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Abstract. The direct and resonant photoionization processes of Na-like Cr13+ ions

from the ground state 1s22s22p63s 2S1/2 and two lowly excited 1s22s22p63p 2P1/2, 3/2

states are explored by means of relativistic R-matrix calculations. Particular emphasis

is placed on analysis of resonance structures and determination of direct and resonant

ionization limits. For this purpose, we calculated the energy levels of Cr13+ and

adjacent Cr14+ ions, together with the photoionization cross sections over a wide

photon energy range on a fine grid. The obtained ionization limits are found to be

in good accordance with the NIST values. For the ground state, 25 well-resolved

resonance peaks are identified, with their respective total angular momentum and

parity determined. By comparing the energy levels with the resonance positions

extracted from the cross sections, these resonances are assigned to the double-excitation

channels 1s22s22p53lnl′ (l = p, d). In contrast, for the two excited states, only

the direct ionization limits can be reliably determined. Owing to high density and

complexity of the resonance structures, individual resonances and their corresponding

resonant ionization limits cannot be unambiguously identified. This work provides a

comprehensive set of photoionization cross-section data for Na-like Cr13+ ions, filling

a critical gap in direct and resonant photoionization studies and offering valuable

support for diagnostic analysis and numerical modeling of chromium-containing

astrophysical and laboratory plasmas. In addition, the photoionization dataset

supporting the present findings is publicly retrievable from the Science Data Bank at

https://www.scidb.cn/s/JFjQnm (https://doi.org/10.57760/sciencedb.j00113.00331).
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1. Introduction

Photoionization is an essential atomic mechanism that occurs in a wide range of

environments, including astrophysical plasmas [1–4], laboratory plasmas [5, 6], stellar

atmospheres [7–10], and the Earth’s upper atmosphere [11–13]. In astrophysics, accurate

photoionization data are crucial for spectral modeling of stellar atmospheres, interstellar

medium, and nebulae, being the fundamental basis of quantifying elemental abundances

across the cosmos as well as of analyzing stellar chemical evolution pathways [14–17]. In

laboratory plasma physics, these data provide essential support for plasma diagnostics

in magnetic and inertial confinement fusion devices, as well as for characterizing laser-

produced plasmas [18–20]. Furthermore, photoionization cross sections and relevant

atomic parameters serve as reliable benchmarks for studying complex many-electron

dynamics, such as electron correlation and relativistic interactions [21–24].

Chromium (Cr), a member of the iron-group elements [25, 26], possesses atomic

data of high relevance to both astrophysics [27–29] and fusion research [30–32]. The

cosmic abundances of transition metals from scandium to nickel (21 ≤ Z ≤ 28) exhibit

a characteristic “peak” structure around iron [33–35]. As a representative element

of this group, photoionization cross sections and radiative transition probabilities

of Cr are fundamental for analyzing late-type stellar spectra and performing non-

local thermodynamic equilibrium modeling of astrophysical plasmas [35–37]. Beyond

astrophysics, chromium serves as a major constituent of stainless steel, a widely used

structural material in fusion devices such as tokamaks [38, 39]. Consequently, chromium

ions widely exist as impurities within fusion plasmas, and their atomic properties directly

affect the precision of plasma diagnostics as well as the evaluation of key plasma

properties such as electron density, temperature, and ionization balance [40, 41]. A

particularly important class of ions for these studies is the Na-like isoelectronic sequence.

These ions possess a simple closed-shell structure with a single valence electron, making

them ideal systems for atomic structure calculations and for probing fundamental

atomic processes [42–44]. Highly charged Na-like ions are abundant in various high-

temperature plasma environments. Their relatively simple spectral structure makes

them exceptionally suitable for applications ranging from plasma diagnostics and X-ray

laser development to L-shell diagnostics in fusion plasmas [45–50].

