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Abstract. We discuss peculiar features of electron scattering on the Ny molecule and the No™ ion, that
are important for modeling plasmas, Earth’s and other planets’ atmospheres. These features are, among
others: the resonant enhancement of the vibrational excitation in the region of the shape resonance around
2.4 eV, the resonant character of some of electronic excitation channels (and high values of these cross
sections, both for triplet and singlet states), high cross section for the dissociation into neutrals, high
cross sections for elastic scattering (and electronic transitions) on metastable states. For the No* ion
we discuss both dissociation and the dissociative ionization, leading to the formation of atoms in excited
states, and dissociative recombination which depends strongly on the initial vibrational state of the ion. We
conclude that the theory became an indispensable completion of experiments, predicting many of partial
cross sections and their physical features. We hope that the data presented will serve to improve models

of nitrogen plasmas and atmospheres.

1 Introduction

Nitrogen is important gas not only for Earth’s
atmosphere. Phenomena, such as electrical strikes
in upper atmosphere [1], optical properties of exo-
planetary atmospheres [2], re-entry of space shuttles
[3], microwave torch discharges [4], etc., require detailed
knowledge of electron scattering phenomena on Ny and
related species. At early stage of laser technologies the
nitrogen discharges were used as source of high-power
(MW), short (ns), and ultraviolet radiation [5]. DC and
microwave discharges in Ny at atmospheric pressure
find numerous technical and chemical applications [6].
Renewed interest also comes from the discoveries of the
presence of nitrogen in the atmospheres of Titan, Pluto
and rocky exoplanets [7].

Particularly complex is modeling of Ny (and air)
industrial plasmas. In a recent evaluation [8] of the pop-
ulation of atomic and molecular (excited, dissociated,
ionized) species in the nitrogen plasma torch as many as
13 electronically excited states of Ny were included, but
the results are still not satisfactory. A peculiarity of No
electrical discharges and plasmas is the importance of
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transitions from electronically and vibrationally excited
states. In the visible and near-UV range optical emis-
sion spectra these are transitions B I, — A 3%,T
(“Ist positive system”) and C 311, — B 3Il,, (“2nd pos-
itive system”) [9]. Similarly important are transitions
initiating from vibrationally excited levels, see model-
ing by Colonna et al. [10].

In an experimental study [11] of the far ultravio-
let emission (120-170 nm) from Ny molecules excited
by 30-200 eV electrons, it was shown that the
Lyman—Birge-Hopfield (LBH) band is largely deter-
mined by cascading between electronic transitions, see
Fig. 1. Not only modeling but even a mere explana-
tion of observed emission features requires knowledge
of cross sections for vibrational and electronic transi-
tions between many states. Furthermore: These data
are key for interpreting space borne and astrophysical
observations.

In this communication we discuss some particu-
lar features of electron scattering on the nitrogen No
molecule (also in metastable N," and ionized Nyt
states). A more complete presentation of total and par-
tial cross sections for electron interaction with these
species will be given elsewhere [12].
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Fig. 1 Experimental studies of the UV glow in the
Lyman-Birge-Hopfield band at far radial distances from the
electron beam, at 100 eV electron impact energy and 5 X
1075 Torr Nj pressure. The explanation of the observed spec-
tra required assuming two processes: a fast (50 ps) direct
de-excitation of the a 'TI, state and a slow (~ 5000 ps)
cascade-induced de-excitation of the two states (a'IZ_u
and w 'A,) — a 'TI, state — X 'S7,). From Ref. [11],
reproduced with permission

2 Total and elastic cross sections

Studies of electron scattering on Ny brought in the past
several surprises, starting from the vibrational struc-
ture [13] seen in the total cross section around 2.4 eV
collision energy, see Fig. 2. This, II, temporary neg-
ative No~ ion became a prototype of so-called shape
resonances, i.e., of capturing the incoming electron into
an effective scattering potential of the target. In No
another resonance type, Feshbach resonances, which are
related to the excited electronic states of the molecule,
are present as sharp structures of a few meV width in
the total cross section, see, for example the graphical
abstract of measurements at 11.5 eV by Kitajima et al.
[14].

