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Cross section results from a joint experimental and theoretical investigation into positron scattering
from 3-hydroxy-tetrahydrofuran (3H-THF) are presented. Total and positronium (Ps) formation cross
sections have been measured from 1 to 190 eV using the positron beamline at the Australian National
University, which has an energy resolution between 60 and 100 meV. The total cross section (TCS)
and the elastic and total inelastic integral cross sections in the energy range between 1 and 1000 eV
have been computed within the Independent Atom Model using the Screening Corrected Additivity
Rule approach. In addition, we have calculated elastic differential cross sections at selected inci-
dent energies. Our computations represent the first theoretical results reported for this target species,
while our measured Ps formation cross sections are also novel. Comparison of the present TCS with
the previous results from the University of Trento shows a good level of agreement at the lowest
energies. We also provide a comparison between the present cross sections for 3H-THF and those
from our earlier study on the parent molecule tetrahydrofuran. © 2013 American Institute of Physics.

® CrossMark
¢

[http://dx.doi.org/10.1063/1.4790620]

Il. INTRODUCTION

Since the pioneering paper of Boudaiffa et al.! the atomic
and molecular physics (AMP) and the medical science com-
munity have conducted extensive work to investigate the ef-
fect of radiation damage in biomolecular systems (see, for in-
stance, the recent book by Garcia Gémez-Tejedor and Fuss”
for a state-of-the-art picture of the research carried out in this
field). Thus, it is clear why the interactions between positrons,
and those biomolecules that make up living matter, have be-
come an important field of study. Unfortunately, due to the
practical difficulties in producing a molecular beam or target
cell of a pure nucleic acid (note that most of the nucleobases
are solid compounds at room temperature), it is not always
possible to directly study the biomolecules of interest. There-
fore, the AMP community has, to date, focussed its interest
on those molecules that can be considered as proto-types,
or analogues, for the “building blocks” of the nucleic acids.
There is a general agreement among the members of this
community>~ upon the reductionist philosophy whereby the
physical, chemical, and biological properties of a system stem
from the fundamental properties of its constituents and their

) Author to whom any correspondence should be addressed. Electronic mail:
luca.chiari @flinders.edu.au.
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interactions.”® The subject of the present study, namely 3-
hydroxy-tetrahydrofuran (3H-THF: C4Hs0,), is one of those
prototypical targets. In fact, similar to its parent molecule
tetrahydrofuran® (THF) (see Figure 1), 3H-THF represents
an analogue for the sugar rings that constitute the phosphate-
deoxyribose backbone structure in the nucleic acids'® (see,
e.g., Figure 1 in Ref. 11).

Applications to biomedical research are of course not the
only motivation for studying these kinds of targets. The in-
vestigation of the fundamental forces that drive the scattering
process remains of primary interest to the AMP community.
In this regard, 3H-THF represents a particularly suitable
target. As shown in Figure 1, 3H-THF is a heterocyclic ether
similar to THF, except for the hydroxyl (-OH) functional
group that lies at position 3 on the five-atom ring. 3H-THF
also possesses some physico-chemical properties that make
it intriguing to study from a more fundamental point of view
(see Table I). Therefore, it is not surprising that recent work
on 3H-THF'!"'* included fundamental scattering phenomena.
Most of those studies, however, have been devoted to inves-
tigating this target with electrons as the probe. In particular,
there has been the work of Mozejko and Sanche'’ who
calculated the elastic integral cross section (ICS) and elastic
differential cross sections (DCS) using the Independent
Atom Model (IAM) and, later, both Vizcaino et al.'3 and

© 2013 American Institute of Physics
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FIG. 1. Schematic diagram of the THF (left) and the 3H-THF (right)
molecules. Diagrams were produced using ChemBio3D Ultra.%

Milosavljevi¢ et al.'* reported on measured and calculated

elastic ICS and DCS, although they made use of somewhat
different theoretical approaches in their investigations. The
first study employed the Schwinger multichannel method
(SMC), while the second one used the IAM approach with
Screening Corrected Additivity Rule (SCAR). The work of
Milosavljevic et al.'* also included the total cross section
(TCS) computed with the same IAM-SCAR method.
Collisions between positrons and 3H-THF have not been
investigated to the same extent. To date there is one previous
experimental study by the University of Trento group,'' but
to the best of our knowledge there are no calculations. This
lack of theory may ensue from the difficulty in constructing
a realistic enough physical model for the target, as well as
an adequate representation of the interactions involved in the
scattering process in its different channels. As far as the mea-
surements are concerned, the presence of only one data set is
at least partly due to technical issues. The “sticky” nature of
3H-THF'! is just one of the experimental challenges that this
species offers to conducting scattering measurements. Un-
like THF,”>'> 3H-THF at room temperature is not particularly
volatile (its vapor pressure is estimated to be just 34 Pa at
25 °C),'® which makes it rather difficult to generate enough
vapor'! in order to achieve the required target density for a
molecular beam in the scattering region. Moreover, 3H-THF
is a molecule that comes in at least two conformational forms
that have quite different physico-chemical properties'! (see
Table I). On the one hand, this somewhat complicates the in-
terpretation of the experimental results. On the other hand,
however, this renders a comparison with the corresponding

TABLE I. Some important physico-chemical properties of the two most en-
ergetically stable conformers of THF and 3H-THF: molecular diameter (D),
permanent dipole moment (i), dipole polarizability («), first adiabatic ion-
ization energy (E;) and positronium formation threshold energy (Eps). Note
that Ep; = E; — 6.8 €V.

