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Metastable levels in rhodium-like ions with the ground configuration 4p64d9 and the excited configurations 4p64d84f and 
4p54d10 are investigated. The ab initio calculations of the level energies, radiative multipole transition probabilities are performed 
in a quasirelativistic Hartree–Fock approximation employing an extensive configuration interaction based on quasirelativistic 
transformed radial orbitals. Systematic trends in the behavior of calculated radiative lifetimes of the metastable levels are studied 
for the ions from Z = 60 to Z = 92. The significance of the radiative transitions of higher multipole order (M2 and E3) for the 
calculated radiative lifetimes is demonstrated and discussed.
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1. Introduction

Our previous investigation of the 4p54dN+1 and 4p64dN–14f 
configuration metastable levels [1] has revealed that 
the ions of the rhodium isoelectronic sequence have 
a large number of metastable levels with comparatively 
large radiative lifetimes. Therefore, there is an evident 
need for a more detailed study. The relevance and sig-
nificance of the magnetic quadrupole (M2) and elec-
tric octupole (E3) transitions for such metastable levels 
have been quite comprehensively described in [1]. That 
investigation of the significance of the M2 and E3 tran-
sitions involved a large number of atoms of different 
ionization stages, therefore the calculations were per-
formed without inclusion of correlation corrections.

Metastable levels, which do not have the electric di-
pole decay channels, are essential in the study of both 
astrophysical and laboratory plasmas [2, 3, 4] or in the 
analysis of experimental spectra of various ions [6, 7], 
including very important tungsten ions (see, e. g. [4, 5, 
8]). As it was concluded in [2], the parameters of high 
multipole order radiative transitions and the radiative 
lifetimes of metastable levels were “essential building 
blocks in radiative-collisional models simulating spec-
tra”. Traditionally, the radiative lifetimes for the excited 
metastable levels of the ground configuration are de-

termined from the calculated electric quadrupole (E2) 
and magnetic dipole (M1) transition probabilities [3, 
9, 10, 11]. These types of radiative transitions can also 
be important when the radiative lifetimes of the levels 
of excited configurations are calculated [1, 6, 5]. Very 
recently the multiconfiguration Dirac–Hartree–Fock 
approach was applied to determine the E1, M1, E2, and 
M2 transition parameters for the ions up to Z = 36 (see 
[12, 13] and the references therein).

Many of the excited opposite-parity configuration 
levels are metastable ones due to a limited number of 
the E1-decay channels when the ground configuration 
has just few levels. In such a situation, the E3 and M2 
radiative transitions become important decay chan-
nels – although those transitions are traditionally con-
sidered as weak and insignificant for the calculated ra-
diative lifetimes [6, 14, 15]. The relativistic many-body 
perturbation theory was employed to investigate the 
Fe9+ ion properties in [14]. There the details describing 
the rise and decay of metastable levels are given and 
discussed. Transitions originating from the W28+ ion 
metastable levels were observed in the EBIT experi-
ment [6]. It was concluded after additional relativistic 
many-body perturbation theory (RMBPT) calcula-
tions that some of the excited configuration 4p64d94f 
levels have “extremely long lifetimes”. The radiative 
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transitions in Ni-like ions from Z  =  30 to Z  =  100 
were studied in [15] using RMBPT which includes 
the Breit interaction.

In our earlier work [1] we have demonstrated that 
the metastable levels of the excited configurations also 
exist for the ions other than Ni-like [15] or Pd-like ions 
[6] that have all closed shells in the ground configu-
rations. Similar metastable levels can exist in the ions 
with the ground configurations, which have open 4d 
shells, e. g. in the Rh-like ions with the ground config-
uration 4p64d9. Unfortunately, to our best knowledge, 
there are no theoretical or experimental works inves-
tigating the metastable level properties of those ions.

The aim of the present work is to demonstrate 
how the correlation corrections can change calcu-
lated radiative lifetimes of the metastable levels. An-
other issue, which has emerged during our previous 
investigation, is the location of the 4p64d85s and other 
excited configurations. The location in the energy 
spectrum of the excited configurations is important 
as the additional decay channels can emerge for some 
levels of the configuration 4p64d84f.

Traditionally, the levels are considered as the meta-
stable ones when the electric dipole (E1) transitions 
from these levels are forbidden by the selection rules 
for the total orbital quantum number J. The metasta-
ble levels have two important channels of the radia-
tive decay. One channel is comprised of the magnetic 
dipole and electric quadrupole transitions to the levels 
of the same parity, usually to the levels of the same 
configuration; nevertheless, the transitions among the 
levels of different configurations with the same parity 
are also allowed. The second channel constitutes the 
magnetic quadrupole and electric octupole transitions 
to the levels of different-parity configurations. The 
strongest radiative transitions are those connecting 
the excited configuration levels to the ground configu-
ration levels. Nevertheless, some radiative transitions 
connecting the levels of opposite-parity excited con-
figurations can also be relatively strong and significant 
in the calculation of radiative lifetimes.

The object of the present investigation is the con-
figuration 4p64d84f levels with high values of the total 
angular momentum J and their possible decay chan-
nels. We demonstrate how their relative positions 
in the energy spectra and their radiative properties 
change along the rhodium isoelectronic sequence.

