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Abstract. Electron collisions with C2H5OH are studied up to impact energies of 10 eV using several
theoretical models. Calculated differential cross sections suggest that the extrapolation to low angles used
to extend experimental data and hence give integral cross sections significantly underestimates the large,
dipole-driven forward scattering cross section. An improved set of values for the rotationally-unresolved
elastic cross section is proposed; the corresponding rotationally resolved cross sections are also presented.
Static exchange plus polarisation calculations find a very broad shape resonance in each of the 2A′ and 2A′′

symmetries in the 7 eV collision region however no resonance at lower energies, in qualitative agreement
with the interpretation of some but not all dissociative electron attachment measurements.

1 Introduction

Ethanol or ethyl alcohol (C2H5OH) is a commonly oc-
curring and a fundamental organic molecule. It has found
many uses in the environmental, industrial and commer-
cial sectors. Particular focus has been placed on the use
of ethanol as a biofuel because it can be produced from
sugar cane and other crops, and because it burns well
without additives with a consequent drop in environmen-
tal pollution [1,2]. Use of ethanol in internal combustion
engines has brought focus onto how it behaves with elec-
tron collisions.

A variety of experimental studies on electron collisions
with ethanol are available [3–10] with some correspond-
ing theoretical work [9,11]. Of particular interest here is
the joint experimental and theoretical study of Khakoo
et al. [9] who present results for elastic differential cross
sections at a wide range of energies from which they de-
duced values for the integral elastic cross section.

Ethanol is a strongly polar molecule which means that,
particularly at low electron collision energies, its differ-
ential cross section is very heavily forward peaked. This
makes the direct measurement of integral cross sections
very challenging because of the difficulties associated with
making measurements at low angles. A series of stud-
ies on electron collisions with water have shown that the
best method for obtaining reliable results is to use the-
ory to compensate for experimental issues at low collision
angles [12–15]. This issue is our primary concern in the
present paper. Subsequent to the completion of this work
Lee et al. [16] published a joint theoretical-experimental
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study of elastic cross sections for methanol and ethanol.
This work is largely concerned with high energies.

Besides elastic cross sections, the dominant low-energy
processes in electron molecule collisions are rotational
excitation, which is rarely resolved experimentally and
usually considered as part of the elastic cross section, vi-
brational excitation (VE) and dissociative electron attach-
ment (DEA). Ibănescu et al. [7] considered both DEA and
VE in low-energy electron ethanol collisions as part of
their comprehensive study on electron-induced chemistry
of alcohols. Their study suggested that ethanol should dis-
play a variety of electron collision resonances. In particular
their DEA spectrum showed a very weak peak at 2.88 eV,
which they assigned to a very short-lived σ∗ OH shape
resonance. Their VE spectrum for excitation of the C–H
stretch consisted of a very broad band peaking around
7.5 eV which they assigned to a short-lived σ∗ CH reso-
nance. They observed DEA bands at 6.0, 7.7 and 8.8 eV
which, according to their analysis, do not have any ob-
vious analogy in VE. They took this as providing a evi-
dence that these bands are due to core excited Feshbach
resonances. There appears to be no corresponding theo-
retical studies on resonances in low-energy collisions with
ethanol, although we note that Ibănescu et al. supported
their resonance assignments with the results of quantum
chemical studies, a procedure which must be regarded as
somewhat dangerous [17]. Ibănescu et al.’s results are only
in partial agreement with the analysis of Orzol et al. [8]
who attributed their DEA measurements to the presence
of two broad resonances at about 5.5 eV and 8 eV. Iden-
tifying possible electron collision resonances is the second
aim of this work.

In this paper we report R-matrix calculations of elas-
tic and rotationally inelastic collisions with ethanol. We
present both differential and integral cross sections at
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energies below ethanol’s ionisation threshold. Our re-
sults suggest that the published integral cross section for
ethanol is too low, especially at low energies, and we pro-
pose an improved value for this cross section.

2 Calculations

2.1 The R-matrix method

The UK molecular R-matrix method we use in this work
has been described carefully elsewhere [18]; thus here we
just present some relevant details of the calculations. Our
approach uses a single nuclear geometry but considers ro-
tational motions of the molecule within the adiabatic nu-
clear rotation (ANR) approximation which should be valid
for system such as ethanol with three heavy atoms at the
energies considered here, 1 eV and above.

