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Elastic positron-uracil scattering cross sections
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We report elastic integral and differential cross sections for positron collisions with uracil (C4H4N2O2) for
impact energies up to 10 eV. The cross sections were calculated employing the Schwinger multichannel (SMC)
method in the static plus polarization approximation. The Born-closure procedure was applied to account for
the long-range potential due to the permanent dipole moment of uracil. The present results are compared with
experimental and theoretical data available in the literature, showing an overall good agreement with previously
reported results. We also applied our differential cross sections to provide a correction to the total cross-section
measurements by Anderson et al. [J. Chem. Phys. 141, 034306 (2014)] in order to account for the lack of angular
resolution in the apparatus used by these authors. Besides, we applied a simple model employed by Franz and
Gianturco [Phys. Rev. A 88, 042711 (2013)] to estimate the temperature effects on the uracil cross section.
In particular, the level of agreement of the SMC differential cross sections as compared with the experimental
findings is encouraging.
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I. INTRODUCTION

Interactions of positrons with molecules have applications
in many areas, such as solid-state physics [1,2], interstellar
medium [3,4], and the characterization of low-temperature
plasmas by combining Monte Carlo simulations and cross
sections, as reported by Nyffenegger-Pere and Cocks [5] for
the argon plasma. One of the main motivations to study this
problem is provided by nuclear medicine, with investiga-
tions focused on the applications of the diagnosis technique
of positron emission tomography (PET) [6] to search for
anomalies in living tissues. PET scans revolutionized imag-
ing diagnostics in the past century and has since been the
subject of several studies that seek to improve the accuracy
of its results and bring minimal damage to the patient. In this
diagnostic tool, a positron-emitting radio tracer is injected into
the patient’s bloodstream, which, after decay, emits a positron.
After several collision events (ionization, excitation, etc.)
along its path in the human body, the positron thermalizes,
finds an electron, and annihilates through (or not) the forma-
tion of the positronium (Ps) atom. After annihilation, two γ

rays are emitted and detected in coincidence by the apparatus,
forming the desired image. Malign tissues commonly have
increased glucose metabolism compared to healthy tissues.
This fact helps distinguish a malign from a benign tissue since
upon receiving the fludeoxyglucose (FDG) radio tracer, which
is a glucose analog, an accumulation of FDG is observed in
the tissues that are metabolically active. Consequently, these
glucose-rich tissues get much more positrons than normal
ones and, as a result, form many more photon pairs of γ

rays [7].
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In order to estimate the damage induced by ionizing ra-
diation in biological systems, Monte Carlo simulation codes
have been developed in recent years. As an example, we high-
light the Low Energy Particle Track Simulation (LEPTS) code,
which uses cross-section (total, differential, integral, and en-
ergy loss) data for the interaction of positrons with molecules
as input parameters in the simulations [8,9]. In particular, as
pointed out by Sanz and coworkers [8], the results from the
elastic collision process are important to define the pathway of
the particles (primary or secondary) until their thermalization.

In view of the scenario discussed above, we decided to
conduct a theoretical study on elastic low-energy positron
collisions with the uracil (C4H4N2O2) molecule, which is a
system of biological relevance. The uracil molecule is one
of the constituents of the RNA nucleobases and, as thymine
and cytosine, is considered as a derivative of the pyrimidine
molecule. The chemical structure of uracil can be seen in
Fig. 1.

The importance in obtaining reliable cross sections for
scattering of positrons by uracil, considering processes such as
elastic scattering, electronic excitation, ionization, rotational
excitation, and vibrational excitation by positron impact,
comes from the fact that these data are needed for the deter-
mination of the positron track in the human body. Although
theoretical and experimental studies on the scattering of elec-
trons and positrons by uracil have been performed, there is
still a lack in the cross-section data for this particular target.

