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Photoionization data for the 1s? 2s? 2p% (So) ground state of neon like Ca'®", Sc''*, Ti!?*, V13* and Cr'#" ions are reported. The values
of ionization threshold limits, resonance energies, quantum defects, transition rates, and oscillator strengths for various Rydberg series
are tabulated. The Relativistic configuration-interaction (RCI) approach, implemented in the Flexible Atomic Code (FAC), was used
for all calculations. The RCI results for 2s 2p® (2S12) np resonance series show very good agreement with reported values in the
literature. In addition, new calculations on K-shell photoexcitations (1s 2s?2p®(?S1/2) np) in these ions are reported. These results would
be valuable for high-precision spectral modeling in astrophysical or laboratory plasmas.
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1. INTRODUCTION

Since the majority of matter in the Universe exists in an ionic form, the study of photoionization of positive ions
is essential for improving our understanding and modeling of both fusion [1] and astrophysics [2] plasmas. In
astrophysical nebulae, photoionization is an important process in controlling the ionization balance and, consequently,
determining elemental abundances. In particular, the photoionization of Ne-like isoelectronic sequence is of
astrophysical importance because the spectra of these ions serve as a key diagnostic tool for probing plasma conditions.
Moreover, Ne-like ions of middle and high atomic numbers are found in various plasma environments, including
electron-beam ion trap, tokamak, and solar atmosphere [3] [4]. In addition to their astrophysical relevance, these ions
have practical significance in X-ray laser research, where photoionization of these ions has been utilized to explain the
resonant photo-pumping scheme for driving lasing action [5]. Thus, ions belonging to the Ne isoelectronic sequence
have attracted considerable experimental and theoretical studies [6] [7] [8] [9] [10] across a wide range of Z due to
their broad application in plasma physics and astrophysics, as well as their stable closed-shell electronic structure.
Among these, the neon like Ca!®, Sc!!'*, Ti'2*, V13* and Cr!'** ions are of particular interest. Goyal et al. [11] reported
resonance energies and natural widths in the photoionization of Ne-like isoelectronic sequence (Z = 19 to 26) using
the Screening Constant by Unit Nuclear Charge (SCUNC) approach. Liang et al. [12] employed the Breit—Pauli
Hamiltonian within the R-matrix (B-P R-matrix) method to calculate the photoionization cross sections, resonance
positions and widths for Ne-like Ca XI. In addition, the 2s to np autoionizing resonance transitions in various Ne-like
ions were studied by Nrisimhamurty et al. [13] using the relativistic multichannel quantum-defect theory (RMQDT)
and relativistic random-phase approximation (RRPA). More recently, Alna’washi et al. [14] [15] [16] presented new
atomic data identifying 1s — np resonances in Ne and Ne-like ions, based on calculations performed within the
relativistic configuration-interaction (RCI) method.

Given that achieving high accuracy for spectral modeling and high-resolution X-ray interpretation remains a
significant challenge in astrophysical interest, this work extends our previous study [14] [15] [16] by performing new
calculations for the Ne-like Ca'%, Sc!''*, Ti'?*, V13*, and Cr'*" ions. Specifically, the present study focuses on the 1s? 2s
2p° (3S12) np ('Py) and 1s 2s? 2p® (3S1) np ('P)) resonance series of these ions. To achieve this, the Relativistic
Configuration Interaction (RCI) method, as implemented in the Flexible Atomic Code (FAC) [17], was employed for all
calculations. The computed quantities include the ionization threshold, resonance energy, oscillator strength, and electric
dipole (E1) transition rate corresponding to the 1s to np and 2s to np transitions with principal quantum number ranging
from n =3 to n =22. Section 2 presents a brief outline of the theoretical framework. Section 3 presents and discusses our
results in comparison with available literature data. Finally, we summarize and conclude in section 4.

2. THEORY
The RCI approach, as implemented in the FAC code, has already been extensively detailed in some literatures [14] [15]
[16] [17][18] [19]. Hence, a concise overview is provided here to outline the key aspects relevant to the present study.
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2.1. Atomic structure: framework of the Dirac equation
For N electrons atom or ion, the relativistic Hamiltonian (H), expressed in atomic units, can be written as:

, 1
H =Z§V=1HD(1)+Z{'V<”—U, (1)
where Hj (i), the one electron Dirac Hamiltonian, is given by:
Hp = ca; - aj + fm,c? —% 2

In Eq. (2), the term ca; - a; represents the electron’s kinetic energy where @; and a; are Dirac matrices. The term pm,c?
denotes the rest-mass energy, and (— %) corresponds to the Coulomb potential of the nucleus. The energy levels of any

atomic ion can be obtained by diagonalizing the relativistic Hamiltonian (H).

