, and results have not (truly)
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Table 1. Target levels of Fe XIII and their threshold energies (in Ryd).

Index Configuration Level Expt.a GRASPb GRASPc CIV3d

1...... 3s23p2 3P0 0.0000 0.0000 0.0000 0.0000
2...... 3s23p2 3P1 0.0848 0.0835 0.0835 0.0768
3...... 3s23p2 3P2 0.1691 0.1700 0.1693 0.1582
4...... 3s23p2 1D2 0.4380 0.4629 0.4570 0.4366
5...... 3s23p2 1S0 0.8339 0.8497 0.8513 0.8612
6...... 3s3p3 5S0

2 1.9719 1.8987
7...... 3s3p3 3D0

1 2.6172 2.7427 2.6004 2.5978
8...... 3s3p3 3D0

2 2.6186 2.7437 2.6017 2.5982
9...... 3s3p3 3D0

3 2.6445 2.7683 2.6271 2.6212
10...... 3s3p3 3P0

0 3.1533 2.9915 2.9906
11...... 3s3p3 3P0

1 3.0040 3.1595 2.9978 2.9956
12...... 3s3p3 3P0

2 3.0097 3.1649 3.0033 2.9910
13...... 3s3p3 1D0

2 3.3017 3.5222 3.3084 3.2968
14...... 3s23p3d 3F0

2 4.1285 3.9508 3.9906
15...... 3s3p3 3S0

1 3.7860 4.1498 3.8485 3.8390
16...... 3s23p3d 3F0

3 4.1901 4.0120 4.0500
17...... 3s23p3d 3F0

4 4.2822 4.1025 4.1366
18...... 3s3p3 1P0

1 3.9918 4.3144 4.0650 4.0348
19...... 3s23p3d 3P0

2 4.4320 4.7668 4.5045 4.4884
20...... 3s23p3d 3P0

1 4.5102 4.8245 4.5788 4.5594
21...... 3s23p3d 3P0

0 4.5867 4.8765 4.6310 4.6076
22...... 3s23p3d 1D0

2 4.5460 4.9284 4.6237 4.5960
23...... 3s23p3d 3D0

1 4.6156 4.9392 4.6924 4.6642
24...... 3s23p3d 3D0

2 4.6406 4.9689 4.7194 4.6918
25...... 3s23p3d 3D0

3 4.6400 4.9694 4.7219 4.6968
26...... 3s23p3d 1F0

3 5.0745 5.4286 5.1884 5.2120
27...... 3p4 3P2 5.5487 5.5444
28...... 3s23p3d 1P0

1 5.2005 5.5975 5.3014 5.2694
29...... 3p4 3P1 5.6581 5.6547
30...... 3p4 3P0 5.6877 5.6844
31...... 3s3p23d 5F1 5.7727 5.7591
32...... 3s3p23d 5F2 5.7924 5.7792
33...... 3p4 1D2 5.7955 5.7830
34...... 3s3p23d 5F3 5.8246 5.8116
35...... 3s3p23d 5F4 5.8698 5.8569
36...... 3s3p23d 5F5 5.9286 5.9151
37...... 3s3p23d 5D0 5.9856 5.9873
38...... 3s3p23d 5D1 5.9911 5.9924
39...... 3s3p23d 5D2 6.0016 6.0024
40...... 3s3p23d 5D3 6.0179 6.0183
41...... 3s3p23d 5D4 6.0444 6.0456
42...... 3s3p2(1D)3d 3F2 6.2614 6.2600
43...... 3s3p2(1D)3d 3F3 6.3008 6.2996
44...... 3s3p2(1D)3d 3F4 6.3595 6.3587
45...... 3s3p23d 5P3 6.4703 6.4298
46...... 3s3p23d 5P2 6.5030 6.4626
47...... 3s3p23d 5P1 6.5227 6.4821
48...... 3p4 1S0 6.6097 6.6104
49...... 3s3p2(3P)(4P)3d 3P2 6.7648 6.7631
50...... 3s3p2(3P)(4P)3d 3P1 6.8482 6.8462
51...... 3s3p2(3P)(4P)3d 3P0 6.9048 6.9047
52...... 3s3p23d 3G3 7.0072 6.9720
53...... 3s3p23d 3G4 7.0220 6.9868
54...... 3s3p23d 3G5 7.0414 7.0060
55...... 3s3p2(3P)(4P)3d 3D1 7.0666 7.0097
56...... 3s3p2(3P)(4P)3d 3D2 7.0752 7.0186
57...... 3s3p2(3P)(4P)3d 3D3 7.0921 7.0339
58...... 3s3p23d 1G4 7.1333 7.1225
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Table 1. continued.