Existing research on the photoionization of chromium has primarily focused on

neutral Cr and its lowly charged ions [51–54]. Early studies successfully identified Cr

spectral signatures in the interstellar medium and performed preliminary calculations

of photoionization cross sections for several low-ionization stages [55–58]. However,

systematic studies on highly ionized chromium ions remain scarce. Despite some

recent progress [59, 60], a comprehensive theoretical investigation into the direct
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and resonant photoionization processes of highly ionized Cr13+ is still lacking. To

fill this gap, we conduct a systematic investigation into the photoionization of Na-

like Cr13+ ions by employing the fully relativistic R-matrix approach together with

the multiconfigurational Dirac-Hartree-Fock (MCDHF) method, which provides a

comprehensive set of photoionization data for the first time. These results, together

with other relevant datasets, are expected to be used for stellar spectral modeling,

fusion plasma diagnostics, and broader understanding of dynamical effects in highly

charged iron-group ions [61–63].

The remainder of this contribution is organized as follows. Section 2 reviews the

core components of the theoretical method adopted in this work, together with relevant

computational details. Section 3 presents and analyzes the obtained photoionization

results, with particular emphasis upon the cross sections, resonance structure, and direct

ionization limits. Finally, this work is summarized briefly in Section 4.

2. Theoretical method and computational details

2.1. Overview of the relativistic R-matrix theory

The present study is based primarily on the relativistic R-matrix theory and the

MCDHF method. As the MCDHF framework has been elaborated extensively in prior

literature (see, e.g., Ref. [64]), the present overview is confined just to the essentials of the

R-matrix theory. Wigner and coworkers originally proposed the foundational R-matrix

framework in 1947 for nuclear physics research [65]. Beginning in 1971, Burke et al.

developed the non-relativistic R-matrix method and its associated computational code

particularly for atomic physics [66]. In 1975, Chang [67] developed an improved version

of the R-matrix package based on the GRASP program, which was successfully applied

to heavy-ion calculations. In 2004, Norrington et al. [68] released the fully relativistic

Dirac Atomic R-matrix Code (DARC), which has been widely used in studies of various

processes such as electron impact excitation and photoionization. For example, we

studied the photoionization of Si2+, Ca7+, and W63+ ions by means of the DARC package

[69–71].

The R-matrix theory is built on the central ideology of partitioning the scattering

space into both inner and outer regions by a sphere of radius a. Within this theoretical

framework, the continuum electron and the target ion possessing N electrons form an

(N + 1)-electron scattering system. The inner region (i.e., with r < a) is treated as an

(N + 1)-electron system, analogous to a bound state, with its wave function given by a

configuration-interaction wave function, constructed as described in Ref. [68],
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ΨN+1
k =

∑
ij

cijkÂ[ΦN
i , uij]

Jπ +
∑
q

dqkθ
N+1
q . (1)

Here, the symbol Â[ΦN
i , uij]

Jπ stands for the coupled wave function of the composite

(N + 1)-electron system. It is explicitly constructed by coupling the target-ion wave

function ΦN
i ≡ |J ti πti〉 (describing the N -electron system after photoionization) with

the continuum-orbital one of the photoelectron, uij ≡ |εκm〉, in which the quantities

ε, κ, and m denote its kinetic energy, Dirac quantum number, and magnetic quantum

number. The antisymmetrization operator Â enforces the antisymmetry of the coupled

wave function upon exchanging the bound and continuum electrons. θN+1
q denotes the

correlation function that characterizes bound channels formed as a continuum electron

attaches to the N -electron target ion, thereby preserving wave function orthonormality

and completeness (1). Both the expansion coefficients cijk and dqk are determined via

the diagonalization of the Dirac Hamiltonian matrix for the (N + 1)-electron system

using variational methods. The indices i, j, and k label the channels, continuum-orbital

basis functions, and eigenvectors, respectively.

