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Spectral line widths produced by collisions between charged particles and emitters are of special interest for precise
plasma spectroscopy. The highly charged Ar XV ion is demonstrated to have strong intrashell electron interactions, which
manifest as an atomic system with many resonance structures, due to the quasi-degeneracy of orbital energies. In this paper
we use the relativistic R-matrix method to investigate the electron-impact broadening of highly charged Ar XV ion spectral
lines under the impact approximation. It is found that the results considering resonance structures are significantly different
from those of the distorted wave approach. Furthermore, we propose a new empirical formula with a correction term to
take into account the effect of resonances for electron-impact widths over a relatively wide range of plasma conditions.
The corresponding fitting parameters of the new empirical formula for all 47 calculated transitions are also given with
an estimated accuracy within 1%, which should be convenient for practical applications. The dataset that supported the
findings of this study is available in Science Data Bank, with the link https://doi.org/10.57760/sciencedb.j00113.00101.
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1. Introduction
Generally, radiation damping of an excited atom or ion

leads to the broadening of spectral lines. In plasmas, the mi-
crofield of surrounding ions perturbs the radiating ions by the
Stark effect and leads to so-called Stark broadening.[1] Sim-
ilarly, the high-speed electrons also perturb the emitting ions
through collisions and cause the interruption of spontaneous
emission. This interruption will broaden the widths of the
emission lines, and is known as electron-impact broadening.
Electron-impact broadening plays important roles in plasma
diagnostics,[2] and is also an essential atomic parameter in
opacity calculations.[3] Therefore, investigations on electron-
impact broadening are crucial for research programs in astro-
physics and controlled fusion research.

Argon is one of the most abundant heavy elements and
exists widely in various plasma environments, including plan-
etary nebulae, stellar atmospheres, interstellar media and fu-
sion plasmas.[4] With the development of satellite-borne spec-
trograph and space astronomy, the spectral lines of argon ions
with different degrees of ionization were detected and ap-
plied in hot stars and white dwarfs.[5–9] Plenty of emission
lines from highly charged Ar XV ions have been observed
and applied in astrophysical, tokamak and other laboratory

plasmas.[7,10–18] For example, the line intensity ratios and line
widths of Ar XV ion were used to diagnose plasma level pop-
ulation and electron density.[19] The line widths of Ar XV ions
are also required in spectrum simulations.[20]

For the above-mentioned plasmas with relatively low
electron densities, the impact approximation theory (IAT) is
applicable. This was first formulated by Baranger[21] and later
reviewed by Griem.[1] The theory considers a single binary
collision between a perturber and a perturbed ion. During
the time of electron collision with a radiating ion, the inter-
action between perturbing ions is ignored and at any time each
electron interacts with only one perturbed ion. The width
and shift of a spectral line are linearly proportional to elec-
tron density Ne and depend on the scattering matrix for bi-
nary collisions. In practice, the scattering matrix for the IAT
can be obtained from either the semiempirical formula[22] or
quantum mechanical methods.[23,24] The reliability of quan-
tum mechanical methods under the distorted wave approxima-
tion for the IAT has been reported previously, where the effect
of resonant electron-capture processes was not considered.[25]

For near-neutral ions, these resonant processes generally occur
in low-energy regions. With the statistical convolution of the
electron velocity distribution for considering the finite plasma
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temperature, the influence of these resonant processes should
be negligible. On the other hand, for highly ionized ions, the
weight contributed by the lower-energy region will be greatly
increased at the same temperature due to the Z2 scaling of
the electron energy. In addition, the electron orbitals tend to
become hydrogen-like due to the dominant strong Coulomb
interaction from the nuclear charge. Such threshold quasi-
degeneracy would produce dense resonance structures in col-
lision processes.[26]

An Ar XV ion can be regarded as a highly ionized
ion.[26] Fernández-Menchero[27] used the frame transforma-
tion R-matrix method to calculate only the electron colli-
sion strengths of Be-like ions, and the relativistic effect was
not strictly considered. Additionally, previous investigations
on Ar XV line broadening only used the semiclassical per-
turbation method[28] and the nonrelativistic distorted wave
approach,[29] in which the contribution of resonance struc-
tures to electron-impact broadening was not included. Fur-
thermore, the available Ar XV electron-impact line broaden-
ing data were scarce. It is therefore of great significance to
consider the effect of resonance structures and provide more
reliable electron-impact line broadening data for the Ar XV
ion.

In the present work, we have carried out relativistic quan-
tum mechanical close-coupling calculations on the electron-
impact processes of the Ar XV ion based on the Dirac atomic
R-matrix code (DARC).[30] The electron-impact broadening
based on the IAT under different plasma conditions is ob-
tained. For the important range of temperatures in the appli-
cation, we found that the results considering resonance struc-
tures are significantly different from those of distorted waves.
It is very interesting to find that the results of electron-impact
broadening by considering the resonance structures for all 47
calculated transitions can be represented by a universal fitting
formula with respect to the variations of electron temperature
and density. We thus propose a new empirical formula for
electron-impact widths over a relatively wide range of plasma
conditions. The corresponding fitting parameters of the new
empirical formula for all 47 calculated transitions are given,
with an estimated accuracy within 1%, which should be con-
venient for practical applications.

