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Abstract: The ClF molecule belongs to an interhalogen family and is important in laser physics
and condensed phase molecular dynamics. The elastic and excitation scattering cross sections are
obtained in a fixed nuclei approximation using the UKRmol+ codes based on R-matrix formalism. The
scattering calculations were performed in the static-exchange (SE), static-exchange-plus-polarisation
(SEP), and close-coupling (CC) models. Three CC models with different target states were employed,
namely, the 1-state, 5-states, and 12-states. In the CC model, the target states were represented by
configuration interaction (CI) wavefunctions. A good agreement of dipole and quadrupole moments
of the ground state was obtained with the experimental values, which indicates a good representation
of the target modelling. The study predicted the existence of a shape resonance in the SE, SEP,
and 5-states CC models. This resonance vanished in the 12-states CC model. The excitation cross
sections from ground to the lowest two excited states were also reported. The elastic differential and
momentum transfer cross sections were obtained in the 12-states CC models. The contribution of
long-range interactions to elastic scattering was included via Born closure approach. The quantities
like collision frequencies and rate coefficients were also presented over a wide range of electron
temperatures. The ionization cross sections were computed using the binary-encounter-Bethe (BEB)
model. The results were reported in C2v point group representation.

Keywords: electron collision; scattering cross sections; ionization; excitation; R-matrix method; BEB
model; resonances; plasma; CC model

1. Introduction

Chlorine monofluoride (ClF) is the first (lightest) of six diatomic interhalogens. The
isolated molecules of ClF in rare-gas matrices provide an opportunity to study molecular
dynamics and chemistry in condensed phases both experimentally and theoretically. The
interpretation of the photoelectron spectra of core- and valence-energy regions of this
molecule is extremely useful in elucidating molecular electronic structure [1]. Several
species from ClFn(n = 1− 7) series are reactive in nature, which make them corrosive and
oxidizing agents and are used in reactions with both organic and inorganic compounds [2].
The molecule is relevant as a laser source [3–5] and for laser-irradiation studies [6]. Its
moderate etch rate [7] makes it suitable for a shallow etching even at high temperatures [8].
The measurements of electronic transitions of this molecule by UV femtosecond lasers
have made possible the time-resolved measurements of the dynamical processes [9]. The
spectroscopic studies of ClF in cryogenic solutions are useful in molecular dynamics [10].
The flash photolysis-initiated ClFx (x = 1, 3, 5) chemical lasers produce vibrational-rotation
laser emission [11,12]. Further, the ClF systems were also identified to produce pure
rotational laser emission [13] and display high gain and extended durations, which make
them potential chemical lasers [14].
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There exist plenty of work on the spectroscopy of ClF molecule. The ground state of
ClF is 1Σ+ and is formed by coupling of the electrons in the singly occupied 3pz orbitals
of Cl and 2pz of F orbitals. The excited state of 3Π is formed via recoupled pair bonding
when the Cl atom is rotated in such a way that one of its 3p2 orbital gets aligned along
the internuclear axis. The longer bond of the triplet state in comparison to its singlet state
results in smaller bond energy. Alekseyev et al. had computed spectroscopic constants
by accounting for the relativistic effects [15]. Li et al. employed configuration interactions
and coupled-cluster methods in theory structure calculations [16]. Both these works are
considered to be very accurate. There also exist several structure studies for ClF and ClF−

involving different quantum mechanical methods [2,17–21].
The low-energy interactions of electrons with molecules are of fundamental inter-

est and play a significant role in many modern-day technological applications such as
lasers [22], ignition of internal combustion engines [23], and low-temperature plasma appli-
cations [24,25]. The electron collisions with molecules initiate the plasma-etching processes
upon which semiconductor industries rely. Thus, it is essential to know the electron col-
lision cross sections to model a relevant phenomenon. The R-matrix method studies are
available only for the electron attachment process to the interhalogen compounds [26].
These calculations revealed that the ClF− electronic state is bound for R = 3.05a0, while
for other values of internuclear distance the electronic state of this anion is a resonant state.
However, there is no comprehensive study of the electron impact on this molecule. In the
present work, we addressed this issue by employing the ab-initio R-matrix formalism [27]
to calculate various collisional parameters.