In the outer region (i.e., with r > a), the continuum electron can be considered

to move in the target-ion Coulomb potential, with its continuum-orbital wave function

obtained from asymptotic expansion or perturbative approximation. Ultimately, by

integrating the theoretical treatments for the inner and outer regions, the corresponding

R-matrix and K-matrix, as well as the desired photoionization cross sections, can be

obtained [72]. Specifically, under the electric-dipole (E1) approximation, one would

write the photoionization cross sections as follows with the use of the wave function Ψ−jε
of the composite (N + 1)-electron system and the one Ψi of the initial target ion [68],

σ =
8π2αC

3(2Ji + 1)

∑
ljJ

|〈Ψ−jε‖D̂1‖Ψi〉|2 . (2)

Here, D̂1 is the E1 operator of radiation fields. The superscript “–” on Ψ−jε indicates that

it has the asymptotic form of a Coulomb-modified plane wave. Ji is the total angular

momentum of the initial state of the target ion, while l and j are the orbital and total

angular momenta of the photoelectron, respectively. α is the fine structure constant.

For the length gauge, the constant C is set to be ω, whereas C = 1/ω applies to the

calculations within the velocity gauge.

2.2. Computational details and data acquisition

As non-dipole contributions of the ionizing light field have been known just to exert

negligible influence on atomic photoionization by light covering the infrared to soft x-ray
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range [73], all the calculations are carried out here under the E1 approximation. Energy

levels and wave functions of Cr14+ ions are calculated with the GRASP2K package,

which implements the MCDHF approach. The convergence of the calculated energy

levels, wave functions, and photoionization cross sections is tested by considering five

configuration models including principal quantum numbers up to n = 3, 4, 5, 6, and

7, yielding 37, 75, 113, 151, and 189 fine-structure energy levels, respectively. The

model with n = 3 already shows reasonable convergence. Nonetheless, to ensure reliable

structure and photoionization data, the present calculations adopt the configuration

model including principal quantum number up to n = 4, consisting of 11 configurations

and 16 Dirac orbitals. By means of the ORBS, INTS, NJGRAF, DSTGH, and PDSTG3

components of the DARC package, we compute in sequence the continuum-orbital bases,

radial integrals, angular integrals, Hamiltonian diagonalization, and the photoionization

cross sections on the basis of the obtained formatted “TARGET.INP” file. As far

as the present DARC calculations are concerned, a fine energy grid of 10−4 Ryd is

adopted, yielding 8×105 photon energy points to sufficiently describe the photoionization

cross sections in the energy regime considered. Because of the fine energy grid, the

narrow resonance peaks associated with inner-shell excitations can be resolved from

the photoionization cross sections. Furthermore, 30 continuum orbitals per angular

momentum are employed, which satisfies the recommended minimum of 20 continuum

orbitals for heavy atoms [74] and is well within the range commonly adopted in similar

R-matrix photoionization studies [75–77]. Within the present configuration model,

the radius of the R-matrix sphere is fixed at a = 4.44 a.u., being large enough to

incorporate all required orbitals, thereby ensuring a complete set of orbital bases. This

value is comparable to the radii adopted in R-matrix photoionization calculations for

other Na-like and Mg-like ions [75, 76], supporting the validity of the present choice.

For the resonant photoionization from the ground state [Ne]3s (J)π = (1/2)e (channel

number nc = 138; Hamiltonian size nH = 4259) of Cr13+ ions considered here, just

two combinations of total angular momentum J and parity π are allowable for the

doubly-excited intermediate states following the preceding photoexcitation, namely,

(J)π = (1/2)o (nc = 139; nH = 4288) and (J)π = (3/2)o (nc = 241; nH = 7415).

3. Results and discussion

Table 1 tabulates some of the lowly excited energy levels of Cr14+ ions obtained

in this work by using three computational schemes, i.e., DARC, Flexible Atomic

Code (FAC) [79], and GRASP2K [80]. The DARC and GRASP2K calculations

adopt the same configurations consisting of 1s22s22p6, 1s22s22p5nl (n = 3–4), and

1s22s2p6nl (n = 3), while the FAC calculation uses a broader set of configurations
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Table 1: Lowly excited energy levels (in eV) of Cr14+ ions computed using three different

computational schemes (i.e., the DARC, MCDHF, and FAC), compared with the NIST

reference values. ∆% = |MCDHF− NIST|/NIST× 100%.

