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ABSTRACT

We present results for the electron-impact excitation of all Li-like ions from Be* to Kr*** which we obtained using the radiation- and
Auger-damped intermediate-coupling frame transformation R-matrix approach. We have included both valence- and core-electron
excitations up to the 1525/ and 152141’ levels, respectively. A detailed comparison of the target structure and collision data has been
made for four specific ions (O°*, Ar'>*, Fe?** and Kr***) spanning the sequence so as to assess the accuracy for the entire sequence.
Effective collision strengths (I's) are presented at temperatures ranging from 2 x 10?(z + 1)> K to 2 x 10°(z + 1)*> K (where 7 is the
residual charge of the ions, i.e. Z — 3). Detailed comparisons for the Y's are made with the results of previous calculations for several
ions which span the sequence. The radiation and Auger damping effects were explored for core-excitations along the iso-electronic
sequence. Furthermore, we examined the iso-electronic trends of effective collision strengths as a function of temperature.
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1. Introduction

Li-like ions are of importance both in astrophysics and in the-
oretical and experimental atomic physics. Satellite lines aris-
ing from transitions of the type 1s2Inl’ — 1s?2] (where the
generation of 1s2/nl’ states could be from dielectronic recom-
bination of He-like ions or inner-shell excitation of Li-like
ions), were observed in solar flare spectra by the Rentgenowsky
Spektrometr s Izognutymi Kristalami (RESIK) instrument on
the Russian CORONAS-F mission, launched on 2001 July 31
(Phillips et al. 2006). These satellite lines complicate the analy-
sis of the spectrum around the He-like transition lines but they
are important diagnostics of the electron density and tempera-
ture of a plasma (Phillips et al. 2006; Nahar et al. 2009; Oelgoetz
et al. 2009, and references therein). Atomic data for the dielec-
tronic recombination process populating the 1s2/nl’ levels has
been reported by Bautista & Badnell (2007).

For the case of outer-shell transitions, some n = 2 — 2 tran-
sition lines in Mg?*—Ni?>* were recorded in the early solar flare
observation by Widing & Purcell (1976). These have been ex-
tensively used in a variety of diagnostic applications, for which
accurate atomic data are needed.

The group of Sampson carried-out early work to pro-
vide comprehensive atomic data for Li-like ions using the
non-resonant relativistic distorted-wave (DW) method. Zhang
et al. (1990) calculated collision strengths (Q) for n =
2 — n = 3,4,5 excitations for the 85 ions with nuclear
charge number Z: 8 < Z < 92. These data are still ex-
tensively used by current astrophysical modelling codes, e.g.
CHIANTI v6 (Dere et al. 2009). Sampson and co-authors

* These data are made available in the archives of APAP via
http://www.apap-network.org, OPEN-ADAS via
http://open.adas.ac.uk, as well as anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?]/A+A/528/A69
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(1985a,b; Zhang et al. 1986; Goett & Sampson 1983) reported
the collision strengths of inner-shell (n < 3) excitations in the
Li-like ions with Z: 6 < Z < 74. These were obtained using a
Coulomb-Born-Exchange (CBE) method. Their data is the main
source used by CHIANTI v6 to model the satellite lines of He-
like ions.

We turn next to R-matrix calculations, which take account
of resonances normally omitted by the DW and CBE methods.
Berrington & Tully (1997) calculated the valence-electron im-
pact excitation of Fe?** (up to n = 5) using the Breit-Pauli
R-matrix method. Gorczyca & Badnell (1996) demonstrated sig-
nificant reduction of the resonance contribution due to radi-
ation damping in the K-shell excitation of Fe?* and Mo*'*.
Subsequently, Ballance et al. (2001) performed a Breit-Pauli
R-matrix calculation including radiation damping for the inner-
shell excitations (1snl — 1s2ln’l’, where n,n’ < 3) in Fe?**
and Fe?**. Furthermore, taking Auger damping into account,
Whiteford et al. (2002) performed new calculations for these
(to n = 3) inner-shell excitations in Ar'>* and Fe?*, using
an intermediate-coupling frame transformation (ICFT) R-matrix
method. A complete excitation dataset for the Ar'>* and Fe?**
ions was presented in their work by incorporating data from a
separate calculation for outer-shell excitations up to levels of
the n = 5 complex. There appears to be no previous inner-
shell electron-impact excitation work using the close-coupling
method for all other ions in this iso-electronic sequence.

For valence-electron excitations, Griffin et al. (2000) carried-
out LS-coupling R-matrix with pseudo-states (RMPS) calcula-
tions for C>* and O°*. Similar calculations for Be* (n < 5)
were performed by Ballance et al. (2003). Aggarwal and co-
authors (2004a,b, 2010) reported results for n < 5 for N**, O,
F*, Ne’*, Na®*, Ar'>* and Fe?** which were obtained by using
the Dirac R-matrix method as implemented in DARC.

Here, we report-on calculations for the electron-impact ex-
citation of the Li-like iso-electronic sequence ions from Be* to
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Kr*3* which were made using the ICFT R-matrix method. The
main focus of the present work is on the inner-shell transitions
to n = 4 which contribute to the population of the upper levels
(1s2inl’) of the He-like satellite lines. Separate outer-shell calcu-
lations were made which went up ton = 5.

This paper is one of our series of works on iso-electronic
sequences: F-like, Witthoeft et al. (2007), Ne-like, Liang &
Badnell (2010), Na-like, Liang et al. (2009a,b). This work is part
of the UK Atomic Processes for Astrophysical Plasmas (APAP)
network .

The remainder of this paper is organized as follows. In
Sect. 2, we discuss details of the calculational method and pay
particular attention to comparing our underlying atomic struc-
ture results with those of previous workers. The model for scat-
tering calculation is outlined in Sect. 3. The excitation results
themselves are discussed in Sect. 4.

