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Abstract. The Schwinger multichannel method is employed to calculate elastic cross sections for electron
collisions with allene (C3H4) and 1,2-butadiene (C4H6) molecules. Integral elastic and differential cross
sections were obtained for both molecules in the static-exchange and static-exchange-polarization approx-
imations, for energies from 0.1 eV to 10 eV. Both molecules have a π∗ shape resonance centered at 2.4 eV
in the integral cross section, and a Ramsauer-Townsend minimum was found at around 0.34 eV in the
allene cross section. The present differential elastic cross sections are compared between the two molecules
and with the experimental and theoretical data available. Some of the features in the cross sections are
analyzed and discussed in the context of the methylation effect, since the 1,2-butadiene molecule can be
viewed as the methylated allene molecule. Electronic structure calculations are also performed in order to
help in the interpretations of our results.

1 Introduction

Hydrocarbons are abundant compounds in nature, play-
ing important roles in a wide range of phenomena, like
fuel combustion [1], interstellar clouds, as pointed by
Szmytkowski and Kwitneski [2], planetary atmospheres
[3], and plasma technology [4–6]. Despite all these fields
with fundamental and practical interest, the data for some
processes related to hydrocarbons still remain sparse and
fragmentary. When one of the H atoms of the allene
molecule is replaced by a CH3 group, we obtain the
1,2-butadiene molecule through a methylation process.
Besides our interest in the methylation effect in electron-
molecule collisions, the present study also focuses on pro-
viding theoretical data for electron collisions with allene
and 1,2-butadiene, where for the latter the results are
scarce.

Earlier studies on electron interactions with 1,2-butadi-
ene by Collin and Lossing [7] focused only in the energetic
of ionization and positive ion formation. The first mea-
surement of the total cross section (TCS) for electron scat-
tering by 1,2-butadiene was performed by Szmytkowski
et al. [9], employing the linear electron-beam transmission,
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for the energy range from 0.5 eV to 300 eV. They have
found a sharp structure located at around 2.3 eV, which
is probably related to a shape resonance associated with
the vacant π∗ orbital of the C=C bond. A broad structure
between 5 eV and 14 eV was also reported, but it was not
precisely assigned to a particular state of the molecule.

A linear electron-beam transmission experiment was
employed by Szmytkowski and Kwitnewski [2] to mea-
sure the absolute total cross section for electron collisions
with allene and other molecules, for the energy range from
0.5 eV to 370 eV. A peak centered at 2.3 eV was reported
in the TCS, and associated with the formation of a shape-
resonance. A shoulder near 6 eV and a structure centered
at 14 eV were also reported. Absolute differential cross
sections (DCS) for electron collisions with C3H4 isomers,
including allene, were measured by Nakano et al. [10] using
the crossed beam technique from the energy of the inci-
dent electron between 1.5 eV and 100 eV. A resonance cen-
tered at 2.9 eV was reported together with peaks centered
at around 12 eV and 14 eV, also pointed by the authors
as being resonances. Makochekanwa et al. [11] measured
TCS for electron (and also positron) collisions with allene
and propyne using the linear transmission method with
the energy ranging from 0.8 eV to 600 eV. They have also
obtained the elastic cross section, in a crossed beam exper-
iment, for electron scattering by the same molecules in the
energy range from 2 eV until 100 eV. For allene, it has been
reported sharp structures at around 2.5 eV and 11 eV. The
first one associated with a π∗ shape resonance and the sec-
ond one with a set of combined partial waves.
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The Schwinger multichannel method was previously
employed to compute elastic integral, differential cross-
sections and rotational excitation cross sections of allene
and of other C3H4 isomers [12,13]. Total and differential
cross sections were computed for a wide energy range by
Barot et al. [14]. The authors used the R-matrix method
for energies below 10 eV and the spherical complex opti-
cal potential formalism for higher energies, ranging from
10 eV to 2000 eV. They reported a π∗ shape resonance
located at around 2.9 eV.