Index Configuration 2S+1LJ DARC MCDHF FAC NIST [78] ∆%

1 2s22p6 1S0 0.00 0.00 0.00 0.00

2 2s22p53s 3P1 584.23 584.04 584.69 586.14 0.36

3 2s22p53s 3P0 591.47 591.08 591.60 593.1620 0.35

4 2s22p53s 1P1 592.64 592.22 592.89 594.28 0.35

5 2s22p53p 3S1 608.99 608.84 609.42 610.7994 0.32

6 2s22p53p 1S0 620.06 619.84 620.86 621.7266 0.30

7 2s22p53p 3P1 614.51 614.37 615.31 616.2803 0.31

8 2s22p53p 3D1 621.00 620.65 621.58 622.5173 0.30

9 2s22p53p 1P1 623.33 622.98 623.91 624.8768 0.30

10 2s22p53p 3P0 638.45 638.29 639.56 637.7271 0.09

11 2s22p53d 3P0 649.47 649.33 650.06 651.3445 0.31

12 2s22p53d 3P1 650.27 650.08 650.83 652.0848 0.31

13 2s22p53d 3D1 658.81 658.57 659.39 660.12 0.24

14 2s22p53d 1P1 669.78 669.37 670.21 670.30 0.14

15 2s12p63s 1S0 709.38 709.21 709.68 712.82 0.51

16 2s12p63p 3P1 732.77 732.74 733.12 730.82 0.26

17 2s12p63p 1P1 736.06 735.99 736.54 734.1 0.26

18 2s22p54s 3P1 784.43 784.29 784.61 786.8398 0.32

19 2s22p54s 3P0 792.86 792.48 792.77 794.7816 0.29

20 2s22p54s 1P1 793.15 792.76 793.08 795.0707 0.29

21 2s22p54p 3S1 794.96 794.83 795.03 796.9821 0.27

22 2s22p54p 3P1 796.46 796.32 796.69 798.62 0.29

23 2s22p54p 3D1 805.28 804.09 805.23 806.332 0.28

24 2s22p54d 3P0 809.40 809.27 809.61 811.5967 0.29

25 2s22p54d 3P1 809.78 809.62 809.96 811.9451 0.29

26 2s22p54d 3D1 813.58 813.41 813.60 815.5056 0.26

27 2s22p54f 3D1 816.90 816.74 817.06 819.1565 0.30

28 2s22p54d 1P1 822.05 821.66 821.75 823.4 0.21

comprising 1s22s22p6, 1s22s22p5nl (n = 3–10), 1s22s2p6nl (n = 3–10), and 1s22s2p53snl

(n = 4–10), resulting in 260 fine-structure levels. For brevity and comparison

with existing data, only those with total angular momentum J = 0 and 1

are presented in Table 1, while a complete set of the lowly excited energy

levels is available from the Science Data Bank at https://www.scidb.cn/s/JFjQnm

(https://doi.org/10.57760/sciencedb.j00113.00331). The listed levels follow the ordering

of the NIST compilation of experimentally determined energies [78], with the ground
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state 2s22p6 (1S0)
e serving as the zero-energy reference. The presently calculated results

are compared with one another as well as with the data compiled by the NIST [78]. The

relative deviations of the GRASP2K results from the NIST values are denoted by ∆%

in Table 1. The energy levels obtained from the three computational methods exhibit

excellent agreement. Specifically, the present MCDHF results show maximum relative

discrepancies of 0.20% with respect to the FAC values and 0.15% to the DARC values.

