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Abstract: In this work, we present a theoretical study on positron scattering by benzene
molecules over a broad energy range (1-1000 eV). The aim of this work is to provide
missing data from partial cross-sections for specific processes. In particular, calculations of
cross-sections for direct ionization and electronic excitation were carried out for benzene
molecules in the gas phase. An estimate for the cross-section for positronium formation
is obtained from a comparison with the total cross-section from experiments. Theoretical
methodologies used in the study for partial ionization cross-section calculations are based
on the binary-encounter Bethe model and take into account an extension of the Wannier
theory. The total cross-section shows good agreement with experimental data.

Keywords: positron—molecule scattering; positron impact ionization; binary-encounter Bethe;
benzene

1. Introduction

Positron interactions with organic molecules play a vital role in medical physics,
materials science, and astrophysics [1-7]. In medical physics, particular interest is focused
on the positronium (Ps) and its role in positron emission tomography (PET) [1]. Ps atoms,
which are short-lived bound states of an electron and its antiparticle, the positron, can be
created when a positron is emitted inside the human body and does not annihilate directly
with one of the electrons of the examined organism. As research shows, about 40% of
the positrons in PET scans decay through Ps formation rather than direct annihilation [1].
Hence, the Ps is being explored as a crucial component of new-generation PET devices.
In materials science, positron annihilation spectroscopy methods yield information about
defects localizing positrons and can provide identification of neutral or negatively charged
vacancy-related defects in materials [2]. It is also possible to identify specific point defects
by comparing the experimentally determined lifetimes with Density Functional Theory
(DFT)-calculated values for the perfect material state and states localized at specific vacancy-
related defects [3]. Furthermore, positron lifetime measurements, which are performed
using high-intensity positron beams, enable the determination of a depth profile of vacancy-
related defects [3]. Positrons in space are created mainly in the interstellar medium (ISM),
when photons or high-energy particles from cosmic radiation trigger a cascade of processes,
and positrons are one of the final products [4]. Other sources of these particles are massive
stars, as well as red giants and Wolf-Rayet stars [5]. Potential sources also include pulsars,
neutron stars, and black holes, as well as dark matter [6]. The spectrum of the photons,
created due to positron annihilation in our galaxy, has been examined over a wide range
of energies, from 50 keV to over 100 GeV [7]. In the low-energy region (from 50 keV to
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10 MeV), photon emissions can be explained with good accuracy [8], while in the high-
energy region, from 1.5 to 100 GeV, the results of observations suggest an excess of ultra-
relativistic positrons in cosmic rays in relation to theoretical models [9,10]. Furthermore,
a yet-unresolved problem is to find an explanation for the annihilation radiation map
in the ISM. The known astronomical objects in the ISM do not possess the capability to
produce such a high rate of positrons that could stay in agreement with the photon emission
resulting from their annihilation [9]. A possible explanation could be positron scattering on
polycyclic aromatic hydrocarbon (PAH) molecules, which were found in the composition
of the interstellar dust [10]. Experimental results of positron—-PAH molecule annihilation
cross-sections, which show that these increase by several orders of magnitude, seem to
confirm the possible importance of such reactions in the ISM [11].

For the theoretical study of positron interaction with matter, knowledge of scattering
cross-sections is crucial. In particular, positron-transport Monte Carlo simulation studies,
e.g., [12,13], need a set of input data describing the interaction of the positron beam with
the target. The cross-sections describe different physical phenomena that occur during the
interaction of positrons with the target atoms or molecules. Elastic and inelastic processes
particularly need to be considered. For low-energy positron interactions with atoms and
molecules, the processes of interest include elastic scattering, electronic and vibrational
excitation, ionization, Ps formation, and annihilation [13]. There have been a number of
earlier review articles involving cross-sections for positron scattering, e.g., [14]; however,
the benzene molecule, which is the simplest aromatic hydrocarbon, has not received
considerable attention in positron scattering studies.

