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Isomerism is ubiquitous in chemistry, physics, and biology. In atomic and molecular physics, in
particular, isomer effects are well known in electron-impact phenomena; however, very little is
known for positron collisions. Here we report on a set of experimental and theoretical cross sections
for low-energy positron scattering from the three structural isomers of pentane: normal-pentane,
isopentane, and neopentane. Total cross sections for positron scattering from normal-pentane and
isopentane were measured at the University of Trento at incident energies between 0.1 and 50 eV.
Calculations of the total cross sections, integral cross sections for elastic scattering, positronium
formation, and electronic excitations plus direct ionization, as well as elastic differential cross
sections were computed for all three isomers between 1 and 1000 eV using the independent atom
model with screening corrected additivity rule. No definitive evidence of a significant isomer effect
in positron scattering from the pentane isomers appears to be present. C 2016 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4942472]

I. INTRODUCTION

Investigations of lepton scattering with groups of
structurally and chemically related molecules provide an
opportunity to gain insights into the dynamics of the collisional
process that is less apparent than in studies on just a single
target (Bettega et al., 2010). Isomeric molecules represent one
of those groups, as they share the same molecular formula but
come in different structural configurations. Isomers typically
possess different physico-chemical properties, unless they
share the same functional groups, and these can affect their
interaction with other systems and the environment in different
ways (Petrucci et al., 2002). Isomer effects are well known,
especially in organic chemistry, optical physics, and biology
(Smith, 2010). In the field of atomic and molecular collisions,
in particular, different isomers are expected to affect the
fundamental interactions driving the scattering process in
different ways (Bettega et al., 2010). An examination of the
isomer effect in the electron and positron scattering dynamics
is relevant for applications such as the determination of
complex molecular structures (Kimura et al., 2000). There
are several studies which back the existence of a clear
isomer effect, especially at low incident energies, in the
cross sections for electron scattering from isomeric molecules
such as butanol (Bettega et al., 2010), the halocarbons
C4F6 (Szmytkowski and Kwitnewski, 2003b) and C2H2Cl2

a)Author to whom correspondence should be addressed. Electronic mail:
luca.chiari@rs.tus.ac.jp.

(Kossoski et al., 2011), the hydrocarbons C3H4 (Nakano
et al., 2002; Szmytkowski and Kwitnewski, 2002b; Lopes
and Bettega, 2003; Makochekanwa et al., 2003; Sanchez
et al., 2005; and Lopes et al., 2006), C3H6 (Mott and Massey,
1965; Floeder et al., 1985; Nishimura and Tawara, 1991;
Winstead et al., 1992; Szmytkowski and Kwitnewski, 2002a;
Makochekanwa et al., 2005; 2008; and Tan et al., 2007),
C4H6 (Szmytkowski and Kwitnewski, 2003a and Lopes et al.,
2004a), C4H8 (Lopes et al., 2004b and Bettega et al., 2006),
and C4H10 (Floeder et al., 1985; Lopes et al., 2004b; and
Bettega et al., 2007), as well as five-membered heterocyclic,
aromatic compounds (Kossoski and Bettega, 2013). On the
other hand, very little is known about the interaction of
positrons with isomers, with just a few investigations for
hydrocarbons (Floeder et al., 1985; Kimura et al., 2000;
Makochekanwa et al., 2003; 2008; Sueoka et al., 2005; and
Nunes et al., 2015) and chiral enantiomers (Chiari et al.,
2012a) being available. Hence, while the isomer effect seems
quite distinct in low-energy electron collisions, it is not yet
apparent in positron scattering processes.

Isomers come in two main forms, constitutional
(structural) or spatial isomers (stereoisomers), with many
different subclasses such as enantiomers and diastereomers
(Smith, 2010). The pentane molecule (C5H12), an alkane with
five carbon atoms, is an example of a structural isomer
where the atoms may come in three different positional
configurations: normal-pentane (n-pentane), isopentane, and
neopentane (see Fig. 1). The interesting aspect of this
group of isomers is that they possess very similar values
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FIG. 1. Schematic structure of the three constitutional isomers of pentane: (from left to right) n-pentane, isopentane, and neopentane.