This paper is organized as follows. In Section 2, the the-
oretical methods used to calculate electron-impact broadening
are described. Section 3 presents the line broadening results
and discusses relevant fitting formulae. A short summary is
given in Section 4.

2. Theoretical methods

For ions in plasmas, the total power P(ω) emitted at en-
ergy h̄ω in a radiative transition from the initial state α to the

final state β can be expressed as

P(ω) =
2h̄ω3e2

me c3 NAgα fαβ L(ω), (1)

with e, me , and c the electron charge, mass, and speed of
light as the usual convention. gα fαβ is the weighted oscil-
lator strength, NA the ion density of the plasma and L(ω) the
normalized profile factor, which is a Lorentzian for electron-
impact broadening

L(ω) =
wαβ/2π

(ω−ωαβ )2 +w2
αβ

/4
, (2)

with wαβ the line width and ωαβ the radiative transition en-
ergy including the tiny shift induced by electron collisions.

In a plasma condition with relatively low electron density
and moderate temperature, the time interval between strong
collisions is much longer than the duration of such colli-
sions. Then we can view each electron interaction only with
one perturbed ion at a time, where all detailed interactions
can be embodied in scattering matrices. Under these cir-
cumstances, Baranger[21] developed the IAT to calculate the
wαβ , in which the time-dependent fluctuating interaction of
the electrons with the ions was replaced by a constant non-
Hermitian effective interaction composed by scattering ma-
trix elements corresponding to the initial and final states of
the radiative transition of the perturbed ion. The scatter-
ing matrices can be calculated by quantum mechanical meth-
ods, such as the distorted wave method[31] and close-coupling
method.[30,32] These quantum mechanical methods have been
used in the study of electron-impact broadening.[3,23,33–35] The
impact broadening parameters calculated by the IAT with dif-
ferent quantum mechanical methods are different due to the
different precisions of the scattering matrices. For example,
the distorted wave method generally does not consider res-
onant structures, while the close-coupling method can accu-
rately describe resonant structures. In this paper, the full rela-
tivistic close-coupling R-matrix method is adopted, which can
take into account both the relativistic effect and the resonance
structures of low-energy electron collisions in HCI ions, in-
cluding the present Ar XV ion. We consider the (N + 1)-
electron system consisting of an N-electron target ion and an
electron. To facilitate later discussions, we denote by JT

m the
total angular momentum of the N-electron target state Φm,
(l, j) is the orbital and total angular momentum of the scatter-
ing electron and Jmπ is the total angular momentum and parity
of the (N +1)-electron system formed by the target m and the
scattering electron (l, j). In the R-matrix calculations, JT

m, l, j,
and Jm are regarded as channels in the close-coupling expan-
sions. The more channel expansions that are considered in the
calculation, the more convergent the results would be. With
the calculated scattering matrix SJπ

E at the energy E, we can
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obtain the electron collision excitation strength Ωαβ between
the atom states JT

α and JT
β

[36]

Ωαβ = ∑
Jπ

2J+1
2 ∑

j j′,ll′
|SJπ

E (JT
α l j,JT

β
l′ j′)|2, (3)

with E = ET
α + εα = ET

β
+ εβ , εα , εβ the energy of the scat-

tering electron in the corresponding scattering channel and ET
α

and ET
β

the energy of the target ions.
Based on the IAT, the electron-impact broadening (full

width at half maximum) of the isolated line transition of target
atoms is written as

wαβ = 2Ne

(
h̄

me

)2(
2me π

kBTe

)1/2

×
∫

∞

0
Γαβ (ε)exp

(
−ε

kBTe

)
d

(
ε

kBTe

)
, (4)

with Ne and ε the electron density and electron energy and Te

and kB the electron temperature and Boltzmann constant. Γαβ

is the collision strength for electron-impact broadening[24]

Γαβ (ε) = ∑
Jα πα Jβ πβ j j′ll′

(−1)2JT
α+2Jβ+ j+ j′ 1

2
(2Jα +1)

×(2Jβ +1)×
{

Jβ Jα 1
JT

α JT
β

j

}{
Jβ Jα 1
JT

α JT
β

j′

}
×
[
δll′δ j j′ −Re(SJα πα

ET
α+ε

(JT
α l′ j′,JT

α l j)

×S
Jβ πβ ∗
ET

β
+ε

(JT
β

l′ j′,JT
β

l j))
]
. (5)

Note that the two conjugate scattering matrix elements shown
in Eq. (5) are on different energy shells, reflecting the impact
effects on the initial and final states of the radiative transition
process from the colliding electron of the same energy.

