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We report on differential cross section (DCS) measurements for the electron-impact excitation of the
electronic states of pyrimidine. The energy range of the present measurements was 15–50 eV with the
angular range of the measurements being 10◦–90◦. All measured DCSs displayed forward-peaked an-
gular distributions, consistent with the relatively large magnitudes for the dipole moment and dipole
polarizability of pyrimidine. Excitations to triplet states were found to be particularly important in
some energy loss features at the lower incident electron energies. To the best of our knowledge there
are no other experimental data or theoretical computations against which we can compare the present
results. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4743961]

I. INTRODUCTION

It has become widely understood that low-energy elec-
trons play an important role in how ionizing radiation deposits
its energy in matter.1 Here ionizing radiation has been found
to produce an abundance of low-energy secondary electrons
which can efficiently interact with the biological media to de-
posit their energy. These interactions take place through ex-
citation, ionization, or dissociative electron attachment pro-
cesses that can alter the biochemistry or induce DNA strand
breakage.2 This may ultimately lead to cellular mutation or
necrosis. The importance of understanding these interactions
in biological systems has created an urgent demand for low-
energy electron-impact collision data. These data are a pre-
requisite for understanding and modelling radiation induced
damage in complex biological systems.3

Electron-impact differential cross sections, σ i(E0, θ ), that
describe the probability that an electron with energy E0 will
induce a transition to the ith state and scatter into the θ -
direction (with respect to the incident electrons direction)
provide the most detail about the electron-target interaction.
However, the complexity in performing electron scattering ex-
periments to measure differential cross section (DCS) data
for large molecules of biological relevance has made such
data scarce. The large size of such molecules also makes
the full scale ab initio calculations required to accurately
model low-energy electron scattering from molecules largely
intractable. The limited availability of collision cross sections
for low-energy electron interactions with biologically relevant
molecules has led to charged-particle track simulations often

a)Electronic mail: darryl.jones@flinders.edu.au.
b)Electronic mail: michael.brunger@flinders.edu.au.

being evaluated in gaseous or bulk water.4–6 To further im-
prove models of radiation damage of biological systems it is
desirable to include a more accurate description of the bio-
logical media that goes beyond water, such as including con-
tributions from DNA analogs. However, this requires an accu-
rate knowledge of the low-energy electron scattering phenom-
ena from the constituent biomolecules. Gas-phase scattering
data from biomolecules that are structural analogs to DNA
may assist in this regard, with recent experiments revealing
that DNA damage resulting from dissociative electron attach-
ment occurs through changes to individual molecular sub-
units rather than over the entire length.7, 8 Note further that
the utility of employing gas-phase collision data to model be-
haviour in condensed matter has been recently demonstrated
by White and Robson.9 With the paucity of available experi-
mental and theoretical data for scattering processes from large
biomolecules, gas-phase measurements will provide an ideal
testing ground for the further development and assessment of
theoretical scattering models.

Pyrimidine (C4H4N2) is the primary structure for many
larger biological molecules. Specifically, pyrimidine forms
the basis for the DNA/RNA bases cytosine, thymine, and
uracil. An understanding of electron scattering phenomena
for pyrimidine is therefore potentially important for eluci-
dating the origins of electron scattering behaviour in larger
biological systems. This has led to a number of recent elec-
tron scattering experiments from pyrimidine. These have in-
cluded low- and intermediate-energy elastic electron scatter-
ing experiments,10, 11 measurements of the threshold-electron
excitation spectra, intermediate-energy electron energy loss
spectra,3 total cross sections,12 dynamical and binary triple-
differential cross sections,13, 14 and electron energy loss spec-
tra of pyrimidine condensed on thin argon films.15 Recently,
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Downloaded 01 Jan 2013 to 129.96.237.231. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.4743961
http://dx.doi.org/10.1063/1.4743961
mailto: darryl.jones@flinders.edu.au
mailto: michael.brunger@flinders.edu.au


074304-2 Jones et al. J. Chem. Phys. 137, 074304 (2012)

we have published16 data for electron-impact excitation of
two excitation features of pyrimidine at 15 and 30 eV, in a
comparative study with benzene relating to the nature of elec-
tron induced π -π* transitions in aromatic compounds. In this
paper, we expand on that earlier work to present the com-
plete set of differential cross sections for electron-impact ex-
citations to the electronic states of pyrimidine up to the first
ionization energy at four incident electron energies ranging
between 15 and 50 eV. The present paper also follows from
our earlier paper17 where we reported a joint experimental and
R-matrix theoretical study on the integral cross sections (ICS)
for electron-impact excitations of pyrimidine.

