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ABSTRACT

Aims. In this paper we report electron impact collision strengths and excitation rates for transitions among the lowest 89 levels of
Ni xix.
Methods. The Dirac atomic R-matrix code (darc) is adopted for the calculations of collision strengths and subsequently the effective
collision strengths.
Results. Collision strengths for resonance transitions among 89 levels arising from the (1s2) 2s22p6, 2s22p53�, 2s2p63�, 2s22p54�, and
2s2p64� configurations of Ni xix are reported over a wide energy range below 250 Ryd. Additionally, effective collision strengths for
all 3916 transitions among the 89 levels are listed over a wide temperature range below 107 K. Comparisons are made among different
calculations and the accuracy of the data is assessed. Finally, comparisons between theoretical and experimental intensity ratios of
some prominent lines of Ni xix are discussed.

Key words. atomic data – atomic processes

1. Introduction

Iron group elements (Sc to Zn) are highly useful for the mod-
elling and diagnosing of a variety of plasmas, such as astro-
physical, fusion and laser-generated. However, highly accurate
atomic data including for energy levels, radiative rates, colli-
sion strengths, and excitation rates are normally required for
such work. Among iron group elements, Fe is the most abun-
dant and important, and we have already reported calculations
for many of its ions (ix-xxvi: see Aggarwal et al. 2008, and ref-
erences therein). After Fe, nickel is the most abundant element
and many emission lines of its ions, including those from Ni xix,
have been observed in the Sun – see, for example, Jupen (1984)
and Feldman et al. (2000). Similarly many transitions, particu-
larly within the n = 3 configurations, have been measured in lab-
oratory plasmas by Feldman et al. (1967), Swartz et al. (1971),
Boiko et al. (1977), Buchet et al. (1987), Biémont et al. (2000),
and more recently by Gu et al. (2004, 2007). Therefore, to fulfill
the requirement of atomic data, we have also reported calcula-
tions for Ni xi-xvii (Aggarwal et al. 2003, 2007; and Aggarwal
& Keenan 2007c, 2008), and in this paper we focus our attention
on Ne-like Ni xix.

Ne-like ions, particularly Fe xvii and Ni xix, show a
rich spectrum from solar and other astrophysical plasmas. For
example, emission lines of Ni xix have been observed by
the Chandra X-ray satellite in Galactic black holes (Miller
et al. 2005) and active galactic nuclei (Krongold et al. 2003).
Additionally, the determination of Ni abundance is important
in studies of supernova explosions and gamma ray bursts (Lucy
1995; Reeves et al. 2002). Similarly, many lines of nickel ions,
including Ni xix, have been measured in laboratory plasmas,

� Table 3 is only available in electronic form at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/488/365

particularly in the 9–15 Å wavelength range (Brown et al. 2001;
Gu et al. 2004, 2007). Of particular recent interest are the six
resonance lines of Ni xix, namely 3C (2p6 1S0–2p53d 1P◦1: 1–
27), 3D (2p6 1S0–2p53d 3D◦1: 1– 23), 3E (2p6 1S0–2p53d 3P◦1:
1– 17), 3F (2p6 1S0–2p53s 3P◦1: 1– 5), 3G (2p6 1S0–2p53s 1P◦1:
1– 3), and 3H (2p6 1S0–2p53s 3P◦2: 1– 2), at respective wave-
lengths of 12.434 Å, 12.658 Å, 12.810 Å, 13.779 Å, 14.043 Å,
and 14.077 Å – see Table 1 for level indices. The last transi-
tion 3H is also referred to as M2 as listed by Gu et al. (2007).
These prominent strong lines have been observed in the X-
ray spectra of solar and stellar coronae, active galactic nuclei,
X-ray binaries, and supernovae from the Chandra and XMM-
Newton satellites. Furthermore, line intensity ratios have also
been measured on EBIT (electron beam ion trap) machines at
the Lawrence Livermore National Laboratory (LLNL) by Brown
et al. (2001) and Gu et al. (2004, 2007), and at the National
Institute of Standards and Technology (NIST) by Chen et al.
(2006b). To provide theoretical support to experimental work,
a few calculations have also appeared recently, such as by Gu
et al. (2004) and Chen et al. (2006a,b). However, these calcu-
lations are limited to comparisons between the theoretical and
experimental line intensity ratios, and do not report any atomic
data.

Considering the importance of Ni xix, there have been a few
calculations in the past, particularly for the determination of en-
ergy levels and radiative rates (A-values). Aggarwal & Keenan
(2006b) have recently reviewed the available data among
89 levels of the (1s2) 2s22p6, 2s22p53�, 2s2p63�, 2s22p54�,
and 2s2p64� configurations, and have reported A-values for
four types of transitions, namely electric dipole (E1), mag-
netic dipole (M1), electric quadrupole (E2), and magnetic
quadrupole (M2). These are the most comprehensive sets of
radiative rates available to date for transitions in Ni xix.
However, for the other important atomic parameter, namely
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Table 1. Target levels of Ni xix and their threshold energies (in Ryd).

Index Configuration Level GRASP Index Configuration Level GRASP
1 2s22p6 1S0 0.00000 46 2s22p54s 3P◦1 88.51422
2 2s22p53s 3P◦2 64.59266 47 2s22p54p 3P0 88.81253
3 2s22p53s 1P◦1 64.75556 48 2s22p54p 3D1 89.58303
4 2s22p53s 3P◦0 65.89549 49 2s22p54d 3P◦0 89.62341
5 2s22p53s 3P◦1 65.99248 50 2s22p54d 3P◦1 89.66194
6 2s22p53p 3S1 67.11863 51 2s22p54d 3F◦4 89.71042
7 2s22p53p 3D2 67.38277 52 2s22p54d 3P◦2 89.72552
8 2s22p53p 3D3 67.57916 53 2s22p54d 3F◦3 89.72977
9 2s22p53p 1P1 67.65968 54 2s22p54p 3P1 89.70737

