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Abstract

We report the results of the application of the semi-classical Deutsch–Märk (DM) formalism to the calculation of the
absolute electron-impact ionisation cross section of the molecular ions H2

+, N2
+, O2

+, CD+, CO+, CO2
+, H3O+/D3O+,

and CD4
+ for which experimental data have been reported. Where available, we also compare our calculated cross sections

with calculated cross sections using the BEB method. The level of agreement between the experimentally determined and the
calculated cross section is satisfactory only in a few cases. In most cases, the calculated cross sections exceed the measured
cross sections, in some cases significantly, which is not surprising in view of the experimental complications in measuring
ionisation cross sections of molecular ions due to the presence of competing channels for the formation of fragment ions such
as dissociative excitation versus dissociative ionisation. (Int J Mass Spectrom 223–224 (2003) 639–646)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Deutsch–Märk (DM) formalism[1,2] and
the binary-encounter-Bethe (BEB) method of Kim
and co-workers[3,4] are the two most widely used
semi-rigorous methods to calculate absolute (total
single) electron-impact ionisation cross sections for
molecules. Both methods were originally developed
for the calculation of atomic ionisation cross sections
and were subsequently extended to neutral molecular
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targets. Recently, Kim et al.[5] extended their BEB
method to molecular ions and calculated ionisation
cross sections for the targets H2

+, N2
+, CO+, and

CD+. Subsequently, Deutsch et al.[6] extended the
DM formalism to the calculation of ionisation cross
sections of molecular ions. The results of the DM cal-
culations for the two molecular ions N2

+ and CO2
+

[6] were in satisfactory agreement with measured
data[7,8] and in the case of N2+ also with the BEB
calculation[5].

In this paper, we present a complete account of the
application of the DM formalism to the calculation of
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cross sections for the electron-impact ionisation of all
molecular ions for which experimental data are avail-
able. These include the diatomic molecular ions H2

+,
N2

+, O2
+, CD+ and CO+ as well as the polyatomic

molecular ions CO2+, H3O+/D3O+, and CD4
+. The

previously published calculations for N2
+ and CO2

+

[6] are also included here again and discussed briefly
for reasons of completeness. In the case of CO2

+

we also found it necessary to revise our previous
analysis of the reported experimental data[8], which
reduced level of agreement between experiment and
calculation. We also compare our calculated cross
sections with calculated cross sections based on the
BEB method where available.

2. Background

The DM formalism was originally developed[9] for
the calculation of atomic ionisation cross sections and
has been modified and extended several times[1,2].
The DM formula expresses the atomic ionisation cross
sections as the sum over all partial ionisation cross sec-
tions corresponding to the removal of a single electron
from a given atomic sub-shell labelled by the quantum
numbers n and l as

σ =
∑

n,l

gnlπ(rnl)
2ξnl · f (U) (1)

where (rnl)2 is the square of the radius of maximum
radial density of the (n,l) atomic sub-shell (column 1
in the tables of Desclaux[10]), ξnl refers to the num-
ber of atomic electrons in the (n,l) sub-shell, and the
gnl are appropriately chosen weighting factors which
are given in[1]. The functionf(U) describes the en-
ergy dependence of the ionisation cross section where
U is the reduced collision energy,U = E/Enl. E de-
notes the energy of the incident electron andE refers
to the ionization energy in the (n,l) sub-shell (see[1,2]
for details). The DM formula can be extended for the
case of a molecular ionization cross section calcu-
lations provided one carries out a Mulliken or other
molecular orbital population analysis[11,12] which
expresses the molecular orbitals in terms of the atomic

orbitals of the constituent atoms. Orbital population
analyses can be obtained routinely for a large number
of molecules and radicals using standard quantum
chemistry codes, many of which are available in the
public domain. These codes can also be used to ob-
tain the necessary molecular structure information in
cases where this information is not available other-
wise. Essentially all quantum chemistry codes can
also be applied to positively charged molecular ions.