The calculations were performed in the quasire-
lativistic (QR) Hartree–Fock approximation [16, 17], 
using several different configuration interaction (CI) 
expansion sets. As the first step, the energy spectra 
were calculated for the ions from Z  =  48 to Z  =  92 
adopting a small CI expansion, which consisted of 
few configurations for each parity. In this particular 

approximation (further we call it CI1), all electrons, 
both from configurations under study and the ad-
mixed ones, were described purely by solutions of the 
quasirelativistic equations [16, 17]. After the results 
of the energy spectra were analyzed, the subsequent 
investigation of the rhodium-like ions was limited to 
the ions starting from Z = 60. Further, at the second 
step, the correlation corrections were included using 
the extensive CI wavefunction expansion. In this case, 
the electrons of the admixed configurations were de-
scribed by the solutions of the quasirelativistic equa-
tions and by the quasirelativistic transformed radial 
orbitals [18].

2. Calculation method

We use the quasirelativistic Hartree–Fock approxima-
tion in our ab initio calculation of the ion level energies 
and radiative transition parameters, such as the line 
strengths S, weighted oscillator strengths gf, radiative 
transition probabilities A. The quasirelativistic calcu-
lations are performed in the way described in our pre-
vious studies [19, 20]. At the start, the QR equations 
for the ground configuration 4p64d9 are solved. Then 
the QR equations for the 4f and 5l (up to 5g) radial or-
bitals (RO) are solved in the frozen-core potential. The 
relativistic corrections are included in the Breit–Pauli 
approach specially adopted for the quasirelativistic ra-
dial orbitals [18]. We employ the same RO basis both 
for the even and odd configurations.

The correlation corrections are included by apply-
ing the CI method. In our basic approach, called CI1, 
the CI includes only the configurations under research. 
The even configurations 4p64d9, 4p64d85s and 4p64d75s2, 
and the odd ones 4p54d10, 4p64d85p and 4p64d84f make 
the smallest CI expansion sets used in the calculations. 
No admixed configurations are included in this ap-
proach. The results obtained in this approach (CI1) are 
used for the rough evaluation of the energy spectra of 
the configurations under investigation and the radia-
tive transitions of different multipole orders.

The subsequent CI expansion is formed from the 
set of the admixed configurations generated by virtu-
ally exciting one or two electrons from the 4l and 5l 
shells of the adjusted configurations. The virtually ex-
cited electrons up to 5g in the admixed configurations 
are described by the quasirelativistic RO. Although 
this RO basis is rather limited, the total amount of the 
admixed configurations, which can interact with the 
adjusted ground configuration, reaches 72 for Z = 60. 
For the complex of the odd configurations 4p54d10 and 
4p64d84f, the number of possible admixed configura-
tions adds to 146. The strongly interacting configura-
tions are selected by selection methods [21, 22] applied 
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in all our previously described calculations. The selec-
tion criterion [18] is 1 · 10–4. This means that all con-
figurations with the mean weight larger than 1 · 10–4 are 
included into the CI expansion. There are 40 admixed 
even configurations and 31 odd ones after the selection 
rules are applied for the ion Z = 60. The admixed con-
figurations produce a very large amount of configura-
tion state functions (CSF). This number is reduced by 
applying the CSF reduction methods described in [23].

For each ion in the isoelectronic sequence, its 
own quasirelativistic RO basis is determined, the list 
of admixed configurations is generated by the same 
virtual excitations, and the admixed configurations 
are selected using the same criterion. Therefore the 
CI expansion differs for each particular ion and the 
number of admixed configurations decreases with 
increasing nuclear charge Z. For Z  =  92, the CI ex-
pansion is significantly smaller, and only 28 even con-
figurations and 22 odd ones are selected. The results 
obtained by such a way are labelled as CI2.

In order to perform more accurate and reliable cal-
culations in the multiconfiguration approximation, 
the basis of determined quasirelativistic RO is sup-
plemented with the transformed radial orbitals (TRO) 
described by variable parameters [18, 19, 20]. The TRO 
are determined for the radial orbitals having the prin-
cipal quantum number 6 ≤ n ≤ 10 and for all possible 
values of the orbital quantum number l, i. e. l ≤ 9. The 
admixed configurations are generated by virtually ex-
citing one or two electrons from the 4l and 5l shells of 

the adjusted configurations. The virtually excited elec-
trons are described by the quasirelativistic RO (n ≤ 5 
and l ≤ 4) and by the quasirelativistic TRO for the re-
maining virtually excited electrons.

Due to the larger basis of the RO, the number of ad-
mixed configurations is larger than that in the previous 
CI2 expansion. 83 even configurations and 73 odd ones 
are selected for the ion Z = 60 using the same selection 
criterion 1  · 10–4. The number of admixed configura-
tions in the CI expansion consistently decreases along 
the isoelectronic sequence, and for Z  =  92, there are 
just 42 even and 39 odd admixed configurations. The 
results obtained by such technique are named as CI3. 
The comparison of the results, determined in the CI2 
and CI3 approaches, indicates that the level radiative 
lifetime values are quite close along the isoelectronic 
sequence, the difference does not exceed 10%.

