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1. Introduction

Intercombination lines are being increasingly used as
an injected impurity for diagnosing tokamak fusion plas-
mas. Due to the high temperatures of such plasmas
(>106 K), many of its ionization stages are accessible.
Therefore, in view of the forthcoming ITER project,
atomic data (namely energy levels, line strengths or ra-
diative decay rates, collision strengths, etc.) are required
for many ions in order to estimate the power loss from the
impurities. Additionally, these lines are especially impor-
tant since spectral line intensity ratios, particularly in the
XUV region, may be useful in determining the production
rate and concentration of the alpha particles produced in
a burning DT plasma. However, to model these experi-
ments, accurate atomic data are required, and one must
depend on theoretical results since measured values are
generally not available.
Atomic data available in the literature are either con-

�ned to a few levels/transitions, or are of limited accu-
racy. Many theoretical studies of transitions in N -like
ions have been made during the past 20�30 years, espe-
cially for electric-dipole (E1) transitions within the n = 2
complex of states. Energy levels, transition rates and os-
cillator strengths for N -like ions have been calculated us-
ing multi-con�guration Dirac�Fock (MCDF) [1�3], rela-
tivistic distorted-wave [4], the Dirac�Fock (DF) approxi-
mation [5], and relativistic many-body perturbation the-
ory (MBPT) combined with con�guration interactions
(CI) [6] methods. A correspondingly few of experimental
studies of wavelengths of n = 2 states has been made us-
ing beam foil techniques [7, 8]. Critical data compilations
based on available theoretical sources are given in [9�11].
We refer to these compilations as recommended National
Institute of Standards and Technology (NIST) data later
in the following sections.
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In this paper, we describe the computational proce-
dures used for the di�erent isoelectronic sequences and
discuss the accuracy of the results for selected cases. All
calculations convergence can be monitored. Each calcu-
lation is characterized by parameters n and l that refer
to the maximum principal and orbital quantum numbers
of the orbital set used to determine the expansion. Typ-
ically, the same expansions are used for all members of a
sequence. In spectrum calculations for sequences where
several hundred levels may be computed, the labels of
levels are computer generated from the intermediate cou-
pling wave-function expansion. As a �rst approximation,
the label is the con�guration state function (CSF) with
the largest expansion coe�cient. When this scheme as-
signs the same label to two di�erent eigenstates, a de-
tailed analysis is performed. The LS value is that of the
largest term composition and then, within the expansion
for this term, the con�guration states are determined as
described earlier [12].
Not only are the N -like 2s2p4 2S1/2− 2s22p2 2P1/2,3/2

E1 lines, in combination with other transitions, impor-
tant in electron temperature and density diagnostics but
the relative intensity of these two transitions provides a
good indication of the optical depth of the source, since
they originate from the same upper level. Since both the
lifetime and the branching ratio are directly measurable,
with very few assumptions for the observed plasma, they
are also excellent test cases for atomic theoretical models
and experimental methods.
The theory provides us with computed transition

rates

A1 = A(2s2p4 2S1/2 − 2s22p3 2P 1/2)

and A2 = A(2s2p4 2S1/2 − 2s22p3 2P 3/2), (1)

while the measurable and, for diagnostics, interesting
properties are the branching ratio

Q =
A2

A1
(2)

and the lifetime

(693)
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τ =
1

A1 +A2
. (3)

The aim of the present paper is to extend our systematic
approach to include new e�ects and to mainly concen-
trate on the medium end of the sequence, where correla-
tion e�ects are most important. We will investigate the
importance of valence�valence correlation, which so far
has not been included explicitly in any of the calculations
for medium-Z ions. We will also focus on the branching
ratio of the two lines, which serves as a complimentary
test of our calculations. An important part of our ap-
proach is an attempt to de�ne a method to estimate un-
certainties in ab initio calculations and apply them to our
and, when possible, others calculations. Our method of
choice is the ab initio MCDF active set approach [13].
Di�erent types of MCDF approaches are classi�ed ac-
cording to the functional used in the optimization stage.
In this work we exclusively use the extended optimal level
(EOL) approach, where the functional is de�ned as a lin-
ear combination of a few important eigenvalues to the
energy matrix. As represented by the GRASP2K codes
originating in Oxford [14] and further developed by Jöns-
son et al. [15]. It is a modi�cation and extension of the
GRASP92 codes by Parpia et al. [16].
In summary, this work presents both a systematic cal-

culation of the �ne structure, transition rates, wave-
lengths, and line strengths between excited states in N -
like ions and a study of the importance of the correlation
corrections to those properties. Our data are compared
with the existing measurements.

