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Abstract
A fully relativistic Dirac B-spline R-matrix (DBSR) method is applied to calculate the oscillator
strengths and electron-impact excitation cross sections involving the 5s25p5, 5s5p6, 5p46s,
5p45d, 5p46p, and 5p47s states of a Xe+ ion. A fully relativistic approach is necessary for this
problem, since the spin–orbit coupling is of the same order as electron correlations in the outer
shells of Xe+. Also, there is a complex open-shell structure with strong term dependence in the
one-electron orbitals. The oscillator strengths are also calculated and agree well with available
experimental measurements. We select some important excitation cross sections out of the
ground, metastable, and quasi-metastable states of Xe+ for the collisional-radiative (CR) model
to be discussed and analyzed. The present paper is the first one of a series of studies on a CR
model of xenon ions in plasma diagnosis and numerical simulations of Hall and ion thrusters. In
subsequent papers, the cross-section data for the Xe+ ion, together with those for neutral Xe
from our previous calculation, are used to build a comprehensive CR model for electric
propulsion systems involving xenon. Furthermore, the predictions of this model will then be
examined by experiments in both Hall and ion thrusters.

Supplementary material for this article is available online

Keywords: xenon ion, cross sections, electron impact, collisional-radiative model, Dirac B-spline
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1. Introduction

Xenon has been the most widely-used working gas in the area
of electric propulsion systems since the 1990s to the present

day, because of its advantages associated with a low ioniz-
ation threshold, chemical inertness, and nontoxicity [1–3].
Also, it is an important trace gas in the optical line-ratio
method for low-temperature plasma diagnostics [4–7], plays a
role in fusion research [8] and is related to astrophysics when
studying stellar atmospheres [9, 10]. To build a plasma model
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for the above topics, oscillator strengths and collisional cross
sections involving excited states of Xe and Xe+ are required.
There are a number of experimental and theoretical studies on
Xe in the literature [11–16]. Theoretical and experimental
reports of Xe+ oscillator strengths can also be found in the
literature [17–22]. However, a detailed investigation con-
cerning the electron-impact excitation cross sections of Xe+ is
very limited. The only available data are from the recent
calculations by the fully relativistic distorted-wave (RDW)
method by Gupta et al [23].

The difficulties in the calculation of cross sections for
electron collisions with Xe+ originate from the complicated
structure of this target. As a heavy ion, Xe+ exhibits a strong
term dependence of the orbitals in the 5p4nl outer-shell con-
figurations as well as strong spin–orbit interaction effects that
result in substantial fine-structure splittings. Inner-core and
core-valence correlation and relaxation effects are also
important, especially for transitions from the ground state.
The above issues pose great challenges on all theoretical
methods, but especially on those using orthogonal bases of
one-electron orbitals. As mentioned above, a fully relativistic
approach, e.g., the Dirac-Fock method, should be employed
when dealing with Xe+. This becomes very complicated due
to the complex open-shell structure.

The present work is the first part of a series on devel-
oping a collisional-radiative model for Xe electric propulsion
devices. Here we perform a comprehensive investigation
regarding the electron-impact excitation cross sections of the
Xe+ ion by using the Dirac B-spline R-matrix (DBSR)
method, which was already employed previously in bench-
mark calculations of oscillator strengths and electron-impact
excitation cross sections of the neutral Xe atom [15, 24]. This
theoretical approach achieved a breakthrough in the descrip-
tion of both the target structure problem and the near-
threshold resonance phenomena seen in the cross sections for
such a complex target. We employ the Dirac–Coulomb
Hamiltonian to describe both the N-electron target and the
(N+1)-electron collision systems. The distinguishing fea-
tures of the DBSR method are (i) the ability to use term-
dependent, and hence nonorthogonal, sets of one-electron
orbitals or Dirac spinors in the target description and (ii) B-
splines as the fundamental basis to expand the wave function
of the projectile. The nonorthogonal orbitals provide a vastly
increased flexibility and, consequently, accuracy in the target
description. There is also great flexibility in the choice of the
radial grid in a B-spline basis, and machine accuracy may be
achieved with simple Gaussian quadrature. Finite-difference
algorithms are avoided and well-established linear-algebra
packages are used instead. On the other hand, setting up and
then diagonalizing the Hamiltonian matrix is complicated,
and large-scale calculations like the present one require sig-
nificant computational resources.

This paper is organized as follows. The numerical
approach applied to e-Xe+ collisions is briefly summarized in
section 2. References to more details are provided for inter-
ested readers. Results for the target structure (energy levels
and oscillator strengths) and cross sections are presented and

discussed in section 3. Finally, conclusions and an outlook to
future work are given in section 4.

2. Summary of the computational method

The calculations performed for this work employ the fully
relativistic DBSR method. It is based on the close-coupling
expansion for the total (projectile plus target) wave function
for the collision system. A write-up of the semi-relativistic
version of the method and the associated computer program
was published by Zatsarinny [25] and the extension to the
fully relativistic framework was described in detail by Zat-
sarinny and Bartschat [26]. Many examples of its application
can be found in the review [27].

