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Abstract 
In this paper, we reported the energy positions, quantum defect and effective 
nuclear charge of the ( )2 2 3

24 4s p P nd , ( )2 2 1
24 4s p D ns ,  

( ) ( )2 2 2 2
2 24 4s p D ns D , ( ) ( )2 2 1 2

2 1 24 4 os p D nd P  and ( ) ( )2 2 2 2
24 4s p D ns S   

Rydberg series of Se+ ions and ( ) ( )2 2 2 1
1 2 14 4 o os p P nd P  Rydberg series of Rb+. 

Calculations are performed using the semi-empirical Modified Atomic Orbital 
theory (MAOT) from n = 55. Very good agreements are seen between the pre-
sent calculations and the available theoretical and experimental data. The pre-
sent predicted data up to n = 55 may be of great importance to the atomic 
physics community, particularly in understanding the chemical evolution of 
Selenium in the Universe. Furthermore, the accurate data presented in this 
work may serve as a valuable guideline for future experimental investigations 
and alternative theoretical studies. 
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1. Introduction 

The study of photoionization for atoms and ions is a fundamental process that 
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allows to understand the chemical evolution of the universe elements. Thus, pho-
toionization is very important in many fields of astrophysics, especially stars, as-
trophysical plasmas, fusion with inertial confinement. Almost half of the neutron 
capture elements (atomic number Z > 30 atomic number) in the universe, are cre-
ated by slow nucleosynthesis [1]-[5]. Both theoretical models and experimental 
data have explored the photoionization of Se+, Se2+, Se3+, Se4+, and Se5+ ions to shed 
light on selenium’s chemical development in space. Synchrotron Radiation (SR) 
provided the experimental means to determine absolute cross-sections for single 
photoionization. These experiments produced precise resonance energies and 
quantum defects related to various Rydberg series identified in the spectra of Se+, 
Se3+ and Se5+ [6] and Se2+ [7]. From the theoretical point of view, studies have been 
carried out to compare with the measurements of simple photoionization section 
made by previous experiments. Indeed, the Breit-Pauli and Dirac-Coulomb ma-
trix approximations was used by McLaughlin et al. [8] to calculate the first theo-
retical resonance energies and quantum defects for the Rydberg dominant series 
of the Se+ ion. Sakho et al. [9] completed predictions on the resonance energies 
that belong to numerous Rydberg series of the Se2+ and Se5+ ions using Screening 
Constant by Unit Nuclear Charge (SCUNC) method. In the same way, Sakho [10] 
calculated high resonance energies belonging to many Rydberg series of Se3+ and 
Rb+ using the SCUNC formalism. In the same way, Sakho calculated high reso-
nance energies belonging to many Rydberg series of Se+ using the SCUNC formal-
ism [11]. The data derived from Rubidium photoionization serves as a critical re-
source for simulating astrophysical processes, specifically the nucleosynthesis of 
heavy elements [12]. In this work, we intend to provide precise data on the pho-
toionization of Se+ and Rb+ ions that may be useful guideline for the physical 
atomic community. In addition, we aim to demonstrate the possibilities of using 
the semi-empirical procedure of MAOT [13]-[16] to reproduce experimental data  
with high precision .Thus, we calculated the resonance energies and quantum de-
fect for the ( )2 2 3

24 4s p P nd , ( )2 2 1
24 4s p D ns , ( ) ( )2 2 2 2

2 24 4s p D ns D ,  

( ) ( )2 2 1 2
2 1 24 4 os p D nd P  and ( ) ( )2 2 2 2

24 4s p D ns S  Rydberg series originating 

from the 2 3 2
1 3,
2 2

4 4 os p P
 
  
 

 and 2 3 2
3 5,
2 2

4 4 os p D
 
  
 

 states of Se+ and  

( ) ( )2 2 2 1
1 2 14 4 o os p P nd P  Rydberg series of Rb+ converging to the  

( 10 2 5
1 23 4 4 2d s p P


) serie limits in Rb2+. Section 2 presents the theoretical proce-
dure adopted in this work with a brief description of the MAOT formalism [13]-
[16] and the analytical expressions used in the calculations. In Section 3, we pre-
sent and discuss our current findings, comparing them with existing data from 
the literature (experimental and theoretical data). In Section 4, we present a con-
clusion and summary of this study. 

2. Theory 
2.1. Brief Description of the MOAT Formalism 

In the framework of the Modified Atomic Orbital Theory (MAOT), total energy 
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of a ( )ν  -given orbital is expressed in the form [13]-[15]  

 
( ) 2

2

Z
E

σ

ν

−  = −


 (1) 

For an atomic system of several electrons M, the total energy is given by (in 
Rydberg): 

 
( ) 2

2
1

M
i

i i

Z
E

σ

ν=

−  = −∑


 (2) 

With respect to the usual spectroscopic notation ( )2 1, SN n Lπ+′
  , this equation 

becomes  

 
( ) 22 1

2
1

.
S

M i

i i

Z L
E

πσ

ν

+

=

 − = −∑  (3) 

In the photoionization of atoms and ions, energy resonances are generally 

measured relatively to the E∞  converging limit of a given ( )2 1S
JL nl+ -Rydberg 

serie. For these states, the general expression of the energy resonance nE  is given  

 
( ) ( ) ( )

( ) ( ) ( )

2 1 2 1 2 1
1 2 22

2

1 1

1
, , ,

S S S
n J J J

k k

E E Z L L L
nn

n m n q
f n m q s

ασ σ σ+ + +
∞

= − − − × −


× − × − 


∑
 (4) 

In this equation, m and q ( m p< ) denote the principal quantum numbers of 

the ( )2 1S
JL nl+ -Rydberg serie of the considered atomic system used in the em-

pirical determination of the ( )2 1S
i JLσ + -screening constants s represents the spin  

of the nl -electron (s = ½), E∞  is the energy value of the serie limit generally 
determined from NIST atomic database, nE  denote correspond energy reso-
nance and Z represents the nuclear charge of the considered element. The only  
problem that one lay face by using the MAOT formalism is linked to the determi-

nation of the 
( )

1
, , ,k kf n m q s∑ -term. The correct expression of this ter mis deter-

mined iteratively by imposing general Equation (4) to give accurate data with a  
constant quantum defect or decreasing throughout the series considered. The 
value of α is generally fixed to 1 and or 2 during the iteration. The standard quan-
tum defect expansion is given as follows:  

 
( )

2

2
core

n
RZ

E E
n δ

∞= −
−

 (5) 

In the equation, R, E∞ , coreZ  and δ are the Rydberg constant, the converging 
limit, the electric charge of the core ion and the quantum defect, respectively. 

coreZ  is directly obtained by the photoionization process from an atomic Xp+ 
system: 

 ( )1 eppX h Xν + ++ −+ → + . We find then 1coreZ p= + . (6) 
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From Equation (5) we obtain the expression for the quantum defect δ:  

 core
n

Rn Z
E E

δ
∞

= − ×
−

 (7) 

2.2. Resonances Energy of the Transitions States of Se+ Ions 

In the framework of the Modified Atomic Orbital Theory (MOAT) formalism the 
energy position of the ( )2 2 3

24 4s p P nd , ( )2 2 1
24 4s p D ns ,  

( ) ( )2 2 2 2
2 24 4s p D ns D , ( ) ( )2 2 1 2

2 1 24 4 os p D nd P and ( ) ( )2 2 2 2
24 4s p D ns S   

Rydberg series originating from the 2 3 2
1 3,
2 2

4 4 os p P
 
  
 

 and 2 3 2
3 5,
2 2

4 4 os p D
 
  
 

 states 

of Se+ and ( ) ( )2 2 2 1
1 2 14 4 o os p P nd P  Rydberg series of Rb+ converging to the  

( 10 2 5
1 23 4 4 2d s p P


) serie limits in Rb2+. Using the general Equation (4), we obtain 
the expressions of the resonant energies of the Rydberg series of the Se+ ions orig-

inating from the 2 3 2
1 3,
2 2

4 4 os p P
 
  
 

 and 2 3 2
3 5,
2 2

4 4 os p D
 
  
 

 and of the Rydberg se-

ries of the Rb+ series.  
 For the ( ) ( )2 3 2 2 2 3

3 2 24 4 4 4os p D s p P nd→  transition  

 

( )( )
( )

( ) ( )

22
1 22 5

2

6 7

1 1

1 1
4

nE E Z n m n q
nn n m q s

n m q s n m q s

σ
σ σ∞

 = − − − − − − 
+ + + 

+ +
− + + + − +




 (8) 

Using the experimental data of the Advanced Light Sources (ALS) measure-
ments of Esteves et al. [5], we obtain for the state ( )2 2 3

24 4 11s p P d  and  

( )2 2 3
24 4 12s p P d   respectively E11 = 19.595 eV (m = 11) and E12 = 19.668 eV (q 

= 12). Energy limit is given by ALS data, we find E∞ = 20.049 eV. Using these data, 
We then get using Equation (8): 1 32.005995σ =  and 2 0.169044σ = − . 