The calculations employing even the larger CI ex-
pansion have been performed for several selected ions 
in order to verify the applied approach and to prove 
the convergence of the CI. These results were deter-
mined using the same large base of RO as in the CI3 
approach, but the selection criterion 1  ·  10–5 was ap-
plied. In Table 1 they are named as CI4. The number 
of admixed configurations in the CI4 approach reaches 
several hundreds for each parity. These calculations are 
very complex, whereas their results differ from the CI3 
data only slightly. The differences among the lifetime 
values obtained employing different CI expansions are 
demonstrated in Table 1.

Table 1. The radiative lifetimes (in ns) of the W29+ ion configuration 4d84f metastable levels.
Level CI1 CI2 CI3 CI4

4d8(3F)4f 4I15/2 2.16E+07 1.67E+07 1.71E+07 1.70E+07
4d8(1G)4f 2K15/2 4.64E+04 4.73E+04 4.77E+04 4.80E+04
4d8(3F)4f 4I13/2 5.54E+15 2.52E+15 3.76E+15 4.27E+15
4d8(3F)4f 4H13/2 6.04E+06 6.54E+06 6.70E+06 6.75E+06
4d8(1G)4f 2K13/2 3.18E+04 3.13E+04 3.28E+04 3.30E+04
4d8(3F)4f 2I13/2 1.60E+04 1.67E+04 1.65E+04 1.66E+04
4d8(1G)4f 2I13/2 3.24E+04 3.37E+04 3.41E+04 3.44E+04
4d8(3F)4f 4H11/2 1.82E+07 1.97E+07 2.12E+07 2.18E+07
4d8(3F)4f 2H11/2 6.03E+05 6.27E+05 6.54E+05 6.56E+05
4d8(3F)4f 4G11/2 4.52E+05 4.94E+05 4.92E+05 5.01E+05
4d8(3F)4f 4I11/2 1.58E+04 1.60E+04 1.61E+04 1.62E+04

4d8(1D)4f 2H11/2 8.10E+03 8.31E+03 8.36E+03 8.40E+03
4d8(3F)4f 4F9/2 5.35E+04 4.72E+04 4.78E+04 4.81E+04
4d8(3F)4f 2G9/2 3.02E+04 2.53E+04 2.52E+04 2.51E+04
4d8(1D)4f 2H9/2 1.49E+06 1.64E+06 1.69E+06 1.72E+06
4d8(1D)4f 2G9/2 3.90E+05 4.49E+05 4.53E+05 4.64E+05
4d8(3F)4f 4I9/2 1.69E+04 1.67E+04 1.68E+04 1.68E+04
4d8(3P)4f 4F9/2 2.22E+04 2.26E+04 2.29E+04 2.31E+04
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We must underline that we use the LS-coupling 
scheme for the identification of all investigated levels 
of the rhodium isoelectronic sequence. Although this 
identification can vary along the sequence, we use 
a uniform identification according to that of the tung-
sten ion (Z = 74) levels.

This table contains the radiative lifetime values of 
the W29+ ion metastable levels determined using dif-
ferent CI expansion sets. The levels discussed in the 
present work are included in Table  1. The averaged 
difference between the values determined in the CI1 
approach and those from the CI2 approach is approxi-
mately 10%, the averaged difference between the values 
determined in the CI2 approach and the CI3 approach 
is approximately 6%. Further, the averaged difference 
between the results from the CI3 and CI4 approxima-
tions decreases to nearly 1%. So it is clear that larger 
CI expansions are unnecessary as the determined life-
times of metastable levels change just very slightly. The 
exception is the level 4d8(3F)4f 4I13/2 with a very large ra-
diative lifetime. It is obvious that the convergence test 
fails for this level. Here the radiative transition prob-
abilities are strongly affected by the cancellation effects 
causing the lifetime value to change significantly.

Definitely, the values obtained employing the large 
expansion CI4 are more accurate and reliable, but, for 
a systematic study of the rhodium-like ion properties, 
the results of the CI3 approach are accurate enough. 
Furthermore, although the number of the admixed 
configurations in CI3 is not very large, the total num-
ber of CSF, due to the open 4d shells, is very large even 
after the reduction procedure. Consequently, the cal-
culation consumes a very large amount of computing 
resources. This must be considered as an important 
factor since we investigate an isoelectronic sequence 
which has a large number of ions.

As it is mentioned in the beginning of this section, 
our calculation method is discussed extensively in 
[18]. All two-electron interactions are included in the 
same way as it is done in the conventional Breit-Pauli 
approximation. For this purpose, the codes [24, 25, 
26] are adapted for the quasirelativistic radial orbital 
peculiarities together with our own computer codes.

The level energies, radiative lifetimes and spectro-
scopic parameters of the E1, M1, E2, M2 and E3 transi-
tions calculated using the CI3 approach are published 
in the database ADAMANT (http://www.adamant.
tfai.vu.lt/database) for the ions from Z = 60 to Z = 92.

