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Multiple electron ionization of diatomic molecular targets is studied for impact of proton beams. It is shown
that for these molecular targets, as it was previously predicted for atomic ones, postcollision Auger type
emission following inner-shell vacancy production dominates the reaction at high enough impact energies.
Moreover, it is proven that this dominance increases as the ionization degree increases.
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I. INTRODUCTION

The present work deals with multiple electron ionization
of diatomic molecular targets by impact of fast ion beams.
During the collision process, when the projectile interacts
with the target electrons, the emission to the continuum of
one or more of them can be produced, generating vacancies
in the different molecular orbitals. Thus in the time interval
corresponding to a first step, the residual molecule is pro-
moted to a highly excited state as a consequence of its direct
interaction with the ion beam. In a postcollisional step, once
the projectile is far away, the vacancies in the inner orbitals
are filled by residual target electrons, such that the excess of
energy is simultaneously employed to induce photon emis-
sion or to produce ionization of other bound electrons, which
are thus autoionized through Auger-type emission �1–3�. In
fact, this Auger-type emission corresponds to intershell Au-
ger and/or intrashell Coster-Kronig electron ionization.
These ejected electrons generate new vacancies, so that pho-
ton emission and/or electron autoionization are again pro-
duced. These mechanisms can be subsequently repeated so
that additional Auger-type cascades can be observed in the
target �4�.

Special attention was devoted to the Auger autoionization
reaction since its discovery in the 1920s, due to the important
role that it plays in different scientific areas �see, for ex-
ample, Refs. �5,6��. In more recent years, active research was
developed in order to understand the physical mechanisms
involved in multiple ionization of noble gases. In a pioneer-
ing work by DuBois and Manson �7�, a detailed analysis for
the case of proton impact on Ar and Kr showed that Auger
transitions following the production of direct inner-shell va-
cancies dominate the multiple ionization cross sections at
high enough impact energies. It was also suggested that the
same behavior could be expected for Ne. Later, Heber et al.
�8� measured single and multiple ionization cross sections
for impact of 1 MeV /amu-Ox+ and Fx+ ions on Ar atoms.
They found that to describe the experimental results it was
necessary to take into account a charge multiplication effect
of the recoil target via Auger decay of L-shell vacancies.
However, they claimed that this charge multiplication effect
should not appear for Ne targets.

An independent-particle model was employed to study
multiple electron loss of the target in the cases of Ne and Ar
atoms, where single-particle time-dependent Schrödinger
equations were solved using the basis generator model
�BGM�, describing the target bound state in terms of the
optimized potential model �9–11�. For proton impact a good
representation of experimental data �7,12–15� was obtained.
However, for both targets and high ionization degree the the-
oretical description overestimates �underestimates� the exist-
ing measurements at intermediate �high� collision energies.
The discrepancy at high impact energies was corrected in-
cluding Auger type postcollisional emission in the theoretical
model �9–11,14�. Instead of using a multinomial statistics as
it was done in previous works, Archubi et al. �16� solved the
transport equation for an ion traveling through an inhomoge-
neous electron density corresponding to the atom, which
leads to a Poisson distribution. Ionization probabilities were
obtained using the shell-to-shell local plasma approximation
with the Levine and Louie dielectric function �17� to take
into account the energy ionization threshold of each shell.
This model gives an adequate description of experimental
total cross sections, for different q-ionization degrees, for
proton impact on Kr and Xe targets. Also, a statistical
energy-deposition model �SED� was used by Kabachnik
et al. �18,19� to study multiple ionization of atoms and di-
atomic molecules. They include a free parameter in the cal-
culation of q-fold ionization probabilities to consider the
contribution of nondirect ionization processes. Recently, we
have studied the cases of the impact of protons on Ne and Ar
atoms, employing a binomial statistics in a similar way as it
has been done before in Refs. �9–11� but where single ion-
ization probabilities were calculated using the continuum
distorted wave eikonal initial state �CDW-EIS� and exponen-
tial models �20�. The total cross section results for different
q-ionization degrees confirmed the behavior obtained by us-
ing the BGM model. At high enough energies, the multiple
ionization reaction is dominated by Auger type emission fol-
lowing previous process of direct ionization produced by the
projectile. Moreover, this dominance becomes more impor-
tant as q increases.

