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Abstract:  In this paper, we present results for the relativistic quantum mechanical
calculations of electron-impact line widths and shifts of 2p-2s transitions in doubly ionized
boron (B III) ions. We use the Dirac R-matrix methods to solve (/N + 1)-electron colliding
systems for the scattering matrices that are required. The line widths are calculated for an
electron density 1.81 x 10'® cm™3 and electron temperature 10.6 eV. The obtained results
agree well with all the semiempirical calculations and most of the semiclassical calculations,
and are closer to the experimental results published by Glenzer and Kunze (Glenzer, S.;
Kunze, H.-J. Stark broadening of resonance transitions in B IIl. Phys. Rev. A 1996, 53,
2225-2229). Our line widths are almost twice as large as the earlier quantum mechanical
calculations for the set of particular plasma conditions.
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1. Introduction

The broadening of spectral lines due to collisions with charged particles appears to be important in
the studies on the behavior of atomic interactions, and is indispensable for interpreting the spectra of
astrophysical and laboratory plasmas. In atmospheres of moderately hot stars (A-type star) to very hot

(B- and O-type) stars and in white dwarfs, a large number of isolated ion lines has been observed [1]
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and Stark broadening is the well proven dominant pressure-broadening mechanism especially for white
dwarfs [2]. The knowledge of Stark broadening parameters is crucial for astrophysical applications.
The electron-impact broadening data of width and shift for a large number of lines of various elements
and their ions are required for radiation transport in stellar plasma. Dimitrijevi¢ and Sahal-Bréchot [3]
pointed out that line profiles of Boron in various ionization stages play an important role for accurate
radiative opacity calculations [4,5]. Moreover, Stark broadening parameters of B III lines are of prime
interest not only for the investigation and diagnosis of laboratory and laser-produced plasma, but also for
the research of regularities and systematic trends. Consequently, numerous experimental and theoretical
studies of Stark widths and shifts of spectral lines have been undertaken since the fundamental and
pioneering works by Baranger [6-8]. In fact, Stark broadening parameters have been extensively
calculated with both the sophisticated semiclassical [9] and quantum-mechanical methods, although
they often require a considerable effort even for the evaluation of a single line width and shift. Apart
from the several successful semiclassical frameworks [9-13] and semi-empirical formula [13-15] for
performing calculations of electron-impact broadening parameters, it is equally important to perform
detailed and systematic quantum mechanical calculations to provide a quantitative check of the different
approximations involved in the usual semi-classical methods.

As a continuation of our previous papers [16,17], the aim of present paper is two-fold. First,
we want to extend the results of our previous quantum calculations in the impact approximation to
investigate the validity and accuracy of our quantum mechanical approach for more spectral lines of
the large number of elements. Second, accurate line profile measurements of the resonance doublet
transitions 2]92]3;/2’1 = 252512 in Li-like boron were performed by Glenzer and Kunze [18]. These
experimental results of Stark widths of the investigated transitions are found to disagree substantially
with various theoretical calculations [3,11,12,19,20] even for the advanced quantum-mechanical
calculations [4,5,21,22]. For instance, the experimental Stark width of the B III 2s-2p resonance doublet
was found to be about a factor of two larger than the convergent close coupling (CCC) and Coulomb-Born
exchange (CBE) calculations [21]. This disagreement makes it necessary that systematic theoretical
calculations of line shifts and widths in B III ions in the particular selected plasma conditions should be
carried out using our new quantum mechanical approach. Furthermore, the agreement obtained between
our quantum results [16,17] within the framework of impact approximation theory and the available
experimental data encourages us to perform calculations for the 2p2P§’/2’1 o = 25251/ resonance
transitions in B III ions. In the present work, we use the fully relativistic Dirac R-matrix codes [23]
(DARC from hereafter) to calculate electron-impact collision strengths () and scattering matrices of B
IIT ions. The target states of B III ions are determined for the low lying levels up to n = 5 by employing
the General Purpose Relativistic Atomic Structure Package (GRASP2) [24,25] (partly improved by us).
The rest of this paper is organized as follows. An outline of the basic procedure for our calculations is
presented in section II. In Section III, our results are compared and discussed with available experimental
and theoretical data. The conclusions are summarized in section IV.
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2. Computational Procedure

We briefly outline here the essential features of the computational procedure where the
values of some relevant parameters are presented for the sake of completeness. More details of
our computational formalism to address electron-impact broadening parameters have been outlined
elsewhere [16,17,26,27], and will not be detailed here. By using DARC, a fully relativistic package,

the width and shift of spectral lines due to electron collisions are written as [4,5,28-30]
w+id = OéNe/ T3 exp (—e/T)Qe)de. (1)
0

where o = 2.8674 x 10723 eV cm?®, T, is the electron temperature in eV, N, is the electron density
in cm~3 and ¢ is the energy of colliding electron in Rydberg. In above expression, w and d represent the
half-width( a half of full width at half-maximum) and shift of spectral line in eV, respectively. The
dimensionless collision strength 2(¢) as a function of energy of colliding electrons is evaluated in
j-J coupling scheme according to Equation (2) of [17]. The computational details about the collision
strength of (N + 1)-electron colliding systems (colliding electron+target ion) can be found in [17].
The shift d in Equations (1) and (2) of [16] describes that a negative shift d in photon energy always
corresponds to red shift in wavelength, which corresponds to a small reduction in the energy of the
transition line.

