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The charge transfer of the RNA base uracil by means of Cq+ ions �q=2–4� has been studied theoretically by
means of ab initio quantum-chemistry molecular methods followed by a semiclassical dynamical treatment.
The charge-transfer process appears to be highly anisotropic. The theoretical cross sections show different
behavior with a strong influence of the electronic structure and charge of the Cq+ projectile and can be
correlated positively with previous experimental studies on the ionization and fragmentation processes in the
Cq+-Uracil collision.
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I. INTRODUCTION

It is well known that the interaction of ionizing radiation
with biological tissue can induce severe damage to DNA �1�.
The most significant biological consequences are relied to
single- and double-strand breaks which appear to be the main
underlying mechanisms both for cancer disease and for con-
trolled cell killing used in radiotherapy. It has been shown
�2� that important damage is not due to the primary radiation
itself, but due to secondary particles generated along the
track after the interaction of the ionizing radiation with the
biological medium. These particles may be either low-energy
electrons, radicals, or singly and multiply charged ions. In
that sense, a lot of experiments have been performed recently
in order to investigate the action of these secondary particles
on biologically relevant molecules. In particular, a great
number of studies involving the interaction with low-energy
electrons have been undertaken on supercoiled DNA �3�, but
also on DNA and RNA bases �4,5�, as well as on bromouracil
�6�. More recently, a number of experimental investigations
have been devoted to the action of ions on biomolecules,
generally at relatively low collisional energies in the range
�2–150� keV. In particular, coincidence measurements be-
tween outgoing projectiles have been carried out in collisions
of Cq+ ions on uracil �7� or thymine �8� with analysis of the
fragment mass distribution by time-of-flight spectrometry. A
similar experimental procedure has been used for recent
studies of F2+ on adenine �9� or proton on uracil �10�.
Higher-charged ions have also been investigated at higher
energies �11,12�.

In such low-energy collisions between biomolecule and
ions, different processes may be considered: excitation and
fragmentation of the biomolecule, ionization of the gaseous
target, and also possible charge transfer from the multi-
charged ion towards the biomolecule. From the experimental
point of view, excitation and fragmentation processes have
been mainly investigated and the peak integration of the
mass spectra as a function of the collision velocity leads to
an evaluation of the relative cross sections for the different
ionization and fragmentation channels. In a recent study of

keV collisions of Cq+ ions with uracil �7�, in particular, a
strong influence of the electronic structure and charge q �q
=1–6� of the Cq+ ion on the ionization and fragmentation
processes was observed. At low velocities, almost complete
fragmentation has been observed for the C2+ projectile ion,
whereas for all the other projectile charge states the induced
fragment yield is markedly lower. Furthermore, a rather
complete shattering of the ring has been observed, instead of
a single-atom abstraction from the biomolecule. Similar ex-
periments on thymine �8� show a strong dependence of the
fragment kinetic energies on the fragment initial location
within the parent molecule. Such experimental results fo-
cused on the fragmentation process cannot give any informa-
tion on possible charge transfer, which should be, however, a
complementary process to fragmentation. In order to have a
more complete understanding of the different mechanisms
and electronic structure of the projectile and target involved
in these reactions, we have undertaken a theoretical study of
the charge-transfer process for a series of charge q= �2–4� of
the Cq++uracil system using an ab initio molecular calcula-
tion of the potential energies and corresponding coupling
matrix elements followed by a semiclassical dynamics in the
�3–150� keV collision velocity range where experimental
data are available. To our knowledge, no theoretical ap-
proaches for such collisional systems are available.

II. MOLECULAR CALCULATIONS

A. Molecular model

A simple model of this polyatomic complex collisional
system may be proposed by means of the one-dimensional
reaction coordinate approximation widely used in a number
of cases �13,14�. Effectively, the collision may be repre-
sented as the evolution of the polyatomic Cq+

¯uracil com-
plex which, in a first approximation, could be treated as a
pseudodiatomic system, the reaction coordinate correspond-
ing to the distance between the center of mass of the uracil
molecule and the colliding carbon ion. The rearrangement of
the uracil molecule when approaching the Cq+ ion can be
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taken into account by relaxation of the geometry of the
uracil-Cq+ complex along the reaction path. Of course, such
an approach does not consider the degrees of freedom of the
complex and the internal motions of the molecule, but it
seems reasonable in a very fast collisional process where
nuclear vibration and rotation periods are assumed to be
much longer than the collision time.

