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Abstract

Introduction: We present an extensive theoretical investigation of the electron impact excitation
of doubly-ionized titanium (Ti IIT) to meet the needs of spectral analysis and plasma modeling.
OBJECTIVES: The main objective of this work is to extend the currently scarce database of
both structure and collision data for Ti IIl. METHODS: The calculation was performed in the
close-coupling approximation using the B-spline R-matrix method. The multi-configuration
Hartree—Fock method in combination with B-spline configuration interaction expansions and
the non-orthogonal orbitals technique is employed for accurate descriptions of the target wave
functions and adequate accounts of the various interactions between the target states.
Relativistic effects are treated at the semi-relativistic Breit-Pauli approximation level.
RESULTS: The present close-coupling expansion includes 138 fine-structure levels of Ti III
belonging to the 3d%, 452, 4s4p, 3dAl (1=0-3), 3d51 (I=0-3), 3d6s, and 3d6p configurations.
Comprehensive sets of radiative and electron collisional data are reported for all of the possible
transitions between the 138 fine-structure levels. Thermally averaged collision strengths are
determined using a Maxwellian distribution for a wide range of temperatures from 10?K to

10° K. The accuracy of the calculated radiative parameters is validated by comparing with
available values from the NIST database and previous literature. CONCLUSION: Given the
lack of sufficient currently available experimental and theoretical data, the electron impact
excitation cross sections of the Ti III fine-structure levels presented here are systematic,
extensive, and internally consistent, thus making them suitable for many modeling applications.

Keywords: B-spline R-matrix, Ti III, electron impact excitation, excitation rate, fine-structure,
Cross section

1. Introduction of plasma sources with a reliable collisional-radiative (CR)
model [1-5]. Titanium (Ti) and its ions are of particular
Accurate radiative and electron-collisional data for atoms significance for modeling non-equilibrium laboratory plas-
and their ions are essential for the modeling and diagnostics mas. Their spectra are frequently observed in plasma dis-
charges, such as in the main cathodic ionizing products of
a plasma propulsion device (uCAT) [6, 7], as well as in the
“ Author to whom any correspondence should be addressed. self-sputtering phase of the HiPIMS discharge [8]. Therefore,
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accurate and large atomic data sets, such as transition energies,
oscillator strengths and collision cross sections, for Ti and its
ions are required to develop a reliable CR model to extract
detailed plasma parameters. However, compared to Ti I and
Ti II, investigations on Ti III are scarce.

During the past few decades, experimental measurements
and theoretical calculations of Ti III have mostly focused on its
atomic structure and radiative parameters. Andersen et al [9,
10] measured the lifetimes of the 3d4p states for neutral and
ionized Ti using the beam-foil technique. Roberts et al [11]
experimentally determined absolute oscillator strengths for
Ti I, Ti II, and Ti III transitions in the wavelength region
from 244 nm to 350 nm using a wall-stabilized arc. Baudinet-
Robinet et al [12] measured the lifetimes of several Ti III 3d4p
levels from transitions observed between 70 nm and 190 nm.

On the theoretical side, considerable efforts have been
made to generate accurate data of energy levels and radi-
ative parameters for Ti III. Warner and Kirkpatrick [13]
originally calculated the structure parameters of Ti III,
including energy levels, oscillator strengths, and forbid-
den transition probabilities, in a single-configuration approx-
imation. Biemont [14] presented calculations of oscillator
strengths for ultraviolet lines from the 3d"4s — 3d"4p trans-
itions (n= 0— 9) in the doubly-ionized elements Sc III through
Zn III. Beck [15] studied many-electron effects on elec-
tric quadrupole (E2) transition probabilities for 34> 3F —
3d? 3P and 3d? 3F —3d4s 3D transitions using both ana-
Iytic and numerical restricted Hartree—Fock wavefunctions.
Biemont et al [16] performed calculations using three dif-
ferent theoretical methods, including relativistic Hartree—
Fock (HFR), multi-configurational Dirac-Fock (MCDF), and
SUPERSTRUCTURE (SST), respectively, for energy levels
and transition probabilities involving the 3d> configuration of
the calcium iso-electronic sequence. The results of the three
models were shown to be basically equivalent in the cases
considered.

Next, Raassen and Uylings [17] employed the orthogonal
operator method to calculate E1 , M1, and E2 transition prob-
abilities in Ti IIl and T IV. Safronova er al [ 18] calculated ener-
gies and transition probabilities for the 3d? states in Ca-like
ions, including Ti III, with relativistic many-body perturba-
tion theory (MBPT). Zhang et al [19] applied the weakest-
bound-electron potential model (WBEPM) theory to calculate
the transition probabilities and oscillator strengths for Ti III
and Ti IV. El-Maaref et al [20] published a list of oscillator
strengths, transition probabilities and lifetimes for Ti III gen-
erated with the CIV3 code. Relativistic effects and correla-
tions up to the 6/ orbitals were included in the calculations and
shown to be important. Fivet et al [21] carried out a systematic
study for M1 and E2 transition probabilities in doubly-ionized
iron-peak elements including Ti III using two independent
methods based on the HFR approach and the Thomas-Fermi—
Dirac-Amaldi (TFDA) potential approximation. The results
agreed with the earlier calculations [16, 17] to within 25%.
Most recently, Maati et al [22] performed HFR and TFDA cal-
culations to obtain a detailed list of energy levels and weighted
oscillator strengths for Ti III. The results included states of 19

configurations: 3p®3d?, 3dnl (n=4 — 7, 1=0-3), 3p®4s?, and
3pS4sap.

In comparison to the investigations on structure and radi-
ative parameters of Ti III, studies of the dynamics of elec-
tron impact excitation processes are extremely scarce. To our
knowledge, the only experimental excitation cross sections
were measured by Popovi¢ et al [23] using the merged
electron-ion beams energy-loss technique. They obtained
absolute cross sections for the 3d”> 3F — 3d4p 3D, 3F excita-
tion of Ti III at energies ranging from 9 to 10 eV. Theoretical
excitation cross sections for e—Ti III collisions are available on
the IAEA ALADDIN database [24] for single-electron excit-
ations from the ground configuration 34 to excited configur-
ations 3d4l (I=0-3), 3d5] (I=0-3), 3d6s, and 3d6p.

