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We have studied gas-phase collisions between slow electrons and uracil molecules with
a view to understanding the resonance structure of the scattering cross section. Our
symmetry-resolved results for elastic scattering, computed in the fixed-nuclei, static-exchange and
static-exchange-plus-polarization approximations, provide locations for the expected �� shape
resonances and indicate the possible presence of a low-energy �� resonance as well. Electron-impact
excitation calculations were carried out for low-lying triplet and singlet excitation channels and
yield a very large singlet cross section. We discuss the connection between the resonances found in
our elastic cross section and features observed in dissociative attachment. © 2006 American
Institute of Physics. �DOI: 10.1063/1.2353147�

I. INTRODUCTION

The interaction of DNA, RNA, and their constituents
with slow electrons has been a topic of considerable recent
interest. Seminal experiments by Sanche and co-workers1,2

demonstrated that slow electrons can produce single- and
double-strand breaks in DNA and are therefore genotoxic.
This discovery inspired numerous experiments aimed at elu-
cidating various aspects of the electron–DNA interaction.
Gas-phase experiments3–22 have explored electron collisions
with molecular subunits including the purine and pyrimi-
dine bases of DNA,3,5–7,10–13,15–22 the RNA base
uracil,7,10,11,13,17–19,21,22 and halogenated derivatives.5,8–10,14,17

Most of these experiments have studied dissociative
attachment3,5–7,10–13,15–22 and/or electron-impact excitation
and ionization.8,9,12–15 However, Burrow and co-workers
have carried out electron transmission measurements4,10 to
determine the energies of scattering resonances, and they
have assigned the observed features as �� shape resonances
based on computed orbital energies and energy shifts deter-
mined from related molecules.

A major question is the relationship, if any, between nar-
row, apparently resonant features that are seen in low-energy
dissociative attachment and shape resonances in the elastic
cross section. In uracil, for example, a strong feature is seen
at 1.0 eV in the production cross section for �U−H�− �that is,
the anion formed after removing one hydrogen from
uracil�,7,10,11,13,17–19,22 with weaker features at 0.7 and possi-
bly 0.8 eV. It is natural to suspect the involvement of a shape
resonance; however, these energies do not coincide with
any of the �� resonance assignments of Burrow and
co-workers,4,10 and an alternative explanation in terms of vi-
brational Feshbach resonances built on the dipole-bound an-
ion has been proposed.10,19,22 On the other hand, a broader
peak in the dissociative attachment spectrum near 2 eV has
been attributed to a �� resonance.22

Simons and co-workers23–26 have used bound-state
methods on subunits of DNA to investigate possible
resonance-mediated mechanisms for causing strand breaks,

but few calculations have been performed using scattering
methods. Możejko and Sanche27 computed elastic electron
cross sections for uracil and the four DNA bases, but their
results were restricted to energies of 50 eV and above be-
cause of the approximations made. Gianturco and Lucchese28

reported �� and �� shape-resonance energies determined
from a scattering calculation; however, Burrow has
questioned29 the correctness of these results on both experi-
mental and theoretical grounds. Grandi and co-workers30

also reported a study of uracil at higher collision energies,
�9 eV, using a similar approach to that of Gianturco and
Lucchese but with the further approximation of imposing
D2h symmetry on the scattering electron’s wave function.
Gianturco and Lucchese do not report cross sections, and
Grandi and co-workers report only partial cross sections for
some �D2h� symmetries. Very recently, Tonzani and Greene31

reported low-energy elastic electron scattering cross sections,
including �� resonance energies, for the four DNA bases and
the RNA base uracil. The resonance positions differ from
those of Gianturco and Lucchese28 and also from the
electron-transmission measurements.4,10 All of the existing
calculations employ local approximations to the exchange
and polarization interactions, which strongly influence low-
energy electron scattering, in order to reduce the problem to
one of potential scattering.