2. R-Matrix Method

The R-matrix theory involves the division of configuration space into two regions: an
inner and an outer. These regions are separated by a spherical boundary of radius a. In the
inner region, the Hamiltonian eigenvalue problem was solved for N + 1 electrons. The trial
N + 1 scattering eigenfunction in a closed coupling expansion scheme is expressed as [28]:

ψN+1
k = A ∑

i
ψN

i (x1, . . . , xN)∑
j

ζ j(xN+1)aijk + ∑
m

χm(x1, . . . , xN+1)bmk (1)

where A is the anti-symmetrization operator, ψN
i is the wavefunction of the ith target state,

and aijk and bmk are the variational coefficients. The xN is the space and spin coordinate of
the Nth target electron, and ζ j is the continuum orbital spin-coupled with the scattering
electron. The variational coefficients are determined by diagonalising the Hamiltonian
matrix. The χm are the L2 configurations and account for the dominant short-range correla-
tions and polarisation effects in the inner region. These are the multi-center-quadratically
integrable functions and are constructed by placing all the N + 1 electrons in the target
molecular orbitals (MOs). This method provides a good description of electron correlations
when several excited states of the molecule are included. The static-exchange (SE) model
includes only the ground Hartree–Fock (HF) state. The second sum in the SE approximation
runs over the minimum number of configurations to relax the orthogonality constraints
between target molecular orbitals and the functions used to represent the configuration.
The scattering electron in the outer region is distinguishable from the target electrons, and
the dominant short-range forces are negligible as the scattering electron is at a large distance
from the centre of mass of the target. The electron propagates in the multipolar potentials of
the molecule. A single-centre expansion of the wavefunction was carried out. The resulting
set of coupled differential equations were solved by propagating the R-matrix computed at
the spherical boundary to a large radial distance so that non-Coulombic potentials become
negligible. This was done by using the Program RPROP [29]. These solutions were then
matched with the asymptotic boundary conditions to extract the K-matrix from where
scattering parameters like eigenphase sum and cross sections are determined. Generally,
the R-matrix radius was taken as 12a0, and the propagation was carried out up to 100a0.
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3. Target Description and Computational Details

The ClF molecule has a natural point group of C∞v. The UK polyatomic R-matrix code
UKRmol+ [30] version 3.0 [31] works using Abelian point groups up to D2h. The target and
scattering calculations were, therefore, performed in C2v molecular point group symmetry
at the experimental equilibrium geometry re = 1.618 Å [32] using the 6-311G* basis set for
the Cl and F atoms. The self-consistent field (SCF) calculations yielded the ground = state
electronic configuration in C2v point group as: 1a2

1, 2a2
1. . . , 7a2

1, 3b2
1, 3b2

2 (X1 A1), which in
its natural point group corresponds to 1σ2, 2σ2. . . 7σ2, 1π4. . . 3π4 (X1Σ+). The electronic
target states were constructed using the occupied and virtual molecular orbitals obtained
from HF-SCF calculations.

It is noticed from Tables 1 and 2 that the ground-state target properties like dipole
moment, quadrupole moment Q20, and vertical excitation energies of the target obtained
at the CI level are in satisfactory agreement with the corresponding experimental values.
The ionization energy of ClF from Koopman’s theorem came out to 13.44 eV and is close
to the experimental value of 12.77 eV [32]. The continuum basis set of Faure et al. [33]
was employed to model the scattering electron. The continuum orbitals up to g partial
waves i.e., (l = 4) were included. These were orthogonalised to the target molecular
orbitals using Schmidt and Löwdin symmetric orthogonalisation methods. The polar
molecules are known to suffer from slow convergence of the continuum orbital partial
wave expansion [34]. To overcome this problem, the higher partial waves l > 4 were
accounted for via the Born Top-Up Program [22]. The calculations were performed in
fixed-nuclei approximation by taking the R-matrix sphere radius of 12a0. At this radius, the
cross sections were stable and the amplitude of occupied molecular orbitals was negligible
(∼10−6) [35]. In the complete active space configuration interaction (CASCI) considered, 16
electrons were frozen in molecular orbitals 1–6a1

2, 1b2
1, 1b2

2, and 10 electrons were free to
move in the orbitals 7–9a2

1, 2–4b2
1, 2–4b2

2. This generated 1386 configuration state functions
(CSFs) for X 1 A1 state, 1902 each for 3B1 and 3B2; 1302 for 1B1 and 1B2; and 1854 for 3 A1
states in the 12-states CI model. Typically, the CSF for 2 A1 scattering symmetry were 27,238,
and the number of scattering channels were 74.

