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Measurements of the grand total and total positronium formation cross sections for positron scatter-
ing from uracil have been performed for energies between 1 and 180 eV, using a trap-based beam
apparatus. Angular, quasi-elastic differential cross section measurements at 1, 3, 5, 10, and 20 eV
are also presented and discussed. These measurements are compared to existing experimental results
and theoretical calculations, including our own calculations using a variant of the independent atom

approach. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4887072]

Il. INTRODUCTION

Positrons, the anti-particle of the electron, are being used
in an increasing number of contemporary applications in tech-
nology and medicine. These include their use in the nanoscale
analysis of material structures, particularly those with open
space or voids, the treatment of tumours (positherapy'), and
medical imaging via positron emission tomography (PET?).
The latter imaging technology is now in widespread use in
many major hospitals and is capable of the early detection
of tumours, and other abnormalities, with a spatial resolu-
tion that can be as high as just a few mm. While this tech-
nology is well developed, little is understood of the over-
all transport of positrons in the body, from the moment of
release at high energy from the radiopharmaceutical that is
used (e.g., fluorodeoxyglucose or FDG), to the moment of
annihilation, at typically very low energies, where the two
back-to-back gamma rays, that are used for imaging, are pro-
duced. For '8F, the isotope used in FDG, the mean energy
of emission of the positrons is around 250 keV, and the en-
ergy distribution is very broad (also several hundred keV) and
they thermalize quickly (tens to hundreds of picoseconds) to
sub-100 eV energies where the most dominant mechanism
leading to annihilation, positronium formation, takes place
with a high probability. The thermalisation process involves
scattering and energy loss, through inelastic and ionization
events with molecules in the body. It is establishing a quan-
titative knowledge of these processes that lies at the core of
the present work. While studies of positron interactions with
macroscopic biological entities such as proteins or cells are
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not presently achievable, our aim is to combine quantitative,
fundamental positron-molecule studies with state-of-the-art
modeling techniques, in order to better understand positron
transport and dosimetry. Such measurements also enable us
to benchmark theoretical calculations for such molecules and
assess the potential for such theories to be extended to more
complex systems where experiments remain problematic. It is
also unlikely that experiments on positron scattering or trans-
port in real, soft condensed matter will be realized in the near
future, so gas-phase measurements, such as those described
here, together with modeling which includes structural fac-
tors of the medium, may be the key to such an advance.>*
In that regard we have been engaged in a program of mea-
surements of low energy positron interactions with biological
molecules. To date these have included studies of water and
formic acid,>® tetrahydrofuran,” and pyrimidine.®

Uracil (C,;H,N,0,) is an RNA nucleobase and, like the
DNA nucleobases thymine and cytosine, it is a pyrimidine
derivative. To our knowledge there has only been one previous
measurement of positron interactions with uracil-a total scat-
tering determination by the Wayne State University group’
and, also to the best of our knowledge, no ab initio scattering
calculations exist for this molecule.

In this work we present new measurements for the scat-
tering of positrons from the uracil molecule. These include
total scattering, total positronium formation, and differen-
tial elastic scattering cross sections at energies between 1
and 180 eV. We also present calculated results for positron
scattering from uracil using the independent atom model
approach, including the screened additivity rule corrections
(IAM-SCAR). In Sec. II we briefly discuss the experimen-
tal apparatus and techniques and the theoretical methods that
have been applied. The results are presented and discussed, in
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comparison with previous work in Sec. III, and we conclude
the paper with some final observations in Sec. IV.

Il. EXPERIMENTAL APPARATUS AND PROCEDURES
AND THEORETICAL TECHNIQUES

A. Experimental approach

The experimental apparatus has been described in com-
plete detail in a number of recent papers'®!" so we shall
only give a brief outline of the salient features here. It con-
sists of a differentially pumped positron beamline with four
main stages; the positron source, positron trap, scattering cell,
and energy analyser/detector. Positrons from a ~30 mCi ?>Na
source are moderated by a solid neon moderator, and guided
by electric and magnetic fields to the trap stage, where they
are trapped and accumulated through collisional cooling with
N, and CF, gases. By carefully manipulating the electrostatic
potentials on the last elements of the trap, the positrons are
formed into a high resolution (~70 meV) pulsed beam, and
directed to the scattering cell where they interact with the tar-
get molecules, before energy analysis using a retarding poten-
tial analyser, and detection with a channelplate detector.

