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The present paper provides a joint experimental and theoretical study of positron scattering from pyrazine.
Experimental data were measured employing a low-energy positron beamline, and covered an energy range
from 1 to 79 eV. Cross sections were measured for total scattering, total elastic scattering, positronium
formation, direct ionization, and the sum of the total discrete electronic-state excitation processes. In ad-
dition, measured total electronic excitation cross sections for the individual 11B3u, 11B2u, 11B1u, and 21B2u

states are also reported. Finally, experimental elastic differential cross sections (DCSs), here in the energy
range 1–20 eV, are also presented. Results from two theoretical approaches are given: the R-matrix approach
and the independent atom method with screening corrected additivity rule and interference terms. Where
a comparison between our experimental and theoretical results could be made, the level of accord varied
from being quite good to marginal depending on the actual scattering process under consideration. Last, a
comparison between the present elastic DCS results and those from our earlier study on positron scattering
from pyrimidine [Palihawadana et al., Phys. Rev. A 88, 012717 (2013)] showed a somewhat unexpected level
of agreement.
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I. INTRODUCTION

Positron emission tomography (PET) imaging remains the
most sensitive and quantitative tomographic technique for
imaging molecular interactions and pathways within the hu-
man body [1]. Early research machines of the 1960s have
evolved rapidly into modern combination PET/CT (comput-
erized tomography) scanners and, in the last few years, a
total body PET machine has been produced which is capable
of performing scans in under a minute [2]. The technical
improvements of these machines have driven their research
and clinical uses. PET scanners are now used for brain studies
[3], cardiology [4], and oncology [5]. Positherapy [6] and
theranostics [7] are also emerging fields which use in vivo
positron emitting radioisotopes. However, there currently ex-
ists reluctance in the health care industry in the use of ionizing
radiation in the general population, especially in the young or
pregnant, which effectively prevents PET from reaching its
full usefulness [5]. It is therefore imperative that a detailed
understanding of the interactions of positrons with biological
matter exists, in order to provide a quantitative description
of the damage that these key diagnostic and therapeutic tech-
niques produce within the human body.

While research into the scattering processes of low-energy
positrons with biological targets has been ongoing for many
years [8], it has largely been at the total cross section (TCS)
level. These TCS measurements have failed to elucidate key
details of the different scattering interactions, which provide a
crucial test of the validity of scattering models for positrons in
biological matter. The situation in regard to electron scattering
is, however, much better [9,10], due in large part to the relative
ease of generating high resolution electron beams. In order to
fully model the path of positrons emitted in the body, along
with liberated secondary electrons, Monte Carlo simulations
have been used [11]. These simulations rely on accurate cross
sections for a variety of biological molecules. Several models
exist to calculate positron-molecule cross sections and it is
one aim of the present work to provide experimental data to
validate and help guide the development of these models.

Of the five primary nucleobases found in DNA and RNA,
cytosine, uracil, and thymine are derived from pyrimidine.
Pyrimidine itself is an aza-derivative of benzene whereby two
CH groups (at positions 1 and 3 in the ring) are substituted
for N atoms and this target has previously been the subject
of positron scattering studies (e.g., [12]). Pyrazine, another
aza-derivative of benzene, with two N atoms substituted at

2469-9926/2021/104(4)/042807(12) 042807-1 ©2021 American Physical Society

https://orcid.org/0000-0001-6188-2682
https://orcid.org/0000-0001-9848-0548
https://orcid.org/0000-0003-4856-0229
https://orcid.org/0000-0001-9264-3932
https://orcid.org/0000-0003-4332-434X
https://orcid.org/0000-0002-7743-2990
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.104.042807&domain=pdf&date_stamp=2021-10-12
https://doi.org/10.1103/PhysRevA.88.012717
https://doi.org/10.1103/PhysRevA.104.042807


D. EDWARDS et al. PHYSICAL REVIEW A 104, 042807 (2021)

ring positions 1 and 4, is an isomer of pyrimidine. Pyrazine
is an interesting and potentially instructive target for cross
section measurements and calculations because while similar
in its physiochemical nature to pyrimidine (with isotropic
dipole polarizabilities of ∼60 a.u. [13] and ∼59.3 a.u. [14]
respectively), pyrimidine has a permanent dipole moment
(∼2.33 D [15]) while pyrazine does not. Note that the NIST
database [13] provides an extensive list of isotropic dipole po-
larizabilities for pyrazine, with those values depending on the
quality of the model chemistry and basis functions employed
in the various available computations. Here, we selected a
value from one of the higher-level calculations in their table.
The elastic integral cross section (ICS) and elastic differential
cross sections (DCS) for positrons scattering from pyrazine
have recently been calculated by Moreira and Bettega [16]
using the Schwinger multichannel (SMC) method [17], for
energies up to 10 eV. At the time of that publication there was
no other theoretical work, or experimental data, available for
direct comparison.

In contrast to the scarcity of available work concerning
positron scattering, there have been several studies of electron
scattering from pyrazine. Winstead and McKoy [18,19] used
the SMC method to calculate the elastic ICS and elastic DCS
at several energies, while the R-matrix method [20] has also
been employed by Mašín and Gorfinkiel [21] to calculate
inelastic and elastic cross sections. Palihawadana et al. [22],
using the relative flow technique, measured elastic scattering
cross sections and made a comparison to the above calcu-
lations where, generally, good quantitative agreement was
found. Finally, the measurements and calculations of the total
cross sections of Sanz et al. demonstrated similarly excellent
agreement between the two [23], as well as with the R-matrix
results previously mentioned [21]. A key result from inves-
tigations of electron scattering is the close similarity of the
scattering cross sections for pyrazine and pyrimidine, at both
the integral and differential cross section level, for energies
above about 10 eV [12,22–24]. This suggests that the key
driver of the collision dynamics is the molecular structure
and dipole polarizability, with the dipole moment playing a
lesser role which is virtually indiscernible at all but the lowest
energies investigated in the previous studies. Another aim of
the current work is to explore whether this behavior will also
be found in the examination of positron scattering.

