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ABSTRACT
We report experimental measurements of the absolute total cross sections (TCSs) for electron scattering from 1-butanol at impact energies in
the range 80–400 eV. Those measurements were conducted by considering the attenuation of a collimated electron beam, at a given energy,
through a gas cell containing 1-butanol, at a given pressure, and through application of the Beer-Lambert law to derive the required TCS.
We also report theoretical results using the Independent-Atom Model with Screening Corrected Additivity Rule and Interference approach.
Those results include the TCS, the elastic integral cross section (ICS), the ionization total ICS, and the sum over all excitation process ICSs
with agreement at the TCS level between our measured and calculated results being encouraging.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5096211

I. INTRODUCTION

We have recently published two papers1,2 that looked at the
mass spectra, appearance energies, partial ionization integral cross
sections (ICSs), and the total ionization cross section (TICS) for
electron impact ionization and dissociative ionization in 1-butanol
(C4H9OH). Note that those earlier results were measured on a com-
pletely different apparatus to what we employ here (see later) and
are different physical entities to the total cross sections (TCSs) we
report here. As a part of those studies, we discussed in detail why
1-butanol might make a cleaner and more economical fuel,3 com-
pared to petrol, and that in order to achieve that aim, modeling of its
autoignition behavior needed to be undertaken. In general, whether
it be to better comprehend atmospheric phenomena,4,5 low tempera-
ture plasmas,6 or charged-particle track behavior,7–10 Tanaka et al.11

noted that it was in part necessary to have complete and comprehen-
sive cross section databases (see, e.g., Ref. 12) in order to accurately
model or simulate those phenomena. This is also true for simulating

the specific ignition properties of 1-butanol. Aside from the afore-
mentioned papers from our group,1,2 Hudson et al.13 have reported
absolute TICS for electron scattering from 1-butanol in the energy
range 16–207 eV. In addition, Khakoo et al.14 reported extensive
results, both experimental and theoretical (using the Schwinger mul-
tichannel method), for elastic differential, integral, and momentum
transfer cross sections (MTCSs). The experimental differential cross
section (DCS) measurements were conducted in the energy range
1–100 eV and over the scattered electron angular range 5○–130○. As
a consequence, to derive their measured elastic integral cross sec-
tions (ICSs) and momentum transfer cross sections (MTCSs), an
extrapolation of their DCS to 0○ and 180○ was needed before the
requisite integration could be made. Finally, we note the dissocia-
tive electron attachment (DEA) work of Ibănescu and Allan15 that
indicated resonance enhanced ion yields for the OH− and (M-1)−
anions. Unfortunately, those latter results15 were only relative so
that the importance of this scattering channel is yet to be elucidated.
Thus, there remains a lack of absolute cross section data in relation
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to electron scattering from 1-butanol, which the present investiga-
tion seeks to address in part. This facet forms one rationale for the
present study.

Total cross sections have in more recent times been some-
what undervalued16 as in the so-called hierarchy of cross sections
(so named in terms of how much physical information they con-
vey about the scattering dynamics in question), they sit at the
bottom of the table. Nonetheless, even though they do not dis-
criminate between the various open scattering channels at a given
energy, nor do they provide any angular scattering information,
they still fulfill several vital roles.17 Namely, as the TCS is the upper
limit for the sum of the various ICSs for all open processes at a
given energy, it is ideal for assessing the validity of cross sections
for individual scattering processes (sum conservation). These self-
consistency checks are particularly important as TCS can typically
be obtained with much higher accuracy16 than higher-level cross
sections and so provide a more robust assessment of the available
data. The TCS also plays a vital role for scientists in the model-
ing and simulation communities who are attempting to construct
databases, as they can often be used, in conjunction with other
ICSs, to estimate the cross section data for specific scattering pro-
cesses that are unavailable.9 In addition and perhaps this is not
so well appreciated in the scattering community, they provide a
direct link to parameters like the stopping power [see Eq. (19) of
Ref. 18] which are fundamental in describing charged-particle track
behavior in atoms and molecules. As a consequence, we believe
the measurements and calculations of TCSs that we report later for
1-butanol remain topical and important in many areas of sci-
ence and in understanding and characterizing various applications
including technology.19,20