The motivation for this paper is to provide cross-section data for positron-benzene
scattering, particularly for cross-sections of direct ionization, which are interesting for
applications, e.g., in the further development of PET technology [1,13]. New-generation
PET scanners utilize Ps as a biomarker [15,16]. For a deeper understanding of the formation
and lifetime of Ps in biomaterials, it is important to have knowledge about the interaction
of positrons with organic molecules. In this aspect, the interactions between positrons
and benzene are interesting. The available data for positron-benzene scattering include
the measured total cross-sections (TCSs) by Sueoka [17], Makochekanwa [18], Karwasz
et al. [19,20], and Zecca et al. [21]. The elastic cross-section for low collision energies has
been computed by Kimura et al. [22], Occhigrossi and Gianturco [23], Franz and Franz [24],
Karbowski et al. [25], and Barbosa et al. [26]. Barbosa et al. [26] also present cross-sections
for direct ionization, excitation, and Ps formation. Lino [27] has computed the cross-
section for electronic excitation. The datasets for electronic excitation cross-sections are
very different from each other. In this paper, we present new calculations of the cross-
sections for direct ionization using binary-encounter Bethe models [28,29] and for electronic
excitation using the binary-encounter Born approximation [30]. Furthermore, we present an
estimation of the cross-section for Ps formation by subtracting the elastic cross-section and
the cross-sections for direction ionization and electronic excitation from the experimental
total cross-section.

This paper is organized in the following way. Theoretical models and computational
procedures of the calculations are summarized in Section 2. The results are presented and
discussed in Section 3. The paper ends with our conclusions in Section 4.

2. Theory and Computational Details
2.1. Molecular Structure

The conducted simulations concern collisions between a positron and the benzene
molecule. Benzene is a cyclic organic molecule containing six carbon atoms and six hy-
drogen atoms, displaying a hexagonal, planar structure. The program package Gaussian
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v16 was employed to optimize the structure of the benzene molecule using the Density
Functional Theory (DFT) [31]. The Becke, 3-parameter, Lee-Yang—Parr (B3LYP) exchange-
correlation functional [32,33] and the 6-311++G(2df,2p) basis set [34] are used. The opti-
mized parameters are 1.391 Angstrom for the CC bond length and 1.082 Angstrom for the
CH bond length.

2.2. Model for Direct Ionization of Molecules by Positron Impact

The binary-encounter Bethe (BEB) model [35,36] is one of the most frequently used and
successful models for the calculation of cross-sections for ionization by electron impact. Fe-
dus and Karwasz [28] derived binary-encounter Bethe models for positrons BEB-0 and BEB-
W. The BEB-W model takes into account the Wannier threshold law [37]. Franz et al. [29]
present the models BEB-A and BEB-B, which follow the threshold law of Jansen et al. [38].
These models allow accurate results to be obtained over a large range of energies and
give ionization cross-sections which are close to experimental data [14,39] and ab initio
calculations [40].

Here we give a short summary of the BEB-0, BEB-W, BEB-A and BEB-B models. More
details can be found in the original publications [28,29]. The total cross-section (¢jop) for the
direct ionization of a molecule by positron impact can be written as the sum of the partial
ionization cross-section ((Tlion) for ionization out of the occupied molecular orbitals.

Noce

ion(E) = Y, 01 (E) 0

Here, the sum runs over all 71 occupied orbitals. In the following, E is the kinetic energy
of the incoming positron, B; is the binding energy of the electron in molecular orbital i, and
U; is the expectation value of the kinetic energy of the electron in orbital i. The formulas
can be expressed in reduced quantities:

E U;
=g andui:B{. 2)
1 1

The general formula for the partial ionization cross-section is given by

i S; In (¢;) 1 1
olon = 1 D= 5)+hi(1— =) +Gil , 3
l titui+1+f| 2 ( tiz) 3 ti)+ ! ®)
where the prefactor is given by
R
S = 4na%Ni(f)2 , (4)