Despite the longstanding interest in titanium from many
researchers, systematic investigations on its doubly-charged
ion Ti IIT are still lacking for both radiative parameters and
electron impact excitation processes. The shortage of available
data motivated us to carry out a detailed theoretical investig-
ation of e—Ti III collisions. The purpose of the present work
was to perform elaborate and extensive calculations for elec-
tron scattering from Ti III to provide comprehensive data sets
of electron impact excitation cross sections and effective colli-
sion strengths, together with radiative transition data for a wide
range of allowed and forbidden transitions in Ti III. The data
sets provided are expected to meet the needs for analysis and
interpretation of plasma modeling and diagnostics, as well as
the titanium spectra.

The structure of Ti III can be considered as effectively a
two-electron system above the 3s23p® core, which is supposed
to be less complicated than that of other iron-peak elements.
However, an accurate target description of Ti III is still very
challenging due to the complexity of the open 3d sub-shell.
The 3d valence electron experiences very strong interaction
with the core electrons. This requires the inclusion of configur-
ations with an open core, thereby resulting in large configura-
tion expansions. On the other hand, different occupation num-
bers in the 3d sub-shell usually lead to a strong term depend-
ence, which can be accounted for either by adding a num-
ber of specially designed pseudoorbitals to a set of orthogonal
one-electron orbitals or by employing sets of term-dependent
non-orthogonal orbitals. In practice, large configuration inter-
action (CI) expansions can quickly become computationally
intractable in the case of open 3d sub-shell systems. Even
though the term-dependent non-orthogonal orbitals approach
also requires a significant number of non-orthogonal one-
electron orbitals for high accuracy, it can be executed with
computationally manageable CI expansions.

The present calculations were carried out in the close-
coupling approximation using the sophisticated B-spline R-
matrix (BSR) method [25]. The distinct feature of the BSR
method is its ability to employ term-dependent non-orthogonal
orbitals in the description of the target states. This allows us
to optimize individual atomic wave functions independently
and thereby generate a more accurate description of the target
states with manageable CI expansions than what is usually
possible when orthogonality restrictions are imposed. Over
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the past decades, the BSR code (along with its fully relativ-
istic extension, DBSR [26]) has been successfully applied to
a number of targets [27]. More recent examples using the
BSR code for electron impact excitation of iron-peak ele-
ments can be found in [28-31]. The BSR method generated
very accurate target descriptions in all the above cases. In
the present calculation, the close-coupling expansion included
138 fine-structure levels of Ti III belonging to terms of the
ground 3d” and excited 3d4l (I=0-3), 3d5] (I=0-3), 452,
4s4p, 3d6s, and 3d6p configurations. Relativistic effects were
accounted for by the most important terms of the Breit-Pauli
Hamiltonian.

This paper is organized as follows. The numerical approach
applied to e—Ti IIl collisions is briefly summarized in
section 2. References to more details are provided for inter-
ested readers. Section 3 presents and discusses the calculated
results for the target energy levels, radiative parameters (trans-
ition probabilities, oscillator strengths, line strengths), as well
as collisional parameters (excitation cross sections and effect-
ive collision strengths). The final set of radiative and colli-
sional data includes 9453 transitions between the 138 fine-
structure levels of Ti III. We also compare the present res-
ults with available calculations and, in rare cases, experimental
data. Finally, a brief summary and conclusions are given in
section 4.

2. Computational details

2.1. Structure calculations

The target states of Ti III in the present calculations were
generated by combining the multi-configuration Hartree—Fock
(MCHF) and the B-spline box-based CI code with with non-
orthogonal orbitals [32]. Specifically, the structure of the
multi-channel target expansion was chosen as

® (3p°nin't',LST) = 3 {6 (3p°3d) P (n1) }
nl,LS

+ Z {¢ (3p64s) P (nl) }LSJ

nl,LS

+3 {6 (3p%4p) P(n)}

nl,LS
+ap (3p°3d*) ™ + by (3p°3dds) ™

+ e (3p°3ddp) ™ + dip (3p°4sap)™ .
ey

Here P(nl) denotes an orbital of the outer valence electron,
while the ¢ and ¢ functions represent the CI expansions of the
Ti IV and Ti III states, respectively. These expansions were
generated in separate MCHF calculations for each state using
the MCHF program [33]. The expansion (1) can be considered
a model for the entire 3dnl, 4snl, and 4pnl Rydberg series in
Ti III. The expansion can also provide a good approximation
for the states with configurations 3d?, 3d4s, 3d4p, and 4s4p.

Alternatively, we may choose to employ separate CI expan-
sions for these states by directly including relaxation and term-
dependence effects via state-specific one-electron orbitals.

We performed a Hartree—Fock calculation to determine the
1s, 2s, and 2p orbitals of the inner frozen core [1522s22p6] of
the ground-state configuration 3s>3p%34?, and the same core
orbitals were used for all states considered in the present work.
The core-valence correlation was accounted for through the
CI expansions of the 3s23p°®3d, 3s23p®4s and 3s>3p®4p ionic
states. These expansions included all single and double excita-
tions from the 3s and 3p orbitals to the 4/ and 5/ (I=0—3) cor-
related orbitals. These orbitals were generated for each state
separately. To keep the final expansions for the target states to
a reasonable size, the CI expansions were initially restricted
by dropping contributions with coefficients whose magnitude
was less than the cut-off parameter of 0.01. Different terms of
a configuration exhibited different convergence patterns and,
therefore, required different cut-off parameters. Consequently,
the final cut-off parameters were varied in the range from 0.008
to 0.012 for the different terms. The resulting CI expansions
with sizes between 200 and 400 for each LSJ target state were
manageable for the subsequent scattering calculation with cur-
rently available computational resources.

The unknown functions P(nl) for the outer valence elec-
tron were expanded in a B-spline basis, and the correspond-
ing equations were solved subject to the condition that the
orbitals vanish at the boundary. The R-matrix boundary radius
was set to 25ay, where ag=0.529 x 10~'m is the Bohr
radius. We employed 96 B-splines of order 8 to span this radial
range using a semi-exponential knot grid. The B-spline coef-
ficients for the valence electron orbitals P(nl) and the per-
turbers were obtained by diagonalizing the semi-relativistic
atomic Hamiltonian, which included all one-electron Breit-
Pauli operators.