It is well-known21–23 that the valence electronic properties of
a molecule, such as its permanent dipole moment (µ) and dipole
polarizability (α), affect the scattering dynamics and therefore the
scattering cross sections. Here, we are particularly interested in com-
paring our earlier measured results for methanol,24 ethanol,24 and
1-propanol25 with those we report here for 1-butanol. Each of these
species are linear primary alcohols and all have permanent dipole
moments in the narrow range µ = 1.55D–1.70 D.26,27 On the other
hand, the dipole polarizabilities for these species are very different,
with methanol having α = 3.21 Å3,28 ethanol having α = 4.92 Å3,28

1-propanol having α= 6.67 Å3,28 and 1-butanol having α= 8.57 Å3.28

Thus, the comparison between our intermediate energy TCS for
these species might well present us with an opportunity to try and
elucidate the role of α in their scattering dynamics. This facet forms
another rationale for this investigation.

The remainder of this paper is organized as follows: In Sec. II,
we present details of our experimental apparatus and techniques,
including a discussion of our measurement uncertainties, as well as
details on our independent-atom model with screening corrected
additivity rule and interference terms (IAM-SCAR+I) theoretical
approach. Section III details our TCS results and a discussion of
those results, and finally, in Sec. IV, we provide some conclusions
from this study.

II. EXPERIMENTAL AND THEORETICAL DETAILS
We previously described our experimental apparatus and mea-

surement techniques in some detail25 so that only a précis of that

discussion, in order to make this paper self-contained, needs to be
given here. The current apparatus consists of an electron gun, a gas
cell, an electron energy analyzer composed of an array of decel-
erating electrostatic lenses and a cylindrical dispersive 127○ ana-
lyzer, and a Faraday cup. Note that the overall energy resolution we
obtained with this apparatus was typically 0.7 eV (FWHM). As the
energy range of the present investigation is 80–400 eV, where no
resonance scattering effects16 are expected, the current energy reso-
lution will not affect our TCS data. This apparatus is housed inside a
vacuum chamber enclosed by 5 layers of mu-metal, to shield against
spurious magnetic fields, and is differentially pumped through 2 tur-
bomolecular pumps. The first of those turbomolecular pumps has
a pumping speed of 80 l/s and services the electron gun chamber
in order to avoid possible changes in the electron-emitting fila-
ment when 1-butanol is introduced into the chamber. The second,
with pumping speed 600 l/s, services the scattering cell and analyzer
region.25

Our apparatus utilizes an in-house designed electron gun and
its associated control electronics, which, in principle, covers an
energy range from 5 to 500 eV. The performance of this gun was
typically very good, providing a suitable focus and collimation into
the scattering cell that is necessary for the successful application of
the linear transmission technique.24 The present scattering cell is a
40.0 mm long tube, which is bounded at its entrance and exit by two
apertures of 2.0 mm diameter. The collimated electron beam passes
through the scattering cell, and those electrons that traverse this cell
are discriminated with the electrostatic lens and a 127○ cylindrical
dispersive analyzer, which prevents electrons inelastically scattered
in the forward direction being collected by the Faraday cup. The
angular acceptance of the analyzer, defined by the solid angle formed
by the analyzer aperture as seen from the center of the scattering
cell, is 6.4 × 10−4 sr. The temperature of the 1-butanol sample is
measured using a mercury thermometer, to ±1 ○C, that is fixed on
the external wall of the vacuum chamber. This follows as it was pre-
viously established24 that the temperature of the gas sample in the
scattering cell was the same as that of the vacuum chamber. The
1-butanol gas is introduced into the chamber using a leak valve,
while its pressure P is monitored by a MKS Baratron. A schematic
diagram of the present experimental configuration is given in
Fig. 1.