2. Theoretical atomic structure methods

The basic ideas for this approach have been described
elsewhere [15�17], so let us here only summarize some im-
portant concepts for the present case. In an MCDF calcu-
lation, the atomic state function is represented by a linear
combination of con�guration state functions (CSF's),

ψ(γJ) =
∑
i

c1Φi (α, J) . (4)

The CSF's are generated by excitations from the ref-
erence con�guration to the active set of orbitals. We di-
vided up the calculations into two parts, one where we op-
timized a set of orbitals for the even states and one for the
odd states, i.e. the upper and lower states were described
by two independently optimized sets of orbitals. Because
of this we had to use biorthogonal transformation [17] of
the atomic state functions to calculate the transition pa-
rameters. By restricting the way excitations can be done,
di�erent correlation e�ects can be studied. The size of
the active set determines to what accuracy these corre-
lation e�ects are represented in the wave function.
In the present work, valence�valence (VV) and core�

valence (CV) electron correlation e�ects were included to
describe inner properties, like �ne structure. The theo-
retical basis of our present computational approach has
been discussed in our previous work [12]. In this paper,
the correlation is represented by di�erent constraints on

the generation of the CSFs included in Eq. (1). If we only
include the VV correlation, the core electrons are kept
�xed in all the CSFs generated. To include the CV cor-
relation, we allow one of the core electrons to be excited
to generate the CSFs. In an early work on silicon-like
ions [18] they treated valence correlation in these sys-
tems, using the MCDHF method. Let us brie�y outline
the main steps in these calculations.
We performed a series of calculations which increased

in complexity as more orbitals and, consequently, more
CSFs were added. All valence correlation calculations
involve a set of CSFs generated by allowing single- and
double-electron replacements from the multireference set:
even parity : 1s22s2p4

odd parity : 1s22s22p3

with the 1s2 core remaining closed. The �nal symme-
tries included were 2P , 4So, 2Do and 2P o.
The stepwise procedure, based on the active set of or-

bitals, can be described as
n = 3. The core orbitals 1s, together with the ac-

tive set 2s, 2p, 3s, 3p, and 3d orbitals, were included to
generate the lowest complexes of con�gurations.
n = 4. The 4s,4p,4d and 4f were added to the active

set, and only these new orbitals were optimized. The gen-
eration of CSF followed the distribution {2}2{2, 3, 4}3,
which implies that two of the orbitals always belonged to
the n = 2 set, while three had n = 2, 3 or 4.
n = 5. The active set was augmented by the 5s, 5p,

5d, and 5f , which were optimized, and the CSF were
generated according to the distribution {2}2{2, 3, 4, 5}3.
n = 6. Finally the 6s, 6p, 6d, and 6f were added and

the CSF followed the distribution {2}2{2, 3, 4, 5, 6}3
giving a total number of 43308CSF.
The opening of the 1s shell in the core�valence correla-

tion (core polarization) calculations leads to a consider-
able increase in the number of CSFs, by including CSFs
which only had one electron in the 1s shell. We also in-
creased the number of calculations by allowing more than
two electrons in orbitals with n = 2 or higher.
n = 3. The core orbitals 1s, together with 2s, 2p,

3s, 3p, and 3d orbitals were included in the active set,
produced CSF generated according to {2, 3}5.
n = 4. The 4s, 4p, 4d, and 4f were added to the active

set, and only the new orbitals were optimized. The gen-
eration of CSF followed the distribution {2, 3, 4}5, with
the limitation that we only allowed two electrons in the
4f orbital.
n = 5. In this step we added core�valence correlations

from the 1s orbital. The active set was augmented by
5s, 5p, and 5d, which were optimized. The CSF included
were those from the last step plus those generation ac-
cording to {1s}1{2s, 2p}1{2, 3, 4, 5}5 with the limita-
tion that 4f was not included.
n = 6. Finally the 6s, 6p, 6d, and 5f were added

and the CSF followed the distribution {2, 3, 4, 5, 6}5
with the limitation that we only allowed two electrons in
4f and 5f , plus {1s}1{2s, 2p}1{2, 3, 4, 5}5 with the
limitation that 4f and 5f were not included.
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At this point, the number of con�gurations was more
than 120,000, and adding another layer of orbitals in-
creased the number to more than 150,000 and the cal-
culation became too big to be dealt with in the normal
way.