In this paper we report elastic integral and differen-
tial cross sections for electron scattering by allene and
1,2-butadiene molecules. Since 1,2-butadiene can be con-
sidered as a methylated allene, we also investigate the
methylation effect in the cross sections of these two tar-
gets. The remainder of this paper is organized as follows.
In Section 2 we briefly present the main aspects of the the-
ory employed to perform the calculations. Section 3 shows
the present results in comparison with the available theo-
retical and experimental data followed by the analysis of
our results. We conclude the paper in Section 4 with a
summary of our findings.

2 Theory

The Schwinger Multichannel (SMC) method [15,16] and
its implementations have been recently reviewed [17] and
here we briefly describe those aspects that are important
to the present calculations. The SMC method is a varia-
tional approach to the scattering amplitude which results
in the following working expression

fSMC(kf ,ki) = − 1
2π

∑
m,n

〈Skf
|V |χm〉

(
d−1

)
mn
〈χn|V |Ski

〉,

(1)
where

dmn = 〈χm|A(+)|χn〉 (2)

and

A(+) =
1
2

(PV +V P )−V G(+)
P V +

Ĥ

N + 1
−1

2

(
ĤP + PĤ

)
.

(3)
In the expressions above, {|χm〉} represent the (N + 1)-
electron trial configuration-state functions (CSF), which
are products of target states with single-particle scattering
orbitals with the proper spin-coupling. |Ski(f)〉 is an eigen-
state of the unperturbed Hamiltonian H0, given by the
product of a target state and a plane wave with momen-
tum ki(f) representing the free electron; V is the inter-
action potential between the incident electron and the
target; Ĥ ≡ E − H, where E is the collision energy and
H = H0 + V is the scattering Hamiltonian; P is a projec-
tion operator onto the open-channel target space defined
as

P =
open∑
l=1

|Φl〉〈Φl|, (4)

and G(+)
P is the free-particle Green’s function projected on

the P -space.

Fig. 1. Geometrical structures of allene (C3H4) on the left, and
1,2-butadiene (C4H6) on the right. The 1,2-butadiene molecule
can be seen as allene molecule with a –CH3 group replacing an
H atom, the methylation. These structures were generated with
MacMolPlt [21].

We considered the static-exchange (SE) and static-
exchange plus polarization (SEP) approximations in our
calculations. In the SE approximation, the (N+1)-electron
basis set is constructed as

|χm〉 = A|Φ1〉 ⊗ |ϕm〉 (5)

where |Φ1〉 is the Hartree–Fock target ground state, |ϕm〉
is a single-particle function which represents the contin-
uum electron and A is the antisymmetrization operator.
In the SEP approximation, the SE set is augmented by
including configuration state functions constructed as

|χmn〉 = A|Φm〉 ⊗ |ϕn〉 (6)

where |Φm〉 are N -electron Slater determinants obtained
by performing single (virtual) excitations of the target.
|ϕn〉 is also an single-particle function which represents
the continuum electron and A is the antisymmetrizer.

Our calculations were carried out at the ground state
optimized geometry obtained at the second order Møller–
Plesset perturbation theory level with a 6-31G(1d) basis
set using the computational package GAMESS [18].
The geometrical structures of allene and 1,2-butadiene
molecules are shown in Figure 1, and the main geometrical
parameters are tabulated and compared with experimen-
tal data in Table 1. The allene molecule belongs to the D2d

point group but the calculations were performed in the C2v

group, while the 1,2-butadiene molecule has Cs symme-
try. We have employed the local-density norm-conserving
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Table 1. Main geometrical parameters employed in the present
calculations, with bond lengths (r) in angstroms and angles
(a) are in degrees. Experimental values of these parameters for
allene [19], and 1,2-butadiene [20] are show between parenthe-
ses when available.

C3H4 Value C4H6 Value

rC1C2 1.3128 (1.308) rC1C2 1.3138 (1.314)
rC1H4 1.0859 (1.087) rC2C3 1.3144 (1.301)
aH4C2H5 117.2 (118.2) rC3C4 1.5062 (1.515)
aH5C2C1 121.4 (120.9) rC3H7 1.0900

rC4H8 1.0948
aC1C2C3 179.6 (179.5)
aC2C3C4 124.1 (124.0)
aH5C1C2 121.5
aH7C3C2 118.6
aH8C4C3 110.7
aH9C4H8 108.5
aH9C4H10 107.5

Table 2. Exponents of the Cartesian Gaussian functions used
to represent the single-particle basis. For C atoms the func-
tions are uncontracted, the contraction coefficients are for the
H functions.

