T.87, Ne 6 JKYPHAJI IPUKJIAJTHOM CHEKTPOCKOIINH HOSIEPb — JIEKABP 2020
V.87,N6 JOURNAL OF APPLIED SPECTROSCOPY NOVEMBER — DECEMBER 2020

ENERGY LEVELS, WAVELENGTHS, PROBABILITIES, AND OSCILLATOR STRENGTHS
OF TRANSITION FOR Ge-LIKE Pd, Ag, and Cd IONS **

M. Wu ', Zh. He >3, F. Hu 4

! Department of General Education, Anhui Xinhua University, Hefei Anhui 230088, China;
e-mail: wumiaol 121@163.com

2 Shanghai EBIT Laboratory, Institute of Modern Physics, Shanghai 200433, China

3 Key Laboratory of Nuclear Physics and Ion-beam Application (MOE) at Fudan University,
Shanghai 200433, China

* School of Mathematic and Physical Science at Xuzhou University of Technology,

Xuzhou 221111, Jiangsu, China

High-accuracy calculations of energy levels, wavelengths, probabilities, and oscillator strengths of
transition of resonance lines for Ge-like Pd, Ag, and Cd ions have been performed. For the accurate treat-
ment of relativity, the contributions of Breit interactions and quantum electrodynamics correction were con-
sidered. The calculated values of energy levels and wavelengths, including core-valence corrections,
are found to be in excellent agreement with other theoretical and experimental values for Ge-like Pd, Ag,
and Cd ions. The number of energy levels and wavelengths we considered is larger than that of any other
theoretical calculations. The transition probabilities are also given where no other theoretical results and
experimental values are available.
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Pacuemul ypoeneil snepauu, Onun 80aH, 8epOAMHOCHEN U CUTLL OCYUTIAMOPO8 NEPex0008 Pe30HAHCHBIX
qunutl 011 Ge-nooobuvix uonos Pd, Ag, Cd evinonnensl 6 céa3u ¢ Heobxo0umocmvio 601ee MouHo20 yuema
pensmusucmckux 3¢pgpexmos. Oyenenvlt KIA0bI OPEUMOBCKUX 83AUMOOCUCEUL U KBAHMOBOU IIEKMPOOU-
HAMUYECKOU KOppeKyuu. Ypoeuu sHepeuu u OAUHBL GONH, GbIYUCIEHHbIE C YUemoM NONPABOK HA 8AleHM-
HOCMb A10pa, HAXOOAMCSL 8 XOPOUieM CO2AACUU C OpYUMU TeoPemuiecKUMY U SKCNePpUMEHMATbHbIMU OaH-
Hotmu 015 Ge-nodobruix uonoe Pd, Ag, Cd. Konuuecmso paccMompenHvlx sHepeemuyeckux yposHetl u ONuH
60IH Doable, Yem npu JObIX Opyeux meopemuyeckux pacuemax. Ilpugedennvie OanHbie 015 6ePOAMHO-
cmeti grarouarom 6 cebs nepexoowl, 0/ KOMOPbIX OMCYMCmeyiom opyaue meopemudecKue U dKCnepumeH-
MAbHbLE PEe3YIbMAaAmbl.

Knrouegwle cnosa: mynomurxougueypayua Jupaxa—Xapmpu—Doka, yposeHb dHepauu, OIUHA BOIHbl, e-
POAMHOCHb Hepexood, CUNA OCYULTAMOPA.

** Full text is published in JAS V. 87, No. 6 (http://springer.com/journal/10812) and in electronic version of ZhPS
V. 87, No. 6 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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Introduction. Ions of the germanium isoelectronic sequence have four valence electrons outside a
closed n =3 core and provide a model for studying the effects of strong correlation on closely spaced levels
in heavy atoms [1]. Theoretical predictions of atomic characteristics for highly ionized atomic systems is one
of the important subjects in atomic physics during the past few years, which is important in many fields of
science and technology such as laser physics, plasma physics, and astrophysics. However, experimental data
and theoretical predictions on these systems are not sufficiently complete presently.

In the past few decades, many experimental and theoretical studies have been conducted for ions of the
germanium isoelectronic sequence. In the experiments, the spectra of the germanium-like ions of Rb VI,
Sr VIIL, Y VIII, Zr IX, Nb X, and Mo XI have been investigated in the region 280-790 A by Litzén et al. [2].
The wavelengths of 4s%4p’>—4s4p® transitions of Ge-like Ru and Rh ions have been measured in the range
of 250-500 A using laser-produced plasmas by Dunne et al. [3]. Lines of the resonance transition array
45’4p*4s4p® in the Ge-like ions of Ru XIII, RhXIV, PdXV, AgXVI, and CdXVII have been identified
in spectra emitted from laser produced plasmas by Litzén et al. [4].