Index Configuration Level Expt.a GRASPb GRASPc CIV3d

59...... 3s3p2(1D)3d 1F3 7.2445 7.2348
60...... 3s3p2(3P)(4P)3d 3F2 7.3369 7.3136
61...... 3s3p2(3P)(4P)3d 3F3 7.3838 7.3622
62...... 3s3p2(1D)3d 3D1 7.3972 7.3870
63...... 3s3p2(1D)3d 3D2 7.4209 7.4109
64...... 3s3p2(3P)(4P)3d 3F4 7.4509 7.4280
65...... 3s3p2(1D)3d 3P0 7.4676 7.4415
66...... 3s3p2(1D)3d 3D3 7.4687 7.4609
67...... 3s3p2(1D)3d 3P1 7.4842 7.4587
68...... 3s3p2(1D)3d 3P2 7.5160 7.4910
69...... 3s3p2(3P)3d 1P1 7.5402 7.5333
70...... 3s3p23d 3S1 7.6629 7.6561
71...... 3s3p2(1S)3d 3D1 7.7297 7.6830
72...... 3s3p2(1S)3d 3D2 7.7356 7.6721
73...... 3s3p2(1S)3d 3D3 7.7962 7.7111
74...... 3s3p2(3P)(2P)3d 3F2 7.8615 7.8205
75...... 3s3p2(3P)(2P)3d 3F3 7.9025 7.8650
76...... 3s3p2(3P)(2P)3d 3F4 7.9385 7.8993
77...... 3s3p2(1D)3d 1D2 7.9594 7.9241
78...... 3s3p2(3P)(2P)3d 3D3 8.1752 8.1095
79...... 3s3p2(3P)(2P)3d 3D2 8.2051 8.1212
80...... 3s3p2(3P)(2P)3d 3D1 8.2295 8.1344
81...... 3s3p2(1S)3d 1D2 8.2398 8.1926
82...... 3s3p2(1D)3d 1P1 8.3951 8.3257
83...... 3s3p23d 1S0 8.3971 8.3913
84...... 3s3p2(3P)(2P)3d 3P2 8.6544 8.6114
85...... 3s3p2(3P)(2P)3d 3P1 8.7027 8.6585
86...... 3s3p2(3P)(2P)3d 3P0 8.7262 8.6850
87...... 3s3p2(3P)3d 1F3 8.8997 8.8197
88...... 3s23d2 3F2 9.0282 8.9791
89...... 3s23d2 3F3 9.0382 8.9900
90...... 3s23d2 3F4 9.0472 9.0001
91...... 3s3p2 1D2 9.2874 9.1905
92...... 3s23d2 1G4 9.3583 9.2835
93...... 3s23d2 3P0 9.3808 9.2843
94...... 3s23d2 3P1 9.3883 9.2913
95...... 3s23d2 3P2 9.4030 9.3049
96...... 3s23d2 1D2 9.4997 9.4177
97...... 3s23d2 1S0 10.1460 10.1260

a NIST (http://www.physics.nist/gov/PhysRefData).
b Present results from 6 configurations and 97 levels.
c Present results from 13 configurations and 301 levels.
d Gupta & Tayal (1998).

converged within the 13 configurations considered in the
present work. To improve the calculations further, more exten-
sive CI needs to be included. This may be possible to achieve
with available resources, but will make the collisional calcula-
tions intractable, as discussed in Sect. 1. Therefore, the results
for radiative rates and oscillator strengths listed in Table 2 for
transitions in Fe XIII are probably the best available under the
circumstances, although scope remains for improvement.

We now briefly comment on the accuracy assessment of our
radiative rates presented in Table 2. It is clear from the discus-
sion above that the present radiative rates have enough scope
for improvement by including further CI. Successive inclusion
of more and more configurations generally provides converg-
ing results for a majority of transitions, especially those whose
f -values are not insignificant. Because of cross over of the lev-
els of many configurations, this approach is not very practical
for the Fe XIII ion. A criterion which is generally adopted for
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Table 3. Comparison of oscillator strengths for some transitions of
Fe XIII. (a ± b ≡ a × 10±b).

Transition GRASP GRASP6 GRASP13 CIV3
1 – 7 0.0676 0.0649 0.0678 0.069
1 – 11 0.0524 0.0695 0.0525 0.053
1 – 15 0.1167 0.1917 0.1896 0.187
1 – 18 0.1099 0.0194 0.0193 0.025
1 – 20 0.8184 0.9485 0.8106 0.818
1 – 23 0.2185 0.2434 0.2121 0.202
1 – 28 0.0072 0.0081 0.0056 0.003

2 – 7 0.0068 0.0051 0.0063 0.007
2 – 8 0.0466 0.0443 0.0461 0.048
2 – 10 0.0209 0.0264 0.0204 0.020
2 – 11 0.0262 0.0328 0.0273 0.027
2 – 12 0.0118 0.0161 0.0109 0.011
2 – 13 0.0012 0.0019 0.0014 0.001
2 – 14 0.0013 0.0017 0.0014 1.4–3
2 – 15 0.0956 0.1615 0.1636 0.163
2 – 18 0.1206 0.0421 0.0414 0.045
2 – 19 0.3077 0.2618 0.2244 0.197
2 – 20 3.95–5 4.62–7 9.48–8 1.0–4
2 – 21 0.1009 0.1166 0.0993 0.098
2 – 22 0.1361 0.1905 0.1610 0.195
2 – 23 0.2599 0.2991 0.2553 0.255
2 – 24 0.2400 0.3290 0.2833 0.276
2 – 28 5.17–4 8.61–4 7.10–4 7.0–4

3 – 7 1.25–4 6.45–5 1.31–4 1.0–4
3 – 8 0.0011 4.85–4 9.95–4 0.001
3 – 9 0.0355 0.0317 0.0348 0.037
3 – 11 0.0100 0.0121 0.0089 0.009
3 – 12 0.0510 0.0620 0.0507 0.051
3 – 13 0.0012 2.76–4 9.77–4 0.001
3 – 14 8.34–4 0.0011 0.0010 1.1–3
3 – 15 0.1509 0.2040 0.1969 0.198
3 – 16 0.0030 0.0039 0.0034 0.003
3 – 18 0.0576 0.0050 0.0054 7.6–3
3 – 19 0.1259 0.1463 0.1300 0.126
3 – 20 0.0372 0.0041 0.0359 0.034
3 – 22 0.0325 2.83–5 2.83–4 0.000
3 – 23 0.0457 0.0522 0.0437 0.045
3 – 24 0.1928 0.2534 0.2136 0.214
3 – 25 0.6014 0.6865 0.5850 0.586
3 – 26 0.0211 0.0245 0.0233 0.023
3 – 28 3.27–5 2.23–4 1.47–6 0.000

4 – 7 3.87–4 5.26–4 4.11–4 4.0–4
4 – 8 2.08–4 1.39–4 2.23–4 2.0–4
4 – 9 0.0027 0.0023 0.0028 2.9–3
4 – 11 6.17–4 6.59–4 5.39–4 5.0–4
4 – 12 1.52–6 1.71–5 1.35–4 1.0–4
4 – 13 0.0760 0.0705 0.0790 0.084
4 – 14 0.0024 0.0032 0.0030 0.003
4 – 15 0.0509 0.0068 0.0045 5.6–3
4 – 16 3.15–4 3.88–4 3.02–4 2.0–4
4 – 18 0.1374 0.2050 0.1826 0.177
4 – 19 0.0317 0.1128 0.1007 0.127
4 – 20 0.0052 0.0049 0.0038 3.8–3
4 – 22 0.3634 0.3580 0.3247 0.292
4 – 23 0.0041 0.0048 0.0049 4.5–3
4 – 24 0.0873 0.0379 0.0347 0.038

Table 3. continued.

