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Total, elastic, and inelastic cross sections for positron and electron
collisions with tetrahydrofuran

Abstract

We present total, elastic, and inelastic cross sections for positron and electron scattering from tetrahydrofuran
(THF) in the energy range between 1 and 5000 eV. Total cross sections (TCS), positronium formation cross
sections, the summed inelastic integral cross sections (ICS) for electronic excitations and direct ionization, as
well as elastic differential cross sections (DCS) at selected incident energies, have been measured for positron
collisions with THF. The positron beam used to carry out these experiments had an energy resolution in the
range 40-100 meV (full-width at half-maximum). We also present TCS results for positron and electron
scattering from THF computed within the independent atom model using the screening corrected additivity
rule approach. In addition, we calculated positron-impact elastic DCS and the sum over all inelastic ICS
(except rotations and vibrations). While our integral and differential positron cross sections are the first of
their kind, we compare our TCS with previous literature values for this species. We also provide a comparison
between positron and electron-impact cross sections, in order to uncover any differences or similarities in the
scattering dynamics with these two different projectiles. © 2013 American Institute of Physics.
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We present total, elastic, and inelastic cross sections for positron and electron scattering from tetrahy-
drofuran (THF) in the energy range between 1 and 5000 eV. Total cross sections (TCS), positronium
formation cross sections, the summed inelastic integral cross sections (ICS) for electronic excitations
and direct ionization, as well as elastic differential cross sections (DCS) at selected incident energies,
have been measured for positron collisions with THF. The positron beam used to carry out these ex-
periments had an energy resolution in the range 40-100 meV (full-width at half-maximum). We also
present TCS results for positron and electron scattering from THF computed within the indepen-
dent atom model using the screening corrected additivity rule approach. In addition, we calculated
positron-impact elastic DCS and the sum over all inelastic ICS (except rotations and vibrations).
While our integral and differential positron cross sections are the first of their kind, we compare
our TCS with previous literature values for this species. We also provide a comparison between
positron and electron-impact cross sections, in order to uncover any differences or similarities in
the scattering dynamics with these two different projectiles. © 2013 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4789584]

I. INTRODUCTION

Research on the effects of ionizing radiation in biomolec-
ular systems has attracted intense interest, in the last decade or
so0, within the atomic and molecular physics and medical sci-
ence communities.' In particular, the importance of electron-
induced chemical processes at low energies has recently been
highlighted by the discovery that electrons at sub-ionization’
and even sub-excitation energies® can attach to and cause
the fragmentation of the nucleic acids, the proteins, and their
components, such as the nucleobases, the sugars, and water.*
These processes can eventually result in important cell and
tissue damage.>-®

Positrons can also potentially trigger damage in
biomolecular systems, e.g., by the liberation of significant
numbers of secondary low-energy electrons, as the positrons
thermalize within the biological medium, through processes
such as direct ionization.! However, the mechanisms leading
to biological damage are qualitatively and quantitatively dif-
ferent for positrons and electrons.” In particular, the presence
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of the positronium (Ps) formation channel in positron impact
phenomena leads to gamma rays originating from the Ps an-
nihilation which potentially add to the ionizing effect inside
the organic tissue.’

In fact, the detection of the annihilation radiation emitted
by the positrons, as they enter the human body and annihilate
with the molecular electrons, is at the heart of positron emis-
sion tomography scans, an imaging technique of metabolic
activity, and an early detection tool for tumours. The ap-
plication of positrons in medical science, however, has ex-
panded to beyond purely diagnostic purposes. Indeed, they
have also been employed in therapeutic or clinical proce-
dures, e.g., as probes for protein syneresis,® in bioactive
molecule encapsulation,9 and even in the treatment of tu-
mours (positherapy).'® Nevertheless, there are many unan-
swered questions about the interactions of positrons with
biomolecules,'' because the science behind the processes that
take place at the atomic and molecular level remains mostly
unknown. As a consequence, our group has embarked on a
project to explore the interaction of positrons with molecules
of biological interest. This project has started with experi-
ments on the primary constituent of all living organisms, i.e.,

© 2013 American Institute of Physics
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FIG. 1. Schematic diagram of an unrolled segment of DNA with the THF
molecule highlighted in the phosphate-deoxyribose backbone structure.

water, and the simplest organic acid, namely, formic acid.!?
In the present study, we shift our focus to tetrahydrofuran
(THF: C4HgO). THF represents a suitable model or analogue
for the sugar rings (ribose or deoxyribose) that are contained
in all nucleoside bases and which play an essential role in the
structure of both DNA'3~!5 and RNA. ' In fact, as specifically
shown by the schematic diagram of an unrolled segment of
DNA in Figure 1, the backbone structure of the nucleic acids
can be viewed as a series of THF-like molecules held together
by phosphate bonds, to which the nucleobases are covalently
linked to form the nucleotides. Therefore, THF can be thought
of as a prototypical analogue of the building blocks for living
matter. '’ 18

THF also has some physico-chemical properties that
make it an interesting species to investigate from a more fun-
damental perspective. For example, it is a heterocyclic organic
compound containing an ether group with an exposed oxy-
gen atom available for hydrogen bonding. This peculiarity
in its structure makes it one of the most polar of the sim-
ple ethers. In fact, THF possesses both a large permanent
dipole moment 1 = 1.63 D, and static dipole polarizability
o =47.08 a.u.'® However, THF is also known to be conforma-
tionally impure. In fact, the THF molecule comes in at least
three symmetric and two asymmetric conformers® and this
needs to be borne in mind when carrying out experiments on
this target, as it may potentially complicate the interpretation
of the results. Nevertheless, at room temperature the popu-
lation of conformers in our THF sample is expected to be
essentially dominated by nearly the same proportion of the
two most energetically stable conformers, i.e., those in the C,
(55.5%) and C, (44.5%) geometry.’! It is interesting to note
that these two lowest energy conformers share the same val-

J. Chem. Phys. 138, 074301 (2013)

ues for the dipole moment and the dipole polarizability (see
above).'® Therefore, the presence of more than one conformer
in our THF sample might not significantly complicate the in-
terpretation of our experimental results.

Given its interesting properties, and the biological role
of THF that we have outlined above, it is not surprising to
find a considerable number of papers in the literature on low-
energy electron collisions with this target. In particular, we
note the total cross section (TCS) measurements of Zecca
et al.,”*> Mozejko et al.,”® and Baek et al.** Elastic differential
cross section (DCS) measurements at selected impact ener-
gies have been carried out by Milosavljevié et al.,>> Allan,?
Colyer et al.,”” Dampc et al.,”® Gauf et al,” and Baek
et al** Except for the work of Milosavljevi¢ et al.,” these
groups also reported elastic integral cross sections (ICS). To
the best of our knowledge, the only electron-impact, dis-
crete electronic-state excitation cross sections are those of
Do ef al.,’® while a review of all the available earlier work
and a recommended database for electron-THF scattering can
be found in Fuss et al' Among the theoretical studies on
electron-THF scattering, we note the TCS calculation using
the R-matrix method of Bouchiha et al.*> Computations of
the elastic DCS have been reported by Mozejko and Sanche™
with the independent atom model (IAM), Trevisan et al > us-
ing the complex Kohn variational method, and Winstead and
McKoy* and Gauf et al.?® both employing the Schwinger
multichannel method (SMC). These authors, with the excep-
tion of Trevisan et al.,>* calculated the elastic ICS as well.
For completeness, we also cite the elastic ICS computation
by Tonzani and Greene>® using the R-matrix approach.