B;

where ayg = 0.529 x 1079 m is the Bohr radius, R = 13.6 eV is the Rydberg constant, and
N; is the number of electrons in orbital number i. The various models can be defined
as follows:

e BEB-Omodel: f; =0,h; =1,G; =0.

e  BEB-Wmodel: f; = fV, h; = 1, G; = 0 with the term

W 1
fi R CESCh ®)
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e  BEB-Amodel: f; = f2, h; =1, G; = 0 with the term

1
A _
fi - (ti—l)“—le*ﬁi\/tiﬁ ’ (6)

where & = 2.64 and 8; = 0.489 zBT§ to fulfill the threshold law of Jansen et al. [38].

e BEB-Bmodel: f; =0,k =1—gi(t;), Gi = gi(t;) (1 — tl)a and g;(t;) = ePivi—T with

the same values for « and B; as in the BEB-A model. 1

For the calculation of the ionization cross-section, the binding energies and the ex-
pectation values of the kinetic energy of the electron before its removal are presented
in Table 1. The binding energies for the lowest orbitals are calculated using Koopmans’
theorem [41]. For the outer valence orbitals, Koopmans’ theorem is not accurate enough,
and therefore, we employ the Outer Valence Green Function (OVGF) method [42] for the
highest seven orbitals.. The program package Gaussian v16 [31] is used for all calculations
with the 6-311++G(2df,2p) basis set [34]. In our computation, we obtain 9.26 eV for the
lowest ionization energy, which is close to the experimental value of 9.24 eV for the vertical
ionization energy obtained by Karlsson et al. [43].

Table 1. Computed binding energies B;, expectation values of the kinetic energies U;, and occupation
numbers N; of the molecular orbitals of benzene.

Orbital B;/leV U;/lev N;
leg 9.26 2 27.81 4
3ezg 12.162 37.81 4
1ay, 12.45 2 23.70 2
3e1y, 14.47 2 32.46 4
1by, 14.90 2 39.91 2
2by, 15.822 34.21 2
3a1g 17.402 25.33 2
294 22.44° 39.03 4
2e1, 27.64 P 42.36 4
2a14 31.36° 39.36 2
1b1y, 305.62 P 436.29 2
leiy 305.64 P 436.11 4
leyg 305.68 435.74 4
layg 305.69 435.59 2

2 Binding energy calculated with the OVGF method. P Binding energy calculated using Koopmans’ theorem.

Cross-Sections for Electronic Excitation

The total cross-section for electronic excitation is given by the sum of cross-sections
for electronic excitation from the electronic ground state to excited states Y.

1
Oelec = Z‘Tg}?c' 7)
Y

The cross-section for each electronically excited state is calculated using the binary-
encounter-scaled Born cross-section [30]

E
elec Born

— . 8
70 T E 1B+ AEy O ®)
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Here, AEyy is the excitation energy from the electronic ground state to the excited state
Y and oP9™ is the cross-section for electronic excitation within the first Born approxima-
tion [44].

ko + ky
ko — ky

8
Born 2
3K2

: ©)

Here, Dyy is the transition dipole moment between the electronic ground state and the
electronically excited state Y of the molecule. The wavenumbers of the electron before (k¢)
and after (ky) collision are given by

ko= 3vVamE and ky = 3\/2me(E~ ALy), (10)

For the calculation of the electronically inelastic cross-section, we used the energies
and oscillator strength from Li et al. [45], obtained with the symmetry-adapted cluster—
configuration interaction (SAC-CI) method. In Table 2, we show the data for all dipole-
allowed transitions obtained by Li et al. [45]. All three electronic excitations are transitions
of one electron from the highest occupied molecular orbital (here denoted as 77) to a virtual
orbital. The transition dipole moment and the oscillator strength are connected through

the equation
f _ gmeAEoy
1) 3 hz

For the binary-encounter scaling, we used the binding energy B; = 9.26 eV for the lej,
orbital from Table 1.

|Doy|?. (11)

Table 2. Electronically excited states of benzene with non-zero oscillator strength. All states have
been computed using SAC-CI by Li et al. [45].