Total cross-section (TCS) data for positron collisions with
uracil, obtained by means of the beam transmission tech-
nique, were determined by Surdutovich et al. [11] for energies
between 1 to 30 eV. Anderson et al. [12] presented mea-
surements of total cross sections and positronium formation,
both in the range from 1 to 180 eV, with a trap-based
beam apparatus. In addition, the authors report experimen-
tal data for quasielastic differential cross sections. In this
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FIG. 1. Geometrical structure of the uracil molecule. Generated
with MACMOLPLT [10].

same work, besides experimental data, the authors also re-
ported theoretical cross-section results obtained by means of
the independent atom model including the screened additiv-
ity rule corrections (IAM-SCAR) method. Through model
correlation-polarization potential, Franz et al. [13] provided
elastic and inelastic rotational and vibrational inelastic cross
sections for energies from 0 to 20 eV. In that paper, the authors
separately displayed the contribution of the rotational cross
section (differential and integral) at each rotational transition
level, that is, J = 0 → J ′ = 0, 1, 2, 3, and 4, showing that
the cross section corresponding to rotation J = 0 → J ′ = 1
has a dominant contribution in the energy range studied
by the authors. A theoretical study conducted by Carelli
and coworkers [14], also applying a model correlation-
polarization potential, analyzed the pathway driven by dipole
for positron and electron attachment to uracil and pyrimidine
molecules.

In this paper, we report on theoretical calculations for
elastic scattering of positrons by uracil. Integral (ICS) and
differential (DCS) cross sections were computed with the
Schwinger multichannel method in the static plus polarization
(SP) approximation. We compared our ICSs and DCSs with
available experimental [11,12] and theoretical [12,13] results
for energies up to 10 eV. Additionally, we employed our DCSs
to provide a correction for the angular resolution error of
experimental TCS results by Anderson et al. [12]. We have
also applied a model employed by Franz and Gianturco [15],
which considers the molecule as a linear rotor, to evaluate the
temperature effects upon the uracil cross section.

The remainder of this paper is organized as follows. In
the next section, we report on the theoretical method and
computational procedures of this calculation. We then present
and discuss our results in Sec. III and, finally, in Sec. IV, we
close the paper with a brief summary of the present findings.

II. THEORY AND COMPUTATIONAL DETAILS

The elastic positron-uracil scattering cross sections were
computed with the SMC method as implemented for positron-
molecule collisions. This method has been described in detail

in several publications [16,17] and here we will only discuss
those aspects that are relevant to the present calculations.

The SMC method is a variational method for the scattering
amplitude, whose working expression is given by

f (�k f , �ki ) = − 1

2π

∑
m,n

〈
S�k f

∣∣V |χm〉(d−1)mn〈χn|V
∣∣S�ki

〉
, (1)

where

dmn = 〈χm|A(+)|χn〉 (2)

and

A(+) = QĤQ + PV P − V G(+)
P V. (3)

In the above equations, |S�ki, f
〉 is a solution of the unper-

turbed Hamiltonian H0 (the kinetic energy of the incoming
positron plus the target Hamiltonian) and it is obtained as a
product of a target state and a plane wave, V is the interaction
potential between the incident positron and the electrons and
nuclei of the target, |χm〉 is a set of (N + 1)-particle configu-
ration state functions (CSFs) used in the expansion of the trial
scattering wave function, Ĥ = E − H is the collision energy
minus the full Hamiltonian of the system (H = H0 + V ), P is
the projection operator onto the open-channel space defined
by the target eigenfunctions, and G(+)

P is the free-particle
Green’s function projected onto the P space. Finally, Q =
(11 − P) is the projector onto the closed electronic channels
of the target.

The (N + 1)-particle basis set used in the expansion of the
scattering wave function is composed of CSFs of the form

|χi j〉 = |�1〉 ⊗ |ϕ j〉 ⊕ |�i〉 ⊗ |ϕ j〉, (4)

where |�1〉 represents the ground state of the molecule ob-
tained at the Hartree-Fock (HF) level, |ϕ j〉 is a single-particle
orbital used to represent the positron scattering orbital (see
below), and |�i〉 is obtained from a single virtual excitation
of the target out of the HF reference state.