Uracil (C,H;N,0,) is a white, solid powder at room
temperature which has a melting point of 335°C. In order
to make a gaseous sample for the scattering measurements,
controlled heating of the sample is required. To achieve this
we have replaced our conventional scattering cell, as used
for measurements on many room-temperature gases (e.g.,
Refs. 11-13), with a “hot cell” where a solid sample can be
heated to provide sufficient vapour pressure for the scatter-
ing measurements. The heated scattering cell has similar di-
mensions to that used for our previous room-temperature gas
experiments — it is a 100 mm long, 50 mm diameter, copper
cylinder with 5 mm diameter apertures at either end. The cell
is heated with twin-core Thermocoax resistive heating wire,
which is wrapped in a helical fashion around the cylinder. The
high thermal conductivity of copper, combined with the use
of a stainless steel heat shield, generates a uniform tempera-
ture throughout the cell. A powder sample of the uracil target,
typically around 0.3 mg, is loaded into a 1.4 cm? crucible lo-
cated at the base of the cell. The crucible can be removed
to re-load the powder target without the need to disassemble
the cell from the support structure. The crucible can also be
heated independently to the cell with a separate Thermocoax
wire, and it was typically held at a slightly higher temperature
(~5°C) than the cell itself. The crucible and cell are heated
to a temperature sufficient to sublime the sample and achieve
a suitable vapour pressure for the scattering measurements.
Typical operating temperatures for the present experiments,
as measured with platinum resistance thermometers located
on the cell and crucible, were <130 °C.

In order to obtain the absolute scattering cross section
the gas number density in the cell is required. However,
for the present hot cell arrangement, the vapour pressure
within the cell cannot be directly measured. This necessitated
the use of vapour pressure curves for uracil from the literature
in order to determine the pressure within the cell from the
measured temperature. Vapour pressure studies of uracil by
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Brunetti et al.'* show sufficient pressures of uracil should be

obtained at temperatures below ~130 °C, which corresponds
to a vapour pressure of ~0.5 mTorr. These authors also es-
tablished an analytic expression for the vapour pressure as a
function of temperature, and this was used to determine the
cell pressure for all of the measurements in this work. This
expression was derived for the temperature range 111°C—
221°C, so the present work sits towards the bottom of this
range.

One concern when creating such gas-phase molecular tar-
gets through thermal heating is the possibility for molecu-
lar dissociation to occur. In a series of experiments'> using
a pulsed thermal source, uracil molecules were ionized by
a frequency-tripled YAG laser, and the products were anal-
ysed in a time-of-flight mass spectrometer with unit mass
resolution.'® These measurements demonstrated no evidence
of dissociation of uracil at temperatures as high as 280 °C. As
the typical operating temperatures in the present experiments
were well below this value, we are confident that no dissocia-
tion of the uracil would have occurred.

Diffusion of target material out of the scattering cell is
inevitable, since the scattering cell has openings at either end.
While the scattering region is differentially pumped to min-
imise the diffusion of target material to other regions of the
apparatus, particularly the trap and the moderator, this only
works well for room-temperature gas targets. Condensable
targets such as uracil can readily migrate and stick to surfaces,
possibly causing contact potential shifts and surface charging
effects. Our initial operation of the hot cell indicated signifi-
cant deposition of uracil powder onto nearby surfaces of the
vacuum chamber and scattering system that were at cooler
temperatures. To minimise this potential contamination of the
apparatus, two cold traps were added to the scattering re-
gion, one at either end of the scattering cell. Each cold trap
consisted of a circular copper plate attached to a copper bar,
which was in turn connected to a solid copper rod feedthrough
in the vacuum chamber. The copper feedthrough was cooled
externally by the use of a Peltier cell and, in this way, the cop-
per plates and bars could be cooled to near 0 °C. The positron
beam passed through a 6.5 mm diameter aperture in the centre
of the cold plates and the plates proved effective in minimiz-
ing the effects of any condensed uracil on other areas of the
apparatus.

The techniques used to obtain the total cross section, the
positronium formation cross section, and the differential elas-
tic scattering cross section have also been discussed in detail
previously and we will not repeat that detail here, but refer
the reader to those previous discussions (e.g., Refs. 11 and
17). Suffice it to say that with a knowledge of the transmitted
positron intensities, the length of the scattering cell, and the
gas vapour pressure, an absolute scattering cross section can
be determined at any given positron energy.

