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ABSTRACT
This paper presents a joint experimental and theoretical study of positron scattering from furan. Experimental data were measured using the
low energy positron beamline located at the Australian National University and cover an energy range from 1 eV to 30 eV. Cross sections were
measured for total scattering, total elastic and inelastic scattering, positronium formation, and differential elastic scattering. Two theoretical
approaches are presented: the Schwinger multichannel method and the independent atom method with screening corrected additivity rule.
In addition, our data are compared to corresponding electron scattering results from the same target with a number of significant differences
observed and discussed.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0027874., s

I. INTRODUCTION

In recent years, there has been a push toward developing
more sophisticated models of positron interactions with a range
of molecules that can be used as templates to build up better
descriptions of how positrons interact in biological systems.1–3 This
work is predominantly driven by the increasingly widespread use of
positron emission tomography as a medical imaging technique, par-
ticularly for tracking cancer treatment and spread, with a view to
better understand the underlying mechanisms responsible for radi-
ation damage. Calculations of even moderately complex molecules
require a range of assumptions and approximations to make the
problem tractable, so it is imperative that there are high quality
experimental data to provide a strict test of accuracy in areas in
which theory and experiment overlap. Previous work has included
measurements of positron scattering from water,4,5 tetrahydrofuran

(THF),6 3-hydroxytetrahydrofuran (3h-THF),7 uracil,8 and pyri-
dine.9

This paper presents a joint experimental and theoretical study
of positron scattering from furan. Furan (C4H4O) is an organic
compound, which is a five-membered aromatic ring consisting of
four carbon atoms and one oxygen atom, which can be com-
pared to tetrahydrofuran (THF), a key element of the chain of
molecules forming the backbone of DNA. Furan has two double
bonds, whereas the carbon ring in THF is entirely singly bonded,
and it is interesting to investigate whether the change in structure
induces a corresponding change in the scattering properties.

This paper will present experimental measurements of positron
scattering from furan from 1 eV to 30 eV and compare the results
to two contemporary theories, using the Schwinger multichannel
method (SMC) and the Independent Atom Method with Screening
Corrected Additivity Rule (IAM-SCAR).
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II. EXPERIMENTAL METHODS

Experiments were conducted on the positron beamline at the
Australian National University. This apparatus and the data analysis
techniques used to determine the cross sections have been previously
described in some detail, so only a brief description will be presented
here.10–12

Positrons are obtained from a radioactive 22Na source, which
had an activity of ∼740 MBq at the time of the measurements pre-
sented here. The source is mounted on a conical holder, which is
cooled to ∼7 K, allowing the growth of a layer of solid neon. The
solid neon moderates the positrons with an efficiency of 1% (low
energy positrons emitted vs positron decay events), resulting in a
low energy beam, with an energy width of 1.5 eV. This beam is
directed into a Surko trap and beam system,10,13 which uses a com-
bination of electric and magnetic fields to confine the positrons in
an electrode structure, with energy loss coming from collisions with
a buffer gas of N2 and CF4. The positrons are trapped and cooled to
room temperature in a confining potential well in the last section of
the electrode structure. By raising the potential of the confining well,
the positrons “spill” over the final electrode in the structure, form-
ing a pulsed beam with an energy resolution of 70 meV, full-width
at half-maximum (FWHM). The energy of this beam is tunable
between 0 eV and 200 eV by adjusting the potential of the final trap
electrode.

The pulsed beam is confined in a magnetic field of 0.05 T and
directed to a scattering cell, which contained furan gas for these
experiments. The gas sample was obtained from the vapor pressure
of a high purity liquid furan sample, which had been cycled through
several “freeze–pump–thaw” cycles to eliminate trapped gases. Due
to the magnetic field, the positron beam can be considered to have
two energy components, E∥ and E�, defined by the motion parallel
and perpendicular to (cyclotron motion) the magnetic field, respec-
tively. Initially, the total energy of the beam is predominantly in the
E∥ component. The pressure of the gas is set to allow for only single
collisions with the target, and these collisions induce a change in the
energy distribution of the positron beam between E∥ and E� due to
angular scattering and energy loss processes. Analysis of the parallel
energy distribution after passage through the gas cell can then allow
the cross sections to be determined for various scattering processes
with normalization through the cell length and pressure within the
cell. Positrons scattered backward exit the gas cell and are reflected
at the positron trap. They then transit through the gas cell once more
with only a small chance of a second collision. As a result, differen-
tial cross sections are “folded” around 90○ in the measurement, and
a comparison is only made to the calculations after they are similarly
folded.

Due to the energy resolution, rotational and vibrational exci-
tations are unable to be resolved in this case, so all elastic scat-
tering is summed over the relevant rovibrational bands. For this
paper, “elastic scattering” will refer to this summed cross section.
Elastic scattering can, however, be resolved from electronic exci-
tations and ionization by changing the magnetic field at the ana-
lyzer after the gas cell, which reduces the energy spread induced
by angular scattering, allowing total energy loss to be resolved.11

The first electronic state of furan occurs at 6.04 eV,14 so this tech-
nique was employed for the energy range above 6 eV in the current
measurements.

