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ABSTRACT

In this paper, we present new Stark electron impact widths of the 2s—2p resonance doublets of
the C1v, Nv, Ovi, Fvi and Ne viin ions, obtained using our quantum mechanical method. The
present results are required to develop future spectral analysis using non-local thermodynamic
equilibrium model atmospheres, which can make the determination of photospheric properties
more accurate. Results are presented for a large range of electron temperatures required for
plasma modelling. These are compared to the available theoretical ones. They are also used
to check the previously obtained semiclassical perturbation results, and very good agreement
is found. The atomic structure and collision data, used for the calculations of line broadening
for the five ions studied here, are also calculated and compared to available theoretical results.
The agreement found between the two calculations ensures that our line-broadening procedure
uses the adequate structure and collision data. Scalings of linewidths with effective charge Z

are also studied.

Key words: atomic data — line: profiles — scattering — stars: atmospheres — white dwarfs.

1 INTRODUCTION

The Stark broadening mechanism is important in stellar spec-
troscopy and the analysis of astrophysical and laboratory plasmas.
Its influence should be considered in opacity calculations, the mod-
elling of stellar interiors, the estimation of radiative transfer through
stellar plasmas and the determination of chemical abundances of el-
ements. For such investigations, in particular for opacity and radia-
tive transfer calculations, a very large number of lines of different
elements and their ions are needed (Dimitrijevi¢ 2003). For ex-
ample, Barstow, Hubeny & Holberg (1998) have shown that the
analysis of white dwarf atmospheres, where Stark broadening is
dominant in comparison with the thermal Doppler broadening, can-
not always be accomplished properly with models that neglect the
opacity of heavy elements (Popovi¢, Dimitrijevi¢ & Tankosi¢ 1999;
Tankosi¢, Popovi¢ & Dimitrijevi¢ 2003). Consequently, atomic and
line-broadening data for many elements are necessary for stellar
plasma research.

Rauch et al. (2007) have stressed that many line-broadening data
for many species and their ions have been missed in the literature.

*E-mail: haykel.elabidi @fsb.rnu.tn

Some other data exist but they are absent for the required temper-
atures and electron densities. It has been necessary to extrapolate
these to the temperatures and densities at the line-forming regions,
especially the line cores. This procedure can provide inaccurate
results, especially in the case of extrapolation to temperatures, be-
cause the temperature dependence of linewidths can be very differ-
ent. This lack of data represents an obstacle for the development
of spectral analysis using non-local thermodynamic equilibrium
(NLTE) model atmosphere techniques.

Rauch et al. (2007) have reported many problems that they have
encountered in their determination of element abundances: the line
cores of the S vi resonance doublet appear too deep to match the
observation and they are not well suited for an abundance determi-
nation. Rauch et al. (2007) attributed this problem to the fact that
the line-broadening tables of Dimitrijevi¢ & Sahal-Bréchot (1993a)
are presented for an insufficient range of temperatures and densi-
ties for the calculations of the corresponding element abundances.
The same problem has also been encountered for the resonance
doublet of N v (the tables of Dimitrijevi¢ & Sahal-Bréchot 1992b
were used) and O v (the tables of Dimitrijevi¢ & Sahal-Bréchot
1992a were used). There was another problem related to the oxy-
gen; Rauch et al. (2007) reproduced all the oxygen lines in their
synthetic spectra except for O v A1371. The lack of line-broadening
data for these species and the lack of accurate results are the origin
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of many discrepancies between the observations and synthetic line
profiles in Rauch et al. (2007).

The Stark broadening calculations in this paper are based on a
quantum mechanical approach. The quantum mechanical expres-
sion for electron impact broadening calculations for intermediate
coupling was obtained from Elabidi, Ben Nessib & Sahal-Bréchot
(2004). We performed the first applications for the 2s3s—2s3p tran-
sitions in Be-like ions from nitrogen to neon (Elabidi et al. 2007,
2008a) and for the 3s-3p transitions in Li-like ions from carbon
to phosphor (Elabidi, Ben Nessib & Sahal-Bréchot 2008b; Elabidi,
Sahal-Bréchot & Ben Nessib 2009). This approach was also used
in Elabidi & Sahal-Bréchot (2011) to check the dependence on
the upper-level ionization potential of electron impact widths. Our
quantum approach is an ab initio method. That is, all the param-
eters required for the calculations of the line broadening, such as
radiative atomic data (energy levels, oscillator strengths, etc.) or
collisional data (collision strengths or cross-sections, scattering ma-
trices, etc.) are evaluated during the calculation and are not taken
from other data sources. We used the sequence of the UCL atomic
codes sst/pw/iajoM that have been used for many years to provide
fine structure wavefunctions, energy levels, wavelengths, radiative
probability rates and electron impact collision strengths. Recently,
these have been adapted to perform line-broadening calculations
(Elabidi et al. 2008a).