In this paper, we report on measurements and calculations
of positron scattering from the pyrazine molecule. Experi-
mental data include TCS and Ps formation cross sections in
the energy range 1–79 eV. In addition, elastic DCS have also
been measured at scattering energies between 1 and 20 eV.
We also report the elastic and total inelastic (including elec-
tronic excitation and ionization) cross sections up to 20 eV
along with the cross sections of four state resolved electronic
excitations (11B3u, 11B2u, 11B1u, and 21B2u). All of these
measurements were performed using the Australian Positron
Beamline Facility [25], which delivers a pulsed positron beam
with a full width at half maximum (FWHM) energy resolution
of ∼55 meV in the present case. The experimental results are
compared to cross sections calculated, also as a part of this
study, using the independent atom model with screening cor-
rected additivity rule and interference terms (IAM-SCAR+I)
theoretical approach as well as the R-matrix method.

Comparison is also made, where possible, to the previously
published SMC calculation results [16].

II. EXPERIMENTAL METHODS

The experimental apparatus used for this work has been
described in detail previously [25] so only a brief description
will be given here. A 17-mCi 22Na source in a sealed cap-
sule was used to produce high energy positrons. This source
capsule was cooled down to ∼7 K to facilitate the growth
of a solid neon moderator which, through internal collisions,
reduces both the energy and energy spread of the incident
positrons. These slow positrons were then directed into a
two stage buffer gas Surko trap. Inelastic collisions with a
background gas mixture, containing N2 and CF4, trap and
cool the incident low energy positron beam. Ejection from
the trap was achieved by raising the bottom of the confining
well over a defined potential, which sets the kinetic energy
of the positron pulse. For the experiments presented here the
trap was operated at 165 Hz and produced a monoenergetic
pulsed beam with an energy width of 55 meV (FWHM). The
ejected positrons were guided into the target stage by a 530-G
solenoidal magnetic field. Positrons which undergo scattering
with the buffer and cooling gases, post-trap ejection, are re-
jected by an initial retarding potential analyzer (RPA) before
entering a 50-mm-long scattering cell. Pyrazine is a solid at
room temperature, but has a sufficiently high vapor pressure,
through sublimation, to provide a source of molecules for
the collision experiments. A sample of high-purity (�99%)
pyrazine was connected to the scattering cell via a manual
needle valve, which was used to regulate pressure of the
resulting vapor inside the scattering cell to keep the positron
collision probability to below 10% in order to reduce the prob-
ability of multiple scattering events. The pressure inside the
scattering cell was monitored using a temperature regulated,
model 690 MKS Baratron capacitance manometer, which has
a full range of 1 torr and a measurement accuracy of 0.05% at
the typical pressures used in this work.

Analysis of the scattered positron beam takes place in a
separate stage of the apparatus in a uniform magnetic field
produced by another solenoid. A second RPA was used to
measure the parallel energy distribution of the beam, in com-
bination with a microchannel plate assembly. The strength
of the magnetic field in this analysis stage can be varied to
enable positrons which have lost parallel energy via inelastic
or elastic collisions to be differentiated using the techniques
described by Sullivan et al. [26]. These techniques, along with
knowledge of the target number density inside the scattering
cell, provide the means to measure the absolute cross sections
at a given scattering energy. For elastic scattering, the angular
resolution of the experiment, which occurs as a direct result of
the finite energy resolution of the incident positron beam [27],
must be taken into account as some portion of the scattered
positrons will be unable to be distinguished from the primary
beam [27]. Any comparison to the measured cross sections
must account for this missing forward angle component, with
the relevant missing angles for this work presented in Table I.
It is also worth noting that any positrons that are elasti-
cally backscattered (scattered through an angle >90◦) will be
transported back towards the positron trap where they will

042807-2



POSITRON SCATTERING FROM PYRAZINE PHYSICAL REVIEW A 104, 042807 (2021)

TABLE I. Missing angular range in the present experiment.

Energy (eV) θmin (deg) Correction (%)

1 13.7 23.7
5 6.1 30.3
10 4.3 20
20 3 12.4
50 1.9 13.1
70 1.6 15.4

be reflected from the potential of the final electrode. These
reflected positrons will then pass back through the gas cell for
a second time, where the majority will not undergo a second
collision. This, therefore, will mean that any DCS measure-
ment will be of the full angular range DCS “folded” about
90◦ [26], with the data presented over an angular range 0–90◦.
A consequence of the energy resolution for the experiments
presented here is that vibrational and rotational excitations are
unable to be effectively resolved for the positron scattering
process, and so the cross sections presented here are averaged
over the relevant rovibrational excitations.