In this work, we use 67 discrete states of Xe+ in the
close-coupling expansion, with dominant configurations
5s25p5, 5s5p6, 5p46s, 5p45d, 5p46p, and 5p47s, respectively.
An R-matrix radius a=50 a0 (a0=0.529×10−10 m, Bohr
radius) is chosen and the target Hamiltonian is diagonalized in
this box. This choice allowed us to obtain a sufficiently good
description for the low-lying bound states of Xe+ ion (see
table A1 in appendix A). Partial-wave contributions up to
J=50 are numerically calculated, and no extrapolation
scheme to account for even higher partial waves is needed in
this work. The present calculations included up to 306 cou-
pled scattering channels, and interaction matrices with
dimensions of about 50 000 needed to be diagonalized for
each partial wave. In order to perform those calculations, we
parallelized the DBSR code and also used parallelized linear-
algebra libraries such as SCALAPACK5.

The detailed computational approach for the DBSR
method based on the fully relativistic framework can be found
in our previous works [26, 27].

3. Results and discussion

This section presents the structure and cross-section data
calculated in this work. In section 3.1, theoretical energy
levels and oscillator strengths are compared with exper-
imental and recommended results in the literature.
Sections 3.2 and 3.3 exhibit selected electron-impact excita-
tion cross sections of the excited ionic states from the ground
state as well as the metastable and ‘quasi-metastable’ states,
where the latter are characterized by having relatively long
lifetimes (about 1 μs). These states play important roles in the
collisional-radiative (CR) model to be developed and dis-
cussed in subsequent papers. Potential limitations of our
theoretical approach are discussed in section 3.4.

3.1. Energy levels and oscillator strengths

Table A1 in appendix A shows the energy levels of Xe+

obtained in the present calculation. The excitation energies

5 A detailed description of SCALAPACK can be found at http://netlib.org/
scalapack/.
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from the ground state are compared with those given in the
NIST tables [20]. While not perfect, the overall agreement is
satisfactory, with the deviations not exceeding a few percent.
In the subsequent collision calculation, we adjusted the
excitation energies to the NIST values. Since we do not force
orthogonality between the target and the projectile orbitals,
we do not have to include (N+1)-electron ‘bound–bound’
terms in the close-coupling expansion of the collision pro-
blem. As a result, using the experimental thresholds does not
carry the danger of otherwise possible inconsistencies in the
relative positions of the N-electron target and the (N+1)-
electron resonance states. Therefore, the effect of this cor-
rection is generally small, especially on the rate coefficients to
be calculated from the cross sections, but it is beneficial in
making a direct comparison with experiment possible. The
energy levels of all states included in the calculation are
available on request.

The oscillator strengths, and the related Einstein coeffi-
cients, are the fundamental radiative data for building a CR
model. In the present work, we calculated oscillator strengths
for transitions between all states of the Xe+ ion that were
included in the close-coupling expansion for the collision
problem. Note that the 6d states are included when dealing
with the target states of Xe+ and the oscillator strengths are

also generated at the same time; however, they are not
included in the cross section calculation below considering
the limit in the available computational resources. Some of
the oscillator strength data are obtainable by analyzing the
spectral lines from plasma sources and thus can be used to
evaluate the accuracy of our calculation, as listed in
tables 1–3.

Table 1 compares the oscillator strengths for several
important 6s–6p excitations. Specifically, we show our
theoretical values obtained in the velocity and length forms of
the electric dipole operator, the values determined from the
experimental Einstein coefficients reported in references [17]
(using a pulsed arc discharge, PAD) and [18] (using a hollow
cathode lamp, HCL), and the data recommended by NIST
[20]. Table 2 compares similar data for some 5d–6p excita-
tions. For both groups, the theoretical values are in agreement
with the experimental and recommended data (we take the
mean value of V and L forms for comparison). The oscillator
strengths for the 5d–6p transitions are generally smaller than
those for the 6s–6p excitations. However, there are several
metastable states in the 5d group, and hence the 5d–6p
excitation channels can also be important in Xe plasmas.
Even though the 6d states were not included in the collision
model, we generated structure data for these states as well.

Table 1. Comparison of selected oscillator strengths for excitation of Xe+ from 5p46s to 5p46p in the velocity (V) and length (L) forms. λ
denotes the wavelength of the optical transition.

This work

Lower level Upper level λ (nm) PADa [17] HCLb [18] NIST [20] V L

5p4(3P2)6s
2[2]3/2 5p4(3P2)6p

2[1]°3/2 460.3 0.239 — 0.26 0.238 0.323
5p4(3P2)6s

2[2]5/2 5p4(3P2)6p
2[3]°7/2 484.4 0.408 0.540 0.52 0.517 0.586

5p4(3P0)6s
2[0]1/2 5p4(3P0)6p

2[1]°3/2 488.4 0.480 — — 0.569 0.641
5p4(3P2)6s

2[2]5/2 5p4(3P2)6p
2[2]°5/2 529.2 0.380 0.403 0.37 0.404 0.462

5p4(3P2)6s
2[2]5/2 5p4(3P2)6p

2[2]°3/2 533.9 0.191 0.187 — 0.193 0.216
5p4(3P2)6s

2[2]3/2 5p4(3P2)6p
2[3]°5/2 541.9 0.429 0.452 0.41 0.548 0.614

5p4(3P1)6s
2[1]3/2 5p4(3P1)6p

2[0]°1/2 543.9 0.153 — 0.16 0.191 0.222
5p4(1D2)6s

2[2]3/2 5p4(1D2)6p
2[3]°5/2 627.1 — — 0.16 0.130 0.139

a

PAD means pulsed arc discharge, which was used as the light source in [17] to determine the Einstein coefficients
experimentally. Data marked PAD were converted from these Einstein coefficients.
b