Present calculations were performed in the static plus
polarization approximation in the Cs symmetry group. We
employed the optimized geometry of uracil obtained with
the package GAMESS [18] at the second-order Møller-Plesset
(MP2) level, using the DZV + +(2d, 1p) basis set. The
scattering calculations were performed with the same basis
set used in the geometry optimization, which provides 224
contracted Cartesian Gaussian (CG) functions for the uracil
molecule. To take the polarization effects into account, we
choose modified virtual orbitals (MVOs) [19] obtained from a
cationic Fock operator with charge +6 to represent the particle
and scattering orbitals. The uracil molecule has 58 electrons
and 29 doubly occupied orbitals. The level of polarization em-
ployed in this calculation (SP1) includes all valence-occupied
orbitals as hole orbitals (a total of 21 orbitals), the 30 lowest
energy MVOs as particle orbitals and 59 MVOs (composed
of the 29 doubly occupied orbitals plus the 30 lowest en-
ergy MVOs orbitals) as scattering orbitals. With this criterion,
20 779 configurations were obtained for the A′ symmetry and
16 599 for the A′ ′ symmetry, providing a total of 37 378 con-
figurations. We have performed additional calculations with
different levels of polarization and different CG basis set,
which we will explain next. A second calculation with the
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same CG basis set was performed, in which we increased the
number of particle and scattering orbitals (SP2) in the polar-
ization space. We used 32 particle orbitals and 61 scattering
orbitals. With this bigger space, we obtained 22 706 CSFs
in the A′ symmetry and 18 510 in the A′′ symmetry. We per-
formed a third round of calculations (geometry optimization
and cross-section calculation) by changing the CG basis set to
the TZV + +(2d, 1p) basis set. This basis set provided 268
contracted CG functions for the uracil molecule. Regarding
the polarization space, we used the same number of hole,
particle, and scattering orbitals used in the results presented
in the SP1, that is, 21 hole orbitals, 30 particle orbitals, and
61 scattering orbitals. The TZV + +(2d, 1p) set provided a
total of 37 438 CSFs, with 20 831 for A′ and 16 607 for A′′
symmetries.

The permanent dipole moment of the uracil molecule was
obtained as 4.87 D in the present calculations, which is
approximately 26% greater than the experimental value of
3.87 D reported in Ref. [20]. Nevertheless, according to the
NIST Computational Chemistry Comparison and Benchmark
Database [21], the dipole moment for the uracil molecule
calculated using different basis sets and different electronic
structure methods varies from 4.07 to 4.82 D, showing that
our value is in good agreement with those obtained in other
calculations reported in the literature. In particular, the re-
sults obtained via the IAM-SCAR method [12] and model
correlation-polarization potential [13], with which we com-
pared our data in the present study, used 3.87 and 4.34 D in
their calculations, respectively.

In the SMC method, the positron-molecule interaction has
a more appropriate description in the region of the molecular
target, since integrable square Cartesian Gaussians are used
as basis functions. In the scattering problem involving po-
lar molecules, the dipole moment exerts a long-range force
on the incident particle. This long-range interaction ends up
being truncated by the range of the integrable square func-
tions since they do not adequately describe the slow decay
of the positron-molecule interaction for regions far from the
target. In order to take the effect of the dipole potential into
account, we used a correction called the Born-closure pro-
cedure [22–24], which employs the first Born approximation
(FBA) in order to obtain a new scattering amplitude consid-
ering the molecule’s dipole potential. This procedure, in the
SMC method, was described in detail in Refs. [24,25] but,
in practice, it involves the following steps. The low-partial
waves in the scattering amplitude computed with the SMC
method are retained up to a given �SMC and the higher partial
waves, from �SMC + 1 to ∞, are included from the scattering
amplitude of the dipole potential computed in the first Born
approximation. The resulting expression for the scattering
amplitude in the Born-closure procedure is then given by

f (�ki, �k f ) = f FBA(�ki, �k f ) +
�SMC∑
�=0

+�∑
m=−�

[
f SMC
�m (�ki, k f )

