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The present study deals with the calculation of differential, elastic integral, momentum transfer, and exci-
tation cross sections for electron-F2O collision in a 16-state R-matrix method. Configuration interation �CI�
wave functions are used to represent the target states. The CI model gave an adequate description of the
vertical excitation spectrum from the equilibrium geometry of the ground state X1 A1 of the F2O molecule that
spans the energy range 4.21–10.21 eV. Our calculated dipole moment of 0.224 D is in good agreement with
the experimental value 0.297 D. We also found two broad shape resonances in 2A1 and 2B2 scattering sym-
metries and both resonances support dissociative electron attachment. A born correction is applied for the
elastic and dipole allowed transitions to account for higher partial waves �l�4� excluded in the R-matrix
calculation. All cross sections are presented for incident electron energies up to 15 eV. Our results are com-
pared with cross sections of Cl2O calculated at the same level of complexity using the R-matrix method.
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I. INTRODUCTION

The study of spectroscopy of ClxOy compounds and the
electron-impact study on these molecules has recently re-
ceived much attention �1–3� due to the direct or indirect
involvement in the chain reaction occurring in the high ter-
restrial atmosphere leading to the much concerned ozone
depletion. However, the F2O �difluorine monoxide�, which
has an isovalence electronic structure with Cl2O and belongs
to the same point group C2v has been neglected both theo-
retically and experimentally. Its experimental absorption
spectrum is still unknown and there are no electron scattering
calculations available for the F2O molecule. Its photoelec-
tron spectrum in the outer-valence region was first recorded
by Cornford et al. �4� and Brundle et al. �5�. Cornford et al.
�4� studied the photoelectron spectroscopy of F2O and deter-
mined the valence molecular orbitals.

Various experimental studies have determined the struc-
tural parameters of F2O by using electron diffraction �6–9�.
Hilton et al. �10� and Pierce et al. �11� determined the bond
length FO and the apex angle by using microwave spectros-
copy. The dipole moment of F2O at its equilibrium geometry
was determined �11� by a quantitative Stark effect measure-
ment of 101→110 and 202→211 transitions which yield a
value of 0.297±0.005 D. However, there is a serious dis-
agreement with the dipole moment measurement of Brans-
ford et al. �12� who incorrectly assigned the rotational tran-
sitions. The molecular geometry, molecular g values, the
magnetic susceptibilities, the molecular quadrupole mo-
ments, and the second moments of the electronic charge dis-
tribution for F2O have been determined by the rotational
Zeeman effect �13�.

Self-consistent field �SCF� calculations for F2O have been
carried out by Rothenberg and Schaefer �14� in which the
energetics and population analysis were performed. They
also computed the dipole and quadrupole moment at the ex-
perimental equilibrium geometry of F2O. Valenta et al. �15�
carried out SCF and a large scale configuration interaction
�CI� calculation using a double-zeta plus polarization �DZP�
basis set augmented with Rydberg type functions to compute

the vertical electronic excitation energies of only the lowest
two singlet and two triplet excited states for each symmetry
of a C2v point group of F2O. They assigned the valence
and/or Rydberg character to the electronic states studied by
them. Thiel et al. �16� carried out SCF and CI calculations
with single and double excitation using DZP and TZP basis
sets and computed the dipole moment of F2O at its equilib-
rium geometry. Tomasello et al. �17� used a symmetry-
adapted-cluster-configuration interaction �SAC-CI� method
to calculate few singlet excited states of each symmetry lying
below the first IP �13.75 eV�. They compared the calculated
SAC-CI spectrum of F2O with Cl2O and found that each
state is blueshifted by 2–4 eV. They conclude that the
valence-excited states exist lower in energy than the Rydberg
states, which are found above 10 eV. The �r2� values for
valence states lie between 126–128, which approximately
have the same value as the ground state. Tomasello et al. �17�
also gave detailed characterizations of the valence and Ryd-
berg excited states by calculating oscillator strengths, second
moments, and the dipole moment. In a more recent work,
Tomasello et al. �18� have given detailed theoretical ioniza-
tion spectra of the F2O molecule in the outer and intermedi-
ate valence region.

