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Abstract. Transition probabilities for some excited s–p and p–s transition
arrays of neutral nitrogen have been calculated using the weakest bound
electron potential model theory (WBEPMT) for the investigation of effects
of expectation values of radii. We have used both numerical non-relativistic
Hartree-Fock (NRHF) wave functions and numerical Coulomb approxi-
mation (NCA) wave functions to calculate expectation values of radii. The
transition probability results obtained using the parameters determined with
two different wave functions agree well with each other and accepted val-
ues taken from NIST for low values of transition probability. However, the
NRHF wave functions present better results for p–s transitions, while NCA
wave functions are better in s–p transitions for large values of transition
probability.

Key words. Neutral nitrogen—atomic data—transition probabilities—
WBEPM theory.

1. Introduction

The optical properties of carbon, nitrogen and oxygen atoms are important in both
atmospheric and astrophysical applications. Accurate atomic data such as transi-
tion probabilities, oscillator strengths and life-times are essential in various fields
of astrophysics. Absorption lines observed in sun light related to the transitions
between fine structure levels may contain very important information about far
stars in galaxy. Moreover, the lighter elements have been proving ground of truly
many-electron methodologies. Numerous experimental and theoretical studies have
been published over the last 40 years for these elements. Atomic nitrogen is abun-
dant in higher parts of the atmosphere, and its spectrum is apparent in the dayglow.
Due to the abundance of atomic nitrogen in stellar atmospheres, spectral lines of
NI are prominent features in their absorption spectra, and therefore are becoming
increasingly important for all kinds of quantitative analyses (Baclawski et al. 2002).
The determination of the nitrogen abundance in hot stars is also strongly depen-
dent upon the atomic transition probabilities (Hibbert et al. 1991). The accuracy
and reliability of radiative transition probabilities for some spectral lines are thus
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very important, not only for testing of theoretical models and experimental tech-
niques in atomic systems, but also for possible applications in plasma diagnostics
and astrophysical applications. In spite of their extreme importance in atmospheric
physics and astrophysics, the multiplet transitions in NI has been examined up until
now by applying many theoretical and experimental methods (Beck & Nicolaides
1976).

In this work, in order to investigate the effects of parameters on the transition prob-
abilities, the WBEPM theory has been applied to some excited s–p and p–s transitions
in the neutral nitrogen. We employed both NRHF wave functions and NCA wave
functions for determination of relevant parameters.

2. Theoretical approximation

The determination of some parameters corresponding to individual energy lev-
els, especially for high lying levels in multi-electron atoms or ions are always a
difficult problem for both experimental and theoretical studies. While the calcula-
tion procedure for the systems with a few electrons can be carried out easily, the
calculations became more difficult and complex in the case of increasing number of
electrons. Especially, for the excited states of many-electron atomic or ionic systems,
more configurations or basis sets must be considered. Therefore, the calculations
became more complicated. Many of the physical properties in multi-electron sys-
tems have been studied using some powerful methods such as Multiconfigurational
Hartree-Fock (MCHF) (Tong et al. 1994; Tachiev & Fischer 2002), Configura-
tion Interaction (CI) (Hibbert et al. 1991; Bell et al. 1995), Multiconfigurational
Dirac-Fock (MCDF) (Indelicato et al. 1988) and R-Matrix method (Seaton 1987;
Bell & Berrington 1991). In the well known theoretical methods, atomic wave func-
tions are obtained using many basis-set orbital functions and configurations. The
reliability and accuracy of the results depend on the number of basis-set orbital
functions chosen. It is difficult to deal with many configuration and orbital basis-
set functions and not practicable in calculations. For highly excited states of many
electron atoms, it is difficult to obtain appropriate basis-set orbital functions and
configurations. Because of the difficulties mentioned above, generally, many of the
used methods have considered transitions belong to multiplet levels instead of fine
structure transitions and the transitions belong to low lying states rather than highly
excited states.

The weakest bound electron potential model theory (WBEPMT) is an efficient
method especially for transitions between low excited and highly excited levels.
In this method, the determination of some parameters is sufficient for the calcula-
tion of the spectroscopic data. The calculations for transition probabilities belong
to both low and highly excited levels can be obtained easily and in a shorter time
(Zheng et al. 2000; Fan & Zheng 2004; Zheng & Wang 2004; Zheng et al. 2004).
Recently, Çelik et al. (2006a) have studied effects of expectation values of radii
in some p–d and d–p transitions of neutral nitrogen and this study has shown that
changes in the expectation values of radii considerably affect the transition probability
results.

