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Abstract: Cross sections for electron scattering from atomic and molecular iodine are calculated based
on the R-matrix (close-coupling) method. Elastic and electronic excitation cross sections are presented
for both I and I2. The dissociative electron attachment and vibrational excitation cross sections of
the iodine molecule are obtained using the local complex potential approximation. Ionization cross
sections are also computed for I2 using the BEB model.

Keywords: electron-scattering; B-spline R-matrix; elastic; excitation; ionization; dissociative electron
attachment; vibrational excitation

1. Introduction

Electron-scattering cross-section data for atomic and molecular iodine are important
for plasma simulations and electric propulsion (EP) applications. In an EP system [1,2],
an ionized gas (plasma) is accelerated electrostatically to generate thrust. This form of
thrust generation significantly increases the payload-to-spacecraft mass ratio as compared
to conventional chemical propulsion. To date, the state-of-the-art propellant gas for EP
has been xenon (Xe) due to its high atomic mass, low ionization potential, and lack of
toxicity. However, xenon has its own disadvantages. For example, it must be stored in high-
pressure environments. Furthermore, Xe is not abundant in the Earth’s crust, thus making
it expensive and thereby limiting the industrial demand [3]. Therefore, replacements for
Xe as a propellant have long been sought after. Iodine (I) is a viable candidate, as it not
only has high atomic mass and low ionization potential, but can also be stored as a solid
at lower pressures. Iodine is also more abundant in the Earth’s crust (about 25,000 times
compared to xenon [4]), thus making it a cheaper substitute.

The motivation for the present work is twofold. First, the recent developments in
iodine-compatible EP thrusters such as iodine Hall-effect thrusters (iHETs) [5] resulted in a
growing interest for e−−I/I2 scattering data for plasma simulations. In this type of thruster,
electrons emitted from the cathode spiral around the thruster axis due to the combination of
an axial electric and a radial magnetic field [2,6]. These electrons interact with the anode-fed
gas, producing ions that are then accelerated by the electric field. Therefore, a systematic
study of electron-driven processes and cross sections for e−−I/I2 collisions will help to
improve the performance of iodine-based EP thrusters. As the second motivation, this
work was initiated from one of the final projects that Oleg Zatsarinny was involved with
before his untimely death on 2 March 2021. Therefore, the present paper is a dedication to
his legacy remembering the pioneering work he did in the field of atomic, molecular, and
optical (AMO) physics [7].
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In the present paper, we employ the semirelativistic Breit-Pauli B-spline R-matrix
(BPBSR) method to obtain cross section for e−−I collisions. For the molecular target,
we perform electron scattering calculations using the UK molecular R-matrix codes [8,9]
through using Quantemol expert systems [10,11]. Dissociative attachment and vibrational
excitation cross sections are computed within the framework of the local complex potential
(LCP) using a new code developed for this purpose.

Table 1 lists the summary of reactions that will be discussed in the present paper.

Table 1. Summary of the processes discussed in the present paper.

I Reaction

Elastic scattering e− + I(2P3/2)→ e− + I(2P3/2)
e− + I(2P1/2)→ e− + I(2P1/2)

Excitation e− + I(2P3/2)→ e− + I∗

e− + I(2P1/2)→ e− + I∗

Ionization e− + I(2P3/2)→ 2e− + I+

I2 Reaction

Elastic scattering e− + I2(X 1Σ+
g )→ e− + I2(X 1Σ+

g )

Excitation e− + I2(X 1Σ+
g )→ e− + I∗2

Dissociative Electron attachment e− + I2(X 1Σ+
g )→ I(2P1/2) + I−(1S)

Vibrational excitation e− + I2(X 1Σ+
g , ν = 0)→ e− + I2(X 1Σ+

g , ν = ν f )

Ionization e− + I2(X 1Σ+
g )→ 2e− + I+2

Dissociative ionization e− + I2(X 1Σ+
g )→ 2e− + I + I+

2. Theoretical Method

In this section, we briefly describe the methodologies used for the atomic and molecu-
lar targets. We begin with the atomic target and then discuss the I2 molecule.