− f FBA
�m (�ki, k f )

]
Y ∗

�m(k̂ f ), (5)

where f SMC
�m and f FBA

�m are obtained, in the laboratory-fixed
(LF) frame of reference, by the partial wave expansion of the
angular dependence of the outgoing wave vector in the SMC

and the dipole FBA scattering amplitudes, respectively. The
scattering amplitude ( f FBA) for scattering by a dipole potential
is written as

f FBA(�ki, �k f ) = 2i
�D · (�ki − �k f )

|�ki − �k f |2
, (6)

where �D is the target permanent dipole moment. The diver-
gence of the scattering amplitude in the forward direction
can in principle be overcome with the help of rotationally
summed cross sections that take advantage of the inelastic
dipole-allowed rotational transitions. Here we employed an
approximation of assuming that the magnitude of the in-
coming (�ki) and outgoing (�k f ) positron wave vectors differ
by a small value obtained from the rotational spectrum of
the target molecule, i.e., k2

f = k2
i + 2�Erot. As previously

discussed (see Subsec. 2.2.4 in Ref. [24]), this procedure
provides approximate rotationally summed cross sections as-
suming that the J = 1, 2, . . . rotational levels are degenerate
with the same energy difference, �Erot. The DCSs are insen-
sitive by the choice of �Erot beyond 1◦ [24,26]. For uracil,
we employed �Erot = 5.68 × 10−6 eV (1.37 GHz) based on
the dipole allowed Jτ = 00 → 10 rotational excitation of an
asymmetric top [27]. This value for �Erot was obtained at the
optimal geometry and with the same basis set employed in the
target description and in the scattering calculations.

The value of �SMC depends on the energy and, since the
dipole potential affects the differential cross sections at low
scattering angles, it is chosen in order to provide the DCSs
calculated with and without the Born-closure correction in
agreement with each other above typically 30◦. In the present
calculations for the uracil molecule, we choose �SMC = 1 for
energies ranging from 0.5 to 1.2 eV, �SMC = 2 from 1.3 to
2.4 eV, �SMC = 3 from 2.5 to 2.8 eV, �SMC = 4 from 2.9 to
4.9 eV, �SMC = 5 from 5 to 6.5 eV, and, finally, �SMC = 6
from 6.6 to 10 eV. The ICS calculated with Born closure were
achieved by integrating the DCSs in two ways: from θ = 0◦
to θ = 180◦ and from θ = 1◦ to θ = 180◦ [28].

We additionally applied a model employed by Franz and
Gianturco [15] to assess the temperature effects on the in-
tegral cross section. In this model, the rotating molecule is
approximated by a linear rotor. The rotational inelastic cross
section as a function of the collision energy (Ecollis) and of the
rotational quantum number (J), within the first Born approxi-
mation, is

σ (Ecollis, J, J ′) = 8πD2

3k2

J>

2J + 1
ln

k + k′

|k − k′| , (7)

where J> is the biggest value between J and J ′ [23]. D is the
molecular dipole moment, and k and k′ can be written as

k =
√

2Ecollis, k′ =
√

2(Ecollis + EJ − EJ ′ ). (8)

The EJ and EJ ′ are allowed rotational energies defined as

EJ = BeffJ (J + 1) (9)

that are those of the linear rotor. According to Franz and
Gianturco [15], the parameter Beff is chose in such a way that
the difference in energy of the transition (for the first dipole
allowed from the rotational ground state) is the same in the
case of the linear rotor and the asymmetric top. This statement
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FIG. 2. Symmetry decomposition of the integral cross section
(SMC-SP) for scattering of positrons by uracil, according to the Cs

symmetry group. The sum for the SP1 calculation is also shown.