Within the R-matrix method, configuration space is
divided in an inner and an outer region. The inner region
is defined inside a sphere of radius a which completely
contains the N -electron wave function of the target. This
region is where the complicated physics occurs because at
short-range all N+1 electrons interact strongly so that ex-
change and correlation effects are important. In the outer
region, a one-particle wave function representing the con-
tinuum electron which moves in a local potential due to
long-range interactions, such as polarisation or dipole in-
teraction for neutral targets. In this region, no exchange or
correlation effects are considered between the continuum
electron and N electrons of the target.

In the Inner region, the R-matrix method represents
the N + 1 electrons wave function using a close-coupling
approximation which can be written as follows [18]:

ΨN+1
k (x1 . . . xN+1) = A

∑

ij

aijkφN
i (x1 . . . xN )uij(xN+1)

+
∑

i

bikχN+1
i (x1 . . . xN+1) (1)

where φN
i is the target wave functions of the ith state and

uij is an orbital used to represent the jth continuum elec-
tron with a partial wave expansion up to some maximum
value of �, �max; the subscript k denotes the kth inner
region wave function; A is an antisymmetrisation opera-
tor introduced so that the indistinguishable inner-region
electrons satisfy the Pauli principle; aijk and bik are the
coefficients of expansions. The second summation in equa-
tion (1) contains functions χN+1

i which describe all N + 1
electrons but vanish at r = a; thus these are described
as L2 configurations. They are included to relax the con-
straint of orthogonalization between scattering and target
orbitals of the same symmetry.

Polarisation effect can be included in a number of ways.
The simplest is via single excited L2 configurations of the
Hartree-Fock (HF) ground state wave function. In practice
this involves promoting one target electron into a virtual
(unoccupied target) orbital and simultaneously also plac-
ing the scattering electron into a virtual orbital generating
a two-particle one-hole (2p, 1h) configuration. According

to the Brillouin’s Theorem, these configurations do not
improve the description of a HF target, but these one-
electron target excitations improve the description of po-
larisation interactions with the continuum electron. This
model is usually denoted static exchange plus polarisation
(SEP). Alternative polarisation can be included via the
close-coupling expansion of the first term of equation (1).
In practice close-coupling calculations introduce polarisa-
tion via both terms.

In the outer region, one solves the one-particle cou-
pled second-order differential equation for the continuum
electron. The R-matrix is used to match these solutions to
the inner region ones on the boundary giving the K-matrix
which is used to compute other scattering observables. An
important feature of ethanol is its permanent dipole mo-
ment. A Born closure procedure is used to compute the ef-
fect of the long-range interaction neglected when only par-
tial waves from 0 to �max are considered. In this procedure
our low-� T -matrices are added to analytic dipole Born
T -matrices, using the ANR approximation to take account
of rotational motion, and then corrected by subtracting
the partial wave dipole Born contribution [19–21]. The
rotationally-unresolved elastic differential cross sections
are calculated using the code POLYDCS [22] which com-
putes rotationally-resolved elastic and inelastic cross sec-
tion which are then summed until convergence is achieved.

In this work, initial calculations were performed using
version 4.1 of the Quantemol-N expert system [23] with
more detailed studies being performed directly with the
UKRMol codes [24]. As shown below, most of our calcu-
lations were performed at the SEP level, although close-
coupling models were also explored.

2.2 Application to ethanol

Ethanol is a closed shell molecule with Cs symmetry in its
equilibrium geometry; its ground state electronic state is
1A′. All calculations employed the experimentally deter-
mined trans geometry [25]; for POLYDCS rotational con-
stants evaluated at this geometry, A = 0.1459845 meV,
B = 0.0390733 meV and C = 0.033968 meV, were used.
Target wave functions were calculated in Hartree-Fock
Level, mainly using cc-pVTZ Gaussian type orbital
(GTO) basis set. This gives a ground state energy
of −154.139985Eh and a permanent dipole moment of
1.77 D. The experimental dipole of trans ethanol is
1.44 D [26]; in practice however the energy separation
between trans and gauche rotational isomers is only
about 40 cm−1 the observed, average dipole moment of
1.69 D [27] is often used. Here we employ the trans value
of 1.44 D for the long-range potential; use of the larger,
average value will only serve to further increase our cal-
culated low-angle and integral cross sections. Test calcu-
lations were also performed using cc-pVDZ and 6-311G
basis sets with results essentially the same as those found
below.

