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Abstract. Benzene is undoubtedly one of the most studied target molecules in electron scattering exper-
iments and calculations. However, there is still a huge knowledge gap on the electronic excitation cross
sections of this fundamental collision. Here, we report calculated differential and integral cross sections
for elastic and electronic excitation, as well as total cross sections, for electron scattering by the ben-
zene molecule, for impact energies in the 10–50 eV range. We have employed the Schwinger multichannel
method, in two levels of approximation. By including extra diffuse functions in the second calculation, the
role of higher lying Rydberg states in the multichannel coupling scheme was assessed. We found that such
states have minor effects on the elastic and total cross sections. In contrast, the electronic excitation cross
sections of the lower-lying bands decrease in magnitude when accounting for the higher Rydberg states,
and this effect becomes more pronounced at lower impact energies. Our computed elastic cross sections are
in quite good agreement with the available experimental data, whereas the comparison for the electronic
excitation channels is still satisfactory. We also discuss the need for accurate excitation energies in order
to properly compare theoretical and experimental electronic excitation cross sections.

1 Introduction

This paper is in honor of Prof. Vincent McKoy. He was
responsible for the creation of the Brazilian “Schwinger
strategy” community for electron–molecule scattering.
He came to Brazil in the 1970s and created very strong
scientific and friendship bonds. He was a great scientist
and advisor, always pointing out the most interesting
problems in the field and extracting the best from his
students, postdocs, and collaborators. MAPL was his
PhD student, A. G. Falkowski and R. F. da Costa are
his scientific grandchildren, and F. Kossoski is his sci-
entific grand-grandchild. M. Brunger, not a Brazilian,
acknowledges very many interesting and fruitful discus-
sions with Prof. McKoy during their collaboration.

Benzene (C6H6) is the simplest member of an impor-
tant class of compounds known as aromatic hydrocar-
bons. It consists of six carbon atoms joined together
in a ring, with a hydrogen atom bonded to each car-
bon. Due to its highly symmetric structure and unique
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properties, benzene has long been considered as a pro-
totype model to investigate the behavior of more com-
plex molecular systems. In particular, studies involving
the scattering of low-energy electrons by benzene can
provide relevant information about the molecular mech-
anisms behind bond breaking of the nitrogenous bases
in DNA which, in turn, could be helpful for the design
of new drugs for chemoradiotherapy [1–3].

Electron collisions with benzene have been the sub-
ject of a number of studies, which are summarized below
in chronological order. From the theoretical side, early
calculations were performed by Read and Whiterod [4]
using the Born approximation so as to provide differ-
ential cross sections (DCS) and integral cross sections
(ICS) for inelastic electron scattering. Lassettre et al.
[5] performed measurements and theoretical calcula-
tions to investigate the lowest excited states of benzene.
Compton et al. measured the electron impact thresh-
old excitation spectrum between 33 and 100 eV [6].
Later, Doering [7,8], through the use of the electron
energy loss spectroscopy (EELS) technique, reported
good agreement with previous results. Electron trans-
mission experiments carried out by Mathur and Hasted,
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to study resonant features in the total cross sections
(TCS) of electrons scattered by benzene, revealed the
formation of four temporary negative ion states as
structures centered at the energies of 1.10, 2.80, 4.93,
and 8.85 eV in the transmitted current [9]. Relative
elastic DCS have been measured by Mahant Shetty
and coworkers [10], for incident energies of 300, 500,
700, and 900 eV and for scattering angles between 30◦
and 120◦, and were compared with independent atom
model (IAM) calculations where only the static inter-
action was taken into account. These authors found
that the higher the incident energy, the better was
the observed agreement between experiment and the-
ory. Absolute TCS for electron scattering on benzene
molecules have been measured in two distinct electron-
transmission experiments, for impact energies between
0.6 eV and 3.5 keV, by Mozejko et al. [11]. By solving
the scattering equations with the use of a parameter-
free exact-static-exchange plus-correlation-polarization
potential to treat the electron–molecule interaction,
Gianturco and Lucchese [12] examined the presence of
one-electron resonances and also computed DCS and
TCS for electron collisions with benzene. Absolute DCS
measurements for elastic electron scattering from ben-
zene were reported by Gulley and Buckman [13] for
incident energies of 8.5 and 20 eV. By employing the
Schwinger multichannel (SMC) method, Bettega et al.
presented elastic cross sections for low-energy electron
scattering by benzene obtained at the static-exchange
(SE) and static-exchange plus polarization (SEP) levels
of approximation [14]. Jiang et al. used the additivity
rule (AR) and the energy-dependent geometric addi-
tivity rule (EGAR) approaches to calculate TCS for
a set of molecules including benzene [15]. Cho et al.
[16,17] measured the elastic electron scattering cross
sections in the energy range from 1.1 to 40 eV. Direct
measurements of electron attachment to benzene using
Rydberg atom techniques were performed by Field et
al. [18]. The scattering cross sections obtained in that
work rise sharply at electron impact energies below
∼200 meV, with this being interpreted in terms of the
existence of a virtual state. Carsky et al. [19] used the
discrete momentum representation (DMR) method to
study the elastic scattering of electrons from benzene
and observed that the calculated DCS were in good
accord, on an absolute scale, with experimental data
of the measured angular intensities. Sun and coworkers
proposed a modified formulation of the AR to calcu-
late the TCS for electron scattering by benzene, in the
range of impact energies from 10 to 2 keV [20]. TCS
have been measured using the linear transmission time-
of-flight method and were presented by Makochekanwa
et al. [21] in the energy range from 0.4 to 1 keV, and by
Kimura et al. [22] for energies below 500 meV. Abso-
lute elastic DCS at the energy of 1 keV and absolute
DCS for the 11Ag → 11B1u + 11E1u electronic tran-
sitions in benzene were reported by Boechat-Roberty
et al. [23]. TCS were calculated by De-Heng et al. [24],
through the use of the AR model over the energy range
from 100 to 50 keV and their results are in good agree-
ment when compared with those obtained by experi-