One issue, which is of considerable importance for
scattering-cell based measurements, is the consideration of
forward elastic and inelastic scattering. We have discussed
this issue at some length in several previous papers,'>'® and
will not repeat the detailed rationale here. In summary, the
failure to completely account for forward scattering leads to a
reduction in the “measured” scattering cross section over the
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TABLE I. Estimated missing angular range (6,) (see text) for a range of
energies within the present study. Also shown are the estimated missing part
of the total cross section, expressed as a percentage, which are missing due to
the restricted forward angle range. These estimates are based on the present
theoretical calculation.

Energy 0, Missing cross section
(eV) (deg) (% of total)

1 19 80

2 14 75

5 9 67

10 6 55

20 4.3 40

50 2.7 26

100 1.9 19

“true” value and, in cases where forward scattering is dom-
inant due to the target possessing a permanent dipole mo-
ment and/or a large dipole polarizability, these effects can
be significant. Uracil has both a large dipole moment (~3.8—
4.2 D, e.g., Ref. 19) and dipole polarisability (71.4 a.u.?), so
a consideration of these forward scattering effects is likely to
be critically important in a comparison between experiments,
and experiment and theory.

In the present experimental arrangement, the angular
range (£6,) in the forward direction over which scattering
cannot be accounted for, is related to the energy resolution,
and is energy dependent, being quite large at low energies
and relatively insignificant at higher energies (see Table I). If
we have knowledge of the differential scattering cross section
(DCS), for example, from theory, we can estimate the extent
that this angular discrimination effect has on the total cross
section (TCS), and correct for it. This is discussed further in
Sec. III.

The uncertainties on the present cross section measure-
ments consist of contributions from statistical uncertainties,
which are generally small, and contributions from the errors
in the two central experimental parameters that determine the
absolute cross section, the length of the scattering cell, and
the absolute gas number density. The uncertainty in the for-
mer is known to be small (<1%), while for the latter, the un-
certainty may be considerable for the present experiment. The
gas number density is proportional to the pressure in the gas
cell (P) which is related to the temperature of the cell (T) and,
according to Brunetti ef al.,'* it is given by the formula

log (P(kPa)) = 12.29 (£0.15) — 6634(+100)/T(K). (1)

Applying this formula in the temperature region between
120°C and 130 °C indicates that the uncertainties in the equa-
tion parameters lead to a possible uncertainty in the number
density of more than 50%. Furthermore, an uncertainty in
the temperature measurement of +1 °C (our estimate for the
present experiment) would result in about a 10% uncertainty
in the number density. Thus, while the statistical uncertainties
on the measured cross sections, and the uncertainty on the en-
ergy dependence and angular distributions will be reasonably
small (<~10%), the absolute uncertainty on the present cross
sections derived from the temperature measurement is diffi-
cult to define, but almost certainly larger than 50%.
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Another way that the experimental data can be put on an
absolute scale is to normalize to a reliable theoretical calcula-
tion. In the present case we have done this using our indepen-
dent atom model calculation, described below, at an energy
of 150 eV. This calculation has been shown in previous ap-
plications for both electrons and positrons (e.g., Refs. 6 and
8) to provide a good description of the total scattering cross
section at higher energies. Also, at these higher energies, the
correction involved for the missing angle range is consider-
ably smaller.

B. Theoretical approach—The independent
atom model

Details of the application of the IAM-SCAR?! method to
positron interactions have been provided in a number of pre-
vious papers (e.g., Refs. 7, 22, and 23), with the most relevant
previous work being our measurements and calculation on
water,® so we will only very briefly summarise the approach
here.

The local complex potential is given by

V(r) = Vg(r) + Vp(r) +1V,(r). 2)

The real part of Eq. (2) drives the elastic scattering dy-
namics and embraces the electrostatic (V¢(r)) and polariza-
tion (Vp(7)) interactions. The imaginary part (V, (r)) describes
all the inelastic processes that are considered as absorption
of flux from the incident positron beam. The static potential
was obtained from the charge density derived from Hartree—
Fock atomic wavefunctions. The dipole plus quadrupole po-
larization potential was developed from that reported by
McEachran et al.>* and the absorption potential accounts for
the electronic excitations, positronium (Ps) formation, and di-
rect ionization. Representing the Ps formation channel is a
challenging task and we have adopted a phenomenological
approach, as discussed in Ref. 25.