II. PHYSICAL PROPERTIES AND EXCITED
ELECTRONIC STATE SPECTROSCOPY
OF PYRIMIDINE

Pyrimidine is an azabenzene with two N atoms located at
the 1 and 3 positions in the six member ring. It is a symmet-
ric planar molecule having C2v point group symmetry, with
a 1A1 ground electronic state. Here the introduction of the N
atoms into the aromatic ring creates a permanent dipole mo-
ment of 2.28–2.39 D.18–20 Pyrimidine also has a high dipole
polarizability of ∼60 a.u.12 This combination of a large dipole
moment and high dipole polarizability has been found to play
an important role in the scattering behaviour. In particular, the
elastic scattering DCS exhibited strongly forward-peaked an-
gular distributions, with this behaviour being attributed to the
strong interaction between the electron and the dipole/dipole
polarized target.10, 17 We, therefore, expect this dipole mo-
ment and high dipole polarizability to play an important role
in the electron-impact discrete excitation processes.

Substantial knowledge of the excited electronic states
of pyrimidine has been gained from the measurement of
its photo-absorption spectra, which has attracted consider-
able interest.3, 21–23 In particular, the photo-absorption stud-
ies on pyrimidine, in combination with benzene and other
azabenzenes,21 have provided key insights into how the in-
troduction of N atoms into the benzene ring influences the na-
ture of the n-π* and π -π* transitions. These experiments have
been interpreted with the assistance of numerous theoretical
calculations to provide a detailed understanding of the singlet
electronic states.22–26 The pyrimidine photo-absorption spec-
trum is dominated by three broad features attributed to strong
dipole-allowed transitions at 5.2, 6.7, and 7.6 eV. Specifi-
cally, the bulk of the intensity observed for these features
has been assigned to π -π* transitions to the 1B2, 1A1, and
1A1 + 1B2 symmetry states, respectively. These features are
supplemented by weak dipole-allowed (1B1) features at ∼4.2
and ∼6.0 eV. We also note that significant spectral inten-
sity is also observed at 8.2 and 8.9 eV, which is attributed
to a complex mixture of Rydberg-like excitations converging
to different ion states. These spectral assignments are sup-
ported by theoretical calculations based on time-dependent
density functional theory22 and the symmetry-adapted clus-
ter configuration interaction method.25 This behaviour is sim-
ilar to that observed in the present electron energy loss spec-
tra (see Fig. 1), where we find six spectral features. How-
ever, the present spectra also display substantially different
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FIG. 1. Typical electron impact energy loss spectra measured for
(a) E0 = 50 eV and θ = 10◦ and (b) E0 = 15 eV and θ = 90◦. For each spec-
trum, the spectral deconvolutions for each feature (dashed lines) and their
sum (solid line) are also presented. Reprinted with permission from Z. Masin
et al., J. Chem. Phys. 136, 144310 (2012). Copyright 2012 American Institute
of Physics. See text for full details.

behaviour to that observed for photo-absorption. These dif-
ferences stem from the absence of strict spin or dipole se-
lection rules to the present electron scattering experiments.
In particular, singlet → triplet excitation processes, forbidden
in photo-absorption, become accessible in low-energy elec-
tron collisions through an exchange interaction. The available
data on the singlet → triplet excitation processes is less com-
prehensive than that for the dipole-allowed transitions, with
the weak transitions and complexity of the spectra making as-
signment difficult. Here only the near-threshold electron en-
ergy loss spectra,23 hot photo-absorption spectra,24 and the-
oretical calculations22–24 have provided a somewhat limited
description of the low-lying triplet states. We have recently
demonstrated that the electron-impact excitation of pyrimi-
dine to higher lying triplet states may be particularly impor-
tant at low incident electron energies.16 We, therefore, follow
the state assignments outlined in Masin et al.17 where we re-
ported the most comprehensive coverage yet of transitions to
singlet and triplet states.