Transition GRASP GRASP6 GRASP13 CIV3
4 – 25 0.0205 0.0229 0.0221 0.022
4 – 26 0.5849 0.6818 0.5759 0.573
4 – 28 0.0036 0.0056 3.10-4 8.0–4

5 – 7 4.10–4 4.44–4 2.67–4 2.0–4
5 – 11 0.0016 0.0026 0.0017 1.5–3
5 – 15 0.0432 0.0109 0.0164 0.018
5 – 18 0.0706 0.1452 0.1697 0.159
5 – 20 0.0019 0.0047 0.0018 0.001
5 – 23 2.80–4 0.0011 4.82–4 3.0–4
5 – 28 1.2380 1.2156 1.1314 1.106

GRAS P: present results with 3s23p2, 3s3p3, 3s23p3d, 3p4,3s3p23d
and 3s23d2 configurations.

GRAS P6: present results with 3s23p2, 3s3p3, 3s23p3d, 3p4,
3s3p3d2 and 3p33d configurations.

GRAS P13: present results with 13 configurations.
CIV3: Gupta & Tayal (1998).

the accuracy assessment of a calculation such as the present
one, is the agreement achieved between the length and velocity
forms of the f -values and/or the radiative rates. For about 20%
of strong transitions ( f ≥ 0.01) the two forms of f -values dif-
fer by more than 20%, whereas they differ by more than 50%
for only 6% of such transitions. In our opinion, such a result is
highly satisfactory considering the large number of transitions
involved in the calculations.

4. Collision strengths

Before we describe our calculations, it may be appropriate to
first briefly summarize the earlier calculations of FM and GT,
because these are the two sets of atomic data which were exclu-
sively adopted by Landi (2002) in his detailed analysis of ob-
servational data, as well as to make inter-comparisons between
line ratios – see Figs. 1–6 of Landi. FM basically adopted the
SS program for the construction of their wavefunctions, and
values of Ω were computed from the DW program. They in-
cluded CI among six configurations (namely 3s23p2, 3s3p3,
3s23p3d, 3p4, 3s3p3d2 and 3p33d), but reported energy levels
and collision strengths for transitions among the lowest 27 lev-
els of the 3s23p2, 3s3p3 and 3s23p3d configurations. Their cal-
culations forΩwere in the LS coupling, and results in LSJ cou-
pling were obtained through the JAJOM program of Saraph
(1978). Furthermore, one-body relativistic operators were in-
cluded through term coupling coefficients (TCC). FM did not
report any results for oscillator strengths or radiative rates, but
our GRASP6 results listed in Table 3 will facilitate further
discussion, as we have included the same configurations as
adopted by them. However, they have reported values of Ω at
three energies well above thresholds, i.e. at 15, 30 and 45 Ryd,
and for transitions among the levels of the 3s23p2 ground con-
figuration, and from these levels to higher excited levels of the
3s3p3 and 3s23p3d configurations. Therefore, apart from an in-
complete set of results, the main deficiency of their calculations



376 K. M. Aggarwal and F. P. Keenan: Electron impact excitation of Fe XIII

is the lack of resonance structure, which significantly affects
the calculations of Υ, particularly for the forbidden transitions.

On the other hand, GT included CI among configurations
of the n = 3 complex plus 3s23p4f, and one-body relativistic
operators in the Breit-Pauli approximation. Furthermore, they
extended the partial waves and energy ranges of FM from L = 7
and E = 45 Ryd to L = 25 and E = 60 Ryd, respectively, and
included resonances in thresholds region in order to calculate
results for Υ up to Te = 5×106 K. They excluded the 3s3p3 5S0

2
level from their calculations, which should not seriously affect
their results for a majority of transitions. However, a compari-
son of Ω values shown in their Table 4 makes a few anomalies
obvious. For example, their Ω values differ from those of FM
by more than two orders of magnitude for some transitions,
such as: 1–5 (3s23p2 3P0–3s23p2 1S0) and 2–20 (3s23p2 3P1–
3s23p3d 3P0

1). The 1–5 is a 0–0 forbidden transition whose Ω
value is expected to be small, but GT’s results are higher than
those of FM by over two orders of magnitude. This could be
a result of their choice of the earlier version of the R-matrix
program (Scott & Taylor 1982) they adopted, which is known
to have some errors, as their similar results for Fe XI also suf-
fer from the same problem – see Aggarwal & Keenan (2003)
for details and examples. However, 2–20 is an allowed transi-
tion, whose Ω value is not only expected to be significant, but
should also increase with increasing energy. The GT results for
this transition are in total contrast with those of FM, mainly
because their f -value is very small, i.e. 0.0001. However, the
f -value of FM calculations for this transition should be even
smaller (see Table 3, especially column GRASP6). Such al-
lowed transitions with very small f -values generally behave as
forbidden transitions, and hence their Ω values are insignifi-
cantly small. However, the corresponding results of FM appear
to be contrary. This could be a result of some levels mixing,
as often SS, DW and JAJOM follow different levels ordering,
and therefore level identification sometimes becomes ambigu-
ous, as discussed by Aggarwal et al. (2003) for transitions in
Fe XVII.