In order to provide new line-broadening data at a wide range
of temperatures suitable for spectral analysis, and thus useful for
a more accurate determination of photospheric properties, in this
paper we apply our quantum mechanical method to calculate Stark
electron impact widths for the resonant doublets of C1v, Nv, O vi,
Fvir and Ne viit ions. By providing these quantum results, we hope
that we can partially contribute to the removal of some of the above-
listed discrepancies between the observations and the synthetic pro-
files reported in Rauch et al. (2007). Other problems have been
reported for some other ions and lines, which will be dealt with in
future work.

The results obtained have been used to check the previous
semiclassical perturbation (SCP) calculations (Dimitrijevié, Sahal-
Bréchot & Bommier 1991; Dimitrijevi¢ & Sahal-Bréchot 1992a,b,
1994) by comparison with quantum mechanical calculations ob-
tained with a more sophisticated theoretical approach that includes
more accurate oscillator strengths. Attention has been paid to the
scaling of linewidths with the charge Z ‘seen’ by the optical elec-
tron: Z = z + 1 (where z is the ionic charge). There is a difference
between the Z-scaling of theoretical and experimental Stark widths
for homologous transitions (3s—3p and 2s3s-2s3p within Li-like
and Be-like isoelectronic sequences, respectively; Glenzer, Uzelac
& Kunze 1992, 1993; Blagojevié et al. 1999; Hegazy et al. 2003;
Elabidi, Sahal-Bréchot & Ben Nessib 2009). Here, we also study
the Z-scaling of the 2s—2p linewidth, and we compare our results
with the semiclassical results.

2 OUTLINE OF THE THEORY
AND COMPUTATIONAL PROCEDURE

Here, we present an outline of the quantum formalism of elec-
tron impact broadening. More details have been given elsewhere
(Elabidi, Ben Nessib & Sahal-Bréchot 2004; Elabidi et al. 2008a).
The calculations are performed within the frame of the impact ap-
proximation. This means that the time interval between collisions
is much longer than the duration of a collision. The expression
of the full width at half-maximum W obtained in Elabidi et al.
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(2008a) is
A\ [ 2mm\ 2
W =2N, [~
() (Z7)
X/Ool"w(e)exp _ a2, 1
0 kBT kBT

Here, kg is the Boltzmann constant, N, is the electron density, T is
the electron temperature and

[Ki, K¢, JT, T

Cy(e) = Z )

JT K K

JKI (KITsY?
X
K:Jil JTK;1

x {1 —[Re (S;)Re (S¢) + Im (SHIm (Sp)]} , )

where Li + S = Ji, Ji + [ = K; and K; + s = JI. L and §
represent the atomic orbital angular momentum and spin of the
target, / is the electron orbital momentum and the superscript ‘T’
denotes the quantum numbers of the total electron+ion system. S;
(8¢) are the scattering matrix elements for the initial (final) levels, ex-
pressed in the intermediate coupling approximation, and Re(S) and
Im(S) are the real and imaginary parts, respectively, of the S-matrix
element.

abc
{ def }
represent 6—j symbols, and we adopt the notation [x, y, ...] =
(2x + 1)(2y + 1).... Both S; and Sy are calculated for the same
incident electron energy & = mv?/2. Equation (1) takes into account
fine-structure effects and relativistic corrections resulting from the
breakdown of the LS coupling approximation for the target.

The calculation starts with the study of the atomic structure in in-
termediate coupling, which is done using the SUPERSTRUCTURE code
(ssT; Eissner, Jones & Nussbaumer 1974). The scattering prob-
lem in LS coupling is carried out by the DISTORTED WAVE (DW) code
(Eissner 1998), as in Elabidi et al. (2008a). This weak coupling
approximation for the collision part assumed in pw is adequate for
highly charged ions colliding with electrons, because the close col-
lisions are of little importance. The jajom code (Saraph 1978) is
used for the scattering problem in intermediate coupling. R ma-
trices in intermediate coupling and the real (Re S) and imaginary
(Im S) parts of the scattering matrix S have been calculated using
the transformed version of jajom (Elabidi & Dubau, unpublished
results) and the program rros (Dubau, unpublished results), respec-
tively. The evaluation of ReS and ImS is carried out according

to
ReS=(1-R*) (1+R*)™",  ImS=2R(1+R})"". (3

The relation S = (1 +iR)(1 —iR)~! guarantees the unitarity of the
S matrix.

3 RESULTS AND DISCUSSION

3.1 Structure and electron scattering data

We have used the 1s?> n/(2 < n < 5) configurations to study the
atomic structure of the five Li-like ions from C1v to Ne vii. This
set of configurations gives rise to 24 fine-structure levels listed
in Tables 1 and 2. We have used the sst code (Eissner, Jones &
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Table 1. Our present energy levels (in Ry) for C1v, Nv and O vi compared to those of NIST
(Ralchenko et al. 2011), where i labels the 24 levels.

