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Cross section data are compiled from the literature for electron collisions with oxides of nitrogen (NxOy)
molecules: the species nitric oxide (NO), nitrous oxide (N2O) and nitrogen dioxide (NO2) are explicitly
considered. Cross sections are collected and reviewed for total scattering, elastic scattering, momentum
transfer, excitations of rotational, vibrational and electronic states, dissociation, ionization, and dissociative
attachment. For each of these processes, the recommended values of the cross sections are presented. The
literature has been surveyed up to the end of 2017. These results are supplemented by a re-analysis of the
swarm measurements for NO and new calculated cross sections for rotational excitation of N2O, and for
rotational excitation and electronic excitation of NO2.

PACS numbers: 34.80.Bm, 52.20.Fs
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I. INTRODUCTION

Nitrogen oxides (NxOy) are easily generated in atmo-
spheric plasma using N2 and O2 gas. Nitrogen oxides are
regulated as corrosive substances, and research on how
to remove them is becoming of increasing importance.
In our atmosphere, nitrogen oxides are generated as a
byproduct of the combustion of fossil fuels, and most
of them are unstable, so they are present in the atmo-
sphere in very small amounts, meaning it can be difficult
to detect their presence. The impact on the environment
is almost negligible. But two nitrogen compounds that
have a great effect on the environment are NO and NO2.
NO accounts for about 95% of the nitrogen oxides gener-
ated in the combustion of fossil fuels, and mostly under-
goes rapid oxidized to NO2 which is harmful to both the
human body and the natural environment. N2O is not
created in the combustion of fossil fuels, but is known to
be generated in selective catalytic reduction (SCR) reac-
tions and is a known cause of global warming. This pa-
per follows our previous compilations of electron collision
data for the methane1, acetylene2 and NF3

3. It presents
recommendations for electron collision cross section with
nitric oxide (NO), nitrous oxide (N2O) and nitrogen diox-
ide (NO2). For a number of important processes we were
unable to identify reliable cross sections; recommenda-
tions for future work are presented in the conclusion.

a)Electronic mail: corresponding author at mysong@nfri.re.kr

All three species considered possess permanent electric
dipole moments; these have important consequences for
the electron collision cross sections4. Table I summarizes
key properties of NO, N2O and NO2: their electric dipole
moments, polarizabilities and electron affinities. We note
that Hargreaves et al.5 have recently provided a compre-
hensive update on the spectroscopic properties of these
species.

II. NO

Nitrous oxide is a stable, open shell species with a
2Π ground electronic state; it has a well characterized
spectrum, see Wong et al.12. Figure 1 depicts its low-
lying potential energy curves. These curves comprise
both Rydberg-like states which converge on the more
strongly bound ground state of NO+, as represented by
the A,C,D and B′ states and valence states of which the
a,B, b, L′, L, I and G states are shown in Fig. 1.

A. Total Scattering Cross Section

In spite of the importance of nitrogen oxides for atmo-
spheric chemistry, relatively few measurements of total
cross sections (TCS) for NO have been made. Recom-
mended TCS were given, among others, by Karwasz et
al.13, Anzai et al.14, Zecca et al.15 and Itikawa16. The
total cross section (TCS) for NO was measured at 1 – 50
eV by Brüche17 who used Ramsauer’s type spectrometer
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TABLE I. Properties of NO, N2O, NO2.

Property NO N2O NO2

Dipole moment6

(1D=3.33 × 10−30Cm) 0.157 D 0.167 D 0.316 D
Polarizability7(10−24cm3) 1.698 2.998 2.910

Electron Affinity (eV) 0.026 ± 0.0058 -0.03 ± 0.109 2.273 ± 0.00510

Ionization Potential11(eV) 9.264438± 0.00005 12.886 9.586±0.002
Bond Dissociation energy11 (D0

298/kJ/mol−1) 630.57±0.06 167.4±0.4(O-N2), 480.7±0.4 (N-NO) 306.301 (O-NO)

FIG. 1. low-lying potential energy curves for NO.

(i.e. with a perpendicular magnetic field); at 0.03 – 10
eV by Zecca et al.18, who used a linear configuration and
the retarding-field analyzer with the energy resolution of
some 30 - 50 meV; at 100 – 1400 eV by Dalba et al.19 us-
ing an enlarged versions of Ramsauer-type geometry; at
0.5 - 160 eV by Szmytkowski and Maciag20 and at 0.4 –
250 eV by Szmytkowski et al.21 who used an electrostatic
spectrometer with about 70 meV energy resolution; and
at 0.16 – 2eV by Alle et al.22 with a time-of-flight spec-
trometer with the energy resolution better than 20 meV
at 0.5 eV. Above 2 eV the matching between different sets
of data18–21 is good, within 5%. A resonant structure in
TCS below 2 eV was first measured by Zecca et al.18 and
confirmed by Szmytkowski and Maciag20. Measurements
of Alle et al.22 showed a deep structure, with TCS varying
from 16.9×10−16cm2 (at 0.296 eV) to 7.3×10−16cm2 at
0.348 eV, see Fig. 2. The resonant structure was earlier
observed in vibrational excitation functions and energy
loss spectra and was identified as due to capturing of the

incoming electron into 3Σ− and 1∆ states of the NO−

temporary anion.
Allan et al.23,24 measured differential cross sections

at fixed angles (135◦) in the energy range 0.05 – 2 eV
using a hemispherical spectrometer with 7 meV energy
resolution. These measurements resolved transitions be-
tween the two fine structure-split 2Π1/2 and 2Π3/2 states
(separated by 15 meV), which occur via the resonant
states. The measured cross sections show sharp peaks
that for the interchange of the 2Π1/2 and 2Π3/2 states
are within the energy resolution of the apparatus. Po-
sition of these peaks correspond to the vibrational pro-
gressions of the 3Σ− and 1∆ NO− states. It turned out
the cross sections for collisions interchanging the 2Π1/2

and 2Π3/2 states (both inelastic 2Π1/2 →2 Π3/2 and

super-elastic 2Π3/2 →2 Π1/2) are of the same magnitude
(in their resonant maxima) as elastic collisions, say of
1.3× 10−16 cm2/sr at 0.28 – 0.3 eV, see Fig. 3 in Allan
et al.24. Outside the resonant peaks, the measured elas-
tic differential cross section (at 135◦) is half of the value
at the maximum. These values validate in a rough esti-
mate (if multiplying the differential cross section by 4π)
the TCS of Alle et al.22, within combined errors of the
two experiments. Also the width of the resonant peaks
in TCS are compatible with the 15 meV splitting and
the rotational broadening of the transitions. The TCS
digitalized from Alle et al.’s letter22 are given in the sup-
plementary material of this paper. Allan’s measurements
of vibrational excitations24 showed also that below 0.5
eV the main contribution to TCS comes from the spin-
orbit fine transitions, i.e. with as little as 15 meV energy
loss/gain. Therefore these transitions do not contribute
significantly to the energy balance as measured in swarm
experiments25. At energies above 200 eV the data of
Dalba et al.19 from Trento are the only ones available;
they were obtained with a worse angular resolution than
the series of subsequent measurements from that Lab26.

Therefore, the NO cross sections can be underesti-
mated in their high-energy limit. In order to check it,
in Fig. 3 we present the Bethe-Born (B-B) plot, where
TCS in the high-energy range are approximated by a fol-
lowing formula

σ(E) = A/E +B log(E)/E , (1)

Here, the energy is expressed in Rydbergs, Ry =13.6
eV and the cross sections is expressed in atomic units
a20 = 0.28 × 10−16 cm2. Parameters of the fit for NO
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FIG. 2. Total cross sections for electron scattering from ni-
tric oxide, NO. Experimental absolute TCS are from ref.20 –
squares, from ref.21 – circles, from ref.22 – full curve. from
ref.19 - full diamonds; normalized data from ref.18 – broken
line and from ref.20 – dotted line. Thick line is present recom-
mended TCS. Ionization integral cross section – experiments:
Rapp and Englander-Golden28, Lindsay et al.29, Iga et al.30,
Lopez et al.31; BEB model by Hwang et al.32.

are A = −90± 10 and B = 370± 10. Recommended val-
ues (see table II and Fig. 2) are essentially the same as in
ref.27 – above 2 eV the mean values from Ref.18,20,21. Un-
certainty of the recommended TCS at 2 – 500 eV is ±5%.
Recommended values above 500 eV, in Ref.27 based on
data of Dalba et al.19, have been corrected upwards, to
follow the B-B fit; the uncertainty is ±10%. Below 2
eV we recommend absolute values of Szmytkowski and
Maciag20 that are averaged over their different experi-
mental runs, i.e. include some energy drift; therefore
these points do not show the pronounced resonant struc-
ture. These averaged values agree with measurements
of Brüche17 done with a coarse energy resolution (no vi-
brational structure was seen in total cross section in N2

either, when measured by Ramsauer’s method). The un-
certainty of recommended values in NO below 2 eV is
±15%.

B. Elastic Scattering Cross Section

Mojarrabiet al.37 reported the elastic differential cross
section (DCS) of NO for the electron energy of 1.5-40
eV and for the angular range of 10◦ -130◦. This is the
only available observed DCS for the NO molecule. The
numerical values are tabulated and presented in Table
III and Fig. 4, respectively. We recommend this result
for the elastic DCS of NO. However, there has been some
confusion concerning the NO integral cross section (ICS).
Mojarrabi et al.37 reported the ICS as well as the DCS.
Subsequently, Jelisavcic et al.38 reported ICS for the elec-
tron energy range of 0.4 – 2.04 eV, which disagreed with
the measurements of Mojarrabi et al.37 in overlapping
energy region. Later, Brunger et al.39 discovered that
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FIG. 3. Bethe-Born plot for TCS in NO and N2O. Experimen-
tal TCS in NO are from ref.19,21; points above 500 eV from
ref.19 are subject to the angular resolution error and therefore
were not included in the fit. Experimental TCS in N2O are
from ref.33–35. A regression line for NO2 would coincide with
that for N2O, due to much poorer quality of data (measure-
ments of Zecca et al.36 are underestimated above 1400 eV,
similarly to those of Dalba et al.for NO).

TABLE II. Recommended TCS (in 10−16 cm2) for electron
scattering on nitric oxide NO. In the region 2–200 eV, recom-
mended values are based on experimental data18–21 in relative
energy overlaps. Values at 600–1000 eV are obtained from
parameters of the Bethe–Born plot, see Fig. 2. The overall
uncertainty of TCS is ±5% at 2–500 eV and 10% at higher
energies. Below 2 eV recommended values are based on abso-
lute measurements by Szmytkowski and Maciag20, where the
resonant structure was averaged; the uncertainty is ±15%.
The energy determination is 0.1 eV up to 10 eV, rising to 2
eV at 1000 eV.

Electron TCS Electron TCS Electron TCS
energy energy energy

0.85 11.8 9 9.92 120 7.86
1.05 12.6 10 10.2 150 7.44
1.25 13.1 12 11.0 170 7.13
1.45 12.5 15 11.5 200 6.64
1.65 11.9 17 11.6 250 5.93
1.85 11.1 20 11.4 300 5.25
2.0 10.7 25 11.1 350 4.75
2.2 10.2 30 10.7 400 4.34
2.5 9.70 35 10.3 450 4.00
3.0 9.47 40 9.97 500 3.70
3.5 9.32 45 9.73 600 3.32
4.0 9.25 50 9.53 700 3.00
4.5 9.22 60 9.18 800 2.75
5.0 9.23 70 8.89 900 2.52
6.0 9.32 80 8.64 1000 2.34
7.0 9.48 90 8.42
8.0 9.68 100 8.22

there had been an error made by Mojarrabi et al. in in-
tegrating their elastic DCS, and reported a revised set of
ICS. Fujimoto and Lee40 calculated the ICS for higher
electron energies in the range 5-500 eV, using a complex
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optical potential consisting of static, exchange, correla-
tion–polarization plus absorption contributions. Their
result is in good agreement with the corrected result of
Mojarrabi et al. Combining these two ICS sets, Itikawa16

recommended the elastic ICS by joining them in the re-
gion of around 40 – 50 eV, and estimated the uncertainty
to be 25 %. The recommended ICS is given in Table IV
and Fig. 5. For a more detailed discussions see Itikawa16.
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FIG. 4. Recommended elastic DCS for NO at five selected
energies
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FIG. 5. Recommended elastic ICS for NO

C. Momentum Transfer Cross Section

Itikawa41 and Phelps42 reported momentum trans-
fer cross section for the NO molecule, but both ex-
plained data were uncertain and were subject to revi-
sions. Takeuchi and Nakamura43 also reported an elastic
momentum transfer cross section determined from their
electron swarm data measured in pure NO and NO-Ar
mixtures, but they were not aware of the resonant char-
acter of the cross section in low energy range and also
failed to take into account the two sub-states of the elec-
tronic ground state of NO.

As explained in the preceding section, Mojarrabi et
al.37 measured absolute elastic DCS and also reported

momentum transfer cross section as well as the integral
elastic cross section and the latter data were later cor-
rected by Brunger et al.39 The situation for the momen-
tum transfer cross section of Mojarrabi et al. also seems
very much the same as in the integral elastic cross section,
and, therefore, their elastic DCSs are extrapolated to 0◦

and 180◦ in the manner that the resultant ICS agrees
with their corrected ICS within about 2 % or less and
an MTCS is estimated here. Fujimoto and Lee40 also re-
ported theoretical elastic MTCSs for the energy range 5
– 500 eV. The latter two MTCSs differ between 15 and 20
eV reflecting difference in DCSs at higher scattering an-
gles (≥ 100◦ ) as seen in Figs. 2(b) and 3(a) of Fujimoto
and Lee40.

One of the present authors (YN) reviewed all electron
swarm data measured by Takeuchi and Nakamura43 (see
Appendix) and determined a new set of electron collision
cross sections from the revised swarm data with the help
of resonant character of cross sections measured by high
resolution electron beam experiments24,38. The elastic
MTCS is determined mainly from swarm data measured
in pure NO with using the vibrational excitation cross
sections for NO (see Section II F below) determined from
swarm data measured in dilute NO-Ar mixtures almost
independently of the elastic momentum transfer of NO.
Because of the limited E/N range of swarm data in pure
NO, the highest energy range of the derived MTCS is lim-
ited to about 40 eV. The swarm-derived elastic MTCS is
shown in Fig. 6 as recommended. It merges smoothly into
the theoretical one at 40 – 50 eV and shows the shape
resonance peak at 22 eV with magnitude comparable to
the theory. The electron swarm method is incompetent
at determining the details of the resonance structure in
lower energy range 0.1 – 2 eV in principle and must de-
pend heavily on electron beam methods and theoretical
calculations: the method can only adjust the magnitude
of peaks and bottoms in certain energy range by watching
the electron energy distribution function and swarm pa-
rameters simultaneously. The result is compared with Al-
lan’s DCS multiplied by 4π in Fig. 6. NO is polar and its
elastic momentum transfer cross section increases as de-
creasing the incident electron energy decreases. Itikawa41

and Phelps42 reported larger momentum cross sections
at low energy which presumably include equivalent rota-
tional excitation cross sections (See Section II D).

