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Electron-impact ionization of NO, NO2, and N2O
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Abstract

We measured absolute cross-sections for the electron-impact ionization and dissociative ionization of the three nitrogen–
oxygen compounds NO, NO2, and N2O from threshold to 200 eV using the fast-neutral-beam technique. In spite of the
importance of these molecules in combustion, low-temperature plasmas, pollution control, and planetary atmospheres, the
database of absolute total and partial electron-impact ionization cross-sections for these species is not very comprehensive
and existing data reveal some discrepancies. To the best of our knowledge, this is the first time that absolute partial ionization
cross-sections for all three species have been measured by the same group using the same experimental technique and
apparatus. Comparisons with other available measured and calculated ionization cross-section data are made.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The oxides of nitrogen, nitric oxide (NO) and nitro-
gen dioxide (NO2), along with nitrous oxide (N2O),
are among the most important molecules in atmo-
spheric chemistry. In the stratosphere, NOx reaction
cycles are important mechanisms in the formation and
maintenance of ozone. Ozone (O3) in the stratosphere
is an essential shield that protects living organisms
from biologically harmful ultraviolet radiation. The
principal natural source of NO and NO2 in the strato-
sphere is N2O [1]. Although these molecules are
essential contributors to the chemistry in the upper
atmosphere, they are undesirable pollutants in the
troposphere. NO and NO2 in the troposphere are in-
creasingly formed due to the high temperatures of
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combustion of fuels with air that dissociate oxygen
(O2) and nitrogen (N2) molecules into their atomic
constituents, which subsequently recombine[2]. In
ambient air, the oxides of nitrogen together with
hydrocarbons are among the major causes of photo-
chemically produced smog[3]. N2O, which is emitted
predominately by biological sources in soil and water,
is an extremely powerful greenhouse gas which acts
as an atmospheric thermal insulator[4].

Due to the atmospheric and environmental impor-
tance of the molecules NO, NO2, and N2O many pre-
vious studies have been carried out to elucidate their
atomic and molecular properties and their interactions
with photons and electrons. However, only a few pre-
vious measurements of the ionization properties of
these molecules have been reported in the literature
to date. Previous work on the ionization properties of
these molecules include the early work of Rapp and
Englander-Golden[5], Märk and co-workers[6–8],
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Iga et al.[9], and the more recent studies of Lindsay
et al. [10], Lukic et al.[11], and Jiao et al.[12]. Cal-
culated total single ionization cross-sections for all
three targets have also been reported using the BEB
formalism of Kim and co-workers[13,14] and in the
case of NO2 another calculated cross-section based on
the Deutsch–Märk (DM) formalism has been reported
[15].

In this paper, we report absolute partial cross-sect-
ions for the electron-impact ionization and dissociative
ionization of the three nitrogen–oxygen compounds
NO, NO2, and N2O from threshold to 200 eV using the
fast-neutral-beam technique. To the best of our knowl-
edge, this is the first time that ionization cross-sections
for all three targets have been measured in the same
apparatus using the same experimental technique. De-
tailed comparisons are made with other available ex-
perimental data and with the published calculated total
single ionization cross-sections.

2. Experimental technique

A detailed description of the fast-beam appara-
tus and of the experimental procedure employed
in the determination of absolute partial ionization
cross-sections has been given in previous publications
from this laboratory[16–20]. The primary ion source
is a commercially available Colutron ion source
which is operated in the standard mode where a dc
discharge is ignited between a heated filament and an
anode through the properly chosen feed gas. In the
present experiments, NO, NO2, and N2O gases were
obtained from Matheson Gas Products in the high-
est commercially available purity and used without
further purification. For each target gas, positively
charged primary ions were extracted from the ion
source, accelerated to about 3 keV, mass selected in
a Wien filter, and sent through a charge-transfer cell
filled with a suitably chosen charge-transfer gas for
resonant or near-resonant charge transfer of a frac-
tion of the primary ions. Xe with ionization energy
of 12.14 eV[21,22] was found to be an appropriate
charge neutralization target. The residual ions in the

beam were removed from the neutral target gas beam
by electrostatic deflection and most species in Ryd-
berg states were quenched in a region of high electric
field.