Level designation Civ Nv Ovi
i Conf. Level  Present NIST Present NIST Present NIST
1 1s22s 28 »20.00000  0.00000  0.00000 0.00000 0.00000  0.0000
2 1s22p 2P‘1’/2 0.58723  0.58762  0.73431 0.73324  0.88049  0.8782
3 1s’2p  ?P3, 0.58816 058860 073660 0.73559  0.88522  0.8831
4 1s23s 2S1/2 2.75008  2.75976  4.14688  4.15653  5.82305 5.8325
5 1s%3p Py, 290541 291651 434296 435372 6.05983  6.0701
6 1s23p 2P§’/2 290568 2.91680 4.34363  4.35442  6.06122  6.0715
7 1s23d 2D3/2 294672 296052 4.40062 4.41422  6.13463 6.1476
8 1s23d 2D5/2 294680 2.96062  4.40082 4.41442  6.13505 6.1481
9 1s24s 2S1/2 3.64512  3.65735 5.51324 552546  7.75846  7.7703
10 1s24p 2P‘]’/2 370752  3.72081 5.59245 5.60558  7.85449  7.8673
11 1s%4p 2P‘3’/2 3.70764  3.72092 559274 5.60588  7.85508 7.8679
12 1s’4d 2Dz 372493 3.73926  5.61665 5.63087 7.88581  7.8996
13 1s%4d 2D5/2 3.72496  3.73929  5.61674 5.63095  7.88599 7.8998
14 1s%4f ZF‘S’/2 3.72545  3.74015 5.61753  5.63217  7.88710 7.9014
15 1s%4f 2F$/2 3.72547  3.74015 5.61757 5.63221  7.88719 7.9015
16 1s%5s 281/2 4.04536  4.05850  6.12777  6.14090  8.63249 8.6451
17 1s%5p 2P‘1’/2 4.07627 4.09028 6.16721  6.18113  8.68047 8.6942
18 1s25p 2P§’/2 4.07633  4.09034 6.16736  6.18128  8.68077 8.6942
19 1s%5d 2D3/2 4.08517 4.09968 6.17956  6.19400 8.69644  8.7104
20 1s%5d 2D5/2 4.08518  4.09970 6.17961  6.19404  8.69653 8.7104
21 1s%5f 2F‘5’/2 4.08546  4.10015 6.18005 6.19471 8.69716  8.7115
22 1s°5f  °Fg, 408547 410015  6.18008  6.19471  8.69721 87115
23 1s%5g 2G7/2 4.08547 4.10023  6.18008  6.19481 8.69722  8.7116
24 1s%5g 2G9/2 4.08548 4.10023  6.18010 6.19481 8.69724  8.7116
Table 2. Same as in Table 1 but for Fvir and Ne vin. energy minimization procedure, in our case on all term energies
of the 14 configurations. Relativistic corrections (spin-orbit, mass,
_ Level designation Fvu Nevm Darwin and one-body) are introduced according to the Breit—Pauli
i Cont. Level Present NIST Present NIST approach (Bethe & Salpeter 1957) in intermediate coupling. In
1 122 281, 0.00000  0.00000  0.00000  0.00000 Tables 1 and 2, our level energies are compared to the experimental
2 1s¥2p 2p(1:/2 1.02632  1.02299  1.17210  1.16781 values compiled by the National Institute of Standards and Tech-
3 1s22p 2p§/2 1.03503  1.03188  1.18689  1.18284 nology (NIST; Ralchenko et al. 2011). We find that the agreement
4 1s23s 2812 777889  7.78788  10.01479  10.02290 between the two results is better than 1 per cent for all the ions
5 1s3p %P, 8.05640  8.06588  10.33311  10.34142 studied here.
6 1s23p pg 12 8.05897  8.06849  10.33747 10.34587 The oscillator strengths f;; for some allowed transitions are pre-
7 1s%3d D3, 8.14910  8.16148  10.44455 10.45540 sented in Tables 3 and 4 and are compared to the NIST values. The
8 1s%3d ’Dsa 8.14989  8.16227  10.44589  10.45673 average agreement between them is about 3 per cent. However, we
9 1s%s 2S12 1038114 1039238 1338177  13.39213 find for each ion that our oscillator strengths for some transitions
10 1s%4p 21)(1’/2 1049403 1050593  13.51157  13.52240 are not in good agreement with those from NIST. For example, for
11 1524p 2P(3)/2 10.49511 10.50700 13.51340 13.52427 the transitions 15225 251/2—1S24p ZP?/Z (1_10)’ 15228 2S1/2—1S24p
12 1s24d D3, 1053277 10.54563 13.55808 13.56971 2P0 (1-11), 1533p 2P? ,—15ds 25, » (5-9) and 1523p 2P% —1s%4s
13 1s%4d  2Ds;, 1053310 10.54596  13.55865  13.57028 25" 2 32
) 2ro 1/2 (6-9), the agreements with the NIST values are 11, 11, 24 and
14 saf Fsp2 10.33458 * 10.54813  13.56049 = 13.57274 25 per cent, respectively. We find the same for the 1-10 and 1-11
15 1s24f 2F‘7’/2 10.53474 10.54813  13.56078  13.57302 transitions {n tfle Cw iori ’
16 1s25s 281/2 11.55989 11.57201 1491051 14.92163 . s .
17 125p ZP?/z 1161644 1162915 1497566 14.98728 Because our galculatlons .are ab initio, the gccuracy ofthe atomic
18 1s25p 2P‘3’/2 1161699 11.62974 14.97660 14.98823 structure (espema.lly the oscﬂl.ator strengths) is a prerequisite for th.e
19  1s25d 2Dy, 1163618 11.64936  14.99934  15.01128 accuracy of the line-broadening res.ults. From the ab.ove compari-
20 1s25d 2Dy, 11.63635 11.64953 14.99963 15.01158 son, we can conclude that our atomic structure study is sufficiently
21 1s25fF 21:(5)/2 11.63718  11.65070 15.00067 15.01295 accurate to be adopted in the scattering problem, and thus in the
22 Is’f 2K, 1163727 1165070 15.00082  15.01310 line-broadening calculations.
23 1s%5g 2G, 1 11.63728 11.65089 15.00083 15.01322 The electron scattering calculations in LS coupling have been
24 1s25g G2 11.63733  11.65089 15.00092 15.01322 performed in the distorted wave approximation through the pw

