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ABSTRACT

Context. Electron impact excitation collision strengths are required for analysing and interpreting stellar observations.
Aims. This calculation aims to provide fine-structure effective collision strengths for the Mg ix ion using a method that includes con-
tributions from resonances.
Methods. A 26-state Breit-Pauli R-matrix calculation has been performed. The target states are represented by configuration inter-
action wavefunctions and consist of the 26 lowest LS states, having configurations 2s2, 2s2p, 2p2, 2s3s, 2s3p, 2s3d, 2p3s, 2p3p, and
2p3d. These target states give rise to 46 fine structure levels and 1035 possible transitions. The effective collision strengths are calcu-
lated by averaging the electron collision strengths over a Maxwellian distribution of electron velocities.
Results. The non-zero effective collision strengths for transitions between the fine structure levels are given for electron tempera-
tures (Te) in the range log10 Te(K)= 3.0–7.0. Values for selected transitions are given in this paper and links provided to the entire
data set.
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1. Introduction

Beryllium-like ions are have been detected in a wide variety of
plasmas, e.g. the solar transition region, planetary nebulae, ac-
tive galactic nuclei and laboratory plasmas. To analyse and in-
terpret the emission lines observed, atomic data in the form of
effective collision strengths are needed and the data for specific
lines can be used as plasma diagnostics for quantities such as
electron temperature, density and abundance.

An example of some lines which have been used as diag-
nostics, is that of Wilhelm et al. (1998) who make use of the
Mg ix lines at 706 and 750 Å pertinent to both the electron
density and electron temperature of polar coronal holes. These
lines correspond to the 2s2 1S0–2s2p 3Po

1 and 2s2p 1Po
1–2p2 1D2

transitions.
Recent observations of Mg ix lines include: Bauer et al.

(2007) who have observed strong lines of Mg ix in the diffuse
X-ray emission in the halo and disc of starburst galaxy NGC 253.
Ness et al. (2005) find lines in the X-ray range at 72.3 and 77.7 Å
corresponding to 2s2p1P1–2s3d1D2 and 2s2p 1P1–2s3s 1S0 ob-
served by the LETGS instrument on Chandra. In the EUV range
Maltby et al. (1998) observed the 2s2 1S0–2s2p 1P1 line at 368 Å
with the Coronal Diagnostic Spectrometer (CDS) on SOHO.

Currently in the CHIANTI database (Dere et al. 1997; Landi
et al. 2006) there are 188 effective collision strengths recorded
for this ion. A total of 46 fine structure levels are noted and
for the 45 transitions between levels 1–10, the effective colli-
sion strengths are values from Keenan et al. (1986) which have
been interpolated from R-matrix calculations for other ions of
the same isoelectronic sequence, namely C ii, Nevii and Sixi.
These calculations (Berrington et al. 1985, 1981) determine

� Table 6 is only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/493/697

results in LS -coupling and involve 6 LS target states. The re-
maining 143 transitions in CHIANTI are between initial levels
1–5 and final levels 11–46 and are from a Distorted Wave evalu-
ation of Sampson et al. (1984).

However a more recent Distorted-Wave calculation has been
performed by Bhatia & Landi (2007) involving 53 LS terms
which give rise to 92 fine structure levels. The calculation is car-
ried out in LS-coupling and then the JAJOM transformation of
Saraph (1978), with recent modifications by Saraph & Eissner
(to be published) was applied to generate the intermediate cou-
pling results. The collision strengths were obtained at seven en-
ergies for transitions within the three lowest LS configurations
(2s2, 2s2p and 2p2), which correspond to the first 10 fine struc-
ture transitions. Values were also given at five energies for tran-
sitions between the first five fine structure levels to final levels
beyond the three lowest LS configurations.

In such calculations, however, none of the resonant struc-
ture is obtained in the collision strength, and these resonances
can significantly enhance the Maxwellian averaged effective col-
lision strengths. To date, no close-coupling calculations have
been performed for this ion. Therefore to provide accurate fine
structure collisional data for this ion using a method which in-
cludes resonances, a sophisticated Breit-Pauli R-matrix calcula-
tion has been carried out with 26 LS target states which give rise
to 46 j-levels, and a total of 1035 possible fine-structure transi-
tions. Some of these values are presented in this paper, with the
remainder being available through the author’s website as well
as being tabulated at the CDS website.