2.2. Scattering calculations

The scattering calculations were performed by employing an
extended version of the BSR code [25]. The distinctive feature
of the method is the use of B-splines as a universal basis to
represent the scattering orbitals in the inner region of r < a.
Hence, the R-matrix expansion in this region takes the form

\I/k(xl,...,xNH)

=AD ®i(x1,. . v Byg0n) Tyl By (rve) aie
;
+ X (X1 Xg) b 2
i

Here the ®; denote the channel functions constructed from the
N-electron target states and the angular and spin coordinates
of the projectile, while the splines B;j(r) represent the radial
part of the continuum orbitals. The x; are additional (N+1)-
electron bound states, which are included to ensure complete-
ness of the total trial wave function and to compensate for
orthogonality constraints imposed on the continuum orbitals.
Only limited orthogonality conditions on the continuum orbit-
als were needed (see below).
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The (N+ 1)-electron Breit-Pauli Hamiltonian, with an
additional Bloch term to ensure the hermiticity of the kinetic-
energy operator, was diagonalized to determine the expan-
sion coefficients a;; and bj. Relativistic effects in the scat-
tering calculations were accounted for again through the one-
electron terms of the Breit-Pauli Hamiltonian. We imposed
only limited orthogonality conditions on the continuum orbit-
als with respect to the bound orbitals in the filled core shells
1s, 2s, 2p, 3s, and 3p, but none on the spectroscopic excited
orbitals or the correlation orbitals. Consequently, the second
expansion in equation (2) was not needed in the present work.
This helped to avoid pseudo-resonance structures in the final
results.

The continuum orbitals in the internal region were expan-
ded in the same B-spline basis as for the structure calcula-
tions described above. The present scattering model included
138 fine-structure levels of the Ti III 3d?, 4s%, 4sdp, 3d4l
(1=0-3),3d51(I=0-3), 3d6s, and 3d6p configurations. This
model will be labelled BSR-138 in the following discussion.
The scattering calculations included up to 778 coupled scat-
tering channels, and interaction matrices with dimensions of
up to about 80000 needed to be diagonalized for each par-
tial wave. Partial-wave contributions up to 2J = 99 were cal-
culated explicitly, which was sufficient to obtain converged
results for all optically forbidden transitions. For the optic-
ally allowed transitions, contributions from even higher par-
tial waves were estimated by a top-up procedure based on the
Coulomb-Bethe method or a geometric-series approximation.
We employed a parallelized version of the BSR codes using
MPI parallelization and the SCALAPACK libraries [34].

The scattering parameters were then found by matching the
inner-region solutions at r=a with the asymptotic solutions
in the external region. A parallelized version of the STGF
program [35] was employed in the external region to calcu-
late the transition matrix elements, and from those the cross
sections and collisions strengths using standard formulas [36].
In the resonance region for impact energies below the excita-
tion energy of the highest level included in the close-coupling
expansion, we used a fine energy step of 10~* Ry to properly
map out the relevant resonance structures. For energies above
the highest excitation threshold included in the close-coupling
expansion, the collision strengths vary smoothly, and hence
we chose a coarser electron energy step of 1072 Ry. We cal-
culated collision strengths up to 10 Ry, which is sufficient to
reach the asymptotic region for fitting to even higher incid-
ent energies. Altogether, over 10 000 energies for the colliding
electron were considered.

The energy-dependent excitation cross section o for an
atomic transition can be derived from the collision strength
Q via

Qi (E
o (E) = mag k’g(g,), 3)

where i and j denote the initial and final states of the transition,
respectively. Furthermore, k; is the wave number of the collid-
ing electron incident on the target ion in state i, ag is the Bohr
radius, and g; = (2J; + 1) is the statistical weight of state i.

The effective collision strengths or excitation rate coeffi-
cients as a function of electron temperature 7, are needed
for applications in plasma modeling and spectral analysis.
Effective collision strengths Y (T,) were calculated by con-
volving the collision strengths €2 over a Maxwellian distribu-
tion for electron temperatures from 102K to 10°K as

< (E E—E
TU(TE):/E d(kTe) Q; (E)exp (— kTem>' 4)

th

where T, is the electron temperature, & is the Boltzmann con-
stant, and Ey, is the transition energy for the i — j transition. If
needed, the excitation rates can be obtained by

8.629 x 10~°
Cy(Te) =" —
8i T.

E,
Ty (Te)exp (— Py ) SO

3. Results and discussion

3.1. Excitation energies and radiative parameters

Table 1 lists the present BSR calculations of target excitation
energies and lifetimes for the first 118 levels of Ti III. We also
included the recommended excitation energies from the NIST
Atomic Levels and Spectra database [37] in the table. The
levels in the table are arranged in order of calculated energies.
Each level is defined by an index given in the first column.
This index will be referred to in the following discussion to
denote a particular transition. The overall agreement between
experiment and theory is satisfactory, with the deviations in
the energy splitting being less than 0.12 eV for most states. The
maximum discrepancy in the present model is about 0.54 eV
for the excitation threshold of the doubly excited 4s4p 3P°
states, which is due to the very slow convergence of the CI
expansions for these levels.

The lifetimes of the excited levels given in table 1 were
estimated from the calculated transition probabilities. The
lowest 13 energy levels belong to the 34> and 3d4s config-
urations, which can only decay to lower levels via optically
forbidden electric quadrupole (E2) and magnetic dipole (M 1)
transitions. Therefore, these 13 low-lying levels are all meta-
stable states with their radiative lifetimes in the magnitude of
seconds. The other levels can decay via allowed electric dipole
(E1) transitions with their radiative lifetimes in the order of
nanoseconds. A comparison of lifetimes for selected states of
the 3d4p configuration is given in table 2 with the experimental
measurements from Andersen et al [10] and Baudinet-Robinet
etal [12]. The calculated lifetimes closely agree with the meas-
urements of Andersen et al, except for the 1D‘2’ state with a
26% deviation from experiment. The lifetimes measured by
Baudinet-Robinet et al were mean values of the 3d4p 3F°
and 3D° multiplets, and therefore have the same values for all
levels in each multiplet. The present results for the >F° levels
are in excellent agreement with experiment. A 34% deviation
is seen for the 3D° levels, where the reported values of the two
experiments also differ from each other by about 18%. The
present results still agree with the measurements of Andersen
et al within the stated experimental uncertainties.
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Table 1. Present calculated excitation level energies (in V) and lifetimes (in ns) for Ti III.