Species D (A) n (D) «a(au) Ej (V) Eps(eV)

47.08¢ 9574 2.77
50.68°  9.48° 2.68
50.98¢

THF, st and 2nd conformer ~ 4.63*  1.63"
3H-THEF, 1st conformer >4.63¢ 1.74°
3H-THF, 2nd conformer 2.88¢

“Reference 24.
Reference 5.

“Reference 11.
dReference 54.
¢Reference 27.

J. Chem. Phys. 138, 074302 (2013)

cross sections for THF rather intriguing. In fact, as the lowest
conformers of THF have largely identical physico-chemical
properties to those of the 1st 3H-THF conformer, this in prin-
ciple enables us to infer some information on the role that
the various conformers of 3H-THF might play in the scatter-
ing dynamics. Finally, we also note that 3H-THF is a chiral
molecule, as, in general, it comes in its left- and right-handed
enantiomers, namely (S)-(+)-3-hydroxy-tetrahydrofuran and
(R)-(-)-3-hydroxy-tetrahydrofuran. The possible importance
of chirality in both nature and in positron scattering measure-
ments was recently examined by Chiari et al.,'” to whom the
reader is referred for more details.

In this paper, we report on new TCS and positronium
(Ps) formation cross sections for positron impact with 3H-
THF, between 1 and 190 eV, that were measured using the
positron beamline at the Australian National University.'8 We
also present the first theoretical results for positron scattering
from 3H-THF including the TCS, the elastic ICS, the summed
inelastic ICS (excluding rotations and vibrations) and some
elastic DCS calculated using the IAM-SCAR method at se-
lected energies in the energy range from 1 to 1000 eV. We
compare our measured and calculated results for 3H-THF
with those from our recent investigation on THF,” in order to
observe how small changes in the molecular structure (which
may lead to quite different molecular properties) can affect
the scattering process for those systems. Studies of positron-
molecule collisions, in which TCS for a series of structurally
related species are investigated, are actually quite rare. Note
that in organic chemistry, structurally related molecules are
often studied to better understand corresponding trends in
their chemical activity. The review by Kimura et al.;'° the
work of Zecca et al.?° on benzene, cyclohexane, and aniline;
and that of Chiari et al.>' on biologically relevant molecules
are examples of this kind of work.

In Sec. II of this paper we present the experimental pro-
cedures of our measurements, while in Sec. III we introduce
the theoretical formalism for our calculations. The current re-
sults, and a discussion of those outcomes, are then reported
in Sec. IV, with some concluding remarks being drawn at
the end.

Il. EXPERIMENTAL DETAILS

The present measurements were carried out at the Aus-
tralian Positron Beamline Facility.'® This apparatus is based
on a positron trap and pulsed beam system,?” and details of
its operation can be found in a recent paper.” We simply re-
call here that low-energy positrons are obtained from a *>Na
radioactive source (activity of ~40 mCi) in conjunction with
a solid neon moderator. The beam is then radially confined by
uniform solenoidal magnetic fields (up to 530 G) which are
present throughout the rest of the beamline. The positrons are
first transported into a two-stage buffer-gas trap, where the as-
sociated electrodes form a stepped electrostatic-potential-well
structure, which traps positrons that lose energy through in-
elastic collisions with a mixture of N, and CF, buffer gases.
This results in a cloud of positrons that have thermalized to
the gas (room) temperature and are subsequently used to form
a pulsed positron beam. The trap is typically operated at a

Archived at Flinders University: dspace.flinders.edu.au
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repetition rate of 60—100 Hz with up to ~1000 positrons emit-
ted in each pulse. The positrons then travel into a scattering
cell where they interact with the target molecules. The scatter-
ing 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 present in the scattering cell region,
and downstream from it, ensure that all the positrons, except
for those that form Ps and annihilate within the cell, reach
and subsequently pass through a retarding potential analyzer
(RPA). Note that the RPA is sensitive only to the parallel com-
ponent of the beam energy (E)). The positrons transmitted by
the RPA are finally detected by a double-stack, micro-channel
plate assembly.

In our measurements, the energy at which the positrons
collide with the target molecules is defined by the potential of
the scattering cell. The zero for the energy scale is established
with a retarding potential analysis of the beam and we esti-
mate the uncertainty on the energy scale to be 25 meV. This
level of accuracy is not unusual in an RPA device operated
in a high magnetic field. The same retarding potential analy-
sis enables us to estimate the energy distribution of the beam.
Careful control of the dumping stage of the trap cycle allows
the energy width of the beam to be close to the temperature
of the trapped positron cloud. For these measurements, the
energy resolution of the beam was between 60 and 100 meV
(full-width at half-maximum) owing to variations in the beam
formation characteristics.

