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ABSTRACT

Electron collision cross section data are complied from the literature for electron collisions with the nitrogen molecules, N2, N3, and N . Cross
sections are collected and reviewed for total scattering, elastic scattering, momentum transfer, rotational excitation, vibrational excitation,
electronic excitation, dissociative processes, and ionization. The literature has been surveyed up to the end of 2021. For each of these processes,
the recommended values of the cross sections are presented.
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Molecular nitrogen, Ny, is the major component of the Earth’s

atmosphere, which means that electron collisions with nitrogen
occur both naturally, for example, in lightning strikes, and in many
applications. This has led to nitrogen plasmas being an important
topic of study in plasma physics; as N, is strongly bound, these
plasmas occur for a wide range of temperatures. Besides the Earth’s
atmosphere, N, is present in many other atmospheres in the solar
system, notably Titan, where it comprises 98.4% of the atmosphere,
Venus (3.5%) and Mars (1.9%),' as well as Triton” and Pluto.’ It is
thought to be a major atmospheric component in rocky exoplan-
ets (e.g., the work of Rimmer and Rugheimer* and Tsiaras et al.”).
Electric fields cause giant electric discharges at the top of plane-
tary atmospheres, including our own, called sprites, which can be
observed® through spontaneous emission from excited electronic
states of Ny; similar N, afterglows can be observed in laboratory
plasmas.”®
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Models of spacecraft re-entry and studies of hypersonic
flows,”'" as well as other shock waves,' rely on a detailed under-
standing of the interactions of electrons with N and N; as well as
metastable excited states, which are generally denoted N;. Indeed, a
feature of nitrogen plasmas is the characteristic emissions from vari-
ous (metastable) electronically excited states of the molecule.'” " In
the industrial process field, nitrogen plasma transmits and diffuses
nitrogen ions in plasma to metal/non-metal surfaces and is used as a
surface hardening method of materials.'”

There are numerous examples of technological and other uses
of nitrogen plasma chemistry. For example, N> can be used as a
seeding gas in magnetically confined fusion plasmas (ITER and
JET experiments) to help in the reduction of power loads on the
divertor region.'® Nitrogen plasmas can be used to initiate chem-
ical processes.”’ Of course, all atmospheric plasmas necessarily
involve N».

Due to the importance of low-temperature nitrogen plasmas,
there have been many attempts to build nitrogen plasma kinetic
models (or plasma chemistries),'"'"** which involve processes
initiated by both electron and heavy particle collisions. The cur-
rent evaluation of available data on electron collision processes
with Nj, N{ , and NJ will provide important input into these
models.

The present paper is based both on experimental and on recent
theoretical results. To some extent, it is complementary and/or
supersedes earlier, similar compilations. Itikawa’® gave an excel-
lent review, based mainly on experiments, of total and partial cross
sections for the N, molecule: Our work includes also cross sec-
tions for metastable N states and the N3 ion. Tabata et al.”’ gave
analytic approximations over in a broad energy range for 74 pro-
cesses involving electron collisions N, and N2+ , which also include
cross sections for the optical emission. However, since these stud-
ies, new data (measurements and calculations) on the rotational,
vibrational, and electronic excitations have appeared that differ sig-
nificantly from earlier values. More recently, Kawaguchi, Takahashi,

ARTICLE scitation.org/journal/jpr

and Satoh’® not only gave recommended cross sections (for the N
molecule) but also calculated transport coefficients (drift velocities,
longitudinal, and transversal diffusion, etc). We find their much
of their data congruent with the present analysis. Furthermore,
for plasma modeling, particularly in nitrogen, knowledge of cross
sections involving metastable and ionized species is needed.

2. N2 Molecule
2.1. Total scattering cross section

Measurements of total cross sections (TCSs) in N, served for
more than 40 years as a check of performance of experimental
setups. The discovery of the vibrational structure in the resonant
maximum of the TCS by Schulz”’ was one of the milestones in
atomic and molecular physics. Precise measurement of this structure
with a time-of-flight apparatus (i.e., with an intrinsic determination
of the collision energy) by Kennerly*’ established a reference for the
energy scale calibration for all consecutive studies, in which bias
contact potentials influenced this calibration in an unknown man-
ner (see, for example, the work of Karwasz, Brusa, and Pliszka).’'
In our previous paper’” on CHy, we discussed some more aspects
of methodologies in TCS experiments. Furthermore, we refer the
reader to other reviews””” on experimental techniques, which gave
TCS also for N,.

Agreement between different experiments (see Fig. 1) is to be
considered excellent; existing discrepancies are well explained by
particular features of the equipment used: The electron/positron
experiment by Hoffman et al.’® was not designed for very high
energy resolution; the difficulties in precise timing and beam focus-
ing led to the measurements of Kennerly,”’ giving underestimates
at 50 eV. A similarly difficulty was the timing in the electron
and positron experiment of Sueoka and Mori,”” so they used an
“effective” length of the scattering cell, therefore introducing some
systematic uncertainty.
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From Fig. 1, we excluded the very low energy measurements
by Jost et al.”’ obtained with an electrostatic-beam apparatus (pub-
lished only as a curve in conference abstracts) and those of Hoffman
et al.** who made an avant-garde use of synchrotron radiation as
the source of near-to-zero energy electrons. However, Hoffman and
Lunt” were only able to measure the gross part of the forward
and backward scattered electrons, so their data do not constitute
the cross sections in sensu stricte. A further development of that
technique at the Tsukuba KEK synchrotron source** allows mea-
surements down to 5 meV and with a constant energy resolution,
up to 20 eV collision energy (see Fig. 2).

Conversely, the energy resolution changes with the collision
energy in the time-of-time technique.””””*”*" In the experiment of
Sun ef al.,”” the energy resolution varied from 10 meV at the very
low-energy limit to around 50 meV at 2.5 eV; the uncertainty in the
energy scale bias varied from 1 meV at 0.01 eV to about 50 meV
at 2.5 eV. On the other hand, the energy resolution of the elec-
trostatic spectrometer from the Gdansk Technical University™ was
constant over the whole low-energy range—somewhat better than
70 meV. Kitajima ef al.,*® in contrast to several earlier experiments,
in particular, from those with electrostatic spectrometers’*® and
magnetically focused beams, """ did not use the resonant struc-
ture at about 2.4 €V as measured by Kennerly’’ but calibrated their
absolute energy scale against a narrow (1.5 meV) Feshbach reso-
nance N5 (R 22; ) with a well-pronounced Fano profile, at 14.5 eV
(see the graphical abstract linked to the paper of Kitajima et al.’").
The position of this resonance was established as 11.497(2) eV in
a joint theoretical-experimental study,” which used simultaneous
measurements with the Ar~ (®Psj,) Feshbach resonance located at
11.103(1) eV.

A comparison of the *IT4 resonant structure in the TCS at about
2.4 €V as seen in different experiments’”"""*" is given in Fig. 2.
On average, the difference in resonance peaks positions between the
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FIG. 2. TCS in the region of the 2IIg resonance: Comparison of two bench-
mark measurements by Kennerly*0 time-of-flight (blue open squares) and the
synchrotron-based electron source by Kitajima et al.>¢ Additionally, the time-of-
flight results by Sun et al.>“ (green diamonds) are shown and from the electrostatic
beam by Szmytkowski, Maciag, and Karwasz®* (crosses). Integral vibrational (mul-
tiplied by 5) are from the work of Allan.*> We recommend the more recent result
by Kitajima et al.3®

ARTICLE scitation.org/journal/jpr

TCS of Kitajima ef al.*® and those by Kennerly”’ is —10 meV. This
is slightly outside the uncertainty for these positions given by Kita-
jima et al.’® Therefore, at present, we recommend the vibrational
*T1, structure of Kitajima et al.*" as the reference measurement. This
choice needs an additional experimental (and theoretical) check, as
it could influence the energy scaling of many previous experiments
on numerous atomic and molecular targets. In the very low energy
range, i.e., below 1 eV measurements by different methods’"****~*
agree within their error bars (see Fig. 3), and also with present inte-
gral (vibrationally) elastic cross sections, and pretty well with the
recommended vibrationally elastic integral cross sections (ICSs) of
Kawaguchi, Takahashi, and Satoh.”* Modified-effective range theory
(MERT)* allows extension of the TCSs (which equals the integral
elastic cross section in the very-low range) to E = 0 (see Fig. 3): The
zero-energy cross sections from MERT applied to TCS* and from
the swarm analysis of Kawaguchi, Takahashi, and Satoh”® equal to
1.1 and 1.01 A?, respectively.

At the high energy limit (above 1000 eV), the measurements by
Karwasz et al.* are systematically underestimated due to the lack of
the energy retarding-field analyzer; the experiment by Garcia, Pérez,
and Campos’’ was free from this drawback. The Born-Bethe fit,

o(E) = A +Blog E,
E E

1)

where the energy is expressed in Rydbergs, R = 13.6 eV, and the cross
sections is expressed in atomic units aﬁ =0.28 x 1071° cm?, allows
identification of possible systematic errors in the high energy limit
and extrapolation of the TCS up to a few tens of keV (see Fig. 4).
As seen from this figure, the TCS in the high energy range can be
well fitted by a straight-line with A = —60 and B = 310 [in the units
of Eq. (1)]. Recommended cross sections from 0.1 to 1000 eV are

40+

s Kennerly N
4 Ferch 2
207 + Sun

+  Szmytkowski Y
¢ Kitajima e
10- - MERTfit :
i —— Kawaguchi elastic
O Present elastic

Integral cross section (10%° m?)
oo

1 PP ol PRI P AP
1E-3 0.01 0.1 1 10
Electron energy (eV)

FIG. 3. TCS in the very-low energy limit. Symbols are the same as in Fig. 1, apart
from black open big squares with error bars that present recommended integral
elastic cross sections; the black thick line is the integral elastic used by Kawaguchi,
Takahashi, and Satoh;?8 MERT-it is the analysis by ldziaszek and Karwasz,*®
d-wave resonance and vibrational data (multiplied by 5) are by Allan.*>
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TABLE 1. Recommended TCS for electron scattering on N,. Data are based on those
by from the review by Karwasz et al.>* In the resonance region (2.5-3.5 eV), data in
this table are averaged over the vibrational structure. For details, see Table 2

Energy (eV) TCS (1071 cm?) Energy (eV) TCS (1071 cm?)

