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Abstract
Excitation energies, transition wavelengths and probabilities of the 3s23p63d10, 3s23p63d94l, 3s23p5

3d104l, 3s3p63d104l (l = s, p, d, f) states along the Ni-like sequence from Z = 31 to 92 are calculated by
using the Multi-configuration Dirac-Fock package GRASP92 and a newly developed radiative transition pro-
gram REOS99. In the calculations, the correlation and relaxation effects are included systematically. Based
on the calculations, all possible energy crossings among the level groups with the same parity and total an-
gular momentum have been found. It shows that there are strong configuration interactions between those
levels, which cause transition probabilities changes dramatically at many particular Z regions.
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1．Introduction
The Ni-like ions have a stable closed-shell ground

configuration 3s23p63d10. Their low-lying excited con-
figurations are 3d94l (l = s, p, d, f), 3p5 3d104l and 3s
3p6 3d104l (labled as 3d−1 4l, 3p−1 4l and 3s−1 4l, re-
spectively), which form 106 fine-structure levels. In
general, the emission spectra of the highly charged Ni-
like ions can be obviously divided into two different
types: one is the ∆n ≥ 1 transition with shorter wave-
length and stronger intensity, such as the 3d10−3d−1 4p
transition; the other one is the ∆n = 0 transition with
longer wavelength and weaker intensity, for example,
the 3d−1 4s−3d−1 4p and 3d−1 4s−3p−1 4s transitions.

For the transitions with ∆n ≥ 1, many investigations
either in experiment or in theory have been carried out
during the last years due to their important applications
in X-ray laser study and hot plasmas diagnostic [1-9].
In the X-ray laser study, the 3d−1 4p−3d−1 4d transition
of the Ni-like ions on the basis of electron impact ex-
citation is a very important approach to realize X-ray
laser. In this scheme, the 3d10 − 3d−1 4p transition is di-
rectly connected with the fast radiative decay from the
laser lower levels 3d−1 4p to the ground state 3d10. In
the hot plasma diagnostic, the allowed electric dipole
resonance lines are frequently used because they could
be measured easily in hot plasma environment. As a re-
sult, many different theoretical methods had been used
to calculate the spectra of Ni-like ions up to U64+ [1,5-
9].
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For the ∆n = 0 transitions, ever there existed some
investigations for the 3d−1 4s−3d−1 4p and 3d−1 4p
−3d−1 4d transitions in some lowly charged Ni-like
ions [10-14]. In order to generate X-ray laser with
shorter wavelength for holography of biological living
cell specimens within the water window (2.3 4.4 nm),
on the one hand, people continue to search for the
3d−1 4p−3d−1 4d X-ray laser in more high-Z ions; on
the other hand, people use the ∆n = 0 transitions among
the inner 3s and 3p excited states of highly charged
ions [15], such as the transitions 3d−1 4p−3p−1 4p and
3p−1 4s−3p−1 4p etc.. The advantage of using these
transitions with an inner-shell excitation is that more
shorter wavelengths can be obtained whereas the radia-
tive decay from the lower levels with a 3l hole to the
ground state 3d10 is very fast. However, such transition
data connected with the inner-shell emission lines are
lacking very much up to now.

In the present work, systematic calculations on the
107 energy levels and related E1 transition probabil-
ities are carried out for Ni-like ions in the range of
Z = 31 − 92. In these calculations, the effects of rela-
tivistic, relaxation and correlation have been considered
by using the Multi-configuration Dirac-Fock package
GRASP92 [16] and a newly developed radiative transi-
tion program REOS99 [17]. Based on the calculations,
a systematic study on Z-dependence of energies and
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transition probabilities along the whole sequence is car-
ried out. In this paper, main attention is paid to the en-
ergy crossings and anomalies of transition probabilities
due to strong configuration interactions. It shows that
the change of the E1 transition probabilities strongly de-
pend on atomic number Z, the interesting and dramatic
changes will take place at particular Z regions existing
energy crossings. And two very strong two-electron and
one-photon transitions [18-20] (TEOP) were found for
Ni-like ions for the first time, we expect it can be tested
experimentally in the future.

2．Computational procedures
In this study, wavefunctions and energies have been

calculated by the widely used atomic structure pack-
age GRASP92 [16]. In order to include correlation
and relaxation effects systematically, the 107 levels
from the ground state 3s23p63d10 and the excited states
3l−14l′ (l = s, p, d; l′ = s, p, d, f) are divided into 13
groups according to their parity and total angular mo-
mentum: 6 groups correspond the 51 even-parity lev-
els with JP = 0+, 1+, 2+, 3+, 4+, 5+ respectively, and
7 groups correspond the 56 odd-parity levels with
JP = 0−, 1−, 2−, 3−, 4−, 5−, 6−. For each group of lev-
els, the (extented) optimal level (EOL) calculation of
the GRASP92 package [16] is carried out independently
to get their wave functions and energies. Also in order
to consider the relaxation effects in calculation of prob-
abilities, which are caused by the separate calculations
for different level groups, the newly developed program
REOS99 [17] is used further.

