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(Dated: 10 January 2022)

We report computed differential cross sections (DCSs) for electron impact excitation of the

lower lying states of both trans and gauche tautomers of ethanol, as well as total cross sec-

tions for the 15−50 eV energy range. The Schwinger multichannel (SMC) method with

pseudopotentials has been employed, and in our most sophisticated calculation in terms

of multichannel coupling, 431 open target states have been considered. We found over-

all good agreement to available experimental data at intermediate scattering angles and at

higher impact energies. Although we have used a Born closure scheme for the higher par-

tial waves, we have found discrepancies in the forward direction that were assigned to a

poor description of the long-range component of the lower partial waves. Meanwhile, the

lack of more Rydberg states could be related to the overestimated DCSs at lower energies.

Missing open channels are usually evoked to explain the remaining discrepancies to exper-

iment, but here we argue that other factors should also be involved. Aiming at an improved

description of the target states, we have proposed a simple procedure for selecting the pairs

of hole and particle orbitals, while keeping the single excitation prescription of the current

SMC implementation. A quantitative assessment of the collision process should further

consider the individual contribution of each tautomer, which presented quite distinct DCSs

in some cases. Our computed excitation energies also support that the second absorption

band of ethanol is comprised of three singlet states of each tautomer, rather than the previ-

ously suggested two or four states.

a)fabris.kossoski@univ-amu.fr
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I. INTRODUCTION

One of the 17 goals of the United Nations to achieve sustainable development is to provide

affordable, reliable, sustainable and clean energy sources for all1. In order to promote this idea,

nations have to develop new technologies, for making a more efficient use of the available energy

sources. Ethanol is a renewable biofuel and a great candidate to partially replace fossil fuels. It

can be produced from the sugarcane juices (rich in monosaccharides), or from other crops (such

as corn), which release the alcohol when digested by yeasts. This process of ethanol production is

know as first generation. Another way of producing this biofuel is by using the bagasse and straw

of sugarcane as raw material. This strategy, know as second generation, requires a pre-treatment to

separate the cellulose and hemicellulose from lignin, followed by an enzymatic process to produce

additional sugar2. Recently, Amorim et al.3,4 proposed and experimentally demonstrated that the

use of low cost chemical plasmas can break chemical bonds of the lignin material, thus facilitating

the cellulose separation. Spyrou et al.5 used a low-temperature non-equilibrium plasma reactor in

lignocellulosic material and verified that the plasma attacks the lignin bonds. On the theoretical

side, Oliveira et al.6 have shown that the presence of anion shape resonances in the lignin subunits

and its absence in the cellulose subunits could play a role in the experimental finding. Other

processes for the production of second generation ethanol can be seen in Ref. 7.

For optimal use of ethanol as a biofuel, there is a need to improve the efficiency of engines,

and theoretical simulations of the combustion chamber should help providing important insights.

These simulations require collision cross sections for the different processes taking place among

the constituents inside the engine environment8. In particular, low-energy electrons generated

by the spark plug are constantly colliding with the gas phase ethanol molecules. Brunger re-

ported in a review9 the importance of accurate cross sections in modelling transport of biofuels.

He highlighted the need for elastic, excitation, fragmentation and ionization cross sections for

electron-molecule collisions. Within this motivation, ionization cross sections for biofuels have

been subject of a recent review10.

Khakoo et al. have reported a combined experimental and theoretical study on low-energy

elastic electron scattering from methanol and ethanol molecules11. Elastic cross sections have also

been obtained with the R-matrix calculations of Fujimoto et al.12 Studies on dissociative electron

attachment to ethanol include those of Prabhudesai et al.13, Orzol et al.14 and Ibǎnescu et al.15

The last one also reported vibrational excitation cross sections. At intermediate energies, experi-
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mental and/or theoretical elastic and total cross sections have also been presented16–20. Recently,

Sunanda et al. reported an experimental and theoretical study about the electronically excited

states of ethanol21. There is only one paper about electronic excitation of ethanol by low energy

electron collisions, by Hargreaves et al.22 However, the comparison between measurements and

calculations falls short and the origin of the observed discrepancies is not clear.

In view of the need for reliable electron scattering cross sections and the poor agreement (com-

pared to measurements) of the previous calculation for electronic excitation22, we decided to

carry out a new theoretical investigation about the collision of low-energy electrons with ethanol

molecules. The scattering calculations were performed with the Schwinger Multichannel method

(SMC)23–26 implemented with pseudopotentials27. Despite making use of the same method as the

previous work22, our calculations differ from it in three fundamental aspects: (i) it considers both

trans and gauche tautomers of ethanol, while only the former was taken into account before, (ii)

it provides a more accurate description of the excited states, and (iii) it accounts for the presence

of substantially more open channels. Here we address whether these aspects improve the quality

of the computed electronic excitation differential cross sections (DCSs), by comparing our results

to the previous calculation and to the available measured data22. In addition, total cross sections

(TCSs) between 15 and 50 eV are also reported and compared to previous results16–20.