With positron projectiles, however, there is only one ear-
lier experimental investigation on THF from the group at the
University of Trento??> and there are no calculated cross sec-
tions. From a theoretical point of view, this reflects the diffi-
culty in making an accurate quantum-mechanical description
of a large target molecule such as THF, as well as the difficul-
ties posed by incorporating Ps formation into the formalism.

In this paper, we report on measurements of the TCS and
Ps formation cross section for positron scattering from THF in
the energy range from 1 to 190 eV. In addition, the summed
inelastic ICS for electronic excitations and direct ionization
have been measured up to 20 eV. Furthermore, measurements
of elastic DCS at selected incident energies between 1 and 25
eV are also described. The experiments were carried out at
the Australian Positron Beamline Facility,?” using a positron
beam with an energy resolution in the range 40-100 meV
(full-width at half-maximum). In order to partially fill the gap
in the theoretical results for positron scattering from THF, we
have also computed the TCS, the elastic ICS and the sum over
all inelastic ICS (except for rotations and vibrations) within
the IAM approach with screening (SCAR) corrections ap-
plied. The energy range of these computations is between 1
and 5000 eV. In addition, in order to facilitate a comparison
of the cross sections for positron and electron collisions with
THEF, we report on new theoretical results for electron scatter-
ing from this target species, calculated with the same method
and in the same energy range.

In Sec. II of this paper, we discuss the experimental
procedures of our measurements, and Sec. III presents the
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positron and electron scattering models and the computational
details that we employed in our calculations. We then report
and discuss our results in Sec. IV, before drawing some con-
clusions from the present investigation.

Il. EXPERIMENTAL DETAILS

The measurements presented here were carried out us-
ing the low-energy positron beamline at the Australian Na-
tional University. This apparatus is based on a “Surko” trap
and beam system>® and has already been described in detail
in Ref. 37, so that only an overview of its operation will be
presented here. Positrons are obtained from a ?>Na radioac-
tive isotope, which had an activity of approximately 40 mCi
for the present measurements. A solid neon moderator is used
to moderate the high-energy positrons emitted by this source.
The low-energy positron beam is then radially confined us-
ing a solenoidal magnetic field (100 G), and is transported
into a two-stage buffer-gas trap where a uniform and strong
magnetic field (530 G) is present. The trap electrodes form
a stepped electrostatic potential well structure, so that the
positrons that lose energy through inelastic collisions with a
mixture of N, and CF, buffer gases are trapped inside the
well. In this process, the positrons thermalize to room tem-
perature and form a cloud of particles that becomes the reser-
voir for the formation of a pulsed positron beam. The trap
is typically operated at a repetition rate of 60—100 Hz with
up to ~1000 positrons emitted in each individual pulse. The
positrons released by the trap are directed into a scattering cell
where they interact with the molecules of the target of interest,
THEF in this case. The scattering cell is made of gold-plated
copper and is 20 cm long, with entrance and exit apertures
that are 5 mm in diameter. The strong magnetic fields (530
G) present in the scattering cell region, and downstream from
it, ensure that all the positrons, except for those positrons that
form Ps and annihilate within the cell, are transmitted. Those
positrons subsequently pass through a retarding potential an-
alyzer (RPA), which is sensitive only to the parallel energy
component (E) of the beam. The positrons transmitted by
the RPA are finally detected by a double-stack, micro-channel
plate assembly.

In our experimental configuration, the incident energy, at
which the positrons scatter from the target molecules, is set
by the potential of the scattering cell. The zero for the energy
scale is established with a retarding potential analysis of the
beam, i.e., with the energy scale defined relative to the “cut-
off” position of the beam. With this procedure the uncertainty
on the energy scale is estimated to be +25 meV. The same
retarding potential analysis enables us to estimate the energy
distribution of the beam. Careful control over the beam for-
mation in the last stage of the trap cycle allows the energy
width of the beam to be comparable to the temperature of the
trapped positron cloud. For these measurements, the energy
resolution of the beam varied between 40 and 100 meV due
to variations in the beam formation characteristics.

Several precautions need to be taken in order to accu-
rately carry out the measurements. For instance, the target
pressure inside the cell is set to a value such that the number
of scattering events is no more than 10% of the unscattered

J. Chem. Phys. 138, 074301 (2013)

beam intensity, in order to minimize multiple scattering ef-
fects. In addition, the pressure measurements inside the scat-
tering cell need to be corrected for the thermal transpiration
effect, because the scattering cell temperature (~24 £ 2 °C)
was different from the pressure gauge temperature (45 °C).
The thermal transpiration correction was calculated accord-
ing to the model of Takaishi and Sensui,> and was ~3% in
the magnitude of the measured cross sections. The value for
the molecular diameter of THF that we used in this correction
was 4.63 A.?® Throughout the present measurements we used
a high-purity (>99.86%) THF sample. Although THF is a lig-
uid at room temperature, it is volatile enough (vapour pressure
~176 hPa at 25 °C)* to easily provide the gas number density
in the cell to achieve the required beam attenuation. Note that
THF is rather hygroscopic,?? but it comes as a mostly anhy-
drous sample from the supplier. We also performed numerous
freeze-pump-thaw cycles, in order to degas the target sample
and remove any impurities present in that sample that might
affect the results of our measurements.

The basic principle behind the TCS measurements, in
all linear transmission scattering experiments, is the Beer-
Lambert attenuation law. This method allows one to derive the
TCS from attenuation measurements of the beam intensity,
the target pressure in the cell, and the length of the interac-
tion region. The techniques used in the present experiment to
measure the TCS, the Ps formation cross sections, the elastic
DCS, and the details of the data analysis, have been presented
previously.*'=* In short, the various cross sections are deter-
mined by measuring specific fractions of the positron beam
transmitted through the RPA with the target vapor present in
the scattering cell. In a collision with a target molecule, the
positron can be elastically scattered through some angle 6 and
lose some of its E in the process. It can also lose some of its
total energy if inelastic processes, such as electronic excita-
tions or direct ionization, are energetically allowed. As the
RPA discriminates against E; only, a retarding potential anal-
ysis provides a simple measurement of the total scattering. We
note here that, owing to our finite beam energy resolution, we
cannot resolve rotations and many of the vibrational modes
from the elastic scattering channel and, therefore, we actually
make measurements of the quasi-elastic DCS. Ps formation is
also possible above the Ps formation threshold (Eps). As the
first adiabatic ionization potential (£;) of the most stable con-
former of THF is 9.57 eV,* and since Ep; = E; — 6.8 €V, we
obtain that Ep; = 2.77 eV for THF. Note that Ps formation is
a loss process, so it manifests as a loss of positron intensity in
the RPA transmission curve.

As with any experiment based on a linear transmission
technique, our method suffers from some angular discrimina-
tion limitations. They arise from the inability to distinguish
between positrons that are elastically scattered at small for-
ward angles from those in the primary, unscattered beam. The
fact that the number of “unscattered” events is overestimated
results in a measured TCS that is underestimated with re-
spect to its “true” value. At any given energy, the extent of
this effect depends on the angular discrimination of the mea-
surement and on the nature of the elastic DCS for the tar-
get species of interest in this forward angular region.* In
the present measurements, the angular discrimination is not
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TABLE I. Estimates of the missing angular range (0° & 6 i) in the present
measured TCS, and of the corresponding correction for the forward angle
scattering effect. That latter correction was calculated with the present IAM-
SCAR elastic DCS, with Born dipole-induced rotational excitations (see
Table VI), at selected positron scattering energies.