D. Rotational Excitation Cross Sections

As Itikawa16 stated in his most recent review, there is
no theoretical or experimental study on rotational excita-
tion cross sections for NO. Rotational excitation and de-
excitation, however, are most effective collision processes
for thermalization of slow electrons in gases through the
long range interaction between electrons and molecular
multipoles. The interaction is weak and the Born approx-
imation is often employed to calculate the rotational cross
sections at this low energies44. Rotational excitation and
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TABLE III. Recommended elastic DCS for NO. DCS’s and uncertainties(δ) are in the units of 10−16 cm2sr−1.

Angle 1.5 eV 3.0 eV 5.0 eV 7.5 eV 10.0 eV 15.0eV 20.0 eV 30.0 eV 40.0 eV
(deg) DCS δ DCS δ DCS δ DCS δ DCS δ DCS δ DCS δ DCS δ DCS δ
10 9.874 0.741
15 0.812 0.056 0.941 0.067 1.330 0.089 1.870 0.142 3.600 0.248 4.236 0.470 6.484 0.674 6.594 0.488
20 0.799 0.057 0.850 0.055 0.949 0.062 1.234 0.083 1.629 0.109 2.907 0.282 3.444 0.468 4.490 0.489 4.364 0.319
25 0.908 0.067 1.010 0.065 1.186 0.081 1.475 0.094 2.424 0.293 2.968 0.258 3.387 0.271 3.042 0.222
30 0.843 0.056 0.942 0.069 1.095 0.070 1.202 0.079 1.375 0.088 1.922 0.185 2.132 0.171 2.290 0.195 1.958 0.143
35 0.993 0.065 1.104 0.076 1.209 0.077 1.333 0.087 1.639 0.118 1.764 0.131 1.671 0.160 1.275 0.093
40 0.910 0.062 1.028 0.066 1.121 0.077 1.221 0.087 1.292 0.084 1.409 0.094 1.502 0.188 1.323 0.147 0.885 0.066
45 1.056 0.072 1.174 0.083 1.193 0.078 1.200 0.082 1.264 0.096 1.231 0.148 0.987 0.106 0.578 0.048
50 0.955 0.063 1.081 0.071 1.148 0.074 1.207 0.082 1.172 0.076 1.109 0.095 1.036 0.112 0.739 0.112 0.410 0.033
55 1.064 0.070 1.130 0.074 1.086 0.070 0.910 0.085 0.737 0.063 0.576 0.079 0.318 0.026
60 0.960 0.068 1.074 0.073 1.114 0.072 1.067 0.070 0.996 0.071 0.739 0.062 0.567 0.045 0.417 0.046 0.245 0.018
65 1.054 0.068 0.920 0.078 0.622 0.042 0.481 0.044 0.296 0.043 0.189 0.015
70 0.947 0.063 1.004 0.066 0.976 0.063 0.873 0.059 0.752 0.052 0.529 0.034 0.361 0.034 0.249 0.040 0.149 0.012
75 0.928 0.061 0.631 0.052 0.428 0.039 0.285 0.040 0.193 0.029 0.121 0.011
80 0.895 0.059 0.864 0.058 0.802 0.052 0.647 0.045 0.517 0.037 0.343 0.039 0.233 0.026 0.157 0.031 0.101 0.008
85 0.810 0.054 0.439 0.033 0.284 0.022 0.202 0.026 0.148 0.026 0.080 0.007
90 0.838 0.058 0.742 0.057 0.642 0.042 0.496 0.033 0.373 0.027 0.278 0.021 0.186 0.019 0.138 0.017 0.070 0.006
95 0.696 0.052 0.345 0.026 0.274 0.021 0.183 0.024 0.137 0.021 0.066 0.005
100 0.805 0.052 0.622 0.042 0.534 0.034 0.409 0.027 0.333 0.021 0.305 0.023 0.197 0.021 0.136 0.017 0.068 0.006
105 0.625 0.044 0.355 0.025 0.326 0.025 0.213 0.017 0.166 0.021 0.082 0.006
110 0.774 0.053 0.597 0.045 0.472 0.031 0.395 0.025 0.366 0.025 0.382 0.025 0.246 0.024 0.206 0.021 0.110 0.009
115 0.568 0.043 0.404 0.029 0.436 0.041 0.294 0.023 0.262 0.028 0.152 0.012
120 0.761 0.053 0.538 0.034 0.443 0.028 0.421 0.027 0.448 0.031 0.472 0.035 0.326 0.037 0.315 0.058 0.206 0.020
125 0.526 0.036 0.473 0.030 0.511 0.043 0.382 0.051 0.417 0.064 0.277 0.021
130 0.750 0.049 0.517 0.035 0.441 0.029 0.470 0.031 0.519 0.035 0.536 0.040 0.454 0.062 0.498 0.093 0.345 0.030

TABLE IV. Recommended elastic ICS for NO in the units of
10−16cm2. Energy in eV.

Energy ICS
1.5 10.47
3.0 9.604
5.0 9.239
7.5 9.095
10 9.241
15 9.714
20 9.707
30 9.314
40 8.500
50 7.880
75 6.150
100 5.360
150 4.140
300 2.900
500 2.160

de-excitation cross sections given by Takayanagi45 based
on the Born approximation are used with the dipole mo-
ment of NO (0.158 D46) as the starting data for the
present two-term Boltzmann equation analysis. The as-
sumed gas temperature is 300 K. The energy difference
of the two sub states, Ω = 1/2 and 3/2, of NO is only 15
meV, and at 300 K the two states coexist in the gas with
the ratio of the thermal population

n1/2

n3/2
= 0.64

0.36 . Rota-

tional excitation and de-excitation cross sections for J up
to Ω + 30 were included in the Boltzmann calculation.
The electron drift velocity in pure NO was measured by
Takeuchi and Nakamura47 over the E/N range 0.4 – 500
Td (E and N are the electric field strength and the gas
number density and E/N = 1 Td = 1 × 10−17 Vcm2).
The measured drift velocity changes rather monotonously

with E/Non log-log scale over the entire E/Nrange and
the calculated one with using the Takayanagi’s rotational
excitation and de-excitation cross sections, on the other
hand, breaks into a straight line of slope 1 at about
E/N= 0.8 Td as decreasing E/N . The scaling factor
of 0.3 or smaller is actually required in order to place
the break to E/N lower than 0.4 Td. With the scaling
factor of 0.3, sum of 122 rotational cross sections, ex-
citation and de-excitation, amounts to 8.6× 10−16 cm2

at electron energy 0.01 eV. Examples of the rotational
excitation and de-excitation cross sections for the states
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FIG. 6. Momentum transfer cross section of NO. Dashed
and single dotted line, Itikawa41; dashed and double dotted
line, Phelps42; Solid circle, Mojarrabi et al.37; open circle,
Fujimoto and Lee40; dotted line, Allan24’s DCS times 4π; and
solid line, recommended.
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corresponding to the maximum of the Boltzmann factor
for 300 K, multiplied by the scaling factor 0.3, are shown
in Fig. 7. Open and full circles, respectively, show de-
excitation and excitation cross sections, and black and
colored symbols show Ω is 1/2 and 3/2, respectively.
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FIG. 7. An example set of rotatonal excitation and de-
excitation cross sections at 300 K. Open and full circles,
respectively, show de-excitation cross section and excitation
cross section. Black and colored symbols show Ω = 1/2 and
3/2, respectively.

E. Spin-orbit transition cross sections

As mentioned in the preceding section the 2Π ground
electronic term of NO is split into two sub-states. Their
energy difference is only 15 meV and their interactions
with free electrons had not been studied until Allan23

measured the electron impact cross section for the tran-
sition between them for the first time. Allan24 also
measured the absolute differential scattering cross sec-
tion (see section B) and absolute differential inelastic
(2Π1/2 →2 Π3/2) and super-elastic (2Π3/2 →2 Π1/2) cross
sections at the scattering angle 135◦. Scattering is pre-
dominantly of resonant character but the magnitude of
the resonance peaks is almost the same as vibrational
resonance, although the energy loss/gain (0.015 eV) per
collision is more than an order of magnitude smaller. As-
suming that both inelastic and super-elastic scattering
are isotropic and the NO gas consists of the two ground
electronic states at thermal equilibrium at 300 K, the
equivalent set of cross sections for the spin-orbit tran-
sitions can be constructed from his experimental DCSs
with scaling factors of 0.8 and 0.6 for inelastic and super-
elastic scattering, respectively, as shown in Fig. 8, and
this set of cross sections is confirmed to be consistent
with experimental electron swarm parameters in NO43

in the E/N range 1 – 10 Td through the Boltzmann
equation analysis.

F. Vibrational Excitation Cross Sections

Mojarrabi et al.37 measured absolute differential cross
sections for vibrational (0 → 1, 2, 3, 4) excitation of
the NO ground electronic state and determined inte-
gral vibrational (0 → 1, 2) cross sections in the energy
range 7.5 – 40 eV. Allan23 measured detailed structure
of vibrational excitation DCSs at the scattering angle
135◦ with high energy-resolution apparatus. Campbell
et al.48 constructed a set of vibrational excitation cross
sections from the experimental results of Mojarrabi et
al.37 and Jelisavcic et al.38 and also from a swarm study
of Josić et al.25 The numerical data of the set can be
downloaded from the Flinders database at the website
LXCat (www.lxcat.net)49. Itikawa16 recommended this
set of cross sections for vibrational excitations of NO
molecules. The vibrational excitation cross section data
of the Flinders database were also used to re-analyze elec-
tron swarm data for NO-Ar mixtures and the analysis re-
vealed that the set of the Flinders database were needed
a constant scale factor of 2 for crude agreement with ex-
perimental results in the two NO-Ar mixtures.47 In the
course of electron swarm analysis explained in Section
C a set of vibrational excitation cross sections consis-
tent with measured swarm data in pure NO and NO-Ar
mixtures.47 was also derived. The results for the vibra-
tional excitations (0 → 1, 2, 3) are shown in Figure 9.
Enhancement in energy range 1 – 2 eV is needed to re-
produce the prominent maximum of the electron drift
velocity in the 4.99% NO-Ar mixture, and steep decrease
of the cross sections in the energy range 2-3 eV and the
following deep minimum (< 10−18 cm2) up to about 7
eV are necessary for the noticeable peak structure ob-
served in the longitudinal diffusion coefficient of electrons
normalized to the gas number density, NDL, in NO-Ar
mixtures (see Appendix). The present recommendation
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FIG. 8. Spin-orbit transition cross sections of NO at 300 K.
Solid line, inelastic cross section; dotted line, super-elastic
cross section.
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includes resonance reported by Mojarrabi et al.37 peaked
at 15 eV, but no appreciable effect from the resonance
was observed in electron swarm parameters because of
the overwhelming electronic excitation cross sections of
NO in the overlapping energy range.
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FIG. 9. Vibrational excitation cross sections for NO. Open
circle, Mojarrabi et al.37; blue line, Allan’2 DCS times 4π red
dotted line, Campbell et al.48; Solid line, recommended.

G. Electronic Excitation Cross Section

Few measurements of electronic excitation in nitrogen
oxides are available. For NO the only complete set of
differential50 and integral51 was given by Brunger and
collaborators. Energy loss spectra at zero scattering an-
gle, that correspond to the photoabsorption cross sec-
tions (and indicate dipole-allowed electronic excitations)
were studied for all three nitroxen oxides by Brion and
collaborators52. The photoabsorption cross sections in

NO shows a rich pattern of dipole-allowed transitions
with vibronic progressions, see figure 10.
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FIG. 10. Energy loss spectra in NO at 3000 eV electron colli-
sion energy and 0 degree scattering angle, adapted from Ref.52

Electronic excitation in nitric oxide was measured by
Brunger et al.50,51. In Ref.50 they reported differential
cross sections obtained from energy loss measurements
at 10-90◦ scattering angles and 15, 20, 30, 40, 50 eV col-
lision energies. The energy resolution was 35 – 55 meV
(FWHM) and the spectra were recorded in the range 0.2
– 10 eV of energy loss. Differential cross section (for the
electronic excitations) were obtained via numerical pro-
cedures from the energy loss spectra; differential cross
sections for elastic scattering from the same group37 were
used for normalization. The estimated error was some
25% (from the uncertainty in the elastic DCSs of Mo-
jarrabi et al.37 and the analyzer response calibration)
plus 5-100% uncertainty from the numerical deconvolu-
tion of the energy loss spectra.

Brunger et al.50 reported DCS for electron-impact ex-
citation to the A 2Σ+, E 2Σ+, S 2Σ+, C 2Πr, K 2Π, Q 2Π,
D 2Σ+, M 2Σ+, H′ 2Π, H 2Σ+, F 2∆ and N 2∆ Rydberg
electronic states, O′ 2Π + O 2Σ+, W 2Π + Y 2Σ+, T 2Σ+

+ U 2∆ + 5f and Z2Σ+ + 6dδ + 6f composite Rydberg
electronic states, and a 4Π, b 4Σ−, B 2Π, L′ 2Φ, B′ 2∆
and L 2Π valence electronic states.

Differential cross sections for dipole-allowed (Rydberg)
states are forward-peaked, while for the a 4Π and b 4Σ−

states show maxima at 90◦ scattering angle; the type of
the L’ 2Φ state it is unclear: for energies 20 – 50 eV
the DCS is forward peaked, while at 15 eV resembles the
DCS for dipole-forbidden states.

Experimental angular dependences50 for the A 2Σ+,
C 2Πr, D 2Σ+, generally agree in shape with the theory53,
but absolute values of the experimental DCS50 are gen-
erally lower by a factor of two to three. Kato et al.54

measured at 100 eV DCS for the A 2Σ+, C 2Πr, D 2Σ+

at forward scattering angles (4 – 16◦). Their DCS at
10◦ are slightly (15 – 20%) higher than DCS at the same
angle and 50 eV by Brunger et al.50.