3. Results and discussion

The ground configuration of the rhodium-like ions is 
4p64d9. It has two energy levels, 2D3/2 and 2D5/2. The 
excited configuration 4p54d10 is also quite a simple 

one and has only two levels, 2P1/2 and 2P3/2. These two 
excited levels have a usual radiative decay channel 
through the electric dipole (E1) transitions, therefore 
they are not metastable levels. Further in this work, 
we do not discuss them. The excited configuration 
4p64d84f has quite a large number of the levels with 
high values of the total angular momentum J. These 
levels can not decay to the ground configuration by 
the E1 transition. Therefore their radiative lifetimes 
can be large if the excited levels with the opposite 
parity, e. g. belonging to the configuration 4p64d85s, 
are located above them. The location of the excited 
configurations, including the 4p64d85s, 4p64d75s2 and 
4p64d85p, is discussed further in this section.

3.1. Configuration locations

At the start of our investigation, calculations in the 
CI1 approach along the isoelectronic sequence (from 
Z = 48 to Z = 92) are performed. The level energies 
of the even configurations 4p64d9, 4p64d85s, 4p64d75s 
and the odd ones 4p54d10, 4p64d85p, 4p64d84f are de-
termined by this rather simple way. As it is described 
in the previous section, only the interactions between 
the configurations under research (adjusted configu-
rations) are included. The CI1 results show how the 
configuration position changes with Z increasing. 
A fraction of these results is presented in Fig.  1. 
The lev els of the odd configurations 4p54d10, 4p64d84f 
and the even configurations 4p64d85s, 4p64d75s2 are 
plotted relative to the ground level 4p64d9 2D5/2. When 
Z = 48, the levels of the 4p64d84f configuration have 
additional decay channels – not only those to the lev-
els of the ground configuration. The decay channels 
to the levels of the 4p64d85s and 4p64d75s2 are open 
as these configurations are energetically close to the 
ground configuration and are lower than the 4p64d84f 
configuration levels. As one can see from Fig. 1, the 
energy difference between the 4p64d75s2 configura-
tion and other configurations increases rapidly. Con-
sequently, this configuration does not have any signif-
icance for the lifetimes of the 4p64d84f levels already 
at Z = 52. The configuration 4p64d75s2 is located lower 
than the configuration 4p64d84f at Z ≤ 60.

Using a strict definition, the 4p64d84f levels with 
J  ≥  9/2 are not metastable ones in the case of such 
location of the excited configuration; only the levels 
with J = 15/2 can be specified as metastable ones. The 
E1 transitions from the levels with J = 15/2 to the con-
figurations 4p64d85s and 4p64d75s2 are forbidden by 
the selection rules for J. These transitions are allowed 
from the levels with J  =  13/2, but they appear only 
for the ion Z  =  48; moreover, they are weaker than 
the M1 and E2 transitions. For other ions, the levels 
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with J = 13/2 are metastable ones because the levels of 
4p64d75s2 are located higher.

Furthermore, the lifetimes of the levels with 
J = 13/2 are reduced because of the E2 and M1 transi-
tions to the configuration 4p64d85p of the same par-
ity as the 4p64d84f one. The position of the 4p64d85p 
configuration in the energy spectra is presented in 
Fig. 2. One can see from Fig. 2 that the 4p64d85p con-
figuration is located in the same area as the 4p64d84f 
and 4p54d10 configurations for the ions Z ≤ 60. Hence, 
for the reliable results, these configurations must be 
investigated as a single complex. Figures 1 and 2 dem-
onstrate that the levels of the configuration 4p64d84f 
with high values of J can be called the metastable ones 
only for the ions with Z ≥ 60.

Figures 1 and 2 present the results of the simple CI1 
approach. This approach is accurate enough for the 
basic calculation and for the initial assessment of the 
determined results. In order to determine more accu-
rate values of the radiative transition parameters, the 
approaches described in Section 2 with the larger CI 
expansions are applied for the ions from Z = 60 up to 
Z = 92. The results of the approaches CI2 and CI3 have 
been compared, and they indicate similar trends in the 

properties of metastable levels. Nevertheless, we use 
the results of more reliable CI3 approach for the com-
prehensive study. The results CI4 are the most accurate 
data, but the CI4 calculations were performed only for 
few ions because of their complexity and large use of 
the computer resources.

3.2. The lifetimes of J = 15/2 levels

The configuration 4p64d84f has two levels with J = 15/2. 
The lower one is 4d8(3F)4f 4I15/2 and the higher level is 
4d8(1G)4f 2K15/2. The radiative lifetimes of these lev-
els are presented in Fig. 3 for the ions from Z = 60 to 
Z = 92.

The radiative lifetime of the lower level is very large 
throughout the entire isoelectronic sequence due to 
its location in the energy spectra. When Z  =  60 and 
Z = 62, this level does not have radiative transitions of 
the calculated multipole orders (in our case up to E3) 
as there are no lower-lying levels with an appropriate J. 
With Z increasing, the energy of the level 4d8(3F)4f 4I15/2 
increases. Moreover, it increases faster than the en-
ergy of some other levels. The transition probabilities 
for a decay of the level 4d8(3F)4f 4I15/2 are presented in 
Fig.  4. The E2 transitions are denoted by circles, M1 

Fig. 1. Energy levels (in 106 cm–1) of the even configu-
rations 4p64d85s, 4p64d75s2 and the odd-configuration 
complex 4p64d84f + 4p54d10 relative to the lowest level 
4p64d9 2D5/2 of each ion.