Care needs to be exercised in order to perform accurate
scattering cross section measurements. In particular, in order
to minimize multiple scattering effects, the target pressure in-
side the cell is maintained at a value such that the total scatter-
ing probability is no more than 10% of the unscattered beam
intensity. In addition, given the several experimental difficul-
ties in handling 3H-THF, due to its low vapor pressure at
room temperature and its “stickiness” (see Sec. I), we had
to heat the sample container and the scattering chamber up
to ~60 °C, whereas the target gas lines and the needle valve
were kept at ~90 °C. As the scattering cell temperature was
different from that of the pressure gauge (45 °C), the pres-
sure readings inside the scattering cell were corrected for the
thermal transpiration effect. This was accomplished using the
model of Takaishi and Sensui,?® and the correction resulted
in an increase in the magnitude of the measured cross sec-
tions of ~2.3%. The value of the 3H-THF molecular diam-
eter that we used in this calculation was 4.63 A, which is
actually the known hard-sphere diameter of THFE.>* Never-
theless, it has been argued that quantum-chemical geometry
calculations for these two molecules yield results that justify
this assumption.!! We finally note that we used a high-purity
(99%) 3H-THF sample (Aldrich) throughout the present mea-
surements. As our sample is a racemate, the proportion of the
two 3H-THF enantiomers in our target sample is expected to
be approximately the same.

In all linear transmission scattering experiments the basic
principle behind the TCS measurements is the Beer-Lambert
law. It allows one to derive the TCS from a knowledge of
attenuation measurements of the beam intensity, the target
pressure in the scattering cell and the length of the inter-
action region. The methods used in the present experiment

J. Chem. Phys. 138, 074302 (2013)

to measure the TCS and the Ps formation cross sections are
based on the principles of positron motion and scattering in
a strong magnetic field”> and have been previously presented,
as well as our data analysis techniques.’® Briefly, the cross
sections are determined 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 tar-
get molecule, the positron can be elastically scattered through
some angle 6 and lose some of its Ej in the process. It can
also lose some of its total energy if inelastic processes, such
as electronic excitations or direct ionization, are energetically
allowed. As the RPA discriminates against £ only, a retard-
ing potential analysis provides a simple measurement of the
total scattering. Ps formation is also possible above the Ps for-
mation threshold (Eps). However, this process manifests as a
loss of positron intensity in the RPA transmission curve, and
is easily accounted for. The first adiabatic ionization energy
(E)) of the most stable 3H-THF conformer is 9.48 eV,?’ and
given Eps = E; — 6.8 eV, we have Eps = 2.68 eV for 3H-THF
(see also Table I).

As with any scattering-cell based experiment, our mea-
sured TCS are inevitably affected by the forward angle scat-
tering effect.’® As we have extensively covered this issue in
a dedicated paper”® and we have revisited those details in our
most recent study,’ we only recall here that this effect causes
our measured TCS to be underestimated with respect to their
“true” value. This effect can be corrected for, provided that
the angular discrimination of the spectrometer and the elastic
DCS for the target species of interest are known at any given
energy.”® This can be achieved, for instance, by following the
procedure outlined by Hamada and Sueoka.?” The missing an-
gular ranges 0° £ 6, and 180° % 6, where O, is the
angular discrimination, can be calculated, for instance, using
Eq. (1) in Ref. 9. In doing so, we estimate the angular dis-
crimination in our measurements to vary from ~23° at 1 eV
to ~1.8° at 150 eV, as listed in Table II. The elastic DCS for
positron scattering from 3H-THF are available from our IAM-
SCAR computations (see Sec. III, as well as Figure 2 and
Table III). However, given that there are neither experimen-
tal nor independent theoretical validations of our calculated
DCS, employing those DCS to correct our measured TCS
might be somewhat premature. As a consequence, in general,

TABLEII. Estimates of the missing angular range (0° = 6 iy ) 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, including the Born dipole rotational excitations (see
Table III), at selected positron scattering energies.

Energy (eV) O min (deg) Correction (%)
1 23 41

2 16 33

5 10 23

10 7.0 21

20 5.0 15

50 3.1 8.6

100 2.2 6.6

150 1.8 4.1
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FIG. 2. The present elastic DCS for positron collisions with 3H-THEF, as cal-
culated with our IAM-SCAR approach with Born dipole rotational excita-
tions, at selected incident energies. See also the legend in the figure.

we have not done so and the TCS that we present in Table IV
and Figures 3 and 5 represent a lower bound on their “real”
values. Nevertheless, in order to estimate the extent of the
forward angle scattering effect, we have employed our elas-
tic DCS to calculate the correction to our measured TCS at
a few selected positron energies (see Table I and Figure 3).
In doing so, we find that the magnitude of the TCS we list in
Table IV would increase between ~41% at 1 eV and ~4.1%
at 150 eV. Hence, similar to what we found in our earlier in-
vestigations on polar polyatomic molecules,’*° we can expect
the forward angle scattering effect to play an important role at
the lower energies and become progressively less significant
towards the higher energies.

J. Chem. Phys. 138, 074302 (2013)

The statistical uncertainties on the measured TCS are in
the range 2%—5%, while those on the Ps formation cross sec-
tion lie, on average, at around 15%, although they can be
significantly larger under some circumstances. Systematic er-
rors in our measurements (e.g., the drift in the absolute pres-
sure scale and the uncertainty on the thermal transpiration
correction) have been accounted for and estimated, as dis-
cussed in an earlier paper.”® The overall uncertainties are cal-
culated as the square root of the quadratic sum of the indi-
vidual contributing errors. The absolute uncertainties on our
measured TCS range from ~3% to ~7%, whereas those on
the Ps formation cross sections are generally within the range
~12%-25%.

lll. THEORY DETAILS

The IAM approach within the SCAR formalism has been
extensively used for modeling electron collisions with a large
variety of different sized molecules,’!>* over a broad energy
range, typically between 1 and 5000 eV. More recently, the
IAM-SCAR method has also been successfully applied to
positron scattering studies from argon,® diatomics such as
molecular oxygen,36 and to macro-molecules, such as THE,?
where fair agreement was typically found with the reported
measurements. As the details of our theory have already been
presented in those papers, here we only briefly summarize the
method behind our calculations.