To calculate the cross sections for positron collisions with
uracil (C,H,N,0,), the additivity rule (AR) is then applied to
the optical model results for each constituent atom. In this
approach, the molecular scattering amplitude stems from the
sum of all the relevant atomic amplitudes, including the phase
coefficients, which gives the DCSs for the molecule of inter-
est. ICSs can then be determined by integrating those DCSs,
with the sum of the elastic and absorption ICSs (for all in-
elastic processes except rotations and vibrations) then giving
the grand total cross sections (GTCS). The geometry of the
molecule (atomic positions and bond lengths) is taken into
account by using some screening coefficients and this, we
believe, enables the range of validity of the technique to be
extended down to impact energies of ~30 eV (or lower) for
electron and positron scattering.

The IAM-SCAR approach described above does not ac-
count for vibrational and rotational excitations. However,
for highly polar molecules such as uracil, additional dipole-
induced excitation cross sections can be calculated in the
framework of the first Born approximation. These results can
then be incorporated into our IAM-SCAR calculation in an in-
coherent way, just by adding up the cross sections as indepen-
dent channels. The complete approach has been shown to be
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TABLE II. Grand total scattering cross sections for positron collisions with
uracil (in units of 107'® ¢m?). The left-hand column represents the as-
measured values using an absolute determination of the number density (see
text). The right-hand column is the cross section that results from normaliz-
ing to the IAM calculation at an energy of 150 eV. The errors represent the
estimated absolute uncertainty.

Energy  Total cross section Scaled total cross section

V) (10716 cm?) Error (10716 cm?) Error
1 44.1 25.6 97.4 56.5
1.5 375 21.7 82.7 48.0
2 335 19.4 73.9 429
2.5 29.5 17.1 65.2 37.8
3 27.0 15.6 59.5 345
35 26.0 15.1 57.5 333
4 24.4 14.2 53.9 31.2
45 23.8 13.8 52.5 30.4
5 229 133 50.5 29.3
55 21.9 12.7 48.3 28.0
6 213 124 47.1 27.3
7 20.3 11.8 44.8 26.0
8 19.2 11.2 42.5 24.6
9 18.8 10.9 41.6 24.1

10 18.5 10.7 40.8 23.7
11 18.2 10.5 40.1 233
12 17.8 10.3 39.3 22.8
13 17.1 9.9 37.7 21.9
14 17.5 10.2 38.7 224
15 16.7 9.7 36.9 21.4
16 16.8 9.7 37.1 21.5
17 17.1 9.9 37.7 21.9
18 15.6 9.1 34.5 20.0
19 17.1 9.9 37.8 21.9
20 154 8.9 34.0 19.7
30 14.7 8.5 324 18.8
40 14.5 8.4 31.9 18.5
50 14.3 8.3 31.7 18.4
60 134 7.8 29.5 17.1

70 13.0 7.5 28.6 16.6
80 13.1 7.6 28.9 16.8
90 12.7 7.4 28.0 16.2
100 12.7 7.4 28.1 16.3

110 12.2 7.1 26.9 15.6
120 11.9 6.9 26.3 15.3

130 12.1 7.0 26.6 15.4
140 11.7 6.8 25.8 15.0
150 11.5 6.7 25.4 14.7
160 114 6.6 25.1 14.6
170 11.0 6.4 24.4 14.1

180 10.6 6.1 23.3 13.5

quite successful when applied to some polar molecules.® 326

In the present calculations a dipole moment of 3.87 D was
used.”’

lll. RESULTS AND DISCUSSION

The experimental total cross section, total positronium
formation cross section, and elastic differential cross sections
are presented in Tables II-IV, and illustrated in Figures 1-4.
In Table II we provide two total cross section tabulations, one
is the as-measured values using the vapour pressure estima-
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TABLE III. The total positronium formation cross section for uracil (in
units of 1076 cm?). The column on the left is the as-measured experimental
values, while the column on the right has been scaled (upwards) by a factor
of 2.21 (see text). The errors represent the estimated absolute uncertainty.