3. Results and discussion

In this section we show some values for theoretical
energy levels, transition rates and line strengths, while
considering the convergence and accuracy of our calcula-
tion and comparing the three results (i.e. VV and CV).
We will discuss errors or uncertainties in these calcu-
lated values and calculations of the A values for the
2s2p4 2S1/2 − 2s22p2 2P 1/2,3/2 E1 lines.
To assist readers in identifying energy levels and locat-

ing transitions, we present schematic diagrams of energy
levels, with their labels, for N -like ions in

The relative positions of energy levels in these �gures
resemble those in actual spectra of light ions, although
some of these levels are rearranged as Z increases along
isoelectronic sequences.

In Table I we give the relativistic (LSJ) excitation en-
ergies for the largest of the core�valence correlation cal-
culations (n ≤ 6) together with other calculations [1, 3,
19, 20]. Many of the calculated levels in the core�valence
correlation n ≤ 5 calculation look in reasonable agree-
ment with other calculations, however, it is necessary to
increase the orbital set further to represent the states
to a similar extent and to induce stability in the ground
state. These results obtained by looking for a smooth dif-
ference between all presented transition energies and the
corresponding energies from a simple single con�guration
calculation. In spite of the fact that the core�valence cor-
relation approach seemed to converge, there were signs
of signi�cant uncertainties. For Kr(XXX), the computed
(487679 cm−1) �ne structure of the ground term deviated
clearly from the NIST [20] (487220 cm−1) (see Table I).
The same was true for the term splitting between 4P e

and 2De which was o� by about 0.05�0.1%. Comparison
with known energy di�erences is one of our most impor-
tant tools to determine uncertainties in the calculations,
so we concluded that our CV calculations were associ-
ated with large uncertainties with other results (up to
2%, as we will see below). The reason was interpreted as
a systematic error-left-out correlation.

TABLE I

LS ab initio excitation energies [E in cm−1] in Kr(XXX) for CV calculations.

Level
n = 5 n = 6

NISTb GRASPc GRASPd FACe FACf MCDFg

CVa

2s22p3 4S3/2 0 0 0 0 0 0 0 0
2D3/2 385096 385044 384900 390932 384692 384856 385606 380578
2D5/2 488440 487673 487220 504203 488962 488870 488567 484773
2P1/2 622489 622203 621500 628154 622679 622068 622642 619605
2P3/2 996272 996384 1012305 995486 995382 995557 992888

2s2p4 4P5/2 1391306 1390905 1391300 1407711 1395305 1395544 1395965 1385723
4P3/2 1648219 1647393 1646580 1665438 1653365 1653478 1653680 1644638
4P1/2 1659238 1658747 1657500 1672859 1665060 1664878 1665359 1655030
2D3/2 1959015 1957306 1955480 1980460 1966913 1966563 1966335 1959228
2D5/2 2076163 2074460 2106469 2084094 2083650 2083408 2076507
2P3/2 2321736 2318497 2318860 2352214 2332797 2332041 2331212 2326101
2P1/2 2234462 2232436 2256955 2243953 2243173 2243013 2235491
2S1/2 2744519 2742366 2776665 2754200 2753313 2753003 2746345

aCore�valence correlation included.
bTaken from [20].
cCoulomb energies, Aggarwal et al. [1].
dQED-corrected energies, Aggarwal et al. [1].
eEnergies from the �exible atomic code (FAC) of Gu [19] for 272 level calculations.
fEnergies from FAC for 668 level calculations, Gu [19].
gCheng et al. [3]



696 L.H. Hao, H. Feng, X.P. Kang

TABLE II

MCDF excitation energies [cm−1] in Rb(XXXI). Results
of considering VV and CV correlations include Breit in-
teraction and quantum electrodynamical (QED) e�ects.