 For the ( ) ( )2 3 2 2 2 3
5 2 24 4 4 4os p D s p P nd→  transition  

( )( )
( ) ( )

( ) ( )

22
1 22 2

2

4 5

1 1
4 2 2

1 1

nE E Z n m n q
nn n m q s n q m s

n m q s n m q s

σ
σ σ∞

 = − − − − − − 
+ + − + + − 

+ + 
+ − + + − + 

 (9) 

The screening constants in (9) are determined from the transition energies 
measured by Esteves et al. [5]. Using the experimental data of the Advanced Ligth 
Sources (ALS) measured by Esteves, we obtain E11 = 19.523 eV and E12 = 19.595 
eV respectively for ( ) ( )2 3 2 2 2 3

5 2 24 4 4 4 11os p D s p P d→  and  

( ) ( )2 3 2 2 2 3
5 2 24 4 4 4 12os p D s p P d→ . From ALS, we find E∞ = 19.973 eV. Thus, 
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Equation (9) gives us: 1 32.003467σ =  and 2 0.043651σ = − . 

 For the ( ) ( )2 3 2 2 2 2 2
3 2 2
2

4 4 4 4os p D s p D ns D
 

→  
 

 transition  

 

( )( )
( )

( ) ( ) ( )

22
1 22 3

2

4 5 6

1 1
7

1 1 1
6 2 2

nE E Z n m n q
nn n q m s

n m q s n m q s n m q s

σ
σ σ∞

 = − − − − − − 
+ + + 

+ + + 
+ − − + − − + − − 

 (10) 

For the ( ) ( )2 3 2 2 2 2 2
3 2 2
2

4 4 4 4 11os p D s p D s D
 

→  
 

 and  

( ) ( )2 3 2 2 2 2 2
3 2 2
2

4 4 4 4 12os p D s p D s D
 

→  
 

 levels the experimental data of the 

Advanced Light Sources by Esteves et al. [5] are E11 = 19.890 eV (m = 11) and E12 
= 20.214 eV (q = 12) in eV. ALS [5] gives us the limit energy, E∞ = 21. 176 eV. In 
that case, we find using Equation (10) 1 32.046604σ =  and 2 1.390788σ = − . 

 For the ( ) ( )2 3 2 2 2 1
1 2 24 4 4 4s p P s p D ns→  transition  

 

( )( )
( ) ( )

( ) ( )

22
1 22 2 2

2

4 5

1 1
2

1 1
6 2 9

nE E Z n m n q
nn n s n q m s

n m q s n m q s

σ
σ σ∞


= − − − − − −




− + + +

+ + 
− + + + − + 








 (11) 

Using the experimental data of the Advanced Ligth Sources (ALS) measure-
ments of Esteves et al. [5], we obtain for the state  

( ) ( )2 3 2 2 2 1
1 2 24 4 4 4 7s p P s p D s→  and ( ) ( )2 3 2 2 2 1

1 2 24 4 4 4 8s p P s p D s→  re-

spectively E7 = 18.667 eV (m = 7) and E8 = 18.991 eV (q = 8). Energy limit is given 
by ALS data, we find, E∞ = 19.955 eV. Using these data, We then get using Equa-
tion (11): 1 32.040633σ =  and 2 1.360699σ = − . 

 For the ( ) ( )2 3 2 2 2 1
3 2 24 4 4 4s p P s p D ns→  transition  

 

( )( )
( )

( ) ( )

22
1 22 3

2

4 5

1 1
6

1 1
4 2

nE E Z n m n q
nn n q m s

n m q s n m q s

σ
σ σ∞


= − − − − − − 

− + +

+ + 
+ − + + − +














 (12) 

From Advanced Ligth Source (ALS) [5], we obtain for the  

( ) ( )2 3 2 2 2 1
3 2 24 4 4 4 7s p P s p D s→  and ( ) ( )2 3 2 2 2 1

3 2 24 4 4 4 8s p P s p D s→ , E7 = 

18.560 eV (m = 7) and E8 = 18.886 eV (q = 8). We find, E∞ = 19.853 eV. We find 
then using Equation (12), we obtain 1 32.04338σ =  and 2 1.409165σ = − . 

 For the ( ) ( ) ( )2 3 2 2 2 1 2
1 2 2 1 24 4 4 4o os p P s p D nd P→  transition 
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( ) ( )
( )

( ) ( )

22
1 22 3

2

4 5

1 1
4 2

1 1
4 6 3

nE E Z n m n q
nn n q m s

n m q s n m q s

σ
σ σ∞

 = − − − − × − × − 
+ + + 

+ + 
+ − + + + − 

 (13) 

Using the experimental data of the Advanced Light Source measurements of Es-

teves et al. [5], we obtain for the state ( ) ( ) ( )2 3 2 2 2 1 2
1 2 2 1 24 4 4 4 6o os p P s p D d P→  

and ( ) ( ) ( )2 3 2 2 2 1 2
1 2 2 1 24 4 4 4 7o os p P s p D nd P→  respectively E6 = 18.351 eV (m 

= 6) and E7 = 18.790 eV (q = 7). Energy limit is given by ALS [5] data, we find E∞ 
= 19.955 eV. Using these data, We then get using Equation (13): 1 32.022401σ =  
and 2 0.495149σ = − . 

 For the ( ) ( ) ( )2 3 2 2 2 2 2
1 2 24 4 4 4os p P s p D ns S→  transtion 

 

( )( )
( )

( )

22
1 22 5

2

6

1 1

1

nE E Z n m n q
nn n m q s

n m q s

σ
σ σ∞

 = − − − − − − 
+ + −





+
+ − −




 (14) 

For the ( ) ( ) ( )2 3 2 2 2 2 2
1 2 24 4 4 4 6os p P s p D s S→  and  

( ) ( ) ( )2 3 2 2 2 2 2
1 2 24 4 4 4 7os p P s p D s S→  levels the experimental data of the Ad-

vanced Ligth Sources by Esteves et al. [5] are E6 = 18.393 eV (m = 6) and E7 = 
18.816 eV (q = 7) in eV. ALS [5] gives us the limit energy, E∞ = 19.955 eV. In that 
case, we find using Equation (14) 1 32.020399σ =  and 2 0.320232σ = − . 

 For the ( ) ( ) ( )2 2 2 1 10 2 5 2
1 2 1 1 24 4 3 4 4o o os p P nd P d s p P→  transition, 

 

( )( )
( )

( )

22
1 22 5

2

6

1 1

1

nE E Z n m n q
nn n m q s

n m q s

σ
σ σ∞






= − − − − − − 

+ + −

+ 
+ − − 


 (15) 

For the ( ) ( )2 2 2 1
1 2 14 4 8o os p P d P  and ( ) ( )2 2 2 1

1 2 14 4 9o os p P d P  levels the ex-

perimental data of the synchrotron radiation (SR) and dual laser plasma (DPL) 
[17] are E8 = 27.39 (m = 8) and E9 = 27.50 (q = 9) in eV. SR-DPL [17] gives us the 
limit energy, E∞ = 28.204 eV. In that case, we find using Equation (15)  

1 35.071807σ =  and 2 1.071424σ = − . 

3. Resultants and Discussions 

The calculated resonance energies (in eV) for the Se+ Rydberg series are presented 
in Tables 1-7. These results, obtained via the MOAT formalism, are compared 
with SCUNC calculations (Sakho et al. 2022) and ALS experimental data from 
Esteves et al. [5] for the Se II ion. Similarly, our results for the Rb+ Rydberg series 
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are summarized in Table 8 and Table 9. These are compared with theoretical data 
from Sakho et al. using the SCUNC method, Hartree-Fock calculations with ex-
change and relativistic corrections (HXR), and Dirac R-matrix results from 
McLaughlin and Babb. Comparisons are also made with Synchrotron Radiation 
(SR) and Dual Laser Plasma (DLP) experimental data, which, to our knowledge, 
represent the only available benchmarks. For all series studied, the MOAT reso-
nance energies demonstrate high stability, enabling calculations up to n = 55 in-
cluding both quantum defects and effective charge.  