The other anomaly is that the GT values of Ω for al-
most all strong allowed transitions, such as 1–20 (3s23p2 3P0–
3s23p3d 3P0

1), 2–19 (3s23p2 3P1–3s23p3d 3P0
2) and 3–25

(3s23p2 3P2–3s23p3d3D0
3), are up to 50% lower than those of

FM – see Table 4 of Gupta & Tayal (1998), or the present
Table 4. This could be a direct consequence of their (up to 25%)
lower f -values, as seen in Table 3. However, for some other
strong transitions, such as: 1–15 (3s23p2 3P0–3s3p3 3S0

1), 2–15
(3s23p2 3P1–3s3p3 3S0

1), 2–22 (3s23p2 3P1–3s23p3d 1D0
2), 4–19

(3s23p2 1D2–3s23p3d 3P0
2), 5–18 (3s23p2 1S0–3s3p3 1P0

1), and
5–28 (3s23p2 1S0–3s23p3d 1P0

1), the f -values of GT should be
comparable with those of FM (see Table 3), yet the GT values
of Ω are lower by up to a factor of two. These large differences
in the two sets of Ω have been attributed by GT to the possibil-
ity of overestimation by FM. However, such large differences
for strong transitions (for both f and Ω) are bound to affect the
calculations of line ratios, and subsequently of plasma diagnos-
tics. Therefore, it will be useful to assess the accuracy of these
calculations by another independent one.

For the computations of collision strengths, we have em-
ployed the DARC program of Norrington & Grant (2004). This

program includes the relativistic effects in a systematic way,
in both the target description and the scattering model. It is
based on the j j coupling scheme, and uses the Dirac-Coulomb
Hamiltonian in the R-matrix approach. However, because of
the inclusion of fine-structure in the definition of channel cou-
pling, the matrix size of the Hamiltonian increases substan-
tially, making the calculations computationally more expen-
sive. The R-matrix radius has been adopted to be 3.0 au, and
15 continuum orbitals have been included for each channel an-
gular momentum for the expansion of the wavefunction. This
allows us to compute Ω up to an energy of 120 Ryd. The max-
imum number of channels for a partial wave is 475, and the
corresponding size of the Hamiltonian matrix is 7138. In order
to obtain convergence of Ω for all transitions and at all ener-
gies, we have included all partial waves with angular momen-
tum J ≤ 39.5, although a higher range would have been prefer-
able for the convergence of allowed transitions, especially at
higher energies. Unfortunately however, given the resources
available to us, this was not possible. Nevertheless, to account
for the inclusion of higher neglected partial waves, we have
included a top-up, based on the Coulomb-Bethe approxima-
tion for allowed transitions and geometric series for forbidden
transitions.

In Figs. 1a and 2a we show the variation of Ω with angu-
lar momentum J at three energies of 15, 30 and 45 Ryd, and
for two transitions, namely 2–3 (3s23p2 3P1–3s23p2 3P2) and
4–5 (3s23p2 1D2–3s23p2 1S0), respectively. The correspond-
ing results at three higher energies of 60, 90 and 120 Ryd are
shown in Figs. 1b and 2b. Both of these are forbidden tran-
sitions, but have comparatively higher magnitude. For both
of these (beside similar other) transitions, values of Ω have
(almost) fully converged including the highest energy of our
calculations, i.e. 120 Ryd. In Figs. 3a–5a we show simi-
lar results for three allowed transitions, namely 1–20 (3s23p2

3P0–3s23p3d 3P0
1), 2–23 (3s23p2 3P1–3s23p3d 3D0

1), and 3–
19 (3s23p2 3P2–3s23p3d 3P0

2), at three energies of 15, 30 and
45 Ryd. These transitions have particularly been selected, be-
cause our GRASP and earlier CIV3 f -values of GT are in total
agreement, and those of FM also agree within 15%. This satis-
factory agreement among different sets of f -values will facil-
itate a direct comparison among the Ω values, which we will
discuss below. However, it is clear from these figures that for
all these (and other similar) transitions, values of Ω have fully
converged within the partial waves range of our calculations
(i.e. J ≤ 39.5), at energies below ∼45 Ryd. Therefore, the con-
tribution of higher neglected partial waves will be insignificant.
However, even this large range of partial waves is not sufficient
for the convergence of Ω at higher energies, as can be seen in
Figs. 3b–5b for the same 1–20, 2–23, and 3–19 transitions, at
three energies of 60, 90 and 120 Ryd.

In Table 4 we compare our results of Ω with those of FM
and GT for transitions from the levels of the 3s23p2 configura-
tion to those of the 3s3p3 and 3s23p3d configurations, because
these are the only transitions common among the three calcu-
lations. Similarly, the three energies of 15, 30 and 45 Ryd are
the only common energies. However, a complete list of Ω for
all 4656 inelastic transitions among the lowest 97 fine-structure
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Fig. 1. a) Partial collision strengths for the 3s23p2 3P1–3s23p2 3P2 (2–3) transition of Fe XIII, at three energies of 15 Ryd (circles), 30 Ryd
(triangles), and 45 Ryd (stars).

Fig. 1. b) Partial collision strengths for the 3s23p2 3P1–3s23p2 3P2 (2–3) transition of Fe XIII, at three energies of 60 Ryd (circles), 90 Ryd
(triangles), and 120 Ryd (stars).
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Fig. 2. a) Partial collision strengths for the 3s23p2 1D2–3s23p2 1S0 (4–5) transition of Fe XIII, at three energies of 15 Ryd (circles), 30 Ryd
(triangles), and 45 Ryd (stars).

Fig. 2. b) Partial collision strengths for the 3s23p2 1D2–3s23p2 1S0 (4–5) transition of Fe XIII, at three energies of 60 Ryd (circles), 90 Ryd
(triangles), and 120 Ryd (stars).
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Fig. 3. a) Partial collision strengths for the 3s23p2 3P0–3s23p3d 3P0
1 (1–20) transition of Fe XIII, at three energies of 15 Ryd (circles), 30 Ryd

(triangles), and 45 Ryd (stars).

Fig. 3. b) Partial collision strengths for the 3s23p2 3P0–3s23p3d 3P0
1 (1–20) transition of Fe XIII, at three energies of 60 Ryd (circles), 90 Ryd

(triangles), and 120 Ryd (stars).
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Fig. 4. a) Partial collision strengths for the 3s23p2 3P1–3s23p3d 3D0
1 (2–23) transition of Fe XIII, at three energies of 15 Ryd (circles), 30 Ryd

(triangles), and 45 Ryd (stars).