Index Conf. Term J Energy NIST [37] Lifetime Index Conf. Term J Energy NIST [37] Lifetime

1 3d* F 2 0.000 0.000 0.00x 10 60 3d5p P° 0 18.608 18.476 3.69 x 10%
2 3d> ’F 3 0.026 0.023 4.43 x 102 61  3d5p 'P° 1 18.635 18.524 2.15 x 10%
3 3d? F 4 0.059 0.052 2.59 x 10'? 62 3d5p P 2 18.637 18.507 3.76 x 10%
4 3d* 'D 2 1.068 1.051 510x 101 63 3d5p  'F° 3 18.661 18.555 241 x 10%°
5 3d* ’p 0 1423 1.307 154 x 10" 64  4sd4p 'P° 1 19440 19491 420 x 107!
6 3d* ’p 1 1432 1.315 1.53 x 10" 65 3d4f 'G° 4 19.683 19.625 924 x 107!
7 3d> ’p 2 1450 1.329 1.55 x 10'° 66  3d4f CF° 2 19.728 19.656 693 x 107!
8 3d> 'G 4  1.879 1.785 6.49 x 1010 67  3d4f  F° 3 19.734 19.659  6.66 x 107!
9 3d* 's 0 4.082 4.026 1.37 x 10 68  3d4f CF° 4 19.748 19.675 692 x 107!
10 3d4s D 1 4.644 4719 1.68 x 107 69  3d4f  CH° 4 19.769 19.716 1.42 x 10%
11 3d4s D 2 4.664 4.736 1.68 x 107 70 3d4f  CH° 5 19.782 19.729 1.28 x 10%
12 3d4s D 3 4.697 4.764 1.66 x 107 71 3d4f  3G° 3 19785 19.681 373 x 107!
13 3d4s 'D 2 5.040 5.171 3.32 x 10’ 72 3d4f  G° 4 19.808 19.697  3.95 x 107!
14 3ddp  'D° 2 9342 9.323 176 x 10° 73 3d4f SH° 6 19.809 19.747 1.90 x 10%
15 3ddp  D° 1 9523 9.547 1.10 x 10% 74 3d4f  3G° 5 19.819 19702 3.95 x 107!
16 3ddp  D° 2 9.548 9.568 1.12 x 10% 75 3d4f  'D° 2 19.823 19729  6.19 x 107!
17 3d4p  D° 3 9.583 9.599 112x 10 76 344 'F° 3 19.839 19736 4.30 x 107!
18 3ddp  F° 2 9.601 9.599 216 x 10° 77 3d44f D° 1 19.873 19762 491 x 107!
19 3ddp  F° 3 9.641 9.639 2.12 x 10% 78  3d4f  D° 2 19.874 19.764 496 x 107!
20 3ddp  F° 4 9.697 9.690 2.20 x 10% 79 3d4f  D° 3 19.882 19773  4.85x 107!
21 3d4p  P° 0 10.119 10.036 121 x 10 80  344f P° 2 19952  19.836¢  6.08 x 107!
22 3d4p  P° 1 10120  10.035 121 x 10%° 81  3d4f  3P° 1 19966  19.850  6.12 x 107!
23 3ddp  P° 2 10.135 10.046 1.21 x 10% 82  3d4f P° 0 19.973 19.858  6.16 x 107!
24 3ddp  'F° 3 10251 10.305 1.35 x 10% 83  3d4f 'H° 5 19.980 19.844  3.82x 107!
25 3d4p  'P° 1 10470  10.389 137 x 10 84  3d4f 'P° 1 20162 20067 568 x 107!
26 457 's 0 12599 12.729 7.62 x 10! 85  3d5d 'F 3 20825  20.795 3.11 x 10%
27 3d4d 'F 3 15.778 15844  9.69 x 107! 86  3d5d D 1 20854 20818 3.06 x 10%
28 3d4d D 1 15.878 15924 953 x 107! 87  3d5d D 2 20.867 20.833 3.06 x 10%
29 3d4d D 2 15.891 15938  9.55 x 107! 88  3d5d D 3 20.883 20.855 2.99 x 10%
30 3d4d D 3 15.909 15955 960 x 107" 89  3d5d 3G 3 20.888  20.848 2.94 x 10%°
31 3d4d G 3 15.963 16.006  9.84 x 107! 90 3d5d G 4 20902  20.867 2.86 x 10%°
32 3d4d 3G 4 15983 16025 990x10~' 91 3454 'P 1 20923 20.872 3.41 x 10%
33 3ddd 3G 5 16.010 16.052 997 x 107" 92 3d5d 3G 5 20.927 20.894 2.90 x 10%°
34 3d4d P 1 16.022 16.025 1.07 x 10° 93 3454 3S 1 21.000  20.945 3.00 x 10%
35 3ddd S 1 16.230 16.210 1.01 x 10% 94  3d5d °F 2 21.150  21.030 1.74 x 10%°
36 4s4p  p° 0 16.485 17.018  745x 107" 95  3d6s D 1 21.155 21.062 1.50 x 10%
37 4s4p  3P° 1 16511 17.046 749 x 107" 96  3d6s D 2 21164  21.069 1.51 x 10%°
38 4s4p PP 2 16.565 17.105 756 x 10! 97 3d5d °F 3 21167  21.049 1.75 x 10
39 3d4d °F 2 16.746 16498 771 x 107" 98 3454 °F 4 21.184  21.066 1.76 x 10%°
40 3d4d °F 3 16.761 16516  7.74 x 107! 99  3d6és D 3 21.198 21.109 1.50 x 10%
41 3dss D 1 16.770 16.601 996 x 107" 100  3d6s 'D 2 21226  21.111 1.62 x 10%°
42 3d4d °F 4 16.780 16536 7.78 x 107" 101  3d5d P 0 21.283 21.149 2.24 x 10%
43 3d5s D 2 16.783 16.614 998 x 107! 102 3454 'D 2 21.289 21.182 1.54 x 10%
44 3d5s D 3 16.813 16.648 997 x10~' 103  3d5d P 1 21336  21.159 1.64 x 10%
45 3dss 'D 2 16.902 16.683 1.05x 10 104 3d5d 'G 4 21336 21219 1.95 x 10%
46 3d4d 'D 2 17.032 16788 746 x 107" 105  3d5d P 2 21347 21.160 1.65 x 10%°
47 3d4d P 0 17.106 16805  9.05x 10~ 106  3d5d 'S 0 21539 21.372 2.01 x 10%
48 3d4d P 1 17.154 16812 766 x 10~ 107  3d6p D° 2 21916 5.70 x 10%°
49 3ddd  'G 4 17.154 16904 960 x 10~' 108 3d6p D° 1 21.929 4.87 x 10%
50 3d4d 3P 2 17.164 16.827  7.68 x 1071 109  3dep F° 2 21.945 5.47 x 10%
51 3d4d 'S 0 17.662 17.360 1.05x 10%° 110  3dép F° 3 21.963 5.33 x 10%
52 3dsp 'D° 2 18356 18.252 343 x 10 111 3dép 'D° 2 21.964 5.61 x 10%°
53 3dsp  D° 1 18.397 18.295 249 x10° 112 3dep D° 3 21976 5.49 x 10%
54 3d5p  D° 2 18419 18.319 255 x10% 113 3dép F° 4 22.001 6.16 x 10%°
55 3dsp  PD° 3 18.441 18.342 250 x 10° 114 3deép P 0 22.023 6.76 x 10%
56 3dsp  F° 2 18.445 18.341 353 x 10 115 3dep  P° 1 22.029 6.81 x 10%°
57 3dsp  YF° 3 18.466 18.363 354 %10 116  3dep P° 2 22.058 6.95 x 10%
58 3dsp CF° 4 18501 18.401 355 % 10%° 117 3dep  'F° 3 22.063 4.45 x 10%
59 3d5sp  CP° 1 18.592 18.471 1.89 x 10 118  3dep 'P° 1 22119 6.92 x 10%
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Table 2. Comparison of the present calculated lifetimes and experimental values for selected 3d4p states. The experimental values are from
Andersen et al [10] and Baudinet-Robinet er al [12]. All values are in ns.