for their most significant physico-chemical properties, such
as their permanent dipole moment (isopentane is slightly
polar whereas n-pentane and neopentane are non-polar), static
dipole polarizability, molecular diameter, and first ionization
energy (see Table I). This might be due to the presence of the
same functional groups in those three isomers despite their
different structures. Given this similarity in their properties,
the pentane isomers possibly represent one of the most suitable
set of targets to carry out a stringent test for the isomer effect
in lepton scattering. In particular, it would be interesting
to check whether the shape and magnitude of the cross
sections measured by lepton impact reflect that similarity or
if the dissimilar geometry of the molecules plays any role,
for instance, in the angular distributions. Unfortunately, very
little data exist in the literature for electron scattering from the
pentanes and are typically limited to n-pentane only (Freeman
et al., 1979; Floriano et al., 1986; Kimura et al., 2000; and
Fedus et al., 2015). With respect to positron collisions, there
is only one earlier study by Kimura et al. (2000) on normal-,
iso-, and cyclo-pentane (note that the latter is not an isomer
of pentane, despite its name). However, in that review paper,
only the data for n-pentane were reported. Therefore, previous
work on isomer effects for lepton scattering from the pentane
molecules has been limited and the results inconclusive.

In order to improve the situation for positron collisions
with isomeric molecules, we have conducted an extensive
experimental and theoretical investigation into positron
scattering from the pentane isomers. Total cross sections
(TCSs) for n-pentane and isopentane were measured using the
positron spectrometer at the University of Trento in the energy
range between 0.1 and 50 eV. In order to complete the data set
for the pentane isomers and compare to the experimental data,

TABLE I. Some important physico-chemical properties of the pentane iso-
mers: permanent dipole moment (µ), static dipole polarizability (α), hard-
sphere diameter (D), first ionization energy (IP), and Ps formation threshold
energy (Ps).

Isomer µ (D) α (a.u.) D (Å) IP (eV) Ps (eV)

n-pentane 0.006a 67.42b 5.575c 10.35d 3.55
Isopentane 0.13e 68.36f 5.609c 10.32d 3.52
Neopentane 0 68.83g 5.501c 10.35d 3.55

aLewis (1989).
bMaryott and Buckley (1953).
cBen-Amotz and Herschbach (1990).
dWatanabe et al. (1962).
eMopsik (1969).
f Bosque and Sales (2002).
gApplequist et al. (1972).

calculations of the TCSs, the elastic integral cross sections
(ICSs) and differential cross sections (DCSs), the positronium
(Ps) formation cross sections, and the ICSs for the electronic
excitations plus direct ionization were also performed for
all three molecules using the independent atom model with
screening corrected additivity rule (IAM-SCAR) at impact
energies from 1 to 1000 eV.

The remainder of this paper is organized as follows. In
Section II, we outline the present experimental techniques
and in Section III, our theoretical method and computational
procedures are described. Our results are then presented and
discussed in Section IV. Finally, in Section V, we draw some
conclusions from the findings of the present study.

II. EXPERIMENTAL DETAILS

The TCSs for positron scattering from n-pentane and
isopentane were measured using the now decommissioned
positron spectrometer at the University of Trento. That
apparatus, as well as the experimental procedures and data
analysis techniques, was comprehensively described in our
earlier studies (see, e.g., Zecca et al., 2011a). Therefore we
do not repeat those details here and just briefly summarize
the main aspects of the experiment. A low-energy positron
beam is generated by a radioactive 22Na source (activity ∼1.3
mCi) in conjunction with a 1 µm-thick W moderator (Zecca
et al., 2010). The positrons are transported and focused using
electrostatic optics and a weak axial magnetic field (B ≈ 12 G)
into the scattering cell where they interact with the target
molecules. The transmitted positrons are then detected using
a channel electron multiplier.

The TCSs are determined using the Beer-Lambert law
(see Equation (1) in the work of Zecca et al. (2011a))
from measurements of the transmitted positron intensity and
the pressure in the scattering chamber in the presence and
absence of the target vapor. Knowledge of the length of the
interaction region and measurements of the temperature of
the target are also required. The TCSs are corrected for some
instrumental effects that inevitably affect the measurements,
such as the thermal transpiration effect (<3%) and the
positron effective path length increase (<6%) due to their
gyration in the applied magnetic field. Double scattering
events are minimized by controlling the target pressure such
that the transmittance of the beam is kept above 0.7. Prior
to beginning new measurements on each target, preliminary
data were collected using reference targets, such as the noble
gases (Zecca et al., 2011b; 2012a; 2012b; and Chiari and
Zecca, 2014) or molecular nitrogen (Zecca et al., 2011a),
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to confirm the validity of our experimental procedures. The
present measurements used high-purity n-pentane (>99%)
and isopentane (>99.5%) purchased from Sigma-Aldrich.