The fast neutral targets beam were subsequently
crossed at right angles by a well-characterized elec-
tron beam (5–200 eV beam energy, 0.5 eV FWHM en-
ergy spread, 0.03–0.4 mA beam current). The product
ions were focused in the entrance plane of an electro-
static hemispherical analyzer which separates ions of
different charge-to-mass ratios (i.e., parent ions from
fragment ions). The ions leaving the analyzer were
detected by a channel electron multiplier (CEM).
Absolute calibration of the relative cross-sections can
be achieved in two ways. The fast-beam apparatus
affords the capability to measure all quantities that de-
termine the absolute cross-section directly. The target
density, which is perhaps the most difficult quantity to
determine, is obtained from the energy deposited by
the fast target beam into a pyroelectric detector, which
is first calibrated relative to a well-characterized ion
beam[18,20]. As an alternative, the well-established
Kr or Ar absolute ionization cross-sections can be
used to calibrate the pyroelectric crystal. The cali-
brated detector, in turn, is then used to determine the
flux of the neutral target beam in absolute terms. The
second procedure avoids the frequent and prolonged
exposure of the sensitive pyroelectric crystal to fairly
intense ion beams[19,20].

We established that all fragment ions produced by
dissociative ionization of the three compounds NO,
NO2, and N2O with an excess kinetic energy of less
than about 3.5 eV per fragment ion are collected and
detected with 100% efficiency using a combination of
in situ experimental studies and ion trajectory model-
ing calculations[16,23]. However, in the case of the
N+ and O+ fragment ions we were not able to fully
resolve the corresponding ion signals at the detector
because of the well-known fact that these fragment
ions are formed with broad distributions of excess
kinetic energies with maximum excess kinetic energy
values of up to 5 eV[10,11,13]. Furthermore, careful
threshold studies revealed little evidence of the pres-
ence of excited target species (vibrationally excited
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species, metastables, and species in high-lying Ryd-
berg states) in the incident neutral beams in all three
cases. The absolute cross-sections reported here were
determined with uncertainties of±15% for the parent
ionization cross-section and±18% for the dissociative
ionization cross-section. These error margins, which
are similar to what we quoted previously for ionization
cross-sections measured for other free radicals in the
same apparatus[16,17], include statistical uncertain-
ties and all known sources of systematic uncertainties.

3. Results and discussion

In this section, we present our measured ionization
cross-section data for the three target molecules along
with detailed comparisons with other available experi-
mental and calculated ionization cross-sections. In the
case of the N+ and O+ fragment ions, we only report
absolute cross-sections for the formation of N+ + O+

as we are unable to fully resolve the respective N+ and

Fig. 1. Present NO+ (�) and combined (N+ + O+) (�) partial electron-impact ionization cross-sections of NO as a function of electron
energy from threshold to 200 eV. Also shown is the sum of the two cross-sections (�), which represents the total single NO ionization
cross-section, which is essentially identical to the total NO ionization cross-section (see text, for details).

O+ ion signals at the detector because of the appre-
ciable excess kinetic energy distributions with which
these two atomic fragment ions are formed in all three
cases (see discussion earlier).

3.1. Ionization cross-sections for NO

The diatomic molecule NO has one unpaired elec-
tron and may thus be classified chemically as a free
radical [24]. It is, however, a rather stable molecule
[25]. Fig. 1 shows the partial NO electron-impact
ionization cross-sections measured as part of the
present work. The electron-impact ionization of NO
is clearly dominated by the formation of the parent
NO+ ions. As discussed above, we were not able to
resolve the ion signals corresponding respectively to
the N+ and the O+ fragment ions. Thus, we only give
a partial cross-section for the combined formation of
N+ and O+ ions. Also shown inFig. 1 is the sum
of the two measured partial cross-sections which rep-
resents the total single NO ionization cross-section