Level VVa CVb MCDFc CI+MBPTd

2s22p3 4So
3/2 0 0 0 0

2Do
3/2 436951 437079 437900 437090

2Do
5/2 544379 544313 546800 544213

2P o
1/2 684065 684046 682300 684171

2P o
3/2 1113349 1114048 1112600 1113739

2s2p4 4P5/2 1483743 1483720 1483200 1483697
4P3/2 1762616 1762512 1765200 1762176
4P1/2 1769743 1769094 1771400 1769354
2D3/2 2097793 2096761 2104000 2096606
2D5/2 2227967 2227131 2234900 2226880
2P3/2 2479319 2477582 2492700 2476654
2P1/2 2389915 2388778 2398500 2388215
2S1/2 2957445 2956573 2967400 2955626

aValence correlation calculation.
bCore�valence correlation included.
cZhang et al. [4]
dGu [6].

TABLE III

MCDF excitation energies [cm−1] in Sr(XXXII). VV and
CV correlations include Breit interaction and quantum
electrodynamical (QED) e�ects.

Level VVa CVb MCDFc CI+MBPTd

2s22p3 4So
3/2 0 0 0 0

2Do
3/2 494980 495116 496000 495259

2Do
5/2 607061 607176 609300 606881

2P o
1/2 752585 753025 750600 752555

2P o
3/2 1242776 1243445 1241900 1243118

2s2p4 4P5/2 1581605 1580698 1581300 1581814
4P3/2 1882386 1881259 1885800 1881974
4P1/2 1886037 1885355 1888000 1885692
2D3/2 2249824 2248796 2255200 2248907
2D5/2 2392677 2391779 2399400 2391700
2P3/2 2650956 2649059 2663900 2648329
2P1/2 2559261 2557925 2967400 2557892
2S1/2 3189696 3188668 3199000 3187096

aValence correlation calculation.
bCore�valence correlation included.
cZhang et al. [4].
dGu [6].

In Tables II and III computed energies for Rb(XXXI)
and Sr(XXXII) are compared with the multicon�gura-
tion Dirac�Fock (MCDF) given by Zhang et al. [4] and
a combination of con�guration interaction method (CI)
with many-body perturbation theory (MBPT) given by
Gu [6]. From Tables II and III, it is clear that including
the CV correlation results show excellent agreement with
the theoretical values of Gu [6] to within a few percentage
points (0.0624% and 0.0025%). Also, our calculations are
also generally in good agreement with the MCDF results

of Zhang et al. [4]. However, a more detailed comparison
of the calculated and the CI+MBPT energies [6] for these
transitions (Tables II and III) indicates that some split-
ting energies given by our GRASP2 K calculations are in
better agreement with the CI+MBPT energies [6] than
the MCDF results of Zhang et al. [4]. Speci�cally, the
maximum di�erence between the results of CI+MBPT [6]
and our GRASP2 K splitting energies is 0.062%, but the
maximum di�erence for the MCDF results of Zhang et
al. [4] and the CI+MBPT results [6] is 0.473%. In the
work presented here we have increased the number of
con�gurations included or the size of the orbital set in a
systematic manner until good convergence was obtained.
This di�erence in the two methods should account for a
large fraction of the disagreement in the results.

TABLE IV

LS convergence trends for the 2s22p3 2P
o
1/2−2s2p4 2P 1/2

transition for Z = 36−38 as a function of the maximum n
in the orbital set used in determining the CSF expansion.
The number in brackets represents the power of 10.

n
Kr(XXX) Rb(XXXI) Sr(XXXII)

SL SV SL SV SL SV

3 1.85(�2) 1.89(�2) 1.79(�2) 1.85(�2) 1.35(�2) 1.46(�2)

4 1.83(�2) 1.86(�2) 1.76(�2) 1.82(�2) 1.32(�2) 1.41(�2)

5 1.82(�2) 1.84(�2) 1.74(�2) 1.79(�2) 1.30(�2) 1.38(�2)

6 1.82(�2) 1.83(�2) 1.72(�2) 1.76(�2) 1.29(�2) 1.36(�2)

Ref. 1.81(�2)a 1.71(�2)b 1.28(�2)b

aAggarwal et al. [1].
bTaken from [20].