2. Sequence calculation

The aim of this work is to perform R-matrix calculations em-
ploying the ICFT method (see Griffin et al. 1998) for all Li-like
ions from Be* to Kr*3*. Our approach to the valence- and core-
excitation data is to perform the two calculations independently
and later merge the effective collision strengths (T') back to-
gether into a single dataset for each ion.

The reason for this approach is that the number of R-matrix
continuum basis orbitals required increases with box size (which
scales as n?) and also with scattering energy. Inner-shell excita-
tions require a large scattering energy and n = 5 gives rise to a
large box size. The two together result-in too large an (N + 1)-
electron Hamiltonian for Auger plus radiation damped R-matrix
calculations along an entire sequence. There are also numerical
stability issues when the number of continuum basis orbitals ex-
ceeds 100 per orbital /.

The close-coupling (CC) and configuration interaction (CI)
expansions used consist of the 152{2, 3,4,5}1 (14 LS terms,
24 fine-structure levels) and 1s%{2, 3,4}, 1s21{2,3,4}’ (89 LS
terms, 195 fine-structure levels) configurations for the valence-
and core-excitation calculations, respectively.

2.1. Structure: level energies

The target wavefunctions (1s—5g) were obtained from au-
TOSTRUCTURE (AS, Badnell 1986) using the Thomas-Femi-Dirac-
Amaldi model potential. Relativistic effects were included per-
turbatively from the one-body Breit-Pauli operator (viz. mass-
velocity, spin-orbit and Darwin) without valence-electron two-
body fine-structure operators. This is consistent with the opera-
tors included in the standard Breit-Pauli R-matrix suite of codes.
The radial scaling parameters, A,; (n = 1-5; 1 € s,p,d, and f,
were obtained separately for each ion by a two-step optimiza-
tion procedure. In the first step, the energy of the 1s>2/ was min-
imized by varying the A, A2 and Az, scaling parameters. Then,
the energy of the 1s%{3, 4, 5}/ configurations was minimized by
varying the A;3 4 5y scaling parameters. In the calculation includ-
ing doubly-excited configurations, the energy of the 1s2{3,4}
configurations was minimized by varying the A3 4y scaling pa-
rameters. In order to maintain consistency and so as not to intro-
duce arbitrary changes along the sequence, the optimization pro-
cedure is done automatically in AUTOSTRUCTURE without any man-
ual re-adjustment. The resultant scaling parameters are listed in

! http://www.apap-network.org
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Table 1. We took Asg to be unity since it is insensitive to opti-
mization and the atomic structure itself is insensitive to it.

A comparison of level energies is made with the experi-
mentally derived data available from the compilation of NIST
v32 and with other theoretical results for several specific ions
(0>, Ar'>*, Fe?*, and Kr*?) spanning the sequence so as to
assess the accuracy of our present structure over the entire iso-
electronic sequence — see (the composite) Table 2. The low-lying
level energies of all ions agree to within about 1%. The present
calculations also show a good agreement (1%) with previous re-
sults obtained by using Grasp (Aggarwal et al. 2004a,b, 2010)
and the Dirac-Fock-Slater method (Zhang et al. 1990) for O,
Ar'>* and Fe?* 3. It should be noted that there can be large
factor differences in energy separations between closely-spaced
levels arising from different configurations, e.g. 5f;—5g ; etc. For
higher-lying levels, our energies differ from NIST’s by at most
0.5% (see Table 2). Checks with AS calculations including both
the two-body fine-structure and quantum-electrodynamic (QED)
effects revealed the two-body fine-structure contribution to be
negligible when compared with those of QED for these Li-like
ions. (Two-body fine-structure and QED operators have not yet
been incorporated into the present R-matrix codes, but such work
is in progress — Eissner, private communication.)

2.2. Structure: line strength S

A further test of our structure calculation is to compare line
strengths (S ;; for a given i « j transition). In terms of the tran-
sition energy Ej; (Ryd) for the j — i transition, the absorption
oscillator strength, f;;, can be written as

= =S, 1
Jij 39; (D

and the transition probability or Einstein’s A-coefficient, A j;, as

l 59
Aj(au) = 5“3Z_jE5ifff’ @
where a is the fine structure constant, and g;, g; are the statistical
weight factors of the initial and final states, respectively. Table 3
shows a comparison of line strengths for the most prominent
satellite lines (Gabriel 1972) for several ions (O>*, Ar'>*, Fe?3*
and Kr?3*) spanning the sequence.

To-date, the Li-like inner-shell line-strength data (n = 2p —
1s) calculated by Goett & Sampson (1983) is the main source
of data used in astrophysical modelling. So, a comparison with
their results, and others, has been made to assess the present
structure results for S over the iso-electronic sequence — see
Table 3. For O°*, results for most (76%) of the listed transi-
tions agree to within 15% . For Ar'>*, there is good agreement
with Goett & Sampson (1983) — about 86% of transitions are
within 15%. The present results also show excellent agreement
with the data of Whiteford et al. (2002) also obtained using
AUTOSTRUCTURE. For Fe?**, almost all transition lines show ex-
cellent agreement (to within 5%) with the results of Whiteford
et al. (2002) except for the s-line — there is somewhat of a spread
of results for this line. Most of transitions (64%) show agree-
ment to within 15% between the present AS and the multicon-
figuration Dirac-Fock (MCDF) calculation of Chen (1972), in
which the Breit and QED contributions have been included in

2 http://physics.nist.gov/PhysRefData/ASD/index.html

3 For conciseness, the Grasp results (McKeown et al. 2004b) for Fe

are not listed in Table 2 but the comparison is very similar to Ar'>*.
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Table 3. Comparisons of line strengths S for K-shell transitions in ions (O%*, Ar!>*, Fe?** and Kr*3*) spanning sequence.

