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Forbidden Transitions for Low-Lying Levels in Atomic Boron
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Abstract. The multiconfiguration Hartree-Fock in the framework of the Breit-Pauli Hamiltonian (MCHF+BP),
relativistic Hartree-Fock (HFR), and multiconfiguration Dirac-Fock (MCDF) calculations of the wavelengths,
oscillator strengths, and transition probabilities for the magnetic dipole (M1) and electric quadrupole (E2)
forbidden transitions between low-lying levels in the atomic boron have been performed. The data for the
analysis of forbidden lines in the spectrum is important for the study of the plasma in astrophysical objects
and fusion devices. The data for forbidden transitions obtained from this study have been compared with
experimental and other theoretical data available in the literature. Moreover, a discussion of these calculations
for the boron atom (B I) has been given in view of the MCHF+BP, HFR and MCDF methods.
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Introduction

The data of electric quadrupole (E2) and magnetic
dipole (M1) transitions among the levels of the ground
configuration can be used for diagnostics of thermo-
nuclear plasmas or for the estimation of the radiative
losses in plasmas (Karwowski and Martin, 1991). The
boron atom (B I) is an ideal system to be studied. The
ground electronic configuration is 1s*2s?2p with three
electrons outside a compact k-shell core. The small
numbers of electrons make theoretical calculations
simple for the accuracy of results. Astrophysical scientists
have focused their attention on identifying the B I lines
in the sun spectrum and the solar abundance of B 1. As
we know, accurate solar abundance determination is
based on precise values of transition probabilities (rates)
and oscillator strengths. There are many theoretical
methods developed to obtain the energy levels and
transition probabilities of atoms and ions. Among all
the methods, MCHF method or MCHF combined with
Breit-Pauli approximation are the ones that are most
widely used in calculating energy levels and transition
probabilities of atomic boron.

Analysis of boron spectrum was greatly extended by
many other studies (these data can be found from NIST
website). The electric dipole (E1) and quadrupole (E2),
and magnetic dipole(M1) transition parameters for
first-row atoms and their isoelectronic ions using
multiconfiguration Dirac-Fock programme of Desclaux
were performed (Cheng ef al., 1979). E2 and M1
transition probabilities for boron were calculated by
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using an extended version of MCHF method which
includes relativistic effects in the Breit-Pauli approxi-
mation (Fischer, 1983). Other interesting comparative
data have been published as a part of the IRON project.
Galavis et al. (1998) studied the radiative rates for
transitions within n=2 complex in several ions of boron
isoelectronic sequence (6 < Z < 28). The forbidden
emission coefficients for intraconfiguration transitions
2p,,—>2p,, along the boron sequence using the rela-
tivistic quantum defect orbital (RQDO) method were
reported by Charro ef al. (2001). Verhey et al. (1987)
performed relativistic calculations of the M1 transition
between the *Ps, » levels of the ground-state boron
isoelectronic sequence using the multiconfigurational
Dirac-Fock extended average level (MCDF-EAL)
method. Mina et al. (1981) calculated relativistic of E1
and M1 transitions between the J = 1/2 and 3/2 levels
of the ground state in the boron isoelectronic sequence.
Energy levels, lifetimes, and transition probabilities
for transitions between computed levels were reported
for the Be-like (Z = 4-12) to Ne-like (Z = 10-24)
sequences (Fischer and Tachiev, 2004). In their work,
several forbidden transitions (M1, E2, and M2) were
also presented in addition to allowed (E1) transitions.
Moreover, in our earlier work we presented an investi-
gation including the level energies and electric dipole
transitions for neutral boron (Karagoban ez al., 2011).

In this work, transition parameters have been presented
such as wavelengths, oscillator strengths, and transition
probabilities (or rates) for magnetic dipole (M1) and
electric quadrupole (E2) transitions of low-lying levels
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of the spectrum in neutral boron (B I). The calculations
have been performed by MCDF, MCHF and HFR
methods (Grant, 2007; Fischer et al., 1997; Cowan,
1981). The configurations considered according to three
different methods are given in Table 1. These configura-
tion sets are represented with A and B in tables. All
results obtained from calculations include contributions
from various relativistic and correlation effects.