The main scope of the present work is to analyze the
influence of postcollisional Auger type emission on the pro-
cess of multiple electron ionization of diatomic molecules
after interaction with a fast ion beam. We select the case of
impact of protons on CO molecules for which experimental
data exist at impact energies high enough to neglect electron*rivarola@fceia.unr.edu.ar
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capture reactions. As in our above mentioned work on
atomic targets, we employ the independent electron approxi-
mation and binomial distributions to calculate cross sections
for q-ionization degree. The diatomic molecule is described
as an ensemble of two independent atoms with their nuclei
separated by the corresponding molecular equilibrium dis-
tance. In a previous work �21�, we have proposed this simple
molecular representation to study the dependence of multiple
ionization cross sections with the molecular orientation. Us-
ing the CDW-EIS model we found good agreement with ex-
perimental cross sections, differential in the molecular orien-
tation, for impact of 5.9 MeV /amu-Xe18+ on N2 and O2
targets �22,23�. Theoretical total cross sections for different
target ionization degrees will be also presented for impact of
protons on N2 and O2 in order to provide an incentive for the
development of new experiments. Atomics units will be used
in the following except where otherwise stated.

II. THEORY

Let us consider that a bare ion of nuclear charge ZP inter-
acts with a diatomic molecular target at intermediate and
high impact energies. Using the straight line version of the
impact parameter approximation, we will consider that the
target internuclear vector remains as frozen during the colli-
sion. This approximation will be valid if the collision time is
much smaller than the target vibrational ones; it is, at high
enough projectile velocities. Considering that the target is
randomly oriented and averaging over all target orientations,
the total cross section for q-ionization degree can be ex-
pressed as

�q =
1

2
�

0

� �
0

2� �
0

�

Pq�b�b sin � db d� d� , �1�

where b= �b ,� ,� /2� is the impact parameter vector consid-
ering a reference frame with the origin in the middle point of
the internuclear distance of the molecule, the z axis is given
by the direction and sense of the impact velocity v and the y
axis is contained in the plane defined by the z axis and the
internuclear vector �see Fig. 1�. Also, in Eq. �1�, Pq�b� is the
q-degree ionization probability, b is the modulus of the im-
pact parameter, � is the angle formed by the vector b and the
x axis, and � is the angle formed by the internuclear vector R
and the z axis.

A. Multiple direct ionization

By simplicity we assume that the molecule is composed
by its two constituent atoms separated by the ground state–
molecular equilibrium distance, each one of these j-atomic
centers �j=1,2� containing Nj electrons. This image of the
molecular target was previously used with some success by
different authors �21,24–26� to study multiple ionization of
diatomic molecules. During the ionization reaction each one
of these centers loses qj electrons, in such a way that the total
number of electrons lost by the target is q=q1+q2.

So, the q-ionization degree probability can be expressed
as

Pq�b� = �
q1,q2=0

q1+q2=q

N1,N2

Pq1
�b1�Pq2

�b2� , �2�

with bj = �b2+ �R /2 sin ��2+ �−1� jR b sin� cos ��1/2 the
modulus of the impact parameter vector b j defined with re-
spect to each one of the j-molecular centers �see Fig. 1�. Into
an independent electron approximation and using a binomial
distribution, the probability Pqj

�bj� for the qj-ionization de-
gree of the j center given in Eq. �2� is given by

Pqj
�bj� = �

qkj
=0

�
kj=1s,2s,2p,. . .

qkj
=qj

Nkj

�
kj=1s,2s,2p,. . .

�Nkj

qkj

	pkj

qkj�bj�

��1 − pkj
�bj��Nkj

−qkj. �3�

In this expression, kj indicated the orbital k of the atomic
center j, Nkj

and qkj
are the total number of electrons of the kj

orbital and the number of electrons ionized from the
kj-orbital, respectively, with pkj

the single ionization prob-
ability per electron of kj.