III. THEORETICAL METHODS

A. Independent atom model with screening corrected additivity
rule and interference terms

The independent atom model with screening corrected ad-
ditivity rule (IAM-SCAR+I), has been applied in the same
framework as our recent publication on positron scattering
from furan [28], and as such only a brief description is
presented here. This model has been successfully applied
to positron scattering from several large molecules (see, for
instance, Refs. [28,29]), for incident energies from 10 to
10 000 eV. The IAM-SCAR+I essentially treats the molecule
as the sum of its constituent atoms, with scattering cross
sections calculated using the optical potential method [30].
The atomic scattering potential can be represented by

V (r) = Vs(r) + Vp(r) − iVa(r). (1)

The real part of Eq. (1) drives the elastic scattering dy-
namics and includes the electrostatic [Vs(r)] and polarization
[Vp(r)] interactions. The imaginary part [Va(r)] describes all
inelastic processes that are considered as absorptions from the
incident positron beam. Owing to this last term in Eq. (1), the
optical model potential method yields a complex phase shift
δl = λl + iμl . This allows for the calculation of the atomic
scattering amplitudes, from which the corresponding differ-
ential and integral elastic as well as the integral inelastic and
therefore the total cross sections are derived.

The calculations presented here also incorporate the con-
sideration of interference effects [31]. This version of the
theory is known as IAM-SCAR+I and basically provides
the molecular differential cross section (dσ elastic

molecule/d�) as a
combination of the multicenter atomic amplitudes

dσ elastic
molecule

d�
=

∑

i j

fi(θ ) f ∗
j (θ )

sin qri j

qri j
(2)

=
∑

i

| fi(θ )|2 +
∑

i �= j

fi(θ ) f ∗
j (θ )

sin qri j

qri j
. (3)

Here the interference term is the second summation in Eq. (3).
In this case q ≡ |�q| = 2k sin(θ/2) is the momentum transfer
and ri j is the distance between atoms i and j.

Integration of the DCS allows for the calculation of the
molecular integral cross sections, and the above techniques
have the effect of extending the range of validity of the IAM
method to well below 100 eV [30]. Including interference
terms in the calculation of both integral and differential cross
sections for molecular targets eliminates an earlier inconsis-
tency between the differential and integral cross section values
which is inherent to the IAM-SCAR method [32]. This means
that no additional normalization procedure is required by the
IAM-SCAR+I approach in order to fulfill the optical theorem.

B. R matrix

The R-matrix method and its computational implementa-
tions to model low energy electron and positron scattering
from molecules are well established [33]. They have been
extensively applied to electron collisions but significantly less
so to positron scattering. This is due to two issues: (i) the im-
plementations cannot model positronium formation; (ii) due
to the lack of an exchange interaction, the accurate description
of polarization effects is even more important for this pro-
jectile [34,35]. These two issues are particularly significant
in the case of biologically relevant molecules that normally
have low ionization thresholds (and therefore low positronium
formation thresholds) and high dipole polarizabilities.

The details of the method have been described elsewhere
[20,33]. We briefly summarize the approach as applied to
the calculations in this work, within the fixed-nuclei approxi-
mation. Scattering calculations can be performed at different
levels of approximation: here we have employed the static
plus polarization (SP) model that involves modeling only the
ground electronic state of the target and can therefore only
describe elastic scattering.

The R-matrix method is based on the division of space into
an inner and outer region, separated by a sphere of radius
a; this radius is chosen so that the charge densities of all
target electronic states of interest [as well as the (N + 1)-
electron configurations χi, see below] are negligible in the
outer region. In the inner region, correlation effects between
the positron and target electrons must be taken into account.
In the outer region, these effects can be neglected. In the inner
region, the set of basis functions �N+1

k that describe the target
plus positron, i.e., the (N + 1)-particle system, are expanded
as follows within the SP model:

�N+1
k =

nc∑

j=1

	g.s.(xN ; r̂N+1; σN+1)
u j (rN+1)

rN+1
a jk

×
m∑

i=1

χi(xN+1)bik, (4)

where xN and xN+1 stand for the space and spin coordi-
nates of all N/N + 1 leptons, respectively. σN+1, rN+1, and
r̂N+1 stand for the spin, radial, and angular coordinates of
the positron. The wave function 	g.s. describes the ground
electronic state of the (N electron) target together with the
angular and spin behavior of the positron. The functions
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u j (rN+1 )
rN+1

describe the radial part of the wave function of the

positron. The L2-integrable functions χi, built from bound
target orbitals, both those occupied in the ground state con-
figuration and virtual orbitals (VOs), describe the short-range
polarization-correlation effects. The coefficients ajk and bik

are determined by diagonalizing the nonrelativistic Hermitian
(N + 1) Hamiltonian in the inner region [20]. In the SP model,
	g.s. is calculated at the Hartree-Fock (HF) level; the L2

configurations correspond to (i) configurations in which the
positron occupies one of the orbitals in the ground state HF
configuration; (ii) single excitations from said configuration
(normally the core orbitals are kept frozen) into a set of VOs
and the positron can occupy either bound or VOs.

In the outer region, the interaction between the positron
and the target molecule is approximated by a single-center
multiple expansion potential. The basis functions �N+1

k are
used to construct the R matrix at the boundary between
the regions. Propagation of the R matrix to an asymptotic
distance and matching with known asymptotic expressions
allows the K matrix to be determined. A trivial transformation
provides the T matrices from which integral and angular DCSs
can be calculated.