10 2s22p53p 3P2 67.82370 55 2s22p54p 1D2 89.72619
11 2s22p53p 3P0 68.36453 56 2s22p54d 1D◦2 89.78376
12 2s22p53p 3D1 68.63561 57 2s22p54d 3D◦3 89.81961
13 2s22p53p 3P1 68.95945 58 2s22p54p 1S0 89.96517
14 2s22p53p 1D2 69.00116 59 2s22p54d 3D◦1 90.05354
15 2s22p53p 1S0 70.13098 60 2s22p54f 3D1 90.37202
16 2s22p53d 3P◦0 70.91200 61 2s22p54f 1G4 90.37912
17 2s22p53d 3P◦1 71.00144 62 2s22p54f 3G5 90.38262
18 2s22p53d 3P◦2 71.16951 63 2s22p54f 3D2 90.38653
19 2s22p53d 3F◦4 71.16811 64 2s22p54f 3F3 90.41809
20 2s22p53d 3F◦3 71.22664 65 2s22p54f 1D2 90.42322
21 2s22p53d 1D◦2 71.37793 66 2s22p54f 1F3 90.42724
22 2s22p53d 3D◦3 71.47633 67 2s22p54f 3F4 90.43562
23 2s22p53d 3D◦1 71.91932 68 2s22p54d 3F◦2 91.02549
24 2s22p53d 3F◦2 72.51867 69 2s22p54d 3D◦2 91.05187
25 2s22p53d 3D◦2 72.59210 70 2s22p54d 1F◦3 91.07845
26 2s22p53d 1F◦3 72.64864 71 2s22p54d 1P◦1 91.25686
27 2s22p53d 1P◦1 73.24505 72 2s22p54f 3G3 91.70349
28 2s2p63s 3S1 75.91019 73 2s22p54f 3G4 91.71542
29 2s2p63s 1S0 76.45810 74 2s22p54f 3F2 91.72231
30 2s2p63p 3P◦0 78.62091 75 2s22p54f 3D3 91.72243
31 2s2p63p 3P◦1 78.66211 76 2s2p64s 3S1 98.34835
32 2s2p63p 3P◦2 78.91529 77 2s2p64s 1S0 98.54064
33 2s2p63p 1P◦1 79.06836 78 2s2p64p 3P◦0 99.45014
34 2s2p63d 3D1 82.35964 79 2s2p64p 3P◦1 99.46456
35 2s2p63d 3D2 82.37523 80 2s2p64p 3P◦2 99.56767
36 2s2p63d 3D3 82.40539 81 2s2p64p 1P◦1 99.61892
37 2s2p63d 1D2 82.82932 82 2s2p64d 3D1 100.86169
38 2s22p54s 3P◦2 87.18001 83 2s2p64d 3D2 100.86875
39 2s22p54s 1P◦1 87.23366 84 2s2p64d 3D3 100.88248
40 2s22p54p 3S1 88.23420 85 2s2p64d 1D2 101.03066
41 2s22p54p 3D2 88.29789 86 2s2p64f 3F◦2 101.51947
42 2s22p54p 3D3 88.37966 87 2s2p64f 3F◦3 101.52125
43 2s22p54p 1P1 88.40888 88 2s2p64f 3F◦4 101.52723
44 2s22p54p 3P2 88.46323 89 2s2p64f 1F◦3 101.54040
45 2s22p54s 3P◦0 88.48770

collision strengths (Ω), the notable results available in the lit-
erature are by Zhang et al. (1987), Zhang & Sampson (1989),
and Mohan et al. (1993). Zhang et al. adopted the Coulomb-
Born-exchange (CBE) method and reported values of Ω for
resonance transitions of many Ne-like ions, including Ni xix.
They employed the non-relativistic hydrogenic basis states in or-
der to perform rapid calculations for many ions. Subsequently,
Zhang & Sampson improved the accuracy of their earlier work
by employing more accurate relativistic atomic structure in
the well-known and widely-used distorted-wave (DW) method.
However, their calculations still remained confined to resonance

transitions, whereas data for all transitions are required for the
modelling of plasmas, as demonstrated by Del Zanna et al.
(2004). Additionally, Zhang & Sampson reported values of Ω at
only a few energies above thresholds, whereas it is well known
that closed-channel (Feshbach) resonances contribute signifi-
cantly to the determination of effective collision strengths (or
equivalently excitation rates), especially for the forbidden tran-
sitions. Therefore, their reported data for Ω are of limited appli-
cations.

Mohan et al. (1993) adopted the configuration in-
teraction (CI) wavefunctions in an R-matrix approach
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(Berrington et al. 1978). They performed their calculations
in LS coupling and reported values of Ω in a limited en-
ergy range below 140 Ryd, but for all transitions among the
lowest 15 states of the 2s22p6 and 2s22p53� configurations.
Furthermore, they resolved resonances in thresholds region
and reported values of effective collision strengths (Υ) over a
wide electron temperature range up to 107 K. Since it is the
fine-structure transitions which are observed spectroscopically,
they extended their calculations to report values of Ω for
10 fine-structure transitions among the levels of the 2s22p6 and
2s22p53s configurations (Singh & Mohan 2005). Unfortunately,
both their calculations in LS and LS J coupling, for values of Ω
as well as Υ, are inaccurate for many transitions, as discussed
and demonstrated by Aggarwal & Keenan (2006a, 2007a,b).
Therefore, we will not discuss their results any further in this
paper, and will only focus on our present calculations and those
available earlier by Zhang & Sampson (1989).

In the present work, we focus on the lowest 89 levels of
the 2s22p6, 2s22p53�, 2s2p63�, 2s22p54�, and 2s2p64� configu-
rations of Ni xix, i.e. the same levels as considered by Zhang
& Sampson (1989), and for which we have already reported
A-values (Aggarwal & Keenan 2006b). Additionally, our ap-
proach is fully relativistic, as we employ the grasp (general-
purpose relativistic atomic structure package) and Dirac atomic
R-matrix code (darc) for the calculations of wavefunctions and
scattering process, respectively.