In terms of theoretical computation, transition probabilities are presented for the 4s°4p*—4s4p® transi-
tions of germanium-like ions (37 < Z < 47) using the method of relativistic Hartree-Fock by Biémont et al.
[5]. Calculations for the ground and low-lying excited states of the 4s*4p* configuration of germanium and
Ge-like ions of As II, Se III, Br IV, and Kr V were performed using the relativistic multireference Moller—
Plesset second-order perturbation theory by Ishikawa and Vilkas [6]. Wavelengths and transition probabili-
ties of Ge-like ions with Z=70-92 have been calculated using the fully relativistic multiconfiguration Di-
rac—Fock method (MCDF) by Palmeri et al. [7]. Energies of low-lying levels, transition energies, and rates
of ground state transitions in Cu- through Ge-like ions of iodine have been calculated using the GRASP2K
package by Li et al. [8]. Energy levels, wavelengths, transition probabilities, and oscillator strengths of Ge-
like Kr, Mo, Sn, and Xe ions among the fine-structure levels were calculated by Nagy and El-sayed [9]. The
atomic structure and X-ray spectra of Ge-like through V-like W ions were calculated using the flexible atom-
ic code (FAC) by Clementson et al. [10]. The energy levels, oscillator strengths, and transition probabilities
for 4s—4p of Cu, Zn, Ga, and Ge-like gold ions were calculated using the fully relativistic MCDF method by
Bian et al. [11]. The energy levels and lifetimes of the low-lying excited states of Ni- to Kr-like Pt ions were
reported using the relativistic multi-reference Meller—Plesset many-body perturbation theory by Santana et
al. [12]. Fine structure energy levels, transition probabilities, and oscillator strengths of germanium and Ge-
like ions (Z=33-42) have been calculated using the Hartree-Fock method with relativistic correction by
Wajid [13]. Energy levels, wavelengths, oscillator strengths, and transition probabilities of Ge-like ions with
49 < 7 < 58 among the lowest 88 fine structure levels belonging to the ([Ar]3d'%)4s?4p?, ([Ar]3d'%)4s*4p4d,
([Ar]3d")4s4p*, ([Ar]3d'%)4s4p?4d, ([Ar]3d'%)4s%4d ?, and ([Ar]3d'%)4p* configurations were calculated us-
ing the fully relativistic multiconfiguration Dirac—Fock (MCDF) approach by Chen and Wang [14]. The en-
ergy levels, wavelengths, transition rates, and line strengths have been calculated for the 4s*4p>—4s4p® and
4s?4p*—4s*4p4d allowed transitions of Ge-like Te, Xe, and Ba ions using MCDF by Hao et al. [15]. Energy
levels, wavelengths, transition probabilities, and line strengths are calculated for the allowed electric dipole
45?4p*—4s4p® and 4s%4p’—4s*4p4d transitions of Ge-like ions with Z = 53, 55, and 57 using the fully relativ-
istic multiconfiguration Dirac—Fock (MCDF) approach by Hao et al. [16]. However, atomic spectral data of
highly charged Ge-like Pd, Ag, and Cd ions are still extremely scarce to date in the experimental and theoret-
ical aspects.

The purpose of this work is to calculate the theoretical parameters (energy levels, wavelengths, transi-
tion probabilities, and oscillator strengths) of Ge-like Pd, Ag, and Cd ions using the multiconfiguration Di-
rac—Hartree—Fock (MCDHF) method systematically. In MCDHF the contributions from Breit interaction,
vacuum polarization, self-energy, and finite nuclear mass corrections are taken into account. Comparisons
are made with other experimental values and theoretical calculations, and good agreement is achieved for
most of the results. In addition, the discrepancies with other theoretical and experimental values are also dis-
cussed in detail.

Method. Our calculations are based on the MCDHF method, which has particular advantage in dealing
with highly charged ions with several valence electrons. Details about the theoretical method are in the mon-
ograph of Grant [17]. Here we only give a brief description of the method.

In the MCDHF method, an atomic state functions (ASF) v is fabricated by the linear combination of
configuration state functions (CSFs) ¢ for a many electron atomic system:

VPIM ) = S by, PIM.) M)
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where ¢; is the mixing coefficient for the state of /; y represents other appropriate labeling of the CSF;
P is the parity, J and M;are total angular momentum and magnetic quantum number; 7. is the number of CSFs.
In the CSF, ¢ is constructed as an antisymmetrized linear combination of products of one-electron Dirac

orbitals. The orbital is of the form
1 B (r)on (1)
¢<r):—(. , @
r lQIK (F)XfKﬂl (r)

where n, k, and m are the principal quantum number, the relativistic angular quantum number, and the mag-
netic quantum number respectively; Pu(r) and QOu(r) are the large and small components of one-electron ra-
dial wavefunctions; y«n(r) is the spinor spherical harmonic in a LSJ-coupling scheme.

