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Cross sections for elastic electron scattering by benzene at low and intermediate energies
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We present experimental and theoretical differential cross sections for elastic electron scattering from benzene.
The present experimental results are obtained at incident electron energies ranging from 1 to 50 eV and for
scattering angles from 10◦ to 130◦. The experimental measurements are compared to available results from
1 to 10 eV and to theoretical results from 10 to 50 eV, both based on the Schwinger multichannel (SMC)
method. Different electron scattering calculations are carried out by employing varied basis sets and multichannel
coupling schemes. This allows us to (i) obtain relatively converged cross sections with respect to the inclusion
of Rydberg excited states, (ii) observe significant variations in the forward scattering as a function of the
multichannel coupling scheme, and (iii) explore possible effects stemming from states lying above the ionization
threshold. Overall, the agreement between experiments and models is found to be very good to excellent. The
remaining discrepancies point out areas in which the SMC method should be improved.
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I. INTRODUCTION

Electron scattering from polyatomic molecules at low in-
cident electron energies has long been of great interest, for
instance, in maintaining low-temperature plasmas used in the
plasma processing industry, e.g., for chemical vapor depo-
sition and plasma etching [1,2], where electron scattering
cross sections are needed to model plasma environments [3,4].
In addition, low-energy electron scattering has been gaining
further interest since the beginning of the new millennium,
with the discovery that secondary electrons produced via ion-
izing radiation can cause single- and double-strand breaks in
DNA [5,6]. This is understood to lead to mutations in living
cells if the genetic code is not properly repaired [7]. Conse-
quently, much work has been undertaken in both experimental
and theoretical physics to provide cross-section data for low-
energy electron scattering from polyatomic molecules, mostly
for elastic scattering, which is usually the dominant channel
and hence the natural first choice to model [8,9].

As a highly symmetrical molecule, benzene has much
interest from a molecular structure point of view. From an
experimental perspective, total electron scattering cross sec-
tions (TCSs) for this target were reported by Holst and
Holtsmark [10] for incident electron energies E0 up to
25 eV. Further TCSs were measured by Sueoka [11], Moze-
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jko et al. [12], Makochekanwa et al. [13], and Kimura
et al. [14]. These measurements reproduce structures around
E0 = 1.4 eV and below 5 eV as reported by Nenner and
Schultz [15] using electron transmission spectroscopy. Gulley
et al. [16] measured very low E0 TCSs from nondeuterated
benzene C6H6 and deuterated benzenes C6H5D and C6D6 at
E0 from 35 meV to 2 eV. They observed that the 2E2u π∗
shape resonance in C6D6 was shifted up by approximately
25 meV from the same in C6H6 (first vibrational level at
1.1 eV) with a Jahn-Teller distortion contribution in the res-
onant negative ion. They also observed a rapid increase in
the TCS for E0 < 100 meV. More recently, Costa et al. [17]
measured TCSs for benzene using a magnetically confined
electron transmission beam system for E0 from 1 to 300 eV
and a linear transmission electron beam apparatus for E0 from
100 to 1000 eV. The lower E0 TCSs were modeled using the
Schwinger multichannel (SMC) method for E0 from 0.1 to
15 eV, whereas the independent-atom model with screening
corrected additivity rule including interference effects was
used to model TCSs for E0 from 10 to 1000 eV. They also
observed a shape resonance at the E0 region of 1.4 eV and in
the 4.6–4.9 eV region which they interpreted as a π∗ shape
resonance of 2B2g symmetry. Costa et al. [17] also assigned a
structure at 5.87 eV to a Feshbach resonance.

Differential elastic electron scattering cross sec-
tions (DCSs) were first reported by Gulley and Buckman [18]
for benzene at E0 values of 8.5 and 20 eV and for scattering
angles θ up to 130◦. Gussoni et al. [19] observed strong
forward scattering due to the nonzero dipole polarizability of
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benzene (9.96 Å3) [20]. The first calculations were reported
by Gianturco and Lucchese [21,22], who employed a potential
scattering model to compute elastic DCSs, obtaining fair
agreement up to 6 eV and overestimating the measurements
of Gulley and Buckman at higher E0. Shortly thereafter,
Cho et al. [23] extended the measurements of Gulley and
Buckman over a more extensive E0 range of 1.1–40 eV using
the same apparatus as in Ref. [18]. They also monitored
elastic scattering as a function of E0 at fixed θ and found
angular oscillatory structures (at θ = 60◦, 90◦, and 120◦ for
E0 from 0.95 to 1.65 eV) which moved significantly in θ as a
function of E0. They also observed a strong resonance in their
elastic scattering at E0 = 5 eV for their excitation function
at θ = 90◦. More recently, Jones et al. [24] experimentally
observed the DCSs for elastic scattering of pyrimidine and
benzene, at E0 = 15 and 30 eV, to be almost identical even
for forward scattering. This was surprising since pyrimidine
has a permanent dipole moment whereas benzene does
not. However, pyrimidine has a polarizability (of only
approximately 4% lower) similar to that of benzene [24].
Sanches et al. [25] measured elastic DCSs at intermediate to
high E0 values of 50–1000 eV and θ of up to 130◦ using an
unselected electron gun. Similarly, Kato et al. [26] measured
elastic DCSs for benzene at E0 values of 50, 100, and 200 eV,
also as a precursor to normalizing their inelastic DCSs for
differential excitation of the unresolved electronic states
between 6 and 7 eV [27].