Energy Total Ps cross section Scaled total Ps cross section

(V) (10716 cm?) Error (10716 ¢cm?) Error
1.0 0.84 0.49 1.86 1.08
1.5 0.38 0.22 0.83 0.48
2.0 0.56 0.33 1.24 0.72
2.5 0.63 0.36 1.39 0.81
3.0 1.35 0.78 2.98 1.73
3.5 1.77 1.02 3.90 2.26
4.0 2.50 1.45 5.52 3.20
4.5 3.37 1.96 7.45 4.33
5.0 3.71 2.15 8.20 4.76
5.5 4.29 2.49 9.47 5.50
6.0 4.08 2.36 9.00 5.23
7.0 4.26 247 9.40 5.46
8.0 3.99 2.31 8.80 5.11
9.0 4.55 2.64 10.05 5.83
10.0 4.62 2.68 10.21 5.93
11.0 4.64 2.69 10.25 5.95
12.0 4.98 2.89 10.99 6.38
13.0 4.57 2.65 10.10 5.86
14.0 4.97 2.88 10.96 6.36
15.0 4.96 2.87 10.94 6.35
16.0 4.56 2.65 10.07 5.85
17.0 5.00 2.90 11.03 6.41
18.0 4.82 2.79 10.64 6.18
19.0 473 2.74 10.45 6.06
20.0 4.69 2.72 10.36 6.01
30.0 3.69 2.14 8.14 4.73
40.0 3.09 1.79 6.82 3.96
50.0 2.77 1.60 6.11 3.55
60.0 2.48 1.44 5.48 3.18
70.0 2.04 1.19 4.51 2.62
80.0 1.76 1.02 3.89 2.26
90.0 1.75 1.01 3.86 2.24
100.0 1.70 0.98 3.75 2.17
110.0 1.53 0.89 3.39 1.97
120.0 1.50 0.87 3.32 1.93
130.0 1.34 0.78 2.95 1.71
140.0 1.35 0.79 2.99 1.74
150.0 1.14 0.66 2.52 1.46
160.0 1.48 0.86 3.27 1.90
170.0 1.18 0.68 2.60 1.51
180.0 1.21 0.70 2.66 1.55

tion from the measured cell temperature, and the second is
a cross section obtained by normalizing to the present theo-
retical calculation at an energy of 150 eV. Note that in this
case we “adjusted” the theory, at each energy, to take into ac-
count the forward scattering range of the experiment in order
to make the comparison more realistic (see Table I). The ra-
tionale for this normalization approach is discussed below.

In Figure 1 we compare the measured total cross section
at energies between 1 and 180 eV with the earlier measure-
ment of Surdutovich er al.’ and with the present IAM calcu-
lation (note the log scale on the y-axis). The agreement be-
tween the present cross section and that of Surdutovich et al.
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TABLE IV. Elastic differential cross sections for positron scattering from
uracil (in units of 1071 cm?/sr) at energies of (a) 1 eV; (b) 3 eV; (c) 5eV;
(d) 10 eV; (e) 20 eV. The errors indicated are statistical only.

Angle DCS Scaled DCS
(deg) (10716 cm?/sr) Error (1071% cm?/sr) Error
(a)leV
25 37.11 1.92 81.93 4.23
30 27.33 1.62 60.35 3.59
35 21.74 1.44 48.00 3.18
40 14.66 1.25 32.37 2.77
45 14.44 1.16 31.88 2.57
50 7.25 1.10 16.00 243
55 10.27 1.02 22.68 2.25
60 5.56 0.94 12.28 2.09
65 4.07 0.90 8.99 1.98
70 4.65 0.88 10.28 1.93
75 2.75 0.87 6.08 1.91
80 0 0.88 0 1.94
84 1.37 0.93 3.03 2.05
(b)3eV
20 26.14 3.04 57.72 6.71
25 16.50 2.39 36.44 5.29
30 5.15 2.07 11.38 4.57
35 6.92 1.83 15.28 4.04
40 5.52 1.59 12.19 3.50
45 2.10 1.45 4.64 3.20
50 2.21 1.35 4.88 2.99
55 5.12 1.28 11.30 2.83
60 1.32 1.20 291 2.66
65 3.13 1.13 6.92 249
70 1.02 1.12 2.24 2.46
75 1.43 1.09 3.15 242
80 1.64 1.10 3.61 243
84 0.30 1.18 0.67 2.60
(c)5eV
15 31.52 1.66 69.60 3.67
20 17.70 1.27 39.07 2.79
25 10.58 1.02 23.36 2.25
30 5.10 0.86 11.26 1.90
35 4.30 0.77 9.50 1.70
40 4.03 0.71 8.90 1.56
45 1.62 0.61 3.57 1.35
50 1.78 0.58 3.93 1.28
55 2.79 0.55 6.16 1.21
60 3.24 0.52 7.15 1.14
65 1.55 0.49 3.42 1.07
70 0.81 0.48 1.79 1.05
75 1.43 0.46 3.16 1.02
80 0.35 0.46 0.77 1.01
84 1.05 0.49 2.32 1.09
(d) 10eV
15 19.26 1.11 42.53 2.46
20 6.55 0.85 14.47 1.88
25 4.82 0.70 10.65 1.54
30 1.60 0.58 3.53 1.28
35 2.56 0.51 5.66 1.13
40 3.12 0.45 6.88 0.99
45 1.35 0.42 2.99 0.92
50 0.76 0.39 1.68 0.85
55 1.20 0.35 2.65 0.77
60 1.34 0.33 2.96 0.73
65 0.18 0.32 0.41 0.71
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TABLE IV. (Continued.)