1000 ———rrt — —
NO, ")XK*
v Szmytkowski 1996 e
Szmytkowski 2002
800 | * Nogueira 1995 7
- B-B fit
Nn: L
< e 0 ®
o 600 . -
g . Nickel
g <o icke
uél o Blaaw
400 | = Karwasz -
Garcia
e Xing
B-B fit
200 1 L PR

10 100 1000

Energy (Rydbergs)

FIG. 4. High-energy extrapolation of TCS via Bethe-Born fit of Eq. (1). We
compare here Ny with NO, that was the subject of our previous review.>! The
comparison shows that in the high energy range, TCS tends to be underestimated:
This is the case of measurements from Trento laboratory by Zecca et al.>? in NO,
and by Karwasz et al.” in N,.

given in Table 1. The uncertainty of the recommended data is 5%,
except for energies below 1 eV and above 700 eV where it is 10%.
Detailed cross sections in the region of the 2Hg resonance are given
in Table 2.

2.2. Elastic scattering cross section

Vibrationally elastic cross sections for the nitrogen molecule
have been measured and reported by many laboratories. In this
evaluation, we used the data from the following reports: Srivas-
tava, Chutjian, and Trajmar,” Shyn and Carignan,”* Sohn et al.,”
Nickel et al.,”® Brennan et al.,”” Shi, Stephen, and Burrow,” Sun
et al.,”” Zubek, Mielewska, and King,”” Allan,’’ Muse et al.,°! and
Linert and Zubek.®” In most of these experiments, a crossed-beam
apparatus employing an electrostatic monochromator and an ana-
lyzer was used. Their angular ranges vary mostly from around
10°-140°, except by Zubek, Mielewska, and King,”® Allan,”’ and
Linert and Zubek,” in which angle-changing devices were used to
cover up to 180°. Among these reports, we chose one specific dataset
at one electron energy or average more than one datasets to derive
recommended elastic differential cross sections (DCSs). While most
measurements have been performed down to around 0.5 eV inci-
dent electron energy, Sohn et al.”> measured down to the energy of
0.1 eV, which is uniformly lower than the others.””””°" When we
renormalized Sohn’s data by a factor of 1.4, it agreed quite well with
others at 0.55 and 1.0 eV. Therefore, our recommended elastic DCS
at 0.1 eV was obtained by multiplying Sohn’s data by a factor of 1.4.
The recommended elastic DCSs are shown in Fig. 5 and Table 3,
respectively. For elastic ICS, there is a relatively recent recommen-
dation by Itikawa.’® Itikawa derived his recommended elastic ICS
by combining the previous recommendation by Buckman, Brunger,
and Elford* at 0.55-100 eV with two sets of beam experiments by
Shyn and Carignan™ and DuBois and Rudd®* at 100 eV to extend
the recommended data up to 1000 eV. The elastic ICSs between 1
and 4 eV in Fig. 6 and Table 4 show only an envelope of the reso-
nance. Buckman et al.’s evaluation was based on the results of the

0.1 4.88 12.0 12.4
0.12 513 15.0 13.2
0.15 5.56 17.0 13.5
0.17 5.85 20.0 13.7
0.2 6.25 25.0 13.5
0.25 6.84 30.0 13.0
0.3 7.32 35.0 12.4
0.35 7.72 40.0 12.0
0.4 8.06 45.0 11.6
0.45 8.33 50.0 11.3
0.5 8.61 60.0 10.7
0.6 8.96 70.0 10.2
0.7 9.25 80.0 9.72
0.8 9.48 90.0 9.30
0.9 9.66 100 8.94
1.0 9.85 120 8.33
1.2 10.2 150 7.48
1.5 11.2 170 7.02
1.7 13.3 200 6.43
2.0 25.7 250 5.66
2.5 28.5 300 5.04
3.0 21.0 350 4.54
3.5 14.6 400 4.15
4.0 13.2 450 3.82
4.5 12.3 500 3.55
5.0 11.8 600 3.14
6.0 11.4 700 2.79
7.0 11.4 800 2.55
8.0 11.5 900 2.32
9.0 11.7 1000 2.13
10.0 12.0

39,53-55,57,58

beam experiments. Basically, we adopted the evaluation
by Itikawa’® but again extended to the electron energy of 0.1 eV in
the same way as we did for the elastic DCS. In other words, at 0.1 eV,
we renormalized the elastic ICS of by Sohn et al.”> by a factor of
1.4. In addition, at 0.55 and 1.0 eV, slight modifications were made
to Itikawa’s ICS, by including the renormalized ICS of Sohn et al.
at those energies. From 1.5 to 1000 eV, Itikawa’s ICSs are adopted
unchanged. The uncertainties vary from 6% to 15% for DCS and
about 10%-20% for ICS.

2.3. Momentum transfer cross section

Momentum transfer cross sections (MTCSs) are measured by
one of two methods: electron-molecule crossed beam or swarm
experiments. In most crossed beam experiments mentioned in
Sec. 2.2 on elastic cross sections,”” * the elastic MTCSs for elec-
tron scattering on nitrogen molecules are presented or, at least, can
be derived from their elastic DCSs. However, the limitations of the
crossed beam methods means that the incident electron energies

J. Phys. Chem. Ref. Data 52, 023104 (2023); doi: 10.1063/5.0150618
Published by AIP Publishing on behalf of the National Institute of Standards and Technology
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TABLE 2. Recommended TCS for electron scattering on Ny in the region of the 211
shape resonance. Data are those by Kitajima et al.*

Energy (eV) TCS (107 cm?) Energy (eV) TCS (1071 cm?)
3.417 15.9 2.457 32.8
3.217 17.3 2.437 34.1
3.177 18.0 2.417 34.0
3.137 19.2 2.397 324
3.097 19.5 2.377 29.7
3.057 19.3 2.357 27.6
3.017 19.3 2.337 26.0
2.997 19.5 2.317 25.5
2977 20.3 2.297 25.9
2.957 21.1 2.277 27.4
2.937 21.9 2.257 29.8
2.917 23.0 2.237 32.1
2.897 235 2.217 344
2.877 23.8 2.197 35.1
2.857 23.3 2.177 34.1
2.837 22.6 2.157 31.8
2.817 22.2 2.137 29.0
2.797 22.0 2.117 26.5
2.777 22.2 2.097 24.5
2.757 23.0 2.077 23.1
2.737 24.3 2.057 23.0
2.717 26.1 2.037 23.3
2.697 27.4 2.017 24.3
2.677 28.8 1.997 25.7
2.657 29.0 1.977 26.7
2.637 28.4 1.957 26.7
2.617 27.0 1.937 25.9
2.597 25.5 1.917 24.3
2.577 24.7 1.897 22.6
2.557 24.5 1.857 19.1
2.537 25.1 1.817 16.6
2.517 26.6 1.717 13.4
2.497 28.4 1.617 11.9
2.477 30.8 1.517 11.2

are typically higher than 0.1 eV. The lower electron energy region
can be covered by swarm methods. The recommended MTCSs can
be derived from one of these two methods or, more generally,
from a combination of both, sometimes together with theoreti-
cal calculations. Previously, Elford, Buckman, and Brunger® and
Itikawa”® compiled the MTCSs from the various reports and gave
the recommended MTCSs. Itikawa,”® based also on the study by
Elford, Buckman, and Brunger,” derived the recommended MTCS
from the swarm experiment by Haddad*® for 0.001-0.5 eV, an
experiment by Sun et al.”’ in the resonance region 0.5-3.5 eV,
and experiments by Sun et al. and Srivastava et al.”> above 4 eV.
Very recently, Kawaguchi et al.”® recommended MTCSs with a
set of cross sections for other processes after assessing extensive
cross section databases in the electron energy range from 107 to
10* V. Their recommended MTCSs overlap well with the beam
measurements” "% from 0.1 to 400 eV and also with the
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FIG. 5. Recommended elastic DCS of N (10=18 cm?/sr).

recommendation by Itikawa’® with a slight deviation in the inter-

mediate energy region. Kawaguchi presented no uncertainties. Since
Kawaguchi’s recommended data were derived from extensive theo-
retical and experimental reports on the MTCSs of N», many of which
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FIG. 7. Recommended elastic MTCS of N».