Along with the potential scattering calculation of Gi-
anturco and Lucchese [21,22] there have been several other
theoretical models developed. Initial ab initio work on elec-
tron scattering from benzene was made by Bettega et al. [28]
using the SMC method within the static exchange and static
exchange plus polarization levels of approximations. They
reported elastic DCSs at nine E0 values ranging from 2.3 to
30 eV, which were compared with the experiment of Gul-
ley and Buckman [18] with some but limited success. Field
et al. [29] investigated the experimentally observed rapid rise
of the TCS [16] below 0.2 eV and proposed the existence of
a virtual state, further supported by later calculations with
the SMC method [30]. Using a complex optical potential
approach, de Souza et al. [31] calculated elastic scattering
DCSs and TCSs for E0 from 20 to 500 eV. They compared
their DCSs with those of the experiment of Cho et al. [23],
Kato et al. [26], and de Souza et al. [31] and observed bet-
ter agreement with experiments at higher E0 values. Bazante
et al. [32] carried out an ab initio model of the E2u shape
resonance of benzene, finding its resonance energy E0 at
approximately 1.6 eV. Most recently, Falkowski et al. [33]
theoretically investigated elastic and electronically inelastic
DCSs for benzene. They employed the SMC method to carry
out scattering calculations, finding their elastic DCSs to be in
good agreement with the measurement of Cho et al. from 15
to 30 eV, though discrepancies remain at lower and higher E0.
They also found satisfactory agreement with the DCSs of Kato
et al. [27] for excitation of the bands in the 6–7 eV energy
range.

In this work we revisit the elastic electron scattering DCSs
from benzene over an extended E0 range of 1–50 eV to
solidify the overall picture for this target and to resolve dif-

ferences between prior measurements. The data were divided
into two ranges, viz., lower energies (1.0, 1.5, 2.0, 3.0, 5.0,
and 8.5 eV) and intermediate energies (10.0, 12.5, 15.0, 20.0,
30.0, 40.0, and 50.0 eV), for θ values of 10◦–130◦. The
former were compared with calculations from Barbosa and
Bettega [30] and the latter were compared to improved SMC
calculations reported here. Our results are compared to the
available experimental [23,25,26,31] and theoretical [22,30]
DCSs.

The present study also raises a couple of practical ques-
tions concerning the applications with the SMC method. The
projection operator P, which projects onto the space of open
channels, plays a central role in the method. Several previous
studies using the SMC method have shown that allowing
progressively more channels in P tends to improve the com-
parison with experiment [34–41]. Typically, opening more
channels causes the calculated elastic cross sections to de-
crease, thus approaching the experimental values from above,
though with some overestimation. This effect is often referred
to as convergence of the multichannel coupling. More re-
cently, owing to improvements in the computational code and
the description of target states [42], it has been possible to
significantly increase the number of open channels in scat-
tering calculations with the SMC method, reaching a record
of 431 for ethanol [42] and 305 for benzene [33]. In these
two recent applications [33,42] and also for formic acid [41],
first indications of an interesting behavior showed up. In some
cases, the computed elastic cross sections actually decreased
“too much” when opening more channels, appearing below
the experiment, inspiring important questions regarding the
SMC method. What happens when we push the calculations
by opening even more channels? If the cross sections are
converging to numbers that are not close to the experiment,
then what are the key limiting aspects of our current scattering
models?

In this study we explore the convergence of the multichan-
nel coupling while bearing in mind the above aspects, by
posing two specific questions, concerning the truncation of
Rydberg states and the impact of including states above the
first ionization potential (IP). First, where should the infinite
Rydberg series be truncated in order to obtain reasonably
converged cross sections (with respect to the inclusion of addi-
tional Rydberg states)? Initial efforts to address this question
were undertaken in a preliminary study [33], which is ex-
panded here by consideration of additional and more elaborate
scattering models. A major limitation of the SMC formalism
concerns the ionization channels. Only bound states of the tar-
get are included in P, whereas the inclusion of ionized states is
not allowed. On top of that, the scattering boundary condition
associated with ionization is not accounted for within the
SMC method. All in all, the method is not designed to work
well above the first IP. Formally, the Lippmann-Schwinger
equation does not have unique solutions for three-body sys-
tems, which makes things even more cumbersome [43]. In
practice, the continuum of ionized states becomes discretized
due to the expansion of the scattering wave function in finite-
range square-integrable (L2) functions, thus limiting their
description in applications with the SMC method. The impact
of this approximation in the context of the SMC method is still
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unclear, despite some modest success to model the elastic and
electronic excitation cross sections above the IP. Here we ask
whether there are any particular effects in closing exclusively
the channels lying above the IP.

The remainder of the text is organized as follows. Section II
outlines the details of the experimental measurements. The
theory and computational details are presented in Sec. III.
Our results are presented and discussed in Sec. IV, which are
divided into three parts, about the elastic DCSs at lower E0

values from 1 to 10 eV (Sec. IV A) and intermediate E0 values
from 10 to 50 eV (Sec. IV B), and the elastic integral cross sec-
tions (ICSs) and momentum transfer cross sections (MTCSs)
(Sec. IV C). A summary is given and main conclusions are
drawn in Sec. V.

II. EXPERIMENTAL METHOD

The experimental setup at California State University
Fullerton is detailed elsewhere [44]. Only a brief description is
given here. The well-tested electron spectrometer, employing
double hemispherical energy selectors, was made of titanium
in both the electron gun and detector. Sets of 2.5-cm-diam
cylindrical lenses were used to transport electrons through the
spectrometer which was baked at about 80 ◦C–130 ◦C with
magnetically free biaxial heaters [45] to keep the spectrometer
surfaces stable. Electrons were detected by a discrete dynode
electron multiplier [46] with a dark count rate of less than
0.01 Hz and could detect 105 electrons/s without saturating.
The remnant magnetic field in the collision chamber was
reduced to approximately 1 mG in the scattering center by the
insertion of a double mu-metal shield. The standard electron
current ranges from 18 to 30 nA, with an energy resolution of
40–70 meV full width at half maximum. Lower currents were
chosen for lower E0 values to minimize space charge broad-
ening of the incident electron beam. The electron beam could
easily be focused at 1 eV and remained stable, with the current
varying about 15% at maximum during a data acquisition
period. The energy of the beam was established by measur-
ing the minimum in the elastic scattering of the 2 2S He−