Coupled states calculations also used Hartree-Fock
molecular orbitals but with a complete active space
configuration interaction (CAS-CI) representation of the
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target [28]. In this representation, 12 core electrons were
kept frozen and the remaining 14 electrons were free to
move in an orbital space augmented by the lowest two
virtual orbitals. Given the rather limited CAS space it
was decided to allow for the inclusion of extra polarisation
effects by retaining extra virtual orbitals in the calculation
which could be used to generate (2p,1h) L2 configurations
in a fashion similar to the SEP calculations. This model
introduces electronically excited states into the calcula-
tion and, in principle, allows the study of electron impact
electronic excitation, although this was not pursued here.

The continuum was also represented using an expan-
sion in GTOs. As discussed below, both standard, �max =
4, [29], and extended �max = 5 [30,31] partial wave expan-
sions were tested. Test calculations were performed with
R-matrix values a = 10, 11, 12, 13 and 15 a0. Except for
some lack of completeness issues with the basis sets for the
larger a values, the results are not sensitive to this choice
and the ones reported here all used a = 11 a0.

2.3 Test studies

Having demonstrated stability with respect to changes in
target basis set and R-matrix radius, the next consider-
ation was the number of the unoccupied target orbitals
(virtual orbitals) retained in the calculation. The cc-pVTZ
GTO basis gives 98a′ and 63a′′ virtual orbitals. Calcula-
tions at the static exchange (SE) level, not shown, found
that retaining 22a′ and 13a′′ orbitals was sufficient to ob-
tain converged results. Here only one-electron excited L2

configurations were included in the second sum of equa-
tion (1) and it produced well-converged eigenphase sums.
In SE model was observed resonance in A′′ symmetry near
9.6 eV.

These tests were repeated at the SEP level, see
Figure 1. For an SEP calculation, virtual orbitals of both
symmetries are important and these orbitals were selected
in energy order. Excitations to both singlet and triplet ex-
cited states of the target were considered. At this level the
eigenphase sums show considerable sensitivity to the num-
ber of virtual orbitals included. Particularly notable is the
appearance of a broad resonance-like feature in the eigen-
phases of both symmetries as the number of these orbitals
included is increased. With 35 virtual orbitals, automated
Breit-Wigner fits [32] to the eigenphases gave resonance
positions (widths) 8.65 (5.14) eV and 8.07 (5.75) eV for
2A′ and 2A′′ symmetries respectively; with 55 virtual or-
bitals the resonances are lowered and narrowed to 8.03
(4.82) and 7.52 (5.28) eV respectively. The parameters
of these exceptionally broad resonances are clearly rather
sensitive to polarisation effects. Analysis of the eigenvec-
tor of the time-delay matrix [33] suggests that both of
these resonances are predominantly f -wave in character.
Their broadness means that they produce only very weak
maxima in the elastic cross sections, even when the 2A′
and 2A′′ symmetry contributions are inspected separately.
These maxima are no longer visible once a Born correc-
tion, which significantly increases the low energy cross sec-
tion, is included.

-2

0

2

4

E
ig

en
ph

as
e 

Su
m

 (
ra

d)

55
50
45
40
35
30
25
20
15
10
5

0 2 4 6 8 10
Impact energy (eV)

-2

-1

0

1

2

E
ig

en
ph

as
e 

Su
m

 (
ra

d)

A"

A’

Fig. 1. (Color online) Eigenphase sums, in radians, for A′ (up-
per) and A′′ (lower) symmetry SEP calculations as a function
of the number of virtual orbitals retained in the calculation.

