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We present both differential and total cross sections for the direct ionization of the cytosine molecule by
protons in the incident energy range 0.1–100 MeV. We have used the first Born approximation and included
the pairwise Coulomb interactions of the ejected electron with both the scattered proton and the residual
ionized target. In this model, the ground state of the cytosine molecule is described by means of an accurate
one center molecular wave function.

DOI: 10.1103/PhysRevA.78.042702 PACS number�s�: 34.50.Gb

I. INTRODUCTION

Ionization of atoms and molecules by fast charged par-
ticles �ions� is of prime importance in plasma physics, radia-
tion physics, and in the study of penetration of charged par-
ticles through matter �1–3�. Moreover, the problem of
intracellular irradiation of biological structures by ejected
electrons is fundamental because low-energy electrons are
the principal cause of destructive changes in biological struc-
tures at the molecular level. In this case, genetic macromol-
ecules are the basic target. Cytosine �C4H5N3O� is one of the
simplest pyrimidine bases and is a component of the deox-
yribonucleic �DNA� and ribonucleic �RNA� acids.

Until now, there have been no experimental data for the
ionization of cytosine by ions. But recently, such an experi-
ment for the ionization of the uracil molecule by protons has
been performed �4�. Moreover, total cross section for the
ionization of cytosine by electrons has also been measured
by Shafranyosh et al. �5�. These results indicate that experi-
ments on the ionization of the cytosine molecule by ions will
be made possible soon.

Ab initio calculations for the ionization of molecules by
ions are extremely scarce, except for the particular case of
H2. In the case of the ionization of pyrimidine bases by ions
there are no ab initio calculations. We only can refer the
work of Mozejko and Sanche �6� on the ionization of DNA
and RNA bases by electrons. These authors have used the
simple binary-encounter-Bethe model �BEB� �7,8� to calcu-
late total cross sections for the ionization of guanine, ad-
enine, thymine, cytosine and uracil by electrons. The BEB
model is based on a combination of two earlier models based
on Mott and Bethe theories. It only needs the values of the
electron binding energy, obtained for instance from usual
SCF ab initio calculations. In this crude theory, the wave
function which describes the initial state of the pyrimidine
base is never used. This theory is limited to the calculation of
the singly differential cross section �SDCS� and the total
cross section �TCS� and is unable to calculate the double
differential cross sections �DDCS�.

Another approach to treat this problem is the use of the
well-known classical trajectory Monte Carlo �CTMC�
method which was successfully employed to study ion-�di�
atom collisions �9,10�. This model is able to generate DDCS,
SDCS, and TCS cross sections while taking into account the
forces acting on an electron. These forces have been derived
by an accurate evaluation of the electron-proton and
electron-molecule interactions �4�. We also notice that the
multicenter feature of the molecule is also considered here.
However, this model is classical and gives an unexplained
peak at 22 eV �4� for the DDCS while the experiments show
no maximum.

Recently Abbas et al. �11� have developed a model which
combines two classical methods: the CTMC and the classical
over-barrier �COB� model. Nevertheless this model is able to
yield only total cross sections for single ionization, single
capture, double ionization and double capture.

One of the basic difficulties in describing the ionization
process in ion-molecule collisions by quantum theory arises
from the description of the molecular states of the target.
Three different techniques can be used to solve this problem.
The first one, called Bragg’s additivity rule, which consists in
expressing each molecular cross sections as a linear combi-
nation of atomic cross sections weighted by the number of
atoms in the molecule �Olivera et al. �12� and Galassi et al.
�13��. In the second one, called complete neglect of differen-
tial overlap �CNDO�, the molecular orbitals are written in
terms of atomic orbitals of the atomic constituents �Senger
and Rechenmann �14� and Senger �15��. The third one uses
the molecular orbitals constructed from a linear combination
of atomic orbitals in a self-consistent field �MO-LCAO-SCF�
�Scherr �16��. This last approach has been commonly used in
our previous works for treating the ionization of water by
light ion impact �Boudrioua et al. �17� and Champion et al.
�18��. As a matter of fact the FBA-CW model used by
Boudrioua et al. �17� for the ionization of the water molecule
by protons or by � particles �18� is able to yield DDCS,
SDCS, and TCS without any parameter. This theory needs an
accurate description of the initial state given by one center
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molecular wave function. In the case of water molecule such
a wave function is available and was provided by Moccia
�19�. However, for any pyrimidine base there are no avail-
able one-center wave functions. Such a wave function is ob-
tained here, as described below. Then we have been able to
apply the same model �FBA-CW� for the case of the ioniza-
tion of cytosine. The proposed methodology can easily be
extended to investigate other molecules.

In Sec. II we present our theoretical model to describe the
ionization of a molecule by ions. Then, in Sec. III, the results
for the DDCS, SDCS, and TCS are discussed. Finally, con-
clusions about the modeling of the ionization of molecules
by ion impact will be outlined. Atomic units are used
throughout unless otherwise indicated.