In the present work, we apply the Schwinger multichan-
nel �SMC� method,32 an all-electron formulation that does
not rely on local-potential approximations, to the elastic and
inelastic scattering of low-energy electrons by uracil. As will
be seen, our elastic calculations yield �� resonance positions
that do not entirely agree with the reported experimental po-
sitions, but they nonetheless appear to be generally support-
ive of the assignments of Burrow and co-workers;4,10 in par-
ticular, they agree with the experimental assignments on one
important point, the location of the lowest �� resonance in
the �0.2−0.3 eV energy range. The elastic calculations also
indicate the possible presence of a low-energy �� shape reso-
nance. In addition to the elastic results, we report two- and
three-channel calculations for electron-impact excitation of
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two important electronic states of uracil: the lowest ��
→��� triplet state, whose vertical threshold is much lower
than that of any other excited state, and the lowest ��
→��� singlet state, which carries a large oscillator strength
from the ground state and therefore can be expected to have
a large electron-impact cross section as well.

II. COMPUTATIONAL DETAILS

The SMC method and its implementation have been de-
scribed elsewhere,32–34 so here we present only those details
specific to the present study of uracil.

The uracil molecule exists in several tautomers. We car-
ried out our scattering calculations for the diketo tautomer,
which is the lowest-energy conformation in the gas phase.
The nuclear geometry was optimized within the Cs point
group using the electronic structure program GAMESS �Ref.
35� at the level of second-order Möller-Plesset perturbation
theory within the 6-31G�d� basis set. The resulting nuclear
coordinates are listed in Table I.

For the elastic scattering calculations, we made an ex-
tensive exploration of the use of different basis sets and dif-
ferent treatments of polarization. Uracil presents unusual nu-
merical difficulties not only because of its size and low
symmetry but also because of its large dipole moment, �4
−5 debye,36–38 which is sufficient to form at least one dipole-
bound anion state36,39–44 and which will strongly influence
the scattering cross section at low energies. Indeed, the
fixed-nuclei elastic scattering cross section for a polar mol-
ecule is formally divergent.45 Although this difficulty can be
surmounted,45 we have simply ignored it in the present work.
It is possible to do so because our use of finite, square-
integrable basis sets effectively truncates the partial-wave
expansion of the scattering wave function and thus precludes
divergence of the cross section. Moreover, at the very lowest
energies where correcting the fixed-nuclei cross section for
high-partial-wave scattering is most critical, neglect of vibra-
tion is a poor approximation, and the cross section could not
be considered quantitative even after correction. At any rate,
we do not expect the details of high-partial-wave, large-
impact-parameter scattering to have much effect on the reso-
nance positions that are our principal interest.

Although we do not make an explicit correction for di-
polar scattering, we do hope to obtain semiquantitative re-
sults except at the very lowest energies, and doing so in the
presence of a large dipole moment requires use of an ex-
tended one-electron basis set, including diffuse functions and
functions centered away from the nuclei. We are able to use
quite large basis sets for static-exchange �SE� calculations,
but current program limitations restrict the basis size for
static-exchange-plus-polarization �SEP� calculations, which
appears to affect numerical stability in the presence of a large
dipole. Moreover, the use of large, diffuse basis sets itself
can lead to problems with numerical linear dependence, in-
cluding spurious resonances. Extra care must thus be taken
in the interpretation of results. Comparison among calcula-
tions using different basis sets and different treatments of
polarization helps to distinguish between spurious and physi-
cal resonances.

