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We report total cross sections for single ionization and electron capture in H+ collisions with water mol-
ecules at impact energies 25 keV�E�5 MeV. Calculations have been carried out by applying the
independent-particle model and the eikonal–classical trajectory Monte Carlo �CTMC� method. We have also
estimated fragmentation cross sections by multiplying the partial cross sections by the branching ratios mea-
sured in the photoionization experiments of Tan et al. �Chem. Phys. Lett. 29, 299 �1978��.
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Ion collisions with water molecules have been studied in
several works because their relevance in the cellular damage
by ionizing radiations and their potential importance in ra-
diotherapy with protons. In this respect, it has been found �1�
that low-energy electrons produced in the ionization of water
molecules by ion impact can lead to DNA strand breaking
through the formation of autoionizing states. These collisions
are also relevant in the modeling of x-ray emission from
cometary atmospheres �see �2��. Previous experimental
works have reported total ionization and capture cross sec-
tions �3–6� as well as the branching ratios for formation of
several dissociation products �7–9� in ionization and capture
reactions. Calculations of single ionization cross sections
have been carried out by applying the continuum distorted
wave–eikonal initial state �CDW-EIS� method �10,11� and
Born approximation �12�. Electron capture at low energies
�E�10 keV� has been studied in �13� by applying a molecu-
lar close-coupling expansion. However, no calculations have
been carried out at intermediate energies 25�E�200 keV,
where ionization and electron capture are significant, and
perturbative methods are not applicable.

In this work we have applied the eikonal–classical trajec-
tory Monte Carlo �CTMC� method �see �14�� together with
the independent particle model �IPM� to evaluate single elec-
tron capture �SEC� and single ionization �SI� cross sections.
In our treatment the projectile follows rectilinear trajectories
with impact parameter b and constant relative velocity v. In
the CTMC calculation �see �15��, the motion of the active
electron is described by means of a classical distribution
function, ��r ,p , t ;v ,b�, which is discretized by using a set of
N independent trajectories where the electron moves in the
field created by the projectile and a screened Coulomb po-
tential with effective charge Zk that approximates the inter-
action with the molecular core; this yields the Hamiltonian
�in atomic units�

hk =
p2

2
−

Zk

rt
−

1

rp
, �1�

where p is the electronic momentum and rp, rt are the elec-
tronic position vectors with respect to the projectile and the
target, respectively.

The ionization and capture reactions take place by remov-
ing an electron from the valence shell of the water molecule,
therefore we have employed four effective charges Zk, ob-
tained by fitting the ionization energies, Ik, of the four mo-
lecular orbitals of this shell �2a1, 1b2, 3a1, and 1b1�,

Zk = �2n2Ik, �2�

with n=2. The energies Ik are those employed in the calcu-
lation of ionization cross sections by electron impact of Ref.
�16�. For each value of Zk, a CTMC calculation is carried out
yielding the capture and ionization one-electron probabilities
pk

cap, pk
ion for removing the electron from the corresponding

molecular orbital, and pk
el=1− pk

cap− pk
ion is the probability

that the electron remains attached to the target. In our treat-
ment the initial electron distribution �k�r ,p , t→−�� is a hy-
drogenic one �17�; in the present calculation it is a linear
combination of seven microcanonical distributions, �k

j , with
different energies Ej,

�k�r,p,t → − �� = �
j=1

7

ak
j�k

j�r,p;Ej� , �3�

where the coefficients ak
j have been chosen by fitting the

quantal position and momentum distributions, and checked
that � jak

jEj �Ek. When using the hydrogenic distribution, the
total ionization cross section is compatible with the Bethe
limit �14�, although this cross section is in general underes-
timated �18�. In the present case, we have calculated the
one-electron ionization cross sections,

�k
ion�E� = 2��

0

�

bpk
ion�b,E�db , �4�

and checked that

�k
ion�E� 	

K

Ik

ln�E �keV��
�E �keV��

, �5�

with K�9.0�10−15 cm2/hartree. As an additional check, we
have evaluated the one-electron cross sections using the im-
pact parameter first Born approximation, in a basis of Slater-
type orbitals �see �18��, with angular momentum quantum
numbers 0� l�5. We have found differences between
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CTMC and Born results smaller than 3% for
1�E�5 MeV.

To evaluate the multielectronic probabilities, we have ap-
plied the independent particle model �IPM�, also called inde-
pendent electron model, with an equivalent electron interpre-
tation �19–21�. Assuming that the two electrons occupying
the valence orbital k are equivalent, the probabilities for SEC
from the orbital k �Pk

SEC�, and SI from this orbital �Pk
SI�, are

given by

Pk
SEC = 2pk

cappk
el


j�k

�pj
el�2,

Pk
SI = 2pk

ionpk
el


j�k

�pj
el�2, �6�

and the probabilities for total SEC and SI are

PSEC = �
k=1

4

Pk
SEC = 2�

k=1

4

pk
cappk

el

j�k

�pj
el�2,

PSI = �
k=1

4

Pk
SI = 2�

k=1

4

pk
ionpk

el

j�k

�pj
el�2. �7�

It can be noted that the simulation of x-ray line emission in
�22� employs an effective potential description of the target
molecule similar to ours �Eq. �1��, but they approximate the
capture probability by the average of the one-electron prob-
abilities pk

cap from the two highest valence orbitals �1b1 and
3a1�.

