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Abstract. We present positron scattering cross sections with C2H2 molecules obtained with the Method of
Continued Fractions in the static plus correlation polarization level. The differential and integral cross sec-
tions are compared with available theoretical and experimental approaches, and sensible improvement in the
description of the qualitative behaviour of the differential cross sections is observed. These improvements
are discussed through the evaluation of the average absolute differences between theoretical approaches and
the respective normalized experimental data. Our elastic integral cross sections exhibit good agreement
with model and ab initio approaches and with the available experimental data.

1 Introduction

The cross sections for positron scattering with C2H2 were
previously studied theoretically and experimentally by
several authors. From the experimental point of view, we
can list the works of Sueoka and Mori [1], Kauppila et al.
[2] and Zecca et al. [3], where Kauppila et al. established
the experimental quasi-elastic differential cross sections
for energies of 4, 6.75, 10, 20, 50 and 100 eV, and Sueoka
and Mori and Zecca et al. presented the two existent sets
of total cross sections for positron collisions with C2H2.
It is important to observe that the data of Zecca et al.
are uncorrected for the forward scattering effect, and this
can significantly affect the measured cross sections when
properly taken into account [4]. Since C2H2 is a nonpolar
molecule, a Born-closure scheme is not necessary to the
determination of the correction to the cross sections for
forward scattering, so an extensive set of differential cross
sections is needed in order to provide such corrections for
positron scattering with C2H2.

On the theoretical side, we find the works of da Silva
et al. [5], de Carvalho et al. [6,7], Occhigrossi and
Gianturco [8], Franz et al. [9] and Zhang et al. [10] for
the elastic process, and the works of Baluja and Jain
[11], Raizada and Baluja [12] and Singh and Antony [13]
which considered the inelastic processes through absorp-
tion potential formulations. It is noteworthy that the
works of the SMC group ([5–7]), Franz et al. (R-matrix)
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and Zhang et al. are full ab initio calculations, and that
Occhigrossi and Gianturco and Franz et al. (DFT, DPM
and scaled R-matrix) employed correlation polarization
models in order to obtain the scattering potential. Some of
these works (particularly [7,9,10]) present their differential
cross sections, which can be compared to the experimental
data of Kauppila et al. [2]. Even that the comparison of the
available calculated differential cross sections to the exper-
imental ones seems to be satisfactory for higher incident
positron energies (about 10 eV), we notice that further
improvement is still necessary in order to describe the
qualitative behaviour of the measurements. We also
observe that the experimental differential cross sections
were originally expressed in terms of arbitrary units, there-
fore a normalization of such data is necessary when com-
paring them with theory. In order to illustrate how the
available calculations compare with the experimental data
set constituted of N points, we show in Table 1 the cal-
culated average absolute differences

〈D〉 =
1
N

N∑
i=1

|σteo
dcs,i − σ

exp
dcs,i|

σexp
dcs,i

, (1)

when normalizing the experimental data to the calculated
values at 90 degrees. The choice of this angle is rather
arbitrary and influences directly the comparison between
theory and experiment, however this angle was chosen by
Kauppila et al. when comparing their measured data to
the available theories for each molecular target [2], so we
chose this normalization angle in the present work as well.

The values given by equation (1) are related to the
percentage differences between the theoretical differential
cross sections and the normalized measured cross sections.
This means that the available theoretical differential cross
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Table 1. Average absolute differences as given by equation (1).

Reference 4.0 eV 6.75 eV 10.0 eV 20.0 eV

SMC [7] 0.316 0.299 0.217 0.321
DPM [9] 0.386 0.248 0.256
RM [9] 0.283 0.722 0.315
RM [10] 0.386 0.311

This work 0.141 0.160 0.095 0.208
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Fig. 1. Comparison between existent calculations and experi-
mental data for positron collisions with C2H2 up to 5.0 eV. The-
oretical elastic integral cross sections are: short dashed black
line – de Carvalho et al. [7]; dotted orange line – Occhigrossi and
Gianturco [8]; dashed dotted green line (DFT), dashed double
dotted purple line (DPM) and long dashed turquoise line (RM)
– Franz et al. [9]; triple dashed spaced blue line – Zhang et al.
[10]. Experimental total cross sections are: solid yellow squares
– Sueoka and Mori [1]; solid black triangles – Zecca et al. [3]. The
positronium formation threshold is 4.6 eV.

sections previously reported differ at least, in average,
21.7% from the qualitative behaviour of the experimen-
tal data.