The low symmetry and large size of uracil also pose
challenges in the treatment of polarization effects. In the
SMC method, polarization is represented by virtual excita-
tions of the target molecule’s �Hartree-Fock� ground-state
wave function. With such a representation, the number of
�N+1�-electron configurations needed to describe the
N-electron target plus the projectile electron scales formally
as N3, meaning that storage for dense square matrices defined
in the configuration space will scale as N6 while the work to
invert or diagonalize such matrices will scale as N9. This
rapid scaling puts a high premium on practical means of
controlling the size of the configuration space. In the fixed-
nuclei approximation, the overall electronic wave function
symmetry is conserved during the collision, so the evaluation
of the cross section can be partitioned into independent cal-
culations for each irreducible representation, leading to tre-
mendous savings in high-symmetry molecules. Physical in-
sight can also be used to restrict the number of virtual
excitations. Excitations out of core orbitals can generally be
omitted with little loss of accuracy, while transformations
can be applied to the virtual-orbital space to produce com-
pact subsets of orbitals that are particularly effective as “par-
ticle” orbitals.46–50 However, the Cs point group of uracil
contains only two irreducible representations; thus, it is only
possible to decompose the calculation into two pieces, and it
is more difficult to separate resonant from nonresonant back-
ground scattering. Moreover, the number of valence “hole”
orbitals remains large even after core-hole excitations are
excluded. Current program limitations restrict us to fewer
than 214 �16 384� �N+1�-electron configurations per irreduc-
ible representation �though we expect to relax that limit con-
siderably in future work�. We therefore cannot use as exten-
sive a treatment of polarization �in terms of the size of the
particle space� for uracil as we found to be necessary to
obtain well-converged differential cross sections in recent
calculations on smaller molecules.49,50 On the other hand, we
are principally interested in the �� resonance positions and
the integral cross section, each of which we expect to con-
verge more quickly, especially because the long-range
electron-target potential is dominated by the large static di-
pole rather than by the charge-induced-dipole �polarization�
interaction.

TABLE I. Nuclear coordinates used in all scattering calculations �bohr
units�.

Atom x y z
N 0.059 006 –1.792 536 0.0
C –2.317 973 –0.697 014 0.0
C 2.441 760 –0.607 576 0.0
O –4.303 301 –1.883 598 0.0
O 4.386 475 –1.871 878 0.0
N –2.212 165 1.927 220 0.0
C 2.286 967 2.141 239 0.0
C 0.004 483 3.288 567 0.0
H 0.078 648 –3.714 247 0.0
H –3.914 890 2.802 138 0.0
H –0.215 196 5.327 645 0.0
H 4.027 749 3.213 659 0.0
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With the above considerations in mind, our treatment of
polarization in overall 2A� symmetry �the symmetry of the
�� resonances� is as follows. We include all 2A� �N+1�-
electron configuration state functions �CSFs� formed by an-
tisymmetrizing 1A� virtual excitations from valence orbitals
with three compact, ��-like orbitals, which are chosen as the
three lowest a� modified virtual orbitals �MVOs� �Ref. 51�
obtained from a �4 cationic Fock operator. We further in-
clude all additional 2A� CSFs that can be formed by antisym-
metrizing 1A� or 3A� excitations out of the highest occupied
molecular orbital into one of the three “��” MVOs with any
of the a� virtual orbitals. This set of configuration is intended
to represent well the relaxation of the target in the presence
of an electron temporarily trapped in a �� shape resonance,
and therefore, it is hoped, to produce good �� resonance
energies. We present below results obtained in three different
one-electron basis sets. The first, basis A, is just the 6-311
+ +G�d , p� basis set as defined in GAMESS,35 which for
uracil contains 212 Cartesian Gaussians and, after excluding
the x2+y2+z2 “3s” combination of Cartesian d functions,
204 molecular orbitals. Basis B is formed by supplementing
the 6-311+ +G�d , p� basis with the diffuse functions listed in
Table II centered both at the origin, which roughly coincides
with the center of the ring, and at +4.8 Å on the y axis �the
positive end of the molecule�, for a total of 244 Cartesian
Gaussians and 236 molecular orbitals. Basis C includes the
TZV�2d , p� set internal to GAMESS together with a supple-
ment comprising distributed s Gaussians and diffuse func-
tions at the positive end of the molecule, listed in Table III,
for a total of 279 contracted Gaussians and 263 molecular
orbitals.