resonance at 19.366 eV [47] at a θ of 90◦ to approximately
45 meV stability during a daily run. The contact potential
varied between 0.65 and 0.85 eV. The elastic peaks of the
energy loss spectra were collected at fixed E0 and θ values by
repetitive multichannel-scaling techniques. The effusive target
gas beam was formed by flowing gas through an approxi-
mately 0.4-mm-diam thin aperture (approximately 0.025 mm
thick), which was carbon sooted (using an acetylene flame, as
were the spectrometer collision region surfaces) to reduce sec-
ondary electrons. The usage of an aperture source instead of a
tube gas collimator removes the need to maintain the backing
pressures of target gases in an inverse ratio of their molecular
diameters (in order to equalize the mean free path of the
two target gases [48] in the gas collimating structure), thus
removing an additional systematic source of error that could
occur in using a conventional tube collimator or similar setups
(see, e.g., Ref. [48]). This is advantageous when working with
heavy molecular targets with masses around 100 amu (such
as benzene) as the uncertainty in the gas kinetic molecular
diameters can be considerable and applying the inverse molec-
ular diameter gas pressure ratio accurately in the relative flow

method (RFM) at moderate or high target source pressures is
made more challenging with controlling the stability in the
flow of these viscous mass targets through collimating needle
sources. The aperture, located approximately 7 mm below the
axis of the electron beam, was incorporated into a movable
source [48,49] arrangement which moved the aperture into
and out of alignment with the incident electron beam. The
movable gas source method determined background electron-
gas scattering rates expediently and accurately [49]. The
measured DCSs were normalized using the RFM with helium
as the reference gas. When applying the RFM, the pressures
behind the aperture ranged from 1.3 to 1.9 Torr for He and
from 0.13 to 0.15 Torr for benzene, resulting in target cham-
ber pressure ranging from 1.3 × 10−6 to 2.2 × 10−6 Torr for
benzene and from 8 × 10−7 to 1.2 × 10−6 Torr for He. The
benzene liquid was obtained from Sigma-Aldrich with pu-
rity greater than or equal to 99.8%. The liquid was placed
in a 50-cm3 all glass-metal flask attached by baked 1/4-in.
refrigeration copper tubing to the experimental gas handling
system, which was also heated by the same biaxial heaters as
above. The liquid sample was purified from dissolved gases
by liquid-N2 freeze-pump cycles. Benzene has a significant
molecular mass (78.1 amu), increasing its viscosity which
can cause periodic instabilities in the flow by partially chok-
ing up the gas metering valve (Granville-Phillips Series 203
valve [50]). To counter this, the valve and the entire gas line
afterward were baked at a temperature of about approximately
80 ◦C–100 ◦C to prevent condensation of benzene in the valve
and gas lines. Each DCS was taken a minimum of two times
in a run to check its reproducibility, and a weighted average
was made of multiple data runs to obtain the final DCSs. The
relative flow normalization with helium used the DCSs of
Nesbet [51] at E0 � 20 eV and those of Register et al. [52]
at higher E0 values. We note here that benzene was found
to be a reactive gas which causes the electron filament and
spectrometer aperture to become contaminated within a few
weeks, so the spectrometer was operated at lower chamber
pressures to increase the duty cycle of the experiment. In this
experiment, there was no need to separately normalize the
benzene DCSs obtained to helium, as the profiles of the target
gases were the same, i.e., cosine emission angle distributions,
well known for an effusive thin aperture source. However, it
was also possible to observe the stability of the experiment
from separate full θ runs of helium followed by benzene (or
vice versa) at any fixed E0. The DCSs for elastic scattering of
electrons from benzene were obtained at E0 values of 1, 1.5,
2, 3.5, 8.5, 10, 15, 20, 30, 40, and 50 eV and θ of 10◦–130◦.

The (conservative) uncertainties in the experimental results
vary from about 11% to 13.5% and include uncertainties in the
helium elastic DCSs of Nesbet [51] at E0 � 20 eV and those
of Register et al. [52] (about 8% on average), uncertainties on
flow rates for helium and benzene (3%–6%), statistical uncer-
tainties of the scattered electron signal (about 5%–10%, which
includes background subtractions that increase the signal un-
certainties), and variance in the independent DCSs runs at a
given E0 value (7%–11%). These uncertainties were added in
quadrature.

The DCSs are extrapolated to θ of 0◦ and 180◦ by vi-
sual extrapolation or employing supporting theoretical DCSs,
similar to our work in acetylene [53]. The ICSs and MTCS
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are then determined from the DCSs weighted by sin(θ ) and
sin(θ )[1 − cos(θ )] integrating factors, respectively. These in-
tegrating factors bias the values of the ICSs and MTCSs to
be less sensitive to extrapolations at small θ and large θ and
typically add about 5%–8% to the DCSs overall errors.

III. THEORY AND COMPUTATIONAL ASPECTS

The electron scattering calculations were performed with
the SMC method [54–56] implemented with pseudopoten-
tials [57]. The method has been reviewed elsewhere [58]
and here we only provide the relevant details concerning
this application. The working expression for the fixed-nuclei
body-frame scattering amplitude is given by

f (kf , ki) = − 1

2π

∑
m,n

〈Skf |V |χm〉(d−1)mn〈χn|V |Ski〉, (1)

with

dmn =〈χm|
[

Ĥ

N+1
− ĤP + PĤ

2
+V P + PV

2
−V G(+)

P V

]
|χn〉.

