Calculation of atomic structure of doubly ionized vanadium
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Introduction

Atomic structure and spectroscopic properties of the neutral and ion-
ized vanadium is of great interest to several fields of applied and fun-
damental science

Practical needs: Fundamental problems:

= astrophysics = term-dependence of orbitals

= industrial devices = electronic correlations

= plasma physics = orbital relaxation

= controlled thermonuclear = spectroscopic data for weak
fusion lines

= |aser development = new theoretical models

General information

Vanadium:

transitional metal with open d-shell
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Electronic structure

Principal electronic configurations according to LS approxima-
tion

In scope of LS-coupling scheme, most observed energy levels of
exited states of doubly ionized vanadium Vy; can be classified as
3d*(ML)nl configurations based on different ancestral terms (ML) of
Vv ion. Unlike neutral and singly ionized vanadium, for the Vi only
one term belongs to the "doubly excited” configuration system —
3d4sdp “D°. Despite this, such complex electronic structure of the
atomic system still leads to high number of LS terms.

Table 1. Number of terms for principal electronic configurations of Vyy states

Configuration Terms Number of terms
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Figure 1. Energy levels and main transitions. Energy levels diagram of vanadium
ion according to the NIST data [1]. The energies for multiplets are averaged over
the fine structure levels. Black dashes correspond to even terms, red dashes —
odd terms. Arrows indicate the main allowed transitions between the levels. The
levels are grouped according to the total orbital angular momentum L and the
multiplicity 25 + 1 of the terms in the LS coupling approximation.
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Figure 2. Energy levels diagram of vanadium ion according to the NIST data [11].
The energies for multiplets are averaged over the fine structure levels. The levels
are grouped according to the electronic configuration of the atomic states in the
LS coupling approximation.

https.//www.uzhnu.edu.ua/uk/cat/fphysics-fiztheory

Theoretical methods

In most cases, the theoretical study of spectroscopic properties re-
quires knowledge of wave functions. Multi-configuration Hartree-
Fock (MCHF) method combined with configuration interaction (Cl)
methods are a method of choice for complex atoms where atomic
state functions are expanded in a basis of configuration state func-
tions [2].

Schroedinger equation:

AV = EV

Multi-configuration expansion:

U(yLS) =Y ci®(nLS),

? ?

2 _
c; =1

U — atomic state function (ASF), & — configuration state function
(CSF)

Configuration interaction method:

Hc = Ec

Hamiltonian matrix elements:

Hy; = (9(:LS) [ H|(1,LS))

Hartree-Fock method:
O(YLSMLMg) = " c; [ubub . .. uly)
where |uy ... uy) — Slatter determinants
L [(hfu) e (Bfun)

t = (r,0) — stands for position and spin of the individual electron,
and u stands for the one-electron orbital |u) = |nlmu)

) - (tluy)

Computational details

Tocalculate thewave functions of the ground and lower excited states
of vanadium ion Vi we employed multi-configuration Hartree-Fock
method (MCHF) [3] together with configuration interaction (Cl) ap-
proach with non-orthogonal orbitals and B-splines as basis func-
tions [4, 5]. This approach allows to take into account the term-
dependence of valence orbitals, the effects of correlation and relax-
ation.

Spectroscopic orbitals of deep core 1s, 2s, and 2p were caclulated for
the ground state of vanadiumion Vi 3d® “F using Hartree-Fock (HF)
method.

Valence orbitals 3s, 3p, 3d, 4s and 4p were calculated separately for
different configurations. They were obtained from term-average HF-
calculations for each of the principal electronic configurations under
consideration: 3d?, 3d%4s, and 3d?4p.

After that, the spectroscopic orbitals mentioned above were supple-
mented by sets of correlation orbitals 4l and 51 (I = 0-4). The correla-
tion orbitals were obtained in separate MCHF calculations for one of
the terms for each of the selected configurations. Subsequently, the
obtained sets of the correlation orbitals were used in the calculations
of all other terms with the same configuration. In the calculations of
each of the sets of correlation orbitals, one- and two-electron excita-
tions from the outer shells were included in the multi-configuration
expansions:

V(3dnin'l! LS) =~ ¢;®(3dnln'l' LS)
where niln'l’ denotes all possible one- and two-electron promotions
(for both spectroscopic and correlation orbitals)

The configurations with the mixing coefficients less than 0.001 were
excluded from the final Cl-expansions.
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Further improvement

e Additional research for states with 3d?4s configuration
e Finetune energies using different cut-off parameters for Cl-expansions

e Quasi-relativistic Cl-calculations with Breit-Pauli Hamiltonian and
J-dependent ASF
Hgp = Hxgr + Hgs + Hrs

AT =N " C(BJIm; aLST)®ET
alLS

dLS5™ — multiconfigurational expansions from the LS calculations

C(BJm; aLST) — spin-orbit mixing of different LS terms
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Figure 3. Comparison of excitation energies. Black dashes — experimental
energies [1];blue dashes — present calculations, full Cl-expansion; red dashes —
present calculations, Cl-expansion with the mixing coefficients > 0.001.