All the present measurements were performed for an incident
beam current of around 10−9 A, where no dependence of the TCS
upon current was exhibited. Note that the typical currents measured
at the Faraday cup were 500 pA with no gas in the cell and 400 pA at
maximum attenuation. The TCS, σ(E), obtained through the linear
attenuation technique,16 is based on the measurement of the attenu-
ation of the collimated electron beam at a given energy (E) through
a scattering cell containing the 1-butanol target at a given pres-
sure (P) and temperature (T), which is given by the Beer-Lambert
law

It(E) = I0(E)e−nLσ(E), (1)

where I0(E) and It(E) are the intensity of the electron beam, as
measured in the Faraday cup (see Fig. 1), before and after the gas
(scattering) cell, respectively, n is the average particle number den-
sity of 1-butanol, and L is the path length of the electron beam
through the gas cell. The TCS data are, in practice, determined by
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FIG. 1. Schematic diagram of the present
experimental configuration.

measuring the transmitted intensities with and without gas in the
cell; n is taken to be equal to P/kT, using the ideal gas law, where
P is the pressure of the 1-butanol gaseous target measured with a
Baratron in the molecular flow region, k is Boltzmann’s constant,
and T is the temperature in Kelvin. The pressure range in the scat-
tering cell was maintained between 1 and 4 mTorr so that possible
double scattering effects were minimized. With these precautions,
the variation of ln(It/I0) with P is a straight line whose slope is
proportional to the TCS. Similar to our work in 1-proponal,25 the
current measurements were carried out for at least five runs, each
run taking at least seven sets of values for P, I0, and It. An averag-
ing procedure, with an associated calculation of the standard devi-
ation, was subsequently applied to determine the TCS at a given
energy.

The uncertainties on our TCS data were estimated by tak-
ing into account the statistical uncertainty, estimated in the range
around 2%–12.8%, fluctuations in the primary electron beam of
∼1.5%, the accuracy of the pressure reading from the MKS Bara-
tron of ∼2%, and knowledge of the effective scattering length of
the gas cell (∼0.3%). In addition, we note that the stability of the
flow of gas entering the gas cell varied by less than 1%, while the
temperature of the gas in the cell was measured to an accuracy of
0.5%. Considering all these factors, the root square sum of the over-
all TCS uncertainties was in the range around 3.4%–13.1%. The bona
fides of the present apparatus and our measurement procedures were
thoroughly checked against previous results from a standard system
such as argon. Here, we found, across the energy range 14–500 eV,
excellent agreement25 between results taken with our apparatus and
those from Wagenaar and de Heer29 and Szmythowski et al.,30 for
example.

1-butanol vapor was obtained from the volatile butanol liquid,
sourced from Sigma-Aldrich, with a stated purity of 99.5%. In addi-
tion, we degassed the sample using at least six freeze-pump-thaw
cycles before it was admitted into the chamber using a needle valve
(Granville-Phillips-203 variable leak valve31). The vapor pressure of
1-butanol in its storage container was calculated to be 5.32 Torr,
using the Antoine equation.32 The butanol liquid was housed in a
glass flask, vacuum coupled to the relevant leak valve by a glass-
to-metal seal, with a 1/4” Covar tube being used to send vapor

into the gas feedline. Although we anticipate some condensation of
1-butanol in our gas lines, gas cell, and on other elements of the spec-
trometer, the present experiments were performed without baking.
Hence, they were conducted at the laboratory temperature of around
22 ○C, as maintained using conditioned air. There is no doubt that
this decision not to bake, due to a lack of appropriate heating tapes
etc., made the present measurements more of a challenge than would
otherwise be the case and certainly contributed to the overall uncer-
tainty on our TCS being a little higher than one might normally
expect.16,17

Finally, we note that the present results are uncorrected for the
so-called “forward angle scattering effect.”33 However, this effect,
which results from a very forward angle elastically, and given our
energy resolution rotationally, scattered electrons not being discrim-
inated against in our detector system, is expected to be small in this
case.33 This follows as such corrections are known to be typically
smaller at the intermediate energies of this work,19,34 even for polar
molecules such as 1-butanol, and given the very good angular resolu-
tion (less than 1○) of our present spectrometer. Indeed, we calculate
that “forward angle scattering effect” to be less than 1.2% over the
energy range of this study.