II. THEORY AND COMPUTATIONAL ASPECTS

Since a review of the SMC method can be found elsewhere26, here we only summarize some of

its key features, while we focus on the details of the present applications. 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)

where

dmn = 〈χm|
[

Ĥ
N +1

− ĤP+PĤ
2

+
V P+PV

2
−V G(+)

P V
]
|χn〉 . (2)

V is the interaction potential between the incident electron and the molecule, ki (kf) is the incoming

(outgoing) projectile wave vector, Ĥ = E−H is the total energy (target ground state energy plus

the kinetic energy of the incoming electron) minus the (N +1)−electron Hamiltonian. The latter

is given by H = H0 +V , where H0 describes the non-interacting electron–molecule system and∣∣Ski

〉
is a solution of H0, given by the product of a plane wave with momentum ki and a target
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state |Φi〉. G(±)
P is the Green’s function operator projected onto the P space, defined by the Nopen

energetically open target electronic states (P = ∑
Nopen
i=1 |Φi〉〈Φi|). These are expanded in a set of

singly-excited spin-adapted Slater determinants |φ S
r 〉, whose selection is discussed below. Here,

r defines the pair of hole and particle orbitals, and S denotes the spin coupling of this single

excitation (S = 0 for singlets and S = 1 for triplets). For the expansion of the variational scattering

wave function, the method employs trial basis sets comprising (N+1)−particle configuration state

functions (CSFs), denoted by |χm〉, that are built from spin-adapted, anti-symmetrized products of

single excitations of the target and projectile scattering orbitals. The CSFs are given by |χm〉 =

AN+1[|φ S
r 〉⊗|ϕ j〉], where r = 0 corresponds to the ground state and r > 0 to singlet or triplet singly

excited determinants, obtained by promoting one electron from a hole orbital (occupied for r = 0)

into a particle orbital (unoccupied for r = 0). Both particle orbitals and the scattering orbitals |ϕ j〉

are represented by the virtual orbitals that stem from the target ground state calculation. Finally,

only doublet CSFs are retained in the scattering wavefunction expansion.

In applications of the SMC method, the excited states are usually described within the so-

called MOB-SCI strategy (minimal orbital basis for single configuration interaction)28. As the

name suggests, the idea is to perform a configuration interaction with single excitations (CIS),

but restricted to a selected number of spin-adapted excitations from hole to particle orbitals (the

minimal orbital basis). The pairs are manually included in the calculation until the excited states

of interest are qualitatively described, which is ensured by comparing the MOB-SCI results to

CIS calculations that employ all single excitations (full-CIS, or FCIS). The main motivation for

the MOB-SCI strategy was to describe singlets and triplets states at the same time, since the

improved virtual orbitals (IVOs)29 in the original implementation of the SMC method23,24 allowed

only one of them to be well described. By mixing singlet and triplet IVOs, we constructed an

orbital basis such that a single excitation configuration interaction technique allowed states of

both multiplicities to be equally described.

Here we introduce a new procedure for selecting the excitations |φ S
r 〉 to be included in the

truncated CIS (TCIS) description of the target states. The key idea is to keep the excitations that

present the larger overall coefficients of the FCIS calculation, for a given energy interval. Initially,

the excited states are expanded in the set of all |φ S
r 〉 determinants (a FCIS expansion):

|ΦS
i 〉FCIS =

N

∑
r=1

cS
r,i|φ S

r 〉, (3)

where the state index i runs over both spin states. Then, a maximum number of excited states Nopen
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(including both multiplicities) is chosen (or, equivalently, a cutoff energy εopen), which defines the

weights:

PNopen
r =

Nopen

∑
i=1

1

∑
S=0
|cS

r,i|2. (4)

These are listed in decreasing importance: PNopen
r1 > PNopen

r2 > ... > PNopen
rN , and the |φ S

r 〉 excitations

associated to the Npairs first entries of the list (from r1 up to rNpairs) are selected for the TCIS

expansion that is effectively employed to describe the excited states in the scattering calculations:

|ΦS
i 〉TCIS =

Npairs

∑
j=1

dS
r j,i|φ

S
r j
〉. (5)

In usual applications of the MOB-SCI approach, a limited set of excitations (5−50) are manually

selected for the description of the 10−100 lower-lying excited states.30–38 Here, counting with

recent improvements on the computational code and the proposed criterion based on the FCIS

weights, an extended set of excitations (up to≈250) is automatically selected, which allows for up

to ≈500 excited states to be accounted for in the multichannel scattering calculations. The cutoff

energy εopen and the number of hole-particle pairs Npairs are the two parameters that define the

quality of the TCIS expansion (Eq. 5).