Integral cross sections51 were obtained from the DCS50
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TABLE V. Integral cross sections (in 10−19 cm2 units) for
electron-impact excitation of the Rydberg and valence states
of the nitric oxide, NO (from Ref.51)

Rydberg energy energy energy energy energy
state 15 eV 20 eV 30 eV 40 eV 50 eV

A 2Σ+ 12.23 14.83 20.15 17.59 12.33
E 2Σ+ 2.27 2.67 3.37 3.93 2.66
S 2Σ+ 4.11 8.76 15.35 10.47 6.68
C 2Πr 23.10 32.74 41.32 46.77 32.69
K 2Π 6.73 8.09 16.29 18.90 10.32
Q 2Π 4.71 6.63 12.13 14.63 9.18
D 2Σ+ 14.40 18.53 25.37 29.68 21.99
M 2Σ+ 4.22 5.63 9.70 10.56 6.28
H’ 2Π 4.22 5.89 6.92 9.32 5.90
H 2Σ+ 5.75 8.70 13.80 13.67 8.38
F 2∆ 4.40 6.07 9.29 12.82 8.00
N 2∆ 2.55 - 5.30 5.84 5.64
O 2Π 4.64 6.49 15.36 13.06 8.69
W 2Π 9.43 13.40 22.70 21.74 13.36
T 2Σ+ 1.53 2.31 4.72 4.34 1.74
Z 2Σ+ 0.98 1.10 2.11 1.53 1.51
sum 105.3 141.8 223.9 234.9 155.4

Valence energy energy energy energy energy
state 15 eV 20 eV 30 eV 40 eV 50 eV

a 4Π 7.63 9.83 13.51 9.49 6.74
b 4Σ− 47.12 46.53 41.37 19.64 9.40
B 2Π 11.86 14.99 21.26 14.66 12.39
L’ 2Φ 27.29 22.96 18.37 21.16 20.27
B’ 2∆ 32.45 65.26 84.19 57.76 21.58
L 2Π 36.06 54.68 118.5 139.26 118.5
sum 162.4 214.3 297.2 262.0 188.9

by integration (and extrapolation to experimentally in-
accessible angles). For Rydberg states the theoretical
Born scattering amplitudes were used to extrapolate to
0◦ scattering angle. For valence states three techniques
were used: ‘by eye” procedure, polynomial fits and the
molecular phase shift analysis.

Integral cross sections for the 16 Rydberg and 6 valence
states at 15 – 50 eV as obtained by Brunger et al.51 are
givien by Table V. Declared errors on these data come
both from uncertainties on DCS as well from extrapo-
lation procedures; they vary from 30% for the strongest
excitations to 60% for the lowest.

The sum of Rydberg states shows a maximum of 0.23×
10−16 cm2 at 40 eV while for the valence states (includ-
ing the L 2Π) – a maximum of 0.3× 10−16 cm2 at 30
eV. According to the experiment51 the electronic excita-
tion into the 22 states studied would amount merely to
5% of the total cross section. In comparison, the differ-
ence between TCS and the sum of ionization and elastic
cross sections is at 15 – 20 eV some 2× 10−16 cm2. Ex-
perimental integral cross sections grouped by the type
of excitation (Rydberg and valence) and the excitation
energy are shown in Fig. 11. From this figure it is clear
that excitations to the valence a 4Π and b 4Σ− (excita-
tion thresholds 4.74 eV and 5.72 eV, respectively) reach

maximum at some 15-20 eV, to the valence B 2Π, L′ 2Φ
and B′ 2∆ states (5.64 eV, 6.60 eV and 7.44 eV thresh-
olds, respectively) reach maximum at 30 eV and then
drop rapidly with rising energy. Excitations to Rydberg
states (and to the state identified as L 2Π) reach maxima
at 40 eV, see Fig. 11.
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FIG. 11. Experimental51 integral cross sections for electronic
excitation, grouped by the type of excitation and threshold
energies. Rydberg states: circles, the sum of A 2Σ+, C 2Π
and D 2Σ+ states (threshold energies 5.64 eV, 6.50 eV, 6.61
eV, respectively); open squares, remaining 15 Rydberg and
mixed states as measured by Brunger et al.51, starting from
the E 2Σ+ state (threshold 7.55 eV) up to the Z2Σ+ state
(8.86 eV threshold). Valence states: inverted triangles, the
sum of a 4Π and b 4Σ− states (excitation thresholds 4.74 eV
and 5.72 eV, respectively); open triangles, the sum of valence
B 2Π, L′ 2Φ and B′ 2∆ states (5.64 eV, 6.60 eV and 7.44 eV
thresholds); diamonds – the L 2Π state (7.76 eV threshold).

The agreement of Brunger et al.’s51 integral cross sec-
tions with the measurements of Skubenich et al.55 is
rather poor, with discrepancies up to a factor of five.
The optical emission from the A 2Σ+ state was exten-
sively studied by Schappe et al.56 up to 1000 eV collision
energy. To obtain absolute values they used normaliza-
tion to the N2 emission. They concluded that despite
the effects of cascades, the emission cross sections from
vibronic levels are proportional to corresponding excita-
tion cross sections. This observation yielded an absolute
cross section for the excitation of the A 2Σ+ state of 40×
10−19 cm2 at its maximum at 30 eV. This is a factor of
two higher than the value reported by Brunger et al.51.
Also the energy dependence measured by Schappe et al.
differs from that from Ref.51, see Fig. 12.

Xu et al.57 determined experimentally the generalized
oscillator strength (GOS) at 1500 eV collision energy for
the A 2Σ+, C 2Π and D 2Σ+ states, and performed a
detailed analysis of the results obtained with other de-
terminations (via electron scattering, photo-absorption,
lifetime, calculations) giving the ranges of confidence.
Using their GOS and Kim’s58 Born Effective (BE) scal-
ing model they obtained electron excitation cross sections
from thresholds up to 2500 eV. For the A 2Σ+ and C 2Π
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states the BE model agrees within experimental error
bars with Brunger et al.’s measurements, see Fig. 12 for
the A 2Σ+ state. For the D 2Σ+ state the experiment51

seems to be underestimated by a factor of 2. (Xu et al.
corrected Brunger et al.’s data for vibronic populations,
see their paper for details).

Olszewski and Zubek59 studied optical emission from
the A 2Σ+ state in the threshold region. They derived
integral cross sections for excitations to the ν = 0 and
ν = 1 vibronic states; threshold peaks are visible for
both substates. Olszewski and Zubek, using the Franck-
Condon factors of Brunger et al.50, suggested that the
integral cross section for the excitation of the A 2Σ+

state, as given by Brunger et al.50, is underestimated by
a factor of three at 15 eV. Note that measurements of
Imami and Borst60 agree with the semi-empirical model
of Xu57 giving a maximum of the emission cross section
for the γ-band (i.e. the A 2Σ+ ) of 0.11× 10−16 cm2 at
19 eV.
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FIG. 12. Integral cross section for the excitation into A 2Σ+

state of nitric oxide NO. Squares, direct measurements of the
electronic excitation via DCS from energy loss spectra51; cir-
cles, and crosses, optical emission (γ-band) absolute cross sec-
tions calibrated to nitrogen emission cross sections (5 vibronic
states60 and 31 vibronic state56), respectively; line – Born
effective-energy model (BE) with generalized optical strength
directly measured.57

In conclusion, we recommend for the A2Σ+, C2Π and
D2Σ+ states the semi-empirical Born-scaled (BE) cross
sections of Xu et al.57 see table VI. These three states
cover only a part of possible electronic excitation, see the
energy-loss spectra in Fig. 10. Therefore, the sum of the
three states would underestimate the major energy loss
of drifting electrons and overestimate ionizing events in
modeling electron swarms in the gas. There is another
assessment of the (total) cross section for electronic exci-
tations using an electron swarm method. Most electronic
excitation thresholds of atoms and molecules lie immedi-
ately below the ionization threshold and the electron en-
ergy losses through electronic excitations can effectively
determine the overlap between the electron energy distri-
bution function and the ionization cross section, namely,

the threshold behavior of the primary ionization coeffi-
cient, one of basic parameters in gas discharge physics.
The experimental procedures for the measurement of
the parameter are well established and the claimed un-
certainty of the primary ionization coefficient lies usu-
ally within a few percent range. Claimed uncertainty
of experimental ionization cross section for atoms and
molecules is also usually small. A trial-and-error proce-
dure may be used to derive information about excitation
cross sections from the primary ionization coefficient as a
function of E/N. Electronic excitation thresholds of NO
are substantially lower than those of argon atom and elec-
tron swarm parameters in NO-argon mixtures may also
be used for that purpose (see Appendix). The resultant
electronic excitation cross sections, however, should be
understood as a whole only to provide realistic energy loss
of electrons passing through the gas and, in fact, unique
determination of individual cross sections will not be pos-
sible as long as there is no additional information. For
the sum of all electronic excitation cross sections for NO
we recommend values shown in Fig. 13 in order that all
electron swarm data measured in pure NO and NO-Ar
mixtures simultaneously. The present recommendation
is compared with the sum of integral cross sections for
22 electronic excitations measured by Brunger et al.50 in
the same figure. There is about a factor of five differ-
ence between them but the present magnitude around
the peak is comparable with the difference between the
present total cross section and the sum of present elastic
and ionization cross sections.
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FIG. 13. The total cross section for electronic excitations.
Solid circle, the present total electronic excitation cross sec-
tion; open circle, the sum of 22 electronic excitation cross
sections measured by Brunger et al.50
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H. Dissociation Cross Section

Dissociation into neutral fragments was studied by
LeClair et al.61 who identified two channels contributing
to production of O(1S), with the kinetic energy release
of 3.4 and 7 eV, but no cross sections were given. VUV
emission from atomic fragments was subject to numerous
studies, but the agreement between different experiments
is poor, see also Ref.62.

I. Ionization Cross Section

NO+ ions are supposed to be responsible for a newly
documented type of aurora63. Ionization in nitrogen ox-
ides (NO and N2O) was already measured in the 1930s
by Tate and Smith64, and in the 1960s by Rapp and
Englander-Golden28, and the latter results remain still of
relevance. Rapp and collaborators used a simple geome-
try, with gas confined in a scattering cell (i.e. with a well
determined length and gas pressure), collecting the total
current of ions, i.e. measuring the so-called gross total
ionization cross sections. The advantage of this method
is simplicity and accuracy. A disadvantage is that mul-
tiply charged ions contribute to an overestimation of the
probability for an atom/ molecule to be ionized (that is
quantified by the counting ionization cross section), see
a detailed discussion for CH4 by Song et al.1.

TABLE VI. Recommended cross sections for electronic exci-
tation of NO into A 2Σ+, C 2Π and D 2Σ+ states, from Born
Effective scaling model57 in 10−18 cm2 units.

Energy (eV) A 2Σ+(ν′=0-3) C 2Π(ν=0-3)a D 2Σ+ (ν=0-3)b

5.5 0.012 0 0
6.0 0.196 0 0
6.5 0.679 0.012 0
7.0 0.934 0.591 0.352
8.0 1.20 1.65 1.12
9.0 1.34 1.97 1.59
10 1.43 2.69 1.96
12 1.53 3.31 2.51
15 1.58 3.86 3.06
20 1.58 4.28 3.56
25 1.53 4.41 3.80
30 1.47 4.39 3.89
40 1.34 4.21 3.87
50 1.23 3.97 3.75
70 1.04 3.5 3.44
100 0.853 2.96 3.01
150 0.660 2.35 2.49
200 0.542 1.96 2.13
300 0.404 1.49 1.67
400 0.325 1.21 1.38
500 0.274 1.03 1.18
700 0.21 0.794 0.919
1000 0.157 0.601 0.695

a b 2Π(ν′=7,10,12) and L’ 2Φ(ν′=4) involved
b A 2Σ+ (ν=4,5,6). B 2Π (ν′ =8) and L’ 2Φ(ν′=5) involved

However, in nitrogen oxides the ionization into multi-
ply charges ions is an insignificant part of the total count-
ing ionization cross section: in NO the cross section for
the formation of the NO2+ is less than 2% of the total
counting ionization cross section29, the sum of the partial
cross sections for the N2+ ion formation and for the O2+

ion formation is 0.1 - 0.2% of the total counting cross
section29,65 and in N2O it was not measurable27.

Generally, the agreement between different measure-
ments in NO is good: some systematic discrepancies
are to be attributed to differences in experimental set-
ups. The laboratory in Innsbruck used a double-focusing
ion selector, with electrostatic plus magnetostatic field
sectors66. The extraction of ions from the interaction
region was performed with a weak penetrating electric
field, which did not ensure collection of ions with high
residual kinetic energies. In particular, cross sections for
formation of light ions, like N+ or O+ can be underesti-
mated, see for example Fig. 14 in Ref.67. Cross sections
were obtained via normalization to Ar ionization cross
sections, via a relative-flow technique to determine gas
density.

Iga et al.30 used the method of crossed beam – elec-
trons were intercepting the effusive gas beam at right
angle; two spectrometers – a quadrupole and a time-of-
flight were used in a complementary manned. Cross sec-
tions were normalized to those in argon. The uncertainty
on absolute values30 is ±15%.

Lindsay et al.27,29 used a rather simple apparatus with
a long interaction region, a time-of-flight system for ex-
tracting ions and a position-sensitive detector to deter-
mine the recoil kinetic energy of ions. The declared accu-
racy of absolute values is 5% for parent ionization, rising
to 30% for ions with low intensities.

Lopez et al.31 used a method of crossed beams. In or-
der to allow measurements also on radicals, they used a
beam of neutral molecules, produced from a collision-
induced neutralization of previously obtained positive
ions. However, the exact determination of the density
of the target gas beam was not straightforward and re-
quired normalization. Experimental uncertainties were
±15% on parent ionization and ±18% on dissociative
ionizations31.

Nitrogen oxides were also one of first molecules on
which the binary-encounter Bethe-Born model67 was
applied32,68,69. Surprisingly, NO is the molecule for
which the biggest discrepancies, up to 20%, are reported
in the ionization from different laboratories. This, as
already noted by Rapp and Englander-Golden28, and
quoted recently by Itikawa16, can be due to a high re-
activity of this gas and of the ions formed. However,
considering the combined error bars, the agreement is
still fair, see Fig. 14.

In particular, the total counting ionization by Lindsay
et al.29 agrees within the error bar with the gross total
cross section by Rapp and Englander-Golden28. Count-
ing total cross sections by Lopez et al.31 and by Igaet
al.30 are higher, but still remain within the combined er-
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ror bars. Therefore we recommend total ionization cross
sections in NO by Lindsay et al.29, which agree also with
the BEB model calculations of Kim and collaborators32.
Recommended values are given in table VII; the uncer-
tainty in the whole energy range is ±5%.
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FIG. 14. Total ionization cross sections in NO: gross total –
Rapp and Englander-Golden28; counting total – Iga et al.30,
Lindsay et al.29, Lopez et al.31. Declared error bars are shown
only in the maximum of the cross section. BEB model by
Hwang et al.32. Recommended data are those by Lindsay et
al.29.