In the present work, the calculations are carried out by
using UK polyatomic R-matrix codes �19,20�. This code has
recently been used on H2CO �21�, O3 �22�, and SO2 �23�.
The calculation of rotationally elastic and inelastic DCS is
carried out by using the program POLYDCS �24�. The
K-matrix elements required by this program are calculated in
a 16-state R-matrix approach where each state is represented
by a CI configuration. This is a comprehensive treatment of
electron impact on F2O molecule using an ab initio method.

II. R-MATRIX THEORY

The central idea underlying the R-matrix method �25,26�
is that the scattering problem is split into two separate spatial
regions, an inner region and an outer region. The inner re-
gion is chosen in such a way that the charge density of the
target is negligible at the boundary of the inner region and
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outer region. It is defined in the present case by a sphere of
radius 10 ao centered at the F2O center of mass. In the inner
region, the scattering electron cannot be distinguished from
the electrons of the target making the problem hard but solv-
able. When the scattering electron is at a large distance from
the center of mass of the target, the probability of swapping
its identity with any of the target electrons is negligible. This
simplifies the problem in the outer region considerably. In
the inner region, the wave function is written using the CI
expression:

�k
N+1 = A � �i

N�x1, . . . ,xN� � � j�xN+1�aijk

+ � �m�x1, . . . ,xN,xN+1�bmk, �1�

where A is an antisymmetrization operator, xN is the spatial
and spin coordinate of the Nth electron, �i

N represents the ith
state of the N-electron target, �j is a continuum orbital spin-
coupled with the target states. The continuum functions are
the only functions with finite amplitudes on the R-matrix
boundary. The sum in the second term of Eq. �1� represents
short-range polarization effects. To obtain reliable results, it
is important to maintain a balance between the N-electron
target representation, �i

N, and the �N+1� electron scattering
wave function. The choice of appropriate �m is crucial in this
�27�. The coefficients aijk and bmk are variational parameters
which can be determined by solving an eigenvalue problem
relevant to the inner region, where all the relevant integrals
are evaluated for the spatial range 0–10 a0 by employing the
standard bound state quantum chemistry methods. In prac-
tice, all the integrals are evaluated in the entire configuration
space; the tail contribution outside the R-matrix sphere is
then subtracted.

In the first term of Eq. �1�, the first summation is over the
number of target electronic states included in the calculation
and the second summation is over the number of continuum
orbitals linked to each target state. The double summation in
the first term of Eq. �1� generates “target+continuum” con-
figurations. The summation in the second term of Eq. �1�
runs over configurations �m, where all electrons are placed in
target occupied and virtual molecular orbitals. These are de-
scribed as the L2 configurations and are important for relax-
ing the orthogonality between the target and continuum or-
bitals. Gaussian-type orbitals �GTOs� are used to represent
the bound and the continuum electrons. The main advantage
of GTOs is that the multicentered integrals can be evaluated
in a closed form. We have used the GTO continuum basis
functions of Faure et al. �28� in which these functions were
fitted to Bessel functions for the case of a neutral molecule.

In the outer region, when the scattering electron is at a
large distance from the center of mass of the target, the prob-
ability of swapping its identity with any of the target electron
is negligible and so are the exchange and correlation effects.
The interacting potentials are direct and are multipolar in
character. We include only the dipolar and quadrupolar po-
tentials of the long-range character. The outer region is es-
sentially a potential-field region, and we can use a single
center expansion of the scattering system analogous to Eq.
�1� by dropping the antisymmetrization operator and also

dropping the second summation involving correlation ef-
fects. This leads to a set of coupled differential equations,
and the solution functions are propagated outward �29� until
the effect of multipolar forces is negligible. These solutions
are then matched with the appropriate standing wave bound-
ary conditions yielding K matrix, eigenphase sums, and the
cross sections.

III. RESULTS AND DISCUSSION

A. Target model of F2O

The calculations on F2O in the present work used the
double-zeta plus-polarization �DZP� Gaussian basis set
�11,5 ,1� / �4,3 ,1� for F and �9,5 ,1� / �4,2 ,1� for O �30�. We
have not used a large basis set with diffuse functions as it
extends outside the R-matrix box. F2O belongs to the point
group C2v, which is of order four and its ground state, is
represented by X1 A1 symmetry. Here we have used the ex-
perimental geometry with R �F-O�=1.405 Å and � �FOF�
=103.1° �11�. F2O is formed by bonding each of the two
unpaired 2p orbitals of fluorine with the unpaired 2p orbitals
of oxygen. The Hartree-Fock electronic configuration for the
ground state is

1b2
21a1

22a1
23a1

22b2
24a1

21b1
25a1

23b2
21a2

24b2
26a1

22b1
2.