In Table IV the line strengths (S) for 2s22p32P o
1/2

−2s2p42P1/2 transition for Z = 36−38 are shown as func-
tions of increasing active sets and multireference sets.
The results are from the various CV correlation calcula-
tions. The convergence of the results is clearly seen as
n increases in the core�valence correlation calculations.
The length and velocity forms agree well which is encour-
aging as these transitions were not the primary concern
of this work. It is also encouraging to see that the agree-
ment of the two gauges is very good and the near-equal
values of the length and velocity of the transitions give
an additional check on the accuracy of our results. At the
same time, we can �nd that the length value is more sta-
ble in that it changes less as the active space extends.
Strengths for all E1 transitions in the 2s22p3 − 2s2p4

transition array are given in Fig. 1.
In Fig. 1, we illustrate the Z-dependence of

the di�erences between line strengths calculated in
length SL and velocity SV forms for 2s22p3 2P

o
1/2

−2s2p4 2S1/2, 2s
22p32P

o
1/2−2s2p42P 3/2 and 2s22p32P

o
3/2

−2s2p42S1/2 transitions. The ratio (SL − SV )/SL for

the 2s22p3 2P
o
1/2 − 2s2p4 2S1/2 transition is about 3%

for entire interval of Z with exception of Z = 37−39 in
both cases. The ratio (SL−SV )/SL for the 2s22p3 2P

o
1/2

−2s2p4 2P 3/2 transition is about 4.5% for all Z. The ra-
tio (SL − SV )/SL increases substantially (from 4.5%
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to 5.5% for Z = 36−42) for the 2s22p3 2P
o
3/2 −

2s2p4 2S1/2 transition. In view of the gauge dependence
issue discussed above, our results below are presented
in length form only to decrease the volume of tabulate
material.

In Table V, we compare our results for wavelengths λ,
transition probabilities A for selected transitions for
Kr(XXX) with experimental data presented in [8].
We also compare our results with theoretical results ob-
tained by Zhang et al. [4] who used the MCDF method

TABLE V

Wavelengths λ [Å], transition probabilities A [s1] for LS-allowed transitions in Kr(XXX):
(a) present, (b) GRASP data [1], (c) experimental data [8].

Lower level Upper level
Kr(XXX)

λa(VV) λa(CV) λb λc Aa(CV) Ab

2s22p3 4S3/2 2s2p4 2S1/2 36.45 36.47 36.31 2.62(7) 2.51(7)
2s22p3 2D3/2 2s2p4 2S1/2 42.40 42.42 42.20 2.85(10) 3.04(10)
2s22p3 4S3/2 2s2p4 2P3/2 43.09 43.13 42.87 1.62(10) 1.71(10)
2s22p3 2P1/2 2s2p4 2S1/2 47.13 47.17 46.92 2.32(9) 2.51(9)
2s22p3 4S3/2 2s2p4 2D5/2 48.18 48.20 47.98 4.08(7) 3.98(7)
2s22p3 4S3/2 2s2p4 2D3/2 51.06 51.09 50.84 2.15(10) 2.32(10)
2s22p3 2D3/2 2s2p4 2P3/2 51.67 51.72 51.33 1.15(9) 1.38(9)
2s22p3 2D5/2 2s2p4 2P3/2 54.56 54.63 54.24 54.60 2.10(11) 2.19(11)
2s22p3 2P3/2 2s2p4 2S1/2 57.22 57.28 56.86 2.22(11) 2.32(11)
2s22p3 2P1/2 2s2p4 2P3/2 58.87 58.96 58.47 3.26(10) 3.36(10)
2s22p3 2D3/2 2s2p4 2D5/2 59.15 59.19 58.84 1.40(9) 1.42(9)
2s22p3 4S3/2 2s2p4 4P1/2 60.26 60.28 60.06 60.33 7.12(10) 7.33(10)
2s22p3 4S3/2 2s2p4 4P3/2 60.66 60.70 60.48 60.73 8.60(10) 8.71(10)
2s22p3 2D5/2 2s2p4 2D5/2 62.98 63.02 62.69 7.62(10) 7.94(10)
2s22p3 2D3/2 2s2p4 2D3/2 63.55 63.60 63.20 63.67 9.44(10) 9.81(10)
2s22p3 2D5/2 2s2p4 2D3/2 67.99 68.05 67.66 4.27(9) 4.35(9)
2s22p3 4S3/2 2s2p4 4P5/2 71.84 71.89 71.67 71.88 2.18(10) 2.27(10)
2s22p3 2P1/2 2s2p4 2D3/2 74.82 74.91 74.39 2.29(9) 2.47(9)
2s22p3 2P3/2 2s2p4 2P3/2 75.50 75.65 74.78 1.39(10) 1.45(10)
2s22p3 2D3/2 2s2p4 4P1/2 78.46 78.51 78.10 2.28(9) 2.43(9)
2s22p3 2D3/2 2s2p4 4P3/2 79.14 79.21 78.82 3.13(6) 3.28(6)
2s22p3 2D5/2 2s2p4 4P3/2 86.15 86.23 85.88 86.26 2.81(9) 2.72(9)
2s22p3 2P3/2 2s2p4 2D5/2 92.62 92.76 91.86 9.00(9) 9.43(9)
2s22p3 2P1/2 2s2p4 4P3/2 97.41 97.55 97.02 1.13(8) 1.34(8)
2s22p3 2D3/2 2s2p4 4P5/2 99.30 99.40 98.95 6.12(9) 6.29(9)
2s22p3 2P3/2 2s2p4 2D3/2 103.88 104.07 102.9 2.91(5) 2.09(5)
2s22p3 2D5/2 2s2p4 4P5/2 110.58 110.70 110.3 110.62 1.79(9) 1.79(9)
2s22p3 2P3/2 2s2p4 4P1/2 150.69 150.98 149.4 8.40(7) 8.58(7)
2s22p3 2P3/2 2s2p4 4P3/2 153.22 153.60 152.0 4.10(8) 4.41(8)
2s22p3 2P3/2 2s2p4 4P5/2 252.46 253.41 250.1 9.27(6) 1.03(7)