In such a problem, different molecular states of the
Cq+-uracil collisional system are involved and the potentials
may be calculated along the reaction coordinate R for differ-
ent approaches � from perpendicular ��=90° � to planar ge-
ometry ��=0° � �Fig. 1� in order to take into account the
anisotropy of the process. This requires, of course, extensive
calculations. In a first step, we have focused our attention on
the two limit cases, corresponding to the perpendicular ��
=90° � and planar attack ��=0° � of the carbon ion on the
uracil molecule, in order to take care of the different geo-
metrical configurations and angle averaging.

No symmetries are included for the perpendicular colli-
sional process; the calculations have been performed using
Cartesian coordinates with origin of coordinates at the center
of mass of the uracil molecule. On the contrary, a plane of
symmetry can be considered for the planar attack and calcu-
lations have been performed using the Cs symmetry group.
In that case, all the collision directions in the plane of the
molecule should be theoretically considered; nevertheless, a
great number of complexes between the uracil molecule and
a series of single- or double-charged ions have been investi-
gated already. The optimized structures and attachment sites
have been calculated, for example, for the alkali-metal Li+

�15�, Na+, and K+ cations �16�, as well as alkaline-earth-
metal Mg2+, Ca2+ �17�, and Mn2+ double-charged ions �18�
or copper �I� ion �19,20�. These studies show for the different
metal ions a minimum energy for the metal-uracil complex
corresponding to an attachment site on oxygen O�4� �see Fig.
2� which appears to be a preferential site. In a first approach,
we have thus considered the collisional attack of the carbon

ion Cq+ along the C�4�-O�4� direction, corresponding to the
angle �=0°, for the series of charges q= �2–4�.

The collision dynamics has been treated by a semiclassi-
cal approach in the framework of the sudden approximation
hypothesis which assumes the electronic transition to occur
so fast that the vibrorotation motion stays unchanged. The
molecular vibration is thus ignored, and the ion-molecule
collision may be visualized as an ion bumping into an aniso-
tropic atom. This is, of course, a first-order level of approxi-
mation, but it has shown its efficiency in a number of ion-
diatomics collisions �21–24� in the energy range we are
dealing with. In that sense, it appears that, at these collision
energies, the charge-transfer mechanism may be induced by
very fast electronic transitions and the uracil molecule can be
considered as frozen during the process.

B. Molecular results

Molecular calculations were carried out using the MOLPRO

suite of ab initio programs �25�. The radial coupling matrix
elements between all pairs of states of the same symmetry
have been calculated by means of the finite-difference tech-
nique:

gKL�R� = ��K��/�R��L� = lim
�→0

1

�
��K�R���L�R + ��� ,

with the parameter �=0.0012 a.u. as previously tested and
using the three-point numerical differentiation method for
reasons of numerical accuracy. The center of mass of the
uracil molecule has been chosen as the origin of the elec-
tronic coordinates.

The geometry of the ground state, as well as singly and
doubly ionized uracil molecules, has been optimized by
means of density-functional-theory �DFT� calculations using
the Beck-Lee-Yang-Parr density functional �B3LYP� which
has been shown to be computationally efficient and provides
accurate structures and transition energies �26�. The vertical
and adiabatic first and second ionization potentials have thus
been determined. They are presented in Table I and compare
favorably to previous calculations �27,28� and experimental
data �29,30�.

FIG. 1. �Color online� Internal coordinates for the Cq++uracil
system.

FIG. 2. �Color online� Geometry of the uracil molecule.