Excited State Y Description foy AE/eV
1'Eq, Rydberg 7 — 7* 0.2021 7.06
2LEq, Valence 7 — 7* 0.6204 7.48
11 Ay, Rydberg 7 — o* 0.0350 7.06

3. Results and Discussion

In Figure 1, we present the cross-sections for the direct ionization of the benzene
molecule by positron impact and compare them with available results from the literature.
The figure shows the computed ionization cross-section, which is obtained with the four
BEB models and the calculations by Barbosa et al. [26] using the independent atom model
with the screening-corrected additivity rule including interference effects IAM-SCAR+I)
method. From Figure 1, it can be seen that for collision energies below 40 eV, the IAM-
SCAR+I method gives the largest cross-section. The results, obtained with the four BEB
models, are relatively close together, where BEB-0 gives the largest cross-sections, followed
by BEB-W, BEB-B, and BEB-A. The IAM-SCAR+I reaches a maximum at 40 eV. In contrast,
BEB-0 has its maximum at 59 eV, BEB-W at 63 eV, BEB-A at 71 eV, and BEB-B at 72 eV.
For collision energies above 200 eV, all four BEB curves converge, and the lines are not
distinguishable in Figure 1 and are slightly above the IAM-SCAR+I curve. In our previous
study of positron impact ionization, we obtained the best results for neutral molecules with
the BEB-A and BEB-B models. Therefore, we will use the BEB-B results in our calculation
of the TCS.

In Figure 2, we show the cross-sections for the direct ionization for each valence orbital.
For the computations, we used the BEB-B model. We can see that the largest contribution
is due to the highest molecular orbital. In Figure 3, we show the contributions of the four
core orbitals. The cross-sections for each of the four core orbitals are below 0.01 x 10720 m?,
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The parameters B; and U; are the same for all four orbitals. Due to the degeneracy of the
orbitals 1ey, and leyg, their cross-sections are two times larger than the cross-sections for
the ionization from the orbitals 1by, and 1a;;.

25
= Ojon (BEB-0) - present
= === Ojon (BEB-W) - present
"""" Tion (BEB-A) - present
207 LS === Ojon (BEB-B) - present
E P \\ ===~ Oion (IAM-SCAR+)
°
b
o 15 A
)
c
k]
k9]
@ 10 1
n
a
o
o
5 -
//0:'
0 pl ; .
10° 10! 102 10

positron energy (eV)

Figure 1. Direct ionization cross-section from benzene molecules by positron impact. The results from
calculations with the four different BEB models are shown by a solid red line (BEB-0), dashed red line
(BEB-W), dotted red line (BEB-A), and dash—dotted red line (BEB-B). The data from calculations by
Barbosa et al. [26] with the IAM-SCAR+I method are shown by the dashed blue line.
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Figure 2. Direct ionization cross-section from benzene molecules by positron impact for the valence
orbitals computed with the BEB-B model.
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Figure 3. Direct ionization cross-section from benzene molecules by positron impact for the core
orbitals computed with the BEB-B model. The cross-sections for the orbitals lej, and lepe cannot be
distinguished from each other. The same applies for the orbitals 151, and 1ay,.
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Regarding the electronic excitations of benzene by positron impact, calculations have
been performed by Barbosa et al. [26] using the IAM-SCAR+I method and by Lino [27]
using the scaling Born positron (SBP) approach. Figure 4 shows our results using the BE-
scaled Born approximation together with the results of the IAM-SCAR+I method [26]
and the SBP approach [27]. The curve with BE-scaled cross-sections reaches a maxi-
mum of 6.92 x 1072 m? at 15 eV. The IAM-SCAR+] results show a maximum value of
15.26 x 10720 m? at the same energy and are larger than our results for nearly all collision
energies, with the exception of a small energy range between 30 and 60 eV. The SBP results
reach their maximum value of 2.98 x 1072 m? at 30 eV. This is much smaller than our
results and the IAM-SCAR+I results.