(2)

The operator V is the interaction potential between the in-
cident electron and the molecule, ki (kf ) is the incoming
(outgoing) projectile wave vector, and Ĥ = E − H is the total
energy (target ground-state energy plus the kinetic energy of
the incoming electron) minus the (N + 1)-electron Hamil-
tonian, N being the number of electrons in the target. The
Hamiltonian is given by H = H0 + V , where H0 describes
the noninteracting electron-molecule system, and |Ski 〉 is a
solution of H0, given by the product of a plane wave with
momentum k and a target state |�i〉. Here G(+)

P is the Green’s

function projected onto the P = ∑Nopen

�=1 |��〉〈��| space, span-
ning Nopen electronic target states. The |χm〉 are configuration
state functions (CSFs) in terms of which the N + 1 scattering
wave function is expanded. The details of the present applica-
tion concerning the CSFs |χm〉, the target states |�i〉, and the
projection operator P are provided later in this section.

In this study we present theoretical results for several dif-
ferent scattering models. We first outline the general picture
and specific motivations behind these calculations, leaving
the computational details for later. We employed three ba-
sis sets B1, B2, and B3, which include systematically more
diffuse functions to describe higher-lying Rydberg states as
accessible channels. For each basis set, we considered three
multichannel coupling schemes, by progressively increasing
the number of target states in the projection operator P. This
gives rise to nine scattering models, which are schematically
summarized in Table I. Two of them were presented in our
previous study [33] and here we complete the chart by per-
forming seven additional rounds of calculation. We designed
three different multichannel coupling schemes based on the
choice for the projection operator P: (i) only the elastic chan-
nel, (ii) all states below εP = 9.09 eV (the first IP according
to Koopmans’ theorem), and (iii) all states below εP = 10 eV.
Note that the number of states in P also depends on the basis
set, except of course for the elastic-only case.

There are three key justifications behind our several scat-
tering calculations, which are in line with the questions raised

TABLE I. Summary of the nine scattering models discussed in
this work.

Projection operator P

Basis set Elastic only εP = 9.09 eV εP = 10 eV No. of CSFs

B1 B1-1ch B1-099ch B1-117cha 19775
B2 B2-1ch B2-258ch B2-305cha 53281
B3 B3-1ch B3-315ch B3-437ch 86939

aCalculations originally reported in Ref. [33] and reproduced here.

at the end of Sec. I. First, it includes considerably more
higher-lying Rydberg states as open channels by augment-
ing the basis set from B2 to B3 (bottom row in Table I),
thus expanding upon our previous study [33] in this regard.
This helps address the question concerning the truncation of
the Rydberg series and how this affects the calculated cross
sections. Second, by comparing the models associated with
εP = 9.09 and 10 eV in Table I, we address whether there
are any particular effects in closing exclusively the channels
lying above the IP. Third, by performing the calculations
indicated by “elastic only” in Table I, we investigate the
limitations of a single-channel model, in a type of analysis
similar to that performed in previous studies with the SMC
method [34–40].

A summary of the steps to perform the scattering calcula-
tions is illustrated in Fig. 1, which guides the presentation in
the remainder of this section. The ground-state geometry was
obtained using the second-order Møller-Plesset perturbation
theory and the aug-cc-pVDZ basis set. The electronic ground
state was described at the Hartree-Fock (HF) level of theory,
using Cartesian Gaussian functions (CGFs) for the valence
electrons and pseudopotentials of Bachelet et al. [59] for the
nuclei and core electrons. For both the geometry optimization
and the ground-state description, the GAMESS package [60]
was employed. Three basis sets were employed in this study,
B1, B2, and B3, with the first two the same as presented in
Ref. [33]. All share a common set comprising 5s5p3d CGFs
centered at the carbon atoms, 4s/3s plus 1p CGFs at the
hydrogen atoms, and 3s3p2d CGFs at the center of mass,
whose exponents and coefficients were given before [33]. This
set of CGFs defines the B1 basis set. The B2 basis set is
generated by supplementing B1 with a 3s3p set of diffuse
functions at four extra centers (see Ref. [33] for details). Basis
set B3 is built by adding a 2s2p set (the first two s and first two

Geometry
optimization

HF ground
state

atom
coordinate

occupied and
virtual orbitals

IVO
calculation

CIS
calculation

all single excitations
and their coefficients

TCIS
calculation

set of hole-particle
pairs to describe excited

states below

CSF space

SMC scattering
calculations

FIG. 1. Scheme illustrating the step-by-step procedure to per-
form SMC scattering calculations.
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FIG. 2. Illustration of the extra centers (green spheres) in the
B1 (one center), B2 (four centers), and B3 (13 centers) basis sets,
generated with the wxMacMolPlt software [61].

p functions of the 3s3p2d set presented in Ref. [33]) in 12
extra centers. One extra center is placed at (6.7, 0.0, 3.0)a0,
assuming the molecule lies in the xy plane and that one C—H
bond lies along the x axis, while the other centers are obtained
according to the symmetries of the D6h point group. The
number, type, and position of the extra centers of basis set B3
were determined by maximizing the number of excited states
below a given energy threshold, while making sure there are
no linear dependence problems. Here we adopted 10 eV for
this threshold, the same value that defines the multichannel
coupling scheme, as explained later. Figure 2 shows the po-
sitions of the extra centers in the three basis sets. For basis
set B3, this approach generated a scattering model at the limit
of what is technically feasible with our current computational
implementation.

From the HF calculation, we obtained the canonical molec-
ular orbitals, occupied (hole) and virtual (particle). Since
the virtual orbitals are not the most suitable to describe
excited states, we employed instead improved virtual or-
bitals (IVOs) [62] by removing an electron from a specific
hole and then diagonalizing the cationic Fock matrix in the
virtual orbital space. Here we selected the uppermost occu-
pied orbital and the triplet multiplicity, as in Ref. [33]. To
obtain the electronically excited states, we employed the trun-
cated configuration interaction with single excitations (TCIS)
approach [42], which selects the most important single exci-
tations for describing the states below a given energy εTCIS,
based on a preliminary calculation where all single excitations
are included (CIS). The energy εTCIS plays the role of an
arbitrary threshold value that fixes the hole-particle pairs to in-
clude in the TCIS excited-state calculation. In general, εTCIS is
different from εP (the maximum excitation energy of the target
states to be included in the P projector). In previous stud-
ies on electron scattering from ethanol and benzene [33,42],
the TCIS approach has been shown to account for a signifi-
cant fraction of the states below εTCIS, when compared with
CIS. For the B1, B2, and B3 basis sets, the TCIS procedure
gave rise to 117, 305, and 437 target states, respectively. It

is worth mentioning that all these states (for a given basis
set) are considered to be open only in scattering calculations
associated with εP = 10 eV (see Table I), while in the re-
maining calculations some of these states are imposed to be
closed.