The same considerations as above on the quality of
data regard partial cross sections in NO. For the parent
ion NO+ production, the spread among different sets is
some 25%, with discrepancies similar to those in the total
ionization cross sections, see Fig. 15: the highest set is
that by Iga et al.30, data of Kim et al.67 from Innsbruck
and Lopez et al.31 are intermediate, and those by Lind-
say et al.29 are the lowest. We recommend experimental
results by Lindsay et al.29, with an uncertainty of ±10%.

For fragment ions from NO, good agreement is seen
between the data of Iga et al.30 and Lindsay29 for N+,
and somewhat worse for O+, see full symbols in Fig. 16.
For the unresolved (N+ + O+ + NO2+) ionization the
results of Lopez et al.31 are the highest, as they include
also the NO2+ signal. As measured by Kim et al.67 and
Lindsay et al.29, this maximum for the NO2+ partial cross
section is some 0.03×10−16 cm2, see Fig. 16.

For the reasons discussed in the description of experi-
mental methods, for the summed (N+ + O+ + NO2+),
and fragment N+, O+, ions we recommend data of Lind-
say et al.29 with uncertainties of ±5%, ±15%, ±20%,
respectively29. For the double ionization NO2+ we rec-
ommend data from Innsbruck67 from threshold up to
180 eV and Lindsay et al.29 at higher energies. Recom-
mended total and partial cross sections in NO are shown
in Fig. 17 and given in table VII.

J. Electron Attachment (DEA) Cross Section

Rapp and Briglia70 measured the absolute total cross
sections for negative-ion formation in NO by electron im-
pact in a total ionization tube. The dissociative elec-
tron attachment (DEA) channel forming this negative ion
is O− from NO. Orient and Chutjian71 identified three
channel forming O−(2P), but did not present the absolute
cross sections. Rapp and Briglia70 is the only available
measured DEA cross sections and we recommend their
result as Itikawa16 did. The recommended cross sections
are presented in Table VIII and Fig. 18. Please note that
the units are 10−18 cm2. The uncertainty was estimated
to be 10 %. For detailed discussions see Itikawa16.
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FIG. 15. Partial ionization cross sections for ionization of
NO by electron impact: parent ionization NO+ and doubly
ionized NO2+ (multiplied by a factor of 10). Experimental
data are from Kim et al.67, Iga et al.30, Lindsay et al.29, Lopez
et al.31. Double ionization constitutes about 2% of the total
ionization cross section in NO.
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FIG. 16. Partial ionization cross sections for ionization of
NO by electron impact: fragment N+ and O+ ions and the
summed (N+ + O+ + NO2+ ion signal unresolved in mea-
surements of Lopez et al.). Experimental data are from Iga
et al.30, Lindsay et al.29, Lopez et al.31.
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FIG. 17. Recommended total and partial cross sections for
electron-impact ionization of nitric oxide, NO. Data are based
on experiment by Lindsay et al.29 apart from NO2+ cross sec-
tions which up to 180 eV are based on data from Innsbruck67.
BEB model for total ionization by Hwang et al.32. The un-
certainties are ±5% on total ionization and NO+, ±15% on
N+, ±20% on O+, ±30% on NO2+ partial ionization cross
sections27.

TABLE VII. Recommended total and partial cross sections
for electron-impact ionization of nitric oxide, NO in 10−16

cm2. Energy in eV.

Energy NO+ N+ O+ NO2+ Total

12.5 0.048 0.048
15 0.21 0.21

17.5 0.48 0.48
20 0.59 0.59

22.5 0.75 0.76
25 0.98 0.014 0.004 0.99
30 1.20 0.054 0.013 1.27
35 1.37 0.132 0.022 1.53
40 1.51 0.191 0.046 0.00017 1.75
45 1.67 0.252 0.073 0.0015 2.00
50 1.74 0.317 0.104 0.0042 2.16
55 1.84 0.315 0.140 0.0076 2.31
60 1.89 0.375 0.158 0.0113 2.43
70 1.92 0.444 0.170 0.0158 2.55
80 1.96 0.479 0.199 0.0250 2.67
90 1.97 0.481 0.251 0.0295 2.74
100 1.97 0.506 0.247 0.0295 2.75
125 1.92 0.499 0.286 0.0321 2.73
150 1.84 0.502 0.274 0.0295 2.65
200 1.69 0.438 0.267 0.0306 2.43
250 1.55 0.406 0.246 0.0284 2.23
300 1.40 0.385 0.191 0.0233 2.00
400 1.24 0.309 0.168 0.0232 1.74
500 1.11 0.265 0.139 0.0203 1.53
600 0.98 0.228 0.139 0.0147 1.36
800 0.81 0.190 0.100 0.0132 1.11
1000 0.70 0.169 0.076 0.0069 0.95
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FIG. 18. Recommended dissociative attachment cross sec-
tions for the formation of O− from NO

TABLE VIII. Recommended dissociative attachment cross
sections (CS) for the formation of O− from NO in 10−18 cm2.
Energy in eV.

Energy CS Energy CS Energy CS

6.7 0.0088 8.3 1.109 9.9 0.440
6.8 0.0176 8.4 1.100 10.0 0.378
6.9 0.0440 8.5 1.103 10.1 0.317
7.0 0.0792 8.6 1.106 10.2 0.264
7.1 0.150 8.7 1.100 10.3 0.220
7.2 0.334 8.8 1.088 10.4 0.176
7.3 0.537 8.9 1.069 10.5 0.141
7.4 0.713 9.0 1.040 10.6 0.114
7.5 0.862 9.1 1.000 10.7 0.0924
7.6 0.959 9.2 0.950 10.8 0.0792
7.7 1.040 9.3 0.888 10.9 0.0704
7.8 1.076 9.4 0.827 11.0 0.0616
7.9 1.103 9.5 0.748 11.5 0.0440
8.0 1.115 9.6 0.651 12.0 0.0440
8.1 1.117 9.7 0.581 12.5 0.0352
8.2 1.116 9.8 0.510 13.0 0.0352

III. N2O

Nitrous oxide (N2O) is a closed shell, linear molecule
with an N-N-O geometry.

A. Total Scattering Cross Section

Early measurements of the TCS by Ramsauer72 ex-
tended from 0.15 eV to 1.25 eV and were performed with
an apparatus with perpendicular magnetic field and the
radius of electron trajectories of 8 mm. Those are only
measurements extending below 1 eV and showing a rise
of TCS towards zero energy, as it would be predicted
from the polar character of N2O molecule.

Kwan et al.33 measured TCS for electron and positron
scattering between 1.25 – 500 eV using a long (109 cm),
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curved scattering cell with a guiding magnetic field and
a retarding field analyzer. Szmytkowski and collabora-
tors measured N2O cross sections in several papers73–75.
The main features of their apparatus were the same: a
127◦ cylindrical electrostatic selector and a rather short
(30 mm) scattering cell, resulting in a modest (10−3sr)
geometrical angular resolution.

The first series of measurements73,75 were made with-
out a retarding field analyzer, so were possibly subject to
an underestimation due to non-discrimination of inelas-
tically scattered projectiles. In fact, remeasured values21

at energies above 10 eV (i.e. above thresholds for elec-
tronic excitation) are higher than earlier data and agree
with those by Kwan et al.33.

In the region of the low-energy 2Π resonance76,77 the
agreement between Szmytkowski et al.73 and Kwan et
al.33 is pretty good, considering that small errors in
the determination of the energy scale may significantly
change the TCS measured. A high (approximately 1/3
of the TCS78) contribution comes in this resonance from
the vibrational cross section. As noted subsequently by
Johnstone and Newell79, the temperature of the gas, via
vibrational excitation, can also influence this resonance
maximum.

Xing et al.35 used a 202 mm long collision chamber and
70 mm long drift distance between the chamber and the
analyzer equipped with a retarding field, obtaining an
angular resolution of 6.3 × 10−5 sr. Their data35 match
very well with those by Kwan at al.33. This matching
is confirmed also by the Bethe-Born plot, see Fig. 2.
Parameters of this plot, see eq. 1, are A = −75± 10 and
B = 467 ± 5. The level of confidence on the B-B fit in
N2O is higher than in NO: this is thanks to high-quality
of data by Xing et al.35 extending up to 4250 eV.

Generally, after the above mentioned considerations,
agreement between different sets of data34,35,72,73 is good,
within ± 10% in the whole energy range from tenths of
eV to 1 keV. Recommended TCS are based on Ram-
sauer’s measurements72 at lowest energies, matching with
those by Kwan et al.33 in the region of the 2Π reso-
nance, then on the mean values between Kwan et al.’s
and Szmytkowski et al.21 above 10 eV and on Xing et
al.’s TCS in the high energy limit. Recommended values
are given in table IX they coincide with those from ref.13.

B. Elastic Scattering Cross Section

There have been many reports on the experimental
measurements of elastic differential cross section (DCS)
and integral cross section (ICS) for N2O (nitrous oxide)
molecule. Among them, the most relevant results to this
evaluation are the following. Marinkovic et al.74 reported
the absolute DCS’s and ICS’s for the energy range from
10 eV to 80 eV and for the angular range of 8◦ – 150◦.
Later, Johnstone & Newell79 measured the DCS’s and
ICS’s for 5 eV – 80 eV energy and 10◦ – 120◦ angles. Kita-
jima et al.80 performed an experiment to measure DCS’s
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FIG. 19. Total cross sections for electron scattering on nitrous
oxide, N2O. Experimental absolute TCS are from ref.33 – full
circles (digitalized from their figure), from ref.72 – inverted
triangles, ref.73,75 – full diamonds, ref.21 – open squares, ref.35

– full triangles. The thick line represents our recommended
TCS. Ionization integral cross section – experiments: Rapp
and Englander-Golden28, Iga et al.30, Lindsay et al.27, Lopez
et al.31; BEB model by Kim et al.68.

TABLE IX. Recommended TCS (in 10−16 cm2) for electron
scattering on nitrous oxide N2O. Recommended values up to
10 eV are based on experimental data33,72,73, at 10 – 250 eV
- on experimental data21,33 and on Ref.35 above 500 eV. The
uncertainty in the recommended data is ± 10%.

Electron TCS Electron TCS Electron TCS
energy energy energy

0.15 10.3 2.7 23.5 60 15.0
0.20 9.0 3.0 18.6 70 14.4
0.25 8.1 3.5 13.6 80 13.8
0.30 7.5 4.0 11.0 90 13.2
0.35 7.1 4.5 9.73 100 12.6
0.40 6.8 5.0 9.24 120 11.6
0.45 6.6 5.5 9.17 150 10.4
0.50 6.5 6.0 9.37 170 9.78
0.60 6.6 7.0 10.4 200 8.87
0.70 6.7 8.0 11.9 250 7.80
0.80 7.0 9.0 13.4 300 7.12
0.90 7.4 10 14.5 350 6.46
1.00 8.1 12 15.9 400 5.92
1.20 10.2 15 16.4 450 5.47
1.50 14.3 17 16.6 500 5.08
1.70 18.1 20 17.4 600 4.44
2.00 25.6 25 17.7 700 3.94
2.10 27.3 30 17.6 800 3.56
2.20 28.2 35 17.2 900 3.26
2.30 28.4 40 16.7 1000 3.01
2.40 27.9 45 16.3
2.50 26.9 50 15.8

for 1.5 – 100 eV energy and 20◦ –130◦ angular range.
Their work was supplemented by the work from Aus-
tralian National University (ANU) group in the report
of Kitajima et al81 which presented the cross sections
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of both Sophia University group and ANU group. ANU
group measured the cross sections for the energy range of
2.0 – 20 eV and the angular range of 20◦ – 130◦. Finally,
Lee et al82 reported the absolute DCS’s and ICS’s for 50
– 800 eV and 15◦ – 130◦ ranges. Excluding Marinkovic et
al.74, which shows devilations from the other results es-
pecially at high angles, we estimate recommended DCS’s
and ICS’s values and their corresponding uncertainties
for the electron impact energies at 1.5, 3.0, 5.0, 10, 15,
20, 30, 50, 100, and 500 eV. Numerical values of these
cross sections and four representative figures for elastic
DCS’s are presented in Table X and Fig. 20, respectively.
Similarly, the recommended ICS’s are given in Table XI
and Fig. 21.
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FIG. 21. Recommended elastic ICS for N2O

C. Momentum Transfer Cross Section

Pack et al.83 measured the drift velocity of slow elec-
trons in pure N2O at two different gas temperatures, 195

K and 300 K, and derived a momentum transfer cross
section as a function of electron energy over the energy
range between about 0.008 and 0.05 eV. It should also be
added that they observed no appreciable dependence of
the drift velocity on the gas temperature, and therefore,
contribution of rotational excitation and de-excitation
processes to electron swarms cannot be substantial in
pure N2O. Singh84 calculated momentum transfer cross
section using effective-range theory85 in the energy range
0.01 to 0.1 eV. These two studies covered almost overlap-
ping energy range and resulted in a very good agreement
between them.

Marinkovic et al.74 reported the momentum trans-
fer cross section as well as the integral elastic cross
section between 10 eV and 80 eV. Johnstone and
Newell79 also determined the integral elastic and mo-
mentum transfer cross sections between 5 eV and 80
eV with the claimed errors of 20% and 25%, respec-
tively. More recently, Lee et al.82 reported a joint the-
oretical (combination of the Schwinger variational iter-
ative method and the distorted-wave approximation)-
experimental (crossed electron beam-molecular-beam ge-
ometry) study on electron-N2O collisions over the energy
range from 50 eV to 800 eV which gave good agreement
between theory and the measurements. Experimental
uncertainty estimated in the absolute DCS over the range
of the scattering angles between 15o and 130o was 12% in
the 100 – 800 eV energy range and 20% elsewhere. And
after accounting for extrapolation procedure the overall
uncertainties in the integral elastic and momentum trans-
fer cross sections were estimated 16% in the 100 – 800 eV
range and 24% elsewhere. Again agreement between the-
ory and measurement for the integral cross sections was
good. Since the above four studies reported the elastic
differential cross sections which are mutually consistent
well within their claimed uncertainty limits, the elastic
momentum transfer cross sections derived from their dif-
ferential elastic cross sections should also be reliable.