In FAC, atomic processes are treated with basis state functions generated from a single potential. The basis states (@,),
referred as configuration state functions (CSFs), are built as antisymmetric sums of the products of N single-electron
Dirac spinors @, im-

The approximate atomic state functions are constructed by linearly combining basis states, @,, with same symmetries as
follows:

y=2X,b,9, G

where b, are the mixing coefficients, which can be determined by diagonalizing the total Hamiltonian. The single-electron
Dirac spinors are defined as:

(p = 1 < PTlK(T)XKm(e’ ¢’ O-) ) (4)
M 1 \i Qe (M Xm0, $,0))
Here, n denotes the principal quantum number, m represents the z-component of total angular momentum, and y,., is

the spin-angular function. The relativistic angular quantum number x is expressed as:

k=(-7)2j+1). (5)

The functions P,, and Q,, are the Dirac spinor’s radial part components. These radial functions are obtained as
solutions to the Dirac differential equation for the local central potential V' (r) as follows:

(2= oV +2) 0t 0
(% - ;) Qnk = a(_gnx + V)Pmc(r)' ™

Here, «a is the fine-structure constant, and &, represents the energy eigenvalues associated with the corresponding radial
functions.

2.2. Radiative transition rates
The electric dipole (E1) transition rates are calculated within the single multipole approximation, which neglects the
interference between different multipole orders. The transition rates, A]Eil, is related to the transition line strength, S;f, and
wavelength of the transition, A, by the expression:

2.0261x10%8 _pq

E1 _
A = (2j+0a3 " ®)

. . . . . 2
Here, the generalized line strength of the transition Sy; is defined as the squared matrix element S¢; = |(<pf|0,€,|<pi)| ,
where 0f; is the multipole operator, ¢;, and @y are the wavefunctions of the initial and final states, respectively.
Furthermore, the weighted oscillator strength, gfy;, for different radiative channels is given by:

gffi = %(aw)ZL_ZSfis 9
where w = E; — E; is the energy of transition.

2.3. Resonance energy and quantum defect
The quantum defect concept is introduced in the treatment of highly excited Rydberg states, which in turn accounts
for the effects of core polarization and penetration. Within this framework, the revised Rydberg formula gives the energy
level of an electron E,, (in eV) as:

R(Z—N¢)?
Ep=Ew—" 555 (10)
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In this equation, R is the Rydberg constant, N.is the number of core electrons, §,, represents quantum defect,
and E, denotes the threshold limit.

2.4. Calculation procedure

Our configuration interaction (CI) expansion includes the ground state configuration (1s? 2s? 2p°) and excited
configurations (1s?> 2s 2p® np and 1s 2s? 2p® np) involving n goes to 22. To ensure convergence, we systematically
increased the configuration set and monitored the resonance energies and oscillator strengths. This process guaranteed
convergence for energy positions to within approximately 0.02 eV and for line strengths to within 2%. As mentioned in
the FAC manual, the estimated uncertainties in the radiative rates and oscillator strengths range from 10 to 20%, while
the accuracy within a few (eV) for the calculated energy levels. It is important to point out that the higher-order quantum
electrodynamic (QED) effects are excluded from the RCI approach, as their impact is negligible compared to that of
electron correlations. Furthermore, within FAC’s RCI methodology, autoionizing resonances are treated as bound-like
states, neglecting explicit continuum coupling. This approximation eliminates Fano interference and energy-dependent
continuum effects, causing systematic shifts in resonance positions.

3. RESULTS AND DISCUSSION
3.1 Threshold limits
The 1s? 2s 2p® (*S12) and 1s 2s? 2p® (3S12) series limits for the Ne-like ions with nuclear charge Z = 20 — 24 are
listed in Table 1, in addition to other theoretical results obtained by Goyal et al. [11] and Nrisimhamurty et al. [13], as
well as tabulated data from the NIST database [20], for comparison.

Table 1. Energy limit E,, (eV) of the 1s22s2p®(>S12) and 152s*2p®(?S112) thresholds of Cal!®*, Sc!''*, Ti'?*, V13*, and Cr*' ions.