Theoretical and measured energy positions can be analyzed by calculating the 
Z effective charge in relationship with the quantum defect (δ). The relationship 
between *Z  and δ  is in the form:  

 *

1

coreZ
Z

n
δ

=
 − 
 

 (16) 

According to this equation, each Rydberg series must satisfy the following con-
ditions:  

 

*

*

*

if 0

if 0

lim

core

core

coren

Z Z

Z Z

Z Z

δ

δ

→∞

 ≥ ≥
 ≥ <
 =

 (17) 

For the photoionisation of the Se+ and Rb+ ion considered in this work Equation 
(6) give.  

 2S Se e ehν+ −++ → +  2coreZ =  (18) 

 2Rb Rb ehν+ + −+ → +  2coreZ =  (19) 

In Table 1 we present the MAOT resonance Energy (En, eV), quantum defect 
(δ) and effective nuclear charge (Z*) of the ( )2 2 3

24 4s p P nd  Rydberg series con-
verging to the ( 3

2P ) serie limits in Se2+ threshold origin Se+ ( )2 3 2
3 24 4 os p P  met-

astable state. Results presented in this table are calculated via Equation (8). The 
quantum defect and effective nuclear charge Z* agree well with the MAOT analy-
sis condition of Equation (17). We also note that the quantum defect decreases as 
the principal quantum number increases. For n = 11 up to n = 25 Our results are 
compared with of the experimental data of ALS [5] and those of Sakho (2022) [11] 
obtained theoretically. The comparison shows very good agreement. The absolute 
deviations |ΔE| between MOAT and ALS are small (on the order of 0.0001 eV). 
For n = 26 up to 40, our results are one only compared with SCUNC theorical 
calculation of Sakho and comparison is considered very satisfactory. Thus, our 
value of 20.015 eV for n = 40 is in good agreement with Sakho’s calculated result 
of 20.015 eV. This allows us to expect the present results on the resonance energies 
for this Rydberg series up to n = 55 to be accurate.  

We present in Table 2 resonance Energy (En, eV), quantum defect (δ) and ef-
fective nuclear charge (Z*) of the ( )2 2 3

24 4s p P nd  Rydberg series converging to 
the ( 3

2P ) serie limits in Se2+ threshold origin Se+ ( )2 3 2
5 24 4 os p P  metastable state.  
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Table 1. Resonance Energy (En, eV), quantum defect (δ) and effective nuclear charge Z* of the ( )2 2 3
24 4s p P nd  Rydberg series 

converging to the ( 3
2P ) serie limits in Se2+ threshold origin Se+ ( )2 3 2

3 24 4 os p P  metastable state. The present Modified Atomic 

Orbital Theory (MOAT) calculations are compared to the SCUNC calculations of Sakho et al. [11] and the ALS experimental meas-
urements Esteves et al. [5]. |ΔE| denotes the energy difference between the MAOT calculations and the ALS measurement. The 
resultats are expression in electron-volt (eV). (1 Ryd = 0.5 au = 13.605698 eV). 

( ) ( )2 3 2 2 2 3
3 2 24 4 4 4os p P s p P nd→  

n 
MAOT ALS SCUNC 

ΔE 
E δ Z* E δ Z* E δ Z* 

11 19.595 0.0513 2.0094 19.595 0.051 2.0093 19.595 0.051 2.0094 0.0000 

12 19.668 0.0484 2.0081 19.668 0.051 2.0085 19.668 0.052 2.0087 0.0000 

13 19.7247 0.0454 2.0070 19.724 0.051 2.0079 19.724 0.052 2.0080 0.0007 

14 19.7696 0.0424 2.0061 19.769 0.035 2.0073 19.770 0.052 2.0073 0.0004 

15 19.8060 0.0395 2.0053 19.805 0.020 2.0068 19.807 0.052 2.0069 0.0010 

16 19.8354 0.0365 2.0046 19.835 0.051 2.0064 19.835 0.052 2.0064 0.0004 

17 19.8599 0.0335 2.0039 19.860 0.051 2.0060 19.860 0.052 2.0060 0.0001 

18 19.8805 0.0305 2.0034 19.880 0.051 2.0057 19.880 0.051 2.0057 0.0005 

19 19.8978 0.0275 2.0029 19.897 0.051 2.0054 19.897 0.051 2.0054 0.0008 

20 19.9126 0.0245 2.0025 19.912 0.051 2.0051 19.912 0.051 2.0051 0.0006 

21 19.9253 0.0216 2.0021 19.925 0.051 2.0049 19.925 0.051 2.0048 0.0003 

22 19.9364 0.0186 2.0017 19.936 0.051 2.0046 19.936 0.051 2.0046 0.0004 

23 19.946 0.0156 2.0014 19.946 0.051 2.0044 19.946 0.051 2.0044 0.0000 

24 19.9544 0.0126 2.0010 19.954 0.051 2.0042 19.954 0.051 2.0042 0.0004 

25 19.9619 0.0096 2.0008 19.962 0.051 2.0011 19.962 0.051 2.0042 0.0001 

26 19.9685 0.0066 2.0005    19.968 0.051 2.0029  

27 19.9743 0.0036 2.0003    19.974 0.051 2.0037  

28 19.9796 0.0006 2.0000    19.979 0.051 2.0036  

29 19.9843 −0.0024 1.9998    19.984 0.051 2.0033  

30 19.9886 −0.0054 1.9996    19.988 0.051 2.0032  

31 19.9924 −0.0084 1.9995    19.992 0.051 2.0031  

32 19.9959 −0.0114 1.9993    19.996 0.051 2.0030  

33 19.9991 −0.0144 1.9991    19.999 0.051 2.0029  

34 20.002 −0.0174 1.9990    20.002 0.051 2.0028  

35 20.0046 −0.0204 1.9988    20.004 0.051 2.0028  

36 20.0071 −0.0234 1.9987    20.007 0.051 2.0027  

37 20.0093 −0.0264 1.9986    20.009 0.051 2.0026  

38 20.0114 −0.0294 1.9985    20.011 0.051 2.0025  

39 20.0133 −0.0324 1.9983    20.013 0.051 2.0025  

40 20.015 −0.0354 1.9982    20.015 0.051 2.0025  

41 20.0167 −0.0384 1.9981        

42 20.0182 −0.0414 1.9980        

43 20.0196 −0.0444 1.9979        
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44 20.0209 −0.0474 1.9978        

45 20.0222 −0.0504 1.9978        

46 20.0233 −0.0534 1.9977        

47 20.0244 −0.0564 1.9976        

48 20.0254 −0.0594 1.9975        

49 20.0264 −0.0624 1.9975        

50 20.0273 −0.0654 1.9974        

51 20.0281 −0.0684 1.9973        

52 20.0289 −0.0714 1.9973        

53 20.0297 −0.0745 1.9972        

54 20.0304 −0.0775 1.9971        

55 20.0281 −0.0805 1.9971        

∞ 20.0490   20.0490   20.0490    

 
Table 2. Resonance Energy (En, eV), quantum defect (δ) and effective nuclear charge Z ∗ of the ( )2 2 3

24 4s p P nd  Rydberg series 

converging to the ( )3
2P  serie limits in Se2+ threshold origin Se+ ( )2 3 2

5 24 4 os p D  metastable state. The present Modified Atomic 

Orbital Theory (MOAT) calculations are compared to the SCUNC calculations of Sakho et al. [11] and the ALS experimental meas-
urements Esteves et al. [5]. |ΔE| denotes the energy difference between the MAOT calculations and the ALS measurement. The 
resultats are expression in electron-volt (eV). (1 Ryd = 0.5 au = 13.605698 eV). 