Ethanol can be found in three tautomers39–41, which are depicted in Fig. 1. The trans tautomer

(also called anti) has a plane of symmetry (HOCC dihedral angle is 180◦) and is slightly more

stable than the degenerate gauche+ and gauche- tautomers, where the HOCC dihedral angle lies

around 60◦. Here we will simply refer to the gauche tautomer, since both gauche+ and gauche-

share the same chemical properties. Under gas-phase conditions, and at room temperature, around

61% of the ethanol molecules are found in the gauche configuration, and 39% in the trans39–41.

The geometries of both tautomers were optimized with the second order perturbation theory of

Moller-Plesset42, using the aug-cc-pVDZ43 basis set, as implemented in the GAMESS package.

The electronic ground state was described at the restricted Hartree-Fock approximation. Nuclei

and the core electrons of carbon and oxygen atoms were represented by pseudopotentials27,44,

while Cartesian Gaussian functions adapted to these pseudopotentials45 were used to describe the

valence electrons. The same atomic basis set used in Ref. 6 was adopted here, which comprises

a 5s5p2d set for the carbon and oxygen atoms and a 3s set for the hydrogen atoms. This set

was supplemented with one s function with exponent 0.009996 (0.016301), one p with 0.024083

(0.013053) and one d with 0.039188 (0.045190), centered at the carbon (oxygen) atoms. One p

function (exponent 0.75) was further added to the hydrogen atoms, which adds up to a total of

5



162 Cartesian Gaussian functions. In order to have a more compact description of the excited

states, we employed IVOs to represent both particle and scattering orbitals. They were generated

by considering all singlet-coupled single excitations from the highest occupied molecular orbital

to all canonical virtual orbitals.

FIG. 1. Conformations of the ethanol molecule (C2H5OH): gauche+ (left), trans (center) and gauche-

(right).

In the present study, the cutoff energy εopen was chosen to coincide with each impact energy of

interest. Then, we selected the largest Npairs such that all the Nopen excited states lied below the

cutoff energy εopen. Finally, the CSF space was built with the same set of Npairs single excitations,

while all the virtual orbitals were employed as scattering orbitals. This protocol guarantees that

each target state below a given impact energy will be included in the scattering calculations as an

open channel, within the limitations of the TCIS description. On the other hand, it also implies

that the target states and the CSF space will be described at different levels for each energy. For

the trans tautomer, calculations were performed for εopen = 10.5 eV, 12 eV, 15 eV, 17.5 eV and

20 eV, which corresponded to Nopen = 11, 41, 183, 317 and 431 open channels. Due to the more

computationally demanding calculations for the gauche tautomer (due to its lack of symmetry), we

only considered Nopen = 11, 41 and 183. We have not discarded combinations of CSFs via singular

value decomposition of the denominator matrix (Eq. 2). Finally, the conformational average was

computed based on the previously reported populations at room temperature (61% for gauche and

39% for trans)39–41.

The use of square-integrable functions (L2) only to describe the scattering wavefunction ef-

fectively truncates the range of the interaction potential in the SMC method. Therefore, the long

range dipole potential (and dipole allowed transitions) are not fully described, which compromises

the computed DCSs at small scattering angles. We circumvented this issue with the well-known

6



Born-Closure procedure46, where the partial scattering amplitudes up to lmax are described with the

SMC method f SMC
lm , while the higher ones are obtained via the first Born approximation (FBA) to

the dipole potential (transition dipole moment in the case of excitation) f FBA
lm . The Born-corrected

scattering amplitude in the lab frame then becomes:

fclosure(kf,ki) = f FBA(kf,ki)+
lmax

∑
l=0

l

∑
m=−l

[
f SMC
lm (k f ,ki)− f FBA

lm (k f ,ki)
]
Ylm(k̂ f ), (6)

where the decomposition into spherical harmonics Ylm(k̂ f ) is performed in terms of the scattered

electron direction k̂ f . We picked the smallest lmax that provided DCSs similar to those obtained

with the SMC calculation for intermediate scattering angles (larger than ≈30◦), where the long

range component of the potential has a minor effect. While in the SMC calculations the excited

states were described at the CIS level (as described above), the transition dipole moments em-

ployed in the Born-closure formula were obtained with the equation-of-motion coupled-cluster

with singles and doubles (EOM-CCSD)47–49 level of theory and aug-cc-pVDZ basis set, as imple-

mented in Gaussian50. An additional set of 1s1p1d diffuse functions was placed at the carbon and

oxygen atoms, with exponents obtained by dividing the last exponents of the aug-cc-pVDZ basis

set by 4. The excitations energies obtained with the EOM-CCSD calculations have also led us to

a new interpretation of the second band of excited states of ethanol.