Angle DCS Scaled DCS

(deg) (10716 cm?/sr) Error (10716 cm?/sr) Error
70 1.09 0.31 241 0.69
75 0.37 0.31 0.82 0.67
80 0.66 0.30 1.45 0.66
84 0 0.32 0 0.71

(e)20eV

15 9.81 0.89 21.67 1.96
20 3.65 0.68 8.06 1.50
25 2.76 0.55 6.10 1.21
30 1.67 0.46 3.68 1.02
35 0.67 0.41 1.48 0.90
40 0.81 0.36 1.80 0.80
45 0 0.33 0 0.72
50 1.40 0.30 3.09 0.67
55 0 0.28 0 0.63
60 0.96 0.26 2.12 0.58
65 0.03 0.25 0.07 0.56
70 0.84 0.25 1.86 0.54
75 0.56 0.24 1.23 0.54
80 0 0.25 0 0.55
84 0.59 0.26 1.31 0.57

is reasonable, with the earlier measurement lying some 20%
below the present across the common energy range. Both
experiments used the same techniques and vapour pressure
values to obtain the total cross section. It is likely that the
difference between them could be entirely due to a larger
missing angular range in the work of Ref. 9. It is also ap-
parent in Figure 1 that both experiments lie well below the
cross section calculated using the IAM approach. This is the
case even at the highest energy of comparison, 180 eV, where
the theory is still a factor of three higher than experiment.

0 77

® Present Experiment

Surdutovich
—|AM TCS
== |AM TCS Corrected

102

Grand Total Cross Section (10-1¢ cm?)

0 40 80 120 160 200
Energy (eV)

FIG. 1. The grand total scattering cross section (in units of 107'¢ cm?)
for positrons interacting with uracil molecules. The various symbols are ex-
plained in the plot legend. The small error bars on each point indicate the
statistical uncertainty. The large error bar, at an energy of 90 eV, is indicative
of the absolute uncertainty which results from the use of the uracil vapour
pressure determination.
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Even when forward scattering effects in the experiment are
factored in, using the values given in Table I, and the differ-
ential elastic and rotational cross sections from the theory, and
the theoretical cross section is adjusted down to account for
this, the adjusted theoretical cross section still lies well above
the experiment at all energies.

This is somewhat puzzling, for several reasons. Recent
work,%#2 some of it from our own collaboration, has demon-
strated that the IAM approach can provide a good description
of total and elastic differential cross sections for both elec-
trons and positrons at energies above 30 eV and, in some
cases, even at lower energies. A significant case in point
is the recent measurements for positron interactions with
pyrimidine® where we saw excellent agreement between the
experiment and IAM theory across a broad energy range, par-
ticularly when the forward scattering issue was taken into
account. Furthermore, the IAM calculation predicts similar
magnitudes for the total cross sections for pyrimidine and
uracil, with the uracil values being slightly larger, again as
might be intuitively expected given their relative dipole mo-
ments and dipole polarizabilities (see later). On the other
hand, the present experimental measurements for uracil in-
dicate a total cross section that is between a factor of 2 and 4
smaller than that measured in our laboratory for pyrimidine,
depending on the energy.

As aresult of these arguments, we are led to believe that
the most likely explanation for this significant discrepancy
is the accuracy of the vapour pressure data for uracil, which
was used in both the present experiment, and the Wayne State
measurements, to determine the gas number density. On the
other hand, the pyrimidine measurements in our laboratory®
were done by measuring the gas pressure directly. Pyrimi-
dine is a relatively volatile liquid at room temperature and, for
the range of pressures used in our experiments, the pressure
could be accurately determined using a capacitance manome-
ter. Thus, while we present the as-measured cross sections for
uracil in Table II (left column) we also present tabulated cross
section values in the right column obtained through a straight-
forward normalisation to the (forward-angle adjusted) IAM
theory at 150 eV. Note that although the missing angle in
the experiment is smaller at energies above 100 eV, a correc-
tion is still needed due to the very high rotational excitation
cross section which dominates at small angles. The normal-
ized cross section is shown in comparison with the adjusted
IAM calculation in Figure 2. The agreement at high and low
energies is rather good, while between 10 and 100 eV the
angle-adjusted theory is still significantly higher than experi-
ment.