II. THEORY

Let us first consider the first Born approximation, which
is, generally speaking, regarded as valid for an ionization
process of a neutral target if the ratio Z

v �1 �20�, where Z and
v are the charge of the incoming particle and the velocity of
the incoming particle, respectively. In our case �ionization by
proton impact� the incident energy must be greater or equal
to 30 keV.

The single ionization of the cytosine molecule by a proton
is written as

C4H5N3O + p → C4H5N3O+ + p + e−. �1�

The fourfold differential cross section for this process is
given by �Massey and Mohr �21��
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Here the proton has a charge zp=1, a mass �, an initial

momentum k�i, and the incident energy is Ei=
ki

2

2� . The final
state of the system is characterized by a scattered proton of
momentum k�s and an ejected electron of momentum k�e. The
fourfold differential cross section for this process is differen-

tial in the energy of the ejected electron
ke

2

2 , differential in the
direction of the ejected electron d�e, differential in the en-

ergy of the scattered proton
ks

2

2� , and differential in the direc-
tion of the scattered particle d�s. Ii is the ionization energy
�i.e. the binding energy of the molecular subshell ionized�
and Mion denotes the mass of the residual cytosine ion. In Eq.

�2� K� =k�i−k�s is the momentum transferred from the incident
proton to the cytosine target.

If the scattered proton is not detected, the doubly differ-
ential cross section �DDCS� for the distribution of the ejected
electron is obtained by integration over the energy and the
solid angle of the scattered proton:
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We notice that the amplitude Tfi decreases fast when the
momentum transfer K increases. Only small values of K con-
tribute to the integration over dk�s in Eq. �3�. So we can

neglect the term
�K� −k�e�2

2Mion
in the delta function of Eq. �3� and

get
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When the scattered proton and the ejected electron are de-
tected in coincidence, the triple differential cross section
�TDCS� is defined by

d3�

d�ed�sdEe
= �2keks

ki
�Tfi�2. �5�

Such difficult experiments have become available only in
recent years �22,23�.

The scattering amplitude is given by

Tfi = −
1

2�
	� f�V��i
 , �6�

where V represents the interaction between the incoming
proton and the target. The initial state of the system consist-
ing of the incoming proton and the cytosine molecule is then
described by the product of a plane wave which represents
the incident particle and the ground state wave function of
the target molecule

�	i
 = �
�k�i,r�0��i�r�1,r�2, . . . ,r�58�
 , �7�

where r�i denotes the position vector of the ith bound electron
of the target with respect to the center of the molecule and r�0
that of the passing proton with respect to the center of the
molecule.

The cytosine wave function has been obtained using a
relatively simple ab initio scheme together with the
GAUSSIAN03 program �24�. The geometry of the molecule has
been optimized at the MP2/6-31G�d� computational level,
where MP2 stands for electronic correlation energy calcula-
tions using second-order perturbation theory �post-Hartree-
Fock approach� and 6-31G�d� stands for a standard Pople’s
basis set �it includes Gaussian-type orbitals, a double-zeta
valence shell, and polarization orbitals on nonhydrogen at-
oms�. The molecular orbitals hereafter correspond to the
Hartree-Fock calculations with the basis set. The multicenter
wave function is then converted to a single-center expansion
of usual Slater-type functions by using partial-wave expan-
sion techniques �25,26�. In our study we neglect the ioniza-
tion of the 16 inner shell electrons. This approximation is
usual in the present case of impact energy because an inner
shell electron is unlikely to have a significant emission prob-
ability than the outer one. In fact, we have checked this ap-
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proximation in our previous DDCS study of the ionization of
the water molecule by protons �17� and found that the con-
tribution of the inner shell electrons is generally very weak
except for large values of the ejected angles.

The 21 one-center molecular wave functions v j�r�� �with j
ranging from 1 to 21�, containing the 42 valence electrons,
are expressed by linear combinations of Slater-type functions
and are written as

v j�r�� = �
k=1

Nj

ajk�njkljkmjk

jk �r�� , �8�

where Nj is the number of Slater functions used in the con-
struction of the jth molecular orbital and ajk the weight of
each complex atomic component �njkljkmjk

jk �r��. In Eq. �8�,
�njkljkmjk

jk �r�� is written as

�njkljkmjk

jk �r�� = �Rnjk

jk�r� + iSnjk

jk�r��Yljk

mjk�r̂� , �9�

where the radial part �Rnjk

jk�r�+ iSnjk

jk�r�� is given by the usual
radial Slater-type functions. We notice that here the wave
function is generally complex whereas it was real in the case
of Moccia’ wave functions �19�.

