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Departamento de F́ısica, Universidade Federal do Paraná, Caixa Postal 19044, Curitiba, Paraná 81531-980, Brazil

Received 1 October 2021 / Accepted 30 November 2021 / Published online 15 December 2021
© The Author(s), under exclusive licence to EDP Sciences, SIF and Springer-Verlag GmbH Germany,
part of Springer Nature 2021

Abstract. We report elastic, electronically inelastic, total ionization and total cross sections for the scat-
tering of electrons by trans-formic acid. The calculations of the elastic and electronically inelastic cross
sections were performed with the Schwinger multichannel method implemented with norm-conserving pseu-
dopotentials. The electronically inelastic calculations were done within the minimal orbital basis for single
configuration interaction approach with different multichannel coupling schemes considering from 1 up
to 51 open channels, which enable us to study the influence of the multichannel coupling effects on the
calculated cross sections. Polarization effects in the elastic channel were taken into account considering
only the excitations related to the pairs used in the minimal orbital basis for single configuration interac-
tion approach. We found that the magnitude of the elastic and inelastic cross sections decreases as more
channels are treated as open in the scattering calculations. The calculated elastic differential cross sections
present an overall good agreement with previous studies found in the literature. The elastic integral cross
section presents a well-known π∗ shape resonance centered at 1.96 eV. The total ionization cross sec-
tion was calculated with the binary-encounter-Bethe model and presents a good agreement with previous
results from the literature. The total cross section was estimated using the calculated elastic, inelastic and
ionization cross sections.

1 Introduction

To develop accurate mathematical models of the bio-
logical and interstellar medium it is important to
understand precisely how the interactions between low-
energy electrons (LEEs) and molecules occur. In the
early 2000s, Boudäıffa et al. [1] showed that LEEs
could damage the genetic material through single- and
double-strand breaks of the DNA molecules. The main
mechanism responsible for this damage is known as dis-
sociative electron attachment (DEA), which is medi-
ated by the capture of the incident electron by an
unoccupied molecular orbital of one of the DNA bases,
forming a transient negative ion (also called resonance).
This resonance, in turn, may lead to molecular disso-
ciation, damaging the DNA structure [2,3]. LEEs also
play an important role in astrochemistry [4]. They are
produced in vast quantities on the interstellar medium
through the interaction between high energy radiation
(viz., cosmic rays, γ rays, x-rays, high energy elec-
trons and ions) and matter. These LEEs may play a
fundamental role in the synthesis of complex organic
molecules and may be related to the origin of life
itself [5].
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Formic acid (HCOOH - ball and stick model shown
in Fig. 1) is the simplest organic acid and an impor-
tant building block for complex organic molecules. For
that matter, it has been used as a prototype to study
more complex organic systems [6]. Asides from that, it
is also an important precursor molecule in organic syn-
thesis observed in the interstellar medium in chondritic
meteorites [7], the coma of comet C/1995 O1 (Hale-
Bopp) [8], hot molecular cores [9], interstellar ices [10]
and in Galactic centers [11].

Many studies regarding the interaction between LEEs
and formic acid have been published in recent years.
The DEA of formic acid was studied experimentally
by Pelc et al. [13] and by Prabhudesai et al. [14] and
its dissociation mechanism has been studied theoret-
ically extensively [15–18]. Experimentally, Allan [19]
measured absolute differential elastic and vibrational
excitation cross section for formic acid at 135◦, find-
ing a π∗ shape resonance around 2.0 eV. Vizcaino et
al. [20] measured elastic absolute-differential cross sec-
tions (DCSs) for formic acid for the incident electron
energies of 1.8, 5, 10, 15, 20, 30, 40 and 50 eV through
a relative flow technique and calculated elastic integral
cross section (ICS) and momentum-transfer cross sec-
tion (MTCS) from the measured DCSs. Kimura et al.
[21] measured the total cross section (TCS) for the scat-
tering of LEEs by formic acid, finding a shape resonance
around 1.8 eV. On the theoretical side, Gianturco and

123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjd/s10053-021-00318-x&domain=pdf
http://orcid.org/0000-0002-5617-5163
http://orcid.org/0000-0002-3626-8039
http://orcid.org/0000-0001-9322-1360
mailto:pasr@fisica.ufpr.br
mailto:gmm08@fisica.ufpr.br
mailto:bettega@fisica.ufpr.br