2. Calculation details

Configuration interaction wavefunctions for the 26 LS tar-
get states used in this calculation were constructed using the
CIV3 code of Hibbert (1975). Each target-state wavefunction Ψ
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Table 1. Orbital parameters (c, I, ζ) of the radial wavefunctions.

Clementi coefficient Power of r Exponent
Orbital cjnl I jnl ζ jnl

1s 0.96124 1 11.58677
0.02662 1 20.26170
0.00135 2 5.13259

–0.00286 2 5.69923
0.02035 2 9.65101

2s –0.21563 1 14.83218
2.01389 2 5.14831

–0.90295 2 5.76071
–0.23340 2 11.63833

3s 0.24588 1 8.48262
–2.99043 2 2.61317
3.60132 3 3.02446

2p 0.77847 2 4.62825
0.15481 2 5.86813
0.05103 2 6.65506
0.03043 2 9.66548

3p 0.74335 2 4.50219
–1.29127 3 2.90418

3d 0.00224 3 14.89474
0.99972 3 2.92840

4s 2.08737 1 3.59048
–9.07736 2 3.56354
13.62184 3 3.56014
–6.93131 4 3.55465

4p 4.44248 2 4.81804
–8.40001 3 4.82688
4.35888 4 4.82761

is represented by a linear combination of single-configuration
functionsΦi, each of which has the same total LS π symmetry as
the target-state

Ψ(LS ) =
m∑

i=1

aiΦi(αiLS ). (1)

The Φi in (1) are constructed from a set of one-electron orbitals.
The αi represent the coupling of the angular momenta associated
with these one-electron spin orbitals to form the total L and S.
The mixing coefficients ai are determined by the CIV3 code and
are eigenvector components of the Hamiltonian matrix having
particular LSπ symmetry. The Hamiltonian matrix elements are
defined as

Hi j = 〈Φi | H | Φ j〉 (2)

where H denotes the Hamiltonian operator. The one-electron or-
bitals used to construct the Φi each consist of a radial function,
a spherical harmonic and a spin function:

unlmlms (r, σ) =
1
r

Pnl(r)Yml

l (θ, φ)χms(σ). (3)

These orbitals are chosen to be analytic, with the radial part be-
ing expressed as a sum of normalised Slater-type orbitals:

Pnl(r) =
∑
jnl

c jnl

(
(2ζ jnl)2I jnl+1

(2I jnl)!

)1/2

rI jnl exp(−ζ jnlr). (4)

In this expression, for each orbital, the powers of r (I jnl) are kept
fixed and the coefficients c jnl and exponents ζ jnl are treated as
variational parameters which are optimised by the CIV3 code.
For this calculation the lowest 26 LS states are included as the
target states.

In describing these target states (Ψ) eight one-electron or-
bitals were employed, including six real orbitals – 1s, 2s, 2p, 3s,
3p, 3d and to these two pseudo-orbitals were added – a 4s and 4p
orbitals as correctors. The orbitals were optimised in the follow-
ing way: for the 1s and 2s orbitals the values from Fleming et al.
(1996) were re-optimised on the average energy of the 1s22s2

and 1s22p2 1S states with one of the I jnl terms being dropped in
the expansion for the 2s orbital (see Eq. (4)); for the 2p orbital
the parameters determined by Fleming et al. (1996) were used;
the 3s, 3p and 3p orbitals were optimised on the average energy
of the 2s2p, 2s3p, 2p3s and 2p3d 1Po levels; the 4s was optimised
on the energy of the 2s2 1S using the four configurations – 2s2,
2p2, 2s3s, 2s4s and the 4p orbital was optimised on the energy
of the 2p2 3P using three configurations – 2p2, 2p3p, 2p4p. The
resulting orbital parameters are shown in Table 1.

