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ABSTRACT

Aims. We present results of the electron-impact broadening parameters (i.e., widths and shifts) of spectral lines in singly ionized Be II,
Sr II, and Ba II ions, calculated by using our relativistic quantum mechanical methods.
Methods. In these calculations, Dirac R-matrix methods were used to solve (N + 1)- electron colliding systems to obtain the required
scattering matrices. The dimensionless collision strength Ω(ε) is calculated as a function of incident electron energies ε.
Results. The present line-broadening parameters are required for future spectral analysis by means of state-of-the-art nonlocal ther-
modynamic equilibrium atmospheres, which is now hampered largely by the paucity of reliable atomic and accurate line-broadening
data tables. Our results for the spectral line-broadening parameters in the case of three ions obtained for a set of electron temperatures
at an electron density 1017 cm−3 show very good agreement with other theoretical calculations, and are much closer to the available
experimental measurements.
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1. Introduction

The broadening of spectral lines by collisions with charged par-
ticles provide valuable insight into the behavior of atomic in-
teractions, and serves as one of the most valuable diagnostic
tools to map the interface between atomic and plasma physics.
The electron-impact broadening mechanism plays a primordial
role in stellar spectroscopy and is indispensable for spectral
analysis of astrophysical and laboratory plasmas. In particular,
collisional broadening is important for investigating and mod-
eling A- and B-type stars, as well as for the white dwarf atmo-
spheres (Dimitrijević et al. 2007). The atomic data of electron-
impact broadening for line synthesis are needed to solve various
problems in astrophysics, such as for determining the chemical
abundance of elements and also for estimating radiative transfer
through stellar plasmas, as well as for opacity calculations. The
collisional broadening coefficients may also be important in the
case of cooler stars, such as solar type stars, for transitions in-
volving higher principal quantum numbers (Tankosić et al. 2003,
and references therein).

For such investigations, accurate line-broadening parameters
are required for a large number of lines for various elements and
have frequently been missed in the literature (Konjević & Wiese
1976; Konjević et al. 1984). Presently, nonlocal thermody-
namic equilibrium (NLTE) calculations for stellar spectroscopy
have achieved a high level of precision and sophistication, but
are restrained largely by the paucity of reliable atomic and
line-broadening data. In NLTE techniques for elemental abun-
dance determination, it has remained necessary that the existing

line-broadening data be extrapolated for the required elec-
tron temperatures and electron densities. This procedure can
cause inaccuracies in models of stellar interiors (Alecian
et al. 1993), white dwarfs (Rauch et al. 2007), early type
galaxies (Andrievsky et al. 2009), and extremely metal-poor
stars (Andrievsky et al. 2011). The knowledge of NLTE line
profiles having contributions from Stark broadening parame-
ters of the three unblended Ba II lines (4554 Å, 5853 Å,
6496 Å) was used for Sr/Ba abundance determinations in
very or extremely metal-poor stars (Andrievsky et al. 2009).
Therefore, it is essential to validate line-broadening theories
with the well-characterized experiments. It has also been em-
phasized by Rauch et al. (2007) that arduous efforts should
be made to improve the scope of line-broadening parame-
ters for spectral line forming regions in astrophysical plasmas.
Simultaneously, there has been strong interest in providing more
accurate line-broadening data to match observations for a large
number of spectral lines of various emitters in the past ten
years by developments in astronomy that have collected an ex-
tensive amount of spectroscopic information over large spec-
tral regions for all kinds of celestial objects. Therefore, even
though there are very successful semiclassical treatments (Sahal-
Bréchot 1969a,b; Griem 1974) to deal with electron-impact
broadening parameters, it is very useful to perform some more
sophisticated quantum mechanical calculations.

Beryllium is an element of particular astrophysical impor-
tance due to its high cosmic abundance. Beryllium derives its
abundance from high-energy reactions between heavy nuclei and
cosmic rays or protons from interstellar medium. As an example,
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the cosmic abundance of beryllium is an important test bed for
cosmological models (see Gilmore et al. 1991). A striking ex-
cess of beryllium as compared with lithium is found in our Sun,
since beryllium is rapidly destroyed by thermonuclear reactions
at temperatures above 3.6 × 106 K, and its abundance also con-
straints on mixing between photospheric and deeper regions of
stars, which is of particular interest in the Sun (Balachandran
& Bell 1998). The surface contents of light elements, especially
beryllium, provide information on nucleogenesis, and it almost
relies on the Be II resonance doublet at 3130 Å, which empha-
sizes the importance of these lines in our present work (Barklem
& O’Mara 2000). Moreover, Be II line profiles are of interest for
opacity calculations (Dimitrijević & Sahal-Bréchot 1992).

The Sr II resonance lines (4077.7 Å, 4215.5 Å) and its four
other emission lines (4167.80 Å, 10 036.05 Å, 10 327.31 Å,
10 914.89 Å) have been regarded as extremely important for
deriving precise strontium abundance in some astrophysical
objects (see e.g. Barklem & O’Mara 2000; Zethson et al.
2001). Most recently, with the aid of these six Sr II lines,
NLTE stellar strontium abundances have been derived by ser-
val authors (Andrievsky et al. 2011; Bergemann et al. 2012).
The widths and shifts of these Sr II spectral lines produced
by electron impact have set up a basis for demonstrating
NLTE calculations of stellar strontium abundances by fitting the
synthetic line profiles to the observed spectrum. Therefore, the
line-broadening parameters of the involved Sr II spectral lines
must be known a priori for NLTE abundance calculations of
strontium in stars, where Sr II lines are particularly strong.