Nussbaumer 1974), where the wavefunctions are determined by di-
agonalization of the non-relativistic Hamiltonian using orbitals cal-
culated in scaled Thomas—Fermi—Dirac—Amaldi (TFDA) potentials.
The scaling parameters A; have been obtained by a self-consistent

code (Eissner 1998). Fine-structure collision strengths for low
partial wave / of the incoming electron (/ up to 29) have been
obtained using the jajom code (Saraph 1978). This code trans-
forms the transition matrix elements from LS coupling into
intermediate ones using the term coupling coefficients (TCC)
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Table 3. Oscillator strengths of some allowed transitions for C1v, Nv and
O vi compared to NIST values.

Transition Civ Nv Ovi
i—j Present NIST Present NIST Present NIST

2 0.0959  0.0953 0.0787 0.0780  0.0667  0.0661
3 0.1922  0.1905 0.1580 0.1563  0.1342  0.1327
-5 0.0696  0.0678  0.0809  0.0794  0.0893  0.0885
6 0.1391  0.1355 0.1615 0.1588 0.1782  0.1770
0 0.0231  0.0204 0.0250  0.0230  0.0263  0.0247
1 0.0462  0.0408 0.0499 0.0459 0.0526  0.0494

2-4 0.0378  0.0375 0.0324  0.0323  0.0289  0.0289
2-17 0.6499  0.6456  0.6551 0.6531 0.6590 0.6576
2-9 0.0073  0.0070  0.0064  0.0062  0.0058  0.0057
34 0.0379  0.0377 0.0325 0.0323  0.0290  0.0290
3-7 0.0650  0.0646  0.0656  0.0652  0.0660  0.0656
3-8 0.5852  0.5807 0.5900 0.5874 0.5936  0.5915
3-9 0.0073  0.0070  0.0064  0.0062  0.0058  0.0057
4-5 0.1580  0.1599 0.1302 0.1312 0.1106  0.1114
4-6 03166  0.3199 0.2614 0.2630 0.2226  0.2239

4-10 0.0712  0.0678  0.0848 0.0818 0.0946  0.0922
4-11 0.1433  0.1358 0.1692  0.1637 0.1886  0.1849
5-7 0.0589  0.0628 0.0525 0.0552 0.0473  0.0492
5-9 0.0823  0.0815 0.0715 0.0708  0.0644  0.0637
6-7 - 0.0062  0.0052  0.0055 0.0046  0.0048
6-8 0.0528  0.0564 0.0469 0.0492  0.0420  0.0435
6-9 0.0825 0.0815 0.0717 0.0708  0.0647  0.0638
0 0.0136  0.0138  0.0131  0.0132  0.0127  0.0127
1 0.0027  0.0028 0.0026  0.0026 0.0025  0.0025

Table 4. Same as in Table 3 but for the F vit and Ne v
transitions.

Transition Fvn Ne v
i—j Present NIST Present NIST
12 0.0578  0.0558  0.0510  0.0502
1-3 0.1167 0.1125 0.1034  0.1019
1-5 0.0957  0.0955 0.1008  0.1009
1-6 0.1909  0.1910  0.2008  0.2009
1-10 0.0273  0.0242  0.0280  0.0270
1-11 0.0545  0.0483  0.0559  0.0541
2-4 0.0264  0.0240  0.0246  0.0247
2-7 0.6621  0.6652  0.6646  0.6652
2-9 0.0053  0.0047  0.0050  0.0050
34 0.0266  0.0239  0.0249  0.0249
3-7 0.0663  0.0667 0.0666  0.0664
3-8 0.5967 05983  0.5992  0.5970
3-9 0.0054  0.0047  0.0051  0.0050
4-5 0.0962  0.0955 0.0850 0.0855
4-6 0.1942  0.1927 0.1725  0.1659
4-10 0.1022  0.1074  0.1082 —
4-11 0.2035 0.2143  0.2152