2. Collision strengths
The 2s22p6, 2s22p53�, 2s2p63�, 2s22p54�, and 2s2p64� config-
urations of Ni xix give rise to 89 fine-structure levels, listed
in Table 1. For our calculations, we have adopted the grasp
code, which was originally developed by Grant et al. (1980) but
has recently been updated by Dr. Norrington. Additionally, we
have used the option of extended average level (EAL), in which
a weighted (proportional to 2 j+ 1) trace of the Hamiltonian ma-
trix is minimized. This produces a compromise set of orbitals de-
scribing closely lying states with moderate accuracy. The calcu-
lations also include corrections from the Breit and QED effects.
A detailed comparison of our calculated energy levels with the
experimental compilations of NIST (http://physics.nist.
gov/PhysRefData) and available theoretical results has already
been made in our earlier paper (Aggarwal & Keenan 2006b), and
hence will not be repeated here. Energy levels listed in Table 1
were assessed to be accurate to better than 1%, and the reported
A-values accurate to better than 20% for a majority of the strong
transitions with oscillator strengths ( f -values) ≥0.01. Finally,
the inclusion of additional CI with the n = 5 configurations
made a negligible effect on the energy levels as well as the A-
values, and therefore our calculations for collision strengths in-
clude only the above listed 89 levels.

For the calculations of collision strengths, we have employed
the darc program of Norrington & Grant (private communi-
cation), which 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 coupling,
the matrix size of the Hamiltonian increases substantially. The
R-matrix radius has been adopted to be 3.64 au, and 25 contin-
uum orbitals have been included for each channel angular mo-
mentum for the expansion of the wavefunction. This allows us
to compute Ω up to an energy of 250 Ryd. The maximum num-
ber of channels for a partial wave is 401, and the correspond-
ing size of the Hamiltonian matrix is 10086. In order to obtain

convergence of Ω for all transitions and at all energies, we have
included all partial waves with angular momentum J ≤ 39.5,
although a higher range would have been preferable, particu-
larly for the convergence of allowed transitions. However, to ac-
count for higher neglected partial waves, we have included a top-
up, based on the Coulomb-Bethe approximation (Burgess et al.
1970) for allowed transitions and geometric series for forbidden
transitions.

In Figs. 1–3 we show the variation of Ω with angular mo-
mentum J at three energies of 150, 200, and 250 Ryd, and
for three transitions, namely 1–27 (2s22p6 1S0–2s22p53d 1P◦1),
2–6 (2s22p53s 3P◦2–2s22p53p 3S1), and 3–21 (2s22p53s 1P◦1–
2s22p53d 1D◦2), which are resonance, allowed, and forbidden,
respectively. For all resonance transitions, our adopted range
of partial waves is sufficient for the convergence of Ω at all
energies, as shown in Fig. 1. However, for many allowed and
some forbidden transitions among excited levels, our range of
J ≤ 39.5 is insufficient for the convergence of Ω, as shown in
Figs. 2 and 3. For such transitions a top-up has been included
as stated above. Furthermore, for some transitions, such as the
2–6 (2s22p53s 3P◦2–2s22p53p 3S1) shown in Fig. 2, the partial Ω
show an unphysical oscillation for some random partial waves.
This is due to the fact that the long-range potentials have been
omitted for these partial waves and only Coulomb functions
have been used. This is done automatically by the program in
stage DSTGF whenever there is numerical problem in the con-
vergence of the wavefunction in the outer region of the R-matrix.
The solution to this problem is to increase the number of in-
tegration points. In the present calculations, we have kept this
number to be 2000, and increasing it further makes the program
consuming more computational time. This is not currently fea-
sible keeping in view our resources and the fact that Ω have to
be computed at a large number of energies. However, as a result
of this ΩJ is up to 20% lower than what it should be with the
inclusion of long-range potentials. Since it happens for only two
partial waves, the net effect on

∑
ΩJ is negligible. For example,

for the transition shown in Fig. 2, Ω are affected (and are lower)
by less than 1%, which is much less than the accuracy estimates
of the calculations.

In Table 2 we present our results of Ω for all resonance
transitions over a wide energy range (110 ≤ E ≤ 250 Ryd),
but above thresholds. The indices adopted to represent a transi-
tion are given in Table 1. These results for Ω are not directly
applicable in any modelling work, but are very useful in as-
sessing the accuracy of a calculation. Earlier similar results for
resonance transitions are available from the DW calculations
of Zhang & Sampson (1989), as stated in Sect. 1. For these
transitions there are no discrepancies between our calculations
and those of Zhang & Sampson. Since no other similar results
for transitions among excited levels are available, we have per-
formed another calculation from the Flexible Atomic Code (fac)
of Gu (2003), which is available from the website http://
kipac-tree.standford.edu/fac. This is also a fully rela-
tivistic code like darc, and is based on the DW method. Values
ofΩ from fac are also included in Table 2 at a single excited (E j)
energy of ∼145 Ryd, which nearly corresponds to the highest
(incident) energy of our calculations from darc. Furthermore,
similar values of Ω at three more energies of 59, 281, and
813 Ryd have already been listed in our earlier paper (Aggarwal
& Keenan 2007a).

In Fig. 4a we compare our values of Ω from the
darc and fac codes for two important resonance tran-
sitions, namely 3D: 1–23 (2s22p6 1S0–2s22p53d 3D◦1) and

http://physics.nist.gov/PhysRefData
http://physics.nist.gov/PhysRefData
http://kipac-tree.standford.edu/fac
http://kipac-tree.standford.edu/fac
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Fig. 1. Partial collision strengths for the 2s22p6 1S0–2s22p53d 1P◦1
(1–27) transition of Ni xix, at three energies of: 150 Ryd (circles),
200 Ryd (triangles), and 250 Ryd (stars).

Fig. 2. Partial collision strengths for the 2s22p53s 3P◦2–2s22p53p 3S1

(2–6) transition of Ni xix, at three energies of: 150 Ryd (circles),
200 Ryd (triangles), and 250 Ryd (stars).