Ion Configuration E2 EP ES ES

- 15225 2p° (S15) 679.7839 680.800 679.509 682.642
15 252 2p° (S ,) 4298.5845

Selt 1s? 25 2p° (S15) 781.2269 782.758 782.0369
1s 25> 2p° (*S1p) 4794.2941

_— 15 25 2p° (°S1) 889.6942 891,543 839.3088
1s 25> 2p° (*S1p) 5317.9877

. 15225 2p° (5S1) 1005.2103 1007.146 1004.828 1008.297
15 252 2p° (S1) 5869.7555

Crl+ 1s? 25 2p° (3S12) 1127.7993 1129.556 1127.871 1130.993
1s 25> 2p° (S 1) 6449.6768

*: Present work.

®: Goyal et al. [11].

¢ : National Institute of Standards and Technology (NIST) [20].
4 Nrisimhamurty et al. [13].

For these ions, it can be seen that the present results for the 1s?2s 2p°® (2Si,2) limit are in good agreement with the
results reported in the literature. The computed RCI energy limits show excellent agreement with the NIST data but lie
approximately 1-1.8 eV below the values obtained using SCUNC method. In contrast, the results from RMQDT by
Nrisimhamurty et al. [13] are slightly higher than the present RCI, SCUNC and NIST data for Ca!®", V3% and Cr'*" ions.
This discrepancy is likely attributed to omission of electron correlation effects in their RMQDT calculations. To the best
of our knowledge, the threshold limits of the 1s 2s? 2p® (S1,2) series have not been previously published for these five
neon-like ions (Ca, Sc, Ti, V and Cr). Consequently, the calculated RCI 1s 252 2p® (?Sy2) series limits presented here may
provide new findings for these K-shell excitations and may guide future theoretical and experimental studies.

3.2 The 1522s2p%(>S12) np ('P1) series

Following the determination of the energy thresholds, we investigate the resonance series associated with E1l
transitions from the ground state to the 1s?2s 2p® (3S12) np (P;) excited states of the Ca'®", Sc!!'*, Ti'?*, VI3* and Cr'4*
ions. For these resonances, we present RCI-calculated resonance energies (E,), transition rates (Afl-l), weighted
oscillator strengths (gf;;), and the quantum defects (&) obtained from Eq. (10) using the corresponding computed RCI
series limits. A comparison of our RCI results for the 2s 2p® (*S1,2) np Rydberg series with those from Goyal et al.
[11] is provided in Tables 2—6 for all five ions. For Ne-like Ca'%" ion, Table 2 also includes reference values from the
(B-P R-matrix) method [12]. The B-P R-matrix resonance energies for Ca'®* ion show excellent agreement with our
results for n = 5 — 15, with energy differences ranging from 0.08 eV to 0.42 eV. For all five ions, one can see from
Tables 2—6 that our RCI-calculated resonance energy values for the 2s 2p® (2S12) np ('P)) series agree well with the
SCUNC data with energy differences remaining below 1.9 eV. In addition, the RCI and SCUNC resonance energies
converge to nearly identical series limits with remarkably small differences of 1.02 eV, 1.53 eV, 1.85 eV, 1.94 ¢V, and
1.76 eV for Ca'®", Sc!'*, Ti'?*, V13*, and Cr'*" ions, respectively. This close agreement confirms the reliability of the
present RCI predictions, particularly for higher states. Based on the preceding comparisons, the absolute uncertainties
in the resonance energies are estimated as follows: £ 1.0 eV, +1.5eV,+1.9¢eV,+1.9¢V, and = 1.8 eV for Ca!®*,
Sc!*, Ti'?*, VI3* and Cr'#* ions, respectively.
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Table 2. Calculated Spectroscopic Parameters: Resonance energies (E},), quantum defects (&), transition rates (Afil), and oscillator