For the polarization calculation in A� symmetry, we used
basis B and included all singlet-coupled excitations out of
the 16 highest occupied molecular orbitals into the 30 lowest
MVOs to form hole-particle pairs that were then coupled
with the lowest 62 MVOs to form 2A� configuration state
functions �CSFs� describing closed channels. The open-
channel space included all a� virtual orbitals coupled to the
Hartree–Fock ground state. The total number of 2A� CSFs
included in the calculation was 12 617.

For comparison purposes, we also present below elastic
cross sections obtained in the SE approximation �that is, ne-
glecting polarization� using two different one-electron basis
sets. As a baseline, we show results obtained in the 6-311
+ +G�d , p� basis set �basis A�, while final values are com-
puted in a much larger basis set, basis D, which should pro-

duce results closer to the SE limit. Basis D includes, in ad-
dition to the TZV�3d ,2p� basis set of GAMESS �with
default splitting factors for the d and p polarization func-
tions�, both diffuse orbitals centered at the positive end of the
molecule, where trapping by the dipole potential may take
place, and orbitals distributed over centers surrounding the
molecule that improve the description of the scattering wave
function at larger distances. The diffuse supplement consists
of the functions shown in Table II centered at +4.8 Å on the
y axis, while the distributed set includes 486 s Gaussians,
each with exponent 0.35, on a cubic grid of centers with
spacing 0.74 Å that extends from −2.96 to +2.96 Å in x and
y and from −2.22 to +2.22 Å in z, but with the centers in the
molecular plane �z=0� omitted. Basis D thus includes a total
of 794 contracted Gaussians. From these we form 770 mo-
lecular orbitals after excluding the 3s linear combination of
Cartesian d orbitals, 29 occupied and the remaining 741
available to describe the scattering electron.

Electron-impact excitation cross sections were computed
for the lowest excited states of A� symmetry, 13A� and 21A�.
Single-excitation configuration-interaction �SECI� calcula-
tions using Gaussian �Ref. 52� and its internal 6-311
+ +G�d , p� basis set indicate that these states are well de-
scribed by a single-configuration picture, in which they are
�→�� excitations from the highest occupied to the lowest
unoccupied valence orbital. Our scattering calculations em-
ployed a single-configuration description, with the �� orbital
represented by the triplet-coupled improved virtual orbital
�IVO� �Ref. 53� for both the triplet and singlet channels and
all other occupied orbitals taken from the ground-state
Hartree-Fock wave function. Final results were computed us-
ing the same basis set as for the largest of the A� polarization
calculations, that is, the TZV�2d , p� set with the supplement
shown in Table III. Below the 21A� threshold, we used a
two-channel approximation including only the ground and
13A� states, and above the singlet threshold we used a three-

TABLE II. Supplementary Cartesian Gaussian functions used in basis B.

Type Exponent

s 0.1
s 0.03
s 0.01
s 0.003
p 0.3
p 0.1
p 0.03
p 0.003

TABLE III. Supplementary Cartesian Gaussian functions used in basis C.
Center coordinates are specified in bohr units.

Center

Type Exponentx y z

0.0 –7.0 ±2.5 s 0.111
±5.0 –7.0 ±2.5 s 0.111
±2.5 –3.377 94 ±2.5 s 0.111
±7.5 –3.377 94 ±2.5 s 0.111