In order to calculate width and shift of spectral lines 2p — 2s in B III ions, we calculate atomic
structure data from 13 non-relativistic configurations 1s*nl(n < 5,1 < n — 1) which give rise to
22 bound states. The relative data of B III 2p-2s lines are shown in Table 1. The lowest 8 bound states
are selected as the target states. The relativistic orbitals generated by the GRASP2 code are then used
by the DARC package to construct the colliding system that consists of upper or lower state of the
desired transition in target ion and a colliding free-electron. In our calculations, the colliding electron
is limited by two constraints. First, the quantum number of the orbital angular momentum is ¢ < 25,
and second, the total number of its continuum basis function for a given x( kK = —¢ — 1, if K < 0,
else K = ¢) is 30. The required K- matrices and their corresponding symmetry information of the
colliding system is obtained by using DARC. Since the dimensionless collision strength €2(¢) defined in
Equation (2) [17] is a function of incident electron-impact energies € and is computed in an increasing
energy sequence with an energy increment Ae = (.008 Rydberg by repeating the same procedure.
Finally, we obtain the width and shift of spectral lines by solving Equation (1) numerically by means of

trapezoidal integration rule.

Table 1. The relative atomic structure data of B III 2p-2s lines are obtained by General
Purpose Relativistic Atomic Structure Package (GRASP2) [24,25].

Lines Energy of Lower State Energy of Upper State Oscillator Strength g, f;f
(eV) (eV) Coulomb Gauge Babushkin Gauge
2p~ — 2s —636.1998 — 630.1390 0.2768 0.2503

2pT — 2s —636.1998 —630.1351 0.5543 0.5010
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3. Numerical Results and Discussion

The calculated electron-impact broadened full width at half-maximum (FWHM = 2w) and shifts
in the B III (2p — 2s) doublet transition lines as a function of electron temperature for an electron
density of 1.81 x 10*® cm™3 are displayed in Figure 1. Figure 1 clearly demonstrates that widths and
shifts of doublet transition lines 2p 2P /2,12 —* 28 2s, /2 have very similar behavior with the increase of
temperature. One can see that the line broadening parameters decrease with an increase in temperature.
We find that electron-impact broadened full-widths (2w) are always much larger than the shifts of both
the spectral lines for any given plasma condition. An example is provided at an electron temperature
T. = 10.6 eV, the calculated FWHM (2w) and shift d for the transition line 2p 2Py /5 — 2525 2
are 0.212 and 0.0517 (about 4 times higher), respectively, whereas for the transition line
2p 2Py j3 — 252519, 2w = 0.216 and d = 0.0518 .

Figure 1. The electron-impact widths (FWHM) and shifts of doublet transitions (2p — 2s)
in B Il ions as a function of electron temperature for an electron density of 1.81 x 10'® cm ™3,
(a) 2]? 2P3/2 — 25 251/2 (b) 2p 2P1/2 — 25 251/2.
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As previously mentioned, experimental Stark linewidths were measured by Glenzer and Kunze [18]
by performing an accurate line profile measurements of the 2p — 2s fine-structure components of
the resonance doublet in Li-like boron. The authors used a homogeneous plasma region in a gas-liner
pinch discharge, and plasma parameters (local electron density and ion temperature) were determined
independently by 90° collective Thomson scattering. The Stark linewidths (FWHM) of doublet
transitions in B III were measured to be 2w = 0.22 for an electron density N, = 1.81 x 10*® cm™3
and electron temperature 7, = 10.6 eV. Comparison reveals that measured linewidths agree very well
with our presented values (within 3.6% accuracy).

In Table 2 our calculated values are compared both with the experimental data [18] and with various
theoretical calculations [3-5,9,11,12,19-21] for an electron temperature of 7, = 10.6 eV and an electron
density of N, = 1.81 x 10'*® cm~3. Table 2 contains theoretical widths wy;, calculated on the basis of
various theoretical approaches discussed ahead. In this table, the last column displays our quantum
mechanical values of line widths for the doublet transitions in B III. It should be noted that both the

semiclassical calculations [3,20] agree well with the experimental measurements.
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Historically, Griem [14] provided a simplified semi-empirical method with the use of an effective
Gaunt-factor to calculate halfwidths of an isolated ion line broadened by electron-impact. The ratios
of measured Stark widths [18] for the 2p-2s transitions of B III to the semi-empirically [9] calculated
ones are 1.19 (see Table 2) and are noticeably different from the semi-classically calculated ones. Later
in 1980, Dimitrijevi¢ and Konjevi¢ modified this well known semi-empirical approach by considering
dipole-allowed electron collisions and by selecting the Gaunt factor as a suitable empirical value [15].
Hey and Breger [19] performed calculations based on the quasi-classical Gaunt factor approximation
different from Griem [9] to calculate the minimum and maximum impact parameters of the electron

collision process.