III. RESULTS AND DISCUSSION

In Fig. 2 we present elastic DCSs, computed for the trans tautomer and for the Boltzmann

average of the trans and gauche tautomers. In all DCSs here presented, the experimental data

obtained at 10 eV were compared to calculations performed at 10.5 eV. We have not performed

the Born-closure correction to the elastic channel, since that should affect the DCSs only at the

very small scattering angles (below ≈15◦)11. As we account for more open channel in our calcu-

lations, the magnitudes of the DCSs decrease above≈30◦, since the elastic channel now competes

with the electronic excitation channels for the probability flux, which has been extensively demon-

strated30–38. While the qualitative behaviour of the trans and gauche elastic DCSs is rather similar,

there are systematic differences in their magnitudes. The DCSs of the gauche tautomer have a

smaller magnitude at forward (below ≈40◦) and backward (above ≈130◦) scattering angles, and

a larger magnitude at the intermediate angles, when compared to the trans tautomer. This effect is

particularly noticeable above 17.5 eV, where the minimum of the DCS at 90−120◦ becomes less
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pronounced when accounting for both tautomers.
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FIG. 2. Elastic differential cross sections. Full lines correspond to the results for the trans tautomer, and

dot-dashed lines to the room temperature trans+gauche average. The following numbers of open channels

were considered in the calculations: 11 (green), 41 (blue), 183 (magenta), 317 (orange) and 431 (black).

The red dots are the experimental results of Khakoo et al11.

The comparison to the available experimental data11 reveals important aspects about the ap-

proximations employed in our scattering calculations. Surprisingly, the computed elastic DCSs

often lies below the experimental curves. This is in contrast to previous multichannel calculations

with the SMC method, where theory either overestimates or presents good agreement to exper-

imental elastic DCSs30–32. Including more open channels improved agreement to experiment in

these previous reports, and thus the remaining discrepancies were always assigned to the limited

number of open channels. In the present case, however, including even more open channels would

further decrease the DCSs, hence worsening the comparison. Therefore, it seems that augmenting

the open channel space is not enough for achieving accurate cross sections, as the present results

indicate that other factors also play a role. It is possible that multichannel coupling effects associ-

ated to higher angular momenta are not well described in our calculations, due to the difficulties

of the SMC method in accounting for long-range interactions. Inclusion of diffuse basis functions

at extra centers should improve the representation of both lower and higher partial waves, and we

plan to investigate this aspect in future studies. Another possibility is that the competition for the
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probability flux is particularly sensitive to the level of description of the target states, and if that

is the case we would have to go beyond the current Hartree-Fock description for the ground state

and CIS prescription for the electronic excited states.

A quantitative comparison to experiment should also account for the presence of both ethanol

tautomers. For example, agreement at 20 eV for the intermediate angles seems to improve when

both forms are considered. On the other hand, not doing so would misleadingly indicate a rather

good agreement with experiment below ≈30◦. Previous elastic scattering calculations (also pre-

sented in Ref. 11) had good agreement with the measurements below 20 eV. However, we believe

this would be somewhat fortuitous, since the calculations were performed only for the trans tau-

tomer, and considering only the elastic channel as open.

Before presenting the DCSs for electronic excitation, we are first going to discuss the assign-

ments of the lower-lying excited states in light of our EOM-CCSD results. The excitation energies

for the 10 first excited states of both tautomers are summarized in Table I, as obtained from our

calculations and from previous reports21,22. Ethanol has a weak absorption band at 6−7.5 eV, and

a more intense one in the 7.5−8.5 eV region21,51–54. The first band stems exclusively from the

S1 state, where an electron is excited from the HOMO (mostly n(a′′) out-of-plane oxygen lone

pair orbital) to an orbital with mixed σ∗OH valence and 3s Rydberg character21,51–54. Our com-

puted oscillator strengths are 4 times larger for the gauche tautomer (0.0116) than for the trans

tautomer (0.0030), indicating that the former should contribute the most for the first band. The

computed excitation energy of 6.75 eV matches very well with what has been recently obtained

in high-resolution VUV photoabsorption spectra measurements (6.77 eV)21, and also with time-

dependent density functional theory (TDDFT) calculations (6.58 eV)21.