We have used the UKRmol suite [36] to determine T ma-
trices and integral cross sections and the DCS code [37] to
calculate the DCSs. We used the 6-311+G(3df,3pd) basis set
and HF orbitals to describe the target. An R-matrix radius
of 18a0 was required and partial waves up to l = 4 used; to
build the L2 functions, 120 VOs were used (these were not
the lowest energy orbitals; those with amplitudes deemed too
big at the boundary between regions were excluded). Tests
were performed for different basis sets (more compact and
more diffuse), different numbers of VOs and partial waves.
The results presented here are the best we obtained. As in-
dicated above, neither electronic excitation or positronium
formation are modeled in these calculations. We also note
that, when the SP approximation is used, pseudoresonances
are visible in the integral cross sections [20]: these peaks are
nonphysical and do not indicate the presence of resonances
in the collision process. Pseudoresonances can be eliminated
(or its number significantly reduced) in close-coupling (CC)
calculations. To demonstrate this we also run a calculation us-
ing the 6-311+G** basis set, HF orbitals, the same R-matrix
radius, 80 VOs to describe the L2 functions, and partial waves
up to l = 5 but where, instead of just the ground state, we
included 80 target states generated from single excitations into
the 80 VOs.

IV. RESULTS AND DISCUSSION

A. Grand total cross section

The data in Fig. 1 show the present experimental results for
the grand total cross section, compared to the IAM-SCAR+I
calculation. The figure presents both the full calculation as
well as a version that is modified to allow for the limited an-
gular resolution of the experiments, as described in Sec. II. For
the correction, the theoretical total cross section is calculated
for the integral of the DCS that corresponds to the limited
angular range of measurement of the experiment. In particular,
it excludes some portion of the forward scattering angles and

FIG. 1. The grand total cross section for positron scattering from
pyrazine. The green squares are the experimental results. The red line
is calculated from the IAM-SCAR+I method with the red dashed
line being the same result but corrected for the missing angles.

provides a more relevant comparison to the experimental data.
In general, the agreement between the measured values and
the corrected IAM-SCAR+I data are quite good above 10 eV,
although the dependence as a function of energy is somewhat
different between the measurement and theory, and the two
are not in strict agreement within the experimental error bars.
The feature in the theoretical curve between 5 and 10 eV cor-
responds to the incorporation of positronium formation in the
calculation, and is a consequence of the likely overestimation
of this quantity in this energy range. This is explained further
in the following section. The corrected version of the theory
is only slightly lower in magnitude than the theory integrated
over the full angular range. At the highest energies measured,
there remains some disagreement across the energy range
presented here, in contrast to previous work [12,28] which
has typically seen better agreement as the incident energy
increases. One key difference in this case is that there is no
target permanent dipole moment, although the polarizability
can still be a driving influence in the collision process. While
the dipole moment is explicitly accounted for in the IAM-
SCAR+I technique, polarizability arises as the sum of the
constituent atomic polarizabilites, and is thus less likely to
accurately reflect the true nature of the molecular interaction.
In this case, it seems that this leads to the differences observed
in the grand total cross section comparison here. Tabulated
experimental data for the grand total cross section can be
found in Table II.

B. Elastic scattering and positronium formation

The total elastic scattering cross sections are shown in
Fig. 2, where the experimental results are compared to both
the current theoretical calculations. To make an accurate com-
parison to the experimental data, comparison is also made to
the appropriately modified calculations, integrated over the
angular range of the experimental measurement, as previously
described. In Fig. 3, we present the positronium formation
cross section for pyrazine (experimental data for this cross
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TABLE II. Experimental grand total (GTCS) and positronium formation (Ps) cross sections for positrons scattering from pyrazine
(10−16 cm2).

Energy (eV) GTCS Error Ps Error Energy (eV) GTCS Error Ps Error

1 83.02 2.54 0.17 0.46 41 38.43 1.27 5.03 0.49
2 61.68 1.92 −0.17 0.47 42 39.02 1.28 4.12 0.49
3 54.67 1.72 1.41 0.47 43 39.05 1.29 4.79 0.49
4 51.89 1.65 4.84 0.48 44 38.62 1.27 4.13 0.48
5 48.82 1.56 5.88 0.51 45 38.90 1.29 4.14 0.50
6 46.91 1.51 6.17 0.48 46 38.33 1.27 4.51 0.50
7 45.32 1.45 6.59 0.48 47 38.36 1.27 4.66 0.49
8 44.63 1.43 7.18 0.48 48 38.21 1.26 4.01 0.50
9 44.94 1.45 6.30 0.49 49 38.68 1.28 4.20 0.50
10 43.15 1.39 6.66 0.48 50 37.73 1.26 3.14 0.49
11 42.82 1.39 7.75 0.50 51 38.54 1.27 4.30 0.51
12 42.60 1.38 7.25 0.49 52 38.98 1.29 3.29 0.50
13 42.76 1.39 6.77 0.49 53 38.34 1.27 3.58 0.51
14 43.23 1.40 7.32 0.49 54 38.31 1.26 3.63 0.49
15 42.18 1.37 7.80 0.49 55 38.62 1.28 3.32 0.48
16 42.63 1.38 7.90 0.50 56 38.22 1.26 3.41 0.51
17 42.26 1.37 7.65 0.49 57 38.16 1.26 3.42 0.49
18 41.82 1.36 7.69 0.48 58 37.16 1.24 3.76 0.50
19 41.46 1.35 8.04 0.48 59 37.72 1.25 3.19 0.51
20 41.35 1.35 7.83 0.49 60 37.89 1.26 2.79 0.50
21 40.89 1.34 7.31 0.48 61 37.22 1.23 2.68 0.49
22 41.13 1.34 7.21 0.49 62 38.04 1.26 2.99 0.51
23 40.91 1.34 6.67 0.49 63 38.27 1.26 2.98 0.50
24 40.07 1.31 6.76 0.48 64 37.35 1.24 2.39 0.50
25 40.17 1.31 7.38 0.49 65 38.12 1.27 2.60 0.49
26 40.33 1.32 6.54 0.50 66 38.38 1.27 2.63 0.51
27 40.16 1.31 6.84 0.49 67 38.28 1.27 2.57 0.49
28 40.03 1.31 6.15 0.47 68 37.93 1.26 2.32 0.50
29 40.26 1.32 6.54 0.51 69 37.75 1.25 2.19 0.50
30 39.81 1.31 6.15 0.51 70 37.07 1.23 2.44 0.50
31 40.23 1.32 6.67 0.49 71 37.92 1.25 2.66 0.51
32 39.58 1.30 5.10 0.48 72 37.27 1.24 2.35 0.50
33 39.12 1.29 5.73 0.50 73 38.37 1.27 2.97 0.50
34 39.09 1.28 5.73 0.48 74 37.74 1.25 2.95 0.50
35 40.27 1.32 5.07 0.49 75 37.35 1.24 2.54 0.50
36 39.10 1.29 5.26 0.49 76 38.06 1.26 2.28 0.50
37 39.48 1.30 5.28 0.50 77 37.79 1.24 2.61 0.50
38 38.89 1.28 5.27 0.49 78 37.40 1.24 2.31 0.50
39 39.01 1.29 5.81 0.50 79 36.95 1.24 2.24 0.50
40 39.32 1.30 4.60 0.51