05+ Ar15+ Fez3+ Kr33+
Label i—j present GS83” present WBB02® GS83“ present WBB02®> MCDF® BMKO03? present GS83
v 1-26  2.45-7 2747  7.82-6 7.64-6 8.06-6  2.52-5 2.46-5 3.16-5 3.23-5 4.36-5 4.73-5
u 1-27  1.24-6  1.39-6 4455 4.36-5 4.63-5 1.73-4 1.69-4 2.00-4 2.01-4 3.54-4  3.85-4
1-28  8.22-9 5.36-8 5.68-8  1.17-7 1.19-7 2.26-7
r 1-29  2.64-2 281-2 5133 5.24-3 5.09-3  1.85-3 1.88-3 1.85-3 1.92-3 6.15-4  6.22-4
q 1-30 5322 5.70-2 1.19-2 1.21-2 1.24-2  5.87-3 5.86-3 5.64-3 5.99-3 2.66-3  2.94-3
t 1-32 3.10-3  3.38-3 1.22-3 1.12-3 1.45-3  1.17-3 1.13-3 1.06-3 1.18-3 8.72-4  1.01-3
S 1-34  579-3 5963 7.72-4 6.15-4 6.99-4  6.29-5 3.34-5 4.08-5 5.29-5 4.64-5 3.08-5
p 2-25 6.59-4  5.154 1.24-4 1.24-4 1.11-4  6.20-5 6.17-5 5.52-5 6.20-5 3.54-5 3.37-5
i 2-31  4.89-7 5.15-7  2.10-5 2.07-5 2.17-5  1.144 1.12-4 1.28-4 1.41-4 2934 3.18-4
g 2-33  7.63-9 4.28-7 4.23-7 5.43-7  1.37-6 1.34-6 4.42-7 5.82-7 220-6  2.49-6
k 2-36 2482 2712  7.133 7.10-3 7.27-3  3.88-3 3.86-3 3.78-3 4.01-3 2.01-3 2223
d 2-37 2982 3172 6.76-3 6.77-3 7.03-3  3.32-3 3.31-3 3.17-3 3.39-3 1.46-3  1.60-3
b 2-39 1362 1.48-2 1.27-3 1.30-3 1.47-3  1.50-4 1.55-4 9.58-5 1.23-4 1.30-5  1.53-5
n 2-40 4.07-3  4.50-3  5.23-4 5.21-4 4.89-4  6.22-5 6.10-5 6.77-5 6.46-5 1.47-6  9.32-7
o 3-25 1.30-3  1.01-3 1.97-4 1.98-4 1.73-4  6.35-5 6.34-5 5.64-5 6.42-5 1.56-5 1.47-5
3-28 7.71-10 3.52-9 3.87-9 1.30-8
h 3-31  149-8 5228 7.71-7 8.08-7 1.25-6  1.11-6 1.16-6 8.29-7 5.95-7 6.93-8  2.40-7
f 3-33  1.53-6 131-6  3.76-5 3.67-5 3.59-5  9.93-5 9.75-5 1.26-4 1.38-4 1.36-4  1.45-4
e 3-35 3.18-6  3.28-6 1.30-4 1.27-4 1.31-4  5.88-4 5.75-4 6.17-4 6.96-4 9.42-4  1.02-3
1 3-36  3.49-3 4393 3546 1.53-6 3.84-6  3.89-4 3.79-4 4.89-4 4.68-4 4.52-4 4744
c 3-37  147-2 1552 2733 2.72-3 2.70-3  1.00-3 9.90-4 9.83-4 1.03-3 4.26-4  4.51-4
j 3-38 4.23-2  4.72-2 9293 9.26-3 9.70-3  3.95-3 3.94-3 3.81-3 3.95-3 1.35-3  1.50-3
a 3-39  7.54-2  7.95-2 1.69-2 1.69-2 1.74-2  7.64-3 7.61-3 7.19-3 7.74-3 3.49-3  3.85-3
m 3-40 8.55-3  9.71-3  2.37-3 2.39-3 2.58-3 1473 1.48-3 1.40-3 1.52-3 8.33-4  9.30-4

Notes. Transition labels from Gabriel (1972). Note: x + y = x x 10*¥. Index numbers i, j are ID number in Fe?**. ¥ Refers to the work of Goett &
Sampson (1983) using the Dirac-Fock-Slater method. ) Refers to the work of Whiteford et al. (2002). © Refers to the work of Chen (1972) using
the multiconfiguration Dirac-Fock method (MCDF). () Refers to the work of Bautista et al. (2003) using AUTOSTRUCTURE with relativistic two-body
operators in single- and double-excited levels of the n = 3 complex and term-energy-corrections.

the transition energy. Bautista et al. (2003) took the relativistic
two-body operator and term-energy corrections (TECs) into ac-
count in their AUTOSTRUCTURE calculation, resulting-in their line
strengths being slightly larger than the present AS ones. Yet, they
are still within 15% for most transitions (63%). For the highly-
charged ion, Kr33*, 73% of transitions agree to within 15% with
the results of Goett & Sampson (1983).