In the SMC method, the trial scattering wave function is
written as a linear combination of CSFs, constructed by an an-
tisymmetrized product of a target state and a scattering orbital.
For each basis set, the CSF space for the static-exchange part
is constructed from the HF ground state and the polarization
CSFs are built using all the hole-particle pairs provided by
the TCIS calculation as target states. In both cases, the full
set of IVOs is employed as scattering orbitals, while keeping
overall doublet CSFs. This procedure was followed for the
three choices of the projection operator P, meaning that the
same set of CSFs was employed for a given basis set (see
Table I). Therefore, differences observed in the computed
cross sections can be assigned to multichannel coupling ef-
fects. All calculations were performed in the D2h point group.
The details concerning the integration of the Green’s function
are the same as reported in Ref. [33].

IV. RESULTS AND DISCUSSION

A. Low energies (1–10 eV)

Our measured DCSs for impact energies from 1 eV up to
8.5 eV are presented in tabulated form in Table II (together
with the ICS and MTCS) and are shown in Fig. 3. For the
sake of comparison we also show in this figure the previous
measurements by Cho et al. [23]. Also shown in Fig. 3 are
the SMC results by Barbosa and Bettega [30] (labeled as
SEP2 in Ref. [30]), which, along with the potential scattering
model of Gianturco and Lucchese [22], considered only the
elastic channel as being open. At θ below approximately 40◦,
the present DCSs are significantly higher than those of Cho
et al. [23] at E0 of 1 eV and somewhat higher at 2 and 3 eV.
Notice that Cho actually reported DCSs at E0 of 1.1 eV, which
are compared with our data at 1 eV. At E0 of 5 eV the DCSs
of Cho et al. show a downward trend at small θ not observed
by the present experiment or the theory. The better agreement
with theory suggests that the present measurements’ DCSs
are correctly above those of Cho et al. [23]. This systematic
effect of lowered elastic scattering DCSs from the groups
constituting Refs. [18,23] at small θ and at low E0 had been
observed by us at E0 of 2.0 eV in ethylene in [53] and we
suggest that this could be due to background subtractions of
scattered electrons at the small θ in these experiments. This
also suggests an advantage in using the movable gas source to
determine backgrounds at small θ . Otherwise, the agreement
between the present experimental values and those of Cho
et al. [23] is quantitatively excellent (in most cases within
experimental uncertainties) for larger θ values.

The experimental DCSs and the SMC results by Barbosa
and Bettega [30] present an overall fair level of agree-
ment above 4 eV. At the lowest E0 � 4 eV values, the
theory does not quantitatively reproduce the dip in the ex-
perimental DCSs at θ ≈ 40◦, even though it resembles the
measured form of the curves to some extent. In addition,
the calculated DCSs appear underestimated at E0 of 2 and
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TABLE II. Measured elastic electron scattering DCSs, ICSs, and MTCSs for benzene, with one standard deviation errors. Entries without
errors (in italics) are obtained from extrapolation or interpolation. The DCSs are in units of 10−16 cm2 sr−1 and the ICSs and MTCSs are in
units of 10−16 cm2.

Energy

Angle (deg) 1 eV 1.5 eV 2 eV 3 eV 5 eV 8.5 eV

0 8 8 8 14 22 55
5 7 7 7 12 20 48
10 5.8 5.8 5.8 9 18 40
15 4.6 4.6 4.6 7.3 15.5 2.1 30.5 4.21
20 3.66 0.51 3.79 0.49 3.78 0.50 5.79 0.76 12.1 1.6 22.3 2.90
25 2.75 0.34 2.84 0.38 3.13 0.39 4.84 0.60 9.68 1.19 14.4 1.91
30 2.45 0.30 2.23 0.29 2.76 0.34 3.82 0.47 7.91 0.96 10.9 1.42
40 2.27 0.28 1.70 0.22 3.10 0.45 3.88 0.56 6.91 0.99 5.89 0.77
50 2.11 0.25 2.01 0.26 3.00 0.37 4.27 0.52 5.27 0.63 3.36 0.44
60 2.17 0.26 2.40 0.31 3.27 0.40 4.18 0.51 3.60 0.44 1.93 0.25
70 2.24 0.27 2.50 0.33 3.12 0.39 3.47 0.43 2.59 0.32 1.86 0.24
80 2.15 0.26 2.41 0.31 2.40 0.29 2.45 0.30 1.78 0.21 2.01 0.26
90 2.14 0.26 2.19 0.28 2.41 0.30 1.50 0.18 1.68 0.20 1.87 0.24
100 1.71 0.21 1.90 0.25 1.70 0.21 1.35 0.17 1.70 0.21 1.82 0.24
110 1.44 0.18 1.87 0.24 1.41 0.17 1.09 0.13 1.71 0.21 2.02 0.26
120 1.25 0.16 1.42 0.18 1.13 0.14 1.23 0.15 1.72 0.21 1.80 0.23
125 1.15 1.33 1.04 1.24 1.75 1.69
130 1.06 0.13 1.23 0.16 0.94 0.12 1.24 0.15 1.78 0.22 1.58 0.21
140 0.85 0.85 0.75 1.2 2 1.45
150 0.75 0.75 0.7 1.25 2.2 1.58
160 0.85 0.85 0.85 1.24 2.4 1.7
170 1.05 1.05 1.05 1.2 2.5 1.86
180 1.3 1.3 1.3 1.3 2.55 2
ICS 23.3 3.3 24.5 3.5 27.0 3.9 31.6 4.5 42.6 6.1 47.5 6.8
MTCS 18.4 2.6 20.1 2.8 19.9 2.8 21.5 3.0 27.5 3.8 24.7 3.4