Fig. 4. b) Partial collision strengths for the 3s23p2 3P1–3s23p3d 3D0
1 (2–23) transition of Fe XIII, at three energies of 60 Ryd (circles), 90 Ryd

(triangles), and 120 Ryd (stars).
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Fig. 5. a) Partial collision strengths for the 3s23p2 3P2–3s23p3d 3P0
2 (3–19) transition of Fe XIII, at three energies of 15 Ryd (circles), 30 Ryd

(triangles), and 45 Ryd (stars).

Fig. 5. b) Partial collision strengths for the 3s23p2 3P2–3s23p3d 3P0
2 (3–19) transition of Fe XIII, at three energies of 60 Ryd (circles), 90 Ryd

(triangles), and 120 Ryd (stars).
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Table 4. Comparison of collision strengths for some transitions of Fe XIII. (a ± b ≡ a × 10±b).

Index 15.0 Ryd 30.0 Ryd 45.0 Ryd
i j AK GT FM AK GT FM AK GT FM
1 2 2.099–2 2.13–2 2.05–2 1.189–2 1.20–2 1.12–2 7.643–3 7.70–3 7.00–3
1 3 9.349–2 9.72–2 9.80–2 9.320–2 9.36–2 8.42–2 9.608–2 9.19–2 7.47–2
1 4 8.695–3 6.79–3 5.50–3 6.359–3 3.83–3 3.00–3 5.816–3 2.52–3 1.90–3
1 5 4.450–4 5.62–2 4.70–4 2.155–4 5.15–2 2.10–4 1.305–4 4.13–2 1.10–4
1 6 5.961–3 ...... 5.50–3 3.404–3 ...... 2.90–3 2.167–3 ...... 1.70–3
1 7 3.263–1 3.61–1 4.73–1 3.839–1 3.97–1 5.44–1 4.224–1 4.25–1 5.96–1
1 8 8.787–3 9.86–3 8.40–3 5.014–3 5.32–3 4.50–3 3.174–3 3.29–3 2.70–3
1 9 1.832–3 1.87–3 1.00–3 1.896–3 1.96–3 9.00–4 2.004–3 2.08–3 8.00–4
1 10 5.967–4 7.19–4 6.00–4 3.411–4 3.83–4 3.00–4 2.148–4 2.34–4 2.00–4
1 11 2.017–1 2.25–1 2.89–1 2.380–1 2.50–1 3.34–1 2.630–1 2.68–1 3.67–1
1 12 2.904–3 3.86–3 2.80–3 1.640–3 2.07–3 1.40–3 1.038–3 1.28–3 9.00–4
1 13 5.740–3 5.52–3 4.90–3 3.159–3 3.00–3 2.60–3 1.964–3 1.85–3 1.60–3
1 14 6.923–3 6.59–3 6.30–3 3.631–3 3.44–3 3.20–3 2.226–3 2.07–3 1.90–3
1 15 3.014–1 5.52–1 6.88–1 3.574–1 6.24–1 8.03–1 3.970–1 6.67–1 8.90–1
1 16 1.753–2 1.70–2 1.58–2 1.884–2 1.88–2 1.47–2 2.031–2 2.04–2 1.35–2
1 17 1.894–3 1.97–3 1.80–3 1.000–3 1.07–3 9.00–4 6.141–4 6.63–4 6.00–4
1 18 2.591–1 6.87–2 7.37–2 3.082–1 7.80–2 8.64–2 3.436–1 8.35–2 9.58–2
1 19 6.875–3 6.04–3 5.00–3 3.404–3 2.99–3 2.50–3 2.060–3 1.78–3 1.40–3
1 20 1.662–0 1.82–0 2.71–0 1.980–0 2.12–0 3.20–0 2.216–0 2.28–0 3.57–0
1 21 3.465–4 3.69–4 2.50–4 1.651–4 1.87–4 1.30–4 9.500–5 1.11–4 8.00–5
1 22 1.736–3 1.97–3 2.30–3 9.186–4 9.87–4 1.20–3 5.661–4 5.81–4 7.00–4
1 23 4.017–1 4.38–1 1.69–1 4.775–1 5.08–1 1.99–1 5.343–1 5.47–1 2.23–1
1 24 2.599–3 3.10–3 1.40–3 1.353–3 1.68–3 7.00–4 8.449–4 1.07–3 4.00–4
1 25 8.073–3 8.30–3 6.80–3 7.265–3 7.69–3 5.70–3 7.131–3 7.59–3 5.00–3
1 26 3.915–3 4.12–3 3.60–3 2.051–3 2.18–3 1.90–3 1.310–3 1.38–3 1.20–3
1 27 4.054–2 ...... ...... 4.422–2 ...... ...... 4.618–2 ...... ......
1 28 1.232–2 7.51–3 8.30–3 1.416–2 7.92–3 9.00–3 1.578–2 8.25–3 9.70–3