TABLE I. Missing forward angle scattering at selected energies. See text for further
details.

Energy (eV) Angle (deg)

3 10.5
5 8
7 15.5

10 13
15 10.5

Because of the strong magnetic field confinement, a given
energy spread can be mapped to an angular resolution. This affects
the elastic scattering measurements, giving a minimum angle below
which the unscattered and scattered positrons are indistinguishable.
In a molecule such as furan, with a permanent dipole moment of 0.69
D,15 this can lead to a significant underestimation of the grand total
and total elastic cross sections,16 as the target dipole moment leads to
a large amount of forward angle scattering and rotational excitation.
The minimum angle included in the measurements can be calcu-
lated from the measured angular resolution, and the relevant angles
are tabulated in Table I. Note that above 6 eV, changing the magnetic
field at the analyzer also degrades the angular resolution somewhat.
In this case, care needs to be taken when comparing the experimen-
tal results to a theoretical calculation of grand total or total elastic
cross sections, which includes all scattering angles. Correcting the
experimental data to account for the missing angles is problematic,
as it assumes a known differential cross section (DCS) shape, which
can typically only be gleaned from theory. The preferred method of
comparison (at least by the present authors) is to compare to an
adjusted calculation, which is integrated over only those scattering
angles included in the measurement (given in Table I in the present
case).

Experimental data are normalized to absolute values through
the measurement of the gas pressure and the scattering cell
length, as described previously.10,11 Errors are determined through
a combination of systematic errors in these values as well as
the statistical error arising from the measurement with the total
error presented for all measurements here. For most cases in
the present data, the uncertainty is dominated by the statistical
error.

In this paper, measurements are presented for the grand total,
the total elastic, and the total positronium (Ps) formation cross sec-
tions. We have also measured the total inelastic scattering cross
sections, which include ionization and electronic excitation pro-
cesses. Differential elastic scattering cross sections are addition-
ally presented for energies from 3 eV to 15 eV. There are no
other positron scattering data available for this target, as demon-
strated in a recent review of positron scattering from molecular
targets.17

III. THEORETICAL METHODS
A. Schwinger multichannel method

We employed the SMC method, which is a variational approach
to the scattering amplitude, to compute elastic cross sections for
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scattering of positrons by the furan molecule. Its implementation has
previously been described precisely,18,19 so here we only describe the
most relevant aspects of the method for the present calculations.

In the SMC method, the working expression for the scattering
amplitude in the molecular frame is written as

f (k⃗f , k⃗i) = −
1

2π∑μ,ν
⟨S⃗kf ∣V ∣χμ⟩(d

−1
)μν⟨χν∣V ∣S⃗ki ⟩, (1)

where

dμν = ⟨χμ∣A(+)∣χν⟩ (2)

and

A(+) = QĤQ + PVP − VG(+)P V . (3)

In these expressions, ∣S⃗ki ⟩ is a solution of the unperturbed Hamilto-
nian H0 (the kinetic energy operator for the incident 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 molecular target; |χμ⟩, with μ = (a, m), is
a configuration state function (CSF), i.e., an (N + 1)-particle varia-
tional trial function, which is the product of a target state (labeled
a) and a positron scattering orbital (labeled m), used in the expan-
sion of the trial scattering wave function (see below); Ĥ = E − H
is the total energy of the collision minus the full Hamiltonian of
the system, where H = H0 + V ; P = ∑ℓ∈open|Φℓ⟩⟨Φℓ| is a projec-
tion operator onto the open-channel space defined by the target
electronic states (with a = ℓ); Q = (𝟙 − P) = ∑r∈closed|Φr⟩⟨Φr| is
the projector onto the closed electronic channels of the target (with
a = r); andG(+)P is the free-particle Green function projected onto the
P-space.

In the present application, we considered only elastic scatter-
ing, so P = |Φ0⟩⟨Φ0|, where |Φ0⟩ represents the ground state of the
target molecule obtained at the Hartree–Fock (HF) level. The elastic
cross sections were obtained within the static plus polarization (SP)
approximation, where the scattering wave function is expanded in a
set of CSFs as follows:

∣Ψ(+)
⃗ki
⟩ =∑

m
c(+)0m (k⃗i)∣χ0m⟩ +∑

r
∑
m
c(+)rm (k⃗i)∣χrm⟩, (4)

where {c(+)am (k⃗i)} is a set of variational coefficients. The static term
corresponds to the first term on the right-hand-side (RHS) of the
above equation, and the polarization term corresponds to the second
term of the RHS of this equation. The CSFs, |χ0m⟩ and |χrm⟩, are
constructed as

∣χ0m⟩ = ∣Φ0⟩⊗ ∣φm⟩ (5)

and

∣χrm⟩ = ∣Φr⟩⊗ ∣φm⟩, (6)

where |φm⟩ is a single-particle orbital used to represent the positron
scattering orbital and |Φr⟩ is a singly excited state of the target
obtained from a virtual excitation of the target out of the HF refer-
ence state. Multichannel scattering, or flux competition, effects have
been shown to be important in previous electron scattering calcula-
tions,20,21 and we would expect that to also be the case in attempts

to provide accurate calculations of positron scattering. As a conse-
quence, the restriction of these calculations to just the elastic scat-
tering channel can be expected to lead to limitations in the present
SMC cross sections.