Following the previous work by Galassi et al. �20�, we
employ different theoretical models to calculate pkj

: the
CDW-EIS �27–29� and two versions of the exponential
model. In the CDW-EIS model, the atomic bound states de-
scribed in the Roothaan-Hartree-Fock approximation �30�
are distorted by eikonal phases accounting for the active
electron �the one to be ionized� moving in a continuum state

FIG. 1. Schematic representation of the spatial orientation of a
diatomic molecule: �a� side view; �b� top view.
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of the projectile. In the exit channel, the continuum state of
this active electron is described as a triple product of a plane
wave, a continuum factor of the projectile, and an effective
coulombic continuum factor of the residual target. In the
exponential model, the probabilities pkj

corresponding to the
atomic orbital of each j-molecular center are supposed to
present a decreasing exponential behavior as a function of
the impact parameter bj:

pkj
�bj� = P0

kj exp�− bj/rkj
� , �4�

where the parameters rkj
are chosen according to two criteria:

�i� as the corresponding Hartree-Fock mean radius of the
different subshells kj �31�, and �ii� as the radius given by a
Bohr atomic model, rkj

=nkj
/ �−2�kj

�1/2, with �kj
the

Roothaan-Hartree-Fock orbital energy of each kj �30� and nkj
the principal quantum number. These two series of rkj

values
give origin to the two different exponential models: the
Roothaan-Hartree-Fock exponential model �EMRHF� in the
case of using the prescription �i� and the Bohr exponential
model �EMB� in the case of using the prescription �ii�. The
parameters Po

kj = pkj
�bj =0� are obtained by fitting the single

ionization total cross sections per electron obtained employ-
ing Eq. �4� with the CDW-EIS ones corresponding to the
different kj orbitals.

B. Multiple ionization including postcollisional effects

Let us consider now that inclusion of postcollisional elec-
tron emission. Let � be the total number of electrons post-
collisionally emitted. Thus the probability of emission

of q electrons �including the processes of direct and postcol-
lisional ionization� can now be expressed as

Pq�b� = �
q1,q2,�=0

q1+q2+�=q

N1,N2,�max

�
�1,�2=0

�1+�2=�

�1
max,�2

max

Pq1,�1
�b1�Pq2,�2

�b2� , �5�

where Nj �with j=1,2� is the total number of electrons in the
j center and Pqj,�j

�bj� is the probability of emission of qj

electrons by direct interaction with the projectile and of � j
postcollisional electrons. This probability takes the form

Pqj,�j
�bj� = �

qkj
=0

�
kj=1s,2s,2p,. . .

qkj
=qj

Nkj

P�q1sj
,q2sj

, . . . ;� j�

� �
kj=1s,2s,2p,. . .

�Nkj

qkj

	pkj

qkj�bj��1 − pkj
�bj��Nkj

−qkj

�6�

with P�q1sj
,q2sj

, . . . ,� j� the probability of emission of � j

postcollisional electrons from the jth center, after emission
of qkj

electrons from each kj orbital due to direct ionization.
According to Ref. �11�, P�q1sj ,q2sj ,q2pj ,� j� for each jth cen-
ter can be obtained using the expression

FIG. 2. Total cross sections for q-ionization degree of CO molecules by proton impact. Theory without Auger-type contributions: —
CDW-EIS model; ––··–– EMRHF model, –– –– –– EMB model. Experiments: Ref. �34� ���, Ref. �37� ���, Ref. �35� �△�, and Ref. �36�
���.
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,q2sj

,q2pj
;� j�
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q1sj

M1sj
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�7�

where Mkj
�. . . ,�hj

� is the probability for postcollisional pro-
duction of �hj

electrons after production of only one vacancy
in the inner subshell kj, accompanied by direct outer-shell

ionization. The information that more than one outer-shell
electron can be emitted by direct ionization must be included
in these probabilities. To calculate them it is assumed that the
postcollisional ionization reaction is independent of the na-
ture of the primary vacancy production �32�. Thus we use the
experimental photoionization probabilities Bkj

��� for the
production of � electrons if only one electron is removed
from the kj subshell by interaction with the photon beam,
while all the other electrons remain bound to the target �33�.
For the different shells of the atomic compounds of the mol-
ecule, we have

M2sj
�q2pj

;�hj
� = 
1 −

N2pj
− q2pj

N2pj

�1 − B2sj
�0�� for �hj

= 0

N2pj
− q2pj

N2pj

B2sj
��hj

� for �hj
	 0� ,

M1sj
�q2sj

,q2pj
;�hj

� = 
1 −
N2sj

+ N2pj
− q2sj

− q2pj

N2sj
+ N2pj

�1 − B1sj
�0�� for �hj

= 0

N2sj
+ N2pj

− q2sj
− q2pj

N2sj
+ N2pj

B1sj
��hj

� for �hj
	 0� �8�

Using Eqs. �1� and �5�–�8�, it is possible to calculate multiple
ionization cross sections.