III. EXPERIMENTAL METHOD AND ANALYSIS

Electron energy loss spectra (see Fig. 1) have been mea-
sured using an apparatus based at Flinders University. The
full details of this apparatus have been described previ-
ously by Brunger and Teubner.27 Briefly, a well-collimated
and mono-energetic electron beam is crossed with an or-
thogonal beam of pyrimidine. Typical electron fluxes were
in the range 2–5 nA, as measured in a Faraday cup lo-
cated after the collision region. Here the pyrimidine sample
(Sigma-Aldrich/Austin Chemical Company, >98.9% assay)
underwent repeated freeze-pump-thaw cycles to remove any
dissolved gases. The pyrimidine effused out of a 0.7 mm i.d.
capillary, with the flow rate being controlled by a variable
leak valve. In this study the chamber pressure during the ex-
periments was typically in the order of ∼5 × 10−6 Torr, to
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ensure that there were no noticeable effects due to multiple
scattering. Electrons scattering into the θ -direction were
detected using a channel electron multiplier after passing
through a hemispherical energy analyser. Note that the com-
bination of a hemispherical energy-selector and analyser en-
abled us to obtain an energy resolution of the order of ∼65
meV (FWHM) in the present measurements. Here a linear
voltage ramp controlled the energy loss value of the detected
electrons. This voltage ramp was further synchronized to a
multi-channel scaler to record the number of electrons de-
tected at each energy loss value. The present electron energy
loss spectra at each incident energy and scattering angle were
therefore built up by continually scanning over a range of en-
ergy loss values between –0.5 and 9.8 eV. In this way, the
sensitivity of the results due to fluctuations in electron beam
current and target gas density are minimised. In the present
investigation the electron energy loss spectrum at each inci-
dent electron energy and scattering angle was measured be-
tween 2 and 4 times to ensure reproducibility of the obtained
results. Note the interference of the primary electron beam
and the physical constraints imposed by the size of the elec-
tron analyser and energy selector restrict the present angular
measurements to scattering angles between 10◦ and 90◦.

The electron energy loss spectra at each incident electron
energy and scattering angle were then deconvolved into con-
tributions arising from a single transition or a group of unre-
solvable transitions. Here either one or two Gaussian func-
tions were employed as fitting functions for each spectral
feature, with the positions and widths of each feature hav-
ing been established through consideration of the available
photo-absorption spectra,3, 21–23 threshold-electron excitation
spectra,23 and theoretical calculations.22–24 A full discussion
of the present spectral assignments has been reported in our
earlier paper17 relating to the ICS, so we do not repeat those
details here. At each incident energy and scattering angle, the
amplitudes of the Gaussian functions were varied, while keep-
ing the positions and widths fixed, in a least-squares fitting
procedure to determine the best overall fit to the spectrum.
The area under the fitting functions for an individual or sum
of unresolved transitions relates to the intensity of that transi-
tion. The intensity ratio (Ii/I0) of the ith inelastic feature to the
elastic transition at each energy and scattering angle can then
be related to the DCS for that feature,σ i(E0, θ ), at that energy
and angle:

σi(E0, θ ) = Ii

I0
ηi0σ0(E0, θ ). (1)

Here σ 0(E0, θ ) is the elastic DCS for pyrimidine while ηi0 is
the relative transmission efficiency for the inelastically and
elastically scattered electrons. Following a procedure simi-
lar to that outlined by Allan,28 an additional focussing lens
synchronized to the linear voltage ramp was employed to
minimize variations in the detection efficiency for electrons
detected with different energy loss values. Here the rela-
tive transmission efficiency was determined to be unity to
within an uncertainty of 20%. The absolute scale of the in-
elastic DCSs is set by the recently measured elastic DCS of
Palihawadana et al.10 Note that the absolute scale and angu-
lar distributions of the experimental data for elastic scattering

from pyrimidine were found to be in excellent agreement with
sophisticated calculations.10, 17 The uncertainty on the present
measurements is obtained by combining the uncertainties of
the elastic scattering DCS, the transmission efficiency and the
statistical uncertainty of the inelastic scattering intensity ratio
at each energy and angle.

