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We check the consistency of the known energy levels of the p2, p3 and p4 isoelectronic
sequences tabulated at the NIST Atomic Spectroscopy Database. We used a screening
parameter formulation using the Slater integrals arising from the jj-coupling relativistic
expressions for the matrix elements. The general conclusion is that the use of the
screening parameters is very adequate to check the consistency of level values along their
isoelectronic sequences, more suitable than comparison of Slater integrals or other
criteria, such as the widely used difference between theoretical and observed values.
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1. Introduction

The isoelectronic sequences corresponding to the p2, p3

and p4 configurations have been investigated in detail since
long time ago; they are canonical examples in the books
about Atomic Spectra [1–3]. In certain cases, the levels were
fixed by an observation of M 1 and E 2 forbidden transitions;
they are important for diagnostic purposes in astrophysical
and laboratory plasmas. For some sequences, new theoretical
calculations were recently published by Jönsson et al. [4]
(Csequence), by Rynkun et al. [5] (Nsequence) and by Rynkun
et al. [6] (O sequence); however, these detailed calculations
cannot answer, in many cases, the question about the
accuracy of the experimental data. In fact, for the purposes
of interpolation, extrapolation and checking, semi-empirical
methods can be used with success. Such methods, developed
by Edlén and by Curtis, are required when one needs to
determine the level positions with an uncertainty of the
order of a few hundreds of cm�1 [2,7].
. Di Rocco).
In all the p2, p3 and p4 sequences, there are five levels and,
in the LS coupling scheme, only two Slater parameters: F2ðppÞ
and ζnp; therefore, the system is overdetermined. In particular,
for the p2 and p4 cases, Edlén did not use the 1S0 level to find
the parameters noted above. The departure from the theory
appears to be large for this level, not taken into account in the
fitting process. In fact, in this work we found indications that
in some cases the experimental 1S0 level is not well estab-
lished. On the other hand, in the p3 sequence, the theoretical
relations involve the levels 2P3=2;

2P1=2 and 2D5=2; the depar-
ture from the theory is now for the 4S3=2 level [7]. The
introduction of the jj-relativistic coupling approach permits a
more complete parameterization, because it introduces more
Slater parameters that in the non-relativistic LS case [8].

Although there are extensive calculations using the
MCDHF method (cited above), in order to apply the semi-
empirical method, it can be useful to develop a simplified
model utilizing single-configuration expressions or, at the
most, accounting for interactions within the same complex.
We used this method to study the 4s 4p configuration of the
Zn sequence [9].

The goal of this short paper is to use the semi-empirical
jj-relativistic approach to check the consistency of the
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1 Also, we could denote the states as ja〉0, jb〉1; etc., making clear that
the only good quantum number is J.
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published experimental levels of the p2 configurations of
the C, Si, Ge and Sn sequences, p3 configurations of the N, P,
As and Sb sequences and p4 configurations of the O and S
sequences [11]. We will use the screening parameter sF ,
associated with the Slater integral Frel

2
(or sG associated

with the integral G2
rel or sR associated with R2

rel; we call
them, generically, sXðZcÞ) because these screening para-
meters are sensitive to small changes in the energy levels.
Consistently smooth behavior of the screening parameters
along isoelectronic sequences can be of interest in search-
ing for and/or classification of forbidden lines. For the
above cited purposes we study the behavior of sX para-
meters along their respective isoelectronic sequences.

The present approach can be complementary to the use
of the well known codes such as the quasi-relativistic code
with superposition of configurations by Cowan [1] or fully
relativistic codes, such as FAC, by Gu [10].