In an N-clectron atom or ion, all the dominant interactions are included in the Dirac-Coulomb Hamiltonian,

N N
2
Hpe =2 (ca; op; +(B; e +Vi)+zl/rijs (3)
i i<j
where a; and [3; are the Dirac matrices, p; is the momentum of the electron, and V; is the nuclear potential at
radius r.

The contributions from Breit interaction, vacuum polarization, self-energy, and finite nuclear mass cor-
rections are added as a first-order perturbation correction after self-consistency has been obtained. The trans-
verse Breit interaction is
N (o; or;)(a; or;)

2

1
Bij =——a, °qQ;

1. “
Tij Tij
There are two major components in the QED correction. Known simply as self-energy, the dominant

correction to energy arises from the lowest-order modification to an electron’s interaction with quantized
ambient electromagnetic field due to the nucleus and the other atomic electrons. In terms of a function E
that varies slowly with respect to its argument, the self-energy in hydrogen like systems is given by
74
Ej(Zle)=—==F(Zlc). )
nen
Tabulations of F,«(Z/c) for the 1s, 2s, 2p12, and 2p3), states in these one-electron systems are given in the li-
terature [18, 19]. In GRASP2K, a rough estimate of the self-energy is obtained by setting

HSE(Z1¢)=3 g (DE"
a=1

F , (Z¥ /¢) for ns,np,, and np,,orbital, 6
N - ©
;’S;Eka :# Fy, (Z4 | ¢)  for 1s,25,2p,,, and 2 p),orbital,

0 other.

The use of Z¥ for rough correction of electron screening is at best an expedient device intended for in-
ner shells where the orbitals are most likely to be nearly hydrogenic. It is likely to be increasingly less realis-
tic as n increases.

Next in order of importance is the vacuum polarization correction. To lowest order, this is the short-
range modification of the nuclear field due to screening by virtual electron positron pairs. Expressions for the
second- and fourth-order perturbation potentials that take fine nuclear size into account have been given in
the literature [20]. Only diagonal contributions

1)} = 3 g @ drV" (0B, 1)+ 0, (1) ™)

These potentials have been included in this version of GRASP2K.

All the calculations are done in the relativistic configuration interaction, where optimization is on a
weighted sum of energies.

Once the ASFs are obtained, transition properties between two atomic states w(yPJM ;) and

y(y'P'JM)) can be expressed according to the reduced transition matrix element:

(werpam ol fwerPnts)). (®)
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Here Q ,57”) is the transition operator in Coulomb or Babushkin gauge. The type of multipole transition is

designated by superscript A.

All the expanded configurations are generated by the active space approach, in which we consider elec-
trons from the active space and core space, and these electrons are excited from occupied orbitals to unoccu-
pied ones. The CSFs are increased systematically to guarantee the convergence of the atomic parameters cal-
culated. Here, we refer to the {ls, 2s, 2p, ..., 4s, 4p, 4d, 4f} set of orbitals as the n = 4 orbital layer and
{1s, 2s, 2p, ..., 5s, 5p, 5d, 5f, 5g} as n =5, etc. To improve the calculations efficiently and ensure the accu-
racy of calculated values, we have chosen the active space set with the principal quantum number n < 1-8
and / < 5. For the studies of Ge-like ions, an argon-like core and four outer electrons are used. The active
space is defined as follows:

ASl={4s,4p,4d,4f}. )
Then the active set was increased as follows:
AS(i+1) = AS(@) + {(i +d)s, i+ p,(i+d)d,(+4) i+ 4)g} , (10)

wherei=1, ..., 4, and n = i+4.

In this way, for Ge-like Pd, Ag, and Cd ions, we consider the valence-valence (VV) and core-valence
(CV) correlations, The core electrons are the 1s*2s?2p®3s?3p%3d'?, and the valence electrons are the 4s%4p*;
the VV and CV correlation effects are taken into consideration systematically. The largest contribution is
due to the CV correction from the 3d-orbitals, and the corrections from the 3s- and 3p-orbitals are very
small. Thus, we only include the effect of polarization of the 3d core in the calculations [1, 21, 22]. We divi-
de the reference configurations into even and odd parity in the calculation, which are 4s’4p? and 4s4p°,
4s*4p4d configurations, and the energy levels were calculated as functions of increasing active sets with
double (SD) excitations.