HCL means hollow cathode lamp. It was used to determine the Einstein coefficients experimentally in [18], and marks
oscillator strength values from these data.

Table 2. Comparison of selected oscillator strengths for excitation of the Xe+ ion from 5p45d to 5p46p, as obtained in the velocity (V) and
length (L) forms of the electric dipole operator.

This work

Lower level Upper level λ (nm) PAD [17] HCL [18] NIST [20] V L

5p4(3P2)5d
2[3]7/2 5p4(3P1)6p

2[2]°3/2 488.7 0.096 — — 0.128 0.157
5p4(3P2)5d

2[3]7/2 5p4(3P1)6p
2[1]°3/2 498.9 0.156 — — 0.100 0.125

5p4(3P2)5d
2[3]7/2 5p4(3P0)6p

2[1]°3/2 530.9 0.094 — — 0.060 0.068
5p4(3P2)5d

2[2]5/2 5p4(3P2)6p
2[3]°7/2 546.0 0.038 0.036 — 0.015 0.025

5p4(3P2)5d
2[3]7/2 5p4(3P2)6p

2[3]°5/2 553.1 — 0.029 0.030 0.014 0.026
5p4(3P2)5d

2[2]5/2 5p4(3P2)6p
2[2]°5/2 603.6 — 0.046 0.041 0.033 0.070

5p4(3P2)5d
2[3]7/2 5p4(3P2)6p

2[2]°5/2 605.1 0.085 — 0.070 0.046 0.086
5p4(3P2)5d

2[2]5/2 5p4(3P2)6p
2[2]°3/2 609.8 — 0.073 0.097 0.038 0.068

5p4(3P2)5d
2[2]3/2 5p4(3P2)6p

2[2]°5/2 627.8 — 0.042 0.032 0.020 0.038

3
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Table 3 lists some oscillator strengths for 6p–6d transitions,
which are compared with those measured in a laser-produced
plasma (LPP) [19].

Based on the above calculation, a comprehensive set of
Einstein coefficients for excited states of Xe+, which is cur-
rently not available in the literature or in the NIST database,
will be used for our collisional-radiative model for Hall and
ion thrusters. By comparing the modelled and measured
branching ratios of Xe+ emission lines, the accuracy of the
calculation can be examined. Preliminary results suggest that
the present model is, indeed, sufficient for the purpose of the
present study. More details will be reported in follow-up
papers.

3.2. Excitation from the ground state

Electron-impact excitation cross sections of 5s25p5, 5s5p6,
5p46s, 5p45d, 5p46p, and 5p47s states of Xe+ were calculated
by the DBSR model summarized in section 2. Figure 1
depicts the cross section for the transition between the 5p5 2

Po
3 2/ and 5p5 2Po

1 2/ states at electron energies below 100 eV.
The cross section generally decreases as the electron energy
increases. However, temporary atomic states of Xe can be
formed in the collision between the projectile electron and the
Xe+ ion, thereby leading to a wealth of resonances in the
energy dependence of the cross section. The resonant struc-
ture starts at ∼8 eV, due to the first excited 5p5(2Po

3 2/ )6s
2

3 2 o
2[ ]/ state of atomic Xe. The curve becomes smooth again

above 18.57 eV, which is the threshold of the highest-lying
state in the present close-coupling expansion.

The cross sections involving the 6s and 5d states in Xe+

are important for two reasons: (i) the densities of several 5d
metastable states and 6s quasi-metastable states can be rela-
tively high in plasmas and hence play important roles for
electron-impact excitation and ionization, and (ii) vacuum
ultraviolet (VUV) photons emitted by the resonance states in
the 6s and 5d groups are involved in photoionization and
plasma-surface interaction. Figure 2 shows the excitation
cross sections of selected 6s and 5d states from the ground
state. The curves involving states with a 3P core exhibit high
peaks near threshold. This may lead to large excitation rate
coefficients when the mean electron energy is ∼10–20 eV, as
found in the ionization region of Hall thrusters [28]. A large
amount of metastable (e.g. (3P2)5d [4]9/2 in figure 2(b)) and
quasi-metastable (e.g. (3P2)5d [2]5/2 in figure 2(a)) ions can
be produced and may contribute to the formation of Xe2+ and
Xe3+ ions, as observed in [29, 30]. The 6s and 5d states with
a 1D core also have relatively large cross sections. In part-
icular, the (1D2)5d [2]5/2 state, exhibited in figure 2(b), shows
a flat energy dependence of the cross section with a sig-
nificant magnitude. This is the typical signature of a resonant
transition. On the other hand, the cross sections for states with
a 1S core are relatively small.