BACCHUS-MONTABONEL et al. PHYSICAL REVIEW A 72, 052706 �2005�

052706-2



1. In-plane collisional attack

In that case, the collisional system presents a plane of
symmetry, and calculations have been performed in the Cs
symmetry group with consideration of a planar approach
along the C�4�-O�4� chemical bond corresponding to the x
axis. Spin-orbit coupling being negligible in the energy range
of interest, we can assume the electron spin to be conserved
in the collision process and only the A� states involved in the
process have been considered. The A� states have not been
taken into account, as they can be involved only by means of
rotational coupling. Calculations have thus been performed
for singlet states in the case of C2+�1s22s2� and C4+�1s2�
projectile ions and for doublet states in the case of
C3+�1s22s� cations. The molecular orbitals were optimized in
state-average complete active space self-consistent field
�CASSCF� calculations using the 6-31G** basis set of atomic
orbitals. The active space includes the five highest valence
orbitals, including the n=2,3 levels of the colliding carbon
atom which might be involved in the process. The corre-
sponding 1s orbital has been treated as frozen core.

a. C2+�1s22s2�+uracil system. The potential energy
curves and radial coupling matrix elements have been calcu-
lated for a distance C2+-O�4� varying from 0.5 to 5 Å. The
charge-transfer levels are presented in Fig. 3�a�. They can be
described as an excitation from the a� molecular orbitals
�called by extension � as they are perpendicular to the xy
uracil plane� to the 2pz orbital centered on the colliding car-
bon; no excitation appears between the a� orbitals, the high-
est one corresponding to the 2px orbital centered on O�2�
staying doubly occupied. Such potential energy curves show
clearly avoided crossings in the 1.5–2.0-Å range corre-
sponding to a strong interaction with the entry channel
C2+�1s22s2�+uracil corresponding to the configuration
��pO�2�

x �2��C�2�O�2��2��C�4�O�4��2��C�5�O�6��2	 �only the highest
occupied molecular orbitals �HOMO’s� of the complex are
specified—27 doubly occupied molecular orbitals are im-
plicit� with a doubly occupied orbital on O�2� in the attack
axis x. In this process, we observe clearly a single charge
transfer from a � electron of the highest occupied molecular
orbital of the uracil ring �C�5�C�6� to the unoccupied 2pz or-
bital of the projectile carbon ion to lead to the
1A1��C

+�1s22s22pz�+U+	 level. At increasing energy, this pro-
cess is associated with �-� excitations of the out-of-plane

�a� symmetry� �C�2�O�2� and �C�4�O�4� orbitals to the �C�5�O�6�

orbital leading to the excited �C+�1s22s22pz�+U+*
	 1A2� and

1A3� molecular charge-transfer levels. Double capture may
also be observed with capture of two � electrons of the ring
without internal excitation leading to the 1A4��C�1s22s22pz

2�
+U2+	 state. The evolution of the electronic structure with
the C2+-O�4� internuclear distance may be visualized quali-
tatively by means of the electronic density and Mulliken
population analysis. The electronic densities on the lowest
charge-transfer level 1A1� are presented in Fig. 4 for the three
internuclear distances 3, 2, and 1 Å. No interaction appears
at 3 Å between the C+ and ionized U+ ions, which can be
considered as separated in the asymptotic internuclear dis-
tance region; on the contrary, a delocalization of the elec-
trons towards the projectile is visualized at 2 Å, leading to a
real chemical bond at 1 Å. Such a delocalization of the �
electrons of the uracil ring towards the C+ ion is also ob-
served on the Mulliken population analysis �Fig. 5�: the
charge on the colliding carbon is 1+ at long range on the
different molecular states, corresponding to a C+/U+ system,
and decreases with the internuclear distance, showing the
delocalization of the electrons of the ring.

b. C3+�1s22s�+uracil system. The potentials and radial
couplings have been calculated in the same internuclear dis-
tance range from 0.5 to 5 Å as for C2+-uracil. The charge-
transfer levels are presented in Fig. 3�b� and show similarly
avoided crossings in the 1.5–2.0-Å range which can be at-
tributed to an interaction with an entry channel correspond-
ing to the ��pO�2�

x ���C�2�O�2��2��C�4�O�4��2��C�5�C�6��2	 configu-
ration �same conventions as above� which may be attributed
to the ionized uracil molecule U+ and C2+�1s22s2� ion colli-
sional system. There is in fact delocalization of an electron
from an a� orbital centered on uracil to the 2s �a� symmetry�
orbital on the colliding carbon, leading to a doubly occupied
2s level C2+�1s22s2�. The process is then the same as previ-
ously, with excitation from the a� molecular orbital �C�5�C�6�
to the 2pz orbital of the colliding carbon corresponding to the
1A1��C

+�1s22s22pz�+U2+	 state and, at higher energy, �-� ex-
citations between the �C�4�O�4� and �C�5�C�6� out-of-plane or-
bitals, leading to the �C+�1s22s22pz�+U2+*	1A2� state.