IV. RESULTS AND DISCUSSION

In Fig. 1, we present representative electron energy loss
spectra at (a) 15 eV and (b) 50 eV. These spectra have been
discussed previously in relation to our joint experimental and
theoretical study into the pyrimidine ICS for electron-impact
excitation,17 so we only provide a brief description again
here. Six prominent and uniquely resolvable spectral features
have been observed in the energy loss spectra. Here the sixth
feature is comprised of two energy loss features at 8.3 and
9.2 eV. These features are loosely combined due to the com-
plex nature and potential ambiguity in assigning the large
number of Rydberg-like excitations that are found in this
energy region. The behaviour of all of the spectral features
changes significantly for the varying kinematical conditions
covered in the present experiments. In spectrum (a), the larger
impact energy of 50 eV and the small 10◦ scattering angle
favours dipole-allowed singlet → singlet transitions from di-
rect scattering events. Conversely, in spectrum (b) the low
incident electron energy of 15 eV and relatively large 90◦

scattering angle favours singlet → triplet transitions occur-
ring through an electron-exchange interaction. The large num-
ber of accessible and unresolved singlet → singlet and sin-
glet → triplet transitions predicted to lie within each spectral
feature makes the characterisation of the individual spectral
assignments difficult. However, by studying the behaviour of
the DCS for the unresolved transitions in each spectral feature
we may understand which transitions play an important role
in the scattering phenomena.

The current DCS data for electron-impact excitations in
pyrimidine are presented in Tables I–VII. ICS derived from
the present DCS using a generalised oscillator strength ex-
trapolation to forward scattering angles that were reported
in our earlier study,17 are also included for completeness. To
our knowledge there are currently no available experimental
data or theoretical calculations against which we can com-
pare these DCS measurements. Therefore, in order to offer
quantitative insights into the behaviour of the electron-impact
excitation processes, we compare the DCS behaviour for the
unresolved excitations in the different energy loss features. In
Fig. 2 we consider the DCS for electron-impact excitations
into the unresolved 13B1 + 11B1 + 13A1 + 13A2 + 11A2

+ 13B2 (Eloss ∼ 4.3 eV) and 23B1 + 21A2 + 21B1 (Eloss

∼ 5.9 eV) electronic states. These features are compared as
they both give weak contributions to the available photo-
absorption spectra. In Fig. 3 we consider the DCS for the
electron-impact excitations to the unresolved 23A1 + 11B2

+ 23A2 (Eloss ∼ 5.2 eV), 23B2 + 21A1 + 21B2 + 33A1

+ 33B2 (Eloss ∼ 6.7 eV) and 31A1 + 41A1 + 31B2 + 31B1

+ 41B2 (Eloss ∼ 7.5 eV) electronic states. These features all
contain dipole-allowed excitation processes to 1A1 or 1B2

excited states, which produce the dominant peak features
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TABLE I. Electron impact cross sections (10−16 cm2/sr) for excitation to the unresolved 13B1 + 11B1 + 13A1

+ 13A2 + 11A2 + 13B2 electronic states (Eloss ∼ 4.3 eV) of pyrimidine. ICS (10−16 cm2) at each energy are also
reported at the base of each column. Percentage uncertainties are reported in parentheses.

Impact energy (eV)

Scattered 15 20 30 50

Angle (deg.) σ �σ σ �σ σ �σ σ �σ

10 0.0221 (74)
15 0.0186 (40)
20 0.0357 (30) 0.0148 (29) 0.0109 (60) 0.0033 (67)
30 0.0281 (26) 0.0091 (34) 0.0061 (53) 0.0031 (57)
40 0.0106 (30) 0.0076 (31) 0.0049 (41) 0.00120 (67)
50 0.0083 (26) 0.0036 (24) 0.0028 (40) 0.00125 (39)
60 0.0048 (25) 0.0037 (27) 0.0026 (29) 0.00081 (35)
70 0.0067 (28) 0.0036 (23) 0.0030 (27) 0.00081 (44)
80 0.0088 (22) 0.0043 (24) 0.0031 (27) 0.00055 (59)
90 0.0085 (27) 0.0050 (23) 0.0024 (26) 0.00064 (31)
ICS 0.165 (48) 0.098 (49) 0.057 (51) 0.025 (60)

TABLE II. Electron impact cross sections (10−16 cm2/sr) for excitation to the unresolved 23A1 + 11B2 + 23A2

electronic states (Eloss ∼ 5.2 eV) of pyrimidine. ICS (10−16 cm2) at each energy are also reported at the base of
each column. Percentage uncertainties are reported in parentheses.