The energy distribution and the energy zero of the positron
beam are determined through a retarding potential analysis
(RPA) of the incident beam, without the target vapor in
the chamber. The RPA measurements show that the energy
resolution of the beam is ∼0.25 eV (full width at half
maximum, FWHM) and allow us to determine the zero of
the energy scale to within ±0.05 eV. The measured TCSs
are convoluted over the energy distribution of the positron
beam. However, this effect is only expected to be important at
incident energies below ∼0.5 eV.

The TCSs measured at Trento are uncorrected for the
forward angle scattering effect (Sanz et al., 2013a). Therefore,
they represent a lower bound on the “true” TCS values. The
extent of the forward scattering correction can be estimated if
the angular discrimination of the spectrometer as a function
of the incident energy is known and the elastic DCSs for the
target of interest are available. This effect is anticipated to
be more significant for polar molecules, such as isopentane
(see Table I), given the more forward-peaked DCSs of those
targets. Whilst the missing angle in the Trento spectrometer
can be estimated at different impact energies (Zecca et al.,
2011a), elastic DCSs can be calculated, for instance, using
our theoretical approach (see Section III). Using those
IAM-SCAR elastic DCSs for pentane, and elastic DCSs
averaged over the rotational excitations for isopentane, we
corrected our measured TCSs for n-pentane and isopentane
at a few selected impact energies. The forward scattering
correction is smaller than 6% for pentane (Fig. 2) and <7% for
isopentane (Fig. 3) between 1 and 50 eV. However, given the
lack of experimental DCSs or independently computed DCSs
for pentane and isopentane, against which we might validate
our calculations, we have not documented our estimates for
the forward scattering correction at all incident energies.

FIG. 2. Present experimental TCSs for positron scattering from n-pentane.
The TCSs corrected for the forward angle scattering effect (see text) are
given at selected incident energies. The IAM-SCAR calculations of the TCS,
the elastic ICS, the Ps formation cross section, and the ICS for electronic
excitations plus direct ionization are also shown. In addition, the experimental
TCSs of Kimura et al. (2000) are plotted. See the legend in the figure for
details.

FIG. 3. The present measured TCSs for positron collisions with isopentane
are shown together with the corresponding values corrected for the forward
angle scattering effect (see text) at selected incident energies. The TCS, the
elastic ICS, the Ps formation cross section, the ICSs for electronic excita-
tions plus direct ionization and the rotational excitations computed using the
IAM-SCAR method are also shown. See the legend in the figure for details.

Both TCS measurements on n-pentane and isopentane
cover the positron impact energy range from 0.1 to 50 eV.
The statistical uncertainties on the TCS values for n-pentane
are typically <4%, whereas for isopentane they are <5%.
Systematic sources of uncertainty in the experiments include
the errors in the pressure and temperature measurements
(<1% each), in the approach used for the thermal transpiration
correction (<3%) and in the length of the scattering region and
its correction for the effective positron path length (<3.5%).
Hence, the overall errors on the TCSs are estimated to range
between 5% and 7% for both n-pentane and isopentane.

III. THEORY AND COMPUTATIONAL DETAILS

The IAM-SCAR method was developed by Blanco and
García (2009) and has been recently applied to numerous
calculations of electron (see, e.g., Chiari et al., 2013a; 2014a;
and Sieradzka et al., 2014) and positron (e.g., Sanz et al.,
2013b; Anderson et al., 2014; and Chiari et al., 2015)
scattering cross sections from a variety of large polyatomic
molecules and over an extensive impact energy range, typically
from 1 to 1000 eV. Therefore, here we only briefly summarize
the prominent aspects of this approach. The interested reader
may refer to our previous work (Chiari et al., 2012b) for
a complete description of the individual components of the
scattering potential employed in the present calculations. Our
formalism is based on an atomic optical potential model for
the individual atoms of the target molecule, that is, hydrogen
and carbon. The local complex potential is given by