A. Atomic optical model

The first aspects of our computations are the individual
atoms constituting the target molecule, that is C, H, and O in
this case. Our approach is based on an optical model in which

TABLE III. The present elastic DCS calculated with our IAM-SCAR approach, with the Born dipole rotational

excitations, at selected scattering energies.

DCS (10720 m?2 gr 1)

Angle (deg) leVv 2eV 5eV 10eV 20 eV 50 eV
0 3.53 x 10° 7.06 x 10° 1.76 x 101 353 x 10! 7.06 x 100 1.76 x 10!
10 81.77 50.69 38.92 23.63 18.31 19.18
20 26.99 21.11 20.61 11.26 8.48 7.39
30 16.13 13.78 12.88 5.80 4.06 2.04
40 11.90 10.03 8.04 2.83 1.85 0.95
50 9.66 7.59 4.90 131 0.62 0.43
60 8.01 5.74 2.86 0.60 0.38 0.19
70 6.92 4.40 1.61 0.31 0.28 0.11
80 6.16 3.47 0.92 0.28 0.24 0.08
90 5.66 279 0.58 0.31 0.21 0.06
100 5.29 234 0.45 0.34 0.18 0.04
110 5.01 2.04 0.45 0.36 0.15 0.04
120 4.84 1.86 0.50 0.37 0.12 0.04
130 470 1.76 0.57 0.36 0.11 0.03
140 4.62 1.71 0.64 0.34 0.10 0.03
150 456 1.70 0.70 0.33 0.09 0.03
160 451 1.69 0.75 0.32 0.09 0.03
170 4.51 1.70 0.78 0.31 0.09 0.03
180 451 1.70 0.79 0.31 0.09 0.03
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TABLE 1V. The present measured TCS (o1) and Ps formation cross sections (ops), together with their total
uncertainties (Ao).

Energy (eV) o1 (10720 m?) Aot (10720 m?) ops (10720 m?) Aopg (10720 m?)
1.0 73.30 241

15 61.50 237

2.0 54.78 2.22

25 49.54 2.10 0.18 1.52
3.0 45.59 2.06 1.43 1.46
35 44.63 2.07 3.18 1.53
4.0 43.56 2.08 5.21 1.53
45 41.20 2.10 4.10 1.54
5.0 41.49 1.99 6.61 1.48
6.0 39.23 1.99 7.17 1.52
7.0 38.81 1.97 8.44 151
8.0 38.02 1.95 9.66 1.50
9.0 36.85 1.90 10.41 1.48
10.0 36.93 1.87 12.29 143
11.0 36.80 1.94 11.80 1.49
12.0 37.46 1.88 12.34 1.49
13.0 37.11 1.92 11.53 1.43
14.0 34.32 1.84 11.64 147
15.0 34.19 1.82 10.76 1.38
16.0 33.39 1.82 11.84 1.47
17.0 34.54 1.92 10.92 1.47
18.0 34.49 1.88 10.79 1.45
19.0 32.48 1.83 10.13 141
20.0 32.94 177 10.43 1.43
21.0 33.16 1.80 9.94 1.38
22,0 32.03 1.81 8.50 1.40
23.0 34.44 1.83 10.77 1.38
24.0 33.58 1.77 10.49 1.37
25.0 33.40 1.78 9.12 1.36
26.0 31.92 171 8.08 1.36
28.0 3233 1.75 7.94 1.35
30.0 34.09 1.70 9.21 1.27
32.0 31.59 1.92 8.15 1.46
34.0 33.24 1.89 7.87 1.41
36.0 31.61 1.85 7.68 1.37
38.0 33.76 1.85 8.49 1.42
40.0 32.14 1.86 7.54 1.42
42,0 31.58 1.86 6.41 1.38
44.0 3145 1.76 5.98 1.36
46.0 3251 1.83 6.44 1.36
48.0 3271 1.82 522 1.34
50.0 31.99 1.76 6.46 1.36
52.0 31.85 1.81 5.01 1.32
54.0 31.57 1.77 4.88 1.36
56.0 31.76 1.77 5.18 1.33
58.0 31.51 1.76 6.25 1.28
60.0 30.27 1.67 4.65 119
70.0 31.17 2.09 531 1.49
80.0 29.51 2.05 3.59 1.46
90.0 30.84 2.06 4.52 141
100.0 31.18 2.05 5.47 1.36
110.0 28.96 1.92 3.55 1.34
120.0 28.73 1.95 374 1.34
130.0 27.76 1.95 2.67 1.40
140.0 26.50 1.89 2.87 1.36
150.0 29.17 1.95 355 1.42
160.0 26.83 1.90 341 1.33
170.0 28.16 1.89 2.98 1.27
180.0 23.44 1.72 0.63 115
190.0 24.07 1.54 1.39 0.82
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e’-3H-THF:
———- Milosavljevic etal."
e*-3H-THF:
Zecca et al."
Present experiment
Present exp. corrected
for forward scattering
: ——— Present IAM-SCAR

. Present IAM-SCAR

with rot. exc.