The IAM-SCAR+I approach has already been discussed many
times,35,36 most recently by Traoré Dubuis et al.,20 and so only a brief
description is needed here. The basic premise of this method is that
the molecule of interest is not considered as a single multicentre tar-
get but as an aggregate of the individual atoms.37 As a consequence,
this paradigm effectively assumes that the molecular binding does
not affect the electronic distribution of the atom so that each con-
stituent atom scatters independently from the others. Put simply, the
atoms of the molecule are viewed as isolated entities. Hence, the ini-
tial task in any IAM-SCAR computation is to describe the electron
scattering from the atoms that make up the molecular target (here,
carbon, hydrogen, and oxygen). The electron–atom interaction is
represented by an ab initio complex optical potential, where the real
part accounts for the elastic scattering dynamics, while the imagi-
nary part represents the inelastic processes. Note that those inelastic
processes are considered as “absorption” channels from the inci-
dent electron beam. The complex potential for each atom is written
as
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Vopt(r) = VR(r) + iVabs(r)
= VS(r) + Vex(r) + Vpol(r) + iVabs(r). (2)

In Eq. (2), the real part (R) consists of three terms: (i) a static term
(VS) derived from a Hartree-Fock calculation of the atomic charge
distributions,38 (ii) an exchange term (Vex) which accounts for the
indistinguishability of the incident and target electrons,39 and (iii)
a polarization potential (Vpol) that describes the long-range inter-
actions.40 Finally, the absorption potential (Vabs) is based on the
quasifree model developed by Staszewska et al.41 Initially, quite sig-
nificant discrepancies between experimental data and the optical
potential model were found, although these were subsequently cor-
rected.42,43 With those changes, the Spanish team have developed a
method capable of describing electron–atom scattering over a broad
range of energies and targets (see, e.g., Ref. 44).

The electron–molecule cross sections are now computed from
the atomic data using the additivity rule (AR).45 Within that
approach, the molecular scattering amplitude is derived from the
sum of all the relevant atomic amplitudes, including the phase coef-
ficients, from which the molecular DCSs can be determined. ICSs
are then derived by integrating those DCSs. The TCSs are finally
determined from the sum of the elastic ICSs and the absorption
ICSs (for all inelastic processes except rotations and vibrations), at
a given energy. The main limitation of this method is that no molec-
ular structure is considered, making it valid only for fast enough
incident electrons (≿100 eV43) which effectively “see” the target
molecule as the sum of the individual atoms. For lower incident
energies, the atomic cross sections are sufficiently large to overlap

with one another, leading to an overestimation of the AR molecu-
lar cross sections. To solve that limitation, at least in part, Blanco
and García46,47 developed the SCAR code, which takes into account
the geometric features of the molecule by introducing some screen-
ing coefficients (SC). More recently, they incorporated some inter-
ference (I) term corrections.36 Within these IAM-SCAR and IAM-
SCAR+I approaches, the range of the validity of the model might
be extended down in energies to ∼20–30 eV. Certainly, there is
evidence to suggest that either the IAM-SCAR or IAM-SCAR+I
approaches are quite robust tools for computing cross sections at
intermediate to high energies.48–50 Note that incorporating the inter-
ference term increases the original IAM-SCAR TCS results by 24%
at 10 eV and 27% at 400 eV. All the present IAM-SCAR+I cross
sections, for electron scattering from 1-butanol, are summarized in
Table I.