V(r) = Vs(r) + Vp(r) + iVa(r) . (1)

The real part of Eq. (1) drives the elastic scattering process
and includes Vs(r), the electrostatic potential, and Vp(r), the
polarization potential. The imaginary part Va(r) represents the
inelastic processes that are considered as absorptions of flux
from the incident positron beam. The static potential stems
from the charge density obtained from Hartree-Fock atomic
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wavefunctions, using a similar procedure to that employed
by Reid and Wadehra (1994; 1996; 1997). The dipole plus
quadrupole polarization potential was developed from that
reported by McEachran et al. (1977), while the absorption
potential accounts for the electronic excitations, Ps formation,
and direct ionization. The Ps formation channel is modelled
here using the phenomenological approach adopted by
Chiari et al. (2012b).

The additivity rule (AR) is then applied to the optical
model results for each constituent atom in order to
calculate the cross sections for positron scattering from the
pentane molecules. In this approach, the molecular scattering
amplitude stems from the sum of all the relevant atomic
amplitudes, including the phase coefficients, which gives the
DCSs for the molecule of interest. ICSs can then be determined
by integrating those DCSs, with the sum of the elastic and
absorption ICSs (for all inelastic processes except rotations
and vibrations) then giving the TCS. The geometry of the
molecule (atomic positions and bond lengths) is taken into
account by using some screening coefficients which possibly
extend the validity of this model down to impact energies of
30 eV or lower.

The IAM-SCAR approach described above does not
account for vibrational and rotational excitations. However,
for polar molecules such as isopentane (see Table I), additional
dipole-induced excitation cross sections can be calculated in
the framework of the first Born approximation. These results
can then be incorporated into our IAM-SCAR calculation in
an incoherent way, just by adding up the cross sections as
independent channels. The complete approach has already
been described in detail (Chiari et al., 2014b) and proved to
be quite successful when applied to some polar molecules
(see, e.g., Sanz et al., 2013b and Chiari et al., 2013b).

IV. RESULTS AND DISCUSSION

A. n-pentane

We show in Fig. 2 the present measured TCSs for positron
scattering from n-pentane. The corresponding numerical
values are reported in Table II. We see that the TCS decreases
monotonically in magnitude as a function of the incident
energy except for a small bump centered at around 6 eV,
which is likely to arise from the opening of the Ps formation
channel (see Table I). This TCS behavior is not surprising as
we have observed similar trends in our earlier investigations
on positron collisions with non-polar polyatomic molecules
(e.g., Bettega et al., 2012; Chiari et al., 2013c; and 2014c). In
those studies, we mainly ascribed that kind of behavior in the
TCS to the attractive dipole interaction between the incident
positron and the target molecule, which can overcome the
Coulomb repulsion at those low impact energies. However,
we note that the presence of a virtual state for positron binding
at very low energies was also found to contribute to the sharp
increase in the TCS for some of those targets (Bettega et al.,
2012; Zecca et al., 2012c; and Chiari et al., 2013c). The very
low-energy behaviour of the TCSs plotted in Fig. 2 seems
to suggest the presence of a virtual state for the positron-n-
pentane scattering system as well. Unfortunately, the range of

TABLE II. Present measured TCSs for positron scattering from n-pentane.
The errors represent the overall uncertainties on the TCSs.

Energy (eV) TCS (10−20 m2) TCS error (10−20 m2)

0.10 100.83 7.06
0.20 89.22 6.25
0.30 88.38 6.19
0.40 83.81 5.87
0.50 78.89 5.52
0.70 69.64 4.87
1.00 66.83 4.01
1.25 61.14 3.67
1.50 56.31 3.38
1.75 52.46 3.15
2.00 47.62 2.86
2.50 45.77 2.75
3.00 43.68 2.62
3.50 41.73 2.50
4.00 40.08 2.40
4.50 39.48 2.37
5.00 39.36 2.36
5.50 39.92 2.40
6.00 40.35 2.42
7.00 39.00 2.34
8.00 37.41 2.24
9.00 36.57 2.19
10.00 35.89 1.79
12.50 35.21 1.76
15.00 34.58 1.73
17.50 33.05 1.65
20.00 31.97 1.60
25.00 32.58 1.63
30.00 31.22 1.56
35.00 30.63 1.53
40.00 30.21 1.51
45.00 30.91 1.55
50.00 31.04 1.55