3．Energy crossings
Based on the calculations of the energies for the

low-lying 107 levels of Ni-like ions in the range of
Z = 31 − 92, the Z-dependence of all energy levels is
studied systemically. It is found that there are many
energy crossings in many ions, some levels even cross
many times with others in some special Z regions along
the sequence. As a result, there are very strong config-
uration interactions among those crossing levels, which
result in a series of mixing of the corresponding wave
functions, and dramatic changes of transition proba-
bilities. In the past years, there are only a few cases
of energy crossings found in previously researches by
Safronova et al. [1] and Quinet et al. [6]. Comparing
the present results with the previous predictions, it is
found that the crossing levels and the crossing regions
presented in this paper are in good agreement with the
previous predictions. Also a comparison of transition
wavelengths from the 13 excited states with JP = 1− to
the ground state is made. It shows that our results are

very closer to the available experimental results [1,6]
and the MBPT calculation by Safronova et al. [1]. Espe-
cially, a good agreement is found for those wavelengths
related with the transitions from the crossing energy
levels to the ground state at the crossing regions.

4．Effects of energy crossings on transition
probabilities
Here we just show two examples. In Fig. 1, we plot

the E1 transition probabilities from the four excited lev-
els 3p−1

3/2 4s1/2(1), 3d−1
3/2 4f5/2(1), 3d−1

5/2 4f7/2(1), and
3d−1

5/2 4f5/2(1) to the ground state 3s23p63d10 1S0. From
the Fig. 1, we can see that the transition probabilities
change anomaly with Z, which change even more in
the region of Z = 47 − 61 with sharp features. for the
3p−1

3/2 4s1/2(1) − 1S0 transition, there are two minima at
Z = 48 and Z = 56, respectively; for the 3d−1

5/2 4f5/2

(1) − 1S0 transition, there is one minimum at Z = 57.
By studying the variety of transition probabilities along
the sequence, we find that the energy crossings are re-
sponsible for most of irregularly changes of transition
probabilities. It shows that the level 3p−1

3/2 4s1/2(1) mixes
strongly with the 3d−1

3/2 4f5/2(1) at Z = 49−50, and then
with the 3d−1

5/2 4f7/2(1) at Z = 55 − 56, finally it mixes
with the 3d−1

5/2 4f5/2(1) level at Z = 58−59 again. These
strong mixtures cause a rapid increase of transition rates
of the 3p−1

3/2 4s1/2(1) − 1S0 and 3d−1
5/2 4f5/2(1) − 1S0 tran-

sitions in the regions of Z = 48 − 50 and Z = 57 − 59,
respectively, and finally result in the sharp maximum at
Z = 50 and 59. Accordingly the transition rates of 3d−1

3/2

4f5/2(1)− 1S0 and 3p−1
3/2 4s1/2(1)− 1S0 transitions are de-

creased in those regions due to the strong configuration
interactions.

In Fig. 2, the E1 transition probabilities from the
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Fig. 1 Z-dependence of the E1 transition probabilities
from excited levels with energy crossings to the
ground state.

221



Theoretical Study on Energy Structures and Radiative Transition Characteristics of Highly Charged Ni-like Ions

60 64 68 72 76 80 84 88 92

108

109

1010

1011

1012

Tr
an

si
ti

o
n

 p
ro

b
ab

ili
ti

es
 L

o
g

10
A

 (
s-1

)

Atomic number Z

 3p-1

1/2
4s

1/2
(1)-3d-1

5/2
4d

3/2
(1)

 3p-1

1/2
4s

1/2
(1)-3d-1

5/2
4d

5/2
(1)

 3p-1

1/2
4s

1/2
(1)-3d-1

5/2
4d

3/2
(2)

 3p-1

1/2
4s

1/2
(1)-3d-1

5/2
4d

5/2
(2)

Fig. 2 Z-dependence of the TEOP transition probabili-
ties from the higher level 3p –1

1/2 4s1/2 (1) with energy
crossings to the lower level 3d –1

j 4dj’ (J) without en-
ergy crossings.

higher level 3p−1
1/2 4s1/2(1) to the lower level 3d−1

j 4d j′(J)
are plotted along the sequence. Usually, we know
that the above transitions are unallowed by E1 tran-
sition rule, but due to the strong configuration mix-
ing among the upper levels 3p−1

1/2 4s1/2(1), 3p−1
3/2 4d3/2(1)

and 3p−1
3/2 4d5/2(1) at Z = 78 − 79 and Z = 81 − 82

respectively, those transitions are enhanced greatly at
Z = 78 and Z = 81. Such transitions were postulated as
the two-electron and one-photon transitions (TEOP) by
Richtmyer et al. [18,19] 80 years ago, and which was
firstly detected in heavy-ion collision experiments by
Wölfli et al. [20]. The selection rules for TEOP transi-
tions are as follows: l1 can change by ±2 or 0 and l2 can
change by ±1. During the last three decades theoretical
and experimental work focused only on the study of the
TEOP process from doubly inner-shell K ionized atoms
[21,22], and there are not any report for Ni-like ions
in literature before. We hope the present study of the
TEOP transition in Ni-like ions will contribute to well
understand the TEOP process, and can be observed in
experiment.

5．Conclusions
In summary, the 107 low-lying energy levels and

the related transition probabilities connecting with these
levels in the Ni-like ions from Z = 31 to 92 have been
calculated by using the MCDF method. The compar-
ison with some available experimental and theoretical
results are made for energies and transition probabilities
along the sequence. A good agreement can be obtained
for both of them.

Based on the systematic calculations, all possible
energy-crossings among the same JP level groups have
been found along the whole isoelectronic sequence. It

is found that there are several level-crossings for some
particular energy levels in different Z regions, those
crossings can result in great changes of the transition
probabilities even for some strong lines. Some of them
are diminished and the others are enhanced accord-
ingly. Especially the very strongly TEOP transition is
observed for Ni-like ions, which is expected to be tested
in experiment in the future.
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