The orbitals from Table 1 were used to build a set of single-
configuration functions (Φi), which were generated by a two
electron replacement on the 1s22s2 basis configuration, keep-
ing at least one electron in the 1s shell. Using the 12 symme-
tries involved in the target state set, this generation leads to a
total of 260 configurations – 29× 1S, 13× 1P, 25× 1D, 26× 3S,
24× 3P, 26× 3D, 33× 1Po, 9× 1Do, 9× 1Fo, 42× 3Po, 12× 3Do

and 12× 3Fo.
Wavefunctions (Ψ) for the 26 Mg ix target states are con-

structed as linear combinations of the single-configuration func-
tions (Φi) according to Eq. (1). In Table 2 the target state en-
ergies calculated from these wavefunctions are given. Table 2
compares the calculated LS target state energies in Rydbergs
(1 Rydberg= 2.17987×10−18 J) relative to the 1s22s2 1S ground
state with values from NIST and those of Bhatia & Landi (2007).
The NIST database is available at http://www.physics.
nist.gov/PhysRefData and the data for this ion is attributed
to Artru (1977), Boiko et al. (1978), Edlen (1979), Fawcett
(1970), Hoory et al. (1970), Ridgely & Burton (1972) and
Söderqvist (1944). Good agreement is observed between the
NIST values and those from the current calculation using the
CIV3 structure code, with the current values differing on average
by 0.0346 Rydbergs. The calculation of Bhatia & Landi (2007)
achieves better agreement with the NIST differing on average
by 0.0264 Rydbergs. The configuration set used in the current
calculation is quite small in comparison with the calculation of
Bhatia & Landi (2007) (this was due to larger sets giving rise
to greater numbers of coupled channels in the scattering part of
the calculation which on the computer facilities used could not
be accommodated). However, for the size of the calculation per-
formed the representation obtained is reasonably good.

As an additional check on the quality of the wavefunctions
for the target states, the oscillator strengths produced using the
wavefunctions are examined. Oscillator strengths for the al-
lowed transitions between the 26 LS target states are given in
Table 3. For the transitions noted in Table 3, there is reasonable
agreement between the length and velocity forms ( fl and fv).

http://www.physics.nist.gov/PhysRefData
http://www.physics.nist.gov/PhysRefData
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Bhatia & Landi (2007) also give oscillator strengths for these
transitions and are given in Table 3 (the g f values of Bhatia &
Landi (2007) having been converted into f -values). The agree-
ment of the current fl values with the oscillator strengths of
Bhatia & Landi (2007) is on the whole quite good – of the
66 non-zero values of Bhatia & Landi (2007), we find that 39
of the current fl values lie within 10 per cent of Bhatia & Landi
(2007) (21 are within 5 per cent and 50 within 20 per cent). The
largest difference seen is a factor of 2 for transition 12–25 i.e.
2s3d3D–2p3d1Fo.

Using these wavefunctions for the Mg ix target ion, the
electron-ion collision problem was investigated using the Breit-
Pauli R-matrix method (Scott & Burke 1980), employing the
RMATRX1 codes of Berrington et al. (Berrington et al. 1987).
The version of the codes used here are the serial version available
at http://amdpp.phys.strath.ac.uk/tamoc/code.html.
The R-matrix radius was calculated to be 4.8 atomic units and
for each orbital angular momentum, 20 orthogonalised contin-
uum orbitals were included, ensuring that a converged colli-
sion strength was obtained up to an incident electron energy of
∼70 Rydbergs.

The (N + 1)-electron bound configurations, which are in-
cluded in the expansion of the (N + 1)-electron collision wave-
function to describe the situation when the scattering electron
comes close into the target ion were obtained by systematically
adding one electron to the N-electron configurations used in the
description of the target Mg ix ion.