TABLE 5. Recommended elastic MTCS of N, in the units of 10~6 cm2. Energy in eV

Electron MTCS Electron MTCS
energy (eV) (107 cm?) energy (eV) (107 cm?)
0.001 1.36 30.7 5.21
0.02 2.85 50.4 3.55
0.03 3.4 72.5 2.42
0.04 3.85 84.7 1.89
0.05 4.33 100 1.54
0.1 5.95 150 1.01
0.2 7.9 202 0.665
0.3 9.0 303 0.407
0.4 9.59 398 0.305
0.5 9.8 471 0.245
0.6 9.87 579 0.181
0.7 9.95 713 0.139
0.8 10.0 867 0.105
0.9 10.0 1000 0.085
1.0 10.0 1995 0.032
2.02 17.3 3020 0.017
3.0 14.0 4074 0.011
4.0 10.5 5495 0.007
10.9 9.72 7762 0.004
21.9 6.33 10 000 0.003

2.4. Rotational excitation cross sections

The main nitrogen isotope “*N has a nuclear spin 1, so its
nucleus is a boson. Therefore, the total wave function of the N,
molecule does not change under a permutation (12) of the two
identical nuclei in *N,. The permutation affects the nuclear and
electronic spins as well as electronic and rotational coordinates of
the molecule. The allowed values of the total nuclear spin I of the
"N, molecule are 0, 1, and 2. The nuclear spin function is invariant
under (12) for I = 0 and 2 and changes sign for I = 1. The ground
electronic state X IZ; of N is invariant under (12). Rotational wave
functions are invariant for the even rotational angular momentum j
and change sign under (12) for odd j. Therefore, for I = 0,2 nuclear

ARTICLE scitation.org/journal/jpr

spin (ortho-"*N3), only even j are allowed, and for I = 1 nuclear spin
(para-14N2), only odd j are allowed.

The nucleus of the second most abundant isotope °N is a
fermion with the nuclear spin 1/2 so that the total wave function of
the *N, molecule changes sign under (12). It implies that for the
ortho-"°N, molecule with I =1, only odd j are allowed, while for
para-">N3, even-j are allowed in the ground electronic state.

In collisions with an electron, if the electronic state of N,
is unchanged, for example, the molecule is in the ground elec-
tronic state before and after the collision, electron-impact induced
transitions are allowed only between rotational states of the same
parity, i.e., only the Aj = 2,4, ... transitions are allowed. This is due
to the combined effect of the requirements: (a) The parity (ger-
ade/ungerade) of the total electronic wave function of the N, + e~
system is conserved during the collision because the molecule is
diatomic and homonuclear and (b) the total parity of the system,
including the rotational wave function, is also conserved.®’

Data on rotational excitation available before 2006 were
reviewed by Itikawa and Mason® and by Itikawa.”

Cross sections for rotational excitation for transitions between
the lowest even j have been computed in several previous stud-
ies. Kutz and Meyer® calculated cross sections for transitions j = 0
— 2,4, 6 using the closed-coupling method with a local correlation-
polarization-exchange potential to evaluate the scattering at a fixed
geometry and the adiabatic nuclei approximation (the rotational
frame transformation). Morisson et al.”’ determined the j =0 — 2
cross sections using the body-frame electron-molecule scattering
matrix obtained using MERT and then analytically corrected to obey
threshold laws. Telega, Bodo, and Gianturco’! computed the j =0
— 2,4 cross sections using a multichannel close-coupling approach,
treating the rotational motion of N explicitly in the closed-coupled
equations. The N, + e~ potential in the study accounts for static,
exchange, and correlation-polarization contributions. In 2011, Sulc
et al.”” reported the theoretical cross section for the j = 0 — 2 tran-
sition, evaluating the scattering at a fixed geometry and applying
the adiabatic nuclei approximation similarly to Kutz and Meyer.®”
The fixed-nuclei scattering was obtained in a body-fixed reference
frame with the same potential interaction as the one used by Tel-
ega, Bodo, and Gianturco.”" We also note the j = 0 — 2 theoretical
cross section available in the IST-Lisbon database,”” which appear
to be derived from a relatively old estimate. All these data are
shown in Fig. 8.

In preparing this paper, we also computed the j = 0 — 2, 4 cross
section over a wide interval of energies, up to 10 eV. The calcu-
lations were performed using the UK molecular R-matrix code”
as implemented in QEC” with a static-exchange plus polariza-
tion (SEP) model using a cc-pVTZ basis set. The present results
are also shown in Fig. 8. As one can see, the present calculations
agree well with the most recent theoretical study by Sulc et al.” in
the energy interval covered by Sulc et al.”> We recommend using
the cross section computed in the present study, which are given
in Table 6.

No cross sections for transitions between odd j (para-'*N, and
ortho-">N;) are available in the literature. For the mixed isotopo-
logues, such as '*N'°N, odd and even j are allowed for any total
nuclear spin. In addition, in the isotopologues, Aj = 1 transitions are
allowed and driven mainly by a non-zero dipole moment. No data
exist for these transitions either. Hence, theoretical calculations are
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- S .,.', TABLE 6. Recommended cross sections of rotational excitation from the ground
100k —— present presentj=0-> 4 31 i rotational level to j = 2 and j = 4 of N, in the units of 10~® cm2. Energy in eV
F - present j=0 -> 4 : 8 1
-~~~ IST_Lisbon Electron RECS(j=0-2)  Electron RECS(j=0-4)
”5 = {é‘ukgwég‘;"s energy (eV) (107'% cm?) energy (eV) (107'% cm?)
e —— Sulc 2011 present
‘o — - Telega 2004 0.01 0.320 0.01 0.004
=2 --=- Morrison 1997
z ST Lidbon 0.23 0.342 0.23 0.004
‘q—';) 1.0} - 0.45 0.372 0.45 0.005
b r 0.67 0.407 0.67 0.007
5 0.89 0.447 0.89 0.013
1.12 0.492 1.12 0.027
1.34 0.545 1.34 0.060
ikt Mo ; 156 0.611 1.56 0.136
01 . fam 3 5 ocoeeon BB o oo e one 1.78 0.707 1.78 0.315
) O'iileclron ener (eV)l 10 2.00 0.882 2.00 0.767
& 2.10 1.029 2.10 1.199
FIG. 8. Comparison of available cross sections of rotational excitation from the 221 1.264 221 1.928
ground rotational level to j =2 and j = 4. All curves, except the one explicitly 2.31 1.663 2.31 3.194
marked with 0 — 4, correspond to the transition j = 0 — 2. The recommended 2.41 2.362 2.41 5.425
cross sections are the ones marked with “present.” 2.52 3.525 252 9.095
2.62 4.993 2.62 13.580
2.72 5.772 2.72 15.651
also needed for these transitions, which are also expected to have 2.83 5326 283 13.808
small cross sections. 2.93 4.441 2.93 10.713
o o ) 3.03 3.695 3.03 8.171
2.5. Vibrational excitation cross sections 3.14 3.172 3.14 6.389
In the recent review by Itikawa,” the recommended cross 3.24 2.818 3.24 5.167
section for vibrational excitation v =0 — 1 is combined from dif- 3.34 2.579 3.34 4.313
ferent beam experiments by Sohn et al.”> below 1 eV, by Brennan 3.45 2.413 3.45 3.697
et al.”’ and Sun et al®’ for energies 1.5-5 eV, and by Tanaka, 355 2.298 3.55 3.241
Yamamoto, and Okada’® for energies 7.5-30 eV. The uncertainty of 3.66 2.218 3.66 2.893
the recommended cross section was estimated to be 30%. 3.76 2.162 3.76 2.622
In 2014, Laporta et al.”’ published an excellent theoretical study 3 gg 2.124 3.86 2.407
on resonant vibrational excitation of N,. The calculations repro- 3.97 2.099 3.97 2232
duced almost perfectly the complex *IT, resonance structure of the 4.07 2.085 4.07 2.089
experimental cross sections measured previously by Allan* and 4.17 2.078 4.17 1.969
Vidi¢, Poparic, and Beli¢.”® The calculations were performed for 4.8 2.077 4.8 1.868
transitions between all 59 vibrational levels of the ground electronic 4 54 2.080 438 1.782
state of N, for several values of the rotational angular momen- 4.48 2.088 4.48 1.708
tum, while the rotational structure of the initial and final vibrational 4' 59 2'099 4' 59 1' 644
levels was neglected. Computed cross sections are provided as the 4' 6 2'112 4' 69 1' 588
supplementary material in the original article’” and in this paper. 4'79 2'1 27 4'79 1' 538
Figure 9 and Table 7 shows examples of the excitation cross sections ) ) ’ ’
) - : o e 4.90 2.144 4.90 1.495
obtained by Laporta et al.”” and compared with the experiment.
. . . 45 s o 5.00 2.163 5.00 1.455
The uncertainty in the experimental data of Allan™ is +20%.
- . o 5.56 2275 5.56 1.302
The agreement between the theory’” and experiment is within that 611 5399 611 204
uncertainty. It probably means that the uncertainty of the theoretical ) ’ ) ’
data, which is evaluated in the original study, is better than 20%. 6.67 2.523 6.67 L1135
In their study, Laporta et al”’ also computed the rate coef- 7.22 2.642 7.22 1.083
ficients for the vibrational excitation transitions and fitted the 7.78 2.756 7.78 1.040
obtained results to an analytical formula [Eq. (10) of Ref. 77], 8.33 2.863 8.33 1.005
8.89 2.964 8.89 0.973
max 3/2 pmax 9.44 3.058 9.44 0.945
ko(T) = k?a"( ”T ) exp (— “T ) (2)  10.00 3.151 10.00 0.919
J. Phys. Chem. Ref. Data 52, 023104 (2023); doi: 10.1063/5.0150618 52, 023104-9

Published by AIP Publishing on behalf of the National Institute of Standards and Technology



Journal of Physical and

Chemical Reference Data

F
T

— Laporta| 1
—- Allan N

w
T

Cross section (10
L3S
T

=1
(=)
T

o
=
T

Cross section (I()'16 cmz)

3
Electron energy (eV)

FIG. 9. Examples of theoretical’” and experimental*> cross sections for vibrational
excitation v = 0 — 1 (upper panel) and 5 (lower panel).

with the fitting parameters k™ and T, provided. The fit-
ting parameters are also given in the supplementary material of
their study.”