2.1. Breit-Pauli B-spline R-matrix (BPBSR)

For the e−−I calculations, we used the semirelativistic Breit-Pauli B-spline R-matrix
approach [12] with either 10 or 29 target states in the close-coupling expansion. These
models will be referred to as BPBSR-10 and BPBSR-29 below. The target states were
generated by running a collision calculation for e− − I+ and then looking for bound states.
The BPBSR-10 model included the lowest 10 states (total) with configurations 5p5, 5p46s,
and 5p46p, while the BPBSR-29 model included the next 19 states that could be built with
the configurations 5p45d and 5p47s, respectively.

Table 2 lists the excitation energies and configurations of the first ten excited states
from ground-state iodine: (4d105p5) 2P3/2. The excitation energies are compared with the
available data from NIST [13]. The overall agreement is not perfect, but sufficient for the
accuracy needed for the purpose of the present paper. In fact, in order to make a direct com-
parison with state-selected experimental excitation results possible (should they become
available), we adjusted the thresholds of these states to their NIST-recommended values.

2.2. Molecular R-matrix Method

The electron-scattering problem for a molecule involves two types of motion: the
electron and the nuclear motion. The scattering electron plus the target molecule is con-
veniently solved using the fixed-nuclei approximation, i.e., the molecule remains frozen
at equilibrium geometry. The electron collisions calculations are performed using the
molecular R-matrix theory. For an extensive review of the R-matrix theory for molecular
targets, the reader is referred to ref. [14].
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Table 2. Configurations and excitation energies (eV) for the lowest ten states of I in the BPBSR calculations.

Configuration BPBSR-29 NIST [13]

4d105p5 (2P3/2) 0.0000 0.0000
4d105p5 (2P1/2) 0.9529 0.9426
4d105p46s (4P5/2) 7.2015 6.7736
4d105p46s (4P3/2) 7.3939 6.9546
4d105p46s (2P3/2) 7.9452 7.6646
4d105p46s (2P1/2) 8.0447 7.8341
4d105p46p (4P5/2) 8.1850 8.0473
4d105p46s (4P1/2) 8.1898 7.5501
4d105p46p (4P3/2) 8.2217 8.0577
4d105p46p (4D7/2) 8.3228 8.1420

Electronic-structure calculations for I2 were carried out using MOLPRO [15]. This
involves the computation of the neutral as well as the resonance-state potential energy
curves. For electronic excitation and elastic scattering calculations, we employ the R-matrix
approach using the UKRMOL suite of codes [9] implemented in the Quantemol-N (QN)
software [10]. The QN interface takes in the MOLPRO-optimized geometry of I2 and
the calculations are completed with the static-exchange plus polarization (SEP) scattering
model [14]. A 6-311G GTO target basis set [16,17] is employed for all calculations and
the R-matrix radius is set at 10 a0. The same QN calculation setup is used to obtain the
resonance parameters, which are required to treat the motion of the nuclei.

2.3. Local Complex Potential Approximation

The accurate treatment of the nuclear motion in the negative molecular-ion state is
important for the calculations of resonant vibrational excitation and DEA cross sections. In
the present work, we employ the LCP [18] approximation to treat the nuclear dynamics and
use the resonant parameters obtained from fixed-nuclei R-matrix calculations as described
in Section 2.2.

In the LCP approximation, the nuclear dynamics in the resonant state is governed by
the Schrödinger equation

1
2µ

d2

dR2 χ(R)−
[
U−(R)− i

Γ(R)
2
− E

]
χ(R) = −Vdk(R)ζν(R), (1)

where µ is the reduced mass, U−(R) is the potential energy curve for the anion, Γ(R) is the
resonance width, Vdk =

√
Γ/2π is the electron-capture amplitude into the resonance state,

and ζν(R) is the vibrational wavefunction of the neutral molecule in its νth vibrational
state. In brief, Equation (1) describes the dynamics of nuclei moving in a complex potential
of which the real part is of either repulsive or attractive nature. The complex part of the
energy is physically indicative of the decaying nature of the resonance state. It is important
to note that in the case of broad shape resonances [18,19] or when the long-range dipolar
interaction strongly affects the calculated cross sections, one has to go beyond the LCP
approximation. However, employing the LCP approach in the present work is justified by
the small resonance widths we obtained in our calculations (see below). We can construct a
solution of Equation (1) in terms of the Green’s function according to