�c� C4+�1s2�+uracil system. The features appear somewhat
different in that case. The potential energy curves charge
transfer levels are presented in Fig. 3�c�. They show avoided
crossings slightly displaced towards 2.0 Å to be attributed to

TABLE I. Ionization potentials of the uracil molecule �in eV�.

This calculation
B3LYP/6-31G**

Russo et al. �27�
B3PW91

Crespo-Hernandez et al. �28�
PMP2/6-31+ +G�d , p� Experiment

PI1 :U→U+

vertical
9.56 9.43 9.50 �29�

PI1:U→U+

adiabatic
9.34 9.32 TZVP

9.33 6-311+ +G**
9.36 9.32 �29�

9.35 �30�
PI2:U+→U2+

vertical
17.57

PI2:U+→U2+

adiabatic
17.33
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an interaction with an entry channel corresponding to the
��pO�2�

2 �2��C�2�O�2��2��C�4�O�4��2	 configuration �same conven-
tions as above�. As for C3++uracil, there is delocalization of
electrons, two in that case, from an a� orbital centered on
uracil to the 2s �a� symmetry� orbital on the colliding carbon
to lead to the �C2+�1s22s2�+U2+	 collisional system, but the
charge-transfer mechanism appears to be different, as it pro-

ceeds now with a single capture from an electron of the a�
orbital pO�2�

x to the px orbital on the colliding carbon along
the x direction leading to the 1A1��C

+�1s22s22px�+U3+	 chan-
nel. At increasing energies, there are still �-� excitation be-
tween the out-of-plane �C�2�O�2� and �C�4�O�4� orbitals to-
wards �C�5�C�6� corresponding respectively to the 1A2� and
1A3��C

+�1s22s22px�+U3+*	 levels. In all cases, the Mulliken

FIG. 3. �a� Adiabatic potential energy curves for the charge-transfer levels of the C2+-uracil collisional system in the planar attack. 1:
1A� state corresponding to the configuration ��px

O�2��
2��C�2�O�2��2��C�4�O�4��2�C�5�C�6�2pz	. 2: 1A� state corresponding to the configuration

��px
O�2��

2��C�2�O�2��2��C�4�O�4����C�5�C�6��22pz	. 3: 1A� state corresponding to the configuration ��px
O�2��

2��C�2�O�2��
���C�4�O�4��2��C�5�C�6��22pz	. 4: 1A� state corresponding to the configuration ��px

O�2��
2��C�2�O�2��2��C�4�O�4��22pz

2	. �b� Adiabatic potential
energy curves for the charge-transfer levels of the C3+-uracil collisional system in the planar attack. 1: 2A� states corresponding to the
configuration �px

O�2���C�2�O�2��2��C�4�O�4��2�C�5�C�6�2pz	. 2: 2A� states corresponding to the configuration �px
O�2���C�2�O�2��2��C�4�O�4��

���C�5�C�6��22pz	. �c� Adiabatic potential energy curves for the charge-transfer levels of the C4+-uracil collisional system in the planar attack.
1: 1A� state corresponding to the configuration �px

O�2�2px��C�2�O�2��2��C�4�O�4��2	. 2: 1A� state corresponding to the configuration
�px

O�2�2px��C�2�O�2��2�C�4�O�4��C�5�C�6�	. 3: 1A� state corresponding to the configuration �px
O�2�2px�C�2�O�2���C�4�O�4��2�C�5�C�6�	.
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population analysis shows that the electronic molecular lev-
els correspond to a charge around 1+ on the colliding carbon
at long range, attributed to the C+�1s22s22p� ion.