Impact energy (eV)

Scattered 15 20 30 50

Angle (deg.) σ �σ σ �σ σ �σ σ �σ

10 0.0443 (47)
15 0.0329 (30)
20 0.0493 (32) 0.0243 (24) 0.0189 (45) 0.0106 (40)
30 0.0472 (27) 0.0203 (25) 0.0135 (28) 0.0055 (36)
40 0.0142 (29) 0.0120 (24) 0.0081 (30) 0.0022 (40)
50 0.0113 (28) 0.0060 (22) 0.0036 (37) 0.00117 (37)
60 0.0057 (33) 0.0060 (25) 0.0026 (31) 0.00092 (33)
70 0.0082 (36) 0.0041 (25) 0.0032 (25) 0.00098 (45)
80 0.0112 (22) 0.0045 (23) 0.0032 (26) 0.00071 (42)
90 0.0122 (27) 0.0056 (23) 0.0027 (24) 0.00064 (32)
ICS 0.26 (50) 0.13 (45) 0.083 (47) 0.039 (49)

TABLE III. Electron impact cross sections (10−16 cm2/sr) for excitation to the unresolved 23B1 + 21A2 + 21B1

electronic states (Eloss ∼ 5.9 eV) of pyrimidine. ICS (10−16 cm2) at each energy are also reported at the base of
each column. Percentage uncertainties are reported in parentheses.

Impact energy (eV)

Scattered 15 20 30 50

Angle (deg.) σ �σ σ �σ σ �σ σ �σ

10 0.0234 (63)
15 0.0212 (37)
20 0.0250 (31) 0.0140 (27) 0.0125 (55) 0.0047 (53)
30 0.0244 (29) 0.0097 (30) 0.0058 (51) 0.0029 (55)
40 0.0083 (36) 0.0071 (30) 0.0046 (42) 0.00116 (57)
50 0.0065 (29) 0.0028 (27) 0.0021 (48) 0.00082 (53)
60 0.0023 (33) 0.0025 (33) 0.0016 (38) 0.00047 (49)
70 0.0029 (31) 0.0019 (31) 0.0019 (32) 0.00050 (71)
80 0.0040 (26) 0.0019 (29) 0.0017 (37) 0.00044 (57)
90 0.0053 (29) 0.0024 (28) 0.0015 (30) 0.00040 (38)
ICS 0.106 (49) 0.061 (51) 0.047 (53) 0.019 (58)
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TABLE IV. Electron impact cross sections (10−16 cm2/sr) for excitation to the unresolved 23B2 + 21A1 + 21B2

+ 33A1 + 33B2 electronic states (Eloss ∼ 6.7 eV) of pyrimidine. ICS (10−16 cm2) at each energy are also reported
at the base of each column. Percentage uncertainties are reported in parentheses.

Impact energy (eV)

Scattered 15 20 30 50

Angle (deg.) σ �σ σ �σ σ �σ σ �σ

10 0.1231 (48)
15 0.0828 (25)
20 0.0758 (33) 0.0425 (23) 0.0463 (33) 0.0280 (41)
30 0.0589 (30) 0.0333 (24) 0.0242 (28) 0.0113 (30)
40 0.0159 (29) 0.0171 (27) 0.0155 (28) 0.0049 (35)
50 0.0127 (30) 0.0078 (26) 0.0065 (34) 0.0023 (32)
60 0.0045 (36) 0.0072 (31) 0.0043 (30) 0.0015 (31)
70 0.0049 (31) 0.0045 (31) 0.0054 (26) 0.0018 (41)
80 0.0075 (27) 0.0047 (25) 0.0048 (26) 0.0011 (41)
90 0.0092 (26) 0.0068 (25) 0.0042 (25) 0.0011 (31)
ICS 0.24 (46) 0.154 (45) 0.156 (43) 0.084 (48)

TABLE V. Electron impact cross sections (10−16 cm2/sr) for excitation to the unresolved 31A1 + 41A1 + 31B2

+ 31B1 + 41B2 electronic states (Eloss ∼ 7.5 eV) of pyrimidine. ICS (10−16 cm2) at each energy are also reported
at the base of each column. Percentage uncertainties are reported in parentheses.