validity of the present IAM-SCAR formalism does not allow
us to investigate the presence of any potential virtual states
in the calculated TCS (see below). Hence the aforementioned
speculation cannot be ascertained. The TCSs corrected for
the forward angle scattering effect (see Section II) at some
selected impact energies are also plotted in Fig. 2. As the
corrections are small, they have little effect on the shape of
the TCS.

The IAM-SCAR calculations of the TCS, elastic ICS, Ps
formation cross section, and ICS for the electronic excitations
plus direct ionization for positron impact with n-pentane are
also shown in Fig. 2. Overall the theoretical TCS displays a
qualitatively similar trend to the experimental data; however
its magnitude is generally larger except between 5 and 8 eV.
Below ∼5 eV the discrepancy between theory and experiment
might be explained by an insufficiently low forward scattering
correction to the measured TCSs and/or by the IAM-SCAR
method not being fully valid at those very low incident
energies. At energies above ∼10 eV, we observe that the
maximum in the IAM-SCAR ICS for the electronic excitations
plus direct ionization has almost the same magnitude as the
measured TCS. This is clearly unphysical given that other
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channels, such as elastic scattering and Ps formation, are
also open at those energies. Hence, we believe that the
IAM-SCAR calculation might be somewhat overestimated
at energies just above ∼10 eV. We also note that the onset of
the IAM-SCAR Ps formation cross section occurs at a little
higher energy than the known experimental value (Table I).
A similar observation was made in our earlier investigations
(e.g., Chiari et al., 2014c and 2015) and was attributed to a
limitation in our phenomenological approach to Ps formation.
This effect probably also contributes to the overestimation of
the IAM-SCAR TCS at energies above ∼8 eV.

In Fig. 2, we additionally plot the only previous TCS for
n-pentane as measured by Kimura et al. (2000). That
TCS shows a very good level of accord with the
present experimental data (to within the combined overall
uncertainties) at incident energies between about 6 eV and the
highest energy measured in Trento. Below that energy range
the two data sets diverge in shape and magnitude, most likely
because of a larger forward angle scattering effect affecting
the earlier measurements of the Japanese group at those low
energies. As discussed in detail by Hamada and Sueoka (1994),
that effect for the Yamaguchi University spectrometer is the
largest at very low energies and becomes less significant as
the impact energy is increased. It is, therefore, not surprising
to see in Fig. 2 that at higher energies (>100 eV) the present
IAM-SCAR TCS is in excellent agreement with the data of
Kimura et al. (2000). This observation also likely confirms the
validity of the present theoretical formalism at those incident
energies.

B. Isopentane

We present in Fig. 3 our experimental TCSs for positron
scattering from isopentane and give the corresponding list
of tabulated values in Table III. We find a very similar
picture to that just described for n-pentane (see Fig. 2), i.e.,
a monotonically decreasing TCS as the energy is increased
with a slight hump at around 6 eV. However, in this case,
the small permanent dipole moment of isopentane might
also contribute to the overall attractive interaction between
the incident positron and the target molecule, which is
responsible for the shape of the low-energy TCS. We also
show in Fig. 3 the measured TCSs after correction for the
forward scattering effect (see Section II) at a few selected
energies. That correction is again not significant here and
slightly changes the shape of the TCS at the lowest energies
only.

The IAM-SCAR results for the TCS, elastic ICS, Ps
formation cross section, ICSs for the electronic excitations
plus direct ionization and the rotational excitations for iso-
pentane are also shown in Fig. 3. The overall qualitative
behavior of this TCS is similar to that of the experimental
data, i.e., it decreases in magnitude as a function of the energy
with a brief increase in the cross section around the opening
of the inelastic channels. In addition, the comparison of the
IAM-SCAR and measured TCSs for isopentane shows a very
similar picture to that seen in Fig. 2 for n-pentane. Hence the
differences observed between theory and experiment in Fig. 3
can be explained in an analogous manner.