TCS (10 m?)

0 50 100 150 200
Energy (eV)

100

TCS (10 m?)

Energy (eV)

FIG. 3. (a) The present experimental TCS for positron scattering from 3H-
THF is compared to that from Zecca et al.'' The present measured TCS cor-
rected for forward angle scattering are also given at selected energies (see
Table II). Also plotted are the present TCS calculated with our IAM-SCAR
method with and without the Born dipole rotational excitations. See legend in
the upper panel for more details. Additionally shown are the electron-impact
TCS computed by Milosavljevic ef al.'* (b) Same as (a) but in log-log scale.

30 T T T

B Exp. Ps formation THF

®  Exp. Ps formation 3H-THF
—=—=—|AM-SCAR inelastic ICS THF
—— |AM-SCAR inelastic ICS 3H-THF

25
20
15

10

Cross section (10 "2° m?)

0 50 100 150 200
Energy (eV)

FIG. 4. The present measured Ps formation cross section and IAM-SCAR
summed inelastic ICS (except rotations and vibrations) for positron colli-
sions with 3H-THF. Also shown are the corresponding cross sections from
our earlier investigation on positron scattering from THE.”

J. Chem. Phys. 138, 074302 (2013)

80 T T T
®  Experiment THF
®  Experiment 3H-THF
———- |IAM-SCAR THF

2]
o
'

without rot. exc.

—— IAM-SCAR 3H-THF
without rot. exc.

TCS (102 m?

0 50 100 150 200
Energy (eV)

1 10 100
Energy (eV)

FIG. 5. (a) Comparison between the present measured and calculated (with-
out the Born dipole rotational excitations) TCS for positron collisions with
3H-THF and our previous results for THE? (b) Same as (a) but in log-log
scale.

the local complex potential is defined as
Vi) =Vs)+ V() +iVa(r). (1)

The real part in Eq. (1) 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. The details
of our static, polarization and absorption potentials have re-
cently been described by Chiari et al.3® and therefore are not
revisited here.

Nevertheless, it is worthwhile to stress that, unlike
with electrons, for positron collisions the definition of
the energy for the absorption threshold (A) is somewhat
controversial.*!-3? In the case of electron scattering, A would
be the excitation 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’®
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suggested the use of the Ps formation threshold energy (A;)
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

AE)=A—(A- Ap)e‘(%“). )

In Eq. (2), 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 (Ep,
= 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
important for positron scattering calculations, as it is the
only attractive contribution to the positron-atom interaction
(except for virtual Ps formation). Here we use a new po-
larization potential based on that developed by McEachran
et al.*® for the noble gases. In particular, we employ the
dipole plus quadrupole polarization potentials for Ne given
by McEachran et al.,® but scaled by a constant in order to
give the known dipole (aq) and quadrupole (cq) polarizabil-
ities of the C (oq = 11.88 au, aq = 54.76 au),***' H (aq
=4.50 au, ag = 15 au),**** and O (ag = 5.41 au, aq = 16.90
au)*>4! atoms (see Ref. 36 for further details).

B. Screening Corrected Additivity Rule

In order to calculate the cross sections for positron
scattering from the C4HgO, molecule, we then apply 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 relevant atomic
amplitudes, including the phase coefficients, thus leading to
the DCS for the molecule in question. ICS can then be deter-
mined by integrating those DCS, with the sum of the elastic
ICS and absorption ICS (for all inelastic processes except
rotations and vibrations) then giving the TCS. However, the
AR does not take into account the molecular 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, Garcfa and colleagues**+
introduced the SCAR method. This takes the geometry 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 scattering,
this lower energy limit still needs further study, particularly
at the elastic DCS level.

C. Rotational excitations

From the above description of the IAM-SCAR proce-
dure, it is clear that vibrational and rotational excitations are
not included in the present calculations. However, for polar
molecules such as 3H-THF, additional dipole-induced exci-

J. Chem. Phys. 138, 074302 (2013)

tation cross sections can be calculated following the proce-
dure suggested by Jain.** Basically, in this approach, rota-
tional excitation 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 IJAM-SCAR cal-
culation in an incoherent way, just by adding their results as an
independent channel. Although rotational excitation energies
are, in general, very small (typically a few meV) in compari-
son 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
excitation cross sections J — J' were calculated by weight-
ing the population for the Jth rotational quantum number at
300 K, and estimating the average excitation energy from the
corresponding rotational constants.

In addition, when the permanent dipole moment of the
molecule is significantly large, the FBA also fails for mid-
dle and large scattering angles. In order to partially overcome
this limitation, we introduced a correction based on that sug-
gested by Dickinson,* which brings an improvement for elec-
tron and positron scattering cross sections with strongly polar
molecules. This procedure introduces a first-order corrective
term to the differential cross sections (do'P* / dS2) for the mid-
dle and large angles, but maintains the FBA correction (doB /
d€?) for the forward scattering angles:

do? w1y 3)

- A — < 6.,

dQ  6Esin*(0/2) ¢

do Dek L Tu 1
dQ 64E sin® (0/2)

Oc- “)