Type Carbon Hydrogen Coefficient

s 12.49628 13.3615 0.130844
s 2.470286 2.0133 0.921539
s 0.614028 0.4538 1.0
s 0.184028 0.1233 1.0
s 0.039982
p 5.228869 0.7500 1.0
p 1.592058
p 0.568612
p 0.210326
p 0.072250
d 1.794795
d 0.420257
d 0.101114

pseudopotentials of Bachelet, Hamann and Schlüter [22]
to represent the nuclei and the core electrons of the carbon
atoms. The Cartesian Gaussian functions (single-particle
basis) used for the carbon atoms included 5s5p3d func-
tions, which are tabulated in Table 2 and were gener-
ated using a variational method described according to
reference [23].

The polarization effects were included using improved
virtual orbitals (IVOs) [24] to represent the particle and
scattering orbitals (see Eq. (6)). For the allene molecule,
we employed the 8 (valence) occupied orbitals as hole
orbitals. The configuration space for the A1 and A2 sym-
metries was constructed using the first 52 IVOs with
lowest eigenvalues as particle and scattering orbitals,
and singlet- and triplet-coupled excitations, resulting in
6198 CSFs and 4695 CSFs, respectively. For the resonant
B1 and B2 symmetries, we have performed calculations
considering only the resonant b1 and b2 IVOs as scattering
orbitals [25], and allowing only singlet-coupled excitations

from the hole orbital and particle orbitals belonging to the
same symmetry, resulting in 368 CSFs for each symmetry.
The use of the lowest 52 IVOs as particle and scatter-
ing orbitals was also the criterion for the construction of
the CSFs for 1,2-butadiene. As hole orbitals, we use the
11 (valence) occupied orbitals and thus resulting in 7891
CSFs for the A′ symmetry, and 7444 CSFs for the A′′,
considering for both symmetries the singlet- and triplet-
coupled excitations.

One of the results of the methylation effect is the perma-
nent electric dipole moment in the 1,2-butadiene molecule,
whose calculated and experimental values are 0.49 D and
0.40 D [26], respectively. In order to properly describe
the long-range effects on the cross sections we employed
the Born-closure procedure, as previously described in
reference [27]. In this procedure, the low partial wave
contributions are retained until a certain `max value and
the higher partial wave contributions are obtained in
the first Born approximation for a point dipole moment
with the same magnitude and orientation as the molec-
ular dipole. The divergence’s scattering amplitude in the
frontal scattering is avoided using an approximation that
takes into account the inelastic dipole-allowed rotational
transitions (00→ 10 rotational excitation of an asymmet-
ric top) [28], by making k2

f = k2
i + 2∆Erot where ∆Erot =

1.59× 10−5 eV. For SE and SEP calculations, the values of
`max are summarized as `max = 1 for 0.1–0.4 eV; `max = 2
for 0.5–0.6 eV; `max=3 for 0.7–1.2 eV; `max = 4 for 1.3–
2.5 eV; `max = 5 for 2.6 eV to 2.9 eV; `max = 6 for 3–8 eV;
and `max = 7 for 8.1–10 eV.

3 Results and discussion

In Figure 2 we show the integral elastic cross section
for electron collisions with allene in the SE and SEP
approximations for energies from 0.1 eV to 10 eV. The
SE cross section displays a broad resonance centered at
4.2 eV, while in the SEP results this structure moves
down in energy to at around 2.4 eV. TCS obtained exper-
imentally by Szmytkowski et al. [2], also shown in this
figure, displays a low-energy structure located at 2.3 eV.
Makochenkanwa et al. [11] also measured the TCS and
found a resonant structure located at 2.5 eV. R-matrix
TCS calculations by Barot et al. [14] located this struc-
ture at 2.9 eV, being higher than the experimental value.
The calculations of Sanchez et al. [12] put the reso-
nance’s peak at 3 eV, also higher than the experiment.
The structures that appear from 4 eV on the curve refer-
ring to the SEP calculation are called pseudoresonances,
which come from channels that have energy to be open
but are treated as closed channels. The threshold of the
first excited state is 3.78 eV in Full Single CI calcula-
tion at the present optimized geometry and with the
scattering basis set, and at 3.03 eV according to refer-
ence [8], while the present computed vertical ionization
potential is 10.3 eV which compares well with the experi-
mental value of 10.2 eV [26]. The excited electronic chan-
nels, and the vibrational and rotational channels which
are not taken in to account in present in the integral