The molecular orbitals are generated by performing a self-
consistent field �SCF� calculation at the experimental equi-
librium geometry of the ground state of the F2O molecule.
These SCF wave functions of the target are calculated from
standard contracted basis set and the SCF energy is found to
be −273.5288 a.u. In the present work, CI wave functions are
used to represent all the target states. Here, we keep the core
6 electrons fully occupied in the 3 molecular orbitals, 1a1,
2a1, and 1b2 and the remaining 20 valence electrons are free
to occupy 3a1, 4a1, 5a1, 6a1, 7a1, 1b1, 2b1, 2b2, 3b2, 4b2,
5b2, and 1a2 molecular orbitals. The vertical excitation ener-
gies for the 15 states so formed lie in the range
4.21–10.01 eV, which agree well with the theoretical values
�15,17�.

In Table I, we list the dominant configuration, the number
of configuration state functions �CSFs�, the transition mo-
ments, and the vertical excitation energies for the first nine
states. The remaining seven excited states are not shown as
these are included to check convergence of our results and
also to avoid any unphysical pseudoresonances that may oth-
erwise appear in the cross section. To provide additional in-
formation on the charge distribution in F2O molecule, we
have also calculated the dipole and quadrupole moments of
F2O at its equilibrium geometry. Our SCF model yields a
dipole moment of 0.423 D for F2O at its equilibrium geom-
etry. This value is much higher than the experimental value,
0.297 D �11�. The corresponding value obtained by our CI
model with a DZP basis set is 0.224 D, which is in good
accord with the experimental value. The absolute values of
quadrupole components Q20 and Q22 for the ground state in
our CI model are 0.331 au and 0.155 au, respectively.

Our calculations included the 16 target states in the close-
coupling expansion �see Eq. �1��. Calculations were per-
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formed for doublet A1, A2, B1, and B2 scattering symmetries.
The continuum orbitals were represented by Gaussians cen-
tered at the molecule center of gravity to represent Bessel
functions within the finite region of the R-matrix sphere �27�.
These orbitals depend parametrically on the R-matrix spheri-
cal radius and the range of incident electron-impact energies,
and are independent of the target molecule. Our calculations
were performed for continuum orbitals up to g-partial wave.
These continuum orbitals were orthogonalized to the target
orbitals based on a mixture of Schmidt and Löwdin symmet-
ric orthogonalization methods, and those continuum orbitals
with an overlap of less than 2�10−7 were removed �19�. It is
important to preserve the balance between the amount of
correlation included in the target states and in the scattering
calculation. This is achieved by allowing 21 electrons �20
valence electrons+1 scattering electron� to move freely
among 3a1, 4a1, 5a1, 6a1, 7a1, 1b1, 2b1, 2b2, 3b2, 4b2, 5b2,
and 1a2 molecular orbitals.

B. Differential cross sections

Chang and Temkin �31� have shown that the rotational
excitation cross sections for electron impact on a neutral
molecule can be accurately calculated from the scattering
parameters of elastic scattering in the fixed nuclei approxi-
mation provided the nuclei are assumed to be of infinite
masses. In particular, starting from an initial rotor state J
=0, the sum of all transitions from J=0 level to a high
enough J value for convergence is equivalent to the elastic
cross section in the fixed nuclei approach. We have em-
ployed this methodology to extract rotationally elastic and
inelastic cross sections from the K-matrix elements calcu-
lated in the 16-state R-matrix method. The evaluation of
DCS is a stringent test for any scattering theory employed.
The DCS for a general polyatomic molecule is given by the
familiar expression

d	/d
 = � ALPL�cos �� , �2�

where PL is a Legendre function. The AL coefficients have
already been discussed in detail �32�. For a polar molecule

this expansion over L converges slowly. To circumvent this
problem, we use the closure formula

d	/d
 = d	B/d
 + � �AL − AL
B�PL�cos �� . �3�

The superscript B denotes that the relevant quantity is calcu-
lated in the Born approximation with an electron-point di-
pole interaction. The convergence of the series is now rapid
since the contribution from the higher partial waves to the
DCS is dominated by the electron-dipole interaction. The
quantity d	B /d
 for any initial rotor state �J�� is given by
the sum over all final rotor states �J����.