The current 26 LS state calculation was carried out for
all contributing partial waves with L ≤ 12. The mass-
correction, Darwin and spin-orbit terms are switched on in the
Hamiltonian to produce results in intermediate-coupling. Within
the Breit-Pauli framework this gives rise to a 46 fine structure
level problem for partial waves up to 2J = 27, for both even and
odd parity. For optically forbidden transitions, this is sufficient to
obtain converged results. However, for optically allowed transi-
tions, additional partial waves or a top-up procedure is required
to account for the contribution from these higher partial waves.
Therefore to account for partial wave contributions from values
of 2J ≥ 27, the partial waves have been topped-up.

Effective collision strengthsΥi f for a particular electron tem-
perature Te were obtained by averaging the electron collision
strengthsΩi f over a Maxwellian distribution of velocities, so that

Υi f (Te) =
∫ ∞

0
Ωi f (E f ) exp(−E f /kTe)d(E f/kTe) (5)

where E f is the final free electron energy after excitation and k
is Boltzmann’s constant.

3. Results and discussion

The collision strengths calculated in this work have been eval-
uated for a fine mesh of incident impact energies, at energy in-
tervals of 0.0005 Rydbergs (∼1.8 × 10−6 in z-scaled Rydbergs)
across the energy range from threshold up to the energy of the
last target state considered. This ensured that the autoionizing
resonances which converge to the target state thresholds were
fully delineated.

Those resonances located at energies lower than the highest
target threshold, i.e. 2p3d1Po at ∼16.8 Ryd, are physically mean-
ingful; however at higher energies pseudo-resonances appear.
These arise from the inclusion of pseudo-orbitals in the wave-
function expansion (Burke et al. 1981). At higher temperatures
the high-impact energy region is much more important and so

Table 2. Energy levels in Rydbergs for the LS target states included in
the calculation, relative to the Mg ix 2s2 1S ground state.

Energy in Rydbergs
LS state NISTa Current B&Lb

1 2s2 1S 0.0000 0.0000 0.0000
2 2s2p 3Po 1.3019 1.2877 1.3111
3 2s2p 1Po 2.4758 2.5292 2.5457
4 2p2 3P 3.3555 3.3190 3.3956
5 2p2 1D 3.6915 3.7066 3.7742
6 2p2 1S 4.5530 4.5875 4.6851
7 2s3s 3S 13.9647 13.9390 13.9410
8 2s3s 1S 14.1983 14.1738 14.1800
9 2s3p 1Po 14.5220 14.4928 14.5096

10 2s3p 3Po 14.5575 14.5255 14.5377
11 2s3d 3D 14.8647 14.8696 14.8482
12 2s3d 1D 15.0776 15.0808 15.0878
13 2p3s 3Po 15.6064 15.5577 15.5980
14 2p3s 1Po 15.8837 15.8055 15.8453
15 2p3p 1P 15.9300 15.8824 15.9192
16 2p3p 3D 16.0149 15.9687 16.0069
17 2p3p 3S 16.1329 16.0867 16.1258
18 2p3p 3P 16.2160 16.1576 16.2127
19 2p3d 1Do 16.3084 16.2768 16.2968
20 2p3d 3Fo – 16.2910 16.2879
21 2p3p 1D 16.3652 16.3359 16.3892
22 2p3d 3Do 16.4777 16.4307 16.4704
23 2p3d 3Po 16.5460 16.5106 16.5421
24 2p3p 1S – 16.6286 16.6815
25 2p3d 1Fo 16.7189 16.7066 16.7492
26 2p3d 1Po 16.7815 16.7398 16.7998

a NIST database http://www.physics.nist.gov; b Bhatia & Landi
(2007).

it is necessary to properly average over the pseudo-resonances
to prevent distortion of the correct results in the calculation
of the effective collision strengths. Thus above the last target
state energy, a coarser mesh of energies is used (∼2.5 × 10−3 in
z-scaled Rydbergs). Much of the detail is filtered out and any
very large pseudo-resonances are removed, so that in essence a
“background” level is retained in this region.

The inclusion of the 26 LS target states leads to 46 J-levels
(see Table 4) and a total of 1035 transitions. The fine-structure
energies obtained for these J-levels are also shown in Table 4
and are compared to values from Bhatia & Landi (2007) and
those from NIST. The current work agrees well with with both
the NIST values and the calculation of Bhatia & Landi (2007),
with the energies determined by this calculation being within 4%
of the NIST values and within 3% of the Bhatia values.