2. Theory

The theoretical expressions of relativistic jj-coupling
approach can be found in the book by Johnson for two-
electron cases [12] and, more generally, in the book by
Rudzikas for more complex ones [8]. It is important to note
that in the non-relativistic treatment of the p2 and p4 cases,
no simple relation can be found between the levels that
permits one to extract F2 and/or ζnp (see the explicit
expression for the matrix elements for a p2 configuration
in the book by Curtis [2]). In the case of p3, an explicit

expression for F2ðppÞ exists: F2ðppÞ ¼ 25ð2P1=2�2D5=2Þ=6
but ζnp must be found by diagonalizing the J¼3 sub-
matrix. In the relativistic treatment, something similar
happens; for p2 and p4 cases, only when ignoring the CI

integrals R2ðp2� ; p2þ Þ and R2ðp�pþ ; p
2
þ Þ we can find simple

expressions for the Slater integrals. To simplify our para-
meterization of p2; we neglect these integrals, although for
few-times ionized atoms their value can be important (see
Section 2.1). In the p3 case, similar to the non-relativistic

case, F2ðpþpþ Þ ¼ 25ð2P1=2�2D5=2Þ=8 and G2ðp�pþ Þ are

linked to F2ðpþpþ Þ through G2ðp�pþ Þ ¼ 1:5F2ðpþpþ Þ (see
Section 2.2). Here it is important to use the R2ðp�pþ ;p

2
þ Þ

term in order to separate 2D5=2 from 2D3=2 levels. For the
procedure of checking consistency along isoelectronic
sequences, these simple approximations work adequately,
because we fix our attention on the smooth behavior of the
screening parameters sX and not on the behavior of the
Slater integrals.

Although in all cases, the R2ðab; cdÞ integrals are essen-
tial in the theoretical calculation, the use of the observed
energy-level data empirically accounts to some degree for
effects of configuration interaction [2].

2.1. The p2 case

For a p2 configuration there are five levels, denoted in

LS notation as 3P0,
3P1,

3P2,
1D2 and 1S0. Taking into

account that, in the non-relativistic approach we must
consider the spin–orbit interaction, the eigenvectors with
J¼0 and J¼2 include contributions from two basis states

each. Therefore, the levels should be best denoted as 3P
0
0 ,

3P
0
1 ,

3P
0
2 ,

1D
0
2 and 1S

0
0 , where the primes indicate that the

LS symbols are only nominal [2].1 Similarly, in the relati-
vistic case, the levels with J¼0 and J¼2 are mixed due to
the direct and exchange terms [12]. Anyway, with this
clarification in mind, we will continue using, only for
convenience, the widely used LS notation, where the
correlation (not identity) indicated by the symbol “2”, is
in accordance with the transition from pure LS to pure jj
coupling (see Fig. 12 in Ref. [1] or Fig. 5 in Ref. [2]). The
nominal levels, in the relativistic, pure jj coupling, are
given by

3P0⟷ð1=2;1=2Þ0 ¼ E0ðp�p� Þ
1S02ð3=2;3=2Þ0 ¼ E0ðpþpþ ÞþF2ðpþpþ Þ=5
3P12ð1=2;3=2Þ1 ¼ E0ðp�pþ Þ�G2ðp�pþ Þ=5
3P22ð1=2;3=2Þ2 ¼ E0ðp�pþ Þ�G2ðp�pþ Þ=25
1D22ð3=2;3=2Þ2 ¼ E0ðpþpþ Þ�3F2ðpþpþ Þ=25 ð1Þ

therefore,

F2ðpþpþ Þ ¼ 25ðð3=2;3=2Þ0�ð3=2;3=2Þ2Þ=8 ð2Þ

and

G2ðp�pþ Þ ¼ 25ðð1=2;3=2Þ2�ð1=2;3=2Þ1Þ=4: ð3Þ

The R2ðab; cdÞ integrals are clearly important for
describing theoretically the p2 level structure in the
relativistic approach; however, in order to see the smooth-
ness of trends along isoelectronic sequences, we can
simplify the treatment ignoring such Slater integrals.
Indeed, calculations made using the complete energy
matrix indicate that, for the C I isoelectronic sequence,

R2ðp2� ; p2þ Þ � R2ðp�pþ ;p
2
þ Þ � 0:84F2ðpþpþ Þ. Taking into

account this fact, the full expressions for F2ðpþpþ Þ and

G2ðp�pþ Þ differ from Eqs. (2) and (3), but the smoothness

of the trends is similar to the case when R2 ¼ 0.
2.2. The p3 case

For a p3 configuration there are five levels, denoted in

LS notation as 2P1=2;
4S3=2;

2D3=2;
2P3=2 and 2D5=2. Analogous

to the p2 case, the spin–orbit interaction mixes the J¼3/2
levels, therefore these levels should be best denoted as
4S

0
3=2 ;

2D
0
3=2 ;

2P
0
3=2 . The correlation denoted by the symbol

“2” is, as noted above, in accordance with the transition
from pure LS to pure jj coupling (see Fig. 12 from Ref. [1]).