The target ground state geometry was optimized at a sec-
ond order Møller–Plesset (MP2) level with the TZV++(3d, 1p)
Cartesian–Gaussian basis set, as implemented in the General Atomic
and Molecular Electronic Structure System (GAMESS) package.22

The optimized geometry was used in scattering calculations. To take
the polarization effects into account, we employed modified vir-
tual orbitals (MVOs)23 obtained from a cationic Fock operator with
charge +6 to represent the particle and scattering orbitals. For the
construction of the configuration space, we considered single exci-
tations from the hole (occupied) orbitals to a set of particle (unoc-
cupied) orbitals. In the present calculations, we considered all 13
valence occupied orbitals as hole orbitals. We selected the 67 low-
est MVOs as particle orbitals and 85 MVOs (composed by the 18
doubly occupied orbitals plus the 67 lowest energy MVOs orbitals)
as scattering orbitals. Our present calculations were performed in
the C2v symmetry group, which has four irreducible representa-
tions. Hence, following the procedure described above, we obtained
20 496 CSFs in the A1 symmetry, 20 361 CSFs in the B1 symmetry,
16 749 in the B2 symmetry, and 16 637 in the A2 symmetry, pro-
viding a total of 74 243 CSFs. The present target description gives
a dipole polarizability of 6.98 Å3, in reasonable agreement with the
experimentally determined value of 7.23 Å3.24 This is encouraging,
as the dipole polarizability has been shown to play a significant role
in the scattering dynamics of positron collisions with atoms and
molecules.25,26

Considering that the present SMC calculations are limited to
elastic scattering, the open-channel space P only involves the tar-
get ground state such that P = |Φ0⟩⟨Φ0|. As a consequence, the
positronium formation channel as well as electronic and vibrational
excitation, which may contribute to the grand total cross section
(TCS), is not accounted for in our calculations. Therefore, we do not
expect good agreement between our SMC results and the TCS data
above the positronium formation threshold, which was estimated at
Δp = 2.08 eV (Δp = IP − 6.8 eV, where IP is the ionization threshold,
for which we use the experimental value of 8.88 eV27).

As already mentioned, furan has a permanent dipole moment.
In our calculations, we obtained a value of 0.79 D, which is in
reasonable agreement with the experimental result of 0.69 D. In
order to take the long-range dipole interaction into account in our
calculations, we used the standard Born-closure on the scattering
amplitude,28,29 which is rewritten as

f (k⃗i, k⃗f ) = f
FBA
(k⃗i, k⃗f ) +

ℓSMC

∑
ℓ=0

+ℓ

∑
m=−ℓ

× [f SMC
ℓm (k⃗i, kf ) − f

FBA
ℓm (k⃗i, kf )]Y

∗

ℓm(k̂f ). (7)

In this equation, f FBA is the dipole potential scattering ampli-
tude obtained within the first Born approximation (FBA) in the
laboratory-fixed frame reference, f FBA

ℓm is obtained by expanding the
outgoing (k⃗f ) angular dependence of f FBA in spherical harmon-
ics (Yℓm), and f SMC

ℓm is obtained from a similar expansion of the
SMC scattering amplitude also in the laboratory-fixed frame. The
lower partial waves that account for the short-range interactions are
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described within the SMC framework, while the FBA approxima-
tion to the dipole potential accounts for the higher partial waves
(ℓmax < ℓ <∞). The upper limit for the SMC partial-wave expansion
(ℓmax) depends on the collision energy and was chosen to provide the
best possible agreement between DCSs obtained with and without
the Born-closure procedure at high scattering angles. In the present
furan calculations, we chose ℓmax = 1 from 0.1 eV to 0.5 eV, ℓmax = 2
from 0.6 eV to 2.0 eV, ℓmax = 3 from 2.5 eV to 3.5 eV, ℓmax = 4 from
4.0 eV to 4.5 eV, ℓmax = 5 from 5.0 eV to 9.5 eV, and ℓmax = 6 from
10 eV to 20 eV.

B. Independent atom model with screening corrected
additivity rule

The screening corrected additivity rule within the framework
of the independent atom model (IAM-SCAR), as used in this study,
has been described in previous publications.30,31 It has been suc-
cessfully applied in other studies for several biologically relevant
molecules (see Ref. 9 and the references therein) typically in the
range of 0.1 eV–10 000 eV incident energy. IAM-SCAR essentially
treats the molecule as the sum of its constituent atoms, with scatter-
ing calculated using the optical potential method,32 initially applied
to the constituent atoms of the molecule, i.e., C, H, and O in the case
of furan. The atomic scattering potential is then represented by

V(r) = Vs(r) + Vp(r) − iVa(r). (8)

The real part of Eq. (8) drives the elastic scattering dynam-
ics and includes the electrostatic [V s(r)] and polarization [Vp(r)]
interactions. The imaginary part [Va(r)] describes all inelastic pro-
cesses that are considered as absorptions from the incident positron
beam. Owing to the last term in Eq. (8), the optical model poten-
tial method yields a complex phase shift δl = λl + iμl. This
allows for the calculation of the atomic scattering amplitudes, from
which the corresponding differential and integral elastic as well
as the integral inelastic and, therefore, the total cross sections are
derived.