In the present study, the orbital populations were
derived from Hartree-Fock wave functions with the
CEP-31∗ basis set[13] and the orbital energies were
calculated via outer-valence Green’s functions[14].
The functionf(U) in Eq. (1), which was also derived
for neutral targets initially, can be applied to the case
of molecular ions by replacing the neutral ionisation
energyEnl by the corresponding ionisation energy of
the molecular ion. Thus all but one of the quantities
in the DM formula inEq. (1) can be extended to a
molecular ion as a target in a straightforward fash-
ion. The weighting factorsgnl which were derived
semi-empirically from a fitting procedure using well-
established ionisation cross sections of neutral atoms
are the sole quantities that are inherently tied to neutral
targets. In the present DM calculation the ionic charac-
ter of the target is therefore only reflected in the popu-
lation analysis of the molecular orbitals as a ‘missing’
electron which results in different populationsξnl and
different energiesEnl. In essence, one might say that
for instance the DM calculation for CO2+ treats the
ion as an iso-electronic neutral BO2 molecule with the
orbitals of the CO2+ ion. A similar argument applies
to the representation of the other ions. Our method in
essence neglects the Coulomb interaction between the
incident electron and the overall charge of the molec-
ular ion. Plausibility arguments suggest that this is a
valid approximation at high impact energies, but may
fail at energies close to threshold.

3. Results and discussion

The electron impact induced ionisation of a molec-
ular ion is a complex process which results in a variety
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of reaction pathways. If one considers the triatomic
molecular ion CO2+, electron-impact can lead to the
formation of the doubly charged parent ion CO2

2+

e− + CO2
+ → CO2

2+ + 2e− (2a)

and to a variety of dissociative channels (dissociative
ionisation, dissociative excitation) such as

e− + CO2
+ → C+ + O2

+ + 2e− (2b)

e− + CO2
+ → C+ + O + O+ + 2e− (2c)

e− + CO2
+ → C+ + O2 + e− (2d)

e− + CO2
+ → C+ + O + O + e− (2e)

e− + CO2
+ → O+ + CO+ + 2e− (2f)

e− + CO2
+ → O+ + CO+ e− (2g)

e− + CO2
+ → O+ + C + O + e− (2h)

e− + CO2
+ → O+ + C + O+ + 2e− (2i)

e− + CO2
+ → CO+ + O + e− (2j)

e− + CO2
+ → C + O2

2+ + 2e− (2k)

e− + CO2
+ → C + O2+ + O + 2e− (2l)

e− + CO2
+ → C2+ + O2 (or 2O) + 2e− (2m)

Processes (2b), (2c), (2f), (2i), and (2k)–(2m) are
dissociative ionisation channels, whereas the other
processes reflect dissociative excitation channels. We
note that dissociative ionisation channels that result in
the formation of doubly charged fragment ions have
in general comparatively small cross sections, which
was also observed previously in ionisation and disso-
ciative ionisation studies of the neutral CO2 molecule
[15–17].

It is obvious that the formation of a specific singly
positively charged ion such as C+ following electron
impact on the molecular ion CO2+ can be the result
of several competing processes (see (2b)–(2e) above),
some of which, (2b) and (2c), are dissociative ioni-
sation processes, whereas the others, (2d) and (2e),
are dissociative excitation channels. While these pro-
cesses can in principle not be distinguished from one

another as long as only the C+ ion is detected in an
experiment, the ions produced in each of the four
reactions (2b) through (2e) above have different ap-
pearance energies and different kinetic excess energy
distributions, so that careful studies of the appearance
energy and kinetic excess energy distribution of a
given fragment ion often gives insight into the dom-
inant formation process, at least to some extent. We
note that the present DM calculations (as well as
the BEB calculations of Kim et al.[5]) include only
ionisation and dissociative ionisation processes, but
not dissociative excitation. Thus, it is imperative for
a meaningful comparison between experimental data
and calculated cross sections to extract an estimate
for the dissociative ionisation cross section from mea-
sured partial cross sections that include contributions
from both dissociative excitation and dissociative
ionisation.

3.1. The homonuclear diatomic ions H2
+, N2

+,
and O2

+

In the case of H2+(Fig. 1), we compare the re-
sults of the present DM calculation with the measured
data of Peart and Dolder[18], with theoretical results

Fig. 1. Calculated absolute cross section for the electron-impact
ionization of H2

+ using the DM formalism as a function of electron
energy (thick solid line) in comparison with the measured cross
section of Peart and Dolder[18] (filled squares), two variants of the
BEB method[5] (thin solid line and dashed line), a calculation by
Alsmiller [20] (filled diamonds), and two calculations by Mathur
et al. [19] using the classical impulse approximation (open circles
and filled triangles).
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[19,20] quoted in the paper of Peart and Dolder[18],
and with the BEB calculation of Kim et al.[5]. There
is good agreement between the experimental data and
the calculations by Aismiller[20] and the two vari-
ants of the BEB calculation of Kim et al.[5] in terms
of absolute cross section which reaches a maximum
value of about 0.17× 10−16 cm2 at 100 eV as well as
the cross section shape. The DM calculation results
in a cross section maximum that is about 60% higher
than these values, but describes the cross section shape
quite well. We note that two variants of calculations by
Mathur et al.[19] based on the classical impulse ap-
proximation yield cross section values that are closer
to our calculation in terms of the maximum cross sec-
tion value, but exhibit a different energy dependence.