In this paper, we recommend the theoretical data by Laporta
et al.,”’ the cross sections and the rate coefficients, for the vibra-
tional excitation. The cross sections and fitting parameters for the
rate coefficients for transitions between the lowest 59 vibrational lev-
els are provided in the supplementary material. The uncertainty of
the cross sections, at least, for the lowest vibrational levels, is better
than +20% for energies above 1 eV. The uncertainty in the rate coef-
ficients is much better, probably, below 5% for temperatures above
10000 K (Fig. 10).

2.6. Electronic excitation cross section

Due to their importance in atmospheric processes, electronic
excitations of the ground N, X 12; state have been extensively
studied. Four methodologies are used: theory, optical emission mea-
surements, analysis of swarm experiments,m’m and direct electron
scattering, i.e., electron energy-loss (EEL) measurements. Among
recent theoretical approaches, we mention R-matrix calculations by
Gillan et al.®' and by Tashiro and Morokuma® and the Schwinger
multichannel calculations by Da Costa and Lima.** Recently, Su
et al.***” used the UK molecular R-matrix codes to perform a com-
prehensive study of electronic excitation from the ground state as
well as the metastable A >} and a 'T1,, excited states of the molecule
to the eight lowest electronic states: A 32; . B 3Hg, W3A,, B 32; R
a 1Hg, a IZ;, w Ay, and C 311,

ARTICLE scitation.org/journal/jpr

The recent experimental and theoretical cross sections for exci-
tation of these states, as well as data from previous reviews,”>”" are
shown in Figs. 11-18. Threshold energies calculated by Su et al.®!
are given in Table 8. These energies agree well with the values
derived from optical experiments by Oddershede et al.®® but are
somewhat higher—by about 1.5-1.9 ¢V for all the eight states, except
C *I1,—than the values from the EEL (i.e., beam) experiment®’ (see
the last column in Table 8). Nuclear motion effects or the presence of
the incoming projectile can lower the threshold for electron-impact
electronic excitation.

The studies of optical emission® are simpler than EEL, but big-
ger uncertainties derive from normalization procedures and possible
cascading processes; see, for example, the recent decomposition of
the FUV spectrum (Lyman-Birge-Hopfield band system) due to the
cascade de-excitation of the a'II; state by Ajello et al."*

Systematic studies of electronic excitation via beam exper-
iments were performed by two laboratories: California State
University””’ and Adelaide University.”' Several sources of system-
atic uncertainties may arise in such measurements: the deconvolu-
tion of the EEL spectra in order to derive single vibronic (v") states,
the normalization of the measured DCS due to unknown gas pres-
sure and the geometry of the overlapping electron and gas beams,
and the extrapolation (and integration) of DCS to obtain ICS. The
current better understanding of the uncertainties in such experi-
ments allows us to use earlier DCS”" to derive more reliable ICS.
For the California measurements, the most recent ICSs reported are
those by Johnson et al.*® for the eight states, mentioned above, for
10-100 eV collision energies, by Malone et al.” for the C M., E 32;

and a” 12; states, and by Malone et al.”” for higher states: b 1,

¢ ', 03 ', V' '=}, ¢, '=F, G °I,, and F °I1, for 17.5-100 eV
collision energies. For the Adelaide group, the re-analyzed ICSs
at 15-50 eV collision energy for ten states (A 3+ B3 I1,, W3A,,
B'°%.,a'ga" 'S, w'Ay, C, E %, and a” '3]) were pub-
lished by Campbell et al.”’ The agreement between the results from
the two laboratories is fairly good—within their combined error
bars.

For optically allowed states, it is possible to extrapolate ICS
up to higher collision energies using the Born-scaled approximation
(see the work of Tanaka et al.”®). The input parameter for such scal-
ing is the generalized oscillator strength,”* which can be obtained
experimentally from high-energy x-ray scattering” or from near-to-
zero angle DCS at high collision energies. Such a study, at 1500 eV
collision energy and 12.4-13.3 eV energy loss, was recently made
by Liu et al.”® They resolved four vibronic levels of the b 'TI, state,
derived the generalized oscillator strength, and calculated ICS using
the Born scaling: the agreement with the ICS measurements by
Malone et al.”’ is good.

Numerous reviews gave recommended cross sections.
Itikawa” reported the “preferred” ICSs for ten states from the
review by Buckman, Brunger, and Elford;*’ those, in turn, were
obtained as weighted values from earlier experiments and calcula-
tions. Kawaguchi, Takahashi, and Satoh’® [41] gave recommended
ICS from energies up to 10 keV for 17 states using the recent EEL
(ie., electron beam) sets of ICS from the California laboratory.”’
Those recommended sets by Itikawa,”® Kawaguchi, Takahashi, and
Satoh”® are shown in Figs. 11-18. In the present paper, we rec-
ommend the most recent data obtained theoretically by Su et al.,**

86

28,61,97
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TABLE 7. Recommended cross sections of vibrational excitation from the ground rotational level to v = 1 of N, in the units of 106 ¢cm?. Energy in eV

VECSv=0->1 VECSv=0-1 VECSv=0-1
El energy (eV) (1071 cm?) El energy (eV) (107 cm?) El energy (eV) (107 cm?)
1.00 0.001 89 2.34 3.827 3.68 0.3309
1.03 0.001 64 2.37 2.616 3.71 0.3360
1.05 0.001 39 2.40 1.624 3.74 0.3302
1.08 0.001 15 2.42 1.392 3.77 0.3124
1.11 0.000 90 2.45 1.885 3.79 0.2874
1.13 0.000 67 2.48 2.747 3.82 0.2611
1.16 0.00047 2.50 3.719 3.85 0.2398
1.19 0.000 30 2.53 4,657 3.87 0.2272
1.21 0.000 19 2.56 5.308 3.90 0.2217
1.24 0.000 16 2.58 5.250 3.93 0.2176
1.27 0.000 25 2.61 4.210 3.95 0.2109
1.30 0.00049 2.64 2.656 3.98 0.2011
1.32 0.000 94 2.66 1.479 4.01 0.1890
1.35 0.001 68 2.69 1.009 4.03 0.1767
1.38 0.002 81 2.72 1.170 4.06 0.1661
1.40 0.004 44 2.74 1.783 4.09 0.1585
1.43 0.006 76 2.77 2.658 4.11 0.1530
1.46 0.0100 2.80 3.460 4.14 0.1481
1.48 0.014 5 2.83 3.664 4.17 0.1426
1.51 0.0207 2.85 3.095 4.19 0.1364
1.54 0.0292 2.88 2.154 4.22 0.1298
1.56 0.0409 291 1.354 4.25 0.1233
1.59 0.0570 2.93 0.894 4.28 0.1176
1.62 0.079 5 2.96 0.802 4.30 0.1129
1.64 0.1111 2.99 1.056 4.33 0.1088
1.67 0.1556 3.01 1.518 4.36 0.1049
1.70 0.2200 3.04 1917 4.38 0.1010
1.72 0.3146 3.07 1.959 441 0.0970
1.75 0.4553 3.09 1.671 4.44 0.0930
1.78 0.6714 3.12 1.262 4.46 0.0892
1.81 1.013 3.15 0.9046 4.49 0.0858
1.83 1.558 3.17 0.6837 4.52 0.0827
1.86 2.430 3.20 0.6328 4.54 0.0798
1.89 3.748 3.23 0.7474 4,57 0.0771
191 5.288 3.26 0.9265 4.60 0.0744
1.94 6.138 3.28 1.0255 4.62 0.0717
1.97 5.473 3.31 0.9826 4.65 0.0692
1.99 4,031 3.34 0.8459 4.68 0.0668
2.02 2.659 3.36 0.6862 4.70 0.0645
2.05 1.651 3.39 0.5516 4.73 0.0624
2.07 1.019 3.42 0.4772 4.76 0.0604
2.10 0.853 3.44 0.4749 4.79 0.0585
2.13 1.428 3.47 0.5207 4.81 0.0566
2.15 2.879 3.50 0.5583 4.84 0.0548
2.18 4.622 3.52 0.5536 4.87 0.0531
2.21 5.709 3.55 0.5111 4.89 0.0515
2.23 5.997 3.58 0.4497 4.92 0.0499
2.26 5.828 3.60 0.3893 495 0.0485
2.29 5.415 3.63 0.3452 4.97 0.0471
2.32 4,774 3.66 0.3279 5.00 0.0457
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FIG. 10. Example of theoretical rate coefficients for vibrational excitation computed
by Laporta et al.””
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FIG. 11. Cross section for excitation of the A%} electronic state from the ground
state: Black thick line—Su et al.® (theory, recommended in this paper), blue
line—Kawaguchi, Takahashi, and Satoh?® (review), green solid line—ltikawa’®
(review), red line—Tashiro and Morokuma®? (theory), green dashed line—Da
Costa and Lima®? (theory), and circles—Johnson et al.% (experiment).

shown by black lines in the figures, which agree fairy well with the
majority (but not all) of the recent data (theory, experiment, and
review) for the transitions, presented in the figures.

The recommended data presented in Figs. 11-18 are also
provided in the supplementary material of this article.