leads us to consider the Beff parameter equal to the smaller
rotational constant of uracil. Finally, according to the present
model, the cross section can be written as follows:

σ (Ecollis, T ) = 1

Z

[
Jmax∑
J=0

(2J + 1)e− EJ
kBT σ (Ecollis, J, J + 1)

+
Jmax∑
J=1

(2J + 1)e− EJ
kBT σ (Ecollis, J, J − 1)

]
,

(10)

where

Z =
Jmax∑
J=0

(2J + 1)e− EJ
kBT , (11)

kB is the Boltzmann constant, and T is the temperature. In
these calculations, the values of 1.37 GHz and 4.87 D were
used for the rotational constant and uracil dipole moment,
respectively.

III. RESULTS AND DISCUSSION

We present in Fig. 2 the cross sections obtained by symme-
try decomposition according to the Cs symmetry point group.
We display the results obtained with the different levels of
polarization SP1 and SP2 and the results obtained with the
use of the TZV + +(2d, 1p) basis set. From the comparison
among these results, we concluded that there are no significant
changes in cross sections. Hence, from now on, we will only
show and discuss the results regarding the SP1 calculation.
Moreover, by comparing the results for the A′ and A′′ sym-
metries, it is clear that the symmetry that contributes most
effectively to the magnitude of the integral (SMC-SP) is the
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FIG. 3. The integral cross section for scattering of positrons by
uracil calculated in the SP approximation (long dashed black line)
and SP+Born, which includes dipole corrected, obtained by inte-
grating the elastic DCSs from θ = 0◦ (full solid magenta line) and
θ = 1◦ (solid light green line). The present results are compared
with those calculated by Anderson et al. [12] using the IAM-SCAR
method and results calculated by Franz et al. [13] using the model
correlation-polarization potential. The vertical dotted line is indicat-
ing the threshold for the positronium formation channel, which is
estimated at 2.79 eV. See the text for the discussion.

cross section of the totally symmetric irreducible representa-
tion, A′.