Index Term J Present Reference [10] Reference [12]
14 Ipe 2 1.76 24+40.2

15 3pe 1 1.10 1.740.1
16 3pe 2 1.12 1.7+0.1
17 3pe 3 1.12 1.4+0.3 1.7+0.1
19 3pe 3 2.12 2.1+0.3
20 3po 4 2.20 22403 2.140.3
24 'po 3 1.35 1.34+0.2

25 Ipe 1 1.37 1.440.2

The spectral lines of optically allowed transitions usually
receive most attention due to their importance in spectral ana-
lysis and plasma modeling. For Ti III, the ultraviolet lines
between 200 nm and 300 nm are very important in many
aspects of applications, such as studying the chemical imaging
of various samples with plasma emission lines [38] and plasma
modeling and diagnostics of plasma propulsion devices [6].
These emission lines are mostly related to transitions from the
3d4s to 3d4p configurations.

Table 3 lists the present BSR results transition probabilities
(Aji), oscillator strengths (f;), and line strengths (S) of the E1
lines for the 3d4s — 3d4p transitions in Ti III. The calculated
transition probabilities were also used to estimate the lifetimes
of the excited levels given in table 1. As another effective
assessment of the quality of our target description, our calcu-
lated radiative parameters are compared with available exper-
imental data and other theoretical predictions, including the
NIST-recommended values [37] as well as oscillator strengths
from the WBEPM theory of Zhang et al [19], the HFR method
of Maati et al [22], and the only available experimental meas-
urements of Roberts et al [11]. We note overall excellent agree-
ment between our calculations and the NIST-recommended
values, showing an average deviation of ~7%. Satisfactory
agreement is also achieved with the predictions based on the
WBEPM and HFR models. The WBEPM theory treats the
multi-electron system as a quasi-one-electron problem to sim-
plify the calculation. It appears to slightly underestimate the f-
values in most cases listed in the table. The most recent calcu-
lations based on the HFR model, which employed the Cowan
code [39] with Breit-Pauli corrections, also show good agree-
ment with the present work.

The overall agreement between the results from the dif-
ferent calculations is reasonable, even though some correl-
ation and core-polarization effects in the present structure
calculation were omitted due to the use of cut-off para-
meters as discussed in section 2.1. Larger differences, up
to a factor of 2.2, are found when comparing the theoret-
ical predictions with the only available experimental data.

According to Roberts et al, however, the measured gf-value
scale was such a sensitive function of temperature that an
uncertainty in the temperature of approximately 5% would res-
ult in an uncertainty of about 2 in the value. Consequently,
this sensitivity introduced an uncertainty exceeding 50%
in the measurements, and additional experiments would be
needed to establish a better absolute scale for the Ti III
transitions.

Figure 1 displays an extended comparison of the present
oscillator strengths (f-values) with the NIST-recommended
values [37] for 190 individual E1 transitions involving the tar-
gets included in the present BSR-138 model of Ti III. It shows
satisfactory agreement between the present calculations and
the NIST values, with an average deviation of =~ 35%.

The long lifetimes of the 13 low-lying metastable levels
of 3d? and 3d4s configurations in Ti III make the forbidden
lines good candidates for density and temperature diagnostics
of a variety of astrophysical plasmas by straightforward line-
intensity ratio measurements. In tables 4 and 5, we present
our results for the transition probabilities, oscillator strengths,
and line strengths for the dipole-forbidden M1 and E2 lines
of the 3d?> — 3d* and 3d” — 3d4s transitions. Figure 2 exhib-
its a comparison of the present f-values with the available
NIST-recommended values [37] for 54 M1 and E2 transitions.
Excellent agreement is found, even though the magnitudes of
the f-values are extremely small for these weak transitions.

The above comparisons of our calculated level energies
and radiative parameters with the available experimental data
and other theoretical values validate the accuracy of the target
wave functions employed in the present work. Our wave func-
tions accurately reproduce the strong E1 transitions in Ti III as
well as the weaker M1 and E2 transitions. Recall that the size
of our CI expansions for the target states had to be restricted to
maintain the computational feasibility of the subsequent scat-
tering calculations. Further improvements in the accuracy of
the radiative parameters would require the inclusion of signi-
ficantly larger configuration expansions. This could be done if
only structure results were required.
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Figure 1. Comparison between the present calculated oscillator strengths (f-values) and the NIST-recommended values [37] for

dipole-allowed (E1) transitions in Ti III.