In contrast to our previous, similar paper on electron
scattering on HoO molecule [15], for which we were able
to give only “recommended” cross sections, the state of
knowledge on Ny cross sections is quite satisfactory. In
H> 0, the cross sections (total, elastic, rotational excita-
tion) in the limit of meV energy range are still subject
to big (mainly experimental) uncertainties: This is due
to the polar character of that molecule. In Ny this is
not the case: The cross sections are well determined
practically down to the zero energy. The recent, ultra-
low energy total cross sections of Kitajima et al. [14]
agree with the recommended data of Kawaguchi et al.
[16] and with elastic cross sections evaluated by present
authors [12] via reviewing available experimental data,
see Fig. 2.

The total cross section has been measured by nearly
all laboratories working on electron scattering: The *I1,
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Fig. 2 Total and elastic cross sections in the region of 211,
resonance, and in the limit of zero energy. Recent experi-
mental total cross sections by Kitajima et al. [14] agree well
with the recommended elastic cross sections of Kawaguchi
et al. [16], magenta line, and with recommended (“present”)
elastic cross sections [12], squares; for earlier total cross
section measurements, see Ref. [19]. We show also the pre-
dictions of the modified effective-range theory [20] in two
alternatives: assuming the p-wave (blue, thick broken line)
and the d-wave (red, broken line). Theoretical vibrational
cross sections are by Laporta et al. [23]

pronounced vibrational structure is used as the nor-
malization of the energy scale in different experiments.
The reference measurement is that by Kennerly [17]
from 1980, obtained using a time-of-flight method. The
recent experiment performed by Kitajima et al. [14]
with 9 meV energy resolutions may serve as a refined
normalization. Kitajima et al. determined their energy
scale by measuring a very narrow, Feshbach resonance
at 14.497 £+ 0.002 eV, which was studied earlier both
experimentally and theoretically. The maxima of the
2Hg resonant structure reported by Kitajima et al. are,
on average, slightly (by — 10 meV) shifted in respect
to those by Kennerly (see Table 2 in Ref. [14]). Note
however that this difference is still comparable to the
declared determination of the energy scale in the exper-
iment of Kitajima et al. (which is £ 5 meV).

A peculiar feature of the 2II, resonance in Ny is the
absence of the dissociative attachment process, in con-
trast to similar resonances in COz or OCS (see [18]); no
negative ions were detected at higher impact energies
either, again in contrast to Hy or CO [19].

The study of the cross section in the zero-energy limit
has more heuristic than practical motivation. The nitro-
gen molecule, together with Ne, shows a very small but
still positive, scattering length of 0.404 ag [20]. This is
in spite of its much higher polarizability (11.5 a¢®) com-
pared to neon (polarizability 2.575 a¢®, and scattering
length 0.222 ag [19]).

We will not discuss details of total cross sections
at higher energies, as the agreements between differ-
ent experiment are exemplarily good; see Ref. [12] for
details.
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Fig. 3 Integral cross sections for the vibrational excitation
from the v = 0 state of N2, in the region of the 2II, shape
resonance: theoretical data by Laporta et al. [23], in perfect
agreement with measurements [21], not shown for clarity.
The summed cross section comprises excitations to states
up to v = 10 (higher excitations are negligible in this scale)

3 Vibrational excitation

The nitrogen molecule is symmetric and homo-nuclear,
so its permanent dipole moment is null and the direct
vibrational excitation should be small. However, Ny
shows huge enhancement of the vibrational cross sec-
tions via resonances [13, 21, 22]. In the region of the
2Hg resonance the sum of the vibrational excitations
amounts to as much as 1/3 of the total cross section,
see Fig. 2. Further, higher overtones are excited very
efficiently; say, the maximum the v = 4 overtone is 1/4
of that for the v = 0 — 1 excitation, see Fig. 3; over-
tones up to v = 17 have been observed experimentally
[21]. Therefore, the nitrogen molecule can assure effi-
cient cooling of plasmas, and for this reason its use is
under consideration for thermonuclear reactors.

Cross sections for transitions between all 59 vibra-
tional levels of the ground electronic state were cal-
culated by Laporta et al. [23]: They are in excellent
agreement with the available measured cross sections
[21, 22]. For this reason, in Fig. 3 we present only the-
oretical data for selected vibrational excitations from
the v = 0 state. Excitations to higher than v = 10
states contribute in insignificant manner to the summed
cross section, even if they were detected already in early
experiments, see Fig. 19 in the review [19].