306 Page 2 of 12 Eur. Phys. J. D (2021) 75 :306

Lucchese [22] carried out some calculations and found
two resonances centered at 3.48 eV and 12.26 eV of
A′ ′ and A′ symmetries, respectively. In another work
[23], the same authors calculated some elastic DCSs
for the impact of electrons by the trans and cis iso-
mers of formic acid using a single center expansion tech-
nique. Gianturco et al. [24] studied the electron inter-
action with the dimer of formic acid and also reported
the ICS for the monomer species. Trevisan et al. [25]
through the complex Kohn variational method calcu-
lated the elastic MTCS and DCSs for the scattering of
electrons by formic acid for energies from 0.1 to 15 eV,
finding a π∗ shape resonance at 1.9 eV and evidences
that support the presence of a virtual state. Bettega
[26] calculated DCSs and MTCS with the Schwinger
multichannel (SMC) method implemented with norm-
conserving pseudopotentials (SMCPP) in the static-
exchange (SE) and static-exchange plus polarization
(SEP) approximations, finding the π∗ shape resonance
centered around 3.5 eV in the SE approximation and at
around 1.9 eV in the SEP approximation. A good agree-
ment was found between the calculated DCSs and the
measurements from Vizcaino et al. [20] for low-impact
energies. Vinodkumar et al. [27] reported total, total
elastic and total ionization cross sections (TICS) calcu-
lated with the spherical complex optical potential for-
malism (SCOP) with the complex scattering potential-
ionization contribution (CSP-ic) for energies above 15
eV. Vinodkumar et al. [28] calculated the TCS for the
electron scattering by formic acid and formaldehyde
with the R-matrix method and SCOP formalism for
incident energies of 0.01 to 2 keV. In a recent work,
Vinodkumar et al. [29] calculated the TICS of H2S,
PH3, HCHO and HCOOH with the Improved Complex
Scattering Potential-ionization contribution (ICSP-ic)
formalism. Możejko [30], using the binary-encounter-
Bethe (BEB) model and the 6-311G(d) basis set calcu-
lated the TICS for formic acid. Electron-impact ion-
ization cross sections of formic acid were measured
by two separate experiments performed by Zawadzki
[31]. Pilling et al. [32] also measured the TICS for
formic acid. To the best of our knowledge, the elec-
tronic excitation cross sections for the scattering of
LEEs by formic acid were not available in the litera-
ture.

In this study, the elastic, electronically inelastic, total
ionization and total cross sections for the electron-
formic acid scattering are reported. The scattering
amplitudes for the elastic and electronically inelastic
cross section were calculated with the SMCPP method
including up to 51 open channels. DCSs and ICS for the
elastic channel and excitation from the ground state to
the two lowest lying triplets (13A′ and 13A′′) and sin-
glets (11A′ and 11A′′) states of formic acid are reported.
The inclusion of multichannel-coupling effects in the
scattering calculations improves the previous elastic
scattering results obtained with the SMCPP method
[26], specially at higher impact energies. The TICS was
calculated with the BEB model. The calculated cross
sections are compared with previous results reported

Fig. 1 Ball and stick model of formic acid (HCOOH) in
its trans configuration. (Generated with MacMolPlt [12])

in the literature [20,21,23–32], finding an overall good
agreement.

The description of electronic excitation of molecular
targets by electron impact is a challenge both theoret-
ically and experimentally. From the theoretical point
of view, the cross section calculations for such process
rely on the description of the electronic excited states
and of a method that is capable of addressing such
a collision problem. There are few ab-initio methods
that allow these calculations, such as the R-matrix [33],
the complex Kohn [34] and the Schwinger multichan-
nel [35,36] methods. Other theoretical approaches make
use of a complex potential to take the inelastic chan-
nels into account (in this case inelastic means all that
is not elastic) [37,38]. In the earlier applications of the
SMC method in electronic excitation calculations [39],
the excited states were described considering just one
hole-particle pair, using in the description of the tar-
get excited state the improved virtual orbitals (IVOs)
[40]. The development of the minimal orbital basis for
single configuration interaction (MOB-SCI) approach
[41] allowed the use of a certain number of hole-particle
pairs to describe a few chosen excited states, which are
compatible with a full single configuration interaction
calculation. However, the MOB-SCI approach still con-
siders only single-excitations of the target. A recent
methodology proposed by Falkowski, Lima and Kos-
soski [42], the truncated configuration interaction with
single excitations (TCIS), allowed calculations includ-
ing up to 431 open channels to be performed with the
SMC method. In the case of the R-matrix and the com-
plex Kohn methods the electronically excited states are
described by other approaches, such as the complete
active space configuration interaction (CASCI) [33,34]
method. Although the description of the states included
in the scattering calculations have come a long way from
the initial IVOs description, it still presents a real chal-
lenge to theoreticians and an important aspect of the
scattering calculations that can be improved.

The remainder of this manuscript is organized as fol-
lows. In Sect. 2 a brief discussion of the methods that
have been used is presented and in Sect. 3 the com-
putational details used will be presented. After that,
in Sect. 4, the results and discussions are presented
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and, finally, in Sect. 5, a brief summary of our results is
given.