Hayashi86 determined a set of electron collision cross
sections including the momentum transfer cross section
for N2O from electron swarm parameters (drift veloc-
ity, lateral diffusion coefficient, and ionization and at-
tachment coefficients measured in pure N2O) available
at the time of compilation for electron energies up to
1000 eV. Electron swarm parameters in pure molecular
gas in low and intermediate E/N depend both on the
elastic momentum and vibrational excitation cross sec-
tions and, therefore, it is not possible in principle for
electron swarm study to determine both momentum and
vibrational cross sections uniquely if it uses only swarm
parameters measured in pure molecular gas. This is the
long-standing uniqueness problem of current swarm stud-
ies. Nakamura87 determined a cross section set for the
molecule after his measurements of drift velocity and
longitudinal diffusion coefficient in pure N2O and also
in dilute N2O-Ar mixture. The sharp Ramsauer mini-
mum in the elastic momentum cross section of the Ar
atoms, which are the major constituent of the mixture,
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TABLE X. Recommended elastic DCS for N2O. DCS’s and uncertainties (δ) are in the units of 10−16 cm2sr−1.

Angle 1.5 eV 3.0 eV 5.0 eV 10.0 eV 15.0 eV 20.0 eV 30.0 eV 50.0 eV 100.0 eV 500.0 eV
(deg) DCS δ DCS δ DCS δ DCS δ DCS δ DCS δ DCS δ DCS δ DCS δ DCS δ

10 4.43 0.53 8.26 0.99 33.8 4.05 29.9 3.6 23.2 2.78
15 3.95 0.6 6.44 1.01 8.55 1.32 12.9 1.55 12.6 3.74 7.66 1.53 1.237 0.148
20 1.50 0.23 1.63 0.24 0.61 0.11 2.92 0.46 4.88 0.71 5.61 1 5.76 1.14 5.67 1.68 3.32 0.84 0.803 0.096
25 0.65 0.05 2.41 0.39 4.12 0.49 3.41 0.68 1.62 0.32 0.603 0.072
30 0.96 0.14 1.78 0.27 0.69 0.13 2.05 0.32 2.96 0.43 3.04 0.58 2.55 0.5 1.97 0.47 0.95 0.24 0.459 0.055
35 1.75 0.12 0.85 0.06 1.74 0.25 2.68 0.32 1.26 0.25 0.55 0.11 0.3 0.036
40 0.67 0.10 1.72 0.28 0.87 0.17 1.48 0.23 1.9 0.26 1.73 0.28 1.24 0.24 0.82 0.19 0.34 0.09 0.171 0.021
45 1.71 0.12 1.01 0.07 1.32 0.19 1.72 0.21 0.5 0.1 0.22 0.04 0.107 0.013
50 0.46 0.07 1.67 0.28 0.99 0.16 1.21 0.2 1.35 0.18 1.16 0.19 0.74 0.14 0.41 0.11 0.18 0.04 0.084 0.01
55 1.54 0.11 1.03 0.08 1.11 0.16 1.27 0.15 0.25 0.05 0.15 0.03 0.071 0.009
60 0.32 0.05 1.47 0.24 1.04 0.17 1.02 0.16 1.03 0.14 0.8 0.13 0.45 0.09 0.21 0.06 0.13 0.04 0.058 0.007
65 1.32 0.09 1 0.07 0.92 0.15 0.96 0.12 0.13 0.03 0.11 0.02 0.046 0.006
70 0.30 0.05 1.14 0.19 0.94 0.16 0.83 0.15 0.8 0.11 0.57 0.09 0.27 0.07 0.14 0.03 0.1 0.03 0.035 0.004
75 1.04 0.07 0.89 0.07 0.78 0.12 0.74 0.09 0.47 0.06 0.17 0.02 0.16 0.04 0.08 0.02 0.028 0.003
80 0.30 0.05 0.86 0.15 0.82 0.13 0.69 0.11 0.61 0.09 0.37 0.06 0.16 0.03 0.12 0.03 0.08 0.02 0.024 0.003
85 0.79 0.06 0.75 0.06 0.62 0.09 0.54 0.06 0.28 0.03 0.17 0.02 0.11 0.03 0.07 0.01 0.022 0.003
90 0.35 0.05 0.65 0.11 0.68 0.11 0.53 0.08 0.41 0.06 0.26 0.04 0.17 0.03 0.1 0.02 0.08 0.02 0.018 0.002
95 0.59 0.04 0.6 0.04 0.47 0.08 0.35 0.05 0.26 0.03 0.21 0.03 0.1 0.03 0.08 0.02 0.016 0.002
100 0.46 0.07 0.45 0.08 0.51 0.09 0.43 0.07 0.31 0.05 0.24 0.04 0.1 0.02 0.09 0.02 0.015 0.002
105 0.41 0.03 0.45 0.03 0.4 0.06 0.31 0.07 0.31 0.04 0.27 0.03 0.13 0.03 0.09 0.02 0.014 0.002
110 0.56 0.08 0.34 0.06 0.39 0.07 0.41 0.08 0.37 0.06 0.35 0.05 0.29 0.06 0.16 0.04 0.11 0.03 0.015 0.002
115 0.31 0.02 0.32 0.03 0.45 0.08 0.5 0.06 0.22 0.04 0.12 0.02 0.014 0.002
120 0.66 0.10 0.28 0.05 0.3 0.06 0.53 0.09 0.53 0.09 0.49 0.07 0.34 0.06 0.28 0.07 0.13 0.04 0.014 0.002
125 0.28 0.02 0.26 0.02 0.63 0.15 0.37 0.07 0.15 0.03 0.014 0.002
130 0.76 0.11 0.31 0.05 0.26 0.05 0.76 0.18 0.7 0.13 0.7 0.13 0.43 0.06 0.46 0.09 0.16 0.05 0.014 0.002

TABLE XI. Recommended elastic ICS and uncertainties (δ)
for N2O in the units of 10−16 cm2. Energy in eV.

Electron ICS δ Energy ICS δ

2 11.4 4.3 30 12.3 2.0
3 10.7 3.9 50 10.1 3.2
4 7.9 2.8 80 8.0 1.9
5 8.4 2.0 100 6.6 1.1
6 7.9 2.8 150 5.7 0.9
7 8.3 2.1 200 4.1 0.7
8 10.1 3.0 300 3.8 0.6
9 11.1 2.8 400 3.1 0.5
10 12.8 3.9 500 2.3 0.4
15 15.3 5.3 800 1.9 0.3
20 14.3 4.3

seems to “amplify”88 the effect of vibrational energy
loss of electrons in N2O-Ar mixtures and gives rise to
prominent E/N dependence in electron swarm parame-
ters which provides a very good guide for unfolding vi-
brational excitation cross sections. This fact suggests
simultaneous use of swarm data measured in pure molec-
ular gas and its dilute Ar (or any of other rare gases
with the Ramsauer-Townsend minimum) mixtures can
help swarm study to determine the elastic momentum
transfer cross section and the vibrational excitation cross
sections almost separately. The momentum transfer cross
sections from the two swarm methods agree well in the
energy range up to 0.1 eV, where the two agree with those
of Pack et al.83 and Singh84, and also in the range above
5 eV, where the two agree with data from crossed beam
experiments.74,79,86 They all can be chosen as the rec-
ommended cross section in the respective energy ranges.
For the remaining energy range, 0.1-5 eV, which almost
exactly corresponds to the range of vibrational cross sec-

tions, the momentum cross section of Nakamura is recom-
mended. As explained above this recommended87 cross
section, together with his vibrational cross sections, can
reproduce swarm parameters in pure N2O and N2O-Ar
mixture simultaneously (see the section on the vibra-
tional excitation cross sections below). Available mo-
mentum transfer cross sections are compared in Fig. 22.
The present recommended cross section data which con-
sists of Nakamura (up to 100 eV) and Hayashi (100 –
1000 eV) are also shown in Table XII.
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TABLE XII. Recommended momentum transfer cross section
for N2O in the units of 10−16 cm2. Energy in eV.

Electron MT Electron MT Electron MT
Energy Energy Energy

0 500 0.3 3.26 4.50 6.32
0.001 139 0.35 2.96 5.0 6.92
0.002 100 0.40 2.86 6.0 7.73
0.005 63.1 0.45 2.92 7.0 8.60
0.01 45.4 0.5 3.08 8.0 9.22
0.02 31.6 0.6 3.65 10 9.75
0.03 26.0 0.7 4.20 12 9.75
0.04 22.7 0.8 4.83 15 9.35
0.05 20.5 0.9 5.27 20 8.36
0.06 18.3 1.0 5.72 25 7.06
0.07 16.8 1.2 6.49 30 6.22
0.08 15.6 1.5 6.87 40 4.85
0.09 15.1 1.7 6.68 50 3.93
0.10 14.1 2.0 5.97 60 3.25
0.12 11.9 2.34 5.02 80 2.37
0.15 9.48 2.5 4.77 100 1.85
0.18 7.23 3.0 4.49 200 0.848
0.20 6.00 3.5 4.72 500 0.306
0.25 4.20 4.0 5.55 1000 0.130

D. Rotational Excitation Cross Sections

There are no data on rotational excitation of the
N2O molecule in the literature. As part of this study
we computed excitation cross sections using the UK R-
matrix89,90 and the POLYDCS91 codes. It is worth men-
tioning that ab initio calculations of the N2O equilibrium
geometry and the electric dipole were also performed in
this study. At the equilibrium geometry, the N-N and N-
O distances were found to be 1.122 Å and 1.173 Å, which
is similar to the experimental and previous theoretical
values92. The theoretical value of the dipole moment is
about 0.38±0.04 D, with the uncertainty mainly due to
the uncertainty in the equilibrium geometry. This value
is much larger than the experimental value of 0.161 D,
but is consistent with previous theoretical results92. The
reason for the disagreement could be the following: For
an accurate comparison with the experimental value, the
theoretical dipole moment should be averaged over the
wave function of the ground vibrational level of N2O. The
difference between the experimental dipole and theoreti-
cal value obtained at the equilibrium geometry, could be
explained by a combined effect of a relatively strong lin-
ear dependence of the theoretical dipole as a function of
internuclear distances and non-harmonicity of the N2O
potential near the equilibrium. For the completeness
it should also be mentioned that another experimental
study93 gave a value for the dipole of 0.52±0.45 D, which
is closer to the theoretical result, but due to a large un-
certainty is also consistent with the experimental value
of 0.161 D by Reinartz et al.94. For the calculation, the-
oretical dipole moment of 0.38 D and the equilibrium
geometry were employed. The cross sections obtained
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FIG. 23. Rotational excitation cross sections of the N2O
molecule computed using the UK R-matrix89,90 and the
POLYDCS91 codes.

are shown in Fig. 23.

E. Vibrational Excitation Cross Sections

The molecule N2O has three fundamental vibrational
modes: ν1 (NN stretch, 0.276 eV), ν2 (bend, 0.073 eV),
and ν3 (NO stretch, 0.159 eV)95. Hayashi86 proposed
cross sections for electron collision excitation to those
three vibrational states from electron swarm parameters
in pure N2O. Kitajima et al.81 measured differential cross
section for vibrational excitations of three fundamental
modes at 2.4 eV and 8.0 eV. Uncertainties for these dif-
ferential cross sections were estimated between 30% and
50%. Integral cross sections were also determined. Allan
and Skalicky96 also measured absolute differential cross
sections for the elastic and the vibrationally inelastic elec-
tron scattering including three fundamental modes and
several other overtones. The scattering angle was fixed
at 135◦ but the measurements covered electron energy
range from the threshold region up to 20 eV including
2Π resonance at 2.4 eV and a resonance at 8 eV. Each of
the measured differential cross sections is multiplied by a
factor 4π and an integral cross section is estimated here.
The results a compare very well with those of Kitajima
et al. as shown in Fig. 24. Electron drift velocity in di-
lute N2O-Ar mixture shows87 a peculiar E/N dependence
with two humps which may suggest vibrational excita-
tion cross sections with two distinct peaks at threshold
and shape resonance energies. By utilizing the differen-
tial cross sections of Allan and Skalicky96 and by follow-
ing the procedure explained in the proceeding section,
Nakamura derived cross sections for three vibrational ex-
citations: ν2 (threshold: 0.073 eV), ν3/2ν2 (unresolved,
threshold: 0.145 eV), and ν1/2ν3 (unresolved, threshold:
0.276 eV). The resultant cross sections of the first two
vibrational excitations, ν2 and ν3/2ν2, agree fairly well
with those estimated from Allan and Skalicky, and the
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FIG. 24. Vibrational excitation cross sections. Solid circle,
Kitajima et al.81; dotted curve, Hayashi86; broken curve, Al-
lan and Skalicky96: solid curve, Nakamura87

magnitude of the ν1/2ν3 cross section at the shape reso-
nance is about an order of magnitude larger than that of
Allan and Skalicky’s. These larger cross sections, how-
ever, reproduce the experimental electron drift velocity
measured in an N2O-Ar mixture and also in pure N2O
when combined with the recommended momentum trans-
fer cross section discussed above. As discussed below,
the magnitude of the recommended vibrational excita-
tion cross sections and the experimental elastic integral
cross section of Kitajima et al.81 can be added up to
make the total cross section which is consistent with the
recommended total scattering cross section around the
shape resonance region, which acts to support our rec-
ommended values.

F. Electronic Excitation Cross Section

Investigations on location and assignment of electronic
excitation states for the N2O molecule have been carried
out through studies on optical absorption97 and electron
energy loss spectrum98,99. Cubric et al.100 obtained the
first high-resolution (30 – 40 meV resolution) electron
impact spectrum of N2O over the energy range from 1.5
to 21 eV and gave detailed assignment of the observed
structures, including the valence states as well as the Ry-
dberg states. Electronic excitation in N2O (into optically
allowed states), as seen in zero-degree energy-loss spec-
tra, see Fig. 25, is dominated by two broad peaks labelled
as C 1Π and D 1Σ+ states.
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FIG. 25. Zero-angle electron-scattering energy loss spectra
in N2O, from experiments by Chang et al.52. The ionization
threshold is 12.89 eV for N2O.

Michelin, Kroin and Lee101 reported differential and
integral cross sections for electronic excitations to the
C 1Π state and the 3Π state (8.0 eV energy loss) in the
10 to 100 eV range by using the distorted-wave method.

Kawahara et al.102 in order to derive integral cross sec-
tions, see Fig. 26 and 27, were obtained using extrapo-
lated differential cross sections to zero-angle scattering
via generalized oscillator strength (GOS). As admitted
by them, the use of GOS is not fully appropriate at
low scattering energies. Therefore, they applied also a
semi-empirical approach of Kim58, based on scaling of
Born approximation to effective scattering energy (BE
approach) and with use of GOS (f -factors) from exper-
iment (so called BEf scaling). Kawahara et al.’s results
for the C 1Π and D 1Σ+ states are shown in Figs. 26 and
27. BEf results agree with the experiment starting from
the collision energy of 50 eV.