3C: 1–27 (2s22p6 1S0– 2s22p53d 1P◦1). Also shown in this fig-
ure are the earlier results of Zhang & Sampson (1989) and Chen
et al. (2006a). For both of these (and many other) transitions,
there is a complete agreement between our calculations from
darc and fac and those of Zhang & Sampson. However, for
the 1–27 transition the earlier results of Chen et al. are underes-
timated by ∼10%, over the entire common energy range. This is
an important transition as already discussed and affects the ratio
of the 3C and 3D lines. Considering that Chen et al. have also
used the same darc code as adopted by us, and have included
a comparable range of partial waves (J ≤ 30.5 which is fully
sufficient for the convergence ofΩ values for the 1–27 transition
as shown in Fig. 1), a difference of 10% between the two cal-
culations, for an important allowed transition, is not expected.
The only major difference between our calculations and those of
Chen et al. is that they have included levels of the n = 5 con-
figurations whereas we have not. However, this should not affect
the calculations of Ω, because the f -values obtained from the
n = 4 and n = 5 calculations for the 1–27 transition agree within
1% – see Table 5 of Aggarwal & Keenan (2006b) and Fig. 4 of

Fig. 3. Partial collision strengths for the 2s22p53s 1P◦1–2s22p53d 1D◦2
(3–21) transition of Ni xix, at three energies of: 150 Ryd (circles),
200 Ryd (triangles), and 250 Ryd (stars).

Gu et al. (2004). A more extensive CI included in our calcula-
tions from fac and the earlier work of Hibbert et al. (1993) does
lower the f -value by ∼7%, but there is no evidence that Chen
et al. have included more CI than that included in the (grasp2:
n ≤ 5) calculations of Aggarwal & Keenan. In the absence of de-
tails about the calculations of Chen et al. it is difficult to pinpoint
the source of difference between the two sets of Ω values.

In Fig. 4b we make a similar comparison of our values of Ω
from the darc and fac codes for two forbidden transitions,
namely 1–2 (2s22p6 1S0–2s22p53s 3P◦2) and 1–18 (2s22p6 1S0–
2s22p53d 3P◦2). For the 1–2 (3H) transition, there is no discrep-
ancy between our calculations and those of Chen et al. (2006a).
Similarly values of Ω from our DW calculations from fac and
the earlier work of Zhang & Sampson (1989) agree with darc,
particularly at higher energies. Differences at lower energies are
∼10%. In general, we may state with confidence that all calcula-
tions, from both R-matrix and DW methods, agree within ∼10%
for all resonance transitions, and this is also our assessment of
accuracy for the values of Ω listed in Table 2.

In Fig. 5a we compare our values of Ω from the darc
and fac codes for three allowed transitions among excited lev-
els, namely 2–13 (2s22p53s 3P◦2–2s22p53p 3P1), 5–11 (2s22p53s
3P◦1–2s22p53p 3P0), and 8–18 (2s22p53p 3D3–2s22p53d 3P◦2). For
these three (and many other allowed) transitions, the agree-
ment between the two calculations is better than 10%. A similar
comparison is shown in Fig. 5b for three forbidden transitions,
namely 2–16 (2s22p53s 3P◦2–2s22p53d 3P◦0), 6–7 (2s22p53p 3S1–
2s22p53p 3D2), and 10–11 (2s22p53p 3P2–2s22p53p 3P0). For
these three (and many other) transitions also, there is no ma-
jor discrepancy between our calculations from darc and fac.
However, the agreement between the two calculations generally
improves with increasing energy, as can be noted for the 6–7 and
10–11 transitions.

Since we have adopted a wide range of partial waves in or-
der to obtain the convergence of Ω for the forbidden as well as
the allowed transitions, have included a top-up to account for
the contribution of higher neglected partial waves, and do not
observe any (major) discrepancy with the DW calculations from
fac, the accuracy of our results for Ω for resonance transitions,
listed in Table 2, is judged to be better than 10% as discussed

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810185&pdf_id=1
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810185&pdf_id=2
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810185&pdf_id=3
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Table 2. Collision strengths for resonance transitions of Ni xix. (a±b ≡ a × 10±b).