Results and discussion. The energy levels of Ge-like Pd ions have been tabulated in Table 1, where n
represents the largest principal quantum number of the active set involved in each step of calculation. As can
be seen from Table 1, the VV correlations have converged when n = 8, which is because the contribution
from n = 8 is less than 0.02%. As for CV correlations, the principal number has been limited to n = 6
because the number of the CSFs increase very rapidly when we consider the 3d orbitals, so it is very difficult
to get convergence. Also because of the computer calculation limit, we did not compare the VV and CV
models on an equal footing. From Table 1, we can see that the core-valence correlation is important in de-
termining the energy of the calculated levels, the CV results are found to be close to the Exp. [4] results, and
the maximum difference is only 0.8%.

TABLE 1. Energy Levels (cm™!) for Lower States of Ge-like Pd Ions
as a Function of Increased Active Sets of Orbitals

Valence-Valence corrections Core-Valence corrections
Key | Levels n=>5 n==6 n=7 n=8 | n=4 | n=5 n=6 | Exp.[4]
1 45*4p? 3P, 0 0 0 0 0 0 0 0
2 | 45%4p?3P) | 36238 | 36274 | 36296 | 36303 | 36231 | 36480 | 36587 | 36879
3 | 45%4p*3P, | 49709 | 49713 | 49714 | 49716 | 50341 | 50069 | 50038 | 50024
4 | 45%4p*'D, | 97688 | 97687 | 97685 | 97687 | 98939 | 98449 | 98386 | 98299
5 45?4p* 1Sy | 134788 | 134682 | 134586 [134565/137307| 135912 |135509| 134394
6 4s4p5S, | 281789 | 282118 | 282273 |282308(282003 | 284489 (284859
7 4s4p3Dy | 342362 | 342572 | 342685 |342702|343678| 343968 [343785| 344280
8 4s4p>3D, | 346829 | 347062 | 347180 |347200|348212| 348849 |348747| 349448
9 4s4p>3Ds | 361197 | 361445 | 361567 |361588|362645| 363338 [363245| 363993
10 | 4s4p*3Py | 393413 | 393540 | 393627 [393639|395143| 395171 |394787
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TABLE 2. Comparison of the Energy Levels (cm™) Calculated with Available Experimental
and Theoretical Values of Ge-like Pd, Ag, and Cd Ions

Pd XV Ag XVI Cd XVII
levels CV Exp.[4] | Ref[5] CV Exp.[4] | Ref[5] CvV Exp.[4]
4s*4p* 3Py 0 0 0 0 0 0 0

4s*4p*3P, 36587 36879 | 37047 43066 43364 | 43648 50279 50622
4s*4p*3P; 50038 50024 | 50272 57413 57366 | 57741 65493 65490
4s*4p* ' D, 98386 98299 | 98492 112656 112548 | 112914 | 128382 | 128378
4s?4p* 'Sy | 135509 | 134394 | 134456 151180 150039 | 150226 | 168304
4s4p*3S, 284859 289253 308770 312570 | 333415
4s4p® 3Dy 343784 | 344280 | 343797 369587 | 369836 | 369187 | 396072 | 396359
4s4p*3D, | 348747 | 349448 | 349229 376549 | 377080 | 376782 | 405595 | 406214
4s4p*3Ds 363245 | 363993 | 363517 393338 | 393860 | 393266 | 424760 | 425385
4s4p* 3Py 394787 394668 426189 425858 | 458921
4s4p® 3P, 400273 | 400398 | 400238 432670 432385 | 466466
4s4p* 3P, 405519 | 405862 | 405407 438394 | 438459 | 437875 | 472562 | 472709
4s4p®'D, | 448173 | 448370 | 447731 485099 | 485082 | 484207 | 523932 | 524051
4s4p3S) 451811 | 451084 | 450706 484305 | 483331 | 482802 | 518029 | 517151
4s4p* ' Py 506754 | 506044 | 505673 546991 545974 | 545601 | 589147 | 588233

[US T NG T NG T NG T N6 T NG T NS T NS T NG T NG N NG S e e e S e W
O\ooo\lO\u].bwN—iO\ooo\lO\u\AwN_ao\ooo\]@m#WN'—‘g

4s%4pAD °F, | 515044 550014 585538
4s*4pAD *F3| 535019 572790 611274
4s*4p4D 3P| 559538 597313 635724
4s*4pAD 3Dy | 570428 608161 646362
45*4pAD 'D,| 594724 637993 682472
4s*4pAD 3Py | 602826 646599 691539
4s*4pAD*Py | 607663 651868 697289
4s*4p4D D3| 609270 653168 698208
4s*4p4D3D>| 613566 658625 705021
4s*4pAD 'F3| 652828 699284 746953
4s%4pAD 'Py | 662420 709626 758112