The static potential was obtained from the charge density
derived from Hartree–Fock atomic wave functions, using a pro-
cedure analogous to that of Reid and Wadehra.33 The dipole plus
quadrupole polarization potential was developed from that reported
by McEachran et al.34 for Ne but scaled by constants in order to
match the known dipole and quadrupole polarizabilities of the C,
H, and O atoms (see Ref. 30 for details). The absorption potential
accounts for the discrete electronic excitations, positronium for-
mation, and direct ionization. However, owing to the challenging
nature of representing the Ps formation channel, the definition of
the threshold energy for the absorption potential can be critical. Our
recent improvements to the treatment of Ps formation have been
outlined in detail previously.9,31 In brief, we maintain the energy
dependent threshold Δ(E) defined in Ref. 30 by necessarily coincid-
ing with the well-known Ps formation threshold of Δp = I − 6.8 eV
(where I is the ionization threshold) for lower energies and the low-
est optically allowed excitation transition Δ for higher impact ener-
gies, but applying the smooth transition in threshold energy from
low to high impact energy, as proposed in Ref. 9,

Δ(E) = Δ − (Δ − Δp)/[1 + (
E
3I
− 1)

2
] . (9)

One consequence of this approach is that the positronium formation
threshold is calculated relative to the atomic thresholds in the con-
stituent atoms, which is typically somewhat lower than the molecu-
lar threshold. This affects the accuracy in the low energy region for
this cross section, but once the positronium formation cross section
peaks, we find that this calculation tends to work well.9 Once we have
calculated the atomic scattering amplitudes, the IAM-SCAR proce-
dure7 gives the molecular scattering amplitudes, F(θ), from those of
the constituent atoms, f i(θ), according to the following expression:

F(θ) = ∑
atoms

fi(θ)ei⃗q⋅⃗ri , (10)

where the momentum transfer is q⃗ = k⃗f − k⃗i and the atomic posi-
tions are given by r⃗i. In this calculation, we incorporate the recent
improvement of considering interference effects.35 This updated
version is known as IAM-SCAR+I and basically provides the molec-
ular differential cross section (dσelasticmolecule/dΩ) as a combination of the
multicenter atomic amplitudes given by

dσelasticmolecule

dΩ
=∑

ij
fi(θ)f ∗j (θ)

sin qrij
qrij

(11)

=∑
i
∣ fi(θ)∣2 +∑

i≠j
fi(θ)f ∗j (θ)

sin qrij
qrij

. (12)

Here, the interference term is the second summation in
Eq. (12). In this case, q ≡ ∣q⃗∣ = 2k sin(θ/2) is the momentum transfer
and rij is the distance between atoms i and j. By integrating Eq. (12),
the corresponding molecular integral cross sections are represented
by

σtotalmolecule = ∑
atoms

siσtotalatom i + σinterference. (13)

The factor si is a screening correction, reducing the contribution of
each atom to the total molecular cross section (0 ≤ si ≤ 1) based on
the position of the atom within the molecule. The correction fac-
tors can be calculated for each incident electron energy as a function
of the corresponding atomic cross section at that energy and the
geometrical overlapping of this cross section with those of the sur-
rounding atoms in the molecule. This accounts for the fact that as
the energy of the incoming particle decreases, the atomic cross sec-
tions overlap requiring a reduction of their relative contribution to
the summation. This has the effect of extending the range of valid-
ity of the IAM method well below 100 eV,32 although it does not
take into account the specifics of the molecular structure and exci-
tations in the scattering process. The remaining term in Eq. (13) is
determined from

σinterference ≡ ∫ dΩ∑
i≠j

fi(θ)f ∗i (θ)
sin qrij
qrij

. (14)

Including interference terms in the calculation of both inte-
gral and differential cross sections for molecular targets eliminates

J. Chem. Phys. 153, 244303 (2020); doi: 10.1063/5.0027874 153, 244303-4

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

an inconsistency between the differential and integral cross sec-
tion values, which is inherent to the IAM-SCAR method.36 This
means that no additional normalization procedure is required by the
IAM-SCAR+I approach in order to fulfill the optical theorem.