Materials and Methods

Calculation methods. MCHF, HFR and MCDF. A
detailed information for MCHF, HFR, and MCDF can
be found in methods of Grant (2007), Fischer et al.
(1997) and Cowan (1981), respectively. A brief intro-
duction of these methods is given below.

In the MCHF method, the wave function (or atomic
state function, ASF) W(y LS) is expressed as linear
combination of configuration state functions (CSFs)
O(y; LS),

M M
P LS) =Y ¢ d(1LS), Y ¢l =1 (1)
i=1 i=1
where, y represent electronic configuration. The mixing
coefficients ¢; and the one-electron radial wave functions
of @ are obtained in a self-consistent procedure by
optimization of the energy function based on the non-
relativistic Hamiltonian of an atom,
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thus capturing correlation effects. The exact solution
can be approximated with arbitrary accuracy if enough
CSFs in (1) are taken into account. However, this case
is constrained by computing capabilities and limits on
method used for the expansion. In this method, the
relativistic effects were included as a first-order cor-
rection to the MCHF approximation by evaluating
Breit-Pauli operators (mass correction and Darwin
corrections, spin-orbit, spin-other orbit (spin of one
electron and orbit of other electron), orbit-orbit, spin-
spin contact terms) using configuration interaction (CI)
method formed by Rudzikas (2007).

The full relativistic generalization of the MCHF approxi-
mation is the MCDF method. In this case ASF expansion
(1) is replaced by:

Y(y JM) = ﬁj} ¢, Oy, JM) 3)

and energy function is based on the Dirac-Coulomb
Hamiltonian,

N N
Hp = 21 (cayp; + (Bi—1)c? + V(r))+ 2;{ rlk 4)
j= j<k
where, V(1;) is the monopole part of the electron-nucleon
interaction. In all calculations, nuclear charge distribution
was modelled by the two-component Fermi function.
In this method, the transverse Breit interaction at the
low-frequency limit and the QED corrections (self-

energy and vacuum polarization) are taken.
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A

B

For MCHEF calculations
Odd-parity

For HFR calculations
Odd-parity  2s’np(n=2-4), 2s>nf(n=4-11)
Even-parity  2s2p?, 2s’ns(n=3-10), 2s>nd(n=3-10)
For MCDF calculations

Odd-parity ~ 2s?2p, 2s?3p, 2s2p3s

Even-parity  2s%3s, 2s23d, 2s4s, 2s2p?, 2s3s?, 2s3p?, 2s3d?, 2s4s?

2s’np(n=2-5), 2s2pns(n=3-5), 2s2pnd(n=3-4), 2s*4f
Even-parity ~ 2s2p?, 2sns’(n=3-4), 2s>nd(n=3-4), 2snp*(n=3-4), 3d*

2s’np(n=2-5), 2s2pns(3-5), 2s2pnd(n=3-4), 2p*

2s2p?, 2s>ns(n=3-4), 2s’nd(n=3-4), 2sns*(n=3-4),
2snd*(n=3-4), 2snp?(n=3-4), 2s2p3p

2s’np(n=2-4), 2s>nf(n=4-6)
2s2p?, 2s’ns(n=3-6), 2s>nd(n=3-6)

2s22p, 2823p, 2p°, 3p°, 2s2p3s, 2s2p3d, 2s2pds
2s%3s, 2s23d, 2s%4s, 2s2p?, 25352, 2s3p?, 2s3d?,

2s4szI 3d3l 2s2i3i
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In the relativistic Hartree-Fock (HFR) method developed
by Cowan, the wave function [yJM) of the M sublevel
of a level labelled yJ is expressed in terms of LS basis
states |aLSJM) by the formula given below:

[yIM) = > |o. LSIM) (o LST)[yJ) 5)

alS

The Hamiltonian is also expanded as:

27,
T;

H=-3Vi-%
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where, c,<m=°‘%%[%—f] is the spin-orbit term with a the
fine structure constant and V is the mean potential field
due to the nucleon and electron. In this method, the
mass-velocity and Darwin corrections are included as
relativistic contributions.