4 Electronic excitations

Thresholds for electronic excitations in N9 are pretty
high: the lowest, to the triplet A 3%, T state having the
experimental value of 6.2 eV. This is much higher than,
for example, thresholds for NO or NOg, see Ref. [24].
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Fig. 4 Integral cross section for the electronic excitation.
Experimental data by Johnson et al. [25]. Theory by Su
et al. [30], and Tashiro and Morokuma [50]. Recommended
data were given by Itikawa [51] and Kawaguchi et al. [16].
Note that we have arbitrarily shifted the X scale of the the-
oretical and recommended data by — 1.5 eV, to fit to the
experimentally determined excitation threshold

As said in the introduction, the knowledge of the
cross sections not only for the electronic excitation but
also for the transitions between excited states is funda-
mental for modeling nitrogen plasmas. T'wo laboratories
performed recently comprehensive studies. JET Propul-
sion Laboratory from California reported three sets of
data: Johnson et al. [25] for the eight low-laying states
(A 32,7, B3I, W 3A,, B 3%, a 'l o 'S,",
w A, and C 3II,) between 10 and 100 eV collision
energy, Malone et al. [26] for the C 3I,, E 3%,T and
a” 'S, T states, and Malone et al. [27] for high-laying
states: b I, c3 'II,, o3 I, & 2,7, ¢/ =T,
G 1, F 311, between 17.5 and 100 eV collision energy.
The Flinders University group [28] re-analyzed elastic
cross sections at 15-50 eV collision energy for 10 states
(A 3%, ", B3, W 3A,, B 35,7 a'lly, o’ '3,
w Ay, C 31, E3%," and a” 'X,7). The agreement
between the two laboratories is fairly good (essentially
within combined error bars).

The most comprehensive understanding of elec-
tronic excitations comes from the theory: UK R-matrix
method calculations yielded cross sections for the exci-
tations from the ground state [29] and transitions from
the excited states [30, 31]. Generally, the agreement
between different theories and the most recent experi-
ments is good, see Fig. 4. The theories yield the thresh-
old energies that agree with photo-absorption experi-
ments, but are by some 1-2 eV higher than the thresh-
olds observed in electron scattering. One would hypoth-
esize effects of a dynamic polarization of the target
molecule by the incoming electron, which lowers the
thresholds. Note that in a similar way the experiments
on electron-induced ionization give lower thresholds
than the semi-empirical approach (Born—Bethe binary
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encounter model [32]). Further, in Fig. 5 we compare
the ?II, resonance as seen in total cross section with
that predicted by the R-matrix suite [30]: The experi-
mental position of the resonance is lower than the cal-
culated one.

In Fig. 5 we compare different theories with the JET
Propulsion Laboratory measurements for the excitation
to the lowest triplet state, A 3%, T state. Note, that on
that figure we have, arbitrarily, shifted all theories by
— 1.5 eV. With this shift, one obtains good agreement
between theories and the experiment: The cross section
for the excitations to the A 33,1 state shows a near-
to-threshold resonant enhancement, followed by a broad
maximum (and slow “decay,” that would be typical for
dipole-allowed transitions). Note that the excitations
from the ground (X 'X,T) state to all (4 3%,T, B
Mg, W 3A,, B’ 35,7, a ', o’ 'S,7, w 'A, and
C 311,) states reported by Johnson et al. [25] show,
somewhat surprisingly, the energy dependences typical
for the dipole-allowed transitions. The summed cross
section for the excitation to these states amounts to as
much as 1 x 10716 cm? at 20 eV [25].

Electronic transitions (cascading) between differ-
ent (including metastable) states influence significantly
nitrogen plasmas. Some of these states are long-lived:
A3%,t—24s, a'Tl;—56 ps and o’ X, 720 ms, see
Ref. [33]. The metastable a '1I, state, with the thresh-
old of 8.6 €V, in conditions of electrical discharges may
be immediately quenched to the a’ 'Y, T state [34],
with almost overlapping vibronic levels. Extensive cal-
culations of electronic transitions from the a 1Hg and
A 3%, states to 7 other excited states (plus the de-
excitation to the ground state and elastic scattering)
were recently given by Su et al. [30]. We show a sample
of these results in Fig. 5.

As seen from the figure, the elastic cross section for
scattering on the a 'II, state is between 0 and 10 eV

Eur. Phys. J. D (2023)77:105

higher that the total cross section for the ground Ny
state; the transition (cascading) to the a’ '¥,~ state
shows a maximum of cross sections at 3 eV (that is
a typical energy for medium-temperature plasmas) as
high as 10 x 10716 m2. For more information we refer
the reader to the original paper by Su et al. [30], and
supplementary data given by them.