( ) ( )2 3 2 2 2 3
5 2 24 4 4 4os p P s p P nd→  

n 
MAOT ALS SCUNC 

ΔE 
E δ Z* E δ Z* E δ Z* 

11 19.523 0.0028 2.0005 19.523 0.003 2.0005 19.523 0.003 2.0005 0.000 

12 19.595 0.001 2.0002 19.595 0.003 2.0005 19.595 0.003 2.0005 0.000 

13 19.651 −0.0007 1.9999 19.651 0.003 2.0005 19.651 0.003 2.0004 0.000 

14 19.6954 −0.0024 1.9997 19.697 −0.040 1.9943 19.695 0.003 2.0004 0.001 

15 19.7313 −0.0041 1.9995 19.733 −0.050 1.9933 19.731 0.003 2.0004 0.001 

16 19.7606 −0.0057 1.9993 19.764 −0.110 1.9863 19.760 0.003 2.0003 0.003 

17 19.7849 −0.0074 1.9991 19.789 −0.200 1.9767 19.785 0.003 2.0003 0.004 

18 19.8052 −0.0091 1.999 19.811 −0.350 1.9618 19.805 0.003 2.0003 0.005 

19 19.8224 −0.0108 1.9989 19.827 −0.320 1.9669 19.822 0.003 2.0003 0.004 

20 19.8371 −0.0125 1.9988 19.842 −0.300 1.9704 19.837 0.003 2.0003 0.005 

21 19.8498 −0.0142 1.9986 19.855 −0.400 1.9626 19.850 0.003 2.0003 0.005 

22 19.8607 −0.0159 1.9986 19.855 −0.400 1.9643 19.861 0.003 2.0002 0.005 

23 19.8703 −0.0176 1.9985 19.865 −0.450 1.9616 19.870 0.003 2.0002 0.005 

24 19.8787 −0.0192 1.9984    19.878 0.003 2.0002  

25 19.8861 −0.0209 1.9983    19.886 0.003 2.0002  

26 19.8926 −0.0226 1.9983    19.892 0.003 2.0002  

27 19.8985 −0.0243 1.9982    19.898 0.003 2.0002  

28 19.9037 −0.026 1.9981    19.904 0.003 2.0002  
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29 19.9084 −0.0277 1.9981    19.908 0.003 2.0002  

30 19.9126 −0.0293 1.998    19.913 0.003 2.0002  

31 19.9165 −0.031 1.998    19.916 0.003 2.0002  

32 19.9200 −0.0327 1.998    19.920 0.003 2.0002  

33 19.9231 −0.0344 1.9979    19.923 0.003 2.0002  

34 19.926 −0.036 1.9979    19.926 0.003 2.0002  

35 19.9287 −0.0377 1.9978    19.929 0.003 2.0002  

36 19.9311 −0.0394 1.9978    19.931 0.003 2.0001  

37 19.9333 −0.041 1.9978    19.933 0.003 2.0001  

38 19.9354 −0.0427 1.9978    19.935 0.003 2.0001  

39 19.9373 −0.0444 1.9977    19.937 0.003 2.0001  

40 19.9391 −0.046 1.9977    19.939 0.003 2.0001  

41 19.9407 −0.0477 1.9977        

42 19.9422 −0.0494 1.9977        

43 19.9436 −0.051 1.9976        

44 19.945 −0.0527 1.9976        

45 19.9462 −0.0544 1.9976        

46 19.9473 −0.056 1.9976        

47 19.9484 −0.0577 1.9975        

48 19.9494 −0.0594 1.9975        

49 19.9504 −0.061 1.9975        

50 19.9513 −0.0627 1.9975        

51 19.9521 −0.0643 1.9975        

52 19.9529 −0.066 1.9975        

53 19.9537 −0.0677 1.9975        

54 19.9544 −0.0693 1.9974        

55 19.9551 −0.071 1.9974        

∞ 19.9730    19.973  19.973    
 

Table 3. Resonance Energy (En, eV), quantum defect (δ) and effective nuclear charge Z ∗ of the ( ) ( )2 2 2 2
2 24 4s p D ns D  Rydberg 

series converging to the ( 2
2D ) serie limits in Se2+ threshold origin Se+ ( )2 3 2

3 24 4 os p P  metastable state. The present Modified 

Atomic Orbital Theory (MOAT) calculations are compared to the SCUNC calculations of Sakho et al. [11] and the ALS experimental 
measurements Esteves et al. [5]. |ΔE| denotes the energy difference between the MAOT calculations and the ALS measurement. The 
resultats are expression in electron-volt (eV). (1 Ryd = 0.5 au = 13.605698 eV). 

( ) ( ) ( )2 3 2 2 2 2 2
3 2 2 24 4 4 4os p P s p D ns D→  

n 
MAOT ALS SCUNC 

ΔE 
E δ Z* E δ Z* E δ Z* 

7 19.89 0.495 2.1521 19.890 0.495 2.1522 19.890 0.496 2.1525 0.000 

8 20.214 0.479 2.1272 20.214 0.480 2.1276 20.211 0.487 2.1303 0.000 

9 20.4298 0.46 2.1077 20.428 0.470 2.1102 20.425 0.485 2.1143 0.001 
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10 20.5805 0.44 2.0921 20.576 0.480 2.1008 20.575 0.484 2.1019 0.004 

11 20.6898 0.42 2.0794 20.685 0.470 2.0893 20.684 0.483 2.0920 0.004 

12 20.7716 0.399 2.0688 20.770 0.420 2.0725 20.766 0.482 2.0838 0.001 

13 20.8344 0.378 2.0599 20.830 0.460 2.0734 20.829 0.481 2.0770 0.004 

14 20.8836 0.356 2.0522 20.883 0.380 2.0558 20.878 0.481 2.0712 0.000 

15 20.923 0.334 2.0456 20.922 0.360 2.0492 20.918 0.481 2.0663 0.001 

16 20.9549 0.312 2.0398 20.955 0.300 2.0382 20.950 0.481 2.0620 0.000 

17 20.9811 0.289 2.0346 20.985 0.100 2.0118 20.977 0.481 2.0582 0.004 

18 21.0029 0.266 2.03 21.008 0 2.0000 20.999 0.481 2.0549 0.005 

19 21.0213 0.243 2.0259 21.025 0 2.0000 21.017 0.481 2.0519 0.004 

20 21.0369 0.22 2.0222 21.040 0 2.0000 21.033 0.481 2.0492 0.003 

21 21.0503 0.196 2.0188 21.053 0 2.0000 21.047 0.481 2.0469 0.002 

22 21.0618 0.172 2.0158 21.063 0 2.0000 21.058 0.481 2.0447 0.001 

23 21.0718 0.148 2.013 21.073 0 2.0000 21.069 0.481 2.0427 0.001 

24 21.0805 0.124 2.0104    21.078 0.481 2.0409  

25 21.0882 0.1 2.008    21.085 0.481 2.0393  

26 21.095 0.075 2.0058    21.092 0.481 2.0377  

27 21.1011 0.05 2.0037    21.099 0.482 2.0363  

28 21.1065 0.026 2.0018    21.104 0.482 2.0350  

29 21.1113 0.001 2.0001    21.109 0.482 2.0338  

30 21.1156 −0.024 1.9984    21.114 0.482 2.0327  

31 21.1195 −0.049 1.9968    21.118 0.483 2.0316  

32 21.1231 −0.074 1.9954    21.121 0.483 2.0306  

33 21.1263 −0.099 1.994    21.125 0.483 2.0297  

34 21.1293 −0.125 1.9927    21.128 0.484 2.0289  

35 21.132 −0.15 1.9915    21.130 0.484 2.0280  

36 21.1344 −0.176 1.9903    21.133 0.484 2.0273  

37 21.1367 −0.201 1.9892    21.135 0.484 2.0265  

38 21.1388 −0.227 1.9881    21.137 0.485 2.0258  

39 21.1407 −0.252 1.9871    21.139 0.485 2.0252  

40 21.1425 −0.278 1.9862    21.141 0.485 2.0246  

41 21.1441 −0.304 1.9853        

42 21.1456 −0.33 1.9844        

43 21.147 −0.356 1.9836        

44 21.1484 −0.382 1.9828        

45 21.1496 −0.408 1.982        

46 21.1508 −0.434 1.9813        

47 21.1518 −0.46 1.9806        

48 21.1529 −0.486 1.98        

49 21.1538 −0.512 1.9793        
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50 21.1547 −0.538 1.9787        

51 21.1555 −0.564 1.9781        

52 21.1563 −0.591 1.9775        

53 21.1571 −0.617 1.977        

54 21.1578 −0.643 1.9765        

55 21.1584 −0.67 1.9759        

∞ 21.1760    21.176  21.176    
 

Table 4. Resonance Energy (En, eV), quantum defect (δ) and effective nuclear charge Z*  of the ( )2 2 1
24 4s p D ns  Rydberg series 

converging to the ( 1
2D ) serie limits in Se2+ threshold origin Se+ ( )2 3 2

1 24 4 os p P  metastable state. The present Modified Atomic 

Orbital Theory (MOAT) calculations are compared to the SCUNC calculations of Sakho et al. [11] and the ALS experimental meas-
urements Esteves et al. [5]. |ΔE| denotes the energy difference between the MAOT calculations and the ALS measurement. The 
resultats are expression in electron-volt (eV). (1 Ryd = 0.5 au = 13.605698 eV). 