III. RESULTS AND DISCUSSION

Let us first consider the case of multiple ionization of a
CO target by its direct interaction with the projectile. In Fig.
2, total cross sections for impact of protons are presented for
different ionization degrees as a function of the collision en-
ergy. For single electron ionization, results obtained using
the three theoretical models described above are in close
agreement between them and in general good agreement
with existing experimental data from Wells et al. �34� over
all the energetic range considered. The coincidence is ex-
tended to the measurements of total ionization cross sections
given by Rudd et al. �35,38�. For higher q values: CDW-EIS
cross sections are in accordance with EMHF �EMB� ones at
intermediate �high� impact energies. For q=2,3 and collision
energies lower than 1 MeV/amu, EMB results and experi-
ments show good agreement but CDW-EIS and EMHF mod-
els overestimate the measurements at intermediate energies.
For q=4, CDW-EIS and EMHF results tend to the data ob-
tained by Siegmann et al. �36� at the lower energies consid-
ered. Moreover, for q
2 and energies larger than approxi-
mately 1 MeV/amu a large discrepancy is found between all
theoretical results and experimental data �34�. It should be
noted that this discrepancy increases as q increases and cross
sections can differ by four orders of magnitude for q=4! The

same behavior was previously obtained for the case of
atomic targets and it was attributed to contributions coming
from postcollisional Auger type effects �7,9–11,20�.

We consider, in the following, the inclusion of Auger type
emission after creation of inner-orbital vacancies by the pro-
jectile beam. To our knowledge, experimental Bkj

��� photo-
ionization probabilities were not measured either for C or for
O atoms. So, we estimate them from measurements existing
for Ne �33�, considering the C and O cases as Ne ions with
absence of four and two outer electrons, respectively. We
take thus B1s

C ���=W1s
Ne�0,4 ;��, B2s

C ���=W2s
Ne�4;�� and

B1s
O ���=W1s

Ne�0,2 ;��, B2s
O ���=W2s

Ne�2;�� for the C and O
targets, respectively.

In Fig. 3, CDW-EIS, EMHF, and EMB total cross sections
for q=1,2 ,3 ,4 including postcollisional Auger type emis-
sion are presented together with experimental data previ-
ously shown in Fig. 2. From this comparison it is evidenced
that the postcollisional emission dominates the reaction of
multiple electron emission from the diatomic CO molecule at
high enough impact energies. Moreover, as it was observed
for atomic targets, the effect becomes more pronounced as
the q-ionization degree increases. In order to test the ad-
equacy of the prescription described above to estimate
Bkj

��� we have also extrapolated the tendency of experi-
mental photoionization probabilities as the atomic nuclear
charges decrease, for a vacancy in the K and L shells. The
modifications obtained in the corresponding �q cross sec-
tions are much smaller than contributions coming from Au-
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ger type autoionization, confirming thus the validity of our
predictions.

Two possible sources of the overestimation of experimen-
tal data from reference �34� given by theoretical calculations
at lower impact energies for q=2,3 could be the use of an
independent-particle model to describe multiple electron re-
actions and/or the use of a simple representation of the mol-
ecule. For these ionization degrees the EMB model gives the
better representation of the measurements. However, for q
=3,4, CDW-EIS and EMHF results tend to the experimental
data from Ref. �36� at energies lower than 200 keV/amu.