d	B/d
 = � d	B/d
�J� → J���� . �4�

The expressions of state-to-state rotationally inelastic DCS,
d	B /d
 �J�→J����, for a spherical top, a symmetric top,
and an asymmetric top molecule are given by Sanna and
Gianturco �24�. The rotational eigenfunctions and energy
levels of F2O, which is an asymmetric top molecule, are
calculated by the program ASYMTOP �33� for all values of J
up to 5. The eigenvalues are reported in Table II. We used the
calculated rotational constants for F2O at its equilibrium ge-
ometry, which are 1.960 78 cm−1, 0.363 47 cm−1, and
0.305 79 cm−1. Since there is no vacancy in the ground state
of F2O molecule, the scattering electron can occupy one of
the low-lying virtual orbitals 7a1 and 5b2, which have SCF
orbital energies +3.61 eV and +4.78 eV, respectively at the
equilibrium geometry of the F2O molecule. We found
R-matrix poles at −273.607 11 au, −273.551 42 au,
−273.587 41 au, and −273.589 06 au, in the scattering sym-
metries 2A1, 2A2, 2B1, and 2B2, respectively. The values are
higher than the energy −273.62 75 au of the ground state
X 1A1 of the F2O molecule implying that these scattering
symmetries are not bound at the equilibrium geometry of the
molecule.

We have calculated DCS for elastic scattering of electrons
from F2O molecule at incident electron energies 1.4, 2.8, 6,
10, and 15 eV in the angular range from 0° to 180°. In this
we included the first low-lying 16 states in the close coupling

TABLE I. Dominant configuration, transition moment of each transition from the ground state in �au�, the
number of configurations, N, and the vertical excitation energies in eV for the target states of F2O.

State Configuration
Transition

moment �au� N

Vertical excitation energies �eV�

This
work Valenta et al. 1980 Tomasello et al. 2002

X1 A1 6a1
22b1

24b2
21a2

2 0.0885a 480

1 3B1 �¯� 2b1
−17a1 0.0000 524 4.21 3.82

1 3A2 �¯� 2b1
−15b2 0.0000 529 4.99 4.66

1 1B1 �¯� 2b1
−17a1 0.1174 396 5.48 5.36 5.36

1 1A2 �¯� 2b1
−15b2 0.0000 396 6.04 5.91 6.05

1 3A1 �¯� 6a1
−17a1 0.0000 546 7.16 6.92

1 3B2 �¯� 6a1
−15b2 0.0000 556 7.34 6.84

2 3B2 �¯� 4b2
−17a1 0.0000 556 7.98 7.44

1 1B2 �¯� 4b2
−17a1 0.0434 444 8.02 7.76 8.17

aDipole moment.

ELECTRON-F2O COLLISION STUDY USING THE… PHYSICAL REVIEW A 74, 052713 �2006�

052713-3



expansion. The K-matrix elements from a particular scatter-
ing R-matrix calculation form input to the computational
code �24� which yields the DCS, elastic, and momentum
transfer cross sections. In Fig. 1, we have displayed DCS at
1.4 eV for state-to-state rotational excitation cross section for
initial state J=0 to final state J�=0,1 ,2 ,3 ,4 ,5. This energy
corresponds to the resonance energy of the shape resonance
of 2A1 scattering symmetry �see Sec. III C�. For angles less
than 70°, the elastic component dominates over other inelas-
tic components. We notice a strong forward peak for the
dipole allowed 0→1 transition which is a characteristic of
the dipole nature of the target molecule. For this dipole tran-
sition, there are two minima around 30° and 90° with a maxi-

mum in between at around 60°. The transition 0→2 is gov-
erned by the quadrupole moment of the molecule, and the
cross section for this transition is almost flat with a value of
about 2 Å2/sr. The cross section for 0→3 transition rises
monotonically from low scattering angles to higher scatter-
ing angles. The remaining components are quite small
thereby showing that our DCS cross section shown by sum-
ming over all final J� values has converged with respect to
the J� values included in the present calculation.