1.5 eV and most strikingly at E0 of 1 eV. A clear d-wave
angular distribution at 1, 1.5, and 2 eV can also be seen in
Fig. 3. At higher energies the d-wave character of the DCSs

is somewhat less evident, indicating an admixture of higher
partial waves. The model potential results from Gianturco
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FIG. 3. Elastic differential cross sections for electron scattering from benzene, according to the current measurements and previous ones
from Cho et al. [23], as well as calculations reported by Barbosa and Bettega [30] and by Gianturco and Lucchese [22].
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TABLE III. Measured elastic electron scattering DCSs, ICSs, and MTCSs for benzene, with respective errors. Entries without errors (in
italics) are obtained from extrapolation or interpolation. The DCSs are in units of 10−16 cm2 sr−1 and the ICSs and MTCSs are in units of
10−16 cm2.

Energy

Angle (deg) 10 eV 12.5 eV 15 eV 20 eV 30 eV 40 eV 50 eV

0 70 85 90 150 200 250 280
5 60 70 73 120 120 140 150
10 50 55 55 80 61.6 9.0 66.1 9.1 44.1 6.5
15 39.8 5.5 44.4 6.1 36.9 5.1 43.6 6.0 25.1 3.5 20.1 2.7 18.5 2.6
20 31.0 4.0 29.2 3.9 19.7 2.6 19.9 2.6 10.8 1.4 6.53 0.79 4.90 0.67
25 18.9 2.5 19.0 2.3 12.3 1.5 10.7 1.3 4.46 0.53 2.65 0.32 2.19 0.28
30 12.1 1.6 9.60 1.16 6.68 0.80 4.47 0.53 1.81 0.21 1.53 0.18 1.45 0.18
40 5.20 0.68 3.49 0.42 2.05 0.24 1.05 0.12 0.80 0.10 1.25 0.16 1.01 0.12
50 2.94 0.38 1.73 0.22 1.01 0.13 0.648 0.077 0.890 0.106 0.959 0.118 0.661 0.086
60 1.83 0.24 1.31 0.16 1.04 0.13 0.845 0.103 0.649 0.079 0.549 0.065 0.335 0.043
70 1.95 0.25 1.59 0.19 1.16 0.14 0.941 0.109 0.514 0.060 0.387 0.046 0.259 0.032
80 2.33 0.30 1.86 0.22 1.31 0.16 0.892 0.104 0.415 0.049 0.342 0.040 0.235 0.029
90 2.27 0.30 1.86 0.22 1.26 0.15 0.694 0.080 0.385 0.045 0.391 0.046 0.238 0.029
100 2.32 0.30 1.87 0.22 1.13 0.13 0.618 0.072 0.412 0.049 0.406 0.048 0.246 0.030
110 2.30 0.30 1.67 0.20 1.01 0.12 0.852 0.100 0.486 0.055 0.465 0.055 0.276 0.034
120 1.86 0.24 1.70 0.20 1.06 0.12 0.894 0.104 0.558 0.067 0.636 0.082 0.302 0.037
125 1.74 1.91 1.18 0.905 0.606 0.082 0.722 0.091 0.363
130 1.62 0.21 2.12 0.25 1.30 0.15 0.917 0.107 0.55 0.855 0.110 0.424 0.052
140 1.5 2.3 1.5 1.1 0.8 0.85 0.55
150 1.67 2.3 1.8 1 1 0.95 0.75
160 1.8 2.3 2.1 1 1.5 1 0.85
170 2 2.3 2.4 1 1.8 1 0.9
180 2.2 2.4 2.7 1 2 1 0.95
ICS 54.5 7.8 50.9 7.3 38.3 5.5 37.8 5.4 26.5 3.8 26.4 3.8 21.9 3.1
MTCS 26.9 3.8 25.9 3.6 17.9 2.5 12.0 1.7 8.49 1.18 8.46 1.18 5.69 0.79

and Lucchese [22] show an overall better agreement with
experiment, most notable at E0 of 1, 4, and 5 eV.

B. Intermediate energies (10–50 eV)

We compare our measured DCSs for impact energies from
10 up to 50 eV, which are tabulated in Table III (together
with the ICS and MTCS) and shown in Fig. 4 with previous
measurements of Cho et al. [23], Sanches et al. [25], and Kato
et al. [26]. In order to avoid possible threshold effects (as
the last open channel appears at around 10.0 eV), the mul-
tichannel calculations were performed at E0 = 10.5 eV, just
slightly above the energy in which the DCSs were measured
(E0 = 10.0 eV). We find overall good agreement between the
present data and the previous ones by Cho et al. [23], in
shape and magnitude. At 50 eV excellent agreement is found
between our measurements and the experimental data of Kato
et al. [26], whereas those of Sanches et al. appear somewhat
higher in magnitude.

We also show in Fig. 4 our theoretical results with the
larger basis set (B3), for the three multichannel coupling
schemes, together with the results of Barbosa and Bettega [30]
at 10 eV. A detailed comparison with the results obtained
with the B1 and B2 basis sets is performed later. Overall, our
calculated DCSs are significantly closer to experiment than in
previously reported calculations [22,25,28,30,31,63] and for
this reason, here we do not reproduce and discuss all these
previous results which can be encountered elsewhere [33].