In recent years, the interest in Ba II lines has been re-
newed by new observations for revising the barium abundance
in solar and stellar atmospheres. Among numerous studies ded-
icated to Ba II lines in solar and stellar spectra, two Ba II mul-
tiplets, 6s 2S − 6p 2P◦ and 5d 2D − 6p 2P◦ transitions, are dis-
played in spectra of F-G stars (Mashonkina et al. 1999). The
three Ba II lines (5853.69 Å, 6141.73 Å, 6496.91 Å) have
been observed in red giants of NGC 6752 (Dobrovolskas et al.
2012). Andrievsky et al. (2013) have derived the barium at-
mospheric abundances for a large sample of Cepheids, com-
prising 270 stars with NLTE calculations by using these three
Ba II lines. Komarov & Basak (1993) found Ba I and Ba II lines
in the spectra of the Sun and of two Praesepe stars (for solar
barium lines also see Anders & Grevesse 1989). Barium lines
are also of immense interest for investigating laboratory plas-
mas. Although the Sr II and Ba II triplets are not particularly
strong in the Sun, they are much stronger in other stars, such
as BA- and S-type stars, and this is where the data presented
in this paper are expected to be the most useful. For exam-
ple, for quantitative spectroscopy of luminous BA-type super-
giants with NLTE spectrum synthesis technique, Przybilla et al.
(2006) utilized Stark broadening parameters of Ba II spectral
lines published by Dimitrijević & Sahal-Bréchot (1997). The de-
gree to which we can rely on quantitative studies of this class of
stars as a whole depends on the quality of the atomic and line-
broadening parameters. This indicates the importance of accu-
rate electron-impact broadening widths and shifts for abundance
determination studies.

The main aim of this paper is to provide new and more
accurate electron-impact broadening data of singly ionized
Be II, Sr II, and Ba II ions for a wide range of electron
temperatures suitable for stellar spectroscopy. Our calculations
were performed only for those plasma parameters for which
the experimental electron-impact broadening data are avail-
able in the literature to provide uncertainty estimates. For

evaluating widths and shifts of nonhydrogenic spectral lines of
ionized atoms, various theoretical approaches have been used
and discussed extensively in the literature (e.g. Griem 1974).
Comprehensive calculations of the line-broadening parameters
of spectral lines emitted by singly ionized atoms from lithium
through calcium were performed by Jones et al. (1971), and
the results are included in the book by Griem (1974). These
calculations were based on the generalization of semiclassi-
cal methods, as previously employed for neutral helium lines.
Our new quantum mechanical approach (Duan et al. 2012a,
2012b) was adopted to obtain the electron-impact broadening
data. A similar approach is applied by Elabidi et al. (2008) for
the electron-impact broadening widths of the 2s3s − 2s3p tran-
sitions for the beryllium-like ions. These quantum mechanical
calculations of electron-impact broadening widths for some iso-
lated lines showed an excellent agreement between theory and
experiments. Therefore, the other aim of this paper is to provide
a quantitative check on the collisional broadening parameters by
comparing them with the available experimental and theoreti-
cal results. These quantum results would be helpful in achieving
more precision in the synthetic spectra of solar and stellar plas-
mas by means of NLTE techniques.

In this study, we perform quantum mechanical calculations
of the electron-impact broadening parameters of Be II, Sr II,
and Ba II ions within the framework of impact approximation
theory. The key to these calculations is to choose the fully rel-
ativistic Dirac R-matrix methods to calculate electron-impact
collision strength Ω(ε) of Be II, Sr II, and Ba II ions by us-
ing DARC codes (Norrington 2009). DARC is a fully relativis-
tic package, considering relativistic effects both in the target
states and the scattering study. The atomic structure parameters
(i.e., the bound-electron orbitals, energy levels, etc.) of target
states are computed with a General purpose Relativistic Atomic
Structure Package (GRASP2, Dyall et al. 1989), partly improved
by Duan et al. (2008). The rest of this paper is organized as fol-
lows. In Sect. 2, we outline the basic procedure before our calcu-
lations. In Sect. 3, we present results for the interesting lines in
Be II, Sr II, and Ba II, and compare them with available experi-
mental and theoretical results. The conclusions are summarized
in Sect. 4.