Transition Energy (Ryd)
i j 110 130 150 200 250 FAC
1 2 1.062−03 8.629−04 7.154−04 4.666−04 3.273−04 3.802−04
1 3 2.983−03 3.608−03 4.240−03 5.619−03 6.850−03 5.743−03
1 4 2.128−04 1.733−04 1.436−04 9.387−05 6.587−05 7.653−05
1 5 2.288−03 2.714−03 3.153−03 4.128−03 5.011−03 4.380−03
1 6 2.332−03 1.939−03 1.596−03 1.078−03 7.743−04 9.659−04
1 7 2.891−03 2.839−03 2.808−03 2.842−03 2.922−03 3.398−03
1 8 2.510−03 2.035−03 1.642−03 1.057−03 7.314−04 8.814−04
1 9 1.007−03 8.192−04 6.598−04 4.264−04 2.958−04 3.157−04
1 10 2.449−03 2.465−03 2.490−03 2.613−03 2.748−03 3.310−03
1 11 3.642−03 3.735−03 3.777−03 3.885−03 3.941−03 3.473−03
1 12 1.034−03 8.412−04 6.770−04 4.376−04 3.033−04 3.445−04
1 13 1.095−03 8.937−04 7.192−04 4.657−04 3.228−04 3.818−04
1 14 2.842−03 2.836−03 2.840−03 2.940−03 3.064−03 3.715−03
1 15 3.546−02 3.697−02 3.766−02 3.942−02 4.033−02 4.001−02
1 16 1.132−03 8.814−04 7.006−04 4.287−04 2.849−04 3.408−04
1 17 3.571−03 2.942−03 2.502−03 1.881−03 1.592−03 1.613−03
1 18 4.149−03 3.210−03 2.536−03 1.534−03 1.010−03 1.221−03
1 19 3.750−03 2.855−03 2.216−03 1.295−03 8.331−04 1.003−03
1 20 3.230−03 2.900−03 2.695−03 2.454−03 2.382−03 3.237−03
1 21 1.501−03 1.120−03 8.548−04 4.836−04 3.031−04 3.310−04
1 22 2.382−03 2.264−03 2.224−03 2.246−03 2.322−03 3.204−03
1 23 3.458−02 3.932−02 4.363−02 5.306−02 6.099−02 5.556−02
1 24 1.802−03 1.365−03 1.053−03 6.093−04 3.887−04 4.423−04
1 25 2.447−03 1.866−03 1.452−03 8.539−04 5.506−04 6.478−04
1 26 2.890−03 2.705−03 2.614−03 2.552−03 2.583−03 3.555−03
1 27 9.533−02 1.092−01 1.218−01 1.492−01 1.721−01 1.582−01
1 28 5.997−04 4.728−04 3.783−04 2.419−04 1.689−04 1.941−04
1 29 1.414−02 1.486−02 1.519−02 1.613−02 1.668−02 1.608−02
1 30 1.790−04 1.456−04 1.187−04 7.782−05 5.453−05 5.966−05
1 31 1.007−03 1.083−03 1.174−03 1.452−03 1.732−03 1.544−03
1 32 8.847−04 7.217−04 5.896−04 3.878−04 2.722−04 2.933−04
1 33 3.240−03 4.187−03 5.126−03 7.408−03 9.444−03 8.644−03
1 34 1.174−03 9.215−04 7.414−04 4.609−04 3.116−04 3.383−04
1 35 1.997−03 1.585−03 1.293−03 8.419−04 6.047−04 6.480−04
1 36 2.722−03 2.132−03 1.714−03 1.064−03 7.185−04 7.817−04
1 37 1.513−02 1.761−02 1.974−02 2.386−02 2.688−02 2.613−02
1 38 4.887−04 3.786−04 3.003−04 1.876−04 1.283−04 1.160−04
1 39 4.356−04 4.812−04 5.346−04 6.972−04 8.533−04 7.734−04
1 40 8.043−04 6.404−04 5.137−04 3.265−04 2.279−04 2.343−04
1 41 8.607−04 7.587−04 6.870−04 6.047−04 5.788−04 5.623−04
1 42 1.172−03 9.153−04 7.212−04 4.401−04 2.967−04 2.922−04
1 43 4.793−04 3.756−04 2.961−04 1.823−04 1.242−04 1.057−04
1 44 6.868−04 6.099−04 5.570−04 5.023−04 4.912−04 4.787−04
1 45 9.912−05 7.655−05 6.073−05 3.782−05 2.587−05 2.347−05
1 46 4.059−04 4.128−04 4.341−04 5.199−04 6.146−04 5.517−04
1 47 4.601−03 4.770−03 4.895−03 5.112−03 5.311−03 5.148−03
1 48 5.023−04 3.933−04 3.103−04 1.899−04 1.285−04 1.210−04
1 49 4.891−04 3.760−04 2.946−04 1.770−04 1.163−04 1.115−04
1 50 1.406−03 1.125−03 9.267−04 6.542−04 5.250−04 4.881−04
1 51 1.817−03 1.359−03 1.032−03 5.858−04 3.691−04 3.448−04
1 52 1.618−03 1.224−03 9.475−04 5.551−04 3.580−04 3.418−04
1 53 1.142−03 9.279−04 7.885−04 6.257−04 5.664−04 5.341−04
1 54 5.468−04 4.303−04 3.409−04 2.100−04 1.427−04 1.410−04
1 55 8.367−04 7.375−04 6.685−04 5.893−04 5.658−04 5.440−04
1 56 7.848−04 5.712−04 4.263−04 2.325−04 1.426−04 1.157−04
1 57 8.005−04 6.442−04 5.528−04 4.604−04 4.409−04 4.087−04
1 58 6.699−03 6.968−03 7.176−03 7.494−03 7.789−03 7.574−03
1 59 1.527−02 1.761−02 1.960−02 2.402−02 2.758−02 2.562−02
1 60 2.069−04 1.408−04 1.008−04 5.091−05 2.978−05 3.313−05
1 61 2.918−04 2.447−04 2.213−04 2.038−04 2.055−04 2.007−04
1 62 3.519−04 2.334−04 1.640−04 8.122−05 4.777−05 5.157−05



370 K. M. Aggarwal and F. P. Keenan: Radiative rates for transitions in Ni xix

Table 2. Collision strengths for transitions in Ni XIX. (a±b ≡ a × 10±b).

Transition Energy (Ryd)
i j 110 130 150 200 250 FAC
1 63 5.915−04 5.684−04 5.747−04 6.332−04 7.008−04 6.415−04
1 64 2.797−04 1.866−04 1.310−04 6.370−05 3.626−05 4.073−05
1 65 9.763−04 1.149−03 1.309−03 1.656−03 1.928−03 1.824−03
1 66 1.733−04 1.131−04 7.790−05 3.666−05 2.059−05 1.886−05
1 67 1.881−04 1.359−04 1.079−04 7.985−05 7.268−05 7.338−05
1 68 9.467−04 7.041−04 5.333−04 3.005−04 1.884−04 1.676−04
1 69 1.378−03 1.036−03 7.975−04 4.616−04 2.951−04 2.795−04
1 70 1.024−03 8.342−04 7.140−04 5.796−04 5.363−04 4.981−04
1 71 1.497−02 1.730−02 1.927−02 2.370−02 2.725−02 2.394−02
1 72 1.985−04 1.309−04 9.128−05 4.431−05 2.561−05 2.623−05
1 73 2.435−04 1.900−04 1.618−04 1.351−04 1.302−04 1.290−04
1 74 6.743−04 7.577−04 8.413−04 1.038−03 1.199−03 1.130−03
1 75 3.129−04 2.104−04 1.488−04 7.329−05 4.212−05 4.571−05
1 76 3.341−04 2.524−04 1.965−04 1.181−04 7.927−05 7.663−05
1 77 2.922−03 3.098−03 3.220−03 3.419−03 3.556−03 3.293−03
1 78 9.913−05 7.592−05 5.991−05 3.669−05 2.445−05 2.239−05
1 79 4.460−04 4.480−04 4.662−04 5.432−04 6.342−04 6.100−04
1 80 4.826−04 3.716−04 2.937−04 1.804−04 1.204−04 1.088−04
1 81 9.907−04 1.268−03 1.550−03 2.213−03 2.818−03 2.684−03
1 82 4.913−04 3.815−04 3.050−04 1.870−04 1.246−04 1.104−04
1 83 8.312−04 6.499−04 5.256−04 3.348−04 2.351−04 2.144−04
1 84 1.149−03 8.878−04 7.092−04 4.339−04 2.888−04 2.558−04
1 85 2.827−03 3.371−03 3.842−03 4.774−03 5.459−03 5.185−03
1 86 2.117−04 1.487−04 1.082−04 5.655−05 3.389−05 3.243−05
1 87 3.078−04 2.337−04 1.869−04 1.310−04 1.089−04 1.054−04
1 88 3.779−04 2.664−04 1.937−04 1.011−04 6.047−05 5.813−05
1 89 4.967−04 6.000−04 6.949−04 8.724−04 9.883−04 9.474−04