Fig. 2. Energy levels (in 106 cm–1) of the odd configura-
tions 4p64d85p and the odd complex 4p64d84f + 4p54d10 
relative to the lowest level 4p64d9 2D5/2 of each ion.
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transitions are denoted by triangles in this and in other 
figures, presenting the transition probabilities.

Another level with J = 15/2, namely 4d8(1G)4f 2K15/2, 
is located quite high in the energy spectra. Here the ra-
diative lifetime is determined by some dozen E2 and 
M1 transitions with slowly increasing transition prob-
ability values. The strongest one is the M1 transition to 
the 4d8(3F)4f 4I15/2 level. The transition probability value 
increases from 3.9 · 102 s–1 (for Z = 60) to 8.4 · 105 s–1 
(for Z = 92). As it is seen from Table 1, for Z = 74 the 
lifetime is 4.8  · 104 s–1. In general, the M1 transitions 
determine the radiative lifetimes of this level for all in-
vestigated Rh-like ions.

3.3. The lifetimes of J = 13/2 levels

The configuration 4p64d84f has five levels with 
J  =  13/2. The radiative lifetimes of the lowest level 

4d8(3F)4f 4I13/2 are presented in Fig. 5. The lifetimes of 
this level increase with the Z increasing because the 
location of this level in the energy spectrum is go-
ing down, i. e. the energy of this level relative to the 
ground level decreases unlike in the case of the low-
est level with J  =  15/2, where the energy difference 
increases when the Z increases.

Fig. 5. Radiative lifetimes (in ns) of the level with 
J = 13/2.

4d8(1G) 4f 2K15/2
4d8(3F) 4f   4I15/2

t(
ns

)

Fig. 3. Radiative lifetimes (in ns) of the levels with 
J = 15/2.

Fig. 4. Transition probabilities (in s–1) from the metasta-
ble level 4d8(3F)4f 4I15/2. Black triangles and black circles 
denote transitions to the 4d8(3F)4f  4I13/2, white circles 
show transitions to the 4d8(3F)4f 4H11/2.
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The 4d8(3F)4f 4I13/2 level has three decay channels 
open when Z = 60 and Z = 62. When Z ≥ 64, only 
one E2 transition to the 4d8(3F)4f 4I9/2 level is allowed. 
This transition determines the lifetimes of the level 
4d8(3F)4f 4I13/2 up to Z = 80. For the higher Z, the de-
cay channel to the 4d8(3F)4f 4I9/2 is also closed. For the 
ions with Z ≥ 82, the 4d8(3F)4f 4I13/2 level does not have 
a radiative decay channel, because the radiative tran-
sitions of all calculated multipole orders to the levels, 
which are lower than the investigated one, are forbid-
den by the selection rules for J. The lifetime of this 
level calculated for the tungsten ion is 3.8 · 1015 s–1 (see 
Table 1), this is close to 49 days.

The lifetimes of other four levels with J = 13/2 are 
presented in Fig. 6. One can see from this figure that 
the radiative lifetimes consistently decrease going up 
along the sequence. The lifetimes of three levels are 
very similar in magnitude, but the lifetimes of the lev-
el 4d8(3F)4f 4I13/2 are always noticeably (by two orders 
of magnitude) larger. This particular level is located 
relatively low in the energy spectra. Nevertheless, it 
is located higher compared to the level 4d8(3F)4f 4I13/2. 
The level 4d8(3F)4f 4I13/2 has seven allowed transitions 
to the lower levels, three of these being the M1 tran-
sitions and four being the E2 ones. Their transition 
probabilities are presented in Fig. 7.

As one can see from Fig. 7, the dependence of the 
transition probability A on a nuclear charge Z has a 
marked minimum for some lines. This is caused by 

Z

Z

Z
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cancellation effects. The radiative transition probability 
A is proportional to the square of the transition opera-
tor matrix element. When this matrix element changes 
its sign, its value becomes very close to 0 at a particu-
lar value of Z. Consequently, the square of the radia-
tive transition operator matrix element has a sharp 
minimum at this Z, causing such a peculiar shape of 
A(Z). Similar shapes of A(Z) can also occur in other 
isoelectronic sequences [1]. One can see a very similar 
behaviour of the radiative transition parameters pro-
portional to the square of the matrix element in [15].

Another three levels with J = 13/2 are located com-
paratively high in the energy spectra and have much 
more open decay channels. Furthermore, the strong-
est transition probabilities from these levels are from 

10 to 100 times larger than those of the low-lying level 
4d8(3F)4f 4I13/2. The M1 transitions are dominant, as in 
Fig. 7, and they determine the radiative lifetimes of the 
levels with J = 13/2.

3.4. The lifetimes of J = 11/2 levels

The configuration 4p64d84f has nine levels with 
J = 11/2. Figure 8 presents the radiative lifetimes of five 
levels, whereas the lifetimes of other four levels are in 
the region between the lowest two curves. The level 
4d8(3F)4f 4H11/2 has the largest lifetime. The transition 
probability values of the radiative transitions from this 
level are presented in Fig. 9. The M1 transition prob-
abilities are significantly larger than the E2 transition 
probabilities. This feature is similar to properties of the 
levels with J = 13/2.