In this configuration, the ground level is 4S3=22
1
2

� �23
2

 !
3
2
.

We used the expressions from the book by Rudzikas [8];
additionally, we made verifications with the expressions
obtained by Larkins for the average energies [13].
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In the pure jj coupling, the nominal levels are given by

2P1=2 �
1
2

3
2

� �2
 !

1=2

¼ E0 p�p
2
þ

� �þF2 pþpþ
� �

=5�G2 p�pþ
� �

=5

4S3=22
1
2

� �23
2

 !
3=2

¼ E0 p2�pþ
� ��G2 p�pþ

� �
=5

2D3=22
1
2

3
2

� �2
 !

3=2

¼ E0 p�p
2
þ

� ��3F2 p2þ
� �

=25�G2 p�pþ
� �

=5

2P3=22
3
2

� �3
 !

3=2

¼ E0 p3þ
� ��F2 pþpþ

� �
=5

2D5=2 �
1
2

3
2

� �2
 !

5=2

¼ E0 p�p
2
þ

� ��3F2 pþpþ
� �

=

�25�G2ðp�pþ Þ=5: ð4Þ

From the above equations, an immediate expression
arises

F2 pþpþ
� �¼ 25

8
1
2

3
2

� �2
 !

1=2

� 1
2

3
2

� �2
 !

3=2;5=2

0
@

1
A; ð5Þ

for comparison, the non-relativistic relation is F2ðpþpþ Þ ¼
25ð2P1=2�2D5=2Þ=6: The average energy of a pair of Dirac
electrons can be found in a work of Larkins [13]. In this
configuration-average model, the general relation between
the non-relativistic and relativistic Slater integrals is

F2ðppÞ ¼ ½2G2ðp�pþ ÞþF2ðpþpþ Þ�=3 and F2ðppÞ ¼ 25ð2P1=2�
2D5=2Þ=6, therefore G2ðp�pþ Þ ¼ 1:5F2ðpþpþ Þ. In the non-

mixing approximation, we cannot separate the 2D3=2;5=2

levels, but with the introduction of an effective CI integral
we can (see below).
2.2.1. Comparison with the expressions by Larkins

Each of the configurations ð12 Þ232
� �

and ð32 Þ3 have only

one level: ðð12 Þ232 Þ3=2 and ð32 Þ33=2, respectively. So, their
average energies coincide with the energies of these levels,
given by the 2nd and 4th lines of Eq. (4). On the other
hand, using the approach of Larkins [13], the average

energy of the configuration ð32 Þ3, is given by Eav ð32 Þ3
h i

¼
3Eav pþpþ

� �
. Analogously, the average energy of the con-

figuration ð12 Þ232
� �

is given by Eav ð12 Þ232
� �h i

¼ Eav p�p�
� �þ

2Eav p�pþ
� �

. In both cases, our results coincide with the

ones by Larkins. Finally, the configuration 1
2 ð32 Þ2
� �

has

three levels, and its average energy calculated using the
approach of Rudzikas coincides with the value given by
Larkins:

2ð2P1=2Þþ4ð2D3=2Þþ6ð2D5=2Þ
12

�����
RUD

¼ E0 p�p
2
þ

� ��F2ðpþpþ Þ
15

�G2ðp�pþ Þ
5

ð6Þ
2ð2P1=2Þþ4ð2D3=2Þþ6ð2D5=2Þ
12

�����
RUD

¼ 2〈p�pþ 〉þ〈pþpþ 〉jLAR:

ð7Þ

2.3. Separation of the 2D3=2 level from the 2D5=2

In the above, non-mixing approximation, the levels
2D3=2;5=2 have the same energy; we need the CI matrix
elements between the J¼3/2 levels in order to break that
degeneracy. There exist CI matrix elements linking the

states j4S3=2〉�j2P3=2〉 and j2D3=2〉�j2P3=2〉. The ratio
(4S�2P)/(2D�2P) is always Z1:6 (it is in the range of
� 3 for small values of Zc and tends to � 1:6 for higher
values of Zc. Therefore, in order to obtain a short, analytic
expression, we ignore the first interaction and use only the

last one, which has the energy equal to
ffiffiffiffiffiffiffiffi
4=5

p
½�0:08R2

d

ðp�pþ ;p
2
þ Þ�0:08R2

e ðp�pþ ; p
2
þ Þ�. Because, in the hydro-

genic limit, R2
dðp�pþ ; p

2
þ Þ ¼ R2

e ðp�pþ ; p
2
þ Þ, and for the

purposes of a simple parameterization, we introduce an

effective term �
ffiffiffiffiffiffiffiffi
4=5

p
½0:16R2ðp�pþ ; p

2
þ Þ�. Then, we can

write approximately, with G2ðp�pþ Þ ¼ 1:5F2ðpþpþ Þ (see
Section 10-6 of Ref. [1])

2D3=2 ¼ E0 p�p
2
þ

� ��3F2ðpþpþ Þ
25

�G2ðp�pþ Þ
5

 !

� 0:02048½R2ðp�pþ ; p
2
þ Þ�2

E0ðp3þ Þ�E0ðp�p2þ Þþ0:22F2ðpþpþ Þ

 !
ð8Þ

and, therefore

2D5=2�2D3=2 ¼
0:02048½R2ðp�pþ ; p

2
þ Þ�2

E0ðp3þ Þ�E0ðp�p2þ Þþ0:22F2ðpþpþ Þ
; ð9Þ

this will be sufficient in order to test the consistency of the

experimental 2D3=2 levels.

2.4. The p4 case

The five levels of the p4 configuration have, in LS
coupling, the same designations as in the p2 case. How-
ever, the transition from pure LS to pure jj coupling is very
different to the p2 configuration, and there is a reordering
of the jj designations (see Figures 12.2 from Ref. [1] and
Fig. 5 from Ref. [2]).

Now, the ground level is 3P2. In this case, we have the
configurations ðp2�p2þ Þ giving levels with J ¼ 0ð � 3P0Þ and
J ¼ 2ð23P2Þ, ðp�p

3
þ Þ giving levels with J ¼ 1ð � 3P1Þ and

J ¼ 2ð21D2Þ and ðp4þ Þ with J ¼ 0ð � 1S0Þ. The expressions
for the matrix elements are calculated using the expres-
sions of Rudzikas [8] and verified with the expressions of
Larkins [13]. In the pure jj coupling, the nominal levels are
given by

1S0 � ð1=2;1=2Þ0 ¼ E0 p4þ
� ��2

5
F2 pþpþ
� �

3P1 � ð1=2;3=2Þ1 ¼ E0 p�p
3
þ

� �� 3
15

F2 pþpþ
� ��2

5
G2 p�pþ
� �



2 In fact, for the p2 configurations, the F2 integrals do show a nearly
linear behavior but the G2 ones do not; for the p4 cases, the inverse
is true.
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1D22ð1=2;3=2Þ2 ¼ E0 p�p
3
þ

� �� 3
15

F2 pþpþ
� �� 6

25
G2 p�pþ
� �

3P0 � ð3=2; 3=2Þ0 ¼ E0 p2�p
2
þ

� �þ1
5
F2 pþ pþ
� ��2

5
G2 p�pþ
� �

3P22ð3=2;3=2Þ2 ¼ E0 p2�p
2
þ

� �� 3
25

F2 pþpþ
� ��2

5
G2 p�pþ
� �

ð10Þ
giving the subconfiguration averages

〈p�p
3
þ 〉¼ E0 p�p

3
þ

� �� 3
15

F2 pþpþ
� �� 3

10
G2 p�pþ
� � ð11Þ

and

〈p2�p
2
þ 〉¼ E0 p2�p

2
þ

� �� 1
15

F2 pþpþ
� ��2

5
G2 p�pþ
� �

; ð12Þ

as given by Larkins.
Therefore, in the non-mixing approximation, we have,

from Eqs. (10)