TABLE III. Present experimental TCSs for positron collisions with isopen-
tane. The errors represent the overall uncertainties on the TCSs.

Energy (eV) TCS (10−20 m2) TCS error (10−20 m2)

0.10 92.54 6.48
0.20 87.62 6.13
0.30 83.19 5.82
0.40 79.34 5.55
0.50 72.96 5.11
0.70 68.04 4.76
1.00 63.74 3.82
1.25 57.82 3.47
1.50 55.63 3.34
1.75 52.43 3.15
2.00 48.45 2.91
2.25 47.81 2.87
2.50 46.15 2.77
3.00 43.91 2.63
3.50 42.83 2.57
4.00 41.93 2.52
4.50 41.12 2.47
5.00 40.43 2.43
5.50 39.92 2.40
6.00 40.36 2.42
6.50 39.42 2.37
7.00 38.83 2.33
7.50 38.57 2.31
8.00 37.51 2.25
9.00 36.47 2.19
10.00 36.60 1.83
11.00 36.13 1.81
12.50 35.72 1.79
15.00 34.55 1.73
17.50 32.66 1.63
20.00 32.93 1.65
25.00 33.06 1.65
30.00 31.44 1.57
35.00 30.92 1.55
40.00 31.40 1.57
45.00 31.07 1.55
50.00 30.37 1.52

C. Neopentane

Figure 4 shows the present IAM-SCAR computations
of the TCS, elastic ICS, Ps formation cross section, and
inelastic ICS (accounting again for the electronic excitations
and direct ionization) for positron collisions with neopentane.
The behavior of all those cross sections is very similar to that
of the corresponding IAM-SCAR cross sections for n-pentane
and isopentane (see Figs. 2 and 3). That is, the TCS again
displays a monotonic decrease in magnitude as a function of
the energy, up to the opening of the first inelastic channel, then
rises up to a relative maximum at ∼20 eV before falling in
magnitude again. Similar to n-pentane (see Section IV A), the
presence of a virtual state for very low-energy positron binding
to neopentane might also contribute to the TCS behaviour
observed in Fig. 4. However, as explained in Section IV A,
the nature of our IAM-SCAR approach does not enable us to
check the presence of such a virtual state in the calculations.
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FIG. 4. Present IAM-SCAR results for positron impact with neopentane. The
TCS, elastic ICS, Ps formation cross section, and the ICS for the electronic
excitations plus direct ionization are shown. See the legend in the figure for
details.

Unfortunately, there is no experimental data for neopentane
against which we can compare our theoretical results.

D. Comparison of the three isomers: Isomer effect

We now compare the experimental and theoretical cross
sections for the three pentane isomers in order to understand
whether or not an isomer effect is present in the cross sections
for those targets. As the most significant physico-chemical
properties of the pentane isomers are very similar to each
other (see Table I), it might be reasonable to ascribe any
significant discrepancies in their cross sections (if any) to
their different geometrical structures playing a major role in
the scattering dynamics.

In Fig. 5, we compare the present experimental and
theoretical TCSs for the three pentane isomers. The measured
TCSs for n-pentane and isopentane appear to be consistent
with each other to within the uncertainties on the data at all
incident energies. The TCSs for the three isomers computed

FIG. 5. Comparison of the present TCSs for positron scattering from the
three pentane isomers. The experimental TCSs for n-pentane and isopentane
are shown together with the IAM-SCAR TCSs for each of the three isomers.
See the legend in the figure for details.

using the IAM-SCAR method overlap with each other except
at the lower energies. Specifically, below ∼5 eV, the TCS
for neopentane appears to slightly deviate from the results
of the other two calculations. However, given that we do
not expect the IAM-SCAR approach to be fully valid at
those low incident energies, the aforementioned discrepancy
might as well be considered to be within the reliability
on those calculations and not be necessarily related to any
underlying physical effect. In conclusion, we believe that no
significant isomer effect seems to be apparent in the TCSs,
either experimental or theoretical, for positron collisions with
the pentane isomers.