2. Perpendicular collisional attack

For perpendicular collisions, no symmetry can be consid-
ered and calculations have been performed using Cartesian
coordinates with origin of coordinates at the center of mass
of the uracil molecule, the colliding ion lying along the z axis
and the uracil molecule being in the xy plane. The active
space takes into account the px, py, and pz components of the
2p orbitals centered on the oxygen atoms, the �C�5�C�6� or-
bital, and the 2px, 2py, and 2pz orbitals of the colliding ion.

a. C2+�1s22s2�+uracil system. The potentials and radial
couplings have been calculated for a distance R varying from
0.5 to 5 Å. The potential energy curves are presented in Fig.
6�a�. As in the planar attack, we observe an interaction
around 2 Å with the entry channel C2+�1s22s2�+uracil cor-
responding to the configuration ��2pO�2��C�5�C�6��2	 with a
doubly occupied orbital 2pO along the z axis �the 2pO orbital
is a linear combination of the 2pz orbitals of atoms O�2� and
O�4�—29 doubly occupied molecular orbitals including the
�CO orbitals on C�2�O�2� and C�4�O�4� are implicit�. The
charge-transfer process proceeds with excitation of an elec-
tron of the �C�5�C�6� orbital of the uracil to the unoccupied 2p

orbital of the projectile carbon ion, but in that case, three
states have to be considered for the �C+�1s22s22p�+U+	 con-
figuration, corresponding to the three 2px, 2py, and 2pz com-
ponents of the 2p level of the colliding carbon. Contrary to
the planar attack where delocalization between the 2pz or-
bital on carbon and the out-of-plane orbitals was favored, the
interaction is now smothered for the 2pz component centered
at the center of mass of the uracil molecule which presents a
lower overlap with �CO and �CC orbitals than the 2px and
2py components. As already observed in the planar attack,
double excitation of the �C�5�C�6� electrons to the 2pz orbital
of the colliding carbon may be observed leading to the
�C�1s22s22pz

2�+U2+	 level.
b. C3+�1s22s�+uracil system. The potential energy curves

are presented in Fig. 6�b�. Similarly to the in-the-plane col-
lision, a delocalization of an electron from an orbital cen-
tered on uracil to the 2s orbital of the colliding carbon is
observed leading to charge-transfer levels corresponding to
the �C+�1s22s22p�+U2+	 configuration. The three states cor-
respond to an excitation of an electron of the �C�5�C�6� orbital
of the uracil to the 2px, 2py, and 2pz components of the
unoccupied 2p orbital of the colliding atom with an unpaired
electron on the 2pO orbital. They are degenerated at long
range, and almost no interaction may be noticed except a
shift in energy around R=2 Å.

c. C4+�1s2�+uracil system. In that case, the molecular cal-
culations have been performed until 9 Å in order to describe
the avoided crossing around 6 Å between the entry channel
1A4 and the excited charge-transfer levels 1A5, 1A6, and 1A7.
As previously stated, there is delocalization of two electrons
of the uracil molecule leading to the �C2+�1s22s2�+U2+	 sys-
tem corresponding to the ��2pO�2	 configuration with a dou-
bly occupied orbital in the z attack axis. The main process is,
as in the planar collision, an excitation of an electron of the
2pO orbital on oxygen to the 2p orbital of the colliding car-

FIG. 4. �Color online� Electronic density of the 1A1� state of the
C2++uracil system.

FIG. 5. Mulliken population analysis for the 1A1� level of the
C2+�1s22s2�+uracil collisional system.
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bon ion, with, as noticed in the C2++uracil system, a stronger
interaction for the 2px and 2py components. An additional
2pO→�C�5�C�6� excitation may be considered also leading to
the �C+�1s22s22p�+U3+*��C�5�C�6��	 levels. Compared to the
C3++uracil and even the C2++uracil systems, strong avoided
crossings are observed in that case between the charge-
transfer levels and the entry channel, which should induce
certainly significant charge-transfer cross sections.

As a summary of this molecular study, it appears clearly
that in all these molecular systems, we are dealing with a
C2+�1s22s2�→C+�1s22s22p� process, corresponding to an
excitation of an electron from the uracil molecule ��C�5�C�6�
for C2+ and C3+ and 2pO for C4+� to the 2p orbital on the
colliding carbon ion. This is confirmed by the Mulliken
population analysis, which, in all cases, shows that the
charge-transfer molecular levels correspond to a charge

FIG. 6. �a� Adiabatic potential energy curves for the charge-transfer levels of the C2+-uracil collisional system in the perpendicular attack
�numbering by increasing energy�. 1: 1A state corresponding to the configuration ��2pO�2�C�5�C�6�2pz	. 2: 1A state corresponding to the
configuration ��2pO�2�C�5�C�6�2py	. 3: 1A state corresponding to the configuration ��2pO�2�C�5�C�6�2px	. 4: 1A state corresponding to the
configuration ��2pO�22pz