The WBEPM theory was proposed by Zheng and he has suggested a new model
potential to describe the electronic motion in a multi-electron atom or ion (Zheng 1988).
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Zheng et al. have employed the WBEPM theory to calculate the energy levels, ioniza-
tion potentials, transition probabilities, oscillator strengths and lifetimes in many elec-
tron atomic or ionic systems. They have obtained very satisfactory physical parameters
(Zheng et al. 2000a; Fan & Zheng 2004; Zheng & Wang 2004; Zheng et al. 2004). The
WBEPM theory, based on the idea that electrons in a system can be divided into two
groups of electrons; to be the weakest bound electron and non-weakest bound elec-
trons. The weakest bound electron in a given many-electron system is most weakly
bound electron to the system compared to the other electrons. By the separation
of the electrons in a given system, complex many-electron problem can be simpli-
fied as the single electron problem and so can be solved easily (Zheng et al. 2004).
According to the WBEPM theory, electronic radial wave functions are presented as a
function of Laguerre polynomial in terms of some parameters which are determined
using the experimental energy data and the expectation values of radii (Zheng et al.
2000a),

Rnl(r) =
(

2Z∗

n∗

)l∗+3/2 [
2n∗

(n − l − 1)!
�(n∗ + l∗ + 1)

]−1/2

× exp

(
−Z∗r

n∗

)
rl∗L2l∗+1

n−l−1

(
2Z∗r
n∗

)
. (1)

Here, Z∗, n∗, l∗ quantities are defined to be effective nuclear charge, effective prin-
cipal quantum number, effective azimuthal quantum number, respectively, and d

is an adjustable parameter. Moreover, n∗ and l∗ parameters have been given to be
(Zheng et al. 2000a; Zheng & Wang 2002, 2004; Zheng et al. 2004; Fan & Zheng
2004):

n∗ = n + d, l∗ = l + d. (2)

In the WBEPM theory, these parameters are obtained by solving two equations in
equation (3) together.

I = −ε = Z∗2

2n∗2
, 〈r〉 = 3n∗2 − l∗(l∗ + 1)

2Z∗ . (3)

Here, I is the ionization energy and 〈r〉 is the expectation value for radius of
weakest bound electron. The ionization energies and expectation values for radii of
all states must be known for the parameters Z∗, n∗, l∗ to be determined. It is well
known that some difficulties in obtaining the parameters directly from theory are
still present. Therefore, Zheng et al. suggest that the values of ionization energy can
be taken from the experimental atomic data in the literature and expectation value
of radius of the weakest bound electron 〈r〉 can be obtained by different theoretical
methods.

The most important quantity in the calculation of transition probabilities is deter-
mination of radial transition integral or radial matrix elements. In this work, we
have employed the weakest bound electron potential model theory for determination
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of radial transition integrals. According to the WBEPM theory, the radial transition
integral for transitions between two excited levels is given as (Zheng et al. 2000a),

〈ni, li |rk|nf , lf 〉 =
∫ ∞

0
rk+2Rnili (r)Rnf lf (r)dr

= (−1)nf +ni+lf +li

(
2Z∗

f

n∗
f

)l∗f (
2Z∗

i

n∗
i

)l∗i
×

(
Z∗

f

n∗
f

− Z∗
i

n∗
i

)−l∗f −l∗i −k−3

x

×
[

n∗4

f �(n∗
f + l∗f + 1)

4Z∗3

f (nf − lf − 1)!

]−1/2

x

[
n∗4

i �(n∗
i + l∗i + 1)

4Z∗3

i (ni − li − 1)!

]−1/2

×
nf −lf −1∑

m1=0

ni−li−1∑
m2=0

(−1)m2

m1!m2!