2.7. Dissociation into neutrals

The triple molecular bond in N is one of the strongest in chem-
istry, so the dissociation energy is high, 9.75 eV (see Refs. 100-102).
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Production of atomic nitrogen, either via dissociative ionization [see
Eq. (7)], or via the dissociation into neutrals [Eq. (3)],

N, +e— 2N+ e, (3)

is an important channel in Earth’s (and Titan’s'®) atmospheric
chemistry and in shock plasmas related to space shuttles.!*

The determination of the threshold energy for the dissociation
into neutrals via collision with electrons dates to 1956. Frost and
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FIG. 15. Cross section for excitation of the a 'TI, electronic state from the
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McDowell'”" studied the ion current above the threshold for the dis-
sociative ionization [see Eq. (7)]; from changes in the slope of the
ion-yield curve, they deduced openings of different channels. They
concluded that the N* ion is produced always in the P state, while
the N atom is produced in *S, %D, and *P states, with rising threshold,
respectively.

are

ARTICLE scitation.org/journal/jpr

0.12 T T T T T T T T
— Suetal.

| | — Kawaguchi et al.

— Itikawa

— Tashiro and Morokuma
— - Costa and Lima

| | @ Johnson etal.

o

=

—
T

S

=3

o0
T

154

=3

o
T

=2

f=

K
T

e ———

o

Q

]
T

. . . 16 2
Electronic excitation cross section (10 cm”)

Xets 'y
g u

| | L | L L
8 10 12 14 16 18 20
Electron energy (eV)
FIG. 16. Cross section for excitation of the a’ 'S, electronic state from
the ground state: Black thick line—Su et al.5% (recommended in this paper),
blue line—Kawaguchi, Takahashi, and Satoh,?® green solid line—ltikawa,’® red

line—Tashiro and Morokuma,®? green dashed line—Da Costa and Lima,®* and
circles—Johnson et al.t8

0.12 T T T T T T T T T
— Suetal.

N’é‘ — Kawaguchi et al.

S — Itikawa
e O.1f — Tashiro and Morokuma ]
' — - Costa and Lima
b ® Johnson et al.

=

-2 0.08|

|53

2

Z

5 0.06

=}

8

=

5 0.04

2

o

2

g

£0.02

8 I + 1

i XY - wA

g u
0 | s | L |

. I . 1
8 10 12 14 16 18 20
Electron energy (eV)

FIG. 17. Cross section for excitation of the w 'A, electronic state from
the ground state: Black thick line—Su et al.®* (recommended in this paper),
blue line—Kawaguchi, Takahashi, and Satoh,?® green solid line—ltikawa,’® red
line—Tashiro and Morokuma,®? green dashed line—Da Costa and Lima,%* and
circles—Johnson et al.®8

The dissociation-into-neutral channels and relative thresholds
101

N, - N(*$) + N(*S)  (9.75 eV), (4)
N, - N(*D) + N(*S) (12.14 eV), (5)
N, - N(°P) + N(*S) (13.33 eV). (6)
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FIG. 18. Cross section for excitation of the C °II, electronic state from the
ground state: Black thick line—Su et al® (recommended in this paper),
blue line—Kawaguchi, Takahashi, and Satoh,?® green solid line—ltikawa, " red
line—Tashiro and Morokuma,®? triangles—Zubek, circles—Johnson et al.,® and
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TABLE 8. Threshold energies (to v’ = 0), in eV, for excitation of the eight low-laying
electronic states in Ny. (a) Vertical excitation energies in calculation of Su et al.®*
obtained using the 6-311G* * basis set. (b) Experimental excitation energies as eval-
uated by Oddershede et al.5 from optical measurements. (c) Excitation energies from
EEL spectrum measurements®’

Target state Theory** Expt.® Expt.¥”
X'sy ~109.1027

Aldst 7.78 7.75 6.169
B’II, 8.64 8.04 7.353
W 3A, 9.20 8.88 7.362
B33, 9.88 9.67 8.549
a ', 10.00 9.31 8.549
a 'z, 10.46 9.92 8.398
w A, 10.75 10.27 8.895
C 111, 11.85 11.19 11.032

Out of the atomic states formed, the *D; state is particularly
long-lived, with radiative lifetimes of 17 and 40 h, for the J = 3/2 and
J = 5/2 components, respectively.'”* Winters'’> evaluated the total
absolute dissociation cross section for electron energies from 0 to
300 eV. He measured the quantity of nitrogen atoms adsorbed on
nickel and molybdenum surfaces. By subtracting the cross section
for the dissociative ionization [i.e., essentially for the process (8)] of
Rapp and Englander-Golden'’® from the total N signal (open trian-
glesin Fig. 19), one can evaluate the cross section for the dissociation
into neutrals, Eq. (3) (see closed triangles in Fig. 19). An estimated
uncertainty of these values is +20%.

Cosby'’! used a collimated beam of N, molecules created by
near-resonant charge transfer neutralization of the N3 beam. Dis-
sociated fragments were detected by a position-sensitive detector.

= Mi & Bonham O N,-> N*+N (Tian)
. -
-~ - Majeed /'H‘ e,
Kawaguchi P b

» -

20+ ' vV h N2 i
. v Winters: N & N ’-’ gV . .

v Winters: N o v b

Cross section (10"°cm?)

T
10 100 1000

Electron energy (eV)

FIG. 19. Overview of the experimental determinations of the dissociation into neu-
tral (N2 — 2N) cross section. The recommended values are these given by Cosby
(diamonds with error bars). Winters measured'%° the deposition of N atoms in the
vacuum tube: Open triangles is the summed cross section for the formation of N
and N* fragments; the cross section for the neutral dissociation (closed triangles)
may be obtained by subtracting the cross section for the dissociative ionization
from these summed values. Here, we used the cross sections by Tian and Vidal'%®
for the ionization into the (N* and N) channel (open circles) and into the (N*
+ N*) channel (not shown). The two determinations (by Cosby'%" and by Win-
ters'0%) agree within error bars; in addition, the dissociation cross section by Mi
and Bonham'%¢ in the threshold region falls within these bars. Values recom-
mended by Kawaguchi, Takahashi, and Satoh?® and Majeed and Strickland''?
are shown as broken and solid curves, respectively. The total ionization cross
section'!! is shown for comparison.

The uncertainty varied from 60% at 18.5 eV to 30% at higher ener-
gies. The intrinsic difficulty of this method comes from the need to
account for the dissociative ionization and for the dissociation of the
excited metastable ions present in the beam. The results of Cosby
are 30%-50% lower than those by Winters;'"> however, the two sets
overlap within the combined uncertainties.

Additional comparison may be made with measurements of
optical emission due to electron impact.'”” Several electronically
excited states are situated above the thresholds for dissociation, so
the dissociation process competes with the fluorescence. Using dis-
sociation probabilities of seven electronically excited states and the
optical emission cross sections from these states,'”” one obtains cross
sections for dissociation as high as 0.6 x 107'¢ cm? at 200 eV. From
all these considerations, Cosby'’! recommended weighted averages
in-between his and Winter’s data: They are shown in Fig. 19 with
uncertainties given by Cosby. From measurements of translational
energies, Cosby concluded that at 48.5 eV, the dominant dissocia-
tion pattern is N, - N (*D) + N(*S); the same translational energy
spectrum excludes any significant production of the N(*S) + N(*S)
dissociation products.

Mi and Bonham,'” using two time-of-flight tubes working in
coincidence, measured elastic, total inelastic, ionization, and dis-
sociation plus excitation cross sections at 24.5 and 33.4 eV. Their
dissociation cross section agrees within the uncertainties with the
data by Cosby (see Fig. 19).

The recent reviews by Majeed and Strickland''” and Itikawa
used the recommended cross sections by Cosby;'"" Kawaguchi,
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Takahashi, and Satoh’® recommended somewhat lower values (see
Fig. 19). We also recommend the Cosby set (see Table 9); an uncer-
tainty of +20% is associated with these values. The maximum of the
dissociation cross sections is 1.2 x 1071¢ cm? at 80 eV. At 100 eV, the
cross section is half of the total ionization (see Fig. 19), meaning that
neutral atoms play an important role in nitrogen plasmas.”

2.8. lonization cross section

Three generations of methods have been applied to mea-
sure ionization cross sections: (i) Those collecting the total ion
current as used by Rapp and Englander-Golden,'’® i.e., measur-
ing the gross total ionization, (ii) those using mass spectrom-
eters (magnetic field,"'”'"” quadrupole Halas and Adamczyk,'"
Crowe and McConkey,'"” Krishnakumar and Srivastava,'’® and
time-of-flight'*’) to select ions produced; (iii) and the most recent
setups’ LIS using position-sensitive detectors to determine also
coincidences and the energy distribution of ions.

Due to the importance of nitrogen ions in plasma and
atmospheric chemistry, numerous reviews give ionization cross
sections.””*'"” Ttikawa’® recommended the same set of total and
partial ionization cross sections as Lindsay and Mangan''” did. We
show these data in Fig. 20.