0.0430  0.0439  0.0395  0.0340
0.0594  0.0449  0.0557 -
0.0042  0.0043  0.0038  0.0037
0.0380  0.0388 0.0346  0.0324
0.0598  0.0448  0.0562 -
0.0123 — 0.0120 -
0.0024 - 0.0024 -

?\O\?\L}IL}\
O 0 3O 2

I

|
—_—
— O

provided by sst. It is known that, for highly charged ions, the
distorted wave approach is sufficiently accurate and the agreement
between bw and more sophisticated methods (e.g. close coupling) is
good.
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For large / values, the above method becomes cumbersome and
inaccurate, but the contributions of these values of / to collision
strengths cannot be neglected. For 30 < / < 50, we have adopted
two different procedures. For allowed transitions, the contribution
has been taken into account using the jajoM—CBE code (Dubau, un-
published results) based upon the Coulomb—Bethe formulation of
Burgess & Sheorey (1974) and adapted to the jajom approxima-
tion. For forbidden transitions, the contribution has been estimated
by the SERIE-GEOM code, assuming a geometric series behaviour for
high partial wave collision strengths (Chidichimo & Haig 1989;
Chidichimo 1992).

We compare our collision strengths with those obtained by
Aggarwal & Keenan (2004a,b) and Aggarwal, Keenan & Heeter
(2010) using the Dirac atomic R-matrix code (DARC) of Nor-
rington & Grant (private communication). This is a fully rela-
tivistic program, taking into account relativistic effects in both
the target and the scattering study. This code is based on the
Jj coupling scheme and uses the Dirac-Coulomb Hamiltonian
in the R-matrix approach. Table 5 presents collision strengths
for Civ and Ov1 ions for transitions from the ground and
the two first excited levels to the 10 first excited levels. In
Table 6, we also present the collision strengths for N v, Fvi and
Ne v ions for transitions from the ground level to all the other
levels. From Table 5, we find that the average relative difference
between the two collision strengths (A2/€2) is about 36 per cent
for C1v and 26 per cent for O v1. Table 6 shows that this difference
is about 39 per cent for N v, 26 per cent for Fvi and 17 per cent
for Ne vi. These results show clearly that our method is more ad-
equate to highly charged ions. Thus, our results could converge to
the more sophisticated R-matrix results for highly ionized atoms.
The greatest disagreement between the two calculations is found

Table 5. Collision strengths for some transitions com-
pared to the R-matrix (DARC) calculations: Civ
(Aggarwal & Keenan 2004a); Ovi (Aggarwal &

Keenan 2004b).

Transition C1iv (06 Ry) Ovi (15 Ry)
i—j Present DARC  Present DARC
1-2 5.1181 49960 2.7505  2.8460
1-3 10.4218 9.9880  5.5515  5.6850
1-4 0.2514  0.3909 0.1384  0.1982
1-5 0.0678 0.0808  0.0583  0.0640
1-6 0.1363 0.1613  0.1175 0.1272
1-7 0.2846 0.2760  0.1602  0.1618
1-8 0.4278 0.4139  0.2410 0.2427
1-9 0.0442 0.0796  0.0256  0.0038

1-10 0.0150  0.0297 0.0116 0.0170
2-3 0.4900 0.6494 0.2078  0.2793
2-4 0.0904  0.1057 0.0317 0.0373
2-5 0.3042 0.4366 0.1519 0.2161
2-6 0.0975 0.1055 0.0428  0.0450
2-7 2.1122 2.1040  1.1306  1.1590
2-8 0.1561 0.1664  0.0604  0.0656
2-9 0.0151 0.0292  0.0055  0.0087
2-10 0.0515 0.0916  0.0274  0.0418
34 0.1790  0.2118  0.0641 0.0749
3-5 0.0974  0.1057 0.0430 0.0452
3-6 0.7260 09789  0.3568  0.0478
3-7 0.5740 1.0340 0.2843  0.3113
3-8 4.0250 3.9250  2.1278  2.1450
3-9 0.0297 0.0584  0.0111  0.0175

3-10 0.0253  0.0402 0.0110  0.0141
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Table 6. Same as in Table 5 but for Nv, Fvi and Ne vii. Comparison is
made with the R-matrix results of Aggarwal, Keenan & Heeter (2010).