In Egs. (3) and (4), 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 present in Figure 3 our measured and calculated TCS
for positron scattering from 3H-THF and we also list the
corresponding numerical values in Tables IV and V, respec-
tively. The present theoretical results represent the first com-
puted TCS to be reported for this species. We observe in
Figure 3 that the general trend of our experimental and the-
oretical TCS is a marked decrease in magnitude as a func-
tion of increasing positron energy. This TCS behavior is pre-
dominantly associated with the important role that the large
permanent dipole moment and strong dipole polarizability of
the target play at low energy in the scattering dynamics. This
is not an original observation, as we have previously noticed
this same kind of behavior in the low-energy TCS from our
earlier studies on polyatomic polar molecules, such as water
and formic acid,*® and THE.” The independent work carried
out in the last decade at the University of Trento (see, e.g.,
Refs. 11, 15, 17, 20, and 21) also noted similar trends for po-
lar targets.
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J. Chem. Phys. 138, 074302 (2013)

TABLE V. The present TCS (o), elastic (6 ), and summed inelastic ICS (o) (except rotations and vibrations)
as calculated with our IAM-SCAR approach. Also given are the ICS for the Born dipole rotational excitations
(01ot) and the TCS that includes those cross sections (0 T-rot)-

Energy (¢V)  og (107 m?) 01 (100%°m?») o7 (107°m?) 0o (1070 m?) oo (10720 m?)
1 68.33 0 68.33 114.53 182.86
1.5 53.49 0 53.49 80.09 133.57
2 47.60 0 47.60 62.17 109.77
3 42.00 0 42.00 43.12 85.13
4 37.52 0 37.52 33.32 70.85
5 34.16 0.11 34.27 27.34 61.61
7 28.56 1.23 29.80 20.19 49.85
10 15.15 21.17 36.32 14.67 50.97
15 11.79 26.83 38.62 10.14 48.72
20 11.06 27.58 38.64 7.70 46.48
30 10.45 26.63 37.08 5.29 4228
40 9.83 25.20 35.03 4.20 39.20
50 9.24 23.86 33.10 3.36 36.40
70 8.09 21.65 29.74 2.46 32.20
100 6.78 19.13 25.90 1.79 27.69
150 5.29 16.16 21.45 1.23 22.65
200 431 14.03 18.34 0.92 19.29
300 3.19 11.20 14.39 0.64 15.04
400 2.55 9.35 11.90 0.50 12.41
500 2.13 8.06 10.20 0.39 10.59
700 1.63 6.36 7.98 0.28 8.26
1000 1.22 4.87 6.09 0.20 6.27

In Figure 3 we show the present measured TCS, both
uncorrected and corrected for the forward angle scattering
effect, as well as our TAM-SCAR TCS computed with and
without the Born dipole rotational excitations. We note that
a legitimate comparison between our theory and experiment
can probably only be made when comparing our measured
TCS corrected for forward scattering against the results of
our computations that include the rotational excitations. This
is because the rotational excitations cause the DCS to be
strongly forward peaked (see Figure 2) and, as the present
experiment misses part of the forward angle scattering, our
measurements are unlikely to account for this effect on the
TCS. In making the correction, we find only a qualitative level
of accord between our corrected experimental TCS and the
theoretical TCS with the rotational excitations. That compu-
tation lies largely above the corrected measured TCS, until
about ~60 eV when it appears to become smaller in magni-
tude. Note that we do not a priori expect our computations
to be accurate at the lower energies, as it is at those energies
where the SCAR approach starts to fail (see Sec. III). There-
fore, the disagreement between our theory and the corrected
experimental results suggests that further development of the
present formalism might be required and/or that the correction
to our measured TCS for the forward angle scattering effect
is underestimated at the lower energies. As the missing angle
in our experiment is known with little uncertainty, the second
explanation would imply that our theoretical DCS could be
more accurate, which also suggests that an improvement in
our positron scattering model is warranted.

We also observe in Figure 3 the important contribution
of the rotational excitations to the calculated TCS, particu-

larly at the lower energies (see also Table V). We note that
the present measured TCS uncorrected for forward scatter-
ing lies above our calculated results including the rotational
excitations above 100 eV, a result which we had not antici-
pated. Above 100 eV, where the effects of Ps formation (see
Figure 4) in positron scattering and exchange in electron scat-
tering “turn off,” we would expect the electron and positron
TCS to be largely identical. This is precisely what we see
if we compare our measured positron TCS with the calcu-
lated electron TCS of Milosavljevic et al.'* (also shown in
Figure 3). On the other hand, our calculated positron TCS
remains uniformly lower in magnitude when compared to
the corresponding electron TCS. This latter observation ad-
ditionally suggests further development in our positron scat-
tering model is required. Finally, we note a “dip” in our
calculated TCS that seems to correspond to the opening
of the first inelastic channel (see Sec. IV B), as can be
clearly inferred from Table V. As this “dip” is not ob-
served in the Trento TCS data'! nor in our measured TCS,
we can only conclude that it is an artefact of the present
computation.

