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Multiple electron emission in collisions between bare multiply charged ions and diatomic molecules is
studied. The role played by Auger-type emission in cross sections for fixed number of ejected electrons is
investigated. It is shown that this postcollisional reaction gives the main contribution to these cross sections at
high enough impact velocities. This behavior is accentuated as the ionization degree increases.
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I. INTRODUCTION

Multiple ionization processes produced by the impact of
fast ions on diatomic molecules have been a matter of active
research during the last decades �for reviews see, for ex-
ample, Refs. �1,2�� since they are of great importance in
areas such as astrophysics and biological physics. Two
mechanisms are of our present interest: direct ionization and
postcollisional electron emission. In the first one, the direct
interaction of the projectile with the target electrons pro-
vokes the ejection to the continuum of one or more of them,
leaving the residual target in a highly excited state with va-
cancies in inner shells. In the second mechanism, which is
assumed to be produced once the projectile is far away, these
vacancies created are filled by other target electrons. The
energy generated in these transitions is employed to release
photons or to produce autoionization of the remaining bound
electrons through Auger-type emission �3–5�. This postcolli-
sional reaction may correspond to intershell Auger and/or
intrashell Coster-Kronig electron ionization, depending if the
ejected electron is initially in a different or in the same shell
than the one going to fill the vacancy. Thus, new vacancies
are created and photons and/or autoionization of electrons
are again produced. This process can be subsequently re-
peated so that additional Auger-type cascades can be ob-
served.

For the case of atomic targets, previous experiments and
theoretical calculations obtained using different models gave
clear evidence that Auger-type ionization dominates multiple
electron ionization at high enough collision energies as the
q-ionization degree of the target increases �6–14�. In a recent
work �15�, hereafter referred as I, this physical behavior was
also shown to appear in collisions of proton beams impacting
on diatomic CO, N2, and O2 molecules. The scopes of the
present work are to extend this study and to investigate the
role played by Auger-type postcollisional emission in mul-
tiple ionization reactions for the case of higher charged pro-
jectiles colliding with these diatomic targets.

As in I, independent electron approximation and binomial
distributions are employed to obtain the q-fold ionization
cross sections. Also, in order to simulate the diatomic char-
acter of the target, this is described as composed of two
atoms separated by a distance equivalent to the molecular
equilibrium one. This simplified molecular picture was pre-

viously employed with success to study direct multiple elec-
tron emission from diatomic targets �16–18�. Single ioniza-
tion probabilities are calculated using the three-body
continuum distorted wave–eikonal initial state �CDW-EIS�
model.

Atomic units will be used in the following except where
otherwise stated.

II. THEORY

Let us consider the multiple ionization of a diatomic mo-
lecular target by an ion of nuclear charge ZP at intermediate
and high collision energies. The straight line version of the
impact parameter approximation is employed and it is sup-
posed that the internuclear molecular vector remains as fro-
zen during the reaction. The last assumption is valid consid-
ering that the times associated with the vibration and the
rotation of the molecule are much larger than the collision
time at enough high impact velocities v. Details on the the-
oretical model are given in Ref. �15�. The relativistic charac-
ter of the kinematics of the projectile at very high collision
energies is taken into account in the present model. Follow-
ing this work, the probability of emission of qj electrons by
direct interaction with the projectile and � j Auger-type elec-
trons, both from the j-molecular center �j=1,2� composing
the target, is given by
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where bj is the impact parameter with respect to the
j-molecular center, pkj

is the single ionization probability
per electron corresponding to the atomic orbital kj, Nkj
and qkj

are the total number of electrons and the num-
ber of electrons emitted from this orbital, respectively, and
P�q1sj

,q2sj
, . . . ;� j� represents the probability of emission of

� j postcollisional electrons from the j center after emission
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of qkj
electrons from each kj orbital due to direct ionization.

Then, the probability for q degree of ionization of the mo-
lecular target as a function of the impact parameter b �de-
fined with respect to the middle point of the molecular equi-
librium distance� can be obtained using the expression
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�
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with � as the total number of electrons postcollisionally
emitted and Nj as the total number of electrons of the
j-molecular center. The probability for q-degree direct elec-
tron ionization �excluding postcollisional emission� can be
easily obtained by taking � j =0 �which is equivalent to con-
sider P�q1sj

,q2sj
, . . . . ;� j�=1� in expression �1�. In our model

pkj
is calculated into the CDW-EIS approximation and the

probabilities of emission of � j postcollisional electrons are
calculated �as we proceeded in Ref. �15�� using the photo-
ionization experimental data obtained for the case of only
one electron remotion from the kj subshell, while all the
other ones remain bound to the target �19�. In this procedure
we have assumed that the postcollisional ionization reaction
is independent of the nature of the primary vacancy produc-
tion.

Cross sections �q for q-ionization degree can be deter-
mined integrating the probability Pq on the impact parameter
b and averaging the result over all molecular orientations.

III. RESULTS AND DISCUSSIONS

Cross sections �q are presented in Fig. 1 for impact of H+,
He2+, and C6+ ions on CO targets as a function of the impact
energy per atomic mass unit. Calculations with and without
Auger-type contributions are discriminated, showing that
like in the case of protons �previously considered in Ref. �15�
and where a very good agreement with experimental data
�20,21� was found� postcollisional emission dominates the
multiple ionization reaction as q becomes larger. It is ob-
served that this behavior is produced at higher impact ener-
gies �it means at higher collision velocities� as ZP increases.
It can be understood from the fact that at high velocities the
direct single ionization probabilities pkj

present a ZP
2 depen-

dence with the projectile nuclear charge. As a consequence,
as we have numerically verified, the production of qkj

elec-
trons by direct ionization of the kj orbital increases for larger
ZP while � j postcollisional emission following the vacancy
of the qkj

electrons gives the same contribution for any value
of the projectile charge, independently of the collision veloc-
ity. Thus, higher impact energies must be considered to ob-
serve the dominance of the Auger-type mechanism as ZP
increases. In Figs. 2 and 3, it is shown that a similar com-
portment also appears for impact of H+, He2+, and C6+ on N2
and O2 molecules.

In Fig. 4, �q ionization cross sections shown in Fig. 1 are
presented as a function of the Bohr parameter ZP /v. It is
found that this parameter is appropriate to determine the re-
gion where postcollisional mechanisms begin to dominate

the cross sections �q. The separation between curves corre-
sponding to include or not Auger-type contributions is pro-
duced in the region ZP /v�0.3, with a small shift to larger
values of the Bohr parameter as the ionization degree in-
creases. This behavior observed for CO targets is found in a
similar way for N2 and O2 molecules.

IV. CONCLUSIONS

Postcollisional electron emission in multiple ionization of
diatomic targets by impact of multiple charged ions was ana-

FIG. 1. Cross sections for q-ionization degree of CO molecules
by �a� H+, �b� He2+, and �c� C6+ impact. The thin lines represent
direct ionization contributions and the thick ones correspond to
cross sections including postcollisional emission contributions;
q=1 �—�, q=2��10−1� �– – –�, q=3��10−2� �¯ �, and q
=4��10−5� �−·−�.

FIG. 2. Same as Fig. 1 but for N2 molecules.
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lyzed, showing that like in the case of protons they dominate
the corresponding cross sections in comparison with direct
ionization contributions at high enough collision velocities as
the ionization degree increases. Moreover, it is shown that
this behavior appears at larger collision velocities as the pro-
jectile nuclear charge increases. It is also observed that the
Bohr parameter ZP /v is adequate to estimate the physical
conditions under which Auger-type emission mechanisms
start to give the main contribution to the mentioned cross
sections.
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