Oelec (BE) - present

175 1 === Oeec (IAM-SCAR+I)
...... Oelec (SBP)

cross section (10720 m2)

0.0

10! 10? 10°
positron energy (eV)
Figure 4. Integral cross-sections for positron impact excitation of electronic states in benzene. Present

calculations using the BE-scaled Born approximation are shown by the solid red line. Also shown are
IAM-SCAR+I results [26] (dashed blue line) and SBP results [27] (green dotted line).

It is also important to note that our calculations are for excitation into the excited states
1'Eq,,, 2'E;, and 11 A,,. The cross-sections for the excitation of each state are shown in
Figure 5. All three states are dipole allowed (the transition dipole moment between the
ground state and the excited state is non-zero). Lino studied transitions into 1E;, and the
dipole-forbidden state ! By,,. Barbosa et al. [26] do not specify the electronic states that they
consider in their calculation.

8

Oelec (BE) - total
=== Oelec (BE) - 1'Eyy
""" Oelec (BE) - 2'Eyy
== Oelec (BE) -

7 4

o)}
1

w
L

w
1

cross section (10720 m?)
o
!

N
1

- -

=
L

~
~
LT,

positron energy (eV)

Figure 5. Integral cross-sections for positron impact excitation of electronic states in benzene. Present
calculations using the BE-scaled Born approximation.
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In Figure 6, we show our estimate of the total cross-section, excluding the cross-section
for Ps formation.

Ototal—Ps = Uel + Tion + Telec- (12)

Here, we sum the elastic cross-section 0,;, the cross-section for direct ionization o;,,, and
the cross-section for electronic excitation o,;,.. The elastic cross-section is taken from Franz
and Franz [29], which is obtained by the R-matrix method with enhancement factors. The
ionization cross-section is computed with the BEB-B method and the cross-section for
electronic excitation uses the BE-scaled Born approximation. In Figure 6, we present the
total cross-sections obtained by the IAM-SCAR+I method [26] and experimental results
by Sueoka [17], Makochekanwa et al. [18], Zecca et al. [21], and Karwasz et al. [19,20].
Barbosa et al. [26] calculated corrections for the angular discrimination error in the experi-
ment by Zecca et al. [21] for collision energies below 1 eV. These corrections bring Zecca’s
results very close to Sueoka’s results, but are not shown in Figure 6. It should be noted
that the results of Makochekanwa et al. [18] are considered too low at collision energies
below 50 eV. A detailed discussion about these results can be found in the review by
Brunger et al. [14]. For energies below 2 eV, the IAM-SCAR+I cross-sections are lower than
the experimental cross-sections, whereas for energies larger than 2 eV, they are the largest
cross-sections in the figure. The IAM-SCAR+I cross-sections show a maximum around
10 eV, which is absent in all other datasets.

Oel + Ojon + Oejec - present

=== Ototar (IAM-SCAR+I)

Sueoka (1988)
Makochekanwa et al. (2003)
Zecca et al. (2007)

Karwasz et al. (2005)

L L 2% J

total cross section (10720 m?2)

10° 10! 102 103
positron energy (eV)

Figure 6. Total cross-sections for positron collisions with benzene. Present results are shown by the
solid red line. Also shown are results obtained with the IAM-SCAR+I method (dashed blue line) and
experimental results by Sueoka [17] (black circles), Makochekanwa et al. [18] (blue triangles), Zecca
et al. [21] (red diamonds), and Karwasz et al. [19,20] (green squares). The thresholds for Ps formation,
electronic excitation, and direct ionization are marked with arrows.