Table 2. Excitation energies of the lower states of vanadium ion.

N  Config. Term E. NIST, eV E. MCHF, eV AFEq, eV Neont

1 38 a‘F  0.000 0.000 32(61)
2 3 alP 1405 1.708 0.304 26 (44)
3 3 a’G 1457 1.662 0.205 54(111)
4 3d3 a’P  1.887 2.200 0.312 50(78)
5 343 a’D2 1.986 2.381 0.395 70(126)
6  3d? a’d 2054 2.220 0.167 41(73)
7 3d? a’F 3402 3.916 0.514 64 (116)
8 3d& b2D1 5.204 6.051 0.847 70(126)
9  3d*[PFl4s b*F 5456 -(61)
10 3d*PPFl4s b?F  6.108 6.526 0418 45(116)
32 3d*PPl4p vy?2P° 13.241 13.525 0.284 69 (92)
33 3d*['Gl4p x?*F° 13.596 13.806 0.211 84 (128)
34 3d?[}Sl4p x?P° 16051 17.114 1.063 69(92)

Table 3. Dependence of the deviation of the excitation energies on the number of
configurations included in the Cl-expansion.

Config. MCHF MCHF 0.001 MCHF 0.01
AEe)n é\ﬁ;}; ) Nconf AEe)o béﬁ;i; ) Nconf AEaex’ EAl\ij;i} ) Nconf
eV % eV % eV %

3d3 min 0.166 8 44 0.167 8 26 0.148 7/ 3
median | 0.312 15 111 | 0312 16 54 0.336 20 13
max 0.796 22 126 084/ 22 /0 1083 24 15

3d?4s  min 0.307 6 38 0418 7 17 0.375 6 7
median | 0.695 10 78 0.726 10 40 0.688 10 13
max 1503 14 126 | 1504 14 56 1428 13 18

3d?4p  min 0.103 1 14 0.103 1 10 0.128 1 4

median | 0.193 2 92 0.209 2 69 0.229 2 13
max 1.002 6 128 | 1.063 7 84 1277 8 18
Total min 0.103 1 14 0.103 1 10 0.128 1 4
median | 0.279 3 92 0.285 3 52 0.336 3 13
max 1503 22 128 | 1504 22 84 1428 24 18

Table 4. Correlation configurations and their mixing coefficients for the primary
configurations of vanadium ion.

Primary Correlation Mixing Primary Correlation Mixing
config. config. coeff. config. config. coeff.
3d? 3d5d? -0.047 3d%4p 3d4saf 0.035
3dbd? 0.031 3d4dbp 0.031
3d%5d -0.019 3d%5p 0.028
3d4dbd 0.016 3d4dAf -0.021
3d?5d 0.013 3d4pad -0.01
3d%4d 0.012 3d4p5g -0.01
3d5p? -0.012 3d%4f 0.009
3d%5¢ 0.009 3dada f 0.008
3d4d? -0.008 3d%4f 0.008
3d4dbd -0.007 3d4dbp 0.008
3d%4d -0.007 3d%5f -0.008
3d4d? 0.006 3d?5f -0.007
3d5g? 0.006 3d4p5g -0.007
3d5g? -0.006 3d4p5sd 0.006
3d4 f5p 0.005 3d5s5 f 0.006
3d4 f? 0.004 3d4d4 f 0.005
3d4 f? -0.004 3d4p5g -0.004
3d*4s 3d*4d 0.018
3d4sdd 0.016
3d4sbg 0.01
3d%4d 0.009
3d4dbg -0.004
3d?5d -0.004
3d4dbg 0.004
3d4dbg 0.004
Conclusions

e The wave functions of the ground and 33 excited staes of the singly ionized vana-
dium were calculated in scope of non-relativistic LS appoximation using the MCHF
method and Cl approach

e The calculated values of the excitation energies are in good agreement with the
available experimental data

e For the multi-configuration expansions for each of four types of electronic config-
urations under considerations (3d3, 3d?4s, and 3d?4p) the main correlation contri-
butions were investigated

e Obtained sets of the wave functions can be used in further calculations of

= radiative parameters of Vy -lines

" low-energy electron scattering by vanadium ion (non-relativistic or
quasi-relativistic approach with recoupling procedure)

= wave functions of Vi using BSR method
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