A comparison has been made between the present DBSR
results and the only (to our knowledge) available theoretical
calculations on the e-Xe+ case by the RDW method of Gupta
et al [23]. As an example, figure 3 demonstrates the com-
parison for selected 6s and 5d states. The results of both
theoretical methods show some qualitative agreement with
each other, especially for the 6s states figure 3(a). There are
significant differences in the magnitude between the curves of
DBSR and RDW for the (1S0)5d[2]5/2 and (1D2)5d[2]5/2
states, as seen in figure 3(b). However, their energy depen-
dences still resemble each other.

Generally, one would expect the RDW method to per-
form well for the optically allowed transitions at relatively
high energies (a few times the ionization threshold and
above), when the cross sections are comparatively large.
However, for the complex target Xe+, the channel coupling
mechanism plays a significant role, which is neglected in the
RDW calculation.

Table 3. Selected oscillator strengths for excitation of the Xe+ ion from 5p46p to 5p46d, as obtained in the velocity (V) and length (L) forms
of the electric dipole operator.

This work

Lower level Upper level λ(nm) LPPa [19] V L

5p4(3P1)6p
2[0]°1/2 5p4(3P1)6d

2[1]1/2 415.8 0.374 0.397 0.441
5p4(3P2)6p

2[2]°3/2 5p4(3P2)6d
2[2]3/2 418.0 0.328 0.335 0.374

5p4(3P1)6p
2[2]°3/2 5p4(3P1)6d

2[3]5/2 422.3 0.498 0.296 0.348
5p4(3P0)6p

2[1]°3/2 5p4(3P0)6d
2[2]5/2 439.3 0.942 0.631 0.709

a

LPP means laser-produced plasma. It is used to measure Einstein coefficients in [19], and
marks oscillator strength values from these data.

Figure 1. Electron-impact excitation cross section for the 5p5 2Po
3 2/ –

5p5 2Po
1 2/ transition in Xe+.
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Actually, it is not straightforward to predict how long
channel coupling is needed for Xe+. To investigate this
problem and check the stability of the DBSR predictions, we
ran the calculations with a smaller number of states and
compared the results. While a notable model dependence
exists for some transitions (generally when the cross sections
are small), we believe that the current DBSR predictions are
sufficiently accurate. These data will be used in the colli-
sional-radiative (CR) model and examined by optical
experiment in a follow-up paper.

The situation is similar for the other transitions, which
are not shown here due to the length limit for the paper. Being

based on a non-perturbative approach the DBSR method
resolves the detailed resonant behavior of the cross sections in
the near-threshold regime, which meets the needs of the CR
model for xenon ions in our subsequent research.

As discussed above, the excited configurations
Xe+(5p4nl) can be divided into three subgroups corresp-
onding to the 3P, 1D and 1S core states of the 5p4 config-
uration. As shown in the examples, the levels with the 3P core
tend to have larger cross sections than those with the other
cores. In addition to the propensities associated with angular-
momentum coupling (orbital and spin), as well as the parities
of the initial and final states, one expects the size of the cross

Figure 2. Electron-impact excitation cross sections for transitions from 5p5 2Po
3 2/ to selected 5p46s (a) and 5p45d (b) states. For brevity the

notation has been shortened in the legend, e.g., from 5p4(3P2)6s
2[2]5/2 to (3P2)6s [2]5/2, etc. Panels (c) and (d) show the near-threshold

results on a linear scale.

Figure 3. Electron-impact excitation cross sections for transitions from 5p5 2Po
3 2/ to selected 5p46s (a) and 5p45d (b) states. Solid lines

represent the present DBSR calculations; dashed lines denote the RDW calculations by Gupta et al [23].

5
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section to be affected by whether or not the principal con-
figuration of the core is changed. Generally, core-changing
transitions are less likely than those that leave the core
unchanged. In light of the complicated coupling scheme
involved in the Xe+ target states, however, it is by no means
straightforward to derive a systematic rule that is valid for all
circumstances.

Nevertheless, the above findings also apply to the 5p46p
states. In figure 4, the order of cross section peaks in the core
group is 3P>1D>1S. Note, however, that the cross
sections for energetically higher states can be larger than
those of lower states within the same core group. Examples
are (3P1)6p [2]3/2 (energy 15.28 eV) and (3P0)6p [1]1/2
(energy 14.93 eV) shown in figure 4(b). Hence, the energy
position of a state is not the only deciding factor. Most likely,
the number of magnetic substates, i.e., the degeneracy of the
states, will have an effect as well.

The 5p46p states of Xe+ are important in optical emission
spectroscopy (OES), because of their relatively strong emis-
sion lines in the wavelength range ∼400–700 nm [20]. As
will be shown in our next paper, 32 ionic lines of 6p–6s and
6p–5d transitions are observed in the emission spectra of Hall
thrusters. Of these, 22 belong to states with a 3P core and 10
to states with a 1D core. No lines from 6p states with a 1S core
were found, hence implying very low densities of these states.
This evidence agrees with the order of cross-section magni-
tudes discussed above.