1. Dipole rotational excitations
From the above description of the IAM-SCAR+I procedure, it

is obvious that vibrational and rotational excitations are not consid-
ered in this calculation. However, for polar molecules such as furan,
additional dipole-induced excitation cross sections can be calculated
following the procedure suggested by Jain.37 Basically, it calculates
differential and integral rotational excitation cross sections for a free
electric dipole in the framework of the first Born approximation
(FBA), which can be incorporated to our IAM-SCAR+I calculation
in an incoherent way, just adding the results as an independent chan-
nel. Although rotational excitation energies are, in general, very low
(typically a few meV) in comparison with the incident electron ener-
gies, in order to validate the Born approximation, the latter energies
should be higher than about 10 eV. Under these circumstances, rota-
tional excitation cross sections J → J′ were calculated by weighting
the population for the Jth rotational quantum number at 300 K
and estimating the average excitation energy from the correspond-
ing rotational constants. This method has been successfully used
for other polar molecules (see Ref. 38 and the references therein).
Additionally, when the permanent dipole moment of the molecule
is relatively large, the FBA also fails for medium and large scatter-
ing angles. In order to partially address this situation, we introduced
a correction based on that suggested by Dickinson,39 which brings a
substantial improvement for positron (and electron) scattering cross
sections with strongly polar molecules. This procedure introduces a
first-order corrective term to the differential cross sections ( dσ

Dck

dΩ )
for medium and large angles while maintaining the FBA correction
( dσ

B

dΩ ) for lower angles,

dσB

dΩ
≈

μ2

6Ei
1

sin2(θ/2)
, θ < θc, (15)

dσDck

dΩ
≈

πμ
64Ei

1
sin3(θ/2)

, θ > θc, (16)

where μ is the permanent dipole moment of the molecule and Ei is
the energy of the projectile. In the case of furan, μ = 0.69 D and both
curves smoothly join together at θc, the critical angle at which they
cross each other.

IV. RESULTS AND DISCUSSION
The grand total cross section is shown in Fig. 1, where it is com-

pared to the calculation from the IAM-SCAR+I theory as well as
the theoretical calculation integrated over the relevant experimental
angular range (as shown in Table I and the associated discussion).
In general, the comparison between the experiment and theory is
good and is somewhat better than the agreement observed in the case
of positron scattering from pyridine9 but consistent with previous
comparisons in positron scattering from pyrimidine.40 However, at
energies below 5 eV, the experimental data are significantly higher
in magnitude than the corrected theoretical predictions. This is to

FIG. 1. Grand total cross section for positron scattering from furan. The black
circles are the experimental data, and the blue solid line is the result using the
IAM-SCAR+I approach. The green dotted line is the calculation, adjusted for the
missing forward angles in the experiment. The apparent discontinuity at 7 eV in the
experimental data is due to the change in magnetic field to allow measurements of
inelastic scattering, which affects the angular resolution. The jump in the adjusted
calculation is due to the same change in resolution (see text and Table I for further
details).

be expected, given that the calculation does not properly account for
molecular structure effects in its approach, and these effects can be
expected to play a stronger role at lower energies. In addition, it is
clear that the IAM-SCAR+I calculation is missing the near-threshold
part of the positronium formation cross section, as the threshold is
calculated from the associated atomic states, as previously discussed
(see Sec. III B). Given this, it may be said that the agreement at ener-
gies as low as 10 eV is, in fact, quite remarkable given this theoretical
approach and perhaps reflects the dominance of target dipole effects
(including the dipole polarizability and the molecule’s permanent
dipole moment) in the scattering, which are reasonably modeled in
the IAM-SCAR+I calculation.

A comparison of experimental and theoretical positronium for-
mation cross sections is shown in Fig. 2 and again shows broad
agreement. It can be seen that the theory has the threshold for this
process at 5 eV, somewhat higher than the true threshold of 2.1 eV.
We see that the maximum value of the cross section is similar in
each case, at around 10 × 10−16 cm2, but the peak positions are
different, appearing lower in energy for the experimental measure-
ment, at around 5 eV, compared to 10 eV for the calculation. This
is again likely due to the difference in threshold energy used for
the calculation, which comes from using atomic thresholds in its
phenomenological description of the positronium formation pro-
cess (see Sec. III B). At higher energies, above 12 eV, the comparison
between the experiment and theory is good, considering the experi-
mental uncertainties, validating the theoretical approach used in this
range.

The total inelastic cross section is shown in Fig. 3 and includes
all electronic excitation and ionization processes, averaged over
rotational and vibrational motion. In positron impact, due to the
lack of the exchange interaction, we do not expect to be able to
excite the low lying triplet electronic states of furan, rather the first
accessible electronic state is at 6.04 eV (the 1B2 valence state). We
can see that there is some significant excitation of the electronic
states of furan, before the ionization channel opens up at 8.89 eV.
Comparison to the inelastic (electronic excitation plus ionization)
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FIG. 2. Positronium formation cross section for positron scattering from furan. The
black circles are the experimental data, and the blue line is the result using the
IAM-SCAR+I approach. The apparent difference in the threshold energy is due
to the phenomenological approach taken by the calculation to incorporate this
process (see Sec. III B for further details).

part of the IAM-SCAR+I calculation is good, with the experiment
lying a little lower in magnitude than the theory for the most part,
although close to within the limits of the experimental error. Given
the clear contribution from discrete electronic excitation below the
ionization threshold, these excitations are also likely to still make a
significant contribution to the measured total inelastic cross section
above the ionization threshold.