In Fig. 3, we report our elastic integral cross sections for
positron scattering by the uracil molecule calculated in the
SP approximation, for energies ranging from 0 to 10 eV.
Since the uracil molecule has a permanent dipole moment, we
additionally showed in Fig. 3 the ICS with the Born-closure
correction (SMC-SP+Born). When analyzing the ICS results
obtained in the SMC-SP and SMC-SP+Born (from θ = 0◦)
calculation levels, the difference in magnitude between the
two calculations is notorious, which emphasizes the impor-
tance of taking into account the dipole moment information
in the calculations of positron scattering by uracil. As previ-
ously mentioned, the ICS+Born was obtained by integrating
the DCSs from θ = 0◦ or from θ = 1◦ up to θ = 180◦. This
procedure was performed to have a more careful assessment
of the effects of using the Born-closure procedure in our
results. Comparing the curves representing both ICS+Born
calculations, we observe that the magnitude of the integrated
ICS from θ = 1◦ is about 30% below to the integrated ICS
from θ = 0◦. Further, in this same figure, we display the com-
parison of our calculations with theoretical results available
in the literature [12,13]. The present SMC-SP results show a
very good agreement with the elastic cross sections calculated
by means of the IAM-SCAR method in terms of shape and
magnitude, except for energies above 7 eV where the IAM-
SCAR-elastic results are lower than ours. With the inclusion
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of the dipole effects, our cross section (SMC-SP+Born) dif-
fers with respect to the magnitude of the grand total cross
section (GTCS) data obtained according to the IAM-SCAR
method (IAM-SCAR-GTCS), which also take into account
the dipole effects. According to authors from Ref. [12], the
GTCS corresponds to the sum of elastic and absorption (which
includes inelastic processes) ICSs. In the IAM-SCAR method,
all inelastic processes are taken into account through the
use of an imaginary potential. Such a discrepancy between
IAM-SCAR and SMC data may probably be related to the dif-
ference in the way in which the dipole correction was included
in the two methods. Moreover, there are other collisions
processes that are included in the IAM-SCAR calculations
that are not taken into account by the SMC method. Still,
in relation to the calculated data reported in Ref. [12], we
added in Fig. 3 the results of the normalized IAM-SCAR total
cross section. Franz and coworkers [13] reported results for
elastic and inelastic rotational cross sections. The elastic rota-
tional cross section [ICS (00)] lies below the SMC-SP cross
section. On the other hand, the inelastic rotational cross sec-
tion, specifically the transition J = 0 → J ′ = 1 reported by
these authors, is bigger than the present SMC-SP+Born cross
section. The Born-closure procedure used in our calculations
takes into account the inelastic dipole-allowed rotational tran-
sition (J = 0 → J ′ = 1), as discussed in the previous section.
In other words, for this transition, we would expect a better
agreement between the magnitude of the cross section calcu-
lated by Franz [13] and the SMC-SP+Born cross section. It
also can be noted that the calculated cross sections of Franz
et al. [13] present some overall agreement with the GTCS
obtained by the IAM-SCAR method [12]. The magnitude of
the cross sections calculated by Franz et al. [ICS (01)] [13]
and Anderson et al. (IAM-SCAR-GTCS) [12], whose dipole
moment values used in their calculations are 4.34 and 3.87 D,
respectively, follow the dipole-moment-squared behavior. In
other words, the magnitude of the cross section obtained by
Franz et al. [13] is above the one obtained by Anderson
et al. [12]. This ordering of the magnitudes concerning the
dipole moment value is not observed in the ICS calculated via
SMC [SP+Born (θ = 0◦)] at energies above 0.5 eV. Since the
dipole moment employed in the SMC calculations is 4.87 D,
it was expected that the magnitude of the SMC SP+Born
cross section stays above the results from Ref. [13]. However,
by analyzing the SMC SP+Born cross section at the region
of very low energies (above 0.5 eV), we observed an abrupt
growth in the magnitude of the cross section, indicating the
dipole-moment-squared behavior.

The dotted vertical line at 2.79 eV present in both Figs. 3
and 4 indicates the threshold (EPs) of the positronium (Ps)
formation channel, which was estimated by the equation

EPs = IP − 6.8 eV, (12)

where IP is the ionization potential of uracil, and 6.8 eV is
the ground state energy of Ps. The ionization potential value
calculated with the DZV + +(2d, 1p) basis set was 10.07 eV;
nevertheless, we used the IP experimental value of 9.59 eV
obtained from Ref. [29] in the EPs estimation. It is worth
mentioning that the SMC method does not take into account
the Ps formation channel, so a good agreement between the
present ICS results and the experimental TCS data reported
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FIG. 4. The integral cross section for scattering of positrons by
uracil SP+Born which includes dipole corrected obtained by inte-
grating the elastic DCSs from θ = 0◦ (full solid magenta line) and
θ = 1◦ (solid light green line). The present results are compared with
the experimental data of TCS measured by Surdutovich et al. [11]
(full orange circles) and Anderson et al. [12] (full magenta diamonds
and full cyan triangles). The maroon stars correspond to the corrected
total cross section using our computed cross section (see text). The
vertical dotted line is indicating the threshold for the positronium
formation channel, which is estimated at 2.79 eV.

in the literature, above the Ps formation threshold, is not
expected.