The comparison between previous theoretical integral
elastic cross sections and the total cross sections up to
the positronium formation threshold at 4.6 eV is satisfac-
tory, as pointed by Zecca et al. [3], particularly for the
DFT calculation of Franz et al. [9]. Also, we note that
the vibrational and rotational cross sections are expected
to have negligible contributions to the total cross sec-
tions, thus the comparison between theoretical elastic and
total experimental cross section in this energy range is
fair. Figure 1 displays the comparison between theoret-
ical elastic and experimental total cross sections up to
5 eV. The experimental cross sections from reference [3]
are not corrected for the forward scattering effects, which
are particularly relevant at the lower energy range, and
may be found as the main factor that justify the discrepan-
cies between calculations and measurements toward lower
energies.

Considering the arguments condensed in Table 1 and
Figure 1, we present an improved description of the

elastic differential cross sections using the correlation
polarization potential given by the Positron Correlation
Polarization (PCOP) model [14]. This paper is orga-
nized as follows: in Section 2 we introduce the numerical
details concerning the scattering calculation and the tar-
get description; in Section 3 we present the results and the
associated discussions about them; in Section 4 we state
our conclusions.

2 Numerical details

In order to obtain the cross sections for positrons colli-
sions with C2H2, we employed the Method of Continued
Fractions, as described by Horáček and Sasakawa [15] and
implemented by Ribeiro et al. [16]. In this methodology,
the Lippmann-Schwinger equation

|ψ〉 = |φ〉+G0V |ψ〉 (2)

is numerically solved. In equation (2), |ψ〉 is the contin-
uum wave function of the scattered positron, |φ〉 is the free
particle wave function, V is the reduced interaction poten-
tial and G0 is the free particle Green’s operator. In order
to solve equation (2) the weakened scattering potential is
defined as

V (1) = V − V |φ〉 〈φ|V
〈φ|V |φ〉

, (3)

which leads to a new scattering equation

|ψ1〉 = |φ1〉+G0V
(1) |ψ1〉 , (4)

where
|φ1〉 = G0V |φ〉 (5)

and
|ψ1〉 = (1−G0V

(1))−1 |φ1〉 . (6)

So, in order to solve the equation (6), the potential is
weakened even further, which will lead to

|ψn〉 = (1−G0V
(n))−1 |φn〉 (7)

after n repetitions of the procedure. We notice that if the
scattering potential in equation (7) is negligible, then

|ψn〉 ≈ |φn〉 . (8)

When this is attained in a good numerical approximation,
the scattering wave function is iteratively reconstructed.
The method is fast converging, so no more than 8 iterations
were needed in order to obtain the converged elements of
the K-matrix. More details about the methodology and the
convergence criteria are available in reference [16]. The
present scattering calculations were performed with partial
wave expansion up to l = 14, where such a large expansion
was not necessary for incident positron energies lower than
10.0 eV. For the low energy range, l = 8 was sufficient to
obtain converged cross sections.

The scattering potential is obtained within the static
plus correlation polarization approximation, as proposed
by Jain and Gianturco [14] in which a functional of
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the molecular electronic density is defined as the short
range correlation interaction, and the standard polariza-
tion interaction describes the distortion of the electronic
cloud for large positron distances from the molecule. The
first point where these two functions cross each other is
called the cutoff radius, and this position defines the tran-
sition between the correlation and the polarization inter-
actions. For radial coordinates smaller than the cutoff
radius, the correlation function is summed to the elec-
trostatic potential, where for radial coordinates larger
than the cutoff radius, the polarization potential is the
one summed to the electrostatic potential. The values
employed for the polarizabilities are α0 = 28.68 a3

0 [8]
and α2 = 11.47 a3

0, this value being calculated with the
GAMESS computational package [17]. These values are
appreciably higher than the ones found for isoelectronic
molecules like N2 and CO, which justifies the very large
cross sections in the low energy range when compared to
such species.

For the determination of the static potential, a Hartree-
Fock (HF) wave function for the C2H2 ground state was
obtained with the C (5s3p) and H (3s) basis of Dunning
[18], augmented by s = 0.0473; p = 1.1233; p = 0.2711;
p = 0.0697; d = 0.5371 uncontracted functions at H
and s = 0.0453; s = 0.0157; s = 0.00537; p = 0.03237;
p = 0.00734; d = 0.823 uncontracted functions at C,
employed at the experimental equilibrium geometry as
determined by infrared spectroscopy [19], which yielded
an energy of E = −76.8479 Eh. With these conditions we
obtained a cutoff radius of 3.11 a0, which is lower than
the equilibrium location of the hydrogen atoms of this
molecule.