SEP calculations which included 35 virtual orbitals
give well-converged differential cross sections (DCS). As
will be shown below these DCS agree very well with the
observation for forward scattering but do not reproduce
the apparent rise observed in the DCS in the backward di-
rection. A number of SEP-level studies were undertaken to
try and identify the cause of this behaviour. Besides those
already discussed above, these considered increasing �max

above the standard value of 4 and the inclusion of polar-
isation effects in the outer region by explicitly adding an
−α0/R4 term to the long-range potential. The experimen-
tal value of spherical polarisability α0 = 34.5 a3

0 [34] was
used for this. Including such a term has been shown to im-
prove the representation of polarisation effects in positron-
molecule collision calculations [35,36]. The tests focussed
on the DCS since, particularly when changing �max, it is
necessary to balance this with the corresponding change
in the Born correction for a meaningful test. Tests showed
that our calculated DCS is rather insensitive to (a) in-
creasing the number of virtual orbitals used in the SEP
calculation beyond 35; (b) increasing �max beyond 4 and
(c) the introduction of long-range polarisation. In particu-
lar none of these changes leads to any significant increase
in the backwards scattering cross section. This is perhaps
to be expected since the dominant effect is due to the long-
range ethanol dipole which, for high �, is well-represented
by the Born correction.
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Fig. 2. (Color online) Differential cross sections computed
with several models: blue line static exchange (SE); green line
CAS-CI close-coupling; red line static exchange plus polari-
sation (SEP) and black line Static Exchange plus long-range
Polarisation (SEP + α).

As a further test a variety of CAS-CI target calcula-
tions were performed. Again we augmented these calcula-
tions with virtual orbitals. However, while all the SE and
SEP calculations described above are inexpensive com-
putationally, models with a CAS-CI target and extensive
lists of virtual orbitals rapidly become very expensive. The
largest calculation we could manage without resorting to
very lengthy calculations and special computational pro-
cedures [37] involved the use 2 virtual orbitals in the CAS
and up to a further 5 virtual orbitals available for L2 con-
figurations. This, and similar, CAS-CI target models all
gave results fairly close to our SE calculations, as illus-
trated by Figure 2.

As the result of these tests we decided to use an SEP
model with �max = 4 for 1 to 5 eV and �max = 5 for 10 eV.
Ethanol’s permanent dipole meant that to get a correct
description of long-range interaction inclusion of higher
partial waves via the Born approximation was vital to
represent accurately the DCS at low angles.

3 Results

Figures 3 to 6 present rotationally unresolved, elastic dif-
ferential cross section calculated in the SEP model and
compared with experimental measurements of Khakoo
et al. [9], Schwinger multichannel (SMC) calculations from
the same paper and the calculations of Lee et al. [16].
To clarify the analysis and discussion of the experimental
measurements these are separated in two sub sets: open
circles with error bars represent actual measured data
while full circles correspond to extrapolated experimental
results by Khakoo et al. This extrapolation is necessary to
obtain the integrated cross section as it is difficult to make
measurements at forward and backward angles. The SMC
results were obtained from two different computational
implementation: SMC-ae is a parallel computer code in
which all electrons are taken into account explicitly and
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Fig. 3. (Color online) Differential cross section, rotationally
unresolved, for collisions of 1 eV electrons with ethanol. Com-
parisons are made with the measurements of Khakoo et al. [9]
and the Schwinger multichannel (SMC) calculations with all
electrons (ae) and pseudopotential (pp) reported in the same
paper. Note the distinction between experimentally measured
points, which have error bars, and extrapolated points at both
small and large angles.
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Fig. 4. (Color online) Differential cross section, rotationally
unresolved, for collisions of 2 eV electrons with ethanol.

SMC-pp is a version which the core electrons are sub-
stituted by a pseudo-potential and only valence electrons
are explicitly described. These SMC calculations, which
also included a Born correction, show some fairly large
differences, especially at the lower energies. The discrep-
ancies between the SMC-ae and the SMC-pp calculations
were tentatively attributed to the use of different polar-
ization potentials and partial wave cut-offs in the Born
corrections [9].

At low energies our calculated DCS shows excellent
agreement the actual experimental measurements (open
circles) at angles up to 90◦, see Figures 3 and 4. Although
SMC-pp calculation reproduces the experimental data at
110◦ and 130◦, our DCS show better quantitative agree-
ment at low angles where the DCS is larger and therefore
more important for estimating the integral cross section
(ICS).