2. Computational procedures

We present here an outline of our quantum mechanical formal-
ism and the computational procedure for linewidths and shifts
of spectral lines for the sake of completeness. More details have
been offered in our previous electron-impact broadening works
(2012a, b), so will not be repeated here. DARC is a fully rela-
tivistic package that considers and calculates any atomic system
in a j j coupling scheme, and this leads us to write the dimension-
less collision strength Ω(ε) in the j j coupling scheme, which is
derived and obtained by Peach (1981):

Ω(ε) =
∑

Jτi Jτf j j′��′

1
2

(−1)Ji+Ji′+2Jτf+ j+ j′(2Jτi + 1)

×(2Jτf + 1)

{
Jτf Jτi 1
Ji J f j

}{
Jτf Jτi 1
Ji′ J f ′ j′

}

× 1
2

[
δ��′δ j j′δJi Ji′ δJ f J f ′ − S I

(
Ji′�
′ j′Jτi , Ji� jJτi

)
× S ∗F

(
J f ′�

′ j′Jτf , J f � jJτf
)]
. (1)

Where the two coefficients of the type {. . .} are the usual 6- j sym-
bols. The quantum numbers in a transition between lower and
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upper states of a target ion (i.e., radiator) are Ji and J f , respec-
tively, which (Ji, J f ) stand for the total angular momentum. The
quantum number of orbital angular momentum and total angular
momentum of a colliding electron are denoted by � and j respec-
tively, and all of the quantum numbers of (N + 1)-electron col-
liding systems (colliding electron+target ion) are denoted with
the superscript “τ”. S I and S F (the superscript “*” represents
the complex conjugate matrix) are the scattering matrices of the
upper and lower states, respectively, and they are calculated un-
der the same free energy ε of colliding electrons. The expression
for the quantum mechanical calculations of full width at half
maximum (FWHM) and shift of spectral lines by averaging over
Maxwell distribution of electron velocities is given below, which
is similar to many authors (e.g., see Baranger 1958a–c; Bely &
Griem 1970; Seaton 1988):

w + id = αNe

∫ ∞
0

T−3/2
e exp(−ε/T )Ω(ε)dε. (2)

Where α = 2.8674 × 10−23 eV cm3, Te (eV) is the electron tem-
perature, Ne(cm−3) the electron density, and ε the energy of col-
liding electron in Rydbergs. In Eq. (2), w corresponding to half
half-width (i.e., a half of FWHM) and d representing the shift of
spectral lines, are expressed in eV units.

Our relativistic quantum mechanical calculations of width
and shift of spectral lines in Be II, Sr II, and Ba II ions start
with calculations of atomic structure data as a first ingredi-
ent. The atomic structure parameters of target ions are calcu-
lated with the nonrelativistic configurations 1s2nl(n ≤ 5, l ≤ 3),
1s22s22p63s23p63d104s24p6nl(n = 4, 5, 6, l ≤ 3 and n = 7, l ≤
1), and 1s22s22p63s23p63d104s24p64d105s25p6nl(n = 4, 5, l ≤ 3,
n = 6, l ≤ 2 and n = 7, l ≤ 1), corresponding to Be II, Sr II, and
Ba II ions, respectively. Their atomic structure parameters are
read as part of the input of DARC package to construct the col-
liding system that consists of upper or lower states of the desired
transition in target ion and a colliding electron.

In our present calculations, the colliding free electrons are
constrained by two conditions. First, the quantum number of the
orbital angular momentum is � ≤ 21, and second, the total num-
ber of its continuum basis function for a given κ(κ = −� − 1, if
κ < 0, else κ = �) is 30. To complete our numerical studies, we
obtain K-matrices and their corresponding symmetry informa-
tion of the colliding system by using DARC. Since the K-matrix
is a function of incident electron energies, it is computed in an
increasing energy sequence by repeating the same procedure for
each considered ion. The energy increments for Be Ii, Sr II, and
Ba II ions are, 0.008, 0.008, and 0.003 Rydberg, respectively.
Thus the dimensionless collision strength as defined in Eq. (1)
is obtained. The real (Re S) and imaginary (Im S) parts of the
scattering S matrix are evaluated by using a new code developed
by us, according to the expressions Re S = (1 −K2)/(1 +K2),
Im S = 2 K/(1 +K2). Finally, the trapezoidal integration rule is
taken to evaluate electron-impact broadening and shift parame-
ters numerically.

3. Numerical results and discussion

3.1. Be II ion

Our relativistic quantum mechanical calculations in width and
shift of spectral lines in Be II, Sr II, and Ba II ions start with
calculations of their atomic structure data, which is performed
through a fully relativistic GRASP2 code. The obtained rela-
tivistic atomic parameters are then read by the DARC package

to construct the colliding system that consists of upper or lower
states of the desired transition in the target ion and a colliding
electron. In Be II ions, we calculated atomic structure data from
the 13 nonrelativistic configurations 1s2nl (n ≤ 5, l ≤ 3) which
give rise to 23 bound states. The lowest eight bound states are
selected as the target states.