ments wherever available. Blanco and Garćıa reported
TCS and elastic ICS for electron scattering from ben-
zene, calculated via the IAM—screening corrected addi-
tivity rule (IAM-SCAR) approach [25]. Absolute cross
sections for elastic electron collisions with benzene mea-
sured in the 100–1000 eV range and calculations per-
formed according to the IAM model were reported by
Iga et al. [26]. Also using the IAM model, Er-Jun et al.
calculated elastic DCS in the energy range 100–1000 eV
[27]. Experimental differential, integral, and momentum
transfer cross sections for elastic electron scattering by
benzene were measured by Sanches and coworkers [28]
for energies from 50 to 1 keV. The comparison of these
results with existing theoretical data shows significant
discrepancies, particularly at incident energies below
200 eV. IAM-SCAR calculations, for elastic scattering,
were carried out by Kato et al. [29] and compared to
then available results. Measurements of DCS and ICS
of the unresolved 11B1u and 13E2g electronic states and
the 11E1u electronic state of benzene were reported by
Kato et al. [30], for angles between 3◦ and 130◦ and
in the energy from 10 to 200 eV. More recently, by
using a theoretical method based on the single-center-
expansion close-coupling framework and corrected by
the Padé approximant, de Souza et al. [31] reported
on elastic differential, integral, and momentum transfer
as well as inelastic and total (elastic + inelastic) cross
sections for impact energies ranging from 20 to 500 eV.
Singh et al. employed a multi-scattering center spheri-
cal complex optical potential method to calculate TCS
and total ionization cross sections (TICS) for benzene
and other benzene derivatives [32]. In their study, Bar-
bosa et al. [33] revisited the problem with the use of
the SMC method and discussed the presence of shape
resonances, a virtual state, and a Ramsauer–Townsend
minimum in the low-energy regime. Comparison of their
calculated ICS and DCS with the available data from
the literature suggested improvement in the agreement
between theory and experiment. Also, electronic exci-
tation, momentum transfer, ionization, and total col-
lision cross sections, along with the differential elastic
cross sections were computed for low energies (0.01-20
eV) by Prajapati et al. [34] using the R-matrix method.
Allan and collaborators [35] and Costa and collabora-
tors [36] both performed joint experimental–theoretical
investigations on electron scattering from benzene and
have reported on elastic DCS at the scattering angles
of 90◦ and 135◦, and TCS and elastic ICS, respectively.
Finally, Lozano et al. [37] have reported double and
triple differential cross sections for electron impact ion-
ization of benzene.

Taken together, these studies shed light on several
important aspects relating to the problem of electron
scattering by the benzene molecule. However, among
some drawbacks and puzzling issues that still remain,
the scarcity of studies concerning the electronic exci-
tation of benzene by electron impact should be high-
lighted. One of the challenges to be addressed in the
treatment of electronically inelastic collisions, at least
from the theoretical perspective, is related to the con-
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vergence of the multichannel coupling with respect to
the number of channels. Proper handling of this aspect,
in turn, involves not only an accurate description of
a number of excited states but, perhaps more impor-
tantly, a judicious choice on how many and which chan-
nels (energetically accessible states to the molecular tar-
get) should be included in the scattering calculations.