section are also given in Table II), comparing the experimental
measurements to the phenomenological approach taken in the
IAM-SCAR+I calculation.

As has been observed previously [28,29], there is gen-
eral agreement between experiment and theory in terms of
the shape and magnitude of the positronium formation cross
section, with some discrepancy between the two thresholds.
The onset of positronium formation in the IAM-SCAR+I
model occurs more than 4 eV above the measured value—an
expected result given that the threshold used in this theory is
calculated based on the ionization potential of the constituent
atoms, rather than the true molecular ionization threshold.
The calculation underestimates the measured cross section
throughout most of the energy range covered in Fig. 3, but
shows better absolute agreement at higher energies. The en-
ergy of the peak in the calculation is a reasonable match to

that of the measured cross section. While IAM-SCAR+I em-
ploys a phenomenological approach to calculate positronium
formation, it is sufficient to reproduce the general details of
the cross section, although it does appear to omit a certain
level of detail, in particular regarding its absolute magnitude
and near threshold behavior.

The influence of the positronium formation calculation
can also be seen in the total elastic scattering cross section
(shown in Fig. 2), which exhibits a “bump” corresponding
to the calculated peak of the positronium formation cross
section, where one might expect a smoothly decreasing cross
section—as seen in the experimental measurements. The com-
parison between experiment and the IAM-SCAR+I theory for
elastic scattering is reasonable at best, although it appears to
be improving at the limits of the experimental data range.
This may be anticipated, as this theoretical approach can be
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FIG. 2. Total elastic cross section for positrons interacting with
pyrazine. The green squares are the present experimental results.
The results of the IAM-SCAR+I calculation are plotted as the red
line with the red dashed line being the same calculation corrected
for the missing angles of the experiment. The yellow solid line
is from the R-matrix CC calculation, with the yellow dashed line
the R-matrix SP calculation, as described in the text in Sec. III B.
The yellow circles are the R-matrix SP calculation corrected for the
experimental angular range, at selected energies.

expected to have difficulty fully accounting for the physics
of the interaction at low energies where molecular structure
effects will be strongest. In the case of the R-matrix calcula-
tion, also shown in Fig. 2, the comparison between experiment
and theory shows little agreement. In both theoretical cases,
the effect of the limited experimental angular range on the
modified calculations is not very large, due to a relatively
small contribution from forward angle scattering. This is fur-
ther explored in the following section. Note that the correction
was only made for a selection of the energies calculated in the
R-matrix case.

FIG. 3. Positronium formation cross section for pyrazine be-
tween 0 and 80 eV. The green squares are the present experimental
data and the red dashed line is the result from the IAM-SCAR+I
calculation.

The R-matrix theory shows evidence of many nonphysical
pseudoresonances, in particular the SP model; the CC result
is significantly smoother but both the cross sections are of
very similar size and underestimate the experiment for all the
energies calculated. The rapid increase of this cross section as
the scattering energy approaches 0 eV is indicative, in nonpo-
lar targets, of the presence of a virtual state. This increase is
due to the 2Ag contribution to the cross section. Moreira and
Bettega estimated the scattering length from their eigenphase
sum and obtained a positive value, which is consistent with
the existence of a bound (rather than virtual) state [38]. A
fit of our 2Ag eigenphase at very low energy also returns a
positive value for the scattering length: the modulus seems
to be very sensitive to the energy range chosen for the fit,
but it does indicate a state more weakly bound than the one
characterized by Moreira and Bettega. We note that for both
the IAM-SCAR+I and R-matrix calculations, the effect of the
limited experimental angular range on the modified results is
not very large, because in general the angular differential cross
sections (see next section) are not very forward peaked; when
this is the case, the difference in the integral cross section is
more noticeable.