Table 1. Ground-state target properties for HF and 12-states CI model.

Model Energy Dipole Moment Quadrupole Moment
(au) (au) (Q20) (au)

HF −558.8667 0.5545 0.9398
12-states CI −558.9011 0.4363 (0.353 * [32]) 1.0045 (1.0 * [36])

* : Experimental value.

The scattering models used in the present study are discussed briefly. In the SE model,
only the static and exchange potentials are included. This is a unique model that can be
easily checked by any other scattering formalism. It depends only upon the geometry
of the target and the basis set employed. In the R-matrix method, the target polarisa-
tion is included via the inclusion of L2 configurations. In the n-state CC models (where
n = 1, 5, and 12), we include the configuration interaction wavefunctions. In the scattering
region, one electron from the HF configuration was promoted to a chosen subset of virtual
orbitals, which in the present work consists of (8a1, 9a1, 4b1, 4b2). This results in elastic and
electronic excitation cross sections. In the SEP model, target polarisation was induced by
promoting one occupied electron in the HF configuration to a set of virtual orbitals selected.
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Table 2. Vertical Excitation Energies (in eV) of the excited states for the target states in C∞v and
C2v symmetries.

Target State Present Work Other Works

13Π(3B1,3 B2) 3.84 2.33 (Expt) [37]
3.10 (CASSCF) [38]

11Π(1B1,1 B2) 5.10 4.63 (MRD-CI) [39]
4.34 (CI) [39]

23Π(3B1,3 B2) 8.33 -

13Σ+(3A1) 8.64 -

13∆2(
3A2) 8.80 -

21Π(1B1,1 B2) 9.01 9.08 (MRD-CI) [39]
8.19 (CI) [39]

11∆2(
1A2) 9.45 10.54 (MRD-CI) [39]

10.27 (CI) [39]

In Figure 1a,b, we plotted the eigenphase sum for different scattering models employed
corresponding to 2 A1 symmetry only to detect any possible resonances. A resonance occurs
when the eigenphase sum suddenly jumps by π radians in a small energy range. The
resonance parameters like Eres and half-width Γres can be extracted by fitting the eigenphase
sums η(E) to the Breit–Wigner profile [40].

η(E) = tan−1
[

Γres

E− Eres

]
+ a1E + a2E2 (2)

In Equation (2), a1 and a2 are the fitting parameters, and E is the projectile energy. The
last two terms in the above equation define the quadratic energy background.
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Figure 1. Eigenphase sum for the scattering symmetry 2 A1 as a function of bond length in 12-
states CC model (a) 1.4812 Å: dotted dashed curve; this work, dotted dashed curve with star,
Wiens et al. [26], 1.5076 Å: dashed dotted curve; this work, dashed dotted curve with star; Wiens et al.,
1.5341 Å: dashed curve; this work, dashed curve with star, Wiens et al. (b) 1.5605 Å: dashed curve;
this work, dashed curve with star, Wiens et al., 1.587 Å: dashed dotted curve; this work, dashed
dotted curve with star; Wiens et al., 1.61 Å: line curve; this work, line curve with star, Wiens et al.

The symmetries like 2B1, 2B2 and 2 A2 do not exhibit any shape resonances and hence
are not shown.

In Figure 2, we show resonance parameters as a function of the bond length in the
12-states CC model. The resonance values decrease with the increase in bond length. This
shape resonance vanishes giving rise to a bound anionic state ClF−. From the first R-
matrix pole of 2 A1 scattering symmetry that has the value of −558.9059 au and the energy
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−558.9011 au of the ground state, we obtain a value of 0.43 eV for the vertical electron
affinity (VEA), which is in excellent agreement with 0.44 eV obtained using much larger
basis sets [16,17]. The DFT value was 0.52 eV [19].
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Figure 2. Resonance position and width for 12-states CC model: Resonance position—line curve; this
work, line curve with circles; Wiens et al. [26]. Resonance width—dashed curve; this work, dashed
curve with triangles; Wiens et al.