Radiative properties of atoms are described with an
electromagnetic transition between two states and
characterized by the angular momentum and parity of
the corresponding photon. They are very useful in the
fields of quantum electronic, atomic physics and laser
spectroscopy, plasma physics and astrophysics. Hence,
the reliability of the values of these parameters is mainly
based on the performance of the calculation methods
used. A detail of theoretical background can be found
in literature (Cowan, 1981) or (Grant, 2007). Some
formulae have been presented here. Briefly, if the emitted
or observed photon has angular momentum k and parity
7= (—1)* the transition is an electric multipole transition
(E"), while the transition from absorbed photon with
parity © = (—1)*"" is magnetic multipole transition (M¥).

The transition probability for the emission from the
upper level to the lower level is given by:

ATEk (,YvJv, ,YD:ZCk [Q(Eyvyf EyJ)]ZkH Snk (,Yv Jv’ ,YJ') (7)

g,

where, S™ is line strength,
2
S, =<y T O™ yI>] 8)

and Cx = 2k + 1)(k + 1)/k((2k + 1)!!)* and O™® is
transition operator.

The weighted oscillator strength (or gf value) is like
the line strength between two levels,

g™ (¢, ) =g, ™ (T, 9D ©)
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where, g denotes statistical weight of the upper level,
namely g, =2J'+ 1.

Results and Discussion

The transitions within n = 2 complex of boron and
boron-like isoelectronic sequence include forbidden
and resonance lines which are important in the study
of astrophysical and Tokamak plasmas. The corres-
ponding spectral lines are observed in a wide variety
of astronomical sources where they are frequently used
as temperature, density and abundance diagnostics. The
forbidden transitions (M1 and E2) between the
25%2p—2s?2p and 2s2p*-2s2p? levels become possible
through the fine-structure splitting of LS term into a
series of J levels. Fine-structure lines here have been
calculated, as they are interesting from a spectroscopic
point of view, given their usefulness in spectral analysis
in astrophysics and fusion plasma research.

In this study, the transition parameters such as wave-
lengths, oscillator strengths, and transition probabilities
for magnetic dipole (M 1) and electric quadrupole (E2)
transitions of low-lying levels have been calculated
using multiconfiguration Hartree-Fock method within
the Breit-Pauli Hamiltonian, MCHF+BP given by
Fischer et al. (1997), relativistic Hartree-Fock method,
HFR given by Cowan (1981) and multiconfiguration
Dirac-Fock method including Breit and quantum
electrodynamic contributions method, MCDF+B-+QED
given by Grant (2007), for low-lying states of atomic
boron. MCHF code developed by Fischer (2000),
Cowan’s HFR code downloaded from LANL (2009)
website and GRASP code developed by Dyall et al.
(1989) based on MCDF method has been used. M1 and
E2 transitions combined the states with same parity.
The results obtained are reported in Tables 2-4, and
compared with other works in tables. In Tables 3-4, the
number in brackets represents the power of 10. In
these tables, the superscripts A and B represents the
calculation results according to the configuration sets
considered in Table 1.

Tables 2-4 display the wavelengths, A(A), weighted
oscillator strengths, gf, and transition probabilities,
Aki(s!), for the magnetic dipole (M1) and electric
quadrupole (E2) transitions for 2s*2p-2s*2p and
2s2p*2s2p*. These levels are low-lying levels of atomic
boron. The calculations performed according to three
methods mentioned above have included the configura-
tion sets obtained from the excitations outside 1s* core.
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Table 2. Wavelengths, A(A), for the electric quadrupole(E2) and magnetic dipole(M1) transitions between the

| ransitions !! ! !