Energy (eV) O min (deg) Correction (%)
1 20 40

2 14 32

5 8.9 22

10 6.3 21

20 4.4 14

50 2.8 9

100 2.2 7

150 1.8 4

limited by geometrical constraints, but is rather determined
by the finite extent of the energy resolution of our positron
beam. In fact, our experimental techniques*! rely on the mea-
surements of the fraction of the transmitted positron inten-
sity at the beam cutoff point in the retarding potential anal-
ysis. However, in practice, it is not possible to make a mea-
surement of the beam intensity at exactly the cutoff voltage,
because this also coincides with the cutoff point of the in-
cident positron beam. Instead, we measure the positron in-
tensity at a retarding potential voltage that is sufficiently far
away from that cutoff. An offset AV ~ 120-150 mV (i.e.,
> 3—4 standard deviations of the beam energy distribution)
was used throughout the present measurements. As a conse-
quence, the measured elastic DCS misses a range of the for-
ward angles corresponding to that voltage offset and, in turn,
the TCS excludes the contribution from the elastic DCS in
that inaccessible angular range. The missing angular ranges
0° £ Oyin and 180° £ Oy, can be calculated using a method

presented earlier,***> where the angular discrimination is
given by
., |eAV
Omin = sin™! P (1)

where e is the absolute value of the elementary charge (in
atomic units) and £ is the beam energy. The present estimates
for the angular discrimination at selected scattering energies
are listed in Table I. These energy-dependent angular discrim-
ination values can be used, in conjunction with the elastic
DCS at each respective energy, provided that these DCS are
known, to correct the measured TCS for the forward angle
scattering effect. This can be done, for instance, by following
the approach described in Hamada and Sueoka.*® The present
measured DCS unfortunately cannot be used for this purpose,
as they suffer from some missing angular ranges, as with the
TCS. In principle, such elastic DCS are available from our
IAM-SCAR computations (see Sec. III). However, as we shall
see later in the results and discussion, the agreement between
our measured and theoretical results is not uniformly good at
all energies even at the TCS level. Therefore, without any in-
dependent validation of our calculated DCS, employing those
elastic DCS in the manner outlined above may be premature.
Hence, in general, we have not corrected our measured TCS
for the forward angle scattering effect. As a consequence, the

J. Chem. Phys. 138, 074301 (2013)

TCS that we present here (see Table II) represent a lower limit
on the “real value.” Nevertheless, in order to estimate the ex-
tent of this instrumental effect, we have employed our the-
oretical elastic DCS to calculate the correction to our mea-
sured TCS at a few selected positron energies (see Table I and
Figure 2). In doing so, we find that the magnitude of the TCS
we list in Table II would increase between ~40% at 1 eV and
~4% at 150 eV. Thus, as we found in our earlier investigation
on the polar species water and formic acid,'> we can expect
the forward angle scattering correction to our measured TCS
to be significant at the lower energies and become smaller as
the positron energy increases.

In this paper, we also present measurements of elastic
DCS at energies above the threshold for the first electronic-
state excitation, and of the summed inelastic ICS for elec-
tronic excitations and direct ionization. The methods used in
the present experiment to measure those cross sections have
already been described earlier by Makochekanwa et al.,*’
Caradonna et al.,*’ and Sullivan et al.** We briefly summa-
rize them here, by recalling that those measurements require
an alteration to the experimental technique from that used in
the case of quasi-elastic scattering.

The total positron energy can be expressed in terms of the
components that are parallel and perpendicular to the mag-
netic field, E, = E + E,. However, at energies above the
first electronic excitation, there is no longer the one-to-one
relationship between E| and 6 that was valid in the case of
quasi-elastic scattering. This is because any energy loss from
E| can now be due to both inelastic scattering and angular
elastic scattering. We can take advantage of the fact that for
a slowly varying magnetic field the magnetic moment of a
charged particle (F,/B) is an adiabatic invariant. Thus, by
changing the ratio of the magnetic field in the scattering cell
(Bsc) to that in the RPA (Bgpa ), it is possible to convert some,
or all, of the positron’s perpendicular energy back into the
parallel component. In this way, we can separate losses of
E that are due to various discrete inelastic scattering events,
from those losses that are due to the transfer of energy from
E) to E; as a result of angular elastic scattering. Note that
for a given Ey, the ratio Bsc/Brpa can be appropriately se-
lected in order to effectively achieve this splitting. The only
significant side effect is a slight enlargement of the missing
angular range in our measurements. For the present measure-
ments of the elastic DCS at energies greater than 6 eV, and for
the summed inelastic ICS, we used Bsc/Brpa = 5.

The statistical uncertainties on the measured cross sec-
tions lie in the range 0.5%-3.8% for the TCS, while for the
Ps formation cross section, the elastic DCS, and the summed
inelastic ICS, they can be significantly larger (>10%) un-
der some circumstances. There are also sources of system-
atic error in our measurements (e.g., the drift in the abso-
lute pressure scale), which are estimated and accounted for,
where possible, as discussed in an earlier paper.*' The over-
all errors are calculated as the square root of the quadratic
sum of the individual contributing errors. The total error bars
on our measured TCS are found to be in the range ~1.4%—
12% and are largely due to systematic uncertainties associated
with our experiment. The largest source of systematic error in
this study originates from the drift in the absolute pressure
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TABLE II. The present measured TCS (o), Ps formation cross section (ops) and summed inelastic ICS for electronic excitations and direct ionization (o),
together with their overall uncertainties (Ao).

Energy (eV) ot (10720 m?) Aot (10720 m?) ops (10720 m?) Aops (10720 m?) o1 (10720 m?2) Aoy (10720 m?2)
1.0 72.97 1.04

1.2 66.13 0.95

1.4 61.46 0.89

1.6 57.18 0.84

1.8 54.17 0.80

2.0 51.62 0.77

22 49.74 0.75

24 47.68 0.73

26 46.15 0.71 0.17 0.26

2.8 45.38 0.71 0.86 0.28

3.0 44.62 0.69 1.66 0.27

32 4337 0.68 248 0.27

3.4 4274 0.67 2.82 0.26

3.6 41.53 0.66 3.39 0.27

3.8 40.88 0.65 3.30 0.27

4.0 40.09 0.64 3.51 0.26

42 39.74 0.64 3.60 0.27

4.4 39.26 0.63 4.02 0.27

4.6 38.67 0.62 4.15 0.27

4.8 39.01 0.63 476 0.26

5.0 38.53 0.62 5.43 0.27

5.2 38.07 0.62 5.63 0.27

5.4 38.16 0.61 6.25 0.27

5.6 37.44 0.61 6.72 0.27

5.8 37.25 0.61 6.60 0.28

6.0 36.08 4.14 7.61 1.11

6.5 0.73 0.40
7.0 34.44 4.05 8.90 1.19 0.70 0.44
75 0.40 0.41
8.0 34.73 4.07 10.10 131 1.22 0.43
8.5 0.39 0.41
9.0 34.18 4.01 10.41 1.34 0.97 0.42
9.5 1.68 0.47
10.0 34.81 4.08 11.63 1.46 0.51 0.41
10.5 1.61 0.47
11.0 33.03 3.88 12.09 1.51 1.60 0.47
115 1.95 0.48
12.0 32.92 3.87 10.81 1.38 1.50 0.45
12.5 1.95 0.48
13.0 32.44 3.81 11.44 1.44 237 0.51
13.5 1.94 0.48
14.0 32.08 3.77 12.08 1.51 3.01 0.57
145 3.58 0.62
15.0 33.15 3.89 12.24 1.52 3.26 0.66
15.5 3.86 0.64
16.0 32.12 3.77 11.69 1.47 423 0.75
16.5 4.64 0.71
17.0 32.31 3.80 11.15 1.41 4.49 0.79
17.5 3.92 0.65
18.0 31.70 373 11.79 1.49 5.30 0.88
18.5 6.13 0.86
19.0 31.10 3.66 11.13 1.42 534 0.90
19.5 5.50 0.81
20.0 31.10 3.66 10.62 1.36

21.0 31.35 3.69 10.78 1.38

22.0 31.05 3.66 10.85 1.39

23.0 30.85 3.64 10.28 132

24.0 30.76 3.63 10.01 1.31

25.0 30.92 3.64 9.55 1.26
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TABLE II. (Continued.)