C. Elastic differential cross sections

Figure 4 shows the lowest energy DCS measurements and
calculations at impact energies of 1–3 eV. Where data are
available, comparisons have also been made to the SMC
results of Moreira and Bettega [16], and the experimental
data for positron scattering from pyrimidine [12]. All of the
calculated results have been folded around 90◦, as discussed
in Sec. II, to allow for direct comparison to the experimen-
tal measurements. At 1 eV, the experimental data are much
more strongly forward peaked than any of the calculations,
although from (folded) scattering angles of approximately
30◦ and higher we see good agreement in the shape between
experiment and the present R-matrix calculations, which are
also very similar to the results of the SMC approach. There
is, however, a significant difference in the magnitude of the
cross section between experiment and theory across this an-
gular range, outside the absolute error bars presented for the
experimental data. The IAM-SCAR+I calculation at this en-
ergy is considerably flatter than the other two calculations,
and is in poor agreement with the experimental data seen in
Fig. 4(a). The data for positron scattering from pyrimidine are
considerably more forward peaked at this energy, which may
be expected due to the additional permanent dipole moment
for that molecule, compared to the present target. At the more
backwards angles, the two experimental cross sections are in
agreement in both shape and magnitude.

At 2 and 3 eV, Figs. 4(b) and 4(c) respectively, the compar-
ison to the R-matrix calculations and the SMC data is much
the same as the case for 1 eV, with both in good agreement
with the experimental data at scattering angles above about
30◦. However, it does appear that these calculations miss the
increasingly forward peaked nature of the DCS as the energy
is increased. At these energies, the IAM-SCAR+I calculation
is now more forward peaked and is qualitatively closer to the
experimental result, although there is still significant disagree-
ment across the entire angular range in both magnitude and
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FIG. 4. Differential cross sections for positrons scattering from
pyrazine at (a) 1 eV, (b) 2 eV, and (c) 3 eV. The green squares are
the experimental values, the red lines are the results of the IAM-
SCAR+I calculations, the yellow dashed lines are calculated with
the R-matrix method at the SP level, and the purple dotted line is
from the SMC calculation of Moreira and Bettega [16]. The blue
circles are previous experimental data for positron scattering from
pyrimidine [12].

shape. This is not entirely an unexpected result, as at these
low impact energies, the approximations underlying the IAM-
SCAR+I method are unlikely to be valid when considering
scattering from a relatively complex molecule. The present
experimental data are in closer agreement with the previous
experiments for positron scattering from pyrimidine at 3 eV, in
particular at angles less than about 40◦. It does appear that the
DCS is still more forward peaked in the case of pyrimidine,
again, to be expected given the permanent dipole moment of
the molecule.

FIG. 5. Differential cross sections for positrons scattering from
pyrazine at (a) 5 eV, (b) 10 eV, (c) 15 eV, and (d) 20 eV. The green
squares are the experimental values, the red lines are the results of the
IAM-SCAR+I calculations, the yellow dashed lines are calculated
with the R-matrix method at the SP level, and the purple dotted line is
from the SMC calculation of Ref. [16]. The blue circles are previous
experimental positron cross sections for pyrimidine [12].

042807-7



D. EDWARDS et al. PHYSICAL REVIEW A 104, 042807 (2021)

TABLE III. Experimental differential cross sections for positrons scattering elastically from pyrazine (10−16 cm2 str−1).

Angle 1 eV Error Angle 2 eV Error 3 eV Error 5 eV Error 10 eV Error 15 eV Error 20 eV Error

18.5 52.15 3.72 10.0 50.60 3.83 59.10 2.80
22.5 30.32 1.62 15.0 61.81 3.20 26.32 2.28 35.11 0.92 22.36 1.69 18.79 1.84
27.5 23.49 1.37 18.5 35.58 0.71
32.5 19.10 1.19 20.0 25.56 2.41 21.36 1.79 14.95 0.70 8.81 1.27 8.83 1.41
37.5 14.76 1.06 25.0 20.81 1.94 13.74 1.50 15.95 1.01 7.19 0.57 4.70 1.05 3.59 1.12
42.5 10.04 0.96 30.0 18.14 1.66 10.21 1.31 9.53 0.85 3.76 0.49 2.02 0.88 2.65 0.94
47.5 10.73 0.90 35.0 9.35 1.45 6.48 1.17 6.40 0.73 2.73 0.43 2.40 0.77 0.76 0.84
52.5 7.96 0.84 40.0 7.50 1.31 4.70 1.08 3.37 0.69 2.03 0.38 1.46 0.68 1.60 0.74
57.5 7.02 0.79 45.0 7.36 1.22 2.09 0.97 2.72 0.61 2.13 0.34 1.57 0.62 0.28 0.69
62.5 5.06 0.77 50.0 3.98 1.11 3.08 0.91 2.49 0.56 2.07 0.32 0.90 0.58 0.47 0.63
67.5 4.35 0.75 55.0 3.04 1.07 1.95 0.87 2.83 0.52 1.62 0.29 1.96 0.54 1.49 0.59
72.5 2.49 0.73 60.0 2.04 1.02 2.62 0.84 2.28 0.48 1.39 0.28 0.72 0.51 0.03 0.55
77.5 2.66 0.77 65.0 2.76 0.98 0.71 0.82 1.80 0.47 1.65 0.27 0.35 0.49 0.79 0.55
82.5 0.65 0.85 70.0 3.52 0.98 2.25 0.80 1.46 0.46 0.77 0.26 0.00 0.49 0.56 0.52
87.5 0.21 1.22 75.0 2.75 0.98 2.55 0.84 0.83 0.25 0.94 0.48 0.07 0.51