Furthermore, a comparison of the line strength has been
done here for outer-shell (dipole) transitions of ions span-
ning the sequence, see Fig. 1. For O°*, the data of Zhang
et al. (1990) is still the main source for astrophysical mod-
elling and 66% of available transitions agree to within 5%
of the present results. An excellent agreement is obtained be-
tween the present results and those of the Grasp calculation by
Aggarwal & Keenan (2004a): 97% of available dipole transi-
tions agree to within 5%. For Ar!'>*, a comparison with the
previous AS (Whiteford et al. 2002) and Grasp calculations
(McKeown et al. 2004b) has been made: around 93% and 81%,
respectively, of available transitions agree to within 5%. For
Fe?**, 98% of available outer-shell transitions from the ADAS
database* (Whiteford et al. 2002) show agreement to within 5%.
The present AS calculation also shows good agreement with the
GRrAsP calculation performed by McKeown et al. (2004b) — 75%
of available transitions show agreement to within 5%. For K33+,
somewhat worse agreement appears with the results of Zhang
et al. (1990) which were obtained using Dirac-Slater atomic-
structure approach. However, there are still about 57% of avail-
able transition showing agreement to within 10%.

4 http://www.adas.ac.uk
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Thus, we believe that the atomic structure of the ions span-
ning the sequence is reliable, and expect the uncertainty in
collision strengths (Qs) due to inaccuracies in the target struc-
ture to be correspondingly small.

3. Scattering

As demonstrated for inner-shell excitations of the Na-like iso-
electronic sequence, including the astrophysically abundant
Fels*, (Liang et al. 2008, 2009b) and the Li-like ions Arls*
and Fe?** (Ballance et al. 2001; Whiteford et al. 2002), the
radiation- and Auger-damping effects significantly reduce the
resonant enhancement of the collision strengths. In the Na-like
iso-electronic sequence, the Auger damping effect was found to
be the dominant damping mechanism over the entire sequence
although the radiation damping increased quickly with increas-
ing nuclear charge. The radiation- and Auger-damping effects
have been incorporated into the present ICFT and Breit-Pauli
R-matrix suite code via a complex optical potential as detailed by
Gorczyca & Robicheaux (1999) and Robicheaux et al. (1995).
For clarity, we give a brief description of the two damping ef-
fects for the specific case of Li-like ions. Over the sequence
Be*—Kr¥3*, the four-electron resonance configurations are of the
form 1s[2s, 2p][2s — 4f]nl, and they can decay via the following
channels:

1s[2s, 2p][2s — 4flnl — 1s*[2s — 4f] + e 3)
— 1s’nl+e” 4)
— 1s%[2s, 2p][2s — 4f] + hv 6)
— 18%[2s — 4f|nl + hv. (6)
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The participator KLrn/KMn/KNn Auger channel (Eq. (3)) scales
as n~> and is automatically described in the R-matrix method by
the contribution to the close-coupling expansion from the right-
hand side of Eq. (3). However, the spectator KLLL/KLM/KLN
Auger pathway (Eq. (4)) is independent of n and only low-n
resonances (n < 4 here) are included explicitly in the close-
coupling expansion. The higher-n are accounted-for by the com-
plex optical potential which acts as a loss mechanism. The last
two channels, Egs. (5) and (6), represent radiation damping.

Our ICFT R-matrix calculations employed 40 (core-
electron excitation) or 60 (valence-electron excitation) contin-
uum basis orbitals per angular momentum to represent the
(N + 1)th-electron, over most of the sequence. For lower-
charged ions, the number of continuum basis orbitals was in-
creased. For example, the values were 46 and 65 in B%* for the
valence- and core-electron excitations, respectively. All partial
waves from J = 0 to 41 were included explicitly and contri-
butions from higher J-values were included using a “top-up”
procedure (Burgess 1974; Badnell & Griffin 2001). The con-
tributions from partial waves up to J = 10 were included in
the exchange R-matrix, while those from J = 11 to 41 where
included via a non-exchange R-matrix calculation. For the ex-
change calculation, a fine energy mesh (less than 0.005 Ryd,
and even finer to 0.0002 Ryd for lower-charged ions) was used
to resolve the majority of narrow resonances below the high-
est excitation threshold, which has been tested to be sufficient
for the convergence of the effective collision strength. From just
above the highest threshold excitation to a maximum energy of
ten times the ionization potential for each ion, a coarse energy
mesh (1.0 x 107222 Ryd, where z = Z — 3 is the residual charge
of ion) was employed. For the non-exchange calculation, a step
of 1.0 x 107272 Ryd was used over the entire energy range.

McKeown et al. (2004b). The
horizontal dashed lines corre-
spond to agreement within 5%.
[Colour online]

We then used the infinite energy Born limits (non-dipole al-
lowed) and line strengths (dipole allowed) from AUTOSTRUCTURE
so that higher energy reduced collision strengths (Q), as defined
by Burgess & Tully (1992), can be found from interpolation in
Burgess-Tully space for all additional higher energies. The ef-
fective collision strengths at 13 electron temperatures ranging
from 2 x 10%(z + 1)> K to 2 x 10°(z + 1)? K are produced as the
end product. The data were stored in the ADAS adf04 format
(Summers 2004).

A separate Breit-Pauli DW calculation has been done for
Fe?** to study the importance of the effect of resonance en-
hancement. We find that it is still significant and widespread
after Auger-plus-radiation damping has been taken into ac-
count. The DW approach has recently been incorporated into the
AUTOSTRUCTURE code by Badnell (2011, see also AUTOSTRUCTURE
code-log in APAP website!). It is self-consistent with the present
R-matrix ICFT method in its calculation of the target structure.