Using similar arguments, the transfer ionization �TI� prob-
ability is

PTI = 4�
k�l

pk
cappl

ionpk
elpl

el 

j�k,l

�pj
el�2 + 2�

k

pk
cappk

ion

j�k

�pj
el�2.

�8�

However, it is well known �see �23� and references therein�
that two-electron processes, such as TI, are not accurately
described by the IPM, and we have only used this expression
as an indication of the importance of this process.

Since our treatment employs a central effective potential
to describe the interaction between the electron and the mo-
lecular core, it does not take into account the anisotropy of
this interaction. To incorporate this effect in the total cross
sections we have extended to the present case the method
proposed in Ref. �14�. In this model, we assume that the
minimum value of the impact parameter is equal to the di-
mension of the target nuclear skeleton, d, in the direction of

b̂. We place the O nucleus on the origin, where it is also
centered the effective potential; the H nuclei lie on the YZ
half plane with Z�0 and the molecular symmetry axis on
the Z axis. To average the cross sections over the orientation
of the vector v, which is equivalent to average over the mo-
lecular orientations with a fixed v̂, we consider a set of 12
trajectory orientations, which correspond to the six-point
Cotes formula for the integration over the solid angle that
defines the orientation of v̂ with respect to the C2 molecular
axis; this set includes two trajectories with v̂ parallel to the

symmetry axis and b̂= Ŷ, where we have taken
d=2.873/2a0 �the equilibrium H-H distance in the ground
state of the water molecule is 2.873a0�. The other two trajec-

tories have b̂=−Ẑ, where we have taken for d the distance
from the O nucleus to the H-H line �1.102a0�. Assuming, as
in �14�, that the transition probabilities are independent on
the trajectory orientation, we obtain the simple expression

�X�E� = 2��
0

� �b +
1

6
�1.436 + 1.102��PX�b,E�db , �9�

where �X is the total cross section for a given process
�X=SI, SEC, or TI�.

We present in Fig. 1 the total cross section for SI calcu-
lated from Eq. �7�. As in previous calculations �see �14,25��,
the use of the hydrogenic initial distribution is required to
accurately describe the ionization threshold; however, in the
energy range of Fig. 1, we have found differences with the
calculation using the microcanonical distribution �not shown
in this figure� smaller than 10%. Our total cross section
agrees with the CDW results of Refs. �11,24� and it shows
general good agreement with the experimental results of
Refs. �9,8� at E	100 keV. At E�100 keV our calculation
overestimates the experimental results. In order to gauge the
accuracy of the calculation at low energies, we have included
in this figure our estimate of the TI cross section calculated
using Eq. �8�. As we have already noted, the use of the IPM
for two-electron processes is in general not accurate; how-
ever, for this particular collision, our result allows us to
check that TI is not significant for E	100 keV, while at
lower energies, the TI cross section is about twice the differ-
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FIG. 1. �Color online� Total cross section for single ionization in
proton collisions with H2O as functions of the impact energy: Full
line, present results for SI. Dash-dotted line, present results for TI.
Previous calculations: dashed line, �12�; dashed–double-dotted line,
�24�; asterisk ���, �11�. Experimental data for SI: �, �4�; �, �5�; �,
�9�; � �7�; � �8�. �The data of Ref. �8� correspond to SI+TI for
15�E�100 keV and to SI for E	500 keV.�
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ence between the experimental values of Refs. �8,7�, which
can be taken as the experimental estimate of this cross sec-
tion. The overestimation of the TI cross section by the IPM is
similar to that found in ion-atom calculations �see �26��.
Since, as we have already mentioned, the influence on the
final results of the initial distribution is relatively small, the
main limitation of our calculation at low energies is the
simple Coulomb potential employed for the electron-H2O+

interaction.
With respect to the SEC cross section, we have found

differences between microcanonical and hydrogenic calcula-
tions that are unnoticeable in Fig. 2; in particular they are
smaller than 5% for 25�E�100 keV. The comparison with
the experimental cross sections is shown in this figure, where
we have restricted the range of impact energies to
E�200 keV, where experimental data are available, given
the small values of this cross section at higher energies. In
order to compare our results with the experimental ones it
must be noted that there are significant differences between
the available experimental results. In particular, the experi-
ment of Ref. �8� that measured the cross section for
SEC+TI reaction yielded almost the same cross sections as
those reported in Refs. �4,7� for SEC although, according to
the ionization results of Fig. 1, the cross section for TI is not
negligible. The comparison between our cross sections and
Refs. �4,7� is less satisfactory than for ionization, but the
difference between our results and those of Luna et al. �8�
could be explained as due to the contribution of the TI reac-
tion. In fact the values of SEC and TI cross section in Fig. 2
are similar and the sum of both cross sections roughly repro-
duces the energy dependence of the experimental results of
Ref. �8�.