The DM calculations for N2+ in comparison with
the recent data reported by Defrance and co-workers
[7], with earlier data reported by Peterson et al.[21]
and with two calculated cross section curves using the
BEB method with two different sets of ground-state
wave functions for the target ion[5] were already
discussed in our earlier letter[6]. The result is shown
again here inFig. 2. Peterson et al.[21] obtained their
data by subtracting their measured cross section for
dissociative excitation from the total cross section for

Fig. 2. Calculated DM cross section for the electron-impact ion-
ization of N2

+ (thick solid curve) as a function of electron energy
in comparison with various measured and other calculated cross
sections. The experimental datasets are those of[8] (filled circles)
and [21] (open circles). The dot-dashed line and the dashed line
refer to two variants of the BEB calculation[5] using two different
wave functions for the ground-state ion.

N+ production of Van Zyl and Dunn[22]. As a conse-
quence, their data count the contribution to the cross
section arising from symmetric dissociative ionisation
twice. In order to be consistent, both datasets shown
in Fig. 2 include this contribution due to symmetric
dissociative ionisation (which is, however, small, see
[5,7]) twice. All calculated cross sections, on the other
hand, count this contribution only once. The level of
agreement between the various datasets is reasonably
good. All calculated curves, which are in very good
agreement among each other, lie slightly above the
data of[7] and are closer to the data of[18], which,
on the other hand, carry a large margin of uncertainty
due to the error bars of the original data of Van Zyl
and Dunn[22].

In the case of O2+ (Fig. 3), we compare the cal-
culated DM cross section with recently measured
[23] cross sections for the ionisation and dissociative
ionisation of O2

+, which is the dominant ionisation
channel, but which has a cross section that is consid-
erably smaller than the cross section for dissociative
excitation. The calculated cross section exceeds the
combined measured cross sections for ionisation and
dissociative ionisation by about a factor of 2. There
are no other calculated cross section data available
for this ion.

Fig. 3. Calculated DM cross section for the electron impact ion-
ization of O2

+ (thick solid line) as a function of electron energy in
comparison with the measured partial cross sections for ionization
(filled squares) and dissociative ionization (circles) of O2

+ [23].
Also show is the sum of the two partial cross sections (dashed
line).
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3.2. The heteronuclear diatomic ions CD+ and
CO+

Djuric et al. [24] measured the cross section for
the production of D+ following electron impact on
CD+ which includes contributions from both the dis-
sociative excitation and the dissociative ionisation of
the target ion. These authors also provide an estimate
for the fraction of their measured cross section that
is attributable to dissociative ionisation, i.e., the for-
mation of D+ + C+. This curve is shown inFig. 4
in comparison with a calculated BED cross section
[5] and our DM cross section. The BED cross sec-
tion agrees well with the extracted cross section for
the dissociative ionisation of CD+, whereas the DM
cross section exceeds both the experimentally deter-
mined data and the BED cross section by about 40%.
It must be noted, however, that the total CD+ ionisa-
tion cross section, which we calculate, also includes
a contribution for the ionisation of the parent CD+

ion (i.e., formation of CD2+) and for the dissocia-
tive ionisation leading to the formation of C2+ ions.
This may well explain the discrepancy between the
DM cross section and the experimental data shown
in Fig. 4. No experimental data are available in the

Fig. 4. Calculated DM cross section for the electron impact ioniza-
tion of CD+ (thick solid line) as a function of electron energy in
comparison with the calculated BEB cross section[5] (thin solid
line) and the measured partial cross section for dissociative ion-
ization of CD+ leading to the formation of D+ ions [24] (dashed
line).

Fig. 5. Calculated DM cross section for the electron impact ion-
ization of CO+ (thick solid line) as a function of electron energy
in comparison with two calculated cross sections using the BEB
method [5] (thin solid line and dashed line) and the measured
cross sections for the ionization of CO+ (filled squares) and the
sum of the two partial cross sections for dissociative ionization of
CO+ leading to the formation of respectively C2+ and O2+ ions
[25] (dash-dot line).

literature for the ionisation cross section of the parent
CD+ ion or for the dissociative ionisation leading
to C2+.