strengths (gf;;) for 1s?2s2p® np ('P1) resonances in Ca

10+

n E7 (eV) % AR ™Y 8fij ER (eV) & E; (V)
3 460.7453 0.25847 1.2562x10'2 4.091x10"!
4 562.8209 0.24829 5.3983x10" 1.178x10"!
5 606.9299 0.24636 2.7276x10" 5.119x10? 607.3513
6 630.0417 0.24705 1.5547x10" 2.708x1072 630.92 0.255 630.2552
7 643.6609 0.24911 9.6801x10'° 1.615%1072 644.62 0.254 643.8187
8 652.3546 0.25278 6.4248x10'° 1.044x1072 653.37 0.253 652.4828
9 658.2414 0.25812 4.4782x10'° 7.146x107 659.29 0.252 658.3523
10 662.4117 0.26523 3.2439x10'° 5.111x107 663.48 0.252 662.5115
11 665.4738 0.27415 2.4241x10'° 3.784x107 666.55 0.251 665.5660
12 667.7881 0.28511 1.8584x10'° 2.881x1073 668.87 0.251 667.8749
13 669.5799 0.29813 1.4559x10'° 2.245%107 670.67 0.251 669.6641
14 670.9954 0.31340 1.1618x10'° 1.784x1073 672.09 0.250 671.0763
15 672.1331 0.33103 9.4165x10° 1.441x107 673.23 0.250 672.2124
16 673.0612 0.35120 7.7381x10° 9.800x10* 674.16 0.250
17 673.8283 0.37391 6.4359x10° 8.223x10* 674.93 0.250
18 674.4695 0.39947 5.4102x10° 8.549x10* 675.57 0.250
19 675.0110 0.42787 4.5914x10° 6.967x10* 676.12 0.250
20 675.4724 0.45936 3.9298x10° 5.955x10* 676.58 0.250
21 675.8688 0.49397 3.3895x10° 5.130x10* 676.98 0.250
22 676.2118 0.53202 2.9439x10° 4.451x10* 677.32 0.250
oo 679.7839 680.800
* : Present RCI results.
®: SCUNC calculations of Goyal et al. [11].
¢ : B-P R-matrix code calculations of Liang et al. [12].
Table 3. Calculated Spectroscopic Parameters: E,,, &, Afll and gf;; for 1s*2s 2pS np ('P1) resonances in Sc''*.
n E7 (eV) I AR (sTH 8fij Ep (eV) &
3 523.5293 0.24269 1.6887x10"2 4.260x10!
4 643.1629 0.23295 7.2497x10" 1.213x10!
5 695.0858 0.23090 3.6641x10" 5.243x1072
6 722.3511 0.23136 2.089x10" 2.768%1072 723.75 0.238
7 738.4419 0.23301 1.3014x10" 1.650%1072 739.91 0.238
8 748.7241 0.23608 8.6406x10"° 1.066x1072 750.25 0.237
9 755.6920 0.24060 6.0251x10" 7.294x107 757.25 0.237
10 760.6314 0.24662 4.3653%10'° 5.216x107 762.21 0.236
11 764.2599 0.25419 3.2632x10'° 3.863x107 765.85 0.236
12 767.0035 0.26347 2.5021x10" 2.941x107 768.60 0.236
13 769.1282 0.27458 1.9606x10'° 2.291x1073 770.73 0.236
14 770.8072 0.28759 1.5647%10'° 1.821x107 772.42 0.236
15 772.1571 0.30253 1.2684x10'° 1.471x107 773.77 0.235
16 773.2585 0.31964 1.0422x10'° 1.205%107 774.87 0.235
17 774.1689 0.33901 8.6718x10° 1.000x107 775.79 0.235
18 774.9301 0.36069 7.2907x10° 8.394x10* 776.55 0.235
19 775.5730 0.38481 6.1879x10° 7.112x10* 777.19 0.235
20 776.1209 0.41150 5.2967x10° 6.079x10* 777.74 0.235
21 776.5916 0.44097 4.5687x10° 5.237x10* 778.21 0.235
22 776.9990 0.47321 3.9685%10° 4.545%x10* 778.62 0.235
) 781.2269 782.758
* : Present RCI results.
b : SCUNC calculations of Goyal et al. [11].
Table 4. Calculated Spectroscopic Parameters: Ey, &,, A7 and gf;; for 1s2s 2p® np ('P1) resonances in Ti'?".
n E} (V) S LACED) 8fij ER (eV) &
3 590.2818 0.22879 2.2147x10" 4.3945%10"!
4 728.8120 0.21950 9.4955x10" 1.236x10"!
5 789.1685 0.21739 4.7996x10" 2.808%1072
6 820.9233 0.21769 2.7370x10" 2.708%1072 822.64 0.223
7 839.6881 0.21902 1.7058x10"! 1.673x1072 841.47 0.224
8 851.6902 0.22162 1.1329x10" 1.080x1072 853.52 0.223
9 859.8293 0.22549 7.9025x10'° 7.390%x1073 861.69 0.223
10 865.6021 0.23064 5.7265x10'° 5.284x1073 867.49 0.223
11 869.8445 0.23717 4.2818x10'° 3.913x1073 871.75 0.223