Our results of electron-impact widths and shifts in the eight
Be II spectral lines at an electron density of 1017 cm−3 and
for various electron temperatures are presented in Table 1,
along with the available experimental and theoretical results.
In Table 1, the experimental electron-impact widths and shifts
in Be II lines are taken from the review article of Konjević
& Wiese (1976) who critically reviewed the experimental re-
sults from Purić & Konjević (1972), Hadžiomerspahić et al.
(1973), and Sanchez et al. (1973). Purić & Konjević (1972) com-
pared their experimental results with the values from Griem’s
semi-empirical formula (Griem 1968) and observed an appar-
ent disagreement. Sanchez et al. (1973) measured and calcu-
lated the linewidth parameters for the Be II doublet transi-
tions (3130.4219 Å, 3131.0667 Å) at Ne = 1017 cm−3 and Te =
1.9×104 K. The measured linewidths are 0.035 Å, which differs
by less than 6%, while the calculated values obtained with the
quantum mechanical and semiclassical calculations are 0.015 Å
and 0.042 Å, respectively. The authors observed good agree-
ment between the measured linewidths and the corresponding
semiclassical calculations, whereas agreement with the quan-
tum mechanical calculations is not better than a factor of 2.
Hadžiomerspahić et al. (1973) measured the electron-impact
linewidths and shifts of the same Be II doublet transitions, and
found good agreement with the semiclassical calculations of
Jones et al. (1972), as well as with predictions of semi-empirical
formula of Griem et al. (1968). Hadžiomerspahić et al. (1973)
also noted that Griem’s semi-empirical formula is useful and
accurate for evaluation of isolated spectral lines of singly ion-
ized earth alkaline metals. By adopting Eqs. (2.2), and (2.4)
and Table 3 of Seaton’s works (1988), we derived the doublet
linewidths to be 0.0143 Å for Te = 2.0 × 104 K. Thus, under an
electron density of Ne = 1017 cm−3 and electron temperature of
Te � 2.0 × 104 K, it is obvious that our results for the doublet
lines are about two times higher than the quantum mechanical
calculations performed by both Sanchez et al. (1973) and Seaton
(1988). Based on this analysis, one can see that our results for
the doublet transitions are much closer to the available mea-
surements of Sanchez et al. (1973), when compared with both
the semiclassical calculations of Jones et al. (1972) and Sanchez
et al. (1973).

Indeed, our present line widths of the resonance doublet of
Be II show rather large differences from experimental values at
all temperatures being considered, with the exception of the tran-
sition 3131.0667 Å at Te = 3.48 × 104 K, where the discrep-
ancy amounts to 5%. If we compare our line widths with pre-
vious semiclassical and quantum calculations, our line widths
seem much closer to the measured ones within 29% for all tem-
peratures considered. Our calculated widths for the resonance
doublet in Be II are smaller in magnitude than experimental
values at three temperatures but 0.8 times higher for the com-
ponent 3130.4219 Å at Te = 3.48 × 104 K. However, one can
conclude that the agreement between current values and the
measured line widths is quite good. We believe that new mea-
surements of line widths of Be II spectral lines are required in
order to update these experimental measurements and to address
the worrying questions of disagreement between theory and
experiment.
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Table 1. Comparison of electron-impact half half-widths w and shifts d of some transitions in Be II as a function of electron temperature Te at an
electron density Ne = 1017 cm−3.

Be II Te w d wth dth wm dm

Transitions (104 K) (Å) (Å) (Å) (Å) (Å) (Å)

2s 2S1/2 ← 2p 2Po
3/2 1.00 0.0308 –0.0315

1.68 0.0292 –0.0279 –0.0375 –0.03a

(3130.4219 Å) 1.90 0.0289 –0.0268 0.0425 0.035c

2.00 0.0288 –0.0264
3.00 0.0278 –0.0229
3.48 0.0275 –0.0216 0.035 –0.0283 0.02b –0.04b

4.00 0.0273 –0.0204

2s 2S1/2 ← 2p 2Po
1/2 1.00 0.0324 –0.0314

1.68 0.0306 –0.0278 –0.0375 –0.03a

(3131.0667 Å) 1.90 0.0302 –0.0268 0.0427 0.035c

2.00 0.0300 –0.0263
3.00 0.0288 –0.0228
3.48 0.0285 –0.0215 0.0349 –0.0291 0.03c –0.03c

4.00 0.0282 –0.0204

2p 3Po
3/2 ← 3s 2S1/2 1.00 0.0939 0.0807

(1776.307 Å) 2.00 0.0806 0.0681
3.00 0.0738 0.0594
4.00 0.0689 0.0530

2p 3Po
1/2 ← 3s 2S1/2 1.00 0.0939 0.0805

(1776.100 Å) 2.00 0.0806 0.0681
3.00 0.0738 0.0594
4.00 0.0690 0.0529

2s 2S1/2 ← 3p 3Po
3/2 1.00 0.0370 0.0019

(1036.271 Å) 2.00 0.0308 0.0022
3.00 0.0272 0.0023
4.00 0.0248 0.0025

2s 2S1/2 ← 3p 3Po
1/2 1.00 0.0372 0.0019

(1036.319 Å) 2.00 0.0309 0.0022
3.00 0.0273 0.0023
4.00 0.0249 0.0025

2p 2Po
3/2 ← 3d 2D5/2 1.00 0.0322 0.0088

(1143.03 Å) 2.00 0.0250 0.0067
3.00 0.0210 0.0056
4.00 0.0185 0.0051

2p 2Po
3/2 ← 3d 2D3/2 1.00 0.0327 0.0087

(1143.03 Å) 2.00 0.0254 0.0066
3.00 0.0214 0.0056
4.00 0.0188 0.0051

2p 2Po
1/2 ← 3d 2D3/2 1.00 0.0327 0.0088

(1142.956 Å) 2.00 0.0254 0.0067
3.00 0.0214 0.0057
4.00 0.0188 0.0051

Notes. Positive sign of line shifts d indicates the red shift, while the negative sign of line shifts d indicates the blue shift (same as the case with
other two tables). wth and dth are the theoretical predictions from Konjević & Wiese (1976). wm and dm are the experimental values. (a) Purić &
Konjević (1972); (b) Hadžiomerspahić et al. (1973); (c) Sanchez et al. (1973) .