Compared to the NIST reference data, the present MCDHF, FAC, and DARC results

show maximum discrepancies of 0.51%, 0.44%, and 0.48%, respectively, as detailed

in Table 1. The slight difference between the DARC and MCDHF deviations from

the NIST values may be attributed to the distinct treatments of radial integrals and

relativistic effects. The consistency of the energy levels and wave functions of Cr14+ ions

obtained from the MCDHF approach with existing results confirms their convergence

and reliability, justifying their subsequent use in the cross-section calculations. The

validity of the n = 4 model for photoionization calculations is further supported by

convergence studies on ions with comparable electronic structures in similar photon

energy ranges, and by the expected isoelectronic trends in cross-section magnitude and

resonance density [75–77].
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Figure 1: Photoionization cross sections for direct and resonant processes from the

ground state 1s22s22p63s (2S1/2)
e of Na-like Cr13+ ions, shown in the length gauge (top

panel) and velocity gauge (bottom panel).
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Fig. 1 shows the cross sections for the direct and resonant photoionization from the

ground state [Ne]3s (2S1/2)
e of Na-like Cr13+ ions. The results for the (J)π = (1/2)o

and (3/2)o resonance channels from intermediate doubly-excited states are plotted

separately in the length gauge (top panel) and velocity gauge (bottom panel). Under

both gauges, the cross sections for the resonance channel (J)π = (3/2)o significantly

exceed those for the (J)π = (1/2)o one, a difference dominated by the statistical weight

factor, with minor contributions from dynamical effects. Under the constraints of the

E1 selection rule governed by total angular momentum and parity conservation, the

ionizing light excites Cr13+ ions into only both the channels from the ground state

(J)π = (1/2)e. Therefore, the total photoionization cross sections are obtained by

summing the contributions from both the channels, as shown in the figure. The direct

ionization limit of Cr13+ is determined to be 28.34 Ryd, being consistent with the

corresponding NIST value of 28.2354 Ryd. This agreement further supports the validity

of the present photoionization cross-section data. The relative deviations between

the length and velocity gauge results for the photoionization cross sections do not

exceed 14% for nearly all photon energies. In particular, the two gauges exhibit good

agreement in the low-to-intermediate photon energy region and across the dominant

resonance peaks. Given this consistency, hereafter, we focus exclusively on the results

calculated within the length gauge. When using the cross sections at high photon

energies, we recommend that the difference between the two gauge results be regarded

as an estimate of the inherent theoretical uncertainty. The total photoionization

cross sections obtained for both gauges are retrievable from the Science Data Bank at

https://www.scidb.cn/s/JFjQnm (https://doi.org/10.57760/sciencedb.j00113.00331).

Figure 2 presents the total photoionization cross sections obtained with the length

gauge, aiming to identify the resonance ionization limits of Cr13+ ions. The resonance

peaks are found to be closely spaced across photon energies ranging from 42 to 86 Ryd,

whereas at higher energies they become relatively sparse and the corresponding cross

sections level off. For this reason, calculations at photon energies beyond this range were

not pursued in the present study. As indicated by black arrows in the figure, several

abrupt variations in the otherwise smooth photoionization continuum originate from

the series limits of distinct Rydberg series. For illustration, the resonance ionization

limit of 71.30 Ryd is derived as the sum of the excitation threshold (42.96 Ryd) for the

2p53s 3P1 level and the direct ionization limit of 28.34 Ryd. Notably, this resonance

ionization limit corresponds exactly to the direct ionization limit of the 2p53s 3P1 level

of neighboring Cr14+ ions. This equivalence stems from the fact that a Rydberg series

limit of Cr13+ ions corresponds to the outermost electron occupying a state with such

a high principal quantum number n that it is effectively at infinity. Hence, the energy

levels of Cr14+ ions serve as reliable benchmarks for the Rydberg series limits of Cr13+
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Table 2: Resonance ionization limits for the ground-state resonant photoionization of

Na-like Cr13+ ions, defined by the energy levels of Cr14+ ions.

Index Energy level Ionization limit (Ryd)

1 2p53s 3P1 71.30

2 2p53s 3P0 71.83

3 2p53p 1S0 73.93

4 2s2p63s 1S0 80.50

5 2p54s 3P1 86.02

ions. Several additional ionization limits are also identified and labeled in Fig. 2, while

the relevant energy levels used to designate these limits are listed in Table 2. It should

be noted that further ionization limits also lie near these energy levels. However, they

can not be separately resolved due to their close spacing and partial overlap.