0.0 1.0 ±2.5 s 0.111
±5.0 1.0 ±2.5 s 0.111

±10.0 1.0 ±2.5 s 0.111
±2.5 5.0 ±2.5 s 0.111
±7.5 5.0 ±2.5 s 0.111

0.0 9.0 ±2.5 s 0.111
±5.0 9.0 ±2.5 s 0.111
±7.498 85 9.0 0.0 s 0.111

0.0 11.5 0.0 s 0.111
0.0 11.5 0.0 s 0.03
0.0 11.5 0.0 s 0.01
0.0 11.5 0.0 s 0.003
0.0 11.5 0.0 p 0.003
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channel approximation. The thresholds themselves, com-
puted using the triplet IVO orbital, were 4.15 eV for the 13A�
state and 7.73 eV for the 21A� state, reasonably close to the
SECI values of 3.41 and 6.42 eV. More sophisticated calcu-
lations give thresholds of 4.00 eV,37 3.68 eV,54 and 3.63 eV
�Ref. 55� for 13A� and 6.28 eV,37 5.00 eV,38 and 5.44 eV
�Ref. 54� for 21A�, indicating a fairly large error in our sin-
glet threshold.

III. RESULTS AND DISCUSSION

A. Elastic �� resonances

Calculations in restricted basis sets can provide a useful
guide to the nature and location in energy of �valence� shape
resonances, although the resulting orbital energies are typi-
cally above the resonance positions. As mentioned earlier,
Burrow and co-workers assigned the �� resonances of uracil
and the DNA bases using computed orbital energies and em-
pirical energy shifts. Similarly, in our own work, we have
made frequent use of minimal-basis-set orbital energies as a
guide to the resonance structure. For uracil, we find that RHF
calculations using the MINI minimal basis set56 put the first
three virtual orbitals, all of which are A� ����, at 3.62, 5.56,
and 9.48 eV. These energies form probable upper bounds for
the shape-resonance energies in our SE calculations, all of
which employ much more extensive basis sets. The inclusion
of the net-attractive polarization interaction in our SEP cal-
culations should shift the resonance energies even lower.

With these energies in mind, we turn to Fig. 1, which
shows the integral elastic cross sections obtained in the
static-exchange approximation. At the lowest energies, the
results in the larger basis set do a better job of capturing the
rise in the cross section due to dipolar scattering, especially
in A� symmetry. Though not shown in the figure, the integral
cross section in the larger basis rises to over 2.4
�10−13 cm2 at 0.01 eV. At the highest energies shown, the
larger basis set also produces a larger cross section, probably
because it provides an improved representation of high-
partial-wave scattering. However, the agreement between the
two calculations on the positions and widths of the peaks in
the A� component of the cross section is rather good. A non-
linear fit to the A� eigenphase sum in the larger basis set,
using a cubic-polynomial background and assuming three
resonances, yields resonance positions of 2.08, 4.2, and 8.2
eV, with the respective widths being 0.23, 0.44, and 3.0 eV.
These resonance positions differ from the MINI �� orbital
energies by 1.5, 1.6, and 1.3 eV, respectively. Because these
energy shifts are plausible in magnitude and fairly consistent,
we can be quite confident in identifying the A� cross-section
peaks as �� shape resonances. The A� component of the
static-exchange cross section, unlike the A� component, does
not exhibit any narrow peaks, only a broad maximum at
about 11 eV. However, it is possible that weak and/or broad
�� resonances could be hidden in the very large nonresonant
A� background.

Use of a very large one-electron Gaussian basis set natu-
rally raises the possibility of linear dependence. Moreover,
Schwinger-type methods are susceptible to spurious reso-
nances arising from an eigenvalue of the V−VG�+�V operator

passing through zero.57 Accordingly, to provide some infor-
mation on the question of numerical stability, the dotted
curves in Fig. 1 show the results obtained by direct solution
of the SMC linear equations without any attempt to control
numerical singularity. The final results, shown by the solid
curves, are obtained by excluding the vector associated with
the smallest singular value from each of the A� and the A�
spaces when solving the linear systems via singular-value
decomposition, thus reducing the total size of the variational
space from 741 to 739. Clearly several structures are re-
moved, most of them in A�, but comparison among the re-
sults of multiple calculations, in a variety of basis sets, indi-
cates that the structures removed are basis-set dependent and
therefore very likely spurious.