χ(R) =
∫ ∞

0
G(R, R′)λν(R′)dR′, (2)

where λν(R) = −Vdk(R)ζν(R) and the Green’s function satisfies

1
2µ

d2

dR2 G(R, R′)−
[
U−(R)− i

Γ(R)
2
− E

]
G(R, R′) = δ(R− R′). (3)
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Note that G(R, R′) has the same outgoing wave boundary condition as χ(R). The Green’s
function can be constructed from the solutions of the homogeneous equation by setting the
RHS to zero in Equation (3). Next, let ψr and ψ+ be the regular and irregular solutions of
the homogeneous equation with the following asymptotic forms at R→ ∞:

ψr(R) ∼ ψ−(R)− ψ+(R)S, (4)

ψ±(R) ∼
√

µ

K
exp(±iKR). (5)

Here S is the scattering matrix and K2 = 2µ(E−U−(R = ∞)). With these two linearly
independent solutions, we can construct the Green’s function

iG(R, R′) = ψr(R)ψ+(R′)θ(R′ − R) + ψr(R′)ψ+(R)θ(R− R′), (6)

where θ(R− R′) is the Heaviside function. If the resonant state supports bound states,
then the asymptotic conditions should be modified accordingly (χ(R → 0,+∞) ∼ 0).
If the latter situation occurs, it is instructive to construct the Green’s function directly by
numerically solving the homogeneous equation. Then the Green’s function reads

G(R, R′) =
1

W
u(R<)v(R>), R< = min(R, R′), R> = max(R, R′), (7)

where u(R→ 0) ∼ 0, v(R→ ∞) ∼ 0, and W = v′u− u′v. For the case of outgoing-wave
boundary condition, substituting Equation (6) into Equation (2) yields

χ(R) = −i
[

ψr(R)
∫ ∞

R
ψ+(R′)λν(R′)dR′ + ψ+(R)

∫ R

0
ψr(R′)λν(R′)dR′

]
. (8)

To obtain the regular solution ψr, one can start with the quasi-classical conditions (exponen-
tially decaying solutions) in the classically-forbidden region and then integrate outward.
For ψ+, one can again start with the boundary conditions in Equation (5) and then in-
tegrate inward. Normalization procedures of the numerical solutions can be avoided if
Equation (7) for the Green’s function is used directly.

The DEA cross section σν
DEA is given by [20]

σν
DEA = g

π2

k2
ν

K
µ

lim
R→∞

|χ(R)|2, (9)

where k2
ν/2 is the energy of the incident electron and K is defined before in Equation (5).

The symbol g denotes the ratio of the statistical weights of the resonant state and the target
electronic state. The asymptotic factor in Equation (9) can be obtained from the second
term in Equation (8) according to

lim
R→∞

|χ(R)|2 =
µ

K

∣∣∣∣∫ ∞

0
ψr(R′)λν(R′)dR′

∣∣∣∣2. (10)

The vibrational excitation cross section is given by [21] as

σν→ν′ =
2π3

k2 g
∣∣< ζν′ |Vdk′ |χ >

∣∣2. (11)

For the evaluation of the matrix elements, we must now use the full solution for χ given
in Equation (8). It is well known that the local theory fails to describe the magnitude of
the cross section near threshold. The local theory yields an infinite cross section for E→ 0.
However, according to the Wigner threshold law [22], the exothermic DEA cross section
for nonpolar molecules at threshold should depend on energy E as El−1/2 [23], where l
is the lowest orbital angular momentum allowed by the symmetry of the resonant state.
To modify this deficiency in the local theory, we introduce a correction factor C(R) [21] into
the capture amplitude: Vdk = C(R)

√
Γ/2π. The correction factor C(R) has the form [21]



Atoms 2021, 9, 103 5 of 13

C(R) =
(

k2

2Er(R)

)τ/2

, k2 < 2Er, (12)

where the resonance energy Er(R) = U−(R)−U0(R), and U0(R) is the potential energy
of the neutral molecule. For k2 ≥ 2Er or sufficiently far away from the threshold, our
calculations showed that C(R) does not play a significant role and can be taken as unity.
For nonpolar molecules, the threshold exponent is τ = l + 1/2 according to the Wigner law.