The resonant doubly-excited states of Na-like Cr13+ ions are analyzed in detail by

performing accurate energy-level calculations with the FAC package, where the reference

configurations include all those with n ≤ 15. By comparing these FAC energy levels

with the resonance peak positions extracted from the cross sections computed using the

DARC, the dominant resonant photoionization channels are identified. As illustrated in

Fig. 2, the resonance peaks originating from distinct or identical Rydberg series exhibit

a high density distribution across the photon energy range of 42–86 Ryd, which overlap

partially or even completely, making it impossible to identify them individually. Indeed,
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Figure 2: Total photoionization cross sections (length gauge) for direct and resonant

processes from the ground state 1s22s22p63s (2S1/2)
e of Cr13+ ions, as a function of

photon energy.
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these resonance peaks are so sharp that their relevant Rydberg series converge quickly to

their respective series limits, which inevitably leads to extensive resonance peak overlap

[81, 82]. This overlapping structure is directly driven by channel coupling [83], and the

critical role of relativistic effects in generating complex resonance structures has been

established even for low-Z ions [84]. From a theoretical standpoint, the overlapping
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Figure 3: Same as Fig. 2 but for the ionizing photon energy range of 45.5–54.5 Ryd.

Table 3: Resonance channels and associated resonant energies for those peaks assigned

in the ground-state photoionization of Na-like Cr13+ ions over the ionizing photon energy

range of 45.5–54.5 Ryd.

Index Resonance channel Photon energy (Ryd)

1 2p53p2 (J)π = (3/2)o 46.29

2 2p53p2 (J)π = (1/2)o 46.46

3 2p53p2 (J)π = (3/2)o 46.54

4 2p53p2 (J)π = (3/2)o 46.96

5 2p53p2 (J)π = (1/2)o 47.12

6 2p53p2 (J)π = (3/2)o 47.30

7 2p53p2 (J)π = (1/2)o 48.02

8 2p53p3d (J)π = (1/2)e 48.91

9 2p53p3d (J)π = (3/2)e 49.03

10 2p53d2 (J)π = (3/2)o 52.45

11 2p53d2 (J)π = (3/2)o 52.78

12 2p53d2 (J)π = (1/2)o 52.83

13 2p53d2 (J)π = (1/2)o 52.97

14 2p53d2 (J)π = (3/2)o 53.18

15 2p53d2 (J)π = (3/2)o 54.03
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Figure 4: Same as Fig. 2 but for the ionizing photon energy range of 57.9–60.6 Ryd.

Rydberg series can thus be attributed to relativistic intermixing and channel coupling

[85]. Because the resonance peaks are so closely spaced that they are difficult to resolve

individually, we zoom in on the cross sections over the photon energy ranges of 45.5–54.5

and 57.9–60.6 Ryd (as indicated by the red box in Fig. 2), for which the peaks become

sparse enough to be clearly distinguished. By matching the energy levels of Na-like Cr13+

ions with the resonance positions extracted from the photoionization cross sections, we

identify 25 relatively well-separated resonance peaks at the level of electron configuration

or even fine structure. These assignments are explicitly displayed in enlarged views in

Figs. 3 and 4, while the corresponding energies are tabulated respectively in Tables 3

and 4. As an illustrative example, the resonance peak at 46.29 Ryd is identified as the

level 2p53p2 (J)π=(3/2)o. As the photon energy increases, the resonance peaks become

so densely packed that they cannot be identified even at the electron-configuration level.

In addition to the ground-state photoionization of Cr13+ ions, we also examine

the direct and resonant photoionization from two lowly excited states [Ne]3p 2P1/2, 3/2.