to calculate energies for 20 low-lying levels and transition
probabilities for the 35 transitions. We see from Table V
that our MCDF data for wavelengths agree better with
experimental values given in [8] than with data from [1].
As can be seen from Table V, it is clear that the calcu-
lated values including the CV correlation are in general in
very good agreement with MCDF calculations of Aggar-
wal et al. [1] except for some transitions with a maximum
di�erence of approximately 1.756%, but the maximum
di�erence for our VV correlation calculations is 0.438%.
A comparison between the present wavelengths and the

JET tokamak experimental values of Denne et al. [8] re-
veals that the greatest di�erence between the experimen-
tal results and our GRASP2K transition wavelengths for
our CV correlation calculations is 0.109% and the maxi-
mum di�erence for the results of VV correlation calcula-
tions is 0.188%. Such extrapolations are best achieved by
studying the Z dependence of the di�erence between ex-
perimental and theoretical transition wavelengths. Fur-
ther experimental con�rmation would be very helpful in
verifying the correctness of these occasionally sensitive
mixing parameters.
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Fig. 1. Z-dependence of the ratio (SL −SV )/SL in %,
where line strengths S are calculated in length SL and
velocity SV forms.

In Table VI, wavelengths and transition probabilities
are presented for transitions in N -like Rb and Sr. In view
of the VV and CV correlation independence just dis-
cussed, our wavelengths and transition probabilities re-
sults are presented in CV correlation form only. We limit
the table to those transitions given in [4]. We see from
Table VI that the agreement between our MCDF wave-
lengths and the NIST data from [4] is about 0.106�
1.201% for Rb(XXXI) and increases with the increasing
Z to 0.175�1.756% for Sr(XXXII). We found disagree-
ment between our MCDF results and the NIST data
from [4] for the 2s22p3 4S3/2−2s2p4 2S1/2, 2s

22p34D3/2−
2s2p4 2S1/2, 2s

22p3 2P1/2−2s2p4 2S1/2 and 2s22p3 2P3/2−
2s2p4 2S1/2 transition in Rb(XXXI). This disagreement
could be caused by the di�erence in identi�cation of lev-
els. To avoid future level identi�cation problems, we in-
clude in Table VI not only wavelengths but also transi-
tion rates. Our GRASP2K calculation of the A value for
the 2s22p3 − 2s2p4 transition is in excellent agreement
with the recommended data from [4]. Finally, we expect
our values to be more accurate than the MCDF results
from [4] for the transitions presented in Table VI since
VV and CV correlation corrections as well as retardation
are included in our calculations.