Table 4. Transition probabilities Aj;, oscillator strengths f;;, and line strengths(S) of magnetic dipole (M1) lines for 3d* — 3d* and

3d® — 3d4s transitions in Ti II1.

i j A (nm) Ajits™h fi N

1 2 54083.288 226 x 107 1.12 x 1078 6.69 x 10%
1 4 1180.150 6.85 x 1073 1.38 x 10710 1.99 x 1073
1 6 943.076 5.64 x 107° 3.80 x 10714 4.07 x 1077
1 7 932.731 8.34 x 107° 9.15 x 1071 9.67 x 1077
1 10 262.713 7.95 x 107° 5.10 x 101 1.68 x 1078
1 11 261.787 1.64 x 1073 1.74 x 10714 571 x 1078
1 12 260.241 1.12 x 107° 1.63 x 1071 533 x107°
1 13 239.784 228 x 1074 207 x 1078 6.29 x 10~
2 3 42 462.845 3.86 x 107* 1.05 x 1078 6.78 x 10%
2 4 1206.476 1.27 x 1072 1.92 x 10710 3.96 x 1073
2 7 949.100 7.12 x 1073 578 x 10713 8.71 x 107°
2 8 703.596 5.75 x 1073 496 x 107! 5.74 x 107
2 11 263.061 2.19 x 107° 1.67 x 1071 7.75 x 107°
2 12 261.499 6.82 x 107° 7.20 x 1071 331 x 1078
2 13 240.851 464 x 1074 3.03 x 10713 1.30 x 107
3 8 715.451 9.08 x 1073 6.31 x 1071 9.57 x 107*
3 12 263.119 8.59 x 107° 7.16 x 10~ 426 x 1078
4 6 4694.615 229 x 1073 240 x 10710 1.01 x 1072
4 7 4448.992 475 x 1073 7.51 x 10710 3.02 x 1072
4 10 337.942 1.55 x 1074 1.68 x 10713 7.20 x 1077
4 11 336.412 1.70 x 1073 3.02 x 10714 1.29 x 1077
4 12 333.862 7.29 x 1073 1.79 x 10713 7.55 x 1077
4 13 300.926 1.60 x 107° 234 x 1071 9.01 x 107°
5 6 153374.233 6.32 x 107° 5.73 x 107° 2.01 x 10%
6 7 85034.014 4.04 x 1073 4.86 x 107° 2.50 x 10%
6 9 457.208 1.17 x 107! 1.28 x 10710 444 x 1074
6 10 364.156 821 x 107° 1.83 x 1074 525 % 1078
6 11 362.380 496 x 1077 1.82 x 1071 5.19 x 107°
6 13 321.536 1.08 x 1074 3.18 x 10713 8.12 x 1077
7 11 363.931 1.67 x 107° 373 x 1071 1.78 x 1078
7 12 360.948 279 x 107° 8.54 x 1071 403 x 1078
7 13 322.757 3.25 x 1074 5.80 x 10713 2.48 x 107°
8 12 416.174 1.62 x 10710 3.66 x 1071 3.59 x 10712
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Table 5. Transition probabilities Aj;, oscillator strengths f;;, and line strengths(S) of electric quadrupole (E2) lines for 3d* —3d* and

3d? — 3d4s transitions in Ti 1L

i j A (nm) Au(s™h) fi S

1 2 54083.288 2.56 x 10712 1.26 x 10716 430 x 107!
1 3 23786.870 5.78 x 10712 6.97 x 1077 1.96 x 1072
1 4 1180.150 135 x 1073 273 x 1071 1.27 x 1072
1 5 948.911 6.49 x 1072 148 x 10710 2.91 x 10%
1 6 943.076 2.23 x 1072 1.50 x 10710 291 x 10%
1 7 932.731 2.02 x 1073 221 x 1071 4.12 x 107!
1 8 694.560 2.64 x 1072 3.10 x 10713 2.65 % 1073
1 9 307.924 7.13 x 1073 1.97 x 10712 1.65 x 1073
1 10 262.713 3.73 x 10! 239 x 1078 1.35 x 10!

1 11 261.787 1.63 x 10! 1.73 x 1078 9.66 x 10%
1 12 260.241 1.20 x 10% 1.75 x 107° 9.58 x 107!
1 13 239.784 2.17 x 1072 1.97 x 10~ 8.74 x 1073
2 3 42 462.845 7.50 x 1012 2.03 x 10716 446 x 107!
2 4 1206.476 8.99 x 107° 1.36 x 10713 9.54 x 1073
2 6 959.813 4.07 x 1072 2.03 x 10710 5.81 x 10%
2 7 949.100 131 x 1072 1.06 x 10710 291 x 10%
2 8 703.596 1.68 x 107° 145 x 107 1.81 x 1074
2 10 263.995 1.82 x 10! 8.44 x 10~° 6.81 x 10%
2 11 263.061 2.77 x 10 212 x 1078 1.69 x 10’

2 12 261.499 1.23 x 10! 1.30 x 1078 1.01 x 10

2 13 240.851 1.74 x 107! 1.14 x 10710 7.17 x 1072
3 4 1241.758 425 x 1073 533 x 1071 5.29 x 1072
3 7 970.798 445 x 1072 294 x 10710 1.12 x 10

3 8 715.451 1.74 x 1073 121 x 1071 2.05 x 1073
3 11 264.700 1.16 x 10! 6.97 x 107° 7.30 x 10%
3 12 263.119 426 x 10 3.55 x 1078 3.64 x 10!

3 13 242.225 3.48 x 1072 1.80 x 10~ 1.48 x 1072
4 5 4842.850 223 x 1077 8.17 x 10713 1.04 x 1072
4 6 4694.615 3.23 x 1077 338 x 10714 3.99 x 1072
4 7 4448.992 1.85 x 10710 292 x 1077 298 x 1073
4 8 1688.020 542 x 1074 342 x 1071 3.63 x 10%
4 9 416.632 7.16 x 10% 3.63 x 107° 7.53 x 10%
4 10 337.942 2.69 x 1072 291 x 107! 3.61 x 1072
4 11 336.412 8.78 x 1072 1.57 x 10710 1.91 x 107!
4 12 333.862 2.30 x 1072 5.63 x 1071 6.69 x 1072
4 13 300.926 1.77 x 10 2.58 x 1078 2.34 x 10!