3. Results
3.1. Atomic Iodine

Figure 1 shows the elastic scattering cross sections for atomic iodine when it is in
the ground and the first excited state (BSR-29 only). The elastic cross section exhibits a
Ramsauer minimum, which is clearly visible for the 4d105p5 (2P1/2) state at about 1 eV. Pre-
vious fullrelativistic D(irac) B-Spline R-matrix (DBSR) [24] calculations by Zatsarinny et al.
reported a Ramsauer minimum at lower energy of 0.7 eV [25]. Their cross section for
energies less than about 0.1 eV is about one order of magnitude smaller than the present
results. This is an indication of the extreme sensitivity of the predictions in this energy
regime. In contrast to the present calculation, the DBSR model contained configurations
that were built with pseudo-orbitals to specifically account for polarization effects on the
two lowest states. The difference by an order of magnitude at 0.1 eV drops to a factor of ≈2
around 0.5 eV, and the results are much closer beyond the Ramsauer minimum.

The two experimental data points at 40 and 50 eV are taken from ref. [25] (while the
uncertainties are larger than the differences between the values at the two energies, it
appears as if the two points were accidentally interchanged between Table II (correct) and
Figure 3 of [25]). No experimental data below 40 eV were found in the literature. Without
experimental data, it is difficult to judge which of these theoretical predictions is most
reliable. If accurate results at these very low energies were required, a separate study
should be performed that is specifically devoted to this energy regime.

Figure 2 exhibits electronic excitation cross sections from the 4d105p5 (2P3/2) and
4d105p5 (2P1/2) states. In each case, cross sections for excitation into the next two higher
levels are plotted. For the 2P3/2 state, specifically, the next higher level is the 2P1/2 state
with the same configuration but a different total electronic angular momentum, resulting
in a fine-structure splitting of nearly one eV (cf. Table 2). The total cross section is obtained
by summing the partial excitation cross sections to 10, 20, and 25 final states, respectively.
As seen from Figure 2, the total excitation cross section converges after including about
20 target states. Unfortunately, no experimental data for electron-impact excitation of
atomic iodine were found in the literature.
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BPBSR-29: e- + I(2P3/2)
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Zatsarinny et al. (2011): Theory (DBSR)

Zatsarinny et al. (2011): Experiment

Figure 1. Elastic scattering cross section as a function of the electron energy. Cross sections
for the ground state obtained in the BPBSR-10 and BPBSR-29 models are shown, as well the
BPBSR-29 prediction for the first excited state and the result from the DBSR calculation reported by
Zatsarinny et al. [25]. The experimental data at 40 eV and 50 eV are taken from ref. [25].
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Figure 2. Electron-impact excitation cross section from (a) the ground state and (b) the first excited
state of atomic iodine. The total cross sections shown are obtained by summing the partial cross
sections into 10, 20, and 25 final states as shown in the legend.

3.2. Molecular Iodine

Table 3 lists the ground-state properties of I2. The results were obtained by performing
MOLPRO-CASSCF calculations with the 6-311G basis set. The ground-state configuration
of I2 is (1-13Ag,1-6B3u,1-6B2u,1-2B1g,1-12B1u,1-6B2g,1-6B3g,1-2Au)2.

Table 3. Ground-state properties of I2.