above. However, for transitions among the excited levels, our
estimate of accuracy is ∼20% for a majority of transitions. This
estimate is based on a variety of comparisons made among the
different calculations.

3. Effective collision strengths

Effective collision strengths Υ are obtained after integrating Ω
over a Maxwellian distribution of electron velocities, i.e.

Υ(Te) =
∫ ∞

0
Ω(E) exp (−E j/kTe)d(E j/kTe) (1)

where E j is the incident energy of the electron with respect to
the final state of the transition, k is Boltzmann’s constant, and Te
is the electron temperature in K. Once the value of Υ is known
for a transition, the corresponding value of the excitation q(i, j)
and de-excitation q( j, i) rate coefficients can be easily obtained
from the following simple relations:

q(i, j) =
8.63 × 10−6

ωiT
1/2
e

Υ exp (−Ei j/kTe) cm3 s−1 (2)

and

q( j, i) =
8.63 × 10−6

ω jT
1/2
e

Υ cm3 s−1, (3)

where ωi and ω j are the statistical weights of the initial (i) and
final ( j) states, respectively, and Ei j is the transition energy.

Since the threshold energy region is dominated by numerous
resonances, Ω have been computed at a large number of ener-
gies in order to delineate these resonances. We have performed
our calculations of Ω at ∼21 000 energies in the threshold re-
gion. Close to thresholds (∼0.1 Ryd above a threshold) the en-
ergy mesh is 0.001 Ryd, and away from thresholds is 0.002 Ryd.

Thus care has been taken to include as many resonances as possi-
ble, and with as fine a resolution as is computationally feasible.
The density and importance of resonances can be appreciated
from Figs. 6–8 in which we show our Ω values in the thresh-
olds region for the 1–2 (2s22p6 1S0–2s22p53s 3P◦2), 1–23 (2s22p6

1S0–2s22p53d 3D◦1), and 1–27 (2s22p6 1S0–2s22p53d 1P◦1) tran-
sitions, respectively. Since 1–2 (3H) is an important transition,
and its resonance structure is very dense, we have shown reso-
nances in Figs. 6a and 6b in both narrow (64–72 Ryd) and wide
(64–100 Ryd) energy ranges. It may also be noted that in spite
of the 1–23 and 1–27 transitions being allowed, their resonance
structures are not insignificant as shown in Figs. 7 and 8. Finally,
the resonance structures in Figs. 6–8 are comparable (in magni-
tude and density) with the similar calculations of Chen et al.
(2006a), as shown in their Figs. 1–3.

Our calculated values of Υ are listed in Table 3 over a wide
temperature range of 5.2 ≤ log Te ≤ 7.0 K, suitable for appli-
cations in astrophysical and other plasmas. As stated in Sect. 1
there is no other similar calculation available in the literature
with which to compare our results.

4. Line ratios

The intensity of an emission line between the levels i and j is
given by

I ji = A jiN jNA,ZNAhν ji
n

1 + NHe

L
4π

erg cm−2 s−1 sr−1 (4)

where Nj is the relative population of level j, NA,Z is the rel-
ative ionic abundance of ion with charge Z of element with
atomic number A, NA is the relative (with respect to hydrogen)
chemical abundance, NHe is the relative chemical abundance of
helium, n is the total number density of hydrogen and helium
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(a)

(b)

Fig. 4. a) Comparison of collision strengths from our calculations from
darc for the 1–23 (2s22p6 1S0–2s22p53d 3D◦1: lower curve) and 1–27
(2s22p6 1S0–2s22p53d 1P◦1: upper curve) transitions of Ni xix with Ω
from FAC shown as, triangles: 1–23 and squares: 1–27 transition. Ω
from DW calculations of Zhang & Sampson (1989) are shown as, cir-
cles: 1–23 and diamonds: 1–27 transition. Ω of Chen et al. (2006a) are
shown as stars for both transitions. b) Comparison of collision strengths
from our calculations from darc for the 1–2 (2s22p6 1S0–2s22p53s 3P◦2:
lower curve) and 1–18 (2s22p6 1S0–2s22p53d 3P◦2: upper curve) transi-
tions of Ni xix with Ω from FAC shown as, squares: 1–2 and triangles:
1–18 transition. Ω from DW calculations of Zhang & Sampson (1989)
are shown as, circles: 1–2 and diamonds: 1–18 transition. Ω of Chen
et al. (2006a) are shown as stars for the 1–2 transition.

nuclei (in cm−3), and L is the path length through the line emit-
ting region (Kafatos & Lynch 1980). However, it is difficult to
know all of these parameters accurately, and therefore the ratio
of two lines eliminates many of these parameters i.e.

R =
I(λi j)

I(λmn)
=

A ji

Anm

λmn

λi j

N j

Nn
(5)

which is a function of atomic parameters alone and does not
depend on specific conditions of ionization and recombination.
Level populations Nj can be calculated in a collisional-radiative
model, using for example the statistical equilibrium code of
Dufton (1977). The additional advantage of taking the ratio of
two lines is that it reduces the error of experimental (observa-
tional) data in the interpretation.