In Table 1, the measured shifts in resonance doublet compo-
nents of Be II are compared with our results at Ne = 1017 cm−3.
Regarding the comparison of line shifts, only two experimental
measurements for the shift in resonance doublet lines of Be II
were reported by Purić & Konjević (1972) and Hadžiomerspahić
et al. (1973). Our line shifts for the resonance doublet at
Te = 1.68 × 104 K are very similar to the experimental val-
ues within 7%, but show a large difference (46%) at Te =
3.48×104 K. Compared to our line shift of 2s 2S1/2 ← 2p 2Po

1/2

at Te = 3.48 × 104 K, the semiclassical line shift obtained by

Jones et al. (1972) is much closer to the experimental line shift
of Hadžiomerspahić et al. (1973). On the other hand, our present
line shift for the same line at Te = 1.68×104 K is much closer to
the experimental value of Purić & Konjević (1972) than the line
shift reported by Purić & Konjević (1972). More importantly, the
present line shift values for Be II are of higher accuracies than
the semi-empirical calculations by Purić & Konjević (1972) and
semiclassical approach by Dimitrijević & Sahal-Bréchot (1993).
Based on these comparisons, we can say that the present results
of line widths and shift for spectral lines of Be II agree well with
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the available experimental and theoretical results, and are more
reliable in typical astrophysical atmospheres.

3.2. Sr II ion

Four spectral lines (10 327.309, 10 036.654, 10 914.874,
4161.796 Å) of singly ionized strontium were employed for so-
lar strontium abundance determinations by Lambert & Warner
(1968). Therefore, the knowledge of electron-impact broaden-
ing of some Sr II spectral lines might be helpful in modeling and
determining elemental abundances of hot stars, where electron-
impact broadening is the dominant line-broadening mechanism.
Moreover, for NLTE techniques and radiative transfer models
in stellar plasmas, it is imperative that line-broadening param-
eters be determined accurately, but they are usually not known
very well.

Some earlier interests in investigating the electron-impact
widths and shifts of Sr II lines exist in the literature. A few
experimental studies (Fleurier et al. 1977; Puric et al. 1972;
Hadžiomerspahić et al. 1973) were devoted to determining
these line-broadening parameters. Konjević & Wiese (1976) and
Konjević et al. (1984) reviewed these experimental measure-
ments of six Sr II lines (see Table 2). These results were obtained
and compared with semiclassical theory (Fleurier et al. 1977 and
references therein) at Ne = 1.3× 1017 cm−3 and electron temper-
atures within the range 13 000–31 700 K. For the Sr II doublet
resonance lines (4077.7 Å, 4215.5 Å), identical experimental re-
sults of Fleurier et al. (1977) have been listed in Table 2, be-
cause these doublet parameters do not differ by more than 5%
according to Fleurier (private communication, see Konjevíc et al.
1984). In Table 2, we report electron-impact half half-widths w
and shifts d for ten Sr II spectral lines at seven different electron
temperatures and Ne = 1.0× 1017 cm−3, along with the available
experimental and theoretical results for the sake of comparison.
From Table 2, we can see that our present widths of Sr II dou-
blet resonance lines are in good agreement with the more accu-
rate experimental results of Fleurier et al. (1977) within 13.6%.
Our quantum line widths of the two principal resonance lines
also show good agreement (1.3%) with the experimental widths
of Hadžiomerspahić et al. (1973). Our results of line widths for
Sr II lines are more closer to the experimental widths as com-
pared to the semiclassical calculations of Fleurier et al. (1977).
Unfortunately, comparison for other Sr II lines is impossible
presently because no more experimental and other theoretical
linewidth data exist in the literature.

For the shift in Sr II lines, there are large deviations from
the experimental measurements except for the shift in two lines
(4305.447 Å, 4161.796 Å), where the deviation does not ex-
ceed 20% and both the shifts agree well at 1.42 × 104 K.
However, our results for line shifts are much closer to the experi-
mental values when compared with semiclassical calculations of
Fleurier et al. (1977). Nevertheless, we compared our result of
line widths and shifts for Sr II spectral lines with other experi-
mental data, and can conclude that our results for line widths and
shifts in the case of most investigated Sr II resonance doublet
are more accurate and much closer to the experimental values
than the other theoretical results are. This comparison is highly
satisfactory and in a way attests to the accuracy of our results.
However, for the line shifts the disagreement is still large.