Energy (¢V) ot (10720 m?) Aot (10720 m?) ops (10720 m?) Aops (10720 m?) o1 (10720 m?) Aoy (10720 m?)
26.0 30.39 3.59 10.08 1.31
27.0 30.48 3.59 9.42 1.24
28.0 30.62 3.61 9.20 1.22
29.0 30.53 3.60 8.96 1.20
30.0 30.29 3.57 9.41 1.23
31.0 29.69 3.51 8.23 1.13
32.0 30.15 3.56 8.26 1.13
33.0 28.57 3.39 8.04 111
34.0 29.23 3.45 8.77 1.18
35.0 30.65 3.62 8.09 1.11
36.0 29.55 3.49 7.05 1.01
37.0 30.26 3.57 7.52 1.06
38.0 28.90 3.42 6.44 0.94
39.0 29.63 3.50 7.57 1.06
40.0 29.54 3.49 7.09 1.01
41.0 29.07 3.44 6.68 0.98
42.0 29.19 3.46 6.20 0.95
43.0 28.96 3.42 6.51 0.96
44.0 29.74 3.51 5.89 0.91
45.0 29.62 3.50 6.26 0.94
46.0 29.48 3.48 5.95 0.92
47.0 28.58 3.39 5.52 0.88
48.0 29.31 3.46 5.90 0.92
49.0 29.08 3.44 4.90 0.83
50.0 28.98 3.43 5.24 0.87
51.0 28.92 3.42

52.0 28.68 3.40

53.0 29.52 3.48

54.0 27.26 3.24

55.0 30.07 3.55

56.0 28.20 3.34

57.0 28.56 3.39

58.0 28.76 3.40

59.0 27.21 3.24

60.0 28.03 3.40 478 0.63
70.0 27.96 0.69 4.40 0.64
80.0 27.40 0.70 4.01 0.64
90.0 27.27 0.70 3.28 0.64
100.0 26.38 0.69 2.43 0.63
110.0 24.55 0.66 1.61 0.62
120.0 24.12 0.65 1.16 0.60
130.0 24.36 0.65 1.32 0.60
140.0 2425 0.64 1.26 0.57
150.0 23.86 0.64 1.44 0.58
160.0 22.63 0.64 0.73 0.58
170.0 22.00 0.60 0.16 0.57
180.0 21.92 0.59 0.43 0.46
190.0 21.68 0.49 0.03 0.33

measurements, which is independent of positron energy, and
this can be significant under some circumstances.

ing from a large variety of different sized molecules (from
diatomics to macro-molecules),**3! over a broad energy
range, typically from 1 to 5000 eV. Therefore, we do not
repeat those details again, rather we only briefly summa-

lll. THEORY DETAILS
A. Atomic optical model for electron scattering

The IAM approach within the SCAR formalism has
been extensively used earlier for modeling electron scatter-

rize the method behind our calculations. The first subjects
of our computations are the individual atoms constituting
the target molecule, that is, C, H, and O in this case. Our
atomic optical model approach is essentially a potential scat-
tering approach, where the local model potential V(r) is
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FIG. 2. (a) The present experimental TCS for positron scattering from THF
(@) are compared to those from Zecca et al?2 (O). Note that for clarity the
overall error bars on the present experimental TCS between 6 and 60 eV are
shown at some selected energies only. The present measured TCS corrected
for forward angle scattering (o) are also given at selected energies (see Table
I). Also plotted are the present positron (; ) and electron (— — —) im-
pact TCS calculated with our IAM-SCAR method, as well as the computed
positron (—-—- —- ) and electron (—- - — - - — - -) impact IAM-SCAR
TCS also including the Born dipole-induced rotational excitations. Shown
also are the electron-impact TCS measured by Mozejko et al.?> (M) and com-
puted by Bouchiha et al?? (- --). (b) Same as (a) but in log-log scale.

taken as
V(r):Vs(r)+ch(r)+vp(r)+iva(r)- (2)

Here, V(r) is the standard Hartree potential of the target. It
is then supplemented by the exchange potential Ve (r) used
by Riley and Truhlar,’ the polarization potential Vp(r) em-
ployed by Zhang et al.,>> and finally the imaginary absorp-
tion potential V,(r) of Staszewska et al.>* Due to the imagi-
nary absorption potential, the optical model potential method
yields a complex phase shift §; = A; 4 iu;. This allows for
the calculation of cross sections (differential and integral) for
elastic scattering, inelastic scattering (all excited and ionized
states combined together), and the grand total as the sum of
those integral cross sections. A recent study of elastic electron
scattering from atomic-iodine®® proved the efficacy of this ap-
proach, except at the lowest energies.

J. Chem. Phys. 138, 074301 (2013)

B. Atomic optical model for positron scattering

Our JAM-SCAR method for modeling positron collisions
with molecules is based on the same optical potential ap-
proach we outlined above for electron impact, and has been
presented in depth in our recent study on positron scattering
from argon® and molecular oxygen.’’ In those studies, rea-
sonable agreement was found with the reported experimental
results. In addition, we have also investigated the molecular
systems NO,, N, O, 3-hydroxy-tetrahydrofuran,®® and pyrim-
idine with our IAM-SCAR approach, and while the results
from those studies are waiting to be written up for publica-
tion they are generally found to be in quite reasonable agree-
ment with the available TCS data. As a consequence, we only
briefly summarize the details of our positron-impact calcula-
tions here. In this case, our approach is based on an optical
model in which the local complex potential is defined as

Vir)=Vir)+ Vo (r)+1iVa(r). 3)

Asin Eq. (2), the real part represents the elastic scattering pro-
cess and consists of the electrostatic interaction term, V(r),
and the polarization term, V,,(r), whereas the imaginary part
accounts for inelastic processes which are considered as ab-
sorptions, V,(r), from the incident positron beam.

Unlike with electrons, for positron collisions the defini-
tion of the energy for the absorption threshold (A) becomes
somewhat controversial (see Blanco and Garcia*®*° for de-
tails). In the case of electron scattering, A would be the ex-
citation energy of the first electronic state of the atom in
question. However, for positron collisions, Ps formation is a
dominant inelastic scattering channel that generally becomes
open at a lower energy than that of the first excited electronic
level. As Ps formation cannot be explained in terms of binary
collisions,” it cannot be explicitly introduced into the orig-
inal formulation of the absorption potential as an indepen-
dent inelastic process. For this reason, Reid and Wadehra®
suggested to use the Ps formation threshold energy (Ap) as
the absorption threshold parameter (i.e., A = A;). This ap-
proach was later shown to somewhat overestimate the TCS
at the higher energies. Hence, we define an energy dependent
parameter for the absorption threshold (A(E)) of the form

A(E)=A — (A — Ap)e*(%p). (4)

In Eq. (4), A is the lowest excitation energy for the atom and
E\, is a characteristic energy at which the absorption potential,
without Ps formation, gives the maximum cross section (Ey,
= 20 eV in this case). E,, modulates the negative exponential
transition between the limits A(E) = A, for energies around
the Ps formation energy and A(E) = A for higher energies.
The choice of the polarization potential is particularly im-
portant for positron scattering calculations, as it is the only
attractive contribution to the positron-atom interaction (ex-
cept for virtual Ps formation). Here, we use a new polariza-
tion potential based on that developed by McEachran et al.°!
for the noble gases. In particular, we employ the dipole plus
quadrupole polarization potential for Ne given by McEachran
et al..°! but scaled by a constant in order to give the known
dipole (a¢) and quadrupole (aq) polarizabilities of the C (aq
=11.88a.u., 0q =54.76 2.0.),5* H (0g =4.50 a.u., g = 15
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a.u.),%%% and O (ag = 5.41 a.u., &g = 16.90 a.u.)>% atoms
(see Ref. 57 for further details).