4. Results and discussions

4.1. Comparisons with previous calculations
for core-excitations

The present ICFT R-matrix results are compared with those of
previous works for four ions (0°*, Ar’>*, Fe®* and Kr***) which
span the range of calculated data for this iso-electronic sequence.
Here we select a few inner-shell transition lines to test the ac-
curacy of the present ICFT R-matrix calculations. An extensive
comparison (all available excitation data from the ground level
1s*25 2S;),) between the present ICFT R-matrix and previous
calculations has been made for the four ions to check the broad
accuracy and the resonant enhancement (when compared with
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Fig.2. Comparison of collision strengths  from the present ICFT R-matrix calculation in with those of Goett & Sampson (1983). a) O*:
15225 28/, — 15252p *P3» excitation (u line in Table 3); b) Ar'>*: 15?25 %S, — 1s2p? 2Py, excitation (1-37, ID is as list in Table 2); ¢)
Fe?3*: 1s22s 2§, 5 — 1s2s2p 2p, ,2 excitation (r line in Table 3). AS-DW corresponds to the present Breit-Pauli distorted-wave calculation us-
ing autosTRUCTURE; d) Kr¥3*: 1522p 2P, — 152p* 2Ds; excitation (k line in Table 3). [Colour online]

distorted-wave data) of the present ICFT R-matrix data. Earlier
sequence calculations of core-electron impact excitation from
the 1s%{2, 3)I states were by Goett & Sampson (1983, hereafter
GS83) and Sampson et al. (1985b) using the Coulomb-Born ex-
change method.

Strong resonances appear as expected for forbidden tran-
sitions, which significantly enhances the effective collision
strengths over the temperature range 103(z + 1)>-10°(z +
1)2 K. We also find strong Auger and radiation damp-
ing effects on the Q/Y for this transition, that will be dis-
cussed in detail later. At higher temperatures, the resonance

- O’ To-date, there is no R-matrix calculation available for contribution to the present R-matrix results becomes negli-

this ion. The background of the ordinary collision strength
Q of the present ICFT R-matrix calculation agrees well with
that from the Coulomb-Born exchange method by Goett &
Sampson (1983), as shown in Fig. 2 for the 1s2s2p *Ps),
— 1s22s 251/2 transition line (the u line in Table 3). The
resultant effective collision strengths () are in agreement
to within 10% over the entire temperature range, which
is due to the scarce and weak resonances left after the
Auger-plus-radiation damping has been taken into account.
The undamped T is higher than the results of Goett &
Sampson (1983) by ~20-35% for the temperature range
4x10%z+ 1)>-4 x 103z + 1)* K.

Ar'>* A weak non-dipole transition line, due to 1s2p? 2Py,
— 15?25 2Sy,;, was selected for this ion. Figure 2b
demonstrates that the background of the present calculation
agrees well with the results of Goett & Sampson (1983).
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gible, which leads-to good agreement with those of Goett
& Sampson (1983). In a comparison with previous R-matrix
data (Whiteford et al. 2002), our results with Auger-plus-
radiation damping also show a good agreement over the en-
tire temperature range, see Fig. 3b.

A complete dataset from Whiteford et al. (2002) is avail-
able from the OPEN-ADAS database’. Thus we have made
an extensive comparison (all core-excitation data from the
15?21 states) with them at the temperature (5.0 x 10° K)
of peak Ar'>* fractional abundance in equilibrium (Bryans
et al. 2009), as well as at a lower (5.0 x 10° K) and
a higher (2.0 x 107 K) temperature. In this comparison,
we adopt the configuration, total angular momentum, and
energy ordering as the “good” quantum numbers to match

> http://open.adas.ac.uk
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the transitions from the two different calculations. Recall,
Whiteford et al. (2002) did not include any n = 4 states.
We find that the Y results for 73% of core-excitations agree
to within 20% at T. = 5.0 x 10 K. This slightly large dif-
ference between the two calculations with same method, is
attributed to the different atomic models (n = 3 vs. n = 4).
There are 88% of core-excitations to n = 2 levels showing
agreement to within 20%, whereas the percentage is about
70% for core-excitations to n = 3 levels. This is consis-
tent with the expectation that the influence of n = 4 states
is stronger for the core-excitations to n = 3 thanto n = 2.
At the low and high temperatures, the percentage is 59% and
78%, respectively.

— Fe?* A strong transition (the r line), due to 1s2s2p 2Py
— 1522525, /2, was selected for this ion. The ordinary col-
lision strength Q of Goett & Sampson (1983) shows a good
agreement with the background of the present ICFT R-matrix
calculation, as well as the present Breit-Pauli DW calcu-
lation using AUTOSTRUCTURE (AS-DW), see Fig. 2. For this
ion, earlier R-matrix excitation data is available (Ballance
et al. 2001; Whiteford et al. 2002). The present radia-
tion damped calculation agrees well with the smaller-scale
calculation by Ballance et al. (2001, see Fig. 7a in their
work). Their corresponding Maxwellian-averaged T is also
in agreement with the present Auger-plus-radiation damping
results and with those likewise of Whiteford et al. (2002).
Due to the weak resonance contribution for this excitation,
the calculation from the Coulomb-Born exchange method
(GS83) also agrees well with the result of R-matrix calcu-
lation, see Fig. 3.

A complete dataset of Whiteford et al. (2002) is avail-
able from the OPEN-ADAS database®. Thus we make
an extensive comparison as just done for Ar'>* at three
temperatures (2.0 x 10% K, 2.0x 107 K and 1.0 x 10% K). The

1s22s 281, — 15252p 2Pyj;
d) Kr¥*: 1s?2p 2Py, — 1s2p?
Ds,. [Colour online]

percentage agreements are 68%, 78% and 81% at the low,
middle (corresponding to peak abundance) and high temper-
atures, respectively.

— Kr¥* Another satellite line (the k line in Table 3) is selected
to test the accuracy of the present calculation. Figure 2 dis-
plays that the background of the present ICFT R-matrix re-
sults is slightly lower than the Coulomb-Born exchange re-
sults of Goett & Sampson (1983) by ~10%. This mirrors the
reduction of the line strength demonstrated in Table 3. The
resulting effective collision strengths agree with those from
the Coulomb-Born exchange approach to within ~10% over
the entire temperature range, which is due to the scarcity
of resonances for this satellite (k) line following damping.
Auger-plus-radiation damping is significant for this line (see
Fig. 2) and so the final damped resonance contribution is not
significant for the effective collision strength at any temper-
ature.