In the present investigation, we report on elastic and
electronically inelastic scattering of electrons by ben-
zene using the SMC method [38,39]. DCS and ICS for
elastic scattering and for excitation of bands I, II, and
III (for which there are no experimental results avail-
able), and also for bands IV and V (a single experimen-
tal study [30]), are reported for the energy range 10–
50 eV. Our full set of cross sections is provided in the
Zenodo repository, at http://doi.org/10.5281/zenodo.
5567092.

In order to account for the high computational
cost in getting reliable results for polyatomic targets,
we employed the parallel version [40] of the SMC
codes in an implementation that makes use of norm-
conserving pseudopotentials (SMCPP) [41] and single-
excitation configuration interaction techniques for the
target description [42]. In addition, we make use of a
procedure that allows for many more open channels
to be accounted for in the calculations [43]. It is the
purpose of this work: (i) to address the need for reli-
able cross sections for electronic excitation by electron
impact and (ii) to investigate how the presence of sub-
stantially more open channels (in particular, in order
to evaluate the influence of Rydberg states) impacts
on the quality of the DCS for elastic and electronically
inelastic scattering of low-energy electrons by benzene.
To the best of our knowledge, there are no previous
calculations for the electronic excitation of these bands
reported in the literature.

The remainder of this paper is organized as follows.
In the next section, the SMC method is briefly summa-
rized and the computational aspects of our calculations
are described. The results are presented and discussed
in Sect. 3 and, finally, some concluding remarks are out-
lined in Sect. 4.

2 Theory and computational aspects

The SMC method is an ab-initio approach proposed by
Takatsuka and McKoy [38,39] to simulate the electron–
molecule collision, which is based on a variational for-
mulation to the scattering amplitude. The method can
be applied to molecules of arbitrary geometry and
accounts for: (i) the scattering wave function antisym-
metrization, (ii) the polarization of the molecular elec-
tronic cloud, (iii) the competition of the flux probabil-
ity among all energetically accessible electronic states of
the system (multichannel coupling), and (iv) Bachelet,
Hamann, and Schlüter (BHS) pseudopotentials [44] to
describe the nuclei and core electrons [41]. The theory
and computational aspects of the SMC method have
been reviewed by da Costa et al. [45], and as such here

Fig. 1 Schematic illustration to represent the position of
the extra centers used in the composition of the basis sets
B1 (left) and B2 (right). The figures were generated with
the software MacMolPlt [49]

we only summarize the key aspects of the present appli-
cation.

The ground state geometry of benzene was optimized
within the GAMESS-US package [46], using the second-
order Møller-Plesset perturbation theory (MP2) and
the aug-cc-pVDZ basis set. With the same package,
we also carried out Hartree–Fock self-consistent field
calculations to obtain the electronic ground state. All
calculations have been performed within the D2h point
group. In our first round of scattering calculations, we
employed the 5s5p3d basis set for the carbon atoms (the
same as used by Bettega [47]), the 4s/3s Dunning basis
set for the hydrogen atoms [48] supplemented with one
p function with exponent 0.75 a−2

0 , and an additional
3s3p2d set of diffuse functions placed at the center of
mass. This defines our basis set B1, which is flexible
enough to describe the lower-lying Rydberg states. In
order to explore the role of the higher-lying Rydberg
states in the multichannel coupling, we have addition-
ally performed a second round of scattering calcula-
tions, for a larger basis set B2. It comprises all functions
from the B1 set plus 3s3p diffuse exponents placed at
the vertices (0,±5,±3) a0 of a rectangle centered at
the origin. Figure 1 illustrates the molecular orienta-
tion and the positions of the extra centers, while Table 1
shows the exponents of the Gaussian functions placed
at the center of mass and at the extra centers. These
exponents were obtained from the last exponents of the
5s5p3d basis set, by recursive divisions by four.

In the target description and scattering calculations,
we employed improved virtual orbitals (IVOs) [50]
from the lowest non-degenerate ag occupied orbital and
triplet multiplicity. The excited states were described at
the truncated configuration interaction singles (TCIS)
approach, where a subset of all single excitation is
selected based on an energy cutoff εopen, as described
elsewhere [43]. Here, we emphasize that the IVO cal-
culations served only to provide a more suitable set
of orbitals than the canonical virtual orbitals, whereas
in the scattering calculations the excited states were
described with the TCIS approach. The key idea behind
the TCIS technique is to select the single excitations
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Table 1 Exponents of the Gaussian functions placed at the
center of mass and at the extra centers (in units of a−2

0 ). The
coefficient of each Gaussian function is 1.0

Type Exponent

s 0.009995
s 0.002499
s 0.000625
p 0.018063
p 0.004516
p 0.001129
d 0.025279
d 0.006320

that are most important to describe the excited states
lying below εopen, while trying to recover the full con-
figuration interaction singles (FCIS) results as much as
possible. Here, we employed εopen = 10 eV, which gave
rise to 116 excited states for the B1 basis set, and 304
excited states for the B2 basis set (lying below 10.02 eV
in the latter). All these states were considered as open
channels in our calculations, and together with the elas-
tic channel, we have a total of 117 and 305 channels,
for basis sets B1 and B2, respectively. This means that
all 117/305 states are simultaneously competing in the
multichannel coupling scheme. From here on, we refer
to these two levels of calculations as 117CH-B1 and
305CH-B2. The scattering wave function was expanded
in a set of configuration state functions, which are spin-
adapted antisymmetrized products of all single excita-
tions contained in the TCIS description and the set of
all IVOs.