A similar situation is maintained in Fig. 2, which is de-
picted at electron impact energy of 2.8 eV, chosen to coin-
cide with the resonance position of the 2B2 shape resonance
�Sec. III C�. In Fig. 3, we show the DCS at 6 eV, 10 eV, and
15 eV. At these energies, the cross section drops quickly in
the angular range 0°–5° then decreases up to about 100° and
finally rises marginally in the backward direction.

C. Elastic integral and momentum transfer cross sections

Figure 4 shows our static-exchange �SE�, static-exchange
plus polarization �SEP�, and 16-state R-matrix CI elastic in-

TABLE II. Energies of rotational levels of electron-F2O scatter-
ing system.

J � Energy �meV�

0 0 0.0

1 −1 0.083

0 0.281

1 0.288

2 −2 0.248

−1 0.440

0 0.461

1 1.055

2 1.055

3 −3 0.497

−2 0.678

−1 0.720

0 1.304

1 1.304

2 2.311

3 2.311

4 −4 0.827

−3 0.996

−2 1.066

−1 1.635

0 1.638

1 2.644

2 2.644

3 4.054

4 4.054

5 −5 1.238

−4 1.393

−3 1.497

−2 2.050

−1 2.056

0 3.059

1 3.059

2 4.469

3 4.469

4 6.283

5 6.283
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Angle (deg)
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J=0 --> J’=0
J=0 --> J’=1
J=0 --> J’=2
J=0 --> J’=3
J=0 --> J’=4
J=0 --> J’=5
Summed over all J’

1.4 eV

FIG. 1. DCS at 1.4 eV: Full curve, J=0→J�=0 transition; dot-
ted curve, J=0→J�=1 transition; small dashed curve, J=0→J�
=2 transition; long dashed curve, J=0→J�=3 transition; dot-small
dashed curve, J=0→J�=4 transition; dot-long dashed curve, J=0
→J�=5 transition; dark solid curve, summed over all J and J�.
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r)
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Summed over all J’

2.8 eV

FIG. 2. DCS at 2.8 eV: Same as Fig. 1.
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tegral cross sections. The main feature in the elastic cross
section is the presence of two shape resonances in 2A1 and
2B2 symmetry. In a shape resonance phenomenon, the inci-
dent electron with a nonzero angular momentum, is trapped
by the centrifugal barrier to form a temporary negative mo-
lecular ion F2O− that decays via quantum mechanical tunnel-
ing. These resonances are not characterized only by mere
structures in the cross sections but are connected with a sud-
den increase of about � radian in the eigenphase sum in a
multichannel calculation. By fitting the eigenphase sum to
the Breit-Wigner profile �34� we can determine the resonance
parameters for the resonances. In the SE calculation, we find
shape resonances at 3.2 and 4.9 eV in 2A1 and 2B2 symmetry,
respectively while in SEP calculation these resonances shift
to lower energies at 2.2 and 3.3 eV, respectively. This shift is
caused by the inclusion of correlation effects. The SEP re-
sults usually suffer from the balancing problem of correla-
tions so we performed a full CI calculation including 16 state
and the resonances then shifted to 1.4 and 2.8 eV.

We have shown in Table III the resonance parameters
along with the configuration assignment for these shape reso-
nances. The 2A1 and 2B2 scattering symmetries contribute
significantly to the elastic cross section as compared to the
contribution of other two scattering symmetries 2B1 and 2A2.
Since no other experimental or theoretical work for the de-
termination of scattering cross sections of F2O is available to
date, we have compared our elastic cross sections with the
elastic cross sections of Cl2O �2� since F and Cl are isova-
lent. Baluja et al. �2� have calculated the cross section for
electron scattering from Cl2O using the R-matrix method in
which they included the first low-lying 16-states with