28 J. Lopez et al. / International Journal of Mass Spectrometry 225 (2003) 25–37

(which is essentially identical to the total NO ion-
ization cross-section as the cross-sections for the
formation of multiply charged parent or fragment
ions are much smaller than those for the formation
of singly charged ions).Fig. 2 shows our measured
partial NO+ cross-section in comparison with data
reported by Kim et al.[6], Iga et al.[9], and Lindsay
et al. [10]. The peak cross-section values show a sig-
nificant level of disagreement between the maximum
value reported by Iga et al.[9], 3 × 10−16 cm2, and
the minimum value reported by Lindsay et al.[10],
2 × 10−16 cm2. The present data and the data of Kim
et al.[6] agree in terms of the maximum cross-section
value (2.5×10−16 cm2), but show a significant differ-
ence in the cross-section shape with the cross-section
shape of Kim et al.[6] declining much more rapidly
with increasing electron energy.Fig. 3 shows our
combined (N+ + O+) partial ionization cross-section
for the dissociative ionization of NO in comparison
with the same cross-sections reported by Iga et al.[9]
and Lindsay et al.[10]; we note that Kim et al.[6]
only reported parent ionization cross-section data for
NO, but no dissociative ionization cross-sections. The

Fig. 2. Present NO+ partial ionization cross-section of NO from threshold to 200 eV (�) in comparison with the same cross-section from
[6] (�), [9] (�), and [10] (�).

dissociative ionization cross-section measured here
is similar in magnitude to that reported in[10], but
shows somewhat different energy dependence. Both
cross-sections are significantly larger than the one re-
ported by Iga et al.[9], which maybe due to the fact
that discrimination effects prevented these authors
from collecting all energetic N+ and O+ fragment
ions with 100% efficiency.

Fig. 4 shows our total single NO ionization cross-
section in comparison with the measured data from
[9,10] and with the total NO ionization cross-section
reported by Rapp and Englander-Golden[5]. Also
shown is the calculated NO cross-section from[13]
using the BEB formalism. The maximum values
of the reported measured cross-sections range from
2.7×10−16 cm2 [10] to 3.6×10−16 cm2 [9], a spread
of about 30% which is slightly larger than the com-
bined error margins of the cross-sections as reported
in the original papers. The present cross-section data
are very close both in terms of the cross-section max-
imum (3.4 × 10−16 cm2) and in terms of the cross-
section shape to the data reported by Iga et al.[9].
The calculated cross-section of Kim and co-workers
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Fig. 3. Present (N+ + O+) partial ionization cross-section of NO from threshold to 200 eV (�) in comparison with the same cross-section
from [9] (�) and [10] (�).

Fig. 4. Present total (single) NO ionization cross-section from threshold to 200 eV (�) in comparison with the same measured cross-section
from [9] (�) and [10] (�), the total measured NO ionization cross-section of Rapp and Englander-Golden[5] (�), and the calculated
NO ionization cross-section of[13] (�). The single error bar refers to a typical margin of uncertainty in the present cross-section.
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[13] shows a shape that is very similar to those of
the two experimentally determined cross-sections,
but its cross-section maximum is somewhat lower
(2.9 × 10−16 cm2). The recent data of Lindsay et al.
[10] are below all other reported data and their
cross-section shape is also different from all other
reported cross-section shapes. The measured total
NO cross-section of[5] has a maximum value of
about 3.2× 10−16 cm2, but the cross-section declines
much more gradually with increasing impact energy
as the other cross-sections shown inFig. 4. Overall,
the level of agreement in the reported NO ionization
cross-sections is not as good as one would expect for
the case of a simple diatomic molecule where differ-
ent measurements and calculations are often found to
agree to better than 10%[26].

3.2. Ionization cross-sections for NO2

NO2 is a symmetrical, nonlinear triatomic molecule
with a bond angle of 134◦ that has one unpaired elec-
tron, which classifies it chemically as a free radical

Fig. 5. Present NO2+ (�), NO+ (�), and combined (N+ + O+) (�) partial ionization cross-sections of NO2 as a function of electron
energy from threshold to 200 eV. Also shown is the sum of the partial cross-sections, which represents the total single NO2 ionization
cross-section (�).