G2 p�pþ
� �¼ 25

4
ð1=2;3=2Þ2�ð1=2;3=2Þ1

 � ð13Þ

and

F2 pþpþ
� �¼ 25

8
ð3=2;3=2Þ0�ð3=2;3=2Þ2

 �

; ð14Þ

that can be compared with Eqs. (3) and (2), respectively.

3. Experimental material and theoretical calculations

All experimental values were taken from the NIST com-
pilations [11]. In a few cases, the values are given in this
database with the symbol “þx” indicating no experimental
connection with other levels. In other cases, levels given in
parentheses are theoretical; levels given in square brackets
are semi-empirical. The latter may be based on interpola-
tions, but may also be from some other kind of semi-
empirical calculation, such as a parametric fitting with Cow-
an's codes [1]. We have checked the p2 configuration of the C,
Si, Ge and Sn sequences, the p3 configuration of the N, P, As
and Sb sequences and the p4 configuration of the O and S
sequences. In a few cases, notably the As sequence, we also
used published level values not critically evaluated at NIST.

Extensive new MCDHF calculations were made by
Jönsson et al. [4] (p2, the C sequence) and by Rynkun
et al. [5] (p3, the N sequence); total energies of ground
state configurations, which can be used to calculate the
ionization potentials if required, were published by Rodri-
gues et al. [14].

4. The semi-empirical method

Although in many cases, the analysis of the experi-
mental levels and/or the Slater parameters along isoelec-
tronic sequences, using the net charge Zc as the variable,
can detect level inconsistencies, in other cases the erro-
neous levels can be sufficiently near the correct one, so
that better parameterizations are needed. It is verified that
Slater parameters increase linearly with Zc, for sufficiently
high Zc, but deviations are noticeable in the beginning of
each sequence. Therefore, they can be fitted by expressions
of the type (using F2 only as an example): F2exp ¼ aZcþ
bþcðZcþdÞ�1. In some type of configurations, a tends to
the unit-charge hydrogenic value F2H ,
2

F2exp ¼ F2HZcþbþcðZcþdÞ�1: ð15Þ

On the other hand, with the scaling relation (using F2

only as an example)

F2exp ¼ F2H � ðZ�sF Þ ð16Þ

valid, in principle, for large Zc values, we can define a
screening parameter s as

sF ¼ Z�F2exp=F
2
H ð17Þ

when necessary, the integrals FH
2

(or similar ones) were
computed using relativistic wave-functions from the book
by Mizushima [15]. It is important to highlight that, due to
the behavior of Slater integrals, the screening parameters
tend to a constant value for high Zc.

The screening parameters are very sensitive to small
errors in the determination of energy levels. For example,
for the C sequences, in the non-mixing approximation,
F2ðpþpþ Þ ¼ 25ð1S0�1D2Þ=8, and we can see a strong
departure of sF from smoothness for Zc ¼ 23 (see Fig. 1).
Numerical interpolation procedures indicate that 1S0 could
be in error more probably than 1D2. Possibly, also 1S0
values for Zc ¼ 16;18 can be suspicious. It is important to
take into account that, using the method of Edlén, it is not
possible to find errors in the determination of the 1S0
values, because this level is not used in the parameteriza-
tion. A similar study using sG ¼ Z�G2

exp=G
2
H , with G2

exp ¼
25ð3P2�3P1Þ=4 indicates that these two levels are deter-
mined sufficiently well.