R-matrix radius fixed at 10 ao. This calculation employed up
to f-partial waves in the R-matrix treatment. For consistency
with the present work, we have extended this calculation
�Cl2O� by including up to g-partial waves to represent the
continuum orbitals. Since Cl is a much heavier atom, we
notice the cross sections for Cl2O are much larger than the
cross section for F2O. In contrast to only one shape reso-
nance of symmetry 2B2 in Cl2O at 2.1 eV, we have two
shape resonances of symmetries 2B2 and 2A1 in the F2O case.
The 2A1 anionic state of Cl2O− is electronically bound and
therefore no resonance shows up in 2A1 symmetry. The SCF
value of 10 a1 virtual lowest unoccupied molecular orbital
�LUMO� for Cl2O is only 1.35 eV �2�. The 2B2 symmetry
resonance in F2O occurs at a higher energy �	0.7 eV� than
the corresponding case of Cl2O. The higher nuclear charge of
Cl is responsible for this behavior. Beyond the resonance
region, both the curves for cross section of Cl2O and F2O are
almost parallel to each other in the energy range 6–15 eV.
The cross section for Cl2O are larger by a factor of almost
two which is nearly the same ratio between the number of
electrons in Cl2 and F2. We also repeated the calculations for
elastic scattering of electrons from Cl2O and F2O by increas-
ing the R-matrix radius to 12 ao. For Cl2O, the increase in
R-matrix radius had an insignificant effect on the cross sec-
tions including the resonance position and its peak value.
However, for F2O, the calculation at R-matrix radius equal to
12 ao, had a small effect on elastic scattering cross sections
between 10–15 eV range. The maximum difference was
about 10% at 12 eV. There was no change in the resonance
parameters.

The inclusion of correlation in the target states and the
loss of flux in the additional scattering channels provided in
a multistate calculation lowers the cross sections in a CI
calculation. Due to the presence of a long-range dipole inter-
action, the elastic cross section is formally divergent in the
fixed-nuclei approximation due to a singularity in the differ-
ential cross section in the forward direction. To obtain con-
verged cross sections, the effect of rotation must be included
along with a very large number of partial waves. The effect
of partial waves higher than an l=4 partial wave were in-

TABLE III. Resonance states of electron-F2O system.

Resonance
No. Symmetry

Parameters

Assignment
Type of

ResonanceEr �eV� r �eV�

1 2A1 1.4 0.463 �X1 A1� 7a1 Shape

2 2B2 2.8 0.887 �X1 A1� 5b2 Shape
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r)

6 eV
10 eV
15 eV

FIG. 3. DCS’s at different energies: Dark solid curve, 6 eV; full
curve, 10 eV; dotted curve, 15 eV.
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FIG. 4. Elastic cross sections for electron impact on F2O: dotted
curve, SE; dashed curve, SEP; full curve, CI �16-state R-matrix�;
theory �Cl2O�: dot-dashed curve, Baluja et al. Ref. �2�.

ELECTRON-F2O COLLISION STUDY USING THE… PHYSICAL REVIEW A 74, 052713 �2006�

052713-5



cluded using a Born correction which requires expressions
for the partial as well as full Born cross sections. These
expressions have been taken from the work of Chu and Dal-
garno �35�. For applying the Born correction we have used
the experimental value 0.1169 au for the dipole moment of
F2O at its equilibrium geometry.

We have also calculated the momentum transfer cross sec-
tion �MTCS�, defined as follows:

	m = 2�
 d	/d
�1 − cos ��d� . �5�

The MTCS gives an indication of the backward scattering.
The MTCS is an important parameter in solving the Boltz-
mann equation for the calculation of electron distribution
function and the drift velocity of a swarm of electrons mov-
ing through a particular medium. The effect of shape reso-
nances at 1.4 and 2.8 eV is reflected quite clearly in MTCS
at these energies in Fig. 5. Beyond 5 eV, the MTCS remain
nearly constant.

D. Inelastic cross sections

Figures 6–8 present electron-impact excitation cross sec-
tions from the ground state to the first eight excited states,
but the results shown are for our best 16-state calculation.
According to the optical dipole selection rules, the transitions
to the triplet states are spin forbidden, and the transitions to
the states of A2 symmetry are symmetry forbidden. The tran-
sitions to excited states of 1B1 and 1B2 symmetry are dipole
allowed out of which the transition to a 1B1 excited state is
stronger due to its higher transition moment of 0.1174 au.
The cross sections for these dipole allowed transitions have
been Born corrected.