Brunger et al. [14] recommend the experimental values from Zecca et al. [21] as the
total cross-section for low energies and the values from Sueoka [17] for large collision
energies. For energies below the threshold for Ps formation and for energies above 30 eV,
the sum of our cross-section ;44— ps is very close to the experimental data points from
Karwasz et al. [19,20] and Sueoka [17]. In the range between 3 and 30 eV, the sum of
our cross-sections is smaller than the recommended cross-section. We assume that this
difference is due to Ps formation. For an estimation of the cross-section for Ps formation,

__ recommended
OPs = Uotal — Ototal—Ps

we subtract the sum 0y,,,,_ps; of our cross-sections from the recommended total cross-

section atrc‘ffﬁmme“ded from Brunger et al. [14]. The estimated cross-section for Ps formation
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is shown in Figure 7 together with the cross-section for Ps formation from Barbosa et al. [26]
obtained with the IAM-SCAR+I method. Also shown is one experimental data point at an
energy 2 eV above the threshold from measurements by Sueoka et al. [46]. The maximum
of our estimated cross-section is about 15 x 10~2° m?, which is of a similar magnitude
to the maximum of the IAM-SCAR+I cross-section. Our estimated cross-section shows
several oscillations, which are due to the oscillations in the recommended experimental
cross-sections. These are clearly not physical features like resonances. For large collision
energies, our estimated cross-section reaches a value of roughly 3 x 1072 m2. This might
be an indication that our elastic cross-section is too small for larger collision energies.

20.0

—— Ops - present
== 0ps (IAM-SCAR+I)
@ Sueoka (2001)

7.5 1

cross section (1072 m?2)

5.0 1

2.5 1

0.0

10° 103

positron energy (eV)

Figure 7. Cross-sections for Ps formation in positron collisions with benzene. Present results are
shown by the solid red line. Also shown are results obtained with the IAM-SCAR+I method (dashed
blue line) and experimental results by Sueoka [17] (black circle). The threshold for Ps formation is
marked with an arrow.

4. Conclusions

In this manuscript, we present cross-sections for direct ionization and electronic
excitation in collisions of positrons with benzene molecules. Four theoretical models based
on binary-encounter Bethe theory are used to calculate ionization cross-sections. Our results
are slightly lower than those from Barbosa et al. [26] obtained with the IAM-SCAR+I method
for energies below 100 eV. For the calculation of cross-sections for electronic excitation,
we employed the binary-encounter Born approximation. Our results are between those
obtained by Barbosa et al. with the IAM-SCAR+I method and those by Lino [27] with
the SBP approach. Finally, we obtain an estimate of the cross-section for Ps formation
by subtraction of the elastic cross-section and the cross-sections for direct ionization and
electronic excitation from the recommended experimental total cross-section. The obtained
Ps cross-section has a peak of the same magnitude as results obtained with the IAM-
SCAR+I method.
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Abbreviations

The following abbreviations are used in this manuscript:

BE binary-encounter
BEB binary-encounter Bethe
BEB-0 binary-encounter Bethe for positrons
BEB-W binary-encounter Bethe for positrons with Wannier-type threshold law
BEB-A binary-encounter Bethe for positrons with Jansen-type threshold law, version A
BEB-B binary-encounter Bethe for positrons with Jansen-type threshold law, version B
B3LYP Becke, 3-parameter, Lee-Yang-Parr exchange-correlation functional
DFT Density Functional Theory
eV electron volt
IAM-SCARAI %ndepe.nde'nt atom model with the screening corrected additivity rule,
including interference
ISM interstellar medium
OVGF Outer Valence Green Function
PAH polycyclic aromatic hydrocarbon
PET positron emission tomography
Ps positronium
SAC-CI symmetry adapted cluster-configuration interaction
SBP scaling Born positron
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