In Fig. 2, we compare the theoretical data from [1, 3,
10, 11] with our theoretical values. The trend of the
other theoretical results follows the theoretical predic-
tions (VV) fairly well. It should be noted that the data
given in [1, 3, 10, 11] provided the �rst systematic study
of transition rates ratios and served as a probe of inter-
mediate coupling in the N -like system.

The contributions of di�erent con�gurations to the
weighted sum of con�guration-average energy levels are
illustrated in Figs. 3 and 4, where the variation with Z
of the Breit interaction (B) self-energy (SE) and vacuum
polarization (V) are shown for the 2s22p3 ground state
and 2s2p4 �nal state. As seen in Figs. 3 and 4, the results
indicate that both the Breit interaction and self-energy
modi�cations are prominent, and we can see that self-

Fig. 2. Branching ratios: A3/2/A1/2 for transitions
2s22p3 2PJ − 2s2p4 2S1/2 from di�erent correlation ef-
fects, plotted as the di�erence in other theoretical ratios
compared to our calculations. The theoretical ratios are
from Refs. [1, 3, 10�11].

Fig. 3. Contributions to the weighted sum of
con�guration-average energy levels of the �nal con-
�gurations in N -like isoelectronic sequence from the
Breit interaction (B), self-energy (SE) and vacuum
polarization (V).

Fig. 4. Contributions to the weighted sum of
con�guration-average energy levels of the ground
con�gurations in N -like isoelectronic sequence from
the Breit interaction (B), self-energy (SE) and vacuum
polarization (V).
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energy occupies a large weight in QED corrections. With
the increasing number of charges, the Breit energy in-
creases whereas self-energy changes little and vacuum po-
larization is nearly a constant. This can be explained as
follows: compared with highly ionized ions, in low-charge

state ions and neutral atoms the nuclear charge Z is
nearly equal to the number of electrons, the repulsive
force between electrons and nuclear electrostatic attrac-
tion become larger, and therefore the electron correlation
becomes important with increasing atomic number Z.

TABLE VI

Wavelengths λ [Å] and transition probabilities A [s1] for LS-allowed transitions in Sr(XXXII) and Rb(XXXI):
(a) present, (b) MCDF data [4]. The number in brackets represents the power of 10.

Lower Level Upper Level
Sr(XXXII) Rb(XXXI)