3 Results and discussions

In this section, we present the calculated differential cross
sections (DCS’s) compared to the available experimen-
tal and previous theoretical data. In Figure 2 we show
the obtained results for positron incident energy of 4 eV.
As discussed before, we decided to follow the criterium of
Kauppila et al. [2] and we normalized the relative quasi-
elastic differential cross sections to our calculations at
90 degrees. At this point it is important to state that
quasi-elastic cross sections are compositions of the elastic,
vibrational and rotational cross sections, and the elastic
scattering is expected to be the main part of the mea-
sured DCS’s at all energies, while vibrational and rota-
tional excitations are important at the lowest energies,
as asserted by Kauppila et al. [2]. We notice that the
agreement between the present results and the experi-
mental data is remarkable up to 120 degrees, where a
very small divergence is found. The calculated average
absolute difference for this curve and the experimental
data is 〈D〉 = 0.141, which is a sensible improvement in
the description of the qualitative behaviour of the cal-
culated DCS when compared to experiment, as we can
see when comparing this value with the second column of
Table 1. Also, since the correlation polarization effects are
more pronounced at low energies, 4 eV is a critical energy
for comparison. The agreement found for this DCS sug-
gests that the correlation polarization effects as considered
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Fig. 2. Differential cross sections for positron collisions with
C2H2 at 4.0 eV. Theories are: solid red line – present results;
short dashed black line – de Carvalho et al. [7]; dashed double
dotted purple line (DPM) and long dashed turquoise line (RM)
– Franz et al. [9]; triple dashed spaced blue line – Zhang et al.
[10]. The solid black circles are the measurements of Kauppila
et al. [2] normalized to the present calculations at 90 degrees.
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Fig. 3. Same as Figure 2, but for 6.75 eV.

here are representative of the interaction of positrons with
C2H2 molecules.

In Figure 3 we present the calculated differential cross
sections for positrons with incident energies of 6.75 eV,
and we also compare it to other theoretical approaches and
to measurements normalized at 90 degrees. The previous
analysis remains valid for this incident energy, strength-
ening the idea that the correlation polarization potential
is well described, however some differences appear to be
more prominent for this curve, and this observation is
sustained by the calculated value 〈D〉 = 0.160, which is
slightly higher than the result obtained for 4 eV. Still, this
represents excellent improvement in the description of the
experimental DCS.

For higher incident energies, we expect improvement in
the agreement between theories and experiment, as the cor-
relation polarization effects becomes less significant. This
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Fig. 4. Same as Figure 2, but for 10.0 eV. Calculations of
Zhang et al. [10] are unavailable for this energy.
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Fig. 5. Differential cross sections for positron collisions with
C2H2 at 20.0 eV. Theories are: solid red line – present results;
short dashed black line – de Carvalho et al. [7]. The solid black
circles are the measurements of Kauppila et al. [2] normalized
to the present calculations at 90 degrees.

seems to be the case for positrons with incident energy
of 10 eV for all theoretical approaches, as we can see in
Table 1 and Figure 4. For this particular energy we obtained
the best average absolute differences 〈D〉 = 0.095, which
means a very good compromise between our theoretical
approach and the qualitative behaviour of the experimental
data.

The increase in the incident positron energy implies the
need for a better partial wave expansion of the scatter-
ing wave function. Even that our calculations were car-
ried with l = 14, more partial waves are needed in order
to satisfactorily describe the differential cross sections for
energies higher than 10 eV, as we can see in Figures 5–7.
The values of 〈D〉 for these curves are, respectively, 0.208,
0.143 and 0.130. It is expected that the inclusion of inelas-
tic channels via model approaches will not change the
comparative aspect of these curves, since the experimental
data are quasi-elastic, this is, the positronium formation,
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Fig. 6. Differential cross sections for positron collisions with
C2H2 at 50.0 eV. Solid red line – present theoretical results.
The solid black circles are the measurements of Kauppila et al.
[2] normalized to the present calculations at 90 degrees.
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Fig. 7. Same as figure 6, but for 100.0 eV.

ionization and electronic excitation do not contribute to
the available experimental data, while the rotational and
vibrational cross sections contributions are expected to
be small. However, the inclusion of the inelastic processes
as positronium formation, direct ionization and electronic
excitation from a coupled channel formalism may produce
relevant effects over the elastic scattering cross sections,
which in principle could not be well evaluated from a
model approach that disregards coupling effects close to
the inelastic thresholds. Even that the inelastic cross sec-
tions obtained via model approaches are relevant and give
valuable insight to the analysis of the scattering dynamics
as we can observe in the work of Singh and Antony [13] for
C2H2 and other small hydrocarbons, the coupling between
scattering channels should be considered carefully, which
may lead to improvements on the calculated cross sec-
tions lowering even more the presented 〈D〉 values. Nev-
ertheless, such effects may be superseded by the use of an
incomplete expansion of the scattering wave function or
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Fig. 8. Comparison between the present theoretical results,
other theoretical elastic integral cross sections and experimen-
tal data for positrons collisions with C2H2 up to 5.0 eV. Solid
red line – present theoretical elastic integral cross sections;
short dashed black line – theoretical elastic integral cross sec-
tions of de Carvalho et al. [7]; dotted orange line – theoreti-
cal elastic integral cross sections of Occhigrossi and Gianturco
[8]; solid yellow squares – experimental total cross sections of
Sueoka and Mori [1]; solid black triangles – experimental total
cross sections of Zecca et al. [3].