Generally, the agreement between the different methods for
the total ionization cross section is within a 10% spread (see
Fig. 21). The recommended data, based on measurements by Straub
et al.,''! were somewhat lowered in their maximum by Lindsay and
Mangan'”’ due to the improved analysis of the experiment.!'! In
the energy range from threshold to 25 eV, Lindsay and Mangan'"”
recommended data by Rapp and Englander-Golden'” that cover
more energy points and perfectly overlap with those by Stebbings
and Lindsay'” at higher energies. In the high energy limit, the
data of Rapp and Englander-Golden'" are somewhat overestimated
due to a non-complete collecting of the incident electron beam.
Krishnakumar and Srivastava''® used the relative-flow method for

TABLE 9. Recommended dissociation cross sections of N in the units of 1016 cm?.
Energy in eV

Electron

energy (eV) N + N (107! cm?)
12 0.01
14 0.04
16 0.2
18 0.36
20 0.52
25 0.87
30 1.04
40 1.15
50 1.23
60 1.23
80 1.2
100 1.16
125 1.1
150 1.04
175 0.99
200 0.95
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FIG. 21. Comparison of total ionization cross sections of N,. Present rec-
ommended values follow those given by Lindsay and Mangan,'"® based on
re-analyzed measurements of Straub et al.!! In the low energy range, the recom-
mended set is closer to the early result of Rapp and Englander-Golden'%® while at
high energies closer to the data by Straub et al. The same set was recommended
by Itikawa,?® red thick line. Symbols are green full squares, Ref. 106; orange
open squares, Ref. 112; cyan full diamonds, Ref. 121; magenta crosses, Ref. 116;
red circles, Ref. 111; black triangles, Ref. 109; blue crosses, Ref. 122; and red
open diamonds, Ref. 118. BEB (Born-Bethe binary-collisions model) model: Blue
dashed-dotted line, Ref. 123; black thick broken line, present calculation (see
Table 10 for the orbital parameters used). Data of Mark'® (not shown) are in the
whole energy range (i.e., up to 165 eV) lower than the recommended value (by
10% at 100 eV).

normalization, which introduced additional uncertainties. The most
recent set by Shen et al.''® in the 250-8000 eV merges smoothly
with the recommended data, while observed differences can to be
attributed to normalization procedures''® to three different Ar*
measurements in three energy ranges, in particular, to that by
Schram et al.''> above 1000 eV. The recommended total ionization
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TABLE 10. Recommended total and partial ionization cross sections of Ny in the units

of 106 cmZ. Energy in eV

ARTICLE scitation.org/journal/jpr

TABLE 10. (Continued)

Energy o (N3) o (N* + N?) o (N*) o (total)
16.0 0.0211 0.0211
16.5 0.0466 0.0466
17.0 0.0713 0.0713
17.5 0.0985 0.0985
18.0 0.129 0.129
18.5 0.164 0.164
19.0 0.199 0.199
19.5 0.230 0.230
20.0 0.270 0.270
20.5 0.308 0.308
21.0 0.344 0.344
21.5 0.380 0.380
22.0 0.418 0.418
22.5 0.455 0.455
23.0 0.492 0.492
23.5 0.528 0.528
24.0 0.565 0.565
24.5 0.603 0.603
25 0.640 0.640
30 0.929 0.0325 0.962
35 1.16 0.0904 1.25
40 1.37 0.166 1.54
45 1.52 0.245 1.77
50 1.60 0.319 1.91
55 1.66 0.39 2.05
60 1.72 0.438 2.16
65 1.74 0.482 2.22
70 1.78 0.523 0.00171 2.30
75 1.80 0.561 0.006 58 2.36
80 1.81 0.587 0.0122 2.40
85 1.82 0.605 0.020 4 2.43
90 1.83 0.632 0.032 8 2.47
95 1.85 0.645 0.0439 2.50
100 1.85 0.656 0.049 5 2.51
110 1.83 0.66 0.072 5 2.50
120 1.81 0.661 0.092 7 2.48
140 1.78 0.652 0.122 2.45
160 1.72 0.633 0.137 2.36
180 1.67 0.595 0.154 2.28
200 1.61 0.566 0.154 2.19
225 1.55 0.516 0.154 2.08
250 1.48 0.493 0.142 1.98
275 1.41 0.458 0.141 1.89
300 1.37 0.438 0.128 1.82
350 1.28 0.393 0.117 1.68
400 1.20 0.351 0.103 1.56
450 1.11 0.324 0.094 1.45
500 1.05 0.299 0.080 8 1.36
550 0.998 0.274 0.079 6 1.28
600 0.943 0.248 0.076 1.20
650 0.880 0.234 0.070 1 1.12
700 0.844 0.217 0.064 9 1.07

Energy o (N3) o (N* +N3%) o (N*H) o (total)
800 0.765 0.2 0.059 4 0971
850 0.738 0.192 0.054 3 0.936
900 0.719 0.183 0.0522 0.907
950 0.698 0.176 0.050 5 0.879
1000 0.676 0.167 0.048 5 0.847

cross sections are given in Table 10 with an estimated uncertainty
of 5%.

At 100 eV, the production of the parent N?* ion dominates,
amounting to 74% of the total ionization cross section (see Fig. 20).
Good agreement (within 10%) is apparent between the more recent
measurements' 'O (gee Fig. 22); earlier experiments”)‘"11 L115
also overlap with the latter within error bars. The recommended
values (with £5% uncertainty) for the productions of the N** ion
are given in Table 10. Doering et al.'””~"** measured the energy and
angular distributions of the N3 ion and concluded that at 100 eV, the
branching ratio between the ground state of the N3 ion (X ZE; ) and
the two excited metastable states (A *II, and B2S}, located 1.118 and
3.170 eV above the X state) are 0.45:0.45:0.1 In other words, the N;
ions are predominantly produced in the electronically excited states.
Abramzon, Siegel, and Becker' " used laser-induced fluorescence
to identify the electronic states of N3 produced in the energy region
from threshold to 100 eV. They normalized the cross section to the
branching ratio by Doering and Yang.'*® Figure 22 shows their cross

i
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oL 4 Tian ;;i++++++ -

Recommended

16

Partial ionization cross section (10° cm’)

N,'(X)
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---- Kawaguchi |

Electron energy (eV)

FIG. 22. Partial ionization cross section for the production of N3 ion. Freund, Wet-
zel, and Shul'?* (cyan open circles) measured both the N3 production from N,
in its ground and from the metastable states. Other symbols are the same as in
Fig. 21. Data of Rapp and Englander-Golden'%® and of Crowe and McConkey, '
not shown, overlap with other sets within experimental uncertainties. The lower set
of two curves is the cross section for the production of the N3 ion in its electroni-
cally ground (X 22;) state. The data used by Kawaguchi et al.?® are lower in their
maximum than measurements of Abramzon et al.,'?% but at higher energies, they
follow the same (45%) branching ratio.
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sections for the production of N3 in the ground (X 22; ) state. In the
whole energy range up to 200 eV, only 45% of N ions are produced
in the ground state.

The second most abundant ion in the ionization of N is N*.
In order to separate it (in traditional quadrupole mass spectrome-
ters) from the N%+ dication, molecules consisting of two different
isotopes, such as "’N "N, should be used. The N* ion can appear
from three dissociative ionization processes (see, for example, the
work of Tian and Vidal'"”),

e+N; > N + N+2e - single, (7)
e+N, > N'+N" +3e— double, (8)
e+N; > N +N* +4e - triple. 9)

Two methodologies—of the total ion current'®® and of the
summed ions, in particular, in coincidence'!! —measure different
cross sections: The gross total ionization and the counting total ion-
ization, respectively. They differ significantly if multiple charged
ions are abundant or when more than one ion are produced in the
same event, such as in Eq. (8) (see also our paper on CH4**). How-
ever, this does not seem be the case of N, as the gross total'’° and the
counting total ionization cross sections coincide within experimen-
tal uncertainties.'”’ Further arguments for it come from measure-
ments of isotopically differentiated *N**N molecules''* and with
position-sensitive detectors'’”'* (see below).

The agreement between different methodologies'*”''""'* on
the total yield of ions (N* plus NZ*) is also very good (see Fig. 23).
Even the data by Halas and Adamczyk'!" agree if we assume a plau-
sible mistake in the normalization of different isotopes. Figure 23
also shows the measurements of the N3* yield by Halas and
Adamczyk''* (using "’N'N) and recent by results by Ferreira
et al.”*! and Sigaud and Montenegro.'*” The agreement between the
different methodologies is poor (see below), so we cannot give rec-
ommended values. Note that the analysis of electronic energies of
the Ng+ and N7 ions indicates that the first one is metastable, so its
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FIG. 23. Production of N* and N%* ions. The two ions are indistinguishable in

mass spectrometers, unless two different isotopes (i.e., °N *N) like in Ref. 114 or
position-sensitive detector'®! are used.
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detected yield may depend on details of the experimental techniques
used. The cross section for production of the N3* ion is ~1% of the
total ionization cross section. The agreement'””"'"'° for the atomic
dication N** is again very good: The yield of N** in its maximum
(at 200 eV) is slightly less than 1% of the total ionization, as shown
in Fig. 24.

Measurements in coincidence allow one to monitor separate
channels of ionization, such as these in Egs. (7) and (8). Tian and
Vidal'" measured total production of N3 and N* ions, single ion-
ization (N3 and N* + N channels), double ionization (N* + N* and
N** 4+ N channels), and triple ionization (N3 + N channel, Fig. 24).
The double ionization reaches a maximum of 0.14 x 107*¢ ¢cm? at
about 125-140 eV, where it constitutes 6% of the total ionization
cross section. This makes a 3% difference between the gross total
and counting TCS, thus explaining the good agreement between
different experimental methods.

Partitioning into separate ionization channels as measured by
Tian and Vidal'”” is shown in Fig. 25; as seen from this figure, the
single, double, and triple ionizations (thick lines in the figure) scale
in their maxima by a factor of 20 roughly: This reflects rising thresh-
old for these ionization processes. At high energies, the production
of the N* ion in single ionization events, Eq. (7), is a factor of three
more probable than in double ionization [Eq. (8)]. Note, however,
also that even the same laboratories find difficulties in determining
precise values of the channel-defined cross sections (compare, for
example, results for the N%* ion by Bull, Lee, and Vallance!'”"* and
by Ferreira et al."’! and Sigaud and Montenegro).'**

Additional information on the dynamics of the ionization is
deducible from kinetic energies of ions produced. For Nj ions at
70 eV, Crowe and McConkey''” observed a single broad peak in
the ion kinetic energy around 2 eV, at 90 eV (a second, superim-
posed peak at 5 eV), and at 300 eV collision energy (an additional
peak around 8 eV). This testifies to the opening of new ionization
channels. Recent measurements'** of the kinetic energy release using
coincidence techniques try to attribute such peaks to individual
molecular orbital.