2 Theory

The elastic and electronically inelastic cross sections
were obtained with the SMC method, which is an exten-
sion of the Schwinger variational principle for the scat-
tering amplitude and was developed by Kazuo Takat-
suka and Vincent McKoy [35,36] in the early 80’s at the
California Institute of Technology. Since its first imple-
mentation, the SMC method is capable of addressing
some important aspects of the electron-molecule col-
lision problem such as elastic [43] and electronically
inelastic [44] channels, molecular targets of arbitrary
geometry [43], and the inclusion of the exchange [43]
and polarization [45] interactions, which are computed
in an ab-initio way.

Here, we use the most recent implementation of the
SMC method, in which the nuclei and the core elec-
trons of each atom of the target are represented by a
norm-conserving pseudopotentials, and the SMC code
runs with parallel processing. Since these implementa-
tions have been recently described elsewhere [46], here
we will only give a brief description of the method high-
lighting the key aspects relevant to this work. The com-
putational details, such as the basis set used and the
procedure to describe the target bound states, will be
given in Sect. 3.

In the SMC method, the scattering amplitude is given
by:

f(kf ,ki) = − 1
2π

∑

m,n

〈Skf
|V |χm〉(d−1)mn〈χn|V |Ski

〉,

(1)

where:

dmn = 〈χm|A(+)|χn〉, (2)

and:

A(+) =
Ĥ

N + 1
− (PĤ + ĤP )

2

+
(PV + V P )

2
− V G

(+)
P V. (3)

In the equations above, V is the interaction potential
between the incident electron and the target and Ĥ =
E −H is the total energy of the collision minus the full
Hamiltonian H = H0 +V . P is a projector on the open
channel space defined as

P =
Nopen∑

�=1

|Φ�〉〈Φ�|, (4)

where |Φ�〉 is the ground state (if � = 1) or an electron-
ically excited state of the N -electron molecular target
described with a single-excitation configuration interac-
tion technique where the states are expanded in a set of
singly excited spin-adapted Slater determinants |Φs

m〉,
and Nopen is the number of open channels included in
that level of calculation. G

(+)
P is the free particle Green’s

function G
(+)
0 projected on the P -space. |Ski,f

〉 is the
solution of the unperturbed Hamiltonian H0 and is the
product of a target state and a plane wave. |χm〉 is a set
of (N+1)-electron configuration-state functions (CSFs)
used for the expansion of the trial scattering function.
The CSFs are constructed as:

|χmn〉 = A|Φs
m〉 ⊗ |ϕn〉, (5)

where A is the antisymmetrization operator of N + 1
electrons, |Φs

m〉 is the ground state of the molecule (if
m = 1) described at the Hartree-Fock level, or |Φs

m〉 ≡
(hm → pm)s is a singly-excited Slater determinant (if
m > 1) representing the promotion of an electron from
an occupied (hole, hm) orbital to an unoccupied (par-
ticle, pm) with spin s (s = 0 for singlets or s = 1
for triplet). |ϕn〉 is a scattering orbital represented by
an unoccupied molecular orbital. The inclusion of the
singly-excited states in the construction of the configu-
ration space introduces the polarization effects (distor-
tion of the molecular cloud) of the target due to the
incident electron.

Since the SMC method uses only square integrable
functions in the expansion of the scattering wave
function, the long range dipole interactions is poorly
described. To improve the elastic cross sections a Born-
closure procedure [46] is employed. In summary, the
low partial wave contributions obtained from the SMC
method are retained until a certain lSMC value and the
higher partial wave contributions are obtained in the
first Born approximation (FBA). The FBA scattering
amplitude is obtained for the permanent dipole moment
of the molecular target.

The total ionization cross section was obtained with
the binary-encounter-Bethe [47] model. In this model,
the ionization cross section from the ith molecular
orbital is calculated by

σi(ti) =
4πa2

0Ni(R/Bi)2

ti + ui + 1

×
[
ln(ti)

2

(
1 − 1

t2i

)
+ 1 − 1

ti
− ln(ti)

ti + 1

]
(6)

where, ti = E/Bi, ui = Ui/Bi, E is the energy of the
incident electron, a0 is the Bohr radius, R is the Ryd-
berg energy, Ni is the occupation number of the ioniz-
ing orbital, Bi is the bound state biding energy of the
ionizing orbital and Ui is the orbitals’ average kinetic
energy. The total ionization cross section is obtained as

σBEB =
Nocc∑

i=1

Niσi(ti) (7)
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where Nocc is the number of occupied molecular orbitals
of the target.

3 Computational details

The geometry of the molecular ground state was opti-
mized in the Cs point group at the MP2/aug-cc-pVDZ
level with the computational package GAMESS [48].
For the bound states and scattering calculations, we
have replaced the core electrons of carbon and oxygen
by the norm-conserving pseudopotentials of Bachelet,
Hamann and Schlüter [49], and the valence electrons of
these atoms were described with the basis set used in
a previous calculation [26], containing 5s5p3d uncon-
tracted Cartesian Gaussian (CG) functions, generated
according to Bettega et al. [50]. Extra CG functions
were included at the molecular center of mass [26]. The
4s/3s basis set of Dunning [51] with one additional p-
type function with exponent 0.75 was used for the H
atoms.