3.3. Metastable and quasi-metastable state excitation

There are six metastable states in the Xe+ ion that cannot
decay by electric dipole transitions to lower states. All of
them belong to the 5p45d configuration. In contrast, the
neutral Xe atom has only two metastable states in the 5p56s
configuration. In addition, there are several ‘quasi-metastable’
states in the 5p46s and 5p45d configurations of Xe+. These

states have relatively long lifetimes (e.g. ∼1 μs) compared
with the characteristic time of collisional transitions in Hall
and ion thrusters (e.g. ∼0.01–0.1 μs at plasma densities of
∼1012 cm−3). In this case, both the metastable and quasi-
metastable states are mainly depopulated by electron-impact
excitation processes to higher (e.g. 6p) states. Metastable- and
quasi-metastable-state excitations become an important
mechanism for their own kinetics as well as that of the 6p
states involved in OES diagnostics.

Figures 5 and 6 depict the electron-impact excitation
cross sections of ten 5p46p states from the quasi-metastable
state 5p4(3P2)6s

2[2]5/2 (the lowest state in the 6s/5d con-
figurations) and the metastable state 5p4(3P2)5d

2[4]9/2 (the
state with the highest degree of degeneracy in the 6s/5d
configurations), respectively.

In the optical diagnostics of low-temperature plasmas, it
is well understood that competition between ground-state
excitation by high-energy electrons and metastable-state
excitation by low-energy electrons is the essential physical
reason why the OES line-ratio method can determine the
mean electron energy or electron energy distribution function,
when using a CR model for Ne, Ar, Kr, or Xe atoms [31–34].
Atomic states such as np5(2Po

3 2/ )(n+1)p 2[1/2]0 and np5(2

Po
3 2/ )(n+1)p 2[5/2]3 are usually selected, since the former

is mainly produced by excitation from the ground state np6

(1S0) while the latter has large excitation cross sections from
the dominant metastable state np5(2Po

3 2/ )(n+1)s 2 3 2 .o
2[ ]/

This is the well-known systematic behavior found in previous
CR modelling and OES diagnostics research of low-temper-
ature Ne, Ar, Kr and Xe plasmas.

However, when comparing the excitation cross sections
of Xe+(6p) in figures 4–6, the situation is much more com-
plex. For example, for the first three states, the order of cross
sections is (3P2)6p [3]7/2>(3P2)6p [3]5/2>(3P2)6p [2]5/2
for the ground-state excitation in figure 4(a), (3P2)6p
[3]7/2>(3P2)6p [2]5/2>(3P2)6p [3]5/2 for the metastable-

Figure 4. Electron-impact excitation cross sections for transitions from 5p5 2Po
3 2/ to selected 5p46p states. The final states are grouped by

their total electronic angular momentum, with J=7/2 and 5/2 shown in panel (a) and J=3/2 and 1/2 shown in (b).

6
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state excitation in figure 6(a) and (3P2)6p [2]5/2>(3P2)6p
[3]5/2>(3P2)6p [3]7/2 at low energy (∼3 eV) and (3P2)6p
[2]5/2>(3P2)6p [3]7/2>(3P2)6p [3]5/2 at high energy
(∼30 eV) in figure 5(a) for the quasi-metastable-state excita-
tion. The order is thus changed in each case.

Furthermore, there is a second fine-structure state (5p5 2

Po
1 2/ ) with the ground-state configuration and about ten more

metastable/quasi-metastable states should be considered for
the production of Xe+(6p). The kinetic mechanisms become
more complicated due to the high density and energy of
electrons and ions in the electric propulsion systems, since
electron-impact ionization–excitation (from the atomic
ground state to excited ionic states), ion-impact excitation and
ionization–excitation, and charge-transfer processes between
the atom and the ion will compete with the above electron-

impact excitation processes. The experience accumulated in
the CR modeling of atoms during the past decade [32–37],
therefore, may not be transferable in a straightforward way to
a CR model of Xe+. A comprehensive study of the kinetic
processes involving the ionic 6s, 6p, and 5d states in the
different regions of electric propulsion devices will be carried
out by utilizing the cross-section data generated in the present
work, and the results will be reported in a subsequent paper.

3.4. Limitations of the present calculation

In the present work, we focused on performing structure and
collision calculations for the Xe+ ion by using a 67-state
DBSR model to generate a consistent set of Einstein coeffi-
cients and cross sections for our planned CR model. In

Figure 5. Electron-impact excitation cross sections for transitions from 5p4(3P2)6s
2[2]5/2 to selected 5p46p states. As in figure 3, we group

them according to the J-value of the final state, with J=7/2 and 5/2 shown in (a) and J=3/2 and 1/2 in (b).