In Figs. 1–5 the collision strengths for the transitions be-
tween the first 10 fine structure levels are given. These levels
correspond to the 2s2 and 2s2p configurations. To show the de-
tail obtained for the resonances the collision strengths are only
plotted up to 20 Ryd. Also displayed on these graphs are the
values from the Distorted Wave calculation of Bhatia & Landi
(2007). For most transitions, excellent agreement is observed be-
tween the background levels, but as can be seen, the Distorted
Wave calculation does not obtain the resonance structures which
can significantly enhance the effective collision strengths. The
values of Bhatia & Landi (2007) depart significantly from the

http://amdpp.phys.strath.ac.uk/tamoc/code.html
http://www.physics.nist.gov
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Table 3. Oscillator strengths for the allowed transitions between the 26 LS target states included in the present calculation. Values are given for
the length and velocity forms of the oscillator strength ( fl and fv). Values from the work of Bhatia & Landi (2007) [B&L] are also noted. (See
Table 2 for explanation of labels.)

Oscillator strength
Transition fl fv B&L
1−3 0.3141 0.2671 0.3218
1−9 0.5367 0.5390 0.5307
1−14 0.0234 0.0250 0.0176
1−26 0.0249 0.0269 0.0287
2−4 0.1208 0.0819 0.1216
2−7 0.0332 0.0331 0.0350
2−11 0.6449 0.6121 0.6995
2−16 0.0806 0.0833 0.0816
2−17 0.0302 0.0246 0.0284
2−18 0.0798 0.0905 0.0844
3−5 0.1133 0.1405 0.1130
3−6 0.0775 0.0314 0.0771
3−8 0.0147 0.0120 0.0152
3−12 0.5032 0.4835 0.5313
3−15 0.1343 0.1044 0.1229
3−21 0.2350 0.2396 0.2500
3−24 0.0173 0.0354 0.0224
4−10 0.0015 0.0018 0.0012
4−13 0.0796 0.0797 0.0884
4−22 0.8691 0.8248 0.9318
4−23 0.2708 0.2474 0.3028
5−9 0.0183 0.0063 0.0126
5−14 0.0340 0.0419 0.0425
5−19 0.1921 0.1774 0.1769
5−25 0.9400 0.9208 0.9604
5−26 0.0137 0.0100 0.0139
6−9 0.0018 0.0014 0.0024
6−14 0.0799 0.0646 0.0970
6−26 1.2352 1.1483 1.2860
7−10 0.3024 0.3044 0.3034
7−13 0.1195 0.1118 0.1216
7−23 0.0017 0.0002 0.0036
8−9 0.1272 0.1307 0.1254
8−14 0.2692 0.1972 0.3089
8−26 0.0052 0.0052 0.0030

Oscillator strength
Transition fl fv B&L
9−12 0.1424 0.1835 0.1253
9−15 0.1001 0.0825 0.0992
9−21 0.0163 0.0198 0.0000
9−24 0.0099 0.0059 0.0098

10−11 0.0837 0.2608 0.0768
10−16 0.0878 0.0897 0.0828
10−17 0.0204 0.0131 0.0220
10−18 0.0472 0.0369 0.0479
11−13 0.0020 0.0012 0.0018
11−20 0.0217 0.0383 0.0155
11−22 0.0623 0.0385 0.0581
11−23 0.0432 0.0072 0.0374
12−14 0.0025 0.0022 0.0044
12−19 0.0441 0.0234 0.0317
12−25 0.0342 0.0872 0.0173
12−26 0.0476 0.0047 0.0406
13−16 0.1330 0.1756 0.1310
13−17 0.0332 0.0324 0.0336
13−18 0.1280 0.0933 0.1294
14−15 0.0110 0.0914 0.0061
14−21 0.2087 0.1887 0.1926
14−24 0.0858 0.0323 0.0922
15−19 0.0903 0.2852 0.0000
15−26 0.0731 0.0620 0.0000
16−20 0.0908 0.4360 0.0631
16−22 0.0160 0.0368 0.0153
16−23 0.0120 0.0013 0.0096
17−23 0.1663 0.3128 0.1405
18−22 0.0598 0.1714 0.0526
18−23 0.0199 0.0474 0.0197
19−21 0.0020 0.0960 0.0016
21−25 0.0980 0.1348 0.0919
21−26 0.0033 0.0009 0.0024
24−26 0.0330 0.0601 0.0365

current work for transition 1–5 in the resonance region, although
at higher energy values they once again agree.