Previous calculations �27,28� for electron capture in col-
lisions of protons with many-electron atoms have suggested
that calculated SEC cross section is underestimated because

of the unphysical large values of two-electron transitions,
and we have considered this possibility for the present case.
In particular, the formalism of Kirchner et al. �28� yields the
following for electron capture in H++H2O:

PSEC = 2�
k=1

4

Pk
cap. �10�

The use of expression �10� leads to the total SEC cross sec-
tion plotted in Fig. 2 and we practically obtain the same
cross section �not shown in Fig. 2� by employing the modi-
fied IPM of �27�. One can note that the cross section calcu-
lated using Eq. �10� is very similar to the sum of SEC and TI
cross sections from Eqs. �7� and �8� for E
60 keV; this can
be easily understood since Eq. �10� is obtained by adding the
transfer ionization �pk

cappk
elpj

ion� and double capture
�pk

cappk
elpk

cap� probabilities to the SEC probability �7� and as-
suming pk

el=1, but the TI cross section calculated using this
formalism is even larger than that from the usual IPM.

To evaluate the fragmentation cross sections �Fig. 3�, we
have assumed, as in previous works �see �24��, that the frag-
mentation takes place as a secondary process after the elec-
tron removal from H2O; this allows us to evaluate the corre-
sponding cross sections by multiplying the ionization
probabilities Pk

SI from Eq. �6� by the branching ratios ob-
tained in the photoionization experiment of Tan et al. �29�
and the alternative set of probabilities deduced in �24� in
order to obtain good agreement between the experimental
cross sections and those obtained from the CDW-EIS total
cross sections. We have restricted the energy range to
E	100 keV/amu, where TI is not relevant, since, as men-
tioned in Ref. �8�, a different fragmentation pattern is ex-
pected when the H2O2+ ion is formed. Besides, the neglect of
postcollisional effects becomes less accurate as E decreases.
In general we obtain qualitative agreement with the available
experiments, and the agreement improves when using the
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FIG. 2. �Color online� Total cross section for single electron
capture in proton collisions with H2O as functions of the impact
energy: Full line, present results for SEC. Dash-dotted line, present
results for TI. Dashed line, present results for SEC using the modi-
fied IPM treatment of Ref. �28� �see Eq. �10��. Experimental data
for SEC: �, �4�; �, �7�. Experimental data for SEC+TI: �, �3�; �,
�8�.
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FIG. 3. �Color online� Total cross sections for formation of
H2O+, OH+, H+, and O+ in the SI reaction, calculated using the
branching ratios of Tan et al. �29� �a� and Olivera et al. �24� �b�.
Experimental data: �, �9�, �, �8�.

CLASSICAL CALCULATION OF IONIZATION AND… PHYSICAL REVIEW A 76, 040701�R� �2007�

RAPID COMMUNICATIONS

040701-3



ad hoc fragmentation probabilities of �24�. In this respect
one can notice that the comparison of this partial cross sec-
tion with the experimental data is a stringent test of our
model. Explicitly, the experimental branching ratios were ex-
plained in Ref. �30� by taking into account that the Bethe
limit of the cross section for ionization from each molecular
orbital �5� is proportional to Ik

−1. The present calculation in-
corporates the many-electron structure of the target through
the IPM �Eq. �6��, where the ionization probability depends
not only on the ionization potential of this orbital, and the
modeling of the nonspherical target in Eq. �9�. On the other
hand, our model cannot provide reliable fragment branching
ratios after SEC, given that this process takes place at low
energies where TI is significant and since the probabilities
deduced from photoionization experiments are probably not
appropriate for SEC.

As a conclusion, our calculation shows general good
agreement with available experiments, which points to the
possibility of applying the CTMC+IPM method to other ion-
molecule systems; in particular to collisions with large bio-
molecules, in the energy range that is relevant in ion-beam
cancer therapy, by using effective potentials optimized for
these systems, although, as found in collisions with atomic
targets, two-electron transitions are not in general well de-
scribed with the IPM. Our calculation shows that an im-
proved hydrogenic initial distribution, similar to that em-
ployed for calculations for collisions with H and H2, can be
constructed for calculations with complex targets.

This work has been partially supported by DGICYT
Projects No. ENE2004-06266 and No. FIS2004-04145.
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