In Table I, we also include results from a Born-level calculation
for the rotational ICSs (see Ref. 20 for details of this method). While
one might instinctively resile from a Born-approximation type result
being valid at some of the lower energies we report, it should be
remembered that typical rotational-excitation thresholds (∆E) of
polyatomic molecules are at the ∼1 meV level so that even at E = 1 eV
we find E/∆E≫ 1. This latter observation is a criterion that is often
cited11 for when the Born approximation51 might be valid. This is
no moot point. Ness et al.52 demonstrated that in order to simulate
transport coefficients describing electrons moving through a back-
ground water gas, under the influence of an applied electric field, at
lower regions of the reduced electric field, including rotational ICSs
was vital. Similarly, more recently, Casey et al.53 demonstrated this

TABLE I. Present IAM-SCAR+I cross sections (×10−16 cm2) for electron scattering from 1-butanol and rotational ICSs
calculated using the Born approximation.51

E (eV) Elastic ICS TICS2 Excitation ICSs TCS Rotational ICS TCS+Rotational ICS

1.0 134.12 0 0 134.12 115.64 249.76
1.5 114.8 0 0 114.8 80.64 195.44
2.0 102.48 0 0 102.48 62.44 164.92
3.0 82.6 0 0 82.6 43.4 126.0
4.0 74.48 0 0 74.48 33.6 108.08
5.0 71.4 0 0 71.4 27.496 98.9
7.0 67.2 0 0 67.2 20.3 87.36
10 63 0 0.285 63.28 14.7 77.98
15 57.4 0.3332 2.9708 60.76 10.16 70.92
20 50.4 3.528 5.208 59.08 7.81 66.89
30 40.88 9.968 5.236 56.0 5.40 61.40
40 35.28 12.684 4.396 52.36 4.14 56.50
50 31.92 13.58 3.948 49.28 3.39 52.67
70 27.16 13.72 3.5 44.24 2.48 46.72
100 22.848 12.852 3.108 38.92 1.78 40.70
150 18.592 11.144 2.716 32.48 1.23 33.71
200 15.932 9.744 2.492 28.28 0.94 29.22
300 12.544 7.84 2.1 22.484 0.644 23.128
400 10.472 6.524 1.848 18.844 0.4928 19.35
500 9.016 5.628 1.652 16.324 0.4004 16.72
700 7.112 4.424 1.372 12.908 0.2912 13.19
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same effect, with tetrahydrofuran now being the background gas.
Hence, rotational ICS, such as we report in Table I, will be crucial
in simulating electron-transport behavior in 1-butanol.

III. RESULTS AND DISCUSSION
The present experimental results of TCSs for electron scattering

by 1-butanol, in the energy range from 80 to 400 eV, are numer-
ically displayed in Table II. Also listed in Table II is a “hybrid”
TCS that has been derived from the elastic ICSs of Khakoo et al.14

being added to a Binary-Encounter-Bethe (BEB), with an outer
valence Green’s function (OVGF) model chemistry, total ioniza-
tion cross section calculated result from Ghosh et al.2 While this
means that our “hybrid” TCS ignores the rotational excitation, vibra-
tional excitation, electronic-state excitation, and DEA scattering
channels, which, in principle, are all open at the intermediate ener-
gies of this investigation, there is plenty of evidence54–56 to suggest
that the cross sections for those channels will be relatively small in
the current energy range. Indeed, considering the rotational ICS of
Table I, we find that its contribution to the IAM-SCAR+I TCS drops
from 6.4% at 50 eV to 2.5% at 400 eV. Therefore, it appears to be
a priori reasonable to compare our directly measured TCS with the
“hybrid” TCS we have derived with that comparison being illus-
trated in Fig. 2. Also plotted in Fig. 2 are a selection of our IAM-
SCAR+I cross section results, including the TCS, the experimental
TICS from Ghosh et al.,2 and the results from applying two paramet-
ric models, describing the energy dependence of the TCS at inter-
mediate to high energies, from García and Manero57 and Zecca and
colleagues.58,59

Let us now consider Fig. 2 in more detail. It is clear that the
qualitative trend, i.e., the behavior of the TCS as a function of energy,
in both the present data and the “hybrid” TCS, is very similar. The

TABLE II. Present measured total cross sections (×10−16 cm2) for electron scatter-
ing from 1-butanol. Also included is a “hybrid” TCS, derived using the elastic ICS from
Khakoo et al.14 and a BEB with OVGF model chemistry total ionization cross section
from Ghosh et al.2 Errors are the absolute uncertainties on the data, and are at one
standard deviation level.