Transition Nv (10 Ry) Fvi (20 Ry) Ne vi (40 Ry)
i—j Present DARC  Present DARC Present DARC
12 3.6838 3.7070  2.1094 22310 1.6683  1.9940
1-3 74581 74010 4.2512 44440 3.3492  3.9660
1-4 0.1846  0.2708  0.1052  0.1502 0.0946  0.1252
1-5 0.0644  0.0723  0.0491 0.0538 0.0638  0.0658
1-6 0.1297  0.1440 0.0989  0.1068 0.1274  0.1304
1-7 0.2101  0.2090 0.1237 0.1260 0.1133  0.1180
1-8 0.3160 0.3135 0.1861 0.1890 0.1705 0.1770
1-9 0.0339 0.0533 0.0194 0.0288 0.0179  0.0240

1-10 0.0132  0.0217 0.0096 0.0134 0.0125 0.0147
1-11 0.0269 0.0432 0.0195 0.0267 0.0253  0.0292

1-12 0.0353  0.0422 0.0197 0.0229 0.0173  0.0196
1-13 0.0531  0.0633  0.0296  0.0343  0.0260  0.0294
1-14 0.0156  0.0185 0.0093  0.0104 0.0078  0.0085
1-15 0.0210  0.0247 0.0125 0.0139 0.0106  0.0113
1-16 0.0127  0.0222  0.0072 0.0116  0.0068  0.0093
1-17 0.0053  0.0116  0.0037  0.0062  0.0047  0.0062
1-18 0.0107  0.0231 0.0075 0.0124 0.0096 0.0123
1-19 0.0125 0.0182  0.0069  0.0092  0.0059  0.0072
1-20 0.0188  0.0273  0.0104 0.0138 0.0089  0.0108
1-21 0.0084  0.0109 0.0049  0.0057 0.0040 0.0043
1-22 0.0112  0.0145 0.0065 0.0077  0.0054  0.0058
1-23 0.0007  0.0011  0.0004 0.0005 0.0003 0.0003
1-24 0.0009  0.0013  0.0005 0.0006 0.0003  0.0004

for the 1-16, 1-17 and 1-18 transitions and also for 1-4 and 1-9
transitions. All these transitions are optically forbidden, except for
the two transitions 1-17 and 1-18. We also note that in Aggarwal,
Keenan & Heeter (2010), the highest difference between the R-
matrix results and those obtained by the fully relativistic distorted
wave code (Fac) of Gu (2003) is found for the 1-9, 1-10 and 1-11
transitions.

In general, the two sets of collision strengths agree within 28
per cent for the five ions. We note that besides the comparison of
our linewidths with experimental and other theoretical linewidths,
the comparison of our scattering parameters with other results can
be another tool to ensure that our line-broadening calculations are
sufficiently accurate. This is because the scattering problem pro-
vides scattering matrices that are used in the line-broadening cal-
culations. A comparison with experimental scattering parameters
(cross-sections or collision strengths) should be more efficient for
this purpose. Such a comparison can be found in Elabidi, Sahal-
Bréchot & Ben Nessib (2011).

3.2 Line-broadening data

Except for the C1v ion, there are no experimental results for the
resonance line 2s—2p. In Table 7, we present our C1v linewidths
compared to the measured linewidths and to other theoretical data.
The present quantum mechanical calculations are always in agree-
ment (within less than 1 per cent) with the semiclassical results
(Dimitrijevi¢, Sahal-Bréchot & Bommier 1991), but they are two
times higher than the close coupling (CC) results (Seaton 1988).
The modified semi-empirical widths (MSEs) are in agreement with
the CC results within 23 per cent. If we now compare our widths
(W) and the CC widths (W¢c) to the experimental values (W), we
find (W/Wp)a = 1.71 and (Wee/Wi)ay = 1.36. 1t is perhaps not
easy to make a conclusion about this last comparison, and new mea-
surements for the C1v 2s—2p linewidths should be made in order to

Table 7. Present FWHM (in A) of the C1v 2s 2S—2p 2p° resonance line
compared to the experimental results and to other theoretical results. SCP
denotes semiclassical perturbation calculations (Dimitrijevi¢, Sahal-Bréchot
& Bommier 1991), MSE denotes modified semi-empirical calculations
(Dimitrijevi¢ & Konjevi¢ 1981) and CC denotes close-coupling calcula-
tions (Seaton 1988).

T w Wexp W/Wsecp W/ Wee  W/Wuse
2.0 1.18E—02 — 1.03 — —
4.0 8.44E—03 — — 1.90 2.33
5.0 7.60E—03 — 1.05 — —
5.3 7.40E—-03 3.34E—03 — 1.92 —
6.0° 7.00E—03 5.83E—03 — 1.88 —
8.0 6.16E—03 — 1.07 1.96 2.4
10.0 5.61E—-03 — 1.08 — —
15.0 4.78E—-03 _ 1.11 — —
20.0 4.30E—-03 — 1.13 — —

“El-Farra & Hughes (1983).
bBogen (1972).

update the two last experiments (Bogen 1972; El-Farra & Hughes
1983).

In Table 8, some of our results for the Nv, Ovi, Fvi and
Ne v ions are compared to the available semiclassical results
(Dimitrijevi¢ & Sahal-Bréchot 1992a,b, 1993b, 1994). The agree-
ment between the two calculations is better for Nv and O vi (the
averaged value of the ratio W/Wgcp is about 1.04) than for the
F v and Ne vi cases (W /W scp is about 0.77). In Tables 9 and 10,
we also present the Stark electron impact widths (W) of the C1v,
Nv, Ovi, Fvi and Ne vii resonance doublets for a wide range of
electron temperatures (10 -5 x 10 ® K) and at an electron density
of 10! ecm™3. Such temperatures are of interest for some hot star
atmospheres, such as for PG 1195 stars and DO white dwarfs, sub-
photospheric layers, soft X-ray lasers and laser-produced plasmas.
They are also important for fusion plasmas and stellar interiors. The
wavelengths are taken from NIST (Ralchenko et al. 2011).