Our theoretical results generally reproduce the experimental
forward peak, even though important differences in shape
and magnitude can still be observed at intermediate angles
(θ > 30◦). The most notable ones appear for the B3-1ch
model, which systematically overestimates the experimental
data for all intermediate values of E0 and therefore entails
a severe approximation in this energy range. The compari-
son to experiment significantly improves for the B3-315ch
and B3-437ch schemes (shown in Fig. 4), clearly revealing
important multichannel coupling effects. The elastic DCSs
decrease in magnitude as the number of open channels in
the projector P is augmented, since the inelastic channels
now receive a share that would otherwise go to the elas-
tic channel exclusively. In addition, by increasing E0, we
also found that such a drop in magnitude becomes less pro-
nounced. This is because we only accounted for target states
below 10 eV, which should have progressively less impact
in the multichannel coupling as E0 increases. These findings
have been observed in previous applications of the SMC
method to other systems [33–35,39–42] and are confirmed
again here.

Still considering θ above approximately 30◦ and now look-
ing at specific energies, we find at E0 = 10 and 12.5 eV that
the B3-315ch model (only channels below the IP are open)
shows very good agreement with experimental data, whereas
the B3-437ch model underestimates them. At E0 = 15 and
20 eV, both models provide DCSs that are overall similar to
each other and to the present and previous measurements. The
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FIG. 4. Elastic differential cross sections for electron scattering from benzene, according to the current and previous measurements (from
Cho et al. [23], Sanches et al. [25], and Kato et al. [26]), the present calculations with the B3 basis set and three multichannel coupling schemes,
and the theoretical results of Barbosa and Bettega [30].

B3-315ch results generally overestimate both experimental
data at E0 = 30 eV, whereas much better agreement with the
present experiment can be seen with the B3-437ch model,
the data from Cho et al. [23] appearing below. At E0 = 40
and 50 eV, even though all calculations overestimate the mea-
sured DCSs, the level of agreement improves when more open
channels are accounted for. Such discrepancies are expected at
these higher E0, due to an increasing number of target states
that become open and that are not included in our calculations.
In particular, the ionization cross sections for benzene display
a maximum in the 50–150 eV energy range [63–66]. Properly
describing the scattering dynamics at this energy range would
require accounting for a large number of not only discrete
target states, but also the ionization channels, which should
be paramount to improving the comparison to experiment. We
further mention the SMC results of Barbosa and Bettega [30]
for 10 eV. Their DCSs agree well with experiment, despite
being a single-channel calculation, like our B3-1ch model.
The two calculations adopt different approaches to include po-
larization effects, which may explain the difference between
them.

Let us now discuss in detail our efforts to study the con-
vergence of multichannel coupling using the nine scattering
models described in Sec. III and listed in Table I. Figure 5
presents the full landscape of our theoretically obtained DCSs.
The most important finding from this figure is that, for θ

above approximately 30◦, the DCSs show convergence with
respect to the inclusion of Rydberg states, which can be seen
by comparing the solid lines in Fig. 5. By further augment-
ing the number of Rydberg states (going from B2-315ch to
B3-437ch), the present results provide a firmer basis to the
previous assertion [33] that higher-lying Rydberg states do
not play an important role in the elastic channel, at least for θ

above approximately 30◦. To study this regime, it is probably
safe to truncate the infinite Rydberg series at relatively lower-

lying states (represented here by the B1 basis set) without
seriously compromising the electron scattering calculations,
as long as these states are taken as open in the calculations (as
in B1-117ch). This is an important finding from a theoretical
point of view (the results seem to converge despite the infinite
number of states) and from a practical point of view (the
B1-117ch model is much less computationally intensive than
the B3-437ch model). We further notice that such basis-set
effects become even milder as the impact energy increases
(compare solid lines in Fig. 5), unless the target states are
kept artificially closed, which then has a greater impact on the
results (compare the dashed lines in Fig. 5). The observations
discussed in the preceding paragraph for the B3 basis set also
hold for the smaller B1 and B2 basis sets.

Notice that the previous discussion only covers θ above
approximately 30◦. However, Fig. 5 shows that the different
approximations of our scattering models also have a marked
effect in the forward direction, at θ less than approximately
20◦. Compared to the higher values of θ , such variations are
less apparent from the logarithmic scale of the figure, but they
are nonetheless quite significant and relevant, given the much
larger DCSs at these small θ . We can evaluate the impact
of increasing the number of CGFs (left to right in columns
2–4 of Table I) and the level of multichannel coupling (top to
bottom in Table I). For a given multichannel coupling scheme,
augmenting the diffuseness of the CGFs extends the range of
the potential seen by the incoming electron, explaining the rise
of the DCSs in the forward direction (compare the solid lines
at 10 eV in Fig. 5, which can be more easily appreciated). For
single-channel calculations, the trend is more erratic, which
underlines again the severe limitation of this approximation.
More interestingly though, we can fix the basis set and ap-
praise the effect of opening more channels at small θ . We
found that the largest DCSs at small θ are observed for the
models where all target states are considered open (e.g., B3-
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FIG. 5. Elastic differential cross sections for electron scattering from benzene, according to our nine scattering calculations. The B1-117ch
and B2-315ch results were first reported in Ref. [33].

437ch), which is true for all basis sets and E0 (except for
50 eV). This is surprising at first because it seems to contradict
the understanding that accounting for more channels tends
to decrease the elastic DCSs due to these other competing
channels. However, such larger forward-scattering elastic
DCSs have a different origin. Enlarging the projection oper-
ator P effectively increases the range of the electron-target
interaction potential V [see Eq. (2)], in close analogy to mak-
ing the CGFs more diffuse, as discussed above.

We further assess any particular effects of including chan-
nels lying in the ionization continuum into the projection
operator P. Opening these channels causes an overall decrease
in the DCSs above θ ≈ 30◦, which is more pronounced at
lower E0, which would be expected for any other set of chan-
nels being opened. However, looking back at Fig. 4, we recall
that at 10 and 12.5 eV, the B3-315ch model (where the states
above the IP are closed) produces DCSs closer to experiment
than the B3-437ch one (where such states are open). This spe-
cific comparison could suggest that the introduction of states
above the IP would artificially lower the DCS to values below
the experimental ones. This could be an unintended artifact
from ignoring the continuum of ionized target states in the
SMC method. In similar studies for ethanol [42] and formic
acid [41], where channels lying above the IP were considered
to be open, calculated elastic DCSs at higher energies also
appeared to be underestimated with respect to experimental
data. At this point, however, we cannot conclude that not
properly describing the ionization is the ultimate cause of the
small elastic DCSs.