The final state is characterized by the product of two wave
functions as

�	 f
 = �	 f1	 f2
 , �10�

where 	 f1 describes the system constituted by an ejected
electron and a scattered proton, whereas 	 f2 describes the 41
bound electrons of the target. The so-called frozen-core ap-
proximation supposes that the ion is described by the same
single-particle basis �8� and �9� as in the case of the neutral
cytosine molecule. This model allows reducing the molecular
problem with 42 bound electrons to the two-body problem
with only one active electron. Such a simplification leads to
scattering amplitude given by

T = −
zP

2�
�	 f�k�s,r�0,k�e,r�1� 1

�r�0 − r�1�
−

1

r0

�k�i,r�0�v j�r�1�� .

�11�

It is important to note that these wave functions v j�r�1�
correspond to a particular orientation of the molecular target
given by the Euler angles �� ,� ,�� �27,28�. Thus, the differ-
ential cross sections we have calculated correspond in fact to
the ionization of an oriented cytosine molecule. Under these
conditions, we need to average these differential cross sec-
tions in order to compare with experiment. The averaging is
accomplished by an analytical integration over the Euler
angles, owing to the property of the rotation matrix �27,28�.
This procedure is followed for each of the 21 valence orbitals
of the cytosine molecule and the differential cross sections
presented here correspond to �global� differential cross sec-
tions obtained by summing up all the �outer� subshell contri-
butions weighted by the number Nelec of electrons per orbital,
i.e., Nelec=2.

In the present FBA-CW model the scattered proton is de-
scribed by a plane wave, whereas the ejected electron is de-
scribed by a Coulomb wave

	 f1
�k�s,r�0,k�e,r�1� = exp�ik�s . r�0��c�k�e,r�1� , �12�

with

�C�k�e,r�1� =
exp�ik�e . r�1�

�2��3/2 1F1�− iZe/ke,1,− i�k�e . r�1 + ker1��

� exp��Ze

2ke
���1 + iZe/ke� . �13�

The effective ionic charge Ze is taken to be equal to 1 �Broth-
ers and Bonham �29��. Using Eqs. �8�, �9�, �12�, and �13� in
Eq. �11�, the scattering amplitude T is evaluated with the
help of analytical formulas of Dal Cappello et al. �30�. Fi-
nally, DDCS given in Eq. �4� is computed after performing
the integration over d�s numerically.

When the velocity of the ejected electron is close to that
of the scattered proton the electron is “captured” from the
target molecule into a continuum state of the proton and then
emitted in the moving frame of the proton. This effect, called
charge transfer to the continuum �ECC�, corresponds to the
classical Thomas effect �31� of capture. The ECC process
can be included easily in the calculations by introducing the
multiplicative Salin factor S �32� in Eq. �4�

S =
2�/�

1 − exp�− 2�/��
, �14�

where �= 1
�kie

− �
ki

and k�ie=
k�i

� −k�e.

III. RESULTS AND DISCUSSION

To date there are no measurements on the ionization of
the cytosine molecule by proton impact. However, such an
experiment has been recently performed on the uracil mol-
ecule �4� and we believe that experiments on cytosine can be
made in the near future. So we decided to investigate the
ionization of the cytosine molecule for the same kinematics
as those adopted in the experimental study of the ionization
of water �33–41� and uracil �4� molecules.

Doubly differential cross sections. Figure 1 shows the re-
sults of two FBA-CW models: the first with the Salin factor,
and the second without this factor. The DDCS is drawn as a
function of the electronic energy for a fixed angle of 35° with
respect to the beam direction. The incoming energy is
100 keV, as that used in the study of the ionization of the
uracil molecule by protons �4�. We find that the DDCS de-
creases with the increase in the energy of the ejected elec-
tron. We notice no maximum as was observed by the authors
of Ref. �4� when they apply their CTMC model. Thus we
demonstrate that our model is able to reproduce the experi-
mental shape observed in the case of uracil, contrary to the
CTMC model which gives a maximum for an ejected energy
of 22 eV. We also notice that the Salin factor is not negli-
gible in the present kinematics except for values of the elec-
tronic energies greater than 140 eV. It is worth noting that in
the present case, the speed of the incoming proton is about
2 a.u., which corresponds to a kinetic energy for the ejected
electron of 54.4 eV and this is why the S factor is important
here.
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Figures 2, 3, and 4 show the results of our FBA-CW
model with the S factor at incident energies of 0.1, 0.5, and
1.5 MeV, respectively. The choice of these incident energies
correspond to those used in experiments on the water mol-
ecule �33–37�. A big rise of the DDCS is found for small
ejection angles at an incident energy of 0.1 MeV and an
electron energy of 50 eV �Fig. 2� which corresponds to
nearly the same speed of the incoming particle. This big rise
is due to the process of charge transfer to the continuum
which becomes important when the velocity of the scattered
particle and that of the ejected electron are close. We find
analogous results for an incident energy Ei=0.5 MeV and an
ejection energy Ee=250 eV �Fig. 3�, also for Ei=1.5 MeV
and Ee=750 eV �Fig. 4�.