[24]. Fig. 5 shows the partial NO2 electron-impact
ionization cross-sections measured as part of the
present work. In contrast to NO, the ionization of
NO2 is dominated by dissociative ionization. The
formation of NO+ fragment ions has the largest par-
tial ionization cross-section. The cross-section for the
formation of the (N+ + O+) fragment ions, which
as for NO could not be resolved, is larger than the
parent NO2

+ ionization cross-section for impact en-
ergies above about 50 eV; at lower impact energies
the NO2

+ parent ionization cross-section exceeds the
(N+ + O+) partial cross-section because of the much
lower threshold for the formation of the parent ions.
Also shown in Fig. 5 is the sum of the measured
NO2

+ parent ionization cross-sections and the other
partial ionization cross-section which represent the
total single NO2 ionization cross-section (which is
essentially identical to the total NO2 ionization cross
as the cross-sections for the formation of multiply
charged parent or fragment ions are much smaller
than those for the formation of singly charged ions).
Fig. 6 shows the present results for the formation of
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Fig. 6. Present NO2+ (�) and NO+ (�) partial ionization cross-section of NO2 from threshold to 200 eV in comparison with the same
cross-section of NO2+ from [7] (�), [10] (�), and [12] (�) and the same corresponding open symbols for NO+.

the NO2
+ parent ions and the NO+ fragment ions in

comparison with the measured data of Lindsay et al.
[10] and Jiao et al.[12]. For NO2

+ we also show the
data of Stephan et al.[7]. In the case of NO+ the three
different datasets are in good agreement in terms of
the absolute cross-section value, but there are slight
differences in the energy dependences of the three
cross-section functions. As for the formation of the
parent NO2

+ ions, the data of Stephan and co-workers
[8] are substantially lower than the other datasets,
which, in turn, are in very good agreement with each
other at higher impact energies above 100 eV. How-
ever, the three cross-section functions show significant
differences in their respective low energy behavior.
Our data exhibits the largest maximum cross-section
value and peak at a lower energy compared to the
other two datasets, which also differ in their re-
spective energy dependence. This discrepancy in the
cross-section shape is difficult to understand.Fig. 7
shows the present data for the partial cross-section
for the formation of (N+ + O+) fragment ions in
comparison with the data of[10,12]. We note that the

authors of [10,12] reported separate cross-sections
for the formation of the two atomic fragment ions,
which we added up in order to facilitate a comparison
with our cross-section for the combined (N+ + O+)
ion signal. Our (N+ + O+) partial cross-section is
lower than the other two cross-sections, which have
similar maximum values. All three cross-section func-
tions show distinctly different energy dependences,
but unlike the case of the NO2+ parent ionization
cross-section shown inFig. 6, our (N+ + O+) partial
cross-section now lies consistently below the other
two curves and peaks at a much higher impact energy.
Lastly, Fig. 8 summarizes the total NO2 ionization
cross-sections obtained by different investigators in
comparison with calculated cross-sections using the
DM formalism[15] and the BEB formalism[14]. All
cross-section curves have peak cross-section values
that are close to each other and range from 3.3×10−16

to 3.8 × 10−16 cm2 which is well within the com-
bined error margins of the experimental datasets. The
total cross-sections measured by Lukic et al.[11]
and Lindsay et al.[10] and the BEB calculation[14],
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Fig. 7. Present (N+ +O+) partial ionization cross-section of NO2 from threshold to 200 eV (�) in comparison with the same cross-section
from [10] (�) and [12] (�).