5 7 54704.595 2.80 x 1071 455 x 1071 2.75 x 10%
5 11 361.526 1.39 x 10% 1.52 x 1078 5.08 x 10%
5 13 320.864 6.64 x 1073 5.85 x 107! 1.40 x 1072
6 7 85034.014 8.58 x 1012 1.03 x 1071 6.17 x 10%
6 10 364.156 3.01 x 10% 6.73 x 107° 6.91 x 10%
6 11 362.380 3.42 x 107! 1.26 x 107° 1.27 x 10%
6 12 359.423 1.44 x 10% 7.26 x 107° 7.11 x 10%
6 13 321.536 257 x 1073 7.59 x 10712 5.50 x 1073
7 8 2720.052 1.39 x 1077 3.3 x 10714 224 x 1072
7 9 459.679 1.93 x 1072 1.28 x 107! 3.99 x 1072
7 10 365.722 9.69 x 10! 131 x 107° 2.29 x 10%
7 11 363.931 2.30 x 10% 5.13 x 10~° 8.77 x 10%
7 12 360.948 2.80 x 10% 8.56 x 10~° 1.42 x 10!

7 13 322.757 1.18 x 107! 2.11 x 10710 2.59 x 107!
8 11 420.144 275 x 1072 453 x 107" 2.15x 107!
8 12 416.174 3.90 x 10~* 8.80 x 1013 402 x 1073
8 13 366.211 1.21 x 10! 1.55 x 1078 5.02 x 10

9 13 1083.568 3.77 x 1073 473 x 10710 6.11 x 10%
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Figure 2. Comparison between the present calculated oscillator strengths (f-values) and the NIST-recommended values [37] for forbidden

M1 and E2 transitions in Ti III.
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Figure 3. Cross sections for electron impact excitation from the 3d*
3 F, ground state to the excited 3d4s, 3d4p, 3d4d, and 3d4f
configurations of Ti III. The solid (black) line represents the present
work, while the dashed (red) line corresponds to available results
from the IAEA ALADDIN database [24].

3.2. Collisional Parameters

In this section, we present our calculated electron-collisional
parameters including excitation cross Sections and effective
collision strengths for selected forbidden and allowed trans-
itions in Ti III. We repeat that systematic investigations regard-
ing electron impact excitation of Ti III are extremely scarce.
The only available data for comparison were taken from
the IJAEA ALADDIN database [24] for the valence electron
excited to higher orbitals rather than fine-structure-resolved
levels.

Figures 3-5 present our calculated cross sections for single-
electron excitations from the 3d* °F, ground state to the
excited 3d4/ (I=0—-3), 3d5] (I=0—3), and 3d6/ (=0, 1) con-
figurations, respectively, in comparison with the cross sections
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Figure 4. Cross sections for electron impact excitation from the 34>
3F2 ground state to the excited 3d5s, 3d5p, 3d5d, and 3d5f
configurations of Ti III. The solid (black) line represents the present
work, while the dashed (red) line corresponds to available results on
the IAEA ALADDIN database [24].

collected from the ITAEA ALADDIN database [24]. To ensure
that the comparisons are meaningful, the BSR-138 curves
shown in the figures were obtained by summing all excitation
cross sections from the ground level 32 *F; to the correspond-
ing excited 3dnl configurations. Overall excellent agreement
is found between the present BSR-138 calculations and the
TIAEA data, both in the magnitude and the energy dependence
of the curves. The comparisons validate the accuracy of the
present collision calculations using the BSR-138 model.
Figure 6 shows the present BSR-138 results for the cross
sections as a function of the incident electron energy (in eV)
and the corresponding Maxwellian-averaged effective colli-
sion strengths as a function of the electron temperature (in K)
for the fine-structure-resolved transitions between the ground
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Figure 5. Cross sections for electron impact excitation from the 34>
3F, ground state to the excited 3d6s and 3d6p configurations of Ti
III. The solid (black) line represents the present work, while the
dashed (red) line corresponds to available results from the IAEA
ALADDIN database [24].
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Figure 6. Electon impact excitation cross sections and effective
collision strengths for the fine-structure-forbidden transitions (a),
(b) 3d* *Fy — 3d* *F;, (¢), (d) 3d* *Fy — 3d* *Fy, and (e), () 3d*
’F3 — 3d* *F, in Ti 1L

state 3F, and the metastable states F, 3F, of the ground 3d?
configuration. Panels (a), (c), and (e) show pronounced reson-
ance structures in the energy dependence of the cross sections
in the low-energy region up to 25 eV. These resonant fea-
tures significantly exceed the background values and play a
pivotal role in determining the thermally averaged collision
strengths at low temperatures. Such behavior is a characteristic
feature of forbidden transitions observed in electron-ion colli-
sion processes. These resonance structures arise from Rydberg
series of narrow resonances converging to various excitation
thresholds. They are associated with the temporary capture of

the scattered electron into highly-excited n/ orbitals of the tar-
get, owing to the strong attractive Coulomb force from the
doubly-charged Ti III ion.

The corresponding effective collision strengths for these
forbidden transitions, displayed in figures 6(b), (d) and
(f), exhibit distinct characteristics as the electron temperat-
ure increases. At low temperatures, the effective collision
strengths are significantly enhanced due to the resonance
structures in the cross sections. However, as the temperature
rises, the curves show a decreasing trend, reflecting the dimin-
ishing influence of resonances relative to the non-resonant
background contributions. The effective collision strengths
converge to a non-zero asymptotic value when the electron
temperature approaches 10* K. Furthermore, the relative mag-
nitudes of the effective collision strengths for different trans-
itions can vary significantly, reflecting the transition prob-
abilities and coupling strengths between the initial and final
states. For instance, the 3F, — 3F; transition has a consistently
higher effective collision strength compared to the 3F, — 3F,
transition across the entire temperature range. This suggests
a stronger coupling for the transition with AJ =1, since the
transition with AJ = 2 requires a higher multipole interaction
than AJ = 1.

Figure 7 displays our predicted cross sections and effect-
ive collision strengths for the fine-structure-forbidden trans-
itions from the ground state 34> 3F, to the 3Dy, ’D,, ’Ds,
and 'D, of the first excited configuration 3d4s. The cross
sections exhibit a similarly strong resonance structures in the
low-energy region as seen in figure 6. However, the corres-
ponding effective collision strengths exhibit different trends
at higher electron temperatures above 10*K. All curves have
a maximum at temperatures between 10*K and 10° K.