A perhaps more stringent test of the presence of any
isomer effects in positron scattering from these molecules
may be offered by the comparison of their Ps formation cross
sections, or their angular distributions for elastic scattering.
The Ps formation cross sections for the three pentane isomers
calculated using the IAM-SCAR method are reported in Fig. 6.
Those cross sections are almost identical to each other in both
shape and magnitude. Given the semi-empirical approach we
use to incorporate Ps formation into the model, this result
is possibly inherent to the way the computation is set up.
An exception to the good agreement observed for the three
molecules might be found at their peak at around 10 eV, where
the cross section for n-pentane seems to be just slightly larger
in magnitude than the other two cross sections. However,
given the limitations of our IAM-SCAR formalism for this
scattering channel, that we mentioned earlier, we believe
that the aforementioned difference lies also well within the
reliability of the computations.

Figure 7 shows a comparison of the elastic DCSs for
the three pentane isomers, calculated using the IAM-SCAR
approach, at six selected impact energies between 1 and 50 eV.
All the DCSs show a forward-peaked shape which is typical
of polar molecules (see, e.g., Tattersall et al., 2014; Chiari
et al., 2013a, 2013d; and Palihawadana et al., 2013) and
become more isotropic as the incident positron energy is
decreased. Note that the DCSs for isopentane are averaged
over the rotational excitations, whereas those for the other

FIG. 6. Comparison of the present Ps formation cross sections for positron
scattering from the pentane isomers calculated with our IAM-SCAR
approach. See the legend in the figure for details.
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FIG. 7. The present elastic DCSs for positron scattering from the pentane
isomers computed using the IAM-SCAR formalism are shown at selected
incident energies: (a) 1, (b) 2, (c) 5, (d) 10, (e) 20, and (f) 50 eV. Note that the
elastic DCSs for isopentane are averaged over the rotational excitations. See
the legend in the figure for details.

two isomers are not given that they are non-polar. For this
reason the DCSs for isopentane become very forward peaked
below ∼10◦ at all energies, unlike those for n-pentane and
neopentane. Except in this very forward angular range, the
DCSs for the three isomers basically overlap in value with
each other at incident energies up to 5 eV. However, at
energies greater than 10 eV, some slight differences in the
shape and magnitude of the three DCSs become apparent at
the intermediate angles. It also seems that those differences
become somewhat larger as the impact energy is increased
(note the cross section axis log-scale). Remembering our
caveat about the validity of the IAM-SCAR method at those
low incident energies, it is unclear whether those differences
in the DCSs can be definitively attributed to an isomer effect or
not. At 10 eV, they are most likely to be within the confidence
bound on the calculations. However, at 20 and 50 eV, the
differences between the DCS for neopentane and those for
n-pentane and isopentane might originate, at least in part,
from the different structures of the molecules. In fact, whereas
neopentane possesses spherical-like symmetry, the other two
isomers do not (see Fig. 1). Although this possible isomer
effect is found to be not so large here, it does appear to be
non-negligible.

Consistent with the view of Kimura et al. (2000), the
reason for a weak isomer effect here might be due to the
relatively large size of the pentane molecular systems, so
that there are many electrons and bonds that can effectively
“smear out” the effect. The lack of an isomer effect for the
pentane molecules might also be traced back to the absence
of a bond effect, i.e., the nature of the C–C bonding. In
electron collisions with saturated (C–C single bonds only)
versus unsaturated (double or triple bonds) isomers, it is
known that the presence of one or more double or triple bonds
results in the appearance of low-energy π∗ shape resonances in
the unsaturated isomers (Makochekanwa et al., 2005). Given
that all the three pentane isomers are saturated compounds
(see Fig. 1), one can therefore expect no bond effect in the
lepton scattering from those targets. This is exactly what we

find here. Furthermore, it has been shown that the angular
distributions for electron scattering from branched versus
straight chain isomers are affected by the nature of the chain
system (Bettega et al., 2010). Specifically, the DCSs show a
different scattering behaviour (d-wave versus f -wave) around
the region of the broad resonance, depending on the type of
molecular chain (branched versus straight, respectively). It is,
therefore, intriguing to note that the present elastic DCSs for
positron collisions with the three pentane isomers are very
similar to each other at all energies, despite the fact that
n-pentane is a straight chain system whereas isopentane and
neopentane are branched chain systems.