12 873.0535 0.24513 3.2840x10'° 2.979x1073 874.97 0.223
13 875.5393 0.25469 2.5735%x10'° 2.321x1073 877.46 0.223
14 877.5042 0.26585 2.0541x10" 1.844x1073 879.43 0.223
15 879.0842 0.27871 1.6655%10'° 1.490%1073 881.01 0.222
16 880.3736 0.29342 1.3689%10'° 1.221x1073 882.31 0.223
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n Eq (eV) 5 AR (™Y gfij Ep (eV) &5
17 881.4396 0.31003 1.1388x10' 1.013x1073 883.37 0.223
18 882.3310 0.32863 9.5759x10° 8.504x10* 884.27 0.223
19 883.0839 0.34939 8.1282x10° 7.206x10* 885.02 0.223
20 883.7256 0.37239 6.9583x10° 6.160x10* 885.66 0.223
21 884.2770 0.39768 6.002x10° 5.307x10* 886.22 0.223
22 884.7542 0.42553 5.2142x10° 4.605x10* 886.69 0.223
) 889.6942 891.543
# : Present RCI results.
®: SCUNC calculations of Goyal et al. [11].
Table 5. Calculated Spectroscopic Parameters: Ey,, &,, Af{' and gf;; for 1s?2s 2p° np ('P1) resonances in V'3*
n Eq (eV) o AR (™Y gfij Ep (eV) &
3 661.0276 0.21648 2.8432x10"2 4.499%10!
4 819.7928 0.20761 1.2174x10" 1.252x10!
5 889.2021 0.20549 6.1534x10" 5.381x102
6 925.7824 0.20569 3.5104x10" 2.832x1072 927.60 0.210
7 947.4239 0.20678 2.1882x10" 1.685x1072 949.29 0.211
8 961.2773 0.20901 1.4538x10" 1.088x102 963.19 0.211
9 970.6776 0.21234 1.0142x10" 7.442x107 972.62 0.211
10 977.3480 0.21682 7.3513x10'° 5.321x107 979.32 0.211
11 982.2519 0.22251 5.4977x10'° 3.940x107 984.24 0.211
12 985.9625 0.22942 4.2174x10"° 2.999x1073 987.96 0.211
13 988.8376 0.23772 3.3054x10'" 2.337x1073 990.84 0.211
14 991.1106 0.24745 2.6385x10'"° 1.857x107 993.12 0.211
15 992.9387 0.25863 2.1397x10"° 1.500%x1073 994.95 0.211
16 994.4308 0.27144 1.7589x10'"° 1.230x1073 996.45 0.211
17 995.6646 0.28584 1.4634x10'"° 1.021x107 997.69 0.211
18 996.6964 0.30201 1.2305%10'° 8.564x10* 998.72 0.211
19 997.5679 0.32015 1.0446x10'° 7.257x10* 999.59 0.211
20 998.3109 0.34004 8.9434x10° 6.204x10* 1000.34 0.211
21 998.9493 0.36205 7.7156x10° 5.346x10* 1000.98 0.211
22 999.5019 0.38620 6.7026x10° 4.639x10* 1001.53 0.211
oo 1005.2103 1007.146
*: Present RCI results.
®: SCUNC calculations of Goyal et al. [11].
Table 6. Calculated Spectroscopic Parameters: Ey, &,, Aff and gf;; for 1s22s 2p° np ('P1) resonances in Cr'*".
n Eq (eV) 5 AR ™Y gfij Ep (eV) &
3 735.7920 0.20550 3.5833x10"? 4.576x10™!
4 916.1298 0.19703 1.5323x10" 1.262x10
5 995.2111 0.19494 7.7450x10" 5.406x1072
6 1036.9528 0.19506 4.4200x10" 2.842x1072 1038.60 0.199
7 1061.6735 0.19597 2.7559x10" 1.690x1072 1063.35 0.200
8 1077.5096 0.19789 1.8314x10" 1.091x1072 1079.24 0.200
9 1088.2609 0.20082 1.2779x10" 7.460x10° 1090.02 0.200
10 1095.8933 0.20475 9.2648x10'° 5.333x10° 1097.68 0.200
11 1101.5063 0.20975 6.9296x10'° 3.949x107 1103.31 0.200
12 1105.7546 0.21582 5.3168x10'° 3.006x107 1107.57 0.200
13 1109.0471 0.22310 4.1676x10'° 2.343x1073 1110.87 0.200
14 1111.6506 0.23162 3.3272x10"° 1.861x107 1113.48 0.200
15 1113.7448 0.24144 2.6984x10'° 1.504x10° 1115.58 0.201
16 1115.4543 0.2527 2.2185x10'" 1.233x10° 1117.29 0.201
17 1116.8680 0.26539 1.8459x10'° 1.023x10° 1118.71 0.201
18 1118.0504 0.27959 1.5523x10'"° 8.585x10* 1119.89 0.201
19 1119.0493 0.29544 1.3179%10" 7.256x10* 1120.89 0.201
20 1119.9008 0.31301 1.1283x10"° 6.220x10* 1121.75 0.201
21 1120.6326 0.33231 9.7348%10° 5.359x10* 1122.48 0.201
22 1121.2661 0.35346 8.4571x10° 4.651x10* 1123.11 0.201
oo 1127.7993 1129.556