Property Present Value Value in [26]

Ground state energy (Hartree) −13,833.5045 −13,834.05986
Bond length (Å) 2.8102 2.6655
Vibrational frequency (cm−1) 207.71 214.502
Symmetry D2h D2h

For the calculations of the cross sections, accurate details of the neutral and anion
potential energy surfaces (PES) are important. In the present work, we obtained the PESs
using MOLPRO (CASSCF with the 6-311G basis). In Figure 3, the ab initio calculations
for the potential-energy curves of the neutral, anion, and the lowest excited state of I2
are shown. For the anion state, several scattering-state symmetries are considered. The
calculated resonance positions for the 2Πg and 2Πu states using the R-matrix approach
agree well with the standard MOLPRO bound-state calculations. This confirms the accuracy
of the crossing points of the neutral and anion potential curves.

For calculating the resonance parameters, we first obtain the eigenphase sum for the
relevant scattering symmetry at several internuclear separations. The scattering calcula-
tions are performed with the SEP scattering model. In QN, the eigenphase sum is fitted to
a Breit-Wigner form and produces the corresponding resonance widths and positions [27].
Figure 4 shows the eigenphase sum for 2Πg symmetry evaluated at several internuclear
separations near the equilibrium geometry. This illustrates the stability in our scattering
calculations for the resonance parameters. In Figure 4, the calculated resonance widths for
the 2Πg and 2Πu resonances are shown as function of the internuclear separation.
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Figure 4. (a) Eigenphase sum for the 2Πg symmetry evaluated at several internuclear separations R.
(b) Resonance widths Γ(R) for the two scattering symmetries considered in the present calculations.

3.2.1. Dissociative Electron Attachment

Figure 5 shows the DEA cross section of I2 in the energy range 0.1–10.0 eV. The cross
sections are obtained for two scattering symmetries in the LCP approximation. The present
local calculations show peaks around 0.6 and 2.0 eV, which agree with the low-energy
peaks reported in ref. [28]. The experimental data from ref. [29] exhibit a smaller peak
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similar to the 2Πu resonance. We also show the DEA cross section estimates [30] obtained
from QN. As seen in Figure 5, SEP results show good agreement with the LCP calculations.
However, the peaks are shifted to higher energies by about 0.5 eV. For the QN results we set
the vibrational frequency at 214 cm−1, dissociation energy at 1.58 eV, and electron affinity
at 3.059 eV [13].

3.2.2. Vibrational Excitation

The VE cross sections from the ground vibrational state to the ν = 1 and ν = 10 states
are shown in Figure 6. As the resonant states (2Πu, 2Πg) considered in the present work are
purely repulsive, only isolated peaks in the cross section around 0.5 and 2 eV are observed.
The total vibrational excitation cross section is obtained by summing the cross sections into
the ν = 0, 1, . . . , 10 channels.
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Figure 5. DEA cross section of I2. In the LCP framework (solid and dashed lines), the cross section
shows maxima at 0.6 and 2 eV similar to Buchdal et al. [28]. The results from Healy et al. [29]
agree with the 2Πu resonance position. QN’s SEP calculations (dashed-dotted line) exhibit the same
structures with shifted peaks compared to the present results.
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Figure 6. VE cross sections obtained for the 2Πg and 2Πu symmetries. Dashed and dashed-dotted
lines show the ν = 0→ 1, 10 results and the solid line shows total VE cross section, respectively.
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3.2.3. Electron-Impact Excitation

The excitation cross sections are computed with the ground-state configuration men-
tioned at the beginning of Section 3. In configuration-interactions (CI) calculations, only
four electrons are allowed in the active space consisting of 14–16ag, 13b1u, 6b2g, 6b3g orbitals.
Figure 7 exhibits the cross sections for electronic excitation into the lowest four excited
states with term symbols 3Πu, 1Πu, 3Σ−g , and 1Σ+

g , respectively. Table 4 lists the vertical
excitation energies of the excited states from the ground state. Reference data from the
theoretical work of Mulliken [31] are also given.

Table 4. Vertical excitation energies (eV) from the ground state.

State Energy Ref. [31]
3Πu 2.18 2.37
1Πu 3.00 2.38
3Σ−g 5.18 3.9
1Σ+

g 5.7 −

10-6
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3Σg

-

1Σg
+

Total

Figure 7. Cross sections for excitation to the 3Πu, 1Πu, 3Σ−g , and 1Σ+
g states from the ground state.