https://www.epjd.epj.org
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Fig. 2. Integral elastic cross section for electron collisions with
allene in the SE and SEP approximations. Total cross sections
measured by Szmytkowski et al. [2], Makochekanwa et al. [11],
and calculated by Barot et al. [14] are also shown for compar-
ison purposes. See text for discussion.

Table 3. Integral elastic cross sections (ICS) in the SEP
approximation for electron impact on allene (C3H4) in units
of 10−16 cm2, energy (E) values are in units of eV.

E ICS E ICS E ICS E ICS

0.1 7.9 1.7 11.0 2.70 38.4 4.3 25.0
0.2 6.1 1.8 11.5 2.75 36.2 4.4 25.3
0.3 6.4 1.9 12.4 2.80 34.3 4.5 25.9
0.4 6.6 2.0 15.6 2.90 31.4 4.6 26.7
0.5 7.1 2.1 21.1 2.95 30.2 4.7 26.4
0.6 7.2 2.15 25.1 3.0 29.2 4.8 26.1
0.7 7.2 2.20 29.7 3.1 27.7 5.5 27.6
0.8 7.3 2.25 34.8 3.2 26.6 6.0 28.4
0.9 7.4 2.30 39.9 3.3 26.1 6.5 29.5
1.0 7.2 2.35 44.2 3.4 25.0 7.0 30.2
1.1 7.7 2.40 46.9 3.5 25.0 7.5 30.7
1.2 7.9 2.45 47.4 3.6 24.7 8.0 31.4
1.3 8.6 2.50 47.5 3.7 24.7 8.5 33.3
1.4 9.5 2.55 45.6 3.8 24.6 9.0 32.8
1.5 10.3 2.60 43.2 4.0 24.9 9.5 32.2
1.6 10.9 2.65 40.7 4.2 24.9 10.0 31.7

cross section contribute to the difference in magnitude
between our elastic cross section and the total cross
sections.

According to Barot et al. [14] the correct positioning of
the resonance and the cross section behavior in the low-
energy range are intrinsically connected with the proper
inclusion of electron correlations in the target and scat-
tering wave functions. This is probably the cause of the
energy difference between their resonance’s position in
comparison with the experiments. Previous SMC calcu-
lations by Sanchez et al. [12] did not find good agreement
with experiment regarding the resonance energy proba-
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Fig. 3. Symmetry decomposition of the two resonant sym-
metries, in the C2v point group, of the integral elastic cross
section for electron collisions with allene in the SE and SEP
approximations. See text for discussion.

bly due to the lack of polarization associated with the
computational limitations at that time. The present SEP
cross sections, tabulated in Table 3, are in good agree-
ment with both experimental TCSs regarding the res-
onance’s location, being more accurate than the previ-
ous calculations available in the literature, due to the
improvement in the inclusion of polarization-correlation
effects.

In Figure 3 we show the symmetry decomposition of
the integral cross section for allene, in the SE and SEP
approximations. As already mentioned, our calculations
were performed within the C2v point group. This group
presents four irreducible representations, but we will only
show the cross section for the two resonant symmetries,
B1 and B2. We see that these two symmetries are degen-
erated (they correspond to the two components of the E
symmetry of D2d), with the same contribution to the inte-
gral cross section, and with the structures at the very
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Fig. 4. Integral elastic cross section for electron collisions with
1,2-butadiene in the SE, SEP, and SEP with Born closure
approximations. Total cross section measured by Szmytkowski
et al. [2] is also shown for comparison purposes. See text for
discussion.

Table 4. Integral elastic cross sections (ICS), in the SEP
with Born closure approximation, for electron impact on 1,2-
butdiene (C4H6) in units of 10−16 cm2, energy (E) values are
in units of eV.