Fig. 5 shows the calculated DM cross section for
the ionisation of CO+ in comparison with two variants
of the calculated BEB cross section[5] and with ex-
perimental data obtained by Defrance and co-workers
[25]. The two experimental datasets shown inFig. 5
refer to the partial cross sections for ionisation of
CO+ leading to the formation of CO ions and to the
sum of the cross sections for the dissociative ionisa-
tion leading to the formation of C2+ ions and O2+

ions, respectively. The three calculated cross sections
agree with each other to within 20%, but exceed the
sum of measured partial ionisation cross sections by
almost a factor of 10. One possible explanation for
this significant discrepancy may be the fact that the
doubly charged CO2+ ion is highly unstable because
two bonding electrons are missing compared to the
neutral CO molecule. As a consequence, a significant
fraction of these doubly charged ions may undergo
fragmentation before they reach the detector and thus
remain undetected in the experiment. To the best of
our knowledge, nothing is known from experimental
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studies regarding the dissociative ionisation of CO+

leading to the formation of C+ + O+.

3.3. The polyatomic ions CO2
+, H3O+/D3O+,

and CD4
+

The molecular ion CO2+ was already discussed
in our earlier letter[6]. However, some conclusions
relating to the summation of the measured partial
cross sections that were discussed in the previous
publication[6] need to be revised as discussed below.
Fig. 6 shows the measured CO2

2+, C+, and O+ par-
tial ionisation cross sections[7,8] together with their
sum (labelled as “�”) in comparison with the DM
calculation for the single ionisation of CO2

+. The
measured as well as the calculated data show a broad
peak around 100 eV and a similar energy dependence.
However, the maximum value of the calculated cross
section of about 2× 10−16 cm2 exceeds the measured
peak value of about 1.2 × 10−16 cm2 by almost a
factor of 2. Previously, we added maximum values
of unpublished cross sections[26] for the formation
of CO+ and O2

+ to the maximum of the sum of the
CO2

+, C+, and O+ partial cross sections to obtain
a corrected cross section “�corr” with a maximum
value of about 1.8 × 10−16 cm2. However, these two
contributions are already included in the measured C+

Fig. 6. Calculated DM cross section for the electron impact ion-
ization of CO2

+ (thick solid line) as a function of electron en-
ergy in comparison with various measured partial ionization cross
sections[7]. The various curves are labelled in the diagram and
further details are given in the text.

and O+ cross sections and were thus counted twice.
The cross section labelled “�corr” that was included
in Fig. 1 in [6] has been omitted inFig. 6shown here.

For both H3O+/D3O+ and CD4
+ the direct ioni-

sation cross sections leading to the formation of the
doubly charged parent ions are generally small com-
pared to the dissociative ionisation cross sections. In
both cases, partial cross sections have been measured
by several authors[27–29]for the formation of various
particular fragment ions; in the case of H3O+/D3O+,
all fragmentation studies were carried out using the
deuterated target. All measured cross sections relating
to fragmentation channels contain contributions from
the dissociative excitation as well as the dissociative
ionisation. No attempt was made by the authors of
[28,29] to separate the two contributions. However,
since only the contribution attributable to dissociative
ionisation can be included in the comparison between
experimental and the calculated ionisation cross sec-
tions, it is necessary to extract this contribution from
the reported datasets. This is not always easy and
straightforward (see below).

Fig. 7 shows the calculated DM cross section for
the ionisation of H3O+ in comparison with measured

Fig. 7. Calculated DM cross section for the electron impact ioniza-
tion of H3O+ (thick solid line) as a function of electron energy in
comparison with the measured partial cross sections[27,28]. The
various datasets refer to the ionization of H3O+ (filled squares) and
the dissociative ionization leading to OH (filled circles) and O+
(open squares). Also shown are the data for formation of H2O+
(open triangles) from[28] above 100 eV (see text for details) and
the sum of all partial cross sections (dashed line).
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data from Bahati et al.[27] and Schulz et al.[28]
obtained for H3O+ as well as for D3O+ as the target.
The measured data shown inFig. 7 are the cross sec-
tions for ionisation of H3O+ from [27] and the cross
sections for dissociative ionisation of H3O+ leading
to the formation of O+ and OH+ from [28]. In the lat-
ter two cases the contributions attributable to the dis-
sociative ionisation have been extracted from the
reported dataset, which include contributions from
dissociative excitation and dissociative ionisation us-
ing estimated cross section shapes for the respective
contributions in conjunction with the known threshold
for dissociative ionisation. Also shown inFig. 7 is the
cross section for the formation of D2O+ from D3O+