In Figs. 4 and 5, CDW-EIS �q cross sections are pre-
sented for impact of protons on two other diatomic targets of

biological and astrophysical interest, N2 and O2, for which
experimental data for total ionization exists �35–38�. We em-
ploy a similar procedure to the one used for CO to evaluate
direct ionization and Auger type contributions. Again, �1

cross sections give a good representation of measurements.
Unfortunately, no experimental �q cross sections are given in
the literature for q
2. For these multiple ionization reac-
tions, the behavior obtained theoretically is analogous to the
case of CO targets. Auger type emission dominates at high
enough collision energies and this comportment becomes
more important as the q-ionization degree increases.

FIG. 3. Total cross sections for q-ionization degree of CO molecules by proton impact. Theory including Auger-type contributions: —
CDW-EIS model; ––··–– EMRHF model, –– –– –– EMB model. Experiments: Ref. �34� ���, Ref. �37� ���, Ref. �35� �△�, and Ref. �36�
���.

FIG. 4. Total cross sections for q-ionization degree of N2 mol-
ecules by proton impact. CDW-EIS Model calculations: — with and
––··–– without Auger-type contributions. Experiments: Ref. �35�
�△�, Ref. �36� ���, and Ref. �38� ���.

FIG. 5. Total cross sections for q-ionization degree of O2 mol-
ecules by proton impact. CDW-EIS Model calculations: — with and
––··–– without Auger-type contributions. Experiments: Ref. �35�
�△�, Ref. �36� ���, and Ref. �38� ���.

POSTCOLLISIONAL EFFECTS IN MULTIPLE ... PHYSICAL REVIEW A 77, 032714 �2008�

032714-5



IV. CONCLUSIONS

Multiple ionization of diatomic molecular targets was
studied for impact of fast proton beams. A simple description
of the molecule as two atomic compounds separated by the
equilibrium internuclear distance is employed. Contributions
from direct ionization by interaction of the target with the
projectile and from postcollisional Auger type autoionization
are disentangled. Direct ionization is evaluated using the
CDW-EIS and exponential models and photoionization ex-
perimental data are employed to estimate the postcollisional
reactions. By comparison with experiments it is shown that,
for CO molecules, Auger type emission dominates the mul-
tiple electron ionization reaction at high enough collision
energies, as it was previously shown to happen with atomic
targets. The effect is proven to increase as the ionization

degree increases. A similar behavior is also theoretically
found for other diatomic molecules like N2 and O2 but for
which multiple ionization experimental cross sections do not
exist. New experimental results related to these systems
would be welcome.

ACKNOWLEDGMENTS

The authors would like to thank Fernando Martín and
Pablo Fainstein for fruitful discussions. This work has being
partially supported by the Consejo Nacional de Investiga-
ciones Científicas y Técnicas of Argentina as a part of Re-
search Project No. 5335. The authors would also like to ac-
knowledge the Agencia Nacional de Promoción Científica y
Tecnológica of Argentina �PICT2005, No. 32070� and the
Fundación Josefina Prats from Rosario for financial support.

�1� P. Auger, Compt. Rend. 177, 169 �1923�.
�2� P. Auger, Compt. Rend. 180, 65 �1925�.
�3� P. Auger, J. Phys. Radium 6, 205 �1925�.
�4� T. Carlson and O. Krause, Phys. Rev. 137, A1655 �1965�.
�5� K. Kobayashi et al., Nucl. Instrum. Methods Phys. Res. B 199,

348 �2003�.
�6� N. Tîmneanu, C. Caleman, J. Hajdu, and D. van der Spoel,

Chem. Phys. 299, 277 �2004�.
�7� R. D. DuBois and S. T. Manson, Phys. Rev. A 35, 2007

�1987�.
�8� O. Heber, G. Sampoll, B. B. Bandong, R. J. Maurer, E. Moler,

R. L. Watson, I. Ben-Itzhak, J. L. Shinpaugh, J. M. Sanders, L.
Hefner, and P. Richard, Phys. Rev. A 39, 4898 �1989�.

�9� T. Kirchner, H. J. Lüdde, and R. M. Dreizler, Phys. Rev. A 61,
012705 �1999�.

�10� T. Kirchner, M. Horbatsch, and H. J. Lüdde, Phys. Rev. A 66,
052719 �2002�.