Impact energy (eV)

Scattered 15 20 30 50

Angle (deg.) σ �σ σ �σ σ �σ σ �σ

10 0.6163 (42)
15 0.3536 (22)
20 0.2233 (36) 0.1502 (22) 0.1818 (28) 0.1256 (44)
30 0.1688 (31) 0.1170 (25) 0.0964 (22) 0.0437 (22)
40 0.0387 (27) 0.0482 (23) 0.0566 (22) 0.0205 (30)
50 0.0284 (34) 0.0264 (32) 0.0238 (26) 0.0077 (22)
60 0.0105 (39) 0.0254 (32) 0.0150 (23) 0.0063 (22)
70 0.0090 (33) 0.0142 (30) 0.0183 (22) 0.0080 (29)
80 0.0116 (30) 0.0148 (22) 0.0180 (22) 0.0050 (34)
90 0.0174 (25) 0.0259 (24) 0.0164 (21) 0.0041 (28)
ICS 0.55 (45) 0.72 (57) 0.67 (42) 0.45 (44)

TABLE VI. Electron impact cross sections (10−16 cm2/sr) for excitation to unresolved Rydberg states
(Eloss ∼ 8.3 eV) of pyrimidine. ICS (10−16 cm2) at each energy are also reported at the base of each column.
Percentage uncertainties are reported in parentheses.

Impact energy (eV)

Scattered 15 20 30 50

Angle (deg.) σ �σ σ �σ σ �σ σ �σ

10 0.1497 (54)
15 0.0942 (25)
20 0.0617 (35) 0.0436 (25) 0.0527 (31) 0.0269 (45)
30 0.0497 (32) 0.0313 (29) 0.0233 (28) 0.0098 (31)
40 0.0103 (31) 0.0136 (29) 0.0153 (27) 0.0051 (33)
50 0.0091 (32) 0.0087 (30) 0.0079 (29) 0.0022 (30)
60 0.0030 (35) 0.0083 (32) 0.0055 (27) 0.0017 (28)
70 0.0028 (31) 0.0045 (34) 0.0063 (24) 0.0022 (36)
80 0.0032 (41) 0.0040 (25) 0.0061 (24) 0.0015 (44)
90 0.0038 (24) 0.0076 (25) 0.0051 (23) 0.0013 (30)
ICS 0.140 (44) 0.162 (47) 0.161 (42) 0.086 (50)
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TABLE VII. Electron impact cross sections (10−16 cm2/sr) for excitation to unresolved Rydberg states
(Eloss ∼ 9.2 eV) of pyrimidine. ICS (10−16 cm2) at each energy are also reported at the base of each column.
Percentage uncertainties are reported in parentheses.

Impact energy (eV)

Scattered 15 20 30 50

Angle (deg.) σ �σ σ �σ σ �σ σ �σ

10 0.2878 (56)
15 0.1910 (25)
20 0.0904 (39) 0.0759 (24) 0.1160 (29) 0.0585 (54)
30 0.0757 (34) 0.0588 (25) 0.0510 (24) 0.0185 (26)
40 0.0196 (29) 0.0295 (30) 0.0324 (24) 0.0093 (38)
50 0.0197 (28) 0.0185 (24) 0.0143 (32) 0.0044 (28)
60 0.0052 (29) 0.0142 (30) 0.0111 (26) 0.0025 (27)
70 0.0057 (28) 0.0078 (26) 0.0127 (23) 0.0038 (36)
80 0.0055 (30) 0.0067 (24) 0.0113 (24) 0.0025 (35)
90 0.0081 (23) 0.0110 (25) 0.0098 (22) 0.0024 (27)
ICS 0.23 (48) 0.27 (44) 0.31 (42) 0.164 (51)

observed in the photo-absorption spectra. Finally, in Fig. 4 we
present the DCS for excitations to the Rydberg states found in
the energy loss features at 8.3 and 9.2 eV. All those figures are
now discussed in more detail.