Analogously, in the cases of the p3 configuration, the
use of the screening approach permits one to say that, in
the As sequence some of the NIST values need to be
corrected (see the detailed discussion below).
5. Detailed discussion of the critically evaluated data
in the NIST Atomic Spectra Database

5.1. The general methodology; determination
of uncertainties

The first step was to use the experimental data found in
the NIST ASD database plotting, for each isoelectronic
sequence, the screening parameter sF in terms of Zc, to
determine if the departure of the “smoothness” is suffi-
ciently clear to doubt about the tabulated values of some
energy levels. However, because in the NIST compilations
about energy levels are not published the uncertainties δσ,
we consulted the diverse compilations due to Edlén
[16–18] where the energy levels and their uncertainties
were derived from the uncertainties of the measured
wavelengths. Knowing that the relation between λ (in
Ångströms) and the wavenumber σ (in cm�1) is given by
λ¼ 108=σ, it follows that for each spectral line we write
σ ¼ σ07dσ with dσ ¼ 108λ�2dλ � 10�8σ2dλ. These works
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of Edlén were used in the compilation of forbidden lines
made by Kaufman and Sugar [19].

In the case of the configuration 2s22p2 (C sequence),
the intervals 1D2�3P1;2 were accurately determined by
forbidden M 1 transitions observed in celestial sources and
in tokamaks. This determines accurate values for the
interval 3P2�3P1 and, therefore, for the Slater integral
G2ðp�pþ Þ (see Eq. (3)). The observed data for 1S0 are less
accurate and, in most cases, the values were derived via
transitions from 2s2p3 1P to 2s22p2 1D2 and 1S0. As a
consequence, whereas we can consider that the levels 1D2
are well determined, the 1S0 levels are less accurate.
Precisely, in the doubtful cases to be discussed below,
there are no measured forbidden transitions starting from
the 1S0 levels (see Section 5.2).

On the other hand, the calculation of the Slater inte-

grals F2ðpþpþ Þ and G2ðp�pþ Þ involves the difference Δσ
between ground levels. For our example, we use Eq. (2):

F2ðpþpþ Þ ¼ 25ð1S0�1D2Þ=8¼ 25ðΔσ7δσÞ=8. Then, δF2

ðpþpþ Þ ¼ ð25=8Þδσ and, using Eq. (17), jδsF j ¼ δF2

ðpþpþ Þ=F2H . Putting it all together,

jδsF jexp ¼
δF2ðpþpþ Þ

F2H
¼ 25

8
δσ
F2H

; ð18Þ

and similarly for the other cases (the subscript “exp”
indicates that jδsF j was evaluated from the experimental
wavenumbers uncertainties, see Refs. [16–18] etc.). As an

example, for the CI sequence, Z¼26, the level 2s22p2 1S0
has the value ð298;2417210Þ cm�1 [18]; with F2H ¼
19;290 cm�1, it follows that jδsF jexp � 0:034. Because in
this case, sF � 5:358, then jδsF jexp=sF � 0:006. In the C
sequence, jδsF jexp is in the range 0ðZ ¼ 6Þ to 0:0486
ðZ ¼ 29Þ. Another contribution to the uncertainty is due
to the interpolation process in which the values of sF for
the doubtful levels are estimated from the sF values
calculated from the levels considered as well established.
This uncertainty (indicated with the subscript “int”)
depends on the polynomial degree used to interpolate.
After studying all sequences, it is verified that jδsF jint=sF �
0:003. Summing up, the values of jδsF j corresponding to
the maxima values of sF of each sequence are C: 0.016, Si:
0.030, Ge: 0.081, Sn: 0.120, N: 0.033, P: 0.051, As: 0.085, Sb:
0.132, O: 0.051 and S: 0.066.

For determination of uncertainties of new recom-
mended values for the energy levels from jδsF jint, we start
from Eq. (18) interpreted now as

jδσjint ¼ 8
25 F

2
H jδsF jint; ð19Þ

as an example, when n¼2, F2H ¼ 19;290 cm�1 and

jδsF jint � 0:01, jδσjint � 60 cm�1. When n¼5, F2H ¼
2784 cm�1 and jδsF jint � 0:11, jδσjint � 100 cm�1. Alterna-
tively, in terms of the tabulatedΔσ, and remembering that
jδsF jint=sF � 0:003, it follows that

jδσjint � 0:003½ð8=25ÞZF2H�Δσ�: ð20Þ

An analogous process can be made using the Slater
integral G2ðp�pþ Þ; in this case, it should be noted that the
corresponding change in the coefficient multiplying G2
H :

jδσjint � 0:003½ð4=25ÞZG2
H�Δσ�: ð21Þ

The calculations indicate that the largest values (prac-
tically, the same as the typical ones) of jδσjint for the
different sequences are C I: 100 cm�1, Si I: 70 cm�1, Ge
I: 150 cm�1, Sn I: 110 cm�1, N I: 265 cm�1, P I: 130 cm�1,
O I: 175 cm�1 and Si I: 130 cm�1. The corresponding
values for the Slater integral FH