The elastic cross sections due to all four symmetries are shown in Figure 3a for SE
and the 12-states CC models. These results are without the inclusion of long-range effects.
The dominant contribution to cross sections comes from 2 A1 symmetry. The 2B1 and 2B2
symmetries are degenerate and thus have same cross sections. The scattering symmetry 2 A2
had a minimal contribution. Beyond 7 eV, the elastic cross sections for the corresponding
symmetries practically merged with each other. The impact of polarisation on scattering
parameters due to various models is shown in Figure 3b. The rapid rise of elastic cross
sections when the electron energy decreases is due to the dipolar nature of the molecule. The
polarisation effects are important only in the lower electron-energy range. After 7 eV, the
different scattering models show a merging trend in cross sections. The resonance peak in
2 A1 was visible in the SE model but gets shifted to lower energy values in scattering models,
which include polarisation effects. Finally, this resonance disappears in the 12-states CC
model as the scattering state becomes a bound anionic state.
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Figure 3. (a) Symmetry wise elastic cross sections in the SE and the 12-states CC model. (b) Elas-
tic cross sections obtained in different scattering models to highlight the effect of polarisation on
scattering. These results do not include the long-range effects.

The values of Eres and Γres for the 2 A1 scattering symmetry for all our scattering
models are listed in Table 3. It is observed from Table 3 and Figure 3b that the shape
resonance energy in 2 A1 scattering symmetry shifts to lower energy values as we move
from SE to a better scattering model. Additionally, Γres decreases.
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Table 3. Eres and Γres values in different scattering models for 2 A1 scattering symmetry.

Scattering Eres Γres

Model (eV) (eV)
SE 0.94 0.75

SEP 0.31 0.18
1-state 0.79 0.62
5-states 0.40 0.24

12-states Bound -

The Born-corrected elastic cross sections in the 12-states CC model are displayed
in Figure 4. The correction was obtained via the Born Top-Up Program [22] using the
experimental value of the dipole moment [41] and is also plotted in the same figure. The
results without Born corrections are helpful in drawing comparisons with the experimental
results, which lack forward angle correction [41].
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Figure 4. Elastic cross sections in the 12-states CC model. Born-corrected elastic cross sections,
line curve; Born correction, dashed dotted curve; elastic cross sections without Born correction,
dashed curve.

Wiens et al. [26] in their study on electron attachment from the interhalogen com-
pounds have shown that the resonant state becomes an anionic state as the bond length is
increased gradually from lower bond lengths up to the equilibrium bond length. This work
was done using the R-matrix-based QUANTEMOL code [42] by employing the cc-pVTZ
basis set. The active space is the same in both the works. The present study supports the
claim of Wiens et al. [26].

The electron-impact excitation cross sections (Qee) for spin-forbidden transition X→ 3Π
and dipole-allowed X→ 1Π transition are shown in Figure 5a,b, respectively. The transi-
tion moment from X→ 1Π was 0.1778 au. These cross sections increase from respective
thresholds. The rise in Qee for the X→ 3Π transition was almost linear from the threshold
up to 5 eV and before becoming constant. The excitation cross sections for the X→ 1Π
transition increased almost linearly from the threshold up to 5 eV and then decreased
slowly up to 10 eV. The excitation cross sections for the dipole transition were also obtained
in the Born approximation [43] by replacing the dipole moment with the transition mo-
ment of the spin-allowed transition and the rotational excitation energy by the excitation
threshold. There is a significant difference between the excitation cross sections obtained in
the 12-states CC model and the Born approximation indicating that the effect of correlation
is important. Further, the Qee obtained for the 5- and 12-states CC models were identical
because of the absence of close-coupling channels for the transitions considered in this work.
Hence, the results are presented for the 12-states CC model, which was our best model.
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Figure 5. Electronic-excitation cross sections in 12-states CC model (a) ground to spin-forbidden
transition transition 1X → 3Π and (b) ground to dipole-allowed transition transition 1X → 1Π, line
curve; Born approximation, dashed curve.