From the above comparison for the four specified ions (O°*,
Ar'>*, Fe?* and Kr¥3*) spanning the sequence, we believe that
the present ICFT R-matrix results (2 and ) are reliable. For
ions near neutral (below O>*), R-matrix with pseudostates cal-
culations are needed to consider ionization loss in the excitation,
but the present are the best data to be made available to-date for
these inner-shell transitions.

4.2. Comparisons with previous calculations
for valence-excitations

As mentioned in the introduction, most available valence-
excitation data is from the (relativistic) distorted-wave method
(Zhang et al. 1990). We select one dipole transition line
(1524p 2p, 2 = 15225 28, ,2) and one non-dipole transition line
(1s?4d D35 — 15?25 2Sy)2) to test the accuracy of the present
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Fig. 4. Collision strengths Q from the present ICFT R-matrix calculation and DW data (Zhang et al. 1990) for the dipole 1s?4p Py, — 15?25 %S,
transition (left) and non-dipole 1s24d 2D3/, — 1s?2s S, transition (right) of ions (O%*, Ar'>*, Fe?** and Kr***) spanning the sequence. Note: The
scattered electron energy is in unit of z? Ryd (z is the residual charge). [Colour online]

ICFT R-matrix calculations, see Fig. 4. The background of the
collision strength Q agrees well with the distorted-wave calcu-
lation for ions (O°*, Ar'>*, Fe?** and Kr***) spanning the se-
quence.

For the cosmic abundant ion Fe?3*, various R-matrix calcu-
lations including Breit-Pauli (Berrington & Tully 1997), ICFT
(Whiteford et al. 2002) and parc (McKeown 2005) are available.
In the results of Whiteford et al. (2002), McKeown (2005, see
Figs. 7.13-7.16) noticed that there are strong resonances, res-
onance shifts and background enhancement around thresholds
for some outer-shell transitions when compared with her parc
calculation. The ordinary and effective collision strengths for
1s24d D3/, — 1s%4d ?Ds), are shown in Fig. 5 to illustrate this
problem. A hard-copy comparison of  indicates that the present
ICFT R-matrix calculation agrees well with the parc calculation
by McKeown (2005) — electronic results for McKeown (2005)
are not available — which is confirmed by the effective colli-
sion strength T, see the inset panel. The numerical problem
in the work of Whiteford et al. (2002) has been traced to the
treatment of the inner-region exchange integrals for high-L par-
tial waves. The problem and solution is discussed in detail by
Berrington (2006) and was incorporated into the Breit-Pauli R-
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matrix codes at the time (2006) — the ICFT method uses the
standard inner-region Breit-Pauli codes. Moreover, an extensive
comparison (see Table 4°) has been made for transitions with
a large disagreement as reported by McKeown (2005) and they
show good agreement between the present ICFT and parc calcu-
lations. This demonstrates that the present results for outer-shell
excitations are reliable for diagnostic modelling application.

A complete set of effective collision strengths for O°* ob-
tained using pARc (Aggarwal & Keenan 2004a) is available elec-
tronically. Comparison with the present results shows agree-
ment to within 20% for 97% of all excitations at the tempera-
ture (T, = 3.2 x 10° K) of peak fractional abundance in equi-
librium (Bryans et al. 2009). This provides further support that
the present results are reliable over the sequence. For ions near
neutral, viz. C**, Griffin et al. (2000) performed an LS-coupling
R-matrix with 32 pseudostates (5s, 5p, 5d, 5f --- 12s, 12p, 12d
and 12f) calculation to determine ionization loss in the valence-
excitations, and found the reduction of the effective collision
strengths to be less than 10% for excitations up to n = 3. For ex-
citations to the n = 4 shell, the pseudostate results are typically

¢ Different energy meshes are used around threshold in the two calcu-
lations, present: 107z% Ryd (z = 23 in Fe?**); parc: 5.0 x 10™* Ryd.
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Table 4. Comparisons of effective collision strength T for Fe?** from the parc calculation of McKeown (2005), the present ICFT and the previous

ICFT by Whiteford et al. (2002, WBB02).

1.15x10° K 1.15x107 K 5.76x107 K

Transitions DARC ICFT  WBBO02 DARC ICFT WBBO02 DARC ICFT  WBBO02
2p 2P1/2—4p 2P3/2 2.41-3  3.39-3 7.09-3 1.24-3  1.28-3 1.31-3 8.21-4 8.194 8.38-4
2p 2P3/2—4p 2P1/2 3.40-3 5.22-3 1.13-2 1.29-3  1.26-3 1.33-3 8.56-4 8.12-4 8.48-4
3d’D3;,-3d *Ds;; 1.05-1  1.05-1 1.05+1 1.34-1 1.32-1 4.62-1 6.56-2  6.45-2 1.32-1
3d 2D3/2—4d 2D3/2 1.43-1 1.35-1 4.77-1 1.42-1  1.40-1 1.53-1 1.44-1 1.41-1 1.41-1
3d 2D3/2—4d 2D5/2 2.90-2 2.85-2 1.61-1 1.62-2  1.62-2 2.00-2 1.01-2  1.04-2 1.11-2
3d 2D3/2—4f ’Fy, 4942 4.90-2 1.24-1 2.65-2  2.58-2 2.76-2 1.52-2  1.50-2 1.54-2
3d 2D3/2—5d 2D3/2 2.82-2  2.58-2 7.83-2 2.54-2  2.44-2 2.65-2 2.57-2  2.45-2 2.52-2
3d 2D3/2—5d 2D5/2 9.22-3  8.65-3 2.31-2 4.13-3  4.07-3 4.49-3 2.57-3  2.56-3 2.65-3
3d 2D5/2—4p Py, 2782 3.46-2 8.18-2 5.88-3  5.53-3 6.13-3 3.36-3  3.25-3 3.36-3
3d ’Dsjp—4d *D3;p 3.02-2 2952 1.78-1 1.63-2  1.63-2 2.01-2 1.03-2  1.06-2 1.12-2
3d 2D5/2—4d 2D5/2 2.20-1  2.18-1 1.29+0  2.21-1 2.19-1 2.63-1 2.21-1  2.18-1 2.26-1
4p 2P1/2—4d Ds;y 7742 7.86-2 1.98-1 7.75-2  7.78-2 7.99-2 7.45-2  7.67-2 7.76-2
4p 2P1/2—4f ’Fy;,  6.10-2  6.00-2 1.91-1 3.99-2 3.72-2 3.76-2 2.34-2  2.30-2 2.29-2