Figure 4 shows the total elastic scattering cross section in the
energy range from 1 eV to 30 eV. Here, we can compare the experi-
mental data to results from both the IAM-SCAR+I and SMC calcu-
lations of the scattering (note that the two features in the SMC calcu-
lation at energies between 5 eV and 10 eV are spurious structures).
In the case of the IAM-SCAR+I theory, we have again presented an
adjusted cross section, taking into account the missing angles from
the experimental measurement. Above 6 eV, as previously noted, a
reduced magnetic field was used in the detection region to separate
the elastic and inelastic scattering contributions, which results in a
different missing forward angle scattering contribution, as detailed
in Table I. Due to the strong forward angle scattering, a result of the
permanent dipole moment and dipole polarizability of this target,

FIG. 3. Total inelastic scattering cross section for positrons incident on furan. The
black circles are the experimental data, and the blue line shows the results using
the IAM-SCAR+I method.

FIG. 4. Total elastic scattering cross section for positrons incident on furan. The
black circles are the experimental data, the blue solid line shows the results using
the IAM-SCAR+I method, and the green dotted line shows the IAM-SCAR+I theory
adjusted for the missing experimental angles, as discussed in the text. The light
blue dashed line and purple chain line are the results from the SMC theory with
and without the Born closure included, respectively.

this appears as a “step” in the cross section between 6 eV and 7 eV,
corresponding to the increase in the angular range excluded from the
experimental measurement. It can be seen that there is disagreement
between the experiment and the SMC calculation below 10 eV, espe-
cially when considering that the experimental measurement misses
the forward angle contribution to the total cross section and so can
be expected to be lower in magnitude than the “true” cross section
value. Given that agreement with the IAM-SCAR+I calculations is
good at energies below this point, it seems clear that the positro-
nium formation channel plays an important role here. Despite the
fact that positronium formation is treated empirically in the IAM-
SCAR+I model, coupling between this and the elastic channel clearly
plays a role in increasing the strength of the elastic channel. As
positronium formation is not taken into account in the SMC cal-
culation, the enhancement from this channel is missing. At higher
energies, the experiment lies below the SMC data, which is more in
line with expectations, and corresponds to the diminishing contri-
bution of positronium formation to the total scattering cross section.
As previously mentioned, comparison with the IAM-SCAR+I model
is good below 20 eV, except at the very lowest energies. Again, in
this case, the absence of positronium formation in the calculation
in the energy range from 2 eV to 5 eV is likely to be the main rea-
son for the discrepancy. At energies above 20 eV, the experimental
data lie below the adjusted IAM-SCAR+I calculation, outside of the
error limits of the measurement, suggesting that forward scattering
is now being somewhat overestimated in the calculation. The data
for the various total cross sections measured in this work are shown
in Table II.

The data are presented in Figs. 5 and 6 for elastic differential
cross sections in the energy range from 3 eV to 15 eV. The numeri-
cal data for these measurements are also presented in Table III. The
experimental cross sections are compared to the SMC and IAM-
SCAR+I calculation results as well as to corresponding experimen-
tal data for electron scattering from furan.41 The SMC theory is
shown both with and without their Born closure technique applied.
The theories and electron scattering measurements have been folded
around 90○ to compare with the positron scattering measurements
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TABLE II. Data for the experimental total cross sections presented in this paper. The energy is given in eV, and the cross sections and absolute uncertainties are in units
of 10−16 cm2.

Grand total Total elastic Ps formation Total inelastic
Energy Cross section error Cross section error Cross section error Cross section error

1 93.69 2.05 91.36 2.04 0.65 1.24
2 70.75 2.01 70.56 1.98 0.00 0.80 0.14 3.32
3 64.73 2.00 57.27 1.81 6.37 0.79 1.21 3.32
4 58.67 2.00 50.62 1.78 7.91 0.80 −0.80 3.31
5 54.36 2.00 45.67 1.75 8.93 0.81 −0.54 3.32
6 51.63 2.00 43.79 1.55 9.03 0.81 0.88 3.32
7 33.17 3.73 22.59 2.31 8.56 1.11 2.13 3.33
8 33.03 3.73 22.24 2.29 8.41 1.10 2.62 3.33
9 33.76 3.73 21.28 2.18 8.81 1.11 3.82 3.34
10 32.73 3.73 20.16 2.14 8.03 1.10 4.83 3.35
11 32.82 3.73 18.70 2.01 8.02 1.10 6.38 3.36
12 32.93 4.90 16.36 1.23 7.75 0.70 8.96 3.30
13 32.04 4.90 15.11 1.18 7.13 0.69 9.93 3.31
14 31.63 4.89 14.98 1.18 7.00 0.68 9.72 3.31
15 31.33 4.90 14.03 1.14 6.53 0.68 10.80 3.32
16 31.05 4.48 11.53 1.28 6.30 0.82 13.22 3.58
17 30.79 4.48 11.90 1.31 5.92 0.80 12.97 3.58
18 30.21 4.48 11.04 1.26 5.00 0.74 14.17 3.64
19 30.64 4.48 11.18 1.26 5.41 0.76 14.06 3.62
20 30.54 4.48 11.13 1.26 5.29 0.76 14.13 3.63
21 29.62 4.48 9.68 1.16 5.35 0.77 14.59 3.67
22 29.50 4.48 9.81 1.18 5.04 0.75 14.64 3.68
23 29.67 4.48 9.90 1.19 4.62 0.73 15.15 3.70
24 28.99 4.48 9.15 1.14 4.46 0.72 15.37 3.73
25 28.86 4.48 9.12 1.14 4.74 0.74 15.00 3.71
26 28.44 4.48 9.39 1.17 3.85 0.68 15.21 3.74
27 28.19 4.48 8.59 1.11 3.87 0.69 15.73 3.77
28 27.94 4.48 8.15 1.07 3.60 0.68 16.19 3.80
29 28.61 4.48 8.75 1.12 3.37 0.66 16.49 3.80
30 28.05 4.48 8.37 1.09 3.34 0.66 16.34 3.81