2 : Present RCI results.

®: SCUNC calculations of Goyal et al. [11].

The quantum defects calculated for Ne-like isoelectronic sequence reveal a noticeable increase with the principal
quantum number n. This behavior indicates the growing dominance of the core polarization effect as n increases. In
contrast, §5CUNC values for all ions exhibit no noticeable change across n = 6 — 22. As expected for high-n Rydberg
states, the transition rate values for all studied ions drop by at least two orders of magnitude. Meanwhile, the oscillator
strength values exhibit an even more pronounced decline of over three orders of magnitude, indicating the reduced overlap
associated with the state wavefunctions.
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3.3 The 1s2s*2p°(*S12) np ('P)) series

Tables 7-11 present the RCI-calculated resonance parameters for the inner shell 1s — np excitations (n = 3 — 22)
for Ne-like ions with 10 <Z < 14, respectively. It can be seen that the calculated energies demonstrate a clear convergence
trend toward their respective series limits with increasing n. In addition, the quantum defect values display minimal
variation, with average values of 0.27 for Ca'*,0.25 for Sc!'*, 0.24 for Ti'?*, 0.22 for V!3*, and 0.21 for Cr'#*. The stability
of ¢, indicates that the core polarization effect is largely independent of n. Both the transition rates and oscillator
strengths follow similar decreasing trend with increasing the principal quantum number. The behavior of the transition
rates is in accordance with that of electric dipole-allowed transitions in Rydberg series, whereas the trend of the oscillator
strengths can be attributed to the reduced overlap between the initial and final states.

Table 7. Present RCI Spectroscopic Parameters: E,, &y, Affll and gf;; for the 1s2s?2p% (3S12) np (‘P1) series in Ca'®" ion.

n En (eV) n AR ™Y gfij

3 4075.7419 0.28197 2.1720%10" 9.040x1072
4 4180.3278 0.26887 8.3378x10" 3.299x1072
5 4225.1686 0.26459 4.0696x10" 1.576x107*
6 4248.5758 0.26240 2.2961x10" 8.795%107
7 4262.3341 0.26098 1.4173%10" 5.394x107
8 4271.1030 0.26015 9.3575x10" 3.546x107
9 4277.0341 0.25972 6.4991x10" 2.456x107
10 4281.2325 0.25957 4.6963x10" 1.771x107
11 4284.3130 0.25966 3.5035%10" 1.320x107
12 4286.6401 0.25993 2.6830x10'" 1.009x1073
13 4288.4409 0.26037 2.0998x10'" 7.894x107*
14 4289.8630 0.26093 1.6741x10" 6.289x107
15 4291.0057 0.26152 1.3561x10" 5.092x107*
16 4291.9376 0.26222 1.1139x10" 4.181x107*
17 4292.7076 0.26295 9.2608x10'° 3.475%107
18 4293.3511 0.26378 7.7824%10'° 2.919x107*
19 4293.8945 0.26445 6.6026x10"° 2.476x107*
20 4294.3574 0.26525 5.6500x10'° 2.118x107
21 4294.7550 0.26606 4.8722%10" 1.826x107*
22 4295.0990 0.26696 4.2308%10" 1.586x107
oo 4298.5845

Table 8. Present RCI Spectroscopic Parameters: Ey,, &,,, AZ} and gf; ; for the 152s?2p° (%S112) np ('P1) series in Sc''* ion.

n En (CV) §n AjE:zl (571) gfl}

3 4532.3767 0.26499 2.7733x10" 9.334x1072
4 4654.7836 0.25253 1.0695%10" 3.299x1072
5 4707.5176 0.24839 5.2325x10" 1.632x1072
6 4735.1112 0.24635 2.9595%10" 9.126x107
7 4751.3567 0.24503 1.8287x10' 5.600x107
8 4761.7228 0.24425 1.2083x10' 3.684x1073
9 4768.7402 0.24386 8.3970x10" 2.553x107
10 4773.7109 0.24370 6.0710x10" 1.842x107
11 4777.3599 0.24379 4.5304x10" 1.372x107*
12 4780.1176 0.24407 3.4705%10" 1.050x107
13 4782.2526 0.24439 2.7170x10" 8.214x10™*
14 4783.9390 0.24488 2.1667x10" 6.546x107
15 4785.2944 0.24540 1.7555%10" 5.300x107*
16 4786.4000 0.24602 1.4422x10" 4.352x107*
17 4787.3137 0.24666 1.1992x10"! 3.618x10™*
18 4788.0775 0.24727 1.0079x10" 3.040x10™
19 4788.7224 0.24800 8.5524x10" 2.578x107
20 4789.2720 0.24856 7.3192x10'° 2.206x107*
21 4789.7441 0.24915 6.3122x10'° 1.902x107
22 4790.1526 0.24983 5.4818x10' 1.652x107
oo 4794.2941

Table 9. Present RCI Spectroscopic Parameters: Ey, &,, A7 and gf;; for the 1s25*2p® (3S12) np ('P1) series in Ti'?" jon.