FIG. 2. Differential cross sections for the electron impact excitation of the
(�) unresolved 13B1 + 11B1 + 13A1 + 13A2 + 11A2 + 13B2 (Eloss
∼ 4.3 eV) and (●) unresolved 23B1 + 21A2 + 21B1 (Eloss ∼ 5.9 eV) elec-
tronic states at incident electron energies of (a) 15 eV, (b) 20 eV, (c) 30 eV,
and (d) 50 eV. See text for further details.

In Fig. 2 we present the DCSs for the energy loss features
centred at Eloss ∼ 4.3 eV and Eloss ∼ 5.9 eV. First, at the lower
incident electron energies, it is apparent that the DCS for the
excitation to the unresolved 13B1 + 11B1 + 13A1 + 13A2

FIG. 3. Differential cross sections for the electron impact excitation of the
(�) unresolved 23A1 + 11B2 + 23A2 (Eloss ∼ 5.2 eV) and (●) unresolved
23B2 + 21A1 + 21B2 + 33A1 + 33B2 (Eloss ∼ 6.7 eV), and (�) 31A1
+ 41A1 + 31B2 + 31B1 + 41B2 (Eloss ∼ 7.5 eV) electronic states at
incident electron energies of (a) 15 eV, (b) 20 eV, (c) 30 eV, and
(d) 50 eV. See text for further details.
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FIG. 4. Differential cross sections for the electron impact excitation of the
unresolved Rydberg states at Eloss ∼ 8.3 (�) and Eloss ∼ 9.2 eV (●) for inci-
dent electron energies of (a) 15 eV, (b) 20 eV, (c) 30 eV, and (d) 50 eV. See
text for further details.

+ 11A2 + 13B2 states (Eloss ∼ 4.3 eV) gives a substantially
larger intensity than that observed for excitations to the 23B1

+ 21A2 + 21B1 electronic states (Eloss ∼ 5.9 eV) at the back-
ward scattering angles. Such backward scattering angle con-
tributions are dominated by the electron-exchange scattering
phenomena, which in particular favours singlet → triplet ex-
citations. Note that direct scattering reduces at larger scatter-
ing angles while exchange scattering increases owing to their
respective long and short range interactions.29 Here the large
number of low-lying triplet states accessible at Eloss ∼ 4.3 eV
increases the excitation probability relative to that found at
Eloss ∼ 5.9 eV. We also observe that the DCSs for both fea-
tures exhibit increased intensity at the more forward scatter-
ing angles. This behaviour is characteristic of direct scattering
phenomena, which we mainly attribute to contributions from
weak dipole-allowed transitions to the 1B1 states found in
both features. This may also follow from an important contri-
bution from spin-allowed but symmetry forbidden 1A1 → 1A2

transitions, which are expected to display a weakly forward-
peaked angular distribution.30 The forward peaking observed
for both energy loss features becomes more prominent as the
incident electron energy increases from 15 to 50 eV. This is
characteristic of a weakening of the singlet → triplet excita-
tion processes at the higher incident electron energies where
electron-exchange scattering becomes less probable.

The DCSs for the three prominent features found in the
photo-absorption spectra are presented in Fig. 3. These fea-
tures are attributed to excitations to the unresolved 23A1