Notes. x = y = x X 10*.

20% smaller, with one transition (2s — 4d) being 30%. However,
the present are the best J-resolved data to be made available to-
date.

Finally, we note that dipole transitions between closely-
spaced levels, e.g. 5f;—5g;, are dominated by contributions
from high angular momentum and these come mainly from the
Coulomb-Bethe “top-up”. The top-up is inversely proportional
to the energy separation. Our sequence work makes use of cal-
culated energies. This can give rise to large errors in the top-up.
This has no practical consequences. The excitation rates are very
large and so, along with proton collisions, establish statistical
values for these level populations independently of the precise
value of the excitation rate.

4.3. Damping effects along the sequence

As shown in Fig. 2, radiation damping significantly reduces
the resonance strength of inner-shell transitions. The inclusion
of Auger damping further reduces the resonance strength.
Correspondingly, the resonance enhancement of the effective
collision strengths is reduced, see Fig. 3. For some strong ex-
citations, the resonance contribution to the Y decreases to the
level of 10%, e.g. the 1s*2s 2S;/, — 152s2p 2Py, excitation line
of Fe?** shown in Fig. 3. However, for some weak transition
lines, the damped resonance contribution to the effective col-
lision strength is still non-negligible and leads to significantly
higher results than those without resonances (see Fig. 3 for
Ar'3*), e.g. the work of Goett & Sampson (1983) using the
Coulomb-Born exchange method.
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In the inner-shell excitations for the Na-like iso-electronic
sequence, Liang et al. (2009b) clearly demonstrated that ra-
diation damping increases steadily with increasing of nuclear
charge Z, but the Auger damping effect still plays an important
role on the reduction of the resonance enhancement of T over
the iso-electronic sequence.

Here we illustrate the radiation and Auger-plus-radiation
damping effects along the sequence by a scatter plot of the ra-
tios of damped to undamped (or only radiation damped) Y at
T. = 10*(z + 1)? K for dipole transitions of O°* (Fig. 6a), Ar'>*
(Fig. 6¢), Fe?** (Fig. 6e) and Kr*** (Fig. 6g). The widespread
effect of the radiation and Auger-plus-radiation damping ef-
fects is illustrated. For the low-charge ion (O°*) the radiation
damping is small, being less than 10% for 99% of all dipole
core-excitations at the temperature of 10*(z + 1)> K. The Auger
damping is the prominent factor for the reduction of resonance
enhancement of I. It can up to a factor of 5 for a few dipole
transitions. For Ar'>*, the radiation damping is less than 10%
for most (94%) of the dipole transitions. The Auger damping is
stronger and larger than a factor of 2 for 30% of the illustrated
dipole transitions. For Fe?3*, the radiation damping increases,
but the Auger damping is still the dominant and stronger damp-
ing effect in the reduction of resonance enhancement of I'. About
30% of dipole transitions show an Auger damping reduction of
over a factor of 2 when compared with the radiation damped
Y. For higher-charge ions, e.g. Kr***, the radiation damping is
greater than 30% for 10% of the dipole transitions. But, Fig. 6g
demonstrates that Auger damping is still the dominant resonance
damping reduction of s at T, = 10*(z + 1)> K. Additionally, we
notice that there are a few weak transitions with the T /Ty ra-
tio being slightly larger than unity. This was found to be due to
the low resolution of the undamped resonances. Recall, damping
both broadens and reduces the height of resonance profiles.

An illustrative way to quantify the information in the scat-
ter plot is to count how many transitions differ by more than
a given value. In Figs. 6b, d, f and h, we show the percentage
of the dipole transitions where the Auger-plus-radiation damp-
ing effect, or radiation or Auger damping effects alone, are at
least 10%, 20% and 30% for the four ions. Here, 0%, <1%, 3%
and 10% of dipole transitions show a radiation damping effect
of more than 30% at T. = 10*(z + 1)*> K for O°*, Ar'>*, Fe®*
and Kr¥3*, respectively. The percentage for higher-charge ions,
e.g. Fe?>* and Kr***, is higher than that of lower-charge ions.
This illustrates that the radiation damping is more widespread
for higher-charge ions, as one would expect. There are about
36%, 43%, 41% and 37% of dipole transitions showing a fur-
ther Auger damping of more than 30% at the temperature of
10%(z + 1)? for O, Ar'>*, Fe?** and Kr***, respectively. This
means that the Auger damping is still the dominant damping ef-
fect over the entire sequence.