A comparison of our results with those found in the same
model �FBA-CW with S factor� used for the study of the
ionization of water by protons shows that the shapes are very
similar but the magnitude of these DDCS does not depend of
the number of electronic states included in our calculations.
For instance, we find ratios close to 15, 12, 2.2, and 5 for

electron energies of 10, 50, 100, and 200 eV, respectively,
while the ratio of the number of electronic states considered
is 21 /4.

In Fig. 4 we notice that the maximum of the DDCS cor-
responds to the values of �e such as

cos �e �
ke�

2ki
�15�

when the electron ejected energy is 100, 250, 750, and
2200 eV, respectively. These maxima result from a particular
value of the momentum transfer

�K� � = �k�i − k�s� = ke �16�

and are near to 78°, 72°, 60°, and 34°, respectively. In this
case the collision is seen as a binary process in which the
energy lost by the incident proton is transferred to the target
molecular electron, while the residual ion is acting as a spec-
tator �42,43�. We obtain Eq. �15� from the conservation of
the energy

ki
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− �Ii� −
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2

2�
−
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2

2
−
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= 0,

then by neglecting the terms �Ii�+
�K� −k�e�2

2Mion
we finally get
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FIG. 3. Same as in Fig. 2 for 500 keV proton impact.
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FIG. 4. Same as in Fig. 2 for 1.5 MeV proton impact.
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FIG. 1. Doubly differential cross sections for single ionization
of the cytosine molecule by 100 keV protons for an angle of 35° as
a function of the electron energy. Theory: the solid line represents
the FBA-CW model without the Salin factor, whereas the dashed
line is the FBA-CW model with the Salin factor.
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FIG. 2. Doubly differential cross sections for single ionization
of the cytosine molecule by 100 keV protons for different electron
energies as a function of the electron angle. Theory: FBA-CW
model with the Salin factor.
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= 0. �17�

With the help of Eq. �16� we arrive at

ki
2

2�
−

�ki
2 − 2kike cos��e� + ke

2�
2�

−
ke

2

2
= 0

and by neglecting
ke

2

2� we obtain Eq. �15�.
Singly differential cross sections. By integration of the

DDCS with respect to emission angle, the singly differential
cross sections can be obtained as a function of the electron
ejected energy. Figure 5 shows the results of our FBA-CW
model including the S factor for five values of proton energy:
100, 500, 1500 keV, 10 and 100 MeV. We see that the
shapes of the SDCS are similar to those obtained in the case
of the ionization of water by protons. Generally speaking, the
SDCS decreases as the incident energy is increasing, except
for large values of the electron ejected energy �greater than
100 eV�. We notice that the SDCS for 100 keV decreases
fast from an energy of the ejected electrons close to 200 eV.
This particular value corresponds to the maximum of energy
that can be transferred to a free electron by the projectile.

From Eq. �17� and with ki=ks+ke Eq. �16� we get
ki

2

2�

−
�ki−ke�2

2� −
ke

2

2 =0 and ke=
2ki

1+� �
2ki

� . The energy transferred to

the electron is then �E=
ki

2

2� −
ks

2

2� =
ke

2

2 �
4Ei

� . For our case
�100 keV� we find �E�217 eV. For 500 keV the maximum
of the energy transferred to the electron is found for
1087 eV.

Total cross sections. By integrating of the SDCS with re-
spect to the energy of the ejected electron the total cross
section �Fig. 6� can be obtained as a function of the incident
energy. If we compare our results to those of Boudrioua et al.
�17� for the total cross section of the ionization of water by
protons we see that the shapes are similar but the ratio of
these two cross sections is close to 38. Hence the ratio does
not depend of the number of electronic states included in our
calculations.

IV. CONCLUSION

The theoretical results of doubly differential, singly dif-
ferential and total cross section have been presented and dis-
cussed. These results can now be used for future experiments
about the ionization of the cytosine molecule by protons. Our
ab initio model �FBA-CW�, which was able to reproduce a
major part of the experimental data in the case of the ioniza-
tion of water by protons, is expected to be valid for proton
incident energy 0.1–100 MeV at ejected electron energies
greater than 10 eV. The capture of the ejected electron in the
continuum �ECC� has been included in our model by using
the factor of Salin �32�.

We hope that this work opens the way to new experi-
ments, especially for fully differential cross sections �21� that
consist in detecting simultaneously the ejected electron and
the scattered proton. Since this kind of difficult experiment
gives the most accurate information about the mechanism of
the ionization of an atom or a molecule an extensive knowl-
edge of this mechanism is essential for the study of penetra-
tion of charged particles through biological structures.
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