The rate coefficient has significance in the fields like plasma and astronomy and can be
obtained using the cross-section data. Assuming that the given process obeys a Maxwellian
distribution of energy, the rate coefficient [44,45] is obtained for an elastic process in the
12-states CC model. The results are shown in Figure 6. The rates increase from 100 K up to
3000 K beyond which these decrease slowly up to 10,000 K.
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Figure 6. Elastic rate coefficients in the 12-states CC model.

The converged DCS for polar molecules in the lab frame are given by [34]:

dσ

dΩ
(

J → J′
)
=

dσB

dΩ
+ ∑

L

(
AL − AB

L

)
PL(cos θ) (3)

where, PL is a Legendre polynomial and AL are the expansion coefficients [46]. The
superscript B denotes the quantity obtained in the Born approximation. The first term of
Equation (3) represents the rotationally excited target in the laboratory frame computed in
the Born approximation. The second term represents the cross sections obtained in the CC
model. The last term is an electron-dipole-dominated interaction term and represents the
contributions from the lowest five partial waves (from l = 0 to 4). By summing over all the
rotational transitions involving J′, the rotationally unresolved DCS were obtained.

dσs

dΩ
= ∑

J′

dσ

dΩ
(

J → J′
)

(4)

Figure 7a shows the DCS obtained using POLYDCS [47] for the energies 1, 3, 6, 8, and
9 eV. The requirement of using POLYDCS is to use only the open channels. In the 12-states
CC model, both the open and closed channels are generated. All channels up to the first
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excitation threshold of 3.84 eV are open. The DCS calculations were therefore performed at
truncated K-matrices in the 12-states CC model so that the validity of POLYDCS was not
violated. The DCS showed a pronounced minima around 110–120◦ at 6, 8, and 9 eV. The
sharp increase in DCS for angles below 5◦ is a reflection of the polar nature of the target.
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Figure 7. (a) Rotationally summed DCS at different incident energies obtained using 12-states CC
model. 1 eV; dashed curve, 3 eV; dotted dashed curve, big dashed curve; 6 eV and 8 eV; double dotted
dashed curve, 9 eV; line curve (b) Rotationally resolved and summed DCS at 2 eV: 0→ 0 transition,
dashed curve; 0→ 1 transition, dotted curve with star; 0→ 2 transition, dotted dashed curve; 0→ 3
transition, double dotted dashed curve; 0→ 4 transition, dashed dotted curve; circles, summed (0→
J); circle with dotted line curve, Born approximation; dots.

In Figure 7b, we plotted rotationally resolved DCS at 2 eV and reported the conver-
gence with respect to the rotational angular-momentum J values. The transition 0→ 1 was
predominant at scattering angles below 15◦. This is expected as this transition is driven
by a weak dipole moment of the target molecule. The elastic transition 0→ 0 decreased
from the threshold value of 4.8 Å2 to a minimum value of 0.02 Å2 around 125◦ beyond
which it increased to 0.36 Å2 in the backward angle. This minimum is due to rainbow
scattering [48]. The quadrupole transition 0→ 2 is nearly constant in the entire angular
range. This behaviour is typical of quadrupole transitions. It is seen that the DCS has
converged as the contributions from other J values beyond 2 are minimal. The DCS are also
plotted in the Born approximation.

The DCS are used to obtain momentum-transfer cross sections (Qm) and higher-
order collision moments [44]. When the DCS are integrated over the scattering angle, the
weighted give momentum-transfer cross sections Qm:

Qm = 2π
∫ π

0
(1− cosθ) sinθ

dσs

dθ
dθ (5)

The Qm is required to obtain molecular bremsstrahlung cross sections, diffusion
parameters, and collision frequencies [45,49]. In Figure 8, we show Qm for electron impact
on ClF molecule in the 1-state and 12-states CC models. The threshold value of Qm had a
finite value of around 70 Å2 and 50 Å2, respectively, in the two CC models. The impact of
correlation-polarisation was visible only up to 3 eV. There was no singularity problem in
Qm due to the weighting factor (1 − cosθ). With the increasing projectile energy, the Qm

decreased up to 3 eV beyond which it was a nearly constant value of 11 Å2. This behaviour
is correlated with the DCS trends.
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Figure 8. Born-corrected momentum-transfer cross sections.