In Fig. 2, we show A� results obtained with polarization
included. As expected, the �� resonances shift downward in
energy compared to their static-exchange positions. There is
clearly some variation in the cross sections with basis set, but
on the whole, the results obtained in the three different basis
sets are quite consistent. We determined resonance positions
and widths for basis C from a nonlinear least-squares fit to
the A� eigenphase sum in the energy range 0.13–10.0 eV,
with the fitting function comprising four arctangent terms

FIG. 1. �Color online� Integral elastic cross sections for electron-uracil scat-
tering computed in the static-exchange approximation using the smaller ba-
sis set A �top� and the larger basis set D �bottom; see the text for discussion�.
The dotted curves in the bottom panel are results obtained with no attempt to
control numerical singularity.
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and a cubic polynomial to account for the background. The
lowest-energy resonance is located at 0.32 eV and appears in
Fig. 2 as a narrow peak �width 0.018 eV� superimposed on
the nonresonant maximum associated with dipolar scattering.
The remaining two resonances occur at 1.91 and 5.08 eV and
are broader, with respective widths of 0.16 and 0.40 eV. The
relatively large fitting error near the highest resonance makes
its energy and width somewhat less certain; a second fit in
the range 3.5–6.5 eV, with a quadratic background and a
single resonance term, gives 5.06 eV for the energy and 0.56
eV for the width. Comparing the energies determined with
polarization included to the static-exchange resonance ener-
gies, we find that they are shifted downward by about 1.8,
2.3, and 3.1 eV. These shifts are within the range ��1
−4 eV� that we would have anticipated based on experience
with many other molecules, and thus appear reasonable.

The resonances observed in electron transmission4,10 and
assigned as �� occur at 0.22, 1.58, and 3.83 eV. Agreement is
therefore quite good for the position of the first resonance
�0.10 eV error�, but our calculation places the remaining two
resonances 0.33 and 1.3 eV, respectively, too high. Although
we expect that we could lower the energies of these higher
resonances by including more closed-channel terms in our
treatment of polarization, we know of no clear criteria for
choosing a closed-channel space that is larger but not too
large �which might place the resonances too low�. In light of
the limitations of the calculation, the increasing disagree-
ment with experiment at higher energies is perhaps not sur-
prising. Moreover, even with those limitations, our calcula-
tions, in contrast to earlier work,28,31 appear to support the
assignments made by Burrow and co-workers. In particular,
we place the lowest-energy A� resonance at 0.32 eV rather
than at 2.2 eV.28,31 This position is consistent not only with
experiment but also with the upper bounds set by the
minimal-basis-set and static-exchange results that were dis-
cussed above.

A puzzling feature of the cross section shown in Fig. 2 is
the “extra” resonance at 2.8 eV, which does not appear to
correlate with any of the minimal-basis-set orbitals, static-

exchange resonances, or electron-transmission resonances. It
is tempting to dismiss this feature as spurious, since
Schwinger-type methods are susceptible to spurious reso-
nances that are purely numerical in origin.57 However, as the
figure demonstrates, a feature persists at this energy �though
with varying width� in different polarization calculations us-
ing different basis sets, and its persistence suggests that it
may have a physical origin. The absence of any correspond-
ing feature in the static-exchange cross section, even when
employing an extended basis set �Fig. 1, bottom�, appears to
rule out any type of shape resonance, whether built upon an
unoccupied molecular orbital or otherwise. Yet the extra
peak also appears to fall too far below the lowest electronic
threshold to be plausibly assigned as a Feshbach resonance,
though we might speculate that the large dipole potential in
uracil could conceivably lead to unusually strong binding of
a Feshbach resonance. Because our current methods of solv-
ing large polarization problems extract scattering amplitudes
without obtaining the corresponding scattering wave func-
tions, we cannot further analyze this feature or even rule out
the possibility that it is one of the �� resonances, although
comparison with the static-exchange resonance positions ap-
pears to disfavor that possibility.