The results presented for the Civ, Nv, Ovi, Fvi and Ne v
resonance linewidths will be of great interest in the development
of spectral analysis using the NLTE model atmosphere techniques
because they extend the missing broadening data to a wide range of
temperatures and electron densities. For example, Stark broadening
parameters for the considered ions are needed for the modelling and
theoretical considerations of subphotospheric layers (Seaton 1987)
and for the interpretation and modelling of some hot star spectra,
such as, for example, PG 1159-type stars (Werner, Heber & Hunger
1991).

3.3 Z-scaling of linewidths

Elabidi, Sahal-Bréchot & Ben Nessib (2009) have studied the Z-
scaling problem (where Z is the charge ‘seen’ by the optical elec-
tron) for the 3s—3p transitions in 10 Li-like ions from C1v to P xu1.
We have found that our calculations give widths that are related
to the charge by W oc Z7'% and that semiclassical calculations
give W o< Z~'3, This problem has been dealt with in some other
experimental works. Blagojevi¢ et al. (1999) have found that the
measured widths are related to the charge by W oc Z=%7 for Li-like
ions (only Civ, Nv and Ovi). Glenzer, Uzelac & Kunze (1992,
1993) and Hegazy et al. (2003) found W oc Z~13, This shows that
there are still discrepancies between the experimental and the the-
oretical predictions of the Z-scaling of widths. In the present work,
we try to look for the same Z-scaling, but for the 2s—2p resonance

© 2011 The Authors, MNRAS 417, 2624-2630
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Table 8. Present FWHM W (in A) of the Nv, Ovi and Nevm 2s 2S; /2—2p 2P‘3’ P lines compared to the
semiclassical perturbation results Wgcp: Nv (Dimitrijevi¢ & Sahal-Bréchot 1992b); O vi (Dimitrijevi¢ &
Sahal-Bréchot 1992a); F vt (Dimitrijevi¢ & Sahal-Bréchot 1993b); Ne v (Dimitrijevi¢ & Sahal-Bréchot 1994).
Temperature values are given in 10> K and the electron density is 10'7 cm~3,
Nv Ovi Fvn Ne v
T w W/Wscp w W /Wscp w W /Wscp w W/Wscp
0.5 3.44E-03 0.96 — — — - — -
1 2.49E-03 0.98 1.45E—03 0.99 7.20E-04 0.81 - -
2 1.85E—03 1.01 1.07E—03 1.02 5.21E-04 0.81 3.14E-04 0.72
4 — — — — — — — —
5 1.30E—03 1.04 7.67E—03 1.11 3.50E-04 0.82 2.07E—04 0.73
8 — - 6.24E—03 1.09 — - — —
10 - - - - 2.64E-04 0.83 1.55E—04 0.74
20 - - - - - - 1.15E—04 0.73
Table 9. Stark electron impact widths (FWHM) in A of the 2s 251/2—2p 108
ZPg 5 line for C1v, N'v, O vi, Fvir and Ne vin. Temperature values are given
in 10° K and the electron density is 10'7 cm™3. 1 1
Civ Nv Ovi Fvn Ne vi 1061 )
T 1548.19 1238.82 1031.91 883.10 770.41 ] ]
0.1 1.65E—02 7.54E—03 3.91E—-03 2.22E-03 1.35E—03 ig”, 104 4 |
03 9.66E—03 439E—03 2.27E—03 1.29E-03 7.81E—04 =
0.5 7.60E-03 3.44E—03 1.77E—-03 1.00E—03 6.08E—04 8; | |
1.0 5.61E-03 249E—03 1.28E—03 7.20E—04 4.35E—04 B
3.0 3.72E-03 1.58E—03 7.90E—04 435E—04 2.60E—04 102 4 4
50 3.09E-03 1.30E—03 6.58E—04 3.50E—04 2.07E—04
10.0 2.34E—-03 9.92E—04 5.06E—04 2.64E—04 1.55E—04 1 1
50.0 9.65E—04 4.38E—04 2.26E—04 1.25E—04 7.46E—05
10.0 ‘ ‘ ‘ ‘
05 0.6 0.7 0.8 0.9 1.0
log,,(2)
Table 10. Same as in Table 9 but for the 25 >S/,-2p *P§ , line.
Figure 1. Our Stark width in angular frequency units W (open circles) of the
Cwv Nv Ovi Fvu Ne vin 2s 281/2—21) ZP‘S’/2 transition for the C1v, N v, O vi, Fvir and Ne v ions as a
T 1550.77 1242.80 1037.61 890.76 780.32 function of Z compared with the semiclassical widths Wscp (solid circles).
The solid and dashed lines are the linear fits of the W and Wgcp widths,
0.1 1.68E-02 7.68E—03 4.00E—03 2.28E—03 1.40E—03 respectively. T = 10° K and N, = 10'7 cm 3.
03 9.82E-03 4.47E—03 232E—-03 1.32E-03 8.09E—04
05 772E-03 3.50E—03 1.81E—03 1.03E-03 6.30E—04
1.0 5.68E—03 2.53E—03 1.30E—03 7.39E—04 4.50E—04 106 4 |
3.0 3.76E-03 1.60E—03 8.01E—04 446E—04 2.69E—04
50 3.12E-03 1.32E-03 6.57E—04 3.59E—04 2.14E—04 | |
10.0 2.35E—03 1.00E—03 5.02E—04 2.70E—04 1.60E—04
50.0 9.69E—04 442E—04 2.28E—04 1.28E—04 7.68E—05 104 4 4
71)’
Eo 1 1
transitions of Li-like ions. There are not enough experimental widths 8 102 4
at the required temperatures for the transitions of ions studied here
(except for C1v). Therefore, we cannot perform an experimental 1 h 1
Z-scaling for comparison. In Fig. 1, we present the behaviour of 100 4 |
logo(W) and log;o(Wscp) as a function of log;¢(Z). The widths are ) Ne VIII
expressed in angular frequency units. We find that the dependence ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
of the linewidths with the charge Z can be expressed as W o« Z~¢ 05 0.6 0.7 0.8 0.9 1.0