3.3. Ba II ion

Dimitrijević & Sahal-Bréchot (1997) calculated the electron-
impact line widths and shifts of 64 Ba II multiplets within

the semiclassical perturbation approach for electron densities
1015−1018 cm−3 and electron temperatures within the ranges
5000–100 000 K. The linewidths of two Ba II lines (4554.033 Å,
4934.09 Å) calculated by Dimitrijević & Sahal-Bréchot (1997)
show good agreement with high-precision experimental results
of Fleurier et al. (1977). As for the comparison of line shifts for
the same Ba II multiplets, line shifts obtained by Dimitrijević
& Sahal-Bréchot (1997) agree with the experimental results of
Purić & Konjević (1972). The experimental measurements of
electron-impact widths of some Ba II lines reported by Platis̆a
et al. (1971) agree with the experimental results of Jaeger (1969).
On the theoretical side, Cooper & Oertel (1967) performed semi-
classical calculations for Stark widths of Ba II lines by tak-
ing hyperbolic classical perturber trajectories and lower level
broadening into account, but without specifying the electron
temperature. The agreement between the theoretical calcula-
tions of Cooper & Oertel (1967) and experimental results of
Jaeger (1969) is much better than the experimental widths of
Platis̆a et al. (1971). The earlier calculations of electron-impact
broadening widths and shifts for Ba II spectral lines within
the semiclassical perturbation formalism were carried out by
Sahal-Bréchot (1969b) and by Fleurier et al. (1977) within the
same formalism but by taking the effects of Feshbach resonances
into account. Purić et al. (1978) performed semiclassical calcu-
lations by using the semiclassical method described by Griem
(1974). Newsemiclassical calculations with updated and opti-
mized code performed by Dimitrijević & Sahal-Bréchot (1997)
also agree well with semiclassical calculations by Cooper &
Oertel (1967).

Table 3 presents our results of electron-impact half half-
widths w and shifts d for 10 Ba II spectral lines at Ne = 1.0 ×
1017 cm−3 and seven different temperatures within the range
10 000–40 000 K. As described above, the available measured
and calculated half half-widths of Ba II spectral line are also
given in Table 3 for comparison purposes. From Table 3, it is
evident that a large disagreement exists between our quantum
calculations and experimentally measured (Fleurier et al. 1977;
Hadžiomerspahić et al. 1973) half half-widths of Ba II lines. The
situation is slightly better with experimental results of Jaeger
(1969), where the ratio w/wb

m varies between 0.52–0.82 and de-
viations does not exceed 44%. Our calculated half half-widths
for six Ba II lines are in better agreement with the results
reported by Jaeger (1969) within 30%. There are only two lines
(4130.6491 Å, 4166.0014 Å) that show a maximum difference
of 44% with the measured ones. For Ba II multiplet 6141.713 Å,
we found a large discrepancy between our present half half-
width and the experimental value reported by Fleurier et al.
(1977). However, our half half-width for the other multiplet
(4554.033 Å) is 1.4 times larger (63%) than that of Fleurier
et al. (1977). For these lines, the semiclassical half half-widths
of Dimitrijević & Sahal-Bréchot (1997) show lower values than
ours, and are much closer to Fleurier et al. (1977). If we now
compare our widths with the semiclassical calculations (wth),
we find that the ratio (w/wth) vary from 0.53–2.35. In other
words, our quantum widths of Ba II lines are larger than the
predictions of semiclassical theory. We find good agreement for
four lines (4524.926, 4899.927, 4166.0014, 4130.6491 Å) from
Dimitrijević & Sahal-Bréchot (1997). According to this analysis,
our half half-widths of Ba II spectral lines agree with experimen-
tal results of Jaeger (1969) within a factor of two. We found that
our half half-widths for 6141.713 Å and 4934.09 Å are about 2.6
and 1.6 times larger than those investigated by Fleurier et al.
(1977). It is perhaps not easy to make a conclusion about the
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Table 2. Comparison of electron-impact half half-widths w and shifts d of some transitions in Sr II as a function of electron temperature Te at an
electron density Ne = 1017 cm−3.

Sr II Te w d wth dth wm dm

Transitions (104 K) (Å) (Å) (Å) (Å) (Å) (Å)