4p*3p; 709853 758520 808680

4p*3P, 741447 792881 845793

4p*3p 752695 808158 865492

4p*'D, 761973 817841 875752

In Table 2, the calculated energy levels of Pd XV, Ag XVI, Cd XVII were compared with the experi-
mental value [4] and the values of previous calculations [5] using the relativistic Hartree—Fock method.
“CV” indicates that core-orbital correlations are included. From Table 2, for the ions of Pd XV, we can see
that our MCDHEF results are in good agreement with the value of experiment. The maximum discrepancy be-
tween our calculated energies and experimental value is less than 0.8%. The results of our calculations agree
well with the theoretical values calculated by others [5], and the discrepancies are within 1% except for the
state of 4s4p®>S, (1.5%). For the ions of Ag X VI, the major part of 4s°4p?, 4s4p>, our results are closer to the
experimental values than those of other theoretical calculations. The maximum discrepancy between our cal-
culated energies and experiment is also less than 0.8%. For the ions of Cd XVII, our MCDHEF results are in
good agreement with the experimental values; there are no other theoretical values. Therefore, we can con-
clude that the configuration interactions we considered are enough to describe the system of Pd XV, Ag
XVI, Cd XVII. The excited states of 4s*4pdd, 4p* of Pd XV, Ag XVI, and Cd XVII are also calculated and
listed in Table 2. For these excited states, there are no other theoretical or experimental values so far. The
excited states of Pd XV, Ag XVI, and Cd XVII are important in nuclear fusion research as the spectra of
these ions may provide diagnostic information on magnetically confined plasmas.