2	. �b� Adiabatic potential energy curves for the charge-transfer levels of the C3+-uracil collisional system in the
perpendicular attack �numbering by increasing energy�. 1: 1A state corresponding to the configuration �2pO�C�5�C�6�2pz	. 2: 1A state corre-
sponding to the configuration �2pO�C�5�C�6�2py	. 3: 1A state corresponding to the configuration �2pO�C�5�C�6�2px	. �c� Adiabatic potential
energy curves for the charge-transfer levels of the C4+-uracil collisional system in the perpendicular attack �numbering by increasing energy�.
1: 1A state corresponding to the configuration �2pO2pz	. 2: 1A state corresponding to the configuration �2pO2py	. 3: 1A state corresponding
to the configuration �2pO2px	. 4: 1A state corresponding to the configuration ��2pO�2	. 5: 1A state corresponding to the configuration
��C�5�C�6�2pz	. 6: 1A state corresponding to the configuration ��C�5�C�6�2py	. 7: 1A state corresponding to the configuration ��C�5�C�6�2px	.
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around 1+ on the colliding carbon at long range, attributed to
C+�1s22s22p�. The uracil molecule appears as an electron
reservoir which fills up the electron deficit of the colliding
ion by delocalization of the electrons of the uracil ring to-
wards the carbon projectile. This suggests, in agreement with
previous experimental observations on ion-molecule colli-
sional systems �31�, that we can expect in such processes a
strong electronic rearrangement with the predominance of
multielectron capture from the electronic cloud of the uracil
molecule towards the Cq+ colliding ion for q�2, although a
single-capture mechanism is observed for q=2. In spite of
important anisotropic effects, such a mechanism is observed
in both planar and perpendicular collisions and may drive
different dynamics for the different charges q of the projec-
tile in the Cq+-uracil reactions.

III. COLLISION DYNAMICS

The collision dynamics of the charge-transfer process has
been performed in the �0.1–0.7� a.u. collision velocity range
��3–147� keV laboratory energies� corresponding to the
same impact energies as the fragmentation experiments �7�.
In this energy domain, semiclassical approaches using the
EIKONXS code based on an efficient propagation method �32�
may be used with a good accuracy. All the transitions be-
tween states of the same symmetry, driven by radial coupling
matrix elements, have been considered for the series of col-
liding Cq+ q= �2–4�, carbon ions. As previously stated, rota-
tional couplings have not been taken into account in this
calculation. The center of mass of the uracil molecule has
been taken as the origin of the electronic coordinates. The
coupled equations have been solved with a step size such
that an accuracy of 10−4 for the symmetry of the S matrix is
achieved. We have explored impact parameters between 1.0
and 10.0 a.u. The results for the planar and perpendicular
collisions are presented in Table II. For the C2+-uracil colli-
sion system, there is clearly a strong increase of the charge-
transfer cross section with increasing velocity, at low ener-
gies, for the collision in the plane of the uracil molecule. We
observe also a regular increase of the charge-transfer cross
sections in the case of the perpendicular attack, but the val-
ues remain always very small. The behavior of the other

colliding species appears quite different. The C4+-uracil col-
lision system shows only small variations of charge-transfer
cross sections with velocity, around �0.1–0.25��10−16 cm2

in the planar collisional attack. On the contrary, in the per-
pendicular collision, the charge-transfer cross sections reach
values around 6–8�10−16 cm2, in relation with the strong
avoided crossings observed on the molecular structure calcu-
lations. The main contribution is related to the interaction
of the entry channel with the excited �C+�1s22s22p�
+U3+*��C�5�C�6��	 channels, in particular the states corre-
sponding to the px and py levels of the colliding carbon ion.
In that case, the collision process is completely anisotropic
and the orientation of the projectile with regard to the uracil
molecule is determinant with differences of at least one order
of magnitude. The C3+-uracil collision systems shows a regu-
lar decrease of the charge-transfer cross section with increas-
ing velocity in the planar collision, but no significant charge-
transfer process may be considered in the perpendicular
attack.