Fig. 5 illustrates the associated total photoionization cross sections calculated within

the length gauge. As is the case for the ground state, the total photoionization cross

sections for both the lowly excited states are available from the Science Data Bank at

https://www.scidb.cn/s/JFjQnm (https://doi.org/10.57760/sciencedb.j00113.00331),

which are presented for both the gauges and all the ionizing photon energies considered.

Notably, the resonance structures associated with the two excited states closely resemble

those obtained for the ground state. The direct ionization limits of the states [Ne]3p 2P1/2

and [Ne]3p 2P3/2 are determined to be 26.07 and 25.95 Ryd, respectively. These results

exhibit excellent concordance with the values of 26.0238 and 25.8984 Ryd from the NIST

[78], with respective discrepancies of only 0.18% and 0.20%. Determining the resonant
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Table 4: The same as Table 3, but for the photon energy range of 57.9–60.6 Ryd.

Index Resonance channel Photon energy (Ryd)

1 2p53p4s (J)π = (1/2)e 58.22

2 2p53p4s (J)π = (3/2)e 58.29

3 2p53p4p (J)π = (1/2)o 58.84

4 2p53p4p (J)π = (1/2)o 59.24

5 2p53p4p (J)π = (1/2)o 59.41

6 2p53p4p (J)π = (3/2)o 59.45

7 2p53p4p (J)π = (1/2)o 59.49

8 2p53p4d (J)π = (1/2)e 60.01

9 2p53p4d (J)π = (3/2)e 60.09

10 2p53p4d (J)π = (1/2)e 60.30

ionization limits and identifying the resonance peaks for excited states proves much more

challenging compared with those for the ground state. The extreme density of peaks and

the inherently complex resonance structure essentially render any detailed investigation

infeasible. Nevertheless, the systematic photoionization data and theoretical analyses

obtained in this study, which cover ground- and excited-state photoionization processes

of Na-like Cr13+ ions, are expected to facilitate diagnostic interpretation and numerical

simulation of pertinent astrophysical and laboratory plasmas, complementing existing

datasets of other chromium ions.

4. Conclusions

In summary, a systematic theoretical study of photoionization of Na-like Cr13+ from

its ground state 1s22s22p63s 2S1/2 and two lowly excited states 1s22s22p63p 2P1/2, 3/2

was carried out by employing the R-matrix theory and the MCDHF approach. Energy

levels of Cr13+ and Cr14+ ions were obtained by means of three computational schemes

(i.e., the DARC, FAC, and GRASP2K). The obtained results agree well with the NIST

values. The generated wave functions were then used as input for the DARC to compute

the direct and resonant photoionization cross sections over a broad span of photon

energies with fine energy steps. For the ground-state photoionization, we identified 25

relatively well-resolved resonance peaks at the level of electron configuration or even

fine structure by matching the calculated energy levels with the resonance positions

extracted from the cross sections. These peaks were found to stem from the resonance

channels 1s22s22p53lnl′ (l = p, d). As for the excited states, however, the resonance

peaks were so structurally complex and densely spaced that neither individual peaks

nor the resonant ionization limits could be identified, despite the availability of the
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Figure 5: Same as Fig. 2 but for direct and resonant photoionization of Na-like Cr13+

ions from their lowly excited states [Ne]3p 2P1/2 and 2P3/2.

direct ionization limits. The present work addresses the gap in the direct and resonant

photoionization studies of Na-like Cr13+ ions and also provides a comprehensive set of

photoionization cross-section data, which is retrievable from the Science Data Bank at

https://www.scidb.cn/s/JFjQnm (https://doi.org/10.57760/sciencedb.j00113.00331).

Along with other relevant datasets, these results are expected to facilitate diagnostic

analysis and numerical simulation of chromium-containing astrophysical and laboratory

plasmas and also advance a broader understanding of dynamical effects in highly charged

iron-group ions.

Data availability

The data that support the findings of this study are openly available in the Science

Data Bank at https://www.scidb.cn/s/JFjQnm (https://doi.org/10.57760/sciencedb.j00113.00331).
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