from [28] which also contains contributions from both
dissociative excitation and dissociative ionisation. In
this case, too few data points were reported in[28] to
allow a meaningful extraction of the fraction of the
cross section attributable to dissociative ionisation.
Therefore, we show inFig. 7 the data for the forma-
tion of D2O+ as reported in[28], but limit the data to
impact energies above about 100 eV where dissocia-
tive ionisation is expected to be the more important
process. The lack of data for the formation of D2O+

ions is unfortunate as this process appears to have
the largest partial ionisation cross section and a more
reliable way of extracting data for the dissociative ion-
isation leading to the formation of this ion would be
desirable. We also show inFig. 7the sum of all exper-
imentally determined partial ionisation cross sections
for energies above 100 eV. This sum cross section,
which should be considered an upper limit because
of a possible residual contribution due to dissociative
excitation in the extracted D2O+ partial cross section,
is in reasonably good agreement with the calculated
DM cross section. No data are available for the dis-
sociative ionisation of H3O+ leading to the formation
of O2+ fragment ions, which is a process whose
cross section is expected to be small (see discussion
before).

Fig. 8 shows the calculated DM cross section for
the ionisation of CD4+ in comparison with available
experimental data which are unpublished[29]. In ad-
dition to the parent ionisation cross section (CD4

2+

Fig. 8. Calculated DM cross section for the electron impact ion-
ization of CD4

+ (thick solid line) as a function of electron energy
in comparison with the measured partial cross sections[29]. The
various datasets refer to the ionization of CD4

+ (open circles)
and the dissociative ionization leading to CD2

+ (filled triangles),
CD+ (open squares), and C+ (stars). A single data point (filled
square) is given for the formation of CD3

+ fragment ions (see text
for details). Also shown is the sum of all partial cross sections
exclusive of the CD3+ data point (dashed line).

formation), which is very small, we show dissociative
ionisation cross sections for the formation of CD3

+,
CD2

+, CD+, and C+ fragment ions. For all fragment
ions, the datasets shown inFig. 8 represent estimates
for the fraction of the measured partial cross section
that is attributable to dissociative ionisation and these
fractions have been extracted from the measured data
which also include contributions from the dissocia-
tive excitation using a procedure similar to the one
described above in the case of H3O+. We note, how-
ever, that the fraction of the cross section for formation
of CD3

+ ions attributable to dissociative ionisation is
impossible to extract in a meaningful fashion, since
the authors of[29] report only six data points in the
low-energy regime from about 8–45 eV. For reasons of
completeness, we include a single CD3

+ data point at
the highest impact energy of 45 eV for which data are
reported in[28]. This cross section includes contribu-
tions from both dissociative excitation and dissociative
ionisation. It is unfortunate that the CD3

+ dataset is
too limited to extract a meaningful dissociative ionisa-
tion cross section for the formation of the CD3

+ frag-
ment ion, which appears to be very important channel.
Also shown inFig. 8 is the sum of all partial cross
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sections exclusive of any contribution from the CD3
+

channel. The scatter in the data points of this cross
section as a function of impact energy reflects the fact
that the various reported partial cross sections carry
large uncertainties that render a meaningful extraction
of dissociative ionisation cross sections difficult. The
calculated DM cross section exceeds the experimental
cross section by more than a factor of 2 in terms of the
maximum cross section value. Clearly, the inclusion
of the dissociative ionisation channel leading to the
formation of CD3

+ ions will improve the agreement
between experiment and calculation.

4. Conclusions

We used the semi-classical Deutsch–Märk (DM)
formalism to calculate absolute electron-impact ioni-
sation cross section of the molecular ions H2

+, N2
+,

O2
+, CD+, CO+, CO2

+, H3O+/D3O+, and CD4
+ for

which experimental data have been reported. In many
cases it is difficult to extract meaningful and reliable
partial cross sections for the formation of a particular
fragment ion that is attributable to dissociative ioni-
sation from measured data that include contributions
from both dissociative excitation and dissociative ion-
isation. The level of agreement between the experi-
mentally determined and the calculated cross section
is satisfactory only in a few cases. In other cases, there
are significant discrepancies of up to a factor 2 and up
to almost a factor 10 for CO+. In most cases, the calcu-
lated cross sections exceed the measured cross sections
which is not surprising in view of the experimental
complications in measuring reliable ionisation cross
sections for molecular ions due to the presence of com-
peting channels for the formation of fragment ions.
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