C. Screening corrected additivity rule

In order to calculate the cross sections for electron and
positron scattering from the C4;HgO molecule, we then ap-
plied the additivity rule (AR) technique to our IAM results
for each constituent atom. In this approach, the molecular
scattering amplitude is derived from the sum of all the rele-
vant atomic amplitudes, including the phase coefficients, thus
leading to the molecular DCS for the molecule in question.
ICS can then be determined by integrating those DCS, with
the sum of the elastic ICS and absorption ICS (for all inelas-
tic processes except rotations and vibrations) then giving the
TCS. However, the AR does not take into account the molec-
ular structure, so that it is really only applicable when the
incident particles are so fast that they effectively “see” the
target molecule as a sum of the individual atoms (typically
above ~100 eV). In order to reduce this limitation, Garcia and
Blanco’"® introduced the SCAR method. This takes the ge-
ometry of the relevant molecule (atomic positions and bond
lengths) into account by using some screening coefficients.
With this correction the range of validity might be extended
to impact energies of 30 eV or a little lower, at least as far as
electron scattering is concerned. With respect to positron scat-
tering, this lower energy limit still needs further study, partic-
ularly at the elastic DCS level.

D. Rotational excitations

From the above description of the IAM-SCAR proce-
dure, it is clear that vibrational and rotational excitations are
not considered in the present calculations. However, for polar
molecules such as THF, additional dipole-induced excitation
cross sections can be calculated following the procedure sug-
gested by Jain.®® Basically, in this approach, rotational exci-
tation DCS and ICS for a free electric dipole are calculated in
the framework of the first Born approximation (FBA), which
can be incorporated into our IAM-SCAR calculation in an in-
coherent way, just by adding their results as an independent
channel. Although rotational excitation energies are, in gen-
eral, very small (typically a few meV) in comparison with
the present incident energies, in order to validate the Born
approximation the incident energies should be higher than
about a few eV. Under these circumstances, rotational exci-
tation 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 corre-
sponding rotational constants.

In addition, when the permanent dipole moment of the
molecule is significantly large, the FBA also fails for middle
and large scattering angles. In order to partially overcome this
limitation, we introduced a correction based on that suggested
by Dickinson,%” which brings a substantial improvement for
electron and positron scattering cross sections with strongly
polar molecules. This procedure introduces a first-order cor-
rective term to the differential cross sections (do P / dQ2) for

J. Chem. Phys. 138, 074301 (2013)

the middle and large angles, but maintains the FBA correction
(do® / dR2) for the forward scattering angles
do® 2 1
ol L g, )
dQ 6E sin“ (0 /2)
do Pek TR 1
dQ 64E sin’® (6 /2)

0. (6)

In Egs. (5) and (6), u is the permanent dipole moment of the
molecule and E the incident energy. Provided that u > 0.75 D,
both curves smoothly join together at 6 = 6., i.e., the critical
angle at which they cross each other.

IV. RESULTS AND DISCUSSION
A. Total cross sections

We show in Figure 2 the results of our TCS measure-
ments for positron scattering from THF. We also list our nu-
merical values in Table II, as a function of the positron energy,
together with the overall error bars on the TCS. We clearly see
in Figure 2 how dramatically the TCS increases in magnitude
as the positron energy decreases. We have already observed in
our earlier study on water and formic acid'? this same kind of
trend in the low-energy TCS for those polar species. Similar
trends in TCS for polar polyatomic molecules have also been
seen in the extensive studies from the University of Trento
(see, for instance, Refs. 18, 22, and 68-70). We believe that
this behaviour in the magnitude of the TCS at these lower en-
ergies is mostly due to the large permanent dipole moment
and strong dipole polarizability of the target. In fact, both
properties are expected to play an important role in the long-
range dipole interaction, between the target molecule and the
incident positrons, that dominates over the static interaction
in the low-energy scattering process.

Also plotted in Figure 2 are the present measured TCS
corrected for the forward angle scattering effect at a few se-
lected energies, as well as the TCS computed with our IAM-
SCAR approach, both with and without Born-dipole rota-
tional excitations for positron collisions with THF. The results
of our calculations are also reported in Table III. We note here
that a physically consistent comparison can only be made be-
tween our measured data corrected for forward scattering and
our TCS computed with the rotational excitations. This is be-
cause of the very forward peaked nature of the elastic DCS
that also accounts for rotational excitations (see Sec. IV C):
as the present experiment misses some of the forward angle
scattering, our measurements are unlikely to account for this
effect on the TCS. We see in Figure 2 that there is only a qual-
itative agreement between the present corrected experimental
TCS and theoretical TCS that accounts for the rotational ex-
citations. That calculation is much higher in magnitude than
the corrected measured TCS, except above ~60 eV where it
lies below the measured data. Note that we do not a priori ex-
pect our positron scattering model to be accurate at the lower
energies, as it is at those energies where the SCAR method
starts to fail (see Sec. III). Nonetheless, the disagreement we
find between the theory and the experiment indicates that
further improvement of the present theoretical approach is
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TABLE III. The present TCS (o1), elastic (og) and summed inelastic ICS (o) (except rotations and vibrations)
for positron scattering from THF calculated with our IAM-SCAR approach. Also given are the ICS for the Born
dipole-induced rotational excitations (o) and the TCS that includes those cross sections (o1 4 rot)-

Energy (V) og(1002°m?) 6110720 m2)  o7(1072°m?) o0, (10020 m2) o140 (10720 m?)
1 67.49 0 67.49 121.81 189.30
1.5 52.65 0 52.65 85.41 138.06
2 46.76 0 46.76 66.09 112.85
3 41.16 0 41.16 46.20 87.36
4 36.68 0 36.68 35.84 72.52
5 33.32 0.11 33.43 29.29 62.72
7 27.58 1.24 28.82 21.61 50.43
10 14.51 20.36 34.87 15.77 50.64
15 11.26 25.09 36.35 1075 47.10
20 10.50 25.59 36.09 8.29 44.38
30 9.74 24.53 34.27 5.71 39.98
40 9.10 23.16 32.26 4.45 36.71
50 8.48 21.90 30.38 3.61 33.99
70 7.36 19.77 27.13 2.66 29.79
100 6.08 17.39 23.47 1.90 25.37
150 4.68 14.56 19.24 1.32 20.56
200 3.81 12.60 16.41 1.01 17.42
300 2.78 9.97 1275 0.70 13.45
400 2.20 8.29 10.49 0.53 11.02
500 1.83 7.11 8.94 0.42 9.36
700 138 5.57 6.95 0.31 7.26
1000 1.03 4.26 5.29 0.22 5.51
2000 0.57 2.41 2.98 0.11 3.09
3000 0.40 1.70 2.10 0.08 2.18
4000 0.31 132 1.63 0.06 1.69
5000 0.26 1.08 1.34 0.05 1.39

warranted. It might be argued that the discord between our
most physical computation and our corrected TCS, could also
suggest that our estimate of the correction for the forward an-
gle scattering effect is actually too small at the lower energies.
However, given that the angular discrimination of the present
measurements is very well known, this would suggest that our
theoretical DCS must be incorrect, which also hints at more
development of our formalism being required. We also note a
“dip” in our calculated TCS that seems to correspond with the
opening of the first inelastic channel (Ps formation). As this
“dip” is not observed in the Trento TCS data®’ (see below)
nor in our measured TCS, we can only conclude that it is an
artefact of the present computation. We finally see in Figure 2
that the behavior of our calculated TCS, without the rotational
excitations, is similar to that of our uncorrected experimental
results over most of the common energies. In fact, the overall
level of accord between theory and experiment is quite good,
often to within the total error bars on the present measured
data. However, given the above discussion, this agreement is
probably rather fortuitous.