Fig. 6. Radiative lifetimes (in ns) of four levels with 
J = 13/2.

Fig. 7. Transition probabilities (in  s–1) from the level 
4d8(3F)4f 4I13/2. Black triangles and circles denote transi-
tions to the level 4d8(3F)4f 4H11/2, white triangles and cir-
cles show transitions to the level 4d8(3F)4f 4I13/2, grey tri-
angles and circles denote transitions to the 4d8(3F)4f 4I15/2 
level, blank and white circles show transitions to the 
4d8(3F)4f 4F9/2 level.

Fig. 8. Radiative lifetimes (in ns) of five levels with 
J = 11/2.

Fig. 9. Transition probabilities (in  s–1) from the level 
4d8(3F)4f 4H11/2. Black triangles and circles denote tran-
sitions to the level 4d8(3F)4f 4F9/2, white triangles and cir-
cles show transitions to the level 4d8(3F)4f 4I13/2, grey cir-
cles denote transitions to the level 4d8(3F)4f 4F7/2, black 
squares show transitions to the 4d9 2D5/2 level.
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Unlike the levels with J ≥ 13/2, this level (as well as 
other levels with J = 11/2) can decay to the ground con-
figuration in accordance with the selection rules for J. 
This complementary decay channel is an electric octu-
pole transition. The probabilities of the E3 transitions 
are marked by squares in Fig. 9 (and in the following 
plots as they appear). The E3 transition probability for 
the 4d8(3F)4f 4H11/2 level has the largest value at the top 
of the investigated isoelectronic sequence. That means 
that the E3 transition is the dominant one in determin-
ing the radiative lifetime. The inclusion of the E3 tran-
sition probability into the radiative lifetime calculation 
decreases the lifetime by a factor of 1.8 at the top of the 
sequence. It is seen from Fig. 9 that the probabilities of 
two M1 transitions and one E3 transition determine the 
calculated radiative lifetime value of the 4d8(3F)4f 4H11/2 
level because the probabilities of three E2 transitions are 
distinctly smaller. For the calculated lifetime of this level, 
the E3 transition is critical, especially at the top end of 
the investigated sequence, where its value is largest. Oth-
er levels with J = 11/2 also acquire an open decay chan-
nel via the E3 transition. Nonetheless, here the E3 transi-
tion probability is always somewhat smaller compared 
to several M1 transitions, although it is larger than the 
E2 transition probabilities. For these levels, the number 
of M1 transitions is large, but there is only one E3 transi-
tion, therefore it does not constitute a significant decay 
channel as it does in the case of the level 4d8(3F)4f 4H11/2.

Here we must explain that all calculated transition 
probabilities with the values larger than 1 · 10–18 s–1 from 
the levels under consideration are included into deter-
mining of the radiative lifetime. It is important because 
only a limited number of transitions are allowed from 
the low-lying levels. If the level lies high in the energy 
spectra, the number of the M1 and E2 transitions is not 
so limited since a large number of the levels with ap-
propriate J values are located lower. Since there are only 
two levels of the ground configuration, the number of 
the M2 and E3 transitions is always one or two depend-
ing on the J value of the initial level. Usually, the high-
lying levels have relatively small radiative lifetimes as 
they have much more open decay channels to the levels 
of the same configuration.

The number of the transitions to the ground config-
uration is determined only by the selection rules. This 
number does not depend on the level location in the 
energy spectra. The E3 transition probability values are 
similar in magnitude as the M1 probability values for 
a particular level. Nevertheless, the E3 transitions are 
rather insignificant decay channels for the high-lying 
levels as there is a large number of the M1 transitions 
allowed from these levels. Furthermore, the dominant 
M1 transition probabilities are larger for the high-lying 
levels, as in the case of the levels with J = 13/2.

3.5. The lifetimes of J = 9/2 levels

The configuration 4d64d84f has thirteen levels with 
J = 9/2. Figure 10 presents the radiative lifetimes only 
for six levels. The lifetimes of other seven levels are 
close to two curves, which present the lifetimes of lev-
els 4d8(3F)4f 4I9/2 and 4d8(3F)4f 4F9/2 (white and gray tri-
angles). The excluded levels are located higher than the 
presented ones, and their radiative lifetime dependen-
cies on Z are very similar to those of the latter two lev-
els, both in a magnitude and in a shape.

The radiative lifetimes of the lowest level 
4d8(3F)4f  4F9/2 (white circles) are not the largest ones, 
unlike the previous (J > 9/2) cases. These lifetimes are 
significantly smaller as there is an additional decay 
channel allowed by the selection rules. The transition 
probabilities for this level are presented in Fig. 11. One 

Fig. 11. Transition probabilities (in  s–1) from the level 
4d8(3F)4f 4F9/2. Black triangles and circles denote transi-
tions to the level 4d8(3F)4f 4F7/2, white circles show tran-
sitions to the level 4d8(3F)4f  4F9/2, black diamonds and 
squares denote transitions to the level 4d9  2D5/2, white 
squares show transitions to the level 4d9 2D3/2.