( ) ( )2 3 2 2 2 1
1 2 24 4 4 4os p P s p D ns→  

n 
MAOT ALS SCUNC 

ΔE 
E δ Z* E δ Z* E δ Z* 

7 18.667 0.4997 2.1538 18.667 0.500 2.1538 18.667 0.500 2.1538 0.0000 

8 18.991 0.4863 2.1295 18.991 0.488 2.1294 18.988 0.496 2.1323 0.0000 

9 19.2067 0.4721 2.1107 19.207 0.470 2.1102 19.203 0.494 2.1162 0.0003 

10 19.3574 0.4571 2.0958 19.357 0.460 2.0964 19.353 0.492 2.1036 0.0004 

11 19.4668 0.4415 2.0836 19.467 0.440 2.0833 19.462 0.491 2.0935 0.0003 

12 19.5488 0.4252 2.0735 19.549 0.420 2.0725 19.544 0.490 2.0852 0.0002 

13 19.6117 0.4085 2.0649 19.613 0.380 2.0602 19.607 0.489 2.0782 0.0013 

14 19.6611 0.3912 2.0575 19.663 0.355 2.0520 19.657 0.489 2.0724 0.0019 

15 19.7006 0.3736 2.0511 19.702 0.340 2.0464 19.697 0.488 2.0673 0.0014 

16 19.7326 0.3557 2.0455    19.729 0.488 2.0629  

17 19.759 0.3374 2.0405    19.755 0.488 2.0591  

18 19.7809 0.3189 2.0361    19.778 0.488 2.0557  

19 19.7994 0.3001 2.0321    19.796 0.488 2.0527  

20 19.815 0.2812 2.0285    19.812 0.488 2.0500  

21 19.8285 0.262 2.0253    19.826 0.488 2.0476  

22 19.84 0.2427 2.0223    19.837 0.488 2.0454  

23 19.8501 0.2233 2.0196    19.848 0.488 2.0434  

24 19.8589 0.2037 2.0171    19.857 0.488 2.0415  

25 19.8666 0.184 2.0148    19.864 0.488 2.0398  

26 19.8735 0.1643 2.0127    19.871 0.489 2.0383  

27 19.8795 0.1444 2.0108    19.878 0.489 2.0369  

28 19.885 0.1245 2.0089    19.883 0.489 2.0355  

29 19.8898 0.1044 2.0072    19.888 0.489 2.0343  

30 19.8942 0.0844 2.0056    19.893 0.489 2.0332  
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31 19.8981 0.0642 2.0042    19.897 0.490 2.0321  

32 19.9017 0.0441 2.0028    19.900 0.490 2.0311  

33 19.905 0.0238 2.0014    19.904 0.490 2.0302  

34 19.9079 0.0036 2.0002    19.907 0.491 2.0293  

35 19.9106 −0.0168 1.999    19.909 0.491 2.0284  

36 19.9131 −0.0371 1.9979    19.912 0.491 2.0277  

37 19.9154 −0.0575 1.9969    19.914 0.491 2.0269  

38 19.9175 −0.0779 1.9959    19.916 0.492 2.0262  

39 19.9194 −0.0983 1.995    19.918 0.492 2.0256  

40 19.9212 −0.1188 1.9941    19.920 0.492 2.0249  

41 19.9228 −0.1392 1.9932        

42 19.9244 −0.1597 1.9924        

43 19.9258 −0.1803 1.9917        

44 19.9271 −0.2008 1.9909        

45 19.9284 −0.2213 1.9902        

46 19.9295 −0.2419 1.9895        

47 19.9306 −0.2625 1.9889        

48 19.9317 −0.2831 1.9883        

49 19.9326 −0.3037 1.9877        

50 19.9335 −0.3243 1.9871        

51 19.9344 −0.3449 1.9866        

52 19.9352 −0.3655 1.986        

53 19.9359 −0.3862 1.9855        

54 19.9366 −0.4068 1.985        

55 19.9373 −0.4275 1.9846        
… 
∞ 

19.955    19.955  19.955    

 

Table 5. Resonance Energy (En, eV), quantum defect (δ) and effective nuclear charge Z* of the ( )2 2 1
24 4s p D ns  Rydberg series 

converging to the ( 1
2D ) serie limits in Se2+ threshold origin Se+ ( )2 3 2

3 24 4 os p P  metastable state. The present Modified Atomic 

Orbital Theory (MOAT) calculations are compared to the SCUNC calculations of Sakho et al. [11] and the ALS experimental meas-
urements Esteves et al [5]. |ΔE| denotes the energy difference between the MAOT calculations and the ALS measurement. The 
resultats are expression in electron-volt (eV). (1 Ryd = 0.5 au = 13.605698 eV). 

( ) ( )2 3 2 2 2 1
3 2 24 4 4 4s p P s p D ns→  

n 
MAOT ALS SCUNC 

ΔE 
E δ Z* E δ Z* E δ Z* 

7 18.5600 0.5123 2.1579 18.560 0.512 2.1578 18.560 0.512 2.1578 0.000 

8 18.8860 0.498 2.1328 18.886 0.500 2.1333 18.883 0.509 2.1358 0.000 

9 19.101 0.4919 2.1156 19.102 0.490 2.1152 19.099 0.506 2.1192 0.001 

10 19.251 0.4902 2.1031 19.250 0.500 2.1052 19.249 0.504 2.1062 0.001 

11 19.360 0.4905 2.0933 19.359 0.500 2.0952 19.359 0.503 2.0959 0.001 
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12 19.442 0.4915 2.0854 19.442 0.500 2.0870 19.441 0.502 2.0873 0.000 

13 19.505 0.4925 2.0788 19.505 0.500 2.0800 19.505 0.501 2.0802 0.000 

14 19.555 0.493 2.073 19.554 0.500 2.0741 19.554 0.501 2.0742 0.001 

15 19.594 0.4928 2.0679 19.594 0.500 2.0690 19.594 0.500 2.0690 0.000 

16 19.627 0.4916 2.0634 19.627 0.500 2.0652 19.626 0.500 2.0645 0.000 

17 19.6534 0.4895 2.0593 19.653 0.500 2.0610 19.653 0.500 2.0606 0.000 

18 19.676 0.4865 2.0556 19.675 0.500 2.0571 19.675 0.500 2.0571 0.001 

19 19.6943 0.4825 2.0521 19.694 0.500 2.0541 19.694 0.500 2.0540 0.001 

20 19.7102 0.4775 2.0489    19.710 0.500 2.0513  

21 19.7239 0.4717 2.046    19.724 0.500 2.0488  

22 19.7356 0.4651 2.0432    19.735 0.500 2.0465  

23 19.7459 0.4577 2.0406    19.745 0.500 2.0444  

24 19.7549 0.4495 2.0382    19.754 0.500 2.0426  

25 19.7628 0.4406 2.0359    19.762 0.500 2.0408  

26 19.7698 0.4311 2.0337    19.769 0.500 2.0393  

27 19.776 0.421 2.0317    19.775 0.501 2.0378  

28 19.7815 0.4102 2.0297    19.781 0.501 2.0364  

29 19.7865 0.399 2.0279    19.786 0.501 2.0352  

30 19.7909 0.3872 2.0262    19.790 0.501 2.0340  

31 19.795 0.375 2.0245    19.794 0.502 2.0329  

32 19.7986 0.3623 2.0229    19.798 0.502 2.0319  

33 19.802 0.3493 2.0214    19.801 0.502 2.0309  

34 19.805 0.3358 2.0199    19.804 0.502 2.0300  

35 19.8077 0.322 2.0186    19.807 0.503 2.0291  

36 19.8103 0.3078 2.0172    19.810 0.503 2.0283  

37 19.8126 0.2933 2.016    19.812 0.503 2.0276  

38 19.8148 0.2784 2.0148    19.814 0.504 2.0269  

39 19.8167 0.2633 2.0136    19.816 0.504 2.0262  

40 19.8186 0.248 2.0125    19.818 0.504 2.0255  

41 19.8203 0.2323 2.0114        

42 19.8218 0.2164 2.0104        

43 19.8233 0.2003 2.0094        

44 19.8247 0.184 2.0084        

45 19.8259 0.1675 2.0075        

46 19.8271 0.1507 2.0066        

47 19.8282 0.1338 2.0057        

48 19.8293 0.1167 2.0049        

49 19.8302 0.0995 2.0041        

50 19.8312 0.082 2.0033        

51 19.832 0.0645 2.0025        
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52 19.8328 0.0467 2.0018        

53 19.8336 0.0289 2.0011        

54 19.8343 0.0109 2.0004        

55 19.835 -0.0072 1.9997        

∞ 19.8530   19.853   19.853    
 

Table 6. Resonance Energy (En, eV), quantum defect (δ) and effective nuclear charge Z* of the ( ) ( )2 2 1 2
2 1 24 4 os p D nd P  Rydberg 

series converging to the ( 1
2D ) serie limits in Se2+ threshold origin Se+ ( )2 3 2

1 24 4 os p P  metastable state. The present Modified 

Atomic Orbital Theory (MOAT) calculations are compared to the SCUNC calculations of Sakho et al. [11] and the ALS experimental 
measurements Esteves et al. [5]. |ΔE| denotes the energy difference between the MAOT calculations and the ALS measurement. The 
resultats are expression in electron-volt (eV). (1 Ryd = 0.5 au = 13.605698 eV). 