E ICS E ICS E ICS E ICS

0.1 52.7 1.6 21.6 2.46 51.4 3.8 31.9
0.2 32.9 1.7 22.1 2.48 50.9 3.9 31.7
0.3 26.0 1.8 22.9 2.5 50.2 4.0 31.6
0.4 24.4 1.9 24.0 2.6 46.2 4.5 31.7
0.5 22.2 2.0 25.7 2.7 43.5 5.0 32.6
0.6 21.7 2.1 28.5 2.8 41.5 5.5 33.7
0.7 20.9 2.2 33.3 2.9 39.7 6.0 35.0
0.8 20.8 2.3 41.7 3.0 38.0 6.5 36.2
0.9 20.7 2.32 43.7 3.1 36.6 7.0 36.7
1.0 20.8 2.34 45.8 3.2 35.4 7.5 38.7
1.1 20.8 2.36 47.7 3.3 34.4 8.0 39.1
1.2 20.9 2.38 49.3 3.4 33.6 8.5 42.7
1.3 20.8 2.4 50.5 3.5 33.0 9.0 40.8
1.4 21.0 2.42 51.3 3.6 32.5 9.5 40.8
1.5 21.3 2.44 51.6 3.7 32.2 10 43.8

same energy. In the SE results, the structure is located
at around 4.2 eV, while in the SEP approximation this
structure is now located at around 2.4 eV.

Figure 4 shows the integral cross section for electron col-
lisions with 1,2-butadiene molecules from 0.1 eV to 10 eV
obtained in the SE and SEP approximations, along with
the SEP cross section including the Born-closure, and the
experimental TCS data of Szmytkowski et al. [9]. The SE
cross section shows a peak at 4.3 eV and the inclusion
of polarization effects moves the resonance to at around
2.4 eV. The present calculations are in good agreement
with the TCS regarding the position of the resonance,
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Fig. 5. Symmetry decomposition, in the Cs point group, of the
integral elastic cross section for electron collisions with 1,2-
butadiene in the SE and SEP approximations. See text for
discussion.

which is also located at 2.4 eV in the experimental data.
The inclusion of the permanent dipole effects on the cross
section using the Born-closure procedure affects mainly
the magnitude of the cross sections below 2 eV.

As for allene, pseudoresonances also appeared from 7 eV
to 10 eV in SEP cross section. Full Single CI calculation
at the present optimized geometry and with the scatter-
ing basis set provided the threshold for the first excited
state at 3.58 eV. We have not found available results for
comparison in the literature. The ionization channel does
not contribute significantly to the scattering in the low-
energy range, since the present calculated vertical ioniza-
tion potential is 9.73 eV which compares well with the
experimental value of 9.33 eV [26]. Again, the difference
in magnitude between the present cross sections and the
experimental TCS are due to the lack of electronic, vibra-
tional and rotational excitation channels. Present calcu-
lations at SEP level with Born closure are tabulated in
Table 4.
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Fig. 6. The s-wave contribution to the integral cross section
(ICS) obtained in the SEP approximation (upper panel) and
the corresponding s-wave eigenphase (lower panel), for the
allene. Inset figure: elastic cross section for the symmetry A1 in
the static-exchange plus polarization approximation. See text
for discussion.

The symmetry decomposition of the integral cross
section for 1,2-butadiene is shown in Figure 5, where the
A′ and A′′ contributions are displayed in the SE and SEP
approximations. There are, in the SE results, one structure
at around 4 eV in the A′ symmetry and another centered
at 4.3 eV in the A′′; the two structures overlap resulting
in the resonance centered at 4.3 eV in the integral cross
section. In the SEP calculations those structures moves
to 2.6 eV and 2.4 eV, respectively, forming the peak cen-
tered at 2.4 eV. The fact that these two π∗ resonances are
located at slightly different energies reflects the symme-
try breaking from D2d (allene) to Cs (1,2-butadiene) as a
consequence of the methylation.