Table 2. Ratio of experimental electron-impact half-widths w,,, [18] of 2p-2s line in B 1II
to different theoretical half-widths wy;, for an electron temperature of 7, = 10.6 eV and an
electron density of N, = 1.81 x 10'® cm™3. The letters from a to h denote theoretical
widths wy, calculated on the basis of various theoretical approaches; a: semiempirical
calculations [9]; b: Semiempirical calculations [19]; ¢: semiclassical calculations [3];
d: semiclassical calculations [20]; e: semiclassical calculations (NPSCII) [11,12];
f: R-matrix calculations [4,5]; g and h: calculations of CCC and CBE methods,
respectively [21].

Wegp/Wih Wavelength (0.1 nm) a b c d e f g h  Present
2p 2P3/2 — 28 251/2 2065.78 1.19 124 103 1.09 177 181 21 1.9 1.04
2p 2P1/2 — 28 251/2 2067.24 1.19 124 102 1.08 176 179 21 19 1.02

By using the semiclassical perturbation formalism [31], Dimitrijevi¢ and Sahal-Bréchot studied and
also devoted a series of papers to the calculations of Stark broadening parameters of spectral lines of
multicharged ions more than a dozen times. In particular, they studied the line widths and shifts for Be
IT and B III spectral lines due to interactions with electrons, protons and singly ionized helium ions [3].
The nonperturbative semiclassical methods (NPSC) were introduced and formulated by Alexiou [11,12],
which are characterized by choosing and defining a minimum impact parameter p,,;,(v) of collisions.
These NPSC results show excellent agreement with the highest quality experimental data from the
Bochum gas-liner pinch [32,33] for a number of measured isolated lines as exhibited by the results
of Dimitrijevi¢ and Sahal-Bréchot [3]. Alexiou and Lee [11,12] further improved the NPSC by dropping
the long-range approximation and using the full Coulomb interaction, and named it NPSCII. In the case
of B III 2p — 2s lines, NPSCII yielded the values of FWHM which are 10% larger than that of the
R-matrix calculations performed by Seaton [4,5] and 5% smaller than that of semiempirical results [21].
The NPSCII results are in excellent agreement with these two quantal calculations.

In contrast to the case of semiclassical calculations, almost all of the quantum-mechanical calculations
of doublet transitions (2p — 2s) of Li-like B are about half of the corresponding experimental data [18],
even though they are consistent with each other. The widths obtained with five-state close-coupling
quantum mechanical calculations [4,5] are about half of the experimental values (differ by a factor ~ 2).
In addition to the CC work, Griem et al. [21] performed calculations for Stark broadening parameters
of the B III 2p — 2s lines with the convergent close coupling (CCC) and the Coulomb-Born exchange
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(CBE) methods. These two sets of linewidths are in good agreement with each other as well as with
previous quantum mechanical R-matrix calculations [4,5].

Finally, the ratio of measured-to-calculated widths tabulated by us (Table 2) for the various theoretical
calculations provide guidance on the degree of agreement between the experimental data and theory,
and thus provide a valuable indication of the quality of the calculated as well as measured data. It
is seen that our calculations along with semiclassical calculations compare well with the experimental
data [18], which was also observed in earlier articles. Our calculated widths are about twice as large as
the earlier mentioned quantum mechanical calculations, including the NPSCII formalism as well.

4. Conclusions

We have performed fully quantum mechanical calculations of electron-impact widths and shifts of the
B III (2p — 2s) doublet transition lines by employing GRASP2 and DARC atomic packages for plasmas
under electron temperature in the range (0 ~ 100 eV). We have found that our quantum results agree
well with both the semiempirical and semiclassical theory, and are more closer to the experimental ones.
Our calculations are generally more consistent with the semiclassical theory and are about twice as large
as other quantum mechanical ones. This is not similar to what had already been predicted with quantum
mechanical calculations for Stark broadening parameters for B III ions [21]. Unfortunately, we still
can not answer these puzzling discrepancies existing among these theoretical calculations. Therefore,
comparison of the theory with experiment indicate that further studies and improvements of the theory
for more new transition lines of boron ions are required. However, just for the values, our results are
much closer to the measured values as compared to the other theoretical calculations. Finally, we believe
that our results are useful for new plasma diagnostics.
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