B. A� elastic scattering

The A� component of the integral elastic cross section is
shown in Fig. 3. For comparison, we show both the final
result obtained with polarization included and the static-
exchange result obtained in the same basis set. Apart from an
overall enhancement of the cross section below �10 eV,
there is little qualitative change in the cross section when
polarization is included. Peaks in the static-exchange cross
section at about 3.5 and 6 eV are likely spurious, as are those
at about 4.5 and 6 eV in the cross section with polarization,
since they are narrow and do not show the expected correla-
tion �that is, a one-to-one correspondence between the polar-
ized and static-exchange peaks, with the polarized results
shifted downward in energy�. However, the broad peak that
is centered around 10.5 eV without polarization and around

FIG. 2. �Color online� The A� component of the cross section for elastic
scattering of electrons by uracil computed with polarization effects included.
Results are shown for three different one-electron basis sets described in the
text: basis A �dots�, basis B �dashes�, and basis C �solid�.

FIG. 3. �Color online� A� component of the integral cross section for elastic
scattering of electrons by uracil. The solid line is the result including polar-
ization; the dashed line is the static-exchange result computed in the same
basis set.
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8.5 eV with polarization is likely real and due to one or more
C–H or N–H �� shape resonances. Mass-resolved
dissociative-attachment measurements at higher energies7,6,13

reveal one or more peaks in the �5−12 eV energy range,
depending on the anion being detected, while measurements
of the total ion yield18,19 show a bimodal peak at �6 eV,
with possible higher-energy anion peaks obscured by the co-
pious cation signal above the ionization potential. The stron-
gest features, however, appear to occur at �6−7 �Refs. 6,
13, 18, and 19� and 9 eV.6,13 The latter might be associated
with the broad A� feature we observe centered near 8.5 eV in
our elastic cross section. Though the former coincides fairly
closely with the peak we see at about 6 eV, that feature of our
cross section is, as already noted, likely spurious. In both
cases, it is important to note that core-excited resonances
may be invoked as an alternative to elastic shape resonances
to explain the features in the dissociative-attachment cross
sections.

Two intriguing features are seen at low energy. At very
low energy, there is a “kink” in the cross section obtained
with polarization whose origin is unclear. It is associated
with a small increase in the eigenphase sum and a simulta-
neous change in its energy dependence from sharply falling
to nearly constant. At about 1.45 eV, there is a narrow peak
in the cross section obtained with polarization that is associ-
ated with a jump of �� in the A� eigenphase sum and that
appears to correlate, as well, with the static-exchange peak at
about 1.75 eV. We may therefore tentatively assign this 1.45
eV peak as a �� shape resonance. The RHF calculation in the
MINI minimal basis set places the lowest a� valence virtual
at 13.2 eV, which appears to be too far away in energy to
account for this peak, so it is possible that it arises instead
from a nonvalence, diffuse state trapped by the dipole poten-
tial. On the other hand, Scheer and co-workers predict a va-
lence �� resonance at �2.4 eV, fairly close to our peak
position, on the basis of scaled 6-31G� virtual-orbital
energies.10 Indeed, the mechanism they propose for the
dissociative-attachment maximum at 1.0 eV requires an
avoided crossing between a low-energy �� resonance state
and a dipole-bound state.10,19 The presence of an apparent A�
resonance at 1.45 eV in our calculation thus provides addi-
tional support for their proposed mechanism.

Gianturco and Lucchese28 report two A� resonances in
their calculation, one at 0.012 eV with a width of 0.46 eV
and one at 10.4 eV whose width is 0.87 eV. These may
possibly correlate to the peaks we see at 1.45 and 8.5 eV,
although the differences in both position and width are rather
large. The calculation of Tonzani and Greene31 does not pro-
duce A� resonances.