80.0 1.58 1.04 1.63 0.93 0.42 0.25 0.56 0.50
82.5 0.26 0.26
85.0 0.36 1.25 1.47 1.36 0.10 0.54
88.0 0.68 1.34

Data for the elastic DCS between 5 and 20 eV are shown
in Fig. 5. At 5 eV, the discussion is very similar to that at
3 eV, although agreement between the experimental data and
the calculation using the IAM-SCAR+I approach has again
improved somewhat, as the theoretical cross section becomes
more forward peaked. While there is still close agreement
between the results of the R-matrix and SMC calculations,
we see that the SMC data are now somewhat more forward
peaked, although not to the same extent as the IAM-SCAR+I
calculation or the experiment, as can be seen in Fig. 5(a).
The DCS behavior above 40◦ is again well described by the
R-matrix and SMC approaches, while large differences in the
shape of the DCSs are still evident in the comparison with
the IAM-SCAR+I calculation. As the energy increases up to
20 eV, shown in Figs. 5(b)–5(d), we see that the agreement

FIG. 6. Integral inelastic cross sections for positrons scattering
from pyrazine. Ps formation in the green solid line (IAM-SCAR+I
theory) and green triangles (experiment), total electronic excitation
in the blue dotted line (IAM-SCAR+I theory) and blue circles
(experiment), and ionization in the red dashed line (IAM-SCAR+I
theory) and red squares (experiment)

between experiment and the IAM-SCAR+I calculation con-
tinues to improve, and that the experimental data for 10-eV
scattering and above closely matches that for positron scatter-
ing from pyrimidine. At these energies, the SMC calculation
continues to underestimate the forward scattering behavior
and starts to predict a higher cross section than observed in the
experiment at the larger scattering angles. This is likely due to
the opening of electronic excitation and ionization channels,
which are not explicitly included in the calculation and may be
expected to have some effect on the elastic scattering process
(such as through flux sharing). Conversely, as the details of
the molecular structure become less critical in the scattering
process we can see that the IAM-SCAR+I approach is able to
much more closely reproduce the experimental data. Again,
this might be expected due to the nature of the calculation and
is in line with previous comparisons to other similar molecules
in this energy range (e.g., Ref. [28]).

In general, we see that the present R-matrix approach does
a good job in the lower energy range, below 10 eV, in de-
scribing the observed experimental elastic scattering DCSs
at angles greater than about 30◦. However, it is not able to
reproduce the forward angle scattering seen across the energy
range presented here. This suggests that the structure models
used failed to fully account for the polarization of pyrazine
due to the presence of the positron. As explained previously,
this issue is well known: tests were performed in an attempt
to improve the description of these effects by inclusion of
pseudocontinuum orbitals and pseudostates. Their use showed
a clear improvement (increase in size) of forward angle cross
sections for small molecules like C2H2 [35], but have not
delivered cross sections for pyrazine close to experiment in
magnitude. This could be due either to the size of the molecule
or to the fact that its polarizability is more than twice that
of C2H2. It is interesting, however, that agreement with the
SCM results is, overall, excellent with the conclusion that both
methods seem to be describing the scattering physics at the
same level of detail. We also note the clearly better agreement,
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FIG. 7. Positron intensity as a function of energy loss. The dif-
ferent colored curves represent impact energies of 5, 10, 15, and
20 eV, from bottom to top. The curves have been offset for clarity,
but relative intensity changes have been preserved. The thresholds
for the excited states measured are shown by the grey lines, and steps
can be clearly seen in the data, corresponding to the different state
excitations. The ionization threshold is marked by the orange dashed
vertical line.

at angles below 30◦, between DCSs from R-matrix calcula-
tions and experiment for the polar molecule pyrimidine [12].
In that case, even though the calculations still underestimated
the DCSs, the strong dipole effects (included by means of a
Born correction) seemed to conceal any deficiencies in the
description of target polarization.

Conversely, we see that agreement between experiment
and the IAM-SCAR+I approach improves as the scattering
energy increases, something that has been noted in previous
work [12,28] and is likely due to the reduced impact of the
details of the molecular structure on the scattering process as
the impact energy increases. Despite the lack of a permanent
dipole moment in pyrazine, the experimental data presented
here are in close agreement with previous measurements of
positron scattering from pyrimidine, with some differences
for forward angle scattering at the lowest scattering energies.
This suggests, similar to that observed in the corresponding
electron scattering studies from both molecules [22], that it is
the target polarizability that is dominating the elastic scatter-
ing dynamics above about 5 eV. Tabulated experimental data
for the DCS measurements presented here can be found in
Table III.

D. Inelastic scattering

For discrete energies in the range 5–20 eV, the experi-
mental measurements were able to resolve discrete electronic
excitation and ionization cross sections. Figure 6 shows the
present experimental results for total (direct) ionization and
total electronic excitation in this energy range, compared to
the IAM-SCAR+I calculation, which accounts for inelas-
tic processes using an absorption potential approach. The
positronium formation cross section is also shown here, for
reference. These three cross sections, combined with elas-
tic scattering, represent the maximum degree of partitioning
available using the IAM-SCAR+I approach, and we can see

FIG. 8. Individual state-resolved experimental electronic excita-
tion cross sections for pyrazine states (a) 11B3u, (b) 11B2u, (c) 11B1u,
and (d) 21B2u at impact energies between 5 and 20 eV.
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TABLE IV. Experimental total cross sections for positrons scattering elastically and inelastically from pyrazine (10−16 cm2). The bottom
section gives the measurements for the individual state-resolved cross sections.