The elastic and electronically inelastic cross sections
presented in this work were calculated within the MOB-
SCI approach [41], which has recently been applied to
produce reliable cross sections for many systems [52]. In
this strategy, the target states that compose the open-
channel space are expanded on a basis of a minimal
number of singly-excited spin-adapted Slater determi-
nants |Φs

m〉 that can reproduce as closely as possible
the first few electronically excited states obtained with
a full single configuration interaction (FSCI) calcula-
tion. In practice, the first step is to obtain a set of IVOs
[40] to represent the unoccupied molecular orbitals of
the target, then perform a FSCI calculation and, from
that, select the determinants that are most relevant to
the description of the electronically excited states of
interest.

Here, the IVOs were generated using triplet coupling
with the hole made in the highest occupied molecu-
lar orbital (HOMO) and the FSCI calculation included
1269 single electronic excitations (hole-particle) pro-
ducing 2538 electronic excited states (1269 singlets and
1269 triplets). From these 1269 pairs, 25 were selected
to perform the MOB-SCI calculation with the aim of
describing well the first 20 electronically excited states
obtained with the FSCI calculation. This procedure
produced a total of 50 excited electronic states (25 sin-
glets and 25 triplets), from which 20 are considered
physical states while the remaining states are consid-
ered pseudostates. The vertical excitation energy of the
first 20 states obtained with the FSCI and MOB-SCI
calculations are presented in Table 1. The MOB-SCI
calculation can reproduce well the results obtained with
the FSCI calculation for the first few excited states
and present a fair agreement with the results of the
CASCI [28], couple cluster with singles and doubles
(CCSD) [53], two-configuration electron-hole potential
(TCEHP) [54] and the frozen core single excitation con-
figuration mixing (FCSCM) [55] calculations and the
electron energy-loss spectra (EELS) [56,57] found in
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Fig. 2 Schematic representation of the vertical excitation
energies (in eV) of the 50 electronically excited states of
formic acid obtained with the MOB-SCI calculation. The
dashed red line correspond to the threshold of the 3ch scat-
tering calculation; the small-dashed green line, 4ch; long-
dash-dot orange line, 9ch; dot-dot-dashed cyan line, 19ch;
dot-dot-dot grey line, 39ch; dashed brown line, 44ch; dot-
dash pink line, 49ch. We also indicate the 51ch threshold

the literature. The vertical excitation energies of the 50
electronically excited states obtained with the MOB-
SCI calculation (along the with the thresholds for the
scattering calculations) are summarized in Fig. 2.

For the scattering calculations performed with the
SMCPP method, the hole-particle pairs used to obtain
the set of determinants |Φs

m〉 included in the construc-
tion of the CSFs (equation 5) are the same 25 pairs
used in the MOB-SCI calculation plus the ground state,
while all 141 unoccupied IVOs are used as scattering
orbitals (|ϕn〉). The same set of singly excited spin-
adapted Slater determinants |Φs

m〉 used in the expan-
sion of the target wave function is used in the con-
struction of the CSFs, giving rise to 1772 CSFs of A′
symmetry and 1894 CSFs of A′′ symmetry. Contrary to
most of the previous calculations done with the SMCPP
method [52], closed channels were not included in the
construction of configuration space, that is, virtual exci-
tations were not added to the set o spin-adapted Slater
determinants used in the construction of the CSFs. As a
consequence the polarization effects are described only
by the 3666 CSFs obtained from the set of spin-adapted
Slater determinants |Φs

m〉 used in the MOB-SCI calcu-
lation.
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Table 1 Vertical excitation energies (in eV) of the first 20 excited electronic states obtained from a full single configuration
interaction (FSCI) and from a minimal orbital basis for single configuration interaction (MOB-SCI) calculations

State FSCI MOB-SCI Ref. [28] Ref. [53] Ref. [54] Ref. [55] Ref. [56] Ref. [57]

13A′ 5.651 5.898 7.30 4.85 4.80
13A′′ 5.708 5.888 6.26 5.12 4.60
11A′′ 6.408 6.503 6.57 5.86 5.83 5.24 5.8 5.7
11A′ 9.201 9.595 9.88 7.82 9.84 8.14 8.4 8.4
23A′ 9.231 9.402 10.38 7.98
23A′′ 9.263 9.696 10.29 8.36
33A′′ 9.392 9.809 8.72
21A′′ 9.645 9.906 10.82 8.67 8.67 7.7
21A′ 9.707 10.066 8.42 8.70 8.9
33A′ 9.748 10.011 8.61
31A′ 10.189 10.623 8.61 9.16 10.1
43A′ 10.305 10.549 9.17
53A′ 10.368 11.006 9.42
31A′′ 10.424 10.624 9.15 10.1
43A′′ 10.524 10.612 9.14
53A′′ 10.572 10.701 9.59
41A′′ 10.608 10.771 9.39
51A′′ 10.663 10.851 9.70
41A′ 10.751 11.162 9.64
63A′′ 10.946 11.157 9.82