The present experimental and theoretical TCS are also
compared in Figure 2 to the only other TCS measurements
due to the group at the University of Trento.”” Our IAM-
SCAR computations without Born-dipole rotational excita-
tions are consistent with those previous results, to within the
overall uncertainties on those measurements, up to ~8 eV.
Above that energy, however, the current calculated TCS tends
to diverge from the results of Zecca et al.,>* as it rises in mag-

nitude owing to the increasing contribution of the inelastic
channels. This may also partly be an effect of the angular dis-
crimination affecting the Trento measurements. We also find
a good level of accord between Zecca et al.** and our exper-
imental TCS data from ~1 eV to the Ps formation thresh-
old energy, as the two data sets are consistent with each other
to within their overall error bars. However, between Eps and
about 20 eV our experimental TCS tends to diverge from the
results of Zecca et al.?* and is somewhat larger in magni-
tude. Indeed, the discrepancy is nearly 35% at about 20 eV.
We were a little surprised by this result, as previous studies
by the two groups on argon,*"”! krypton,*>7?> and xenon’>7#
had shown a quite satisfactory level of accord between their
“ancorrected” TCS. Indeed, Zecca et al.® noted that the an-
gular discrimination of the Trento apparatus is comparable
to that of the present spectrometer and since both indepen-
dent measurements were conducted at the same temperature
(~24 + 2 °C) it is reasonable to assume that the conforma-
tional distributions of the THF molecules in both measure-
ments were also similar. While the purity of the present THF
sample (>99.86%) is superior to that used in Trento (>99%),
such a small difference is not expected to be able to explain
the observed discrepancy above Ep,. We therefore have no
quantitative explanation for this observation at present, we
simply note that the Trento TCS suggests a much smaller
Ps formation cross section compared to that implied from the
present TCS data and our direct measurement of the Ps for-
mation cross section (see later in Sec. IV B).
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TABLE IV. The present TCS for electron scattering from THF computed
with our IAM-SCAR method, both without (o) and with (o7 4 o) the Born
dipole-induced rotational excitation cross sections.

Energy (eV) o1 (10720 m2) 0T+t (10720 m?)
1 79.53 201.34
1.5 74.21 159.62
2 68.61 134.70
3 58.53 104.73
4 54.61 90.45
5 51.81 81.10
7 47.32 68.93
10 43.20 58.97
15 40.21 50.96
20 38.87 47.16
30 36.80 42.51
40 34.67 39.12
50 32.68 36.29
70 29.40 32.06
100 25.76 27.66
150 21.62 22.94
200 18.79 19.80
300 15.09 15.79
400 12.69 13.22
500 10.98 11.40
700 8.71 9.02
1000 6.70 6.92
2000 3.84 3.95
3000 2.72 2.80
5000 1.74 1.79

In order to investigate any differences or similarities in
the dynamics of positron and electron scattering from THEF,
we carried out additional calculations of the TCS for elec-
tron impact on THF with our IAM-SCAR approach, with and
without Born-dipole rotational excitations. Those results are
also plotted in Figure 2 and the numerical values are listed
in Table IV. It is apparent from Figure 2 that the qualita-
tive behaviour of our calculated positron and electron-impact
TCS is very similar, with all TCS decreasing in magnitude
with increasing incident energy. This suggests that the TCS
are rather insensitive to the sign of the charge of the scat-
tering probe and, hence, the low-energy scattering dynam-
ics is mostly driven by the dipole interaction. However, we
also note that the electron-impact TCS lie above the corre-
sponding positron-impact results throughout the entire energy
range covered by our computations. We had anticipated this
outcome, as the main interactions that drive the low-energy
electron-scattering process (the static and dipole interactions)
are both attractive, whereas the static interaction becomes re-
pulsive when positrons are the scattering probe. Additionally,
at low energies, exchange scattering can be very important
when electrons are the incident probe.

However, we had also expected our computations for
positron and electron collisions with THF to converge around
100-200 eV, as the two main processes that differentiate
positron and electron scattering, namely, Ps formation and
the exchange interaction, become negligible at these higher
energies. We see in Figure 2 that this is not the case here as
the electron-impact TCS appear to be still slightly larger in

J. Chem. Phys. 138, 074301 (2013)

magnitude than the corresponding positron-impact TCS, even
above 200 eV. The reason for this unanticipated behaviour
might lie in the fact that we employed different absorption
potentials in our atomic optical models for positron and elec-
tron scattering. Note that the present measurements and the
electron TCS from Mozejko et al.>* do merge at around 130
eV as expected. This suggests that further development of our
IAM-SCAR approach is warranted, particularly, perhaps, in
the positron case. It is also notable that the present measure-
ments lie above our positron-impact calculated results includ-
ing the rotational excitations above 120 eV, which also sug-
gests more work on our positron scattering theory might be
needed.

We finally compare, in Figure 2, the present measured
and calculated positron and electron-impact TCS, with se-
lected, earlier, electron-impact TCS. Specifically, we plot the
electron R-matrix computations of Bouchiha et al.3* together
with the electron measurements of Mozejko et al.,”® as a com-
parison of those two data sets with the other existing experi-
mental electron TCS results?>?* has already been given in a
recent paper.”* In Figure 2, we see that the magnitude of all
the various positron and electron-impact TCS can be quite dif-
ferent at the lower energies, although the TCS show very simi-
lar shapes, except for the results of Mozejko et al.>* below ~6
eV. Indeed, we note that the electron-impact TCS of Mozejko
et al.* lie below the present positron-impact TCS at energies
below ~3 eV. This was somewhat unexpected, but can easily
be explained in terms of the inferior angular discrimination
of the electron experiment at Gdarisk with respect to that of
the present measurements. Note that the importance of the an-
gular discrimination effect on some of the TCS measurements
of the Gdarisk group was observed earlier in the positron scat-
tering studies at Trento on a-tetrahydrofurfuryl alcohol®® and
the cyclic ethers, ethylene oxide, and tetrahydropyran.”’

B. Inelastic cross sections

The present experimental Ps formation cross sections are
listed in Table II and plotted in Figure 3, together with their
overall error bars. These are the first measurements of this
cross section. We see in Figure 3 that the Ps formation cross
section starts rising sharply at threshold and continues to in-
crease markedly in magnitude with increasing positron energy
until it reaches a maximum at around 15 eV. We note that,
at this energy, the ratio of the Ps formation cross section to
the TCS is also at its largest value. Above that energy the Ps
formation cross section begins to decrease in magnitude, re-
lated to the direct ionization scattering channel becoming pro-
gressively dominant with increasing energy. The Ps formation
cross section is observed to finally approach zero magnitude
at about 160 eV, consistent with the merging of our measured
positron TCS with the electron data at around that energy.