2
are 12;290 cm�1ðn¼ 2Þ,

7898 cm�1 ðn¼ 3Þ, 6004 cm�1ðn¼ 4Þ and 2784 cm�1

ðn¼ 5Þ.
Analogous to the 2s22p2 case, many of the intervals in

the ground configurations 2s22p3 and 2s22p4 are accu-
rately determined by forbidden transitions [16,17]. In
general, the four sequences with ground configuration
2s22p3 are well established (see below). The same applies
to the S sequence ð2s22p4Þ; therefore, we fix our attention
to the O sequence, where the most difficult level to analyze

is the 1S0 one. The line 1S0-
3P1 has been observed for

Z ¼ 23�24 (with uncertainties of δλ� 0:02 Å) and Z¼26
(with δλ� 0:02 Å). The lines for Z ¼ 27�30 have
δλ� 0:25–0:17 Å, equivalent to δσ � 160–190 cm�1. All
values were taken from Ref. [17]. Our suggestions, for
ZZ24, are in Section 5.4.

5.2. The p2 sequences

Sequence C: Data are in the range Z ¼ 6–29 with no
gaps. The behavior of sF seems to indicate that the NIST

values of the 1S0 level for Sc15þ , V17þ and Ni22þ are
doubtful, according to the uncertainties calculated as was
explained above. Following the tendencies of both sF ðZcÞ
and the level values EnlJðZcÞ, the tabulated values should be

changed as follows. For Sc15þ , from 218;720 cm�1 to
ð218;5887100Þ cm�1; this is in accordance with the
unpublished measurement of a forbidden line at 511.2 Å

ð3P1�1S0Þ [20], implying a value 1S0 ¼ 218;577 cm�1. This
line at 511.2 fits both our energy levels and NIST ones,
because of its large uncertainty implied by the small
number of significant figures. Anyway, it is interesting to
note that our level values fit this line better than the

NIST ones. For V17þ , from 269;000 cm�1 to ð268;7287
100Þ cm�1 (there are no measured forbidden lines in the

NIST ASD arising from the 1S0 level). For Ni22þ , from
463;900 cm�1 to ð464;5007100Þ cm�1 (there are no
measured forbidden lines in the NIST ASD arising from

the 1S0 level). It is important to note that, from the
theoretical calculations of Jönsson et al. [4], for Ni22þ

there occurs the greatest discrepancy between the calcu-

lated and observed 1S0 level (465;043 cm�1 vs the NIST
value, 463;900 cm�1; with our new recommended value,
the difference is of the order of only 500 cm�1). See Fig. 1.

Sequence Si: Data are in the range Z ¼ 14–42 with a

few gaps. The 1S0 level for Z¼28 is missing in the NIST
data. We estimate it to be at ð111;710770Þ cm�1. All
levels for Z ¼ 37–38 were determined by interpolation, but

the behavior of sF indicates that 1D2 and 1S0ðZ ¼ 37;38Þ
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should be revised. With our calculations, the estimated

level values for Z¼37 are 1D2 ¼ ð210;984770Þ cm�1,
1S0 ¼ ð282;400770Þ cm�1; for Z¼38 we recommend the

following values: 1D2 ¼ ð239;297770Þ cm�1, 1S0 ¼
ð313;000770Þ cm�1. We must consider that the forbid-
den lines tabulated in the NIST ASD were not measured
but interpolated by Sugar et al. [21], using as a guide the
difference between observed and calculated values.