the employment of an inadequate polarization interaction.
We expect that an improved (an ab initio formulation or
the completion of the interaction with higher order polar-
izabilities) correlation polarization model may enrich the
description of the qualitative behaviour of the differen-
tial cross sections, when combined with a more complete
expansion of the scattering wave function, such as the cal-
culations for positron scattering with O2 molecules [20].
It is important to notice here that as the O2 molecule is
much smaller in size when compared to C2H2, a l = 14
partial wave expansion may be sufficient for energies up to
100 eV, however this is not the case for the C2H2 molecule
even for 20 eV, as we can conclude from Figures 5–7.

Our integral elastic cross section (ICS) is shown in
Figure 8. We compare it to the absolute measurements
of Sueoka and Mori [1] and Zecca et al. [3] and to the
calculated elastic integral cross sections of de Carvalho et
al. [7] and Occhigrossi and Gianturco [8]. We omitted the
other theoretical results in this figure for sake of clarity,
but the comparison between theories is easily performed
putting Figures 1 and 8 side by side. The comparison of
our curve to the elastic cross sections at 4 eV indicates that
the normalization scheme adopted to compare the relative
differential cross sections may have brought those values
very close to the absolute ones. However, this can only be
evaluated with greater precision through an experimen-
tal effort for the determination of the absolute differential
cross sections. At this energy range, our cross sections
compare very well with the mentioned experimental data
and the ab initio calculations of [7] and model calculations
of [8].

Since we employ the same correlation polarization
model, the differences between our results and the elastic

integral cross sections given by Occhigrossi and Gianturco
[8] may be justified by the employment of somewhat dif-
ferent wave functions for the target. For instance, different
sets of basis functions produce different electronic densi-
ties, mainly in the valence region of the molecule where the
cutoff radius is defined. Such subtlety can generate appre-
ciable changes in the calculated cross sections. Neverthe-
less, we are unable to presently study these discrepancies
any further. A good indication that the present results are
improved in respect to those of Occhigrossi and Gianturco
is the very good comparison between our calculations and
the DFT results of Franz et al., which are based in a PCOP
approach as well, however no further details of that cal-
culation are available.

The comparison between the experimental TCS of
Zecca et al. [3] for the very low energy range and the
present theoretical results can be improved by the addi-
tion of forward scattering effects corrections, as performed
by Sueoka and Mori [1] and explicitly presented by Kimura
et al. [21]. For this particular molecule, the procedure of
correcting the experimental TCS considering the electron
elastic differential cross sections as done for positrons col-
lisions with H2O [21,22] may not give reasonable results,
since the electron C2H2 cross sections present a pro-
nounced 2Πg resonance around 2.5 eV. This feature dra-
matically affects the differential cross sections included in
the spectrometer missing angle region, that may be as
high as 17.5 degrees at 1 eV as mentioned by Zecca et al.
[3]. Also, C2H2 is a nonpolar molecule, which means the
very low angle differential cross sections are not domi-
nated by the dipole interaction, as is the case with the
H2O molecule.

A good agreement between theoretical elastic integral
cross sections is important in order to establish the basis
for more complete calculations of positrons collisions with
C2H2. A possible project for future works could be to
implement an absorption potential [23] in order to model
the total cross sections in a more complete energy range
in which experimental data are available.

4 Conclusions

We calculated elastic integral and differential cross sec-
tions for positron collisions with C2H2 in the static plus
correlation polarization approximation. The present theo-
retical results are in excellent qualitative agreement with
the experimental data of Kauppila et al. [2] and Sueoka
and Mori [1]. Comparison with the measurements of Zecca
et al. [3] may be improved by the inclusion of forward scat-
tering effects. The comparison between the theoretical and
experimental differential cross sections attest some accu-
racy for the correlation model adopted. For future stud-
ies, we may possibly implement an absorption potential in
order to calculate the total cross sections up to 400 eV for
direct comparison with the available experimental data.
Improvement in the partial wave expansion may be nec-
essary, as we can notice from higher energies DCS’s. Also,
we intend to verify further improvements in the descrip-
tion of the elastic cross sections for positron collisions with
C2H2 by the inclusion of higher order polarizabilities in
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the scattering potential model, as proven very relevant for
positron collisions with O2 [20].
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