The average of the cross sections for both planar and per-
pendicular collision attacks have been determined to com-
pare with the experimental fragmentation measurements. As
the process is markedly anisotropic, such a model can pro-
vide only a rough estimate of the accuracy of the cross sec-
tions with respect to the experimental situation. The results
presented in Table III and Fig. 7 may drive, however, an
interesting qualitative discussion. For the C2+-uracil system,

TABLE II. Charge-transfer cross sections for the series of Cq+-uracil, q= �2–4�, collisional systems �in
10−16 cm2�.

Velocity
�a.u.�

Lab. energy
�keV� Planar collision Perpendicular collision

C2++U C3++U C4++U C2++U C4++U

0.1 3 0.0098 0.327 0.099 0.002 7.558

0.2 12 0.175 0.128 0.112 0.003 8.081

0.3 27 0.209 0.059 0.123 0.004 5.702

0.4 48 0.165 0.034 0.142 0.006 6.655

0.5 75 0.123 0.022 0.211 0.010 7.195

0.6 108 0.093 0.015 0.215 0.022 6.798

0.7 147 0.072 0.011 0.247 0.070 6.033

TABLE III. Average of the charge-transfer cross sections for the
series of Cq+-uracil, q= �2–4�, collisional systems.

Velocity
�a.u.�

Lab. energy
�keV�

Average cross sections
�10−16 cm2�

C2++U C3++U C4++U

0.1 3 0.006 0.163 3.828

0.2 12 0.089 0.064 4.096

0.3 27 0.106 0.029 2.912

0.4 48 0.085 0.017 3.398

0.5 75 0.066 0.011 3.703

0.6 108 0.057 0.007 3.506

0.7 147 0.071 0.005 3.140
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the charge-transfer cross section is very small, of the order of
0.6�10−18 cm2 at v=0.1 a.u. �Elab=3 keV�, in quite good
agreement with the experimental measurements which as-
sume almost complete fragmentation of the uracil molecule
in that case. The relative yield for fragmentation is then
shown experimentally to decrease with increasing impact ve-
locity, which is corroborated by the first increase of the
charge-transfer cross section. For higher velocities, the
charge-transfer cross section of C2+-uracil remains more or
less constant, around 0.1�10−16 cm2. The behavior of the
C4+-uracil collision system appears quite different, with only
small variations of charge-transfer cross sections with veloc-
ity, around �3.0–4.0��10−16 cm2, which is corroborated by
fragmentation experiments which show lower fragmentation
yield than for C2+-uracil, and thus the possibility to have
significant charge transfer in that case, considering these pro-
cesses as complementary. The C3+-uracil charge-transfer
cross sections are very small, �0.01–0.1��10−16 cm2, the

same order of magnitude as calculated for C2+-uracil, and
decrease regularly with increasing velocity. The global varia-
tion is in accordance with the experimental measurements,
which show a regular increasing yield for fragmentation in
the velocity range of interest, but we should expect a quite
higher order of magnitude if one considers the fragmentation
and charge-transfer processes only. The ionization process
could possibly be significant for this doublet system, with a
singly occupied 2p orbital on oxygen, relatively high in en-
ergy. Anyway, this discussion shows with a quite significant
accuracy that the fragmentation and charge-transfer pro-
cesses may be considered as complementary with regard to
the variation with impact energy. Besides, this work provides
an order of magnitude of absolute charge-transfer cross sec-
tions.

IV. CONCLUDING REMARKS

We present in this study a simple model for the charge-
transfer Cq+-uracil �q= �2–4�� reaction. The planar and per-
pendicular attack of the Cq+ projectile towards the uracil tar-
get is investigated using ab initio potential energy curves and
couplings followed by a semiclassical collisional treatment.
This work shows clearly a strong delocalization of the �
electrons of the uracil ring towards the Cq+ ion, leading to a
real chemical bond between the O�4� oxygen and the collid-
ing ion in planar collisions. The variations of the charge-
transfer cross sections with the collision velocity are shown
to corroborate with a reasonable accuracy the experimental
fragmentation measurements in the case of the C2+- and
C4+-uracil systems. The process appears to be strongly aniso-
tropic, in particular for the C4+ colliding ion. The fragmen-
tation and charge-transfer processes appear to be comple-
mentary. A complete approach should take into account
simultaneously the ionization process, even if this should not
be determinant at such energies. The consideration of inter-
nal motions of the uracil target should also be investigated.
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