In Figure 3, we also plot our measurements of the
summed ICS for electronic-state excitations and direct ioniza-
tion of THF by positron impact. These numbers are also listed
in Table II, and they also represent the first measurements
of those cross sections. We note that the ground state ('A)
of the THF molecules is a singlet.32 Therefore, the threshold
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FIG. 3. The present measured Ps formation cross section (@) and summed
inelastic ICS for electronic excitations and direct ionization (). Also shown
is the sum of the Ps formation cross section and the inelastic ICS (4) at the
common positron energies, in order to compare to the current IAM-SCAR
computed sum over all inelastic ICS (: ) except rotations and vibrations.
Note that for clarity the overall error bars on the present experimental Ps
formation cross sections between 6 and 50 eV are shown only at selected
incident energies.

energy for the first electronic singlet state in THF that can
be excited by positrons, which is a part of a band of ener-
getically low-lying Rydberg states, is E.x &~ 6.6 eV.** In fact,
we see in Figure 3 that the present inelastic ICS starts rising
quite steeply at around that energy and continues to increase
in magnitude with increasing incident energy until the limit
of our measurements.

We now compare our experimental Ps formation cross
section and sum over the inelastic ICS for electronic exci-
tations and direct ionization, with the present theoretical re-
sults for the sum over the inelastic ICS for Ps formation, elec-
tronic excitations, and direct ionization. The theoretical re-
sults are also shown in Figure 3 and listed in Table III. We
observe that the present summed inelastic ICS computed with
our IAM-SCAR method starts rising dramatically at ~7 eV,
and peaks at 20 eV before decreasing in magnitude with in-
creasing positron energy. The fact that the lowest inelastic
process appears to open at ~7 eV in our computation, is at
odds with the current experimental Ps formation cross section
results which are consistent with the known threshold energy
for that scattering channel. Therefore, this observation prob-
ably reflects a limitation in our IAM-SCAR approach. In ad-
dition, we also see in Figure 3 that between ~8 and 20 eV
our calculation somewhat overestimates the magnitude of the
sum over the measured inelastic ICS.

In our experimental configuration, information about in-
elastic scattering occurring at a given incident energy can also
be obtained by carrying out a retarding potential analysis of
the positron beam with the THF vapour present in the scat-
tering cell and by employing a suitable magnetic field ratio
Bsc/Bgrpa (see Sec. II). In particular, this analysis allows us
to estimate the fraction of the elastic or inelastic to total scat-
tering that takes place at a given incident energy and also to
localize the threshold energies for the first electronic state and
the first ionization potential of the target molecule. An exam-
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FIG. 4. Example of a RPA curve measured with THF vapour in the scattering
cell at a scattering energy of 30 eV and with a ratio Bsc/Brpa = 5. The red
(- - -), green (— — —), and blue (—-—-—- ) vertical lines indicate the
threshold energies for the end of the quasi-elastic scattering region, the first
electronic singlet state and the first ionization potential in THF, respectively.
Shown also are the estimates for the fraction of the inelastic to total scattering
occurring between the opening of the first electronic excitation and the onset
of direct ionization, as well as that taking place above the first ionization
energy onwards.

ple of such a RPA curve measured at a scattering energy of 30
eV and with a ratio Bsc/Brpa = 5 is given in Figure 4. We can
clearly see a small step in the RPA curve at the energy loss of
~6 eV which indicates the end of the energy range where
only elastic scattering occurs (if we neglect vibrations and ro-
tations). Nearly 88.4% of the total scattering that occurs at the
scattering energy of 30 eV is thus due to the elastic channel.
All of the scattering that occurs above the energy loss of ~6
eV is entirely due to the various inelastic scattering processes
that become open with increasing positron energy. In Figure
4, we indicate with a green and a blue vertical bar, the thresh-
old energies for the first electronic singlet state ('B;) and the
first ionization potential of THF, respectively. The effect of
the opening of the scattering channels corresponding to each
of these two inelastic processes is clearly visible in Figure 4
as a change in the slope of the RPA curve in the proximity of
the process thresholds. Any scattering events that occur in the
energy loss region between these two thresholds are exclu-
sively due to the excitation of the low-lying electronic singlet
states of THF, whereas those occurring above the first IP are
due to direct ionization and the excitation of the higher-lying
electronic states of THF. In Figure 4, the majority of the rise
in the RPA curve appears to happen after the first IP, which
suggests that most of the TCS at 30 eV might be due to direct
ionization.

C. Elastic differential cross sections

The present, measured quasi-elastic DCS for positron im-
pact with THF, at incident energies between 1 and 25 eV, are
reported in Table V. Those DCS are also shown in Figure 5
at selected energies only. It is worth noting here that in our
experimental technique positrons scattered in the backward
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TABLE V. The present measured elastic DCS for positron collisions with
THE, as a function of the scattering angle at the incident positron energies
investigated. Also shown are the overall error bars.

DCS (10720 m? s~ 1)

leV 2eV 5eV
Angle (deg)  Average  Error  Average  Error  Average  Error
79
12.7
17.7 50.78 478 27.81 2.32
22.6 62.78 6.28 31.73 3.18 18.77 1.84
27.6 44.71 4.50 28.98 2.83 10.84 1.54
32.6 35.15 3.55 17.23 1.92 4.94 1.31
37.5 27.30 278 11.74 1.49 4.14 1.19
42.5 22.06 2.26 10.48 1.33 3.59 1.07
475 17.48 1.82 7.68 1.14 2.30 0.97
52.5 13.26 1.41 5.12 0.96 2.86 0.90
57.4 9.39 1.05 4.95 0.92 3.85 0.85
62.4 6.82 0.83 2.95 0.83 2.02 0.80
67.4 5.24 0.70 1.01 0.75 1.97 0.76
723 2.29 0.51 1.82 0.75 1.51 0.75
71.3 2.08 0.49 2.28 0.75 1.67 0.73
82.1 1.53 0.48 0.58 0.74 2.05 0.77
86.5 0.84 0.61 0.54 0.97 —0.67 1.01

DCS (10720 2 s~ 1)

6eV 8eV 10eV
Angle (deg)  Average  Error  Average  Error  Average  Error
7.9
12.7 46.83 2.20 159.61 3.54 46.85 0.94
17.7 24.96 1.50 27.26 2.10 17.15 0.65
22.6 14.74 1.16 9.46 1.63 8.24 0.52
27.6 8.09 0.95 6.39 1.34 4.12 0.43
32.6 4.37 0.80 3.21 1.16 2.31 0.37
37.5 1.91 0.72 2.20 1.04 2.25 0.33
42.5 3.33 0.65 3.39 0.94 1.96 0.30
47.5 2.58 0.59 4.07 0.86 2.08 0.27
52.5 1.95 0.54 1.36 0.81 1.57 0.25
57.4 3.12 0.52 2.16 0.74 1.51 0.24
62.4 2.67 0.50 1.43 0.72 0.96 0.23
67.4 1.17 0.46 3.03 0.69 0.95 0.22
72.3 2.07 0.46 1.40 0.70 0.50 0.21
713 1.46 0.46 —-0.29 0.66 0.21 0.21
82.1 0.38 0.46 1.85 0.67 0.35 0.22
86.5 0.59 0.62 —1.45 0.89 0.13 0.28

DCS (10720 m? sr71)

15eV 20 eV 25 eV
Angle (deg)  Average  Error  Average  Error  Average  Error
7.9 128.40 1.82
12.7 48.53 2.86 24.48 0.65 2091 0.62
17.7 11.73 1.39 9.42 0.40 7.09 0.42
22.6 5.39 1.05 3.31 0.29 3.33 0.32
27.6 3.19 0.87 2.24 0.24 1.33 0.26
32.6 221 0.74 1.60 0.21 1.89 0.23
37.5 1.92 0.65 1.74 0.19 0.79 0.20
425 2.23 0.59 1.06 0.17 1.03 0.18
47.5 1.59 0.54 0.83 0.15 0.28 0.17
52.5 1.14 0.49 0.58 0.14 0.49 0.15
57.4 1.46 0.48 0.51 0.13 0.45 0.14
62.4 1.08 0.45 0.55 0.13 0.27 0.14

J. Chem. Phys. 138, 074301 (2013)

TABLE V. (Continued.)