Fig. 8. Present total (single) NO2 ionization cross-section from threshold to 200 eV (�) in comparison with the same measured cross-section
from [10] (�), [11] (×), [12] (�), and the calculated NO2 ionization cross-sections of[14] (�) and[15] (� with cross). The single error
bar refers to a typical margin of uncertainty in the present cross-section.
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which have the largest peak cross-section value of
3.8 × 10−16 cm2 lie essentially on top of each other.
Our cross-section curve lies about 10% below those
cross-section curves, but exhibits a similar energy
dependence (which indicates that the differences in
the individual partial cross-sections shapes between
our data and those of Lindsay et al.[10] somehow
average out!). The cross-section curve of Jiao et al.
[12] reaches a maximum value similar to the maxi-
mum reported by Lukic et al.[11], Lindsay et al.[10],
and the BEB calculation[14], but show a distinctly
different energy dependence peaking at lower impact
energy and declining much more rapidly with increas-
ing impact energy than the other cross-section curves.
The DM calculation[15] follows more closely the
present cross-section curve, but declines somewhat
more rapidly towards higher impact energies.

3.3. Ionization cross-sections for N2O

N2O (“laughing gas”) is a linear, triatomic molecule
with an even number of electrons. Unlike NO and

Fig. 9. Present N2O+ (�), NO+ (�), N2
+ (�), and combined (N+ + O+) (�) partial ionization cross-sections of N2O as a function of

electron energy from threshold to 200 eV. Also shown is the sum of the partial cross-sections (�), which represents the total single N2O
ionization cross-section, which is essentially identical to the total N2O ionization cross-section (see text, for details).

NO2, N2O is not considered an oxide of nitrogen. It
has a molecular structure with the oxygen atom at one
end and it resonates among three valence-bond struc-
tures with double and triple bonds between N and N.
This molecular structure of N2O is such that it cannot
be satisfactorily represented by a single valence-bond
structure. It can only be reasonably represented by
a combination of three stable ground configurations
[25]. The ionization cross-section database for this im-
portant molecule is rather limited, perhaps because of
its peculiar molecular structure. In addition to the to-
tal N2O ionization cross-section measurement of Rapp
and Englander-Golden[5], there are the data of Märk
et al. [8] for the formation of N2O+ parent ions and
a set of partial ionization cross-sections reported by
Iga et al.[9]. In addition, Kim et al.[14] calculated
the N2O total single ionization cross-section using the
BEB method.

Fig. 9 shows the partial N2O electron-impact ion-
ization cross-sections measured as part of the present
work. As in the case of NO, the electron-impact ion-
ization of N2O is dominated by the formation of the
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parent ion, N2O+. However, as one might expect for
a triatomic molecule, dissociative ionization channels
are more important for N2O than they were for NO,
with appreciable cross-sections for the formation of
NO+, N2

+, and (N+ +O+). As before, we only report
a partial cross-section for the formation of the sum of
the atomic fragment ions N+ and O+ from N2O as
we were also not able to separate the N+ and O+ ion
signals because of the excess kinetic energy distribu-
tions with which these fragment ions are formed. Also
shown inFig. 9 is the sum of the measured partial
cross-sections which represents the total single N2O
ionization cross-section (which again is essentially
identical to the total N2O ionization cross-section
as the cross-sections for the formation of multiply
charged parent or fragment ions are much smaller than
those for the formation of singly charged ions).Fig. 10
shows our measured partial N2O+ parent cross-section
in comparison with data reported by Märk et al.[8]
and by Iga et al.[9]. As can be seen, there is excellent

Fig. 10. Present N2O+ parent ionization cross-section of N2O from threshold to 200 eV (�) in comparison with the same cross-section
from [8] (�) and [9] (�).

agreement between the present data and those of Iga
et al. [9] in terms of the absolute cross-section value
with a maximum value around 2× 10−16 cm2. There
is a slight difference in the measured cross-section
shapes with our cross-section curve peaking at some-
what higher impact energy. The cross-section curve
reported by Märk et al.[8] lays roughly 25% below
the other two cross-section curves and has a shape
that is similar to the other two cross-section shapes.