0.02 :
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FIG. 24. Production of the N>* atomic dication from N, (total yield). The lower
curve is the distinction of the triple dissociative ionization events [Eq. (9)].
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FIG. 25. Channel-resolved ionization cross sections of N,—data by Tian and
Vidal. % Thick lines, from the upper, are single, double, and triple ionizations—i.e.,
with the precursor ion Nif, N2+ and N3* —respectively. Parent (N ) ion production
are red solid squares, magenta open squares are single dissociative ionization
(N* + N), green solid circles are double symmetric ionization (N* + N*), and
blue open circles are (N3 + N). In contrast to Table 1 by Tian and Vidal,'" the N*
production (the dashed line in the figure) is not the total ion current (i.e., the gross
cross section) but the number of events leading to the formation of N* ion, i.e., the
counting cross section. The blue dotted-dashed line is the counting cross section
for the N2* ion. Brown open diamonds, superimposed with the triple ionization,
correspond to (N2* + N).

3. Metastable N; Molecule

As discussed in Sec. 2.6, cross sections for electronic excita-
tions in electron scattering on nitrogen molecule are relatively high,
compared, for example, with the CH,4 molecule.’” This is attributed
to high thresholds for the dissociation into neutrals (9.75 eV) and
ionization (15.58 eV).'*

The lowest, triplet A *3;} metastable state, with a threshold of
6.2 eV, has a lifetime close to 2.4 5. The vibronic progression
of de-excitation to this state (B 3Hg - A 32;, the so-called first
positive band) dominates in the visible range in N, afterglows."”
The metastable a 'TI, state, with a threshold of 8.5 eV, is rather
short-lived (56 ys radiative lifetime of v = 0-2 levels'*°) but at con-
ditions of an electrical discharge may be quenched to the a’ 'Z}
state, with almost overlapping vibronic levels and with the lifetime of
20 ms."*” De-excitation (and excitation) cross sections from excited
states are needed to model nitrogen plasmas, the optical emission, in
particular.'**

3.1. Total, elastic and vibrational cross section

To our knowledge, no experiments on TCSs of metastable states
of N have been performed. Recently, Su et al.* using the R-matrix
method (UKRMol+/QEC codes’*"”) calculated integral elastic cross
sections for electron scattering on N, being in the A *%; and a 'TI,
states for energies 0-10 eV. The integral elastic cross section for scat-
tering on N in the ground X 12; state was also computed. These
three cross sections are shown in Fig. 26. For the ground state, the
calculated elastic cross section is in apparent disagreement with our
recommended values (see Sec. 2.2). Note, however, that the R-matrix
method uses the fixed-nuclei approximation, i.e., nuclear motion of
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FIG. 26. Theoretical®* cross sections for elastic electron scattering on N, in the
ground X "= and metastable A ®3} and a "I states. Experimental TCSs for
the N, molecule is also shown.

the molecule is neglected. If we compare the calculated® ICS for the
X 12; state with the experimental TCS, the agreement is surpris-
ingly good. Therefore, we deduce that also for the two metastable
states, the calculation gives a good insight into the TCS.

The ICSs for the A *°S} and a 1Hg states show resonant max-
ima at energies close to the energy of the 2.4 eV shape resonance in
the ground-state N, [4.2 and 3 eV, respectively, for the two metasta-
bles (see Fig. 26)]. The cross sections at these resonances are high,
above 30 x 107'® cm”. One can expect that similarly to the 2.4 eV
shape resonance for the ground-state N, the contribution from the
vibrational excitation to the A *%; and a 'II, cross sections is high:
Compare with Fig. 2 and recall that for the 2.4 eV shape resonance
in the cross section for the ground state of N, the summed vibra-
tional cross sections amount to about 1/3 of the TCS. Note also
that in contrast to the A 32: state, the theoretical®® integral elas-
tic cross for the a 11'[g state is high (above 24 x 107 ¢cm?) in the
whole 0-10 eV energy range. Such a high cross section at low ener-
gies is quite exceptional for electron scattering, even on polyatomic
molecules. The low-energy *IT resonance does not lead to dissocia-
tive electron attachment (DEA) as it is situated far below the N,
dissociation energy. However, it is likely that the higher energy reso-
nances found in the 10 eV region® will lead to DEA similarly to the
isoelectronic CO system.'*

3.2. Electronic excitation and de-excitation cross
section

Recently, Su et al.%* studied theoretically excitations and de-
excitations between the lowest electronic states, namely, from A *Z;
and a 'Tl; to X '5F, a' 'S5, B, B °%,, C°I, W *A,, and
w 'A,. The most unexpected result from these calculations is
a resonant-like enhancement at low collision energies (2-4 eV),
leading to large ICSs:

e 23x107'® cm® for the A ’S] — B’Il; excitation (i.e.,
populating the first positive band optical transition), see
Fig. 27
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FIG. 27. Theoretical®* cross sections for electronic excitation from the metastable
A 35 state to the B3IT4, 2", and W3 A, states. Elastic cross section for A 33+
is also shown.

e 035x107'% cm? for the A’%) — 4’ 'S, transition
between two metastable states that, in its turn, may change
the apparent lifetimes in plasmas and afterglows, Fig. 28;

o 48x107 cm? at 0.8 eV for the resonant transition,
a 'l - 4’ '3, ie., to the “iso-vibronic” metastable, with
a much longer lifetime (see above);

e 3.1x107" cm? at 1.1 eV for the a 'TI — w A, transition
(see Fig. 28), indirectly populating the second positive (C —
B) optical band.

Note that detailed excitation and de-excitation cross sections
for the transitions between the lowest eight electronic states of N
are available in the supplementary data by Su et al.**

Summarizing, the electronic transitions between excited states,
in particular, excitations and resonant-like de-excitations of the
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FIG. 28. Theoretical® cross sections for electronic excitation from the metastable
a'Tl, excited state to the B’I1,, a’ '=; and w'A, states. Elastic cross sections
for the a'I1,, states is also shown.
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metastables, significantly influence the dynamic of nitrogen dis-
charges. Including these processes into modeling may solve long-
standing “mysteries” in nitrogen plasmas and afterglows.”

3.3. NJ ionization cross section

Metastable N states, having lower ionization thresholds than
the ground state, may contribute significantly to the ionization
processes in gas discharges, especially in the DC regime.'*’

Experimental determination of ionization cross section of
metastables or, more precisely, the electron-impact production of
N2+ ions, presumably, in the process

e+ Ny (A °%)) — Nj (all states) + 2 e (10)

was made by Freund, Wetzel, and Shul.'** In their method, the gas
was first ionized in a DC discharge, a beam of Nzr ions extracted
and then neutralized in the reaction chamber. The beam of neutral
molecules obtained in this way contains also metastables. Results of
Freund et al. are shown in Fig. 29. The maximum of their integral
ionization cross section is observed at a lower energy than for the
neutral molecule, as expected because the threshold for the ioniza-
tion of metastables is lower than for the ground state N,. However,
the maximum of the total ionization of metastables is lower than the
total ionization cross section of N,. According to the Born-Bethe
binary-collisions model (BEB),

) R)2 1
o= Anm - —
; uOf"(I,, t+uy +1
1 Intf 1) Int
><|:1+7+n—(1——2)—n7:|, 11)
t 2 t t+1

which predicts satisfacorily well cross sections for quite different
molecules,'*’ the cross section increases with decreasing the ioniza-
tion threshold I,,. In the above equation, ¢ = E/I, is the normalized

4.0 7 .
* N, ionization:
N, + Total (Straub)
N," (Straub)
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FIG. 29. lonization cross section (N3 yield) for the metastable N molecules: Red
squares—the experiment by Freund, Wetzel, and Shul'?* and the solid curve—the
BEB theory for the total ionization cross section of the N; (A *=*) state.’4! For
comparison, the figure shows also Freund et al.’s cross sections for the N3 pro-
duction from N, with blue open diamonds, which agree with the recommended
values by Straub et al.,!!" shown with cyan open squares.
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electron impact energy, u, is the normalized kinetic energy of molec-
ular electrons (at a given orbital), &, is the number of electrons at
the nth orbital, ao is Bohr’s radius, and R is the Rydberg constant.
The BEB model was applied to N, in the A’>2* state by Laricchiuta,
Celiberto, and Colonna;'*! the results are shown in Fig. 29.

The difference between the BEB fit'*! and the Freund, Wet-
zel, and Shul'** experiment may be due to, at least, two reasons.
The number of metastable molecules in the beam depends strongly
on experimental conditions. In the measurements of Freund et al.,
the metastable N, molecules—probably, only the long-lived A"
state—are formed in a collisional electron transfer between the Ny
beam, containing a significant fraction of the metastable ions Nj
in the A’TI, state and triethylamine molecules. The cross section
for the ionization of metastable N, was deduced from the signal of
ions produced by electrons colliding at energies below the ioniza-
tion threshold of the ground state of N,. The complex dynamics of
electron interacting with N, molecules in electronically excited states
(see the earlier discussion) make it plausible that also other metasta-
bles, other than A*S™, like a or a’, with higher ionization thresholds
are present in the N beam. This would lower the experimental cross
section. Note that in their earlier paper, Armentrout et al.'** used
charge transfer with the NO molecule and obtained ionization cross
section 50% lower at 100 eV than the more recent result.'**

The second source of discrepancy may come from the BEB
approach, which gives the total ionization cross section, while Fre-
und et al.'** detected only N; ions. Therefore, for the total ionization
cross section of the Nj (A%3*) molecule, we recommend the BEB
results by Laricchiuta, Celiberto, and Colonna,'*! which are also
supported by more accurate theoretical studies, such as using pure
ab initio formalisms.