The momentum space integrals that appear in the
projected Green’s function were computed numerically.
More details about this aspect of the calculations are
given in Ref. [45]. Both off-energy-shell and on-energy-
shell terms were computed with a Gauss–Legendre
quadrature, in angular and radial components of the
linear momentum vector. In addition, the radial integral
was divided into two intervals, from 0 to kmax (integra-
tion in the variable k) and from kmax to infinity (inte-
gration in the variable k−1), with kmax = 1.6a−1

0 . To
ensure the quality of the numerical procedures, we per-
formed a convergence analysis by comparing the mag-
nitudes and shapes of the computed DCS. Convergence
has been achieved with 26 radial points in each radial
interval. Spherical coordinates were employed for the
angular integration, with the same number of quadra-
ture points for both polar and azimuthal angles. We
settled with 26 quadrature points in each coordinate
for the off-energy-shell terms, and with 16 points for
the on-energy-shell terms.

With the goal of identifying how many and which
excited states would compose the two bands for which
electronic excitation DCS are available [30], we calcu-
lated vertical excitation energies with the equation-of-
motion (EOM) coupled cluster (EOM-CC) with singles
and doubles (EOM-CCSD) [51], and with the iterative
approximate coupled cluster CC3 (EOM-CC3) [52,53]

levels of theory. To do these calculations, we used the
PSI4 [54] and CFOUR [55,56] quantum chemistry pack-
ages. We employed the aug-cc-pVDZ basis set for the
hydrogen atoms and the d-aug-cc-pVDZ basis set for
the carbon atoms. The doubly augmented diffuse func-
tions were found to be important to describe some of
the lower-lying Rydberg states. Core orbitals were kept
frozen. The transition dipole moments obtained at the
EOM-CCSD calculations were also employed to per-
form the Born-closure procedure [57], which aims at
correcting for the poor description of long-range inter-
actions in the SMC method.

3 Results and discussion

3.1 Elastic channel

The available elastic DCS are shown in Fig. 2, accord-
ing to ours and previous calculations [12,14,31,33,34]
and to the available experimental data [16,28,29]. We
found that accounting for higher lying Rydberg states
(when going from the 117CH-B1 to the 305CH-B2
results) produces only marginal effects on the shapes
and magnitudes of the elastic DCS. Our results are in
quite good agreement with the available experimental
data at 15, 20, and 30 eV. Importantly, our results
are much closer to experiment than the previous cal-
culations, which employed the single-center-expansion
method with model potentials [12], the independent
atom model [28], the SMC method with one open chan-
nel [14,33], and the spherical complex optical poten-
tial method [34]. The inclusion of more open channels
compared to the aforementioned calculations improves
the agreement with the experiment, which is consistent
with many previous studies with the SMC method for
other molecular targets [43,58–67].

At 40 and 50 eV, however, the magnitudes of the DCS
still appear somewhat overestimated in our calculations
for intermediate angles. This probably reflects the lack
of higher-lying discrete excited states, but also contin-
uum states (ionization channels), that are not currently
implemented in the SMC method. At 10 eV, the over-
all comparison is less clear, as our computed DCS lie
mostly below the experimental ones for electron scatter-
ing angles above about 40◦, and does not significantly
improve with respect to the previous theoretical results.
The origin of this discrepancy is unclear. It might be
that the description of polarization effects still has room
for improvement, which would affect particularly the
cross sections computed at the lower impact energies.
We also notice that a similar disagreement has been
recently observed for ethanol [43], where the calcula-
tions also employed the SMC method and comparable
methodological procedures as in the present study.
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Fig. 2 Elastic differential cross sections for electron scattering from benzene. The full lines are the present results for
the 117CH-B1 (green) and 305CH-B2 (magenta) calculations. The dashed lines correspond to the previous calculations,
reported by Bettega et al. [14] (black), Barbosa et al. [33] (purple), Gianturco et al. [12] (orange), Prajapati et al. [34]
(cyan), de Souza et al. [31] (brown), and Sanches et al. [28] (blue). Experimental data from Cho et al. [16] (light red dots),
from Sanches et al. [28] (blue diamonds), and from Kato et al. (green triangles) [29] are also shown