However, the interpretation of the second band is not yet settled. Previous studies51–54 sug-

gested that S2 and S3 states should be involved, which have n(a′′)→ 3p(a′′) and n(a′′)→ 3p(a′)

Rydberg character. But the aforementioned VUV measurements (supported by TDDFT calcu-

lations)21 support that the additional n(a′′)→ 3p(a′) and n(a′)→ σ∗OH/3s (S4 and S5) Rydberg

states would also participate to the second band. When compared to the VUV assignments there is

excellent agreement for the excitation energies of the 3p Rydberg states, for both EOM-CCSD and

TDDFT calculations21, with an average difference of only 0.1 eV. Thus, our results also support

the involvement of S2, S3 and S4 states. On the other hand, the EOM-CCSD calculations indicate

the S5 state (of both tautomers) would be 0.4 eV above the previous results21, thus beyond the

band range. Therefore, we believe the 7.5−8.5 eV band in ethanol would not be comprised of

9



TABLE I. Energies (in eV) for the 10 first excited states of both trans and gauche tautomers, according to

our EOM-CCSD calculations, and to previously reported TDDFT21 calculations and VUV21 and EELS22

measurements.

Trans Gauche

State EOM-CCSD TDDFT21 VUV21 EELS22 EOM-CCSD TDDFT21 VUV21 EELS22

T1 6.37 6.52 6.27 6.51 6.27

S1 6.60 6.46 6.77 6.65 6.75 6.58 6.77 6.65

T2 7.66 7.56 7.63 7.69 7.63

S2 7.81 7.51 7.61 7.71 7.83 7.59 7.70 7.71

T3 7.88 7.89 7.98

S3 7.99 7.83 7.91 8.10 7.89 7.97

T4 8.02 7.93 8.06

S4 8.07 7.89 8.08 8.13 7.96 8.14

T5 8.37 8.33 8.32

S5 8.64 8.28 8.24 8.56 8.12 8.18

two51–54 or four21 excited states (from each tautomer), but three instead (S2, S3 and S4).

Our computed DCSs are going to be compared to those reported by Hargreaves et al.22, which

were obtained by electron energy loss spectra (EELS) measurements. In these experiments, exci-

tations to triplet states can take place, which is not the case in VUV absorption. According to our

calculations, the lower-lying triplets appear 0.1−0.25 eV below the singlet states, such that each

pair would contribute to the same observed band. In their fitting procedure of the measured EELS,

the authors have referenced to the interpretation presented in the older papers51–54. Thus, their

interpretation of the second band would be compromised. In light of the above discussion, three

states of each multiplicity should contribute to the DCSs that have been assigned to this band22,

and our later comparison to the calculations is performed accordingly.

In our scattering calculations, the excited states had to be described with a CIS wavefunction,

in view of the current implementation of the SMC method. The energies computed for the 8

first excited states of the trans tautomer are presented in Table II, as obtained from the TCIS

calculations for Npairs = 5, 20, 91, 158 and 215 pairs, and also from the FCIS calculations (1520

pairs). In the previous theoretical study about electron impact excitation of ethanol22, the authors
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have described each excited state with one single excitation, and their reported energies lied in

average 0.17 eV above what we found in our crudest calculation, with Npairs = 5. The excited states

are further stabilized by an average of 0.26 eV in our most sophisticated calculation (Npairs = 215),

thus getting only 0.15 eV (in average) above the FCIS result. In addition, Fig. 3 illustrates how the

number of states and the energy levels behave as the number of single excitations is increased, as

selected according to the criterion we have presented in the previous section. In particular, there

are 431 states below εopen = 20 eV in the Npairs = 215 calculation, which is close to the set of

545 states (below 20 eV) described at the FCIS level. Single excitations still provide a limited

representation of the excited states, and even the FCIS calculation would overestimate their real

energies by ≈1.5 eV, as can be seen by comparing Tab. I and Tab. II.

TABLE II. Energies (in eV) for the 8 first excited states of the trans tautomer, according to our CIS cal-

culations for Npairs = 5, 20, 91, 158 and 215 (which were employed for the scattering calculations with

Nopen = 11, 41, 183, 317 and 431, respectively), to our FCIS result (1520 pairs) and to the singly-excited CI

calculation with improved virtual orbital (IVO) employed in the previous scattering study22.

State 5 20 91 158 215 FCIS IVO22

T1 (1 3A′′) 8.12 8.13 7.90 7.80 7.78 7.53 8.28

S1 (1 1A′′) 8.37 8.34 8.18 8.11 8.09 8.00 8.54

T2 (2 3A′′) 9.33 9.35 9.25 9.12 9.09 8.86 9.42

S2 (2 1A′′) 9.56 9.51 9.43 9.36 9.35 9.29 9.69

T3 (1 3A′) 10.01 9.98 9.71 9.63 9.61 9.40 10.18

S3 (2 1A′) 9.71 9.67 9.65 9.63 9.62 9.57 10.02

T4 (3 3A′′) 9.70 9.70 9.67 9.61 9.60 9.40 10.10

S4 (3 1A′′) 9.77 9.76 9.73 9.69 9.68 9.65 10.48

The computed DCSs for the lowest lying excited state of ethanol are presented in Figs. 4,

5, 6 and 7. First, the general common features will be outlined, and then the particularities of

each case will be discussed. As more excited states are included in the open channel space, the

DCSs decrease in magnitude, in line with what has been observed in previous studies with the

SMC method30–35,38. Inclusion of the lowest lying states has the greatest impact on the drop in

magnitude, as seen in the shift from the Nopen = 11 to the Nopen = 41 calculations. As the higher

lying states are accounted for, the effect on the computed DCSs becomes progressively smaller.