3. Computational results and discussion
The DARC relativistic close-coupling R-matrix

method[30] is applied in this study to calculate the scattering
matrix SJπ

E in Eqs. (3) and (5). Briefly, based on the partial-
wave expansion method, the coupling of N-electron ion core
target states Φm and an excited electron with the appropriate
angular momentum forms channels for the (N + 1)-electron
excited complex with a specific total angular momentum. The
multi-channel logarithmic derivative boundary matrix RJπ

E is
obtained by solving the (N + 1)-electron problem variation-
lly within the R-matrix box, i.e., the reaction zone. With the
RJπ

E matrix, the scattering matrix SJπ
E can be calculated with

the proper outgoing-wave expressions on the boundary of the
reaction zone.

For the R-matrix calculation, the quality of target wave-
functions Φm as well as the number of target states, which

in turn determines the coupled-channel expansions included
in the calculation, are crucial to the final convergence of
the calculated scattering matrix. In the present work, the
GRASP2018 code[37] based on the multi-configuration Dirac–
Fock method is used to optimize target wavefunction or-
bitals of the Ar XV ion. We use the multi-configuration sets
(1s22s2, 1s22s2p, 1s22p2, 1s22s3s, 1s22s3p, 1s22s3d, 1s22p3s,
1s22p3p, 1s22p3d, 1s22s4s, 1s22s4p, 1s22s4d, 1s22s4f,
1s22p4s, 1s2s3d2, 1s23d2, 2s23d2, 1s2s2p3d, 1s2p3d2, and
1s2p3) as the reference configurations to optimize 1l, 2l, 3l,
and 4l orbitals. By keeping these optimized spectroscopic or-
bitals fixed, we carry out the extended-optimal-level calcula-
tions to further optimize virtual orbital sets, i.e., 5l (l = 0–
4), 6l (l = 0–5), 7l (l = 0–5), 8l (l = 0–5), and 9l (l = 0–
5), step by step with increasing principal quantum number
for electron correlation effects. The respective configurations
are generated by all possible single and double excitations
from the multi-reference configuration sets to the correspond-
ing virtual orbital sets. With these configurations and opti-
mized orbitals, the target state wavefunctions are obtained by
a separate relativistic configuration interaction calculation.[37]

Table 1 lists the calculated first 64 fine-structure energy
levels of the Ar XV ion connected with configurations of
1s22s2, 1s22s2p, 1s22p2, 1s22s3s, 1s22s3p, 1s22s3d, 1s22p3s,
1s22p3p, 1s22p3d, 1s22s4s, 1s22s4p, 1s22s4d, 1s22s4f, and
1s22p4s, which are used in later R-matrix calculations. As
shown in Table 1, our result is in excellent agreement with
the experimental data[38] within 0.053%, which is systemat-
ically better than previous theoretical results.[39,40] Table 2
exhibits our calculated weighted oscillator strengths (gα fαβ )
and transition probabilities (Aαβ in s−1), together with other
theoretical results[39,40] of the radiative E1 transitions from
the first five states to 2s3l and 2p3l states, which are the
transitions for the later electron-impact broadening investi-
gations. Our results are in good agreement with those from
the literature.[39,40] We have used both the length and velocity
forms of the E1 transition operator to calculate gα fαβ , as the
agreement between the results of the two forms is commonly
used as an independent criterion for the convergence of the
electron correlation effects.[41] As shown in Table 2, the agree-
ment between our calculated gα f L

αβ
and gα f V

αβ
is within 1.8%

for all transitions. Therefore, our calculated results shown in
Tables 1 and 2 demonstrate the good quality of the target wave-
functions used in our R-matrix calculations for the scattering
matrix.

In the scattering calculation, the convergence of partial-
wave expansions of the electron collision excitation strength
is not exactly the same as that of the collision strength for
electron-impact broadening defined in this paper. For exam-
ple, calculation of the collision strength of the dipole allowed
transition requires a large number of partial-wave expansions,
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Table 1. The excitation energies (Ryd) of Ar XV levels relative to the ground level.

Index Conf. Level Eexp
a Eb EKM

c EAK
d Index Conf. Level Eexp

a Eb EKM
c EAK

d

1 2s2 1S0 0.0000 0.0000 0.0000 0.0000 33 2p3p 3P2 39.7358 39.7329 39.7397 39.7642
2 2s2p 3Po

0 2.0838 2.0786 2.0889 2.0885 34 2p3d 3Fo
3 – 39.8131 39.8219 39.8463

3 2s2p 3Po
1 2.1493 2.1440 2.1542 2.1565 35 2p3d 1Do

2 39.8634 39.8829 39.8848 39.9106
4 2s2p 3Po

2 2.3026 2.2972 2.3066 2.3156 36 2p3d 3Fo
4 39.9108 39.9459 39.9541 39.9815

5 2s2p 1Po
1 4.1209 4.1177 4.1970 4.1909 37 2p3p 1P2 39.9955 39.9922 40.0208 40.0469