(a)

(b)

Fig. 5. a) Comparison of collision strengths from our calculations from
darc (continuous curves) for the 2–13 (2s22p53s 3P◦2–2s22p53p 3P1),
5–11 (2s22p53s 3P◦1–2s22p53p 3P0), and 8–18 (2s22p53p 3D3–2s22p53d
3P◦2) allowed transitions of Ni xix with Ω from FAC shown as, tri-
angles and lower curve: 2–13, stars and upper curve: 5–11, and cir-
cles and middle curve: 8–18 transition. b) Comparison of collision
strengths from our calculations from darc (continuous curves) for the
2–16 (2s22p53s 3P◦2–2s22p53d 3P◦0), 6–7 (2s22p53p 3S1–2s22p53p 3D2),
and 10–11 (2s22p53p 3P2–2s22p53p 3P0) forbidden transitions of Ni xix
with Ω from FAC shown as, triangles and upper curve: 2–16, stars and
middle curve: 6–7, and circles and lower curve: 10–11 transition.

The only excitation rates available in the literature are from
the calculations of Chen et al. (2006a) for three transitions,
namely 1–2 (3H: 2s22p6 1S0–2s22p53s 3P◦2), 1–23 (3D: 2s22p6

1S0–2s22p53d 3D◦1), and 1–27 (3C: 2s22p6 1S0–2s22p53d 1P◦1).
In Table 4 we compare the excitation rates at four common
temperatures of 3.0 × 106, 5.0 × 106, 1.0 × 107, and 1.2 ×
107 K. Also included in this table are the excitation rates for
three other transitions, namely 1–3 (3G: 2s22p6 1S0–2s22p53s
1P◦1), 1–5 (3F: 2s22p6 1S0–2s22p53s 3P◦1), and 1–17 (3E: 2s22p6

1S0–2s22p53d 3P◦1). Additionally, the ratios 3C/3D, 3C/3E, and
3C/(3F+3G+3H) are also listed for a ready comparison with
other theoretical data. Corresponding experimental results for
these line ratios have been shown by Gu et al. (2004) in their
Fig. 3. For the convenience of readers, and to facilitate a ready
comparison, we list their ratios in Table 5, from both spectrom-
eter and calorimeter measurements. The uncertainties in their

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810185&pdf_id=4
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810185&pdf_id=5
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(a)

(b)

Fig. 6. Collision strengths for the 2s22p6 1S0–2s22p53s 3P◦2 (3H: 1–2)
transition of Ni xix and for the 2s22p6 1S0–2s22p53s 3P◦2 (3H: 1–2) tran-
sition of Ni xix.

measurements are 9%, 19%, and 16% for 3C/3D, 3C/3E, and
3C/(3F+ 3G+ 3H), respectively. However, the uncertainty for
the 3C/3E line ratio is 23% for measurements from the calorime-
ter.

Our 3C/3D ratio varies by 10% over the entire tempera-
ture range, similar to the variation in the data of Chen et al.
(2006a). This is because both the 3C and 3D lines are allowed,
and the effect of resonances on excitation rates is not promi-
nent as seen in Figs. 7 and 8. However, our 3C/3D ratios are
higher by ∼10% than those of Chen et al. This is mainly be-
cause their values of Ω (and subsequently of excitation rates)
are lower for the 3C transition as seen earlier in Fig. 4a. The
corresponding ratios from the Ω values of Zhang & Sampson
(1989) and fac are ∼2.85, which are up to 17% higher than
our results from darc and up to 28% higher than those of
Chen et al. A more accurate value of 3C/3D from fac is ∼2.56
as determined by Gu et al. (2004), who have included the ef-
fect of resonances through the isolated resonance approxima-
tion as well as of cascading from higher excited levels. This ra-
tio by Gu et al. is closer to our own calculations than those of

Fig. 7. Collision strengths for the 2s22p6 1S0–2s22p53d 3D◦1 (3D: 1–23)
transition of Ni xix.

Fig. 8. Collision strengths for the 2s22p6 1S0–2s22p53d 1P◦1 (3C: 1–27)
transition of Ni xix.

Chen et al., and the discrepancy with the experimental value of
2.30±0.16 (Brown et al. 2001) remains up to 10%, depending on
the temperature. The experimental ratio of Brown et al. has been
reconfirmed by Gu et al. through measurements with a grating
spectrometer. However, their similar measurements from an X-
ray calorimeter give 3C/3D ratio lower by ∼10%, but Chen et al.
(2006b) measure this to be 2.29 ± 0.16 from a microcalorimeter
on the EBIT machine. Therefore, considering the upper limits of
measurements, i.e. 2.30 with an uncertainty of 9%, we may also
state that there is no discrepancy between theory and experiment
for the ratio of 3C and 3D lines. However, the corresponding
theoretical results of Chen et al. (2006a), although in agreement
with the measurements, are apparently underestimated, and their
assessment of 5% accuracy does not appear to be realistic. We
discuss this further below.

The theoretical ratios discussed above are based on the as-
sumption that the electron velocity distribution in a plasma
is Maxwellian. However, the EBIT measurements are car-
ried out with a “monoenergetic” electron beam with an
electron distribution function assumed to be “Gaussian”,
with characteristic beam width between 10 and 30 eV

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810185&pdf_id=6
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810185&pdf_id=7
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810185&pdf_id=8
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Table 4. Comparison of excitation rates and line intensity ratios for some transitions of Ni xix. (a ± b ≡ a × 10±b).

Line Transition Present results Chen et al. (2006a)
Label Temperature 3.0× 106 5.0× 106 1.0× 107 1.2× 107 3.0× 106 5.0× 106 1.0× 107 1.2× 107 K
3H 1–2 1.74–12 3.59–12 4.10–12 3.84–12 1.69–12 3.47–12 4.03–12 3.79–12
3G 1–3 2.40–12 5.36–12 7.51–12 7.52–12
3F 1–5 2.06–12 4.53–12 6.14–12 6.10–12
3E 1–17 7.11–13 2.11–12 3.53–12 3.59–12
3D 1–23 3.69–12 1.38–11 3.35–11 3.72–11 3.53–12 1.34–11 3.46–11 4.02–11
3C 1–27 8.98–12 3.55–11 8.97–11 1.00–10 7.88–12 3.10–11 8.29–11 9.76–11
3C/3D 2.43a 2.57a 2.68a 2.69a 2.23a 2.31a 2.40a 2.43a

3C/3D 2.38b 2.50b 2.60b 2.61b

3C/3E 12.63a 16.82a 25.41a 27.86a

3C/3E 13.10b 16.90b 24.40b 27.80b

3C/(3F+3G+3H) 0.31b 0.42b 0.60b 0.64b

a Ratios from excitation rates; b ratios from collisional radiative (CR) model.