with @ = 1.67 for our values and ascp = 1.13 for the semiclassi-
cal values. We also note that these values of o can be different for
different chosen temperatures. Fig. 2 displays the same Z-scaling
of linewidths, but at temperature T = 2 x 10° K and for the same
electron density as in Fig. 1. We find o« = 1.76 and agcp = 1.11.
To decide about the validity and utility of this scaling, more exper-
imental linewidths are needed for the resonance transitions of the
five studied ions.

© 2011 The Authors, MNRAS 417, 2624-2630
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Figure 2. Same as in Fig. 1, but for T = 2 x 10° K.

4 SUMMARY OF THE RESULTS
AND CONCLUSION

‘We have performed quantum mechanical calculations of Stark elec-
tron impact widths for the resonance doublets of the C1v, Nv, O vi,
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F viiand Ne virions. Our results are presented within the wide range
of temperatures required for the development of spectral analysis
using the NLTE model atmospheres. Our calculated data can solve
some of the problems that have been encountered and reported by
Rauch et al. (2007) when calculating the element abundance by
filling in the missing line-broadening data. Thus, it is no longer
necessary to extrapolate the existing data, as was done for some
cases in Rauch et al. (2007). Our quantum linewidths have also
been compared to the SCP results in order to check the previous
SCP calculations. A good agreement has been found between them
(within 1 per cent).

A confirmation of previous SCP results using more sophisticated
quantum mechanical results is important as such data are often
used for stellar spectra modelling and interpretation. In some cases
(e.g. hot white dwarfs) the Stark broadening is the dominant broad-
ening mechanism, and the accuracy of used data might be important.

Our results are also compared to the only experimental results for
C1v lines (El-Farra & Hughes 1983; Bogen 1972). We find that our
calculations give linewidths that are 71 per cent higher than those
measured. The CC (Seaton 1988) and MSE results (Dimitrijevi¢ &
Konjevi¢ 1981) agree well; regarding the lines investigated here,
they exist only for the C1v lines. More measurements of the res-
onance lines for these ions would be very useful for checking the
previous and present calculations.

Part of this work has been dedicated to the Z-scaling of linewidths.
As in previous papers (Glenzer, Uzelac & Kunze 1992, 1993;
Blagojevié et al. 1999; Elabidi, Sahal-Bréchot & Ben Nessib 2009),
the scaling with Z is different from one approach to another. We
find that widths are related to Z by W o« Z~ when o = 1.67 for our
calculations and agcp = 1.13 for the SCP calculations for T = 10°
K. These values of « can change with temperature (e.g. for T =2 x
10° K, we find o = 1.76 and ascp = 1.11). Because there are not
enough experimental results for these lines, we cannot make any
conclusions about this scaling.

We have also calculated the atomic structure and collision data
for the five ions. A comparison with the NIST values (Ralchenko
et al. 2011) for the atomic structure shows an agreement better than
1 per cent for level energies, and within 3 per cent for the oscil-
lator strengths. Our distorted wave collision strengths have been
compared to the R-matrix results (Aggarwal & Keenan 2004a,b;
Aggarwal, Keenan & Heeter 2010) at different electron energies. We
find an average relative difference (over the five ions) between the
two approaches of about 28 per cent. We confirm that the distorted
wave method is more adequate for highly charged ions. Because in
our line-broadening calculation procedure we use atomic structure
(level energies and oscillator strengths) and collision data (collision
strengths, scattering matrices), this comparison might be another
tool to check our line-broadening results, besides a comparison of
widths with those measured.
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