λa(CV) Aa λb Ab λa(CV) Aa λb Ab

2s22p3 4S3/2 2s2p4 2S1/2 31.36 3.77(7) 31.26 3.97(7) 33.82 3.76(7)
2s22p3 2D3/2 2s2p4 2S1/2 37.13 2.98(10) 37.00 3.31(10) 39.69 2.96(10)
2s22p3 4S3/2 2s2p4 2P3/2 37.75 1.71(10) 37.54 1.86(10) 40.36 1.67(10) 40.12 1.82(10)
2s22p3 2P1/2 2s2p4 2S1/2 41.57 2.28(9) 40.84 2.32(9) 44.01 2.20(9)
2s22p3 4S3/2 2s2p4 2D5/2 41.81 4.98(7) 41.68 4.74(7) 44.90 4.49(7) 44.75 4.18(7)
2s22p3 4S3/2 2s2p4 2D3/2 44.47 2.16(10) 44.34 2.50(10) 47.69 2.19(10) 47.53 2.52(10)
2s22p3 2D3/2 2s2p4 2P3/2 46.43 2.75(8) 46.13 2.47(8) 49.00 5.54(8) 48.67 7.07(8)
2s22p3 2D5/2 2s2p4 2P3/2 48.97 2.51(11) 48.67 2.71(11) 51.73 2.30(11) 51.39 2.48(11)
2s22p3 2P3/2 2s2p4 2S1/2 51.41 2.69(11) 51.10 2.90(11) 54.27 2.44(11)
2s22p3 2P1/2 2s2p4 2P3/2 52.74 4.27(10) 52.27 4.55(10) 55.77 3.74(10) 55.24 3.99(10)
2s22p3 2D3/2 2s2p4 2D5/2 52.72 2.18(9) 52.54 2.30(9) 55.86 1.76(9) 55.65 1.85(9)
2s22p3 4S3/2 2s2p4 4P1/2 53.04 9.42(10) 52.97 1.01(11) 56.53 8.18(10) 56.45 8.79(10)
2s22p3 4S3/2 2s2p4 4P3/2 53.16 1.25(11) 53.03 1.32(11) 56.77 1.04(11) 56.65 1.09(11)
2s22p3 2D5/2 2s2p4 2D5/2 56.03 9.43(10) 55.86 1.02(11) 59.43 8.46(10) 59.24 9.18(10)
2s22p3 2D3/2 2s2p4 2D3/2 57.02 1.11(11) 56.84 1.20(11) 60.25 1.02(11) 60.02 1.11(11)
2s22p3 2D5/2 2s2p4 2D3/2 60.92 5.61(9) 60.8 5.85(9) 64.42 4.96(9) 64.22 5.14(9)
2s22p3 4S3/2 2s2p4 4P5/2 63.26 2.62(10) 63.24 2.79(10) 67.44 2.38(10) 67.42 2.55(10)
2s22p3 2P1/2 2s2p4 2D3/2 66.76 2.17(9) 66.5 2.48(9) 70.82 2.22(9) 70.34 2.55(9)
2s22p3 2P3/2 2s2p4 2P3/2 71.14 1.56(10) 70.3 1.62(10) 73.34 1.46(10) 72.46 1.56(10)
2s22p3 2D3/2 2s2p4 4P1/2 71.93 2.18(9) 71.8 2.52(9) 75.07 2.27(9) 74.99 2.59(9)
2s22p3 2D3/2 2s2p4 4P3/2 72.14 3.64(8) 72.0 3.45(8) 75.50 7.42(7) 75.34 7.58(7)
2s22p3 2D5/2 2s2p4 4P3/2 78.48 5.04(9) 78.3 4.94(9) 82.17 3.82(9) 82.08 3.71(9)
2s22p3 2P3/2 2s2p4 2D5/2 86.58 1.04(10) 86.4 1.06(10) 89.84 9.39(9) 89.10 1.02(10)
2s22p3 2P1/2 2s2p4 4P3/2 88.33 1.59(8) 88.1 1.74(8) 92.86 1.38(8) 92.35 1.48(8)
2s22p3 2D3/2 2s2p4 4P5/2 92.12 7.73(9) 92.1 7.96(9) 95.63 6.79(9) 95.67 7.29(9)
2s22p3 2P3/2 2s2p4 2D3/2 99.47 4.98(7) 98.7 4.71(7) 101.76 8.10(6) 100.87 8.19(6)
2s22p3 2D5/2 2s2p4 4P5/2 102.72 2.31(9) 102.9 2.39(9) 106.59 2.05(9) 106.79 2.11(9)
2s22p3 2P3/2 2s2p4 4P1/2 155.49 7.25(7) 154.8 7.85(7) 152.66 7.93(7) 151.79 8.51(7)
2s22p3 2P3/2 2s2p4 4P3/2 156.49 3.32(8) 155.3 3.87(8) 154.45 3.76(8) 153.23 4.40(8)
2s22p3 2P3/2 2s2p4 4P5/2 296.51 4.92(6) 295 5.79(6) 270.12 8.07(6) 269.83 8.31(6)

4. Conclusions

We have investigated the e�ect of core�valence corre-
lation, Breit interaction and QED e�ects on the atomic
state function and corresponding energy of the N -
like 2s22p3 − 2s2p4 transitions in the ions Kr(XXX)�
Sr(XXXII). The MCDHF gives excellent agreement with
experimental data and adopted results. It would be bene-
�cial if experimental data for other highly charged N -like
ions were available. At the present time, there are no ex-
perimental data between Z = 37 and Z = 38 for the

nitrogen isoelectronic sequence. Availability of such data
would lead to an improved understanding of the relative
importance of di�erent contributions to the energies of
highly charged ions. These calculations provide a theo-
retical benchmark for comparison with experiment and
theory. In this calculation (see Tables I�VI), it is clear
that the MCDF method, including the core-valence cor-
relation, is an accurate approach for the whole sequence.
It is in general clear that the relativistic and con�gura-
tion interaction e�ects play important roles in the correct
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assignment of di�erent transitions and also in the accu-
rate evaluation of atomic transition data of highly ionized
atoms. Finally, we believe that the present results are the
most extensive and de�nitive to date and should be use-
ful in many astrophysical applications, particularly that
previously unavailable data are also presented.
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