Regarding the comparison between the SMC elastic in-
tegral cross sections (SP+Born) and the experimental data
available in the literature [11,12], the results are presented
in Fig. 4. First, we compare our results with the total cross-
section data reported by Anderson et al. [12]. According
to these authors, the measurements for the uracil molecule
were somewhat inaccurate and, on account of that, the cross
sections had to be normalized with respect to the IAM-
SCAR DCS result [12] calculated at the energy of 150 eV
providing, in this way, a scaling factor to correct the mea-
sured data. The results of Ref. [12] were therefore presented
in two forms, with (full blue triangles) and without (full
magenta diamonds) the correction by the scaling factor, as
previously mentioned. In comparison with the experimental
data, the present SMC-SP elastic cross section has magnitude
slightly above the results measured by Anderson et al. [12]
without the correction proposed by these authors and a mag-
nitude below them with the correction. With the inclusion
of the Born-closure procedure, the ICS calculated in the
SMC-SP+Born level of approximation presents a magni-
tude above the cross section measured and corrected by
Anderson et al. [12]. Given the forward angle resolution of
the experimental apparatus, the TCS data do not account
for accurate information at angles smaller than a certain θs

and the consequence is that the reported experimental cross
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FIG. 5. Integral cross section computed with the SMC method at
the SP+Born approximation and with the model at T = 0, 100, 200,
300, 500, and 1000 K. See text for more details.

sections are, in fact, lower than their real value. Therefore,
the differences observed between theoretical and experimental
data at low energies can essentially be attributed to the lack
of forward angle resolution of the experimental apparatus.
The angle θs varies with energy, that is, the larger the θs

the smaller the incident energy. Following the procedure de-
scribed in Refs. [30,31], we also performed a correction for
the data measured by Anderson et al. based on present SMC-
SP+Born (θ = 0◦) results, using the information provided by
these authors in Ref. [12]. We employed our calculated DCS
SMC-SP+Born and the available resolution of their experi-
mental apparatus to calculate the following corrected cross
section:

σcorr = 2π

∫ θs

0
(DCSSMC) sinθdθ, (13)

which was added to the experimental data at selected en-
ergies (1, 1.5, 2, and 2.5 eV) and it is shown in Fig. 4
(TCS-Anderson et al.+Corr) as well. These four corrected
points are slightly below the present SMC-SP+Born ICS.
In this figure, we additionally present the TCS measured by
Surdutovich et al. [11]. These data lie below present SMC-
SP results and also below the TCS measured by Anderson
et al. [12]. According to the discussion conducted in Ref. [12],
this difference can be attributed to a broader missing angular
range in the measurements performed by Surdutovich and
coauthors [11]. Comparing the theoretical results with the
experimental data, Figs. 3 and 4 respectively, it is possible to
notice that our cross-section results (SMC-SP+Born) have a
magnitude slightly closer to the experimental results, showing
a better agreement than the other calculations in this energy
range.

Figure 5 shows the behavior of the cross section at dif-
ferent temperatures T = 0, 100, 200, 300, 500, and 1000 K,
calculated with the model [15], employing Jmax = 5. The
cross-section results obtained using the linear rotor model
with the same parameters as the uracil molecule present a
small variation in the magnitude for different values of the
temperature T , in the energy range from 0.5 to 10 eV. This re-
sult agrees with the results presented by Franz and Gianturco

FIG. 6. Folded elastic differential cross section for scattering of
positrons by uracil, for impact energies of 1, 3, 5, and 10 eV. See the
text for the discussion.

[15], who report that the influence of temperature on the
integral cross section of the pyrimidine molecule, calculated
using the model, is less than 1% and therefore this effect can
be neglected in the close-coupling cross-section calculations.
Additionally, in this same figure, we showed the integral cross
section with Born closure calculated using the SMC method
from θ = 0◦ to θ = 180◦. Those results obtained through the
linear rotor model do not reproduce well the ICSs calculated
using the SMC method, as was expected since this is just a
simple model. We see that the variation in magnitude between
them is too small. Based on the analysis of results in Fig. 5
and in other works available in the literature [30,32–34], it is
possible to conclude that Eq. (13) used in the correction of
the experimental data is valid for the present SMC-SP+Born
differential cross sections.