Marinković et al.74 measured DCS for C 1Π and D 1Σ+

states at 0 – 148◦ scattering angles and 15 – 80 eV col-
lision energy. Only for 80 eV do they give absolute val-
ues of the DCS, via normalization to their own74 elas-
tics DCS (that in turn were normalized to TCS). Errors
on DCS were estimated as 32%. In 1999 Marinković et
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al.103 renormalized the DCS using the generalized oscilla-
tor strength evaluated from comparison between experi-
ments and theory: in the limit zero-scattering angle they
adopted the optical oscillator strength of 0.026 and 0.375
for the C 1Π and D 1Σ+ states, respectively.

Figs. 26 and 27 show integral cross sections for these
two states obtained by multiplying the integral values
given by Marinković et al.74 by the coefficients given for
DCS in ref.103. This is only a rough comparison: in
particular at high energies these integral cross sections
can be underestimated, due to possible errors in forward-
angle analysis of DCSs. In fact, the integral cross section
of Marinković et al. for the D 1Σ+ state at 30 eV co-
incides with that of Kawahara et al.102 but at higher
energies it falls much more rapidly with the energy, see
fig.27.

We are not aware of experimental determinations of
excitations into triplet states in N2O. A recent theoreti-
cal evaluation104 using Quantemol-N R-matrix package90

gives a narrow peak with a maximum of 0.25×10−16 cm2

at 10 eV for the 3Σ+ (3A1) state and similarly narrow
peak of 0.15×10−16 cm2 at 14 eV for the 3Π (3B1) state.

There is another assessment of the (total) cross sec-
tion for electronic excitations by using an electron
swarm method. Most electronic excitation thresholds of
atoms and molecules lie immediately below the ionization
threshold and the electron energy losses through elec-
tronic excitations can effectively determine the spread of
the electron energy distribution which overlaps with the
ionization cross section, namely, the threshold nature of
the primary ionization coefficient. Experimental uncer-
tainties of the ionization cross section and the primary
ionization coefficient are usually low, and are both about
a few per cent. A Boltzmann calculation shows small
amendment to threshold part of an electronic excitation
cross section can alter resultant primary ionization coef-
ficient sensitively but only minimal change, if any, of any
other swarm parameters like an electron drift velocity.

Swarm checks, see for example Ref.105,106 show that
under-determination of the electronic excitation overesti-
mates the transversal diffusion coefficient above 100 Td.
The presently recommended set does not include cross
sections for excitation into higher states, visible in the
energy-loss spectra below the ionization threshold, see
Fig. 25. Therefore, the set of recommended cross sections
to be used in modeling electron swarms has to “mimic”
these missing contributions. For this reason, for swarm
modeling we recommend the set given in table XIII and
presented in Fig. 28, that coincides also with the set
used by Duplijanin et al.107, see the comparison given
in Figs. 26 and 27.

Thin solid curves in Fig. 28 show the three swarm-
derived electronic excitation cross sections determined
in order that they can reproduce the experimental pri-
mary ionization coefficient of pure N2O108 within a few
percent. They are given realistic threshold energies but
are by no means intended to be any specific excitation
processes: they as a whole are only intended to pro-

vide realistic energy loss of electrons passing through
the gas and, in fact, unique determination of their re-
spective cross sections was not possible. But it will be
shown in the later section that the sum of these three
swarm-derived cross sections, the recommended elastic
cross section (Section III.B) and the recommended ion-
ization cross section (Section III.H) agrees well with the
recommended total cross section (Section III.A).
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FIG. 26. Integral cross sections for the excitation of N2O
into the C 1Π state. Absolute measurements by Kawahara
et al.102 – full circles; normalized (see text) measurements
by Marinković et al.74,103, open circles. Two excitation cross
sections used for swarm modeling: Dupljanin et al.107 and
present values (“swarm-derived”) – lines with triangles and
heavy chain lines, respectively. Broken lines, BEf model by
Kawahara et al.102.
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FIG. 27. Integral cross sections for the excitation of N2O into
the D 1Σ+ state. Absolute measurements by Kawahara et
al.102 – full squares; normalized (see text) measurements by
Marinković et al.74,103, open squares. Two excitation cross
sections used for swarm modeling: Dupljanin et al.107 and
present values (“swarm-derived”) – lines with triangles and
heavy chain lines, respectively. Broken lines, BEf model by
Kawahara et al.102.
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As recommended integral cross sections for excitation
to the C 1Π and D 1Σ+ states we adopt the BEf semi-
empirical values by Kawahara et al.102 and for the B 1∆
state - the semi-empirical BE values of Wang et al.109,
see Table XIII.

G. Dissociation Cross Section

The D 1Σ+ excited state of N2O is repulsive, leading
to dissociation of the molecule. Several experiments re-
vealed dissociation of N2O into the oxygen atom in its
ground state O(3P) and N2 molecule in electronically
excited states, see Ref.61 for the discussion. Le Clair
and McConkey61 studied the channel e + N2O → e’ +
O(1S) + N2(X 1Σ+

g ) with production of the metastable

(i.e. second excited level) oxygen atom O(1S). Mea-
surements were performer via detection of optical emis-
sion from XeO* excimer. Normalization was performed
adopting the optical oscillator strength of 0.36; the de-
clared uncertainty on the cross section for the oxygen
atoms O(1S0) is 10%. The maximum of the cross sec-
tions is 0.225×10−16 cm2 at 45 eV. We note, that the
cross section for production of the O(1S) atom is exactly
half of the excitation to the D 1Σ+ state, as obtained by
Kawahara et al.102 in their BEf model.

H. Ionization Cross Section

The agreement between different experiments27,28,30,31

in N2O is good, within 5% in the maximum of the to-
tal ionization cross section, see Fig. 29. In particular
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 : 5.6eV
 Qex1: Nakamura(2007)

1  : 8.5 eV
 Qex2: Nakamura(2007)
 Kawahara et al(2009)

9.6 eV
 Qex3 : Nakamura(2007)
 Kawahara et al(2009)
 Total: Nakamura(2007)

FIG. 28. Electronic excitation cross sections of N2O. Closed
and open circles, integral cross sections102 for excitations of
C 1Π and D 1Σ+ states respectively; three thin curves, swarm-
derived excitation cross sections whose excitation threshold
are assumed to be 5.6 eV (the value assigned to 3Σ+), 8.5 eV
(C 1Π ) and 9.6 eV (D 1Σ+), respectively; thick solid curve,
sum of the swarm-derived cross sections.

TABLE XIII. Recommended cross sections for electronic ex-
citation of N2O into B 1∆, C 1Π, and D 1Σ states, from Born
Effective scaling model102 in 10−18 cm2 units. Uncertainty
of this determination is ±20%. The last column is the sum
of electronic excitations, as needed to reproduce swam coeffi-
cients (present work). The latter data are much higher than
the sum of the three states: the swarm-derive cross sections
account for the total energy loss due to electronic excitation,
so they comprise also dipole-forbidden states; further, the ac-
count also for the “effective” energy loss, i.e. for excitations
into vibronic series.

Energy B 1∆ C 1Π D 1Σ Swarm-derived
(eV) Sum

5.65 10.7
5.70 17.8
5.8 25.4
6.0 29.7
6.3 36.7
6.6 0 0 0 41.1
7.0 0.712 0 0 44.8
7.4 1.48 0 0 46.7
7.8 1.92 0 0
8.0 50.9
8.2 2.23 0 0
8.6 2.47 0.636 0
9.0 2.66 2.41 0 57.6
9.4 2.81 3.35 0
10 2.98 4.35 4.79 74
11 3.19 5.57 11.2
12 3.31 6.44 16.0
15 3.41 8.00 27.1 185.7
20 3.27 8.98 38.5
25 3.04 9.18 44.9
30 2.82 9.08 48.5 331.7
40 2.43 8.58 51.3
50 2.13 8.00 51.5 333.3
70 1.71 6.96 49 .0
100 1.32 5.8 44 .0 210.1
150 0.965 4.54 37 .0
200 0.762 3.76 31.8
300 0.54 2.82 25 .0
400 0.42 2.27 20.8
500 0.344 1.92 17.9 45.2
600 0.292 1.66 15.7
700 0.254 1.47 14.1
800 0.225 1.32 12.8
900 0.203 1.2 11.7
1000 0.184 1.1 10.8 22.9

the most recent experiment by Lindsay et al.27 coincides
with that by Rapp, Englander-Golden ,and Briglia110;
some differences exist in the low-energy part: data of
Lopez31 are higher than other sets, and measurements
of Iga30 are lower in the threshold region. More signifi-
cant differences are to be noted for the parent N2O+ ion
yield, see Fig. 30. Somewhat akin to the parent ion in
ionization of NO, the data of Iga et al.30 and Lopez31 for
N2O+ are higher than those by Lindsay et al.27. The ex-
periment from Innsbruck66, using normalization to Ar+,
agrees with Lindsay et al.. Note also that the shape of the
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FIG. 29. Total ionization cross sections in N2O: gross total
– Rapp, Englander-Golden28; counting total – Iga et al.30,
Lindsay et al.27, Lopez et al.31. Normalized data of Adamczyk
et al.111 coincide with ref.110. BEB model by Kim et al.68.
Recommended data are those by Lindsay et al.27.
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FIG. 30. Experimental27,30,31,66 partial ionization for the
parent ion N2O+. The optical emission for A 2Σ+ → X2Π
transition112 (normalized by a factor of 4 to Lindsay et al.’s27

N2O+ signal at 100 eV) is also shown

optical emission curve112 from the A 2Σ+ excited state of
N2O coincides with the N2O+ yield by Lindsay et al.27,
see Fig. 30. The difference in N2O+ formation seems to
be “compensated” in partial cross sections for N+ and
O+ formation, where data by Linsday et al.27 are at the
maximum higher by a factor of 2 than those by Iga et
al.30 and Lopez et al.31, see Fig. 31. A hint for resolving
this discrepancy could come from early measurements by
Märk et al.66, with a long, double E-M mass selector. In
that experiment the elapsed time between the instant of
ionization and detection was longer than 14 µs. Märk et
al. noticed that normalization of their data to the Ar+

signal of Rapp and Englander-Golden110 gave the N2O+

cross section lower by some 40% than normalization to
the dissociative ionization110. By changing ion optics,
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FIG. 31. Partial ionization of N2O into NO+ and (N+ + O+).
Experimental data from ref.27,30,31. The optical emission from
NO+ for B 2Π→ X 2Π transition112 (normalized by a factor
of 40 to Lindsay et al.’s27 NO+ signal at 70 eV) is also shown.

Märk et al. evaluated the metastable N2O+∗ to N2O+

ratio as 11%. Thus, using Märk et al.’s reasoning, the
difference between the two groups of data for N2O+ pro-
duction is due to fragmentation of the metastable N2O+∗

ion. This in turn, is not validated by the discussion of
Lindsay et al.27: in their experiment the time elapsed
between the ionization and detection of N2O+ is 1.3 µs
and the time between the electron pulse and extraction
pulse is 200 ns. According to Newton and Sciammana113

the fragmentation time of N2O+∗ is only 90 ns. NIST
spectra114 (4:1 ratio between N2O+ and NO+ ions) at
70 eV would support results of Iga et al.30 and Lopez et
al.31. An updated evaluation of N2O+∗ metastable yield
is needed to resolve this issue. Recommended ionization
cross sections for N2O, see Fig. 32 and table XIV, are
based on data of Lindsay et al.27 and coincide with those
given by Lindsay and Mangan in their review27: this is
a self consistent set and summed partial cross sections
agree with determinations of total ionization from other
experiments30,31,110.

I. Electron Attachment (DEA) Cross Section

Rapp and Briglia70 measured the absolute total cross
sections for negative-ion formation in N2O and some
other gases by electron impact in a total ionization
tube. Both dissociative attachment and ion-pair forma-
tion were measured, with careful attention paid to com-
plete collection of the negative ions up to 50 eV elec-
tron energy. Their results showed a single peak at 2.2
eV and the total cross section for negative-ion forma-
tion at that energy was 9.78 × 10−2π a20. In this ex-
periment, negative-ion formed is believed to be mostly
O− from N2O, inferred from the investigations of other
studies such as Krishnakumar et al.115. Krishnakumar
et al. measured the cross sections for the production of
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FIG. 32. Recommended cross sections for ionization of N2O
are based on Lindsay et al.27 measurements and are the same
as given by Lindsay and Mangan in their review27. The cross
section for the formation of a neutral oxygen atom O in 1S0

electronic state measured by LeClair et al.61 is also given: this
comparison makes clear that the formation of the O atom is
not a “co-product” of ionization. BEB model by Kim et al.68.
The uncertainties are ±5% on total ionization and N2O+,
±10% on NO+ and N+, and ±15% on N+

2 and O+ partial
ionization cross sections27.

TABLE XIV. Recommended cross sections for ionization of
N2O are based on Lindsay et al.27 measurements and are the
same as given by Lindsay and Mangan in their review27 in
the units of 10−16 cm2. Energy in eV.

electron CS CS CS CS CS CS
Energy N2O+ N+

2 NO+ N+ O+ Total

14 0.067 0.067
16 0.269 0.269
18 0.411 0.0131 0.424
20 0.527 0.0066 0.0564 0.0066 0.597

22.5 0.684 0.017 0.136 0.0023 0.0163 0.855
25 0.827 0.047 0.237 0.0059 0.0315 1.15

27.5 0.922 0.097 0.303 0.0187 0.0407 1.38
30 1.02 0.141 0.344 0.0237 0.0466 1.57
35 1.17 0.223 0.471 0.0958 0.086 2.04
40 1.29 0.272 0.523 0.173 0.115 2.38
50 1.41 0.323 0.654 0.282 0.167 2.84
60 1.48 0.363 0.735 0.375 0.240 3.20
70 1.54 0.387 0.809 0.467 0.285 3.49
80 1.57 0.372 0.864 0.526 0.319 3.65
90 1.56 0.398 0.854 0.596 0.320 3.73
100 1.56 0.379 0.865 0.618 0.347 3.77
120 1.53 0.365 0.865 0.663 0.341 3.77
140 1.51 0.33 0.882 0.657 0.357 3.74
160 1.46 0.318 0.866 0.627 0.347 3.62
200 1.39 0.297 0.819 0.585 0.337 3.43
250 1.30 0.252 0.775 0.525 0.305 3.16
300 1.22 0.253 0.712 0.486 0.265 2.94
400 1.06 0.191 0.634 0.377 0.232 2.50
500 0.95 0.171 0.569 0.32 0 0.202 2.21
600 0.844 0.152 0.507 0.269 0.171 1.94
800 0.731 0.138 0.400 0.228 0.117 1.61
1000 0.666 0.117 0.353 0.203 0.0807 1.42
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FIG. 33. Recommended cross sections for the formation of
O− from N2O.