11



	7

	8

	9

	10

	11

1520	pairs5	pairs 215	pairs

En
er
gy

	(
eV

)

FIG. 3. Energy levels (up to to 11 eV) for the excited states of the trans tautomer of ethanol, computed for

εopen = 20 eV and Npairs = 5, 215 and 1520 pairs (the last one corresponding to the FCIS result). The former

two correspond to the Nopen = 11 and 431 scattering calculations.

At 20 eV, in particular, the magnitudes are relatively converged with respect to the number of open

channels, for the chosen Gaussian Cartesian basis set and the employed TCIS expansion. This

can be seen in the comparison between Nopen = 431 and Nopen = 317 results in Fig. 5, and even

comparing to the Nopen = 183 case in Fig. 4 and Fig. 7. We also found that the shape of the trans

and gauche curves are usually different, which makes the conformational averaged DCSs more

isotropic. Additionally, there are relevant differences in their magnitudes (for the same level of

calculation), and in most cases the gauche tautomer presented larger DCSs than the trans form.

Fig. 4 displays the DCSs for excitation of the S1 state. Calculations provided systematically

overestimated curves in comparison to the experimental data above ≈30◦, but as more open chan-

nels are accounted for, the agreement becomes much better. At 15, 17.5 and 20 eV, the computed

DCSs for the trans tautomer would lie below the experimental ones. On the other hand, the gauche

tautomer presents larger magnitudes, such that the conformational average provides DCSs much

closer to the experiment. The measured data display a strong rise in the forward direction, which

is due to the long range dipole interaction, as the simpler FBA to the transition dipole moment
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FIG. 4. Differential cross sections for electronic excitation of the S1 state of ethanol. Full lines correspond

to the results for the trans tautomer and dot-dashed lines to the room temperature trans+gauche average,

for the following numbers of open channels in the calculations: 11 (green), 41 (blue), 183 (magenta), 317

(orange) and 431 (black). The grey lines correspond to the first Born approximation to the transition dipole

moment. The dot-dot-dashed light green lines are from previous SMC calculations, and the red dots are the

experimental results, both reported in Ref. 22.

is able to qualitatively reproduce it. As expected, the forward peak becomes increasingly more

pronounced as the impact energy increases. But surprisingly, in the results corrected with the

Born-closure procedure (Eq. 6), this feature is marked only at the higher energies. At lower ener-

gies, on the other hand, the Born correction has a rather small effect, as it only slightly increases

the DCSs in the forward direction. Thus, in the lower energy regime, the higher partial waves are

not really important in excitation induced by the long range dipole interaction. Both long-range

interactions (which control the forward scattering) and short-range interactions (important at back-

ward and intermediate angles) would be dominated by the lower partial waves. While the SMC

calculations provide a fair description of the latter, it fails in the former. This probably reflects

the lack of more diffuse functions of s and p type. In the FBA calculations, the magnitude of the

forward peak is largely underestimated when only the trans tautomer is accounted for. The gauche

tautomer has a relatively larger transition dipole moment (0.26 D) than the trans (0.13 D), which

brings the conformational averaged DCSs closer to experiment at small angles. The remaining dif-

13



ference might be related to the uncertainties in the calculation of the transition dipole moment and

to the FBA itself. The worst agreement would be at 15 eV, where the FBA calculation provides

DCSs below the experiment by a factor of ≈3. Considering that the transition dipole moment

could be underestimated by up to 40% (which is not uncommon), then the DCSs computed with

the FBA would be underestimated by a factor close to 2.
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FIG. 5. As in Fig. 4, but for the T1 state.