These results are compared to the theoretical calculations from Vinodkumar et al. [28] (CASCI), Osted et al. [53] (CCSD),
Iwata and Morokuma [54] (TCEHP), Demoulin [55] (FCSCM) and experimental measurements of Ari and Güven
[56] (EELS) and Fridh [57] (EELS)

The open-channel space for the elastic and electron-
ically inelastic scattering calculations performed with
the SMCPP method is composed of the elastic channel
and the 50 electronic excited states obtained according
to the MOB-SCI strategy, i.e, these 51 channels are, if
energetically accessible, allowed to the molecular target
during the collision process. In this work, we will adopt
the nomenclature Nopench to describe the different lev-
els of calculations, where Nopen is the number of chan-
nels considered open in that level of approximation.
For example, 1ch is a calculation where only the elastic
channel is treated as open, 3ch is a calculation where
the elastic, the first and second electronically inelas-
tic channels are accessible, 25ch is a calculation where
the elastic and first 24 electronically inelastic channels
are treated as open and so on. With this in mind, the
change in the Nopen value enables us to study how dif-
ferent multichannel-coupling schemes affect the magni-
tude and behaviour of the cross sections. The scattering
calculations were performed with Nopen equal to 1, 3,
4, 9, 19, 39, 44, 49 and 51. The energies thresholds for
each of these scattering calculations are summarized in
Fig. 2.

The present value of the calculated permanent dipole
moment of trans-formic acid is 1.73 D, in good agree-
ment with the values of 1.71 D calculated by Bettega
[26] and 1.72 D calculated by Trevisan et al. [25], over-
estimating the result of 1.45 D of Vinodkumar et al.
[28] and the experimental result of 1.41 D [58]. The
lSMC values used in this work are presented in Table 2
and are choose so as the DCS obtained with the SMC

Table 2 lSMC Chosen for the Born-Closure Procedure per-
formed in the calculations of the elastic cross sections

lSMC Energies

1 1.0 to 1.2
2 1.3 to 1.8
3 1.9 to 2.5
4 3.0 to 5.0
5 5.5
6 6.0 to 7.5
7 8.0 to 12.0
8 13.0 to 14.0
9 15.0 to 16.0
10 17.0 to 50.0

Energy ranges are presented in eV

and FBA agrees well for angles above 30 degrees in each
energy regime.

The parameters used in the calculation of the TICS,
i.e., the parameters used in equation 6 were obtained
with the computational package GAMESS [48] employ-
ing the aug-cc-pVDZ basis set for the ground state
of formic acid. The calculated ionization potential
is 12.88 eV, overestimating the values of 11.33 eV
[27,29] and 11.46 eV [30] found in the literature. It
is important to note that this calculation was per-
formed apart from the calculations of the elastic and
electronically inelastic cross sections, meaning that the
ionization channel does not compete for the flux that
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Fig. 3 Present elastic differential cross sections for the
impact energies of 10, 15, 20, 30, 40 and 50 eV with different
channel coupling schemes. Dash-dot blue line, 1ch; dashed
red line, 3ch; small-dashed green line, 4ch; long-dash-dot
orange line, 9ch; dot-dot-dashed cyan line, 19ch; dot-dot-
dot grey line, 39ch; dashed brown line, 44ch; dot-dash pink
line, 49ch; full black line 51ch. As more channels are opened,
the magnitude of the DCS decreases due to the multichannel
coupling effect

defines the elastic and the electronically inelastic cross
sections.

4 Results and discussion

4.1 Elastic channel

The elastic DCSs calculated with the SMCPP method
and using the Born-closure procedure for the impact
energies of 10, 15, 20, 30, 40 and 50 eV, with different
multichannel coupling schemes, are presented in Fig. 3.
The overall behavior of all elastic DCSs shown in Fig. 3
is similar, having a minimum around 90 degrees and
a large forward scattering magnitude due to the long
range dipole interaction between the target molecule
and the incident electron.

The elastic DCSs presented in Fig. 3 follow the
expected trend: the magnitude of the DCSs decreases as
more channels are treated as open in the scattering cal-
culations. This is a result of the competition among the
accessible channels for the flux that defines the elastic

cross section. The 1ch calculation has only the elastic
channel open and all the flux defines only the elastic
cross section. In the calculations where the molecule
can be electronically excited (Nopen > 1) the electroni-
cally inelastic channels compete for the flux that before
only defined the elastic cross section, resulting in the
decrease of the magnitude of the elastic cross section.
This multichannel-coupling effect becomes more rele-
vant as the impact energy increases, since more chan-
nels are energetically accessible at higher energies.