5 Dissociation into neutrals

The triple bond in N is one of the strongest among
molecules: 9.75 eV. In spite of this, the dissociation
into neutrals amounts to as much as 10% of the total
cross section at 50 eV [35]. However, the uncertainly
on this figure is some 20-30%. The early measurement
by Winters [36] used the adsorption of dissociate atoms
on molybdenum surface and successive bake-out. Cosby
[35] used the beam of neutral Ny formed from neutral-
ization of the NoT: This technique may be subject to
systematic uncertainties, see Fig. 6.

Already in early measurements [37] three possible dis-
sociation channels were identified:

Ny — N(18) + N(%S) (threshold 9.75 eV))

Ny — N(2D) + N(*S) (threshold 12.14 eV)

Ny — N(2P) + N(%9) (threshold 13.33 eV)

From the comparison of the release of the transla-
tional energy, Cosby [35] concluded that at 50 eV the
dominant dissociation pattern is Ny — N(2D) + N(*S9);
the translational energy spectrum excludes any signif-
icant production of the N(*S) + N(*S) dissociation

Fig. 5 Electron scattering 50
from the ground X ', T I
and electronically excited
a’ 'Y, and 4 3%, F
states: elastic and selected
electronic transitions. Data
by Su et al. [30]. Note there
is discrepancy between the
elastic cross section for the
A 3%, T state, as in Fig. 7
of Ref. [30] and the
supplementary data of that
paper: We used the latter
sets which correspond to
the correct results from the
calculation [30]
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Fig. 6 Integral cross section for dissociation of N2 molecule
by electron impact. The recommended data [35] have some
20-30% uncertainty and have been given by Cosby [35] as
average between his measurements and those of Winters
[36]. The latter measured the sum of the N and N sig-
nal (both from the ionization processes and from the disso-
ciation into neutrals) while the measurement by Tian and
Vidal [52] gave the coincidence of the N™ and N signal. The
dissociation into neutrals should amount to the difference
between these two determinations: We do not perform the
detailed calculation here but a rough comparison shows the
congruence between all these [35, 36, 52] sets of data

products. Cosby discussed also, on the basis of opti-
cal emission experiments, possible electronic excited
states that lead to given dissociation channels, but due
to fragmentary data this discussion was not conclu-
sive.

A more precise determination of cross sections for the
dissociation into neutrals is important also because the
higher atomic states are long-lived: The 2D ; state has
radiation lifetimes of 17 and 40 h, for the J = 3/2 and J
= 5/2 components, respectively [38]. With no doubts,
the dissociation into neutrals is the least-studied chan-
nel experimentally so far.

6 lonization and scattering on N+

The ionization threshold for the Ny is relatively high
15.58 eV. A peculiar feature of the electron-impact ion-
ization of N is a big share of ionization to metastable
states of the parent NoT ion. At 100 eV electron-impact
energy the branching ratios for the formation of the
ground state ion (X ?X7,) and two excited metastable
ions (A 2II, and B 2%, located 1.118 and 3.170 eV
above the X state, respectively) are 0.45:0.45:0.1, see
Ref. [39].

The total cross section for the ionization of Ny
reaches maximum of 2.51 x 1016 m? at 100 eV [40],
see Fig. 7. We refer to the “total ionization” as the
sum of all partial cross sections open at a given energy
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Fig. 7 lonization cross section for the ground state and
metastable N2 molecules. Experiments by Straub et al. [40]
and Freund et al. [41]. BEB ionization of the metastable
by Laricchiuta et al. [42]. The data of Freund et al. for
metastables have been (arbitrarily) multiplied by 1.75, to
show the agreement (in shape) with BEB

(and not only the yield of the N5 ion). The agreement
between numerous, different experimental methodolo-
gies, both for the total and partial ionizations of Ny is
very good. The total ionization is also well reproduced
by already cited Born—Bethe binary encounter (BEB)
semi-empirical method.

Measurements of the ionization of metastable Ny* are
few. Freund et al. [41] obtained high (but unknown)
concentrations of the metastable A 2II, nitrogen Ny"
molecules via resonant charge transfer with triethy-
lamine. They reported the maximum of 1.9 x 10716
cm? at 105 eV for the total ionization cross section of
Ny". This is less than the maximum for the ground
state molecule, and less than the prediction of BEB
model [42]. Therefore, in Fig. 7 we show Freund
et al. [41] results multiplied by a factor of 1.75.
With such an arbitrary “normalization” the agree-
ment between BEB and the experiment would be per-
fect.