�11� T. Spranger and T. Kirchner, J. Phys. B 37, 4159 �2004�.
�12� R. D. DuBois, L. H. Toburen, and M. E. Rudd, Phys. Rev. A

29, 70 �1984�.
�13� L. H. Andersen, P. Hvelplund, H. Knudsen, S. P. Moller, A. H.

Sorensen, K. Elsener, K. G. Rensfelt, and E. Uggerhoj, Phys.
Rev. A 36, 3612 �1987�.

�14� E. Cavalcanti, G. Sigaud, E. Montenegro, M. Sant’Anna, and
H. Schmidt-Böcking, J. Phys. B 35, 3937 �2002�.

�15� E. Cavalcanti, G. Sigaud, E. Montenegro, and H. Schmidt-
Böcking, J. Phys. B 36, 3087 �2003�.

�16� C. Archubi, C. Montanari, and J. Miraglia, J. Phys. B 40, 943
�2007�.

�17� Z. H. Levine and S. G. Louie, Phys. Rev. B 25, 6310 �1982�.
�18� N. M. Kabachnik, V. N. Kondratyev, Z. Roller-Lutz, and H. O.

Lutz, Phys. Rev. A 56, 2848 �1997�.
�19� N. M. Kabachnik, V. N. Kondratyev, Z. Roller-Lutz, and H. O.

Lutz, Phys. Rev. A 57, 990 �1998�.
�20� M. E. Galassi, R. D. Rivarola, and P. D. Fainstein, Phys. Rev.

A 75, 052708 �2007�.
�21� C. Tachino, M. Galassi, and R. Rivarola, J. Phys.: Conf. Ser.

58, 271 �2007�.
�22� B. Siegmann, U. Werner, R. Mann, Z. Kaliman, N. Kabachnik,

and H. Lutz, Phys. Rev. A 65, 010704�R� �2001�.
�23� B. Siegmann, U. Werner, H. Lebius, B. Huber, H. Lutz, and R.

Mann, Nucl. Instrum. Methods Phys. Res. B 205, 629 �2003�.
�24� K. Wohrer and R. L. Watson, Phys. Rev. A 48, 4784 �1993�.
�25� C. Caraby, A. Cassimi, L. Adoui, and J. P. Grandin, Phys. Rev.

A 55, 2450 �1997�.
�26� L. Adoui, C. Caraby, A. Cassimi, D. Lelièvre, J. Grandin, and

A. Dubois, J. Phys. B 32, 631 �1999�.
�27� P. Fainstein, V. Ponce, and R. Rivarola, J. Phys. B 22, 1207

�1989�.
�28� P. Fainstein, V. Ponce, and R. Rivarola, J. Phys. B 24, 3091

�1991�.
�29� M. Galassi, P. Abufager, A. Martínez, R. Rivarola, and P. Fain-

stein, J. Phys. B 35, 1727 �2002�.
�30� C. Clementi and C. Roetti, At. Data Nucl. Data Tables 14, 177

�1974�.
�31� C. Froese Fischer, At. Data 4, 301 �1972�.
�32� N. Stolterfoht, Phys. Rep. 146, 315 �1987�.
�33� T. Carlson, W. Hunt, and O. Krause, Phys. Rev. 151, 41

�1966�.
�34� E. Wells, V. Krishnamurthi, K. D. Carnes, N. G. Johnson, H.

D. Baxter, D. Moore, K. M. Bloom, B. M. Barnes, H. Tawara,
and I. Ben-Itzhak, Phys. Rev. A 72, 022726 �2005�.

�35� M. E. Rudd, R. D. DuBois, L. H. Toburen, C. A. Ratcliffe, and
T. V. Goffe, Phys. Rev. A 28, 3244 �1983�.

�36� M. Rudd, Y. Kim, D. Madison, and J. Gallagher, Rev. Mod.
Phys. 57, 965 �1985�.

�37� B. Siegmann, U. Werner, Z. Kaliman, Z. Roller-Lutz, N. M.
Kabachnik, and H. O. Lutz, Phys. Rev. A 66, 052701 �2002�.

�38� J. Crooks and M. Rudd, Phys. Rev. A 3, 1628 �1971�.

TACHINO, GALASSI, AND RIVAROLA PHYSICAL REVIEW A 77, 032714 �2008�

032714-6