6 2p2 3P0 5.5128 5.5104 5.5470 5.5515 38 2p3d 3Do
1 – 40.0911 40.0968 40.1242

7 2p2 3P1 5.6054 5.6012 5.6381 5.6471 39 2p3d 3Do
2 – 40.1373 40.1423 40.1696

8 2p2 3P2 5.7253 5.7220 5.7588 5.7719 40 2p3d 3Do
3 40.2097 40.2168 40.2209 40.2507

9 2p2 1D2 6.2843 6.2817 6.3563 6.3731 41 2p3d 3Po
2 40.3053 40.3078 40.3162 40.3426

10 2p2 1S0 7.6602 7.6588 7.7921 7.7951 42 2p3d 3Po
1 – 40.3314 40.3410 40.3649

11 2s3s 3S1 35.8584 35.8793 35.8607 35.8883 43 2p3d 3Po
0 – 40.3483 40.3586 40.3787

12 2s3s 1S0 36.2684 36.2731 36.2603 36.2853 44 2p3p 1S0 – 40.4570 40.5143 40.5373
13 2s3p 1Po

1 36.8389 36.8317 36.8287 36.8536 45 2p3d 1Fo
3 40.6607 40.6589 40.7047 40.7355

14 2s3p 3Po
0 – 36.8537 36.8476 36.8680 46 2p3d 1Po

1 40.7282 40.7192 40.7611 40.7873
15 2s3p 3Po

1 – 36.8908 36.8856 36.9075 47 2s4s 3S1 – 48.0380 48.0177 48.0521
16 2s3p 3Po

2 36.9109 36.9151 36.9087 36.9290 48 2s4s 1S0 – 48.1769 48.1629 48.1904
17 2s3d 3D1 – 37.4364 37.4271 37.4527 49 2s4p 3Po

0 – 48.4168 48.4025 48.4319
18 2s3d 3D2 – 37.4442 37.4349 37.4618 50 2s4p 3Po

1 – 48.4215 48.4078 48.4375
19 2s3d 3D3 37.4531 37.4570 37.4478 37.4755 51 2s4p 3Po

2 – 48.4424 48.4281 48.4570
20 2s3d 1D2 37.8176 37.8229 37.8436 37.8708 52 2s4p 1Po

1 – 48.4651 48.4576 48.4879
21 2p3s 3Po

0 – 38.4902 38.4926 38.5165 53 2s4d 3D1 – 48.6576 48.6413 48.6731
22 2p3s 3Po

1 – 38.5435 38.5474 38.5720 54 2s4d 3D2 – 48.6603 48.6441 48.6763
23 2p3s 3Po

2 – 38.7162 38.7179 38.7442 55 2s4d 3D3 48.6617 48.6651 48.6489 48.6813
24 2p3s 1Po

1 – 39.0360 39.0693 39.0901 56 2s4d 1D2 48.7710 48.7802 48.7782 48.8078
25 2p3p 1P1 – 39.1264 39.1293 39.1492 57 2s4f 3Fo

2 – 48.8010 48.7899 –
26 2p3p 3D1 – 39.2877 39.2911 39.3103 58 2s4f 3Fo

3 – 48.8022 48.7911 –
27 2p3p 3D2 – 39.2977 39.3045 39.3237 59 2s4f 3Fo

4 48.8075 48.8043 48.7932 –
28 2p3p 3D3 39.4269 39.4559 39.4621 39.4812 60 2s4f 1Fo

3 48.8348 48.8322 48.8252 –
29 2p3p 3S1 39.5444 39.5570 39.5632 39.5817 61 2p4s 3Po

0 – 50.4613 50.4600 50.4875
30 2p3p 3P0 – 39.5781 39.5827 39.6044 62 2p4s 3Po

1 – 50.4831 50.4849 50.5118
31 2p3p 3P1 – 39.6842 39.6904 39.7109 63 2p4s 3Po

2 – 50.6907 50.6883 50.7167
32 2p3d 3Fo

2 – 39.7096 39.7167 39.7384 64 2p4s 1Po
1 – 50.7525 50.7633 50.7877

a: NIST database,[38] b: this work, c: Aggarwal KM,[39] d: Bhatia AK.[40]

Table 2. The weighted oscillator strengths and transition probabilities (s−1) for intercombination transitions of Ar XV. The number of lower and
upper transitions is the index of energy level in Table 1.