( ) ( ) ( )2 3 2 2 2 1 2
1 2 2 1 24 4 4 4o os p P s p D nd P→  

n 
MAOT ALS SCUNC 

|ΔE| 
E δ Z* E δ Z* E δ Z* 

6 18.351 0.1751 2.0601 18.351 0.175 2.0600 18.351 0.175 2.0602 0.000 

7 18.790 0.1652 2.0483 18.790 0.165 2.0483 18.785 0.179 2.0524 0.000 

8 19.071 0.155 2.0395 19.071 0.152 2.0395 19.066 0.176 2.0451 0.000 

9 19.261 0.1446 2.0327 19.262 0.140 2.0316 19.256 0.174 2.0394 0.001 

10 19.396 0.1341 2.0272 19.395 0.140 2.0284 19.392 0.172 2.0350 0.001 

11 19.495 0.1236 2.0227 19.494 0.130 2.0239 19.491 0.171 2.0315 0.001 

12 19.570 0.113 2.019 19.571 0.100 2.0168 19.566 0.169 2.0286 0.001 

13 19.628 0.1025 2.0159 19.633 0 2.000 19.624 0.168 2.0263 0.005 

14 19.674 0.092 2.0132 19.683 −0.150 1.9788 19.671 0.168 2.0242 0.008 

15 19.710 0.0814 2.0109 19.718 −0.150 1.9802 19.708 0.167 2.0225 0.007 

16 19.740 0.071 2.0089    19.738 0.166 2.0210  

17 19.765 0.0605 2.0071    19.763 0.166 2.0197  

18 19.786 0.0501 2.0056    19.784 0.165 2.0186  

19 19.8036 0.0397 2.0042    19.802 0.165 2.0175  

20 19.8185 0.0293 2.0029    19.817 0.165 2.0166  

21 19.8314 0.019 2.0018    19.830 0.165 2.0158  

22 19.8425 0.0086 2.0008    19.841 0.164 2.0151  

23 19.8521 −0.0016 1.9999    19.851 0.164 2.0144  

24 19.8606 −0.0119 1.999    19.859 0.164 2.0138  

25 19.8681 −0.0221 1.9982    19.867 0.164 2.0132  

26 19.8747 −0.0324 1.9975    19.873 0.164 2.0127  

27 19.8806 −0.0425 1.9969    19.879 0.164 2.0122  

28 19.8858 −0.0527 1.9962    19.885 0.164 2.0118  

29 19.8906 −0.0629 1.9957    19.890 0.164 2.0113  

30 19.8948 −0.073 1.9951    19.894 0.163 2.0110  

31 19.8987 −0.0832 1.9946    19.898 0.163 2.0106  
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32 19.9022 −0.0933 1.9942    19.901 0.163 2.0103  

33 19.9053 −0.1034 1.9938    19.905 0.163 2.0100  

34 19.9082 −0.1135 1.9933    19.907 0.163 2.0097  

35 19.9109 −0.1236 1.993    19.910 0.163 2.0094  

36 19.9133 −0.1337 1.9926    19.913 0.163 2.0091  

37 19.9156 −0.1438 1.9923    19.915 0.163 2.0089  

38 19.9176 −0.1538 1.9919    19.917 0.163 2.0086  

39 19.9195 −0.1639 1.9916    19.919 0.163 2.0084  

40 19.9213 −0.174 1.9913    19.921 0.164 2.0082  

41 19.9229 −0.1841 1.9911        

42 19.9244 −0.1941 1.9908        

43 19.9258 −0.2042 1.9905        

44 19.9272 −0.2143 1.9903        

45 19.9284 −0.2244 1.9901        

46 19.9295 −0.2345 1.9899        

47 19.9306 −0.2445 1.9896        

48 19.9316 −0.2546 1.9894        

49 19.9326 −0.2647 1.9893        

50 19.9335 −0.2748 1.9891        

51 19.9343 −0.2849 1.9889        

52 19.9351 −0.295 1.9887        

53 19.9358 −0.3052 1.9886        

54 19.9366 −0.3153 1.9884        

55 19.9372 −0.3254 1.9882        

∞ 19.9550   19.9550   19.9550    
 

Table 7. Resonance Energy (En, eV), quantum defect (δ) and effective nuclear charge Z* of the ( ) ( )2 2 2 2
24 4s p D ns S  Rydberg 

series converging to the ( 2
2D ) serie limits in Se2+ threshold origin Se+ ( )2 3 2

1 24 4 os p P  metastable state. The present MOAT) calcu-

lations are compared to the SCUNC calculations of Sakho et al. [11] and the ALS experimental measurements Esteves et al. [5]. |ΔE| 
denotes the energy difference between the MAOT calculations and the ALS measurement. The resultats are expression in electron-
volt (eV). (1 Ryd = 0.5 au = 13.605698 eV). 

( ) ( ) ( )2 3 2 2 2 2 2
1 2 24 4 4 4os p P s p D ns S→  

n MAOT ALS SCUNC |ΔE| 

 E δ Z* E δ Z* E δ Z*  

6 18.393 0.0971 2.0329 18.393 0.097 2.0329 18.393 0.097 2.0330 0.000 

7 18.816 0.0874 2.0253 18.816 0.087 2.0252 18.812 0.099 2.0287 0.000 

8 19.0879 0.0774 2.0196 19.077 0.125 2.0317 19.083 0.098 2.0247 0.010 

9 19.2729 0.0675 2.0151 19.264 0.125 2.0282 19.269 0.096 2.0216 0.008 

10 19.4044 0.0574 2.0115 19.396 0.135 2.0274 19.400 0.095 2.0192 0.008 

11 19.5013 0.0473 2.0086 19.495 0.100 2.0230 19.497 0.094 2.0173 0.006 
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12 19.5747 0.0371 2.0062 19.571 0.025 2.0168 19.571 0.093 2.0157 0.003 

13 19.6316 0.027 2.0042 19.632 −0.100 2.0038 19.628 0.093 2.0144 0.000 

14 19.6766 0.0168 2.0024 19.681 −0.150 1.9858 19.674 0.092 2.0133 0.004 

15 19.7129 0.0066 2.0009 19.718 −0.240 1.9858 19.710 0.092 2.0123 0.005 

16 19.7425 −0.0037 1.9995 19.749 0.097 1.9802 19.740 0.092 2.0115 0.006 

17 19.767 −0.0139 1.9984    19.765 0.091 2.0108  

18 19.7875 −0.0242 1.9973    19.785 0.091 2.0102  

19 19.8048 −0.0344 1.9964    19.803 0.091 2.0096  

20 19.8195 −0.0447 1.9955    19.818 0.091 2.0091  

21 19.8322 −0.055 1.9948    19.831 0.091 2.0087  

22 19.8432 −0.0653 1.9941    19.842 0.090 2.0083  

23 19.8528 −0.0756 1.9935    19.851 0.090 2.0079  

24 19.8612 −0.0859 1.9929    19.860 0.090 2.0075  

25 19.8686 −0.0962 1.9923    19.867 0.090 2.0072  

26 19.8751 −0.1065 1.9918    19.874 0.090 2.0069  

27 19.881 −0.1168 1.9914    19.880 0.090 2.0067  

28 19.8862 −0.1271 1.991    19.885 0.090 2.0064  

29 19.8909 −0.1374 1.9906    19.890 0.090 2.0062  

30 19.8951 −0.1477 1.9902    19.894 0.090 2.0060  

31 19.8989 −0.158 1.9899    19.898 0.090 2.0058  

32 19.9024 −0.1683 1.9895    19.902 0.090 2.0056  

33 19.9056 −0.1786 1.9892    19.905 0.090 2.0055  

34 19.9084 −0.189 1.9889    19.908 0.090 2.0053  

35 19.9111 −0.1993 1.9887    19.910 0.090 2.0051  

36 19.9135 −0.2096 1.9884    19.913 0.090 2.0050  

37 19.9157 −0.2199 1.9882    19.915 0.090 2.0049  

38 19.9178 −0.2302 1.988    19.917 0.090 2.0047  

39 19.9197 −0.2406 1.9877    19.919 0.090 2.0046  

40 19.9214 −0.2509 1.9875    19.921 0.090 2.0045  

41 19.923 −0.2612 1.9873        

42 19.9245 −0.2715 1.9872        

43 19.9259 −0.2819 1.987        

44 19.9273 −0.2922 1.9868        

45 19.9285 −0.3025 1.9866        

46 19.9296 −0.3129 1.9865        

47 19.9307 −0.3232 1.9863        

48 19.9317 −0.3335 1.9862        

49 19.9326 −0.3438 1.9861        

50 19.9335 −0.3542 1.9859        

51 19.9344 −0.3645 1.9858        
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52 19.9352 −0.3748 1.9857        