(
Z∗

f

n∗
f

− Z∗
i

n∗
i

)m1+m2

×
(

Z∗
f

n∗
f

+ Z∗
i

n∗
i

)−m1−m2

x

× �(l∗f + l∗i + m1 + m2 + k + 3) ×
S∑

m3=0

(
l∗i − l∗f + k + m2 + 1

n∗
f − l∗f − 1 − m1 − m3

)

×
(

l∗f − l∗i + k + m1 + 1
n∗

i − l∗i − 1 − m2 − m3

)
×

(
l∗i + l∗f + k + m1 + m2 + m3 + 2

m3

)
, (4)

where S = min{nf − lf − 1 − m1, ni − li − 1 − m2} and k > −l∗f − l∗i − 3. In
this work, expectation values of radii for all excited states have been calculated both
by NCA wave functions (Lindgard & Nielsen 1977) and by numerical NRHF wave
functions (Gaigalas & Fischer 1996) in determination of parameters required for the
transition probability calculations. The necessary experimental energy values have
been taken from NIST (Ralchenko et al. 2006). The parameters obtained by using
the two different wave functions are presented in Table 1. Then, making use of these
parameters, transition probabilities have been calculated in neutral nitrogen.

3. Results and conclusions

In order to investigate the effects of expectation values for radii, the transition
probabilities have been calculated for some s–p and p–s transitions of excited atomic
nitrogen in the WBEPM theory framework. The results obtained in this work are
presented in Table 2. Expectation values of radii for all states have been calculated
by using both the NCA wave functions and the numerical NRHF wave functions to
determine the Z∗ and d parameters required for the calculation of the transition prob-
abilities. The results of transition probability have been compared with each other
and accepted values are taken from NIST (Wiese 2006) which contains recommended
values for many transitions. The NIST values are given together with their accuracy
rating in relevant columns of tables. The estimated uncertainties of accepted values
are ±7% for 3s–3p transitions, ±10–40% for 3p–4s, 5s, 6s transitions and ±40% for
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Figure 1. Transition probability results calculated with parameters obtained using NRHF and
NCA wave functions versus accepted values taken from NIST for neutral nitrogen. (a) s–p
transitions (b) p–s transitions.

4s–4p and 5s–5p. It can be seen from Table 2 that there is an agreement between data
obtained in the present work and the accepted values from NIST. Experimental and
theoretical data for comparison are quite limited for some excited transitions. On the
other hand, some data have not been sensitively tested for both the multiplet values
and the individual lines, especially in transitions belonging to highly excited levels.
Therefore, the results obtained from our calculations have been compared to only
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NIST data. It is well known from literature that the WBEPM theory is an efficient
method especially for transitions between excited and highly excited levels. Accuracy
and reliability of the spectroscopic data results obtained from the WBEPM theory
strongly depend on the accuracy and reliability of the expectation values of radii and
experimental ionization energies which are used to determine Z∗, n∗ and l∗ parame-
ters. Since experimental ionization energy data are very precise, the determination of
the expectation values of the radii is more crucial than energy values in the WBEPM
theory. Zheng et al. have employed only NCA method in all the calculations carried
out using the WBEPM theory for the expectation values of radii. In this study, we
have employed more sophisticated numerical NRHF wave functions than the NCA
wave functions which are commonly employed in the traditional WBEPM theory
procedure. Previously, we employed numerical NRHF wave functions for the deter-
mination of relevant parameters in atomic nitrogen (Çelik et al. 2006a, 2007), lithium
(Çelik 2007) and fluorine (Çelik et al. 2006b) and obtained very satisfactory transition
probability and oscillator strength results by using the WBEPM theory.

In order to observe the effects of expectation values for radii, we have plotted tran-
sition probability results calculated with parameters obtained using NRHF and NCA
wave functions versus accepted values taken from NIST in both some s–p transitions
and p–s transitions. It can be seen clearly from Table 2 and Fig. 1 that our results are in
agreement with the accepted values taken from NIST. It can be concluded that, accord-
ing to Fig. 1, our results obtained by using both NRHF wave functions and NCA wave
functions for low values of transition probability are in agreement with NIST data. The
parameters obtained from NRHF wave functions present better results in p–s transi-
tions, while the parameters obtained from NCA wave functions present better results
in s–p transitions for large values of transition probability.

The obtained results indicate that accuracy of transition probabilities in the WBEPM
theory framework strongly depends on the accuracy and reliability of the expectation
values for radii. In the WBEPM theory, although relativistic effects are neglected except
for the observed binding energies, many of the spectroscopic data results are in very
good agreement with the results obtained from theoretical methods and experimental
measurements in the literature. By courtesy of this method, physical parameters can
be calculated for both highly excited states and low lying states without any increase
of complexity in calculation process. The transitions between individual lines in both
low and highly excited levels have a great importance in many areas of the physics,
especially in astrophysics. The calculations of spectroscopic data will be better, if the
expectation values of radii belonging to the levels are accurate enough.
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