C. Elastic differential cross sections

Figure 4 shows the elastic differential cross section
�DCS� at selected energies from 0.1 to 20 eV, obtained by
combining the scattering amplitudes from the polarized A�
calculation in basis C with those from the polarized A� cal-
culation in basis B. Because we have not applied a dipole
correction, the extreme forward DCS is certain to be under-
estimated, but we expect dipolar effects to grow less signifi-

cant as the scattering angle increases. Resonant effects on the
DCS are visible at 1.9 and 5 eV, where, in each case, the
angular pattern changes abruptly from that seen at neighbor-
ing energies. However, there is no evident signature of the
lowest-energy A� resonance in the DCS at 0.3 eV. At higher
energies, the static-exchange DCS �not shown� generally
agrees well with the DCS of Fig. 4, though the results ob-
tained with polarization included tend to be somewhat more
undulating at intermediate angles for energies below �15 eV
and are somewhat more backward-peaked at most energies.

D. Excitation cross sections

Integral cross sections for electron-impact excitation of
the HOMO→LUMO transition are shown in Fig. 5. As dis-
cussed earlier, our thresholds, especially for the singlet state,
are too high, so it would be reasonable to shift the cross
sections downward to their correct thresholds, but we have
not done so in plotting Fig. 5. Both the singlet and the triplet
cross sections show a good deal of structure. While we ex-
pect the broad features of the cross sections to be meaning-

FIG. 4. �Color online� Differential cross sections for elastic scattering of
electrons by uracil at selected energies.

FIG. 5. �Color online� Cross sections for electron-impact excitation of uracil
to the lowest triplet and singlet states of A� symmetry, associated with pro-
motion of an electron from the highest occupied to the lowest unoccupied
molecular orbital.
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ful, some or all of the small peaks may be spurious, arising
from pseudoresonances associated with other channels that
are treated as closed. Because the triplet channel has the
lowest threshold of any excited state, and its cross section
rises quickly from threshold to a significant value, it appears
that triplet excitation will be a significant mechanism for
energy deposition by slow electrons. The form of the singlet
cross section, with a steady rise from threshold to a broad
maximum, is typical for a dipole-allowed excitation, and the
large value of the cross section reflects the significant oscil-
lator strength carried by this �→�� transition. Indeed, add-
ing a Born-dipole correction45 for high-partial-wave scatter-
ing would increase the singlet cross section still further. We
have not added such a correction to the cross section shown
in Fig. 5 in part because it is less important near threshold
than at energies well above threshold, and in part because
comparison of our IVO-based oscillator strength �0.92
length, 0.42 velocity� with that obtained from a more sophis-
ticated wave function �0.19, Ref. 38� indicates that the dipo-
lar contribution to our excitation cross section is already
likely to be overestimated.

IV. SUMMARY AND CONCLUSIONS

We have presented integral and differential elastic cross
sections for elastic electron scattering by gas-phase uracil, as
well as cross sections for excitation of the 13A� and 21A�
electronic states. Our results place the first A� resonance at
0.32 eV, in reasonable agreement with the energy, 0.22 eV,
determined from electron-transmission experiments.10

Agreement is less close but still reasonable for the two
higher A� resonances. Additional features were found in both
the A� and the A� cross sections that persist from one calcu-
lation to another and therefore do not appear to be numerical
artifacts. Although our current calculations do not supply
sufficient information for us to be fully confident of assign-
ments for these features, the peak at 1.45 eV in A� symmetry
appears to be a shape resonance and is in the appropriate
energy range to be the �� shape resonance invoked by Scheer
and co-workers10,19 to explain the strong dissociative-
attachment peak at 1.0 eV.

Although more limited in their treatment of polarization
than is desirable, and thus not likely to give quantitative
descriptions of the differential and integral cross sections,
our calculations are likely to approximate resonance posi-
tions fairly well. Moreover, they may form a point of refer-
ence for future, higher-level calculations. We intend to revisit
elastic scattering by uracil after making program improve-
ments that will allow larger calculations, with more flexibil-
ity in both the one- and the many-particle basis sets, and
more detailed analysis of their results.
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