The differential cross sections calculated in the SP approx-
imation with (full light green line) and without (long dashed
black line) the Born-closure correction are shown in Fig. 6,
for the energies of 1, 3, 5, and 10 eV. As is fairly known,
the experimental DCSs in positron scattering by molecules
are folded from 0◦ up to 90◦, that is, the DCS(θ ) is actually
equal to DCS(θ ) + DCS(180◦–θ ). For this reason, in order
for the comparison between experiment and theory to be
consistent, the calculated DCSs must likewise be folded. The
experimental DCSs reported by Anderson et al. [12] employed
quasielastic term, referring to the contributions of rotational
and vibrational excitation that cannot be distinguished from
elastic scattering due to the energy resolution of the ex-
perimental apparatus of uracil. The DCSs calculated at the
SMC-SP-folded level of approximation show a poor agree-
ment in comparison with the experimental data (full magenta
diamonds and full cyan triangles) below angles ranging from
20 to 40◦, depending on the positron impact energy. A better
agreement with the measurements can be observed for the re-
sults obtained in calculations in which the dipole effects were
taken into account through the Born-closure procedure (SMC-
SP+Born-folded). The DCSs obtained with the SMC method
in SP approximation present an overall good agreement with
the elastic results calculated through the IAM-SCAR (dotted
blue line) method.
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FIG. 7. Differential cross section for scattering of positrons by
uracil, for impact energies of 1, 3, 6, and 10 eV. See the text for the
discussion.

Finally, in Fig. 7, we present a comparison between the
folded and unfolded differential cross sections at 1, 3, 6, and
10 eV. It is clear that the folded DCSs show an increase in its
magnitude, in relation to unfolded DCSs, at angles above 20◦.
From unfolded DCSs, we can also have information about
the dominant wave patterns on the cross section at energies
available here. The DCSs at 1 and 3 eV have well-defined
p- and f -wave patterns, respectively. On the other hand, at 6
and 10 eV, the wave pattern is not so evident as the previous
ones, but these DCSs also have f -wave patterns. Another set
of results that are also displayed in this figure is the results
calculated by Franz et al. [13] (dash-dotted red line). A good
agreement between the present SMC-SP+Born DCSs and
these results can be seen for the impact energies of 1 and 3 eV.
However, at 6 and 10 eV, the differential cross section reported
by Franz et al. [13] presents a decrease at angles above 70◦. As
was done for the ICS in Fig. 3, the comparison of the present
DCSs was performed in relation to DCSs for the 0-1 rotational
excitation reported by Franz et al. [13].

IV. CONCLUSIONS

In this paper, we presented calculated integral and dif-
ferential cross sections for elastic scattering of low-energy
positrons with the uracil molecule. Our cross sections were
computed in the static plus polarization approximation for
impact energies up to 10 eV, employing the Schwinger mul-
tichannel method. In general, the SMC cross sections exhibit
a good qualitative agreement with the theoretical and experi-
mental results recently reported by Anderson et al. [12]. The
discrepancies observed in the comparison between the TCS
measurements and present SMC-SP+Born cross section for
energies below the threshold for the positronium formation
channel was addressed by means of a correction procedure
developed in order to treat the forward angle effect in the
experimental results. On the other hand, the level of agreement
between our calculated and previous measured DCS data is
notorious. The calculated cross sections, using the simula-
tion of a linear rotor with the same parameters as the uracil
molecule and at different temperature values, showed that
the temperature effects in the energy range of interest in the
present paper are rather small, as well as reported by Franz
and Gianturco [15] for the pyrimidine molecule. Finally, it is
worth mentioning that the present work aims to contribute to
the investigations on positron-molecule scattering by uracil,
since studies involving this molecule are still very scarce, as
pointed out in the review on positron-molecule collisions by
Brunger and coworkers [31].
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