E (eV) Present TCS “Hybrid” TCS

1 . . . 118.0 ± 21.0
2 . . . 73.1 ± 13.4
5 . . . 66.9 ± 10.9
10 . . . 60.0 ± 9.7
15 . . . 51.9 ± 7.5
20 . . . 44.3 ± 6.6
30 . . . 54.2 ± 8.4
50 . . . 39.8 ± 6.4
80 52.03 ± 4.22 . . .
100 44.32 ± 2.97 27.9 ± 4.5
150 37.60 ± 2.50 . . .
200 30.47 ± 2.80 . . .
250 24.49 ± 3.20 . . .
300 20.48 ± 1.88 . . .
350 16.73 ± 0.57 . . .
400 15.06 ± 1.63 . . .

only exception to this is at 30 eV, where a structurelike feature
appears in the “hybrid” TCS. That feature arises solely from the elas-
tic ICS of Khakoo et al.,14 which displays a similar result that is not
physical but rather is an artefact of their extrapolation of the mea-
sured 30 eV DCS to 0○ and 180○ prior to integration to derive the
ICS. Nonetheless, the general behavior in Fig. 2, where the magni-
tude of the TCS increases as the incident electron energy decreases,
is entirely consistent with the polar nature of 1-butanol and that
it possesses a dipole polarizability of quite significant magnitude.28

There is, however, a mismatch in terms of the magnitudes of their
TCSs, with the “hybrid” TCS typically being systematically lower
in value compared to that of the present measurement. Interest-
ingly, although we do not explicitly plot this in Fig. 2, the present
IAM-SCAR+I elastic ICS and the elastic ICS from Khakoo et al.,14

over the common energy range 1–100 eV, are typically, to within
the cited uncertainties on the Khakoo et al. results, in very good
agreement with the notable exceptions being at 30 eV where the
Khakoo et al. ICS is a little too high and 100 eV where the Khakoo
et al. result is lower in magnitude. This latter observation is a little
counterintuitive, as the IAM-SCAR+I result would be expected to
perform better at higher energies which, therefore, suggests a prob-
lem with the Khakoo et al. elastic ICS result at 100 eV. However,
we do not believe that this observation indicates any short com-
ings with the measured DCS of Khakoo et al.,14 rather, it reflects
the difficulty in extrapolating DCS measured over a finite scattered
electron angular range to 0○ and 180○ before integrating. As the
100 eV elastic ICS of Khakoo et al. is too low in magnitude, this
also carries through to the “hybrid” TCS being somewhat lower
in magnitude at 100 eV. In addition, of course, the fact that our
“hybrid” TCS is ignoring open scattering channels such as rotational,
vibrational, electronic-state, DEA, and neutral dissociation must
also contribute to the discrepancy in magnitude that we observe
in Fig. 2. If, again at 100 eV, we were to add from Table I the
IAM-SCAR+I result for the sum over all inelastic channels (except
rotations and vibrations) to the Born ICS for rotational excitation,
to the “hybrid” TCS in Table II, then the level of accord found
with our measured TCS improves quite a bit. This observation sug-
gests that those scattering channels are contributing relatively more
to the TCS for 1-butanol than we have found previously for other
targets.54–56

We can now compare in Fig. 2 our IAM-SCAR+I TCS to
our measured TCS. It is apparent that generally a fair accord, in
terms of both the energy dependence of the TCS and its magni-
tude, is found between them. However, the level of accord seen in
Fig. 2 for 1-butanol is not as impressive as that found previously for
1-propanol.25 This suggests that our screening and interference cor-
rection terms for 1-butanol, to the IAM method, have not been as
effective here as they were in 1-propanol.25 Also plotted in Fig. 2
are TCS results from the parametric models of García and Manero57