Table 5. Experimentally measured line intensity ratios for some transitions of Ni xix (Gu et al. 2004).

Energy 3C/3D 3C/3E 3C/(3F+ 3G+ 3H)
KeV Spectrometer Calorimeter Spectrometer Calorimeter Spectrometer Calorimeter
1.043 2.354 2.074 9.152 7.980 0.401 0.422
1.137 2.236 1.921 9.258 7.129 0.418 0.434
1.238 2.251 2.198 11.919 9.814 0.407 0.456
1.328 2.303 2.177 12.963 12.033 0.448 0.467
1.442 2.350 2.110 18.972 12.036 0.461 0.486

(Chen et al. 2006a,b). Brown et al. (2001), on the other hand,
have specified that their measurements are equivalent to both
Maxwellian and non-Maxwellian plasmas. Nevertheless, calcu-
lations performed with a Gaussian distribution yield comparable
ratios to the Maxwellian distribution, as demonstrated by Chen
et al. Therefore, the choice of electron energy distribution does
not affect the line ratios and/or the discrepancy between theory
and measurements.

The 3C/3E line ratio has a larger variation of over a factor of
two over the temperature range 3.0 × 106 ≤ Te ≤ 1.2 × 107 K,
as shown in Table 4. Chen et al. (2006a, 2006b) have not re-
ported their results for this ratio, but the corresponding ratio from
the Ω values of Zhang & Sampson (1989) varies between 31
and 57, and from our calculations from fac between 42 and 98.
Therefore, the variation factor from the lowest to highest ratio
remains around the same in all calculations. We would also like
to note here that the 1–17 (3E) transition is an intercombination
one, its resonance structure is not very prominent, and therefore
the contribution of resonances in the determination of excita-
tion rates is insignificant over the temperature range discussed
here. The experimental ratios vary between 9.15 and 18.97 in
the energy range 1.04 ≤ E ≤ 1.44 KeV from the spectroscopic
measurements, and between 7.98 and 12.04 from the calorime-
ter measurements (Gu et al. 2004), and have a higher uncer-
tainty of 19%. Therefore, at higher energies (temperatures) there
appears to be an agreement between the spectroscopic measure-
ments and our calculations from darc, but the similar mea-
surements from calorimeter are underestimated by up to ∼40%,
particularly at the highest energy, i.e. 1.44 KeV. As for the line
ratio 3C/3D, a more accurate determination of 3C/3E, by includ-
ing the effects of resonances and cascading, is ∼20 (Gu et al.).
This value of 3C/3E is overestimated by up to 70% in compar-
ison to measurements and is underestimated by up to 40% in
comparison to our calculations from darc.

As for 3C/3E, the theoretical 3C/(3F+ 3G+ 3H) ratio also
varies by a factor of two over the temperature range 3.0 × 106 ≤
Te ≤ 1.2 × 107 K, as shown in Table 4. However, the exper-
imental ratio only varies by ∼15% between 1.0 and 1.44 KeV
as can be noted from Table 5, i.e. it may be considered to
be energy independent if we take into consideration the uncer-
tainty of measurements. Over the same energy range, the non-
resonant calculations of Gu et al. (2004) show a variation of
less than 30%, but the ratio with resonances included varies up
to 50%, and the lowest value is at the lowest energy. An average
value of 3C/(3F+ 3G+ 3H) from the calculations of Gu et al.,
which includes the contribution of resonances and cascading,
may be considered to be ∼0.55. This ratio is upto 80% higher at
lower temperatures and up to 15% lower at higher temperatures
than our corresponding results from darc. Both the spectrom-
eter and calorimeter give a consistent value (∼0.46) for this ra-
tio, which is up to 30% lower (at higher energies/temperatures)
than the corresponding theoretical results. The lower values of
the 3C/(3F+ 3G+3 H) ratio at lower temperatures, particularly
from our calculations from darc, are due to the fact that all the
three lines (i.e. 3F, 3G, and 3H) show a dominant contribution
from resonances, as can be noted from Fig. 6 for the 1–2 (3H)
transition.

5. Conclusions

In the present work, we have reported results for collision
strengths and effective collision strengths for transitions among
the 89 levels of Ni xix over a wide energy (temperature) range
up to 250 Ryd (107 K). The relativistic darc code has been
adopted for the calculations, and a large range of partial waves
has been included in order to achieve converged values of col-
lision strengths. Furthermore, resonances have been resolved in
a fine energy mesh in thresholds region in order to account for
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their contribution in the determination ofΥ values. The presently
reported results for Υ are the only data available to date for all
transitions among the 89 levels of Ni xix. These results, together
with our earlier reported (Aggarwal & Keenan 2006b) radiative
rates for four types of transitions, namely E1, E2, M1, and M2,
should be highly useful for the modelling of a variety of plasmas.

Based on a variety of comparisons, among different calcu-
lations, the accuracy of our Ω and Υ values is assessed to be
better than 10% for all resonance transitions. However, the ac-
curacy assessment for other transitions, among the excited lev-
els, is ∼20%. Similarly, there is a general agreement among var-
ious calculations for the 3C/3D line intensity ratio, and there
is no discrepancy with the experiments either. However, dif-
ferences between theory and experiment for the 3C/3E and
3C/(3F+ 3G+ 3H) ratios remain, for which further work may
be helpful. Additionally, the energy (temperature) variations be-
tween theory and experiments for the 3C/3E line ratios are com-
parable. However, for the 3C/(3F+ 3G+ 3H) ratios experimental
values are (almost) energy independent, but the theoretical ones
show large variations with temperature.
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