Figure 6. Electron-impact excitation cross sections for the transitions from 5p4(3P2)5d
2[4]9/2 to selected 5p46p states with J=7/2 and 5/2

in panel (a) and J=3/2 and 1/2 in panel (b).
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principle, more structure data could be provided, and we
could further improve their accuracy in a more sophisticated
structure-only calculation. Such refinements, however, lead to
a major increase in the resource requirements for a subsequent
collision calculation. They are beyond our current computa-
tional capabilities.

As a further limitation of the model, we note that neither
the 5p46d nor the 5p44f states were included in the close-
coupling expansion. The latter states are important for pre-
dicting the emission spectra of electric propulsion systems in
the wavelength range ∼200–300 nm6. Considering that the
projectile electron would have to be coupled to these states,
collision calculations involving the 5p44f states would lead to
a very large number of scattering channels and extensive
interaction matrices, once again beyond currently available
capabilities. Hence a compromise had to be made in the
number of target configurations that could be considered.

4. Conclusions and outlook

In this work, the fully relativistic DBSR method was
employed to calculate energy levels, oscillator strengths, and
electron-impact excitation cross sections for the Xe+ ion.
These data are necessary for the kinetic modelling of excited
Xe+ ions in electric propulsion systems and for optical line-
ratio diagnostics of Xe plasmas with the ionic emission lines
included. The multi-electron Dirac-Coulomb Hamiltonian
was used to comprehensively account for valence and core-
valence correlations as well as relativistic effects for this
heavy target. Utilizing nonorthogonal orbital sets, both for the
construction of the target wave functions and the repre-
sentation of the scattering functions, allowed us to optimize
the individual wave functions independently, and hence to
generate a more accurate description of the target than what is
usually possible with orthogonal orbital sets, in particular if
the target states are to be used in a subsequent collision
calculation.

The oscillator strengths obtained in this work are in good
agreement with those measured in different plasmas reported
in the literature. The magnitude of the predicted cross sections
also agrees with preliminary experimental observations of
emission line intensities in Hall and ion thrusters. The acc-
uracy of the data will be further examined by more detailed
optical experiments in such thrusters. In spite of the major
challenges outlined above, large-scale DBSR calculations
with inclusion of the 5p46d and 5p44f states as well as
accounting for coupling to the target continuum are envi-
sioned for future work. The latter extension would also make
it possible to treat ionization processes of excited Xe+ states
and to study the production mechanisms of Xe2+ and Xe3+

ions.

Table A1. Energy levels of Xe+ (in eV) relative to the ground state
obtained in this work, compared with those in the NIST [20] tables
(J denotes the total angular momentum quantum number).

No. State Term J This work NIST

1 5p5 2P° 3/2 0.000 00 0.000 00
2 5p5 2P° 1/2 1.287 79 1.306 42
3 5s5p6 2S 1/2 11.3908 11.2669
4 5p4(3P2)6s