Fig. 10. Radiative lifetimes (in  ns) of six levels with 
J = 9/2.
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can notice from Fig. 11 that the M2 transition (black 
diamonds) to the ground configuration is the strongest 
one. On top of all that, two E3 transitions are allowed, 
and their transition probability values are larger than 
those of the E2 transitions. These three radiative tran-
sitions (M2 and E3) to the ground configuration are 
very significant. At the lower end of the investigated se-
quence, their inclusion decreases the calculated radia-
tive lifetime almost by 2000 times. Further, the influence 
of these transitions rapidly decreases, and the inclusion 
of them into the radiative lifetime calculations decreas-
es the lifetime value approximately 13 times at Z = 92. 
The reasons for a rapid decrease of the E3 transition val-
ues in Fig. 11 are explained in Section 3.3. According 
to the selection rules for J, one M2 transition and two 
E3 transitions are allowed from this and all other levels 
with J = 9/2. The number of the M1 and E2 transitions 
depends on the location of the level examined.

Next level with J = 9/2 is the level 4d8(3F)4f  2G9/2. 
Black squares denote the radiative lifetime of this lev-
el in Fig.  10. Here the M2 transition is the strongest 
one. But the M2 transition probability value starts to 
decrease slowly from Z = 84. Several strong M1 transi-
tions behave in a similar way. Such a drop of the tran-
sition probability values causes the radiative lifetime 
for this level to increase when Z ≥ 84. The M2 and E3 
transitions are the most significant ones at Z = 64 and 
Z = 66. The inclusion of their probabilities into the ra-
diative lifetime calculations decreases the lifetime value 
by more than 450 times. At the top end of the sequence, 
this decrease drops to 3 times.

At the beginning of the sequence, the level 
4d8(1D)4f  2H9/2 has the largest radiative lifetime value 
(see Fig. 10, black circles). The quite sharp change of 
the calculated lifetime for this level between Z = 80 and 
Z = 86 is caused by the rapid increase of the strong-
est M2 transition probability value together with that 
of several M1 transitions. Like other previously dis-
cussed levels with J = 9/2, there is one M2 transition, 
two E3 transitions and few M1 and E2 transitions. The 
M2 transition is the strongest one for Z > 70, the E3 
transitions are not so strong, but their transition prob-
ability values are larger than those of the E2 transi-
tions. The M2 and E3 transitions affect the lifetime of 
4d8(1F)4f 2H9/2, but no so significantly as the lifetimes 
of the previously discussed levels due to the amount of 
the M1 and E2 transitions allowed from this level.

The radiative lifetimes of other levels with J = 9/2, 
located higher in the energy spectra than the discussed 
ones, are determined mainly by numerous M1 transi-
tions. The E2 transitions are also allowed, but they are 
much weaker than the M1 transitions. So here the in-
fluence of the E3 and M2 transitions is not so outstand-
ing. Although these transitions cannot be discarded at 

all, when the nuclear charge Z is between 60 and 70, 
these transitions decrease the calculated lifetime value 
up to 4 times. Usually, the decrease drops very quickly. 
For heavy ions (Z > 80), the lifetime values change only 
by few percent.

4. Conclusions

The configurations 4p64d9, 4p54d10, 4p64d85s, 4p64d75s2, 
4p64d85p and 4p64d84f of the Rh-like ions are investi-
gated using the quasirelativistic approach with a small CI1 
expansion for the range from Z = 48 up to Z = 92. The cal-
culation results demonstrate that the ions with Z < 60 do 
not have metastable levels in the excited configurations, 
except for two levels of the configuration 4p64d84f with 
the largest total angular momentum, J = 15/2.

The levels with J = 9/2 of the 4p64d85s and 4p64d75s2 
configurations are located relatively low in the energy 
spectra, and the E1 transitions from the 4p64d84f con-
figuration levels with J < 15/2 are possible to the levels 
of these configurations. Furthermore, the decay chan-
nels through the M2 and E3 transitions to the 4p64d85s 
and 4p64d75s2 are open.

On the other hand, the decay channel through the 
M1 and E2 transitions is open for the 4p64d85p con-
figuration. For the ions with Z < 60, the configuration 
4p64d85p is close in energy to the 4p64d84f and 4p54d10. 
These energetically close and strongly interacting ex-
cited configurations must be investigated as a single 
configuration complex. The present investigation was 
devoted to the detailed investigation of the configura-
tion 4p64d84f metastable levels. The 4p64d84f configura-
tion levels with 9/2 ≤ J ≤ 15/2 are metastable ones for the 
highly-charged ions with Z ≥ 60. These ions are investi-
gated thoroughly, using a large CI3 expansion within the 
basis of the quasirelativistic transformed radial orbitals.