Wavelengths of the Ge-like Pd, Ag, and Cd ions were calculated and are listed in Tables 3 and 4. Other
theoretical results and experimental value are also displayed to illustrate the accuracy of the calculated re-
sults. In Table 3, the calculated wavelengths for Ge-like Pd, Ag, and Cd ions are compared with experi-
mental wavelengths by Litzén and Zeng [4] and with theoretical results by Biémont et al. [5]. As can be seen
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TABLE 3. Comparison of Calculated with Experimental and Theoretical Wavelengths (A)
of 45*4p>—4s4p> Transition for Ge-like Pd, Ag, and Cd ions
Lower state | Upper state Pd XV Ag XVI Cd XVII
A A | Ref[5] | Exp.[4] | A A | Ref[5] | Exp.[4] | A, A | Exp.[4]
4s*4p* 3P, 4s4p*3Dy | 290.88 | 290.87 | 290.46 | 271.42 | 270.87 | 270.39 | 252.48 | 252.30
4s24p* 3P, 4s4p®3S, | 221.33 | 221.87 | 221.67 | 203.94 | 207.12 | 206.88 | 193.04 | 193.34
4s?4p? 3P, 4s4p3S) | 240.83 | 241.75 | 241.43 | 223.45 | 227.71 | 227.29 | 213.79 | 214.35
4s*4p* 3P, 4s4p*3D, | 320.35 | 320.32 | 319.93 | 301.20 | 300.18 | 299.66 | 281.44 | 281.22
4s*4p* 3P, 4s4p®3S, | 248.90 | 249.73 | 249.33 | 230.79 | 235.26 | 234.76 | 220.98 | 221.40
4s’4p* ' D, 4s4p> 1Py | 244.88 | 245.59 | 24525 | 227.45 | 231.11 | 230.72 | 217.03 | 217.46
4s?4p? 3P, 4s4p®3P, | 281.31 | 281.58 | 281.03 | 262.75 | 263.05 | 262.41 | 245.66 | 245.57
4s*4p* ' D, 4s4p*'D, | 285.89 | 286.33 | 285.66 | 267.99 | 269.32 | 268.42 | 252.81 | 252.73
4s?4p? 3P, 4s4p®3Dsy | 319.28 | 319.24 | 318.50 | 298.97 | 298.04 | 297.18 | 278.34 | 277.86
4s’4p* ' D, 4s4p*3Dsy | 377.56 | 377.32 | 367.37 | 357.60 | 356.69 | 355.48 | 337.41 | 336.69
4524p* 'S, 4s4p>'Py | 269.36 | 269.38 | 269.07 | 249.10 | 252.92 | 255.56 | 237.62
4s?4p? 3P, 4s4p*'Dy | 251.17 | 251.60 | 251.03 | 233.66 | 234.49 218.13
4s?4p? 3P, 4s4p®3Py | 274.96 | 275.33 | 275.08 | 257.21 | 257.24 240.28
4s*4p* 3P, 4s4p*3D, | 334.77 | 334.50 314.68 | 313.44 294.03
4524p* 3P 4s4p*3P, | 271.05 | 271.47 253.28 | 253.66 236.81
4s?4p? 3P, 4s4p*3Dy | 340.43 | 340.68 321.14 | 321.08 302.50
4s*4p* 3P, 4s4p’3Py | 285.52 | 285.74 266.99 | 266.92 249.39
4524p* 3P 4s4p*'P; | 212.69 | 213.39 196.57 | 199.22 185.57
4s?4p? 3P, 4s4p®3Py | 279.17 | 279.62 261.76 | 261.63 244.71
4s?4p* 3P, 4s4p*3D, | 325.52 | 325.99 307.11 | 307.18 289.19
4s24p* 3P, 4s4p*'P; | 19733 | 197.76 181.31 | 183.28 169.74
4s?4p? 3P, 4s4p>3Py | 249.83 | 249.85 231.70 | 231.28 214.38
45*4p* 'S 4s4p3S) | 316.15 | 316.20 293.91 | 300.68 285.94
TABLE 4. Wavelengths (A) of 4s?4p>—4s4p® and 4s%4p’—4s*4p4d Transition
for Ge-like Pd, Ag, and Cd Ions
Lower state | Upper state | Pd XV | AgXVI |CdXVII|Lower state| Upper state | PAXV [AgXVI| PdXVII
45%4p*3P 4s54p33S, | 402.78 | 379.70 | 353.19 | 4s%4p*'D, | 4s?4pAD 3F> | 240.01 | 228.46 | 218.74
4s’4p*1Sy | 4s4p33Dy | 480.13 | 458.01 | 439.04 | 45%4p*'D, | 4s*4pAD 3P, | 216.85 | 204.67 | 197.11