3.2 Characterization of the electron energy loss
spectra

Let us now discuss the characterization of the electron
energy loss spectra of Kato et al. [30], from which DCS
of bands IV and V have been obtained. Our goal here is
to identify how many and which states compose these
bands, and for that we did EOM-CCSD and EOM-CC3
calculations. A detailed discussion about the charac-
ter of these excitations goes beyond the scope of this
paper. Similarly, a detailed discussion and comparison
concerning the lower-lying excited states can be found
in Ref. [68] and references therein. Table 2 shows the
vertical excitation energies obtained at the EOM-CC3,
EOM-CCSD, FCIS, and TCIS levels of theory, for both
singlet and triplet excited states, as well as the experi-
mental results taken from Refs. [5,7,8,69,70]. Since the
extra centers of basis set B2 do not transform accord-
ing to all the symmetries of the D6h point group (only
for those of the D2h subgroup), there is an artificial
energy splitting for the physically degenerate states
of E1g, E2g, E1u, and E2u symmetries. This effect is
rather small though (maximum of 0.02 eV), and as such
only the average energies of these states are shown in
Table 2. In addition, Fig. 3 shows a schematic compari-
son between the EOM-CC3 vertical excitation energies
and the specific EELS spectra shown in the study of
Kato et al. [30]. Our EOM results support three states

in band IV and eighteen states in band V (in some
sense somewhat arbitrarily defined as the 6.6 eV −7.6
eV energy range). Importantly, while the CIS calcula-
tions are less accurate than the EOM-CC, they still
seem to provide a qualitatively correct description of
the excited states surveyed here. We recall that in the
scattering calculations the excited states are described
with the TCIS approach, as explained in the previous
section.

In Ref. [30], the electronic excitation DCS were
obtained by deconvoluting the EELS spectra. This can
be challenging and to a certain degree also arbitrary,
whenever there are wide and overlapping bands, which
is the case of band V in benzene. In this sense, the
experiments actually provide the DCS of the whole
band, rather than DCS of an individual excited state,
and therefore, a proper comparison to theory is not
simple. On the one hand, we should know which and
how many excited states belong to a given band, which
might require an accurate level of description. On the
other hand, the deconvolution itself brings some uncer-
tainty to the comparison, as it is not obvious how to
account for states that are in the frontier of the band.
Kato et al. [30] have reported DCS for bands IV and V
of benzene. The comparison for the former is straight-
forward, since the two singlets and one triplet of this
band are well separated from lower- and higher-lying
states. The situation is more tricky for band V, where
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Table 2 Vertical excitation energies (in eV) of singlet and triplet excited states of benzene, according to experiment and
to different EOM and CIS calculations (for the geometry optimized at the MP2/aug-cc-pVDZ level of theory)

Band State Exp.(a) EOM-CCSD EOM-CC3 FCIS(b) FCIS (c) TCIS(b) TCIS(c)

I 13B1u 3.95 3.87 4.05 3.13 3.13 4.15 4.14
II 13E1u 4.76 4.82 4.76 4.71 4.71 4.84 4.84
III 13B2u 5.60 5.71 5.75 5.33 5.33 5.54 5.53
IV 13E1g 6.34 6.32 6.37 6.37 6.50 6.50
V 13A2u 6.85 6.84 6.77 6.77 6.97 6.96

13E2u 6.97 6.95 7.04 7.03 7.12 7.11
13A1u 7.09 7.06 7.25 7.24 7.26 7.25
23E1u 7.11 7.11 7.07 7.05 7.14 7.12
23E1g 7.42 7.38 7.38 7.37 7.49 7.47
13B1g 7.54 7.54 7.60 7.58 7.67 7.67
13B2g 7.56 7.51 7.64 7.62 7.65 7.64
13E2g 7.56 7.34 7.33 7.33 7.77 7.75
33E1g 7.58 7.54 7.64 7.63 7.68 7.67

II 11B2u 4.90 5.07 4.97 5.87 5.86 6.00 5.99
IV 11B1u 6.20 6.44 6.38 6.03 6.02 6.75 6.71

11E1g 6.33 6.39 6.36 6.48 6.48 6.57 6.57
V 11A2u 6.93 6.91 6.91 6.89 6.88 7.04 7.03

11E1u 6.94 7.08 7.01 7.14 7.12 7.18 7.16
11E2u 6.95 6.99 6.97 7.07 7.06 7.13 7.12
11A1u 7.08 7.05 7.25 7.24 7.26 7.25
21E1u 7.41 7.38 7.26 7.85 7.78 8.09 8.07
21E1g 7.47 7.46 7.50 7.48 7.56 7.55
11B2g 7.56 7.56 7.64 7.62 7.67 7.66
11B1g 7.57 7.54 7.65 7.63 7.68 7.66
31E1g 7.58 7.56 7.67 7.66 7.70 7.69