and Zecca and colleagues.58,59 In the former case [see their Eq. (5)],
García and Manero parameterize the TCS as a function of energy
in terms of α (dipole polarizability) and Z (atomic number). It is
apparent from Fig. 2, however, that while their approach57 does a
very good job in reproducing the shape of the TCS, it underesti-
mates its magnitude over all energies. On the other hand, the two
parameter (σ0 and B) fit of the model of Zecca and colleagues58,59

reproduces very well the present TCS. Nonetheless, it must be noted
that σ0 and B have no real physical meaning, and they are simply
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FIG. 2. Plot showing a selection of the
electron–1-butanol scattering cross sec-
tions (×10−16 cm2). The present mea-
sured TCS (red filled circle), a “hybrid”
TCS (black filled square), and the TCS
from our IAM-SCAR+I calculations (pink
dashed line) are plotted. Also shown
are TCS results using the parametric
forms of García and Manero57 (brown
dashed-dotted line) and Zecca and col-
leagues58,59 (green dashed line). The
IAM-SCAR+I TICS (blue solid line) and
measured TICS data from Ghosh et al.2

(brown filled triangle) are additionally
plotted.

fitting parameters so that the observed level of agreement is not sur-
prising. Indeed, all we can really say about the intermediate energy
parameterization of Zecca and colleagues is that it represents well
the energy dependence of the measured TCS in 1-butanol, as it did
previously for many other molecules.58,59

In terms of constructing a cross section database, for model-
ing or simulation studies in 1-butanol, then the results embodied
in Fig. 2 are quite encouraging. First, we see that the measured
TICS from Ghosh et al.2 and our IAM-SCAR+I TICS are in good
accord. Second, we also find that over the common energy range,
the present experimental TCS and our calculated IAM-SCAR+I TCS
are in pretty good accord. As noted earlier, although not explicitly
shown, the agreement between our elastic IAM-SCAR+I ICS and
the corresponding measured elastic ICS from Khakoo et al.14 is also
very good. Given that IAM-SCAR+I computations are providing
good estimates for the elastic, ionization, and total cross sections,
it is reasonable to infer that their values for the sum over all inelastic
integral cross sections are also realistic. Hence, it would appear that
the makings of a cross section database for simulating electron trans-
port in 1-butanol is coming together. Of course, it would be highly
desirable if those inelastic processes could be separated out, with
the measurement of absolute DEA cross sections and electronic-
state cross sections being important. Similarly, specific measure-
ments or calculations for vibrational-excitation ICS would be cru-
cial60 before any complete 1-butanol database could be assembled. In
addition, extensions to lower energies where resonance effects may
be important16,17 are also needed.

Finally, let us now consider Fig. 3 which shows all the UFJF
total cross section results for electron scattering from the linear pri-
mary alcohols methanol,24 ethanol,24 1-propanol,25 and 1-butanol.
It is immediately apparent from Fig. 3 that as the length of the

primary alcohol chain increases, at any given incident electron
energy, the TCS increases. We had previously noted in our Intro-
duction that α1-butanol > α1-propanol > αethanol > αmethanol. As the dipole
polarizability in some sense measures the spatial extent of the target
molecular electron cloud, the trends in Fig. 3 make good qualita-
tive sense. Namely, the bigger the molecular charge cloud, the more
likely the incident electron will interact with it, leading to scattering
and, therefore, the larger the TCS will be. So in this sense, the results
in Fig. 3 are almost classical in nature in that the larger is the target
you are aiming at the more likely it is that you will hit it! To further
probe this notion about the role of the dipole polarizability on the
electron scattering dynamics of the primary alcohols, in Fig. 3, we
have also plotted curves for ethanol, 1-propanol, and 1-butanol that
are obtained from the relationship