4s24p?'Sy | 4sd4p?3Py | 377.69 | 355.24 | 335.39 | 4s%4p>'D, | 4s*4pAD 'D,| 201.48 | 188.95 | 180.48
45%4p? 1D, | 4s4p35Sy | 536.27 | 514.68 | 487.73 | 4s*4p* 'D, | 4s*4p4AD 3Dy | 194.11 | 181.81 | 173.42
45%4p ' D, 454p33D; | 399.42 | 380.31 | 360.73 | 4s%4p?3P; | 4s?4p4D 3F» | 215.05 | 203.03 | 192.29
45%4p2 1D, | 4s4p*3P, | 325.59 | 306.98 | 290.55 | 4s%4p?3P, | 4s?4p4D P> | 196.27 | 184.02 | 175.37
45%4p?3P; | 4s4p3'P | 218.951202.23 | 190.97 | 45?4p*3P, |4s?4p4D 'D,| 183.59 | 171.21 | 162.08
45%4p2 1D, | 4s4p3D, | 407.50 | 389.79 | 373.57 | 4s*4p?3P, | 4s*4p4AD 3D, | 177.45|165.33 | 156.37
4524p2'D, | 4s4pP3Py | 331.25 | 312.78 | 295.78 | 4s24p?3P, | 4s?4pAD 3F5 | 206.19 | 194.16 | 183.22
4524p*'D,y | 4s4pP3S) | 282.95 | 264.23 | 256.64 | 4s*4p? 3P, | 4s?4p4D 3D;| 178.82 | 166.69 | 158.05
4524p? 3P, 454p>'D;y | 242.96 | 226.14 | 211.12 | 45%4p?3P; | 4s?4p4D 'F3 | 165.90 | 154.88 | 146.74
4524p?3P, | 4s4p33S, | 425.86 | 401.39 | 373.24 | 4s?4p? ' D, | 4s?4p4D 3F5 | 229.03 | 217.30 | 207.09
45%4p?3P, | 4s*4pdD 'Py | 159.79 | 149.47 | 141.28 | 4s5%4p®'D, | 4s*4p4D D5 | 195.74 | 183.46 | 175.49
45%4p?3P; | 4s?4pAD 3F, | 209.01 | 197.33 | 186.83 | 45%4p? ' D, | 4s?4p4D 'F5 | 180.36 | 169.25 | 161.66
4524p23P, | 4s?4pAD 3P, | 191.22 | 179.32 | 170.81 | 4s24p?3Py | 4s?4p4D 3Dy | 175.31 | 163.42 | 154.71
45%4p?3Py | 4s*4p4D 'D, | 179.17 | 167.13 | 158.18 | 4s*4p*3Py | 4s*4p4D 3Py | 164.56 | 152.73 | 143.41
45%4p?3Py | 4s*4p4D 3D, | 173.32 | 161.53 | 152.73 | 4s*4p*3Py | 4s*4p4D 'Py | 150.96 | 140.48 | 131.91
45%4p?3P; | 4s*4p4D 3D, | 192.16 | 180.22 | 172.16 | 4s*4p? 'S, |4s?4p4D 3Dy | 229.93 | 216.53 | 209.18
45%4p?3P; | 4s*4p4AD 3Py | 179.33 | 167.31 | 158.28 | 45%4p* 'S, | 4s*4p4D 3Py | 211.80 | 198.16 | 189.04
4s24p?3P, | 4s4paD 'Py | 163.30 | 152.72 | 144.38 | 4s%4p2 1Sy | 4s*4p4D 'Py | 189.79 | 178.01 | 169.55
454p*'D, | 4s?4p4D 3D, | 211.85 [ 199.98 | 193.06 | 4s?4p? 3P, | 4s*4pAD 3P| 176.60 | 164.99 | 155.94
45%4p D, | 4s24p4D3P; | 196.36 | 184.21 | 175.78 | 4s%4p?3P; | 4s*4p4D 3Dy | 187.32 | 175.71 | 167.76
45*4p'D, | 45*4pAD 'P; | 177.29 | 166.67 | 158.80 | 4s24p?3P; | 4s*4p4D 3P, | 175.11 | 163.42 | 154.56
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from Table 3, for the transition of 4s*4p>—4s4p*, our results are in good agreement with theoretical values by
Biémont et al. [5] and the experimental value [4] for the Ge-like Pd ions, which is the same as Ge-like Ag
ions except for the transition of *P;-3S1, 'D—'P1, 'So—'P1, where the maximum error is less than 2%. For the
Ge-like Cd ions, there are no other theoretical values, and our calculated results are in good agreement with
the experimental values. The good agreements above show that our calculated results are accurate and relia-
ble. Some other transition wavelengths of 4s?4p’>~4s4p® and 4s’4p’—4s*4p4d without experimental and theo-
retical values for Ge-like Pd, Ag, and Cd ions are also listed in Table 4.