The work of Keenan et al. (1986) provides maxwellian aver-
aged effective collision strengths (see Eq. (5)) with which com-
parison is made in Figs. 6–8. These values are interpolated data
from R-matrix calculations of (Berrington et al. 1985, 1981) for
C ii, Nevii and Sixi. On Figs. 6–8 the fine structure transitions
have been grouped in the same fashion as they were displayed
in Keenan et al. (1986), such that transitions between singlet and
triplet levels are considered together. Therefore in these cases,
the fine structure transitions involved have been summed over.
The graphs in Figs. 6–8 carry labels which correspond to the la-
belling used by Keenan et al. in their paper. These are noted in
Table 5 under “Keenan Labels” and the transitions to which they
correspond using the indices in Table 4 are noted in the column
“Transitions involved”.

As can be seen from Figs. 6–8, for the current calculation,
most of the transitions have experienced an enhancement to-
wards high temperatures when compared to the data of Keenan
et al. (1986). This is due to the fact that the data of Berrington
et al. (1985, 1981) which was interpolated to produce these val-
ues was gained from calculations which involved the lowest
6 LS terms as target states. Using Table 2 this means that the
last target threshold was at an energy of ∼4.6 Ryd and so any
resonant structure beyond this would not be included. However,
from the collision strengths displayed in Figs. 1–5, it is clear that
there is considerable structure beyond this point which can con-
tribute to the Maxwellian averaged effective collision strengths.

There are a few transitions where the values of Keenan et al.
are higher than the current values, for example in “keenan tran-
sition 7” in Fig. 6. This could be due to a finer meshsize be-
ing employed in the current work and so perhaps some broader



C. E. Hudson: Effective collision strengths for e− +Mg ix 701

Table 4. Fine structure energy levels (in Rydbergs) for the current calcu-
lation and the work of Bhatia & Landi (2007), along with the observed
values from NIST.