(a) Refs. [5,7,8,69,70]
(b) 117CH-B1 calculation
(c) 305CH-B2 calculation

many close-lying states appear in its higher energy
limit. Here, the reported DCS for band V comprise
the summed contribution from all states between 6.6
eV and 7.6 eV (as obtained in the EOM-CC3 calcula-
tion). We also tested how including fewer of more states
would affect the results, and we have seen only minor
changes in the magnitudes (by 5% when discarding the
two uppermost states from the band).

3.3 Electronic excitation channels

The electronic excitation DCS for bands I, II, and III
are shown in Figs. 4, 5, and 6. These results were
obtained by summing the contribution of the states
belonging to each band, according to our characteriza-
tion presented in Table 2. For these bands, we are not
aware of existing experimental or theoretical results to
compare with. The DCS are similar in both 117CH-B1
and 305CH-B2 levels of calculation; however, the latter
provides overall smaller magnitudes. The shape of the
DCS is mostly preserved in both calculations; however,
some more pronounced differences can be seen at lower
energies.

The electronic excitation DCS for band IV are shown
in Fig. 7. According to our excited state calculations,
this band has contributions from 11B1u, 13E1g, and

Fig. 3 Comparison between the typical EELS spectra pre-
sented in Ref. [30] (measured at the impact energy of 15 eV
and the scattering angle of 50◦) and the vertical excitation
energies computed at the EOM-CC3 level of theory. The
heights of the bars are arbitrary, for ease of viewing

11E1g states. Our assignment is in line with other calcu-
lations (see Ref. [71] and references therein), and differs
from the one of Kato et al. [30], who suggested only
11B1u and 13E2g states. As for the previous bands,
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Fig. 4 Electronic excitation differential cross sections for band I of benzene, according to our 117CH-B1 (green) and
305CH-B2 (magenta) calculations

Fig. 5 Electronic excitation differential cross sections for band II of benzene, according to our 117CH-B1 (green) and
305CH-B2 (magenta) calculations

we found smaller magnitudes in the 305CH-B2 than
in the 117CH-B1 calculation. Counting on the avail-
able experimental data for this band [30], here we
see the relevance of accounting for higher-lying Ryd-
berg states to the excitation cross sections, specially

at lower collision energies. This effect tends to dimin-
ish with increasing impact energies, though it remains
non-negligible (recall the logarithmic scale). At inter-
mediate and larger angles, the 305CH-B2 DCS are in
good agreement with the experimental data at 10 and
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Fig. 6 Electronic excitation differential cross sections for band III of benzene, according to our 117CH-B1 (green) and
305CH-B2 (magenta) calculations

Fig. 7 Electronic excitation differential cross sections for band IV of benzene, according to our 117CH-B1 (green) and
305CH-B2 (magenta) calculations. Also shown are the experimental results (red dots) reported by Kato et al. [30]

15 eV. At 30 eV, however, the calculations overestimate
the experimental DCS, a sign that higher-lying excited
states, missing in our calculations, should be included
in the multichannel coupling scheme.

The poor agreement at smaller angles could be
related to the use of square-integrable functions as basis

sets to describe long-range interactions. However, all
states in this band are dipole forbidden, and there-
fore, electronic excitation is expected to take place
via short-range interactions (at least in the equilib-
rium geometry), in principle well described in the SMC
method. In turn, the forward peaking observed experi-
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Fig. 8 Electronic excitation differential cross sections for band V of benzene, according to our 117CH-B1 (green) and
305CH-B2 calculations (magenta full lines), and 305CH-B2 using the Born-closure procedure (magenta dashed lines). Also
shown are the experimental results (red dots) reported by Kato et al. [30]

mentally hints at long-range dipole-allowed excitation,
which could take place at distorted geometries. This
might suggest significant vibronic effects in the excita-
tion of benzene by electron impact.