53 19.9359 −0.3852 1.9856        

54 19.9366 −0.3955 1.9855        

55 19.9373 −0.4058 1.9854        

∞ 19.9550   19.955   19.955    
 

Table 8. Resonance Energy (En, eV), of the ( ) ( )2 2 2 1
1 2 14 4 o os p P nd P  Rydberg series of Rb+ converging to the ( 10 2 5

1 23 4 4 2d s p P


) 

serie limits in Rb2+. The present Modified Atomic Orbital Theory (MOAT) calculations are compared to the SCUNC calculations 
of Sakho et al. [10], the synchrotron radiation (SR) and dual laser plasma (DPL) measurements of Kilbane et al. [17] along with their 
theoretical results from Hartree-Fock with exchange plus relativistic corrections (HXR) [17] and with the Dirac R-matrix calcula-
tions of McLaughlin and Babb [18]. |ΔE| denotes the energy difference between the MAOT calculations and the SR measurement. 
The resultats are expression in electron-volt (eV). (1 Ryd = 0.5 au = 13.605698 eV). 

( ) ( )2 2 2 1
1 2 14 4 o os p P nd P  

Resonance Energie E in eV  

n MOAT SCUNC R-matrix HXR SR-DLP ΔE 

8 27.3 27.3000 27.3008 27.3099 27.30 0.0000 

9 27.5 27.4949 27.4805 27.4595 27.50 0.0000 

10 27.6404 27.6330 27.6223 27.5900 27.63 0.010 

11 27.7426 27.7343 27.7263 27.6814 27.74 0.002 

12 27.8194 27.8108 27.8046 27.7519 27.82 0.0006 

13 27.8786 27.8700 27.8652 27.8072 27.89 0.011 

14 27.925 27.9168 27.9129 27.8515 27.95 0.025 

15 27.9622 27.9544 27.9512    

16 27.9924 27.9851 27.9824    

17 28.0173 28.0104     

18 28.0381 28.0316     

19 28.0556 28.0495     

20 28.0704 28.0648     

21 28.0831 28.0778     

22 28.0941 28.0892     

23 28.1037 28.0990     

24 28.1121 28.1077     

25 28.1194 28.1153     

26 28.1259 28.1221     

27 28.1317 28.1281     

28 28.1369 28.1334     

29 28.1415 28.1383     

30 28.1457 28.1426     

31 28.1495 28.1465     

32 28.1529 28.1501     

33 28.156 28.1533     
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34 28.1588 28.1563     

35 28.1614 28.1590     

36 28.1638 28.1615     

37 28.1659 28.1638     

38 28.1679 28.1659     

39 28.1698 28.1678     

40 28.1715 28.1696     

41 28.1731      

42 28.1746      

43 28.1759      

44 28.1772      

45 28.1784      

∞ 28.204 28.204     
 

Table 9. Quantum defect (δ) and effective nuclear charge Z* of the ( ) ( )2 2 2 1
1 2 14 4 o os p P nd P  Rydberg series of Rb+ converging to 

the ( 10 2 5
1 23 4 4 2d s p P


) serie limits in Rb2+. The present Modified Atomic Orbital Theory (MOAT) calculations are compared to the 

SCUNC calculations of Sakho et al. [10] the synchrotron radiation (SR) and dual laser plasma (DPL) measurements of Kilbane et 
al. [17] along with their theoretical results from Hartree-Fock with exchange plus relativistic corrections (HXR) [17] and with the 
Dirac R-matrix calculations of McLaughlin and Babb [18].  

Quantum Defects Effective charge 

n MOAT SCUNC R-matrix HXR SR-DLP Z* 

8 0.241 0.2411 0.2376 0.1977 0.1982 2.0621 

9 0.2077 0.2391 0.3265 0.2077 0.3922 2.0472 

10 0.1736 0.2375 0.3257 0.2628 0.5853 2.0353 

11 0.1389 0.2362 0.3253 0.1699 0.7952 2.0256 

12 0.1039 0.2351 0.3246 0.0951 1.0283 2.0175 

13 0.0685 0.2342 0.3243 -0.1651 1.2887 2.0106 

14 0.0329 0.2334 0.3241 -0.6377 1.5846 2.0047 

15 −0.0029 0.2327 0.3239   1.9996 

16 −0.0389 0.2321 0.3239   1.9951 

17 −0.0751 0.2316    1.9912 

18 −0.1113 0.2312    1.9877 

19 −0.1477 0.2308    1.9846 

20 −0.1841 0.2304    1.9818 

21 −0.2206 0.2301    1.9792 

22 −0.2572 0.2298    1.9769 

23 −0.2938 0.2295    1.9748 

24 −0.3305 0.2293    1.9728 

25 −0.3673 0.2290    1.971 

26 −0.404 0.2288    1.9694 

27 −0.4408 0.2286    1.9679 
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28 −0.4777 0.2285    1.9665 

29 −0.5145 0.2283    1.9651 

30 −0.5514 0.2281    1.9639 

31 −0.5883 0.2280    1.9628 

32 −0.6252 0.2279    1.9617 

33 −0.6622 0.2277    1.9607 

34 −0.6991 0.2276    1.9597 

35 −0.7361 0.2275    1.9588 

36 −0.7731 0.2274    1.958 

37 −0.8101 0.2273    1.9571 

38 −0.8471 0.2272    1.9564 

39 −0.8842 0.2271    1.9557 

40 −0.9212 0.2271    1.955 

41 −0.9583     1.9543 

42 −0.9953     1.9537 

43 −1.0324     1.9531 

44 −1.0695     1.9525 

45 −1.1066     1.952 

 
Results presented in this table are calculated via Equation (9). The quantum defect 
and effective nuclear charge Z* agree well with the MAOT analysis condition of 
Equation (17). We also note that the quantum defect decreases as the principal 
quantum number increases. For n = 11 up to n = 23, the present Modified Atomic 
Orbital Theory (MOAT) calculations are compared to the SCUNC calculations of 
Sakho et al. [11] and the ALS experimental measurements Esteves et al. [5]. The 
comparison shows very good agreement. |ΔE| energy differences from experi-
mental data are less than 0.005 eV. For n = 24 up to n = 40, our results are one 
only compared with SCUNC theorical calculation of Sakho [11] and comparison 
is considered very satisfactory. Thus, our value of 19.9391 eV for n = 40 is in good 
agreement with Sakho’s calculated result of 19.9391 eV. This allows us to expect 
the present results on the resonance energies for this Rydberg series up to n = 55 
to be accurate.  

In Table 3 we present the MAOT, resonance Energy (En, eV), quantum defect 
(δ) and effective nuclear charge (Z*) of the ( ) ( )2 2 2 2

2 24 4s p D ns D  Rydberg se-
ries converging to the ( 2

2D ) serie limits in Se2+ threshold origin Se+  

( )2 3 2
3 24 4 os p P  metastable state. Results presented in this table are calculated via 

Equation (10). The quantum defect and effective nuclear charge Z* agree well with 
the MAOT analysis condition of Equation (6). We also note that the quantum 
defect decreases as the principal quantum number increases. For n = 7 up to n = 
23, Our results are compared with of the experimental data of ALS and those of 
Sakho (2022) [11] obtained theoretically. The comparison shows very good agree-
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ment. The absolute deviations |ΔE| between MOAT and ALS [5] are small (less 
than 0.005 eV). For n = 24 up to 40, our results are one only compared with 
SCUNC theorical calculation of Sakho [11] and comparison is considered very 
satisfactory. Thus, our value of 21.1425 eV for n = 40 is in good agreement with 
Sakho’s calculated result of 21.141 eV. This allows us to expect the present results 
on the resonance energies for this Rydberg series up to n = 55 to be accurate. 