En (eV) Sn AfE (™ efy
5013.9358 0.25002 3.4800x10" 9.571x1072
5155.5039 0.23817 1.3474x10" 3.505x1072
5216.7516 0.23420 6.6055x10" 1.678%1072
5248.8680 0.23230 3.7449x10" 9.398x107
5267.8036 0.23106 2.3161x10" 5.770x1073

N kWS
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n En (V) Sn AfE (™ efy

8 5279.8982 0.23036 1.5313x10" 3.798x107
9 5288.0921 0.22999 1.0647x10' 2.632x107
10 5293.8994 0.22987 7.7015%10" 1.900x107
11 5298.1646 0.22995 5.7489x10" 1.416x1073
12 5301.3892 0.23020 4.4050x10" 1.084x1073
13 5303.8863 0.23054 3.4495x10" 8.478x107*
14 5305.8594 0.23096 2.7514x10" 6.757x107*
15 5307.4454 0.23151 2.2298x10" 5.473x107
16 5308.7395 0.23206 1.8320x10" 4.494x107
17 5309.8091 0.23266 1.5235x10" 3.736x107
18 5310.7034 0.23318 1.2806x10"! 3.139x107*
19 5311.4586 0.23377 1.0868x10"! 2.663x107
20 5312.1022 0.23431 9.3018x10'° 2.279%107*
21 5312.6551 0.23489 8.0228x10" 1.965x107*
22 5313.1336 0.23547 6.9679x10'° 1.707x10™*
oo 5317.9877

Table 10. Present RCI Spectroscopic

Parameters: Ey,, &,, A and gf;; for the 1s25?2p° (*S122) np ('P1) series in V'3* ion

n En (eV) é‘n A}lzll (S_l) gfij

3 5520.5112 0.23673 4.3008x10" 9.757x107
4 5682.5795 0.22547 1.6709%10" 3.577x1072
5 5752.9610 0.22166 8.2062x10" 1.714x1072
6 5789.9367 0.2199 4.6630%x10" 9.617x107
7 5811.7652 0.21874 2.8860%10' 5.907x107
8 5825.7200 0.21808 1.9092x10" 3.889x1073
9 5835.1804 0.21773 1.3282x10" 2.697x107
10 5841.8886 0.21763 9.6104x10"! 1.947x107°
11 5846.8176 0.2177 7.1759%10" 1.451x107
12 5850.5453 0.21791 5.4996x10" 1.111x107
13 5853.4327 0.21823 4.3076x10" 8.692x107*
14 5855.7148 0.21858 3.4366x10" 6.929x107
15 5857.5496 0.21901 2.7854x10" 5.613x10™
16 5859.0468 0.21953 2.2888x10" 4.610x107
17 5860.2846 0.21997 1.9037x10" 3.832x10™
18 5861.3195 0.22048 1.6004x10" 3.221x10™
19 5862.1936 0.22098 1.3583x10"! 2.733x10™*
20 5862.9386 0.22143 1.1626x10" 2.338x107
21 5863.5787 0.22187 1.0029x10"! 2.017x107
22 5864.1326 0.22249 8.7106x10" 1.751x107*
oo 5869.7555

Table 11. Present RCI Spectroscopic

Parameters: Ey,, &,, A and gf;; for the 1s2s?2p° (>S12) np ('P1) series in Cr'** ion.