Lower levels Upper levels This work Other works
Conf. Term J Conf. Term J MCHF+BP HFR MCDF
E2 transitions
2§%2p  ?P° 1/2 2s%2p pe 32 6535517.234 6438942734 6540414.504  6541500°
6416790.058 6535520.558 8850002.908 6495919.16°
2s2p* 4P 1/2 2s2p? P 572 9744573.604 7073569.444 3065184.604  9120000°
10150507.058  7976331.66° 10944733.008  7984164.18°
2s2p? ‘P 3/2 2s2p? 4p 5/2 18380647.904  11321453.264  5152553.404 15800000°
19323844.848  12766769.84%  23279590.008  1492684.66°
2s2p* 4P 1/2 2s2p? P 32 20739929.974  18852466.094  7566237.104 21600000
21382274.118  21257343.628  20656006.008  17166073.30°
M1 transitions
282p  P° 112 2s%2p pe 312 6535517.234 6438942734 6540414.504  6541500°
6416790.058 6535520.558 8850002.908 6495919.16°
2s2p* 4P 32 2s2p? P 572 18380647.904  11321453.26%  5152553.40% 15800000°
19323844.848  12766769.848  23279590.00%  1492684.66"
282p* 4P 12 2s2p? ap 3/2 20739929.974  18852466.094  7566237.104  21600000°

B B B b

Table 3. Weighted oscillator strengths, gf, for the electric quadrupole (E2) and magnetic dipole(M1) transitions

Transitions g!

Lower levels Upper levels This work Other works
Conf. Term J Conf. Term J MCHF+BP HFR MCDF
E2 transitions
2s2p P 12 2s2p  P° 372 1.65(-17)* 1.76(-17)* 2.86(-17)* 1.6348(-17)*
1.58(-17)8 1.69(-17)8 8.16(-18)®
w2 P2 2s2p 4P 52 3.28(-12)* 1.26(-17)* 6.05(-16)* 8.628(-18)"
8.51(-18)® 8.81(-18)P 3.24(-18)P
2s2p2 ‘P 312 2s2p? ‘P 512 6.67(-13)* 431(-18)* 1.78(-16)* 1.8604(-18)°
1.78(-18)8 3.01(-18)8 4.71(-19)8
2s2p* 4P 12 2s2p 4P 32 3.90(-14)* 7.41(-20)* 4.47(-18)" 9.706(-20)*
9.81(-20)® 5.18(-20)® 5.36(-20)°
M1 transitions
2s2p P° 12 2s2p  2P° 32 7.90(-10)* 8.41(-10)* 8.24(-10)* 8.30(-10)
7.53(-10)® 8.28(-10)® 6.09(-10)®
2s2p 4P 32 2s2p* 4P 52 7.32(-10)* 1.29(-9)* 2.82(-9)" 9.752(-10)
7.92(-10)® 1.14(-9)® 6.25(-10)®
2s2p* 4P 12 2s2p* 4P 32 6.13(-10)* 7.18(-10)* 1.78(-9)* 7.852(-10)

6.50I-10IB 6.36i-10iB 6.52i-10iB
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In HFR calculations, the scaling factors of the Slater
parameters (F* and G¥) and of configuration interaction
integrals (R¥), not optimized in the least-squares fitting,
were chosen equal to 0.85, while the spin-orbit para-
meters were left at their ab initio values. This low value
of the scaling factor was suggested by Cowan (1981)
for neutral elements. The least-squares fitting procedure
has not been executed in calculation A.

Table 2 shows wavelengths for the 2s*2p-2s*2p and
2sp*-2s2p” transitions according to MCHF+BP, HFR
and MCDF methods. Obtained results have only been
compared with (Fischer and Tachiev, 2004) and (NIST,
2012) website. In the work of Fischer and Tachiev, the
results have been obtained using MCDHF method. For
present studies, different configuration sets were selected
from their work and results are often in agreement with
other works (NIST, 2012; Fischer and Tachiev, 2004).
The ratio (Aourresutts/Anist) has been investigated and this
ratio is in range of 0.960-1.163 and 0.980-1.223 for A
and B calculation for MCHF+BP, respectively. For HFR
calculation this ratio is in range of 0.717- 0.984 and
0.808-0.999 for A and B calculation, and for MCDF
calculation 0.326-0.999 and 0.956-1.473 for A and B
calculation, respectively. Therefore there is an agreement
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between present results and the works of NIST (2012)
and Fischer and Tachiev (2004) for wavelengths.