presented here (as outlined earlier). At the lowest energy of 3 eV, the
experiment is considerably more forward peaked than either of the
calculations or the electron scattering results. This is reflected in the
grand total and total elastic cross sections presented in Figs. 1 and
4, where the experimental data are significantly higher in absolute
terms than the theoretical values. As previously discussed, it seems
likely that this is due to the contribution of positronium formation
to the scattering in this region, which is not properly incorporated
in either calculation at this energy. It might be expected that dipole
effects dominate the scattering at this energy, and so it is also instruc-
tive to compare to electron scattering results. Any dipole effects will
be the same for positron and electron scattering so that differences
may give insight into other important underlying scattering pro-
cesses. Both theories have better agreement with the electron scat-
tering data, again suggesting that positronium formation plays an
important additional role in the positron scattering. The SMC calcu-
lation with Born closure aligns more closely the electron scattering
experimental data at this energy, and it seems clear that the applica-
tion of Born closure is required to properly account for the forward

peaked nature of the scattering in this approach. This is true for all
of the data presented in Figs. 5 and 6 and borne out by the forward
peaking exhibited in the IAM-SCAR+I calculations. The two theo-
ries have much the same shape, although the IAM-SCAR+I calcula-
tion is higher in magnitude than the SMC theory for all angles and is
in reasonable agreement with the experimental data at angles above
20○. The large difference seen between the experimental positron
and electron scattering data may also be partly related to the pres-
ence of the π∗ negative ion shape resonance at around 3 eV in
electron scattering, which has a strong effect on the collision dynam-
ics around this energy, although the resonance is not present in
the positron SMC calculation, which closely aligns with the exper-
imental electron scattering measurements. At 5 eV, we find agree-
ment between the experiment and the IAM-SCAR+I calculations is
generally improved, and both datasets indicate more forward scat-
tering than that is seen in the SMC theory, again probably related
to the importance of positronium formation, which is starting to
“turn on” at this energy in the IAM-SCAR+I theory. At angles above
20○, however, we see better agreement between the SMC calculation

J. Chem. Phys. 153, 244303 (2020); doi: 10.1063/5.0027874 153, 244303-7

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 5. Angular differential scattering of positrons from furan: (a) 3 eV, (b) 5 eV,
and (c) 7 eV. The black points are the experimental data, and the open red circles
are electron scattering data from Ref. 41. IAM-SCAR+I calculations are shown as
blue lines, and the SMC calculation is shown as a blue dashed line and purple
chain line, with and without the Born closure applied, respectively.

and the experimental data, with the experimental positron scatter-
ing more forward peaked than that observed for electron scattering.
A similar analysis can be made at 7 eV with the experimental data
lying in between the two calculations, favoring the IAM-SCAR+I
data at smaller scattering angles and the SMC approach from 30○

to 60○. In the highest part of the angular range, above 60○, agree-
ment is best with the IAM-SCAR+I calculation. The experimen-
tal electron and positron scattering data are in much better agree-
ment with each other at these energies, although there is still a dis-
crepancy between the two for the most forward scattering angles.
Agreement between the SMC positron scattering calculation and the
electron scattering data again suggests that positronium must play

FIG. 6. Angular differential scattering of positrons from furan: (a) 10 eV and (b)
15 eV. The black points are the experimental data, and the open red circles are
electron scattering data from Ref. 41. IAM-SCAR+I calculations are shown as blue
lines, and the SMC calculation is shown as a blue dashed line and purple chain
line, with and without the Born closure applied, respectively.

a significant role in explaining the difference between this calcu-
lation and the present experimental data. It should be noted that
the series of negative ion resonances in electron scattering, below
10 eV,41 probably also plays some role in the differences seen here in
the lowest range of energies. The data for 10 eV and 15 eV are pre-
sented in Fig. 6, and it should be noted that both of these energies
lie in the region where the positronium formation, electronic exci-
tation, and ionization channels are all open, with the contribution
of positronium formation to the total scattering declining in relative
importance. The experimental data tend to favor the results from
the IAM-SCAR+I approach, with largely good agreement within the
limits of the measurement across the entire angular range. The SMC
calculation with Born closure applied still appears to underestimate
the forward angle scattering, but agreement is good for angles above
25○ in both cases. With the ionization and positronium formation
channels both open, it is to be expected that agreement between the
SMC approach and experiment will be somewhat poorer. Agree-
ment between the electron and positron scattering data improves
further as the incident energy increases, with generally reasonable
agreement at a scattering energy of 15 eV, when taking into account
the experimental uncertainties. This observation suggests that the
exchange interaction, which only exists for the case of electron scat-
tering, is quite small in the elastic channel at these higher energies,
and that the dipole scattering effects dominate. In addition, we can
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TABLE III. Data for the experimental differential cross sections presented in this paper. The angles are given in degrees, and the cross sections and absolute uncertainties are
in units of 10−16 cm2 sr−1.