Lower (α) Upper (β ) gα f V
αβ

a gα f L
αβ

b gα f AK
αβ

c Aαβ
d AKM

αβ

e AAK
αβ

f

1 3 2.326−04 2.333−04 2.120−04 2.875+06 2.660+06 2.640+06
1 5 2.066−01 2.048−01 2.093−01 9.334+09 9.988+09 9.334+09
1 13 4.495−01 4.488−01 4.088−01 1.632+12 1.544+12 1.487+12
1 15 1.793−01 1.788−01 2.171−01 6.514+11 7.245+11 7.923+11
1 24 2.429−02 2.422−02 2.850−02 9.907+10 1.090+11 1.167+11
1 38 1.407−03 1.406−03 1.171−03 6.074+09 5.312+09 5.048+09
2 11 2.905−02 2.908−02 2.892−02 8.894+10 8.916+10 8.846+10
2 17 7.332−01 7.333−01 7.314−01 2.453+12 2.459+12 2.452+12
2 25 3.496−02 3.495−02 3.195−02 1.284+11 1.189+11 1.175+11
2 26 1.040−01 1.040−01 1.040−01 3.855+11 3.915+11 3.860+11
2 29 6.055−02 6.053−02 6.027−02 2.275+11 2.337+11 2.269+11
2 31 3.201−02 3.199−02 3.574−02 1.212+11 1.202+11 1.355+11
3 11 8.765−02 8.778−02 8.745−02 2.673+11 2.681+11 2.665+11
3 12 2.606−05 2.559−05 1.838−05 2.401+08 2.406+08 1.721+08
3 17 5.482−01 5.482−01 5.472−01 1.827+12 1.832+12 1.828+12
3 18 1.641+00 1.641+00 1.638+00 3.285+12 3.291+12 3.285+12
3 20 1.146−03 1.144−03 1.205−03 2.334+09 2.351+09 2.473+09
3 25 6.596−02 6.595−02 6.377−02 2.415+11 2.349+11 2.337+11
3 26 3.062−03 3.061−03 4.227−03 1.123+10 1.455+10 1.563+10
3 27 2.717−01 2.716−01 2.683−01 6.021+11 5.991+11 5.956+11
3 29 1.610−01 1.610−01 1.611−01 6.033+11 6.155+11 6.045+11
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Table 2. Continued.

Lower (α) Upper (β ) gα f V
αβ

a gα f L
αβ

b gα f AK
αβ

c Aαβ
d AKM

αβ

e AAK
αβ

f

3 30 1.030−01 1.030−01 1.032−01 1.159+12 1.163+12 1.164+12
3 31 1.577−02 1.577−02 1.898−02 5.956+10 5.788+10 7.172+10
3 33 7.777−02 7.773−02 8.206−02 1.763+11 1.798+11 1.866+11
3 37 7.216−03 7.217−03 5.261−03 1.668+10 1.431+10 1.215+10
4 11 1.481−01 1.484−01 1.491−01 4.479+11 4.489+11 4.501+11
4 17 3.660−02 3.659−02 3.649−02 1.209+11 1.212+11 1.208+11
4 18 5.468−01 5.468−01 5.460−01 1.084+12 1.087+12 1.085+12
4 26 5.728−03 5.727−03 6.019−03 2.099+10 2.102+10 2.206+10
4 27 3.914−02 3.913−02 4.028−02 8.599+10 8.600+10 8.867+10
4 29 2.910−02 2.909−02 3.794−02 1.081+11 1.128+11 1.412+11
4 31 2.582−01 2.581−01 2.533−01 9.660+11 9.753+11 9.489+11
4 33 4.129−01 4.128−01 4.145−01 9.291+11 9.369+11 9.344+11
4 37 1.625−02 1.623−02 1.299−02 3.727+10 3.025+10 2.974+10
5 11 2.459−04 2.472−04 2.650−04 6.682+08 6.118+08 7.128+08
5 12 3.108−02 3.117−02 3.399−02 2.589+11 2.762+11 2.814+11
5 17 1.337−03 1.331−03 1.279−03 3.961+09 3.596+09 3.793+09
5 18 1.469−03 1.478−03 1.707−03 2.632+09 2.531+09 3.038+09
5 20 1.617+00 1.617+00 1.610+00 2.951+12 2.991+12 2.937+12
5 25 1.786−01 1.786−01 1.970−01 5.857+11 6.349+11 6.446+11
5 26 1.599−01 1.599−01 1.619−01 5.298+11 5.232+11 5.345+11
5 27 6.178−03 6.183−03 5.467−03 1.232+10 1.153+10 1.084+10
5 29 3.935−02 3.934−02 3.798−02 1.324+11 1.293+11 1.274+11
5 30 1.288−03 1.289−03 1.031−03 1.307+10 1.103+10 1.039+10
5 31 2.223−04 2.227−04 3.415−04 7.575+08 6.987+08 1.154+09
5 33 4.289−02 4.290−02 3.607−02 8.784+10 7.354+10 7.335+10
5 37 7.809−01 7.809−01 8.247−01 1.613+12 1.637+12 1.705+12

a, b, and d: this work (a, velocity form; b, length form). c and f: Bhatia AK.[40] e: Aggarwal KM.[39]