Also shown in Figure 3 are the TCS measured earlier
at the University of Trento.!' Those data are uncorrected for
the forward angle scattering effect, so that a direct compari-
son against our preferred results, the present theory including
the rotational excitations and the current measurements cor-
rected for forward scattering, is not possible. Nevertheless we
see that both our corrected experimental TCS and calculated
TCS with rotations are higher in magnitude compared to the
Trento data set at all common energies, which is precisely
what we had anticipated. If we now compare the Trento data
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set to the current uncorrected experimental TCS, we find very
good agreement with those previous results at energies be-
low ~3 eV, often to within their overall error bars. However,
the data of Zecca et al.'' diverge from our experimental re-
sults at ~3 eV and above. On comparing the Trento data with
our calculated (without rotations) TCS, we find quite good
accord up to about 7 eV. The major difference between the
Trento data and the present is that their TCS continues to de-
crease in magnitude towards the higher energies, while the
current results show a plateau in magnitude through the onset
of Ps formation and direct ionization. This mirrors the obser-
vation we made in our earlier investigation on THE,” when
we similarly compared our experimental and theoretical re-
sults to those of the Trento group.' As in that previous study,
we are a little surprised by this observed disagreement, as the
investigations on the noble gases?®#°% had revealed a quite
satisfactory level of accord between the uncorrected (for for-
ward scattering) TCS measured by the two groups. The “miss-
ing angle” affecting the present measurements (Table II) ap-
pears to be comparable to the angular discrimination of the
Trento apparatus,’’ except perhaps at higher energies. There-
fore, we would anticipate the correction to the TCS for the
forward angle scattering effect to be comparable between the
two data sets, although we note that in the case of a polar
molecule such as 3H-THF (which has very forward peaked
elastic DCS, see Figure 2) any small difference in the angular
discriminations might make a significant difference in terms
of the missing fraction of forward scattering. The purity of the
3H-THF sample used in the present study is the same as that
used in Trento, so that a difference in the target sample com-
position is unlikely to be the source of the observed discrep-
ancy. Although we do not have a quantitative explanation for
this observed discrepancy at the moment, we point out that
while the measurements at Trento were conducted at room
temperature (~24 £ 2 °C), the target vapor in the scattering
cell was at ~60 °C in the current experiments. Note that in our
geometry the target molecules thermalize with the scattering
cell walls and, therefore, the scattering chamber temperature
can be considered to be a good approximation of the target
vapor temperature in the scattering region. Such a tempera-
ture difference might have caused the conformational distri-
butions of the 3H-THF molecules to change between the two
samples, so that the scattering might be affected in different
ways. Of perhaps more significance is that the different sam-
ple temperatures of the two groups would lead to different ini-
tial rotational states and, given the energy resolution of their
spectrometers, vibrational state distributions in their samples.
This might well have an effect on the scattering in each case,
perhaps in part contributing to the discrepancy between their
TCS.

B. Inelastic cross sections

We plot the present experimental Ps formation cross sec-
tion in Figure 4, together with our IAM-SCAR summed in-
elastic ICS (without rotations and vibrations, but including
Ps formation). We also list those results in Tables IV and
V, respectively. These are the first inelastic cross sections

J. Chem. Phys. 138, 074302 (2013)

to be reported for 3H-THF. We observe in Figure 4 that the
Ps formation cross section starts rising sharply at around the
known experimental threshold (see Table I) and then peaks at
~12 eV, before it starts decreasing in magnitude as the en-
ergy increases. At its maximum, the Ps formation cross sec-
tion constitutes about one third of the TCS. The Ps formation
channel seems to become negligible only above 170 eV, as
the cross section approaches zero magnitude. However, above
about 100 eV, it is relatively small as we expected.

In Figure 4 the shape of our computed summed inelas-
tic ICS resembles that of the present Ps formation cross sec-
tion, although the former is larger in magnitude than the latter
and its onset occurs at a slightly higher energy. In fact, the
summed inelastic ICS appears to rise markedly from ~7 eV
and reaches a maximum at 20 eV before it starts decreasing
in magnitude at the higher energies. The theoretical onset of
the lowest inelastic process (except rotations and vibrations),
at about this energy, is somewhat in disagreement with the
opening of the Ps formation cross section, that we observe in
our experimental data, and also with the known Ps threshold
energy (see Table I). We have observed this same kind of dis-
crepancy in our work on THF’ and, as we argued in that paper,
this reflects an intrinsic limitation in our theoretical approach.

C. Elastic differential cross sections

The current elastic DCS calculated with our IAM-SCAR
approach with the Born dipole rotational excitations are plot-
ted in Figure 2 and tabulated in Table III at selected ener-
gies between 1 and 50 eV. These results represent the first
theoretical elastic DCS for 3H-THF. The dominant feature in
Figure 2 is how the DCS, at all energies, dramatically rise
in magnitude as the scattered positron angle goes from 180°
towards 0°. Furthermore, those DCS become progressively
more forward peaked as the incident positron energy becomes
smaller. This is consistent with the strongly polar nature of
3H-THF and with our finding in Sec. IV A of the enhanced
scattering in the TCS towards the lower energies that is due to
the predominance of the long-range polarization effects.