At 5 eV, see Figure 5, our DCS shows qualitative agree-
ment with the measured experimental data at all angles
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Fig. 5. (Color online) Differential cross section, rotationally
unresolved, for collisions of 5 eV electrons with ethanol. Com-
parisons are made with the measurements of Khakoo et al. [9]
and the Schwinger multichannel (SMC) calculations with all
electrons (ae) and pseudopotential (pp) reported in the same
paper, as well as the calculations of Lee et al. [16].
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Fig. 6. (Color online) Differential cross section, rotationally
unresolved, for collisions of 10 eV electrons with ethanol. Com-
parisons are made with the measurements of Khakoo et al. [9];
note the distinction between experimentally measured points,
which have error bars, and extrapolated points at both small
and large angles.

but is lower at both low and high angles. We note that
both SMC and Lee et al.’s [16] calculations predict a DCS
close to ours at low angles but give good agreement with
the measurements at high angles.

Figure 6 shows a comparisons between our �max =
5 DCS and the experimental results; there are no pub-
lished calculations at this energy. We can see that at this
higher energy the DCS is increasingly structured and that
all structures present in experimental data also appear in
our calculated results, for example, there is a good agree-
ment in the minimum position. Again our results are in
excellent accord with the actual measurements below 40◦.
Even though our results are systematically lower at higher
angles, we also agree qualitatively with the behaviour of
extrapolated experimental results.

Our calculated elastic (rotationally unresolved) ICS is
displayed in Figure 7 and compare them with previous
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Fig. 7. (Color online) Elastic cross section for electron colli-
sions with ethanol. Comparisons are made with the measure-
ments of Khakoo et al. [9] and Schmieder [3], and the cal-
culation of Tan and Wang [11], Lee et al. [16] and the SMC
calculations of Khakoo et al. See text for discussion of the rec-
ommended values.

results. Our ICS agrees with the estimated ICS of Khakoo
et al. [9] at 5 and 10 eV. This agreement may be partly
due to cancellation of errors given that our DCS is lower
than the (actual or extrapolated) measurements at large
angles but higher then them at low angles. The very old
measurement of Schmieder [3] is in remarkable agreement
with these results. The ICS calculated using the additivity
rule [11] is higher than all other values suggesting that this
approximate method is not adequate at low energies.

Rather surprisingly Khakoo et al.’s ICS remains ap-
proximately constant at low energies rather than, as
would be expected in a strongly dipolar system, increas-
ing rapidly as the collision energy tends to zero. This
behaviour can be directly attributed to the form of the
low-angle (θ) extrapolation used to augment the set of
measured DCS values. The strong low-angle peak in the
DCS makes the ICS very sensitive to this region and the
extrapolations appear to be significantly too low at very
small angles. Even though the DCS is weighted by sin(θ)
when integrated and therefore tends to zero as θ tends
to zero, nevertheless the high value of theoretical DCS at
very low angles produces a significant contribution to the
ICS. This behaviour has been noted before [12–14] where
the solution has been to use Born-corrected calculations
to simulate the low-angle behaviour rather than extrapo-
lation of experimental results. It is this approach that we
use here.

Our calculations predict much larger ICS at 1 and
2 eV, than those given by Khakoo et al. At these energies
the contribution of the low-angle DCS is clearly important
for the ICS because of the long-range nature of interaction
due to dipole. We therefore expect that the our DCS to
give a better representation of the behaviour as θ tends
to zero than the assumed experimental extrapolation. We
therefore recommend another set of values for ICS that we
consider should be much closer to the true value. The new
ICS was obtained by integrating the experimental values
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Fig. 8. (Color online) Calculated electron impact rotational
excitation cross sections for ethanol.

from θmin to 180◦ and augmenting it with our calculated
value integrated over the range 0◦ to θmin, where θmin is
lowest angle for which experimental data is available at
the energy under consideration. This procedure neglects
the discrepancy between our calculations and both the ex-
trapolated and actual experimental DCS at large angles.
However the contribution to the ICS from these large an-
gles is fairly small and in practice using either approach
leads to small changes relative to the experimental error
bars. Our recommended ICS set is shown in Figure 7 with
the same experimental error bars as given by Khakoo et al.
The differences between the recommended ICS and our
calculated values are fairly small and are due to our DCS
being lower at large angles. We note that these large an-
gles are much more important for the momentum transfer
cross sections. Estimates of this cross section using the
measurements and extrapolations of Khakoo et al. do in-
deed give answers for this cross section of about twice our
calculated values.

Finally, Figure 8 gives our calculated values for the
electron impact rotational excitation cross sections. As
expected [38], at low energy j = 0 → 1 excitations
predominate. However above 8.5 eV rotationally elastic
(j = 0 → 0) cross sections actually become the largest.