TCSi(E) =
αi

αmethanol
TCSmethanol(E), (3)

where i = ethanol, 1-propanol, and 1-butanol, α are the respective
dipole polarizabilities,28 and the TCSmethanol(E) is taken from Silva
et al.24 Note that we have done this for E ≿ 70 eV. Equation (3)
affords a good qualitative description of the respective ethanol,
1-propanol, and 1-butanol TCSs. Indeed for the ethanol TCS, Eq. (3)
actually provides a good quantitative description of that cross sec-
tion. However, particularly as you approach 70 eV, there is a notice-
able difference in magnitude between the measured TCS24,25 of 1-
propanol and 1-butanol and the data generated using Eq. (3). There
has been quite a lot of work in the positron scattering community,33

at the TCS level, particularly from the Yamaguchi61 and Trento
groups,62–64 in comparing the positron and electron scattering TCS
for a given molecule. That work invariably found that at some energy
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FIG. 3. Comparison of TCS
(×10−16 cm2) measured at UFJF24,25

for methanol (blue filled triangle), ethanol
(turquoise filled diamond), 1-propanol
(red filled circle), and 1-butanol (black
filled square). Also plotted are data we
have derived from Eq. (3), for ethanol
(turquoise solid line), 1-propanol (red
dashed line), and 1-butanol (black
dashed line). See text for further details.

the TCS for the two leptons merged. The rationale behind that obser-
vation was that above this energy both the exchange interaction
(in the case of incident electrons) and the positronium formation
interaction (in the case of incident positrons) became negligible.
The actual value of energy where the positron and electron TCSs
merged was molecule specific, but it was always greater than 100 eV.
We believe that, at least in part, one of the reasons Eq. (3) fails
to reproduce the TCS for 1-propanol and 1-butanol is simply that
the exchange interaction is still playing an important role in their
scattering dynamics above 70 eV and up to about 350 eV. The
fact that Eq. (3) does provide a good description of the measured
TCS for 1-propanol and 1-butanol above 350 eV, where electron
exchange is expected to be a very small effect, supports our asser-
tion here. As Eq. (3) does not account for electron exchange, we
see that it underestimates the measured TCS magnitudes with the
extent of that underestimation increasing as you approach 70 eV.
Furthermore, the extent of the disagreement at a given energy below
350 eV increases as you go from 1-propanol to 1-butanol. This latter
observation also supports our hypothesis because 1-butanol contains
more target electrons to exchange with the target projectile, com-
pared to 1-propanol, so that if exchange were an important consider-
ation, here you would anticipate its effect to be stronger in 1-butanol
than 1-propanol as we observe (see Fig. 3). Of course, the polar
nature of the primary alcohols must also be playing a role in what
we observe in Fig. 3. While we had previously noted that the val-
ues of µ for methanol, ethanol, 1-propanol and 1-butanol all lie in a
narrow range between 1.55 and 1.70 D, they are indeed a little differ-
ent in each case so that it is reasonable to expect that their influence
on the scattering dynamics will also be somewhat different in each
case.

IV. CONCLUSIONS

We have reported results on total cross section measure-
ments and IAM-SCAR+I computations for electron scattering from
1-butanol. In addition, IAM-SCAR+I results for the elastic ICS,
sum over all inelastic ICS and TICS,2 and a Born cross section
for rotational excitation have been reported. Both the theoretical
and experimental TCS exhibited the property that the magnitude
of the TCS increased as the incident electron energy decreased, a
behavior consistent with the important role played by the target
molecule physicochemical properties, such as the dipole moment
and dipole polarizability, in the scattering process. By consider-
ing the measured TCS results, for methanol, ethanol, 1-propanol,
and 1-butanol,24,25 from UFJF, we were also able to tie down
the very important role of the dipole polarizability in their elec-
tron scattering dynamics. However, contributions to their TCS
due to electron exchange and the permanent dipole moments of
these polar species were also apparent from considering those TCS
trends.

While the cross sections presented in this paper, and those
from Ghosh et al.2 and Khakoo et al.,14 go part of the way toward
realizing a database that fulfills the criteria of Tanaka et al.11 for sim-
ulation and modeling studies, further experimental and theoretical
work is clearly required. In particular, specific measurements and/or
calculations for vibrational excitation and discrete electronic-state
excitation, as well as absolute DEA data, at energies approaching
threshold as well as at intermediate energies, are required. Nonethe-
less, the database as it currently stands should permit some prelimi-
nary electron transport studies, in the linear primary alcohols, to be
undertaken.
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