O− from N2O by the process of DEA for electron-impact
energies ranging from 0 to 50 eV. Three new O− peaks
at 5.4, 8.1, and 13.2 eV were observed, and their data
above 4 eV electron-impact energy differ from Rapp and
Briglia.70 The cross sections between about 1.5 and 4
eV agree well with Rapp and Briglia, but disagreements
appeared again below about 1.5 eV. Krishnakumar116

believes that one reason for their higher cross sections
compared with Rapp and Briglia70 below 1.6 eV may be
due to heating of the gas by the magnetic coil they used
inside the vacuum chamber. DEA in N2O has a strong
temperature dependence as was shown by Chantry117.
Meanwhile, the problem with Rapp and Briglia’s data
is above 4 eV, where Krishnakumar et al.115 saw three
smaller clean peaks. Instead, Rapp found a broad peak
at about 10 eV, and this might have been due to some
impurities in the gas they used116. Also, the Krishnaku-
mar group have confirmed the peaks when they did the
velocity map imaging experiments as shown in Nandi et
al.118. Therefore, we recommend the cross sections of
Rapp and Briglia70 in the energy region between 1.6 eV
and 4 eV. The uncertainty is given to be 15 %. Our DEA
cross sections are presented in Table XV and Fig. 33, re-
spectively. Above 4 eV, the results of Krishnakumar et
al.115 could be recommended, but they are very noisy,
wiggly and also blown up 40 ∼ 70 times. So it is very
difficult to extract precise numerical data by digitizing
and no numerical values are available from the original
authors.

IV. NO2

Nitrogen dioxide (NO2) is free radical with one un-
paired electron. Its X 2A1 electronic ground state has
a bent structure. There are less data available for NO2

than NO or N2O; this situation could be due to the dif-
ficulty with handling NO2 molecules. NO2 is corrosive
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TABLE XV. Recommended dissociative attachment cross sec-
tions (CS) for the formation of O− from N2O in the units of
10−18 cm2. Energy in eV.

Energy CS Energy CS
0.4 0.46 2.3 8.55
0.5 1.33 2.4 8.02
0.6 1.73 2.5 7.09
0.7 1.92 2.6 5.97
0.8 2.04 2.7 4.83
0.9 2.08 2.8 3.56
1.0 2.15 2.9 2.60
1.1 2.23 3.0 1.91
1.2 2.33 3.1 1.39
1.3 2.48 3.2 0.97
1.4 2.78 3.3 0.63
1.5 3.28 3.4 0.47
1.6 3.92 3.5 0.35
1.7 4.93 3.6 0.28
1.8 5.94 3.7 0.23
1.9 6.62 3.8 0.19
2.0 7.57 3.9 0.17
2.1 8.26 4.0 0.13
2.2 8.59

and poisonous, and in the gas phase exists in equilibrium
with N2O4 (dinitrogen tetroxide), which could cause a
problem when performing experiments.

A. Total Scattering Cross Section

Only few experiments have been performed on TCS in
NO2 due to the highly corrosive character of this gas.
Szmytkowski and collaborators corrected119 their earlier
data120 for the error due to collecting inelastically scat-
tered electrons. The differences are similar to those in
N2O. However, corrected119 data are higher than the
measurements by Zecca et al.36 in the high-energy limit.
The reason for this discrepancy is unclear. Therefore,
the recommended values at 100 – 350 eV are based on
mean values from the three experiments21,36,120; at 7 –
100 eV on the newer measurements of Szmytkowski and
Możejko21, and on older ones120 below 7 eV. The overall
uncertainty on these data is to be estimated as ± 15%.
Theoretical calculations of total cross sections were per-
formed by Gupta et al.121 who used the R-Matrix method
as implemented in the Quantemol-N package90 below 15
eV and spherical complex optical potential. Above 50
eV these calculations agree very well with recommended
data. Below 10 eV the R-Matrix method shows presence
of two narrow resonances, that were not visible in the ex-
periments, see Fig. 34. Calculations show a steeper rise
of the cross sections in the limit of zero energy than it
is measured: a similar observation was made for another
weakly polar molecule, NF3, see3. For NO2 the Bethe-
Born plot is of poor quality, as data by Zecca et al.36 are
underestimated above 1400 eV. A regression line would
coincide with that for N2O.
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FIG. 34. Total cross sections for electron scattering on ni-
trogen dioxide, NO2 . Experimental absolute TCS are from
Szmytkowski et al.120 – diamonds, from Szmytkowski and
Możejko34 – open squares, from ref.36 – full circles. Theo-
retical total121: Quantemol package below 15 eV and optical
model at higher energies. Thick line is present recommended
TCS. Ionization integral cross section – experiments: Lindsay
et al.29, Lukić et al.122, Lopez et al.31; BEB model by Kim et
al.68.

TABLE XVI. Recommended TCS (in 10−16 cm2 units) for
electron scattering on nitrogen dioxide NO2. Recommended
values up to 7 eV are based on experimental data by
Szmytkowski et al.120, at 7-100 eV on the remeasurements by
Szmytkowski and Możejko119, at 100 – 350 eV - on the non-
weighted average from the three experiments36,119,120 and on
ref.36 above 350 eV. The uncertainty on recommended data
is ± 15%.

Electron TCS Electron TCS Electron TCS
energy energy energy

0.6 16.9 8 14.5 90 12.4
0.7 16.4 9 15.2 100 12.0
0.8 16.0 10 15.8 120 11.2
0.9 15.6 11 15.7 150 10.2
1.0 15.3 12 15.7 170 9.50
1.2 14.7 14 15.5 200 8.80
1.5 14.1 16 15.5 220 8.30
1.7 13.7 18 15.7 250 7.75
2.0 13.3 20 15.6 300 6.97
2.5 12.9 22 15.7 350 6.40
3.0 12.7 25 15.6 400 5.92
3.5 12.6 30 15.4 450 5.50
3.7 12.6 35 15.0 500 5.14
4.0 12.6 40 14.7 600 4.55
4.2 12.6 45 14.4 700 4.07
4.5 12.7 50 14.3 800 3.69
5.0 12.8 60 13.8 900 3.37
6.0 13.2 70 13.3 1000 3.11
7.0 14.0 80 12.9
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TABLE XVII. Recommended elastic ICS and uncertainties
(δ) for NO2 in the units of 10−16 cm2. Energy in eV.

Electron ICS Energy ICS

30 9.47 300 2.46
40 7.17 400 1.96
50 6.21 500 1.68
60 5.39 600 1.54
70 4.85 700 1.43
80 4.62 800 1.34
90 4.47 900 1.27
100 4.33 1000 1.20
200 3.11 2000 0.77

B. Elastic Scattering Cross Section

There are no experimental elastic DCS and/or ICS for
NO2 (nitrogen dioxide) known to these authors at the
time of evaluation. Therefore, we decided to recommend
theoretical ICS’s. There are several theoretical reports on
elastic ICS’s of NO2. Mentioning a few relevant recent
result, they are Joshipura et al123, Munjal et al.124, and
Gupta et al.121. In Fig. 35, Joshipura et al.123 and Gupta
et al.121 are presented. Also shown is the total cross sec-
tion (TCS) of Szmytkowski et al.120 to compare with the
elastic ICS’s. The two theoretical results diverge as the
electron energies get smaller. Considering that the TCS
measurements are generally more reliable than the other
cross section measurements and that the uncertainty of
the TCS of Szmytkowski et al.120 in the range of 5 – 30
eV is 3 %, the calculation of Gupta et al. seems to be
overestimated, especially in this energy range. Therefore,
we recommend Joshipura et al.123 and the recommended
ICS values are tabulated in Table XVII.
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FIG. 35. Recommended elastic ICS of Joshipura et al123 com-
pared with the values computed by Gupta et al.121 and TCS
measured by Szmytkowski et al.120.
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FIG. 36. Momentum transfer cross section of NO2 molecule
computed using the R-matrix method by Munjal et al.124.

C. Momentum Transfer Cross Section

Momentum transfer cross section for the NO2 molecule
were computed by Munjal et al.124 using the R-matrix
method89 and POLYDCS91. Munjal et al.’s calculations
are based on a 21-state close coupling expansion and sug-
gest that the electron – NO2 system supports a large
number of resonance as might be expected given the open
shell nature of the target and the presence of several low-
lying electronic states. The momentum transfer cross sec-
tions computed by Munjal et al., see Fig. 36 show signif-
icant structure due to these resonances. At present these
are the only momentum transfer cross section available
for NO2 but they must be considered somewhat uncer-
tain.

D. Rotational Excitation Cross Sections

There are no experimental data on rotational excita-
tion of the NO2 molecule, but the theoretical study by
Munjal et al.124 reported differential cross sections at one
energy of 4 eV. That study used a somewhat large, com-
pared to the experimental value, dipole moment of 0.738
D. Because the reported data is given only for one en-
ergy and the employed dipole moment was not accurate
in Ref.124, in this study basic ab initio structure and
electron-scattering calculations, similar to those made
for N2O, were also performed for NO2. The calcula-
tions using the Molpro suite, the MRCI method, and the
cc-pVTZ basis produced NO2 properties that are in good
agreement with experimental values: The molecule has
the C2v geometry with the theoretical NO bond length of
1.184 Å and the bond angle of 134.4◦. The experimental
values125 are 1.193 Å and 134.1◦ correspondingly. Theo-
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FIG. 37. Rotational excitation cross sections of the NO2

molecule computed in this study.

retical rotational constants at the equilibrium geometry
are 0.413, 8.08, and 0.435 cm−1. The dipole moment is
0.302 D, while reported experimental values are ranging
in the interval 0.254 – 0.316 D, see Ref.126 and references
therein, with the positive charge displaced towards to the
nitrogen atom corresponding to the polarity O−N+O−.
The electron-scattering calculations were performed us-
ing the theoretical values for the dipole moment and the
equilibium geometry. Previous experience suggests that
it is safe to neglect the spin angular momentum when
considering rotational excitation of molecules with no
overall orbital angular momentum127. The spin unre-
solved cross sections were computed using the UK R-
matrix89,90 and the POLYDCS91 codes and are shown in
Fig. 37.

E. Vibrational Excitation Cross Sections

There is no measured or theoretical data on vibrational
excitation of the NO2 molecule by an electron impact.
While experimental measurements of cross sections for
the process could be long and expensive, a theoretical
determination with a reasonable uncertainty seems to be
a relatively straightforward problem for theorists working
in the area of electron-molecule scattering.

F. Electronic Excitation Cross Section

Measurements of electron scattering at 0 angle128, that
correspond to the photoabsorption cross section, yielded
a broad band centered at 3.12 eV, and attributed to the
4b2 → 6a1(2A1 → 2B2) and 6a1 → 2b1 (2A1 → 2B1)
transitions.

A second broad band with a maximum of the photoab-
sorption cross section amounting to 0.13×10−16 cm2 (a
factor 2 higher than for the C 1Π state in N2O) extending
from 6.3 to 9.4 eV results from excitation of the unpaired

electron in the 6a1 orbital to the 5b2 virtual valence and
the 3sσ, 3pσ and 3π Rydberg orbitals128 at 8 eV and at-
tributed to 4b2 → 7a1 (2A1 → 2B2) and 1a2 → 2b1 (2A1

→ 2B1) transitions.
A sharp maximum of the photoabsorption cross section

with the value of 0.44 ×10−16 cm2 is centered at 9.7 eV
see Fig. 38.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
0.0

0.1

0.2

0.3

0.4

0.5

7a1-- 4b2

2b1-- 1a26a1-- 4b2

2b1-- 6a1

NO2

x10Ph
ot

oa
bs

or
pt

io
n 

cr
os

s 
se

ct
io

n 
(1

0
-2

0  m
2 )  

   

Electron energy loss (eV)   

FIG. 38. Zero-angle electron-scattering energy loss spectra in
NO2, from experiments by Au et al.128. Ionization threshold
is 9.586 ± 0.002 eV for NO2.

We are not aware of measurements of electronic ex-
citations either to optically allowed or forbidden states.
Mundjal et al.124 and Gupta et al.121 used the molecular
R-matrix codes89, in the latter case through Quantemol-
N interface90, to obtain low-energy elastic and electronic
excitation cross sections. According to Gupta et al. inte-
gral cross section for the excitation X 1A1 → 2B1 (3.0 eV
excitation energy) shows a sharp peak of 1.0×10−16 cm2

just above threshold. The nature of the peak is unclear.
As part of this study we performed electron-scattering

calculations for electronic excitation using the UK R-
matrix code. We used the same basis and orbital sets,
the same equilibrium geometry as in the rotational exci-
tation calculations described above. Our computed cross
sections are shown in Fig. 39. The cross sections were
calculated for one single geometry, no Franck-Condon
overlap between initial and final vibrational levels of the
electric states was accounted for. Such results could be
viewed as an approximation for the cross sections where
a sum over possible final vibrational levels and an av-
erage over initial levels are evaluated. The excitation
thresholds in the obtained results are vertical transition
energies, which should also be interpreted as approximate
values of excitation energies for vibronic transitions with
the most favorable Franck-Condon factors.

G. Dissociation Cross Section

There is no measured or theoretical data on neutral
dissociation of the NO2 molecule by an electron impact.



25

3 4 5 6 7 8 9 10
0.001

0.01

0.1

1

El
ec

tro
ni

c 
ex

ci
ta

tio
n 

cr
os

s 
se

ct
io

n 
(1

0
-1

6 cm
2 )

Electron energy (eV)

 2B1

 2B2

 2A2

 4A2

 4B2

 2A2

 2B2

 2A2

FIG. 39. Suggested cross sections electronic excitation exci-
tation of the NO2 molecule from the ground state X2A1 into
a few first excited states. Obtained in this study using the
UK R-matrix89,90 code.