2 3 2.178–1 2.13–1 2.08–1 2.175–1 1.95–1 1.70–1 2.390–1 1.86–1 1.47–1
2 4 3.948–2 3.97–2 3.99–2 2.864–2 2.79–2 2.70–2 2.416–2 2.25–2 2.08–2
2 5 2.414–3 2.32–3 2.60–3 1.166–3 1.11–3 1.20–3 6.833–4 6.36–4 7.00–4
2 6 2.198–2 ...... 2.77–2 1.608–2 ...... 2.28–2 1.342–2 ...... 2.13–2
2 7 1.120–1 1.26–1 1.31–1 1.241–1 1.33–1 1.43–1 1.336–1 1.40–1 1.54-1
2 8 7.102–1 7.92–1 1.01–0 8.332–1 8.64–1 1.16–0 9.155–1 9.22–1 1.27-0
2 9 1.351–2 1.43–2 1.10–2 9.385–3 9.59–3 6.50–3 7.519–3 7.64–3 4.40–3
2 10 2.535–1 2.69–1 3.57–1 2.969–1 3.01–1 4.11–1 3.297–1 3.23–1 4.51–1
2 11 3.237–1 3.59–1 5.02–1 3.784–1 3.97–1 5.76–1 4.182–1 4.25–1 6.33–1
2 12 1.452–1 1.59–1 1.78–1 1.678–1 1.70–1 2.01–1 1.835–1 1.79–1 2.19–1
2 13 3.265–2 3.48–2 4.18–2 2.610–2 2.71–2 3.73–2 2.365–2 2.41–2 3.65–2
2 14 3.932–2 3.96–2 4.52–2 4.145–2 4.19–2 4.56–2 4.426–2 4.44–2 4.58–2
2 15 7.653–1 1.49–0 1.82–0 9.048–1 1.69–0 2.13–0 1.007–0 1.81–0 2.36–0
2 16 1.796–2 1.72–2 1.62–2 1.090–2 1.05–2 9.40–3 8.037–3 7.79–3 6.30–3
2 17 2.978–2 2.87–2 2.64–2 2.893–2 2.86–2 2.45–2 2.983–2 2.67–2 1.97–2
2 18 8.816–1 3.78–1 4.84–1 1.046–0 4.30–1 5.64–1 1.168–0 4.62–1 6.25–1
2 19 1.941–0 1.39–0 1.83–0 2.312–0 1.60–0 2.16–0 2.581–0 1.72–0 2.40–0
2 20 9.454–3 8.95–3 1.37–1 5.408–3 4.83–3 1.58–1 3.915–3 3.18–3 1.74–1
2 21 6.094–1 6.60–1 8.23–1 7.267–1 7.73–1 9.72–1 8.166–1 8.37–1 1.08–0
2 22 8.587–1 1.32–0 2.48–0 1.024–0 1.53–0 2.93–0 1.144–0 1.64–0 3.27–0
2 23 1.546–0 1.69–0 2.03–0 1.840–0 1.97–0 2.39–0 2.062–0 2.12–0 2.67–0
2 24 1.379–0 1.82–0 1.51–0 1.644–0 2.10–0 1.79–0 1.837–0 2.25–0 1.99–0
2 25 2.589–2 2.64–2 2.18–2 2.031–2 2.15–2 1.64–2 1.852–2 1.98–2 1.34–2
2 26 1.311–2 1.35–2 1.25–2 6.553–3 6.87–3 6.30–3 3.938–3 4.12–3 3.70–3
2 27 7.964–2 ...... ...... 8.717–2 ...... ...... 9.119–2 ...... ......
2 28 5.907–3 7.26–3 9.50–3 4.620–3 5.99–3 8.60–3 4.381–3 5.63–3 8.60–3
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Table 4. continued.

Index 15.0 Ryd 30.0 Ryd 45.0 Ryd
i j AK GT FM AK GT FM AK GT FM
3 4 1.483–1 2.59–1 1.55–1 1.285–1 2.23–1 1.20–1 1.235–1 1.92–1 1.01–1
3 5 2.388–2 1.46–2 1.76–2 2.306–2 1.27–2 1.40–2 2.461–2 1.21–2 1.21–2
3 6 3.572–2 ...... 4.60–2 2.749–2 ...... 3.97–2 2.393–2 ...... 3.79–2
3 7 7.201–3 8.46–3 7.10–3 7.493–3 8.73–3 7.30–3 7.936–3 9.11–3 7.40–3
3 8 4.403–2 4.98–2 3.79–2 4.317–2 4.73–2 3.55–2 4.413–2 4.75–2 3.55–2
3 9 9.490–1 1.08–0 1.31–0 1.099–0 1.15–0 1.49–0 1.202–0 1.22–0 1.62–0
3 10 2.676–3 2.98–3 2.70–3 1.515–3 1.59–3 1.40–3 9.585–4 9.77–4 8.00–4
3 11 2.128–1 2.11–1 2.54–1 2.450–1 2.35–1 2.88–1 2.709–1 2.52–1 3.15–1
3 12 1.080–0 1.18–0 1.55–0 1.265–0 1.32–0 1.78–0 1.399–0 1.41–0 1.95–0
3 13 5.988–2 6.02–2 5.85–2 4.921–2 4.69–2 4.78–2 4.535–2 4.16–2 4.40–2
3 14 3.568–2 3.88–2 4.92–2 3.208–2 3.58–2 4.74–2 3.177–2 3.53–2 4.77–2
3 15 2.072–0 3.10–0 3.91–0 2.446–0 3.54–0 4.55–0 2.740–0 3.82–0 5.04–0
3 16 8.373–2 8.81–2 1.20–1 8.676–2 9.00–2 1.27–1 9.174–2 9.30–2 1.33–1
3 17 5.551–2 5.29–2 4.81–2 4.957–2 4.84–2 3.80–2 4.904–2 4.83–2 3.22–2
3 18 7.100–1 1.23–1 1.26–1 8.342–1 1.33–1 1.41–1 9.331–1 1.41–1 1.53–1
3 19 1.364–0 1.54–0 1.73–0 1.618–0 1.77–0 2.03–0 1.810–0 1.91–0 2.26–0
3 20 3.888–1 4.12–1 2.68–1 4.573–1 4.77–1 3.11–1 5.122–1 5.16–1 3.44–1
3 21 2.553–3 2.49–3 1.70–3 1.338–3 1.22–3 8.00–4 8.600–4 7.32–4 4.00–4
3 22 3.621–1 1.51–2 8.46–2 4.239–1 8.08–3 9.16–2 4.722–1 5.12–3 9.90–2
3 23 4.887–1 5.26–1 8.74–1 5.758–1 6.10–1 1.03–0 6.454–1 6.62–1 1.14–0
3 24 1.949–0 2.42–0 3.25–0 2.317–0 2.91–0 3.83–0 2.594–0 3.03–0 4.27–0
3 25 6.063–0 6.57–0 8.48–0 7.274–0 7.57–0 1.00+1 8.103–0 8.08–0 1.12+1
3 26 2.170–1 2.43–1 3.38–1 2.457–1 2.70–1 3.86–1 2.683–1 2.84–1 4.26–1
3 27 7.317–2 ...... ...... 7.934–2 ...... ...... 8.239–2 ...... ......
3 28 7.614–3 8.02–3 1.05–2 4.631–3 4.80–3 7.50–3 3.669–3 3.62–3 6.30–3