5s 2S1/2 ← 5p 2Po
3/2 1.00 0.3011 0.1380

(4077.7 Å) 1.30 0.2774 –0.1255 0.360 –0.156 0.32a –0.067a

1.42 0.2703 –0.1215 –0.138 –0.09b

2.00 0.2468 –0.1066
3.00 0.2255 –0.0900
3.17 0.2231 –0.0878 0.278 0.22c

4.00 0.2134 –0.0786

5s 2S1/2 ← 5p 2Po
1/2 1.00 0.3352 –0.1503

(4215.5 Å) 1.30 0.3077 –0.1367 0.360 –0.156 0.32a –0.067a

1.42 0.2995 –0.1323 –0.138 –0.09b

2.00 0.2718 –0.1164
3.00 0.2465 –0.0989
3.17 0.2435 –0.0966 0.279 0.24c

4.00 0.2320 –0.0870

5p 2Po
3/2 ← 6s 2S1/2 1.00 0.5461 0.1919

(4305.447 Å) 1.42 0.4786 0.1630 0.19b

2.00 0.4233 0.1380
3.00 0.3690 0.1135
3.17 0.3624 0.1106
4.00 0.3361 0.0999

5p 2Po
1/2 ← 6s 2S1/2 1.00 0.5212 0.1814

(4161.796 Å) 1.42 0.4563 0.1543 0.19b

2.00 0.4029 0.1311
3.17 0.3501 0.1084
3.17 0.3437 0.1058 0.18c

4.00 0.3181 0.0959

5p 2Po
3/2 ← 5d 2D5/2 1.00 0.3296 0.0752

(3464.457 Å) 1.42 0.2803 0.0650 0.29b

3.00 0.2047 0.0498
3.17 0.2004 0.0490 0.27c

4.00 0.1837 0.0463

5p 2Po
3/2 ← 5d 2D3/2 1.00 0.3413 0.0750

(3474.887 Å) 1.42 0.2908 0.0643
2.00 0.2507 0.0557
3.00 0.2127 0.0481
3.17 0.2082 0.0473
4.00 0.1907 0.0444

5p 2Po
1/2 ← 5d 2D3/2 1.00 0.3308 0.0736

3380.711 Å) 1.42 0.2820 0.0631 0.24b

2.00 0.2429 0.0548
3.00 0.2057 0.0476
3.17 0.2013 0.0467 0.27c

4.00 0.1841 0.0440

4d 2D5/2 ← 5p 2Po
3/2 1.00 2.3028 –0.3780

(10327.309 Å) 2.00 1.8685 –0.1651
3.00 1.6658 –0.0442
4.00 1.5339 0.0346

4d 2D3/2 ← 5p 2Po
3/2 1.00 2.2914 –0.3926

(10036.654 Å) 2.00 1.8392 –0.1700
3.00 1.6300 –0.0489
4.00 1.4956 0.0283

4d 2D3/2 ← 5p 2Po
1/2 1.00 2.7667 –0.4997

(10914.874 Å) 2.00 2.2079 –0.2258
3.00 1.9475 –0.0805
4.00 1.7808 0.0131

Notes. wth and dth are the theoretical predictions from Konjević et al. (1984). wm and dm are the experimental values. (a) Fleurier et al. (1977);
(b) Purić & Konjević (1972); (c) Hadžiomerspahić et al. (1973).
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Table 3. Comparison of electron-impact half half-widths w and shifts d of some transitions in Ba II as a function of electron temperature Te at two
different electron densities, i.e., Ne = 1017 cm−3 and 1.13 × 1017 cm−3.

Ba II Te Ne w d wth dth wm dm

Transitions (104 K) (1017 cm−3) (Å) (Å) (Å) (Å) (Å) (Å)

5d 2D5/2 ← 6p 2Po
3/2 1.00 1 0.6090 0.1027

(6141.713 Å) 1.30 1.13 0.6475 0.1110 0.455 0.250a

1.32 1 0.5711 0.0980 0.40 0.79b

1.68 1 0.5445 0.0955 0.002 0.07c

0.5067 0.0960 0.31 0.14d

2.00 1 0.5286 0.0948
3.00 1 0.6188 0.0972
3.17 1 0.5007 0.0979 0.275 0.14d

4.00 1 0.4858 0.1019

5d 2D3/2 ← 6p 2Po
3/2 1.00 1 0.5821 0.0799

(5853.675 Å) 1.30 1.13 0.6181 0.0882
1.32 1 0.5451 0.0779 0.40 0.66b

1.68 1 0.5186 0.0774
2.00 1 0.5025 0.0779
2.71 1 0.4798 0.0809
3.00 1 0.4734 0.0824
3.17 1 0.4702 0.0833
4.00 1 0.4574 0.0880

5d 2D3/2 ← 6p 2Po
1/2 1.00 1 0.7193 0.0360

(6496.898 Å) 1.30 1.13 0.7626 0.0425
1.32 1 0.6726 0.0378
1.68 1 0.6391 0.0409 0.02 0.07c

2.00 1 0.6188 0.0444
2.71 1 0.5898 0.0528 0.31 0.002 0.14d 0.05d

3.00 1 0.5816 0.0564
3.17 1 0.5773 0.0584 0.245 0.14d

4.00 1 0.5605 0.0679

6s 2S1/2 ← 6p 2Po
3/2 1.00 1 0.2983 –0.1477

(4554.033 Å) 1.30 1.13 0.3230 –0.1555 0.290 –0.095 0.245a –0.05a

1.32 1 0.2853 –0.1371 0.255 0.400b

1.68 1 0.2769 –0.1284 –0.076 –0.06c

2.00 1 0.2725 –0.1223
2.71 1 0.2682 –0.1117 0.185 0.130d

3.00 1 0.2676 –0.1081
4.00 1 0.2677 –0.0976

6s 2S1/2 ← 6p 2Po
1/2 3.00 1 0.3708 –0.2125

(4934.09 Å) 1.30 1.13 0.3993 –0.2243 0.290 –0.095 0.245a –0.05a

1.32 1 0.3524 –0.1977 0.255 0.470b

1.68 1 0.3401 –0.1853 –0.076 –0.07c

2.00 1 0.3333 –0.1765
2.71 1 0.3255 –0.1613 0.185 0.120d

3.00 1 0.3238 –0.1562
4.00 1 0.3212 0.1411

6p 2Po
3/2 ← 6d 2D5/2 1.00 1 0.3585 0.0796

(4130.6491 Å) 1.32 1 0.3276 0.0718 0.535 0.62b

2.00 1 0.2921 0.0610
3.00 1 0.2668 0.0518
4.00 1 0.2525 0.0464

6p 2Po
3/2 ← 6d 2D3/2 1.00 1 0.3798 0.0773

(4166.0014 Å) 1.32 1 0.3469 0.0694 0.535 0.63b

2.00 1 0.3086 0.0586
3.00 1 0.2809 0.0492
4.00 1 0.2651 0.0437

Notes. wth and dth are the semiclassical calculations by Dimitrijević & Sahal-Bréchot (1997). wm and dm are the experimental values. (a) Fleurier
et al. (1977); (b) Jaeger 1969; (c) Purić & Konjević (1972); (d) Hadžiomerspahić et al. (1973).