Figure 8 displays the DCS for band V. Our calcu-
lations point out to many more excited states in this
band than the single 13E1u state suggested by Kato
et al. [30]. The DCS of this state alone lie around
one order of magnitude below the sum of all states
present in the band (not shown), which demonstrate
the need for an accurate characterization of the bands.
Most of the findings concerning this band are simi-
lar to those discussed for band IV. In this case, how-
ever, the agreement with experiment at intermediate
angles is less satisfying at 10 eV, but more so at 30 eV.
The origin of this different behavior for bands IV and
V is unclear. In contrast to the previous bands, this
one presents dipole-allowed excitations, for which we
employed the Born-closure procedure. The EOM-CCSD
oscillator strengths of the dipole-allowed transitions are
0.113 (11A2u), 0.311 (11E1u), and 0.424 (21E1u). The
cutoff angular momenta were set to � = 5 for 15 eV
and � = 7 for 10 eV, 20 eV, and 30 eV, which was
chosen such that the Born correction does not signifi-
cantly affect the DCS at intermediate and larger angles.
The Born closure affects mostly the smaller angles and
becomes more relevant at higher energies, having vir-
tually no effect at 10 eV, and reproducing the forward
peaking at 30 eV. We have not performed such a pro-
cedure for 40 and 50 eV, however, due to numerical
instabilities encountered at these energies.

3.4 Integral cross sections

The left panel of Fig. 9 compares our computed elas-
tic ICS with previous calculations [12,14,29,31,33] and
available experimental data [16,28,29]. In the whole 10–
50 eV range, our results fall within the error bars of
the measurements of Cho et al. [16] and Sanches et al.
[28], whereas the data from Kato et al. [29] lie some-
what underestimated with respect to ours and previ-
ous reports. Meanwhile, the magnitudes of our elastic
ICS are lower than in most of the previous calculations
[12,14,31,33], being overall closer to the IAM-SCAR
calculations of Kato et al. [29].

The ICS for electronic excitation of bands I–V are
shown in the right panel of Fig. 9. The magnitudes
for excitation of bands I and III are quite small, as
each band presents one triplet state only. Singlet states
appear in bands II and IV, which in turn have larger
cross sections. Band V is the most prominent one, hav-
ing three pronounced dipole-allowed transitions, and
many other excited states with relevant contributions.
The comparison with respect to the experimental elec-
tronic excitation ICS [30] would seem quite encouraging
(except for band V at 10 eV). However, the DCS (see
Figs. 7 and 8) reveal that the apparent good agreement
is often due to a cancellation of errors in the smaller
and intermediate scattering angles. As for the DCS, the
Born-closure procedure has a huge impact on the ICS,
specially at higher energies. This last result suggests
that adopting the same correction to excitations of the
higher lying states (beyond band V) might also be crit-
ical for obtaining more accurate electronic excitation
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Fig. 9 Integral elastic (left panel) and electronic excitation (right panel) cross sections for electron impact on benzene. In
the left, results from our 305CH-B2 calculations (magenta), according to previous calculations (dashed lines) by Gianturco
et al. (orange) [12], Bettega et al. (black) [14], Kato et al. (green) [29], de Souza et al. (brown) [31], and Barbosa et al. (blue)
[33], and to measurements (marks) by Cho et al. (light red dots) [16], Sanches et al. (blue diamonds) [28], and Kato et al.
(green triangles) [29]. In the right, results from our 305CH-B2 calculations for excitation of bands I (black), II (purple),
III (orange), IV (dark green), and V, the last one without (dashed-dotted red) and with the Born-closure correction (solid
red), as well as the experimental results [30] for bands IV (dark green dots) and V (red dots)

Fig. 10 Cross sections for electron impact on benzene,
according to our 305CH-B2 calculations (magenta): TCS
(solid line), elastic ICS (dashed line), and electronic excita-
tion ICS (dotted line). The BEB TICS from Ref. [74] (solid
gray) are also shown

ICS as well as TCS. That would require the transi-
tion dipole moments calculated at the TCIS level of
theory, which is not currently available in our compu-
tational codes. Such an implementation is planned for
the future.

The ICS for the elastic and the sum of all electronic
excitation channels are shown in Fig. 10, together with

their sum, which represent the TCS in our 305CH-
B2 calculations. The Binary–Encounter–Bethe (BEB)
[72,73] TICS (from Ref. [74]) are also shown, since the
ionization channels are currently lacking in the SMC
method. This figure provides an integrated view of the
relative contributions of elastic, electronic excitation,
and ionization channels to the total cross sections. We
further notice that the five lower-lying bands we have
focused on make up for a rather small part of the sum
of all electronic excitation channels (compare Figs. 9
and 10 ). Bands I to V account for a factor of 0.3 of the
summed excitation cross sections at 10 eV, decreasing
to 0.2 at 50 eV.