Sequence Ge: Data are in the range Z ¼ 32–38 with no
gaps, except for the level 1S0 for Z¼34, where the NIST
ASD gives 28;430þk. In the work of Tauheed and Hala
[22], these authors established this level at 28;129 cm�1;
from the behavior of sF , we have estimated ð28;1387
150Þ cm�1. Thus, we confirm the value of Ref. [22] and,
therefore, k¼ �292 cm�1.

Sequence Sn: The NIST data are in the range Z¼50–56.
However, a work of Tauheed et al. [23] was published in
2008 for Z¼57 ðLa7þ Þ. The only gap in the NIST ADS was
the level 1S0 for Te2þ ; however, Tauheed and Naz found
this level at 30;398 cm�1 [24]. Our analysis indicates that
this value fits in the behavior of sF .
035202
0

1

2

3

s G

Zc

Fig. 3. Analogous to Fig. 2 for sG , for Zc ¼ 20–31.
5.3. The p3 sequences

In all these sequences, the introduction of an effective
CI term given by

0:02048½R2ðp�pþ ; p
2
þ Þ�2

½E0ðp3þ Þ�E0ðp�p2þ Þþ0:22F2ðpþpþ Þ�
; ð22Þ

for the difference 2D5=2�D3=2, indicates that the NIST
values for the D3=2 levels can be considered well founded.

Sequence N: Data are in the range Z ¼ 7–32 with no
gaps. Our analysis indicates that, in this sequence, all levels
can be considered well established.
Sequence P: Data are in the range Z ¼ 15–34 with

several gaps. For the level 2P3=2 of Ni13þ , our interpolated

value is ð96;5647130Þ cm�1, whereas the NIST value is

96,630 þ x, therefore x¼ �66 cm�1. For the level 2P1=2 of

Z ¼ 29ðCu14þ Þ the NIST ASD gives an interpolated value
91;106 cm�1. Our analysis using the behavior of sF ¼
15:80170:005 implies that 2P1=2 ¼ ð91;1607130Þ cm�1,

corroborating the NIST proposal. For Ti7þ and V8þ the
NIST ADS adds a “þx” to the values. Our analysis indicates
that, with our calculated uncertainty of 7130 cm�1 as
was explained above, “x”� 0 cm�1.

Sequence As: Data are in the range Z¼33–42,
although the level values for Ru11þ and Rh12þ were
proposed by O'Sullivan et al. [25]. The analysis of sF
indicates that for Br2þ the NIST levels should be revised
to the values proposed by Persson et al. [26] whereas the
values of O'Sullivan et al. follow the isoelectronic trend.
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Sequence Sb: The NIST data are in the range Z¼51–56.
However, Gayasov et al. [27] published in 1998 a work on
La6þ . Our analysis indicates that the values
of the NIST ASD and of Gayasov et al. follow a smooth
isoelectronic trend.

5.4. The p4 sequences

Sequence O: The behavior of both sF and sG indicates
that for ZcZ24, the levels should be revised; the worst
case occurs for Br27þ , and clearly, the values that appear in
the NIST webpage should be discarded; as stated there,
these data are not critically evaluated by NIST. Thus, the
values from Feldman et al. [28] were here to construct
Figs. 2 and 3.

Sequence S: The behavior of both sF and sG indicates
that all NIST levels can be considered well founded.

6. Conclusions

In this short paper we show that the use of the semi-
empirical jj-relativistic approach for the p2 configuration (the
C, Si, Ge and Sn sequences), the p3 configuration (the N, P, As
and Sb sequences) and the p4 configuration (the O and S
sequences), permits one to check the consistency of the
published experimental levels in the NIST Atomic Spectra
Database. Although, in general, the level values are well
established, in a few cases the behavior of sXðZcÞ casts doubt
on the published values. Additionally, the smooth behavior of
the screening parameters allows interpolation of unknown
levels in a number of elements. Summing all, we consider
that the use of the screening parameters allows one to check
the consistency of level values in isoelectronic sequences,
and it is complementary to the use of numerical codes. This
fact can be of interest for the search or classification of
forbidden lines important for diagnostic purposes of astro-
physical and laboratory plasmas.
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