In a similar way (gfourresutty’ Efother) and (AkKiour resuis/ AKinist)
have also been investigated for comparing weighted
oscillator strengths and transition probabilities values
in Tables 3-4, respectively. The ratio of (gfour resuts/Efoter)
is only compared with results from (Fischer and Tachiev,
2004). This ratio is somewhat poor for A calculation
but good for B calculation performed according to
MCHF+BP. The value of the ratio for B calculation is
in range of 0.812-1.0107. In HFR this ratio for both
calculations is better (0.763-2.316 for A calculation and
0.810-1.618 for B calculation). In MCDF this ratio is
poor for A calculation, but somewhat good for B
calculation (0.253- 0.830). The ratio (AKiour resuis/ AKinist)
is generally good for A calculation according to B
calculation (in range of 0.636-2.18) in MCHF+BP. In
HEFR this ratio is in range of 1.056-5.343 for A calculation
and 1.01-2.929 for B calculation. This ratio is poor for
A calculation, but somewhat good for B calculation in
MCDF. These investigations show the degree of accuracy
of present results according to calculation methods.

The reason of some differences between the results
obtained according to MCHF+BP, HFR, and MCDF

Table 4. Transition probabilities, Aki (s-1), for the electric quadrupole(E2) and magnetic dipole(M1) transitions

ransitions 1(s
Lower levels Upper levels This work Other works
Conf. Term J Conf. Term J MCHF+BP HFR MCDF
E2 transitions
2s2p  P° 12 2s2p pe 32 6.43(-16)* 7.11(-16)A L11(-15) 6.24(-16)*
6.39(-16)B 6.66(-16)B 1.73(-16)B 6.460(-16)°
282p> 4P 12 2s2p? P 5/2 9.96(-17)* 2.81(-16)* 7.16(-14)* 7.78(-17)%
3.54(-11)8B 1.54(-16)B 3.01(-17)B 1.514(-16)°
282p* 4P 3/2 2s2p? ap 5/2 7.00(-18)* 3.74(-17)A 7.46(-15)* 7.00(-18)*
1.98(-12)B 2.05(-17)8 9.67(-19)8 9.282(-18)°
282p> 4P 12 2s2p? P 3/2 3.80(-19)* 3.48(-19)* 1.30(-16)A 1.74(-19)*
1.42(-13)B 1.91(-19)B 2.09(-19)B 5.493(-19)°
M1 transitions
2§2p  ?P° 112 2s%2p P 32 3.08(-8)A 3.38(-8)A 3.21(-8)A 3.20(-8)*
3.05(-8)8 3.23(-8)B 1.29(-8)8 3.280(-8)P
2s2p> 4P 3/2 2s2p? 4p 5/2 2.61(-9)* 1.12(-8)* 1.18(-7)* 4.10(-9)
2.18(-9)8 7.81(-9)B 1.28(-9)8 4.866(-9)°
282p> 4P 1/2 2s2p? P 32 2.52(-9)A 3.37(-9)A 5.18(-8)A 2.23(-9)*

2.23|-9 IB 2.35|-9 IB 2.55|-9 IB 4.444| -9 Ib
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methods is the relativistic contributions of different
rank and different valence correlation effects. It is noted
that the accuracy of computed wavelengths, oscillator
strengths and transition probabilities depends on the
line strength and transition energies. But it is clear that
more detailed calculations and analyses are required
for better comparison of results with the one given in
literature.

Conclusion

In this work the forbidden transitions (electric quadru-
pole, E2, and magnetic dipole, M1) for the transitions
25*2p-2s?2p and 2s2p*-2s2p* has been reported. These
lines are not normally allowed by the quantum mechanics
selection rules. However, there is a small probability
for their spontaneous transitions. Transition parameters
are fundamental characteristics of excited states of
atoms and ions. They are very useful in various fields
of physics such as quantum electronics, laser physics,
plasma physics and astrophysics. Consequently, the E2
and M1 transition results obtained using the MCHF,
HFR and MCDF methods on atomic boron will be
useful in above mentioned including fields of physics
and the analysis of boron spectrum.
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