4.4. Resonant enhancement for core-excitations

The Auger-plus-radiation damping effect significantly reduces
the resonance enhancement of the effective collision strength for
core-excitations. Does this mean that one can use non-resonant
excitation data such as DW? Here we investigate it statistically
by comparing distorted-wave (AS-DW) and R-matrix (ICFT)
calculations for Fe?**. The exact same atomic structure was used
for the AS-DW calculation as has been described and used in the
R-matrix calculation. This eliminates differences in the collision
data due to the use of different atomic structures. The scat-
ter plot in Fig. 7 demonstrates that the resonant enhancement
can be larger than a factor of 2 for some core-excitations. The
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percentage is about 66% and 59% of all core-excitations at
T. = 2.0 x 10 and 2.0 x 107 K, respectively. So a complete
sequence calculation with resonances is still necessary. The non-
resonant DW results could be supplemented by resonances cal-
culated perturbatively. This is just the complement of dielec-
tronic recombination. It is beyond the scope of the present work.

4.5. Iso-electronic trends

As noted in the previous sequence works (Witthoeft et al. 2007;
Liang et al. 2009b, 2010), the level mixing effect for higher ex-
cited levels strongly affects the behaviour of the Y along the
sequence. Here, we also take configuration, total angular mo-
mentum J and energy ordering for level matching in the com-
parison between different calculations and the investigation of I’
along the iso-electronic sequence. This satisfactorily eliminates
uncertainty originating from the non-continuity of level-ordering
along the sequence. The choice of reference ion, Fe here, is ir-
relevant of course.

In Fig. 8, we show the effective collision strength Y at
Te/(z + 1) = 5 x 102, 10% and 10* K along the sequence for
a few satellite lines in Li-like ions: at the low temperature of
5% 10%(z+ 1)? K, spikes and/or dips are observed at low charges
for some transitions, e.g. 1522p 2P3/2 — 1s2s2p 4P1/2 (3-26).
With increasing temperature, the spikes and/or dips disappear, as
expected, because the resonance contribution becomes weaker
and eventually negligible. For K-shell excitations, the behaviour
of T along the sequence differs from the L-shell, for example
F-like (Witthoeft et al. 2007) and Ne-like sequences (Liang &
Badnell 2010). The irregularity appears only for the low-charged
ions. Above Z ~ 14, the effective collision strengths show a
smooth behaviour. This is due to the high core-excitation energy.
KMn resonances are all positioned well above threshold while
KL#n can only Auger to the final-state for high-n at high-charge
and so there is little variation. Only at low-charge do low-n KLn
resonances come into play. The “precise” n-value can be esti-
mated from the Rydberg formula: n ~ z/ \/E_fj where f is the
final state and j is an intermediate parent resonant state to which
the Rydberg series of resonances converges. For example, for
0% (z = 5) from Table 2 we have Ep; = 2.36 Ryd for the
40 — 25 (j — f) core-Auger, giving n = 4 as the lowest KLn
resonance for any excitation transition i — 25. The variation in n
and energy spacing is relatively largest for the smallest n-values.
This variation can then be seen in the Maxwell-averaged results.

5. Summary

We have performed 195-level (24-level) ICFT R-matrix calcu-
lations the of core- (valence-) electron-impact excitation of all
ions of the Li-like iso-electronic sequence from Be* to Kr¥3*.

Good agreement with the available experimentally derived
data and the results of others for level energies and line strengths
S for several specific ions (O, Ar'>*, Fe?3*, and Kr**) span-
ning the iso-electronic sequence supports the reliability of the
present R-matrix excitation data. This was confirmed specifi-
cally by detailed comparisons (including previously available
R-matrix calculations) of Q and Y for O°*, Ar'>*, Fe?** and
Kr33+.

A problem for some Fe“’* outer-shell excitation transi-
tions in the earlier ICFT calculation by Whiteford et al. (2002)
was checked-for in the present calculations by comparison
with the fully relativistic parc calculation by McKeown (2005)
and not found. It had been solved by a previous correction

23+
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where the effect of damping exceeds 10%, 20% and 30%. [ Colour online]
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(Berrington 2006) to the inner-region Breit-Pauli codes which
the ICFT method makes use of.

The present R-matrix excitation data is expected to be an im-
portant improvement on the current data (from Coulomb-Born
exchange approximation) extensively used by the spectroscopic
diagnostic modelling communities in astrophysics and magnetic
fusion.

The Auger-plus-radiation damping effect along the sequence
was examined, it is significant and widespread over the entire
sequence and more-so for the higher-charge ions. For some
inner-shell transitions (39% of available DW data to 1s>2/ lev-
els in Ar'*), the damped effective collision strengths are still
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larger than those without the inclusion of resonances (by 20%).
The Auger damping effect was found to be dominant in the re-
duction of resonance enhancement on the electron-impact exci-
tation over the entire sequence, whereas the radiation damping is
small for lower-charge ions but increases with increasing nuclear
charge.

By excluding the level crossing effects on the Y, we
examined the iso-electronic trends of the effective collision
strengths. A complicated pattern of spikes and dips of T at low
temperatures was noted again along the sequence for some tran-
sitions with strong resonances, which precludes the generality of
interpolation in Z. With increasing temperature, the resonance
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effects decrease as expected. Such irregular effects are only seen
at low-charges for inner-shell transitions since low-n resonances
cannot straddle thresholds in high-charge ions.

The data are made available in the ADAS adf04 format
(Summers 2004) at the archives of the APAP', OPEN-ADAS’
and and will be included in CHIANTI’ database.

In conclusion, we have generated an extensive set of reliable
excitation data, utilizing the ICFT R-matrix method, for spec-
troscopy/diagnostic research within the astrophysical and fusion
communities. This will replace data from DW and Coulomb-
Born exchange approaches presently used by these communities
and its use can be expected to identify new lines and may over-
come some shortcomings in present astrophysical modelling, as
we have seen for Mg8+ (Del Zanna et al. 2008), Fe®*, Fe’* and
Fe!%* (Del Zanna 2009a,b, 2010), Si’* (Liang et al. 2009¢) and
Fe’*—Fe!>* (Liang & Zhao 2010).
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