4 Discussion

The results above have concentrated on getting correct
low-angle results and hence good values for the integral
elastic cross sections. However there are two aspects of the
problem which merit further analysis. First is our apparent
underestimate of the DCS at large angles and the second
is resonance effects in electron ethanol collisions.

We performed a series of calculations at the SE, SEP
and close-coupling level but none of these studies gives
the increase in the DCS at large angles which is inferred
from the experimental results at all energies up to 10 eV.
It is unclear from our calculations what mechanism would
lead to this increase. However, although the SEP model
is good for representing polarisation effects, it is hard
to demonstrate that these are actually converged within

this model. Furthermore, the constraints of the R-matrix
method mean that the virtual orbitals are localised well in-
side the R-matrix sphere. Our SEP calculations therefore
really represent polarisation effects at short-range where
they are the strongest. Our tests showed that long-range
polarisation effects, defined as those occurring when the
electron is outside the R-matrix sphere, are very small.
However there is an intermediate region where the effects
of polarisation are probably less well modelled in our cal-
culations. It is therefore possible that the systematic inclu-
sion of polarisation effects via, for example, an R-matrix
plus pseudostates calculation [39,40], which can recover
polarisation at short-, intermediate- and long- ranges [41],
would alter the calculated large angle behaviour. However
such calculations remain computationally expensive and
have yet to be attempted for a target as large as ethanol.

For angles below 90◦ our calculations are generally in
very good agreement with the measured (as opposed to
extrapolated) DCSs. The exception is at 5 eV where the
agreement is only fair. Our calculations suggest that there
are very broad resonance features of both 2A′ and 2A′′
symmetry which span the 5 eV region. In the region of
a resonance it is to be expected that the DCS will be
sensitive not only to the precise representation of the res-
onance but also, probably, to vibrational effects which we
have not considered.

Ibănescu et al.’s analysis of their DEA and VE mea-
surements for ethanol [7] led them suggested that ethanol
displays very short-lived σ∗ OH shape resonance at
2.88 eV and another short-lived σ∗ CH shape resonance
around 7.5 eV; these features were augmented by Feshbach
resonances at 6.0, 7.7 and 8.8 eV. Our calculations are not
designed to characterise Feshbach resonances at energies
near the electronic excitation thresholds but should give
a reasonable representation of any shape resonance in the
system. Our SEP calculations show broad resonances fea-
tures at about 7.5 eV (2A′′ symmetry) and 8 eV (2A′).
However the presence of a resonance in both symmetries
is not really consistent σ∗ resonance and our calculations
suggest that these resonance are predominantly f -wave in
character. Conversely our study found no evidence for any
shape resonances at lower energies. Our results therefore
appear to be more in line those of Orzol et al. [8] who
observed two broad resonances at about 5.5 and 8 eV. Fi-
nally we note that while the previous SMC calculations [9]
failed to find evidence for any resonances, Lee et al. [16]
comment that they find a broad resonance of each sym-
metry near 10 eV.

4.1 Conclusions

We present a study of electron collisions with ethanol up
to energies of 10 eV. Comparison of our differential cross
sections with the measurements of Khakoo et al. [9] give
generally good agreement at forward angles, where the
cross sections are much the largest, but do not support
the extrapolation procedure used at forward angles to al-
low the measurements to be used to give integrated elastic
cross sections. Use of the calculated low-angle differential
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cross sections, where experimental measurements are not
possible, when combined with the measured cross sections
for other angles leads to significantly increased integrated
cross sections at low energies. We suggest that these give
a much more realistic estimate of the rotationally unre-
solved, elastic integral electron collision cross sections for
ethanol.

Electron impact rotational excitation cross sections are
important for applications such as studies of the interstel-
lar medium [42] but are extremely difficult to measure [43].
Our calculations therefore give the first values for this pro-
cess in ethanol. Finally our study finds two, very broad
resonances in qualitative agreement with the dissociative
electron attachment results of Orzol et al. [8].

M.M.F. thanks the Brazilian agencies CNPq (Conselho Na-
cional de Desenvolvimento Cient́ıfico e Tecnológico) for a schol-
arship, and Fundação Araucária for partial support.
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