3.2.4. Ionization

Figure 8 shows the electron-impact ionization cross sections of I and I2 obtained using
the binary-encounter Bethe (BEB) method [32]. These calculations were set up in QEC [11]
after implementing the use of effective-core potentials (ECP) [33]. For the estimate of
partial ionization cross sections, we used approximate branching ratios of 0.1 and 0.9 for
reactions leading to I+2 , and I+/I products, respectively. The ECP calculations give the
ionization threshold for I2 as 10.19 eV. For dissociative ionization, the threshold was taken
as 11.94 eV [13].

3.2.5. Elastic Scattering

In this section, we present the results for elastic scattering of electron from the I2
molecule. Figure 9 shows the total elastic scattering and momentum transfer cross sections.
A strong spike in the elastic cross section is observed for electron energies at 1 eV, which
corresponds to the Πg resonance.
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4. Conclusions and Outlook

In the present work, we computed cross sections for electron collisions with atomic and
molecular iodine. For the atomic case, we employed a semirelativistic B-spline R-matrix
approach and compared the results obtained with 10 and 29 states included in the close-
coupling expansion. For elastic scattering, we also compared with predictions from an
earlier fullrelativistic DBSR calculation [25].

The overall agreement between predictions from these models is good for energies
above the Ramsauer minimum at ≈1 eV, while very large differences were found at lower
energies. This suggests that a semirelativistic approach to the collision problem is generally
sufficient, but also that much more work would be required before one can be confident
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in any of these predictions at thermal energies. Unfortunately, no experimental data at all
are available for comparison in the low-energy regime, and the uncertainties of the two
published experimental points at 40 eV and 50 eV were estimated to be about 80% of their
actual values. Nevertheless, we believe that the present calculations represent a valuable
basis for further studies, and that they should significantly improve the available database
to describe energy-loss processes in collisions between electrons and atomic iodine.

We also carried out R-matrix calculations to obtain excitation and elastic scattering
cross sections for molecular iodine. Electronic-excitation and elastic electron-scattering
cross sections for I2 were obtained using the Quantemol-N expert system. Compared to
previous work reported in [34], we used an enhanced basis set (6-311G vs. 3-211G), which
led to more accurate resonance parameters. In addition, we computed resonant vibrational
excitation and dissociative attachment to I2 in the framework of the LCP approximation.
Improving on these calculations will require the use ECPs in the scattering calculations;
this is currently being investigated.

Diatomic halogens are highly reactive gases that can bleach the surfaces of the electron
spectrometer causing changes in the contact potentials. This makes experiments for low-energy
DEA and VE to be extremely difficult. After comparing the present DEA calculations with
the only available experimental data, low-energy peaks in the experimental cross section were
assigned to the 2Πg and 2Πu resonances of I2. Similar observations were made by Tam and
Wong [35] who reported three resonance peaks for 0–8 eV electrons. Typically, DEA to diatomic
halogens is exothermic and results in large cross sections at low energy. In the case of F2 and Cl2,
the low-energy DEA cross section is dominated by the Σ+

u symmetry [36–38]. For I2, however,
the potential-energy curve for Σ+

u state crosses the neutral curve further left to the Franck-
Condon region. This suggests that the contribution from the Σ+

u state should be rather weak.
Similar observations in DEA to Br2 were reported by Kurepa et al. [39]. More experimental
evidence and calculations beyond the LCP approximation are necessary to characterize the low-
energy behavior of DEA to I2. The results from the DEA estimator [30] in QN showed overall
agreement with the LCP results in the considered energy range. This suggests the applicability
of the DEA estimator program for complicated molecules where the local calculations become
computationally challenging.
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Abbreviations
The following abbreviations are used in this manuscript:

BEB Binar Encounter Bethe
BPBSR Breit-Pauli B-Spline R-matrix
CASSCF Complete Active Space Self-Consistent Field
DEA Dissociative Electron Attachment
ECP Effective core potential
EP Electric Propulsion
LCP Local Complex Potential
QEC Quantemol Electron Collisions
QN Quantemol-N
VE Vibrational Excitation
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