4. Molecular N lon

As discussed in Sec. 2.8, at 100 eV, more than a half of Nj
ions are created in the electronically excited states A IT, and B 2.
The optical emission from the B state of Nj was observed in
atmospheric-pressure microwave torches down to tens of centime-
ters from the discharge region.'* N3 is the most abundant ion in the
F region (250 km altitude) of the Earth’s ionosphere.'* Recombi-
nation of N3 ions with free electrons is the source of energetic N
atoms, responsible of numerous processes in Earth’s atmosphere,'**
including polar glows.

4.1. Dissociative recombination cross section

The dissociative recombination (DR) leads to formation of N
atoms, while the cross section depends significantly on the initial
vibrational state of the N3 ion,

N3 (v*)+e—>N+N. (12)

The atoms are produced with few-eV kinetic energies. Four channels
are exothermic,'®

Nj + e > N(*S) + N(*S) +5.82 eV, (13)
- N(CD) +N(*S) +3.44 eV, (14)
— N(CP) +N(*S) +2.24 eV, (15)
~N(’D) +N(°D) + 1.05 eV. (16)

ARTICLE scitation.org/journal/jpr

Branching ratios recommended by Dutuit et al'® are 0.25,
0.7, and 0.05, for *S, 2D, and %P yields, respectively.

Sheehan and St.-Maurice'*” reviewing experimental studies
noted that vibrationally excited ions yielded a lower recombination
rate than the ground state. Little et al.'*° suggested that the DR
rate from N3 (v = 1) is significantly lower than for other vibrational
states. It is difficult to cool N; because it has no dipole moment,
allowing fast cooling of excited vibrational levels. Therefore, the
vibrational distribution of N3 and v*-dependent DR cross sections
should be accounted for in interpretations of experimental results
and observations. For this reason, storage ring experiments were
performed not only with symmetric isotopologue ** N3 but also with
INN*, which has a small dipole moment (but still cools slowly).

Experiments in storage rings'*’ and in merged beams,*>'**'*
as well as theoretical studies,’ """ show, roughly, an 1/E depen-
dence of the recombination cross section, with the value of about
4% 107" c¢m? at 0.01 eV collisional energy. The calculations by
Little et al.'*° agree well with the measurements if the vibrational
distribution N; ions is accounted for, matching the one in the
merged beams. The resulting rate coefficient'** for the v* = 0 state
is 2.568 x 1077 (T./300) "' for temperatures 300-800 K. The
DR cross sections show resonances produced by Rydberg states of
the ion attached to higher vibrational states of N; , in the sub-eV
region (see Fig. 30). The resonances were observed also in experi-
ments.'*® The recent calculation by Abdoulanziz et al.'*! confirms
earlier predictions'**'*” of a lower DR rate for the v* = 1 initial state
of N3 as compared to the v* = 0 state.

Recently, Abdoulanziz et al'>! extended the calculation by
Little et al.'“® to higher vibrational states of N3 and electron
temperatures 5000 K.
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FIG. 30. Comparison of experimental and theoretical cross sections for DR: The-
ory is by Guberman'® and Little et al.'“5 and storage ring experiments are by
Peterson et al.'#” Merged beam experiments are by Noren, Yousif, and Mitchell 14
whose results obtained at a low pressure agree with the merged beam experi-
ments of Mul and McGowan'“® and with the swarm measurements of Mehr and
Biondi, '5® while the results at a high pressure (and with a low extraction electri-
cal field) are by few folds lower (here, we have multiplied them by a factor of 3;
see the discussion in the text on the dependence of the dissociation on the initial
vibrational state of the ion).
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4.2, Vibrational excitation cross section

Vibrational excitations (and de-excitations) of the N3 ion by an
electron impact have recently been studied by Abdoulanziz et al."”
for energies up to 2.3 eV. Cross sections for these processes show
dense resonance structures produced by vibrational Rydberg reso-
nances associated with closed vibrational levels of the ion, similar
to those predicted for the DR. Inelastic transitions from six lowest
v;" = 0 - 5 vibrational levels to ten final levels v}' =0 -9 were con-
sidered. The thermal rate coefficients were derived from the cross
sections and fit to the analytical formula

k(T) = AT" exp (—%) (17)

with three parameters A, B, and « for each transition. We recom-
mend to use the thermal rate coefficients for those transitions. The
parameters for transitions starting from the ground vibrational level
to v} =1-9 are reproduced in Table 11. The rate coefficients for
these transitions are also shown in Fig. 31. Parameters for transi-
tions starting from excited vibrational levels v;" = 1 — 5 can be found
in Table III of the study by Abdoulanziz et al.'>!

The rate coefficients for v; =0 - v} =0,...,9 are also shown
in Fig. 31.

4.3, N; ionization cross section

: . 146,150,154 .
According to recent calculations, ™" " the DR cross section

drops to few A%at1eV. At higher energies, other inelastic processes,
such as the electron-impact dissociation and ionization,

Ni+e->N+N"+e (dissociation), (18)
N +e—Nj+2e (ionization), (19)
N> + e > N" +N" +2e (dissociative ionization), (20)

have also significant cross sections.

Experimental thresholds'>* for these processes are 8.4, 27.9, and
31.2 eV, respectively. These values agree with thresholds for similar
processes of ionization of the N, molecule (adding 15.8 eV for the
formation of the N;' ion from N»).

There are few experiments on the ionization and/or dissocia-
tion of Nj. Peterson et al.'*” determined the cross section for the

TABLE 11. Parameters for recommended rate coefficients for vibrational excitation
of the N3 ion from the ground vibrational level v" = 0 to the nine lowest levels
vif=1...,9

f ’ 1,

v}f A o B

1 3.355x 107° -0.584 4525.43
2 9.137x 107 —0.554 6 100.88
3 4.984x107° -0.699 9 626.89
4 9.306x 1078 -0.292 11 989.3
5 8.925x 1077 -0.596 14 871.8
6 1.447x107° -0.668 17 980.5
7 1.656x107° -0.696 21345

8 9.867 x 1078 -0.471 23504.3
9 1.340x107° -0.780 26 309.7
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FIG. 31. Thermal rate coefficients for vibrational excitation of N; from v(f' =0to
@ =000, @

sum of processes (19) and (20) (along with the DR) in a storage ring
experiment. Bahati et al.'>> used a table-top crossed-beam experi-
ment. They separated signals from single processes Eqs. (18)-(20)
by a magnetic-deflection sweeping of the ions formed over the aper-
ture of the detector. As the processes of Egs. (18)-(20) differ by the
spread in kinetic energies of the ions formed, a careful deconvolu-
tion procedure allows them to separate the single reaction channels.
The cross sections derived in this way are shown in Fig. 32.

To obtain the total ionization cross section, Bahati et al.'”®
added the (single) ionization cross section of Eq. (19) and the dou-
ble of the dissociative ionization cross section of Eq. (20). Even if the
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FIG. 32. ICSs for the dissociation of the N3 ion: Eq. (18)—small down triangles,
ionization Eq. (19)—red full squares, and dissociative ionization, Eq. (20) as mea-
sured in crossed-beams experiment by Bahati et al.'>>—open circles. Up black
triangles is the sum of the two ionization channels as reported by Bahati et al.'>°
The data by Peterson et al.!*’—full (magenta) circles—have been digitalized from
a figure by Bahati et al. 5
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FIG. 33. Summary of recommended cross section for electron collisions
with N,. TCS—total scattering, ES—elastic scattering, MT—momentum trans-
fer, ION—ionization, VECS—vibrational excitation, RECS—rotational excitation,
EX—electronic excitation, and DISS—neutral dissociation.

reported'*” uncertainties seem to be underestimated, the two exper-
imental determinations' """ of the total N3 ionization cross section
seem to be consistent (see Fig. 32). They agree also with the BEB
calculation (with restricted Hartree-Fock orbitals) by Kim, Irikura,
and Ali."”® We use the BEB calculation as the recommended values
for the total ionization cross section of N3, while for the single chan-
nels [Eq. (18)-(20)], we recommend the results by Bahati et al.'>
with £20% uncertainty.

5. Summary and Future work

This paper reviews available cross sections resulting from elec-
tron collisions with molecular nitrogen with aim of compiling a
complete dataset of cross sections for plasma and other studies.
Compared to other electron-molecule collision cross sections that
we have reviewed,'”’ there are relatively complete, accurate, and
consistent sets of data available for electron-N, collisions. Figure 33
summarizes our recommended electron collision cross sections. The
main low-energy cross section for which experimental information
is largely missing is electron impact rotational excitation, which, in
any case, is expected to have small cross sections, which should be
amenable to calculation. Nitrogen plasmas show characteristic emis-
sion for long-lived electronically excited states. The first predictions
of electron collision cross sections with such states have recently
become available, but clearly these should be tested in models and
improved on. Finally, we consider electron collision processes with
N2+; recent calculations have given extensive datasets on DR and
vibrational excitation cross sections, which appear to be in agree-
ment with the more limited experimental studies for this collision
system.

6. Supplementary material

Corresponding numerical data according to figure numbers are
included in the supplementary material.
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