The Ny ions may undergo in plasmas further reac-
tions: ionization (for example to Ny2T), dissociation (to
N+ and N), dissociative ionization (to two NT ions) or
recombination with electrons (leading to the dissocia-
tion of the formed Ny molecule). In specific, the reac-
tions and their thresholds [43] are:

Ny +e—N+N"+te (dissociation, 8.4 eV)

NJ +e — N*F 4 2¢ (ionization, 27.9 eV)

N;‘ +e— Nt + Nt 4+ 2 (dissociative ionization 31.2 eV)

Experiments on these processes are still sporadic.
The total ionization has been measured by Peterson
et al. at the CRYING storage ring [44]. Results are
reported in Fig. 8: They agree very well with the BEB
model [45]. The total ionization cross section obtained

@ Springer
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Fig. 8 Ionization, dissociation and dissociative ionization
of the No™ ion. Storage ring experiment by Peterson et al.
[44] (total ionization) and the beam experiment (partial pro-
cesses and total ionization) by Bahati et al. [43]. BEB model
by Kim et al. [45]

from “top-table” beam measurements [43] is some-
what lower, see Fig. 8. However, the latter experiment
allowed to separate single ionization and/or dissocia-
tion channels.

7 Dissociative recombination of N, ion

The dissociative recombination of Ny with very low
energy electrons depletes plasmas from electric carri-
ers. Four channels are exothermic, delivering a few eV
kinetic energies to atoms formed [33]:

N3 +e —=N(*S) + N(*5) +5.82 eV
—N(?D) + N(*S) + 3.44 eV
—N(?P) + N(*S) +2.24 eV
—N(*D) + N(*D) + 1.05 eV.

Branching ratios recommended by Dutuit et al. [33]
are 0.25, 0.7, 0.05, for 4S8, 2D and 2P yields, respec-
tively.

We show the cross sections for the dissociative recom-
bination of the No™ ion in Fig. 9. In the limit of very low
energies (0.001-0.01 eV) it falls down with the collision
energy, on average, as 1/y/E dependence, and some-
what steeper at higher energies. Experiments on this
process are tedious, so we take as the reference the-
oretical results [46, 47]. The experiment at the CRY-
ING storage ring [44] reached the minimum collision
energy of 0.001 eV, with the spread in electron energy
of 10 meV: It shows some shoulder of the recombina-
tion cross section at 0.05 eV followed by a shallow deep.
Top-table measurements with merged beams [48], show
similar structures, but their absolute values are by a
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Fig. 9 Dissociative recombination of the N, ions: storage
ring experiment by Peterson et al. [44] and “top-table” beam
experiment by Noren et al. [48] in two conditions (low and
high pressure)—the latter multiplied by an arbitrary factor
of 3.0. Theory by Guberman [46] and Little et al. [47]

factor of few folds lower and vary much with different
experimental settings, see Fig. 9.

The theory [46, 47, 49] explains it by the strong
dependence of absolute values on the initial vibrational
state of the Nyt ion: The cross section for the v =
1 state is much lower than for the v = 0 state, see
Fig. 8. In the CRYING measurement the population
of the two initial states v = 0 and v = 1 was 46%
and 27%, respectively. Roughly, the averaging between
these two vibrational states would bring the theory
to the agreement with the experiment [44] within the
uncertainty bar: we do not perform this, as it would
smooth-out the specific, resonant-like structures pre-
dicted by the theory. We refer the reader to the cal-
culations [47, 49] for detailed cross sections (and reac-
tion rates) for Ny in different initial vibrational states
(and the cross sections for transitions between these
states).

8 Conclusions

Nitrogen molecule, apparently chemically inert, yields,
via electron scattering, a variety of excited, metastable
states—ionized, atomic, molecular. These states influ-
ence significantly kinetics of plasmas (plasma torches,
microwave, thermonuclear, etc.) and atmospheric pro-
cesses (on Earth, Solar system satellites, extra-solar
planets).

Experiments have obtained a high level of confidence
for total, vibrational excitation and ionization cross sec-
tions. Theory is highly complementary (in vibrational,
electronic excitation, elastic cross sections) and superior
in predicting collisional processes in high-temperature
plasmas (i.e., for highly excited species). However, sig-
nificant uncertainties remain for the dissociation into
neutrals (and in identifying the branching ratios for
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products). More experiments are also needed for ioniza-
tion of metastable molecular states, and on the chem-
istry involving the molecular ions.

So, in spite of nitrogen molecule being a common gas,
electron scattering on it still requires both theories and
(new generation) experiments.
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