As mentioned before, the A1 symmetry of the allene
molecule has no resonant structures. However, this sym-
metry presents a very interesting behavior in the low
energy region, as can be seen in Figure 6 (upper panel). In
order to unveil the origin of the shallow minimum appear-
ing in the SEP integral cross section, we looked at the
s-wave cross section (upper panel) and the correspond-
ing eigenphase (lower panel) for energies up to 0.5 eV.
These results show that the minimum is located at around
0.34 eV, and that the s-wave eigenphase changes sign,
crossing zero, at this same energy. It is well known that
for an attractive potential, the eigenphase is positive, and
for a repulsive potential, it is negative. This change of sign
in the eigenphase means that the potential changes from
attractive to repulsive. In the SEP approximation, the net

Fig. 7. Molecular orbitals: allene, b1, b2 LUMO (top); 1,2-
butadiene, a′ LUMO and a′′ LUMO+1 (bottom). See text for
discussion.

scattering potential is given by the static and polarization
potentials, which are both attractive, and by the exchange
potential, which is repulsive. The minimum observed in
Figure 6 is the Ramsauer-Townsend minimum and occurs
as a consequence of the cancellation between the above
mentioned attractive and repulsive potentials [29,30].

Electronic structure calculations were employed to
assign the resonant states to the correspondent molec-
ular states. For both systems Hartree–Fock calculations
with the 6-31G(1d) were performed with the computa-
tional package GAMESS [18] in order to obtain the plots
of the unoccupied orbitals responsible for the resonances.
For the allene molecule we have generated the plot for the
degenerated pair of b1 and b2 symmetries corresponding to
the LUMO, and for 1,2-butadiene molecule the a′ and a′′

orbitals corresponding to the LUMO and the LUMO+1,
respectively, were generated. These plots are shown in
Figure 7. The LUMO of allene is two-fold degenerated,
being mainly located on the C=C bond with only a minor
contribution near the H atoms and has an energy eigen-
value of 4.82 eV. The nodal planes of these π∗ orbitals
are in the plane formed by the C=C–H atoms, which
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correspond to the symmetry planes of the molecule in the
D2d point group. For 1,2-butadiene molecule, we show the
plots for the a′ (LUMO) and the a′′ (LUMO+1), whose
energy eigenvalues are 4.91 eV and 5.03 eV, respectively.
As for the allene molecule both are spatially distributed
around the C=C bond, with minor contributions on the
H and on the methyl group.

In Figure 8 we compare the integral elastic cross sections
for both systems in the SEP approximation, with the Born-
closure when necessary. The π∗ resonance is located at the
same energy of 2.4 eV. This is related to the similarity of
the spacial location of the molecular orbitals assigned to
these resonances. The same behaviour is verified with the
TCS obtained by Szmytkowski and co-workers [2,9]. The
resonances we have obtained are narrower and higher than
the experimental data due to the neglect of nuclear vibra-
tion, since we used the fixed-nuclei approximation in our
calculations [31]. The cross sections have a similar shape
but they differ in magnitude, where the cross section of 1,2-
butadiene is bigger than the allene cross section by a fac-
tor of about 1.2 for energies above 3 eV, in agreement with
a previous methylation study carried out by Szmytkowski
et al. [32]. Between 0.1 eV and 2 eV, this factor is higher,
being approximately 3, showing the influence of the dipole
moment in the low-energy scattering. The presence of a
permanent electric dipole moment and the increase of the
molecular size due to the extra methyl group are at the ori-
gin of this difference in magnitude.

A set of differential elastic cross sections at selected
energies obtained in the SEP approximation for electron
collisions with allene is shown in Figure 9 together with
the experimental data measured by Nakano et al. [10],
and the theoretical calculations of Barot et al. [14], and
Sanchez et al. [12] in the SEP approximation. When com-
paring the present DCSs for allene with the experimental
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Fig. 9. Differential elastic cross sections for electron collisions
with allene in the static-exchange plus polarization. The exper-
imental elastic differential cross section obtained by Nakano
et al. [10], and elastic differential cross sections calculated by
Sanchez et al. [12], and by Barot et al. [14] are also shown.