The collision frequency is an important quantity to determine the transport proper-
ties of the electrons in ionospheric and atmospheric physics [50] and is used to obtain
collision parameters like the diffusion coefficient, the electron mean-free-path, and mobil-
ity [51]. The collision frequencies like 〈ν〉 and ν −1 are plotted in Figure 9 assuming the
Maxwell–Boltzmann distribution for the electrons for the temperature ranging from 100 K
to 10,000 K [44,45,49].
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Figure 9. Effective collision frequencies: line curve, 〈ν〉; dashed curve, ν−1.

Denoting σi as the ionization cross sections for the ith-occupied molecular orbital, then
the total ionization cross sections QBEB for singly charged ions in the BEB model [52] are
obtained by summing the ionization cross sections over all the occupied molecular orbitals.

QBEB = ∑
i

σi(t) (6)

where,

σi(t) =
S

u + t + 1

[
1
2

(
1− 1

t2

)
ln t +

[(
1− 1

t

)
− ln t

t + 1

]]
(7)

here, t = T/B, u = U/B, and S = 4π a2
0N(R/B)2. T, B, and U denotes the energy of

the incident electron, the binding energy of the orbital, and the orbital kinetic energy,
respectively; N is the electron occupation number, and R is the Rydberg energy. The BEB
input parameters like the B, U, and N for occupied molecular orbitals are listed in Table 4.
The BEB ionization cross sections are plotted in Figure 10. The cross sections were computed
by considering the experimental value of ionization threshold. The cross sections showed
a peak value of 3.41 Å2 at 110 eV and then showed ln E/E behaviour at higher projectile
energies. We also plotted the cross sections by considering only the valence 3π orbitals
and by freezing 16 electrons. The 3π orbitals contribute a maximum to ionization cross
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sections. It also showed orbitals 5σ and 6σ orbitals also contribute significantly to TICS.
The contribution of core orbitals was negligibly small.

Table 4. Molecular orbital binding energies, average kinetic energies, and occupation number of
occupied molecular orbitals obtained at equilibrium geometry at the HF level using a 6-311G* basis
set. The orbitals given in the parentheses correspond to C2v point group.

Molecular Orbital |B| ( eV) U ( eV) N

1σ (1a1) 2855.47 3731.21 2

2σ (2a1) 717.01 1013.66 2

3σ (3a1) 289.97 593.89 2

1π (1b1, 1b2) 221.94 562.46 4 (2,2)

4σ (4a1) 221.10 560.52 2

5σ (5a1) 44.69 101.877 2

6σ (6a1) 30.14 91.28 2

2π (2b1, 2b2) 19.76 81.61 4 (2,2)

7σ (7a1) 19.00 79.52 2

3π (3b1, 3b2) 13.44 72.43 4 (2,2)
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Figure 10. BEB ionization cross section using all electron models by considering different free
numbers of electrons: dashed dotted curve, only 3π molecular orbitals (MO); dotted dashed curve,
10 free electrons; double dashed curve, 12 free electrons; dotted curve, from total 26 electrons.

4. Discussion

The cross sections for electron interactions with ClF were reported using the R-matrix
method. These cross sections were computed in different models like SE, SEP, and CC
models to understand the effect of correlation and polarisation on scattering and resonance
formation. Only one shape resonance was detected in 2 A1 scattering symmetry in SE, SEP,
1-state, and 6-states models. The resonance and width positions decrease to lower values as
polarisation effects increase with the inclusion of more target states. This shape resonance
becomes bound in the 12-states CC model due to the inclusion of polarisation effects. The
12-states CC model is our best model as it includes adequate polarisation effects to obtain
the anionic bound state 2 A1 of ClF. This model also provides electronic excitation cross
sections for dipole-allowed and -forbidden transitions. The vertical electron infinity of the
bound state is in excellent agreement with the value obtained from sophisticated correlation
effects. The vertical excitation energies obtained in the 12-states CC model showed good
agreement with the MRD calculations. The Born-corrected DCS were reported from 1 eV to
10 eV. In addition to the vertical ionization potential and electron affinity, other physical and
chemical properties like the dipole moment and quadrupole moments were also reported.
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The vibrational cross sections for the infra-red transition were also reported, which have
orders of magnitude smaller than the rotational cross sections. The cross-section data
obtained in CC models were used to report collision frequencies and rate coefficients. These
quantities are of interest to the plasma community.
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