0 0.5 1.0 1.5 2.0

0 0.5 1.0 1.5 2.0

0

50

100

150

200

250

0

5

10

15

20

25

30

35

40

(a) R10 (Dε=0.001 Ryd)

R20 (Dε=0.001 Ryd)

R46 (Dε=0.001 Ryd)

R64 (Dε=0.001 Ryd)

R64 (Dε=0.002 Ryd)

R64 (Dε=0.005 Ryd)

R10 (Dε=0.001 Ryd)

R20 (Dε=0.001 Ryd)

R46 (Dε=0.001 Ryd)

R64 (Dε=0.001 Ryd)

R64 (Dε=0.002 Ryd)

R64 (Dε=0.005 Ryd)

(b)

Te ↼6 K↽

w
α
β
 ↼




-
3
 A

↽
w
α
β
 ↼




-
3
 A

↽

Fig. 1. The electron-impact broadening wαβ of two Ar XV spectral lines
at electron density Ne = 1×1020 cm−3: (a) 2s2 1S0–2s2p 3Po

1 transition,
(b) 2s2 1S0–2s2p 1Po

1 transition.

but calculation of the line width only involves the scattering
matrix elements of elastic collision of the upper and lower lev-

els, which requires much fewer partial-wave expansions. After
checking, we adopted 2Jm ≤ 39 for both parities as adequate
for the present line width calculations. We have studied the
convergence with respect to the increasing target states. As
shown in Fig. 1, we calculated the electron-impact broaden-
ing wαβ of spectral lines using four independent theoretical
models, namely: (i) R10, a 10-state calculation including the
ground state 2s2 1S0, as well as the four excited states with
configuration 2s2p and the five excited states with configura-
tion 2p2; (ii) R20, in addition to (i), we include the 10 states
with configuration 2s3l; (iii) R46, a 46-state calculation in
which the 26 states with configurations 2p3l are also included;
(iv) R64, compared with (iii), we add 18 states with configu-
ration 2s4l and 2p4s. It is evident that the R64 model is con-
vergent, and it is used in all subsequent calculations.

For electron-impact energies below the double-ionization
threshold of the Ar XIV ion, the atomic spectra are domi-
nated by a large number of overlapping doubly excited res-
onance series known as autoionization states. Highly ionized
excited states have strong intrashell corrections, resulting in
dense resonant structures.[26] Figure 2 shows that the colli-
sion excitation strengths Ωαβ and the collision strength for
electron-impact broadening Γαβ have a large number of reso-
nance structures under the Ar XV threshold, while the results
of the distorted wave calculation with identical target states
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using the Flexible Atomic Code (FAC) program[42] do not.
These resonant structures can be effectively calculated using
multichannel quantum defect theory.[26] As shown in Eq. (4),
this paper discusses that electron collision broadening is a con-
volution result. The more energy grids, the higher the pre-
cision of the line widths. It is clearly seen from Fig. 1 that
with the reduction of ∆ε the line widths calculated by the R64
model show good convergence.
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Fig. 2. (a) The collision excitation strength Ωαβ of the 2s2 1S0–2s2p
3Po

1 transition. (b) The collision strength for electron-impact broadening
Γαβ of the 2s2 1S0–2s2p 3Po

1 transition. The blue triangles show distorted
wave results using the FAC program and the red rhombus distorted wave
results from Elabidi H.[29]

In Table 3 we display wαβ for four transition lines of
Ar XV. The calculations are performed at electron density
Ne = 1×1020 cm−3. Moreover, in order to illustrate the vari-
ation of the electron-impact broadening with electron tem-
perature in the important range of temperature for applica-
tions, the line widths as a function of electron temperature
for the four transition lines of Ar XV are displayed in Fig. 3.
As shown in both Table 3 and Fig. 3, it is clear that the
present results are significantly different from the semiclassi-
cal perturbation[28] and distorted wave results.[29] Specifically,
the average difference between the present results and the dis-
torted wave and semiclassical perturbation results are 21.6%
and 52.0%, respectively. For low-electron-temperature plas-
mas (1×105 K≤ Te ≤ 5×105 K), the electron-impact broad-
ening increases with decrease of the electron temperature and

the increasing trend is substantially faster than that of high-
electron-temperature plasmas (Te > 5× 105 K). At the same
time, compared with the present R-matrix results, the distorted
wave results show a relatively slow growth trend with decreas-
ing temperature. As shown in Fig. 2(a), although the collision
strengths Ωαβ of the R-matrix are in good agreement with the
distorted wave results in the high-energy region, the rich res-
onance structures are missing in the distorted wave results for
electron incident energies under the Ar XV threshold, which
should be the main reason for the differences in wαβ . There-
fore, it is necessary to consider the effect of resonance struc-
tures on electron-impact broadening, especially in the case of
low electron temperature.