The comparison between the calculated elastic DCSs
with only the elastic channel open (1ch) and the best
multichannel-coupling scheme for each energy (9ch at
10 eV, 44ch at 15 eV and 51ch for energies above 15 eV)
with the results from the literature [20,23,25,26] are
presented in Figs. 4 and 5. The calculated cross sections
present an overall good agreement with the results from
the literature. The 1ch-DCS at 5 eV and the DCSs cal-
culated with the best multichannel-coupling scheme at
10, 15, 20 and 30 eV underestimate the measurements
from Vizcaino et al. [20] while at 40 and 50 eV our cal-
culations show a good agreement with the experimental
data. The 1ch results agree well with the results of Tre-
visan et al. [25] and the previous calculations performed
by Bettega [26] at the 1ch-SEP (at 5, 10 and 15 eV) and
1ch-SE (at 20, 30, 40 and 50 eV) approximations and
the small differences can be attributed to the different
orbitals and polarization strategies used in the calcula-
tions. As expected, the calculations with the inclusion
of the multichannel coupling underestimate the results
from Bettega [26], especially at higher energies. The
calculated DCSs with the best multichannel-coupling
scheme show a good agreement with the calculated
DCSs of Gianturco and Luchesse [23] for the forward
scattering region for incident energies below 40 eV. This
is expected since, according to the authors [23], their
model does not account properly for the correlation-
polarization effects in the intermediate and short-range
distances that are important for the description of the
backward scattering. At 40 and 50 eV the present DCSs
overestimate their calculated DCSs. In the low-angle
regions, the present DCSs show a small shoulder which
is an effect of the Born closure procedure.

The differences found between the calculated DCSs
and the experimental data for energies below 40 eV are
puzzling. Based on previous works using the SMCPP
with the MOB-SCI approach [52] it is expected that
the magnitude of the DCSs become lower as the num-
ber of open channels increases to a point where either
a good quantitative agreement or a small overestima-
tion of the experimental data is reached. Yet, the cal-
culations presented here with the best multichannel-
coupling scheme for energies below 40 eV underesti-
mate the experimental data [20]. There are two main
hypotheses that may explain these discrepancies. The
first one is related to the limitation of the MOB-SCI
approach to deal only with single excitations to describe
the electronically excited states of the target. Excita-
tions of higher order are necessary in order to bet-
ter describe the higher lying excited electronic states
and, therefore, improve the description of how these
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Fig. 4 Elastic differential cross sections for the impact
energy of 5 eV. Dash-dot blue line, present 1ch calculation;
dashed green line, results from Bettega [26]; dash-dot-dot
magenta line, Gianturco and Lucchese [23]; dotted orange
line, Trevisan et al. [25]; red circles, Vizcaino et al. [20]

states compete for the flux that defines these cross sec-
tions in the scattering calculations. The second hypoth-
esis is associated with the experimental data [20]. As
the authors discuss, the experiment is conducted at
room temperature and, as a consequence, the formic
acid beam contains approximately 20% of dimers. As a
result, the measured DCSs may be overestimated rela-
tive to the DCSs of the monomer, highlighting the dif-
ference between measurement and the present calcula-
tions. At 40 and 50 eV the incident electron is fast and
its interaction time with the molecule is short. Thus,
it does not distinguish the dimers from the monomers
present in the experimental gas. Therefore, the presence
of dimers in the experimental gas does not influence the
cross section at higher impact energies. This hypothe-
sis would explain why the calculations performed here
agree well with experiments at 40 and 50 eV and under-
estimate it at lower energies.

The ICS calculated using different levels of multi-
channel coupling is presented in the upper panel of
Fig. 6. The same multichannel-coupling effects observed
in the DCSs can be observed in the ICS: the magni-
tude of the ICS decreases as the number of open chan-
nels increases. The 1ch-ICS presents some structures at
high impact energies associated with pseudoresonances
which are related to channels that are energetically
accessible but treated as closed in this level of approx-
imation. As more channels are opened these spurious
structures are washed out from the ICS, as can be seen
by the smooth 51ch-ICS, where all accessible channels
are treated as open and the cross section is structure-
less. This is expected and is a well-known characteristic
of the SMCPP method. The calculated ICS has a high
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Fig. 5 Elastic differential cross sections for the impact
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present 1ch calculation; full black line, present calculation
with the best multichannel coupling scheme (9ch at 10 eV,
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magnitude at low incident energies as a consequence of
the permanent dipole moment of the target molecule.