E. Comparison of the homologous series
of molecules CnH2n+2

Finally, we compare in Fig. 8(a) the TCSs measured at
the University of Trento for n-pentane (present data), ethane
(C2H6; Chiari et al., 2013c), and methane (CH4; Zecca et al.,
2012c). Note that the overall uncertainties on the TCSs are
plotted in that figure. In Fig. 8(a), we see that the very
low-energy behaviour of the TCSs for methane and ethane is
very similar but different from that of the TCS for n-pentane.
This different trend might be explained by the presence of

FIG. 8. (a) Comparison of the TCSs measured in Trento for positron scatter-
ing from the homologous series of molecules CnH2n+2: methane (CH4; Zecca
et al., 2012c), ethane (C2H6; Chiari et al., 2013c), and n-pentane (C5H12;
present data). The overall uncertainties on the TCSs are given here. (b) Ratios
of the measured TCSs for n-pentane and ethane to that of methane together
with the expected ratios.
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a weaker virtual state, if any, in the TCS for n-pentane (see
Section IV A) compared to methane and ethane. The rationale
for this comparison is that all those molecules are part of the
homologous series of compounds with the formula CnH2n+2,
where n = 1 for methane, n = 2 for ethane, and n = 5 for n-
pentane. Hence, it might be interesting, for instance, to check
whether or not their respective TCSs scale with the number n
of C-atoms. However, this comparison is only meaningful for
energies where the convolution with the energy distribution
of the positron beam and the forward angle scattering effect
are not significant, as they might be a little different for each
target. In addition, the opening of the Ps formation channel
might also somewhat complicate this evaluation. Therefore,
we plot in Fig. 8(b) the ratios of the measured TCSs for
n-pentane to methane and ethane to methane at incident
energies between 0.5 and 3 eV only. Dashed lines which
indicate the expected TCS ratios (2 for ethane/methane and
5 for n-pentane/methane), if there is a scaling dependence on
n, are also shown in that figure. We see in Fig. 8(b) that the
ratio of the measured TCSs for ethane to methane is somewhat
larger than the anticipated value of 2 at all impact energies. On
the other hand, the ratios of the measured TCSs for n-pentane
to methane are typically lower than the scaled value of 5
at all incident energies but 3 eV. However, to within the
measurement uncertainties, they are all consistent with that
scaled value between 1 and 3 eV. These results overall seem
to indicate that the TCSs for the homologous compounds
CnH2n+2 do not exactly scale with n and that some other
molecular effects must play a role in the positron scattering
process with those targets. This result is entirely consistent
with work from Sophia University (Hoshino et al., 2013 and
Kato et al., 2012), which clearly demonstrated the importance
of molecular effects in electron-molecule scattering.

V. CONCLUSIONS

We have reported on cross section measurements and
calculations for positron scattering from the pentane isomers.
TCSs for n-pentane and isopentane were measured at the
University of Trento in the energy range from 0.1 to 50 eV. In
addition, calculations of the TCSs, elastic ICSs, Ps formation
cross sections, ICSs for the electronic excitations plus direct
ionization and elastic DCSs for all the pentane isomers
were carried out using the IAM-SCAR approach at impact
energies from 1 to 1000 eV. The measured TCSs for n-pentane
and isopentane are consistent with each other to within the
respective overall uncertainties. The TCS measurements and
the IAM-SCAR calculations for each isomer exhibited a level
of accord that was often limited to their shape or in magnitude
to some impact energies only. The comparison between the
measurements and the computations for the three pentane
isomers seems to suggest the absence of any significant isomer
effect, except maybe at the elastic DCS level. Nevertheless,
at this time whether or not there is a clear isomer effect
present, in the cross sections for positron scattering from the
pentanes, remains something of an open question requiring
further investigations. Given that our IAM-SCAR formalism
may not be so accurate at incident energies below 30 eV or so,

ab initio positron-molecule calculations, such as those based
on density functional theory (DFT) or self-consistent field with
configuration interaction (SCF-CI), might be more precise at
those very low energies. In particular, we acknowledge the
recent fundamental improvements in the electron-positron
scattering potential within the DFT framework, both in
the local density approximation (LDA) (Drummond et al.,
2011) and the generalized gradient approximation (GGA)
(Barbiellini and Kuriplach, 2015) methods. Although these
theoretical approaches do not explicitly account for Ps
formation, which is an important scattering channel at such
low energies, they might lead to a clearer picture of the isomer
effect.
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