LS state J-value J-index NIST This work Bhatia

1 2s2 1S 0 1 0.0000 0.0000 0.0000

2 2s2p 3Po 0 2 1.2804 1.2962 1.2880

1 3 1.2906 1.3071 1.2989

2 4 1.3131 1.3293 1.3230

3 2s2p 1Po 1 5 2.4758 2.5632 2.5457

4 2p2 3P 0 6 3.3339 3.4624 3.3727

1 7 3.3458 3.3741 3.3853

2 8 3.3656 3.3954 3.4063

5 2p2 1D 2 9 3.6915 3.7737 3.7742

6 2p2 1S 0 10 4.5530 4.6524 4.6851

7 2s3s 3S 1 11 13.9647 13.9704 13.9410

8 2s3s 1S 0 12 14.1983 14.2070 14.1799

9 2s3p 1Po 1 13 14.5220 14.5346 14.5096

10 2s3p 3Po 0 14 14.5575 14.5603 14.5315

1 15 14.5575 14.5637 14.5351

2 16 14.5575 14.5690 14.5405

11 2s3d 3D 1 17 14.8631 14.9139 14.8462

2 18 14.8643 14.9151 14.8475

3 19 14.8657 14.9169 14.8495

12 2s3d 1D 2 20 15.0776 15.1261 15.0878

13 2p3s 3Po 0 21 15.5839 15.6021 15.5745

1 22 15.5941 15.6128 15.5854

2 23 15.6182 15.6370 15.6102

14 2p3s 1Po 1 24 15.8837 15.8724 15.8453

15 2p3p 1P 1 25 15.9300 15.9550 15.9192

16 2p3p 3D 1 26 15.9970 16.0247 15.9870

2 27 16.0061 16.0362 15.9986

3 28 16.0289 16.0586 16.0214

17 2p3p 3S 1 29 16.1329 16.1608 16.1258

18 2p3p 3P 0 30 – 16.2188 16.1962

1 31 16.2086 16.2288 16.2064

2 32 16.2205 16.2414 16.2198

19 2p3d 1Do 2 33 16.3084 16.3581 16.2968

20 2p3d 3Fo 3 34 – 16.3676 16.2843

35 – 16.3684 16.2660

4 36 – 16.3857 16.3029

21 2p3p 1D 2 37 16.3652 16.4129 16.3892

22 2p3d 3Do 1 38 16.4695 16.5033 16.4619

2 39 16.4744 16.5079 16.4669

3 40 16.4835 16.5166 16.4764

23 2p3d 3Po 2 41 16.5415 16.5892 16.5382

1 42 16.5505 16.5972 16.5461

0 43 16.5553 16.6014 16.5501

24 2p3p 1S 0 44 – 16.7044 16.6815

25 2p3d 1Fo 3 45 16.7189 16.7879 16.7492

26 2p3d 1Po 1 46 16.7815 16.8213 16.7998

resonances are better resolved here, or perhaps an interpola-
tion technique was not adequate for producing data for this ion.

Table 5. Labels for effective collision strengths shown in Figs. 6–8.