n En (CV) §n AjE:zl (571) gfl_]
3 6052.1823 0.22485 5.2439x10" 9.898x1072
4 6236.0900 0.21414 2.0435x10" 3.633x1072
5 6316.2251 0.21051 1.0051x10" 1.742x1072
6 6358.3963 0.20888 5.7238%10" 9.788x107
7 6383.3321 0.20721 3.5450x10" 6.015x1073
8 6399.2671 0.20718 2.3464x10" 3.961x1073
9 6410.0840 0.20687 1.6329x10' 2.748x1073
10 6417.7575 0.20679 1.1819x10" 1.984x1073
11 6423.3979 0.20686 8.8278x10" 1.479x1073
12 6427.6648 0.20707 6.7668x10" 1.132x1073
13 6430.9708 0.20733 5.3010x10" 8.862x107*
14 6433.5841 0.20769 4.2298x10" 7.065x107
15 6435.6856 0.20810 3.4291x10" 5.724x107
16 6437.4008 0.20851 2.8181x10" 4.702x107*
17 6438.8188 0.20900 2.3440%10" 3.909x10~
18 6440.0047 0.20938 1.9708x10" 3.285x107
19 6441.0063 0.20988 1.6727x10" 2.788x107
20 6441.8601 0.21027 1.4319x10" 2.386x107*
21 6442.5937 0.21070 1.2352x10" 2.057x107*
6443.2287 0.21108 1.0729%10" 1.787x107

6449.6768
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To the best of our knowledge, no experimental and/or theoretical data exists for the K-shell excitations of the studied
ions. Consequently, the results presented here may provide a valuable benchmark for future studies. In the absence of
benchmark data, estimating the uncertainty for these 1s excitations is challenging. We therefore base our uncertainty
estimate of approximately + 2.0 eV on our recent work for neutral neon [14], where the electronic configuration is the
same.

4. CONCLUSIONS
The 1s — np and 2s — np resonances for several members of the neon isoelectronic sequence have been investigated
using the RCI approach within the FAC code. The RCI calculations show good agreement with available theoretical data,
confirming the accuracy and reliability of the present results. This study has reported new data for K-shell transitions to
the 1s 25 2p® (3S12) np ('P)) excited states in all studied ions, thereby addressing a longstanding gap in the atomic data.
The present results constitute important data for advancing spectral modeling of high-resolution X-ray emissions in both
astrophysical and laboratory plasmas.
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JAHI ®OTOHBAILII PEJSITUBICTChKOI KOH®ITYPAIIAHOI B3AEMOII JIJISI Ne-IIO JIBHOT
I30EJIEKTPOHHOI ITOCJIJTOBHOCTI
0. Ady-Xaiimka', [.A. Aana'sami?, C.M. Xamama?, M.T. Tuiar®4, I. Caxo®*, M. Aun llopman’
Kagpeopa npuxnaonoi ¢izuxu, Texuiunuii yuisepcumem Tagpinu, a/c 179, Tagpina 66110, Hopoanis
2Kagpeopa ¢pizuxu, Daxynomem npupodnusux nayx, Xawwmimcokuii ynisepcumem, a/c 330127, 3apxa 13133, Hopdanis
3Kageopa ¢hizuxu ma ximii, Ynicepcumem YOP, Vuicepcumem 16a Jlep Tiam, Tiec, Cenezan

4Appuxancoruii yenmp npuxnaduux amomnux ma s0epuux mexnonoziii (CAFTANA), Haxap, Cenezan
Haseneno nani poroionizanii suis ocnoBHoro crany 1s? 2s? 2p® (!So) Heony, Takoro sk ionn Ca'®*, Sc!'*, Ti'?*, V13" ta Cr'#*. 3navenns
MOPOTOBUX MEXK 10HI3allii, pe30HAHCHUX SHEepTiil, KBAHTOBHX Je(EKTIB, IBUIKOCTEH MEPEXOIIB Ta CHUII OCLIJISTOPIB UTS Pi3HUX cepiit
Punbepra naBeneno B Tabmumi. s BCix po3paxyHKiB OyJi0 BUKOPHCTAHO MigXi pelsITuBiCTChKOI KoHpirypauiitnoi B3aemoxnii (RCI),
peanizoBanuii y Cyukomy aromuomy xomi (FAC). Pesynbratu RCI mist pesonancuux cepiit 2s 2p® (?S1/2) np A1€MOHCTPYIOTH 1yxKe
J0Opy BIJIIOBIIHICTD 31 3HAYCHHSIMH, HABEACHUMH B JiTeparypi. KpimM TOro, NoBiTOMIISIETHCS PO HOBI PO3paxyHKH (HOTO30YKEHHS
K-o6ononku (1s 2s? 2p® (3S12) np) y mux ionax. L{i pe3ynbratu GyAyTh HIHHUMH JUIS BACOKOTOYHOTO CIIEKTPATBHOTO MOJIEIOBAHHS
B acTpo¢iznyHiit abo 1abopaTopHiil mIa3mi.
KurouoBi cnoBa: pomosz6ydocenns,; pezonancua enepeis; cepii Puobepea, peramusicmcoka kongicypayiiina 63aemooist