+ 11B2 + 23A2 (Eloss ∼ 5.2 eV), 23B2 + 21A1 + 21B2 + 33A1

+ 33B2 (Eloss ∼ 6.7 eV) and 31A1 + 41A1 + 31B2 + 31B1

+ 41B2 (Eloss ∼ 7.5 eV) electronic states. In this case each un-
resolved excitation feature exhibits a strong DCS intensity at
the forward scattering angles. This is characteristic DCS be-
haviour for dipole-allowed transitions.30 Interestingly, at 15
and 20 eV incident electron energies all these DCSs still ex-
hibit minima in their angular distributions around 60◦ before
the DCS increase in magnitude again at the more backward
scattering angles. As DCSs for spin-forbidden transitions can
be found to increase as the scattering angle becomes larger,31

or be largely isotropic (to within a factor of 2–3) (Ref. 30)
over the angular distribution, we suspect that singlet → triplet
transitions are also making a contribution to the DCS at these
energy loss values. It is this contribution from excitations to
triplet states that gives here the increased intensity at the more
backward scattering angles. This behaviour was also particu-
larly apparent in our comparative study between benzene and
pyrimidine,16 undertaken to evaluate the nature of the DCSs
for π -π* excitations. In that work we noted that important
triplet state excitations of benzene, previously identified in
the near-threshold electron energy loss spectra,32 are expected
to correlate to triplet states found in the energy loss feature
of pyrimidine at Eloss ∼ 6.7 eV. Finally, the smaller ratio of
singlet to triplet states found in the feature at Eloss ∼ 5.2 eV
slightly alters its DCS angular distribution; being slightly less
forward peaked than the other mainly dipole-allowed features,
while having a larger DCS intensity at the more backward
scattering angles.

Finally, the DCS for excitations to the unresolved Ryd-
berg states at Eloss ∼ 8.3 and 9.2 eV are presented in Fig. 4.
In these energy loss features the bulk of the intensity is ex-
pected to arise from Rydberg like transitions converging to
the 2B2 (7b−1

2 ), 2B1 (2b−1
1 ), and 2A1 (11a−1

1 ) ion states with
ionization potentials of 9.8, 10.2, and 11.2 eV,14 respectively.
Here we observe that the Rydberg excitations in both energy
loss features display the same angular behaviour in the DCS
at all incident electron energies studied. In addition, at all in-
cident electron energies the DCS for the Rydberg excitations
are forward peaked. Further, any enhancement to the DCSs as
the scattering angle increases is not strong here. This suggests
that triplet state excitations are not significantly contributing
to these energy loss features.

In summary, the present DCS measurements repre-
sent a comprehensive study of the electron-impact dis-
crete excitation processes in pyrimidine. These DCS mea-
surements provide important data that could be incor-
porated into charged-particle track simulations for eluci-
dating the effect of radiation damage in biological sys-
tems. They are also expected to provide key insights
into electron scattering phenomena from more complex bi-
ological systems. These measurements also represent impor-
tant data for assessing the reliability of theoretically calcu-
lated DCSs for electron-impact excitation processes when
they become available. We expect that such calculations may
become available in the near future, with integral cross
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sections for electron-impact excitation processes having re-
cently been computed for pyrimidine.17 Finally, by comparing
the angular behaviour of DCSs derived from energy loss fea-
tures of unresolved transitions we have been able to identify
the important scattering mechanisms that contribute at each
energy loss.

V. CONCLUSION

Absolute differential cross sections for the electron-
impact excitation of electronic states in pyrimidine were mea-
sured for the first time. Here DCSs were reported for six in-
elastic features spanning the electronic excitation processes
below the first ionization potential, at incident electron en-
ergies between 15 and 50 eV and over the 10◦–90◦ angular
range. All of the measured DCSs for the inelastic features ex-
hibited some degree of forward-peaking in their angular dis-
tribution, which was attributed to direct scattering phenom-
ena associated with dipole-allowed excitations. At the low
incident electron energies, electron-exchange scattering was
found to play an important role in exciting the triplet states of
pyrimidine at the more backward scattering angles. Here the
number of states of a given symmetry and spin multiplicity, in
an energy loss feature, was also found to influence the nature
of the relevant DCS angular distribution.

These measurements also represent an important addi-
tion to the available literature on electron scattering from
pyrimidine, where it is now probably conceivable to include
pyrimidine as a DNA moiety in charged-particle track simu-
lations. This represents an important step towards elucidating
the effect of radiation damage on biological systems. While
the present measurements do provide some key insights into
the behaviour of the electron-impact excitation mechanisms
in pyrimidine, theoretical calculations of the DCS are partic-
ularly desirable for gaining a more detailed analysis of the
individual excitation mechanisms observed in the unresolved
energy loss features.
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