DCS (10720 m2 s~ 1)

15eV 20 eV 25eV
Angle (deg)  Average  Error  Average  Error  Average  Error
67.4 0.42 0.43 0.34 0.12 0.30 0.13
72.3 0.61 0.42 0.19 0.12 0.32 0.13
77.3 0.39 0.41 0.40 0.12 0.35 0.12
82.1 —0.62 0.43 0.33 0.12 0.04 0.13
86.5 1.79 0.57 —0.08 0.16 0.30 0.17

direction (i.e., through angles greater than 90°) are reflected
from the potential barriers associated with the trap and other
elements, and can travel back through the gas cell.*>* As a
result, the measured cross section at any angle 0 is actually
folded about 90°, with the angles 6 and 180° — 6 summed.
Therefore, any electron experimental DCS and all the theoret-
ical DCS plotted in Figure 5 are also folded in order to enable
a genuine comparison with the current experimental data. In
addition, as anticipated in Sec. II, we cannot make measure-
ments of the cross sections in the angular range 0° % 6y,
where 6, is the missing angle (see Table I). This is reflected
in the DCS we report here. At a few of the scattering angles
in Table V, a negative DCS is reported, which is of course
unphysical. In those cases, we are simply dealing with small
cross sections and in all but two the error bars allow for a
physically sensible positive value. Note that all the statistical
errors are at a one standard deviation level.

A common feature that emerges from Figure 5 is that the
elastic DCS, at all investigated energies, dramatically rise in
magnitude from 90° towards the more forward scattering an-
gles. However, the most interesting aspect is how those DCS
become progressively more forward peaked as the incident
positron energy decreases from 25 to 1 eV. We had antici-
pated this result owing to the strongly polar nature of THF, as
the relatively large dipole polarizability and permanent dipole
moment of THF are expected to play an important role in the
low-energy positron scattering dynamics.

We list in Table VI our elastic DCS for positron scatter-
ing from THEF, as computed with our IAM-SCAR approach
with Born dipole-induced rotational excitations, and we also
plot those results in Figure 5 at the same energies as our mea-
sured DCS. We see in Figure 5 that there is, in general, rea-
sonable qualitative agreement between our calculated DCS
and the present experimental data at all investigated energies.
This level of accord is also quantitatively fairly good at ener-
gies above ~6 eV, where the level of agreement is particularly
good at the larger angles although it becomes worse as one
goes towards the more forward angles. The reason for these
latter observations is that we do not expect our IAM-SCAR
computations to be quantitatively valid at low energies.

As, to the best of our knowledge, the present experimen-
tal and theoretical positron elastic DCS results are unique, we
also compare them to the corresponding electron-impact DCS
available in the literature.”*>*33-35 Given that the level of ac-
cord between the various electron DCS is, in general, very
good at each energy, for the sake of clarity we only show in
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FIG. 5. The present measured (@) and calculated ( ) quasi-elastic DCS for positron collisions with THF at selected incident energies: (a) 1 eV,
(b) 5 eV, (c) 10 eV and (d) 20 eV. We show the present IAM-SCAR results that include the contribution of rotational excitations in order to consistently
compare to our measured quasi-elastic DCS (see text). Plotted also are the electron-impact DCS results from the measurements of Allan?® (— — —) and the
SMC computations with Born-dipole correction of Gauf et al® (- —.—. ).

TABLE VI. The present elastic DCS for positron scattering from THF calculated with our IAM-SCAR approach, with Born dipole-induced rotational excita-
tions, at selected scattering energies.

DCS (10720 m2 gr~ 1)

Angle (deg) 1eV 2eV 5eV 7eV 10eV 15eV 20 eV 30 eV
0 2.80 x 10° 2.67 x 10° 6.69 x 10° 9.35 x 10° 1.34 x 1010 2.01 x 100 2.67 x 1010 4.00 x 1010
10 88.77 53.77 39.48 36.96 24.05 19.24 18.29 18.17
20 28.56 21.67 20.53 19.15 11.31 8.90 8.40 7.95
30 16.80 13.95 12.80 10.95 5.82 434 3.95 3.50
40 12.24 10.08 8.04 6.05 2.88 2.02 1.78 1.00
50 9.83 7.62 4.90 3.19 1.33 0.88 0.57 0.50
60 8.04 5.71 2.86 1.55 0.60 0.34 0.33 0.29
70 6.89 4.37 1.61 0.75 0.29 0.26 0.24 0.20
80 6.13 3.42 0.92 0.38 0.24 0.24 0.21 0.15
90 5.63 278 0.57 0.30 0.26 0.23 0.19 0.11
100 5.24 233 0.43 0.32 0.29 0.23 0.16 0.09
110 5.01 2.04 0.42 0.38 0.30 0.21 0.13 0.07
120 4.82 1.86 0.46 0.45 0.31 0.18 0.11 0.06
130 4.68 176 0.52 0.52 0.30 0.16 0.10 0.06
140 4.59 1.71 0.59 0.58 0.29 0.14 0.09 0.06
150 4.54 1.69 0.64 0.64 0.28 0.13 0.08 0.06
160 4.54 1.69 0.69 0.68 0.27 0.13 0.08 0.06
170 4.48 1.70 0.72 0.71 0.26 0.12 0.08 0.06
180 4.48 1.70 0.73 0.72 0.26 0.12 0.08 0.06
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Figure 5 the experimental results from Allan?® and the the-
oretical results of Gauf e al.?® First, we observe in Figure
5 that the existing electron-impact elastic DCS are strongly
forward peaked, similar to the present measured and com-
puted positron-impact DCS. This suggests that the dipole in-
teraction dominates over the static interaction in the scatter-
ing process at the lower energies. Second, we also note that
while there is generally good qualitative agreement between
the positron and electron-impact DCS, they usually differ in
terms of their magnitude. Whereas the positron DCS seems
to be larger in magnitude, than the corresponding electron
DCS, at the forward angles below ~6 eV (see Figures 5(a)
and 5(b)), they tend to become lower in magnitude above that
energy (see Figures 5(c) and 5(d)). The results below 6 eV are
also surprising to us, but as we have discussed possible causes
for this effect in Sec. IV A we do not revisit the issue again
here.

V. CONCLUSIONS

In this paper, we have presented absolute experimen-
tal measurements of the TCS, Ps formation cross section,
summed inelastic ICS for electronic-state excitations and di-
rect ionization, and quasi-elastic DCS for positron scattering
from THF at impact energies from 1 to 190 eV. In addition,
we have also presented positron and electron-impact TCS and
ICS results from our IAM-SCAR computations between 1
and 5000 eV, as well as some positron quasi-elastic DCS for
energies below 30 eV. A reasonable level of accord was found
between the present measured and calculated positron-impact
TCS over most of the common energy range. A quantitative
level of agreement was also found between our results and
the earlier positron TCS measurements by Zecca et al.>* be-
low Eps. The present inelastic ICS are the first experimental
and theoretical results for this target. In an attempt to gain
some insight into the fundamental interactions driving the
low-energy scattering of positrons and electrons from THEF,
we also compared our positron-impact cross sections to the
existing electron-impact results from the literature. We typ-
ically found a good qualitative level of accord between the
positron and electron-impact cross sections, which suggests
that the dipole interaction plays a dominant role in the scat-
tering dynamics at low energy.
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