0

5

10

15

20

25

30

35

0

0.2

0.4

0.6

0.8

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0

0.5

1.0

1.5

(a) (b)

(c) (d)

0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0

Te ↼6 K↽ Te ↼6 K↽

w
α
β
 ↼




-
3
 A

↽
w
α
β
 ↼




-
3
 A

↽

Fig. 3. The electron-impact broadening wαβ at electron density Ne =

1× 1020 cm−3 for four Ar XV transitions: (a) 2s2 1S0–2s2p 1Po
1, (b)

2s2 1S0–2s3p 1Po
1, (c) 2s2p 3Po

0–2s3s 3S1, (d) 2s2p 1Po
1–2s3s 1S0. Red

circles, distorted wave;[29] blue triangles, semiclassical perturbation;[28]

black squares, this work; dotted lines of three colors, fitting by Eq. (7);
black solid line, fitting by Eq. (8).

Table 3. The electron-impact broadening wαβ of Ar XV lines at electron
density Ne = 1×1020 cm−3.

Transitions Te wαβ
a wdw

αβ

b wscp
αβ

c

(105 K) (10−3 Å) (10−3 Å) (10−3 Å)

2s2 1S0–2s2p 1Po
1

5 10.251 8.55 14.3
7.5 7.224 7.66 11.7

λ = 22.11 nm
10 5.792 7.04 10.2
20 3.545 5.62 7.46

2s2 1S0–2s3p 1Po
1

5 0.268 0.242 0.455
7.5 0.198 0.209 0.373

λ = 2.47 nm
10 0.159 0.188 0.325
20 0.096 0.141 0.235

2s2p 3Po
0–2s3s 3S1

5 0.387 0.313 0.242
7.5 0.283 0.273 0.202

λ = 2.69 nm
10 0.226 0.236 0.177
20 0.129 0.164 0.133

2s2p 1Po
1–2s3s 1S0

5 0.378 0.363 0.380
7.5 0.272 0.309 0.232

λ = 2.84 nm
10 0.215 0.273 0.204
20 0.120 0.197 0.152

a: this work. b: Elabidi.[29] c: Dimitrijević.[28]
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Table 4. Fitting coefficients A, B and C with their relative errors (in percent) in wαβ = Ne (A+B lnTe +C lnTe ×T−1/2
e ) for the Ar XV transitions.

Ne is in 1×1020 cm−3, wαβ is in 10−3 Å and Te is in K. The number of lower and upper of transitions is the index of energy levels in Table 1.

Lower (α) Upper (β ) λ (nm) A B C ErrorA ErrorB ErrorC R2

1 3 42.397 −718.359 42.345 11237.426 1.19 1.29 0.63 0.9992
1 5 22.113 −136.579 8.116 2188.789 2.01 2.16 1.04 0.9979
1 13 2.474 −2.037 0.118 40.588 0.83 0.84 0.35 0.9998
1 15 2.470 −1.764 0.102 34.172 2.66 2.99 1.10 0.9998
1 24 2.332 −2.527 0.150 39.491 1.14 0.66 0.61 0.9992
1 38 2.273 −0.115 0.006 3.905 5.50 6.39 1.28 0.9998
2 11 2.698 −3.442 0.201 64.262 0.72 0.49 0.32 0.9998
2 17 2.577 0.994 −0.066 4.831 1.61 1.51 2.80 0.9994
2 25 2.460 −5.892 0.357 76.416 5.50 5.60 3.35 0.9979
2 26 2.449 −1.271 0.074 24.485 2.20 2.43 0.89 0.9998
2 29 2.432 −0.936 0.054 19.525 3.09 3.46 1.12 0.9998
2 31 2.423 −0.554 0.031 13.798 3.63 3.14 1.08 0.9998
3 11 2.703 −5.083 0.300 83.989 0.74 0.66 0.38 0.9997
3 12 2.670 −6.534 0.382 109.941 1.65 1.84 0.77 0.9999
3 17 2.582 −0.954 −0.065 6.466 6.07 5.82 7.12 0.9994
3 18 2.581 0.730 −0.051 8.528 6.71 6.15 4.54 0.9996
3 20 2.554 1.334 −0.089 4.297 7.34 6.74 17.92 0.9984
3 25 2.464 −6.244 −0.379 79.973 5.72 6.06 3.52 0.9964
3 26 2.453 −1.358 −0.079 24.988 2.14 2.36 0.91 0.9998
3 27 2.453 −3.411 0.207 46.146 6.15 6.57 3.61 0.9975
3 29 2.436 −0.983 0.057 19.632 2.77 3.04 1.10 0.9998
3 30 2.434 −0.619 −0.036 13.916 4.20 4.63 1.47 0.9997
3 31 2.427 −0.578 0.033 13.583 3.97 4.63 1.38 0.9997
3 33 2.424 0.607 −0.043 38.043 15.9 14.44 1.99 0.9998
3 37 2.407 −1.206 0.072 21.339 5.30 5.74 2.38 0.9994
4 11 2.715 −6.227 0.370 96.051 2.81 2.97 1.43 0.9995
4 17 2.593 1.039 −0.070 5.849 5.77 5.68 8.39 0.9993
4 18 2.593 0.827 −0.057 7.486 6.40 5.94 5.60 0.9995
4 26 2.463 −1.438 0.084 26.077 2.09 2.32 0.92 0.9998
4 27 2.463 −3.523 0.213 47.457 6.13 6.49 3.58 0.9968
4 29 2.446 −1.006 0.058 19.983 2.54 3.03 1.07 0.9998
4 31 2.437 −0.611 0.035 13.967 4.04 4.46 1.38 0.9997
4 33 2.434 −0.396 0.016 53.162 22.72 35.58 1.35 0.9998
4 37 2.417 −1.261 0.075 21.745 5.31 5.76 2.45 0.9989
5 11 2.871 −7.246 0.432 109.789 3.10 3.35 1.61 0.9994
5 12 2.834 −4.627 0.273 76.162 0.99 0.73 0.51 0.9995
5 17 2.735 1.030 −0.070 7.639 6.19 5.82 6.59 0.9994
5 18 2.734 0.801 −0.056 9.252 1.69 6.19 4.54 0.9996
5 20 2.704 1.514 −0.101 3.801 7.32 7.08 23.15 0.9982
5 25 2.603 −6.976 0.424 88.685 1.56 1.07 3.64 0.9969
5 26 2.591 −1.538 0.090 27.812 2.40 2.61 1.04 0.9998
5 27 2.590 −3.830 0.232 50.941 6.47 6.85 3.84 0.9959
5 29 2.572 −1.098 0.064 21.319 3.02 3.29 1.22 0.9997
5 30 2.570 −0.693 0.040 15.084 5.32 5.82 1.92 0.9995
5 31 2.562 −0.642 0.037 14.765 5.29 5.82 1.81 0.9996
5 33 2.558 −0.347 0.017 50.609 57.06 74.56 3.08 0.9994
5 37 2.540 −1.264 0.075 21.895 6.09 6.53 2.76 0.9987