2[2] 5/2 12.1174 11.5390
5 5p4(3P2)6s

2[2] 3/2 12.4006 11.7865
6 5p4(3P2)5d

2[2] 5/2 12.5840 11.8277
7 5p4(3P2)5d

2[3] 7/2 12.5938 11.8328
8 5p4(3P2)5d

2[2] 3/2 12.6824 11.9066
9 5p4(3P2)5d

2[1] 1/2 12.7489 12.0088
10 5p4(3P0)6s

2[0] 1/2 13.0977 12.5419
11 5p4(3P2)5d

2[4] 9/2 13.1766 12.3247
12 5p4(3P1)6s

2[1] 3/2 13.3357 12.7455
13 5p4(3P2)5d

2[4] 7/2 13.4580 12.5888
14 5p4(3P1)6s

2[1] 1/2 13.5708 13.2547
15 5p4(3P2)5d

2[1] 3/2 13.8650 13.0572
16 5p4(3P1)5d

2[1] 1/2 13.8836 12.9254
17 5p4(3P2)5d

2[0] 1/2 14.0331 13.1358
18 5p4(3P2)5d

2[3] 5/2 14.0409 13.2012
19 5p4(3P0)5d

2[2] 3/2 14.1098 13.3136
20 5p4(1D2)6s

2[2] 5/2 14.1859 13.5841
21 5p4(3P2)6p

2[2]° 3/2 14.2145 13.8605
22 5p4(3P1)5d

2[1] 3/2 14.2200 13.3785
23 5p4(3P2)6p

2[2]° 5/2 14.2203 13.8811
24 5p4(3P1)5d

2[3] 7/2 14.2635 13.4428
25 5p4(3P0)5d

2[2] 5/2 14.3149 13.3912
26 5p4(3P2)6p

2[3]° 5/2 14.4117 14.0737
27 5p4(3P2)6p

2[1]° 1/2 14.4156 14.0936
28 5p4(3P2)6p

2[3]° 7/2 14.4166 14.0977
29 5p4(1D2)6s

2[2] 3/2 14.5457 14.0009
30 5p4(3P1)5d

2[2] 3/2 14.7049 13.8028
31 5p4(3P2)6p

2[1]° 3/2 14.8148 14.4793
32 5p4(3P1)5d

2[2] 5/2 14.8240 13.9735
33 5p4(3P1)5d

2[3] 5/2 14.9872 14.2273
34 5p4(1D2)5d

2[4] 9/2 15.0959 14.2464
35 5p4(1D2)5d

2[4] 7/2 15.1407 14.2475
36 5p4(3P0)6p

2[1]° 1/2 15.2734 14.9295
37 5p4(3P1)6p

2[0]° 1/2 15.3500 15.0244
38 5p4(3P0)6p

2[1]° 3/2 15.4085 15.0801
39 5p4(3P1)6p

2[2]° 5/2 15.5780 15.2640
40 5p4(3P1)6p

2[2]° 3/2 15.6118 15.2816
41 5p4(1D2)5d

2[3] 5/2 15.6227 14.7647
42 5p4(3P1)6p

2[1]° 3/2 15.7392 15.4099
43 5p4(3P1)6p

2[1]° 1/2 15.7722 15.4448
44 5p4(1D2)5d

2[3] 7/2 15.8873 14.9839
45 5p4(1D2)5d

2[2] 5/2 16.1149 15.4115
46 5p4(1D2)5d

2[1] 3/2 16.1157 15.3827
47 5p4(1D2)5d

2[1] 1/2 16.3016 15.7473
48 5p4(1D2)6p

2[3]° 5/2 16.3387 15.9775
49 5p4(1D2)6p

2[1]° 3/2 16.4136 16.0767
50 5p4(1D2)6p

2[3]° 7/2 16.4581 16.1259
51 5p4(1D2)5d

2[2] 3/2 15.5536 15.8114
52 5p4(1S0)6s

2[0] 1/2 16.6028 16.0248
53 5p4(3P2)7s

2[2] 5/2 16.6103 16.4302
54 5p4(1D2)6p

2[2]° 3/2 16.7013 16.3565
55 5p4(3P2)7s

2[2] 3/2 16.7074 16.5134
56 5p4(1D2)6p

2[2]° 5/2 16.7190 16.3917
57 5p4(1D2)6p

2[1]° 1/2 16.7878 16.4578

6 For example, we observed a series of Xe+(4f) emission lines in this range
when developing a novel type of magnetized hollow cathode thrusters. The
ratio between these Xe+(4f) lines and the lines of boron, tantalum, and
barium species is useful to monitor the performance of this kind of device and
will be studied in future work.
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We are currently building a comprehensive collisional-
radiative model for electric propulsion systems with Xe as the
propellant—with the kinetics of metastable, quasi-metastable,
and excited states of both the neutral atom and the ion
included. Subsequent papers will focus on constructing this
CR model and utilizing it for OES diagnostics, respectively.

All data generated in this project are available from the
authors on request, and they are also put on the LXCat
database, which is accessible at https://nl.lxcat.net/.
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Appendix A

Table A1 lists the energy levels studied in this work.

Appendix B

An excel file named ‘CrossSectionsIon.xlsx’ is attached as
supplementary material is available online at stacks.iop.org/
PSST/28/105004/mmedia, which is introduced in this
appendix. It includes electron impact excitation cross sections
of Xe+ that are calculated by DBSR method. Only the data
that are essential to build a collisional-radiative model in the
follow-up paper are presented here, since a file contains all
data generated in this work is too large to be an attached file.
One can also find a full set of present DBSR calculations on

the LXCat database, which is accessible at https://nl.lxcat.
net/.

‘CrossSectionsIon.xlsx’ includes cross sections of tran-
sitions from two ground Xe+ states (J=3/2 and J=1/2) to
5p46s, 5p46p, and 5p45d states, as well as those from twelve
metastable and quasi-metastable states (four 5p46s states and
eight 5p45d states) to 5p46p states. The theoretical data are
stored in different worksheet according to the configurations
of initial state and final state. For example, the data for
transitions from ground state to 5p46s are stored in worksheet
‘gs->6s’.

In the excel file, for simplicity, transitions are described
using NIST energy-ordered level numbers instead of level
symbols. For example, in ‘CrossSectionsIon.xlsx’, transition
‘1->4’ in worksheet ‘gs->6s’ denotes transition from
level No. 1 to level No. 4, where level No. 1 is actually the
lowest Xe+ level 5p5 2P3/2, and level No. 4 is 5p4(3P2)6s
2[2]5/2. In the subsequent paper of this series of work, energy
levels are also quoted by NIST energy-ordered numbers. An
energy-ordered level table can be found in worksheet ‘NIST
Level table’ of each file. Energies of incident electron are
given in eV, and cross sections are given in 10−16 cm2 in
the file.
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[22] Martıń I et al 1999 Transition probabilities for singly ionized
xenon J. Quant. Spectrosc. Radiat. Transf. 62 71

[23] Gupta S, Sharma L and Srivastava R 2018 Electron-impact
excitation of Xe+and polarization of its subsequent
emissions J. Quant. Spectrosc. Radiat. Transf. 219 7–22

[24] Zatsarinny O and Bartschat K 2009 B-spline calculations of
oscillator strengths in noble gases Phys. Scr. T134 014020

[25] Zatsarinny O 2006 BSR: B-spline atomic R-matrix codes
Comput. Phys. Commun. 174 273