4 5 2.972–1 3.11–1 3.08–1 3.049–1 3.12–1 2.72–1 3.132–1 3.12–1 2.45–1
4 6 1.867–3 ...... 1.60–3 1.377–3 ...... 9.00–4 1.159–3 ...... 6.00–4
4 7 3.047–2 3.38–2 3.91–2 2.494–2 2.59–2 3.48–2 2.283–2 2.29–2 3.37–2
4 8 3.275–2 3.69–2 3.56–2 2.266–2 2.45–2 2.64–2 1.816–2 1.93–2 2.28–2
4 9 1.199–1 1.32–1 1.84–1 1.211–1 1.23–1 1.92–1 1.247–1 1.22–1 2.02–1
4 10 1.163–3 1.33–3 1.00–3 6.259–4 6.75–4 5.00–4 3.869–4 4.04–4 3.00–4
4 11 2.141–2 2.08–2 2.54–2 2.140–2 1.95–2 2.55–2 2.223–2 1.94–2 2.64–2
4 12 1.606–2 2.12–2 1.90–2 9.484–3 1.36–2 1.08–2 6.456–3 1.05–2 7.00–2
4 13 1.564–0 1.93–0 2.32–0 1.843–0 2.15–0 2.67–0 2.044–0 2.30–0 2.93–0
4 14 6.266–2 7.73–2 1.04–1 5.918–2 7.37–2 1.08–1 5.975–2 7.34–2 1.14–1
4 15 7.459–1 9.97–2 8.10–2 8.789–1 1.14–1 9.30–2 9.830–1 1.23–1 1.02–1
4 16 4.121–2 3.91–2 3.81–2 2.536–2 2.37–2 2.46–2 1.891–2 1.70–2 1.88–2
4 17 5.780–2 5.59–2 5.15–2 3.160–2 3.11–2 2.79–2 2.067–2 2.03–2 1.74–2
4 18 1.975–0 2.85–0 3.47–0 2.334–0 3.26–0 4.03–0 2.615–0 3.52–0 4.45–0
4 19 4.109–1 1.72–0 2.67–0 4.811–1 1.97–0 3.13–0 5.356–1 2.12–0 3.47–0
4 20 7.065–2 5.94–2 5.27–2 7.786–2 6.27–2 5.75–2 8.497–2 6.54–2 6.20–2
4 21 4.534–3 4.59–3 4.10–3 2.328–3 2.38–3 2.10–3 1.394–3 1.42–3 1.20–3
4 22 4.003–0 3.77–0 3.95–0 4.777–0 4.35–0 4.63–0 5.351–0 4.68–0 5.14–0
4 23 5.968–2 6.70–2 1.30–1 6.420–2 7.15–2 1.47–1 6.956–2 7.50–2 1.60–1
4 24 1.028–0 4.82–1 1.09–0 1.216–0 5.48–1 1.27–0 1.359–0 5.86–1 1.41–0
4 25 2.610–1 3.01–1 4.24–1 2.971–1 3.30–1 4.85–1 3.251–1 3.46–1 5.34–1
4 26 5.568–0 5.89–0 7.79–0 6.708–0 6.86–0 9.21–0 7.487–0 7.36–0 1.03+1
4 27 3.944–3 ...... ...... 3.789–3 ...... ...... 3.695–3 ...... ......
4 28 6.556–2 4.56–2 7.86–2 7.360–2 4.94–2 8.63–2 8.055–2 5.25–2 9.09–2

5 6 1.307–5 ...... 0.00–0 7.332–6 ...... 0.00–0 4.705–6 ...... 0.00–0
5 7 3.651–3 2.28–3 2.80–3 4.194–3 2.44–3 3.10–3 4.585–3 2.58–3 3.40–3
5 8 2.996–4 3.26–4 3.10–4 1.535–4 1.67–4 1.50–4 9.010–5 9.69–5 9.00–5
5 9 3.202–4 3.12–4 2.40–4 1.808–4 1.75–4 1.20–4 1.278–4 1.19–4 7.00–5
5 10 4.111–3 4.42–3 3.70–3 2.334–3 2.36–3 2.00–3 1.473–3 1.45–3 1.20–3
5 11 2.116–2 2.25–2 2.84–2 1.815–2 1.78–2 2.62–2 1.714–2 1.61–2 2.59–2
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Table 4. continued.

Index 15.0 Ryd 30.0 Ryd 45.0 Ryd
i j AK GT FM AK GT FM AK GT FM
5 12 1.393–2 1.50–2 1.19–2 7.871–3 8.00–3 6.20–3 4.965–3 4.91–3 3.70–3
5 13 2.996–3 3.17–3 2.30–3 1.746–3 1.82–3 1.20–3 1.122–3 1.20–3 7.00–4
5 14 3.165–3 3.27–3 2.50–3 1.664–3 1.75–3 1.30–3 1.013–3 1.08–3 8.00–4
5 15 1.529–1 7.97–2 1.16–1 1.817–1 8.80–2 1.33–1 2.014–1 9.37–2 1.46–1
5 16 6.035–3 6.05–3 5.00–3 3.355–3 3.39–3 2.70–3 2.224–3 2.23–3 1.70–3
5 17 1.058–2 1.05–2 9.00–3 5.514–3 5.59–3 4.70–3 3.363–3 3.43–3 2.80–3
5 18 2.394–1 6.18–1 8.71–1 2.852–1 6.90–1 1.00–0 3.165–1 7.38–1 1.11–0
5 19 3.406–3 3.65–3 1.60–3 1.813–3 2.12–3 8.00–4 1.148–3 1.45–3 5.00–4
5 20 7.535–3 5.69–3 7.40–3 7.304–3 4.88–3 7.90–3 7.453–3 4.58–3 8.30–3
5 21 1.455–3 1.37–3 1.20–3 7.282–4 7.20–4 6.00–4 4.315–4 4.40–4 4.00–4
5 22 4.092–3 4.45–3 1.90–3 2.630–3 2.60–3 9.00–4 1.979–3 1.81–3 5.00–4
5 23 2.759–3 3.03–3 3.40–3 1.778–3 2.09–3 2.50–3 1.453–3 1.73–3 2.20–3
5 24 3.227–3 2.89–3 2.90–3 1.566–3 1.38–3 1.40–3 9.308–4 7.95–4 8.00–4
5 25 2.239–3 2.37–3 2.20–3 9.121–4 1.01–3 1.00–3 4.648–4 5.21–4 5.00–4
5 26 2.024–2 2.02–2 1.90–2 2.212–2 2.30–2 1.92–2 2.381–2 2.49–2 1.81–2
5 27 1.924–4 ...... ...... 1.928–4 ...... ...... 1.937–4 ...... ......
5 28 2.503–0 2.56–0 3.21–0 3.002–0 2.99–0 3.77–0 3.367–0 3.22–0 4.20–0