data by Nakano we have found qualitative agreement
between their magnitude for energies higher than 2 eV.
At 1.5 eV a d-wave pattern with two minima at around
60◦ and 120◦ is visible in the experimental results, while
in the present calculations these minima appear at 30◦
and 150◦. From 2 eV to 5 eV this behavior remains but is
less pronounced, with the scattering being more isotropic.
At 7 eV the DCS at the low-angles increases significantly
when compared with the previous energies. The d-wave
pattern becomes again more visible. The present DCSs
agree with the previous SMC calculations by Sanchez
et al. [12] except at 1.5 eV (the tail of the π∗ resonance).
Although not shown in the article, Sanchez et al. [12] also
reported a calculation with a large number of configu-
rations, without significant changes in the cross section,
except for an improvement in the position of the reso-
nance. There is also a disagreement between the experi-
mental results and the R-matrix calculations by Barot et
al. [14], notoriously at 3 eV, probably due to the fact of
the π∗ resonance being centered at 2.9 eV in their TCS.

In Figure 10 we compare the DCSs for allene in the
SEP approximation with the DCSs for 1,2-butadiene in
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Fig. 10. Comparison between the differential elastic cross sec-
tions for electron collisions with allene and 1,2-butadiene in
the static-exchange plus polarization approximation, including
the Born-closure procedure in the 1,2-butadiene cross section.

the same approximation. The dipole effects included by
the Born-closure in the 1,2-butadiene increase the DCSs
for angles lower than 15◦. A d-wave pattern is noticeable
for 1.5 eV and 2 eV but, for 3–7 eV the forward scattering
increases and only the minimum centered at 120◦ remains.
Comparing the present calculations for both systems,
we can notice the dipole signature at low-angles in the
1,2-butadiene DCSs. In general the DCSs of 1,2-butadiene
are bigger than the DCSs of allene for lower energies, and
become closer as the energy increases. These aspects of the
DCSs can be viewed as a consequence of the methylation,
since the CH3 group in 1,2-butadiene is responsible for its
permanent dipole moment. There is also an increase in
the geometrical size of 1,2-butadiene in comparison with
allene, which is reflected in the magnitude of the scatter-
ing cross sections.

4 Summary

In this paper we have performed calculations for low-
energy electron scattering by allene and 1,2-butadiene mo-
lecules. Electronic structure calculations were used to aid

in the interpretation of the collision results. For both mole-
cular targets we have found a π∗ shape resonance centered
at 2.4 eV and assigned them to the molecular orbitals
wich are spatially located surrounding the C=C bonds.
A Ramsauer-Townsend minimum was found at 0.34 eV in
the integral cross section of allene. As the result of the
methylation effect on the cross section we have pointed the
permanent dipole moment, the increase in the magnitude
of the integral cross section and the break of symmetry in
the resonant symmetries for 1,2-butadiene in comparison
to allene.
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J. Chem. Phys. 144, 084301 (2016)

14. A. Barot, D. Gupta, M. Vinodkumar, B. Antony, Phys.
Rev. A 87, 062701 (2013)

https://www.epjd.epj.org


Eur. Phys. J. D (2020) 74: 46 Page 9 of 9

15. K. Takatsuka, V. McKoy, Phys. Rev. A 24, 2473
(1981)

16. K. Takatsuka, V. McKoy, Phys. Rev. A 30, 1734
(1984)

17. R.F. da Costa, M.T. do N. Varella, M.H.F. Bettega,
M.A.P. Lima, Eur. Phys. J. D 69, 159 (2015)

18. M.W. Schmidt, K.K. Baldridge, J.A. Boatz, S.T. Elbert,
M.S. Gordon, J.H. Jensen, S. Koseki, N. Matsunaga,
K.A. Nguyen, S.J. Su, T.L. Windus, M. Dupuis, J.A.
Montgomery, J. Comput. Chem. 14, 1347 (1993)

19. G. Herzberg, Electronic Spectra and Electronic Structure
of Polyatomic Molecules (Van Nostrand, New York, 1966)

20. K. Kuchitsu, Landolt-Bornstein: Group II: Atomic and
Molecular Physics Volume 21: Structure Data of Free Poly-
atomic Molecules (Springer-Verlag, Berlin, 1992)

21. B.M. Bode, M.S. Gordon, J. Mol. Graph. Model. 16, 133
(1998)

22. G.B. Bachelet, D.R. Hamann, M. Schlüter, Phys. Rev. B
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