Fig. 11 summarizes all dissociative ionization
cross-sections of N2O measured as part of the
present study, i.e., NO+, N2

+, and (N+ + O+)
which are shown in comparison with the same par-
tial cross-sections reported by Iga et al.[9]. There
is overall very good agreement between the two
datasets for all three partial ionization cross-sections
in terms of the maximum cross-section values and
the cross-section shapes at higher impact energies.
However, in all three cases there are significant dis-
crepancies between our cross-section shapes and



J. Lopez et al. / International Journal of Mass Spectrometry 225 (2003) 25–37 35

Fig. 11. Present NO+ (�), N2
+ (�), and (N+ +O+) (�) partial ionization cross-sections from threshold to 200 eV in comparison with the

same cross-sections from[9] corresponding open symbols. Also shown are two curves representing the sum of all measured dissociative
ionization cross-sections as a function of impact energy; the filled diamonds (�) represent the present data and the open diamonds (�)
refer to the data of[9].

those of[9] in the low energy regime from threshold
to about 50 eV for NO+ and N2

+ and up to 80 eV for
(N+ + O+). In general, our measured appearance en-
ergies are lower (and closer to the required minimum
energies required for the formation of the various
fragment ions[21,22,27,28]) than those reported by
Iga et al.[9] and our cross-sections rise more rapidly
in the near-threshold region. This discrepancy in the
cross-section shapes in the low-energy regime is sig-
nificant as this energy region is particularly important
in the modeling and simulation of the electron-driven
dissociative ionization processes in, e.g., discharges
and plasmas containing N2O. Also shown inFig. 11
are two curves representing the sum of all measured
dissociative ionization cross-sections. The two curves
reflect the behavior of the individual partial disso-
ciative ionization cross-sections. There is excellent
agreement between our data and those of[9] in terms

of the absolute cross-section values and acceptable
agreement in terms of the cross-section shapes except
for the low energy region from threshold to about
50 eV where our cross-section lies systematically
above the cross-section based on the data reported by
Iga et al.[9].

Fig. 12 shows our total single N2O ionization
cross-section in comparison with the measured
data from [9] and with the total N2O ionization
cross-section reported by Rapp and Englander-Golden
[5]. Also shown is a calculated N2O ionization
cross-section[14] using the BEB formalism. The
overall agreement between the various cross-section
curves is somewhat better than in the case of NO.
The total ionization cross-section reported by Rapp
and Englander-Golden[5] has a maximum value of
4.2 × 10−16 cm2, which is higher than all other data.
The present data show a slightly smaller maximum
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Fig. 12. Present total (single) N2O ionization cross-section from threshold to 200 eV (�) in comparison with the same measured cross-section
from [9] (�), the total measured N2O ionization cross-section of Rapp and Englander-Golden[5] (�), and the calculated N2O ionization
cross-section using the BEB method[14] (×). The single error bar refers to a typical margin of uncertainty in the present cross-section.

cross-section of 3.9 × 10−16 cm2 and a cross-section
shape that is similar to the one reported in[5]. The
cross-section curve of Iga et al.[9] shows the lowest
peak cross-section with a value of 3.6×10−16 cm2 and
a cross-section shape that is somewhat different from
the shapes of the other two experimental datasets,
in particular at lower impact energies below 50 eV
(see discussion above). The calculated N2O ioniza-
tion cross-section[14] has a maximum value similar
to our value (3.9 × 10−16 cm2), but the cross-section
curves reaches its peak at a somewhat lower impact
energy, 80 eV vs. 120 eV in our case and in[5].

4. Conclusions

We measured absolute partial cross-sections for
the electron-impact ionization and dissociative ion-
ization of the three nitrogen–oxygen compounds NO,
NO2, and N2O from threshold to 200 eV using the
fast-neutral-beam technique. To the best of our knowl-
edge, this is the first time that ionization cross-sections

for all three targets have been measured with the same
apparatus using the same experimental technique. De-
tailed comparisons with other available experimental
data and with published calculated total single ion-
ization cross-sections, where available was presented
here. In general, the level of agreement between the
various reported cross-section sets is not as good as
one might expect for simple diatomic and triatomic
molecules (see, e.g.[26]). This is particularly true
for some of the partial cross-sections for dissociative
ionization, in particular in the case of NO2. There are
also differences in the cross-section shapes reported
by different authors using different experimental tech-
niques, which tend to be more pronounced for the
dissociative ionization cross-sections, but are gener-
ally less obvious in the total ionization cross-sections.
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