[26] Zatsarinny O and Bartschat K 2008 Relativistic B-spline
R-matrix method for electron collisions with atoms and ions:
application to low-energy electron scattering from Cs Phys.
Rev. A 77 062701

[27] Zatsarinny O and Bartschat K 2013 The B-spline R-matrix
method for atomic processes: application to atomic structure,
electron collisions, and photoionization J. Phys. B: At. Mol.
Opt. Phys. 46 112001

[28] Ning Z, Liu H, Yu D and Zhou Z 2011 Effects of ionization
distribution on plasma beam focusing characteristics in Hall
thrusters Appl. Phys. Lett. 99 221502

[29] Kim H, Lim Y, Choe W and Seon J 2014 Effect of multiply
charged ions on the performance and beam characteristics in
annular and cylindrical type Hall thruster plasmas Appl.
Phys. Lett. 105 144104

[30] Lim Y et al 2017 Nonlinear ion dynamics in Hall thruster
plasma source by ion transit-time instability Plasma Sources
Sci. Technol. 26 03LT01

[31] Zhu X M et al 2012 Possibilities of determining non-
Maxwellian EEDFs from the OES line-ratios in low-pressure
capacitive and inductive plasmas containing argon and
krypton Plasma Sources Sci. Technol. 21 024003

[32] Dressler R A et al 2009 Near-infrared collisional radiative
model for Xe plasma electrostatic thrusters: the role of
metastable atoms J. Phys. D: Appl. Phys. 42 185203

[33] Boffard J B, Wang S, Lin C C and Wendt A E 2015 Detection
of fast electrons in pulsed argon inductively coupled plasmas
using the 420.1–419.8 nm emission line pair Plasma
Sources Sci. Technol. 24 065005

[34] Boffard J B, Jung R O, Lin C C and Wendt A E 2010 Optical
emission measurements of electron energy distributions in
low-temperature argon inductively coupled plasmas Plasma
Sources Sci. Technol. 19 065001

[35] Zhu X M and Pu Y K 2008 Using OES to determine electron
temperature and density in low-pressure nitrogen and argon
plasmas Plasma Sources Sci. Technol. 17 024002

[36] Kano K, Suzuki M and Akatsuka H 2000 Spectroscopic
measurement of electron temperature and density in argon
plasmas based on collisional-radiative model Plasma
Sources Sci. Technol. 9 314

[37] Rolin M N, Shabunya S I, Rostaing J C and Prerrin J M 2007
Self-consistent modelling of a microwave discharge in neon
and argon at atmospheric pressure Plasma Sources Sci.
Technol. 16 480

10

Plasma Sources Sci. Technol. 28 (2019) 105004 Y Wang et al

https://doi.org/10.1051/0004-6361/201526301
https://doi.org/10.1103/PhysRevA.72.022723
https://doi.org/10.1103/PhysRevA.72.022723
https://doi.org/10.1063/1.2195018
https://doi.org/10.1063/1.2195018
https://doi.org/10.1103/PhysRevA.74.012715
https://doi.org/10.1103/PhysRevA.74.012715
https://doi.org/10.1103/PhysRevA.80.062708
https://doi.org/10.1088/0953-4075/43/7/074031
https://doi.org/10.1088/1361-6595/aaf95f
https://doi.org/10.1103/PhysRevE.49.1575
https://doi.org/10.1238/Physica.Regular.066a00454
https://doi.org/10.1007/s100530050522
https://www.nist.gov/pml/atomic-spectra-database
https://www.nist.gov/pml/atomic-spectra-database
https://doi.org/10.1016/0022-4073(95)00181-6
https://doi.org/10.1016/S0022-4073(98)00072-7
https://doi.org/10.1016/j.jqsrt.2018.07.014
https://doi.org/10.1016/j.jqsrt.2018.07.014
https://doi.org/10.1016/j.jqsrt.2018.07.014
https://doi.org/10.1088/0031-8949/2009/T134/014020
https://doi.org/10.1016/j.cpc.2005.10.006
https://doi.org/10.1103/PhysRevA.77.062701
https://doi.org/10.1088/0953-4075/46/11/112001
https://doi.org/10.1063/1.3665632
https://doi.org/10.1063/1.4897948
https://doi.org/10.1088/1361-6595/aa58d9
https://doi.org/10.1088/0963-0252/21/2/024003
https://doi.org/10.1088/0022-3727/42/18/185203
https://doi.org/10.1088/0963-0252/24/6/065005
https://doi.org/10.1088/0963-0252/19/6/065001
https://doi.org/10.1088/0963-0252/17/2/024002
https://doi.org/10.1088/0963-0252/9/3/309
https://doi.org/10.1088/0963-0252/16/3/007

	1. Introduction
	2. Summary of the computational method
	3. Results and discussion
	3.1. Energy levels and oscillator strengths
	3.2. Excitation from the ground state
	3.3. Metastable and quasi-metastable state excitation
	3.4. Limitations of the present calculation

	4. Conclusions and outlook
	Acknowledgments
	Appendix A
	Appendix B
	References