AK: Present results.
GT : Gupta & Tayal (1998).
FM: Fawcett & Mason (1989).

Fig. 6. Partial collision strengths for the 3s23p2 1S0–3s23p3d 1P0
1 (5–28) transition of Fe XIII, at three energies of 15 Ryd (circles), 30 Ryd

(triangles), and 45 Ryd (stars).
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levels of Fe XIII in a wider energy range (10.5 to 120.0 Ryd)
will be reported in a later publication along with results for Υ.
As stated above, the Ω values of GT for the 1–5 (0–0) transi-
tion are higher by over two orders of magnitude, and are in total
disagreement with the other two calculations. However, for all
forbidden transitions there is a general agreement between our
present and their earlier calculations, although differences for
three transitions (namely, 1–4, 3–4 and 3–5) are up to a factor
of two. Similarly, differences between the two calculations for
allowed transitions are up to a factor of four (see, for example,
1–18, 1–28, 2–15 and 2–18 transitions), but are in accordance
with the differences in the wavefunctions, i.e. in the f -values,
as seen in Table 3. This satisfactory agreement between the two
independent R-matrix calculations is mainly because both cal-
culations have included a wide range of partial waves, which
are fully sufficient for the convergence of Ω for the forbidden
transitions, and are nearly sufficient for the allowed transitions,
as shown earlier in Figs. 1a–5a.

However, the other results of FM listed in Table 4 differ
with the other two calculations for many transitions. Their re-
sults of Ω are underestimated, by up to a factor of four, for
many forbidden transitions, such as: 2–17, 2–25, and 5–22.
Moreover, the differences increase with increasing energy. This
is clearly a result of a limited range of partial waves (L ≤ 7) in-
cluded by them, which is not sufficient for the convergence ofΩ
as shown in Figs. 1a and 2a. Similarly, their results of Ω also
differ for many allowed transitions, such as: 1–15, 2–15, 2–22,
3–24, 4–19 and 5–18, by up to a factor of six. Some of these
differences in Ω are a result of the corresponding differences in
the f -values. However, there are many transitions for which the
three calculations produce nearly the same values of oscillator
strengths, see, for example, transitions 1–7, 2–8, 3–26, 4–25,
and 5–28, yet the Ω values of FM are higher by up to 50%. For
many of these transitions, Ω have nearly converged within J ≤
39.5, as shown earlier in Figs. 3a–5a, and hence the contribu-
tion of higher neglected partial waves is almost negligible. As
a further example, we show our partial Ω in Fig. 6 for the 5–28
(3s23p2 1S0–3s23p3d 1P0

1) transition, because the three sets of
f -values agree within 10% – see Table 3. Our present and ear-
lier results of GT agree to better than 5% at all three energies
of 15, 30 and 45 Ryd, but the correspondingΩ of FM are higher
by up to 30%. Clearly, FM have overestimated the contribution
of higher neglected partial waves with L ≥ 8. Moreover, for
some of the transitions, such as 1–23 and 2–20, the FM values
of Ω are lower and higher by factors of 2 and 50, respectively,
and are not in accordance with their corresponding f -values.

5. Conclusions

In this paper we have reported a consistent set of results for
energy levels, radiative rates, and collision strengths for tran-
sitions among 97 fine-structure levels of Fe XIII. Relativistic
effects and CI have been included while generating the wave-
functions, and a large range of partial waves has been included
to ensure the convergence of Ω. Apart from performing our
calculations in the j j coupling scheme, we have attempted to
make an overall improvement over the existing results. These
improvements have mainly been achieved by the inclusion

of: (i) a larger number of levels, (ii) a wider range of partial
waves, and (iii) a higher range of energy.

Our results of collision strengths are in broad agreement
with those of GT, and the differences, if any, are in accor-
dance with the wavefunctions. However, the corresponding re-
sults of FM are found to be deficient. For forbidden transitions,
their values of Ω are underestimated, whereas for the allowed
transitions they are overestimated. Additionally, for some of
the allowed transitions their results of Ω are not in accordance
with their corresponding f -values.

Our results for energy levels are assessed to be accurate to
∼5%, whereas for radiative rates and collision strengths the ac-
curacy should be better than 20%, for a majority of transitions.
The accuracy of our present results can be further improved by
the inclusion of additional CI, which may be possible in future
calculations. Regarding the discrepancies observed by Landi
(2002) in applying the atomic data of FM and GT in plasma
diagnostics, we may state that the results of FM are deficient
for almost all transitions. For forbidden transitions their results
of Ω are underestimated, and for the allowed ones are overesti-
mated. Therefore, any agreement between experimental obser-
vations and parameters derived from their data will probably
be fortuitous. However, the corresponding results of GT are al-
most as accurate as presented in this work, but are confined
to a limited number of levels only. Furthermore, it may not be
appropriate at this stage to give any accuracy assessments of
their results for effective collision strengths (Υ), which were
employed by Landi (2002). To obtain results for Υ we need to
resolve resonances in thresholds region, because their contribu-
tion is often significant, if not dominant, especially for the for-
bidden transitions. These calculations will take a significantly
long time to conclude, but we hope to resolve the discrepancy
in future.
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