H. Ionization Cross Section

In spite of the importance of NO2 in technological plas-
mas and its role as a precursor of the pollutant ozone
formation in urban smog, ionization cross sections were
studied in detail only in this century. Lukic̀ et al.122

used a parallel plate ionization chamber. Thanks to a
precise determination of the pressure in the scattering
chamber, the gross total ionization cross section was mea-
sured up to 1000 eV with ±5% precision. Jiao et al.129

used a Fourier-transform mass spectrometer, with a cu-
bic trapping cell (5 cm on a side); the uncertainty on
the absolute data was ±18%. They evaluated a frac-
tion of doubly charged ions as less than 0.2% of the total
ion population; they also proved that NO+

2 and NO+

ion are produced with thermal kinetic energies while re-
coil energies of O+ and N+ ions are less than 4.6 eV.
All measurements29,31,122,129 agree within the declared
error bar; in particular, those by Lindsay et al.29 agree
with Lukic̀ et al.122 (and with BEB model68) within 5%,
in the whole energy range between 50 – 1000 eV, see
Fig. 40. Relatively good agreements exist also for par-
tial cross sections. The dominant channel is formation of
the NO+ dissociated ion, see Fig. 41. The three recent
experiments29,31,129 agree within combined error bars,
both for the formation of NO+

2 and NO+. Experimental
NO+

2 cross sections from Innsbruck65 are lower by factor
of two than other experimental sets and are not shown
in Fig. 41. Stephan et al.65 reported also the formation
of NO2+

2 ions, with the cross section three orders of mag-
nitude lower than NO+

2 . Also partial cross sections for
formation of atomic ion fragments, O+ (dominating) and
N+ from Lindsay et al.29 and Jiao et al.129 agree well,
within combined error bars (that are 15% and 20%, for
the two ions, respectively, in the experiment of Lindsay et
al.). The uncertainty on the combined (N+ + O+ ) yield
is only 5% in that29 experiment; unresolved results of
Lopez et al.31 and summed results of Jiao et al.129 agree
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FIG. 40. Total ionization cross section in NO2: gross total –
Lukic̀ et al.122, counting total – Jiao et al.129, Lindsay et al.29,
Lopez et al.31. BEB model by Kim et al.68. Recommended
data are those by Lindsay et al.29.
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FIG. 41. Partial ionization cross sections in NO2: lower, full
points – formation of the NO+

2 parent ion; upper, open points
– formation of the NO+ dissociated ion. Experiments by Jiao
et al.129, Lindsay et al.29, Lopez et al.31. Recommended data
are those by Lindsay et al.29.

within error bars with Lindsay et al., see Fig. 42. Our
recommended set of NO2 ionization coincides with that
from the review by Lindsay and Mangan27, and are based
on measurements by Lindsay et al.29, see table XVIII.

I. Electron Attachment (DEA) Cross Section

Rangwala et al130 is the only report which present the
absolute DEA cross sections to NO2 molecule. In their
experiment, a magnetically collimated and pulsed elec-
tron beam of variable energy is crossed with an effusive
molecular beam producing negative ions. They reported
the absolute cross section for the formation of O− from
NO2 by DEA in the energy range from 0.0 eV and 5.4
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FIG. 42. Partial ionization of NO2 into N+ (lower, full
points), O+ (upper, open points), and non-resolved (N+ +
O+) – lines. Experimental data from ref.29,31,129.
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FIG. 43. . Recommended cross sections for ionization of NO2

are based on Lindsay et al.29 measurements and are the same
as given by Lindsay and Mangan in their review27. BEB
model by Kim et al.68. The uncertainties are ±5% on to-
tal ionization, NO+

2 , NO+ and combined (N+ + O+) par-
tial ionization cross sections, and ±20%, ±15% and ±12%
on N+, O+ and combined (N2+ + O2+) partial ionizations,
respectively27.

eV. The resonance peaks were observed at the incident
electron energies of 1.4, 3.1, 8.3 eV. The numerical and
graphical form of the cross sections are given in Table
XIX and Fig. 44, respectively. 1σ uncertainty at the
peak cross section is 13 %. Earlier than this, Abouf et
al131 studied ions produced by dissociative attachment in
NO2 using a trochoidal monochromator as electron gun.
O−, O−2 , and NO− were observed. O− production was
much more dominant over O−2 and NO− ions. For O−

production, three peaks were observed with their max-
ima near 1.8 eV, 3.5 eV and 8.5 eV, and the 1.8eV peak
is the most intense. These facts agree reasonably well
with the result of Rangwala et al130. But, Abouf et al131

did not report the absolute cross sections and did the

TABLE XVIII. Recommended cross sections for ionization of
NO2 are based on Lindsay et al.29 measurements and are the
same as given by Lindsay and Mangan in their review27 in
the units of 10−16 cm2. Energy in eV.

electron CS CS CS CS CS CS
Energy NO+

2 NO+ N+ O+ N2++O2+ Total

13.5 0.0909 0.055 0 0 0 0.146
16 0.159 0.148 0 0 0 0.308
20 0.244 0.401 0 0.022 0 0.667
25 0.317 0.612 0 0.061 0 0.990
30 0.389 0.906 0.015 0.140 0 1.45
35 0.436 1.14 0.055 0.217 0 1.85
40 0.454 1.30 0.114 0.314 0 2.18
50 0.525 1.57 0.189 0.453 0 2.74
60 0.546 1.77 0.234 0.615 0 3.16
80 0.561 1.89 0.337 0.778 0 3.57
100 0.542 1.95 0.365 0.892 0.00140 3.75
120 0.543 1.95 0.407 0.938 0.00238 3.84
160 0.507 1.86 0.386 0.927 0.00433 3.69
200 0.470 1.76 0.397 0.843 0.00614 3.47
250 0.432 1.63 0.360 0.776 0.00640 3.21
300 0.399 1.51 0.327 0.690 0.00615 2.93
400 0.353 1.32 0.275 0.574 0.00507 2.53
500 0.311 1.17 0.221 0.498 0.00452 2.21
600 0.278 1.06 0.202 0.429 0.00413 1.97
800 0.235 0.886 0.136 0.380 0.00330 1.64
1000 0.201 0.756 0.117 0.305 0.00211 1.38
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FIG. 44. Recommended cross sections for the formation of
O− from NO2.

measurements only in the limited electron-energy range.

V. SUMMARY

In spite of being constituted of the same two elements,
oxygen nitrides show significantly different features, as
seen in electron scattering. Biologically, NO, N2O and
NO2 are drastically different. NO, which is formed in
nostrils during breathing, contributes to better oxygena-
tion of the blood; N2O is slightly anesthetic while NO2

is poisonous.
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TABLE XIX. Recommended dissociative attachment cross
sections (CS) for the formation of O− from NO2 in the units
of 10−18 cm2. Energy in eV.

Energy CS Energy CS

0.0 4.02 5.6 0.51
0.2 3.86 5.8 0.46
0.4 3.69 6.0 0.49
0.6 3.90 6.2 0.55
0.8 5.32 6.4 0.63
1.0 7.42 6.6 0.71
1.2 9.47 6.8 0.76
1.4 10.20 7.0 0.87
1.6 9.40 7.2 0.99
1.8 6.89 7.4 1.19
2.0 4.30 7.6 1.41
2.2 3.27 7.8 1.57
2.4 3.04 8.0 1.84
2.6 3.41 8.2 2.08
2.8 3.70 8.4 1.99
3.0 3.96 8.6 1.92
3.2 3.96 8.8 1.69
3.4 3.70 9.0 1.58
3.6 3.25 9.2 1.24
3.8 3.03 9.4 1.11
4.0 2.27 9.6 0.95
4.2 1.90 9.8 0.82
4.4 1.48 10.0 0.83
4.6 0.99 10.2 0.76
4.8 0.87 10.4 0.71
5.0 0.62 10.6 0.79
5.2 0.52 10.8 0.79
5.4 0.45 11.0 0.76
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FIG. 45. Partial ionization cross sections in NO, N2O and
NO2. Data are from recommended sets, see text.
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FIG. 46. Summary of recommended cross section for elec-
tron collisions with NO. TCS - total scattering, ES - elastic
scattering, MT - momentum transfer, ION - ionization, VI -
vibrational excitation, RO - rotational excitation, EX - elec-
tronic excitation, DEA - dissociative electron attachment.
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FIG. 47. Summary of recommended cross section for elec-
tron collisions with N2O. TCS - total scattering, ES - elastic
scattering, MT - momentum transfer, ION - ionization, VI -
vibrational excitation, RO - rotational excitation, EX - elec-
tronic excitation, DEA - dissociative electron attachment.

Figs. 46, 47 and 48 summarize our recommended elec-
tron collision cross sections for NO, N2O and NO2, re-
spectively. The most prominent feature for NO at 1 eV
and below are two overlapping resonances, giving rise to
a structure visible in TCS as a series of sharp peaks: in
this the NO molecule resembles O2

13. The TCS in N2O
shows a broad resonant peak, which in the vibrational
channel constitutes one-third of the TCS at 2.3 eV, see
Fig. 47.

In the recommended total cross sections, the rotational
structure is not resolved. Therefore, the recommended
total cross sections should be understood as summed over
all possible final rotational states and averaged over ini-
tial states of the target molecule for the energy distribu-
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FIG. 48. Summary of recommended cross section for elec-
tron collisions with NO2. TCS - total scattering, ES - elastic
scattering, MT - momentum transfer, ION - ionization, RO -
rotational excitation, EX - electronic excitation, DEA - dis-
sociative electron attachment.

tion of the experiments in which the cross sections were
measured. For example, the rotational excitation cross
sections shown in Figs. 47 and 48 are state-selective and
could be larger for certain transitions than the total cross
sections with unresolved rotational structure.

In NO2, which is also a “prototype” system showing
similar features to ozone, theory124 predicts two narrow
resonances at 1 – 3 eV, see Fig. 36. They are clearly
visible in the dissociative attachment channel and as an
enhancement of the rotational-excitation cross sections
at about 2.2 eV as predicted by the present theory, see
Fig. 37.

Electronic excitation in the open shell NO molecule
shows a number of partially overlapping states, starting
from some 4.75 eV; in N2O it is dominated by two dipole-
allowed states, visible as broad peaks, centered at 8.5 eV
and 9.5 eV in the energy-loss spectra. In their maxima,
the electronic excitation cross sections amount to about
3% of the TCS. A similar proportion is predicted by the
present R-matrix calculation for NO2 in the energy range
9 – 10 eV, see Fig. 39.

Comparing the ionization cross sections for the three
nitrogen oxides, the total ionization cross sections scale
roughly with molecular dipole polarizabilities132. The to-
tal ionization cross sections in NO2 and N2O practically
coincide, amounting in their maxima, respectively to 3.84
and 3.77 × 10−16 cm2 (with respective polarizabilities,
2.91 and 2.998 × 10−30m2, see Table I). Total ionization
cross sections are well reproduced by BEB model32,68, for
all three nitrogen oxides. The optical potential model123

overestimates slightly (10-15%) the total ionization cross
sections for all three targets. Fig. 45 compares parti-
tioning into different channels of ionization at 100 eV
and 1000 eV. For neither N2O nor NO2 is the parent ion
the dominant product (i.e. constitutes over 50% of the
ionization events) at energies where other channels are
available. The NO+ dissociated ion is the main ion in

the ionization of NO2 and constitutes about 1
4 of ioniza-

tion events in of N2O. The N+ ion is formed with roughly
double the probability of the O+ ion in NO and N2O; in
NO2 the O+ ion prevails over N+, see Fig. 45.

In summary, the main differences between the three ni-
trogen oxides are visible in the low energy range (below 5
eV) where the cross sections display the existence of dif-
ferent resonances. This energy region is the one for which
biological processes are influenced the most. Experimen-
tal (and theoretical) studies are still needed. In particu-
lar, our knowledge on electron scattering is broadly sat-
isfactory for NO and N2O but it has many gaps for NO2:
for example we are not aware of measurements of the vi-
brational or electronic-excitation cross sections. For NO
and NO2 we also lack measurements of dissociation into
neutrals.
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APPENDIX: ELECTRON SWARM PARAMETERS IN
PURE NO AND NO-AR MIXTURES

The drift velocity and the product of the gas number
density and the longitudinal diffusion coefficient (NDL)
in pure NO and in the 4.99% NO-Ar mixture were mea-
sured by Takeuchi and Nakamura43, and re-analyzed
here. These swarm parameter were determined differ-
entially from arrival-time distributions (ATDs) of an iso-
lated electron pulse observed at several drift distances
from the cathode at each E/N (E is the electric field
strength and N the gas number density, 1 Td = 14
×10−17 Vcm2) by using the double shutter electron drift
tube with variable drift distance (1 – 10 cm). The pu-
rity of NO was 99.99% and the mix-ratio was measured
by a gas-chromatograph of the gas company. At low
E/N (< 10 Td) in pure NO the ATD of electrons decays
rapidly with the distance due to the three-body attach-
ment process in NO133. The ATD also has increase at
its later time showing there are delayed electron com-
ponent, which possibly are electrons autodetached from
unstable negative ions. This increase deteriorates ob-
served ATD substantially and gives rise to apparent gas-
density dependence of the swarm parameters, especially
seriously of NDL. The gas density-independent drift ve-
locity was estimated through the extrapolation to N = 0.
This probably is the reason of scattering results of ear-
lier drift velocity measurements134,135. In NO-Ar mix-
ture, on the other hand, the ATD at high E/N (> 50
Td) shows strong growth with drift distance, probably
due to the Penning ionization, and it was not possible
to determine swarm parameters properly. The magni-
tude of the drift velocity around the maximum (2.5 Td)
and the minimum (10 Td) depends respectively on the
magnitude of vibrational cross sections and the threshold
magnitude of the electron excitation cross section. The
magnitude and width of the prominent peak structure
seen in the NDL depends on the depth and width of the
minimum of the inelastic cross section of NO over 2.5 –
7 eV range. Lakshminarasimha and Lucas136 measured
the ionization coefficient in NO over the E/N range 56
– 1412 Td with the accuracy of ±3%. In order that the
measured ionization coefficient can be reproduced within
the claimed accuracy by a Boltzmann equation analysis,
the sum of the electronic excitation cross sections should
be larger than the sum of Brunger et al.50 by a factor of
about 5 as shown in Fig. 13.
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FIG. 49. The drift velocity and NDL of electrons in pure
NO. Solid circle, electron drift velocity; solid triangle, NDL, ;
solid line, Boltzmann equation calculation using the present
recommended cross section set of NO.

0.1 1 10 100
0.1

1

10

D
rif

t v
el

oc
ity

 (1
0

6 cm
 s

-1
)

E/N (Td)

0.1

1

10

N
D

L (
10

23
cm

-1
s-1

)

FIG. 50. The drift velocity and NDL of electrons in the 4.99%
NO-Ar mixture. Solid circle, electron drift velocity; solid tri-
angle, NDL, ; solid line, Boltzmann equation calculation using
the present recommended cross section set of NO.
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