The DCSs for the T1 are presented in Fig. 5. Except for a mild forward scattering preference

that was found experimentally at some energies (which we discuss in more detail later), both the-

ory and experiment provided fairly isotropic DCSs. As in the case of S1, accounting for more open

channels considerably improves agreement above ≈30◦. However, magnitudes are still overesti-

mated by a factor of 4 at 20 eV, and by a factor of 40 at 10 eV. As discussed in Section II, in our

most sophisticated calculation at each impact energy, all excited states are considered to be open

(given our choice of Gaussian basis set and CIS expansion). Thus, our results indicate that the

including the missing excited states would still be required for further decreasing the magnitudes

of the cross sections. Since agreement is worse at the lower energies, it seems that the major issue

would be related to the lack of more Rydberg states, rather than the lack of doubly-excited states

(which should become more important at higher energies). Recent photoabsorption measurements

of ethanol have assigned around 15 singlet excited states (mostly Rydberg) below 10 eV21, while

only 5 singlet states could be described in our calculations (due to the lack of more diffuse basis

14



functions and higher-order excitations). We believe that accounting for the missing Rydberg states

should provide more quantitative agreement between calculated and experimental cross sections,

specially at lower energies.
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FIG. 6. As in Fig. 4, but for the summed contributions of the T1 and S1 states.

As discussed before, the first band of the measured EELS22 should encompass both S1 and T1

states. We believe that the procedure adopted in Ref. 22 could not fully unfold the contribution

of each state, for the following reasons. First, the reported T1 DCSs displayed an increase in the

forward direction, which would not be expected for a triplet state, but rather for a singlet state.

Second, the measured DCSs for the triplet states of the similar methanol molecule actually de-

crease in the forward direction55. And third, the T1/S1 energy gap is somewhat smaller according

to our EOM-CCSD calculations (0.23 eV) than what has been inferred from the EELS (0.38 eV)22.

Therefore, we also present the summed contribution of the DCSs for S1 and T1 states in Fig. 6.

Taking the case of 20 eV, for instance, the computed DCSs (in the Nopen = 431 calculation) are

underestimated for the S1 state (Fig. 4), but overestimated for the T1 state (Fig. 5), while there is a

good matching for the summed contributions. Thus, at least part of the above discussed discrepan-

cies for the individual S1 and T1 states could be related to the unfolding process of the measured

EELS.

In view of our previous discussion about the distinct interpretations for the second band of

ethanol and the inherent difficulties in separating the contribution of each state, we decided to
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FIG. 7. As in Fig. 4, but for the summed contributions of the T2, T3, T4, S2, S3 and S4 states.

present in Fig. 7 the summed DCSs of the T2, T3, T4, S2, S3 and S4 states. They are compared

to the sum of the measured triplet and singlet signals for this band22. The findings are similar to

what we have already discussed. In our more sophisticated calculations, we are able to describe

the shape and magnitude of the DCSs above ≈30◦, at 15, 17.5 and 20 eV, while at lower energies

the magnitudes are overestimated. Again, the FBA provides a fairly reasonable description of

the forward scattering, but here both trans and gauche tautomers have comparable contributions.

Importantly, our calculations reproduce the overall larger DCSs for excitation of the second band,

when compared to the first one.

A lot of computational time was demanded in our most sophisticated calculations (Nopen =

431), mostly due to the large CSF space it required. In order to achieve similar results with less

computational effort, we have performed new rounds of scattering calculations with a reduced

CSF space, while trying to preserve its most important CSFs. Instead of employing all 105 a′ and

47 a′′ virtual orbitals as scattering orbitals, we have selected the 68 a′ and 30 a′′ lower lying ones.

With this smaller space, the extra calculations were performed for the trans tautomer, with Nopen =

11 and 431. In the latter case, the CSF space comprised a total of 47809 CSFs when all scattering

orbitals are included, which is reduced to 29553 CSFs with the above selection. The results are

compared in Fig. 8 for the first band and in Fig. 9 for the second one. The computed DCSs are

consistently very close to each other, specially for Nopen = 431. The most time consuming stages
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of the SMC calculations scale with the squared number of CSFs, which implies in a factor of 2.6 in

the present case. Our results show that strategies for reducing the CSF space can have a marginal

effect on the computed cross sections, but a big one on the overall computational effort.
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FIG. 8. Differential cross sections for electronic excitation of the first band (summed contributions of the

T1 and S1 states) of the trans tautomer, according to the Nopen = 11 (green) and 431 (black) calculations,

without the Born-Closure correction. Full lines correspond to the calculations as described in Sec. II (all

scattering orbitals), while dot-dashed lines correspond to the calculations as described in the end of Sec. III

(selected scattering orbitals).

Finally, previous results16–20 for the TCSs are compared to our results in Fig. 10. The TCSs

were computed in the Nopen = 183 calculation, which was the most sophisticated calculation that

we managed to perform for both conformers. Results for other levels of multichannel coupling (not

shown) are very similar, with differences on the magnitudes below 10 a2
0. The elastic components

were corrected with the Born-closure procedure (dipole moments computed at the CCSD level),

which provided a more or less systematic increase of ≈8 a2
0 to the TCSs. Fig. 10 shows that each

conformer displays reasonably distinct TCSs. While the behaviour is the same, the magnitudes

are larger for the trans conformer (by 22 a2
0 at 15 eV, slowly decreasing at higher impact energies).