D. Comparison between the cross sections
for THF and 3H-THF

In Figure 5 we now compare our (uncorrected) measured
and calculated (without the rotational excitations) TCS for
positron collisions with 3H-THF, with those from our previ-
ous investigation on the parent molecule THF.” We note here
that the missing angle (and the resulting correction) for the
present experiment is very similar to that which affected the
measurements on THF,” so that a valid comparison between
their uncorrected TCS can be made. The experimental TCS
are consistent in both their energy dependence and magni-
tude, to within the combined error bars, throughout all of the
common energies, except perhaps at a few of the higher ener-
gies where only a very slight difference is observed. This ob-
servation is in contrast with the conclusions of Zecca et al.,'!
who instead found similarities between their uncorrected TCS
for THF and 3H-THF only in the limited energy range of
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~1.6-3.1 eV. Note, however, that the angular discrimination
is not exactly the same for each experiment, so that it is dif-
ficult to draw any definitive conclusions in respect to this ob-
servation. It is also worth recalling here that while the present
experiment on 3H-THF was carried out with the target va-
por held at ~60 °C, our previous measurements on THF were
performed at room temperature (~24 °C). Notwithstanding
this difference, the agreement we find between our measured
TCS for these two species might reflect the similarity in their
physical properties (see Table I). In fact, it is apparent from
Table I that the anisotropic parameters of both THF and the
global minimum conformer of 3H-THF are very similar in
value. In addition, although not shown, the geometric values
(i.e., bond lengths and bond angles) of these species are also
similar, suggesting that the molecular diameters of the species
will be roughly equal. Moreover, the Ps formation threshold
energies for these two targets are also very close to each other
(again, see Table I). Under such circumstances one would,
therefore, anticipate the energy dependence and magnitude of
the TCS for these two molecules to be also similar, at least
below the Ps formation threshold, which is exactly what we
observe in Figure 5. We note that Vizcaino et al.'* also found
little difference in their electron-impact elastic DCS measure-
ments on 3H-THF when compared to the corresponding re-
sults for THF. However, they also observed that despite the
similarity in the shape and magnitude of their cross sections
for both 3H-THF and THE, their SMC calculation suggested
that 3H-THF has a slightly larger cross-section than THF,
whereas the experimental data seemed to show the opposite,
particularly at the more forward and backward angles.

With respect to our calculated TCS (without the rota-
tions), we see in Figure 5 that our 3H-THF results are, in gen-
eral, larger in magnitude than those for THF: this difference
is small at 1 eV but becomes somewhat larger at the higher
energies. We also find this trend when we compare our calcu-
lated summed inelastic ICS for these two related compounds
in Figure 4. From a semi-classical perspective this may just
reflect the fact that 3H-THF is slightly larger in size than
THF (3H-THF possesses an additional oxygen atom), but can
also be explained in terms of the slightly bigger dipole mo-
ment and polarizability of the 1st conformer of 3H-THF (see
Table I).

Figure 4 also shows the comparison between the present
Ps formation cross section for 3H-THF and that measured ear-
lier for THE.? The cross sections are essentially indistinguish-
able within the errors on the measurements. Above 90 eV the
cross sections for 3H-THF appear to become slightly larger
in magnitude than those for THF, although given the overall
errors it is difficult to draw strong conclusions in the compar-
ison between those data.

The qualitative and quantitative similarities observed in
the present experimental and theoretical TCS and Ps forma-
tion cross section results for the related molecules THF and
3H-THF seem to suggest that positron scattering from 3H-
THF might be predominantly governed by its most energet-
ically stable conformer, as this possesses the most similar
properties to those of THF. This, of course, might lead us to
speculate that in our 3H-THF sample the conformer popu-
lation distribution shows a significantly higher fraction of the

J. Chem. Phys. 138, 074302 (2013)

most energetically stable conformer. However such a scenario
is counter-intuitive, suggesting a more subtle interpretation
for understanding why the present THF and 3H-THF cross
sections are so similar and also why at the TCS level this ob-
servation is contrary to that found by Zecca et al.,'' might be
needed. For instance, some of the physico-chemical proper-
ties in Table I are determined through quantum chemical cal-
culations employing model basis sets of states to represent the
3H-THF molecule. While the B3ALYP/TZVP model chemistry
has been shown to be quite robust in describing results from
electron momentum spectroscopy studies>? and past studies
on geometric and anisotropic parameters in biomolecules,
it is well known that calculated physico-chemical properties
do exhibit a dependence on the model chemistry employed.
Thus, testing the robustness of the data in Table I, to changes
in model chemistry, might be a useful first step to better un-
derstanding this issue.

V. CONCLUSIONS

In this paper we reported on a joint experimental and the-
oretical investigation into positron scattering from 3H-THF.
We presented new measured TCS and original Ps formation
cross sections for energies between 1 and 190 eV. In addi-
tion, we calculated original TCS, elastic and inelastic ICS,
as well as some elastic DCS, with our IAM-SCAR theory
at energies from 1 to 1000 eV. A qualitative level of accord
was found between the present measured and computed TCS
at all common energies. A comparison with the only earlier
TCS measurement of the Trento group,'! revealed quite good
agreement with our experimental data below the Ps forma-
tion threshold and with the present theoretical results below
~7 eV. We also compared our measured and calculated TCS,
Ps formation cross section and summed inelastic ICS for 3H-
THEF to our previous corresponding results for the structurally
related species THE.® This comparison highlighted how sim-
ilar the cross sections for these two targets are to each other,
an observation which is in contrast with that made earlier at
the TCS level by Zecca et al.'!

Notwithstanding the fair level of accord we noted above
between our present measured and calculated TCS, one of the
important findings of this study is that there is clearly fur-
ther development required in our positron scattering model.
This is probably not all that surprising given the complexity
required for a quantitative theoretical description of positron-
molecule scattering, particularly for complex molecular tar-
gets. Nonetheless, in spite of those complexities, we continue
to develop our approach.
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