Keenan labels Transitions

Index Transition involved

1 2s2 1Se−2s2p 3Po 1−2, 3, 4

2 2s2 1Se−2s2p 1Po 1−5

3 2s2 1Se−2p2 3Pe 1−6, 7, 8

4 2s2 1Se−2p2 1De 1−9

5 2s2 1Se−2p2 1Se 1−10

6 2s2p 3Po
0−2s2p 3Po

1 2−3

7 2s2p 3Po
0−2s2p 3Po

2 2−4

8 2s2p 3Po
1−2s2p 3Po

2 3−4

9 2s2p 3Po−2s2p 1Po 2, 3, 4−5

10 2s2p 3Po
0−2p2 3Pe

0 2−6

11 2s2p 3Po
0−2p2 3Pe

1 2−7

12 2s2p 3Po
0−2p2 3Pe

2 2−8

13 2s2p 3Po
1−2p2 3Pe

0 3−6

14 2s2p 3Po
1−2p2 3Pe

1 3−7

15 2s2p 3Po
1−2p2 3Pe

2 3−8

16 2s2p 3Po
2−2p2 3Pe

0 4−6

17 2s2p 3Po
2−2p2 3Pe

1 4−7

18 2s2p 3Po
2−2p2 3Pe

2 4−8

19 2s2p 3Po−2p2 1De 2, 3, 4−9

20 2s2p 3Po−2p2 1Se 2, 3, 4−10

21 2s2p 1Po−2p2 3Pe 5−6, 7, 8

22 2s2p 1Po−2p2 1De 5−9

23 2s2p 1Po−2p2 1Se 5−10

24 2p2 3Pe
0−2p2 3Pe

1 6−7

25 2p2 3Pe
0−2p2 3Pe

2 6−8

26 2p2 3Pe
1−2p2 3Pe

2 7−8

27 2p2 3Pe−2p2 1De 6, 7, 8−9

28 2p2 3Pe−2p2 1Se 6, 7, 8−10

29 2p2 1De−2p2 1Se 9−10

“Keenan transition 28” is the only one which is vastly disturb-
ing. This corresponds to transitions 6–10, 7–10 and 8–10 in the
current work, i.e. 2p2 3P (J = 0, 1, 2)–2p2 1S, which have been
summed over in order to compare with the Keenan et al. (1986)
value. The effective collision strength of Keenan et al. (1986)
has values in the range 3.27–3.31 whilst the current work peaks
at ∼0.1. The collision strengths for the transitions involved agree
well with values from the Distorted Wave calculation of Bhatia
& Landi (2007) and comparing the collision strengths for tran-
sitions 6–10, 7–10 and 8–10 with transitions 6–9, 7–9 and 8–9
(see Figs. 4 and 5), each is certainly smaller in magnitude (i.e.
comparing 6–10 with 6–9 etc.). Therefore one would expect
the effective collision strengths for transitions 6–10, 7–10 and
8–10 to be smaller than those of transitions 6–9, 7–9 and 8–9
and hence their summed values, meaning that “keenan transi-
tion 28” should be smaller than “keenan transition 27”. Thus it
is suspected that the Keenan et al. (1986) data is in error for this
transition.
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Fig. 1. Collision strengths as a function electron impact energy in Rydbergs (see Table 4 for explanation of labels). Solid line is the Current
R-matrix calculation and the circles are values from the work of Bhatia & Landi (2007).
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Fig. 2. Collision strengths as a function electron impact energy in Rydbergs (see Table 4 for explanation of labels). Solid line is the Current
R-matrix calculation and the circles are values from the work of Bhatia & Landi (2007).
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Fig. 3. Collision strengths as a function electron impact energy in Rydbergs (see Table 4 for explanation of labels). Solid line is the Current
R-matrix calculation and the circles are values from the work of Bhatia & Landi (2007).
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Fig. 4. Collision strengths as a function electron impact energy in Rydbergs (see Table 4 for explanation of labels). Solid line is the Current
R-matrix calculation and the circles are values from the work of Bhatia & Landi (2007).
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Fig. 5. Collision strengths as a function electron impact energy in Rydbergs (see Table 4 for explanation of labels). Solid line is the Current
R-matrix calculation and the circles are values from the work of Bhatia & Landi (2007).

There is excellent agreement between the Keenan et al.
(1986) values and the current work for “Keenan” transitions 2,
11, 13, 14, 15, 17, 18, 22 and 23. These transitions are allowed
in terms of L, S , J and π changes.

Table 6, available at CDS, gives the non-zero fine structure
effective collision strength data for the 1035 transitions pro-
duced in this calculation and contains the following information:
Col. 1 lists the transition index noted as i − j (initial–final level)
where the levels are given in the accompanying table and cor-
respond to those in Table 4. For example, 2–5 denotes the tran-
sition 2s2p 3Po

0–2s2p 1Po
1. The remaining columns list the effec-

tive collision strengths for each transition at logarithmic electron
temperatures log10 Te(K)= 3.0–7.0 in steps of 0.2 dex.

4. Conclusions

Effective collision strengths for forbidden and allowed transi-
tions in the electron impact excitation of the Mg ix ion have been

calculated. The atomic data are evaluated for the electron tem-
perature range log10 Te(K)= 3.0–7.0 and for transitions among
the lowest 26 LS states of Mg ix, corresponding to 46 fine struc-
ture levels and 1035 individual fine structure transitions. Whilst
the overall accuracy is difficult to assess, we expect the current
data to have an accuracy of 10%. These calculations provide the
first close-coupling evaluations of collision strengths for this ion.
Differences exist between the current values and effective colli-
sion strengths from previous evaluations.

The effective collision strengths are available at the CDS
or alternatively the collision strength and effective collision
strength data over the temperature range log10 Te(K)= 3.0–7.0
(in steps of 0.1 dex) are available, by contacting the author or
via the website http://www.am.qub.ac.uk/apa/data.
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Fig. 6. Transitions 1–10: effective collision strengths as a function log electron temperature (see Table 5 for explanation of labels). Solid line is the
Current R-matrix calculation and the dashed line gives the extrapolated values from Keenan et al. (1986).
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Fig. 7. Transitions 11–20: effective collision strengths as a function log electron temperature (see Table 5 for explanation of labels). Solid line is
the Current R-matrix calculation and the dashed line gives the extrapolated values from Keenan et al. (1986).
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Fig. 8. Transitions 21–29: effective collision strengths as a function log electron temperature (see Table 5 for explanation of labels). Solid line is
the Current R-matrix calculation and the dashed line gives the extrapolated values from Keenan et al. (1986).
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