3 eV 5 eV 7 eV 10 eV 15 eV
Angle Cross section error Cross section error Cross section error Cross section error Cross section error

85 −0.30 0.81
80 −0.19 0.89 0.50 1.05 0.13 0.35 0.68 0.64 0.19 0.36
75 1.26 0.91 1.42 1.05 1.12 0.65 −0.85 1.18 0.16 0.67
70 0.93 0.92 1.47 1.08 1.42 0.67 1.36 1.20 −0.50 0.68
65 1.19 0.95 0.55 1.11 0.72 0.69 1.56 1.24 1.07 0.70
60 1.81 1.00 1.92 1.16 1.55 0.72 1.53 1.29 0.60 0.74
55 2.26 1.05 1.67 1.23 1.71 0.76 2.33 1.36 0.45 0.78
50 3.67 1.12 1.77 1.32 2.32 0.81 0.99 1.46 1.24 0.83
45 3.62 1.22 1.88 1.43 2.59 0.87 −0.55 1.60 1.23 0.90
40 8.76 1.34 4.00 1.57 1.84 0.97 2.36 1.75 1.04 0.99
35 10.99 1.50 4.64 1.75 5.08 1.08 3.39 1.94 1.87 1.10
30 14.72 1.72 6.70 2.01 7.59 1.23 2.16 2.23 1.58 1.26
25 26.67 2.02 13.66 2.38 13.64 1.46 9.12 2.67 4.83 1.50
20 37.81 2.49 24.42 2.94 28.14 1.80 18.02 3.27 9.22 1.86
15 86.71 3.27 42.90 3.86 42.95 4.60
11 186.54 8.39

infer that the influence of the positronium formation channel on
the scattering dynamics is becoming diminished. While agreement
between the positron and electron scattering data appears to be
much better at higher scattering angles, for all energies, it is diffi-
cult to draw any definitive conclusions as to any interpretation due
to the small magnitudes and hence proportionally large error bars
on both measurements.

V. CONCLUSION
This paper has presented results from a joint experimental and

theoretical study on the scattering of positrons from furan molecules
at energies up to 30 eV. At the grand total cross section level, there
is good agreement between the IAM-SCAR+I calculation and the
experimental data, once the effect of missing forward angle scatter-
ing in the experimental measurements is allowed for. Differences
arising in the positronium formation cross section are likely to arise
from the phenomenological nature of its description in that the-
ory, but agreement between the two remains quite reasonable. Some
effects from this difference are apparent in the comparison between
the experiment and theory. For the total inelastic cross section (elec-
tronic excitation plus ionization), agreement is good within the error
bars on the experimental data. In all scattering channels, it is appar-
ent that the chemical properties of the target, in particular the target
dipole moment and dipole polarizability, play a key role in the scat-
tering dynamics for furan. This is in line with previous work, which
has demonstrated the importance of these properties in different
aspects of positron scattering25,26,42 and even positron binding and
annihilation.43

In the case of elastic scattering, there are two theories presented,
the IAM-SCAR+I and SMC calculations. Differences between the
experiment and theory in the total elastic cross section can be
attributed mainly to differences in the forward angle scattering. The

experiment, in general, observes a larger amount of forward scat-
tering than either of the theories. Agreement between all the data
improves as the energies increase, although it is clear that differ-
ences in the calculations are affecting how the two theories predict
the amount of forward angle scattering. It seems likely that the inclu-
sion of positronium formation in the IAM-SCAR+I approach has
an effect on this aspect of the scattering calculation, which is absent
in the SMC formulation. A comparison is also made to electron
scattering data,41 which is quite different to the positron scatter-
ing measurements at energies below 10 eV—somewhat surprisingly
given the expected dominance of the dipole interactions with this
target. However, the presence of negative ion resonances in electron
scattering across most of the lower energy range of the differential
cross section measurements presented here is likely to be one reason
for this, along with the contribution of positronium formation to the
positron scattering processes and exchange in the electron scattering
processes.

It can be seen from the present study that there is fairly reason-
able agreement between the measurement and theory for positron
scattering from this target. Despite this, it is still clear that dis-
agreement remains regarding some aspects of the scattering dynam-
ics. Clearly, further work is required to improve both theoretical
descriptions of the scattering process, with positronium formation
remaining a difficult process to incorporate in an ab initio fashion.
Improvements in the accuracy of the experiments as well as better
discrimination of the different open scattering channels may also
help in being able to refine the understanding of both scattering from
furan and also for application to more varied targets that will be of
relevance to future modeling studies.
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