In Fig. 6 we have presented the excitation cross sections
from the ground state to the excited states: 13B1 and 11B1.
The cross section for 13B1 excited state rises monotonically
up to 9 eV and then becomes nearly constant in the energy
range 10–15 eV. Since the transition to a 11B1 state is dipole
allowed from the ground state, its cross section is higher than
its corresponding triplet component in the energy region
away from thresholds.
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FIG. 5. Momentum transfer cross section for electron scattering
by F2O: full curve, present work �16-state R matrix�.
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FIG. 6. Electron impact R-matrix excitation cross sections: Full
curve, X1 A1→13B1 symmetry; dashed curve, X1 A1→11B1
symmetry.
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FIG. 7. Electron impact R-matrix excitation cross sections: Full
curve, X1 A1→13A2 symmetry; dashed curve, X1 A1→11A2 sym-
metry, dotted curve, X1 A1→13A1 symmetry.
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Figure 7 shows the cross sections for the transitions
X1 A1→13A2, 11A2, and 13A1. For 13A2 cross section, the
maximum contribution comes from 2B2 scattering symmetry
whereas for 11A2, all the symmetries contribute significantly.
For 13A1 excited state, 2A1 contributes nearly 70% to the
cross section, the other contribution comes from 2B2 scatter-
ing symmetry. All the cross sections shown in this figure are
quite small ��0.04 Å2� due to the spin-forbidden and
symmetry-forbidden nature of the transitions.

The cross sections for B2 symmetries are shown in Fig. 8.
These cross sections are also very small due to the spin-
forbidden nature of triplet excited states transition from the
ground state. Even though the transition X1 A1→11B2 is di-
pole allowed but its transition moment is negligible and due
to its high threshold of 8.02 eV, the corresponding cross sec-
tion are small.

IV. DISSOCIATIVE ELECTRON ATTACHMENT

The present study identifies the presence of shape reso-
nances in symmetries 2A1 and 2B2. To explore the possible
dissociative nature of resonant states, we have investigated
its dependence by performing calculations in which one F-O
bond and the FOF angle are kept fixed at their equilibrium
values and the other F-O bond is stretched from its equilib-
rium value to 8.0 a0. This stretching mode asymptotically
correlates to the following two-body fragmentation channels:

F2O− → FO + F−,

F2O− → FO− + F.

The calculations are performed in a Cs point group, in which
A� symmetry correlates with A1 and B2 symmetries of a C2v
point group and the other A� symmetry of Cs correlates with
the other two symmetries of a C2v point group. Variation of
resonant states is thus explored via A� symmetry only. In Fig.
9, we have shown the variation of resonance width of 2A1
and 2B2 shape resonances with a stretching bond. The reso-
nance width for both the scattering symmetries tends to zero
around 3.0 a0, which implies that these resonances become
bound and support dissociative electron attachment. The
electron affinity �EA� of the dissociated products helps in
assigning the preference of the scattering electron to attach to
a particular fragment. Since the EA of FO �2.272 eV� is less

than EA of F �3.401 eV� we expect the formation of F− ions
to be more likely.

V. CONCLUSIONS

This is a detailed ab initio study of electron impact on the
F2O molecule. The elastic differential, integral, momentum
transfer, and excitation cross sections for electron impact on
F2O are calculated using the R-matrix method with good
target representation. The value of dipole moment obtained is
in good agreement with the experimental value. Our calcu-
lation detects shape resonances in 2A1 and 2B2 scattering
symmetries at the equilibrium geometry of F2O molecule.
For 2A1 and 2B2 resonances, the scattering electron tempo-
rarily occupies the 7a1 and 5b2 virtual orbital, respectively,
and the ion is dissociated leaving one of the fragments in the
anionic state. These resonances decay via DEA. We have
also calculated the excitation cross section for incident elec-
tron energies up to 15 eV, which may aid future experiments.
Comparisons are also made between the electron impact
cross section for F2O and Cl2O target at the same level of
complexity. It is shown that Cl2O cross sections are higher
than the corresponding cross sections for F2O due to the
higher nuclear charge of Cl.
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