The total cross section for positronium (Ps) formation is
given in Table III and shown in Figure 3, where it is compared
with the phenomenological IAM estimate of the Ps cross sec-
tion. The only real point of agreement between the experiment
and theory would appear to be the position of the maximum of
the Ps formation cross section at around 10 eV — about 8 eV
above the Ps formation threshold at 2.54 eV. The experiment
shows a steep rise in the cross section up to 5 eV and then a
rather flat maximum region, with a magnitude near 5 A2 that
extends to around 20 eV, before a gradual decline to a value
of around 1 A2 at 180 eV. We note that this peak value of the
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FIG. 2. The scaled grand total scattering cross section (in units of 10~ cm?)
for uracil (see text) compared to the adjusted IAM calculation. The various
symbols are explained in the plot legend.

Ps cross section for uracil is about a factor of three smaller
than that observed for pyrimidine when, intuitively, we might
expect it to be somewhat larger than pyrimidine, given the rel-
ative sizes of the molecules, amongst other factors (discussed
below). This further supports the argument above that there
is a problem with the vapour pressure determination from the
cell temperature measurement. If we scale the Ps formation
cross section by the same normalisation factor used for the
total cross section (2.21), the resulting peak cross section is in
much better agreement with the IAM estimate (also shown in
Figure 3). The other point to note about the Ps cross section

20 T T T T T
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® Present Experiment :
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FIG. 3. The total Ps formation cross section (in units of 10~'® cm?) com-
pared with the IAM calculation. The scaled Ps cross section has been mul-
tiplied by a factor of 2.21. The various symbols are explained in the plot
legend. The small error bars on each point indicate the statistical uncertainty.
The large error bar, at an energy of 90 eV, is indicative of the absolute uncer-
tainty which results from the use of the uracil vapour pressure determination.
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for uracil is that it is significantly larger at high energies (even
before scaling) than we have observed in other targets where,
by 180 eV the Ps cross section has normally been approaching
Zero.

We have also measured quasi-elastic differential cross
sections at a range of energies between 1 and 20 eV. In this
context the measurements are “quasi-elastic” as we cannot
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resolve rotational and some vibrational contributions from
the purely elastic scattering with the present energy resolu-
tion (this has been discussed in detail previously®®2®). Tab-
ulated values of these as-measured cross sections, together
with values which have been adjusted with the IAM normal-
ization factor of 2.21, are given in Table IV, and the results
are shown graphically in Figures 4(a)—4(e). The rationale for
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FIG. 4. Elastic differential cross sections for positrons scattered from uracil at (a) 1 eV, (b) 3 eV, (c) S eV, (d) 10 eV, and (e) 20 eV (in units of 10716 cm?/sr).
The scaled cross sections have been multiplied by a factor of 2.21. The various symbols are explained in the plot legend. The error bars that are indicated are

the statistical uncertainties only.
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these scaled values is that any uncertainty in the gas number
density determination, as speculated above, will also affect
the magnitude of the measured differential cross sections, but
not the angular distribution.

The DCS in Figures 4(a)-4(e) all show the same general
trends, and similar trends that have been observed in differen-
tial positron scattering for a range of other polar molecules.®®
Namely, the DCS are substantially peaked in the forward di-
rection, and generally largest at low incident energies and
angles—all traits that are common to both positron and electron
scattering from polar (and highly polarizable) targets such as
uracil, pyrimidine, and water. It is readily observed that, at
all energies, the as-measured experimental DCS lie well be-
low the IAM calculation. While at these low energies we may
not a priori expect the IAM calculation for the elastic DCS
to be particularly accurate, we have in the past observed a
good level of accord between measurements of the elastic
DCS for both water and pyrimidine, and the calculated IAM
DCS. Thus, the large discrepancies between experiment and
theory for uracil would appear to be inconsistent with previ-
ous comparisons for other polar and large molecular systems.