This can be explained by considering the nature of
equation (4), where the exponential term controls how much of
the collision strength contributes when performing the integ-
ration. This exponential term depends on the electron temper-
ature 7,, which results in a flatter exponential curve at higher
temperature. Therefore, the larger effective collision strengths
at lower temperatures in the present calculations is due to
the enhanced resonance structure in the near-threshold region.
The contributions from the higher energy resonances become
significant when the electron temperature rises. For the 3d?
transitions shown in figures 6(a)—(e), the magnitudes of the
near-threshold resonances at low energies are relatively lar-
ger than those at energies close to 25 eV, thus leading to flat-
ter curves in figures 6(b), (d) and (f) at high temperature. For
the 3d” — 3d4s transitions displayed in figure 7, the resonances
at energies close to 25 eV are one order of magnitude larger
than at low energy, which results in the rising of the effect-
ive collision-strength curves at temperatures between 10*K
and 10° K. Especially for the 3d” 3F, — 3d4s 'D, transition,
the apparent flatness of the effective collision strengths at low
temperatures occurs due to the smaller magnitude of the res-
onances seen in figure 7(g) at low impact energy.

The BSR-138 results for optically allowed transitions
related to selected ultraviolet lines, 241.472 nm, 251.682 nm,
256.420 nm, and 298.561 nm, are shown in figures 8 and 9.
These lines were observed with relatively large intensity in the
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Figure 7. Electon impact excitation cross sections and effective
collision strengths for the fine-structure-forbidden transitions (a),
(b) 3d% 3F, — 3d4s >Dy, (c), (d) 3d* 3F, — 3d4s °Dy, (e), (f) 3d* °F,
— 3d4s *Ds, and (g), (h) 3d* °F, — 3d4s 'D, in Ti 1L

experimental spectra detected from the main products of cath-
odic ionization in the micro-cathode arc thruster pCAT [6].
Figure 8 exhibits the results for transitions from 3d4s 3Djs
to 3d4p DS and *F{ corresponding to the 256.420 nm and
251.682 nm lines, respectively, while Figure 9 shows the res-
ults for transitions from 3d4s 'D, to 3d4p 'DS and 'F§ corres-
ponding to the 298.561 nm and 241.472 nm lines.

The curves of the present BSR-138 calculations behave
similarly for these cases, which are characteristic for optic-
ally allowed transitions. Recall that the magnitude of the cross
sections at higher energies is directly related to the correspond-
ing electric dipole oscillator strength. The latter values are gen-
erally larger than 0.1 (cf table 3) and are indeed among the
highest group in the table. Consequently, the cross sections for
these transitions are generally two or even three orders of mag-
nitude larger than those for the forbidden transitions shown
in figures 6 and 7 in the non-resonant background, thereby
leading to overall large effective collision strengths. The near-
threshold resonance structures are relatively less pronounced
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Figure 8. Electon impact excitation cross sections and effective
collision strengths for the fine-structure-allowed transitions (a), (b)
3d4s3D3 — 3d4p >DS and (c), (d) 3d4s *D3 — 3d4p *FS in Ti 111
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Figure 9. Electon impact excitation cross sections and effective
collision strengths for the fine-structure-allowed transitions (a), (b)
3d4s 'Dy — 3ddp 'DS, (c), (d) 3d4s 'Dy — 3d4p 'FS of Ti IIL.

and smaller, thus resulting in flatter curves of the effective col-
lision strengths at low temperatures. The curves start to rise
rapidly at temperatures above 10*K mainly due to the large
non-resonant background. The large resonances at high ener-
gies could also raise the curves of effective collision strength,
which might be observed by comparing panels (b) and (d) of
figure 8.

The calculated electron collision and radiative paramet-
ers are useful for the modeling and diagnostics of Ti plas-
mas. They can be employed for solving the population balance
equations of the related CR model or generating line intens-
ities using a spectral synthesis code such as CLOUDY [40].
The spectral lines of Ti ions were detected by Ji et al [6,
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7] to explore the influence of energy-supply modes with
different discharge characteristics on the microphysical pro-
cess in the plasma propulsion device yCAT. The Ti II spec-
trum at wavelengths near 330 nm and the Ti III spectrum at
wavelengths near 250 nm were identified. Their results showed
a significant difference in the proportion between the spectral
radiation intensities of Ti II and Ti III generated by the ioniz-
ation of cathode metal under different energy-supply modes.
Accurate atomic data for a large number of dipole-allowed and
forbidden transitions are hence of primary importance for the
development of a reliable CR model for such processes.

4. Summary

We performed a detailed theoretical investigation of the
electron-impact excitation of doubly-ionized titanium (Ti III)
using the sophisticated B-spline R-matrix (BSR) method.
Extensive results where obtained for radiative parameters
as well as excitation cross sections and effective collision
strengths for all forbidden and optically allowed transitions
between the 138 fine-structure levels of Ti III belonging to
the 3d?, 4s%, 4s4p, 3d4l (1=0-3), 3d5] (I=0-3), 3d6s, and
3d6p configurations. To our knowledge, the comprehensive
data sets provided in this work are the only systematic and
consistent results for electron-impact excitation of the Ti III
fine-structure levels, thereby enabling a detailed analysis of
the observed spectral lines of titanium and its applications in
plasma modeling and diagnostics.

The BSR codes employed in this work were consider-
ably modified and extended to handle the complex open 3d
sub-shell of iron-peak elements. The method is based on the
close-coupling R-matrix theory, using B-splines as the basis
for representing the continuum wavefunctions. Utilizing non-
orthogonal orbital sets, both for the construction of the target
wave functions and the representation of the scattering func-
tions, allowed us to optimize the individual wave functions
independently, and hence to generate a more accurate descrip-
tion of the target than what is usually possible with orthogonal
orbital sets. This is essential if the target states are to be used
in a subsequent collision calculation. The important configur-
ations were carefully chosen in the CI expansions to account
as much as possible for relaxation, valence-valence, and core-
valence correlation effects. Furthermore, relativistic effects
were included in the close-coupling expansions through one-
electron terms of the Breit-Pauli Hamiltonian.

The calculated excitation energies and radiative paramet-
ers show good agreement with the available values from the
NIST database and previous work reported in the literat-
ure. Our target-state wave functions accurately reproduce the
strong E1 transitions as well as the weaker M1 and E2 trans-
itions in Ti III. Finally, the accuracy of the present calcu-
lated excitation cross sections has been validated, also by com-
parison with the results available from the IAEA ALADDIN
database. The complete list of radiative and collisional data
generated in this study is available from the authors upon
request.
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