In addition, the transition probabilities and oscillator strengths for the transition of 4s°4p*—4s4p*® for Ge-
like Pd, Ag, and Cd ions with CV correction are listed in Table 5. They were calculated in both length and
velocity form. We only show the calculated results in length form because the length form is more stable
than the velocity form. We also provide other theoretical values obtained by Biémont et al. [5].
From Table 5, we can clear see that the calculated oscillator strengths of Ge-like Pd and Ag ions are in good
agreement with the value of Biémont [5], except for the transition of 'D,—'D,, 3P»-3P>, P1—P,, where the
maximum error reaches 27%. For the Ge-like Cd ions, there are no experimental and theoretical values to
compare. The difference in the two calculation methods is the reason for the large disagreement in results.
Unfortunately, there are no experimental results to compare.

TABLE 5. Transition Probabilities and Oscillator Strengths for £1 Transitions
of the Ge-like Pd, Ag, and Cd Ions

Lower Upper Pd XV Ag XVI Cd XVII
state state A, st |log(g)| Ref[5] | A,s!' [|log(gf)|Ref[5]] A,s' | log(gh
4s*4p*3Py | 4s4p>>Dy | 7.23D+09 | -0.56 | —0.52 |8.78D+09 | —0.54 | —0.50 | 1.06D+10| —0.52
4s24p? 3Py | 4s4p*3Py | 2.33D+09 | —1.18 | —1.18 [2.62D+09 | —1.20 | —1.20 | 2.94D+09 | —1.22
4s?4p*3Py | 4s4p3S; | 1.02D+10 | —-0.65 | —0.63 [1.13D+10| —0.66 | —0.64 | 1.24D+10| —0.68
4s*4p*3Py | 4s4p®'Py | 1.60D+09 | —=1.55 | —1.54 [1.93D+09 | —1.54 | —1.52 [2.39D+09 | —1.51
4524p* 'Sy | 4s4p*38) | 1.16D+09 | —1.28 | —1.18 |1.31D+09| —1.27 | —1.18 | 1.49D+09 | —1.26
4524p* 'Sy | 4s4p*'Py | 9.36D+09 | -0.51 | —0.46 |1.04D+10| —0.52 | —-0.47 | 1.16D+10| —0.53
4s24p*3Py | 4s4p*3Py | 1.09D+10 | -0.89 | -0.87 [1.25D+10| —0.89 | —0.87 | 1.42D+10| —0.89
4s?4p?3Py | 4s4p>3Dy | 3.54D+07 | =2.77 | -2.77 |1.12D+07 | =3.32 | =3.37 | 2.92D+05 | —4.96
4s%4p?3Py | 4s4p*3P; | 1.01D+10 | —0.46 | —0.43 [1.22D+10| —0.44 | -0.41 | 1.47D+10| —0.42
4s’4p?3Py | 4s4p®3S) | 1.96D+10 | —0.29 | —0.27 |2.12D+10| —0.31 | —0.29 |2.28D+10| —0.33
45%4p*3Py | 4s4p®'Py | 1.33D+10 | =0.57 | -0.52 [1.51D+10| —0.57 | —0.53 | 1.70D+10| —0.58
4s’4p? 3Py | 4s4p>3Dy | 4.43D+09 | —0.47 | —0.43 |4.96D+09 | —0.48 | —0.44 | 5.52D+09 | —0.48
4s?4p* 3Py | 4s4p*3P; | 6.59D+06 | —3.44 | -3.87 |5.62D+04 | —5.57 | —4.04 | 1.10D+07 | -3.33
4s*4p*3P, | 4s4p>3D; | 4.83D+08 | -1.60 | —1.53 |6.85D+08 | —1.50 | —1.44 | 9.47D+08 | —1.41
4s*4p> Py | 4s4p Py | 6.35D+08 | —1.63 | —1.58 | 6.49D+08 | —1.68 | —1.64 | 6.61D+08 | —1.73
45*4p>°Py | 4s4p’>S) | 5.10D+10 | 0.15 | 0.18 |5.63D+10| 0.14 | 0.16 [6.20D+10| 0.13
4s°4p*'D, | 4s4p®'Py | 4.94D+10 | 0.12 | 0.15 |5.47D+10| 0.12 | 0.14 |6.04D+10| 0.11
4s%4p*3P, | 4s4p>°D; | 8.52D+07 | —=2.15 | —2.10 |1.20D+08 | —2.05 | —2.03 | 1.57D+08 | —1.99
4s*4p*°Py | 4s4p>*P> | 1.27D+10 | -0.12 | —0.08 |1.51D+10| -0.11 | —0.07 | 1.78D+10 | —0.09
4s%4p*3P, | 4s4p>'Dy | 2.18D+09 | =0.99 | -0.93 [2.10D+09 | —1.06 | —1.03 | 1.91D+09 | —1.16
45°4p*'D, | 4s4p®'D, | 1.47D+10 | —0.04 | 0.01 |1.59D+10| —0.06 | —0.02 |1.71D+10| —0.09
45?4p?3P, | 4s4p>3D; | 2.45D+09 | —0.58 | —0.53 |2.73D+09 | —0.60 | —0.55 |3.03D+09 | —0.61
4s?4p*'D, | 4s4p*3D5 | 1.18D+09 | —0.75 | —0.69 |1.40D+09| —0.73 | —0.68 |1.65D+09 | —0.70

4s’4p?3P) | 4s4p>3S, | 2.47D+08 | —1.52 3.52D+08 | —1.43 4.86D+08 | —1.34
45?4p?3P, | 4s4p*'Py | 3.63D+07 | -3.11 1.00D+08 | —2.72 2.03D+08 | —2.48
4s*4p* 'D, | 4s4p*3Dy | 2.33D+08 | —1.76 2.59D+08 | —1.75 2.79D+08 | —1.76
4s°4p*'D, | 4s4p*3P; | 8.96D+06 | —3.35 4.79D+05 | —4.68 3.96D+06 | —3.81
4s?4p* 'D, | 4s4p*3S) | 5.56D+08 | —1.70 7.78D+08 | —1.60 1.04D+09 | -1.51
4s*4p*3P, | 4s54p®3S, | 1.86D+08 | —1.60 2.53D+08 | —1.52 3.36D+08 | —1.45
45%4p*'D, | 4s4p*3S, | 1.50D+07 | —2.49 1.87D+07 | —2.44 2.21D+07 | —2.40
4s’4p* ' D, | 4s4p*3D, | 5.56D+07 | -2.18 6.81D+07 | —2.13 8.46D+07 | —2.08

45*4p* 'D, | 4s4p*3P, | 2.08D+08 | —1.78 3.47D+08 | —1.61 5.43D+08 | -1.46
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Conclusions. In this paper we report on the relativistic multiconfiguration Dirac—Hartree—Fock method
of energy levels, wavelengths, and the transition probabilities of the Ge-like Pd, Ag, and Cd ions. We con-
clude that the energy levels obtained by considering the CV correlation agree well with the experimental and
other theoretical values. Some new and previously unpublished energy levels, wavelengths, transition proba-
bilities, and oscillator strengths for the Ge-like Pd, Ag, and Cd ions have been obtained. We hope that these
results will be beneficial in analyzing previous experiments and planning new ones.
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