3.5 Total cross sections

The comparison between our 117CH-B1 and 305CH-
B2 calculated TCS and previous theoretical [12,15,20,
31,32,34,36] and experimental [11,21,36,75] results are
presented in Fig. 11. The difference between our two
levels of calculations is quite small, showing that inclu-
sion of higher-lying Rydberg states in the multichan-
nel calculations is not really important for this partic-
ular purpose. Between 10 and 25 eV, our results com-
pare very favorably in shape and magnitude with the
most recent experimental results [11,21,36]. However,
the comparison degrades at higher energies, as our TCS
drop more steeply than most of the previous reports. It
is also worth mentioning the wide variation of the calcu-
lated TCS among different methodologies. We further
present our results with the further contribution of the
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Fig. 11 Total cross sections for electron impact on benzene. Results for the sum of our integral elastic and electronic
excitation cross sections from our 117CH-B1 (green) and 305CH-B2 (magenta) calculations, are shown in full lines, and
further with addition of TICS computed with the BEB method [74] are shown as dashed lines. In the left panel, the
dashed-dotted lines correspond to the calculations from Gianturco et al. (orange) [12], Jiang et al. (red) [15], de Souza et
al. (brown) [31], Costa et al. (gray) [36], Sun et al. (black) [20], Singh et al. (purple) [32], and Prajapati et al. (cyan) [34].
In the right panel, experimental data from Sueoka (green squares) [75], Mozejko et al. (blue crosses) [11], Makochekanwa et
al. (yellow triangles) [21], and Costa et al. (dark red color dots) [36] are plotted and compared with our 305CH-B2 results,
both without (full lines) and with (dashed lines) the BEB TICS added in

BEB TICS (from Ref. [74]), as a simple attempt to
correct for the lack of ionization channels in our calcu-
lations. This improves the comparison to experiment at
the higher energies, at the cost of worsening the agree-
ment at the lower energies, suggesting that the diffuse
discrete states would be mimicking in some way the
ionization continuum. This possibility will be explored
in future studies. Likewise, more open electronic excita-
tion channels would be needed, due to the high density
of states at higher energies. We further notice that our
computed elastic ICS (see Fig. 10) compare more favor-
ably to experiment than our TCS, suggesting that the
discrepancies found would likely arise from the descrip-
tion of inelastic channels. As mentioned previously, we
have not performed a Born-closure correction for exci-
tation of states lying beyond band V, which might have
a non-negligible impact on the TCS.

4 Conclusion

We have presented a theoretical study on low energy
electron impact excitation of benzene, based on scat-
tering calculations with the Schwinger multichannel
method. Total cross sections, differential and integral
cross sections for the elastic channel and for excitation
of the first five bands have been presented, and our
results have been compared to previous experiments
and calculations, when available. To the best of our
knowledge, we report the first set of ab-initio calcula-
tions of electronic excitation DCS for benzene.

Our computed elastic DCS compare very favorably
with the experimental data, showing better overall
agreement than in previously reported calculations. In
turn, the DCS for electronic excitation are much smaller
than their elastic counterpart, making their theoret-
ical description more difficult. Yet, our calculations
provided the correct order of magnitudes at interme-
diate scattering angles. With the help of the Born-
closure procedure, the peak at small angles experimen-
tally observed for band V is correctly reproduced as
well. In contrast, a similar forward peaking behavior
has been detected for band IV, and the lack of dipole-
allowed transitions in this energy range suggests impor-
tant vibronic effects. The same conclusions hold for the
elastic and electronic excitation ICS. We paid special
attention to the characterization of the bands measured
in electron energy loss spectroscopy, from which exper-
imental DCS are obtained. Not accounting for the cor-
rect states that compose each band can lead to signifi-
cant errors in the comparison.

The computed TCS also presented a good agree-
ment with measurements at lower energies; however,
they dropped too fast toward higher energies. Sum-
ming the BEB TICS ameliorates the comparison to
some extent. The poorer agreement at higher energies
might be related to lack of even higher excited states
(ionization continuum included), or else to a deficient
description of the electronic excitation mediated by the
long-range interaction. These aspects will be further
investigated in the future.

One of our main goals was to assess the influence
of including higher-lying Rydberg states in the multi-
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channel coupling scheme, which motivated our two sets
(117CH-B1 and 305CH-B2) of scattering calculations.
We found a rather small effect on the elastic DCS and
ICS, a general reduction of the DCS and ICS for elec-
tronic excitation of the lower-lying bands, and again
a modest effect on the TCS. In addition, the differ-
ences between the two calculations often declined with
increasing energy. Therefore, accounting for such states
might or might not be recommended (from a practi-
cal point of view) depending on the particular goals
of a given study. While some degree of convergence
with respect to the number of open channels can be
alluded to, most notably in the elastic channel, we recall
that the key difference between the two multichannel
calculations lie on the number of Rydberg states. As
such, the influence of even higher-lying Rydberg states
is likely minor.

Finally, we performed EOM-CCSD and EOM-CC3
calculations for all states extending up to around 7.6
eV, covering a total of 12 singlet and 13 triplet excited
states. The computed vertical excitation energies may
serve as reference values for future calculations.
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