In Table 4 we present the MAOT, resonance Energy (En, eV), quantum defect 
(δ) and effective nuclear charge (Z*) of the ( )2 2 1

24 4s p D ns  Rydberg series con-
verging to the ( 1

2D ) serie limits in Se2+ threshold origin Se+ ( )2 3 2
1 24 4 os p P  met-

astable state. Results presented in this table are calculated via Equation (11). The 
quantum defect and effective nuclear charge Z* agree well with the MAOT analysis 
condition of Equation (17). We also note that the quantum defect decreases as the 
principal quantum number increases. For n = 7 up to n = 15, Our results are com-
pared with of the experimental data of ALS and those of Sakho (2022) obtained 
theoretically. The comparison shows very good agreement. The absolute devia-
tions |ΔE| between MOAT and ALS are small, less than 0.001 eV. Thus, our value 
of 19.7006 eV for n = 15 is in good agreement with Sakho’s calculated result of 
19.697 eV and those of the experimental data of ALS [5] of 19.702 eV. For n = 16 
up to 40, our results are one only compared with SCUNC théorical calculation of 
Sakho [11] and comparison is considered very satisfactory. Thus, our value of 
19.9213 eV for n = 40 is in good agreement with Sakho’s calculated result of 19.920 
eV. This allows us to expect the present results on the resonance energies for this 
Rydberg series up to n = 55 to be accurate.  

We present in Table 5 resonance Energy (En, eV), quantum defect (δ) and ef-
fective nuclear charge (Z*) of the ( )2 2 1

24 4s p D ns  Rydberg series converging to 
the ( 1

2D ) serie limits in Se2+ threshold origin Se+ ( )2 3 2
3 24 4 os p P  metastable 

state. Results presented in this table are calculated via Equation (12). The quantum 
defect and effective nuclear charge Z* agree well with the MAOT analysis condi-
tion of Equation (17). We also note that the quantum defect decreases as the prin-
cipal quantum number increases. For n = 11 up to n = 23, the present Modified 
Atomic Orbital Theory (MOAT) calculations are compared to the SCUNC calcu-
lations of Sakho et al. [11] and the ALS experimental measurements Esteves et al. 
The comparison shows very good agreement. |ΔE| energy differences from exper-
imental data are less than 0.001 eV. Thus, our value of 19.6943 eV for n = 15 is in 
good agreement with Sakho’s calculated result of 19.694 eV and those of the ex-
perimental data of ALS [5] of 19.694 eV. For n = 20 up to n = 40, our results are 
one only compared with SCUNC theorical calculation of Sakho and comparison 
is considered very satisfactory. Thus, our value of 19.8186 eV for n = 40 is in good 
agreement with Sakho’s calculated result of 19.818 eV. This allows us to expect the 
present results on the resonance energies for this Rydberg series up to n = 55 to 
be accurate.  

In Table 6 we present the MAOT, resonance Energy (En, eV), quantum defect 
(δ) and effective nuclear charge (Z*) of the ( ) ( )2 2 1 2

2 1 24 4 os p D nd P  Rydberg se-
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ries converging to the ( 1
2D ) serie limits in Se2+ threshold origin Se+  

( )2 3 2
1 24 4 os p P  metastable state. Results presented in this table are calculated via 

Equation (13). The quantum defect and effective nuclear charge Z* agree well with 
the MAOT analysis condition of Equation (17). We also note that the quantum 
defect decreases as the principal quantum number increases. For n = 6 up to n = 
15, Our results are compared with of the experimental data of ALS and those of 
Sakho (2022) [11] obtained theoretically. The comparison shows very good agree-
ment. |ΔE| energy differences from experimental data are less than 0.008 eV. Thus, 
our value of 19.710 eV for n = 15 is in good agreement with Sakho’s calculated 
result of 19.708 eV and those of the experimental data of ALS [5] of 19.718 eV. 
For n = 16 up to n = 40, our results are one only compared with SCUNC theorical 
calculation of Sakho and comparison is considered very satisfactory. Thus, our 
value of 19.9213 eV for n = 40 is in good agreement with Sakho’s calculated result 
of 19.921 eV. This allows us to expect the present results on the resonance energies 
for this Rydberg series up to n = 55 to be accurate.  

We present in Table 7 resonance Energy (En, eV), quantum defect (δ) and ef-
fective nuclear charge (Z*) of the ( ) ( )2 2 2 2

24 4s p D ns S  Rydberg series converg-
ing to the ( 2

2D ) serie limits in Se2+ threshold origin Se+ ( )2 3 2
1 24 4 os p P  metasta-

ble state. Results presented in this table are calculated via Equation (14). The 
quantum defect and effective nuclear charge Z* agree well with the MAOT analy-
sis condition of Equation (17). We also note that the quantum defect decreases as 
the principal quantum number increases. For n = 6 up to n = 16, the present Mod-
ified Atomic Orbital Theory (MOAT) calculations are compared to the SCUNC 
calculations of Sakho et al. [11] and the ALS experimental measurements Esteves 
et al. [5]. The comparison shows very good agreement. |ΔE| energy differences 
from experimental data are less than 0.008 eV. Thus, our value of 19.7425 eV for 
n = 16 is in good agreement with Sakho’s calculated result of 19.740 eV and those 
of the experimental data of ALS of 19.749 eV. For n = 17 up to n = 40, our results 
are one only compared with SCUNC theorical calculation of Sakho and compari-
son is considered very satisfactory. Thus, our value of 19.9214 eV for n = 40 is in 
good agreement with Sakho’s calculated result of 19.921 eV. This allows us to ex-
pect the present results on the resonance energies for this Rydberg series up to n 
= 55 to be accurate.  

We present in Table 8 and Table 9 resonance Energy (En, eV), quantum defect 
(δ) and effective nuclear charge (Z*) of the ( ) ( )2 2 2 1

1 2 14 4 o os p P nd P  Rydberg se-
ries of Rb+ converging to the ( 10 2 5

1 23 4 4 2d s p P


) serie limits in Rb2+. Results pre-
sented in this table are calculated via Equation (15). The quantum defect and ef-
fective nuclear charge Z* agree well with the MAOT analysis condition of Equation 
(17). We also note that the quantum defect decreases as the principal quantum 
number increases. For n = 8 up to n = 14, the present Modified Atomic Orbital 
Theory (MOAT) calculations are compared to the SCUNC calculations of Sakho 
et al. [10], the synchrotron radiation (SR) and dual laser plasma (DPL) measure-
ments of Kilbane et al. [17] along with their theoretical results from Hartree-Fock 
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with exchange plus relativistic corrections (HXR) [17] and with the Dirac R-ma-
trix calculations of McLaughlin and Babb [18]. The comparison shows very good 
agreement. |ΔE| energy differences from experimental data are less than 0.01 eV. 
For n = 15 up to n = 40, our results are one only compared with SCUNC theorical 
calculation of Sakho and comparison is considered very satisfactory. This allows 
us to expect the present results on the resonance energies for this Rydberg series 
up to n = 45 to be accurate.  

These strong agreements are justified by the fact that, within the MAOT for-
malism, σi all relativistic and electron-electron correlation effects are implicitly 
accounted for through the adjustment parameters which are evaluated using ex-
perimental data. For all investigated Rydberg series, the slight discrepancies be-
tween the present calculations and experimental values may be explained by the 
inherent simplicity of the MAOT formalism, which does not explicitly incorpo-
rate relativistic corrections. The reliability of this extrapolation procedure relies 
on the asymptotic convergence of the quantum defect, an approach widely vali-
dated for the prediction of highly excited Rydberg states [15] [16] [19]. 

4. Conclusion  
In this paper, energy resonances, quantum defects and of the: effective nuclear 
charge of the ( )2 2 3

24 4s p P nd , ( )2 2 1
24 4s p D ns , ( ) ( )2 2 2 2

2 24 4s p D ns D ,  

( ) ( )2 2 1 2
2 1 24 4 os p D nd P  and ( ) ( )2 2 2 2

24 4s p D ns S  Rydberg series originating 

from the 2 3 2
1 3,
2 2

4 4 os p P
 
  
 

 and 2 3 2
3 5,
2 2

4 4 os p D
 
  
 

 states of Se+ and  

( ) ( )2 2 2 1
1 2 14 4 o os p P nd P  Rydberg series of Rb+ converging to the  

( 10 2 5
1 23 4 4 2 od s p P ) serie limits in Rb2+. Calculations are performed using the Mod-

ified Orbital Atomic Atomic Theory (MOAT) semi-empirical procedure for high  
lying states. Very good agreements with available experimental and theoretical 
literature data are found. Current calculations provide reference data for the di-
agnosis and modelling of astrophysical and laboratory plasmas for understanding 
the chemical evolution of the Se element. The simplicity of the presented proce-
dure, allows to obtain very accurate values of the resonance energies up to highly 
excited Rydberg states (n = 55). 
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