Considering the convenience and diversity of data ap-
plications, it is necessary to establish the fitting formula for
electron-impact broadening with respect to the electron tem-
perature. The scaling of line widths with electron temperature
has been discussed in previous literature. Trklja[43] and Dim-
itrijević[44] proposed a simple formula of the form

wαβ = Ne(A+BT−C
e ). (6)

Elabidi[45] later proposed a more physical fitting formula
based on the Bethe approximation of electron-impact cross-
sections,[46]

wαβ = Ne(A+B lnTe ×T−1/2
e ). (7)

This approximation is valid at high energy and especially good
when the difference in energy ET

β
− ET

α = h̄ω between the
atomic levels of the radiator is small. The reliability of Eq. (7)
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is verified by the literature.[45] In Fig. 3, it is noticeable that the
fitting accuracy of the present relativistic quantum mechanical
calculations according to Eq. (7) is inferior to that of the semi-
classical perturbation and distorted wave methods because this
approximation is not always effective at low electron energy.
Due to the rich resonances missing in the distorted wave re-
sults at low electron energy, it seems appropriate to introduce
the correction term (lnTe ) into Eq. (7) to take into account the
influence of resonance structures under the Ar XV threshold
on electron-impact broadening

wαβ = Ne(A+B lnTe +C lnTe ×T−1/2
e ). (8)

It is clearly seen from Fig. 3 that the accuracy of the solid line
fitted with Eq. (8) for the present results is significantly im-
proved. Finally, the corresponding fitting parameters A, B, C,
error and correlation coefficient R2 of the new empirical for-
mula for all 47 calculated transitions are also given with an
estimated accuracy within 1%. Therefore, we believe that the
new formula is applicable.

4. Summary
In this work, the electron-impact broadening of transition

lines of highly charged Ar XV ions are calculated based on
the IAT. The full relativistic close-coupling R-matrix method
DARC is used for the scattering matrix required in the IAT,
where all resonant structures are included. Compared with the
commonly used distorted wave method which does not con-
sider the relevant resonance process, we found that the present
line widths have a significant average difference of 21.6% and
show a different trend with electron temperature, especially at
low electron temperature. Furthermore, we propose an em-
pirical formula of line widths with electron temperature with
a correction term to take into account the effect of resonance
structures on electron-impact broadening, which is applicable
to all 47 transitions in this paper with an estimated accuracy
within 1%. We give all the fitting coefficients of these transi-
tion lines in Table 4, which should be useful for astrophysical
and laboratory applications, especially in plasma parameter di-
agnostics. As the resonance structures exist widely in other
atom systems, we expect that our new fitting formula form
should be applicable in general.
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