In the lower panel of Fig. 6 we present the ICS where
the best channel coupling scheme is used in each energy
regime and results found in the literature [20,24]. A π∗
shape resonance centered at 1.96 eV is present in the
calculated ICS, in good agreement with the resonance
positions found at 1.25 eV by Pelc et al. [13], at 2.0 eV
by Allan [19], at 1.8 eV by Kimura et al. [21], at 1.9 eV
by Trevisan et al. [25] and in the 1ch-SEP calculation at
1.9 eV by Bettega [26] but disagreeing with the calcu-
lation of Gianturco and Lucchese [22] and Gianturco et
al. [24] that found the shape resonance around 3.5 eV.
These discrepancies are expected since, according to the
authors [22,24], their calculation lacks the treatment of
the short-range exchange and correlation effects and,
as a consequence, the position of the shape resonance
is overestimated. The position of the resonance found
by the calculation presented here also disagrees with
the results found by Vinodkumar et al. [28], where the
resonance was positioned around 3.5 eV. At energies
above 10 eV all the results agree well both in shape
and in magnitude.
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Fig. 6 Upper panel: ICS calculated with different multi-
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The energy dependence of the elastic DCS at 135
degrees for the impact energies from 1 to 5 eV is pre-
sented in Fig. 7. The cross section presents the well-
known π∗ resonance and an overall good agreement
with the measurements of Allan [19] and the calcula-
tion of Trevisan et al. [25].
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Fig. 8 Differential cross sections for the electronic excita-
tion of the 13A′′ (5.888 eV) state of formic acid for the
impact energies of 10, 15, 20, 30, 40 and 50 eV. Dashed red
line, 3ch; small-dashed green line, 4ch; long-dash-dot orange
line, 9ch; dot-dot-dashed cyan line, 19ch; dot-dot-dot grey
line, 39ch; dashed brown line, 44ch; dot-dash pink line, 49ch;
full black line 51ch

4.2 Excitation to triplet states

The DCSs for the electronic excitation of the 13A′′
(5.888 eV) and 13A′ (5.898 eV) states of trans-formic
acid calculated with different multichannel-coupling
schemes are presented in Figs. 8 and 9, respectively.
The DCSs for the electronic excitation of the 13A′′ are
isotropic, while the DCSs for the electronic excitation
of the 13A′ are isotropic for energies below 30 eV. At
30, 40 and 50 eV a slightly higher backward scattering
is observed.

The same trend observed in the elastic channel is
observed for most of these excitation cross sections: the
magnitude of the DCSs decreases as the number of open
channels increases. The exceptions to this trend are the
DCSs at 10 and 15 eV for the electronic excitation of
the 13A′′ state (Fig. 8) and the DCS at 15 eV for the
electronic excitation of the 13A′ state (Fig. 9), where
in some cases the calculated DCS with the less opened
channels have a lower magnitude than one calculated
with more open channels.

The electronically inelastic ICSs for the excitation
from the ground state to the 13A′′ (5.888 eV) and 13A′
(5.898 eV) states of formic acid calculated with the
multichannel coupling schemes that better describe the
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Fig. 9 Differential cross sections for the electronic exci-
tation of the 13A′ (5.898 eV) state of formic acid for the
impact energies of 10, 15, 20, 30, 40 and 50 eV. Dashed red
line, 3ch; small-dashed green line, 4ch; long-dash-dot orange
line, 9ch; dot-dot-dashed cyan line, 19ch; dot-dot-dot grey
line, 39ch; dashed brown line, 44ch; dot-dash pink line, 49ch;
full black line 51ch

physics involved at this energy regime, i.e., with a high
number of open channels, are presented in Fig. 10. The
39ch, 44ch and 49ch calculations present some spuri-
ous structures associated with the few channels that
are energetically accessible but still treated as closed in
this level of approximations, while the 51ch ICSs are
structureless. The ICSs tend to decrease as the impact
energy increases. Unfortunately, no electronic excita-
tion cross sections were found in the literature for com-
parison.

4.3 Excitation to singlet states

The DCSs for the electronic excitation of the 11A′′
(6.503 eV) and 11A′ (9.595 eV) states of trans-formic
acid were calculated with different multichannel-
coupling schemes (Figs. 11 and 12 , respectively). Once
again, the multichannel-coupling effect is observed,
since the magnitude of the DCSs decreases as the
number of open channels in the scattering calculations
increases.

The DCSs reported for the electronic excitation of
the 11A′′ state (Fig. 11) are isotropic. The DCSs for
the electronic excitation of the 11A′ state (Fig. 12)
are isotropic for low multichannel-coupling schemes and
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Fig. 10 Upper panel: Integral cross sections for the elec-
tronic excitation of the 13A′′ (5.888 eV) state of formic acid.
Lower panel: Integral cross sections for the electronic excita-
tion of the 13A′ (5.898 eV) state of formic acid. Dot-dot-dot
grey line, 39ch; dashed brown line, 44ch; dot-dash pink line,
49ch; full black line, 51ch

low-impact energies while at higher impact energies a
minimum around 90 degrees is observed in the DCSs,
favoring the backward and forward scattering. It is
worth noting that the electronic transitions from the
ground state to the 11A′′ and 11A′ states are dipole-
allowed. As a consequence, the long range dipole inter-
action plays an important role in the scattering process,
especially for low scattering angles. Here, the Born-
closure procedure was not performed and therefore it
is expected that the DCSs shown in Figs. 11 and 12 are
underestimating the scattering at low angles (below 30
degrees).