The radiative lifetimes of the levels with J  =  15/2 
and J = 13/2 are determined by transitions to the levels 
with the same parity, i. e. the M1 and E2 transitions. 
It should be noted that the M1 transition probability 
values for all investigated ions are much larger (more 
than 100 times) than the ones of the E2 transition. 
The radiative lifetimes of the levels 4d8(3F)4f 4I15/2 and 
4d8(3F)4f  4I13/2 are extremely large (more than 10 sec-
onds) due to their position in the energy spectra. Al-
though these two levels are relatively very low in the 
spectra, the level 4d8(3F)4f 4I15/2 has three open radiative 
decay channels through rather weak transitions (one 
M1 and two E2). The level 4d8(3F)4f 4I13/2 has only one 
decay channel through the E2 transition.

Since the total number of possible M1 and E2 
transitions depends on a particular level location, 
for the high-lying levels with J = 13/2, as well as for 
other high-lying metastable levels, the M1 transitions 
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primarily determine the calculated level radiative life-
time as their probability values are significantly larger 
compared to those of the E2 transitions.

The lifetimes of the levels with J = 11/2 and J = 9/2 
are also determined by the transitions to the levels of 
the same parity, but in this case, the M2 and E3 transi-
tions to the ground configuration of the opposite par-
ity are allowed. Since there are only two levels in the 
ground configuration, the number of M2 and E3 tran-
sitions is strictly defined. Only one E3 transition is pos-
sible from each level with J = 11/2; two E3 transitions 
and one M2 transition are allowed from each level with 
J = 9/2. The number of possible E2 and M1 transitions 
can vary depending on the location of the particular 
level in the energy spectra – when a particular level is 
located higher, the number of allowed M1 and E2 tran-
sitions becomes larger.

The E3 transition probability value is similar in 
magnitude with that of the M1 transitions and is larger 
than the transition probabilities of E2 for the levels 
with J = 11/2. For the levels with J = 9/2, the M2 transi-
tion probability has the largest value for most ions. The 
E3 transition probability values are smaller than those 
of the M1 transitions, but are larger than the E2 transi-
tion probabilities for these levels.

The inclusion of M2 and E3 transitions into the ra-
diative lifetime calculation can significantly change the 
determined total radiative lifetime value. If the level 
position is comparatively high in the energy spectra, 
the M2 and the E3 transitions are not so significant, al-
though they cannot be neglected. For the Rh-like ions, 
the decay of the metastable levels through the M1 and 
the M2 transitions is more significant compared to the 
decay through the E3 ones. The E2 transition probabil-
ity values are the smallest ones for all metastable levels, 
except for the level 4d8(3F)4f  4I13/2, which can decay 
only through the E2 transition.
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SUŽADINTOS KONFIGŪRACIJOS 4p64d84f METASTABILIŲ LYGMENŲ SAVYBĖS
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Santrauka
Darbe tiriami metastabilūs sužadintos konfigūracijos 

4p64d84f lygmenys jonuose, jų pagrindinė kon fi gū ra-
cija  –  4p64d9. Spektrinės charakteristikos suskaičiuotos 
kva zi reliatyvistiniu Hartrio ir Foko artiniu atsižvelgiant 
į koreliacinius efektus, įskaitomus taikant konfigūracijų 
sąveiką skirtingose radialiųjų orbitalių bazėse. Parody-
ta, kad atsižvelgus į nedidelio pataisinių konfigūracijų, 
aprašytų tik kvazireliatyvistinių lygčių sprendiniais, skai-
čiaus sąveiką, gaunamos metastabilių lygmenų trukmės 
ženkliai skiriasi nuo trukmių, gautų atsižvelgiant tik į ti-
ria mų jų konfigūracijų tarpusavio sąveiką. Pa pil džius ba-
zę trans for muo tomis kvazireliatyvistinėmis or bi talė mis, 
gau na mos metastabilių lygmenų gyvavimo truk mės grei-
tai kon ver guoja.

Atlikus pradinius skaičiavimus nedidelėje kon fi gū-
ra cijų bazėje, parodyta, kad jonų Z  = 48–60 sužadintos 
kon fi gūracijos 4p64d84f lygmenys nėra metastabilūs, 

nes egzistuoja suirimo kanalai į žemiau esančias kon-
fi gū racijas 4p64d85s, 4p64d75s2 ir 4p64d85p. Jonams 
Z = 60–92 šios konfigūracijos yra energetiškai aukščiau 
nei tiriamoji 4p64d84f. Tokiems jonams buvo atlikti ty-
ri mai didelėje konfigūracijų bazėje, gauti energijos lyg-
me nų spektrai, elektrinių dipolinių, kvadrupolinių ir 
ok tu polinių, magnetinių dipolinių ir kvadrupolinių 
šuo lių spektroskopiniai parametrai. Išnagrinėjus me ta-
sta bilių lygmenų suirimo kanalus, matyti, kad elektri-
niai dipoli niai šuoliai yra draudžiami atrankos taisyklių 
lygmenims su J  ≥  9/2. Šių lygmenų gyvavimo trukmes 
lemia aukštesnio multipoliškumo šuoliai. Svarbiausi yra 
magnetiniai dipoliniai šuoliai, elektrinių kvadrupolinių 
tikimybės visada yra daug mažesnės. Kai kuriems lyg-
menims svarbiausi tampa elektriniai oktupoliniai ir mag-
netiniai kvadrupoliniai šuoliai, kurių įskaitymas ypač 
ženkliai sumažina lygmens gyvavimo trukmę.
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