A144, page 7 of 9



A&A 555, A144 (2013)

Table 3. continued.

Ba II Te Ne w d wth dth wm dm

Transitions (104 K) (1017 cm−3) (Å) (Å) (Å) (Å) (Å) (Å)

6p 2Po
1/2 ← 6d 2D3/2 1.00 1 0.3448 0.0856

(3891.7790 Å) 1.68 1 0.2933 0.0721 0.49 0.26d

2.00 1 0.2798 0.0677
3.00 1 0.2538 0.0579
3.17 1 0.2507 0.0566 0.465 0.40 0.14d 0.33d

4.00 1 0.2385 0.0518

6p 2Po
3/2 ← 7s 2S1/2 1.00 1 0.6476 0.2443

(4899.927 Å) 1.32 1 0.5912 0.2104 0.55 0.74b

2.00 1 0.5238 0.1672
3.00 1 0.4738 0.1340
4.00 1 0.4449 0.1160

6p 2Po
1/2 ← 7s 2S1/2 1.00 1 0.5698 0.2291

(4524.926 Å) 1.32 1 0.5202 0.2000 0.55 0.64b

2.00 1 0.4603 0.1623
3.00 1 0.4151 0.1327
4.00 1 0.3883 0.1162

large discrepancy existing between our quantum theory and ex-
perimental results since only two lines of Ba II were measured.

Our results of line shift for the three components
(6141.713 Å, 5853.675 Å, 6496.89 Å) of the multiplet
(5d 2D5/2 ← 6p 2Po

3/2) show good agreement with experimental
measurements as compared to semiclassical calculations (also
see Table 3). Concerning comparison of other line shifts, we find
significant disagreement with the semiclassical calculations of
Dimitrijević & Sahal-Bréchot (1997) and with experimental re-
sults (Fleurier et al. 1977; Purić et al. 1978; Hadžiomerspahić
et al. 1973). Our calculated shift for the line 4554.033 Å at
Te = 1.30 × 104 K is about three times higher than the
high-precision line-shift measurement of Fleurier et al. (1977).
However, the agreement between the measured line shifts and
semiclassical calculations for the lines (4554.033 Å, 4934.09 Å,
and 3891.7790 Å) is much better than our quantum calculations.
For Ba II line shifts, our present quantum theory disagree signif-
icantly with the semiclassical approach, but agree when only the
signs are considered. Furthermore, the line shift calculations are
less accurate than the linewidth calculations due to mutual can-
celation of positive and negative contributions to the line shift
values, especially if shift values are very small as in our case
of some Ba II lines. This is also true for experimental mea-
surements, if shift values are very small. Based on this analy-
sis, we can say that agreement between our calculated shifts for
Ba II lines and the measured values as mentioned earlier is satis-
factory. We believe that new measurements for line broadening
data of Ba II lines will be used to update all these experimental
results.

4. Conclusion

In this paper, we report electron-impact widths and shifts in
spectral lines in singly ionized Be II, Sr II, and Ba II ions pro-
duced by electron impact within the framework of impact ap-
proximation theory. In our calculations, special attention was
focused on experimental conditions (Ne = 1017 cm−3 and
Te = 10 000−40 000 K), plasma diagnostics, and on an ex-
perimental data treatment. One aim of this work was to check
some already existing electron-impact broadening parameters
for singly ionized Be II, Sr II, and Ba II, and to provide new

data by using our newly developed quantum technique. Under
these plasma conditions, our results for line widths and shifts
show very good agreement with other theoretical results and are
much closer to the experimental measurements. From Table 3, it
can be seen that there are some substantial differences between
present line-broadening data and existing experimental results
for Ba II lines. This is particularly significant in the case of line
shifts of Ba II lines (4554.033 Å, 4934.09 Å, and 3891.7790 Å),
where large differences exist. However, our line widths and shifts
show good agreement with the most relevant previous exper-
imental works and semiclassical predictions. The comprehen-
sive analysis performed for the widths and shift for all the lines
emerging from the three ions attests to the quality of the present
calculations.

Nevertheless, the present line-broadening parameters cer-
tainly contribute to increasing the available theoretical informa-
tion, which is imperative for NLTE elemental abundance analy-
sis in solar and stellar atmospheres. Obviously, all the existing
data for these ions does not represent a statistically significant
data set that would allow us to test the agreement between ex-
periment and various theories. More experiments with very dif-
ferent plasma conditions will be required to provide both this
level of information and complete quantum mechanical calcu-
lations of heavy elements like Sr and Ba. Finally, we believe
that our results are useful for new plasma diagnostics in labora-
tory astrophysical purposes, i.e., for the stellar spectroscopy and
stellar synthesis, stellar plasma investigations, modeling, and the
abundance studies of stellar atmospheres.
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Purić, J., & Konjević, N. 1972, Z. Phys., 249, 440
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