In Fig. 13 we present the electronically inelastic ICSs
for the excitation from the ground state to the 11A′′
(6.503 eV) and 11A′ (9.595 eV) states of formic acid.
As is the case for the others ICSs shown in Figs. 6 and
10, when there is small number of open channels the
remaining closed channels produce pseudoresonances
which are washed out when all channels are treated as
open (51ch).

4.4 Ionization cross section

The TICS calculated with the BEB method from
threshold up to 2000 eV along with the results from
Vinodkumar et al. [27], Vinodkumar et al. [29], Możejko
[30], Zawadzki [31] and Pilling et al. [32] are presented
in Fig. 14. An overall good agreement with the previous
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Fig. 11 Differential cross sections for the electronic exci-
tation of the 11A′′ (6.503 eV) state of formic acid for the
impact energies of 10, 15, 20, 30, 40 and 50 eV. Small-dashed
green line, 4ch; long-dash-dot orange line, 9ch; dot-dot-
dashed cyan line, 19ch; dot-dot-dot grey line, 39ch; dashed
brown line, 44ch; dot-dash pink line, 49ch; full black line
51ch

results from the literature is found [27,29–32] and the
differences between the present TCIS and previous the-
oretical results are a consequence of different methods
and input parameters used in the different calculations
[27,29,30].

4.5 Total cross section

The TCS calculated as the sum of the elastic ICS
(Fig. 6), the TICS (Fig. 14) and all the electronically
inelastic cross sections is presented in Fig. 15. The TCS
presents the well-known π∗ shape resonance around
1.96 eV, increases at low incident energies due to the
long-ranged dipole interactions between the incident
electron and the target molecule and presents some spu-
rious structures in the energy regime from 7 to 17 eV
associated with threshold effects. The behavior of the
present TCS is similar to the ICS, and agrees well with
the calculations of Vinodkumar et al. [28] (except for
the resonance position) and with the experimental data
of Kimura et al. [21] for higher impact energies.
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Fig. 12 Differential cross sections for the electronic exci-
tation of the 11A′ (9.595 eV) state of formic acid for the
impact energies of 10, 15, 20, 30, 40 and 50 eV.Long-dash-
dot orange line, 9ch; dot-dot-dashed cyan line, 19ch; dot-
dot-dot grey line, 39ch; dashed brown line, 44ch; dot-dash
pink line, 49ch; full black line 51ch

5 Summary

The elastic and electronically inelastic DCSs were cal-
culated with the SMCPP method within the MOB-SCI
approach with up to 51 open channels for the impact
energies of 5, 10, 15, 20, 30, 40 and 50 eV. The magni-
tude of the DCSs decrease as the number of open chan-
nels increases due to the multichannel-coupling effects.
The elastic DCSs are in good agreement with the results
from the literature [20,23,25,26]. They present a min-
imum around 90 degrees and a high magnitude in the
low-angle region due to the dipole interactions between
the molecule and the incident electron. Although the
inclusion of the multichannel-coupling effects in the
scattering calculations improve the agreement with the
experimental data [20], the calculated DCSs underesti-
mates the measurements at the impact energies of 10,
15, 20 and 30 eV. We believe that in order to further
improve the calculations, the description of the molec-
ular target in the scattering calculations would have to
go beyond the single configuration interaction approxi-
mation.

The elastic ICS presents a π∗ shape resonance cen-
tered at 1.96 eV, in good agreement with some results
found in the literature [13,19,21,25,26], and in dis-
agreement with the results that place the resonance
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Fig. 14 Total ionization cross section for the scattering of
low energy electrons by formic acid. Solid black line, present
results; dashed purple line, Vinodkumar et al. [27]; dashed
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around 3.5 eV [22,24,28]. Another interesting feature
that can be observed in our calculations is that the
pseudoresonances in the high energy region of the 1ch-
ICS are washed out as more channels are treated as
open, to a point where the 51ch-ICS is structureless.

The electronically inelastic DCSs and ICSs for the
excitation from the ground state to the 13A′, 13A′′,
11A′ and 11A′′ states of trans-formic acid were reported.
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Fig. 15 Total cross section for the scattering of low energy
electrons by formic acid. Solid black line, present results;
dashed purple line, Vinodkumar et al. [28]; Yellow squares,
Kimura et al. [21]

Unfortunately, no data regarding the electronic excita-
tion of formic acid were found in the literature for com-
parison. More work regarding the electronic excitation
of formic acid by electron impact is needed. The total
ionization cross section was reported. The calculations
performed with the BEB method and the aug-cc-pVDZ
basis set have a overall good agreement with previous
results from the literature [27,29–32]. The TCS, which
is similar to the ICS, is also reported.
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