While elastic and electronic excitation channels are in principle described in the SMC calculations,

ionization channels are missing in the method. In view of this limitation, we have also added to the

SMC cross sections (magenta curves in Fig. 10) the ionization cross sections measured by Nixon
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FIG. 9. As in Fig. 8, but for the second band (summed contributions of the T2, T3, T4, S2, S3 and S4 states).

et al.56 (data at 17.5 eV was obtained with a cubic interpolation). These are displayed as blue

curves in Fig. 10 and represent our best estimate of the actual TCSs of ethanol.

Before comparing the available results, we mention that Fig. 10 contains the experimental data

of Schmieder16 scaled up by 25%, as discussed by Silva et al.17 These authors have recently

measured TCSs above 50 eV, and argued that the old data of Schmieder16 (reported below 50

eV) should be scaled up in order to obtain a smooth matching to their results. From the theoretical

side, TCSs in this energy range were reported in four studies, all accounting only for the trans con-

former. A revised additivity rule calculation18 improved upon a previous calculation of this type

(not shown)17, and slightly overestimates the experimental data. Scattering calculations based on

effective potentials19,20 provided similar TCSs to each other, but underestimate the experiment.

A fair comparison to our results should consider the contribution from the trans conformer only,

which was the case in the other reports. Our TCSs are smoother than in the previous calculations,

and reproduce more accurately the shape of the experimental curve. Additionally, the magnitudes

are closer to measurements when compared to the optical potential results19,20. When the contri-

bution from the gauche conformer is accounted for, the TCSs lie below the experiment by ≈ 25

a2
0, but the overall shape of the curve remains the same.
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FIG. 10. Total cross sections for electron scattering from ethanol. On the left, our Nopen = 183 SMC results

for the trans conformer (full lines) and for the conformational average (dot-dashed lines), with (blue) or

without (magenta) the contribution from the measured ionization cross sections56. On the right, comparison

among results obtained with the present SMC calculations (blue), a revised additivity rule18 (purple) and

optical potential scattering calculations of Ref. 19 (yellow) and Ref. 20 (green). The measured data16 is

scaled up by 25% (red triangles), as discussed in Ref. 17.

IV. CONCLUSIONS

Differential cross sections for electron impact excitation of the lower lying excited states of

ethanol have been computed with the SMC method. We compared them to available experimental

data for two distinct bands: one comprising S1 and T1 states, and a second one which should

have contributions from three singlets and three triplets. Excitation energies obtained with EOM-

CCSD calculations support this number of states for the second band, which differs from previous

assignments. We have developed a new protocol for selecting the most important single excitations

for describing the target states below a given cutoff energy. Making use of it and counting with

the recent improvements in our computational implementation of the SMC method, we were able

to account for 431 open channels in the scattering calculations.

Concerning the elastic channel, we found that accounting only for the trans tautomer would

misleadingly suggest a rather good agreement with the experimental data. However, when the

gauche tautomer is considered, as it should, the comparison becomes less satisfactory. The same
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behaviour has been observed for the TCSs, which were compared to previous theoretical and

experimental results in the 15−50 eV energy range. At the higher impact energies, the computed

excitation DCSs agree reasonably well with available measurements, in shape and magnitude,

for scattering angles above ≈30◦. The relative intensities of each band could also be described.

While the measured forward peak was qualitatively reproduced with a simple FBA calculation, the

Born-corrected SMC calculation did not, which means the lower partial waves of the latter deserve

further improvement. The disagreement we have seen at 10 eV is more intriguing. We notice that

just below the ionization potential there is an infinite number of Rydberg states that can play a role

in the flux competition, and accounting for a significant part of these states would require the use

of more diffuse basis sets.

In some cases (in the elastic channel most noticeably), increasing the number of open channels

in the calculations resulted in DCSs somewhat below what has been measured. Thus, obtaining

converged cross sections requires more than simply allowing more excited states to compete for

the flux. Improving on the accuracy of their description and better accounting for the long range

interaction should also affect the underlying multichannel couplings. Given the current capabilities

of the SMC code in dealing only with single excitations, the presently proposed procedure for

describing the excited states (the TCIS prescription, based on the FCIS coefficients) represents

an important improvement in this direction, in comparison to previous MOB-SCI calculations. It

provides more accurate excited states, and allows for many more open channels to be accounted

for.

The present work illustrates that multichannel calculations with hundreds of open channels

are now computationally feasible for molecules of the size of ethanol. We plan to revisit smaller

systems like H2O and C2H4 to exploit the new procedures presented here at the limit of our current

computational implementation of the SMC method.
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