When we compare the scaled DCS values with the [AM
calculation, we see considerably better agreement at all en-
ergies and this, perhaps, lends further weight to the notion
that there is an issue with the absolute number density calcu-
lations based on the vapour pressure data of reference,'* or
some other, unknown, issue.

IV. CONCLUSIONS

We have measured absolute cross sections for total scat-
tering, positronium formation, and elastic differential scat-
tering for low to intermediate energy positrons interacting
with uracil molecules. The level of agreement between the
present, as-measured total cross sections and the one previous
measurement’ is reasonably good, but both lie well below the
present theoretical calculation, even at high energies where
one might expect theory and experiment to converge. This, to-
gether with a comparison between the present data and previ-
ous measurements for the pyrimidine molecule, indicates the
present data may be anomalously low, by a factor of 2-3. The
normalisation of the present total cross section to the present
IAM calculation, at an energy of 150 eV, indicates a scaling
factor (upwards) of 2.21 for the present data. If one was to
(somewhat arbitrarily) require the present peak magnitude of
the Ps formation cross section for uracil to be equivalent to
that measured for pyrimidine, then we would need to scale the
present data upwards by a factor of 2.42. Note that while this
latter scaling is somewhat arbitrary, one might actually expect
that the peak Ps cross section for uracil should be larger than
that for pyrimidine on the basis of simple considerations of
the number of electrons in each molecule and the molecular
structure. Uracil has 58 electrons, a dipole moment of ~3.8-
4.2 D, and dipole polarisability of ~71 a.u., while pyrimidine
possesses 42 electrons and has a dipole moment of ~2.3 D
and a dipole polarisability of ~59 a.u.

The above considerations all led us to speculate that the
temperature vs vapour pressure conversion factors that were
used in the present experiment, and in that of Surdutovich

J. Chem. Phys. 141, 034306 (2014)

et al., may be in error, and that the as-measured values of
all the cross sections in the present work need to be scaled
upwards by a factor somewhere between 2 and 2.5.

When this scaling is done, the agreement between exper-
iment and theory is more reasonable, as might be anticipated
following the earlier successes observed with both water and
pyrimidine. The approach used in the IAM calculation to ob-
tain a phenomenological estimate of the Ps formation cross
sections seems to provide a good level of agreement with the
peak value of the (scaled) experimental cross section, but the
energy dependence, at higher energies, does not match exper-
iment, with the theory falling away much too quickly with en-
ergy. Once again, the surprise in the comparison with theory
was the good level of agreement between theory and (scaled)
experiment for the elastic DCS, as was also observed in water
and pyrimidine. It is also surprising that this good agreement
should extend to such low energies, but indicates that the [TAM
method may be a very useful technique for readily generating
cross sections for positron interactions with large, experimen-
tally inaccessible molecules.

In our past studies on tetrahydrofuran (C,HgO),
3-hydroxy-tetrahydrofuran (C,H30O,), and pyrimidine
(C,H N,), the measured positronium formation cross sec-
tions have essentially gone to zero at energies of around
150-180 eV. This is in stark contrast to uracil (C,HgN,0,),
where the positronium formation cross section is non-zero up
to our highest measured energy (180 eV). Tetrahydrofuran
has 40 electrons, pyrimidine has 42 electrons, 3-hydroxy-
tetrahydrofuran has 48 electrons, while uracil possesses 58
electrons. Hence, the electronic-structure of uracil, in terms
of both the valence and core electrons, is far richer than
for each of the other 3 species. In addition, the electron
cloud distribution for uracil is far more extended than that of
tetrahydrofuran, pyrimidine, and 3-hydroxy-tetrahydrofuran.
We believe this is the reason that the positronium formation
cross section persists to higher energies in uracil than for the
other 3 targets. The results of Figure 3 also clearly illustrate
that, at higher energies in particular, the phenomenological
theoretical approach that we have used is not successful in
predicting the magnitude of Ps formation cross section. While
this clearly represents a limitation in this phenomenological
approach, we believe that the theoretical results are useful at
a semi-quantitative level, and add to our understanding of the
positron-uracil scattering dynamics.

We finally comment that the forward angle effects which
we have outlined in detail in the text, clearly pose a challenge
for comparison between experiment and theory at the total
cross section level and, at low energies, they can be so large
that the whole process becomes quite approximate. Nonethe-
less, we believe that the thoughtful combination of experiment
and theory can still be used to give reasonable estimates of the
total scattering cross section.
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