Energy (eV) Elastic Error Electronic ex. Error Ionization Error

1 83.02 2.54
2 61.68 1.92
3 54.67 1.72
4 47.04 1.72
5 42.05 1.64 0.90 0.03 0.00 0.00
10 30.10 1.48 5.75 0.19 0.64 0.02
15 24.09 1.47 5.60 0.19 4.68 0.16
20 20.11 1.45 6.01 0.20 7.40 0.25

1 1B3u error 1 1B2u error 1 1B1u error 2 1B2u error

5 0.18 0.22 0.79 0.34
10 0.27 0.12 1.12 0.12 0.70 0.15 4.04 0.21
15 0.29 0.26 0.77 0.24 0.09 0.40 4.13 0.44
20 2.17 0.30 0.72 0.21 0.54 0.23 2.73 0.27

that the comparison is good in this case, over the limited
energy range available for the experimental data. Although
there are some differences in magnitude and threshold ener-
gies between the cross sections, in general the partitioning
appears to be in reasonably good agreement between exper-
iment and theory, giving confidence in the theoretical results
for higher energies. We present a direct comparison between
experiment and theory at this level, with previous experiments
(for instance [28]) unable to resolve excitation and ionization
processes.

In fact, the present experiment was also able to measure
the cross sections for individual electronic excitations of the
pyrazine molecule. This took advantage of improved exper-
imental operation which allowed for the application of the
magnetic field ratio technique, as described in Sullivan et al.
[26], and applied to positron scattering from several atoms
and molecules [39–41], to resolve the excitations of the 11B3u,
11B2u, 11B1u, and 21B2u electronic states. The states and clas-
sifications were identified through their threshold energies,
taken from Wadt et al. [42], and in the measurements here the
four excitations can be clearly identified, as shown in Fig. 7.
In this case, the possibility of excitation to tripletlike states
was discounted, due to the fact that systems composed of
relatively light atoms, such as the pyrazine molecule, can only
populate those states from the singlet ground state through
an exchange process. This is, of course, impossible in the
case of positron scattering. By measuring the step heights
associated with each threshold, as indicated in the figure, and
normalizing appropriately, the cross sections are then able
to be determined. These cross sections are shown in Fig. 8.
The highest energy state, 21B2u, has by far the largest cross
section of the four excitations measured, peaking at around
4 × 10−16 cm2. The lowest cross section is for the 11B3u at
approximately 0.3 × 10−16 cm2. However, we do see that the
magnitude of the 11B3u excitation jumps significantly at 20 eV
impact energy, something clearly reflected in the data shown
in Fig. 7. The other cross sections have magnitudes around
1 × 10−16 cm2 across the energy range sampled here. The
experimental data for the inelastic scattering is presented in
Table IV, along with the measured total elastic scattering cross
section.

V. CONCLUSION

This paper has presented a comprehensive study of
positron scattering from the pyrazine molecule, at energies up
to 80 eV. Experimental measurements have been compared
to two theories, the IAM-SCAR+I and R-matrix techniques,
which take different approaches in their description of the
scattering problem. Comparison was also made to previously
published results using the SMC framework [16]. We can see
that each theory has its own strengths and weaknesses in the
calculation of the various scattering cross sections. At the
lowest energies studied, the R-matrix calculations presented
here were in good agreement with the experimental data for
all but the most forward scattering angles. This is also true for
the SMC calculations, although we note that the discrepancies
at forward scattering angles led to disagreement in the mag-
nitude of the total elastic scattering cross section. It appears
that, even though the problem is simplified relative to the case
of molecules with a permanent dipole moment, more work
needs to be done to fully take into account the effects of
the polarizability of the target in the collision process. This
conclusion is borne out by comparison to previous experi-
mental data for positron scattering from pyrimidine, which has
a similar polarizability to pyrazine, but also has a significant
permanent dipole moment. It is also consistent with previous
observations of electron scattering from these targets. At the
elastic DCS level, for the energies examined here, we see that
the permanent dipole moment leads to some differences in
how forward peaked the DCS becomes at the lowest scat-
tering energies, but at energies of 10 eV and above, there
is little to separate positron scattering from the two targets.
The conclusion is that the low energy dynamics of the scat-
tering process are driven by the dipole polarizability, which
is similar for both targets. This is a somewhat unexpected
result, a naive consideration may have expected the permanent
dipole to lead to much greater differences in the scattering of
positrons from the two targets. The IAM-SCAR+I approach
has been used to calculate positron scattering from a wide
variety of molecular targets, and can be seen to do a good
job here for energies above about 10 eV. This is not only
true for elastic scattering, but also for inelastic processes,
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which are treated using the absorption potential approach. The
partitioning between ionization and electronic excitation can
be seen to be reasonable when compared to the experimental
data, and the positronium formation cross section calculated
using this approach is in line with expectations from previous
comparisons between experiment and theory for a range of
different molecules. At the lowest energies, where molecular
structure can be expected to have the biggest effect on the
scattering process, we see that the IAM-SCAR+I approach
struggles to reproduce the experimental results.

Experimental data were also presented here for state-
specific total electronic excitation cross sections. To date,
there have been no calculations of these cross sections for
positron scattering from this class of molecule. It is clear that
there is still much work to do to resolve the finer details of

positron interactions with even moderately complex targets,
which will be required as the demand increases for higher
quality input data into modeling processes.
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