C. Elastic integral and momentum transfer cross sections

Figure 6 compares the elastic ICSs and MTCSs as ob-
tained with the present and previous [23] measurements, as
well as with the present calculations for intermediate E0

(above 10 eV) and previous calculations for lower E0 (be-
low 10 eV) [30]. In the low-energy regime, the agreement
between our calculated and measured results is generally
good. The calculation correctly describes the decreasing ICSs
towards lower E0, even though the drop appears too steep
with respect to the experimental data, with calculated ICSs
slightly overestimated at E0 = 5 eV and then considerably
underestimated at the lowest E0 of 1 eV. A similar contrast
can be seen in the MTCSs for the same energy range. Some
care is needed in these comparisons, however, as sometimes
the calculations show significant increases in the backward
direction (see Fig. 3), an experimentally inaccessible angular
range. The calculated cross sections display two resonances.
The lower-lying shape resonance belongs to the E2u symmetry
and the higher-lying resonance, which has mixed character of
shape and core-excited resonance, belongs to the B2g symme-
try. Above approximately 5 eV, the ICS and MTCS present a
series of pseudoresonances, which are associated with chan-
nels that are accessible at these energies but are kept closed to
describe polarization effects.

At intermediate energies, the cross sections obtained with
the B3-1ch calculation overestimate the experimental data
(most notably the MTCSs). The calculated cross sections are
considerably reduced in actual multichannel calculations
(B3-315ch and B3-437ch) and generally lie within the ex-
perimental error bars, with some exceptions. At E0 = 10 and
12.5 eV, in particular, the agreement with the experimental
data is better with the B3-315ch model, reflecting the previous
discussion about the DCSs. Although not shown here, we
observed similar trends with the B1 and B2 basis sets. This
underlines again that we attained relatively converged cross
sections with respect to Rydberg states. We also found minor
basis-set effects in the ICS and MTCS, provided no channels
were kept closed. The B3-315ch MTCSs overestimate the
B3-437ch ones, with the difference decreasing progressively
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(a) (b)

FIG. 6. (a) Elastic integral and (b) momentum transfer cross sections for electron scattering from benzene, according to the current
measurements and previous ones from Cho et al. [23], together with the present calculations with the B3 basis set and three multichannel
coupling schemes for the intermediate energies, and the theoretical results from Barbosa and Bettega [30] for the lower energies.

until 20 eV, where they follow more closely, reflecting the
same behavior observed for the DCSs (Fig. 4 and Fig. 5). The
above findings are therefore analogous to the ones regarding
the DCSs.

The present measured elastic ICSs are compared with
available experimental TCSs [11–13,16,17] in Fig. 7. The
elastic channel clearly dominates at the lower energies, con-
tributing progressively less towards higher energies, most
noticeable above around 15 eV, where the ionization channels
gain in importance. In the 1–2 eV range, the observed differ-
ence between the elastic ICSs and TCS indicates significant
vibrational excitation mediated by the E2u shape resonance.
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FIG. 7. Present measured elastic integral cross sections and
available total cross sections as measured by Sueoka [11], Możejko
et al. [12], Makochekanwa et al. [13], and Costa et al. [17].

Previously calculated elastic ICSs [17,21,31,63,65,67–69]
were compared in Ref. [30] (for the lower energies) and in
Ref. [33] (for the intermediate energies) and therefore we do
not repeat this discussion here.

V. CONCLUSION

The present work presented a significantly improved pic-
ture of electron-benzene elastic scattering. We were able to
provide elastic scattering experimental DCSs for benzene,
covering a comprehensive energy range (E0 of 1–50 eV),
which display overall very favorable agreement and some
relatively minor disagreement with past empirical DCSs of
Cho et al. [23], Sanches et al. [25], and Kato et al. [26]. Conse-
quently, we reproduced DCSs for all the E0 values surveyed,
which can be used to test scattering models like the present
SMC calculations, targeted at E0 above 10 eV, as well as
earlier single-channel SMC calculations for lower E0. These
calculations are in overall good agreement with experiments,
despite some remaining discrepancies.

A central goal of this work was to study the convergence of
the elastic DCSs with respect to the inclusion of progressively
more Rydberg states in the calculations. For that, we explored
nine different scattering models, by varying the diffuseness
of the CGFs and the multichannel coupling scheme. The cal-
culated DCSs at θ above approximately 30◦ were found to
be fairly converged in general, as long as the open channels
were treated as such in the calculations. It remains to be seen
how the multichannel coupling plays out with the inclusion
of additional valence states (which would require augmenting
the valence component of the CGFs). Moreover, we found
that multichannel coupling effects affect not only how the
flux is distributed between channels but likewise the elas-
tic scattering in the forward direction. Finally, we observed
somewhat better agreement with experiment at lower E0 when
states lying above the first IP are artificially closed, which
could derive from limitations of the SMC method regarding
the ionization channels. Calculations that include such states
should be explored carefully.
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Some discrepancies with experiment still remain, with
causes that depend on the specific energy. At the lowest
energies (E0 = 1 − 2 eV), the calculated DCSs are system-
atically underestimated, which indicates deficiencies in the
description of the quadrupolar potential and/or polarization of
the target. At E0 = 10 and 12.5 eV, the calculations provide
somewhat smaller DCSs than the experiment and the origin
of this deviation is unclear. For higher energies (E0 = 40 and
50 eV), in contrast, the calculated DCSs are too large, suggest-
ing that the inclusion of ionization effects in the SMC method
should play an important role in improving the comparison
with experimental data in this energy regime.
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